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Preface

It is now almost 30 years since the first edition of my book together with
John Morrison, Atomic Many-Body Theory [118], appeared, and the second
edition appeared some years later. It has been out of print for quite some
time, but fortunately is has recently been made available again by a reprint
by Springer Verlag.

During the time that has followed, there has been a tremendous develop-
ment in the treatment of many-body systems, conceptually as well as compu-
tationally. Particularly the relativistic treatment has expanded considerably,
a treatment that has been extensively reviewed recently by Ian Grant in the
book Relativistic Quantum Theory of Atoms and Molecules [74].

Also the treatment of quantum-electrodynamical (QED) effects in atomic
systems has developed considerably in the last few decades, and several review
articles have appeared in the field [152, 211, 124] as well as the book by
Labzowsky et al., Relativistic Effects in Spectra of Atomic Systems [109].

An impressive development has taken place in the field of many-electron
systems by means of various coupled-cluster approaches, with applications
particularly on molecular systems. The development during the last 50 years
has been summarized in the book Recent Progress in Coupled Cluster Meth-
ods, edited by Cérsky, Paldus, and Pittner [230].

The present book is aimed at combining atomic many-body theory with
quantum-electrodynamics, which is a long-sought goal in quantum physics.
The main problem in this effort has been that the methods for QED calcu-
lations, such as the S-matrix formulation, and the methods for many-body
perturbation theory (MBPT) have completely different structures. With the
development of the new method for QED calculations, the covariant evolu-
tion operator formalism by the Gothenburg atomic theory group [124], the
situation has changed, and quite new possibilities appeared to formulate a
unified theory.
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The new formalism is based on field theory, and in its full extent the uni-
fication process represents a formidable problem, and we can in the present
book describe only how some steps towards this goal can be taken. The
present book will be largely based upon the previous book on Atomic Many
Body Theory [118], and it is assumed that the reader has absorbed most
of that book, particularly Part II. In addition, the reader is expected to
have basic knowledge in quantum field theory, as found in books like Quan-
tum Theory of Many-Particle Systems by Fetter and Walecka [62] (mainly
parts I and II), An introduction to Quantum Field Theory by Peskin and
Schroeder [183], and Quantum Field Theory by Mandl and Shaw [136].

The material of the present book is largely based upon lecture notes and
recent publications by the Gothenburg Atomic-Theory Group [124, 125, 126,
85, 83], and I want to express my sincere gratitude particularly to my previ-
ous co-author John Morrison and to my present coworkers, Sten Salomonson
and Daniel Hedendahl, as well as to the previous collaborators Ann-Marie
Pendrill, Jean-Louis Heully, Eva Lindroth, Bjérn Asén, Hans Persson, Per
Sunnergren, Martin Gustavsson, and Hakan Warston for valuable collabora-
tion.

In addition, I want to thank the late pioneers of the field, Per-Olov
Lowdin, who taught me the foundations of perturbation theory some 40
years ago, and Hugh Kelly, who introduced the diagrammatic representa-
tion into atomic physics—two corner stones of the later developments. Fur-
thermore, I have benefitted greatly from communications with many other
national and international colleagues and friends (in alphabetic order), Rod
Bartlett, Erkki Bréandas, Gordon Drake, Ephraim Eliav, Stephen Fritzsche,
Gerald Gabrielse, Walter Greiner, Paul Indelicato, Karol Jankowski, Jirgen
Kluge, Leonti Labzowsky, Peter Mohr, Debashis Mukherjee, Marcel Nooijen,
Joe Paldus, Vladimir Shabaev, Thomas Stohlker, Gerhard Soff T, Joe Sucher,
Peter Surjan and many others.

The outline of the book is the following. The main text is divided into three
parts. Part I gives some basic formalism and the basic many-body theory that
will serve as a foundation for the following. In Part II three numerical proce-
dures for calculation of QED effects on bound electronic states are described,
the S-matrix formulation, the Green’s-function and the covariant-evolution-
operator methods. A procedure towards combining QED with MBPT is de-
veloped in Part III. Part IV contains a number of Appendices, where basic
concepts are summarized. Certain sections of the text that can be omitted
at first reading are marked with an asterisk (*).

Gothenburg in November 2010
Ingvar Lindgren
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Chapter 1

Introduction

Standard many-body perturbation theory

The quantum-mechanical treatment of many-electron systems, based on the
Schrodinger equation and the Coulomb interaction between the electrons,
was developed shortly after the advent of quantum mechanics, particularly
by John Slater in the late 1920’s and early 1930’s [214]. Self-consistent-field
(SCF) schemes were early developed by Slater, Hartree, Fock and others.!
Perturbative schemes for quantum-mechanical system, based on the Rayleigh-
Schrodinger and Brillouin-Wigner schemes, were developed in the 1930’s and
1940’s, leading to the important linked-diagram expansion, introduced by
Brueckner [37] and Goldstone [73] in the 1950’s, primarily for nuclear appli-
cations. That scheme was in the 1960’s and 1970’s also applied to electronic
systems [100] and extended to degenerate and quasi-degenerate energy lev-
els [31, 112]. The next step in this development was the introduction of ” all-
order methods” of coupled-cluster type, where certain effects are taken to all
orders of the perturbation expansion. This represents the last—and prob-
ably final—major step of the development of a non-relativistic many-body
perturbation theory (MBPT).2

The first step towards a relativistic treatment of many-electron systems
was taken in the early 1930’s by Gregory Breit [32], extending works made
somewhat earlier by J. A. Gaunt [68]. Physically, the Gaunt interaction rep-
resents the magnetic interaction between the electrons, which is a purely
relativistic effect. Breit augmented this treatment by including the leading

L For a review of the SCF methods the reader is referred to the book by Ch. Froese-
Fischer [66]

2 By MBPT we understand here perturbative methods based upon the Rayleigh-
Schrodinger perturbation scheme and the linked-diagram expansion. To that group we
also include non-perturbative schemes, like the coupled-cluster approach (CCA), which
are based upon the same formalism.

11



12 1 Introduction

retardation effect, due to the fact that the Coulomb interaction is not instan-
taneous, which is an effect of the same order.

A proper relativistic theory should be Lorentz covariant, like the Dirac
single-electron theory.® The Dirac equation for the individual electrons to-
gether with the instantaneous Coulomb and Breit interactions between the
electrons represent for a many-electron system all effects up to order o?
H(artree atomic units) or a* m.c?. 4 This procedure, however, is NOT Lorentz
covariant, and the Breit interaction can only be treated to first-order in per-
turbation theory, unless projection operators are introduced to prevent the
intermediate states from falling into the ” Dirac sea” of negative-energy states,
as discussed early by Brown and Ravenhall [36] and later by Joe Sucher [222].
The latter approach has been successfully employed for a long time in rela-
tivistic many-body calculations and is known as the no-virtual-pair approxi-
mation (NVPA).

A fully covariant relativistic many-body theory requires a field-theoretical
approach, i.e., the use of quantum-electrodynamics (QED). In principle, there
is no sharp distinction between relativity and QED, but conventionally we
shall refer to effects beyond the no-virtual-pair approximation as QED effects.
This includes effects of retardation, virtual pairs and radiative effects (self
energy, vacuum polarization, vertex correction). The systematic treatment
of these effects requires a covariant approach, where the QED effects are
included in the wave function. It is the main purpose of the present book to
formulate the foundations of such a procedure.

Quantum-electrodynamics

Already in the 1930’s deviations were observed between the results of preci-
sion spectroscopy and the Dirac theory for simple atomic systems, primarily
the hydrogen atom. Originally, this deviation was expected to be due to vac-
wum polarization, i.e., spontaneous creation of electron-positron pairs in the
vacuum, but this effect turned out to be too small and even of the wrong sign.
An alternative explanation was the electron self energy, i.e., the emission and
absorption of a virtual photon on the same electron—another effect that is
not included in the Dirac theory. Early attempts to calculate this effect, how-

3 A physical quantity (scalar, vector, tensor) is said to be Lorentz covariant, if it transforms
according to a representation of the Lorentz group. (Only a scalar is invariant under a that
transformation.) An equation or a theory, like the theory of relativity or Maxwell’s theory
of electromagnetism, is said to be Lorentz covariant, if it can be expressed entirely in terms
of covariant quantities (see, for instance, the books of Bjorken and Drell [19, 18]).

4 o is the fine-structure constant ~ 1/137 and mcc? is the electron rest energy (see Ap-

pendix K).
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ever, were unsuccessful, due to singularities (infinities) in the mathematical
expressions.

The first experimental observation of a clear-cut deviation from the Dirac
theory was the detection in 1947 by Lamb and Retherford of the so-called
Lamb shift [111], namely the shift between the 2s and 2p; /5 levels in atomic
hydrogen, levels that are exactly degenerate in the Dirac theory [53, 54]. In
the same year Hans Bethe was able to explain the shift by a non-relativistic
calculation, eliminating the singularity of the self energy by means of a renor-
malization process [16]. At about the same time Kusch and Foley observed
that the magnetic g-factor of the free electron deviates slightly but signifi-
cantly from the Dirac value -2 [105, 106]. These observations led to the devel-
opment of the modern form of the quantum-electrodynamic theory by Feyn-
man, Schwinger, Dyson, Tomanaga and others by which the deviations from
the Dirac theory could be explained with good accuracy [210, 228, 64, 63, 58].°

The original theory of QED was applied to free electrons. During the
last four decades several methods have been developed for numerical calcu-
lation of QED effects in bound electronic states. The scattering-matrix or
S-matriz formulation, originally developed for dealing with the scattering of
free particles, was made applicable also to bound states by Joe Sucher [220],
and the numerical procedure was refined in the 1970’s particularly by Peter
Mohr [146]. During the last two decades the method has been extensively
used in studies of highly charged ions in order to test the QED theory under
extreme conditions, works that have been pioneered by Mohr and Soff (for a
review, see ref. [152]).

The Green’s function is one of the most important tools in mathematical
physics with applications in essentially all branches of physics.® During the
1990’s the method was adopted to bound-state QED problems by Shabaev
et al. [211]. This procedure is referred to as the Two-times Green’s function
and has recently been extensively applied to highly-charged ions by the St
Petersburg group.

During the first decade of this century another procedure for numerical
QED calculations was developed by the Gothenburg atomic theory group,
termed the Covariant-evolution-operator (CEO) method [124], which has
been applied to the fine structure and other energy-level separations of heli-
umlike ions.

5 For the history of the development of the QED theory the reader is referred to the
authoritative review by Silvan Schweber [207].

6 For a comprehensive account of the applications, particularly in condensed-matter
physics, the reader is referred to the book by Gerald Mahan [133].



14 1 Introduction

Bethe-Salpeter equation

The first completely covariant treatment of a bound-state problem was pre-
sented in 1951 by Salpeter and Bethe [201, 17] and by Gell-Mann and
Low [69]. The Bethe-Salpeter (BS) equation contains in principle the com-
plete relativistic and interelectronic interaction, i.e., all kinds of electron cor-
relation and QED effects.

The BS equation is associated with several fundamental problems, which
were discussed in the early days, particularly by Dyson [59], Goldstein [72],
Wick [235] and Cutkosky [48]. Dyson found that the question of relativistic
quantum mechanics is “full of obscurities and unsolved problems” and that
“the physical meaning of the 4-dimensional wave function is quite unclear”.
It seems that some of these problems still remain.

The BS equation is based upon field theory, and there is no direct con-
nection to the Hamiltonian approach of relativistic quantum mechanics. The
solution of the field-theoretical BS equation leads to a four-dimensional wave
function with individual times for the two particles. This is not in accor-
dance with the standard quantum-mechanical picture, which has a single time
variable also for many-particle systems. The additional time variable leads
sometimes to ” abnormal solutions” with no counterparts in non-relativistic
quantum mechanics, as discussed particularly by Nakanishi [165] and Namys-
lowski [166].

Much efforts have been devoted to simplifying the BS equation by reducing
it to a three-dimensional equation, in analogy with the standard quantum-
mechanical equations (for reviews, see refs [44, 29]). Salpeter [200] derived
early an "instantaneous” approzimation, neglecting retardation, which led
to a relativistically exact three-dimensional equation, similar to—but not
exactly equal to—the Breit equation. More sophisticated is the so-called
quasi-potential approzimation, introduced by Todorov [226], frequently used
in scattering problems. Here, a three-dimensional Schrodinger-type equation
is derived with an energy-dependent potential, deduced from scattering the-
ory. Sazdjian [202, 203] was able to separate the BS equation into a three-
dimensional equation of Schrodinger type and one equation for the relative
time of the two particles, serving as a perturbation—an approach that is
claimed to be exactly equivalent to the original BS equation. This approach
establishes a definitive link between the Hamiltonian relativistic quantum me-
chanics and field theory. Connell [44] further developed the quasi-potential
approximation of Todorov by introducing series of corrections, a procedure
that also is claimed to be formally equivalent to the original BS equation.

Caswell and Lepage [39] applied the quasi-potential method to evaluate
the hyperfine structure of muonium and positronium to the order a® m.c? by
combining analytical and perturbative approaches. Grotch and Yennie [78, 29]
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have applied the method to evaluate higher-order nuclear corrections to the
energy levels of the hydrogen atom, and Adkins and Fell [3, 4] have applied
it to positronium.

The procedure we shall develop in the following is to combine the covariant-
evolution-operator method with electron correlation, which will constitute a
step towards a fully covariant treatment of many-electron systems. This will
form another approximation of the full Bethe-Salpeter equation that seems
feasible for electronic systems.

A vast literature on the Bethe-Salpeter equation, its fundamental prob-
lems and its applications, has been gathered over the years since the orig-
inal equation appeared. Most applications are performed in the strong-
coupling case (QCD), where the fundamental problems of the equation
are more pronounced. The interested reader is here referred to some re-
views of the field, where numerous references to original works can be
found [165, 203, 166, 77, 169].

Helium atom. Analytical approach

An approach to solve the BS equation, known as the external-potential ap-
proach, was first developed by Sucher [219, 221] in order to evaluate the
lowest-order QED contributions to the ground-state energy of the helium
atom, and equivalent results were at the same time also derived by Araki [5].
The electrons are here assumed to move in the field of the (infinitely heavy)
atomic nucleus. The relative time of the two electrons is eliminated by inte-
grating over the corresponding energy of the Fourier transform, which leads to
a Schrodinger-like equation, as in the quasi-potential-method. The solution of
this equation is expanded in terms of a Brillouin-Wigner perturbation series.
This work has been further developed and applied by Douglas and Kroll [55]
and by Zhang and Drake [248, 244] by considering higher-order terms in the
«a and Za expansions. This approach, which is reviewed in Chapter 11, can
be used for light systems, such as light heliumlike ions, where the power ex-
pansions are sufficiently convergent. The QED effects are here evaluated by
means of highly correlated wave functions of Hylleraas type, which implies
that QED and electron-correlation effects are highly mixed. A related tech-
nique, referred to as the effective Hamiltonian approach, has been developed
and applied to heliumlike systems by Pachucki and Sapirstein [170, 172, 171].

A problem that has been controversial for quite some time is the fine
structure of the lowest P state of the neutral helium atom. The very ac-
curate analytical results of Drake et al. and by Pachucki et al. give results
close to the experimental results obtained by Gabrielse and others [243],
but there have for quite some time been significant deviations—well out-
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side the estimated limits of error. Very recently, Pachucki and Yerokhin have
by means of improved calculations shown that the controversy has been re-
solved [236, 173, 237, 174].

Field-theoretical approach to many-body perturbation
theory

The methods previously mentioned for numerical QED calculations can for
computational reasons be applied only to one- and two-photon exchange,
which implies that the electron correlation is treated at most to second or-
der. This might be sufficiently accurate for highly charged systems, where the
QED effects dominate over the electron correlation, but is usually quite insuf-
ficient for lighter systems, where the situation is reversed. In order to remedy
the situation to some extent, higher-order many-body contributions can be
added to the two-photon energy, a technique applied by the Gothenburg and
St Petersburg groups [181, 7].

In the numerical procedures for standard (relativistic) MBPT the elec-
tron correlation can be evaluated effectively to essentially all orders by tech-
nique of coupled-cluster type. QED effects can here be included only as first-
order energy corrections, a technique applied particularly by the Notre-Dame
group [184]. To treat electron correlation, relativity and QED in a unified
manner would require a field-theoretical approach.

The above-mentioned methods for QED calculations are all based upon
field-theory. Of these methods, the covariant-evolution method has the ad-
vantage that it has a structure that is quite akin to that of standard MBPT,
which has the consequence that it can serve as a basis for a unified field-
theoretical many-body approach. The QED effects can here be included in
the wave function, which will make it possible to treat the QED and corre-
lation effects in a more unified way. To solve this problem completely is a
formidable task, but it will be a main theme of the present book to describe
how some steps can be taken in this direction, along the line that is presently
being pursued by the Gothenburg atomic theory group. The covariant evo-
lution operator, which describes the time evolution of the relativistic state
vector, is the key tool in this treatment. This operator is closely related to the
field-theoretical Green’s function. It should be mentioned that a related idea
was proposed by Leonard Rosenberg already 20 years ago [191], namely of in-
cluding Coulomb interactions in the QED Hamiltonian, and this is essentially
the procedure we are pursuing in the present book.

The covariant evolution operator is singular, as is the standard evolution
operator of non-relativistic quantum mechanics, but the singularities can be
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eliminated in a similar way as the corresponding singularities of the Green’s
function. The regular part of the covariant evolution operator is referred
to as the Green’s operator, which can be regarded as an extension of the
Green’s-function concept and shown to serve as a link between field theory
and standard many-body perturbation theory. The perturbation used in this
procedure represents the interaction between the electromagnetic field and
the individual electrons. This implies that the equations operate in an ex-
tended photonic Fock space with variable number of photons.

The strategy in dealing with the combined QED and correlation problem
is first to construct a field-theoretical ” QED potential” with a single retarded
photon, containing all first-order QED effects (retardation, virtual pairs, ra-
diative effects), which—after proper regularization and renormalization—can
be included in a perturbative expansion of MBPT or coupled-cluster type. In
this way the QED effects can—for the first time—be built into the wave func-
tion and treated together with the electron correlation in a coherent manner.
For practical reasons only a single retarded photon (together with arbitrary
number of Coulomb interactions) can be included in this procedure at present
time, but due to the fact that these effects are included in the wave func-
tion, this corresponds to higher-order effects in the energy. When extended
to interactions of multi-photon type, this leads for two-particle systems to
the Bethe-Salpeter equation, and in the multi-reference case to an extension
of this equation, referred to as the Bethe-Salpeter-Bloch equation.

In combining QED with electron correlation it is necessary to work in the
Coulomb gauge, in order to take advantage of the development in standard
MBPT. Although this gauge is non-covariant in contrast to, for instance,
the simpler Feynman gauge, it can be argued that the deviation from a fully
covariant treatment will have negligible effect in practical applications when
handled properly. This makes it possible to mix a larger number of Coulomb
interactions with the retarded-photon interactions, which is expected to lead
to the same ultimate result as a fully covariant approach but with faster
convergence rate due to the dominating role of the Coulomb interaction.

The procedure can also be extended to systems with more than two elec-
trons, and due to the complete compatibility between the standard and the
extended procedures, the QED effects need only be included where they are
expected to be most significant.

In principle, also the procedure outlined here leads to individual times for
the particles involved, consistent with the full Bethe-Salpeter equation but
not with the standard quantum-mechanical picture. We shall mainly work in
the equal-time approximation here, and we shall not analyze effects beyond
this approximation in any detail. It is expected that—if existing—any such
effect would be extremely small for electronic systems.
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Chapter 2

Time-independent formalism

In this first part of the book we shall review some basics of quantum mechan-
ics and the many-body theory for bound electronic systems that will form the
foundations for the following treatment. This material can also be found in
several standard text books. The time-independent formalism is summarized
in the present chapter' and the time-dependent formalism in the following
one.

2.1 First quantization

First quantization is the term for the elementary treatment of quantized
systems, where the particles of the system are treated quantum-mechanically,
for instance, in terms of Schrodinger wave functions, while the surrounding
fields are treated classically.

de Broglie’s relations

As an introduction to the quantum mechanics we shall derive the Schrédinger
equation from the classical relations of De Broglie.

According to Planck-Einstein’s quantum theory the electromagnetic radi-
ation is associated with particle-like photons with the energy (E) and mo-
mentum (p) given by the relations

I This chapter is essentially a short summary of the second part of the book Atomic Many-
Body Theory by Lindgren and Morrison, and the reader who is not well familiar with the
subject is recommended to consult that book.

21



22 2 Time-independent formalism

{E:huzwh 2.1)

p=h/\=hk

where i = h/2m, h being Planck’s constant (see further Appendix K), v the
cyclic frequency of the radiation (cycles/second) and w = 27v the angular
frequency (radians/second). A = ¢/v (¢ being the velocity of light in vacuum)
is the wavelength of the radiation and k = 27/X the wave number.

De Broglie assumed that the relations (Eq. 2.1) for photons would hold
also for material particles, like electrons. Non-relativistically, we have for a
free electron in one dimension

p2 B h2k2

E = or hw

o 2me

= (2.2)

where m, is the mass of the electron.

De Broglie assumed that a particle could be represented by a wave packet

x(t,z) = / dk a(k) elFz=t) (2.3)

The relation (Eq. 2.2) then leads to the one-dimensional wave equation for a

free electron Ox(t. ) B9 (t)
L Ox(t, @ x(t,x

E— 2.4

ih ot 2m,  Ox2 (2.4)

which is the Schrédinger equation for a free particle. This can be obtained
from the first of the relations (Eq. 2.2) by means of the substitutions

L 0 ., 0
E — lﬁa p— —lﬁ% (2.5)

The Schrodinger equation

We can generalize the treatment above to an electron in three dimensions in
an external field, vext (), for which the energy Hamiltonian is

2
E—g=2P
2me

+ Vext (T) (2.6)

Generalizing the substitutions above to 2

p — p=—-ihV and r—oT==x (2.7)

2 Initially, we shall use the ’hat’ symbol to indicate an operator, but later we shall use this
symbol only when the operator character needs to be emphasized.
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where V is the vector gradient operator (see Appendix A.1), leads to the
Hamilton operator

~2 2
. P h
= 2me * ’UEXt(w) -

~om V2 + oy () (2.8)

and to the Schrddinger equation for a single electron

h2

Me

ih%x(t,ac) = fx(tz) = (-

v2 4 vext(a:)) Y(t, ) (2.9)

For an N-electron system the Schrodinger equation becomes correspond-
ingly 3

P .
iﬁaX(t; Ty, X2, - xN) = Hx(t; 21, T2, TN) (2.10)

where we assume the Hamiltonian to be of the form H = fh + Hg (see
Appendix (Eq. B.19))*

R N N
(g eeted) = e
N N
Hy, = ; 47T60 E—— ; ha(m,n) (2.11)

Here, ry,, is the interelectronic distance, 7y, = |€y, — @5 | and vext represents
the external (essentially nuclear) energy potential.

Generally, the quantum-mechanical operators fl, B that represent the cor-
responding classical quantities A, B in the Hamilton formulation (see Appen-
dix E) should satisfy the quantization condition

[A,B] = AB — BA =ih{A, B} (2.12)

where the square bracket (with a comma) represents the commutator and the
curly bracket the Poisson bracket (Eq. E.10). For conjugate momenta, like
the coordinate vector & and the momentum vector p, the Poisson bracket
equals unity, and the quantization conditions for the corresponding operators
become

[i’Jfa:] = [?jvay] = [éapAz] =ih (2'13>

which is consistent with the substitutions (Eq. 2.7).

3 Note that according to the quantum-mechanical picture the wave function has a single
time also for a many-electron system. This question will be discussed further below.

4 The symbol ”=:" indicates that this is a definition.
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We shall be mainly concerned with stationary, bound states of electronic
systems, for which the wave function can be separated into a time function
and a space function

x(t; @1, -xn) = F(t)¥(x1, T2, - TN)

As shown in standard text books, this leads to a separation into two equa-
tions, one for the time part and one for the space part. The time equation
becomes

)

i F(t) = EF(}

with the solution .
F(t) oce PP

and the space part is the standard time-independent Schridinger equation

HU (- xy) = E(W(xy, - zN) (2.14)

Thus, for stationary states the time-dependent wave function is of the form
X(tawth) :e_iEt/hW(m17...$N) (215)

The separation constant F is interpreted as the energy of the state.

2.2 Second quantization

Schrodinger equation in second quantization*

In the following, we shall consistently base our treatment upon second quan-
tization, which implies that also the particles and fields are quantized and
expressed in terms of (creation- and absorption) field operators (see Appen-
dices B and C). Here, we shall first derive the second-quantized form of the
time-dependent Schrodinger equation (SE) (Eq. 2.9), which reads

i (1) = HIX(0) (2.16)

With the partitioning (Eq. 2.11), the operator becomes in second quantiza-
tion (Eq. B.12)

cj»c;- (i]halkl) ek, (2.17)

N | =

H = ¢! (i|hi]j) ¢; +
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and the state is expressed as a vector (Eq. C.4). The equation (Eq. 2.16) is
by no means obvious, and we shall here indicate the proof. (The proof follows
largely that given by Fetter and Walecka [62, Ch. 1].)

For the sake of concretization we consider a two-electron system. With the
coordinate representation (Eq. C.19) of the state vector

X(z1,72) = (x1, 2| X (1)) (2.18)

the SE (Eq. 2.16) becomes

ih o (@2 lx(0) = (e, HIx(0) (2.19)

We consider first the effect of the one-body part of the Hamiltonian
(Eq. 2.17) operating on the wave function (Eq. 2.18), and we shall show that
this is equivalent to operating with the second-quantized form of the operator
(Eq. B.19)

H = c] (ilhlj) ¢; (2:20)

on the state vector |x(t)).

We start by expanding the state vector in terms of straight products of
single-electron state vectors (t1 = to = t)

IX(£)) = aw(t) [k)[]) (2.21)
(agr = —ayx). The coordinate representation of this relation is
X(21,2) = (@1, Z2|X (1)) = an(t) (@1]k)(22|l) (2.22)

We now operate with the single-particle operator (Eq. 2.20) on the state
vector expansion (Eq. 2.21)

Hilx(t)) = ¢l (ih1]5) ¢j aa(t) [k)|D) (2.23)

For j = k the electron in position 1 is annihilated in the state k£ and replaced
by an electron in the state i, yielding

(ilhalk) ari(t) [)|1)
The coordinate representation of this relation becomes
(i) (il |k) ari(t) (@2|l) = (@1]ha|k) ari(t) (22 |l)

using the resolution of the identity (Eq. C.12). The right-hand side of
Eq. (2.23) can also be expressed
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hi(z1) ok (x1)di(x2) ar(t) = hi(z1)x(z1, 22)

Together with the case j = [ this leads to

(w1, 2| Hi|x(t)) = (ha (1) + ha(m2)) X (21, 22) = Hix(1,22)

Thus, we have shown the important relation

(@1, 2| H1|x(t)) = Hix(21,72) (2.24)

A similar relation can be derived for the two-body part of the Hamiltonian,
which implies that
(w1, @2|H|X(t)) = Hx(x1, 22) (2.25)

and from the relation (Eq. 2.19)

.. 0

ihoy (@1, @2|X(8)) = (@1, 22| H|x (1)) (2.26)
This is the coordinate representation of the Schrodinger equation (Eq. 2.16),
which is thus verified. It should be observed that Eq. (2.16) does not contain
any space coordinates. The treatment is here performed for the two-electron
case, but it can easily be extended to the general case.

Particle-hole formalism. Normal order and contraction

In the particle-hole formalism we separate the single-particle states into par-
ticle and hole states, a division that is to some extent arbitrary. Normally,
core states (closed-shell states) are treated as hole states and virtual and
valence states as particle states, but sometimes it might be advantageous to
treat some closed-shell states as valence states or some valence states as hole
states.

If time increases from right to left, the creation/annihilation operators are
said to be time ordered. Time ordering can be achieved by using the Wick
time-ordering operator, which for fermions reads

Tt s = { 50 () (2.27)

The case t1 = to will be discussed later.

The creation/annihilation operators are said to be in normal order, if
the particle-creation and hole-annihilation operators appear to the left of the
particle-annihilation and hole-creation operators
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c;‘,cpcthh (2.28)
where p, h stand for particle/hole states.

e A contraction of two operators is defined as the difference between the time
-ordered and the normal-ordered products,

-

Tt

|2y = Tlay] — Nfoy]] (2:29)

In the following we shall use curly brackets to denote the normal product[113]

Nlzy] = {zy} (2.30)

From these definitions it follows that the non-vanishing contractions of the
electron-field operators (Eq. B.28) are

! ! . A * ey (t1—t2) /R
z/1+(x1)wl(x2) = —1/}1(302)1/4(%) — {(‘fp(wl)d)p(wﬂe Z zz
jﬁ’r [“(—h 0 t1 > to
Y- (1)L (22) = =L (22)p—(71) = {¢h($l)¢z(m2)eish(t1tg)/h b < o

Here, 1[& represents the positive-/negative-energy part of the spectrum, re-
spectively, and ¢, and ¢;, denote particle (positive-energy) and hole (negative-
energy) states, respectively.

The results can be summarized as
N . R R )
P(wn) Pl (x2) = =0T () (1) = ¢ (1) () 7 P72/ (2.39)

if ¢ty > to for particles and t; < to for holes with all other contractions
vanishing.

Waick’s theorem

The handling of operators in second quantization is greatly simplified by
Wick’s theorem [234] (for an introduction, see, for instance, Fetter and
Walecka [62, sect.8] or Lindgren and Morrison [118, Chapt.11]), which states
that a product of creation and annihilation operators A can be written as the
normal product plus all single, double ... contractions with the uncontracted
operators in normal form, or symbolically

R .o Ml
A={A}+{A} (2.33)

(2.31)
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A particularly useful form of Wick’s theorem is the following. If A and B are
operators in mormal form, then the product is equal to the normal product
plus all normal-ordered contractions between A and B, or formally

AB={AB}+{AB) (2.34)

With this formulation there are no further contractions within the operators
to be multiplied. This forms the basic rule for the graphical representation
of the operators and operator relations to be discussed below.

2.3 Time-independent many-body perturbation theory

Bloch equation

Here, we shall summarize the most important concepts of standard time-
independent many-body perturbation theory (MBPT) as a background for
the further treatment. (For more details the reader is referred to designated
books, like Lindgren-Morrison, Atomic Many-Body Theory [118].)

We are considering a number of stationary electronic states,
[T*) (a« =1---d), termed target states, that satisfy the Schrodinger equation

H|P®) = B0 (a=1---d) (2.35)

For each target state there exists an ”approximate” or model state, |§') (o =
1---d), which is more easily accessible and which forms the starting point
for the perturbative treatment. We assume that the model states are linearly
independent and that they span a model space. The projection operator for
the model space is denoted P and that for the complementary or orthogonal
space by @, which together form the identity operator

P+Q=1 (2.36)

A wave operator is introduced—also known as the Mgller operator [155]—
which transforms the model states back to the exact states,

) = Q) (a=1---d) (2.37)

and this operator is the same for all states under consideration.

We define an effective Hamiltonian with the property that operating on a
model function it generates the corresponding exact energy
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Heg|¥§') = EX|OS) (a=1---4d) (2.38)

with the eigenvectors representing the model states. Operating on this equa-
tion with {2 from the left, using the definition (Eq. 2.37), yields

QHg |05y = E¢|P°) (2.39)
which we compare with the Schréodinger equation (Eq. 2.35)
HQWE) = B|w™) (2.40)

Since this relation holds for each state of the model space, we have the im-
portant operator relation

QHgP = HQP (2.41)

which as known as the generalized Bloch equation.

The form above of the Bloch equation is valid independently on the choice
of normalization. In the following, we shall mainly work with the intermediate
normalization (IN), which implies

g |we)y =1 (2.42a)
|&§) = PP) (a=1---d) (2.42b)
Then we have after projecting the Schrodinger equation onto the model space
PHQPS) = E“|g) (2.43)
and we find that the effective Hamiltonian (Eq. 2.38) becomes in IN

Hog = PHQP (2.44)

Normally, the multi-dimensional or multi-reference model space is applied
in connection with valence universality, implying that the same operators are
used for different stages of ionization (see further section 2.5).

Partitioning of the Hamiltonian

For electrons moving in an external (nuclear) potential, vext, the single-
electron (Schrodinger) Hamiltonian (Eq. 2.8) is

h2

hg = —
S 2me,

V2 + eyt (2.45)
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The corresponding Schrédinger equation
hs ¢i(x) = €; pi(x) (2.46)

generates a complete spectrum of functions, which can form the basis for
numerical calculations. This is known to as the Furry picture. These single-
electron functions are normally referred to as (single-electron) orbitals—or
spin-orbitals, if a spin eigenfunction is adhered. Degenerate orbitals (with the
same eigenvalue) form an electron shell.

The Hamiltonian for a many-electron system (Eq. 2.11) is
2

N N
I e
H= zn: ( B 2me v + UeXt)n + 7;1 47'('60 T'nm (247)

where the last term represents the interelectronic interaction. For the pertur-
bation treatment we separate the many-electron Hamiltonian into

H=Hy+V (2.48)

where Hy a model Hamiltonian that is a sum of single-electron Hamiltonians

N
Ho=Y (- h2 V2 4 et + 1), =Y ho(n) (2.49)

2me

and V' is a perturbation

N N 5
e
Ve =S u+ Y 2.
2 U +n<m yr—— (2.50)

The potential u is optional and used primarily to improve the convergence
properties of the perturbation expansion.

The antisymmetrized N-electron eigenfunctions of Hy can be expressed as
determinantal products of single-electron orbitals (see Appendix B)

Ho@A($1,:132...ajN) = E?@A(mth...xN)

Da(w1, @2 TN) = 1/VNI A{p1(21)d2(22) - dn(TN)}  (2.51)

where A is an antisymmetrizing operator. The determinants are referred to
as Slater determinants and constitute our basis functions. The eigenvalues
are given by

Ey=) en (2.52)

summed over the spin-orbitals of the determinant.
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Degenerate determinants form a configuration. The model space is sup-
posed to be formed by one or several configurations that can have different
energies. We distinguish between three kinds of orbitals

e core orbitals, present in all determinants of the model space
e walence orbitals, present in some determinants of the model space

e virtual orbitals, not present in any determinants of the model space.

The model space is said to be complete, if it contains all config-
urations that can be formed by distributing the valence electrons
among the valence orbitals in all possible ways. In the following we
shall normally assume this to be the case.

With the partitioning (Eq. 2.48), the Bloch equation above can be ex-
pressed

(2Hoz — Hy2)P = VQP (2.53)

With Hy of the form (Eq. 2.49) it commutes with the projection operator P.
Then we find that
Heg = PHoP + PVP (2.54)

and we shall refer to the second term as the effective interaction

Vg = PVQP (2.55)

e The partitioning leads to the commonly used form of the generalized
Bloch equation [108, 112, 118]

[22,Ho|P =Q(V2— 2Ves) P (2.56)

which is frequently used as the basis for many-body perturbation the-
ory (MBPT). The last term appears only for open-shell systems with un-
filled valence shell(s) and is graphically represented by so-called folded or
backwards diagrams, first introduced by Brandow in nuclear physics [31],
(see further below).

If the model space is completely degenerate with a single energy FEy, the
general Bloch equation reduces to its original form, derived in the late 1950’s
by Claude Bloch [22, 21],

(Ey — Ho) QP = VQP — OV (2.57)

This equation can be used to generate the standard Rayleigh-Schrédinger
perturbation expansion, found in many text books.

The generalized Bloch equation (Eq. 2.56) is valid for a general model
space, which can contain different zeroth-order energy levels. Using such an
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extended model space, represents usually a convenient way of treating very
closely spaced or quasi-degenerate unperturbed energy levels, a phenom-
enon that otherwise can lead to serious convergence problems. This can be
illustrated by the relativistic calculation of the fine structure of heliumlike
ions, where a one-dimensional model space leads to convergence problems
for light elements, a problem that can normally be remedied in a straightfor-
ward way by means of the extended model space [184, 139]. But the extended
model space can also lead to problems, due to so-called intruder states, as
will be further discussed below.

With an extended model space we can separate the projection operator
into the corresponding energy components 5

P= Z Pe HoPs = EP¢ (2.58)
£
Operating with the general Bloch equation (Eq. 2.56) on a particular com-
ponent, then yields
(€= Ho)2P: = Q(V 2 — QVegs) Pe (2.59)
Expanding the wave operator order by order
Q=1+0W 4+ 0@ 4 ... (2.60)

leads to the recursive formula

(€ — Ho) QWP = Q(VQR"D — (2Vg)™) Pe (2.61)
or
QM Pe = I'g(E) (VR — (2Veg) ™) Pe (2.62)
where
v — prot-up (2.63)
Here,
1
€)= 2.64
(€) g1, (2.64)
and
I'o(&) =QI'(€) (2.65)

are known as the resolvent and the reduced resolvent, respectively [131].

The recursive formula (Eq. 2.62) can generate a generalized form of the
Rayleigh-Schridinger perturbation expansion (see ref. [118, Ch. 9]), valid also
for a quasi-degenerate model space. We see from the form of the resolvent

5 In the case of an extended model space, we shall normally use the symbol £ for the
different energies of the model space.
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that in each new order of the perturbation expansion there is a denominator
equal to the energy difference between the initial and final states. This leads
to the Goldstone rules in the evaluation of the time-ordered diagrams to be
consider in the following section.

Even if the perturbation is energy independent, we see that the wave
operator and effective interaction will still generally be energy dependent,
due to the energy dependence of the resolvent. In first order we have

QW Pe = I'H(E)VPg (2.66)
and in second order

QD (EYPe = Tn(E) (Vrz(l)(f:) - Q(l)(g’)Pg,V;(ﬁ{))Pg (2.67)

where V;(é) = PV P. Note that the wave operator in the last term operates
on the projection operator Pg: and therefore depends on the corresponding
energy £’. We now have

500(E) _ 0o(E) |, _ To(€) ~ T(€)
o6& 6 E-£

= —To&)NWE) (2.68)

V=-Tqo)IeE)V

and we note that the last folded term in Eq. (2.67) has a double denomi-
nator. We can express the second-order Bloch equation as

(1)
b 20E)

QP ()P = To(E)V AW (E)Pe + =z Vi (€)Pe (2.69)

In the limit of complete degeneracy space the difference ratio, of course,
goes over into the partial derivative. We shall show in later chapters that the
second-order expression above holds also when the perturbation is energy
dependent (Eq. 6.77).

2.4 Graphical representation

In this section we shall briefly describe a way of representing the perturbation
expansion graphically. (For further details, the reader is referred to the book
by Lindgren and Morrison [118].)
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Goldstone diagrams

The Rayleigh-Schrodinger perturbation expansion can be conveniently repre-
sented in terms of diagrams by means of second quantization (see above and
Appendix B).

The perturbation (Eq. 2.50) becomes in second quantization
V =cle; (il fld) + 5 el e evex (i gIR1) (2.70)

where f is the negative potential f = —u and ¢ is the Coulomb interaction
between the electrons. When some of the states above are hole states, the ex-
pression (Eq. 2.70) is not in normal order. By normal ordering the expression,
zero-, one- and two-body operators will appear [118, Eq.11.39]

V=Vo+Vi+Vp (2.71)

where

hole hole

= D _(ilfli) QZ (ijlglkl) — (jilglkD)]

Vi ={c Cj}< i|vest|7)
Va = L {cl ¢l eren} (iflglkl) (2.72)

In the one- and two-body parts the summation is performed over all orbitals.
Here,

hole
(ilvest|g) = (il £15) + Y [(iklglik) — (kilg|ik)] (2.73)
k

is known as the effective potential interaction and can be represented graph-
ically as shown in Fig. 2.3. The summation term represents the Hartree-Fock

potential
hole

(ilowelj) = 3 [{iklglik) — (kilgljk)] (2.74)
k
where the first term is a ” direct” integral and the second term an ” exchange”
integral. In the Hartree-Fock model we have u = vyp, and the effective po-
tential vanishes [118].

We can now represent the perturbation (Eq. 2.72) by the normal-ordered
diagrams in Fig. 2.1. The zero- and one-body parts are shown in more detail
in Figs 2.2 and 2.3. In our diagrams the dotted line with the cross represents
the potential interaction, f = —u, and the dotted line between the electrons
the Coulomb interaction, g = e?/4meg r12. We use here a simplified version of
Goldstone diagrams. Each free vertical line at the top (bottom) represents an
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it i j
V=V + e

Fig. 2.1 Graphical representation the effective-potential interaction (Eq. 2.72). The heavy
lines represent the orbitals in the Furry picture. The dotted line with the cross represents
the potential —u and the dotted, horizontal lines the Coulomb interaction. The zero-body
and one-body parts of the interaction are depicted in Figs 2.2 and 2.3, respectively.

electron creation (absorption) operator but normally we do not distinguish
between the different kinds of orbitals (core, valence and virtual) as done
traditionally. There is a summation of internal lines over all orbitals of the
same category. We use here heavy lines to indicate that the orbitals are gen-
erated in an external (nuclear) potential, i.e., the bound-state representation
or Furry picture.

Fig. 2.2 Graphical representation of the zero-body part of the effective-potential interac-
tion (Eq. 2.72). The orbitals are summed over all core/hole states.

Fig. 2.3 Graphical representation of the effective-potential interaction (Eq. 2.73). For the
closed orbital lines (with no free end) there is a summation over the core/hole states. The
last two diagrams represent the ” Hartree-Fock” potential, and the entire effective-potential
interaction vanishes when HF orbitals are used.

By means of Wick’s theorem we can now normal order the right-hand side
(r.hus.) of the perturbation expansion of the Bloch equation (Eq. 2.62), and

e each resulting normal-ordered term will be represented by a dia-
gram.
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The first-order wave operator (Eq. 2.66)
QW Ps = Io(E) VPe = I'g(E) (Vi + Vo) Pe (2.75)

becomes in second quantization (Eq. 2.72)

Q(I)Pg =Q {Cl‘ Cj} <Z"'UCH|J>

i7lg|kl
+%{CIC;Cle} (ijglkl)

—— | P, 2.76
€5 — €& €k+51—6i—6j:| e )

This can be represented in the same way as the open part (Vi + V3) of the
perturbation (Eq. 2.70) (Fig. 2.1), if we include the extra energy denominator
according to the Goldstone rules, summarized below.

In second order we have from Eq. (2.67), using Wick’s theorem (Eq. 2.34),

1
2O P; = (&) ({V e} + (v el} = (00 Povid) — {20 PeV YY) Pe
(2.77)
where the hook represents a contraction. The first, uncontracted term is
represented by combinations of the diagrams in Fig. 2.1, such as

(2.78)

considered as a single diagram. This diagram can be of two types.

e If both disconnected parts are open, the diagram is referred to

as linked.%. If, on the other hand, at least one of them is closed,
the diagram is referred to as unlinked.

In the unlinked part of the second term in Eq. (2.77) the closed part rep-

resents Ve(é), and since the order of the operators in the normal product
is immaterial, this unlinked diagram appears also in the third term and is
therefore eliminated. The last, contracted term survives and represents the
"folded” term. Here, the wave operator depends on the energy (£’) of the
intermediate state, which might differ from the energy of the initial state
(). We can then express the second-order wave operator by

0 Pe = Io(E) (mg” - ngl,)Pg%g))linkedPg (2.79)

where only linked diagrams are maintained (see Fig. 2.4).

6 A closed diagram has the initial as well as the final state in the model space. Such a
diagram can—in the case of complete model space—have no other free lines than valence
lines. A diagram that is not closed is said to be open.
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o 10, l/‘ﬂ U

Fig. 2.4 Examples of second-order wave-operator diagrams, excluding folded diagrams.

The diagrams in Fig. 2.4 are second-order time-ordered Goldstone dia-
grams. In these diagrams, time is supposed to run from the bottom (although
the formalism is here time independent). The diagrams are evaluated by the
standard Goldstone rules with a denominator after each interaction equal
to the energy difference between the (model-space) state at the bottom and
that directly after the interaction (see Appendix I and ref. [118, sect. 12.4]).
(In later chapters we shall mainly use Feynman diagrams, which contain all
possible time orderings between the interactions.)

Linked-Diagram Expansion

Complete model space

Written more explicitly, the second-order wave operator (Eq. 2.79) becomes

0P pe = (FQ(g) VIG(E)V — I'o(E) Io(E) VPg/V)l. L P (280

mke
Here, the second term has a double resolvent (double denominator, which
might contain different model-space energies), and it is traditionally drawn

in a ”folded” way, as shown in the left diagram below (see, for instance, [118,
Sect. 13.3])

7 4 4s
i c A Pg/ 4 d
a4 I W)

P (2.81)

The reason for drawing the diagram folded in this way is that the two
pieces—before and after the fold—should be evaluated with their denomi-
nators independently. In the general case, by considering all possible time-
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orderings between the two pieces, together with the Goldstone evaluation
rules, it can be shown that the denominators do factorize. In a relativistic
treatment, which we shall employ for the rest of this book, the treatment
is most conveniently based upon Feynman diagrams, which automatically
contain all possible time-orderings, and then it is more natural to draw the
diagram straight, as shown in the second diagram above. Factorization then
follows directly. The double bar indicates that the diagram is ”folded”. In
such a diagram the upper part has double denominators—one denominator
with the energy of the initial state and one with that of the intermediate
model-space state. The second-order wave operator can then be illustrated
as shown in Fig. 2.5. Note that there is a minus sign associated with the
folded diagram.

The general ladder diagram (Fig. 2.5) may contain a (quasi)singularity,
when the intermediate state lies in the model space and is (quasi)degenerate
with the initial state. This singularity is automatically eliminated in the
Bloch equation and leads to the folded term. Later, in section 6.6 we shall
discuss this kind of singularity in more detail in connection with energy-
dependent interactions, and then we shall refer to the finite remainder as the
model-space contribution (MSC).

s S T S r A 4 s
---- ---- ¢ ----9
A A

ctryigtd = <t o t¢ + <t , td
---- ---- ¢ ----9

a p b a P b a A Pg l W)

Fig. 2.5 Removing the singularity from a ladder diagram leads to finite remainder, rep-
resented by a ”folded” diagram (last). The double bar represents a double denominator
(with a factor of -1).

We have seen that the so-called unlinked diagrams are eliminated in the
second-order wave operator (Eq. 2.79). When the model space is ”complete”
(see definition above), it can be shown that unlinked diagrams disappear in
all orders of perturbation theory. This is the linked-cluster or linked-diagram
theorem (LDE), first demonstrated in the 1950’s by Brueckner [37] and Gold-
stone [73] for a degenerate model space. It holds also for a complete quasi-
degenerate model space, as was first shown by Brandow [31], using a dou-
ble perturbation expansion. This was demonstrated more directly by Lind-
gren [112] by means of the generalized Bloch equation (Eq. 2.56), and the
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result can then be formulated ”

[2,Ho|P = (VQP - QVeg), , P (2.82)

This equation is a convenient basis for many-body perturbation theory, as
developed, for instance, in ref. [118]. It will also constitute a fundament of
the theory developed in the present book.

Incomplete model spaces

When the model space is incomplete, i.e., does not contain all configurations
that can be formed by the valence orbitals, the expansion is not necessarily
completely linked. As first shown by Mukherjee [159, 119], the linked-diagram
theorem can still be shown to hold, if the normalization condition (Eq. 2.42a)
is abandoned. As will be discussed later, a complete model space often has
the disadvantage of so-called intruder states, which destroy the convergence.
Then also other means of circumventing this problem will be briefly discussed.

2.5 All-order methods. Coupled-Cluster Approach.

Pair correlation

Instead of solving the Bloch equation order by order, it is often more efficient
to solve it iteratively. By separating the second-quantized wave operator into
normal-ordered zero-, one-, two-,...body parts

=0+ +2+--- (2.83)

with

7 The Rayleigh-Schrédinger and the linked-diagram expansions have the advantage com-
pared to, for instance, the Brillouin-Wigner expansion, that they are size-extensive, which
implies that the energy of a system increases linearly with the size of the system. This
idea was actually behind the discovery of the linked-diagram theorem by Brueckner [37],
who found that the so-called unlinked diagrams have a non-physical non-linear energy
dependence and therefore must be eliminated in the complete expansion. The concept
of size extensivity should not be confused with the term size comsistency, introduced by
Pople [186, 187], which implies that the wave function separates correctly when a molecule
dissociates. The Rayleigh-Schrédinger or linked-diagram expansions are generally not size
consistent. The coupled-cluster approach (to be discussed below), on the other hand, does
have this property in addition to the property of size extensivity.
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0 ={cf¢;} 2} -
e c} a ek} oy (2.84)

S
I

the Bloch equation can be separated into the following coupled n-particle
equations

(21, Ho P = (V2 — QW)
(22, Ho| P = (V2 — QW)

linked, 1 P

linked,ZP (285)

etc. where
W = Vg = PVP (2.86)

is the effective interaction.

Usually, the two-body operator dominates heavily, since it contains the
important pair correlation between the electrons. Therefore, a good approx-
imation for many cases is

Q1+ 0+ 2 (2.87)
which yields
[, Ho|P= (Vi + VL + V= W) P
(22, Ho] P = (Vo + VS + V25 — 4 Wy — QWi — Qo Wa) P (2.88)
where
W1 = (V1 + Vlel)closcd, 1
W2 = (‘/2 + V“Ql + VQQ)closed 2 (289)

We see here that the equations are coupled, so that 2; appears in the equa-
tion of (25 and wvice versa. This approach is known as the pair-correlation
approach. Solving these coupled equations self consistently, is equivalent to a
perturbation expansion—including one- and two-body effects—to essentially
all orders. It should be noted, though, that each iteration does not correspond
to a certain order of the perturbative expansion.

As a simple illustration we consider the simplified pair-correlation ap-
proach
=12 (2.90)

omitting single excitations. (This would be exact for a two-electron system
using hydrogenic basis functions, in which case there are no core orbitals, but
is a good approximation also in other cases.) The equation for (2, is

[0, Ho )P = (V + V2 = 2Wa) 1, P (2.91)
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Operating on an initial two-electron state of energy &£, the solution can be
expressed

25Ps = FQ(f) (V + Vi) — QQWQ)linked Pe (2.92)
Solving this iteratively, leads to
AV Pe =T (E)V P (2.93)

0P Pe = Ip(E) (mgn - Qél)Pg/WQ(l))Pg
= TQ(E)VIG(E)V Pe — Io(E)To(E")V PerV Pe
etc. (2.94)

where all terms are assumed to be linked. This leads to the ” ladder sequence”,
illustrated in Fig. 2.6. Note that in the expression above, all energies of the
first term depend on the initial state, while in the folded term the wave
operator depends on the energy of the intermediate state (') (c.f., the ” dot
product” , introduced in section 6.6).

— 44 4+ ¢----¢ + ... + folded

Fig. 2.6 Graphical representation of the pair function (Eq. 2.96).

Operating with (25 in Eq. (2.84) on the initial state |ab), leads to the pair
function
(hab) = zgj|rs) = pap(x1,22) (2.95)

which inserted in Eq. (2.88) leads to the pair equation

(20 + &b — ho(1) = ho(2)) pav(z1, 22) = <|rs><rs|V|ab)

+ [rs)(rs|V|pas) = lpea(cdWalab)) (2.96)

(For simplicity we work with straight product functions—not antisymmetrized—
in which case we sum over all combinations of r, s (without the factor of 1/2)
with «73 = —37.)

We can also express the pair function as

pav) = T(€) 7 |ab) (2.97)
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where I'g(€) is the reduced resolvent (Eq. 2.65) and &£ is the energy of the
initial state |ab). I¥#" represents the ladder sequence of Coulomb interactions
(including folded terms), corresponding to the heavy line in Fig. 2.6, and
including the resolvent (final denominator) leads to the pair function |pup).
The effective interaction W5 can be expressed as

Wy = Pe 7% P (2.98)

which can be represented by the same diagrams as in Fig. 2.6 (with no final
denominator), if the final state (with energy &£’) lies in the model space. The
pair function (Eq. 2.92) can now be expressed

[o(E)IP Py = I'p(E) (V V(&)1 — FQ(g’)IPairPg,IPaing)Pg (2.99)

This relation can be represented graphically as shown in Fig. 2.7.

T A A S
r s r
— [ cA P/ A q
W:
a b a 2
Pg Pge as ! W)
Pe

Fig. 2.7 Graphical representation of the self-consistent pair equation (Eq. 2.99). The
last diagram represents the ”folded” term —{25W5. The double line represents the double
denominator (double resolvent).

Exponential Ansatz

A particulary effective form of the all-order approach is the FExponential
Ansatz or Coupled-Cluster Approach (CCA), first developed in nuclear physics
by Hubbard, Coster and Kiimmel [86, 45, 46, 102, 103]. It was introduced
into quantum chemistry by Cizek [42] and has been extensively used during
the last decades for more details. (The reader is referred to a recent book
" Recent Progress in Coupled Cluster Methods” [230], which reviews the de-
velopment of the methods since the start.) The CCA is a non-linear approach,
and the linear all-order approach (Eq. 2.85), discussed above, is sometimes
inadvertently referred to as ”linear CCA” (!)—a term we shall not use here.
In the exponential Ansatz the wave operator is expressed in the form of an
exponential



2.5 All-order methods. Coupled-Cluster Approach. 43
S 1 2 1 3
2=e =1+S+§S +§S + - (2.100)

S is the cluster operator (in chemical literature normally denoted by T'). It
can then be shown that for a degenerate model space the cluster operator
is represented by connected diagrams only.® This implies that the linked but
disconnected diagrams of the wave operator are here represented by the higher
powers in the expansion of the exponential.

For open-shell systems (with unfilled valence shell) it is convenient to rep-
resent the Ansatz in the normal-ordered form, introduced by Lindgren [113,
118],

Q:{es}:1+S+%{52}+%{S3}+~-~ (2.101)

This form has the advantage that unwanted contractions between the cluster
operators are avoided. The cluster operator is completely connected also in
this case, if the model space is complete [119], which can be formulated by
means of the Bloch equation

[S,Ho|P = Q(VQRP — QVeg) (2.102)

conn

Expanding the cluster operator in analogy with the wave-operator expansion
(Eq. 2.83) in terms on one-, two-,..body operators,

S=85+85+85+- - (2.103)

yields

1
R={e"} =1+81+S+1 {S}}+{S152}+ 3 {S3}+1 {sfsg}+§{5§}+~--

(2.104)
With the approximation
S =51+ 5 (2.105)
the cluster operators satisfy the coupled Bloch equations
[Sh HO]P = (VQ — QW)COHH, N
[Sg, Ho| P = (VR - QW) _ (2.106)

illustrated in analogy with Fig. 2.7 in Fig. 2.8. These equations lead to
one- and two-particle equations, analogous to the pair equation given above
(Eq. 2.96). Also these equations have to be solved iteratively, and we observe
that they are coupled, as are the corresponding equations (Eq. 2.88) for the
full wave operator.

8 The distinction between linked and connected diagrams should be noted. A linked dia-
gram can be disconnected, if all parts are open, as defined in section 2.4.
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Fig. 2.8 Diagrammatic representation of the equations for the cluster operators S; and
S2 Eq. (2.106). The circle with a cross represents the ”effective potential” in Fig. 2.3. The
second diagram in the second row and the diagrams in the fourth row are examples of
coupled-cluster diagrams. The last diagram in the second row and the three diagrams in
the last row represent folded terms (c.f. Fig. 2.7).

The normal-ordered scheme is usually combined with a complete model
space—or complete active space (CAS)—and the valence universality. This
might lead to problems due to intruder states to be discussed further below.

For atomic systems with essentially spherical symmetry the cluster equa-
tions can be separated into angular and radial parts, where the former can be
treated analytically and only the radial part has to have solved numerically
(see, for instance, ref. [118, Ch. 15]). For molecular systems, on the other
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hand, analytical basis-set functions of Slater or Gaussian types are normally
used to solve the coupled-cluster equations, as described in numerous articles
in the field.

As mentioned, the advantage of the normal ordering of the exponential
Ansatz is that a number of unwanted contractions between open-shell opera-
tors is avoided. More recently, Mukherjee has shown that certain valence-shell
contractions are actually desired, particularly when valence holes and strong
relaxation are involved [91]. He then introduced a modified normal ordering

2 = {{exp(5)}} (2.107)

where contractions involving passive (spectator) valence lines are reintro-
duced compared to the original normal ordering.

Various models for coupled-cluster calculations.
Intruder-state problem

The early forms of coupled-cluster models were of single-reference type
(SRCC) with a one-dimensional (closed-shell) model space. In the last few
decades various versions of multi-reference (MRCC) models with multi-
dimensional model space have appeared (for reviews, see e.g., [161, 119, 11]).
These are essentially two major types, known as walence-universal multi-
reference (VU-MRCC) [160, 113] and state-universal multi-reference (SU-
MRCC) [94, 95] methods, respectively. In the valence-universal methods the
same cluster operators are being used for different ionization states and there-
fore particularly useful for calculating ionization energies and affinities. In the
state-universal methods specific operators are used for a particular ionization
stage and particularly used when different states of the same ionization are
considered or in the molecular case for studying potential energy surfaces
(PES).

A serious problem that can appear in MBPT with a multi-reference model
space is what is known as the " intruder-state-problem”. This appears when
a state outside the model space—of the same symmetry as the state under
consideration—has a perturbed energy between those of the same symmetry
originating from the model space. This will destroy the convergence of the per-
turbation expansion. This problem was first observed in nuclear physics [204],
but it was early observed also in atomic physics for the beryllium atom [195].
Here, the ground state is 15225215, and the excited state 1s22p? 'S has a
low unperturbed energy, while the true state lies close to the 2s ionization
limit. This implies that when the perturbation is gradually turned on, a large
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number of "outside” states, 1s22sns, will cross the energy of the 1s22p? 1S
state, and there will be no convergence beyond the crossing point.

The convergence problem due to intruders is particularly serious in per-
turbation theory, when the states are expanded order-by-order from the un-
perturbed ones. In the coupled-cluster approach, which in principle is non-
perturbative, it might be possible to find a self-consistent solution of the
coupled equations without reference to any perturbative expansion. It was
first shown by Jankowski and Malinowski [135, 89, 90] that it was in fact
possible to find a solution to the beryllium problem with a complete model
space. Lindroth and Martensson [129] solved the same problem by means of
complex rotation.

Several other methods have been developed to reduce the intruder-state
problem. One way is to reduce the model space and make it incomplete. It
was shown by Mukherjee [159] that by abandoning the intermediate nor-
malization (Eq. 2.42a), the linked character of the diagram expansion could
still be maintained. The criteria for the connectivity of the coupled-cluster
expansion have been analyzed by Lindgren and Mukherjee [119].

Another approach to avoid or reduce the intruder-state problem is to
apply an intermediate-effective Hamiltonian, a procedure developed by the
Toulouse group (Malrieu, Durand et al.) in the mid 1980’s [57]. Here, only
a limited number of roots of the secular equation are being looked for. A
modified approach of the method has been developed by Meissner and Mali-
nowski [140] and applied to the above-mentioned beryllium case.

A third approach to the problem is the state-specific multi-reference (SS-
MRCC) approach, where a multi-reference is used but only a single state
is considered [134]. This approach can be regarded as an extreme of the
intermediate-Hamiltonian approach and is frequently used particularly for
studying potential-energy surfaces.

All the coupled-cluster approaches can also be applied in the relativistic
formalism, although applications are here still quite limited. We shall return
briefly to this problem in Chapter 8.

2.6 Relativistic MBPT. No-Virtual-Pair Approximation

In setting up a Hamiltonian for relativistic quantum mechanics it may be
tempting to replace the single-electron Schrédinger Hamiltonian in the many-
body Hamiltonian (Eq. 2.11) by the Dirac Hamiltonian (see Appendix D)

hp = ca+ P + mc? + Vexs (2.108)
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which with the Coulomb interaction between the electrons

N 2

o=y (2.109)

4meq ;4
i<g 0

yields the Dirac-Coulomb Hamiltonian

N
Hpc =Y hp(i) + Ve (2.110)
=1

This Hamiltonian, however, has several serious shortcomings. Firstly, it is
not bound from below, because nothing prevents the electrons from falling
into the " Dirac sea” of negative-energy electron states. A many-electron state
with a mixture of negative-energy and positive-energy electron states can then
be accidentally degenerate with a state with only positive-energy states—
a phenomenon known as the Brown-Ravenhall disease [36]. In Chapter 6
we shall derive a field-theoretical many-body Hamiltonian that will be used
in the further development. In this model there is no ”Dirac sea”, but the
negative-energy states correspond to the creation of positron states, which
are highly excited. Then there can be no Brown-Ravenhall effect.

Within the conventional many-body treatment the Brown-Ravenhall effect
can be circumvented by means of projection operators [222], which exclude
negative-energy states, leading to the projected Dirac-Coulomb Hamiltonian

N
Hocproj = A+[ZhD(i) +VC]A+ (2.111)

i=1
Including also the instantaneous Breit interaction (see Appendix F)

. €2 Z [araj n (arrz'j)(aj"‘ij)} (2.112)

8meg Lori i

where «; is the Dirac alpha matrix vector for particle i (see Appendix D),
leads to the projected Dirac-Coulomb-Breit Hamiltonian

N
Hyvpa = Ay [Z hp(i) + Vo + VB} Ay (2.113)

i=1
which is known as the No-Virtual-Pair Approzimation (NVPA).
With the partitioning (Eq. 2.48)

H=Hy+V (2.114)

we choose the model Hamiltonian to be
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N
Hy = Z (hp + u) Zho (2.115)

and the perturbation

N
V== u(i)+Ve+Vs (2.116)

i

The Dirac-Coulomb and Dirac-Coulomb-Breit Hamiltonians, which are
valid only in the Coulomb gauge (see Appendix G.2), have been extensively
used in relativistic MBPT calculations and particularly in self-consistent-field
calculations of Dirac-Fock type. In the latter type of calculations the projec-
tion operators can often be left out, since the boundary conditions usually
excludes negative-energy solutions (see the book by I.P. Grant for a modern
review [74]).

NVPA is a good approximation for many purposes, and it includes all
effects to order o H, but it is not Lorentz covariant (see definition in the
Introduction). In later chapters we shall consider a more rigorous many-body
Hamiltonian, based upon field theory.

QED effects

As mentioned, we shall refer to effects beyond the NVPA as QFED effects,
although this separation is to some extent arbitrary. These effects are of two
kinds

e non-radiative effects, representing effects due to negative-energy states and
to retardation of the Breit interaction, shown in the upper line of Figure
2.9. These effects are also referred to as the Araki-Sucher effects [5, 219,
221] and

e radiative effects, represented by the lower line of Figure 2.9, which are
"true” quantum-electrodynamical effects due to the electron self energy
(first diagram), vacuum polarization (next two diagrams) or vertex cor-
rection (last diagram) (see further Chapter 4).

The QED effects can also be separated into reducible and irreducible effects,
where a reducible effect is represented by a diagram that can be separated
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into two legitimate diagrams by a horizontal cut, such as the second non-
radiative diagram in Fig. 2.9.° Remaining diagrams are irreducible.

Fig. 2.9 Non-radiative (upper line) and radiative (lower line) "QED effects”. These di-
agrams are Feynman diagrams, where the orbital lmes can represent particle as well as
hole or anti-particle states (see further Chapter 4). The second diagram in the first row

is reducible (there is an intermediate time with no photon), while the remaining ones are
irreducible.

2.7 Some numerical results of standard MBPT and CC
calculations, applied to atoms

In the book Atomic Many-Body Theory [61, Sect. 15.5] a brief summary is
given of the situation in the late 1970’s concerning the numerical application
of many-body perturbation theories. Most effective at that time to handle
the electron-correlation problem were various pair-correlation approaches,
based on works of Kelly [100], Meyer [141], Sinanoglu [213], Nesbet [167],
Kutzelnigg [107] and others. Coupled-cluster methods were available at that
time but still relatively undeveloped. Also methods of treating open shells
and the quasi-degenerate problem, using the extended model space [112] (Eq.
2.56), were available but not particularly well-known.

In the three decades that have followed, a dramatic development regarding
numerical implementations has taken place. All-order methods, in particular,

9 Unfortunately, different definitions of reducible and irreducible diagrams occur in the
literature. We use in this book the original interpretation of the concepts, due to the
pioneers Feynman, Dyson, Bethe, Salpeter and others [58, 201].
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coupled-cluster methods, have been developed to a stage of ”almost perfec-
tion”. Also the open-shell techniques have been further developed and are
now routinely used. Here, two main lines have emerged, based upon multi-
reference or single-reference states. The latter technique has been developed
mainly to circumvent the intruder problem, although there are methods of
dealing with this problem also in the multi-reference case, as was briefly men-
tioned above. We shall in no way try to review this immense field here but
limit ourselves to some comments concerning developments that are most
relevant for the theme of this book. (We refer to the previously mentioned
book, edited by Carsky et al. [230], for more details.) We also call attention
to a comprehensive review of all-order relativistic atomic calculations that
has recently been published by Safronova and Johnson [192].

The coupled-cluster approach was early applied to various molecular sys-
tems, particularly by Cizek, Paldus and coworkers in the Waterloo group [175,
176]. Extensions of the method and extensive calculations have been per-
formed by Bartlett and his collaborators at Gainesville [12, 188]. The paper
by Purvis and Bartlett [188], together with the simultaneous publication by
Pople et al. [185], represent the first applications of CCA with both single and
double excitations (CCSD). Bartlett et al. have later extended the technique
to include part of triples, CCSD(T), and quadruples, CCSD(TQ), techniques
that are now widely spread.

In molecular calculations functional basis sets of Slater or Gaussian type
are normally used. For atomic systems, on the other hand, it is normally
preferable to use numerical integration of the radial coordinates. Such tech-
niques have been developed and applied particularly by the groups at Notre
Dame, Gothenburg and Tel Aviv.

The Notre-Dame group has for a long time performed relativistic many-
body calculations on atomic systems by applying and further developed the
spline technique with piece-wise polynomial fitting [96]. This was first used
for calculations to second-order (third order in energy) of the helium atom
and the sodium isoelectronic sequence [97]. The method was then extended
by Blundell et al. [28] to an all-order technique (linear with singles and dou-
bles) and applied to the Li atom and the Be™ ion and by Plante et al. [184] to
a sequence of heliumlike ions. In Table 2.1 we reproduce from the latter work
the contributions to the ground-state ionization energies due to a) all-order
Coulomb interactions, b) same with one instantaneous Breit interaction, c)
same with TWO instantaneous Breit interactions, d) first-order QED con-
tribution (from ref. [56]), e) total ionization energy. Later, the Notre-Dame
group, partly together with Safronova, has extended the technique to full
relativistic CCSD, including also some triples, CCSD(T), and applied it ex-
tensively to various atomic and ionic systems [132, 192] (see Tables 2.2 and
2.3).
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Table 2.1 Contributions to the ground-state ionization energies of heliumlike
ions. From ref. [184] (in Hartrees).

Z ||Coulomb| Breit [Double Breit| QED Total

10 || 43.962 |0.010708| 0.000048 |-0.004610| 43.946

20 || 188.636 |0.096696| 0.000433 |-0.054905| 168.485
40 || 792.126 | 0.83482 | 0.00409 |-0.57860 | 790.717
60 ||1855.119]2.97236 | 0.01528 | -2.22984 |1849.832
80 ||3472.330| 7.51789 |  0.03914 | -5.89519 |3458.965
100({5841.499| 16.0999 0.0836 -12.9704 |5812.513

The Gothenburg group developed numerical non-relativistic all-order and
coupled-cluster approaches in the late 1970’s and early 1980’s. Ann-Marie
Martensson (Pendrill) [138] developed an all-order pair program (LD) —
linear with doubles without coupled clusters — based upon the first-order pair
program developed by Morrison [157, 67], and first applied it to the helium
atom. This technique was later converted into a coupled-cluster program with
doubles (CCD) by Salomonson [123] and applied to various atomic systems.
It was also applied to open-shell systems [158, 195]—in the second paper
(concerning the beryllium atom) the famous intruder problem, mentioned
above, was probably observed for the first time in an atomic system. The
procedure of the Gothenburg group was extended to the full CCSD procedure
and applied by Lindgren [114] (see Table 2.2) and Salomonson et al. [196, 199]
(see Tables 2.3 and 2.4).

A relativistic version of the linear all-order pair program (LD) was de-
veloped by Eva Lindroth [128], and applied to the helium atom. This was
extended to a relativistic coupled-cluster program by Salomonson and Oster,
who also developed a new numerical, highly accurate technique, referred to as
the discretization technique [197]. This technique was early applied relativis-
tically as well non-relativistically to a number of atomic systems [196, 199]
and is used also in all later works of the group.

In Tables 2.2-2.4 we have compared some all-order calculations for the
lithium, sodium, and beryllium atoms as well as for the Li~ ion. The calcula-
tions on Be and Li~ demonstrates clearly the importance of single excitations
in this case. The results for sodium show the importance of triple excitations
in this case. (The results by Safronova et al. is probably fortuitous, indicating
that effects of non-linear coupled-cluster terms and triples accidentally can-
cel.) The accurate results from numerical integrations by Salomonson et al.
are sometimes used as benchmarks for testing calculations with finite basis
sets [38].

The Tel-Aviv group has applied the relativistic coupled-cluster technique
with singles and doubles (CCSD) particularly to very heavy atoms and simple
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Table 2.2 Binding energies of the two lowest states of the lithium atom (in
1H)

Lithium atom
228 22p References
Expt’l 198 159|130 246
Hartree-Fock|[196 304[128 637
Difference 1854 | 1609
LSD 1855 | 1582 |Blundell et al. [28]
CCSD 1850 | 1584 Lindgren [114]
CCSD 1835 | 1534 || Eliav et al. [60]

Table 2.3 Correlation energy of some low-lying states of the sodium atom (in
pH) (from ref. [193])

Sodium atom
325 [32P; 5]32%P5,5|4%S References
Expt’l |[6 825 2121 | 2110 |1415
LSD |6 835| 2118 | 2108 |1418 Safronova et al. [193]

CCSD ||6 458 Salomonson-Ynnerman [199]
CCSD ||6 385 Eliav et al. [60]
CCSD(T)||6 840 Salomonson-Ynnerman [199]

Table 2.4 Correlation energy of the ground state of the beryllium atom and
the negative lithium ion (in gH) (from ref. [38])

Beryllium atom and negative lithium ion
Be Li~ References

CCD |{[-92.960|-71.148|| Bukowski et al. [38]
CCD ||-92.961| 71.266 ||Salomonson-Oster [196]
CCSD|[-93.665|72.015 || Bukowski et al. [38]
CCSD|-93.667 72.142 ||Salomonson-Oster [196]

molecules (see, for instance, the review article by Kaldor and Eliav [99], as
well as Tables 2.2 and 2.3).



Chapter 3

Time-dependent formalism

In the present chapter we shall summarize the fundamentals of time-dependent
perturbation theory. Although we shall be only concerned with stationary
problems in this book, it will be advantageous to apply time-dependent meth-
ods. We restrict ourselves in the present chapter to the non-relativistic for-
malism and return to the relativistic one in later chapters.

3.1 Evolution operator

It follows from the second-quantized Schrédinger equation (Eq. 2.16) that
the state vector evolves in time according to

[xs(t)) = e 0 g (20)) (3.1)

This is known as the Schrédinger picture (SP), indicated by the subscript
”S”. In another representation, known as the interaction picture (IP) (see Ap-
pendix B, Eq. B.23) the Hamiltonian is partitioned according to (Eq. 2.48),
H = Hy + V, and the state vectors and the operators are transformed ac-
cording to

|X1(t)> — eiHot/)‘z |XS(t)>§ Ol(t) — eiHot/ﬁ OS e—iHot/h (32)

This implies that the state vectors are normally much more slowly varying
with time, and most of the time dependence is instead transferred to the
operators that are normally time independent in SP.

The Schrodinger equation is in IP transformed to

ih o () = Vi(t) b (1) (33

53
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with the solution
i t
ha®) = balte)) — 5 | dt1 Vi(ty) a(ta) (3-4)
to
Vi(t) is the perturbation in the interaction picture, which is assumed to be
time independent in the Schrodinger picture.

For a stationary state of energy E the time dependence (Eq. 2.15) is
e 1Et/h Tt then follows that the state in the IP is of the form

xa()) = e HETIN iy (t = 0)) (3.5)

The time-evolution operator in IP, Ui(t,to), is defined by the relation

[a(®) = Uit to) halto)) (¢ > to) | (3.6)

Evidently, we then have

Uit t) = 1 (3.7)
Uity t1) Ur(ty, ta) = Ur(t, to) (3.8)

From the relation (Eq. 3.1) it follows that the corresponding evolution oper-
ator in SP is .
Us(t,tg) = e (= t0)/n (3.9)

Transforming Eq. (3.2) to IP then yields?!
Ul(t7 t()) — eiHot/h e—iH(t—to)/h e—iHoto/ﬁ (310)

This evolution operator satisfies the differential equation

ih% U(t, to) = Vi(t) Ui(t, to) (3.11)

which leads to the expansion 2

st
Ult, to) :1—%/ dty V(1) U(ty, to)
to

-1 flz/tt dty V(t1) + (;)2/: dty V(t1) /tt1 dta V(t2) Utz to)  (3.12)

0

1 1t should be noted that generally elfot/he=iHt/h £ ¢=iVt/k gince the operators do not
necessarily commute.

2 Unless specified otherwise, we shall in the following assume that the evolution operators
always are expressed in IP and leave out the subscript 1.
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etc. By extending the second integration from ty to ¢, this can be ex-
pressed [62, Fig. 6.1]

Ult, to) 1;/ttdt1 V(t1)+;(hi)2/ttdt1 /ttdtQT[V(tl)V(tg)] Ulta, to) (3.13)

where T is the time-ordering operator, which orders the operators after de-
creasing time (without any sign change). This leads to the expansion

.t
1
Ui(t, to) = —%/ dty V(t1)
to

Us(t, to) = % (7;)2/; dt, /tt dty T[V(t) V(ta)] (3.14)

etc., which can be generalized to [62, Eq. 6.23], [88, Eq. 4-56]

o0

U(t,to):T;);I(;Li)n/t:dtl.../t:dtnT[V(tl)...V(tn)] (3.15)

(We have here included the term n = 0 to replace the unity.)
We introduce the Hamiltonian density H(z) by

V(t) = /d% H(t, ) (3.16)

We do not have to specify the perturbation at this point, but we shall later
assume that it is given by the interaction between the electrons (of charge
—e) and the electromagnetic radiation field (see Appendix E.3)

H(x) = il (2)eca” A, (2)d(a) (3.17)

Here, o is the Dirac operator (see Appendix D) and A, is the covariant
radiation field (Appendix (Eq. G.2))

h ikx —ikx
Au(z) =4/ S0V ;.EM [aLTe ke 4 gy e ] (3.18)

The evolution operator (Eq. 3.15) can now be expressed

U(t,to):i1(;)"/tdxgl.../tdxﬁT[H(xl)...H(mn)} (3.19)

to to
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The factor of ¢ in the denominator is due to the fact that we now use the
integration variable xy = ct. The integrations are performed over all space
and over time as indicated. Alternatively, this can be expressed

exp (c%; /t d*z H(x))] (3.20)

to

Ult,ty) =T

The evolution operator can be represented graphically be means of Gold-
stone diagrams in the same way as the wave operator, discussed previously.
As a simple example, we consider the first-order interaction with a time-
independent potential interaction v(x). In second quantization the evolution
operator becomes

. t
U(l)(t,to):f%/dt cl (rlv(x1)]a) cq (3.21)
to

or after summing over the states

U(l)(t,to):—ih /ttdtl /d3w1 M) o@) dlz)  (3.22)

which is illustrated in Fig. 3.1 (left).

The two-body interaction can be given by a contraction of two pertur-
bations (Eq. 3.17), corresponding to the exchange of one virtual photon,
v(x1,x2), as will be further discussed in chapter 4. The corresponding, second-
order evolution operator then becomes (Fig. 3.1, right)

U(Q)(t,to):;(;)z//to dtldtz/ Py By T (1) & (22) V(1 02) () 1)
(3.23)
t o ___
@T r
Y e
to - L___

Fig. 3.1 Graphical representation of the evolution operator for first-order potential inter-
action and single-photon exchange.

In higher orders the operator can have connected as well as disconnected
parts and can be separated into zero-, one-, two-,...body parts. The connected
one- and two-body pieces are schematically illustrated in Fig. 3.2. Expressions
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with uncontracted photons fall in an extended photonic Fock space, as will be
further discussed in later chapters.

@{a b{&
to — b ______| _

Fig. 3.2 Schematic graphical representation of the connected one- and two-body parts of
the evolution operator.

3.2 Adiabatic damping. Gell-Mann—Low theorem

For the mathematical treatment we shall find it convenient to apply an ” adi-
abatic damping factor” to the perturbation,

V(t) — V(t)e (3.24)
where v is a small, positive number, which implies that
H—Hy as t— —o0 (3.25)

The expansion (Eq. 3.19) then becomes

U,(t, to) = i% (c;hl)n

t t
xt/‘dx%..l/‘dxi]{?ﬂxl)”.denﬂefwuﬂ+“ﬂ”+“"h (3.26)

to to

The damping is adiabatically ’switched off” at the end of the calculation. The
evolution operator satisfies now the equation (Eq. 3.11)

00U, (1,10) = (V) F7) Uy (1. 10) (3.27)

where the upper sign is valid for ¢t > 0.
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Gell-Mann—Low theorem

The damped perturbation (Eq. 3.24) vanishes, when ~¢t — o0, and the
perturbed (target) state vector approaches in these limits an eigenstate of
HO?

Ix1y(t)) = | ). (3.28)

which we call the parent state. Gell-Mann and Low have shown that for ¢ = 0
and in the limit v — 0, the state vector

. U0, —00)|®)
Jim 1, (0)) = limy (0|U, (0, —c0)|®)

=: |¥) (3.29)
is a solution of the time-independent Schrédinger equation

(Ho+V)|¥) = E|P) (3.30)
where Hy is the model Hamiltonian (Eq. 2.49) without the interaction. Here,

(2] 55U5(0, —00)|®)

F =F, 1Ay
0TG50, —00) @)

(3.31)

This is the famous Gell-Mann—Low theorem (GML) [69], [62, p.61], [206,
p.336], which represents one of the fundamentals of the theory presented here.
The perturbation, V, must in the limit v — 0 be time-independent in the
Schrddinger picture, which is the case with the interaction (Eq. 3.17).

3.3 Extended model space. The generalized
Gell-Mann—Low relation

The original Gell-Mann-Low theorem (Eq. 3.29) is valid only in the single-
reference case (one-dimensional model space). The time-dependent MBPT
was in the 1960’s and 1970’s further developed by several groups [156, 33,
227, 98, 168, 104], mainly in connection with nuclear calculations. We shall
extend this treatment here and prove a generalization of the Gell-Mann—Low
theorem for an arbitrary model space. This treatment follows mainly that
performed in ref. [124] (see also ref. [62, Sect. 6]).

We choose the parent states to be the (normalized) limits of the target
states for finite v as t — —o0, as introduced by Tolmachev [227],

|q5a> :CatEIPw|Xa>v (a=1,2---d) (3.32)
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where C“ is a normalization constant. The parent functions are then eigen-
functions of Hy,
Hy |9“) = E§ |9%) (3.33)

but generally we do not know which eigenvalue a specific target state will
converge to.

In analogy with the single-reference case (Eq. 3.29) we construct the state

U, (0, —oc0) |9)

) = i, 0, —oc) 2% (3.34)

which is normalized in the intermediate normalization, (¥§'|P%).

We shall now demonstrate that this state is in the limit v — 0 an eigenstate
of the time-independent Hamiltonian of the system for all values of «,

(Ho +V)|w*) = E*|w*) (a=1,2,---d) (3.35)

e This is a generalization of the original Gell-Mann—Low relation
(Eq. 3.29), and it holds also for a quasi-degenerate model space
with several energy levels [124].

In order to prove the theorem, we consider one term in the expansion
(Eq. 3.26)

(n)(4 _ e (t1+t2...4+tn)
[],y (f7 OO) = ( P ) ‘/_OO dt,, /_Oo dt,—1 T[V(tn)[/ (tnfl) ] etttz

(3.36)
(As long as t does not approach 400, we can leave out the absolute signs in
the damping factor.) Using the identity

[Hy, ABC---]=[Hy,A]|BC---+ A[Hy,B|C---+---

we obtain, noting that in TP Vj(t) = e'*Ho/hVg e~ 1tHo/P and that V is assumed
to be time independent in the SP,

avéi(t) =i[Hp, Vi2(1)] (3.37)
and
[Ho, V() V (tn_1) -] = —ih(a% + % +- ) V)V (tner) -+ (3.38)

This gives
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1 /=iy (1) '
" 1
[Ho,U (¢, OO)] = ( ﬁ) /_Oo dt,, /;OO dt,—1

X TK@? + 8155_1 4+ - ")V(tn)v(tn—l) . } otttz ttn)

When integrating by parts, each term gives the same contribution, yielding

[Ho, U™ (t, —00)] = =V (t) UL (¢, —00) +ihny UM (t, —00)  (3.39)

Y

where the last term originates from derivating the damping term. Introducing
an order parameter, A,
H=Hy+ \V(t) (3.40)

the result can be expressed

[Ho, Uy (t,—00)] = =V (t) Uy(t, —00) + ihyA =~ 0

5 Us(t,—o0) (3.41)

By operating with the commutator on the parent function (Eq. 3.32), utilizing
the fact that the parent state &% is an eigenstate of Hy, we obtain for t = 0

0
(HO - Ef+ V) U,(0, —00) |8%) = ihyA =+ BN

where V' = V(0) or with the state (Eq. 3.34)

U,(0, —o0) |9) (3.42)

o ey 9.U,(0, —00)|P*)
(H0+V_EO) |wv> ihyA <$¢\x|U (0, —00)|P2)

(3.43)

(Note that at ¢t = 0 the Schrédinger and interaction pictures are identical.)
We note from the relation (Eq. 3.34), that

9 ey — ) U,(0,—00) [@*) & U,(0,—00) )
N T AN (WU, (0, —00)[@2) (WU, (0, —o0)|d%)
(W |a>\ (0, —00)|@%) U’Y(O’ —00) |W0a>

—{TFIUL(0,—00)|2%) (U |U, (0, —00)[9) (3.44)

Therefore, the r.h.s. of Eq. (3.43) can be expressed

. a/\U(O —00)|P%)
1A ST (0, —0)8)

= AES |05) +iA o1 |u7a>

where

(75| Fx U (0, —00)|97)
(51U~ (0, —00)[@9)

AES = ihyA

and this yields
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(Ho+V — E§ — AES) |W) = ih Aﬁyw) (3.45)
0 0 lo% ~y/ T 1y aA v .

Provided that the perturbation expansion of |W$> converges, the r.h.s. will
vanish as v — 0. Then

e the generalized Gell-Mann—Low (GML) relation reads

. o . U, (0, —00) D™
|Wa>:%1g})|y7,y>:hm i 2*) (3.46)

=0 (F5U5(0, —o0) [@)

This state vector will satisfy the time-independent Schridinger equation

(Ho +V(0) |#*) = E*|¥*) (3.47)

where Hj is the model or independent-particle Hamiltonian (Eq. 2.49) and
V is the perturbation (Eq. 3.16).

This relation is derived in the interaction picture with ¢ = 0, which implies
that it holds also in the Schrodinger picture (SP). The perturbation must be
time-independent in SP, apart from possible damping, as is the case with the
perturbation Eq. (3.17).

The energy eigenvalue corresponding the Gell-Mann—Low state (Eq. 3.46)
becomes

(5155050, o0) 1) .

(G |U5(0, —o0)[@9)

This expression is not very useful for evaluating the energy, since the eigen-
value E§ of the parent state is generally not known. The procedure is here
used mainly to demonstrate that the functions satisfy the Schrédinger equa-
tion. Instead we shall derive an expression for the effective Hamiltonian
(Eq. 2.54), which is the natural tool for a multi-level model space.

B* = lim | E§ + iy
"y—i

In the one-dimensional model space, singularities appear in U for unlinked
terms. In the general multi-dimensional case, singularities can appear also
for linked diagrams that have an intermediate state in the model space. The
remaining diagrams are regular. In addition, so-called quasi-singularities can
appear — i.e., very large, but finite, contributions — when an intermediate
state is quasi-degeneracy with the initial state. All singularities and quasi-
singularities are eliminated in the ratio (Eq. 3.46) — in analogy with the
original Gell-Mann—Low theorem, although in the general case there is a
finite remainder, so-called model-space contribution (MSC). The elimination

3 It should be noted that a necessary condition for the proof of the theorem given here
is that the parent state (Eq. 3.33) is an eigenstate of the model Hamiltonian Hg (see Eq.
3.42). This is in conflict with the statement of Kuo et al. [104], who claim that it is sufficient
that this state has a nonzero overlap with the corresponding target state.
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of these quasi-singularities represent the major advantage of the procedure
using an extended model space. Later we shall see how this procedure can
also be applied in quantum-electrodynamical calculations.



Part 11

Quantum-electrodynamics:
One- and two-photon exchange






Chapter 4

S-matrix

In Part I we have considered methods for treating atomic many-body systems
within the standard relativistic MBPT and coupled-cluster schemes, in what
is known as the no-virtual-pair approzimation (NVPA). In this second part
we shall include effects beyond this approximation, which we shall refer to
as quantum-electrodynamical (QED) effects. We shall describe three methods
for numerical calculations of QED effects on bound states, developed in the
last few decades, which are all based upon field theory.!

In the present chapter we shall present the most frequently applied scheme
for bound-state QED calculations, namely the S-matriz formulation. In this
chapter we shall also come into contact with the important question of the
choice of gauge. The Maxwell equations are invariant under a certain class of
gauge transformations, as shown in Appendix G. So far, practically all QED
calculations have been performed using what is known as covariant gauges,
particularly the Feynman gauge, where the expressions involved are particu-
larly simple. However, for bound-state problems, where the Coulomb inter-
action often dominates, it would be more advantageous to use the Coulomb
gauge. It has been demonstrated by several authors [1, 191] that it is per-
fectly legitimate use the Coulomb gauge also in QED calculations and that
this leads to results that are renormalizable and completely equivalent to
those obtained using covariant gauges.

In the next chapter we shall consider the Green’s-function method, which
is frequently used in various fields of physics. In Chapter 6 we shall present

I From now on we shall for simplicity set # = 1 but maintain the remaining fundamental
constants. In this way our results will be valid in the relativistic or natural unit system as
well as in the Hartree atomic unit system. They will also be valid in the cgs unit system,
as long as we stay consistently to either the electrostatic or the magnetic version, but they
will NOT be valid in the Gaussian system that is a mixture of the two. With our choice it
will still be possible to perform a meaningful dimensional analysis (see further Appendix

65
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the recently introduced covariant-evolution operator method, which will form
the basis for the unified approach we are developing in the following chapters.

4.1 Definition of the S-matrix. Feynman diagrams

The scattering matriz or S-matriz was introduced by John Wheeler [232]
and Werner Heisenberg in the 1930’s, particularly for studying the scattering
processes between elementary particles. The formalism is not particularly
suited for bound-state problems but has in the last few decades been applied
also to such problems in connection with QED calculations (see, for instance,
the review article by Mohr, Plunien, and Soff [152] for a modern update).

The S-matrix relates the initial state of a particle or system of particles,
P; = P(t = —o0), before the interaction has taken place, to the final state
after the interaction is completed, ¢ = P(t = +00),

P(t = +00) = SP(t = —00) (4.1)

We know that the time evolution of the state vector in the interaction picture
is governed by the evolution operator (Eq. 3.6), which leads to the connection

S =U(o0, —o0)] (4.2)

This is is assumed to hold also relativistically (see, for instance, Bjorken and
Drell [19]). With the expansion (Eq. 3.26) this becomes

S = Ti;(;l)n /dyc‘l1 o /dxfl T[H(z1) ... H(zn)] e Y(talHltzlItal) (4 3)

Here, x is the four-dimensional coordinate vector x = (ct, ), which explains
the factor of ¢ in the denominator. The S-matrix is—in contrast to the evo-
lution operator for finite times— Lorentz covariant (see footnote in the Intro-
duction), which is manifestly demonstrated by its form given here. We shall
normally assume that the perturbation density is given by the interaction
between the electrons and the electromagnetic radiation field (Eq. 3.17)

H(z) = ' (@)eca Ay, (2) () (4.4)

The S-matrix can conveniently be represented by so called Feynman di-
agrams. Feynman has in his famous papers from 1949 [64, 63] developed
a set of rules for evaluating the S-matrix for various elementary processes
(see Appendix H), and this has formed the basis for much of the develop-
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ments that followed in quantum-electrodynamics and field theory in general
(see, for instance, the books by Mandl and Shaw [136, ch. 7] and Peskin and
Schroeder [183]). This has also formed the basis for the diagrammatic repre-
sentation of many-body perturbation theory (MBPT), discussed earlier [118].

In order to represent the S-matrix by means of Feynman diagrams, this
has to be transformed into normal order, which can be performed by means
of Wick’s theorem (see section 2.2). This leads to all possible (zero, single,
double ...) contractions between the perturbations H and to diagrams of the
type shown in Fig. 2.9. (Details of this process are found in standard text
books, e.g., Fetter and Walecka [62] or Lindgren-Morrison [118].) Below we
shall illustrate this by a few simple examples.

Even if the S-matrix formulation was initially set up for scattering prob-
lems, we shall here be mainly concerned with applications to bound-state
problems. Since the final time of the scattering process is t = +o0, we
can not directly apply the Gell-Mann-Low theorem (Eq. 3.31), (Eq. 3.46).
Sucher [220] has, however, modified the Gell-Mann-Low energy formula so
that it can be applied also to the S-matrix. With the S-matrix expanded in
a perturbation series

S§=> gm (4.5)

the energy shift can be expressed

i S n@]s™9)
AL = Iy o = 5Ts[@) (4.6)

This energy formula can also be applied to a degenerate multi-state model
space—but not in the case of quasi-degeneracy, when there are several dis-
tinct energy levels within the model space. Furthermore, in the S-matrix
formulation no information can be derived for the corresponding change of
the state vector or wave function. For these reasons the S-matrix formulation
is not suited as a basis for a unification with many-body perturbation theory
that is our main concern in this book. We shall return to this problem in
later chapters.

Before we consider some physical processes, we shall define two very im-
portant concepts, namely the Feynman electron and photon propagators that
will be frequently used in the following.
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4.2 Electron propagator

The contraction between two electron-field operators is defined as the differ-
ence between the time and normal orderings (see section 2.2)

jﬁ,\ ~ ~ ~ ~
P(@1)t (22) = T[(21)d" (22)] — N [(21)d (22)] (4.7)

Since the vacuum expectation value vanishes for every normal-ordered prod-
uct, it follows that the contraction is equal to the vacuum expectation of the
time-ordered product 2

<>w*<x2 <0\T[¢ DY (2)]]0)
= (0|0(t1 — t2) h(x1)9T (x2) — O(t2 — t1) YT (22)d(21)[0)  (4.8)

considering that the electron fields operators are fermions that anticommute.
O is the Heaviside step function (Appendix A, Eq. A.29).

e The Feynman electron propagator is defined (see Fig. 4.1)3

I . .

(1) (w2) = (0| T [th(21)Y (22)]|0) =1 i Sp(21, 22) (4.9)
1
w iSF(l‘l,J)Q)
2

Fig. 4.1 Graphical representation of the (bound-state) electron propagator. (As before, we
shall let thick vertical lines represent electron propagators in the bound-state representation
(Furry picture) and thin lines in the free-electron representation.

2 In field theory the vacuum state is normally the ”true” vacuum with no (positive-energy)
particles or photons present. In the Dirac picture this implies that the negative-energy
states or “hole” states of the ”Dirac sea” are filled. In many-body applications without
reference to field theory, the ”vacuum” is normally a closed-shell state related to the system
(finite or infinite) under study, obtained for instance by removing the valence or open-shell
single-electron states. Single-electron states present in this vacuum state are referred to as
hole states and those not present as virtual or particle states. In our unified approach we
shall let hole states include negative-energy (anti-particle) states as well as core states.

3 Note that we define here the electron propagator, using 1/AJT rather than 1& = 1/A)Tﬁ, which

is more frequently used. We find the present definition more convenient in working with
the combination of QED and MBPT.
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Separating the field operators into particle (p) and hole (h) parts, )= 1[4 + 1,
above and below the Fermi surface, respectively, it follows that the expression
(Eq. 4.8) is identical to

(0]O(t1 — ta) (1)} (22) — Ota — t1) YT (w2)1h— (1)]0)
= O(t1 — ta) ¢p(w1)¢;(m2) e—ep(ti—t2) _ Oty — t1) ¢L(m2)¢h($1) e—en(ti—t2)

using the time dependence of the field operators in IP in App. B (Eq. B.28).
As will be demonstrated below,

e the electron propagator can be expressed as a complex integral

[ dw ¢j($1)¢;($2) “iw(t1—t2)
Sr(z1,22) _/%w S ) ¢ (4.10)

where 7 is a small, positive number.

Fig. 4.2 Complex integration of the electron propagator Eq. (4.10).

In order to verify the integral formula (Eq. 4.10), we first consider the
case t1 > to. Here, the integrand vanishes exponentially as w — —ioo, and
we then integrate over the negative half-plane, as illustrated in Fig. 4.2. Here,
the poles appear at w = €; when this is positive. The contribution to the in-
tegral from this pole is —2mi times the pole value—with the minus sign due
to the negative (clockwise) integration—or —ig; (1) (;5;- (x9) eiei(t1=t2)  Qim-
ilarly, when t; < to, we integrate over the positive half plane with the result
+igj(x1) (;ﬁ;r.(scg) e~ 1ei(i=t2) when ¢, is negative. It then follows that iSg, as
defined by the integral, is identical to the time-ordered vacuum expectation
(Eqg. 4.8).

e The Fourier transform of the electron propagator with respect to
time is
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¢j(@1) ¢ (x2)
w —¢; +insgn(e;)

Sp(wi 1, @2) = (4.11)

which can be regarded as the coordinate representation (see Appendix C)

(@17) (jla2) (4.12)

Sp(w; @1, @) = (1] Sp (W) |22) = w —¢g; +insgn(e;)
j J

of the operator*

Sr(w) = % (4.13)

Using the relation in Appendix (Eq. D.49), this can also be expressed

- 1
Sp(w) = T (4.14)

where hp is the Dirac hamiltonian operator (see Appendix D).

The contraction has so far been defined only for ¢; # ¢5. For the bound-
state problem it is necessary to consider also equal-time contractions. We
then define the time-ordering for equal time as

[¥(21)0 (2) — ¥T (22)1(21)] (t1 =t2)  (4.15)

DN =

T[o(x1)yt(22)] =

In this case we have
1

D)o ) = (O[T [0l (@2)][0) = 5 (0[ple)e! (@) — v/ @)v()]| o)
= 2 Y bplen) dh(aa) — 5 D n@) o) wa) = 5 O semle) 65 (w2) 6l(21)
p h 7

where j as before runs over particles and holes. This can still be expressed
by the integral above, as can be seen from the relation

1 B €j—2 insgn(e;)
ej—z—insgn(e;) (g5 —2)2+n2 (g5 —2)* +n?
1
=P +imsgn(e;) d(e; — 2) (4.16)
€j— %2

P stands for the principal-value integration, which does not contribute here.
Therefore, the electron-propagator expression (Eq. 4.10) is valid also for equal
times.

4 As stated before, we use the ’hat’ symbol to emphasize that the quantity is an operator.
In cases where this is obvious, the hat will normally be omitted.
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4.3 Photon propagator

The exchange of a single photon between the electrons corresponds to a con-
traction (Eq. 2.29) of two photon-field operators (Eq. 3.18), defined as in the
electron-field case (Eq. 4.7),

1
Au($1)Ay(.T2) = <0|T[AH(1‘1)AV($U2)] |O>

= <O|@(t1 - tg)A#(Il)Ay($2) + @(tg - tl)AV(JZQ)A‘u(Il)|O> (417)
(the photon-field operators commute in contrast to the electron-field opera-
tors), and in analogy with the electron propagator we have

e the Feynman photon propagator is defined (see Fig. 4.3)

1
Au(z1) Ay (z2) = (O|T[A (1) AL (22)]]|0) =: i Dy (@1, 22) | (4.18)

We shall also sometimes for convenience use the short-hand notation
DF($1,J?2) = a“al’DFW(xl,xg) (419)

using the summation convention.

With A, = Af 4+ A, we see that Eq. (4.17) is identical to

<0‘@(t1 — 1) [Af (1), Ay (22)] + Ots — t1) [Af (w2), A7 (21)] ‘o>

where the square bracket with a comma between the operators represents
the commutator (Eq. 2.12) and noting that the photon-field operators do
commute.

Before evaluating the photon propagator we have to make a choice of gauge
(see Appendix G.2). In so-called covariant gauges the field components are
related by a Lorentz transformation. Most commonly used of the covariant
gauges is the Feynman gauge, because of its simplicity. In our work with com-
bined QED and electron correlation, however, it will be necessary to use the
non-covariant Coulomb gauge in order to take advantage of the devel-
opment in standard many-body perturbation theory. We shall demonstrate
that this is quite feasible, although not always straightforward.
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Feynman gauge

In the Feynman gauge we have, using the commutation rule in Appendix G
(Eq. G.11),

— 1 —i(kx1—k'
[A:(x1>7Au (x2)] = %Tveﬂrel’w[akr’a‘{:’r’]e (ka x2)
1 .
- _ . 5 ’67” b —ik(z1—x2)
2eqwV Guuw Ok k! Or,r €

With kiEl = k()ifl(] —k- 1 and klirz = kéibz() - k/ * Lo (LUO = Ct, w = Ck()) this
yields for the vacuum expectation in Eq. (4.18)

(O[T [Au ) Ay 22)]0)

1 . _
" 2eqckoV I (611 = t2) 7752 1 (1 — 1) e )]

L ke —iko (210—20) ik (210 ~20)
= —qu k-7 @ t1 —t 1k0(Z10—T20 @ to —t 1£0(Z10—2Z20 420
Iu Ek SeockaV © [O(t1 —t2) e + 62 —t1)e ] (4.20)

with 715 = @1 — @5. The sign of the exponent k - r15 is immaterial.

z
1p e~reenne 1,2 iDpyy(xe, 21)

Fig. 4.3 Graphical representation of the photon propagator.

The expression in the square brackets of Eq. (4.20) can as in analogy with
Eq. (4.10) be written as a complex integral

< dq e—ia(z10—220)

Ot —t —iko(xz10—x20) Oty — t iko(z10—220) _ 9i / gz (4921
(ti—t2)e +6(ta—t1)e o o -kt (4.21)

Thus (see Appendix, section D.2),
<O|T[AH($1)AV($2)] |0> lgm/ V Z ik-r12 / o m

1 A3k . d —ig(z10—220)
— —ig,ulz 7/ elk'rlz / 7q ¢ D) N (422)
ceo S (2m)3 —o0 2T % — Kk +1in

dq e —ig(z10—220)

with kg = |k|, and the photon propagator (Eq. 4.18) becomes in the Feynman
gauge (c.f Appendix Eq. F.62)
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I 4’k ikerip /O0 dg e~ la(z10—220)
_JHY e dq

Dguu(xl,mQ) =

ceo ) (2m)3 0o 2T @2 — K% +in
3 ) 00 —iz(t1—t2)
— _guv / d k elk.,,.m / % € (423)
€0 (2m)3 Ceo 2m 22 — 2K 4 i

where z = cq is the energy parameter. It then follows that

e the Fourier transform of the photon propagator with respect to
xo = ct becomes in Feynman gauge

3 ik-r
F ) Y d°k ez
DFuu(qv mlme) - = o / (277)3 q2 _ k2 I ”7 (424)

and the inverse transformation becomes

d .
Dg/ﬂ/(xl’xZ) - / ﬁ Dguu(q; Ty, .’1}2) eilq(mmimm) (425)

After integration over the angular part (see Appendix J) this becomes

Juv /OO 2k dk sin kT2 (4.26)
0

P _
Dryu (421, 2) = - Am2cegrs q® — K% +in

where x = |k| and ¢ = kg is now decoupled from |k|.> Fourier transforming
Eq. (4.25) with respect to space, yields

Guv 1
Dg,uu(qvk) =—=£

- 4.27
cep ¢2 — K2 +in (4.27)

or in covariant notation

F _ g,ul/ 1
DFuu(k) - ceo 2 n 17] (428)

where k is the four-dimensional momentum vector, k2 = k% — k*.

The Fourier transforms with respect to time are similarly

G d3k eik"r‘lg
“o | B e
Guv /OO 2k dk sin K719
 4m2egrin Jo 22— 22 +in

Dguu(z;wlva) =

(4.29)

5 In some literature |k| is denoted by k, but here we introduce a new notation (), reserving
k for the four-dimensional vector, in order to avoid confusion.
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Yuv 1
Dp,, (k) = - ———— 4.30
F;,LIJ(Z7 ) €o 22—CZH2+17] ( )
which differ from the previous transforms with respect to momentum (Eq. 4.26),
(Eq. 4.27) by a factor of ¢ (see Appendix K.2). z = cq is the energy parame-
ter. The inverse transformation is here

d )
Di (@1, 22) = /i DY, (21, ) e (1 712) (4.31)

Coulomb gauge

Above we have found an expression for the photon propagator in the Feynman
gauge, and by means of the formulas for gauge transformation in Appendix
G.2 we can derive the corresponding expressions in other gauges.

In the Coulomb gauge (Eq. G.19) the scalar part (uv = 00) of the photon

propagator is
1

060k2

Transforming back to 4-dimensional space yields according to Eq. (4.23)

Dlgoo(k) = (4~32)

e—iko (zo1—z02)

L[k ke [l

ceo ) (2m)3 K2 27

1 /00 2k dk sin k12 /% o—iko (201 —202)
0

4m2ceqrin K2 2

Dgoo(xlam) =

using the relation (Eq. J.17). With zy = ¢t and z = ckg this can be expressed

VC dz
e

—= | = et 4.33
e2c2 J 2 (4.33)

Dgoo(xlaxz) =

where Vi is the Coulomb interaction (Eq. 2.109). With the damping factor
the integral tends to a delta function (Eq. A.15)

"
Digo (1, 22) = ﬁ 6(t1 —t2) (4.34)

but we shall normally use the more explicit expression (Eq. 4.33).

From the relation (Eq. 4.33) we find that the Fourier transform with re-
spect to time becomes
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1 /°° 2k dk sin kKrig _ Vo (4.35)
0

Dc Z,X1,X,2) =
FOO( ’ ) ) K2 e2c2

4’/T202607'12

The vector part of the propagator is according to Eq. (G.19) (¢ = ko)

1
ceo(k? + i

DE; (k) = | (gij n kklzj) (4.36)

and transforming back to 3-dimensional space yields

1 d3k eikr1z kik;
C . _ 1)
DFij(Q,Jh,CCQ) = 7060 / (2)3 - K2+ in (gij + ‘kz )

1 > 2k dk sin krig kik;
- T ( ij k:2 )

o )y Eomii
= CDBQij(Z; x1,T2) (z=1cq) (4.37)

4.4 Single-photon exchange

We consider now the exchange of a single photon between the electrons,
represented by the Feynman diagram in Fig. 4.4 (left). We start with a general
covariant gauge, like the Feynman gauge, and consider then the non-covariant
Coulomb gauge.

Covariant gauge

Fig. 4.4 The Feynman representation of the exchange of a single, virtual photon between
two electrons. This contains two time-orderings.

The second-order S-matrix (Eq. 4.3) is given by
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1/ —i2 1
5@ — §(7) // Az, d4x1T[H(x2)H(SU1)] em(tlHlE) (4 38)
&

With the interaction density (Eq. 4.4) this becomes

1

ie)? [
5@ = 8L [[ atey o, T(61 @) 4, 2)6(0), (¢ () A,(w)0@) | e (141D (439)

where the contraction between the radiation-field operators yields the photon
propagator, 1D, (Eq. 4.18), or with the short-hand notation (Eq. 4.19),

S = (162)2//&:52 d*zy T (21)0T (22) 1Dg (29, 1) Y (2) (1) e 77 (BIHIE2D (4 40)

Identification with the second-quantized form (see Appendix B)

5(2) — CICL <cd|S(2) |ab> CpCq (441)

1
2

yields a particular matrix element of the S(®) matrix

<cd’S(2)|ab> = — // d*zy d*ay qSl(a:l)gb;(xg)iezDF(zg,xl)

d
Xy (2)a (1) e Y UEIFIED = /2—2 <cd‘ — ie? DF(Z,$2,$1)‘ab>
™
y // Pdtydty e—it1Ea—eem2) gmita(er—cat2) o= (ta|+]t2]) (4.42)
using the Fourier transform (Eq. 4.31). After performing the time integrations
(Eq. A.14)
d
<cd‘S(2)‘ab> = / 2—2 <cd’ — ieQCQDF(Z,SE27CI:1)’ab>
i
X 2mAy(eq — 2 —€c) 2mA (ep + 2 — €4) (4.43)

e We introduce the single-photon interaction

I(z1,22) = Vip(x1,22) = eQCQa’fagDFW(xl,xg) = 6202DF(9U1, x2)
(4.44)
with the Fourier transform with respect to time
I(z;21,x2) = e2czafa§DF,“,(z; T1, &) = e2c2DF(z; T1,T2) (4.45)

which has the form of an energy potential. We shall generally express the
Fourier transform of the interaction with respect to time as
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2¢%k dk f(k, @1, T2)

4.46
22 — k2 +ip ( )

I(z; @1, T2) = 6202a§ba‘2’DFW(z;:B1,w2) = /

where f(k,x1,x2) is a gauge-dependent function. This transform, as well
as the function f(k, @, 22), has the dimension of energy (or s~! with our
convention with h = 1).

With the notation above the S-matrix element (Eq. 4.43) becomes
d
(cd|SP]|ab) = /ﬁ (cd| —il(z)|ab) 2w Ay (ea — 2 — £c) 2w Ay (5, + 2 — €q)
In Appendix A.3 it is shown that

/ g—; 2nAy(a—z) 2 Ay (b—2) !

22 — 2k2 +1ip

1
= 212, (a—b) - (4.48)

—2K2 + 1y
where we observe that the infinitesimally small quantity 7, appearing in the
propagators to indicate the position of the poles, is replaced by the adiabatic
damping parameter, 7, which is a finite quantity (that eventually tends to
zero). This gives

<cd|S(2) ’ab> =2mAgy (60 + €5 — € — sd)<cd —1il(2) ab> (4.49)
with z = cq = ¢, — €.. This can also be expressed
(cd|SP|ab) = 21 Agy (Ein — Eout){cd| — il (z)|ab) (4.50)

where Fi, and FE,, are the incoming and outgoing energies, respectively.
Using the Sucher energy formula (Eq. 4.6) and the relation (Eq. A.17)

lirr%) 21y A9y (x) = 0,0 (4.51)
’Y*}

the corresponding energy shift becomes

ABW =6p, g, (cd|I(2)|ab) (4.52)

Assuming that @y, = iy = P is the antisymmetrized state
1
V2

6 The constants of the expressions can be conveniently checked by dimensional analysis
(see Appendix K.2).

@) = [{ab}) = — [|ab) — |ba)]

(4.47)
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the first-order energy shift becomes
AE = (®|I(2)|P) = (ab|I(z)|ab) — (ba|I(z)|ab) (4.53)

which is consistent with the interpretation of the interaction I(z) as an equiv-
alent energy-dependent perturbing potential.

We have seen here that the time integration — in the limit v — 0 — leads
to

e energy conservation at each vertex with the propagator energy
parameters treated as energies.

Due to the energy conservation of the scattering process, only diagonal
(”on-the-energy-shell”) matrix elements are obtained from the analysis of
the S-matrix. Therefore, the technique cannot be used for studying quasi-
degenerate states by means of the extended-model-space technique (see sec-
tion 2.3). Off-diagonal elements needed for this approach can be evaluated
using the covariant-evolution operator technique, demonstrated in Chapter
6.

Feynman gauge

With the expression (Eq. 4.29) of the photon propagator in Feynman gauge
the corresponding interaction (Eq. 4.45) becomes (z = cq)

2 .
e 2k dk sin krig
F(zi@y,a0) = ——5——af /7 4.54
(z@1,@2) A2 192 2 — K2 +1in (4:54)

The corresponding f function in Eq. (4.46) then becomes

2 2

F B " sinkria e sin K71
K,L1,Xy) = ———— &h « =— 1l—ap-ay) ——
/ ( » L1y 2) An2e, 1%2p 1o 4m2e, ( 1 2) 2
(4.55)

Evaluating the integral in Eq. (4.54), using the result in Appendix J, we

obtain

62

(1—ay - ay) ellzlmnz/e (4.56)

IF(Z’ 1 wQ) - 47T60T12

which agrees with the semiclassical potential (Appendix F.73).
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Non-covariant Coulomb gauge

In the Coulomb gauge we separate the interaction into the instantaneous
Coulomb part and the time-dependent transverse (Breit) part,

I° = IS + If (4.57)

The transverse part of the interaction can be treated in analogy with the
covariant gauges. According to Eq. (4.44) we have
IS (21, 20) = e%%iangﬁ (21, 2) (4.58)

which with Eq. (4.37) yields

2 3 ik-r
c, _et [ dk o (o1-Ek)(az-k) etz
IT (valva) - / (277)3 (0{1 a2 k2 ) qg _ ki2 + 177

€0
2 3 . . ik.ria
e / d°k (al c g — (al Vl) (a2 Vg)) e

) (2n)3 k> @ —k*+in

€2 2k dk sin kT19 (a1 - V1) (a2 - Va)
= . — 4.59
4dm2eqria / q®> — K% +1n <a1 « K2 ) ( )

and the corresponding f function becomes (Eq. 4.46)
2 .
o e sin(kriz) (a1 - Vi) (- Vo

fr(k, 1, @2) = 12 [041 cog — 2 } (4.60)

Performing the x integration in Eq. (4.59), using the integrals in Appendix
J, yields for the transverse (Breit) part

2 eilalriz ellalrz _q

_ v N v
T12 (a1 1)(a2 2) q2 T12

IS(z 21, @2) = —

}(MU

aq O
4meg [

This agrees with the semi-classical result obtained in Appendix F.2 (Eq. F.54).

The instantaneous Breit interaction is obtained by letting ¢ = 0,

2 . .
el = C oy ag ¢ BT ()

which is the interaction in the Dirac-Coulomb-Breit approximation (NVPA)
(Eq. 2.112) and agrees with the expression derived in Appendix F (Eq. F.55).

The (instantaneous) Coulomb part of the interaction becomes, using the
relations Eq. (4.33) and Eq. (4.35),
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e? 2k dk sin krio dz _; dz _;
IC = 2F a—iz(ti—t2) Ve S —iz(ti—t2)
C (xl7 x2) 47T2€OT'12 / Iﬁ;2 / 27{_ (§] C 271— e
(4.63a)
e2 2k dk sin kr
1§ (2 @1, 22) = 471'2607‘12/ > 2 v (4.63Db)

This leads to, using Eq. (4.43),

c d c d
1 "/1-2 - 1¢e @102 ¢
a b a b

Fig. 4.5 Instantaneous Coulomb and Breit interactions between the electrons.

(cd|SP|ab) = / ;17; (ed| — iVc|ab)

X 2mA(eq — 2 — €0) 2m Ay (ep + 2 — €4)
and in analogy with Eq. (4.49)

(cd|SP]ab) = {cd| — iVc|ab) Asy(eq + e — €c — £4)

The Sucher energy formula (Eq. 4.6) then gives the expected result for the
first-order energy shift

AEWY =65 .. (cd|Vi|ab) (4.64)

where, as before, F;, = €, + &3 is the initial and E,u; = €. + €4 is the final
energy. Again this demonstrates that the interaction (Eq. 4.45) represents
an equivalent interaction potential and that the energy is conserved for the
S-matrix.

Single-particle potential

Finally, we consider in this subsection the simple case of an interaction be-
tween a single electron and a time-independent external field, A,(x) (Fig.
4.6). Here, the scattering amplitude becomes from Eq. (4.3) with the inter-
action density (Eq. 4.4)
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Fig. 4.6 Diagrammatic representation of the interaction between an electron and an ex-
ternal field. The heavy lines represent electronic states in the bound-interaction picture.

g — e / Az §f (z) " A, () () e (4.65)

with A, = (¢/c, —A) according to Eq. (F.6) in App. F. In analogy with the
previous cases this yields (dzg = cdt)

(0]SW|a) = iec(blat A, |a) 2 A (e — &) (4.66)

We consider a scalar energy potential, V(x) = —e¢(x) and Ay = —V/ec,
which with is given by and the S-matrix element then becomes

]SW|a) = 27 A, (g4 — 3) (b] — iV ]a) (4.67)
The Sucher energy formula (Eq. 4.6) then yields the expected result

AEW =4, ., (b|V]a) (4.68)

4.5 Two-photon exchange

Two-photon ladder

We consider next the exchange of two uncrossed photons in a covariant gauge,
like the Feynman gauge, illustrated in Fig. 4.7 (left). Again, this is a Feynman
diagram, which contains all relative time orderings of the times involved, still
with the photons uncrossed.

As before, we consider first this problem using a general covariant gauge,
like the Feynman gauge, and then we shall consider the Coulomb gauge, in
particular.

In analogy with the single-photon exchange, the S-matrix becomes
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Fig. 4.7 The Feynman representation of the two-photon exchange. The left diagram rep-
resents a Coulomb and a transverse photon interaction in Coulomb gaoge.

S —

- )4
(IZI) /// 'z ead esd ey 1 (23)0 (24) iDp (24, 23)
X Sk (23, 1) 1Sk (24, 22) 1Dp (w2, @1) P (w2)h (1) eIl HlEI LD (4 69)

where Dy is defined in Eq. (4.19).

The vertices can here be permuted in 4! ways, and this leads to pairwise
identical diagrams, related only by a reflection in a vertical plane. The 12 pairs
represent equivalent but distinct terms in the expansion, and by considering
only one of them, we have

s \4
5(4) = %/\/// d4$1d4$2d4$3d4$4 1/JT(ZZ?3)1/)T($4) iDF(JL‘4,1‘3)
X iSF(xg,xl)iSF($4,l‘2) iDF(Z‘Q,33‘1)’(&(332)1;($1)6_7(‘t1|+‘t2|+‘t3|+‘t4|) (470)

Identifying with the second-quantized expression and performing the time
integrations as in the single-photon case (Eq. 4.43), using the interaction
(Eq. 4.44), the matrix elements becomes "

dz d2’ dw; dw
(4) — diadl had Bt}
{cd] 5™ |ab) // 2m 2w // 2 2w

X <cd|(—1)](z’, Iy, 2]33) iSF(wl; 3, 2]31) iSF(LUQ; Iy, 2]32) (—I)I(Z, o, m1)|ab>
X2 Ay (eq — 2 — w1) 2m A, (e + 2 — w2) 2T A (w1 — 2’ — &¢) 2T A (wa + 2’ — &4)

Integrations over wi, wo then yield

7 We have here an illustration of the general rules for setting up the S-matrix, given in
Appendix H, that there is (i) factor iSg for each electron propagator, (ii) a factor —il for
each single-photon exchange and (iii) a A factor for each vertex.
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dz d
<Cd|S(4)|ab> :/ 2Z 2'721_ <cd| —i)I(2'; x4, 23)1Sr(ca — 2; T3, 1)
X 1Sr(ep + 25 @4, 2) (—1)I(2; 22, ml)‘ab>
X2 Aoy (eq —€c — 2 — 2') 2T Aoy (ep —ea + 2 + 2) (4.71)

(As shown before, the 7 parameter in the electron propagators should here
be replaced by the adiabatic damping parameter «y.) After integration over
2" we have

d
(cd|S(4)|ab> = / i <Cd|(—i)1(5u — €. — 2;®3,T4)iSr (€4 — 2; X3, T1)

XiSk(ep + 23 @4, ®2) (—1)1 (25 T2, T1)|ab) 2 Ay (eq + €5 — €c — £a) (4.72)
To evaluate this integral is straightforward but rather tedious, and we shall
not perform this here (see, for instance, ref. [120]).

Next, we shall consider the special case, where we have one instantaneous
Coulomb interaction and one transverse-photon interaction (Fig. 4.7, right),
using the Coulomb gauge.

Separating the interaction according to Eq. (4.57), we now have
(4) dZ
(cd|SMaby = [ == (cd|(-i VIS (2324, %3) 1Sk (cq — 2; X3, 1)
2w

X 1Sp(ep + z; g, T2) (—i)I%(z; To, m1)|ab>
X 2m Aoy (eq — €c — 2) 2 ALy (€0 + €0 — Ec — €4) (4.73)

Inserting the expressions for the electron propagators (Eq. 4.10) and the in-
teraction (Eq. 4.46), this yields

d t
(ed|SD]ab) = (ed|Vo / G UlU fu) vl
QM g — 2 — &1 +ive €p+ 2 — €4 +iva
2k c2dk 8 (k)
| T ) 2 et e e (1.74)

where Vg is the Coulomb interaction f& (Eq. 4.63b) and f$ is given by
Eq. (4.60). The products of the propagators can be expressed

1 1
Ea—2—& +iy ep+ 22—y +ivu

1 1 1
- [ S } (4.75)
Ey—ci—eyleg—2z—¢c4+imy ep+ 22—y +ivy

with Ey = €, 4+ €. The poles are here at z = ¢, —e; + iy, 2 =€y — €p — 14
and z = £(ck — in). Integrating the first term over the negative half plane
(z = ¢k —1in) and the second term over the positive half plane (z = —ck+17),
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yields®

(cd|S@|ab) =
[tw) (tu

—1<cd‘ Voo VT‘ab> 27 Ay (Eo — Fout) (4.76)

where

(tu|Vr|ab) = <tu’ /cdk FS8(r)
o —— + e
ca—er—(ck—17)  ep—eu— (ch—17)y

ab> (4.77)

is the transverse-photon potential. The corresponding energy shift be-
comes in analogy with the single-photon case (Eq. 4.53)

|[tw) (tu)

AE — @’V
< CE()*(:}*EU

VT}¢> (4.78)

This holds when particle as well as hole states are involved.

In principle, the adiabatic damping has to be switched off simultaneously
at all vertices. If the intermediate state is not degenerate with the initial
state, the damping can be switched off at each vertex independently, which
leads to energy conservation at each vertex, using the orbital energies of the
free lines and the energy parameters of the propagators. The degenerate case,
which leads to what is referred to as the reference-state contribution, is more
complicated to handle [24, 120], and we shall not consider that further here.
This kind of contribution is easier to evaluate in the covariant-evolution-
operator formalism that we shall consider in Chapter 6.

Two-photon cross

For two crossed photons (Fig. 4.8) the S-matrix becomes

(cd|S@]ab) = //di di///% dws
27 27 2 27

X <cd|(—i)[(z’;w4,w3) 1Sk (w1 T4, 1) 1Sk (wo; T2, x3) (—i)I(z;wg,:cl)|ab>
X2 A, (gq — 2 — w1) 2 A, (ep — 2" — wa) 2 A, (w1 + 2" —e0) 2m A (wo + 2 — £4)

Integrations over wq, wo yield

8 This is an illustration of the rule given in Appendix H that there is a factor of —i for
each ”"non-trivial” integration, not involving a A factor.
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c d
4 2
z
w1 U w2
2
1 3
b
Ey

Fig. 4.8 The Feynman representation of the two-photon cross.

(cd)S™|ab) :/ dz d {c d’ =) (2@, 23)1Sr(ca — 2; T4, 1)

o 21
X iSp(ep — 25 @2, @3) (—1)1(2; @2, ®1) |ab)
X 2mAgy(eq —€c — 2+ 2') 2 A9y (e —eq + 2 — 2) (4.79)

Again, we consider the simpler case with one Coulomb and one transverse
interaction (Fig. 4.8, right), using the Coulomb gauge. Then the diagonal
element becomes

(ab]S@|ab) = <a4$fl/1dz |£)¢t] ) (u]

2meqg —2— €t +iVt €4 — 2 — €y + iV

X / M’ b> 21 Ay, (0) (4.80)

22 — 2k2 +1in

using the fact that e, + ¢, = €.+ €4. Integration over z leads in analogy with
Eq. (4.77) to

. )
(abS® |ab) = —1<ab’Vc e VTX’ab> 21 Ay (0) (4.81)
where V¥ is the potential
(tu|Vi¥ |ab) =
1 1
t - 4.82
(v f ean i) oo~ e ) 0

If €; and ¢, have the same sign, the denominators in the expression (Eq. 4.81)
can be expressed

1 1

P ) N —

which is in agreement with the evaluation rules for time-ordered diagrams,
derived in Appendix I.
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The two-photon ladder and the two-photon cross have been studied in
great detail by means of the S-matrix technique for the ground-state of he-
liumlike systems by Blundell et al. [24] and by Lindgren et al. [120]. Some
numerical results are given in Chapter 7.

4.6 QED corrections

In this section we shall consider how various first-order QED corrections—
beyond the no-virtual-pair approximation (see section 2.6)—can be evaluated
using the S-matrix formulation. With this formulation only corrections to the
energy can be evaluated. In Chapter 6 we shall demonstrate a way of includ-
ing these effects directly into the wave functions, which makes it possible to
incorporate them into the many-body procedure in a more systematic way.
Some QED effects contain singularities (divergences), which can be handled
by means of reqularization and renormalization, as will be discussed in Chap-
ter 12.

Bound-electron self energy

Q= S+ NS
I

Fig. 4.9 Diagram representing the first-order bound-electron self energy. The second di-
agram represents the Coulomb part of the self energy in Coulomb gauge.

When the photon is emitted from and absorbed on the same electron, we
have an effect of the electron self energy, illustrated in Fig. 4.9. This forms
the major part of the Lamb shift, discovered experimentally by Lamb and
Retherford in 1947 [111]. This was the starting point for the development of
modern QED (see the book by Schweber [207]). The second most important
part of the Lamb shift is the vacuum polarization, to be treated below.

We treat first the self energy and start with a covariant gauge and then
consider the non-covariant Coulomb gauge.
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Covariant gauge

For the electron self energy (Fig. 4.9) we can set up the expression for the
S-matrix in analogy with the single-photon exchange (Eq. 4.40),

S = U [ [ 4y ddy F (9) 1Sp (e, 1) iDp (e, 1) h(ay) =71 1HIE2D  (4.83)

Considering the equivalent case with 1 < 2, the matrix element becomes

(b|Sskla) = // dz dw 1SF(w To,x1) (— 1)I(z;w2,m1)‘a>
x2m A, (eq w) 27TA7 (wH+2z—ep) (4.84)
and after integration over w
(blSsgla) = 2w As (e0 — ) (b] — 1D(c0)a)
with

d
S(ew) =i [ 5 Selea - ziw2,1) I(z520,21) (4.85)

being the self-energy function.
The Sucher energy formula (Eq. 4.6) yields the corresponding energy shift

AFEgsy = %12% iv(b|Ssgla) = 0e, &, (b] X(ea)|a) (4.86)

using the relation between the Dirac delta function and the Kroenecker delta
factor in Appendix (Eq. A.17).

With the expressions for the electron propagator (Eq. 4.10), the bound-
state self energy becomes

Y(ea = t‘ 1(z; x2, ‘t>
(a|X(eq)|a) =i a /27T6a*€t*2+177t (z; 22, 1) |ta

2c¢?kdk f(k)
t‘ : ’t 4.87
“ /27T6a*€t72+177t/22762I€2+1n a> ( )

using the f function defined in Eq. (4.46).

In the Feynman gauge we have

2%k dk fF
(a|X(eq)]a) =1 at’/ / crdrf (H)
27r5a—5t—z+177t 22 — 2k2 +ip

where f¥ is given by Eq. (4.55). Performing the z integration, yields

ta> (4.88)
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(0] Z(ea)| t‘/ CdKfF ()

€q — &t — (ck —1n)¢

> (4.89)

and

<CL|2(E )|a> — e? <at‘ O‘llt042u / cdk sin krq2
a 472¢, 19 €4 — 4 — (C/<L — i77)t

ta> (4.90)

Coulomb gauge

In the Coulomb gauge the transverse part can be treated in analogy with
the covariant gauge Eq. (4.89)

() mans = (at] [ LT ) o

—&r— (ck —in);

or with Eq. (4.60)

e? 1 cdk sin K71a
X a rans — < t|— R
<Cl| (5 )|a>T ans 47‘(’260 a 1o / €4 — €4 — (CKJ — ln)t

x [al coy — V) (@ Vf“”m> (4.92)

K2

For the Coulomb part we insert the expression for Ig in Eq. (4.63b) into
Eq. (4.85), yielding

ie? dz 2k dk sin K11
b)) a)Coul =— 7 o5 — 5 ; 3 I
(E )C ! 47T 607“12/27'( F( T 5% 1131)/ lﬁ)z
dz
=i Q—SF(EG z;xa, 1) Vo (4.93)
T

and

S(eq) @) com = t‘ V‘t> 4.94
<a| E) @/ Coul “ /27r5afzfst+177t clra ( )

The integral can be evaluated as a principal integral (which vanishes) and
half a pole, yielding the result —isgn(e;)/2. The self energy then becomes

(a|X(eq)]a) cou = %sgn(et)<at’Vc)ta> (4.95)
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The electron self energy is divergent and has to be renormalized, as will be

discussed in Chapter 12. Some numerical results, using the Feynman gauge,
are given in Chapter 7.

Vertex correction

2v
A% X—--- z

1p

Fig. 4.10 Diagram representing the first-order vertex correction.

The vertex correction, shown in Fig. 4.10, is a correction to the single-
potential interaction in Fig. 4.6, and the S-matrix becomes in analogy with
the self energy

dz dw

(b Svcla) = / 97 om

X <bu
X2 A (eq — 2 — w) 2m A (W + 2 — &) (4.96)

iSp(w; @2, @3) iec ay A% (x3) 1SF (w; ®3, 1) (—1) I (2; 22, :L'l)‘ta>

and after integration over w
(bu|Svclta) = 2mAsy (e — €p)(bu| — lecAs(cq,€4)A° (23) |ta) (4.97)
where
Ay(€q,60) = —iag ;—;Sp(ea — z;®9,®3) Sv(€a — 2523, 1) I(2; T2, 1)
(4.98)

is the first-order vertez-correction function.
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Covariant gauge

With the expression for the electron and the photon propagators in a covari-
ant gauge we have

Ao (€q,€q) = —l

dz 1 1 / 2c%k dk (k)

o a_ . . N
2T Eq — €y — 2+ 1Ny ca — & — 2z +1in | 22— 2k2 +1ip

_ cdk f(n)
B Oén/ (o —&u — ek +1n)(eq — &t — ek + 1n) (4.99)

assuming positive intermediate states. The corresponding expressions of the
particular gauge is obtained by inserting the expression for f(k) in that gauge.

Comparing with the self energy above, we find for the diagonal part, t = u,
what is known as

e the Ward identity (see also Chapter 12).

0
Oe,

Y(ea) = Ao(as€a) (4.100)

Also the vertex correction is singular and has to renormalized, as will be
discussed in Chapter 12.

Coulomb gauge

The transverse part in Coulomb gauge is analogous the expression in the
covariant gauge, using the corresponding f function. For the Coulomb part we
insert the Coulomb interaction (Eq. 4.63b) in expression (Eq. 4.98), yielding

. dz 1 1
Ao(gayga) = 71<u (0% o . - ‘ >
2meg —€y— 2+ N, €q — € — 2+ iy
Vi
= —<u‘sgn(5t) Oy —C t> (4.101)
€t — Eu

provided &; and ¢,, have different sign. If ¢, = &, this vanishes, which is consis-
tent with the Ward identity, since the corresponding self-energy contribution
is energy independent.
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X
2 — + --X _|_ _|_ . e
X
X
= -X _|_
X

Fig. 4.11 Diagram representing the first-order vacuum polarization according to
Eq. (4.107). The closed loop contains summation over all orbitals (particles and holes).
The first and third diagrams on the r.h.s. of the first row vanish due to Furry’s theorem
(see text). The first diagram in the second row represents the Uehling part and the final
diagrams the Wickmann-Kroll part. The heavy lines represent the bound-state propagator
and the thin lines the free-electron propagator.

b
L

a

Vacuum polarization

The field near the atomic nucleus can gives rise to a ”polarization effect” in
the form of the creation of electron-positron pairs, an effect referred to as
the vacuum polarization. The first-order effect, illustrated in Fig. 4.11, forms
together with the first-order self energy (Fig. 4.9) the leading contributions
to the Lamb shift.

In order to set up the S-matrix for the leading vacuum polarization (first
diagram in Fig. 4.11), we go back to the relation (Eq. 4.39) for single-photon
exchange

B \
- // dzydtay T[(7,/}T(:E)eoz”Au(:c)w(z))2(wT(x)ea“A“(x)¢(x))l] o ([t +lt2)

leaving out the factor of 1/2, since we can interchange 1 and 2, and inserting
the contraction between the creation and absorption electron-field operators
at vertex 2 to represent the closed orbital loop. Explicitly writing out the
spinor components, we have at this vertex

[ | [ |

Pl (w2)eal, Ay (z2)tr (22) = Tr[vf (22)ea” Ay (22)1(22)]

where "Tr” stands for the ¢race of the matrix, i.e., the sum of the diago-
nal elements. The contraction leads here to —iSw(x2,x2), according to the
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definition (Eq. 4.9). We then have the S-matrix element
—e? // Atz dtzy i Dpy (w2, 1) Tr[ag(—i)SF(xg,:vg)] e (tal+t2])

With the Fourier transforms Sg(w; @2, €2) and Dg,,(2; €2, 1) the time de-
pendence is

e—itl(eb—sa—z)—'ﬂtl\ e—itg(w—w+z)—’y\t2|
and this leads after time integrations to the S-matrix element

b|S |a> —27‘(‘A7(5a —ep—2)21A(w—w+2)

dw dz . ,
// o 27T llDFuu(Z;:vg,:m)Tr[aQSF(W;mQ,;cQ)] ‘a> (4.102)

and in the limit v — 0, using the relation (Eq. A.28) in Appendix A,
(blS5Rla) = 27 g, (e — 1)

d
xe? / % <b‘ o' Dpyy (05 T2, 1) Tr [ Sp(w; o, 2) | ‘a> (4.103)
According to Sucher’s energy formula (Eq. 4.6) we have in second order

AE = lim iy (0|52 | D) (4.104)
’y—)

and using the relation (Eq. A.17)
AE = —id(gq, &)

d
xe? / % <b‘ o Dpyy (0; 22, @1) Tr [ Sp (w; @2, )| ‘a> (4.105)

It can furthermore be shown that only v = 0, i.e., ¥ = 1 will contribute
here [179]. The vacuum polarization contribution is divergent and has to
renormalized, which in this case turns out to be not too difficult (see below).

The bound-state electron propagator, Sr(w), is in operator form (Eq. 4.14)

. 1
Sp(w) = The s (4.106)

Expressing the Dirac Hamiltonian for an electron in an external (nuclear) po-
tential veyt as hbau = hfree+vext, where hfree is the free-electron Hamiltonian,
the propagator (Eq. 4.102) can be expanded as
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1 1 1 1
= = = + - \% =
z— hbau(l - 177) z— hfree(1 - 177) z— hfree(l - 177) z— hfree(l - 177)
1 1 1
+ = v = \%4 =
zZ— hfree(l - 177) z— hfree(1 - 177) z— hfree(l - 177)
1 1
= - + = |4 =
z— hfree(l - 177) zZ— hfree(l - 177) z— hfree(l - 177)
1 1 1
v v (4.107)

+ = = =
z— hfree(l - 177) z— hbau(l - 177) zZ— hfree(l - 177)
which leads to the expansion is illustrated in Fig. 4.11.

The first and third diagrams on the r.h.s. in the first row in Fig. 4.11 vanish
due to ” Furry’s theorem”. According to this theorem, a diagram will vanish if
it contains a free-electron loop with an odd number of vertices [136, Sect. 9.1]..
The first diagram in the second row represents the Uehling part [229], and the
second part is the so-called Wickmann-Kroll [233] part. The Uehling part is
divergent, but Uehling was already in 1934 able to handle this divergence and
derive an analytic expression for the renormalized potential. The Wickmann-
Kroll part is finite and has to be evaluated numerically.

Both the Uehling and the Wickmann-Kroll effects can be expressed in
terms of single-particle potentials that can be added to the external poten-
tial, used to generate the single particle spectrum, and in this way the effects
can be automatically included in the calculations to arbitrary order (see, for
instance, Persson et al. [179]). In Table 4.1 we show the result of some accu-
rate vacuum-polarization calculations. The diagrams above for the vacuum-
polarization and the self energy can be compared with the corresponding
many-body diagrams, discussed in section 2.4 (Fig. 2.3). In the MBPT case
the internal line represent core orbitals only, while in the present case they
can represent all orbitals—particle as well as hole states.

Table 4.1 Vacuum-polarization effects in the ground state of some hydrogen-
like systems (in eV) (from Persson et al. [179]).

36 Kr Uehling -1.35682
Wickmann-Kroll| 0.01550
54X€ Uehling -7.3250
Wickmann-Kroll| 0.1695
70Yb Uehling -23.4016
Wickmann-Kroll| 0.8283
92U Uehling -93.5868
Wickmann-Kroll| 4.9863
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Photon self energy

1p 3o 4t 2v

Fig. 4.12 Diagram representing the first-order photon self energy.

The interaction between the photon and the electron-positron fields can
give rise to another form of vacuum polarization, illustrated in Fig. 4.12. The
S-matrix for this process can be obtained from that of single-photon exchange
(Eq. 4.40) by replacing —ie?a! Dp, (71, z2) o by

/ dizsdizy (—ie?) oY Dyppo (@1, 23) LT (23, 24) (—ie?) oy Dpry (24, x2)

(4.108)
where

/\‘ [/\

[ |
17 (23, 14) = Oégi%T(ws)TZ)(%) W(M)f/;‘(u)az = agip(x3) Pl (x4) F (23) P (4) 0}

= —Tr[of iSp(x3, 74) 1Sk (24, 23) | (4.109)

is the first-order polarization tensor [136, Eqs (7.22), (9.5)]. The contractions
lead here to the trace as in the previous case, and there is also here a minus
sign due to the closed loop.

The photon self energy is (charge) divergent and requires a renormaliza-
tion, as is discussed further in Chapter 12, and after the renormalization
there is a finite remainder.

4.7 Feynman diagrams for the S-matrix. Feynman
amplitude

Feynman diagrams

We have in this chapter constructed S-matrix expressions for a number of
Feynman diagrams, and we summarize here the rules that can be deduced
for this construction. We also introduce the so-called Feynman amplitude,
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introduced by Richard Feynman in his original works on quantum-field the-
ory, which we shall find convenient to use also in other procedures to be
discussed later. These rules are also summarized in Appendix H.

The S-matrix is given by Eqs (3.26, 4.3)

o~ —iyn 1 _
SZRZ:O <?> a/d$%~~~/dxi T[H(w1) ... H(z,)] e 70 IF 10D

with the interaction density (Eq. 4.4)

H(z) = ' (@)ecal Ay, (x) ()

This leads to the following rules: There is

e aelectron-field creation/absorption operator, 1&T / ’(/AJ, for each outgoing/incoming
electron orbital;

e an electron propagator (Eq. 4.10) (times imaginary unit) for each internal
orbital line

7 Tt : [ dw —iw(t1—t2)
Y(x1)Y" (22) =1Sk(21,72) = I/ESF(W;CELM)G T

e a single-photon interaction (Eq. 4.44), (Eq. 4.45) (times negative imagi-
nary unit) for each single internal photon line

dz , . el
I(xl,mg):/%(—1)1(2«;%17%2)6 (t1—t2)

where the interaction is given by Eq. (4.46))

) _ [2kdk f(k, @1, x2) [ 26dk f(k, @1, 22)
I(z; @1, ®2) = P e

(k = |k|, 2z = cko = q)

e at each vertex a space integration and a time integral 2mr A, (arg), where
the argument is equal to incoming minus outgoing energy parameters;

e a factor of -1 and a trace symbol for each closed orbital loop;

Feynman amplitude

The Feynman amplitude, M, is
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e for the S-matrix defined by the relation
(cd|S|ab) = 276 (Ein — Eout ){cd| M |ab) (4.110)

where Ei,, Foyt are the incoming and outgoing energies, respectively.

e The first-order energy shift is given by

AE = 6p,, p,,, (cd|iM]ab) \ (4.111)




Chapter 5

Green’s functions

The Green’s function is an important tool with applications in classical as well
as quantum physics (for an introduction, see, particularly the book by Fetter
and Walecka [62, Ch. 3], see also the book by Mahan [133]). More recently
it has been applied also to quantum-electrodynamics by Shabaev et al. [211].
As a background we shall first consider the classical Green’s function.

5.1 Classical Green’s function

The classical Green’s function, G(x,xg), can be defined so that it describes
the propagation of a wave from one space-time point zg = (o, €o) to another
space-time point x = (t, ), known as the Huygens’ principle (see, for instance
the book by Bjorken and Dell [19, sec. 6.2])

x(x) = /d3ac0 G(z,x0) x(20) (5.1)

The retarded Green’s function is defined as the part of the functions
G(x, xg) for which t > ¢,

Gy(x,20) = Ot — to) G(z, ) (5.2)

where O(t) is the Heaviside step function (Appendix A.29), which implies
Ot~ to) () = [ d%en G (,0) x(ao) (53)

We assume now that the function x(x) satisfies a differential equation of
Schrédinger type

97
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ié —H(z) | x(z) =0 (5.4)
ot XA = '
Operating with the bracket on Eq. (5.3), yields
. 3 .0
10(t —to) x(z) = [ d°zo o~ H(z) ) G4(x,20) x(20)

using the relation (Eq. A.31), which implies that

e the retarded Green’s function satisfies the differential equation

(i[ft - H(:C)) Gy (2,20) = i6*(z — ) (5.5)

—a relation often taken as the definition of the (mathematical) Green’s
function.

The Green’s function can be used for solving inhomogeneous differential
equations. If we have

.0
(55~ @) ¥ = 1lo) (5.6)
then the solution can be expressed

V(@) = [ 4 Gl o) F(e) (5.7)

5.2 Field-theoretical Green’s function——closed-shell case

Definition of the field-theoretical Green’s function

e [In the closed-shell case the field-theoretical single-particle Green’s func-
tion can be defined [62]!

Out| T [us () (w0)]| Om)
(On| Om)

G(z,z0) = < (5.8)

where T is the Wick time-ordering operator (Eq. 2.27) and 1/3H7 1/A)IT_I are the
electron-field operators in the Heisenberg representation (HP) (Eq. B.27).

! Different definitions of the field-theoretical Green’s function are used in the literature.
The definition used here agrees with that of Itzykson and Zuber [88], while that of Fetter
and Walecka [62] differs by a factor of i.
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The state |0y) is the "vacuum in the Heisenberg representation”, i.e., the
state in the Heisenberg representation with no particles or holes. In a
"closed-shell state” the single reference or model state is identical to the
vacuum state (see section 2.3).

The Heisenberg vacuum is time independent and equal to the correspond-
ing vacuum state in the interaction picture at t =0, i.e.,

|0s1) = U(0, —00)[0) (5.9)

where U (¢, 1) is the evolution operator (Eq. 3.6) and |0) is the unperturbed
vacuum or the IP vacuum as t — —oo (c.f. Eq. (Eq. 3.28)).

Using the relation between the electron-field operators in HP and IP
(Eq. B.25)

du(x) = U(0,1) ¢ (z) U(t,0) (5.10)

we can transform the Green’s function (Eq. 5.8) to the interaction picture

(0]U (00, 0) T[U(0, )4 (x)U(t,0)U (0, to)yt (20) U (to, 0)] U(0, —00)]0)

) = 10 (<, ~0)0)
(5.11)
For t > tg the numerator becomes
(0|U (o0, t) ’(/3(1))[](75, to)’(/A)T(l‘o)U(to, —00)|0) (5.12a)
and for t < tg
(01U (00, t0) " (w0)U (to, t)ih (z)U (t, —00)|0) (5.12b)

using the relation (Eq. 3.8). From the expansion (Eq. 3.15) we obtain the
identity

U(t,to)zz /dt1 /dt T[V(t)... V(t,)] e (bl
to to

:Z /dtl.../ dt, T[V (1) ... V(t,)] e 7 tIFIEl)
n=0 t1 t1

X i m)|m / dtl /t1 dtm T[V(tl) e V(tm) 677(|t1‘+|t2"“ )] (513)

to to

._‘

m=0

where we have included the unity as the zeroth-order term in the summation.
If we concentrate on the v:th term of the first sum, we have the identity
(leaving out the damping factor)
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t t
i, dt1-~-/ dt, T[V(t1)...V(t)]
V. to to
1 ¢ t ty t1
— Z ' '/dtl.../dtnT[-..]/ dt1.../ dtmT[...] (5.14)
m+n=v men: t1 ty to to

We can now apply this identity to the first part of the numerator (Eq. 5.12a),
U(oo,t)(z)U(t,to). The interaction times of U(oo,t), ¥(x) and U(t, o) are
time ordered, and hence the result can be expressed

1 oo o0 R

— dtl.../ dt, T[V(t1) ... V(t,) ¥ (z)] (5.15)

|
v Ji, to

The same procedure can be applied to the rest of the expression (Eq. 5.12a)
as well as to the other time ordering (Eq. 5.12b). With the perturbation
(Eq. 3.16) the numerator of the single-particle Green’s function (Eq. 5.11)
then becomes [62, Eq. 8.9]

(O | T [ ()] (20)]| Ont ) = iﬂ(‘i)"/&m.../dm

0 C
< (01T [4h(x) H(w1) - H(zn) T (20)] 0) e~V IE2l-) (5.16)

with integrations over all internal times. In transforming the time-ordering
to normal ordering by means of Wick’s theorem, only fully connected terms
remain, since the vacuum expectation of any normal-ordered expression van-
ishes (see section 4.41).

The denominator in Eq. (5.8) becomes, using the relation (Eq. 5.9),
(On| Om) = (0]U (00, —00)|0) = (0]5]0)

where S is the S-matrix (Eq. 4.2). Then

e the Green’s function can be expressed

(On| T ()i (20)]] Onr )
(0[s]0)

G(x,x9) = (5.17)

We see that this expansion is very similar to that of the S-matrix (Eq. 4.3),
the main difference being the two additional electron-field operators.
Therefore,

e the Green’s function can also be expressed as

<()|T[7f}(x)U(oo, *OO)JJT(IO)] 0)

o Is[0)

(5.18)
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where the time-ordered product is connected to form a one-body operator.
This leads to

oo

1 1 /—i\"
G(z,20) = o181y T;)n!<c> /d4x1 . ../d4:z:n
< (O|T [t (2) H(a1) - H(x) T ()] [0) e 71Tl (5.19)

The Green’s function is like the S-matrix Lorentz covariant.

The two-particle Green’s function is defined in an analogous way

(O[T [un() s (") () Py (0)] 0)
(0] 5]0)

G(z, 2’520, 25) = (5.20)

and transforming to the interaction picture, leads similarly to

oo

/. A 1 i : " 4 4
G(z,z'; g, x)) = <O|S|O>nzn!< c) /d 1 d*z,

=0

X (0T [(2)d(a") H(z1) - - - H(wn) 0T (a5)d (w0)]]0) e 7l HHE2l-) (5.21)

and analogously in the general many-particle case. Note that the coordi-
nates are here four-dimensional space-time coordinates, which implies that
the particles have individual initial and final times. This is in contrast to the
quantum-mechanical wave function or state vector, which has the same time
for all particles. We shall discuss this question further below.

We can transform the time-ordered products above to normal-ordered ones
by means of Wick’s theorem (see section 2.2). Since normal-ordered products
do not contribute to the vacuum expectation value, it follows that only fully
contracted contribute to the Green’s function. The contractions between the
electron-field operators and the interaction operators lead to electron propa-
gators (Sv) (Eq. 4.9) on the in- and outgoing lines as well as all internal lines
(see Fig. 5.1).2 This allows time to run in both directions and both particle
and hole states can be involved.

Single-photon exchange

The Green’s function for single-photon exchange in Fig. 5.2 can be con-
structed in close analogy to that of the corresponding S-matrix in section
4.4,

2 In our notations, an orbital line between heavy dots always represents an electron prop-
agator.
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Fig. 5.1 Graphical representation of the one- and two-particle Green’s function. The
orbital lines between dots represent electron propagators.

x x!

SpA w3 wilh Sp
z

1 2

SpA w1 w24 Sg

o Eo

Fig. 5.2 Green’s function for single-photon exchange.

G(z, ', o, xp) / d*zs dzg iSp(x, x1)iSr (7', x2)
x (—=i)e?Dp(xg, 21)iSp (1, 20) iSp (2, ) eV t1H1E2D) (5.22)

With the transforms (Eq. 4.10) and (Eq. 4.31) this becomes after integrating
over the internal limes (using the relation Eq. A.17)

" . Ll
G(l’ .’E , To, 1,0 —itws eflt wq eltgwl eltowz

dws dw dwy dw dz
<[] s / / o ] S [ o setasma

X iSp(wy; ', o) (*1)62DF(Z;$2,$1)iSF(wl;$1,$0)
X 1Sp (w2 @2, () 2 A, (w1 — 2 — w3) 27 A (w2 + 2 — wy) (5.23)

In the equal-time approrimation, where the particles have the same initial
and final times (¢ = t' and ¢y = ¢{)), the external time dependence becomes
e~ itlwstwa) gito(witw2) Ty the limit ¥ — 0 we have after z-integration w; +
wo = w3 + wy, and if we consider the diagram as a part of a ladder, this is
equal to the initial energy Ej.

We define the Feynman amplitude for the Green’s function as
the function with the external time dependence remowved. This gives

Gz, ', o, 2)) = Mep (@, '; 20, 2[) e (1710 Eo (5.24)

and
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dws dw dwy dw
3 3 3 dwy 1 dwo
My (z, 2’ 20, () / d°x; d wg// 5 O //Tw T

X ISF((.U4, ZE .’132) ( ) W1 — W3, T2, (131) 1Sp(w1, Iy, (130) ISF(WQ, o, (130)
X 27TA2’Y((4)1 + wo — w3z — W4) (525)

using the definition (Eq. 4.44).

Fourier transform of the Green’s function

Single-particle Green’s function

Assuming the Heisenberg vacuum state |Og) to be normalized, the single-
particle Green’s function (Eq. 5.8) becomes

G(x, w0) = (On| T [tbys () ¥y (0)] |On)
= O(t — to) (O |Pu () Pf; (20)|0n) — O(to — t){0u vy (w0) Yr(x)|0r)  (5.26)
The retarded part (Eq. 5.2) is then, using the relation (Eq. B.27) in App. B,
Gy (z,20) = <0H"(/JH @) ¥ (o) )|0)
_ <0H| (ethilfS(m) eﬂHt) (elHto,lpg(mO) eftho) |OH> (5'27)

Inserting between the field operators a complete set of positive-energy eigen-
states of the second-quantized Hamiltonian H (Eq. 2.17), corresponding to
the (N + 1)-particle system

H{n) = E, In) (5.28)

yields the Lehmann representation

Gi(z,x0) :Z<OH|eth1[)S(x)’n>e iBn (t—to) (n |1/)S th|0H> (5.29)

n

summed over the intermediate states of the (N 4 1) system. The ground state
as well as the inserted intermediate states are eigenstates of the Hamiltonian
H, and setting the energy of the former to zero, this yields

Gy(z,20) = Z <0H’1/Ajg(x)|n> e_iE“(t_t”)<n|1/AJg(xo)‘0H> (5.30)

n

Performing a Fourier transform of the Green’s function, including the adi-
abatic damping e~ (see section 3.2), yields (7 =t — ¢y > 0)
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(On[ds(@)|n) (n[d (x0)|0n)
E—-FE,+iy

Gi(E;x,xp) / dr P Gy (1,2, 20) =
(5.31)

using

/ dtelcte™rt = 1 (5.32)
0

o+ 1y
Analogous results are obtained for the advanced part (t < tg) of the Green’s
function, corresponding to a hole in the initial system.
The expression <n’1/3g(w)‘OH> represents a state ¥, (x) of the (N + 1)
system in the Schrodinger picture, and an equivalent expression of

e the Fourier transform of the Green’s function becomes

U ()P, (20)

(5.33)
This implies that

e the poles of the retarded/advanced single-particle Green’s func-
tion represent the true energies of the vacuum plus/minus one
particle, relative to the vacuum state.

In order to show that the definition (Eq. 5.8) of the Green’s function is
compatible with the classical definition (Eq. 5.1), (Eq. 5.5), we form the re-
verse transformation

G+(a:,cc0):G+(T,ac,:co):/— —iET Z E E +17) (5.34)

We then find that

(157~ 1) Grtwan) = [ e S G P B @@

(5.35)
Letting v — 0 and using the closure property (Eq. C.27)

ZW YT (x0) = 63(x — x0)

and the integral

/‘;T’f e~ Z §(7) = 6(t — to)

we confirm that the retarded part of the Green’s function (Eq. 5.8) satisfies
the relation (Eq. 5.5)

0

(ﬁ — H(x ))G+(:c, o) = i0*(z — 20) (5.36)
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Electron propagator

We consider now the zeroth-order single-particle Green’s function (Eq. 5.19)

Go(z,z0) = (0|T[¢ () (20)]]0) (5.37)

where the vacuum and the field operators are expressed in the interaction
picture. Then we find that

o the single-particle Green’s function is identical to the Feynman
electron propagator (Eq. 4.9) times the imaginary unit i

Go(z, o) = 1Sr(x, o) (5.38)

The retarded operator can be transformed in analogy with the Lehmann
representation above

Gos(z,20) = Z <OHWS(3U)’nO> efiEgr(t7t°)<n0W;(xo)‘OH> (5.39)

n

where [n%) are eigenstates of the zeroth-order Hamiltonian for the (N + 1)-
particle system (Eq. B.22)

Ho|n") = Ep|n°)

and EY are the energies relative the vacuum. Performing the time integration,
yields the Fourier transform

([n°) (n°|20)

The corresponding advanced function becomes
0\ /,,0
([10) (o) 5.1

GO—(QUHEO,E) = _12 E — EO 717

Both of these results can be expressed by means of a complex integral

, . [AE (®@[n°)(n°[z0) im-
Go(x,xo) = ISF(I7.'L'Q) = 1/ g m e ( 0) (542)

where «,, has the same sign as E?, i.e., positive for particle states and negative
for hole or antiparticle states.

The zeroth-order Green’s function or electron propagator can also be ex-
pressed in operator form as



106 5 Green’s functions

A i

Go(E) = iSp(E) = FoJg s (5.43)

Two-particle Green’s function in the equal-time approximation

Setting the initial and final times equal for the two particles, ¢ = t' and
to = t{, the retarded two-particle Green’s function (Eq. 5.20) becomes

G+($7$';3¢0,$6) = <OH‘ @H(ﬂf) &H(xl)zz);(xé)l%(ﬂ?o”o@
= (O |(e™4s (@) ds(@)e ™ 1) (e Pou)l (x)) Pl (mo)e 1) [0n)  (5.44)

We introduce a complete set of two-particle states (Eq. 5.28), which leads to
the Lehmann representation

G (@2’ zo,25) = D (Onlds(e) ds(a’)|n) e =0 (n]i)d(ah) ¥ (o) [Orr)
" (5.45)
with the Fourier transform

O[5 () s (@) [n) (| (wp, ¥ (w0))]0
- 5 i)t s, )

/ /
Gy (E;x,x';xo, 2

(5.46)
with the upper (lower) sign for the retarded (advanced) function. Here,
(n|¢k(xo) ¥ (x))|0m) represents a two-particle state ¥, (z, ') in the Schrodinger
picture, which yields the Fourier transform

Wn(m’ wl) W:(mo, 116)
E—-FE, +iy

Gy (Bia,a/imo,a)) =1y (5.47)

This implies that also in this case the poles of the Green’s function represent
the exact eigenvalues of the system, relative to the vacuum. Note that this
holds in the many-particle case only in the equal-time approximation, where
there is only a single time coordinate 7 =t — tg.

5.3 Graphical representation of the Green’s function *

We shall now demonstrate how the expansions of the Green’s-functions
(Eq. 5.19), (Eq. 5.21) can be conveniently represented by means of Feyn-
man diagrams [64], discussed in the previous chapter, and we start with the
single-particle case.
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Single-particle Green’s function

The zeroth-order Green’s function is (with our definition) identical to the
Feynman electron propagator times the imaginary unit (Eq. 5.38) or equal
to the contraction (Eq. 4.9)

1
Go(ﬂ?,l‘o <0|T wT LL’O |O> )wT(LL'()) (548)

which we represent graphically as in Fig. 4.1

x
Go(z,z0) = }

2o (5.49)

This contains both time orderings, i.e., j represents both particle and hole/anti-
particle states.

In next order the numerator of the Green’s function Eq. (5.16) has the
form

‘//d4x1d4x2 T [4(x) H(x )H(@)u}f(xo)]@ (5.50)

The photon fields have to be contracted, which leads to a two-particle inter-
action, in analogy with the single-photon interaction Vi, (Eq. 4.44),

H(W‘[(xg) = v(x1,x2) (5.51)

with the Fourier transform with respect to time v(z; 1, 2), which we rep-

resent graphically as
>.1N.W3<

The vacuum expectation (Eq. 5.50) can then be illustrated by the following
picture
l

(O T = ]10)
ol

(5.52)

(5.53)
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where the vertical lines represent the electron-field operators.

The procedure is now to transform the time ordering to normal ordering
(see section 2.2), which we can do by means of Wick’s theorem (Eq. 2.34).
This leads to a normal-ordered totally uncontracted and all possible normal-
ordered single, doubly, ... contracted terms. In the vacuum expectation only
fully contracted terms will survive.

We can here distinguish between two cases: either the electron-field opera-
tors are connected to each other and disconnected from the interaction or all
parts are connected to a single piece. The former case leads to the diagrams

where the disconnected, closed parts represent the closed first-order S-matrix

diagrams
1 _
S =) + @ (5.55)

The diagrams in Fig. (Eq. 5.54) can then be expressed GOSS).

(5.54)

Connecting all parts of the expression (Eq. 5.53), leads to the diagrams

3

e ,

h

(5.56)

These diagrams are quite analogous to the S-matrix diagrams for vacuum po-
larization and self energy, discussed in section 4.6, the only difference being
that the Green’s-function diagrams contain in- and outgoing electron prop-
agators. We note that all internal lines do represent electron propagators,
containing particle as well as hole states.

We can now see that the disconnected parts of the diagrams (Eq. 5.54)
are eliminated by the denominator in the definition of the Green’s function
(Eq. 5.8). Therefore, we can then represent the Green’s function up to first
order by connected diagrams only (Fig. 5.57).
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+ b + lm( )
(5.57)

We shall now indicate that this holds also in higher orders.

Next, we consider a Green’s-function term with two two-particle interac-
tions I

(0T | ] 10)

l

We can here distinguish different cases.

(5.58)

We consider first the case where both interactions are disconnected from
the electron-field operators. Leaving out the latter we then have

ok

(OIT] 110)
(5.59)

This corresponds to the vacuum expectation of the second-order S-matrix
and leads to connected diagrams

and to the disconnected diagrams

OO OO OO0 O

(5.61)

We denote these diagrams by Sc(f) = (0]S@)0). In addition, we have the free
electron-field operators, which combine to the zeroth-order Green’s function

5.60)

Gy. Therefore, we can express the corresponding GF diagrams as GOSEIQ).

Next, we consider the case where one of the interactions in Eq. (5.59) is
closed by itself, while the remaining part is connected. This leads to dis-
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connected diagrams, where the disconnected part is the closed first order
(Eq. 5.55) and the connected part is identical to the connected first-order
diagrams in Fig. 5.56, which we can express the disconnected diagram as

st

Finally, we have the case where all diagram parts are completely connected,

. . . 2

shown in Fig. 5.3, which we denote by Gg).

Fig. 5.3 Second-order connected diagrams of the one-body Green’s function, assuming a
two-body interaction.

Going to third order, we find similarly that we can have Gy = G(©) com-
bined with the closed diagrams S S’ ), G’(C1 ) combined with S (512), G(C2 ) combined

with S, (511 ) and finally completely connected Gg’ ) diagrams. This leads to the
sequence

G0

Gy +GOsY

¢S +aYsY + sy

¢ +63sy + 68y + a8

etc.

which summarizes to

GO 4+GP +GD 4. ) 1+8P +850 +.- ) = (Go+Ge)(1+Sa) (5.62)



5.3 Graphical representation of the Green’s function * 111

where G¢ represents all connected diagrams of the numerator of the GF
expression (Eq. 5.21) and S, represents all closed S diagrams. But the last
factor is the vacuum expectation of the S matrix to all orders

(0[S]0) = 14 S (5.63)

which implies that this is cancelled by the denominator in the definition
(Eq. 5.8). Hence,

e the single-particle Green’s function can in the close-shell case be
represented by completely connected diagrams

iG(z,z0) = li;;(;)n/'”/d‘lxl'”&m?n
n=0

x (0T [((x) H(a1,22) - - H(T2n—1, 220) ¥ (20)] |0>] (5.64)

conn

This can also be expressed

G(z,m0) = (Ou|T[Vu ()] (20)]|0x )

(5.65)

conn

The connectedness of the Green’s function can also be shown in a somewhat
different way. If the remove the two electron-fields operators and the de-
nominator from the Green’s function expansion (Eq. 5.19), then we retrieve
the vacuum expectation of the S-matrix (Eq. 4.3) (0|S]0). Therefore, if the
field operators are connected to each other and the interactions among them-
selves, the result (after including the denominator) is simply the zeroth-order
Green’s function iG(9). If the field operators are connected to one of the in-
teractions, they form the connected first-order Green’s function iGggm and
the remaining interactions again form (0]S5]0). Continuing the process leads
to

G=G9+c1) +G3 +... (5.66)

which proves that the single-particle Green’s function is entirely con-
nected.

One-body interaction

We shall now consider the case when we in addition to the two-body inter-
action have a one-body interaction of potential typ

o ~~X (5.67)
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The graphical representation can then be constructed in the same way as
before, and we then find in first order the additional diagrams

l (5.68)
The first diagram is unconnected, and the closed part is a part of (0]S]0)
and hence this diagram is eliminated by the denominator of (Eq. 5.19), as
before. It is not difficult to show that the single-particle Green’s function is
represented by connected diagrams only, when we have a mixture of one- and
two-body interactions. The additional connected diagrams in second order

are shown in Fig. 5.4

Fig. 5.4 Additional second-order diagrams of the single-particle Green’s function —in
addition to those in Fig. 5.3—with a combination of one- and two-body interaction.

Many-particle Green’s function

We now turn to the two-particle Green’s function (Eq. 5.21). The zeroth-
order Green’s function is in analogy with the one-particle function (Eq. 5.49)
represented by
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T xl
Go(z,a';x0,2) = l l = iSp(z, xo) 1SF (2, x()
Zo xg

or a product of two Feynman electron propagators.

113

(5.69)

As mentioned before, the (initial and final) times of the two particles in
principle can be different, although we shall in most applications assume that

they are equal, as will be further discussed in the following.

In first order we have in analogy with the single-particle case (Eq. 5.53)

I
O T e 0}
||

(5.70)

This can lead to disconnected diagrams, composed of the zeroth-order func-
tion (Eq. 5.69) and the closed first-order diagrams (Eq. 5.55). Another type
of disconnected diagrams is the combination of zeroth-order single-particle

GF and the connected first-order GF

, gaee;

A

(5.71)

It should be noted that both parts are here consider as open (not closed)®

Finally, we can have an open two-particle diagram

(5.72)

3 Qenerally, a diagram is considered closed if it has no free lines/propagators, like the
diagrams in Fig. 5.60 and 5.61, while an open diagram has at least one pair of free lines,
like those in Fig. 5.3. An operator or a function represented by a closed/open diagram is

said to be closed/open.
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In second order we can have the zeroth-order two-particle Green’s function,
(2)

o1 > and connected first-order

combined with second-order closed diagrams, S

diagrams combined with first-order closed diagrams, S C(ll ). In addition, we can
have disconnected diagrams with two open first-order single-particle diagrams
(Eq. 5.56).

Continuing this process leads formally to the same result as in the single-
particle case (Eq. 5.62)—the diagrams with a disconnected closed part are
eliminated by the denominator. Formally, the diagrams can still be discon-
nected, like (Eq. 5.71), since there is a disconnected zeroth-order Green’s
function part. We shall refer to such diagrams as linked in analogy with the
situation in MBPT (section 2.4). The result is then expressed

oo

G(x, 2520, ) = [Z:L!(;l)n/d‘lxl--~/d4x2n

n=0
X <0|T[1/A)(x)1ﬁ(x') v(ry,22) - v(Tan_1, T2n) ﬁf(m{))zﬂf(xo)] |0>] (5.73)
linked
a result that can easily be extended to the general many-particle case.

The two-body interactions used here correspond to two contracted inter-
actions of the type (Eq. 4.4). Uncontracted interactions of this kind cannot
contribute to the Green’s function, since this is a vacuum expectation. There-
fore, the results above can in the single-particle case also be expressed

o0

G(z,x0) = Z();(_ci)n/d‘lxl.../d%gn

X {OIT [$(2) H(wr) - - H(wn) ¥ (20)] 0)conn (5.74)

including even- as well as odd-order terms, and similarly in the many-particle
case. This can also be expressed

G(x,z0) = (On| T[Pu ()i (z0)]|Ox) (5.75)

conn

and in the two-particle case

G, o' w0, 20) = (On| T[dm(@)ibfy (') (@) s (20)] Ot g | (5:76)

The linked character of the Green’s function can also in the two-particle
case be shown as we did at the end on the single-particle section. If all in-
teractions of the expansion (Eq. 5.21) are connected among themselves, they
form the vacuum expectation value of the S-matrix, cancelling the denomina-
tor, and the electron-field operators form the two-body zeroth-order Green’s
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function ng’ If one pair of field operators are internally connected, then the
remaining part is identical to the single-particle Green’s function G7, which
has been shown to be connected. The result GgO)Gl is disconnected but since
both parts are open, this is linked with the convention we use. If one pair of
field operators are connected to some of the interactions and the other pair
to the remaining ones, the result is G1G1, which is also disconnected but
linked. Finally, all field operators can be connected to the interactions, which
leads to the connected two-particle Green’s function G2 conn. The remaining
interactions form (0|S]0), cancelling the denominator, and the result becomes
G2,conn- In summary, the two-particle Green’s function becomes

Gy = GgO) + Gl,conn Gl,conn + G2,Conn (577)

which can be disconnected but linked. This argument can easily be general-
ized, implying that

e the many-particle Green’s function in the closed-shell case is
linked.

Self energy. Dyson equation

All diagrams of the one-particle Green’s function can be expressed in the
form

G(z,z9) = G(x,z0) + // d*dxyd*dey Go(z, 21) (—1) 2 (21, 22) Go (22, 7o)

(5.78)
where X(x9, 21) represents the self energy. This can be represented as shown
in Fig. 5.5, i.e., as the zeroth-order Green’s function plus all self-energy dia-
grams.

Some of the second-order self-energy diagrams in Figs 5.3 and 5.4 have
the form of two first-order diagrams, connected by a zeroth-order GF. All
diagrams of that kind can be represented as a sequence of proper self-energy
diagrams, X*, which have the property that they cannot be separated into
lower-order diagrams by cutting a single line. This leads to the expansion of
the total self energy shown in Fig. 5.6, where the crossed box represents the
proper self energy. The single-particle Green’s function can then be repre-
sented as shown in Fig. 5.7, which corresponds to the Dyson equation for the
single-particle Green’s function.
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Fig. 5.5 The single-particle Green’s function expressed in terms of the self energy.

Fig. 5.6 Expansion of the total self energy in terms of proper self energies. The crossed
box represents the proper self energy X*.

Fig. 5.7 Graphical representation of the Dyson equation for the single-particle Green’s
function (Eq. 5.79), using the proper self energy X*.

G(z,z9) = Go(x,x0) + // d*z1d*as Go(z, 12) (1) X* (22, 21) G (21, 20)

(5.79)
x x’
T x! €T x! A s
T2 T ———F :I:IQ * ! !
T Y (w2, @5, )
1 T

[ G(z1,x); o, )

!/ !/
xo Ty o g 0 o
0

Fig. 5.8 Graphical representation of the Dyson equation for the two-particle Green’s
function (Eq. 5.80). The crossed box represents the proper two-particle self energy.

Similarly, the Dyson equation for two-particle Green’s function becomes

G(z, 2’520, 25) = Go(z, 25 20, 1)

+ /// d*zyd*aedtald sl Go(x, o's 2o, b)) (—1) D* (2, oh; 21, 2)) G(21, 215 0, 25)  (5.80)
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This equation is illustrated in Fig 5.8, where the crossed box represents the
proper two-particle self energy.

Numerical illustration

Here, we shall illustrate the application of the Green’s-function technique for
many-body calculation by the electron affinity of the calcium atom (Table
5.1). The negative calcium ion is a very delicate system, with a very feeble
binding energy, and it has been quite difficult to determine this quantity
experimentally as well as theoretically. It is only recently that it has been
possible to obtain reasonable agreement.

Table 5.1 Electron affinity of Ca atom (in meV)

4p1 /9| 4ps /o Reference
Theory|| 19 | -13 || Salomonson [198]
Theory|| 22 | -18 ||Avgoustoglou [10]
Theory|| 49 | -18 Dzuba [10]
Expt’1|24,55|-19.73|| Petrunin (1996)
Expt'l || 18,4 Walter [231]
Expt’l || 17,5 Nadeau [164]

The calculation of Salomonson et al. is performed by means of the Green’s-
function method, that of Dzuba et al. by many-body perturbation theory and
that of Avgoustoglou by all-order pair-correlation method.

5.4 Field-theoretical Green’s function—open-shell case *

In this section we shall indicate how the Green’s-function concept could be
extended to the open-shell case, when the model states are separated from
the vacuum state. It is recommended that Chapter 6 is first studied, where
the treatment is more akin to the normal situation in MBPT, discussed in
section 2.3. We shall leave out most details here and refer to the treatment
of the covariant evolution operator and the Green’s operator, which is quite
equivalent. In the present section we shall in particular look into the special
approach due to Shabaev [211].
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Definition of the open-shell Green’s function

In the general open-shell case singularities of the Green’s function can appear
also for connected diagrams, as in the covariant-evolution operator (see be-
low). If we consider a sequence of ladder diagrams of single-photon exchange,
V', as discussed in the next chapter (Fig. 6.3), considering only particle states
(no-pair), the Feynman amplitude for the Green’s function is the same as for
the covariant evolution operator (Eq. 6.20) with no model-space states,

M =1+ Iq(Eo) V(Eo) + I'q(Eo) V(Eo) I'g(Eo)V(Eo) + -+ (5.81)
where

Q rs)(rs|
IT'H(En) = =
o) = T T Bo—e et h

is the reduced resolvent (Eq. 2.65) and Ej is the energy parameter (of the
Fourier transform) of the Green’s function. The GF becomes singular, when
there is an intermediate state |rs) of energy Ey. Including the residuals after
removing the singularities (model-space contributions), leads as shown below
(Eq. 6.117) to a shift of the energy parameter, Ey — E = Fy + AE,

M=1+To(E)V(E)+ Io(E)V(E)gE)V(E)+--- (5.82)
This is a Brillouin-Wigner perturbation expansion, and it can be summed to

1 ___[n)n]

M: =
E—H+iy E-FE,+iy

(5.83)

with H = Hy + V(E) and |n) represents the exact eigenstates of the system
with the energy F,,. This agrees with the Fourier transform of the GF derived
above (Eq. 5.47), demonstrating that the transform has poles at the exact
energies. Consequently, this holds also in the open-shell case.

The Green’s-function technique yields information only about the energy
of the system. This is in contrast to the Green’s-operator formalism, to be
treated in the next chapter, which can give information also about the wave
function or state vector of the system under study.

Two-times Green’s function of Shabaev

The use of the Green’s-function technique for atomic calculations has been
further developed by Shabaev et al. [211] under the name of the ”Two-times
Green’s function” (which is equivalent to the equal-time approximation, dis-
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cussed above). This technique is also applicable to degenerate and quasi-
degenerate energy states, and we shall outline its principles here.

We return to the extended-model concept, discussed in section 2.3. Given
are a number of eigenstates (target states) of the many-body Hamiltonian

H|P®) = E*|7°) (a=1---d) (5.84)

The corresponding model states are in intermediate normalization the pro-
jections on the model space

Z&) = P&y (a=1---d) (5.85)

The model states are generally non-orthogonal, and following Shabaev we
introduce a ”dual set” {|¥})}, defined by

[TV | = | T (TE| = b0 (5.86)

Then the standard projection operator becomes

P=3% [0 )| =) 19| (5.87)

BeD BeD

with the summation performed over the model space D. We also define a
alternative projection operator as

P=>_ [ Pt =Y 1w (5.88)
BeD B
Then _ B
Plog) = [¥g)  and  PTUER) = |[¥F) (5.89)

The Fourier transform of the retarded Green’s function is generally (Eq. 5.33)

(@) (Wn|20)

5.90
E—E, +iy (5:90)

G4 (E;x,xp) = iz

where we let @, xg represent the space coordinates of all outgoing/incoming
particles. It then follows that

]é dE G (E;x,x) = =27 (x|W, ) (V| o) (5.91)

and
% EdEG(E;x,xg) = =27 (x|¥,) En(Pn|xo) (5.92)
I,
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where I3, is a closed contour, encircled in the positive direction and contain-
ing the single target energy F, and no other pole. (This holds if all poles
are distinct. In the case of degeneracy we can assume that an artificial inter-
action is introduced that lifts the degeneracy, an interaction that finally is
adiabatically switched off.) This yields the relation [211, Eq. (44)]

5€Fn EdEG,(E;x,x)
" $ dEG (B, x)

(5.93)

Following Shabaev, we also introduce a "projected” Green’s function by

— wWo g’o o)
(B z, x0) 1,66213 - BF iy (5.94)

which is the coordinate representation (see Appendix C.3) of the correspond-
ing operator

179 PP (wP| P
- 5.95
ZE E5+1’y ZE EB 4+ iy (5:95)

operating only within the model space.

The effective Hamiltonian (Eq. 2.54) is defined by
Heg|05') = E°|05)

and we can then express this operator as

Heg = Y [W5YEP (W] = HegP ™! (5.96)
BeD
where
Her = Y = |5V EX(&)| (5.97)
BeD

From the definition (Eq. 5.94) it follows that

Mot = —% fEdEg(E) (5.98)

where the integration contour contains the energies all target states. As be-
fore, we assume that the poles are distinct.

Expanding the effective Hamiltonian (Eq. 5.96) order-by-order leads to

Het = HY + 1Y) - 1Y PO 1. (5.99)
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The first-order operator Heg becomes

1
- ]{Edng) (E) (5.100)
s
where
(0) E _ w|WO WO |£l:0> 101
9+ T, To 1526;3 F—EP +iy (5.101)

The effective Hamiltonian above is non-hermitian, as in the MBPT treat-
ment in section 2.3. It can also be given a hermitian form [211], but we shall
maintain the non-hermitian form here, since it makes the formalism simpler
and the analogy with the later treatments more transparent.

Single-photon exchange

We shall now apply the two-times Greens function above to the case of single-
photon exchange between the electrons, discussed above (Fig. 5.2). We shall
evaluate the contribution to the effective Hamiltonian in the general quasi-
degenerate case. In the equal-time approximation the (first-order) Green’s
function (Eq. 5.25) is given by

G (22", 0, 2f) = M (@, 2'; 0, @) e @3 FTw0) gilo(rtwa) (5702
and the first-order Feynman amplitude is given by Eq. (5.23)

do.}3 dw4 dwl dwg
M3y (@, 25w, 2) // o %//ﬁ%

X Sp(ws; @, 1) Sp(wa; ', x2) I (w1 — ws; X2, X1)

X Sp(wl; Xy, (IIQ) SF(OJQ; To, $6) 27TA27(LU1 + W — w3 — OJ4) (5103)

after integrations over z.

The Fourier transform of the Green’s function with respect to ¢ and ¢t is

dt dtg g ;
Mg 0 QiE't GiEto (1) / /
G (F, //27r o e G (x, 2, xo, xp)
= A,(E — w3 —wy) A—Y(Efwl7w2)M£II))(CC,:B/;m0,:B6) (5.104)

or
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G(l)(E’,E) - —i/ dws dwy

2 27
X Sp(ws; @, 1) Sp(E' —ws;a’, @) I(wy — ws3; T2, 1)
X Sp(wl; Ty, SCQ) SF(E — W1; T2, 5136) QWAQW(E/ — E) (5105)

after integrations over ws, wy. With the expression for the electron propagator
(Eq. 4.12) the matrix element of the Green’s function becomes

<rs’G(1)(E’ ‘tu 7“5‘/ dws dwy

27 27
: I(r — ws)
w1 — W
w3 *Er“i’i’)/u E — W3 — &g +1'Y~3 ! 8
1 1

x t>2A E —E) (5106
wlfé‘t‘i’i")’t E*W1*€u+i"}/u v T 27( ) ( )

With |rs) and |tu) in the model space, this is the same as the matrix element
of the projected Green’s function (Eq. 5.94), considering only poles corre-
sponding to the relevant target states. We define the single-energy Fourier
transform by

dE’
G(E) :/ G(E',E) (5.107)
27
which yields
dws d
<TS|G(1 )|tu) = —1 TS //ﬂ L I w1 — w3)
2 27

1 [ 1 n 1 }
EF—¢ —cslwg—e,.+iy, FE—ws—¢es+ivs

1 1 1
X — + : }
E—st—su[wl—st—kwt E—w —ey+iv

tu> (5.108)

We assume here that the initial and final states lie in the model space with
all single-particle states involved being particle states. The relevant poles are
here

E=¢+e,=F, and E=¢,+ecs=FE.

The contribution of the first pole is

‘ dws dwr e )
271'1 2w 271' (w1 —ws

X

1
+ —|
Ein - Eout |:W3 —Er +1'}/ Ein — W3 — &g + 17y

G —

t> 5.109
wlf€t+i’y+Ein7wlfsu+iy”u ( )

The last bracket yields —2miA, (w1 — &), and integration over w; yields
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i<rs /wg I(ey — ws)

Ein { 1 1
X
Ein - Eout

”tu> (5.110)

— + :
W3—€7-+17 Ein_w?)_gs_'_lry

Similarly the other pole yields

i<rs‘ / % I(wy — &)
E

> out [ 1 + 1
Ein - Eout wy — &+ 1’7 Eout —w1 — &y t+ 1’}/

”tu> (5.111)

The matrix element of P(1) is similar with Fj, and E,u in the numerator
removed. The matrix element of Hgf)f)P(l) is obtained by multiplying by Equt,
and the first-order contribution then becomes

d
/ng I(ey — ws)
iy

1
R — )
w3 —€&p+iy By —w3z—¢es+ iy

<r5|He(flf) [tu) = i<rs

(5.112)

The photon interaction is in the Feynman gauge given by Eq. (4.46)

2ckdk fF(k; 21, 22)

g% — c2k?2 +1in

I(g; 1, ®2) = / (5.113)

with f¥ given by Eq. (4.55). This gives

22k dr fF (k;21, 22)
I(ey — = PR 5.114
(Et w3) / (fft _ w3)2 —2K2 & in ( )

with the poles at w3 = e; + (—in). Integrating the relation (Eq. 5.112) over
w3 then yields

(rs|H tu) = <rs‘ /Cdk 7 L—t —&r —1(f<a —in) e —1 (K — in)} ’tu>
(5.115)

This agrees with the result obtained with the covariant evolution operator
(CEO) method in the next chapter (Eq. 6.16). The CEO result is more gen-
eral, since it is valid also when the initial and/or final states lie in the com-
plementary ) space, in which case the result contributes to the wave function
or wave operator.

In contrast to the S-matrix formulation the Green’s-function method is
applicable also when the initial and final states have different energies, which
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makes it possible to evaluate the effective Hamiltonian in the case of an
extended model space and to handle the quasi-degenerate case.

The two-times Green’s function has in recent years been successfully ap-
plied to numerous highly charged ionic systems by Shabaev, Artemyev et al.
of the St. Petersburg group for calculating two-photon radiative effects, fine
structure separations and g-factors of hydrogenic systems [7, 239, 6, 238|.
Some numerical results are given in Chapter 7.



Chapter 6

Covariant evolution operator and
Green’s operator

The third method we shall consider for numerical QED calculation on bound
states is the covariant-evolution-operator (CEO) method, developed during
the last decade by the Gothenburg group [124]. This procedure is based upon
the non-relativistic time-evolution operator, discussed in chapter 3, but it is
made covariant in order to be applicable in relativistic calculations. Later, we
shall demonstrate that this procedure forms a convenient basis for a covari-
ant relativistic many-body perturbation procedure, including QED as well as
correlational effects, which for two-electron systems is fully compatible with
the Bethe-Salpeter equation. This question will be the main topic of the rest
of the book.

6.1 Definition of the covariant evolution operator

In the standard time-evolution operator (Eq. 3.6), U(t,tg), time is assumed
to evolve only forwards in the positive direction, which implies that ¢t > t,.
Internally, time may run also backwards in the negative direction, which in
the Feynman /Stiickelberg interpretation [218, 64] represents the propagation
of hole or antiparticle states with negative energy. However, all internal times
(t;) are limited to the interval ¢; € [¢, to].

In the S-matrix (Eq. 4.2) the initial and final times are tg = —oo and
t = 400, respectively, which implies that the internal integrations do run
over all times, making the concept Lorentz covariant.'

In order to make the time-evolution operator covariant also for finite times,
it has to be modified. This leads to what is referred to as the covariant evo-

1 See footnote in the Introduction.
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lution operator (CEO), introduced by Lindgren, Salomonson and coworkers
in the early 2000’s [115, 117, 124, 125, 126].

The CEO is, as well as the S-matrix and the Green’s function, field-
theoretical concepts, and the perturbative expansions of these objects are
quite similar. The integrations are performed over all times, and therefore,
these objects are normally represented by Feynman diagrams instead of time-
ordered Goldstone diagrams, discussed earlier (section 2.4).

The evolution operator contains generally (quasi)singularities, when it is
unlinked or when an intermediate state lies in the model space. Later in this
chapter we shall see how these singularities can be removed for the CEQO, lead-
ing to what we refer to as the Green’s operator, since it is quite analogous
to the Green’s function, which is also free of singularities.

As mentioned earlier, the covariant perturbation expansion we shall formu-
late here leads for two-particle systems ultimately to the full Bethe-Salpeter
(BS) equation [125]. In principle, the BS equation has separate time vari-
ables for the individual particles, which makes it manifestly covariant. This
is also the case for the CEO as well as for the Green’s function. In most ap-
plications, however, times are equalized, so that the objects depend only on a
single time, which is known as the equal-time approximation. This makes
the procedure in line with the standard quantum-mechanical picture, where
the wave function has a single time variable, ¥ (¢, €1, s - - - ), but the covari-
ance is then partly lost. Here, we shall mainly work with this approximation
in order to be able to combine the procedure with the standard many-body
perturbation theory.

Fig. 6.1 Comparison between the standard evolution operator, the Green’s function and
the covariant evolution operator for single-photon exchange in the equal-time approxima-
tion.

As a first illustration we consider the single-photon exchange with the
standard evolution operator (Fig. 6.1, left), the Green’s function (middle)
and the CEO (right). In the standard evolution operator only particle states
(positive-energy states) are involved in the lines in and out. Therefore, this
operator is NOT Lorentz covariant. In the Green’s function there are elec-



6.1 Definition of the covariant evolution operator 127

tron propagators on the free lines, involving particle as well as hole states
(positive- and negative-energy states), and the internal times can flow in
both directions between —oco and +oo, which makes the concept covariant.
In the CEO electron propagators are inserted on the free lines of the stan-
dard evolution operator with integration over the space coordinates, making
it covariant. This implies that we attach a density operator [18] to the free
lines

pla) = Pl (2)d(x) (6.1)

with integration over the space coordinates. We can also see the CEO as the
Green’s function, with electron-field operators attached to the free ends.

e We generally define the Covariant Evolution Operator (CEQO) in the
single-particle case by the one-body operator 2

Udow(t o) = / / a8 e 1 (2) (Ot | T (2) by (0)] | Ow ) () | (6.2)

We use here the same vacuum expectation in the Heisenberg representa-
tion as in the definition of the Green’s function (Eq. 5.8) with two addi-
tional electron-field operators, ¥ (z) and ¥ (zo), with space integrations
over x, xg. In contrast to the Green’s function, we shall assume here that
the number of photons does not need to be conserved. When this num-
ber is conserved, the vacuum expectation is a number and represents the
corresponding Green’s function. The space integration makes the electron-
field operators attached to this function, as illustrated in the figure in the
marginal (c.f. Fig. 5.1, left).

In analogy with the expression (Eq. 5.18) for the Green’s function, we can
also express the covariant evolution operator as

Uo(tite) = [ [ e ) U o0, ~00) plaa) (6.3)

where the density operators are connected to the standard (one-body)
evolution operator or S-matrix.

e In expanding the S-matrix (see Eq. 5.16), we obtain

2 An ”n-body operator” is an operator with n pairs of creation/absorption operators (for
particles), while an ”m-particle” function or operator is an object of m particles outside
our vacuum. In principle, n can take any value n < m, although we shall normally assume
that n = m.
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UL, (t,to) = i;'//di*mdiimo (%i)n/d4x1.../d4xn,
n=0 "
X T [pla) H(w1) -+ () plao)| o001 (6.4)

where the operators are connected to form a one-body operator.

Similarly, the two-particle CEO becomes—in analogy with the correspond-
ing Green’s function (Eq. 5.21) and Fig. 5.1 (right)—

> 1 ]\ "
U(%ov(tvt/;tovté)) = Z ﬁ ////d3$d3$ld3$0 d3:136 (?1) /d4x1 .. /d4$n

n=0
< p(@)p(a’) Hlwr) -~ Hlan) plap)plao) | e b0 (6.5)

6.2 Single-photon exchange in the covariant-
evolution-operator formalism

We shall now consider the exchange of a single photon between the electrons
in the covariant-evolution-operator formalism. We consider here a general
covariant gauge (see section 4.3), like the Feynman gauge, and we shall
later consider the non-covariant Coulomb gauge.

We assume here that the initial state is unperturbed and return to the
more general situation in Chapter 8.

The CEO for the exchange of a single photon (Fig. 6.1, rightmost) is in
the general case given by

Ut tstort) = [[@ed’e’ [[ @adia) @il @) {; [[daiate,

X ISF(.Z‘, 331) iSF(Z‘/, .1‘2) (—1) 62DF(1‘2, 331) iSF(ah, .Z‘o)iSF(QJQ, JZ/O) 677(|t1|+|t2|) }

()Y (o) (6.6)

(with Dy defined in Eq. 4.19) in analogy with the corresponding S-matrix and
Green’s-function expressions. The expression in the curly brackets is the cor-
responding Green’s function (Eq. 5.22) (the denominator does not contribute
in first order). The CEO contains additional electron creation/annihilation
operators and integration over the space coordinates at the initial and final
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times. This makes the CEO into an operator, while the Green’s function is a
Sfunction.

Eo Ey

Fig. 6.2 The evolution-operator diagram for single-photon exchange.

When the initial state is unperturbed, it implies with the adiabatic damp-
ing that the initial time (tg, t{..) is —oco. From the definition of the electron
propagator (Eq. 4.8) it can be shown that, as tg — —o0,

/d3:BO 1S (2, x0) h(z0) = () (6.7)

when the incoming state is a particle state. Therefore, we can leave out the
propagators on the incoming lines, as illustrated in the first diagram of Fig.
6.2, corresponding to the expression

Usp(t, //d3 d*a’ F (z)T (2’ { //d4:c1d4x215'p(:v )
X iSp(a', x9) (—1)e?Dp(xa, 1) erIHzl)} O(w2)h(21) (6.8)

Identification with the expression for the second quantization (Appendix B),
leads to the matrix element

(rs|Usp(t, t'; —oc0)|ab) = eiltertt'es) // dtydty (rs|z, @) (@, '[iSF (2, 21)
X iSp (', x2) (—i)e Dp(xg,:cl)\azl,a@)(a:l,m2||ab>e i(tigattaze) o= (ltal+]t2])

where we for clarity have indicated the integration variables (see Appendix
C.3).

The external-time dependence is here e~ (w1 —¢r) e_it/(w_‘“)7 which in the
equal-time approzimation (t = t') becomes e~ Hwitw2=er=2) Gince in the
limit v — 0 wy +wy = g4 + € = Ey is the initial energy and €, + &5 is the
final energy, we have in this limit
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(rs|Usp(t, —00)|ab) = e~ Eo=er=2a) (15| M |ab) (6.9)

or

Usp(t, —00)|ab) = e HE0=HO) |15} (5| M, |ab) (6.10)

where My, represents the Feynman amplitude. This is defined as the op-
erator without the external time dependence, in analogy with the Green’s
function (Eq. 5.23) (see also Appendix H.2). This yields

dw1 du)g
(rs|Mgplab) = rs‘ // 5 or | 2n 1SF(w1,ac x1)iSp (wo; @', T2)

X (=1)I(z; @2, 1) 27 A (6q — 2 —w1) 20 Ay (e + 2 — wg)‘ab> (6.11)
and after integration over wi,w, in the limit v — 0

(rs|Mgplab) = rs‘/ iSp(eq — 25, 1) 1Sk (ep + 2; @', T2)

x (—=i)I(z; @2, 1) 2m Aoy (e + € — w1 — wg)’ab> (6.12)

Inserting the expressions for the propagator (Eq. 4.10) and the interaction
(Eq. 4.46), then yields

(rs|Msgplab) =
d 1 1 22k d
<rs Ty : : / ¢ rdr f(x) ab> (6.13)
2T g — 2 —Ep + iy, ep+ 2 —€s +i7s ) 22— k%2 +1in
With the identity (Eq. 4.75), this can be expressed
(rs|Msgplab) = o — (rs|Vsplab) (6.14)
or )
./\/lsp(.’I}, :B')‘ab> = m ‘/gp|ab> (615)
where Vg, is the potential for single-photon exchange (Eq. 4.77),
(rs|Vsplab) =
1 1
dk b 6.16
rs‘/ cdk f(x —erf(cnfi'y)r+sb—ss—(crs—ify)Ja> ( )
The evolution operator (Eq. 6.10) then becomes
efit(ngH())
Usp |ab> ﬂ Vsp|ab> (617)
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The results above hold in any covariant gauge, like the Feynman
gauge. They do hold also for the transverse part in the Coulomb
gauge by using the transverse part of the f function (Eq. 4.60).

The result (Eq. 6.16) is identical to the Green’s-function result (Eq. 5.115),
when the final state, |rs), lies in the model space. In the CEO case the final
state can also lie in the complementary ) space, in which case the evolution
operator contributes to the wave function/operator.

The CEO result can be represented by means of two time-ordered Feyn-
man diagrams, as shown in Fig. 6.2. We then see that the denominators are
given essentially by the Goldstone rules of standard many-body perturbation
theory [61, sect. 12.4], i.e., the unperturbed energy minus the energies of the
orbital lines cut by a horizontal line, in the present case including also —k
for cutting the photon line.3

When the initial and final states have the same energy, the potential
(Eq. 6.16) above becomes

< okdk f
(cd|Vip|ab) = d‘/ 2 k2+1)v

ab> (6.18)

where cq = £, —e. = €4 —€p, which is the energy-conservative S-matrix result
(Eq. 4.46), (Eq. 4.52).

We have seen here that the covariant evolution operator for single-photon
exchange has the time dependence e #(Fo—Ho) which differs from that of the
non-relativistic evolution operator Eq. (3.11). We shall return to this question
at the end of this chapter.

Single-photon ladder

We can now construct the covariant evolution operator for some ladder-type
interactions provided no hole states are appearing in the intermediate states.
The diagram in Fig. 6.3 represents two reducible single-photon interactions
with an intermediate time (¢') that separates the interactions. The Feyn-
man amplitude is then obtained by combining two single-photon interactions
(Eq. 6.16) with corresponding resolvents,

MPg = I'(€) Vep(€) I'(€) Vep(E) Pe (6.19)

3 It should be observed that a Goldstone diagram is generally distinct from a ”time-ordered
Feynman diagram”, as is further analyzed in Appendix I.
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Fig. 6.3 Feynman diagram representing second-order ladder diagramEq. (6.19).

Pg¢ is the projection operator of the part of the model space with energy &,
and I'(£) is the resolvent (Eq. 2.64).

This procedure can be repeated to a general single-photon ladder
MiaqaPe = T(E) Vip(E) T(E) Vp(E) - - - T'(E) Vip(E) Pe (6.20)
The corresponding part of the evolution operator is according to Eq. (6.10)
Up(t, —00)paad Pe = e EHO My 44 Pe (6.21)

where subscript 70" is used to indicate that there are no intermediate model-
space states (see further below). This evolution operator can be singular due
to intermediate and/or final model-space states, which can be eliminated by
means of counterterms, leading to ”folds” (model-space contributions, MSC),
as we shall demonstrate below.

It should be observed that

e in the equal-time approxrimation the interactions and the resol-
vents as well as the time factor of the ladder without folds all
depend on the energy of the initial, unperturbed state.

The folds will affect the time dependence, as will be discussed in section
(Eq. 6.9). In Part IIT we shall treat the ladder in the presence of virtual pairs
and higher-order interactions and see how the procedure can be fitted into a
many-body procedure.
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6.3 Multi-photon exchange

General

We shall now briefly consider the general case of multi-photon exchange. We
can describe this by means of a general many-body potential, which we can
separate into one-, two-,... body parts,

V=Vi+Vo+Vz+--- (6.22)

and which contains all srreducible interactions.* By iterating such a potential,
all reducible interactions will be generated. In Figs 6.4 and 6.6 we illustrate
the one- and two-body parts of this potential, including radiative effects—
vacuum polarization, self energy, vertex correction (see section 2.6)— which,
of course, have to be properly renormalized (see Chapter 12).

Vi
___® = ____—|— q_‘_@ + .

Fig. 6.4 Graphical representation of the one-body part of the effective potential
(Eq. 6.22), containing the one-body potential in Fig. 6.5 as well as irreducible one-body
potential diagrams, including radiative effects.

Fig. 6.5 Graphical representation of the ”extended” effective potential interaction. This
is analogous to the effective potential in Fig. 2.3, but the internal lines represent here all
orbitals (particles as well as holes). This implies that the last two diagrams include the
(renormalized) vacuum polarization and self energy.

The one-body potential contains an effective-potential interaction (Fig.
6.5) in analogy to that in ordinary MBPT (Eq. 2.73). In the effective potential
here, however, the internal lines can be hole lines as well as particle lines. This

4 Concerning the definition of the concepts “reducible” and ”irreducible”, see section 2.6.
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Vo

Fig. 6.6 The two-body part of the effective potential (Eq. 6.22) contains all irreducible
two-body potential diagrams.

implies that the second diagram on the r.h.s. in Fig. 6.5 contains the direct
Hartree-Fock potential as well as the radiative effect of vacuum polarization
and the last diagram the exchange part of the HF potential as well as the
and electron self energy (both radiative effects properly renormalized). All
heavy lines here represent orbitals in the external (nuclear) potential, which
implies that the vacuum polarization contains the Uehling potential [229] (see
section 4.6) as well as the Wickmann-Kroll [233] correction, discussed earlier
in section 4.6.

Irreducible two-photon exchange *

We consider next the general two-photon exchange, illustrated in Fig. 6.7,
still assuming the equal-time approximation and unperturbed initial state.

Fig. 6.7 Covariant-evolution-operator diagrams for two-photon ladder and ”cross”.
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Uncrossing photons

Generalizing the result for single-photon exchange (Eq. 6.6), we find that the
kernel of the first (ladder)diagram becomes

1S'F(x, $3) iSF(.Z‘/, .134) (—i)eQDF(J,‘4, 1‘3) iSF(JJg, .1‘1) iSF(.Z‘4, 372) (—i)€2DF(l‘2, 331) (623)

This leads to the Feynman amplitude in analogy with Eq. (6.11)

dw; dwsy dws dw dz d2’
Myt a'imap) = [[[[ G252 G258 [[ 25 iSe(uni.an)

X 1Sp (wa; &', @4) (—1)1(2'; 24, 23) 1Sr (w1; T3, 1) 1SF (Wo; X4, T2)
x (—1)I(z; 22, 21) 21 A (eq — w1 — 2) 20 A, (€ — wa + 2)
X 2 Ay (w1 — 2" — w3) 27 A, (we + 2" — wy) (6.24)

Integration over wy, wo leads to

dws dw dz d2/
://277r3 27T4 // or 2 ISF wg,iL' IBS)ISF(W4733 $4)

X (—i)I(2"; x4, w3) 1Sw(eq — 2; @3, @1) 1SF (e + 2; T4, T2)
X (—1)I(z; @2, 1) 21 Aoy (60 — 2 — 2" — w3) 2m Aoy (e + 2 + 2" — wa) (6.25)
and over ws, wy
dz dz .
//%? iSk(e — 2@, x3)iSk(ep + 2 + 252’ x4)
X (— V(25 @y, 3) 1Sk (e — 2; T3, 1) iSF(ep + 2; T4, T2) (—1)[(2; T2, 1)  (6.26)

Integration over 2z’ leads to the denominators

1 1 1
5—6r—6s[sa—sr—z—(cn/—iv)T+5b—ss+z—(0/<;’—i'y)s

and the remaining part of the integrand is

1 [ 1 n 1 } 1
E—e—eyleg—ep—z+iyn  ep+z+ivd 2?2 —cr2+in

Crossing photons

For the crossed-photon exchange in Fig. 6.7 (right) the corresponding result
is
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dwy dws dws dwy dz dz
./\/lsp(:l:a: mo,wo ////?ﬁ?%//%TISFWS’wwAL)

X 1Sk (was ', ®2) (—1) (2 @4, 23) 198 (W15 X4, 1) 1SR (w2; T2, T3)
X (—1)I(z; @2, 1) 2 Ay (g0 — w1 — 2) 27 A, (g — wo — 27)
X 2 Ay (w1 — 2" — w3) 2 A, (wa + 2 — wy) (6.27)

Integration over the omegas yields

dz d
M // i i ISF Ea —|—Z Z;{E,(I)4) iSF(Eb +z— Zl;w/,(lig)
2m 2w

x (=1)I(2'; 24, 23)1SF (64 — 2; @4, 1) 1Sk (ep — 2; T2, @3) (1) (2; T2, T1) (6.28)

Integration over 2’ leads to the denominators

1 1 1
E—¢e, — ¢, [6a—sr—z—(cm’—iv)T +5b—ss+z—(c;@’—ify)s
and the remaining part of the integrand is

1 1 1
Ea— &t —2+1Y €y — €y — 2+ 17, 22 — 2Kk2 +1ny

To evaluate the integrals above is quite complicated, but they are consid-
ered in detail in ref. [124, App.A2] and in the thesis of Bjérn Asén [8]. The
two-photon effects have been evaluated for heliumlike ions, and some results
are shown in the following chapter.

Potential with radiative parts

Two-photon potentials with self-energy and vacuum-polarization insertions
can also be evaluated in the covariant-evolution-operator formalism, as dis-
cussed in ref. [124]. We shall not consider this any further here, but return
to these effects in connection with the MBPT-QED procedure in Chapter 8.

6.4 Relativistic form of the Gell-Mann—Low theorem

We have in Chapter 3 considered the non-relativistic form of the Gell-Mann—
Low theorem, and we shall now extend this to the relativistic formalism. This
theorem plays a fundamental role in the formalism we shall develop here.
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We shall start with

e a conjecture that the time evolution of the relativistic state vector
is governed by the CEO in the equal-time approximation (in the
interaction picture), in analogy with the situation in the non-relativistic
case (Eq. 3.6) (c.f. ref. [19, sect. 6.4]),

X2, () = Ucov(t,0) | X2, (o)) (6.29)

We shall later demonstrate that this conjecture is consistent with the stan-
dard quantum-mechanical picture (Eq. 6.120) (see also Eq. 9.13). It should
be noted that the evolution operator does not generally preserve the (inter-
mediate) normalization.

It can now be shown as in the non-relativistic case in section 3.3 that the
conjecture above leads to a

o relativistic form of the Gell-Mann—Low theorem for a general
quasi-degenerate model space

X2, (0)) = @2, ) = lim Ucov(0, —00)|5,,)

- 6.30
7—0 <WOR:01‘ UCOV(O? _OO) |¢g01> ( )

which is quite analogous to the non-relativistic theorem (Eq. 3.46). Here,
|@¢ ) is, as before, the parent state (Eq. 3.32), i.e., the limit of the corre-
sponding target state, as the perturbation is adiabatically turned off,

|27,,) =C” lim _|x7, (1)) (6.31)
(C* is a normalization constant) and [¥y,, ) = P[¥< ) is the (normalized)
model state.

e The state vector [ ) satisfies a relativistic eigenvalue equation, anal-
ogous to the non-relativistic (Schrodinger-like) Gell-Mann—Low equa-
tion (Eq. 3.35),

(Ho + Vi) [7,) = B |¥g.,) (6-32)

where Vg is the perturbation, used in generating the evolution operator
(Eq. 6.5).

In proving the relativistic form of the GML theorem, we observe that the
covariant evolution operator differs from the corresponding non-relativistic
operator particularly by the replacement of the electron-field operators by the
corresponding density operators (Eq. 6.1). It then follows that the commuta-
tor of Hy with the covariant operator is the same as with the nonrelativistic
operator, which implies that the proof in section 3.3 can be used also in the
covariant case.
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A condition for the GML theorem to hold is as in the non-relativistic
case that the perturbation is time-independent in the Schrédinger
picture (apart from damping), which is the case for the perturbation we
shall use here (see further below).

6.5 Field-theoretical many-body Hamiltonian

In the unified MBPT-QED procedure we shall develop we shall apply the
Coulomb gauge in order to be able to utilize the developments of the MBPT
procedure. In this gauge we separate the interaction between the electrons in

the instantaneous Coulomb interaction and the transverse interaction, with
the Coulomb part being (Eq. 2.109)

N 2
Vo = — 6.33
© Z 47‘(’60 Tij ( )
1<j

The exchange of a virtual transverse photon is represented by TWO pertur-
bations of the one-body perturbation

vr(t) = / Pz H(t, ) (6.34)
where the perturbation density given by Eq. (4.4)
H(x) = H(t,x) = =l (x) ecal A, (z) () (6.35)

with A, being the quantized, transverse radiation field (see Appendix F.2).
The total perturbation is then

63

The perturbation (Eq. 6.35) represents the emission/absorption of a pho-
ton. Therefore, with this perturbation the GML equation works in a pho-
tonic Fock space,” where the number of photons is not preserved. (The
perturbation above is not time-independent in the Schrodinger picture as
required by the GML relation, but it can be transformed into equiva-
lent, time-independent interactions, as will be demonstrated in section 10.1)
(Eq. 10.10).

5 Also the Fock space is a form of Hilbert space, and therefore we shall refer to the Hilbert
space with a constant number of photons as the restricted (Hilbert) space and the space
with a variable number of photons as the (extended) photonic Fock space (see Appendix
A.2).
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The model many-body Hamiltonian we shall apply is primarily a sum
of Dirac single-electron Hamiltonians in an external (nuclear) field (Furry
picture) (Eq. 2.108)

hp = cac- P + Bmc? + vext (6.37)

(As before, we may include an optional potential, u, in the model Hamiltonian
(Eq. 2.49)—and subtract the same quantity in the perturbation—in order to
improve the convergence rate for many-electron systems.)

However, since the number of photons is no longer constant in the space
we work in, we have to include in the model Hamiltonian also the radiation
field, Hraq (see Appendix Eqns G.12 and B.20), yielding

Hy=> hp+ Hgaa (6.38)

The full field-theoretical many-body Hamiltonian will then be

|H = Hy+ Ve = Ho+ Vo + vr (6.39)

sometimes also referred to as the many-body Dirac Hamiltonian. This
leads with the GML relation (Eq. 6.32) to the corresponding Fock-space

many-body equation ©
HY = FEV (6.40)

In comparing our many-body Dirac Hamiltonian with the Coulomb-Dirac-
Breit Hamiltonian of standard MBPT (Eq. 2.113), we see that we have in-
cluded the radiation field, Hraq, and replaced the instantaneous Breit inter-
action with the transverse field interaction, vy, in addition to removing the
projection operators.

Using second quantization (see App. B and E),
e the field-theoretical many-body Hamiltonian (Eq. 6.39) becomes

H = /d3a: Pt (2) (ca e+ B + Veys () — eca“AH(x))zb(:E)
2

+HRaq + 1// By Py Pl(a1) W(ffz)ei (x2) Plar) | (6.41)

2 47T60’I“12

where vext () is the external (nuclear) field of the electrons (Furry picture).

We have here assumed that the Coulomb gauge is employed, and therefore
the operator A, (z) represents only the transverse part of the radiation

6 This equation is not completely covariant, because it has a single time, in accordance
with the established quantum-mechanical picture. This is the equal-time approzimation,
mentioned above and further discussed later. In addition, a complete covariant treatment
would require that also the interaction between the electrons and the nucleus is treated in
a covariant way by means of the exchange of virtual photons (see, for instance, ref. [212]).
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field. (As mentioned previously, it is quite possible to use the Coulomb
gauge in QED calculation, as demonstrated by Adkins [1], Rosenberg [191]
and others.)

e By treating the Coulomb and the transverse photon interactions
separately, a formal departure is made from a fully covariant
treatment. However, this procedure is, when performed properly,
in practice equivalent to the use of a covariant gauge.

We define the wave-operator in analogy with the non-relativistic case
(Eq. 2.37)7
o) = Q5 (a=1---d) (6.42)

but now acting in the extended photonic Fock space.

The effective Hamiltonian has the same definition as before (Eq. 2.38),
which leads to
Hey = PHQP (6.43)

and the effective interaction is defined by
Vet = Heg — PHoP = P(H — Hy)2P (6.44)

or using the Hamiltonian (Eq. 6.39)

Vi = PV 2P = P(Ve + vr) 2P | (6.45)

This is a Fock-space relation, and the corresponding relation in the restricted
space without uncontracted photons is given by Eq. (6.123).

By solving the many-body equation (Eq. 6.40) iteratively, all possible per-
turbations will be produced. This is the basic principle of the covariant rel-
ativistic many-body perturbation procedure we shall develop in this book.
How this can be accomplished will be discussed in the following. First, we
shall treat the simple case of single-photon exchange.

6.6 Green’s operator

Definition

The vacuum expectation used to define the Green’s function (Eq. 5.8) con-
tains singularities in the form of unlinked diagrams, where the disconnected

7 In the following we shall leave out the subscript ”?Rel”.
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parts represent the vacuum expectation of the S-matrix. This is a number,
and it then follows that the singularities could be eliminated by dividing
by this number. For the covariant evolution operator (CEO) (Eq. 6.2) the
situation is more complex, since this in an operator, and the disconnected
parts will also in general be operators. Therefore, we shall here proceed in a
somewhat different manner.

As mentioned,

e we shall refer to the regular part of the CEO as the Green’s opera-
tor—in the single-particle case denoted G(¢, to)—due to its great similarity
with the Green’s function. We define the single-particle Green’s operator
by the relation 8

U(t,to)P = G(t, to) - PU(0,to) P (6.46)

where P is the projection operator for the model space, and analogously
in the many-particle case. Below we shall demonstrate that the Green’s
operator is regular.

The definition of the Green’s operator contains the important concept of a
heavy dot, which is defined in the following way.

If the operators are disconnected, there is no difference between the dot
product and an ordinary (normal-ordered) product. If the operators are con-
nected to a diagram of ladder type in Fig. 6.3 (Eq. 6.20), then we have seen
that all interactions in an ordinary product depend on the energy of the
initial state. We now introduce the convention that in a dot product the
operators do not operate beyond the heavy dot.’

The definitions above imply that the interactions and the resolvents
to the left of the dot depend on the energy of the unperturbed state
at the position of the dot. If we operate to the right on the part of the
model space Pg of energy £ and the intermediate model-space state lies in

the part Pes of energy &', we can express the two kinds of products as
1 1
APz BPs = A(E) Pe/B(E)Pe

(6.47)
A Pe/BPg = A(E') Pe/B(E) P

8 The Green’s operator is closely related—but not quite identical—to the reduced covariant
evolution operator, previously introduced by the Gothenburg group [124].

9 This can be compared with the situation in the MBPT Bloch equation (Eq. 2.56),
where—using the heavy dot—the folded term could be expressed {2 - PV g P, indicating
that the energy parameters of the wave operator depend on the intermediate model-space
state.
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with the energy parameter of A equal to £ in the first case and to £’ in the
second case. By the hooks we indicate that the operators must be connected
by at least one contraction. We shall soon see the implication of this definition.

Relation between the Green’s operator and many-body
perturbation procedures

From the conjecture (Eq. 6.29) and the definition (Eq. 6.46) we have in the
limit of vanishing damping

IX*(t)) = NaU(t, —00)[9%) = NaG(t, —00) - PU(0, —00)P|®%)  (6.48)
where N, is the normalization constant

1

Ny = 7—
(#§'|U (0, —oo|®=)

(6.49)

making the state vector intermediately normalized for ¢ = 0. Here, |®%) is
the parent state (Eq. 6.31), and [#%) = N,U(0, —00)|®*) is the target state
(for t = 0). The model state is

|&5) = P|@) = N, PU(0, —00)|P%)

This leads directly to

e the relation

X (1)) = Gt —o0) | 5) (6.50)

which implies that the time dependence of the relativistic state vec-
tor is governed by the Green’s operator.

e Therefore, the Green’s operator can be regarded as a time-dependent
wave operator—but it is NOT an evolution operator in the sense, dis-
cussed in section 3.1.

e For the time t = 0 we have the covariant analogue of the standard
wave operator of MBPT (Eq. 2.37)

X(0)) = [¥*) = Lcov|F*) (6.51)

with

Ncoy = G(0, —00) (6.52)

It follows directly from the definition (Eq. 6.46) that

PG(0,—00)P =P (6.53)
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and the relation above can also be expressed

] Qcoy = 1+ QG(0, —c0) \ (6.54)

We note here that it is important that the Green’s operator is defined with
the dot product (Eq. 6.46). The definition of the wave operator (Eq. 2.37) can
be expressed

|T) = Qcov + PIPY) = R¢coy - PU(0, —00)|P) (6.55)

indicating that the energy parameter of the wave operator depends on the
intermediate model-space state.

We shall also define a covariant effective interaction, analogous to the
operator of MBPT (Eq. 2.55). The time dependence of the relativistic state
vector is formally the same as that of the non-relativistic one (Eq. 2.15)
(which is verified below (Eq. 6.120)) , i.e., in interaction picture

’Xa(t)> _ efit(Ea7H0)|Xa (0)> _ efit(E"ng)|Lpa> (656)

or
10 X (6)) = (B — Ho) (1) (6.57)

With the relation (Eq. 6.50) this yields for the time ¢t =0

(5 |X‘1(t)>>t_0|!l7a> ~i( 90, —oo>)t_0|w5*> = (B — Ho)|r*) (658)

Here, the rhs becomes, using the GML relation (Eq. 6.32) and the wave-
operator relation (Eq. 6.51),
(H — Hy)|¥®) = Vp|P) = Ve ooy |P§) (6.59)

These relations hold for all model states, which leads us to the important
operator relation for the entire model space

i<a G(t, —oo)) P = Ve Qo P (6.60)
ot o

which we refer to as the reaction operator. Projecting this onto the model
space, yields according to the definition (Eq. 6.44) to

e the covariant relativistic effective intercation

0
Cov __ — 3 _
VEY = PVifcoe P = P(lat G(t, oo))t:OP (6.61)
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This is a relation in the photonic Fock space, closely analogous to the
corresponding relation of standard MBPT (Eq. 2.55) (c.f. the relation Eq.
6.123).

Our procedure here is based upon quantum-field theory, and the Green’s
operator can be regarded as a field-theoretical extension of the tradi-
tional wave-operator concept of MBPT, and it serves as a connection
between field theory and MBPT.

6.7 Model-space contribution

We shall now demonstrate how the singularities of the covariant evolution op-
erator can be eliminated in the general multi-reference case. We assume that
the initial time is tg = —oo. We also work in the equal-time approximation,
where all final times are the same.

We work in the restricted Hilbert space with no uncontracted pho-
tons and consider a ladder of complete single-photons interactions (Eq. 6.21),
transverse and Coulomb parts (see Fig. 6.3). (We shall later expand this to
more general, irreducible interactions,)

We start by expanding the relation (Eq. 6.46) order by order, using the
fact that U (0)P = P,

UvOwtp =g . U 0P =GO P

UOP =gWt)P+691) - PUV(0)P

UD )P =62 )P+ G (t)- PUD ()P + GO (1) - PUD (0)P

UB )P =GO )P+ G2 (t)- PUN ()P + G (t) - PUD (0)P
(1)

. PUB®(0)P (6.62)

etc.

It follows from Eq. (6.21) that the time dependence of the ladder is given
by e #(EFin—Fouw) where Ej, and Foy represent the incoming and outgoing
energies. When operating on the part of the model space of energy &, the
operator can be expressed as

U(t)Ps = e~ E=Ho) 7(0) Pe (6.63)

Solving the equations (Eq. 6.62) for the Green’s operator, we then have
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GOHP=09@w)pP

GV P =D t)P - GO - PUD(0)P

GO P=UDt)P - GO PUD ()P -GV (). PUD(0)P

GOHP=03t)P - GO PU®0)P -GV () - PUD(0)P
-Gy . PUM (0)P (6.64)

etc. We shall demonstrate that the negative terms above, referred to as coun-
terterms, will remove the singularities of the evolution operator.

It follows directly from the definition of the dot product above that the
singularities due to disconnected parts are exactly eliminated by the coun-
terterms. Therefore, we need only consider the connected (ladder) part, and
we consider a fully contracted two-body diagram as an illustration (Fig. 6.3).
It is sufficient for our present purpose to consider only positive intermediate
states, as in Eq. (6.20).

Lowest orders

From the above it follows that the zeroth-order Green’s operator is
GO, E)Pe = U (t,E)Pe = e HE-H) p. — Py (6.65)

(For clarity, we insert the energy parameter in the operator symbol.)

In first order we have from Eq. (6.64)
GV (t,E)Pe = UM (t,E)Pe — GO (¢, &P UM (0, E) Pe (6.66)

where we observe that the the Green’s operator in the counterterm has the
energy parameter £, due to the heavy dot in the expression (Eq. 6.64). The
first term is (quasi)-singular, when the final state lies in the model space, and
we shall show that this singularity is eliminated by the counterterm.

From Eq. (6.63) we have
PeUW(¢,€)Pe = PerGO(t,€) UM(0,€) Pe

(with the energy parameter £ in the Green’s operator) and hence the corre-
sponding part of the Green’s operator (Eq. 6.66) becomes

PeiG(t,E)Pe = (g<0>(t,5) -G (w'))Pg, UM (0,8)Ps (6.67)

(P commutes with Hp). According to Eq. (6.20)
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PeUD(0,6)Ps = PerT(E) Vi (€) Pe = Per—— V,(€)Pe = Per Vo) p,
& —Hy g —(5’
6.68)

and hence we can express the first-order Green’s operator (Eq. 6.66) as

6GO(t,&',€)

Gt E)Pe = QU (1, E)Pe + =55

Pe/Vip P (6.69)
where QUW(t,8) = GO(t,E)Io(E)V(E)Ps. We assume here that there is
a summation over £’, so that the entire intermediate model-space is covered.
The difference ratio above is defined

GOt &,8) GO E) -Gt ) 9GOt E)

5E - c_¢& =T o (6.70)

which turns into a derivative at complete degeneracy. Furthermore,
1
Pe/VepPe = Pe V) Pe (6.71)

is the first-order effective interaction, which is in accordance with the Fock-
space expression (Eq. 6.45) (see also Eq. 6.123).

The first-order elimination process is illustrated in Fig. 6.8.

g(O)(g) G (&)

Uu(g) - UM

Fig. 6.8 Illustration of the elimination of singularity of the first-order evolution operator,
due to a final model-space state. The double bar represents the difference ratio/derivative
of the zeroth-order Green’s operator (c.f. Fig. 6.9).

In second order we have from Eq. (6.21)
U (t,€)LadaPe = USV (1,€) US(0,€) Pe (6.72)

This can be (quasi)singular, if the final or intermediate state lies in the model
space.

If there is a model-space state only at the final state, the counterterm
will lead—in complete analogy with the previous case (Eq. 6.69)—to the
contribution ©

0G0 (t, " &
% PeW§? Pe, (6.73)

where
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Pen WP Per = Pen Vi (E) T (€)Vip (€) Pe (6.74)

is the second-order effective interaction without any intermediate model-space
state.

If there is an intermediate model-space state in the second-order evolution
operator (Eq. 6.72), we have

UV (,E)Per U (0,€) Pe = Up(t, €) % Vip(E)Pe  (6.75)
The singularity will here be eliminated in a similar way by the corresponding
counterterm (Eq. 6.64). If also the final state lies in the model space, there is
an additional singularity, which is eliminated by replacing Uél)(t, &) by the
corresponding Green’s operator (Eq. 6.69), yielding for the entire second-
order Green’s operator

(0) "
GO (t,E)Pe = GO (t,E)TQ(E)VE)TQ(E)VE)Pe + %‘f& Pen W Pe
sgW (L, .€)
— g PerVipPe (6.76)
7 3 7
ER Sl *-
A Q 4
- PNNBNNG
A PS/ 7 N
[ S8 aaa ]
A A
Pe

Fig. 6.9 Elimination of singularity of the second-order evolution operator, due to an
intermediate model-space state. This leads to a residual contribution that corresponds to
the folded diagram in standard many-body perturbation theory (Fig. 2.5). In addition,
there can be a singularity at the final state, as in first order (see Fig. 6.8).

The second-order elimination process, due to intermediate model-space
state, is illustrated in Fig. 6.9, and the corresponding part of the Green’s
operator is illustrated in Fig. 6.10. This process is quite analogous to the
appearance of folded diagram, discussed in connection with standard MBPT
(Eq. 2.81). Since we are here dealing with Feynman diagrams, it is more log-
ical to draw the ”folded” part straight, indicating the position of the ”fold”
by a double bar from which the denominators of the upper part are to be
evaluated. (The elimination process in first order has no analogy in stan-
dard MBPT, since there final model-space states do not appear in the wave
function.)
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Fig. 6.10 Elimination of the singularity of the second-order evolution operator due to an
intermediate model-space state.

For ¢ = 0 we have from Eq. (6.76)

5GW(t, & €)

PV p
6 Vo Fe

(6.77)

QGP(0,€)Pe = I'g(E)Vap(E) T(E)Vip(€) Pe + Q

which is quite analogous to the corresponding second-order wave operator in
ordinary time-independent perturbation theory (Eq. 2.69). The only differ-
ence is here that the derivative of the first-order Green’s operator leads in
addition to the standard folded term to a term with the energy-derivative
of the interaction. The latter term is sometimes referred to as the reference-
state contribution [152], but here we shall refer to both terms as the model-
space contribution (MSC), which is more appropriate in the general multi-
reference case.

We have assumed so far that in the ladder the interactions are identical.
If the interactions are different, some precaution is required. We see in
the second-order expression that the differential/derivative in the last term
should refer to the SECOND interaction, while if we treat this in an order-
by-order fashion we would get the differential of the FIRST interaction. If
the interactions are in order V; and V5, then last term above becomes

0(IoVa)

TPE/Vng (678)

(leaving out the arguments). This issue will be further discussed below.

All orders *

The procedure performed above can be generalized to all orders of perturba-
tion theory. We still consider a two-particle system in the ladder approxima-



6.7 Model-space contribution 149

tion. The treatment here follows mainly those of refs [125, 126] but is more
general.

We consider an evolution operator in the form of a ladder (Eq. 6.21) with
a general interaction, V(£), and with all intermediate model-space states
removed, including also the zeroth-order term,

Us(t, £)Pe = GO (¢, €) (1 FDEV(E) + T(EWV(E)(E)V(E) + - )Pg (6.79)

which may have a final model-space state. The corresponding Green’s oper-
ator is according to Eq. (6.64)

Uo(t, ) Pe — GO (t, &) - Pe (UO(O,S) - 1)Pg (6.80)
which can be expressed
QUy(t,£)Pe + 8GO (t,E' ) - Pe (UO(O, &) - 1)Pg (6.81)

But in analogy with (Eq. 6.68) we have

PeWo(E)Pe

Sy (6.82)

Pe (Uo(o,g) — 1)P5 -

where Wy is the effective interaction without intermediate model-space states
or folds, in analogy with Eq. (6.74),

Wo(E)Pe = (V(e) FV(EQE)WV(E) + - .)Pg (6.83)
Then the relation Eq. (6.81) becomes

56O (¢, ',€)

P,
QUo(t,E)Pe + 5e

Pe/WoPs (6.84)

The second term eliminates the singularity due to the final model-space state,
and we shall refer also to this as a folded contribution, in analogy with those
eliminating intermediate model-space singularities.

The Green’s operator with no folds (intermediate or final) is

Go(t,E)Ps = GO(t,E)Pe + QUy(t, E) Pe
= GOt )(1+ Lo(E)V(E) + To(E)V (E)Q(E)V(E) + -+ )Pe  (6.85)

The evolution operator with exactly one intermediate model-space state
can be expressed (G0 (0) = 1)

QUO(t,€)Per (Uo(0,) ~ 1) Pe (6.86)
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and the folded part of Eq. (6.84) provides a final fold, yielding the Green’s
operator with one intermediate or final fold,

0Go(t,E, &)

gl(t7€) = (55

Pe W,y Pe (6.87)

The evolution operator with two intermediate folds can be expressed in
analogy with Eq. (6.86)

Us(t, &) Pe = QUy(t, E) Pes (UO(O,E) - I)Pg/ (Uo(o,e) - 1)Pg (6.88)

The two leftmost factors represent the Green’s operator (Eq. 6.86) with one
intermediate fold, and including also a final fold we can replace this by the
operator (Eq. 6.87)

Gi(1,€")Per (Uo(0,€) — 1) P

This represents the operator with exactly two intermediate or final model-
space state with the singularity due to the leftmost one being eliminated.
Eliminating also the second fold leads to the Green’s operator with two folds

_ 0Gi(t,E,€E)

Go(t, &) Pe 5E

PeWo(E)Pe (6.89)

Continuing this precess leads to (with somewhat simplified notations)

G(t,E)Pe = (go(tf,’) +Gi(t,E) + Gao(t, E) + - ..)pg
_ 85Go(t,E) . 8G1(1,E)
_[Qo(t,c‘))—ﬁ—( 5E + 5E +"'>WO P
This yields
G(t,€)Pe = Go(t, &) Pe + 5g§tg’g) WoPe (6.90)

Here, the second term represents all intermediate/final folds (model-space
contributions). This relation is walid for the entire model space and it is
consistent with ref. [126, Eq. (54)] but more general. The expressions given
here are valid for all times and for the final state in P as well as () spaces.
The corresponding wave-operator relation is obtained by setting ¢ = 0.

We can find an alternative expression for the folded term in Eq. (6.90) by
considering

G§G=Go+G1+Ga+---

From the expressions above we find
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0G1 0 (590 0Gy Wy

= z——W)W:%WQ—i———W
5 5 0) 0T Sez 0T e Tse O
52g0 2 5g0

with
5Wn—1
o0&

being the effective interaction with exactly n folds. Similarly,°

W, =

Wo (6.92)

3 2 2
592W 0°Go 1,3 5QO5W0W2+5QOW1WO+%5;Z1 .

Gs =3¢ Wo=3es Wo + 52 52 Wo+ 5g

or
_ 63%Gy
EEE

2
O 90 o, wo + 290w,

Gs 5E2 5E

W3+

Summing this sequence, leads to

gzgo+6&(Wo+W1+W2+"')

6
bk bk
5520 (WOZ+2W0W1+-~~)+%(W§+m)+~-- (6.93)

It can be shown by induction [125] that this leads to

[e'e) 6n "
Q:QO+ZF%)(WO+W1+W2+~-) (6.94)
n=1

Here,
Veg =Wo+W1 +Wo +--- (6.95)

is the total effective interaction, which leads to

10

%G _ Ge —0Ger, i(‘sﬁv) - (58)eVe — (58) e Ver

o€ E-& 7 SENSE =&
- (58)eVe = (58) Ve + (58) e Ve — (32) e Ve _%g v 99V
E=E& 52 o€ o6&

5 5 Ve — Ve 1%
V2= Ve Ve =Ven 28—yl
5E o6& E—¢ 5E

This can be generalized to

§"(AB) Z §mA n—mB
JEM - = JEM fEN—m

(see further ref. [126, App. B])
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0"Go(t,€)
dE"

G(t,€)Pe = Go(t,E)Pe + Y

n=1

(Vesr)" Pe (6.96)

This relation is consistent with the results in refs [125, Eq. (100)] and [125,
Eq.100], where more details of the derivations are given. As the previous
relation (Eq. 6.90), it is valid for all times and with the final state in @ as
well as P space. In case the interactions are different, the derivatives should
be taken of the latest interactions.

We can generalize the treatment here and replace the single-photon poten-
tial by the two-body part of the complete irreducible multi-photon exchange
potential (Eq. 6.22) in Fig. 6.6, V = Vo, = V.

It follows from the treatment here that the counterterms eliminate all
singularities so that the Green’s operator is completely regular at all
times.

Linkedness of the Green’s operator

All parts of the expansions above are linked, so this demonstrates that

e the Green’s operator is completely linked also in the multi-
reference case.

e The linkedness of the single-particle Green’s operator can be ex-
pressed, using Eq. (6.4),

gl(t’to) = [Z;/ d3wd3w0 (_?l)n/d4x1/d4xn
n=0 "

x(O|T [p(x) H(w1) -+ H(wn) pl0)] [0) eIl ﬂ (6.97)
linked+folded

and similarly in the many-particle case.

e This represents a field-theoretical extension of the linked-diagram
theorem of standard many-body perturbation theory (Eq. 2.82).

6.8 Bloch equation for Green’s operator *

We now want to transform the general expression above for the Green’s op-
erator into a general Bloch-type of equation (Eq. 2.56) that, in principle, can
be solved iteratively (self-consistently). Iterations can be performed, only if
the in- and outgoing states contain only particle states of positive energy (no
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holes). Therefore, we assume this to be the case. If we have an interaction
with hole states in or out, we can apply a Coulomb interaction, so that all in-
and outgoing states are particle states, as will be discussed further in later
chapters.

We still work in the restricted Hilbert space with complete single-photon
(or multi-photon) interactions.

We want to have an equation of the form
(6™, Ho|P =VG" Y P + folded (6.98)

or
G P =GOP: + Iy (Vg("—” + folded) Pe (6.99)

where V' is the last interaction.

We start from the relation (Eq. 6.90),

_ oG
G =Go+ 55 Wo (6.100)

where
G=Go+G1+Go+---
and G,, is the operator with exactly m intermediate/final folds,

_ 5g7n—1
Gm = 5E

Wo

Furthermore, the total effective interaction is (Eq. 6.95)
Ver =Wo+ W1 +Wo +--- (6101)
where W, is the effective interaction (Eq. 6.92) with m folds and

5Wm—1

Wm = T

Wo (6.102)

The folded contribution of order n > 0 is according to Eq. (6.99)

G _ FQvg(n—l) — g = gé”) _ FQVgénfl) — g
+ 6" = Tava" Y + Gy — TV 4

We then see that in the case of no folds we have (Eq. 6.85)
G — Iovgy Y -6 =0 (6.103)

In the case of a single fold we have
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0Go

0G (n—1)
o0& - W ) 1

Ay =G{" —Tavg(" Y = (32 =

WO) - rov (52
Here, all terms cancel except those where the last factor of IV is being
differentiated in the first part of A; and, in addition, terms with a fold in
the final state. Obviously, those terms do not appear in the second part of
the difference. This yields !!

0*Go
A = <7 W, ) 6.104
= (5w (6:101)
where we have introduced the notation §*, with the asterisk indicating that
the differentiation applies only to the last interaction, including the
associated resolvent, I'gV,

IVl Ve --) _ 6(IQVa)

o = 55 TV (6.105)

and, in addition, differentiation of G(°) in case there is no I oV factor.

In the case of two folds we have

Ag =G — Tugi" ™ = (iggl wo) " - FQv(% wo) "

=[5z (G wa)wa] ™ - rov [ (g wa wal ™

=[G )" —rav [ o] e [ ma) v [

With the convention above we can express the folds

e () ()

Continuing this process leads to the total folded contribution

(G + 5+t ) (W Wik o) = 5 Va

11 Distinguishing the various interactions, we can write

Go=GO(1+TIoVi + TgVilgVa +---)
_ 5g0 590 69(0) 5(FQV1)
A = [E —loh E]Wo [ o6& Y
[62% 52g0] 8260 5G(0) §(Ig11)
0= | Tee2 5E o€

0*G1
6

(1+TQVe+---) [Wo =

(1+FQV2+~'-)

5(IgWh) 6(I'gVa)
o0& &

6*Gh
Y

§2(IoV;
+g<°>%(1+ﬁ@v2+--) QRS (1+FQV3+---)+---]WO=



6.8 Bloch equation for Green’s operator * 155

with differentiation with respect to the last factor of I'QV and to
G, when no factor of I'hV appears.

e We then have the generalized Bloch equation for an arbitrary energy-
dependent interaction (V)

G=60 4+ IV + % Vet (6.106)

where veg is given by Eq. (6.101).

e This equation is valid also when the interactions are different, and
then it can be expressed more explicitly as (n > 0)

n—1 ¢, (m) .
6" = rgvgn D + 3 0 595 (Vo) ™ (6.107)
m=0

where V), is the last interaction and the operator G\ is formed
by the m last interactions.

We can check the formula (Eq. 6.106) by considering the first few orders,
GO — o—it(E—Ho)

5G

O _r 0 4, %9 " @
g QVg + 5E W
§5G0) s*g)
G = rovg® + —gg v+ fg Wi (6.108)
where the last term becomes
5*gM S(IpV §2G©) 2
Wy = ct-19) 5 )g<°>W(§1)+7582 (W) (6.109)

This can easily be shown to reproduce the expansions (Eq. 6.90) and (Eq. 6.96).

We can also illustrate the validity of the generalized Bloch equation
(Eq. 6.106) by considering the third-order case with different interactions,
Vi, Va, Vs, (see Fig. 6.11). For simplicity we assume ¢ = 0 and therefore make
the replacement G — (2.

If there is no model-space state directly after the first interaction (Fig. a),
the contribution becomes

5(IoV-
2O QWP = (TgValgVa + % PV,) Vi P

using the second-order expression (Eq. 6.78) with the last two interactions
(Va2, V3).
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5023
5E

(b)

Fig. 6.11 Third-order Green’s operator with different interactions.

With a model-space state directly after the first interaction (Fig. b) the
contribution is

0P )y 6 6(IQVs)
s Vi’ = 5 (TaValaVe+ === PV ) PP
5ToVs SToVe  62ToVs STV §Va
- ToVe + T, P P2 2p\pvip
< se 1eVetloVs —=5e= & =gy PVat =5 Prge P | P

We can now identify the terms above with the Bloch equation (Eq. 6.106),
where the differentiation should apply to the last interaction. Then we have

§(Io Vs
IoVa2® = IV IV ToViP + FQV3m PViP

5
503 A% §2IgV-
= A % IoVa PViP + 55Q2 2 PV, PV, P
5 W ST,
se Ve = 5%‘/3 (s + wi?)
ST, 5
- 5?5‘/3 (Pva FQ%P+P6—‘?PV1P)

the sum of which is identical to the sum of the two previous expressions.

In most applications we want to have an expression for the wave operator
in the form of a Bloch equation, where we start from a wave operator {2; and
then add an interaction V' that might be different from those involved in (2;.
The Bloch equation is then of the form

0P = (QI F o)V + folded)P

where we want to find the form of the folded part. We then make the re-
placement {2y = I'oV (214 in the expression (Eq. 6.96), where 21 is the wave
operator without folds, yielding
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"IV n
0= Z fgn Io) (Vo) (6.110)

The sum can be reformulated as, noting the modified differentiating rules
given above,

FQVQIO 5 FQV m 5nimQIO n—m
2= Z SEN Z Z SEM CH) §En—m (VCH)

) = 553 & (Veff)

n=0m=0

6mFQV m O" ™o
- Z SEM eff) §En—m (Veff

n=m m=0

(6.111)

and this leads to the relation

"(IQV)
(5(C/‘n

n

Q=ToV+ Z

n=1

O (Verr) (6.112)

Since the full wave operator appears only on the left-hand side, this equation
does not have to be solved self-consistently.

We can understand the appearance of the sequence of difference ratios
above in the following way. Each model-space contribution (MSC) should
contain a differentiation of all the following interactions. In {2 the last in-
teraction, V, is not involved, and therefore a differentiation of I'gV for each
interaction in {2y is required.

We can illustrate the formula above with the third-order case considered
previously (Fig. 6.11), now assuming that we have two Coulomb interactions
(Ve), followed by an energy-dependent potential (V). Then we have instead

SV
NOP = ToVIgVelgVoP + —2—

€
M;Cév [QVePVoP — ToVIZVoPVP + o

PVeIoVeP

8%
29 PVLPVLP

+ 5&2

which can be expressed
I 2T 2
a®p = rvo@py eV g/ (91“)&@(;) + Qﬁo)vﬁ)) Mliel-14 ; ;;V 2 (Veff?)

where
W =rove v = Pvep
NP =oVelgVe — IEVePVeP VY = PVelgVeP
This is in agreement with the general formula (Eq. 6.112).
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6.9 Time dependence of the Green’s operator.
Connection to the Bethe-Salpeter equation *

Single-reference model space

Operating with the relation (Eq. 6.96) on a model function, ¥y, of energy FEy,
yields

0"Go(t, E)

G(t, Bo)| ) = |Go(t.€) +Z .

AE)"} OB (T

We have here used the fact (Eq. 6.44) that
Vert|¥o) = (E — Eo)|¥o) = AE|Wo) (6.114)

The expansion (Eq. 6.113) is a Taylor series, and the result can be expressed

|G(t, Eo)|%) = Golt, E)| %) | (6.115)

where Gy is the Green’s operator without model-space states (Eq. 6.85). This
implies that the sum in Eq. (6.113), representing

e the model-space contributions (MSC) to all orders, has the effect
of shifting the energy parameter from the model energy Eq to the
target energy E.

From the relations (Eq. 6.21) and (Eq. 6.64) we have the Green’s operator
for the ladder without MSC in the present case, including also the zeroth
order and the time factor,

go(ta EO>|W0> = e_it(Eo—Ho)
x [L+ To(E) V(Ev) + T (o) V/(Eo) Fo(Bo) V(E) + -+ |17 (6.116)

The result (Eq. 6.115) then implies that the Green’s operator with model-
space contributions (MSC) becomes

g(t7E0)|WO> - go(t, E)|u70> = efit(E*Ho)
X [1 +I(E)V(E) + I'g(BE) V(E)[o(E) V(E) +] %) (6.117)

e shifting also the energy parameter of the time dependence.'?

12 We observe here that also the zeroth-order term has changed its time dependence, which
is a consequence of the fact that the zeroth-order Green’s operator, G(©)| is being modified
by the expansion (Eq. 6.96).



6.9 Time dependence of the Green’s operator. Connection to the Bethe-Salpeter equatidib¥

From this it follows that

9
8t G(t, Eo)|%) = (E — Ho) G(t, Eo) | %) (6.118)
and, using Eq. (6.52),
0
<8t G(t, E0)> |Wo) = (E — Ho) 2|%) (6.119)
t=0

According to Eq. (6.50) the Green’s operator has the same time-dependence
as the state vector, in the interaction picture

X () = e HE—Ho) ) (6.120)

(with |#) = |x(0))), which implies that the result above—which is a con-
sequence of the initial conjecture (Eq. 6.29)—is in accordance with the
elementary quantum-mechanical result (Eq. 2.15) and Eq. (3.2).

Setting the time ¢ = 0, yields with the identity (Eq. 6.52), 2|%) =
G(0, Ey)|W), the corresponding relation for the wave operator

W) = Q|%) = [1+FQ(E) V(E) +FQ(E)V(E)FQ(E)V(E)+~--]}%> (6.121)

which is the Brillouin- Wigner expansion of the wave function.

From the relation (Eq. 6.83) we have that the effective interaction without
folds is

Wo(Eo)|@o) = P(V (Eo) + V(Eo)[q(Eo)V (Eo) + -+ ) [&)  (6.122)
It can be shown in the same way as for the wave function that inclusion of

the folds (MSC) leads to the replacement Ey — F (see ref. [125]) and to the
expression for the full effective interaction (Eq. 6.95)

Vea| o) = Wo(B)|20) = P(V(B) + V(E)[q(E)V(E) + -+ ) )

But according to the definition (Eq. 6.44), Veg = P(H — Hy){2P, which gives

Vet |Wo) = P(H — Hy)2P = PV (E)2|¥,) (6.123)

This is an expression for the effective interaction in the restricted Hilbert
space with no uncontracted photons, equivalent to the photonic-Fock-space
relation (Eq. 6.45). This is analogous to the MBPT result (Eq. 2.55), but
now the perturbation is energy dependent.
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We can generalize this treatment by replacing the single-photon potential
V' by the irreducible multi-photon potential in Fig. 6.6, V = Vo = V. Then
we have from Eq. (6.117)

G(t, Eo)|W) = Go(t, B)|W) = e~ HF~Ho)
x[1+ TQ(E) V(E) + T(E) V(E)[Q(E)V(E) + - | [#0)  (6.124)

and

Vet |Wo) = P(E — Hy) 2|W) = PV(E)2|¥%) (6.125)

From the relation (Eq. 6.118) we have

Q <188t g(t, E0)> W) = Q(E — Hy) 2|%)

t=0
= Q[V(E) + V(E) o (E) V(E) + -] [#) = QV(E) 2| %)

Combining this with Eq. (6.125), leads to the Schrédinger-like equation in
the restricted space

(HO + V(E)) ) = E|¥) (6.126)

and an energy-dependent Hamilton operator

|H = Hy +V(E)| (6.127)

These relation can be compared with the corresponding GML relations
(Eq. 6.32) and (Eq. 6.39) in the photonic Fock space. The equation (Eq. 6.126)
is identical to the effective-potential form of the Bethe-Salpeter equation
(Eq. 9.20).

Multi-reference model space

We shall now investigate the time dependence of the Green’s operator
in a general, quasi-degenerate model space. We can express the relation
(Eq. 6.96), using the general perturbation, as

= 0"Go(t, E)

G(t,E)Pe = Go(t, E)Pe + D —52= (Venr)" Pe (6.128)
n=1
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valid in the general multi-reference (quasi-degenerate) case, where Pe is the
part of the model space with energy £ and Veg is given by Eq. (6.138). This
can be formally expressed as an operator relation

= 6"Go(t, HE)

G(t, Hy)P = Go(t, Hy)P+ > ST (Vig)"P (6.129)
n=1

valid in the entire model space. We have here introduced the symbol A*, which
implies that the operator A operates directly on the model-space state to the
right. Thus, H; BPs = EBPs = BH{ Pg. Similarly, H; B|¥§') = E“B|J§) =
BH|¥g')-

In analogy with Eq. (6.45) we have
Vetl0) = P(E® — Ho)QIW§) = PV(E")QIUG)  (6.130)
or in operator form

VigP = P(H’s — Hy)2 P = PV(H? ;) 2P (6.131)

The relation (Eq. 6.129) is a Taylor expansion in analogy with Eq. (6.115),
yielding

Gt H5) P = Go(t, Hiy) P| (6.132)

using the fact (Eq. 6.44) that
*o = PHLP + Vg (6.133)
From Eq. (6.116) it follows

go(t, g)Pg = e_it(g_Ho)
x[14 Lo (€) V(E) + Ta(€) V(E)Q(E) V(E) ++ -+ | Pe (6.134)

or in operator form

Go(t, Hy)P = o (15~ 10)
x[1+ Tg(HE) V(H;) + To(Hy) VIH) T (H) V(H;) + -+ | P (6.135)

This leads in analogy with Eq. (6.117), using the relation (Eq. 6.115), to
G(t. Hy)P = Golt, Hig) P = i1 [1 1 T (Hig) V(Heg)
+ I'o(Heg) V(Heg) o (Heg) V(Heg) +“'}P (6.136)

From this we conclude that
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o the general time dependence of the Green’s operator is given by

i% G(t,H;)P = (Hyg — Ho)G(t, H;)P (6.137)

This gives with Eq. (6.133)

P<ia G(t, H;;)) P=V4P (6.138)
ot —o

which is the expected result.

In analogy with the single-reference case, the effective interaction becomes
Vet = PV(H;)(2 P (6.139)

and the Schrodinger-like equation [125, Eq. 113]

(Ho + V(E“)) D) = B)| ) (6.140)

This agrees with the equation derived in ref. [125, Eq. 133], and it is equivalent
to the Bethe-Salpeter-Bloch equation, discussed in Chapter 9 (Eq. 9.30).



Chapter 7

Numerical illustrations to Part 11

In this chapter we shall give some numerical illustrations of the three QED
methods described in Part II, the S-matrix, the Two-times Green’s function
and the Covariant-evolution-operator methods.

7.1 S-matrix

Electron self energy of hydrogenlike ions

In the early days of quantum-electrodynamics the effects were calculated an-
alytically, applying a double expansion in o and Z«. For high nuclear charge,
Z, such an expansion does not work well, and it is preferable to perform the
evaluation numerically to all orders of Za. The first numerical evaluations
of the electron self energy on heavy, many-electron atoms were performed
by Brown et al. in the late 1950’s [35] and by Desiderio and Johnson in
1971 [51], applying a scheme devised by Brown, Langer, and Schaefer [34]
(see sect. 12.3).

An improved method for self-energy calculations, applicable also for lighter
systems, was developed and successfully applied to hydrogenlike ions by Peter
Mohr [147, 149, 150, 151, 142]. The energy shift due to the first-order electron
self energy is conventionally expressed as

Za)*t

a (
AE=— 3

F(Za) mc? (7.1)

3

where n is the main quantum number. The function F(Za) is evaluated
numerically, and some results are given in Table 7.1.

163
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Table 7.1 The F(Za) function for the ground state of hydrogenlike mercury.

[Reference |F(Za) |
Desiderio and Johnson [51] [1.48

Mohr [146] 1.5032(6)
Blundell and Snyderman [25]]1.5031(3)
Mohr [142] 1.5027775(4)

To perform accurate self-energy calculations for low Z is complicated due
to slow convergence. Mohr has estimated the first-order Lamb shift (self en-
ergy + vacuum polarization) by means of elaborate extrapolation from heav-
ier elements and obtained the value 1057.864(14) MHz for the 25 —2p; /5 shift
in neutral hydrogen [149], in excellent agrement with the best experimental
value at the time, 1057.893(20) MHz. More recently, Jentschura, Mohr and
Soff [92] have extended the method of Mohr in order to calculate directly the
self energy of light elements down to hydrogen with extremely high accuracy.
Accurate calculations have also been performed for highly excited states [93].

The original method of Mohr was limited to point-like nuclei but was
extended to finite nuclei in a work with Gerhard Soff [154]. An alternative
method also applicable to finite nuclei has been devised by Blundell and
Snyderman [25, 26].

Lamb shift of hydrogenlike uranium

In high-energy accelerators, like that at GSI in Darmstadt, Germany, highly
charged ions up to hydrogenlike uranium can be produced. For such systems
the QED effects are quite large, and accurate comparison between experimen-
tal and theoretical results can here serve as an important test of the QED
theory in extremely strong electromagnetic fields—a test that has never been
performed before.

The first experimental determination of the Lamb-shift in hydrogenlike
uranium was made by the GSI group (Stohlker, Mokler et al.) in 1993 [217].
The result was 429(23) eV, a result that has gradually been improved by
the group, and the most recent value is 460.2(4.6) eV [216]. The shift is here
defined as the experimental binding energy compared to the Dirac theory for a
point nucleus, implying that it includes also the effect of the finite nuclear size.
In Table 7.2 we show the various contributions to the theoretical value. The
self-energy contribution was evaluated by Mohr [142] and the finite-nuclear-
size effect by Mohr and Soff [154]. The vacuum-polarization, including the
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Fig. 7.1 Second-order contributions to the Lamb shift of hydrogenlike ions (c.f. Fig. 5.3).

Table 7.2 Ground-state Lamb shift of hydrogenlike uranium (in eV, mainly
from ref. [152].)

|Correction | Value|Reference |
Nuclear size 198.82
First-order self energy 355,05| [142, 154]
Vacuum polarization -88.59| [179]
Second-order effects -1.57

Nuclear recoil 0.46

Nuclear polarization -0.20

Total theory 463.95
Experimental 460.2 (4.6)
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Wickmann-Kroll correction (see section 4.6), was evaluated by Persson et
al. [179]. The second-order QED effects, represented by the diagrams in Fig.
7.1, have also been evaluated. Most of the reducible part was evaluated by
Persson et al. [178]. The last two irreducible too-loop diagrams are much
more elaborate to calculate and have only recently been fully evaluated by
Yerokhin et al. [241] !

The main uncertainty of the theoretical calculation on hydrogenlike ura-
nium stems from the finite-nuclear-size effect, which represents almost half of
the entire shift from the Dirac point-nuclear value. Even if the experimental
accuracy would be significantly improved, it will hardly be possible to test
with any reasonable accuracy the second-order QED effects, which are only
about one percent of the nuclear-size effect. For that reason other systems,
like lithium-like ions, seem more promising for testing such effects.

Lamb shift of lithiumlike uranium

Table 7.3 25 — 2p; /o Lamb shift of lithiumlike uranium (in eV).

Correction Ref. [23] |Ref. [178] |Ref. [239]
Relativistic MBPT 322.41 322.32 322.10
1. order self energy -53.94 -54.32

1. order vacuum polarization |(12.56)  [12.56
1. order self energy + vac. pol.|-41.38 -41.76 -41.77

2. order self energy + vac. pol. 0.03 0.17
Nuclear recoil (0.10) (-0.08) -0.07
Nuclear polarization. (0.10) (0.03) -0.07
Total theory 280.83(10)|280.54(15)|280.48(20)
Experimental 280.59(9)

The 2s — 2p; /3 Lamb shift of lithiumlike uranium was measured at the
Berkeley HILAC accelerator by Schweppe et al. in 1991 [208]. The first theo-
retical evaluations of the self energy was performed by Cheng et al. [41] and
the complete first-order shift, including vacuum polarization by Blundell [23],
Lindgren et al. [122], and Persson et al. [178], the latter calculation including
also some reducible second-order QED effects. Later, more complete calcula-
tions were performed by Yerokhin et al. [239]. The results are summarized in
Table 7.3.

1 See section 2.6.
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In lithiumlike systems the nuclear-size effect is considerably smaller than in
the corresponding hydrogenlike system and can be more easily accounted for.
The second-order QED effects in Li-like uranium are of the same order as the
present uncertainties in theory and experiment, and with some improvement
these effects can be tested. Therefore, systems of this kind seem to have the
potential for the most accurate test of high-field QED at the moment.

Two-photon non-radiative exchange in heliumlike ions

Fig. 7.2 Feynman diagrams representing the two-photon exchange (ladder and cross) for
heliumlike ions.

Accurate S-matrix calculations of the non-radiative two-photon exchange
for heliumlike ions (ladder and cross), corresponding to the Feynman dia-
grams in Fig. 7.2, have been performed by Blundell et al. [24] and by Lind-
gren et al. [120]. The results are illustrated in Fig. 7.3 (taken from ref. [120]).
In the figure the contributions are displayed wversus the nuclear charge, rel-
ative to the zeroth-order non-relativistic ionization energy, Z?/2 (in atomic
Hartree units). The vertical scale is logarithmic, so that -1 corresponds to «,
-2 to a? etc.

As comparison, we show in the top picture of Fig. 7.3 the energy con-
tribution due to first-order Coulomb and Breit interactions as well as the
first-order Lamb shift, corresponding to Feynman diagrams shown in the top
line of Fig. 7.4.

For low Z the first-order Coulomb interaction is proportional to Z, the
first-order Breit interaction to Z3a?2, and the first-order Lamb shift to Z*a3.
For high Z we can replace Za by unity, and then after dividing by Z2, all
first-order effects tend to v as Z increases, as is clearly seen in the top picture
of Fig. 7.3 (see also Fig. 10.9 and Table 10.1).

An additional Coulomb interaction reduces the effect for small Z by a
factor of Z. Therefore, the Coulomb-Coulomb interaction, i.e., the leading
electron correlation, is in first order independent of Z and the Coulomb-Breit
interaction proportional to Z2a?. The screened Lamb shift is proportional to
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Fig. 7.3 Various contributions to the ground-state energy of He-like ions. The top picture
represents the first-order contributions, the middle picture the second-order contributions
in the NVPA as well as the screened Lamb shift, and the bottom picture contributions
due to retardation and virtual pairs (see Fig. 7.4). The values are normalized to the non-
relativistic ionization energy, and the scale is logarithmic (powers of the fine-structure
constant «).
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Z3a?® and the second-order Breit interaction (in the no-pair approximation)
to Z*a*. After division with Z2, we see (second picture of Fig. 7.3) that all
second-order effects tend to o?. The corresponding Feynman diagrams are
shown in the second row of Fig. 7.4.

The third picture in Fig. 7.3 shows the effect of the retarded Coulomb-Breit
and Breit-Breit interactions without and with virtual pairs, corresponding to
diagrams in the bottom row of Fig. 7.4. For low Z these effects are one order
of a smaller than the corresponding unretarded interactions with no virtual
pairs, while for high Z they tend—rather slowly—to the same o2 limit. It is
notable that for the Coulomb-Breit interactions the retardation and virtual
pairs have nearly the same effect but with opposite sign. For the Breit-Breit
interactions the effects of single and double pairs have opposite sign and the
total effect changes its sign around Z = 40.

- ---— eooe
----9

alsls

Fig. 7.4 Feynman diagrams representing the one- and two-photon exchange, separated
into Coulomb, instantaneous Breit and retarded Breit interactions.

More recently, Mohr and Sapirstein have performed S-matrix calculations
also on the excited states of heliumlike ions and compared with second-order
MBPT calculations in order to determine the effect of non-radiative QED,
retardation and virtual pairs [153], and some results are shown in Table 7.4.
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Table 7.4 Two-photon effects on some excited states of heliumlike ions (in
pHartree, from ref. [153].)

1Z] | 2°5] 27| 2°R
30[MBPT|[-49 541] -83 752|-75 352
QED | 87  145] 776
50[MBPT|[-53 762|-123 159]-79 949
QED 64 1340|767
80[MBPT]|[-66 954]-251 982  -93
QED ||  966] 9586 5482

Electron correlation and QFED calculations on ground
states of heliumlike ions

The two-electron effect on the ground-state energy of some heliumlike ions has
been measured by Marrs et al. at Livermore Nat. Lab. by comparing the ion-
ization energies of the corresponding heliumlike and hydrogenlike ions [137].
(The larger effect due to single-electron Lamb shift is eliminated in this type
of experiment.) Persson et al. [181] have calculated the two-electron contribu-
tion by adding to the all-order MBPT result the effect of two-photon QED,
using dimensional regularization (see Chapter 12). The results are compared
with the experimental results as well as with other theoretical estimates
in Table 7.5. The results of Drake were obtained by expanding relativis-
tic and QED effects in powers of a and Za, using Hylleraas-type of wave
functions [56]. The calculations of Plante et al. were made by means of rela-
tivistic MBPT and adding first-order QED corrections taken from the work
of Drake [184], and the calculations of Indelicato et al. were made by means
of multi-configurational Dirac-Fock with an estimate of the Lamb shift [87].
The agreement between experiments and theory is quite good, although the
experimental accuracy is not good enough to test the QED parts, which lie
in the range 1-5 eV. The agreement between the various theoretical results
is very good—only the results of Drake are somewhat off for the heaviest
elements, which is due to the shortcoming of the power expansion.

g-factor of hydrogenlike ions. Mass of the free electron

The Zeeman splitting of hydrogenlike ions in a magnetic field is another good
test of QED effects in highly charged ions. The lowest-order contributions to
this effect are represented by the Feynman diagrams in Fig. 7.5.
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Table 7.5 Two-electron effects on the ground-state energy of heliumlike ions
(in eV, from ref. [181].)

[ Z [[Plante et al.[Indelicato et al.|Drake|[Persson et al.]| Exptl ||

32 652.0 562.1 562.1 562.0 562.5£1.5
54 1028.4 1028.2 1028.8 1028.2 1027.2£3.5
66 1372.2 1336.5 1338.2 1336.6 1341.6£4.3
74 1574.8 1573.6 1576.6 1573.9 1568+15
83 1880.8 1886.3 1881.5 1876414

(a) (b) () (d) ()

Fig. 7.5 Feynman diagrams representing the lowest-order contributions to the Zeeman
effect of hydrogenlike ions. Diagrams (b) and (c) represent the leading self-energy correction
to the first-order effect (a) and (d) and (e) the leading vacuum-polarization correction.

The bound-electron g-factor can be expanded as [182]

gJ:—Q{;{HQ\/l—(W]Hj(;JF(ZS)?+~-~)} (7.2)

where Z is the nuclear charge. The first term represents the relativistic value
with a correction from the Dirac value of order a?. The second term, propor-
tional to « is the leading QED correction, known as the Schwinger correction,
and the following term, proportional to o, is the next-order QED correction,
first evaluated by Grotsch [79].

Numerical calculations to all orders in Za have been performed by Blundell
et al. [27] (only self-energy part, (b,c) in Fig. 7.5) and by the Gothenburg
group [182, 15] (incl. the vacuum polarization (d,e)). The results are displayed
in Fig. 7.6, showing the comparison between the Grotsch term (the leading
QED correction beyond the Schwinger correction) and the numerical result.
(The common factor of 2«/7 has been left out.) More accurate calculations
have later been performed by the St Petersburg group, including also two-
loop corrections and the nuclear recoil [240, 242].

The g-factors of hydrogenlike ions have been measured with high accuracy
by the Mainz group, using an ion trap of Penning type [80, 13]. The accuracy
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Table 7.6 Theoretical contributions to the g-factor of hydrogenlike carbon
(mainly from ref. [14])

| Correction | Value |
Dirac theory 1.998 721 3544
Finite nuclear-size corr. +0.000 000 0004
Nuclear recoil +0.000 000 0876
Free-electron QED, first order 40.002 322 8195

Free-electron QED, higher orders +0.000 003 5151
Bound-electron QED, first order| +0.000 000 8442
Bound-electron QED, higher orders -0.000 000 0011

Total theory 2.001 041 5899

0,012
0,01

0,008 /

0,006 1. order QED /

0,004 -

G002 / Grotsch

0 L] LI Ll L] LI Ll
0 5 10 15 Z 20 25 30 35

Fig. 7.6 The first-order, numerically evaluated, QED correction to the g; value of hydro-
genlike ions, compared with the leading analytical (Grotsch) term (Eq. 7.2). Both results
are first-order in « but the numerical result is all order in Z«, while the Grotsch result
contains only the leading term (from ref. [182]). A common factor 2a/7 is left out.

of the experimental and theoretical determinations is so high that the main
uncertainty is due to the experimental mass of the electron. Some accurate
date for H-like carbon are shown in Table 7.6. By fitting the theoretical and
experimental values, a value of the electron mass (in atomic mass units)
m. = 0.0005485799093(3), is deduced from the carbon experiment and the
value m,. = 0.0005485799092(5) from a similar experiment on oxygen [13].
These results are four times more accurate than the previously accepted
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value, m, = 0.0005485799110(12) [145]. The new value is now included in
the latest adjustments of the fundamental constants [143, 144].

7.2 Green’s-function and covariant-evolution-operator
methods

Fine-structure of heliumlike ions

The two-times Green’s function and the covariant-evolution-operator meth-
ods have the important advantage over the S-matrix formulation that they
can be applied also to quasi-degenerate energy levels. As an illustration we
consider here the evaluation of some fine-structure separations of the low-
est P state of heliumlike ions (see Table 7.7). The calculations of Plante et
al. [184] are relativistic many-body calculations in the NVPA scheme (see
section 2.6) with first-order QED-energy corrections, taken from the work of
Drake [56]. The calculations by Asén et al. [117, 8], using the recently devel-
oped covariant-evolution-operator method, was the first numerical evaluation
of QED effects (non-radiative) on quasi-degenerate energy levels. It can be
noted that the energy of the 1s2p3P; state, which a linear combination of
the closely spaced states 1s2p; /o and 1s2p, /3, could not be evaluated by the
S-matrix formulation (see, for instance, the above-mentioned work of Mohr
and Sapirstein [153]). Later, calculations have also been performed on these
systems by the St Petersburg group, using the two-times-Green’s-function
method [7], where also the radiative parts are evaluated numerically.

The accuracy of the experimental and theoretical fine-structure results is
not sufficient to distinguish between the first-order energy QED corrections
and the numerical evaluation of Asen and Artemyev. On the other hand,
the experimental accuracy of the separation of Fluorine (Z=9) seems to be
sufficient to test even higher-order QED effects. Here, present theory cannot
match the experimental accuracy, but this might be a good testing case for
the new combined QED-correlation procedure, discussed in the following.

As a second illustration we consider the transition 1s2s'Sy — 1s2p3P; for
He-like silicon, which has recently been very accurately measured by Myers
et al. [52] (see Table 7.8). Corresponding calculations have been performed by
Plante et al. [184], using relativistic MBPT with first-order QED correction
and by Artemyev et al. [7], using the two-times Green’s function. Here, it
can be seen that the experiment is at least two orders of magnitude more
accurate then the theoretical estimates. Also here the combined MBPT-QED
corrections are expected to be significant.
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Table 7.7 The 152p ® P fine structure of He-like ions. (Values for Z=2, 3 given
in MHz and the remaining ones in pHartree.)

| Z|3P1 73P0 |3P2 73P0 |3P2 73P1 |Ref EXpt’l |Ref Theory
2 (29616.95166(70) 2291.17759(51) |Gabrielse et al. [243]
29616.9527(10) Giusfredi et al. [71]
29616.9509(9) Hessels et al. [70]
2291.17753(35)|Hessels et al. [30]
29616.9523(17) 2291.1789(17) Pachucki et al. [237]
3 [155704.27(66) ~62678.41(65) |Riis et al. [100]
-62678.46(98) |Clarke et al. [43]
155703.4(1,5) -62679.4(5) Drake et al. [56]
9 |701(10) 5064(8) |4364.517(6) |Myers et al. [162]
680 5050 4362(5) Drake et al. [56]
681 5045 4364 Plante et al. [184]
690 5050 4364 Asén et al. [8, 124]
10[1371(7) 8458(2)  [7087(8) Curdt ot al. [47]
1361(6) 8455(6)  [7094(8) Drake et al. [56]
1370 8469 7099 Plante et al. [184]
1370 8460 7090 Asén et al. [117]
12[3789(26) 20069(9) [16280(27) _ |Curdt ot al [47]
3796(7) Myers et al. [163]
3778(10) 20046(10) [16268(13) Drake et al. [56]
3796 20072 16276 Plante et al. [184]
3800,1 20071 Artemyev et al. [7]
14 40707(9) Curdt et al. [47]
8108(23) 40708(23) |32601(33) Drake et al. [56]
8094 40707 32613 Plante et al. [184]
40712 Artemyev et al. [7]
18 124960(30) Kukla et al. [101]
124810(60) Drake et al. [56]
23692 124942 101250 Plante et al. [184]
23790 124940 [101150 Asén et al. [117]
124945(3) Artemyev et al. [7]

Energy calculations of 1s2s levels of heliumlike ions

The covariant-evolution-operator method has also been applied by Asén et
al. [9, 8] to evaluate the two-photon diagrams in Fig. 7.2 for the first excited
S states of some heliumlike ions. The results are compared with relativistic
MBPT results, in order to determine the non-radiative QED effects, as in
Table 7.4 above. The results are shown in Table 7.9, where comparison is
also made with some results of Mohr and Sapirstein [153].
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Table 7.8 The transition 1s2s1Sy — 1s2p3P; for He-like Si (in cm™1)

Reference
Expt’l |7230.585(6)| Myers et al. [52]
Theory|  7231.1 Plante et al. [184]
7229(2) |Artemyev et al. [7]

Table 7.9 Two-photon calculations on the 1s2s 15, 25 states of heliumlike
ions (in pHartree, first two columns from Asén et al. [9], last column from
Mohr and Sapirstein [153].)

1Z] [ 2°So| 2°5[ 2°8]
10[MBPT][[-116 005[-47 638
QED 6.2 -1.2
18|MBPT|-110 381[-48 158
QED 38| 46
30[MBPT|[-128 349]-49 542[-49 541
QED 93| 6.9 87
60[MBPT|-177 732|-57 025]-57 023
QED 2358 216 224







Part 111

Quantum-electrodynamics beyond
two-photon exchange:

Field-theoretical approach to
many-body perturbation theory






Chapter 8

Covariant evolution combined with
electron correlation

In Part I we have considered some standard methods for many-body calcu-
lations on atomic systems. These methods are well developed and can treat
certain electron-correlation effects to essentially all orders of perturbation
theory. In Part II we have considered three different methods for numerical
QED calculations on bound systems, which have been successfully applied
to various problems. All these methods are, however, in practice limited to
one- and two-photon exchange, implying that electron correlation can only be
treated in quite a restricted way. For many systems the electron correlation
is of great importance, and in order to evaluate the QED effects accurately,
it may be necessary to take into account also the combination of QED
and correlational effects, which has not been done previously.

In this third Part we shall demonstrate that one of the methods pre-
sented in the previous part, the covariant-evolution-operator method, forms
a suitable basis for a combined QED-MBPT procedure.! This leads to a
perturbative procedure that is ultimately equivalent to an extension of
the relativistically covariant Bethe-Salpeter equation, valid also in
the multi-reference case and referred to as as the Bethe-Salpeter-Bloch
equation. In this work we shall normally use the Coulomb gauge, and we
shall apply the equal-time approximation, discussed in Chapter 6. In Chapter
10 we shall illustrate how this procedure can be implemented and give some
numerical results.

I The treatment in this third Part is largely based upon the refs [126, 127, 85]) and the
thesis of Daniel Hedendahl [83].
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180 8 Covariant evolution combined with electron correlation

8.1 General single-photon exchange

In the treatment of single-photon exchange in Chapter 6 the incoming state
was assumed to be unperturbed. We shall now generalize this treatment
and allow the incoming state to be perturbed, involving particle as well
as hole states. As mentioned, we shall deal particularly with the Coulomb
gauge, where the total interaction is according to Eq. (4.57) separated into a
Coulomb and a transverse part (see Fig. 8.1)

I° = IS + I (8.1)
The corresponding single-photon potential is similarly separated into
Vop =V +Vr (8.2)

We start with the transverse part and consider the Coulomb part later.

O -@------ - Ty

&

Fig. 8.1 In the Coulomb gauge the single-photon exchange is separated into a Coulomb
and a transverse (Breit) part.

Transverse part

The kernel of the transverse part of the single-photon exchange in Coulomb
gauge is according to Eq. (6.6) given by

iSp(z,21)1Sk(2', 22) (—1) IS (z2, 1) i Sp (21, o) i Sp (2, ) e~V (Ital+[t2])
(8.3)

The external time dependence is (with the notations in the figure) in the
equal-time approximation in analogy with the previous case (Eq. 6.9)

e—it(wg Fwis—ep—eg) eito (w1twa—er—ey,)
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Fig. 8.2 Time-ordered evolution-operator diagrams for single-photon exchange, transverse
part.

As before, we can argue that in the limit v — 0 w; +ws = ws +wy =€, i.e.,
equal to the initial energy, and the dependence becomes

efit(z‘,'fs,.fss) eitg(é‘fstfeu)
We then have the relation
Ur(t, to) = e HETHO) A ofto(E—Ho) (8.4)

where M is the corresponding Feynman amplitude, defined as before
(Eqg. 6.11). This yields

dwy dws dws d d

X iSF(w4; :c’, .’132) (71)IT (Z, o, 581) iSF(wl; Iy, CC()) iSF(WQ; o, CCB)

X 2mA (w1 — 2 — w3) 2m Ay (w2 + 2 — wy) (8.5)
leaving out the internal space integrations. (The factor of 1/2 is, as before,
eliminated when a specific matrix element is considered).

After integrations over ws, w3, wy, the amplitude becomes

dwy d
Mr(z,x', 20, () //% 2—2 iSp(w1 — z;@, 1) iSF(E — w1 — z;2', x2)

x (—1)I§ (2; o, 21) 1Sp(wi; 1, @0) 1Sk (€ — wi; Ta, ) (8.6)

Inserting the expressions for the electron propagator (Eq. 4.10) and the in-
teraction (Eq. 4.46) a specific matrix element becomes

(rs|Mrlab) =

/dwl 1 1
27rw1—z—ar—|—1%8 w1+ 2z — g5+ s
1 22k d
/ ¢ridr [ () ab> (8.7)

X
w1 — ¢ + iy S—wl—au—i—wu 22 —c2k2 +1in
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where f% is the transverse part of the f function in Coulomb gauge (Eq. 4.60).
Integration over z now yields—in analogy with the treatment in Chapter 6—

M = (-0 [ edn £5(x)

times the propagator expressions

1 1 1
E—¢e, —¢; [wl—er—(cn—iw)r+5—w1—es—(cm—ify)s}
and
1 [ 1 n 1 }
E—er—eylwy—er+iy  E—wi—ey+iv

We have now four combinations that contribute depending on the sign of
the orbital energies (after integration over w):

‘ ‘ . sgn(ey)
sgn(e,) # sgn(e;) : e —er — (ch— 1),
7 ) sgn(e;)
Sgn(es) = SgIl(&?t) T & ——es— (Cff - 1'7)8
B . sgn(ey)
sgn(ey,) = sgn(e,) E—¢ep—ey— (ck—iy),
sgn(ea) # sen(e,) vt (88)

ey —€s — (K — 1)
times (—1).

The Feynman amplitude for the transverse part of the single-photon ex-
change now becomes

Mr =T(E)iVe(E) I'(E) (8.9)
where I'(€) is the resolvent (Eq. 2.64). This yields for the present process
i 1

where Vr(€) is now the generalized transverse-photon potential

(refV(€)eu) = <’"S’/Cdf‘~f%(n)[i Lirs

g —Ep tCK

tisy ULT+ Ut SE ” >
+ + + t 8.11
E—cr—esFew E—¢e.—€yFck €y —€sEck Y ( )

Here, ty etc. represent projection operators for particle/hole states, respec-
tively. The upper or lower sign should be used consistently in each term,
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inclusive the sign in the front, but all combinations of upper and lower signs
in the four term should be used, corresponding to the 16 time-ordered com-
binations, shown in Fig. 8.3.

It should be noted that the expression above is valid also for the entire
interaction in any covariant gauge, using the appropriate f function.

No pairs r,s <0

Fig. 8.3 All 16 time-ordered diagrams corresponding to the transverse single-photon ex-
change given by Eq. (8.11).

We shall now illustrate the potential (Eq. 8.11) by giving explicit expres-
sions in a few cases.

No virtual pairs

The potential becomes here
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(rs|Vo(&)|tu) = <rs /cdnf%(n) X
1 1
| 5 + | ‘tu> (8.12)

—&p—€y—Ck E—€p—€5—CK

and the Feynman amplitude agrees with the previous result (Eq. 6.16). This
agrees with the result of the evaluation of the corresponding time-ordered
diagram according to the rules of Appendix I.

Single hole in (t)

The potential becomes here
(rs|Vr(€)[tu) = <’I"S‘/Cdﬁ)f%(l€) X
1

T A e | ) 813

which can also be expressed

(rs|Vr(&)|tu) = —(€ — e, — eu) %
<7"s‘ /cd/if%(m)et — ! ! ’tu> (8.14)

gr—Ck € —€, —Ey —CK

and the denominators of the Feynman amplitude become

1 1 1 (5.15)
E—¢cr—€s6t—cpr—ch E—€p —€y —CK '

This agrees with the evaluation rules of Appendix I. We see here that one of
the resolvents in Eq. (8.9) can be singular (”Brown-Ravenhall effect”), which
is eliminated by the potential.

Single hole out (r)
The potential (Eq. 8.11) becomes

{rs|Vr(&)|tu) = <7"s‘ /Cdlif%(ﬂ) X
1

{at—slr—kck * E—Et_gs_m”tu> (8.16)

The denominators can here be expressed

1 1
et —&rtck E—ep —es—CR

(5_57“ _53) (817)
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and the denominators of the Feynman amplitude becomes

1 1 1
cr—€r+cek E—€cp—€s—ck £ —€p — €y —CK

(8.18)

which agrees with the evaluation rules of Appendix I.

Double hole in t,u

The potential (Eq. 8.11) is here
<rs|VT |tu rs‘/cd/ffT

—1
[ + Htu> (8.19)
€t —Er — CKR Eu — Es — CK

and the denominators of the Feynman amplitude become

-1

[ 1 n 1 } 1
E—¢c,—cglepg—e,—ck  ey—€cs—ckhlIE —€1— gy

(8.20)

We shall demonstrate explicitly here that this agrees with the evaluation rules
of Appendix I. With one time-ordering t34 > to >t > —o0 and oo > t34 > to
the time integrations yield

— 0 0o —o0
(—i)? / dt etz / dtgy e daatas / dfye i (8.21)
t3a t2 t2

Together with the alternative time ordering 1 < 2 this becomes

-1 1 1
S - 8.22
d1234d34 [dl d2} (8:22)

with the notations of Appendix I, which is identical to the result (Eq. 8.20).
Note that this is NOT in agreement with the standard Goldstone rules of
MBPT [118].

Single hole in and out (t,s)
The potential (Eq. 8.11) yields

<rs|VT |tu TS‘/CdFLfT [

-1 1 1
5—5,5—55—&—0/@+5—€u—er—cm+eu—£s—|—cn

Et —Er — CK

+

‘tu> (8.23)
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Using the notations of Appendix I
dy =€ —¢€, —ck; dy=¢€y —€s+cr; d3z=¢c,— & — CR;

dy =€y —eytcr; dzg =& — et —€y;
di3q4 = E—ep—ey—cK;  dosy = E—gy—egtcr;  diogy = E—ep—¢s
the bracket above becomes

1 1 1 1 d1234d34 1
= R 8.24
dy d234 d2 d134 d134d234 |:d2 d1:| ( )

& and the denominators of the Feynman amplitude (Eq. 8.10)

d1341d234 [d% - dﬂ = d11d2 [fw B KZJ (8.25)

which agrees with the rules of Appendix I.

Coulomb interaction

The Coulomb part of the interaction is obtained in a similar way (see Fig.
8.4). In analogy with Eq. (8.5) we now have

dwy dw . . .
// 27: 27:’ WISF(M)ISF( Eo — w1)(—1)I§ iSp(ws) iSp(Ey — ws)

leaving out the space coordinates. After z integration, using Eq. (4.63b), and
with the explicit form of the propagators this leads to

dw1 dCU3 1 1
21 2m wy —&p + iy By —wy —es 175

(rs|IMclab) = <rs‘ - i/

1 1
% Ve : : ab>
w3 — & +iyy By — w3 — &y +ivy
i
= (rs| + b> 8.26
<TS’ 0 &r —E&s CEO—Et—aua ( )

where V¢ is the Coulomb interaction (Eq. 2.109). Here, the plus sign is used
if sgn(es) = sgn(ey) = sgn(e,) = sgn(es) and the minus sign if sgn(e;) =
sgn(ea) # sgn(e,) = sgn(e,).
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No pairs t,u,r,s <0
r s t uw
t u r s

Fig. 8.4 Same as Fig. 8.3 for the Coulomb interaction.

8.2 General QED potential

We shall now see how the potential above can be extended to include also
crossing Coulomb interactions as well as various radiative effects.

Single photon with crossed Coulomb interaction *

Fig. 8.5 Feynman diagram representing the exchange of a retarded covariant photon with
crossing Coulomb interaction.

We start by considering a transverse photon with a crossing Coulomb
interaction (Fig. 8.5), using the Coulomb gauge.

The Feynman amplitude becomes for the left diagram
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Moty = [ [ s [ [
2 2w 2 2w 2 2w 2w

X 1Sk (ws; @, 24) 197 (wa; ', 22) 197 (w1; T4, 1) 1SF (Wo; T2, 3)

X iSp(ws; 1, o) 1Sk (we; X3, x)) (—1) IS (2; 24, x3) (—1) Vo (22, 21)

X 2mAL (w1 — 2 — ws) 2 A, (we + 2 — w2)
X 2mAL(E —ws —we) 2mA (w1 + wa — w5 — w2) (8.27)

Integrations over ws, wy, ws, wg lead in the adiabatic limit to
wyg=w1—2, wp=E—-wi+z w=E—watz wsg=ws—2z

and to

M(z,x';xo, x() //%d—z iSp(w1 — 2z;@, ®4) iSF(E — wy + 2,2, 2)

2 2
X iSp(wi; x4, 1) iSF(w2; X2, 3)1Sr (€ — w2 + 231, To)
X 1Sp(wa — 259, ) (—1) IS (2; 0, ®3) (—1) Vo, x4, T3) (8.28)

More explicitly the electron propagators become

1 1 1 1
- - + -
(w1 — &y +1in) (E—er—es)l(wl—z—er—&—l%) (E—wi+2z—es+1ivs)

1 1 [ 1 1
X

- - + -
(we—w+ing)E—er—eu) | (E—watz—er+iy) (w2 —2z—ey + i)
(8.29)

The integrations over wy, we lead in analogy with Eq. (8.8) to

sgn(ey) # sgn(e,) : i% = ivf

sgn(ey) = sgn(es) : ig — &, _?;Sf €s iy - :I:U:gii

sgn(eyw) = sgn(ey) : ig —w j}_i;f g £ iy = iwii

sgn(cy) # sgn(ey) : i% = iwzm (8.30)

times (—i)2. Here, the first two terms should be combined with the last two,
and the propagators (Eq. 8.28) reduce to

1 1

E—¢c,—c,. E—¢c1— ¢y

[:I: ViTE i Uisi} {:I: Wity - wWxts I W+UF + WUt
ax bi C4+ Cx d$ +

(8.31)
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Upper or lower sign should be used consistently in all four operators in each
product. We use here the notations

Al =¢,— &, Fck ar =€y, — 2 — € T iv

By =€—¢,—¢sFck by =€ —e,+2z—e5tiy (8.32)
Cy=&—¢ep—¢ctFck cr =E—eyt+z—eg, L1y ’
Di=¢y—e,Fck dy =€y —2z2— €y Ty

The photon interaction has one pole in each half-plane, and for the com-
binations where the electron propagator poles are in the same half-plane the
z integration leads directly to the replacement a4+ — A4 etc. This part then
becomes 1/(€ — e, — &) 1/(€ — &, — £,,) times

VT visiniti wﬂ@} (8.33)

Vei = [ A: By Il Co D=

Again, upper or lower sign should be used consistently in all four operators in
each product. Expressing the Feynman amplitude in analogy with Eq. (8.10),

i
(rs|M(&)|tu) = Sy <rs‘VTc(5) ‘tu> £ m, (8.34)
the corresponding part of the potential becomes
(rs|Vre)1|tu) = /cd/<;f%(n)(vswc\tw)(rwwol|vu> (8.35)

When the electron propagators have one pole in each half-plane, we have
to separate the propagators as before. For instance, the product
ViTE WxlUx VT E (DESZS
ax ez Ey—z—& Fiv E—eptz—e Fiy

is rewritten as

_ Urzwgts [i n 1 } N _ Uirzwgts [i 1 ]
a+c a+c

ax cx A+ - C?

after z integration, or

VT Wl [ 1 1 }
E—cy—¢ct+tey—6€, ley—e, e E—ey—cr ek
Similarly,
V4T WU+ VLTx WxU4+
ax dy Ev —2Z— € Fiv €y —2—€, £y

is rewritten as
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V4P WUt [ 1 1 } VP WUt [ 1 1 }
ax di

a—d a—d AfI B D7i
But A+ — D4 = a —d, so this can also be written as
VLT W UL

All similar combinations lead to

Ve = 7vir¥w;t; [L n L} | UpTwgus Vi Stwty | U4StWyU4 [i 4 L]
a+c A:F C:F A:F Dy By C:F b+d By Dy
(8.36)

where upper and lower sings are used consistently in all four operators in
each term. The notations are defined in Eq. (8.32). This complete expression
is quite complicated, particularly due to the denominator a + c.

Eqgs (8.33) and (8.36) represent the complete potential for all 64 time-
ordered diagrams, corresponding to the Feynman diagram in Fig. 8.5,

(rs|Vpcltu) = /cd/-e FL(k) (ws|Vo|tw) (rw| Ve 4+ Voo |vw) (8.37)

We can simplify the results above by assuming that the incoming orbitals
t,u are particle states. Then Eq. (8.33) reduces to

e e

and Eq. (8.36) to

v_rywyty [ 1 1 ] VySLW_ Uy [ 1 1 }
—— |t | |5t = 8.39

a—+c A++C+ b+d B++D+ ( )
With no pairs we then have

V4 S4 U/+t+ _ ’U+S+U)+t+

B, C} (E—ep—es—ck)(E —ew — 1 — CK)

with single pair (v)

’l)f’l"+’ll)+t+ 1 1 U7T+’UJ+t+ 1 1
s 1 s
a+c Ap Cy E—cp—cite,—¢erley,—er—ck E—ey—€—ck

and double pairs (v,w)

V_Ty W_u4 V_TLrw_u4

Ay Dy (g —er —cK)(Ew — €y — CK)
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This corresponds to the time-ordered diagrams shown below, and the results
are in agreement with the evaluation rules for time-ordered diagrams. Also
here some diagrams are complicated to evaluate, due to the denominator
a—+ c.

Another, probably more reasonable approximation. is to assume that the
intermediate states v,w are particle states. Then only the simpler term
(Eq. 8.33) survives, yielding

V4T UpSy w4ty | wiu—
\% = 8.40
ot [A_ B, H Cy D_ (8.40)
and the potential
(rs|Vio|tu) = /CdH LK) (vs|Voltw) (rw| Vo4 [vu) (8.41)

This part of the potential can be generated by iterating the pair equation, as
discussed in Chapter 10. This is true also for repeated Coulomb crossings.

Electron self energy and vertex correction

Fig. 8.6 Diagram representing the transverse and Coulomb parts of the first-order self-
energy of a bound electron in the covariant-evolution-operator formalism (c.f. Fig. 4.9).
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Next, we shall see how some radiative effects, previously treated in the
S-matrix formalism (see section 4.6) can be included in the QED potential.
Since we are using the Coulomb gauge, we have to treat the Coulomb and
transverse parts separately as in section 4.6.

We start with the transverse part, illustrated in Fig. 8.6 (left). The kernel
is here (c.f. Eq. 4.84)

1 Sp(x,29)1 Sk (2, 21) (—1) IS (29, 21) (8.42)
where I¥ is the transverse part of the interaction (Eq. 4.59). The Feynman

amplitude becomes in analogy with previous cases (Eq. 8.4)

2 27 27
x (=) I8 (2; 9, 1) 2T A, (€0 — w1 — 2) 2T A (w1 —wo +2)  (8.43)

dw; dwy dz . .
Msg(z) = / —1-== 1Sp(we; @, ®2) 1SF (w1; X2, 1)

integrated over the internal space coordinates and with the energy parameters
given in the figure. After integration over the omegas, this becomes

dz | . .
MSE(:c)/ﬁ 1Sp(Ea; @, @2) S (€0 — 2320, 1) (1) IS (2 @0, 21)  (8.44)

The matrix element of the evolution operator is
(r|Usg(t)]a) = e7 =) (rt| Mg (z) |ta) (8.45)
which we can express

e—it(sa—ar)

<T|USE(t)|a> = <r‘ — iZ‘(sa)|a> (8.46)

€a —Er

where X(g,) is the self-energy operator (Eq. 4.85)

(r1Z(ca)|a) = <7‘t‘/g—;iSF(sa _ z;mQ,ml)Ig(z;mg,xl)‘ta> (8.47)

Inserting the explicit expressions for the propagators, yields

cdk f%(/f)

—&r — (ck — i)y

(r|X(ea)la) rans = <Tt’ / €a

ta> (8.48)

consistent with the diagonal S-matrix (Eq. 4.89).

It should be noted that the self energy is diagonal in energy in the S-
matrix formulation, due to the energy conservation, while also non-diagonal
parts will appear in the covariant-evolution formulation. As we shall see, only
the diagonal part is divergent and has to be renormalized, as will be discussed
in Chapter 12.
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The Coulomb part of the self energy (Fig. 8.6 right) becomes in analogy
with the S-matrix result (Eq. 4.95)

1 e? 2Kk dkK sin kris
e -

€oT12 K

= % sgn(e;) <Tt‘VC’ta> (8.49)

with summation over positive- as well as negative-energy states.

General two-electron self energy

Fig. 8.7 General two-electron self energy with incoming and outgoing electron propaga-
tors.

We consider now a general self-energy operator (transverse part) in analogy
with the general single-photon exchange in section 8.1, illustrated in Fig. 8.7.
(The Coulomb part can be treated similarly.) The kernel is now

ISF(JJ, 1}2) i SF(J)Q, 3;‘1) (—i)[%(afg, .131) iSF(J?l, l‘o) iSF(l‘/, 1‘6) e—’Y(\t1|+\t2|)
(8.50)
and the Feynman amplitude

dwl dw2 dwg dw4 dz .

/. / _ R - .
MSE(w7w 7w07w0) - //// 27'(' 271' 27T 271' 27‘( ISF(W3,(B,$2)

X 1Sp(wa; o, 1) 1Sp (w1 21, o) 1Sk (wo; &, ) (—1) IS (2; Xo, 1)

X 2m Ay (w1 — 2 — wq) 2m Ay (wa + 2 — w3) 2T AL (€ — w1 — wa) (8.51)

After integrations over ws, w3, wy this becomes

dwy d
MSE(QI,.’B/,ZC(),.’B()) = / % ﬁ iSF(wl;:B7.’1}2) iSF((.dl — 2;332,.’131)

X (1) IS (z; o, 1) 1Sy (wi; 1, o) 1S (€ — wis ', ) (8.52)
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as before, leaving out the internal integrations. Integration over z now yields

Mg = (—i)? / ¢dr 1§ (k)

times the propagator expressions

1 { 1 1 }
Er —Ep — (—1Y)y lwy —&r +17r w1 — &y — (e — i)y

and

! [ ! + ! ] (8.53)
g—€t—€u wl—at—H% E—w1—5u+i’yu '

The integration over wy yields another factor of —i, and this leads in analogy
with Eq. (8.10) to

i
= . 4
<7“u’/\/lsg(5)|tu> S— ——_ <ru‘VSE(5) ‘tu> rjp— (8.54)
where Vgg(€) is the potential
tor
_ C ¥
(rs|Vsp(€)|tu) = <rs‘ /cdme(n)[:I: E—
TyUL tiv:‘: VU4 ‘
+ t 8.55
E—¢e.—cy € —&y,xck 5—%—5@:1:05} u> ( )

If all states are particle states, we find that the bracket above becomes

1 1 _ Er —Ey — CK
E—er—ecy E—cu—cy—ch (E—&r —eu)(€—&y—6Ey—CK)

and the Feynman amplitude
i 1

8.56
(E—cer—eu)(—eu—ey—cr)E —cr—ey ( )

in agreement with the evaluation rules for time-ordered diagrams, derived in
Appendix 1.

Next, we consider some specific cases with virtual holes, and, as before,
we apply the potential to a Coulomb interaction.

hole out (r) (remaining ones particle states)

The Feynman amplitude (Eq. 8.54) becomes
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i 1 1

Ep—€y—Chleg—e, E—cy—€y—cklE —g— gy

195

(8.57)

This corresponds to the two time-ordered diagrams in the marginal.

hole in (t)

The Feynman amplitude becomes

i 1 1 1
[— + -
Ep — Eyp — CK et —er E—€,—€y Et—Ey—CK
" 1
E—¢cr—¢ey

which can also be expressed as

75—571—151,—01@‘}

(8.58)

(8.59)

) -1 1
u ! (er —et)(er — €y — CK) + (E—er—en)(€—eu—ey —cn)}
- 1

XS—Et—su

After some additional algebra this can be shown to be identical to

- —i 1

General vertex correction

zo

+
U (et —ep—cR)(E—ep —ey) LE—ey—ey —ck & — &

corresponding to the time-ordered diagrams in the marginal.

(8.60)

Fig. 8.8 General vertex correction with incoming and outgoing electron propagators.

The general vertex correction (transverse part), illustrated in Fig. 8.8,

leads to
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MVX((E 1,‘ 330,120 // dwl dwl o ISF((UQ,,Z‘ iL‘Q) 15}5‘(0.)3 — Z; :122,233)

or 2w
X 1Sp (€ —ws; @ ,:c4)(—1)IT(z;w2,:c1) (=) Ve(xg, x3) 1Sk (w1 — 25 @3, 1)
X iSF(wl;ml,mo) ISF(S 7&)1;.’134,586) (861)

More explicitly, the electron propagators become

1 1 1 1
N — ]
g_gr_gsw?)_fw_z_lr}/w o-}3_57‘""1’7% 5_"‘13_55_'_1’75

times

1 1 1 1
[ |
wi —er+iy € —wp —ey+ivy

} (8.62)

E—egr—cuwr —&y — 2 — 1Y

If the energies of the orbitals v and w have the same sign, then the integration
over z leads to

Mys = —i / cdr fS (k)

times

1 1 { 1 + 1 }
E—cer—eswy—eyp— (ch— 1Y)y lws — &, + 17, € — w3 —eg+ 17,

and

1 1 { 1 1

E—cr—eywi —ey— (ck —17)y } (8.63)

—+ -
wy —er+iy E€—wy —ey+ivy
and to the Feynman amplitude, in analogy with Eq. (8.54),

(rs|Myx(&)|tu) = i <’/’S‘va(€) ‘tu> ETL&L (8.64)

E—¢e,— &g
where Vi« (€) is the potential

<T$|va(5)|tu> = <ws|Vc|vu><Tv’ /Cdﬁch(li)

y [:I: LW S+ W4 ][:I: t+vg 4 VU4 }|wt>
)

Er —EwExck & —cy—ew FcCk €t —Epytck & —ey—€y Fek
(8.65

If the orbitals v and w are of different kind (particle or hole), the evaluation
becomes more complicated. This case is expected to be less important.

If all states are particle states, we find that the brackets above become

1 1
E—ecs—€ey—Cck E—¢cy —€y —CR
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in agreement with the evaluation rules for time-ordered diagrams. If r is a
hole state and the others particle states, we have instead

1 1 1
_sr—ew—cn—i_é’—es—sw—m} xE—z—:u—ev—cn
E—¢e,— &4 1

_(ET—Ew—Cﬁ)(g—ES—Ew—CH) XE—Eu—av—cm

This leads to the denominators of the Feynman amplitude (Eq. 8.64)

1
- (er —€w —ck)(E —€s — e —cR)(E — ey —€p — k) (E — &4 — €4)

and corresponds to the time-ordered diagram

Vertex correction with further Coulomb iterations

The Coulomb interactions of the vertex correction can be iterated before the
photon interaction is closed, in the same way as for the retarded photon with
crossed Coulomb, treated above, leading to diagrams of the type shown in
Fig. 8.9 Assuming that the intermediate states v,w, as well as the states

Fig. 8.9 Vertex correction with double Coulomb interactions.
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between the Coulomb interactions are particle states, the corresponding ana-
lytical expression is obtained from Eq. (8.64) by replacing the matrix element
(ws|Vo|vu) by

|zy) (zy]
E—ep—ey—

(ws|Ve Velvu)
cK

General two-body potential

We can now form a general ”two-body QED potential” by adding the contri-
butions derived above,

VOED = Vo + Ve + Vi + Wk (8.66)

where Vi, as before, represents the combined Coulomb and transverse-
photon exchange (Eq. 8.2). This is illustrated in Fig. 8.10. Here, particle
as well as holes are allowed in and out.

Fig. 8.10 Feynman diagram representing the ” QED potential”, VQED in Eq. (8.66). The
first diagram on the rhs includes the Coulomb potential.

8.3 Unification of the MBPT and QED procedures.
Connection to Bethe-Salpeter equation

We shall now see how the general QED potentials, derived above by means
of the field-theoretical Green’s operator, can be combined with the standard
MBPT procedure, leading to a unified MBPT-QED procedure. The procedure
is valid for an arbitrary (quasi-degenerate) model space and equivalent to
an extension of the standard Bethe-Salpeter equation, referred to as
the Bethe-Salpeter-Bloch equation, briefly mentioned in section 6.9 and
further discussed in the next chapter (see also ref. [125]). The procedure is
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also applicable to systems with more than two electrons, as will be briefly
discussed at the end of the present chapter.

MBPT-QED procedure

The general potentials derived above—with possible hole states on the in- and
outgoing lines—cannot be used iteratively in the way discussed in Chapter
6. Therefore, it cannot be used directly in a Bloch equation, like that in
Eq. (6.106). For that purpose we shall insert one extra Coulomb interaction,
when holes are present, leading to the replacements

VQED - yQED L yQED mo (Vo +- Ve T (E)VEP 4- Ve I'g (E)VEP T (6) Ve

(8.67)
illustrated in Fig. 8.11. This potential has only particle states (positive energy)
in and out, and can therefore be used iteratively in a Bloch equation.

When we have a single negative-energy state in the output, we can have a
vanishing denominator of the final resolvent, which leads to a singularity of
the Brown-Ravenhall type [36]. As demonstrated, though, at the beginning of
the present chapter, such singularities cancel when combined with the general
potential. But then it is of vital importance that the potential and resolvent
appear in " matching pairs’. This will always be the case when the modified
potential (Eq. 8.67) is applied.

Fig. 8.11 Illustration of the modified potential (Eq. 8.67), which can be iterated. It has
only positive-energy states in and out and is free from the Brown-Ravenhall effect.

Inserting the modified potential (Eq. 8.67) into the Bloch equation (Eq. 6.106),
leads to

QED QED HQED | 0" QED QED
0 =14+19V (9} + 5 Vi (8.68)

where VPP = pyQED (% )0QED P is the corresponding effective interac-
tion (Eq. 6.139). In the last folded term only the last interaction, with the
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corresponding resolvent is differentiated (see Eq. 6.105). The modified poten-
tial (Eq. 8.67) is here regarded as a single unit. This equation is illustrated
graphically by the Dyson-type of equation in Fig. 8.12. The iterative expan-
sion of the equation is displayed in Fig. 8.13. Solving the equation iteratively
is equivalent to solving the corresponding version of the Bethe-Salpeter-Bloch
equation (see Egs 6.140 and 9.30).

Fig. 8.12 Graphical representation of the single-photon Bloch equation (Eq. 8.68). The
last diagram represents the ”folded” term, i.e., the last term of the equation. This equation
can be compared with the Bethe-Salpeter equation in Fig. 9.4, valid only in the single-
reference case, where there is no folded contribution. The order-by-order expansion of this
equation is illustrated in Fig. 8.13.

+ -+ -+ folded

Fig. 8.13 Graphical representation of the order-by-order expansion of the Bloch equation
in Fig. 8.12.

The potential discussed above represents the dominating part of the QED
effects. In order to get further, also irreducible combinations of transverse
interactions should be included (see Fig. 6.6). Formally, we can express the
corresponding Bloch equation

*QQED
L YaEp (8.69)

QP = 14 TQVEP QD 4 ——— V),

where VRFD is the QED potential, based upon the generalized multi-photon

potential, used previously (Fig. 6.6), and VC%ED is the corresponding effective

interaction (Eq. 6.139). This corresponds to the full Bethe-Salpeter-Bloch
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equation (without singles). For the time being, though, it does not seem
feasible to go beyond a single transverse photon. However, the two-photon
exchange can be approximated by including one retarded and one instanta-
neous transverse (Breit) interaction.

The potential (Eq. 8.67) can also be combined with standard pair functions
without virtual pairs (Fig. 2.6). This leads to the Bloch equation

§* QQED
+———V9Fp (8.70)

QD = (4 [V IEP QP e Ve

illustrated in Fig. 8.14 (and analogously in the generalized case). This implies
that the Coulomb interaction is iterated to much higher order than the trans-
verse interaction. But since the Coulomb interaction normally dominated
heavily over the transverse interaction, this procedure usually represents a
much faster way of generating a perturbative scheme than that represented
by Eq. (8.68) and Fig. 8.12.

Fig. 8.14 Graphical representation of the Bloch equation (Eq. 8.70), where a standard
pair function (£21) is combined with a QED potential.

In the next section we shall describe how the QED potential (Eq. 8.67)
can be used in a coupled-cluster expansion, in analogy with the standard
procedure of MBPT, described in section 2.5. Then also single-particle effects
can be included in a systematic way, and the procedure would, in principle,
be fully equivalent to the complete Bethe-Salpeter-Bloch equation
with singles, applicable also to open-shell systems. This approach will
also make it possible to apply the procedure to more than two electrons.

In the next chapter we shall analyze the Bethe-Salpeter and the Bethe-
Salpeter-Bloch equations further. In Chapter 10 we shall discuss how the
iterative procedure discussed here with a single transverse photon can be
implemented and give some in numerical illustrations. The renormalization
procedure will be discussed in Chapter 12.
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8.4 Coupled-cluster-QED expansion

With the interactions derived above we can construct an effective QED-
Coupled-Cluster procedure in analogy with that employed in standard MBPT,
described in section 2.5 (see ref. [127]). Considering the singles-and-doubles
approximation (Eq. 2.105)

S=5+5 (871)

the MBPT/CC equations are illustrated in Fig. 2.8. In order to obtain the
corresponding equations with the covariant potential (Eq. 6.6), we make the
replacements illustrated in Fig. 8.15, which leads to the equations, illustrated
in Fig. 8.16.

FH HH

Fig. 8.15 Replacements to be made in the CC equations in Fig. 2.8 in order to generate
the corresponding CC-QED equations (c.f. Figs 6.4 and 6.5). The wavy line in the second
row represents the modified potential (Eq. 8.67) with only particle states in and out.

The CC-QED procedure can also be applied to systems with more than two
electrons. For instance, if we consider the simple approximation (Eq. 2.101)

1
Q:1+SQ+§{S§}

then we will have in addition to the pair function also the coupled-cluster
term, illustrated in Fig. 8.17 (left). Here, one or both of the pair functions
can be replaced by the QED pair function in Fig. 8.12 (right) in order to insert
QED effects on this level. In addition, of course, single-particle clusters can
be included, as in the two-particle case discussed above (Fig. 8.15).

We can summarize the results obtained here in the following
way:
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Sli

L —
Wo IW1 H Wo

Fig. 8.16 Diagrammatic representation of the QED-coupled-cluster equations for the op-
erators S1 and S2. The second diagram in the second row and the diagrams in the fourth
row are examples of coupled-cluster diagrams. The last diagram in the second row and the
three diagrams in the last row represent folded terms (c.f. the corresponding standard CC
equations in Fig. 2.8.)

e When all one- and two-particle effects are included, the MBPT-
QED procedure is fully compatible with the two-particle Bethe-
Salpeter(-Bloch) equation—including singles.

e The advantage of the MBPT-QED procedure is—thanks to the
complete compatibility with the standard MBPT procedure—that
the QED potentials need to be included only in cases where the
effect is expected to be sufficiently important.
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pixBinizlialy

1
Fig. 8.17 Diagrammatic representing of the QED-coupled-cluster term 755 with stan-

dard pair functions (left) and one and two inserted QED pair function, defined in Fig. 8.12,
(right).

The procedure described here is based on the use of the Coulomb
gauge (Eq. 6.41), and therefore not strictly covariant. As men-
tioned, however, in practice it is equivalent to a fully covariant
procedure, and, furthermore, it seems to be the only feasible way
for the time being to treat effects beyond two-photon exchange in
a systematic fashion.



Chapter 9
The Bethe-Salpeter equation

In this chapter we shall discuss the Bethe-Salpeter equation and its relation
to the procedure we have developed so far. We shall start by summarizing
the original derivations of the equation by Bethe and Salpeter and by Gell-
Mann and Low, which represented the first rigorous covariant treatments
of the bound-state problem. We shall demonstrate that this field-theoretical
treatment is completely compatible with the presentation made here. The
treatments of Bethe and Salpeter and of Gell-Mann and Low concern the
single-reference situation, while our procedure is more general. We shall later
in this chapter extend the Bethe-Salpeter equation to the multi-reference case,
which will lead to what we refer to as the Bethe-Salpeter-Bloch equation in
analogy with corresponding equation in MBPT.

9.1 The original derivations by the Bethe-Salpeter
equation

The original derivations of the Bethe-Salpeter equation by Salpeter and
Bethe [201] and by Gell-Mann and Low [69] were based upon procedures de-
veloped in the late 1940’s for the relativistic treatment of the scattering of two
or more particles by Feynman [64, 63], Schwinger [210, 209], Tomanaga [228]
and others, and we shall here summarize their derivations.

205
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Fig. 9.1 Examples of Feynman graphs representing scattering amplitudes in Eqs (Eq. 9.1)
and (Eq. 9.2) of the Salpeter-Bethe paper [201]. The first diagram is irreducible, while the
second is reducible, since it can be separated into two allowed diagrams by a horizontal
cut.

Derivation by Salpeter and Bethe

Salpeter and Bethe [201] start their derivation from the Feynman formalism
of the scattering problem [64, 63], illustrated in terms of Feynman graphs.
A Feynman diagram represents in Feynman’s terminology the ” amplitude
function” or ”kernel” for the scattering process, which in the case of two-
particle scattering, denoted K (3,4;1,2), is the probability amplitude for one
particle propagating from one space-time point z; to another x3 and the other
particle from space-time x5 to x4. For the process involving one irreducible
graph G i.e., a graph that cannot be separated into two simpler graphs,
as illustrated in Fig. 9.1 (left part), the kernel is given by (in Feynman’s
notations)

K™ (3,4;1,2) ////d75 drs K4a(3,5)K44(4,6)

x G (5,6;7,8) Ko q(7T,1)K44(8,2) (9.1)

where K., K, represent free-particle propagators (positive-energy part).
For a process involving two irreducible graphs, the kernel illustrated in the
right part of the figure becomes

KMm™)(3,4:1,2) //// drs -+ drg Ky o(3,5)K 14(4,6)
x G (5,6;7,8) K(™(7,8;1,2) (9.2)

This leads to the sequence illustrated in Fig. 9.2, where G* represents the
sum of all irreducible two-particle self-energy graphs. From this Salpeter and
Bethe arrived at an integral equation for the total kernel
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3e 94 ® [ [
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K(3,4;1,2) e = + e+ + .
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Fig. 9.2 Graphical representation of the expansion of the Feynman kernel in terms of
irreducible graphs.

K(3,4:1,2) = K ya(3, DK 1p(4,2) —i/// drs - drs K yo(3,5)K (4, 6)
x G*(5,6;7,8) K(7,8:1,2) (9.3)

This is the equation for the two-particle Greens function (Eq. 5.80) in the
form of a Dyson equation, in our notations written as

G(x, s x0, ) = Go(x, 25 T, ) + /// d*zyd*zydt s dtal

X Go(x, {E/; T2, £C’2) (71)2*(1'% x/2; Ty, xll) G(xlv xll; Zo, 1'6) (94)

and depicted in Fig. 9.3 (see also Fig. 5.8). Note that the two-particle ker-
nel K in the terminology of Feynman and Salpeter-Bethe corresponds to our
Green’s function G, and the irreducible interaction G* corresponds to our
proper self-energy X*. The proper (or irreducible) self energy is identical
to the irreducible two-particle potential in Fig. 6.6. Furthermore, the elec-
tron propagators are in the Feynman-Salpeter-Bethe treatment free-particle
propagators. Note that the intermediate lines in Fig. 9.3 represent a Green’s
function, where the singularities are eliminated.

T @ ®
x e ® x @ ®
/
2 x
I - 2 / !/
P SESS55: QRN CRIE YRR Y)
1 T
1
/. ! J—
Glar, @m0, 7p) pm— — — + )
G(z1,21; %0, ()
/ !
To @ ® o ® ®

o x)

Fig. 9.3 Graphical representation of the integral equation (Eq. 9.3) for the Feynman
kernel of Salpeter and Bethe—identical to the Dyson equation for the two-particle Green’s
function (Fig. 5.8).
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Salpeter and Bethe then argued that a similar equation could be set up
for the bound-state wave function. Since the free lines of the diagrams in the
Feynman formulation represent free particles, they concluded that the first
(inhomogeneous) term on the r.h.s. could not contribute, as the bound-state
wave function cannot contain any free-particle component. This leads in their
notations to the homogeneous equation

(3,4) /// drs - d7s Kva(3,5)K1y(4,6) G*(5,6:7,8) ¥(7,8) | (9.5)

This is the famous Bethe-Salpeter equation. In the Furry picture we use
here, where the basis single-electron states are generated in an external (nu-
clear) potential, the inhomogeneous term does survive, and the equation be-
comes in our notations

VU(z,z') = P(x, ) /// d*zd*aedta)da)

X Go(x, 2’5 wa, %) (—1) X (w2, 2y 21, 7)) ¥ (w1, 27) (9.6)

This is the inhomogeneous Bethe-Salpeter equation we shall use, and it is
graphically depicted in Fig. 9.4.

Derivation by Gell-Mann and Low

The derivation of Gell-Mann and Low [69] starts from the ”Feynman two-
body kernel”, used in the definition of the Green’s function (Eq. 5.20) (in
their slightly modified notations),

K (21,2233, 24) = (Wo| T[n (1) n (w2)1h]; (z4) ]y (23)] | %o ) (9.7)

T is the time-ordering operator (Eq. 2.27) and vy, 1&;& are the particle-field
operators in the Heisenberg representation. ¥ is the vacuum (ground state)
of the interacting system in the Heisenberg picture, |Og).

In an Appendix of the same paper Gell-Mann and Low derive a relation
between the interacting (¥y) and the non-interacting ($p) vacuum states
(both in the interaction picture)

U(O, —OO)QSO
(@o|U (0, —00)|®o)

CWO = (98)

which is the famous Gell-Mann—Low theorem (Eq. 3.29), discussed previ-
ously. Here, ¢ is a normalization constant (equal to unity in the intermediate
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normalization that we use). This can be eliminated by considering

(@o]U (00, —00)|®0)

1= WOMO) = 0T (o0, 0)[0) @0 ]U (0, —50)10)

(9.9)

Inserting the expression (Eq. 9.8) into the kernel (Eq. 9.7), utilizing the re-
lation (Eq. 9.9), yields

(®o|U (00, 0)T [thyr (1) (w2) oy (24) 9l (23)]U (0, —00)| o)
(Do|U (00, —00)|Po)

K(x1,29;23,24) =

(9.10)
which is equivalent to the field-theoretical definition of the Green’s function
G(z1,x2; 73, 24) in Eq. (5.20).

9 [ ]
T z’ T x’ T z’
2 !
I 2
I 2*(x2x"xlx’)
I » 2 y ]
— + o
|
4 [
v

Fig. 9.4 Graphical representation of the inhomogeneous Bethe-Salpeter equation
(Eq. 9.6). X* represents the proper self energy, which contains all irreducible interaction
graphs and is identical to the irreducible two-particle potential in Fig. 6.6. This equation
can be compared with that represented in Fig. 8.12, valid also in the multi-reference case.

Gell-Mann and Low then conclude that expanding the expression above
in a perturbation series leads to the two-body kernel of Feynman in terms
of Feynman diagrams, as we have performed in Chapter 5. This is identical
to the expansion given by Salpeter and Bethe, and hence leads also to the
integral equation (Eq. 9.3). Gell-Mann and Low then use the same arguments
as Salpeter and Bethe to set up the Bethe-Salpeter equation (Eq. 9.5) for the
wave function. In addition, they argue that single-particle self-energy parts
can easily be included by modifying the single-particle propagators.

The derivation of Gell-Mann and Low, which starts from the field-theoretical
definition of the Green’s function, has a firm field-theoretical basis. This is
true, in principle, also of the derivation of Salpeter and Bethe, which is based
upon Feynman diagrams for scattering of field-theoretical origin.

In the next subsection we shall see how the Bethe-Salpeter equation can
be motivated from the graphical form of the Dyson equation in Fig. 9.3.
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Analysis of the derivations of the Bethe-Salpeter
equation

z T
x x’ x x! T 2
|
Go
/ G !
o ;po j o xo j
0 x! 0 x!
0 @ 0 v
] ]

Fig. 9.5 Graphical illustration of the Eqgs. 9.11 and 9.12.

We can understand the Bethe-Salpeter equation graphically, if we let the
Dyson equation in Fig. 9.3 act on the zeroth-order state, ®(zg,x(), which
we represent by two vertical lines without interaction. (The treatment can
easily be extended to the situation, where the model function is a linear
combination of straight products.) From the relation (Eq. 6.7) we see that
the electron propagator acting on an electron-field operator (with space in-
tegration) shifts the coordinates of the operator. Therefore, acting with the
zeroth-order Green’s function on the model function, shifts the coordinates
of the function according to

P(z,2') = //d3$0 3zl Go(z, 2’5 w0, ) D0, 24) (9.11)

This is illustrated in Fig. 9.5 (left) and corresponds to the first diagram on
the rhs of Fig. 9.4. Similarly, operating with the full Green’s function in Fig.
9.5 on the model function leads to

W(m,x’):/ dPxo APz Gz, 2 20, ) D0, 7)) (9.12)

illustrated in Fig. 9.5 (right). Then the entire equation (Eq. 9.6), illustrated
in Fig. 9.4, is reproduced.

The equation (Eq. 9.12) is consistent with the definition of the classical
Green’s function (Eq. 5.1), which propagates a wave function from one space-
time point to another—in our case from one pair of space-time point to
another. This equation can also be expressed as an operator equation

(1, 8)) = (1,5 to, 1) ¥ (to, 1) | (9.13)

where G is the Green’s operator, introduced in section 6.6. The coordinate
representation of this equation



9.2 Quasi- and effective-potential approximations. Single-reference case 211
(, @' [W(t,1)) = (z,2'|G(t,1'; to, o) [To, 1) (o, T |¥ (o, o)) (9.14)

is identical to Eq. (9.12).
This implies that

e the Green’s function is the coordinate representation of the
Green’s operator and that

e the four-times Green’s operator represents the time propagation
of the two-particle Bethe-Salpeter state vector.

In the equal-time approximation this is consistent with our previous result
(Eq. 6.50) and with our conjecture (Eq. 6.29).

It is of interest to compare the Bethe-Salpeter equation (Eq. 9.6), depicted
in Fig. 9.4, with the Dyson equation for the combined QED-electron corre-
lation effects in Fig. 8.12. If in the latter more and more effects are included
in the QED potential, then the Coulomb interactions, represented by the
standard pair function, become insignificant. Then this equation is identical
to the Bethe-Salpeter equation. To solve the original BS equation iteratively,
however, is extremely tedious and often very slowly converging, due to the
dominating Coulomb interaction. As mentioned in the previous chapter, the
QED-correlation equation is expected to be a faster road to reach the same
goal. One- and two-photon exchange in the QED potential will very likely
yield extremely good results, while such effects in the BS equation will often
be quite insufficient (c.f. the discussion about the QED methods in Part II).

9.2 Quasi- and effective-potential approximations.
Single-reference case

In the equal-time approximation, where we equalize the times of the two
particles in the Bethe-Salpeter equation (Eq. 9.6), we can make a Fourier
transformation of it with a single energy parameter as in the treatment of
the single-particle Green’s function in section 5.2. The @ part, falling outside
the model space, then leads to

QU(E) = QGo(E) (—)Z"(E)¥(E) (9.15)
leaving out the space coordinates and integrations.
Replacing the zeroth-order Green’s function with the resolvent (Eq. 5.43)

i

Go(E) = E—H,

(9.16)
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we obtain

Q(E — Hy) W(E) = QE*(E) ¥(E) (9.17)

If we identify the proper self energy with the generalized potential (Eq. 8.11)
V(E)=X*(E) (9.18)
the equation above leads together with the relation (Eq. 6.125)
P(H — Hy)2W(E) = PV(E)¥(E) (9.19)

to

e the effective-potential form of the Bethe-Salpeter equation

|(E — Ho)|w) = V(E)|)| (9.20)

frequently used in various applications. This equation was also derived above,
using the Green’s operator only (Eq. 6.126).

The equation (Eq. 9.20) can also be expressed

V) = [¥o) + V(E)|¥) (9.21)

E — H,
where ¥ is the model state ¥y = PY. This is equivalent to the Lippmann-
Schwinger equation [130], frequently used in scattering theory. Formally,
the equation (Eq. 9.20) can also be expressed in the form of the time-
independent Schrodinger equation

HY = FEV (9.22)
where H is the energy-dependent Hamiltonian

H(E) = Hy + V(E) (9.23)

The equation (Eq. 9.20) operates entirely in the restricted Hilbert space
with constant number of photons. This can be related to the equivalent equa-
tion (Eq. 6.32), derived by means of the Gell-Mann—Low theorem, which op-
erates in the photonic Fock space. We can then regard the equation above as
the projection of the Fock-space equation onto the restricted space.
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9.3 Bethe-Salpeter-Bloch equation. Multi-reference case
We can extend the treatment above to the general multi-reference case. From
the expression Eq. (6.117), using the fact that the Green’s operator at time

t = 0 is identical to the wave operator (Eq. 6.52), we have in the single-
reference case (one-dimensional) model space

) = 210) = [1+ T(E) V(E) + () V(E)TQ(E) V(E) + -] &) (9.24)

where |%) is the model state, |¥y) = P|¥), and

is the reduced resolvent Eq. (2.65).
Operating on Eq. (9.24) from the left with Q(E — Hy) now yields
Q(E — Ho)[¥) = QV(E)|¥) (9.25)

which is identical to the equation (Eq. 9.17) with the identification (Eq. 9.18).

For a general multi-dimensional (quasi-degenerate) model space we have
similarly

Q(E™ — Ho)|7™) = QV(E*)[¥?) (9.26)
and
P(E® — Hy)|¥®) = PV(EY)|P*) (9.27)
This leads to
(B = Ho)[¥*) = V(E)|[P*) (9-28)
or in operator form
(Hiy — Ho)2P = V(H) 2P (9.29)

using the notations introduced in section 6.9. But
H3QP = QHgP = 2H)P + Ve P

which yields the commutator relation

[2,Hy|P = V(H3)2P — 2PV P (9.30)

where according to Eq. (6.139) VegP = PV(H};){2P. Here, the energy para-
meter of V(H ) is given by the model-space state to the far right, while the
energy parameter of {2 of the folded term depends on the intermediate model-
space state (see footnote in section 6.6). This equation is valid in the general
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multi-reference (quasi-degenerate) situation and represents an exten-
sion of the effective-potential form (Eq. 9.20) of the Bethe-Salpeter equation.
Due to its close resemblance with the standard Bloch equation of MBPT
(Eq. 2.56), we refer to it as the Bethe-Salpeter-Bloch equation. This is
equivalent to the generalized Bethe-Salpeter equation, derived in Chapter 6
(Eq. 6.140).

In analogy with the MBPT treatment in section (Eq. 2.5), we can separate
the BS-Bloch equation into

[017 HO]P = (V( :H)QP - QPVeH(Hg)P)]inked 1

[2,, Ho| P = (V( * QP — vacﬁ(Hg)P)lb o (9.31)
ete. It should be noted that the potential operator V(H;) is an operator or
matrix where each element is an operator/matrix. In the first iteration we set

H.g = Hy and in the next iteration He.g = H0+Ve(é) etc. Continued iterations
correspond to the sum term in the expression (Eq. 6.96), representing the
model-space contributions. The two-particle BS-Bloch equation above is an
extension of the ordinary pair equation, discussed in section 2.5 (Fig. 2.6).

The Bethe-Salpeter-Bloch equation leads to a perturbation expansion of
Rayleigh-Schrédinger or linked-diagram type, analogous to the that of stan-
dard MBPT expansions. It differs from the standard Bloch equation by the
fact that the Coulomb interaction is replaced by all irreducible multi-photon
interactions.

Solving the BS-Bloch equation (Eq. 9.30) is NOT equivalent to solving the
single-state equation for a number of states. The Bloch equation (Eq. 9.30)
leads to a Rayleigh/Schrédinger /linked-diagram expansion with folded terms
that is size extensive. The single-state equation (Eq. 9.20), on the other hand,
leads to a Brillouin-Wigner expansion (se footnote in section 2.4), that is not
size extensive.

Due to the very complicate form of the potential of the Bethe-Salpeter-
Bloch equation, it is very difficult to handle this equation in its full extent.
In the previous chapters we have considered a simpler way of achieving es-
sentially the same goal.

9.4 Problems with the Bethe-Salpeter equation

There are several fundamental problems with the Bethe-Salpeter equation
and with relativistic quantum mechanics in general, as briefly mentioned in
the Introduction. Dyson says in his 1953 paper [59] that this is a subject ” full
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of obscurities and unsolved problems”. The question concerns the relation
between the three-dimensional and the four-dimensional wave functions. In
standard quantum mechanics the three-dimensional wave function describes
the system at a particular time, while the four-dimensional two-particle wave
function describes the probability amplitude for finding particle one at a
certain position at a certain time and particle two at another position at
another time etc. The latter view is that of the Bethe-Salpeter equation, and
Dyson establishes a connection between the two views. The main problem is
here the individual times associated with the particles involved, the physical
meaning of which is not completely understood. This problem was further
analyzed by Wick [235] and Cutkoski [48] and others. The relative time of
the particles leads to a number of anomalous or spurious states—states which
do not have non-relativistic counterparts. This problem was analyzed in detail
in 1965 by Nakanishi [165], and the situation was summarized in 1997 in a
comprehensive paper by Namyslowski [166].

The Bethe-Salpeter equation was originally set up for the bound-state
problem involving nucleons, such as the ground state of the deuteron. The
equation has lately been extensively used for scattering problems in quantum
chromodynamics, quark-quark/antiquark scattering. The equation has also
been used for a long time in high-accuracy works on simple atomic systems,
such as positronium, muonium, hydrogen and heliumlike ions. The problems
with the BS equation, associated with the relative time, are most pronounced
at strong coupling and assumed to be negligible in atomic physics, due to the
very weak coupling. One important question is, of course, whether this is true
also in the very high accuracy that is achieved in recent time.

To attack the BS equation directly is very complicated, and for that reason
various approximations and alternative schemes have been developed. The
most obvious approximation is to eliminate the relative time of the particles,
the equal-time approximation or external-potential approach. The first appli-
cation of this technique seems to be have been made in the thesis of Sucher
in the late 1950’s [219, 221] for the evaluation of the leading QED correc-
tions to the energy levels of the helium atom. This work has been extended
by Douglas and Kroll [55] and by Drake, Zhang and coworkers [247, 244],
as will be further discussed in the Chapter 11. Another early application of
an effective-potential approach was that of Grotch and Yennie [78] to ob-
tain high-order effects of the nuclear recoil on the energy levels of atomic
hydrogen. They derived an ” effective potential” from scattering theory and
applied that in a Schrodinger-like equation. A similar approach was applied
to strongly interacting nucleons in the same year by Gross [76], assuming
one of the particles was "on the mass shell”. Related techniques have been
applied to bound-state QED problems among others by Caswell and Lep-
age [39] and by Bodwin, Yennie and Gregorio [29]. A more formal derivation
of a ”quasi- potential” method for scattering as well as bound-state problems
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was made by Todorov [226], starting from the Lippmann-Schwinger scatter-
ing theory [130].

Several attempts have been made to correct for the equal-time approxima-
tion. Sazdjian [202, 203] has converted the BSE into two equations, one for the
relative time and one eigenvalue equation of Schrédinger type. Connell [44]
has developed a series of approximations, which ultimately are claimed to
lead to the exact BSE. The approaches were primarily intended for strong
interactions, but Connell tested the method on QED problems.



Chapter 10

Implementation of the MBPT-QED
procedure with numerical results

In this chapter we shall see how the combined covariant-evolution-QED ap-
proach developed in the previous chapters can be implemented numerically. In
principle, this is equivalent to solving the complete Bethe-Salpeter equation
perturbatively, but in practice, of course, approximations have to be made.
We shall consistently work in the Coulomb gauge.'

We shall restrict ourselves here to the exchange of a single transverse
photon together with a number of Coulomb interactions. We shall first apply
the procedure in the no-pair case, and later a different procedure in the
presence of virtual pairs will be applied. We work in the photonic Fock space
and initially we shall derive some relations for that space.

10.1 The Fock-space Bloch equation

We have seen earlier that with the perturbation (Eq. 6.35)

H(z) = H(t,x) = =T () eca” A, () () (10.1)

the wave function partly lies in an extended photonic Fock space, where the
number of photons is no longer constant. According to the Gell-Mann-Low
theorem we have a Schrédinger-like equation (Eq. 6.32) in that space

(Ho + Vi) |&®) = B*[0®) (10.2)

where Vr is the perturbation (Eq. 6.36) with the Coulomb and the trans-
verse parts, Vg = Vo + vr. We shall demonstrate below that, for single-

I This chapter is mainly based upon the refs [126, 85] and, in particular, on the thesis of
Daniel Hedendahl [83].
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photon exchange, this leads to a perturbation that is time-independent in
the Schrédinger picture, which is a requirement for the GML theorem. Fur-
thermore, in working in the extended space with uncontracted perturbations
it is necessary to include in the model Hamiltonian (Hp) also the energy
operator of the photon field (Eq. 6.38)

Hy = Ho + cral (k) a;(k) (10.3)

where k = |k|.

The wave operator is, as before, given by the Green’s operator at t = 0
(Eq. 6.52), which may now contain uncontracted photon terms

%) = 25 (10.4)
[@&) = P|P*) is the corresponding model state, which lies entirely within
the restricted space with no uncontracted photons.

From the GML equation (Eq. 10.2) it can be shown in the same way as
for the restricted space that the standard Bloch equation (Eq. 2.56) is still
valid also in the extended space

(2, Ho| P = (Va2 — Vi) P (10.5)

The effective interaction is here given by Veg = PVpQ2P (Eq. 6.61). The
equation is formally the same as in the standard MBPT (Eq. 2.56), but the
operators involved now have somewhat different interpretation.

The expressions for single transverse-photon exchange are given by Eq. (8.11).
In the Coulomb gauge these expressions involve the functions f%, given by
Eq. (4.60)

2 . .
Cly_ € [ ' sin(kri2) _ - sin(kr12) 10.6
FER) = o - @2 T — (s W) (g - V) TR (10)
By means of the expansion theorem
SlnI{le > 1 l
20+ 1) c'(1)-C'(2), 10.7
2 Y@l Dikr)i(er) €11 - C), (107)

=0

where j;(xr) are radial Bessel functions and C' vector spherical harmon-
ics [118], we can express the function f& as a sum of products of single-
electron operators [126, App.A]

Z {VG wry) » V& (krg) + VE (k) - VE (ki) (10.8)
1=0
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where

e

2m\/€o

. e K
Valwr) = o7V i+ 1

+ V120 = 1) ji—1 (1) {aC' 1Y

Vi (k1) = k(20 + 1) ji(kr) aC! (10.9a)

(I +1)(20 + 3) jig1 (k) {aC Y

(10.9b)

In Eq. (10.6) the first term represents the Gaunt interaction and the second
term the scalar retardation, which together form the Breit interaction (see
Appendix F.2). Each term in the expansion—which are all time independent
in the Schrodinger picture—will together with the Coulomb interaction (Vo =
€2 /4mryo) form the (time-independent) perturbation

Ve =V + V(l;(m") + ‘/slr(lﬂ") (10.10)

10.2 Single-photon potential in Coulomb gauge. No
virtual pairs

We consider first the case where no virtual pairs are present. Inserting the
perturbation (Eq. 10.10) into the Bloch equation (Eq. 10.5), yields

[(2,Ho|P = (Vo + V') QP - 2 Vg (10.11)

where we use V! as a short-hand notation for the Gaunt and scalar-retardation
parts in Eq. (10.10). We consider first a number of instantaneous Coulomb
interaction, forming a standard pair function (Eq. 2.97), including also the
zeroth order,

O Ps = [1 + FQ(€)IPair} Pe (10.12)

This includes also the folds and is represented by the first diagram in Fig.
10.1. Then we can perturb this by one of the V! terms, representing part of
the transverse Breit interaction, leading to the equation

(2", Ho| Pe = V' Pe — ' P/ I7*" P (10.13)
or

(€ = ho(1) = ho(2) — ) [24) = V' Q1ap) — [2eq) {cd| I |ab)  (10.14)
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(€,E&" are here the energies of the unperturbed states |ab) and |cd), respec-
tively). This equation has the solution

Vl

’QIab>
— €y — CK

(ru|2L,) = <ru‘g o
~(r e
(E—er—ey—cr)(E —er —€y —

CK) ‘Qlcd><0d|jpair|ab> (10.15)

where (2,, represents a pair function (Eq. 10.12) starting from the state
|pg). Here, the first term is represented by the second diagrams in the figure
10.1 and the last term by the third "folded” diagram. The double bar in-
dicates here the double denominator, which yields the first-order derivative
(difference ratio) of the potential.

TA A s
A
- A s A
" u = Au ’/J“PJ‘
b U
H{J /J‘PJVF t A
t u t u
ch £ 2d t cd £ 2 d
CL* *b a* *b a & A p as b as ’ W)
& & & & &

Fig. 10.1 Expansion of the Bloch equation (Eq. 10.11) in the Fock space, no virtual pairs,
leading to single-photon exchange, including folded diagrams.

By adding a second perturbation V!, we can complete the single-photon
exchange between the electrons, which corresponds to solving the pair equa-
tion

(€ = ho(1) — ho(2)) RpPe = V! Q' Pe — 25, Pe/ T"" P (10.16)
This yields

(rs|V'ru) (rul V! Q1qp)
(E—er—e5)(€ —er — ey — CR)
(rs|V'ru) (rul V! Q1eq) Pai
_ d I alr b
(€ —er—es)(€—er—ey —CcrR)E — €, — ey — CK) {ed] [ab)
(T5|Qsp|cd><cd|lpair|ab>

- 10.1
E—¢e,— &g (10.17)

(rs|f2splab) =

This is illustrated by the last two diagrams of Fig. 10.1 (except for the final
folded contribution).
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Summing over k and [, including the Gaunt as well as the scalar-retardation
parts and considering photon emission from both electrons, we see that the
result is in agreement with the Bloch equation (Eq. 8.68) to first order

e )
.Qsppg = FQ(g)‘/;p'QIPé‘ + % Pg/IPaerS
SV, ) _
= FQ(S)‘/SPQIPS + FQ((S) 6£p Pg/IPa]r_Pg — FQ(E)FQ(E:I)‘/S]) PSIIPaerS

(10.18)

with (the first part of) the potential (Eq. 6.16),

(rs|Vep (Bo) ) = (7| / cdr ()
0
1 1
10.1

" Eo—er—eu—ck Eo*étfss—cn‘tu> (10.19)

(The second part of the potential is generated by emitting a photon from the
second electron.)

We see that

e the energy dependence of the potential is generated by an energy
denominator and the energy derivative (difference ratio) by a
folded contribution (double denominator), when operating in the
extended space (Eq. 10.15).

After the first interaction V{ it is possible to add one or more Coulomb
interactions, before closing the photon, corresponding to the first diagram
in Fig. 10.2. This can be achieved by another iteration of the pair equation
(Eq. 10.14)

(€ = ho(1) — ho(2) — ck) 2'Pe = Vo 2! Pe — ' Pe/ I7T Pe (10.20)
A A
r S u/ )| )
)

u 174»
t ) A

a b
5 A y \

Fig. 10.2 Crossing Coulomb interactions before closing the retarded interaction (left).
Continuing the process leads to the single transverse-photon exchange combined with high-
order electron correlation, including crossing Coulomb interactions (right).



222 10 Implementation of the MBPT-QED procedure with numerical results

Instead of closing the uncontracted perturbation on the other electron, it
can be closed on the same electron as the emission occurred from. This leads
to a self-energy interaction, represented by the first diagram in Fig. 10.3.
This is a radiative effect (see section 2.6), which is infinite and has to be
renormalized, as discussed in Chapter 12.

A second perturbation V! can also be applied without contracting the
first one, leading to diagrams indicated by he second and third diagrams in
Fig. 10.3. Closing these photons, lead to irreducible two-photon interactions,
discussed in section 8.2.

T A

A U

a 5 b a+ 5 A D a+ g +b

Fig. 10.3 Second-order contribution to the wave operator in the extended Fock space.

10.3 Single-photon exchange. Virtual pairs

Tllustration

The iterative procedure of the previous section works well in the no-pair situ-
ation, when the repeated single-photon exchange leads to reducible diagrams
of ladder type, which means that they can in time-ordered form be separated
into legitimate diagrams by horizontal cuts.

In the presence of virtual pairs we have to use a different procedure. As we
have seen above (section 8.3), we have to combine the general potential with
Coulomb interactions (Eq. 8.67) in order to be able to treat the potential
in an iterative process. This will at the same time eliminate the so-called
Brown-Ravenhall effect of vanishing energy denominators.

This potential (Eq. 8.67) can be used directly in the Bloch equation
(Eq. 8.68). In principle, we can use the corresponding full potential with
QED effects Eq. (8.67), but for simplicity we shall consider only the pure
single-photon part.
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We use pair functions (Eq. 10.12) as input, and perturbing this with the
potential (Eq. 8.67), leads in next order to

§(IgV D)

2P = (erQEDQI + =

7} PIPaif)P (10.21)
For the evaluation we use, as before, the expansion (Eq. 10.8)

(rs|£5 (k) |tu) = jij s|VE(kra)|u) - (r[VE (1) [2)

+ <8|V;lr(m“2)|U> (r|Va(kr)[t)] (10.22)

S
NVW\N‘/SP
L{Sp{tA VP %u

----9 Vo

‘Qlab
a A W)

As an illustration we consider the second term in Fig. 8.11 (shown above),
when there is a single hole (¢) (c.f. Eq. 8.13). Then Eq. (10.21) becomes

d(I'Us
25, P = (Tallp 21 + % o PIPr) P (10.23)
where Us, = Vip I oV represents the transverse photon (Vg,) with a Coulomb
interaction. Here, only the first and the third terms of the potential Vi,
(Eq. 8.11) are relevant, yielding for the first term

rese) 1 (s [Vi ug) (ry [VIE-) n (54| V' us) (r [V']E-)
E—¢e, — ¢4 €t — Ep — CK E—¢e,—cy—Ck
(t_uy|Ve|Q1a)

-_ 10.24
x E—¢c—¢ey ( )

where again V! represent the Gaunt and the scalar-retardation potentials for
the two electrons.

In order to evaluate the expression above, we first perform an additional
iteration of the pair equation (Eq. 10.12)

(€ = ho(1) = ho(2))|2%) = Vel Q) — Lo Vel Qrea) (cd| P |ab) (1025

yielding a new pair function with a single hole output. The solution can be
expressed in analogy with Eq. (10.15)
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(t_uy [Vo|f1gp)

£y _
ot 0] = E—cer—ey

(t_uy |Vo|1eq) air
a (g — &t — Eu)(gl — & — gu) <Cd|IP |a’b> (1026)

The first part of the solution, illustrated in Fig. 10.4 (a), represents the last
factor in the expression (Eq. 10.24). The second folded part will be used later
in constructing the complete folded contribution.

-

2 VA ¥ b of
(a) (b) (c) (d)
Fig. 10.4 (a-c): Generating a pair function with a hole output (Eq. 10.25), combined with

a single-particle perturbation V7, and closed with a perturbation V5. The last diagram
contains a crossing Coulomb interaction, as discussed at the end of the section.

In evaluating the first term within the square brackets of Eq. (10.24) we
first multiply the pair function (Eq. 10.26) without folded contribution by

(V)
Et — Epr — CKR
yielding
<’I’ " |Ql >: _<r+|vll|t—><t—u+‘9(i> _ <T+|Vvll|t*> <t7u+|VC‘QIab>
o ab €t — Er — CK gt —Er—Ch E —€1— &y

and represented by the diagram (b) in Fig. 10.4. Then we close the photon by
multiplying with (s, |V#|uy) and including the final denominator, yielding

(seViuy) (rylViEo) (tug|Vo|fia)
E—¢,—€s61—€,—Cck E—¢€;— &y

(rysy|f2plab) = — (10.27)

which agrees with the corresponding part of Eq. (10.24) (Fig. 104 ¢).

The second term in the brackets of Eq. (10.24) is evaluated in a similar
way with a different denominator.

The folded contribution is in lowest order from Eq. (10.21)

5(FQUSP)
o6&

I(IQVsploVe)

|Qlcd> <Cd|IPair|ab> = 5

|210q) (cd|I7*"|ab) (10.28)
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Here,

§(IQVeplgVe) _ 6Ig
o0& Y

d(IVe)

oVs
VSpFQVc JrFQipFQVC +FQVSpT

: (10.29)

The difference ratio §(IoVc)/6€ is obtained from the folded part of
Eq. (10.26) (V¢ is energy independent). Similarly, the difference ratio of the
relevant part of Vg, is obtained by including an extra factor

1
E' —¢e, —gy —CK

Finally, the difference ratio of I'g is

8T, 1

o0& (& —er —e5)(€ —ep —5)

It should be noted that the last term in Eq. (10.29) is combined with the
pair function (Eq. 10.26) with folded contribution, while the other terms are
combined with that function without that contribution. This is important in
order to avoid the singularities of Brown-Ravenhall type, mentioned above.

Full treatment

We shall now generalize the treatment above and consider all 16 combinations
of the single-photon exchange (Eq. 8.11) (see Fig. 8.3) essentially in one single
step.

To begin with we leave out the folded contribution. Then the expression
to evaluate is

(r[VI]t) (V! |u) (tul Ve | 21ap)

E—¢e,— &g
tiT tisi ULT+ u+Ss
x [j: ¥ + + T }
cg—ertek E—e—esFew E—c,—eyFCek Ey—¢Estcek

(10.30)

If we in this expression make the substitution tr < us, we get an identical
result but with a and b interchanged. Therefore, we can replace the expression
above by the much simpler expression
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Fig. 10.5 Representation of the pair function in Eq. (10.25) iterated one extra time and
separated into four blocks, depending on the signs of the outgoing orbital energies.

(r[VHE) (sIVu) (tul Vo |Rrap + 2roa) Lo tere ULT
E—¢e,— &g et —¢ertew £ —¢€p—ey FCK
(10.31)

The last expression can be evaluated in the following way. We first evaluate
the matrix element (tu|Vc|f2r,,) by iterating the pair equation (Eq. 10.25)
once, allowing negative-energy states as output. We can separate the solutions
into four block, depending on the signs of the outgoing orbital energies, as
illustrated in the matrix in Fig. 10.5.

Next, we evaluate the matrix elements (r|V1|t) for each value of k and [,
and separate them in a similar way, shown in Fig. 10.6.

We now multiply the matrices in Figs 10.6 and 10.5 (in that order), leading
to the matrix in Fig.10.7. Here, we include the two denominator terms in the
brackets of Eq. (10.31) and sum over all ¢, particle as well as hole states.

Finally, we multiply the result by (s|Va|u) and sum over s and [, corre-
sponding to closing the photon (c.f. Fig. 10.4 ¢), and apply the final denom-
inator in Eq. (10.31).

If the input orbitals a, b are different, the procedure is repeated with a < b.

The folded contribution in Eq. (10.21) is evaluated in a similar way (c.f.
Eq. 10.28).
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i

~+

Fig. 10.6 The matrix elements (r|Vi|t), separated in analogy with Fig. 10.5.

Fig. 10.7 Result of multiplying the matrices in Figs 10.6 and 10.5. The ¢ line represents
particle as well as hole states.

Higher orders

In most of the cases treated above it is possible also to insert Coulomb inter-
action before the photon interaction is completed, as discussed in the no-pair
case. This is the case when the orbitals u, r or ¢, s are of the same kind (par-
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ticle or hole), as indicated in Fig. 10.4 (d). This corresponds to including
another part of the potential in Eq. (8.66).

After the completion of the single-photon exchange, the iteration process
can be continued with further Coulomb interactions, leading to the com-
plete single-photon exchange with electron correlation, including
all combinations of particles and holes, as illustrated in Fig. 10.8.

Fig. 10.8 The Feynman diagrams representing a single transverse photon exchange com-
bined with high-order electron correlation (heavy horizontal line). The internal vertical
lines represent electron propagators with particle and holes. The numerical evaluation of
this diagram is given below.

10.4 Numerical results

Two-photon exchange

In Chapter 7 (Fig. 7.3) we showed the results of two-photon exchange for the
ground-state of heliumlike ions, calculated using the S-matrix formulation.
In Table 10.1 we compare these results with those obtained by Hedendahl
et al. [85, 83], in testing the new covariant method described in the present
chapter. The agreement, which is found to be very good, is also displayed
in Fig. 10.9, where the solid lines represent the old S-matrix results and the
squares the new covariant method. As before, the scale is logarithmic and
the norm is the non-relativistic ionization energy.



10.4 Numerical results 229

Table 10.1 Comparisons between two-photon effects for He-like ions ground
states, evaluated with the S-matrix and the Covariant-evolution-operator
methods (in p Hartree) (see Fig. 7.3).

Coul.-Breit|Coul.-Breit. Coul.Breit
7| Method NVPA Retard.|VP Uncrossed.
6[S-matrix|  -1054,2 31,4 10,1
6 CEO -1054,9 31,5 -10,0

10|S-matrix -2070,4 122,3 -45.9
10 CEO -2071,0 122,4 -45.9
14|S-matrix -5515 292.8 -121,5
14 CEO -5517 292.8 -121,2
18|S-matrix -8947 553,1 -247.3
18 CEO -8950 553,3 -248,2
30|S-matrix -23629 1909,2 -1008
30 CEO -23632 1909.9 -1010

'1 ,5 1 1 1 1
l 10 20 Z 30 40 JJ
20 it Cgulomb-prem 1\‘IVPA - ! (1,2

Coulomb-Breit retarded

L &

ulomb-Breit virt. pairs

-3,5

[ Two-photon exchange |

40 o4

Fig. 10.9 Comparison of some two-photon exchange contributions (Coulomb-Breit
NVPA, Coulomb-Breit retardation, and Coulomb-Breit virtual pairs, no correlation) for
the ground-state of some heliumlike ions obtained by S-matrix calculations (see Fig. 7.3)
(heavy lines) and by means of the covariant-evolution procedure (squares), described in
this chapter (see Table: 10.1, c.f.Fig. 7.3 in Chapter 7) (from refs [85, 83]).
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20 . - _ a2
D 10 20 Z 30 40 90
25 Coulomb-Breit NVP (ret. and unret.)
Coulomb-Breit retar
_*f' 3
3,0 | &
Coulomb-Breit virt. pairs

3,5 Do, y-retarded two-photon exchange

[Beyond two-photon exchange| 4
4.0 (8

S O I o R

5

Fig. 10.10 The effect of electron correlation beyond two-photon exchange—Coulomb-
Breit NVPA, Coulomb-Breit retardation with and without Coulomb crossings, and
Coulomb-Breit virtual pairs, all WITH electron correlation, for the ground-state of he-
liumlike ions (c.f. Fig.10.9) (from refs [85],[83]). For comparison the effect of pure retarded
two-photon exchange without additional correlation is also indicated.

Beyond two photons

Calculations have also been performed of the effect of electron correlation
beyond two-photon exchange for the ground-state of heliumlike by Hedendahl
et al. [84, 85, 83]. Some results are shown in Table 10.2 and also displayed
in Fig. 10.10. The top line of the figure, representing the Coulomb-Breit
interaction with correlation without virtual pairs, contains the instantaneous
as well as the retarded Breit interaction. The former part lies within the
no-virtual-pair approximation (NVPA) and is therefore NOT a QED effect
with the definition we have previously made. In order to obtain the pure
QED effect, the instantaneous part is subtracted, yielding the retarded part,
represented by the second line of the figure. The next line represents the same
effect with Coulomb crossings, and the bottom line represents the effect of
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Table 10.2 Contributions due to electron correlation beyond two-photon ex-
change for the ground state of some heliumlike ions. This can be compared
with the corresponding two-photon exchange in Table 10.1 (in pH).

Beyond two-photon Coul.-Breit
7 ||Unretarded|Retarded |Virt.pairs
6 137 -17 2.7
10 223 -40 7.3
14 301 -68 13
18 372 -100 21
30 553 -210 46
42 688 -322 71

electron correlation on the Coulomb-Breit interaction with virtual pairs and
no crossing Coulomb interactions. The corresponding Feynman diagrams are
shown at the bottom of the figure. This represents the first numerical bound-
state calculation beyond two-photon exchange.

In the figure we have for comparison also indicated the effect due to dou-
bly retarded two-photon interactions (thin black line), estimated from the
S-matrix results. This comparison demonstrates the important result that—
starting from single-photon exchange—for light and medium-heavy el-
ements the effect of electron correlation is much more important
than a second retarded photon interaction.

Outlook

The results presented here are incomplete and represent only the non-
radiative part of the QED effect in combination with electron correlation.
The corresponding radiative effects with a single transverse photon are also
possible to evaluate. Such calculations are under way by the Gothenburg
group. The effect due to double transverse photons is presently beyond reach,
but the effect can be estimated by replacing the second transverse photon by
an instantaneous Breit interaction.

The calculations performed so far with the procedure described here con-
cern the ground states of heliumlike ions [85]. By extended the calculations
to excited states, it will be possible to make detailed comparison with exper-
imental data. For instance, very accurate data exist for some heliumlike ions,
as shown in Tables 7.7 and 7.8. In some of these cases the experimental results
are at least two orders of magnitude more accurate than the best theoretical
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estimates made so far. Furthermore, it seems that standard procedures ap-
plied until now cannot be significantly improved in this respect, so—in order
to be able to make significant progress— there might be a need for a new,
improved procedure, like the MBPT-QED procedure presented here. Then,
it might be possible for the first time to observe the combined effect of QED
and electron correlation.



Chapter 11

Analytical treatment of the
Bethe-Salpeter equation

11.1 Helium fine structure

The leading contributions to the helium fine structure beyond the first-order
relativistic contribution (NVPA, see, section 2.6) were first derived in 1957
by Araki [5] and Sucher [219, 221], starting from the Bethe-Salpeter (BS)
equation [201] and including the non-relativistic as well as the relativistic mo-
mentum regions. Following the approach of Sucher, Douglas and Kroll [55]
have derived all terms of order a* H(artree)!, where no contributions in
the relativistic region were found. The same approach was later used by
Zhang [244, 249] to derive corrections of order a’loga H and of order o’
H in the non-relativistic region and recoil corrections to order a*m/M H
(see also ref. [246]). Later some additional effects of order a® H due to rela-
tivistic momenta were found by Zhang and Drake [248]. The radiative parts
are treated more rigorously by Zhang in a separate paper [245]. Using a
different approach, Pachucki and Sapirstein [172] have derived all contribu-
tions of order o® H and reported some disagreement with the early results of
Zhang [244].2

We shall here follow the approach of Sucher in his thesis [221]. This is
based directly on the BS equation, which makes it possible to identify the
contributions in terms of Feynman diagrams and therefore to compare them
with the results obtained in the previous chapters. This approach of Sucher
is closely followed by Douglas and Kroll [55] and by Zhang [244], and we shall
in our presentation make frequent references to the corresponding equations
of Sucher (S), Douglas and Kroll (DK), and Zhang (Z).

I H(artree) is the energy unit of the Hartree atomic unit system (see Appendix K.1). In
the relativistic unit system the energy unit is me? = o~ 2H.

2 The present paper is largely based upon the paper [116].

233
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11.2 The approach of Sucher

The treatment of Sucher starts from the Bethe-Salpeter equation (Eq. 9.5),
which in our notations (Eq. 9.6) reads, leaving out the inhomogeneous term
(S 1.1, DK 2.5),

(, :L' //// d*zd*zydiz /d4

X Go(z,2'; 29, 25) (1) X" (22, 25; 21, 21) ¥ (21, 7)) (11.1)

0 is the zeroth-order two-particle Green’s function, dressed with all kinds

of single-particle self energies. X* is identical to the irreducible potential V
(Fig. 6.6). The undressed zeroth-order Green’s function is, using the relation
(Eq. 5.38),

Go(z, 2’529, 245) = Go(z,22) Go(a', ) = iSp(z,22) 1Sk (2, z5)  (11.2)
and the corresponding dressed function is then
Gy(z, 2’539, 75) = Gz, 2) G(2', 24) = iSp(z, 22) 1Sk (2, 75) (11.3)

where G is the full single-particle Green’s function, generated in the field
of the nucleus (Furry representation) (see Fig. 5.1) and Sf the correspond-
ingly dressed electron propagator. The Green’s functions satisfy the relation
(Eq. 5.36) (S 1.5)

(I% - hl)G(x, o) = i0%(z — x0) (11.4)

which leads to (S 1.6), DK 2.19)

<88t h1)( 8815’ hg /// A4z diaeadis d4x’2

x 04 (x — a9) 6 (2! —332)2 (o, 2h; 1, 2) ¥ (21, 7))

= 1// d*zyd*a) DF(x, 2s w2 Oy, ) (11.5)

where h; o are the Dirac single-electron Hamiltonians for electron 1 and 2.

We assume that the wave function is of the form
U(z,2') =0(T, 7,2, ') = e FT U (1,2, ) (11.6)

where T = (¢t +t')/2 is the average time and 7 = ¢t — ¢’ is the relative time.
Then

U(z,2') = (E/2+ ii)W(x,x’)

8
5t or
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: n_ .0 /
1%!,?(1‘,3: )= (E/2 - 1E)W(x,x )

leading to (S 1.9, DK 2.23)

.0 .0 ,
(E/2 +1$ - hl) (E/2 —ig- - hg) U(r,z,a’)
:i/dn //d3:c1d3:c’1 X*(ryx, 'y, e, ) U(T, 20, ) (11.7)

leaving out the average time.

Sucher then transfers to the momentum representation, but we shall here
still work in the coordinate representation with a Fourier transform only of
the time variables.

We define the Fourier transform with respect to time

F(e) = /dT T F(7) (11.8)
and the inverse transformation

F(r) :/S—; e 7 F(e) (11.9)

Fourier transforming Eq. (11.7) with respect to 7, yields
(E/2 e hl) (E/Z . hg) U(e, 21, a))
= i/drl / dPxyddx) T (e, x, 2’1, 21, 2)) U (T, 21, 7)) (11.10)

Performing the Fourier transform of the rhs with respect to 7y, yields

/dﬁ // dey del e AT o7 S (¢ @ s €, @y, @) U ey, @y, )
// (;rl iel 2md(er +€1) X7 (e, ®, @' €)@y, ) Wer, @) (1111)
or (S 1.16)
(B2+e—m)(B/2—c—h) P(er,ah)

d
/ 1 //d3a:1d3 VX (e, x, s —€r, @y, ) Ve, y, 2))  (11.12)

Following Sucher, we express the relation (Eq. 11.10) in operator form
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Fw) =g|w) (11.13)
The operator F has the (diagonal) coordinate representation
(6,2, | Fle,x,x') = (E/2 e h1> (E/2 —e— h2> (11.14)
and the operator § has the (non-diagonal) representation
(e,x, ' |Gler, x1, x)) = i (e, @, x'| X% |er, 1, ) (11.15)
We expand the interaction into
9=3c+9a (11.16)

where g, represents the Columbic part of §

i
27 c

Je = (11.17)
and 1 is the Coulomb interaction with the (diagonal) coordinate representa-

tion
2

e
T, T I T, T B e— 11.18
(el Lde,a,a) = (11.18)

gJa represents the remaining part of §
GA =91 + grxc + 97xez + Grxr + 0+ § (11.19)

where gr represents a single transverse photon, grx. and gry .2 a transverse
photon with one and two crossing Coulomb interactions, respectively, grxr
with two irreducible transverse photons, and finally §*2d all radiative correc-
tions. This corresponds to the diagrams shown in Fig. 11.1

HHA G

Fig. 11.1 Diagrammatic representation of the approximation in (Eq. 11.19), used by
Sucher.

With the decomposition (Eq. 11.16) the relation Eq. (11.13) becomes (S
1.30, DK 3.6)

W) = (F —§a) " 4. 1¥) (11.20)
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with the coordinate representation
’ n(t_~ 1 I /A / /
<€’ €T, T ‘!p> = <67 T, T |('7:_gA) |€27 T2, ZL'2><62, T2, $2|gc‘617 L1, £L‘1><61, L1, gg1|y7>
(11.21)

or noting that the representation of g. is diagonal
(e,z,x'|W) = <e,w,a:'|(.7:' — gA)_l\el,wl,w'1>§c (€1, 21, T |¥) (11.22)
Sucher defines the equal-time wave function (S 1.32, DK 3.8)
b(x, ') = /deW(e,a:,a:’) (11.23)
or in operator form
) = [e) {el¥) (11.24)
which gives with Eq. (11.22)
(cx, @) = (ca,@|(F —ga) |wr2)) de (@ 2f|0)  (11.25)

Summing over € with the replacement (Eq. 11.17), this can be expressed (S
1.34)

) =i/;17€r (F—ga) ' L.|9) (11.26)

Using the identity (S 1.35, DK 3.11)
(A-B)'=A"'+A'B(A-B)™! (11.27)

the BSE (Eq. 11.26) becomes (DK 3.12)

@) =i [ LI+ P 0alF — 9a) )L 0) (11.28)

The inverse of the operator OF is

L 1 1
E/24€—hy E/2—¢—hy

(11.29)

which is a product of electron propagators in operator form (Eq. 4.14)
F 1 =Sp(E/2+4¢€) Sp(E/2—¢) (11.30)

In the coordinate representation (Eq. 4.12)
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Sp(w: @, @0) = (lg) Gleo)  _ {=j) <J|w9>A+ L {2la) Gleo) o
w—e¢;+insgn(e;) w—eg;+in w—g; —in

(11.31)

Integration over e then yields (S 1.44, DK 3.24)

E]:—l _ _i<x,x’|rs><rs|x0,x6>
2T E — Er —Es

(Apy —A_2) (11.32)
which is also the negative of the Fourier transform of the zeroth-order Green’s
function —Go(E;x, xg; ', x(), or in operator form

de - i
— Fl=—GyE)=——i—— (A — A__ 11.33
5 o(E) E—hl—hz( ++ ) ( )

Eq. (11.28) then becomes (S 1.47, DK 3.26)3

d
[hl +hy+ (Apy —A__ ).+ Di/ if*lgA(ff ga)’llc}gb =E¢
(11.34)

where

D=FE—h; —hs (11.35)
This is the starting point for the further analysis.

The operator on the lhs can be written in the form H. + H A, where
H.o=hy +ho+ A 4 1Ay (11.36)
is the Hamiltonian of the no-(virtual-) pair Dirac-Coulomb equation (Z 16)
H,W. = E., (11.37)

and

d
Hp= /1++Ic(1—A++)—A—7Ic+Di/ i Flga(F—ga) 'le = Har+Has

(11.38)
is the remaining "QED part” (S 2.3, DK 3.29, Z 17). The first part Ha;
represents virtual pairs due to the Coulomb interaction and the second part
effects of transverse photons (Breit interaction).

In order to include electron self energy and vacuum polarizations, the
electron propagators (Eq. 5.37) are replaced by propagators with self-energy
insertions X(e), properly renormalized (DK 2.10),

oy ) {r
(o) = €—er+ BX(e) +in, (11.39)

3 In the following we leave out the hat symbol on the operators.
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Also renormalized photon self energies have to be inserted into the photon
lines.

11.3 Perturbation expansion of the BS equation

The effect of the QED Hamiltonian (Eq. 11.38) can be expanded perturba-
tively, using the Brillouin-Wigner perturbation theory,

v
AE=FE—-E. =0 |V+VIV+VIVIV 4. |¥.) = <WC|W %)

(11.40)

where I" is the reduced resolvent (Eq. 2.65)

o _ Q _ 1-— |u7c><!pc‘ _ 1- |WC><¢C|
F=loB) ="y ="F-g - D (11.41)
with

D.=E—H, (11.42)

The unperturbed wave function is in our case one solution of the no-
pair Dirac-Coulomb equation (Eq. 11.37), ¥,, and we can assume that the
perturbation is expanded in other eigenfunctions of H.. @ is the projection
operator that excludes the state ¥, (assuming no degeneracy). This leads to
the expansion (S 2 19-21, DK 3.43, Z 28)

AEW = (W |HA|P,) (11.43a)
AE® = (W.|HATHa|P,) (11.43b)
AE®) = (W, |HATHATHA|P,) (11.43c)

etc.

Since A4 4|P.) = |¥.) and A__|¥.) = 0, it follows that (¥.|Ha1|¥.) = 0,
and the first-order correction becomes (DK 3.44)

. [ de _ _
AEW = (W,|H 5|0, = (lI/C|D1/%}" YIFLw,) (11.44)

and (DK 3.45) X )
J=ga(l=F "ga)” (11.45)

The second-order corrections are (DK 3.46) 4

4 Note that the two I in Eq. 11.46a are missing from ref. [55, Eq.3.46]. Eq. 11.46b agrees
with ref. [244, Eq.30] but not with ref. [55], where the factor I.£ 4 should be removed.
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AE® = (W, |Hpy T Hay|0,) = —(W|[A__ T A__L|,) (11.46a)

AE® = (0.|Hay I Has|¥,) = (@I A__ DI / —;16 FHIF )
™
(11.46b)

d
AE® — (W.|Hao T Ha|W,) = (0| Di 2—67-‘*1]]?*1[0FA__IC|LI70)(11.460)
™

AEY) = (W.|Hpy I H po| )

= <WC|D1/§—€F1J¢110FD1/Siffl.]ffllc\zm (11.46d)
iy e

These formulas can be simplified, noting that

Q

A__I'D=A__
E—-H,

(E — hq — ha) (11.47)
which, using the relation (Eq. 11.42), becomes (DK 3.41)

A__FD:A__(H—%) —A__ (11.48)

According to DK AEL(LQ), AEéz) and AE®) do not contribute to the fs in
order a (Hartree). This holds also in the next order according to Zhang, but
AE®) will contribute to the singlet energy in that order. In the relativistic
momentum region the second-order part AEL(E) contributes to the energy
already in order o® H and to the fine structure in order o® H [244, p.1256].

Using the relation (Eq. 11.42), we have E. — H. = D, — A4+ D A4, and
the no-pair equation (Eq. 11.37) can be written (DK 3.51)

(D, — A 1) W, =0 (11.49)

Then the second-order correction AEZEZ) (Eq. 11.46b) can be expressed
d
AE® = (LT/C|(IC—DC)1/i]—'_ljf‘l.uwc} (11.50)

This can be combined with the first-order correction AE™) (Eq. 11.44), yield-
ing
d
<WC|(IC+AE)1/§F*1J}‘*11’C\%> (11.51)

with
AE=F—-FE.=D-D, (11.52)
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Here, the AFE term differs in sign from (DK 3.54) and (Z 37).

The reason for the discrepancy between our result here and those of DK
and Z, seems to be that the latter make the replacement (DK 3.48)

o Sl + S2 _ —1
_7E—h1—h2_D (51+SQ)
(11.53)

which follows from Eq. (11.30), and then approximate D with D. in the
second-order expression.

Fl =518 = (S +8)(S;t + 5,17

11.4 Diagrammatic representation

To continue we make the expansion (DK 3.45, Z 32)
J=9a(1=F lga) "' =ga+9gaF lga+-- (11.54)

where the first term represents irreducible terms and the remaining ones are
reducible. Furthermore, we make the separation (DK 3.53, Z 12)

ga =gr + Ag (11.55)

where g represents the interaction of a single transverse photon and Ag the
irreducible multi-photon exchange of Eq. (11.19). The first-order expression
(Eq. 11.44) becomes

d
AEW = <ng|Di/ irl lgr + 91F tgr + Ag+ -+ | F L) (11.56)

and the leading terms are illustrated in Figs 11.2. The first term can be
expanded in no-pair and virtual-pair terms (a-c)

d
AEW = <U7c|Di/ 2*67:71ng71(/1++ T AL+ A+ A L|Y) (1157)
™

The second term in Eq. (11.56) represents in lowest order two reducible trans-
verse photons (d) and the third term irreducible (inclusive radiative) multi-
photon part, (e-h).

Similarly, the second-order expressions above become

AE® = — (W |IA__T A__I.|&,) (11.58a)

d
AEY = <wc|IcA__i/if*1 lg7 + 91F tgr + Ag + - | F L)
(11.58b)
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(2) (h)

Fig. 11.2 Diagrammatic representation of the first-order expression (Eq. 11.56).

d
AEP) = <Wc|i/ i}—_l l97 + 90 F 'gr + Ag+ - |F U A__L|W,)
(11.58c¢)

AEY) = <WC|D1/S—;f’l[gTer]f’lIcFDi/S—;}"l[gTer}f’lICWQ

(11.58d)
This is illustrated in Fig. 11.3. The first second-order contribution (Eq. 11.58a)
represents two Coulomb interactions with double pair (Fig. 11.3 a) and the
next contribution (Eq. 11.58b) in lowest order a transverse photon and a
Coulomb interaction with double pair (b). The third contribution represents
in lowest order one transverse photon and two Coulomb interactions with a
double pair (c). The last term represents two reducible transverse photons
with at least one Coulomb interaction (d).

(a) (b) (d)
Fig. 11.3 Diagrammatic representation of the second-order expressions (Eq. 11.58a)-
(Eq. 11.58d).
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11.5 Comparison with the numerical approach

In the previous chapter we have described an approach that is presently being
developed by the Gothenburg group of treating the Bethe-Salpeter equation
numerically. This is based upon the covariant-evolution approach and the
Green’s-operator technique, described previously, and to a large extent upon
the numerical techniques developed by the group and applied to numerous
atomic systems (see section 2.7). This new technique has the advantage over
the analytical approach that all relativistic effects are automatically included
in the procedure. This simplifies the handling appreciably, and it corresponds
to the treatment of the entire section 4 of Douglas and Kroll [55] or to section
VII in the paper of Zhang [244].

The numerical technique of solving the Bethe-Salpeter equation, described
in the previous chapter, is presently only partly developed, but the effect of
one transverse photon with arbitrary number of crossing Coulomb interac-
tions can presently be handled as well as virtual pairs. This corresponds to
most of the terms gr + grxc + grxez + -+ of the expansion in Eq. (11.19)
and to the numerous formulas of section 5 of Douglas-Kroll and of section IV
of Zhang.

Also part of the multi-photon effect can be treated numerically by iterating
reducible interactions with a single transverse photon, corresponding to the
operator grFgr in the formulas above with crossing Coulomb interactions.
These effects are treated in section 6 of Douglas and Kroll. The irreducible
interaction with several transverse photons cannot be teated at present with
the numerical technique, but this can be approximated with one retarded
and one or several unretarded photons (instantaneous Breit). Also radiative
effects can be handled with the same approximation.






Chapter 12

Regularization and renormalization

(See, for instance, Mandl and Shaw [136, Ch. 9] and Peskin and Schroeder [183,
Ch. 7].)

In previous chapters we have evaluated some radiative effects in the S-matrix
(Chapter 4) and covariant-evolution operator formulations (Chapter 8). In
the present chapter we shall discuss the important processes of renormaliza-
tion and regularization in some detail.

Many integrals appearing in QED are divergent, and these divergences
can be removed by replacing the bare electron mass and charge by the cor-
responding physical quantities. Since infinities are involved, this process of
renormalization is a delicate matter. In order to do this properly, the inte-
grals first have to be regularized, which implies that the integrals are modified
so that they become finite. This has to be done so that the process is gauge-
independent. After the renormalization, the regularization modification is
removed. Several regularization schemes have been developed, and we shall
consider some of them in this chapter. If the procedure is performed properly,
the way of regularization should have no effect on the final result.

12.1 The free-electron QED

The free-electron propagator
The wave functions for free electrons are given by Eq. (D.29) in Appendix D

) = - 73/2114 eip-m —iE,t
PR e

245
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where p is the momentum vector and p; represents positive-energy states

(r =1,2) and p_ negative-energy states (r = 3,4). E, = cpy = \/c?p? + m?ct.
The coordinate representation of the free-electron propagator (Eq. 4.10) then

becomes
<x1‘Sﬁ‘ee / ¢p’ $1) ¢p T(x2) e_iw(tl—t2) (122)
w — efree (1 —1n)
where 5free is the energy eigenvalue of the free-electron function (E, = |6£fee|).

The Fourler transform with respect to time then becomes

)
(@1|SFla) =) Op.r(x1) bp,r(22) =

w — gfree (1 —in)

B d3p 7 oip- (@1 —2)
_/W’Z:ur<p)ul(p)u;—egee(1—m)
3
— /(;1753{“+(p) ui(p)w—E‘pl(l—m) +u_(p) ui(p)m}eip(m@)

The square bracket above is the Fourier transform of the propagator, and
using the relations (D.35, D.36), this becomes !

1 1 1
Sfree _ 7|: :|
WP =3 oo a-wm tor B a -
+ca . p + Bmc? [ 1 B 1 }
o Lo By wtBp(—)
_wHca-p+pme® w+ ca - p + pmc?
- E2+in w? — (c?p? — m3c*) (1 —1in)
1
= 12.3
o (ca-pT pm) (1 i) (123)
with EZQ) = c?p¢ = ?p? + m?c* and a3 = —fBa. This can also be expressed
free 1
Sfree(w, p) = (12.4)

— hige(p) (1 — in)

where h'i°(p) is the momentum representation of the free-electron Dirac
Hamiltonian operator (Eq. D.21), hie¢(p).

Formally, we can write Eq. (12.3) in covariant four-component form with
w = cpo with epg disconnected from E, = \/c?p? + m?c*—known as off

1 In the following we shall for simplicity denote the electron physical mass by m instead
of me.
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the mass-shell. Then we have 2

1

free _ free —
S (p) = cSe (w0 p) = O

(12.5)

with p = 7,p” = Basp” = B(po — @+ p) = (po + @ - p) B (see Appendix D).
Note that the two transforms differ by a factor of ¢ (c.f. section 4.3, see also
Appendix K).

The free-electron self energy

PrAw

Fig. 12.1 Diagram representing the first-order free-electron self energy.

The S-matrix for the first-order free-electron self energy (Fig. 12.1) is ob-
tained from Eqs (4.84, 4.44) with the momentum functions (Eq. 12.1) after
time integrations

S(2)(w;p/,r/,p, *6 c / //d3 d?)w/u ) —ip’-2’

x a”iSfee(w — 22/, @) ot u, (p ®iDpuu(z, 2" — x) (12.6)

The relation between the momentum and coordinate representations are

d3 ol
Stree(y: ! &) = / (27:)13 Shree(y, q) v (@ —=) (12.7)
/ 4’k free ik-(z'—x)
Dyyu(z;2’, ) = (2 E DFW( k) e (12.8)

Integration over the space coordinates then yields

2 The factor of 3 appears here because we define the electron propagator (Eq. 4.9) by
means of ¥T instead of the more conventionally used ¢ = T 3.
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3 3
5(2)(w;p’,r’,p,7“)=6262/ d'q / &k Bp-—a-k)o*(p —aqa—k)

CRENRCTE
dz
<l (p) [ 5 VS - 2.k) o DS (k) e (p) (12,9

and integration over q
SO (w;p',r’, por) = 6°(p' = p)ul,(p) (-1) X" (w, p) ur(p)  (12.10)

where

) dz d3k
Efree(w’ p) _ 16262 / %/ (271_)3 al’Sgee(w -z, k) Ou“DFz/;L(Z, k)

In covariant notation we have, using z = cky,

d*k
free 222
E (p) =lec / (27_(_)4

which is the free-electron self energy function. With the expression (Eq. 12.5)
for the free-electron propagator this becomes expressed in terms of gamma
matrices

o’ SEee(p — k) a” Dy, (k) (12.11)

d*k p— K+ mc
free 2.2 v
BX(p) =ie®c / @) ~ =R —mi i YDy, (k)| (12.12)

or

ik, 1 .
(2m)4 7 P— }é—mc—kin’y

pxfree(p) = ie?c? / Dryu(k) (12.13)

With the commutation rules in Appendix (Eq. D.58) this becomes

d*k p— K —2mc
Gr)t = FP - e T

V'y* Dy, (k)| (12.14)

ﬂzfree(p) _ 7216262/

and with the photon propagator (Eq. 4.28) we have in the Feynman gauge

ﬁZfree (p)

i 2 4 _
:2166/ d*k p— K —2mc 1 (12.15)

€0 2m)* (p—k)2—m22 +in k2 + iy

(As mentioned above, the factor of § is due to our definition of the electron
propagator (c.f. Eq. 12.5)).
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The free-electron vertex correction

A° (q) o A° (qll)

pr

Fig. 12.2 Diagram representing the first-order free-electron vertex correction.

We consider first the single interaction with an external energy potential
(App. D.41) —ea, A° (Fig. 12.2 left). The S-matrix is given by

SO, w;p'r, pr,q) = iec/ B ul, (p') e 0, A7(x) uy(p) P (12.16)
or
SO w;p'r’,pr,q) = iccd®(p — p) ul (p) s A7 (P — P') ur(p) (12.17)

where A7(q) is the Fourier transform of A7 (x).

The vertex-modified free-electron self-energy diagram in Fig. 12.2 (right)
becomes similarly

d AW
SO (W wip'r', pr) = (ie)3c? / ﬁ // A3z, dPxy dixs ui, (p)e P ®
x o iske(w — 2, @' 2" a, A% (2") " iSEC(w — 2, 2" @) u,(p) 'P®

X 1Dpu(z, 2" — x) (12.18)

In analogy with Eq. (12.9) this becomes

d3q dsq/ d3q// d3k
B, Sl — 3.2 t /
S (‘U yWw;pr 7PT) ec / (271_)3 / (271_)3 / (27T)3 / (27T)3 Upr (p )

dz
><53(pfq*k)53(p/fq’*k)53(q*q’+q”)/%a” ree(w’ — 2,q')

xa, A%(q") ot ST (w — 2,q) u(P) Druw (2, k) (12.19)

and after integrations over q, q’, and q”

SO (W, w;p'r, pr) =ied®(p — p’) ui, (p') Ap (W' w;p’,p) A% (p — P ) ur(p)  (12.20)
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where

d3k
Ao (W', w;p’, p) = ie’c / / vSfree( — 2, p' — k)
X QpSE(w — z,p — k) @ Dy, (2, k:) (12.21)

is the vertex correction function. In covariant notations this becomes in anal-
ogy with Eq. (12.10)

d*k
A / — 2
a'(p 7p) 1e C/ (27T)4

In the Feynman gauge this becomes

a’SEe(p) — k) aoSE(p — k) o Dy (k) (12.22)

ie? d*k 1
A :_5/
(', p) €0 (2m)4 ry“ﬂ'— }é—mc-l—in,y
1 .1

12.23
X]ff}éfchrinfy k2 +1in ( )

Comparing with the self-energy function (Eq. 12.15), we find the Ward
identity (Eq. 4.100) [136, Eq. (9.60)]

0
Ocp®

X(p) = As(p,p) (12.24)

Obviously, this relation holds independently of the gauge.

12.2 Renormalization process

We shall here derive expressions for the mass and charge renormalization in
terms of counterterms that can be applied in evaluating the QED effects on
bound states. The process of regularization will be treated in the next section.

Mass renormalization

We consider now a bare electron with the mass mg. The corresponding free-
electron propagator (Eq. 12.5) is then

1

bare
Se o (w, p) =  P————— (12.25)
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with w = ¢py.

+

I
[ L)

+|:|+I:|+...:

- —-———---——————o

Fig. 12.3 Dyson equation for the dressed bare-mass electron propagator.

We now ”dress” the bare-electron propagator with all kinds of self-energy
insertions in the same way as for the bound-electron propagator in Fig. 5.7.
This corresponds to the S-matrix in operator form 3

_ . . ) iSr(w,
ISF(W7 p) + ISF(wv p)(—l)E(w, p) ISF(W’ p) to= 1-— E(WF(D) ;’)F)(w p)
(12.26)
which leads to
SFbarC’drCSSCd(w,p) — ﬂ 1 (1227)

]éC - 771002 - 5Egarc(w7 p) + 177

illustrated in Fig. 12.3. Here, the box represents the irreducible or proper
self-energy insertions, X},  (w,p), illustrated in Fig. 12.4. We shall in the

bare
following refer to this as the free-electron self energy, X% (w, p),

Dhare(w: P) = ¥ (w, p) (12.28)
To lowest order the free-electron self energy is in analogy with Eq. (4.85)

d
yiree(y p) = i/Qﬁsgf“e(w,p) I%%(y: p) (12.29)
Y[y

where I is the interaction (Eq. 4.44) in the momentum representation
with the electronic charge replaced by the bare charge, eq.

The bare-electron propagator itself is also associated with a bare-electron
charge (eg) at each vertex. The dressing of the electron propagator leads to a
modification of the electron mass as well as of the electron charge. One part
of the free-electron self energy is indistinguishable from the mass term in the
electron propagator and another part is indistinguishable from the electronic
charge, and these parts give rise to the mass renormalization and the charge

3 Note that X (w,p) has the dimension of energy and that the product X (w, p) Sg(w,p) is
dimensionless (see Appendix K).
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s [T] = :} +4:> . <> L

Fig. 12.4 Expansion of the proper self-energy operator for a bare electron.

renormalization, respectively. The modification of the electron charge is here
compensated by a corresponding modification of the vertex (to be discussed
below), so that there is no net effect on the electron charge in connection with
the electron self energy. On the other hand, there is a real modification of the
electron charge in connection with the modification of the photon propagator,
as we shall discuss later.

Instead of working with the bare-electron mass and charge with self-energy
insertions, we can use the physical mass and charge and introduce corre-
sponding counterterms (see, for instance, ref. [88, p.332]. The free-electron
propagator with the physical electron mass, m, is

1

SFfree(Wap) = ﬂm (12.30)

and it has its poles ”on the mass shell’, p = mc (see Appendix Eq. D.19).
The dressed propagator (Eq. 12.27) should have the same pole positions,
which leads with

m=mg + ém (12.31)

to

omc® = e (w, p)L/:mC (12.32)

This is the mass counterterm. We can now in the dressed operator (Eq. 12.27)
replace moc? by

m02 _ ﬂzfree(w’ p)L/:mc

which leads to

1
SFfree,ren (w7 p) = ﬂ . (1233)
pe—me? — BEIee(w, p) +in
where
T (w,p) = £ (w,p) — T (w.p)|,_, . (12.34)

This represents the mass-renormalization. Both the free-electron self en-
ergy and the mass counterterms are divergent, while the renormalized self
enerqgy is finite.
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Charge renormalization

Electron self energy

The pole values (residues) of the dressed bare electron propagator should also
be the same as for the physical propagator, including the associated electronic
charges. The physical propagator (Eq. 12.30) with the electronic charge

62

fr.
SR = e

has the pole value Be?/c. The dressed propagator (Eq. 12.27) with the bare
electron charge is

e? _3 ed
pc—moc2 — Bfree(w p)+in 7 pe—me? — B (w, p) +in

g

and its pole value at the pole ¥ = mc is

lim B e3(p — me) _ B ed
p—me cpc—me? — BT (w,p) +in  c1-— 5%/ Diree(w, P)L/:mc +1in

using I’Hospital’s rule. This gives us the relation

2
2 €0
e? = (12.35)
1= B, )],
or
0
2 2 free .
e’ =ej (1 + 6780;5 Yo (w, p) L/:mc ) (12.36)

Here, the second term, which is divergent, represents the first-order charge
renormalization.

It is convenient to express the free-electron self energy as
Xhee(y, p) = A+ B(fc — me?) + C(Bec — me?)? (12.37)
It then follows that the constant A is associated to the mass renormalization,

A = xfree(y, p)L/:mC = Bomc? (12.38)

and B with the charge renormalization,

_ a free
B= wz (w,p)L/:mc (12.39)
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From Eq. (12.36) it follows that for the charge renormalization due to the
dressing of the electron propagator becomes

e=e(l+B/2+---) (12.40)

The constant C' represents the renormalized free-electron self energy that
is finite.

Vertex correction

The modification of the vertex function shown in Fig. 12.2, can be represented
by

ieo [, (p,p') = iegay — ieoBAs(p, p') (12.41)
where eq is the ”bare” electron charge. The vertex correction is divergent and
can be separated into a divergent part and a renormalized, finite part

Ao (p,p') = Lag + AZ" (p,p') (12.42)

The divergent vertex part corresponds to a charge renormalization, in first
order being
e=e¢eo(l— (L) (12.43)

But this should be combined with the charge renormalization due to the
dressing of the electron propagators (Eq. 12.40), which yields

e=-eo(l — BL+ B) (12.44)

since there are two propagators associated with each vertex. Due to the Ward
identity (Eq. 12.24) it then follows that the charge renormalization due to the
electron self energy and the vertex correction exactly cancel. This holds also
in higher orders.

Photon self energy

1££ 2V+ 1 20 37 2V_|_

Fig. 12.5 Diagram representing the first-order vacuum polarization of the single photon
(first-order photon self energy).
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We first transform the first-order photon self energy (Eq. 4.108) to the
momentum representation, using

d*k —ik(z1—x3)
Dgy(x1,23) = @) e” T Dy (k)
d*k -
DFW(CE4,$2) — / (271-)4 o ik (M_M)DFVH(/{/)
d* .
Seteaan) = [ s €S
d4q —iq’ (za—x3) ’
Sk (x4, 13) = 2n) e T PaTT3) QR (q) (12.45)

The space integrations over x3 and xz3 gives rise to the delta functions
0k —q+¢q) and 0*(K' — q + ¢'), yielding with the bare electron charge
2
607

d4k , e
/ (27)3 ieg Dy (k) 137 (k) iegaly Dy, (k)
d4q

IS, (k) = / 2t Tr[ia Sk(q) i Sk(q — k)] (12.46)

The photon self energy represents a modification of the single-photon ex-
change, illustrated in Fig. 12.5,

ieg Dy, (k) = ie§ Dy, (k) +ie§ Do (k) 1197 (k) i€ Dpry (k) + - (12.47)

With the form (Eq. 4.28) of the photon propagator in the Feynman gauge
this becomes

_ieg Guv _ie% Guv _ie(% Guo . 7ot _ie% 9rv
. . — 17 (k — (12.48)
cep k% +1in ceop k2+1in  ceg k2 +1in ceo k2 +1in
From the Lorentz covariance it follows that the polarization tensor must have

the form
o7 (k) = —¢g°" A(k*) + k°k™ B(k?) (12.49)

and it can be shown that in this case only the second term can contribute [19,
p. 155], [136, p. 184]. This reduces the expression above to

—ied g N —ied g {1_ﬁ A(kQ)}
cep k2 +in cep k2 +in cep k2 +1in

502
— % Juw (12.50)
c€o k2 4+ (%)A(W) +in
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The expression above represents the modification of the photon propagator
due to the photon self energy. It is infinite and it can be interpreted as a
change of the electronic charge—or charge renormalization—in analogy
with the mass renormalization treated above.

The photon propagator has a pole at k? = 0, corresponding to the zero
photon mass (c.f. the free-electron propagator in Eq. 12.5), and the pole value
is proportional to the electron charge squared, ey2. If

A(K*=0)=0 (12.51)

then also the modified propagator has a pole at the same place with a pole
value proportional to

e (12.52)
* o T@= k=0

This cannot be distinguished from the bare charge and represents the physical
electron charge,

e

2 2

= ~ 1 —
S 7 (%) |

ceo dk2 |k2=0

iodégz )|k2:0} (12.53)

CeQ

which is the charge renormalization.

The polarization tensor may have a finite part that vanishes at k% = 0,
Ilien, which is the renormalized photon self energy. This is physically
observable.

Higher-order renormalization

The procedure described above for the first-order renormalization can be
extended to higher orders. A second-order procedure has been described by
Labzowsky and Mitrushenkov [110] and by Lindgren et al. [121], but we shall
not be concerned with that further here.

12.3 Bound-state renormalization. Cut-off procedures

Before applying the renormalization procedure, the divergent integrals have
to modified so that they become finite, which is the reqularization procedure.
Details of this process depends strongly on the gauge used. Essentially all
QED calculations performed so far have been carried out in the so-called
covariant gauges (see Appendix G), preferably the Feynman gauge. In the
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remaining sections of this chapter we shall review some of the procedures
used in that gauge, and also consider the question of regularization in the
Coulomb gauge.

Several regularization procedures have been developed, and the conceptu-
ally simplest ones are the cut-off procedures. The most well-known of these
procedure is that of Pauli-Willars and another is the so-called partial-wave
regularization. An more general and more sophisticated procedure is the di-
mensional regularization, which has definite advantages and is frequently used
today. We shall consider some of these processes in the following.

Mass renormalization

When we express the Dirac Hamiltonian (Eq. 2.108) with the physical mass
hip = coc- P+ Bmc® + Vext (12.54)

we have to include the mass counterterm (Eq. 12.32) in the perturbation
density (Eq. 6.35)

H(z) = —ectpt () a# A, () P(x) — dmc? () Bi(x) (12.55)
5 -4
t —
1 al

Fig. 12.6 Diagram representing the renormalization of the first-order self-energy of a
bound electron.

The bound-electron self-energy operator is given by Eq. (8.47)
bou dz : gbou
152 eala) = (rt] [ 15K ea = zi@a,@1) [(z5m0, 1) [ta) - (12.50)
™

and subtracting the corresponding mass-counterterm yields the renormalized
self-energy operator

(r| ZPo (e4)|a) = (r|ZP%(e,) — Bdmc?|a) (12.57)

ren
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illustrated in Fig. 12.6. Here, both terms contain singularities, which have to
be eliminated, which is the regularization process.

In the regularization process due to Pauli and Villars [177], [136, Eq.
(9.21)], the following replacement is made in the photon propagator

1 1 1
= _
E2+in k2= XN2+4+1in k2 — A2 +1ip

(12.58)

which cuts off the ultraviolet and possible infrared divergence.

Evaluation of the mass term

(See Mandl and Shaw [136, Sect. 10.2])
On the mass shell, p = me, the free-electron self energy (Eq. 12.15) be-
comes [136, Eq. 10.16]

/6 ree 3
CET(p) lyome = i

omc? = (12.59)

262/ d*k K +me 1
€0 (2m)* k2 —2pk +in k2 +in

In order to evaluate this integral, we apply the Pauli-Villars regularization
scheme, which we can express as

1 1 1 A2 dt
_ - T (12.60
Ry RN+ R+t /A (k? —t +in)? (12:60)

By means of the identity (Eq. J.4) in Appendix J with a = k% — ¢ and
b = k% — 2pk we can express the mass term

4ie? [ d*k (K + me)z
dme? = — dt 12.61
e = /A / B ooph(i o) —p (20

With the substitutions ¢ = —p(1 — z) and s = —tx the k integral becomes,
using the integral (Eq. J.8) and (Eq. J.9) and 4 = mc,

/ d*k (f+mo)z i mex(2 — x) (12.62)
(2m)4 [k2 +2qp + s> 3272 m2c2(1 — 2)2 + tw '
yielding
A2x +m2c2(1 —x)?
5 2—em/d 12.63
me 8m2¢p v "Nz m2c?(1 — x)? ( )

This is logarithmically divergent as A — oo with the leading term being
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2 1 2
5 €e°mc A T
= dz (2 — In—+In—- 12.64
dme 8?260\/(; x( x)[nm2+n(1_x)2] (12.64)

To evaluate the second part of the integral we need the following formulas

21 2
/dxlnx:ojln:c—z /dxxlnz:z 2111_% (12.65)
which leads to L
T 3

In all unit systems with # = 1 the factor 62/47T60 = ca, where « is the
fine-structure constant (see Appendix K), and the mass term (Eq. 12.59)
becomes

gm(A) ¢ = 30[27:62 (ln (A) + 1) (12.67)

Bethe’s nonrelativistic treatment

Bethe’s original non-relativistic treatment of the Lamb shift [16] is of great
historical interest, and it also gives some valuable insight into the physical
process. Therefore, we shall briefly summarize it here.

From the relation (Eq. 4.90) we have the bound-state self energy, using
the Feynman gauge (Eq. 4.55),

e2c > dk sin krqa
xPou(e, = t ta®
@l 5 o) = ~ e aala ) [ S ()
(12.68)

where 7192 = |1 — @2|. For small k values and positive intermediate states,
this reduces to

2 0 d
Ebou(cfa) — _4670()(“'”/0 EL (t|a“ (12.69)

a — &t — CKR

The scalar part of a,a* cancels in the renormalization, leaving only the
vector part to be considered,

ou e?c ° kdk
Eb (Ea) = 47T260a|t> '/(; m <t|a (1270)
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The corresponding operator for a free electron in the state p_ (see Fig. 2)
is ) -
e“c Kkdk
Efree(p )= ——ualq >/ — (g4 | (12.71)
o ar2eg T Sy €p, —Eq, — CK +
restricting the intermediate states to positive energies. In the momentum
representation this becomes

e?c *° kdk
<p’+|2free(P+)|p+> = m(l’ﬂahﬁ ‘/0 m (a4 lalpy)
(12.72)
But since « is diagonal with respect to the momentum, we must have q =
p = p’. Thus,

2 o)
0|0 py) = =0 gz | ylalp ) [ an (27

Obviously, this quantity is infinite. Inserting a set of complete states, this
becomes
o2

(X (py)|ps) = =6

e (palal) - (talp,) / @ (12.74)

The free-electron self-energy operator can then be expressed

2

Tee : € >
Zf (p+) = 753/713 M a|t> '/O dk <t|a (1275)

which should be subtracted from the bound-electron self-energy operator
(Eq. 12.70). We can assume the intermediate states {¢t} to be identical to
those in the bound case. This gives the renormalized self-energy opera-
tor ) -
e €a — &t
yhou (e ziat-/ dk —2—"— (t]a. 12.76
ren(a) 47T2€O |> 0 €a—5t—Cl€<| ( )
The expectation value of this operator in a bound state |a) yields the renor-
malized bound-electron self energy in this approximation, i.e., the correspond-
ing contribution to the physical Lamb shift,

2 — &

(a|ZEM(ea)| a) = 1 (12.77)

w20 12

° €
(o) - flala) [ e

0 Eq —Et — CK
This result is derived in a covariant Feynman gauge, where the quantized
radiation has transverse as well as longitudinal components. In the Coulomb
gauge only the former are quantized. Since all three vector components above
yield the same contribution, we will get the result in the Coulomb gauge
by multiplying by 2/3. Furthermore, in the non-relativistic limit we have
a — p/c, which leads to
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62

(0] 52 (=) @) = (plt) - (tpla) [ ax S 127

672c2eg 12 €t — CK

which is essentially the result of Bethe.

Numerically, Bethe obtained the value 1040 MHz for the shift in the first
excited state of the hydrogen atom, which is very close to the value 1000
MHz obtained experimentally by Lamb and Retherford. Later, the exper-
imental shift has been determined to be about 1057 MHz. Bethe’s results
was, of course, partly fortuitous, considering the approximations made. How-
ever, it was the first success performance of a renormalization procedure and
represented a breakthrough in the theory of QED.

We can note that the non-relativistic treatment leads to a linear diver-
gence of the self energy, while the relativistic treatment above gives only a
logarithmic divergence.

Brown-Langer-Schaefer regularization

a a
2

=t

1

a

Fig. 12.7 Expanding the bound-state self energy in free-electron states according to
Eq. (4.107)

+~ N

IS

The bound-state electron propagator can be expanded into a zero-potential
term, a one-potential term and a many-potential term

Sgou(waw27w1) = Sgee(wa:BQ;wl)
+/d3ac3 Stree(w, ay, x3) v(23) ST (w, T3, 21 )
—|—/d3w3d3a:4S§ee(w7w2,m4)v(w4)S]§°“(w,w4,w3)v(:cg)Sgee(w,wg,wl)
(12.79)

which leads to the expansion of the bound-electron self energy, as illustrated
in Fig. 12.7,
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bou dz free
(]2 c0)la) = (at| [ 5= SE(0 = @2, @1) I(z520,1)|ta)
d
+ <at‘ /d3w3 / ﬁ Sgee(sa — 2, T2, T3) v(w3)5§f€e(5a —zyx3, 1) (2 152,(121)‘t(1>

d

+ <at’/d3m3d3m4/2—z /d3w3d3w4 Stree(w, @y, x4) v(24) SPO (W, X4, T3) V(X3)
™

X Sgee(w,mg,ml)I(z;mg,ml)'ta> (12.80)

where I(z; a2, 1) represents the single-photon interaction (Eq. 4.45). We can
then express this as

(a]Z*"(2,)|a) = (a| S (c,)|a) — (alecA” AT (e,)la) + {a] Dupla) (12.81)

Here, the first term on the r h s is the average of the free-electron self energy
in the bound state |a), the second term a vertex correction (Eq. 4.98) with
v(x) = —eay A%, and the last term the ”many-potential” term.

We can now use the expansion (Eq. 12.37) of the free-electron self en-
ergy in Eq. (12.81), where the first term (A) will be eliminated by the mass-
counterterm in Eq. (12.57). We are then left with the average of the mass-
renormalized free-electron self energy Eq. (12.34), which is still charge diver-
gent. If we separate the vertex operator in a divergent and a renormalized
part according to Eq. (12.42), it follows from Eq. (12.44) that the charge-
divergent parts cancel, and we are left with three finite contributions, the
mass-renormalized free-electron self energy (Eq. 12.34), the many-potential
term (Eq. 12.79) and the finite part of the vertex correction (Eq. 12.42)

(r|Zn (ea)la) = (r| Ziesk (ea)la) — (rleA” 45°™ (ea)|a) + (r Zmpla)  (12.82)

This is the method of Brown, Langer, and Schaefer [34], introduced already
in 1959. It was first applied by Brown and Mayers [35] and later by Desidero
and Johnson [51], Cheng et al. [40, 41] and others. The problem in applying
this expression lies in the many-potential term, but Blundell and Snyder-
man [25] have devised a method of evaluating this terms numerically with
high accuracy (and the remaining terms analytically).

We can also express the renormalized, bound self energy (Eq. 12.57) as

iz (ea)la) = (20" a)la) = (1|2 (e0)|a) )

+ <<r|2free(€a)|a> - <r\55m62|a>) (12.83)

where the second term is the renormalized free-electron self energy (Eq. 12.34),
evaluated between bound states. This is illustrated in Fig. 12.8. The mass
term can be evaluated by expanding the bound states in momentum repre-
sentation
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Fig. 12.8 Illustration of the method of Brown, Langer and Schaefer.

(rlgome?la) = (rlp’, ') (B, 1| Z5 (e, )Ip ) (porla)  (12.84)
as illustrated in Fig, 12.9. The relation Eq. (12.83) can then be written
(r| 2 (ea)la) = (r| 2 (eq) = 57 (ea)|a)
+ <r|p’,r/><p',r'|2free(sa) — Zfree(sp)|p,r><p,r|a> (12.85)

where we note that the in the last term the energy parameter of the self-
energy operator is equal to the energy of the free particle.

l‘_)/7,,,,/
T A
X = <T|p/77‘,> s zk <p7T|a>
as 1
P,

Fig. 12.9 Expansion of the mass term in momentum space.

In this way the leading mass-divergence term is eliminated, while the parts
are still charge-divergent, but this divergence is cancelled between the parts.

The elimination of the mass-renormalization improves the numerical accu-
racy.

Peter Mohr has developed the method further and included also the one-
potential part of the expansion in the two parts, thereby eliminating also the

charge divergence. In this way very accurate self-energies have been evaluated
for hydrogenic systems [146, 148, 150].
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Partial-wave regularization

An alternative scheme for regularizing the electron self energy is known as the
partial-wave regularization (PWR), introduced independently by the Gothen-
burg and Oxford groups [122, 189).

Feynman gauge
Using the expansion (Eq. 10.7)

Sin £71 = 3"+ Vji(rr)i(mr2) C'(1) - CL(2) (12.86)
KRT12 =0

the expression (Eq. 4.90) for the bound-state self energy in the Feynman
gauge can be expressed

TPU(g,) = e i(Ql +1) /oo ere i 6B 5)CTE) - (il () O (12.87)

472¢ €q — &t — chsgn(ey)

1=0 0

with a summation over the intermediate bound state |t), Similarly, for the
free electron

2 [e%e] fe'e) . l . s 1
Efmc(w) - _ € Z(Ql + 1)/ crdr au.]l(’q’r)c |q7 5> <q7 $|Ol ]l(KT)C
4m2eg — 0 w —egq — crsgn(eq)

summed over free-electron states |q,r). Here, w is the free-running energy
parameter and &, represents the energy of the free-electron state |q,s). On

the mass shell, w = £, = \/c®>p? + m2c?*, this becomes
2 & [°] - Cl . JI Cl
Efree(gp) — 62 2(21 + 1)/ ckdr a#]l("ﬂn) |q7 S> <q7 s|a Jl("{r)
Ar?ey 0 €p — €q — CRsgN(Ey)

The PWR can be combined with the Brown-Langer-Schaefer method dis-
cussed above by expanding the remaining terms in Eq. (12.83) in a similar
way.

The free-electron self energy is diagonal with respect to the to the mo-
mentum p, when all partial waves are included, but this is NOT the case for
a truncated sum. Furthermore, it has non-diagonal elements with respect to
the spinor index r.

(12.88)

(12.89)
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Coulomb gauge

The partial-wave regularization has not yet been applied in the Coulomb
gauge, but in order to be able to include the self energy in a many-body
calculation this will be necessary.

In analogy with the Feynman-gauge result (Eq. 12.87), the transverse part
of the self energy in Coulomb gauge becomes

2 o0 o0
Ebou,trans(ga) - (2[ + 1)/ ckdk
4m2eq ; 0

" ajl(m“)C’l\t) . <t|ajl(m“)Cl — (- V)jl(m")Cl|t) (t|(cx - V)jl(KT)Cl/K)Q

12.90
€q — €t — chisgn(ey) ( )

using the expression (Eq. 4.92). The corresponding mass term becomes in
analogy with Eq. (12.89)

9 S 00
Zfree,trans(&_ ) — __c (2[ + 1)/ ckdk
p 47‘1’260 ; 0

X aji(kr)C'lq, s) - (q, s|laji(kr)C' = (- V)ji(kr)C'lq, s)(q, s|(a - V)jji(sr)C" /K>
€p — Eq,s — Chsgn(gy)

(12.91)

The Coulomb part in Coulomb gauge is obtained similarly from Eq. (4.93)

2
bou,Coul _ €
Y(ea) o sgn(et)
X Z(zz+1)/ 2k dk gy (k) CUt) + (t]ji(kr)C! (12.92)
0

~

=0

using the value —isgn(e;)/2 for the integral, and the corresponding mass
term

2
y " free,Coul _ €
() o se(e)
0 o)
x Z(Ql + 1)/ 2k dk ji (k1) Cla, s) - (q, sl (kr)Ct (12.93)
0

=0

The main advantage of the PWR is that the bound- and free-electron self
energies are calculated in exactly the same way, which improves the numer-
ical accuracy, compared to the standard procedure, where the mass term is
evaluated analytically (Eq. 12.67). Since all terms are here finite, no further
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regularization is needed. The maximum L value, L.y, is increased until suf-
ficient convergence is achieved. This scheme has been successfully applied in
a number of cases [122, 189].

It has been shown by Persson, Salomonson, and Sunnergren [180], that
the method of PWR gives the correct result in lowest order with an arbitrary
number of Coulomb interactions, while a correction term is needed when there
is more than one magnetic interaction. This is due to the double summation
over partial waves and photon momenta, which is not unique due to the
infinities involved. This problem might be remedied by combining this method
with dimensional regularization, as will be briefly discussed at the end of the
chapter.

12.4 Dimensional regularization in Feynman gauge *

The most versatile regularization procedure developed so far is the dimen-
stonal reqularization, which is nowadays frequently used in various branches
of field theory. In treating the number of dimensions (D) as a continuous
variable, it can be shown that the integrals of the radiative effects are sin-
gular only when D is an integer. Then by choosing the dimensionality to be
4 — ¢, where € is a small, positive quantity, the integrals involved will be well-
defined and finite. After the renormalization one lets the parameter € — 0.
This method has been found to preserve the gauge invariance and the va-
lidity of the Ward identity to all orders. The method was developed mainly
by 't Hooft and Veltman in the 1970’s [225] (see, for instance, Mandl and
Shaw [136, ch. 10], Peskin and Schroeder [183, ch. 7] and Snyderman [215]).

Most applications are made in so-called covariant gauges, where the pro-
cedure is now well developed. For our purpose, however, it is necessary to
apply the Coulomb gauge, and here the procedure is less developed. Impor-
tant contributions have been made more recently, though, by Adkins [1, 2],
Heckarthon [81] and others.

Here, we shall first illustrate the method by evaluating the renormalized
free-electron self energy, using the Feynman gauge. The problem with the
Coulomb gauge will be discussed in the next section.
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FEvaluation of the renormalized free-electron self
energy in Feynman gauge

We start now from the form (Eq. 12.12) of the free-electron self energy in the
Feynman gauge and the photon propagator in momentum space (Eq. 4.28)

ﬁzfree( ) 16202/ (d4k4 'YV ﬁ_ k+mc

2m) (p— k)2 —m2c? +in

7" Dryu(k)

ie?c d*k p— K+ mc 1
__ ) n 12.94
€0 / (2m)4 g (p— k)2 —m2c? +in TRt in ( )

Using the Feynman integral (Eq. J.2) (second version) with a = k? and
b= (p—k)? — m2c?, this can be expressed

4 o
giree () = 160/ /dk W(ﬁ kot me)y S (12.95)
(p? — 2pk — m?c?)z]

We shall now evaluate this integral using non-integral dimension D = 4 — ¢,

free _ de 7N<Zd '% + mc)’y“
o> €0 / / + (p? — 2pk — m?c2)x]2
216 c de 1—6/2)(]6 }é) (2 —¢€/2) mc

/ / 24 (p — 2pk — m262)g;]2 (12.96)

after applying the anti-commutation rules for the gamma matrices in Ap-
pendix D.59. With the substitutions ¢ = —pz and s = (p?> — m?c?)x this
becomes

e () 216 c/ / de (1—€/2)( — F) — (2—¢€/2) mc (12.97)
[k2+2kq+5]2

which is of the form of Egs. (G.23) and (G.24). This leads to

rees \ _ 2e%c(me)” L I(e/2) m2c?\ /2
gty = =2 [ e R0 — 6 — o) - 2 - /2 me] ()
(12.98)
with w = ¢*—s = [m?c?—p?(1—x)]z. The Gamma function can be expanded

as (see Appendix G.3)
2
P/ =2 et

with vg = 0.5722... being Euler’s constant, and furthermore
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1 1 €
(4m)P/2 - (47)? (1 + 2 I+ - )

(2 e ()
w o 2 . m2c?
This yields

I'(e/2) (m202)6/2 -

(4m)P/2 \ w
R(Q/E—’}/E—I—-'-) (1+§1n47r—|—-~-)(1—§ln(w/m202)+~-~)
:#[A—ln(%-l-"')} (12.99)
where

2
A=Z—~g+Indn+--- (12.100)
€

This leads to

gxtree () — _QK[/Oldx (¥— ¥ x—2me) [A —In (mg“@ +)}

1
—/ dx(]é—]dx—i—mc)
0

(12.101)
eo(4m)?  Arx
We write the denominator in Eq. (12.98) as
2.2 »?
w=mczX,; X:1_m202 (1-2)=—[p+ (1 - p)z]
with 2 _ 2.2
p* —m2c
=T (12.102)

We then express the integral (Eq. 12.101) as 2K(A+ B + C) with

A:—/Oldx(]zf—ﬁx—ch)A—&—/oldx(]d—ﬂx—mc)

1
B:/ dz(f — px — 2mc) Inx
0
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C:/O dz (6 — px — 2mc) In [p + (1 — p)z]

To evaluate this integral we can use the formulas (Eq. 12.65), yielding

/Oldxln(l—x)z—l /Oldmxln(l—x):_3/4

1
1
/ dxln[pqt(lfp)x]:flfpnp
0 L=p

1

! o plnp
/0 dzzln[p+(1—p)z] = (1_0)(1—#1_,0)—4(1_,0)2 (1+2p°Inp—p?)

which gives
A=—@/2-2mc) A+ #B/2—mc)

B=-3p/4+2mc

C= —(175_”/)) (HTIEZ)U(K;;)? (1+2p21np—p2)—(¢—2m)(1+flnp)

1 plnp p?lnp 1+p
’”l T ) Y e T T

plnp)

+2mc(1+
I—-p

Subtracting the on-the-mass-shell value (J = m, p = 0), yields for the A
and B terms

(A+ B)r" = Y ;mc <A+ %)

For the C term the on-shell value is bmc/4, yielding

ren ) p(2—p)np p 3 2plnp 3
cren = p{ A T (T T, T

The total on-shell value (mass-counter term) becomes

mc2 (0%

dmc® =

(BA+4+--+) (12.103)

Collecting all parts we obtain the following expression for the mass-
renormalized free-electron self energy
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-p  (1=p)p?

2 —
4 Lme (1— 3 lnpﬂ (12.104)
1—p 1—p

ggfree(p):_@ [(ﬂ_mc><A+2+1p +P(20)1HP>

with p = (2 — m?c?)/m?c?. This agrees with the result of Snyderman [215,
223].

Free-electron vertex correction in Feynman gauge

Next, we consider the free-electron vertex correction (Eq. 12.23)

Ao p) = 162/ d*k B'— k+me
PP @)t M — k) —m22 +in °
« P Kt me w1 (12.105)

(p—k:)z—chQ—i—in,y k2 +1in

The Feynman parametrization (Eq. J.4), similar to the self-energy case, a =
k2, b= (k—p)?—m?2c?, and c = (k — p")? — m?c?, yields

11—z 4
A 216 / da:/ dy/ d k‘
w(ﬁ ¥ +me)yo (¥ — k+m6)v“

X
[k2 (p? — 2pk —m2c?)x + (p? — 2p'k — m202)y]3

With ¢ = —(pz + p'y) and s = p?z + p"2y — m?c?(x + y) the denominator is
of the form k? 4 2kq + s

A, _ 2ie? / dw/1 v /de V' = K+ me)v.(p — F+me)y”

(k2 + 2kq + s)3
2 11—z
ie? /dx/ Co+01+02:|
CeQ
where the index indicates the power of ¥ involved,

C :/ APk (B’ + me)ro (B + me)y”
0 (2m)P (k2 + 2kq + 5)3

C _/ APk (= B @ + me)y + 9, (" + me)yo(— F)y"
7 @emnP (k2 + 2kq + 5)3
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C :/ dPk Y Kvo Kyt
2 (27)P (k2 + 2kq + )3

The coefficients Cy and Cy are convergent and we can let € — 0. With the
formula (Eq. G.23) (n = 3) and the contraction formulas (Eq. D.59) we then

have )
i +me)ye (B +me)

Co = (4m)? w

with
w=s—q¢=s—(pr+py)’

Similarly, we have for the numerator in C4
'YM(_ ¥)vo (B +me)y* +'7u(ﬁ/ +me)ye (— B =27 K+ Ko ]d/) —8mck,

and with Eq. (G.24)

i P 4+ drvo B’ — 4meg,

G1= (4m)? w

The C5 coefficient is divergent and has to be evaluated with more care.
Then the situation is analogous to that of the self energy (Eq. 12.98). The
numerator becomes

Y Ko K" = —(2—€) Ko K— KoK

and

_ de (2 — 6) k’YU k + 76%7%
C2= _/ (2m)P (k2 +2kq + 5)3

which can be evaluated with Eq. (G.25).

The evaluation of the integrals above is straightforward but rather tedious.
The complete result is found in ref. [215].
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12.5 Dimensional regularization in Coulomb gauge *

Free-electron self energy in the Coulomb gauge

For our main purpose of combining MBPT and QED it is necessary to ap-
ply the Coulomb gauge in order to take advantage of the developments in
standard MBPT.

We shall first follow Adkins [1] in regularizing the free-electron self energy
in the Coulomb gauge by expressing the bound states in terms of free-electron
states. We then start from the expression (Eq. 12.12)

/d4k y p— K+ mc
@7 (- k2 - m2 + iy

6Efree(p) — 16202 ’YMDFV;L(IC) (12106)

For the photon propagator we use the expressions (Eq. 4.32) and (Eq. 4.36)

kikj) 1

C . _
Dy, (ki k) = — PEai Op1,i0u,j (gij to2 ) e T e

12.107
o ( )

1 |fit,0&40

The three terms in the propagator correspond to the Coulomb, Gaunt and
scalar-retardation parts, respectively, of the interaction (Eq. 4.59)).

The Coulomb part of the self energy becomes

ie?c d*k AP — K+ me)y? 1

il 12.108
€0 (2m)* (p— k)2 —m?c +in k* +1n ( )
s 2 4 ~ 7 1
_ﬁ/ 4%k p—k+me i (12.109)
€ J (2m)* (p—k)>—m?c +in k* +in
using the commutation rules in Appendix (Eq. D.58). With ¢ = —p and

s = p>—m?2c? the denominator is of the form k%4 2kq+s and we can apply the
formulas (Eq. G.26) and (Eq. G.27) without any further substitution (n = 1).
This gives with £° — ¢° = —p° ki — ¢y = —piy, v-k = —'ki — —7-py

and w = p*y® + (1 — y)ypg — (p* — m>c)y

ie?c (mc)e / dPk P —k+me 1
€0 (2m)P k2 +2kq + s +in k% + in
e?c L dy I'(e/2)
e — . 1— R S
(@7 Jy g PR Gy

Using Eq. (12.99) this yielde the Coulomb contribution
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K/O1 jyy ('y-p(l ) +mc) (A —ln(yX))

with K = e?c/(eo (47)?) and w = m?c?y X, X =1+ (p?/m?c?)(1 — y). This
leads to

K/O1 \d/% (('y-p(l —y) +mc> (A—lny—lnX)

and the Coulomb part becomes (times K)

(%’}’p + 2mc>A + (%’y-p —|—4mc) — /01 id/% ((’y-p(l —y)+ mc) InX| (12.110)

The Gaunt term becomes, using Eq. (12.106) and the second term of
Eq. (12.107)

_1626/ 'k v = 4 me)y 1
€0 @2m)* (p—k)2—m2c +in k2 +1in
(12.111)

The denominator is here the same as in the treatment of the self energy in
the Feynman gauge, and we can use much of the results obtained there .

In analogy with Eq. (12.95) we then have

- C/ [ G G i e

e c/ /d“k —Emc—( —)@ - K~ f12112)

k2 + (p? — 2pk — m2c?)x ]

after inserting the Feynman integral (Eq. J.2) and applying the commutation
rules in Appendix (Eq. D.59).

With the substitutions k — —¢ = pz and s = (p? — m?c?)z the equation
above leads after applying Eqs (G.23, G.24) in analogy with (Eq. 12.98) to

4 We use the convention that u, v, .. represent all four components (0,1,2,3), while i, j, ..
represent the vector part (1,2,3).
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166/ /de B—emec—(2—¢€)( — }é) Ptk
[k2 + 2kg + 5)]°

ZEOCZT)CD/?/O dz {(S—E)mc—(2—6)175(1—;5)_5(1_36)}(11;(/66/)62/)2
e?c 1 6
W/ da [ = (1= 2)(31"p0 — v-p) + 3me + (1~ ) p mc>]<§§£?2

where w = ¢® — s = p?2? — (p?> — m2c?)z = m2c?xY. This yields (times K)

- /01 dz { {(1 —2)(37%po —v-p) — 3mc} [A - ln(xY)] -2((1-2)p — mc)}

using the relation (Eq. 12.99) and the fact that e A — 2 as € — 0. Then
the Gaunt part becomes

1 5 1 1
[_ > (3v°po —v-p) — 3mc]A - Z’YOPO - Z’Y'p+mc+/0 dx [(1 - 2)(37%po — v-p) —37”0] Iny

(12.113)

Finally, the scalar-retardation part becomes similarly, using the third
term of Eq. (12.107) and the commutation rules (Eq. D.57),

ie?c [ d*%k ki — K+ me)yTk; 1 1
e ) @Mt (p-k)2-m23 +in K2k +in
ie?c [ A%k Yk k(P — ¥ —mc) — 2k (kip; — KTkj) 1 1
6o / (2m)* (p—k)2 —m2c? +1in K2 k2 +1in
Cie’e [ d'k o —k—me+ 29k kip; /k* 1

€0 (2m)4 (p— k)2 —m2c® +1in k2 +in

with 'yiki'yjkj = —k* = —k;k;. With the same substitutions as as in the
Gaunt case this becomes

1e c/ / dPk o — k- me + 2v°k; kjpj/k:2

)P k2 — 2pkx + (p? — m202)x}2

(12.114)

With the substitutions ¥ — —¢ = pz and s = (p?> — m?)x the first part is of
the form Eq. (G.23) and Eq. (G.24) and becomes

2 1 B I 9
eomir;D/?/O dz ¢ — Pz —md] 1;(;52) (12.115)

and with Eq. (12.99)
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1

K/ dep —po—md (A-InY)) (12.116)
0

with K = e c/(eo (4m)?) and w being the same as in the Gaunt case, w =

¢ — s = p?x? — pP’x + m3cx = m32czY.
The second part of Eq (12 114) is of the form Eq. (G 28) and becomes
(kik? — q; ¢ y* = p; p’ 2%y? in first term, — —5 g] =— (5”- in second)

1 1 ., S T(14¢€/2) - I'(€e/2)
G ol I S S Y P
K/o dx/o dy\/ﬂ{%pzp p;p’ wite/2 L Ry

J .
K/ dm/ dyxf{ Wiéfzp] Zy—wjpj(ﬂ—ln(xyZ))}

_K/ d:c/ dyf{ 7pp *+'r p<A—ln(wyZ)>}

with w = xy[—p2xy+p%x—p2+m202] =2y [pQ(l—xy) —p%(l—x)—i—m%z] =
22 Zxy

Integration by parts of the first term yields (times K), noting that dZ/dy =
2
—pPT,

L 1 1 1
_/ dz {\/?392’7'P1HZ}0+3/ dm/ dyyvpInZ
0 0 0
The total scalar-retardation part then becomes (with Z(y =1) =Y)
! 1
/ dz[§ —px —mc| (Afln(xY)) 7/ dz2y-plnY
0 0
1 1 1 1
+3/ dw/ dy\/ﬂv-plnz+/ dx/ dy\/gj’y-p(A—ln(xyZ))
0 0 0 0

or
1 1
/ da:(’yopo(l—x)—'y-p(l—I—x)—mc) (A—lnx)+/ dyyv-pA
0 0
1
—/ dx(vopo(l—x)—’y-p(l—x)—mc) nY
0
1 1 1 1
—/ dx/ dy\/ﬂ'v-pln(xy)+2/ dm/ dy \/y v-p In(zy)
0 0 0 0
1 1
—3/ dx/ dyvyv-pInZz
0 0
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which gives®

(1 Opy — 2 —mc)A—f—§ Opy — - —mc
2’7]90 6'YP 471)0 36'7P

1 1 1
—/ dx(vopo(l—x)—v-p(l—:r)—mC) 1nY—3/ dx/ dyvyy-plnz
0 0 0

Summarizing all contributions yields the mass-renormalized free-
electron self energy in Coulomb gauge

2

e c 1 0 19 1dy
W[_(’é—mc)A_27p0+67'P—/o ﬁ(’Y'P(l—y)—ch)lnX

1 1 1
-|—2/ dz [(1—z)p — mc] lnY-l-/ dm/ dyy2vy-plnZz
0 0 0

(12.117)

where we have subtracted the on-shell (p = mc) value, mc(3A + 4). (The
expressions for X,Y, Z are given in the text.) This is in agreement with the
the result of Adkins [1].

The treatment of the vertex correction is more complex and will not be
reproduced here. Interested readers are referred to the papers by Adkins.

12.6 Direct numerical regularization of the bound-state
self energy

As an alternative to the regularization pocedure discussed above, we shall
consider a new more direct procedure, where the regularization is performed
directly in the bound state, without any transformation to free-electron
states. This is presently being tested by the Gothenburg group [82].

5
1 1 10 1 1 1
/ dx/ dy /y In(zy) = ——; / dza:/ dy vy In(zy) = ——
0 0 9 0 0 18

9

1 1
[ dwa [ duui ina) = <
0 0 50
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Feynman gauge

The bound-state self-energy in the Feynman gauge is from Eq. (8.48)

F(
(r|X(eq)] rt’/6 Cdﬁf x)

—et — (ck —in)y

> (12.118)

where x = |k| and the function f¥ is given by Eq. (4.55). The integral over
K is convergent, while the summation over t is (logarithmically) divergent.

With 3 — € dimensions of the k-vector space we make the substitution

/d3k:>/ /25(21/%
2m)3—€

and the self energy becomes

(a|Ze(ea)|a) = —

e?(2m)¢ <at‘a,fa2“/ cdk K¢ sin k2 a> (12.119)

4m2¢q 192 €a — &t — (ck —1n)¢

which would make the expression convergent for € # 0. In a similar way the
the free-electron self energy can be expressed. In analogy with the expression
(Eq. 12.85), this leads to the renormalized bound-state self energy

< |2b0u( )‘ > = lim (<7‘|2?0u(€a) - Z’Emc(fa)‘@

<’P, <p, ’2&89 a) — Zﬁree(gp)‘p,rﬂp,r a>) (12.120)

Coulomb gauge

The transverse part of the self-energy expression in Coulomb gauge is in
analogy with the Feynman expression (Eq. 12.118)

(r|Z(ea)|@)Trans = <rt’/€a cdw f7 (x) ta) (12.121)

—er— (ck —in);

where f$ is given by Eq. (4.60). The Coulomb part is given by Eq. (8.49)

2 / 2k dk sin kria ‘t > (12.122)

1
(bl¥(ea)la)cou = 2 Sgn(et)<bt‘47rzeor12 K2
and the renormalization can be performed as in the Feynman gauge.

The procedure of direct numerical regularization outlined here is presently
being tested by the Gothenburg group.






Chapter 13

Summary and Conclusions

The all-order forms of many-body perturbation theory (MBPT), like the
coupled-cluster approach (CCA), have been extremely successful in calcula-
tions on atomic and in particular on molecular systems. Here, the dominating
parts of the electron correlation can be evaluated to essentially all orders of
perturbation theory.

A shortcoming, however, of the standard MBPT/CCA procedures is that
quantum-electrodynamics (QED) can only be included in a very limited fash-
ion (first-order energy). Particularly for highly charged systems, QED effects
can be quite important. Certain experimental data on such systems are now
several orders of magnitude more accurate than the best available theoret-
ical calculation. It is believed that this shortcoming is due to the omitted
combination of many-body and QED effects in presently available theoreti-
cal procedures.

The procedure presented in this book, which is based upon quantum-field
theory, describes—for the first time—a road towards a rigorous unification
of QED and MBPT. The procedure is based upon the covariant evolution
operator, which describes the time evolution of the relativistic wave function
or state vector. The procedure is for two-electron systems fully compatible
with the relativistically covariant Bethe-Salpeter equation, but it is more
versatile.

The procedure is—in contrast to the standard Bethe-Salpeter equation—
applicable to a general multi-reference (quasi-degenerate) model space. It
can also be combined with the coupled-cluster approach and is, in principle,
applicable to systems with more than two electrons.

The covariant evolution operator contains generally singularities that can
be eliminated. The regular part is referred to as the Green’s operator, which
is a generalization of the Green’s-function concept.
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In principle, the Green’s operator—as well as the Bethe-Salpeter equation—
has individual times for the particles involved. Most applications, though, em-
ploy the equal-time approximation, where the times are equalized, in order to
make the procedure consistent with the quantum-mechanical picture.

The Green’s operator for time ¢ = 0 corresponds to the wave operator
used in standard MBPT, and the time derivative at ¢ = 0, operating within
the model space, to the many-body effective interaction. This connects the
field-theoretical procedure with the standard MBPT.

The formalism presented here has been partially tested numerically by
the Gothenburg atomic theory group, and in cases where comparison can be
made with the more restricted S-matrix formulation, very good agreement is
reported.

A big challenge is the renormalization of the radiative effects, which gener-
ally has to be performed using the Coulomb gauge, in order to take advantage
of the developments in MBPT/CCA. Schemes have been developed for this
process but so far not been implemented in a QED-MBPT procedure.

When the procedure is more developed, critical tests can be performed to
find out to what extent the new effects will improve the agreement between
theory and accurate experimental data.



Part IV
Appendices






Appendix A

Notations and definitions

A.1 Four-component vector notations

A four-dimensional contravariant vector is defined !
r=at= (2% 2" 2% 2%) = (2° ) = (ct, x) (A1)

where §$=0,1,2,3 and « is the three-dimensional coordinate vector * =

(x', 22, 2%) = (v,y, z). The four-dimensional differential is

d*z =cdt —d3z and d3z =dzdydz
A corresponding covariant vector is defined
z, = (z0, 21,22, 23) = g’ = (2o, —x) = (ct, —x) (A.2)
which implies that
2% =z r=—x (1=1,2,3) (A.3)

guv is a metric tensor, which can raise the so-called Lorentz indices of the
vector. Similarly, an analogous tensor can lower the indices

at =g, (A.4)

These relations hold generally for four-ddimensional vectors.

There are various possible choices of the metric tensors, but we shall use
the following

1 In all appendices we display complete formulas with all fundamental constants. As before.
we employ the Einstein summation rule with summation over repeated indices.
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0 0
-10
0 —
0 0 -1

:gMV:

0
0
. (A.5)

Guv

OO O
—

The four-dimensional scalar product is defined as the product of a con-
travariant and a covariant vector:

ab = a*b, = a’y —a-b (A.6)
where a - b is the three-dimensional scalar product

a-b=a;b, +ayb, +ab,

The covariant gradient operator is defined as the gradient with respect to
a contravariant coordinate vector:

== ) A7)

and the contravariant gradient operator analogously

auél(i;,tﬂ (A.8)

V is the three-dimensional gradient operator

0 0 .
oy ¥ Oz
where (é,,&,,€,) are unit vectors in the coordinate directions.

The four-dimensional divergence is defined

19A°
[ — . =
At =~ + V- A=VA (A.9)

where V - A is the three-dimensional divergence

DA, 0A, 0A,

IA:
v 8x+8y+8z

The d’Alembertian operator is defined

wa 1P, A
where ) ) )
a0

02 "2 T 92
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is the Laplacian operator.

A.2 Vector spaces

Notations

X,Y, .. are sets with elements z,y, ..

x € X means that z is an element in the set X.

N is the set of nonnegative integers. R 1is the set of real numbers. C is the
set of complex numbers.

R"™ is the set of real n-dimensional vectors. C™ 1is the set of complex n-
dimensional vectors.

A C X means that A is a subset of X.

AU B is the union of A and B. AN B is the intersection of A and B.

A ={x € X : P} means that A is the set of all elements x in X that satisfy
the condition P.

f X — Y represents a function or operator, which mens that f maps
uniquely the elements of X onto elements of Y.

A functional is a unique mapping f : X — R (C) of a function space on the
space of real (complex) numbers.

The set of arguments z € A for which the function f : A — B is defined is
the domain, and the set of results y € B which can be produced is the range.
(a,b) is the open interval {x € R:a < x < b}. [a,b] is the closed interval
{reR:a<z<b}

sup represents the supremum, the least upper bound of a set

inf represents the infimum, the largest lower bound of a set.

Basic definitions

A real (complex) wector space or function space X is an infinite set of el-
ements, x, referred to as points or vectors, which is closed under addition,
x+y = 2z € X, and under multiplication by a real (complex) number c,
cx =y € X. The continuous functions f(z) on the interval = € [a,b] form a
vector space, also with some boundary conditions, like f(a) = f(b) = 0.

A subset of X is a subspace of X if it fulfills the criteria for a vector space.
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A norm of a vector space X is a function p : X — [0,00] with the
properties

o (1) p(Az) = [Ap(z)
e (2) p(x+y) <p(x)+ply) forall real A (A € R) and all z,y € X
e (3) that p(x) =0 always implies z = 0.

The norm is written p(xz) = ||z||. We then have ||Az|| = |A| ||z|| and
[le +y|| < ||lz|| + ||ly|]| and ||z|| = 0 = x = 0. If the last condition is not
fulfilled, it is a seminorm.

A vector space with a norm for all its elements is a normed space, denoted
(X, |)-I])- The continuous functions, f(x), on the interval [a,b] form a normed
space by defining a norm, for instance, ||f]| = [f; dt |f(t)|2]1/2. By means
of the Cauchy-Schwartz inequality, it can be shown that this satisfies the

criteria for a norm [75, p. 93].

If fis a function f: A — Y and A C X, then f is defined in the
neighborhood of xq € X, if there is an € > 0 such that the entire sphere
{z € X : || — x0|| < €} belongs to A [75, p. 309)].

A function/operator f : X — Y is bounded, if there exists a number C
such that
sup {||fw||] O <o
0#xeX ||$H

Then C = ||f]] is the norm of f. Thus, ||fz|| <||f||||z||.

A function f is continuous at the point zog € X, if for every d > 0 there
exists an € > 0 such that for every member of the set x : ||z — zo|| < € we
have [|fz — fxzol] < & [75, p. 139]. This can also be expressed so that f is
continuous at the point xg, if and only if fa — fzo whenever z,, — zo, {z,}
being a sequence in X, meaning that fx, converges to fxg, if  converges to
xo [224, p. 70].

A linear function/operator is continuous if and only if it is bounded [75,
p. 197, 213], [49, p. 22].

A functional f: X — R is convex if
fltz 4+ (t = 1)y) < tf(x)+(—1)f(y)

for all z,y € X and t € (0,1).

A subset A C X is open, if for every x € A there exists an ¢ > 0
such that the entire ball B,(z) = {y € X|||ly — z|| < €} belongs to A, i.e.,
B,(xz) C A [20, p. 363],[75, p. 98],[224, p. 57].
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A sequence {z,}, where n is an integer (n € N), is an infinite numbered
list of elements in a set or a space. A subsequence is a sequence, which is a
part of a sequence.

A sequence {z, € A} is (strongly) convergent towards x € A, if and
only if for every ¢ > 0 there exists an N such that ||z, —z|| < € for all
n > N [75, p. 95, 348].

A sequence is called a Cauchy sequence if and only if for every € > 0 there
exists an N such that ||z, — z,|| < € for all m,n > N. If a sequence {z,}
is convergent, then it follows that for n,m > N

|zm = 2all = [(2n — @) + (2 = 2m)|| < [Jon — ]| + [[2m — || < 2¢

which means that a convergent sequence is always a Cauchy sequence. The
opposite is not necessarily true, since the point of convergence need not be
an element of X [50, p. 44].

A subset A of a normed space is termed compact, if every infinite sequence
of elements in A has a subsequence, which converges to an element in A. The
closed interval [0,1] is an example of a compact set, while the open interval
(0,1) is noncompact, since the sequence 1, 1/2; 1/3... and all of its subse-
quences converge to 0, which lies outside the set [224, p. 149]. This sequence
satisfies the Cauchy convergence criteria but not the (strong) convergence
criteria.

A dual space or adjoint space of a vector space X, denoted X*, is the space
of all functions on X.

An inner or scalar product in a vector space X is a function (-,) : X X
X — R with the properties (1)

(T, My1 + Aayo) = Az, y1) + Ao, 2),  (2,y) = (y,2)

for all z,y,y1,92 € X and all \; € R, and (2) (x,2) =0 only if  =0.

Special spaces

Banach space

A Banach space is a normed space in which every Cauchy sequence converges
to a point in the space.
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Hilbert space

A Banach space with the norm ||z|| = ++/(x, x) is called a Hilbert space [20,
p. 364].

Fock space

A Fock space is a Hilbert space, where the number of particles is variable or
unknown.

A.3 Special functions

Dirac delta function

We consider the integral

L/2 _
/ dz eth® (A.11)
—L/2
Assuming periodic boundary conditions, e \F*/2 = ¢'L¥/2 limits the possible
k values to k = k,, = 2wn/L. Then
1 (L2 _
f/ dz e = 5y, o = 6(kn,0) (A.12)
LJ_p)
where 9y, , is the Kronecker delta factor
1 if m=n
On,m = { 0 if m#n (A.13)

If we let I — 0o, then we have to add a ’damping factor’ e=71*!_ where
is a small positive number, in order to make the integral meaningful,

/ dz elf eIzl = kf:% =21 A, (k) (A.14)

In the limit v — 0, we have

oo

lim A, (k) = L tim dz e'*® e=71=l = §(k) (A.15)

~—0 2 ~—0 o
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which can be regarded as a definition of the Dirac delta function, §(k). For-
mally, we write this relation as

/ 47 ke _ 5(k) (A.16)
oo 2T

The A function also has the following properties
lir% Ty Ay (x) = 640

o
/ de Ay(z —a)A,y(x —b) = Ayyp(a—0) (A.17)
In three dimensions equation (Eq. A.12) goes over into
% / Pxe®n® = 5%k, 0) = 6(kna 0) 6(kny, 0) 6(knz, 0) (A.18)
%

In the limit where the integration is extended over the entire three-dimensional
space, we have in analogy with (Eq. A.16)

d3x

/ G =W (A-19)

Integrals over A functions

We consider the integral

/00 dzd(z —a) f(z) = %13}) h dz A, (z —a) f(x)
i e — T (A.20)

2 =0 ) (z—a)? 442

The integral can be evaluated using residue calculus and leads to

/_oo dz 6(z — a) f(z) = f(a) (A.21a)

provided the function f(x) has no poles. In three dimensions we have similarly

[t a0) f(@) = fla) (A.21b)
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integrated over all space.

The relations above are often taken as the definition of the Dirac delta
function, but the procedure applied here is more rigorous.

Next, we consider the integral over two A functions

1 2y 2n
/dmAv(xfa) Ay(z—b) = L /dx a2t b i

1 /dx[ 1 7 1 } 2n
 4n2i x—a—iy z—a+iy)l (z-b+in)(z—->b—in)
1 [ 1 1 }_ 1 2(y+n)

T omilb—a—i(y+n) b—a+tiv+n)l 2r(a—b2+ (7 +17)?

(A.22)

after integrating the first term over the negative and the second term over
the positive half plane. Thus,

/dx Az —a)Ay(z—b) =Ay1,(a—0) (A.23)

and we see that here the widths of the A functions are added.

Now we consider some integrals with the A functions in combination with
electron and photon propagators that are frequently used in the main text.

First, we consider the integral with one A function and an electron prop-
agator (Eq. 4.10)

1 d 1 2
/dwi. A'y(ffa_w) — ; 72 2
w—¢j+in 2n w—¢g;+in (g, —w)?2 + 7
[ dw 1 2y
) 2mw—ej+in (e —w+iy)(ea —w —iv)

The pole of the propagator yields the contribution A, (e,—¢;), which vanishes
in the limit v — 0, if €4 # ¢;. Nevertheless, we shall see that this pole has a
significant effect on the result.

Integrating above over the positive half plane, with the single pole €, + i,

yields
1

€q — & +iy+in
and integrating over the negative half plane, with the two poles €; —in, e, —iv,
yields
2y N 1 B 1
(ca—€j+iv+in)(ea —gj —iy+in) ea—eg; —iy+in e, —gj+iy+in
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which is identical to the previous result. We observe here that the pole of the
propagator, which has a vanishing contribution in the limit v — 0, has the
effect of reversing the sign of the iy term.

The v parameter originates from the adiabatic damping and is small but
finite, while the n parameter is infinitely small and only determines the po-
sition of the pole of the propagator. Therefore, if they appear together, the
7 term dominates, and the n term can be omitted. This yields

/dw _ Ay(gq —w) = _ (A.24)

w—eg;+1in €q —E&j +1v

noting that the n parameter of the propagator is replaced by the damping
parameter 7.

Secondly, we consider the integral with the photon propagator (Eq. 4.31)

1 1 d 1 1
/dwi_Av(safw):f/—w[ — — }
w? — K2 +1in 2k ) 2rlw—Kk+in w+k—ip
2y - 1[ 1 1 }
(o —w+iY)(ea —w—17) 2kle,+iy—kK+in e, —iv+r—1in
1

= A.25
T 2
or, neglecting the n term,
d 1 A ) 1 (A.26)
Ww— - g —W)= 5———— .
w2 —K24in 7 €2 — K2 + iy

noting that x > 0.

Finally, we consider the integrals of two A functions and the propagators.
With the electron propagator we have

/dw _ Ay(eq —w) Ay(ep —w) =

w—¢g;+in

1 /d 1 [ 1 1 H 1 1
= | dw _ —
(27i)? w—eg;j+in leg—w—iy e—w+iy)lle —w—-iy e —-w+iy)

Here, three of the combinations with poles on both sides of the real axis
contribute, which yields

1 1 1
s - — * : -
27i [(Eb —eg;+iy)(eq —ep —2i) (60 — &5 +1v)(ep — €0 — 2i7)
1
(€a —&j +1)(er — &5 +17)
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The last two terms become
1 [ 1 1 } 1
€a—€&j +iyley —egq4 — 21y g, —¢g; +1iy

- (ep —€q — 2i7)(ep — 5 +17)

neglecting an imaginary term in the numerator. This leads to

L 1
do———F— A (6 —w) A —w)r ————— Ao (8q — A.27
/ww_ejm (6w =) (e =) & o A=) | (A27)
Similarly, we find for the photon propagator
1 ~ 1
d(.d m A’Y(ga - W) A.Y(gb - LL)) ~ m sz(ga — €b) (A28)

Formally, we can obtain the integral with propagators by replacing the A
function by the corresponding Dirac delta function, noting that we then have
to replace the imaginary parameter n in the denominator by the damping
factor .

The Heaviside step function

The Heaviside step function is defined

Ot)y=1 t' >t
=0 t' <t (A.29)

The step function can also be given the integral representation

® duw e iwt

t)=1ili — A.
o) g oo 2T w e (4.30)
from which we obtain the derivative of the step function
do() . Cdw w i
— =1 — —— e ' = A3l
dt i oo 2T w e ¢ o) (A.31)

where 6(¢) is the Dirac delta function.



Appendix B

Second quantization

B.1 Definitions

(See, for instance, refs [206, Ch.5], [118, Ch.11]). In second quantization —also
known as the number representation—a state is represented by a vector (see
App. C.1) |n1,na,- - -), where the numbers represent the number of particles
in the particular basis state (which for fermions can be equal only to one or
Z€ro).

Second quantization is based upon annihilation/creation operators c;/ c},
which annihilate and create, respectively, a single particle. If we denote by
|0) the vacuum state with no particle, then

chlo) = |5) (B.1)

represents a single-particle state. In the coordinate representation (Eq. C.19)
this corresponds to the wave function

¢;(x) = (x|5) (B.2)

satisfying the single-electron Schrédinger or Dirac equation. Obviously, we
have

For fermions the operators satisfy the anti-commutation relations

{CT = c;rcj- + c;fci =0

R
{Ci,Cj} = CiCj + CiCy = 0
{cl.ej} = clej +e5el = 4y (B.4)

where ¢;; is the Kronecker delta factor (Eq. A.13). It then follows that
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294 B Second quantization
clet|oy = —clef|o) (B.5)

which means that CZTC:HO) represents an antisymmetric two -particle state,

which we denote in the following way

clef|o) = {i, 5}) (B.6)

The antisymmetric form is required for fermions by the quantum-mechanical
rules. A corresponding bra state is

(Oleiek = ({k, 1} (B.7)

and it then follows that the states are orthonormal.

In the coordinate representation the state above becomes
. 1
(12| {d, j}) = 7 [9i(®1)dj(®2) — Pj(1)Pi(2)] (B.8)

Generalizing this to a general many-particle system, leads to an antisymmet-
ric product, known as the Slater determinant,

1

VNI
d1(x1) P1(z2)- - d1(xN)

1 P da(z1) ga(m2) - d2(zN) (B.9)

on (1) dn(T2) - PN (TN)

<$17$27..-$N|CZC£..~C—]‘-\T|O>: Det{a’b,...N}

For an N-particle system we define one- and two-particle operators by

F= zn: fu (B.10)
n=1

G= Xn: Imn (Bll)

m<n=1

respectively, where the f,, and the g,,, operators are identical, differing only
in the particles they operate on. In second quantization these operators can
be expressed (see, for instance, ref. [118, Sect. 11.1]) 2

1 We shall follow the convention of letting the notation |i,5) denote a straight product
function |7, j) = ¢;(@x1)¢;(w2), while |{4,j}) represents an antisymmetric function.

2 Occasionally, we use a ’hat’ on the operators to emphasize their second-quantized form.
‘We employ also the Einstein summation rule with summation over all indices that appear
twice. Note the order between the annihilation operators.
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F=cl(ilfli)e
A 1
G= 3 cjcj (i4lglkl) cicx (B.12)

etc. (note order between the operators in the two-particle case). Here,
(1117) = [ E2161(0) £ 651
(lgltt) = [[ a1 &2 670065 () g ou(or)orlzz)  (B13)

We can check the formulas above by evaluating

<{cd}|G|{ab} <{cd}’fc (ijg|kl) cicr|{ab})
=3 <0’cdcc ¢ cj (ijlg|kl) cicx cj;cb|0> (B.14)
Normal ordering the operators, yields
cici ¢ Cb|0> = 0k,001,6 — 01,a0k.b

and similarly
(0]cace c;rc;. = 0;,a0j,c — 05,c0i.d

Then we have

({cd}|Gl{ab}) = (cdlg|ab) — (dc|g|ab)

which agrees with the results using determinantal wave functions (see, for
instance, ref. [118, Eq. (5.19)])

{ed — dc|Glab — ba) (B.15)

[N

({cd}|Gl{ab}) =

We define the electron field operators in the Schriodinger representation
(Eqg. 3.1) by

ds(@) = c; di(x);  Yh(z) = cl ol(x) (B.16)

Then the second-quantized one-body operator can be expressed
F= [ @addoi@) ] eo@) = [ il 1is (B.17)

and similarly

~

G = //d3m1d3m2 77/15 561) (2) g 1/1 (z2)s (1) (B.18)
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The non-relativistic Hamiltonian for an N-electron system (Eq. 2.11) con-
sists of a single-particle and a two-particle operator

N B2 N
Hy = Zl ( — - Vit vext(a:n)) - Z:lhl(n)
N 9 N
Hy=Y 47“‘;7%” =3 ha(m,n) (B.19)
m<n m<n

and in second quantization this can be expressed

ff:/d?’wl zﬁé(wl)hl 1/33(351)-1—% //d3331 d*z, Tﬁé(ﬂﬁl)l@;(m)hz ?ﬁs($(2)1ﬁs)(w1)
B.20

B.2 Heisenberg and interaction pictures

In an alternative to the Schrédinger picture, the Heisenberg picture (HP),
the states are time independent and the time-dependence is transferred to
the operators,

W) = [Ws(t = 0)) = /0w (1)), O = /P 0g e H/h (B.21)

In perturbation theory the Hamiltonian is normally partitioned into a
zeroth-order Hamiltonian Hy and a perturbation V (Eq. 2.48), which using
second-quantized notations becomes

H=Hy+V (B.22)

We can then define an intermediate picture, known as the interaction pic-
ture (IP), where, the operators and state vectors are related to those in the
Schrédinger picture by

(1)) = /R g (1)), Oy(t) = eflot/n Og e=iHlot/h (B.23)
The relation between the Heisenberg and the interaction pictures is 3
|WH> — eiﬁt/ﬁe—iﬁot/h|wl<t)>; OH(t) — eiI:It/he—iI:IOt/h éI eiI:IOt/he—iI:It/h
(B.24)

Using the relation (Eq. 3.9), we then have

3 Note that A and Hg generally do not commute, so that in general ciHt/he—iHot/h #*
olVt/h
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Ww) = U(0,1)|[#(t));  Ou(t) = U(0,1) O1U(t,0) (B.25)

The state vector of time-independent perturbation theory corresponds in all
pictures considered here to the time-dependent state vectors with ¢ = 0,

¥) = [Pu) = |¥s(0)) = [¥1(0)) (B.26)

In the Heisenberg picture (Eq. B.21) the electron-field operators (Eq. B.16)
become

’(/AJH(£E> _ eiﬁt/h '(/38(33) e—th/h; Q&IJEI(‘T) _ eiflt/ﬁ 1&;(1}) e—iflt/ﬁ (B.27>

and in the interaction picture (IP) (Eq. B.23)

il(x) _ eiHOt/h,L[}S(w) e—iﬁot/h _ eiﬁot/ﬁcj ¢j(w) e—iI:IOt/h = (b](w) eieit/h _ ¢ ¢j(1‘)

9(@) = )05 (@) " = o 05 (a)

where ¢;(x) is an eigenfunction of Hy. We also introduce the time-dependent
creation/annihilations operators in the IP by

cj(t) = cjeiet/h, c;(t/h) = c;r- eleat/h (B.29)
which gives

di(e) = ;1) di(@); Pl (x) = cl(t) 5 () (B.30)

From the definition Eq. (B.23) we have

O -
5 0n(0)

:% oot/ Og o1t/ = i[Hy, O (t))] (B.31)

(B.28)






Appendix C

Representations of states and
operators

C.1 Vector representation of states

A state of a system can be represented by the wave function or Schrédinger
function ¥(z), where x stands for all (space) coordinates. If we have a
complete basis set available in the same Hilbert space (see Appendix A.2),
{¢;(z)}, then we can expand the function as

U(z) = a;g;(x) (C.1)

with summation over j according to the Einstein summation rule. If the
basis set is orthonormal, implying that the scalar or inner product satisfies
the relation

(i) = [ a6 0,(0) = b, (©2)
then the expansion coefficients are given by the scalar product

0= [ dog; ) = G) (©3)

These numbers form a vector, which is the vector representation of the state ¥
or the state vector,

(1)
(2@)
) = : (C.4)

(N|)

Note that this is just a set of numbers—no coordinates are involved. N is
here the number of basis states, which may be finite or infinite. [The basis
set need not be numerable and can form a continuum in which case the sum
over the states is replaced by an integral.] The basis states are represented
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by unit vectors |j)

1 0
0 1
=10 2)=[0] etc (C.5)

The basis vectors are time independent, and for time-dependent states the
time dependence is contained in the coefficients

() = a;(t)]) (C.6)

|@) is a ket vector, and for each ket vector there is a corresponding
bra vector

(¥| = (a1, a3,) (C.7)

where the asterisk represents complex conjugate. It follows from Eq. (C.1)
that
aj = (¥]5) (C.8)

The scalar product of two general vectors with expansion coefficients a; and
b;, respectively, becomes
(W|®) = aj b; (C.9)

with the basis vectors being orthonormal. This is identical to the scalar prod-
uct of the corresponding vector representations

by

The ket vector (Eq. C.4) can be expanded as

@) = 15){3¥) (C.11)

But this holds for any vector in the Hilbert space, and therefore we have the
formal relation in that space

)Gl =1 (C.12)

where [ is the identity operator. This is known as the resolution of the identity.
Using the expression for the coefficients, the scalar product (Eq. C.9) can also
be expressed

(@]@) = (¥]5){j|®) (C.13)
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which becomes obvious, considering the the expression for the identity oper-
ator.

C.2 Matrix representation of operators

The operators we are dealing with have the property that when acting on a
function in our Hilbert space they generate another (or the same) function

in that space, R
Ov(zx) = d(x) (C.14)

or with vector notations R
OWw) = |P) (C.15)

Expanding the vectors on the l.h.s according to the above, yields
[8)(i|O15) (|¥) = |&) (C.16)
Obviously, we have the identity
O = [i)(ilO1j){j (C.A7)
The numbers (i|O|j) are matriz elements

(1017) = [ oo ()0 6,(x) (c.18)

and they form the matriz representation of the operator

(o) of) -
0= | (2101 (20]2) -

Standard matrix multiplication rules are used in operations with vector and
matrix representations, for instance,

. ) (11¥) (1|®)

. (LO[L) (1O[2) -\ | (2[¥) (2[®)
o) =12) = | (2|0/1) (2/0[2) --- =

(N1w) (N|®)

where
(k[®) = (K|Ol5) (j|®)

summed over the index j.
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C.3 Coordinate representations

Representation of vectors

The coordinate representation of the ket vector |¥) (Eq. C.4) is denoted
(x|¥), and this is identical to the corresponding state or (Schrodinger) wave

function
(z|P) = W (x); (W|z) = v*(z) (C.19)

This can be regarded as a generalization of the expansion for the expansion
coefficients (Eq. C.1), where the space coordinates correspond to a continuous
set of basis functions.

The basis functions ¢;(x) have the coordinate representation (x|j), and
the the coordinate representation (Eq. C.1) becomes

(z[¥) = aj ¢;(x) = a; (z|j) (C.20)
The scalar product between the functions ¥ (z) and @(z) is
(U|®) = /dx@*(x)@(m) (C.21)
which we can express as

(W|®) = /dx (T2 (z|P) (C.22)

We shall assume that an integration is always understood, when Dirac nota-
tions of the kind above are used, i.e.,

(V]@) = (¥|z)(x|®) (C.23)

in analogy with the summation rule for discrete basis sets. This leads to the
formal identity
) (x| =1 (C.24)

which is consistent with the corresponding relation (Eq. C.12) with a numer-
able basis set.

Closure property

From the expansion Eq. (C.1) we have
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U(x) = /dx' gbj(:z:’)lp(x’)gbj(x) (C.25)

This can be compared with the integration over the Dirac delta function
wu)z/Hyaw—xqwuq (C.26)

which leads to the relation known as the closure property

¢;(x")gj(x) = 6(x — a’) (C.27)

(with summation over j). In Dirac notations this becomes

(@]j)(dla") = (2 — 2')

or

| (aI]a') = 6(x — 2

(C.28)

which implies that the delta function is the coordinate representation of the
identity operator (Eq. C.12). Note that there is no integration over the space
coordinates here.

Representation of operators

The coordinate representation of an operator is expressed in analogy with
that of a state vector . R R
O = (z|0|2') = O(x, ) (C.29)

which is a function of = and 2. An operator @ acting on a state vector |7)
is represented by

@@@é@@ﬁ@@z/@@@ﬂﬂﬁ (C.30)

which is a function of z.






Appendix D

Dirac equation and the momentum
representation

D.1 Dirac equation

Free particles

The standard quantum-mechanical operator representation

- 0
EHE:iha; p—p=-ihV;, z—ox == (D.1)
where E, p, @ represent the energy, momentum and coordinate vectors and
FE, p, & the corresponding quantum-mechanical operators, was previously
used to obtain the non-relativistic Schrédinger equation (Eq. 2.9). If we apply
the same procedure to the relativistic energy relation

E? = *p? + mict (D.2)

where c is the velocity of light in vacuum and m, the mass of the electron,
this would lead to

0*Y(x)

_p2
ot?

= (0” + m2e*) v(x) (D.3)
which is the Schridinger relativistic wave equation. It is also known as the
Klein-Gordon equation. In covariant notations (see Appendix, section A.1) it

can be expressed
(R0 +m2c*)(z) =0 (D.4)

In contrast to the non-relativistic Schrodinger equation (Eq. 2.9) the

Klein-Gordon equation is non-linear and therefore the superposition principle
of the solutions cannot be applied. In order to obtain a linear equation that

305



306 D Dirac equation and the momentum representation

is consistent with the energy relation (Eq. D.2) and the quantum-mechanical
substitutions (Eq. D.1), Dirac proposed the form for a free electron

ihaz/}T(tx) = (ca -p+ BmeCQ) Y(x) (D.5)

where a and 3 are constants (but not necessarily pure numbers). This equa-
tion is the famous Dirac equation for a relativistic particle in free
space.

The equivalence with the equation (Eq. D.3) requires

(ca-p+ Bmec®)(ca - p+ Bmec®) = P + mic*
which leads to

2_ 2 _ 2 g2 _
ar=a,=a;=0p"=1

y
g0y + aya, =0 (cyclic)
af+ fa=0 (D.6)

where ”cyclic” implies that the relation holds for x — y — 2z — .

The solution proposed by Dirac is the so-called Dirac matrices

- (20) (%) o

where o = (04, 0y,0,) are the Pauli spin matrices

(80 () ee(a0) o

The Dirac matrices anticommute

af+ fa=0 (D.9)

With the covariant four-dimensional momentum vector (Eq. A.2) p, =
(po, —p), and the corresponding vector operator

B = (9o, —) = (%%,iw) (D.10)

the Dirac equation (Eq. D.5) becomes

(cﬁo —co-p— ﬂmECQ) P(x) =0 (D.11)

or with
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o = (1,a) (D.12)

and a*p,, = po—a-p we obtain the covariant form of the Dirac Hamiltonian
for a free-particle

Hp = —catp,, + fmec? (D.13)

and the corresponding Dirac equation

(ca*p — Bmec?) h(z) =0 (D.14)

With the Dirac gamma matrices
A = Bat (D.15)

this can also be expressed (32 = 1)

(7”13//‘ - mec) ¢(9ﬂ) = (/l/) - mec) 1/’(510) =0 (D16)

where ,%) is the " p-slash” operator

b ="Dp = Barp, = B(po — o+ p) (D.17)

It should be observed that in the covariant notation pg is normally discon-
nected from the energy, i.e.,

o # \/P° +m2c? (D.18)

This is known as off the mass shell. When the equality above holds, it is
referred to as on the mass shell, which can also be expressed

P =pa — p? = mic? or  p=mec (D.19)

In separating the wave function into space and time parts,

() = ¢p(x) e ient/h (D.20)

the time-independent part of the Dirac eqn (Eq. D.5) becomes

ﬁ%ee(f’) op(x) = £p Pp(T) (D.21)

where .
hlee = ca - p + Bmec? (D.22)

is the free-electron Dirac Hamiltonian. The Dirac equation can also be

expressed A
(ﬁ?p —Ba-p—mec) dp(x) =0 (D.23)
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Here, ¢, () is a four-component wave function, which can be represented by

¢p<w>=%ur<p>ew; o) =poy(x).  (D24)

(Note the difference between the momentum wvector p and the momentum
operator P). e'P'® represents a plane wave, and u,.(p) is a four-component
vector function of the momentum p. For each p there are four independent
solutions (r = 1,2,3,4). The parameter p is in our notations ¢, and ¢,
represents p and r or, more explicitly,

(bp(w) = ¢p,r($) ; Ep = Ep,r

With the wave function (Eq. 12.1) the Dirac equation (Eq. D.23) leads to
the following equation for the w,(p) functions

(82 = Ba- p—mec) uy(p) = 0

or

gpfc—mec —0-P B
< o-p —gpfc— mec) ur(p) =0, (D.25)

where each element is a 2 x 2 matrix. This eqn has two solutions for each
momentum vector p:

wlp) = (PE )= (7R ) e

o-p —&p/c+ mec

corresponding to positive (r = 1,2) and negative (r = 3,4) eigenvalues, re-
spectively. Defining the momentum component pp—to be distinguished from
the corresponding operator component py (Eq. D.10)—by

lepl = Ep =cpo;  po = /P*+m2c? (D.27)

gives

. Po +mec | . —o-p
wlo) = (M) o= (TP ) o2
The corresponding eigenfunctions (Eq. 12.1) are
by (@) = —=us ()P T TE g (2) = ——u(p) P
P+ - \/V p— - \/V -

(D.29)
including the time dependence according to Egs (Eq. D.20), (Eq. D.27).

The vectors

up) = uep) and o) —u-(-p) =5 (7P ) 0
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satisfy the eqns
(p—me)u(p) =0 and (p+mc)o(p)=0,  (D.31)

where po is given by (Eq. D.27). Note that the negative energy solution
corresponds here to the momentum —p for the electron (or +p for the
hole/positron).

Normalization
Several different schemes for the normalization of the u matrices have been
used (see, for instance, Mandl and Shaw [136, Ch. 4]). Here, we shall use

"

Upr (p) ’U,T(p) = 57"’,7’ (D32)

which leads to

+ mec
welp) = N4+ ) (70,

= N4 *(po + mee)® + (0 - p)* = [Ny [* 2po (o +mec)  (D.33)
using (o - p)? = p? = p3 — m2c?. This gives

2po (po + mec)

and the same for N_.

With the normalization above we have

+ mec
o)l (o) = N4 (P00 ) (ot o)

1 : : ;
:(p0+mec o-p >:po—|—a p + Bmec (D.35)
2po O-pP Po— MeC 2po
and similarly
po — (@ - p+ Pmec
u_(p)ul (p) = 22 ) (D.36)

2po

which gives

uy (p)ul (p) +u_(p)ul (p) =1 (D.37)
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Dirac equation in an electromagnetic field

Classically, the interaction of an electron with electromagnetic fields is given
by the ”minimal substitution” (Eq. E.15), which in covariant notations can
be expressed !

Pu— Du + €A, (D.38)

with the four-dimensional potential being

Au(z) = (W) , fA(x)> (D.39)

This implies that the Dirac Hamiltonian (Eq. D.13) becomes

Hp = —cat(p, + eA,) + Bmec? (D.40)

and that the interaction with the fields is given by the term

’Hint = —ecoz“AM‘ (D.41)

D.2 Momentum representation

Representation of states

Above in section C.3 we have considered the coordinate representation of a
state vector, ¢, () = (x|a). An alternative is the momentum representation,
where the state vector is expanded in momentum eigenfunctions. A state |a)
is then represented by ¢,(pr) = (pr|a), which are the expansion coefficients
of the state in momentum eigenfunctions

(x]a) = (x|pr)(pr|a) (D.42)

with summations over p and r. The expansion coefficients become

o) = [Ctprleel = fj [Fecmmuimo O

I In many text books the minimal substitution is expressed as Pu — Du + %Au: because a
mixed unit system, like the cgs system, is used. In the SI system—or any other consistent
unit system—the substitution has the form given in the text. The correctness of this
expression can be checked by means of dimensional analysis (see App. K).



D.2 Momentum representation 311

In the limit of continuous momenta the sum over p is replaced by an integral
and V replaced by (27)3.

Note that the momentum representation is distinct from the Fourier trans-
form. The latter is defined as

i) = ) pria) = [ & [ e 0,2

~ (2w)*3/2/d3a: e P g (x) (D.44)
using the identity (Eq. D.37).
In analogy with Eq. (C.23) we have
(alb) = (alp,7)(p,7[b) (D.45)

which yields
Ip.r)(p, 7| =1 (D.46)

with implicit summation/integration over p and summation over r.

Representation of operators

Coordinate representation of an operator (’:): O(xa, 1) = (x2|0]x1) X
Momentum representation of an operator O: O(pyra, p17r1) = (P272|O0|P171)-
Transformation between the representations

(por2|Olpyr1) = / d*wy d*ay (pora|@s) (@2|Ola: ) (21 |pyr1)  (D.AT)
The corresponding Fourier transform is according to (Eq. D.44)

Ury (p2)<p2r2|@\p17’1> “11 (p1) (D.48)

Any operator with a complete set of eigenstates can be expanded as
O =lj)e(jl where Olj) =elj) (D.49)
This gives the coordinate and momentum representations
(@o|Olar) = (walj) e (jl@1) (D.50a)

(pa2|Olpy71) = (Pg.7ali) &5 (ilpyr) (D.50b)
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Closure property for momentum functions

In three dimensions we have the closure property (Eq. C.27)
¢; ()¢ (z') = 6°(z — a') (D.51)

and for a continuous set of momentum eigenfunctions this becomes

[0 63u@) () = 82— ) (D52)

with summation over r. This can also be expressed
(z[pr)(prlz) = 6°(z — ) (D.53)
also with integration over p. From the closure property Eq. (D.51) we have
&5(p, 1) (P, 7") = 6,.006°(p — P') (D.54)

which leads to
(p,7li)(ilp',7") = 6,0 0°(p — D) (D.55)

D.3 Relations for the alpha and gamma matrices

From the definition of the alpha matrices and the definitions in Appendix A
we find the following useful relations:

ata, =1-a=-2
a'aoy, = acta, = 2«
ooy, = — afa =43
al'fot = 8+ afa = -20
o'Aay, = ot Bas A%, =4 A (D.56)

where A is defined in Eq. (D.17). The gamma matrices satisfy the following
anti-commutation rule:

VI A = 29"
AB+BA=2AB (D.57)

This leads to
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VY = =2

YAy =24
Y =4
VY = =2
YAy =24
Py =7 =1
77y =407
Ay’ =7 4
7y’ =77
VYA =4

00,70 SOXT

Y7y =77
" A By’ = AB
Yyl = FPF7FT

VYA B ¢4 =ABC (D.58)
WhereAJ:’yOAof"}/ZA,L:PYO+7.A

With the number of dimensions being equal to 4 — ¢, to be used in dimen-
sional regularization (see Chapter 12), the relations become

Yy, =4 —¢€
VY = =2 =€
YAy =—2-e 4
YA Y = 497" — T
YA By, =4AB —e A B
PN = =277 + ey
it =3 -

7Y =—(2—€7" =77
Vi =—-2-eA-A

1A By =1AB—AB—cAB
WYY = =2 = AT 4 ey
VWAB Oy =20 BA-ABC+eA B¢ (D.59)






Appendix E
Lagrangian field theory

Concerning notations, see Appendix A.

E.1 Classical mechanics

In classical mechanics the Lagrangian function for a system is defined
L=T-V (E.1)

where T is the kinetic energy and V the potential energy of the system.

Generally, this depends on the coordinates g¢;, the corresponding velocities

Gi = %Iti and possible explicitly on time (see, for instance, [205, Sec. 23])

L(t;qi,q2- -+ 541,42 +) (E.2)
The action is defined
IZ/dtL(t;QLCD“';q'17q'2"') (E.3)
The principle of least action implies that

6I(q1,q2- - 1G1,G2-++) =0 (E.4)

which leads to the Lagrange equations

P P
%(ai)‘ai:

The Hamilton function can be defined
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where p; is the canonically conjugate momentum to the coordinate ¢;

oL
pliaq'i

(E.7)

It then follows that
OH .  0Og;

Y

Furthermore, from the definitions above and the Lagrange equations we have

(E.8a)

OH B
dq; B

—Di (E.8b)

These are Hamilton’s canonical equations of motion.

We consider a general function of time and the coordinates and canonical
momenta f(t;p;,q;). Then the total derivative with respect to time becomes

df _0f  0f0g;  Of dp; _Of  0fOH 0f OH

= = ==+ = — E.9
dt ot 8qi ot 8]% ot ot 8(]@ 8pi 8pi 8(]1' ( )
With the Poisson bracket of two functions A and B, defined by
0A OB 0BO0A
A, B} = — E.10
4.5 0q; Op;  0q; Op; ( )
the derivative can be expressed
df of
- == H E.11
= S g ) (E11)

For a single-particle system in one dimension (z) the kinetic energy is
T = p?/2m, where m is the mass of the particle, which yields

»? mu?

L=—-V=—-V
2m 2
where v = 4 is the velocity of the particle. Furthermore, p;§; = pi = p?/m =
muv?, yielding with Eq. (E.6)

which is the classical energy expression. The canonically conjugate momen-
tum (Eq. E.7) is then
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0L oL
p= o Ov

which is the classical momentum.

muv

Electron in external field

The Lagrangian for en electron (charge -e) in an external field, A, =
(¢(x)/c,—A), is [136, p. 25]

L(z,&) = i ma® —eA- & + eg(x) (E.12)

where the last two terms represent (the negative of) a velocity-dependent
potential. The conjugate momentum corresponding to the variable x is then
according to Eq. (E.7)

pi — p=mx—cA (E.13)

Using the relation (Eq. E.6), we get the corresponding Hamilton function
1
H:p.:b—L:%miZ—egf)(m):%(pqLeA)zfegb(a:) (E.14)

We see that the interaction with the fields (¢, A) is obtained by means of the
substitutions
H — H —ed(x) p—p+ecA (E.15)

known as the minimal substitutions.

The corresponding equations of motion can be obtained either from the
Lagrange’s or Hamilton’s equation of motion. We then have

i) = g (me = ca)
and
oL

o0 — —eV(A- &)+ eVe(x)

The same equations are obtained from the Hamilton’s equations of motion
(Eq. E.8b). The total time derivative can in analogy with Eq. (E.9) be ex-
pressed

i—g+d7x£+ —g_’_' V
at ot | dt oz o T

giving

%(mdz—eA) :mi—e%—?—e(dz-V)A

From the identity
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Ex(VxA)=V(A-z)—(&-V)A

we then obtain the equations of the motion

miizev¢($)+e%*6¢x(VXA):*B(E+'UXB) (E.16)

with v = & being the velocity of the electron. This is the classical equations
of motion for an electron of charge —e in an electromagnetic field. The right-
hand side is the so-called Lorentz force on an electron in a combined electric
and magnetic field. This verifies the Lagrangian (Eq. E.12).

E.2 Classical field theory

In classical field theory we consider a Lagrangian density of the type
L= E(d’rv 6,u¢r) (E.17)

where ¢, = ¢, (x) represent different fields and

Bt = oo (5.18)
The requirement that the action integral
1= / d*z L(¢y, 0udr) (E.19)
be stationary over a certain volume leads to the Fuler-Lagrange equations
A (E.20)

¢y " 9(0udr)

The field conjugate to ¢, (x) is

_oc

() = o0 (E.21)

where the ”dot” represents the time derivative. The Lagrangian function is
defined

L(t) = / & L(6y, ) (E.22)

The Hamiltonian density is defined
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H(x) = mr(2)dy(2) — L(Sr, Dudrr) (E.23)

In quantized Lagrangian field theory the fields are replaced by operators,
satisfying the Heisenberg commutation rules at equal times [136, Eq. (2.31)]

[fu(2), 7 (2")] = iR, 6*(z — ') (E.24)

with the remaining commutations vanishing. In our applications the quan-
tized field will normally be the electron field in the interaction picture
(Eq. B.28) or the electromagnetic field (Eq. G.2).

E.3 Dirac equation in Lagrangian formalism

From the Dirac equation for a free electron (Eq. D.14) we can deduce the
corresponding Lagrangian density

L(z) = Pl (2) (ihc 0™, — Bmec?)d(x) (E.25)

Using the relation (Eq. B.17), the space integral over this density yields the
corresponding operator

L= /d3m L(x) = ihcat0, — Bmec? = carp, — Bmec? (E.26)

with p, =ih0d,) and the corresponding Hamilton operator (Eq. E.6
" "
H=-L=—-cad'"p,+ Bmec? (E.27)

since the field are time independent. This leads to the Dirac equation for a
free electron (Eq. D.14).

We can also apply the Euler-Lagrange equations (Eq. E.20) on the La-
grangian (Eq. E.25), which leads to

oL

— x)i B
8“8((%1&) Oy (VT (z)ihcat)
0L _ gt ) fmec?

09 P() Bme

and A .
duihcatl(z) + mec®Pt () =0

with the hermitian adjoint
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(—ihcald, + Bmec?)(z) =0 (E.28)

which is consistent with the Dirac equation for the free electron.

In the presence of an electromagnetic field we make the minimal substitu-
tion (Eq. D.38)

ie
Pu — Pu+ €Ay (z) or Oy — Oy — - A,(x) (E.29)
which leads to the Lagrangian density in the presence of an electromagnetic

field

L(z) = )T () (catp, — Bmec® + ecat A, (z))i(x) (E.30)

This gives the the corresponding Hamiltonian density

H(x) =9 (z)(— calpy + Bmec® — ecat Ay (x))i(z) (E.31)

where the last term represents the interaction density

Hint(z) = =T (z) ecar A, (x)i)(x) (E.32)

The corresponding Hamilton operator can then be expresses

H = /d3w1 Q/A)T(xl)( —caofp, + Bmec® — eca“Au(x))ftZJ(azl) (E.33)



Appendix F

Semiclassical theory of radiation

F.1 Classical electrodynamics

Mazxzwell’s equations in covariant form

The Maxwell equations in vector form are!

V-E=p/e (F.1a)
OFE .

V-B=0 (F.1c)

VxE+aa—If:0 (F.1d)

where p is the electric charge density and j the electric current density.
Eq. (F.1c) gives

B=VxA (F.2)
where A is the vector potential. From Eq. (F.1d) it follows that the electric
field is of the form

E=-—" -V (F.3)

where ¢ is the scalar potential. The equations (Eq. F.1a) and (Eq. F.1b) give
together with Eq. (F.3) and Eq. (F.2)

L As in the previous Appendices the formulas are here given in a complete form and valid
in any consistent unit system, like the SI system (see Appendix K).
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0 ,
~Vi— QV'AZP/GO = cpio j°

1 0%A 1 0¢ .
) " V(VAr ) = —mi (F.4)

(V2A -

using the vector identity V x (V x A) = V(V - A) — V?A. Here, j° = ¢p
(with eguo = ¢72) is the scalar or "time-like” part of the four-dimensional
current density

j=3"=(cp,J) (F.5)

where the vector part is the three-dimensional current density j. Similarly,
the four-dimensional vector potential

At =(¢/c,A)  Au=(9/c,—A) (F.6)

has the scalar part ¢/c and the vector part A. With the d’Alambertian
operator (Eq. A.10), these equations can be expressed?

O¢ — % (VA) = cpo 5° (F.7)
OA+V(VA) =poj (F.8)

which leads to Mazwell’s equations in covariant form

]DA—V(VA) :Moj\ (F.9)

or

8,0" A" — 9"(9, A" = pg j" (F.10)

Electromagnetic-field Lagrangian

We introduce the field tensor [136, Eq. 5.5]
Fr =" Al — ot A (F.11)

Then we find for instance
Op/c DA,
gYre - F,
ox Oct
04, 04,
v _ B,
y ox

FOlzalAO_aOAlz

F12:82A1—81A2:

etc., leading to the matrix

2 Concerning covariant notations, see Appendix A.1.
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0 E;/cE,/cE,/c
“E,Je 0 B, -B.
E,/c —=B, 0 B,
-E, B, —-B, 0

P = (F.12)
The Maxwell equations (Eq. F.10) can now be expressed [136, Eq. 5.2]
O, F™ = g j* (F.13)

using the identity
0,0" A* = 919, A*

With ¢, = A,, the Euler-Lagrange equations (Eq. E.20) becomes

or or
— = F.14
o4, %am,ay " (F.14)

Using the field tensor (Eq. F.11) and the form of the metric tensor (Eq. A.5),
we have

Fu P = (8,4, = 9,4, ) (974" = 94"
- (&,AM - 6HAV) (gwa(,gmgr - g‘“’agg”Aﬂ) (F.15)

Here, p and v are running indices that are summed over, and we can replace
them with p/ and v/, respectively. The derivative with respect to fixed p and
v then gives

8 ,V, v 1% l//V ! /I/ V' v
WFP/V/FM :FN 7F#+F#/y/g glLIinFV/p‘,glJf g H:4F”
vl
(F.16)
We then find that with the Lagrangian
1 my i

the Euler-Lagrange equations (Eq. F.14) lead to the Maxwell equations
(Eq. F.13).

With the same Lagrangian the conjugate fields (Eq. E.21) are

oL 1 oc
94,  cd(A,)

mh(z) =

where the dot represents the time derivative and 0 = 2~ =
the relation (Eq. F.16), this yields



324 F Semiclassical theory of radiation

e :_L KO (e
' (x) e (z) (F.19)

The Hamiltonian is given in terms of the Lagrangian by [136, 5.31]
H= / Bx sN{rH(x)A,(x) — L} (F.20)

where N{} represents normal order [118, Ch. 11] (see section 2.2).

Lorenz condition

The Lorenz condition is?

106

f— ll’: . —_—— =
VA=9,A" =V At 550 =0 (F.21)

and with this condition the Maxwell equations get the simple form

2

Then also the electro-magnetic fields have particularly simple form, given in
Eq. (G.2).

Continuity equation

Operating on Maxwell’s equations (Eq. F.9) with V yields:
V(OA) - VV(VA) = uVy

Since 00 = V? and V commute, this leads to the continuity equation

’Vj — 95" :0\ (F.23)

Gauge invariancex

A general gauge transformation is represented by

A= A+VA (F.24)

3 This condition is named after the Danish physicist Ludvig Lorenz, not to be confused
with the more well-known Dutch physicist Hendrik Lorentz.
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where A is an arbitrary scalar.

Inserted into the Maxwell equations (Eq. F.9), this yields:
O(VA) —V(VVA) =0(VA) —V(dA4) =0

which shows that the Maxwell equations are gauge invariant.

Coulomb gauge

Transverse and longitudinal field components

The vector part of the electromagnetic field can be separated into transverse
(divergence-free) and longitudinal (rotation-free) components

A:AL+A”; V-A =0; VXAH:O (F.25)
The electric field can be similarly separated

B e T

E:EJ_+E||; E, =

while the magnetic field has only transverse components due to the relation
(Eq. F.2). The separated field equations (Eq. F.4) then become

0
V3¢ + 5V Al =—p/e (F.26a)
9 1 82A” 1 09 .
(V Al - = o ) — V(V “A|+ C*QE) = —HoJ (F.26b)
162 .
(VQ _ ?%)AL = —puoJT (F26C)

The longitudinal and the scalar or ’time-like’ components (A, $) represent
the instantaneous Coulomb interaction and the transverse components (A )
represent retardation of this interaction and all magnetic interactions, as well
as the electromagnetic radiation field (see section F.2).

The energy of the electromagnetic field is given by
1 1
Eraqg = */d3$ |:7’B‘2 + EO|E‘2:|
2 Ho

1 1 1
= [ [Bf ol 43 [Eealm 2
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The last term represents the energy of the instantaneous Coulomb field, which
is normally already included in the hamiltonian of the system. The first term
represents the radiation energy.

Semiclassically, only the transverse part of the field is quantized, while the
longitudinal part is treated classically [194, Ch. 2,3]. It should be noted that
the separation into transverse and longitudinal components is not Lorentz
covariant and therefore, strictly speaking, not physically justified, when rel-
ativity is taken into account. It can be argued, though, that the separation
(as made in the Coulomb gauge) should ultimately lead to the same result
as a covariant gauge, when treated properly.

In a fully covariant treatment also the longitudinal component is quan-
tized. The field is then represented by wvirtual photons with four directions of
polarizations. A real photon can only have transverse polarizations.

The Coulomb gauge is defined by the condition
V-A(x)=0 (F.28)

Using the Fourier transform
A(z) = / d*k A(k) e~k (F.29)

this condition leads to

aAl _ 4 i : —ikx __
@_/d kA () (—i)ks =7 =

" A(k) k=0 (F.30)

This is also known as the transversally condition and implies that there is
no longitudinal component of A. Maxwell’s equations then reduce to

Vi = —p/eo (F.31)
This has the solution
1 p(x')
=— [ Bz 2 F.32
¢(z) 47eq / r |z — '] ( )

which is the instantaneous Coulomb interaction.

In free space the scalar potential ¢ can be eliminated by a gauge trans-
formation. Then the Lorenz condition (Eq. F.21) is automatically fulfilled in
the Coulomb gauge. The field equation (Eq. F.4) then becomes

12A

2 —_—— =
VA - 5o (F.33)
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The relativistic interaction with an atomic electron (Eq. D.41) is then in the
Coulomb gauge given by
Hiyy=eca-Aj (F.34)

and in second quantization (see Appendix B)

Hiye =Yl (ileca- ALlj) ¢ (F.35)
ij

where cf,c represent creation/annihilation operators for electrons. In the
interaction picture this becomes

Hin1(t) = el (ilecor- A |j)c; ===t/ (F.36)
%]

F.2 Quantized radiation field

Transverse radiation field

Classically the transverse components of the radiation field can be represented
by the vector potential [194, Eq. 2.14]

A(x,t) = Z Z [ckp g cilre—wt) o Chp Ep emilkz—wt) (F.37)
k

p=1

where k is the wave vector, w = c|k| the frequency, and ck,, /cj,, represent the
amplitude of the wave with the a certain k vector and a certain polarization
€p. The energy of this radiation can be shown to be equal to [194, p.22]

_ 2 ok _ 2 [ * *
FEraqa = 2¢0 E W Cryp Chp = €0 E w (ckp Ckp + Chr ckp) (F.38)
kp kp

By making the substitution

\/ n and ¢, n 1
Ckp — a 1 Crp — a
kp 260 wV kp kep 260 wV kp

where aLp, /akp are photon creation/annihilation operators, the radiation en-
ergy goes over into the hamiltonian of a collection of harmonic oscillators

_1 E T T
Hparm.osc = 5 fiw (akp Upp + Akp ak’p)
kp
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Therefore, we can motivate that the quantized transverse radiation field can
be represented by the operator [194, Eq. 2.60]

2
Al(mt) =) G > {akp gpe’ B2t 4 gl e, emimmwD] | (1 39)

Breit interaction

Fig. F.1 Diagrammatic representation of the exchange of a single, transverse photon
between two electrons (left). This is equivalent to a potential (Breit) interaction (right).

The exchange of a single transverse photon between two electrons is il-
lustrated by the time-ordered diagram (left) in Fig. F.1, where one photon
is emitted at the time ¢1 and absorbed at a later time ¢5. The second-order
evolution operator for this process, using the interaction picture, is given by
(see section 3.1)

—in2 (9 . 0 N
U,$2)(0, —OO) = (f) / dtQ Hint’l(tg)/ dtl Hint,I(tl) G’Y(t1+t2) (F40)

where 7 is the parameter for the adiabatic damping of the perturbation. The
interaction Hamiltonians are in the Coulomb gauge given by (Eq. F.36) with
the vector potential (Eq. F.39)

. i 2 . .

Hine1(t) = )4/ YooV > cl(r| (a};p eca-eppe *?) |a) e, e EemEp oD h
ky p1=1

. n 2 . .

Hine1(t2) = Z \/ YeonaV Zl cl {r|(axpeco - ery elk'w)2|a> cp e 12 (e —esthwa) /R
ko p2=

(F.41)

which leads to the evolution operator
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(0. —00) = —
U;7(0,—00) = cleqcley Z 2FL60V w1w2
Z (rs|(arp ot - &p ei’“'w)2 (a};p a-g, e_ll’m“')1 lab) x I (F.42)

Pip2

where [ is the time integral. The contraction between the creation and anni-
hilation operators (Eq. G.10) yields (w = w1 = ws)

Z <7’s| (akp a-g, eik'm)2 (a;rcp a-g, e*ik'w)l |ab>
pP1p2

2
Z (rs|(a-ep)2 (a-ep) e ik (rig =x1 —x2). (F.43)

p=1

The time integral in Eq. (F.42) is

0 t
I:/ dty 67iﬁ2(6h*65+hw+i’y)/h/2 dt, e~ it1(ea—er—hwtiv)/h

1
= — F.44
(cq + cq’ + 2i7)(cq — w + i) ( )

with c¢q = (e, — &)/h and ¢q' = (gp — &5)/h.

The result of the opposite time ordering t; > ¢ is obtained by the exchange
1< 2 (r1a © —712), a < b, and r < s, and the total evolution operator,
including both time-orderings, can be expressed

o2¢
U'gz)(ov_oo) = CICaCsz SheowV ZZ (rs|(a-ep)i(a-ep)2 Mlab) (F.45)

with

e*ik"l"lz eik"l‘lz

= . — + . -
(cq+cq +2iy)(cq —w+1iy)  (cq+cq +2iy)(cqg —w +1iv)

(F.46)

This can be compared with the evolution operator corresponding to a poten-
tial interaction Bis between the electrons, as illustrated in the right diagram
of Fig. F.1,

—' O . .
U (0, —00) = cleacley (rs|Bia|ab) (%) / dt e~ HEater—er—estin)/h

—00

_ cleacler (rs|Bizab) (F.47)
h cq+cq +in .

Identification then leads to
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2.2 —ik-r12 ik-rio
e“c e e
Biy = a-€ a-e [ — + - F.48
12 2eqwV %;( Pl »)2 cq—w+iy ¢ —w+iy ( )
We assume now that energy is conserved by the interaction, i.e.,
€a—€Er=€s—¢€p OF q+¢ =0 (F.49)

It is found that the sign of the imaginary part of the exponent is immaterial
(see Appendix J.2), and the equivalent interaction then becomes

eik-r12

(F.50)

2
e
By = — E . .
BTV " (a-ephla-ep)s g —k? +1iy

with w = ck.

The e, vectors are orthogonal unit vectors, which leads to [194, Eq. 4.312]

3
Z(a cep)i(aey) =1 (F.51)
p=1
This gives )
D (aep)i(agy)s =ar-as— (o - k)(az - k) (F.52)

p=1

assuming €3 = k to be the unit vector in the k direction. The interaction
(Eq. F.50) then becomes in the limit of continuous momenta (App. D)

2 ~

e A3k -
By = g/w [al c Qg — (al 'k)(a2 'k)]

ei k""12

Z ey &9

With the Fourier transforms in Appendix J this yields the retarded Breit
interaction

62

BRet = — (a1 - Vi)(as -V
12 _ (a1 - Vi) (e - Vy) i

ilg|ri2 ilqlriz _ 1
c e] (F.54)

- Qg - O
47eg [

Setting ¢ = 0, we obtain the instantaneous Breit interaction (real part)

2
Inst __ €
BlQ -
47eg

Qg c O

+ % (Oé1 . Vl)(ag . VQ) 7’12:|
712

or using

a] - o] T a1 T
(1 Vi)(on - Va)rp = ———2 + (o 12)2( L)
712 1o
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we arrive at

2 . .
Bt — — & [1g,.q, + @M@ m2) (F.55)

471'60 T12 27’12

which is the standard form of the instantaneous Breit interaction.

Transverse photon propagator

s r
T 2 1 S r S
+ =1 2
1 b a 2 a b
a b

Fig. F.2 The two time-orderings of a single-photon exchange can be represented by a
single Feynman diagram.

We shall now consider both time-orderings of the interaction represented
in the figure simultaneously. The evolution operator can then be expressed

—in2 O 0 . .
U000 = () [ dta [ dta T[ia(te) Fnat)] e 041D
(F.56)

where

. . Hing 1(t2) Hing1(t1)  to >t
T [Hing 1(t2) Hing,1(t1)] = (F.57)

Hine1(t1) Hing1(t2)  t1 > o

In the Coulomb gauge the interaction is given by (Eq. F.36) and the vector
potential is given by (Eq. F.39). The evolution operator for the combined
interactions will then be

e2c?

U,(Y2)(0, —00) = —cleucha 7 X
0 O . . . .
/ dty / Aty T[(e+ ALy (@ A )] e trlEamertin/h g=italev=etin/h (p 58)

Here
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T[(a-AL) (- AL)s] = Z 2w7§0V (a-ep)1(a-ep)
kp

e—i(klml—wtl) ei(kz-mz—wtz) to >t
efi(kz'wgfwtz) ei(kl'mlfwtl) tl > t2

or with T2 = &1 — T2 and t12 = tl — t2

2
h e:Fl(k: T12— wtlz)
Tl A (a-Al)s ::;a ep)1 (- gp)a Vzk: (F.59)

where the upper sign is valid for t5 > ¢1. This yields

UW(Q)(O, —00) = —cleqaclay 70712 dtg/ dtq

2 eil(k T10— wtlz) .
X Z(a cep)1 (@ gp)a v Z elcatiz p(tittz) (F.60)
p=1

utilizing the energy conservation (Eq. F.49).

The boxed part of the equation above is essentially the photon propaga-
tor (Eq. 4.23)

1 Fi(k-r12—wti2) A3k eFilkriz—wtiz)
PRt (F.61)

De(1,2) = v - 2w 27)3 2w

This can be represented by a complex integral

d3k d iztio .
DF(].,Q) = 1/ /i 67 elk""lz (F62)

(2m)3 ) 271 22 —w? +in

where 7 is a small, positive quantity. As before, the sign of the exponent
ik - 712 is immaterial. The integrand has poles at z = +(w — in), assuming
w to be positive. For o > t; integration over the negative half plane yields
S elwtiz gikriz and for t; >t integration over the positive half plane yields
—fj e~whz gikriz - which is identical to (Eq. F.61). The evolution operator
(Eq F.60) can then be expressed

U0, —00) = —cleqct / dtg/ dt,

2
XY (a-gp)1 (- gp)p Dp(1,2) e ie0tz/h rltiti)h (F.63)
p=1
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Comparison with the covariant treatment

It is illuminating to compare the quantization of the transverse photons with
the fully covariant treatment, to be discussed in the next chapter. Then we
simply have to replace the sum in (Eq. F.42) by the corresponding covariant
expression

2 3
Z (arp o - €p)1 (a};p a-gply = Z (arp a*epp)t (aj;:p a’eyp)2  (F.64)
p1p2=1 p1p2=0

The commutation relation (Eq. G.10) yields

3

Z (arp @ epp)t (a;;p a’epple =g c g — 1 (F.65)
p1p2=0

We then find that the equivalent potential interaction (Eq. F.50) under en-
ergy conservation is replaced by

2

e d3k elkmz
Ve — & lmanean) =2 o F.66
12 €0 / (2m)3 (1 -0 ao) > — k% +1iy ( )

and with the Fourier transform given in Appendix J.2

V12 - (1 — Q. (12) ei|q|T12 (F67)

We shall now compare this with the exchange of transverse photons,
treated above. We then make the decomposition

1—(ay-k)(asg-k)
1-— a1 c g = ) (F68)

- g + (Oél . k)(ag . ’2!)

The last part, which represents the exchange of transverse photons, is iden-
tical to (Eq. F.52), which led to the Breit interaction. The first part, which
represents the exchange of longitudinal and scalar photons, corresponds to
the interaction

ei k-’r‘12

o2 3 R X
Ve = —/(;17:)“3 1~ (o - )(az - )]

€0

oy )

This Fourier transform is evaluated in Appendix J.3 and yields
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62 d3k 2 eik-’rlz 62 dSk eik-rlz
vc:_f/ A G :f/—3—2 — (F.70)
e J (2m) k2) ¢> — k2 +iy e J (2m)3 k%2 —iy

provided that the orbitals are generated in a local potential. Using the trans-
form in Appendix J.2, this becomes

62

Veou = —— (F.71)

47‘(60 T12
Thus, we see that the exchange of longitudinal and scalar photons corresponds
to the instantaneous Coulomb interaction, while the exchange of the trans-

verse photons corresponds to the Breit interaction. Note that this is true only
if the orbitals are generated in a local potential.

If instead of the separation (Eq. F.68) we would separate the photons into
the scalar part (p = 0) and the vector part (p = 1,2, 3),

1
1-— aq - Qg = (F72)
— Q1 * O
then the result would be
2
e .
VRet _ e1|q|7’12
Coul 4160 T12
Ret ¢’ ilg]
€ 1 T
VGaunt = _471'60 1 ag - o el (F73)

which represents the retarded Coulomb and the retarded magnetic (Gaunt)
interaction. This implies that the longitudinal photon represents the
retardation of the Coulomb interaction, which is included in the Breit
interaction (Eq. F.54).

If we would set ¢ = 0, then we would from (Eq. F.73) retrieve the instan-
taneous Coulomb interaction (Eq. F.71) and

62

[6 3R %) (F74)
47eq
which is known as the Gaunt interaction. The Breit interaction will then turn
into the instantaneous interaction (Eq. F.55). This will still have some effect
of the retardation of the Coulomb interaction, although it is instantaneous.

We shall see later that the interactions (Eq. F.73) correspond to the inter-
actions in the Feynman gauge (Eq. 4.56), while the instantaneous Coulomb
and Breit incinerations correspond to the Coulomb gauge.



Appendix G

Covariant theory of Quantum
ElectroDynamics

G.1 Covariant quantization. Gupta-Bleuler formalism
With the Lorenz condition (Eq. F.21) 9, A* = 0 the Maxwell equations have
a particularly simple form (Eq. F.22)

In this case the covariant electromagnetic radiation field can be expressed in
analogy with the semiclassical expression (Eq. F.39) and represented by the
four-component vector potential [136, Eq. 5.16]

Au(z) = At (2) =/ MOV st akr e 4 al, €] (G.2)

However, different equivalent choices can be made, as further discussed in
section G.2. Here, we use the covariant notations

k=k"= (ko,k); ko=w/c=|k|; kx=wt—k- -z

defined in Appendix A.1, and r = (0,1, 2, 3) represents the four polarization
states. Normally, the polarization vector for r = 3 is defined to be along the
k vector — longitudinal component — and for r = 1,2 to be perpendicular —
transverse components. The component = 0 is referred to as the time-like
or scalar component (see section F.1).

The electromagnetic-fields components are Heisenberg operators and should
satisfy the canonical commutation (quantization) rules (Eq. E.24) at equal
times

[A,(t,z), 7" (t,x')] =1k, 6*(z — 2') (G.3)
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where 7% () is the conjugate field (Eq. E.21). With the Lagrangian (Eq. F.17)
the field ° vanishes according to the relation (Eq. F.19), which is inconsistent
with the quantization rule (Eq. G.3). In order to remedy the situation, we add
a term *ﬁ (al,A”)2 to the Lagrangian (Eq. F.17), where X is an arbitrary
constant [88, Eq. 1-49, Eq. 3-98]

L= —4—;0FWF“” - i (9,A7)% — j*A, (G.4)
We can rewrite the extra term as
(0,07 As) (0,A7)
Ho

Then the conjugate field (Eq. F.19) becomes [88, Eq. 3-100]

oL 1 A
i _ — pn0 Y Op v
7 (x) 78(8014“) CMOF ” gHro,A (G.5)

and 79 # 0 for A # 0.
The extra term in the Euler-Lagrange equations (Eq. F.14) leads to

A 0 A
—0,————(0,9"° A,) (0, A") = — 0,¢"" (0, A°
210 6(81,AM)( g ) ) o al )

= X 9, (9,A%) = A9 (9, 4°)
Ho

The Maxwell equations (Eq. F.10) then take the modified form [88, Eq. 3-99]
0,0" At — (1 = X) 0*(0,A”) = poj" (G.6)

Setting A = 1 we retrieve the same simple form of Maxwell’s equa-
tions as with the Lorenz condition (Eq. G.1)—uwithout introducing this
condition explicitly. This is usually referred to as the Feynman gauge.

The Lagrangian (Eq. G.4) is incompatible with the Lorenz condition, and
to resolve the dilemma this condition is replaced by its expectation value

(@9, A"|w) = 0 (G.7)

which is known as the Gupta-Bleuler proposal [136, 5.35].

In the Feynman gauge the commutation relations (Eq. G.3) become [136,
5.23]
(At x), A (t,2')] = it pohguw 0, 6% (x — @) (G.8)

To satisfy this relation, we can assume that the polarization vectors fulfill
the orthogonality /completeness relations [136, Eq. 5.18,19]
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EurEpr’ = Grr/

Zgrrslweur = Guv (GQ)

and the photon creation and absorption operators the commutation rela-
tion [136, Eq. 5.28]

[akr,aby,] = —Okpr Grvv (G.10)

Considering that the g-matric (Eq. A.5) used is diagonal, this leads to

Z [EMTakTagVT’a/LIT/:I = ZEMTgVT/ [akra GJIL,T/] = _gu,uék,k’ (Gll)

rr! rr/

and then it follows that the field operators (Eq. G.2) satisfy the commutation
relation (Eq. G.8).

With the Lagrangian (Eq. G.4) and the conjugate fields (Eq. G.5) the
Hamiltonian of the free field (Eq. F.20) becomes in the Feynman gauge (A =
1) [136, Eq. 5.32]

HRad = *Zhwgrr a]];.,«ak:r (G].Q)
k,r

G.2 Gauge transformation

General

The previous treatment is valid in the Feynman gauge, where the Maxwell
equations have the form (Eq. G.1), and we shall here investigate how the
results will appear in other gauges.

The interaction between an electron and the electromagnetic field is given
by the Hamiltonian interaction density (Eq. D.41)

Hint = JuA* (G.13)

where j, is the current density. The Maxwell equations are invariant for
a gauge transformation (Eq. F.24) A = A+ VA, which transforms this
interaction to

Hin = ju A" = (A + g;i)jﬂ.

Integration over space leads after partial integration to
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" .
/d%a—juz—/d%%/lzo.

Oz, Oz,
Since A is arbitrary, it follows that

A

= 5“ ] == ) =
oz, Ju=Vji=0,

which is the continuity equation (Eq. F.23). In analogy with (Eq. F.30) the
corresponding relation in the k space is

(k) k" = 0. (G.14)

The single-photon exchange is represented by the interaction (Eq. 4.44)
I(z9,21) = e*allal Dpyy (w2, 71) (G.15)

which corresponds to the interaction density j*Dg,, j”. In view of the rela-
tion (Eq. G.14) it follows that the transformation

DFV,u(k) = DFuu(k) + kufu(k) + kvfu(k)

where f,,(k) and f, (k) are arbitrary functions of k, will leave the interaction
unchanged.

Covariant gauges

In a covariant gauge the components of the electro-magnetic field are ex-
pressed in a covariant way. We shall consider three gauges of this kind.

Feynman gauge

The photon propagator in the Feynman gauge is given by the expression
(Eq. 4.28)

G 1
Dy, (k) = — C:O pEp (G.16)
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Landau gauge

With 1 i
_ 1 p
Tulk) = ceo (k2 +1in)?
the propagator (Eq. G.16) becomes
1 1 k,k
Dy (k) = —— ——— (g, — 1 1
b(F) =~ (900 = 75 +in) (G.17)

This leads to k*Dg,, = 0, which is consistent with the Lorenz condition
(Eq. F.21)

VA=0"A4,=0
Fried-Yennie gauge
With ) &
= — (1= )\)—+*r
Tu(k) 2ceq A (k% +in)?

the propagator (Eq. G.16) becomes

1 1
cep k% +in

(g,w (1= )tk ) (G.18)

D =
o (F) k2 +in

With A = 1 this yields the Feynman gauge and with A = 0 we retrieve the
Landau gauge. The value A = 3 yields the Fried-Yennie gauge [65], which has
some improved properties, compared to the Feynman gauge, in the infrared
region.

Non-covariant gauge

We consider only one example of a non-covariant gauge, the Coulomb gauge,
which is of vital importance in treating the combined QED-correlation prob-
lem. Here, the Coulomb interaction is treated differently from the transverse
part.
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Coulomb gauge

With
— - , = T 5 5 = ].7 2, 3
fo 2ceq k2 4 in k2 f 2ceq k2 4 in k2 Y )
the propagator (Eq. G.16) can be expressed
1 (= 0
Droo(k) = — 0 1 kik; (G.19)
Ceo Zip \ 915 T 2

where the first row/column corresponds to the component ¢ = 0 and the
second row/column to p = 1,2, 3.

This leads to k' D;; = 0, which is consistent with the Coulomb condition
(Eq. F.30) A
V- A=0A4,=0 (1=1,2,3)

The formulas above can be generalized to be used in dimensional regu-
larization (see section 12.4), where the number of dimensions is non-integer
(mainly from Adikins [1], see also 't Hooft and Veltman [225]).

Following the book by Peskin and Schroeder [183], we can by means of
Wick rotation evaluate the integral

dP1 1 o [ dPI 1
/ 2mD (12— Am =i(=1) / 2m)D (12, + Ay

] . d.QD o) lDfl
S [ o ],

We have here made the replacements (° = il% and | = lg and rotated the
integration contour of lp 90°, which with the positions of the poles should
give the same result. The integration over d”lg is separated into an inte-
gration over the D-dimensional sphere {2p and the linear integration over
the component [%. This corresponds in three dimensions to the integration
over the two-dimensional angular coordinates and the radial coordinate (see
below).

om)P (k2 +s+in)n  4xP/2 I'(n)  sn—D/2
n
/d4k (’“7 ~0 (G.21)

k2 +s+in)n -

/ dPk 1 i(-1)"I'(n—D/2) 1 (.20
( .
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— (G.22)

/ dPk krEY i(-)"I'(n—D/2—-1) 1
(2m)D (k2 + s +in)»  4nD/2 I'(n) sn—Db/2-1

Covariant gauge

Compared to Adkins [1] Egs (Ala), (A3), (Aba):

p——q M = —s;w—D/2%a—n E—n Q=p— —¢ Ay — Gui A—w=q"—s

dPk 1 (=)™ 1 I'(n—D/2)
/ (2m)D (k2 +2kq +s+in)"  (4m)P/2 ['(n) wn—D/2 (G.23)
dPE kH B TESL| . I'(n— D/2)
/ (2m)P (k2 + 2kq + s +in)" B (47)P/2 I'(n) 4 = n—DJ2 (G.24)
dPE kHEY B i(—l)n 1 ) F(n B D/2)
/ (2m)P (k2 4 2kq+ s +in)"  (4m)P/2 T'(n) w—D/2
+% W] (G.25)

Non-covariant gauge

Compared to Adkins [1] Eqs (A1b), (A4), (A5b):
p——q M* = —s;w—D/2a—n; B—1; E—n+1; kK — —k* Q=py — —qy;
1—y
Ay = Guv + 5u,051/,07; (AQ)y — —q"y — 0,0 (1 —y)qo

A-w=gy+ 1 —yya —sy+ N1 —y) = —-a’y* +yqi — sy + \>(1—y)

/ dPk 1 1
(2m)P (k2 + 2kq + s +1in)™ k2 — \2

_i=nn 1 /1d n1-12 I'(n+1-D/2)
) . yy

C (4mP2 (n+1 wnt1-D/2

(G.26)
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/ dPk k+ 1 i—n)" 1
(

2m)D (k2 +2kq+s+in)" k> — X2 (4m)P/2 I'(n)

1
Y I'(n+1-DJ2
></ dyy™ 2 [q"y + S0 qo(1 — y)] —(wn+17D/2/) (G.27)
0

K——dy—"001-y)=vay—"q0

/ APk ket 1 (-1 1
(2m)P (k? 4 2kq+s+in)" k* — X2 (4m)P/2 I'(n)

b i F(n+1-D/2
x / dyy" 12 [{ [y + 60001 — )] [¢"y + 60 20(1 — )] }ﬁ
0

,%{ (0" + 8,060,001 — ) /Y] }W} (G.28)

1
¥ — ~v-qy —7°qo in first part and ¥ § — —5 [’y“fyu +(1- y)/y] in second.

/ dPk kikr kI 1 i=nm 1
(2m)P (k2 +2kq+s+in)" k> — X2 (47)P/2 I'(n)
! - -y I'(n+1-D/2)
n—1-1/2 7 3 ) 2
x /0 dyy / [{q Py +4'¢"¢ 501 —y)y }W
_|_1 (iuj_i_ uigi 4 jiu)_i_é ij (1—y) I'(n—D/2) (G.29)
2 yg q g q g q /J,Og qO y wnfD/2 *
G.3 Gamma function
The Gamma function can be defined by means of Euler’s integral
oo
I'(z) :/ dtt*te! (G.30)
— 00
For integral values we have the relation
I'(n)=(n-1)! (G.31)
and generally
I'z)=(:z-1I'(z-1) (G.32)

The Gamma function can also be expressed by means of
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o0

s [T (4 2o =

n=1
where g is Euler’s constant, vyg = 0.5772...

The Gamma function is singular, when z is zero or equal to a negative
integer. Close to zero the function is equal to

[(e) = % s+ O(6) (G.34)

which follows directly from the expansion above. We shalljnow derive the
corresponding expression close to negative integers.

z=-—-1—¢€
1 a 1+e
v —ye(14e) _LTEN +e/n
Foig = (9 [1(1-—)e (G.35)

n=1

The first few factors of the product [] are (to orders linear in ¢)
—eelT = —cel(1+¢)
1 1
(1- e )itz = 21— el 2(1+¢/2)

(1- lre 215908 = 2 (1= ¢/2) 21+ ¢/3)

=W Wl

(1 _ ﬂ) o(140)/4 _
4

which in the limit becomes

(1—¢/3)et/4(1 4 €/4)

e (1+e[1 S 1/2-1/(2-3) —1/(3-4) — }) ~ e
using the expansion
14+1/2+1/3+1/4+-+1/M =InM +g (G.36)

This gives
1
I'-1-¢ = Z—I—WE— 1+ 0(e) (G.37)

This can also be obtained from Eq. (G.32).
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z=—-2—c¢€
1 Cm4o T 2+e o/n
m = 7(2 + E)e 7E(2+ ) H (1 — T) 6(2Jr )/ (G38)
n=1

The first few factors of the product [] are (to orders linear in ¢)
—(1 + e) ?Te = —(14¢€)e*(14¢)
—€/2eT)/2 = _c/2el (14 ¢/2)
(1- %) e2+)/3 _ % (1—€)eX/3(1 +¢/3)

2
(1 _ %) o2+ /4

(1 _ ﬂ) o(2+)/5 _
5

(1—¢/2)e¥*(1+¢/4)

(1 UL V)

(1—¢/3)e?°(1+¢/5)
which in the limit becomes

o2 (1+e[5/2—2/(1.3) —2/(2-4)—2/(3-5) — ]) ~ e (1 4 ¢)

This gives
1r1
[(~2-¢=—3|-+mw—1-1/2+ )] (G.39)
This is consistent with the formula
I(2z2) = (2m) " Y2222 ()0 (2 + 1/2) (G.40)

The step-down formula (Eq. G.32) yields
[(=3—¢) = — [1 g —1-1/2 1/3} (G.41)
-3—€)=—|- -1- - .
2-31le e

which can be generalized to

~ 7 % +vE — Z 111‘| (G.42)




Appendix H

Feynman diagrams and Feynman
amplitude

In this appendix we shall summarize the rules for evaluatiig Feynman dia-
grams of the different schemes, discussed in this book. These rules are based
on the rules formulated by Feynman for the so-called Feynman amplitude, a
concept we shall also use here.

H.1 Feynman diagrams
S-matriz

The Feynman diagrams for the S-matrix have an outgoing orbital line for
each electron-field creation operator

)i(@)

and an incoming orbital line for each electron-field absorption operator

()

and a vertexr diagram
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U A, iecat A,

for each interaction point.

This leads to an electron propagator for each contracted pair of electron-field
operators:

AﬁA
w Y(z1)YT (22) = 1Sp(22,21) =1 [ 92 Sp(w; @2, 1)

and a photon propagator for each contracted pair of photon-field operators:

1
1,/L.vvi/v\. v,2 Au(xl)AV(xQ) = iDFuu(l'anl) = if STZT DFuu(ZQmanl)

Thus, there is a photon interaction (Eq. 4.45), including the vertices,

1, gy, 2 [ 52 () (z5@0,®1) = [ §Z (<) €’ Pl ol Dy (z; @, 1)
for each photon exchange, and a corresponding diagram

2

1¢----42 —iVo = —i

1——
47‘1’607‘12

for each Coulomb interaction, Vi, between the electrons, and a potential
diagram

for each energy potential, V', (Fig. 4.6).
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Green’s function

The Feynman diagrams of the Green’s function are identical to those of the
S-matrix with the exception that all outgoing and incoming lines represent
electron orbitals.

Covariant evolution operator

The Feynman diagrams of the Covariant evolution operator are identical
to those of the Green’s function with the exception that there are cre-
ation/absorption operator lines attached to all outgoing/incoming orbital
lines.

H.2 Feynman amplitude

The Feynman amplitude, M, contains

e an electron propagator (Eq. 4.10)

dw .
/ElsF@);iL'%wl)

for each internal orbital line
e a photon interaction

dz dz

/%(—1)1(2;-@2@1):/%<—i)62020/f045DFw(Z?$2"’31)

for each photon exchange, including the vertices;

e at each vertex space integrations and a time integral 27 A, (arg), where
the argument is equal to incoming minus outgoing energy parameters;

e a factor of -1 and a trace symbol for each closed orbital loop;

e The integration over the energy parameters leads to a factor of —i for each
"non-trivial”. (The integral is considered to be ”trivial”, when it contains
a A function from the time integration.)

The S-matrix is related to the Feynman amplitude by (Eq. 4.110)
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S =271 6(Eiy — FEout) M (H.1)
which gives the energy contribution (Eq. 4.111)
AE =g, 5, ( iM]) (H.2)
The the Green’s function is in the equal-time approximation related to the
Feynman amplitude, M, by (Eq. 5.25)
Gz, 2w, xh) = e HE—HO) M(x, a'; a2, ) elto(Fo—Ho) (H.3)
and analogously for the covariant-evolution operator (Eq. 6.10)
U(t, —o0)|ab) = e (Eo=Ho) |1.g) (15| M|ab) elto(Fo—Ho) (H.4)

In this formalism the contribution to the effective interaction is

(IVegt| ) = (IM]) (H.5)
Illustrations
- o= - -@------ -
iSF iSF iSF‘ s iSF iSF iSF
—i ‘/sp b~~~ —1 ‘/sp b~~~ —1 ‘/sp
iSF‘ h iSF iSF 3 1 iSF
Y S & - _iIPair
A:—i B:1 Ci D:1
1 - ------ -
_iIPair 4 )
ISF 4 iSp . _'ljpalr
P~ —i Vi iS¢ 1 iSp
iSp4 } isp N ekt BUE
71]Pair lSF i 1 lSF
4 _iIPair
E:—i F:1

Diagram A is a first-order S-matrix (section 4.4), and the Feynman am-

plitude is
M= _iVSP(EO)
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Diagram B is a first-order covariant evolution-operator diagram with the
unperturbed state as input and with outgoing electron propagators (section
6.2). Here, there are three energy parameters and two subsidiary conditions.
This leaves one non-trivial integration, giving a factor of —i. This gives a
factor of i?(—i)2 = 1 and

M = T'(Eo) Vsp(Ep)
Diagram C is a first-order covariant evolution-operator diagram with in-
coming and outgoing electron propagators (section 8.1). Here, there are five

parameters and three conditions, leaving two non-trivial integrations. This
gives the factor i*(—i)® =i and Eq. (8.9)

M = I'(Ey) iVep(Eo) I'(Eo)
Diagram D is a first-order covariant evolution-operator diagram with in-
coming pair function (section 6.2). This gives i*(—i)* =1
M —_ IPairF(EO) ‘/;p(EO)F(EO) IPair
Diagram E is an S-matrix diagram with incoming and outgoing pair func-
tions (section 6.2). This gives i*(—i)® = —i and
M = TP [ (Ey) Vi (Eo)T(Eo) 17"
Diagram F is a first-order covariant evolution-operator diagram with in-

coming and outgoing pair functions (section 6.2). Here, there are 7 parameters
and 4 subsidiary conditions, yielding i®(—i)® = 1 and

M = ['(Ey) I"™* I'(Ey) Vap (Eo) T (Ep) 17"






Appendix 1

Evaluation rules for time-ordered
diagrams

In non-relativistic (MBPT) formalism all interaction times are restricted to
the interval (¢, —o0), and the Goldstone diagrams are used for the graphical
representation. In the relativistic (QED) formalism, on the other hand, times
are allowed in the entire interval (oo, —o0), and then Feynman diagrams,
which contain all possible time orderings, are the relevant ones to use.

For computational as well as illustrative purpose it is sometimes useful
also in the relativistic case to work with time-ordered diagrams. It should
be observed, though, that time-ordered Feynman diagrams are distinct from
Goldstone diagrams, as we shall demonstrate here.!

When only particles states (above the Fermi level) are involved, time runs
in the positive direction, and the time-evolution operator can be expressed
(Eq. 3.12)

t

dty V(t1)+(—i)2/ dty V(tl)/l dta V(ta) +---  (L1)

— 00 — 00

U(t,—oo):l—i/

— 00

where V(t) is the perturbation in the interaction picture (Eq. 3.16)
Vit) = - / B (x)ecar A, (x) (x) (12)

Core states and negative energy states are regarded as hole states below
the Fermi level with time running in the negative direction. Then the corre-
sponding time integration should be performed in the negative direction.

! The treatment here is partly based upon that in ref. [124, App. C and D]
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352 I Evaluation rules for time-ordered diagrams

I.1 Single-photon exchange

t _———

We consider first the time-ordered diagram for single-photon exchange
with only particle states involved. The time restrictions are here

t >ty >t > —o0

which corresponds to the evolution operator (Eq. I.1)
t . to .
(—i)2 / Aty V (k) e~it202 / Aty V(ty) e—itih (1.3)

The contraction of the radiation-field operators gives rise to a photon
propagator (Eq. 4.18)

1
AV(CL'Q)AM(-TI) = iDFuu(m%xl)

and this leads to the interaction (Eq. 4.46))

2ol (22, 21) :/di eiz(tzm)/QCzkdkf(k;whwz)

v
ccot ab Dy, -
172 K 2 22 — c2k? +1in

I(zg,21) =€

The time dependence at vertex 1 then becomes e~ 191 where
di =¢q—&r—2+1y

This parameter is referred to as the vertex value and given by the incoming
minus the outgoing orbital energies/energy parameters at the vertex. Simi-
larly, we define

do=¢€p—es+ 241y
dig=di+do =& — ¢, — &4 (14)

with & = ¢, 4 €. This leads to the time integrals

(71)2 ! dt —itads 2 dt —it1dy _ ﬂ i .5
2€ 1€ T T d, 4 (I.5)

— 00 — 00
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Together with the opposite time ordering, ¢t > t; > to > —o0, the denomina-
tors become

L (i + i) — 1 ( 1 + 1 ) (I 6)
dio\dy  dy) E—ep—cs \eq—€p— 241y g, —es+ 2 +iy '
This leads to the Feynman amplitude (Eq. 6.11)

dz 1 1 1
Mgp =1 [ — ( — + - )
2m € —ep —€5 \gq —€p —2+1y €y —es+ 241y

2
or

(rsl Maplah) = g (rslVap(E)ab) (1)
with

m@=/mww( ! + ! ) )

€a—Er—Ck+1iy e, —es—ck+iy
If the interaction is instantaneous, then the time integral becomes

t —it d12 —it (5—87\—85)
: (§ (§
—i dtyp e~ r2d12 = = 1.10
/ 2 d12 & - Er —E&s ( )

— 00

which for ¢ = 0 is the standard MBPT result.

1.2 Two-photon exchange

Next, we consider the diagrams in Fig. I.1.

We extend the definitions of the vertex values:
/ !
di=¢eq—€1—2z; do=¢gp—¢€y+z; dz=es—¢e,—2 dy=¢e,—€es+2z2
! Vi
dig=dy+dy=E—¢ct—¢ey; dig=é€q—€r—2—2"; dog=ep—€s+2+z
! !
dios=E —ep—ey—2; diau=E—e—¢es+2; dipsa=E—¢€, — €5

i.e., given by the incoming minus the outgoing energies of the vertex. There
is a damping term +ivy for integration going to Foo.
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E=¢€qa+¢p £ £ &

Fig. I.1 Time-ordered Feynman diagrams for the two-photon ladder with only particle
states (left) and with one and two intermediate hole states (right).

No virtual pair

We consider now the first diagram above, where only particle states are in-
volved. We assume that it is reducible, implying that the two photons do not
overlap in time. Then the time ordering is

t >ty >t3 >ta >t > —00

This leads to the time integrations

t ) ty . t3 . t2 .
(—1)4/ dity e_‘t4d4/ dtge_‘t3d3/ dto e_1t2d2/ dt, e
— 00 — 00 —0o0 — 00

e*it d1234
=V I1.11
d1234 d123 d12 dy (L11)

Changing the order between ¢; and ts and between t3 and t4 leads to the
denominators

1 < 1 n 1 ) 1 ( 1 n 1 ) (112)
di23s \di23  di24/ d12 \d1  d2 .
Here, all integrations are being performed upwards, which implies that all

denominators are evaluated from below.

If the interaction 1-2 is instantaneous, then the integrations become

t ty t3
(_1)3 / dt4 e—1t4d4 / dtg e—lt3d3 / dtlQ e_1t12d12
— 0o —0o0 — 0o

e~ it di2za

- @ 1.13
dy234 d123 d12 (L13)

and together with the other time ordering
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e~ itdiaza 1 1 1
( ) - (L14)
di23s \d123  di24/ d12
If both interactions are instantaneous, we have
t . taq . e—it di234
(—1)2/ dt34 e_’t34d34/ dtlg e_1t12d12 = (115>
—0 —oo d1234 d12

consistent with the MBPT result [118, Sect. 12.2].

Single hole

Next, we consider the two-photon exchange with a single hole, represented
by the second diagram above. We still assume that the diagram is reducible,
implying that the two photons do not overlap in time. The time ordering is
now

t>ty >1t3 >ty > —00 and 00>t >ty

but the order between ¢; and t is not given.

If this is considered as a Goldstone diagram, all times (including t;) are
restricted to ¢, < t, which leads to

— 00 . t1 . t4 . t3 .
/ dtl eiltldl / dt4 eilt4d4 / dt3 eiltgdg' / dt2 eilt2d2 =
t —o0 —o0 —o0

e~ it diz3a ( )
= 1.16
d1234 d234 d23 do
Note that the last integration is being performed in the negative direction,
due to the core hole. This is illustrated in Fig. 1.2 (left).

Considered as a Feynman diagram, the time ¢ can run to +oo, which leads

to
ta . t . ta . ts .
/ dtl eiltldl / dt4 671t4d4 / dtg 671t3d3 / dtg eiltde =
00 —o00 —o00 —00

e—itdiaza

= L17
di234 dy da3 d2 (117)

Here, the last integration is still performed in the negative direction, this time
from +oo to t4, and this leads to a result different from the previous one. In
the Goldstone case all denominators are evaluated from below, while in the
Feynman case one of them is evaluated from above (see Fig. 1.2, right). For
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diagrams diagonal in energy we have dy234 = 0, and hence d; = —da34, which
implies that in this case the two results are identical.

Let us next consider the third diagram in Fig. I.1, where the time ordering
is
t >ty >t >t3 >ty > —00

Here, all times are limited from above in the Goldstone as well as the Feynman
interpretation, and this leads in both cases to

t ) —oo ) ty . t3 .
/ dt4 e_lt4d4 / dtl e_ltldl / dt3 e_lt3d3 / dtQ e_lt2d2 =
—0o0 tq —0o0 —00
e

—it d1234
_ e 7 (1.18)
d1234 d123 d23 d2
£ mmmqmmmmmmmmmen --- t mm e mmn ----
AT S di934 AT S di234
! M 2 d234 ‘ ! M 2 d1 ' 1

t/ T 4 das l t/ N 4 dog
3'40\’ do f 314_,\‘ d2 '
al:’\’\'\v\“'Q # alr\‘\’\’\“'Q *

) W) l W)

Goldstone Feynman

Fig. I.2 Time-ordered Goldstone and Feynman diagrams, respectively, for two-photon
exchange with one virtual pair. In the latter case one denominator (at vertex 1) is evaluated
from above.

Double holes

The last diagram in Fig. 1.1, also reproduced in Fig. 1.3, represents double
virtual pair. Considered as a Goldstone diagram, the time ordering is

t>1to >t >14 >1t3 > —00

which yields
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t ) to . t1 . ty )
/ dtg e—ltgdg / dtl e—1t1d1 / dt4 e—1t4d4 / dt3 e—ltgdg
—00 —00 —o0

—o0
e~ itdiaza

= I.19
di234 d134 d3a d3 (1.19)
This is illustrated in Fig. 1.3 (left).

Considered as a Feynman diagram, we have instead co > t5 > t;, which
leads to

t . ta . ta . t1 .
/ dt4 e—lt4d4 / dt3 e—lt3d3 / dtl e—lt1d1 / dt2 e—ltgdg
— 00 — 00 o0
(§]

o0
—it di1234

= 1.20
di234 d3 d12 do (1.20)

where two integrations are performed in the negative direction.

t-——-¢--—---- -~ t-——-¢---—--- 9 ---
TA A S d1234 N A S d1234
Y '
2 2
N disa o
4IPS
1 <J~ dsq 1 <J~ di2 I
NWIFEA e N o] e
N \ N Y
as I W) as AD

Goldstone Feynman

Fig. 1.3 Time-ordered Goldstone and Feynman diagrams, respectively, for two-photon
exchange with two virtual pairs. In the latter case two denominators, (at vertices 1 and 2)
is evaluated from above.

1.3 General evaluation rules

We can now formulate evaluation rules for the two types of diagrams consid-
ered here. For (non-relativistic) Goldstone diagrams the rules are equivalent
to the standard Goldstone rules [118, section 12.2]

e There is a matrix element for each interaction.
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e For each vertex there is a denominator equal to the verter sum (sum of
vertex values: incoming minus outgoing orbital energies and z+i~ for cross-
ing photon line (leading to -ck after integration) below a line immediately
above the vertex.

e For particle/hole lines the integration is performed in the positive/negative
direction.

For the relativistic Feynman diagrams the same rules hold, with the
exception that

e for a vertex where time can run to +oo the denominator should be eval-
uated from above with the denominator equal to the vertex sum above a
line immediately below the vertex (with z — iy for crossing photon line,
leading to +ck).



Appendix J

Some integrals

J.1 Feynman integrals

In this section we shall derive some integrals, which simplify many QED
calculations considerably (see the books of Mandl and Shaw [136, Ch. 10]
and Sakurai [194, App. E|, and we shall start by deriving some formulas due

to Feynman.

We start with the identity

Lo
ab b—a /, t

With the substitution t = b+ (@ — b)x this becomes

i [ e o

Differentiation with respect to a, yields

12/1 xdx
azb " Jy b+ (a—b)x]3

Similarly, we have

abc /dz/ dya-ﬁ- b—a)x-i—(c—b)]

‘2/ d“’”/l T b—a>x+<cfa>y13

Next we consider the integral

(J.1)
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'k =1 /k k:/
/d k2+s+n ™ | Ikdik k2+s+1n)

The second integral can be evaluated by starting with

/OO dkio - iT
oo kg — K2 s+in K2 —s

evaluated by residue calculus, and differentiating twice with respect to s. The
integral then becomes

1 317r k*d|k ir?
[ s bR _ I (1)
s +in)3 2 (k|2 + 5)5/ 2s

The second integral can be evaluated from the identity

22 1 s

(z2+ )52 (22 +5)3/2 (22 + 5)5/2

and differentiating the integral

/%:ln(;ﬁ—&— ;E2—|—s)
2+ s

/le
(x2 4 5)5/2  3s

For symmetry reason we find

yielding

kH
dk ———— = J.6
/ (k% + s +in)3 0 (4.6)
Differentiating this relation with respect to k,, leads to
kv guu 1 iﬂ.Qg;,w
Ak =7 [ A% = J.7
/ (k2 + s+ in)? 3 (k2 + s +1in)3 6s (J7)

using the relation (Eq. A.4).

By making the replacements
k=k+q qnd s=s—¢°

the integrals (Eq. J.5) and (Eq. J.6) lead to

/d‘*k ! _ i (1.8)
(k2 +2kq + s +in)3  2(s — ¢2) '
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(k2 + 2kq + s +in)? (k2 + 2kq + s + in)? 2(s — q?)
(J.9)
Differentiating the last relation with respect to q,, leads to

kr kY ir? [ g 2q"q"
* =— 77 1
/dk(k2+2kq+s+in)4 12 {s—q2+(s—q2)2} (J.10)

Differentiating the relation (Eq. J.8) with respect to s, yields

/d4k ! _ i (J.11)
(k2 +2kq+s+in)*  6(s — ¢?)? '

which can be generalized to arbitrary integer powers > 3

= 12
/d k S TR Ty ¥ p e (J.12)

This can also be extended to non-integral powers

1 .o, I(n—2) 1
d*k = in? J.13
/ (k2 4 2kq + s +in)" i I'(n) (s—¢*)n2 (J.13)

and similarly

Kk . o '(n—2) q*
d4k [ 2 J.14
/ 2+ 2kg+s+ipn L) (s— )2 (114
/ ap, kHE” _ 2l =3) | (2n—3)¢"q” 9"
(k2 +2kq + s +in)" 2I'(n) (s —q?)n—2 (s —q*)n3

(J.15)

J.2 Evaluation of the integral [ % q;i’“k—;fm

Using spherical coordinates k = (1,0,¢), (n = |k|), we have with d3k =
n?dn sin © dO d® and riy = T — o]

d3k ik-(x1—x2) 0o 2d T )
/ - R (277)72/ #/ dO sin @ ¢l#m12 <05 O
(2m) ¢2 — k* +1in 0o ¢°—kK-+1in Jy

i /OC K/d/f (eiNTlg _ efilﬂ"lz) i /OO K/d/{ (eiKle _ e*iHle)
0

471'2 T12

¢® — k%2 +1in C872ryy ) o ¢® — k2 +1in

(J.16)
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where we have in the last step utilized the fact that the integrand is an
even function of k. The poles appear at k = +q(1 + in/2q). €*™12 is in-
tegrated over the positive and e %712 over the negative half-plane, which
yields —e*i9m2 /(47 r15) with the upper sign for ¢ > 0. The same result is ob-
tained if we change the sign of the exponent in the numerator of the original
integrand. Thus, we have the result

/ Bl etk (@1—x2) 1 /°° 2k dk sin(kr12) _ ellalrz (J.17)
0

(2m)3 q? — K>+ in - 42y N

q® — K2 +1in _477’1“12

The imaginary part of the integrand, which is an odd function, does not
contribute to the integral.

J.3 Evaluation of the integral f % (01-k)(cez-k) qf_lkk—;im

The integral appearing in the derivation of the Breit interaction (Eq. F.53)is

dSk eik-r12
I = a1 k)as - k) ————
= [ g (e e

= (a1 - Vi)(an - V) / Okt (7.18)
= 1+ Vi)(az Vo @) K — K+ in) .
Using (Eq. J.16), we then have
i © dk (einrlg _ e—if-crm)
L= 7m(al $ Ve VQ)/W (42 — K2 +1n)
1 2k dk sin(kria)
T irlry (a1 - Vi)(ag - Vz)/o —KZQ(QQ “ 2+ (J.19)

The poles appear at k = 0 and k = +(q + in/2q). The pole at £ = 0 can
be treated with half the pole value in each half plane. For ¢ > 0 the result

becomes )
1 elgriz— 1

drrig ¢

and for ¢ > 0 the same result with —q in the exponent. The final result then
becomes

dgk eik"r‘lz 1 ei|q|T1271
.k .k S A v4 B v
/ (2m)3 (o - k)2 - k) @ —k*+in 47 12 (- V)@ - V2) q?
1 *° 2k dk sin(kriz)
_ . . 2k dr sinkriz) J.20
47279 (001 - Vi) (exs VQ)/O k2(q? — K2 +1n) ( )
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Assuming that our basis functions are eigenfunctions of the Dirac hamil-
tonian hp, we can process this integral further. Then the commutator with

an arbitrary function of the space coordinates is

[hp, f(®)] = ca-p f(x) + [U, f(z)] (J.21)
The last term vanishes, if the potential U is a local function, yielding
[fLD,f(w)] =ca-pflr)=—-ica-V f(x). (J.22)
I ticul PO . L
o partietiar [hp, e‘k'm} = —ica-VeF? =ca-kek® (J.23)
We then find that
. 1 . .
ikex _ ik-x ik-x
(@ V)i(a- V) c*e = [hD,e ]1 [hp,e ]2 (1.24)

with the matrix element
(rs|(c- V)i(a- V) eik'm| ab) = ¢* k@ (J.25)

using the notation in (Eq. F.49). The integral (Eq. J.18) then becomes

. ik-r12 d3k 2 ik:ria
¢ / e ¢ (1.26)

d3k .
L= | — (a0 - k -k — a
2 / (2m)3 (- k){exs - k) ¢* — k* +in (2m)% K* ¢ — K +in

provided that the orbitals are generated by a hamiltonian with a local potential.






Appendix K

Unit systems and dimensional analysis

K.1 Unit systems

ST system

The standard unit system internationally agreed upon is the SI system or
System Internationale.! The basis units in this system are given in the fol-
lowing table

Quantity SI unit [Symbol
length meter m

mass kilogram |kg

time second s
electric current ampere |A
thermodynamic temperature |kelvin K
amount of substance mole mol
luminous intensity candela |cd

For the definition of these units the reader is referred to the NIST WEB page
(see footnote). From the basis units—particularly the first four—the units for
most other physical quantities can be derived.

L For further details, see The NIST Reference on Constants, Units, and Uncertainty
(http://physics.nist.gov/cuu/Units/index.html).
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Relativistic or ’natural” unit system

In scientific literature some simplified unit system is frequently used for con-
venience. In relativistic field theory the relativistic unit system is mostly used,
where the first four units of the SI system are replaced by

Quantity |Relativistic unit Symbol |[Dimension
mass rest mass of the electron m kg

velocity light velocity in vacuum c ms!

action Planck’s constant divided by 27 |A kgm?s—1
dielectricity |dielecticity constant of vacuum |eg A%stkg 'm™3

In the table also the dimension of the relativistic units in SI units are shown.
From these four units all units that depend only on the four SI units kg, s, m,
A can be derived. For instance, energy that has the dimension kgm2m ™2
has the relativistic unit m.c?, which is the rest energy of the electron (=~ 511

keV). The unit for length is
h

MeC

= \/27 ~ 0,386 x 10~ "%m

where X is Compton wavelength and the unit for time is 2me/\ ~ 7,77 x 10~*

s).

Hartree atomic unit system

In atomic physics the Hartree atomic unit system is frequently used, based
on the following four units

Quantity Atomic unit Symbol |[Dimension
mass rest mass of the electron m kg

electric charge |absolute charge of the electron e As

action Planck’s constant divided by 27 h kgm?s~!
dielectricity  |dielectricity constant of vacuum times 47 |47eg A?stkg=tm=3

Here, the unit for energy becomes

1H =

me4

(4mep)?R3

which is known as the Hartree unit and equals twice the ionization energy
of the hydrogen atom in its ground state (= 27.2 eV). The atomic unit for
length is
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dmegh?
ag =

me?
known as the Bohr radius or the radius of the first electron orbit of the Bohr
hydrogen model (=~ 0,529 x 1071 m). The atomic unit of velocity is ac, where

62

= K.1
@ 4dmegeh (K.1)

is the dimensionless fine-structure constant (~ 1/137,036). Many units in
these two systems are related by the fine-structure constant. For instance,
the relativistic length unit is aag.

cgs unit systems

In older scientific literature a unit system, known as the cgs system, was
frequently used. This is based on the following three units

Quantity |[cgs unit [Symbol
length centimeter |cm

mass gram g

time second S

In addition to the three units, it is necessary to define a fourth unit in order to
be able to derive most of the physical units. Here, two conventions are used.
In the electrostatic version (ecgs) the proportionality constant of Coulombs
law, 4mep, is set equal to unity, and in the magnetic version (mcgs) the
corresponding magnetic constant, pg/4m, equals unity. Since these constants
have dimension, the systems cannot be used for dimensional analysis (see
below).

The most frequently used unit system of cgs type is the so-called Gaussian
unit system, where electric units are measured in ecgs and magnetic ones in
mcgs. This implies that certain formulas will look differently in this system,
compared to a system with consistent units. For instance, the Bohr magneton,
which in any consistent unit system will have the expression

_eh
B = om
will in the mixed Gaussian system have the expression

ch.

HB = 2me
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which does not have the correct dimension. Obviously, such a unit system
can easily lead to misunderstandings and should be avoided.

K.2 Dimensional analysis

It is often useful to check physical formulas by means of dimensional analysis,
which, of course, requires that a consistent unit system, like the SI system, is
being used. Below we list a number of physical quantities and their dimension,
expressed in SI units, which could be helpful in performing such an analysis.

In most parts of the book we have set i = 1, which simplifies the formulas.
This also simplifies the dimensional analysis, and in the last column below
we have (after the sign =) listed the dimensions in that case.

k 1
[force] = N = ng =
kgm? 1
[energy] = J = Nm = g;n =
s s
k 2
[action, h] = Js = gsm =1

J  kgm? 1
[electric potential] = V = yrie i:; = 13

. . kgm 1
lelectric field, E] =V/m = Ag3 Ams?
kg 1
. - B — 2 = —
[magnetlc field, ] Vs/m As2 = Am?2s
kgm 1
t tential, A] = = 12
[vector potential, A] =Vs/m As2 = Ams
kgm 1
[momentum, p] = = —
S m
A
[charge density, p] = mii
[current density, j] = m2
kgm 1
— 2 f— o
kol = N/A” = 255 = 15,75
A2gt A%g3
[eo] = [1/poc®] =

~ kgm3 m
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Fourier transforms

dz —iz(to—
Dreyp(w1,22) = [ 5= Drvu(221,2) © (t2—t2)

[Alw, z)] = s[A(x)]
[A(w, k)] = sm?[A(x)]
[A(K)] = m*[A(=)]

Photon propagator

1
Pevnlo o) = Zor

lco D, )] = —

m?
leoDryu(k)] = sm
[co D (ko, @) = =
[EODFVM(tﬂw)] = W

2
s
leoDryp(z, )] = e z = cky

leoDruu(z, k)] = s?

[GQCQDFV“(Z,LD) = I(Z,il?)} — %

Electron propagator

gp(x,x) = s
1
Sr(x,x) = 3
s
SF(Z,CB) = ﬁ
Sr(z, k) = s

S-matrix
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S(z,z) =1
S(z,x) = s

S(z,k) = m*

Self energy
- 1
X(z)= -

S

1
¥ _
(m) = —
1

m
Y(k) = 2

Vertex
Az, k) =1

’ m
Alp,p') = .
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