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Preface

“What are the electrons really doing in molecules?” This famous question
was posed by R. A. Mulliken over a half-century ago. Accurate quantitative
answers to this question would allow us, in principle, to know all there is
to know about the properties and interactions of molecules. Achieving this
goal, however, requires a very accurate solution of the quantum-mechanical
equations, primarily the Schrodinger equation, a task that was not possible
for most of the past half-century. This situation has now changed, primarily
due to the development of numerically accurate many-body methods and
the emergence of powerful supercomputers.

Today it is well known that the many-body instantaneous interactions of
the electrons in molecules tend to keep electrons apart; this is manifested as
a correlation of their motions. Hence a correct description of electron corre-
lation has been the focal point of atomic, molecular and solid state theory
for over 50 years. In the last two decades the most prominent methods
for providing accurate quantum chemical wave functions and using them to
describe molecular structure and spectra are many-body perturbation theory
(MBPT) and its coupled-cluster (CC) generalizations. These approaches
have become the methods of choice in quantum chemistry, owing to their
accuracy and their correct scaling with the number of electrons, a prop-
erty known as extensivity (or size-extensivity). This property distinguishes
many-body methods from the configuration-interaction (CI) tools that have
commonly been used for many years. However, maintaining extensivity — a
critical rationale for all such methods — requires many-body methods that
employ quite different mathematical tools for their development than those
that have been customary in quantum chemistry. In particular, diagram-
matic techniques are found to be extremely powerful, offering a unified,
transparent and precise approach to the derivation and implementation of
the relevant algebraic equations. For many readers, however, diagrammatic

xi



xii Preface

methods have seemed to be used arbitrarily, making it difficult to under-
stand with confidence the detailed one-to-one correspondence between the
diagrams and the various terms of the operable algebraic equations.

In order to address this situation, this book presents a unified, detailed
account of the highly popular MBPT and CC quantum mechanical methods.
It introduces direct, completely unambiguous procedures to derive all the
relevant algebraic equations diagrammatically, in one simple, easily applied
and unified approach. The ambiguity associated with some diagrammatic
approaches is completely eliminated. Furthermore, in order for a quantum-
chemical approach to be able to describe molecular structure, excited states
and properties derived from expectation values and from response methods,
new theory has had to be developed. This book also addresses the theory
for each of these topics, including the equation-of-motion CC (EOM-CC)
method for excited, ionized and electron attached states as well as the an-
alytical gradient theory for determining structure, vibrational spectra and
density matrices. Finally, the recent developments in multireference ap-
proaches, quasidegenerate perturbation theory (QDPT) and multireference
CC (MRCC), are also presented. All these equations are readily developed
from the same simple diagrammatic arguments used throughout the book.
With a modest investment of time and effort, this book will teach anyone to
understand and confidently derive the relevant algebraic equations for cur-
rent CC methods and even the new CC methods that are being introduced
regularly. Selected numerical illustrations are also presented to assess the
performance of the various approximations to MBPT and CC.

This book is directed at graduate students in quantum chemistry, chemical
physics, physical chemistry and atomic, molecular, solid-state and nuclear
physics. It can serve as a textbook for a two-semester course on many-body
methods for electronic structure and as a useful resource for university fac-
ulty and professional scientists. For this purpose, an extensive bibliography
and a detailed index are included. Useful introductory material for the book,
including detailed treatments of self-consistent field theory and configura-
tion interaction, can be found in parts of the book by Szabo and Ostlund
(1982). Additional useful sources include, among others, the monograph
by Lindgren and Morrison (1986), which emphasizes atomic structure and
includes the treatment of angular momentum and spin coupling, and the
book focusing on diagrammatic many-body methods by Harris, Monkhorst
and Freeman (1992). An interesting historical account of the development
of coupled-cluster theory was provided by Paldus (2005), whose unpublished
(but widely distributed) Nijmegen lectures introduced many researchers to
this methodology.
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1

Introduction

1.1 Scope

The book focuses primarily on many-body (or better, many-electron) meth-
ods for electron correlation. These include Rayleigh—Schrédinger pertur-
bation theory (RSPT), particularly in its diagrammatic representation (re-
ferred to as many-body perturbation theory, or MBPT), and coupled-cluster
(CC) theory; their relationship to configuration interaction (CI) is included.
Further extensions address properties other than the energy, and also excited
states and multireference CC and MBPT methods.

The many-body algebraic and diagrammatic methods used in electronic
structure theory have their origin in quantum field theory and in the study
of nuclear matter and nuclear structure. The second-quantization formal-
ism was first introduced in a treatment of quantized fields by Dirac (1927)
and was extended to fermion systems by Jordan and Klein (1927) and by
Jordan and Wigner (1928). This formalism is particularly useful in field
theory, in scattering problems and in the study of infinite systems because
it easily handles problems involving infinite, indefinite or variable numbers
of particles. The diagrammatic approach was introduced into field theory
by Feynman (1949a,b) and applied to many-body systems by Hugenholtz
(1957) and by Goldstone (1957). Many-body perturbation theory and its
linked-diagram formalism were first introduced by Brueckner and Levinson
(1955) and by Brueckner (1955), and were formalized by Goldstone (1957).
Other important contributions to the methodology, first in field theory and
then in the theory of nuclear structure, are due to Dyson (1949a,b), Wick
(1950), Hubbard (1957, 1958a,b) and Frantz and Mills (1960). Applications
to the electronic structure of atoms and molecules began with the work
of Kelly (1963, 1964a,b, 1968), and molecular applications using finite an-
alytical basis sets appeared in the work of Bartlett and Silver (1974a,b).

1



2 Introduction

More complete accounts of the history of these methods have been given by
Lindgren and Morrison (1986) and by Lindgren (1998).

The coupled-cluster method also has origins in nuclear structure theory,
with the seminal papers of Coester (1958) and Coester and Kiimmel (1960).
It was introduced to electronic structure theory and formalized by Cizek
(1966, 1969) and Cizek and Paldus (1971). A historical account of its origins
and development was given by Paldus (2005).

Additional references to the development and extensions of the many-body
methods are given in the relevant chapters.

The rest of this chapter provides some background material, including
a brief discussion of the independent-particle model and the configuration-
interaction method. We discuss the limitations of these methods and the
need for the perturbation-theoretical and many-body methods that form the
subject of the rest of this book. We also provide a preliminary introduction
to the cluster ideas that form the basis of coupled-cluster theory. Readers
in need of a more extensive introduction are referred to the excellent book
by Szabo and Ostlund (1982).

A detailed exposition of formal perturbation theory is given in Chapter 2.
A number of different derivations and approaches are included in this ex-
position in order to provide a broad foundation for the terminology and
techniques employed in this field. The many-body technique of second quan-
tization is introduced in Chapter 3, and the diagrammatic representation is
described in Chapter 4. The application of the many-body and diagram-
matic techniques to perturbation theory is described in Chapter 5, and this
is followed by proof of the crucial linked-diagram theorem in Chapter 6 and a
discussion of some practical aspects of many-body perturbation-theory cal-
culations in Chapter 7. Open-shell and quasidegenerate perturbation theory
is presented in Chapter 8. Coupled-cluster theory is discussed in Chapters 9
and 10, again including several forms of the derivations in order to pro-
vide better understanding. The calculation of properties in the coupled-
cluster method is described in Chapter 11. Several additional aspects of
coupled-cluster theory are discussed in Chapter 12, and the equation-of-
motion (EOM) coupled-cluster method for excited-state calculations is de-
scribed in Chapter 13. Finally, multireference coupled-cluster methods are
presented in Chapter 14.

1.2 Conventions and notation

Throughout this book we use atomic units, setting m = e = h = 1 where m
and —e are the mass and charge of the electron and i = h/27 is Planck’s
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Table 1.1. Terminology for excitation levels

Level Symbol Name Alternative

1 S singles mono-excited
2 D doubles bi-excited

3 T triples tri-excited

4 Q quadruples tetra-excited
5 P pentuples penta-excited
6 H hextuples hexa-excited

constant. As is customary in quantum chemistry, these constants are omit-
ted from the expressions in this book but their implied presence is needed
for proper dimensionality.

With a few exceptions, lower-case letters (a,b, ..., ¢, 1, ..., etc.) are used
for one- and two-particle entities, and upper-case letters (A, B,...,®, ¥, ...,
etc.) are used for many-particle entities. Operators are designated by a caret
over a roman letter (EL,%,F,I:I, etc.), by a script upper-case letter (H,P,
etc.) or by an Greek upper-case letter (A, €, etc.). Vectors and matrices are
represented by boldface lower- and upper-case letters, respectively.

The acronyms used to specify excitation-level combinations included in
the different computational models have evolved, first in configuration
interaction (CI) and then in coupled-cluster (CC) theory, using a mixture of
English, Greek and Latin roots, in view of the need to provide a unique ini-
tial letter for each level, as listed in Table 1.1. For example, a CI calculation
that includes all single, double and triple excitations is described as CISDT.
The fourth column in Table 1.1 lists some alternative excitation-level names
that have been used.

1.3 The independent-particle approximation

In this section we briefly summarize several aspects of the procedures used to
obtain starting approximations for correlated molecular electronic structure
calculations. For more complete discussions and detailed derivations the
reader is referred to other sources, such as Szabo and Ostlund (1982) or
standard textbooks.

Most electronic structure calculations begin with a relatively simple ap-
proximation based on the independent-particle model. The wave function
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for such a model is a single Slater determinant (SD),

Pi(1) (1) - Yn(1)

(I’:L P1(2)  Pa(2) -0 Yn(2)

VNT| : :
Y1i(N) Pa(N) - Yn(N)
= AY1ipa .. YN, (1.1)

where 1;(p) is a spinorbital, a function of the space and spin coordinates
of the uth electron (typically a product of a spatial orbital and a spin func-
tion), and A is the antisymmetrizer. The most commonly used independent-
particle model is the Hartree-Fock (HF) or self-consistent field (SCF) wave
function,t in which the spinorbitals are varied to minimize the energy expec-
tation value of the single-determinant wave function. The minimization can
be achieved by solving a set of coupled one-electron eigenvalue equations for
the spinorbitals,

fabi = ey, (1.2)

in which the Fock operator f depends on all the spinorbitals (this depen-
dence is given explicitly later in this section). Iterative procedures are re-
quired to obtain consistency between the spinorbitals used to define f and
the spinorbitals obtained as its eigenfunctions.

Because a determinant is invariant to unitary transformations of its col-
umns or rows, the SD wave function (1.1) is invariant under unitary transfor-
mations of the occupied spinorbitals {;,i = 1,2,..., N} among themselves.
Therefore, any unitary transformation of the occupied spinorbitals provides
an alternative representation of the same SD wave function. The particular
representation of the wave function in which the spinorbitals are solutions
of (1.2), i.e., are eigenfunctions of f (so that the matrix representation of
f in terms of these spinorbitals is diagonal, (v;|f|¢;) = €i0i5), is called
the canonical HF wave function; the corresponding spinorbitals (including
t It was common to distinguish between the original type of Hartree—Fock solution, which

achieves the absolute minimum of the energy of an SD wave function (1.1) with respect to

any variation of the spinorbitals (subject only to appropriate restrictions in the restricted HF
case) and usually require numerical (finite difference) methods of solution as employed by

Hartree and others for atomic wave functions, and the self-consistent field form (also known

as Hartree—Fock—Roothaan or matric Hartree—Fock), in which the spinorbitals are expanded

in a basis set and the lowest energy solution within the space generated by that basis set is
sought. This second approach converts the operator eigenvalue equation (1.2) to a matrix
eigenvalue equation for the eigenvectors of expansion coefficients. The HF solution is thus the
limiting result (the HF limit) of the self-consistent field procedure as the basis set approaches
completeness. In current usage, however, the distinction has unfortunately been lost, and the

terms Hartree—Fock and self-consistent field are used interchangeably, both commonly referring
to the basis-set expansion approach. We shall follow this practice in this book.
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the unoccupied or virtual spinorbitals obtained as additional eigenfunctions
of f that are not used in the SD wave function) are the canonical spinor-
bitals. All other representations of the HF solution are called noncanonical
and produce a block-diagonal matrix representation of f with two inter-
nally non-diagonal blocks representing the occupied and virtual spinorbital
spaces, respectively. The orbital energies ¢;, which are the eigenfunctions of
f , are invariant under unitary transformations but are associated one-to-one
with the canonical spinorbitals only.

The degree of freedom provided by the invariance of the HF wave function
under unitary transformations of the occupied spinorbitals (and, separately,
of the unoccupied spinorbitals) is sometimes used to transform the spinor-
bitals to a localized form, in which the individual spinorbitals are localized
to the regions of individual atoms or bonds. Such localized forms of the
solution often offer advantages of simpler interpretation and provide a basis
for more compact descriptions of correlated wave functions.

Several variants of the Hartree—Fock approach are in common use; these
are defined by the restrictions, if any, that are placed on the spinorbitals
{ti}. In the usual form of the wunrestricted Hartree-Fock (UHF') model
there are no restrictions other than that each spinorbital is a product of a
spatial orbital and a spin-up («) or spin-down ((3) spin function. This form
is often used for open-shell states and sometimes for the description of bond
dissociation. The most common restriction constrains pairs of spinorbitals to
share the same spatial orbital, leading to the restricted Hartree-Fock (RHF)
model in which each spatial orbital can accommodate at most two electrons.
The RHF model is most commonly used for closed-shell molecules near their
equilibrium geometry. When applied to open-shell cases, in which one or
more spinorbitals are unpaired, it is often referred to as restricted open-shell
Hartree-Fock (ROHF). For closed-shell molecules near their equilibrium ge-
ometry the UHF and RHF solutions are generally equivalent and produce
the same set of doubly occupied spatial orbitals.f

Independently of whether spin restrictions are used, restrictions can be
placed on the symmetry properties of the spatial orbitals requiring them
to belong to irreducible representations (irreps) of the point group of the
molecule. Such restrictions can often cause difficulties in the descriptions
of potential-energy surfaces, when symmetry-restricted solutions at high-
symmetry points may be higher in energy than symmetry-unrestricted solu-
tions at the same points (a phenomenon referred to as symmetry breaking)

1 Except where stated explicitly otherwise, the treatment in this book is in terms of unrestricted
spinorbitals, and the terms orbitals and Hartree—Fock (or SCF) generally refer to spinorbitals
and UHF.
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and thus do not connect continuously with the solutions for distorted (lower-
symmetry) structures.

In most cases, a Hartree—Fock solution provides an excellent initial ap-
proximation for the electronic wave function and energy of a molecular sys-
tem, often accounting for more than 99% of the total electronic energy and
95% of the wave function. Nevertheless, because the energy differences of in-
terest in chemical and spectroscopic processes are a fraction of one percent of
the total electronic energy and because the accuracy of the HF model tends
to vary considerably between different structures and different electronic
states, this model does not usually provide adequately accurate solutions
by itself. In most cases, though, it provides a satisfactory zero-order solu-
tion that can then be used as the starting point for the post-Hartree—Fock
methods discussed in this book. There are however cases in which HF does
not provide an adequate zero-order function; these are due primarily to near
degeneracies between several Slater-determinantal contributions to the wave
function. In such cases a multideterminantal (“multiconfigurational”) func-
tion can provide a better zero-order wave function. The multiconfigurational
Hartree-Fock (MCHF) model, also referred to as multiconfigurational SCF
(MCSCF), can be particularly effective in providing good zero-order solu-
tions in such cases, but the use of such multiconfigurational zero-order func-
tions requires multireference methods in the post-HF stage and introduces
additional complications for the many-body methods that are the principal
topic of this book.

It is instructive to consider an alternative derivation of the Hartree—Fock
model that provides physical insight into the reasons for its success and
introduces some important concepts. We shall do this in terms of the un-
restricted model, because of its generality and its relatively simple nota-
tion. Instead of invoking the variational principle and minimizing the en-
ergy of a single-determinant wave function with respect to the spinorbitals,
the same Fock equation (1.2) can be obtained by a physically motivated
argument.

The difficulty in the solution of the electronic Schrédinger equation is prin-
cipally due to the interelectron repulsion terms 1/7,, in the Hamiltonian.
Those terms couple the motions of the different electrons and prevent sepa-
ration of the equation into individual one-electron equations. It is therefore
natural to seek an approximate solution in which the instantaneous inter-
electron interaction terms are replaced by averaged interactions, describing
the motion of each electron in the time-averaged field of the other electrons.
The averaged interaction energy of an electron in spinorbital 1;, when the
total electron distribution is described by the single-SD wave function (1.1),
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is obtained as
A S (800 [0, - 5(0:(2)

J (3#9)

Mz

DIJ; = Kjl4i(1)) (1.3)

J:1

where the restriction on the summation in the first line can be ignored be-
cause of the cancellation between the first (Coulomb or direct) term and the
second (exchange) term when i = j. The Coulomb and exchange operators
are defined by

J(e(1) = <w@-<2>]i vi(2)) 6(0).
Ri()o(1) = ()] [o(2)),vi 1),

the integration being over the coordmates of electron 2 only. With the
replacement of the instantaneous electron repulsion by the average form,

(1.4)

the Schrodinger equation becomes separable, the equation for each electron
takes the form (1.2) and the Fock operator is given by

f=h+> (Ji—K), (1.5)
i=1

where h is the one-electron operator in the Hamiltonian. Because of the can-
cellation of the Coulomb and exchange terms in (1.3) when i = j, and thus
the removal of the restriction on the summation, the Fock operators for all
the spinorbitals are equal and we have only one eigenvalue equation for the
spinorbitals, with the different spinorbitals obtained as different eigenfunc-
tions of that operator. The iterative and coupled nature of the equations is
due to the dependence of the Coulomb and exchange operators on all the
occupied orbitals.

The average-interaction approach leads to exactly the same equations as
the energy-minimization approach and serves to provide a physical rationale
for the Hartree-Fock model. It also provides the basis for defining the
concept of electron correlation, as discussed in the next section.

1.4 Electron correlation

The purpose of all many-body methods is to describe electron correlation,
defined as representing the difference between the Hartree-Fock description
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of the electronic wave function and the exact solution of the nonrelativis-
tic time-independent Schrodinger equation (Lowdin 1959, Kutzelnigg 2003).
(Note that this definition is not necessarily unique, because of the different
types of Hartree—-Fock model that can be used as the reference point.) We
are interested in the correlation correction to the energy, called the correla-
tion energy,

A-Ecorr = Lexact — EHF (16)

(where Eyp implies the exact solution of the Hartree-Fock problem, i.e.,
in an infinite, complete, basis set), and also in the correction to the wave
function,

\I’exact = (PHF + Xcorr (17)

which determines the electron density and all other properties of molecules.

The naming of the correlation correction reflects the fact that the Hartree—
Fock model describes the motion of the electrons in the average field of
the other electrons, neglecting the instantaneous correlation in the mo-
tions of the electrons due to their mutual repulsion. However, this dy-
namic effect is not the only type of error in the Hartree-Fock model. In
many cases, especially for excited states and other open-shell states and
even for ground-state closed-shell molecules when bonds are stretched to
near breaking (if the RHF model is used as the reference), near degenera-
cies between single-configuration descriptions cause the single-configuration
Hartree—Fock model to be deficient even as a zero-order approximation for
the wave function and energy. Therefore we distinguish between the two
components of the correlation effect: dynamic correlation, reflecting the in-
stantaneous correlation in electron motions due to their mutual repulsion,
and nondynamic correlation, reflecting the effect of near degeneracies and
other substantial inadequacies of the single-configuration model. While it is
difficult to provide a quantitative separation between these two components
of the correlation error, the understanding provided by these concepts is
important in designing methods for obtaining satisfactory solutions of the
Schrodinger equation.

The two components of the correlation error respond best to two different
types of treatment. Nondynamic correlation is handled most efficiently by
using a multiconfigurational zero-order description such as multiconfigura-
tional SCF (MCSCF). Dynamical correlation is handled efficiently by the
perturbation methods and coupled cluster approaches described in the rest
of this book. Unfortunately, unlike the situation in the configuration inter-
action model, the multireference extension of the perturbation and coupled-
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cluster models is quite difficult, and general methods for this type of ap-
proach are still not widely available. Nevertheless, single-reference coupled-
cluster theory, when carried to a high enough level, has proved to be capable
of overcoming the nondynamic correlation problem to a considerable extent.

1.5 Configuration interaction

The simplest approach to treating electron correlation is by the configuration-
interaction (CI) method. If we start with the self-consistent field (SCF)
wave function and orbitals (the Hartree-Fock solution limited to the space
spanned by a given basis set), we can write the CI expansion of an N-electron
wave function in the (unnormalized) form

U = &gcr + Z Ciof + Z ngbq)gjb +--- (up to N excitations),
i,a 1<j, a<b

(1.8)
where ®¢ is a singly excited configuration in which an occupied orbital ¢;
of the SCF wave function has been replaced by a virtual orbital ¢, (an
orbital not occupied in the SCF function, which can also be chosen to be an
eigenfunction of the Fock operator, fgba = £4%a), @%b is a double-excitation
configuration etc.

If m is the number of SCF occupied orbitals and n is the number of virtual
orbitals (m + n equals the number of basis functions) then the number of
k-fold excited configurations is O(m*n*) (as long as k < m). This number
grows very rapidly with k, so that a complete solution is impractical and the
CI expansion needs to be truncated. Usually the truncation is made after
the double-excitation level, producing CISD, i.e. CI with single (S) and
double (D) excitations. Because ®gcp is (usually) a reasonable starting
approximation to ¥ and because the Hamiltonian H has no more than
two-electron operators (so that (®gcp|H |<I>fjb> = 0 for higher than double
excitations), this represents a reasonable approximation in most cases.

The contribution of single excitations to a CI expansion (1.8) based on
an SCF function (unrestricted or closed-shell restricted) as the initial term
is quite small. This is due to the Brillouin theorem, which states that
the Hamiltonian matrix element between the SCF function and a single
excitation vanishes,

(Dscr|H|P) = 0. (1.9)

This theorem holds for both canonical and noncanonical forms of the SCF
function and is a consequence of the block-diagonal nature of the Fock oper-
ator f (Section 1.3) given by fiq = (Pscr|H|P¢) = 0 (see Chapter 3). As a
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consequence of the Brillouin theorem, a CI expansion with single excitations
only (CIS) based on an unrestricted or closed-shell restricted SCF function
provides no improvement over SCF. It is only through the interaction of the
single excitations with the doubles (and, to a much smaller extent, triples)
that the singles acquire nonzero coefficients Cj' in the expansion. These
arguments do not apply to the restricted open-shell SCF (ROHF) case, for
which the f matrix is not block diagonal, the Brillouin theorem does not
hold, and a CIS wave function can provide a useful improvement over SCF.

The contribution of single excitations to the CI expansion (as well as to
perturbation expansions and coupled-cluster wave functions) can be elim-
inated completely by a suitable transformation of the orbitals. Such a
transformation involves some mixing of occupied and virtual orbitals and
therefore the initial term in the transformed expansion is no longer exactly
equivalent to the SCF function. The resulting orbitals are called Brueckner
orbitals and can be obtained by an iterative procedure in which, in each
iteration, pairs of occupied and virtual orbitals are mixed to eliminate the
corresponding single-excitation contributions in first order. This process
must be applied to an expansion that includes at least double excitations,
because it is the interaction of the single excitations with the doubles that
is responsible for almost all of the contribution of the single excitations to
the expansion.

Natural orbitals (NOs) are very similar to Brueckner orbitals; they are
obtained by transforming the orbitals so as to diagonalize the one-particle
density matrix of the correlated wave function. For two-electron systems,
the natural orbitals are the same as the Brueckner orbitals, making it rela-
tively easy to eliminate single excitations from correlated two-electron wave
functions. In natural-orbital-based expansions for systems of more than two
electrons the contribution of single excitations tends to be very small, in
fact much smaller than even the small contributions in the SCF case.

The exact solution, within the given basis set, is obtained by using all
terms of the CI expansion, up to N excitations. This is called full CI and
is invariant under any linear transformation of the orbitals.

1.6 Motivation
The motivation for studying perturbation theory (PT) and other many-body

(MB) techniques comes from the following principal sources.

1. Unlike truncated CI, most PT formulations provide properly exten-
sive descriptions. These concepts are discussed in Section 1.7; briefly,



1.7 Extensivity 11

a method is extensive if the energy of a system computed by this
method scales correctly with system size. An example illustrating
the lack of extensivity of truncated CI is presented in Section 1.7.

. Perturbation theory formulations can incorporate the most impor-

tant higher-excitation effects at a relatively low order (e.g., they can
combine the most important quadruple-excitation contributions with
the double excitations), but by leaving out the relatively unimportant
parts of these higher excitations they avoid the labor that would be
required if we tried to include these higher-excitation effects in full,
as we would have to do in CI, which cannot separate these different
components of the higher excitations.

Systematic diagrammatic techniques allow high-efficiency organiza-
tion of the calculations. This aspect is closely related to point 2
above and allows, in principle, improved results, at comparable levels
of effort, compared with CI.

There also are disadvantages of such methods.

1.

The PT and related MB techniques are generally nonvariational, so
that we have no bounds on the energy.

. The PT series does not always converge and thus cannot be applied in

certain situations, and in many other cases convergence can be slow.
These problems can be circumvented in some cases by reorganization
of the series, including the summation of some types of term to infinite
order; this is done, for example, in coupled-cluster (CC) methods.
Alternatively, these convergence problems can be circumvented by
going to a multireference (MR) version such as QDPT or MRCC
but, as we shall see, this introduces additional complications.

1.7 Extensivity

In thermodynamics, a system property is called extensive if its value for

a uniformly distributed system is proportional to the size of the system.

A quantum-mechanical model is said to be extensive (commonly, although

redundantly, size-extensive) if the energy of a system computed with this
model scales correctly with the size of the system (Bartlett and Purvis 1978,
Bartlett 1981). This property is most easily understood for a system such
as a uniform electron gas or a system of noninteracting unis, such as N
He atoms, for which F(NHe) = NE(He). For arbitrary systems a precise
definition is more difficult (Nooijen, Shamasundar and Mukherjee 2005) and
will be dealt with more fully in Sections 5.10 and 9.2.1.
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A closely related concept is that of size-consistency. As defined by Pople,
Binkley and Seeger (1976), a model is size-consistent if the energies of two
systems A and B and of the combined system AB with A and B very far
apart, computed in equivalent ways, satisfy

E(AB) = E(A) + E(B). (1.10)

These two properties of the computed energy are not quite the same,
but in many cases they go hand-in-hand. We shall discuss this question
in more detail later, but now we use a simple example to demonstrate the
lack of extensivity of truncated CI. We shall consider a model system of N
noninteracting He atoms (or, equivalently, N Hs molecules) as examples of
electron-pair bonds and examine the behavior of the energy as a function of
N (Sasaki 1977, Davidson and Silver 1977).

First we shall examine the case of one He atom with Hamiltonian il, wave
function ¢ and energy ¢, for which

hap = e (1.11)

Since this is a two-electron system, its exact wave function can be written in
terms of natural orbitals as a linear combination of a reference function ¢q
and all double excitations relative to it, without single-excitation terms (see
Section 1.5). Let us express the wave function in the unnormalized form

Y = ¢o+cx, (1.12)
where
(¢oldo) =1,
(xIx) =1, (1.13)
{(dolx) =0

(intermediate normalization), and x is the appropriate normalized aggregate
of all double excitations relative to ¢g; alternatively, we could consider a
calculation within the space spanned by just two basis functions, in which
case x would be the only double-excitation configuration. The elements of
the corresponding Hamiltonian matriz will be written in the form

(¢o||do) = €0,
(dolhlx) = 8, (1.14)
(x|lx) = a,
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and the CI eigenvalue equation is

(;?* §> C) o @ | (1.15)

which can be solved for the exact energy ¢ and the coefficient c. The first
equation in the 2 x 2 system is

o+ fec=¢, Ae =¢e—¢g = fe. (1.16)

The second equation is

*

B* 4+ ac = ec, %:E—a:zso—FAe—a. (1.17)

Substituting ¢ = Ae/( from the first equation gives

2
|Z|6:60+A6—04, Ae? — (a—gg)Ae — B> =0, (1.18)
which is a quadratic equation for the correlation energy Ae.

Now consider a system of N noninteracting He atoms, with Hamiltonian
N

H=> hi), (1.19)
i=1

where h(i) is the Hamiltonian for the ith atom. The reference function can
be written

Do = Apo(1)¢0(2) - - po(N), (1.20)

where the arguments 1,2,..., N identify the atoms. The antisymmetrizer
A exchanges electrons between different two-electron factors ¢g; because of
the lack of interaction, it can actually be ignored. The double-excitation
functions are of the form

®i = Ago(1)do(2) - - do(i — 1)x(i)po(i +1) - - - do(N) - (1.21)

(We do not need to consider mixed double excitations, or single excitations,
because of the lack of interaction among the atoms and between ¢g and any
single excitation from it.) The CI doubles (CID) wave function is then

N

Yo = &g + Z C;®; (1.22)
=1
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(it is unnormalized, and all the C; = C are equal by symmetry). We obtain

the following matrix elements:

(@o|®o) =1,
(®o|®;) =0,
(@[ @) = i,
(@o|H|®o) = Neog = Ep,
(®o|H|®;) = (ol hlx) =5,
(| H|®;) = 6i[(N = 1)ep + o
=0;j(Eo+ a—€p) .
The CI equations are given by
Ey 8 8 I} 1
0% Eyp+a—egg 0 0 C
G 0 Eoy+a—e ... 0 Cl-FE
B 0 0 ... By+a—ego C

From the first equation we get
Ey+NGC =E
or
AE=FE—-Ey= NgC.
From the other (equivalent) equations we get
8"+ (Ey+a—¢e9)C = EC
or .

%:Eo—i—AE—a.

Substituting C = AE /N from (1.25) gives

N 2
A’ﬁE" :E[)jLAE*Oz,

AFE? — (o — e9)AE — N8> = 0.

(1.23)

(1.25)

(1.26)

(1.27)

Equation (1.27) is quadratic in the correlation energy AFE, with solution

2
AE=2 2501\/<0‘ 260) + N|BI2.

(1.28)
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The behavior of AE as N — oo is then found to be

AE — —|BIVN = ﬁ;x/ﬁ (1.29)

(using Ae = e from (1.16)), instead of the correct answer AE = NAe.
Therefore this truncated CI expansion is not extensive.
Of course, in this case we know the correct answer. If we define

Qij = Ago(1) -+~ po(i — 1)x(i)po(i + 1) - do(j — 1)x(j)Po(j + 1) -+ do(V)

(1.30)
etc. then
U= Ap(1)y(2)---¥(N)
= Algo(1) + ex(1)][¢0(2) + ex(2)] -+ - [po(N) + ex (V)]
N (1.31)
=0+ Y D+ Y D+ + N Piog
i=1 i<j
which can also be written as
‘I’:‘I)U‘i'ch)i‘F%ZCQ‘I)U‘F%ZC:&(I%M‘F“' (132)
i i, i3,k

Thus the coefficients of the higher than double excitations are not indepen-
dent parameters but are closely related to the coefficients of the doubles.
Obviously, the larger the system becomes the poorer will be the truncated
CI expansion ¥cp. The relative contributions to \\11\2 of different excitation
levels are:

zero excitations, 1;
doubles, N¢?;
quadruples, $N(N —1)c* ~ IN?ct;
sextuples, %N(N —1)(N —-2)® ~ éN?’cG;

(1.33)

etc. No matter how small ¢? is, if N is large enough then the higher-
excitation contributions eventually become dominant. We shall return to
this example in the discussions of other computational models.

1.8 Disconnected clusters and extensivity

The N-He-atoms example provides a simple explanation of the lack of ex-
tensivity of CID in terms of separated pairs (disconnected clusters). As
previously stated, the coefficients of the higher-excitation configurations
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(quadruples, sextuples, etc.) in this example are not independent param-
eters, so that if we knew the correct double-excitation coefficients ¢, i.e.
those obtained from a full CI calculation, not from CID, we would know
the complete wave function and would be able to obtain the exact energy.
While a double-excitation configuration represents the correlation of a pair
of electrons (a two-electron cluster), a quadruple excitation represents the
correlation of four electrons at a time, etc. But the four-electron correla-
tions in this example really represent two separate two-electron correlations
occurring simultaneously. This type of four-electron cluster is called a dis-
connected cluster, being made up of two simultaneous but independent two-
electron clusters. In the language of coupled-cluster theory, the two-electron
clusters are represented by an operator T corresponding to a linear com-
bination of double-excitation operators and the higher-order disconnected
clusters are represented by products of connected-cluster operators, such as
%TQQ for disconnected quadruple excitations, obtained from the expansion of

an exponential operator el (where T may be limited to Ty or may contain
additional connected-cluster operators T , T etc.).

If we bring the N He atoms closer and let them interact, the full CI wave
function will no longer be represented exactly as a product of one-atom wave
functions

(L+To+ 15" + 5T5° + ) o = "2y (1.34)

equivalent to the expansion (1.32); it will have additional connected clus-
ter contributions Tl, Tg, T4, ... as well as additional disconnected cluster
contributions %Tf, Tlfg, Tl’fg, Tng, %Tl?’, %Tﬁf’g, ..., obtained from the
expansion of e’ (where T="T+Ts+ -++). The CI quadruple excitation
contribution is represented by the operator

é4 = T4 + %T22 + %Tlél + T1T3 + %T12T2 . (1.35)

In the noninteracting case %T ,2 is the only contribution to Cy, but even in
the interacting case it will still be by far the most important. In fact, the
order of importance, based upon the order of PT in which the contribution
first appears (for an SCF reference state), is generally

Ty, 112, 11, 13, LT3, Ty, ... (1.36)

1 1
2 3l
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In CI we cannot compute the individual components of (1.35) separately
but in PT and CC we can, and 7,2 is much easier to compute than Ty. Thus
we can obtain the major effect of the quadruple excitations 2T2 more easily
in PT and CC, because in these methods it is not combined with the much
more difficult 7. Furthermore, it is the disconnected clusters that are the
key for extensivity (as is clear from the N-He-atoms example).
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Formal perturbation theory

2.1 Background

There are two stages in the study of perturbation theory and related tech-
niques (although they are mixed intimately in most derivations in the lit-
erature). The first is the formal development, carried out in terms of the
total Hamiltonian and total wave function (and total zero-order wave func-
tion), without attempt to express anything in terms of one- and two-body
quantities (components of H , orbitals, integrals over orbitals etc.). We can
make a considerable amount of progress in this way before considering the
detailed form of H. The second is the many-body development, where all
expressions are obtained in terms of orbitals (one-electron states) and one-
and two-electron integrals. We shall try to keep these separate for a while
and begin with a consideration of formal perturbation theory.

Another aspect of the study of many-body techniques is the large variety
of approaches, notations and derivations that have been used. Each different
approach has contributed to the lore and the language of many-body theory,
and each tends to illuminate some aspects better than the other approaches.
If we want to be able to read the literature in this field, we should be familiar
with several alternative formulations. Therefore, we shall occasionally derive
some results in more than one way and, in particular, we shall derive the
basic perturbation-theory equations and their many-body representations in
several complementary ways.

2.2 Classical derivation of Rayleigh—Schrédinger perturbation
theory

2.2.1 The perturbation Ansatz

We begin with a classical textbook derivation of formal Rayleigh—Schrodinger
perturbation theory (RSPT). We separate the Hamiltonian into a zero-order

18
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part and a perturbation,

H=Hy+V. (2.1)
When convenient, we shall write this in the form

H=Hy+\V, (2.2)

where A is an “order parameter” that is used to classify the various contri-
butions by their order and set to A = 1 at the end. The exact (unknown)
solutions will be written

HY, = E, U, (2.3)
while for the zero-order problem (assumed soluble) we write
Hy®, = EVo, (2.4)
with
(P | D) = S - (2.5)

If ®,, is nondegenerate, it is possible to number the solutions in such a way
that

lim W, = &, .
A—0 (26)

lim E, = B
A—0

(If there are degeneracies, it is possible to choose the zero-order solutions so
that (2.6) is still satisfied.) Let us define the differences

Xn:an_q)ny

and then rewrite the Schrodinger equation in the forms

~

H(q)n + Xn) = En(q)n + Xn) )
I:I()(I)n + V(I)n + I:IXn = Er(LO)(I)n + AE,®, + E.xn ,
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2.2.2 Indeterminacy of the solution

If we assume for the moment that AE, (and thus E,,) is known then (2.8)
is an inhomogeneous linear differential equation for y,,, since the right-hand
side is known. If we have a particular solution for such an equation, we can
add to it any multiple of the solution of the corresponding homogeneous
equation,

(H—E,)f =0, (2.9)
and still have a solution. For example, if the inhomogeneous equation is
Af =y,

where A is a linear operator, g is a known function and f is the unknown
function and if fj is a particular solution, satisfying

Afo=g
while h is a solution of the homogeneous equation
Ah =0
then
f="fo+ch

(where c¢ is an arbitrary constant) is also a solution of the original equation,
since
Af = Afy + cAh
=g+0=g.
Thus x,, is not fully determined, since we can add to it an arbitrary multiple

of U, = ®, + xn, the only solution of (2.9) that is consistent with E,.
This degree of freedom can be used to force x,, to be orthogonal to ®,,,

(Xn|®n) = 0. (2.10)

This choice means that we extract only that part of the correction x,, to @,
that is essentially different from ®,,. In other words, we partition ¥,, into
two parts, one parallel (i.e. proportional) to ®, and the other orthogonal
to it. As the choice of normalization is arbitrary, it is convenient to use
intermediate normalization:

(Pn|®n) =1, (xn|®n) =0,
(Un|®Pr) = (P + Xn|Pn) =1+0=1, (2.11)
(an‘q}n> =1+ <Xn|Xn> .



2.2 Classical derivation of RSPT 21

2.2.3 Energy exrpressions

From the intermediate-normalization assumption (2.11) we get

<(I)n|ﬁ‘\pn> = En<q)n|\1/n> =En,

(D, | Ho|Wy) = (Ho®,|V,) = EO(®,|0,,) = EO) (2.12)
Subtracting the second equation from the first, we have
AE, = E, — E) = (®,|H — Hy|T,,)
= (D, |V[Wy,) .
Thus
o (2.13)

E, = (®,|H|¥,) .

The last equation is sometimes referred to as the transition matriz element
form (or projected form) for the energy. When W, is exact this E, is also
exact but if ¥,, is approximate, with an error of order ¢, then the error in
FE, is also of order € and may be greater than the error in the wvariational
estimate
(| H| V)

E, =
(V| W)

(2.14)

(which has an error of order €? for a wave function error of order ¢). (Note
that if ¥, is a full CI expansion based on ®,, and its excitations then only
the coefficients of the single and double excitations are needed to determine
the exact energy from (2.13).)

2.2.4 Order-by-order expansion

To proceed further, we use the order parameter A and expand:

U, =0+ xn = VO 420D 42202 ... (9 =9,), )15
E,=EY + AE, = E® + AEW) + X2 E® ... (215)

Substituting into the Schrodinger equation
(H—E,)¥, =0 (2.16)

with H = Hy + \V, we get
(Ho+ AV — EO —XEWD — X2E@) — .y (w© 4 xw) 4 \20@) ...y =0.
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Equating coefficients of powers of A gives for A°, Al and A\?, respectively:

(Hy — EOYo© = (zero order),  (2.18)
(Hy— EOYOWM = (ELD — v)yw0) (first order), (2.19)
(Hy— EOY 0 = (ED — vyl 4 E@w©  (second order)  (2.20)

and in general, for A", the mth-order equation
m—2
(Ho — ED)w(m = (B — Vywi=D 4+ 3 gim
=0
which becomes
(B — Hy)®(m) = pyim-1) _ Z Em=0gl) (2.21)

(m)

In order to get expressions for Fy,
integrate. For A! we get

<q>n|f{O - E7(10)|\I/Szl)> = <(I)n|E7(zl) - V|(I)n> . (2'22)

we apply (®,| to each equation and

By the Hermitian property of Hy we have
(Ho — EY)@, |9D) = BV — (,[V|®,,)
—_———— w_/
=0 =Van
and so
EY) = (8,|V|®,) = Vin , (2.23)
where we set

Vij = (2i|V]®;) . (2.24)

Thus we have obtained Efll) without knowledge of \IIS) and can now solve
the inhomogeneous differential equation for \1/7(11). We are free to require
<<I>n\\11£})> = 0, the intermediate-normalization condition. This is equivalent
to adding an arbitrary multiple of ®,, (the solution of the corresponding
homogeneous equation (Hy — ET(LO)) f=0) to . The same can be done
for each order m:

m—1
(Pn|EL) — Hy [U() = (2, |VIED) = Y B0 (9,]00)
—_— —— ———
-0 =0 =40

giving
B = (&,|V[w(Y) . (2.25)
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Thus, in principle, we can obtain each E,gm) from the previous \I!,(szl) and

then solve for U™ etc., while always maintaining <<I>n|\11$1m)> =0 (m >0).

2.2.5 Expansion in zero-order functions

(m)

The inhomogeneous differential equations for W, ’ are not easy to solve,

though they are easier than eigenvalue equations. One way to proceed is
to expand the unknown \I/%m) in terms of the known zero-order solutions
®;.. This exploits the fact that the set of eigenfunctions of any semibounded

Hermitian operator form a complete set:

= Zaé’?@k =37 @) (@5 TI) |
k

ag:;) <<I> |w(m)) (to be determined).

To obtain ag:) we multiply the mth-order equation by (®| and integrate:

(2.26)

m—1
(04| EQ — Ho| W™y = (@ |V | W)y B (@, 00y
| S — ~—— — ;. —_—
—(EO B (2| 5, (@70 @y wn Dy —o)
Thus
m—1
0 m— 1
(B = B! =3 Vigaln ™ = 3 B (2.27)
7 =0

In this equation the [ = 0 contributions are to be interpreted as a(o)

(Pk|Pn) = Okn-

This result provides a system of equations for the a,(;?) coefficients, to be
solved order by order, but the first thing to notice is that we have no equa-
tion for agﬁ); this coeflicient is arbitrary, corresponding to the arbitrariness
of adding any multiple of the zero-order solution ®,, (of the zero-order ho-
mogeneous equation for the same n). This arbitrariness appears for each

order \Ilém) separately. The following choice of intermediate normalization
can thus be made for each order:

(@n[T(™) =0 (m>0),
™ =0 (m>0).

Consequently
al™ = 8,0 (2.28)
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(0)

Since a;,, = Oy, the first-order equation becomes:

(EQ — EMal) = Vi — EDal) = Vi, (n# k),

so that
1 Vien
a, = 7E,(10) - E,(go) (n#k). (2.29)
Thus we have the well-known result
Vi
g =5 T g (2.30)
D

where Z;C =), (kn)" From this we get the second-order energy,

E® = (,[V|wd) = Zaéﬁ?vm

o nkan o / |an|2
P>

ET(lO) . E]S;O) ’

(2.31)

which is also well known.
This process can be continued in the same manner to higher orders, e.g.,

o = (B® {Z DV — EWal) — 5O (>}

ijv}n anVnn
= - (k #n). (2.32)
Z BB - BY) (B - By

However, it is somewhat cumbersome and not very convenient for the many-
body techniques that we shall want to use, so we will look at more systematic
techniques. However, before we do that, we will consider two more aspects of
this analysis, the Wigner 2n + 1 rule and the Hylleraas variational principle
for the first-order wave function.

2.2.6 Wigner’s 2n + 1 rule

Wigner’s rule (Wigner 1935) says that knowledge of \IJ,(P forl=1,2,...,m
allows us to determine directly the Ev(@l) forl=1,2,...,2m + 1. This result
can be obtained by a series of transformations of the mth-order energy
contribution (2.25), EI™ = = (P, ]V\\I/(m 2 ) using the differential equations
for \1153) , to raise the order of the “bra” part while lowering the order of the
“ket” part, repeatedly until the two orders are equal (if m is odd) or differ
by unity (if m is even).
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We shall work out one step of this repetitive sequence explicitly, using the
first-order equation (2.19) in the form

Ve, = (EQ — Hy)vld + EVs, (2.33)

and then the (m — 1)th-order equation in its usual form (2.21):

E™ = (0| V WD)
= (V| T{" V)
= ((BY — Ho)wV|w{"Y) + BV (@, ¥ )

= (TWED — Ho| w1y +0

V) - 3 B )

= (U VIe) = 3 B ed) (2.34)

(since the I = 0 term vanishes). If this is repeated k times we get

k m—k—1
EGY = (@) 3 S By (235)
j=1 =1

Taking the cases in which m is replaced by 2m or 2m + 1 and k by m — 1
or m, respectively, we get Wigner’s results:

m—1 m

B = (U Ve = 3 0y pEm i), (2.36)
j=1 1=1

B = (Vi) =3 3 BT (237)
j=11=1

2.2.7 The Hylleraas variation principle for the first-order wave
function

Instead of expanding \I/gl) in the zero-order functions ®y,, the first-order wave
function and the second-order energy can also be obtained by a variational
method due to Hylleraas (1930) (see, e.g., Bethe and Salpeter (1957), pp
122-3).
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We begin by multiplying the first-order equation (2.19) by <\I'7(11)] and
integrating:

(WD |Hy — EQ W) = (WD ED - Ve,
or
0= (UMW = EL|@y) + (U Hy — EP D).
To this equation we add the equation for the second-order energy,
EY = (®,|V - EV|wD)

(note that we have not invoked <<I>n\\I/§Ll)> = 0). The result is

E£2>=<\I’$P\V—E(”\<I>> + (@, |V = EVOQ) + (WD [Ho — EP WD)
= 2Re(¥WV|V — EW|®,) + (V| Hy — EQ @Dy (2.38)

If we define a functional
Jo[¥] = 2Re(U|V — EV|®,,) + (¥|Hy — ED|W), (2.39)
then obviously
Jo[ o] = B2 (2.40)
The variation of this functional is
6J5[U] = (60|V — EW[®,) + (9,|V — E! |(5\I/>
(00|l — EOI0) + (U], — EO5w) . (2.41)
Requiring that 0.J2[¥] = 0 for any J¥ (including §¥*) results in

(V—EWN®, + (Hy— EO)W =0,

n

for which ¥ = \117(}) is a solution (since the above relation is equivalent to
the first-order equation). Thus \Ilq(ll) and Ey(?) can be obtained by making
Jo[ V] stationary. It is easily verified that

JQ[\I/ + Cq)n] =Jy [\I/]

for any constant ¢, and this degree of freedom can be used to enforce
(¥|®,,) = 0. If the function ¥ is constrained at the outset to be orthogonal
to @, then J3[¥] can be written in the form

Jo[W] = 2Re(W|V|®,) + (W[ Hy — EQO[)  ((W]d,) =0).  (242)
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Next we show that if EL is the lowest eigenvalue of Hy then Jo[¥] is an
upper bound for ET(LQ). We write ¥ in the form

O =004y, (2.43)
Then

To[0] = Jo[U(D] + 2Re(x|V — EV|@y)

n

+2Re(x|Ho — EQ @MY + (x|Ho — EY)|x) . (2.44)

Using the first-order equation, we find that the third term can be written
as the negative of the second term, canceling it, so that we have

J[0] = EQ + (x|Ho — BV |x) . (2.45)

1t £ is the lowest eigenvalue of Hy then the integral (y|Hy — E,SO)I)O is
nonnegative and is zero if, and only if, x is the corresponding eigenfunction.
Therefore

LW >E®D  (EO <EY forall k #n). (2.46)

Thus J3[V¥], with an arbitrary trial function ¥ containing adjustable pa-
rameters, can be used in a variational approach for finding approximations
to the first-order wave function and second-order energy, and this provides
an upper bound to EY(LQ) in the case of a state having the lowest zero-order
energy (provided that ®q is an exact eigenfunction of f[o).

2.3 Projection operators

Before we proceed to alternative derivations of the perturbation theory equa-
tions, we shall introduce two projection operators. To simplify the notation,
we shall use the index 0, instead of n, to indicate the state in which we
are interested (regardless of whether it is the ground state or some excited
state). We shall omit this index entirely when there is no danger of confu-
sion, and particularly when we refer to the exact wave function Vg = WU, the
exact energy Ey = F and their order-by-order contributions (™ and E(™).

We define the projection operators in terms of the orthonormal zero-order
functions:

Q=1-P=>|o)(@i] = |:)(® (2.47)
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(where Y1 =Y, (i0))- These operators are linear, Hermitian and idempo-
tent:

Q*=(1-P)2?= —P=0, (2.48)
PQ=QP=0,

as required for projection operators. (A more general expression for these

operators, applicable to nonorthonormal zero-order functions as long as ®g

is orthogonal to all the other ®;, is given by the form
P = D) (Dg| D)~ (D],
= B0} {Bol)” (0o 0.19)
Q = [h)(h/h)~ (h|,

where |h) is a row vector consisting of all the functions |®;) (i # 0) and (h|
is its adjoint column vector. Note that (h/h)~! = S~! is the inverse of the
overlap matrix S = (h|h). It is easy to see that this form of the operators
satisfies the projection operator conditions.)

When P operates on a general function ¥ expressed in terms of the &;,
ie.

U=>a;%;, (2.50)
%

then
PU =" ai®o)(®ol®;) = Y ail®o)do; = ao®o, (2.51)

so that P extracts the ® component from W. Similarly, Q annihilates the
®( component,

~ ~ ~ /
QU =(1-P)U =T —qydy = Z a;®; . (2.52)
7

The operator Q projects out the orthogonal complement to @y . Any function
can then be written as a sum of the two projections:

U=10=(P+Q)V=P¥+QU. (2.53)

This is often termed the “resolution of the identity” into its components.
Similarly, any operator can be resolved into four components,

A=(P+ QAP+ Q)
=PAP + QAQ + PAQ + QAP

= Ap + Ax | (2.54)
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where Ap = PAP + QAQ is the block-diagonal part of A (also called AE,
or the even part) and Ax = PAQ + QAP is the cross- or off-diagonal part
(also called Ag, or the odd part). Note that

({11}?)1) N %DéD - %XE:}X ’ (2.55)
(AB)X = ApBx + AxBp .

The projection operators P and Q commute with Hy. For a general
function f expanded in the zero-order functions ®;,

f= Zcz‘@i, (2.56)

we have
Pﬁof = Zcipﬁﬂq)i = ZciEi(O)f?@,- = COE(()O)CI)07

o L L " (2.57)
H()Pf = ZCZHOPq)z = CQH()‘I)O = COE() (I)O .

Thus PHy = HyP (since f is arbltrary) so that [P, Hy] = 0. Similarly
[Q, Hy] = 0 (to see this, set Q =1 — P).

2.4 General derivation of formal time-independent perturbation
theories

2.4.1 General formalism

Now we turn to a more general, and somewhat more elegant, derivation of
the perturbation equations. We shall use A = 1 and determine the ordering
of the contributions to F, and ¥, on the basis of the number of V factors
and other considerations. We shall continue to use the index 0, instead of n,
to indicate the state in which we are interested (regardless of whether it is
the ground state or some excited state), and shall omit this index altogether
whenever there is no danger of confusion.

To be more general, we shall not always require that all the functions
®;, in terms of which the solutions are to be expanded, are eigenfunctions
of Hy. The only requirements are that these functions are orthonormal,
that &g is an eigenfunction of Hy and that all other ®; span the orthogonal
complement of ®y. The case in which all the ®; are eigenfunctions of ﬁo , in
which some simplifications are possible, will be referred to as the diagonal
case, because in terms of these functions the matrix representation of Hy is
diagonal.
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We begin the derivation with the Schrédinger equation in the form

(Hy+V)¥ = E¥, (2.58)
with zero-order solution
Ho®y = E\V®; . (2.59)

Operating on (2.58) with (®g| we obtain
(Do| Ho| W) + (@o|V|¥) = E(Po|T), (2.60)
——
=B (®o|

where we have used the Hermitian property of Hy. With intermediate nor-
malization this gives

By + (@0|V|¥) = B,
so that
AE = (9|V|¥), (2.61)
as we already know. Next, we write ¥ in the form

W= PU QU = [0)(@0[ ) + 3 |9)(@4] )

= ®g + x, (2.62)
whence
dy=PU, x=QU. (2.63)
Rearranging the Schrédinger equation (2.58) as
—HyU = (V- E)¥, (2.64)
we introduce an arbitrary parameter ¢ by adding (¥ to each side:
(- Hy)¥=(V-E+()0. (2.65)

This parameter is a convenience that will allow us to obtain different per-
turbation expansions from the same development by different choices of ¢
(0)
(e.g.,(=FEor( = Ky ).
We next apply @ to both sides:

Q(C—H)¥ =Q(V —E+ (V. (2.66)
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Using the idempotency of Q and its commutation with Hy, the operator on
the left-hand side can be rewritten as

Q(C — Ho)W = Q*(C — Ho)¥ = Q(¢ — Hp)QW. (2.67)

The operator Q(C — ﬁO)Q operates entirely in (Q-space and in terms of the
zero-order functions has the expansion

Q¢ — Ho)Q = 33 @) (®il¢ — Hol;) (@], (2.68)

J

which simplifies in the diagonal case to
Q¢ — Hy)Q Z @) (¢ — B) (@] (2.69)

Going back to the rewritten Schrédinger equation (2.66), we now have
QU — Ho)QV =Q(V - E+ (V. (2.70)

We restrict the possiblg choices of ¢ to those that do not AcoincicAle inth
any of the eigenvalues of Hy in @-space, so that the inverse of Q(¢ — Hp)Q in
Q-space exists. (If E(()O) is a well-separated eigenvalue of Hy then a choice of
¢ in the neighborhood of E(()O) would be satisfactory.) This inverse is written
in the form

Ro(¢) = i H Z Z @) (®:(C — Ho) ™! ®;)(®,] (2.71)
and is called the resolvent of Hy. In the diagonal case it can be expressed
as

Ro(©) = Y el ic - B0y ) = 3 AR
i T (C—E;7)

which rationalizes the notation

Q

(- Hy

(If Hp = e¢ then f(H)¢ = f(e)¢; here f(Ho) = (¢ — Ho)™t.)
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It is easy to see that RO(C ) as given in the previous equation is the inverse
of Q(¢ — Hp)Q in Q-space, since

O .
- )
(Z@ (@il(C — Hy) |, (0 )(Z@k (@xl(c - Ho>|<1>l><<1>z\)

—Z@ <<1>z (¢ — Ho)~ <Z<I> <I>|><< HO)‘I>Z><‘I)l|
_Zycb <<I>z

@z><q>z|
= Z 2,)(®;] = Q, (2.73)

(¢ — Ho) (1 — |@o)(®o])(¢ — Ho)

because the sums exclude i = 0, [ = 0. (Note that the inverse of an operator
A in Q-space is any operator B that satisfies AB = BA = Q. It is not
necessarily a general inverse, i.e. in the complete Hilbert space. Projection
operators have no inverses outside the space onto which they project; within
that space they are their own inverses, since, e.g., QQ = Q)

Applying Ry(¢) = _QHO to both sides of (2.70), we get

QU = Ro(()(V — E+ )V, (2.74)
and thus, substituting in ¥ = &y + Q\I/, we have
U =dg+ Ro(C)(V — E+¢)V. (2.75)

This can be seen as an iterative equation for ¥. For example, substituting
the entire right-hand side of (2.75) into the ¥ on the right-hand side of the
same equation, we have

U =dg + Ro(Q)(V — E+ ()
+ Ro(QO)(V = E+ QRo(¢)(V = E+ (U (2.76)

and, if we continue in the same manner,
U= {Ro(Q)(V-E+()}" (2.77)

(provided that the series converges). This would be a formal solution to the
problem except that the unknown E appears on the right-hand side. For the
same reason, the mth term in the sum does not simply correspond to the
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mth-order correction to the wave function, since F contains contributions
of different orders. In any case, using AE = (®y|V|¥) we have, formally,

AE =3 (@o|V [Ro()(V = E+ )] |0), (2.78)

m=0

which is an implicit equation for E = E(()O) + AFE.

2.4.2 Brillouin—Wigner perturbation theory

Different choices of ( can now be made in order to obtain different types of
perturbation theory (PT) expansions. The first is the choice ( = F, which
produces Brillouin-Wigner PT (BWPT) (Brillouin 1932, Wigner 1935).
This choice cancels —E + ¢ in Ro(¢)(V — E+¢)"" and leads to

U ="> {Ro(E)V}"®
m=o (BWPT). (2.79)
AE = (Bo|V{Ro(E)V}"|®0)
m=0

More explicitly, the energy expansion becomes

AE = (Do|V|®g) + (®o|V Ro(E)V|®o)

NN R . (2.80)
+ (Qo|V Ro(E)V Ro(E)V|®o) +
but the equations are still implicit, since the unknown E appears on the
r.h.s. In principle, they can be solved iteratively. Put in an estimate for FE,
such as the first-order result Eéo) +(®o|V|®g) and then compute the second-
order correction. Use the corrected E to compute a better second- (and/or
third-) order correction, etc., until self-consistency is obtained. However,
this procedure is generally too cumbersome to be very practical.
It is instructive to see how the BWPT equations would be evaluated
(ignoring the problem with FE), assuming the diagonal case for simplicity.
In this case

Ry(E) = Z |®;) (@il (2.81)

E— E(O
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and the second-order energy becomes
E® = (2|VRo(E)V|®0)
= Z (o] V] @) (£ — E") ™ (@] V| o)

_ Z’ VoiVio (2.82)
S |

which is similar to the RSPT result except for the presence of E rather than
E(()O) in the denominator. Similarly, for third order:

/ N ~ ~
E® = Z (@o|V|@:) (B — B 1@ V|@;) (B — E”) (D] V|dy)

'—E: V&izgol#m) (BWPT) (2.83)

etc.

The form of these equations is actually simpler than that of the RSPT
equations (ignoring the problem of the unknown E in the denominators),
because of the absence of the so-called renormalization terms — the addi-
tional sums Eﬁal involving the lower-order energies in RSPT. However, it
does not provide a true order-by-order expansion for the energy (because of
the presence of the infinite-order E), and related to this is a very fundamen-
tal problem with BWPT, its lack of extensivity when stopped at any finite
order. In fact, BWPT resembles CI in many respects, and successive orders
of the BWPT calculation are closely related to the successive iterations used
to solve the matrix eigenvalue problem in some CI procedures.

2.4.3 Demonstration of non-extensivity of finite-order BWPT

We shall consider again the model problem of N noninteracting He atoms,
and take the second-order energy as an example:

E®? — Z,M (2.84)
E-E9"
(2
where FE is the exact ground-state energy and E(()O),Ei(o) ... are the zero-
order energies associated with the zero-order functions ®¢, ®;,... We shall

use a basis of two configurations per atom, ¢g(i) and x(i) for the ith atom,
as in Section 1.7. In this basis the complete Hamiltonian for one atom is

A A A

h=(P+Q)h(P+Q)=PhP + PhQ + QhP + QhQ (2.85)
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(here P = |o) (o], @ = |x)(x|) and, using the notation of Section 1.7,

h = |go)eo(dol + @) B{x| + [X)B* (do] + x)er{x] - (2.86)
The zero-order Hamiltonian for the atom can be taken as the diagonal part,
ho = |g0)eo{dol + x)ar(x , (2.87)

and the perturbation v is

o = [90)B{x| + Ix)B"(¢o] - (2.88)

Note that ¢g and x are eigenfunctions of ho with eigenvalues £y and «,
respectively:

holgo) = |$0)20 {bolbo) +Ix)a (x|da) = eolgo) ,
—— ——
=1 =0 (2.89)
holx) = do)eo(dolx) + [x)edxIx) = alx) .
The basis for N atoms is the set of functions
o = Ado(1)p0(2) - po(N),
;= Ago(1) -+ x(@) -+ do(N), (2.90)
D5 = Ado(1) -+~ x(@) - x(J) - Po(IN)
cte. The zero-order Hamiltonian is Hy = 37, hg(i), also given as
Ho = Do) (®o| H| o) (Po| + Y _ |i) (D] H|D;) (|

+ D 1Pig) (@i | H| i) (Dis| + - .

z'<j

= |®o)E c1>0|+Zy<1> 0<I>|+Z|<I>” U (@i +--- (2.91)

1<J

(note that the sums exclude ¢ =0, j = 0, etc.), in which (see Section 1.7)

Ei(o) = Eéo) +a—eq, Ez‘(g(‘)) = E(()O) + 200 —2¢0, ... (2.92)

This zero-order Hamiltonian has the above basis functions as eigenfunctions:

Hol®o) = Do) B (@0]@o) + 0 = E”|®0) (2.93)

Ho|®;) Z|<1> B\ (@510, +0 = (B +a — 20)[@:) ,
——
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etc. The perturbation consists of the cross terms:
V=" 120)B(®] + D> |0:)B(Di5] + > @)3(Pij
i i<j i<j

) BB (Do + D |0 (@] + D [0 B (R 4. (2.94)

1<j 1<j

In all nonzero terms [®_)---(® | in V the number of excited atoms in the
ket and bra differs by exactly unity, and all other indices are identical in
the two @ functions. In all other cases the corresponding matrix elements

The only matrix elements we need for the second-order energy are

Voi = (®o|V|®;) = B (2.95)
(which are independent of N). The denominators are
E-EY=E—(E\" +a—e)=AE—a+s. (2.96)
We can proceed in one of two ways, as follows.

1. We can use our knowledge of the exact £ = Ne, or AE = F — E(()O) =
Ne — Neg = NAg, giving the second-order energy

EO) _ Z W Z B2 _ _ NIgP

NAe —a+ ¢ NAe —a+e NAse—a+ey’
thus
lim E? = w = constant (2.97)
N—o0 Ae ’ ’

2. We can use E? instead of F — E(()O) = AFE (note that ED = Voo =0
in this example):

N|p|? 2
@ _ _ NPT (2) _ 2 _ 2 _
E = P —ate (EP)" 4 (g — )E NP> =0
thus
E® = 1(a—e) £ 3v/(a—e0)2 +4N|BP2, (2.98)

just as in CID, with the same limiting behavior as N — oo, E?) —

~|BIVN.

In neither case have we obtained the extensive result, E? « N. It is the
fact that we have F rather than F(©) in the denominator that is responsible
for the lack of extensivity.
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2.4.4 Formal Rayleigh—Schrdédinger perturbation theory

Returning to the general results (2.77), (2.78), we will now derive the Rayleigh—
Schrédinger perturbation theory (RSPT) (Rayleigh 1894, Schrodinger 1926)
by setting

¢=E"  (RSPT), (2.99)

o=~

so that
(—F=-AF. (2.100)

We then have

U= Z { (B AE)]m%
(RSPT).  (2.101)
AE = 3 (@lV R B0 - AE)] " )

m=0

Thus we have removed the unknown FE in the denominators in ]:20, but we
still have AE in V — AE. Because of the presence of AE we do not yet
have a true expansion in orders of A (or orders of V) This presence can
be removed by substituting the formula in 2.101 for each AFE on the r.h.s.,
iteratively, and collecting terms of each order of A by counting the number
of V factors in each term.

We shall now proceed to do that, simplifying the notation further by
omitting the argument E(()O) from the resolvent RO(E(()O)) = Ry and omitting
the subscript 0 from ®3. We then have

U= i [RO(V - AE)}m o
m=0 (RSPT). (2.102)
AE = (®|V [RO(V - AE)]m |®)

m=0

We will examine the energy expression first, since AE appears on the
r.h.s. in both equations. Expanding the first few orders for AE, we get

AE = (D|V|®) + (B|VRy(V — AE)|®)
+(®|VRo(V — AE)Ry(V — AE)|®)
+(®|VR(V — AE)Ry(V — AE)Ry(V — AE)|®) +---  (2.103)
First we note that the final AE in each term can be ignored, because

RoAE|®) = AE Ry|®) = 0 (2.104)
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(since Ry contains Q) Thus
AE = (®|V|®) + (B|V RV |®) + (B|VRy(V — AE) R,V |®)
+ (®|VRy(V — AE)Ry(V — AE)RyV|®) +
= (B|V|®) + (B|V RV |®) + (B|V RV RV |®)
— (®V Ro(®[V[®) RoV|®) — (D|V Ro(D|V Ry V|®) Ry V'|®) —
+ (®|V RV RyV Ry V' |®)
— (®|V RV Ry(®|V|D)RoV|®) — (B[V Ro(D|V|®) RoV Ry V| D)
+ (®|V Ry (®|V |®) Ry (®|V |®) RV |®) + - - - (2.105)

Arranging this result according to the number of V factors (i.e., in orders
of \) we have

AE = (9|V|®) + (2|V Ry V| ®)

+(Q[VR)V RV |®) — (2|V|®)(@|VR;V|®)

+ (P |VR0VR0VR0V|<I>> (BIVRV|BYP|VREV|®)  (2.106)
— (®|V|®)(D|V Ro(V Ry + RoV) RoV |D)
(B|V|2)*(B[VRIV|®) +

+

Thus

EW = (9|V[®) = Voo,

E®) = (3|VR,V|®),

E®) = (B[VRo(V — (2[V]@))RyV|®) = (2|V Ro(V — ED) RV |®)

EW = (®|VRy(V — EMRo(V — EM)RyV|®) — E@(B|VREV|®).
(2.107)

The combination V — E(M) appears very frequently, and it is convenient to
use a special symbol for it,

W=v-EW, (2.108)
so that
Wij = Vij — 6, BV (2.109)
and we have
E®) = (8|[VRyW R,V |®)

. oo (2.110)
EW = (®|VR\W RyW RV |®) — E@(®|VRZV|®),
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etc. In the diagonal case we can make these equations more explicit. Using
the abbreviation

Dy; = E” — B (2.111)

1

for the denominators in the resolvent, the various orders of the energy can
be written in the diagonal case in the form:

E(l) = ‘/007
Voi Vi
E®? — Z’M
—~ Do;
VoiWi;Vj 2.112)
E® = S0 vi0. (2.
zj: Do; Doj
Z’ VoiWii Wik Vio E(g)z’ VoiVio
Do; Doj Doy - D2,

We see that each E(m) contains a principal term,

Z’ VoiWiiWig -+ Wy Vo

)
4~ Dy;iDo; Doy, . .. Doy Do
ijk--yz

(®|VRoW RoW --- W RV |®) =

(2.113)

with m factors V, W, m — 1 factors RO and some renormalization terms;
these contain lower-order energies E() (2 < | < m —2) and factors involving
powers RY (k > 1). (It is convenient not to consider the E()) terms in W
as renormalization terms, since they are simply accommodated by a shift of
origin for v, replacing 1% by W, as shown at the end of this subsection.)

Similarly, for the wave function we obtain (the general form is followed
by the diagonal-case formula in each equation):

v = RVja) = 3

v = RgWioV|®) = Y |@)
ij

Wi Vio
Do, Do’

(2.114)
U®) = RyWRyW RV |®) — (®|V RV |®)R2V |®)

1o WiiWikVio ! Vio
%; | >DOiDOjD0k zz: | >D012
ete. If we now look back at E(4) we see that the renormalization term there
can be written as

DDV Ry RV |®) = E@(RyVO RV D) = ED(wWwMy - (2.115)
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so that
EW = (&|VR W RyW RV |®) — E@ (M) w1y
/%Z[[Z][[jkvko 2
= — E@gMgM® RSPT). 2.116
E Dos Doy Do (U)o ( ) ( )

This is a well-known form for E(4).
Note that E()) = Vj could be eliminated completely from the analysis if
Hy shifted by Vo, as follows:

H=Hy+V
= (Ho + Vio) + (V — Vio)
= Ho+ W, (2.117)
where

Ho=Ho+ Voo, W=V-Vi, Vao=(®|V|0o)=E". (2.118)

In this form Hy is the new zero-order Hamiltonian and W is the pertur-
bation. In the diagonal case the original zeroth-order functions ®; are still

eigenfunctions of the new Hy, with eigenvalues Vo + Ei(o). The factors Dy;
in the denominators, which are differences of eigenvalues, are unchanged.
With this new splitting of the Hamiltonian we have
B = (®|Ho + Voo|®) = EL + Vi (2.119)
(which equals Egcr if @ is the SCF wave function) and
EWM = (®|V = Vio|®) = Voo — Voo =0, (2.120)
i.e., the first-order energy vanishes,
Woo =0. (2.121)

Higher orders remain unchanged.

2.4.5 The general (non-diagonal) case
In the general case, in which the representation of Hy is non-diagonal, the
resolvent R is not given explicitly in terms of the zeroth-order energies
Ei(o), but it can be obtained by inversion of the matrix representation of
Q(Eéo) — ﬁo)Q. However, explicit inversion of that matrix is not actually
required since the quantities needed are matrix elements of RoW. 1If we
write

X = RyW (2.122)
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then
9] (Eéo) - Jffo) OX = OW, (2.123)

and the matrix representation X of X can be obtained by the solution of
the system of linear equations

(B"1-Hy)X =W (2.124)
or, explicitly,
/ .
Z (E(()O)5ij — (Ho)ij) Xjx = Wi . (2.125)

J
If the matrix representation of Hy is sparse (as often happens in actual
applications), the iterative solution of the linear equation system is relatively
easy. Note that only the & = 0 column of X is required for RoV'|®), in which
case we have Wy = Vjo (i #0).
Once X has been obtained, the energy expressions can be determined
from
E® = (®|VX|9),
E® = (8|VX?|®), (2.126)
EW = (0|VX3®) — EG) (g |gM)y
with similar equations for the wave function.
Obviously, in the diagonal case,
Wij _ Wi
ESO) _ Ei(O) Dy;

X, = (2.127)

2.4.6 Bracketing procedure for RSPT

If the process of deriving the terms in the series (2.106) for AE is continued,
a general result emerges (Brueckner 1955, Huby 1961, Paldus and Cizek
1975). To show this result, we first simplify the notation further, writing

(VRoVRy---RoV) = (B|VR\VRy--- RV |®) (2.128)

(i.e. omitting the ®| from the bra and |® from the ket). Then the principal
term for E(™) is



42 Formal perturbation theory

and contains m operators V. All the other terms are obtained by inserting
bracket pairs in all possible valid ways around 1% operators and around
VRy---V products in the principal term, always excluding the Vs at the two
ends but including multiple brackets and brackets within brackets (properly
nested). Each term is given a sign factor (—1)!, where [ is the number of
inserted bracket pairs. Thus, at fourth order we obtain

oV)
oV RV — (VRyVRo(V)RV)
VYRoV) — (VRo(VRGV)RoV) . (2.129)
At fifth order there are already 14 terms (a principal term plus 13 bracket-
ings) that include nested bracketings such as

(VRo(VRo(V)RoV) RoV') = (VIVRGV)(VRZV)

_ pOg e, (2.130)

It can be shown that the total number of terms at the nth order is

(2n —2)!
nl(n—1)!"

We can reduce the proliferation of terms substantially by using the W op-
erator for all interior positions and omitting all Single—V or single—W brack-
etings. We should also remember that any W that appears next to a bra or
ket (on its inside) may then be replaced by V:

W=V, W) = V). (2.131)
For example, for the fifth order contribution to the energy we get
EO) = (V Ry W ol Bl RoV') — (V Fo (VB /) RoW B )
— (VRoW Ro(VRoV)RoV') — (VRo(VRoW RoV)RoV')
= (VRyW RyW RyW RoV') — (VRoVY(V Ro(RoW + W Ro)RoV)
— (VROW RGV )V REV)
= (VRoW RyW RyW RyV) — E@Q{(uW|w@) 4 (@ |y}
— E®(wW gy, (2.132)

note that we have here just four terms.
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2.4.7 Summary of formal RSPT results

We shall now collect the results for several orders of RSPT, giving both the
general result (in terms of Ry) and the diagonal-case explicit formulas. The
first three orders of the wave-function contributions are:

W — p.7
o RoV|®) = Z|<I> Dm (2.133)
e WV
@ — o) = S |o;) 24150 2.134
RoW RoV|®) Z\ >D0,~D0j’ (2.134)
U®) = RyWRyW RV |®) — (B|V RV |®)R2V |®)
(2.135)

- Y10 | S pn - B g
Dy;Do; Doy, Do;?

The energy formulas satisfy E( = (®|V|¥(™=1) and the first six
orders are:

EW = (8|V|®) = Vyo, (2.136)
e Voi Vi
E® = (3|VRV|D) = Z'% , (2.137)
: (1]
NP VoWV
E®) = (@ d) MU AR 2.1
(®[V RoW RoV |®) Z DoiDo; (2.138)

EW = (&|VR W RyW RV |®) — E® (¢ | @)
Z’ VE)sz]ijVkO (2)2/ V()szo (2139)
Dy;Dq; Doy, 2

E®) = (®|VRyW RyW RyW RV |®)
_ E(2){<\p(1)|qj(2)> + <\I;(2)‘\p(1)>} _ E(3)<\p(1)|\1;(1)>

_ Z’ VoiWii Wit WiaVio 5140
o DoiDojDox Doy (2.140)
J
e (o) O
Doy;Do;j \Doi  Dyj Dy;
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E©) = (®|V RgW RyW RoW RyW Ry V' |®)
_g® {<\p(1)‘\p(3)> (g 4 <\p(3)’\p(1)>}
_g® {<\1,<1>‘\1,<2>> n <\1,<2>|\1,<1>>} — EW gy )
+ (B2 (@D Rolw™)

_ Z 1VoiWis Wit Wi Wi Vino
Bl Dyi Doj Dok Doi Do, (2.141)

(2)2’VOZWWW'€V’€0 LI SR
Dy;DojDor, \Do;i  Doj Do

g~ Yoyl (1 1
Z Do;Do;  \ Doi +D0j

4 /VOZ i0 (2 2 ’VOiViO
—E()ZW‘F(E ))Z Do

i

The steps in the derivation of the formula for E(®) are shown in Fig. 2.1.

The wave functions and energies at each order can also be expressed in
terms of lower-order quantities by substitution of the formulas for the lower-
order wave functions and energies. In the case of the energies the most
convenient forms are based on the Wigner formulas (2.36), (2.37). The
corresponding results take the forms:

w® = Ry w0y, (
U@ = RoW W) — EG) Ro|wM)y (
@ = RyW B — E@ Ry |w@)y — EG) Ry|wM)y | (2.144
B = (@|V|w), (
EG — (q;(l)‘ij(l))’ (
EW = (wWwe®)y — @ gy (

EG) — <\1/(2)‘W‘\1/(2)> _ E(2){<qj(1),qj(2)> + <\I;(2)‘\p(1)>}
@) (M gy (2.148)

EO® = (3O |w®) - EO{(w <1>\\1:<3>> (v <2>|q,<2>>}
~ EOLeW ey 1 (w@ gy — g gy (2.149)
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E® — (VRoW RoW RoW RoW RoV') — (V Ro(V RoV)RoW RoW RoV')
(VRoW Ro(V RoVYRoW RoV') — (V RoW RoW Ro(V RoV ) RoV')
(VRo(VRoW RoV) RoW RoV') — (V RoW Ro(V RoW RoV') RoV')

— (VRo(VRoW RoW RoV) RoV') + (V Ro(V RoV)) Ro(V RoV)) RoV')
+ (VRo(VRo(VRoV)RoV) RoV')
= (VRoW RoW RoW RoW RoV')
— <VROV>{<VRQ|ROWROWROV> + <VROWRO|ROWROV>
+ (VRoW RoW Ro| RoV') }
— (VRoW RV ){(V Ro|RoW RoV') + (V RoW Ro|Ro V') }
— (U RoW RoW RoV )V Ro| RoV) + (V" RoV) " (V REV')
+ <VR0V><VRO\R0V>2
= (VRoW RoW RoW RoW Ro V')
_ E(Z){<\I/(1)|\Il(3) + E(2)R0\I;(l)>
+ <\I/(2)|\I’(2)> + <\I’(3) + E(Z)RO\IJ(l)‘\II(l)>}
— E(B){<\Il(l)|‘l/(2)> + <\I/(2)‘q/(1)>} _ {E(4) + E(2)<\Il(l)|\ll(l))}(\1/(1)|\Il(l)>
4 (ED) (U D Ro[0D) 4 E@ (p@|g®)?

Fig. 2.1. Steps in the derivation of the formula for F®.

2.4.8 Extensivity of Rayleigh—Schréodinger perturbation theory

Rayleigh—Schrédinger perturbation theory (RSPT) is extensive order by
order. This is related to the fact that RSPT is a true order-by-order expan-
sion, unlike BWPT, which has the infinite-order energy in all denominators.
If we consider again the example of N noninteracting He atoms and take
the second-order energy expression obtained in subsection 2.4.3 for BWPT,
but replace the BWPT denominator (2.96)

E-E” =AE-a+e (2.150)
by the corresponding RSPT denominator,

EV-E"Y =¢-a, (2.151)
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the second-order energy becomes

_ NI

E®2)
co—a’

(2.152)

which is proportional to N.

A more complete demonstration of the extensivity of RSPT will await
development of its many-body form but, basically, this extensivity is due to
the fact that in a true order-by-order expansion the exact relationship

E(A+B) = E(A) + E(B) (2.153)

for the energy of a system made up of noninteracting subsystems A and B
must hold in each order.

2.5 Similarity transformation derivation of the formal
perturbation equations and quasidegenerate PT

The following alternative derivation of the RSPT equations (Van Vleck 1929,
Shavitt and Redmon 1980) is of interest because it is most easily generalized
to quasidegenerate PT (QDPT) and thus to a form of multireference PT
(MRPT).

Finding the eigenvalues and eigenfunctions of an operator H is equivalent
to finding a basis {¥;} in which H is diagonal:

(Wi|H|T;) = Eidyj . (2.154)

If we have a representation of H in some other basis,

Hij = (®;|H|®;), (2.155)

then we need the transformation operator U that transforms the basis {®;}
into the basis {¥;},

T3) = U|®:) = > [@;)(;[T|0:) =Y |®)Uys (2.156)
i i

The inverse transformation is
@) = U1 |W;), (2.157)
so that, if the {®;} basis is orthonormal, we have
(| U HU|®)) = (2|0 H|¥;)
= (0| U ¥;) B
= (0;|®;)E; = 6;;E; . (2.158)
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Thus we can obtain the eigenvalues of H as the elements of the (diagonal)
representation in the known orthonormal basis {®;} of the effective Hamil-
tontan

HE = U~ 'AU, (2.159)

which is a similarity transformation of the original Hamiltonian H. If both
the {®;} and {V;} bases are orthonormal then the transformation connecting
them is unitary, Ut = U1, and the diagonalized representation of H can
be written in the form

Eidij = (Ui H|W;) = (UR;|H|UD;) = (B;|UTHU|2;) , (2.160)
so that the effective Hamiltonian can be expressed as
T—UTHU . (2.161)

Note that the original basis is any basis we choose, i.e., a known basis,
while the transformed basis is the desired set of eigenfunctions of H and is
unknown. Thus the problem of finding the eigenfunctions and eigenvalues
of H is equivalent to that of finding an operator U such that the repre-
sentation of U 'HU in some given basis {®;} is diagonal. If we succeed
then (®;|UTHU|®;) are the eigenvalues and U|®;) are the corresponding
eigenfunctions.

If we are only interested in one particular eigensolution Ey, |¥q), it is
enough to find a transformation U that block-diagonalizes H s0 that

(Bo|UTHU |®;) = (3;|UTHU|®o) =0 (i #0),

o (2.162)
(@o|UT"HU|®g) = Ep,

without being concerned about how U transforms the other ®; among them-
selves. In this case there is considerable arbitrariness in the choice of U. To
be more specific we shall use the projection operators of Section 2.3,

P =)@, Q=1-P=3]2:)(a, (2.163)

and write U in the form

U=PUP+PUQ+QUP+QUQ (2.164)
_'_

A A

= |®0)Uoo(@o| + PUQ + QUP +QUQ.
where U()() = <(I)0‘U|(I)0>

The Upy and QU Q parts of U are arbitrary, since they do not affect the
block diagonalization (Uyy changes only the normalization of ¥, while QU Q
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merely mixes the other ¥; (i # 0) among themselves). If we wish U to make
the minimum change (in the basis or in the effective Hamlltonlan) essential
to achieve block dlagonahzatlon it is natural to choose PUP = P (i-e.,
Ugo = 1), QUQ = Q, so that

PUP+QUQ =1. (2.165)
Then
U=1+PUQ+QUP (2.166)
and
Uy =Udy = UPdy = Dy + QUPD , (2.167)

so that QU Py is the perturbative correction to ®¢ (using intermediate
normalization).

The operator that, when operating on a zero-order function ®¢, produces
the corresponding perturbed function W is called the wave operator and
is commonly denoted by Q. (A more general definition relevant to quasi-
degenerate PT will be given at the end of this section.) Only the QP part
of Q is of interest, the QQ part being left undefined. In the persent case we
have

QP =UP=P+QUP. (2.168)
When QP operates on any function ® that is not orthogonal to ®y we obtain
a function proportional to ¥y,

QP|®) = UP|®) = U|®o)(Do|®) = [Wo)(Do|P) . (2.169)
Using the notation of (2.54), U can be written in the form
U =Up + Ux,
R (2.170)
Up=1, U=1+VUx,

and so we are looking for Ux such that
HEY=U AU =%, AF=0 (2.171)

(i.e. such that HeT is block diagonal). To proceed further, we first partition
the Hamiltonian as

H=Hy+V, (2.172)
where Hy is diagonal ((®;|Ho|®;) = Ei(o)éij), and then set
Hy=(Ho)p, (Ho)x =0,

) U (2.173)
Hp = Hy + Vp, Hx =Vx.
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It is also convenient to define an operator W as the correction to Hy needed
to obtain Hef:
HE = By + W . (2.174)
(This notation is unrelated to W = V — E() in previous sections.) We have
W=Wp, Wx=0,
A AaoEa A (O) A . (2.175)
PWP =PH"P— PHyP = (Ey— E;, )P =AFEyP,

and PW P, called the level-shift operator, provides the desired energy cor-

rection.
In order to solve for U and W we rewrite Eq. (2.159) for He in the form
UA = AU, (2.176)
or
UHy+UW = HU + VU . (2.177)

Using U=1+ UX, we get
ffo+Uxﬁo+W+wa=ﬁ0+ﬁoﬁx+‘7+f/ﬁx,
that is,
HoUx — UxHy = -V = VUx + W + UxW. (2.178)
The diagonal part of this equation is
0=~V - TxOx + 17
or
W =V + WxUx, (2.179)
while the off-diagonal part is
[Ho, Ux] = —Vx — VpUx + UxW . (2.180)
If we expand in orders of v,
Ox=00+00 +...,  W=wO4+Ww® ... (2.181)

(the zero-order parts are zero, since they have been left out of Ux =U —1
and W = H® — Hy), we have

[ﬁo,Uﬂ - ik,

o = (2.182)
(0, O] = =Vp0¢" 0 4 3 00w (> 2),
=1
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and

W(l) = VD )

) o (2.183)
W =0 (m>2).

Equation (2.182) for U)((m) can be rewritten, using W) = Vp, in the form

Ho, U | = — |V, O™V s 2U(“Wm D (m>2)  (2.184)
i) - 0] 5

(where the sum is empty for m = 2).
In order to solve an equation of the form

[Ho, Ux] = A, (2.185)

where A is any operator expression satisfying A = Ax, we proceed as follows:

so that

= —RyAP, (2.186)

where Ry is the zero-order resolvent operator RO(E(()O)) for state 0,

Ro=Q(EY — Q@) ™'Q = (2.187)

50 fp

Applying this result to (2.180), i.e. putting A= —Vx — VpUx + UxW, we
have

QUP = Ro(Vx + VpUx — UxW)P
= RoyVP + R\WQUP — RyUPWP. (2.188)

Equating equal orders of the perturbation on both sides, we can now write
(2.182) and (2.183) in the form

o m—1 . . 2.189
> 9) ( )
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and

PWWP=pPVP,
L. ) N DA (2.190)
PWMP = PVQUM™ VP (m>2).
These equations for QU P and PW P determine the perturbed wave function
through

Ty = g + QU P, (2.191)

and the perturbed energy through (2.175). Using (2.188), the wave operator
is determined from (cf. (2.168))

QP =P+ Ry(V +VQU —UPW)P. (2.192)

Only the Qﬁ (m) p part (corresponding to a column) of (A]}((m) and the
PW ™ P part (corresponding to an element) of W) are ever needed. Re-
peated substitution of the lower-order Qﬁ P equations into the higher-order
U and W equations gives the usual perturbation theory expressions, for
example,

A~ A A A A A

PWEA P =pvQUNP=PVRWP, (2.193)
which corresponds to
EP = (B|V RoV| ). (2.194)
The principal merit of this derivation is that it can easily be generalized to
a case in which more than one zero-order states are to be handled together

as part of the P block, i.e. in degenerate or quasidegenerate perturbation
theory (QDPT). In that case

p:Z’q)an)a” Q:i_ﬁ):z‘@i><¢)i|v (2.195)

where the Greek subscripts sum over the model states (the quasidegenerate
set of zero-order states) and the Roman subscripts over all others. The
PT equations then have the same form as before (but with the modified
definition of P, Q) and they define a model-space matrix PW P, from which
we may obtain the (non-Hermitian) effective Hamiltonian matrix

PH®P = PH\P + PWP, (2.196)

the transformation matriz QUP and the wave operator QP =P+ Qﬁf’
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A more familiar form of the QDPT equations, known as the generali-
zed Bloch equation (Lindgren 1974, Kvasnicka 1974, 1977b, Lindgren 1978,
Lindgren and Morrison 1986), is easily recovered from (2.179), (2.180):

[Uxiffo] = (}7 X+ ‘A/:DUXA) —AUif(Vlz +VxUx), (2.197)
Q[Q, HolP = Q(VQ)P — QQP(VQ)P,
using QP = UP = P+ QUP. Also, since PQP = P and P[Q,f[o]]s =0,
we may add
P[Q, Hy|P = PVQP — PQPVQP
0 (2.197) to get the generalized Bloch equation in the form
[, Ho)P = VQP — QPVQP (2.198)

(see Lindgren and Morrison 1986). This equation is a generalization of the
original Bloch equation (Bloch 1958, Bloch and Horowitz 1958) of degenerate
perturbation theory, in which the model states are exactly degenerate in
zero order, which is often the case for calculations on open-shell states. The
QDPT approach and the generalized Bloch equations are discussed in detail
in Chapter 8.

While the PT equations (2.182), (2.183) have the same general form in
the quasidegenerate and degenerate cases as in the nondegenerate case, their
solution in the quasidegenerate case is complicated by the fact that instead
of a single resolvent Ry we now have a set of resolvents

A~

: Q
Ro(EY) = Ra = —7——
EY - Ay

«
for all the model states. The solutions are given by (compare Eqs. (2.189,
2.190))

(2.199)

Uy = RiVia,

m—1
ZRl ViUV =SSN RUGWTY (m>2), (2.200)
=1 p

and
1
Wa(ﬁ) = Vas,

m m—1) 2.201
wiy —ZV U (m > 2). (2.201)

In (2.200) we have
Rl = (| Ro|®;) . (2.202)
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When the QU P and PW P matrices have been determined to satisfactory
accuracy, the final solutions of the quasidegenerate (or degenerate) problem
are determined by solving the non-Hermitian eigenvalue problem.

Y HCsy = ConEy, (2.203)
3

to complete the diagonalization of the P-space. This gives the final energies
E, and the transformation matrix C. The wave functions are then

y) =) Ul2)Cs,

3
- Z(I%> + I‘I%)Uw) Cpy - (2.204)
B i

It is therefore clear that the wave operator can be more generally defined
as the operator that, when it operates on the manifold of model states,
generates the manifold of perturbed states; a diagonalization of the effec-
tive Hamiltonian PH®T P is then needed to obtain the transformation that
converts the states generated by @, into the exact eigenstates of H.

2.6 Other approaches

At this point it is appropriate to begin consideration of the many-body form
of RSPT, where some important simplifications and cancellations will ap-
pear through the use of diagrammatic techniques. Actually, there is another
important variant of the derivation of the formal equations of PT: this uses
time-dependent PT (see e.g. Raimes (1972) or March, Young and Sampan-
thar (1967)). This variant was in fact used in the original derivation of the
many-body form of perturbation theory (Brueckner 1955, Goldstone 1957),
but this derivation cannot be presented without the introduction of several
additional concepts that complicate the presentation considerably and so it
will not be discussed further in this book.
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Second quantization

3.1 Background

Second-quantization techniques evolved primarily for problems in which the
number of particles is not fixed or known and in the context of independent-
particle models (such as the Hartree—Fock model). Such techniques provide
a method of representing independent-particle-model wave functions (i.e.
Slater determinants) and operators in a compact convenient notation and
also provide an efficient way of manipulating such functions and operators.

The second-quantization notation assumes the existence of an unspecified
number of functions in a given fixed one-particle basis, say

{0} = {1, ¢2, .. .}. (3.1)

In general, the functions {¢;} are spinorbitals, very often the Hartree—
Fock spinorbitals. To avoid complications, we assume that the basis is
orthonormal,

(@ildg) = bij - (3.2)

The number of functions in the basis need not appear explicitly in the for-
malism (but of course will affect any computation). The given one-particle
basis generates Hilbert spaces for N = 1,2, ... particles, for which the basis
functions are products of N one-particle basis functions. However, since
we are dealing with fermions, we will restrict the many-particle functions
to be antisymmetric and thus assume a many-particle basis constructed of
Slater determinants made up of the one-particle basis functions. The to-
tality of the antisymmetric Hilbert spaces for N = 1,2, ... is often referred
to as a Fock space (Kutzelnigg 1982, 1984, Kutzelnigg and Koch 1983),
and we are looking for a representation of functions and operators in this
Fock space, without explicitly specifying N. Obviously, the ordinary form

54
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of the Hamiltonian,
N N
H=> hy+> b (3.3)
pn=1 n<v

where iLH and v, are the one-particle and two-particle terms in H and v
are particle labels, does not satisfy this requirement because N appears in
the summation limits.

3.2 Creation and annihilation operators
3.2.1 Definitions

We begin by considering the representation of a normalized Slater determi-
nant

D =DQyp... = Apidjdr - b = |$idjbr - ¢2) = | igk---2), (3.4)

where A is the antisymmetrizer and each ¢ is a spinorbital in our one-particle
basis. The various forms of (3.4) are equivalent notations for the same
function, and we shall normally use one of the last two forms. The Slater
determinant (SD) ® is represented in second-quantized form by specifying
the occupancies (or occupation numbers) ni,na,... of the basis spinorbitals
@1, P2, . .. in the determinant. Obviously,

(®) 0 if ¢; is empty (not present) in the SD &

n; =

' 1 if ¢; is occupied (present) in the SD @
(3.5)

The determinant itself (and various operators on it) are represented in terms

of a set of creation and annihilation operators. The notation for these varies:

creation operator for spinorbital ¢;, Xj, d;r; ég, %T;

annihilation operator for spinorbital ¢;, X;, a;, ¢;, .

A~

Here we shall use d;-r, a; and, when there is no possibility of confusion, i',1.
They are defined in terms of their action on SDs:

alljk - 2) = |igh - 2),
(3.6)
ailijk---2) = |jk---2).

It is convenient to arrange the spinorbitals in an SD in lexical order as

|ijhk---z), where i<j<k<---<z,
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and therefore it is necessary to determine the effects of the creation and an-
nihilation operators when the affected orbital is not (or is not being placed)
at the beginning of the SD. Then, because

Plijk--2) = (=1)°P)|ijk - 2), (3.7)

where P permutes the ¢, 5, k, ...,z and 0(15) is the parity of the permutation

P, we have
d;|ijk---z>:(—1)7’P|ijl<:~~p~--z), (38)
apligk---p---2) = (=1)"|ijk---2), ’

where 7, is the number of orbitals preceding ¢, in the SD (after the opera-

tion, for &};, and before the operation, for a,). We also have

all®) =0 if ny(®) =1, (3.9
a;|®) =0  if ng(®) =0.

We can now describe an SD as the result of the successive operation of
several &}; on the vacuum SD, | ), which contains no spinorbitals (N = 0):

alalal ---all) = |ijk---z). (3.10)

Next, consider the matrix elements of d}; and a, between two SDs ® and
®’. Tt is clear (owing to the orthonormality of the spinorbitals) that

0 otherwise .
(3.11)
That is, the matrix element is nonzero only if ® and ®’ have the same orbital
occupancies except that ¢, has an electron in ® but not in ®’ (thus @’ has
one fewer electron than ®). The sign depends on the relative order of the
spinorbitals in the two SDs. Let us order the orbitals the same way in ®

and @', except that in ® we put ¢, at the beginning,

¢ = |pij--2), (312)
' =1ij - 2) '

(at most, this introduces a factor of —1 in the matrix element). Then the
matrix element is

(ij - z|ap|pij---2z) = (ij---z|ij---z) =1. (3.13)
We get the same answer by operating with d; on the bra:

(@fij---zlpij---2) = (pij--- 2|pij---z) = 1. (3.14)
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If ® and @’ do not satisfy the above occupancy conditions then both matrix
elements will vanish. Therefore, in all cases,

(@ ) = (a®'|) (3.15)
and similarly

(@')af| @) = (a,®'|®) . (3.16)

This shows that &IT, is the operator adjoint to a, and so justifies the notation.
In general, we can write

>

(i 2lay = (i 2| = (pif -]

- (3.17)
(pij - zlal = (appij -2 = (ij - 2|,

so that &;L and a, act as annihilation and creation operators, respectively,
when acting to the left.
The operator product d};&p is particularly interesting:

|®,) if ¢ is in @,

(3.18)
0 otherwise .

abap| ) = 1, (P)|@) = {
This combination is called the number operator for orbital (or spinorbital)
¢p, is written 7, so that

fp = @y, (3.19)
and has all the SDs as eigenfunctions, with eigenvalues equal to the corre-

sponding occupation numbers (0 or 1).

3.2.2 Anticommutation relations

Now we shall derive anticommutation relations for the creation and annihi-

lation operators. Consider the following:
ajallijh---) = |paijk---) (3.20)

ahablijk---) = |qpijk---) = ~|pgijk---).

This is true for any SD |ijk---); if ¢, or ¢, already exists in |ijk---), both

products will give zero. Therefore, in general,

abil = —afa, -
[AT AT] =atal +alal =0 (3.21)
Gy, Qg|4+ = Qp04 + Qg ,

where [/1, §]+ = AB + BA is the anticommutator of A and B and is some-
times written as {A, B}. Note that if p = ¢ the relation still holds, since
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then d};d;@ = 0 and thus [&L,&Lh = 0. Note also that [A, B]; = [B, A].,
unlike the ordinary commutator, for which [A, B] = —[B, A].
Next consider the following:
glapis-+-) = aylpis ) = [if ). 522

qlp|qpij - -+ ) = —Gqap|pqij --+) = —aqlqij---) = —lij---).
If ¢, and/or ¢4 are in the interior of the SD then they can always be brought
forward to the beginning with, at most, a change of sign, the same change
in both cases. Furthermore, if ¢, and/or ¢, are not present in the SD then
both lines give zero. Thus, in general,

aplg = —agQyp (3.23)
or
[ap, aq)+ = 0. (3.24)
Now consider d; and ag:
afaglgij ) = aflij ) = lpij---). (3.25)

This operator product replaces ¢, by ¢,, even if ¢, was in the interior of
the SD, since

d;dq\z’j---q---> = (£1)?[ij---p---)=lij---p---). (3.26)
However,

aqgablaij ) = dqlpaij- ) = —aglapij---) = —lpij---) (0 #q)
(3.27)
(this combination also replaces ¢4 by ¢p, but with a change of sign), and
thus

(@ agle =0 (0 # q)- (3.28)
If p = g we have

abaplpij ) = Ipij ).

A At e (3.29)
il ) = 0,
and if ¢, does not appear in the SD,
ATA .. o
ayaplty---) =0,
P p| J > <3.30)

apab|ij ) = aplpij ) =lij-).
Thus in all cases
(ahy +apaf) [--) = --), (3.31)
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and therefore
ATA} _[A AT} —_q 3.39
al,a = |Gy, a =1. .
[p Ply A (3:32)

To summarize, the anticommutation relations for the creation and annihila-
tion operators are:

[ap, a4 =0,
[af, ally =0, (3.33)
[A;rwdq]Jr = [&p7d2]+ = 5pqa

where 5pq is the Kronecker-delta operator. (More generally, if the spinor-
bitals are not orthonormal then one obtains [, agl+ = (plg).)

3.2.3 Representation of operators

Next we want to consider the representation of general operators and matrix
elements. As previously noted, any SD can be represented as the result of
the operation of a string of creation operators on the vacuum state,

jij -y =alal---]), (3.34)
we also have (using the adjointness of &I and a;),
(ij o = {afa] | = (|- 4. (3.35)
Any annihilation operator operating on the vacuum state gives zero,
a;l ) =0, (3.36)
and similarly
(lal = (a;] = 0. (3.37)
For consistency, the vacuum state is taken to be normalized,

(1)=1, (3.38)

as seen, for example, from

). (3.39)
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In general, if we have two SDs

1) = |ivig--in) = ilih---ih] ),

=

o A (3.40)
|J) = |jrj2 - Jn) = Jids - Inl)

then, using the more compact notation i for a; and if for dz,

(I)T) = (fin---iaingli - 500 (3.41)

If we now move 4; all the way to the right (V transpositions), there are two
possible outcomes:

1. No jj is the same as i1, and therefore
(1) = (fin - i2f{5 i )(=DN =0, (3.42)
since 41| ) = 0.
2. One of the j’s, say jj, is the same as i1, so that

g = lin, Jil+ — jhin = 0iy, — b =1—jlin (i1 =4j,) (3.43)

and

U) = (fin e i2d{ e Gyadpa - INDEDTT =00 (3.49)
(the last term is zero because we have an 71 left over that goes all the
way to the right).

If we next do this for 75 and then i3 etc., we get either zero, if there are any
iy without a matching j,, or (—1)7, if the two sets of indices i1,%2,...,1N
and ji, jo,...,jn are identical except possibly for their order, in which case
7 is the parity of the line-up permutation, which permutes, say, the j’s to
match the ’s.

The foregoing provides a demonstration of how matrix elements involv-
ing creation and annihilation operators can be manipulated. An important
element of such manipulations is commuting enough operators to bring all
annihilation operators to the right of all creation operators, since

(lafal - apal ) =0. (3.45)

Now consider a symmetric one-electron operator
N
F=3 fu (3.46)
pn=1

where p identifies the electron on which fu operates, and the fu’s are iden-
tical except for the identity of the electron on which each operates (thus F



3.2 Creation and annihilation operators 61

operates in the same way on all electrons, which is why it is called a sym-
metric one-electron operator). Now consider a matrix element of F' between
two SDs:

(I\F|J) = (iyig--in|EFljrjz - - - jn)
22112 ZN|fu\]1,72 “IN)

= Z (01 (1655 (2) - i (V)| Fu D_ (=17 P[Py, (1)1, (2) - - 6 (V)
p P
(3.47)
where the bra and ket in the last line each comprise a specific spinorbital
product, not a determinant, and where P permutes the j’s and 0(15) is the
parity of P. The well-known result is that

N
(I|F|J) = Z il flir) (— U(P) if there exists a permutation P
k=1 such that Pjijo---jn = i102---iN,
(I|F|J) = (ik]f]i;ﬁ)(—l)"(ls) if there exists a permutation P such that
Pjijo--jn =ivig-if - in (i} # ix)
(one noncoincidence) ,
(I|F|J)y =0 otherwise (two or more noncoincidences) .
(3.48)
It is easy to verify that the same result will be obtained for the operator
Z k|f|l akal Z fklakal ) (3'49)
kl
where the sums are over all the spinorbitals in the basis. For simplicity, let
us assume that the two sets of indices i1,49,...,inx and ji,J2,...,jn have
been “lined-up” in such a way that i, = j, for as many p = 1,2,..., N as

possible. Then, if there are zero noncoincidences,

<I I> =" fulllafall)
k,l
=" fudrn(I)
k,l

N
=3 fe =Y (il flip) (3.50)

kel p=1

At
1a,ag

since k # [ creates a noncoincidence between (I| and &L&ﬂ[ ). For one
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noncoincidence i, # j,, the only term in the k,! sum that will make ([
coincide with &LEL;\J} will be | = j,, k =1,, so that

<I > fudda J> =" fulllagalJ)
k,l k,l

= fipgp (I1i}Jp|J)
= fipjp = (ip f1ip) - (3.51)

For two or more noncoincidences there is no single pair dL&l that will

render (I ]dL&l]J) # 0, so we get zero for the matrix element. Thus, all
matrix elements of F = Zﬁ[:l fu within the Fock space generated by the

one-electron basis are the same as those of ), , fkl&;tdl and within that space
we can write

A N
=" fu= > (kI flaga (3.52)
u=1 k,l

Similarly, for a symmetric two-electron operator
N N

G= Zﬁ,w - %ZQW

pu<v HFV

we obtain

G =13 (i(1)i@)gnelk(1)i(2)alalaar. . (3.53)

Z‘ij7k7l

Noting the order of the arguments (1, 2) in the matrix element and the order
of the annihilation operators a;ax, we have

g = (af(alar)ay) = (alax)(ala) — ojealar, (3.54)

using the anticommutation relations (3.33) with two transpositions. This
form of the operators is independent of V.

To show that this form for the two-body operator is correct, consider first
the zero-noncoincidence case (perfectly lined up),

(IIGIT) = £ (ijlglki)(T|ajal asa|I) . (3.55)
ijkl
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The only nonzero contributions will be for [ and k values that appear in |I),
say k =1ip, | =14 (p < q):

<ij‘g‘7;piq> <I\a dzpa’lq’117'2 .p"'iq"'>

= (ij|glipiq)(I|aat|irip - )(—1) P~ DHa=2) (3.56)
To get a nonzero result, ;f ; ala T- must restore ¢, and i, to their proper
places; this can be done in tw ays:

1. set i =1ip, j = i4, resulting in
(ipigldlipiq) (T]ivig - --ip---ig--- >(_1)(p—1)+(q—2)(_1)(p—1)+(q—2)
= (ipiq|§lipiq) ; (3.57)
2. set i = 14, j = ip, resulting in
(iqipldlipiq) (I]ivig - --ip---ig--- )(—1)P~DHa=2) (1) p=DH+a=1)
= —(iqip|glipiq) = —(ipiqldligip) - (3.58)

This same pair of contributions will also be obtained for k = 44, | = 4,. The
total matrix element can be written in either of two forms

(TIGIT) = 53> " (Gglglig) — (ijlglii))
i€l jel
= > ((glglig) — (i4lglii)) - (3.59)
1<j
(il jel)

The case ¢ = j does not contribute because of the cancellation of the direct
and exchange terms in this case. It is convenient to define the antisymmetric
integral

(ij]glkl) 4 = (ijlgkl) — (ij|g|lk) (3.60)
so that

(IIGIT) = §> > (ijllid)a (3.61)

el jel

This is, of course, the same as the ordinary result (the Slater-Condon rules)
obtained by first-quantized techniques.
Similarly, for a single noncoincidence i, # i;,, i.e. for

|[):‘¢1i2...ip...>’

. . (3.62)
|]’>:\Zm...l;...>’
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T

we get contributions to (I'|G|I) from &) d}dldk as follows:

for i= i;, k=ip, j=1l=1iq (¢#Dp), (1 iqlipiq) ;
for i=1i, l=1,, k=1 , Tylqlt ;
= v j= ¢ (@#p), —(ipigligip); (3.63)
for j=1i, l=ip, i=k=ig (¢#p),  (igipligip);
for j= z';,, k=i, 1=1=1i4 (q¢#Dp), (zqz lipiq) -

Here the first two terms are equal to the last two terms, respectively. So the
total result is

A 1 g Al g Al
(ICIT) =2 % 5 3 ({iyalipd) — Gipilalsip))
jel
= Z(i;j[ﬁ]ipjm (single noncoincidence). (3.64)
Jjel
Again, the terms in which j =i, or j = z'; will cancel, since
<i;)ip|§|ipip>A = <i;)ip|g|ipip> - <i1/nip|§|ipip> =0,
(3.65)
Jo Al ) Jo A ) oA
<’Lpr|g|Zpr>A = <Zpr|g|Zpr> - <Zpr|g|ZpZP> = 0)
and the result agrees with the Slater—Condon rules for a single noncoinci-
dence. For two noncoincidences jj, # i, jq 7 iy, We get

(I'\G|I) = (ipiq|Glipig)a (two noncoincidences) , (3.66)

and for more than two noncoincidences we get zero, also in agreement with
the Slater—Condon rules.
The electronic Hamiltonian consists of one- and two-electron parts,

H=H +H,, (3.67)
with
H =Y hy, Hy=> i, (3.68)
1 p<v
where (using atomic units)
hy =—3V2 — > i: @“”:r,lw' (3.69)

The second-quantized form of the Hamiltonian is then

ﬁ:ﬁ1+ﬁ2:z< |h|7) aaj 222]|v|kl &ddk, (3.70)
@, ijkl
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where
(ig]0]kl) = (i(1)7(2)|012|k(1)I(2)) - (3.71)
The antisymmetric two-electron integral for v is often abbreviated as follows:
(ej|0[kl) — (ij|o]lk) = (ijlolkl)a = (ijl[kl) . (3.72)
Since
(ij|[kl) = =(ijlllk) . @ar = —agdy (3.73)
we can also write the second-quantized Hamiltonian in the form
H=>" hyala;+ 1> (ijllkl)alalaa . (3.74)
ij ijkl
This form is the one we shall find most convenient to use in the subsequent
development.

The second-quantized forms of the operators are the second-quantization
analogs of the forms

A= IIALT)(T| = Zu VA (J (3.75)
1,J

except that in the first-quantized form the number of electrons appears
through the number of spin orbitals in each of |I) and |J), while the second-
quantized form is independent of V.

3.2.4 Invariance under unitary transformations

Next we wish to show the invariance of the second-quantized form of an
operator under a unitary transformation of the basis. Let the transformation
be effected by a unitary operator U, so that

65 =Ulgi) =D 1) (651U1¢s)
J
= _16,)Uji, (3.76)
J
where
Uji = (¢;]U|¢s) ,

Ul=0t, (3.77)
(U_l)z'j = ijfi'
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Define the row vectors

@) = (Io1) [62) ),
') = (161) 1¢2) -+

and a matriz U with elements U;;. Then the transformation can be written

(3.78)

in the form

[¢') = [9)U, (3.79)
the inverse transformation being
9) = 1¢") U™ = |¢) U (3.80)

|6) = Z\qz Z\¢ (3.81)

The corresponding bras are organized as column vectors

(é1]
(@] = | {22l | = o)1,
| 3.82
" (352
(@] = | (&2l | =11,
with the transformation
(b5 = 225 Uje @il ,
(3.83)

(@l =U(¢’|, (¢'| =U'(g].

Now consider the one-electron operator

F = Z (orlflon)ala

—ZZU’“ &1\ flof)U akal
_ Z<¢;|f|¢9> <Z &LUM> (; Uszdz>

—Z il flo))aital (3.84)
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where

at =N alv., &= Ula. (3.85)
k

Again, we can organize the creation and annihilation operators as row and
column vectors, respectively:

a1 (3.86)

(note the consistency of the adjoint notation). Then

at=auU or af =atuf (as for the kets),
(3.87)
a=Ufa o a=U# (as for the bras).

These definitions of the transformed creation and annihilation operators are
consistent with their usual definitions. For example,

Al )=y = Dl Wy =Dl )Uy. (3:88)

3.3 Normal products and Wick’s theorem
3.3.1 Normal products of operators

The following definitions and analyses are designed to help in the evaluation
of matrix elements, in particular of vacuum expectation values ( |AB---|)
of products of creation and annihilation operators (see Harris, Monkhorst
and Freeman 1992).

Let fl, E, C’, ... stand for various creation and annihilation operators.
Then the normal product (or normal-ordered product) of such operators,
relative to the physical vacuum, is written n[/lBé --+] and is defined as the
rearranged product of operators such that all creation operators are to the
left of all annihilation operators with a phase factor corresponding to the
parity of the permutation producing the rearrangement:

n[ABC -] = (=1)°P)aTht - 4 (3.89)

where

a'bl---av = P(ABC - ), (3.90)
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P being a permutation acting on the operators fl, B, ...and 0(15) its par-
ity. This definition is not unique, since any rearrangement of the creation
operators among themselves and/or the annihilation operators among them-
selves is permissible but would always be accompanied by an appropriate
change in the phase factor; thus all forms of a normal product are equivalent.
Examples are as follows:

n[a'd) = afb,  nlab'] = —bla,

nlab] = ab = —ba, (3.91)
nlatbétd] = —atétod = étatbd = afefdb = —éfatdb.
In general, n[ABé ] # ABC - - , since permuting an annihilation opera-

tor @ with a creation operator b' adds a term 3ab in addition to the change
in sign,

abt = [a, b1 — bfa = b, — bla, (3.92)

and the J-term is not present in the definition of the normal product,
nlabt] = —bfa.

Note that in writing the second-quantized forms of quantum mechani-
cal operators (including the Hamiltonian) in the previous section, we have
actually put them into normal-product form, so that we have

H= Zh”n& a] + 1 " GijllkDnlalataar) . (3.93)
ijkl

The usefulness of the normal-product form is that its vacuum expectation
value is zero:

A~

(|n[AB---]|)=0  if[AB---]is not empty. (3.94)

3.3.2 Contractions

In order to be able to compute expectation values of general operator strings,
we will take advantage of Wick’s theorem (Wick 1950). In order to be
able to formulate this we need to define the contraction (or pairing) of
operators. For a pair of creation or annihilation operators fl, B , we define
their contraction as

’ZLB = AB —n[AB]. (3.95)
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Specifically, the four possibilities are:

bt = atbt — atht =0,

. ) 3.96
alb=alb—a'b=0, (399
abt = abt — (—b'a) = [a, b1y = 6,p.

Thus, the contraction of two operators is equal to a number (zero or one).
A normal product with contractions is defined as follows:

n[ABC---R---S---T---U---] = (-1)°R
e —
where all the contracted pairs have been put in front of the normal product

SU---n[ABC---] (3.97)

L

and o is the parity of the permutation indicated by

RTSU--- ABC---
The result is obviously either zero or plus or minus the normal product with
all the contracted pairs omitted.

3.3.3 Time-independent Wick’s theorem

The time-independent form of Wick’s theorem states: A product of a string
of creation and annihilation operators is equal to their normal product plus
the sum of all possible normal products with contractions. Symbolically,

CW[ABCD .| 4 [ABCD -] + n[ABCD .| 4 n[ABCD- -]
C[ABCD ]+ n[ABCD. ] + n[ABCD -] +
S Sy —

(3.98)

Thus, all possible contractions of one pair, two pairs etc. are included. This
expression is also written symbolically in the form
ABCD:--=n[ABCD---]+) n[ABCD--], (3.99)
L=
the sum being over all possible contractions. An outline of the proof is given
in the next subsection. While the complete proof is somewhat tedious, it is
essentially straightforward (see, e.g. March, Young and Sampanthar 1967).
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The importance of the above result is that the vacuum expectation value
of any normal product with contractions is zero unless all operators are con-
tracted. The reason is that each contraction contributes a factor of zero or
41 and, if an uncontracted normal product remains, its vacuum expectation
value is zero. Thus,

N ~ N ~ A~ N

<|A...B...C...D...|>:Z< n[A---B---C---D---]|'),  (3.100)

where the sum is over all possible fully contracted normal products. For
example,

atbeltde! f = nlatbéeldet f] + nlatbeldet f] + nlatbel det f]
+nlafbetdet f] + nlatbetde’ f] (3.101)

where we have omitted all contractions except those of the form ud', since

they vanish. Since no fully contracted term survives, the vacuum expectation
value of this operator product is zero, as is obvious from

(lat befdet f|)y=o0. (3.102)
=0 =0

A more complex example is given by:

abtedTe fT =nlabfedte fT] + nlabTed e f1] + njabted e f1) + nlabfedte f1]

+ nlabfed e f1) + njabted e f1] + njabtedteft] 4+ nlabTed e f1)
+nlabTed e fT) + nlabted e f1] + nlabledief1] 4 nlabTed e f1)

—t |
+nlabed ef 1] + nlabled e fT) + nlabted e f1],
-] L L -] -] -]
(3.103)
for which the vacuum expectation value is
(abted ef!| ) = ( Inlabled el ) = duduader.  (3.104)

These examples demonstrate the power of Wick’s theorem.

3.3.4 Outline of proof of Wick’s theorem

In a normal-ordered product 't - - - @ all contractions vanish since in such
a product there can be no ---5---t1 ... contractions. Thus, if a string of

L 1
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operators is already in normal product form we have

ﬁTqT...a@:n[ﬁTqT... ]
:n[ﬁTgT...ﬁ@]+ Z ”W‘i”ﬁ@]’

all
contractions

>
>

(3.105)

since all terms in the sum vanish. Thus Wick’s theorem holds in this case.

Consider next the case where one pair of operators is out of normal order:

ﬁTQT...ng...a{):ﬁTqT...([f,gT]Jring)...@@
:ﬁTQT-"57~3"’ﬂ@—ﬁT(jT"'§Tf"'ﬂ@
:n[ﬁTqAT...ng...ﬂ@]+n[ﬁTQT...f§T...ﬂU]'

(3.106)

~

All other contractions vanish, so Wick’s theorem still holds.
Now consider the case where we have two annihilation operators to the

left of one of the creation operators:

L7 LI T I R L LI 13- A S 7) S L LIS A I 7
L

oy ATAT...ftATg...a{}+ﬁTqAT.

..fg{T...a@]_i_n[ﬁTqT..

A A

p
AN

=pPgq
ST A

(3.107)

again satisfying Wick’s theorem, since all other contractions vanish.
This procedure can be continued for all pairs of operators out of normal

order.

3.4 Particle-hole formulation
3.4.1 The reference state
Instead of referring all SDs and their matrix elements back to the vacuum

state
1) = |irig---in) = ilih---il] ), (3.108)

it is more convenient to begin with a fixed reference state

0) = [®o) = |ijk---n), (3.109)
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and define other SD’s relative to it, e.g.

) = dT%"I’0> = lajk---n) (single excitation),
|(I)?]l?> = ATBT%@O) = |abk - --n) (double excitation) ,
(3.110)
|®;) = 1|®o) = |jk---n) (electron removal) ,
|®) = T"I’0> laijk--- n) (electron attachment)
etc. Note also that
|B47) = [@%) = —|®BP) = —[@F7) . (3.111)

The reference state |0) is also called the Fermi vacuum (corresponding to
the Fermi level, the level of the highest occupied orbital in the reference
function), in contrast with the physical vacuum | ). (Some sources use
|0) for the physical vacuum and |®) or |®¢) for the Fermi vacuum.) The
spinorbitals 7, j, k, ..., n that are occupied in |0) are called hole states (they
appear explicitly only when an electron is excited out of them by, e.g. 7,
creating a hole in the reference state), while the other spinorbitals a, b, . . . are
called particle states. We shall use the letters ¢, j, k, ... to indicate indices
restricted to hole states, the letters a,b,c,... to indicate indices restricted
to particle states and the letters p, ¢, r,... to indicate any state (either hole
or particle, without restriction). (Other common notations are: «, 3,7, ...
for holes, a,b,c,... for particles, p,q,r,... for either; A, u,v,... for holes,
p,q,T, ... for particles, m,n, ... for either; and other variations thereof.)
Using this notation we find that

0y =0, a0 (3.112)
0 :

) =
()i =0, lat =0.
It is convenient to define a new set of operators, sometimes called pseudo-
creation and pseudo-annihilation operators (or quasi-operators), via

o

b; =
ba

Q>
S —-
I
@>

IR

T
%
T —al
a— Ya-

9

(3.113)

>
Il

||
Q>

Y

Thus IA)I creates a vacancy in state ¢ while b; eliminates such a vacancy. The
particle pseudo-operators are identical to the ordinary particle operators,
while the hole pseudo-creation and pseudo-annihilation operators are equiv-
alent to the ordinary hole annihilation and creation operators, respectively.
The motivation for this notation is that all pseudo-annihilation operators
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operating to the right on the Fermi vacuum state give zero and all pseudo-
creation operators operating to the left on the Fermi vacuum state also give
zZero,

b,[0) =0,  (0lbf =0. (3.114)

Here we will continue to use the ordinary creation and annihilation operator
notation relative to the physical vacuum but our particle and hole states
will be defined relative to the Fermi vacuum.

The energy of the reference state can be computed as follows:

Eror = (ijk---nlHlijk---n)
= Z(zyk . 'n!ﬁwﬁjk ++ ) hpg
rq
+3 3 Gigk - nlptatarlijh - -n) (pglolrs)
pgrs

= (ijk - -n|l']ijk - -n)hy
l

+3 > (ijk---nlimimi]ijk - - - n)(Im|o|im)

l#m
+3 > (ijk---n|ifmllm]ijk - - - n)(Im|o|ml)
l#m
= hu+3 Y _{mlp|lm) — 3> (Im|o|ml),
l Im Im

= Zh”+ %Z(lm||lm> (3.115)
l Im

Note that we have used {Ttim = —ﬁmei, that the summations are over
the hole states only and that the sum over [ and m includes both [ > m and
I < 'm, as well as [ = m, in the last two rows (since (Im/|nn) = (Il||mn) = 0).
We may also write Ef in the more familiar form

Brer =Y hy+»_(Im|im), (3.116)
l

l<m

where the restriction [ < m cancels the factor %
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3.4.2 Normal products and Wick’s theorem relative
to the Fermi vacuum

Now we are in a position to modify the concepts of normal products, con-
tractions and Wick’s theorem so that they relate to a reference state (the
Fermi vacuum) instead of the physical vacuum.

A product of creation and /or annihilation operators is said to be in normal

order relative to the Fermi vacuum |0) = |ijk---n) if all pseudo-creation
operators af, ... and i,... are to the left of all pseudo-annihilation operators
a,...and ¢, .... Using the notation

bl =a; =1,

b =al =il

. (3.117)

bl =al =al,

by = g = @,

the product is in normal order if all the B;r, operators are to the left of all the
b, operators. Since

bpl0) =0, (0} =0, (3.118)

the Fermi-vacuum expectation value of a normal-ordered product of such
operators vanishes.

To distinguish the new type of normal product from the previous type, it
is often written as

N[ABC---] = (=1)°Pbfbt - - byby (3.119)

instead of n[ABC ---] when the ordering is relative to the physical vac-
uum. The power 0(15) of the phase factor is the parity of the permutation
from ABC--- to BIT,IA):[] .- -byb,. Here we shall use the alternative notation
{ABC'-- -} for the normal product relative to the Fermi vacuum. Contrac-
tions relative to the Fermi vacuum will be denoted by brackets above the

operators instead of below, and we have
AB = AB - {AB}. (3.120)
We then find that the only nonzero contractions are

[

15 =645, abt = d, . (3.121)
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A normal product with contractions is also defined in the same way as in
the case where it is relative to the physical vacuum:

— —
{ABC---R---8--.T--.U---} =(=1)°RTSU---{ABC ---}. (3.122)

Here o is the parity of the permutation, as given below:

RTSU--- ABC ---
Wick’s theorem has exactly the same form in this system as in the physical
vacuum system,

ABCD---={ABCD---}+ Y {ABCD---}; (3.123)
all

contractions

as indicated, the sum is over all possible contractions of one pair, two pairs
etc. Obviously, the usefulness of this theorem is at least partly due to the
fact that the Fermi vacuum expectation value of a normal product vanishes
unless it is fully contracted, so that

—F—
<0|A---B---é---b---|0):Z(O]A---B---C’---D---}|0>, (3.124)

where the sum is over all fully contracted normal products. From here on,
unless explicitly stated otherwise, whenever we talk of the vacuum we will
be referring to the Fermi vacuum and whenever we talk of normal products
or contractions, we are referring to these concepts relative to the Fermi
vacuum.

3.5 Partitioning of the Hamiltonian

The most convenient form for the zero-order part of the Hamiltonian is that
of a diagonal one-electron operator,

Ho=> ep'p. (3.125)
p

In principle, the choice of the energy parameters {e,, p = 1,2,...}, which
we shall call orbital energies, is arbitrary and can be made independently of
the choice of the set of orthonormal spinorbitals {¢,, p =1,2,...} used in
the construction of the Slater determinants, but both choices strongly affect
the convergence of the perturbation series. With the total Hamiltonian split



76 Second quantization

into a one-electron and a two-electron part according to (3.67) and (3.74),
the perturbation is given by

V Z(ﬁl—ﬁo)—i-ﬁQ

= Z(hpq — &p0pg)P G + i Z<pQ|’7‘5>ﬁTﬂfT§f- (3.126)
pq pqrs

Most commonly the orbital energies are chosen as the diagonal elements

ep = Jop (3.127)

of a Fock operator (shown here in both first- and second-quantized forms)

N
F:qu:prqﬁTqA- (3.128)
p=1 Pq
The Fock operator F is defined in terms of an auxiliary one-electron operator
N
U=> =Y upp'q (3.129)
pn=1 Pq
by
F = ﬁl + U - Z(hpq + qu ﬁT@ - Z quﬁTd, (3130)
pq
Foq = (PIF1) = hpg + tipg (3.131)

While U could, in principle, be chosen arbitrarily, it is generally chosen in
a particular way designed to generate an appropriate zero-order Hamiltonian
and, at the same time, simplify the perturbation operator by canceling cer-
tain contributions to Hs. Using the Coulomb and exchange operators defined
n (1.4), we define @ as in (1.3),

i=>Y (Ji—Ki), (3.132)

or, explicitly,
upg = (plitlg) =D (pillqi) . (3.133)
The sums in (3.132), (3.133) are over the hole-state spinorbitals that define

the reference state |0) used as the zero-order function for the perturbation
treatment.
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Defining the operator

=D fub'd, (3.134)
Pq
Tya = ®1F10) = foo = £pOpq (3.135)
the perturbation (3.126) becomes
V = F’ - U + f[g
= (fyq— wp)D'd+ 3> (palo|rs)pgisr. (3.136)
pa pars

In these definitions we have not assumed that the spinorbitals are Hartree—
Fock spinorbitals for the state being studied or for any other state, neither
have we assumed that the orbital energies are equal to the diagonal elements
of the Fock operator, (3.127). However, when a Hartree-Fock function is
used as the reference function, and if (3.127) holds, this choice makes the F
operator equal to the Fock operator of Hartree—Fock theory and makes the
reference energy Eief, (3.115), equal to the HF energy Eyp. Furthermore, in
the canonical Hartree—Fock case this Fock operator is diagonal and is given
completely in terms of the orbital energies

frqg = €plpq (canonical HF) (3.137)

and
ep = hpp + Z@ZHPZ) . (3.138)
i
In the noncanonical HF case, F is block diagonal in terms of the occupied
and virtual spinorbital blocks:
fia=0 (noncanonical HF) . (3.139)

When the orbital energies are given by (3.127) (this is the most common
practlce) the operator F”, (3.134), becomes equal to the off-diagonal part
Fo of F

F=FyFe,  f=ftf (3.140)
FO=3 " fonb'p = Z Foab'd, (3.141)
p

W:me—zqm, (3.142)

P#q
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where

;Sq = <p\fd!q) = fppOpq » f;z?q = <p‘fOIQ> =(1- 5pq)qu' (3.143)
In this case
Hy = F9 (3.144)

and

V = FO — [7 + ﬁg
= (fpy — upg)P'd + 5> (palilrs)p'isr. (3.145)
Pq pars
The perturbation thus consists of one-electron and two-electron parts,

Vi=F—-U= Z(f](;q - “pq)ﬁ(j,
pq

Vo= Hy =13 (pqlolrs)p'a'sr = 1> (pqllrs)p'q'sr .
pqars pqrs

(3.146)

Unless stated otherwise, it will generally be assumed that the orbital energies
are given by (3.127) and that the auxiliary operator U is determined by
(3.133).

The definition of @ according to (3.133) will lead, as we shall see later,
to the cancellation of —U with certain contributions to the two-electron
part Va, leaving just Fo (or, more generally, F' ) as the one-electron part of
the perturbation. In the canonical Hartree—Fock representation, in which
Fo = = 0, all the one-electron part Vi is canceled. Ultimately, the choices
of the one-particle basis, the orbital energies and the operators U and F
are motivated by the desire to make the perturbation V small, and the
Hartree—Fock scheme is usually a good way of achieving this goal.

The use of a diagonal zero-order Hamiltonian is motivated by the con-
venience of having a known complete set of eigenfunctions of Hy, leading
to the diagonal case of PT. Indeed, using (3.125) we find that all possi-
ble Slater determinants made up of the spinorbitals {¢1, ¢2,...} = {p} =
{i,4,...,a,b,...} are eigenfunctions of Hy, and the eigenvalues are sums of
the corresponding orbital energies,

Holrst---) = Zepﬁﬁ]rst-"> =(ep+es+e+---)|rst---)  (3.147)

(for any number of electrons).
If the reference state is

[®o) = [jk---m) (3.148)
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then

Ho|®p) = B |®o) = (5 + 5 + -+ + £0)|D0) | Zez (3.149)

(the sum is over the hole states). This zero-order energy is not the same as
Eier. In fact, from (3.115),

Eret = hii + 3 Z<z’jllz’j>
= Z(fu —ui) + 3 Z ijlliz)
= Zsl Zuu 1 Z (i4]li5)
- Z’f ! Z ijlliz) . (3.150)

using (3.133). Combining the first and last line of (3.150), we can also write
the reference energy in the form

ref 2 Z hm + 57, . (3151)

The various sums in (3.150), (3.151) are the traces of matrix representations
over the occupied spinorbital space and thus are invariant under unitary
transformations of the occupied spinorbitals.

Following the same analysis as in (3.115), we have

(0| V|®0) <@0’Z b — Upg)D g+ 5 Z (pq|d|rs)pt §f‘<1>0>

pgrs

=— Zum 3 Z ijlli) = (i) (3.152)

]

(since f =0), and so we find that (3.150) is consistent with
Eret = (®g|H| Do) = (Do| Hoy + V|Dg) = EO + EW (3.153)

(In the more general case, in which (3.127) is not assumed, (3.150)—(3.152)
have the additional contribution ), f/;.) For any other SD |<I)g]b) we have

Hologb) = (E(‘)) featept - —e—g—- ) D). (3.154)

The partitioning of the Hamiltonian based on an HF reference function
and Fock operator, particularly in the canonical HF case, is often referred to
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as Moller—Plesset (MP) partitioning (Mgller and Plesset 1934). The RSPT
expansion based on MP partitioning and Hartree—Fock orbitals has been
referred to as Mpller—Plesset perturbation theory (Binkley and Pople 1975,
Pople, Binkley and Seeger 1976).

Other partitionings of the Hamiltonian can also be used as a basis for
an RSPT expansion. In particular, the diagonal part of the Hamiltonian in
any convenient Hilbert-space representation can be used as the zero-order
Hamiltonian fIg:

Ho =" D)@ H|®;) (D] = Y |®i) Hig (D],
i i
. . . . (3.155)
V=H-Hy=> |®)(®:i|H|D;)(D;].
i#j
Obviously, the Hilbert-space basis functions |®;) are eigenfunctions of this
Hy, with eigenvalues H;:

Ho|®;) = ) @) Hj(D;|®:) = | ;) Hyi (3.156)
J

This type of partitioning is called Epstein—Nesbet (EN) partitioning (Epstein
1926, Nesbet 1955) and leads to a perturbation expansion in which the
denominators contain differences of diagonal matrix elements of the full
Hamiltonian Hoy — Hj;. In this case Hy is not a one-electron operator, and
the H;; are not expressible as sums of orbital energies. The Epstein—Nesbet
perturbation expansion can also be obtained as a result of infinite-order
summations of certain classes of terms in the Mgller—Plesset series though
unlike the MP choice, the EN expansion is not invariant under rotations
among the occupied or the unoccupied orbitals. The effect of these two types
of partitioning on PT convergence was examined by Bartlett and Shavitt
(1977b).

3.6 Normal-product form of the quantum-mechanical operators
3.6.1 One-electron operators
Let us consider a one-electron operator
F=>"(plfla)p'q. (3.157)
pq

Using Wick’s theorem,

[

pg=1{p'g}+p'q. (3.158)



3.6 Normal-product form of the quantum-mechanical operators 81

The contracted term vanishes unless p and ¢ are the same hole state (call it ),
when it is equal to 1, and thus

F = Z (plfla){p q}+z il 1)

= FN + Z il f14) (3.159)
where Fy is the normal-product form of the operator (3.157),
Ex =) (olfla{p'a}- (3.160)
Pq

Since (0| Fx|0) = 0, we have
(OIFI0) =>"Glfliy,  F=Ex+(0|F|0), (3.161)

%

so that Fx represents the difference between F and its Fermi-vacuum ex-
pectation value,

Ex = F — (0|F|0). (3.162)
Note that F contains hole-hole, particle—particle and hole—particle terms,

By =Y flitiy + 3 fadalty + 3 falitay + 3 fuifaliy
ij ab ia ia
== gt ) fadlb+ Y fuila+ Y fuali,  (3.163)
7/.7 ab ia ia

and can be separated into diagonal and off-diagonal parts:
Fx = RS+ B,

Fd = pipt = F4 — (0|F4)0),
N zp:fpp{pp} H |> (3.164)

Fg =" halpld} = F° = (0]F°|0) =
p#q
since (0|F°|0) = 0.

3.6.2 Two-electron operators
Next consider a two-electron operator,

=35> (palglrs)p'q'sr. (3.165)
pqrs
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Noting that

[ m

pgt=pg=0, ilj=0;,

]

>
i

(w2
I

]

(3.166)

we obtain
fq'sr = {pTqsr} + {pTd"s7} + {p'd' 57}
1 1 ’?‘
+{p'qtsrt + {p'q'sr} + {ﬁT q's7} + {plgtsr)

V—\

= {p'§'sr}t +p T{q 81+ 8{p 7}

V—\ 1 1

—p's{q! T}—q {pTa} +piigTs — plag

p

>

, (3.167)

and therefore

=5 > (walglrs){p'd's7} + 5 > _(ipllia){p'd}
pqrs ipq
+3 ) (pilglai){p'a} — 5 Y _(ilalai) {p'q}
ipq ipq
(pilglia){p'a} + 3 D _(ijlalig) — 3 D _(ijlalji) . (3.168)
ipq ij ij
The second and fourth terms are equal to the third and fifth, respectively,
thus removing the factor %, 0]

= 3> (pdldlrs){p'q's} + > (pildlai){p'}

pqrs ipq
=S " ilglia) {5} + § Z iflali) — & > (lalsi)
ipq ij

=G+ Z@ (pilglai) ){ﬁ q}+ 3> (ijlalij)a.  (3.169)
. 3

where
Gx =35 (palglrs){p'q'sr} = 1> (palglrs)a{p'q 7} (3.170)
pqrs pqrs
and
(pqlglrs)a = (pqlglrs) — (pqlg|sr) . (3.171)

Since the Fermi-vacuum expectation value of G is

(0]G0) = 22 ij|glig)a (3.172)
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we have

G = GN+Z(Z (wilglaita ) (B} + (0]G10)

=Gy + G{\I + (0]G|0Y, (3.173)
where G is a normal-product one-particle operator:
G = (Y wildlaiva ) 5'd} = > gpe it}
Pt b (3.174)
Gy = Y _(Pildlgi)a

i

3.6.3 The normal-product Hamiltonian

Next we look at the Hamiltonian operator, as partitioned in Section 3.5. For
the zero-order part, using (3.125) and Wick’s theorem we have

(Hon=Ho—EQ =Y "ep'p—Y ei=> e, {p'p}. (3.175)
p 7 P

The one-electron part of the perturbation is given by (see (3.146), (3.128))
Vi = (Vi)n + (0[V3]0)

(f/l)N = Flgl - UN = %;(f[())q - upq){f;r@}? (3176)

O’vl‘o Zuzz = _Z ijllig) = _<0|U’0> .

tj

The two-electron part, using (3.173), (3.174), is
Vo = (Vo)n + V& + (0]V2]0) (3.177)

where

(Vo)x =1 > _(pallrs){p'q'sr},

pqrs
Vi =) vpe{n'a},
i (3.178)

Vg = Y _(pillqi),
(0[Va]0) = 3> (ijlli) ,
i
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so that
Vb =Upq, Vi =Ux. (3.179)

The operator (Vg)N will play a very important role in the formalism, and
will be denoted by Wy or simply W

W =W =1 (pgllrs){p'q's7}. (3.180)
pqrs

The total perturbation is then given by

V= F§ = Un+ (0[V4]0) + W + Vi + (0[73]0)
= Fg + Wx + (0[V]0), (3.181)
using the cancellation between V4 and —Uy, (3.179) (this is the cancellation

alluded to before (3.147), in Section 3.5). The shifted perturbation operator,
which we define as

VN =V —(0|V]|0) (3.182)

(this is the operator denoted by W in Chapter 2), is then found to be a
normal-product operator (relative to the Fermi vacuum):

W = Fﬁ + Wy
= fofd'@} + 1D (palrs){p'qsr}. (3.183)
PFq pqrs

As seen in Chapter 2, the matrix elements of the shifted perturbation op-
erator (3.182) are of central importance in the perturbation expansion, and
the normal-product property of Vi will greatly facilitate the computation
of its matrix elements.

In the canonical HF case, in which the Fock operator is diagonal, VN is
made up of the two—particle normal-product operator only:

V=W =1 (pq|rs){p'¢'s#}  (canonical HF). (3.184)

pgrs

In this case, the operator W defined in (3.180) is indeed the same as the W
operator of Chapter 2.
In the more general case, in which (3.127) is not assumed, we have (using

= fpg — €p0pq)
VN = Fﬁ] + WN
= prq{ﬁq} + 3 (pallrs){ptqsr} (3.185)

pgrs
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and

(0[V]0) = qu 3 jllig) . (3.186)
ij

It is also possible to rewrite the Hamiltonian in a form that eliminates the
first-order energy correction, leaving Vx as the total perturbation, analo-
gously to the last paragraph of subsection 2.4.4. Starting with H=Hy+V,
we subtract

(0| {0) = (0] Ho|0) + (0] V|0) (3.187)
from both sides, obtaining

— (0]H|0) = (Ho — (0| Ho|0)) + (V — (0]V]0)),

. . 0 . (3.188)
(H — Byet) = (Ho — E©) + Wy

In this scheme Hy — E©) = (fIO)N is the zero-order Hamiltonian, Vy is the
perturbation and H — E¢f = Hy is the full Hamiltonian and is a normal-
product operator. The Schrédinger equation for this operator is

HyU = AET, (3.189)
and the computed energy is
AE =FE — Ei (3.190)

(the correlation energy in the Hartree-Fock case). We also find that the zero-
and first-order energies vanish in this form since they are vacuum expecta-
tion values of normal-product operators; the first nonvanishing contribution
is the second-order energy.

Finally, we can write the total normal-product Hamiltonian as

Hy=Fn+W =F+Fo+W = Fd + W. (3.191)

Most of the discussion in this book is based on the normal-product
Schrodinger equation (3.189) and the decompositions (3.191) of the normal-
product Hamiltonian.

3.7 Generalized time-independent Wick’s theorem

To complete this phase of the analysis we need one more theorem, the gen-
eralized Wick’s theorem dealing with products of normal products of oper-
ators. This is needed since we shall have to evaluate matrix elements of the
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normal-product operator W between various Slater determinants (not just
the reference SD), as for example in

(@b (W dder ) = (013151 - -batwdlet - - milo). (3.192)

Here we have a vacuum expectation value of a product of three operator
strings, each of which separately is in normal-product form, since

{ityteba) =45t ba,

. . . . 3.193
{dTéT...mg}:dTéT...ml, ( )

The generalized Wick’s theorem states that a general product of creation
and annihilation operators in which some operator strings are already in
normal-product form is given as the overall normal product of all the creation
and annihilation operators plus the sum of all overall normal products with
contractions except that, since contractions of pairs of operators that are
already in normal order vanish (as seen from the definition (3.120) of a
contraction), no contractions between pairs of operators within the same
original normal product need be included:

{A1Ay - BBy - H{C1Cy---}- -
- L . O e S
:{A1A2-”B1BQ---0102”-}—1-2{A1A2~-B1Bg-~0102---},
(3.194)

where the sum is over contractions of one pair at a time, two pairs, etc., and

the prime on the summation sign indicates that no “internal” contractions,
[— [ —

such as /liflj, BZBj, etc., are to be included.

Note that the case in which the original product contains some individual
creation or annihilation operators not within any normal product is also
included in the scope of the generalized Wick’s theorem, since for such op-
erators A = {A}.

3.8 Evaluation of matrix elements

As a first example we shall use the generalized Wick’s theorem to evaluate
a matrix element of a normal-product one-electron operator between two
singly excited determinants,

(®¢|Fx|®Y) = (0fifaF\b'j|0)
=> I flg)o{ita}{p'qH{d'5}0), (3.195)
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where we have used ifa = {%T&} , IBTj = {BTj} In this case the only non-zero
contractions are of the type
itj=06i,  ilg=6q,  PlJ=10y
(3.196)

i |

abt = 0ay,  apt =0up,  GT = 0y.

Noting that only fully contracted terms survive in the (Fermi) vacuum ex-
pectation value, the only ways in which such terms are obtained through
contractions between different normal products are as follows:

1. one of 7 and & with one of ¢, pT,
2. the remaining a or it with bf or 7, respectively; and
3. the remaining § or p! with the remaining bt or j

. .
The only two possibilities then are :fapfgbt;, and ifapfgbts, giving

(@ EN|®E) = — (5| f1)0ub + (al £1b)6s; - (3.197)
Specifically,
(@¢|Fn|@) = — (4| 13) (i # 7)),
(F|F|®Y) = (al f|b) (a#b), (3.198)

(@f|F|®f) = (alfla) — (iIf10).

The last case leads to the obvious result

(RL|F|®¢) = (0| F|0) + (D¢ Fn|®F)
= GIF13) + (alfla) = (il fliy = GIF15) + (al fla) . (3.199)
j J#i

As another example we shall evaluate the matrix element of W between
the same two configurations,

(olitawbt;|o)
2> (palolrs)(0l{ita}{p'g" s }{bT5}[0).  (3.200)

pgrs

alrr b
(@F [W]5)
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Noting again that the only non-zero contractions are of the types %Tj =

0;; and abt = dqp and that only fully contracted terms survive in the (Fermi)
vacuum expectation value, we must contract two of the p!lé7 operators with
each of the pairs to the left and right. The options for non-zero contractions
then are:

R R [l !_\A A R M R
(@7 |W|08) = 5 3" (palolrs){ (0fiTapta"s7b jlo) + (0itap'a" s777/0)
pgrs
=Rl ==

+ (0fitapt"s7b1j10) + (0fitapta"s7b1j10) |
= —5{ajlolbi) + 3{ajlolib) + 3(jalo[bi) — 3(jal0]ib)
(aj|o]ib) — (aj|o|bi) = (aj]|ib). (3.201)

It can be verified that the sign factor for a fully contracted product of
creation and annihilation operators is (—1)*, where z is the number of in-
tersections of the contraction lines. Obviously x is not unique in general,
since the contraction lines can be drawn with different intersection patterns,
but for any particular contracted product the number of intersections is ei-
ther always even, giving a sign factor of +1, or always odd, giving a factor
of —1.

A more difficult example is the matrix element between a single excitation
and a double excitation:

(W |R5) = 2> (pqlolrs)(0l{ita}{pTg sr}{bleTkj}0).  (3.202)

pgrs

The only way in which we can fully contract the operators in the vacuum
matrix element without internal contractions inside each of the three normal
products is to contract the two operators in the first normal product with one
operator each in the second and third products respectively, and introduce
three contractions between the latter two products. The possibilities are:

1. i with 3 or 7, @ with b or éf, 7 or & with & or bf, p' and ¢! with &
and j;

2. il with k or j, a with 1 or ', j or k with g' or §7, § and 7 with b1
and éf.
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Thus we get

(®FW[D%) = 5> (paldlrs)

pgrs

(0\@ aptgtarbte Tl€‘7|0> <O|zT ATqT§7§I;TéTE5’O>

( ﬁ —F o ]

#ﬁﬁ

+ (0zfaptqtsrbtetky|0) + (0]etapt gt srbTeTkj|0)
+ (0ztaptqtsrbtetk;|0) + (0itaptqtsrbTelkj|0)

+ (0]itap' g arbTeTk7)0) 4 (0atap' gt srbtet ko)
+ eight more terms from possibility 2) )

(3.203)

from which we obtain
(DFW D) =5 (= (kjlolei)Tap + (jRIDlci)Tar + (kjlBlic)Sar — (jkID]ic)8q
+ (kj|0|bi)0ac — (k|0]|bi)dac — (kj|0]ib)dac + (FK|0]ib)dac
+ (aj|o|cb)dir, — (aj|o|be)di, — (jalD]ch)din + <]a|U’bC>5z‘k
— (ak|0|cb)d;; + (ak|v|be)dij + (ka|D|cb)dy; — ;
— (Jkllic)dap — (jk|bi)dac + {ajl[cb)dik + {akl|be)d;

o

<< o~
=9
7
[y

(3.204)

Thus we can get a non-zero result only if at least one hole or particle in @?i
matches the hole or particle in ®{, for example

(@F|W|@%) = (ak]be) (a #b,c),
(@F|W[@55) = —(jkllic) (i # J, k), (3.205)
(@F|W|0f) = (akl|ac) — (ik]lic) .

Obviously, we need some help with the detailed evaluation of these formu-
las, and this help is provided by the diagrammatic representation described
in the following chapter.
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Diagrammatic notation

4.1 Time ordering

As we saw in Section 3.8, the second-quantization treatment can be cum-
bersome and error-prone. The generation and manipulation of the various
expressions in this treatment are made much easier by the introduction of a
systematic diagrammatic representation. The purposes of the diagrammatic
notation are thus:

1. to make it easy to list all non vanishing distinct terms in the pertur-
bation sums;

2. to elucidate certain cancellations in these sums;

3. to provide certain systematics for the discussion and manipulation of
the various surviving terms, including classifications that allow us to
group together various types of contribution, perform some partial
summations etc.

Diagrammatic notation originated in quantum field theory, in the form of
Feynman diagrams or graphs, in an explicit time-dependent format. Initial
applications to RSPT were also in time-dependent form, but in them the
time dependence was introduced artificially by a gradual switching-on of the
perturbation from ¢t = —oco to t = 0 using a switching-on function e®* (with
a > 0). This function takes the place of A in H = Hy+ AV and varies from
Dast — —ootolast — 0. It leads to a time sequence in the application of
various operators, and this is indicated in the diagrams by means of a time
axis

90
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for the sequence of events. The actual time at which each event occurs
(i.e. an operator acts) is irrelevant; only the sequence is significant.

We shall continue to use the time-independent formulation, but the se-
quence in which operators act (i.e. from right to left) still furnishes us with
a time axis. Thus, if we want to represent the result of the operation of an
operator U on a function |<I);l]l~’>, we begin with a representation of (IJ;-Z}’ at the

bottom, followed by a representation of the operator U above it, leading to
a representation of the result U7 |<I>?jb> at the top.

Another common arrangement is to place the time axis horizontally, from
right to left,

-t

corresponding to the way in which we normally write a sequence of op-
erators acting on a function, as mentioned above. This was used, for
example, by Paldus and Cizek (1975), but we shall use the more com-
mon vertical arrangement. The only difference is a 90° rotation of the
diagrams.

4.2 Slater determinants

We begin with the representation of a Slater determinant (SD). The refer-
ence state (the Fermi vacuum) is represented by nothing, i.e. by a position
on the time axis at which there are no lines or other symbols. Any other
SD, say ®¢, is represented by vertical or diagonal (see the next section)
directed lines, pointing upward for particles and downward for holes, with
labels identifying the spinorbitals:

Pt = a o= i a j b

(the horizontal position of the lines has no significance). If we want to
indicate specifically the ket and bra forms, the following (non-standard)
notation may be used:

|27) = af|0) = a @) = 1/0) = i
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%) = {ai}|0) = k J (@¢] = (0]ita} = { [

|87) = {aTbTji}|0) = {@)(BT)H0) = iy Aa Gy Ab

etc. The horizontal double line represents the point of operation of the
normal-product operator, and below or above it we have the Fermi vacuum.
Note that there is a phase ambiguity in the last example, since this diagram
could equally represent ]@ff’) or |<I>f]“> However, the way in which we shall
use the diagrams will be independent of this choice of phase, provided rea-
sonable consistency is maintained. If we want to be more specific, we can
indicate which particle index appears above which hole index:

4.3 One-particle operators
4.3.1 Representation of one-particle operators and contractions

Next we consider the representation of operators. We begin with a one-
electron operator in normal product form, say

On =Y (plilg){p'q}, (4.1)

pq

acting on a singly excited Slater determinant
|®f) = {a%i}|0). (4.2)

The action and representation of the individual terms in the sum over p, ¢ in
(4.1) will depend on whether p and ¢ are particle or hole indices. We begin
with a particle—particle (pp) term,

(blafe){bTe} (4.3)
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for which we obtain (using the generalized Wick’s theorem)

lale){bfeati}|o) + (blalc){bTeati}|0)
lale)bTatie|o) + (bla|c)dac{bTi}|0)
+ (b]t]€) Gye| DY) . (4.4)

(blale){b'er{ai}|0) = (b
=0
Thus we get a non-zero contribution only from particle—particle terms of the

type

(blifa) {bTa}|®F) = (blala)|®?) (4.5)

which is represented by the diagram

Note that the case b = a is included. Represented at the bottom is |®¢)
and at the top |(I>§’>, the resulting determinant. The point of action of the
operator is marked by the interaction line (or vertex) e ——-x, the X being
a marker for the particular operator 4. Different one-electron operators
can be represented by using different markers, e.g. e ———#, & ——-/\|
o ———[] etc. Again, the horizontal arrangement has no significance and
we could equally well have used

b
or, e.g., — =X Yi
a
We associate the integral (b|au|a) with the vertex e — — —x as a multiplicative

factor. Note that the bra spinorbital in the integral corresponds to the line
leaving the vertex, while the ket corresponds to the entering line.
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We can view this diagram as a graphical representation of the contraction
process:

. b b
lae){bfe} : x—— X— — b/
C C
— M —  X—— - A2
a /)

@)

The only non-zero contractions are then represented as follows:

ity i Oid , abt - i ,
d 1

where the left-right order of the operators corresponds to the top—bottom
order of the directed lines, and where a creation operator is represented by an
arrow leaving its point of action (a vertex e ——-x or double line )
and an annthilation operator is represented by an arrow entering its point

of action. This representation of contractions tells us automatically which
[ i

pairs of lines may be contracted (ifj or dBT). Any line that is not contracted

or terminated by a vertex (or by the double line) must proceed unchanged
in the appropriate direction throughout the diagram.

Next we consider a hole-hole (hh) term, (j|a|k){jTk}, in (4.1), acting on
|®¢). Using the generalized Wick’s theorem, we obtain:

Glalk) {5 RHaY10) = Gilalk) (5 TRaTY10) + (jlalk) {5 kati}o)
— —(jlalk)kat35t|0) + 65 ¢jlalk) {kat} o)
= 0— 5, (jlalk){a'}0)
— 5,5 (jlalk) ) (4.6)

The only nonvanishing term of this type is

(ila|k){iTk}|@f) = —(ilalk)|@f) , (4.7)
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which is represented by

This term originates in the contraction

. k k
Glalk) (TR} © x—— x——~4 kY
J J
— — — X——-9 Aa
7 a

|®F)

Note that, in the representation of the operator, {ﬁl%} = —kjT; hence the k
line (the annihilation operator, entering the vertex) is above the j line (the
creation operator, leaving the vertex) and a minus sign appears.

4.3.2 Rules of interpretation

We should note the following rules for the interpretation of the one-particle
vertices.

1. For both the pp and hh cases, the bra in the integral associated
with the vertex corresponds to the outgoing line (and the creation
operator) while the ket corresponds to the incoming line (and the
annihilation operator):

Glaky(itky « x—-

(blaley{bte} : x——
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2. Similarly, the creation operator associated with Un corresponds to an
outgoing line (a line leaving the vertex) and the annihilation operator
corresponds to an incoming line (a line terminating at the vertex).
Again, this is true for both the pp and hh cases.

3. We have to associate a phase factor —1 with the case in which one
hole is replaced by another (the hh case).

4. The case k =17 is included in the hh diagram, since this gives

(ilali){d"i}|f) = —(ilali)i’|9F) = —(ilali)|®f) -

In formalisms that do not take advantage of normal ordering and Wick’s
theorem and that therefore compute terms for U rather than Uy, the con-
tribution of the (i|a|i) integral is

(ilai)iti|®2) =0, (4.8)

and the corresponding diagram is called an exclusion-principle-violating
(EPV) diagram. The contribution —(i|a|i)|®¢), according to the ordinary
interpretation of the diagram, is included nevertheless; one is relying on
its cancellation with another EPV diagram that results from contractions
within the creation and annihilation operators of U (which are excluded if
we use UN) So in this case we have the additional hh terms

(jlalk){7TkaTi}|0) = a5 (jlalk) | @f) | (4.9)

namely, terms of the type +(k|u|k)|®¢) (k # i), represented by a diagram
with a “bubble”,

xfok i a (k #1).

This diagram represents the difference between U|®?) and Ux|®?). Note
that the case k = i should be excluded, since it corresponds to i7a'|0) = 0
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and is an EPV term (containing two holes ¢ at the same time), but if we
leave it in, it cancels the previously mentioned EPV diagram exactly:

(4.10)

—(ilafi) | ®F) +(ilali)|eF)
Therefore we eliminate the k # i restriction in both cases and include EPV
diagrams in the summation. However, if we consistently use the normal-
product form of operators, the first EPV diagram (on the left in the above
figure) is all right as it stands, since it originates in {i1i}|®¢) = —iif|d¢) =
—|®%), and so we do not need to include bubble diagrams; they would just
provide the added term

(D iklalky) ) = O[Tl0)@f) = (0 - Dn)l@f),  (4.11)
k

as noted above.

4.3.3 The complete one-particle operator

We have looked at the pp and hh terms of UN]<I>§”> Next we will look at the
ph and hp terms, beginning with ph:

(blalj){b'jH{ali}|0)|@f) = (blalj){bja'i}|0)
alj)a'dl jilo)
)12

(no contraction can contribute in this case), represented by
AVZ
X— — 1 a

showing that the resulting determinant is ]@%’) (for the phase factor, we use
the convention that a hole and a particle joined at the same vertex, i.e. on
the same path, are in the same vertical position in ]@;‘Jb» In principle we
should have omitted the cases j =i and/or b = a, but it is not necessary to
do this explicitly since EPV diagrams of this type,

(b
=
= (blu
)

)
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VoLl ML
X—=— (3 a X—=— 1 a X—— 1 a

) ) Y
give a vanishing SD anyway.

The hp term is

1

(jlalby{jtb}{ati}|o) = (jlalp){jTbati}|0) + (jlalb){jibati}|0)
S Lol
+ (jlalb){5Tbati}|0) + (jlalb){jTbaTi}0)  (4.12)
= <]|ﬁ,’b>{0 + dij x 0+ 5ab x 0+ 6ij5ab}|0>
= 0ij0ap(j|1|b)]0)

and is nonzero only for

(ilala){iTa}|@f) = (ilala)[0), (4.13)

xii
i%\a
M

showing clearly that the result of the operation involves the vacuum state |0).
For both the ph and hp terms, the integral associated with e ——-x
follows the same interpretation rules as for the pp and hh cases; note the

which is represented by

mnemonics in parentheses:

incoming line <« annihilation operator <« ket state (IAK)
outgoing line « creation operator < brastate (OCB)

Of the four cases considered, only the hole-hole case requires a factor —1.
The complete result for Un|P¢) is

(blit]a)|®?) —(ilal)|®F) (blalj)|@g) (if@]a)[0)

(without restrictions on any of the summation indices).
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A very simple example is provided by the operation of Ux on the Fermi
vacuum state:

Ux|0) = Z Z- Z |i)|®2) . (4.14)

Only the ph term contributes here, since this is the only term in which we
can have the vacuum state below the interaction.

For another example, we consider the operation of Ux on a doubly ex-
cited SD:

UN‘@%%:Z i Cffx J b+ Z X-— a j b

c a k 7

+ )iy Aa Gy x4 Y a x-- b

kVC
+ Y Aa jY b --X 4+ X-- 1Y b
=1 A

In general, we can represent the operator Uy as

Un=) x- Z +) 0 x- *17 +3° vaa +3 xfi;\a . (4.16)
a,b 1, 7,0 i,a

For U there is one more term:

U=0Un+(0U10) =Un+> x==<)i . (4.17)

i
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A diagram in (4.16) is to be contracted in all valid ways with whichever
state diagram exists below it and any state diagram we desire to be above
it. For example,

bIT AD iy
(@)U |®Y) =08;; iy ¢--% +0up X——4 Aa
’ ra iy (4.18)
=0 (bld|a) — b (dalj),

as we already know.

To avoid having to write summation signs we introduce the convention
that any unlabeled line is summed over all possible hole or particle indices,
hole indices for downward arrows and particle indices for upward arrows.
Thus the representation of Uy is written without labels in the form

Uy = ><< + x--4 + xv + XA . (4.19)

4.3.4 Products of one-particle operators

Consider the vacuum expectation value of a product of two one-particle
operators, each of which is in normal-product form,

Unx =) (plalg){p'q} and  Zn =) (pl2le){p'd}-

pq pq

Using the markers e ——x and e — —# for @ and Z, respectively, the ex-
pectation value can be evaluated from

——X
(0]UxZx]0) = = (ila|a)(al2i) . (4.20)
_ 7# 7,
(The notation will be modified later to include energy denominators.) No

other diagram is possible here, since we have to have the Fermi vacuum at
both top and bottom.
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If we had used U, Z instead of Uy, Zn, we would have had the additional
term

Y = STUa L) = OFI01ZI0) . (4.21)
#**Q ij

Note that bubbles can carry hole labels only, as indicated by the sense of the
circles as they pass through the vertices. Since (0|Ux|0) = 0 for any normal-
product operator, the mixed terms (0]Ux|0)(0|Z|0) and (0|T7]0)(0|Zx|0) need
not be considered (and, indeed, no corresponding diagrams can be con-
structed).

The complete operator product UnZy is represented by the diagrams in
Fig. 4.1, which were obtained by contracting the Un diagrams at the top
with the Zy diagrams below in all possible ways. For the Uz product there
are in addition disconnected diagrams in Fig. 4.2 (i.e. diagrams consisting
of two or more disconnected parts). The only diagrams with nonzero vac-
uum expectation values are (21) and (34). As noted previously, the latter
represents

(01U Z|0) — (0|UxZx0) = (0]T]0)(0] Z]0) . (4.22)

Particularly interesting is the vacuum expectation value of the commuta-
tor of two operators. Because of the cancellation of the disconnected terms
in such a commutator, only the normal product part survives:

(0I[0, Z]j0) =

e Ot
Q# ! fo# B Qx ) Q,,X

-0

— 9 Im(Z(i!ﬁ\a)(a\é\i>) : (4.23)
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6 7 8 9 10
#- L G #- #-
11 12 13 14 15

16 17 18 19 20
- - - /\# /\#7\
21 22 23 24 25

Fig. 4.1. Diagrams representing the operator product UnZn.

where “Im” indicates the imaginary part. Obviously, if all the integrals are
real then the vacuum expectation value of the commutator vanishes. This
result is typical of the simplifications that are possible when working with
commutators rather than with individual operator products.

In preparation for extending the treatment of phase factors, we shall con-
sider several examples of the matrix elements of operator products. First,
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Fig. 4.2. Additional diagrams for UZ.

let us take the relatively simple example of ﬁNZN\O>, which can be repre-
sented by

UNZN’0> = (Z) - —X + ((I) .. —X
o, 0,
> (alalb)(b|z|i)|@f) =Y _(lali)alz]5)]@f)
abd atj

+ X (i A o,
(a) Q (i)
m— e

> _(ilila)(al2]i)[0) > (alali)(blzli)| @) (4.24)

ia abij

In this equation we introduce another (nonstandard) notational convention:
labels in parentheses identify the corresponding summation indices in the
accompanying algebraic expressions. The above result was obtained by con-

tracting the - diagram for Zy (the only one with the vacuum state

below it) with those Uy diagrams that can be attached to it without leaving
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any lines extending to the bottom. The only minus sign is for the -

combination in the second diagram, as noted in subsection 4.3.2. The phase
of the resulting SD in the last diagram is obtained from the condition that
surviving hole and particle lines at the top are paired vertically in |<I>f]b> if
they are part of the same path.

Now consider the example (®?|UxZx|®%). Here we have to connect the

fragments
i { % b and i + f a

(note the same hole label ¢ in both fragments) through the operator frag-

S S A
AR A V#’ A#’

with the e ——Xx interaction line above the e ——# line. The surviving
terms are shown in Fig. 4.3. We have a total of nine diagrams, of which the
last three contribute only in the special case a = b. Among these are some

ments

unusual cases. Diagram 4 is a true EPV case, in which the intermediate
state (after the operation of Zx but before ﬁN) has two holes in state i.
Clearly this diagram should not contribute, but if we apply the diagram
evaluation rules we do get a contribution, (i|a|a)(b|2]i). At the same time,
diagram 2 contains an EPV term when j = ¢, which should not contribute
either (since it has two holes in ¢ in the intermediate state), but the rules
give —(i|t|a)(b|2|i) (for j = i). Thus these two spurious contributions cancel
exactly. We have the option either to

1. restrict the summation in diagram 2 to j # i and leave out diagram
4, or to
2. use an unrestricted sum for 2 and include 4.

The result is the same, even though the second choice includes the evaluation
of two terms that should have been left out. In diagrammatic many-body
theory we always use option 2. Other examples of this choice will be en-
countered later.

We also need to re-emphasize that the horizontal arrangement in a dia-
gram is not significant. Any diagrams that can be brought to congruence
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1 AD 2 3 zii b
¢ ——X b - X - X
iy Ao 7 4
¢ — — —— NAGQ -
1 () X3

iy Abu #<c>§<y>

Fig. 4.3. Diagrams for the evaluation of the matrix element (@gUNZN o).

by changing the horizontal positions of lines and vertices are not distinct.
For example,

JASE is equivalent to AN

<

is equivalent to Y
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4.3.5 Phase factors

The example in Fig. 4.3 raises the important question of phase factors. We
have put a minus sign in the expressions corresponding to diagrams 2 and 8,
even though our current rule does not call for it. The need for a minus sign
to be associated with diagram 2 can be seen from the following:

O{i'b}{jTa}{bj}{a'i}|0) = (0|{i'bjTab' jai}|0)

= —(0|{atibb' 3t jaat}|0) = —1. (4.25)

Here we have unscrambled the operator product into a sequence of con-
tracted pairs of operators, taking care that the order of the operators within
each contracted pair is not changed. The parity of the unscrambling per-
mutation provides the sign factor. As noted in Section 3.8, the sign factor
can also be determined from the parity of the number of intersections of the
contraction lines.

To be able to determine the sign associated with a particular diagram
directly from the diagram we need a more general sign rule. In developing
such a rule we consider the notion of a path in the diagram (see Paldus
and Cizek 1975). A path is a sequence of connected lines, including any

(external) connection ? * or * i that indicates particle-hole pairs in
the initial or final state. In the exéiﬁple of Fig. 4.3, diagrams 1, 2 and 5-8
each consist of a single closed path (or loop), while diagrams 3, 4 and 9 have

two closed paths each. Each closed path represents a sequence of creation
and annihilation operators connected alternately either by contraction or by

belonging to the same original creation—annihilation pair (i.e., a vertex or
external connection) in a normal product. For example, in diagram 2 the
connection pattern is

|

S8
—
>
o
—
Q>
[« b
plii
<o
Q>
i
S

corresponding to

C
C
C
C
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while in diagram 4 we have

'I-I-A
i'a
NemulEN )
itb b a bt oat g corresponding to _ ,
WU RNY, .
Lali;

which rearranges to decouple the two loops without change of sign, since
this only requires pairs of operators (vertices) to be moved past other pairs:

el
b bt it a alt g
N

Entangled loops can always be disentangled with an even permutation mov-
ing pairs of operators (each corresponding to a vertex or an external con-
nection) past other pairs. The sign factors can thus be computed separately
for each loop and then multiplied together. We shall now show that the sign
factor for each loop is (—1)"~!, where h is the number of hole lines in the
loop.

The left-most pair of creation—annihilation operators corresponding to any
loop must be associated with the topmost feature of the loop, say

ita Sata
Z/\“ or 2{ {a .

Similarly, the rightmost pair is associated with the bottom feature, say

n\/f or n+ +f .

It w it

The general form of the operator sequence is

ptg 7t s ... fl &,

<.
—
Q>
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where each of p,q,r, s, ... may refer to either a particle or a hole. To allow
full contraction, the interior pf§rT§- - - must contain an even number of hole
operators l;:T,l;: as well as an even number of particle operators ¢, ¢l We
consider first the case of no interior hole operators. Then the diagram must
have a contraction between i and 7 (providing a factor d;,) and, for a
nonzero result, must have the general form

A‘ 1 A’—l (I L—L !
it aat oot e et .. f ft i, represented by the loop i
N AN AN AN AN AN

This example clearly has a + sign. Thus, for a loop with one hole line
(h = 1) we get the phase factor +1 = (—1)"~!, as required.

Next we consider the case of two hole lines, i.e. two pairs of contracted
hole operators. If the two interior hole operators are adjacent we have the
pattern

‘ M !74% 1

A~

itaat o6 gtoaet f ffj', represented by the loop c
N AN N A N AN N

Obviously unscrambling the contractions in this product produces a change
of sign, so that we still have a phase factor (for h = 2) equal to (—1)"~! =
—1. If the two interior hole operators are not adjacent, but have some pairs

of particle operators between them, as in



4.8 One-particle operators 109

! 1 ‘ ! A’—L . ‘ A!—\A A
iFaat oo e gt d dboi ¢ oo f fT 5, represented by the loop
N NG N AN N N AN

or

M h‘ﬁj 1 “

o aat.e gt d ¢ 7 dr ... f fT 7, represented by the loop \
NN N A AN A N AN AN

alN

then we find the same sign factor as in the above simpler pattern. The same
result is also obtained if more pairs of particle operators appear in between
the hole operators.

Similarly, if more hole lines are introduced then we obtain another factor
—1 for each additional hole line, giving a phase factor (—1)"~! for a loop
with A hole lines. For [ loops with hq, ho, ..., h; hole lines, respectively, we
thus get

H(—l)hz‘*l = (=), (4.26)

where h = Eé:l h; is the total number of hole lines.

Using the phase factor (—1)"~! we can easily see that alternative pair-
ings of open lines (i.e. alternative external connections) produce equivalent
results, so that we do not have to indicate the external connections explicitly.
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For example,

\/ e, \/ Ve \/ e,

(alulz)(b|Z|7)] <I>“b = —(aluli)(b|Z|7)]| <I>ab

(l=2,h=2) (l=1,h=2)

(4.27)
Thus the results are independent of how the external connections are made,
as long as the phase factors are calculated from the formula (—1)"~! for
whichever connections are chosen. Therefore we can dispense henceforth
with specifying external connections in open diagrams. We can also dis-
pense, in general, with the unconventional double-bar notation, which we
have used temporarily as a teaching tool.

Finally, we show how the phase-factor rule helps in demonstrating the
cancellation of EPV diagrams. Again we use the example of Fig. 4.3, in the
special case a = b, i.e. we evaluate the matrix element (®%|UxZn|®%). We
show the cancellation of the EPV components of diagram 9 with the EPV
components of diagrams 2, 4 and 8:

? . —X . 2 | a —X

iy Aa a,@j# (l=2) cancels with N ]7# (l=1),
9 8

. X ) —x

1y AQ cgz (I=2) cancels with ap ; RAC " (l=1)),

. -7X
1Y AQ agz (l:

(I=2) cancels with
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In each case the integrals involved are the same and the number of hole lines
is the same but the number of loops differs by one, so we get cancellation in
each set.

4.4 Two-particle operators
4.4.1 Goldstone diagrams for a two-particle operator

We now turn to a two-particle operator in normal-product form,

W =1 (palrs){p'd'sr} = 1> (pallrs){p'q's7} . (4.28)

pgrs pgrs

We shall first use the (pq|rs) form, with the factor , and later go over to the
antisymmetric form (pg||rs) with factor . This operator will be denoted by
an interaction line connecting two half-vertices at the same level (i.e. the
same point on the time axis), for example

<

The two half-vertices and the interaction line constitute a single vertex.
Each individual half-vertex will have one incoming and one outgoing line,
each of which may be a particle line or a hole line. The association of line
labels with the two-electron integral indices and the creation or annihilation
operators follows the same rule as for one-body vertices:

bra index <« creation operator < outgoing line
ket index <+ annihilation operator <« incoming line

but with the added feature for the two-body case that

electron 1 < left half-vertex
electron 2 > right half-vertex

Thus for the term (pq|rs){p'¢T57} we have the association

pl «  left outgoing line, " < right outgoing line,

7« left incoming line § < right incoming line.
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The integral indices associated with a two-body vertex are assigned accord-
ing to the scheme

( left—out right—out | left—in right—in ),

while the corresponding operator product can be described by

{(left—out)'(right—out)'(right—in) (left—in)}.

Diagrams employing this representation of the two-body interaction (which
is based on non-antisymmetrized integrals) are called Goldstone diagrams.

Taking into consideration the different possible assignments of particle
and hole lines, the %4 operator is represented by

SRR

AR AR S R S A(A

4.29)

where summations over all appropriate indices are implied by the unlabeled
lines. Note that we have left out diagrams that can be obtained from one of
the above diagrams by interchanging the left and right half-vertices, which
corresponds to exchanging the names of electrons 1 and 2, e.g.

Vi _ ;v

These equivalences will be taken care of by weight factors, as we discuss
next.

So far we have ignored the factor % in front of the sum for W, as well as the
collection of equivalent terms. As an example, take the diagram fragment

(b)i i(j) I i
e N Z(bz]ag}{b i'ja}t . (4.30)
LR TP
There is an equivalent fragment,

(])$$(b)> _ %Z(ib|ja>{%TZ;T&3}’ (4.31)

abij
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which is exactly equal to it, since (ib|ja) = (bi|aj) and biit = —ifbt, ja =
—ayj. Thus we agree to use just one of the two equivalent fragments and so
remove the factor % However, if we consider the example

©p 3@ _ 1Z<bd|ac>{iﬂcﬁéa : (4.32)
(a) (¢) 20
there is no other diagram equivalent to it since its mirror image in a vertical
plane bisecting the vertex is congruent with it, and so the factor % must
be retained. However, a rigorous treatment of the weight factor problem
cannot deal with diagram fragments, but must involve complete diagrams.
This question will be dealt with further in the next subsection.

4.4.2 Vacuum expectation values of products of two-particle
operators

Most of the diagrams with which we shall deal in many-body perturbation
theory involve vacuum expectation values. In particular, the energy of a
many-body system is given by sums of diagrams representing vacuum ex-
pectation values. To take a simple example, we shall consider the vacuum
expectation value of W2 (So far we have ignored the question of energy
denominators, which represent the resolvent operators in the energy expres-
sions; see (2.71). The diagrammatic representation of these denominators
will be discussed in Chapter 5.) We shall first evaluate this quantity alge-
braically, using the generalized Wick’s theorem, in order to make sure that
we have the correct numerical factors and phases:

(O[W210) = 3> (palrs)3 Y {tulow)(O{p!q s7}{E1a o} 0)

pqrs tuvw
[ Tral H
=1 Y (pdrs){tuow) > (0|{p'g st aTwo}[0). (4.33)

pqrstuvw contractions
Now we consider how the contractions are to be made. The only two possi-
bilities for obtaining nonzero fully contracted terms without using internal
contractions among the operators of either of the two original normal prod-
ucts {p'§T 57} and {tTafwo} are:

1. contract pi and ¢ with @ and 0, in either order, which requires that
P, q,w,v be hole indices,

2. contract § and 7 with ¢/ and @', in either order, which requires that
s,r,t,u be particle indices.
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Thus there are four distinct contractions,

A ff e ﬂ
OW2)0) =5 > (ijladb)(edkly > (0l{itjTbactdlik}|0)

abedijkl contractions
= }1{ > (ijlab)(cd|kl)(0lifTbact d'ik|0)
abcdijkl

[ T |

+ ) (iflab)(ed|kI)(0]i" jTbact d Ik 0)

abedijkl
=

+ ) (iflab)(ed|kI)(0]i" jTbact d Ik 0)

abedijkl
}

+ Y (iglab)(cd|kl)(0]i jibacTd ik 0)

abedijkl
= i{ > “(ijlab)(ablizy — > (ijlab)(balij)
abij abij

— > (ijlab){ablji) + Z<z‘jlab><ba\jz‘>} : (4.34)

abij abij

The first and fourth terms are equal (by exchange of electrons 1 and 2 in
the second integral), and so are the second and third. Thus the result is

(0[W210) = 5 “(ij|ab) ((ablij) — (ablji)) . (4.35)

abij

The diagrammatic description of this matrix element involves two W ver-
tices, one above the other, with the vacuum at top and bottom. The two

vertices must therefore have the forms A77A for the top vertex and

V V for the bottom vertex and can be connected in four different ways,

corresponding to the four contraction schemes in (4.34):

GO 00
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As in (4.34), the first and fourth diagrams are equivalent (by exchange of
the two half-vertices at the top or bottom) and so are the second and third.
Thus we are left with two diagrams, often referred to as the direct and
exchange diagrams, respectively,

(0[210) = Q O

(4.36)
22 (ij|ab){ab|ij) —3) (ij|ab)(ab|ji)
abij abij
(l=2h=2) (l=1,h=2)

in agreement with the algebraic derivation. The minus sign for the exchange
diagram is obtained from our phase-factor rule (—1)"~!
which we derived originally for diagrams with one-body vertices only, applies
equally to diagrams containing two-body vertices. Note also that the EPV
terms, in which ¢ = j and/or a = b, cancel between the direct and exchange
terms, justifying the use of unrestricted summations.

The factor § derives from the fact that each of these diagrams is (or can
be redrawn to be) symmetric under reflection in a vertical plane through its
middle. It compensates for the fact that terms such as

o oA g

(ij|ab)(ab|ij) 5 (jii|ba)(balji)

, as shown. This rule,

which are equal, will be included separately in the unrestricted sum over
1,7,a,b. More generally, we note that the original coefficient % in the sum
%qurs (pq|rs){p'§Ts7} was introduced because only distinct terms should
be summed; a simultaneous exchange p < ¢, r < s (which corresponds to
the exchange of electron labels 1 and 2) does not produce a distinct term.
The same situation holds for the diagrams. Each distinct term should be in-
cluded once but, because of the unrestricted summations, some are included
more than once and the weight factor is needed to compensate. The restric-
tion to inequivalent diagrams eliminates the double counting for asymmetric
diagrams, but we need a factor % for each diagram or unlinked part of a di-
agram that can be written in a form symmetric under left-right reflection.
To provide further examples of diagram construction, and of rules for di-
agram interpretation and phase factor and weight factor determination, we
next consider the vacuum expectation value of a product of three two-body
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operators, (0[W3[0). (We should note again that in this chapter we are
leaving out an important diagram interpretation aspect relating to the use
of these diagrams in perturbation theory, i.e. the incorporation of the re-
solvent operators and their concomitant denominators. This aspect will be
introduced in Chapter 5.) Each diagram for this matrix element contains
three two-body vertices, of which the top and bottom vertices must have
the same form as in the (0|W?2]0) case. To allow full contraction with no
open lines remaining, the middle vertex must have two lines above and two
lines below the vertex, for which there are the four possibilities

L EE Y

The first choice produces two diagrams, referred to as particle ladder di-
agrams (shown with their algebraic interpretations),

Z =2, h=2

1 .. .. y y

2 bd,.<w|ab><ab|6d><6dm> < symmetric > ’
abedij

-3 Z'@.j‘abﬂab‘dc)(cdliﬁ (l =1, h= 2,> .

/ symmetric
abedij

The second diagram is the ezchange version of the first, obtained in this case
by interchanging the endpoints of the incoming particle lines at the middle
vertex (any alternative exchange produces an equivalent diagram).

Using the second choice for the middle vertex, we obtain the hole ladder
diagrams,

(@A 4 A®) =1 3 (ijlab)(kl]ij)(ablkl) (l =2 h= 47) ,

(k) (1) abijkl symmetric

= —5 3" (iglab)(tklij){ablkl) (l =1, h= 4,> |

— symmetric
abijkl

Here also, we have a direct and an exchange diagram.
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The third and fourth choices for the middle vertex, taken together, pro-
duce eight diagrams, referred to as ring diagrams (the name is taken from
the shape of the last diagram of this set),

] . . l = 17 h — 3,
N = 3 (jilab) (kblic) (aclk;) ( royrumetric ) ,
abcijk
. . . =1, h=3,
= Z (ij|ab) (kblic){ac|jk) ( asymmetriC) ,
abcijk
. . . =1, h=3,
= bzk<w!ab><bk!w> (aclks) ( asymmetric > 7
abcij

‘ =2, h=3
(a)@ - =— ij|ab) (bklic)(ac|jk) =0
(7) (k‘)@(c) ag;k / J ( asymmetric )

UELE s
(a)@g(c) == a%;k(jz!abﬂkb!czﬂac!kﬁ < asymmetric > ,
@Y\ .
(@A Y() — — S (ji|ab) (kblic) (acljk) =2 h=3)\
O (k)@(c) a%;k g J < asymmetric >

e o,
(G)O(])) _ = Z(]Z]ab><kb|cl><ac|3k> <asymmetric>'

(c) abeijk

. . . l == 27 h = 37
— (zj]@b)(kb[@@ (aclkj) < asymmetric ) ;

<i>

abcijk

257
> L
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If the first of these eight diagrams is considered as the direct case then the
next three are single exchange, the following three double exchange and the
last one triple exchange. One could, in fact, take any of these eight as direct,
and there would still be three single, three double and one triple exchange
relative to it. In general, an exchange diagram is obtained by exchanging
the terminating points of the two incoming lines or the starting points of
the two outgoing lines at any two-body vertex.

4.4.3 Hugenholtz diagrams

The principal problem with the Goldstone representation is the rapid growth
in the number of distinct diagrams as the number of interaction vertices
increases, reflecting the individual listing of each possible exchange. There
is also some difficulty in making sure that all those distinct possibilities have
been listed exactly once, since it is not always easy to determine whether two
diagrams are equivalent. However, the advantage of Goldstone diagrams is
the straightforward determination of phase factors.

The difficulties associated with the use of the Goldstone representation can
be overcome by basing the analysis on the antisymmetric integrals (pq||rs)
(the final form in (4.28)). Since the exchange contribution is incorporated
within each antisymmetrized integral, such an approach leads to a much
smaller number of distinct diagrams. The diagrams using this representa-
tion of the W operator are called Hugenholtz diagrams (Hugenholtz 1957).
They maintain the usual (Goldstone) form for one-body operators but rep-
resent the two-body vertex as a single large dot with two incoming and two
outgoing lines (each of which can be a particle or hole line). The labels
on the outgoing lines appear in the bra part of the antisymmetrized inte-
gral, while the incoming labels appear in the ket part. The order of the
labels in each part is indeterminate, and therefore the phase of the corre-
sponding algebraic interpretation is indeterminate. (We shall deal with this
phase-factor problem in the next subsection.) The correspondence between
the Goldstone and Hugenholtz representations of the various terms in the
14 operator, including the associated integrals (ignoring weight and phase
factors) is shown in Fig. 4.4.

The Hugenholtz representation of the (0[WW?2|0) matrix element has just
one distinct diagram instead of two,

(0W?|0) = =3 > _(ijllab){ab]lij) . (4.37)
abij
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Goldstone Hugenholtz
a b a b

- = p (ab|cd) . d (ab||cd) or (ab||dc)
c
‘ J - NS - .
R T i) or (k1))

bi’ ; (aj|bi)

BAj (ajlib)

(ajl[bi) or (ajl|ib)

IS
S

bi —— {ac|bi) (ac||bi) or {(ac||ib)
i asz

R (jalik) (jallik) or (jal[ki)
bicg\i {ai|bc) (ail|bey or (ail|cb)

(7klia) or (jkl|ai)

o L
aNfi oNfi (bl
NNl N Gl o 1)

(abl|ij) or {abl|ji)

Fig. 4.4. The correspondence between the Goldstone and Hugenholtz diagrams for

the W operator and their associated integrals (the weights and phase factors have
been left out).
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Expansion of the antisymmetrized integrals in terms of ordinary integrals
gives four terms, which are equal in pairs, reproducing the two-term result
obtained with Goldstone diagrams, (4.36). The weight factor } is obtained
by counting the number of pairs of equivalent lines in the diagram: a pair
of lines is equivalent if they connect the same pair of vertices in the same
direction. Each pair of equivalent lines contributes a factor % The dia-
gram for (0|W?2|0) has two such pairs (two equivalent particle lines and two
equivalent hole lines), resulting in a weight factor %.

The power of the Hugenholtz representation is easily seen in the evaluation
of (0|TV3]0). Instead of the 12 diagrams of the Goldstone representation, we
obtain just three, corresponding to the particle ladder, the hole ladder and
the ring diagrams, respectively:

(7) =g ) (ijllab){ad]ed)(cd|ij),

abedij

(b) =5 Y (ijllab)(kl]ij){ab]lkl) ,

abijkl

(a) (i) ==+ Y (ijllab)(kblljc){acllik) .

' abcijk
The last diagram replaces all eight Goldstone ring diagrams.

It is obvious that the Hugenholtz representation reduces the number of
diagrams considerably. Furthermore, it is much easier to list all the distinct
diagrams in this scheme. The usual approach is first to list all Hugenholtz
skeletons, which are diagrams without the arrows. For the (0[TV3]0) matrix
element we have just one skeleton,
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Arrows are then added in all distinct ways to produce all the distinct dia-
grams. It is quite easy to tell whether two diagrams are distinct: any two
diagrams are equivalent if they have the same connection pattern, with the
same senses of the arrows. In other words, two diagrams are equivalent if
one can be deformed into the other without changing the vertical sequence
of the vertices or the sense of the arrows. The weight factor is also easy
to determine, by counting the number of equivalent line pairs. The major
disadvantage is that Hugenholtz diagrams do not immediately specify the
phase of the corresponding algebraic expression.

4.4.4 Antisymmetrized Goldstone diagrams

A solution to the phase problem of Hugenholtz diagrams is obtained by
converting each distinct Hugenholtz diagram into just one Goldstone-like
diagram and interpreting each two-body vertex in this Goldstone diagram
in terms of antisymmetrized integrals (pg||rs) instead of ordinary integrals
(pq|rs). These antisymmetrized Goldstone (ASG) diagrams (Brandow 1967)
are obtained by expanding each large dot (two-body vertex) of the Hugen-
holtz representation into a Goldstone-type two-body vertex. This expansion
is not unique, because the four lines connected to a Hugenholtz vertex can
be assigned in different ways to the two half-vertices of the ASG diagram,
but all possible expansions of a given Hugenholtz diagram give the same
resulting algebraic expression provided that the signs are interpreted ac-
cording to the rules for Goldstone diagrams. The weight factors are those
of the corresponding Hugenholtz diagram, with a factor % for each pair of
equivalent lines. For example,

fjif e

= D Gjlab)ablis) = =1 (ijllab){ab]ji)
abij abij

= 1 ((ijlab) — (ij[ba)) ((abliz) — (ablji))
abij

= 3 _(ijlab)({ablij) — (ab|i)).
abij

(4.38)
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The procedure for generating and interpreting the antisymmetrized Gold-
stone diagrams can be summarized by the following rules:

1. Generate all distinct Hugenholtz skeletons.

2. For each skeleton assign arrows in all distinct ways to generate Hugen-
holtz diagrams.

3. Expand each Hugenholtz diagram into an ASG diagram in any of the
possible equivalent ways.

4. Interpret each two-body vertex in each ASG diagram in terms of an
antisymmetrized integral, with the usual (left-out right—out||left—in
right—in) arrangement.

5. Interpret each one-body vertex in each ASG diagram as in ordinary
Goldstone diagrams.

6. Assign a phase factor (—1)"7!, as for ordinary Goldstone diagrams.

7. Assign a weight factor (%)n, where n is the number of equivalent line

pairs; two lines are equivalent if they connect the same two vertices
in the same direction.

Applying these rules to the (0|IW3]0) example, we obtain the matrix ele-
ment as a sum of three diagrams:

= — ) (ijllab)(kbllic) (ac| kj)
abcijk
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Any other expansions of the Hugenholtz diagrams would give the same alge-
braic results. For example, the alternative expansion of the third diagram,

<z‘>Q<b>
— @k Y Yo = 3 illab) (klich (acl k)
(k})Q«(C) abcijk

,,,,, (h=3,1=3, n=0),

obviously reduces to an equal algebraic expression.
From now on, except where stated otherwise, all the Goldstone-type dia-
grams we use will be ASG diagrams.

4.4.5 Representation of operators not in normal-product form

When we deal with a two-body operator

Va=12 (pglolrs)plq’sr (4.39)

pgars

that is not in normal-product form (cf.(4.28)), we must include internal
contractions between the four creation or annihilation operators. Therefore
the diagrammatic representation of such an operator includes contractions
between the four lines attached to the same two-body vertex. Dealing first
with the ordinary Goldstone representation, we obtain the following new
diagrams, to be added to those of (4.29) (which we refer to as (Va)n):

U = (V) + i@ . $Q LYo e

+QQ+P/J+L/\+L/J

+ m + o (4.40)

In all but the last of these diagrams, the directions in which the lines leave
and enter a vertex indicate that they are hole lines, to be summed over
hole labels only, since only hole operators give nonzero contractions within
products of creation and annihilation operators of the form pfgfs7. The
last diagram, called an oyster, is drawn in this shape by convention, but
also involves hole lines only. The last five diagrams (the “wiggles” and the
oyster) are the exchange terms for the first five (the bubbles), and would
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be left out in the ASG representation. For the purpose of weight-factor
determination the oysters are considered symmetric, since it is immaterial
which of the two hole lines is drawn above or below the vertex line.

The first four diagrams in (4.40) and the corresponding exchange diagrams
in the second row represent the Vi, = > pg (ZZ((pﬂqz) - (pz|zq))) {p'3} oper-
ator of (3.178). The fifth and the remaining diagrams represent (0|V|0) =
3 2 (ijlig) — (ijlji).

The non-normal-product Goldstone diagrams in the representation of
(0|V,2]0) are:

Q) 3 =
<a><}<z~> - Sl (58
_ Q (k) aijk

.. . . l = 2) h’ = 3’
= — 3" (ilag)(aklik) (asymmemc> ,

aijk

c . [ = 2, h = 3,
SR IO G B

aijk

N S I=1 h=3,
@ JO = St ()

= 5 jlig) (kiR

@) Q- ——< () (l:4,h:4,>
(k) foQ () ijkl

symmetric

)

<> o
6 = —3 D (i) (ki k2) (l_g’h_4’>

symmetric
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(k) SR DI DIC TN ()

- symimetric
ijkl

b= il (‘SR

The weight factor % for the last four diagrams arises from the factor % for
each of the two symmetric unlinked parts in each diagram. These unlinked
diagrams have a vacuum gap, i.e., a Fermi vacuum intermediate state. Such
diagrams are excluded from perturbation theory sums since the primed sums
in perturbation theory exclude the reference state. As will be shown in
Chapter 5, other unlinked diagrams also disappear from these sums because
of cancellation with renormalization terms.

In the Hugenholtz and ASG representations the above eight Goldstone
diagrams are replaced by just two diagrams, one for the four linked and one
for the four unlinked Goldstone diagrams:

< =
z’) = > (ijllaj)(akl|ik) h=3],
,,Q(k) aijk n=0

=1 > (ijllig) (kl||kl) h=4
% Q,,Q ijkl n=2

Finally, we give the non-normal-product terms for (0[V,?|0), in the
Hugenholtz and ASG forms only:

= 13 (ijllab)(ab]|cj)(ckl|ik)
abcijk
(I1=3 h=3 n=1),
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=—5 p_ (ijllab){kbllij) alllkD)

2
abijkl
(1=3, h=4,n=1),

= 5 > (ijllab)(bklck)(acllij)

abcijk
(=3, h=3 n=1),

w (O
(4) () —) =3 > (ijllab){kl]jl){abllik)
(k) abijkl

(=3 h=4 n=1),

= 53 (ijllag)(ak|be) (bel|ik)
abcijk
(l:3, h:3’ n:1)7

= —5 ) (ijllag)(kl]|ib)(ad||kl)
abijkl

(=3 h=4, n=1),

= Y (ijllab)(bk|jk){all)
abijkl
(l=4, h=4, n=0),

R = > (ijllag)(akl|ib) (1b]|ik)
(k)O(b) abijkl
Q-

(l=4, h=4, n=0),
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Q(j)(l)
= (a)h Yy A -- = (ijl|aj)(kL|bl) (abl|ik)
O R

@ S (l=4, h=4, n=0),
LTOW
= (1) =) (k) = ) (ijllaj){ak||bk)(bl||il)
(b) abijkl
,,,,Q(Z) (l=4, h=4,n=0),
X

(,)Q (J)
= (G)OQ(R‘) = — > (igllag)(Uk||ik)(am]|im)
(l) aijklm

<) (m) (l=4, h=5 n=0),

(Q)Q(i) (j)O(b)
= - = § Y (ijllab)(abllij) (k|| k1)

abijkl

k) Q- () (=4, h=4,n=3),

o o
_ ”(.) Q) = 1S Gl Lk abli)
J (k‘) (l) abijkl
- (=4, h=4, n=3),

= ———= = £ > (ijllij)(kl|lab) {ab] k)
@ (a)@(k‘) (l)@(b) abijkl
L (=4, h=4, n=3),

- QW) = 1S (ijllag) (akik)(im]im)

aijklm

QO Q<) (m) (1=5 h=5n=1),



128 Diagrammatic notation

= (@p YO Qr——-<) = 5 Y (iflag){kl|kl)(am]im)

(k;) (l) aijklm

(&
Q) (l=5 h=5 n=1),
Q§Q . .
S
S
S

(k) aijklm

— ( )QQ(Z) = 5 ) (ijllif) (kil|al)(am]| km)
Q) (=5 h=5 n=1),

= BQ QWO =5 > () kUKD (mn|imn)

ijklmn

(m) Q- ——-<) (n) (1=6, h=6, n=3),
The last seven of these diagrams are unlinked. All 18 diagrams, taken to-
gether, represent the difference between (0V3%0) and the normal-product
matrix element (0|(V2):2]0). The last diagram represents (0|Vz]0)?, while the
others represent contributions involving the V4 operator of (3.178) and/or
powers of (0[V5]0). As will be seen in Chapter 5, all the unlinked diagrams
will not contribute to the perturbation treatment and will not need to be
considered.

4.4.6 The RSPT perturbation operator

As we saw in subsection 3.6.3, the normal-product perturbation operator
Vn =V —(0|V]0) can be written in the form

VN = Fff + WN
1 A A~ AA
= ot 7 D pallrs){p'd"sr} (4.41)
pq ¥4

qrs

where we have used the cancellation between [7N and V1<I that arises from
the choice upq = — >, (pi||gi). The one-electron part is represented diagram-
matically by the - —x vertex, while the two-electron part is represented
by the standard two-body vertex. In the canonical Hartree—Fock case FISI
vanishes, and we are left with Wy = W as the sole perturbation. In non-
canonical Hartree—Fock the matrix elements f;,, fss connecting hole states
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with particle states also vanish, so that the one-electron perturbation oper-
ator has the diagrammatic expansion

~

= ¢--X + ¢--X (noncanonical HF). (4.42)
In the general (non-HF') case, the full expansion is required,
K= ¢$--X + ¢--Xx + v, X + Af -x  (general case). (4.43)

Even in the non-HF case it is possible to simplify the expansion of F§ by
performing a semicanonical transformation of the orbitals (Handy, Pople,
Head-Gordon et al. 1989), which diagonalizes the hole-hole and particle—
particle blocks of F' separately (leaving the reference function invariant),
thus eliminating the first two diagrams in Eq. (4.43). This is the form of
the partitioned Hamiltonian used in generalized MBPT (Bartlett 1995), to
be discussed in Section 12.3.

More generally, the - —x  vertex represents the f/ operator of (3.135),
which is equal to fo only if €, = f,, holds for all p.
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Diagrammatic expansions for perturbation theory

5.1 Resolvent operator and denominators

In order to represent diagrammatically the various terms in the perturba-
tion expansions for the energy and wave function, we need a diagrammatic
representation of the resolvent Rg. We note that

5 Q 1| P (P
Ro= — 5 1201 (5.1)
EO iy 21: EO _ 5O

the sum being over all states |I) = |®;) different from |0). When Ry operates
on any state |J) other than |0) the result is

. / |I I|J 1
1 0o -

Thus Ry does not change the state on which it operates, except for division
by the energy denominator, and any particle or hole lines present below the
point of action of Ry continue unchanged above it. This can be represented
symbolically as follows:

b..
[D55) ak iy bA Y ety
> _ 1]...
RO - 5@b"' ’ (53)
@) ap iy bA Y e
where the energy denominator
0 0
%b —E() E|(¢,2Lb>—€i+6j+"'_€a_€b_"'a (5.4)

is equal to the sum of the orbital energies of the hole lines crossed by the
Ry line minus those of the particle lines crossed by the Ry line. The only

130
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exception to this result is ROIO) = 0, so that we have no terms in which the
resolvent line goes through a vacuum gap, as in

L0
R

The convention is to omit the resolvent lines, it being understood that an
energy denominator is to be read off the diagram between each successive
pair of vertices. In wave function diagrams, which are open at the top, an
additional resolvent line is implied above the highest vertex. We shall show
the resolvent lines explicitly in some cases for pedagogical reasons.

5.2 First-order energy

The zero- and first-order energies (see Section 3.5) are given by

0) = ZEZ‘, (5.5)
EW = (0[V10) = —5 Y (idllid) = — Q< (5.6)

]

(using the ASG representation) and, of course, Eyf = E© + EM. More
generally, if €, = f,, is not assumed, we have (see (3.186))

=Y -3y Gl = Q-x - Q- (5.7)
7 i

using the - —x vertex to represent the f’ operator of (3.135).

5.3 Second-order energy

The correlation energy begins with second order, in the form (see (2.137))
E®) = (0|V RV |0) = (0|WRyW|0), (5.8)

where we have used W = V — (0|V|0), as in Chapter 2, rather than the
W = Wy of Chapter 4. In the canonical Hartree—Fock case the two usages of
W are equivalent; otherwise, the W in (5.8) includes a one-electron term, F’lﬁ}
The equivalence of the two forms in (5.8) follows from RoV|0) = RoW|0),
because Ro|0) = 0.

The diagrammatic representation of the second-order energy <0|WR0W|O>
is very similar to that of (0]TW2]0), except for the addition of the resolvent



132 Diagrammatic expansions for perturbation theory

line between the two W vertices. In the Hartree—Fock case we have just one
ASG diagram for this order,

(a) V@ U’V@ I F=

(the resolvent line has no effect on the determination of the sign and weight).

PO A T A S 1 RN

It is evident that the only allowed intermediate states in this case (those
crossed by the resolvent line) are double excitations ]@f}’).

In the non-HF case we must add the FX, contribution, represented by the
diagram

(5.10)

This expression vanishes in the noncanonical HF case, since (i|f|a) = 0 for
any HF solution, and thus (5.9) still holds. In the general non-HF case the
intermediate states include single excitations |®¢).

The absence of single excitations from the second-order energy expression
in the HF case is a reflection of the Brillouin theorem (Section 1.5), which
states that for Hartree—Fock reference functions, canonical or otherwise,

(0| H|®¢) = (0|W|®¢) =0  (for any i,a) (5.11)

and there are no direct contributions of single excitations (i.e. none through
the second order terms). This analysis applies to unrestricted HF and to
closed-shell restricted HF but not to restricted open-shell HF', for which the
Brillouin theorem does not generally apply.

5.4 Third-order energy
According to (2.138), the third-order energy is given by

E®) = (0|W RoW RyW|0) . (5.12)

This result is similar to that for (0|W3|0), except that we need to include two
resolvent lines. In the canonical HF case we get three ASG diagrams, shown
with their interpretation in Fig. 5.1. As for the second-order energy diagrams
in the HF case, here too all intermediate states are double excitations.

In the non-HF case there are eleven additional ASG diagrams, shown in
Fig. 5.2 (with the resolvent lines omitted). Two of these diagrams, 6 and 7,
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: , 1 (ij]lab){abl|cd){cd||ij)
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Fig. 5.1. Canonical HF-case ASG diagrams for the third-order energy.
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Fig. 5.2. Non-HF ASG diagrams for the third-order energy.

do not involve particle—hole one-electron integrals (such as (a| f|i) or (i|f]a))
and contribute also in the noncanonical HF case; they involve doubly excited
intermediate states only. The other diagrams contribute in the non-HF case
only and involve some singly excited intermediate states.
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The advantages of the Hartree—Fock case in simplifying the formalism
seem obvious, but in fact have little computational significance beyond the
proliferation of terms. The above non-HF diagrams have between three and
five summation indices each, compared with six indices for the three HF-case
diagrams, and thus require significantly less computational effort.

5.5 Conjugate diagrams

An interesting diagram symmetry operation consists of turning a diagram
upside down (time reversal) followed by reversal of all arrow directions
(particle-hole inversion) (Paldus and Cizek 1974). After these two oper-
ations each particle or hole line of the original diagram is again a particle or
hole line, respectively, in its new position in the new diagram. The diagram
resulting from this transformation (in any of its equivalent forms) is said to
be conjugate to the original diagram.

An example of a pair of conjugate diagrams is given by the non-HF third-
order energy diagrams 4 and 8 in Fig. 5.2. By carrying the original dummy
summation label with each line to its new position in the transformed dia-
gram, it is easy to see that the effect of the transformation on the algebraic
interpretation of the diagram is an interchange of the bra and ket indices
in each integral with no change in the values of the denominator or the
numerical coefficient:

1 (i f|a){aj||be) (belij)
abc ’
abcij Ciij

(5.13)

1 3 (ij]|bc) (belag){al f1i)
- bca :
abcij Sijci

Consequently, the numerical values of the two diagrams are the complex
conjugates of each other.
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Each MBPT energy diagram is either self-conjugate (i.e. Hermitian), in
which case its value is necessarily real, or conjugate to another energy dia-
gram of the same order, in which case the sum of the two diagrams is equal
to twice the real part of the value of either. Thus it is enough to evaluate
just one of each pair of conjugate diagrams, taking twice the real part of its
value as the total value of the pair.

The three HF-case diagrams for the third-order energy, Fig. 5.1, are all
self-conjugate. Among the non-HF third-order diagrams, Fig. 5.2, the pairs
4 and 8, 5 and 9 and 10 and 12 are mutually conjugate, while the rest are
self-conjugate. We shall see many more examples of conjugate diagrams in
the fourth-order energy.

5.6 Wave-function diagrams
5.6.1 First-order wave function

Before proceeding to higher orders for the energy, we will digress to look at
the diagrammatic representation of the wave function.
The first-order wave function is given by (2.133),

o) = RoW|0), (5.14)

where, in the sense of Chapter 2, we have used W = V — (0|V[0). In
the Hartree—Fock case this is the same as the two-electron normal-product
operator W and we have just one diagram, representing double-excitation
contributions:

w0y = Ry (a)&\[%(z) (J)l(v% 1 Z aszg (5.15)
77777 abm

For the purpose of counting loops we consider the open lines to be paired
at the top according to the pairing pattern in the corresponding slater de-
terminant, |<I>?jb> in this case, thus forming two quasiloops. In regard to the
determination of the weight factor, two unlabeled open lines are considered
equivalent if they both begin at the same vertex or both end at the same ver-
tex. The diagram in (5.15) has two quasiloops, two hole lines and two pairs
of equivalent lines, hence the factor % (as usual the labels in parentheses are
included only as a convenience to identify dummy summation indices in the
corresponding algebraic expression, and all lines in this diagram are to be
taken as unlabeled). As stated in Section 5.1, according to the convention
one omits the resolvent line, with the understanding that in open diagrams
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there is one such line above the highest vertex as well as between each pair
of successive vertices.

In the non-HF case we need to include a one-electron vertex, leading to
the additional diagram

= (al 1) oy (5.16)

(since fqi = f; because a and i cannot be equal) which adds contributions
from singly excited states. Here we have one quasiloop, one hole line and
no equivalent lines, hence the factor +1. This diagram does not contribute
in the noncanonical Hartree—Fock case because the f,; integrals vanish in
that case. Equation (5.16) still holds in the more general case in which f',

(3.135), replaces f° because we have fl.=rfo.

5.6.2 Second-order wave function

The second-order wave function is given by (2.134),
W@y = RyW RyW|0). (5.17)

In the canonical HF case we have eight ASG diagrams, shown with their
algebraic interpretation in Fig. 5.3. The first three diagrams represent dou-
bly excited final states; they are followed by two singles, two triples and one
quadruple.

The quadruple-excitation diagram 8 is an example of a disconnected dia-
gram. As the name implies, such a diagram has two or more disconnected
parts. If any part of a disconnected diagram is closed, i.e. has no open lines,

s

then the diagram is called unlinked. It will be shown later that unlinked

as in

diagrams cancel with the renormalization terms while linked disconnected
diagrams remain in the wave function expansion. The second-order wave
function expression has no renormalization terms, and no unlinked diagrams
appear.

The non-HF contributions to |¥(?)) are represented by the eleven diagrams
in Fig. 5.4, which include five double excitations (9-12 and 19), four singles
(13, 14, 17, 18) and two triples (15, 16). Diagrams 9 and 10 contribute in



5.6 Wave-function diagrams 137
1 () (S)(Z) () = ;ZW'W‘Z””VM
) " <S)<b>§}<y’>_ s 2
i “ <Ej>)m ) :_;;@W'M
6 <a>V<z’><j>&é$”c)y(k) - iZ“’”de“’””@w
7 u)\{(a)(b)\xﬁ”w(c) -3 ) e,
. (a)v(i)(j)v(b()c)\f(k)(wy(d) _ 16 ab;kl (cd!kjlf:;:iihg) oty

Fig. 5.3. Canonical HF-case ASG diagrams for the second-order wave function.

the noncanonical HF case but diagrams 11-19 do not because they involve
integrals of the form (a|f|i) or (i|f|a), which vanish in this case. Diagrams
15, 16 and 19 are disconnected but not unlinked and are legitimate parts of

the wave-function expansion.

As will be shown in Section 9.4, all disconnected wave-function diagrams
can be re-expressed as products of connected wave-function diagrams each

consisting of one of their disconnected parts. This factorization is at the



138 Diagrammatic expansions for perturbation theory
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Fig. 5.4. non-HF ASG diagrams for the second-order wave function.

heart of the exponential Ansatz of coupled-cluster theory (Chapter 9). As
an example we consider diagrams 15 and 16 of Fig. 5.4. These diagrams
have equal numerators but, because of the different time sequences of the
vertices, their denominators are different. Combining their denominator
factors we get

b
1 L 1 1 1 e 1 1 €, +€q 1
abc ~ab abcc  ~abc \ ~ab = “abe ab ab
’Sz]kgw ’Sijkgk Eijk Ezy Ek: gzgk 51] skr 5

7k

c ab __ _abc
because e} + 7 = €.
can be factored into a product of two independent sums corresponding to

Thus the sum of these two second-order diagrams

their two first-order disconnected parts:

PYE Y

(note that the upper cross on the r.h.s. of (5.18) is a multiplication sign).
This is an example of a type of factorization that is very common in MBPT,
and other examples will be seen in the discussion below of the fourth-order
energy and in Chapters 6 and 7.

5.7 Fourth-order energy
5.7.1 Energy formula

Now we return to the energy expansion and look at E(*), (2.139), where new
features will appear for the first time. This is the first case in which we have
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a renormalization term. We have
= (0|W RoW RoW RoW|0) — E@ (w5 L)
= (O|W RoW RoW RoW |0) — (O|W RoW |0)(0|W R2W|0)
= (0|W RoW RoW RoW |0) — (O|W Ry (0|W RoW|0)RoW|0),  (5.19)

using (D) = ReW|0) and E® = (0|[WReW|0). In the last line of the
equation the E(?) expression has been inserted between the two Ry operators
in RZ (which derived from (¥ [TM)) showing the bracket insertion form
of the renormalization term.

In the derivation of the diagrammatic expression for the principal term of
E@ we shall find some unlinked diagrams (diagrams that have disconnected
closed parts) and will show that these exactly cancel the renormalization
term. The linked-diagram theorem, to be proved in Chapter 6, generalizes
this result to all orders, for both the energy and the wave function, so
that the final expressions are sums of linked diagrams only. The bracket
insertion form of the renormalization terms will help in demonstrating this
cancellation.

5.7.2 Diagrams for E® in the canonical HF case

We shall now derive the diagrams that describe the principal term of the
fourth-order energy. The renormalization term will be discussed in subsec-
tion 5.7.4, where it will be shown that it cancels with the unlinked diagrams
of the principal term. The canonical HF case is discussed in the present
subsection, and the additional diagrams for other cases are derived in sub-
section 5.7.3. Because of the greater complexity when dealing with four
vertices, and in order to avoid missing some terms or including redundant
equivalent terms, we shall follow the procedure outlined in subsection 4.4.4
and begin by listing all Hugenholtz skeletons.

To facilitate systematic generation of the Hugenholtz skeletons for the
principal term of E®)| we classify them according to their connection pat-
terns, using the designation k-I-m to describe a skeleton (or diagram) in
which the top vertex is connected by k lines to the second vertex (counting
from the top), I lines to the third vertex and m lines to the bottom vertex.
Since we are dealing with the canonical HF case, each vertex must have four
connecting lines, so k + [ + m = 4. The same requirement of four lines at
each vertex determines the remaining connections that do not involve the
top vertex. The resulting 15 skeletons are shown in Fig. 5.5. Three of these
skeletons (4-0-0, 0-4-0, 0-0-4) are unlinked. The first unlinked skeleton has
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4-0-0 3-1-0 3
-0-3

-0-1 2-2-0 2-1-1 2-0-2 1-3-0 1-2-1
1 0-4-0 0-3-1 0-2-2 0-1-3 0-0-4

Fig. 5.5. Hugenholtz skeletons for the principal term of E® for canonical HF.

)
)

a vacuum gap and thus cannot contribute. The other two unlinked skele-
tons generate diagrams that cancel with the renormalization term, as will
be shown in subsection 5.7.4.

Ignoring the vacuum-gap skeleton and inserting arrows in the other skele-
tons in all distinct ways, with two incoming and two outgoing lines at each
vertex, we obtain the 41 Hugenholtz diagrams in Fig. 5.6. The two un-
linked skeletons (33 and 41) generate just one diagram each, while the other
(linked) skeletons generate from two to six distinct diagrams each.

The corresponding antisymmetrized Goldstone diagrams, using the same
numbering as in Fig. 5.6, are shown in Figs. 5.7-5.10 classified by the type
of intermediate states involved. These intermediate states are defined by
the (omitted) resolvent lines that cross the diagrams between the vertices,
and are represented by the denominators in the corresponding algebraic ex-
pressions. Only the middle intermediate state, between the second and third
vertices, differs in its excitation level between the different classes of HF-case
diagrams. The classification based on the intermediate state has important
practical ramifications, because the diagrams for the different classes allow
different factorization patterns for the corresponding sums, leading to sub-
stantial differences in the computational effort required for their evaluation.
These factorizations and other computational considerations are discussed
in Chapter 7.
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25 26 27 28 29 30
0-4-0 0-3-1 0-2-2
32 33 34 35 36
0-1-3 0-0-4
37 38 39 40 41

Fig. 5.6. Hugenholtz diagrams for the principal term of E® for canonical HF.
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Fig. 5.8. Double-excitation ASG diagrams for the principal term of E®.

The first four diagrams, shown in Fig. 5.7, include a singly excited in-
termediate state (between the second and third vertices). There are 12
diagrams with doubly excited intermediate states only (Fig. 5.8), 16 that
include a triply excited intermediate state (Fig. 5.9) and nine that include
a quadruply excited intermediate state (Fig. 5.10). The latter include the
two unlinked diagrams, 33 and 41, which will be shown to cancel with the
renormalization term. There are eight conjugate pairs: diagrams 1 and 2, 5
and 6, 8 and 9, 10 and 11, 17 and 18, 21 and 22, 23 and 24, 29 and 30. All
other diagrams are self-conjugate.

The double-excitation diagrams 14 and 15 are particle and hole ladders,
respectively. Diagrams 7 and 16 are usually referred to as ring diagrams,
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Fig. 5.9. Triple-excitation ASG diagrams for the principal term of E®).

a designation that can be understood by considering their equivalent
forms,

and

0 *
0 QQ
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Fig. 5.10. Quadruple-excitation ASG diagrams for the principal term of E®.

respectively. The other double-excitation diagrams involve more compli-
cated connection patterns.

5.7.3 Non-HF diagrams for E®

For the non-HF case we obtain the 69 additional linked Hugenholtz skeletons
shown in Fig. 5.11. Each of these skeletons generates between one and four
distinct diagrams, resulting in a total of 162 linked diagrams. Only six of
these skeletons, generating 22 diagrams (those that do not involve a particle—
hole one-electron integral of the form (i|f|a) or (a|f|i)), contribute in the
noncanonical HF case. It is left as an exercise for the reader to generate the
non-HF diagrams from the skeletons.

(To generate ASG diagrams from Hugenholtz skeletons, the preferred se-
quence is to generate Hugenholtz diagrams first and then convert these to
ASG diagrams, since each Hugenholtz diagram produces a single distinct
ASG diagram. The alternative sequence through ASG skeletons is less
straightforward, since a Hugenholtz skeleton may produce more than one
distinct ASG skeleton.)

Some skeletons in Fig. 5.11 are equivalent to the upside-down image of
other skeletons and these generate sets of pairs of conjugate diagrams. Thus
the skeletons with a single one-electron vertex at the top (the first six in the
first row) are equivalent, in order, to the upside-down images of those with a
single one-electron vertex at the bottom (the first six in the third row), and
generate 18 pairs of conjugate diagrams. Similarly, the six skeletons with a
single one-electron vertex at the second level are symmetry related to the
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Fig. 5.11. Non-HF linked Hugenholtz skeletons for the principal term of E®.

six diagrams with that vertex at the third level, generating another 18 pairs
of conjugate diagrams. Among the skeletons with two one-electron vertices
there are two sets of five skeletons that are symmetry related to two other
sets, generating 10 pairs of conjugate diagrams each, while the skeletons
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Fig. 5.12. Non-HF unlinked Hugenholtz diagrams for the principal term of E®.

with three one-electron vertices consist of two sets of three skeletons that
are symmetry related to two other sets, generating six pairs of conjugate
diagrams each. There also are three pairs of conjugate diagrams generated
from skeletons that are equivalent to their own upside-down image (two pairs
with two one-electron vertices and one pair with four). In all, we obtain 71
pairs of conjugate diagrams and 20 self-conjugate diagrams.

There also are six unlinked non-HF skeletons (not counting three with a
vacuum gap), each generating a single diagram. These diagrams are shown
in Fig. 5.12. As will be shown later, they cancel with the non-HF part of
the renormalization term.

The large number of non-HF diagrams re-emphasizes the advantages of
the HF case in simplifying the formalism but, again, the computational
effort involved in evaluating all the non-HF terms is small compared with
the effort required for the HF terms.

5.7.4 Cancellation of the unlinked diagrams in E(*

We now proceed to show that the unlinked diagrams in the fourth-order
energy cancel with the renormalization term. A formal proof of the can-
cellation of all unlinked diagrams in all MBPT energy and wave function
expressions with the corresponding renormalization terms will be given in
Chapter 6.

We begin with the canonical HF case. The two unlinked diagrams, 33 and
41 (Fig. 5.10), differ only in time ordering. Their algebraic expressions have
the same numerators and differ only in one factor in the denominator:

AN
AR O A®) ;=== 1~ (i) Bl bl e )
V-V (O Y)Y fd) 16 5o cobeabedoed :
0 3

(5.20)
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Adding them together term by term we obtain
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(5.21)

ab ~abcd cd ab
abed €35 €ijkl €kl E4j

L = (igllab){ablis) (klld) ed 1) ( . 1) |

Noting that

abed
oy = (e o) = U
_cd kl — _ab.cd €ij  _ab.cd’
€k S CijCRl €ij €kl

the sum becomes

1 $ (ij]|ab){abl|ij) (ki cd){cd|kl)
16 abed (6(~lb> €Cd
ijkl ij ki

1 17 ||ab)(ab||ij 1 kl||cd){cd| Kl
_ [ 1y tallalanli (4Z< ed) ed] >)_

abij (s%b) cdkl ki

The second factor on the right-hand-side of this expression is just the second-
order energy in the HF case,

o\ PN 1 led) (i)
E® = R, \ZLE’“LQV _4%5% (5.22)

- (@A Y(@) ()Y A®),
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which is equal to () [T (M) in the HF case (the two resolvent lines represent
the squared denominator). More explicitly, noting that

S (@) <Cd!fl> _ lijllab) _ {balli) _ {abllji) . (ballji)

cdkl kl efy el et eba
17|lab 17|lab 77 |lab 77 |lab
_ bl Gllon) , Gslot) (il
€ €% €% €%
(abl|ij)
=4 b (5.23)

(because (®2|D%) = irdj10acObd — ikdj10addbe — 0itdjrdacObd + i10;k0addbe);
we can rewrite the first factor in the form

1Z<i‘i‘ﬁb><¢%b (iZ!<I>Cd><Cdel>> (wOpey. (5.24)

abij i cdkl el

The sum of the two unlinked diagrams has thus been shown to be equal to
2wM)eM) | exactly canceling the renormalization term.
This result can be represented diagrammatically in the form

Q@@Q @OQO I

where “insertion” of the (2 dlagram simply means multiplication by F E®),

Note that no denominator line spans both parts of this diagram.

In the non-HF case there are six additional unlinked diagrams, shown in
their Hugenholtz form in Fig. 5.12. At the same time, there are additional
diagrams in the expressions for £ and (w() |\IJ(1)> in the renormalization
term. The complete diagrammatic description of E®?) i

E® — Q« 0 G (5.26)

while the first-order wave function is
v v . v , (5.27)
- --X
and its norm can be described by

Ry

0

(W) = (5.28)
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(the repeated resolvent lines, one due to (¥() and the other to [W()), must
be shown explicitly in this equation to indicate the squared denominator).
The complete renormalization term can therefore be described by

E@ Wyl =

(5.29)

it being understood that there is a resolvent line both above and below each
insertion.

The first term in (5.29) is the HF part, which is cancelled by the two
HF-case unlinked diagrams, as shown earlier. The remaining three terms
are canceled by the six non-HF unlinked diagrams of Fig. 5.12, as follows:

oY) () - -
( )G()(J)@% Q(k) + <a><><z'> 4o @

s

ab ~abc
abc Eij Eijk

ijk

1 ijl|ab) (k| f|c)(ablij) (| fIk) {1 1
=4Z”” )l fle) (abllig) |f|>< )

1 ijllab){ablij) (k| f|e) (| f|k
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Tirle
Lyl

Thus we have obtained full cancellation of the unlinked diagrams with the
renormalization term.

(5.32)

5.7.5 Role of the EPV terms

We shall now examine the cancellation of unlinked diagrams in more detail,
focusing on the role of exclusion principle violating (EPV) terms.

Consider two EPV quadruple-excitation terms, one linked and one un-
linked, contributing to diagrams 39 and 41, respectively, of Fig. 5.10:

b

- ij||ab) (k||bd) (bd| k1) (ab]|ij

. @d _ Gl o Gl bl
b - — €ij Cijki Cij

k1

J

b b@ Od _  Lidlat)pilpd bl ablig) g o
£a0cab0a At
ij “ijkl ©1j

We have not included the weight factors, since all lines are labeled. In
unrestricted summations there would be a coefficient % for the linked term
and a coefficient 1—16 for the unlinked term; however, there are four equivalent

j
j

ways to assign the pair of equal particle labels in the latter diagram, so that
the weight factors balance at the end. These two terms obviously cancel and
this is as it should be, since both are EPV terms.



5.7 Fourth-order energy 151

This same cancellation does not occur for the non-EPV terms (b # ¢):

- (17]|ab)(kl||cd) (bd|| kl){ac||ij
. l{}d _ Gl (led) bl aclis)
_ 81] gzﬂcl E’Lj

'Qk l'@* ZjHab><kl!0d2b<;dl];l><awa>- (5.36)
- — z] z]kl 1]

Note that having equal labels on equivalent lines produces vanishing contri-

butions,

b _ .. ..
Q ng @d _ _ (il ptled) bkt ocli) _
gdogalctted
c - — 11 “iikl <t

o zzHab)(lecd)(cdel)(ame)
- 67/7/ szk(::l 622

and thus such diagrams can be ignored in considering the cancellations.

Thus the unlinked EPV terms that are canceled by the renormalization
term are not legitimate contributions in the first place and have only been
included because of the presence of cancelling linked EPV terms. After
cancellation of all the unlinked contributions, including the EPV terms,
by the renormalization term, the “illegitimate” linked EPV terms in the
principal term remain. We can divide up the renormalization term into two
parts:

—E®S); = (~E@S11)cs + (—E®S11)ny, (5.37)

where S1; = (WW|¥M) and the subscript DJ (disjoint) indicates the sum
of those contributions in which the diagrams for E®) and S;; have no labels
in common, while CJ (conjoint) indicates the sum of the contributions in
which the two diagrams have one or more labels in common.



152 Diagrammatic expansions for perturbation theory

The disjoint part of the renormalization term cancels the non-EPV
unlinked-diagram contributions,

~Es) Q%@ QOM ol

(5.38)

while the conjoint part cancels the EPV unlinked-diagram contributions,
leaving behind the linked EPV terms. Since either (—E®) 1)y or the sum
of the linked EPV terms cancels the sum of the unlinked EPV contributions,
they must be equal to each other,

(~EDSy1)cy = G&QQ +
gy

(all the linked EPV terms), (5.39)

so that these linked EPV terms can be regarded as the remnant of the renor-
malization term that was not canceled by “legitimate” (non-EPV) unlinked
terms.

The total quadruple-excitation contribution can therefore be expressed in
either of two ways:

E(Sl ) = (non-EPYV linked quadruple-excitation diagrams)

+ (EPV linked quadruple-excitation diagrams)
= (non-EPYV linked quadruple-excitation diagrams)
+ (—EQSH)CJ . (540)

5.8 Linked-diagram theorem

The cancellation of all the unlinked diagrams against the renormalization
terms in Rayleigh—Schrodinger perturbation theory is formalized by the
linked-diagram theorem (Goldstone 1957), which states that the energy and
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the wave function can be expressed, in each order, as a sum of linked dia-
grams only. Explicitly,

E™ = (0[W (ReW)"0) (5.41)
v = [(RoW)"0)],, (5.42)

where the subscript L indicates the limitation to linked diagrams (which,
in the case of the energy, is equivalent to a limitation to connected dia-
grams). Proof of this theorem is deferred to Chapter 6. The cancellation of
the unlinked diagrams is closely related to the extensivity of the Rayleigh—
Schrédinger perturbation theory, as will be discussed in Section 5.10.

As an example of the cancellation of unlinked diagrams in the wave func-
tion expansion, we shall consider the third-order wave function, the lowest
wave-function order in which unlinked diagrams and a renormalization term
occur (see (2.135)):

0By = RoW RgW RoW |0) — Ro(0|W RoW)RoW [0) . (5.43)

In the canonical HF case we find two unlinked diagrams, whose sum can be
expressed as an insertion,

gy e

(5.44)

which is equal to the renormalization term. Again, it is understood that a
resolvent line occurs both above and below the insertion. The non-HF case
is left as an exercise for the reader.

5.9 Numerical example

In order to get a feel for the relative magnitudes of the various contributions
to the energy, we shall look at an example from a set of calculations for the
H20 molecule at its equilibrium geometry in a (5sdp2d/3slp) Slater-type
basis (39-STO) (Bartlett, Shavitt and Purvis 1979, Wilson 1979, Bartlett
1981, Bartlett, Cole, Purvis et al. 1987). The correlation energy contribu-
tions for this example, through fourth order, are given in Table 5.1.

We see in the table that the fourth-order renormalization term cancels
61% of the principal term in this example. This cancellation is even more
striking if we look just at the quadruple-excitation contribution. The sum
of all quadruple-excitation diagrams in the principal term is —13.910 mFEy;
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Table 5.1. Contributions to the correlation energy in the water molecule in
millihartrees (mEy, ), using a 39-STO calculation (Bartlett, Shavitt and
Purvis 1979, Wilson 1979, Bartlett 1981, Bartlett, Cole, Purvis et al. 1987)

E® —281.780
E® —3.241
E@®  singles —2.033

doubles —4.324

triples —7.863

linked quadruples +3.206  —11.014
E® 4 E® 4+ g™ —296.035

Another breakdown of E®:

principal term —28.130
renormalization term +17.116
E@®W —11.014

deducting the value of the unlinked diagrams, —17.116 mE},, leaves a linked-
diagram contribution of +43.206 mZFy. Thus removal of the unlinked
quadruple-excitation diagrams in E® leads to a change in sign of the
quadruple-excitation contribution.

It will be shown in Chapter 7 that the determination of the quadruple-
excitation contribution to the fourth-order energy requires substantially less
computational effort than the determination of the triple-excitation contri-
bution. While the computational effort for the fourth-order quadruples is
approximately proportional to the sixth power of the number of orbitals,
the effort for the triples is approximately proportional to the seventh power.
In fact, early fourth-order MBPT calculations (see e.g. Bartlett, Shavitt,
Purvis et al. 1979) left out the triples, producing a result sometimes referred
to as MBPT(4)SDQ or SDQ-MBPT(4). The results in Table 5.1 show not
only that the triples’ contribution may be greater in magnitude than that of
the linked quadruples but also that the two contributions may be of oppo-
site sign. In fact, including the quadruples without the triples may actually
produce less accurate results than leaving both out.

We can use the HoO 39-STO example to obtain a quantitative estimate of
the role of the EPV terms in the cancellation of the unlinked diagrams, as
discussed in subsection 5.7.5. Using an approximate evaluation of the con-
joint part of the renormalization term based on a CEPA-3 estimate (Bartlett,
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Fig. 5.13. Role of EPV terms in the cancellation of unlinked quadruple-excitation
diagrams in E® for the 39-STO H,O calculation (energies in millihartrees).
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Shavitt and Purvis 1979), we find

(—E@S11)cy = 7.101 mE},
(—=E®S11)py = 10.015mE}, ,

so that the linked quadruple-excitation contribution can be divided up as
follows:

E((; ) — _3.805 mkEy, (linked non-EPV quadruple excitations)

+7.101 mE,  (linked EPV quadruples = (—E®)S11)c5)
= 3.206 mE}, .

The two interpretations of the role of the EPV terms in the cancellation
of the renormalization term and unlinked quadruple-excitation diagrams
in fourth-order MBPT, as discussed in subsection 5.7.5, are given for the
39-STO HzO calculation in Fig. 5.13. In part (a) of the figure all the unlinked
quadruple-excitation diagrams (the EPV and non-EPV terms) are canceled
by the complete renormalization term, leaving the linked diagrams (both
EPV and non-EPV terms) as the final quadruple-excitation energy. In part
(b) we leave out the EPV terms; here the unlinked non-EPV terms are
canceled by the disjoint part of the renormalization term, leaving the linked
non-EPV terms plus the conjoint part of the renormalization term as the
final quadruple-excitation energy. This conjoint part can be re-expressed
in the form of linked EPV terms, justifying the interpretation of the linked
EPV terms as the uncanceled remnant of the renormalization term.

5.10 Unlinked diagrams and extensivity
5.10.1 Extensivity implications

For an extensive system, with size (extent) proportional to some count pa-
rameter N (the number of identical subunits), the total energy is, of course,
proportional to N. If the Rayleigh—Schrédinger perturbation theory expan-
sion, with H = Hy + AV, converges for a range of values of A then it must
also provide a total converged energy that is proportional to N for each
value of A in that range. Thus, if the energy is expanded in powers of A,

E=EO L XEW L X2E®) 4 ... (5.45)

then each order E(™ must be proportional to N so that the RSPT energy
is extensive, order by order. (This does not hold for BWPT, in which F is
not expanded in powers of A, as demonstrated in subsection 2.4.3.)
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Now consider the renormalization term in E(4), i.e. —E(Q)SH. The factor
E®@) is obviously proportional to N. To find the behavior of S1; we go back
to the example of N noninteracting He atoms considered in subsections 2.4.3
and 2.4.8. For this example the RSPT first-order wave function is given by

Z@ (I)'V‘(DO Zy O_Q, (5.46)

and thus

g Ep — & J o — & (60—0[)2
or

SH x N . (5.48)
As a result of this analysis we find that
~E®S; «« N2, (5.49)

which implies that the unlinked diagrams in F®, with which the renor-
malization term cancels, are also proportional to N2. It is only by this
cancellation that extensivity can be restored. In fact, as discussed below
in subsection 5.10.2, it can be shown more generally that linked energy
diagrams are always extensive (provided that the complete diagram is eval-
uated), and so any model for the energy that consists of a sum of linked
diagrams is properly extensive.

5.10.2 The N-dependence of diagrams

We can use the example of N noninteracting He atoms to examine the
dependence of all MBPT diagrams on the size of the system, i.e. on the
number of atoms N.

The key point is that, because the atoms do not interact, the integrals
(pq||rs) and (p\f\q> for this example vanish unless p, ¢, r, s (or p, q) all belong
to the same atom. Thus nonzero contributions to the sum represented by
any diagram are obtained only from terms in which the labels of the four
or two lines connected to each vertex all belong to the same atom. In any
connected piece of a diagram all vertices form a connected network, so non-
zero contributions are obtained only from terms in which all labels in this
connected piece belong to the same atom.
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The factorization theorem, to be stated in detail and proved in Chapter 6,
shows that different time-orderings of an unlinked and/or disconnected di-
agram can be collected into sets (defined by the relative positions of the
top vertices of their separate connected pieces) whose sums are equal to
connected diagrams with insertions, i.e. to products of the individual con-
nected pieces (with an extra denominator for each insertion line). We have
seen examples of this factorization in the demonstration of the cancellation
of unlinked diagrams in the fourth-order energy (subsection 5.7.4) and in
the third-order wave function (Section 5.8). The factorization decouples the
connected pieces of the disconnected diagrams by eliminating denominators
involving more than one connected piece. As a result, the sums over all
disconnected diagrams can be rewritten in terms of sums of products of
connected diagrams and insertions.

The sum of the terms of a connected diagram or insertion over the labels
belonging to any He atom in our example is independent of the presence
of the other atoms and therefore of N. For a closed linked diagram (or
insertion) the sum over the labels of all atoms is thus proportional to N.
For an open linked diagram, with fixed labels on the open lines (representing
the coefficient of a given Slater determinant), a nonzero contribution requires
all fixed and internal labels of each connected piece to belong to the same
atom, so the sum over all internal labels is independent of N.

The factorization theorem therefore leads to the conclusion that the value
of any MBPT diagram, for both the wave function and the energy, is pro-
portional to N*, where k is the number of closed connected pieces in the
diagram. As examples we show two seventh-order unlinked diagrams, one
open and one closed:

Pt gt

The first (open) diagram has two closed parts and its value (for the coef-
ficient of any specific term in the wave function expansion) is proportional
to N2 while the second (closed) diagram has three closed parts and a value
proportional to N3.

The linked-diagram theorem states that each order of the energy is given
by a sum of closed linked (and therefore connected) diagrams only, i.e. di-
agrams each consisting of one closed part, while each order of the wave
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function is given by a sum of open diagrams with no closed parts. It therefore
implies that each order of the energy is proportional to N, again confirm-
ing the extensivity of RSPT. At the same time, the coefficient of each term
|<I>fjb> in the expansion of the wave function, in each order, is independent
of N (though the number of such terms is strongly dependent on V).

While the discussion of the N-dependence of diagrams has been presented
here in terms of the example of N noninteracting He atoms, the result is
much more general: the order-by-order extensivity property of Rayleigh—
Schrodinger perturbation theory requires that the energy and wave function
be expressed, in each order, as a sum of linked diagrams only.

5.10.3 Relationship to configuration interaction (CI)

Within any given basis set, the full-CI energy and the infinite-order con-
verged PT energy Y. E(™ (if the PT series converges) are identical and
provide the “exact” solution for the Schrodinger equation within the space
generated by the given basis set. Thus the full-CI result provides a bench-
mark against which other methods using the same basis set can be measured.
Truncated PT sums,

E,=Y_ E™, (5.50)
m=2

present successive approximations to the full-CI correlation energy Egqcr.

The full-CI energy can also be approached by a sequence of CI calcu-
lations with increasing excitation-level configurations: Escr, Ecip (with
all double-excitation configurations), Fcisp (singles and doubles), Fcispr
(triples added), Ecisprq (quadruples added), etc. (Note that if only sin-
gles are used then Fcrg = Egcr for SCF orbitals because of the Brillouin
theorem.) In a certain sense, Fs and E3 can be seen as approximations to
CID, or CISD in the non-HF case, since they involve only a sum over doubly
excited configurations (singly excited configurations must be added for the
non-HF case). In fact, for the HyO 39-STO calculation we find (Bartlett
and Shavitt 1977b),

Fy = E®)=—281.780 mE},

Ey = E® 4 EG)=_985.021 mEy,
Ecip=—274.021 mE},,
ECISD:_275-576 mEh.

We see that both Es and E3 are lower than the CI energies. This behavior
is not atypical for a nonvariational method like PT.
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A better approximation for Ecip (or Ecisp) can be obtained, in principle,
from fourth-order MBPT, but the latter contains contributions from single,
triple and quadruple excitations as well. If we take the fourth-order RSPT
formula

EW = (0|W RyW RyW RoW |0) — E®) Sy,

and limit the implied sums over intermediate states in Rg,

- 1| @) (P
RO:Z 0 0) ’
- &)

so that they only span doubly excited states |®;), then we should get an
approximation to CID only. In fact, this result can be worked out as follows
(Bartlett and Shavitt 1977b, Bartlett, Shavitt and Purvis 1979):

double excitation diagrams in E*) —4.324 mFEy,
+ renormalization term (—E(Q)Sll) 17.116 mFEy
total double-excitation part of E(*) 12.792 mEy,
E® + EO) —285.021 mE},

fourth-order RSPT approximation to CID  —272.229 mFE},
single excitation diagrams in E*) —2.033 mFEy,

fourth-order RSPT approximation to CISD —274.262 mE},

This result compares well with the values Ecmp = —274.021 mFEy,, Ecisp =
—275.576 mEy given above. Note that the renormalization term is made up
entirely of double-excitation contributions (in E®@ and in Si1, separately)
and thus constitutes part of the RSPT approximation to CID.

This analysis is not meant to imply that CID or CISD is a more desirable
approximation than any particular order of RSPT. In fact, while CI is inher-
ently an infinite-order method, truncation at any excitation level sacrifices
the important property of extensivity. The loss of extensivity is due to the
presence of non-extensive terms at each truncation level of the CI energy.
These terms are canceled in full CI but, because the cancellation involves
contributions from different excitation levels, truncated CI at any level of
truncation short of full CI necessarily retains non-extensive contributions.
These non-extensive contributions reflect the implicit presence in the CI
energy of the disjoint parts of renormalization terms, which are eventually
canceled by higher-excitation non-EPV unlinked-diagram contributions (the
EPV terms and the conjoint parts of the renormalization terms are absent
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in CI calculations). These missing unlinked diagrams in the CI energy are a
manifestation of the missing disconnected clusters in the CI wave function.

For example, the non-extensive contributions in the CISD energy reflect
the implicit presence of the disjoint part of the fourth-order renormalization
term (—E(2)511)DJ; this arises from double, and possibly single, excitations.
This contribution would be canceled in higher-level CI by non-EPV un-
linked quadruple-excitation contributions, but it is retained in CISD and is
primarily a manifestation of the lack of the disconnected %T; clusters from
the CISD wave function (see Section 1.8). Since the renormalization terms
are expressible in terms of unlinked diagrams, the non-extensivity is com-
monly ascribed to uncanceled unlinked-diagram contributions retained in
truncated CI. The non-extensivity effects in truncated CI increase rapidly
with the size of the system, because of the higher N-dependence of the
non-extensive terms.

A simple strategy to improve the CID (or CISD) energy is to add an
estimate of the quadruple-excitation contribution. As a first try we can
simply remove the —E(2)511 renormalization-term contribution since this
cancels the largest quadruples contribution in E@ | the unlinked quadruple-
excitation diagrams (see Fig. 5.13). Thus adding +E(?) S}, is equivalent to
adding the unlinked diagrams

gy (o

In the above example this approach would give

Ecisp —275.576 mE},
E®@ sy, —17.116 mE},

estimate of Ecispq  —292.692 mEy,

This is a very reasonable value, though it is likely to overestimate the
quadruple-excitation contribution somewhat (the true CISDQ correlation
energy is probably about —289 mFE}y). This approach is, in fact, the basis
for the Davidson correction (Davidson 1974, Langhoff and Davidson 1974)

AEq = (1 - C3)AEp, (5.51)

where AFp and AFEq are the double- and quadruple-excitation contribu-
tions, respectively, in CI and Cj is the coefficient of the SCF configuration in
the normalized CID expansion. This correction is based on the assumption
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(see Meunier, Levy and Berthier 1976, Bartlett and Shavitt 1977a) that
AFEp ~ E® (5.52)

and
1-C?
g

The denominator in the next-to-last form of (5.53) (Siegbahn 1978) signals
the conversion from the full normalization of the CI wave function to the
intermediate normalization appropriate for perturbation theory, Yopp =
®scr + XD, in which the coefficient of ®gcr is equal to 1; however, this
denominator is usually ignored, giving the last form in the equation. Fur-
thermore, AFEgp and Cy from CISD are generally used instead of the CID
values, providing an approximation for CISDQ.

S = (VW) ~ (yp|xp) = ~1-C2. (5.53)

The Davidson correction is one of a class of so-called quadruples correc-
tions (see also Davidson and Silver 1977, Pople, Seeger and Krishnan 1977,
Burton, Buenker, Bruna et al. 1983, Meissner 1988, Martin, Francois and
Gijbels 1990) that constituted an attempt to account for the quadruple-
excitation CI contributions on the basis of CISD data. Since the principal
extensivity error in CISD is due to the implicit presence of the disjoint part
of the fourth-order renormalization term and since those contributions can
only be canceled by unlinked quadruple-excitation terms, these corrections
go a long way toward restoring extensivity to CISD and are therefore also
known as extensivity corrections.

Applying the Davidson-correction formula to the HoO 39-STO CISD cal-
culation gives

(1— C3)AEp = (1 — 0.972422%)(—275.576) = —14.990 mE;,,  (5.54)
which may be compared with
E? S| = —17.116 mE, . (5.55)

If we had used (1—C3)/C2 instead of 1 — CZ then we would have obtained a
correction equal to —15.852 mFEy,. Actually, E(®) S, overestimates the cor-
rection, since only (—FE(?)S1)p;y is truly canceled by the non-EPV unlinked
quadruple-excitation diagrams. A better correction would be

(E®S11)py = —10.015 mE}, , (5.56)

but we cannot easily obtain this value, or an estimate for it, from the CISD
calculation. The various CEPA (coupled electron pairs approximation) mod-
els (CEPA-n, n = 0-5) (Kelly 1964a, Cizek 1966, Meyer 1974, Ahlrichs,
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Table 5.2. Correlation energy of HaO in the 39-STO basis (energies are in
millihartrees) (Rosenberg and Shavitt 1975, Rosenberg, Ermler and Shavitt
1976, Bartlett, Shavitt and Purvis 1979, Bartlett 1981, Bartlett, Cole,
Purvis et al. 1987)

From D¢ From SD?

calculation calculation
CI correlation energy —0.274021 —0.275576
Contribution of single excitations —0.001555
Cop (coefficient of ®scg in normalized CI) 0.973176 0.972422
Davidson correction —0.014504 —0.014990
CI correlation energy + correction —0.288525 —0.290566
MBPT(2) —0.281780
MBPT(3) —0.285021
MBPT double excitations to infinite order —0.28826
MBPT(4)SDQ —0.288172
MBPT(4) —0.296035
CCD —0.286210
CCSD —0.287858
CCSDT-1 —0.295408
¢ Doubles

b Singles and doubles.

Lischka, Staemmler et al. 1975, Kutzelnigg 1977, Koch and Kutzelnigg
1981) are various ways to estimate (E(2)5’11)DJ on the basis of pair ener-
gies (we shall not describe these methods here). Thus, if we could have used
(E®S11)py we would have obtained

ECISD = —275.576 mEh
(E®@S11)py= —10.015 mE),

—285.591 mE),

This analysis does not include the full quadruple-excitations contribution,
since the remaining (uncancelled) true quadruples terms have been ignored.
Including these terms would have added about —3.9 mEy; using E(2)511
instead of (E(Q)Sll)DJ compensates to some extent for this omission, giv-
ing about —289.5 mFE}, compared with —288.172 mFEy, for the fourth-order
MBPT SDQ energy.
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Various correlation-energy results for the HoO 39-STO CISD calculation
(Rosenberg and Shavitt 1975, Rosenberg, Ermler and Shavitt 1976, Bartlett,
Shavitt and Purvis 1979, Bartlett 1981, Bartlett, Cole, Purvis et al. 1987) are
summarized in Table 5.2; the CI, MBPT and coupled-cluster (CC) results
are included. The coupled-cluster methods will be discussed in Chapters 9
and 10.
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Proof of the linked-diagram theorem

6.1 The factorization theorem

As a first step in the formal proof of the linked-diagram theorem, we will
derive a generalization of the factorization described in subsection 5.7.4,
embodied in (5.25). This generalization, referred to as the factorization the-
orem (Hugenholtz 1957, Frantz and Mills 1960, Brandow 1967, 1977), states
that a product of two connected open diagrams is equal to a sum of discon-
nected diagrams, each made up of the two diagrams of the original product
with all possible time orderings of the vertices of one of the disconnected
parts relative to those of the other.

We first give an example, using skeletons rather than full diagrams to
reduce clutter since the validity of the factorization is independent of the
arrow directions:

gy VP
SRR

The theorem can be extended straightforwardly to products of more than
two open diagrams. It cannot be applied to a simple product of an open
and a closed diagram or of two closed diagrams, because the total number
of denominator factors would not be the same in the product and in the
unlinked diagrams resulting from the expansion. However, it can be applied
to a diagram with an insertion, which represents a product of two diagrams,
at least one of which is closed, with a modification in the principal part due
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o \[VH +\/H\/H + W i
e By B

Fig. 6.1. A factorization-theorem example of the expansion of a diagram with an
insertion as a sum of unlinked diagrams (resolvent lines are shown in the product
form to show that a resolvent remains on each side of the original insertion).

to the presence of an extra resolvent line just above the insertion. In this
case the sum over all time orderings is restricted to those orderings in which
the top vertex of the inserted diagram remains at the level of the insertion.
This form of the theorem is used to prove that the renormalization terms
of RSPT cancel against the unlinked diagrams. An example is shown in
Fig. 6.1.

Any structure that exists above the insertion remains unchanged in all di-
agrams in the sum. Therefore, any complex structure may be added above
the insertion and we would still obtain a sum of the same number of unlinked
diagrams. One obtains the modified theorem directly from the original the-
orem by cutting off the top of the principal part just above the insertion
(including the extra resolvent) and the top vertex of the insertion before
the expansion of the product, applying the original factorization theorem
and then restoring the deleted parts in the product and in all the unlinked
diagrams in the expansion. Obviously, restoring these parts does not affect
the validity of the expansion.

In the case of nested insertions the factorization theorem can be ap-
plied successively to the individual insertions, beginning with the innermost
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insertion and proceeding outwards. For example, we have

Vehan-\ Q0o 0ty

When deriving the linked-diagram theorem we do not need to continue the
expansion to the outer insertion, because the cancellation of the inner in-
sertion with the corresponding unlinked terms within the outer insertion
(shown on the right-hand side), owing to the sign change associated with
each insertion, produces a zero factor.

Similarly, an extension of the expansion to multiple insertions in the same
principal part can also be done sequentially, beginning with the lowest in-
sertion. For example,

0o V[V (o
o | Yoo "L dgg

Again, it is unnecessary to proceed further because of the zero factor result-
ing from the first expansion.

To prove the factorization theorem we consider the product of two dia-
grams, both open at the top, following Frantz and Mills (1960) (see also
Manne (1977) and Harris, Monkhorst and Freeman (1992), who deal specif-
ically with the case of a diagram with an insertion) and note that the al-
gebraic expressions for the diagram product and for all the different time
orderings in the sum of the comparably labeled disconnected diagrams have
the same numerator; then differ only in their denominators. Thus we have to
show that the sum of the appropriate denominator factors (1/ 5;’;’) for the
disconnected diagrams is equal to the product of the denominator factors of
the product.

Let the number of resolvent lines, and thus the number of denomina-
tor factors, in the two diagrams of the product be n and m, respectively,
and let the corresponding denominators be written (from the bottom up)
as Di,Ds,...,D,, and D}, D, ... D! . respectively. This is described
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schematically by

D, D;
_______ vertex n ————=———-vertex m
D /
n—1 m—1
_______ vertex n — 1 ———————— vertexm-—1
Dn72 D{m—2
D3 Dy
_______ vertex 3 ———————— vertex 3
Dy 5
_______ vertex 2 ———————- vertex 2
D, D
_______ vertex 1 ———————- vertex 1

The same scheme also applies to the case of a diagram with an insertion if
we ignore all vertices and resolvents in the principal part above the insertion
and add a fixed vertex above D/, in the other part. We denote the sum of the
denominator factors of the corresponding unlinked diagrams, summed over
all possible relative orderings of their vertices without change of ordering
within each disconnected part, by Spm,. We need to show that this sum
is equal to the product of the denominator factors of the original diagram
product, i.e.

1
- DiDy---D,DyDy--- D! "

Snm (6.1)

As an example, we shall consider the case with n = 3,m = 2. The sum
S39 consists of 10 terms, involving all possible time orderings of the two sets
of vertices relative to each other:

RO — D3 Dll 1

Ro — 7 /

A ——— DDy D3(D3 + DY) (D3 + D)

Ro - D2

Ro — Dl

Bo=p, P2

Ry — /

N - 1 1

RO — / / /
! Dy ———-- DiDy(Dy+ D})(Ds + D})(Ds + Dj)
Ro —

Ro - Dl



6.1 The factorization theorem

1

D1(Dy + D1)(Da + D1) (D3 + D) (D3 + Dy)

1

D (Dy + Dy)(D2 + DY) (D3 + DY) (Ds + Dj)

1
D1 Dy (D2 + D)) (D2 + D}) (D3 + D))

1

D1(D1 + D)(D2 + D1)(D2 + Dy)(D3 + D)

1

D' (D1 + D})(D2+ D})(D2 + D)) (D3 + Dj)
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Ry — Ds

Ry— Dy D) )

RO - ! / / /

Ro-’ ) —b,—— DI(DI+D1)(D1+D2)(D2+D2)(D3+D2)
1

Ry —

Ry — D3

Ro — D2 Dé 1

Ry —

RZ D ———= Di(Di+Dy)(Dy+ Dy)(Da + Dy)(Ds + D)

N

Ry — !

Ry — Ds

Ry — D ? 3] 7 7 7

Ry — -———- D} Dy(Dy + D) (D2 + Dy) (D3 + Dy)

Ry — D,

These 10 terms should add up to (see (6.1))

1
D1DyDsD D)y’

It can be verified laboriously that they actually do so by bringing all 10
terms to a common denominator.

Returning to the general case, in each term of the sum S,,,,, the contribu-
tion to the denominator from the topmost level of the diagram will be the
factor D,, + D!,, and succeeding factors will have the form Dy + Dj, until
we reach the region in which the two parts do not overlap, where we have
factors such as Dy, (if the first part extends below the bottom of the second
part) or D; (if the second part extends below the bottom of the first part).
We extend the definition of S, to the cases m = 0, in which there is no
second factor, and n = 0, in which there is no first factor. Both these cases

satisfy the theorem represented by (6.1) since

1

L —
"= D/ Dy---D,

(6.2)
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and
1

Som = ————.
"= DiDg- D,

(6.3)

Our proof will be inductive, showing that if (6.1) holds for all n, m such
that n +m = k — 1 then this equation holds also for n +m = k. Equations
(6.2), (6.3) show that the equation holds for n +m = 1, as well as for Sy
and Spe. It is also very easy to verify the S7; case:

g 1 1 B 1 1 1y 1
T DD DY) Di(Di+ DY) Di+ D, <D1 i Di) - DDy’

(6.4)
so that the theorem holds for all n +m < 2.

Now consider the case n > 1,m > 1, and divide the corresponding set
of unlinked diagrams into two classes, those in which the top vertex occurs
in the first part and those in which it occurs in the second part. The two
classes can be described schematically by

R D R D!
0T D!,  and 0 D, -=~"~-.

Ry — Dy

The contribution from the topmost level in both classes is the factor

1
D, + D!~
In the diagram class on the left this factor is multiplied by S;,—1  (when we

allow all possible relative orderings of the remaining vertices), while in the
class on the right it is multiplied by Sy, ;,—1. Therefore

1
Snm = m(snfLm + anqul) . (65)

If the theorem holds for S,,—1,, and Sy ,—1, we can substitute the corre-
sponding products and obtain

1 1 1
Sn—l,m + Sn,m—l = ( + )

D!, 'D,)Dy---D, D,---D | (6.:6)
B D, + D],
_D1D2---DnD’1D’2---D,’n’
so that
S = (St + Smmt) = ! (6.7)
" Dy + Dy, PV D Dy - D, DYDY - - DYy,
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satisfying the theorem. Since the theorem holds for n4+m < 2, it must hold
for all n, m.

It should be emphasized that, for the factorization theorem to hold, all
summations over internal lines must be unrestricted, including any EPV
terms. The EPV terms in the disconnected or unlinked diagrams are coun-
terbalanced in the MBPT expansions by the inclusion of such terms in the
summations for the linked diagrams as well, as discussed in subsection 5.7.5.

6.2 The linked-diagram theorem

The linked-diagram theorem states that the wave function and the correla-
tion energy are each given by a sum of linked diagrams only, provided that
all EPV terms are included in the summations for each diagram. It was first
stated by Brueckner (1955), who proved it explicitly for specific low orders
of the perturbation expansion and also asserted that it must be true at all
orders, because of the incorrect size dependence of the unlinked diagrams
and the renormalization terms. It was proved formally for all orders by
Goldstone (1957), in terms of both time-dependent and time-independent
diagrammatic techniques.

An elegant time-independent derivation was presented by Manne (1977),
who showed that all diagrams that contain unlinked parts or insertions, or
any combinations of these, cancel mutually leaving an expansion in terms
of linked diagrams only. This derivation is closely tied to the factorization
theorem in the form applicable to diagrams with insertions.

The direct diagrammatic expansion of RSPT using the bracketing proce-
dure described in subsection 2.4.6 (and see Fig. 2.1) includes diagrams that
contain insertions, as well as unlinked diagrams, i.e. diagrams that contain
separate closed parts. Each unlinked diagram may itself contain insertions
and each insertion may contain unlinked diagrams and further insertions, to
any depth.

We will consider first all unlinked wave function diagrams that contain a
linked (but possibly disconnected) open part, one separate closed part and
no insertions. Let us group together all those of a given order which have
the same open part and the same closed part and for which the top vertex
of the closed part is at the same level relative to the open part, with all
possible relative orderings of the other vertices of the closed part relative to
those of the open part, without change of ordering within each part (such
as the set of unlinked diagrams in the expansion in Fig. 6.1). According
to the factorization theorem, and because of the change of sign associated
in the perturbation expansion with each insertion, the diagrams in such a
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group cancel with the diagram in which the separate closed part is placed
as an insertion into the open part at the original level of the top vertex of
the closed part. The same procedure can be applied to groups of diagrams
with the top vertex of the closed part at any other level relative to the open
part; consequently all unlinked wave-function diagrams with one open part
cancel with all linked wave-function diagrams with one insertion containing
a single (i.e. linked) closed part.

The same procedure can be applied to unlinked energy diagrams consisting
of two closed parts where the part with the higher top vertex plays the
same role as the open part in the previous paragraph, thus proving the
cancellation of all two-part unlinked closed diagrams with the corresponding
insertions.

This approach can then be extended to diagrams with any combination of
separate closed parts and insertions, including cases with insertions that con-
tain unlinked diagrams or other insertions, as well as to unlinked diagrams
that contain insertions, to any depth. For the purpose of this extension,
following Manne we classify all the diagrams of a given order according to
the nature of the lowest-level separate item they contain; here a separate
item refers to an insertion at that level or to a separate closed part with top
vertex at that level. We will refer to the original diagram minus the lowest
separate item (but retaining the extra resolvent) as the remainder diagram.
This remainder diagram may be linked or unlinked, may have any number
of separate closed parts and may itself contain insertions.

If the lowest item is a separate closed part, we collect together all diagrams
of a given order that have that same lowest closed part with top vertex at
the same level relative to the remainder diagram, and the same remainder
diagram. In this case all these diagrams cancel with a corresponding diagram
with an insertion at the specified level.

If the lowest item is an insertion that contains no further insertions or
unlinked diagrams then, by the argument of the previous paragraph, it can-
cels against all the corresponding unlinked diagrams with a lowest unlinked
part having a top vertex at the same level. If, however, this lowest-item
insertion contains other insertions or unlinked diagrams then we consider
the remainder diagram as a fixed multiplicative factor and apply the same
procedure to the diagram within the insertion. Proceeding in this manner
until we reach the innermost insertion we find that e/l unlinked diagrams
and all diagrams that contain insertions cancel, leaving an expansion in
terms of linked diagrams only.

As an example, consider the following twelfth-order wave-function dia-
gram containing an unlinked principal part and two insertions, one of which
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contains an unlinked diagram:

The lowest separate item in this diagram is the lower insertion. Since this
insertion contains an unlinked diagram, we consider the rest of the diagram
(which is itself unlinked and contains an insertion) as a multiplicative factor
and focus our attention on the contents of the lower insertion. The lowest
separate item within this insertion is the separate closed part at its right,
because it has the lowest top vertex within the insertion. In this example
there is only one other diagram that can be grouped with it, differing from
it only in the relative levels of the lower vertices within the insertion:

According to the factorization theorem, the sum of these two diagrams can-
cels against the corresponding diagram with an inner insertion (which, like
all insertions, comes in with a sign change), regardless of the value of the
original remainder diagram:

All three of these diagrams would appear in the straightforward RSPT ex-
pansion of the twelfth-order wave function following the bracketing proce-
dure and, provided that all summations in all diagrams are unrestricted,
these and all other diagrams that contain unlinked parts or insertions can
be left out of the expansion.
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We shall consider briefly an alternative derivation of the linked-diagram
theorem along the lines of Goldstone’s time-independent derivation (Harris,
Monkhorst and Freeman 1992). In this derivation the linked-diagram ex-
pansions for the wave function and energy are substituted into the recursive
form (2.75) of the Schrédinger equation, and the factorization theorem is
used to show that this expansion satisfies the equation.

To prove this assertion we first rewrite (2.75) in a form appropriate for
RSPT,

W) = |0) + Ro(W — AE)| D) (6.8)
with
AE = (0|W|T), (6.9)

where Ry = Ro(Eo), W =V — EW and AE = E — E,o = E — Ey — ED,
The implicit equations (6.8), (6.9) for |¥) and AE are entirely equivalent
to the Schrodinger equation.

We need to prove that these equations are satisfied by the linked-diagram
expansions

@) = [(RoW)"(0)], , (6.10)
n=0

AE =Y (0|W (RoW)"|0), , (6.11)
n=1

where the subscript L indicates that the summations are limited to linked
diagrams only (note that the n = 0 term is missing in the summation for
AE in (6.11) because (0|W|0) = 0). We are going to prove this assertion
by substituting (6.10), (6.11) into the recursive equations (6.8), (6.9) and
showing that the latter are then satisfied.

We first substitute (6.10) in (6.9), obtaining

AE =Y (0[W[(ReW)"|0)]w - (6.12)

n=1

It is easy to verify that all the closed diagrams that can be formed by adding
a new top vertex to the upwards-open linked n-vertex diagrams are linked
(because all disconnected parts of the open diagram must be closed by the
single added vertex) and constitute the complete set of all closed linked
(n + 1)-vertex diagrams. Therefore (6.12) is consistent with (6.9).
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Next we substitute (6.10) in (6.8), resulting in

[U) = [0) + > Ro(W — AE) [(RoW)"|0)]

n=0
= 0) + > " RoW [(RoW)"|0)], = Y AERo[(ReW)"[0)],, . (6.13)
n=0 n=0

Each term of the first sum over n in the second line of (6.13) consists of
all the upwards-open (n + 1)-vertex diagrams that can be formed by adding
one vertex (and the corresponding resolvent) to all upwards-open linked n-
vertex diagrams. Each resulting diagram either is linked or is unlinked with
a single separate closed part (if the added vertex closed a disconnected part
of the n-vertex open diagram) and has the top vertex of the closed part as
the top vertex of the entire diagram. We may therefore rewrite (6.13) in the
form

[0) = [0) + ) [RoW (RoW)"(0)], + > [RoW[(BoW)"0)]L]

o0
— Y " AERy[(RoW)"[0)],,, (6.14)
n=0
where the subscript U indicates restriction to unlinked terms. The factor-
ization theorem can then be used to show the cancellation of the last two
sums in this equation, because each term in the third sum can be described
by an open diagram with an insertion above its top vertex; this diagram
cancels the contributions to the second sum from the sum of corresponding
unlinked two-part open diagrams in which the top vertex of the closed part is
the top vertex of the entire diagram. The remaining terms of the right-hand
side are equivalent to the linked-diagram expansion (6.10), proving that this
expansion satisfies (6.8) and the Schrodinger equation.

The linked-diagram theorem accounts for the transition from RSPT to
MBPT, and is a major simplification of ordinary RSPT. As a result of the
linked-diagram requirement and the inclusion of EPV terms, there are no
renormalization terms and no restricted summations in the MBPT expan-
sions. In fact, MBPT assumes the simple, recursive form of BWPT while,
unlike BWPT, maintaining extensivity. In this form, RSPT has been re-
duced to its essentials, providing both an efficient computational tool and
a framework for the easy introduction of infinite-order summations of dia-
grams via the coupled-cluster methods described in Chapters 9 and 10.
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Computational aspects of MBPT

7.1 Techniques of diagram summation

The straightforward summation of individual MBPT diagrams is usually an
inefficient process. If the one-electron basis contains ny, hole states (orbitals
occupied in ®g) and n;, particle states (virtual orbitals), the number of terms
in the sum represented by a diagram with A internal hole lines and p internal
particle lines is nhhng’ . Using symmetries with respect to permutation of the
indices can reduce the number of distinct terms by some factor but the
overall number of terms is still of order nyn}, which may often be too large
for practical computation.

A variety of techniques are used to reduce the computational effort. The
principal approach involves the evaluation and reuse of various intermediate
quantities (partial sums). Another technique is the factorization of sums of
certain classes of diagrams, using a procedure analogous to the use of the
factorization theorem to factor sums of unlinked diagrams. The identifica-
tion of conjugate diagrams (Section 5.5) can also serve to reduce the number
of diagrams that need to be evaluated.

We will consider some examples from the fourth-order energy in discussing
efficient summation techniques. We will focus on the canonical HF case,
since diagrams containing one-particle vertices have fewer lines than the
corresponding diagrams with only two-particle vertices. First we examine
the double-excitation diagrams; see Fig. 5.8. Since typically n, > ny, the
largest number of terms is represented by the particle ladder, diagram 14:

oo @ =L v Glaadlededienerlin )
(e) S (f) abede fij e ET €

177
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The stralghtforward summation of (7.1) would involve n;? np 6 terms (loosely
referred to as an n® process). However, we can split this dlagram into two
parts, separated by the middle resolvent line:

A A ””a”>< blled) = (22"
51]

(noting that a,b, e, f are dummy summation indices). Summation of the

product of these two partial sums over ¢, d, 7, j after insertion of the denomi-
nator corresponding to the middle resolvent line produces the complete sum
for the diagram,

cd 2 ’ Scd|2
Z ECd
cdz] ZJ c>d ]
1>)
The last form of this expression uses the relationships Sf]d = —S%C = —S;Z‘-i =

Sja»lf and 57 = S¢d = 0, which arise from the use of antisymmetric two-
4
P
there are n,’n.? sums to be computed, each requiring n.? contributions).
h'*p g b
The final sum is much faster, being proportional to nhznpz. The complete
procedure thus amounts to an nhQanl process, loosely referred to as nS.
Note that each half-diagram in (7.2) is a second-order wave-function dia-

gram, in either ket (bottom) or bra (top) form. As a wave-function diagram,

electron integrals. The evaluation of Sicjd is proportional in effort to nth
2, 2

each half would include a factor & g (for three pairs of equivalent lines) and its
own 6w denominator (see subsectlon 5.6.2). However, because the ¢,d, 1, j
lines and the resolvent line are actually common to the two parts, we have
to remove a factor + 7 (for two common pairs of equivalent lines) and one de-
nominator, leaving the above result. Note also that each term in the partial
sums contains a first-order wave-function coefficient such as (ef||ij)/ Efjf , the
coefficient of |<I>f]f Y in W),
For another example, consider diagram 7 of Fig. 5.8:

(b _ 3 (i7l|ab) alllcs) (kbllid){cd||kl) (7.3)
- 6abgbcecd :
abedijkl 1j “il Tkl
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In this case the partial sum will be

be = S (ki) UMD (7.4)

The
dk Ekl

an n;> n process, and the complete sum is given by

T (L) T
be :
beil €il
For one more example of a double-excitation diagram, consider diagram
8 of Fig. 5.8:

(ij]j) (d) _% 3 (U||ab><ab||§g>c<fd||w>(06||kj> (7.5)
(c) ") © abedeijk €55 55 Eik

Using the partial sums (7.2), (7.4) of the previous two examples, the com-
plete sum for this diagram is given by

d\*d
BENCil
4 g?d ’
cdij )

These examples demonstrate how the same partial sum can be used in
the evaluation of more than one diagram. Using the partial summation
technique, the evaluation of all the double-excitation diagrams in fourth

2,4
h p (
Next we consider fourth-order triple-excitation diagrams, Fig. 5.9, and

order involves at most an n n%) computational process.

take diagram 25 as an example:

- (b) 171|a ar||c e){ce||r
. (i)(k)Q@, ) :% $ (if]lab)( k\LbdngHk {eellig)

€35 EiikEsy
(¢)

abedeijk

(7.6)
Because of the triple-excitation factor in the denominator, we are forced to
use a six-index partial sum,

. db||ke)(cellij
ot 3 (el el -
e )

3, 4

requiring an npn, (~ n™) computational process. The complete sum for
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this diagram is then

cbd bed
< Z ] jik ) Uz ik
bcd :
bcdz Jk 7/] jk

Applying the same approach to the fourth-order quadruple-excitation
diagrams would have resulted in an n® process because of the quadruple-
excitation factor in the denominator. However, as is shown below in Sec-
tion 7.2, a factorization similar to that derived in the factorization the-
orem eliminates the quadruple-excitation denominator factor and reduces
the computational effort for these diagrams to an n® process, leaving the
triple-excitation contribution as the most computationally demanding part
of a fourth-order energy calculation.

7.2 Factorization of fourth-order quadruple-excitation diagrams

As stated in Section 5.9, evaluation of the quadruple-excitation diagrams in
the fourth-order energy (Fig. 5.10) requires less computational effort than
needed for the triple-excitation contributions (Fig. 5.9). Both types of dia-
gram involve summations over eight indices and, while partial summations
reduce the computational effort for the triple-excitation diagrams to order
n’, the quadruple-excitation diagrams can actually be evaluated in an at
most n% process. This is accomplished by a technique similar to that used
in the proof of the factorization theorem, adding together diagrams that
differ only in the time ordering of their lowest two vertices.
Adding diagrams 34 and 40 in Fig. 5.10 we get

e (k‘) o
1 .. ;

=1 Gl hiled) (ablik) ed 1) abcd< )
abedijkl z] Z]kl
1 .. ;

= 3 Gillab) (kT ed) (abllik) (el 1) e - (7.8)
abedijkl gij ik

As a result of this factorization the quadruple-excitation denominator is
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eliminated, allowing the use of partial summation in the forms

(cdHJl>
Sik = > _(kl|cd) ,
cdl Jl
g (7.9)
(ij]|ab) (abl|ik)
Tjk - Z ab ab :
abi EU gik

2

2 (~ n®) process for each partial sum. The

This procedure is just an n}?n
final sum is an nh2 process,

> TS -
ik

The same procedure can be used for the sum of diagrams 35 and 39, which
can be obtained from 34 and 40, respectively, by reversing the directions of
all the arrows. The computation of the partial sums in this case is an nh2 S
process and the final sum is an np2 process.

Next we consider the sum of diagrams 36 and 37:

1 g L1 11
= LS Gt e (bl ed ) (cd+ ab)
abedijkl € ikt \%ij ki
1 . o1
=16 > (ijllab)(ab||kl) (kL) cd)(cd]|if) ———r - (7.10)

abedijkl ij ~ij Tkl

In this case the partial sums involve n% processes:

17||ab
S = 3 Y9190 gy
ab 82]

T = 3" lled) (edlis)

T _ed  cd

(7.11)

cd ij

The final sum is an n* process,
1
6 > TiiniSiju
ijkl

The above factorizations take care of six of the seven HF-case linked
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quadruple-excitation fourth-order diagrams (Fig. 5.10). The remaining dia~
gram, number 38, can be handled by writing it as a sum of two equivalent
diagrams and factoring the sum as before:

{) N AR Ry Y
=~ (@p YO N\ (@) &’) + - KA )Y AD)
QX& 2 Q(k)O(C)Q 2 %)Qm

1 .. . . 1 1 1
= ) Z (U||ab><kl||0d><db||lj><a0||1k>m (5“ + bd)
abedijkl ij ~ijkl ik Jl
1 .. . .
=5 (i]lab) (k|| cd) | i) {acllik) —5—ca-
2 abac b
abedijkl 17 ik =gl
(7.12)
The partial sums can be chosen as
¢ {bd||j1)
S = Z(kl||cd> o
dl J
. . 7.13
o — 5 o) el (713
’ ai Eztjb E?g ,

which are n® processes, and the final sum is an n* process:

1 be gb
5 > TiSi -

bejk

The summation methods described here are not the only feasible pro-
cesses, and the choice of procedure depends also on the maximum utilization
of sums computed in lower orders (see e.g. Bartlett and Shavitt 1977b).

7.3 Spin summations

So far the formalism has been specified in terms of spinorbitals, and no at-
tempt has been made to consider the effects of spin. However, since the non-
relativistic Hamiltonian does not contain spin coordinates, integration over
the spin variables is easily carried out and results in significant economies
in the calculations.

The simplest way in which spin affects the PT summations is that some
integrals vanish because of spin orthogonality. Thus if we indicate the spin
factor of a spinorbital by putting a bar over G spinorbitals, and no bar over
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a’s, we have

(pqllrs) = (pqld|rs) — (pql|d|sr),

(pqllrs) = (pqld|rs),

(pqlTs) = <pff!ﬁ\87'>, (7.14)
(pqllrs) = (pqld|rs),

(pqllrs) = —(pq|d|sr),

(pa|rs) = (pq|d|rs) — (pq|d|sr),

where the integrals on the r.h.s. are over the spatial factors only, and

(pqllrs) = (pqlirs) = (pqllTs) = (pq||r5) = 0,
(pallrs) = (pql7s) =0, (7.15)
(pal™s) = (pqlrs) = (pql7s) = (pq|7s) = 0.

Thus, out of the 16 possible combinations of spin assignments to the four or-
bitals in an antisymmetric two-electron integral, 10 of the resulting integrals
vanish completely and four are reduced to a single spatial integral.

Spin integration in the case of a general spinorbital basis, such as one
consisting of UHF spinorbitals, results in some reduction in computational
effort; however, much more significant economies result if we have a spin-
adapted basis, as in RHF, in which each spatial orbital appears twice, once
with spin « (say p) and once with spin 3 (p). Taking the second-order energy
in the canonical RHF case as an example, and using (7.14), (7.15), we have:

<Q>Q@(j@@

72 [(ij]|ab)(abllij) + (ijllab){abllij) + (ijl[ab)(ij]liz)

abij i‘
+ GG D) (D) + (37 @blig) + () a7
-1 ;@[2<muab><abuz‘j> +2(i510lab) (ablo17) + 23310 ) (balo1i)]
abiy ~ v

*Z b [(ij]0lab){ablo]ij) — (ij|o|ab)(balvlij) — (ij|o|ba)(ablolij)
abij 2]

+ (ij]0[ba) (bald]ij) + (ij|0|ab)(abloliz) + (ij|0|ba)(balv]ij)]



184 Computational aspects of MBPT
1 1 s e~ N PN N
=3 Z b [2(ij]6]ab) (abl0|if) + 2(ij|0|ba)(ba|d|ij)
abij ~W

— (ij|0]ab)(baldlij) — (ij|o|ba)(abloiz)]

where the summations are over the distinct spatial orbitals only and zero
terms have been left out. Since a,b are dummy summation indices and can
be interchanged, we find that the first two terms in the brackets are equal
(after summation), and so are the third and fourth. Thus

N 2(ij|v]ab){ab|v|ij) — (ij|0|ab){ba|v|ij
<} O . (i7/6]ab)| \|J>E%b<1| ) balolid)

=y 09 i oty — (paloliy . (7.16)

e
abij %)

Similar treatments hold for other terms. More general diagram interpreta-
tion rules can be derived to obtain the spin-independent form directly from
the diagram, at least for the Goldstone diagram case (see e.g. Paldus and
Cizek 1975), for which we simply get an extra 2! factor for the summation
over spatial orbitals. This factor arises because in each closed loop of a
Goldstone diagram all spin factors must be equal, and they may be either
all « or all 3. Thus a viable procedure for spin-adapted bases is to expand
each ASG diagram into ordinary Goldstone diagrams and to sum them over
orbital labels only, with a factor of 2! for each diagram. Summing over spa-
tial orbitals reduces the range of each summation by a factor of two, but
even when summing over spinorbitals in a UHF-type treatment the number
of nonzero contributions is reduced very substantially by spin orthogonality
and by the requirement of spin continuity along each loop.
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Open-shell and quasidegenerate perturbation theory

8.1 Formal quasidegenerate perturbation theory (QDPT)

As is well known, ordinary Rayleigh—Schrodinger perturbation theory breaks
down when applied to a state that is degenerate in zero order, unless spin or
symmetry restrictions eliminate all but one of the degenerate determinants
from the expansion. The breakdown is due to singularities arising from
the vanishing of denominators involving differences in energy between the
reference determinant and determinants that are degenerate with it. Even
when exact zero-order degeneracies are not present but two or more close-
lying zero-order states contribute strongly to the wave function, as is the
case for many excited states or in situations involving bond breaking, the
RSPT expansions tend either to diverge or to converge very slowly.

These problems commonly arise in the case of open-shell states because
different distributions of the open-shell electrons among the open-shell or-
bitals, all with the same or very similar total zero-order energies, are possi-
ble. Many open-shell high-spin states can be treated effectively with single-
reference-determinant methods using either unrestricted or restricted open-
shell HF reference determinants because the spin restrictions exclude al-
ternative assignment of the electrons to the open-shell orbitals; however,
low-spin states, such as open-shell singlets, require alternative approaches.

Several common series-extrapolation techniques can be used to speed up
the convergence of a perturbation expansion or to obtain an approximate
limit of a divergent series. The results of such an extrapolation usually im-
prove as more of the early terms of the series become available. Approaches
based on Padé approximants (closely related to continued fractions) have
been applied in some studies (e.g. Reid 1967, Goscinski 1967, Brandas and
Goscinski 1970, Bartlett and Bridndas 1972, Bartlett and Shavitt 1977b,

185
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Swain 1977). A more general solution to these problems is found in a
multireference version of perturbation theory, called open-shell or degen-
erate perturbation theory in the case of exactly degenerate zero-order states
and quasidegenerate perturbation theory (QDPT) in the more general case.

The equation governing degenerate perturbation theory is the Bloch equa-
tion (Bloch 1958, Bloch and Horowitz 1958),

(Eo — Hy)QP = VQP — QPVQP. (8.1)

It is easily generalized to the quasidegenerate case (Lindgren 1974, Kvasnicka
1974), in which no single Ej is identified, in the form seen in (2.198):

[Q, Hy|P = VQP — QPVQP. (8.2)

In these equations Pis the projector onto the model space, the space spanned
by the reference functions (model functions) @,

P=>"[®)(Qa| =) Po,  Po=|04)(Pd, (8.3)
and () is the wave operator, which, when operating on the model space,
produces the space spanned by the perturbed wave functions

U, = O, = OPD,, . (8.4)

The projector onto the orthogonal or complementary space, the space
spanned by all the functions ®; that are not in the model space, is

Q=1-P=>[8)(@|=> Qr, Qr=|2){P4]. (8.5)
I I

Since the QQ part of € is irrelevant it is convenient to set it to zero, so that
0O=0P. (8.6)
With intermediate normalization € is split into two components,
Q=P+0QQ, (8.7)
and it follows that
PQ=P. (8.8)
As noted in Section 2.5, Q = UP, where U is thf} transformatiqn operator
that block-diagonalizes the Hilbert space into a P lE)lock and a @ block.
The model functions ®, are eigenfunctions of Hy but, because of their

degeneracy or quasidegeneracy, it is to be expected that each eigenfunc-
tion of the full Hamiltonian H will contain sizable contributions from more
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than one model function. The intermediately normalized wave operator can-
not directly produce this mixing since, as seen from (8.7), it merely adds
contributions from the Q—Space to each model function. As discussed in
Section 2.5, a final transformation among the perturbed functions ¥, is
required to produce the eigenfunctions W, of H:

Vo= WCha =Y QPsCh, = 0Dy, (8.9)
3 B
where
O =Y D305 (8.10)
B

are the properly mixed zero-order functions for the problem, also called
bonnes fonctions (Bloch 1958). The transformation matrix C is determined,
together with the energies, by a final diagonalization of the effective Hamil-
tonian H ff as discussed further below.

The relationships between the different functions and the wave operator
2 can be summarized in the following set of equations:

U, = by + QQP, , U, = 0y + QNP , (8.11)
PU, = d,, PV, =d,, (8.12)
QU, = QP, =V, , QU, = 0P, = U, (8.13)
PO®, = PV, =d,, PQd,=PU,=0>,. (8.14)

Since the generalized Bloch equation contains the exactly degenerate case
as a special case, we may confine our attention to the generalized equation.
This equation was derived in Section 2.5 using a similarity transformation
approach. A more conventional derivation, following the procedure of Lind-
gren and Morrison (1986) with some modifications, will now be given.

Using (8.9) for the exact eigenfunctions U, of H , the Schrodinger equation
can be written in the form

HO®, = E,Q,, . (8.15)

Partitioning the Hamiltonian as H= fIg + V, with floq)a = E&O)éa, we can
rewrite (8.15) in the form

(Eq — Hy)Q®, = VQD, . (8.16)

Operating on (8.16) from the left with 2 and using (8.8) and the commuta-
tion of Hy and P, we obtain

EQ®, — QHy®, = QVQD,, . (8.17)
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Subtracting (8.17) from (8.16), we eliminate the term containing E, and
obtain an implicit equation for €2,

(—HoQ + QHy)®, = (VQ — QVQ)D, . (8.18)

This equation must be true for all €>a; furthermore, since the E, no longer
appear, it must be true for any linear combination of the ®,, so we may
replace @, with P, obtaining

[Q, Hy) = VQ —QVQ, (8.19)

which is the generalized Bloch equation (8.2) with Q = QP.
Operating on (8.15) from the left with P, we obtain

PHO®, = E,®, . (8.20)
Defining an effective Hamiltonian
H" = PHQOP = PHQ, (8.21)
we find that
D, = E,, . (8.22)

This equation operates entirely in P—space and shows that the correctly
mixed zero-order functions @, and thus the transformation coefficients Cg,
of (8.9), (8.10), as well as the corresponding eigenenergies E, of H, can be
obtained by solving the P-space eigenvalue problem for the non-Hermitian
effective Hamiltonian H®
The definition (8.21) of H*% has an appearance that is different from the
definition (2.159) but these definitions are equivalent in P-space, as will now
be shown. As in Section 2.5, we split the effective Hamiltonian into a zero-
order part and a correction by substituting H = Hy+V into (8.21), obtaining
HY = PHQ+ PVQ
HoP + W, (8.23)
where
W =PWP =PVQ (8.24)
is the level-shift operator, also called the reaction operator. This equation
for W corresponds to (2.179).
As seen in (8.7), the PQP part of the wave operator is given simply by

P. In order to obtain the QQP part we operate on the generalized Bloch
equation (8.19) from the left with @ and from the right with P,:

A~ N

Q[Q, Ho) P, = QVQP, — QQVQP, . (8.25)
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Applying the procedure of (2.185), (2.186), the commutator equation is

replaced by the following equation involving a resolvent:
QOP, = R,VQP, — R,QVQP,

N N (8.26)

= R, VQP, — R,QWP,,

where R, the zero-order resolvent for the model function ®,, is given by

: Q

R = Q(E(()?) - QﬁOQ)_lé =~ =~ - (8.27)
EY - Hy
Expanding  and W in orders of V,
Q=P+00W + 00 ... (8.28)
W=w® 4w ... (8.29)
(since W(®) = 0), we can solve (8.26) order by order, obtaining
QOWP, = R,V P,
R . PR et R ) (8.30)
QOME, = R,V VP, - Y R QMWITME,  (n>2)
m=1
and
W Z pyp,
(8.31)

WO Z Proat-D (0> 2).

These equations are equivalent to (2.189), (2.190), and are valid for both
QDPT and nondegenerate RSPT, for which there is only one model state,
P, = Pg.

A more explicit form of (8.30), (8.31) can be obtained by defining the
matrix elements

Wa = (@p|W @), (8.32)
Qo = (21|02 2o (8.33)

etc., where the lower-case Greek indices run over model states and the upper-
case Latin indices run over the orthogonal (Q)-space) states. The perturbed
wave functions are then given by

|\Ila> = Q|(I)a> = |(I)oz> + Z |I>Qfa = |<I>a> + |Xa> ) (8'34)
I

where

’on> = Z |I>Qla (835)
I



190 Open-shell and quasidegenerate perturbation theory
is the perturbation correction to |®,). We also define
I _ : _ Ne0) AR AV-1A _ Q
RL = (@] Ralr) = (@1]Q(EL — QA0Q) Qs = (0] ),
E,’ — Hy
(8.36)

where the last form is short-hand notation for the more complete expression.
In the diagonal case, in which Hj is diagonal in the space of all the ®; and
®,, states, this expression simplifies to

Rl = = (8.37)

where

Do = EO — BV (8.38)

The diagonal case is assumed in the diagrammatic formulation that follows.
In either the diagonal or the non-diagonal case we then have

Q) = RIVia,

") _ ™y, 00D = (1o (8.39)
Qf E:RVQM -SSR (n>2)
m=1
and
1
WS = Vaa,
(8.40)

= Z Vﬁ[QSZ_l) (Tl > 2) .
1

The last term in (8.39) corresponds to the renormalization term in non-
degenerate RSPT but, unlike the nondegenerate case, in which this term
cancels unlinked-diagram contributions to the principal term in the many-
body form of PT, certain parts of the renormalization term survive in the
form of “folded diagrams” in the degenerate and quasidegenerate cases,
as will be shown explicitly in the diagrammatic formulation that
follows.

Successively replacing high-order terms on the right-hand sides of (8.39),
(8.40) by expressions in terms of lower-order terms, these equations can be
expressed fully in terms of resolvent operators and matrix elements of the
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perturbation operator V. The results for the second and third orders are

W Z VarR Vs, (8.41)
) = Z RLVIIRIVya =S RLRLVigVsa (8.42)
E
Wi Z VarRLVigRIVya — Y VarRLRIV Via (8.43)
1J Iy
Qgi ZRI VIJR VJKR VKa ZRI V[JR RﬁVJﬁVBa
JK Js
— Y RIRLVigVasRIVia — >  RLREVI REV;6Vsq
JB JB
+3  RIRLRIV V5V - (8.44)
By

The first two terms on the right-hand side of (8.44) result from substitution
of (8.42) into the principal term of Qg?;), which is found from (8.39). The
third term corresponds to the m = 1 contribution to the renormalization
term, while the last two terms correspond to the m = 2 contribution (since
Q%) generates two terms). These explicit forms are easily connected to the
diagrammatic representations, which are based on expressions in terms of
resolvents and perturbation-operator components only.

Defining the cumulative nth-order effective Hamiltonian by

M) = g+ SO W (n> 1), (8.45)
m=1
so that
eff e
H5 ™ = (B 1T |0,) = 65 B + ZW (n>1), (8.46)

the coefficients C’(BZ) that define the transformation of the nth order per-

turbed functions to the proper eigenfunctions of the full Hamiltonian H and
also the corresponding nth order eigenvalues E&n) are obtained by solving
the non-Hermitian matrix eigenvalue problem

Z =Cn B (8.47)
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8.2 The Fermi vacuum and the model states

The one-electron states (spinorbitals) in QDPT are divided into three
classes. The core states are those spinorbitals that are occupied in all the
reference determinants (model states), the valence states are occupied in
some, but not all, model states and the virtual states are unoccupied in all
the model states.

In nondegenerate many-body PT the Fermi vacuum state, which deter-
mines the Fermi level separating the one-electron states into particle and hole
states, is the reference determinant. In QDPT there are multiple reference
determinants, so the assignment of the Fermi vacuum is not immediately
obvious. Commonly (Sandars 1969), the Fermi vacuum state in QDPT is
chosen as a determinant made up of all the core states. Usually this is a
closed-shell state, and obviously, it contains fewer electrons than the target
states of the calculation. The Fermi level, the boundary between the particle
and hole states, is then placed between the core and valence states, as shown
schematically in the level diagram in Fig. 8.1. Here the labels u, v, w, ... are
used for the valence states while the labels ¢, 5, k,... and a, b, c, ... refer to
the hole and particle states, respectively, as before. The model states are
then described by the action of valence-state creation operators on the Fermi
vacuum; for example,

|@wwy = afotw|o). (8.48)

Other choices for the Fermi vacuum are possible, in which the boundary
between the hole and particle states is put either within or at the top of
the valence space. In these cases the model states are described by the
action of valence-state annihilation (and possibly creation) operators on the
Fermi vacuum. In the present treatment we shall limit ourselves to the first-
mentioned choice for the Fermi vacuum, consisting of all the one-electron
states shared by all the model states.

With the Fermi level placed at the bottom of the valence space, the Fermi
vacuum state contains fewer electrons than the model states and so cannot
be one of them. Nevertheless, with the second-quantization notation for
operators, in which the number of electrons does not appear explicitly, the
same operator definitions can still be used for the Fermi vacuum state and
for the states of interest in the calculation.

With hole and particle states defined as in Fig. 8.1, the partitioning of the
Hamiltonian and the normal-ordered form of its components are the same
in QDPT as in nondegenerate PT (Section 3.5 and subsection 3.6.3). We
shall also continue to use the same definition of the auxiliary operator U,
see (3.129), (3.132) and (3.133), as in nondegenerate PT, the summations
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Virtual

e i > Particles (a’ b’ . )

Core Holes (i, Jyoe )

Fig. 8.1. Classification of one-electron states in QDPT.

in (3.132), (3.133) being over the hole (core) states; this choice retains the
simplifications seen in subsection 3.6.3 in the normal-ordered form of the
perturbation operator. The operator F/, (3.130), is the Fock operator for the
Fermi vacuum state. If we want this operator to be diagonal (as in canonical
HF) or block diagonal (as in noncanonical HF), in order to take advantage
of the resulting elimination or reduction of diagrams involving one-electron
operators, we need to use the HF wave function and one-electron states
corresponding to the Fermi vacuum state. It should be realized that the HF
spinorbitals of the Fermi vacuum state and their orbital energies may be
less than optimal for rapid convergence of the perturbation expansion for
the quasidegenerate states (an alternative choice may be the use of MCSCF
spinorbitals of the model space), but they are often used because of the
resulting simplifications.

In the most common form of diagrammatic QDPT the model space is
chosen to be complete; i.e. all possible assignments of the valence electrons
in the valence states are included in the model states. While the choice of
a complete model space simplifies the formalism, it has two important dis-
advantages. First, such a model space is often inordinately large, adversely
impacting the feasibility of the calculation. Second, even if the size of the
model space is not excessive, a complete model space often includes many
high-energy determinants that are not expected to contribute significantly
to the wave function. Such high-energy determinants result when multiple
valence electrons are placed in the highest valence orbitals, which are often
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higher in energy than some of the external (Q-space) determinants, leading
to the phenomenon of intruder states. Intruder states are Q—space states
with zero-order energies lying within the range of model-state zero-order
energies. Such states usually generate small denominators in the perturba-
tion expansions, leading to divergence or extremely slow convergence. The
convergence of a PT expansion is generally enhanced by having a wide gap,
in the zero-order energies, between the model states and all the orthogonal-
space states. Such a gap is usually not achievable with complete model
spaces, even when they do not lead to intruder states.

As a result of these difficulties, complete-model-space methods rarely pro-
vide practical solutions for problems involving quasidegenerate states, and
few applications of such methods to electronic structure problems have been
made. Nevertheless the relative formal simplicity of this approach is instruc-
tive, and so the resulting diagrammatic methods will be described in detail
in Sections 8.4-8.6. Formalisms for incomplete model spaces in QDPT are
discussed in Section 8.7.

8.3 Normal-product form of the generalized Bloch equations

In order to use in degenerate MBPT the generalized Wick’s theorem and the
diagrammatic techniques employed so effectively in the nondegenerate case,
it is most convenient to use the normal-product form of the perturbation
operator (see subsection 3.6.3),

Va =V — (0[V]0), (8.49)

where |0) represents the Fermi vacuum, i.e. the core state. It is also conve-
nient to define a modified level-shift operator

W'=W — (0[V]0). (8.50)
In the series expansion (8.29) for W, only the first-order part is modified,
W' =W —,,(0[V]0), (8.51)

and the effective Hamiltonian can be expanded as
H = Hy+ (0|V]0) + WD 4 W@ 4 Wl 4. (8.52)

The modified level-shift operator (8.50) is the analog of the correlation en-
ergy in the nondegenerate theory, while Hy + (0]V|0) is the analog of Ey.

The other operators obtained by contractions based on the generalized
Wick’s theorem, i.e. the various components of the wave operator and the
level-shift operator, will automatically be in normal order.
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With these definitions, the order-by-order generalized Bloch equations
(8.30), (8.31) remain valid if V and W) are replaced by Vi and W'(). The
relevant elements of these operators are given by

A A A

(V&) 1y = Vis =825 0[V10), (Vi) 5o = Via — 05 (0[V10), (V&) . = Via
(8.53)

a

Wi = Wi — 654(0[V]0). (8.54)

The detailed forms of the generalized Bloch equations (8.39)-(8.44) also
remain valid if the matrix elements in them are replaced by these modified
versions. Note in particular that the equation in (8.40) for Wéz), n > 2,
is not affected by the modifications because the off-diagonal elements Vs
are not modified. In the equation in (8.39) for Qy;) the modifications in the
principal and renormalization terms cancel.

In the rest of this chapter we shall assume that the various operators
and their matrix elements have been replaced by their modified versions
but, in order not to encumber the notation, we shall omit the N subscript
and the prime on the perturbation and level-shift operators and their matrix
elements. We shall therefore be able to use the normal-ordered perturbation
operator in the form given in subsection 3.6.3 and to apply the contractions
based on the generalized Wick’s theorem in the diagrammatic development
of QDPT.

8.4 Diagrammatic notation for QDPT

The diagrammatic notation for hole and particle states is the same in QDPT
as in nondegenerate PT. However, since summations over particle states
include the valence as well as the virtual states (using the arrangement
in Fig. 8.1), we also need a notation for spinorbitals that are restricted
to valence states. These are conventionally denoted by upward-pointing
double arrows (Sandars 1969). For example, in a case with three valence
electrons the model state ®“** can be represented diagrammatically
by

Additional notation is required if the Fermi vacuum is chosen to include all
or some of the valence orbitals.
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Components of the level-shift operator W (the QDPT analog of the en-
ergy) may be represented schematically by the diagram

3
1B)(BIW a)(al = | v (8.55)

A«

where the heavy lines represent many-electron states (in this case, the model
states ®, and ®g) rather than one-electron states. To avoid confusion be-
tween the generic ®, notation and the specific ®** notation, we designate
the many-electron basis states by |a) etc. for model states and |I) etc. for
Q—space states. Clearly, the corresponding matrix element Wp, is recov-
ered by placing this operator between the respective ket and bra states. It
will sometimes be convenient to identify this diagram just with the matrix
element Wj, instead of the full operator.

If the model states are |a) = |®“%) = afofw!|0) and |3) = |P™?) =
|15 21|0) then the operator can be represented schematically by the diagram

b 4o 4

atgt et (@ vz W e woa = (%2 |W |\ &ty stwoa) = W

Fhfe

(8.56)

Note that the creation and annihilation operator product is in normal order.
Again, it will sometimes be convenient to identify this diagram just with the
matrix element (®%¥*|IV|®“**). Obviously, all the labels on the incoming
valence lines should be different from each other, and the same must apply to
the outgoing valence lines, otherwise the corresponding determinants would
describe null states. However, any labels on incoming valence lines may be
equal to labels on the outgoing lines.

Some valence lines in a diagram may pass through it without interaction,

as in
o} Ao

ettt (@™o win = (@YW oW\ {elgtwiwoal = | 1 w.

up v

(8.57)
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Such noninteracting valence lines, called passive lines, participate in deter-
mining the identity of the initial and final states involved but do not affect
the matrix-element value. They are usually omitted from the diagram, with
the understanding that the diagram represents all allowed assignments of
valence labels to the omitted passive lines. For W diagrams all open lines
must be valence lines, with the number of outgoing lines equal to the number
of incoming lines.

Wave-operator diagrams are the QDPT analogs of wave-function diagrams
in nondegenerate PT. They can be represented schematically in the form

: (8.58)

where the top line designates a Q—space state and may represent a mix of
particle, hole and valence lines. Specifically, if n, is the number of entering
valence lines at the bottom of the diagram and n,,ny, ny, are the number of
open valence, particle and hole lines, respectively, at the top then preserva-
tion of the number of electrons requires that

Ny + ﬁp —ny = ny, - (8.59)

Usually wave-operator diagrams are summed over the outgoing Q—space
states |I), so that the diagram in (8.58) represents the perturbation correc-
tion |xa) to the model state |a),

[Xa) (0] = ZII Qalol =[] = |2, (8.60)

where a label in parentheses (or no label) indicates a dummy (summation)
index. A specific matrix element €2 s, is obtained by placing the sum (8.60)
between the bra state (J| and the ket state |a). To take a specific example,
if |) = |®*) and |T) = |®%<) = aTibTef2]0) then

> (@eter|glevey {atibf et i woa) =

Q
atbcx # * #
u v w
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Here, too, the operator product is in normal order. As in the case of the W
diagrams, passive valence lines affect only the identity, not the value, of the
matrix element and are usually omitted from the diagrams. The number
v, where N, is the number of valence
electrons. Outgoing open lines (other than passive lines) in wave-operator

of omitted passive lines is N, — n,

diagrams may include valence lines in addition to general particle lines. As
will be shown later, such lines have their origin in the secondary term of the
generalized Bloch equation (8.2).

All QDPT diagrams can be classified according to the number of incom-
ing valence lines n,. For a problem involving N, valence electrons, the
number of incoming valence lines is limited to the range n, = 0,1,..., Ny;
n, = 0 represents the diagrams of nondegenerate PT, all of which are
included among the QDPT diagrams. It is understood that the balance
of N, — n, valence lines in each diagram is made up of implied passive
lines. In particular, in the case of the level-shift diagrams the nondegen-
erate PT (n, = 0) energy diagrams contribute equally to all diagonal ele-
ments of the effective Hamiltonian (and do not contribute to off-diagonal
elements).

The definition of linked and unlinked diagrams needs to be broadened in
QDPT. A disconnected part of a diagram is considered unlinked if it has
no open lines other than valence lines. In other words, open valence lines
are disregarded in determining the linked or unlinked status of a diagram.
Using this broadened definition, the cancellation of unlinked diagrams holds
in QDPT, assuming a complete model space, just as in nondegenerate PT.
This linked-diagram theorem for QDPT was first proved by Brandow (1966,
1967); see also Sandars (1969) and Lindgren (1974).

8.5 Schematic representation of the generalized Bloch
equation

The explicit form of the generalized Bloch equation (8.39) can be represented
schematically by the two diagram equations

o | = ¢ (8.62)
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and
. I
a i |
ll 1 V n—1 Q(m)
J
am | = () _ (5 =22, (869
*a Qn—1) m=1 -
W (n—m)
@
Q@

Again, the parentheses, around J and (3, indicate that these are dummy
(summation) indices. The W equations (8.40) can be represented schemat-
ically in the form

B

bo |, 5 7
ol = v, | = D) (m>2). (8.64)

*a o « Qb

Considering (8.62) for Q) first, we can see a problem in using the rule
for the determination of energy denominators in the resolvent Ré In non-
degenerate PT the denominator was determined as the sum of the orbital
energies of the hole lines crossed by the resolvent line minus the sum of the
orbital energies of the particle lines crossed by it. This rule resulted in a
denominator value Doy = Eéo) — E}O), i.e. the negative of the zero-order
energy of state I relative to the Fermi vacuum. In the current case we need
the denominator D,; = Eéo) — E§O), i.e. the negative of the zero-order en-
ergy of state I relative to the model state «. This value can be obtained
from the above rule if we fold the valence lines for state o upwards and treat
them as hole lines, as in the following schematic diagram:

IA ~
Wy — Pl _ InUVia){el .\ Via
‘I>Qla <Oz’ - RaA - Eéo) B E}O) - ’I> Dal <C¥’ . (8'65>

Vv

The circle around the double arrow is intended to indicate that the folded
valence lines represent particle states rather than hole states. Similarly,
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for the principal term (2(); in the Q™ equation, the first term on the
right-hand side of (8.63), we have

a4 /

v, y
n 1 n—
D(25), {al = () =D INp 95 Val. (8.66)
Q=1 s

Obviously, the folded valence lines of model state o will be crossed by any
resolvent line within the 2"~ block (including its own top resolvent R)
and will contribute to the corresponding denominators. However, in the
conventional drawing of QDPT diagrams the incoming valence lines are left
unfolded; it is understood that these lines are to be folded only for the
purpose of determining the appropriate denominators, not for the purpose
of contracting successive operators in accordance with Wick’s theorem. For
the purpose of the latter contractions the valence lines continue to act as
particle lines rather than hole lines. The term “folded diagrams” is applied
instead to diagrams representing the secondary term in the Bloch equation
for the wave operator, as will be shown next.

The secondary term (2(")y in the wave-operator equation (8.63) repre-
sents new challenges specific to QDPT. In nondegenerate PT the W (n—m)
operator just equals the number E("~) and its diagrammatic representa-
tion has no open lines. Therefore this energy factor is disconnected from
the wave-operator factor and can be represented as an insertion that cancels
the unlinked diagrams in the principal term. In the QDPT case there will
still be diagrams in which the W(n=m) gperator is disconnected and there-
fore unlinked, and these contributions will still cancel the unlinked diagrams
in the principal term (using the broadened definition of unlinked diagrams
in QDPT; see Section 8.4). But the terms in which the W (n=m) gperator
is connected to the Q™ operator survive and give rise to a new type of
diagram specific to QDPT, called a folded diagram.

Looking at the schematic representation of the secondary term in (8.63),
on the one hand we see that the resolvent that appears above the Q™) block
in that diagram refers not to the model states 8 that enter that block but to
the model state « that enters the W (=™ block below it. On the other hand,
any resolvent lines within the Q0™ block (including its top resolvent Ré)
must refer to the § state that enters that block. The correct denominators
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can be recovered, employing the usual rule, by folding the valence lines
connecting the two blocks, as well as the valence lines entering the W (=)
block, in the following way:

7 /

(8.67)

However, conventionally this schematic diagram is drawn without folding
the incoming « lines,

it being understood that the denominators are read from the fully folded di-
agram (8.67). The minus sign in the interpretation of the diagram originates
from the minus sign in front of the secondary term in the generalized Bloch
equation. In general, since the Q") and W (n=m) Blocks may contain folds
of their own (originating from lower-order factors inside them), we have a
—1 factor from each internal fold in a diagram.

Further points need to be made concerning the scope of the resolvent lines
within the Q™) and W™ blocks. Obviously, the resolvent lines within
the QU™ block are to be interpreted relative to the model state entering
it, ignoring the « state, as shown schematically by the thin horizontal lines
in (8.67). Resolvent lines within the W™ block, however, are to be
interpreted relative to model state «, ignoring the descending part of the
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B folded line emerging from it, as also shown in (8.67). If any folded line is
crossed twice by a resolvent line (once as the folded line descends and again
as it ascends), its effects cancel in the corresponding denominator.

An alternative to the folding of the state lines in the QDPT diagrams was
introduced by Kucharski and Bartlett (1988) in the context of the Hose—
Kaldor approach for incomplete model spaces, to be described in Section 8.7;
it consists of the folding of the resolvent lines instead of the state lines.
This approach can be used just as well in the context of the diagrammatic
representation discussed here for complete model spaces. It can replace the
folding of the incoming valence lines in all diagrams as well as the folding
of the intermediate valence lines in the folded diagrams that represent the
renormalization terms. In this procedure a resolvent term such as Rl is
represented by a directed line that crosses the state lines for state I from
left to right and then curves down to cross the state lines for state o from
right to left, as represented schematically by

vi

The denominator D, is obtained from the orbital energies of the state lines
crossed by the resolvent line according to

Dafzzgi_zga_ZEU7 (868)
7 a u

where the arrows on the summation signs limit the summations to the state
lines crossed by the folded resolvent line in the indicated direction. The
states crossed by the upper and lower parts of the resolvent line must be
Q- and P- space states, respectively. Thus the lower part of the resolvent
line crosses valence lines only and, while the state crossed by the upper part
may include valence lines, the summation over particle labels in it has to be
restricted in many diagrams to prevent it from becoming a model state.

With this notation the schematic form (8.62), (8.63) of the generalized
Bloch equation can be rewritten as

\ [ I

o = eV (8.69)
-~
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and
Al
I ' 9%
J) n—1
o | = ( _ (n>2). (8.70)
(n—1) m=1
o Q
-
; «

Note that the leading resolvents within the Q=1 and Q™ blocks in (8.70)
are represented by lines that fold down to cross the model states a and (3,
respectively. This notation is particularly effective in describing the renor-
malization terms without resort to folded state lines.

8.6 Level-shift and wave-operator diagrams
8.6.1 Zero and first order

The zero-order part of the effective Hamiltonian H°f is just the zero-order
Hamiltonian Hj, which is diagonal in the model functions {a} and the
orthogonal-space functions {I},

(B|Hola) = 63 B, (J|Ho|I) =6,,EV),  (I|Hola) =0. (8.71)

The zero-order energies of these functions are equal to the sum of the orbital
energies of the one-particle states they contain:

E(O)((I)uv) — EO +euteEp e,

8.72

where

Ey=) & (8.73)

is the zero-order energy of the Fermi-vacuum state.

The (0]V|0) term in the effective Hamiltonian (8.52) is given by the first-
order energy diagram (5.6) for the Fermi-vacuum state. The modified first-
order level-shift operator W) is given by the ASG diagrams

- + —g (8.74)

since the only open lines allowed in 144 diagrams are valence lines. The sec-
ond of these diagrams is the non-HF contribution, which vanishes if canonical
HF spinorbitals of the Fermi-vacuum state are used. No resolvents are in-
volved in these diagrams.
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In all QDPT diagrams it is to be understood that additional passive va-
lence lines are implied that make the total number of incoming valence lines
equal to the number of valence electrons. However, diagrams in which the
number of incoming valence lines exceeds the number of valence electrons
are to be ignored. Specifically, the first diagram in (8.74), whose value is
<wa:||uv>{wT:%T@d} provides a contribution (wz||uv) to the matrix elements
(@wavz| ) (V)| uvyz-) including those cases in which one or both of the
incoming line labels u, v are equal to the outgoing line labels w, x. The sec-
ond diagram in (8.74), whose value is (w|f°|u){w'a}, provides a contribution
(w] f|u) to the matrix elements ($%=¥-| W 1)|Gue¥--) not including the case
u = w (because of the off-diagonal nature of the one-electron perturbation,
subsection 4.4.6).

The first-order wave operator is given by the corresponding nondegenerate
PT diagrams (5.15), (5.16), plus the ASG diagrams

(8.75)

Again, the last of these is the non-HF contribution.

Because summations over particle labels include valence label values, it is
important to restrict the summations over the outgoing particle labels in the
first and third of these diagrams to prevent the upper state from becoming
a model state. Thus labels a and b in the first diagram cannot be allowed
to take on valence values at the same time, while the summation over a in
the third diagram must be over virtual labels only.

The nondegenerate PT diagram (5.15) provides a contribution

1 (aszy) 15715 <ab||lj> abx zy...
421,: eff tahib} = Z i@
abij i abzg ”

to QM) generating a first-order correction for the |®*¥~) model states for
all z £ y # - -+, where x,y, ... label an appropriate number of passive lines.
Similarly, the diagram (5.16) provides a contribution

Z <aL-£|Z> {&T%} — Z <CL(|€'];Z> ‘(I);my><q)xy|

ai

to the same first-order correction.
The first diagram in (8.75) provides a contribution

l Z (ab||uv) { TbTA A} 1 Z <ab”uv> |(I)abxy...><(1)um:y..“

2 Eab 2 gab
ab ab
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to Q) (terms in which both a and b take on valence values are excluded),
generating a first-order correction for the model state |®“*¥-). The second
diagram in (8.75) provides a contribution

%Z <bi’”uz>{ T2 bT } Z <baHU7’> ’(I)abzy ><‘I)uxy’

abi w abi W

to Q)| generating a first-order correction for the |®“*¥--) model state, and
the third diagram provides a contribution

Z <a’.£:|u> {&T@} — Z <a|=§:’u> |q>azy><q>ua7y|

a

(in which the summation over a is restricted to virtual label values) to the
same first-order correction.

8.6.2 Second-order level-shift operator

The matrix element of the second-order level-shift operator is given by
(8.41). It can be expressed schematically in the folded-resolvent-line no-
tation:

(8.76)

As in nondegenerate PT, a convenient way to generate higher-order QDPT
ASG diagrams is to begin with Hugenholtz diagrams. This approach makes
it easy to avoid redundant equivalent diagrams. The QDPT Hugenholtz
diagrams for the second-order level-shift operator are given in Fig. 8.2. The
first and second rows in this figure represent the canonical HF and non-HF
diagrams, respectively.

The relevant ASG diagrams are shown in Fig. 8.3. As in other cases,
the corresponding nondegenerate PT diagrams (5.9), (5.10), which are not
shown here, are also to be included. Together, all these diagrams represent
(8.41). In the diagrams in Fig. 8.3 without intermediate hole lines (dia-
grams 3, 6, 10, 11, 14), it is necessary to restrict the summations over the
intermediate-particle labels so that not all these labels take on valence label
values at the same time (because of the Q projector in the resolvent).
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YA
YAV

15

Fig. 8.2. Quasidegenerate PT Hugenholtz diagrams for the second-order level-shift

f@ 1 h m

1 3 5
* * b1
- - -X -X
6 7 8 9 10
-X -X -X X-
-X -X -X
11 12 13 14 15

Fig. 8.3. Quasidegenerate PT ASG diagrams for the second-order level-shift op-
erator.
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For examples of the folded-resolvent-line notation for these diagrams we
consider diagrams 1 and 2 of Fig. 8.3:

1 R
@f OO _ L g~ foilabhlablud) 51,
D alni iab Eui
up
2 M
0| Ofy@) _
NV
‘uﬁt u

Ly o)
ija v

The shortened resolvent line in the second form of diagram 2 reflects the fact
that lines crossed twice by the folded resolvent line make no net contribution
to the corresponding denominator. Obviously the same denominators are
obtained with conventional resolvents and folded incoming valence lines.
The weight factor is due to the presence of one pair of equivalent internal
lines in each diagram.

8.6.3 Second-order wave operator

The matrix elements of the second-order wave operator are given by (8.42)
and are represented schematically in the folded-resolvent-line notation by

7
B)
v
(0%

0®| = 0 - <] (8.77)

o
&
B

[ J
<]
< -<—1

The corresponding ASG diagrams consist of the nondegenerate PT di-
agrams in Figs. 5.3 and 5.4 plus the diagrams in Figs. 8.4 and 8.5. This



208 Open-shell and quasidegenerate perturbation theory
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Fig. 8.4. Quasidegenerate PT ASG HF diagrams for the second-order wave
operator.

set of diagrams is the first that contains folded diagrams (diagrams 28-30
in Fig. 8.4 and 58-61 in Fig. 8.5), representing the secondary contribution
n (8.63). The diagrams in each of these figures are arranged in order of
increasing number of incoming valence lines (separately for principal-term
and folded diagrams). Diagrams 11, 12, 20-22, 25-27, 39-42, 45, 46, 51-57
are disconnected but not unlinked. The folded diagrams 28, 30, 60 are the
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e Y
T

31 32 33 34 35 36 37
Yy . \N v*%x LAY S
-X —x - - X— -X -X
38 39 40 41 42 43 44
vfx X— v -X -X vfx
- -X -X -X
45 46 47 48 49 50 51
y X~ -X -X
X X- - X~— -X
52 53 54 55 56 57
\{ -X -X -X
X- X-
58 59 60 61

Fig. 8.5. Quasidegenerate PT ASG non-HF diagrams for the second-order wave
operator.

first examples of wave-operator diagrams that contain outgoing valence lines
(originating in the W part of the secondary term). The summations over
particle labels in many of these diagrams must be restricted to comply with
the Q projectors in the resolvents.

No disconnected folded diagrams have been included in Figs. 8.4 and 8.5,
because all such diagrams for the second-order wave operator are unlinked
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and cancel against certain contributions to disconnected principal-term dia-
grams. In fact, folding any of the disconnected principal-term diagrams for
the second-order wave operator produces “folded” diagrams in which there
are no folded lines that connect the W part in the second term of the second
equation in (8.39) with the rest of the diagram. The result is best described
in the folded-resolvent-line notation.

An example of the folding process for these disconnected diagrams and of
the relevant cancellations is provided by the folding of diagram 25 of Fig. 8.4:

v (N A@) A®) @A AW)
_ _ QED
fold <]

— =
- - - — o
) b oh Aw
1 (ablliu) (zyllvw) @ iory gt
=3 Z T {afbt T gTwoa) .
iabxy CiuvwEiu

Comparing this diagram with the disconnected principal-term diagram 26
of Fig. 8.4,

o\ @ b ©h k@

Sl 1 cd|lvw){abl|liw) = sars 2
) -3 i
\w

— — 4 iabed wow 1w

N

Ru R

it is seen that the whole of the unlinked folded diagram cancels with those
terms of the disconnected principal-term diagram in which ¢ and d take on
valence-label values (i.e. ¢ = x, d = y). The canceled terms in the latter
diagram represent unlinked contributions to that diagram.

Such cancellations occur between all unlinked folded diagrams and all
unlinked contributions to the disconnected principal-term diagrams 21, 26,
27, 40, 46, 52, 54-57. The other disconnected diagrams have no unlinked
contributions, either because both their disconnected parts contain hole lines
(diagrams 11, 12, 22, 41, 42) or because the restriction that the intermediate
state must not be a model state eliminates potential unlinked contributions
to them (diagrams 20, 25, 39, 45, 51, 53). The result is that no unlinked
diagrams or unlinked terms in disconnected diagrams survive. Thus the
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summations over final states in the disconnected diagrams must be restricted
to reflect that result.

As an example of the folded-resolvent-line notation for linked folded dia-
grams we consider diagram 28 of Fig. 8.4:

@) 0k Aw)
<i>\/<a> o 3
- = “@)A
() R A PR
kAo

1 b|i i
= {ablliz)(wwl[uv) ¢ vepttony

abw ~ab
iabwz Ciuv Cix

No restriction over the a and b summations is needed here because of the
presence of the hole line 7.

The algebraic interpretation of QDPT diagrams, including weight factors,
phase factors and more complex types of folded diagram, are discussed in
detail in the next two subsections.

8.6.4 Weight factors and phases

When computing a specific matrix element of W or €, the free lines have
fixed labels and so may be ignored for the purpose of counting equivalent
lines. Thus, in these cases the weight factor is % for each pair of equivalent
internal lines. However, when summing over the orthogonal-space states in
wave-operator diagrams to obtain the perturbative corrections to the model

states, as in

Xy =S inel (8.78)
I

open lines at the top of the 2 diagrams are included in the calculation of
the weight factors. Each pair of open lines of the same type (hole, particle
or valence) connected to the same vertex contributes a factor % All open
lines in W diagrams and at the bottom of € diagrams are always valence
lines that specify a model state and are never summed over; therefore they
do not contribute to the weight factors.

The phase factors in QDPT diagrams depend on the order of the creation
and annihilation operators in the operator product associated with the di-
agrams. The case of W diagrams is relatively simple, since all operators
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are valence-state operators. Each pair of open-line labels on the same con-
tinuous path in the diagram is represented by a creation operator and an
annihilation operator in corresponding positions (counting inwards from the
two ends) in the operator product. With this ordering of the operators, the

phase factor is given by the usual PT rule as (—1)"~!, ignoring the open
lines. The identity of the corresponding W matrix element is determined

from the operator product based on the constructions
|puve)y = gl oTaT .. |0y, (@77 | = (0] - - - 29 . (8.79)

Indices representing the appropriate number of passive lines are added in
corresponding positions. The same diagram value is assigned to matrix
elements with all allowed values of the passive-line indices, i.e. all values
which cause no duplication of indices in either the bra or ket states.

As examples, we consider diagrams 4 and 5 in Fig. 8.3, shown first in the
folded-resolvent-line notation:

_ Z (wzHua)(ame>{ Ta TAU} (880)

u - = 4D ia 6w
<

_ 1§ g} wellig) g
TRl g el (8D

Both diagrams contribute to the matrix element (®@o¥=- |}/ (2)|guvyz-)
where y, z,... label passive lines. In the first diagram we have one hole
line and one loop, giving a phase factor 4+1, and no equivalent internal lines.
In the second we have two hole lines and no loops, again giving a phase factor
+1, and one pair of equivalent internal lines, giving a weight % Alterna-
tively, the denominators can be derived by folding the incoming valence lines:

Yy

Alternative assignments of operator sequences and phase factors can be
based on the folded form of these diagrams. Taking the first of the above
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diagrams as an example, we can connect pairs of incoming and outgoing
valence lines whose labels occupy corresponding positions in the initial and
final model states with dotted lines, forming quasiloops, and pair the corre-
sponding creation and annihilation operators:

M o T = Z <wl||ucgliax\|w> (@' (#0)a)}
(z‘)@(@ @

In this case we have included these quasiloops in the loop count and have

counted the folded lines as holes (just as for the denominator determination),
so this diagram now has three loops and three hole lines, and a phase factor
+1, just as before. The alternative quasiloop connection,

M o T == Z <wz||uc;liax||zv> {(wT(cha)@)},
(i)Q(G) ia "

has two loops and a phase factor —1 and is equal in value to the previous form

because of the odd permutation of the operators. This form of the diagram
can be considered as contributing to (®%#¥= ||V |®v"*) which is consistent
with the previous assignment because of the odd permutation of the indices
in the ket side of the matrix element. As in the case of nondegenerate PT
diagrams, this analysis shows that the choice of quasiloop connections does
not affect diagram values and justifies the omission of these connections from
the diagrams.

The folding of the incoming valence lines could also have been done from

\J <@'>Q @l /

the bottom of the diagram, as in

U
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Since the resolvent line crosses the folded u line twice, the denominator is
unaffected.
To specify the phase of an orthogonal-space state we define it by

@ edo) = @hi)(b1]) - - (€tm) fTgT -+ [0) (8.82)

where the superscript indices may represent either particle or valence labels.
The labels in an orthogonal-space state fall into two classes: there are zero
or more pairs, each pair consisting of a particle (or valence) label vertically
above a hole label in the state specification, such as (a,?), (b,7), (e,m) in
(8.82), and there are unpaired (excess) particle (or valence) labels, such
as f, g. In a wave-operator matrix element €17, each unpaired particle or
valence label in the final state I is considered as paired with a valence label
in the initial (model) state « if the two are in corresponding positions in
the unpaired final-state labels and the initial-state labels (ignoring all the
paired labels). Thus, in the matrix element <<I>fjb;f I 1Q @) f is paired
with v and g is paired with v. Note that the operator product in (8.82) is in
normal order and that creation and annihilation operator pairs such as (af7)
may be moved together freely across any other operators in the sequence
without affecting the resulting function or the normal order.

In determining the phase factor for a wave-operator diagram, the sim-
plest approach is to place paired labels on the same continuous path in the
diagram. Fach open hole line is then connected by a dotted line with its
paired open particle line, creating a quasiloop, and the usual (—1)h*l rule
for the phase factor is applied. As examples we consider diagrams 8 and 22
of Fig. 8.4,

\ Jor e

(a)p ( N cllij){abllu Aral an
/ (k) _ 1 Z w{(ﬁi)(é*y’)(d%)},

abc ~ab
¢~ — — abcijk guijguk

(@)}

(abl|ui)(cd||v)  sine, sne o
£ % abcd@] Hegg%;iglc};'q' ]>{(le)(dT])(aT(ch)u)}’
| A

which contribute to <<I>Zb;a$|Q|<I>“x> and (@i?]‘-l““"'m@“”"'), respectively,
where z,... label passive lines. Each diagram has two pairs of equivalent
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open lines, contributing a weight factor i. In the first diagram we have two
loops and three hole lines, hence the phase factor —1. The second diagram
has two loops and two hole lines, and a phase factor of +1.

Alternatively, we can fold the incoming valence lines and connect all paired
indices with dotted lines, counting the folded incoming valence lines as hole
lines for the purpose of phase-factor determination as we have previously
done for level-shift diagrams; thus

Q4@ A G =y WeHBED ¢ty et atay,
L (k) abcijk 8uij€uk

or, using a different pairing scheme,

| 'a | .(i)@v(c) _ 1§ (kelligabliuk) ey s it
u\®\£<> @VW = 4bZk e (CDENED),

which contribute to <<I>f]°a$|Q]<I>“$> and <<I>fj‘?b”:"']§2|<1>“x"'>, respectively.
These two forms now have three and one loops, respectively, and both have
four hole lines, giving a phase factor —1 in both cases, corresponding to even
permutations of the creation and annihilation operators and of the super-
script indices in the bra state between the two forms. Normal order of the
operator product is maintained as long as the valence annihilation operators
are placed at the end of the operator string.

8.6.5 Folded diagrams

Folded diagrams, which represent the secondary term in the generalized
Bloch equation, occur for both 2 and 1474 diagrams; the 144 diagrams inherit
their folds from their 2 component, (8.24) or (8.40). An additional phase
factor —1 is required for each fold. The number of folds is not determined
by the number of internal folded lines but by the number of nested sec-
ondary terms represented in the diagram. Repeated secondary terms, and
thus multiple folds, arise when the Q%L) factor and/or the Wﬁ(g_m) factor
contributing to the secondary term in (8.39) contain lower-order secondary-
term contributions of their own. Thus, replacing the Q™ factor in (8.67)
by its own secondary term produces the doubly folded diagram shown here
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schematically in its fully folded form:

RL /
I —|wn=m) ¢
i /
- (B)
(V) _f—{ W=D
— 0O
(Q(m))2
W(m—l)W(n—m)
- noW 8 B . (8.83
2 N G (el (889

This type of doubly folded diagram first occurs in the third-order wave
operator and the fourth-order level-shift operator diagrams.

Similarly, replacing the W™= = PVQQ®=m=1 factor in (8.67) by
its own secondary term produces the doubly folded diagram shown here
schematically in its fully folded form:

il /

| /

(Q(n—m—l))2

(nfmflfl)wfgl)

V382
_ (m) VBT gy o
=S S el BB (el (889
ml JpBvy

This type of doubly folded diagram first occurs in the fourth-order wave
operator and the fifth-order level-shift operator diagrams.



8.6 Level-shift and wave-operator diagrams 217

The folded-resolvent-line notation is particularly effective in representing
all kinds of folded diagrams. We have seen its application to an Q) singly
folded diagram in subsection 8.6.3. The doubly folded schematic diagrams
of (8.83), (8.84) take the following forms in this notation:

I . I

Qm)

1
Rz —

and

“ “o

An example of a singly folded diagram that illustrates some details of
the interpretation of such diagrams is provided by the following fourth-
order wave-operator diagram containing Q) and w® components in the
expression —R,{YQ%)WB(? We shall first display it in the folded-resolvent-
line notation, in which the identity of the intermediate states at the various
level is more apparent:

(@) A (D)

A~

R .
: U=
I Ré ¢ — — 4/ (2)
<] Q

35
>
—~
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~—

156
b A=)
(’L) - — — -9
ki uh e | AT h@
o ‘./,,,%,,4,> W(i)
@7 A Aw

The initial, final and intermediate states are identified on the left-hand side,
and the resolvents required are also indicated. Note that the y line is passive
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for the Q) diagram while the u line is passive for the w® diagram. The

denominators generated by the various resolvents are:

Dio = EO — O _ cih

uvw

Dy =B - B =<,
DJB = Eéo) — ESO) = 5%2 s
Dgo=EY — B =%

It is easily seen that these denominators are correctly recovered from the
fully folded form of the diagram:

w \

L) o

The z line must come out of the top of the W® section rather than con-
necting its two end vertices with a straight line and the internal resolvent
RE within the W®) section crosses the ascending part of the z line but not
the descending part nor any other line on the left-hand side of the diagram.
The value of this diagram is given by

1y ()Gl e elliv) e
2 289 eab cabac
ijxabcy UVWEyx = uj~iw

The factor % is due to the pair of equivalent lines a, b. There are two hole lines
and no loops. The negative sign is due to the single internal fold. Open-
line labels on the same continuous path are associated with creation and
annihilation operators in corresponding positions in the operator sequence
(counting inwards from the two ends).
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As an example of a doubly folded diagram we consider a fourth-order
wave-operator diagram of the type described schematically in (8.84):

o (@Y Ala) A(D)
I Ré \ I%
y: )
Ry 7774D o) A(w)
B ] L
(Z) é& —— — — -9
(c)A A(d)
J R/
RJ
v - 0777774’) 951’3
v ()R Aw)
———— — -9 (1)
Wya
< =P,
(07
(u) A A(v)

The many-electron states involved, corresponding to the designations in the
schematic diagram (8.84), are identified on the left-hand side of the diagram.
Specifically, these states are |I) = [®%W) |B) = |®*¥), |J) = [®), |v) =
| DY), |a) = [@“Y). The upper parts of resolvent lines may not cross model
states, so the labels c and d cannot both take valence index values at the same
time. Each intermediate model state (8 and + in this diagram) corresponds
to a fold and is crossed only by the lower parts of the folded resolvent lines.
The fully folded form is

|
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The whole right—hand side of this diagram, including the top 1% vertex,
represents Wﬂi), justifying the designation of the open line emerging from

that V vertex as a valence line (w). This diagram has three equivalent pairs
(a,b), (¢,d), (x,y), one hole line, one quasiloop involving the lines labeled
a,i and two internal folds. Its value is given by

U s~ @l Culededlzy vl gy
gabweabged 7Y
iwzryzabed juv iz “uv©ed

Finally, we consider a fifth-order level-shift-operator diagram obtained by
adding an interaction vertex on top of the previous wave-operator diagram:

t
Rl Kﬁ ) / /

L (2) L4 Wiy
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MORUAIIN

—_ — —4 Q

_1 3 (it[|ab) (abl|iz) (zw]|cd) {cd||zy) (zy||uv) (itatoa)
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ixyzabed uv “iz “uved

It provides a contribution to the matrix elements (Bt~ 5)|Huv--).

8.6.6 Third-order level-shift operator

The number of distinct diagrams in QDPT grows very rapidly with the order
of the treatment, making high-order calculations difficult. We shall restrict
ourselves here to discussing the generation of third-order level-shift-operator
diagrams. We shall consider principal-term diagrams (those without internal
folds) and folded diagrams separately.

For the principal-term diagrams it is easiest to follow a similar procedure
to that used for the second-order level-shift diagrams and begin with the
Hugenholtz diagrams. We shall classify the diagrams according to the num-
ber of open valence lines that enter and leave each of the three vertices. The
notation (ijk/Imn) will be used to describe a class of diagrams with 4, j and
k open valence lines entering the first, second and third vertices, respectively
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Table 8.1. Representative classes, numbers of distinct linked ASG diagrams
in each class and set and total number of principal-term diagrams for the
third-order level-shift operator

Valence  Representative Classes Diagrams in class Diagrams in set

electrons classes in set HF non-HF HF  non-HF

0 (000/000) 1 3 11 3 11

1 (001/100) 6 2 7 12 42
(001/001) 3 2 4 6 12

2 (002,/200) 6 1 1 6 6
(002/110) 6 1 3 6 18
(002/101) 12 1 2 12 24
(011/110) 6 2 3 12 18
(011/011) 3 1 2 3 6

3 (012/210) 6 1 0 6 0
(012/201) 6 1 1 6 6
(012/111) 12 1 1 12 12
(012/021) 6 0 1 0 6
(111/111) 1 2 0 2 0

4 (022/211) 6 1 0 6 0
(112/211) 6 0 6 0

Folded 10 20

Total 108 181

(counting downwards from the top vertex) and [, m and n open valence lines
leaving these vertices, respectively. Obviously ¢ +j + k =1+ m + n. The
closed-shell third-order energy diagrams of Figs. 5.1 and 5.2 correspond to
the class (000/000) and are included in the expansions for the diagonal ele-
ments of the level-shift operator in the open-shell case.

The various classes of diagrams can be organized in sets. The differ-
ent classes in a set all have the same number of diagrams and can be
obtained from each other by permutation of the three vertices and/or by
reversing all arrows (which includes converting all entering open valence
lines to leaving open valence lines and vice versa). For example, the 12
classes (002/101), (002/011), (020/110), (020/011), (200/110), (200/101),
(101/002), (011/002), (110/020), (011/020), (110/200) and (101,/200) form
one such set. We shall list the linked diagrams for just one representative
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class from each set. Table 8.1 lists the representative classes, the number
of distinct diagrams in each class and set and the total number of diagrams
of HF and non-HF type. Clearly, the total number, 289, of third-order di-
agrams (including 30 folded diagrams, as shown later), in comparison with
just 14 diagrams for the closed-shell case, demonstrates the difficulty of car-
rying out higher-order QDPT calculations.

The principal-term Hugenholtz diagrams for the representative classes
are shown in Fig. 8.6 (apart from the closed-shell class (000/000)). No dis-
connected diagrams are included since such diagrams would be unlinked.
Obtaining all other Hugenholtz diagrams from the representative classes,
converting them to ASG diagrams and giving them an algebraic interpre-
tation are straightforward. As an example we show the generation of a
Hugenholtz diagram of the class (110/200) from the corresponding diagram
in the representative class (002/101) by permutation of vertices (1 — 2 —
3 — 1) and reversal of arrows, including the interconversion of entering and
leaving open valence lines, followed by its conversion to an ASG diagram:

(002/101)  (200/110) (110/200)

Voo d

This ASG diagram represents the contribution

_ Iyl GO abl) 1ty

2 a~ab
ijab €vsij

1 (wz[ua) (ij]|vb)(abl|ij)
_ __ PUWr--\ (PUV--
2% ozl | ) |

to W®), contributing to the matrix elements ($%% W 3)|®4--) The prime
over the summation sign indicates that the sum over a exclude valence-index
values in order to avoid intermediate model states. The denominator reflects
the folding of the incoming valence lines u and v. The weight factor reflects
the equivalence of the two hole lines 7 and j. The phase factor is due to the
presence of two hole lines and one loop. The generation of the rest of the
normal third-order diagrams and their interpretation are left as an exercise
for the reader.
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(001,/100) (001/001)
(002/200)  (002/110)
(002/101) (011/110)

(012/210) (012/201)

&
SRARRYY

(012/111) (012/021) (111/111) (022/211) (112/211)

EATALY R

Fig. 8.6. Quasidegenerate PT Hugenholtz diagrams for representative classes of
the principal term of the third-order level-shift operator.
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Q % Q% 7 Q N% 7 QX%
28a 28b 28c 28d 28e
28f 28g 29a 29b 29c 30a
30b 30c 30d 30e 58a

Q Q = X—
58b 58c 58d 59a 60b
-X X— j —X
6la 61b 61c

60c 60d 60e

Fig. 8.7. Quasidegenerate PT ASG folded diagrams for the third-order level-shift
operator.

The folded third-order level-shift diagrams are best obtained by adding
an interaction vertex to the top of the folded second-order wave-operator
diagrams (diagrams 28-30 and 58-61 of Figs. 8.4 and 8.5) in all allowed
ways. To avoid generating equivalent diagrams, the Hugenholtz version
should be examined in each case. The resulting set of folded ASG diagrams is
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displayed in Fig. 8.7. The numbering of these diagrams identifies the folded
second-order wave-operator diagrams from which they have been generated.

As an example of how to interpret the folded diagrams we shall consider
diagram 28f, shown here in both conventional and folded-resolvent-line form:

(il f12) @wllyi) (yzlluv) g
gWTZ oWT {xTwTvu} :
iz Ciuv 1y

M

This diagram contributes to the matrix elements (@@t 177 (3)|@uvt-)  where
the indices beginning with ¢ represent passive lines. The minus sign due to
the fold is canceled by the minus sign due to the presence of one hole line
(7) and no loops. There are no equivalent internal lines.

8.6.7 Third-order wave operator

Because of the proliferation of the number of diagrams with increasing order,
we shall not present actual diagrams for the third-order wave operator. Even
the number of skeletons is too large to present conveniently. Instead, we shall
just give a schematic description of the five different terms appearing in the
expression for this operator in (8.44). This expression contains one principal
term, three singly folded terms and one doubly folded term. Their schematic
form in the folded-resolvent-line notation is

I I
1o o
a SN 7 -
§
ke Ao

(8.85)

It can be seen that the expression for Q) contains all possible distri-
butions of @-space and model-space states for the two internal state lines.
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Furthermore, all possible arrangements of the three folded resolvent lines
are included in which the upper part crosses a Q—space state and the lower
part crosses a model state, the resolvent lines do not cross each other, no
two resolvent lines cross the same pair of states and each state is crossed
by at least one resolvent line. An outer resolvent line that crosses the final
and initial states is always present. Note that the second and fourth terms
in (8.85) contain the same sequence of intermediate states but differ in the
states that are crossed by the middle resolvent line.

A compact notation for these schematic diagrams can be obtained using
sets of matched parentheses, paired according to the ordinary algebraic con-
vention, interspersed with state labels. The opening and closing parentheses
of each pair represent the upper and lower parts of the folded resolvent line,
respectively:

Q) = (I(J(Ka))) — (I((JB)a)) — (IA)(Ja)) — (I(IB))a) + (((17)8)a).
(8.86)
Perturbation operators are implied between the state labels in such a way
that each Q-space-state label is immediately followed by a V operator and
each model-state label is immediately preceded by such an operator, without
intervening parentheses. Summations over intermediate states are implied.
Using the conventional notation the same expression takes the following
form, in which we have folded the incoming model-state line labeled « in
each term in order to be able to show the scope of all resolvent lines:

(8.87)
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Note the scope of the middle resolvent line in the third term (compare
(8.67)). The difference in the operator sequences in the second and fourth
terms is due to the fact that the second term represents the sum ) ; RV,

(982;)2, in which (Q%)g =23 R/ Q%W(B, while the fourth term repre-

sents g RQ(Q%))lW[gL) (the subscripts 1 and 2 refer to the principal and
secondary terms, respectively, in (8.39)).

8.7 Incomplete model space
8.7.1 The Hose—Kaldor approach

A formalism for the use of incomplete model spaces in QDPT was introduced
by Hose and Kaldor (1979, 1980, 1982). Their approach uses different Fermi
vacuum states for the calculation of the different matrix elements of the
wave and level-shift operators. The incoming model state is used as the
Fermi vacuum for all matrix elements in which that state is the initial (ket)
state. Thus all elements in the same column of the matrices for the wave
and level-shift operators use the same Fermi vacuum, but different columns
use different Fermi vacuums. A similar approach to multireference coupled-
cluster theory was formulated by Jeziorski and Monkhorst (1981).

When the Hose-Kaldor (HK) approach is applied to a complete model
space it generates the same results, order by order (but not diagram by
diagram), as the approach presented in the previous sections because it
solves the same generalized Bloch equation. However, because it can be
applied easily to incomplete model spaces, it can partly overcome the prob-
lems of intruder states and of model spaces that are too large for practical
applications. In such cases it results in incomplete cancellation of unlinked
diagrams, as will be shown in the following analysis, but the procedure is
nevertheless quite practical and has been used successfully for various ap-
plications (e.g. Kaldor 1984, Hose and Kaldor 1984, Kucharski and Bartlett
1988), although, like most QDPT applications, not beyond third order.
In presenting this formalism we shall use the diagrammatic approach of
Kucharski and Bartlett (1988), in which the folded-resolvent-line notation
was first introduced.

The one-electron states in the HK formalism are classified into core, va-
lence and virtual states, as in the previously described approach. However,
for each different Fermi vacuum used, the valence orbitals are classified as
valence holes (the valence states occupied in that particular Fermi vacuum)
and valence particles. For each such Fermi vacuum, the hole states consist
of the core states plus the valence hole states of that vacuum. Similarly, the
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Virtual

> Particles (a,b,...)

} Valence particles

(z,y,...) /
} Valence holes )
(u,v,...)

> Holes (i, 7,...)

Fig. 8.8. Classification of one-electron states in the Hose-Kaldor approach.

particle states consist of the virtual states plus the valence particle states.
This classification is shown schematically in Fig. 8.8, but it should be re-
membered that the sequence of the valence states in this figure does not
reflect their energy order and that the classification of the valence states de-
pends on the model state used as the Fermi vacuum. In the diagrammatic
notation, valence states are distinguished by double arrows. In skeleton rep-
resentations a bar across the state line is used to indicate lines restricted to
valence states.

The selection of the model states is a major factor in determining the
convergence behavior of the perturbation series. As noted in Section 8.2, a
large energy gap between the model states on the one hand and all external
(Q—spaee) states on the other is desirable, because each denominator factor
in the various terms contributing to the level-shift and wave-operator matrix
elements represents an energy difference between a model state and an exter-
nal state. Small denominator factors increase the magnitude of high-order
contributions and retard (or even prevent) convergence.

8.7.2 The one-electron interaction

The cancellation between the Uy and VI(I operators that simplifies the ex-
pression for the perturbation in nondegenerate MBPT, (3.176)—(3.183), can
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no longer be used in the same way in the HK formalism of quasidegenerate
PT. The reason for this lies in the different summation ranges in the defini-
tions of u,, and v}’,q in the latter case, owing to the varying definitions of the
Fermi vacuum for the different columns of the level-shift and wave-operator
matrices and to the difference between these Fermi-vacuum definitions and
the corresponding definition for the Fock operator.

The definition u,q, = Y, (pi||qi), (3.133), is part of the definition of the
Fock operator (3.130) and therefore the summation over ¢ runs over the
occupied spinorbitals in the determinant used as the reference state for
that Fock operator, regardless of whether this determinant is an HF wave
function for any particular state. A typical choice for the reference de-
terminant is just the core state, i.e. the determinant consisting of all the
spinorbitals occupied in all the model states. However, in the definition
Vpg = 2_i(Pillqi), given in (3.178), the summation over 7 is over the spinor-
bitals constituting the Fermi vacuum used for the definition of normal prod-
ucts for the current matrix element, which include the current valence hole
states.

The one-electron component of the normal-product perturbation operator

in the HK formalism is therefore given by the operator

Gy =FR+ Vi —Un = gp{p'd}, (8.88)
Pq
where
gpq - <p‘g‘q> = g())q + U;;q - qu . (889)

More generally, if we do not require ¢, = fpp, we use fj, = fpg — €pdpg =
hpg + Upg — €pdpg and define

Y /
Ipq = Jpq T Vpg = Upq

= hpg — €pOpq + Z<PZ||QZ> : (8.90)

The last form in (8.90), in which the summation is over the hole states
of the current Fermi vacuum (core plus valence holes), is the most gen-
eral, being independent of the definition of the Fock operator and its re-
lationship to the orbital energies. Obviously the operators ' and g are
different for the different columns of the level-shift and wave-operator
matrices.
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If the core determinant is used for the definition of the Fock operator, the

. / . .
difference between v, and u,, is given by

Upg — Upg = Y_(pullqu) , (8.91)

u

the sum over w running over the valence hole states for the current Fermi
vacuum. In this case

gpq = fyg+ > _(pullqu). (8.92)

In the diagrams we shall designate the G operator by the vertex e ——--®, it
being understood that the definition of the corresponding interaction varies
for the different columns of the level-shift and wave-operator matrices.

8.7.3 First-order diagrams

The zero-order energies for the various model states are given by the usual
formula, ), &;; the scope of the summation, however, depends upon the
model state, reflecting the differences in the corresponding sets of hole states.
Thus the zero-order energy values, which enter the diagonal elements of the
effective Hamiltonian matrix H eff usually differ between model states.

Since the initial (ket) state in each matrix element serves as its own Fermi
vacuum in the HK formalism, the initial state in the generalized Bloch equa-
tions (8.39)—(8.44) is the current vacuum state, |o) = |0), and there are no
lines below the lowest vertex in the diagrams of this formalism. The diago-
nal elements of the level-shift operator are vacuum expectation values and
are represented by closed diagrams that are mostly similar to those of non-
degenerate MBPT. However, there are open valence lines at the top of all
diagrams for off-diagonal elements of the level-shift operator, reflecting the
differences between the final and initial states. All wave-operator diagrams
are open at the top, as in the nondegenerate theory. Summations over the
final states in wave-operator diagrams must exclude model states.

In nondegenerate MBPT the first-order energy was given by (5.6) or
(5.7), which benefited from the cancellation of half the sum — )", u;; with
%ZU(UHU) = 3>, v} (see (3.152)). In the present case 9’ is not equal
to @ (and is different for different model states), and thus the cancellation
is incomplete. Instead we find that the diagonal elements of the first-order
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level shift operator are given by

Z (fis —wii + 5v5) = Z (= vis + 5vi;) + Z(fl/z + Vg — i)
i

% 7

= =3 il + > ga (8.93)

using (8.90). Diagrammatically this result is represented by (compare (5.7))
- Q*Q-FQ**@ =—3 zszy —1—2 ilgli) (8.94)

and represents the vacuum expectation value <0|V\O> of the unmodified per-
turbation (which is different for each model state). The remaining part of the
first-order level-shift operator is the modified operator WM of Section 8.3;
it has no diagonal contribution here because (0[W’(V]0) = 0

The off-diagonal part of the first-order level-shift operator is represented
by the two diagrams

mvu = (z|glu){@Ta}, (8.95)

Vu Uv = (zy|luwv){zT§ o0} (8.96)

with the creation or annihilation operators acting on the respective initial
state. The first diagram represents a single replacement for the final (bra)
state relative to the initial (ket) state, with matrix element

(@5 W M10) = (x|glu) . (8.97)
The second diagram represents a double replacement, with matrix element
(@5 W M]0) = (wylluv) . (8.98)

In both these equations |0) represents the ket state for the respective ma-
trix element, and |®%) and |®y) are defined relative to this particular ket
state. There are no first-order contributions for more than two replacements.
When an incomplete model space is used, the label values for the open lines
are restricted to exclude states that are not part of the model space.

The first-order wave operator is represented by the same diagrams as the
first-order wave function in the nondegenerate case, (5.15), (5.16), but with
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a modified one-electron interaction:

<a>\/<z’> - z
-

<a>\f<z’> <j>V<b> Ly <“§””>{ Wi (8100)

abij g

{a i}, (8.99)

e~ |

These diagrams are similar to those for the off-diagonal elements of the first-
order level-shift operator, (8.95), (8.96), but with single arrows instead of
double arrows and with an implied resolvent line above the vertex. Again,
it should be remembered that the particle or hole classification and the
modified one-electron interaction are specific to each column of the wave
operator matrix, being determined by the corresponding ket state as the
Fermi vacuum, and that model states must be excluded from the sum over
final states in wave-operator diagrams. In the case of a complete model
space this last restriction means that at least one open-line label in each
term in these sums must not take on a valence state value.

8.7.4 Second-order diagrams

Skeletons for the second-order level-shift operator are shown in Fig. 8.9.
Skeletons 1, 2 are for diagonal elements, 3-6 represent single replacements,
7—-10 represent double replacements, 11-13 represent triple replacements and
14 represents quadruple replacements. (However, the number of replace-
ments cannot exceed the number of valence hole states or the number of
valence particle states.) Skeletons 1, 2, 4, 5, 10, 12-14 generate one dia-
gram each, skeletons 3, 6, 8, 9, 11 generate two diagrams each and skeleton
7 generates three diagrams, giving a total of 21 diagrams. The summa-
tions over intermediate states must exclude model states. Note that no
resolvent line is present above the top vertex for any level-shift operator
diagram.

The definition of linked and unlinked diagrams is the same in the HK for-
malism as in the QDPT formalism for the complete model spaces described
in Sections 8.2-8.6, i.e. diagrams are considered unlinked if they have at
least one disconnected part in which all open lines are valence lines. All
the disconnected skeletons in Fig. 8.9 (skeletons 10 and 12-14) are unlinked,
and they are excluded when a complete model space is used because they
involve intermediate model states. However, for an incomplete model space
it is necessary to retain those contributions to the corresponding unlinked
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diagrams in which the intermediate state is not in the model space but the
final state s in the model space.

As an example for the interpretation of the second-order level-shift dia-
grams, we take one of the diagrams generated from skeleton 8 of Fig. 8.9:

aN Vu v fJ,@:ZM{@TW@}. (8.101)
(CL) a €u’u

The final state |®4%), represented by the action of {#ag 6} on the initial
state, must be a model state, while the summation over a is restricted to
exclude intermediate model states. In a complete model space this exclusion
implies that a is restricted to virtual states, but in an incomplete model space
a may take on a valence index value provided that the resultant intermediate
state |®7%) is not part of the model space.

The second-order wave operator is given by (8.42), in which 1% represents
the modified (normal-ordered) operator Vi of (8.49). The diagrams repre-
senting the principal term of this operator are the same in the HK formalism
as in nondegenerate MBPT, Figs. 5.3 and 5.4, and are shown in skeleton form
in Fig. 8.10. They are seen to be similar to the skeletons for the off-diagonal
part of the second-order level-shift operator, Fig. 8.9, except that no bars
are present on any of the lines and a resolvent line is implied above the top
vertex. In this case the final states, as well as all intermediate states, must
exclude model states. The disconnected diagrams are not unlinked and are
included even in the complete model space case. However, we shall find that

00 0 Yot Do e VY VY
TPy

Fig. 8.9. Skeletons for the second-order level-shift operator in the Hose-Kaldor
formalism. (A short bar across a line indicates limitation to active orbitals.)
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Fig. 8.10. Skeletons for the principal term of the second-order wave operator in

the Hose—Kaldor formalism.
4® —_
6r

%\E\ﬁ\/\/@%\/ﬁ\f\/ﬂ

8r

Fig. 8.11. Skeletons for the renormalization term of the second-order wave operator
in the Hose-Kaldor formalism. An additional unfolded resolvent line at the top of
each diagram is implied.

certain contributions to the disconnected diagrams are canceled by unlinked
renormalization diagrams.

In the renormalization term those contributions in which the intermediate
state is the same as the initial state (|5) = |a) = |0) in (8.42)) vanish because
for the normal-ordered perturbation operator we have V5 = 0. The other
contributions remain and are described by folded diagrams. The skeletons
for these folded diagrams are shown in the folded-resolvent-line notation in
Fig. 8.11. An additional (unfolded) resolvent line at the top of each of these
diagrams is implied but not shown; this line can also be drawn in folded
form, with the lower branch below the lowest vertex.
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The intermediate state in these renormalization diagrams must be a model
state, while the final state cannot be a model state. Therefore the diagram
represented by skeleton 2r,

6
TYUv uv

cannot contribute when the model space is complete, but with an incomplete
model space those terms of this diagram in which the intermediate state
|®%%) is in the model space, while the final state |®%) is not, contribute to
the second-order wave operator.

Unlike the disconnected diagrams among the principal term skeletons seen
in Fig. 8.10, the disconnected folded diagrams in Fig. 8.11 are unlinked
and cancel with certain contributions to the disconnected principal-term
diagrams. We can illustrate this cancellation by considering diagrams 8 of
Fig. 8.10 and 8r of Fig. 8.11:

8 <b>vg>
(a) N Y (i) & = ZW{ fibf3}, (8.103)
abij (Y
--®

(the minus sign for diagram 8r is due to the fold.) It is seen that the whole
of diagram 8r cancels with those terms of diagram 8 in which b and j take
on valence values (i.e. b =1y and j = u). The canceled terms are just those
that cause diagram 8 to become unlinked.

In the case of an incomplete model space there are two complications.
First, because ®7, in diagram 8r must be in the model space, the cancellation
includes only those terms of diagram 8 for which <I>§’~ is in the model space,
leaving behind terms for which j and b take on valence label values but @;’-
is not in the model space. Second, those terms of diagram 8r for which ®¥
is in the model space, but ®;? is not, are not canceled because they do not
have corresponding contributions in diagram 8.
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In a similar way, diagrams 10r, 11r and 12r cancel those terms of diagrams
11, 10 and 12, respectively, in which the upper disconnected part, taken
separately, represents a model state. Since the lower disconnected part of the
disconnected principal-term diagrams must not be a model state (because
it determines the intermediate state), the only surviving terms are those in
which neither disconnected part of a disconnected principal-term diagram,
taken separately, represents a final model state. For the folded diagrams,
no such unlinked diagrams remain for a complete model space but for an
incomplete model space the only contributions of unlinked folded diagrams
that remain are those for which both disconnected parts, taken separately,
represent model states, while the entire final state is not in the model space.

8.7.5 Third-order level-shift diagrams

In order to identify all the distinct skeletons for the principal term of the
third-order level-shift operator, we use a scheme similar to that used in sub-
section 8.6.6 and divide the skeletons into classes and sets. The notation
(klm) will be used to describe a class of skeletons with k,I and m open
lines connected to the first, second and third vertex, respectively (counting
downwards from the top vertex). The various classes of linked skeletons are
organized in sets. The different classes in a set all have the same number of
skeletons and diagrams and can be obtained from each other by permutation
of the three vertices. The numbers of ASG skeletons and diagrams in one
representative class in each set and the total number of skeletons and dia-
grams are listed in Table 8.2, separately for linked and unlinked skeletons.
The linked and unlinked Hugenholtz skeletons for the representative classes
are shown in Figs. 8.12 and 8.13, respectively. For the unlinked skeletons,
classes (200) and (400) are omitted because they involve vacuum gaps and
classes (020) and (040) are used instead as representative classes.

The ASG diagrams for the principal term of the diagonal elements be-
long to class (000) and are the same as those for nondegenerate MBPT,
Figs. 5.1 and 5.2. They are repeated in skeleton form in Fig. 8.14, in or-
der to facilitate later discussion of the renormalization terms that can be
derived from them. Again, a characteristic of the QDPT case is that inter-
mediate model states are excluded from the summations for these diagrams.
There are no unlinked diagonal-element diagrams but, unlike nondegenerate
MBPT, there are diagonal renormalization contributions (as there are in the
complete-model-space formalism described in Section 8.6).

The linked principal-term ASG skeletons for the off-diagonal elements of
the third-order level-shift operator are shown in Figs. 8.15-8.17, organized by
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Table 8.2. Representative classes, numbers of distinct ASG skeletons and

diagrams in each class and set and total number of principal-term skeletons

and diagrams for the third-order level-shift operator (vacuum-gap skeletons
are omitted)

Number Repres- No. of Number in class Number in set
of replace- entative classes
ments class in set  Skelets. Diagrams Skelets. Diagrams
Linked
0 (000) 1 8 14 8 14
1 (200) 3 4 6 12 18
(110) 3 7 18 21 54
2 (310) 6 3 6 18 36
(220) 3 2 7 6 21
(211) 3 4 18 12 54
3 (330) 3 1 2 3 6
(321) 6 2 8 12 48
(222) 1 1 8 1 8
4 (332) 3 1 4 3 12
Total linked 34 91 96 271
Unlinked
1 (020) 2 2 2 4 4
2 (040) 2 2 2 4 4
(220) 3 2 2 6 6
(211) 3 2 4 6 12
3 (420) 6 1 1 6 6
(411) 3 2 4 6 12
(321) 6 1 2 6 12
(222) 1 4 10 4 10
4 (422) 3 2 4 6 12
(431) 6 1 2 6 12
(332) 3 1 2 3 6
5 (442) 3 1 1 3 3
(433) 3 1 2 3 6
6 (444) 1 1 1 1 1

Total unlinked

DO
w
w
Ne)
(@)
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Fig. 8.12. Linked Hugenholtz skeletons for representative classes of the principal
term of the third-order level-shift operator in the HK formalism.

the number of replacements for the final state relative to the initial (vacuum)
state. The unlinked principal-term skeletons are shown, similarly organized,
in Figs. 8.18-8.20. In order to be able to identify all non-contributing di-
agrams, and for convenience in our later consideration of renormalization
skeletons, the principal-term ASG skeletons are shown for all classes, not
just the representative classes.

In the conversion of Hugenholtz skeletons to ASG skeletons it is important
to realize that some Hugenholtz skeletons may require more than one ASG
skeleton to describe the full set of diagrams that can be generated from those
skeletons. In the present case this situation occurs for the first skeleton of
the (211) class in Fig. 8.12 as well as for the corresponding skeletons of
the other two classes in that set, (121) and (112). This (211) Hugenholtz
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(211)
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) VYV Y

Fig. 8.13. Unlinked Hugenholtz skeletons for representative classes of the principal
term of the third-order level-shift operator in the HK formalism.

000000 04

Fig. 8.14. Diagonal linked ASG skeletons for the principal term of the third-order
level-shift operator in the Hose—Kaldor formalism.

(020)

skeleton generates six diagrams:

WA NN
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Fig. 8.15. Single-replacement linked ASG skeletons for the principal term of the
third-order level-shift operator in the Hose-Kaldor formalism.

Two inequivalent ASG skeletons are needed to represent the same six dia-

grams:

VY
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(310) (301)
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Fig. 8.16. Double-replacement linked ASG skeletons for the principal term of the
third-order level-shift operator in the Hose—Kaldor formalism.
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Fig. 8.17. Triple- and quadruple-replacement linked ASG skeletons for the princi-
pal term of the third-order level-shift operator in the Hose-Kaldor formalism.

Thus there are only four Hugenholtz (211) skeletons in Fig. 8.12, while five
ASG skeletons are shown for each class in this set in Fig. 8.16; see Table 8.2.

Most skeletons in Figs. 8.14-8.20 generate one, two or four diagrams each.
The exceptions are skeletons 1, 60, 62, 138-140, 142, 144, 146, which gener-
ate three diagrams each, and skeleton 96, which generates eight diagrams.

The unlinked diagrams represented by skeletons 102, 103, 106 and 107 of
Fig. 8.18 can never contribute to the principal term of the third-order level-
shift operator, because their lower intermediate state is the same as their
final state and is thus a model state. These skeletons are included in the
figure in order to facilitate the consideration of renormalization skeletons
that can be derived from them. It will be shown later that skeletons 100,
102, 104, 105 always cancel fully with renormalization skeletons, so that
none of the unlinked principal-term skeletons 100-107 remains, even when
the model space is incomplete.
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Fig. 8.18. Single- and double-replacement unlinked ASG skeletons for the principal
term of the third-order level-shift operator in the Hose-Kaldor formalism.

When the model space is complete, any unlinked third-order skeleton that
has no line directly connecting the top and bottom vertices to each other
necessarily involves a model state either as the upper or lower intermedi-
ate state and cannot contribute to the principal term. (A classification of
skeletons according to their contribution status is given in Table 8.3.) As
examples we consider the diagrams derived from skeletons 108 and 111:

. V

fﬂlglw <Zi|Lav><a|g| >{

#tyton} (8.105)
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Fig. 8.19. Triple-replacement unlinked ASG skeletons for the principal term of the
third-order level-shift operator in the Hose-Kaldor formalism.

and

(G)G(i)@ o\ Ay =Z<ix||a">iﬂ,i|g><y|g|v>{ﬁgﬁ@a}. (8.106)
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Fig. 8.20. Quadruple-, quintuple- and sextuple-replacement unlinked ASG skele-
tons for the principal term of the third-order level-shift operator in the Hose—
Kaldor formalism.
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Table 8.3. Contribution status of third-order level-shift skeletons

Unlinked principal-term skeletons that never contribute because their lower in-
termediate state is always a model state:
102, 103, 106, 107.

Unlinked principal-term skeletons that may have residual contributions when
the model space is incomplete (skeletons that have no line connecting the top
and bottom vertices to each other):
108, 110, 111, 113-115, 118-121, 123, 125-127, 130, 131, 133-136, 138,
140-143, 145-149, 151, 153, 154, 156-160, 162, 163.

Unlinked principal-term skeletons that cancel with renormalization skeletons
but may have residual contributions when the model space is incomplete:
109, 112, 116, 117, 122, 124, 128, 129, 132, 137, 139, 144, 150, 152, 155,
161.

Renormalization skeletons (both linked and unlinked) that do not contribute
when the model space is complete but may have residual contributions when
the model space is incomplete (skeletons that have no line connecting the top
two vertices to each other):
or, 10r, 14r, 22r, 23r, 27r, 32r, 39r, 42r, 44r, 46r, 48r, 50r, 55r, 60r, 68r,
73r, 80r, 81r, 84r, 87r, 88r, 93r, 97r, 100r, 101r, 104r, 105r, 108r-110r,
112r, 114r-117r, 120r-122r, 124r, 126r-129r, 132r, 134r, 135r, 137r-139r,
141r-145r, 147r-150r, 152r, 155r-161r, 163r.

Skeletons pairs that cancel with each other but may have residual contributions
when the model space is incomplete (asterisks indicate skeletons that have no
residual contributions even in an incomplete model space):
(100*, 102r), (101*, 103r), (104*, 106r), (105*%, 107r), (109, 111r),
(112, 113r), (116, 118r), (117, 119r), (122, 123r), (124, 1251), (128, 130r),
(129, 131r), (132, 133r), (137, 1361), (139, 140r), (144, 1461), (150, 151r),
(152, 153r), (155, 154r), (161, 162r).

These two diagrams can contribute only when the model space is incomplete
and then only if the intermediate state ®} is not in the model space. In both
cases the final state ®;5 must be in the model space, and terms in which
the intermediate state ®¢ (in the first diagram) or ®7 (in the second) is a
model state are excluded from the sum.

All the other unlinked skeletons cancel with unlinked renormalization
skeletons, and no unlinked contributions of any kind remain when the model
space is complete (see Table 8.3). With an incomplete model space the can-
cellations are incomplete, as will be shown in the following discussion of the
renormalization terms.
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Each principal-term third-order skeleton, whether linked or unlinked, has
a corresponding renormalization skeleton, which is easily obtained from it by
restricting the lower intermediate state to be a model state and replacing the
lower resolvent line by a folded resolvent line surrounding the middle vertex.
It is therefore unnecessary to show all the renormalization skeletons; these
will be referred to using the numerical labels of the corresponding principal-
term skeletons with an added ‘r’.

Those renormalization skeletons, both linked and unlinked, that have no
line directly connecting the top two vertices to each other cannot contribute
when the model space is complete (Table 8.3). In these cases all lines are
valence lines, some because they connect to the bottom vertex and the oth-
ers because they are part of the final-state designation, making the upper
intermediate state a model state. There are 24 linked and 44 unlinked
renormalization skeletons of this type, including the diagonal skeleton 5r
(see Fig. 8.14). As examples we shall consider one of the two diagrams
generated by skeleton 23r and the diagram generated by skeleton 110r:

U —— == :1 (xwllyz){(v|g|u) (yz||vw) sta 8107
a3 @ yw) 2%; = {efa}, (8.107)
wy
zR Yu =—<y\§|v>z<w‘g|’2<:j||“w>{a§m;g%}. (8.108)
&= Zw u=z

The first diagram has one pair of equivalent lines, three hole lines and two
loops (one of them a quasiloop). The resulting negative sign is canceled
by the negative sign due to the fold. This diagram can only contribute in
an incomplete model space, and then only from those terms in the sum for
which ®77, is in the model space while ®7;, is not. (In all cases, the final
state 7 must be in the model space.) The second diagram has three hole
lines, three loops and no equivalent lines. Again, the final state ®; must
be in the model space, and the diagram can only contribute when ®Z is not
in the model space, and then only for those terms in the sum for which ®%?
is in the model space. Similar considerations apply to the other skeletons of
this type.
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As noted earlier, skeletons 100, 101, 104, 105 cancel completely with renor-
malization skeletons. This cancellation will be illustrated by skeletons 100
and 102r:

100 v
fffff yAVu 1 Gillab)ulal) (ablid)
1y s (g'a},
(@Gm (j)O(b) e 44 e ’

iju g

(8.109)
102r
OAY (@) (1) _ 1§~ Ggllab){ablliz) {ylglw) , .
@00 0O fr = DTy -
o (8.110)

In both diagrams, ®} must be in the model space (since it is the final state),
and terms in which @Z%’ is in the model space are excluded. Thus the whole
of diagram 100 is always canceled by corresponding terms in diagram 102r,
but any terms in diagram 102r for which @%I-’ is in the model space (while
(paby

Ju
When the model space is complete, CD?}’ cannot be in the model space when
Py

Ju

Similar behavior is obtained for the unlinked skeleton pairs 101 and 103r,
104 and 106r and 105 and 107r. Combined with the fact that principal-term
skeletons 102, 103, 106 and 107 can never contribute, we find that none of

the unlinked principal-term skeletons 100-107 survive for any model space.

is not) remain, because such terms are excluded from diagram 100.

is not; in this case the cancellation of the two diagrams is complete.

All remaining unlinked principal-term and renormalization skeletons can-
cel in pairs, as listed in Table 8.3, but may have residual terms surviving the
cancellation when the model space is incomplete. As examples we shall con-
sider diagrams derived from the skeleton pairs (109, 111r) and (132, 133r):

109 uvxéy ::E:(yﬂwaxxthQAMﬂ{iuf@@}7(811U

@ ()Y pa) G i<t

®,,,
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111r U%
u

Y
Af 0 @ (@ = - 3 el

--®

(8.112)

In both diagrams ®7 must be in the model space, and the sums are re-
stricted to terms in which ®7¢ is not in the model space. However, cases in
which @7 is not a model state are excluded from diagram 111r and thus re-
main uncanceled in diagram 109. Similarly, terms in the sum in which ®{ is
a model function (but ®¥¢ is not) are excluded from diagram 109 and thus
remain uncanceled in diagram 111r. No uncanceled terms of these types
remain when the model space is complete.

132 u vvy
- = 2RV w
x =-

L G IR 11500
(i) ©&-- 245 Erti
----®
(8.113)
133r
1§ (ylluo) (@]913) (z1gw) ¢ ot g ot o
=3 Z e {iTyt s woa)
i w1
(8.114)

In both these diagrams ®37;, must be in the model space, and the sums are
restricted to terms in which ®7? is not in the model space. However, cases
in which ®Z is not a model state are excluded from diagram 133r and thus
remain uncanceled in diagram 132. Similarly, terms in the sum in which
®7 is a model function (but ®7? is not) are excluded from diagram 132
and thus remain uncanceled in diagram 133r. No uncanceled terms of these
types remain when the model space is complete.

The denominator factors in some residual terms for incomplete model
spaces, as in (8.107), (8.108), involve differences in valence-orbital energies
only and are thus likely to be relatively small. Nevertheless, in those terms
that contribute to the sum, each factor represents a zero-order energy dif-
ference between a model state and an external state. As long as the choice
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of model space maintains significant zero-order energy differences between
all model states on the one hand and all external states on the other, con-
vergence of the perturbation series need not be seriously impaired.

As in the case of the complete-model-space approach described in Sec-
tions 8.2-8.6, the number of diagrams generated in the HK approach is
also quite large and increases very rapidly with the order of the calculation.
Coupled with the summation restrictions, this situation makes QDPT cal-
culations difficult, and they are rarely practicable beyond the third order of
the energy.
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Foundations of coupled-cluster theory

9.1 Coupled-cluster theory for noninteracting He atoms

Before beginning the formal development of coupled-cluster (CC) theory
and its diagrammatic tools, we will introduce some essential elements of
coupled-cluster theory in a conceptual form. For this purpose, we look again
at the model problem of N noninteracting He atoms, which we examined in
Section 1.7 in the context of CI and in Section 2.4 for BWPT and RSPT.

We shall use the notation and basis set of Section 1.7. In this basis we
have two orthonormal two-electron functions for each atom, {¢o(i), x(7), i =
1,2,..., N}, where ¢¢(i) is the zero-order function for atom i and x(7) repre-
sents a two-electron excitation from ¢g(7). Since the atoms are noninteract-
ing, the functions on one atom are orthogonal to those on any other atom.
We define a single-atom two-electron excitation operator ¢; for the ith atom
in the space spanned by {¢o (), x(i)} by

tigo(i) = Tx(1), tix(i) =0, (9.1)

where 7 is a constant to be determined. The ¢; operator has no effect on
the basis functions for the other atoms,

~

tido(j) = ¢o(4),  tix(d) =x() (@ #7])- (9-2)

For the N-atom wave function we define the operator

Ty=> i (9.3)

(the subscript 2 on Ty indicates that it is a sum of operators that excite two
electrons at a time). The effect of 75 on the N-atom functions ®g, ®;, ®;j,

251
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etc. (Section 1.7) is easily found:

T2<1>0:Z£-<1>0:rz:<1>i,
Ty®; —Zt@ =T Z @Z]—TZ@U (since ®;; = 0),

767D (9.4)

TQ(I)O—TZTzq) =T Z(I)zja

T3 = TQZTQq)] =7 Z%k, etc.
i ijk

We know that the exact solution for N noninteracting He atoms can be
written in the form

U =d)+ chb t > TR+ 5> Tt (9.5)
i ijk

(compare (1.32)). Therefore (compare (1.34)),
U = &+ Tydg + 215200 + T3 D) + -+ = 2. (9.6)

The exponential Ansatz U = e’2®, which is a characteristic of the coupled-
cluster approach, automatically accounts for the correct relationship be-
tween the coefficients 7,72, ... of the various excitation levels. In the CC
approach we write the wave function in this exponential form and derive
equations for the determination of the cluster operators (TQ in this case)
and the corresponding energy.

The only unknown in T in this example is the coefficient 7, and to obtain
equations for 7 and the corresponding energy E we project the Schrodinger

equation, in the form
(H - B)el*dy =0, (9.7)

onto (Pg| and (P;| (the different values of i all lead to the same final
equation):

(@o|(H — E)e™|®g) =0,

. 9.8
(®;|(H — E)e™|®y) = 0. 08
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Using (9.4) and (1.23) we obtain the following matrix elements:

(Bo|Ee™2|Dg) = E(®|Dg) + E(Do|Th|Po) +--- = E, (9.9)
(B;|Be™|®g) = E(®;|Do) + B(®;|T2| o) + SEY (DT | D) + - -
ik
= 0+ ErY (®]®;) +0+--=Er, (9.10)
J
(®o| He™2|Dg) = (‘I’0|FI|(I)0>+<‘I’0|ﬁf2|(1)0>+%<¢0\QT22|¢0>+"'
= Eo+7) (®|H|®;)+0+---=Neg+ N73, (9.11)
7
(®;| He™2|Dg) = (q’i\ﬁ@d+<‘1’i’ﬁT2|‘1’0)+%<‘I)i’ﬁT22|‘I)o>+"'
= B T (H|D;) + 377> (D H[Dj) +0+ -
J ik

= B+ 7(Q|H|D) + 577 (| H|(®ij + 0))
j
= B+ 7[(N —1)eo +a] + T2(N - 1)B. (9.12)

Substituting in (9.8), we obtain a pair of simultaneous equations for 7 and E:

N(go+8r) = E, (9.13)
B +71[(N—-1eo+a]+7(N-1)3 = 7E. (9.14)

The second equation includes two terms, 7Neg and 72N 3, containing N as
a factor but, as we see from the first equation, their sum cancels against 7F
on the r.h.s., leaving a quadratic equation for 7 that is independent of N:

B+ (a—eo)T — B2 =0. (9.15)

Since 7 is independent of N, we see from the first equation that E is pro-
portional to N, as required for extensivity. We can write

E = Ne, e=¢0+ Ae, Ae = 7. (9.16)

In fact, it is easy to see that the equations obtained here for 7 and Ae are
equivalent to the equations (1.16), (1.17) for ¢ and Ae in the full-CI solution
for a single He atom; thus 7 = ¢ and the CC solution is indeed the exact
solution, (1.32), for the N-atom problem.

Thus, coupled-cluster theory (limited in this case to clusters of double

excitations) gives the exact answer, in the form T2 ®(, for the noninteracting
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He atoms. If we bring the atoms closer and allow them to interact, the
correct wave function will have additional (but relatively smaller) terms.

The following characteristic features of the CC approach, in addition to
the exponential Ansatz for the wave function and the resulting extensivity,
should be noted.

e Instead of the eigenvalue equation of CI, we obtain a set of simultaneous
algebraic equations by projecting the Schrédinger equation onto the zero-
order function and onto the functions obtained by the operation of the
cluster operators on the zero-order function.

e The first equation (called the energy equation) provides an expression for
the energy in terms of the coefficients or amplitudes appearing in the clus-
ter operators. The energy cancels in the other equations (the amplitude
equations), allowing the amplitudes to be determined by the solution of
these remaining simultaneous equations. After the amplitudes have been
obtained, the energy can be calculated from the energy equation.

e The amplitude equations are nonlinear, containing powers and products
of the various amplitudes. Iterative methods are generally required for
their solution.

9.2 The coupled-cluster wave function
9.2.1 The exponential Ansatz and extensivity

In Section 2.5 we introduced the wave operator €2, which converts a zero-
order wave function ®¢ into the exact wave function W:

QD) = . (9.17)

One form for (2 is given by a linked-diagram expansion,

Q[dg) = [Bo) + > ((RoW)*|®y)), - (9.18)
k=1

We will see shortly that {2 may also be written quite generally as

Q=el, U =eldg, (9.19)

where T' is an excitation operator. This form, which is the coupled-cluster
choice, is arguably the most convenient and powerful form of €. Before a
formal derivation, however, let us consider some of the consequences of this
choice.
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The exponential Ansatz for the wave operator immediately manifests the
extensivity property. Consider a system A ---B composed of two nonin-
teracting subsystems A and B and expressed in terms of orbitals localized
on the two subsystems. If the zero-order wave function for the system is
separable,

Po(A---B) = Po(A)Po(B) (9:20)

(overall antisymmetrization of the wave function is unnecessary since the
systems are noninteracting), and if T" for the system is additive,

T(A---B)=T(A) +T(B), (9.21)
then the total wave function is multiplicatively separable,

U(A--B) = L ABIg(A...B) = L N+TBIg(A4)Bo(B)

) ) (9.22)
= "W (A)eTBlog(B) = W(A)¥(B)

(operators on the A and B subsystems commute with each other). This
separability of the wave function ensures additivity of the energy,

H(A---B)¥(A---B) = [f:I(A) H(B)]W(A)¥(B)
[H(A)U(A)] ¥ (B) + W(A)[H (B)¥(B)]
= [E(A) + EB)¥(A---B), (9.23)

as required for extensivity. Equation (9.23) is a weaker condition than (9.22)
and is the preferred definition of extensivity. Unlike CC, finite-order MBPT
(i.e. RSPT) does not satisfy the wave-function multiplicative separability
condition (9.22), but it always gives extensive results for the energy.

9.2.2 The cluster operators

The coupled-cluster wave function is written in the form
¥ = eT'dy, (9.24)
where &y = |0) is the reference function and
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The one-body (T}) two-body (T%) etc. cluster operators are given by

= Ztgaﬂ% = Ztg{eﬁ%} (9.26)
2 Zt“b bt ji Zt;@b{awj} (9.27)

ijab zjab
= G > thatibtjelk = % > hefatibtjc'k} (9.28)
! ijkabc ijkabc

etc., where tfjb are coefficients to be determined, usually referred to as the
amplitudes for the corresponding operators, and the strings of creation and
annihilation operators are automatically in normal-ordered form (as before,
the braces { } indicate normal ordering). In general,

A 1 AaREn
Tn = (mi2 th]b atab’y .-} (9.29)
ij...

comprises m pairs of creation and annihilation operators, producing m-fold
excitations, where m < N, the number of electrons. The 1/(m!)? factor
accounts for the redundancy created by the unrestricted summations, since
any permutation of the m hole indices or of the m particle indices does not
produce a distinct contribution. Furthermore, since for example

atibty = —atjvli = —bhiat) = bfjali, (9.30)
we also require that

th0 =~ = —12¢ = %, (9.31)

so that the (2!)? = 4 contributions from permutations of the i,j and a,b
indices will produce four equal terms, this repetition being offset by the
factor %. More generally, all tfjb are defined to be antisymmetric in the
hole indices and (separately) in the particle indices,

P’(ab... z pr

Eps) = (—1)7 e geh, (9.32)
where P and P’ are permutation operators and o(P), o(P') are their pari-
ties.

The T operator for an N-electron system, (9.25), terminates with the N-
fold cluster operator T but in actual applications T has to be truncated,
usually at the Tg or Tg level, as discussed further below.

If the exponential wave operator is expanded in a Taylor series,



9.2 The coupled-cluster wave function 257

and T is expanded as in (9.25), we obtain

U = &g+ Ty ®¢+ Thd + - -
+ %qu)o + Ty 1@ + %T22q)0 +--
+ %TI?’Q)O + %T12T2(p0 + %T1T22@0 + %ng‘bo 4
+... (9.34)

(note that the different T, operators commute). Contributions to the wave
function of the form Tm®0 are called connected-cluster contributions while
those involving products of cluster operators, such as %TQQCI)O or ’f’lj’g(I)o, are
disconnected-cluster contributions. These disconnected-cluster terms, which
are a direct consequence of the exponential form of the wave operator, are
responsible for the extensivity of the CC wave function.

Because of the two-electron nature of the Hamiltonian, the most impor-
tant connected-cluster contribution to the wave function is TQQJO. If &g
is a Hartree-Fock wave function (canonical or otherwise) for the state of
interest, the contribution of 7}® is quite small, as a consequence of the
Brillouin theorem (Section 1.5). This theorem, which is valid for UHF and
closed-shell RHF wave functions, states that matrix elements of the Hamil-
tonian between the Hartree—Fock function and singly excited determinants
vanish:

(DY H|®o) =0  (HF case). (9.35)

In other cases, including ROHF, T ®, may be important.

Compared with other correlation methods, CC treatments that include
Ty and its products are relatively insensitive to the choices of &y and the
orbitals (within a given basis set). This insensitivity is due to the fact
that the effect of the operator ¢t is to transform ®y to another Slater
determinant (Thouless, 1960), and it is thus equivalent to a transformation
of the orbital basis (see subsection 3.2.4). This property of e’! is known as
the Thouless theorem.

The most important disconnected-cluster contribution, at least in the
Hartree—Fock case, is %Tf@o (though higher powers of T can become more
important as the size of the system increases). The connected T3, con-
tribution is important particularly in systems with high electron densities,
including molecules containing multiple bonds. Higher-order connected con-
tributions (T4<I>g, Ts®o, TsPy etc.) are of much less importance in general,
though they can be important in special situations.
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The simplest CC approach is that of coupled-cluster doubles (CCD), in
which T is truncated to

Teep =Ts . (9.36)

The CCD wave function includes all connected and disconnected clusters
involving T5 only,

Weep = e12®) = &g + Thdy + 100 + £ ®o + -+ - . (9.37)

The most common extension of this model is coupled-cluster singles and

doubles (CCSD), defined by
TCCSD = T1 + TQ . (9.38)

An excellent approximation to the exact wave function is usually provided
by the CCSDT model, which adds the triple-excitation clusters:

Teespr =T + 1o + T . (9.39)

Owing to the high computational cost of including T3, however, this model
is often approximated in a number of ways.

9.3 The coupled-cluster doubles (CCD) equations

We shall derive the equations for the coupled-cluster doubles model in several
ways, in order to clarify the correspondence between the various approaches
and to demonstrate the advantages of the diagrammatic procedures. First,
in subsection 9.3.1, we use configuration-space techniques, including the
Slater—Condon rules for matrix elements of the Hamiltonian between Slater
determinants, as commonly employed in the configuration-interaction for-
malism. Next, in subsection 9.3.2, we use an algebraic derivation, employ-
ing second quantization and the generalized Wick’s theorem. Following a
section that introduces the diagrammatic representation of the cluster oper-
ators and demonstrates the connection between the exponential Ansatz of
coupled-cluster theory and the linked-diagram theorem of MBPT, we derive
the CCD equations diagrammatically in Section 9.5.

9.3.1 Coupled-cluster doubles equations: configuration-space
derivation

Equation (9.37) provides the simplest coupled-cluster approximation, the
coupled-cluster doubles model. We can derive the CCD equations for the 75
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amplitudes and energy by applying the Slater—Condon rules in a
configuration-space formalism.
Inserting Woep into the Schrodinger equation, we obtain

HUccp = Ecep¥ocp (9.40)

Now projecting from the left with the reference function (®y| we obtain the
energy,

Eccp = (®o|H|¥cep), (9.41)

since (Po|Pcep) = 1 by the choice of intermediate normalization. Using the
expansions in (9.27) and (9.37), the energy expression becomes

Eccp = (QolH(1+15)|00) = Erer+ > (Dol H|D) 0 = Brep+ Y _(ij]|ab)ts?

i>7 i>]
a>b a>b

(9.42)
(no other powers of Th can contribute, as is easily seen from the Slater—
Condon rules).
At this point it is convenient to subtract F,.. from both sides of the
Schrédinger equation, to give

HxVUcep = AEcop¥ecn (9.43)

where ﬁN = H - FEer. To bring out the correspondence with perturbation
theory clearly, we write out the full Hamiltonian in first-quantization form,
using the analysis in Section 3.5 and subsection 3.6.3. We have

A~

Hy = F—U+Hy— By
= ﬁ0+FO—U+ﬁ2_Eref7 (944>

where

—Fdzszf? <p‘fd’q>:5p5pqv
N
=3 "f, lfle) = (- 6,0) wIfla),
7

U=> i, (plilg)="> (pillqi),
o A
=3
2 = T )
pu>v
Eet=Eo+EY,  E=) &,  BY=-3) (ijlij).
: -

Note that, in the canonical HF case, Fo=0and Fd=F.
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t“b, and we can obtain

To calculate the energy we need the amplitudes
equations for these amplitudes by projecting (9.43) onto all double excita-
tions. The number of resulting equations is exactly the same as the number

of amplitudes t%l-’ to be determined. For a given set of indices ¢, j,a,b we

have
(@ Fne™|Bo) = AEccn (B2]e”?|g) (9.45)
or
(@[ An(1+ Ty + 3157)|®0) = AEcepts) . (9.46)

This equation contains a quadratic term, %Tf, in addition to the linear term
TQ, but note that there has been no truncation of the exponential operator
since higher powers of 15 produce six-fold and higher excitations, which
cannot interact with the double excitations in the bra part of the matrix
element.

We next apply the Slater—Condon rules to the individual terms in the
parentheses in (9.46). Only the two-electron part H, of Hy contributes to
the first term, giving

(@7 | Hx|@o) = (ab]if) - (9.47)
The second (linear) term is

(BIP|HNTR|Do) = Y (5| Hx|D5 5]

k>l
c>d
= (B Ho — et D) + > (@ |F° - UI@5)15
k>1
c>d
+ ) (L7 Ha D)
k>l
c>d
= Lo+ L1+ Lso. (9.48)
From (3.154) we get
(Ho — Eo)|®5)) = (ea + b — i — £5)| D) = —e57|5)) (9.49)

b— ¢ + €j — €4 — €p, S0 that for the first term in (9.48) we have

Lo = ( et 41 Z k|| 1) )t;gb. (9.50)

where E“
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The second (one-electron) term in (9.48) contributes only if at least three
of the indices k, [, c,d are equal to the same number of the indices i, j, a, b.
Application of the Slater—Condon rules to this term gives:

- _ Zukkt@ — Z (fik — ujk)t?,g —(fir — Uzk)t?;;]
n Z (f2, — upe)t a —(f° Uac)tl?ﬂ . (9.51)

Next we turn to the two-electron term Ly in (9.48). For this term to be
nonzero, at least two of the k, [, ¢, d indices must equal the same number of
1,7,a,b. For cd = ab we get

> (ijlkDtY,

k>l

and for kl = ij we get

> (abl|cd)ts .

c>d

If we have one coincidence between the hole indices and another between
the particle indices, we get

— > ((bklles)tss — (Bkllci)tsi — (akllci)tiy + (akl|ci)tl;)

(the signs arise from the maximum-coincidence permutations required in
the application of the Slater—Condon rules). Careful analysis shows that
the above terms also account for most terms arising from the cases in which
three or four of the indices k, [, c,d are equal to three or four, respectively,
of i,7,a,b, except for the additional contributions

= (LR LR — (|| kD) +Z (Blelytss — (allel)tls) ,
kil

arising from the three-coincidences case, and

> (k| =4 Z kL kl)es?,

k>l

arising from the four-coincidences case. These additional contributions are
expressible in terms of matrix elements of @ and, together with the last term
in Ly, (9.50), cancel all the @ contributions to L; in (9.51).
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The total result, Ly + L1 + Lo = L, for the linear term is
= e Y e S A - YA
c
+ ) GillkDt + > (ab]lcd)tsd

k>l c>d

= > ((bkllej)tis — (vkllei)ts — (akllef)tif + (akllei)tf) . (9.52)

In the canonical HF case fo = 0 and the last four terms in the first line of
(9.52) vanish.

All the terms considered so far (i.e. through terms linear in T5) are the
same terms that occur in a CID calculation. Coupled-cluster theory differs
from CID primarily because of the quadratic term in (9.46),

Q = H(OLIHNT? (Do) = 1D (@ | Hx|@jged Yedted, . (9.53)
k>l m>n
c>d e>f

This term introduces quadruple excitations into the wave function but with
coefficients that are sums of products of the coefficients of double excita-
tions. Nonzero contributions to ) are obtained only when four of the in-
dices k,l,m,n,c,d,e, f in (9.53) are equal to i, j, a, b, and it is obvious that
only H,, the two-electron part of the Hamiltonian, can contribute. There
are many possibilities for the required four coincidences, and it is left as an
exercise for the reader to prove that

Q =Y (kllled) [(2t5] + t5480) — 2(ti5tp + 0456

k>l
c>d

— 2t5t5T + 5 + AT+ D] (9.54)

A very important observation pertains to the right-hand side of the am-
plitude equation (9.46). From (9.42) we see that

AEcop = Y _(ijllab)tsy (9.55)

i>j

a>b
and, since the summation labels are dummy variables, the first term in
Q, (9.54), is equal to AECCDt?JI?. Consequently, this term cancels against
the r.h.s. of (9.46), eliminating the unknown energy from the amplitude
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equations. Rearranging terms and converting to unrestricted summations,
the CCD amplitude equations can then be written as

ettt = (abllij) + 1 Z ablled)ts) + 3> (i k)t
kl
— > ((bkllei)tis — (k|| ciytsy — (akllei)th; + (akl|ci)t)
- Z ffkt?l? + Z ffkt?lg + Z Joeliy — Z oetls
k

+ (ki ed) Ltfjltkl B e L
kled

bicd dyab bd bd
— Sespest + vitesh) + (et + )| (0.56)

Once again we see the emergence of simultaneous algebraic equations (in-
stead of the eigenvalue problem of CI), which characterizes the CC methods.
Since the equations are quadratic they are solved iteratively, substituting the
amplitudes t%b obtained in each iteration into the quadratic terms for the
next iteration.

As we shall see in the diagrammatic derivation in Section 9.5, the quantity
AECCDt?Jb corresponds to an unlinked diagram and therefore must cancel
in the final equations. Because of the absence of the %TQQ term in the CID
equations, AECIDt%’ is not canceled there and therefore the CI procedure
retains contributions arising from unlinked diagrams. A CI-like model that
corrects for this deficiency and restores extensivity is provided by the lin-
earized CCD (LCCD) approach. In this approach, after cancellation of
the unlinked terms the remaining quadratic contributions in (9.56) are ne-
glected (CiZek 1966). The energy in this approximation corresponds to an
infinite sum of double-excitation diagrams (Bartlett and Shavitt, 1977b) and
is correct through third order in MBPT. This model has also been called
D-MBPT () (Bartlett, Shavitt and Purvis, 1979), CEPA(0) and LCPMET
(Cizek 1966, Adams, Jankowski and Paldus 1979).

9.3.2 Coupled-cluster doubles equations: algebraic derivation

For an algebraic derivation of the coupled-cluster doubles equations we use
second quantization and the generalized Wick’s theorem for products of
normal-ordered products of operators and write the Hamiltonian in



264 Foundations of coupled-cluster theory
normal-ordered form according to subsection 3.6.3:
Hy = (Ho)n + F§ +W
=Y ali'p} + 2 '@ + 4D (pallrs ety (957
p P#q pqrs

To save work it will be convenient to combine the first two terms, using
€p = fpp, s0 that we have

Hy =N+ W =) foufp'd} + 1Y (pallrs){p'a'sr}. (9.58)

Pq pqrs

Proceeding as in subsection 9.3.1, equations (9.40)—(9.43), we get

AEccp = (0[Hn(1 4 12)[0) = (0| HxT3|0)

= (0| [S fralo'ad + 3 3 tpallrs) (057} (atbi iy o)t
rq pqrs

1>7
a>b
(9.59)

recalling that the vacuum expectation value of a normal-product operator
is zero. The contribution of the one-electron part of Hy in (9.59) vanishes,
since there is no way of contracting all the operators in this term without
using an internal contraction in one normal product. Converting to un-
restricted summations, we then have

AEccp = 15 Y (pallrs)(0[{p'q' s} {a'bl jiy|0)tsy . (9.60)

ijab pqrs

There are four ways of contracting all the operators between the normal
products in the vacuum expectation value in (9.60), as follows:

[ Tr—=11 [ re=1l
(o[{s"a"srH{aT81ji} + {pa'si}a'h'ji)
[ — N 1o
+ {ptatsrHatdljiy + (51a s a8} o)
= 5pi5qj5sb6ra - 5pi5qj65a5rb - 5pj5qi55b5ra + 6pj6qi55a5rb .

This results in four equal contributions to the sums, removing one factor i:

AEcep = 1 (ijllab)tsy . (9.61)

ijab
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This type of redundancy, in which multiple versions of the same term are
generated, occurs often in the algebraic derivation but is removed automat-
ically in the diagrammatic derivation.

Next we turn to the amplitude equation (9.46). The first term is the same
as (9.60) without the 1 >, Jap Sum and without the amplitude factor, giving
the same result as (9.47). The linear term is given by (9.48) and, with the
normal-product Hamiltonian given by (9.58), we obtain

L= (®Hx| ROt = 1 (@[ Fx + W5 )t
k>l kled
c>d
=Li+ Lo. (9.62)

The decomposition of L in (9.62) is not the same as in the configuration-
space derivation (9.48), not only because of the incorporation of Ly into
L1 but also because the cancellations between contributions to different
components of L in (9.48) are incorporated at the outset by the use of
normal-product operators in (9.62).

The one-particle part of L is

= 12D FualOl{itjTa} {57 g} (e iR o) (9.63)
kled pq
To contract all operators between the different normal products in the vac-
uum expectation value, we must form three contractions between the first
and third normal products and one contraction each between the first and
second and between the second and third. There are 16 valid ways of ac-
complishing these contractions, four of which are

| T [Tl
(O[3 hay(p aHetdliky + {3t ba (5! (el d! k)

|r==—=—1 [T
+ {itjtba{ptaHetdliiy + (i Tba} (pa} (e dfik}|o)
= 0i10;10bd0apOcq + 0ik0j10acObpOdg — 0ik05qO1pdacOvd — OigOkpdidacipd -

Substituting this result into the sums in (9.63) gives
D FactP 4> foati =Y fiithh = frithh.
c d l k

The other 12 terms are obtained by interchanging the termination points
of the contractions connecting to the particle creation operators ¢ and df
and/or to the hole annihilation operators k& and [. In each case we obtain
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contributions that are equal to the above four terms, canceling the factor
Z in (9.63). Changing the dummy summation indices in some terms and
permuting some indices gives the final result,

Ly= = (factl — fuctl) — Z(fjkt%? — firth)
C
= (ca+ep— i — &)t + Z Foctls = Factls) + ) (Fot5h — fouti) -
k

(9.64)

For the two-particle part of the linear term we have to evaluate

Ly = 5> (pallrs)(01{jTbita{plqsi{e kd i} 0) 5] (9.65)

pqrs kled

To obtain valid contractions in this case we must form two contractions
each between the first and second, the first and third and the second and
third normal products. The contractions between the first and third normal
products force identities between two of the ket indices k, 1, ¢,d on the one
hand and two of the bra indices 4, j, a,b on the other; they can be used to
classify the terms into three cases, according to whether we contract (a) two
pairs of hole-index operators, (b) two pairs of particle-index operators or (c)
one pair of each type. These contractions in turn determine the types of
remaining contractions involving the second product.

The first and second of these cases can be accomplished in two ways
(for example, contracting it with k and 51 with [, or it with [ and 51 with
k in the first term), giving rise to equal sums, while the third case can be
accomplished in four equivalent ways (depending on which two ket operators
l%,i, é,ci are contracted). Combining the equal sums in each case, we can
write the three types of terms as

Loa=% ) > (palrs)(

Pqrs kled

=3 (pallrs)(0[{ba}{p' 4 57 {eldl Hopesy, (9.66)

Pqrs cd

n
{2 ﬂba}{ 51T s} {eTd kY |0) g

Lon = § Y > (pallrs)( ()\{ZTJTba}YT ATéf}{éTdle}}oﬁkl 7

pqrs kled

= 157N (wallrs) Ot B sy {Tk Y loyeed (9.67)

pqrs ki
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Loe =13 (pallrs) (0

pqrs kled

[ ———— |
{it5tea {ptqtary{etdlik}

[ —— |
+ {if5tba} {pfgtsrr{etdtiny

[ ; 11
+ {173 ba} {pfgtsr {etdtiky

[ ]
+ (it tbah (st sl dr ko )i

=155 wallrs) [01{51 01 {pt g siH{e R oyese

pqrs kc

—(0l{itb}{p'q" s} {eTk |0yt
— {jta}{ptqtsr}{c kY 0)ele

+(0|{itat{p'q 57 etk o)l ] . (9.68)

The signs for all these terms can be determined by the number of inter-
changes needed to bring the contracted operators out in front of the remain-
ing normal products.

The vacuum expectation value in Lo, can be evaluated as

A\ — | [/ L A\ — | ﬁ
(0|{ba}{p'q'sr}{e"d"} + {ba}{p'q 47 }{c'd"}

+ {ba}{p'q" s} {e'd"} + {ba}{p' 57} {c'd"}|o)
= 5bq6ap5ds($cr - 5bq5ap6055dr - 5bp5aq5dsécr + 5bp5aq5655dr )
where the parity of the number of intersections between the contraction
lines determines the sign of each term. Substituting this result into the

summations and rearranging the indices in each case to obtain the same
order, (abl|cd), we get four equal terms, so that

Lya=13» (abl|cd)ts}. (9.69)
cd
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A similar procedure for the second component of Lo results in

Loy = & S (killigytg) (9.70)
kil

For the third component of Ls, each of the four terms in (9.68) can be fully
contracted in four ways. Taking the first term as an example, the vacuum
expectation value for this term becomes

<0

! N ! S
{7T03{p'q 87} {e"k} + {510} {p ¢T 37} {eTk}

1 [t
+ {15 a5 HE kY + {'0H' ' s7He ko)
= 6bp5086j7’5kq - 6bp507"6j55kq - 5bq5036j7’5kp + 5bq50r6j55kp .

Again substituting this result into the summations and rearranging the in-
dices in each case to obtain the same order, in this case (bk||cj), we get four
equal terms, giving —(bk||cj)t%C. Applying the same procedure to the other
three terms results in

Loo == ((bklles)ti — bklleiftss — (akllei)tls + (akllei)tls) . (9.71)
kc

Adding up all the components of L = L1+ Lo, + Loy, + Loc, we get the same
result as in the configuration-space derivation, (9.52).

Turning to the quadratic term, only the two-electron part of Hy will
enable the eight creation or annihilation operators of the ket quadruple-
excitation configuration to be fully contracted. Thus we need to evaluate

Q=35> (pqlrs)(0{i'j'ba}{pg"sr}{e!d Ik} { et fram}|0ytidect,, -
pqrs k>l m>n
c>d e>f

(9.72)
No nonzero contractions are possible between the third and fourth normal
products in (9.72) and thus, to obtain nonzero contributions, four of the eight
operators in the third and fourth normal products have to be contracted with
the first product, and the remaining four with the second product.

We shall first consider the case in which the four operators of the first
product are contracted with the four operators of the fourth. This term,
and the similar one in which the four contractions are between the first
and third normal products, represent unlinked contributions since the set
of contractions involving the first normal product is decoupled from the set
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involving the second. Considering the inequalities in the restricted summa-
tions over m, n, e, f and the restriction ¢ > j,a > b, the contractions between
the first and fourth products can be accomplished in only one way:

~

: =1 |
{itjtba} {plq srp{etdliky (et flanm |0 et

LY wallrs)(o

pqrs k>l m>n
c>d e>f

=35> > (palrs)(0{pa s {etdlik}|0)egts) -

pqrs k>l
c>d

Contracting the remaining operators in the four ways that are possible gives
four equal contributions, and results in

dab

% E (Kl[ed)tigtsy -
k>l
c>d

The same result is obtained (after renaming the summation indices) for the
case in which the four operators of the first product are contracted with
those in the third product, thus canceling the factor % for the total unlinked
contribution. Comparing this result with (9.61), we see that it is equal to
AECCDt%b, and so cancels with the r.h.s. of the amplitude equations, (9.46),
as we have already seen in the configuration-space derivation.

The remaining terms in the quadratic contribution fall into four classes,
depending on the pattern of contractions of the first normal product. In
class (a) the two hole operators of the first product are contracted with
either the third or the fourth product (i.e. it and j' are contracted with
k and I, respectively, or with m and n, respectively, using ordered sums)
while the two particle operators are contracted with the fourth or third
product, respectively. These two types of contraction produce equal results,
canceling a factor % Then converting to unrestricted summations adds a
factor i, which is later canceled by the four equivalent ways of contracting

the remaining operators, giving

Qa=15 > > (pallrs)(0[{p'q 57} {Ik} (e d"}|0)¢5stiy
pqrs kled
=1 > (Kll|lcd)tsite) . (9.73)
kled
In class (b) one hole and one particle operator of the first normal product
are contracted with operators in the third product, while the remaining
two operators are contracted with operators in the fourth. Converting to
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1
15, we find

that there are 64 choices for these contractions. Specifically, there are four
ways for " and @ to be contracted with operators in the third product while
51 and b can be contracted with operators in the fourth product in four ways,

unrestricted summations, which introduces an additional factor

giving 16 equal terms; contracting i and @ with operators in the fourth
product while jT and b are contracted with operators in the third product
give 16 more terms equal to the above, for a total of 32 equal terms. Another
set of 32 equal terms is obtained by contracting it and b with operators in
the third product while ;T and @ are contracted with operators in the fourth
product, or vice versa. In total, after renaming the summation indices and
performing the remaining contractions we get

Qv =1 0 (pallrs)(0{5'a sFHe (i} o) eseeld — e

Pqrs kled
= (Kl ed) (tt — t3asi) = > (Kllled) (5es + 5, (9.74)
kled kled

where in the final expression we have interchanged the summation indices
¢,d in the second term, necessitating a change of sign to restore them to
their original order in the antisymmetric integral.

In classes (c¢) and (d) three operators of the first normal product are con-
tracted with operators in the third product and one with an operator in
the fourth, or vice versa. In class (c¢) the set of three operators in the first
product consists of two particle operators and one hole operator while in
class (d) it consists of one particle operator and two hole operators. Fur-
thermore, each case can be generated in two distinct ways, depending on
whether the set of three operators is itab or ﬁng for (¢) and itita or %TJA'TIA)
for (d). There are 16 possibilities in each case: the set of three operators in
the first product can be contracted with operators in the third or the fourth
product, and in each case these three contractions can be done in four ways,
while the remaining single contraction can be chosen in two ways. The 16
possibilities lead to equivalent results, canceling the factor % obtained by
converting to unrestricted summations. As an example, the first (). term

can be written in the form

s i —
NN wallrs)0l{itTha}{pt g s et d Tk}t fiamb o)egited,

pqrs kled mnef

— 15 (pallrs) (05"t s} et d Ry 30yt

pqrs klcd
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The sign reflects the odd number of interchanges needed to move all the
contracted operators to the front in pairs (note that the summation index
m is changed to [ after the contraction). The remaining operators can be
contracted in four ways:

‘ [ — A A‘ ‘ [ — A N
(o[{p"atstHetd R} (I} + {p'ats e M)
=1 — 1]
+ {ptatsr et d i) + {515l dTR I o)
= pléqkdrdésc - 5pk5ql5rdésc - pléqk(srcfssd + 5pk6ql5rcésd .

All four terms produce the same value for the sum, and after exchanging
and rearranging some of the indices we get

-1 <kl||cd>tg,§t§;l .
kled

Similarly, for the second term of ). we have

—5 ) _(Kl|ed)tsitsy
Kled

and these two terms add up to

Qe = —5 > (killed) (t5t5t + tie3h) (9.75)
kled

Similar treatment of case (d) gives

Qa=—3 ) (Kllled)(t 1] + t3t57) (9.76)
kicd

When all the different parts of @) are put together, we get the result (9.54).

The algebraic derivation just presented is fairly laborious, but it serves to
demonstrate many potential simplifications that are incorporated naturally
in the diagrammatic derivation. In Section 9.4 below we will introduce dia-
grams for the general cluster operators as part of the formal introduction of
the exponential Ansatz and will show their relationship to the diagrams of
MBPT. In subsequent developments we will derive all expressions diagram-
matically. In particular, the CCD equations are rederived diagrammatically
in Section 9.5. Comparisons with the configuration-space derivation (sub-
section 9.3.1) and algebraic derivation (subsection 9.3.2) can then be readily
made.
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9.4 Exponential Ansatz and the linked-diagram theorem
of MBPT

In this section we explore the relationship between the CC and MBPT wave-
function expansions and show that the CC form of the wave function can
actually be derived from the infinite-order MBPT expansion. This relation-
ship demonstrates that the various CC models can be viewed as infinite-order
summations of selected classes of MBPT diagrams.

The linked-diagram form of the MBPT wave function, (6.10), is

UnBpT = Z(EOVN)”IWL =05+ 0 @ 4. (9.77)
n=0

where the superscripts indicate the order in VN and where VN = 13'1% +W
(noting that ﬁN = (ﬁO)N + VN)

The individual orders of ¥ can be written in terms of the antisymmetrized
wave-function diagrams in the form (omitting arrows except where they are

needed to avoid ambiguity)
SVAVERVAS o
LY VARV VAR VA Vo Rl
1 2 3 4 5
A YR
76 77 ) 8 79
VY S e

4

+\?x \h %“v W“ o

19
(9.79)

etc. Only linked diagrams have been included, as required. Diagrams 8, 17,
18 and 19 above are disconnected but, since they have no closed disconnected
parts, they are linked, by definition.

We can gather together classes of linked diagrams by the number r of
disconnected parts that they contain. Thus r = 1 includes all possible
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connected wave-function diagrams. We can represent this class formally by
a connected operator T,

o0

710) = (RoV)"|0)c. (9.80)

n=1

The sum extends over all connected wave function diagrams in all orders.
We may further classify the connected diagrams belonging to the operator
T by the number m of pairs of external lines they contain, up to N (the
number of electrons),

N
T=> Tn. (9.81)

2~ ]- ~ .. . N A N i TN
Tm:( IE Z <a1a2---am\tmlzlzg---zm)A{alTazT--'a,;flzm---mzl}
m 11920 0m
ai1as...am
1 L ta A L
= ()2 Z t?lli‘;?."'lfim{aszlaQTZQ---a,Ilzm-~-}, (9.82)
Y irig.im
ai1as...am

with antisymmetrized amplitudes (aias - - - m|tm|itiz - - - im)a = 3220 =

11%2...7m
—tpl29m = ... In particular,
Ty =1 > ti¥{ativ'j}, (9.83)
ijab
where t?}’ = —t%’ = —ti-’;? = t?j}. We represent the T, operators diagram-

matically by

T, = v , (9.84)
T, = \{ \j/ : (9.85)
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=YY - o

etc. (Strictly speaking, these dlagrams represent T, |0).) Note the use of
solid horizontal lines to represent the T}, operators, instead of the broken
lines used for interaction vertices. The second designation for Ts and Ty
emphasizes that all particle-hole pairs are equivalent, a fact which is not
obvious in the first form since the middle pairs appear to be diagrammat-
ically different. We shall use the first designation, with the understanding
that all pairs are equivalent. Other variations of these forms have been used,

including
\Z i% , \f \f and EZ EZ .

A product of these cluster operators is represented simply by putting the
corresponding 7, diagrams side by side, as in the following example (the
left—right order is immaterial):

Ty =TTy = v \Z v (9.88)

Each 7}, diagram represents a sum of perturbation theory connected wave
function diagrams, such as the connected diagrams in (9.78) and (9.79) but
extending to all orders. We classify these contributions to each T,, in terms
of the order of perturbation theory in which they occur, i.e. in terms of the

number of interaction lines (vertices) they contain,

m:imw

M0y = {(ROVN

(9.89)

}Cm’

where the subscripts in the last form indicate a restriction to mth-order
connected diagrams with m external hole—particle line pairs. The order-by-
order expansion of the T operator implies a corresponding expansion for
the amplitudes,
o
e =yt . (9.90)

n=1
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The operator f}(nn) can be represented by a T, diagram with subscript n, as

\A/(l) - \/ \/ (9.91)

for T: 2(1); this diagram implies that

R bllii
tit;b (1) _ <a !Zj> (992)

(compare (5.15) and (9.83)).

The initial few terms, including the first- and second-order contributions,
in the expansion of 71, 75 and 75 in terms of MBPT diagrams are given in
the following equations (as before, arrows are omitted except as needed to
avoid ambiguity):

N

fijo) = \/ =@+ 1P+ 7P+ ))0)
-V Ve Vg
+ \/gx + \fi + \fi +o, (9.93)
o) = \/ \/ =@+ + 7P+ )0
-V VY Y Y
+ { + { +\va +VVX +-0, (9.94)
nloy="\/ \/ \/ =@ +1" +)0)
_ \Zvv n \Zvy T (9.95)

The first class of disconnected diagrams has r = 2 and consists of diagrams
with two disconnected parts. Four such diagrams, 8, 17, 18, 19, are seen
in (9.79). Using the factorization theorem (see Section 6.1) we can show
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that the sum of all r = 2 diagrams can be expressed as the square of the T

operator:
12 (ZT ) =13 @)+ > Tl (9.96)

m>n

To illustrate this, for m = 2,r = 2 in first order we have

VAR AR ”V\/)
_ (\Z v> = L(TM)2. (9.97)

The first equality in (9.97) is due to the fact that the left-right order in the
diagram is immaterial, and the second can be shown algebraically by insert-
ing summation labels and bringing the resulting expressions to a common
denominator, as in the proof of the factorization theorem:

V v Y @y

i Z (abl|ij)(cd|[kl) {dT%BTj}{éTl%cZTf}

ab _abed

1 {abllig)(edllkl) | cnniny (otr o7
ZEZW{GWU}{MW}.
€ijkl €kl

Bringing these two expressions to a common denominator, adding them and

then noting that €7 b skl = sfjbgfl gives the desired result,

\/\/\LV \AV\/\/

<abHU><0del> atibtov et hdti
= E 7 TIa"b kd'l

= LS Wit Wrativtjy{ethdliy
= (7).
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Fig. 9.1. Third-order disconnected wave function skeletons.

This derivation provides a simple illustration of how the factorization the-
orem is manifested in the amplitudes of T and of how it is related to the
exponential Ansatz of coupled-cluster theory.

Next we proceed to consider third-order disconnected contributions. All
third-order disconnected wave-function skeletons are shown in Fig. 9.1. Each
of skeletons 1-8 represents a single diagram while skeletons 9-14 represent
three diagrams each, with three distinct arrow orientations, corresponding to
the particle—particle, hole-hole and particle—hole cases for the second vertex
in the left-hand part of the diagram. For each arrow orientation the sum
of the corresponding diagrams originating in skeletons 9, 10 and 11 can be
written in the form

N N N
59,10,11: Z { ab _cd _cdef + ab abefé_cdef + ef _abef _cdef }’

ijkimn (€ €kiCkimn  Eij CigmnChkimn  EmnEiimnCkimn
abcede f

(9.98)
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where N is the numerator containing the integrals and operators. This
numerator is different for the different arrow orientations, (9.98) but in each
case it is the same for the three terms in the sum. Introducing a common
denominator, we get

1 1 1
S91011 = E N[ 7 + ( )]
)10, f bef _cdef f
ab_cd cde abef _cde 5%’—1—56

€ €kiCkimn  CijmnCEkimn mn

1 1
:ZN[ ab ~cd cdef + ab ef cdef]

€5 CkiChimn  Cij EmmEpimp

N 1 1 N
ij

klmn \Ekl T Emn €ij 1 Emn

Adding up this result for the three arrow orientations gives the product
TZ(Q)TZ(I) (the Tél) factor is the same for all three orientations), which is a
component of %(Tg)z

For an » = 3 example we consider skeleton 1 in Fig. 9.1, which generates a
single diagram with just one distinct time order. Using a procedure similar
to that for the quadratic term in (9.97), this diagram can be factored by
splitting it into six equal contributions and labeling its lines in six different
ways:

Sy =

1 ab||ij)(kl||cd)(mn||e abllij)(mnl|ef){kl|cd
1 Z{< li7) (kLljed) {mnllef) | ({abllij){mmnllef)(kL]jcd)

6 gabgabcd abcde f Eab abef _abcdef
ijklmn iJ “igkl “ijklmn ij “ijmnijklmn

abcde f
. {Klljed)(abliij)(mnllef) . (Klljcd)(mnllef){abllij)
cd _abed abede f cd efcd _abedef

Eki€klij Cijklmn ki CmnkiCijklmn
n (mnllef){abl|ij)(kl||cd) n (mnllef){klllcd){abllif) | 5
ef _abef _abcdef ef _cdef _abcdef ’
EmnEiimnEijkimn EmMnE pmn€ijkimn
(9.100)

where R is a product of creation and annihilation operators. Again, the
numerators are all equal. Bringing the six terms to a common denominator,
this sum can be factored as
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1 N 1 1 1
S1= 6 Z abcde f <€qb€abcd + ab abef + cd ~abcd
ijklmn ijk

ij Sijkl ij Cijmn  SklCklij

n 1 n 1 n 1
cd cdef ef _abef ef _cdef
EkiCkimn  EmnEijmn  EmnErun,

1 N 1 1 1
= 62 6abcdef gqbgz(li + abef + ef 5?;

ijkimn \Eij Cig&mn - Emn
€
Ly N Enin + g + €8 iy A (a0
= 6 abedef 6ab66d5€f - 3! 8a,bgcdetif . .
i7klmn 1j “kl=mn i kL=

The latter, of course, represents %(TQ(I)):S.

All other disconnected terms in WygpT are similarly obtained as products
of Ty, operators. This observation leads us to the deduction that the sum
of all linked wave-function diagrams of all orders containing r disconnected
parts is given by %TT\O) This result can be proved inductively by first
showing that it is correct for r = 2 and then showing that if it is correct for
some value of r it is also correct for r 4+ 1. The details are left as an exercise
for the reader.

Since the Taylor series expansion of the exponential of the connected part
is e710) = (1 +T+ %TQ + %T?’ +-++)]0), we can deduce that, in the infinite-
order limit,

Uyigpr = €1[0) . (9.102)

An important point to note is that while MBPT diagrams carry energy
denominators, in CC diagrams at least some denominators are hidden in
the amplitudes, as seen, for example in (9.92). Thus, in (9.101), the final
expression corresponds to

5> tgj?(l)tgl(l)t%n{dngfg}{éT Ldtiy{etmfiay .

9.5 Diagrammatic derivation of the CCD equations

The diagrammatic derivation of the coupled-cluster equations makes use of
the diagrammatic form of the Hamiltonian (Chapter 4) and of the clus-
ter operators (Section 9.4). Underlying this development is the gener-
alized Wick’s theorem, which simplifies the evaluation of contractions of
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normal-ordered operators. We use the normal-ordered Hamiltonian, as given
in (9.57), (9.58), and the normal-product form of the Schrédinger equation,

HyU = AEV (9.103)

where ﬁN = FN +W.
Following (4.16), the one-electron part of the Hamiltonian is represented
diagrammatically as

FNZZZ -=X +ZJZ -=X —l—zivax +ZZ.AGX (9.104)
iJ at ia

ab

faplath} fii it} fai{ati} fia{ita}

(the algebraic interpretation is given below each diagram). Note that in the
HF case the last two sums in (9.104) vanish because of the block-diagonal
nature of f . Using the implicit summation convention for unlabeled lines, as
in (4.19), and omitting nonessential arrows, this equation is written simply
in the form

Fx :?x—i—*x—k V——x+ A——x.
(0) (0) (+1) (=1

(9.105)

The numbers below each diagram denote the excitation level represented
by this diagram, i.e. the excess of particle-hole open-line pairs at the top
over the number of such pairs at bottom. Note that here the vertex e — —x
represents the full Fy operator, unlike in perturbation theory where it rep-
resents just the off-diagonal part F§

The two-electron operator (subsection 4.4.6) is similarly represented as

. 1 a b 1 k l a j
W= 1> *d+12.=+26*

abed € ijkl J ijab

(ablled){atbTde}  (ij||kD){iTjTik}  (aillbj){a’iljb}

1

1@ z’Vb 1 J kva I« @
NED Y SR P I A DI ¥ ¢
abci ijka abci

(ab||ci){atblic}  (ialljk){itatks}  (ai||be){aliteh}
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k NAaj
+ ;Zz QAJ EZ vjvq{_iﬁ%i/%aj;\b' (9.106)

ijka abij
(ijllka){i'jTak}  (abllij){atdiji}  (ijllab){i'jTba}

In terms of unlabeled diagrams and with the usual rules for the assignment
of weight factors, this operator takes the form

AR

.
+1) &) =) (D)
+VV+AA ; (9‘107)

(+2) (=2)

the excitation level is indicated below each diagram.
To complete the representation of the CCD equations, we need to combine
the Hamiltonian diagrams with the diagrams that represent the T, operator,

Ty =\ / \ /| = (21!)22%?’{&*%6*3}. (9.108)

ijab
The CCD energy (see (9.59)) is given by
AEccp = (0| HxT3|0) . (9.109)

The diagrammatic representation of this equation must begin and end with
the Fermi vacuum state, i.e. no open lines should remain after the contrac-
tion of the Hy and T operators. Put another way, the net excitation level
of the energy diagrams should be zero. With Ty represented by (9.108),
which has excitation level +2, we should contract it only with those dia-
grams from the representation of the Hamiltonian, (9.105), (9.107), which
have excitation level —2. The only such term is A ~ A . Therefore

AEccp = M , (9.110)
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which is just like the expression for the MBPT(2) energy except that we
have a solid line instead of a broken line at the bottom of the diagram.
The rules for the interpretation of this closed diagram are effectively the
same as in MBPT (but without a denominator), with the addition of the
interpretation of the solid line according to (9.108), giving

AEcep = 3 (ijllab)tsy . (9.111)

ijab

Apart from the absence of a denominator, the usual interpretation rules
apply to this diagram. The ascending and descending lines are assigned
arbitrary particle and hole labels, respectively. The matrix element (ij||ab)

corresponds to the top vertex iA& BAJ‘ , in the order left—out, right—out,
left—in, right—in, and the t?}’ amplitude corresponds to the bottom vertex,

iMa bNj. The factor % is due to the fact that the diagram has two sets
of equivalent lines, and the positive sign arises from the factor (—1)"*!, as
there are two hole lines and two loops.

The numerical factors are automatically accounted for in the diagram-
matic notation, avoiding redundant terms, while the second-quantized alge-
braic derivation usually retains the redundancy. Other than this redundancy
and the corresponding numerical factors, there is a one-to-one correspon-
dence between the diagrams and the contractions of the second-quantized
operators as evaluated using the generalized Wick’s theorem (see subsec-
tion 9.3.2). When in doubt about a diagram or its interpretation, it is
recommended that it be derived algebraically as a check.

Now we turn to the CCD amplitude equation (9.46), which we rewrite in
the form

(1N (1 + Tz + 5735)/0) = AEcenty (9.112)

using the shorthand notation <‘§;’ = <<I>%b. Obviously, the left-hand side
represents a net double excitation, and the Hamiltonian diagrams used in
the contractions for each term must be chosen to match this requirement.
The first term is simply (%?|ﬁN]0>, and the only matching Hy term is the

+2 diagram V B y , giving the same result as (9.47),
(| Fix[0) = Z’Vabv — (abllij) . (9.113)

In the linear term, (%’]ﬁN’f »|0), the T, operator provides a double excita-

tion; thus, to get a net +2 excitation level the only Hy terms that can be
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added above the Tg vertex should have excitation level zero. There are five
such terms:

Lia Ly
(c) (d) (k) (1) (c) (k)
Lo, Loy, Lo

where the labels in parentheses indicate summation indices. Note that dia-
gram Lo. can equally well be drawn as

ERRNAY,

or their mirror images. The fixed labels 4, j,a,b in these diagrams corre-
spond to the “target” indices in the bra part of the matrix element in the
amplitude equation. These target labels are paired in the diagram in corre-
spondence with the vertical pairing in the bra function (%’], 1 with a and j
with b. The pairing can be indicated by imaginary external connections of
the correspondingly labeled lines, creating quasiloops, as in

(These two diagrams are equivalent, as will become clear from the rules of
interpretation.) Internal lines are summed over, so their labels are dummy
labels and are usually omitted. When we include such dummy labels in
the diagram to show a correspondence with the summation indices in the
algebraic expression, as before we place them in parentheses.

The interpretation of these open diagrams introduces a new rule to en-
sure that all distinct terms are included. This rule requires the inclusion
of all distinct permutations of the target indices, ¢,7,... and a,b,..., i.e.
permutations of hole labels and of particle labels of inequivalent external
lines. Two external lines are quasi-equivalent if closing the diagram by a
two-particle interaction vertex would make them equivalent; otherwise they
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are inequivalent. For example, in diagram L;j, the indices a and b are in-
equivalent while ¢ and j are quasi-equivalent. Consequently, along with the
diagram as given we have to include one in which a is permuted with b; the
total contribution is then expressed by means of the operator

P(ab) =1— Py, (9.114)

in which Py permutes the labels a and b. This factor is included in the
algebraic interpretation of the diagram,

L1, = p(ab) Z fbctgjc = Z fbctijc - Z facti?; : (9'115)

The overall sign is positive, because we have two quasiloops (which are
treated as ordinary loops for the purpose of the sign rule) and two hole
lines. Similarly, in diagram Lj;, the indices a and b are quasi-equivalent
while ¢ and j are inequivalent. Forming the two external connections, we
have two quasiloops and three hole lines, giving an overall minus sign, so we
get

L, = —P(i) Y figtie = =D fagtif + Y ity (9.116)
K K 2

The L1, and Ly, terms together correspond to term Ly, (9.64), of the alge-
braic derivation of subsection 9.3.2 (note that the f operator is symmetric,
Tri = fik)-

In the case of diagram Ls,, a and b are quasi-equivalent and so are ¢ and
7; hence no permutation factor is needed and

Lya =13 Y (abllcd)ts}. (9.117)
cd

The factor % arises from the fact that the diagram has one pair of equivalent
internal lines, i.e. two lines that connect the same two vertices and go in
the same direction. These factors can also be interpreted as a remnant of
the 1/(m!)? factor in the definition of the T}, operator, (9.82), used there to
compensate for the unrestricted summations. The remaining part of such
factors disappears from the amplitude equations because the restriction to
distinct diagrams and the fixed external-line labels in the amplitude equa-
tions eliminate redundant terms (except for the case of equivalent internal
line pairs).

Returning to the interpretation of diagram Le,, inserting imaginary ex-
ternal connections between ¢ and a and between j and b, forming two
quasiloops, and noting the two hole lines, we get a positive sign. If we
had permuted the labels ¢ and b then we would have had one quasiloop,
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resulting in a minus sign, but this sign would have been compensated by a
change of sign of the antisymmetric integral; so the result would have been
the same and no additional distinct term would have been obtained.

The fourth diagram is similar, except that it has four hole lines including
the two internal equivalent lines giving

Loy =5 ) (ijlIki)tiy (9.118)
kl

The fifth diagram is the most complicated, since the particle-hole in-
teraction eliminates both the equivalence of internal lines and the quasi-
equivalence of external lines, requiring the permutation factor

P(ablij) = P(ab)P(ij) = (1—Puw)(1—Py) = 1— Pay— Pyj+ Py Pij . (9.119)

There are two quasiloops and three hole lines, so the overall sign is negative
and the diagram is interpreted as

Lye = —P(ijlab) Y (aklcj)t5y
kc
== ((akllei)ty — (bklles)ts — (akllei)tsy + (bkllei)tst) . (9.120)
kc

The terms Log, Loy, and Lo correspond to the terms (9.69), (9.70) and (9.71)
of the algebraic derivation.

Next we consider the quadratic term, %(‘g?|f[NT22 |0). Since T3 corresponds
to quadruple excitations while the target state is a double excitation, we
must use a —2 de-excitation-level diagram from the representation of Hy.
There is only one such diagram, the last diagram in the representation of the
two-particle part W, (9.107). This diagram must be attached in all possible
distinct ways to the representation of T22.

Identifying all the distinct ways in which such connections can be accom-
plished can be difficult, and a systematic way for dealing with this problem
will be presented in Section 10.3. However, we can also use an extension
of the Hugenholtz-diagram approach of MBPT to provide an unambiguous,
easily applied procedure that generates all the combined diagrams and gen-
erates each distinct diagram only once. In this extension each two-particle
vertex is collapsed into a medium dot (@), as in the MBPT Hugenholtz di-
agrams, while each T vertex is collapsed into a large dot (@). Thus we need
to combine the diagram elements

AN
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WO

for T22. This combination can be accomplished in five distinct ways:

Qa Qb Qc
Qd Qe
Expanding these into antisymmetric Goldstone-like diagrams, we get
a b
b +i - Jj+
Qv

1 a ‘
b+ U b J- (9.121)

Qe

As always, the detailed expansion of a Hugenholtz diagram is not unique
but the result is the same for all valid expansions. For example, we could

from W and

equally well have drawn diagram @}, as

The fifth quadratic-term diagram, Q., is both disconnected and unlinked
since it has a closed disconnected part. As such it should cancel against some
other unlinked contribution. In fact, it is easy to see that Q. = AECCDt?]b
and therefore that it cancels with the right-hand side of (9.112), removing
the energy from the amplitude equations.
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The sign factor for diagram @, is obtained by pairing ¢ with a and j
with b,

resulting in two quasiloops. Combined with the four hole lines, we get
a positive sign. Diagrams (. and (Qq each have two quasiloops plus one
internal loop and four hole lines, resulting in a negative sign.

Diagram @)y, introduces our final interpretation rule: an extra factor % is
required for every pair of equivalent T,, vertices in the diagram. Two such
vertices are equivalent when they are of the same type (i.e. they have the
same m value) and are connected to the interaction vertex with the same
number (zero or more) of particle lines and the same number of hole lines.
The equivalence of vertices is most easily judged in the Hugenholtz-like form
of the diagram or in terms of the +/— contraction-pattern notation to be
introduced in Section 10.3. The need for this factor % in diagram @y, can also
be understood from the observation that permuting ¢ with j is equivalent
in this diagram to permuting a with b, so for this case %P(iﬂab) = P(ij) =
P(ab). The cancellation of the factor 1 arising from a pair of equivalent
vertices against a permutation of the labels of two open lines connected to
these two vertices (going in the same direction) is quite general, as will be
seen later in other examples. The factors % introduced by this rule can be
interpreted as remnants of the inverse factorial coefficients in the power series
expansion of e’ the remainder of these coefficients having been accounted
for by the restriction to distinct diagrams (see e.g. (9.96)).

Applying the rules of interpretation to the four uncanceled quadratic-term
diagrams, we obtain

Qa =1 ) (Kl||cd)tsitsy (9.122)
kled

(two pairs of equivalent internal lines, four hole lines and two loops),

Qv

L P(ij|ab) Z(kz”cd)tg,gt;i;
kled

= P(ij) Y (kllcd)tistft = P(ab) Y (Kl ed)tigt  (9.123)
kled kled



288 Foundations of coupled-cluster theory

(a pair of equivalent vertices, four hole lines and four loops),

Qc = —3P(if) Y _(Kl||cd)t;iti? (9.124)
kled

(one pair of equivalent internal lines, four hole lines and three loops) and

Qa = —3P(ab) Y (kl||cdytitsy (9.125)

klcd

(one pair of equivalent internal lines, four hole lines and three loops), in
agreement with the results obtained in the algebraic derivation, (9.73)-
(9.76).

The diagrams for all three terms of the CCD amplitude equation (9.112)
(incorporating cancellation of the disconnected diagram against the right-
hand side) are collected in Fig. 9.2. The diagram numbering in this figure
is part of a systematic scheme that will be followed in subsequent CC equa-
tions; the label D refers to the double-excitation amplitude equations. The
final form of the algebraic amplitude equations for CCD is

(abllif) + P(ab) Z Foctl — P(ij Z Frstit
+3 ) (ablled)tst + 22 kl||ij)ts +P(zg\ab)2<kb\\0j> ac
cd

ke

+5 (kllledytttgy + P(ig) Y (klled) gty

kled kled
—5P(ij) Y _(kllled)tfit — 3P(ab) Y (k| ed)tiitd
klcd klcd
=0 (for all i > j, a > b). (9.126)

\/\/U U \fV\%wa
\/_&M VMV GWV M

Fig. 9.2. Antisymmetrized Goldstone diagrams for the CCD amplitude equations.
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Note that, in consistency with MBPT diagrammatic notation, a resolvent
line and its corresponding denominator is implied above the top interac-
tion line of each open diagram. However, in each CC amplitude equation
these denominators would be the same in all terms, so they may be ig-
nored. They resurface indirectly in the iterative form of the equations, as
n (9.127), (9.128) below, and must be included in the interpretation of the
amplitude iteration diagrams shown in Fig. 9.3.

In terms of perturbation theory, the diagonal elements of f are chosen
here as part of Hy while all other one- and two-electron matrix elements are
part of the perturbation. We therefore set up an iterative scheme for the
solution of the equations by separating the diagonal parts out of the second
and third terms and moving them to the opposite side of the equation (the
remaining off-diagonal parts vanish in the canonical HF case). Using fi; = ¢;
etc. we then have, symbolically,

(ei +&j — €a — p)t80 = (abl|if) + L(t) + Q(tt). (9.127)
The first approximation is to neglect L(¢) and Q(¢t) and choose
by _ _ (jllab) _ (ijflab)

K € +Ej —€q — Ep a‘f]b

(9.128)

When inserted into the energy formula this gives the usual MBPT(2) en-
ergy. Inserting this approximation into L(t) while neglecting Q(¢t) provides
b(2)
t

)

and the MBPT(3) energy as the next-order contributions. Insert-
ing t(-lb(l) into Q(tt) generates the quadruple-excitation MBPT(4) energy

contributions, and inserting t 52 into L(t) provides the double-excitation
MBPT(4) energy contrlbutlons

Figure 9.3 illustrates this process diagrammatically, using the canonical
Hartree—Fock case for simplicity. The correspondence of the energy contri-
butions with the MBPT energy terms can be seen (compare Chapter 5). A
systematic procedure for generating all the relevant diagrams will be pre-
sented later, in Section 10.3, but in the meantime we will briefly consider
the generation of the fourth-order energy diagrams from the third-order
wave-function diagrams in Fig. 9.3.

We obtain the fourth-order energy diagrams on closing each of the seven
diagrams contributing to Tz( ) by contracting it with a Hamiltonian vertex
above it. As noted previously, the only Hamiltonian vertex that can be
used in this case is the —2 vertex /&~ A . When this vertex is contracted
with each of the three diagrams containing second-order Ty vertices, and the
T2(2) vertex is expanded in turn in terms of compatible second-order MBPT
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Fig. 9.3. Diagrammatic description of an iteration scheme for the solution of the
CCD equations and its relationship to MBPT energies through the fourth-order
energy (for the canonical Hartree-Fock case).

wave-function diagrams, we obtain in order the first three, the next three
and the next six contributions to AE® shown in Fig. 9.3, all of which are
double-excitation fourth-order energy contributions. When we contract the

(3)

Hamiltonian vertex with the four (T2(1))2 diagrams contributing to T23 we
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obtain, in order, the next two, the next one, the next two and the last two
fourth-order MBPT energy diagrams, all of which are quadruple-excitation
contributions. Comparing with the MBPT results in Section 5.7, we see that
all double-excitation and quadruple-excitation AE® diagrams have been
accounted for but that the single-excitation and triple-excitation contribu-
tions are missing. We can therefore state that in the Hartree—Fock case, in
which the second- and third-order MBPT energies contain double-excitation
contributions only, CCD is correct through third order in the energy and
first order in the wave function.

In order to estimate the computational cost of solving the CCD equations,
let ny, be the number of hole states (occupied spinorbitals) and nj, be the
number of particle states. (Spin summations, as discussed in Chapter 7, can
effectively reduce these numbers by up to a factor 2.) Normally n, > ny, so
that the most expensive linear term arises from diagram Ls,, which contains
four particle labels and two hole labels. The computational cost of this term
is therefore proportional to n}?n;} per iteration, the same cost as for CISD
and (without the iteration factor) for the third-order MBPT energy.

Although the quadratic terms have more indices, they can be summed in
stages (analogously to the quadruple-excitation contributions to the fourth-
order MBPT energy, as shown in Section 7.1), by considering one amplitude
at a time. Taking diagram Qy, (9.123), as an example, the procedure cor-
responds to evaluating

d D (7 ddb

Sit = (kllled)tit,  Qu=P(ij) > St} (9.129)
ke Id

i.e. two nfz’ng’ processes. Thus the quadratic terms do not change the overall

dependence of the computational cost on the number of spinorbitals. We

refer to CCD as, roughly speaking, an n% process.
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Systematic derivation of the coupled-cluster
equations

10.1 The connected form of the CC equations

Before deriving additional coupled-cluster equations, such as the equations
for the coupled-cluster singles and doubles (CCSD) model, we shall introduce
an elegant and more convenient procedure than the heuristic approach that
we have used to derive the CCD equations. While somewhat less transparent
than the heuristic approach it is more powerful and compact, arrives at
the cancellation of the energy in all the amplitude equations very easily
at the outset and adds the connectedness condition for the CC amplitude
equations.

The normal-product form of the Schrodinger equation for a general CC
wave function can be written in the form

(Hx — AE)eT)0) = 0. (10.1)

We operate on this equation from the left with e=7 and obtain
(e THyel — AE)|0) =0. (10.2)

We have thus obtained a mon-Hermitian similarity-transformed Hamilto-
nian,

H=eTHyeT (10.3)

which has |0) as a right eigenfunction and AE as the corresponding eigen-
value. This operator is commonly referred to as the CC' effective Hamilto-
nian, often using the symbol H (“H-bar”), but it should not be confused
with the effective Hamiltonian H°T of the Bloch equations, as used in QDPT
(Chapter 8) and MRCC (Chapter 14).

Similarity transformations play an important role in PT and in CC
theories, as is seen, for example, in the derivation of quasidegenerate

292
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perturbation theory in Section 2.5. An important property of such transfor-
mations is that they do not change the eigenvalue spectrum of the operator.

For a more explicit form of H we use the Baker—Campbell-Hausdorff
expansion (Campbell 1897, Baker 1905, Hausdorff 1906),

= A+ (AB - BA) + L(AB? - 2BAB + B*A)
+ 4 (AB® - 3BAB* + 3B*AB - B*A) +
= A+ [A, B+ i{(AB - BA)B - B(AB - BA)}
+ 3{[(AB -~ BA)B - B(AB — BA)|B
+

© AT (105)

For reasons that will become clear later (related to the fact that Hy has
at most two-particle interactions), this series terminates with the four-fold
commutator.

The commutator expansion of H can be simplified, taking advantage of
the generalized Wick’s theorem and its diagrammatic representation. At
this point we shall consider only one aspect of the simplification. Let A and
B be two normal-product operators, each consisting of a product of an even
number of creation or annihilation operators (these conditions are satisfied
by the components of Hy and T ). Then the generalized Wick’s theorem,
applied to their commutator, gives

(A, B = AB— BA= {AB}+ {AB}— (BA}— {BA},  (106)

where { } indicates a normal product and {AB} represents the sum of all
normal products in which there are one or more contractions between the
creation or annihilation operators in A and those in B. Since A and B each
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contain an even number of creation or annihilation operators, we have
{AB} = {BA}, (10.7)
so that all terms without contraction cancel and
(A, B] = {A}} - {Bji}. (10.8)

The canceled uncontracted terms correspond to disconnected diagrams in
the diagrammatic representation of the CC equations, and their cancellation
simplifies the equations considerably.

The T, cluster operators contain only particle creation operators a', ET, .
and hole annihilation operators 7, j, ... Since the only nonzero contractions

are of the forms

ab' =y and 115 =8y,

no nonzero contractions can be obtained between different 7}, operators (and
thus [Th,,T,] = 0, i.e. the different T, operators commute, as might be ex-

([Ax,T,T),...,T),

the only surviving terms involve contractions between Hy and one or more

pected). As a result, in the repeated commutators ...
of the T},,. Since each term in Hy contains at most four creation or annihi-
lation operators it can be contracted with at most four T, operators, thus
accounting for the termination of the Baker—-Campbell-Hausdorff expansion
with the four-fold commutator.

Furthermore, since a particle creation operator, such as af, can only pro-
duce a nonzero contraction with a particle annihilation operator a to its left
and since a hole annihilation operator ¢ can only produce a nonzero contrac-
tion with a hole creation operator i' to its left, the only surviving terms in
the expansion (10.5) are those in which Hy is the first operator on the left,

H= €_TﬁNeT

— Ay + AT+ SINTT + 3 ENTTT + LTI
= (fxe")

o (10.9)

The contraction symbols of the form ™ etc. indicate a sum over all
terms in which Hy is connected by at least one contraction with each of
the following T operators; the subscript C also indicates this restriction
to connected terms. It is important to distinguish between disconnected
clusters such as Tmfnéo, which are present in the CC wave function, and
disconnected terms (disconnected diagrams), which cancel in the expansion
of H = (ﬁNeT@o)c and in the coupled-cluster equations.
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When the connected-terms expansion of H is substituted into the similarity-
transformed form of the Schrodinger equation (10.2) we obtain the connected
form of that equation,

(Hxe|0)) o = AE|0). (10.10)

This form of the Schrédinger equation will be used as the basis for the
derivation of the various sets of CC equations. When it is projected onto
the zero-order function we get the energy equation, which consists solely of
linked (or closed, connected) diagrams,

(0| HxeT|0)c = AE, (10.11)

and when it is projected onto a set of excited functions we get the connected
amplitude equation,

(@ | FneT |0y = 0. (10.12)

With this derivation the energy has automatically disappeared from the
amplitude equations; we do not have to work out its cancellation explicitly
in each case.

It is sometimes convenient to write the CC equations (10.11), (10.12) in
the form

PHP =AEP,
QHP =0, (10.13)

where P and Q are the familiar projection operators onto the reference
space and its complement, respectively (Section 2.3). The appropriate gen-
eral form (2.49) of the projection operators applies when nonorthonormal
functions ®; are employed.

10.2 The general form of CC diagrams

Each term in the perturbation theory equations may contain multiple 1%
factors, and the corresponding diagrams may contain multiple interaction
vertices »- —x and » —-. In contrast, the terms appearing in coupled-
cluster equations each contain only one operator derived from the normal-
product Hamiltonian Hy, as can be seen from (10.11) and (10.12). All other
Hamiltonian-operator factors, as well as the associated denominators, have
been absorbed into the 7T}, cluster operators, as can be seen in Fig. 9.3,
for example. Therefore the diagrams used to represent the various terms in
coupled-cluster equations never have more than one interaction vertex each.
Furthermore, that vertex is the top vertex in the diagram.
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10.

Interpretation rules for coupled-cluster diagrams

. Label external (open) lines with the hole (4, j,...) and particle (a,b,...)

target indices. (The target indices are those that occur in the bra part
of the amplitude equation.) Label internal lines with hole and particle
indices that are different from the target indices.

With any one-particle interaction vertex ) —-—-x associate a factor
fout,in .

With any two-particle interaction vertex } - { associate an antisym-

metric two-electron integral (left—out right—out||left—in right—in).

With every T,, vertex i a ;WY b associate an amplitude t;‘;’
Sum over all internal line labels.

Associate a factor 1 with each pair of equivalent internal lines. (Two
internal lines are considered equivalent if they connect the same two

vertices, going in the same direction.)
Associate a factor = also with each pair of equivalent T,, vertices. (Two

T vertices are conmdered equivalent if they have the same number of
line pairs and are connected in equivalent ways to the interaction ver-

tex; examples are provided by the two Ty vertices in _Q - Q and in

gm% &2\-%,bu‘cnotthosein i(g% iﬁ%)

Associate with each term a sign —1("~! where h is the number of
hole lines and [ is the number of loops. For the purpose of counting
loops, paired external lines (lines with labels such as (4, a) or (j,b) that
are paired vertically in the bra part of the amplitude equation) are
considered connected externally through imaginary extensions, forming
quasiloops.

Sum over all distinct permutations P of labels of inequivalent external
particle lines and of inequivalent external hole lines, including a par-

ity factor (—1)°(P). Lines that are quasi-equivalent (i.e. that would be
equivalent if they became internal by the addition of an interaction ver-
tex) are not considered inequivalent for this purpose. These sums over

permutations are represented by operators of the form P(z Joeelab---);
see (9.114), (9.119).

In open diagrams with equivalent vertices, cancel each factor % arising
from rule 7 above with a permutation of the labels of a pair of external

lines connected to the equivalent vertices (going in the same direction).

Fig. 10.1. Summary of the rules of interpretation for coupled-cluster diagrams.

Because all terms in these equations must be connected, and because an

interaction vertex has at most four lines and so can connect at most four

1), vertices, there can be no more than four 7}, vertices in any connected

diagram in the CC equations (demonstrating again the termination of the
commutator expansion of H, (10.5), with the four-fold commutator).
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The coupled-cluster diagrams, like MBPT diagrams, fall into two classes:
(a) closed diagrams, which occur in the energy equation (10.11); (b) open
diagrams, which appear in the amplitude equations (10.12). There are only
three distinct CC energy diagrams, shown here with their interpretations:

—_— = —_ 7>< —_— =
Ngllabyeet N fiat? %Z (ijllab)tet?
ijab ia jab
These diagrams provide the energy expression at all levels of the coupled-
cluster method. The differing energy results obtained at different CC levels
are due to the differing amplitudes obtained for the cluster operators at

those levels.
The rules of interpretation for CC diagrams are given in Fig. 10.1.

10.3 Systematic generation of CC diagrams

The process of constructing all the distinct diagrams that appear in the CC
equations requires careful consideration of all the distinct ways in which
Hamiltonian vertices can be added to cluster-operator diagrams. As we saw
in the construction of the diagrams for the quadratic contribution to the
CCD equations, (9.121), the use of Hugenholtz-like diagrams can be very
helpful in this process. We now describe another method, using simple com-
binatorial elements, for generating distinct antisymmetrized CC diagrams.
This method is based on the assignment of a set of plus and minus labels to
each Hamiltonian-operator (interaction) vertex and to each cluster-operator
diagram. These labels describe the type and number of lines below the
interaction vertex and above the cluster-operator vertex (or vertices) of the
CC diagrams. A plus sign is included for each open particle line and a minus
sign for each open hole line. A zero is used to indicate the absence of such
lines. The Hamiltonian-operator vertices are thus assigned labels as follows:

b e

0 +

¥+V F A W M YR

++ - + - - 0 + 4+ —-



298 Systematic derivation of the coupled-cluster equations

The cluster-operator vertices are given the following labels:

VA VA A VAV R VA A

- ++-- 4+ - —- +4+++-——=

For repeated cluster operators the labels for the individual vertices are par-
titioned by vertical lines:

VLY VLY VLY

+ - ++-- 4+ -——|++--

The key step in each stage of CC diagram construction is the addition
of an interaction vertex above a set of T}, vertices in all possible ways that
generate distinct connected CC diagrams of the required excitation level.
The interaction vertices must be selected to have the appropriate excitation
level, see (9.105), (9.107), to produce final diagrams of the desired overall
excitation level. Then, for each selected interaction vertex, all the particle
or hole lines below it are contracted with (i.e. connected to) matching open
lines of the CC diagram, using the + and — labels for guidance, in all possible
non-redundant ways.

Note that neither the (+1) Fy vertex (the third diagram in (9.105)) nor
the (+2) W vertex (the eighth diagram in (9.107)) can be used to generate
connected CC diagrams. Furthermore, there are obvious limitations on the
number of T}, vertices that can be connected by each interaction vertex.
Thus, (0)-excitation Fy vertices (the first two diagrams in (9.105)) or the
(+1) W vertices (the fourth and fifth diagrams in (9.107)) can connect to
only one T}, vertex and thus cannot be used to generate connected CC
diagrams from disconnected clusters of T}, operators.

We will illustrate this process by applying it to the generation of the
Q (T2) diagrams of (9.121) (also seen in the Tz(d) equation in Fig. 9.3).
Since we are beginning with a quadruple excitation in Tf and the tar-
get diagram is a contribution to 7%, only double-de-excitation (—2) in-
teraction vertices can be used and there is only one of those. Thus the
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diagram parts that need to be connected, together with their 4+ and —

labels, are

+ 4+ —-

VoV OVLY

++——++--

Four lines in the bottom part, corresponding to two + and two — labels,
must be selected for contraction with the top part, giving rise to four dis-
tinct contraction patterns that connect both Tb vertices to the interaction
vertex:

+ 4+ - - + =]+ - ++ -1 - + - = +.

The order of the + and — labels in each partition is irrelevant. Further-
more, since the two T vertices are equivalent, the pattern — — | + + is
equivalent to ++ | — — and ++ —|— is equivalent to —| ++—. The four dis-
tinct contraction patterns generate the four connected quadratic diagrams
Qa—Qq of (9.121),

AR sl oW el

This procedure is equivalent to the approach described in Section 9.5
based on Hugenholtz-like diagrams, but it provides the sign determination
directly. The use of antlsymmetrlzed Goldstone diagrams together with
the normal-ordered Hy and 7 operators and the above simple combinato-
rial scheme generates all amplitude diagrams unambiguously and without
repetition.

10.4 The coupled-cluster singles and doubles (CCSD) equations

As can be seen from (9.78), the only first-order wave-function contribution
to 71 is due to the one-electron operator f°

v = \Z . (10.14)
(1) - =X
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The second- and third-order contributions to the CC energy (see Fig. 9.3)
are

+
(1)

AE®) {)(} QX
— 89
AE(3):M Q +Q Q . (10.16)
(2) (2) (1) (1)

: (10.15)

_l’_

When a Hartree—Fock reference function (canonical or otherwise) is used, f is
block diagonal and any diagram containing a one-body particle-hole interac-
tion (Y _ _y Or /S* ~*) vanishes. Thus there is no first-order wave function
contribution to 77, and the only nonzero contributions to the second- and
third-order energy come from Ty. Thus we can say that in the HF case
CCD is correct through first order in the wave function and third order
in the energy, though it includes many higher-order contributions involving
disconnected clusters such as disconnected quadruple excitations. The same
conclusion can be reached by use of the Brillouin theorem, Section 1.5, which
is just a manifestation of the block-diagonal nature of f . Therefore CCD
based on HF orbitals will frequently provide quite reasonable approxima-
tions. However, the addition of single-excitation contributions adds 35 dia-
grams but entails little computational effort and can be very useful in many
situations.

A primary reason for the inclusion of single excitations in many cases
is that it permits the use of non-HF reference functions, for which f is
not block diagonal and the Brillouin theorem does not hold. In such cases
the matrix elements (®%|H|®g) = fi, can be quite large, and single excita-
tions can make substantial contributions to the first-order wave function and
second-order energy. The same is true for restricted open-shell HF (ROHF)
reference functions, which do not satisfy the usual Brillouin theorem either.
Furthermore, including T} and its disconnected cluster products in the wave
function greatly reduces the sensitivity to orbital choice in CCSD and higher
approximations, because the effect of e’! is to transform any single determi-
nant into another single determinant. This property of e’! is known as the
Thouless theorem (Thouless, 1960). However, including single excitations in
truncated CI is not nearly as effective in reducing this sensitivity, because
it leaves out most of the disconnected clusters involving Ty. Thus the in-
clusion of 7} introduces an important flexibility in CCSD and higher CC
applications.
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Another important reason for including single excitations, a reason that
holds even for unrestricted and closed-shell restricted HF reference functions,
has to do with the calculation of density matrices and associated proper-
ties. Such calculations involve matrix elements of various one-particle op-
erators (0|U|%), which do not vanish in general even when HF orbitals are
used. Single- and double-excitation contributions to such properties enter
at the same order of perturbation theory, and should be treated on an equal
footing.

To derive the CCSD equations, we substitute 7' = Ty 4 T into (10.11)
and (10.12). Arranging the resulting terms in approximate order of their
importance, the equations take the form

(O|Hn (T2 + T1 + 3T7)|0)c = AE,
(Y HN(L+ T+ Ty + TiTo + T2 + £T8)(0)c = 0,

(10.17)
(
@WM4JM7%+E+EB+¥]1ﬂﬂ+wﬂ+mﬂwm
(

10. 18)

10. 19)

The energy equation (10.17) retains this form even in higher CC models,
since clusters of more than two particles cannot contribute to the expectation
value in this equation (because of the two-particle nature of Hy). While the
energy depends directly on the Ty and T amplitudes only, it is affected by
the inclusion of connected triple, quadruple and higher excitations in higher
CC models because these amplitudes are affected by the higher excitations
through the coupled amplitude equations. The single-excitation equations
(10.18) can include up to triple-excitation terms; however, in the CCSD
model T3 = 0 so only disconnected triple-excitation clusters appear. Sim-
ilarly, the double-excitation equations (10.19) contain disconnected triple-
and quadruple-excitation terms but not Ts or Ty.

The “quadratic CI” analog of CCSD, the QCISD model of Pople, Head-
Gordon and Raghavachari (1987), is an approximation to CCSD in which all
terms containing 7} in (10.17)—(10.19), except the 7175 term in (10.18), are
left out (Paldus, Cizek and Jeziorski 1989, 1990, Pople, Head-Gordon and
Raghavachari 1989, Raghavachari, Head-Gordon and Pople 1990). However,
the omission of these terms has negligible impact on the computational cost
of the model and may, in some cases, adversely affect the quality of the
results (Watts, Urban and Bartlett 1995).
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Diagrammatically, the CCSD energy equation can be written

_ M i QX n QQ | (10.20)

As noted in the previous section, these three diagrams are all the distinct
closed diagrams that can appear in any CC energy equation. The corre-
sponding algebraic energy expression is

=1 Gijllabyts? + Z fiat? + 3 Y _(ijllab)tith . (10.21)

ijab ijab

The last term can be combined with the first after splitting it into two
terms and interchanging a and b in one of them, giving the antisymmetric
form

= 1D (iillab) (t) + 188 — 8249) + > fiat? - (10.22)
ijab ;

In the HF case fi, = 0 and the last term in (10.22) vanishes.

The diagrams representing the single-excitation CCSD equations (10.18)
are collected in Fig. 10.2. The numbering of the diagrams corresponds to
the order of the terms in (10.18); the fixed labels i and a are understood for
all open lines. The generation and interpretation of these diagrams is shown
in Table 10.1, using the scheme introduced in Section 10.3 and the rules of
interpretation (Fig. 10.1). The summations are over all the common indices

Ve Mo hh\f Xf Y1
MMQNW%YQWQ

Fig. 10.2. Antisymmetrized Goldstone diagrams representing the CCSD T
equations.
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Table 10.1. Generation and interpretation of diagrams for CCSD T;
amplitude equations (see (10.18))

Interaction Contractions Diagram Interpretation®

1 (no T vertex, requires +1 interaction vertex)

0 0 Sl fai
Ty (vertex 4+ + — —, requires —1 interaction vertex):
+— +— SQa Z fk:ctgkc
- ++ - Son 3 Y {ak|cd)ts
+-— +—— Sae

(Klllicytiy

T (vertex +—, requires 0 interaction vertex):

+ + S3a 2 factf
- - Szp =2 frit,
- +- Ssc > {akllic)ty
TyTy (vertices + — |+ + — —, requires —2 interaction Vertex)
++ - ++ - Sia (kl||cd)tsted
—|++- Sap (Kl||cd)teted
+=l+- Stc Z<kl led)ts 7
172 (vertices + — | + —, requires —1 interaction vertex):
+- +| - Ssa — > fretity
++ - +H+ - Ssb > (ak|ed)tity
+-- —l+- Sse — 2 (kllic)tyty

?%T (vertices + — | + —| + —, requires —2 interaction vertex):

e |- 6 ~ So(killed)sg

“In this and all subsequent cases, the algebraic interpretation of the diagrams as-
sumes that labels are assigned in alphabetical order, from left to right, within each
class of lines (open particle lines, internal particle lines, open hole lines, internal

hole lines), subject to the condition that a and ¢ are on the same continuous path
so are b and j etc.
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k,l,c,d that occur in each term. The single-excitation CCSD equations are
then

wafkc +2Zakllcdt %Z<klllz‘c>zf+§jfact§

ked klc
- Z Fritd + Z (ak||ic)t§ — (kl||ed)t5t54 (kl||cd)titsd
klcd klcd
+ Z kl||ed)t§ Z Fretty + ) (akl|cd)tst
kled ked
= (klfic)tits — Z(kl||cd>tftktl =0 (for all i,a). (10.23)
klc kled

As in the CCD case, we separate the diagonal elements from the fifth and
sixth terms in (10.23) (corresponding to diagrams Ss,, S3;,) and move them
to the opposite side of the equation as (fii — faa)t? = (€; —€4)t?, in order to
set up an iterative solution. It is then obvious that the first approximation
to t7 is

e 1) Jai
i = )
Ei — Eq

(10.24)

and when this approximation is put into the energy expression it gives the
second-order MBPT energy contribution from the single excitations,

Q Z &fl_“ - (10.25)

In the Hartree—Fock case the first, second and eleventh terms of (10.23)
(diagrams S7, S2a, S5a) vanish, and so does the second-order energy contri-
bution from the single excitations, (10.25). In the canonical HF case the
off-diagonal parts of the fifth and sixth terms also vanish.

For the double-excitation part of the CCSD equations, we have already
derived the contributions from the first three terms of (10.19), since those
were present in CCD. The remaining terms are represented by the diagrams
in Fig. 10.3. Diagrams Dg,, D4, represent the linear Tl contributions to
(10.19), while diagrams Ds,—Ds), represent the quadratic T\ T term. An-
other quadratic term, %T 2 is represented by diagrams Dg,—Dge. The two
cubic terms, %T IQTQ and %T 3 are represented by diagrams D7,~D7. and

Dsg,, Dgy,, respectively, while diagram Dg represents the quartic term T1

> AT
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VAV Y WY Vel VoY
MMQWQWWMW

Dsy

w Xz@x/ LAl ww
ngwmwvww

Fig. 10.3. Antisymmetrized Goldstone diagrams representing T contributions to
the CCSD T35 equations.

Note that diagrams Ds., Dsq and Dy, could also have been drawn in the
equivalent forms

Dsq
as can be verified by examining their + and — contraction patterns (or,
equivalently, from the corresponding Hugenholtz-like forms).
The generation and interpretation of these diagrams is given in Table 10.2.
As an illustration of the procedure we shall consider the T 1T 5 contribution.
The cluster operators in this term provide a +3 excitation, and since we

need a final +2 excitation for the T equations, we can only use the —1
components of the Hamiltonian. There are three such components,

A ?7\ FA

from which the eight diagrams Ds,—Ds), are generated.
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Table 10.2. Generation and interpretation of diagrams for 11 contributions
to CCSD T5 equations

Interaction Contractions Diagram Interpretation

T (vertex +—, requires +1 interaction vertex):

+ + Daa P(if) Yo(ablle) s
- - Day —P(ab) Y- (kbllij)ts
11T (vertices + — | + + — —, requires —1 interaction vertex):
+— +|- Dsa —P(ij) Y frctitis
—|+ Dsy, —P(ab) ¥ fretits)
++ - ++ - Ds. P(if|ab) 3 (ak|lcd)t5ti;
—[++ Dse — 3 P(ab) Y- (kb]|cd)tits]
+ -+ Dsg P(ab) 3 (kal|cd)titiy
+- - -+ - Dsa —P(iflab) > (kl|lic)titiy
+ == Dst 3P (i) S (klllei)tstir
+— - Dsn —P(if) X (Kl||ci)titsy
%Tf (vertices + — | + —, requires 0 interaction vertex):
++ +|+ Dea LP(ij) Y (ablled)tstd = Y- (abl|ed)t5td
- |- Den 3 P(ab) S (Rligyttt = o (killig)eier
+- +|- Dsc —P(if|ab) 3 (kbl|c)tits
%Tffg (vertices + — | + —| + + — —, requires —2 interaction vertex):
++-—— +H+|-- Dra TP(i) (Kl cd)ytstipts = 5 57 (Kl cd)tstiyt]
—|=++ Dy, 1P (ab) o (kl||cd)tptsdty = 3 SO (kl||cd)tptsity
+H=1+- Dre —P(ijlab) 3 (klled) 5t it
+— |+ Dra —P(ig) S (kl||cd)tg el
+——|+ Dre —P(ab) Y (kl||cd)tgtrtd

%Tf (vertices + — | + —| + —, requires —1 interaction vertex):
++ - + =+ Dsa  LP(ijlab) Y (kblled)tstit] = P(ab) 3= (kbled)tityt]
+-- —l= Dso 3P(lab) Sikllei)titity = PGj) Skllletitity
+ [t (vertices + — | + —| + —| + —, requires —2 interaction vertex):

++ - + =1+ Do TP(ijlab) S (kll|ed)tstfeie; = S (kllled)titg ity
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The summations in the interpretation column of Table 10.2 are over the
internal labels k,[, ¢,d present in each term. To clarify the interpretation
rules further, it will be instructive to review some of the numerical coeffi-
cients and the permutation operators in the table in detail.

The factors % in diagrams Dse and Dsg¢ result from the presence of a pair
of equivalent internal lines. Diagrams Dg,, Dg, each have a pair of equiva-
lent vertices (as shown by the contraction patterns) and a pair of external
lines that are inequivalent (because they are connected to different vertices),
resulting in a factor % (rule 7, Fig. 10.1) and a permutation operator in each
case. These two factors cancel with each other (rule 10), as shown in the
table, since the permutation is equivalent to the relabeling of internal lines
corresponding to dummy summation indices.

The factors i in diagrams D7,, D7}, arise because each diagram has one
pair of equivalent internal lines and one pair of equivalent vertices (in dia-
gram D7, we use + contractions for both T 1 vertices while in D7, we use —
contractions for both). One factor % cancels with the permutation operator
in each of these diagrams, as shown. In diagrams D7.—D7. there are no
equivalent lines and no equivalent vertices.

Diagrams Dg,, Dg}, each have a pair of equivalent vertices, as can be seen
from their contraction patterns, +| — |+ and +| — |—, respectively, and thus
they acquire factors of 4. These factors cancel with part of the P(ij|ab)
permutation operator that results from the two pairs of inequivalent external
lines. This cancellation is with the P(ij) operator in Dg, and with P(ab) in
Dsgy,, as shown.

Diagram Dg has two pairs of equivalent vertices (two vertices using a
+ contraction and two using a — contraction), resulting in a factor % and
two pairs of inequivalent external lines. Again, the P(ij|ab) permutation

operator cancels with the factor 1, since permuting a with b or i with j is

1
equivalent to relabeling the internal lines.

Combining all the results in Table 10.2 together with those previously
obtained for the CCD equations, the 75 amplitude equations for CCSD are

obtained as

Dcep + P(if) Zmbucj)t? — P(ab) Y (kblij)ty — P(ij Z Frctitih

k

P(ab) Z fkctktd’ + P(ijlab) Y " (akl|cd)tsts®

ked

—Pz‘jyab)ZWHic)tgtl — $P(ab) Y " (kb|cd)titsd

klc ked
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+ 5 P(i7) Y (klles)tity + P(ab) Y (kalled)tit;

klc ked
— P(ij) > (Kl ciytgty + Z abl|ed)t$td + Z(kz”imgt;)
klc
— P(ijlab) > " (kbllcj)tsts + 3> (kl||cd) tctdtkl + 2 (Kl ed)tgtpesd
ke kled kled
— P(ijlab) > " (kll|cd)tstitly — Pig) Y (kl|lcd)titdty
kled kled
— P(ab) Y (Kl||cd)tgtitd + P(ab) > (kb||cd)tstit]
kled ked
+ Pig) Y (kllcg)estie; + > (kil|cd)tstdtit
klc klcd
=0 for all i > j, a > b, (10.26)

where Dccp stands for all the terms on the left-hand side of the CCD
amplitude equations (9.126).

None of the terms in the CCSD equations raises the dependence of the
computational cost on the number of spinorbitals over that of the CCD
model Thus the cost remains proportional to n;; n per iteration, or roughly
an n% process.

10.5 Coupled-cluster singles, doubles and triples (CCSDT)
equations

The importance of various cluster contributions to the wave function and
to the energy is best judged in terms of the order of perturbation theory in
which they first enter. As can be seen from Eqs. (9.78), (9.93), and (9.94),
the only first-order contributions to the wave function come from single-
and double-excitation configurations. Furthermore, the first-order single-
excitation contribution vanishes in the HF case, in which the one-electron
interaction operator f is block diagonal. Therefore the lowest-order CC
model is CCD, followed (particularly in non-HF cases) by CCSD. As previ-
ously discussed (see e.g. Section 10.4), these models include all the second-
and third-order contributions to the energy.

The second-order wave function, (9.79), and the fourth-order energy add
contributions from triple and quadruple excitations. In a CI expansion the
most important second-order contribution to the wave function (at least in
the HF case) comes from quadruple excitations and consists entirely of the
disconnected-cluster %TQQ term (diagram 8 in (9.79)), which is included in the
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CCD and CCSD models. (The connected quadruple-excitation term T} first
enters in the third-order wave function and fifth-order energy.) However, the
disconnected triple-excitation contribution to the second-order wave func-
tion (diagrams 18 and 19 in (9.79)) contains a one-electron interaction and
vanishes in the HF case. Therefore the principal contribution to the CC wave
function beyond the CCSD model is due to the connected triple-excitation
cluster T3 (diagrams 6 and 7 in (9.79); see also (9.95)). This contribution
enters the energy in fourth order, i.e. the same order as %TQZ. Thus the
CCSDT model, which adds the terms containing T5 to CCSD, is the next
level of improvement in CC methodology and is correct through the second-
order wave function and fourth-order energy. Note also that T} contributions
that do not contain the one-electron interaction, and thus do not vanish even
in the HF case, also enter the second-order wave function (diagrams 4 and
5in (9.79), see also (9.93)) and the fourth-order energy.
The CCSDT wave function is

|Weespr) = exp(Th + Ty + T3)[0) . (10.27)

The energy equation is the same as in the CCSD model, (10.17), though
the Ty and 7% amplitudes that appear in the equation will be affected by
the presence of the 75 operator in the amplitude equations. The CCSDT
amplitude equations are

<?’I:IN(1 + TQ + Tl + T1T2 + %TE + %Tlg + Tg)‘0>c =0, (10.28)

(‘;?|ﬁN(1 + Ty + %Tf + Ty 4+ ThTh + %Tf
+ AT + T3 + LT + 15 + Ty T3)|0)c = 0, (10.29)

(0| An(Ty + Ty + 377 + T1Ty + ToTs + Th Ty
+ATPTy + AT TE + 3TPTs + £T1%)|0)c = 0. (10.30)
Note that 7} and its powers have been left out of (10.30) because they

cannot produce connected triple-excitation diagrams with one interaction
vertex.
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The single-excitation equation has one new term added to the terms in
the corresponding CCSD equation (10.18). This new term is represented by

the diagram
V00 =1 (mnllef)tgd,. (10.31)

mnef
S7

The CCSDT singles equation can then be written as

Scesp + & Z <mn|]ef>t?;{1 =0 (for all i,a), (10.32)

mnef

where Sccsp stands for the entire left-hand side of the CCSD singles equa-
tion (10.23).

The doubles equation has two new terms, represented by the six diagrams
in Fig. 10.4. The generation and interpretation of diagrams D1p,—D1gc, rep-
resenting the term H N, is straightforward, giving the algebraic expressions

D fmetihe, + LP(ab) Y (bmllef)tist — LP(ig) Y (mnljeytare, .

mef mne

Dioa D1op Do
Di1a D11y D11c

Fig. 10.4. Antisymmetrized Goldstone diagrams representing the 75 contributions
to the CCSDT 75 equations.
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For the diagrams representing H\T1 T3 we have

Vertices Interaction Contraction Diagram
+=+++-== F++-=  +—|+- D11 =
b
S (mnllef) st
—|++ - D1y, =
A b
—P(ab) Y {mnllef)tnt5);
—H - ——+ D11C =

N b
—P(ij) Y (mnllef)tstyl,
The CCSDT doubles equation then takes the form

Docsp + Y fuetifs + 5P(ab) Y (bmlle /)t

m,e mef
5 b
— 1P@ij) Y (mnlje)tste, + 3 (mnllef)te,
mne mnef
. b .. b
— P(ab) Y (mnllef)tatsl? — P(ij) > (mnllef)tita.
mnef mnef
=0 forall i > j, a > b, (10.33)

where Dccsp stands for all the terms on the left-hand side of the CCSD
doubles equation (10.26).

The triple-excitation CCSDT equation (10.30) has two linear, four quad-
ratic and three cubic terms and one quartic term, which generate the 47 dia-
grams shown in Fig. 10.5. For the algebraic interpretation of these diagrams
we introduce an extension of the notation for the permutation operators.
Taking diagram T, as an example, and putting labels on the external lines,

a\%z j% ¢bkyc

we see that lines a and b are inequivalent, and so are a and ¢, but that b
and c are quasi-equivalent. Thus we need to include the permutations P,
and P,., but not P,.. We therefore define the permutation operator

P(a/bc) =1— By — Py (10.34)

Similarly, we need the operator P(k/ij) = 1 — Py, — ij; the total permu-
tation operator for the diagram T, is P(a/bc|k/ij) = P(a/bc)P(k/ij). In
contrast, in diagram Tjy. all three open hole lines are inequivalent, requiring
the permutation operator ]5(2 jk|a/be), in which all six permutations of 4, j, k
are included.
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WV WV M*X VW WVW\/ HW
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W«M QMLV XALVAA/ XALVAA/
WM WHalV WY

T10a T1ob

Fig. 10.5. Antisymmetrized Goldstone diagrams representing the CCSDT Ty
equations.

The algebraic interpretation of the diagrams in Fig. 10.5, in correspond-
ing order, is shown in Fig. 10.6, which gives the complete CCSDT triples
equation. The summations are over those of the internal indices [, m,d,e
that are present in each term. Note that diagrams T%., Tr7q, Toc, Tod, T10a
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P(k/ijla/bc) Z(bc”dk)t’-l-d — P(i/jklc/ab) > (lelljk)ts? + P(c/ab) Y featifit
P(k/i) Y futiys + 3 P(c/ab) Z<ab||de>td»“ + 5 P(k/ij) Y (imllif)tis,
</Jk|a/bc)2<a1||zd>t#,§ P(k/ijla/be) Y fuatl'ty
P(i/jklabe) Y _(Ib||deyti'tss, — Plijkla/be) Y (Imlldj)ti'ty

- % (i/jkl|c/ab) Z<lc||de>t§-’ft o+ S P(k/ijla/be) Y (iml|dk)eey,

P(i/jklc/ab) Y _(abl|de)titss, + P(k/ijla/be) Y (Imlij)tith

P(ijk|a/bc) Z(al”zd)tdtlk P(i/jk|abc) Z(al”idﬂ?tdc

i/jklafbe) Y (Iml|de)titons, — S P(i/ik) Y (Iml|de)tistos,

(a/be) Y (Imllde)tia sl — $P(k/ijla/be) Y (Iml|de)ts thes,

(i/jklc/ab) Z(lmlldeﬂi‘f’td"‘k + 1 P(k/ij) Z(lmlldeﬂd?t%

(c/ab) Y (Imllde)tintise — P(i/jk) Y fatftis — Pla/be) D fuatitifi

P(i/jkla/be) Y (all|de)titifi — P(i/jkla/be) Y (Imllid)titos,

(a/be) Y _(lal|de)ti'tsly — P(i/ik) > (Iml|di)titsrs,

— $P(abe) Y (Ibl|de)titise + S P(ijk) > (Imlldj)ti e,

P(i/jk|abe) Y (bl|de)ti ity + P(ijkla/be) Y (Iml|dj)titi s,

P(k/ijla/be) Y (all|de)titsty; + P(i/jklc/ab) > (Im||id)tftd,

P(i/jk|c/ab) Y (Iml|de)titint5; — P(ijk|a/be) Y (Iml|de)ti 5t

P(i/jklabe) Y (Iml|de)tii'th, 155 + § P(i/ jk|c/ab) Y (Iml|de)titin 5
+ 3P (k/ijla/be) > (Iml|de)titfsthe, — P(i/jk) > (Im||de)tit;ters,

— P(a/be) Y _(Iml|de)tity, teb + LP(j /ik) > " (Im||de)titihe .

+3P(b/ac) Y (Imldeytitifits, — P(i/jkla/be) > (Iml|de)t] ] LS,

+ P(k/ijla/be) > (Iml|de)titit5eh, + P(i/jklc/ab) > (Iml|de)t ] t), 15

=0 (foralli>j>k a>b>c)

= [\.’)\»—l [\.’)\»—l ’"U,
~9 ’U> ’U> = /\ /\

+++

Fig. 10.6. The CCSDT T3 equations.
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Table 10.3. Lowest wave-function orders at which triple-excitation CCSDT
diagrams (Fig. 10.5) contribute

Diagrams Non-HF Noncanonical HF Canonical HF
T1a, T1p 2 2 2
T5,, Toy,, diagonal 2 2 2
Toa, T, off-diag. 3 3 —
Toe—The 3 3 3
T3, 3 — —
T5,—T3e 3 3 3
Tya—Taq 3 4 4
TsaT5g 4 4 4
Tsa: Ton 4 - _
Toc—Ton 4 5 5
TraTra 4 6 6
Tsa—Tse 4 5 5
Toa—Toe 5 7 7
T10a; Tob 5 8 8

and Tjg, each have a pair of equivalent T vertices, and so the result-
1

ing factors 5 cancel against part of the corresponding permutation oper-
ator. Specifically, the original factors for these diagrams, —%P(ij/ﬂa/ be),
%P(i/jk:]abc), %P(ijk), %P(abc), %P(z’jk\a/bc) and %P(i/jk:]abc) (in order)
become —P(k/ijla/bc), P(i/jk|c/ab), SP(j/ik), L1P(b/ac), P(k/ij|a/bc)
and P(i/jk|c/ab), respectively.

The respective lowest wave-function orders at which the triple-excitation
CCSDT diagrams contribute are listed in Table 10.3. Note that each T
vertex is first order in the non-HF case but second order in the HF case
(canonical or noncanonical), while the Ty and Ty vertices are first and
second order, respectively. The diagonal part of the one-electron interac-
tion vertex is zero order while the off-diagonal part is first order in general
but does not contribute in the canonical HF case and contributes only for
particle—particle and hole-hole vertices in the noncanonical HF case. The
lowest energy order to which these diagrams contribute is two higher than
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the wave-function order, since at least two interaction vertices are needed
to close any of the triple-excitation diagrams.

The leading terms in the triple-excitation CCSDT equations (Fig. 10.5)
are diagrams T1,, T}, and the diagonal parts of T5,, Top, all of which are of
second order. To set up an iterative sequence, following a similar procedure
to that of previous cases we separate the diagonal part of each of diagrams
Ta, Toy, (the only nonzero part of these diagrams in the canonical HF case)
and move it to the other side of the equation. Applying the permutation
operators (see the third and fourth terms in Fig. 10.6), we get a total of six
terms:

)tabc _ gabctabc

(6i t&j+ek—€ —€&p— ijk — “ijkYijk -

The first attempt at including triple-excitation effects in the CC method
used just the leading (second-order) terms in the CCSDT triples
equations:

f]b,gtgb,g = P(a/bc|k/ij) Z bel|dk) t“d P(c/abli/jk) Z le||jk)tel .
d !
(10.35)

The t?jb]g amplitudes obtained from these equations were then substituted
in the CCSDT singles and doubles equations (10.32), (10.33) but, because
the T, amplitudes enter in the right-hand side of (10.35), the solution re-
quired iteration of all three sets of equations. This model has been called
CCSDT-1 (Lee and Bartlett 1984, Lee, Kucharski and Bartlett 1984) and
has two variants, depending upon which diagrams involving a Ty vertex
are included in the CCSDT doubles equations (Urban, Noga, Cole et al.
1985). The CCSDT-1a model includes the T3 contribution Sz, (10.31), to
the CCSDT singles equations, diagrams D1ga—D1oc (Fig. 10.4) in the CCSDT
doubles equations, and diagrams T7,, Ty, and Ta,, Toy, of the CCSDT triples
equations. The CCSDT-1b model adds the remaining terms of the CCSDT
doubles equations, diagrams Di1,—Di1c (Fig. 10.4). Diagram Djg, of the
doubles equation vanishes in the HF case. The off-diagonal parts of dia-
grams T5,, Toy,, which vanish in the canonical HF case, are included in other
cases in order to maintain the invariance of the model to separate unitary
transformations of the occupied and virtual orbitals. This invariance per-
mits the removal of these off-diagonal parts by an orbital transformation
to semicanonical orbitals, which diagonalizes the hole—hole and particle—
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particle blocks of f (without eliminating the off-diagonal blocks) (Handy,
Pople, Head-Gordon et al. 1989, Watts, Gauss and Bartlett 1993).

The iterative process for the solution of the CCSDT-1 equations in the
canonical HF case is shown diagrammatically in Fig. 10.7. Initially, the

second-order approximation t?fg ) is obtained from the first-order approx-

imations t?;l(l) and t?lb(l), which, in turn, are just two-electron integrals

divided by denominators, (ad||ij)/ E?jd and (abl|il) /2.

The evaluation of the T3 amplitudes from (10.35) in CCSDT-1 includes an
nﬁ’né step per iteration (diagram T7,, the first term in Fig. 10.6), which may
be compared with the nﬁné process per iteration in CCD or CCSD. Except
for the canonical HF case, there is another nffné step per iteration for the off-
diagonal part of T5,. The insertion of the Ty amplitudes into diagrams D1y,
and D1 of the CCSDT doubles equations (10.33) includes yet another nffn;}
step per iteration. Besides the extra power of ny, there also is the potential
difficulty of having to store the anf’ng’ t?;»’,g amplitudes. Fortunately, it is
possible to avoid this latter difficulty in the CCSDT-1 model (and also in
the higher-order CCSDT-2 and CCSDT-3 models to be described later) by
evaluating the contribution of each t‘il;’,g amplitude as soon as it is calculated
from (10.35) to diagrams S; of the CCSDT singles equations and Djp,—
D1 (and, for CCSDT-1b, to D115—D11c) of the CCSDT doubles equations

(see Fig. 10.7).

In cases other than canonical HF (in this context these cases include re-
stricted open-shell HF), the inclusion of the off-diagonal parts of diagrams
T5a, Top, besides adding another nﬁ’né step, makes the triples amplitudes of
each iteration dependent on the triples amplitudes of the previous iteration
and thus requires the amplitudes to be stored. This difficulty can be elimi-
nated by performing a semicanonical transformation, as already noted. The
CCSDT-1 model is invariant under such a transformation provided that the
full diagrams T»,, T, are included. However, in the ROHF case this trans-
formation destroys the equivalence of the spatial parts of the a-spin and
(-spin orbitals, making the computational effort similar to that of a UHF-
based calculation by precluding spin summations and essentially doubling
the ranges of the various indices.

In all cases the full CCSDT method requires storage of the t?}’g amplitudes.
Moreover, the full CCSDT involves an ng’ng‘ step per iteration (diagram T,
the fifth term in Fig. 10.6). While the full CCSDT model has been imple-
mented (Noga and Bartlett 1987, Trucks, Noga and Bartlett 1988), with
inclusion of open-shell systems (Watts and Bartlett 1990), the CCSDT-1
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VALY =\
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Fig. 10.7. One cycle in the CCSDT-1 iteration scheme (for the canonical Hartree—
Fock case). The horizontal arrows indicate that the value of the expression on the
r.h.s. is used as the next approximation for the L.h.s. in the iteration. As noted in
the discussion following (9.126), a denominator corresponding to a resolvent line
above each interaction vertex is to be understood for each diagram on the r.h.s.
of the equations.

model and other CCSDT models have been developed in order to avoid the
very high computational cost of the full CCSDT equations.

Typically, the number of iterations required to solve the CCSDT-1 equa-
tions is between 10 and 20, so a further approximation that eliminates the
iterations in the evaluation and substitution of the t?}’g amplitudes would re-
sult in a significant reduction in the computational cost. The simplest way

(2)

to achieve this reduction would be to use the second-order t?flj amplitudes

computed from the initial (first-order) t?jd(l) and t?lb @ amplitudes in all sub-

sequent iterations of the CCSDT singles and doubles equations. As can be
seen from the description of the iterative solution of the CCSDT-1 equations
in Fig. 10.7, this procedure provides just the fourth-order triple-excitation
contributions to the energy yet it requires two nﬁ’né steps. However, the
evaluation of triple-excitation contributions to the MBPT(4) energy requires
only one n}?né step. This more economical MBPT evaluation is achieved,

abe (2) quantity in the MBPT(4) procedure (see

in effect, by “squaring” the ¢, ik
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Section 7.1); this is illustrated diagrammatically and algebraically by

/WW\(Q)
ET(‘4) _ Z 75abc abc 2) abe (1036)

ijk zgk €ijk -

k
( 2 ) jz>>jb>> c

This formula can be understood by writing the second-order T vertex as

(LY, - VP Y e

and contracting it with its adjoint in all allowed ways, giving rise to the
16 MBPT triple-excitation antisymmetrized fourth-order energy diagrams

(Fig. 5.9). The factor 5%’,5 is required to compensate for the fact that each
tabc(Q)
ijk X
Instead of using second-order T3 amplitudes in (10.36), we can employ
T3 amplitudes obtained from (10 35) using converged CCSD Ty amplitudes.
abe [2]
ijk

carries one triple-excitation denominator.

We designate these improved Ty amplitudes ¢
indicates a generalized order,

VY, = Y VA

counting converged T, amplitudes as first order since their initial appearance

, where the superscript [2]

is in the first-order wave function. In the same sense we consider converged
Tl amplitudes as second order in the HF case but first order otherwise, while
Ts and Ty amplitudes are second and third order, resFectively. Replacing
just the bottom vertex in (10.36) by the improved T vertex provides the
energy contributions of diagrams D1gn, Digc Subject to the use of (10.35)
to define T3[2]. This is exactly the contribution that would be obtained by
adding these diagrams to the CCSD Tb amplitudes and including the added
terms in the energy formula (10.21), as can be seen by using the adjoint of
(10.37) for the top vertex. Also replacing the top vertex in (10.36) by the
adjoint of the T3[2] vertex can be expected to provide additional higher-order
corrections and may be justified in terms of an expectation-value form of the
energy formula (Urban, Noga, Cole et al. 1985). The resulting expression can
simply be added to the CCSD energy to provide an estimate of the CCSDT
(or CCSDT-1) energy. This approximation leaves out energy contributions
from diagrams S7 and Djg,, and the effect of diagrams T5,, To, on the Tg
amplitudes, and is thus only suitable for the canonical HF case. It was
first termed CCSD+T(CCSD), but is now known frequently as CCSD[T]
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or, using a more complete terminology, CC4SD|T]. This notation implies
infinite order in S and D and fourth order in T, the brackets in [T] being
used to indicate the limitation to the HF case.

An extension of CC4SDI[T] incorporating the energy contributions from di-
agram S7 is known as CCSD(T) or CC4SD(T) (Raghavachari, Trucks, Pople
et al. 1989) and can be generalized for non-HF cases by adding diagram Dj,
(Watts, Gauss and Bartlett 1993), provided that a semicanonical transfor-
mation is first carried out to eliminate the off-diagonal parts of diagrams
Ta and Ty, (otherwise it would be necessary to iterate the evaluation of the
triple-excitation amplitudes). This procedure includes all possible fourth-
order contributions of single and double excitations subject to the simplified
triples expression obtained from (10.35). Employing an approach similar to
that used for the principal triples fourth-order energy contribution above
in which lower-order singles and doubles amplitudes are replaced by their
converged CCSD values, the resulting energy can be written as

Eccasp(ry = Eccsp + E[T] = Eccsp + EM + B + Egt] , (10.38)

where

B = WAWA
1 abc [2]* abc[2] b abe 2] abc 2] b
37 Z ijk Z]k’ g]ls_ Z tl]k z]k f];?, (10.39)
ijkab i>j>k
a>b>c

= S el ke ) = et { el

ia Jkbe jb>k
>c

(10.40)

% t;l]b 1]* kac ;zjbl:[Q } Ztab[l]*{Zf t;zjb]: 2]} . (1041>

ijab 1>7

a>b
The generalized orders (in superscript brackets) are for the non-HF case. In
the HF case the order of the singles amplitudes becomes [2] instead of [1],
and the Fg term is of order (5) while the E4; term vanishes. In this case the
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E term is small, and is the only difference between CCSD[T] and CCSD(T).
While it is just one of many fifth-order terms that could contribute to the
CCSDT energy, it is typically positive and serves to damp the sometimes
excessive negative contribution of Erp in difficult cases. In our notation
the (T) designation implies suitability to any type of reference function, in
contrast with [T], which implies a restriction to the HF case. The CC4SD(T)
model is common in quantum chemistry applications, since it is inexpensive
enough to be usable for a large number of problems while providing results
that are usually as accurate as can be obtained by any modern quantum
chemistry method. All the approximations considered here for CCSDT are
correct through fourth order in MBPT for both HF and non-HF cases, while
containing many higher-order terms. Comparisons of numerical results for
the different models will be presented later in Section 10.8.

The CCSDT-1 model, which led to the above noniterative approxima-
tions, includes all second-order terms in the triples equations. For higher
accuracy we can consider the successive addition of further terms in these
equations, see Figs. 10.5 and 10.6, culminating in the full CCSDT treatment.
A systematic way to proceed would be to include all third-order terms in
the triples equations (see Table 10.3). However, doing so requires the eval-
uation of diagrams T»,—T5 (Fig. 10.5). Diagram T3, introduces an nffnp5
step, which is one power of nj, higher than the costliest terms in CCSDT-1.
The computational cost of this approach is, in fact, almost as high as that
of full CCSDT, since it requires storage of the triple-excitation amplitudes
and since the remaining terms in CCSDT are nonlinear and can be factored.
Consequently, other strategies are recommended.

A characteristic of CC theory is that most linear terms, like diagrams 77,,
T1y, and Th,—The, tend to produce negative-energy contributions, while the
contributions of the nonlinear terms tend to be positive. That is why LCCD,
the linearized version of CCD, is usually lower in energy than CCD. Thus
a sequence of linear approximations can often overestimate the correlation
energy, as can happen for CCSDT-1. The CCSDT-2 model (Urban, Noga,
Cole et al. 1985, Noga, Bartlett and Urban 1987) is an attempt to rectify
this problem by adding the quadratic terms 73,—73% to the triples equations
of CCSDT-1. Since these diagrams represent the %TQQ term in (10.30), they
should be the most important nonlinear terms. Furthermore, this model
includes all purely T contributions to the Tj equations. The triples con-
tributions to the T} and Th equation do not change, of course, as all such
terms are already included in CCSDT-1b.

We can take this approach a step further by including all possible T
and Tb contributions to the triples equation, adding diagrams Ty,—T4q,
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Table 10.4. Approximations for T used in the equations in the CCSDT-n
models (Urban, Noga, Cole et al. 1985).

Equations CCSDT-1a CCSDT-1b CCSDT-2 CCSDT-3
Ty, (10.28) T+ TotTs AN R T+ T+ Ty T+ To+ T
Ty, (10.29) el T 4 Ty T+ TatTs T+ T2+ T+ Tt T
T3, (10.30) Ty 1y T2 eTi+T

T7a—T7q and Tg,—T3e to those included in CCSDT-2. This choice defines
the CCSDT-3 model (Urban, Noga, Cole et al. 1985, Noga, Bartlett and
Urban 1987). Since the single excitations are instrumental in ensuring the
insensitivity of CC theory to the choice of orbitals, the CCSDT-3 model
benefits from the complete inclusion of their contributions by providing ad-
ditional flexibility.

Because of the factorization of the nonlinear terms, the computational
cost of both the CCSDT-2 and CCSDT-3 approximations is no worse than
order nﬁ’né, and neither model requires the storage of the Ty amplitudes.
All the iterative approximations to CCSDT can be characterized by the
approximation to e’ implied by each model in each of the singles, doubles
and triples equations, as shown in Table 10.4.

10.6 Coupled-cluster singles, doubles, triples and quadruples
(CCSDTQ) equations

The state-of-the art in CC theory currently includes the CCSDTQ model
(Kucharski and Bartlett 1992). Whereas CCSDT is correct through fourth
order in the energy and second order in the wave function, CCSDTQ is cor-
rect through sixth order in the energy and third order in the wave function.
This model introduces the connected T cluster, a third-order term con-
tributing to the fifth-order energy. Compared with the CCSDT equations,
new terms involving 73 appear in the doubles and triples CC amplitude
equations, and a quadruples amplitude equation is added:

Dcespr + (£2|(HxT1)c|0) =0, (10.42)

Toespr + (5 I[Hx (T + TiTy)]c|0) =0, (10.43)
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<%b;§fl\[ﬁN (Ts+ Ty + T Ts + Ty Ty + 1T22 +ToT5 + T2T4 + %f; )+ %T
STy + 3TPTy + AT TP + TV Ty + L1715 + T2T7)|0) ¢ =
(10.44)
The new term in the doubles equation (10.42) is represented by
b
=123 (mnllef)el . (10.45)

mnef

D
The new terms in the trlii)les equation (10.43) are represented by the dia-
grams in Fig. 10.8. Assigning labels in the diagrams from left to right in the
order a, b, c and 7, j, k to the open particle and hole lines, respectively, and
e, f and m,n to internal particle and hole lines, respectively, the resulting
triples equation takes the form

Teespr + Y fmetihes, + 3 P(c/ab) Y (emllef)tss!

ijkm
me mef
.. b b
— $P(k/ij) > (mn|kf)tied + > (mnllef)te, ]
mnf mnef
.. b
— $P(i/jk) Y (mnllef)tcti,
mnef
b
— §P(afbe) Y (mnllef)in, e
mnef
=0 foralli>j >k, a>b>c. (10.46)

The diagrams representing the Ty equation are shown in Fig. 10.9.
Analogously to the derivation of the CCSDT-1 model, we obtain the

quadruples equation for the CCSDTQ-1 model (Kucharski and Bartlett

1989, 1998c) by taking the diagonal parts of diagrams Q2, and @4y, (Fig. 10.9)

VAV o VWV VYV

Ti1a T T11c
Tlga T12b T120

Fig. 10.8. Antisymmetrized Goldstone diagrams representing the T} contributions
to the CCSDTQ T3 equation
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Fig. 10.9. Antisymmetrized Goldstone diagrams representing the CCSDTQ Ty
equation.
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to one side of the equation and retaining only the dominant terms, diagrams
Q1a, Q1 and Q5,—Q5c, which are of third order, on the other side. The re-
sulting equation is

edfiitipel = Plab/edlijk/1) ) (ed|lel)tifs

e

— Plabe/dJij/kl) Y (mdl ki),

+ 3P(a/be/dlij/kl) Y (bellef)tisthy
ef
+ P(i/jk/lab/ed) S (mn| jk)ted, td
— P(ij/k/la/be/d) > (md|el)tisthe . (10.47)

In the permutation factors, the “/” notation separates groups of equivalent
lines, so that permutations between the labels of these lines should be omit-
ted. Thus, a permutation factor such as P(ab/cd|ijk/l) should be read as
follows:

P(ab/cd|ijk/l) = P(ab/cd) P(ijk/l)
= (1~ Py — Pug— Poe — Poa + PocPoa)(1 — Py — Py — Pyy) .

Similarly, the factor P(a/bc/d) implies all permutations of a, b, c,d except
for any permutations that exchange the labels of equivalent lines (initially b
and c),

P(a/be/d) =1 — Py — Pac — Pag — Pog — Pra
+ if’ablf’cd + pacpbd + pbdpad + pcdpad + Pabpad + pacpad .

In other words, we need to include all distinct assignments of target labels
to the lines originally labeled a and d.

The factors % in the third and fourth terms on the right-hand side of
(10.47) (diagrams Qs, and Qsp,) result from the fact that the two T vertices
in each of these diagrams are equivalent (interpretation rule 7, Fig. 10.1).
Using rule 10, these factors can be canceled with that arising from the
permutation of labels a and d, resulting in the simplified form

Plad/belij/kl) Y (bellef)tistl) + P(il/jk|ab/ed) Y (mnl|jk)tintod

ef mn
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for these terms. However, to facilitate factorization of the sums, as discussed
below, it is more convenient to use the form in (10.47).

It is clear from (10.47) that the T} vertex arises in third order. To de-
termine its initial contribution to the energy, we note that it affects the T
amplitudes through diagram D12, (10.45), and, since one interaction vertex
is involved in this diagram, the effect here is of fourth order. When substi-
tuted in the energy equation (10.20), the result is a fifth-order contribution
to the energy.

The CCSDTQ-1 model, as defined by (10.47) plus the inclusion of diagram
D15 in the doubles equation, is correct through fifth order in the energy. It
requires the evaluation of ~ nén4 amplitudes, each of which involves at
most n, terms (it is the first term on the r.h.s. of (10.47), corresponding
to diagram 1,), resulting in an Nnﬁ‘ng procedure. As in other cases, the
quadratic terms in (10.47) (diagrams Qsa—@sc) can be factored and so do not
raise the computational cost. Specifically, for the sum in the first quadratic
term, diagram @)s,, we can first sum over e,

Sil = Plafbe) Y (bellef)tss  foralla>b>c, f, i>j,

v
e

and then evaluate

Qsa = L P(d/abc|ij/kl) Zs“bcftfd foralla>b>c>d, i>j>k>I,

an Nnﬁln‘r’ procedure. In contrast, the complete CCSDTQ model results in

an anlln procedure and requires the storage of Nnhn4 Ty amplitudes.

In non-HF cases we employ semicanonical orbitals to avoid the need to
include the off-diagonal part of diagrams (Q2, and )9, and thus the need
to store the 7y amplitudes, in analogy to CCSDT-1. In CCSDTQ-1 the
Ty amplitudes can be calculated on the fly during the processing of the
doubles equation, but the Ty amplitudes need to be stored. Note that the
T) contributions to the triples equation (10.43) (Fig. 10.8) result in energy
contributions of sixth order for diagrams T71,—711. and seventh order for
diagrams Th2,—T12. (eighth order in the HF case) and may thus be left out
of CCSDTQ-1. A higher-level CCSDTQ-2 approximation, which is correct
through sixth order in the energy, includes the 15Ty and TQS terms in the
quadruples equation (Kucharski and Bartlett 1993).

Analogously to the noniterative approximations for the triple-excitation
contributions to CCSDT, we can also introduce a noniterative approxima-
tion for the quadruple-excitation contributions to CCSDTQ (Kucharski and
Bartlett 1989, 1998c). We can obtain the fifth-order energy contribution of
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the connected quadruple excitations by substituting diagram Do, (10.45),
into the energy equation (10.20); then, using the factorization techniques
we get

AEY = (0|WRW T |0)c = ()() TE

(il ab) (klcd "
_ L {‘ (klled) + anzﬁ
abed EZ] Ekl

1 1 1 abc
= 5 > {5 + = idllab) (kiled) et
abed U kl

1 (ij]|ab) (kl|lcd)
=3 el ik Ly (10.48)
abed il €kl

Substituting for the last two factors from (10.47), we can write the result in
the compact form

AE = Lo[(TID)? W (T + 179)][0),. (10.49)

As in the CCSD(T) case, we can assume that closing the diagram with
a final converged T; vertex instead of its first-order approximation would
provide a superior approximation. This is borne out by numerical studies
(Kucharski and Bartlett 1998c) and alternative derivations based on the CC
energy functional to be discussed in Section 12.7. The final estimate is the
Qs (factorized quadruples) correction,

AEE = LTI [W (T + 179)]]0),, - (10.50)

A very important feature of this approximation is that it requires only an
~ nl‘?n4 evaluation for the Tj part and roughly ~ n% for T3, instead of
the ~ny nf:‘ process of CCSDTQ-1. Since this approximation is used as a
noniterative addition to a CCSDT calculation, the ultimate rate-determining
step is in CCSDT itself, which is an ~n3 > p brocess. The method is termed
CC5SDT(Qy), indicating that it is ﬁfth order in quadruples and infinite

order in SDT. It does not change for non-HF cases, so it has the same
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invariance properties as CC theory and the generalized CC4SD(T) of the
previous section.

The type of factorization introduced here is not intrinsic to coupled-cluster
theory, which does not have 1T terms in its defining equations. It derives
from simplifications that are inherent in perturbation theory, related to
Wigner’s 2n + 1 rule (subsection 2.2.6). To reduce the computational ef-
fort of the CC5SDT(Q¢) model further, we can couple (10.50) to one of the
simpler CCSDT-n approximations.

Attempting to extend the Q¢ approach from the noniterative CCSDT(Q)
contribution to the iterative CCSDTQ-1 model, we soon encounter the
problem that the factorization of the T energy diagram in (10.48) can-
not be applied strictly to the corresponding wave-function diagram Dio,
(10.45), of the Ty amplitude equation. Nevertheless, accepting the ap-
proximate nature of this factorization and replacing [WT4]C\O> in diagram
Dy by {%TJ[W(T;), + %T22)]}C|O>, as was done for AES) in (10.50), the
Ty contribution to the double-excitation amplitude equation is replaced
by L(@|TJ[W(T5 + $T:2)]/0)c. The resulting model, labeled CCSDTQ;-1
(Kucharski and Bartlett 1998¢), incorporates the leading quadruple excita-
tion effect in the amplitude equations without requiring any 74 diagrams or
Ty equations. A lower-level approximation, CCSDQy, is obtained by adding
i(%ﬂ’f 2T WT2|0)¢ to the CCSD doubles equation, thus approximately incor-
porating a leading T contribution without including any Ts or Ty diagrams
or equations.

The Qf approximations involve a factorization of a connected-cluster dia-
gram that is reminiscent of the factorization of linked quadruple-excitation
diagrams in the fourth-order MBPT energy (Section 7.2). These approx-
imations also indicate the potential for augmentation of the standard CC
approach through alternative methods that involve the Ty operator, such
as the unitary CC (UCC), the expectation value CC (XCC) and the ex-
tended CC Ansdatze (Bartlett, Kucharski, Noga et al. 1989, Kutzelnigg 1977,
Arponen and Bishop 1991, Van Voorhis and Head-Gordon 2000). Similar
approaches could possibly be applied to Ty but, unlike T4, the factorization
of T5 would depend on Tl, which has a less important role in electron cor-
relation than in orbital rotation (see Sections 12.2 and 12.3). However, the
same approach can be applied to the Ts connected-cluster contributions to
the T4 equation. At that level we would formally have a CCSDT procedure
with implicit contributions from the connected 73 and Ty operators.

The iterative CCSDTQs1 model and the noniterative CCSDT(Qyf) =
CC5SDT(Qf) and CCSD(TQ¢) = CC4SD(TQ¢) approximations have been
applied to prototypical problems such as the vibrational frequencies of O3
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(Kucharski and Bartlett 1999) and the harmonic vibrational frequencies of
Ny and Cy, for which an accuracy of 1 cm™! relative to full CI was achieved
after contributions from the fourth-order 7% operator had been included
(Musial, Kucharski and Bartlett 2000).

10.7 Coupled-cluster effective-Hamiltonian
diagrams

A major reduction in the number of diagrams for the CC amplitude equa-
tions can be achieved by using diagrams representing the CC effective Hamil-
tonian ‘H = (ﬁNeT)c. These diagrams also provide valuable guidance for
the efficient reuse of intermediates in the calculations.

The CC effective Hamiltonian can be expanded in terms of contributions
with different numbers of creation and annihilation operators:

=x0+ > XpalP'd} + > xpars{p' 57}
pq

pgrs
+ > Xpgrstu{plTFTats} + - (10.51)

pqrstu

Here the constant term xyg = AFE corresponds to the PHP contribution,
given diagrammatically in (10.20). This expansion separates H into zero-
body, one-body, two-body etc. terms. For an N-electron system the ex-
pansion terminates with the N-body term. Each term in (10.51) can be
separated into parts involving different allocations of hole and particle in-
dices. Thus, for the one-body term we have

D xped'd =D xan{d'0} + ) xai{ali} + > xiafital + > xi{iti}
Pq ab ai ai i

(10.52)
Using wavy lines to represent the H vertices, we can diagram the various
terms of the one-body contribution (10.52) as follows:

Xia {i'a} = T v + iRal) (10.53)
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(10.54)

= e = Foo fp o\ Aw e
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(10.55)

iy = W SN M M A
Y VT VA Vi
Al s
WS VIV

(10.56)

<

The second lines in equations (10.54) and (10.55) utilize the previously de-
termined Y;q, replacing the third and fifth diagrams in each case by a single
effective-Hamiltonian diagram. This substitution is an example of the use
of intermediate quantities in the calculations and provides an efficient it-
erative strategy for the solution of the CC equations. An added benefit
of the use of these intermediates is the conversion of the nonlinear equa-
tions into a pseudolinear equation in which each term contains an integral
or intermediate multiplied by a single ¢ amplitude.

The set of diagrams in the diagrammatic expansion of xg;, (10.56), is
exactly the set that appears in the CC singles equations, comprising Fig. 10.2
and (10.31). In fact, the CC singles equation can be written as

N g (for all a,4). (10.57)

Thus, this matrix element of H represents the entire equation.
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When we try to use intermediates from (10.53)—(10.55) in the expansion
(10.56) we run into a complication: the third, fifth, tenth, eleventh and

twelfth diagrams add up to
i
a\vav . (10.58)

The fourth, sixth, tenth, eleventh and thirteenth diagrams add up to

zvfav . (10.59)

If we used both these diagrams in the expansion we would be including twice
the tenth and eleventh diagrams, which add up to

To avoid this overcounting we define an intermediate,

At YJ J J .
X;j {ZT]}E = = &x + $IQ+ ]\M' (10.60)

Using this intermediate we can rewrite (10.55), (10.56) as

244 J (J )
xij {i'7} = %\f ==+ ]w, (10.61)

e a N
Xai {aTz} = V/\/\

LA

10.62)

In (10.62) the third diagram represents the sum of the third, fifth and twelfth
diagrams of (10.56), the fourth represents the sum of the fourth, sixth, tenth,
eleventh and thirteenth diagrams of (10.56) and the seventh represents the
sum of the ninth and fourteenth diagrams of (10.56). This representation
provides a compact pseudolinear form for the CC singles equation. The two-
body matrix elements and intermediates are obtained in a similar manner:

AL A

Xijab{iT]Tl;&}E ZW] = 'LA;?)A] (10.63)
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apA

o gatitein = Y _ 9 1 -
Xaibe {0"1'C0} = bk A bi CAi+ 2 ARG A (10.64)
AtAT AT a a

Xaibe {a1iTeb} = bMi = bi» o WALV O ¥ (10.65)
P gtitaiy = J) _ Iy TN

Xikja 10K g} = i\;:k}\a ; kAaJr 5 IXA; k?\a’ (10.66)
itga {iThaj) = 7 T (10.67)
ki iy FPa~ Y kPa i kP\a’

Xapea {@101dé} = (Z:\ :tz = i’ ‘i i’ A{b + Q\XAAZ(

(10.68)

TS, a b
Xabed {aTdec} = CMd

PPN k l
I e =
Xijkl {Z ] lk} = ZM]
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Xojin 1015701} = i%j
- bz\j s M S 03 A
= a s S A

ngib {d*ﬁfﬁ} = i %CZ (j
g i
- bA] Ab o1 Y\
B bN \f Ao 2 Zhﬂ

(10.71)

(10.72)

atatiti) = g
_ iyfa i 1\ 4 L\ xpe
- bif\j”v]'?\b” vaﬁj” Zwb%\j
B iVa U L\ 44
= bAj”vj?\b+2 Wﬂ
(10.73)
Aty N a — ga ! ] °
Xagiv {a1jTbi} = V@Aj— VbAj+a\ngAb+ vaA]‘

~\_R%“ \‘ :,

+ 1 b%j+l a b%{j
INA @ 1 a

_ z ; - 10.74
%\ﬁﬂv@?\j“\ﬁﬁbﬂf (10.74)
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Yope {01010} = Z:J i by 1 ai vl + iZVb

1 apd 1 1

+ 5 X 1+ 50 - b
iii@ + C—t AYrs (10.75)

o 8

v i) = "p
A S S ST

cahp e oo+ b
“\ﬁ/b * QcMi v a\%wz
NS - ARAAS +Anp
:iy Wm;\ b+ g dabhfi

INUTPON JjY kNa  jY ENa 1 jYk
X;ajk{ZTaTk]}E “J = z?v -1-5 2$ a, (10.77)
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e (il = TRy
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A

(10.78)

o (101 = LAY
- e e e
AP e
SRR WY
i At A
_ Iy ke, 4 %j k\/
A ! (10.79)

The interpretation rules for these diagrams are the same as those for
the ordinary CC diagrams, Fig. 10.1, including the use of permutation
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operators P(z’j ++|ab---) etc. for inequivalent open-line labels, according
to rules 8 and 9, but labels on lines open at the top are never permuted with
labels of lines open at the bottom. For example, the permutation operator
P(ab) =1 - Py is applied to the second diagram for ygpeq in the second
line of (10.69), but in the third diagram the same operator cancels with
the factor due to the pair of equivalent vertices. The intermediates X/ .
etc. are needed to avoid overcounting and to obtain the correct weights for
diagrams with equivalent T vertices. For example, if we had used the full
expression for yjij, in the second diagram in the third line of (10.70), in-
stead of the intermediate X/, jar then the permutation operator P(kzl) would
have introduced the third diagram of the second line in two equivalent
forms.

Like the case of the final one-body matrix element X4, (10.56), the final
two-body matrix element x,p;; expands to a sum of all the CC double-
excitation diagrams, Figs. 9.2, 10.3, 10.4 and (10.45), and should add up to
zero when the CC equations are satisfied. Using the various matrix elements
and intermediates, it condenses to the pseudolinear form

AFTEAN aNri jNAb
Xabij 1aT07ji} = M

This form is untruncated, and no additional double-excitation diagrams
would appear at any level of CC theory. Obviously, the last three dia-
grams would not be included in a CCSD calculation and the last diagram
would be omitted in CCSDT. The corresponding untruncated three-body
matrix element, which is equal to the sum of all the diagrams for the triple-
excitation equations (Figs. 10.5 and 10.8 plus one diagram involving T5), can
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be expressed in pseudolinear form in terms of the same effective-Hamiltonian
matrix elements and intermediates as

1 JNAD ek

= Aol oy AR
cehp AP AP
ek oy N AP

A Ay

A Ay

- erkpi\feg oSy

The last four diagrams would not be included a CCSDT calculation, and
the last diagram would be left out in CCSDTQ.

This approach was extended to CCSDTQ by Kucharski and Bartlett
(1992) and to CCSDTQP (including T5) by Musiat, Kucharski and Bartlett
(2002a). Musial, Kucharski and Bartlett (2002b) described the general di-
agrammatic structure of the CC equations and obtained algebraic formulas
for the number of diagrams of each type at each level, including the number
of effective-Hamiltonian diagrams.

AT AT 7 AN a
Xabcijk {aTbTCTk]Z} =

To represent the quadruple-excitation equation in a pseudolinear form we
define four three-body intermediates:

1 WANZEAT K
Xabcdz] {a b c jld} = )'M
-3 A s
- ool + \ag feaffe. coso

M\»ﬂ
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+ i A AENAabRYT, (10.83)
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xébcajk{”bbkja}zifﬁg{ = Zﬁg akYEINAL,  (10.84)

vl mVa
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ANt At DA ky
X;jaklm {ZT]TaTklm} = iv

These intermediates are parts of the complete three-body matrix elements
of H, which are presented later in this section.

Using these intermediates, the untruncated four-body matrix element that
defines the quadruple-excitation equatlon representing all the diagrams in
Fig. 10.9 plus diagrams containing T or Tﬁ, is obtained as:

Xabedijkl {QTbTCTdle]Z} =
AR A A A
A Y
- e g e A
A A
H\M/ﬂﬂ +a\f¢j§{b:cﬁ Xf
- e APEER e o shfs e dhfr g
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.. d . . l
akyi jNAD chyEk 1 + iNAa bAyjEkNAcCd
: v b\/j kv d\/l 5 (10.86)

For later use in Chapters 11 and 13, we also present below the diagrams
for the complete three-body and some four-body matrix elements of H. Note
that there can be no H-matrix elements with four or more lines below the
vertex, except for the single two-body element A”A = A A, because
T-vertex lines can only be open at the top. The three-body elements are:

ratithtidey = ¢ i ( b? JZ-
Xajbedi {a Jj'o ch} = . 7PN ]Ad B a v, (1087)
k a Nl
itatibky = = 77? %l{: l%f ,
Xijakbl {z Ja lbk} W bA] ; a (10 88)

bjk

X@bca]k {ZTbT Jrk.ja} =

A‘C S{ %% (10.89)

. b Wi

Xabedes {atbTélied) = ZW !
= ¢ ~ —_ . (10.90
) behNYi + a de bekhyi, (10.90)
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o DNV i
Xabedi {001 el jid}y = ZW ¢
_a b i\ e+ a bN\1 . .
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+ V\{dmZaiﬁZbck%j-i- df/\o b&{ij%fc
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(

10.92)

b papana 7Y kA ab
Xiabjkl {zTaTlekj} = ZW
— A A
1 )
. . j
Y 7 abhyl + ; kENAabAhYI
a
+ j\ @ f/-czvb + j\ S@ kyabvz . (10.93)

Only three four-body vertices will be needed. They are:

AEPEDE AN A S a b 1] Cc ..
Xakbedeij {aTk‘TchT]zed} = dW = kAg;i ab\yijNAc,

(10.94)

ar An k INAa b\pm
. T atbtmick) = = —— kl b
XZ]abkclm {Z Ja b mle} - Z J c ]AC ‘ a m7

AL A

(10.95)
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by ik
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(10.96)

10.8 Results of various CC methods compared
with full CI

It is very helpful to have some numerical data on the relative contributions
of the various cluster operators and on the effects of the various approxima-
tions used in introducing correlation corrections. The most unambiguous
assessment of the quality of the different models is provided by comparison
with full-CI results using the same basis set, since full CI represents the ex-
act results within the Hilbert space generated by the chosen basis set. The
full-CI energy is a variational upper bound to the exact energy, is exactly
extensive and is invariant under the choice of the molecular orbitals span-
ning the basis-set space. Thus the full-CI results are solely determined by
the basis set.

Full-CI calculations require all possible excitations among any orbitals
that are not frozen. For N electrons and n orbitals, the total number of
determinants in a full-CI expansion is given asymptotically by ~n”. Con-
sequently, only a comparatively few full-CI calculations are available for use
as benchmarks and almost none of these use basis sets better than polarized
double-zeta (DZP). Taking the example of HoO with the inner-shell electrons
on the oxygen atom frozen, a DZP basis contains a minimum of 23 func-
tions for the eight valence electrons. While this type of basis is not sufficient
for high-accuracy results, it is still expected to provide realistic indicators
of the comparative merits of various approximations. In fact, comparisons
with full CI are more useful for the assessment of the effectiveness of various
correlation methods than comparisons with experimental data. Not only
do such comparisons separate correlation-method contributions from basis-
set effects, but they also avoid the questions of experimental uncertainties,
corrections for zero-point vibrations, the Born—-Oppenheimer approximation
and relativistic effects.
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In Table 10.5 results are given for CI, MBPT and CC for DZP (double-
zeta + polarization) basis sets at various levels of correlation treatment for
the FH and HsO molecules at their equilibrium bond length R, and at
1.5R. and 2.0R.. The inner-shell pair of electrons on the heavier atom is
frozen in these calculations, leaving the eight valence electrons to be cor-
related. The stretched geometries place great demands upon RHF-based
single-reference treatments, since the restricted Hartree—Fock reference func-
tion does not separate correctly to neutral atoms, making the correlation
error much greater at stretched geometries than at R,.

As pointed out previously, the principal difference between CI methods on
the one hand and MBPT and CC methods on the other is that the CI energy
retains unlinked diagram contributions and, consequently, is not extensive
until the full-CI limit is reached. Since the MBPT and CC theories are built
upon the linked-diagram theorem, these methods benefit from the elimina-
tion of non-extensive terms at the outset. We can see the magnitude of this
effect by comparing CID with CCD. Unlike MBPT, both these methods
are of infinite order but the mean absolute error of CCD for the examples
in Table 10.5 is a factor 2 better than that of CID. Furthermore, when
single excitations are added the improvement in the mean absolute error of
CCSD relative to CISD is a factor 3. When triple-excitations are added,
we find that the mean absolute error for CCSDT is about 1 mE}, while
CISDT is still 22 mFEy above full CI on average. When we add quadruple
excitations, the CISDTQ model achieves a dramatic reduction in the er-
ror compared to CISDT, since it now includes the disconnected quadruple
excitation terms that serve to eliminate the most important unlinked term
(see subsection 5.7.4). The part that remains is small for these small exam-
ples, but not quite negligible since CCSDTQ reduces the error by a factor
30 compared with CISDTQ, to 0.05 mEy. For much larger molecules (or
assemblies of molecules), the unlinked diagram error in CISDTQ would be
much larger than in the examples presented here, eventually accounting for
most of the correlation energy as the size of the system increases.

As confirmed by the presence of some negative-energy errors the MBPT
and CC methods, unlike CI, are not variational, but this deficiency is a
small price to pay for extensivity. While variational methods provide an
upper bound to the total energy, there are no bounds on any energy differ-
ences of interest in chemistry and physics, and therefore the advantage of a
variational method is of lesser consequence than the extensivity property of
the many-body methods for most practical applications.

As seen from the diagrammatic expansions, MBPT models can be viewed
as finite-order approximations to various levels of CC theory. The difference
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Table 10.5. Energy errors (in millihartrees), relative to full CI, for
truncated CI calculations, many-body perturbation theory and
coupled-cluster models for FH and HyO in a DZP basis with frozen core at
three bond lengths®

FH H>O Mean
abs.
R, 1.5R. 2.0R. R, 1.5R. 2.0R. error

Configuration interaction®

CID 10.3 18.6 35.5 13.7 34.5 84.8 32.9
CISD 9.38 14.9 27.6 12.9 30.4 75.6 28.5
CISDT 7.01 11.1 19.2 10.6 23.5 60.3 22.0
CISDTQ 0.28 0.49 0.92 0.40 1.55 6.29 1.66
CISDTQP 0.08 0.16 0.28 0.16
MBPT®
MBPT(2) 7.80 10.6 24.0 13.0 23.3 53.7 22.1
MBPT(3) 544 11.9 27.0 722  26.4 74.6 25.4
MBPT(4)SDQ 2.75 539 125 4.40 13.3 34.2 12.1
MBPT(4) —0.26 0.77 4.84 0.92 576 149 4.58
MBPT(5) 0.81 2.29 8.10 0.70 4.98 17.0 5.65
MBPT(6) -0.23 —0.41 -1.13 0.08 1.82 4.06 1.29
Coupled cluster?

CCD 3.76 8.13 219 5.01 15.9 40.2 15.8
CCSD 3.01 510 10.2 4.12  10.2 21.4 9.01
CCSD(T) 0.40 0.88 —0.26 0.72 2.09 4.63 1.50
CCSDT-1 0.17 0.49 0.22 0.60 1.99 —2.65 1.02
CCSDT 0.27 0.65 1.13 0.53 1.78  —247 1.14
CC5SDTI[Q] 0.06 0.11 0.30 0.06 —0.02 —0.75 0.22
CC5SDTQ-1 0.06 0.11 0.35 0.0 —0.03 —1.58 0.36
CCSDTQ 0.02 0.04 0.06 0.02 0.14 —0.02 0.05
CCSDTQP 0.00 0.00 0.00 0.00 0.03 0.03 0.01

%Geometries, basis sets and FCI energies are from Bauschlicher, Langhoff, Taylor
et al. (1986) and Bauschlicher and Taylor (1986).

PKallay and Surjan (2000, 2001).

¢Kucharski and Bartlett (1995).

dKucharski and Bartlett (1992), Musial, Kucharski and Bartlett (2002a).

between these approaches is that infinite order is used for selected terms
in CC theory whereas a given finite order is used for all terms in MBPT.
While MBPT rapidly improves with increasing order relative to CI because
of the absence of unlinked diagrams, its errors are substantially greater than
those for the comparable CC models. For pairs of methods that are accu-
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Table 10.6. Energy errors (in millihartrees), relative to full CI, for
coupled-cluster calculations in a cc-pVDZ basis and frozen core for Ny at
several bond lengths, using RHF and UHF reference functions.®.

Bond length (in A)
Method 1.1208° 1.2700 1.4288 1.5875 1.9050 2.2225

RHF reference function

CCSD 14.469 21481  31.807  45.188  72.223 40.698
CCSD(T) 1.866  3.087  5.182 7700  —6.030 —165.014
CCSDT 1.839  3.631  6.834  10.310 —15.948 —113.131
CCOSDT(Qy) 0295 0349  0.038 —1.558 3.548

CCSDTQ 0229 0572  1.368  2.396 0.5

CCSDTQP 0.021

CCSDTQPH 0.002

UHF reference function

CCSD 14.469  22.035  31.981 36.351 21.968 9.630
CCSD(T) 1.866 6.376  12.997 20.503 15.088 6.926
CCSDT 1.839 3.923 6.964 10.011 7.486 3.123
CCSDTQ 0.229 0.651 1.438 3.014 4.341 1.913
CCSDTQP 0.021 0.141 0.348 0.819 2.353 1.144
CCSDTQPH 0.002 0.073 0.134 0.202 0.744 0.827

“RHF-based CCSD, CCSD(T) and CCSDT results, except for R = 2.2225 A, from
Krogh and Olsen (2001); all other results are from Chan, Kéllay and Gauss (2004)
and Musial and Bartlett (2005).
bEquilibrium bond length. The RHF and UHF wave functions are identical
at this point.

rate to the same order of perturbation theory, such as MBPT(3) and CCD,
MBPT(4)SDQ and CCSD and MBPT(4) and CCSDT, the CC models give
results that are several millihartrees better for the examples in Table 10.5.
This difference holds also for the models that are correct through fifth or-
der, as may be seen by comparing MBPT(5) with CCSDTQ-1. Only in
sixth order does MBPT(6) narrow the gap with CCSDTQ. The compar-
ative closeness of the results for these two models is the reason why non-
iterative or perturbative corrections added to an underlying CC model are
expected to be effective. In particular, CCSD(T) tends to retain the infinite-
order advantages of CCSD versus MBPT(4)SDQ, while the perturbative
triples estimate in CCSD(T) is consistent with the improvement of MBPT(4)
relative to MBPT(4)SDQ. The iterative form of this approximation,
CCSDT-1, is a little better for energies but can overcorrect in difficult cases
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since it is fundamentally a linear approximation for the triple-excitations
effect. The (T) approximation is no better but, because it is purely per-
turbative, i.e. triple-excitation amplitudes are not allowed to change the T
and T amplitudes, the correction does not become excessive.

Although the energy results in Table 10.5 reflect the increased sophis-
tication of the methods quite well, on their own they are an inadequate
measure of the quality of an approximation. For example, potential-energy
surfaces behave differently at large values of the internuclear distances and in
the vicinity of the equilibrium geometry, and perturbation approximations
fail for the stretched geometries if the reference function does not separate
correctly. The infinite-order CC methods, even with approximations like
CCSDT-1, do much better than MBPT at large R, though they still fail
eventually as the bonds are stretched further since then the reference func-
tion becomes a very poor initial approximation. Several examples of this
type of behavior are shown elsewhere (Bartlett 1989), along with results for
other properties beside the energy that are pertinent to quantum-chemical
applications.

A case that is particularly demanding for single-reference methods is the
description of the stretching and breaking of a triple bond. The results of
such calculations for the nitrogen molecule in a cc-pVDZ basis (Dunning
1989) at several bond lengths are shown in Table 10.6 (Krogh and Olsen
2001, Chan, Kéllay and Gauss 2004, Musial and Bartlett 2005). The first
set of results in this table is based on an RHF reference function and de-
teriorates badly as the bond is stretched, producing energies far below the
full-CI values. For CCSDTQ and higher levels the iterative procedures con-
verge very slowly or fail to converge at all beyond the equilibrium bond
length. Using a UHF reference function eliminates the long-range problems;
however, it produces relatively poor results with high spin contamination at
intermediate distances and a discontinuity in the energy derivatives at the
point at which the RHF and UHF reference functions start to differ from
each other, just beyond the equilibrium bond length, 2.118ag. Also included
in this table are RHF-based CCSDT(Qg) results (Musiat and Bartlett 2005),
which show increasing deviations from the CCSDTQ values as the bond is
stretched. Potential energy curves for some RHF-based CC results are shown
in Fig. 10.10. It is seen in both the table and the potential energy plots that
the CCSD(T) and CCSDT(Qf) models are good approximations for CCSDT
and CCSDTQ), respectively, at the shorter bond length but deteriorate as
the bonds get longer.

The coupled-cluster techniques were extended to five-fold excitations by
Musial, Kucharski and Bartlett (2000, 2002a). Higher-order results were
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Fig. 10.10. Potential energy curves for Ny with RHF reference.
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obtained by non-diagrammatic methods for some small examples for which
the full-CI Hamiltonian matrix was available in a determinantal represen-
tation (Hirata and Bartlett, 2000). Methods for the automated generation
of formulas and computer programs for high-order coupled cluster calcu-
lation have also been reported (Janssen and Schaefer 1991, Li and Paldus
1994, Kéllay and Surjan 2000, 2001, Hirata 2003, 2004, Auer, Baumgartner,
Bernholdt et al. 2006). Some of these include automated optimization of
the computational procedures, including a choice of intermediates.



11

Calculation of properties in coupled-cluster theory

11.1 Expectation value for a CC wave function

The exponential form of the coupled-cluster wave function requires an ap-
proach to the calculation of properties other than the energy that is different
from that for more conventional wave functions, such as those in Hartree—
Fock or CI. The expectation value O (also written (O)) of an operator O is
given by

(Y]O]w)

0= W) (11.1)

When |U) = eT]0), this expression gives rise to series expansions in the
numerator and denominator:

5_ (01" 0T o)

(0leZ" eT'|0)
<0\[ +TT+ H(TH2 + LT3+ JO[1+T + T2+ 173+ ---]|0)
(o|[1+ TT+ (T2 4+ LT3+ 1+ A+%T2+§T3+ 0y

‘ ‘“(]11.2)

Individually, the expansions for ¢T" and €T in the numerator and denomi-
nator terminate when the total excitation level in the product of T operators
in any term exceeds the number of electrons in the CC wave function, in
contrast with the behavior of the expansions in the CC amplitude equations,
which always terminate after the product of four T operators. Thus, even
if we evaluated the numerator and denominator separately and then divide
the results, the number of terms in each expansion and the computational
effort required could be very high. Furthermore, the use of an expression
involving a denominator can be inconvenient for some applications.

347
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In fact, division by the denominator can be carried out formally, by factor-
ing the numerator (Ciiek 1969). For this purpose we examine each expan-
sion diagrammatically, begmnmg with the denominator. The 1" operator is
a sum of connected terms Ty + T+ - - , but products of T operators produce
disconnected terms and thus the factor eT]O> contains both connected and
disconnected (but not unlinked) diagrams. The products arising from the
Tt T|0

expansion of (0le ) take the general form

|ty o)

1 . . . .
= Z /ﬂ'kzl...l1'l2'-..<0’(7}Jr1)k1<TiT2)k2"'(21)11(7}2)l2""0>7
0<i1F#ioF# e e

0<j1#j2 7"
k1+ko+--=m
li+la+=n
ki1 +kaig+--
=l1j1+l2j2+

(11.3)

resulting in closed diagrams in which the de-excitations in the 77 factors
cancel the excitations in the T factors.
To take several examples,

(0|TiTy|0) = @ Y e, (11.4)
ijab

(073 5;(T1)°[0) = =3 ) tetgeh, (11.5)
ijab

O|TI T3]0y = =1 > gt (11.6)
ijkabc

(0|73 T{ Ty T5]0)

L0000 00000

4Ztab*tabztc*ti+ Z tb*tac*tab

ijab ijkabc

1 bx*,ab b b
=3 ey — 3 Y g (11.7)
ijkabc ijkabc
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Analogs of the above diagrams are obtained for the numerator. If

O = Z<p‘6|Q>ﬁT(j = ZopqﬁTq

pq pq

= Z Opq({ﬁTQ} +ﬁT(§)
Prq

= Zopq{ﬁ*(j} +20ii = Ox + (0|0]0) (11.8)
rq 7

is a one-particle operator, its expectation value can be split into a reference
value and a correlation correction,

0 = (0[0|0) + On = Ores + AO. (11.9)
With the normal-ordered part Ox represented diagrammatically by
Ox = i<>+ $<>+ -0+ -0, (11.10)
the numerator of (11.2) will contain terms like

O ONT0) = (a) ‘M‘ o8 ¢ ol yo @R,

(k

() )
ol ol
(b) (4)

+ (a)
= DDt D toa+ D 4 oo

ijab kc ijkabc
1 acxybxyab 1 abxycxyab
ijkabc ijkabc

Factorization of the numerator requires independent summation over all
indices, thus introducing exclusion-principle-violating (EPV) terms. There
are two types of EPV contribution in these diagrams. Equal labels on lines
connected to the same TZ-T or T; vertex produce zero contributions because
of the antisymmetry of the t?]b amplitudes in the upper and lower indices,
respectively, and thus such terms can be included freely in the summations.
All other EPV terms can be shown to cancel. Taking (11.11) as an example,
it is easily seen that terms with & = j cancel between the first and fourth
diagrams and between the second and third diagrams. Similarly, terms with
¢ = b cancel between the first and third and between the second and fourth
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diagrams. The differences in the weights of these terms are accounted for
by line equivalences in the respective diagrams; thus & = i is equivalent
to k = j in the first diagram, providing two identical contributions with
weight % each to cancel a single contribution with weight —% in the fourth
term. Similarly, & = ¢ is also equivalent to k& = j in the third diagram,
providing two identical contributions with weight —% each to cancel a single
contribution with weight 1 in the second diagram.

In the expansion of the numerator, terms in which the total excitation
level l1j1 + lajo + - -+ (see (11.3)) in the product of TJ factors exceeds the
number of electrons N are necessarily EPV terms, since there are no more
than N distinct hole states to excite. Such terms either vanish (because
of the repetition of indices in any amplitude) or mutually cancel. Thus we
can safely ignore the termination of the expansion by excitation level. The
resulting nonterminating form of the expansion is necessary for complete
factorization of the numerator.

The complete diagrammatic expansion of the numerator will contain both
connected and disconnected closed diagrams, each of which has exactly one
connected part containing the operator Oy and any number (zero or more)
of parts that do not contain this operator. Because of the inclusion of EPV
terms and the related non-terminating form of the diagrammatic expansion,
each disconnected diagram is simply equal to the product of the individual
connected parts in it. Each part containing the Ox operator will appear in
the expansion of the numerator with all possible combinations of parts that
do not contain this operator and thus it can be written as a product of the
former part times the expansion of the denominator. Therefore the entire
numerator can be written as the product of the sum of its connected terms
multiplied by the denominator,

(0l eT10)(0]eT" OneT0)c -

The first factor in this expression cancels the denominator, producing the
result (first given in Cizek 1969)
— 0leT" OneT|0 StoA
On = e One[0) _ 1 7165 Ty (11.12)
(0[e™"eT(0)

The final (connected) result retains EPV terms that, in the original nu-
merator, canceled between connected and disconnected terms. These un-
canceled EPV terms prevent the expansion (11.12) from terminating, since
multiple excitations or de-excitations of the same hole state may now occur.
As a result, evaluation of the expectation value in this form requires trunca-
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tion at some level and prevents exact determination of the expectation value.
On another level, the nonterminating nature of the result may be explained
as due to the implicit series expansion of the inverse of the denominator, as
in the expansion of (1 + A)~!.

The result (11.12) is valid for all normal-ordered operators, not just for
one-electron operators. When the operator On is the normal-product
Hamiltonian Hy = H — (0|H|0), (11.12) gives the correlation energy,

o T
H ~ ~ A
po 0 BNeTl0) oot e o). (11.13)
(0]eTeT'|0)

Provided that the 7" operator is the exact solution of the untruncated CC
equations, this result is consistent with the normally used CC expression
(10.11) for the correlation energy, AE = (0|Hyxe |0)c = (0le=" Hye™ |0).
We can show the equivalence of these forms by inserting eT(p + Q)e_T =1
into the expectation-value form:

0leZ" AxeT|0) (0|l (P + Q)e~T Hyel|0)

<0|6TT€T’0> <0\eTTeT|0)
oleTt T 10V 0le=T Fnel |0 S
_ (0le"e"] ><A IeA ne [0) (Ole~ T Hyxe™|0) = (0|H[0). (11.14)
(0]eTeT'|0)

This follows because the CC equations require that QH|0) = 0, (10.13).
The equivalence is exact only when 7" is the solution of the untruncated CC
equations. If T is truncated to a particular excitation level, say T + TQ, the
CC equations for higher cluster operators, such as T3, are not satisfied and
thus QH|0) = 0 is not strictly valid.

For properties represented by the expectation values of any operators for
which the wave function is an eigenfunction, such as 52 or S*Z, we formally
have the same equations as for H, provided that a corresponding analog
of the second equation in (10.13), such as Qe‘T,§26T|0> = 0, holds. Other
than for a closed-shell system with doubly occupied orbitals, the CC equa-
tions do not always produce a spin eigenfunction, making it necessary to
impose that condition when this aspect is important (Szalay and Gauss
1997, 2000). As an alternative, a spin-adapted formulation of CC theory
based on the unitary group approach was given by Li and Paldus (1994,
1997). Other approaches to the at least approximate imposition of spin
conditions have also been used (Neogrddy, Urban and Huba¢ 1992, 1994,
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Jayatilaka and Lee 1993, Stanton and Gauss 1994, Bartlett 1995, Urban,
Neogrady and Huba¢ 1997). For expectation values of other operators, such
as those representing dipole and quadrupole moments, electric field gra-
dients or the kinetic energy, a general route toward their evaluation can
be provided by introducing a density matriz, as will now be described in
Section 11.2.

11.2 Reduced density matrices

The evaluation of the expectation values of one-electron operators is facili-
tated by the use of the one-body reduced density matrix

N
y(z,2') = /\If(m,xg,xg, e aN)U (2 29, 23, . . oN )dradas - - doy
(w]w)
= Z¢q 7qp¢p '), (11.15)
where each of x,x9,... stands for the set of space and spin coordinates of

an electron and, in the second line,

L pviay) _ (wlptdl)
) (e

(11.16)

are the elements of the discrete matrix representation < of the continuous
matrix y(z,2’) in the one-electron (spinorbital) basis. For the particular
case of CC theory,

(0]e™" ptgeT|0)

— (0leT pt el
(0T e7(0) = (0le’ p'ge’ |0)c. (11.17)

Yap =

The expectation value of the one-electron operator (11.8) is given by
J— A-1— At A I
0= Zopq«)’eT p'ge’ |0)c = Z OpqVap - (11.18)
Pq Pq

In terms of the continuous form of the density matrix this result can be
obtained as

O=trOy= /é(:ﬂ)y(m, )|y —pdx

= Z/ 2)$q(2)Ygpdp(2) o =ad = Z OpqTap »

pq

(11.19)
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where it is understood that the substitution 2’ = x is carried out after the
operation of 6(z) on v(z,2’) and before the integration over x. In partic-
ular, the electron density at some space—spin point z” is obtained as the
expectation value of the Dirac §-function operator §(z” — ). When inserted
into (11.19) this operator gives

’Y(SE”) = ’Y(ZE”,I'”) — /5(1,// _ $)7($,$/)|x/:xd£ﬂ

= >ty )1y, (11.20)

pq

and the total electron population is obtained by integrating over x”,

/7($,/)d$/, = Z<¢p|¢q>’7pq = Z'Vpp =N. (11.21)

pq

For the expectation value of two-electron operators (including the energy)
we need the two-body density matrix,

[(21,29; 7}, 75)

= W/‘I’(fvl,m,m, oo an) U (2, xh, 2, . oN)das - doy
= 3 6rl@)n(aa)rapad} (a1)65 ). (1122
pars

where

(Gp|570)  (W|ptgtsr| W)
T = = 11.23
"epd (U|0) (U|W) ( )

are the elements of the discrete representation I' of the continuous matrix
[(x1,z9; 2], 2%) in the one-electron (spinorbital) basis. For a two-electron
operator

G =1 (palglrs)ap'q'sr (11.24)

pgrs

(compare (3.53), (3.60)) we obtain the expectation value

G =1 (palglrs)aTyrspg (11.25)

pgars
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As can be seen from (11.23), I',.4pq has the same symmetry properties with re-
spect to permutation of the indices as antisymmetrized two-electron
integrals,

FTSPQ = _FTSQP = _FSTPQ = FS?”QP F;qrs - F;qsr - F:;prs = F:;psr
(11.26)

and L'yspp = Dpppg = Drrpp = 0.
For the purposes of the diagrammatic representation it is convenient to
limit our attention to the correlation correction of the expectation value,

J— AT RN -
On = Zopqm’eT {p'aye"10)c = Zopq(’YN>qpa (11.27)
pq pq

where ~yy is the normal-ordered part of the one-body density matrix, with
elements

(r)ap = (0l {pla}eT]0)c . (11.28)

The only difference between the elements of «y and ~ is for the hole-hole
elements,

(r)ii = (Ole™ (i = iT5)eT0)e = 750 = 85 (11.29)
When used in the evaluation of the expectation value of a one-electron oper-
ator O, this difference provides the vacuum-expectation-value part (0|O[0) =
> ; 0ii of the total expectation value (11.9).
For the two-body density matrix, using the generalized Wick’s theorem
we obtain

Propg = (FN)mpq + Opilri (’YN)sq + 0gi0si (’YN)rp - 5pi58i(7N)rq - 5qi5ri(7N)sp
+ 5pz‘5ri5qj5sj — 5pi55i5qj5rj , (11.30)

where i, j are any hole-state labels and
Mok
(I'N)rspg = (0le {quTsr}eT\mc. (11.31)
Specifically, for different combinations of particles and holes,

chab = (I'N)edab »

(I'N) edai »
Ceaij = (I'N)edij »
Lejai = (I'N)ejai + 0i5(N)ca » (11.32)
Lerij = (TN)ekij + ki (IN)ei — Oki(YN)ej »
Lrij = (IN)ktij + Oki(9N)15 + 615 (7N ki

— O (YN)1i — 01 (YN )y + Okidrj — OgjOu -
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All other cases can be obtained by index permutations according to the rules
n (11.26), which apply to I'y as well as to T.
The expectation value G then becomes

é 1 Z pQ|g|T5 FN)rqu

pqrs
+ 4D ((wilglai)a + Gplgliaha — (iplalaita — (pildlia)a) ()ap
ipq
+3 Z ij14lig) a
=1 Z PQ|9|TS (I'N)rspg + ngq ("N)ap + 3 Z (1719li7) A (11.33)
pqrs pq

where g]’)q is given by (3.174). The three sums in this equation correspond
to the three terms G, G and (0|G|0) of (3.173), respectively.

In the diagrammatic representation of contributions to the one-body den-
sity matrix (11.28) we need a symbol for the operator {4}, which represents
the generic (property-independent) part of the general one-electron opera-
tor expression (11.8). Here we will represent this operator by the markerless
one-electron vertex e -- | which may be construed as a place-holder for
the operator representing the actual property being calculated. Adding a
marker, such as ¢, corresponds to multiplication by the corresponding prop-
erty integral opy and summation over p, ¢ (but obviously the density matrix
elements need to be calculated only once for any number of one-electron
properties). In a common notation, a gap is left in place of this vertex;
sometimes a dotted line is added across the gap or the vertex is marked
with the label 1" — 1. It is to be understood that the two lines connected
to the vertex carry fixed labels that identify the specific matrix element of
~ and are not summed over. The indices on 7y, correspond to the labels on
the incoming and outgoing lines at the vertex, in that order.

In the evaluation of the expression (11.28) we need to contract the opera-
tors p! and ¢ with operators in the expansions of <O|e at the top and eT|0>
at the bottom. Symbolically, we can represent this process by the schematic
diagram

W =| [ ==-- (11.34)
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where the box represents the <O|eTT and eTIO) parts and the slopes of the p
and ¢ lines have no significance in this case. In terms of the time sequence,
the e — - vertex has to appear between the Tt operators at the top and the
T operators at the bottom. As for any one-electron quantity, the first index
on 74y represents an outgoing line in the diagram relative to the respective
box (incoming relative to the vertex) and the second index represents an
incoming line relative to the box. More specifically, the density matrix
elements (yy)qp fall into four types, depending on whether each of p and ¢
represents a particle or hole label. Symbolically,

eTT eTT eTT eTT
AQ Yj avz‘
Yoa = ;\bei ) (’YN)]Z = ;7177 ) Yia = T, Yai = ZA&* .
€T eT €T eT
(11.35)

The {p'§T57} operator for the two-body density matrix will be represented
by the double-dashed vertex e==. The corresponding schematic diagrams
for the matrix elements of I'yy take the forms

eTT eTT eTT
ap  Ab ky yl aNi
F = «— =9 F Ss T— K = ] . . — =
cdab ch Ad’ ( N)klz] iy Y ; ( N)zba] ]Ab )
CT eT eT
eTJr eTT
aNri AD Yk
Lidab = =20 (I'N)akij = iﬁj v etc.,  (11.36)
el el

the indices on I';4, corresponding to the labels on the lines at the vertex in
the order left—in, right—in, left—out, right—out.

It is convenient to classify the various contributions to the density matrices
according to the perturbation order in which they first arise. As shown in
Section 9.4, the T, operators can be resolved into MBPT wave-function
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components of different orders and each T}, operator can be characterized
by the lowest PT order in which it arises. The Ty operator is first order, T
is second order in the HF case and first order otherwise, Ty is second order
and so on.

Diagrams representing contributions from the various 77 and T operators
to the particle-hole and particle-particle elements of the one-body density
matrix through fourth order in the general (non-HF) case are shown in
Figs. 11.1 and 11.2, respectively. Arrows are shown explicitly only when
different distinct arrow assignments are possible. Diagram 1 corresponds
to the leading term (i.e. the number 1) in the series expansion of e’ In
the general case diagram 1 is first order, diagram 2 is second order, 3-7 are
third order and 8-19 are fourth order. Looking at Fig. 11.2, diagrams 20 and
21 are second order, 22 and 23 are third order and 24-41 are fourth order.
Since the density matrix is Hermitian, v, = 7;,, we need to calculate only
one of every pair of complex-conjugate off-diagonal elements. Therefore the
hole—particle diagrams, which are conjugate (Section 5.5) to the particle—
hole diagrams, are not shown. The hole-hole diagrams are obtained from
the particle—particle diagrams by the reversal of all arrows. It is important

o Iy A Ols CACA
g 0 A 00 g (A
Mm@ WON@
05 W35 TADTAS

Fig. 11.1. Diagrams representing contributions to the particle-hole element v,; of
the one-body reduced density matrix through fourth order.
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Fig. 11.2. Diagrams representing contributions to the particle-particle element 7,
of the one-body reduced density matrix through fourth order.

to note that each of the particle-particle diagram pairs (22, 23), (26, 28),
(27, 29) and (30, 31) in Fig. 11.2 are not conjugate to each other, because
the fixed labels move with their lines in the conjugation process. Thus these
diagram pairs represent different contributions to the same matrix element.

The first few terms in the algebraic expressions for the density matrix
elements are easily obtained from Fig. 11.1 and 11.2 (the order of the terms
in these expressions corresponds to the order of the diagrams in the figures):

- Z gheghe — Z by 4 Z theetba — 1 Z f5be g

Jkbe jkbe
-1 § :tcb* 4 § :tcb* gﬁ _ § : cb* tbta + 2 :tc*tb*tzlﬁ
Jkbe Jkbe jkbe ]kbc

S Y LY e Y e

Jkbe jkbe jkbe Jklbed
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_i Z tzg'cll*tibt;lld—i_ Z td*th* lktg? 1 Z tdc*tb*tl]

jklbed ]klbcd jklbcd
2 § : tdc*tb* kl:)tjg 1 Z th*tld*t t Z tcb*tld*tcatd +.
jkibed jklbcd jkibed (11.37)
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Fig. 11.3. The MBBPT diagrams representing contributions to the particle-hole
and particle—particle element of the one-body reduced density matrix through
second order.

The coefficient i for diagram 25 in the latter two equations derives from
a factor ﬁ for a set of three equivalent lines times a factor % for each of a
pair of equivalent lines.

Using the MBPT expansions (9.93)—(9.95) etc. for the 7}, operators, we
can generate the MBPT expansion for the density-matrix elements to any
order. As an example, the diagrams for this expansion for the particle-hole
and particle—particle elements to second order are shown in Fig. 11.3. The
first eight diagrams in this figure represent 7,; and the last two represent 7.
The first seven diagrams originate in the second-order MBPT expansion of
diagram 1 of Fig. 11.1, the eighth originates from diagram 2 and the last
two originate from diagrams 20 and 21, respectively, of Fig. 11.2.

The first diagram in Fig. 11.3 provides the only first-order contribution
to the density matrix. When a Hartree-Fock reference function (canonical
or otherwise) is used, this diagram vanishes since f;, = fo; = 0 in this case.
Only the second, third and last diagrams survive in the HF case. All the
diagrams in this figure originate in the Ty and T cluster operators (and
their adjoints) in Figs. 11.1 and 11.2 and thus can be evaluated in a CCSD
calculation. Hence the CCSD-derived density matrix is correct to second
order, with many higher-order contributions included. The only other clus-
ter operator in these figures is T5, and therefore the CCSDT-derived density
matrix is correct through fourth order. All the diagrams that contain a 7%
vertex in Figs. 11.1 and 11.2 except diagram 7 require the second-order com-
ponent only of the Ty operator to achieve fourth-order accuracy. Diagram
7 requires the third-order component of T4 for this purpose, and since this
component is missing in the CCSDT-1 model (Section 10.5), this model pro-
duces a density matrix that is only accurate through third order. Similarly,
the noniterative approximations to CCSDT-1, i.e. CCSD[T] and CCSD(T),
also provide density matrices correct through third order.
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A diagrammatic treatment of the two-body density matrix will be de-
ferred to Section 11.7, pending the development of more effective tools for
its evaluation. The CC wave function and the diagrammatic expansion of
the density matrices can be used effectively to evaluate expectation values to
any desired order of perturbation theory. This approach (Noga and Urban
1988) has only rarely been used but is sometimes a useful alternative to the
definitive method discussed in the following sections. The nonterminating
nature of the expansions and consequent lack of a closed-form expression and
need for truncation are seen as serious disadvantages for the expectation-
value approach from a formal viewpoint. The following sections describe the
alternative, response, treatment for property evaluation, which is based on
treating properties as responses to perturbations. The response treatment
has become the standard approach to this problem.

11.3 The response treatment of properties

As an alternative to the use of expectation values, it is possible to evalu-
ate properties in terms of the response of the molecular system to a suit-
able perturbation (Monkhorst 1977, Jorgensen and Simons 1983, Bartlett
1986). In fact, many molecular properties, such as derivatives of the energy
with respect to displacements of the nuclei (energy gradients, Hessians etc.),
cannot be represented simply by an expectation value but require a response
treatment.

A Hamiltonian that depends on a parameter A can be expanded in a
Maclaurin series in A:

. . dH 1 ,d?H
HAN=HQO)+\— —“\N—
W =HO G0 TN
=HO 4 xHW N2 4 .. (11.40)
where
- 1 d"H
am = — : 11.41
n! dA\™ |, _, ( )
Here the unperturbed Hamiltonian H(©) = H (0) is the usual molecular

Hamiltonian, including electron correlation, and the parameter A represents
the strength of a perturbation (such as an electric or magnetic field or the
displacement of a nucleus). This expansion can be seen as a generalization of
the usual perturbation expression H = Hy + AV, in which the perturbation
is linear in A, with AL = V, H® =G =...=0.
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The energies corresponding to the Hamiltonian (11.40) can also be ex-
panded in A:

1 ,d%’E
E(\) = E(0) + A— it
(V) (0) + dAA:0+2 a2 |,_,

=EO L \ED £ \2E@) 4 ... , (11.42)

dE

with a similar expansion for the wave function. When these expansions are
substituted into the Schrodinger equation and terms of first order in A are
collected, we obtain the first-order equation

(HO — EO) g0y 4 (D — EW)|3©®) =0, (11.43)

Projecting this equation onto (¥(©)| and noting that (¥ |H©) = (¥©)|E©)
we find
dE(\) (WO AW g)

W _ o2
E dx |2 (PO w7 (11.44)

so that the expectation value of H (), which is the expectation value of
the property operator O when H()\) = H(0) + MO, can be obtained as the
derivative of the energy with respect to A at A = 0.

When the perturbation is due to an electric field 5, the perturbation
operator is given by the dot product —£. Zu quTy, where ¢, and ¥, are
the charges and position vectors of the particles in the system. The first
derivatives of the perturbed energy FE(E) with respect to the components
of the field strength provide the components of the permanent dipole mo-
ment vector, 4 = —0FE(E)/0E|e=0 (a = x,y,z). This result is consis-
tent with the expectation-value form d© = (| >0 QuTul¥)/(|¥). The
second derivatives provide the components of the dipole polarizability ten-
sor, agp = —O0?E(E)/0E,0E|e—0, and higher derivatives provide the re-
spective hyperpolarizabilities. Properties obtained as nth derivatives of the
perturbed energy are referred to as nth-order properties.

Equation (11.44), which is a manifestation of the Hellmann—Feynman the-
orem, is exact only for a variationally optimized |\If(0)> and thus holds only
for full (untruncated) CC. The numerical differences between the expecta-
tion value and the energy derivative at several levels of truncated CC were
examined for the dipole moment of BH by Noga and Urban (1988).

The conceptual difference between an expectation value and the equiva-
lent energy derivative is quite important in MBPT and CC theory, because
the derivative form leads to closed-form expressions for properties. This
form also allows the calculation of properties using energies that do not nec-
essarily correspond to a wave function, such as those obtained in CCSD(T).
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The derivatives can also be evaluated by finite difference methods, using
CC calculations at small positive and negative values of A, but analytical
evaluation, as described in the following analysis, is more accurate and more
efficient particularly when many perturbations have to be considered, as in
the case of energy gradient calculations.

Splitting the perturbed correlated Hamiltonian into its normal-product
part and its vacuum expectation value,

H(X) = (0[H(N)|0) + Hx(\) = Eret(N) + Hx(N) (11.45)
the corresponding perturbed correlated energy is given by
E(X) = Eret(A) + AE(N) . (11.46)
When H(\) = H(0)+AO, using (11.9) the components of the above equation
can be written as

Eref()\) = Eref(o) + )\Orefv

AE()\) = AE(0) + \AO. (11.47)

The evaluation of Fyet(A) is considered in Section 11.8; we shall concentrate
here on the evaluation of AE(\).

Using the CC effective Hamiltonian H = e_TI:INeT, the perturbed CC
correlation energy, see (10.13), can be written in the form

AE\P = PH(\)P. (11.48)
The derivative of H(A) with respect to A can be obtained as
% - jA(eTﬁNeAT) A (11.49)
= T H + e THRe! + HT = HN + [H, T,
where
HN = e THReT (11.50)

The superscript A indicates the derivative with respect to A, and we have
used the fact that the excitation operators in 7> and T commute. For a
linear perturbation, with H(\) = H(0) + MO, we have HN = e=TOye’.
The energy derivative is obtained as

dAFE - PN PR iy n
b= AENP = PHNP + P[H,T|P. (11.51)
The derivatives 7™ of the perturbed amplitudes can be eliminated from

(11.51), leading to a much more convenient expression for the derivative



364 Calculation of properties in coupled-cluster theory

of the correlation energy. Inserting P + Q = 1 and using PHP = AE P,
QHP =0, the second term of (11.51) becomes

P[H,TNP = PH(P + Q)T*P — PT(P + Q)HP
= AE PT*P + PHQT*P — AE PT*P — 0 = PHQT P,
(11.52)
and the perturbed correlation energy takes the form
AEMP = PHWNP + PHQT P . (11.53)
Similarly, taking the derivative of the amplitude equations (10.13) gives
QHWP + Q[H, TP =0. (11.54)
Inserting P+ Q = 1, the second term becomes
QUH. NP = QH(P + QYTP — QT (P + Q)P
= QHPT P + QHQT*P — T*PHP — T*QHP
= Q(OHO — AE) QTP
The perturbed amplitudes are then obtained as
QTP = Q(AE, — QHQ) ' QHMP. (11.55)

Inserting this expression into the perturbed correlation energy (11.53), we
have

AEP = PHNP + PHQ(AEy — QHO) " QHWN P, (11.56)

in which 7 has been eliminated.
Defining an effective resolvent operator R(A) based on H(A),

Q

R(A) = QIAEQ) ~ QHNQ™'Q = R5my 3y (11.57)
we have
AEXNP = PHAP + PHRHWP. (11.58)
When A = 0 this equation provides the first-order energy,
AEWP = PHMN(0)P + PH(0O)R(0)HM (0)P. (11.59)

Finally, recognizing that PHRQ contains no derivatives (and is thus in-
dependent of the perturbation at the point A = 0), we introduce a new
operator (Bartlett 1986, Salter, Trucks and Bartlett 1989),

AN) = PHIOR\NQ, (11.60)
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so that we can write
AEMP = P(1+ AYHPP. (11.61)

Integrating this expression over A we obtain AE P = P(1+4 A)YHP, which is
the fundamental energy functional of CC theory (Section 11.4).

Inversion of the denominator in (11.57) will not be required, because it
is to be replaced by a solution of a system of simultaneous linear equations
for A, as described in Section 11.5 below. Because this system of equations
is solved at A = 0, it is independent of the perturbation and needs to be
solved only once for any number of perturbations. Once A is known, the
first-order properties can be obtained in closed form.

Unlike the equivalence shown between the transition and expectation-
value forms for the energy, this derivation does not depend upon QH? =0
for all possible excitations; rather, the derivation of (11.53), (11.55) remains
correct for any truncation of T as long as the same truncation is applied
consistently in all equations (including the original calculation of the unper-
turbed energy and amplitudes). Thus this procedure is applicable for any
of the CC models discussed in Chapter 10 and for any order of perturbation
theory. Furthermore, since correspondence between a wave function and an
energy is not required in this analysis, these equations can equally well be
applied for methods such as CCSDT-1, but they need some modification for
two-step methods such as CCSD(T) (Lee and Rendell 1991; Watts, Gauss
and Bartlett 1992, 1993).

It should be emphasized that A(0) needs to be computed once only; this
is followed by the evaluation of its dot product with QH™ P for any number
of properties. The significance of this aspect is obvious when there are many
perturbations, as in the case of analytical gradients of potential-energy sur-
faces when about 3N independent atomic displacements for the IV atoms in a
molecule need to be considered. If one had to compute all 3N R perturbed
amplitudes, rather than evaluating the dot products of a single A with the
set of H* derivatives, coupled-cluster theory would not have become the
exceptional tool it now is for applications to molecular potential-energy sur-
faces. This procedure, a manifestation of the interchange theorem familiar
from double perturbation theory (Sternheimer and Foley 1953, Dalgarno and
Stewart 1958, Hirschfelder, Byers-Brown and Epstein 1964), is what makes
analytical derivatives viable in the non-variational CC theory (Adamowicz,
Laidig and Bartlett 1984, Bartlett 1986, Scheiner, Scuseria, Rice et al. 1987,
Salter, Trucks and Bartlett 1989).
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11.4 The CC energy functional

We shall now derive the results of the previous section in a different way,

based on a stationarity requirement of a functional. Such an approach is con-

venient for the calculation of derivatives, including the extension to higher

derivatives, because certain derivatives vanish when the functional is made

stationary, so that a generalized Hellmann—Feynman theorem is applicable.
Consider a functional of A and 7' defined by

E(N,T) = PEN,T)P = P(1+ Ae THye P (11.62)

At this point nothing is said about the nature of A and 7', except that they
(and HN) depend on A and that A is a de-excitation operator while 7" is an
excitation operator:

AP=0, A=AQ, PT=0, T=0T. (11.63)

Noting (11.63), the variation of the functional with respect to its arguments
is given by
PSEP = PSAQHP + P(1+ AQ) 5(e T Hyel) P
= PSAQHP + P(1+ AQ)[H,6TP, (11.64)
where H = e_TfINeT. Requiring that this functional be stationary with

respect to both A and 7', we set the coefficients of §A and 67" to zero. For
the first term we find

QHP =0, (11.65)

so that requiring that £ be stationary with respect to A corresponds to
satisfying the CC amplitude equations. With this result, and with AEP =
PHP, the second term of (11.64) can be transformed to

P[H,6T)P + PAQ[H,0T)P = P(H+AQH — AEA)QJT P.
Setting the coefficient of Q 6T P to zero yields
PHQ + PAQ(H - AE)Q =0. (11.66)
When the stationarity conditions are satisfied we have

PEP =P(1+ANHP = PHP = AE P, (11.67)

since A = AQ. Thus, when it is stationary the functional € provides the
perturbed correlation energy. These results are correct for all values of .
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Furthermore, differentiation of the stationary functional with respect to A
yields

AEP = PEAP = P(1+ AYHWIP, (11.68)

in agreement with (11.61). This result represents a generalized Hellmann—
Feynman theorem, allowing the evaluation of derivatives of the energy in
terms of derivatives of the Hamiltonian without differentiation of the wave
function.

The functional £ (Arponen 1983, Salter, Trucks and Bartlett 1989, Szalay
and Bartlett 1992, Bartlett 1995, Szalay, Nooijen and Bartlett 1995), often
written simply as AE(A,T) (or E(A,T) when the full Hamiltonian H is
used instead of fIN), has been called the fundamental energy functional of
CC theory. It can also be interpreted in terms of a constrained optimization
process in which £ is made stationary subject to the satisfaction of the
CC amplitude equations by adding the left-hand sides <<I>%b|7'[|0> of these
equations, multiplied by Lagrange multipliers )\;Jb (see Section 11.5), to
the correlation energy (Koch and Jgrgensen 1990). This functional plays
the same role in CC theory as the expectation value of the Hamiltonian,
treated as a functional of the CI excitation operator C = C’l + C’z + -
plays in CI, where |¥) = (1 + C)|0). In both cases making the functional
stationary yields the corresponding wave function and energy. In the CC
case the stationarity of £ also yields the de-excitation operator A.

11.5 The A equations

It has been shown in the previous two sections that property values can be
expressed as derivatives of the perturbed energy with respect to a strength
parameter A at A = 0 and that these derivatives can be evaluated in terms
of the operator A and derivatives of the perturbed Hamiltonian Hy. Thus
the evaluation of A at the point A = 0 is a key step in property calculations.
Because A(0) is independent of the perturbation it needs to be evaluated
only once for any number of properties.

Straightforward evaluation of A(0) from (11.60) would involve the non-
diagonal resolvent R(0), which in turn requires inversion of the denominator
Q('H — AE)@, but a more efficient procedure is to solve the simultaneous
equations (11.66) for A. This approach corresponds to the solution of the
left eigenfunction equation for H,

P(1+AQ)(H - AE) =0, (11.69)
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in which the eigenvalue AFE and the operator H = (lﬁINeT) ¢ are known from
the solution of the CC amplitude equations. Thus we have a set of linear
simultaneous equations for the components of A. On the one hand these
equations resemble the CC amplitude equations in that they are simulta-
neous equations rather than an eigenvalue problem, but on the other hand
resemble the CI equations in that the unknown amplitudes appear linearly,
the energy is not eliminated and they do not arise from the commutator
expansion of an exponential and so are not limited to connected terms.

As in the treatment of 7, we expand A in single-, double- etc. de-
excitation operators,

A=A +As+Ag+---, (11.70)

where

A1:Z)\Z{z a},
Ay = 42)\ {z aj’h

z]ab (1171)
Ao = G2 Z Aoy AitagTo- -,
in these expressions the de-excitation amplitudes A2, )\zjb, )\sz]z, ... are to be

determined. These operators are represented diagrammatically by

iﬁa i%gaj;\b i%%aj;;b k;\c
Ni{ita} NG {itazto} Nk fitagtoktey
Projecting (11.69) onto ]? merely reproduces the CC energy expression
(11.67). Projecting it onto @ produces the A amplitude equation
P(1+AQ)(H - AE)Q =0
or
PHQ + PAHQ — AEPAQ =0. (11.72)

Because of the appearance of the energy in these equations the A ampli-
tudes could be disconnected. The energy can be eliminated formally by
introducing a commutator for the second term,

N A~

HQ = P[A, H]Q + PH(P + Q)AQ
= P(AH),Q + AEPAQ + PHQAQ, (11.73)
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where the subscript C indicates a restriction to connected terms. For future
reference we also note that

PAHP = P[A,H]P + PHAP = P(AH) P, (11.74)

because AP = 0.
Substituting (11.73) into (11.72) cancels the energy-containing term, leav-
ing
PHQ + P(AH),Q + PHQAQ =0 (11.75)
or
P(fneT) (@ + P(A(FxeT) )o@ + P(HxeT) . QAQ =0,  (11.76)

in which the last term is the only one that is not fully connected, consisting
as it does of a product of two terms. Explicitly, this equation can be written
in the form

(0] HxeT |98+ ¢ + (0] A(AneT) o | @2,

+ 3 (lAxT g g Al = 0. (11.77)

k<l<---
c<d<--

The intermediate state |®¢%) in the disconnected term must represent a de-
excitation of the initial state ]@%b>, and thus its indices must be a subset
of the indices of that initial state.

Equation (11.77) has to be solved for the A,, amplitudes for all i < j < ---
and a < b < ---. When |<I>?]b) is a singly excited state |®¢) the third
term vanishes, since no Q—state can be obtained by de-excitation of a singly
excited state, and so the A; equations are fully connected,

(Ol Ane” |98)c + (0| A(HweT) o |8¢) e = 0 (11.78)

for all 4 and a. These equations, truncated to the CCSDT case (T =T +
Ty+Ts3 and A = A+ Ay + A3), are represented by the diagrams in Fig. 11.4.
Diagrams 1 and 2 in this figure represent the first term of (11.78), while
diagrams 3-83 represent the second term. The latter diagrams all have a
single A vertex and a single Hy vertex but may have as many as three T
vertices. Specifically, diagrams 3-5 represent A1 Hy terms, 6-11 represent
AlﬁNTh 12—-14 represent AlﬁNTQ, 15-17 represent AlfIN%Tf, 18 and 19
represent AQfIN, 20—23 represent AQ.HNT1, 24-31 represent Ay HNT! 5, 32-35
represent AQ}AIN%TIQ, 36—43 represent A HNTLT: 5, and 44 and 45 represent
Ao Hy %Tfﬂ. The remaining diagrams contain Ty and/or As vertices, and
would not be included in a CCSD calculation. The open lines in all these
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Fig. 11.4. Diagrams for the A; equations for CCSDT.
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diagrams have the fixed labels a and ¢. Different values of a and i generate
different equations in the set of simultaneous equations for A.

As indicated by the form of the second terms in (11.77) and (11.78), each
T vertex in the diagrams must have a direct connection to the interaction
vertex. Diagrams that would become disconnected if the A vertex were

00

do not contribute to the A equations. Furthermore, diagrams in which no
open lines connect directly to the interaction vertex, such as

Mo [T M - o

contain an embedded Q(H NeT)c|O> component. While not individually van-

removed, such as

ishing, such diagrams add up to zero when the CC amplitude equations are
satisfied and so have been left out of Fig. 11.4 and subsequent diagram sets
for the A equations.

When \@f”jb) in (11.77) is a doubly excited state we obtain the Aj
equations,

(0| Hne”|02) ¢ + (0|AHxe” [0 + Y~ (0| Hne |®f) ¢ (@A) =0,
c=a,b
k=i,j
(11.79)
represented diagrammatically for the CCSDT case in Fig. 11.5. In this figure
diagram 1 represents the first term in (11.79), the disconnected diagrams 2
and 3 represent the third term, and diagrams 4-71 represent the second
term. Only diagrams 1-32 are needed in the CCSD case. The open lines
in these diagrams carry the labels a, b, 7, j and all permutations of a and b
between inequivalent open particle lines and of ¢ and j between inequivalent
open hole lines must be included and also a weight factor % for any pair
of equivalent 7' vertices, as in diagrams 31 and 32. As indicated in the
rules of interpretation, Fig. 10.1, this factor can be canceled with one of the
permutation operators.
The disconnected diagrams 2 and 3 represent fINAl and ﬁNT 1Aq, re-
spectively. Following the sequence of the operators in these terms, these

diagrams should be drawn with the time sequences

T
and ,
A A
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Fig. 11.5. Diagrams for the Ay equations for CCSDT.
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respectively, clearly showing the intermediate state. However, the sum over
cand k in (11.77) can be expanded as follows,

S (0l e85 o (@A 8)
c=a,b
k—i.j . . R .

" = (0| Hne”|®f) o (®F|A|®F)) + (0] Ane” |9 (Y| A|F)

+ (0] AT |99 (DLA|RL) + (0| HxeT |8Y)c (B A|D2)
= (0| AneT |9F)c (0| A|®Y) — (0] AneT |08)c(0]A|0%)

— (0] fxeT|92) (0] A @F) + (0] AneT |BY)c (0] A|D])
— P(ij|ab) (0| Fne” |0¢) o (0[A|D2) . (11.80)

It is clear that this expression is represented by diagrams 2 and 3, interpreted
as permutation sums of products of their disconnected parts, as drawn with-
out regard for the time sequence in Fig. 11.5.

The diagrams for the Ag equations for CCSDT are shown in Fig. 11.6.
The disconnected diagrams 1-3 in this figure represent the third term of
(11.77), which can be put into the form

Y (OlAne!|®f) o (@i [ARFE) + > (0lHxne”|9f)c(@f A0,

d,e=a,b,c d=a,b,c
l,m=i,j,k k=i,j,k

involving both singly and doubly excited intermediate states. When drawn
in the time sequence corresponding to the above expression, the disconnected
diagrams take the forms

/\/\ 0 Aﬂ /Xﬁﬂ

respectively, also represented as permutation sums of products, as drawn
without regard to time sequence in Fig. 11.6.

While the A expansion includes disconnected terms, when the A diagrams
are contracted with H to form the diagrammatic representation of the CC
energy functional (11.62) the resulting diagrams are fully connected. Thus
all the CC energies and their derivatives are properly linked and connected,
as required for extensivity.
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Fig. 11.6. Diagrams for the Az equations for CCSDT.

Unlike the 7' amplitude equations, which are nonlinear, the A amplitude
equations are linear in A but are still solved iteratively because of their
size. As in the treatment of the 7 amplitude equations, the diagonal parts
(involving f,, and f;;) of diagrams containing just the one-electron Hamil-
tonian operator and the A operator, i.e. diagrams 3 and 4 of Fig. 11.4 and
diagrams 8 and 9 of Figs. 11.5 and 11.6, are moved to the opposite side of the
equation, resulting in expressions for €%, 6%))\2]() and E?Jblg)\sz]z, respectively,
in terms of the other components of A.

Comparing the contributions of different perturbation-theory orders to the
diagrams for the A equations with the corresponding contributions to the
diagrams for the T amplitude equations, it is easily seen that A = 7Of
Therefore 7' provides a suitable initial approximation to A in the itera-
tive solution of the A equations. In second order we find a few differences
between the diagrams contributing to the A equations and the adjoints of

the diagrams contributing to the T equations. For A; the difference is be-
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tween diagram 2 of Fig. 11.4 and the adjoint of diagram Ss, of Fig. 10.2,
so that

(1) -
e?(/\i@) —t?(z)*) = AQ - /@x = /\%X - / \ }*X

—Z( ) (ij]|ab) fr; = €§ Z U”ibbfbj, (11.81)

Z]J

where the thin horizontal lines indicate denominators. As a result we find
that

A2 +Zt P (11.82)

For Ay we find

NG = g0 P (11.83)

owing to the disconnected diagram 2 of Fig. 11.5, which has no counterpart
in the Th-equation diagrams of Figs. 9.2 and 10.3. Similarly,

A = @ 1 P(ifjkla/be)t; V" (11.84)

due to the disconnected diagrams 1 and 2 of Fig. 11.6. Equations (11.82)-
(11.84) can be represented diagrammatically as

7: ZK M (11.85)
/v\ /W\ 7K 7K (11.86)
SR = KA RORNY o

All the second-order differences between A and 7' involve diagrams that
vanish in the Hartree Fock case, resulting in A(?) = T and making Tt
a particularly effective initial approximation to A in the HF case. The
linearized CCSD approximation (LCCSD, analogous to the LCCD approxi-
mation of subsection 9.3.1) and MBPT through fourth order in the energy
(which depends on the second-order wave function) involve linear terms only,
so that in the HF case A = T exactly and separate consideration of A is
not required in these approximations.
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11.6 Effective-Hamiltonian form of the A equations

Compact forms of the A equations can be obtained using the matrix elements
of the effective Hamiltonian (10.51), given in Section 10.7. Expressing the
A1 equations for CCSDT in terms of effective-Hamiltonian matrix elements
results in the 22 diagrams given in Fig. 11.7. The numbering of each dia-
gram in this figure corresponds to the numbering of the leading term of its
expansion in terms of the diagrams in Fig. 11.4. The diagrams of Fig. 11.4
accounted for by each diagram of Fig. 11.7 are listed in Table 11.1. Diagram
75 in this figure uses the three-body matrix element defined in (10.87). Its
value does not change if all arrows are reversed; in either form, it expands
into diagram 75 of Fig. 11.4.

All the diagrams in Fig. 11.7 are at most linear or pseudolinear in T.
However, pseudolinearity is less important in the A equations, because the
T amplitudes are known before these equations need to be solved.

Expressing the As equations for CCSDT in terms of effective-Hamiltonian
matrix elements results in the 22 diagrams given in Fig. 11.8. As in the case
of the A1 equations, the numbering of each diagram in this figure corresponds

AR TR T
Hon (B ALE A
0 00 R AL 7 20
o S0 Q005

Fig. 11.7. Diagrams for the A; equations for CCSDT in terms of effective-
Hamiltonian vertices.




R R R - T I
77 80 B I
D 0 B 5
O%\/;M Of\ﬁd\ OOi\M (ﬂ%m

Fig. 11.8. Diagrams for the Ay equations for CCSDT in terms of effective-
Hamiltonian vertices.
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Fig. 11.9. Diagrams for the Az equations for CCSDT in terms of effective-
Hamiltonian vertices.

to the numbering of the leading term of its expansion in terms of the dia-
grams in Fig. 11.5. The diagrams of Fig. 11.5 accounted for by each diagram
of Fig. 11.8 are also listed in Table 11.1. Similar results for the A3 equations
are shown in Fig. 11.9 and Table 11.1.

The A-equation diagrams do not require the use of the various x/, x”, etc.
intermediates of Section 10.7. Permutation factors for labels of open lines
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Table 11.1. Correspondence between the effective-Hamiltonian-based
diagrams for the A equations and the original diagrams

H-based H-based
diagram Original diagrams diagram Original diagrams

Ay equations (Figs. 11.7 and 11.4)

1 1,2 50 50, 65, 76, 80
3 3,7,8,14, 17 51 51, 61, 64, 78, 82
4 4,6,9, 13, 16 52 52, 62, 63, 79, 83
5 5,10, 11, 12, 15 53 53, 67
18 18, 20, 23, 25, 28, 31, 32, 54 54, 68
35, 37, 39, 41, 45, 47 55 55, 72
19 19, 21, 22, 24, 29, 30, 33, 56 56, 71
34, 36, 38, 40, 44, 46 57 57,73
26 26, 42 58 58, 74
27 27, 43 59 59, 69
48 48 60 60, 70
49 49, 66, 77, 81 75 75
A5 equations (Figs. 11.8 and 11.5)
1 1 33 33, 35, 38, 40, 41, 44, 49,
2 2,3 52, 54, 61, 63, 65, T1
4 4,6 34 34, 36, 37, 39, 42, 43, 50,
5 57 51, 53, 60, 62, 64, 70
8 8, 14, 15, 22, 29 45 45, 66
9 9, 13, 16, 21, 28 46 46, 67
10 10, 17, 18, 25, 30 47 47, 69
11 11, 19, 27, 32 48 48, 68
12 12, 20, 26, 31 55 55
23 23 56 56
24 24 57 o7
58 58
59 59

A3 equations (Figs. 11.9 and 11.6)

10 10, 17, 18, 25, 30
11 11, 19, 27, 32
12 12, 20, 26, 31
23 23

4, 15, 22, 29 24 24

3, 16, 21, 28

© 00 T N
© 00 T N =
e A
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Table 11.2. Correspondence between the T-free diagrams for the
A equations in Fig. 11.10 and the diagrams in Figs. 11.7-11.9. Diagrams
not listed, including all As diagrams, are in one-to-one correspondence

Fig. 11.10 Figs. 11.7-11.9 Fig. 11.10 Figs. 11.7-11.9
A1 equations A5 equations

26 26, 27, 48 45 45, 46, 55

49 49, 52, 55, 58, 60 + one T, diagram 47 47, 57

50 50, 51, 56, 57, 59 + one T, diagram 48 48, 56

53 53, 54 + one T, diagram

that become closed lines when the diagrams expressing the H vertices are
embedded in the A-equation diagrams are automatically accounted for by
the unrestricted summations over internal-line labels.

Using the three-body and four-body matrix elements of H presented in
Section 10.7, we can obtain even more compact representations of the A
equations in terms of diagrams in which no T vertices appear explicitly.
These diagrams are given for CCSDT in Fig. 11.10, numbered according
to their leading terms in Figs. 11.7-11.9. The correspondence between the
two sets of diagrams is shown in Table 11.2. As indicated in that table,
each of diagrams 49, 50 and 53 of the A; equation in Fig. 11.10 contains a
T4 contribution that should be left out of a CCSDT calculation. These T4
contributions are described by the diagrams

Analll) Axa00- Q000

in order.

The T-free form of the A diagrams, as exemplified for CCSDT in Fig. 11.10,
is the most direct representation of the A equation (11.75). The first term
of that equation, PHQ, is represented by the first diagram in each of the A
and Ao diagram sets in Fig. 11.10. For the A,, equation, the second term,
p(AH)CQ, is represented by all connected diagrams that can be drawn
containing a single H vertex below a single A vertex, with n pairs of lines
open at the bottom and no lines open at the top. (A pair of open lines
consists of one particle line and one hole line.) Those connected diagrams
in which the H vertex has no open lines connecting directly to it contain
an embedded QHP = ( factor and may be left out. For the same equation,
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Fig. 11.10. The A-equation diagrams for CCSDT in terms of effective-Hamiltonian
vertices without explicit T vertices. The last three diagrams of the A; equation
each contain a T contribution.
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the third term, PHQAQ, is represented by all diagrams containing one H
vertex and one A vertex disconnected from each other, with a total of n
pairs of lines open at the bottom and no lines open at the top.

Using this analysis, the treatment can be extended to higher CC levels.
Extension to CCSDTQ requires adding diagrams with A4 vertices and pos-
sibly higher-order H vertices to the Aj—Aj3 equations and generating the
corresponding Ay-equation diagrams. Additional intermediates would also
need to be defined to facilitate efficient implementation of the calculations.
In general, to generate diagrams describing the contributions of A,, vertices
to the A, equation, we need to use H vertices with n —n” = 2(m — n),
where nV and n” are the number of lines connecting to the H vertex from
above and from below, respectively. As noted previously, n < 4 except for
the two-body vertex, for which n” = 4 is also possible.

11.7 Response treatment of the density matrices

For coupled-cluster energy derivatives, and particularly for geometric deriva-
tives of the potential-energy surface (gradients, Hessians etc.), it is impor-
tant to maintain consistency between the energy calculations and
the derivative calculations. Thus, for the correlation component of the
energy derivatives we need the derivatives of the CC energy functional
(11.62) rather than the derivatives of the correlation-energy expectation
value (11.13). The density matrices appropriate for the determination of
these derivatives are obtalned by replacing the factor X' of (11.28), (11.31)
by the factor (1 4+ A)e~ of the CC energy functional, resulting in

() = 011+ Ne~T{ptgeT10) = (0](1 + A) ({pTd}eT) [0) . (11.88)

(T)rspg = (0] (1 + &) ({p1d137}eT) [0) s+ (11.89)

noting (11.74). These matrices are referred to as response density matrices,
to emphasize their origin in the CC energy derivatives treatment. Because
of their linearity in A, they have the important benefit that they lead to
finite expansions for any level of CC rather than the infinite expansions for
the expectation-value forms seen in (11.37)—(11.39).

The diagrams for the hole—particle, particle-hole and particle—particle
elements of the one-body response density matrix for the CCSDT case are
shown in Fig. 11.11. Except for diagram 1’, they are a subset of the dia-
grams in Figs. 11.1 and 11.2, with the top Tt vertex replaced by a A vertex,
and are numbered correspondingly. Diagrams 14a and 14b have no coun-
terparts in Fig. 11.1, because they are higher than fourth order in MBPT.
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Fig. 11.11. Diagrams representing the hole—particle ;4 (1’), the particle-hole ~,;
(1-14b) and the particle-particle v, (20-25) elements of the one-body response
density matrix for CCSDT.

Diagrams with more than than one 1T vertex do not have a A counterpart,
because of the linearity in A of the density matrix formula. Because of this
linearity, the diagrams in Figs. 11.11 present untruncated expressions for
the corresponding density-matrix elements for CCSDT. Also missing from
the A-based diagrams are any diagrams that would become disconnected if
the A vertex were removed, such as the counterparts of diagrams 4, 8 and 13
of Fig. 11.1, because of the connectedness restriction in (11.88). Diagram 1’
represents the hole—particle element v;, = A% and is the only surviving dia-
gram arising from the adjoints of the diagrams of Fig. 11.1. Diagrams for the
hole-hole matrix elements (yy);j; can be obtained by reversing all arrows in
the particle—particle diagrams in Fig. 11.11 and replacing the particle labels
a, b by hole labels j, i, respectively.

The asymmetry with respect to time inversion in the expansions obtained
for the hole-particle (diagram 1’) and particle-hole (diagrams 1-14b) ele-
ments is a manifestation of the non-Hermiticity of the CC energy functional
and the corresponding A-based expressions for the density matrices, (11.88),
(11.89). As a result, the response density matrices are not exactly Hermi-
tian. FExamination of the contributions of different MBPT orders to the
hole-particle and particle-hole elements readily shows that v;, = 7, in first
order. At second order we find

(1)
) ba(1) \j(1) _ a(2) ba(1) ,b(1)*
i +©_¢@ TR S
b

@) (11.90)

-~ (2)
@ :ng‘, — A\ +th“(1>* s (11.91)
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by (11.82), so that 72-(3) = 71(112‘)*' As seen from diagrams 20 and 21 of
Fig. 11.11, the particle-particle and hole-hole blocks of 4 do not have
first-order contributions, and they are Hermitian in second order because
A® = TMWF Thus we see that ~ is Hermitian at second order also.

For the two-body density matrix we find from (11.12) that some of the
index-permutation relationships (11.26) still hold:

FT‘SPQ = _Fqup = _Fsrpq = 1_‘srqp . (11.92)

pgrs-*
matrix for CCSDT are shown in Fig. 11.12 for the pppp, ppph, phpp, pphh,

hpph and hhpp elements, where p and h stand for particle and holes, re-
spectively. Diagrams for hhhp, hphh and hhhh can be obtained by reversing
all arrows on the diagrams for ppph, phpp and pppp, respectively. The re-

In general, I';5py # I’ The diagrams for the two-body response density

maining matrix-element types can be obtained from matrix elements of the
above diagrams using (11.92).

The pphh and hhpp blocks of T" are the only blocks that have first-order
contributions (from diagrams 21 and 66 of Fig. 11.12, respectively), and
clearly are Hermitian conjugates of each other in that order. They also are
Hermitian conjugates of each other in second order,

r® =i jQb +af)i JPb = 4 P DED | (11.03)

abij — i
’ 2) 1) =1)
(2) - - (2) 17(2) ab(2)x* S0 o ga(1)%,b(1)x
Lijab = aAY? J = Agy =t PG e (11.94)

by (11.83), so that I\, = I'5 . All other blocks involve only A() and
T in second order and, because AV = T(I)T, the pppp, hhhh, phph and
hphp blocks of I' are clearly Hermitian at second order, and the hpph and
phhp blocks are Hermitian conjugates of each other at second order. Only
one diagram contributes at second order to each ppph and phpp block, and
these blocks are also Hermitian conjugates of each other at second order. A
similar result is obtained for the hhhp and hphh blocks, the pphp and hppp
blocks, and the hhph and phhh blocks. Therefore I' is Hermitian in second
order.

The deviation from Hermiticity of the response density matrices is an
artefact of the truncated CC treatment and disappears in full (untruncated)
CC. As will be seen in Section 11.9, the anti-Hermitian components gener-
ate imaginary contributions to the CC energy derivatives used in property
calculations. These contributions are mathematically correct components
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Fig. 11.12. Diagrams for the pppp (1-4), ppph (5-18), phpp (19, 20), pphh (21-59),
hpph (60-65) and hhpp (66) elements of the two-body response density matrix for
CCSDT.
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of the derivatives of the CC energy, consistent with the QHP energy ex-
pression, but they are clearly unphysical and are usually ignored. Because
the response density matrix in CC property calculations appears only in dot
products with sets of symmetric property integrals, lack of Hermiticity is
not a problem. When the orbitals and matrices are real, as is the case in al-
most all calculations, the contributions from the anti-Hermitian components
cancel.

The response density matrices can be defined for any system that offers an
energy expression, even if there is no corresponding wave function. The need
to solve the auxiliary A amplitude equations is the price paid for the failure
of CC methods to produce a variational or stationary energy, but use of the
CC energy functional redresses this defect. The calculation of properties in
CI does not require knowledge of the A-derivative of the CI coefficients, much
less the solution of auxiliary equations. But for this small inconvenience in
the CC methods we gain extensivity and the ability to generalize to any
model that provides a well-defined energy expression. These advantages are
shared by all MBPT approximations and by CC models such as CCSD(T)
and are another reason why CC theory is the most frequently used high-level
method in quantum chemistry today.

11.8 The perturbed reference function

When we are dealing with properties expressed in terms of expectation val-
ues of one-electron or two-electron operators, the above treatment, involving
the solution of the A equations and evaluation of the corresponding response
density matrices, is sufficient for the determination of the correlation contri-
bution to the property values through (11.27) or (11.33). However, when the
property also involves variation in the orbitals, additional factors accounting
for orbital relaxation must be considered.

Within a given basis set, the electronic structure problem is fully specified
by the set of one-electron and two-electron integrals over the basis functions
(plus the internuclear-repulsion terms). On the one hand, in a full-CI cal-
culation these integrals fully determine the results, regardless of how the
basis functions are transformed into orbitals, since the wave function and
energy are invariant under any linear transformation of the orbitals. On the
other hand, in any truncated correlation treatment, such as truncated CI,
finite-order perturbation theory or CC for any truncation of T, the results
are not invariant under arbitrary transformations of the orbitals, because
these treatments depend critically on the choice of reference function (or
reference space in the case of multireference treatments) and this function
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depends, in turn, on the choice of the orbitals. The inclusion of 7} in a CC
treatment reduces this dependence, because this operator has the effect of
transforming the orbitals, but it does not eliminate it. In all these cases the
results are fully determined by the one-electron and two-electron integrals
over the orbitals and by the truncation scheme.

The dependence on the orbital integrals is obvious from the form of the
second-quantized Hamiltonian. The creation and annihilation operators that
appear in this Hamiltonian affect only the occupation numbers of the orbitals
in the functions on which they operate. The orbitals must change smoothly
under the effects of a perturbation, but their occupation numbers cannot
be allowed to change if the wave function and energy are to vary smoothly.
Therefore, while the creation and annihilation operators will create and
annihilate the modified orbitals, the operators themselves remain formally
unchanged and may be considered invariant under the perturbation as long
as the orbital occupations do not change.

The orbitals, and thus the reference function, are usually chosen to satisfy
some equation or condition that serves to provide a satisfactory
zero-order function and, presumably, satisfactory convergence of the correla-
tion treatment. Most commonly, this equation is the Hartree—Fock equation
in any of its forms. For the consistency of the treatment for different values
of the perturbation strength, and thus for obtaining meaningful values of
the derivatives, we cannot ignore the impact of the perturbation on this
equation or condition and its resulting effect on the reference function and
orbitals. The resulting orbital relazation leads to a perturbation of the re-
sponse density matrix 4, to produce a relaxed density matriz as will be
shown in Section 11.9.

In the present section we shall confine our analysis to the case in which
the Hartree-Fock equation is used to determine the reference function. As
throughout most of this book, the treatment will be in terms of the spin-
orbitals, so that the relevant equation is the UHF equation. The com-
mon case of closed-shell restricted HF is easily accommodated by the spin-
summation techniques described in Section 7.3. Other orbital choices can be
treated by analogous methods, once we know the dependence of the orbitals
on the perturbation. It will also be assumed here that the unperturbed HF
function is in canonical form.

Under the effect of a one-electron perturbation, the usual UHF Fock
operator

f=h+J-K, (11.95)
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with coulomb and exchange operators
=Y J. k=YK (11.96)
i i

(Section 1.3), is modified not only by changes in the one-electron operator
h but also by changes induced in the Coulomb and exchange operators J
and K by changes in the orbitals in terms of which they are defined. The
perturbed Fock operator can be expanded in a strength parameter A as

. A dh d(J - K)
\) = A= A
F) = £(0) + Ay A:O+ D |,
d2h d2(J - K
7}\2 ~ . 7)\2 (J - ) 4.
A2 |,_, 2 dX —o
—fO LN+ T = KN 4 = fO LA (11.97)
where
A=r+ K (11.98)

In the common case in which the perturbation consists just of a one-electron
operator \O = )\qu(p\6|q>{ﬁ(j} we simply have h* = 0, without any
higher-order terms in h.

The basis functions used in the calculation may also be functions of A.
This dependence is absolutely essential when the property of interest is
the analytical gradient, since atomic-orbital basis functions move with the
atoms. In some other cases the basis functions can be made functions of
an electric field (Pluta, Sadlej and Bartlett 1988) or magnetic field (Lon-
don 1937, Ditchfield 1974, Gauss 1993). In the electric field case such a
dependence is not common, but for a magnetic field the gauge dependence
makes it a necessity. Of course, in a complete basis set or one that does
not follow the atoms, such as a plane-wave basis, such variations should not
arise.

The orbitals {¢,(\)} are expressed in terms of the basis functions {x,(\)}
by means of a transformation matrix C(\):

=2 (NG (11.99)

The elements C,,, are known as the MO (molecular orbital) coefficients.
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Without assuming that the perturbed HF orbitals are canonical, the HF
equations can be written in the form

FNGp(N) =D dqNegp(V)  (for all p), {dp(N)]dg(N)) = Gpg

(11.100)

with
gia(N) = €ai(N) =0 (for all 7, a). (11.101)
Expanding ¢,(A) according to (11.99) and operating from the left with

(Xxu(A)|, we obtain the usual form of the HF equations in terms of the per-
turbed basis functions,

F(\)C(\) = S(WCNe()),  CHS(WC(O) =1, (11.102)

where Fu(\) = (wIFNI), Suwd) = (u(N(A) and e(A) is the
block-diagonal matrix of Lagrange multipliers e4,(\) satisfying (11.101).

We shall assume that the unperturbed HF function is canonical, so that
the unperturbed equation is

FO0 = @O0 (for all p), (11.103)

or, in the unperturbed basis-function representation,

FO O — g0) (00 (11.104)

where (¥ is the diagonal matrix of eigenvalues (orbital energies) {51(00)}.
We now expand the perturbed MO coefficients in terms of the unperturbed
coefficients by means of a transformation matrix U()),

Cp(N) =D _COUL(N), o C)=CcOU). (11.105)
q
Applying the transformation (11.105) to the perturbed HF equation (11.102)
and multiplying on the left by C©F, we obtain
FA)UN) =8SNUN)e(N), U'(\N)SM)UWN) =1, (11.106)
where
F\) =CcOFNC® s =cOfsn)c@. (11.107)

All matrices, orbitals and operators are expanded in powers of A. For the
zero-order matrices we have

FO =0 — sO=1  UO=1. (11.108)



11.8 The perturbed reference function 389
The first-order perturbed HF equation is obtained from (11.106) as
Fr+eOU = 82O 1 U 4 & (11.109)
or
[UA @] = F* - %@ — & (11.110)
which corresponds to

0 0)\77A 5\ A (0 A
(51(1)_E;SJ))qu:]:pq_Spqgt(z)_gpq'

(11.111)

For p = q the left-hand side of (11.111) vanishes, providing an equation for
the diagonal elements of €*,

A _ A A (0
o =Fop — Sppet). (11.112)

For the particle-hole block of U?, for which &), = 0, (11.111) becomes
(" — U = oo — S2el”. (11.113)

The equation for the hole-particle elements U7, is obtained by interchanging
a and i in (11.113). For the hole-hole and particle-particle blocks of U* we
note that the off-diagonal Lagrange multipliers &), ({p,q} = {i,j} or {a,b})
are at our disposal since they reflect separate unitary transformations among
the perturbed hole orbitals and among the perturbed particle orbitals. Thus
we choose a generalization of (11.112) in the form

e = Fpq— 30 +e)Sp (pay ={ij}or {a,b}),  (11.114)

which satisfies the Hermiticity condition e*' = e*. Substituting this choice
into (11.111), we obtain

0 - 0 = 4l - )5

Up, =380, (p.a} ={i.j} or {a,b}). (11.115)

The diagonal elements U;‘p are not determined by (11.111) but can be ob-
tained from the orthonormality condition in (11.106), which takes the first-
order form

UM+ 8+ UM =0. (11.116)
Because F» and 8 are Hermitian, this condition is clearly satisfied by

(11.113) and (11.115), so that the latter may also be used to determine the
diagonal elements UPAP.
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Equations (11.111)—(11.115) provide expressions for all elements of U*
and e*, but equations (11.113) for the particle-hole block of U? are not
explicit because they are coupled by the dependence of F» on U?* through
the derivatives of the Coulomb and exchange integrals, (11.98). The equa-
tions (11.111) are known as the coupled-perturbed Hartree-Fock (CPHF)
equations (Stevens, Pitzer and Lipscomb 1963, Gerratt and Mills 1968), and
their solution will be derived in the following analysis.

The first-order perturbed orbitals are obtained from (11.99) and (11.105)
as

¢ =>_ (xVCp, + o0 ZqﬁmUA + oM, (11.117)

v

where

oM ="\l (11.118)

For perturbations which do not involve changes in the basis functions the
qbg\} part of (11.117) vanishes, and we need only consider the changes U(;‘p
in the orbital coefficients. For such perturbations, S(\) = S©) S(\) =
1 and 8" = 0, resulting in the simplification of most of the preceding
equations. Also, in such cases U? is skew-Hermitian, i.e. Ul-)(‘l = —U;‘z*, and
Uy =Up, = 0.

The matrix elements S2 and JF7}, needed for the solution of the CPHF

ar’
equations (11.113), are obtained as follows, where we set |a) = |¢q), |pu) =

|xu) etc. and all (0) superscripts are omitted to simplify the notation:

Z W0y = (a i) + (aliy = (a|i)V, (11.119)

Z (V[rN))*Cui

= <a|f*|z> + (@™ fli) + (al fi)
= (alhi) + (a]J* — KMi) + (M| J — Ki) + (a]J — K[ilM)

= (alh*|3) +—§{j ((ag*ig) + (ajllig™) + (@™3]lig) + (aglli™5))

WA+ZU”WW<MM%)
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+ Z ((agMig) + {ajllis™) + (@Mjllig) + (alli™ )
aW ) + Z “*(abllig) + (ag|ib)Upy)

Z akHzg (ajllik)UR) +> (ajllis)?. (11.120)
J

Since j and k are dummy summation indices in the first sum in the last line
and may be interchanged, this sum may be written as

S (U + U ajllik) = Zsk] ajllik) = = {aglik) k| )V
Jk ik

using the orthogonality condition (11.116). Equation (11.120) then takes
the form

= (alh*i) + Z ¥ (abllig) + (ag]|ib)URy)
=) aj||ik: KDY+ agif)?. (11.121)
ik j

The CPHF equations (11.113) can now be written as
(e, — ea)U)‘- :.7-')\ — S)‘»ei
—(a|h i) + 2 ¥ (abllig) + (ajib)UR)

- Z CLJHZk‘ (k|5)P + Z ajllip™ — (aliYNe; . (11.122)

Jk J

The three terms in the last line of (11.122) are independent of the particle—
hole block of U* and vanish if the perturbation is not accompanied by a
change in the basis functions. In other cases they can be computed from the
basis-set derivative integrals; however, straightforward computation of the
second term would require a four-index transformation of the basis-function
derivative integrals to orbital derivative integrals, a relatively lengthy pro-
cess that would have to be repeated for each perturbation. This transforma-
tion can be avoided by use of the reference-function density matrix in the
basis-function representation,

Pyy=Y CpiCy, (11.123)
j
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or in matrix form

P = C,,C! (11.124)

ref’

where it is understood that the matrix C,es contains only those columns
of C, (11.105), that correspond to the occupied (hole) orbitals. Using this
density matrix (at zero order), the relevant term of (11.122) can be written
as

> aglif)™ =" CrCui > (uollvr)* > CriCry
j Qv oT J
=> Cr.CuiY (uo|vr)*Pry
nv oT

=> CrCuiYy,, (11.125)
nv

where

Y = (uo|vr)*Pry (11.126)

oT

represents a two-index contraction of the two-electron basis-set derivative
integrals with the unperturbed reference-function density matrix.
Defining

X5 = {alfi) = (alitPes = S @il wI) Y + 3 CraCu¥d (1 197)
ik 2

and collecting the U*-dependent terms on the left-hand side of the CPHF
equation (11.113), we obtain

(i — ca) U2 — Y (Ups{abllig) + (ajllib)Ups) = Xy (11.128)
7b

If the perturbation is not accompanied by a change in the basis functions
then (11.127) simplifies to

X2 = (a|hMi) . (11.129)
We next introduce the A and B matrices,

Aaipj = (PFH|D}) = (€0 — €1)6ij6a — (aj]|bi),

e - (11.130)
Baip; = (P} |H[0) = (abl|if)
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in which ai and bj are each treated as a single composite index. The CPHF
equations (11.111) can then be rewritten as

> (AaiiUpy + BainUpy') = = X2 (11.131)
b

or
AU + BUM = —X*. (11.132)
When A, B and X* are real this equation simplifies to
(A +B)U = —-X*, (11.133)

which is the equation used in most applications.
In the complex case, (11.132) can be transformed into a set of coupled
equations for the real and imaginary parts of U,

A A
(AR + Br A+ B1> (UR> _ (XR> | (11.134)
Ai+B;r Agr —Bgr Uf‘ Xf‘
where the subscripts R and I indicate the real and imaginary parts, respec-
tively, of the corresponding matrix or vector, with A = A + iA1 etc. The
coefficients U7\ describing the changes in the virtual orbitals are related to
the coefficients U, af‘z by the orthogonality relationship (11.116).

Actual evaluation of the Uji coeflicients would require a separate solu-
tion of the CPHF equations for each perturbation, but this multiple solving
can be avoided by use of the interchange theorem, as shown in detail in
Section 11.9 below.

Before proceeding to discuss the correlation-energy derivatives in Sec-
tion 11.9, we shall consider the derivatives of the reference energy. Practical
procedures for evaluating these derivatives were first developed, primarily
for the calculation of SCF energy gradients and force constants, by Gerratt
and Mills (1968) and by Pulay (1969).

Leaving out the nuclear repulsion term, the derivative of which is easily
calculated, and using (3.115), we write the perturbed reference energy in
the form

Eret(A) = Y (i(N)[RN)i(N) + 3 Z@(A)J’(A)Ili(k)j(k)) - (11.135)

i
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The derivative of this expression is given by
Epp = Z((“W'> + (il )i) + (i h]i%))
QZ (@X4lli3) + @3Mlig) + @3lliMd) + (illig™))
—Z AIhl (il PMi) + Gilhli?) +Z (*jllig) + (ijli*))
—z{ 610 + (2 320 - ey
—Z ((il A3y + A|f|z>+<z!f\z ), (11.136)

where the Coulomb and exchange operators J and K are given by (11.96).
Even though we are assuming that the reference function is canonical, it
would be incorrect at this point to replace f |i) by €li) in the last form
of (11.136), because the unperturbed HF equation is not valid in the space
spanned by the perturbed orbitals. Instead, we expand the orbital derivatives
in terms of the basis functions and their derivatives, (11.117), and obtain

ref—Z i|h*i) +Z (@] F18) + (I F1a))
+Z[Z (Upitp <Z'P>U3i)]€z‘ (11.137)
=D _{alh) + > (A1) + (il f1i) Z (U2 + U)e
Using (11.115) this becomes
ref—Z (il hAi) +Z (@1 f 1) + Gl fli)) Zsé*ei. (11.138)

where the transformed overlap matrix S(A) is given by (11.107) and its
derivatives are computed from the derivatives of the basis-set orbital
integrals.

The first sum in this expression is referred to as the Hellmann—Feynman
term. The last sum can be expressed in terms of an energy-weighted density
matrix II:

Y= Z(Z mez> ()™ ZHW pl) (11.139)
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where

II=CeCly o  IL,=Y ChCuici. (11.140)
%

Expanding f in the middle sum of (11.138) in terms of two-electron inte-
grals, the energy derivative becomes

Eref—Z(<’rﬁA|'> + (i Ra) + (i|hli™))
+Z ((@41ig) + (@s1i™5)) Zﬂuuul
:zuhw lzmm Wznym (11.141)

In order to avoid a full transformation of the derivative two-electron inte-
grals, FA “o¢ is usually calculated directly from the basis-set derivative integrals
and the reference-function density matrix P:

Eref = Z(PVM<M|MV>>\ - Huu<:u|’/>)\) + % Z PVuPTU<NUHVT>>\ . (11.142)

v QUvoT

This derivation assumes that the reference function has been variationally
optimized, as is the case for SCF wave functions. In this case it may be
seen from (11.142) that the solution of the CPHF equations is not needed
for the determination of the reference-energy derivative. Furthermore, for
perturbations that do not require changes in the basis functions, only the
Hellmann-Feynman term, the first term in (11.138), survives. However, in
more general cases in which the orbitals are not variationally optimized for
the state in question (such as for quasi-HF, in which the orbitals are obtained
from an SCF optimization for a different electronic state), there is an added
term involving the derivative of the reference-function density matrix with
respect to the perturbation,

dEyef o OF et aEref@
dx O\ OP d\’
The second term vanishes in the SCF case because the orbitals have been

variationally optimized. In other cases we have an additional contribution
to the reference-energy derivative,

ApEpge =Y (ulhlv) P, + 5 Y (pollvr) (B Pro + PuuPl) - (11.144)

nv pvoT

(11.143)
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Evaluation of the density-matrix derivatives requires the knowledge of U?,
as seen from (11.105), and thus requires the solution of the CPHF equations,
but the interchange-theorem technique to be described in the next section
can be used to avoid explicit evaluation of U* for each perturbation (Gauss,
Stanton and Bartlett 1991).

11.9 The CC correlation-energy derivative

The coupled-cluster correlation-energy derivative, see (11.68), can be written
in the form

AE* = (0|(1 + A)e T HeT|0)
O+ 0)e (32 fuli'ar + 1 Y pallrs) 5157} ) e 10).

pgars

(11.145)

Substituting the response density matrices (11.88), (11.89) into (11.145), we
obtain

= Z f;\q('YN)qp + i Z<qu7“3>/\(FN)T8pq = AEi\ + AE2A7 (11.146)
Pq

pgrs

where

AEl_Z e ap = Z<p|fA\q> + (M fla) + @If12)) Yap
—Z[pvmq +Z (P gk} + phllah™) + illak) + (k1| k) | ep

:Z[@W@ +Z<pquk> }’vqpa (11.147)
pq k

AE; =1 (pglrs) Trapg - (11.148)

pgars

Here and in the rest of the chapter we omit the subscript N from the normal-
ordered density matrices to simplify the notation.

The two-electron derivative integrals in (11.147), (11.148) can be sepa-
rated into contributions from the two terms in the expression for the first-
order perturbed orbitals {(b?,}, (11.117). Considering the two-electron inte-
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gral in (11.147) first, we have

S tkllak) = 3 (ke Uy + GRIrRU, + (prllak) U + (pkllar)Uy)
k kr
+ Z (pk| k)
=3 fquA* + S0 + S (rllah U + (pkllar)U)
kr

+ (pkllgk). (11.149)
k

Taking the second term in the first sum on the r.h.s of (11.149) as an ex-
ample, and separating it into contributions from the different blocks of U?,

we obtain
Z fprUﬁq'qu = Z fanaAi’Yip + Z fpi U&\ﬂap +Z fprlg\a'Yap + Z i Ug{\ﬂip-
pqr pia pas pab pij

(11.150)

We next use (11.115), (11.116) to eliminate all but the particle-hole block
of UM

Z fprU:\q’}/qp = Z fané\i’Yip - Z fsz)\*'Vap Z fpl Za7ap

pqr pia pai pai
1 A 1 A
-2 Z JovShaYap — 5 Z TpiS5ivip
pab pij

= Z fpa%p ai fpz'yapU/\* prz ’Yap

pia pas

=33 L 0la)Nyep — 33 fi(GliY s, (11.151)

pab pij

Similar treatment for the first term in the first sum on the r.h.s of (11.149)
produces

Ax A%
Z JraUlp Yap = Z JroUlg Vpa

pgr qapr
= Z JappiU. m — fiprpal, al Z fip a‘ 717‘1
ipa pai

= 3> foplald)PMype = 3 fip(ili) Ny (11.152)

pab pij
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The terms in the second sum of (11.149) result in

> wkllar)Udvep = D pillar) Uivap

pqrk qpri
= " illga)vgpUn — 3> willai) (i) Mgy, (11.153)
pqai pgji

D rllak)Ulivep = D (arpi) U vpq

pqrk pqri
= {qallpi)ypUs — 3> {ajllpi) (i) M ypq - (11.154)
pqai pqji

Denoting the sum of the contributions to AE}, (11.147), that depend on
the particle-hole block of U* by AEY | we collect all such terms in (11.151)-
(11.154) and obtain

AEY = S [ hri — ) + X il | 02

i P pq
[Z(fapvpz fpiYap) +Z qal|pi) qu} UA*}. (11.155)
P Pq
Equation (11.147) can now be written as
AE} =" (plhMg)vgp + AEY + ABDY, (11.156)
Pq

where

st (et ()

- % [Z (fpa’pr + fbp'Ypa) <a|b> W]

ab p

N Z [% E(fpﬂjp + fjp’Ypi) + Z(pjnqi)%p} <i\j>[/\]
+Z<Z (pillgi)! >7qp- (11.157)

The sums involving (bla)M and (j|i)N were combined with those involving
(a|p)M and (i|7)PN, respectively, by the interchange of dummy summation
indices, including the interchange of p and ¢ in (11.154). Both AEY and
AEW are simplified for canonical HF orbitals by the relation fp, = €,0p4-
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A similar treatment of the two-electron contribution to AE? results in

AE) = AEY + AEYY (11.158)

AEY =3 [(Z@q\\r@rrim - WHP@FWG) Usi

atr pqr

+ <Z<W|PQ>FW — (pqllri)T rapq> UA*} . (11.159)

pgr

AEy = %Z[(Z (pallrs) mpq><s|a>“1+(Z<rsupq>rpqm)<a\s>[ﬂ

as pgr pgr

% Z (rjllpa)Lpgri + (pal|ri)l rqu Ny Z qurs Drspg -
pars pars

(11.160)

For perturbations that are not accompanied by a change in the basis func-
tions we have AEM = 0, and then the entire first-order perturbed energy is
given by AE* = qu<p\il)‘]q) + AEY + AEY.

A common feature of almost all terms in the expansion of the first-order
energy is that if we ignore the non-Hermiticity of the response density matri-
ces then they come in complex-conjugate pairs. It is convenient to split the
response density matrices into Hermitian and anti-Hermitian components:

__ _H A _ _Hx Ax
Yrg = Ypg T Ypg = Yap — Vap >

11.161)
A * Ax (
qurs ngrs + qu'rs = FEqu - Frqu )
where
’Yg; = %(’qu +Vap) 5 F;Ijqrs = %(qurs + 1 apg) 5 (11.162)
A * A *
Toa = 3(Va = Vgp) 5 Tgrs = 3(Tpars = Tlpg) (11.163)

Defining the perturbation-independent vectors M and N, with components

Mai = Z(fpa%p Fir Voo + Z (pillaa)viy)

+Z (pallra)T iy, <”||PQ> hara) »
pgr

(11.164)
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Nas = 3 (Farly = Fipe + Y_pillaa)ny)
P R o (11.165)
+ Z(<pQ|’ra>Fripq - <ri|‘pq>rpq7’a)

pgr

(with ai treated as a single composite index), we can write the U*-dependent
part of the first-order energy as

AEY = AEY + AEY

= [(Ma; + Nai)Up; + (Mai — Nag)*Upy']
ai (11.166)
= (M +N)TU* + (M - N) UM
= 2(MEUR — MU} + 2i(NFUR + NTUR),
where the superscript T indicates the transpose and subscripts R and I

indicate the real and imaginary parts of the respective vectors; M = Mg +
1M etc. When all quantities are real, this result simplifies to

AEY =23 MUy =2MTU*, (11.167)

and the vector N and the anti-Hermitian components of the response density
matrices are not needed for the calculation of AEY.

As stated in Section 11.8, the explicit calculation of U?, which would
require repeated solution of the CPHF equations for different perturbations,
can be avoided by use of the interchange theorem (Sternheimer and Foley
1953, Dalgarno and Stewart 1958, Hirschfelder, Byers-Brown and Epstein
1964, Handy and Schaefer 1984); this is sometimes referred to in the CPHF
context as the Z-vector method. (A more general use of the interchange
theorem for the correlation problem is represented by the introduction of
the A equations in Section 11.5; see Adamowicz, Laidig and Bartlett (1984)
and Salter, Trucks and Bartlett (1989)). Considering first the case in which
all quantities are real, the quantity needed for the evaluation of AEV is
the contraction 2MTU?, (11.167). To obtain this result, instead of solving
(11.133) for each perturbation we solve a single perturbation-independent
equation,

(A+B)'z =2M. (11.168)

Then the contractions of the solution vector Z with the right-hand-side
vectors —X* for the various perturbations,

~7Z'X* = oMY (A + B)1X* = 2MTU? (11.169)



11.9 The CC correlation-energy derivative 401

provide the required answers.

As given in (11.129), when the perturbation does not involve changes in
the basis functions we have X,; = (a|H*|i) = h),. For this case AE™ is
given completely by AEY | and when all quantities are real we have

AEY =oMTU* = —2MT(A — B)"'n*, (11.170)
where h? is treated as a vector with components identified by the composite

index ai. This form can be used to define a relaxed density matriz D that
incorporates the effects of orbital relaxation, for which

Dig=-2)_ [Z (Fovvip — Fipe) + D _(Dillab)vgp
bj P Pq

+ Z((pQ||7"b>Frqu - <Tj‘|pq>rpqrb)} [(A - B)_l]bj,ai ’

pqr
(11.171)
so that
AEY =) " Diah); . (11.172)
ai
One-electron properties given by H* = O can then be obtained as
ON = DiqOu; . (11.173)
as

The relaxed density matrix is perturbation independent and needs to be
computed once only for any number of perturbations. The same techniques
involving the interchange theorem, described in connection with the treat-
ment of the U equations, are used in its calculation to avoid the explicit
inversion of A — B. Generalization of this treatment to the case of complex
functions is straightforward.

As will be discussed in Section 12.8, the truncated-CC unperturbed en-
ergy, computed as PHP, may be complex; such a result is not normally
expected, however, at least when real orbitals are used for ground-state
molecules near their equilibrium geometry. In any case, the imaginary com-
ponent of any CC energy-derivative result is unphysical, being an artefact
of the non-Hermiticity of the response density matrices, and it is reasonable
to ignore it. Though the non-Hermitian forms can be used, replacing them
by their Hermitian average is sometimes useful.
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Even if the A and B matrices are real, the right-hand-side vector —X*
of the CPHF equations (11.132) may still be complex, leading to complex
U? vectors. Such a situation can arise when the HF solution is unsta-
ble with respect to a lower-energy symmetry-broken HF solution (Cizek
and Paldus 1967, Sekino and Bartlett 1986). Another example arises when
gauge-including atomic orbitals (GIAOs, also referred to as gauge invariant
atomic orbitals) are used as basis functions (London 1937, Ditchfield 1974,
Gauss, Ruud and Helgaker 1996) in calculations involving some magnetic
perturbations, such as those due to magnetic susceptibility or nuclear mag-
netic shielding (used in the evaluation of NMR chemical shifts). In such cases
the basis-set-integral derivatives, and thus X* and U?, are pure imaginary
but these properties are of second order, with zero first-order contributions,
and the second-order (and all even-order) energy derivatives are real (Gauss
1993).

In calculations on atoms, linear molecules and molecules belonging to
degenerate irreducible representations of axial point groups such as C,, C,p
and S, (n > 2), the use of complex orbitals may be useful for spatial
symmetry adaptation and may result in complex A and B matrices. For
the sake of completeness an analysis of the complex case, represented by the
CPHF equations (11.134), including the anti-Hermitian contributions, will
now be given.

As seen in (11.166), in the complex case we need two contractions,

MTU» + M UM = 2(MEUR — MUY (11.174)
and
NTUY - NT*UM = 2i(NJ U} + NEUD). (11.175)

These contributions to the correlation-energy derivative can be obtained by
solving two sets of coupled equations,

AR +Br —A;+B;g T YA Mg
= (11.176)
Ai+B; Agr—Bgp YA —M;

AR +Br —A;+B; T Zi;,t Ny
_ . (11.177)
A;+B;y Agr —Bgr Zi Ngr

and
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Then

2t 2 () - -20ap -

AR +Br —-Ar+ BI> 1<Xﬁ>

Ai+B;r Agr —Bgr Xi\
A

=2 (ML —MJ) (UR> (11.178)
I

and

X AR +Br —A;+ B\ /x}
a2 () -t b 5
X3

Ar+B; Agr—Bgp XI>\
U/\
=2i (NI N} (Jj) (11.179)
I

provide the required answer.

The anti-Hermitian part of the response density matrices is of at least
third order in MBPT (Section 11.7) and would normally be very small. As
previously stated, its contribution to AEY is pure imaginary and, while
mathematically it constitutes a correct part of the derivative of the CC
energy, it is unphysical and therefore is usually ignored: the vector N is not
calculated and the corresponding equations (11.177) are not solved.

It is also instructive to look at the case in which all unperturbed quantities
are real but the perturbed orbitals, and thus the X* vector, are complex.
In this case (11.176), (11.177) become

(A+B) Zp=M (11.180)
and

(A-B) Z =N. (11.181)
The contribution to the correlation-energy derivative is then given by

Co(zZD g X3\ o aer T (A+B)'X}
o(h i) () - -2 v (3700

U
=2(M" iNT)< )

Ut

(11.182)

If X* is pure imaginary, as in the case of magnetic perturbations with GIAO
orbitals, we would only have (11.181), and (11.182) then becomes

—2ZiTX} = —2iNT(A — B)"1X7 = 2iNTU} . (11.183)
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Again, the resulting imaginary energy derivative is unphysical, the correct
result for the first-order energy being zero, and the first true nonzero con-
tribution is of second order. In this case we do not need to solve (11.181),
so that N is not needed, but U*, which is pure imaginary, plays a role in
the second-order calculation.

If the basis functions are modified by the perturbation, we have to de-
termine the AEMN contributions. Collecting the terms from (11.157) and
(11.160), and defining the perturbation-independent contractions

pq — Z fpr')’rq ) Npq = Z’Yprfrq, Cji = Z<T’j”8i>’ysr s
T r rs
tog = D (tpllrs)Trsa,  vpg = Y Tipratrsllta)

rst rst

(11.184)

the AEM contribution is obtained as
AE[M = - Z [(éia + %Mm)<a|2>[)\] + (nai + %Vm’)(i‘a)[)\]]
-3 (gba + Moa + Moa + Vba)<a‘b>
ab

-1 Z E5i + ji + i + vjs + 2¢50) (i)

+ Z (Z (pillqi)! )%p +) " (pallrs) T, - (11.185)

pgars
This expression can also be separated into contributions from the Hermitian
and anti-Hermitian parts of the response density matrices. For this purpose
it is useful to note that
=gt v =ttt ¢ =¢',

nt = €M, A= pht A = M

(11.186)

As in the case of AEY, the anti-Hermitian terms will generate imaginary
contributions to AEMN and would not normally be calculated. When all
quantities are real the anti-Hermitian contributions cancel.

To avoid repeated four-index transformations of two-electron derivative
integrals from basis-function to orbital representations in the last two sums
of (11.185), the corresponding sums are best evaluated in the basis-function
representation, by transforming the response density matrices from the or-
bital representation to the basis-set representation:

Fou =Y _ CrCoqVap (11.187)
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Loruw = 3 CppCiyCorCrslrapg (11.188)
pgars

where we should remember that, even though the subscript N has been
omitted, the response density matrices v and I' are the normal-ordered
matrices vy and I'y, respectively. Then

Z<pi||qi>[)\]’7qp = Z (wollvr) (Z Tz> Z »Craap

pqi nuvoT

= Z (,u0||y7'>>‘ TU’VV,u = Z V’qu, (11189)

uvoT

where Y* is given by (11.126) and

Z@qu)[/\]me = Z </“/HUT>/\ Z C;PC;QC;TC sL'rspg

pqrs nroT pqrs
=Y (ullor) o - (11.190)
nvoT

This approach is particularly important in the calculation of energy gradi-
ents, for which many different perturbations (displacements of the different
atoms, each in up to three directions) need to be considered.

Finally, the total correlation-energy derivative is made up of the different
contributions:

AE = (plh*g)vgp + AEY + AEW
pq
= (ulhMv) T+ AEY + AEWN. (11.191)
puv

The relaxed density matrix (11.171) can be used to compute the AEY term
(11.172).

Extensions of the treatment described here can be used to obtain higher-
order properties, including second and higher derivatives. Such methods
for CC higher-order properties involving external fields, using EOM-CC
methodology, are described in Section 13.5.



12
Additional aspects of coupled-cluster theory

This chapter addresses several more subtle but nevertheless important as-
pects of coupled-cluster MBPT theory.

12.1 Spin summations and computational considerations

The formalism described in the previous sections was presented in terms of
spinorbitals, without regard to integration over spin coordinates. Even in
the case of unrestricted Hartree-Fock (UHF) reference functions, in which
the spatial orbitals for o and 3 spin are different, integration over spin is
absolutely necessary to eliminate many integrals and to allow the introduc-
tion of constraints over the summation indices, achieving a computational
effort of no more than three times that of comparable RHF calculations.
Furthermore, all amplitudes in which the number of o and [ spinorbitals
is different for the hole and particle indices vanish, preserving the Mg, but
not the S, quantum number. In the restricted closed-shell Hartree-Fock
(RHF) case, spin integration is used to combine contributions from « and
spinorbitals, deriving expressions in terms of spatial orbitals only and thus
reducing the range of all indices by about a factor 2 (see Section 7.3). Re-
stricted open-shell Hartree-Fock (ROHF') calculations are usually performed
as UHF, despite double occupancy, because the most effective algorithms
are still of the spin-integrated, spatial-orbital, form. The double occupancy
cannot be exploited further without special effort.

The incorporation of spin integration can be done algebraically or, in some
cases, diagrammatically. As an example of the diagrammatic treatment of
spin summation in coupled-cluster calculations we shall consider the case
of the CCD equation with an RHF reference function. The diagrammatic
representation of this equation in a spinorbital basis was given in Fig. 9.2
in terms of antisymmetrized Goldstone diagrams. For spin summation we

406
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expand these diagrams in terms of ordinary Goldstone diagrams representing
spatial orbitals (Cizek 1969), as shown in Fig. 12.1 (Bartlett and Musial
2007, Fig. 8). The labels in this figure reflect the origin of each diagram
in terms of a diagram of Fig. 9.2; an x in the label indicates exchange.
For example, diagrams Dgsp, — Dgpys all originate in the antisymmetrized
Goldstone diagram Dsgj,. This correspondence can be verified by the fact that
all six of these diagrams collapse to the same Hugenholtz diagram (labeled
@y, in Section 9.5, just before (9.121)) when each vertex is collapsed to a dot.
The particle and hole lines in the diagrams of Fig. 12.1 represent spa-
tial orbitals, indicated by capital letters I,.J,... for holes and A, B, ... for
particles. In the RHF case considered here, each spatial orbital reflects the
existence of two spinorbitals having the same spatial part, e.g. Ia and I(.
The interpretation of these diagrams differs in some respects from that of
the antisymmetrized diagrams. The sign rule is the same, but the numer-
ical weight factors and the permutation factors are different. There is a
weight factor 2 for each closed loop (reflecting summation over two spin
assignments) and a weight factor % for diagrams with left—right symmetry
(i.e. symmetry with respect to reflection in a vertical line), as for MBPT
Goldstone diagrams. For example, diagram Dsp, has two closed loops and

VALYV VY Y
WWVV\/MW@V

Doexi Doexa Doexa

WWWWMMM

D3px1 D3pxo D3pi3 D3pxa D3pys

LV el ALY Ay

DBCX D3dx

Fig. 12.1. Diagrams for the spin-summed CCD amplitude equations for an RHF
reference function.
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left—right symmetry, for a total weight equal to 2 x 2 x % = 2, while diagram
Dspys has one closed loop and symmetry, giving a total weight 1. Special
attention needs to be paid to diagram Ds,; while as drawn in Fig. 12.1
this diagram does not show left—right symmetry, it can also be drawn in a

W

For the permutation factor (which does not appear in MBPT diagrams),
we note that the spin-free amplitudes do not have the same antisymmetry
property as in the spinorbital form,

symmetric form,

and therefore has weight %

AB _ ,BA , ,BA _ ,AB
try =tj #tr; =tir, (12.1)

and so for the t‘[“JB diagram I and A must remain on the same continuous
path and so must J and B. Therefore we may only permute (/A) as a unit
with (JB), using the permutation factor

P((IA)(JB)) =1+ P1;Psp. (12.2)

The final form of the algebraic amplitude equations for CCD, with the
terms ordered as in Fig. 12.1, is

(ABJo|1J)
+ P((IA)(JB))

> fottf = fratii
C K
1 ) 1 A
+ 5 D (ABRICDITP + 5 > (KLIo|IT)ty]
CD KL
+3 (2<KB|@|CJ)t;‘§ — (K B|o|CJ)AS
KC

— (KBJO[IC)13G ~ (KBJo|JC) )
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N CD,AB AC,DB _ o0,AC,DB
+ E <KL’U|CD>(%LLIJ txr +2tktny — 2Kkt

KLCD
CA,BD ,AD,CB , ,AD,CB
+ SRS — i tLy +tRTte S
1,CB,AD CD,AB , ,CD,AB
+5tin tky — 20ty + i tny
A,DB , ,AC,DB
— AGIEP + RIS )]
=0 (for all I > J and all A, B). (12.3)

The summations over internal lines are over spatial orbitals. For diagrams
Do and Dsq the permutation factor can be canceled with the weight factor,
because the permuted form is equal to the original.

Using the same interpretation rules, the CCD correlation energy is given

by
s+ £
= ) —{

+
> (2(IJ18|AB) — (LT|8|BA))t77 . (12.4)
1JAB
Careful comparison of the spinorbital CCD equation (9.126) and the spin-
free CCD equation (12.3) for the case in which the reference determinant is
constructed solely from doubly occupied spatial orbitals shows the following
relationships between the corresponding amplitudes:

AB AaB ABB BA
tIJ :t[(;)i]ﬂﬁzt[ﬂﬁjaa:tjl 5 (125)
AaB ABBp AB BA
trage =tigys =trs — U - (12.6)

The two independent amplitudes tf‘JB and thBJA serve respectively as coeffi-
cients for two sums of four Slater determinants each,

342) = Ao Ba Jalal0) + Ao BB TBTal0)

+ A5 Ba' JaTp|0) + A5 BB TBIA|0), (12.7)
9P = Ba' Aa' Jalal0) + Ba A3 T51a|0)

+ BB Aa' TaTp|0) + BB AB TRTHI0), (12.8)

where |0) is the reference determinant constructed from doubly occupied
orbitals only. Each of these two linear combinations of Slater determinants
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is a spin eigenfunction with S = 0. However, these two spin eigenfunctions
are not orthogonal, because the first determinant in (12.8) is equal to the
negative of the first determinant in (12.7), and the same is true of the last
determinant in the two equations, resulting in an overlap

(@77 |97f") = -2 (12.9)

(note that these functions are not normalized; (®4F|®48) = (9BA|9BA) =
4). Any other doubly excited singlet-spin eigenfunction that can be con-
structed involving the same four orbitals would be linearly dependent on
these two functions, which explains the exclusion of amplitudes such as
t?ffgy and justifies the requirement that spin be conserved along each con-
tinuous path in the diagrams.

The cases A = B and/or I = J are simpler, resulting in one spin-free am-

plitude each and providing coefficients for the following singlet-spin eigen-

functions:
@A) = Aa' 43 TBTal0) + AB' Aa' TaTB0), (12.10)
948y = Aa' BB 151al0) + A8 Ba 1a15|0), (12.11)
®77) = Ao’ A3 TBIal0) . (12.12)

The situation is more complicated for higher excitations and for open-
shell states. For ROHF cases the approach described here may lead to func-
tions that are not spin eigenfunctions. A fully spin-adapted and orthogonal
coupled-cluster formalism, including the treatment of open-shell systems, is
provided by the orthogonally spin-adapted coupled-cluster method (Paldus
1977, Adams and Paldus 1979, Li and Paldus 1997).

Spin integration in UHF-based CCD calculations is described in terms of
antisymmetrized diagrams by Bartlett and Musial (2007, Fig. 9). For more
general CC treatments using different orbitals for different spins, including
open-shell UHF cases, only algebraic procedures are easily applicable; this
is the approach used for all cases in the ACES program system (Stanton,
Gauss, Watts et al. 1992, Bartlett and Watts 1998). This approach readily
permits the treatment of high-spin open-shell molecules with either UHF
or ROHF reference functions as well as the use of even more exotic refer-
ence functions, such as are found in quasi-restricted Hartree-Fock (QRHF)
(Rittby and Bartlett 1988) or the Brueckner orbital representation to be de-
scribed in Section 12.4. Low-spin open-shell states are not accessible in this
way, because they require a multideterminantal zero-order function. These
types of state require more sophisticated spin-adapted theories, such as the
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orthogonally spin-adapted approach mentioned above. Open-shell singlets
can be treated within a spinorbital context by a two-determinant-based CC
theory (Balkovd and Bartlett 1992, Szalay and Bartlett 1994). Open-shell
states can also be treated by the various EOM-CC techniques discussed in
Chapter 13.

In all cases, careful organization of the calculations, the definition of ap-
propriate intermediate sums and other summation techniques are important
in keeping the computational work within reasonable bounds. Examples of
the use of intermediates in CC calculations were presented by Noga and
Bartlett (1987) for CCSDT and by Kucharski and Bartlett (1991a, 1992)
for CCSDTQ. These techniques are discussed further in Section 10.7.

12.2 Coupled-cluster theory with an arbitrary
single-determinant reference function

The maximum flexibility and range of applicability of the coupled-cluster
method often derives from the use of reference functions that are not canoni-
cal Hartree—Fock determinants. Such reference functions may be noncanon-
ical HF solutions, which require a block-diagonal Fock matrix, f,; = 0,
without requiring the individual hole-hole and particle-particle blocks to
be diagonal, as would be the case for e.g. localized HF orbitals, or they can
be more arbitrary non-HF single determinants, for which f,; # 0. Because
the use of a canonical HF reference function, with its computational sim-
plifications, is so pervasive in CC and MBPT applications, generalizations
to arbitrary reference functions often may not be given due consideration.
In the discussions of MBPT and CC methods in this book we have always
tried to include the general case. In this and the next sections we shall also
show that using CC theory with an arbitrary reference function can lead
to a generalized MBPT treatment (GMBPT) that provides the finite-order
perturbation-theory approximations as well as the CC solution.

The normal-ordered Hamiltonian retains the same general form for any
choice of orbitals,

Hy =" foald'dy + 1 (palirs) {51 57} (12.13)
pq

pqgrs

In the general case we have to retain the f,; elements, which reflect the
non-HF nature of the reference function, as well as the off-diagonal f;; and
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fap elements; this leads to the detailed form

Ax =Y fold'pr + > fislifit + > fw{ald}
p

1] a#b
3 (fuilali) + frafia}) + i S (pallrs) (5d' 57} . (12.14)
ai pqrs

We can separate this form into a zero-order part and a perturbation, in which
the zero-order part includes the off-diagonal elements of the hole—hole and
particle—particle blocks of the Fock matrix:

Hy = (Ho)x + W, (12.15)
where

(How =Y fupfd'pr + > fis{itit + D fap{a'd}, (12.16)

i azb

V=) (fafa'i} + fiufiTa}) + 5 > (pallrs){p'q'sr} . (12.17)
ai pqrs

In earlier descriptions of MBPT procedures and of the iterative solutions
of the CC equations (see Chapters 9 and 10), only the diagonal part (ﬁS)N,
i.e. the first term on the r.h.s. of (12.16), was used as the zero-order
normal-product Hamiltonian; all other terms were treated as part of the
perturbation. While this approach is practical and common, it has three
weaknesses. First, in many-body theory we prefer the results to be invari-
ant under linear transformations of the occupied orbitals or the unoccu-
pied orbitals separately. This requirement is satisfied by the separation in
(12.15)(12.17) but not by a separation using (Hg)x. Second, using (Hd)x
increases the likelihood that large off-diagonal Fock-matrix elements will be
included in the perturbation and will contribute to poor convergence of the

iterative process.

Third, a diagram like
in the CCSDT equations (diagram 75, of Fig. 10.5) can cause computa-
tional difficulties because, unlike the situation in the canonical HF case, the
off-diagonal —-X interaction does not vanish. For non-HF and noncanon-
ical HF orbitals the evaluation of this diagram would require an Nn}?né
procedure. In iterative CCSDT-1, CCSDT-3 or CCSDT calculations this
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diagram is simply incorporated in the generalized intermediates without
undue concern, but for a noniterative CCSD(T) calculation its off-diagonal
part cannot be ignored and would become a serious limitation (Watts, Gauss
and Bartlett 1993).

All three weaknesses can be readily removed by exploiting the invariance
of CC theory under separate unitary transformations of the occupied orbitals
and of the unoccupied orbitals. This objective is accomplished by a unitary
transformation of the spinorbitals to semicanonical form, defined by the
requirement that the Fock matrix takes the form

()

For the semicanonical orbitals, the hole-hole and particle-particle blocks of
the Fock matrix are diagonal, fi; = fii0ij, fab = faaOap, and thus the diffi-
culties of dealing with the corresponding off-diagonal elements are avoided.
The hole—particle and particle-hole blocks are changed by the semicanonical
transformation but do not vanish, f;, # 0, fu; # 0, and remain as a part of
the perturbation VN, which has the effect of mixing the occupied and virtual
spaces. With the semicanonical transformation, the only one-electron ver-
tices that need to be included in the diagrams on the r.h.s. of the iterative
CC equations are those that represent f;, and f,; interactions, which are
easy to deal with in CC theory (unlike in MBPT) because they add very few
diagrams. The iterations of the CC equations indirectly introduce all the
noncanonical HF diagrams that would proliferate excessively in standard
MBPT, and thereby the CC approach offers a far more effective evaluation
of these contributions than individual MBPT diagrams. This is the basis
for the GMBPT method to be discussed in the next section.

Because of the Thouless theorem (Thouless 1960), which states that any
Slater determinant in a given Hilbert space can be generated from any other
Slater determinant in that space by the application of an operator of the
form e, CC results at the CCSD level and beyond are much less sensitive
than the corresponding CI results to the choice of reference determinant.
This property of the CC method opens the door for the effective use of
many convenient single-determinant choices as bases for CC expansions.
One interesting possible choice is the Kohn—Sham determinant of density-
functional theory (Kohn and Sham 1965), which is formulated to provide
the exact electron density for the system. Another possible choice is a de-
terminant composed of the N highest-occupancy natural spinorbitals (the
so-called first natural configuration), for which the density matrix has max-
imum overlap with the exact one-particle density matrix (Lowdin 1955).
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Yet another is a determinant composed of Brueckner orbitals (the refer-
ence determinant for which all single-excitation contributions to the exact
wave function vanish), which has maximum overlap with the exact wave
function.

A particular case of substantial interest is the use of a restricted open-
shell Hartree-Fock (ROHF) reference function (Rittby and Bartlett 1988).
Unlike unrestricted HF (UHF), this approach to open-shell problems em-
ploys an HF calculation that enforces all spin conditions, and often all or
some point-group symmetry requirements, of the exact solution. In partic-
ular, the ROHF determinant has the maximum number of doubly occupied
spatial orbitals consistent with the required multiplicity. The choice of an
ROHF reference function can be beneficial in many cases, including treat-
ments of the excited states of radicals by the EOM—-CC method described in
Chapter 13 (Hirata, Nooijen and Bartlett 2000a). Of course, as the full-CI
level is approached, the dependence of the results on the choice of orbitals
disappears.

For ROHF-CCSD(T) (Watts, Gauss and Bartlett 1993) and ROHF-
MBPT (Lauderdale, Stanton, Gauss et al. 1991), as well as for ROHF-CCSD
gradients (Gauss, Lauderdale, Stanton et al. 1991), the ROHF orbitals are
used to construct the (noncanonical) spinorbital Fock matrix; this is fol-
lowed by a semicanonical transformation to diagonalize the hole-hole and
particle—particle blocks. As a result of this transformation, the spatial parts
of the a and 3 spinorbitals are no longer equal in pairs and so the CC cal-
culations are carried out in a spinorbital-based formalism in the same way
as in a calculation based on a UHF reference function.

Another case of interest is the use of a so-called quasi-RHF (QRHF') ref-
erence function (Rittby and Bartlett 1988). In this approach, SCF orbitals
from a related system are used to treat the system of interest. For example,
the HF orbitals of CHJ (a closed-shell system) can be used to study the
CH; radical or the CH; ion, or the the HF orbitals of any of these systems
can be used to study the others. If the orbitals of the radical are to be used
then they would be taken from either the spin-a set or the spin-3 set). This
QRHEF reference function is in no way variationally optimal for the problem
addressed, but that deficiency is much less important in CCSD and higher
CC levels than in CI and MBPT calculations, because of the Thouless theo-
rem. In particular, QRHF orbitals are very useful when studying hole states
of ions created by the excitation of an electron from an orbital other than
the highest occupied. The HF orbitals of the neutral species can be used in
the calculation, their occupancy in the reference determinant being adjusted
to describe the desired hole state, thus avoiding the potential for variational
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collapse that would be present if the reference function were to be optimized
for the ion.

12.3 Generalized many-body perturbation theory

As discussed in Section 9.5 and in Chapter 10, iterations of the CC equations
can easily be used to generate MBPT solutions for the usual case of an
HF reference function with a diagonal zero-order Hamiltonian. Using the
non-diagonal zero-order Hamiltonian (12.16) of the previous section and a
semicanonical transformation, order-by-order generalized MBPT (GMBPT)
solutions can be obtained for the non-diagonal case (subsection 2.4.5) from
the corresponding CC iterations for arbitrary reference determinants. For
example, the CC correlation energy,

7>< _ _
AE = Q + M + Q Q , (12.18)
Dy Dy Ds

can be expanded in orders of MBPT:

AE=E® 4+ E® L E® 4 (12.19)

)

_ _
E®) = Q + M . (12.20)
(1) (1)
(2)

D! DY
The first-order amplitudes are obtained explicitly from the first-order CCSD
equations (noting that the diagonal f;; and f,, interactions are of zero order)

vx + vx + \/ =0, (12.21)

(1) (1) -X

\{ §¢x+\{ \#x+vv ~0, (12.22)
(1) (1) -

which, with the semicanonical transformation, simplify to

(faa — fi)t5 Y + fui = 0, (12.23)

where, for example,

(faa + foo — fii — fjj)t?f(l) + (ab|lij) = 0. (12.24)
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Noting that fi; = €;, fii — faa = €} etc., the insertion of these amplitudes
into the second-order energy expression (12.20) provides the GMBPT(2)

approximation,
—x _
= Q + Q Q, (12.25)
_x _

having the same components as the diagonal-case MBPT(2) energy, (5.9),
(5.10).

Continuing to third order (compare with the diagonal CCD case in
Fig. 9.3), we obtain

EG) — Q . M n QQ . (12.26)
(2) (2) (1) ~=(1)

Knowing the first-order amplitudes, the second-order amplitudes in this
equation are obtained explicitly from

-X + \b + ,V + |\ / yfx =0, (12.27)
v@) (1) Q(l) (1)
\/ t*,x 4 \%%/ +vv =0, (12.28)
(2) (1) (1)

where each skeleton represents the sum of the corresponding diagrams with
all distinct arrow assignments. Substituting the resulting first-order and
second-order amplitudes, the GMBPT(3) energy is obtained as

)
)0 0,

Note the introduction of factorized-denominator MBPT diagrams,

TR

b ia b ia
_ L{ablli) fiafp (L 1 _ L{ablid) fiafip (1 5,
9 2,_:;J,Jb 5? g? 2 EZE?
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Fig. 12.2. GMBPT electron affinity of the CN radical. « UHF, o ROHF.

with a similar result for

Q Q (Q 0y O Q) (1231

The diagrams of (12.31) are conjugate (Section 5.5) to those of (12.30), and
their values are complex conjugates of each other. Their sum is equal to
twice the real part of either:

Q o QO _R abHU>fmeb> (12.32)

These denominator factorizations and summations are automatically incor-
porated in CC diagrams. As seen in (12.29), the GMBPT expansion for the
energy is necessarily Hermitian, unlike the CC energy expression.
Extensions to higher orders of the explicit expression of the GMBPT
energies in terms of MBPT diagrams can be made, but there is little reason
to do so since the accumulated CC amplitudes naturally account for all
higher-order diagrams including the proliferating non-HF ( f,;-dependent)
terms. Obviously the latter terms do not appear when canonical HF orbitals
are used and, since the semicanonical transformation also eliminates the off-
diagonal f;; and f,, terms, the above procedure also regains the MBPT
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diagrams for the canonical HF case. The result is a seamless treatment of
MBPT for any choice of single-determinant reference functions and orbitals.

A comparison of ROHF-based and UHF-based GMBPT results for the
electron affinity of the CN radical, computed as the energy difference be-
tween CN*and CN7, is shown in Fig. 12.2 ((Lauderdale, Stanton, Gauss et
al. 1991). In this example, excessive spin contamination in the UHF refer-
ence function causes very slow convergence of the corresponding GMBPT
values in comparison with the ROHF case; ROHF-based GMBPT provides
a satisfactory result even at second order, while the UHF-based calculation
(which is the same as MBPT) does not approach the infinite-order CCSD
result even at fourth order. As expected, because of the low sensitivity of
CC theory to the choice of orbitals, the CCSD results for the two reference
functions are almost identical.

12.4 Brueckner orbitals and alternative treatments of 7' 1

The number of diagrams involving Ty can be quite large, making the expres-
sions for the various CC approximations appear unnecessarily formidable.
Most of this apparent complexity is removed in the pseudolinear form of the
equations through the use of the intermediates (effective-Hamiltonian dia-
grams) introduced in Section 10.7. However, there are some advantages in
removing Ty from the equations by a transformation to orbitals in terms of
which Ty = 0. Such orbitals are known as Brueckner orbitals (Nesbet 1958,
Lowdin 1962b). Another approach is to hide Ty in an effective Hamiltonian

H=e T fyelt . (12.33)
The second approach is more general, and we shall consider it first.

Because all T}, operators commute with each other, we may rewrite the
CC equations in the form

Q(e—Tz—Ts—...ﬁeT2+T3+...)P =0, (12_34)
AE = (0|H|0) + (0le" T2 eT2|0) = Eg + Ep (12.35)
Eg = (0| fxT1|0)c + L(0|WT2[0)c, (12.36)

separating the energy contributions of single-excitation amplitudes, Eg, from
those of double-excitation amplitudes, Ep. Expanding the exponentials in
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(12.33), we obtain

H=Hy + (fNTI)C + %(fNTf)C + (Wfl)c
+ %(WT12)C + %(Wﬁg)c + %(Wffl)c . (12.37)

The one-electron part of this operator is represented diagrammatically by
those one-electron components of the effective Hamiltonian H, i.e. Xia, Xab,
Xij and Xai; (10.53)=(10.56), that do not contain T vertices other than
7). Similarly, the two-electron part of H is represented by those terms
of (10.63)—(10.80) that do not contain 7" vertices other than 77. Inspection
of the three-electron and four-electron components of H, (10.81)—(10.96),
shows no terms with 7} vertices exclusively, so none of these contribute to
H. Thus H is a normal-product two-electron operator, just like ﬁN, and its
evaluation is equivalent to a transformation of the original one-electron and
two-electron integrals (the elements of Hy) into the elements of H except
that, unlike ﬁN, H is not Hermitian.

A possible strategy for solving the CC equations is to build the H op-
erator first and then use it instead of Hy in the CC equations, omitting
Tl—containing terms. However, Ty and thus H depend on the solution of the
CcC _equations and so an iterative procedure is required for the construction
of H. Each iteration requires re-solving the CCD (and CCDT) equations
using H instead of Hy, recomputing the T amplitudes from the CCSD
singles equation, Fig. 10.2, and transforming the elements of H to corre-
spond to the updated T amplitudes. This transformation involves an n°
computational process, which is less demanding than the nﬁné algorithm
needed for the solution of the CCD equations and much less than that for
CC equations that retain triple and higher excitations. For algorithms that
use the untransformed basis-set integrals directly, H can also be represented
conveniently in terms of the basis functions (Koch, Christiansen, Kobayashi
et al. 1994).

Brueckner orbitals can be defined, within a given one-electron Hilbert
space, by either of two equivalent conditions on the orbitals occupied in the
reference determinant: (a) the requirement that single-excitation contribu-
tions to the exact wave function vanish (Nesbet 1958) or (b) the requirement
that the reference determinant has maximum overlap with the exact wave
function (Léwdin 1962b). The equivalence of these conditions can be seen
by considering the overlap between |®p), the Brueckner reference determi-
nant, and the exact wave function |¥). Since any reference determinant can
be converted to any other determinant constructed in the same one-electron
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Hilbert space by a one-electron exponential operator of the form e’ (Thou—
less 1960), we can write the unnormalized Brueckner determinant in the
form

1Bp) = eT1|0) . (12.38)
Requiring stationarity of the overlap with respect to the components of T
leads to
9 .
0= o oz (T |0) = (wlafic™|0) = (¥|(@p)7) (12.39)

showing that single excitations from the Brueckner determinant do not con-
tribute to the exact wave function, so that T = 0; hence conditions (a) and
(b) are equivalent.

Determining the Brueckner orbitals requires an iterative process. To de-
termine a new set of 7} amplitudes from the current Ty amplitudes, the
normal procedure uses the leading terms of the CCSD single-excitation equa-
tion, Fig. 10.2:

\/,,x i \ﬁo + \ﬁo + vx + vx =0. (12.40)

The higher-order terms involving T will be unimportant compared with the
two T diagrams in (12.40). If explicit consideration of triples is of interest
in the generation of Brueckner orbitals then the T3 diagram S7, (10.31), can
be added. It should be recognized, however, that the first approximation
of Tg can be deduced from Tz anyway, using the second-order Tla and le
diagrams of the CCSDT triples equations, Fig. 10.5, and comparing them
with the first-order Sa, and Sop, diagrams of the CCSD singles equation,
Fig. 10.2.

Once a new set {t?} of T} amplitudes has been obtained from (12.40), it is
used to define a new set of orbitals by modifying the transformation matrix
C(® defining the current orbitals {d)éo)} in terms of the basis functions {x,},
(11.99), according to

Z ,u,a za
Cha = ZC,}?t?,

where C is a new transformation matrix (Chiles and Dykstra 1981). The
transformed orbitals are orthonormalized, and the process is repeated by

(12.41)
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re-solving the CCSD doubles equations for 75 using just the leading T}
contributions from Fig. 10.3,

vy + vy (12.42)

plus all the 75 terms of the CCD equations, Fig. 9.2. Then (12.40) is solved
again for new T) amplitudes. As this process is iterated, the 7y ampli-
tudes get progressively smaller, and the importance of the T contributions
in CCSD (and higher) equations diminishes until they can be neglected al-
together. At this point we have a set of Brueckner orbitals. With proper
organization, this procedure can be made nearly as efficient as using pre-
determined HF or other orbitals in CC calculations.

An advantage of Brueckner-orbital-based CC (B-CC) calculations is that,
with 77 = 0, the effects of many nonlinear terms that are not included in
CCSD, such as those due to T 1T3 and T 1T 4 products, do not contribute in
B-CC calculations and thus do not constrain the accuracy of the B-CCD or
B-CCDT results. Furthermore, the exact vanishing of the T contributions
in B-CC calculations of one-body reduced density matrices and electronic
properties (Chapter 11), besides greatly reducing the number of diagrams
that need to be included, may contribute to the accuracy of these density ma-
trices, in which Ty terms often play a significant role (Bartlett, Grabowski,
Hirata et al. 2005).

A comparative study of several difficult, potentially multireference, prob-
lems at the CCSDT level using B and HF orbitals was reported by Watts
and Bartlett (1994). Extensive applications of B-CCD (referred to as BD)
and B-CCD(T), including analytical gradients, were reported by Handy,
Pople, Head-Gordon et al. (1989) and by Raghavachari, Pople, Replogle,
et al. (1990).

Finally, for symmetry-broken cases, e.g. the comparative energy of the
Cyy and Dgj, forms of the open shell NO3g molecule (Stanton, Gauss and
Bartlett 1992), B-CC has been felt to have some advantages. Using B or-
bitals the two geometries can be described equivalently without the use
of broken-symmetry orbitals, unlike the case for UHF or other choices of
orbitals that may vary discontinuously as the symmetry of the molecular
geometry changes. Obviously, all EOM-CC calculations (see Chapter 13)
can be performed with B or any other orbitals, as can all property
calculations.
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12.5 Monitoring multiplicities in open-shell coupled-cluster
calculations

The ability to use RHF, UHF, ROHF, QRHF, B (Brueckner), KS (Kohn—
Sham), NO (natural orbitals) or any other single-determinant reference func-
tion, as discussed in Section 12.2 for example, provides a very useful flex-
ibility in the application of CC methods to diverse problems. However,
applications of these methods to open-shell states do not always result in
pure-spin solutions. This deficiency is particularly evident for UHF refer-
ence functions, but even for ROHF the truncated CC wave function can
deviate to some extent from being an S? eigenfunction. Thus an indicator
of the quality of an open-shell CC solution is provided by computing its S2
expectation value. For an accurate solution this value should equal S(S+1),
corresponding to the spin multiplicity 25 + 1 of the desired electronic state.
The deviation of the computed expectation value from the correct eigenvalue
is a useful diagnostic for the accuracy of the solution. Of course, all deter-
minants contributing to the CC expansion are expected to be composed of
pure spinorbitals and to be S, eigenfunctions having the same value of S,.

Single-reference CC theory with an arbitrary single-determinant reference
function treats spin passively, as opposed to most CI calculations, in which
the spin-eigenstate requirement is enforced in every term (configuration state
function) of the CI expansion. An untruncated, converged CC wave function
is a spin eigenfunction, satisfying

HU = EU, (12.43)
S2W = S(S+1)¥. (12.44)

Approximate solutions W,pprox, such as in truncated CC, do not necessarily
satisfy the spin eigenvalue equation (12.44). For such solutions we can derive
an approximate value S of the spin quantum number S using the projected
value (S?)pro;j, defined by

<S’2>pr0j = <0|§2|gjapprox> = S(S + 1) . (1245)

Equation (12.45) constitutes a quadratic equation for S in terms of <§ 2>pr0j,
with the solution (Purvis, Sekino and Bartlett 1988)

25+ 1 =1/144(5?)proj - (12.46)

Satisfying the condition S = S does not generally guarantee an exact wave
function, but for open-shell states the amount by which S differs from the
exact quantum number S is normally a useful measure of the quality of the
solution.
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A more appropriate measure of the spin property for CC wave functions
(Stanton 1994) is provided by an expectation-value form based on the re-
sponse treatment of properties (Chapter 11):

(52)1esp = (0[(1 + A)e~ L8270 . (12.47)

This expectation value can be computed easily using the response density
matrices (Section 11.7), as shown in the following analysis (Purvis, Sekino
and Bartlett 1988, Stanton 1994). Of course, computation of the response
density matrices requires the solution of the A equations, as would be re-
quired for any property calculation, including that of gradients and second
derivatives.

To evaluate the matrix elements of S2 we use the well-known relationship

§2=88, +82+65,, (12.48)
where 5’+ and S_ are the spin raising and lowering operators, respectively.

Sp=> 8us,  So=) 5, 8= b (12.49)

I I J

Here

(the sums are over the electrons), with

Spa=0, 510 =a,
S_a=0, 5 ﬁ:() (12.50)
§Zoz:%a, $,0=—

Using (12.50), the operators can be represented in second-quantized form as
(Purvis, Sekino and Barlett 1988)

S = Apabbda,  Se= Angilss, (12.51)
Ppqo TaSg

So = (plsla)p'a = 5> plpa — 3 Pl = A0, (12.52)
pq Pa 3

where the sums over p, and gg are over spinorbitals with spin o and spin
B, respectively, A, is the overlap integral between the spatial parts of the
spinorbitals p and ¢, An = n, —Ng and 7, and fg are the number operators
for spinorbitals with spin « and spin (3, respectively, returning the numbers
no and ng of the corresponding spinorbitals in the determinants on which
they operate. In any wave function which is an eigenfunction of S, all
determinants have the same values of n, and of ng. When §+ is applied
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to a “high-spin” determinant (a determinant in which all singly occupied
orbitals have spin «) the result is zero, so the first term in (12.48) can be
ignored in such cases.

Using Wick’s theorem, we have

S-Sy = Z AP,BQaATaSﬁﬁTﬁdaflzgﬁ

PpqarasSp
3 BpaeLrass (55aatiist + Y ApranLans, {0h35)
PBqarasSg aaPgss
N 2
= D A A {fhdad + D | Aiaal (12.53)
quOLTOL igaa

where {---} indicates the normal-ordered product, the second and third
terms result from single contractions and the last term results from a double
contraction. Similarly,

Azé(;ﬁlﬁa %;ﬁgm)
(Z{ wPa} — Z{pgpg}) %<Z1_Z)

g

= 1{An} + 1An, (12.54)

52 = 3({a0) +An)” = AR + L{AR)An + 3(An)?,  (1255)

where {An} = {fn,} —{ng} and An = n,—ng (note the distinction between
the operator An and the number An).

The vacuum expectation value of S2? is obtained by collecting the fully
contracted terms of (12.53)—(12.55):

(015200) = 37 |Aipan|* + ( An + 1) (12.56)

igaa

In an ROHF-based high-spin calculation the overlap terms vanish and the
last term clearly gives S(S+1). The remaining terms constitute the normal-
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product part of S2,
S2 = 52— (05%|0)
= Z ApﬁquTasﬂ{ﬁ;quaflz§ﬂ}

PBqaTasSp
+ Z Apﬁaa Aaasﬁ {ﬁ};gﬁ} - Z Aigqa Araig{flﬁa}
aapssg 13GaTa
+ Ay + H{Ar}(An+1). (12.57)

The normal-product number operators {n,} and {ng} provide the excess
number of a and 3 spinorbitals, respectively, relative to the Fermi vacuum
state, in the determinant on which they operate. In normal CC calculations
this number is zero for all determinants with nonzero amplitudes, so that
the terms in the last line of (12.57) may usually be left out. In EOM-CC
(Chapter 13) or Fock-space MRCC (Chapter 14) these excess-occupancy
numbers may be nonzero but are known numbers that are the same for all
determinants in the computed wave function and can simply replace the
corresponding operators in the last line of (12.57).

Substituting (12.57) (without the contributions from the last line) into
(12.47) and comparing the result with the response density matrices (11.88)
and (11.89), we see that the response expectation value of 5’1% can be com-
puted easily from these density matrices and the overlaps between the spatial
parts of the v and (8 spinorbitals,

<S’1%I>r68p: Z ApgquraSg(FN)anBpgm

PBqarasp
+ § Ap/aaa Aaas,B ('YN)S;;pg - § Aigqa Araig (’YN)qara .
aappsp 18qaTo

(12.58)

12.6 The A and B response matrices from the
viewpoint of CCS

In the response treatment of properties in Section 11.8 we derived the CPHF
equations for the determination of orbital changes due to a perturbation. An
alternative way to view such orbital relaxation can be developed using the
tools of CC theory (Paldus 1990).

Consider the (connected) expectation value for the CC-singles (CCS) wave
function,

E = (0|7 feT|o)c . (12.59)
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Expansion of the exponentials up to quadratic terms gives
E=(0|H+T/H+HT, +T]HT, + 17720 + LATH0)c +--- . (12.60)

Optimization of this expression with respect to the Tf amplitudes, i.e. set-
ting §E/6t%* = 0, results in

(@ H + ATy + T{H|0) =0, (12.61)

with a similar result for the complex conjugate. This equation is represented
diagrammatically by

vx i \ZQ n Qv =0. (12.62)

The coefficients of the T} components in the first two diagrams constitute
the elements of the singly excited CI matrix A of (11.130), while the coef-
ficients of the T{r components in the third diagram constitute the elements
of the B matrix in (11.130). Diagrammatic representations of these ma-
trix elements can be obtained by stripping the Ty and TlT vertices from the
diagrams. Using the non-standard notation introduced in Chapter 4, the
matrix elements can be represented as

Aa Y
Aai,bj = (51']‘ 1Y ¢-—-X + 0 aA ¢--X +
AD YJ

S
<.
S

= (Ea — Ei)éij(sab + <CL]H’Lb> y (1263)

Baip; = a\%ij%fb = (abl|ij) . (12.64)

This analysis demonstrates that both matrices arise from orbital rotation,
or T} terms, which is contrary to some claims that the B matrix represents
a double-excitation, or correlation, contribution. It emphasizes the role
of eI in orbital relaxation and helps to explain why the inclusion of T}
in CCSD and higher CC levels results in a lowered sensitivity to orbital
choices, allowing the use of QRHF and other reference functions that are
not variationally optimum for the system being studied. It also shows that
there is some overlap between the role of €' in orbital rotation and explicit
imposition of the CPHF conditions in the relaxed density matrix.
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12.7 Noniterative approximations based on the CC energy
functional

Following on from the introduction of the CC energy functional (11.62),
it is useful to reconsider the noniterative triple- and quadruple-excitation
corrections to CC on the basis of this functional (Kucharski and Bartlett
1998a,b, Crawford and Stanton 1998) as an alternative to the treatment in
terms of the CC expectation value, given in Sections 10.5 and 10.6.

The CC energy functional (11.67) can be written as

= (0](1 + A)H|0), = (0](1 + A) (AneT) 4 |0),
=01+ M [(EN+W)A+T+ 377+ )], [0).  (12.65)

Assuming that a CCSD solution for A and T has been obtained, we focus
on the terms in the CCSDT correlation-energy expression that depend upon
Tg and/or Ag and isolate those terms that can contribute to this energy in
fourth order,

EN = (0] [As (FIT) +A3(WT[2]) + A (W),

+ M (W) + Ao (BT ] ]0) (12.66)
where FIE} and 13'1% stand for the diagonal and off-diagonal parts of Fy, re-
spectively.

The T?Eﬂ amplitudes are obtained from the second-order diagrams in the

CCSDT triple-excitation equation (diagrams T},, T1p and the diagonal part
of diagrams Ts,, Top, of Fig. 10.5, see also Table 10.3):

(W) |0) + (ST Jo) =0, (12.67)

where T! 5 is taken from the CCSD solution. This condition means that the
first two terms on the r.h.s. of (12.66) cancel through fourth order, and we
are left with

B = (0| [Aa(WT)  + A (WT)  + A(FRTP)c][0), (12.68)

which is represented diagrammatically as follows:

o, Lan, Mo o
(2) (2) (2)

the third diagram vanishes in the Hartree—Fock case.
Since A = T at first order (and at second order in the HF case), this ap-
proximation is very close to the original orbitally invariant CCSD(T) form
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(10.39)—(10.41) except that, because of the time-inversion asymmetry be-
tween A and T (Section 11.7), we cannot simplify further the first diagram
as in (10.39).

This A-based ACCSD(T) model was shown to have the prospect of being
a better approximation than the usual CCSD(T) (Kucharski and Bartlett
1998a, Crawford and Stanton 1998). Unlike the latter, however, it requires
solutions for both A and 7. Nevertheless it is better for describing bond
breaking, which recommends it for the treatment of transition states that
do not differ too much from equilibrium geometry. No noniterative approx-
imation can be fully satisfactory for large deviations from the equilibrium
geometry since, depending upon the choice of reference function, the pertur-
bation theory that underlies the noniterative correction can fail in such cases.

To apply the A-based approach to connected quadruple excitations, we
start from the CCSDT solution and focus on the terms involving A4 and
TP] in the CCSDTQ equation. Proceeding in the same way as for the triples

correction, and noting that TF] satisfies the third-order CCSDTQ equation
A A 3 ~ A ~ A
(BT o + L(WTR) o + (W) ] |0) =0, (12.70)

where Tz and T 3 are taken from the CCSDT solution, the T 4 correction is
obtained as

Eq = (0|[As(WTP) o + Mo (W), + A (FRTY) JJ0),  (12.71)

or, in diagrammatic form,

[, M, (o o

this definies the ACCSDT ) model.

Unlike ACCSD(T), Wthh contams only (generalized) fourth-order correc-
tions, this model includes terms of both fifth order (the second diagram in
(12.72)) and sixth order (the first and third diagrams). The computational
effort for the first diagram, which is the rate- determining step in the calcu-
lation of this correction, is proportional to nhn , which may be compared
with nhn4 for the triples correction. If we limit ourselves to a fifth-order
correction, as in (10.48), we obtain

By = @0_0 , (12.73)
(3)

and the resulting computational effort is of order nﬁ‘né. Furthermore, if

we use a factorization similar to that used in Section 10.6, (10.49), (10.50),
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though this factorization is not quite rigorous in this case because of the
use of A, we obtain a ACCSDT(Qs) analog of the CCSDT(Q¢) correction
(Kucharski and Bartlett 1998a):

AES) = Ho[ATO [y + 3T o) (1274)

]

the computational effort remains that of the underlying CCSDT, propor-

5
p

for the T term and nﬁnr‘:’ for the T3 term. Odd-order contributions, how-

In this fifth-order approximation we avoid the need for computing Tf’ , and

tional to n}?ng’ For (12.74) itself the computational scaling is of order nyn

ever, tend to be less stable than those based on even orders of perturbation
theory.

Several noniterative approximations for triple- and quadruple-excitation
contributions to CCSD and their applications were described by Kucharski
and Bartlett (1998a,b) and by Gwaltney and Head-Gordon (2001). Appli-
cations of the unfactorized fifth-order quadruples correction were given by
Hirata, Fan, Auer et al. (2004), while applications of the sixth-order correc-
tion were considered by Bomble, Stanton, Kéllay et al. (2005). A critical
comparison of various quadruples corrections and their performance in stud-
ies of bond breaking was presented by Musial and Bartlett (2005).

12.8 The nature of the solutions of CC equations

The CC amplitude equations are nonlinear, as are the Hartree-Fock equa-
tions, and therefore have multiple solutions (Kowalski and Jankowski 1998).
The number and character of the solutions of the CC equations have been
investigated by several researchers (Zivkowic 1977, Zivkowi¢ and Monkhorst
1978, Paldus, Takahashi and Cho 1984, Jankowski and Kowalski 1999a—d,
Jankowski, Kowalski, Grabowski et al. 1999, Piecuch and Kowalski 2000).
These questions are of no practical concern for most CC applications but
are of theoretical interest for the understanding of the CC method in all its
aspects.

In practice, in single-reference CC we are usually interested in a spe-
cific electronic state (most often the ground state) and choose the reference
function to be a reasonable approximation to the exact wave function for
that state. As long as that reference function is a good approximation, and
barring pathological cases such as near degeneracies, the usual iterative pro-
cedures for the solution of the CC equations converge to the one desired
solution, the so-called standard solution. In almost all ground-state calcula-
tions at near-equilibrium geometries, at least when the orbitals are real the
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standard solution is well behaved, with amplitudes that are small relative
to unity, and results in a real energy. However, when the reference function
is not the dominant component of the exact solution, which can happen in
cases of near degeneracy or of many excited states, the standard solution may
produce a complex energy even for real orbitals; this was demonstrated, for
example, by Paldus, Takahashi and Cho (1984) in model calculations using
semiempirical m-electron Hamiltonians for some cyclic aromatic hydrocar-
bons. (Paldus, Takahashi and Cho used complex orbitals, but their results
should be invariant under a transformation to real orbitals.) The imaginary
component of any CC energy result is unphysical, being an artefact of the
non-Hermiticity of the CC effective Hamiltonian, and it is reasonable to
ignore it. (Imaginary energy components are a proper result in some scat-
tering calculations, where they determine the width of resonances, but are
not proper components of stationary-state energies.)

Research on the number and nature of all the solutions of the CC am-
plitude equations, and particularly the work of Jankowski and Kowalski
(1999a—d) and Jankowski, Kowalski, Grabowski et al. (1999), was summa-
rized in the extensive review by Piecuch and Kowalski (2000). For the full
coupled-cluster (FCC) model, in which the CC cluster operator T is not
truncated, the number of solutions is equal to the number of solutions of
the full-CI (FCI) model that are not orthogonal to the reference function.
(Solutions that are orthogonal to the reference function cannot be repre-
sented in intermediately normalized form.) Furthermore the wave functions
obtained for the various solutions are orthogonal to each other, and all the
corresponding energies (which are eigenvalues of their respective effective
Hamiltonians, with |0) as the corresponding right eigenfunction) are nec-
essarily real. However, when the CC cluster operator is truncated, as is
necessary for practical reasons in virtually all CC calculations, the number
of solutions increases substantially, the corresponding wave functions can
no longer be orthogonal to each other and many solutions become complex.
Analytic continuation methods connecting the solutions of truncated CC
equations with those of the corresponding CI equations on one hand, and
with those of the FCC (or equivalently, FCI) equations on the other hand,
show many branch points and other singularities. Many of the solutions
appear to lack physical meaning, and it is no longer possible to associate a
specific nonstandard solution unambiguously with each FCC solution.
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The equation-of-motion coupled-cluster method for
excited, ionized and electron-attached states

13.1 Introduction

The conventional, single-reference, coupled-cluster method is very effective
for electronic states dominated by a single determinant, such as most molec-
ular ground states near their equilibrium geometry. Such states are predomi-
nantly closed-shell singlet states, and CC calculations on them produce pure
singlet wave functions. But even these states become dominated by more
than one determinant when one or more bonds are stretched close to break-
ing, so that single-reference CC based on RHF orbitals is then not usually
appropriate for the calculation of entire potential-energy surfaces. While
such problems can be partially treated by using UHF reference functions,
which usually separate correctly, the UHF approach makes use of symmetry
breaking and is poor in the spin-recoupling region.

Most excited, ionized and electron-attached states are open-shell states,
and CC calculations on them using UHF or ROHF orbitals do not usually
result in pure-spin wave functions. Furthermore, such states often involve
large contributions from more than one determinant and thus do not respond
well to conventional single-reference treatments.

One solution to these problems is to resort to multireference methods,
such as those described in Chapters 8 and 14, but such treatments are
still quite difficult to apply at a high enough level. An effective alterna-
tive in many cases is provided by the equation-of-motion coupled-cluster
(EOM-CC) method (Emrich 1981, Sekino and Bartlett 1984, Comeau and
Bartlett 1993, Stanton and Bartlett 1993a). A closely related approach is the
coupled-cluster linear response (CCLR) method (Monkhorst 1977, Dalgaard
and Monkhorst 1983, Koch and Jgrgensen 1990). A third related approach
is the symmetry-adapted cluster CI (SAC-CI) method (Nakatsuji 1979a,b,

431
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Nakatsuji, Ohta and Hirao 1981), which is conceptually similar but, because
of approximations made, is more like CI than CC.

The basic idea of EOM-CC is to start with a conventional CC calculation
on some initial state, usually a conveniently chosen closed-shall state, and
obtain the desired target state by application of a Cl-like linear operator
acting on the initial-state CC wave function. Most commonly, the initial
state is the ground state, while the target state is an excited or ionic state.
Although the calculations for the two states must use the same set of nuclei in
the same geometrical arrangement and the same set of spinorbitals defining
a common Fermi state |0), they need not have the same number of electrons,
as shown by applications to ionization and electron-attachment processes.
Thus we distinguish excitation-energy EOM-CC (EE-EOM-CC), ionization
potential EOM-CC (IP-EOM-CC) and electron-attachment EOM-CC (EA-
EOM-CC), as well as extensions to processes such as double ionization and
double electron attachment.

13.2 The EOM-CC Ansatz

In the EOM-CC method we consider two Schrédinger-equation eigenstates
simultaneously, an initial state ¥y and a target state Wy,

HUy = EgUy, HU, = E V. (13.1)

The initial state is often referred to as the reference state, but we shall not
use this term in order to avoid confusion with the reference determinant |0).
The aim of the method is to determine the energy difference

WE = Ek - Eo (13.2)

and related properties of the target state efficiently by canceling common
terms in the solutions for the two states before the actual calculation.

If we use the normal-product form of the Hamiltonian, equations (13.1)
become

H\ Uy = AE T, (13.3)
HNU) = AE, Uy, (13.4)

where AEy = Ey — Byt and AE), = Ej, — Eyep, with Eyef = (0/H|0). Then
we have

W = AEk - AEO y (135)

since the same reference energy has been subtracted from both Ey and Ey.
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The initial-state coupled-cluster wave function is represented by the action
of an exponential wave operator g = el on a single-determinant reference
function |0),

[Wo) = 2[0) = ¢7]0). (13.6)

The operator T consists solely of connected terms, and its exponential T
corresponds to a sum of linked diagrams arising from 7" and its disconnected
products. An operator Ry, is used to generate the target state from the initial
state,

U = Ry|Wo) (13.7)

so that, using (13.6), the target-state Schrodinger equation (13.4) can be
written in the form

HyxRieT|0) = AB,ReT|0) . (13.8)

In the EE-EOM-CC case, if all possible excitations from the initial state
are included we have

Ry=ro+ Y rifaliy+ > r{alibijy+--- . (13.9)

i,a 1<j, a<b

The constant term 7 is required for the description of states of the same
symmetry as the initial state; if the two states are of different symmetry
then rg = 0. The objective then is to determine the amplitudes in the Ry,
operator. Since Ry, is an excitation operator, it commutes with the CC
cluster operator T and all its components. Clearly, if ]:Ek is not truncated
then it will produce the full-CI result for the target state. Unlike the initial-
state wave operator 0y = e, this operator is linear and thus Cl-like.

Multiplying (13.8) on the left with e~? and using the commutation be-
tween Ry and T, we get

HR;|0) = AE,R|0), (13.10)

showing that Rk\0> is a right eigenfunction of H with eigenvalue AFE}. It is
similar to the CI eigenvalue equation in normal-product form,

HnCy|0) = AELC|0) (13.11)
where

Co=1+) ¢{ali}+ > cfp{aliblj}+---, (13.12)

i,a 1<j, a<b
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except that the operator H is non-Hermitian and therefore also has left
eigenfunctions (0|Lg, with the same eigenvalues AE} as the corresponding
right eigenfunctions Rj|0), satisfying

(0|LyH = (0| Ly AE}, . (13.13)

The operator ﬁk is a de-excitation operator,
Lp=1lo+> L{ifa}+ > 15{itajTo}+- (13.14)

i,a 1<j, a<b

and therefore satisfies
LyP =0, Ly = L,0Q. (13.15)

For the initial state (k = 0) we have Ry = 1, but Ly # 1.
The two sets of eigenfunctions are biorthogonal and can be normalized to
satisfy

<0|I:kél|0> = 0y . (13.16)
They provide a resolution of the identity,

1=")" Rl0)(0|Ls, (13.17)
k

as can be seen by placing this operator between any two left and right
eigenfunctions,

> (0L Ri 0) (O] Li R |0) = 61 0pm = O1m = (0| L1 2| 0)
k k

Also, because Ry =1 we have
(0| L |0) = 6po - (13.18)

As mentioned above, the essence of the EOM-CC method is to eliminate
common terms from the target-state and initial-state treatments before the
actual calculations and thus obtain the energy difference directly. Since
Ry = 1, the initial-state version of (13.10) is

H|0) = AE|0) . (13.19)

Multiplying this equation on the left by Ry, and subtracting it from (13.10),
we obtain the EOM-CC equation in the form

[H, Ry.]|0) = (AEy, — AEy) R |0)

or

(HR|0)) , = wi Rk 0) . (13.20)
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Comparing this equation with (13.10) we see that the restriction to con-
nected terms eliminates the ground-state correlation energy AFy and the
associated diagrams from the calculation and provides the excitation energy
wy, directly.

The EOM-CC equation can be separated into blocks by the P and Q
projection operators,

PHP PHQ\ [ roP roP )
PR N = - I 13.21
[(QHP QHQ> <QRkP>] L (QRkP (13.21)
The corresponding initial-state (k = 0) equation, for which ro = 1, all other
components of Ry vanish and wg = 0, is

[(gzg gzg) (1(;)] . - (8) , (13.22)

(PHP), =0, (QHP), =0, (13.23)

giving

the same as the initial-state CC equations (the initial-state correlation en-
ergy AFy has been eliminated from the first of these equations by the
connectedness condition). Therefore we can eliminate the first column of
(13.21), obtaining

(PHQR,P) = wiro P, (13.24)

(QHQRLP) = wpQRyP. (13.25)

Equation (13.25) is the key equation of the EOM-CC method. It is an
eigenvalue equation for Ry, and wy, and, once it has been solved, the constant
term 7o can be obtained from (13.24). As an eigenvalue equation, its solution
benefits from the techniques, developed for the direct CI approach, based
on the Davidson algorithm (Davidson 1975) or any of its variations. This
iterative method avoids explicit evaluation of the matrix and requires instead
direct calculation of the matrix—vector product, using the current estimate
of the solution vector, in each iteration. Diagrammatic techniques are used
in EOM-CC to calculate the elements of this product, i.e. the elements of
(QHQEIJD)C , using the current estimate of the amplitudes in Ry.

Recognizing that the energy functional defined in the treatment of prop-
erties in Chapter 11 can be written in the form

& = (0](1 + A)YH|0) = (0|LoHRo|0), (13.26)
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where
Lo=1+A, Ry=1, (13.27)

we find that EOM-CC provides a natural generalization for excited states
(Stanton and Bartlett 1993a). In particular, excited-state properties are usu-
ally obtained in EOM-CC using excited-state generalizations of the ground-
state response density matrices,

()E, = (0|Lre =T {p' g}e” Ry0) . (13.28)

The dipole strength for a transition between states k& and [ is proportional
to the absolute square |(¥x|D|¥;)|? of the matrix element of the dipole
operator

D = (0]D|0) + Dy = (0[D[0) + > dpe{p'd}, (13.29)
pq

where d = Zu quTy and g, and T, are the electric charges and position
vectors of the particles in the system. Because of the orthogonality of Uy
and ¥, the vacuum-expectation-value term in (13.29) does not contribute to
the matrix element (¥,|D|¥;), which can be obtained from the transition
density matrix 'y{\lf, whose elements are

()% = (0 Lie T {p g}e” Ry)0), (13.30)
as
(Uk[D;) = (U4[Dn[T) = > () ey - (13.31)
Pq

The application of EOM-CC methods to the calculation of higher-order
properties of the initial state is described below in Section 13.5. The appli-
cation of these methods to a time-dependent perturbation theory treatment
of excited states is discussed in Section 13.6.

In the following we shall drop the index k from the notation for Ry and
wp, and write

R=ro+Ri +Ry+---, (13.32)

where R, collects the n- tuple excitation terms of (13.9), in analogy with
the notation for 7 = Ty + Ty + --- . In applications to excitation-energy
calculations both R and 7' are truncated at the same excitation level. The
truncation of 7' manifests itself in the structure of the effective Hamilto-
nian H.
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13.3 Diagrammatic treatment of the EE-EOM-CC equations

The application of diagrammatic methods to the solution of the EE-EOM-
CC equation benefits greatly from the diagrammatic representation of H
described in Section 10.7. The components of the operator R are represented
by diagrams similar to the corresponding T diagrams but with a heavy
horizontal line to distinguish them from the former, as in

a&Zi a\f@' b&%j a\fi b&fj c&%k
, , etc.
refati} rab{atibtj} rgf,g{&%fjaw%}

The left-eigenstate operator Lis represented similarly,

Z';Xa i%ga]’;\b i%gaj;;b k;\c
) ) etc.,
1L (it} 1% {itajth} 19k Gitagthkte)
consistently with the representation of A in Chapter 11. However, it should
be noted that this notation masks the fact that these two sets of operators
are not adjoint to each other.

The single-excitation (Rl, particle-hole or ph) component of the eigen-
value equation (13.25) can be written in the form

(DI HQR|0)c = w(DF|R|0) = wrf . (13.33)

This equation is represented diagrammatically for EE-EOM-CCSDT by the
first equation in Fig. 13.1. The fixed labels a and i are understood to
be associated with the open lines in these diagrams. The eigenvalue w (the
excitation energy) multiplies the left-hand-side diagram of the equation. For
the last diagram we have taken advantage of (10.63). The diagrammatic
representation of the double-excitation (Rg or pphh) and triple-excitation
(Rg or ppphhh) equations for EE-EOM-CCSDT are also shown in Fig. 13.1.
These diagrams are given in terms of effective-Hamiltonian vertices; actual
calculations use intermediates and factorization techniques along the lines
of Section 10.7 (Kucharski, Wtoch, Musial et al. 2001, Musiat, Kucharski
and Bartlett 2003, Musial and Bartlett 2003). Once the eigenvalue problem
has been solved and the excitation energy w is available, the constant term
ro can be obtained from (13.24); this is represented diagrammatically as

follows:
wrg = ng + M . (13.34)

The algebraic forms of the EE-EOM-CCSDT equations are shown in Fig. 13.2.
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Fig. 13.1. Diagrammatic representation of the EE-EOM-CCSDT equations.

In analogy with the case of the A equations in Section 11.6, in order to
generate diagrams describing the contributions of R,, vertices to the R,
equation we need to use H vertices with n¥ —n” = 2(n —m), where n" and

’I’l/\

are the number of lines connecting to the H vertex from above and from
below, respectively.

The diagrams for the R equations are not identical to the upside-down
images of the A-equation diagrams seen in Fig. 11.10, because of the unsym-
metrical nature of the H vertices with respect to up—down reflection. This
asymmetry, which reflects the non-Hermiticity of H, is manifested by the
limitation n” < 4 (except for the two-body vertex, for which n” = 4 is also

possible), without such limitation for n".
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Z XadT§ — Z Xury + Z XtadiT] + Z xuarl + % Z XaldeT§

del
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P(ij) Z Xabe;T§ — P(ab) Z Xibig Tl + Z Xtabaijri + P(ab) Z Xbariy
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= Pi) Y x5 Xavaerts + 5> Ximig i
l de im

+ P(ablig) > xwayril + 3P (7)Y Xatwaes 75 — $P(ab) Y Ximvia it

dl del dlm
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d l dl
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d l

+ P(a/bcli/jk) Z XiveajiTsi + 3 P(j/ik) Z XabedjeT o
dl de
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del

Nm—t

- % a/bc Z lebcld]krlm + P C/Clb Z Xcd’rz]k
dlm
P(k/ij) Z Xlkrfjbf + P(c/ablk/ij) Z chdkrmbld
+ %]5 (a/be) becderfjf + %P (i/7k) Zlejkmbm

% (a/bc‘k/” ZXblcdeszjl *% (C/ab‘ /Jk lemcjdkrzlm

del dlm
—wrfjb,g (foralli>j>k, a>b>c),
wro = ZXWU 1 Z (Im||de)rily, .
dl delm

Fig. 13.2. The EE-EOM-CCSDT eigenvalue equations, followed by the equation
for the constant term rg.
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The diagrams for the L equations, representing the left eigenfunctions,
are identical to those for the A equations in Fig. 11.10, including the dis-
connected diagrams, because there is no connectedness condition for the
left-eigenfunction equation (13.13). The solutions for these equations are
different for each target state and different from the initial-state A-equation
solutions, because the energy differences w, obtained from the solution of
the R eigenvalue problem, are different for each state.

A particularly important application of EE-EOM-CC is to a class compris-
ing problems that are difficult to treat otherwise by single-reference methods:
the low-spin open-shell states, particularly open-shell singlets obtained by
a single excitation from a closed-shell state. Since most electronic states
reached by dipole-allowed optical excitation from closed-shell ground states
are open-shell singlets, such states have to be treatable in any reasonable
theoretical approach for excited states.

The zero-order approximation for an open-shell singlet state is a two-
determinant wave function,

Bos = L Af(core)[6a(N — Da(N - 1)ép(N)B(N)

— ¢A(N = 1)B(N = 1)ép(N)a(N)]}, (13.35)

S

where “(core)” is a product of the spinorbitals occupied by the other N — 2
electrons. For this wave function, the two spinorbital determinants, de-
scribed symbolically as ab and ab, appear with equal-magnitude weights.
The ab — ab combination describes the singlet, while ab + ab describes the
Mg = 0 component of the triplet. The triplet state can easily be handled
in a single-reference treatment by using the Mg = 1 or Mg = —1 compo-
nent, with the zero-order descriptions ab and @b, respectively, but no such
alternative is available for the open-shell singlet.

A single-determinant-based CC description of the open-shell singlet state
would require using one of the two determinants in (13.35) as the refer-
ence determinant, the other determinant being part of the external space
(i.e. the @ space) in the CC expansion. At convergence both determi-
nants should have coefficients of the same magnitude (but opposite sign).
Since the reference determinant always has coefficient 1 because of interme-
diate normalization, the coefficient of the second determinant has to grow
to that same magnitude, making the basic perturbative structure for solv-
ing the CC equations poorly convergent. Of course, if we simply antici-
pate this equivalence then we can accelerate the process but even so the
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treatment would be unbalanced since the excitation levels included rela-
tive to the second determinant would be fewer than those relative to the
first.

Clearly, the EOM-CC method provides an effective solution to this prob-
lem. As seen in Section 13.2, the excited states are obtained in EOM-CC
from a matrix eigenvalue problem as eigenstates of H, and therefore there are
no restrictions on the coefficient magnitudes (the amplitudes of Rk) in the
solutions. In particular, if the EOM-CC treatment is based on a closed-shell
initial state then all eigenstates are pure spin eigenfunctions. Even when
the EOM-CC calculation is based on an open-shell initial state, such as a
high-spin state, whether one is using ROHF (spin eigenfunctions) or UHF
to define the spinorbitals and the Fermi state in the underlying CC calcula-
tion the initial-state CC wave function does not deviate greatly from a pure
spin eigenfunction (Rittby and Bartlett 1988, Purvis, Sekino and Bartlett
1988, Stanton 1994); most EOM-CC eigenstates are found to be close to
spin eigenfunctions, as measured by the value of <O|ﬁke_T5’26TRk]0>. Fur-
thermore, the evaluation of 52 can be made a part of the EOM-CC cal-
culation, and constraints on the amplitudes can be imposed to guarantee
pure-spin eigenstates for open-shell-based calculations (Szalay and Gauss
1997, 2000).

In principle, the EE-EOM-CC method is just as effective for other low-
spin open-shell states, which may require more than two determinants for
their zero-order description. In practice higher excitations, like those due
to R, should be included for the correct description of, for example, a low-
spin doublet state. Often, the EOM-CC approach, in its various forms,
can also provide an alternative to multireference methods for the treatment
of other states that are not well described by a truncated single-reference
expansion; this includes states involving bond breaking, in which several
quasidegenerate determinants need to be treated equivalently. A general-
ization of EOM-CC, the spin-flip CC method (Krylov 2001), achieves even
more flexibility for applications to open-shell states and bond breaking.

As an example, computed excitation energies at several levels of EE-EOM-
CC for three states of the CH™ ion (Hirata, Nooijen and Bartlett 2000a) are
given, with full-CI values for comparison, in Table 13.1. The initial state
in these calculations is the closed-shell ground 1'X% state. Since only the
four valence electrons are correlated, CCSDT(Q would be equivalent to full
CI for this example. For a closed-shell HF reference function, EOM-CCS
is equivalent to CIS because the contributions of single excitations to the
ground state vanish in the absence of double excitations.
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Table 13.1. Ezcitation energies relative to the full CI results (in eV) at
several levels of EOM-CC for three states of the CH" ion®

State  Full CI ccst CCSD CCSDT-3 CCSDT Weights®

111 3.2087 0.282 0.028 — 0.002 94.7/3.1
21T 8.5304 — 0.544 0.231 0.073 0.23/95.6
3%t 14.304 0.548 0.062 0.022 0.003 87.5/9.5

“Frozen core, 6-31G** basis set, Rcy = 1.131A (Hirata, Nooijen and Bartlett
2000a). The various CC results are given as differences from the full-CI values.

bCCS is equivalent to CIS.

“Percentage weights of single and double excitations in the excited-state wave
function.

This simple example illustrates an important aspect of EOM-CC. When
the target state is dominated by single excitations relative to the initial
state, as measured by the weight of single excitations in the target-state
wave function, we expect satisfactory excitation energies from EOM-CCSD,
and this expectation is confirmed for the open-shell singlet states 1'II and
3!%+ (Table 13.1). However, for states containing significant contributions
of double excitations EOM-CCSD is less accurate, sometimes by one or
more eV, because of an imbalance in the treatment of the initial and target
states. While the initial-state CCSD wave function accounts for almost
all the correlation energy for the initial state, this is not the case for an
EOM-CCSD treatment of an excited state that contains a significant double-
excitation component. Once the treatment is extended to EOM-CCSDT,
most of this inaccuracy is resolved. At the same time, such an extension also
improves the results for singly excited states, though not as dramatically.

The EOM-CCSDT-3 results included in Table 13.1 represent an approxi-
mation of full EOM-CCSDT that uses the CCSDT-3 wave function
(Table 10.4) for the initial state but does not truncate the EOM-CCSDT

R equations. This approximation neglects the contribution of Ts to the T
equations, reducing the scaling of the ground-state calculation from nffnf:‘
to n}?né. The treatments of the initial and target states remains consistent,
since the same approximate T operators are used in both.

Another instructive example is provided by the methylene (CHz) molecule
(Hirata, Nooijen and Bartlett 2000a), when excitation energies for various
states at several EOM-CC levels are compared with full CI results in a

6-31G* basis set (Table 13.2).Comparisons with full CI, which can usually
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be done only with relatively small basis sets, are more instructive than
those with experimental data, because the full-CI comparisons separate
basis-set effects from correlation-treatment effects. Furthermore, compar-
isons with experiment can involve many uncertainties, including questions
of interpretation, particularly when one is accounting for zero-level vibra-
tional contributions or extracting accurate vertical excitation energies from
high-resolution spectra. Several comparisons of EOM-CC results with ex-
perimental data can be found in the extensive review by Bartlett and Musial
(2007).

In this example the closed-shell lowest singlet (1A;) state is the initial
state, so that the ground state 3B; appears as a de-excitation. Nonethe-
less, an accurate description of a full spectrum of states is readily ob-
tained. Had the open-shell ground state been used as the initial state, the
results would have been very similar but would not have produced pure-
spin eigenfunctions. Once again, large errors are encountered at the EOM-
CCSD level for states with a high percentage of double excitations. The
EOM-CCSDT-3 approximation corrects this deficiency to some extent, but
full EOM-CCSDT is needed to obtain a satisfactory description of these
states.

The use of different levels of excitation in 7" and in R has been explored
but in such a case (13.23) would no longer hold, preventing the separation
of the r¢ equation (13.24) from the rest of the EOM-CC eigenvalue prob-
lem. Such an unbalanced approach would also cause difficulties in derivative
calculations for properties.

The CH' and CH, results quoted here could have been obtained by the
diagrammatic methods normally used for larger basis sets and molecules
(Kucharski, Wloch, Musial et al. 2001) but, to allow very-high-order excita-
tion levels as in EOM-CCSDTQP, an algorithm based on the availability of
the full CI Hamiltonian matrix in a determinantal representation was used
instead (Hirata, Nooijen and Bartlett 2000a); these calculations were simi-
lar to the high-order benchmark calculations for the coupled-cluster method
quoted in Chapter 10 (Hirata and Bartlett 2000).

Other comparison of calculated EOM-CC (or CCLR) excitation energies
with full-CI results can be found in Koch, Christiansen, Jgrgensen et al.
(1995), Christiansen, Koch, Jorgensen et al. (1996), Meissner (1998), Larsen,
Hald, Olsen et al. (2001), Hirata (2004) and Musiat and Bartlett (2004).

The calculation of the first and second derivatives of EOM-CC potential-
energy surfaces was described by Stanton (1993) and by Stanton and Gauss
(1995), respectively.
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13.4 EOM-CC treatment of ionization and electron attachment

Because second-quantized operators are Fock-space operators that are not
restricted to a specific number of electrons, the formalisms described here
can be used for processes involving changes in the number of electrons,
such as ionization and electron attachment. These techniques are related to
Green’s function methods (Nooijen and Snijders 1992, 1993), but Green’s
functions are normally Hermitian while EOM-CC is not.

The ionization process can be treated by using an R operator that reduces
the number of electrons by one,

R=Y ri+ Y wblji+ Y ofibljelkiv . (13.36)
i b, j>i b>c, j>k>i

The eigenvalue equation for this operator, the IP-EOM-CC equation, is
formally the same as the EE-EOM-CC equation except that (H}A%|0>)C now
reflects the altered structure of the R operator. Instead of the ph (particle-
hole), pphh, ppphhh etc. sectors of R used in the EE-EOM-CC treatment,
in IP-EOM-CC we use the h, phh, pphhh etc. sectors. The IP-EOM-CCSD
model uses the h and phh sectors of ]:2, while IP-EOM-CCSDT (Musial,
Kucharski and Bartlett 2003) adds the pphhh sector. The IP-EOM-CCSDT
equations are represented diagrammatically in Fig. 13.3.

Since all ionized states are preceded by a series of Rydberg excitations
that approach the ionization continuum, the eigenvalues and eigenvectors
of EE-EOM-CC smoothly approach those of IP-EOM-CC. In fact, simply
zeroing out the appropriate matrix elements in the EE-EOM-CC equations,
corresponding to the removal of an excited electron into the continuum,
will provide the IP-EOM-CC solutions (Stanton and Gauss 1999), but this
procedure does not translate into an optimal factorized CC program. The
latter requires the use of the IP-EOM-CC structure from the outset (Musial,
Kucharski and Bartlett 2003).

The analogous treatment of electron attachment (EA-EOM-CC) is repre-
sented in EOM-CC by using the p, pph, ppphh etc. sectors of R (Musial
and Bartlett 2003),

R=> r%al+ Y rhobljal + .- (13.37)

a a>b, j

The diagrammatic representation of these equations in terms of effective-
Hamiltonian vertices is shown in Fig. 13.4. It is clear that this representation
is identical to the corresponding representation for the IP-EOM-CC equa-
tions except that some line directions are reversed. However, this change in
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direction introduces different intermediates because of the asymmetry with
respect to time inversion of the diagrammatic expansion of H (Section 10.7).

The dimensions of the matrices in the eigenvalue equations are of order
n}?np for IP-EOM-CCSD, n}?ng for IP-EOM-CCSDT, nhng for EA-EOM-
CCSD and n}?ng’ for EA-EOM-CCSDT.

Sample results, with full-CI results for comparison, for IP-EOM-CC calcu-
lations for two ionization potentials of Co and EA-EOM-CC calculations for
two electron affinities of CH™ are given in Tables 13.3 and 13.4, respectively
(Hirata, Nooijen and Bartlett 2000b). Like the EE-EOM-CC examples de-
scribed in Section 13.3, these results were obtained by utilizing the full-CI
Hamiltonian matrix in a determinantal representation.

Analogous treatments can be applied to double-ionization (DIP-
EOM-CC) and double-electron-attachment (DEA-EOM-PP) processes by
natural extensions of the IP-EOM-CC and EA-EOM-CC methods. Dou-
ble ionization has an obvious application to Auger experiments, but both
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Fig. 13.3. Diagrammatic representation of the IP-EOM-CCSDT equations.
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Fig. 13.4. Diagrammatic representation of the EA-EOM-CCSDT equations.

Table 13.3. Ionization potentials of Cy at several levels of IP-EOM-CC
with the full CI results (in eV) for comparison®

State CCs® CCSD CCSDT CCSDTQ CCSDTQP  Full CI
lmy — oo 12,195 12662  12.134 12.151 12.130 12.131
207 — oo 13.942 15180  14.803 14.749 14.724 14.721

“Frozen core, 6-31G basis set, Roc = 1.262 A (Hirata, Nooijen and Bartlett

2000b).
®The CCS approximation is equivalent to Koopmans’ theorem.

double-ionization and double electron attachment can be useful in treating
bond breaking and some other multireference problems.

Wayve functions describing the stretching and breaking of bonds in molec-
ules, such as required in calculations of potential-energy curves and sur-
faces, usually have more than one dominant configuration. In the simplest
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Table 13.4. Electron affinities of CH' at several levels
of EA-EOM-CC, compared with full CI results (in eV )

State CCS* CCSD CCSDT CCSDTQ Full CI

oo — 1r 8922 10.150 10.117 10.109 10.109
oo — 30 1.159 1.701 1.734 1.740 1.741

“Frozen core, 6-31G* basis set, Rey = 1.120A (Hirata,
Nooijen and Bartlett 2000b).
®The CCS approximation is equivalent to Koopmans’ theorem.

example, the breaking of a single bond in a closed-shell molecule, two con-
figurations, described symbolically as (core)a? and (core)b?, where a and
b describe the bonding and antibonding orbitals, respectively, approach de-
generacy as the bond is stretched. Such situations can be treated by double-
electron-attachment EOM-CC, using the doubly ionized “core” state as the
initial state. Since the a and b orbitals are both in the Q-space in such a
calculation, and are treated equivalently, a proper description of the dissoci-
ation process can be obtained. In addition to the (core)a? and (core)b? con-
figurations, such a calculation would automatically include the (core)ab and
(core)ab configurations (assuming that a and b have the same spatial sym-
metry). Alternatively, this problem can also be treated by double-ionization
EOM-CC, using the (core)a?b? configuration as the initial state (Nooijen
and Bartlett 1997b).

An important consideration in such applications is the suitability of the
orbitals of the underlying initial-state calculation for the description of the
target state. The initial-state CC calculation is relatively insensitive to the
orbital choice because of the inclusion of the e’* operator, but EOM-CC
uses a linear Cl-like operator and is more sensitive. When the orbitals are
far from optimal for the target state, the EOM results are bound to reflect
this deficiency (Tobita, Perera, Musial et al. 2003).

The IP-EOM-CC and EA-EOM-CC methods also occur as steps in the
calculation of excitation energies by the similarity-transformed EOM-CC
(STOEM-CC) approach (Nooijen and Bartlett 1997a,b). This approach
produces results very close to those of Fock-space (multireference) CC, to
be discussed in Chapter 14.

The calculation of derivatives of potential-energy surfaces in IP-EOM-CC
has been described by Stanton and Gauss (1994). The automated generation
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of computer programs for high-order EOM-CC calculations was described
by Hirata (2003, 2004).

13.5 EOM-CC treatment of higher-order properties

The EOM-CC method generates energies and wave functions for a range of
states up to a specified excitation level relative to a given initial state. As
a result, it provides a path for the calculation of higher-order properties of
the initial state by a closed-form equivalent of the usual perturbation theory
that manifests a sum-over-states (SOS) form.

As shown in Section 13.2, the EOM-CC wave functions are obtained,
in terms of two biorthogonal sets of eigenfunctions Ry|0) and (0|Ly of the
CC effective Hamiltonian H = e T Hyel, as |U},) = T R|0) and (U] =
(0|f)ke_T. The corresponding eigenvalues are the energies AE, = Ei — Fref
relative to the Fermi-vacuum reference energy Eie; = (0|H|0). In the per-
turbation treatment of properties it is convenient not to separate the ref-
erence energy from the total energy and therefore we define a modified
CC effective Hamiltonian, which in this context we shall denote by H
(“H-bar”) to distinguish it from H, by

T =TT =1+ (0)H|0) . (13.38)

This operator has the same biorthogonal sets of eigenfunctions as H but its
eigenvalues are the total energies F. The energy differences wy, = Ep— FEy =
AE, — AEy are not affected. Using (13.10), (13.13) and (13.16), we find
that

By = (0| Ly HR;|0) . (13.39)
In particular, using (13.18) and (13.19), the initial-state energy is given by
Eo = (0|H|0). (13.40)

Now consider a perturbed Hamiltonian
H(\) = Hy+ )0, (13.41)

with perturbation-strength parameter A\. An example, first discussed in
Section 11.3, is a perturbation due to an electric field A\E , for which the
perturbation operator is given by the dot product © = —-£. > u quTyu, where
qu and 1, are the charges and position vectors of the particles in the system.
The first-order perturbed energy can be used to obtain the static dipole
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moment of the system, the second order will yield the static dipole polariz-
ability and higher-order terms yield static hyperpolarizabilities (Sekino and
Bartlett 1993).

The perturbed initial-state wave function is

Wo(\)) = ™0y (13.42)

As is common in most applications, we have assumed that the reference
function |0) is not affected by the perturbation (but relaxed-orbital choices
are possible; this aspect was used previously to distinguish the relaxed and
response density matrices in Section 11.9).

The CC cluster operator T(/\) can be separated into an unperturbed part
Ty and a perturbation (which commute with each other),

T(\) =Ty + AT(N), (13.43)
where
ATN) = ATD 4+ X273 4. (13.44)
The perturbed wave function can then be written as
[o(N)) = et Moy (1515
= e™|T(\)
where

IT(A)) = e2TM0) = [0) + ATD) + 22T 4 ... (13.46)

Each order of |T) equals the corresponding order of T]O) plus any products
of T terms that combine to give the same order,

Ty = 7MoY, (13.47)
IT®) = [T?) 4 (TM)]|0), (13.48)
IT®) = [TG) 4 7O 4 (7M)?])0) (13.49)

etc.

The Schrédinger equation for the perturbed initial state Wo(X\) = e V]0)
is
H(N)eTM(0) = Ey(A)eT™)0), (13.50)
or, using (13.41) and (13.45),

(Ho +20)eT [T (V) = Eo(N)e™|T(A); (13.51)
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multiplying on the left by e~T0 results in

(Ho + X8)[T(V) = Es(WIT(N). (13.52)

where
Ho = e Tofpelh (13.53)
6 =cTogelh (13.54)

Thus the separation of 7" in (13.43) allowed us to absorb 10 into the opera-
tors and to incorporate e2T into Y. Projecting (13.52) onto (0(1+A)e=2TM)
and noting (13.46), we obtain the perturbed energy,

O[[1 + AN ]e 2T (Hy + 28)eATM [0) = By()) . (13.55)
The Lh.s. of this equation defines a corresponding CC energy functional,
/(AT = (0|[1 + AN)]e 27O (Hy + A8) ATV o)) , (13.56)

which is equal to Ey(\) when the functional is stationary. The prime is in-
tended to distinguish this functional from the CC energy functional £(A, T )
of Section 11.4 which becomes equal to AE = E — (0|H|0) when stationary,
reflecting the use of H instead of { in the present context.

Applying standard Rayleigh—Schrédinger perturbation theory (Section 2.2)
to (13.52) results in inhomogeneous equations for the various orders of T
and FEjy, subject to intermediate normalization,

(Eo — Ho)|YW) = (© — EW)|0), (13.57)
(Eo — Ho)|T®) = (© — W) 1MW) — E@|0), (13.58)

etc. Extracting the energies requires left-multiplication by (0| Lo = (0|(1+ A),
since (0] is not an eigenfunction of Hy; we obtain

= (0](1 + A)B0) — (0|(1 + A)(Eo — Ho)|T™)

= (0[(1 + A)®|0) — (0|(1 + A)(Eo — Ho)|TM|0)

= (0/(1 + A)®|0) = (©), (13.59)

2 =(0la+A)®-E" >rT )y = (0[(1 + A)(Eo — Ho)|T@)

= (0[(1 + A)(® — EM)[TW]0) — (0](1 +A>(E0—Ho>[T<> (T M)?)j0)

= (0(1 + A)(© — EM)|TW0) — (0](1 + A)(Eo — Ho)(T™M)?|0) .
(13.60)

The 7 term in (13.59) and the 7 part in the second term in (13.60) are
eliminated by intermediate normalization. The quadratic term in (13.60)
remains, as does —E(1),
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As in all many-body applications, linked connected expressions are the
most desirable, producing extensive and (when appropriate) intensive re-
sults, but the presence of —E(®) does not allow that. Using the diagrammatic
techniques of Chapter 5, we find that all the expressions we have obtained
for the energy and wave function can be written in a connected and linked
form that eliminates all renormalization terms, though A itself is necessarily
disconnected. In particular, the second-order energy (13.60) becomes

E® = (0](1+ A)(BTM]0) , — (0](1 + A) (Ho(TM)?[0))
= (0](1 +A)[©,TW]]0) — (0](1 + A) [[ Ho, TW], TW]j0).  (13.61)

This fully connected form is the most satisfactory expression for the second-
order energy but does not correspond to an SOS form. It is also more
laborious to compute because of the quadratic term.

By providing a resolution of the identity, the biorthogonal sets of eigen-
functions of H, which constitute the basis for the sum-over-states perturba-
tion treatment, allow a separation of the Hilbert space into two complemen-
tary subspaces, defined by the projectors

P = Ro|0)(0|Lo = |0)(0|(1 4+ A) (13.62)
and
Q=1-P=> Ry0)(0| Ly, (13.63)
k0

and a related resolvent (similar, but not identical, to the resolvent (11.55))

o Ry,|0)(0|L
R = Q(Ey - QH,0) "o = Y M0 OLe (13.64)
Wk
k0
Using this resolvent (compare subsection 2.4.4) we find that
_ ; L,©

w
k0 k

and the E(M term is removed. This provides a linear approximation,

E? = (0](1 + A)B|TW)Y = (0|(1 + A)ORO|0)

lin

_ 3~ {0l + A)BRH0){0IL4O10)

o (13.66)
k40

In practice, the preferred representation of the resolvent operator is by
means of a set of excitations |h) that are orthogonal to the reference function



18.5 EOM-CC treatment of higher-order properties 453

(0| instead of to (0|(1 + A). Such a resolvent involves the usual projector
QQ=1—P=1-10)(0] and takes the form

R =Q(Eo— Ho)'Q

A (13.67)
= |h)(h|Ey — Ho/h)~'(h|.

(Here (h| and |h) are column and row vectors, respectively.) The equations
for the perturbed wave function and energy become

Y0 = [h)(h|Ey — Holh) ' (h|©]0), (13.68)
providing a Cl-like approximation,

ES) = (0/(1 + A)(© — (8))h)(h|Ey — Holh)~'(b[6]0). (13.69)

Note the appearance of (©) = EW in the E(CQI) equation; this term was
left out of (13.60) and (13.61) because of the intermediate normalization
condition, (0|(1 + A)|Y) = 0, but must be included here because of the
change in orthogonality, (0[(14+ A)/h) # 0. A connected form of (13.69) can
be recovered if the space Q of |h) spans fully the original Q space of the
EOM-CC excited states.

The form (13.69) (Stanton and Bartlett 1993b), referred to as the effective
Hamiltonian approzimation, when truncated retains the (©) term, causing
this approximation to behave more like CI (Koch, Kobayashi, de Meras et al.
1994). The first-order function can be expressed as [ Y1) = ]h)t(l), where
t() is the column vector of 7)) amplitudes and is obtained as the solution

to a set of linear equations
(h|Ey — Holh)t() =9, (13.70)

with @ = (h|©|0). These equations are solved using iterative strategies, as
in CI, to avoid matrix inversion. Then the second-order energy is obtained
in either of two forms:

ES = (0](1+4) (8 — EW)nyt® (13.71)
Ef2) = (0/(1 + A)Bh)t™") . (13.72)

The second, linear, form (13.72) is usually a very good approximation with
reasonable choices of |h) (Sekino and Bartlett 1999, Tam, Russ and Crawford
2004). Iterative solution of the linear equations (13.71) or (13.72) provides
a closed-form evaluation of the first-order wave function that is equivalent
to an SOS expression like (13.65). Including the quadratic correction adds
a double-commutator term, which is still linear but cannot be expressed in
SOS form. The various approximations, Cl-like, linear and quadratic, have
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been compared for nuclear magnetic resonance coupling constants (Perera,
Nooijen and Bartlett 1996) and polarizabilities (Rozyczko, Perera, Nooijen
et al. 1997) and little numerical difference observed, so the comparative
ease of evaluation of the connected form of (13.72) recommends it for most
routine calculations (Sekino and Bartlett 1999).

One other form has been suggested (Sekino and Bartlett 1999). The
reason the linear form is not exactly extensive is that A itself has discon-
nected parts, though these are small for HF reference functions. Hence, a
slightly modified A equation can be solved that removes the disconnected
terms. This procedure (called Model III by Sekino and Bartlett) gives a fully
linked extensive expression, now termed EOM-CCy, (Crawford and Sekino
2009). This model has been found to provide highly accurate approxima-
tions to the quadratic expression for circular dichroism, at a saving of ~ 30%
in computation.

13.6 EOM-CC treatment of frequency-dependent properties

The EOM-CC approach is a time-independent method built upon stationary
states, aimed at determining the energy difference between two such states,
including states with different numbers of electrons, and their associated
wave functions. Properties of the stationary states can then be obtained
using the corresponding EOM-CC left and right eigenfunctions. Alterna-
tively, we can consider the time-dependent Schriodinger equation and ask
how a molecule responds to the imposition of a perturbing oscillating elec-
tric field, as would be used in a spectroscopy experiment. The molecule will
undergo an excitation when the imposed frequency is in resonance with the
transition frequency to another stationary state of the molecule. Instead of
a purely stationary-state description, this approach follows time-dependent
perturbation theory to obtain dynamic (frequency-dependent) properties,
such as frequency-dependent polarizabilities (Monkhorst 1977, Dalgaard and
Monkhorst 1983).
Consider the time-dependent Schrédinger equation,

H()¥(t) = z'gtlll(t) , (13.73)

with the perturbed Hamiltonian

H(t,\) = Ho + N0 (™! + 1)

. . (13.74)
= Hy+ AV (t).
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The periodicity of the perturbation is given by
Vit)=V(Et+mr) (m=0,+1,42,...), (13.75)

where 7 = 27 /w is the period. Static properties emerge in the limit w — 0.
The unperturbed solution is |¥g) = ¢70|0), where |0) is the time-independent
Fermi-vacuum reference function. Thus, for the unperturbed state, we have

HoeT0|0) = Ege™0|0), (13.76)
and projection onto (0|(1 + A)e‘TO results in
Eo = (0[(1 + A)e~ T Hye™]0) = (0(1 + A)|Ho|0) (13.77)

where Hy = e~ To ﬁoeTO is the form of the CC effective Hamiltonian used in
Section 13.5, satisfying

Hol0) = Eo|0) . (13.78)

Under the effect of a periodic perturbation, the time-dependent wave func-
tion undergoes periodic oscillations,

W(x,t, ) = (x, t, e EODE = (LX) gy EADL (13.79)

where x represents all the spatial and spin coordinates of the particles. This
wave function and its components, including the phase factor e =€\t
periodic in t. The time average of £(\, ) over one period,

/ E(\t)d (13.80)

is called the quasienergy; thus (13.79) becomes analogous to the time-

, are

dependent wave function for a stationary state of energy F,
(x,t) = h(x)e”F (13.81)
where Hip(x) = Ep(x).
Since all quantities are periodic in ¢, i.e. (X, t, \) = ¥(x, t + mt, \),
T(\, t) =T(\, t+ mT) etc., the analysis can be limited to the first period,

which is analogous to a Brillouin zone for a solid. The functions ¥ (x, t) are
defined in an extended Hilbert space x & ¢ with scalar product

1 T
((a(x,t)|b(x,t))) = / (a(x,t)|b(x,t)) / dt/dxa (x,t)b(x,1).
T Jo
A (13.82)
Also, o(x,t) = tbp(x)e ot in which vp(x) = e’°|0) is the stationary
ground state.
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Various approaches can be used for time-dependent perturbation theory
(Langhoff, Epstein and Karplus 1972, Sambe 1973, Christiansen, Jgrgensen
and Hattig 1998). Perhaps the simplest approach is to recognize that all
relevant quantities have an oscillatory behavior, which enables them to be
described by a finite Fourier series, the terms of which can simply be col-

ket and in which the phase factor can then be elim-

lected in multiples of e
inated to provide equations largely analogous to those of time-independent
perturbation theory for each order.
The time derivative of the time-dependent wave function (13.79) is
0 - 0 0

—U(x,t,\) = *’g(wt{— E ) ‘—} tA). 13.83

L) = ¢ SEOD] +ig it ). (13.89)
Substituting in the time-dependent Schrdodinger equation (13.73) with the

perturbed Hamiltonian (13.74) results in

[Ho + AV ()] b(x, t, \)e EENE = e—iwvﬂt{g [E )] + ig}w(x, A,
ot ot
(13.84)
which, after elimination of the phase factor, leads to
(90 + AV (O] (x, 8, A) = [DE D] (x, 8, M), (13.85)
where
D=1+ tﬁ (13.86)
= P .
and
o = Hy — ;2 (13.87)
0 — 410 ot .
The energy and wave function are expanded in orders of the external
perturbation,
EME) = Eog+ XMW @) + 2@ @#) + - -, (13.88)
P, 1, 0) = O (x) + MW (x,t) + N®) (x,8) 4 -+ (13.89)

where () (x) = 6T0\0>. To separate the time dependence from the spatial
dependence, we invoke a Fourier expansion in the former,

M (x,t) = Z w,(cn) (x)ethwt (k=-n,—n+2,...,n). (13.90)
k

The spacing of k by 2 reflects a cosine choice for the Fourier expansion. The
limits —n < k < n are a consequence of the fact that no terms higher than
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order n contribute to the nth order wave function. In particular, for the
first and second orders,

YO (x, 1) = w1 (x)e! + 1) (x)e (13.91)
¢(2) (X, t) _ w((]?) (X) + 1/)(+22) (X)e%wt + ¢£22) (X)e—%wt (13‘92)

etc.
Application of the standard perturbation-theory methods leads to inho-
mogeneous equations analogous to those of the time-independent case,

(Eo — Ho)v' ) (x) =0, (13.93)
(Eo — $H0)p(x,t) = [V(x,t) - DEW ()]0 (x), (13.94)

(Eo — 90)0 P (x, 1) = [V(x,t) = DEV ()] (x, 1) — [DEP ()] ) (x)
(13.95)
etc. Inserting the Fourier expansion of the first-order wave function into the
first-order equation results in

(Eg — f{O — )‘w(”( )> it 4 (EO _ f{O _i_w)‘w(_ll)(x»efiwt
— [O(e™ 4+ ™) — DEM(1)]To|0) . (13.96)

Left-multiplying by (¢o(x)| = (0](1 + A)e‘TA0 eliminates the Lh.s. (because
of intermediate normalization) and results in

DeW(t) = (O[O ) (™ + )

, A . 13.97
<0|(1 + A)@|0>( iwt e—zwt) _ E(l)(ezwt + e_ZWt), ( )

where © = eTOG)eTU. Here EW is the usual static first-order term. The time
average of (13.97) over one period is zero,

1 /7 A A
(DEW(t)) = / EW (et 4 e7tydt = 0. (13.98)
T Jo
Inserting (13.97) into the first-order equation (13.94) results in

(Eo — 90)0 D (x,t) = [V(x,t) = EO (et + e )]y (x).  (13.99)

Just as in the time-independent case, the perturbed CC solutions are

|w< )( )

7 t) A|0) (13.100)
{ + [T (#)] }eT0\0> (13.101)
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etc. and their Fourier components are given by

TO())0) = (T et + T e 1) o) (13.102)
TO)()]0) = (T4 + Tt 4+ 7)e=21)|0) (13.103)

etc. Left-multiplication by e*TAO, using Hg = e*TOI:IOeTO and
V(t) = e DoV ()elo = B(et + ety (13.104)
puts the first-order perturbed equations (13.99) into the form

(Eo — Ho T w)TV|0)e*™! = (8 — (8))[0)e*™* (13.105)

where the designation + indicates the sign of w. Since this equation is true
for all values of w the factor e*™?* can be eliminated, providing the analogs
of the time-independent equations, which are modified only by the presence
of w:

(Eo — Ho T w)T10) = (6 — (©))]0). (13.106)

Finally, projection by a set of determinants (h| sufficient to determine
the vector of coefficients in Til), ie. tgrl)(w) = t(_l)(—w) =t = <h|T_£1)]0)
(note that these are the same for positive and negative frequencies), gives

(Eol - Hy +wl)tH =8, (13.107)

with Hg = (h|Hg|h) and 8 = (h|©]|0). The homogeneous part of this linear
equation provides the poles. Using wy to specify the position of the kth pole
relative to Ey, we have

Hot!" = wytl” (13.108)

for each transition with which the radiation can be in resonance. This result
is equivalent to the EOM-CC expression (13.20), Hy and t; representing H
and Ry|0), respectively.

For the perturbed first-order wave function we find

7|0) = R(+w)O]0) (13.109)

where R(£w) = Q(Ey — Ho +w)~'Q, with Q =1 — P = 1—|0)(0|. This re-
solvent is nonsingular provided that the reference function is nondegenerate
and w # 0.

Continuing to the next order of perturbation theory, we can define the
frequency-dependent (dynamic) polarizability. In second order we need to
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consider all three Fourier components leading to Té ) TJ(FQ), and T( ). For

this purpose it is convenient to express the V(t) operator as

V(t) =0, e +0_e (13.110)

even though ©4 = ©_. (More general situations can be accommodated by
keeping these two terms separate from the outset.) Hence, after collecting

£2iwt and €0 = 1,

factors of e
(Eo — Fo — 2w> |:TJ(F22) + (Till))ﬂ |O>e+2i°"t — (@+ _ < @+>)Till)|0>€+2iwt
= D ( )|0), (13.111)

(EO — Hg+ 2w> [Tg) + (T£11))2} |0)e 2wt — (@7 — @7>)T£1)|0>e—2iwt
= —DEDB)|0), (13.112)

(Eo— o) (12 + 2707 0y — (8, — ©.))7V]0) - (@,—@ )70}
— _DEG(p)0). (13.113)

Left-multiplication by (0|(1 + A) = (0|Lg eliminates the T3 operators be-
cause of the biorthogonality of the EOM-CC eigenfunctions, but it does
not eliminate the 7MTM terms, as previously discussed for the static case.
While (0|Lg is a left eigenfunction of Hy, if (0|A is limited to categories of
excitations in (h| such as singles and doubles then the products 7M7)
can introduce triple and quadruple excitations that are not involved in the
determination of A. Therefore the quadratic term should be retained in the
expression for the energy derivative,

DEX(t) = (0|10 (61 — (0:))T “”|o> (0120 (8- ~ ©-))7LY]0)
— 20| Lo(Ey — Ho)T!)T)0). (13.114)

The second-order frequency-dependent energy can be obtained by time-

averaging the energy derivative over one period. The terms involving e*2«?
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integrate to zero and leave just the time-independent terms:
E®(w, —w) = <D5<2)>
= (01Lo(64 — (©))T1710) + (0] Lo (8- — (€-))T)]0)
- 2<0|L0(E0 - >T(”T 0)
= (0]L0(Bs — B)R(-w)B_[0) + (0]Lo(B- ~ (B))R(+)B]0)
— (0| Lo(Eo — Ho) T R(~w)8-0)
— (0| Lo (Eo — Ho) T +w)@,|o>. (13.115)

The dynamic polarizability, o(w, —w) = —2E®)(w, —w), is obtained when
0=> i quty.

An alternative choice for the resolvent R’(f+w) is in terms of the EOM-
CC left and right eigenfunctions of the non-Hermitian Hamiltonian Hy. The
spectral expansion of this resolvent is

R’(w) —i—R’(—w) _ Z(Rk’0><0|f/k + Rk|0><0|ﬁk> ) (13.116)

. W +w W — w

Then
a(w, —w) = 2(Lo|OR'(w)O| Ro) + (Lo|OR'(—w)®| Ro)
— (Lol(Eo — Ho) T\ R (+w)0_| Ro)
— (Lo|(Eo — Ho)T. J(rl) '(~w)O_|Ry) . (13.117)

If we neglect the last two terms in (13.115), we obtain the time-dependent
analog of the EOM Cl-like approximation (13.66) (Stanton and Bartlett
1993b, Rozyczko, Perera, Nooijen et al. 1997) discussed in Section 13.5.
This approximation treats Hy as completely defined by its left and right
eigenvectors, instead of explicitly introducing the expansion of e’® into the
second-order perturbed wave function, and leads to the textbook sum-over-
states expression,

O‘L()I‘Rk|0 O‘LkI'R0|0>
azz( —9 . 13.118

The numerator in this expression contains the left and right transition mo-
ments, whose products (the dipole strengths) are the residues at the poles.

If instead we first use the fully connected form, analogous to (13.61),
in which all terms correspond to connected diagrams and then make the
same approximation as in the static case, we regain the linearized connected
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approximation that retains the SOS form for the dynamic polarizability.
As also discussed in Section 13.5, retaining the last two terms of (13.117)
gives the benefit that the full exponential expansion can be used, but this
is at the cost of a more difficult evaluation. The result is a time-dependent
analog of the connected approximation (13.72) (Sekino and Bartlett 1999).
The numerical differences between these approximations are very small for
most applications, including the frequency-dependent polarizabilities (Rozy-
czko, Perera, Nooijen et al. 1997). When the quadratic terms are included
there are also slight changes to the values of the dipole strengths (Koch,
Kobayashi, de Meras et al. 1994, Sekino and Bartlett 1999), though the
right-hand transition moment in this approximation is linked, extensive and
intensive (Sekino and Bartlett 1999).
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Multireference coupled-cluster methods

14.1 Introduction

As in the case of quasidegenerate perturbation theory (Chapter 8), mul-
tireference coupled-cluster (MRCC) theory is designed to deal with elec-
tronic states for which a zero-order description in terms of a single Slater
determinant does not provide an adequate starting point for calculating the
electron correlation effects. As already discussed in Chapters 8 and 13,
these situations arise primarily for certain open-shell systems that are not
adequately described by a high-spin single determinant (such as transition-
metal atoms), for excited states in general and for studies of bond breaking
on potential-energy surfaces; they arise usually because of the degeneracy
or quasidegeneracy of the reference determinants. While single-reference
coupled-cluster (SRCC) methods are very effective in treating dynamic elec-
tron correlation, the conditions discussed here involve nondynamic correla-
tion effects that are not described well by truncated SRCC at practical levels
of treatment.

As shown in Section 13.4, many open-shell and multireference states can
be treated by EOM-CC methods, including a single excitation from a closed-
shell state to an open-shell singlet state, which normally requires two equally
weighted determinants in its zero-order description. Furthermore, double-
ionization and double-electron-attachment EOM-CC, as well as spin-flip CC
(Krylov 2001), allow the treatment of many inherently multireference tar-
get states. These methods have the advantage of being operationally of
single-reference form, since then the only choices that need to be made
are of the basis set and the level of correlation treatment. Although, they
require an SRCC solution for an initial state (not necessarily the ground
state) to initiate the procedure, once initiated multireference target states
are available by the diagonalization of an effective Hamiltonian matrix in

462
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a determinantal representation. As in the case of perturbation theory, the
multireference approach is the most general and natural way to extend the
reach of high-accuracy electronic-structure calculations.

The methods employed in MRCC are a combination of the techniques of
QDPT (Chapter 8) and SRCC (Chapters 9 and 10). They fall into two main
classes: Hilbert-space MRCC (HS-CC, usually in the form of state-universal
CC, or SU-CC), and Fock-space CC (FS-CC, also called valence-universal
MRCC, or VU-CC). Hilbert-space MRCC also has a state-specific (55-CC)
version designed so as to obtain a single solution based on a multirefer-
ence zero-order function; this is analogous to multireference CI (MRCI)
but includes proper factorization of the disconnected clusters and leads
to extensive solutions. Fock-space MRCC also has an additional version,
intermediate-Hamiltonian MRCC (IH-CC). The differences between these
approaches will be discussed in the following sections. In each case, the
methods can be based either on complete model spaces (which are often too
large for practical applications and also suffer from intruder-state problems)
or on incomplete model spaces (which introduce some complications and
may result in some loss of extensivity).

All multireference methods, including QDPT and MRCC, are based on
the generalized Bloch equation

[Q, Hy|P = VQP — QPVQP. (14.1)

Asin QDPT, the projection operator P projects onto a model space spanned
by a set of model functions ®,,

P= Z‘q)a><q)a‘ = Zpaa Poe = |<I)oc><cboc|a (14'2)

and Q = QP is the wave operator, which, when operating on the model
space, produces the space spanned by the perturbed wave functions,

U, = 0P, = QPP . (14.3)
With intermediate normalization, €2 is split into two components:
Q=P+QQ, (14.4)
where

O=1-P=Y|o)@ =50, Or=|o)@],  (145)
I I

is the projector onto the orthogonal (or complementary) space, i.e. the space
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spanned by all the functions ®; that are not in the model space. From (14.3)
and (14.4) it follows that

PO, =,. (14.6)

Another common form of the generalized Bloch equation can be obtained
by rearranging the terms in (14.1) and using Hyp+ V = H, at the same time
noting that P = P as can be seen from (14.4). The result is

HQ = Q(HoP +VQ) = Q(Hy +V)Q
or
HQ =QHQ. (14.7)

This form is more convenient for MRCC because, unlike QDPT, it does not
involve an order-by-order expansion but is generally formulated in terms of
the full Hamiltonian. As in all coupled-cluster methods, instead of an order-
by-order expansion of the wave operator {2 we express it in exponential form,

Q=" (14.8)

and expand T into different excitation levels. The details of this expansion
and of the treatment of the model space will differ between the two classes
of MRCC methods, HS-CC and FS-CC.

As discussed in Section 8.1, the functions ¥, (14.3), are not individually
eigenfunctions of H but span the space of eigenfunctions \TIO[ for which the
model space forms a zero-order approximation, i.e.

(Iv’a = Z \I’gCga
7 - (14.9)
= Q0sC5H, = 0P,
3
where
To = ®3Csa (14.10)
3

are the bonnes fonctions (Bloch 1958) already discussed in Section 8.1. In
analogy with the case of QDPT, the weights (transformation coefficients)
Cpq are obtained by diagonalization of an effective Hamiltonian, as shown
by substituting these expansions into the Schrodinger equation

HY, = E,V,. (14.11)
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Applying P from the left, we get the matrix eigenvalue equation
PHO®, = E,®, (14.12)

from which the transformation matrix C can be determined.
The operator

H® = PHQ, (14.13)

which operates entirely in P—spaee and whose eigenfunctions and eigenval-
ues are ®,, and FE,, respectively, is called the effective Hamiltonian operator.
The notation HT is used here, as in Chapter 8, to distinguish it from the
coupled-cluster effective Hamiltonian H of Chapters 10-13. With this nota-
tion, the generalized Bloch equation (14.7) can be written in the form

HQ = QH. (14.14)

Once the Bloch equation is satisfied, we can obtain another expression for
H*% by operating with Q! on (14.14),

HY =0 'HO. (14.15)

14.2 Hilbert-space state-universal MRCC

The Hilbert-space approach to multireference coupled-cluster (MRCC) the-
ory assumes a separate Fermi-vacuum definition, and thus a separate par-
tition of the spinorbitals into hole and particle states, for each model-space
determinant (Jeziorski and Monkhorst 1981). In this respect it resembles
the Hose-Kaldor approach to incomplete-model-space QDPT (Section 8.7
and Fig. 8.8) but can be applied to both complete and incomplete model
spaces.

Following the Ansatz of Jeziorski and Monkhorst, the wave operator is
separated into individual wave operators for the different model states,

2="0,=Y"P,, (14.16)

where
T =T + TS + -
/! ~ / ALAA
= t(ati+ Y e (@)alb i+ (14.17)
ia ijab
In the last expression the primes on the summation signs indicate the exclu-
sion of internal excitations (excitations that result in model-space
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determinants), and t¢(a), t?j’(a) etc. are amplitudes; it is to be remem-
bered that the definitions of particle and hole states are different for each
model state.

The exclusion of internal excitations in (14.17) is not an approxima-
tion, provided that the model space is complete. However, as discussed
in Chapter 8, complete model spaces are usually impractical because of
their size and because of intruder-state problems and so treatments using
incomplete model spaces (IMS), also called general model spaces (GMSs),
are much more desirable. As shown by Li and Paldus (2003a), the exclusion
of internal excitations from the cluster operators T is not valid for incom-
plete model spaces. If we expand the wave operator §2, in a Cl-like series
(compare (1.8)),

Qu=(1+C¢+C¢+-- )Py (14.18)

where C’f{‘ is a linear combination of n-fold excitation operators on ®,, then
(14.2) and Q = QP require the exclusion of internal excitations from each
C‘T‘; But this exclusion is not equivalent to the exclusion of such excitations
from T,i“ because, expanding T in its power series, we find that the exact
(full CI) expansion must satisfy
CAg N %(T3a)2 - T?a . (14.19)
C§ = H(TPP +TPTS + T ete.
When the model space is complete, any term in T * that generates a model-
space function is accompanied in (14.19) by disconnected-cluster terms gen-
erating the same model function, expressed as products of lower-order ex-
citations each of which also generates a model-state function. In this case
the exclusion of internal excitations from T is equivalent to their exclusion
from €,. But when the model space is incomplete some lower excitations
in the above disconnected-cluster terms can generate Q—Space functions, so
that the relevant connected-cluster amplitudes cannot be set to zero with-
out introducing approximations. Thus, instead of excluding all internal ex-
citations from T;j‘ such operators must be retained, their amplitudes being
determined by the requirement that the corresponding terms in C’,‘; have
zero amplitude in (14.19). For example, if the operator atbtji generates a
model-space function when operating on ®,, the amplitude of the function
is given by
ti} (@) = =t (@)t} (@) = t} (@)t} ()], (14.20)

which would be nonzero if a7 and BTj and /or aty and bli are external exci-
tations. These requirements, which were termed the connectivity conditions
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(or C-conditions) by Li and Paldus, can be represented compactly in dia-
grammatic form. For an excitation from internal state ®, to an internal
state ®g that differs from it by a single, double, triple, ... excitation, re-
spectively, its amplitude must satisfy

=0, (14.21)

L8| B
+ =0, (14.22)

TR TR TR

etc., where the diagrams are in the &, representation and the box at the top
indicates the final state ®3. The disconnected diagrams in these equations
implicitly include all distinct permutations of their labels, e.g.

014

where |®g) = (o)) = #Tagto|®,). All these diagrams involve only the
spinorbitals that are occupled in one, but not both, of the two internal states.
Such spinorbitals were called local active spinorbitals by Li and Paldus, in
analogy with the valence orbitals in a “local” version of the classification
of the spinorbital space used in the incomplete-model-space perturbation
theory, Section 8.7 (see Fig. 8.8); however, they are defined by just the two
model states involved in the matrix element. The limitation on the spinor-
bital labels is indicated by the bars and double arrows in these diagrams, in
analogy with the notation in Section 8.7.

The C-conditions indirectly introduce some disconnected-cluster contri-
butions into the MRCC equations, in analogy with such contributions in
incomplete-model-space MRPT (subsection 8.7.1). Most importantly, en-
forcing the C-conditions ensures the extensivity of the MRCC energy when
the T operators are truncated consistently at any excitation level.
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Substituting the definition of the wave operator (14.16), the generalized
Bloch equation (14.14) may be written in the form

S HT Py =3 T By AP (14.25)
5 E

Projecting on the left with ¢~ and on the right with P, we obtain
e T BT By =Y e T PR, (14.26)
B

Applying an external-space determinant (@%b(aﬂ = (afibt} .- ®,| on the
left and the model function |®,) on the right, we obtain equations for the
external-excitation amplitudes t%b.'.'.'(a) contained in the operators 1“:

A~

ao... —Te [ ab... —Ta T8 ~
(@ (a)|e T He™" [05) =Y (DiF(a)|e e | @p) (05 HM|Dy) .
g (14.27)

The matrix elements of the effective Hamiltonian Hef appearing in this
equation are obtained, using (14.13) and (14.16), as

HEp, = (05| H|@a) = (96| HQY Do) = (B5|He""|@a) . (14.28)

For the use of diagrammatic techniques, the Hamiltonian H on the Lh.s. of
(14.27) can be replaced by

S = 0 — (@] H9,), (14.29)

where normal order is defined relative to ®, as the Fermi vacuum, since the
the constant term does not contribute to the matrix element. We can then
use the CC effective Hamiltonian (the similarity-transformed Hamiltonian)
for model state ®,,

He = e T He™ = (™). (14.30)

The internal-excitation amplitudes in T are determined by the C-conditions,
while the equations for the external-excitation amplitudes take the form

(@50 () [H| o) = D (D (a)]e ™™ | @) ST (14.31)

B
The diagrammatic techniques of single-reference CC (Chapter 10) can
be used for the left-hand side of these equations, but the equations dif-
fer from those of single-reference CC in two respects. A minor difference
is the distinction between the treatment of internal and external excita-
tions (relative to the model space). A major difference is the appearance
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of the coupling term on the right-hand side. Because of this coupling the
equations are solved iteratively, cycling through the different model-state
equations using current approximate values for the amplitudes on the r.h.s.
and updating these amplitudes with new values as they become available,
until self-consistency is achieved between the input and output amplitudes.

We now consider in more detail the evaluation of the various matrix ele-
ments that appear in (14.28) and (14.31), following the analysis of Li and
Paldus (2003a). For the diagonal elements of H* we note that (®,|7* = 0,
so that

(Bale™™ = (Ba|(1 =T+ ) = (] (14.32)
and therefore
HE = (@, e T AT |3,) = (®0]H|Dy) . (14.33)

Thus we can use the diagrammatic formulas of single-reference CC to calcu-
late these elements, with the minor difference that the internal excitations
are omitted from 7.

Considering now the off-diagonal elements of (14.28), (®43|/T* does not
necessarily vanish unless the model space is complete and therefore the in-
sertion of e=7" in (14.28) may not be justified for incomplete model spaces.

Instead, we insert e/ e~ 7" =1 and obtain

HE = (Ds]e” H*|D,) . (14.34)

The only excitations in 7 that can contribute to <(I)5|6Ta involve local
active spinorbitals. For typical incomplete model spaces the number of such
excitations is quite small and a series expansion of e’ will then include
just a few contributing terms, allowing easy diagrammatic evaluation of a
matrix element.

When the model state ® 5 represents a single excitation relative to ®, we
obtain

H = ‘ + ’ x HYT . (14.35)

The second term, which is unlinked (since HSY is a closed disconnected
part), vanishes because it involves amplitudes for internal single excitations,
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(14.21). For a double excitation we get

| [ 8 ]

[ ] [B] (L35
He§:w+w+ {M}+QQ x HST . (14.36)

The sum in the parentheses vanishes when the C-conditions are satisfied,

(14.22), eliminating the unlinked term. The single-excitation amplitudes in

the second and third term are not necessarily zero, except in the complete-

model-space case, because they may correspond to external excitations indi-

vidually and only lead to the internal state ® 5 in the indicated combinations.
Similarly, for a triple excitation we have

5]

HGEM*%Q'*' w+' i
(@i o0 00n)

(14.37)

where the unlinked terms vanish when the C-conditions are satisfied. As
stated above, the labels on the lines in the diagrams for (®/Hf|®,) are
restricted to local active spinorbitals. Furthermore, when the model space
is complete all diagrams that include T vertices vanish, leaving only the first
diagram for each matrix element.

Next we consider the first factor in the sum on the r.h.s. of (14.31),
Sty B) = (@4 (@)™ ) 1438)
= (@ (o)l |23 ),

where |®3) = @45 («)). Inserting a resolution of the identity between the
two exponentials, we obtain

e P
Sir (e, B) =D (R (a)|e™ (@) (@r]e™ | P58 (o) - (14.39)
I
The series expansions of the exponentials in this equation result in expres-
sions, involving Cl-like amplitudes, corresponding to linear combinations of
T amplitudes and their products; these are analogous to the expressions
(14.21)—(14.23) involving the C-conditions but they also contain excitations
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Table 14.1. State-universal MRCC' excitation energies, in eV, for M3 Ay
states of the water molecule®

SU model-space dimension

State Excitation CI? 3 6 10
A, gd. state® —0.241833 —0.238073 —0.238149 —0.238252
341 3ay — day 9.431 9.457 9.456 9.425
A1 3ap — 4day 10.363 10.364 10.356 10.367
341 1by — 2by 15.475 15.550 15.554
A, 1by — 2b 17.884 17.964 17.937
A, 162 — 4a? 20.588 20.669 20.467
341 3a; — 5a; 23.253 23.459
A, 3a; — 5ay 24.414 24.590
Ay 3a? — 443 24.928 25.152
YA, 163 — 203 26.756 26.854

@Li and Paldus (2004); SU-MRCCSD in a cc-pVDZ basis.
bSingle-reference CISDTQP (single to five-fold excitations).
¢Ground-state energies as F + 76 in Ej,.

outside the model space. The diagrammatic representation and the evalu-
ation of this expansion are described in detail by Paldus, Li and Petraco
(2004); see also Kucharski and Bartlett (1991b) for the explicit equations,
which will not be discussed further here.

Several applications of Hilbert-space SU-MRCCSD were discussed by Li
and Paldus (2003c, 2004), who compared model spaces of different dimen-
sions with high-excitation single-reference CI. As an example we show in
Table 14.1 some of their results for several 13 A; states of the water molecule.
Additional results and comparisons with those obtained using various dif-
ferent methods can be found in the review by Bartlett and Musiat (2007).

14.3 Hilbert-space state-specific MRCC

The salient feature of the state-universal form of Hilbert-space MRCC is the
simultaneous treatment of several electronic states (equal in number to the
dimension of the model space) on an equal footing. This approach is most
appropriate for cases of exact degeneracy of the model functions, as in the
case of many open-shell states, and to some extent to cases of close quaside-
generacy. But, for most problems in electronic structure theory for which a
multireference treatment is indicated, we are usually interested in just one
electronic state, and the simultaneous computation of a number of states on
an equal footing is an undesirable burden. An example of such a case is the
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calculation of potential-energy surfaces (PESs), which often involve near de-
generacy in some geometries but are far from quasidegenerate in most other
geometries. A state-universal treatment of such potential-energy surfaces
is bound to introduce intruder-state problems for some geometries, as the
determinantal basis states (both model states and external states) change
their relative energy positions and order in different regions of the PES.

Even when we are interested in a few electronic states at a time, their
number may be smaller than the desired dimension of the model space. Li
and Paldus (2003b) proposed a generalization of SU-CC for this type of
situation. In this section we shall focus on state-specific MRCC, in which
just one electronic state is computed using a multidimensional model space.
We shall follow the general approach of Mukherjee and co-workers (Maha-
patra, Datta and Mukherjee 1998, 1999, Chattopadhyay, Mahapatra and
Mukherjee 1999).

State-specific MRCC is intended to provide a CC equivalent of multiref-
erence CI in generating a single electronic-state solution from a multideter-
minantal model space but, unlike MRCC, it benefits from the linked nature
of the CC theory and, owing to the exponential nature of the wave oper-
ator, includes higher excitations obtained as disconnected clusters of lower
excitations. The MRCI wave-function expansion is generated from a set
of reference determinants (or spin-adapted linear combinations of determi-
nants, called configuration state functions) similar to the model space in
MRCC, to which are added all excitations of specified levels (usually just
single and double excitations, MRCISD) from the reference determinants.
The Hamiltonian matrix in the basis of all these determinants is constructed,
usually implicitly (“direct CI”), and the desired eigenstate obtained. In CC
theory, as usual, the eigenvalue problem is replaced by a set of simultaneous
equations.

The desired SS-CC wave function \T/a for the electronic state « is obtained
by the operation of a wave operator €2 on a linear combination ®,, of model
functions @,

Wo) = Q|Dy) (14.40)
o) = P|Wa), (14.41)

where P is the projector onto the model space. Typically, the reference
P-space will consist of several determinants {®3} containing all the in-
active core orbitals plus various sets of active orbitals, and the <T>a are lin-
ear combinations (the bonnes fonctions) of these model determinants, as in
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(14.9), (14.10); the coefficients of the linear combination are obtained as the
components Cg, of the appropriate eigenvector c, of the He matrix.

Inserting the Jeziorksi-Monkhorst Ansatz (14.16) for © into (14.40), we
obtain

Wo) = Qo) =S 150 (@51P0) = S 1@5)Cpa . (14.42)
5 5

A complication arises in this procedure due to the fact that, unlike the case
of SU-CC, the wave operator §2 operates directly on a linear combination of
model determinants and may generate the same Q-space functions from its
operation on different model determinants, giving rise to redundancy and
non-uniqueness in the formalism. It is therefore necessary to omit the redun-
dant Q—Space functions from the expansions or to invoke a set of sufficiency
conditions (Mahapatra, Datta and Mukherjee 1999).

When the wave function (14.42) is substituted into the Schrodinger equa-
tion we obtain

A P8
> [He™ |95)Cho — Eae™ |®5)Cha) =0. (14.43)
B

In order to introduce the connected-cluster operator e =10 e — 18 , we
insert the identity 1 = = TP T = Tﬁ(P + Q)e~ ™", noting that P =
> |@4) (@], to obtain

s . P s
D P HSECsa + Y e QHplP5)Coa — Ea Y e’ |@5)Cpa =0,
5 5
(14.44)

where, in matrix form,

HT = (®|HQ|®) = <’HZeT"

> (14.45)

and ® is a vector composed of the model-space determinants {®g}. Ex-
changing the dummy summation variables 3 and +y in the first term of (14.44)
leads to

3 8 8
Z > e @p) HEIC o + €7 QHP @) Cpo — Eae”” |@4)Ca
(14.46)

The redundancy in the determinants is taken into account for each 3 by
setting the corresponding terms in the 8-sum to zero.
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To obtain the amplitudes we multiply this Schrodinger equation on the
left by e 17 and project onto the @)-space determinants, obtaining

> (@5 (ﬁ)\e_TﬁeTw\%ﬂffEmeJr (B4 (B)H7|®p)Cpa = 0 (for all B).
v(#8)
(14.47)

Thus we obtain a single solution for state . The coefficients Cg, are ob-
tained as the components of the appropriate eigenvector c,, of H*, (14.45).
Except for the c, vector, this equation is similar to a form of the SU-CC
equation partitioned to separate one state from all the others.

Detailed discussions of extensivity considerations and the use of suffi-
ciency conditions for dealing with the redundancies were given by Mahap-
atra, Datta and Mukherjee (1999), who also presented several applications
demonstrating the efficacy of the approach.

Another version of SS-CC is based upon Brillouin—Wigner PT (subsection
2.4.2). As pointed out there, the main disadvantage of BWPT is that its
energy is not extensive, because its equations retain a dependence on the ex-
act energy E, (as does a truncated-CI calculation). However, unlike RSPT,
it does not have renormalization terms and one can derive therefore quite
straightforwardly the relevant equations for BWCC. These equations for SS-
CC were presented by Hubag¢, Pittner and Cérksy (2000) and by Pittner,
Céarsky and Hubaé (2002). The equations that determine the amplitudes
have the form

Eo(@0-(8)]™"|®5) — (B2 (8)| H|e™’|B5) =0 (for all B).  (14.48)

Hence, they are coupled only through F,, making them virtually the same
as the SRCC equations for each  once the contributions from the other
active-orbital determinants are excluded from the g-equation. However, the
lack of extensivity defeats the purpose of a CC theory. To account for this
deficiency in an approximate manner, several a posteriori corrections for
restoring the extensivity have been developed, as well as corrections to the
iterative procedures. Nevertheless, this approach would appear to be inferior
to the SS-CC approach of Mukherjee and co-workers.

Many of the currently applicable MRCC methods have been compared
with high-level single-reference CC for several prototype multireference prob-
lems in a detailed paper by Evangelista, Allen and Schaefer (2006); also con-
sidered have been the insertion of Be into Hy (Purvis, Shepard, Brown et al.
1983), the H4, P4 and H8 quasidegenerate systems (Jankowski and Paldus
1980) and cyclobutadiene and methylene (Balkova and Bartlett 1994, 1995).
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14.4 Fock-space valence-universal MRCC
14.4.1 The Fock-space approach

The Hilbert-space state-universal approach treats several states with the
same number of electrons and can directly compute excitation energies (as
shown in Table 14.1). A Fock space (Kutzelnigg 1982, 1984, Kutzelnigg and
Koch 1983), which is the union of Hilbert spaces for a range of numbers of
electrons, such asn = 0,1,2, ..., nmax, can deal with a set of electronic states
with different numbers of valence electrons. This approach refers all equa-
tions to a single Fermi vacuum and uses a single, valence-universal, wave
operator for all states. It finds its major applications in the determination of
energy differences, such as ionization potentials and electron affinities as well
as electronic-state excitation energies. Examples of the type of quasidegen-
eracy it can address include complicated open-shell atoms, for which many
multiplets lie close in energy.

The Fock-space approach starts formally with the same Bloch equations
as used in Hilbert-space methods, except that the meaning of the model
functions and their projectors has to be extended to accommodate different
numbers of electrons. The classification of the one-electron states is the
same as in the Hose-Kaldor approach, Fig. 8.8, repeated here as Fig. 14.1 to
introduce an extended notation. The model space is regarded as consisting
of different sectors. The projector P onto the model space is composed of

inactive particles

(e f,-) > particles
........................................................ (a, b’ . )
} active particles
_ (@,9,...) /
active space { ———————————————————— - Fermi level
active holes
(u,v,...)
........................................................ holes
inactive holes (@, J:---)
(m,n,...)

Fig. 14.1. Notation for the one-electron states in Fock-space MRCC.
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different sector projectors p.h) producing p active particles and h active
holes in the common Fermi vacuum (see Fig. 14.1). The simplest sector
projector is

POO —0)(0|, (14.49)

which projects onto the Fermi vacuum. The pP0) projector produces model-
space determinants |®®) = 21|0) for all active particle labels x, for (n + 1)-
electron states:

0= 3 atlopole = 3 |97 (@] (14.50)

Similarly, the PO projector removes one active orbital (creates an active
hole) to generate (n — 1)-electron states |®,,) = @|0) for all active hole labels
u, which is useful in the treatment of ionization potentials:

PO =3 "alo)(o]a’ = Z@ (D] (14.51)

u

The P11 projector creates all possible single excitations from active holes
to active particles,

D=3 "atajoy(olats = o8 (@3] (14.52)

This sector projector is useful for the treatment of states dominated by single
excitations from the Fermi vacuum. For states with strong double-excitation
components we also need the P22 projector,

22 = LN " atagoloy(oetgals = 1 > |05 (@Y. (14.53)

TYuv TYuv

In a similar manner, the p2) projector,
P2 =33 Cataojo)(ofoals = 5 ) 19%,)(25, ], (14.54)
TUuv TUU

corresponds to shake-up effects in photoelectron spectroscopy. Other sectors
have a role in Auger processes etc.
The total model-space projector P is the sum of the sector projectors,

=> > p, (14.55)
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where n, and ny, are the numbers of particle and hole states, respectively, in
the active space. For the projector onto the complementary space for each
sector we have

Owh) — 1 _ poh) (14.56)

which is restricted to terms with the same number of electrons as P(p’h), mn-
cluding model determinants belonging to sectors other than P®) gnd includ-
ing |0) for Q" k) projectors. In complete-model-space (CMS) calculations,
|0) cannot contribute because no connected diagrams can be constructed
with it in the Bloch equations (Pal, Rittby, Bartlett et al. 1988). For in-
complete model spaces (IMSs), |0) may contribute to Q and to H*f, so that
intermediate normalization is no longer valid (Mukherjee 1986, Chaudhuri,
Sinha and Mukherjee 1989). Unlike the peh) projectors, which consist of
mutually exclusive sets, different Q(p7h) projectors with the same number of
electrons have most terms in common.

Partitioning the model-space determinants by their numbers of active par-
ticles and holes leads to a partitioning of the effective Hamiltonian:

PP — p0.0)g,p0.0) | pO.1) freff p(0,1)
+ pLO) frefi p(1,0) 4 p(LL) freff p(1.1) 4 (14.57)
The first term on the right describes the vacuum-sector contribution, corre-
sponding to single-reference CC, and is obtained as
P0,0) freff p(0,0) _ p(0,0) fr T p(0,0)
— pOOTTHT OO — pOOY PO (1458)

because POVl = POO( 4T 4 ...) = PO gince T is an excitation
operator. Once the correlated wave function for the (0,1) sector has been
evaluated, the second term of (14.57) provides the ionization energies. The
third term provides electron affinities, while the fourth term determines
electronic excitation energies.

14.4.2 The valence-universal wave operator

The correlated wave function is also constructed in sectors, each based on
the corresponding sector of the model space, through an exponential wave
operator €:
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For the (0,0) sector this process simply reduces to the usual single-reference
CC solution,

@00 p0.0) _ T p0.0) (14.60)

but a more general treatment is needed for the other sectors. To proceed,
we express the wave operator in terms of an auxiliary operator S (Lindgren
1978, Sinha, Mukhopadhyay and Mukherjee 1986):

Q={5, (14.61)

where the braces indicate normal order. This operator is also partitioned
by sectors of Fock space,

S =500 L g0 4 §OH L g1 .4 §pmm) (14.62)
with
500 — . (14.63)

We also define the partial sums

p h
PR =3NS (p <y, B <), (14.64)
k=0 [=0
AS =8 - 800 AGPh) — glph) _ §(00) (14.65)

The components of S operate on model determinants. When operating
on a determinant in the P®") sector they generate determinants belonging
to Q(p’h); thus the only nonvanishing matrix elements of S components are
of the form <<I>7(p’h)|§(k’l)|<1>gp’h)>, with k& < p, I < h, and furnish the s
amplitudes. Here <I>}‘(p ) and <I>,(1p ) are determinants belonging to Q®h) and
p@h) respectively. Usually S®h) gperates on a model determinant in the
P®h) sector, although it can produce a nonvanishing result when operating
on any model determinant that has at least p occupied active particle states
and at least h unoccupied active hole states. The 5(0.0) operator operates
on |0) and provides the usual definition of the ¢ amplitudes of the single-
reference T' operator. The objective of the valence-universal (VU) treatment
is to add the excitation amplitudes that can arise with the multidimensional
model space and that can be used to correlate the new states available with
this model space.

Each model determinant in the P(19 space has one more electron (active
particle) than |0), and new terms are needed to provide correlation effects for
this added electron. This task is accomplished by the new §(1,0) operator,
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which excites the active particle produced by PO to an inactive particle
state, possibly accompanied by additional excitations. Using the designation
of Fig. 14.1,

S0 Zs {et3) PO (14.66)
SO pLo) — 1 Z s2{atptizy P(10) (14.67)
ixab

etc. The excitation due to 5’%1’0) has to be of the form z — e (active particle
to inactive particle). An x — y excitation would result in a model deter-
minant belonging to P19 and is excluded. For 5’ (10 the requirements are
more relaxed: any x — a excitation may be accompanied by any i1 — b
excitation. A diagrammatic representation of S0 and other S operators
is shown in Table 14.2. The thick bars in this figure represent the corre-
sponding S operators and have the value of the corresponding s amplitude.
It is easy to see that SO will be of the same form as S0, except that
o will replace Z, because it can fill the vacant hole state created by pon
while 7, j replace é', bi:

S,%O,l)fg(o@) _ Z u Lty PO (14.68)
géo,l)p(o,l) 1 Z arafatyi} PO (14.69)
ijau

etc. The S operator is given by
5’{ ) pLy Zs“{u 2 Py (14.70)

Sé 1) pi1) Z Sgg{&T@Tm}P L1) (14.71)

aiux

&(1,1)

The prime on the summation sign in the expression involving the S
operator indicates that the a and 7 labels cannot both refer to active or-
bitals at the same time (if they did then the resulting state would belong to
]5(171)). Operators for any other sector of Fock space can be diagrammed as
in Fig. 14.2. Our notation for the s amplitudes does not specify the sector of
S to which they belong, because that information is evident from the type
of subscripts and superscripts on the amplitude symbol.

The 5’51’1) operator contains only active lines and is a de-excitation opera-
tor taking the |®%) model function, generated by P41 back to the vacuum
state |0). Such terms do not contribute at all for complete model spaces
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Fig. 14.2. Diagrammatic representation and algebraic expressions for the S (0,0),
S10) 501 and SV operators at the CCSD level. The heavy bar represents the
S operator, and has the value of the corresponding s amplitude. In the definition

of 5’51’1) the prime on the summation sign indicates exclusion of the case in which
both upper labels (a and @) refer to active orbitals (see (14.68)—(14.71)).

(CMSs), and they do not contribute to the evaluation of excitation ener-
gies in important special cases of incomplete model spaces (IMSs) (Sinha,
Mukhopadhyay and Mukherjee 1986, Meissner and Bartlett 1991), though
they can contribute to the Fock-space wave function. This property applies,
in particular, to MRCCSD calculations, in which POY s the highest sector
and defines the model space. Model spaces comprising complete sectors are
called quasicomplete.

A critical feature of the VU approach is the need to insure normal or-
dering in products of S operators, such as those arising from the expansion
of the exponential e, as indicated by the braces in the exponential Ansatz
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Fig. 14.3. Illustration of the factorization of disconnected diagrams in the open-
shell case (Lindgren and Morrison 1986). The braces on the right-hand side of the
equation denote normal order.

QP = {e°}P, (14.61). Normal ordering of the Hamiltonian and of the cluster
operatorsffi,fb,...and.evahnﬂjon,ofthehfContracﬁorw via the generalized
Wick’s theorem have been used throughout this book. Normal ordering is
easily imposed in the single-reference theory. In particular, the T operators
and their products are always in normal order because they consist of oper-
ators (for particle creation and hole annihilation) all of the same kind with
respect to normal ordering, and therefore the exponential e’ is also in nor-
mal order. But the products of S operators in VU theory do not have this
property and require explicit normal ordering of the exponential in (14.61).

A consequence of this situation is that the factorization of sums of differ-
ent time orderings of disconnected diagrams, which is trivial in the single-
reference theory, as shown for example in (9.97) and (9.101), requires explicit
product normal ordering in VU theory (Lindgren 1978). As an example we
examine the factorization shown in Fig. 14.3.

As is the case for T' operators, in first order the S operators can be rep-
resented by the one-body and two-body Hamiltonian operators of MBPT
and QDPT theory. In fact, except for the reversed direction of two of the
lines, the disconnected diagrams in Fig. 14.3 are equivalent, in first order,
to diagrams 56 and 57 of Fig. 8.5. Such first-order approximations do not
need explicit normal ordering, but going beyond first order introduces the
requirement for product normal order.

The disconnected diagram D, interpreted as a single diagram, has the
value

sy 8T A
z AT AT AT A A
D, = %{cﬂﬁuuzy}. (14.72)
e
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(For the determination of the denominators see Section 8.5.) Reversing the
time order gives diagram Ds, with value
sisTH A
Dy = %{awm@}. (14.73)
2zt “yzi

Using the factorization theorem and adding the two diagrams gives a fac-
tored denominator product, eliminating the six-index denominator factor:

a
SyS

TU
Y2 fatatatizgy . (14.74)
Yy<zi

Dy + Dy =

However, the r.h.s. of the equation in Fig. 14.3 is a product of two diagrams
and, disregarding the braces around it for now, its value is

S gator x S5 gatatis = U fator stats

o 2 patetisl f Ay fatetts

E—a{a g} x Eﬁ{x iz} = Tw{a gHz'a"z}. (14.75)
Y 21 Y- zi

The product of creation and annihilation operators in this equation is not
in normal order, as seen by the fact that contraction is possible between g
and 2t. Only by imposing product normal order (indicated by the braces in
Fig. 14.3),

{{atpy{atatizy) = {aTatalizg) (14.76)

do we get the two sides of the equation in Fig. 14.3 to agree.

Such problems cannot arise in a closed-shell case involving products of
T operators, since all such products are automatically in normal order and
all creation and annihilation operators anticommute. In the multireference
case, however, the active orbital operators do not anticommute, and cannot
simply be reordered, unless they are inside a single normal product. The
correct result is restored by imposing normal order explicitly, as is done on
the r.h.s. of Fig. 14.3. Lindgren (1978) offered this approach as a simple res-
olution of this problem, showing that the correct products will be obtained
in a Fock-space theory once Q = {e°} is product normal ordered.

A useful consequence of product normal ordering is that there can be no
contractions among products of S operators, even though these operators
may have open active hole lines that could have been contracted in the
absence of normal ordering.

Several simplifications are possible in expressions containing the VU wave
operator {e® }]5 First, consider the (0, 1) sector, which involves a model
space of determinants with one active hole vacant. While SO PO.D) g
associated with s amplitudes, we have (S(®1)2P(01) = 0 since there is
only one vacant active hole available for the two Gy operators. Similarly,
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(SEDY2PMLY) = ( and in general (S®M)2P®h) — (. However, a nonzero
result can be obtained for products such as SO 8§10 P Thys the VU
wave operator, while formally an exponential, reduces to a linear form in
the (0,1) and (1,0) sectors and only has nonlinear terms involving products
of s amplitudes in higher sectors. As we shall see presently, the amplitudes
in such a product derive from sectors below the sector of interest.

Another key simplification derives from the observation that terms like
SAY pA0) apd SO POL) yanish and, in general, SEDPEI) =0 if k > i
and/or [ > j. A consequence of this property is that the expansion of the

VU operator {eAg }P(p’h) has to terminate. In particular, when operating
on P(Y there is no contribution from S0, §21  §0.2) §(1.2) op §(2.2),

As a result,

AGPOD — (§00) 4 GO 4 G11)py) (14.77)
and

{eAS}PID = (00 4 5O 4 (LY
I %{g(og)g(m)} + %{g(l,O)g(Ovl)})p(Ll) . (14.78)

14.4.83 The Fock-space Bloch equations
Since S0 = T, the VU wave operator can be factored in the form
QP = T (A5 P, (14.79)

Our remaining objective is to derive the Fock—fpace VU equations, which
will allow us to determine the amplitudes of AS.

Substituting (14.79) in the Bloch equation (14.14) for the (p,h) sector,
we get

HeT {25y poh) = (T [ASY poh) freff ploh) (14.80)
Left-multiplying by e T gives
e THeT {ASyPh) = (£AS) poh) freff plph) (14.81)

or

H{eAg}p(p,h) _ {eAg}p(p,h)ﬁ[effp(th) . (14.82)
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Now projecting by P®h) and noting that P(p’h){eAg}f’(p’h) = ph{] 4
AS + .-} ph) = P®h) because PPMAS = 0, we get an equation for the
sectors of Hef:

@R = poh) frefi poh) — poh)gASy peh) (14.83)

Finally, projection of (14.82) by Q®h) provides the amplitude equations,
QPR {AS) PP — G [ AS) frefiph) (14.84)

The simplest example is provided by the equations for the (0, 1) sector,
HefOD — pODgyeg 4 5Oy pOL) (14.85)

QU [H{1+ SOVPOD (7 4 SODYFefOD] — ¢, (14.86)

Using the standard diagram-generation techniques, the VU amplitude
equations and the associated HeT can be diagrammed as shown in skele-
ton form in Figs. 14.4-14.6 for VU-CCSD. As in Chapter 8, short bars
across a line indicate limitation to active orbitals. The main difference from
the single-reference theory is the appearance of “folded” diagrams, from the
r.h.s. of the equations, that depend upon H°f. Such diagrams are familiar
from MR-MBPT, Chapter 8. The energies for each sector are obtained by
diagonalizing the H® matrix for the corresponding sector.

As can be seen from Figs. 14.5 and 14.6, solving the equations for S
requires knowledge of the S0 and SOV amplitudes. This is a general
feature of the VU equations: solution of the equations for S@h) requires the
prior solution of the equations for S*:!) for all k < p and all I < h (obviously
not including k£ = p and [ = h simultaneously). This requirement for the
hierarchical solution for all sectors of Fock space lower than the sector of
interest has been called the “subsystem embedding condition” (Haque and
Mukherjee 1984, Chaudhuri, Mukhopadhyay and Mukherjee 1989).

An alternative demonstration of the subsystem embedding conditions can
be obtained by comparing the number of amplitudes to be determined by
the equations for each sector with the number of such equations. Consid-
ering first the (0, 1) sector, which requires a model space of one-active-hole
determinants, the number of such determinants is ny,, the number of active
hole states. For an MRCCSD calculation we need to consider all single and
double excitations from these model determinants, which requires gio’l) and

~

Séo’l). For S”go’l) the single-excitation amplitudes are s}, (see Fig. 14.2),
and their number is nynj, where nj is the number of inactive hole states.
The various 5”50’1) equations (Fig, 14.4(A)) are distinguished by two labels,
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SRS
PP
SRR

Fig. 14.4. Diagrammatic representation of the VU-CCSD equations for the (1, 0)
and (0, 1) sectors in skeleton form; (A) is the equation for Sy, (B) is for Sy and
(C) is for the one-electron part of H® (represented by the rectangle).

those for the initial active hole line (e.g. u) and the final inactive hole line
(m). (The internal lines are summed over and have dummy summation
indices.) The number of these equations is thus nynj, the same as the num-
ber of amplitudes to be determined, allowing unique determination of all
the amplitudes. Similarly, the number of possible amplitudes s“b for S, §(0.1)

is §nhnp(nh) , equal to the number of Sé 2 equations (Fig. 14.4(B)). Ob-

viously, a similar result will be obtained for the S1.0) operator except that
the corresponding numbers will be n,n;, and %npnil(n%)2, respectively.

This situation is to be contrasted with the case of S, For VU-CCSD
the relevant operators are SF’I) and Sél’l) but, as can be seen from Fig. 14.2,
‘5@51,1) is not needed and we have enough equations to determine Sél’l).
Howover, we can see from Figs. 14.5 and 14.6 that we also need the am-
plitudes for S’%l’o) and S%O’l) and therefore cannot solve the (1,1) sector
independently without first solving the lower (1,0) and (0, 1) sectors, as
specified by the subsystem embedding condition.

The equations and diagrams given here are appropriate for the CMS case,
but most also apply to a truncated MRCCSD calculation with (1,1) as the
top-level sector. In this latter case the S’g’l) operator contributes to €2 and
thus to the wave function, where it introduces a |0) contribution, negating

intermediate normalization. But there is no contribution to H°f and thus
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Fig. 14.5. Diagrammatic representation in skeletal form of the VU-CCSD equation
for Sél’l). The two-electron part of He is shown in Fig. 14.6.

B —
B

to the energy. Therefore, for energy calculations only, the contribution of
Sg’l) and the lack of intermediate normalization can be ignored. If the
wave function is also of interest, the 5’9’1) operator can be calculated from
the corresponding Bloch equation, shown diagrammatically in Fig. 14.7. Its

contribution to the wave function is given by

(@AY (w) = trsu(0). (14.87)
uxr

The IMS case imposes consistency requirements on the selection of the
model states for the various sectors. Once the model states have been speci-
fied for the top sector, each lower sector must include all model states having
as orbital indices all allowed subsets of the orbital indices of the selected
model states of the sectors above it.

The S operator can be used to demonstrate another aspect of the VU
formalism. It is possible to have the unusual situation in which, after an ac-
tive hole state has become unoccupied by P it can be reoccupied by the
next operator. Counsider, for example, the following instance of the second
and fourth diagrams of Fig. 14.5, in which the second diagram includes an
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Fig. 14.6. Diagrammatic representation in skeletal form of the two-electron part
of Hef,

Fig. 14.7. Diagrammatic representation of the VU-CCSD equation for S’%l’l).

emptying and reoccupation of the active hole state u at the internal hole line
(no other active hole label can replace the u on this line, although inactive
hole lines would also produce valid contributions):

a 7 a 7

(b) + (b) u
U

x x U

Both diagrams have the same initial and final state and have the matrix
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element yqup; of H (see Eq. 10.70) as a common factor. The lower parts of
the two diagrams contribute the sum s% + s%%. The second amplitude in
this sum is called a spectator amplitude. If we were to go beyond VU-CCSD
and include 5’:.51’2) we would also have s%% as a spectator amplitude, with
similar contributions at higher levels.

The required presence of these spectator terms in the VU theory limits the
orbital relaxation found naturally in an FS calculation in comparison with a
model that benefits fully from the presence of an exponential operator eT1
because the full power of the exponential is not there. An illustration Would
be the poor accuracy of core-ionization states, where such effects are known
to be quite important. To improve upon the accuracy, selective infinite
summations of spectator terms have been recommended and, since they are
fundamentally simple, such summations can in fact be accomplished (Jana,
Bandyopadhyay and Mukherjee 1999).

14.4.4 Relationship to EOM-CC

Another interesting aspect is the similarity of VU-CC to EOM-CC
(Chapter 13). Consider an ionized state dominated by the removal of an
electron from hole state m. The IP-EOM-CC Ansatz for this state is

W) = Rene[0) = €T Ryn]0) | (14.88)
R Z i+ 5 Z Zj{a Ji}+ - (14.89)

ija

The dominant terms in (14.89) identify the hole state m as most strongly
involved in the ionization. The second form in (14.88) takes advantage of
the commutation of 7' and R,,. While operationally R,, cannot be deter-
mined before 7', the two forms of the Ansatz in (14.88) allow two different
interpretations of the result. In the first, eT\O> creates a correlated ground
state and then Rm removes an electron from this CC state and introduces
the correlation changes due to ionization. In the second, R,, removes an
electron from the vacuum state and generates a Cl-like expansion for the re-
sulting ionized state and then e’ introduces ground-state correlation terms
that, together with Rm, result in the correct description of the ionized-state
correlation.

In the VU-CC case, the Ansatz is

W) = {57} ®,) = (14 50D)|®,,), (14.90)
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where |®,,) = 7|0) is a one-vacant-hole-state model-space determinant and
the effective Hamiltonian matrix is

Heff(O,l) _ <¢,(0,1)|f[eff|q)(0,1)> _ <‘I)(0’1)|H(1 + S(O,l))|¢,(0,1)>’ (14‘91)

because (S(©1)2P01) = 0. Here |®1) is a row vector of the one-vacant-
active-hole determinant and (@] is its adjoint column vector. The main
difference between the matrix (14.91) and the IP-EOM-CCSD matrix im-
plicit in (13.25) is that the latter has a dimension of one-hole single and
double excitations while the former has the smaller dimension ny of just
the one-vacant-active-hole determinants. Thus we expect to have a matrix
partitioning relating the two matrices.
Using (13.25) and noting that

(@ilraal0) =7i,  (@lr{aliito) =, (14.92)

the IP-EOM-CCSD eigenvalue equation for hole state m can be written in
partitioned form as

(@O H|@OD) (O |H|P1:2) r(01) - r(01) ”
(<I>(1’2)|H]<I>(0’1)> <(I,(1,2)’H‘<I,(1,2)> o r(12) ] 7 £(12) wm,  (14.93)

where w,,, is the ionization energy of hole state m. Normally, if we were
to use sector designators such as (0,1) and (1,2) in EOM-CC then they
would refer to all orbitals since there is no separation between active and
inactive orbitals in this model. Specifically, |®1) and |®(?) are row
vectors consisting of all determinants of types ®; and D7, respectively; to
bring out the analogy between EOM-CC and VU-CC, we may designate a
subset of orbitals as active and restrict the sector definitions to this subset.
Also, (% and r®?) are column vectors consisting of elements of types r;
and 77}, respectively.
Separating the equation for r,, gives
D (| H[@n)rn + Y (O KD = intm (14.94)

n ija
now multiplying on the right by 7.} we have
(B H| D) + D (P [H| ) !+ (P |H| B = wrn. (14.95)
n#m ija
For the remaining equations we define the vectors

|®) = @) p(12)y (14.96)

/g0y
r = <r(172)> (1497)
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and the adjoint column vector (®|. The prime on (0, 1) indicates the omis-
sion of ®,,, and r,,. These equations now take the form

(®|H|®p,) + (B|H|®VEr, ! = Twmr, ! (14.98)
From (14.91), however,
(@ | H D)) = (B |H(1 + SOVY|D,,) (14.99)

Identifying (®,,| ﬁ °f|®,,) with w,, (which it equals when H? is digonalized)
and SO with (®|SOD|®O1) = Fr—1 we regain the valence-universal Hef,
Furthermore, the VU amplitude equation (14.98) becomes

(®H|®OV) 4 (®|H|®) (SO — sOUHN) = 0. (14.100)

With minor modifications we can identify any number of orbitals as ac-
tive, treating active hole states similarly to state m. It does not matter
which orbitals are actually active. Each principal ionization potential for
any orbital in IP-EOM-CC can be obtained and, unlike a true multirefer-
ence theory, expanding the number of active orbitals does not provide any
better an approximation. In the event that all orbitals are active, we also
have the simplification that there are no single excitation contributions to

the amplitude equations for S’S)’l).

14.5 Intermediate-Hamiltonian Fock-space MRCC

The intermediate Hamiltonian (IH) approach was introduced by Malrieu,
Durand and Daudey (1985) in order to overcome intruder-state problems
in perturbative and other methods. Its original primary application was
to quasidegenerate perturbation theory, but it was also used to provide
“dressings” for extensivity-corrected multireference configuration interac-
tion (Daudey, Heully and Malrieu 1993). Applications of this approach to
Fock-space multireference coupled-cluster theory mostly use a similarity-
transformation technique (Stolarczyk and Monkhorst 1985, Meissner and
Nooijen 1995, Meissner 1998, Meissner and Malinowski 2000). Here we
shall focus on the approach in Meissner (1998).

Intruder states are Q—space states with energies close to or within the
range of the energies of the model states. They are particularly common in
complete-model-space treatments, because such spaces tend to include high-
energy multiple-excitation model states that contribute little to the wave
function but are included merely for completeness. The intruder states tend
to be single (or very low) excitations into the lowest part of the inactive
particle space or from the highest part of the inactive hole space. Because
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they generate very small or negative energy denominators in perturbative
or iterative solution procedures, they often result in divergence or severe
convergence difficulties. Intruder states also tend to occur at regions of
avoided crossings, where they often cause discontinuities in potential-energy
curves and surfaces (Malrieu, Durand and Daudey 1985).

The intermediate-Hamiltonian approach overcomes intruder-state prob-
lems by interposing a buffer space between the model space and the rest of
the Q—space. The total space is divided into three subspaces (Fig. 14.8):

1. the main model space M, of dimension n, whose projector is P (this
is the original model space of the problem). Its complement has the
projector Q;

2. the intermediate space M’, of dimension n’ and projector P’, usually
consisting of a part of the original Q—space closest in energy to M
and including the states responsible for the intruder problems;

3. the rest of the Q—space, with projector QI = Q —P.

The intermediate Hamiltonian H™* operates in the augmented model space
M; = M U M’, the union of the main and intermediate spaces; M has
dimension n; = n + n’ and projector P; = P + P’, while the effective

Fig. 14.8. Projectors for the various subspaces in the intermediate-Hamiltonian
approach.
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Hamiltonian H° is defined in the main model space M. We have
P+Q=P+Q;=1. (14.101)

In the usual Fock-space MRCC the solution of the amplitude equations
provides an effective Hamiltonian H ff of dimension n, which can be di-
agonalized to produce n eigensolutions that are equal to a subset of the
eigensolutions of H. The intermediate Hamiltonian H int " of dimension nj,
is defined on the pj—space, and n of its eigenvalues are required to be equal
to the corresponding eigenvalues of AT The remaining ny — n eigenvalues
are essentially arbitrary. They may (but need not) be rough approximations
to the eigenvalues of H. Because no requirements are imposed on this extra
set of solutions, this procedure can be used to protect the main model space
from intruder states in the low-lying part of the Q—space.

Because of the arbitrariness of the extra solutions produced by Ht the
intermediate Hamiltonian and the equations determining it are not unique.
Different variants of the intermediate-Hamiltonian approach, using different
auxiliary conditions to define a unique H int have been proposed and applied.
A particularly convenient and effective version of this approach when the
objective is limited to obtaining energies, without wave functions, is the
similarity-transformation method of Meissner (1998).

We first consider a general similarity-transformation treatment that is
analogous to the Fock-space MRCC approach of the previous section. We
note that the valence-universal wave operator is Q = {e°} = e {e”} and
define a new operator X , such that

X={AS-1}, X=0QXP, (14.102)
and for which
X2=0, &=1+X, ee¥=1-X. (14.103)

Next we introduce a similarity transformation of the CC-transformed Hamil-
tonian H = e~ T He? (Meissner 1998),

H=e HeX = (1- X)H(1+ X) (14.104)
and require this transformation to satisfy the equation
QU —X)H(1+X)P =0 (14.105)

in successive sectors of Fock space, according to the subsystem embedding
condition. Writing this equation in the form

QH(1 +X)P —QXPH(1+X)P =0 (14.106)
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and noting that (14.83) for the FS effective Hamiltonian can be written as
PH(1+ X)P = Hf, (14.107)

we have
QH(1+ X)P - QXPHfP =0, (14.108)

which is equivalent to the Bloch equation (14.82).

Equation (14.105) is a quadratic equation in X and thus has multiple solu-
tions. Also, this procedure suffers from the intruder-state problem. To over-
come these difficulties we introduce the intermediate-Hamiltonian approach
by splitting the transformation (14.104) into two successive transformations,
as follows:

H=eZeVHe e =(1-2)1-V)HQ+Y)(1+2),  (14.109)
where
Y=Q X=Q;YP, Z=PX=P7ZP (14.110)
and
X=Y+27, (14.111)
1+ X=01+Y)1+2), 1-X=(01-2)1-Y) (14.112)

(the last line follows because Y Z = ZY = 0).

For an TH-CCSD calculation the P’ subspace for the (1,1) sector consists
of single excitations, while double excitations are put into the Q 7-subspace.
Explicitly, noting (14.102) and (14.111), the Z and Y operators are given
by

7 = {§0 4 g0 | gL GO 4 gL pay) (14.113)

§_ {5004 500 4 GROZOD | GU0F0 4 G0 G0N HAD (14.114)

(Bartlett and Musiat 2007).

The intermediate-Hamiltonian treatment starts with a conventional CC
calculation for the Fermi-vacuum state (i.e. the (0,0) sector) and construc-
tion of the CC transformed Hamiltonian H. This step is followed by solution
of the (1,0) and (0,1) sectors, either by VU-CC, as described in Section 14.4,
or by EA-EOM and IP-EOM (Chapter 13). The principal eigenvalues ob-
tained by these two methods should be the same, as discussed in subsec-
tion 14.4.4, while the eigenvectors would differ in their normalization. This
procedure provides all the s amplitudes needed for the determination of Y
using (14.114).
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Assuming that our objective is limited to obtaining energies, not wave
functions, we do not need to evaluate Z because Pr(1 — X)H(1 + X)P;
and Pr(1—Y)H(1+Y)P; are related by a similarity transformation via e?,
as seen in (14.109), and thus have the same eigenvalues. As a result, we
do not need to evaluate S(1 2 , the last term in (14.113), thus avoiding the
need to solve the (1,1) sector. The next step is then the evaluation of the

intermediate Hamiltonian
At — Pt P — PI(l _ y)H(l + }7)]5[ = Pﬂ—[(l + Y)PI, (14.115)

which is analogous to (14.107) for the effective Hamiltonian. The diagonal-
ization of H™ then provides the desired n eigenvalues, plus n’ additional
eigenvalues deriving from the contributions of the original buffer space P’
and likely to contain any intruder-state effects.

A diagrammatic representation of the intermediate Hamiltonian for IH-
CCSD, derived from (14.114), (14.115), is shown in Fig. 14.9 (Bartlett and
Musiat 2007). The representation includes disconnected diagrams but ex-

e m
R

Fig. 14.9. Diagrammatic representation in skeletal form of the intermediate Hamil-
tonian for ITH-FS-MRCCSD (Bartlett and Musiat 2007). The initial and final states

in all diagrams are restricted to be in the Pr-space.
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Table 14.2. Vertical excitation energies, in €V, for the No, Co and HoO
molecules and the neon atom calculated using the IH-CC and EOM-CC
methods. The full-CI values are given for comparison®

IH-CC EOM-CC
State FCI? CCSD CCSDT CCSD CCSDT

N2 (97 4)0

11'19 9.584 —-0.333 0.028 0.081 0.009

1y 10.329 —0.102 0.005 0.136 0.004

A, 10.718 —0.009 0.010 0.189 0.008

1, 13.608 0.312 0.162 0.401 0.053
Cy (8,3)°

I, 1.385 0.017 —0.005 0.089 0.034

Iy 5.602 0.317 0.069 0.197 0.112
H,O (4,4)°

1B 7.447 0.095 —0.009 —0.072 —0.029

1A, 9.211 0.138 —0.015 —0.089 —0.033

1A, 9.874 0.111 —0.005 —0.068 —0.029
Ne (7,4)°

1po 16.398 —0.245 —0.022 —0.240 —0.026

'D 18.213 —0.206 —0.004 —0.250 —0.028

lp 18.256 —0.220 0.000 —0.251 —0.028

1s 18.485 —0.309 —0.047 —0.237 —0.035

*Musiat and Bartlett (2008). The IH-CC and EOM-CC values are deviations from
FCI (in eV). The inner-shell electrons are frozen.

®The calculations of Christiansen, Koch, Jgrgensen et al. (1996) for Ny, Cy and
H>0O, which include a description of the geometries and basis sets, and of Koch,
Christiansen, Jorgensen et al. (1995) for Ne.

¢The notation (m,n) indicates an active space of m spatial-orbital particles and n
holes (which equals 2m spinorbital particles and 2n holes).

tensivity is preserved because the disconnected terms cancel in the diago-
nalization process.

An extension of the intermediate-Hamiltonian treatment to the IH-CCSDT
case has been described by Musiat and Bartlett (2008). They provide a num-
ber of sample applications at both the MRCCSD and MRCCSDT levels and
give comparisons with EOM-CC and the full-CI results. Their results are
shown here in Table 14.2.
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perturbation-theory order of terms, 314
CCSDTQ), 321-328, 342, 343, 381
CCSDT(Qs), 343
CCSDT[Q], 342
CCSDTQ-1, 322-325, 342
computational cost, 325
CCSDTQ-2 approximation, 325
computational cost, 325
equations, 321-322
factorized quadruples (Qf) approximations,
325-328
ACCSDT(Qf) approximation, 427-428
Ty equations
ASG diagram for ’f4 contributions, 322
T3 equations, 322
ASG diagram for T4 contributions, 322
Ty equations
ASG diagram, 323
CCSDTQP, 342-344
CCSDTQPH, 343, 344
CI, see configuration interaction
CID (CI doubles), 13, 159, 163, 342
CIS (CI singles), 10
CISD (CI singles and doubles), 9, 159, 163,
342
quadratic, 301
with Davidson correction, 163
CISDT, 159, 342

CISDTQ), 159, 342
CISDTQP, 342, 471
cluster operators, 255-258
amplitudes, 255-258
diagrammatic representation, 273-275, 285
in state-universal MRCC, 465
relative importance of T contributions,
308-309
CMS, see model space, complete
commutator
simplification, 293
vacuum expectation value, 101
computational results
Cg excitation energies by IH-CC and

EOM-CC, 495

Caz ionization potentials by IP-EOM-CC,
446, 447

CHT electron affinities by EA-EOM-CC,
446, 448

CH™ excitation energies by EE-EOM-CC,
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CHg excitation energies by EE-EOM-CC,
443

CN electron affinity by GMBPT and CCSD,
417

comparison with experiment, limitations,
444

comparison with full CI, 340-346, 442-444,
447, 448, 495

advantages, 444
FH and H20 by CI, MBPT and CC, 342
H2O excitation energies by IH-CC and
EOM-CC, 495
H30 in 39-STO basis, 153-156, 159-164
H20 in SU-CC, 471
N2 dissociation with RHF and UHF
references, 343-344
Na excitation energies by TH-CC and
EOM-CC, 495
N2 potential-energy curves, 345
Ne excitation energies by IH-CC and
EOM-CC, 495
using full-CI Hamiltonian matrix, 444
configuration interaction (CI), 9-10
extensivity correction
dressing, 490
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full CI, 10, 159, 340-346, 430
multireference, 8, 490
MRCISD, 472
non-extensivity, 12, 161
quadratic CISD, 301
relationship to RSPT, 159-164
configuration state functions, 472
conjugate diagrams, 134, 135, 142, 416
connectivity conditions, see C-conditions
continued fractions, 185
contractions, 68-69
diagrammatic representation, 92-95
relative to Fermi vacuum, 74-75
core ionization, 488



526
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correlation energy, 8, 85, 131, 153
derivative, 396-405
imaginary component, 401
Coulomb integral, 7
Coulomb operator, 7, 76
coupled cluster, 251-430
CC effective Hamiltonian (H), 292
connected form, 294
diagrams and intermediates, 328-340
simplification, 293-294
CC energy functional (£), 366-367
as basis for noniterative approximations,
426-429
stationarity condition, 366—367
computational considerations, 411
diagrams
general form, 295
rules of interpretation, 296
systematic generation, 297-299
doubles model, 258
effective Hamiltonian incorporating Ty (H),
418-419
diagrammatic representation, 418-419
iterative process, 419
energy, 302
complex case, 401
energy derivative, 396-405
imaginary component, 401
equations, 258-328
characteristics, 254
complex solutions, 429
connected form, 292-295
nature of solutions, 429-430
number of solutions, 430
relationship of solutions to full CI, 429,
430
standard solution, 429
systematic derivation, 292-328
exponential Ansatz and extensivity, 254-255
foundations, 251-291
full CC, 430
history, 2
A-based noniterative approximations,
426-429
orthogonally spin-adapted, 410
relationship to MBPT, 272-279
factorization of disconnected diagrams,
275-279 R
relative importance of T, contributions,
308-309
role of single excitations, 300-301
wave function, 254-258
with arbitrary reference function, 411-414
coupled-cluster linear response, 431
coupled-perturbed Hartree-Fock (CPHF),
387-393
complex case, 402
CPHF, see coupled-perturbed Hartree—Fock
creation operator, 55—67
pseudo-, 72
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Davidson correction, 161-163
DEA-EOM-CC, see equation-of-motion CC,
double electron attachment
degenerate perturbation theory, 186
denominator, see resolvent
density matrix, 352-361
diagrammatic representation, 355361
energy weighted, 394
one-body, 352
diagrams for ph terms, 357
diagrams for pp terms, 358
MBPT diagrams, 360
relaxed, 386, 401, 426
response, see response density matrix
response treatment, 381-385
transition, 436
two-body, 353-355
density-functional theory, 413
derivative integrals, 391, 392, 396
avoiding transformation, 391, 395, 404-405
destruction operator, see annihilation operator
diagram summation techniques, 177-180
diagrammatic methods, 90-164

history, 1

diagrammatic notation, 90-129
CC, 273-275
CC effective Hamilton, 328
EOM-CC, 437

A operator, 368
QDPT, 195-198
reduced density matrix, 340, 355-361
DIP-EOM-CC, see equation-of-motion CC,
double ionization potentials
dipole moment, 362, 450
dipole operator, 436
dipole polarizability, 362, 450
dipole strength, 436, 461
direct CI, 472
disconnected clusters, 15
disconnected diagrams, 136, 137

&, see coupled cluster, CC energy functional
EA-EOM-CC, see equation-of-motion CC,
electron attachment
EE-EOM-CC, see equation-of-motion CC,
excitation energies
effective Hamiltonian_
incorporating 771 (H), 418
of CC (H), 292
for model state oo (H®), 468
of QDPT and MRCC (H°f), 51, 187, 188,
194, 465
in valence-universal MRCC, 477
electron affinities, see equation-of-motion CC,
electron attachment
electron correlation, 7-9, 16
dynamic, 8, 462
nondynamic, 8, 462
electron-repulsion integral, 65, 111
antisymmetric, 63, 65, 111, 182-184
spin-free, 182-184
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EOM-CC, see equation-of-motion CC
Epstein—Nesbet partitioning, 80
EPV terms, see exclusion-principle violating
terms
equation-of-motion CC, 431-461
biorthogonality relationship, 434
ClI-like character, 433, 435
computational considerations, 446
de-excitation operator ([A,k)7 434
left eigenfunctions of H, 434
diagrammatic notation, 437-440
double arrows, 196
double electron attachment, 446—-448
double ionization, 446
EA-EOM-CCS, 448
EA-EOM-CCSD, 448
EA-EOM-CCSDT, 448
EA-EOM-CCSDT-3, 448
EE-EOM-CCS, 442, 443
EE-EOM-CCSD, 442, 443
inadequacy for doubly excited states, 442,
444
EE-EOM-CCSDT, 442, 443
EE-EOM-CCSDT-3, 442, 443
EE-EOM-CCSDTQ), 443
EE-EOM-CCSDTQP, 443
electron attachment, 445-449
diagrammatic equations for
EA-EOM-CCSDT, 447
electron-attachment operator (R), 445
energy derivatives, 444
EOM-CC Ansatz, 432-436
EOM-CC equations, 435
excitation energies, 437-444
algebraic EE-EOM-CCSDT equations, 439
diagrammatic equations for
EE-EOM-CCSDT, 437-440
left-eigenfunction equation, 440
excitation operator (Rk), 433
right eigenfunctions of H, 433
excited-state properties, 436
frequency-dependent properties, 454-461
higher-order properties, 449-454
initial state, 432
ionization potentials, 445-449
as limits of Rydberg series, 445
diagrammatic equations for
IP-EOM-CCSDT, 446
ionization operator, 445
IP-EOM-CCS, 447
IP-EOM-CCSD, 445, 447
IP-EOM-CCSDT, 445, 447
IP-EOM-CCSDT-3, 447
IP-EOM-CCSDTQ), 447
IP-EOM-CCSDTQP, 447
similarity-transformed, 448
target state, 432
unbalanced truncation, 444
VU-CC analogy, 488—490
equivalent diagrams, 112, 115
exchange integral, 7
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exchange operator, 7, 76
excitation energies, see equation-of-motion
CC, excitation energies
exclusion-principle-violating (EPV) terms,
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conjoint, 151, 155, 156
disjoint, 151, 155, 156
in expectation values, 349, 350
expectation value
CC wave function, 347-352
one-body operator, 352—-354
two-body operator, 353-355
extensivity, 11-15, 156-157
disconnected clusters, 15-17
exponential Ansatz, 254-255
lack of in truncated CI, 12
N He atoms, 12-15, 34-36, 45-46
unlinked diagrams, 156159
extrapolation techniques, 185

factorization of quadruple-excitation diagrams,
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factorization theorem, 158, 165-172
factorized-denominator diagrams, 416
FCC, see coupled cluster, full CC
FCI, see configuration interaction, full CI
Fermi level, 72
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in Fock-space MRCC, 475
in Hose-Kaldor approach, 227
in QDPT, 192-194
Fock operator, 4, 7, 76
normal-product form, 85, 280
perturbed, 386-387
Fock space, 54, 445, 475
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Fock-space MRCC, 463, 475-495
intermediate Hamiltonian, see
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valence universal, see valence-universal
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folded diagrams, 200, 201, 215-220
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denominator, 202
Fourier series, 456-458
FS-CC, see Fock-space MRCC

gauge-including atomic orbitals (GIAOs), 402,
403

GIAO, see gauge-including atomic orbitals

GMBPT, see many-body perturbation theory,
generalized

Goldstone diagrams, 111-113, 119

antisymmetrized, see antisymmetrized

Goldstone diagrams

Green’s function methods, 445

'H, see coupled cluster, CC effective

~ Hamiltonian

H, see coupled cluster, effective Hamiltonian
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partitioning, 75-80
zero-order, 18, 75
Hartree—Fock
gradients, see reference function, derivative
Hartree-Fock (HF) theory, 4
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394, 395
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state-specific, see state-specific MRCC
state-universal, see state universal MRCC
HK, see Hose-Kaldor approach
hole lines, 197
hole states, 72
Hose—Kaldor approach, 227-250
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classification of one-electron states, 228
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diagrams, second-order, 232, 236
disconnected diagrams, 235
Fermi-vacuum states, 227
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contribution status of diagrams, 242-250
contribution status of skeletons, 242-250
linked ASG skeletons, 239-242
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representative classes, 237
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unlinked Hugenholtz skeletons, 239
model states, 228
one-electron interaction, 228-230
wave operator, second-order ASG skeletons
for principal term, 234
for renormalization term, 234
HS-CC, see Hilbert-space MRCC
Hugenholtz diagrams, 118-123, 125-128
CC, 285
fourth-order energy
canonical HF case, 141
non-HF case, 146
QDPT level-shift operator

second-order, 206
third-order, 223
Hugenholtz skeletons, 120
classification, 139
connection patterns, 139
conversion to ASG skeletons, 238-242
fourth-order
canonical HF case, 140
non-HF case, 145
Hylleraas variation principle, 25-27
hyperpolarizability, 362, 450

IH, see intermediate Hamiltonian
TH-CC, see intermediate-Hamiltonian MRCC
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independent particle approximation, 3—7
insertion, 139, 148, 153, 158, 166, 172
interaction line, see vertex
interchange theorem, 365, 393, 396, 400, 401
intermediate Hamiltonian (IH), 490
intermediate-Hamiltonian MRCC, 463, 490,
494
augmented model space, 491
diagrammatic representation, 494
excitation energies
comparison of results, 495
function-space partitioning, 491
TH-CCSD, 494
TH-CCSDT, 495
diagrammatic representation, 494
intermediate space, 491
main model space, 491
projectors on subspaces, 491
similarity transformation method, 492—494
intermediate normalization, 20, 186, 463
in valence-universal MRCC, 477, 480
intruder states, 193, 466, 472, 490-491
ionization potentials, see equation-of-motion
CC, ionization potentials
IP-EOM-CC, see equation-of-motion CC,
ionization potentials

Jeziorski-Monkhorst Ansatz, 465, 473

Kohn—Sham reference state, 413
Koopmans’ theorem, 447, 448

ladder diagrams, 116, 120, 142, 177
A equations, 375
diagrams for A1 equations, 370
diagrams for A2 equations, 372
diagrams for A3z equations, 374
disconnected diagrams, 371-373
disconnected term, 369
effective-Hamiltonian form, 376-379
correspondence table, 378
diagrams for A; equations, 376
diagrams for Ay equations, 377
diagrams for A3 equations, 377
T-free form, 379, 380
correspondence table, 379
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first order, 203
schematic, 196
second-order, 205-207
third-order, 220-225
modified, 194
Li—Paldus approach, see state-universal
MRCC
linked diagrams, 1, 136
in QDPT, 198
linked-diagram theorem, 2, 139, 152—-153,
158-159
proof, 165-176
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magnetic perturbation, 402, 403
magnetic susceptibility, 402
many-body methods
history, 1
motivation, 10-11
many-body perturbation theory energies
fourth-order
principal term, 138
renormalization term, 139
generalized (GMBPT), 418
many-body perturbation theory (MBPT), 153,
156
comparison with CC, 341-344
computational aspects, 177-184
diagram summation techniques, 177-180
energy, third-order, 132
EPV terms, 154-156
generalized (GMBPT), 129, 411, 414
history, 1
relationship to CI, 159-164
many-body perturbation theory energies
first-order, 131
second-order, 131-132, 154, 163, 342
comparison with CI, 159
third-order, 134, 154, 163, 342
comparison with CI, 159
fourth-order, 138-152, 154, 163, 342
approximation of CI, 160
ASG diagrams for principal term, 140, 144
cancellation of unlinked diagrams,
146-150
Hugenholtz diagrams for principal term,
141
Hugenholtz skeletons for principal term,
140
in canonical HF case, 139-144
linked quadruples contribution, 154
non-HF case, 144-146
principal term, 146, 154
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role of EPV terms, 150, 156
singles contribution, 154
doubles contribution, 154
triples contribution, 154
without triples, 163, 342
fifth-order, 342
sixth-order, 342
many-body PT wave functions
first-order, 135-136
second-order wave function, 136-138
matrix elements
evaluation, 86—89
of operator products, 102-105, 118-123
MBPT, see many-body perturbation theory
MBPT(4)SDQ, see many-body perturbation
theory energies, fourth-order without
triples
MBPT(n) (n =2,3,...), see many-body
perturbation theory energies
MCHF, see Hartree—Fock theory,
multiconfigurational
MCSCEF, see self-consistent field,
multiconfigurational
MO coefficients, see transformation matrix
model functions, see model states
model space, 51, 186
complete, 193, 466
disadvantages, 193, 466, 490-491
in valence-universal MRCC, 477
in Hose-Kaldor approach, 228
selection, 228
in QDPT, 192-194
in state-universal MRCC, 465-467
in valence-universal MRCC, 475
incomplete, 466
in QDPT, 227-250
in valence-universal MRCC, 477
quasicomplete, 480
model states, 51, 186
Mgller—Plesset partitioning, 80
Mgller—Plesset perturbation theory, 80
MRCC, see multireference coupled cluster
MRCI, see configuration interaction,
multireference
multiplicity, see spin multiplicity
multireference coupled cluster, 462—495
multireference methods, 6, 11, 431
configuration interaction, see configuration
interaction, multireference
coupled cluster, see multireference coupled
cluster
perturbation theory, see quasidegenerate
perturbation theory

N He atoms example
in BWPT, 34-36
in CC, 251-254
in CI, 12-15
in MBPT, 157-159
in RSPT, 46
N-dependence of diagrams, 157-159
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natural orbitals, 10, 413
non-HF case, 129, 132, 133, 136, 138, 144-146
normal order, see normal product
normal product, 67-68

relative to Fermi vacuum, 74-75

with contractions, 69

relative to Fermi vacuum, 75

notation, 2-3

excitation level, 3
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shifts, 402

nuclear magnetic shielding, 402

Q, see wave operator
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one-body operators
diagrammatic representation, 92-100
product, 100-105
one-body states
core, 193
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virtual, 5, 193
open-shell perturbation theory, see degenerate
perturbation theory
open-shell states, 185, 410
difficulties for single-reference methods,
431-432, 462
high-spin, 185, 410
in state-universal MRCC, 471
in valence-universal MRCC, 475
low-spin, 185, 410, 440
EOM-CC, 441
open-shell singlets, 185, 410
EOM-CC, 440441
zero-order approximation, 440
ROHF, 5
spin-multiplicity monitoring, 421-425, 441
UHF, 5
operators
hole-hole, 94
hole—particle, 98
normal-product form, 80-83
one-body, 80-81
two-body, 81-83
not in normal-product form representation,
123-128
particle—particle, 92
particle-hole, 97
representation, 59-65
invariance under unitary transformation,
65-67
orbital energy, 5, 75, 76
orbital relaxation, 385-396, 425, 488
orbitals
including spin, see spinorbitals
localized, 5, 411
spatial, 5, 182-184, 407-410
orthogonal space, 186

Padé approximants, 185
particle-hole formalism, 71-75
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perturbation operator, 19, 75-78
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normal-product form, 83-85, 194-195
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perturbation theory
many-body, see many-body PT
perturbation theory (PT)
convergence, 11, 194
diagrammatic expansion, 130-164
formal, 18-53
general derivation, 29-33
other approaches, 53
similarity transformation, 46-53
time-dependent, 454-461
phase factor, 106—-111
in QDPT, 211-215
physical vacuum, 67, 72
Planck’s constant, 3
polarizability
frequency-dependent, 459-461
tensor, 362
potential-energy curve, 344, 345
potential-energy surface, 5, 344, 431, 462
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discontinuities, 491
gradient, 361, 363, 365, 381, 387-405, 448
Hessian, 361, 381
principal term of mth-order energy, 39
projection operator, 27-29
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on model space, 186, 463
on orthogonal space, 186
sector projectors, 476
properties
as energy derivatives, 361-365
vs. as expectation values, 362-363
excited states, 436
frequency-dependent using EOM-CC,
454-461
higher-order, 362
using EOM-CC, 449-454
in CC theory, 347-405
response treatment, 361-365
pseudolinearity, 329, 376

QCISD, see configuration interaction,
quadratic
QDPT, see quasidegenerate perturbation
theory
QHF, see quasi-Hartree—Fock theory
QRHF, see quasi-Hartree—Fock theory,
restricted
quadruples corrections, 162
quasidegenerate perturbation theory (QDPT),
51, 185-250
classification of one-electron states, 193
convergence, 194
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folded diagrams, 215-220, 225, 226

schematic representations, 215-217, 225,

226
formal, 185-191

incomplete model space, see Hose—Kaldor

approach

schematic representations, 198-203, 205, 207

similarity transformation, 46-53
quasienergy, 455
quasi-equivalent external lines, 283
quasi-Hartree—Fock (QHF) theory, 395
restricted, 410, 414
quasiloop, 135
quasi-operator, 72

Rayleigh—Schrédinger perturbation theory,
18-27, 37-40
bracketing procedure, 41-42
extensivity, 45-46
fourth-order energy
renormalization term, 39
non-diagonal case, 40—41
summary of formal results, 43—44
reaction operator, see level-shift operator
reference energy, 73, 79
derivative, 393-396
reference function
perturbed, 385-396
reference state, 71-73, 78
arbitrary, 411-415
Kohn—Sham determinant, 413
non-diagonal case, 4041, 415
QRHF, 414
ROHF, 413414
renormalization term, 34, 39, 139, 146-150
representation by insertion, 139
resolvent, 31-32, 130
denominator, 39
and folded resolvent lines, 202
effective (R), 364
EOM-CC states, 452
frequency-dependent, 460
line, 130-131, 149
folded, 202
non-diagonal case, 40
quasidegenerate case, 52, 189
resonance, 458
response density matrix, 381-385
anti-Hermitian part, 403
asymmetry to time inversion, 382
excited states, 436
Hermitian average, 401
non-Hermiticity, 382-385, 399-400
one-body, 381-383, 396
diagrams, 381-382
two-body, 383, 396
diagrams, 384
permutational symmetry, 383
RHF, see Hartree—Fock theory, restricted
ring diagrams, 117, 120, 142
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ROHF, see Hartree—Fock theory, restricted,

open-shell

RSPT, see Rayleigh—Schrédinger perturbation

theory
Rydberg states, 445

S operator, see valence-universal MRCC,
auxiliary operator
SCF, see self-consistent field
Schrédinger equation
connected form, 295
normal-product form, 85, 280
time-dependent, 455
second quantization, 54—89
history, 1

sectors of rock, space, 445, 473-477, 486, 493

self-consistent field, 4
multiconfigurational, 6
semicanonical transformation, 129, 315,
413-415
size extensivity, see extensivity
size-consistency, 12
Slater determinants, 4
diagrammatic representation, 91-92
SOS form, see sum over states form
spin
eigenvalues, 422
expectation value, 422
computation, 422-425
projected value, 422
raising and lowering operators, 423
spin contamination, 417, 421
spin-flip CC, 441, 462
spin multiplicity, 421
monitoring, 421-425
spin summations, 182-184
in CC, 406411
Brueckner orbital case, 410
diagrams for CCD, 407
low-spin open-shell case, 410
orthogonally spin-adapted case, 410
QRHF case, 410
ROHF case, 410
UHF case, 410
spinorbital basis, see one-body basis
spinorbitals, 4, 182-184
canonical HF, 5
localized, 5, 411
noncanonical HF, 5
semicanonical, 129, 315
SRCC, see coupled cluster
SS-CC, see state-specific MRCC
state-specific MRCC, 463, 471-474
Brillouin—-Wigner form, 474
comparison of results, 474
equations, 473-474
extensivity, 474
redundancy, 473
sufficiency conditions, 473, 474
state-universal MRCC, 463, 465471
coupling term, 469
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extensivity, 467
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matrix elements, 469-471
STEOM-CC, see equation-of-motion CC,

similarity-transformed

SU-CC, see state-universal MRCC
sum-over-states (SCS) form, 449, 454, 460
symmetry-adapted cluster CI, 431
symmetry breaking, 5, 402, 431
symmetry restriction, 5

Tl operator
alternative treatment, 418-421
role, 300-301, 425-426
terminology, 3
Thouless theorem, 257, 300, 413, 414, 419
time axis, 90, 91
time ordering, 90-91
transformation matrix, 51, 53, 187, 387, 464,
473
perturbed, 388
transition moment, 436
two-body operators
diagrammatic representation, 111-129
product, 113-118

UHF, see Hartree—Fock theory, unrestricted
unlinked diagrams, 125, 128, 136, 139,
146-150, 156-159, 172
and extensivity, 156-159
in QDPT, 198
unlinked skeletons, 139
unrestricted summation, 104, 115

vacuum expectation value, 67, 70, 113-118
vacuum gap, 125, 140
valence lines, 195
folded, 199
valence states, 192, 193, 228
valence-universal MRCC, 475-490
auxiliary operator (5), 478-483
diagrammatic representation, 480
normal order of products, 480482
Bloch equations, 483488
diagrammatic representation, 484, 485,
487
hierarchical solution, 485
effective Hamiltonian, 477
diagrammatic representation, 486

EOM-CC analogy, 488-490
factorization of disconnected diagrams,
480-482
intermediate normalization validity, 477,
480, 487
model space, 475
complete, 486
incomplete, 487
quasicomplete, 480
sector projectors, 476
spectator amplitude, 488
selective summation, 488
subsystem embedding condition, 485, 486
consistency requirement, 487
wave operator, 477-483
simplifications, 482-483
vertex
one-body, 93
interpretation, 95-97
two-body, 111, 118
interpretation, 111-113, 119, 121
virtual states, 192, 193, 228
VU-CC, see valence-universal MRCC

1774 operator
in MBPT and CC, 84, 280
in QDPT and MRCC, see level-shift
operator
in single-reference RSPT, 38
wave operator (€2), 48, 51, 53, 186, 254, 433,
463-464
diagrams, 203—227
first-order, 204-205
schematic, 197
second-order, 207-211
third-order, 225-227
in state-specific MRCC, 472
in state-universal MRCC, 465
in valence-universal MRCC, 475, 477483
weight factor, 112, 115
in QDPT, 211-215
Wick’s theorem, 69-70
generalized, 85—86
proof, 70-71
relative to Fermi vacuum, 74-75
Wigner’s 2n + 1 rule, 24-25, 327

Z-vector method, see interchange theorem
zero-order approximation, 6
in QDPT, 203
multiconfigurational, 6
zero-order energy, 79
zero-order function, see reference state
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