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PROGRESS IN THEORETICAL CHEMISTRY
AND PHYSICS

A series reporting advances in theoretical molecular and material sciences, includ-
ing theoretical, mathematical and computational chemistry, physical chemistry and
chemical physics

Aim and Scope

Science progresses by a symbiotic interaction between theory and experiment: theory
is used to interpret experimental results and may suggest new experiments; experi-
ment helps to test theoretical predictions and may lead to improved theories. Theo-
retical Chemistry (including Physical Chemistry and Chemical Physics) provides the
conceptual and technical background and apparatus for the rationalisation of phe-
nomena in the chemical sciences. It is, therefore, a wide ranging subject, reflect-
ing the diversity of molecular and related species and processes arising in chemical
systems. The book series Progress in Theoretical Chemistry and Physics aims to
report advances in methods and applications in this extended domain. It will com-
prise monographs as well as collections of papers on particular themes, which may
arise from proceedings of symposia or invited papers on specific topics as well as
from initiatives from authors or translations.

The basic theories of physics — classical mechanics and electromagnetism, rela-
tivity theory, quantum mechanics, statistical mechanics, quantum electrodynamics
— support the theoretical apparatus which is used in molecular sciences. Quantum
mechanics plays a particular role in theoretical chemistry, providing the basis for
the spectroscopic models employed in the determination of structural information
from spectral patterns. Indeed, Quantum Chemistry often appears synonymous with
Theoretical Chemistry: it will, therefore, constitute a major part of this book series.
However, the scope of the series will also include other areas of theoretical chemistry,
such as mathematical chemistry (which involves the use of algebra and topology in
the analysis of molecular structures and reactions); molecular mechanics, molecular
dynamics and chemical thermodynamics, which play an important role in rational-
izing the geometric and electronic structures of molecular assemblies and polymers,
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clusters and crystals; surface, interface, solvent and solid-state effects; excited-state
dynamics, reactive collisions, and chemical reactions.

Recent decades have seen the emergence of a novel approach to scientific research,
based on the exploitation of fast electronic digital computers. Computation provides
a method of investigation which transcends the traditional division between theory
and experiment. Computer-assisted simulation and design may afford a solution to
complex problems which would otherwise be intractable to theoretical analysis, and
may also provide a viable alternative to difficult or costly laboratory experiments.
Though stemming from Theoretical Chemistry, Computational Chemistry is a field
of research in its own right, which can help to test theoretical predictions and may
also suggest improved theories.

The field of theoretical molecular sciences ranges from fundamental physical ques-
tions relevant to the molecular concept, through the statics and dynamics of isolated
molecules, aggregates and materials, molecular properties and interactions, and the
role of molecules in the biological sciences. Therefore, it involves the physical basis
for geometric and electronic structure, states of aggregation, physical and chemical
transformation, thermodynamic and kinetic properties, as well as unusual properties
such as extreme flexibility or strong relativistic or quantum-field effects, extreme
conditions such as intense radiation fields or interaction with the continuum, and the
specificity of biochemical reactions.

Theoretical chemistry has an applied branch — a part of molecular engineering,
which involves the investigation of structure—property relationships aiming at the
design, synthesis and application of molecules and materials endowed with spe-
cific functions, now in demand in such areas as molecular electronics, drug design
or genetic engineering. Relevant properties include conductivity (normal, semi-
and supra-), magnetism (ferro- or ferri-), optoelectronic effects (involving nonlin-
ear response), photochromism and photoreactivity, radiation and thermal resistance,
molecular recognition and information processing, and biological and pharmaceutical
activities; as well as properties favouring self-assembling mechanisms, and combina-
tion properties needed in multifunctional systems.

Progress in Theoretical Chemistry and Physics is made at different rates in these
various fields of research. The aim of this book series is to provide timely and in-depth
coverage of selected topics and broad-ranging yet detailed analysis of contemporary
theories and their applications. The series will be of primary interest to those whose
research is directly concerned with the development and application of theoretical
approaches in the chemical sciences. It will provide up-to-date reports on theoretical
methods for the chemist, thermodynamician or spectroscopist, the atomic, molecular
or cluster physicist, and the biochemist or molecular biologist who wishes to employ
techniques developed in theoretical, mathematical or computational chemistry in his
research programme. It is also intended to provide the graduate student with a read-
ily accessible documentation on various branches of theoretical chemistry, physical
chemistry and chemical physics.
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PREFACE

This volume contains a representative selection of papers presented at the Tenth
European Workshop on Quantum Systems in Chemistry and Physics (QSCP-X),
held at Beit al-Hikma, seat of the Académie Tunisienne des Sciences, des Arts et
des Lettres, in Carthage, Tunisia, September 1-7, 2005. About 90 scientists from
18 countries, half of them from North Africa, attended the meeting, which focus-
sed on the evolution of current issues and problems in methods and applications.

This workshop continued the series that was established by Roy McWeeny
near Pisa (Italy), in April 1996, then continued on a yearly basis: Oxford (1997),
Granada (1998), Paris (1999), Uppsala (2000), Sofia (2001), Bratislava (2002),
Athens (2003), Grenoble (2004) .... The purpose of QSCP workshops is to bring
together chemists and physicists with a common field of interest — the quantum
mechanical theory of the many-body problem — and foster collaboration at the
fundamental level of innovative theory and conceptual development. Quantum
mechanics provides a theoretical foundation for our understanding of the struc-
ture and properties of atoms, molecules and the solid state in terms of their com-
ponent particles, electrons and nuclei. The study of ‘Quantum Systems in Chem-
istry and Physics’ therefore underpins many of the emerging fields in science and
technology: nanostructures, smart materials, drug design, and so on.

The tenth workshop was the first in the series held outside Europe. Partici-
pants gathered on the coast of North Africa, in one of the most influential cities
of the ancient world, Carthage. Founded by Phoenicians from Tyre in the ninth
century BC, it challenged the power of Rome. The situation of Beit al-Hikma on
the Gulf of Tunis provided an excellent venue for scientists from different scien-
tific and cultural backgrounds. They came from Western and Eastern Europe and
North and South America as well as from Algeria, Morocco and, of course, Tuni-
sia. Participants from overseas discovered a young and vibrant local scientific
community engaged in theoretical molecular physics and chemistry.

The Carthage QSCP workshop was divided into 5 morning and 3 afternoon
plenary sessions, during which a total of 36 lectures of about 30 minutes each,
including discussion, were delivered by leading experts. There were also 2 eve-
ning sessions where 63 posters were presented, each being first described in a 3-
minute oral presentation.
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X Preface

The fifteen papers collected in this volume are gathered into three sections,
each addressing different aspects of the study of quantum systems in chemistry
and physics. They are:

Part I: Advanced Methodologies
Part II: Interactions and Clusters
Part II1: Excited States and Condensed Matter

We are pleased to acknowledge the support given to the Carthage workshop
by the University of Tunis, the Société Tunisienne d’Optique and the Académie
Tunisienne des Sciences, des Arts et des Lettres. The efforts of all members of the
Local Organizing Committee were very much appreciated, especially the team of
LSAMA (Laboratoire de Spectroscopie Atomique, Moléculaire et Applications),
led by Pr Zohra Ben Lakhdar, including Drs Hassen Ghalila, Zoubeida Dhaouadi
and Nejmeddine Jaidane. The material and logistic help of the Tunisian Academy
and of the Hotel Amilcar is also gratefully acknowledged.

We are grateful to the participants not only for the high standard of the talks
and posters presented at the workshop, which is reflected in this proceedings vol-
ume, but also for the friendly and constructive atmosphere throughout the formal
and informal sessions. The QSCP workshops continue to provide a unique forum
for the presentation and discussion of new ideas and developments.

As usual, since the 2001 workshop in Sofia, an impressive ceremony took
place at the banquet dinner, held at the Hotel Amilcar in Carthage. The Promis-
ing Scientist Prize of the Centre de Mécanique Ondulatoire Appliquée (PSP of
CMOA) was shared between the two selected nominees: Dr Majdi Hochlaf and
Dr Richard Taieb: http://www.lcpmr.upmec.fr/prize.html.

We hope that this volume has captured some of the excitement and enthusi-
asm that participants showed during the QSCP-X workshop, and that it will con-
vey to a wider audience some of the concepts and innovations considered at Beit
al-Hikma.

Souad Lahmar

Jean Maruani

Stephen Wilson
Gerardo Delgado-Barrio



OBITUARY - RAYMOND DAUDEL (1920-2006)

Raymond Daudel was born in Paris, France, on February 2, 1920, the only child in
a middle-class French family. As early as eight he was fascinated by scientific ex-
periments, and at ten he was deeply impressed by a visit with his father to a Muse-
um of Chinese Arts in Paris. From these early experiences he kept, throughout his
life, a common interest in the arts and the sciences.

In 1942, Raymond Daudel received a first-class degree in engineering from
the prestigious Ecole Supérieure de Physique et Chimie Industrielles de la Ville de
Paris (ESPCI). Then he became an assistant of Iréne Joliot-Curie (the daughter of
Pierre and Marie Curie and the wife of Frédéric Joliot, all Nobel Laureates), who
was at that time a Professor of Chemistry at the Sorbonne, and of Antoine Lacas-
sagne, a Professor of Medicine at the College de France (known for discovering
carcinogenic effects of female hormones). His two supervisors were co-directors
of the Institut du Radium (now part of the Institut Curie). While helping them in
their research on the applications of radio-elements to the treatment of malignant
tumours, Raymond Daudel prepared a These de Doctorat és-Sciences on chemical
separation of radio-elements formed by neutron bombardment, which he presented
in 1944,

After following the lectures of Louis de Broglie (who received the Nobel
Prize for his discovery of matter waves: A = &/ p), Raymond Daudel realized that
wave mechanics was becoming an essential tool in the understanding of the struc-
ture and dynamics of the large molecules from which living beings were built. In
1944, he founded the Centre de Chimie Théorique de France (CCTF), with the
backing of Iréne Joliot-Curie, Antoine Lacassagne, Louis de Broglie, and famous
chemists, in order to foster scientific research on the applications of wave mech-
anics in chemistry and medicine.

In 1954, CCTF became the Institut de Mécanique Ondulatoire Appliquée a
la Chimie et a la Radioactivité, under the sponsorship of the Centre National de la
Recherche Scientifique (CNRS); and, in 1957, this body changed its name to that
of Centre de Mécanique Ondulatoire Appliquée (or CMOA) with Louis de Broglie
as the President of the Board of Directors. In 1962 the CMOA du CNRS was trans-
ferred to a location closer to the large computers of the Institut Blaise-Pascal.

X1



xii Obituary — Raymond Daudel (1920-2006)

CMOA then involved about 40 academics, half of them originating from 10
different countries, especially the USA. There Daudel, Lefebvre and Moser had
become known through one of the first textbooks in Quantum Chemistry that was
widely used in American universities. CMOA was at that time structured in four
main teams:

- That of Raymond Daudel proper, mostly oriented towards (bio) chemical
reactivity, with Odilon Chalvet, Simone Odiot, Federico Peradejordi, Georges and
Nadine Bessis and a few others, from France and abroad.

- That of Carl Moser, rather oriented towards elaborated methods for the
computation of smaller systems. In the late 1960’s Moser was to found the Centre
Européen de Calcul Atomique et Moléculaire (or CECAM), while his co-worker
Hélene Lefebvre-Brion joined the newly founded Laboratoire de Photophysique
Moléculaire (PPM) at Orsay.

- That of Roland Lefebvre, especially involved in the interpretation of mag-
netic resonance spectra in condensed phases with, e.g., Philémon Kottis and Jean
Maruani, but also in open-shell methodology, with Yves Smeyers at Madrid, and
in molecular dynamics, with M. Garcia Sucre at Caracas. Roland Lefebvre was to
become a cofounder of the PPM, with Sydney Leach and a few others.

- That of Savo Bratos, especially involved in the interpretation of infrared
spectra in condensed phases. In the late 1960’s, Bratos founded the Laboratoire de
Physique Théorique des Liquides (PTL). Then, in 1984, former co-worker Marcel
Allavena founded the Laboratoire de Dynamique des Interactions Moléculaires
(DIM). This latter attracted other researchers from Pullmans’ and Salem’s groups
and became the Laboratoire de Chimie Théorique (LCT).

In the mid-1970’s, other teams were created within the framework of former
CMOA: Earl Evleth (an organic chemist from UCSB); Jean Maruani (symmetries
and properties of non-rigid molecules); Pierre Becker (molecular structure by X-
ray and neutron diffraction); Nicole Gupta (band structure in metal alloys); as well
as other groups from the existing teams.

During its 30 years of existence, the CMOA du CNRS developed a broad
activity in scientific research, education, and animation. Over a thousand papers
and twenty volumes were published, and 80 doctorate theses presented, between
the late 1950°s and mid 1980’s. Numerous workshops, congresses and Summer
schools were organized under the auspices of the CMOA. The International Aca-
demy of Quantum Molecular Sciences (IAQMS), which has held triannual cong-
resses since 1973, was founded in 1967 by Raymond Daudel, together with the
Pullmans and scientists from Sweden (Lowdin), England (Coulson, Pople), the
USA (Parr, Roothaan), and other places. The World Association of Theoretical
Organic Chemists (WATOC), which also organizes a congress - alternating with
those of JAQMS - every three years, was founded in 1982 on the same pattern.

Hundreds of scientists from all over the world have paid visits to CMOA,
and dozens have worked there, for periods ranging from a few days to a few years.
One remembers, for instance: Atkins, Bader, Bagus, Barojas, Beveridge, Christov,
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Cizek, Coope, Csizmadia, Dannenberg, Goodman, Heilbronner, Jaffe, Karplus,
Kaufman, Lorquet, Ludefia, Léwdin, Lund, Lunell, Matsen, Mezey, McConnell,
McDowell, McWeeny, Mulliken, Nesbet, Pople, Pyykko, Richards, Smeyers, ....

By 1984, most of the former members of CMOA had joined other labora-
tories, except a few (S. Besnainou, G. Giorgi, J. Maruani) who were invited by Pr
Christiane Bonnelle to follow Pr Raymond Daudel in her Laboratoire de Chimie
Physique (LCP), close to the Institut Curie. A strong impulse in theoretical and
computer-oriented methods was then given to this mostly experimental laboratory.
But the name of CMOA was retained by Jean Maruani to found an international,
non-profit organization devoted to the promotion of scientific exchange and the
organization of scientific meetings.

Raymond Daudel was a man of the cities: he disliked the countryside and
wild life and was inclined to sedentarity and meditation. On June 18, 1944, he had
married his student, Pascaline Salzedo, who initiated him into mountain climbing
and stimulated his interest in exotic journeys and artworks. She was a rather tiny
woman but with a strong will, who gave him a steady help throughout his career,
although she was also working as a scientist at the Institut Curie. When she was
hit by cancer, an illness on which she had worked for years, she insisted on going
regularly from her room at Hopital Curie to her office at Institut Curie. After Pas-
caline died, in 1976, Raymond Daudel went through a depressive period in which
he lost nearly all interest in his scientific activities. Another blow came when his
long-time rival, Bernard Pullman, was elected as a full member of the Académie
des Sciences in succession to Daudel’s mentor, Louis de Broglie, thus putting an
end to his hope of getting into that prestigious body.

At that time Senator-Mayor Francis Palmero, who had known Pr Raymond
Daudel since the first IAQMS congress, held at Menton in 1973, was a political
friend of the painter Nicole Lemaire D’Aggagio, who was a municipal counsellor
at the nearby city of Antibes-Juan les Pins. He asked her to involve Pr Raymond
Daudel in some common project. Mrs Lemaire was then President of the National
Commission of Fine Arts at the Women’s Professional Union and, as such, had
been invited, in 1972, to a meeting in the Soviet Union. She was received at the
Kremlin and, in the midst of the Cold War, she advocated the creation of an inter-
national and interdisciplinary academy to foster peace through cooperation, bet-
ween scientists and artists from Western and Eastern Europe. After trying to invol-
ve various academics, she came to Pr Daudel. It was as if a heavenly voice had
told him: "If you can’t join them, beat them".

The European Academy of Sciences, Arts and Humanities was founded, in
1979, at the very same address (60 rue Monsieur-le-Prince in Paris) where Pierre
de Fermat had created, three centuries earlier, the informal group that was to be-
come the French Académie des Sciences. The founding members of the European
Academy were Armand Lanoux from Académie Goncourt, René Huygues from
Académie Frangaise, Jean Bernard from Académie de Médecine, Louis Leprince-
Ringuet from Académie des Sciences, and such foreign scientists as Ilya Prigogine
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(Belgium), Per-Olov Léwdin (Sweden), and Camille Sandorfy (Canada) - now all
deceased. Today the European Academy, under the new presidency of Pr de Thé,
from the Pasteur Institute, involves about 300 full members (all academician in
their own country), including 70 Nobel Laureates, and 700 corresponding mem-
bers, from all over the world. It has the status of a non-governmental organization
and acts as a consultant for such international bodies as UNESCO and WHO.

I have a personal debt towards the European Academy. It was through this
body that I was invited, in 2002, by the President of the Tunisian Academy to give
a talk at one of the European Academy meetings, held at Carthage. This allowed
me to visit again, for the first time since forty years, the country where I was born.
There I approached some Tunisian colleagues, whom I had never met before, and
convinced them to organize the tenth QSCP workshop at Carthage.

In recent years, Pr Daudel was mainly involved in establishing a world net-
work on research against retroviruses, together with Luc Montagnier (whose team
discovered the virus of AIDS), and also in promoting the teaching of global issues
and cultural diversity to engineering students, in the context of rising concern for
sustainable development.

Raymond Daudel passed away in Paris, France, on June 20, 20006, at the age
of 86. He leaves two sons, both married and having children: Olivier (working in
computer science in Paris) and Sylvain (involved in education for management in
Singapore). A short ceremony took place in his honour during the eleventh QSCP
workshop held at Kochubey Palace, St Petersburg, Russia, on August 23, 2006,
and a larger one was organized by various bodies, on November 30, at the Royal
Chapel of Versailles.

Raymond Daudel was not a religious man, in the sense that he did not be-
long to any creed - even though he respected even the weirdest creeds. He was, 1
would say, rather close to the philosophy of the Stoics. But he was religious in the
original sense of religare: to link. To link men of different backgrounds and cul-
tures; and also to link the visible world, which can be accessed by Science, and the
invisible realm, which - he thought - could be best approached through Art.

Jean Maruani

Honorary Director
of Research at CNRS
President of CMOA

(Approved by Olivier and Sylvain Daudel
and by Nicole Lemaire D’ Aggagio)
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LITERATE MANY-BODY PERTURBATION THEORY
PROGRAMMING: THIRD-ORDER “RING” DIAGRAMS

STEPHEN WILSON

Rutherford Appleton Laboratory, Chilton, Oxfordshire OX11 00X, UK

Abstract The application of literate programming methods in many-body perturbation theory is illus-
trated by considering the computation of the third-order “ring” diagram in the correlation
energy expansion for a closed-shell, singlet system. An a posteriori application of literate
programming techniques to a major component of the first published computer program for
performing many-body perturbation theory calculations within the algebraic approximation
is given.

1. INTRODUCTION

Science, by it very nature, is a body of public knowledge, to which each researcher makes his personal
contribution, and which is corrected and clarified by mutual criticism. It is a corporate activity in which
each of us builds upon the work of our predecessors, in competitive collaboration with our contemporaries.
The nature of the communication system is thus vital to science; it lies at the very heart of the ‘scientific
method’.

This quotation is taken from a volume entitled The Force of Knowledge: The Scientific
Dimension of Society (p. 90) published in 1976 [1] by the late Professor J. Ziman,
FRS. Ziman continues by pointing out that

The actual form of communication are varied, and have changed in emphasis over the centuries.

In his volume Public Knowledge: An Essay Concerning the Social Dimension of
Science [2], Ziman writes

... physicist and engineers will sometimes make available to their colleagues the tapes of instructions for
computer programs that they have devised for some particular purpose, such as for the solution of some
difficult equation, or for the reduction and analysis of certain types of data. These tapes are collected
in ‘libraries’ at computer centers, and are used directly to generate further knowledge. It seems to me
that these are not just tools of research; they embody information, and play just the same role as would
mathematical formulae published in books, or tables of physical data in scientific papers.

3

S. Lahmar et al. (eds.), Topics in the Theory of Chemical and Physical Systems, 3-33.
© 2007 Springer:



4 Stephen Wilson

He continues

A computer tape is ... not unlike an algebraic formula, but this is not an essential limitation, except at the
stage when it is being prepared by a human mind. It can be transformed, in the computer, to something
much more complex, which is unintelligible to the bare human intellect, and can only be read, so to speak,
by another computer.

Although Ziman made these comments in the late 1960s, even today it remains the
case that many scientific computer programs are not placed in the public domain. On
the other hand, results obtained by executing these codes for specific applications are
widely published in the literature. Objectively, this cannot be regarded as a bone fide
application of the scientific method.

In a recent paper entitled Theory and computation in the study of molecular struc-
ture [3], Quiney and I have advocated the use of literate programming methods, first
introduced by Knuth [4], but now little used [5], as a means of placing quantum
chemistry computer code in the public domain along side the associated theoretical
apparatus. Such publication not only places the work in the body of scientific knowl-
edge but also serves to establish authorship.

In two other recent publications, Quiney and I have given examples of the appli-
cation of literate programming methods in quantum chemistry. In a paper entitled
Literate programming in quantum chemistry: A simple example [6], we describe an
application to the calculation of an approximation to the ground state of the helium
atom. The paper, we submit, demonstrates the pedagogical advantages of literate pro-
gramming. In a second paper entitled Literate programming in quantum chemistry: A
collaborative approach to code development for molecular electronic structure the-
ory [7], we describe the use of literate programming methods in collaborative code
development. We are also preparing a volume with the title Literate programming in
quantum chemistry: an introduction [8].

In the present paper, the application of literate programming methods in many-
body perturbation theory will be illustrated by considering the computation of the
third-order “ring” diagram in the correlation energy expansion for a closed-shell, sin-
glet system. The FORTRAN77 code for calculating this component of the correlation
energy was first published by the author [9] in 1978. The present work, therefore,
represents an a posteriori application of literate programming techniques to a major
component of the first published computer program for performing many-body per-
turbation theory calculations within the algebraic approximation, an approximation
which is the essential ingredient of molecular applications. Our central purpose here
is to demonstrate how literate programming methods can be used to place the com-
puter programs developed in quantum chemistry in the public domain.

The code presented here was published as part of a program package by
D.M. Silver and the present author [9—11] which calculated the components of the
correlation energy corresponding to all second and third-order diagrammatic terms.
The whole package was originally published in Computer Physics Communications
in 1978.
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Figure 1. Brandow diagram for the third-order “ring” energy.

The particular energy component that will be studied here is the third-order “ring”
energy also referred to as the third-order hole-particle energy, E3(hp) (for details
see, for example, [12] or [13]). The corresponding Brandow diagram (a diagram with
antisymmetrized vertices) is shown in Figure 1. The associated Goldstone diagrams
are shown in Figure 2.

The algebraic expression corresponding to the Brandow diagram shown in Figure 1
takes the form

E3(hp) = — ZZ (ij| O |ab) {ak| O lic) (bc| O | jk)

Dijab D jkbe

ijk abc
where (pq| O |rs) denotes a two-electron integral with “antisymmetrized” interac-
tion
1—Ppp
r2
and D4 is a denominator factor which depends on the choice of zero-order Hamil-

tonian for the perturbation expansion. The indices i, j and k label hole states whilst
the indices a, b and c label particle states.

0 =

2. A LITERATE MANY-BODY PERTURBATION THEORY PROGRAM
2.1. Background

Literate programming was introduced by Knuth in 1984 [4]. He suggested that

the time [was] ripe for significantly better documentation of programs, and that we [could] best achieve
this by considering programs to be works of literature.

This requires a radical shift of emphasis in the writing of computer programs. Knuth
writes

instead of imagining that our main task is to instruct a computer what to do
we should

concentrate rather on explaining to human beings what we want a computer to do
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— ] fom e — — ———— —

13

Figure 2. All Goldstone diagrams for the third-order “ring” energy, including those for which the spin
labels differ. Taken from S. Wilson, Comput. Phys. Commun. 14,91 (1978).

Thus the task facing a literate programmer extends beyond that of a computer pro-
grammer. The literate programmer must strive not only to create correct and efficient
code, but also a description of the theoretical concepts that lie behind the code.

Unfortunately, it appears that literate programming techniques are today little
used [5]. But, in recent work [3], we have emphasized their value as a means of
placing quantum chemistry computer code in the public domain along side the asso-
ciated theoretical apparatus. Such publication not only places the work in the body of
scientific knowledge, where it can be [14]

fully and freely available for open criticism and constructive use,

but also serves to establish authorship.
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2.2. A literate program for third-order many-body perturbation theory
“ring” diagram components

The following literate program has been constructed by taking the original
FORTRAN77 listing of the “ring” diagram code, removing all “comment” cards,
and then adding IATEX text, together with Figures, to provide a clear description of
the code and its functionality.

2.2.1. Controlling routine: sw

The controlling routine for the computation of E3(hp) is called sw and begins with
the following call, declarations and assignments:

subroutine sw (io,ktf,ktr,kts,iprnt)

implicit real*8 (a-h,o-z)

dimension gijk(2,1100),ktf(10),ktr(10),
dint (35, 35)

nocctm=10

norbtm=35

nvirtm=25

In the arguments of sw, io is the print data set, kt £ (10) data sets for labelled lists
of integrals, kt r (10) work data sets, kt s is an internal output data set, and iprnt
is a print control parameter such that

iprnt=1: print out of intermediate results
iprnt=0: no print out of intermediate results

e )» norbtm (n)5Y) and nvirtm (n}}) define

The three variables nocctm (np virt
the maximum number of occupied orbitals, orbitals and virtual orbitals, respectively,
that can be consider with the array dimension settings indicated. The array gi jk is

used to store the energy components corresponding to a given i, j, k combination

gn=Y (ij| O lab) {ak| O lic) (bc| O | jk)

o Dijab D jkbe
and is of dimension 2 x ng‘a", where
2
max __ max max max
ng - 2nocc ((nocc ) + Noce )

The controlling routine sw calls three subroutines inpt:

call inpt(io,ktf,ktr,nocctm,norbtm,nvirtm,dint,
iprnt)

which initials certain arrays and controls the subroutines symt and ordr. symt
handles degenerate symmetry species for linear systems, whilst ordr arrange the
two-electron integrals of the type (ij| O |ab) in separate data sets in a manner that
will be described in more detail below; ring:
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call ring(gijk,io,ktf(5),ktr,dint)

which is the routine where the required correlation energy components are computed;
gwrt:

call gwrt (io,kts,gijk, iprnt)

which controls the printing of intermediate data where it is required. Control is then
returned to the controlling routine:

return
end

and this completes execution of the controlling routine sw for the “ring” diagram
energy components. Control is passed back to the calling routine, which is not con-
sidered explicitly here, where the “ring” diagram energy is added to other components
of the correlation energy.

2.2.2. Initialization of arrays: inpt

The subroutine inpt initializes certain arrays and also controls the subroutine symt,
which handles degenerate symmetry species for linear systems, and ordr, which
arranges the two-electron integrals of the type (ij| O |ab). All of the quantities
appearing in the argument list for inpt have been defined above:

subroutine inpt (io,ktf,ktr,nocctm,norbtm,nvirtm,
dint, $iprnt)

The declarations and common blocks are as follows:

implicit realx8 (a-h,o-2z)

dimension ktf (10),ktr(10), label (20),dint (35, 35)

logical 1lsyml (550),1lsym2 (550)

common/ptind/ ind(60),norb, nnorb, nocc, nnocc,
nvirt,nnvirt

common/ptsym/ lsyml, 1sym2, invlab (60)

common/ptres/ etwo (2),etotal (2),ediag,eorb (60)

The three common blocks store: (i) various indices (ptind), (ii) symmetry data
(ptsym), (iii) results (ptres)

Execution begins with the reading of a 1abel, nocc (nycc) — the number of occu-
pied orbitals, norb (n,,5) — the number of orbitals, eorb (€,) — the orbital energies,
invlab — a symmetry label, and dint — the denominator shift integrals. These
quantities are read from the data set kt £ (10). invlab is stored in the common
block pt sym along with the logical arrays 1syml and 1sym2.

kt=ktf (10)

read (kt) label,nocc, norb,eorb, invlab
read (kt) dint

rewind kt



Literate Many-Body Perturbation Theory 9

If intermediate print out is switched on, print the title “Third-order hole-
particle ring diagram™

if (iprnt.ne.0) write (io,6000)
6000 format (39hl1Third-order hole-particle ring
diagram/)

The number of virtual orbitals, n,;,s, is determined and the following conditions
checked

max, max, max
Noce = Npee s Norb = Nyps Nuire = Ny
If any of these inequalities are not satisfied then an error message is written and
execution terminated.

nvirt=norb-nocc

if (nocc.le.nocctm.and.norb.le.norbtm.and.
Snvirt.le.nvirtm) go to 3

write(io, 6007) nocctm,nvirtm, norbtm

6007 format (38h0ODimension problem in ring
program sw //10x

$36hNumber of doubly occupied orbitals =,1i2, 5%,
$31hNumber of unoccupied orbitals =,1i3, 5x,
$20hNumber of orbitals =,13)

stop
3 continue

Various indices stored in the common block pt ind are set up. ind (i) contains val-
ues of

1

5 @G —=1)
This index is required to determine the position of the elements of a symmetric matrix
whose elements are stored in a one-dimensional array. nnocc (7¢¢), nnorb (fprp)
and nnvirt (ny;.) are given by

_ 1

Noce = 5 (Moce (Moce + 1)) 5

_ 1
Norb = E Morb (Norp + 1)) 5

Nyirt = E (nvire (Myire + 1))

j=0

do 1 i=1,norb
ind (i)=73
j=3+i

1 continue
nnorb= (norbx* (norb+1)) /2
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nnocc=ind (nocc+1)
nnvirt=ind (nvirt+1)

Arrays in which the calculated energy components will be stored are set to zero.
etotal will contain the total energy whilst et wo will contain the two-body com-
ponent. 1z=1 corresponds to the Hartree—Fock model zero-order Hamiltonian, that
is the Mgller-Plesset expansion whereas iz=2 identifies the shifted denominator
scheme which uses the Epstein—Nesbet zero-order Hamiltonian. ediag will be used
to store the diagonal component. These energies are stored in the common block
ptres together with the orbital energy (eorb (60)).

do 5 iz=1,2
etotal (iz)=0.0d+00
etwo (iz)=0.0d+00

5 continue
ediag=0.0d+00

Control this then passed to the subroutine symt and then subroutine ordr before it
is returned to the controlling routine sw.

call symt

call ordr(ktf(6),ktr)
return

end

2.2.3. Handling of degenerate symmetry species for linear molecules: symt

Symmetry can be exploited to improve the efficiency of ab initio quantum chemical
programs. This program recognizes degenerate symmetry species for linear mole-
cules.

subroutine symt

implicit realx8 (a-h,o-2z)

logical 11,12,13,14,15,16,17,18,19,1ik,
lsyml (550),

S1lsym2 (550)

common/ptind/ ind(60),norb,nnorb,nocc, nnocc,
nvirt,nnvirt

common/ptsym/ lsyml, lsym2, invlab (60)

Element i of the array inv1ab identifies the symmetry of the orbital i. This index is
used for handling degenerate symmetry species that occur for linear molecules. All
elements of invl1ab are set equal to 1 if the molecule is not linear or if real spherical
harmonics are not used. For linear molecules, the elements of inv1ab are assigned
as follows:

o—1
T — 2
T —3
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If a  orbital is occupied then the corresponding 7 orbital must also be occupied and
must follow the 7 orbital in consecutive order.

The logical arrays 1syml and 1sym?2 are initialized by setting all elements to
.false..

do 1 i=1,550

lsyml (i)=.false.

lsym2 (i)=.false.
1 continue

By considering all sets of indices
i, j, kwithi>k

all cases which will have a non-zero contribution because of symmetry considerations
can be identified. Set isym, jsym and ksym to invlab (i), invlab (j) and
invlab (k), respectively.

icount=0

do 10 i=1, nocc
isym=invlab (i)
do 10 k=1,1
lik=(i.ne. (k+1))
ksym=invlab (k)
do 10 j=1,nocc
jsym=invlab (J)

Set the logical variables 11, 12, ..., 19 according to values of isym, jsym and
ksym.

icount=icount+1l
ll—(isym.eq.l)

isym.eq.
isym.eq.
Jjsym.eq.
Jjsym.eq.
jsym.eq.
ksym.eq.
ksym.eq.
ksym.eq.3

13
4

N E WP W

= (1 2)
( )
( )
= )
= )
= )
= )
= )

Now set 1syml (icount) according to the symmetry of the orbital triple labelled
bytheindmesi,jandk.

(ll and.l6.and.l17) lsyml (icount)=.true.
f(l3.and.1l4.and.17) 1lsyml (icount)=.true.
f(ll.and.l4.and.19) 1lsyml (icount)=.true.
f(l3.and.l6.and.17) 1lsyml (icount)=.true.
f(l3.and.l4.and.19) 1lsyml (icount)=.true.
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if(1l1l.and.
if (13.and.
if (13.and.

.true.

if(1ll.and.
if(13.and.
if (13.and.

=.true.
if(
if(

.true.

13.and.
13.and.

l6.

15
14

16.
1l6.
le.

15
15

and.
.and.
.and.

and.
and.
and.

.and.
.and.

Stephen Wilson

19) 1syml (icount)=.true.
17) lsyml (icount)=.true.
18.and.lik) 1lsyml (icount)

18) 1lsyml (icount)=.true.
19) lsyml (icount)=.true.
18.and.1lik) lsyml (icount)

19) 1lsyml (icount)=.true.
18.and.lik) 1lsyml (icount)

Similarly, set 1sym2 (icount) according to the symmetry of the orbital triple
labelled by the indices i, j and k.

if(ll.and.
if(1l2.and.
if(ll.and.
if(12.and.
if(l2.and.
if(ll.and.
if(12.and.
if(12.and.
if(1ll.and.
if(l2.and.
if(l2.and.
if(l12.and.
if(1l2.and.

10 continue
return
end

15
14
14
15
14
15

16.

14

15
15

16.
16.

.and.
.and.
.and.
.and.
.and.
.and.
and.
.and.
15.and.
.and.
.and.
and.
and.

17) 1lsym2 (icount)=.true.
17) lsym2 (icount)=.true.
18) 1lsym2 (icount)=.true.
17) lsym2 (icount)=.true.
18) 1lsym2 (icount)=.true.
18) 1lsym2 (icount)=.true.
17) lsym2 (icount)=.true.
19) lsym2 (icount)=.true.
19) 1lsym2 (icount)=.true.
18) 1lsym2 (icount)=.true.
19) 1lsym2 (icount)=.true.
18) 1lsym2 (icount)=.true.
19) 1lsym2(icount)=.true.

2.2.4. Processing of the two-electron integrals of the type (ij| O |ab): ordr

The subroutine ordr reads the integrals (ij| O |ab) from the data set jt and creates
Noce datasets ktr (1), 1= 1, nyee, Where data set kt r (1) contains (ij| O |ab) for a
given i arranged in blocks labelled by j. The disposition of the integrals (ij| O |ab)
in the data sets ktr (1), 1= 1, nyee is illustrated in Figure 3.

ktr(i):i =1 ktr(i):i=2 ...ktr(i):i =npcc
j=1 j=1,alla,b j=1,alla,b ... j=1,alla,b
j=2 | j=2,alla,b j=2,alla,b ... j=2 alla,b
j =noce|] =noce, Alla, b j =npee, alla, b ... j=neee, alla, b

Figure 3. Organization of the integrals (ij| O |ab).
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The argument list consists of jt and ktr:
subroutine ordr (jt,ktr)
The declarations, common block and equivalence statements are

implicit realx8 (a-h,o-z)

dimension a(625),ktr(10),indx (625), 1blds (20),
na(l)

common/ptind/ ind(60),norb,nnorb,nocc, nnocc,
nvirt,nnvirt

equivalence (na(l),a(l))

Here a (625) is an array used to store values of the integral (ij| O |ab) for all a and
bibragh@niandj.hlmsﬂm(hmmmkmsn%n.Theanayindx(625)isumd
to store the corresponding integral labels. The various indices in the common block
ptind were set up by the subroutine ordr. Note the equivalence of the arrays na
and a, which is used for efficient reading and writing of integral lists.

read (jt) 1lblds

ies=1

is=0

Js=0

do 7 i=1,nocc

do 7 j=1,1

n=0

if(ies.eq.0) go to 20
10 continue

if(is-1i) 12,11,20
11 continue

if(js-3j) 12,13,20
12 continue

read (jt,end=19) 1is, js,ns

go to 10
13 continue

n=ns

go to 20
19 continue

ies=0
20 continue

if(n.eq.0) go to 5

Now read the integral labels into the array indx and the integrals into the array a,
which is related to the array na by an equivalence

m=n+n
call rfst(indx,n, jt)
call rfst(na,m, jt)

5 continue
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Write the labels and integrals to the data set ktr (i)

kt=ktr (i)
write(kt) i,3,n
if(n.eq.0) go to 6
call wfst (indx,n, kt)
call wfst (na,m, kt)

6 continue

If i # j write the labels and integrals to the data set ktr (J)

if(i.eq.j) goto 7
kt=ktr (J)
write(kt) i, J,n
if(n.eq.0) go to 7
call wfst (indx,n, kt)
call wfst (na,m, kt)

7 continue

Execution of the subroutine ordr concludes by rewinding the data sets jt and
ktr (i), i=1, ngec.

3 continue
rewind jt
do 4 i=1,nocc
kt=ktr (i)

4 rewind kt
return
end

2.2.5. Evaluation of the third-order “ring” diagram energy components: ring

ring is the subroutine in which the third-order “ring” diagram energy components
are actually evaluated. The computation proceeds in two main steps.

In the first step, the integrals (ij| O |ab) and (bc| O |jk) together with the corre-
sponding denominator factors D;jqp and D jip are combined to form an intermediate
fijkac by summing over the index b

ij| O |ab) (bc| O | jk
fijkac:Z<U| |lab) (bc| O |jk)

p DijabDjrbe

The summation shown here is over spin orbitals, but in practice it is carried out over
spatial orbitals. The different spin cases which can arise are summarized in Figure 4.
The difference spin cases are distinguished by the index u.

The second step involves the contraction of the integrals of the type (ak| O |ic) by
summation over the indices a and c to give

8ijk = Y _ fijkac (ak| O lic).
ac
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u (IJ1g|AB) (IJ|g|BA) (JK|g|BC) (JK|gICB) F,MJKAC
1 (xaxaa) (xaxaa) (xaaa) (xaaa) (L2 773)
2 (doaa) (doaar) (aBap) (=) (xaBap)
3 (xBap) (=) (BaBo) (=) (aBaaa)
4 (afap) (=) (BBBB) (BBBB) (aBpap)
5 (=) (aBap) (=) (BaBo) (aBaBpB)
_ 1
8=

Figure 4. Spin cases which arise in the calculation of the intermediate F; ;x4 ~-

Figure 5. Spin cases which arise in the calculation of the intermediate G7 JK-

w (IC|O|AK) F*

IJKAC

"
GIJK

1 (xaxaa)
2 (aaw)

(appa)
3 (aBap)
4 (aBap)

(@aaaw)
(aBaaa)
(aBapp)
(axaBap)
(aBpap)

(xaa)
(o)

(aap)
(@Bp)

In practice, the summation is carried out over spatial orbitals. The different spin cases
are again distinguished by the index w. The spin case which arise are defined in

Figure 5.

The ring subroutine calling arguments are as follows:

subroutine ring(gijk,io, jt,ktr,dint)

where
gijk:
io:
Jt:
ktr:
dint:

The declarations, data, common block and equivalence statements are:

energy components for a given i, j, k

printed output

data sets containing (ic| O |ak) integrals
data sets containing (ij| O |ab) integrals
denominator integrals

implicit real=*8
dimension gl (2),g92(2),93(2),94(2),

$£1(2,2),£2(2,2),£3(2,2),

(a=h,o0-2)

f4(2,2),£5(2,2),

$d1(2),d2(2),d3(2),d4(2),d5(2),
$vijab (625),vikbc (625),gijk (2,1),

$ijab (625), jkbc (625) ,ktr(10),1blds (20),

dint (35, 35),
Sitypea (625),itypec (625),locab (325), locbc (325),
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Srint (950),icak (950),

Snint (1) ,nijab(1l),njkbc(1l),iar (950),1icr (950),
ityper (950)

logical 31,732,33,34,35,11,12,13,14,15,16,17,18,
19,110,

$Slsyml (550), 1sym2 (550)

data t1/0.0d+00/,t2/0.0d+00/,t3/0.0d+00/,

$t4/0.0d+00/,t5/0.0d4+00/

common/ptind/ ind(60),norb, nnorb,nocc, nnocc,
nvirt,nnvirt

common/ptsym/ lsyml, lsym2, invlab (60)

common/ptres/ etwo (2),etotal (2),ediag,eorb(60)

equivalence (nijab(l),vijab(l)), (njkbc (1),

vikbc (1))

1, (nint (1), rint (1))
limit=nvirt*nvirt+nnvirt
nd=2
read(jt) 1lblds
1sym0=0
indx=0

Start a loop over i and assign the data set it containing the (ij| O |ab) for a given i.

do 1 i=1,nocc
it=ktr (i)

and then start a loop over k, assign isym, test for the case i = k, and assign the data
set kt containing the (jk| O |bc) for a given k.

do 2 k=1,1
isym=isymO
19=(i.eq.k)
kt=ktr (k)

The integrals of the type (ic| O |ak) are now read from the data set jt. First the
labels i (ir) and k (kr) are read together with the number of integrals in the block
n, (nr).

read(jt,end=900) ir,kr,nr

If an error is encountered control passes to statement 900. Check that the indices ir
and kr correspond to the required block of integrals:

if(ir.ne.i.and.kr.ne.k) goto 901

If they do not then handle the error by passing control to statement 901. Also check
that the number of integrals in the block, nr, is not greater than the program limita-
tions imposed by array dimensions.
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if(nr.gt.limit) goto 903

If this limit is exceeded, handle this error by passing control to statement 90 3. If the
number of integrals in the (i,k) block is O then the processing of this block can be
skipped.

if(nr.eq.0) go to 2

The integral labels and the integrals (ic| O |ak) themselves are read from the data set
jt.
nnr=nr+nr

call rfst(icak,nr, jt)
call rfst(nint,nnr, jt)

The integral labels for the (i,k) block of integrals are now unpacked. In this code,
iar (iz) contains the index a, icr (iz) the label ¢, and ityper (iz) contains
an index which defines the integral type.

do 3 iz=1,nr

label=icak (iz)

laba=label/1200

iar (iz)=laba-(laba/60) *60-nocc

labc=label/20

icr(iz)=labc- (labc/60) x60—-nocc

ityper (iz)=label- (label/20) x20
3 continue

The integrals (ic| O |ak) are now available for all (a,c) for a given (i k). The pro-
gram now loops over the third occupied orbital index ;.

do 7 j=1,nocc
isym=isym+1l
read(it,end=900) mi,mj,mn

If an error is encountered control passes to statement 900. Check that the indices mi
and mj correspond to the required block of integrals:

if((mi.ne.i.or.mj.ne.j) .and.
(mi.ne.j.or.mj.ne.i)) goto 901

If they do not then handle the error by passing control to statement 901. Also check
that the number of integrals in the block, mn, is not greater than the program limita-
tions imposed by array dimensions.

if(mn.gt.limit) goto 903

If they do not then handle the error by passing control to statement 90 3. Also check
that the number of integrals in the block, mn, is not greater than the program limita-
tions imposed by array dimensions.
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if (mn.eqg.0) go to 5
The integral labels and the integrals (ij| O |ab) themselves are read from the data set
it.

mnn=mn-+mn

call rfst(ijab,mn,it)

call rfst(nijab,mnn,it)
5 continue

Ifi =k, (jk| O |bc) the block is equivalent to the (ij| O |ab) block and so the former
do not have to be read. Control therefore passes to 8.

if(19) goto 8

The integrals of the type (jk| O |bc) are now read from the data set kt. First the
labels j (ni) and k (nJ) are read together with the number of integrals in the block
n, (nn)

read (kt,end=900) ni,nj,nn

If an error is encountered control passes to statement 900. Check that the indices ni
and nj correspond to the required block of integrals:

if((ni.ne.j.or.nj.ne.k).and.
(ni.ne.k.or.nj.ne.j)) goto 901

If they do not then handle the error by passing control to statement 901. Also check
that the number of integrals in the block, nn, is not greater than the program limita-
tions imposed by array dimensions.

if(nn.gt.limit) goto 903

If they do not then handle the error by passing control to statement 90 3. If the number
of integrals in the (j,k) block is O then the processing of this block can be skipped.

if(nn.eq.0) go to 7
The integral labels and the integrals (jk| O |bc) are read from the data set kt.

nnn=nn-+nn
call rfst(jkbc,nn,kt)
call rfst(njkbc,nnn,kt)

If the number of integrals in the (ij| O |ab) block is 0 then processing of this block
can be skipped.

if(mn.eq.0) go to 7
goto 9

The following code is only executed if i = k. The block of integrals (jk| O |bc) is
obtained from the block (ij| O |ab).



Literate Many-Body Perturbation Theory 19

8

continue

if (mn.eqg.0) go to 7
nn=mn

do 10 iz=1,nn
vikbc(iz)=vijab(iz)
jkbc(iz)=ijab(iz)
continue

continue

if(lsyml (isym)) goto 7
16=1sym2 (isym)

Set the elements of the arrays g1, g2, g3 and g4 corresponding to the intermediate
G’; ko =1, 2,3,4,t00. The index iz=1, nd distinguished different denomina-

tor factors.

do 4 iz=1,nd
gl(iz)=0.0d+00
g2 (iz)=0.0d+00
g3(iz)=0.0d+00
g4 (iz)=0.0d+00
continue
17=(i.g9t.7)
18=(j.gt.k)

The arrays pointing to the integrals (ij| O |ab) and (jk| O |bc) in the integral
arrays vijab and vikbc, respectively, are now assigned. Set the elements of the
arrays locab and locbc to 0.

20

do 20 ix=1,nnvirt
locab (ix) =0

locbc (ix) =0
continue

The following code assigns the values of 1ocab:

21

iz=0

continue

iz=iz+1

label=ijab(iz)
laba=1label/1200
laba=laba- (laba/60) 60
laba=laba-nocc
labb=label/20
labb=labb- (labb/60) *60
labb=labb-nocc
itypea(iz)=label- (label/20) %20
indab=ind (laba) +labb
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if (locab (indab) .eq.0) locab (indab)=iz
if (locab(indab) .eq.iz-1) locab(indab)=1-iz
if(iz.lt.mn) goto 21

Execution reaches this point when i z=mn and then continues by assigning values of

locbc:

22

iz=0

continue

iz=iz+1

label=jkbc (iz)

labb=1label/1200

labb=labb- (labb/60) «60

labb=labb-nocc

labc=label/20

labc=labc- (labc/60) *60

labc=labc—-nocc

indbc=ind (labb) +labc

itypec (iz)=label-(label/20) %20

if (locbc (indbc) .eq.0) locbc (indbc)=iz
if (locbc (indbc) .eq.iz-1) locbc (indbc)=1-iz
if(iz.lt.nn) goto 22

Execution reaches this point when iz=nn and all the non-zero elements of 1ocbc
are assigned.

The index ir counts the “ring” integrals. The program now processes the “ring”
integrals (ic| O |ak) to first form the intermediates F’ 1” 7x ac and then the G’; K

25

ir=0

continue
ir=ir+l
ia=iar(ir)
ic=icr(ir)
110=(ia.eqg.ic)
itype=ityper (ir)

Assign the three “ring” integrals to the scalars vrl, vr2, vr3:

vr1l=0.0d+00

vr2=0.0d+00

vr3=0.0d+00

if (itype.ne.l.and.itype.ne.3.and.itype.ne.5.and.
$itype.ne.7) goto 50

vrl=rint (ir)

if(ir.ge.nr) go to 52

iaa=iar(ir+1)

icc=icr(ir+1l)
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if (iaa.ne.ia.or.icc.ne.ic) goto 52
ir=ir+l
itype=ityper (ir)

50 continue
if(itype.ne.2.and.itype.ne.4.and.itype.ne.6.and.
Sitype.ne.8) goto 51
vr2=rint (ir)
if (itype.ne.8) go to 52
if(ir.ge.nr) go to 52
iaa=iar (ir+1)
icc=icr(ir+1)
if (iaa.ne.ia.or.icc.ne.ic) goto 52
ir=ir+l
itype=ityper (ir)

51 continue
if (itype.ne.9) goto 901
vr3=rint (ir)

52 continue

Set the arrays used for storing the intermediates F 1“ Jrac 00, f1, £2, £3, £4,
£5 correspond to the five different spin cases: u = 1,2, 3,4,5. ix=1, 2 distinguish
F ,” JxAc and F ,“J xca- 1z=1, 2 allows calculations for different denominator factors
to be carried out at the same time.

do 42 ix=1,2
do 42 iz=1,nd

f1(ix,iz)=0.0d+00
f2(ix,1iz)=0.0d+00
£f3(ix,iz)=0.0d+00
f4 (ix,iz)=0.0d+00
£5(ix,1iz)=0.0d+00

42 continue
Now the summation over b begins:

do 40 ib=1,nvirt
kb=ib+nocc

w n .
and the two cases F ;g 4o and F g4 considered.

do 41 ix=1,2
ka=ia+nocc

kc=ic+nocc
ll=(ia.ge.ib)
12=(ib.ge.ic)

if(11l) iab=ind(ia)+ib
if(12) dibc=ind (ib) +ic
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if(.not.1l1) iab=ind(ib)+ia
if(.not.12) ibc=ind(ic)+ib
Jjab=locab (iab)
Jjbc=locbc (ibc)
if(jab.eg.0.0r.jbc.eq.0) goto 43
v1=0.0d+00
v2=0.0d+00
v3=0.0d+00
v4=0.0d+00
if(jab.1t.0) goto 54
itype=itypea (jab)
if (itype.lt.5) vl=vijab(jab)
if (itype.eq.5) v3=vijab(jab)
goto 55

54 continue
Jjab=iabs (jab)
itype=itypea (jab)
vl=vijab (jab)
v3=vijab (jab+1)

55 continue
if(jbc.1t.0) goto 56
Jjtype=itypec (jbc)
if (jtype.lt.5) v2=vikbc (jbc)
if (jtype.eq.5) véd=vikbc (jbc)
goto 57

56 continue
jbc=iabs (jbc)
jtype=itypec (jbc)
v2=vikbc (jbc)
vd=vijkbc (jbc+1)

57 continue

The denominator factors are now required. They are stored in the arrays d1, d2,
d3, d4, d5 corresponding to the different spin cases labelled by u = 1, 2, 3,4, 5.
This program handles both the Mgller—Plesset and the Epstein—Nesbet perturbation
series. For the Mgller—Plesset expansion, the denominators do not depend on the spin
case and are given by

Dijab = €i +€; — €a — €
and
Djkpe = €j + €k — €p — &c.
The product of these denominator factors are assigned in the following code:

dijab=eorb (i) +eorb (j)—eorb (ka)-eorb (kb)
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djkbc=eorb (j) +teorb (k) —eorb (kb) —eorb (kc)
d=dijabxdjkbc

if(d.1t.1.0d-10) goto 902

d=1.0d+00/d

iz=1

which includes a check for vanishing denominator factors which would cause over-
flow. The detection of such factor provokes an error condition via a goto 902.

The third-order “ring” energy component for the perturbation series corresponding
to the Epstein—Nesbet zero-order Hamiltonian is given by

(ij| O |ab) (ak| O lic) (bc| O | jk)
E3(hp) = - Z Z ®ik,ac / /
(Dijab — dijab) (D jkbe — djkbe)

ijk abe
where
Oik.ac = 27777 (Ypg + Vrs)
in which
0, ifp=gq
quz{l’ ifp+£gq
and

1 1 1 1
dpgrs = ((PCI| — Ipq) — (pql — |6]P)) + <(VS| — |rs) — (rs| — |SV>>
ri2 2 ri2 ri2

1 1 1 1
+ ((prl — |pr) — (pr| — Irp)) + <<pSI — |sp) — (ps| — |PS)>
ri2 ri2 ri2 ri2

1 1 1 1
+ ((qu — |rq) — (qrl — Iqr)) + <(qs| — Isq) — (gs| — IqS>> .
r2 r2 r2 r2
The following code sets up the products of these denominator factors.

11) x1=dint (ka, kb)

11) x2=dint (kb, ka)
.not.11) xl1=dint (kb, ka)
.not.11) x2=dint (ka, kb)
17) x3=dint (i, j)

17) x4=dint (3, 1)
.not.17) x3=dint (j,1)
if(.not.17) x4=dint (i, j)
x5=dint (ka, 1)
x6=dint (i, ka)

~

if(
if(
if(
if(
if(
if(
if(
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x7=dint (kb, i)
x8=dint (i, kb)
x9=dint (ka, j)
x10=dint (j, ka)
x11=dint (kb, j)
x12=dint (j, kb)
y=x5-x6+x7-x8+x9-x10+x11-x12

Stephen Wilson

if(i.ne.j.and.ia.ne.ib) sll=-x1+x2-x3+x4+y

if(i.ne.j.and.ia.eq.ib) sll=-x3+x4+y
if(i.eg.j.and.ia.ne.ib) sll=-x1+x2+y

if(i.eqg.j.and.ia.eq.ib) sll=y
$12=-x1-x3+x5-x6+x7+x9+x11-x12
$13=-x1-x3+x5+x7-x8+x9-x10+x11
if(12) x1=dint (kb, kc)

f(12) x2=dint (kc, kb)

f(.not.12) xl=dint (kc, kb)

f(.not.12) x2=dint (kb, kc)

f(l x3=dint (Jj, k)

f(l ) x4=dint (k, Jj)

f(.not.18) x3=dint (k, j)
1f(.not.l8) x4=dint (j, k)
x5=dint (kb, j)
x6=dint (7, kb)
x7=dint (kc, j)
x8=dint (7, kc)
x9=dint (kb, k)
x10=dint (k, kb)
x11=dint (kc, k)
x12=dint (k, kc)
y=x5-x6+x7-x8+x9-x10+x11-x12

if(j.ne.k.and.ib.ne.ic) s21=-x1+x2-x3+x4+y

if(j.ne.k.and.ib.eqg.ic) s21=-x3+x4+y
if(j.eqg.k.and.ib.ne.ic) s2l=-x1+x2+y

if(j.eqg.k.and.ib.eg.ic) s2l=y
$22=-xX1-xX3+x5-x6+x7+x9+x11-x12
S23=—x1-x3+x5+x7-x8+x9-x10+x11

Now the required products of denominator factors corresponding to the Epstein—
Nesbet perturbation expansion are formed for each of the possible spin cases. Code
to check for vanishing denominators is included so as to avoid overflow. A vanishing
denominator causes an error condition via a goto 902.

iz=2
d=(dijab+sll) % (d

jkbc+s21)

if (dabs(d) .1t.1.0d-10) goto 902
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dl(iz)=1.0d+00/d
d=(dijab+sll) » (djkbc+s22)
if (dabs(d) .1t.1.0d-10)

d2 (iz)=1.0d+00/d

d=(dijab+sl2) » (djkbc+s22)
if (dabs(d) .1t.1.0d-10)

d3

(1

(

(

(1

(

(
(iz)=1.0d+00/d
(

(
(iz)=1.0d+00/d
(

(

(1

=1.0d+00/d

ijab+s12) * (djkbc+s21)
abs (d) .1t.1.0d-10)

ijab+s13) * (djkbc+s23)
abs( ) .1t.1.0d-10)
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goto 902

goto 902

goto 902

goto 902

This completes the formation of the denominators factors.

It remains to construct the numerators in the expressions for the intermediates
FIMJKAC' The logical variables j1, 52, 3, j4, j5 correspond to the five spin cases
identified by the index © = 1,2,3,4,5. They are initial set to .true. and will be
mmydwﬁMeanﬂmmmmamMmmmdmmmMXQWMngmema

vanishing contribution to the intermediate F

jl=.true.
j2=.true.
j3=.true.
jd=.true.
J5=.true.

Set the logical variables 11, 12, 13 and 14.

=(itype.lt.4)
12=(jtype.lt.4)

(

(
13=((17.and.ib.gt.ia).

((1l8.and.ic.gt.ib) .or

.(.not.17.and.ia.gt.ib))
.(.not.18.and.ib.gt.ic))

The code now branches according to the values of logical variables 11, 12, 13 and

14. Nine distinct cases arise.

if(11) goto 60
if(12) goto 61
if(13) goto 70
if(l14) goto 71

Case 1: 11=.false.,12=.false., 13=.false., 1l4=.false.

s1l3=v1-v3
s24=v2-vi4
tl=s13%s24
t2=513%xv2
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t3=v1*v2
td=vlxs24
t5=v3xv4
goto 46

Case2: 11=.false.,12=.false., 13=.false., l4=.true.

71 continue
sl13=v1-v3
sd42=vi4-v2
tl=s13xs42
t2=s513%v4
t3=vlxv4
td=vlxsd2
t5=v3*xv2
goto 46

70 continue
if (14) goto 72

Case3:11=.false.,12=.false., 13=.true., 14=.false.

s31=v3-vl
s24=v2-v4
tl=s31xs24
t2=531%xv2
t3=v3*xv2
td=v3xs24
t5=vlxv4
goto 46

72 continue

Case4: 11=.false.,12=.false.,13=.true., l4=.true.

s31=v3-vl
sd42=v4-v2
t1l=s31xs42
t2=s531xv4
t3=v3xv4
td=v3*xs42
t5=v1*v2
goto 46

61 continue
if(13) goto 75

Case5:11=.false.,12=.true., 13=.false.

jl=.false.
t2=(v1-v3) *xv2
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t3=v1*v2
j4=.false.
t5=v3*v2
goto 46

Case 6: 11=.false.,12=.true., 13=.true.

75 continue
jl=.false.
t2=(v3-vl) *xv2
t3=v3*v2
j4=.false.
t5=v1*v2
goto 46

60 continue
if(12) goto 62
if(14) goto 77

Case7: 11=.true.,12=.false., 14=.false.

jl=.false.
j2=.false.
t3=v1*v2
td=vlx (v2-v4)
t5=vlxv4
goto 46

Case 8: 11=.true.,12=.false., l4=.true.

77 continue
jl=.false.
j2=.false.
t3=vlixv4
td=vl* (vd-v2)
t5=v1*v2
goto 46

Case9: 11=.true., 12=.true.

62 continue
jl=.false.
j2=.false.
t3=v1*xv2
j4=.false.
t5=t3

46 continue

Now double all components to allow for second spin case obtained by interchanging
o and B spins.
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tl=tl+tl
t2=t2+t2
t3=t3+t3
t4=t4+t4
t5=t5+t>

Stephen Wilson

The elements of the arrays £1, £2, £3, £4, £5 can now be updated for both the

Mgller—Plesset expansion and the Epstein—Nesbet series.

do 80 iz=1,nd

if(§1) £1(ix,
if (32) f£2(ix,
if(§3) £3(ix,
if(§4) £4(ix,
if (§5) £5(ix,

80 continue
43 continue

iz)=f1 (ix,
iz)=f2 (ix,
iz)=f3(ix,
iz)=f4 (ix,
iz)=£f5(ix,

iz)
iz)
iz)
iz)
iz)

+t1lxdl
+t2+xd2
+t3%d3
+tdxd4
+t5%d5

(iz)
(iz)
(iz)
(iz)
(iz)

If i = k or a = ¢ then processing of this block of integrals is completed, otherwise
the indices ia and ic are interchanged and the computation repeated

£(19.0r.110)
isave=ia
ia=ic
ic=isave
41 continue
40 continue

goto 40

This completes the loop over the virtual orbital index b (ib).
Execution continues by calculating the energy components G’; JK-

1if(19.0r.110)
sl3=vrl-vr3
s23=vr2-vr3
do 31 iz=1,nd
tl=f1(1,iz) *s
t2=f3(1,iz) *s
*Vvr3

goto 30

13+£f1(2,1iz
13+£f3(2,1iz

) xs23

) xS23—

t3=£f2(1,1z)*vrl+£f2(2,1z) *vr2
td=£f4(1,iz)*vrl+£fd (2,1iz)*vr2

=gl (iz)
=g2(iz)
=g3(iz)
g4 (iz)=g4 (iz)
continue
goto 32
30 continue

gl(lz)
2(iz)
g3(1z)

31

+tl1+tl

z)+t2+t2

+£3+t3

z)+td+t4

(£5(1,1iz)+£5(2,1z))
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35

38

34
32

39

sl2=vrl-vr2

do 34 iz=1,nd
tl=f1(1,iz)*sl2
t2=£f3(1,1iz)*s12-£f5(1,1iz)*vr2
if(19.and.110) goto 33
t3=(f2(1,iz)+f4(1,1iz))*vrl
td=t3

tl=tl+tl

t2=t2+t2

goto 35

continue

t3=f2(1,iz)*vrl

t4=t3

continue

if(19.and.110.and.iz.eqg.2) goto 38

gl(iz)=gl(iz)+tl

g2 (iz)=g2(iz)+t2
continue
g3(iz)=g3(iz)+t3

gl (iz)=g4d (iz)+t4
if(.not.(19.and.110) .or.iz.eq.2)
tl=tl+t2

if(le) tl=tl+tl
ediag=ediag+tl
continue

continue
if(ir.lt.nr) goto 25
do 39 iz=1,nd
tl=gl(iz)+g2(iz)
t2=tl+g3(iz)+g4d (iz)
if(16) t2=t2+t2
etotal (iz)=etotal (iz) +t2
if(.not.19) goto 39
if(l6) tl=tl+tl

etwo (iz)=etwo (iz)+tl
continue

goto 34

The (i,j,k) energy components are stored in the array gijk ( ).

indx=indx+1
gijk (1, indx)=gl (1)
gijk (2, indx) =gl (2)
indx=indx+1
gijk(1l,indx)=g2 (1)
gijk (2, indx)=g2 (2)

29
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indx=indx+1
gijk(l,indx)=g3 (1)
gijk (2, indx)=g3(2)
indx=indx+1
gijk (1, indx)=g4 (1)
gijk(2,indx)=g4 (2)
7 continue
rewind it
rewind kt
2 isym0O=isymO+nocc
1 continue

This completes the computation of the energy components for each (i, k) triple.
It remains to rewind the data set jt and return control to the calling routine.

rewind jt
return

The following code handles various error conditions.

900 write(io,6000) i,3j,k,ir,kr,mi,mj,ni,nj

go to 999

901 write(io,6001) i,7j,k,ir,kr,mi,mj,ni,nj
go to 999

902 write(io, 6002) 1i,3,k,1ia,ib,ic
go to 999

903 write (i0,6003) nr,limit

6000 format (20h0OEnd of file in ring, 5x,91i5)

6001 format (37h0Expected integrals not found in ring,
5x,915)

6002 format (28h0ODenominator is zero in ring, 5x,615)

6003 format (45h0Insufficient store in ring for
integral list, $2110)

999 stop

end

This completes the subroutine for evaluating the third-order “ring” energies.

2.2.6. Printing of intermediate results: gwrt

The subroutine gwrt prints out the intermediate results when required.

subroutine gwrt (io, jt, g, iprnt)

implicit real*8 (a-h,o-z)

dimension g (2,1),per(2,55),title(2),ethree(2)
data title(l)/8h(e0-h0) /,title(2)/8hshifted /
logical 1syml (550),1lsym2 (550)

common/ptind/ ind(60),norb,nnorb,nocc, nnocc,
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nvirt, Snnvirt
common/ptsym/ lsyml, 1sym2, invlab (60)
common/ptres/ etwo (2),etotal (2),ediag,eorb (60)
do 5 id=1,2
ethree (id)=etotal (id)-etwo (id)
do 5 ij=1,nnocc
5 per(id,13)=0.0d+00
if (iprnt.ne.0)
lwrite (i0,6002) title,etotal,etwo,ethree,ediag
do 2 id=1,2
isym=0
index=0
if (iprnt.ne.0) write (io,6000) title(id)
do 2 i=1,nocc
do 2 k=1,1i
do 2 j=1,nocc
isym=isym+1
if (1syml (isym)) goto 2
if (iprnt.ne.0)
lwrite(io, 6001) i, 3, k,g(id, index+1),1, J,k,
g(id, index+2),
$ i,J,k,g(id,index+3),1i,j,k,g(id, index+4)
if(i.ne.k) go to 3
tl=g(id, index+1) +g(id, index+2)
if(lsym2 (isym)) tl=tl+tl
if(i.ge.j) ij=(ixi-1)/2+]
if(i.1t.3) ij=(jxj-3J)/2+1
per (id, i1]j)=per (id, ij)+t1l
3 index=index+4
2 continue
write (jt) etotal,etwo,per
6000 format (///36h0Components of the ring energy
with ,a8, $12hdenominators/)
6001 format (9x%x,12,1ha,i2,1ha,i2,1ha,1x,f12.8,5%,12,

1ha, i2,

$ 1hb,i2, 1ha,1x,f12.8,5x%,i2, 1ha, 12, 1ha, i2,
1hb, 1x,

$ £12.8,5x%,i2,1ha,i2, 1hb,i2, 1hb, 1x, £12.8)

6002 format(// 1h0,48x,a8,16x,a8/
$32h0Total third-order ring energy =,
$8x,£19.14,5x%x,£19.14/
$35h0Two-body third-order ring energy =,
$5%x,f19.14,5x%x,£19.14/
$37h0Three-body third-order ring energy =,
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$3x,f19.14,5x%x,£19.14/

$35h0Diagonal third-order ring energy =,
$5x,£19.14//)

return

end

2.2.7. Input/output subroutine: rfst

The input/output subroutine r f st performs “fast” unformatted read and write oper-
ations, the latter being carried out via the entry wfst. rfst has arguments i (n),
the integer array to be written, n, the length of the array, and kt the data set to be
read from. wfst contains the corresponding arguments for a write operation.

subroutine rfst (i, n,kt)

integer i(n)
read (kt) 1
return

entry wfst (i,n,kt)
write (kt) 1i
return

end

This completes a literate program for evaluating third-order “ring” energies in the
many-body perturbation theory for closed-shell systems within the algebraic approx-
imation.

3. CONCLUDING REMARKS

We have described the a posteriori application of literate programming techniques to
part of the first published computer program for performing many-body perturbation
theory calculations within the algebraic approximation. The program considered in
this work was originally published by the author in Computer Physics Communica-
tions in 1978. It formed part of a set of programs for molecular many-body perturba-
tion theory calculations. The original code was documented by means of “comment”
cards within the code together with the companion publication [9].

We have demonstrated in this paper how literate programming methods can do
much to facilitate the understanding of computer code by the reader and at the same
time bring the coding details into the public domain where they can be critically
evaluated and perhaps used as the basis for future studies.

Quantum chemistry is a field of research which depends heavily on computation.
The potential of literate programming techniques to accelerate the development of
computational quantum chemistry is evident. By placing quantum chemistry com-
puter programs in the public domain in a form which can be easily read and com-
prehended by the human reader they are placed in the body of scientific knowledge
where they can be openly criticized and used constructively.
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MULTICOMPONENT MANY-BODY PERTURBATION
THEORY FOR THE SIMULTANEOUS DESCRIPTION
OF ELECTRONIC AND NUCLEAR MOTION:
TOWARDS A PRACTICAL IMPLEMENTATION
USING LITERATE PROGRAMMING METHODS

STEPHEN WILSON

Rutherford Appleton Laboratory, Chilton, Oxfordshire OX11 00X, UK

Abstract The most widely used sequence of approximations in describing the structure and proper-
ties of molecules is first to assume the Born-Oppenheimer approximation to separate the
electronic and the nuclear motions, then to decouple the electronic problem by assuming an
independent particle model, and then to correct the mean field description by taking account
of the instantaneous interactions of the electrons. (Nuclear degrees of freedom are often
treated classically.) Many-body perturbation theory (MBPT) in its second-order form (des-
ignated MP2) remains the most widely used practical technique for describing the effects
of electron correlation. MBPT is also invaluable in understanding the relation between dif-
ferent approaches to the electron correlation problem such as configuration interaction and

various cluster expansions.

Recent years have seen a growing interest in the simultaneous description of electronic
and nuclear motion. The nonadiabatic coupling between the electronic and nuclear motion
manifest itself in numerous and rather diverse phenomena. An independent particle model
can be formulated in which the averaged interactions between the electrons, between the
electrons and the nuclei and between the nuclei are described quantum mechanically.
Multicomponent MBPT can then be used to formulate the corresponding correlation
problem accounting for electron-electron interactions, electron-nucleus interactions and

nucleus—nucleus interactions in either algebraic or diagrammatic terms.

The practical realization of multicomponent MBPT rests on the development of efficient
algorithms and the associated computer code. In recent work, we have advocated the use
literate programming techniques in the development and publication of computer code for
molecular structure calculations. We briefly discuss the application of these methods to the

multicomponent many-body perturbation expansion.
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1. INTRODUCTION

The vast majority of theoretical molecular structure studies attack the problem in
two distinct stages. First the electrons are assumed to move in the field of fixed
nuclei, that is, the Born—Oppenheimer approximation [1-3] is made. Solution of the
electronic Schrédinger equation yields a potential energy curve or surface which then
defines an effective potential in which nuclear motion takes place. The second stage
therefore involves the solution of the nuclear Schrédinger equation for the motion of
the nuclei in the effective potential generated by the electrons. The study of nuclear
motion necessitates the determination of a potential energy hypersurface which in
turn requires, in principle, the solution of the electronic Schrédinger equation for all
possible nuclear configurations. This problem becomes increasingly intractable as
molecular species containing larger numbers of atoms are considered. (For a recent
review of the approximate separation of electronic and nuclear motion in the molec-
ular structure problem within the framework of non-relativistic quantum mechanics
see the recent work of Sutcliffe [4-8].)

In a recent review, Woolley and Sutcliffe [9] repeat a comments made by Lowdin
[10] in 1990

One of the most urgent problems of modern quantum chemistry is to treat the motions of the atomic nuclei
and the electrons on a more or less equivalent basis.

In 1969, Thomas published two papers [11, 12] in which a molecular structure
theory was developed without invoking the Born—Oppenheimer approximation. In
these publications and two further papers published in 1970 [13, 14], Thomas studied
methane, ammonia, water and hydrogen fluoride adding the kinetic energy operators
of the protons to the electronic hamiltonian and using Slater-type orbitals centered
on the heavier nuclei for the protonic wave functions. Over the years, a number of
authors [15-23] have attempted the development of a non-Born—Oppenheimer theory
of molecular structure, but problems of accuracy and/or feasibility remain for appli-
cations to arbitrary molecular systems.

In 2002, Nakai [24] presented a non-Born—Oppenheimer theory of molecular struc-
ture in which molecular orbitals (MO) are used to describe the motion of individual
electrons and nuclear orbitals (NO) are introduced each of which describes the motion
of single nuclei. Nakai presents an ab initio Hartree—Fock theory, which is designated
“NO+MO/HF theory”, which builds on the earlier work of Tachikawa et al. [25]. In
subsequent work published in 2003, Nakai and Sodeyama [26] apply MBPT to the
problem of simultaneously describing both the nuclear and electronic components of
a molecular system. Their approach will be considered in some detail in this paper
as a first step in the development of a literate quantum chemistry program for the
simultaneous description of electronic and nuclear motion.

In section 2 we define the total molecular Hamiltonian operator describing both
nuclear and electronic motion. The Hartree—Fock theory for nuclei and electrons is
presented in section 3 and a many-body perturbation theory which uses this as a ref-
erence is developed in section 4. The diagrammatic perturbation theory of nuclei and



Electronic and Nuclear Motion 37

electrons is reviewed in section 5. In section 6, we turn our attention to the problem
of developing a literate quantum chemistry program for the simultaneous descrip-
tion of electronic and nuclear motion. In section 7, we consider the prospects for this
area of research and briefly describe future research directions.

2. THE TOTAL MOLECULAR HAMILTONIAN OPERATOR

The total molecular Hamiltonian operator for a system containing N nuclei and n
electrons may be written

(D H=T+V

where the kinetic energy operator, 7, is a sum of a two one-body terms, a nuclear
term and an electronic term

2) T =T,+T,.

The nuclear kinetic energy operator, 7,, is a sum of one-particle operators, that is
= =Y gV
n . 2mP P

3

Il
7

where the one-particle nuclear kinetic operator is given by

) tp = 1v2
P= 2mp P

in which m p is the mass of the nucleus labelled P. Similarly, the electronic kinetic
energy operator, T, is a sum of one-electron operators, that is

n

12

T, = _Zivp
p

) =Y 1
14

where the one-particle electronic kinetic operator is given by

6 IW
(6) Ip = —E P
The potential energy term, V, is a sum of three two-body terms, the first correspond-
ing to nucleus—nucleus interactions, the second to nucleus—electron interactions and

the third to electron-electron interactions.

(7) V=V + Vie + Vee
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The nucleus—nucleus interaction term has the form

N
> v (P, Q)

P>Q

N
ZpZ
®) =) =
p-o 'PQ

V}’l n

where Zp is the charge associated with nucleus P and rpg is the distance between
nucleus P and nucleus Q. The nucleus—electron interaction term takes the form

n N
Vie = Z Ven (p, P)
p P

r,,p

nNZP
o -yyZ
p P

where r,p is the distance between nucleus P and electron p. The electron—electron
interaction term takes the form

n
Vee = Z Vee (P> P)

p>q

"1

’
p>q ' Pq

(10)
where r, is the distance between the electron labelled p and that labelled g.

3. THE HARTREE-FOCK THEORY OF NUCLEI AND ELECTRONS

In order to develop a theory for the motion of both the nuclei and the electrons in a
molecule, we write the total Hamiltonian operator, H, as a sum of an unperturbed or
zero order Hamiltonian, Hy, and a perturbation, Hj, that is

(11)  H = Hy+ »H;.

Here A is a perturbation parameter which is introduced so as to define the order of
different terms in the perturbation series but which is set equal to 1 in order to recover
the physical situation.

The unperturbed Hamiltonian operator is based on an independent particle model,
that is, a model in which each particle, nucleus or electron, experiences an averaged
interaction with the other particles in the system. The unperturbed Hamiltonian oper-
ator is a sum of a kinetic energy term and an effective potential energy term

(12)  Hy=T+U
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The kinetic energy component is the sum of one-particle terms defined in the previous
section. The effective potential is a sum of a nuclear and an electron component.

(13) U=U,+U.

It is also a sum of one-particle terms.
The total wave function for a system of nuclei and electrons can be written as a
product of a nuclear component

(14 @, = |epgo..
in which @p is a single nucleus state function, or NO, and an electronic component
(15) Pe = [9peg-- |

in which ¢, is a single electron state function, or electronic orbitals — more usually
called a molecular orbital.

The single nucleus state function or nuclear orbital is an eigenfunction of a
Hartree—Fock eigenvalue equation for the nuclear motion

(16) Fopp = epop

in which the Fock operator has the form

N n
Fa=tat+Y (UpFKp)+ Y Jp
P p

(17 =ty +un

where the nuclear Fock potential is

N n
18)  wa=Y_ (pFKp)+Y Jp
P p

J and K denote the Coulomb and exchange operators, respectively. In equation (16),
the effective field of the nuclear orbital is due to the motion of the electrons and the
remaining nuclei.

The Hartree—Fock equations for the electrons have the form

(19) Fepp = €ppp

where the Fock operator is given by

n N
Fo=te+Y (Jp—Kp)+ Y Jp
P 3

(20) =t + U,

The effective potential for the electrons is

n N
QD ue=Y (Jp—Kp)+ > Jp
P P
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which includes a mean-field coupling between the electronic and the nuclear motion.
In equation (19) the effective field of the electronic (molecular) orbital is due to the
motion of the nuclei and the other electrons in the system.

4. THE MANY-BODY PERTURBATION THEORY OF NUCLEI
AND ELECTRONS

The unperturbed or zero order Hamiltonian can be rewritten in the form

Hy=T+U
=Th+T.+U,+ U,
= (Th+ Un) + (T + Ue)
(22) = Hyo + Heo
where H, is the unperturbed Hamiltonian describing the motion of the nuclei
(23) Hypo =Ty + Up
and H, is the unperturbed Hamiltonian for the motion of the electrons
24 Hp =T, + U..

The perturbing operator is the difference between the full Hamiltonian and the zero
order Hamiltonian

(25) Hy=H - Hy
so that
(26) H=T+V)—(T+U)
and thus
H=V-U
27 = Van + Vae + Vee —Un — U,
Recall that the total molecular Hamiltonian is written
(28) H (M) = Ho + AH,

where the unperturbed Hamiltonian, H (0) = Hy, has eigenvalues E,, and eigen-
functions |®,,)

(29) Ho |®p) = Em |Ppm)
The Schrodinger equation for the perturbed system can then be written [27]
(30) H@) V@) =EM) V@)

where it is assumed that the exact eigenvalue is an analytic function of the perturba-
tion parameter A and can be expanded in a power series
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E=E)
o0
31 =Y EOM
k=0

and similarly that the exact eigenfunction is an analytic function of A and can also be
written as a power series

W) = [¥ Q)
o
(32) = > [x®)ak
k=0
Obviously, the constant term in the power series expansion for E (1) is
33) EO=E,
and the corresponding term in the power series for the exact wave function is
G @) =190
We write
(35