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MANY-PARTICLE SCHRODINGER EQUATION
QUANTUM CHEMISTRY: THE ELECTRONIC SCHRODINGER EQUATION

HUx(X;R) = Ex(R)Ux(X;R)

NUCLEAR PHYSICS: THE NUCLEAR SCHRODINGER EQUATION
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MANY-BODY TECHNIQUES DEVELOPED IN ONE AREA SHOULD BE
APPLICABLE TO OTHER AREAS
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SOLVING THE MANY-PARTICLE SCHRODINGER EQUATION
m Define a basis set of single-particle functions (e.g., LCAO-
type molecular spin-orbitals in quantum chemistry obtained

by solving mean-field equations or harmonic oscillator
basis in nuclear physics)

V={p (x),r=1...,dimV}

Exactcase :dimV = oo, inpractice :dimV < o

m Construct all possible Slater determinants that can be
formed from these spin-particle states

¢r1(x1) §0r1(XN)
D (Xl’ XN):— . | .

hn...I'y

Pr (X)) - Pr, (Xy)
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SOLVING THE MANY-PARTICLE SCHRODINGER EQUATION

m The exact wave function can be written as a linear
combination of all Slater determinants

¥, (X Xy)= ) ¢ (Xg 0 Xy)

h <<y

:Zcf‘d),(xl,...,xN)

I
m Determine the coefficients c and the energies E,, by
solving the matrix eigenvalue problem:

HC* = E C*
where the matrix elements of the Hamiltonian are
H, =(®, |H \CDJ>=jdxl...deCD’;‘(xl,...,xN)HCDJ(xl,...,xN)

m This procedure, referred to as the full configuration
Interaction approach (FCI), yields the exact solution
within a given single-particle basis set
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THE PROBLEM WITH FCI

Dimensions of the full Cl spaces for many-electron systems

Mumber of correlated electrons

Orbitals 6 8 10 12

20 379 = 107 580 = 10% 526 = 10% 300 = 108
30 456 % 109  172%10%  4.04 = 10°  62.5 % 10°
100 6.73 =% 10 320 102 094 % 10 2.16 x 10'7

Dimensions of the full shell model spaces for nuclei

Nucleus | 4 shells | 7 shells

“He 4E4 9E6
8B 4AES8 SE13
HAC 6E11 4E19

160 3E14 OE24
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THE PROBLEM WITH FCI

Dimensions of the full Cl spaces for many-electron systems

Mumber of correlated electrons

Orbitals 6 8 10 12

20 379 = 107 580 = 10% 526 = 10% 300 = 108
30 456 % 109  172%10%  4.04 = 10°  62.5 % 10°
100 6.73 =% 10 320 102 094 % 10 2.16 x 10'7

Dimensions of the full shell model spaces for nuclei

Nucleus | 4 shells | 7 shells
“He 4E4 9E6

8B 4E8 5E13
12C 6E11 4E19
160 3E14 OE24

m Alternative approaches are needed in order to study the
majority of many-body systems of interest
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systems, and nuclei is an accurate determination of the MANY-PARTICLE
CORRELATION EFFECTS. INDEPENDENT-PARTICLE-MODEL APPROXIMATIONS,

such as the Hartree-Fock method, ARE USUALLY INADEQUATE
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" J
The key to successful description of atoms, molecules, condensed matter
systems, and nuclei is an accurate determination of the MANY-PARTICLE

CORRELATION EFFECTS. INDEPENDENT-PARTICLE-MODEL APPROXIMATIONS,

such as the Hartree-Fock method, ARE USUALLY INADEQUATE

ELECTRONIC STRUCTURE:
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NUCLEAR STRUCTURE:
Binding energy of “He

(4 shells)
Method Energy (MeV)
(q)oscll_rlq)osc ) -7.211
(q)HFlH’lq)HF) '10520
CCSD -21.978
CR-CCSD(T) -23.524
Full Shell Model | -23.484
(Full CI)
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DESCRIPTION OF MANY-PARTICLE CORRELATION EFFECTS BY
SINGLE-REFERENCE MANY-BODY PERTURBATION THEORY (MBPT)

This is a short course on single-reference MBPT aimed at the following content:

Rayleigh-Schrodinger perturbation theory, wave, reaction, and reduced resolvent operators
Eigenfunction and eigenvalue expansions, renormalization terms, and bracketing technique
Diagrammatic representation, rules for MBPT diagrams

MBPT diagrams in low orders (second-, third-, and fourth-order energy corrections; first-
and second-order wave function contributions)

Linked, unlinked, connected, and disconnected diagrams; diagram cancellations in fourth-
order energy and third- and fourth-order wave function corrections

Exclusion Principle Violating (EPV) diagrams

Factorization Lemma

Linked Cluster Theorem

Connected-Cluster Theorem

Wb

o

©o0oNO



DESCRIPTION OF MANY-PARTICLE CORRELATION EFFECTS BY
SINGLE-REFERENCE MANY-BODY PERTURBATION THEORY (MBPT)

This will be a brief course on single-reference MBPT based on the following materials:
1. Lecture notes that will be provided to you in a PDF format.

2. The online lecture series entitled “Algebraic and Diagrammatic Methods for Many-
Fermion Systems,” available at

https://pages.wustl.edu/ppiecuch/course-videos

and on YouTube at

https://www.youtube.com/results?search _guery=Chem+580&sp=CAl[%253D,

recorded during my visit at Washington University in St. Louis in 2016, consisting of 44
videos (MBPT starts in lecture 28, with introductory remarks at the end of lecture 27).

1182 < G+ 6 e, 6>+ ]
| — <&M REWD> REWT>

3. Lecture notes by Professor Josef Paldus, which can be downloaded
from www.math.uwaterloo.ca/~paldus/resources.html.



https://pages.wustl.edu/ppiecuch/course-videos
https://www.youtube.com/results?search_query=Chem+580&sp=CAI%3D
http://www.math.uwaterloo.ca/%7Epaldus/resources.html
http://www.math.uwaterloo.ca/%7Epaldus/resources.html

DESCRIPTION OF MANY-PARTICLE CORRELATION EFFECTS BY
SINGLE-REFERENCE MANY-BODY PERTURBATION THEORY (MBPT)

Although the use of perturbation theory to analyze the many-electron correlation
problem dates back to the seminal 1934 work by Mgller and Plesset, the Mgller and
Plesset work is limited to the second order and does not use second quantization.

OCTOBER 1, 1934 PHYSICAL REVIEW VOLUME 46

Note on an Approximation Treatment for Many-Electron Systems

Cur, Mdiier axp M. 5. Puesser,” Tnsiitul for teorelisk Fysik, Copenhagen
(Received July 14, 1934)

A perturbation theory is developed for treating a system of 5 electrons in which the Hartree-
Fock solution appears as the zero-order approximation. It is shown by this development that

the first order correction fr.w the energy and the charge density of the system is zero. The

for the

for the energy greatly simplifies because of the

spocial property of the zero-order solution. It is pointed out that the development of the
higher approximation involves only ealculations based on a definite one-body problem,

HE Hartree-Fock method! for treating a

gvstem of # electrons in a given external
ficld consists in making the approximation of
assigning to the system a wave function of the
determinantal form

alg) ealge) eilgn)

Lo fesly o e

& -E;"!')—. . . (1)
ealgn) el

where the variables ¢, represent space and spin
coordinates, and the # functions & {g) are a set
of erthogonal normalized solutions of the equa-
tion

ib(d/dl)elg) =Hot B-A}elg).  (2)

In (2) i, is the Hamiltonian for an electron in
the external field, and the matrix elements of B
and A in the g-representation are given hy?

(g Blg")
- [ [ vigemagagraielen, @

(@l 4]
- f [ 1vieareaag @ ole), @

where the matrix of p is defined by

(gl»if:—)llw.(m.-m. )

‘ National Research Fellow.

,L I’hvmk 61, 126 (1930); I'. A, M. Dirac,
26, Part 111, 376 (19230).
g is al\\ay! “uniderstoad fo include summation
aver Ihe spin coordinate,

and 17 is the interaction energy for a pair of
electrons.

As follows from the definition (5) the density
matrix p is Hermitean and obeys the equation
p*=p; (3) together with (2) give the cquation of
motion for p

ihop={Hy+B—A)p—p(Hy+B—4A). (6)

As Dirac has hasized, all probabilities can
be expressed by means of this density matrix o7
in particular the charge density at g is given by
(a] plq).

It is supposed throughout the following that
Hy does not contain the time explicitly, We may
then consider solutions of (2) and (6) which
belong to a stationary state g so that our equa-
tions become

Foe P (g)=(HotB,— A e, (q)
=\, 0Mg) ;
Pl =0.

(7)
(8)

It is clear that the form of the operator F,
depends on the stationary state considered. The
energy of the system is, in the present approx-
imation, given by

W=D {p(H+34B,—34,)],

Fopp—

)

where I? denotes the diagonal sum. The corre-
sponding wave function for a stationary state of
the whele system is an eigenfunction of the
operator

= O+ B, 0= 4,0} =3 1,0, (10)
i=1 =1

¥ Dirac, Proc. Camb. Phil. Soc. 27, Part 11, 240 (1930).

618



DESCRIPTION OF MANY-PARTICLE CORRELATION EFFECTS BY
SINGLE-REFERENCE MANY-BODY PERTURBATION THEORY (MBPT)

They key original papers most relevant to this presentation of MBPT are:

36 D. H.
after these corrections and that for compound nucleus
contribution a similar discrepancy yet remains, it is in
the sense to correspond to a greater reduced width for
neutrons (in C¥) than for protons (in N¥); i.e, “the
neutrons stick out further than the protons.” Such an
effect has been suggested for heavier nuclei, though it
would be very surprising to find it holding for so light
a nucleus as A=13.

An estimate of the course of the cross section for the
reaction C#(d,f)C" was made on the basis of compound
nucleus formation by assuming, as before, that the
whole of the cross section for C#(d,x) N" at low deuteron
energies involves compound nucleus formation. On the
assumption that the reduced width for triton emission

WILKINSON

probability of the deuteron’s losing a nucleon to the
nucleus and removing one from it. As yet no sufficiently
reliable theory of (df) pickup exists to warrant a
comparison being made with these results. It is interest-
ing to note that, at Es=3.3 Mev, the angular distribu-
tion of the reaction C¥(d,f)C" is such as to suggest that
a direct b already pred

It is interesting to compare these results with those
of Cohen and Handley® on (#.0) reactions. These authors
guggest that triton emission from a compound nucleus
state has an inherent probability comparable with that
for single nucleon emission. They base this argument on
the rather flat angular distributions sometimes obtained
which, they remark, tell against a pickup process, How-
ever, this conclusion is no longer valid when the energy

is as great as that for neutron emission (the ption
of “preformed” tritons), we predict the dashed line of
Fig. 2—in which the coming into play of successive
residual states of C" has been allowed for and the
associated irregularities smoothed out. It is seen that
even under the very unplausible assumption of the
existence of preformed tritons, compound nucleus
theory fails by an order of magnitude to explain the
observed C" formation. We are forced then to assume
that this (d,f) reaction proceeds by some pickup mecha-
nism and that we are indeed measuring the relative

of one or both the charged particles concerned is of the
order of or below the Coulomb barrier; here a direct
mechanism can give a sensibly isotropic angular dis-
tribution. It appears that considerable interest attaches
to the resolution of this question of the mechanism by
which tritons and similar complicated particles are
emitted from nuclei in events of moderate to high
energy.

*B. L. Coben and T, H. Handley, Phys. Rev. 93, 514 (1954)

PHYSICAL VOLUME 100, NUMBER 1 OCTOBER 1, 1955

Many-Body Problem for Strongly Interacting Particles. II. Linked Cluster Expansion®*
K. A. BRUECENER
I'ndiana Universily, Bloominglon, Indisna
(Received April 28, 1955)

REVIEW

An app method developed fously to deal with many particles in strong interaction is
examined in further detail. It is shown Ihar. the series giving the i s isa ina
sequence of linked or irreducible chuster terms cach of which gives a cunlnhulwn to the energy pmpwllmal
to the total number of particles. C. the c B of the pendent of the total
number of particles. The origin of this slmple feature is llluslmed by showing lhal. a similar situation exists
in the expansion of standard perturbation theory. Thy of the is quanti-
tatively discussed for the nuclear problem where it is d-uwn that the correction arising from the first cluster
term involving three particles is less than the leading term by a factor of about 1074 The smallness of the
correction is largely a result of the action of the exclusion principle.

I. INTRODUCTION

IN a previous paper' (to be referred to as 1) we have
given a method for reducing approximately the many
body problem for strongly interacting particles to a
problem of self-consistent fields. Some of the physical
content and origin of the method were discussed there
and the nature of certain correction terms which can
be neglected for very many particles was discussed.
We shall in this paper examine the structure of another
type of correction term which arises from interaction

* Supported in part by a grantTirom the National Science
Fuum!anon_
. A. Brueckner and C. A, Levinson, Phys. Rev. 97, 1344
uow

of clusters of particles and in so doing exhibit the gen-
eral structure of the expansion involved. This will also
allow us to draw some general conclusions about the
convergence and accuracy of the method,

In Sec. TI, we shall briefly summarize the relevant
formulas from I and describe some difficulties which
appear in high-order terms in the expansion for the
energy which can be removed by a simple modification
of the many-body propagation function. In Sec. 111, we
show how similar terms appear to arise in the usual
perturbation theory but that they cancel identically,
in a manner simply related to the cancellation discussed
in Sec, IL. In Sec. IV, we summarize these results and
show how they may be generalized into a simple pre-
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(1955).

Derivation of the Brueckner many-body theory

By J. (GOLDSTONE
Trinity College, University of Cambridge?

(Communicated by N. F. Mott, F.R.S.—Received 24 August 1956)

An exact formal solution is obtained to the p of a system of fermions in interaction,
This solution is expressed in a form which avoids the problem of unli 1 elusters in many-
body theory. The technigque of Feynman graphs is used to derive the series and to define
linked terms. The graphs are those appropriate to a system of many formions and are used to
give a new derivation of the Hartree-Foek and Brueckner methods for this problem.

1. INtTrRODUCTION

The Hartree-Fock approximation for the many-body problem uses a wave function
which is a determinant of single-particle wave functions—that is, an independent-
particle model. The single- particle states are eigenstates of a particle in a potential V,
which is determined from the two-body interaction » by a self-consistent caleulation.
The Brueckner theory (Brueckner & Levinson 1955; Bethe 1956; Eden 1956) gives an
improved method of defining ¥ and showswhy the residual effects of v not allowed for
by V can be small. In particular, in the nuclear problem the corrections to the energy
are small, even though the corrections to the wave function are large. The theory thus
gives a reconciliation of the shell model, the strong two-nucleon interactions, and the
observed two-body correlations in the nuclens. The smallness of the corrections is
due to the operation of the exclusion principle. Bethe (1956) has shown that this
same exclusion effect makes even the Hartree—Fock approximation good for quite
strong interactions, such as an exponential potential fitted to low-energy nueleon-
nucleon seattering.

The first problem on which caleulations have been made is that of ‘nuclear
matter’, that is, a very large nucleus with surface effects neglected (Brueckner
1955a; Wada & Brueckner 1956). In this problem the aim is to show that at a fixed
density the energy is proportional to the number of particles, and that as the density
is varied the energy per particle has a minimum at the observed density of large
nuclei, and that this minimum value gives the observed volume energy of large
nuclei. The single-particle wave functions are plane waves, and the potential V is
diagonal in momentum space (in contrast to the ordinary Hartree potential which
is diagonal in configuration space). The independent-particle model state is a ‘ Fermi
gas’ state with all the one-particle states filled up to the Fermi momentum k which
depends only on the density.

Brueckner & Levinson’s derivation, and that of Eden, is based on the multiple
scattering formalism of Watson (Watson 1953). The proportionality of the energy
of nuclear matter of a given density to the number of particles follows at once from
the theory provided certain terms which represent several interactions occurring

1 Author’s present address: Institut for Teoretisk Fysik, Blegdamevej 17, Copenh
[ 267 ]
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I The description of collective motions in terms of many-body
36 perturbation theory
after these correctio By J. HUBBARD
contribution a simil A
the sense to corresp Atomic Energy Research Establishment, Harwell, Didcot, Berkshire
neutrons (in C%) th {
£ (Communicated by R. B. Peierls, F.R.S.—Received 2 February 1957)
would be very surpr An exae
a nucleus as A=13. This soh In this and a succseding paper it is shown how a themy equwalent to the Bohm & Pines
An estimate of the body th collective motion theory of the electron plasma can be d y from a |
reaction C*{d,f)C" v '-‘fﬂ“’d te series which gives in prineiple an exact solution of the many-body problem This result is
nucleus formation 1 give a o attained by making use of a diagrammatic method of analysis of the perturbation series, By
whole of the cross sec & process analagous to the elimination of photon self- -energy parta fmm the elwtrodymmw
energies involves cor & matrix it is found muhle tosimplify the parturbatmn series, 8
assumption that the tion the A useful ion for this modifi d interacti can be
is as great as that fo The H set up, and it is shown how the energy of the syswm ean be expressed in terms of the modified
of “preformed” tritc N ?rt'“ tion, The close this app h and the dielectric theory of plasma
Fig. 2—in which th which is a oscillations is indicated.
residual states OIL C part.icle mec
associated irregularil s 1. INTRODUCTION
even under the ver whichisde
existence of prefor The Bruec! Within recent years much attention has been given in the study of the quantum
;'ggoé’:;.l}i,:.nm? improved 1 mechanical many-body problem to the collective modes of motion which may be
that this (d,{) reactio by V can be present (Bohm & Pines 1953; Tomonaga 19535; Bohr & Mottelson 1953). Two main
nism and that we a aresmall, e theories of collective motion have been developed, that of Tomonaga (1955), and
gives arecc the superfluous co-ordinate type of theory introduced by Bohm & Pines (1953). In
PHYSiCAL REVI observed t the Tomonaga theory a transformation of variables is made in such a way that some
due to the of the new co-ordinates are directly related to the collective modes of motion, whilst
Many-Body Pr same exclu the remaining new co-ordinates are associated with internal modes of motion. In the
strong inte superfluous co-ordinate treatment certain auxiliary variables are introduced
nucleon se together with an equal number of subsidiary os}nd{'tions to preserve the correct
The firs number of degrees of freedom, and a transformation is made in such a way that the
n 80Dt matter’, t] new a.l:lxi]iary variables are related to the oolle(ftive motion,. whilst the original
sequence o 1955a; Wa co-ordinates when transformed are related to the internal motion. If the collective
!-:lmlfn-ro{ densit;r the modes being studied have real physical significance, then it will be found in both
o is varied 4 these methods that the Hamiltonian is, to a good approximation, separable
term invol . . in the new co-ordinates, and a separation of the collective motion is thereby
correction nuclei, anc btained
nuclei. The phiuineds ,
L diagonal ir Though these methods are quite successful, they have certain unsatisfactory
N a previ hous pept . df o u.l. features. In the Tomonaga method it is generally found that when the Hamiltonian
,md‘)’,“;;';:,;:g tor + 8 ’agm:e has been separated the problem of finding the eigenvalues of the internal motion
problem of self-cons ﬁ:s sds N part is very difficult. In the superfluous co-ordinate treatment one does not meet
content and origin o geﬂ l:’f with this difficulty but with an equivalent one; this is that it is difficult to find
be neglected for ve rueckn eigenfunctions satisfying the subsidiary conditions. In addition, both theories
We shall in this papt scattering suffer from the difficulty of not being able to treat very easily the interaction between
type of comection 1 of nuclear the collective and internal modes of motion, or the intimately related problem of
FeuSupported in part the theory the damping of the collective motion; where the damping is small this is not a very
1K. A, Brueckner an
(1935). 1 Author [ 539 ]
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An estimate of the body th collective motion OF LARGE QUANTUM SYSTEMS

reaction C(d,()C" v linked te series which give
nucleus formation 1 give a n attained by maki by N. M. HUGENHOLTZ
whole of the cross sec a process analog
energies involves cor & matrix it iz four Instituut voor th ische fysica der , Utrecht, Nederland
assumption that the tion between the
is as great as that fo set up, and it is sl
of “preformed" tritc Th'_a H?rt'“ interaction, The Synopsis
Fig. 2—in which th which is a oscillations is ind The time-independent perturbation theory of quantum mechanics is studied for the
residual states of C particle me case of very large systems, i.e. systems with Iarge spatial dimensions (large volume
associated irregularil hich is d £2), and a large ber of deg of freed ples of such systems are met with
even under the ver Wh1eh 18 0_ L in the quantum theory of fields, solid state physics, the theory of imperfect gases and
e;lslenc{e ‘Iofh prefor The Bruec! Within recent ye: in the theory of nuclear matter. Only systems at or near the ground state (i.e., systems
f,.;ﬁod"é. f?:,—:.nm? improved1 mechanical many at zero te_mpem:ure) are treated in this paper. In the application of thg v :."_.,.:
that this (d,f) reactio by V can be present (Bohm & perturbation theory to such large quantum systems one encounters difficulties which

i . . are connected with the fact that even small perturbations produce large changes of

nism and that we a i theories of colleet .
aresmall,e the energy and wave function of the whole system. These difficulties manifest them-
gives arecc the superfluous cc selves through the oceurrence of terms mntammg arbatranly hxgh powers of the volume

e X observed t the Tomonaga the Rin the perturbation of physical g An ly bad g

PHYSICAL REVE due to the of the new co-ordi of the perturbation expansion is the result.

Many-Body Pr th . e For the analysis of the 2-dependence of the terms in the expansion a new formulation
same excly he I‘:Erlwung new of the time-independent perturbation theory is used, which was introduced by Van
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correction nuclei, anc .
. obtained.
L nuclei. The Though these CHAPTER L. INTRODUCTION
diagonal ir ,
N a previous pap 3 . . .
bh,gm method fe is diagonal features. In the T I. The problem. This paper is devoted to the perturbation theory of
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Pml"“’t“ of d*“."_"“s depends or part is very diffic dimensions and a large number of degrees of freedom. The systems met with

-ontent and origin o : T . ) . . .

;:':'! cl’l:c nnulurega[ e Brueckn with this difficult in the quantum theory ot fields are, as is well known, of this type. Also in

be neglected for ve . eigenfunctions sa other branches of physics, such as quantum statistics and the Fermi gas
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DESCRIPTION OF MANY-PARTICLE CORRELATION EFFECTS BY
SINGLE-REFERENCE MANY-BODY PERTURBATION THEORY (MBPT)

They key original papers most relevant to this presentation of MBPT are:
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DESCRIPTION OF MANY-PARTICLE CORRELATION EFFECTS BY
SINGLE-REFERENCE MANY-BODY PERTURBATION THEORY (MBPT)

They key original papers most relevant to this presentation of MBPT are:
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- ocy in 2ny
Kot
after these correctio ° By R. HUBY
:E::ls]::glfg :o::::;: Atomic E Department of Theoretical Physics, University of Liverpool
1 : (1 o
eutrons sk out £ y " MS. veceived 13th February 1961
effect has been sugg oI
would be very surpr An exac . ' ] )
a nucleus as A=13. This soh In this and & suc MAN Abstract. It is shown that ?lnch s solut}oE for thf :fth order pertul:batlon of the
An estimate of the body th sollsctive motion | energy and the eigenvector in the Rayleig —Sch.rt{dmgels perturbation theor)t of
reaction CE(d,()C! v linked te series which give non-degenerate, discrete levels can be expressed in a different form, of a kind
nucleus formation 1 give a v attained by maki
whole of the cross sec a process analogt suggested by Brueckner, and some advantages of the latter form are presented.
energies involves cor & matrix it iz four Instituut v
assumption that the tion between the
is as great as that fo set up, and it is sl .
of “preformed” tritc The Hartir interaction, The Synopsis Abstract: A form
Fig. 2—in which th which is a oscillations is ind The time-indeper two-body m!te § 1. INTRODUCTION
residual _j‘i‘r‘“ 35&{?\ particle mc case of very large gdmﬂzo: HE many-body problem has stimulated interest in the systematic formu-
associated lrreg] sops 12), and a large nun . H . . . .
even under the ver whichis de in the quantum the terms of a com lation of the higher order terms in Rayleigh-Schrédinger perturbation
e:islencie_iofh prefor The Bruec Within recent ye: in the theory of nuc :fal'l bat th:u theory for discrete energy levels, i.e. the determination of the discrete
; bsemrryvodalcs“ oy an ¢ improved 1 mechanical many at zero b:eﬁr:per‘;:un mmf;ﬂ‘:‘: tigenstates and eigenvalues of a Hamiltonian:
that this (d,/) reactio by ¥ can be present (Bohm & :::;mm:d o wdentified fron H=H,~H ... (1)
ism and that we ¢ aresmall,e theories of collect the energy and wa: local :;:;2:“ (the sum of an unperturbed operator H, and a perturbing one H") in the form of
gives arec the superfluous e selves through the ¢ tlhmq, for a | series in ascending powers of H'. The case most studied has been that of a
PHVSICAL REVI observed t the Tomonaga the Qin the perturbatic system of many particles the interactions between which constitute H’, and
due to the of the new co-ordi °r;h° tphﬂ t“’;’l“t'_"“ important perturbation developments appropriate to this particular case have
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DESCRIPTION OF MANY-PARTICLE CORRELATION EFFECTS BY
SINGLE-REFERENCE MANY-BODY PERTURBATION THEORY (MBPT)

They key original papers most relevant to this presentation of MBPT are:

K. A. Brueckner, Phys. Rev. 100, 36 (1955).

J. Goldstone, Proc. R. Soc. Lond., Ser A 239, 267 (1957).
J. Hubbard, Proc. R. Soc. Lond., Ser. A 240, 539 (1957).
N. M. Hugenholtz, Physica 23, 481 (1957).

L. M. Frantz and R. L. Mills, Nucl. Phys. 15, 16 (1960).

R. Huby, Proc. Phys. Soc. 78, 529 (1961).

The discussion of the Rayleigh-Schrodinger perturbation theory and reduced
resolvents, especially in the video lecture series, is taken from P. O. L6éwdin, in
Perturbation Theory and Its Applications in Quantum Mechanics, edited by C. H.
Wilcox (John Wiley & Sons, New York, 1966), pp. 255-294, and references therein.



KEY THEOREMS OF MBPT
Linked cluster (diagram) theorem (Brueckner, 1955; Goldstone, 1957)

1 U* = (RyW)*®y 4 renormalization terms
— R ]y, (k= 12,000,
MBPT<
AE®D ('ZDO|T/V(ROI/V)‘IC Do) + renormalization terms
\. - <(I)0| [W(ROW)FCLonnected |(D0> ’ (k - 1’ 2’ o )

Connected cluster theorem (Hubbard, 1957; Hugenholtz, 1957)

V- Th, T3S (R e

k=1 C
C' < connected diagrams (including EPV terms)
Q Finite-order MBPT calculations lead to a size extensive description of many-fermion
systems, so that no loss of accuracy occurs if the system is made larger.

O One can generate the entire infinite-order MBPT series via the exponential wave
function ansatz of coupled-cluster theory, which is size extensive and which can be
made size consistent if the reference determinant is separable.



Lecture notes for the introductory talk on the single-reference many-body
perturbation theory prepared by Piotr Piecuch for the Workshop of the Espace
de Structure et de Réactions Nucleaires Théorique on “Many-Body Perturbation
Theories in Modern Quantum Chemistry and Nuclear Physics,” March 26-30,
2018, CEA Saclay, Gif-sur-Yvette, France.
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The remaining pages are taken directly from the lecture notes for CEM 993
class on “Algebraic and Diagrammatic Methods for Many-Fermion Systems,”
taught by Piotr Piecuch at Michigan State University. The page numbers are
consecutive, but they do not continue from the last page number in the
preceding lecture notes prepared for the Workshop of the Espace de Structure
et de Réactions Nucléaires Theorique on “Many-Body Perturbation Theories in
Modern Quantum Chemistry and Nuclear Physics,” March 26-30, 2018, CEA

Saclay, Gif-sur-Yvette, France.
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