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2. CORRELATION FUNCTIONS

Whenever the N-body problem can be solved exactly in d dimensions, the result
is a function of Nd coordinates and of time, ¥(x1,y1, ..., Zd, Yd, ---; t). Variational
approaches, such as that used in the description of the fractional Quantum-Hall
effect, start from such a wave-function. While all the Physics is in the wave-
function, it is sometimes not easy to develop a Physical intuition for the result.
In the cases where perturbation theory can be applied, Feynman diagrams help
develop a physical intuition. Also, variational wave functions are usually chosen
with a few physically motivated parameters.

Whether perturbation theory is applicable or not, we rarely need all the in-
formation contained in the wave-function. A reduced description in terms of only
a few variables suffices if it allows us to explain what can be observed by experi-
mental probes. Correlation functions offer us such a description.

In this Chapter, we will introduce correlation functions. First, we show that
what is measured by experimental probes can in general be expressed as a correla-
tion function, whether the experiment is a scattering experiment, such as neutron
diffraction, or a transport measurement in the linear response regime.

Whatever the appropriate microscopic description of the system, or whatever
the underlying broken symmetry, the result of any given type of experiment can
be expressed as a specific correlation function.

We will need to treat two different aspects of correlation functions.

First, general properties, which are independent from the specific manner in
which we compute correlation functions. For example

e Symmetries
e Positivity

e Fluctuation-dissipation theorems relating linear response and equilibrium
fluctuations

e Kramers-Kronig transformations, which follow from causality

e Kubo relations, such as that relating linear response to a specific correlation
function.

e Sum rules

e Goldstone theorem, which follows from Bogoliubov inequalities

Second, we will need to develop techniques to compute specific correlation func-
tions. Sometimes, phenomenological considerations suffice to find, with unknown
parameters, the functional dependence of correlations functions on say wave-vector
and frequency. These phenomenological considerations apply in particular in the
hydrodynamic regime, and whenever projection operator techniques are used.

Microscopic approaches will lead us to use another type of correlation functions,
namely Green’s functions. They will occupy a large fraction of this book. In fact,
Green’s function are just one type of correlation function. They will appear very
naturally. Furthermore, many of the general properties of correlation functions
which we discuss in the present chapter will transpose directly to these functions.
Much of this chapter is inspired from Foster.[1]

In the present chapter, we intend to
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e Show that scattering experiments are a measure of equilibrium fluctuations

e Linear response to an external perturbation can be expressed as an equilib-
rium correlation function

And this correlation function can be related to equilibrium fluctuations by the
fluctuation-dissipation theorem.

e Then we discuss general properties of correlation functions

e Give a specific example of sum-rule calculation.

2.1 Relation between correlation functions and ex-
periments

We want to illustrate the fact that scattering experiments with weak probes usually
measure various equilibrium correlation functions of a system. What we mean by
“weak probes” is simply that Fermi’s Golden rule and the Born approximation
are all that we need to describe the effect of the system on the external probe,
and vice-versa. As an example, we will describe in detail the case of inelastic
electron scattering but it should be clear that similar considerations apply to a
large number of cases: inelastic light scattering, neutron scattering, etc... The
plan is simply to use Fermi’s Golden Rule to compute the cross section. We will
obtain

do _|: m2 k
(

de;d; | (@m)oRo " V—Cqﬂ Jdt et (pg(t)p_q(0)) (2.1)

Forgetting for the moment all the details, the key point is that the cross section is
related to the Fourier transform of the density-density correlation function. The
trick, due to Van Hove, to derive this formula from the Golden rule is to use the
Dirac representation of the delta function for energy conservation and the Heisen-
berg representation to express the final result as a correlation function. Since in
the Born approximation, incident and final states of the probe are plane waves,
everything about the probe is known. The only reference to it will be through ex-
plicitly known matrix elements and quantum numbers, such as momentum, energy,
spin etc...

Consider the experiment illustrated on figure (2-1). V is the volume of the
system, and 2 a quantization volume.

The Hamiltonian of the system is H and the interaction between the probe
electron and the system is simply the potential energy v(R) felt by the probe-
electron of charge e at position R due to the N other charged particles inside the
system, namely

o(R) =3 VIR —1y) = /d?’rp(r)Vc(R Cy) (2.2)

with V¢(R) the Coulomb potential and
N
p(r) = Z ead(r —ry) (2.3)
a=1

16 CORRELATION FUNCTIONS



Figure 2-1 Electron scattering experiment. €2 is the quantization volume for the
incoming and outgoing plane waves while V is the sample’s volume. Each charge
inside is labeled by e, while the probe's charge is e and the incident and outgoing
momenta are resprectively k; and k.

the charge density operator for the system being probed. Fermi’s Golden rule tells
us that the transition rate from an initial state ¢ to a final state f is given by

Py=2V,8(E; — E; — hw) (2.4)

where E; is the initial energy of the system and E the final one. Correspondingly,
the initial and final energies and momentum of the probe electron are given by,

€f=¢€ —hw
hkys = hk; — hq. (2.5)
We proceed to evaluate the matrix element as far as we can. It should be
easy to eliminate explicit reference to the probe electron since it has rather trivial
plane-wave initial and final states. It is natural to work in the basis where the
system’s initial and final eigenstates are energy eigenstates, respectively |i) and

|f), while for the probe electron they are |k;) and |ks). The latter eigenstates in
the box of volume () are plane waves:

1 .
R k) = Q1/2e KR

Then, in the Born approximation, we have that
Vis= 1o sl [ droeve® =) k) o3 (26)

where the plane-wave matrix element can easily be evaluated

C

) V )
/d3R<kf| R) VS(R—r) (Rl k) =Q~! /d3Rel(ki*kf)'RVC(Rf r) = ﬁqem

(2.7)
so that substitution in the expression for the matrix element gives,
Ve I .
Vi 2 [ lewlies = T2 iflo gl @8)
Substituting back in Fermi’s Golden rule (2.4), we obtain
o |Veql? . _
Prog = 2222 (il pg|F) L poa i) 6(By — B ho). (29)

Only the momentum and energy of the probe electron appear in this final expres-
sion, as we had set-up to do.
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Définition 1 Note in passing that we use the following definitions for Fourier
transforms in the continuum

fa=[dr f(r)e™"" (2.10)
fx) = [ ks faea™ (2.11)
g = [ dt g(t)e™? (2.12)
g(t) = [ g et (2.13)

To compute the cross section of that probe electron, one proceeds in the usual
manner described in textbooks. We will use a standard approach, but a more
satisfactory derivation of cross section based on incident wave packets can be
found in Ref.([4]). The total cross section, whose units are those of a surface, is
equal to

Number of transitions per unit time

~ Number of incident particles per unit time per unit surface (2.14)
What we want is the differential cross section, in other words we want the cross
section per solid angle d€2y and per energy interval dey. This is computed as
follows. Since we cannot resolve the final electron state to better than deyd)¢
all the final states in this interval should be counted. In other words, we should
multiply Pi—,; by the number of free electron states in this interval, namely

Qd%ky/(27m)? = QkpmdepdQph=2 /(2m)3. (2.15)

We should also trace over all final states |f) of the system since those are not
measured. These states are constrained by conservation laws as we can see from
the fact that energy conservation is insured explicitly by the delta function, while
momentum conservation should come out automatically from the matrix element.
The initial state of the system is also unknown. On the other hand, we know that
the system is in thermal equilibrium, so a canonical average over energy eigenstates
should give us the expected result. The differential cross section for scattering in
an energy interval dey and solid angle d€2; should then read,

do  Number of transitions per unit time in given solid angle and energy interval
derdSds - Number of incident particules per unit time per unit surface
(2.16)

_ [Qkpmh2/(27)%] D, e P Yo Py
L hki/(m9) e PF

where we have used that the number of incident particles per unit time per unit
surface is the velocity fik;/m divided by the volume.

When we substitute the explicit expression for the transition probability in this
last equation, it is possible to make the result look like an equilibrium correlation
function by using Van Hove’s trick to rewrite the matrix elements coming in the
transition probability. Using the Heisenberg representation for the time evolution
of the operators

o(t) = e/ Qe (2.17)

and taking H as the Hamiltonian for the system excluding probe electron, we
have, H |i) = E; |i) so that

27h (1] Pq |f> 6(Ef —E;— hw) = /dt elwt (i Py |f> e~ H(Er—Ei)t/h (2.18)
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= /dt et (i eth/”’pqe_th/" |f) = /dt e (i pg (1) | f) - (2.19)

Substituting this expression in the equation for the transition probability, (2.9)

E::}%_qfi::Qﬂ
f
the cross section is proportional to

SO [ dt e il pg(t)p_q(0) i) _ S5, [ db € (il e pi (1) p_g (0) 1)

>, e PE > e PE
(2.21)

_ / at or 1 el o O] / dt ™" (pg(t)p_q(0)) . (2.22)

Trle—PH]

More explicitly, we find Eq.(2.1) quoted at the beginning of the section. We
thus have succeeded in expressing the inelastic electron-scattering experiment as
a measurement of equilibrium density fluctuations!

c

2 .
o [ dt el ngt_o0)19 (2:20)

Définition 2 In the last equation, we have also introduced what we mean by the
thermal average (). Here we used the canonical ensemble, but we will mostly use
the grand-canonical one. The only change implied is e PH — e~ BH—1N) = Note
also that the quantity

e PH

p= m (223)

is often called the density matriz. The fact that thermal averages are traces is an
important fact that we will often use later.

2.2 Linear-response theory

We are interested in the response of a system to a weak external perturbation.
The electrical conductivity is the response to a weak applied field, the thermal
conductivity the response to a thermal gradient etc... The result will be again
an equilibrium correlation function. We will be able to relate this correlation
function to equilibrium correlation functions of the type just calculated at the end
of the last section by developing the so-called “fluctuation-dissipation theorem”.
The plan to compute the effect of an external perturbation is to add it to the
Hamiltonian and then to treat it as a perturbation, taking the full interacting
Hamiltonian of the system Hy as the unperturbed Hamiltonian.
Let
H(t) = Ho + 6H(t) (2.24)

where Hj is the Hamiltonian of the system under study and §H(¢) is the pertur-
bation given by the time-dependent Hamiltonian

§H(t)= — [ d3rA;(r)a;(r.t). (2.25)

In this expression, A; is some observable of the system (excluding external per-
turbation) in the Schrédinger representation, while a;(r,t) is the external field.
Examples of such couplings to external fields include the coupling to a magnetic
field h through the magnetization M, (4; (r) = M, (r); a;(r,t) = h,(r,t)) or
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the coupling to an electromagnetic vector potential A/c through a current j,
(A; (r) = ju(r)bip; ai(r,t) = Ay(r,t)6; 4 /c) or that of a scalar potential ¢ through
the density p (A4; (r) = p(r); a;(r,t) = ¢(r,t)). In this approach, it is clear that
the external perturbation is represented in the semi-classical approximation, in
other words it is not quantized. We first pause to recall the various representa-
tions, or pictures, of quantum mechanics, introducing the interaction representa-
tion as the framework where perturbation theory is most easily formulated. Then
we go on to derive linear response theory.

2.2.1 Schrédinger and Heisenberg pictures.

Since the Hamiltonian is the infinitesimal generator of time translations, Schrédinger’s
equation for a time-dependent Hamiltonian takes the same form as usual,

0
in2YS — (s, (2.26)
ot
Using the fact that H(¢) is Hermitian, one can easily prove that 9 (g1 g) /0t = 0,
in other words that probability is conserved. Hence, the solution of this equation
will be given by

Ys(t) = Ut to)Ys(to) (2.27)
where U (t, o) is a unitary operator satisfying
Ulto, to) = 1 (2.28)
while by time-reversal symmetry
Ulto, t)U(t,t0) = 1. (2.29a)
Conservation of probability gives
Ult,to) U(t, o) = 1 (2.30)

so that combining the last result with the definition of the inverse, we have,
Ult,to) "t = Ult, to)". (2.31)
Furthermore, when we can use time-reversal invariance, Eq.(2.29a), we also have
Ult,tg) " = Ult,to)' = Ulto, t). (2.32)

By definition, for all values of ¢, the expectation value of an operator is the
same in either the Schrodinger, or the Heisenberg picture.

| (s (1) Os s (1) = (Wg| On (1) [¥r) | (2.33)

In the Heisenberg picture the operators are time-dependent while in the Schrodinger
picture, only the wave functions are time dependent. Let us choose t = 0 to be
the time where both representations coincide. The choice of this time is arbitrary,
but taking ¢t = 0 simplifies greatly the notation. We have then that

Og(t=0) = OH(t = O) =0y (2.34)

Ps(t=0) =9y (t=0)=1g (2.35)
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Using the expression for the time-dependent wave function, and the equality of
matrix elements Eq.(2.33), we obtain

O (t) =U'(t,0005U(t,0). (2.36)

One recovers all the usual results for time-independent Hamiltonians by noting
that in this case, the solution of Schridinger’s equation is,

Ult,tg) = e~ iHt=to)/h, (2.37)

Remarque 1 When there is time-reversal invariance, then it is useful to replace
the adjoint by the time-reversed operator, so that the connection between Heisen-
berg and Schrédinger picture Eq.(2.36) becomes

On(t) = U(0,)0sU ¢, 0). (2.38)

Because we do not want to assume for the time being that there is time-reversal
invariance, we shall stick here with the usual expression Eq.(2.86) but in much of
the later chapters, the above representation will be used.

2.2.2 Interaction picture and perturbation theory

Perturbation theory is best formulated in the “interaction representation”. In this
picture, one can think of both operators and wave functions as evolving, as we
will see. We take

| H(t) = Ho + 6H(1) | (2.39)

where Hj is time-independent as above, but the proof can be generalized to time-
dependent Hy simply by replacing e*fot/" everywhere below by the appropriate
evolution operator.

The definition of the evolution operator in the interaction representation Uy (¢, 0)
is given by

U(t,0) = e *Hot/2 7, (¢,0). (2.40)
and '
U(0,t) = Ur(0, t)etHot/h (2.41)
so that for example
Ult,tg) = e Hot/M U (¢, tg)eloto/n (2.42)

We have used the fact that Uy(t, tg) obeys the same general properties of unitarity
as an ordinary evolution operator, as can easily be checked. Again the interaction
representation will coincide with the other two at ¢ = 0. The justification for
the definition of Uy abobe is that when the external perturbation 6H () is small,
Ur(t,10) is close to unity. If we write again the equality of matrix elements in the
general case, we obtain

(g (1) Os v (1) = (g UT(£,0005U(t,0) 1) (2.43)
= (5| US (¢, 0)e Mot/ M Oge=Hot/ M (£,0) | g) (2.44)
= (V5| U} (£,0001 (£) Ur(t,0) [s) (2.45)
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This last result is important. It can be interpreted as saying that the operators
in the interaction representation evolve with

Op (t) = ettlot/hQ ge=iHot/h (2.46)

while the wave functions obey

(10, (1) = Ur(t,0) |v:5) | (2.47)

In other words, in the interaction picture both the operators and the wave function
evolve. We still have to find the equation of motion for U;(¢,tp). The result will
justify why we introduced the interaction representation. Start from Schrodinger’s
equation,
; h@U(t, to)
ot

which gives the equation of motion for Uy(t,0), namely

= H(U(t, to) (2.48)

Hoe "Hot/h 7 (¢, 0) + e—iHot/ﬁih%UI(t, 0) = H(t)e ot/ U (¢, 0) (2.49)

0
ot
so that using the definition of time evolution of an arbitrary operator in the inter-

action representation as above (2.46) the equation for the time evolution operator
U;(t,0) in the interaction representation may be written,

ih=—U;(t,0) = eot/h g1 (t)e  Hot/M (¢, 0). (2.50)

iﬁ%UI(t, 0) = 6H;(t)Ur(t,0) (2.51)
with the initial condition
Ur(0,0) = 1. (2.52)

As expected, Eq.(2.51) tells us that, if there is no perturbation, U; is equal to
unity for all times and only the operators and not the wave function evolve. The
interaction representation then reduces to the Heisenberg representation. Multi-
plying the equation of motion from the right by U;(0,¢y) we have for an arbitrary
initial time

i Ur(t, to) = §H1(t)U1(t, to) (2.53)

We will come back later to a formal solution of this equation. To linear order
in the external perturbation, it is an easy equation to solve by iteration using
the initial condition as the initial guess. Indeed, integrating on both sides of the
equation of motion (2.53) and using the initial condition, we have

Ur(t,to) =1— £ [ dt’ SH (t")Ur(t', to) (2.54)

which, iterated to first order, gives,

.t
Ur(tto) =1 — %/ dt' SH1(¢) + O(5H2) (2.55)

to

and correspondingly

. t
Ul(t,to) =1+ %/ dt’ SH(t') + O(6H3) (2.56)

to
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2.2.3 Linear response

Returning to our general considerations, in the case of interest to us the external
perturbation in the interaction representation is of the form,

§Hi(t)= — [ d®rAY(r,t)a;(r,t) (2.57)

where for short we wrote A%(r,t) to represent a system’s observable evolving in
the system’s Heisenberg representation,

AD(r,t) =eHot/h Ay (r)eHot/M (2.58)

Suppose we want the expectation value of the observable B in the presence of
the external perturbation turned on at time ty3. Then, starting from a thermal
equilibrium state at time tg, it suffices to evolve B (r) with the full evolution
operator, including the external perturbation

(B(r,1)) = (U (¢, 10) BE)U (. 10) (2:50)

Using the interaction representation Eq.(2.42), this becomes
(B(r,0)) = (U] (t,t0) B (x, OUs (1, 10) ) (2.60)

In this last expression, BY(r,t) is now in the system’s Heisenberg representation of
the system without the external perturbation. We also used the fact that e—#oto/h
commutes with the density matrix and that the trace has a cyclic property to
cancel the e~*oto/ and the eiHoto/n

Using the explicit expression Eq.(2.57) for the external perturbation in the
equation for the evolution operator in the interaction representation (2.55), we
have that the term linear in applied field is then given by,

§ (B(r,1)) = % /t dt / ' ([BO(r, 1), A%, )] ai (' ). (2.61)

It is customary to take tg = —o0, assuming that the perturbation is turned-on
adiabatically slowly. One then defines a “retarded” response function, or suscep-
tibility ¥ %, by

6 (B(r,t)) = ffooo dt’fd3r’ XgA,ﬂ (v, 60, t)a; (2 t") (2.62)

with,

X}BzAi (r,t;x/ ) = £ ([BOr, ), A2(x', )] ) O(t — t'). (2.63)

This response function is called “retarded” because the response always comes after
the perturbation, as expected in a causal system. The function 6(t — t’) ensures
this causality. One can also define anti-causal response functions. We come back
to this later. For the moment, recall that the superscript 0 here means to zeroth
order in the external probe. In other words, the linear response is given by an
equilibrium correlation function. One normally does not write the superscript 0
which is usually kept to mean non-interacting system. From now on, we drop this
superscript.

Remarque 2 Translationally invariant case: Since we compute equilibrium av-
erages, the susceptibility XgAi (r,t;x' ') can depend only on the time difference.
In the translationally invariant case, the susceptibility is also a function of only
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r — 1’ so that Fourier transforming the expression for the linear response (2.62),
we obtain from the convolution theorem in this case,

6 (B(q,w)) = x§ 4, (q, w)ai(q,w). (2.64)

Remarque 3 Frequency of the response: The response is at the same frequency
as the external field, a feature which does mot survive in non-linear response.

Remarque 4 Onsager reciprocity relations: Given the expression for the response
function in terms of a commutator of Hermitian operators, it is clear that the re-
sponse of the operator B to an external perturbation that couples to A is simply
related to the response of A to a perturbation that couples to B, in other words
where the operators have reversed roles. These are “Onsager’s reciprocity rela-
tions”.

Remarque 5 Validity of linear response and heating: Finally, we can ask whether
it is really justified to linearize the response. Not always since the external pertur-
bation can be large. But certain arguments suggest that it is basically never correct
in practice to linearize the response. Indeed, assume we apply an external electric
field E. As long as the energy gained by the action of the field is smaller than
kT, the linearization should be correct. In other words, linear response theory
should be valid for a time

kT

eEv’

This is unfortunately a ridiculously small time. Taking v = \/kgT/m the condi-
tion becomes t < \/mkpT [eE with E = 1V /cm, /mkpT [eE ~ v/10-3010-23102 /10~ 1 ~
10=%s. Indeed, one finds that unless there is a temperature gradient, or an explicit
interaction with a system in equilibrium (such as phonons), the second order term
in perturbation theory is secular, i.e. it grows linearly with time. This is nothing
more than the phenomenon of Joule heating.[2] We are then forced to conclude
that linear response theory applies, only as long as the system is maintained in
equilibrium by some means: for example by explicitly including interactions with
phonons which are by force taken to be in thermal equilibrium, or by allowing for a
thermal gradient in the system that carries heat to the boundaries. In a Boltzmann
picture, one can see explicitly that if the second-order term in E is kept small by
collisions with a system in thermal equilibrium, then the linear term is basically
equal to what we would have obtained by never going to second-order in the first

place.[2]

Remarque 6 Reversibility and linear response: Other arguments against linear
response theory center on the fact that a correlation function where operators all
evolve reversibly cannot describe irreversible processes.[3] We will see explicitly
later that it is possible to compute irreversible absorption with this approach. We
will also see how irreversibility comes in the infinite-volume limit.

t <

(2.65)

2.3 General properties of correlation functions

It is useful to know analytic properties that do not depend on the microscopic
model considered. This has at least two advantages: a) to check whether approx-
imation schemes satisfy these exact relations b) to formulate phenomenological
relations which are consistent. We will see that approximate calculations cannot
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satisfy all known exact relations for correlation functions, but it will be obvious
that violating certain relations is more harmful than violating others. Many of
the general properties which we will discuss in the present context have trivial
generalizations for Green’s function. Working on these general properties now
will make them look more natural later when we introduce the curious Green’s
function beast!

2.3.1 Notations and definitions

To start with, recall the definition

XBa( e ) = % ([B(r,t), A(x', t")]) 6(t — t'). (2.66)
We have removed the superscript © which was only used as a crutch in the deriva-
tion of linear-response theory to indicate that the operators were evolving with the
unperturbed Hamiltonian. Since the unperturbed Hamiltonian in the present con-
text is the full Hamiltonian of the system, including interactions, we will drop the
superscript © from now on. It will be used later in a context where the unperturbed
Hamiltonian is that of non-interacting particles.
We define one more correlation function which will, in most cases of physical
interest, play the role of the quantity which describes absorption. Welcome x”’

Xpa(r,tix' ) = 55 ([B(r, 1), A, 1))

The two in the denominator looks strange, but it will allow x” to generally be
the imaginary part of a response function without extra factors of 2. With this
definition, we have

B (et ) = 2ix/b 4 (et 0 )0t —t). (2.67)

To shorten the notation, we will also use the notation

XA ,a, (t=1) = ¢ ([Ai(1), A;()]) 0t —t). (2.68)

In this notation we include in the indices ¢ and j the positions as well as any
other label of the operator such as vector component. In this notation, we have
not assumed translational invariance. We did however assume time-translation
invariance. Since we are working with equilibrium averages above, this is always
true.

Exercice 2.3.1 Check time-translational invariance explicitly by using Heisen-
berg’s representation, the cyclic property of the trace and the fact that the den-
sity matriz (Z~ e~ PH in the canonical ensemble, or E-1le BUH=1N) jin the grand-

canonical) commutes with the time-evolution operator e=1t/",
Corresponding to the short-hand notation, we have
Xa,a, (=) = 55 ([Ai(1), A; () | (2.69)
X, (E =) = 2ix3, 4, (t =)0t — t'). (2.70)
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2.3.2  Symmetry properties of the response functions

The quantity X’Ai A, (t—t') contains all the non-trivial information on the response.
Indeed, the causal response is simply obtained by multiplying by a trivial (¢t —t')
function. Certain symmetries of this response function depend on the particular
symmetry of the Hamiltonian, others are quite general. Let us consider them in
turn.[1]

Properties that depend on the symmetry of the Hamiltonian

Let S be a symmetry of the Hamiltonian. By this we mean that the operator S
representing the symmetry commutes with the Hamiltonian

[H,S]=0 (2.71)

To be more precise, in the context of statistical mechanics we say that S is a
symmetry of the system when it commutes with the density matrix

[p,S] =0 (2.72)

To extract non-trivial consequences of the existence of a symmetry, one first
takes advantage of the fact that the trace can be computed in any complete basis
set. This means that the thermal average of any operator O is equal to its thermal
average in a basis where the symmetry operation S has been applied to every
basis function. Since the symmetry operation commutes with the density matrix
by assumption, one can then let the symmetry operations act on the operators
instead of on the basis functions. In other words, we have

(S7108) = (0) (2.73)

It is because S and O in general do not commute that the above equation leads
to non-trivial consequences.

Let us look in turn at the consequences of translational invariance and of
invariance under a parity transformation ro,— —r,.

e Translational invariance: When there is translational invariance, it means
that if all operators are translated by R, the thermal averages are unchanged.
In other words,

Xpalr t;r' ) = xhar + R, t;0' + R, ) (2.74)

so that x4 4 is a function of r — r’ only. Since we already know that x4 is
a function only of ¢ — ¢/, in such cases we write

|X3§A(r,t;r’,t'):X;’;A(r—r’;t—t’) (2.75)

In the general case, to go to Fourier space one needs two wave vectors, cor-
responding respectively to r and r’ but in the translationally invariant case,
only one wave vector suffices. (You can prove this by changing integration
variables in the Fourier transform to the center of mass and difference vari-
ables).

e Parity: Under a parity transformation, operators transform as follows

PlO(r)P=c"0O(-r) (2.76)
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where ¢ = 41. This number is known as the “signature” under parity

transformation. That ¢’ = 41 is the only possibility for simple operators
like density and momentum follows from the fact that applying the parity
operation twice is the same as doing nothing. In other words, P? = 1. To be
more specific, 65 = 1 for density since performing the symmetry operation
r,— —r, for every particle coordinate appearing in the density operator

:Zeaé(r—ra) (2.77)

we find
N
r)P= Z eab(r+ry) = Z ead(—r —1ry) = p(—r) (2.78)
a=1
For the momentum operator, 55 = —1, as we can show by the following
manipulations
iy
p(r) :Zlgvraé(rfra) (2.79)
al ho
P~ p(r)P= ——V O +r,) = - —ry) = —p(—
S Avn b =~ 3 A r ) = pln)
(2.80)
In general then, this implies that
Xpa(r, t;r' 1) = egelixpa(—r,t; —r', 1) (2.81)

When we also have translational invariance, the last result means the x4 4 (r — r/;t—
t') is even or odd in r — r’ depending on whether the operators have the same

or opposite signatures under parity. Correspondingly, the Fourier transform

in the translationally invariant case is odd or even, as can easily be proven

by a change of integration variables in the Fourier transform

Xpalait —t') = epeliXpa(—a;t — ') (2.82)

o Time-reversal symmetry in the absence of spin: From the Schrodinger equa-
tion in the absence of spin, one can see that when the Hamiltonian is real,
then complex conjugation leads to an equation that evolves the complex con-
jugate wave function as if t — —t. We thus take time-reversed states as just
this operation of complex conjugation. A system in equilibrium obeys time-
inversion symmetry, unless an external magnetic field is applied. This means
that equilibrium averages evaluated with time-reversed states are equal to
equilibrium averages evaluated with the original bases. In fact time-inversion
symmetry is a very subtle subject. A very complete discussion may be found
in Gottfried[4] and Sakurai[8]. We present an oversimplified discussion. Let
us call T; the operator that time-reverses a state. This is the operation of
complex conjugation that we will call K. The first thing to notice it that it
is unlike any other operator in quantum mechanics. In particular, the Dirac
notation must be used with extreme care. Indeed, for standard operators,
say X, we have the associative axiom

(@ X18) = (o (X]8) = (ol X) 15) (2.83)

This is clearly incorrect if X is the complex conjugation operator. Hence,
we must absolutely specify if it acts on the right or on the left. Hence, we
will write K when we want to take the complex conjugate of a ket, and K
to take the complex conjugate of a bra.
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Remarque 7 Antiunitary operators: Time reversal is an antiunitary oper-
ation. The key property that differentiates an anti-unitary operator from a
unitary one s its action on a linear combination

T (a1 [¥1) + a2 [¥3)) = aiTi [¥1) + a5 Ty [1bs) (2.84)

In general such an operator is called antilinear. Antiunitarity comes in when
we restrict ourselves to antilinear operators that preserve the norm. The time
reversal operator is such an operator. Under time reversal, an arbitrary ma-
triz element preserves its norm, but not its phase. This is easy to see from
the fact that for an arbitrary matriz element (V1| KK |1hy) = (Yo |11) #
(11 o) the phase changes sign under complex conjugation while the square
modulus (5 |11) (1 |1y) is invariant. Gottfried[}] shows that only discrete
transformations (not continuous ones) can be described by anti-unitary op-
erators. This reference also discusses the theorem by Wigner that states
that if we declare that two descriptions of quantum mechanics are equiva-
lent if |(wy [01)| = (05 |¥1)| (equality of “rays”) then both unitary and
anti-unitary transformations are allowed.

Remarque 8 The adjoint is not the inverse. Note that T:Tt = KK, so this
last quantity is not the identity because the rightmost complex conjugation
operator acts to the right, and the leftmost one to the left. Again, it is not
convenient to talk about time-reversal in the usual Dirac notation.

Returning to the action of the time reversal operation on a Schrédinger
operator, we see that the expectation value of an arbitrary operator between
time reversed states is

(I KOK|j) = (G1K) (KO 1) = (0" i) = (10T i)~ (2:85)

Applying this expression Eq.(2.85) for expectation values taken between
time-reversed states, and recalling that the density matrix is real, we find
for equilibrium averages,

(KOK) = (0t) =<' (0F) (2.86)

The last equality defines the signature of the time-reversal operation for
operators. One easily finds that ¢ = +1 for position while ¢/ = —1 for
velocity or momentum, etc... We can use this last results to find the effect
of the time-reversal invariance on general correlation functions. The action
of time reversal Eq.(2.86) gives, when A and B are self-adjoint operators,
and I_() H=HEK

(KAQBE) = (et a-nn)
= €yep (BA(—t)) (2.87)

In addition to the signature, the order of operators is changed as well as the
sign of time. For x4, 4, (t —¢) this immediately leads to

Xaa,(t —t) = €e5xXh 4, (=t = (=1)) (2.88)

and for the corresponding Fourier transform in frequency,

X, (@) = eteixa, a4, (@) | (2.89)
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Remarque 9 In the case of an equilibrium average where both the density
matriz and the Hamiltonian commute with the time-reversal operation, we
have as usual that

(1701;) = () (2.90)

Hence as expected, Eqs.(2.86) and (2.90) together imply that operators that
have an odd signature with respect to time reversal symmetry have a vanish-
ing expectation value in equilibrium.

o Time-reversal symmetry in the presence of spin: Spin should transform un-
der time reversal like angular momentum r X p, in other words it should
change sign since r does not while p does. Complex conjugation has this
property for r x p but not for spin represented by Pauli matrices. We should
really wait for the section where we treat fermions to discuss this problem
but we can start to address it here. To come out from the problem that
complex conjugation does not suffice anymore, it suffices to notice that in
general the time reversal operator has to be represented by a unitary oper-
ator times complex conjugation. The resulting operator is still anti-unitary,
as can easily be proven. Let us thus write

T, = KU (2.91)

where K is complex conjugation again and U is a unitary operator U fU=1
in spin space that we need to find. Note that the action on a bra is given by

UK (2.92)

Let us first repeat the steps of calculating expectation values in time-reversed
states, as in Eq.(2.85), but for the more general case

(UTKOKU ) = (G1UTK) (KO'U 1) = (GlUto v 1) = Glutoru i
(2.93)

Computing the equilibrium trace with UTO™U is thus equivalent to com-

puting the equilibrium trace in time-reversed states but with O. If we take

for O the spin o, the net effect of the time-reversal operation should be to

change the direction of the spin, in other words, we want

Ule™U = —o (2.94)

The expression for U will depend on the basis states for spin. Using the
Pauli matrix basis

_ 101 ) _ |0 — ) _| 10
we have o = o, and 0} = 0., 0} = —0y, 05 = 0, so that Eq.(2.94) for
time reversal gives us the following set of equations for the unitary operator
U
Ulo,U = -0, (2.96)
Ulo,U = o, (2.97)
Ulo,U = -0, (2.98)

Given the fundamental properties of Pauli matrices

0i0j+0jo;, =0 fori#j
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=1 (2.99)
005 =0} (2.100)

where i, j, k are cyclic permutations of x,y,z, the solution to the set of
equations for U is ‘
U=ebo, (2.101)

where § is an arbitrary real phase. This is like a 7 rotation along the y
axis so that already we can expect that up will be transformed into down
as we were hoping intuitively. In summary, the time reversal operator in
the presence of spin multiplies the spin part by ei‘soy and takes the complex

conjugate. 4
T, = Ke“o, (2.102)
Note the action of this operator on real spinors quantized along the z direc-
tion 4
T, I1) = —ie™ |1) (2.103)
Ty|1) = ie=* |1) (2.104)

The time reversal operator thus transforms up into down and vice versa but
with a phase. Even if we can choose ¢ = i to make the phase real, the
prefactor cannot be +1 for both of the above equations. In particular, note
that T3¢ |T) = —|1), another strange property of spinors. The application
of two time reversal operations on spinors is like a 27 rotation around ¥y so
that it changes the phase of the spinor. It can be proven that this result is
independent of the choice of quantization axis, as we can expect.[4] As far
as the main topic of the present section is concerned, observables such as
angular momentum will have a simple signature under time reversal (they
are always two spinors that come in for each observable A;) so that the
results of the previous section are basically unmodified.

When XZL:AJ- (w) is real, the properties of being a commutator (2.106) and of
Hermiticity (2.108) allow us to further show that x’;. 4. (w) is also an odd function
of frequency, an important result that we show in the following section.

Properties that follow from the definition.

Let us thus write down the general symmetry properties of x4, a,(t— t') that
simply follow from its definition (2.69).

e Commutator: Since it is a commutator, we have
Xaa, (t =)= X4t 1) (2.105)

which in frequency space reads,

X, (@) = =Xh, 4, (=) | (2.106)

e Hermiticity: Taking the observables as Hermitian, as is usually the case, one
can use the cyclic property of the trace and the Hermiticity of the density
matrix to show that

X, (t—1) = [ngj a( —t)} . (2.107)
(Proof for Hermitian operators: ([A;, 4;])" = Tr {pA;A; — pA; A;}"
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=Tr{AjAip— AiAjp} =Tr{p[A;, Ail})

In Fourier space, this becomes,

Viia, @) = ¥4, @)] | (2.108)

Remarque 10 Non-hermitian operators: It is important to note that the opera-
tors A; may be non-Hermitian, as is the case for superconductivity. In such cases,
one should remember that the above property may not be satisfied.

Remarque 11 Most useful property: The most important consequence of this
section that we will often use is that correlation functions such as X;’qpiq(w) are

odd in frequency and real

Nppa@) = =Xy () = ¥, )] (2.109)

To prove this, we first use Hermiticity Eq.(2.108) in the form

X @) =[x, @] (2110)

to show that X;qup,q(w) is real
Xpo W)= /d3r/d3r’e*iq'(”*r)xgrpr/ (w) (2.111)

_ 3 3./ iq-(r—r’ " ’
= [/d r/d rei( )Xpr,pr(w)} (2.112)
= [ @] (2.113)
The commutator property Eq.(2.106), ngp,q(w) = —x';iqpq(—w) and symmetry
under parity transformation Eq.(2.82), Xgiqpq(iw) = ngpiq(iw) then suffice to
show that X’p’qp_q(w) is also odd in frequency X’p'qp_q(w) = —X’p'qp_q(—w). Instead
of parity, one could have invoked time-reversal symmetry Eq.(2.89) and the com-
mutator property Eq.(2.106) to show that x! =~ (w) is odd since then x  (w) =

PqP—q Pr Py’
Xp . (W) = =X, ., (—w) immediately implies that X;qup,q(w) = —X;’qpiq(—w).

2.3.3 Kramers-Kronig relations and causality

These Kramers-Kronig relations are by far the best known and most useful rela-
tions. They relate real and imaginary parts of response functions and they come
simply from causality. Causality is insured by the presence of the 6 function in the
expression for the response functions Eq.(2.70). Causality simply states that the
response to an applied field at time ¢’ occurs only at time ¢ later. This is satisfied
in general in our formalism, as can be seen by looking back at the formula for
the linear response Eq.(2.62). Kramers-Kronig relations are the same causality
statement as above, seen from the perspective of Fourier transforms. To be more
specific, in this section we will derive the following results:

Re [xiA,. (W)} :Pfd%w (2.114)

w'—w

GENERAL PROPERTIES OF CORRELATION FUNCTIONS 31



tm [, )] = 7 J e L] 2115

They come from analytic properties of the response functions in the complex
frequency plane. We give two derivations.

The straightforward manner:

Let us first derive the relations the easy way. Suppose that we know the Fourier
transform in frequency X}Zi A, (w) of the response function. We call it the retarded
function because the response comes after the perturbation. It is causal. One way
to make sure that its real time version x% a,(t —1') contains 0(t — t') is to have
Xﬁi A, (w) analytic in the upper half-plane. To see that analyticity in the upper
half-plane is a sufficient condition to have 6(¢t — t’), consider

R / * dw —iw(t—t') R
XAiAj(t_t) = —e€ XAiA]_(CU). (2116)
27
— 00
If ¢ — ¢ is negative, then it is possible to close the contour in the upper half
plane since the exponential will decrease at positive imaginary frequencies. Since
x4 4, (w) is analytic in that half-plane, the result will be zero, which is just another
way to say that % 4, (t — 1) is proportional to 6(t —t'), as we had planned to
show. In the next subsection, we will show that analyticity in the upper half plane
is also a necessary condition to have 6(t — t').
Assuming that Xi A, (w) is analytic in the upper half plane, it is then easy to
derive the Kramers-Kronig relations. It now suffices to use
dw’ 1 R ,
— ————— B4 (W) =2ixF 4 (Wi 2.117
o —w— inXA,,A] (w') XA A (w +in) ( )
which is easy to prove by applying the residue theorem on a contour closed in the
upper half plane where Xﬁi A, (w) is analytic. This also assumes that Xﬁi A, (W)
falls off at least like a small power of 1/w’ so that there is no contribution from
the part at co. We then need the following identity,
L .
lim — = lim % = lim d + i
0w Fin n—0w?+n? -0 |wi4n? T w24 n?

= Pé +imd(w) (2.118)

where ¢ is Dirac’s delta function and P means principal part integral. — Suppose
the factor 1/ (w +in) on the left is in an integral that can be done by contour
integration. Then, knowing the definition of the delta function, this can be used
as the definition of principal part.— Using this identity and setting equal the real
parts of our contour integral (2.117) we obtain, upon taking the lim n — 0,

d_w/Re[xAA( )]

_ R — R
Pl == Im [XAZ,AJ, (w)] — 2Im [XAZ,A], (w)] (2.119)
while from the imaginary part,
dw’ Im XA Aj (@)
P / — ] +Re [Xf;_Aj (w)] = 2Re [xiAj (w)}. (2.120)

This is precisely what we mean by the Kramers-Kronig relations, namely we re-
cover the results Eqs.(2.114)(2.115) at the beginning of this section. From the
proof just given, Kramers-Kronig relations will apply if

. szi A, (w) is analytic, as a function of complex frequency, in the upper half-
plane.

o X% 2, (w) falls off at least as a small power of w at infinity.
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Spectral representation and alternate derivation.

It is instructive to perform a derivation which starts from what we found earlier.
We will gain as a bonus an explicit expression for real and imaginary parts in
terms of correlation functions, as well as a derivation of the analyticity properties
from scratch. In fact this will also complete the proof that analyticity in the upper
half-plane is both necessary and sufficient to have causality.

Using the convolution theorem, we would write for the frequency-space version
of the response functions, (2.70)

o[ du
XXA]_ (w) = 2i %XZliAj (W)f(w — ). (2.121)

This looks nice, but it does not really mean anything yet because we encounter a
serious problem when we try to evaluate the Fourier transform of the 6 function.
Indeed,

1w

e ) eiwt

/ dteto(t) = S| (2.122)
— 00

and we have no idea what > means. To remedy this, we have to return to
the expression for the linear response (2.62). Assuming that the external field
a; is turned-on adiabatically from ¢ = —oo, we multiply whatever we had before
by e”tl, taking the limit of vanishing 7 at the end of the calculation. We also
adiabatically turn off the response at t — oo by using a factor e~"*.The equation
for the response in time (2.70) is then simply multiplied by e"(tl_t), so that it
still depends only on the time difference. Furthermore, when we take its Fourier
transform, [ d(t — ¢/ )et=t) " everything proceeds as before, except that we
can use the extra convergence factor e‘"(t_t/), to make sense out of the Fourier
transform of the Heaviside theta function. To be more specific, the equation for

the response (2.70) now reads,

X4, (=) = 2034y (t— 1)t — t)e ) (2.123)
so that in the calculation of the response (2.121) we have,
o0 o i(win—w') (t—t") 1
/ d(t — )0 o) = = 5=+ —.
oo (w4 in—uw) (W —w—1in)

(2.124)
Everything behaves as if we had computed the Fourier transform for w+in instead

of w,

!
dw'

, 1" /
- / dii,x“‘“‘f (w ) (2.126)
T W — (w+in)

This function is called the “retarded response” to distinguish it from what we
would have obtained with 6(¢' — t) instead of (¢t — t'). The retarded response is
causal, in other words, the response occurs only after the perturbation. In the anti-
causal case (“advanced response”) the response all occurs before the perturbation
is applied. In the latter case, the convergence factor is e (!’ =) instead of e?(*'—1).
Introducing a new function

’

" X//i .(w/)
Naa,(2) = [ L 2o (2.127)

w'—z

we can write for the retarded response,

XA, 4, (W) = limy—o X4, 4, (2) | s=wtin (2.128)
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and for the advanced one,

X, a, (@) = limy o X 4, 4, (2)[s=w—in- (2.129)

Using the above results, it is easy to see that xi A, (w) is analytic in the upper half
plane, while Xﬁi A, (w) is analytic in the lower-half plane. One can even explicitly
see from the equation (2.126) for the function which is analytic in the upper-half
plane Xi A, (w) that its poles in the lower half frequency plane are just below the
real axis, a distance 7 along the imaginary direction. The residue at a given pole
will depend on the value of X;lli 4, at the corresponding value of the real coordinate
of the pole.

Définition 3 Fquations such as (2.127) are called spectral representations.

Remarque 12 Why spectral representation: The reason for this name is that, as
we discuss in the next section below, X'4, 4, (w') contains information on dissipation
or, alternatively, on the spectrum of excitations. Hence, in that kind of equations,
the response is expressed in terms of the spectrum of excitations. We will also
have spectral representations for Green’s functions.

X4, 4, (2) is a function which is equal to x4 4, (w) for z infinitesimally above
the real axis, and to th A, (w) for z infinitesimally below the real axis. On the
real axis of the complex z plane x 4,4, (2) has a cut whenever x4, 4 (w) # 0 since

Yoo, @+ i) = X, a, (@ — i) | = 2, (). (2.130)

So much for taking the Fourier transform of a response which is so simple
looking in its ordinary time version.(2.70) Time-reversal invariance (2.89) and
Hermiticity in Eq.(2.108) imply, for two operators with the same signature under
time-reversal, that x’j, A, (w') is a real function. Hence, from the mathematical
identity for principal part Eq.(2.118) and from the spectral representation (2.127)
we have, for two hermitian operators A;, A; with the same signature under time
reversal, that

I [\ 1, ()] = 4,4, (@) (2.131)

so that from the spectral representation we recover the first of the Kramers-Kronig
relation (2.114). The other one can be derived following the same route as in
the simpler derivation, namely apply [ %m on both sides of the spectral
representation. For two hermitian operators A;, A; with opposite signatures under
time reversal Eqgs.(2.89) and (2.108) imply that XZliA,-<w/) is purely imaginary. In
this case,

Re {XﬁiAj (w)} = —ixh,a, (W) | (2.132)

Remarque 13 Kramers-Kronig and time reversal: The Kramers Kréonig rela-
tions do not depend on these subtleties of signatures under time-reversal. How-
ever the relation between real and imaginary parts of the response and commutator
Eq.(2.131) does. If we can compute either the real or imaginary part of the re-
sponse, the Kramers Krinig relations give us the part we do not know. In any
case, everything is in X'y, A, (w).
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2.3.4  Positivity of wyx”(w) and dissipation

We want to show that the key function of the previous discussion, namely X/flli A, (w)
contains all the information on the dissipation. Since stability of a thermodynamic
system implies that an external applied field of any frequency must do work the
dissipation must be positive, which in turns means, as we now demonstrate, that
wX4, 4, (w) is a positive-definite matrix.

Since the change in the energy of the system due to the external perturbation
is given by the perturbation Hamiltonian Eq.(2.25), this means that the power
dissipated by the external world is

dW  déH(t) —/d?’rAi(r) dai(r,t): _A‘dai(t)_

dt At dt St

(2.133)

In the last equality, we have used our short-hand notation and included position
in the index 7. The integral over r then becomes a sum over ¢ which is not written
explicitly since we take the convention that repeated indices are summed over.
Taking the expectation value in the presence of the external perturbation, we find

aw da;(t)

— = —[(A; 5A;)] ——= 2.134

= — LA + (64 (2134)
where (4;) is the equilibrium expectation value, and (§4;) the linear response.
Taking the total energy absorbed over some long period of time T', the condition
for the dissipated energy to be positive is,

= _ T/2 ) dai(t)
W= /_ Ll ) TG >0 (2.135)

For (6A;) we have written explicitly all the time dependence in the operator in-
stead. Taking T — oo and getting help from Parseval’s theorem, the last result
may be written,

d
_ / S (6 4:(w)) iwas(~w) >0, (2.136)
0
Finally, linear response theory gives
d
—/%ai(—W)xiAj(w)iwaj(w) >0 (2.137)

Changing dummy indices as follows, w — —w, ¢ — j, j — 4 and adding the new
expression to the old one, we obtain the requirement,

W= g / g—;}ai(fw) [, @) =X g, ()] dway(@) > 0. (2138)

Calling the spectral representation (2.128) to the rescue, we can write

dw'’ Xfa/hAj (w') _ / do’ X'f/xjA,i (w')
T W — (w+in) T W —(—w+in)
(2.139)
We know from the fact that x4, 4, is a commutator that (2.106) x4, 4, (w) =
—X;’lj 4,(—w). Using this identity and the change of variables w’ — —w' in the last
integral, we immediately have that

[Xﬁ’,v,Aj (w) - ijA,.(—w)] _ /

1 1
w —w—1 T —1
n W tw—1n
(2.140)

do’
) = )] = [ S @)
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= 2iX4, 4, (). (2.141)

Substituting all this back into the last equation for the dissipated energy, and
using the fact that since the applied field is real, then a;(—w) =af(w), we get

/ ;l—:af (w) [X'Ai A, (w)w] a;(w) > 0. (2.142)

This is true whatever the time-reversal signature of the operators A;, A;. Further-
more, since we can apply the external field at any frequency, we must have

al(w) [XZMAj (w)w] a;(w) >0 (2.143)

for all frequencies. This is the definition of a positive-definite matrix. Going to
the basis where XZli A, is diagonal, we see that this implies that all the eigenvalues
are positive. Also, when there is only one kind of external perturbation applied,

X4, 4, (W)w > 0. (2.144)

We have seen that for Hermitian operators with the same signature under time
reversal, X4 4, (w) is a real and odd function of frequency so the above equation is
satisfied. The positive definiteness of '3 A, (w)w by itself however does not suffice
to prove that x’j 4.(w) is an odd function of frequency.

One can check explicitely that X’Ai A (w) contains spectral information about
excited states by doing backwards the steps that lead us from Fermi’s golden rule
to correlation functions.

2.3.5 Fluctuation-dissipation theorem

This very useful theorem relates linear response to equilibrium fluctuations mea-
sured in scattering experiments. It takes the form,

Siaia, (@) = =2 s, a, (@) (2.145)

where the “structure factor” or correlation function is defined by,
Saa, (1) = (A0 4;) — (A (A7) = (Ailt) — (4)) (4;0) — (4,)))  (2.146)

= (54,(t)5A;) . (2.147)

We have already encountered the charge structure factor in the context of inelas-
tic neutron scattering. Clearly, the left-hand side of the fluctuation-dissipation
theorem Eq.(2.145) is a correlation function for dissipation while the right-hand
side contains the dissipation function Y’ just discuss. This is a key theorem of
statistical physics.

To prove the theorem, it suffices to trivially relate the definitions,

1 1 1
X, (8) = 55 ([Ai(®), Aj]) = 35 (184:(6), 645]) = 57 (Sasa, (1) = Sa,a,(=1)
(2.148)
then to use the key identity,
SAin (—t) = SAiAj (t —ihp) | (2.149)
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This kind of periodicity of equilibrium correlation functions will be used over and
over in the context of Green’s functions. It will allow to define Fourier expansions
in terms of so-called Matsubara frequencies. The proof of the identity simply
uses the definition of the time evolution operator and the cyclic property of the
trace. More specifically, using the cyclic property of the trace, time-translation
invariance follows, and

Saya,(—t) = Z 7 Tr [e7PH6A;(—t)6A;] = Z7'Tr [ PH6A;64:(t)]  (2.150)
To reverse the order of 0A; and §A;, it suffices to use the cyclic property, so that
Saja,(—t) = Z7'Tr [6A4;(t)e PHSA;] . (2.151)

Simple manipulations and Heisenberg’s representation for the time-evolution of
the operators gives,

Saja,(—t) =Z'Tr [e PHePH 5 A (t)e PHEA)] (2.152)

=Z7'"Tr [e PP A;(t — ihB)6A;] = Sa,a,(t —ihp). (2.153)

This is precisely what we wanted to prove. The rest is an exercise in Fourier
transforms,

/ dte™'Su,a,(t — ihB) = / dte™ TR G, 4 (1) = e S g a,(w).  (2.154)

To prove the last result, we had to move the integration contour from ¢ to t +
ih3, in other words in the imaginary time direction. Because of the convergence
factor e #H in the traces, expectations of any number of operators of the type
et Ae=Ht are analytic in the imaginary time direction for —ih3 < t < ihg,
hence it is permissible to displace the integration contour as we did. Fourier
transforming the relation between x4, 4. (f) and susceptibility,(2.148) one then
recovers the fluctuation-dissipation theorem (2.145).
A few remarks before concluding.

Remarque 14 Alternate derivation: Formally, the Fourier transform gives the
same result as what we found above if we use the exponential representation of the
Taylor series,

SAiAj (t - Zhﬁ) = eiihﬁ%SAiAj (t)

Remarque 15 Relation to detailed balance: The Fourier-space version of the pe-
riodicity condition (2.149) is a statement of detailed balance:

Sa;a,(—w) = e Sy, (w) | (2.155)

Indeed, in one case the energy hw is absorbed in the process, while in the other case
it has the opposite sign (is emitted). This is one way of seeing the basic physical
reason for the existence of the fluctuation-dissipation theorem: FEwven though the
response apparently had two different orders for the operators, the order of the op-
erators in thermal equilibrium can be reversed if we use the fluctuation-dissipation
theorem.

Remarque 16 Physical explanation of fluctuation-dissipation theorem: Physi-
cally, the fluctuation-dissipation theorem is a statement that the return to equi-
librium is governed by the same laws, whether the perturbation was created by an
external field or by a spontaneous fluctuation.
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2.3.6  Sum rules

All the many-body Physics of the response or scattering experiments is in the cal-
culation of unequal-time commutators. These commutators in general involve the
time evolution of the systems and thus they are non-trivial to evaluate. However,
equal-time commutators are easy to evaluate in general using the usual commu-
tation relations. Equal-time corresponds to integral over frequency as seen from
Fourier space. Hence the name sum rules. We will not in general be able to
satisfy all possible sum-rules since this would mean basically an exact solution
to the problem, or computing infinite-order high-frequency expansion. In brief,
sum-rules are useful to

e Relate different experiments to each other.
e Establish high frequency limits of correlation functions.

e Provide constraints on phenomenological parameters or on approximate the-
ories.

Thermodynamic sum-rules.

Suppose we compute the linear response to a time-independent perturbation. For
example, compute the response of the magnetization to a time-independent mag-
netic field. This should give us the susceptibility. Naturally, we have to leave the
adiabatic switching-on, i.e. the infinitesimal 7. In general then,

§(Ai(w=0)) = x4, (w = 0)a;(w = 0). (2.156)
Returning to the notation where q is explicitly written,

8 {Ai(qw = 0)) = x4, 4, (aw = 0)a;j(g,w = 0). (2.157)

Using the spectral representation (2.127) and the usual relation between in and
principal parts, Eq.(2.118), we also have,

o " 0o "
o law=0)= [ ZIAATE 99 _p J 9 )
oo T w—1IN o T w
There is no contribution from the imaginary part. Indeed, as long as the thermo-
dynamic derivatives involve operators which have the same symmetry under time
reversal, then X:fli A, (q,w) is odd, as proven at the end of the section on symmetry
properties, so that ‘XZliAj (q,w = 0) = 0. Note that in practice, the principal part
in the above equation is not necessary since x’;. A, (q,w) usually vanishes linearly
in w for small w. To be completly general however, it is preferable to keep the
principal part.

Recalling that the thermodynamic derivatives are in general for uniform (q =
0) applied probes, the above formula become,

0A;

lim x5 4, (a0 =0) = 5= = X4, (2.159)
J
Yo, =limg g [2 da XA, 0 | (2.160)

This is called a thermodynamic sum-rule. As an example, consider the density n
response. It obeys the so-called compressibility sum rule,

"

lim % (qw = 0) = lim [ 22Xnn(0@) (3”) (2.161a)
a—0 TV

a—0J_ 7 w ou

As usual, a few remarks are in order:
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Remarque 17 Order of limits: It is extremely important to note that for ther-
modynamic sume rules, the w — 0 limit is taken first, before the @ — 0 limit. The
other limit describes transport properties as we shall see.

Remarque 18 Thermodynamic sum-rule and moments: Thermodynamic sum-
rules are in a sense the inverse first moment over frequency of XZMA], (qw) (the
latter being analogous to the weight). Other sum-rules are over positive moments,
as we now demonstrate.

Alternate derivation: Here is another way to derive the thermodynamic sum
rules. First note that thermodynamic variables involve conserved quantities,
namely quantities that commute with the Hamiltonian. Take for example N,
the total number of particles. Since N commutes with the Hamiltonian, in the
grand-canonical ensemble we have the classical result

By definition, .
(NN) — (N)? =/ d_wSNN(W) (2.162)

oo 2T

Using the general fluctuation-dissipation theorem, we now relate this quantity to
X n(w) as follows. Because ng for g = 0 is simply the total number of particles
N and hence is conserved, (ng=o (t)nq=0) is time independent. In frequency
space then, this correlation function is a delta function in frequency. For such a
conserved quantity, the fluctuation-dissipation theorem Eq.(2.145) then becomes

2h 2

Snn(w) = lim m)(’z(nv(w) = ﬁ—wX/&N(W) (2.163)

from which we obtain what is basically the thermodynamic sum-rule Eq.(2.161a)

(NN) —(N)* = /jo ;l_:SNN(w) (2.164a)
— * dw XN (@) _1 on
_ /m L) - 2 (fM)T,v (2.164b)

This is then the classical form of the fluctuation-dissipation theorem. In this form,
the density fluctuations are related to the response (9n/0u) .y, (itself related to
the compressibility).

Moments, sum rules, and high-frequency expansions.

Odd derivatives of X;/xi 4, at equal-time are easy to compute and provide us with
moments:

> dw n. _ 8 " * dw —iwte. M
[ 2= (i) || e aia @ (2.165)

— 00 ') t=0

{[(8) aao]), K [0 )2 ao])

(2.166)
which may all easily be computed through n equal-time commutations with the
Hamiltonian.

Suppose the spectrum of excitations is bounded, as usually happens when
the input momentum q is finite. Then, XZMAJ- (W) = 0 for o' > D where D is
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some large frequency. Then, for w > D, we can expand the denominator since
the condition w'/w < 1 will always be satisfied. This gives us a high-frequency
expansion,

R _ [ duw’ Xf‘;iAv(q’w/)
XA, (aw) = [C0 St (2.167)
oo — oo ! 2n—1

N Yoo oo [ oo B (W) XA, (@) (2.168)

where we have explicitly taken into account the fact that only odd moments of
XZliAj do not vanish because it is an odd function. Clearly, in the w — oo limit,
the susceptibilities in general scale as 1/w?, a property we will use later in the
context of analytic continuations.

The f sum-rule as an example.

When the potential-energy part of the Hamiltonian commutes with the density
operator, while the kinetic-energy part is that of free electrons (not true for tight-
binding electrons) we find that

X ey (quw) = 22 | (2.169)

—0o0 T m

This is the f sum-rule. It is valid for an arbitrary value of the wave vector q. It is a
direct consequence of the commutation-relation between momentum and position,
and has been first discussed in the context of electronic transitions in atoms. The
proof is as follows. We first use the above results for moments

/Z d%wx;;”(q’w) = # <[8n§t(t)7n—q(t)} > (2.170)

1
== ([H,nq(t)] ,n_q()]) (2.171)

In the first equality, we have also used translational invariance to write,

/d(r —)emi () fp ) = %/dre_iq‘r/dr’e_iq'r/f(r —1')  (2.172)

where V is the integration volume. The computation of the equal-time commutator
is self-explanatory,

Ng = /dre*iqr Y b(r—rg) =) e (2.173)

h| 0 ; j
p3ma] =5 lﬂ Z] = —ngre e (2.174)

e}

Assuming that the interactions commute with the density operator, and using
[p-p,n] =pp,n| + [pP,n]p we have

(Homa(t)] = 3 5—21] = 50 X (P (—hae )+ (~hae ) - py)
B B

(2.175)
RS 2.2 —i i RPq*N
— —iqrgiqrg 7 77

[(H,nq(0)] ,nq(t)] = == 3~ F2a?e 9% i

B=1

which proves the result (2.169) when substituted in the expression in terms of
commutator (2.171) with n = N/V. The result of the commutators is a number
not an operator, so the thermodynamic average is trivial in this case! (Things will

be different with tight-binding models.)

(2.176)
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2.4 Kubo formula for the conductivity

A very useful formula in practice is Kubo’s formula for the conductivity. The
general formula applies to frequency and momentum dependent probes so that
it is of more general applicability than only DC conductivity. It is used in prac-
tice to make predictions about light scattering experiments as well as microwave
measurements. At the end of this section we will see that conductivity is simply
related to dielectric constant by macroscopic electrodynamics. This explains the
wide applicability of the Kubo formula. We will see that the f—sum rule can be
used to obtain a corresponding sum rule on the conductivity that is widely used in
practice, for example in infrared light scattering experiments on solids. On a more
formal basis, the general properties of the Kubo formula will allow us, following
Kohn, to better define what is meant by a superconductor, an insulator and a
metal.

After a general discussion of the coupling of light to matter, we discuss in turn
longitudinal and transverse response, exposing the consequences of gauge invari-
ance. After a brief application to the definition of superconductors, metals and
insulators, we make the connection between conductivity and dielectric constant.

2.4.1 Response of the current to external vector and scalar potentials

Continuing with our first-quantization point of view, let the current operator be,
for particles of charge e,

i(r)

e
" 2m

> (6(r = ra)Pa + Pad(r —1a)). (2.177)

Given the fact that [rg, pa] = (764 g there is an ambiguity in the position of the
6 function with respect to the momentum operator: We can have p,6(r — r,) or
6(r — ro)Po. The symmetrized form is chosen. This is the current which will come
out naturally in the coupling to the electromagnetic field. Our discussion follows
that of Baym[5]. In the presence of an electromagnetic field, observable quantities
must be invariant under the gauge transformation

A — A+ VA (2.178)
10A

- ——— 2.179

e T ( )

U — eieh/hey (2.180)

where the last transformation is the transformation for a one-body Schrodinger
wave function. The coupling of a particle of charge e is obtained then by the
substitution 5

h e
o=tv, -y, - Can). 2,181
P ZV ZV . (r,) ( )

The expression for the current operator j4(r) to linear order in the vector potential
becomes

ST A(,)8(r 1) = j(r)-— A(r)p(r) (2.182)

where we have defined the charge density as before p(r) =en(r). Clearly the
current j4(r) in Eq.(2.182) is gauge invariant.
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The kinetic-energy operator is also modified by the addition of the vector
potential. In a general gauge,
R _, eh e?

[ 2 —_— J— . .
2mva - 2m Va 2mci (Alry) Va+ Va - Alr,)) + 2mc?

A*(r,). (2.183)

This means that to linear order in the vector potential, the change in the Hamil-
tonian is

SH( =Y N (A(r,) Vo +Va Alr,)) = f% / drA(r,t) - j(r). (2.184)

2mer

We have allowed the semi-classical external field to depend on time.

Remarque 19 Our definition of the current-density operator Eq.(2.177) auto-
matically takes care of the relative position of the vector potential and of the gra-
dients in the above equation.

It is easier to add an ordinary scalar potential! The modification is then only
in the Hamiltonian:

SH(t) = / dr(r,t)p(r). (2.185)

Using the explicit expression for the current Eq.(2.182) and our linear-response
formulae, we have that the general expression for the response is

. ne? v\9q,w
6 (ulaw)) = [\J, (aw) = 226, | 2492 32 (qu)p(qe)|  (2.186)

There is a sum over the repeated indices v. The term proportional to —%25””
in this expression, called the diamagnetic term, comes from the last term in the
expression for the gauge invariant current Eq.(2.182). Since the density operator
there is already multiplied by the vector potential, its average can be taken for
the equilibrium ensemble where the average density is independent of position.

The formula Eq.(2.186) may be used to compute the response to an arbitrary
external electromagnetic field since as usual,

10A
E=— - —Vé (2.187)
B=VxA. (2.188)

2.4.2 Kubo formula for the transverse response

When we study the response to applied fields whose direction is perpendicular
to the direction of q, we say that we are studying the transverse (or selenoidal)
response. In this case, q - E(q,w)=0. The scalar potential contributes only to the
longitudinal component of the field (along with the longitudinal contribution from
the vector potential) since the gradient is always along q. We can thus disregard
for the moment the contribution from the scalar potential and leave it for our study
of the longitudinal response, where we will study in detail the question of gauge
invariance. The magnetic field is always transverse since V-B =V -V x A =0.
Let us decompose the vector potential into a transverse and a longitudinal part.
This is easily done by using the unit vector q = q/|q]

A'=4q-A=q(q-A) (2.189)
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AT = (T’faa) ‘A (2.190)

>
In the last equation, I is the vector notation for 6,,,. We introduce the following
notation for the multiplication of tensors with vectors,

(T-A), = oA, (2.191)

The transverse and longitudinal parts of a tensor are obtained as follows,

— — -
o' (q,w) = ( I —qq) T (qw) - ( I —qq) (2.192)
I PO SN
o (q,w) =4dd- o (q,w)-qq (2.193)

To simplify the notation, we take the current and applied electric field in the
y direction, and the spatial dependence in the x direction. This is what happens
usually in a wire made of homogeneous and isotropic material in the presence of
the skin effect. This is illustrated in Fig.(2-2).

N
«
fes}

\

\/

, i

\/

\/

Figure 2-2  Application of a transverse electric field: skin effect.

Then the conductivity defined by 6 (j,(¢z.w)) = 0yy(¢e,w)Ey(qe,w) follows
from the relation between current and vector potential Eq.(2.186) and the relation
Ey(qz,w) = i(w + i) Ay(gs,w)/c between vector potential and electric field.

2
0yy(42,w) = 75ty [xﬁjy (¢o,w) — "7} (2.194)

In writing the relation between transverse electric field and vector potential, we
used the trick explained in the context of Kramers-Kronig relations which amounts
to using w + in because the field is adiabatically switched on.

2.4.3 Kubo formula for the longitudinal response

When q is in the direction of the electric field, we say that we are considering the
longitudinal (or potential) response. Using the consequences of charge conserva-
tion on the response functions x”, it is possible to rewrite the expression which
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involves both scalar and vector potential Eq.(2.186) in a way that makes the re-
sponse look explicitly invariant under gauge transformations. As usual current
conservation and gauge invariance are intimately related!

8p(81; t) _ —V - j(r,t) (2.195)
L)gi’ Y - ia-jan (2.196)

Take q in the x direction to be specific. Some gymnastics on the susceptibility in
terms of commutator gives,

XL (4 1) i N

2002 = 6(0) 5 (e (40.0), 0, O)) +0(0)

ny (_iQa:) <[]z (QIuO)ajm(_qm _t)]> :

(2.197)
The equal-time commutator is calculated from the f sum rule. First use the
definition of X7 ,(¢..w)

7 . [ dw
n ([72(¢2:0), p(—4z, 0)]) =i ?le;p(%caw) (2.198)
then current conservation
Cfdw w
i / e yp(ae) (2.199)

and finally the f sum rule Eq.(2.169) to rewrite the last expression as

7’L€2

— g, 2.200
- ( )

Substituting back in the expression for the time derivative of the current-charge
susceptibility Eq.(2.197) and Fourier transforming in frequency, we have

ne

) . . :
—i(w+ m)xﬁp(q W) = ig, - — quxﬁjm (q,w) | (2.201)

Using this in the general formula for the response of the current Eq.(2.186) the
longitudinal linear response function can be written in terms of the gauge invariant
electric field in two different ways:

6 (jo(gow)) = m {xﬁh(qx,w) ot ] (i(w LECEE B (%’w))
(2.202)
_ %Xﬁp%m] (z’(w + m);lm<qx7w> e ¢(qmw)> | 220

Hence, replacing the gauge-invariant combination of potentials by the field,

o) = i(W+i7])fm(QJ:7w) e () (2.204)

we find the following Kubo formulae for the longitudinal conductivity 6 (j (¢ ,w) =
Ua;w((bm W)Ew(qu W)

2
Ua;w(Q;mw) = i(w_lt,_in) |:X£3T (quw) - %:| = {W%Xip(qI,W)} . (2205)

Using gauge invariance and the f—sum rule, the above result for the longitudinal
response will soon be rewritten in an even more convenient manner.
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Further consequences of gauge invariance and relation to f sum-rule.

The electric and magnetic fields, as well as all observable quantities are invariant
under gauge transformations,

A—-A+VA (2.206)
10A
o — ¢— e (2.207)

Let ¢ = 0. Then

ner‘} Az (g2, w) (2.208)

6 Ui g0.0)) = [xj’immw) airl B

Doing a gauge transformation with A(z,t) independent of time (w = 0) does
not induce a new scalar potential (¢ = 0). The response to this pure gauge
field through the vector potential should better be zero since it corresponds
to zero electric field. This will be the case if

[Xﬁjw (4x,0) — "7] - (2.209)

This can be proven explicitly by using the spectral representation

T W’

dw' X' (qu, '
Xﬁjm(qw()) _/iw (2.210)

conservation laws,

T W' T q2 ’
and the f-sum rule (2.169)
1 fdo" , , . ne? R
—Z] = Xpp(@ar ') = —— = Xjij, (,0). (2.212)
The form
[l X (32) e (2.213)

of the above result, obtained by combining Eqgs.(2.209) and (2.210) will be
used quite often below.

Another possibility is to let A =0. Then, the general Kubo formula (2.186)
gives

If we let A(z,t) be independent of z, (q =0) then the vector potential remains
zero (A =0). Again, the response to this pure gauge field through the scalar
potential must be zero, hence

x5, (0,w) =0} (2.215)

That this is true, again follows from current conservation since

@ Xup(0.)
R VET AN
; = [/ ——=— 2.21
R R (2.216)
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and

Xj,(0,0") = /dtei‘“t% < [/drju(r,t),/dr’p(r’)b =0 (2217)

where the last equality follows from the fact that the total charge [ dr’p(r’) =
eN is a conserved quantity. In other words it commutes with the density
matrix, which allows, using the cyclic property of the trace, to show that
the commutator of e/N with any operator vanishes.

Remarque 20 Both results Eq.(2.209) and Eq.(2.215) are consistent with the
general relation found between both types of correlation functions Eq.(2.201). It
suffices to take the q — 0 limit assuming that Xﬁjw (qu, w) is finite or diverges less
slowly than 1/q, to prove Eq.(2.215) and to take w — 0 assuming that Xﬁp(%,w)
is finite or diverges less slowly than 1/w to prove Eq.(2.209).

Longitudinal conductivity sum-rule and an alternate expression for the
longitudinal conductivity.

The expression for the longitudinal conductivity
2

1 R ne

Oz (Qu,w) = m [ijjw (qu,w) — 7} (2.218)
can be written in an even more convenient manner by using our previous results
Eq.(2.213) obtained from the f—sum rule and the spectral representation for the

current-current correlation function

1 ! N ] 127"‘/ ! l‘l j maw/
Ooe(qe,w) = ——— /diw /diw 2.219)
i(w+in) T W —w—in T w!
1 ' (G, w!) (W A+
i(w+in) T W (W —w—in)
aalan) = § | & Hprlte 221)

From this formula, we easily obtain with the usual identity for principal parts,
Eq.(2.118)

"

Re 05 (¢, w) = Nasa02) (2.222)

w

from which we obtain the conductivity sum rule

"

o dw X dw Xjg :c( ) ne? wi
J75 2 Re (00 (ge,w)] = [T g el — ne- — 22 (2.223)

directly from the f—sum rule Eq.(2.213). In the above expression, w% is the plasma

frequency. Using the fact that the real part of the conductivity is an even function
of w, as follows from the fact that x; ;. (¢z,w) is odd, the above formula is often
written in the form of an integral from 0 to co.

Remarque 21 Alternate expression: There is no principal part in the integrals
appearing in the last expression. An equivalent but more cumbersome expression
for the longitudinal conductivity, namely,

Oanlterw) = P [N, (a0s) = 22| = 78(w) [X2, (q0r) — 22| | (2:224)

is obtained from Eq.(2.218) by using the expression for principal parts. It is also
possible to prove the optical-conductivity sum-rule from this starting point.
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Remarque 22 Practical use of sum rule: The n that appears in the conductivity
sum rule is the full electronic density. In pratical calculations for experiment, one
stops integrating at a finite frequency, which is smaller than the binding energy
of core electrons. These electrons are then frozen, and the appropriate plasma
frequency is calculated with the free electronic density in the conduction band.

Remarque 23 The case of interactions in lattice models: The f—sum rule is
particularly useful because it gives a result that is independent of interactions. We
will see later that for models on a lattice, this is not quite true anymore.

Drude weight and zero frequency conductivity

In everything that preceded, the magnitude of q was arbitrary. Let us now look
at the response for a uniform, or very long wavelength field, i.e. g, — 0. It is
important to notice that this is the proper way to compute the DC' conductivity:
Take the q — 0 limit, before the w — 0 limit. In the opposite limit the response
vanishes as we saw from gauge invariance (2.209). Physically, transport probes
dynamical quantities. A DC measurement can be seen as the zero frequency limit
of a microwave experiment for example. By taking the q — 0 limit first, we ensure
that we are looking at an infinite volume, where energy levels can be arbitrarely
close in energy. Then only can we take the zero frequency limit and still get
absorption when the state is metallic. Otherwise the discrete nature of the energy
states would not allow absorption in the zero frequency limit.

In the correct limit, the above formulas (2.222) and (2.224) for conductivity
give us either the simple formula,

X, (0, w)
w

Re [042(0,w)] = (2.225)

or the more complicated-looking formula

X, (0,0)
w

2

— 78(w) [Re X2, (0,w)] — E] (2.226)

Re[042(0,w)] =P —

Note that since the conductivity sum rule is satisfied for abitrary g, it is also
satisfied here. It is also easy to prove by directly integrating the last equation as
we have just done in the last section. The coefficient of the delta function at zero
frequency 6(w) is called the Drude weight D:

D = rlim,_.g {"7 —Re[x%, (0, w)]] . (2.227)

Remarque 24 Alternate derivation: To be reassured that the Drude weight would
also come out from the first expression for the conductivity Eq.(2.225), it suffices
to show that both expressions are equal, namely that

X;'/Ijz (va) X;/Igz (O,W)
w w

2

-P = —7m6(w) {Re [xE,.(0,w)] — %} (2.228)

To show this, one first notes that given the definition of principal part, the differ-
ence on the left-hand side can only be proportional to a delta function. To prove
the equality of the coefficients of the delta functions on both sides, it then suffices
to integrate over frequency. One obtains

> dw Xj,5,(0,w) * dw Xj,5,(0,w) ne?
/ _L_p/ —L:—[Re [Xﬁjx(o,w)]__
™ w e T w m

(2.229)
an expression that is clearly correct, as can be shown by using the spectral repre-
sentation (or Kramers-Kronig representation) of the current-current correlation
function and the f—sum rule Eq.(2.213).

—0o0
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Remarque 25 Alternate form: While the Drude weight is the strength of the delta
function response in the real part of the conductivity, one can see immediately from
the general expression for the longitudinal conductivity, Eq.(2.218), that it can also
be extracted from the imaginary part,

D =7 lim wlIm [0, (0,w)] (2.230)

w—0

2.4.4 Metals, insulators and superconductors
For free electrons, the g, — 0 conductivity is a delta function at zero-frequency
whose Drude weight is D = mne?/m.

Proof: Write Newton’s equation of motion for the current,

dj(q=0;t) ne?

= = "E(q=0.) (2.231)
. 1 ne2
jla=0w) = _WWE (q=0w) (2.232)

then the conductivity has only a Drude contribution (free acceleration).

J (q = O,LU)

Re E (q = 0,(4))

2
= Reo(q=0w) = w%é (w) (2.233)

For interacting electrons, the current of a single particle is no longer a conserved
quantity and there is a contribution from = lim,,_,o Re [Xi ;. (0, w)]. The rest of the
weight is at finite frequency. Hence, the criterion given by Kohn|[6] for a system to
be a metal is that it has a non-zero Drude weight(2.227), or in other words a finite
DC conductivity. In a realistic situation where impurities or inelastic processes
outside the electronic system are present, the situation becomes more complicated
because the § function is broadened.

Kohn’s criterion[6] to have an insulator is that it has a vanishing DC' conduc-
tivity (or equivalently D = 0). This is the case whenever

do' X! (0,0")  ne?
1 R — 1 JxJx _
},{%Re I:Xja:jz(o’w):l = }}Hlop/ I (2.234)
Recalling the result obtained from the f—sum rule (or equivalently from gauge
invariance), (2.213)

dw' X7 ; (G, w')  ne?
R _ Jajx ) _
X jo (@ 0) = / — == (2.235)
this means that a system is an insulator only when the order of limits can be

inverted:

lim lim Re [Xih (q,;,w)] = lim lim Re [Xﬁjw (qw,w)] . (2.236)

w—0q,—0 qz—0w—0

This occurs in particular when there is a gap A. In this case, then X;'; e (gz,w) =0
for all g, as long as w < A. In particular, there can be no contribution from zero
frequency since X;‘; e (¢z,0) = 0 so that the principal part integral and the full
integral are equal.
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Remarque 26 Gapless insulators: The condition of having a gap is sufficient but
not necessary to have an insulator. There are examples where there is no gap in
the two-particle excitations but there is a vanishing DC conductivity. [7]

Finally, superconductors are an interesting case. While gauge invariance (or
f—sum rule) implies (2.209) that

TL€2
{Xﬁjz (qz,0) — F} =0. (2.237)

there is no such principle that forces the transverse response to vanish. Indeed,
gauge transformations (2.178) are always longitudinal. Hence, it is possible to

have,
2 2

ne ne
{Xﬁjy (¢z,0) — 7} = (2.238)

A superconductor will indeed have such a non-vanishing “transverse Drude weight”.

Proof: Assume this is the case. Then we will show that the system exhibits
perfect screening of magnetic fields (the Meissner effect). This is done by
starting from the general formula for the response to a transverse electro-
magnetic field (2.186)

8 (Ju (qw)) = {(X?J (a W>)T - %62%] @

To simplify the discussion, we take a simple case where the q dependence
of the prefactor can be neglected in the zero-frequency limit, (we keep the
zeroth order term in the power series in q),

nse? Al(q,0)

2.2
- " (2.239)

We have written ng to emphasize that this quantity is in general different
from n. This quantity, n is called the superfluid density. The above equation
is the so-called London equation. Taking the curl on both sides of the Fourier
transformed expression,

nse? B(r,w=0)
m c

V x § (j(rw=0)) = — (2.240)

and then employing Maxwell’s equation V x B(r,w=0) = 47j(r,w = 0)/c as
well as V x (V x B) = V (V- B) — V?(B) with V - B =0 the last equation
takes the form,

4drnge?

V3 (B) =

B 2.241
o (2.241)

whose solution in the half-plane geometry shown in figure (2-3) is,
By(z) = B, (0)e"/*r

with the London penetration depth

d7nge?

-2
AL 5

2.242
— (2.242)

In the case where ny = n, which often occurs at zero temperature, then
A =wiAl. (2.243)
The magnetic field is completely expelled from a superconductor. This is

perfect diamagnetism.
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Figure 2-3  Penetration depth in a superconductor.

Why are the transverse and longitudinal zero-frequency responses different in
a superconductor? This can happen only if

qlziglo Xﬁjz (¢z,0,w =0) # quiglo Xﬁjw (0, gy,w = 0) (2.244)
or in other words

qaigo dt / dre‘iquxﬁjz (r,w=0) # quigo/dt/dre_iqyyxﬁjz (r,w=0).
(2.245)
This occurs in a superconductor because long-range order leads to Xﬁ ja (r,w=0)
which does not decay fast enough for the integral to be uniformly convergent. More
on this in a later chapter. In an ordinary metal there is no such long-range order
and both limits are identical so that the London penetration depth is infinite.

In all cases 9

ne
{Xﬁj, (42,0) — F] =0 (2.246)

by gauge invariance (f—sum rule) Eq.(2.209). The difference between a metal,
an insulator and a superconductor may be summarized as follows. There are two
limits which are relevant. The Drude weight (2.227)

D =r lim [”—62 —Re[x};. (O,w)]] (2.247)

w—0| m

and the transverse analog of the f—sum rule,

Ds = mlimg, o {% X2 (4, 0)} (2.248)

As we just saw, contrary to its longitudinal analog, Dg is not constrained to vanish
by gauge invariance. It is instead related to the inverse penetration depth in a
superconductor. The table summarizes the results.

Remarque 27 Definition of superconductor: A superconductor can unambigu-
ously be defined by the non-vanishing of Dg. Indeed, a superconductor has a gap
to single-particle excitations, like an insulator, and it has a delta response in the
longitudinal direction at zero wave vector, like a metal. On the other hand, neither
metal nor insulators have a non-zero Dg.

Remarque 28 Non-standard superconductors: Note that superconductors can be
gapless in the presence of magnetic impurities, and they can also have resistance
in the so-called mixed-state.
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D | Dg
Metal D|oO
Insulator 0|0
Superconductor | D | Dg

Table 2.1 Difference between metal, insulator and superconductor, as seen from the
limiting value of correlation functions

2.4.5 Conductivity sum rules

The optical conductivity sum rule Eq.(2.223) that we have derived up to now was
for the longitudinal case. With a finite wave vector probe, this sum rule can be
written

* dw © dw X;';jz(q"”’w) 1 g ne2
/ % Re [Uacac(‘h,cki)] = / %—w = §Xja;jz (Qm 0) = % (2.249)

— 00 — 00

where the last expression follows from gauge invariance Eq.(2.209). In the trans-
verse case, such as light in infrared experiments, which is also a finite wave vector
probe, one finds by contrast,

> dw [ dw X;’y‘jy(qu) 1 g

and we cannot use gauge invariance to deduce the value of Xﬁ iy (¢z,0). In anything
except a superconductor however, there is uniform convergence of the integrals in
Eq.(2.245). The integrals become equal and the transverse conductivity obeys the
same sum rule as the longitudinal one.

In a superconductor by contrast, we can use the expression for Dg, Eq.(2.248)
to write

limg, —o [, & Re [0y, (q,, w)] = 35 — D= = (nope)e (2.251)

The missing spectral weight, compared with the longitudinal sum rule, goes into a
delta function response at zero frequency that is in turn related to the superfluid
density ng or, equivalently, to the London penetration depth A\ that we defined
in the previous subsection.

To see explicitly the zero-frequency delta function response at finite wave-
vector in a superconductor, the form Eq.(2.194) is more convenient since from it
we can write the real part of the conductivity in the form

,Pl " § Re % 0 ne” 2.252

= Xj,, (@2 w)| =76 (w) |Rexj) ; (qe, )*W 252)

Xy (9 @)
w

Reoyy (s, w)

= P + Dgé (w) (2.253)
Remarque 29 Other manifestation of delta function response: Note that in the
imaginary part of the conductivity, the existence of a non-zero Dg has observable
consequences at finite frequency since the delta function in the real part gives a
long 1/w tail in the imaginary part. More specifically,

1 [ne?
Imoyy(¢e,w) = o Re XjR;jy (¢o,w)| — 78 (W) XJ, 5, (4w, w) (2.254)
Dg 1
= 5= (2.255)
T w
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2.4.6 Relation between conductivity and dielectric constant

The relation between dielectric constant and conductivity is a matter of macro-
scopic electromagnetism. The dielectric constant is basic to optical measurements,
hence it will be useful to relate it to correlation functions that we can compute
later.

Let us consider a translationally invariant system, so that it suffices to consider
the Fourier-space version of Maxwell’s equations

iq-E =4mp (2.256)
iqx E =g (2.257)
iq-B =0 (2.258)
e il
iqx B =2y L@t g (2.259)
C C

Transverse dielectric constant.

Using the definition of transverse conductivity, the last of Maxwell’s equations
reads,
P . )
iqx BT g i)y (2.260)
c c
Using the second Maxwell equation on the left-hand side, as well as iq - E = 0 for
transverse response and q x (q x E) = q(q - E) — ¢°E, we have

(w4 in)2 =

. N\2
(W) TR (2.261)

c2

(i
U Rl b =

C C

where the last equality is the definition of the dielectric tensor. If there was no
coupling to matter, the electric field would have the usual pole for light w = ¢q.

In general then,
N AT

e (qw) =1+ maT (2.262)

In the simple case where the dielectric tensor is diagonal, it is related to the
dielectric constant n and the attenuation constant s through /€ = n + ix. Using
the expression for the conductivity in terms of response function, we have that

<_T> wy Nrat 4 <—>R r
T (q,w) = (1 - m) I+ iy (ij(q, w)) . (2.263)

Remarque 30 Bound charges: When one can separate the charges into bound

>
and free in the calculation of Xﬁ(q,w), the contribution of the bound charges to

> >
wi—%)zxﬁ(q, w) is usually included with the 1 and called, € pound.

Remarque 31 Transverse current and plasmons: The transverse current-current
correlation function does mot contain the plasmon pole since transverse current
does not couple to charge. (One can check this explicitly in diagrammatic calcu-
lations: The correlation function between charge and transverse current vanishes
in a homogeneous system because the wave-vector for the charge and the vector
for the current direction are orthogonal, leaving no possibility of forming a scalar.
The equilibrium expectation value of a vector vanishes in a homogenous system.
In fact it vanishes even in less general situations which are not enumerated here.)
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Remarque 32 FElectromagnetic field and plasmon: One can see from the equa-
tion for the electric field (2.261) that in general the electromagnetic field does
see the plasmon (negative dielectric constant for w < wy in Eq.(2.268) means no
propagation below the plasma frequency).

Longitudinal dielectric constant.

Let the system be subjected to some external charge p.(q,w). The electric field
depends on the total charge, including the induced one

iq-E =47 (p. + 6 {p)). (2.264)

The longitudinal dielectric constant is defined by

>

iq-el - E =4mp,. (2.265)
With a longitudinal applied field, this means that

<6L)*1 _ Pe+6<P>.

2.266
Pe ( )

The linear response to an external charge can be computed from the response to
the scalar potential it induces

6.(qw) = ‘;—Zpem, w). (2.267)

As above, linear response to

GH(t) = /drp (r) ¢, (r,t) (2.268)

is given by
6 <,0(q; (.U)> = 7X§p(q7w)¢e(q7w) (2269)

so that simple substitution in the equation for (eL)fl gives,

Tam = L~ Fp(@w) | (2.270)

Remarque 33 Density response and plasmon: The density-density correlation
function appearing there still contains the plasmon pole.

The longitudinal dielectric constant is simply related to the cross section for
inelastic electron scattering encountered at the beginning of this Chapter. Indeed,
the fluctuation-dissipation theorem gives us

2h

2h q> 1
SPP<q7 w) = 1_ e—Bhw Im [Xfp(% w)] = [

"1 _ePhwgr el (q,w)

The following properties of the dielectric constants are worthy of interest

} . (2.211)

Remarque 34 Kramers-Kronig: €' (q,w) and T}fw) — 1 obey Kramers-Krinig

relations since they are causal. Since they are expressed in terms of correlation
functions, they also obey sum rules which follow simply from those already derived,
in particular the f—sum rule.

Remarque 35 ¢/(q,w) # €’ (q,w) in general
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Looking in what follows at the case w << cq, we assume that VxE = —1 2B ~
0. Then there are simple things to say about the significance of the poles and zeros
of the dielectric constant.

Remarque 36 Collective transverse excitations: The poles of €I are at the col-
lective transverse excitations. Indeed, let us look since V - D =0 (no free charge)
is garanteed by the fact the excitation is transverse, while V x E =0 implies zero
electric field in a transverse mode. Nevertheless, DT#0 can occur even if the elec-
tric field is zero when €’ = oo. The corresponding poles are those of the transverse
part of xj}(q,w).

Remarque 37 Collective longitudinal excitations: The zeros of €& locate the lon-

gitudinal collective modes since (eL)fl = %‘w = 00 corresponds to internal

charge oscillations. Alternatively, D¥ = 0 as required by the no-free-charge con-
straint V - D =0 but nevertheless EX # 0 is allowed if ¢ = 0. (V x E =0 is
automatic in a longitudinal mode). The corresponding collective modes are also
the poles of X,}fp(q7 w).
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3. INTRODUCTION TO GREEN'S
FUNCTIONS. ONE-BODY SCHRODINGER
EQUATION

We now know that correlation functions of charge, spin, current etc... allow us to
predict the results of various experiments. In quantum mechanics, all these quan-
tities, such as charge, spin, current, are bilinear in the Schrodinger field ¥(r,t).
What about correlation functions of the field ¥(r,¢) itself? First of all, they are
certainly necessary from a theoretical point of view to get a full description of
the system. But more than that, they are related to experiment, more specifi-
cally to photoemission experiments for example. We will come back to this later.
At this point, it suffices to say that if we do experiments where we actually in-
ject or extract a single electron, then we need to know the correlation function
for a single U field. These correlation functions are called Green’s functions, or
propagators. They share a lot of the general properties of correlation functions:
Kramers-Kronig relations, sum rules, high-frequency expansions... But there are
also important differences as will become clearer in later chapters.

One can read on this subject in several books([1][2] [3][4]. Here we introduce
Green’s functions in the simple context of the one-body Schrodinger equation.
This will help us, in particular, to develop an intuition for the meaning of Feynman
diagrams and of the self-energy in a familiar context. Impurity scattering will be
discussed in detail after we discuss definitions and general properties.

From now on, we work in units where h = 1.

3.1 Definition of the propagator, or Green's func-
tion

The main idea of perturbation theory is to prepare a state ¥o(r’,t’) and to let it
evolve adiabatically in the presence of the perturbation into the new eigenstate
U(r,t). Let us then show that the evolution of ¥(r,t) is governed by a propagator,
then, later in this chapter, we develop perturbation theory for the propagator.
Let t = 0 be the time at which the Schrédinger and Heisenberg pictures coin-
cide. Then
U(r,t) = (r|e H | Wy). (3.1)

If instead of knowing the Heisenberg wave function |¥py) we known the initial
value of the Schrodinger wave function

o)) = e | W) (3.2)

we can write the wave function ¥(r, ¢) in terms of the initial state in the Schrodinger
picture

W(r,t) = (x| e H ) |wy(¢)) . (3.3)
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To rewrite the same thing in terms of the initial wave function,
Wo(r', ) = (x| T (t)) (34)

it suffices to use a complete set of states
(e, t)0 (t—t') = /dr' (el e ) |6y (1) W () O (E— 1) (3.5)

where the 0 (t — ¢') is added to make causality explicit. This last equation may be
rewritten as

W, 00 (t— 1) = i / A G (v v, 1) Wo(x, 1) (3.6)

if we introduce the following definition of the retarded Green’s function in the
position representation

GE (rtir ) = —i (r| e HO) ey 0 (¢ — 1) | (3.7)

This may look like a useless exercise in definitions, but in fact there are many
reasons to work with the retarded Green’s function Gt (v t;r/, #').

e G (rt;r', ") does not depend on the initial condition Wo(r’,¢').

e G (r,t;r', ") contains for most purposes all the information that we need.
In other words, from it one can extract wave-functions, eigenenergies etc...
Obviously, the way we will want to proceed in general is to express all ob-
servables in terms of the Green’s function so that we do not need to explicitly
return to wave functions. These functions provide an alternate formulation
of quantum mechanics.

o G (rt;r', ') is the analog of the Green’s function used in the general context
of differential equations (electromagnetism for example).

e Perturbation theory for GF (r,t;1', ') can be developed in a natural manner.

o G (rt;r', ') is generalizable to the many-body context where it keeps the
same Physical interpretation (but not exactly the same mathematical defin-
ition).

Définition 4 GT (r,t;r',t') is called a propagator, (or Green’s function), since
it gives the wave function at any time, as long as the initial condition is given.
In other words, it propagates the initial wave function, like Huygens wavelets de-

scribe the propagation of a wave as a sum of individual contributions from point
scatterers.

3.2 Information contained in the one-body propa-
gator

It is very useful to work with the Fourier transform in time of G (r,t; ', ') because
it contains information about the energy spectrum

GE (r,r/;w) = —i/ d(t—t) et (r| e (1=t") Ir') en(t=t), (3.8)
0
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In this expression, we have used the 6 (¢t —t') and the usual trick of adiabatic
turning on to be able to define the Fourier transform of the # function. Insert in

this equation a complete set of energy eigenstates

<n| e*iH(tft') |m> — 67iEn(t7tl)6n,7n

to obtain for the Green’s function
G (r,r';w) = —ZZ (rln / dte!@“rm=En)t (n |p')

or using ¥, (r) = (r| n)

GR (r’ I‘I;w) = Z —<r|7z?<n|r’_> = Z 4‘1’7‘»(1’)‘1’:}2:/)

n w+in—E, n  wtin—

=32, (xl n) (n] o= In) ) = (| e I0) |

From this form, one can clearly see that

e The poles of G (r,r';w) are at the eigenenergies.

(3.9)

(3.10)

(3.11)

(3.12)

e The residue at the pole is related to the corresponding energy eigenstate.

e This is the analog of what will be called later a Lehmann representation.

3.2.1 Operator representation.

The last equation may be seen as the position representation of the general oper-

ator

GHw) = smrm

which is also called the resolvent operator. In other words,
GP (r,v';w) = (r| GR(w) ') .

In real time, the corresponding expression is

GR (t) = —ie H19 (1)

The advanced propagator is

INFORMATION CONTAINED IN THE ONE-BODY PROPAGATOR

(3.13)

(3.14)

(3.15)

(3.16)
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3.2.2 Relation to the density of states

The density of states is an observable which may be found directly from the Green’s
function. The one-particle density of states is defined by

| p(E)=>_,0(E—Ey) Z/dr n)é(E — E,) (3.17)

—1 [drIm G (r,1; E) (3.18)

which can be rewritten in a manner which does not refer to the explicit represen-
tation (such as |r) above)

p(E) = —LTr [Im G (E)] . (3.19)

The quantity
1
p(r,E) = ——Im G” (r,r; E) (3.20)
™

is called the local density of states, a quantity relevant when there is no transla-
tional invariance.

3.2.3  Spectral representation, sum rules and high frequency expansion

Green’s functions have many formal properties that are analogous to those of
response functions. We discuss some of them here.
Spectral representation and Kramers-Kronig relations.

Returning to the explicit representation in energy eigenstates, (3.12), it can be
written in a manner which reminds us of the spectral representation

. Uy (r) U7 (r') dw' 32, ¥ (r) V7 (x') 276 (W' — Ey)
GE (r,v';w) —Z w"‘”? E —/

2m w+1in —w’
(3.21)
o dw/Arrw dw/72ImG r,r’;w’ (r,r';w’)
= J or oin—o’ f wtin—w’ fd lf;Jrzn Ww (322)
which defines the spectral weight
(r, ;') Z W, (r r') 276 (W' — Ey) (3.23)

for the one-particle Green’s functions. Note that in momentum space we would
have, for a translationally invariant system,

G () = [ 2 A) (324)
with
| Ak o) = —2Im G (ko) (3.25)
Akw') = Z\p k) 278 (o' — E,,) (3.26)
= Z<k| n) (n |k) 278 (W' — Ep). (3.27)

n
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Remarque 38 Assumptions in relating A to Im GT : It is only in the presence of
a time-reversal invariant system that the Schridinger wave functions ¥, (r) can
always be chosen real. In such a case, it is clear that we are allowed to write
Ar,r';0") = —2Im GE (r,v';w') as we did in Eq.(3.22).

Remarque 39 Analogies with ordinary correlation functions. Contrary to the

. . . . . . ’
spectral representatwn for correlation functions introduced earlier, there is d2i7r

mstead of &, Furthermore, the denominator involves w + in — W' instead of
W' —w—in. Apart from these differences, it is clear that A (k;w’) here is analogous

to X" (k;w') for correlation functions.

Analyticity in the upper half-plane implies Kramers-Kronig relations as before.
In fact, the spectral representation itself leads immediately to

dw' Im [GF (r,x/;0")]

Re [GF (r,v/;w)] = 3.28
e[ (nr,w)] 77/ — . ( )
The other reciprocal Kramers-Kronig relation follows as before.
'R GR , /; ’
Im [G® (r,1;w)] = —73/65i d /(r ) (3.29)
T w —w

Sum rules

As before, the imaginary part, here equal to the local density of states, obeys sum
rules

/éﬁ;’( 2Im G (r,r'; ) / (r) ¥, (') 276 (W' — Ep)  (3.30)

= U, () ¥ () =6(r—71) (3.31)
so that
/ dw’ R I
d(r—r1') 2—(—21mG (r,r;w')) = 1. (3.32)
s
More sum rules are trivially derived. For example,
[dr [ 42y (—2Tm G (r, rw")) /dr/dw W p(rw') /erEn\Ifn (r) Uk
n

(3.33)
= [dr(r|H]|r)| (3.34)

In operator form, all of the above results are trivial

el @] [y o

= [dww"Tré (w — H) =Tr(H™)

Evaluating the trace in the position representation, we recover previous results.
Special cases include

/dr/dw )" (—2Tm G7 (r,rie) /dr (x| H" |r) (3.36)

/(d_kg/di(w')" (—2Im G* (k, k') =/ i g (k[ H" k)

27) 27 (27)?

Remarque 40 Recall that in the case of sum rules for x”, there was also an
implicit trace since we were computing equilibrium expectation values.
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High frequency expansion.

Once we have established sum rules, we can use them for high frequency expan-
sions. Consider the spectral representation in the form

dw' —2Im G® (k, k; ')

R ) =
G7 (k kiw) = 2 wtin—w

(3.37)

Then for w sufficiently large that Im G (k,k;w) = 0 (see remark below), the
Green’s function becomes purely real and one can expand the denominator so
that at asymptotically large frequencies,

> !
G e kw) Y — /‘éi(w')" (~2Im G* (k, k; o)) (3.38)
w Y
n=0

Integrating on both sides and using sum rules, we obtain,

/(::)3(;13 (k, k; w) ~ Zﬁ/%@ H" k) (3.39)
n=0

or in more general terms,

Tr {GR (w)] ~ ;) ﬁTr (H™) (3.40)

which is an obvious consequence of the high-frequency expansion of (3.13)

~R 1

G*(w) = Epr— (3.41)
Remarque 41 Im G® (k,k;w) = 0 at high frequency. Indeed consider the relation
of this quantity to the spectral weight Eq.(3.25) and the explicit representation of
the spectral weight Eq.(3.27). Only high energy eigenstates can contribute to the
high-frequency part of Im G (k,k;w) = 0. The contribution of these high-energy
eigenstates is weighted by matriz elements (n |K). It is a general theorem that the
higher the energy, the larger the number of nodes in (n|. Hence, for |k) fized, the
overlap (n |k) must vanish in the limit of infinite energy.

Remarque 42 The leading high-frequency behavior is in 1/w, contrary to that of
correlation functions which was in 1/w?.

3.2.4 Relation to transport and fluctuations

The true many-body case is much more complicated, but for the single-particle
Schrodinger equation, life is easy. We work schematically here to show that, in
this case, transport properties may be related to single-particle propagators in a
simple manner. This example is taken from Ref.[1].

Let Sy, (k,w) be the charge structure factor for example.

1 w 1 w i —1
Spp (k,w) = v /dte o(t)px) = v /dte FeMpe™Mp y ). (342)
The real-time retarded propagator was

G (t) = —ie 10 (1) (3.43)
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while the advanced propagator was
G4 (t) = ie "0 (—t).

The charge structure factor is then expressed in terms of the propagators

Spp o) = 5 / dte’ ((GF (=) =G4 (=) o (G7 () = G4 (1)) p ).
Because of the 6 functions, G® (—t) GE (t) = 0. (3.44)

Remarque 43 Alternate proof: We can also see this in the Fourier transform
version

Suww) = 3 [ 55 ((67 @) - 64 ) e (67 +) - B +0)) o).
(3.45)

Integrals such as [ ‘é—‘;’rlGR (W) GE (W' — w) vanish because poles are all in the same
half-plane.

The only terms left then are

Spp (k,w) = $ [ 4L (G () G4 (' + ) p_ye + G4 () eGR4+ ) p_ic)

(3.46)
In a specific case, to compute matrix elements in the energy representation, one
recalls that

1 1
R / /
i F)={(n| =—— =0y ———— 4
G nn's B) = (nl g 1) = b ey (34D
1
A /. — —n
G n, '+ ) = (0] g ) (3.48)

3.2.5 Green's functions for differential equations
The expression for the propagator (3.6)

U(r, )0 (t—t') = i/dr’GR (r,t;7, ") Wo (', ) (3.49)

clearly shows that it is the integral version of the differential equation which evolves
the wave function. In other words, it is the inverse of the differential operator for
U(r,t). That may be seen as follows

0

B
is U(r,t) (3.50)

ot
=6t —t")U(r,t)+ HO(t—t')U(r,t). (3.51)

(U(r,)0(t—t)] =6 (t —t')V(r,t) +i0 (t —t') =
Replacing ¥(r,t)0 (t —¢') in by its expression in terms of propagator, we obtain

gt { / ' GR (.t 1) Wo (¥, t’)} - (3.52)

S(t—t)i / dr'6® (r — ') Uo(r',t') + H |:Z / dr'GE (rt;x' 1) Uy (r, t')} (3.53)
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and since the equation is valid for arbitrary initial condition Wy (r’,¢'), then

[i%—H] GR(I‘,t;r’,t’):5(t—t’)63(r—r/). (3.54)

This is indeed the definition of the Green’s function for the Schrodinger equation
seen as a differential equation.

Remarque 44 Historical remark: Green was born over two centuries ago. At age
35, George Green, the miller of Nottingham, published his first and most important
work: “An Essay on the Applications of Mathematical Analysis to the Theory of
Electricity and Magnetism” dedicated to the Duke of Newcastle. It is in trying
to solve the differential equations of electromagnetism that Green developed the
propagator idea. Ten years after his first paper, he had already moved from the
concept of the static three-dimensional Green’s function in electrostatics to the
dynamical concept. Green had no aristocratic background. His work was way
ahead of his time and it was noticed mainly because of the attention that Kelvin
gave it.

We can do the same manipulations in operator form. Recalling that
G (t) = —ie 10 (1) (3.55)

then the differential equation which is obeyed is

[i% - H} GR (t) =6 (t) (3.56)

which takes exactly the form above, (3.54) if we write the equation in the position
representation and use the completeness relation [dr|r) (r] = 1 a few times.
Formally, we can invert the last equation,

G () =i ]

8 (t) (3.57)

which is meaningless unless we specify that the boundary condition is that G¥ (—o00) =
0. This should be compared with Eq.(3.13).

Remarque 45 Boundary condition in time vs pole location in frequency space:
From the equation for the propagator (3.54) it appears that one can add to GF (r,t;r',t')
any solution of the homogeneous form of the differential equation (right-hand side
equal to zero). The boundary condition that GF (v,t;x',t") vanishes for allt—t' < 0
and at t —t' — oo (the in) makes the solution unique. Indeed, for a first-order
equation, one boundary condition suffices. In frequency space, this moves the poles
away from the real axis.

3.3 Perturbation theory for one-body propagator

Feynman diagrams in their most elementary form appear naturally in perturbation
theory for a one-body potential. We will also be able to introduce notions such as
self-energy and Dyson equation. As an example, we will treat in more details the
propagation of an electron in a random potential.
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3.3.1 General starting point for perturbation theory.

If we can diagonalize H, then we know the propagator

GR (W) = 7= (3.58)

from the identities we developed above,

1 1
T I7 L i "n’/> = 6nn’ - -,
E—-H+wm E—-FE, 4+

GE(r,r;w) = Z 7\1::+<ri)n\112 g;) (3.60)

GE(n,n';E) = (n| (3.59)

We want to develop perturbation methods to evaluate the propagator in the
case where one part of the Hamiltonian, say Hy can be diagonalized while the
other part, say V, cannot be diagonalized in the same basis. The easiest manner
to proceed (when V is independent of time) is using the operator methods that
follow. First, write

(wHin— Ho—V)G? (w) = 1. (3.61)
Putting the perturbation V' on the right-hand side, and using
~ 1
R
= — .62
GF (W) - (3.62)
we have .
(é{f (w)) GR(w)=1+VGE(w). (3.63)

Multiplying by @5” (w) on both sides, we write the equation in the form

G (w) = GE (w) + GE (w) VGE (w) | (3.64)

In scattering theory, this is the propagator version of the Lippmann-Schwinger
equation. Perturbation theory is obtained by iterating the above equation. Stop-
ping the iteration at an arbitrary point may however lead to misleading results,
as we shall discuss in the following section.

But before this, we point out that perturbation theory here can be seen as
resulting from the following matrix identity,

X-l‘rY = % - %Yxiy (3.65)

To prove this identity, multiply by X + Y either from the left or from the right.
For example

1 1 1 1
X+Y)==X+=Y-=Y
(X+7) X +X X X+4+Y

v (X+Y)=1 (3.66)

3.3.2 Feynman diagrams for a one-body potential and their physical interpretation.

The Lippmann Schwinger equation Eq.(3.64) may be represented by diagrams.
The thick line stands for G (w) while the thin line stands for G (w) and the
dotted line with a cross represents the action of V.

Tterating the basic equation (3.64), one obtains the series

G (w) = GF (w) + GE (W) VGE (w) + GE (W) VGE (w) VGE (w) + ... (3.67)

which we represent diagrammatically by Fig.(3-1). Physically, one sees that the full
propagator is obtained by free propagation between scatterings off the potential.
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—— = 3 + > e —

Figure 3-1 Diagrammatic representation of the Lippmann-Schwinger equation for
scattering.

Diagrams in position space

To do an actual computation, we have to express the operators in some basis. This
is simply done by inserting complete sets of states. Using the fact that the potential
is diagonal in the position representation, (ri|V |r2) = 6 (r1 —r2) (r1| V|r1), we
have that

(r] G (w) |r') = (x| Gff () Ir’>+/dr1/dr2 (x| GG (w) [r1) (r1| V [r2) (ra] GF (@) [x')+..
(3.68)
= (r| G (w) Ir'>+/dr1 (x| G (@) [r1) (x1| V [e1) (r1] G () 1) + . (3.69)

Remarque 46 Physical interpretation and path integral: Given that (r| GE(w) |r')
is the amplitude to propagate from (r| to |r'), the last result may be interpreted
as saying that the full propagator is obtained by adding up the amplitudes to go
with free propagation between (r| and |r'), then with two free propagations and one
scattering at all possible intermediate points, then with three free propagations and
two scatterings at all possible intermediate points etc... The Physics is the same
as that seen in Feynman’s path integral formulation of quantum mechanics.

One can read off the terms of the perturbation series from the diagrams above

by using the following simple diagrammatic rules which go with the following figure
(3-2).

e Let cach thin line with an arrow stand for (r| GF (w)|r’). One end of the
arrow represents the original position r while the other represents the final
position r’ so that the line propagates from r to r’. Strictly speaking, from
the way we have defined the retarded propagator in terms of propagation of
wave functions, this should be the other way around. But the convention we
are using now is more common.

e The X at the end of a dotted line stands for a potential (ri|V|rs) =
1 (I‘l — 1'2) <I‘1| 14 |I‘1>.

e Diagrams are built by attaching each potential represented by an X to the
end of a propagator line and the beginning of another propagator line by a
dotted line.

e The intersection of a dotted line with the two propagator lines is called a
vertex.

e There is one dummy integration variable [dr; over coordinates for each
vertex inside the diagram.

e The beginning point of each continuous line is (r| and the last point is [r').
These coordinates are not integrated over.

66INTRODUCTION TO GREEN'S FUNCTIONS. ONE-BODY SCHRODINGER EQUATION



Figure 3-2 Iteration of the progagator for scattering off impurities.

e The propagator is obtained by summing all diagrams formed with free prop-
agators scattering off one or more potentials. All topologically distinct pos-
sibilities must be considered in the sum. One scattering is distinct from two
etc...

Diagrams in momentum space

Since the propagator for a free particle is diagonal in the momentum space rep-
resentation, this is often a convenient basis to write the perturbation expan-
sion in (3.67). Using complete sets of states again, as well as the definition
(k| GE (w) [K') = GE (k,w) (k| k') = GE (k,w) (27)* § (k — k') we have that for
a particle with a quadratic dispersion law, or a Hamiltonian Hy = p?/2m

1

Gl (k,w) = ———. 3.70
ow) = = (3.10)
In this basis, the perturbation series becomes
N dk N
(k|G (w) [K) = GF' (k,w) (k| ') +/ﬁ05€ (k,w) (k| V [k1) (ki | GT (w) [K') -
(3.71)

Solving by iteration to second order, we obtain,

(k| G" () [K') = G (k,w) (k| K') + Gff (k,w) (k| V K) G (K,w)  (3.72)

dk
+/ B ;3 G (k,w) k| V k1) G (k1,w) (k1| V [K) GE (K, w) +...  (3.73)
T
The diagrams shown in the following figure Fig.(3-3) are now labeled differently.
The drawing is exactly the same as well as the rule of summing over all topologi-
cally distinct diagrams.
However,
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V(k-k’)
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(k-K’)

k K’ k k ? K’
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kK |k, | K
+ > ' >
R R Kot 1
'V(k-kl) 'V(kl-kz) ‘V(kz-k)

Figure 3-3 Feynman diagrams for scattering off impurities in momentum space
(before impurity averaging).

e Fach free propagator has a label k,w. One can think of momentum k flowing
along the arrow.

e Each dotted line now has two momentum indices associated with it. One
for the incoming propagator, say k, and one for the outgoing one, say k’’.
The potential contributes a factor (k| V' |k”). One can think of momentum
k — k" flowing along the dotted line, and being lost into the X.

dk//
(2m)®
conservation. If there are n potential scatterings, there are n — 1 momenta

to be integrated over.

e One must integrate f over momenta not determined by momentum

3.3.3 Dyson’'s equation, irreducible self-energy

Suppose we truncate the perturbation expansion to some finite order. For example,
consider the truncated series for the diagonal element (k| G (w) k)

(k|G (w) k) = G (k,w) (k| k) + G (k,w) (k| V [k) GF (k,w) (k| k) (3.74)

Stopping this series to any finite order does not make much sense for most cal-
culations of interest. For example, the above series will give for (k| G (w)|k)
simple and double poles at frequencies strictly equal to the unperturbed energies,
while we know from the spectral representation that (k| G (w)|k) should have
only simple poles at the true one-particle eigenenergies. Even more disturbing, we
know from Eqgs.(3.25) and (3.27) that the imaginary part of the retarded Green’s
function should be negative while these double poles lead to positive contributions.
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These positive contributions come from the fact that

1 1
rm—g)' e g
0 k2

This derivative of a delta function can be positive or negative depending from
which side it is approached, a property that is more easy to see with a Lorentzian or
Gaussian representation of the delta function. Clearly, the perturbation expansion
truncated to any finite order does not seem very physical. It looks as if we are
expanding in powers of

k| V |k
04V i) GF (1) = — VI (3.77)
W+ — 5
a quantity which is not smal for w near the unperturbed energies %

If instead we consider the infinite series
(k| G™ (@) [k) = Gf (k,w) (k| k) + GF (k,w) (k| V |k) Gff (k,w) (k| k) (3.78)
+G (k,w) (k| V k) GF (k,w) (k| V k) GF (k,w) (k| k) + ... (3.79)
which may be generated by
(K| G" (w) [k) = G (k,w) (k| k) + G (k,w) (k| V |k) (k| G" () [k)  (3.80)
then things start to make more sense since the solution
(k| k)
—1
(G (k,w) = (k| V[k)

(k| G () k) = (3.81)

has simple poles corresponding to eigenenergies shifted from 2’% to % + (k| V |k)
as given by ordinary first-order perturbation theory for the energy. To get the
first-order energy shift, we needed an infinite-order expansion for the propagator.

However, the simple procedure above gave (k| GR (w) |k) that even satisfies the
first sum rule [ 227y [—2 Im (@R (w))} = Tr[H°] = 1 as well as the second

[ LTy [—QIm (G\Rﬂ =Tr[H].

Even though we summed an infinite set of terms, we definitely did not take into
account all terms of the series. We need to rearrange it in such a way that it can
be resummed as above, with increasingly accurate predictions for the positions of
the shifted poles.

This is done by defining the irreducible self-energy > (k,w) by the equation

(k| G (w) k) = Gff (k,w) (k| k) + Gff (k,w) 2F (k,w) (k| G (w) k) | (3.82)

This is the so-called Dyson equation whose diagrammatic representation is given
in Fig.(3-4) and whose solution can be found algebraically

(K] k) |
(GF (k,w)) " — B (k,w)

(k| G (w) [k) = (3.83)

The definition of the self-energy is found in principle by comparing with the
exact result Eq.(3.71) obtained from the Lippmann-Schwinger equation. The al-
gebraic derivation is discussed in the following section, but diagrammatically one
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Figure 3-4 Dyson's equation and irreducible self-energy.

can see what to do. The self-energy 3 (k,w) should contain all possible diagrams
which start with an interaction vertex with entering momentum k, and end with
an interaction vertex with outgoing momentum k and never have in the intermedi-
ate states G& (k/,w) with k’ equal to the value of k we are studying. The entering
vertex and outgoing vertex is the same to first order. One can convince one-self
that this is the correct definition by noting that iteration of the Dyson equation
(3.82) will give back all missing G& (k,w) in intermediate states.

> (k,w) is called irreducible because a diagram in the self-energy cannot be cut
in two separate pieces by cutting one G (k,w) with the same k. In the context of
self-energy, one usually drops the term irreducible since the reducible self-energy
does not have much interest from the point of view of calculations.

To first order then, > (k,w) is given by the diagram in Fig.(3-5) whose alge-
braic expression can be read off

»E(k,w) = (k| V|k). (3.84)

X
I
b

Figure 3-5 First-order irreducible self-energy.

This is the first-order shift to the energies we had found above. To second
order, the diagram is given in Fig.(3-6) and its algebraic expression is

dk
SR (k,w) = / LKV k) GF (k) (| VK. (3.85)
ki #k (27

V(k-ky)| 2
x x
'(k-kl) ‘(k K
| |
kl

Figure 3-6  Second order irreducible self-energy (before impurity averaging).

Remarque 47 Locator expansion: The choice of Hy is dictated by the problem.
One could take V' as the unperturbed Hamiltonian and the hopping as a perturba-
tion. One then has the “locator expansion”.
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3.4 Formal properties of the self-energy

From the Dyson equation (3.82), the self-energy is analytic in the upper half-
plane since (k| GT (w) |k) itself is. Analyticity in the upper half-plane means that
Y2 (k,w) obeys Kramers-Kronig equations analogous to those found before for
response functions,
dw' Im [Z8 (r,1/; '
Re [2F (r,r/;w) — % (r,1/;00)] =P = = ) . (3.86)

s w—w

! R VAN ANE ) &4 /.
Im [ER(I',I‘/;(U)] - _p lee [E (I‘,I‘,w) > (I',I‘,OO)]

™ w—w

(3.87)

One motivation for the definition of the self-energy is that to compute the shift
in the energy associated with k, we have to treat exactly the free propagation with
Gl (k,w).

The self-energy itself has a spectral representation, and obeys sum rules. To
find its formal expression, let us first define projection operators:

dk’
Pl i 0=1-P= [ SR KI-IK @89
(2m)
with the usual properties for projection operators

The following manipulations will illustrate methods widely used in projection op-
erator techniques.[5]
Since Hj is diagonal in this representation, we have that

PG (k,w) Q = OGE (k,w) P =0 (3.90)

We will use the above two equations freely in the following calculations.
We want to evaluate the full propagator in the subspace |k). Let us thus
project the Lippmann-Schwinger equation

PGRP = PGEP+PGEVGEP = PGEP+PGEVPGEP+PGEVQGEP. (3.91)

To close the equation, we need QéR’P, which can also be evaluated,

OGP = QGEVGEP = QGEVPGEP + OGEV OGP (3.92)
QGRP = — ————QGRVPGHP. 3.93
1-QGRvg ™~ " (3:95)
Substituting in the previous result, we find
~ ~ ~ 1 ~ ~
PGRP = PGEP + PGHV |1 + ————QGEV | PGEP (3.94)
1-9GFvVQ
PGP = PGEP + PGEPV |1 + ————QOGEVP| PGP (3.95)
1-9GFvVQ |
This means that the self-energy operator is defined algebraically by
SR _ 1 AR
S = PVP + PV Qa5 OGFQVP| (3.96)

This is precisely the algebraic version of the diagrammatic definition which we gave
before. The state k corresponding to the projection P never occurs in intermediate
states, but the initial and final states are in P.
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Remarque 48 Self-energy as a response function: Spectral representation, sum
rules and high frequency expansions could be worked out from here. In particular,
the first-order expression for the self-energy suffices to have a propagator which
satisfies the first two sum rules. Note that we could continue the process started
here and decide that for the self-energy we will take into account exactly the prop-
agation in a given state and project out everything else. This eventually generates
a continued fraction expansion.[5]

Remarque 49 High-frequency behavior of self-energy and sum rules: Given the
1/w high-frequency behavior of GE, one can see that the infinite frequency limit
of the self-energy is a constant given by PVP =|k) (k| V |k) (k| and that the next

term in the high-frequency expansion is ’PVQ%QV’P as follows from the high-

frequency behavior of CA?(I)%. We will see in the interacting electrons case that the
Hartree-Fock result is the infinite-frequency limit of the self-energy.

Remarque 50 Projection vs frequency dependence: By projecting out in the sub-
space |k) (k|, we have obtained instead of the time-independent potential V, a
self-energy B which plays the role of an effective potential which is diagonal in
the appropriate subspace, but at the price of being frequency dependent. This is
a very general phenomenon. In the many-body context, we will want to remove
instantaneous two-body potentials to work only in the one-body subspace. When
this is done, a frequency dependent self-energy appears: it behaves like an effec-
tive frequency dependent one-body potential. This kind of Physics is beyond band
structure calculations which always work with a frequency independent one-body
potential.

3.5 Electrons in a random potential: Impurity aver-
aging technique.

We treat in detail the important special case of an electron being scattered by a
random distribution of impurities. This serves as a model of the residual resistivity
of metals. It is the Green’s function version of the Drude model for elastic impurity
scattering. One must however add the presence of the Fermi sea. When this is
done in the many-body context, very little changes compared with the derivation
that follows. The many-body calculation will also allow us to take into account
inelastic scattering. We start by discussing how to average over impurities, and
then we apply these results to the averaging of the perturbation series for the
Green’s function.

3.5.1 Impurity averaging

Assume that electrons scatter from the potential produced by uniformly distrib-

uted impurities
N;

Vo(r)=> v(r—Ry) (3.97)

—1

~

where each of the N; impurities produces the same potential v but centered at a
different position R;. We have added the index C to emphasize the fact that at this
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point the potential depends on the actual configuration of impurities. We want
to work in momentum space since after averaging over impurities translational
invariance will be recovered. This means that the momentum representation will
be the most convenient one for the Green’s functions.

N;

N;
Ve (q) = /dre_iq"P Zv (r—R;) = Z e AR, /dre‘iq‘(r_Ri)v (r—Ry)
i=1 i=1
(3.98)

N;
=v(q) Y e (3.99)
i=1

We assume that the impurities are distributed in a uniform and statistically
independent manner (The joint probability distribution is a product of a factor 1/V
for each impurity). Denoting the average over impurity positions by an overbar,
we have for this distribution of impurities,

Vet =@ (7)) <o @35 [ R =@ 3 205 (@
- = (3.100)
=n;v(0) (27)% 6 (q) (3.101)

where n; is the impurity concentration. We will also need to consider averages of
products of impurity potentials,

N, N,
Ve (a) Ve (d) = v(a)v(d) Y eiafy emia R, (3.102)
i=1 j=1

To compute the average, we need to know the joint probability distribution for
having an impurity at site ¢ and an impurity at site j. The most simple-minded
model takes no correlations, in other words, the probability is the product of prob-
abilities for a single impurity, which in the present case were uniform probability
distributions. (This is not such a bad approximation in the dilute-impurity case).
So for i # j, we write

N;i N; . » Ni Ni i — (NZQ *Nz') 3 3
Z Z e~ AR e—id"R; — Z Z (e‘“’l‘Ri e~ ‘RJ‘> =y (2m)° 6 (a) (2m)" 6 (d') .

i=1 j#i i=1 j#i

(3.103)
When i = j however, we are considering only one impurity so that
N;
Z e—iaRe—ia" Ri =n, (27)% 6 (q+ ). (3.104)
i=1

Gathering the results, and using the result that for a real potential |v(q)]> =
v(q) v (—q) we find

(N2 - N;

Te@ve@ - L (00 @7 @) (v0) (2076 ) )4 o (@) (275 (a + ).
(3.105)
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3.5.2  Averaging of the perturbation expansion for the propagator

Let us return to the perturbation expansion in momentum space to second order
Eq.(3.73) Using

K| Ve [K) = / dr (|r) Ve (r) (r|K') = Vo (k — K') (3.106)

and (k| k') = (27)° 6 (k — k'), we rewrite the perturbation expansion and average
it,

(k| GE (w) k) = GF (k,w) (27)° 6 (k — k') + G& (k,w) Ve (k — K)GE (K, w)
(3.107)

+ / (Zk;P,G{;‘" (k,w) Vo (k — k1) GF (ki,w) Vo (ki—K)Gf (K, w) + ... (3.108)

Using what we have learned about impurity averaging, this is rewritten as,

K GF (W) K) = {GF (kw) + Gf (k,w) [niv (0)] GF (k,w)
+G¢ (k,w) [ngv (0)] G (k,w) [0 (0)] G (k, w)

GE (kw) [n 0 (0) ] GF (k) GF (k)

21
v

dk,

(2m)°

Recalling the relation between discrete sums and integrals,
dky 1
= — 3.110
[ v =
1

we see that the term with a negative sign above removes the k = k; term from
the integral. We are thus left with the series

G (ky,w) [nz— o (k — k1)|2] GE (k,w) +..} (27)* 8 (k — K
(3.109)

6l ) [

K G" (W) K) = {GF (kw) +Gf (kw) [niv (0)] G (kw)
+G' (k,w) [0 (0)] G (k,w) [niv (0)] Gf' (k,w)

+GE (k,w) (/kl#k %G? (ky,w) [n v (k — k1)|2]> GE (k,w) +..} (2m)% 6 (k — K')
(3.111)

The diagrams corresponding to this expansion are illustrated in Fig.(3-7)
The diagrammatic rules have changed a little bit. Momentum is still conserved
at every vertex, but this time,

e No momentum can flow through an isolated X (in other words, at the vertex
the momentum continues only along the line.)

e A factor [n;v (0)] is associated with every isolated X.

e Various X can be joined together, accounting for the fact that in different
X the impurity can be the same.
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Figure 3-7 Direct iterated solution to the Lippmann-Schwinger equation after
impurity averaging.

e When various X are joined together, some momentum can flow along the
dotted lines. Each dotted line has a factor v (k — k;) associated with it,
with the momentum determined by the momentum conservation rule (which
comes from the fact that if in [ drf; (r) f2 (r) f3 (r) we replace each function
by its Fourier representation, the integral [ dr will lead to a delta function
of the Fourier variables, i.e. k; + ko + ks =0.)

e The overall impurity concentration factor associated with a single X linking
many dotted lines, is n;, however many dotted lines are associated with it.

e There is an integral over all momentum variables that are not purely deter-
mined by the momentum conservation.

Once again, one cannot truncate the series to any finite order since this leads
to double poles, triple poles and the other pathologies discussed above. One must
resum infinite subsets of diagrams. Clearly, one possibility is to write a self-energy
so that

(k| k')
(G (k,w)) ™" = 2R (k,w)

If we take the diagrams in Fig.(3-8) for the self-energy, expansion of the last
equation for the Green’s function, or iteration of Dyson’s equation in diagrammatic
Fig.(3-4), regive the terms discussed above in the straightforward expansion since
the algebraic expression for the self-energy we just defined is

(k| G () [K') =

(3.112)

S (k,w) = [0 (0)] + fy, e 2 [n v (k — kl)ﬂ GE(ki,w)|  (3.113)

Remarque 51 FEnergy shift: This self-energy gives us the displacements of the
poles to linear order in the impurity concentration and to second order in the

ELECTRONS IN A RANDOM POTENTIAL: IMPURITY AVERAGING TECHNIQUE. 75



n;v(0) n; (k)|
0 N
' PR

k#k

AN

Figure 3-8 Second-order irreducible self-energy in the impurity averaging technique.

impurity potential. The displacement of the poles is found by solving the equation

E= % +Re [2f (k, B)]. (3.114)

Remarque 52 Lifetime: Taking the Fourier transform to return to real time, it
is easy to see that a constant imaginary self-energy corresponds to a life-time, in
other words to the fact that the amplitude for being in state k “leaks out” as other
states become populated. One can check explicitly that the formula found for the
life-time by taking the imaginary part of the self-energy corresponds to what would
be obtained from Fermi’s Golden rule.

Remarque 53 Self-energy and sum rules: One can check that this self-energy
is explicitly analytic in the upper half-plane and that the corresponding Green’s

function satisfies the first sum rule [ ‘;—‘T‘F’TT [—QIm (@R (w))} =Tr [HO] =1 as

well as the second g—“;wTr —2Im (@R) = Tr[H]. However, at this level of

approximation, none of the other sum rules are satisfied because the second and
higher moments of a Lorentzian are not defined.

Remarque 54 Awverage self-energy and self-averaging: We could have obtained
precisely the same result by directly averaging the self-energies (3.84)(3.85) de-
fined in the previous subsection (8.82). Indeed, since the rule there was that
G(If (k,w) could not occur in the intermediate states, impurity averaging of the
second-order diagram (8.85) would have given only the correlated contribution

fkﬁék % [nZ lv(k — k1)|2} Gl (ki,w). A GE(k,w) in the intermediate state

would be necessary to obtain a contribution [nv (0)]>. It is possible to average
directly the self-energy in the Dyson equation Eq.(3.82) only if (K| GR (w) k) s it-
self not a random variable. What the present demonstration shows is that indeed,
forward scattering, i.e. (k| G (w)|k') withk = X', is a self-averaging quantity, in
other words, its fluctuations from one realization of the disorder to another may
be neglected. Forward scattering remains coherent.

Remarque 55 Correlations in the impurity distribution: If we had taken into
account impurity-impurity correlations in the joint average (3.103),

N, N,
> eviaRiemia Ry, (3.115)
i=1 j#i
then we would have found that instead of two delta functions leading eventu-
ally to forward scattering only, (27T)35 (k — k'), off-diagonal matriz elements of
(k| GE (w) [K') would have been generated to order n? by the Fourier transform of
the impurity-impurity correlation function. In other words, correlations in the im-
purity distribution lead to coherent scattering off the forward direction. In optics,
this effect is observed as laser speckle pattern.
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Remarque 56 Strong impurity potential: It is easy to take into account the scat-
tering by a single impurity more carefully in the self-energy. The set of diagrams
in Fig.(3-9) are all first-order in impurity concentration. Their summation cor-
responds to summing the full Born series. In other words, the summation would
correspond to replacing the Born cross section entering the expression for the
imaginary part of the Green’s function by the full T-matriz expression. The cross
section for the impurity is then evaluated beyond the Born approximation. This is
important when the phase shifts associated with scattering from the impurity are
important.

X X A A
| /N / 1\ /1 AN\
| L A S S S 2R BN WY

Figure 3-9 Taking into account multiple scattering from a single impurity.

Remarque 57 Irreversibility and infinite volume limit: We have proven that the
poles of the Green’s function are infinitesimally close to the real axis. In particular,
suppose that |n) labels the true eigenstates of our one-body Schrodinger equation
in the presence of the impurity potential. Then, our momentum space Green’s
function will be given by Eq.(3.12)

GE (k, k;w) = zn: m—@@ (3.116)
—% Im [GF (ks w)] = 3 (Kl n) (1 [K) 8 (w — E) (3.117)

n

In the case we are considering here, k is no longer a good quantum number. Hence,
instead of a single delta function, the spectral weight —% Im [GR (k, k; w)] contains
a sum of delta functions whose weight is determined by the projection of the true
eigenstate on k states. However, if we go to the infinite volume limit, or equiva-
lently assume that the level separation is smaller than n, the discrete sum over n
can be replaced by an integral, and we obtain a continuous function for the spectral
weight. As long as the Green’s function has discrete poles, the Fourier transform
in time of G® is an oscillatory function and we have reversibility (apart from the
damping ). Going to the infinite volume limit, (level spacing goes to zero before
1), we obtained instead a continuous function of frequency instead of a sum over
discrete poles. The Fourier transform of this continuous function will in general
decay in time. In other words, we have obtained irreversibility by taking the infinite
volume limit before the n — 0 limit.

Remarque 58 Origin of poles far from the real axis: In the case of a continuous
spectral weight, when we start to do approximations there may appear poles that
are not infinitesimally close to the real axis. Indeed, return to our calculation of
the imaginary part of the self-energy above. If we write

R
et kkw) =1 : Im [¥* (k,w) :
™ ™ (w — 2’“—m — Re[XF (k,w)]) + (Im 27 (k, w)])
(3.118)
then there are many cases, such as the one of degenerate electrons scattering off
impurities, where for small w we can approximate Im (ZR (k, w)) by a constant and
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Re [ER (k, w)} by a constant plus a linear function of frequency. Then G (k, k;w)
has a single pole, far from the real axis. In reality, we see from the spectral repre-
sentation Eq.(3.24) that this single pole is the result of the contribution of a series
of poles near the real axis, each of which gives a different residue contribution to
the spectral weight. (In the impurity problem, k is not a good quantum number
anymore so that several of the true eigenstates E, entering the spectral weight
Eq.(3.27) have a non-zero projection (k| n) on momentum eigenstates (k|.) It is
because the spectral weight here is approrimated by a Lorentzian that the resulting
retarded Green’s function looks as if it has a single pole. It is often the case that
the true Green’s function is approximated by functions with a few poles that are
not close to the real axis. This can be done not only for the Green’s function, but
also for general response functions. These poles far from the real axis should be
seen as arising from the approximate form of the spectral weight.

3.6 Other perturbation resummation techniques: a
preview

The ground state energy may be obtained by the first sum rule. But in the more
general case, one can develop a perturbation expansion for it. The corresponding
diagrams are a sum of connected diagrams. The so-called “linked cluster theorem”
is a key theorem that will come back over and over again.

Given the expression we found above for the density-density correlation, the
reader will not be surprised to learn that the diagrams to be considered are, before
impurity averaging, of the type illustrated in Fig.(3-10). The density operators
act at the far left and far right of these diagrams.

Figure 3-10 Some diagrams contributing to the density-density correlation function
before impurity averaging.

After impurity averaging, we obtain for example diagrams of the form illus-
trated in Fig.(3-11)

Subset of diagrams corresponding to dressing internal lines with the self-energy
can be easily resummed. The corresponding diagrams are so-called skeleton dia-
grams. The first two diagrams in Fig.(3-11) could be generated simply by using
lines that contain the full self-energy. The diagrams that do not correspond to
self-energy insertions, such as the last on in Fig.(3-11), are so-called vertex cor-
rections.

Subsets of vertex corrections that can be resummed correspond to ladders or
bubbles. Ladder diagrams, illustrated in Fig.(3-12) correspond to the so-called
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Figure 3-11 Some of the density-density diagrams after impurity averaging.

Bethe-Salpeter equation, or T-matrix equation. They occur in the problem of
superconductivity and of localization.

NN N

><><><

A
N

/\/

Figure 3-12 Ladder diagrams for T-matrix or Bethe-Salpeter equation.

The bubbles illustrated in Fig.(3-13) are useful especially for long-range forces.
They account for dielectric screening, and either renormalize particle-hole excita-
tions or give new collective modes: excitons, plasmons, spin wave, zero sound and
the like.

Finally, self-consistent Hartree-Fock theory can be formulated using skeleton
diagrams, as illustrated in Fig.(3-14). The self-consistency contained in Hartree-
Fock diagrams is crucial for any mean-field type of approximation, such as the
BCS theory for superconductivity and Stoner theory for magnetism.

Parquet diagrams sum bubble and ladder simultaneously. They are essential if
one wants to formulate a theory at the two-particle level which satisfies fully the
antisymmetry of the many-body wave-function. In diagrammatic language, this
is known as crossing symmetry.

We come back on all these notions as in the context of the “real” many-body
problem that we now begin to discuss.
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Figure 3-13 Bubble diagrams for particle-hole exitations.
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Figure 3-14 Diagrammatic representation of the Hartree-Fock approximation.
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4. FINITE TEMPERATURE FOR-
MALISM

We are now ready to start working with the real many-body problem. This chapter
will be rather formal but we will make the link with the previous chapter and also
we will try to do applications as soon as possible in the following chapter.

When there is more than one particle and they are identical, the wave function
say 1 (1,22, x3) is not arbitrary. If we want particles to be indistinguishable, all
coordinates should be equivalent. This means in particular that if z; takes any
particular value, say a and xo takes another value, say b, then we expect that
¥ (a,b,x3) = 9 (b,a,x3). But that is not the only possibility since the only thing
we know for sure is that if we exchange twice the coordinates of two particles
then we should return to the same wave function. This means that under one
permutation of two coordinates (exchange), the wave function can not only stay
invariant, or have an eigenvalue of +1 as in the example we just gave, it can also
have an eigenvalue of —1. These two cases are clearly the only possibilities and
they correspond respectively to bosons and fermions.

When dealing with many identical particles, a basis of single-particle states is
most convenient. Given what we just said however, it is clear that a simple direct
product such as |a1) ® |ag) cannot be used without further care because many-
particle states must be symmetrized or antisymmetrized depending on whether we
deal with Bosons or Fermions. For example, for two fermions an acceptable wave
function would have the form v2 (r1| @ (r1|[Ja1) ® |ag) — |az) ® |a1)]. Second
quantization allows us to take into account these symmetry or antisymmetry prop-
erties in a straightforward fashion. To take matrix elements directly between wave
functions would be very cumbersome.

The single-particle basis state is a complete basis that is used most often. Note
however that a simple wave-function such as

¥ (2,y) = (x —y) Ne~le=vl/e (4.1)

for two electrons in one dimension, with N and a constants, is a perfectly ac-
ceptable antisymmetric wave function. To expand it in a single-particle basis
state however requires a sum over many (in general an infinite number of) anti-
symmetrized one-particle states.

The plan then is as follows. Starting with a short summary of important
results of second quantization, we will then motivate the definition of the Green’s
function in the many-body context by analogy with what we just saw. Then, we
return to perturbation theory to show that it is most natural to work in imaginary
time. This leads us to the Matsubara Green’s function. We show that if we know
this Green’s function, we also happen to know the retarded one, as well as all
the one-body quantities of physical interest. We will once more spend some time
on the interpretation of the spectral weight, develop some formulas for working
with the Fourier series representation of the imaginary time functions (Matsubara
frequencies). This should put us in a good position to start doing perturbation
theory, which is all based on Wick’s theorem. Hence, we will spend some time
proving this theorem as well as the very general linked-cluster theorem that is very
useful in practice.
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4.1 Main results from second quantization

We want to write one- and two-body operators in a way which is independent of
the number of particles present in the system.

Choose a complete set of normalized one-body wave functions. Following
Negele and Orland[1] we introduce the antisymmetrized (symmetrized) many-body
state

|a1a2...aN} (42)

In this state, one particle is put in the one-body state whose label is a7, another
one in the one-body state whose label is a, until the N’th particle. The resulting
state is symmetrized if we have bosons, and antisymmetrized if we have fermions.
A normalized basis may be obtained from

1

—_—— (X1 O9...(¥
VL ez

larag...ay) =

With N-particles, the quantity
<I’11‘2...I’N| alag...aN> (43)

is proportional to a Slater determinant if we have fermions, and to a permanent
if we have bosons.

Creation operators af, add a particle in the one-body state a and antisym-
metrize (symmetrize) the resulting many-body state. The adjoints remove a par-
ticle and antisymmetrize (symmetrize). They are destruction, or annihilation,
operators. A normalized many-body state made up of single-particle states can
then be written in the form

! al, al...al |0 (4.4)

«1 Qg N
\/H(xna!

Given their definition, the creation-annihilation operators obey the following al-
gebra
for fermions

|OZ1042...04N> =

{aa, ag} = aaag + agaa =0u,p (4.5)
{aa,a3} = anas + agaq =0 (4.6)
{aL,aTﬁ} = alag + agal =0 (4.7)
for bosons
[aa, ag] = aaa}; — agaa =0a,p (4.8)
[, ag] = anag — agas =0 (4.9)
[aj;, aH = a};ag - aTﬁa}; =0 (4.10)

Given a unitary transformation from a basis labeled by a and one labeled by u,
the operators transform as follows,

ta =3 (aln)e, (4.11)

m

al, = ZCL (). (4.12)
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The inverse transformations are easy to derive using the completeness and or-
thogonality relations. It is easy to check that the new operators obey the above
commutation or anticommutation relations. When this is the case, it is said that
one is dealing with a canonical transformation.
For either fermions or bosons, the operator which gives the number of particles
in state « is
Mg = a’;aa
ﬁa |011042...04N} = Ngu |051042...04N} (413)

where n,, is the number of particles in state a.

4.1.1 One-body operators

The matrix elements of an arbitrary one-body operator U (in the N —particle case)
may thus be computed in the many-body basis made of one-body states where U
is diagonal

Ula) =Ua|a) = (a| U o) |a) (4.14)

In this basis, one sees that the effect of the one-body operator is to produce the
same eigenvalue, whatever the particular order of the states on which the first-
quantized operator acts. This allows us to rewrite,

N
Ulaasg...ay} = (Z Uai> loyag...an} = ZUoﬁa laras...an} (4.15)

i=1

where now the sum in ) U,n, extends over the complete set of one-body states
and makes no reference to the total number of particles nor to whether we are
dealing with bosons of fermions. Note that in first quantization the sum extends
over all particle coordinates whereas in second quantization it extends over states.
Using the change of basis formula explained above, we have that

U=, Udfia = Lo (Ula) afaa = ¥y, (AU |u) alay, (4.16)

Let us give examples in the position and momentum representation. But first
a definition of states and normalization.

Définition 5 In this strange, but commonly used, basis where we take continuum
notation for space and discrete notation for momentum, we have the conventions

k) (k| =1 = [ drlr)(r]
> /

_ Leikf

(r k) = ey (4.17)
. 1 efikm

(k|r)= oy (4.18)

From these definitions, we have that (r |v') is normalized in the continuum while
(k |K') is normalized as a discrete set of states

) =3 (r k) (k r') = % () / ng):))eik'(r—“) —5(r—r)
- y (4.19)

(k |K) = / dr (k |r) (r [K') = % / dre= ™ (K) = 5, 1 (4.20)
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Exemple 6 Ezxample of one-body operator: Taking discrete values of momentum,
as on a lattice, we have

P(r) =) (r k) e (4.21)
k

=Y el (k) (4.22)
k

The momentum operators obey the algebra of a discrete set of creation operators.
Taking fermions as an example,

{ck,c;f(,} =0k ; {ek,aw}= {cL,ck,} =0 (4.23)

while the position space creation-annihilation operators obey

{0t @)} = S0 0 0 {ac s f (k) = S k) (k1) = (0 ') = 6 (¢ 1)

(4.24)
)0 @) = {v' )0 )} =0 (4.250)

A one-body scattering potential in the continuum would be represented by
U= [drU ()¢ ()¢ (x) (4.26)

which looks similar to the usual Schrodinger average. Similarly, the kinetic energy
operator in the momentum representation becomes

2
7= 32 gy ko= 3 [ s ) 0 0l 5 )0 ) 009

(4.27)

, 2
= %Z / dr / dr'yt (r) e (r=r ):—mwr') (4.28)
k

= %;/dr/dr’w (r)< v2) ik (r=x) (1) (4.29)

Performing the k summation and using partial integration assuming that every-
thing vanishes at infinity or is periodic, we obtain,

T = (=) [dey! () (V0 () = 5 [dr VT (v) - Vo (1) | (4.30)

4.1.2 Two-body operators.

A two-body operator involves the coordinates of two particles. An example is the
Coulomb potential. In the basis where a two-body operator is diagonal, we have
that R

Vi) ®[8) = Vag o) @ [B) (4.31)
In this basis, one sees that again the eigenvalue does not depend on the order in
which the states are when the first-quantized operator acts

N N
-~ 1
Vi]aag...an}t = §ZZV‘”%’ | cs...an} (4.32)

i=1 j#i
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If [a;) # |ay), then the number of times that Vg, occurs in the double sum is
equal to Ny, Ng,;. However, when |a;) = |a;), then the number of times that Vi,,q,
occurs is equal to ng,(ne; — 1) because we are not counting the case j =i in the
sum. In general then,

N N
% Z ; ey = Z Z Vap (Malig = bapiia) (4.33)
Defining
|§ =—1 for fermions| (4.34)
|C =1 for bosons| (4.35)

we can rewrite NeaNg — 043N in terms of creation and annihilation operators in

such a way that the form is valid for both fermions and bosons
’\A_(S’\:TT_(ST:TT :TT 4.36
NaNg — 6apla = 0800503 — 608000 = a5(A30aa = a5a5030q (4.36)

Second quantized operators are thus written in the simple form
V= Z Z Va,ga aﬁagaa =- Z Z (af|V|af)a aﬁa,gaa (4.37)

where
lag) = |a) ®(6).- (4.38)

Under unitary transformation to an arbitrary basis we have

V=135, (Al V |vp)alafasa, | (4.39)

Remarque 59 Note the inversion in the order of p and v in the annihilation
operators compared with the order in the matriz elements (This could have been
for the creation operator instead,).

Définition 7 When a series of creation and annihilation operators are placed
in such an order where all destruction operators are to the right, one calls this
“normal order”.

Exemple 8 In the case of a potential, such as the Coulomb potential, which acts
on the densities, we have

V=1 fdx [dyo(x—y)vT x) ¢! (v) ¢ (y) ¢ (x)] (4.40)

4.1.3 Second quantized operators in the Heisenberg picture

In the previous section, we showed how to translate one- and two-body operators in
the Schrédinger picture into the language of second quantization. The Heisenberg
picture is defined as usual. In this section, we derive a few useful identities and
study the case of quadratic Hamiltonians as an example.

In the Heisenberg picture

o (t) = eifltge—it o (t) = eiﬁtcle*iﬁt (4.41)
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It is easy to compute the time evolution in the case where the Hamiltonian is
quadratic in creation and annihilation operators. Take for example

H= Zekc;r(ck (4.42)
k

The time evolution may be found from the Heisenberg equation of motion, which
follows from differentiating the definition of the Heisenberg operators

iacgt(t) = [e ), A1 (4.43)

To evaluate the commutator, we note that since H commutes with itself,

[ck (1) ,ﬁ] = [ck (1) ,eiﬁtﬁe*mt} = [ck (t), etfit (Z ek/c};,ck/> elﬁt} (4.44)

k’

= |fk (t) , (Z €k’ CI(/ (t) Ck/ (t>>‘| = Z €k’ [Ck (t) R CL, (t) Ck/ (t):| . (445)

k' k’

Commutator identities: The following are very useful identities to get equa-
tions of motions, and in general equal-time commutators.

[A, BC] = ABC — BCA = ABC — BAC + BAC — BCA (4.46)

|[A, BC] =[A,B]C + B[A,C]| (4.47)

|[4,BC] = {A, B} C — B{A,C}| (4.48)

The first commutator identity is familiar from elementary quantum mechan-
ics. The last one can be memorized by noting that it behaves as if the B
had anticommuted with the A.

The above identities can then be used to evaluate the needed commutator
either for fermions

[ck (t) b (t) e (t)} - {ck (t) . (t)} e (8) + 0 = S (1) (4.49)
or for bosons
[ () el (e ()] = [exc ), el O] eae (6) +0 = brcpoesc (1) (4.50)
in either case then, the equation of motion becomes
.Ock (t) _ ~1
i = [ck (t) ,H} = excx (1) (4.51)
whose solution is
| ck (t) = ety | (4.52)
Taking the adjoint,
ol () = el eit | (4.53)

If we had been working in a basis where H was not diagonal, then repeating
the steps above,
Oag, (t) -~ =~ t -~
i = Jaa (0, H| = Y (81 H ) [aa (1)l () a, 0] = Y (el Hr)a, (1)
By v
(4.54)

whose solution is found by diagonalizing, integrating, and changing back the basis.
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4.2 Motivation of the definition of the second quan-
tized Green's function G

When the Hamiltonian is quadratic in creation-annihilation operators, in other
words when we have a one-body problem, the retarded single-particle Green’s
function we are about to define does reduces to the Green’s function we studied in
the one-body Schridinger equation. Its actual definition is however better suited
for many-body problems as we shall see in the present section.

Consider the definition we had before

GE (r,t;0, 1) = —i (e| e H) |6y 0 (1 — 1) (4.55)

Since in second-quantization the operator wT (r) creates a particle at point r, the
following definition seems natural

GE (x50, 1) = —i (GS| ¥ (r) e (=)t (') |GS) O (¢ — t/) (4.56)

In this expression, |G\S) is a many-body vacuum (ground-state). Choosing appro-
priately the zero of energy, H |GS) = 0|GS) = 0 so that the above result could
be written

GE (v t:x' t) = —i (GS| (r,t) T (¢, ) |GS) 6 (t —t'). (4.57)

This is not quite what we want except in the case where there is a single parti-
cle propagating. Indeed, to keep the physical definition of the propagator, it is
convenient to have at time ¢t = ¢’ + 07T

G (rt+071',t) = —is (r — 1) (4.58)

reflecting the fact that the wave-function does not have the time to evolve in an
infinitesimal time. However, in the present case, the many-body vacuum |GS) is
a linear combination of Slater determinants,

|GS) :/drl.../drN\I/(rl...rN)wT (r1) .07 (rn)]0) (4.59)

where ¥ (ry...ry) reduces to the Schrodinger wave function and |0) is a real vac-
uum. This means that (GS| ¢ (r,t) ' (r',t) |GS) is not in general a delta function.
This is a manifestation of the fact that we have a many-body problem and that
particles are indistinguishable.

Nevertheless, we can recover the desired simple initial condition Eq.(4.58) even
in the Many-Body case by adopting the following definition, which in a way takes
into account the fact that not only electrons, but also holes can now propagate:

GE (rt:r',t') = —i (GS)] {¢ (r,t), ! (r’,t’)} IGSY0(t—t') ; for fermions
(4.60)
GE (rt;v 1) = —i (GS| {w (r,t), " (r',t’)} |GS)0(t—t') ; for bosons
(4.61)
This is the zero-temperature definition. At finite temperature, the ground-state

expectation value is replaced by a thermodynamic average. Hence we shall in
general work with

Définition 9

GR(r,t;r/,t'):—¢<{¢(r,t),w(r',t')}>9(t—t/) ; for fermions| (4.62)
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GR(r,t;r’,t’):—i<[¢(r,t),wT(r’,t’)DO(t—t’) ;. for bosons| (4.63)

These definitions have the desired property that at t = ¢’ + 0", we have that

GE (r,t+0%;1' t) = —id (r — 1) as follows from commutation or anti-commutation

relations

Remarque 60 Analogies: This definition is now analogous to x* = 2ix”0 (t —t')
which we had in linear response. The imaginary part of the Green’s function will
again be a commutator or an anticommutator and hence will obey sum-rules.

Remarque 61 Green’s function as a response function: Physically, this definition
makes obvious that the Green’s function is the response to an external probe which
couples linearly to creation-annihilation operators. In the case of fermions, the
external probe has to be an anticommuting number (a Grassmann variable, as we
shall discuss later).

4.2.1 Examples with quadratic Hamiltonians:

When the Hamiltonian is quadratic in creation-annihilation operators, the equa-
tion of motion obeyed by this Green’s function is the same as in the one-body
case. An example of quadratic Hamiltonian is that for free particles

(x| H [ry) = —§—m<r 1) :—Z—mé(r—m). (4.64)

In the general second quantized case, we write

b= / dry / dratst (r2,) (va] H [r1) ¥ (r1,8) (4.65)

We give two calculations of the Green’s function, one directly from the definition
and one from the equations of motion (Schrodinger’s equation).

Calculation from the definition. For a quadratic Hamiltonian, one can also
compute directly the Green’s function from its definition since, if |n) is an
eigenbasis, ¢,, (r) = (r |n), (n'| H |n) = Ep6nn

Y (r,t) = Z( |y an ( Ze Ent (r |n) a, = Ze%E"tqﬁn (r) ay,

! (4.66)

{ven, ot 0,0} =33 e, 1) {anal, } 61, () = D 76, (1)

n m

(4.67)
G (rtix',0) = i ({w (0) w0 (,0)} ) 0.0 **ZZe Fats (1) ()0

(4 68)
et = [, 0 - 3 )

(4.69)

Calculation from the equations of motion In general, the equation of mo-
tion can be obtained as follows

i%GR (etx ) = z% Fi{{venwtwn)oe-n] @)
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(t)

(r')
E



= ({renwt @ npyee- +i({{Heen] vt @ npee-1)
(4.71)

Following the steps analogous to those in Eq.(4.49) above, using the anti-
commutation relations Eqgs.(4.24)(4.25a) it is clear that

[f.vn) =~ / dry (x| H r1) v (r1,6) (4.72)
so that
.0 !y
zaGR (r,t;r' ) (4.73)
= S(—r)5(t—t) ﬂ‘/drl wl B fea) ({ (e0t) 0 (000 o (0= 0)
= S(x—-1)o@t—-t)+ /dr1 (r| H [r1) GB (1,7, 1) (4.74)

This last expression may be rewritten as

/dr1 (r| z% —H|r)GB (7', t) = s@—r)6(t—t) (4.75)
— @S (E—t)  (476)

where we recognize the equation (3.54) found in the previous Chapter. For-
mally then

(x| (i% - ﬁf) G (t—t) vy = (r |r') 6 (t — ') (4.77)

so that the operator form of the Green’s function is the same as that found
before, namely

. 9 ~\!

GR(t—t") = (ia — H) S(t—1t) (4.78)

It is convenient to rewrite the result for the equation of motion Eq.(4.75) in
the following form that is more symmetrical in space and time.

/dr1 /dt1 (x| i% S H )8 (E— ) GR (rrtyr ) = 6 (r— 1) 6 (t — 1)
(4.79)
We may as well let time play a more important role since in the many-body
case it will be essential, as we have already argued in the context of the
frequency dependence of the self-energy. The inverse of the Green’s function
in this notation is just like above,

Gl (rtiry, 1) ' = (r\z% —Hlr)6(t—t1). (4.80)

Seen from this point of view, the integrals over time and space are the
continuum generalization of matrix multiplication. The delta function is
like the identity matrix.

Définition 10 The following short-hand notation is often used

| GE(1,1) = GE (v, 1/, )

(4.81)

GR(LT)'GE(T V) =s(1 -1 (4.82)

where the repeated index stands for an integral.
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4.3 Interaction representation and time-ordered prod-
uct

Perturbation theory in the many-body case is less trivial than in the one-body
case. Whereas the Lippmann-Schwinger equation was written down for a single
frequency, in the many-body case time and frequency dependence are unavoidable.
To construct perturbation theory we will follow the same steps as those used in
the derivation of linear response theory in Chapter 2. The only difference is that
we will write a formally exact solution for the evolution operator in the interaction
representation instead of using only the first order result. The important concept
of time-ordered product comes out naturally from this exercise.

The plan is to recall the Heisenberg and Schrodinger pictures, and then to
introduce the interaction representation in the case where the Hamiltonian can be
written in the form

H=Hy+V (4.83)

where
[Ho, V] #0 (4.84)

Let us begin. We assume that H is time independent. Typical matrix elements
we want to compute are of the form

(il e Py () ¥l (¢') |3) (4.85)

We do not write explicitly indices other than time to keep the notation simple.
Recall the Heisenberg and Schrodinger picture

Yy () = eMrpge ! (4.86)
We define the time evolution operator
U (t,0) = e *H! (4.87)
so that

¢ (1) = U(0,8) YU (¢,0) (4.88)

Because from now on we assume time-reversal symmetry, we will always make the
replacement
Ut (t,0)=U (0,t) (4.89)

as we just did. The differential equation for the time-evolution operator is

U (1,0)
ot

With the initial condition U (0,0) = 1 it has U (¢,0) = e~ "t as its solution. It
obeys the semi-group property

= HU (t,0) (4.90)

Ut,t)=U(t0)U(0,t) = e H(t=1) (4.91)
Ut (t,0)=U(0,1) (4.92)
U (o, to) = 1 (4.93)

for arbitrary tg

94 FINITE TEMPERATURE FORMALISM



We are now ready to introduce the interaction representation. In this repre-
sentation, the fields evolve with the unperturbed Hamiltonian

b (t) = etHotq ge—iHot (4.94)

Note that we now use the caret (hat) to mean “interaction picture”. We hope this
change of notation causes no confusion. To introduce these interaction represen-
tation fields in a general matrix element,

(il ey (8) 3, (1) i) = (il e U (0,6) 5T (£,0) U (0, ) ¢ 5U (¢,0) [3)
(4.95)
it suffices to notice that it is easy to remove the extra e coming from the
replacement of 1g by e~#0tq) (¢) e?Hot simply by including them in the definition
of the evolution operator in the interaction representation

iHot

U (t,0) = oty (¢,0) (4.96)
U (0,t) = U (0,t) e~ ot (4.97)
U(t,00U(0,t) =0 (0,t)U (,0) =1 (4.98)

With these definitions, we have that our general matrix element takes the form

(il e Py (6l () i) = (i e PHT (0,6) % (8) T (1,0) T (0,¢) 9" () T (¢',0) Ii)

(4.99)
The purpose of the exercise is evidently to find a perturbation expansion for the
evolution operator in the interaction representation. It will be built starting from
its equation of motion

ou (t,0) : —
i—ét’ ) _ it (—Ho+ H) U (t,0) = "'V (e7*Hotettlot) U (¢,0)
(4.100)
Since a general operator is a product of v fields, it will also evolve with time in
the same way so it is natural to define the interaction representation for V' as well.
Our final result for the equation of motion for U (¢,0) is then

AU (,0) o, ~
i— =V (1)U (1,0)

Multiplying on the right by U (0,%p) we have a more general equation

i200t0) — 7 (1) T (¢, o) (4.101)

Remarque 62 Difficulties associated with the fact that we have non-commuting
operators: The solution of this equation is not et SVt We will see momentarily
how the real solution looks formally like an exponential while at the same time
being very different from it. To write the solution as a simple exponential is wrong
because it assumes that we can manipulate U (t,to) as if it was a number. In
reality it is an operator so that %ﬁ(t,to)fl # a%111[7(7f,2€0). Indeed, note
the ambiguity in writing the definition of this derivative: Should we write

0. = T —1[73 7
=0 (t.to) = lim T (t.t0) [U (t+ Al to) — U(t,to)] /At

or

Jim [0+ At t0) =T (mo)} U (t,t0) " AL ? (4.102)
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The two limits cannot be identical since in general
Jim [0+ At t0), T (t,to)_l] £0. (4.103)

—1Hot

because U (t,to) is made up of operators such as V and e that do not commute

with each other.

To solve the equation for the evolution operator Eq.(4.101), it is more con-
venient to write the equivalent integral equation that is then solved by iteration.
Integration on both sides of the equation and use of the initial condition Eq.(4.93)
gives immediately

t a7t (41 t
/ Uoto) yyr / AWV )0 (V1) (4.104)
to 8t/ to
o~ t o~ o~
U(t,to):l—i/ AWV )T (ko) (4.105)
to

Solving by iteration, we find

t
O (tty) = 1—i / WV )0 (V1) = (4.106)

to

— 1 / T () + (—i)? / "y o) / "Wy (o

to to to

t t/ t77
+(—i)? / v () / v () / A () 4 (4.108)
to to to
Suppose t > tg and consider a typical term in this series. By suitably defining a
contour C' and time-ordering operator along this contour T, it can be rearranged

as follows

t t’ t”
(—i)B/ dtlv(t/)/ dt'v (t”)/ dtWV(tw) (4.109)

to to to

= (i)’ %Tc Ucdtlff(tl)/CdtQV(tg)/CdtSf/(tg)] (4.110)
where

e (' is a contour that is here just a real line segment going from % to .

e T, is the “time-ordering operator”. It places the operator which appear later
on the contour C' to the left. For the time being, T, orders operators that are
bosonic in nature. A generalization will appear soon with fermionic Green’s
functions.

o The 3; comes from the fact that for a general v (t1) 1% (t2) v (t3) there are
3! ways of ordering the operators. All these possible orders appear in the
integrals on the left-hand side of the last equation. The operator T, always
orders them in the order corresponding to the left-hand side, but this means
that the integral on the left-hand side appears 3! times on the right-hand
side, hence the overall factor of %

e A product of operators on which T, acts is called a time-ordered product.
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One also needs U (0,t). In this case, with ¢t > 0, the operators at the earliest
time are on the left. This means that the contour on which the T, is defined is
ordered along the opposite direction.

A general term of the series may thus be written as

</C dtl‘A/(tl))k] (4.111)

which we can in turn write in the convenient notation

o0

~ Nt
U (t,to) =D (=) 5T
k=0 ’

~

U (t,t0) = T. [exp (—i I dm?(tl))} (4.112)

where the contour is as defined above. We can check the limiting case [Hy, V] = 0.
Then V is independent of time and we recover the expected exponential expression
for the time evolution operator.

The definition of the time-ordering operator is extremely useful in practice not
only as a formal device that allows the time evolution to still look like an expo-
nential operator (which is explicitly unitary) but also because in many instances it
will allow us to treat operators on which it acts as if they were ordinary numbers.

In the zero-temperature formalism, the analog of U (t,tg) is the so-called S
matrix. The time-ordering concept is due to Feynman and Dyson.

Remarque 63 Non-quadratic unperturbed pieces: It is tmportant to notice that
in everything above, Hy does not meed to be quadratic in creation-annihilation
operators. With very few exceptions however,[2] it is quadratic since we want the
“unperturbed” Hamiltonian to be easily solvable. Note that the case where Hy is
time dependent can also be treated but in this case we would have an evolution
operator Uy (t,0) instead of e~*ot. The only property of the exponential that we
really use in the above derivation is the composition law obeyed by time-evolution
operators in general, namely Uy (t,t") Uy (¢',t") = Uy (¢, t") .

Remarque 64 The general case of time-dependent Hamiltonians: The problem
we just solved for the time evolution in the interaction picture Fq.(4.101) is a
much more general problem that poses itself whenever the Hamiltonian is time-
dependent.

4.4 Kadanoff-Baym and Keldysh-Schwinger contours

While we have discussed only the time evolution of the operators in the interaction
representation, it is clear that we should also take into account the fact that the
density matrix e~ should also be calculated with perturbative methods. The
results of the previous section can trivially be extended to the density matrix by
a simple analytic continuation ¢ — —¢7. In doing so in the present section, we will
discover the many advantages of imaginary time for statistical mechanics.

Let us define evolution operators and the interaction representation for the
density matrix in basically the same way as before

e P = U (=if,0) = e =T (—iB,0) = e U (—iB,0) (4.113)
The solution of the imaginary time evolution equation

iaﬁ (it”, 0)

XTI\ TT (eall
3Gt =V (@t")U (it",0)
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is then

U(—iB,0) =T, {exp (z /C d(z‘t”)f/(it”))] (4.114)

where
# = Im (t) (4.115)
V (it") = et Hoy et Ho (4.116)
and the contour C' now proceeds from ¢t =0 to t"” = —f.

Overall now, the matrix elements that we need to evaluate can be expressed in
such a way that the trace will be performed over the unperturbed density matrix.
Indeed, using our above results, we find

(il e 1y (8) 0y (F) [i) = (i e PHOT (—i3,0) T (0,4)§ (£) U (+,0) T (0,£) 9" (#') T (#',0) |i)

(4.117)
We want to take initial states at a time ¢y so that in practical calculations where
the system is out of equilibrium we can choose tg = —oo where we can assume that

the system is in equilibrium at this initial time. Hence, we are here considering
a more general case than we really need but that is not more difficult so let us
continue. Take R

i) = U (0,20 i (o)) (4.118)

then we have

(il e™PH = (i (t0)| U (t,0) e = (i (to)| (e~ PHoelHo) (¢HotoeiMlto) ¢=0H
(4.119)
= (i (to)| e~ Hoeitloltomil) =t (o =iB) — (j (tg)| e PHoU (tg — iB,0)  (4.120)

This allows us to write an arbitrary matrix element entering the thermodynamic
trace as the evolution along a contour in complex time

(il ey (8) 0l (¢) 1) = (i (t0) | e P00 (10 — i8,0) U (0,)D (1) U (1,00 T (0,¢) &' (¢ T (¢',0) |

. ~ ~f .
= (i (to)| e PToU (tg — iB,t0) U (to, ) ¥ (1) U (£, )0 (') U (', t0) |i (to)) (4.121)
How would we evaluate the retarded Green’s function in practice using this
approach? Take the case of fermions. It is convenient to define G~ (t —¢') and

G<(t—t') by

G (t—t) = =i {vg (1) V] () (4.122)

G=(t =) =i (vl () vy (1)) (4.123)

in such a way that

G-t = =i ({vn @ el @)} oe-t)= (6t -t) -Gt -1)] 0@ -1)
(4.124)
To evaluate G~ (t —t’) for example, we would expand the evolution operators

such as U (t',t0) as a power series in V each power of 1% being associated with an
integral of a time ordered product that would start from ¢y to go to the creation

operator @T ('), then go to the destruction operator " (t) until it returns to to—i0.
This contour is illustrated in Fig.(4-1). It is this contour that determines the order
of the operators, so that even if ¢ is a larger number than ¢, as illustrated on the

right panel of this figure, the operator @(t) always occur after IZT (t') on the
contour, i.e. 7,71 (t) is on the left of 7,AZJJf (t') in the algebraic expression. The parts
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to_iB to_iB

Figure 4-1 Kadanoff-Baym contour to compute G~ (¢t — t').

of the contour that follow the real axis are displaced slightly along the imaginary
direction for clarity.

We will see momentarily that it is possible to avoid this complicated con-
tour to make calculations of equilibrium quantities. However, in non-equilibrium
situations, such contours are unavoidable. In practice however, what is used
by most authors is the Keldysh-Schwinger contour that is obtained by insert-
ing U (', 00) U (00, ') = 1 next to IZT (t') in the algebraic expression Eq.(4.121).
In practice this greatly simplifies the calculations since the contour, illustrated in
Fig.(4-2), is such that integrals always go from —oo to co. To specify if a given
creation or annihilation operator is on the upper or the lower contour, a simple
2 x 2 matrix suffices since there are only four possibilities..

Im(t)
A

to bie)
= —— Re(t)

D (1)

to_iB

Figure 4-2  Keldysh-Schwinger contour.

In the next section, we introduce a simpler contour that is extremely more
convenient for systems in equilibrium, and hence for linear response.
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4.5 Matsubara Green's function and its relation to
usual Green's functions. (The case of fermions)

In thermodynamic equilibrium the time evolution operator as well as the density
matrix are exponentials of H times a complex number. To evaluate these opera-
tors perturbatively, on needs to calculate time-ordered products along a contour
in the complex time domain that is relatively complicated, as we saw in the pre-
vious section. In the present section, we introduce a Green’s function that is itself
a time-ordered product but along the imaginary time axis only, as illustrated in
Fig.(4-3) below. This slight generalization of the Green’s function is a mathemat-
ical device that is simple, elegant and extremely convenient since the integration
contour is now simple. For thermodynamic quantities, since only equal-time cor-
relation functions are needed, it is clear that evaluation in imaginary time or in
real time should be equivalent since only ¢t = 0 is relevant. More generally, for
time-dependent correlation functions we will see that in frequency space the ana-
lytic continuation to the physically relevant object, namely the retarded function,
is trivial. Also, the same tricks apply not only to Green’s functions but also to
general response functions such as the density-density correlation function.

After introducing the so-called Matsubara Green’s function itself, we will study
its properties. First, using essentially the same trick as for the fluctuation-dissipation
theorem for correlation functions, we prove that these functions are antiperiodic
in imaginary time. This allows us to expand these functions in a Fourier series.
The spectral representation and the so-called Lehman representation then allow
us to make a clear connection between the Matsubara Green’s function and the
retarded function through analytic continuation. As usual, the spectral represen-
tation also allows us to do high-frequency expansions. We give specific examples
of Matsubara Green’s functions for non-interacting particles and show in general
how to treat their Fourier series expansions, i.e. how to do sums over Matsubara
frequencies.

45.1 Definition

The Matsubara Green’s function is defined by

Gr,rr—7) = — <TT¢ (e,r) o (¢ T')> (4.125)

= - <w (r,r) ¥t (¢, T’)> o(r—1")+ <z/ﬁ (', ") (I‘,T)> O(r' —7)  (4.126)

The definition of Ref.([3]) has an overall minus sign difference with the definition
given here.

Définition 11 The last equation above defines the time ordering operator for
fermions. It is very important to notice the minus sign associated with interchang-
ing two fermion operators. This time-ordering operator is thus a slight generaliza-
tion of the time-ordering operator we encountered before. There was no minus sign
in this case associated with the interchange of operators. The time-ordering oper-
ator for bosonic quantities, such as V that appeared in the perturbation expansion,
will never have a minus sign associated with the exchange of bosonic operators.
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We still need to specify a few things. First, the thermodynamic average is in
the grand-canonical ensemble

Tr [e‘B(H_“N)(’)}
<O> = Tr I:@*ﬁ(Hfl‘N):I

(4.127)

with u the chemical potential and N is the total number of particle operator, while
the time evolution of the operators is defined by

Y (r,7) = emH=1N)g) o (v) e~ T(H—1N) (4.128)

Yl (r,7) = emH=#N)yt (1) e~ (H-1N) (4.129)

For convenience, it is useful to define

K=H—uN (4.130)

Several points should attract our attention:

e The correspondence with the real time evolution operators e~ */* is done by
noting that

7= —TIm(¢) (4.131)
or, in general for complex time

T =1t

e Strictly speaking, we should use ¢ (r, —i7) if we want the symbol ¢ (r,t) for
¢t complex to mean the same thing as before. That is why several authors
write ¢ (r,7) for the Matsubara field operator. We will stick with ¥ (r,7)
since this lack of rigor does not usually lead to confusion. We have already
given enough different meanings to ™ in previous sections! Furthermore, this
type of change of “confusion” in the notation is very common in Physics.
For example, we should never write f (k) to denote the Fourier transform of

f(x).

o ¢l (r,7) is not the adjoint of ¢ (r,r). However, its analytic continuation
7 — it is the adjoint of ¥ (r,t).

e Using as usual the cyclic property of the trace, it is clear that G depends
only on 7 — 7’ and not on 7 or 7’ separately.

o It suffices to define the Matsubara Green’s function G (r,r’; 7) in the interval
-0 < 7 < 3. We do not need it outside of this interval. The perturbation
expansion of ﬁ(—iﬂ, 0) = T. [exp (— Jo arv (T))] evidently necessitates
that we study at least the interval 0 < 7 < 3 but the other part of the
interval, namely —3 < 7 < 0 is also necessary if we want the time ordering
operator to lead to both of the possible orders of 1 and wT: namely 1/1Jr to
the left of ¢ and 1/JT to the right of 1. Both possibilities appear in G¥. If
we had only 7 > 0, only one possibility would appear in the Matsubara
Green’s function. We will see however in the next section that, in practice,
antiperiodicity allows us to trivially take into account what happens in the
interval —3 < 7 < 0 if we know what happens in the interval 0 < 7 < 3.

e The last contour considered in the previous section for U (—16,0) =T, [exp (— fC arV (7))}
tells us that the time-ordering operator T’ orders along the contour (Im (¢) = —f3) >
(Im (') = B) which corresponds to (r = ) > (7' = —3). The present con-
tour is illustrated in Fig.(4-3).
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—_ e o M ‘[:B

Figure 4-3 Contour for time ordering in imaginary time. Only the time difference is
important. The contour is translated slightly along the real-time axis for clarity.

Remarque 65 Role of extra chemical potential in time evolution: The extra
chemical potential in the evolution operator e”H—rN) s convenient to make all
operators, including the density matriz, evolve in the same way. It corresponds to
measuring energies with respect to the chemical potential as we will see with the
Lehman representation below. The extra e ™V disappears for equal-time quanti-
ties (thermodynamics) and in the calculation of expectation values (OF ()0 (t'))
for operators O which are bilinear in fermions at equal time. Indeed one has
Ot (t) = e!tOte= it = i(H-pN)t Ot o—H=pN)t - When Wick’s theorem is used
to computes expectation values, the creation annihilation-operator evolve then as
above. In any case, the addition of the chemical potential in the evolution operator
just amounts to measuring the single-particle energies with respect to the chemical
potential.

4.5.2  Antiperiodicity and Fourier expansion (Matsubara frequencies)

Suppose 7 < 0. Then
G (r,r';7) = (¥F (',0) ¢ (r,7)) (4.132)

Using the cyclic property of the trace twice, as in the demonstration of the
fluctuation-dissipation theorem it is easy to show that

|g(r,r’;7-):—g(r,r’;7'+ﬁ) ; T<O| (4.133)

This boundary condition is sometimes known as the Kubo-Martin-Schwinger (KMS)
boundary condition.

Proof: Let
e 7 =Ty [ePK] (4.134)
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then
G (r,r';7) = Tr [e PKyT (r)) (579 (r) e 7)) (4.135)
The cyclic property of the trace then tells us that
G (r,x's7) = e Tr [(X74 (r) e K7) e PHy " (1) (
— e,@Q Tr I:(efﬁKeﬁK) <6K7'w (I‘) efK‘r) efﬁKw-i- (r/)} (
= (¢ (r,7+B)y" (r',0)) (4.138
=—G(r,r';7+p) (

The last line follows because given that —3 < 7, we necessarily have 7+3 > 0
so that the other 6 function must be used in the definition of the Matsubara
Green’s function.

If 7 > 0, the above arguments can be repeated to yield

[Guer'ir-p)=—Gxin) © 7>0 (4.140)

However, for 7 > 0 note that
G, xi7) £ -G xi7+68) ; 7>0 (4.141)

While G (r,r'; 7+ ) for 7 > 0 is well defined, we never need this function. So we
restrict ourselves to the interval —0 < 7 < 3 described in the previous section.

One can take advantage of the antiperiodicity property of the Green’s function
in the interval — (0 < 7 < 3 to expand it in a Fourier series that will automatically
guaranty that the crucial antiperiodicity property is satisfied. More specifically,
we write

G(r,r';7) =52 00 e TG (r,xsiky) (4.142)
where the so-called Matsubara frequencies for fermions are odd, namely
ko = (2n+ 1) 7T = E2UT1 oy integer (4.143)

The antiperiodicity property will be automatically fulfilled because e~ "% =
e—i(2n+l)7r = _1.

The expansion coefficients are obtained as usual for Fourier series of antiperi-
odic functions from

G (r,r';ik,) = fog dre*n7G (r,v';7) (4.144)

Note that only the 7 > 0 region of the domain of definition is needed, as promised.

Remarque 66 Domain of definition of the Matsubara Green’s function: The
value of G (r,r’;7) given by the Fourier series (4.142) for T outside the inter-
val —f < T < B, is in general different from the actual value of Eq.(4.125)
G(r,v's7—7) = — (T (r,7) Pt (r, 7). Indeed, to define a Fourier series one
extends the function defined in the interval —3 < 7 < (8 so that it is periodic
in T outside this interval with a period 2(3. The true function G (v,v';7—17') =
— (T4 (r,r) " (x',7")) has an envelope that is, instead, exponential outside the
original interval. We will see an explicit example in the case of the free particles.
In perturbation expansions, we never need G (r,r’; T) outside the interval where the
series and the true definition give different answers. To avoid mathematical incon-
sistencies, it is nevertheless preferable in calculations to do Matsubara frequency
sums before any other integral!
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4.5.3 Spectral representation, relation between G* and G and analytic continuation

By analogy with what we have done previously for response functions Yy, it is
useful to introduce the spectral representation for the retarded Green’s function.
We obtain explicitly G (r,r’; ik, ) by integration in the complex plane and find that
is trivially related to G¥ (r,r';w).

As before, we have

GE (r,1';t) = —i <{¢ (r), o' (', o)}> 0 (t) (4.145)

but this time, the evolution operator is defined to take into account the fact that
we will work in the grand-canonical ensemble. By analogy with the definition of
the Matsubara operators, we now have

K =H—uN
Y (r,t) = eahg (r) e K (4.146)
Y (rt) = e Byl (r) e K (4.147)

We now proceed by analogy with the response functions. On the left we show
the definitions for response functions, an on the right the analogous definitions for
response functions. Let

GH(r,r'st) = —iA(r,x5)0(t) 3 X[ (t) =2ix}; (1) 0(t) (4.148)

where the spectral weight is defined by

A, = (o), o 00| 5 XG0 = (4 (), 4, (,0))) (4.149)

Then taking the Fourier transform, one obtains the spectral representation

Y o 12 //l /
GE (r,rw) = [ dw’ Alrx'iw’) : XZ (w):/ ding—(W) (4.150)

—0 27 wHin—w’ e T w! — (W+Z’l7)

The spectral weight will obey sum-rules, like x” did. For example

A (r, x50 = ({9 (2,0), 07 (,0)}) =8 (r — ) (4.151)

From such sum rules, a high-frequency expansion can easily be found as usual.
But that is not our subject for now.

To establish the relation between the Matsubara Green’s function and the
retarded one, consider

G (r.x'ir) = = (4 () o (,0)) 0.() + (" (.00 (e1)) 0 (—7)  (4.152)

s
g(r,r’;ikn):/ dre* G (r,v'; 1) (4.153)
0
R
= /0 dre™ T [— (¢ (r,7) 9T (1, 0))] (4.154)

Assume that ky, > 0. Then, as illustrated in Fig.(4-4), we can deform the contour
of integration within the domain of analyticity along Re (f) = Im (7) > 0. (The
analyticity of (¢ (r,7) Pt (r,0)) in that domain comes from e PH in the trace.
You will be able to prove this later by calculating G (r,r’; 7) with the help of the
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Im(t) = - Re(1)

----- Re(t) = Im(T)

> —>
. 00
T=1t
—<—<—::....<_

Figure 4-4 Deformed contour used to relate the Matsubara and the retarded Green's
functions.

spectral representation Eq.(4.161) and tricks for evaluating sums on Matsubara
frequencies). For Im (7) = oo there will be no contribution from the small segment
since e”*7 becomes a decaying exponential. The integral becomes

G (r,r'yik,) = (4.155)
t=o00
/t() d (it) [7 <6iKt’L/JS (r) efiKt,L/}g- (I‘/)>] oikn (it)
t=0
+/t:oo d (it) [* <6iK(t7iﬁ)¢S (r) e =iyt (r’)>] o(ikn)i(t—iB)

In the last integral, we then use the results

plikn)i(=iB) _ o(ika)B _ _q (4.156)

/: __ /O h (4.157)

[_ <6iK(t7iﬁ)¢S (r) efiK(tfiﬂ)wA’fs (r’)>} _ [_ <eﬁKeiKth (r) efiKtefﬁKwTS (r/)>]
(4.158)

It then suffices to cancel the left most % with the density matrix and to use the
cyclic property of the trace to obtain for the integrand of the last integral,

- [_ <¢T (r',0) (r,t)>} (4.159)

Overall then, the integral in Eq.(4.155) is equal to

G (r,r'5iky) = —i /0 o <{¢ (r.t), 0! (', o)}> ilikn)t (4.160)

G (r,r'siky) = [* 4 Alrr'e’) (4.161)

—oc0 27 ikp—w’

All that we assumed was that &k, > 0. Thus, ik, — w + in with n > 0 is
consistent with the hypothesis and allows us to deform the contour as advertized.
Comparing the formula for G (r,r’;ik,) for k, > 0 with the expression for the
retarded Green’s function(4.150), we see that analytic continuation is possible.

GE (r,v';w) = limk, —wtin G (v, 15 iky) (4.162)
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If we had started with k,, < 0, analytic continuation ik,, — w —in to the advanced
Green’s function would have been possible.

Remarque 67 Connectedness and periodicity: For a general correlation function,
similar spectral representations can also be defined for connected functions (see
below) so that periodicity or anti-periodicity can be defined.

4.5.4 Spectral weight and rules for analytical continuation

In this section, we summarize what we have learned for the analytic properties of
the Matsubara Green’s function and we clarify the rules for analytic continuation.[4]

The key result for understanding the analytical properties of G is the spectral
representation Eq.(4.161)

G (r,1'; ik) :/

 dw' A(r,r';0)
—_— 4.163
oo 21 iky — W ( )
The spectral weight A (r,r’;w’) was discussed just in the previous subsection (See
also Eq.(4.227)).
The Matsubara Green’s function and the retarded functions are special case of
a more general function defined in the complex frequency plane by

Glr,x)sz) = [ def Alrre) (4.164)

—oco 27 z—w’

This function is analytic everywhere except on the real axis. Physically interesting
special cases are
G (r,r'5iky,) = G (v,v';iky,)

GE (r,v/;w) = lir% G (r,r';w+1in) (4.165)
n—

GA (r,r';w) = lim G (r,r';w —1in) (4.166)
n—

The function G (r,r’; 2) has a jump on the real axis given by

| A(r,r';w’) =ilim, o [G (r,r;w +1in) — G (r,r';w —in)] | (4.167)

A(r,r';w) =i [G (r,v;w) — G (r,1;w)]

In the special case where A (r,r’;w’) is real (which is almost always the case in
. . . /
practice since we consider r = 1’ or k = k'), we have

Ar,r';0) = 2Im G (r,1'; w) (4.168)

like we have often used in the one-body case.

The previous results are summarized in Fig.(4-5) which displays the analytic
structure of G (r,r’; z) . This function is analytical everywhere except on the real
axis where it has a branch cut leading to a jump Eq.(4.167) in the value of the
function as we approach the real axis from either the upper or lower complex half-
plane. The limit as we come from the upper half-plane is equal to G (r,r’;w)
whereas from the lower half-plane it is equal to G (r,r’;w). The Matsubara
Green’s function is defined only on a discrete but infinite set of points along the
imaginary frequency axis.

The problem of finding G (r,r’;w) along the real-time axis from the knowl-
edge of the Matsubara Green’s function is a problem of analytical continuation.
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Figure 4-5 Analytical structure of G(z) in the complex frequency plane. G(z)
reduces to either G (w), G4 (w) or G (iw,) depending on the value of the complex
frequency z. There is a branch cut along the real axis.

Unfortunately, G (z = ik,) does not have a unique analytical continuation be-
cause there is an infinite number of analytical functions that have the same value
along this discrete set of points. For example, suppose we know G (z = ik,,), then
G (2) (1+ (€”# +1)) has the same value as G (z) for all points z = ik, because
e’*n# + 1 = 0. Baym and Mermin[5], using results from the theory of complex
functions, have obtained the following result.

Théoréme 12 If
1. G (z) is analytical in the upper half-plane
2. G(z) = G (iky,) for all Matsubara frequencies
3. limy 00 2G (2) = cst
then the analytical continuation is unique and

GR(r,v;w)= lim G (r,1r;ik,) (4.169)
iky,—w-+in

The key point is the third one on the asymptotic behavior at high frequency.
That this is the correct asymptotic behavior at high frequency follows trivially from
the spectral representation Eq.(4.164) as long as we remember that the spectral
weight is bounded in frequency. The non-trivial statement is that this asymptotic
behavior suffices to make the analytical continuation unique. In practice this rarely
poses a problem. The simple replacement ik,, — w + in suffices. Nevertheless, the
asymptotic behavior reflects a very fundamental property of the physical system,
namely the anticommutation relations! It is thus crucial to check that it is satisfied.
More on the meaning of the asymptotic in subsection (4.5.7).

455 Matsubara Green's function in momentum space and non-interacting case

We first present the definition of the Matsubara Green’s function in momentum
space since this is where it will be diagonal. With our definition of momentum
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and real space second quantized operators, and our normalization for momentum
eigenstates Eq.(4.17) we have

Q(r,r’;T—T’):—< T (7)ot (¢, 7/ > <TZ r k) ex ( ch, ) (k' |r)>
(4.170)
(19 (1 = eterr = GBI amy

Assuming space translation invariance, we can integrate over the center of mass
. l r/+r _ .
coordinate 55 [ d (—2 ) = 1. Since

1 v (k) (Zh) 1 N
V/d( 5 >e (=) = 2m)% 6 (k — k') = Si e (4.172)

we are left with

G(r,r's7—7") < Z e ( ck, 7 eik/'(‘"rl)> (4.173)

< Z Ck/ Ck’ ) eik/'(rfrl) >‘|

(4.174)
Gkt —7)=- <TTCk () C1T< (7/)> (4.175)

Gk —71)= /d(r—r’) ik (r—r’

which could have been guessed from the start! Our definitions of Fourier trans-
forms just make this work.

Remarque 68 Momentum indices and translational invariance: Note that the
conservation of total momentum corresponding to translational invariance corre-
sponds to the sum of the momentum indices of the creation-operation operators
being equal to zero. The sign of momentum is counted as negative when it appears
on a creation operator.

Example of non-interacting particles
For non-interacting particles let us consider a quadratic diagonal Hamiltonian
Ky = Z (ex — p) e = chcick (4.176)
k k

The result for the Green’s function may be obtained either directly from the
definition or by integrating the equations of motion. Both ways of obtaining
the simple result

Go (ks ikn) = e (4.177)

are instructive, so let us do both. Assuming for one moment that the above result
is correct, our rules for analytic continuation then immediately give us the retarded
function

that has precisely the form we expect from our experience with the one-body case.
The only difference with the one-body case is in the presence of the chemical
potential in (.
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From the definition To evaluate the Green’s function from its definition, we
need ¢k (7). That quantity may be obtained by solving the Heisenberg equations
of motion,

(961(

a7
The anticommutator was easy to evaluate using our standard trick Eq.(4.48). The
resulting differential equation is easy to integrate given the initial condition on
Heisenberg operators. We obtain,

ax (1) = e SxT¢y (4.180)

= [Ko, ck] = —(xex (4.179)

so that substituting in the definition,
Go (k;7) = — (Trew (1) e ) = —e ™7 [{exei ) 0 (1) — (cfexc) O (—7)]  (4.181)

using the standard result from elementary statistical mechanics,

(cka) = £ (G) = 765<k1+ 1 (4.182)
and <ckc[:> =1- <citck> we obtain
Go (k;7) = —e 7 [(1 = f(G)) 0 (1) = f(G) 0 (—7)] | (4.183)

Remarque 69 Inadequacy of Matsubara representation outside the domain of de-
finition: We see here clearly that if 7 < 0 the equality

Go (k; 7+ 3) = —Go (k; 7) (4.184)
is satisfied because e=x% (1 — f((y)) = £ (Cy) . On the other hand,
Go (k;7+30) # Go (k; 7+ ) (4.185)

as we might have believed if we had trusted the expansion

Go(kir) = 5 Y G (ki)

n=-—oo

outside its domain of validity! The conclusion is that as long as the Matsubara
frequency representation is used to compute functions inside the domain —3 < T <
B, it is correct. The perturbation expansion of the interaction picture does not force
us to use Green’s functions outside this domain, so the Matsubara representation
is safe!

Remarque 70 Alternate evaluation of time evolution: We could have obtained
the time evolution also by using the identity

ACer =+ 4,01+ (A 4,0+ A AAC +... (4186)

that follows from expanding the exponential operators. This is less direct.

Remarque 71 Appearance of Go (k;7) : It is instructive to plot Gy (k;7) as a
function of imaginary time. In some energy units, let us take 0 = 5, and then
consider three possible values of y.. First ¢, = 0.2, i.e. for a value of momentum
above the Fermi surface, then a value right at the Fermi surface, ¢, = 0 and finally
a value ¢ = —0.2 corresponding to a momentum right below the Fermi surface.
These cases are illustrated respectively in Figs.(??) to (7). Note that the jump
at 7 = 0 is always unity, reflecting the anticommutation relations. What is meant
by antiperiodicity also becomes clear. The extremal values near +3 and +0 are
simply related to the occupation number, independently of interactions.
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-0.4

Go (p, T) for a value of momentum at the Fermi surface.

N

. ,
© °

Go (p, T) for a value of momentum below the Fermi surface.
Let us continue with the derivation of the Matsubara frequency result Gy (k; iky,).

8 R
Go (k;ik,) = / dre®*n TGy (k) = — (1 — f((y) / dretfnTe=%T  (4.187)
0 0

ciknBe—CiB _ 1

= - (1~ 1 ) =g (1188)
—e B 1 1
= (=) —5— PRRT (4.189)
The last equality follows because
CiB
(1= f () = — ! (4.190)

TPl eGPt 1
We thus have our final result Eq.(4.177) for non-interacting particles.
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From the equations of motion In complete analogy with the derivation in
subsection (4.2.1) we can obtain the equations of motion in the quadratic case.

%go (k;7) = —% <TTck (1) 0L> (4.191)

= —5(r) <{ck (T),cj(}> - <TT (%Ck (7)) c;> (4.192)

Using the equal-time anticommutation relations as well as the Heisenberg equa-
tions of motion for free particles Eq.(4.179) the above equation becomes,

%QO (k;7) = —0(7) + Cx <TTCk (1) cL> (4.193)

so that the equation of motion for the Matsubara propagator is

(& + ) o (i 7) = —8(7) (4.194)

To obtain the Matsubara-frequency result, we only need to integrate on both sides
using the general expression to obtain Fourier coefficients Eq.(4.144)

/6‘ [(% N Ck) Go (k: T)} T — 1 (4.195)

so that integrating by parts,

e*nT Go (k7| — iknGo (ks ikn) + (G0 (ks ik,) = —1 (4.196)

Note that we had to specify that the domain of integration includes 0. The inte-
grated term disappears because of the KMS boundary conditions (antiperiodicity)
Eq.(4.133). Indeed, antiperiodicity implies that

7 Go (i 7)lg- = —Go (ki) —Go (ki07) =0 (4.197)

Eq.(4.196) for the Matsubara Green’s function then immediately gives us the de-
sired result Eq.(4.177).

456 Sums over Matsubara frequencies

In doing practical calculations, we will have to become familiar with sums over
Matsubara frequencies. When we have products of Green’s functions, we will use
partial fractions in such a way that we will basically always have to evaluate sums

such as 1
T —_— 4.1

where T = 37 '.We have however to be careful since the result of this sum is
ambiguous. Indeed, returning back to the motivation for these sums, recall that

—iknT
=T 4.1
Z T— (4.199)

We already know that the Green’s function has a jump at 7 = 0. In other words,

lim G (k1) = — (ckey >} [ lim G (k;7) = (cff ex) (4.200)

T—0t
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This inequality in turn means that

Tzzk Ck# sz %k;é sz — (4.201)

The sum does not converge uniformly in the interval including 7 = 0 because the
1/n decrease for n — oo is too slow. Even if we can obtain a finite limit for the
last sum by combining positive and negative Matsubara frequencies, what makes
physical sense is only one or the other of the two limits 7 — 0%.

Remarque 72 The jump, lim,_g- G (k;7) — lim,_ o+ G (k;7) is always equal to
unity because of the anticommutation relations. The slow convergence in 1/iky, is
thus a reflection of the anticommutation relations and will remain true even in the
interacting case. If the (ik:n)_1 has a coefficient different from unity, the spectral
weight is not normalized and the jump is not unity. This will be discussed shortly.

Let us evaluate the Matsubara frequency sums in a few special cases. Consid-
ering again the case of fermions we will show that

Ty, zkmjgk = eﬂ<k+1 = f () = Go (k;07) (4.202)

T, szf = =g = 1+ £ (G) = Go (k0T) (4.203)

Obviously, the non-interacting Green’s function has the correct jump Gg (k;07) —
Go (k;07) =1

Proof: [6]To perform the sum over Matsubara frequencies, the standard trick is
to go to the complex plane. The following function

1

—f—— 4.204
L (4.204)
has poles for z equal to any fermionic Matsubara frequency: z = ik, Its

residue at these poles is unity since for

z = ikn + 62 (4.205)
we have
1 1 1
_6eﬁz 1 = —/Beiknﬁﬂiéz T1 = _ﬁ—lewz 1 (4.206)
tm 6z |-G | =1 (4.207)
z—i}gr,?ﬂo i | T efr 41 B :
Similarly the following function has the same poles and residues:
lm 82| g—r—| =1 (4.208)
z—i}gl—»o z | e*ﬁz_|_1_ - .

To evaluate the 7 = 0T case by contour integration, we use the Cauchy’s
theorem on the contour C7, which is a sum of circles going counterclockwise
around the points where z is equal to the Matsubara frequencies. Using
Eq.(4.207) this allows us to establish the equality

—hn0” 1 dz e'?
lim —— _ 4.209
ﬂzzk —(x 7738+ 2mi /01 etz + 12— (g ( )
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This contour can be deformed, as illustrated in Fig.(4-6), into Cs + C3 (go-
ing through C}) with no contribution from the semi-circles at Re (z) = o0
because 652—1_1_1 insures convergence when Re(z) > 0, and €"* insures con-
vergence when Re (z) < 0. With the deformed contour Cs + C3, only the
contribution from the pole in the clockwise direction is left so that we have
proven the identity (4.203).To evaluate the 0~ case we use the same contour

Im(z)

.
.
.

Figure 4-6  Evaluation of fermionic Matsubara frequency sums in the complex plane.

but with the other form of auxiliary function Eq.(4.208). We then obtain,

1 —ik,0t 1 —nz
S i — [ dz e (4.210)
I} — thy — G n—0+ 2mi Jo, € Bz +12—(

This contour can be deformed into Cy + C3 with no contribution from the
semi-circles at Re(z) = $oo because this time e~ "* insures convergence
when Re (z) > 0, and ﬁ when Re (z) < 0. Again, from Cs + Cj3, only
the contribution from the pole in the clockwise direction survives so that we
have proven the identity (4.202).

4.5.7 Asymptotic behavior of G (k;ik,) and X (k;ik;,)

As usual, the high-frequency asymptotic properties of the Green’s function are
determined by sum rules. From the spectral representation(4.161), we obtain, for
the general interacting case

* dw' A(k;w')

li k;ik,) = li — 4211
ikn@mg( k) koo | 2 ik — o ( )
1 [ dw 1 1
_ . . o . + _ .
= lm o= Ak = lim . ({acacy) = Jlim 7o (@21

Defining the self-energy as usual

1
ikn — (e — X (kyiky)

G (k;iky,) = (4.213)

the correct asymptotic behavior for the Green’s function implies that the self-
energy at high frequency cannot diverge: It must go to a constant independent of

MATSUBARA GREEN'S FUNCTION AND ITS RELATION TO USUAL GREEN'S FUNC-
TIONS. (THE CASE OF FERMIONS) 113



frequency
lim 3 (k, ik,) = cst. (4.214)
iky,—00
We will see later that the value of this constant is in fact given correctly by the
Hartree-Fock approximation.
The converse of the above result[10] for the Green’s function, is that if

1
li k;ik,) = 1 —_—
m G (k;iky) -
then that is all that is needed to obtain an approximation for the Green’s function
which obeys the anticommutation relation:

G (k07) — G (ki0") = (cfex) + (ke ) = 1 (4.215)

Proof :It suffices to notice that
G (107) =G (k0") = 5 Z [ —ikn 0" —“fno*] G (kiik,)  (4.216)

We can add and subtract the asymptotic behavior to obtain,

1 0 - 1 1 e 0 - 1
3 ; {(e—mno _ e—zkno+) (Q (keiky) — E)} -4 ; (e—zkno _ omikn ) o
(4.217)
In the first sum, G (k;ik, ) ——— decays faster than - k so that the convergence
factors are not needed for the sum to converge. This means that this first

sum vanishes. The last sum gives unity, as we easily see from the previous
section. This proves our assertion.

Remarque 73 High-frequency expansion for the Green’s function and sum-rules:
The coefficients of the high-frequency expansion of G (k;iky) in powers of 1/ik,
are obtained from sum rules on the spectral weight, in complete analogy with what
we have found in previous chapters. The fact that A (kw) falls fast enough to
allow us to expand under the integral sign follows from the fact that all frequency
moments of A(kw), namely [dww™A (kw), exist and are given by equal-time
commutators. Explicit expressions for A (k,w) in terms of matriz elements, as
given in Subsection(4.6.3) below, show physically why A (kw) falls so fast at
large frequencies. As an example, to show that the coefficient of the 1/ik, term
in the high frequency expansion is equal to foo de’ 22 A (k;w') it is sufficient that

oo 2w

e Ao’ | A (k;w')| exists.[8] This can be seen as follows,

co 2

) )  dw’ , * do’ ikn

oo 2m tky —w
(o) d / /!
< — | A (k; ') - 4.220
- /_Oc 2w ( )zkn —w! ( )
1 ° dw'
= % 1A (k;w') o] (4.221)
n o0
If the integral exists then, it is a rigorous result that
. . .  dw'
Zkhgloo iknG (k;iky,) = EA (k;w') (4.222)
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This is an important result. It suggests that approximate theories that give 1 as the
coefficient of (ik’n)f1 in the high frequency expansion have a normalized spectral
weight. However[8] the above proof assumes that there is indeed a spectral repre-
sentation for G (k;ik,). A Green’s function for a theory that is not causal fails to
have a spectral representation. If a spectral representation is possible, the analyti-
cally continued approvimate G¥ (kw) is necessarily causal. Approzimate theories
may not be causal. This failure of causality may reflect a phase transition, as we
will see later, or may simply be a sign that the approzimation is bad. As an exam-
ple, suppose that we obtain G (k;iky,) = (iky, — ia)_l. This has the correct high-
frequency behavior but its analytical continuation does not satisfy causality. It has
no spectral representation. On the other hand, G (k;iky) = (iky + (kn/ |knl) ia) ™"
has a Lorentzian as a spectral weight and is causal. It may also occur that the
approximate theory may have ffooo dQ—“;A(k; W =1 but Ak;w') < 0 for some
range of w'. This unphysical result may again signal that the approrimate theory
fails because of a phase transition or because it is a bad approximation.

4.6 Physical meaning of the spectral weight: Qua-
siparticles, effective mass, wave function renor-
malization, momentum distribution.

To discuss the Physical meaning of the spectral weight, we first find it in the
non-interacting case, then write a formal general expression, the Lehman repre-
sentation, that allows us to see its more general meaning. After our discussion
of a photoemission experiment, we will be in a good position to understand the
concepts of quasiparticles, wave-function renormalization, effective mass and mo-
mentum distribution. We will even have a first look at Fermi liquid theory, and
see how it helps us to understand photoemission experiments.

4.6.1 Spectral weight for non-interacting particles

The general result for the spectral weight in terms of the Green’s function Eq.(4.167)
gives us for non-interacting particles

, 1 1
Ay (kw) = i Py — (4.223)
= 276 (w—(y) (4.224)

In physical terms, this tells us that for non-interacting particles in a translationally
invariant system, a single excited particle or hole of momentum k added to an
eigenstate is an true excited eigenstate located an energy w = (. above or below
the Fermi level. In the interacting case, the Lehman representation will show us
clearly that what we just said is the correct interpretation
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4.6.2 Lehman representation

For a general correlation function, not necessarily a Green’s function, one estab-
lishes the connection between Matsubara functions and retarded functions by using
the Lehman representation. This representation is also extremely useful to extract
the physical significance of the poles of correlation functions so this is why we in-
troduce it at this point. We have already seen examples of Lehman representation
in the one-body case when we wrote in Eq.(4.69),

(r')
G* rrw Zw+z77 E,

Let us consider the more general many-body case, starting from the Matsubara
Green’s function. It suffices to insert a complete set of energy eigenstates between
each field operator in the expression for the spectral weight

A(r,r';t) ({v (x,t),v" (r',0)}) (4.225)
_ o Z [ nl e PR et (r) = ) (m] g () )

+ (n] L (1) [m) (] Kb (x) € )

We now use e~ £ |n) = e~i5nt |n) with K,, = E,, — uN if there are N particles in
the initial state|n) . In the first term above, (n| has one less particle than |m) while
the reverse is true in the second term. Taking the Fourier transform [ dte’ " we
have

A(r,r;u) = P x (4.226)
S [ (nl v (6) m) (m] 01 () In) 276 (& — (B — 1~ )

+ e K (] § () [m) (ml g (x) |n) 208 (' — (B — p = En))

One can interpret Physically the spectral weight as follows. It has two pieces,
the first one for excited states with one more particle, and the second one for
excited states with one more hole. Photoemission experiments (See Einstein’s
Nobel prize) access this last piece of the spectral weight, while Bremsstrahlung
inverse spectroscopy (BIS) experiments measure the first piece.! Excited particle
states contribute to positive frequencies if their excitation energy is larger than
the chemical potential, F,, — E,, > u and to negative frequencies otherwise. Zero
frequency means that the excitation energy is equal to the chemical potential.
In other words, every excited single-particle or single-hole state corresponds to a
delta function in the spectral weight whose weight depends on the overlap between
initial states with one more particle at r’ or one more hole at r, and the true excited
states. The spectral representation Eq.(4.161) immediately tells us that the poles
of the single-particle Green’s functions are at the same position as delta functions
in the spectral weight, in other words they are at the excited single-particle or
single-hole states.

Doing changes of dummy summation indices we can arrange so that it is always
(n| that has one less particle. Then,

Alr,x'sw) = P25, (e P om0 ) (n| g (r) m) (m| o (v') In) 276 (' — (Ko — Ky))

4.227)

ITo be more specific, these experiments add or remove particles in momentum, not position

eigenstates. The only change that this implies in the discussion above is that 1/1”) (r) should be

replaced by c(f)
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Substituting in the spectral representation Eq.(4.161) we have,

r L T l‘/ L
g (I', I'/; an) = eBQ Zmn (e_ﬂKm + e_BKn) <n‘1€iif)‘{;i§7ﬁ‘gﬁff(#))ln> (4228)

This is the Lehman representation. It tells us how to interpret the poles of the
analytically continued G (r,r’; ik,,) .

Remarque 74 Standard way of proving analytical continuation formula: The
standard way of proving that G® (w) = limg, —wiin G (iks) is to first find the
Lehman representation for both quantities.

4.6.3 Probabilistic interpretation of the spectral weight

For a different representation, for example for momentum, we have[7] in the trans-
lationally invariant case, by analogy with the above result for the spectral weight
Eq.(4.227)

Alkw) = ™3, (e7Km e85 ) [(n] o [m)[* 276 (& — (Ko — )

(4.229)
The overlap matrix element |(n|ci |m)|® that gives the magnitude of the delta
function contribution to the spectral weight represents the overlap between the
initial state with one more particle or hole in a momentum eigenstate and the
true excited one-particle or one-hole state. The last equation clearly shows that
A (kw') / (2m) is positive and we already know that it is normalized to unity,

/0;_‘*7:/1 (k') = <{ck,cL}> =1 (4.230)

Hence it can be interpreted as the probability that a state formed from a true eigen-
state |n) either by adding a particle in a single-particle state k, namely CL |n) (or
adding a hole ¢k |n) in a single-particle state k) is a true eigenstate whose en-
ergy is w above or below the chemical potential. Clearly, adding a particle or
a hole in a momentum eigenstate will lead to a true many-body eigenstate only
if the momentum of each particle is individually conserved. This occurs only in
the non-interacting case, so this is why the spectral weight is then a single delta
function. In the more general case, many energy eigenstates will have a non-zero
overlap with the state formed by simply adding a particle or a hole in a momen-
tum eigenstate. While particle-like excitations will overlap mostly with positive w
eigenstates, they can also overlap negative w eigenstates. In an analogous manner,
hole-like eigenstates will be mostly at negative w. Let us see how this manifests
itself in a specific experiment.

Remarque 75 Energy vs momentum in an interacting system: It is clear that in
an interacting system one must distinguish the momentum and the energy vari-
ables. The energy variable is w. Knowing the momentum of a single added electron
or hole is not enough to know the added energy. This added energy would be k? /2m
only in the case of non-interacting electrons.

Remarque 76 Physical reason for high-frequency fall-off: The explicit expression
for the spectral weight Eq.(4.229) suggests why the spectral weight falls off fast
at large frequencies for a given k,as we have discussed in Subsection(4.5.7). A
state formed by adding one particle (or one hole) of momentum k should have
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exponentially small overlap with the true eigenstates of the system that have one
more particle (or hole) but an arbitrarily large energy difference w with the initial
state.

4.6.4 Angle-resolved photoemission spectroscopy (ARPES) on a Fermi liquid com-
pound.

In a photoemission experiment, a photon ejects an electron from a solid. This is
nothing but the old familiar photoelectric effect. In the angle resolved version of
this experiment (ARPES), the energy and the direction of the outgoing electron
are measured. This is illustrated in Fig.(4-7). The outgoing electron energy can
be measured. Because it is a free electron, this measurement gives the value of the
wave vector through k% /2m. Using energy conservation, the energy of the outgoing
electron is equal to the energy of the incident photon F,, minus the work function
W plus the energy of the electron in the system, w, measured relative to the Fermi
level.

Figure 4-7 Schematic representation of an angle-resolved photoemission experiment.

The energy of the electron in the system w will be mostly negative. The value
of k|| may be extracted by simple geometric considerations from the value of k.
Since in this experiment there is translational invariance only in the direction
parallel to the plane, this means that in fact it is only the value of k| that is
conserved. Hence, it is only for layered systems that we really have access to
both energy w and total momentum kj| of the electron when it was in the system.
Without going into details of the assumptions going into the derivation, Fermi’s
golden rule suggests, (see first section of Chapter 2) that the cross section for
ejecting an electron of momentum k| and energy w (measured with respect to )
is proportional to

9%c

00w

S e |(n e, m)[*6 (w+p — (B — En))  (4.231)
S e |l ey [m)[*6 (@ = (K — Ka) - (4232)
o /dtei“’t <CLHckH (t)> (4.233)
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which is “half” of the spectral weight (the mostly negative-energy part). More
specifically, we can rewrite this result in terms of the spectral weight as follows,

0%c
900w

Proof: The most direct and simple proof is from the Lehman representation
Eq.(4.229). To get a few more general results about G< (k,w) and G~ (kj|,w)we
present the following alternate proof. The cross section is proportional to
the Fourier transform of G< (kj,w)as defined in Eq.(4.123).

J (@) A (ky,w) (4.234)

020
000w

x —1G=< (k|,w) (4.235)

One can relate G< and G~ to the spectral weight in a very general way
through the Fermi function. This is done using the usual cyclic property of
the trace (fluctuation-dissipation theorem). From

<Cku (t) CLH> = Z'Tr [e_BK (eiKtckHe_iKt) CLH] (4.236)

= Z 'Tr [(eBKe_ﬁK) c;r( e PK (e"KtckHe_"Kt)qél.QS?)

_ <cLHckH (t+ zﬂ)> (4.238)

one finds by simple use of definitions and change of integration variables,
Alkpw) = / dte™! (e, cu, (1) +ex, (B, ) (4.239)
= /dtei“’t <CLHckH (t)> + /dteiw(tﬂg*iﬂ) <CLHckH (t+ zﬂ)>

= (1+e™) / dtet <cLHckH (t)> (4.240)
= fw) (=G (k),w)) (4.241)
Substituting in Eq.(4.235) proves Eq.(4.234). Note that since
Ak w) = =i [GF (ky,w) = G (ky,w)] (4.242)
we also have the result

iG” (ky,w) = (1— f(w)) A (k) w) (4.243)

The theoretical formula for the photoemission cross-section Eq.(4.234) neglects
processes where energy is transferred from the outgoing electron to phonons or
other excitations before it is detected (multiple scattering of outgoing electron).
Such processes are referred to as “inelastic background”.

The state of technology and historical coincidences have conspired so that the
first class of layered (quasi-two-dimensional) compounds that became available
for ARPES study around 1990 were high temperature superconductors. These
materials have properties that make them non-conventional materials that are not
yet understood using standard approaches of solid-state Physics. Hence, people
started to look for two-dimensional materials that would behave as expected from
standard models. Such a material, semimetallic TiTe; was finally found around
1992. For our purposes, quasi-to-dimensional just means here that the Fermi
velocity perpendicular to the planes is much smaller than the Fermi velocity in
the planes. The results of this experiment[11] appear in Fig.(4-8).
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Figure 4-8 ARPES spectrum of 1 — T — T'iTe,, after R. Claessen, R.O. Anderson,
J.W. Allen, C.G. QOlson, C. Janowitz, W.P. Ellis, S. Harm, M. Kalning, R. Manzke,
and M. Skibowski, Phys. Rev. Lett 69, 808 (1992).
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We have to remember that the incident photon energy is 21.2eV while the
variation of w is on a scale of 200meV so that, for all practical purposes, the
momentum vector in Fig.(4-7) is a fixed length vector. Hence, the angle with
respect to the incident photon suffices to define the value of k. Each curve in
Fig.(4-8) is for a given kj|, in other words for a given angle measured from the
direction of incidence of the photon. The intensity is plotted as a function of the
energy of the outgoing electron. The zero corresponds to an electron extracted
from the Fermi level. Electrons with a smaller kinetic energy come from states
with larger binding energy. In other words, each of the curves above is basically
a plot of the hole-like part of A (kH,w). From band structure calculations, one
knows that the angle § = 14.75% corresponds to the Fermi level (marked kz on the
plot) of a Ti — 3d derived band. It is for this scattering angle that the agreement
between experiment and Fermi liquid theory is best (see Sec.(4.6.6) below). The
plots for angles § < 14.75° corresponds to wave vectors above the Fermi level.
There, the intensity is much smaller than for the other peaks. For § = 13°,
the experimental results are scaled up by a factor 16. The intensity observed for
wave-vectors above the Fermi wave vector comes from the overlap of particle-like
excitations with eigenstates below the Fermi surface, a phenomenon we alluded to
in the previous section.

The energy resolution is 35meV. Nevertheless, it is clear that the line shapes
are larger than the energy resolution: Clearly the spectral weight is not a delta
function and the electrons in the system are not free particles. Nevertheless,
there is a definite maximum in the spectra whose position changes with k. It
is tempting to associate the width of the line to a lifetime. In other words, a
natural explanation of these spectra is that the electrons inside the system are
“quasiparticles” whose energy disperses with wave vector and that have a lifetime.
We try to make these concepts more precise below.

4.6.5 Quasiparticles[9]

For a general interacting system, the one-particle Green’s function takes the form,

GF (k)= ——— (4.244)
wtin— G — 2" (kw)
The corresponding spectral weight is,
Akw) = —2ImGE (kw) (4.245)
R
_ 2Im > " (k,w) _(4.246)

(w — (e —ReXF (k,w)>2 + (Im S (k, w))

If the imaginary part of the self-energy, the scattering rate, is not too large and
varies smoothly with frequency, the spectral weight will have a maximum whenever

w—C( —ReXB(k,w)=0 (4.247)

Let Ex — pu be the value of w for which this equation is satisfied. FEy is so-
called quasiparticle energy. This energy is clearly in general different from the
results of band structure calculations that are usually obtained by neglecting the
frequency dependence of the self-energy. Expanding w — ¢, — Re X% (k, w) around
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the maximum energy, we find

OReXE (k,w)

w—Ck—ReZR(k,w)z<l— 5

)(w—Ek+u)+... (4.248)

If we define the “quasiparticle weight” or square of the wave function renormal-
ization by

Zie = (4.249)

1
1— 2 Re XA (kw)]|

w=Ep—p

then in the vicinity of the maximum, the spectral weight takes the following simple
form in the vicinity of the Fermi level, where the peak is sharpest

Q

1 ~Z Im Y F (k, w)
271’Zk—

T w= Bt )+ (Adm L k,w))
1 Fk (w)

T (w = B+ p)” + Tk (w))

A (kw) 5 +inc (4.250)

271’Zk

5| +inc (4.251)

The last equation needs some explanation. First, it is clear that we have defined
the scattering rate

Ik (w) = —Zk Im BF (k, w) (4.252)

Second, the quantity in square brackets looks, as a function of frequency, like a
Lorentzian. At least if we can neglect the frequency dependence of the scattering
rate. The integral over frequency of the square bracket is unity. Since A (kw) /27
is normalized to unity, this means both that

Zi <1 (4.253)

and that there are additional contributions to the spectral weight that we have
denoted inc in accord with the usual terminology of “incoherent background”.
The equality in the last equation holds only if the real part of the self-energy is
frequency independent.

It is also natural to ask how the quasiparticle disperses, in other words, what is
its effective Fermi velocity compared with that of the bare particle. Let us define
the bare velocity by

Vk = Vka (4.254)

and the renormalized velocity by
Ult = VkEk (4255)

Then the relation between both quantities is easily obtained by taking the gradient
of the quasiparticle equation Eq.(4.247)

Vi [Ex — 1 — ¢ — ReXF (k, Ex — ) = 0] (4.256)
ORe ¥R (k
v — vk — Vi Re XF (k, By — 1) — ea—(w) v =0 (4.257)
w Ex—p

The last equation is easily solved if we can write that k dependence of ¥ as
a function of ¢y instead, something that is always possible for spherical Fermi
surfaces. In such a case, we have

14 52= Re =7 (k, B —p1)
9
1= ReSh(kw)| _,

v = vk (4.258)
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In cases where the band structure has correctly treated the k dependence of the
self-energy, or when the latter is negligible, then the renormalized Fermi velocity
differs from the bare one only through the famous quasiparticle renormalization
factor. In other words, vy = Zxvk. The equation for the renormalized velocity
is also often written in terms of a mass renormalization instead. Indeed, we will
discuss later the fact that the Fermi wave vector kr is unmodified by interactions
for spherical Fermi surfaces (Luttinger’s theorem). Defining then m*vg, = kp =
muy, means that our equation for the renormalized velocity gives us

1+% Re X (k,Ex—p)
— £ ReXR(kw)]

mo 1t
e = limg i 7

(4.259)

w=Ep—p

4.6.6 Fermi liquid interpretation of ARPES

Let us see how to interpret the experiments of the previous subsection in light
of the quasiparticle model just described. First of all, the wave vectors studied
are all close to the Fermi surface as measured on the scale of kr. Hence, every
quantity appearing in the quasiparticle spectral weight Eq.(4.251) is evaluated
for k = kp so that only the frequency dependence of the remaining quantities is
important. The experiments were carried out at 7' = 20K where the resistivity
has a T? temperature dependence. This is the regime dominated by electron-
electron interactions, where so-called Fermi liquid theory applies. What is Fermi
liquid theory? It would require more than the few lines that we have to explain
it, but roughly speaking, for our purposes, let us say that it uses the fact that
phase space for electron-electron scattering vanishes at zero temperature and at
the Fermi surface, to argue that the quasiparticle model applies to interacting
electrons. Originally the model was developed for liquid >He, hence the name
Fermi Liquid. It is a very deep theory that in a sense justifies all the successes
of the almost-free electron picture of electrons in solids. We cannot do it justice
here. A simple way to make its main ingredients plausible,[10] is to assume that
near the Fermi surface, at frequencies much less than temperature, the self-energy
is 4) analytic and i) has an imaginary part that vanishes at zero frequency.
Let us define real and imaginary parts of the retarded self-energy by

YR =% iy (4.260)
Our two hypothesis imply that X" has the Taylor expansion
Y (kp;w) = aw —yw? + ... (4.261)

The imaginary part of the retarded self-energy must be negative to insure that
the retarded Green’s function has poles in the lower half-plane. This means that
we must have a = 0 and v > 0. Fermi liquid theory keeps only the leading term

EH — _'YWQ

We will verify for simple models that this quadratic frequency dependence is rig-
orously correct in d > 3. The real part is then obtained from the Kramers-Kronig
relation Eq.(3.86), or from the spectral representation,

d_w’ v (kFZ w/)

T w—w

lim [¥ (kp;w) — ¥ (kp;o0)] = lim ’P/

w—0 w—0

T (W)
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The first term is the value of the real-part of the self-energy at zero-frequency. This
constant contributes directly to the numerical value of the chemical potential (the
Hartree-Fock shift ¥’ (kp; 00) does not suffice to evaluate the chemical potential).
The second term in the last equation tells us that

0 dw' X" (kp;w’
Zy (kpw)| =P / ﬁ(iﬂw) (4.263)
Ow w=0 ™ (wl)
Since ¥ = —yw? the integral exists and is negative, hence
EZ’ (k,w) <0 (4.264)
Ow "o '

This in turn means that the corresponding value of Zj, is less than unity, as we
had concluded in Egs.(4.249) and (4.253) above. In summary, the analyticity hy-
pothesis along with the vanishing of ¥” (0) implies the existence of quasiparticles.

The solid lines in Fig.(4-8) are two-parameter fits that also take into account
the wave vector and energy resolution of the experiment.[11] One parameter is
Ej — u while the other one is 4/, a quantity defined by substituting the Fermi
liquid approximation in the equation for damping Eq.(4.252)

Thp (W) = Zppyw? = v (4.265)

Contrary to Ej, the damping parameter v’ is the same for all curves. The solid-line
fits are obtained with o/ = 40eV =1 (3 on the figure). The fits become increasingly
worse as one moves away from the Fermi surface, as expected. It is important to
notice, however, that even the small left-over weight for wave-vectors above the
Fermi surface (9 < 14.750) can be fitted with the same value of . This weight is
the tail of a quasiparticle that could be observed at positive frequencies in inverse
photoemission experiments (so-called BIS). The authors compared the results of
their fits to the theoretical estimate,[12] v = 0.067w,/e%. Using w, = 18.2¢V,
er = 0.3eV and the extrapolated value of Zj, obtained by putting? rs = 10 in
clectron gas results,[13] they find o/ < 5 (V)" while their experimental results
are consistent with 4/ = 40 + 5 (eV/) . The theoretical estimate is almost one
order of magnitude smaller than the experimental result. This is not so bad
given the crudeness of the theoretical model (electron gas with no lattice effect).
In particular, this system is a semimetal so that there are other decay channels
than just the one estimated from a single circular Fermi surface. Furthermore,
electron gas calculations are formally correct only for small r; while there we have
rs = 10. Also, there are worse cases: theoretical estimates for high-temperature
superconductors are two orders of magnitude smaller than the observed result.[11]

Remarque 77 Asymmetry of the lineshape: The line shapes are asymmetrical,
with a tail at energies far from the Fermi surface (large binding energies). This
is consistent with the fact that the “inverse lifetime” Ty, (W) = Zg,yw? is not a
constant, but is instead larger at larger binding energies.

Remarque 78 Fuailure of Fermi liquid at high-frequency: Clearly the Fermi liquid
expression for the self-energy fails at large frequencies since we know from its spec-
tral representation that the self-energy goes to a frequency-independent constant at
large frequency.

Remarque 79 Destruction of quasiparticles by critical fluctuations in two di-
mensions: Note that it is only if X" vanishes fast enough with frequency that it

2

rs is the average electron spacing expressed in terms of the Bohr radius.
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is correct to expand the Kramers-Kronig expression in powers of the frequency
to obtain Eq.(4.263). When X" (w) vanishes slower than w?, then Eq.(4.263) for
the slope of the real part is not valid. The integral does not converge uniformly
and it is not possible to interchange the order of differentiation and integration.
In such a case it is possible to have the opposite inequality for the slope of the
real part B%E/ (k,w)|w:O > 0. This does not lead to any contradiction, such as
Zi, > 1, because there is no quasiparticle solution at w = 0 in this case. This
situation occurs for example in two dimensions when classical thermal fluctuations

create a pseudogap in the normal state before a zero-temperature phase transition
is reached. [14]

4.6.7 Momentum distribution in an interacting system

In an interacting system, momentum is not a good quantum number so <chk> is

not equal to the Fermi distribution. On the other hand, <c£ck> can be computed
from the spectral weight. Indeed,

(do) = tim [~ (Trac(n )]
= Tli%lig(k,r) (4.266)

To compute the latter quantity from the spectral weight, it suffices to use the
spectral representation Eq.(4.161)

lim G(k,7) = T lim Z e~ kTG (r,1';ik,)
n=—00

T—0~ T—0~

[oe] e} / /
= T lim Y e / d A (k') (4.267)

y !/
oo 2T tky —w

n—=—oo

Using the result Eq.(4.202) found above for the sum over Matsubara frequencies,
we are left with

<c;ck> =lim, - G (k,7) = [ % f (W) A(kw') (4.268)

—o0 27

with f (w’) the Fermi-Dirac distribution.

This means that the momentum distribution is a Fermi-Dirac distribution only
if the spectral weight is a delta function. This occurs for free particles or, more
generally if the real-part of the self-energy is frequency independent since, in this
case, the Kramers-Kronig relations imply that the imaginary part of the self-energy
vanishes so that Eq.(4.246) for the spectral weight gives us a delta function.

Remarque 80 Jump of the momentum distribution at the Fermi level: Fven if
<c;r(ck> 18 no-longer a Fermi-Dirac distribution in an interacting system, neverthe-
less at zero-temperature in a system subject only to electron-electron interaction,
there is a jump in <clck> at the Fermi level. The existence of this jump can be

seen as follows. At zero temperature, our last result gives us

<cj(ck>: / ’ & k) (4.269)

—00
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Let us take the quasiparticle form Eq.(4.251) of the spectral weight with the Fermi
liquid expression Eq.(4.265) for the scattering rate. The incoherent background
varies smoothly with k and hence cannot lead to any jump in occupation number.
The quasiparticle piece on the other hand behaves when k — kg, or in other words
when Ex—pu — 0, as Zy,. 6 (w). At least crudely speaking. When Ex —pu — 07, this
delta function is inside the integration domain hence it contributes to the integral,
while when Ey — p — 07 the delta function is outside and does not contribute to
the integral. This means that there is a big difference between these two nearby
wave vectors, namely

lim <c;r(ck> — lim <chk> =7 (4.270)
k—k} k—k} e

In the above argument, we have done as if Tk (w) was frequency independent and
infinitesimally small in Eq.(4.251). This is not the case so our argument is rather
crude. Nevertheless, if one uses the actual frequency-dependent forms and does
the frequency integral explicitly, one can check that the above conclusion about the
Jump is true (although less trivial).

Remarque 81 Fermi surface and interactions: The conclusion of the previous
remark is that even in an interacting system, there is a sharp Fermi surface as
in the free electron model. For simplicity we have discussed the spinless case. A
qualitative sketch of the zero-temperature momentum distribution in an interacting
system appears in Fig.(4-9). Since momentum of a single particle is not a good
quantum number anymore, some states above the Fermi momentum are now occu-
pied while others below are empty. Nevertheless, the Fermi surface is unaffected.

A
1}

Figure 4-9 Qualitative sketch of the zero-temperature momentum distribution in an
interacting system.

4.7 Three general theorems

Risking to wear your patience out, we still have to go through three general the-
orems used repeatedly in Many-Body theory. Wick’s theorem forms the basis ot
the diagram technique in many-body theory. The linked-cluster theorems, or cu-
mulant expansions, are much more general theorems that are also necessary to set
up the machinery of diagrams. Finally, we prove a variational principle for the free
energy that allows us to give a physical meaning to Hartree-Fock theory as the
best one-body Hamiltonian for any given problem. This variational principle is
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useful for ordinary system, but also becomes indispensable when there is a broken
symmetry.

4.7.1 Wick's theorem

Wick’s theorem allows us to compute arbitrary correlation functions of any Hamil-
tonian that is quadratic in Fermion or Boson operators. That is clearly what we
need to do perturbation theory, but let us look in a bit more details at how this
comes about. We will need to compute in the interaction picture

Tr [0, (08,79 () T (7,09 (0))]
- Tr [e-0m0 7,0 (5,0)]

G(r)= (4.271)

Because U (7,0) always contains an even number of fermions, it can be commuted
with creation-annihilation operators without paying the price of minus signs so
that

Tr[e 2o, (T(8,0)0(r)3 (0)]
g(r)=- Trle=BHoT, U(5,0)] (4.272)

More specifically the evolution operator is,

U(3,0) =T, [exp (— 2 dr v (Tl))} (4.273)

Expanding this evolution operator to first order in the numerator of the Green’s
function one obtains

~

B
~1r [, (203 )] + [ anTr[e T (V) § 08 0)]

’ (4.274)
where in the case of a two-body interaction (Coulomb for example), V (1) contains
four field operators.

Wick’s theorem allows us to evaluate expectation values such as those above.
More generally, it allows us to compute expectation values of creation-annihilation
operators such as,

<az' (i) a; () af (1) a (Tl)>0 (4.275)

as long as the density matrix e~ %0 is that of a quadratic Hamiltonian.

Note that since quadratic Hamiltonians conserve the number of particles, ex-
pectation values vanish when the number of creation operators does not match
the number of destruction operators.

Lemme 13 If Hy = elaial + egagag then <a1a1a2aT> = <a1a§> <a2a£> .

Proof: To understand what is going on, it is instructive to study first the problem
where a single fermion state can be occupied. Then

Tr [e*f@HOalaﬂ

<(11(111-> = W (4276)
(0l ara] [0) + % (0] ar) ara] (o] [0)) |
_ - =T (4.277)
(0] asal [0) + =7 ((0] a1) (al 0})
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For two fermion states 1,2, then the complete set used to evaluate the trace
is

010, al 0. a0}, ajlo)ailo) (4278
so that ,
1 1+ e Pe 1
T = —_—
<a1a1> 1 + e—Be1 1 4 e—Bez 1 + e Ber (4279)

The last result will remain true for an arbitrary number of fermion states,
in other words

1 1+ e Bem 1

<a1a§> - s SR — (4.280)

1+€ Bele;ﬁll+e Bem 1+e Bex

Furthermore,
1 + efﬁenz

j T> - L s 4.981
<‘““1“2“2 TtePaltera]], ,1+e 0 (4.281)

1 1
(4.282)

T 1tefalte be

= <a1ai> <a2a£> (4.283)

Théoréme 14 Any expectation value such as <ai (1i)aj (15) a£ (Tk) a;[ (Tl)>0 cal-
culated with a density matriz e P50 that is quadratic in field operators can be com-
puted as the sum of all possible products of the type <aj (75) aL (Tk)>o <ai (14) a} (7'1)>0
that can be formed by pairing creation an annihilation operators. For a given term

on the right-hand side, there is a minus sign if the order of the operators is an odd
permutation of the order of operators on the left-hand side.

Proof: It is somewhat pretentious to call a proof the plausibility argument that we
give below, but let us go ahead anyway. The trick to prove the theorem([15])
is to transform the operators to the basis where Hy is diagonal, to evaluate
the expectation values, then to transform back to the original basis. Let
Greek letters stand for the basis where Hy is diagonal. Using the formula
for basis changes, we have, (with an implicit sum over Greek indices)

<“z’ (i) a; () af. (1) af (Tz)>0 = (4.284)
(il ) (1 8) (aa (r2) ag () ol (i) af () (21K (618 (4285)
We already know from Eq.(4.180) that
o (1) = e °Tia, 5 al (1;) = ales" (4.286)
so that
<az' (r3) aj (r5) af (T4) a] (Tl)>0 (4.287)

= (i| ) e~ (j| B) e~ oTs <aaaaafyafs>oec”k (V[ kyeSoTt (6] 1) (4.288)
What we need to evaluate then are expectation values of the type

agagalal 4.289

algayas ) - (4.289)

Evaluating the trace in the diagonal basis, we see that we will obtain a non-
zero value only if indices of creation and annihilation operators match two

128 FINITE TEMPERATURE FORMALISM



by two or are all equal. Suppose § =, a = 6 and a # 3. Then, as in the

lemma
<aaa5agaj¥>0 = <aaajy>0 <a5ag>o (4.290)
If instead, 6 = 6, « = v and a # (3, then
<aaa5alag>0 =— <aaa[3aga£>0 =— <aaal>0 <agag>o . (4.291)

The last case to considerisa =03, =0, a =7
<aaaaaLaL>O =0. (4.292)

All these results, Egs.(4.290)(4.291) and the last equation can be combined
into one formula

<aaagafyaj;>o = <aaaL>0 <a5a};>0 (0,608, — 6a,y08,6) (4.293)

which is easiest to remember as follows,

1 )
<aaa5aga§> = <alaa5a2a:2> + <alaaga2a:2> (4.294)

T T T

in other words, all possible pairs of creation and annihilation operators must
be paired (“contracted”) in all possible ways. There is a minus sign if an
odd number of operator exchanges (transpositions) is necessary to bring the
contracted operators next to each other on the right-hand side (In practice,
just count one minus sign every time two operators are permuted). Substi-
tuting Eq.(4.293) back into the expression for the original average expressed
in the diagonal basis Eq.(4.288) we have

<ai (i) a; () af (1) af (n)>0 (4.295)

= (ai(ri)af () (a;(rp)al (m)) = (@i (r)al (7)) (o (j)af (7))
(4.296)

By induction (not done here) one can show that this result generalizes to the
expectation value of an arbitrary number of creation-annihilation operators.

Définition 15 Contraction: In the context of Wick’s theorem, we call each factor

<ai (13) az (Tk)> on the right-hand side, a “contraction”.
0

Since Wick’s theorem is valid for an arbitrary time ordering, it is also valid for
time-ordered products so that, for example

(Tr |ai (r) a; (ry) al (ri) o] (7)) ) = (4.297)

(T, [as (i) af (0]) (T [as ) af (7)), = (T [ i) al (r)]) (T [as () af (7)) )

(4.298)
The only simplification that occurs with time-ordered products is the following.
Note that, given the definition of time-ordered product, we have

<TT [ai (r;)al (T,f)b S <TT [a; (74) as (Ti)] >0 (4.299)

0
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Indeed, the left-hand side and right-hand side of the above equation are, respec-
tively

(T, |ai(r)al )]), = (e al (m) 0(ri=mi) = (al (i) ai (7)), 0 (ri $45500)
—(T [ak (e @]), = —(al ) ai(r) 0 —70) + (ai (i) al (ra) ), 6 (r(4361)

In other words, operators can be permuted at will inside a time-ordered product, in
particular inside a contraction, as long as we take care of the minus-signs associated
with permutations. This is true for time-ordered products of an arbitrary number
of operators and for an arbitrary density matrix.

On the other hand, if we apply Wick’s theorem to a product that is not time
ordered, then we have to remember that

(ai(r)al () #—(al () ai(r) (4:302)

as we can easily verify by looking at the special case 7, = 7; or by going to a
diagonal basis. We can anticommute operators at will to do the “contractions”

but they cannot be permuted inside a contraction <ai (14) a;rC (Tk)> )
0

In practice, we will apply Wick’s theorem to time-ordered products. In nu-
merical calculations it is sometimes necessary to apply it to objects that are not
time-ordered.

4.7.2 Linked cluster theorems

Suppose we want to evaluate the Green’s function by expanding the time-ordered
product in the evolution operator Eq.(4.273). The expansion has to be done both
in the numerator and in the denominator of the general expression for the average
Eq.(4.271). This is a very general problem that forces us to introduce the notion
of connected graphs. A generalization of this problem also occurs if we want to
compute the free-energy from

InZ

In (Tr [e—ﬁHoﬁ (8, O)D —In (Zo <(7 (8, 0)>0) (4.303)

B
= In <<TT exp (/0 dT1V(T1)>]> >+an0 (4.304)
0

In probability theory this is like computing the cumulant expansion of the char-
acteristic function. Welcome to linked cluster theorems.

These problems are special cases of much more general problems in the theory
of random variables which do not even refer to specific Feynman diagrams or to
quantum mechanics. The theorems, and their corollary that we prove below, are
amongst the most important theorems used in many-body Physics or Statistical
Mechanics in general.

Linked cluster theorem for normalized averages
Consider the calculation of

(e 1A (x))

=0 (4.305)
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where the expectation () is computed over a multivariate probability distribution
function for the variables collectively represented by x. The function f(x) is
arbitrary, as is the function A (x). Expanding the exponential, we may write

(eTNA) 2;’1%0 a1 ((=f ()" A (%)) (4.306)

(e=9C9) Yoo i (= (2))")

When computing a term of a given order n, such as % ((—f (x))" A (x)), we may
always write

L (£ 60" A6) = 303w e (£ G0 AG)) (~F )™
o (4.307)
where the subscript ¢ on the average means that none of the terms in <(— f(x)' 4 (x)> )

can be factored into lower order correlation functions, such as for example <(— f (X))Z> (A (x))

or <(—f (x))€_1> ((—f (x)) A(x)) etc... The combinatorial factor corresponds to

the number of ways the (—f (x))" can be grouped into a group of ¢ terms and a
group of n — ¢ terms, the 6, ,,1¢ Kronecker delta function ensuring that indeed
m = n — {. Using the last equation in the previous one, the sum over n is now
trivially performed with the help of 6, ;,,4¢ and one is left with

(100 A())  LimoTommo i ( (<1 () AG0) (=1 ()")
(e Ty~ Snco 2 (7 O))

The numerator can now be factored so as to cancel the denominator which proves
the theorem

(4.308)

Théoréme 16 Linked cluster theorem for normalized averages:

<E,ff(X)A(x)

8 s b (- 6 AR) (e A, | (@309

(&

This result can be applied to our calculation of the Green’s function since
within the time-ordered product, the exponential may be expanded just as an ordi-

nary exponential, and the quantity which plays the role of (— f (x)), namely (— foﬁ drV (7’))
can be moved within the T, product without costing any additional minus sign.

Linked cluster theorem for characteristic functions or free energy

We now wish to show the following general theorem for a multivariate probability
distribution.

Théoréme 17 Linked cluster theorem (cumulant expansion).

In <e*f(x)> =>, i, (=fx)"). = <e’f(x)>c -1 (4.310)

The proof is inspired by Enz[16]. When f (x) = ik - x, the quantity (e~™*)
is called the characteristic function of the probability distribution. It is the gener-
ating function for the moments. The quantities on the right-hand side, which as
above are connected averages, are usually called cumulants in ordinary probability
theory and In <e’ik'x> is the generating function for the cumulant averages.
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Proof: To prove the theorem, we introduce first an auxiliary variable A

% <e—/\f(X)> — <e—>\f(x) —f (X)}> (4.311)

We can apply to the right-hand side the theorem we just proved

(e = (] = (M [=f (x)]) () (4.312)

so that ) 9 5
= T oM o A f(x)
(760} O (%) <8)\€ > (4.313)
Integrating both sides from 0 to 1, we obtain
In <e_”\f(x)> 15 = <e—f(’<>> —1 (4.314)
QED

Exemple 18 [t is instructive to check the meaning of the above result explicitly
to second order

In <6*Af(:c)> ~In <1 —Af(z)+ % (Af (x))2> ~ ( NS (2)) + % <(>\f (x))2>)% O ()2
(4315)
() —im-ps@y 3 (PP )
so that equating powers of A, we find as expected,

((F ) = ((F60)*) = (F 0. (4.317)

The above results will help us in the calculation of the free energy since we

find

F=—-Th [ZO <TT [e—ff (m/m} >O] = —Ti % <TT —/ﬁ drV () n> —Tn Z
_ . 0

" (1.318)

F=—-TmZ=-T [<TT [e— IS dTWﬂ] >OC — 1} —TnZ. (4.319)

the subscript 0 stands for averages with the non-interacting density matrix. The
above proof applies to our case because the time-ordered product of an exponential
behaves exactly like an ordinary exponential when differentiated, as we know from
the differential equation that leads to its definition.

4.7.3 Variational principle and application to Hartree-Fock theory

It is legitimate to ask if there is a one-body Hamiltonian, in other words an
effective Hamiltonian with a time-independent potential, whose solution is as close
as possible to the true solution. To address this question, we also need to define
what we mean by “as close as possible”. The answer to both of these queries
is provided by the variational principle for thermodynamic systems. We discuss
below how Hartree-Fock theory comes out naturally from the variational principle.
Also, it is an unavoidable starting point when there is a broken symmetry, as we
will discuss more fully in a later chapter.
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Thermodynamic variational principle for classical systems

One can base the thermodynamic variational principle for classical systems on the

inequality
)

which is valid for all z, whether x > 0, or z < 0. This inequality is a convexity
inequality which appears obvious when the two functions are plotted. We give two
proofs.

Proof 1: e” is a convex function, i.e. d2€‘”/d2x > (0 for all values of z. At £ =0
the functions e® and 1+ x as well as their first derivatives are equal. Since a
straight line tangent to a convex curve at a point cannot intersect it anywhere
else, the theorem is proven. QFED

Algebraically, the proof goes as follows.

Proof 2: The equality occurs when z = 0. For z < —1, ¢* > 0 while 1 +z < 0,
hence the inequality is satisfied. For the remaining two intervals, notice that
e” > 1+ x is equivalent to

1
> et >0 (4.321)
=2 n:

For x > 0, all terms in the sum are positive so the inequality is trivially
satisfied. In the only remaining interval, —1 < x < 0, the odd powers of = in
the infinite-sum version of the inequality are less than zero but the magnitude
of each odd power of x is less than the magnitude of the preceding positive
power of z, so the inequality (4.321) survives. QED

Moving back to our initial purpose, let ﬁo be a trial Hamiltonian. Then take

eiﬁ(ﬁof"N) /Zy as the trial density matrix corresponding to averages ();. We will
use the above inequality Eq.(4.320) to prove that

(4.322)

~TInZ<-ThZ+ <H— ff0>

0

This inequality is a variational principle because ﬁo is arbitrary, meaning that
we are free to parametrize it and then to minimize with respect to the set of
all parameters to find the best one-particle Hamiltonian in our Physically chosen
space of Hamiltonians.

Proof Our general result for the free energy in terms of connected terms, Eq.(4.319),
is obviously applicable to classical systems. The simplification that occurs
there is that since all operators commute, we do not need to worry about
the time-ordered product, thus with

V =H - H, (4.323)

we have
F=-TZ=-T {<e—f3">6 - 1] — Tz (4.324)

Using our basic inequality Eq.(4.320) for eV we immediately obtain the
desired result

F<-T <—m7>6’c + Py (4.325)

which is just another way of rewriting Eq.(4.322).
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Thermodynamic variational principle for quantum systems

For quantum systems, the general result Eq.(4.322) applies but it is more difficult
to prove because there is in general no basis that diagonalizes simultaneously

each and every term in the expansion of T, exp [— foﬁ drv (T)] .If V was not time

dependent, as in the classical case, then matters would be different since V" would
be diagonal in the same basis as V' and one could apply our inequality Eq.(4.320)
in this diagonal basis and prove the theorem. The proof of the variational principle
in the quantum case is thus more complicated because of the non-commutation of
operators. As far as I know, the proof is due to Feynman.[17].

Proof: First, let

H(a)=Hy+a (H - ﬁfo) (4.326)
= Hy+aV (4.327)

then
H (0) = Ho (4.328)

and
H()=H (4.329)

The exact free energy corresponding to H («) is then written as F («a). If
for any a we can prove that 0?F («) /0a? < 0 then the function F («) is
concave downward and we can write

OF («)
Oa

F(1) < F(0)+ (4.330)

a=0

as illustrated in Fig.(4-10). Eq.(4.330) is the variational principle that we

A /

F(0)

0

Figure 4-10 Geometrical significance of the inequalities leading to the quantum
thermodynamic variational principle.
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want Eq.(4.322). Indeed, let us compute the first derivative of F' (a) by going
to the interaction representation where Hy plays the role of the unperturbed
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Hamiltonian and use the result for F' in terms of connected graphs Eq.(4.319)
to obtain
OF ()
Oa

- (e ) ) g

0

T </OB dr (Er (r) — f{ro) >6 (4.332)

- <H - ﬁ0>6 (4.333)

a=0

The second line follows simply by expanding the time-ordered product to
first order while the last line follows if we use the cyclic property of the trace
to eliminate the imaginary-time dependence of the Hamiltonian. All that we
have to do now is to evaluate the second derivative 0?F (a) /0a? < 0 for an
arbitrary value of . This is more painful and will occupy us for the rest of
this proof. It is important to realize that this concavity property of the free-
energy is independent on the form of the Hamiltonian in general and of the
interactions in particular, as long as the Hamiltonian is time-independent.
The generalization to the time-dependent case is not obvious. The second
derivative may be evaluated by going to the interaction representation where

H («) is the unperturbed Hamiltonian and ~y (H — I;TO) is the perturbation.
Then,

Fla+v)=-T KTT e 18 ()=o) | >a7c ~ 1] —TnZ(a) (4.334)

and the second derivative of F' («) may be obtained from the second-order
term in v in the above expression. Note that the average is taken with
the density matrix exp (H () — uN) /Z (@) . Expanding the exponential to
second order in v and returning to our definition of 1% Eq.(4.327) we find

8 2
f’y/ drV (1) > +...
0

B OF (o) 1 ,0%F(a)
F(OZ+7)—F(O&)+W+§’Y W

F(a+’y):F(a)+7<‘7>af%72 %<TT

+ (4.335)

so that the second derivative, using the expression we found above for the
second cumulant Eq.(4.317) is,

er) 1/ (7 -
v ([ far)]) e

a,c

1 L d 1/ P ~ ?
_B<TT (/o dTV(T)) > +B</0 dTV(T)>

[0
[e3%

This is where we need to roll up our sleeves and do a bit of algebra. Using
the cyclic property of the trace and the definition of time-ordered product,
we can rewrite the above result as follows,

% - —2% </05 v (7) /0 dr'v(rf)>a va(V) s
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Let us work a bit on the first term by going to the basis where H (a) is
diagonal. We obtain, using also the cyclic property of the trace,

< /O ’ drV (1) /0 Py (T/)>a (4.338)

-7 2 | i [ arreRe =) |

T 0 0

= Z 7Knﬁ/ dTE(KniKm)T e(Km*Kn)T/ ’
( m#n 0 Ky — Ky, 0

1 K, B - 2
+m;e K 5/0 drr |l V|m)| " (4.339)

|l V)

1 _ e(Kn_K'm)T

1 N
— n d _
Z (a) > e /0 K, - K,

m#n

|V 1m)|” (4.340)

& S e ks ‘<n| v \n>‘2(4 341)
27 (a) 4 ’

The first term on the right-hand side is easily evaluated as follows

1 —K,.3 ﬁ e(Kn_Km)ﬂ —1 ‘ ~ 2
e + an’
7@ 2 leKn g |17
2
Kﬁ‘n|v|m>’ 4.342
- (4342)

m;ﬁn

where we have used the fact that the term with the denominator (K, — K, n)2
goes into minus itself under a change of dummy summation variables m «—
n. Substituting all we have done in the expression for the second derivative
Eq.(4.337) we finally obtain

2
2 n|V|m
a;;(Q = Z e Km‘ | |K>J (4.343)
~ 2 min )
Zn e—KnB ’<n| 1% |n>’ Zn e~ KnB (n| v In)
- Z(@ - Z@)

The terms on the last line gives a negative contribution, as can be seen from
the Cauchy-Schwarz inequality

[zmnﬁ] [zw] > 1S 0 (4314
when we substitute
g P 4.345
b D T 4.346
A 2@ (n| V'|n) (4.346)
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This allows us to prove that the sign of the second derivative is negative for
any a. It suffices to rewrite the first term in Eq.(4.343) in the form

~ 2
(| V m)| "

2 Knﬁ‘ B 1
Z(a),%:ne Km—K, Z(a);l K, - K,

~ 2
[l V)|

(4.347)
and to use the Cauchy-Schwartz inequality to obtain

efKnﬁ — efKnLB

Km_Kn

2 a N )
aaFa(z < Zza) > (Wl Vim)| <0 (@4348)
QED

It is useful to note that in the language of density matrices, p, = ¢~ A(Ho—uN) /Z0
the variational principle Eq.(4.322) reads,

| —TWnZ <Trlpy(H—puN)|+TTr[pyln p] | (4.349)

which looks as if we had the function (F — uN) — T'S to minimize, quite a satis-
factory state of affairs.

Application of the variational principle to Hartree-Fock theory

Writing down the most general one-body Hamiltonian with orthonormal eigen-
functions left as variational parameters, the above variational principle leads to
the usual Hartree-Fock eigenvalue equation. Such a general one-body Hamiltonian
would look like

~ V2

=Y / dxe". (x) (—%) 6, (%) cF o (4.350)

(6%

with ¢, (x) as variational wave-functions. In the minimization problem, one must
add Lagrange multipliers to enforce the constraint that the wave-functions are not
only orthogonal but also normalized.

In a translationally invariant system, the one-body wave functions will be plane
waves usually, so only the eigenenergies need to be found. This will be done in
the following chapter.

It does happen however that symmetry is spontaneously broken. For example,
in an anti-ferromagnet the periodicity is halved so that the Hartree-Fock equa-
tions will correspond to solving a 2 X 2 matrix, even when Fourier transforms are
used. The matrix becomes larger and larger as we allow more and more general
non-translationally invariant states. In the extreme case, the wave functions are
different on every site! This is certainly the case in ordinary Chemistry with small
molecules or atoms!
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5. THE COULOMB GAS

The electron gas with long-range forces and a neutralizing background, also known
as the jellium model, is probably the first challenge that was met by many-body
theory in the context of Solid State physics. In this chapter, we assume that the
uniform neutralizing background has infinite inertia. In the following chapter we
will allow it to move, in other words to support sound waves, or phonons. In
subsequent chapters we will consider electron-phonon interactions and see how
these eventually lead to superconductivity.

The main physical phenomena to account for here in the immobile background,
are screening and plasma oscillations, at least as far as collective modes are con-
cerned. The surprises come in when one tries to understand single-particle prop-
erties. Hartree-Fock theory is a disaster since it predicts that the effective mass of
the electron at the Fermi level vanishes. The way out of this paradox will indicate
to us how important it is to take screening into account.

We will start by establishing the rules for Feynman diagrams in an interacting
electron gas, and then start to do calculations. We discuss first the density oscil-
lations, where we will encounter screening and plasma oscillations. This will allow
us to discuss the famous Random Phase Approximation (RPA). Then we move on
to single particle properties and end with a general discussion of what would be
needed to go beyond RPA. The electron gas is discussed in detail in a very large
number of textbooks. The discussion here is brief and incomplete.

5.1 Feynman rules for two-body interactions

We have already encountered Feynman diagrams in the discussion of the impurity
problem in the one-particle context. As we will see, perturbation theory is obtained
simply by using Wick’s theorem. This generates an infinite set of terms. Diagrams
are a simple way to represent and remember the various terms that are generated.
Furthermore, associating specific algebraic quantities and integration rules with
the various pieces of the diagrams, allows one to write the explicit expression for a
given term without returning to Wick’s theorem. In case of doubt though, Wick’s
theorem is what should be used. The specific rules will depend on the type of
interaction considered. This is described in a number of books. ([3],[2]).
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5.1.1 Hamiltonian and notation

The Hamiltonian we consider is the following. Note that we now introduce spin
indices denoted by Greek indices:

1
o= gy [ xvud, ) W, ) (5.2)

V. = % > /dxl/dX2U (x1—%2) ¥} (x1) W], (x2) ¥y, (%2) ¥, (x1)

01,02

Vo = —UZ/dxl/dxzv (x1—%2) ¥} (x2) 1y, (x2) no (5.3)

The last piece, V,, represents the interaction between a “neutralizing background”
of the same uniform density ng as the electrons. The potential is the Coulomb
potential

e2

v(x1—%2) = (5.4)

|x1—x3]

Let us say we want to compute the one-body Green’s function in the interaction
representation

Tr :EfﬁKOTT ([7 (5’71)%11 (x1,71) [7(71772)777122 (x2,72) 0(72,0))}
Tr {e—ﬁKOﬁ(ﬂ,O)}

galo'g (X17 T1;X2, 7_2)

Tr :e*'gKDTT ((7 (8,0) @gl (x1,71) 17)12 (x2, 72))}
B Tr [efﬁKOﬁ(ﬂ,O)]

We do not write explicitly the interaction with the neutralizing background since
it will be obvious later when it comes in. Then, the evolution operator is

exp (- /0 Y i (Tl)ﬂ

Note that by definition of the interaction representation,

U(B,0) =T,

‘7 (7'1) = eKoT1 [% Z /dxl /ngU (Xl_x2) wi1 (Xl) wiz (X2) wUQ (X2) wol (Xl)‘| e—Korl

01,02
(5.7)
Inserting everywhere the identity operator e ~%071eX071 this can be made to have
a more symmetrical form

1 B8
exp (—5 Z / dTl/dxl/de X
0
o~ /\T o~

U(/B,O) = TT

01,02

~

v (x1—X2) 1/)11 (x1,71) ¥y, (X2,71) ¥y (X2,71) Y,y (x1,71)>}(5.8)

This can be made even more symmetrical by defining the potential,

V0'170'2 (Xla Tl;XQaTQ) = Lé (7-1 - TQ) (59)

T xi—xs|
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The right-hand side is independent of spin. In addition to being more symmetrical,
this definition has the advantage that we can introduce the short-hand notation

V(1,2) (5.10)

where
(1) = (x1,71;01) (5.11)

The evolution operator now systematically involves integrals over time space and
a sum over spin indices, so it is possible to further simplify the notation by intro-

ducing ,
/:/ dTl/dxl > (5.12)
1 0 o1==+x1

Y (1) = /(Za'l (x1,71) (5.13)

Note that we have taken this opportunity to remove hats on field operators. It
should be clear that we are talking about the interaction representation all the
time when we derive Feynman’s rules.

With all these simplifications in notation, the above expressions for the Green’s
function Eq.(5.5) and the time evolution operator Eq.(5.8) take the simpler looking
form

and

Trle”PXor, (UB,0¢1)¢! (2))]
Trle=FKoU(5,0)]

G(1,2)=— (5.14)

U 3,0 =T [exp (<3 [, [, VL2 T @uv@e )] (515)

5.1.2 In position space

We now proceed to derive Feynman’s rules in position space. Multiplying nu-
merator and denominator of the starting expression for the Green’s function by
1/Tr [efﬁHO} we can use the linked cluster theorem in Subsection(4.7.2) to argue
that we can forget about the power series expansion of the evolution operator in
the denominator, as long as in the numerator of the starting expression Eq.(5.14)
only connected terms are kept. The perturbation expansion for the Green’s func-
tion thus takes the form

G(1,2) = (T (VB0 v W¥ @) (5.16)
The average is over the unperturbed density matrix and only connected terms are
kept. A typical term of the power series expansion thus has the form

(5] [rae oe@eesm) soe))

n! 0.

(5.17)
To evaluate averages of this sort, it suffices to apply Wick’s theorem. Since this
process becomes tedious and repetitive, it is advisable to do it once in such a way
that simple systematic rules can be extracted that will allow us to write from the
outset the simplest expression for a term of any given order. The trick is to write
down diagrams and rules both to build them and to associate with them algebraic

expressions. These are the Feynman rules.
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Wick’s theorem tells us that a typical average such as Eq.(5.17) is decomposed
into a sum of products of single particle Green’s function. Let us represent a
Green’s function by a straight line, as in Fig.(5-1). Following the convention of
Ref.([4]) the arrow goes from the left most to the right most label of the corre-
sponding Green’s function. Going from the creation to the annihilation operator
might have been more natural and would have lead us to the opposite direction
of the arrow, as for example in Ref.([5]). Nevertheless it is clear that it suffices to
stick to one convention. In any case, contrary to older diagrammatic perturbation
techniques, with Feynman diagrams the arrow represents the propagation of either
and electron or a hole and the direction is irrelevant. The other building block
for diagrams is the interaction potential which is represented by a dotted line. To
either end of the dotted line, we have a Green’s function that leaves and one that
comes in, corresponding to the fact that there is one v and one 1/1* attached to
any given end of a dotted line. The arrow heads in Fig.(5-1) just reminds us of
this. They are not really part of the dotted line. Also, it does not matter whether
the arrows come in from the top or from the bottom, or from left or right. It is
only important that each end of the dotted line is attached to one incoming and
one outgoing line.

> _— e = =
G (1,2) V(1,2

Figure 5-1 Basic building blocks of Feynman diagrams for the electron gas.

Let us give an example of how we can associate contractions and diagrams.
For a term with n = 1, a typical term would be

(|5 L rengogesepmpoye)) e

2 3

We have marked by a the same number every operator that belongs to the same
contraction. The corresponding algebraic expression is

*%/ / V(1,2)6(1,1)6(1,2)G(2,2) (5.19)

and we can represent it by a diagram, as in Fig.(5-2)Clearly, exactly the same

G (1,1 V(1°,2) G(22)

Figure 5-2 A typical contraction for the first-order expansion of the Green's function.
THe Fock term.

contribution is obtained if the roles of the fields at the points 1’ and 2’ above are
interchanged. More specifically, the set of contractions

(5 L rengogesevmpoye]) e

2 3 3
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gives the algebraic expression
1
—5/ / V(1,2¢(2,1)6(1,2)G(1',2) (5.21)
1 Jo

which, by a change of dummy integration variable, 1’ « 2’ gives precisely the
same contribution as the previous term.

We need to start to be more systematic and do some serious bookkeeping.
Let us draw a diagram for each and every one of the possible contractions of this
first order term. This is illustrated in Fig.(5-3). A creation operator is attached
to point 2 while a destruction operator is attached to point 1. At either end of
the interaction line, say at point 1’, is attached one creation and one annihilation
operators. We must link every destruction operator with a creation operator in
all possible ways, as illustrated in the figure. The diagrams marked A and B are
disconnected diagrams, so they do not contribute. On the other hand, by changing
dummy integration variables, it is clear that diagrams C' and D are equal to each
other, as diagrams F and F are. The algebraic expressions for diagrams E and
F are those given above, in Eqgs.(5.19)(5.21). In other words, if we had given
the rule that only connected and topologically distinct diagrams contribute and
that there is no factor of 1/2, we would have written down only diagram C' and
diagram F and obtained correctly all the first order contributions. Two diagrams
are topologically distinct if they cannot be transformed one into the other by
“elastic” changes that do not cut Green’s functions lines.

' 2

I’ 2 0‘"'0 A

—

Figure 5-3 All possible contractions for the first-order contribution to the Green's
function. A line must start at point 1 illustrated in the box on the left, and one line
must end at 2. Lines must also come in and go out on either side of the dotted line.

F

For a general diagram of order n in the interaction, there are n interaction
lines and 2n + 1 Green’s functions. To prove the last statement, it suffices to
notice that the four fermion fields attached to each interaction line correspond to
four “half lines” and that the creation and annihilation operators corresponding
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to the “external” points 1 and 2 that are not integrated over yield one additional
line. Consider two connected diagram of order three say, as in Fig.(5-4). The
two diagrams there are clearly topologically equivalent, and they also correspond
precisely the same algebraic expression as we can see by doing the change of
dummy integration variables 3’ < 5" and 4’ < 6. In fact, for any given topology,
we can find 3! x 23 contractions that lead to diagrams with the same topology.
The 3! corresponds to the number of ways of choosing the interaction lines to
which four fermion lines attach, and the 23 corresponds to the fact that for every
line there are two ends that one can interchange. For a diagram of order n, there
are thus 2"n! contractions that all have the same topology and that cancel the
1/(2"n!) coming from the expansion of the exponential and the 1/2 in front of
each interaction V (1/,2') .

Figure 5-4 Two topologically equaivalent diagrams of order 3.

From what precedes then, it is clear that we can find all contributions for
G (1,2) to order n by the following procedure that gives rules for drawing diagrams
and for associating an algebraic expression to them.

1. Draw two “external” points, labeled 1 and 2 and n dotted lines with two
ends (vertices). Join all external points and vertices with lines, so that each
internal vertex has a line that comes in and a line that comes out while
one line comes in external point 2 and one line comes out of point 1. The
resulting diagrams must be i) Connected, ii) Topologically distinct (cannot
be deformed one into the other).

2. Label all the vertices of interaction lines with dummy variables representing
space, imaginary time and spin.

3. Associate a factor G (1,2) to every line going from a vertex or external point
labeled 1 to a vertex or external point labeled 2.

4. Associate a factor V (1,2') to every dotted line between a vertex labeled 1’
and a vertex labeled 2'.

5. Integrate on all internal space, imaginary time and spin indices associated
with interaction vertices. Notice that spin is conserved at each interaction
vertex, as we can explicitly see from the original form of the interaction
potential appearing in, say, Eq.(5.8). (And now the last two rules that we
have not proven yet)

6. Associate a factor (—1)" (=1)F to every diagram. The parameter n is the
order of the diagram while F' is the number of closed fermion loops.

7. Associate to every fermion line joining two of the vertices of the same inter-
action line (Fig.(5-5)) the factor

g (1, 2+) = 71]11% gah@ (Xl,Tl;XQ,Tl + 77) (522)
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This rule must be added because otherwise the rules before are ambiguous
since the Coulomb potential is instantaneous (at equal time) and Green’s
functions have two possible values at equal time. So it is necessary to specify
which of these values it takes.

Figure 5-5 Pieces of diagrams for which lead to equal-time Green's functions and
for which it is necessary to specify how the 7 — 0 limit is taken.

Proof of the overall sign of a Feynman diagram

To prove the rule concerning the overall sign of a Feynman diagram, consider the
expression for a n’th order contribution before the contractions. We leave out the
factors of V and other factors to concentrate on field operators, their permutations
and the overall sign.

(e <TT [ [ L] [ eastesee.. 6
ot en— et @ e e en - v 1) @) (5:24)

0,c
This expression can be rearranged as follows without change of sign by permuting
one destruction operator across two fermions in each group of four fermion fields
appearing in interactions

—(-1)" <TT [/ //ZTH/M (v' () wa)) ('@ e@)...

(v (en=pt)wen—) (v (en)") ven) vt )]) (629)
We have grouped operators with parenthesis to illustrate the appearance of density
operators, and we have added plus signs as superscripts to remind ourselves of the
original order when we have two fields at equal time. By the way, this already
justifies the equal-time rule Eq.(5.22) mentioned above. To clear up the sign
question, let us now do contractions, that we will identify as usual by numbers
under each creation-annihilation operator pair. We just make contractions in series
so that there is a continuous fermion line running from point 1 to point 2 without
fermion loops. More specifically, consider the following contractions

— (=" <TT U //.../ZH %gf (1/+)@1z;(1’)@ff (2/+)1§(2/).é. (5.26)
o (=) v ey (o) v g s fo))

2n—29n_2 2n—1 2n—1 2n+1 2n 2n+1

Not taking into account the — (—1)" already in front of the average, the contrac-
tions labeled 1 to 2n — 1 give a contribution

(-1)>"'G(1,2)G(2'3)...G(2n — 1,2n) (5.27)

where the overall sign comes from the fact that the definition of G has the cre-
ation and annihilation operators in the same order as they appear in the above
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contractions, but an overall minus sign in the definition. For the contraction la-
beled 2n one must do an even number of permutation to bring the operators in
the order 1 (1) 9" (1't) so one obtains a factor —G (1,1'*) . Similarly, accounting
for the new position of 1/JT (1'"), an even number of permutations is necessary to
bring to operators in the order ¥ (2n) 1" (2) so that an overall factor —G (2n, 2) is
generated. The overall sign is thus

G VG Vi GRS CE Vi (5.28)

In the contractions we have just done there is no closed fermion loop, as illustrated
in Fig.(5-6) for the special case where 2n = 4.

Figure 5-6 Example of a contraction without closed fermion loop.

Now all we need to show is that whenever we interchange two fermion operators
we both introduce a minus sign and either form or destroy a closed fermion loop.
The first part of the statement is easy to see. Consider,

(1, [t @) (whev..v) vt @]) (5.29)
Suppose we want to compare two sets of contractions that differ only by the
fact that two creation operators (or two annihilation operators) interchange their
respective role. In the time-ordered product above, bringing ¥ (1') to the left of
¥'(2) produces a sign (—1)” where p is the number of necessary permutations.
Then, when we take ¢ (2) where ¢ (1) was, we create an additional factor of
(=1)"™ because 1T (2) has to be permuted not only with the operators that were
originally there but also with wT (1") that has been brought to its left. The overall
sign is thus (—1)**" = —1, which is independent of the number of operators
originally separating the fields. Clearly there would have been something wrong
with the formalism if we had not obtained this result. Diagrammatically, if we start
from the situation in Fig.(5-6) and interchange the role of two creation operators,
as in Fig.(5-7), then we go from a situation with no fermion loops to one with one
fermion loop. Fig.(5-8) illustrates the case where we interchange another pair of
creation operators and clearly there also a fermion loop is introduced. In other
words, by interchanging two creation operators (or two annihilation operators) we
break the single fermion line, and the only way to do this is by creating a loop
since internal lines cannot end at an interaction vertex. This completes the proof
concerning the overall sign of a diagram.

Spin sums

A remarks is in order concerning spin. In a diagram without loops, as in Fig.(5-
6), there is a single spin label running from one end of the diagram to the other.
Every time we introduce a loop, there is now a sum over the spin of the fermion
in the loop. In the special case where V (1,2) is independent of the spins at the
vertices 1 and 2, as is the case for Coulomb interactions, then it is possible to
simply disregard spin and add the rule that there is a factor of 2 associated with
every fermion loop.
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Figure 5-7 Creation of loops in diagrams by interchange of operators: The role of
the two creation operators indicated by ligth arrows is interchanged, leading from a
diagram with no loop, as on top, to a diagram with one loop. The diagram on the
bottom is the same as the one in the middle. It is simply redrawn for clarity.

, - — , — — ~
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Figure 5-8 Interchange of two fermion operators creating a fermion loop.
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5.1.3 In momentum space

Starting from our results for Feynman’s rule in position space, we can derive
the rules in momentum space.[8] First introduce, for a translationally and spin
rotationally invariant system, the definition

B
Go (k) = /d(x1 - x2)/ d (11 — 7o) e K Fimx2)pibn(mi=72)G (1 _9)  (5.30)
0

In this expression, k,, is a fermionic Matsubara frequency and the Green’s function
is diagonal in spin indices o1 and os. For clarity then, we have explicitly written
a single spin label. For the potential we define

B . ,
Voo (@) = /d(xl - X2)/ d (11 — 7o) e i amx2) glan(T1=72) Voo (1-2)
0

(5.31)
where g, is, this time, a bosonic Matsubara frequency, in other words

gn = 2n7T (5.32)

with n and integer. Again we have explicitly written the spin indices even if
Vs,o (1 —2) is independent of spin. The spin o is the same as the spin of the two
propagators attaching to the vertex 1 while ¢’ is the same as the spin of the two
propagators attaching to the vertex 2.

Remarque 82 General spin-dependent interaction: In more general theories,
there are four spin labels attached to interaction vertices. These labels corre-
spond to those of the four fermion fields. Here the situation is simpler because
the interaction not only conserves spin at each vertex but is also spin independent.

To find the Feynman rules in momentum space, we start from the above po-
sition space diagrams and we now write G (1 —2) and V (1 — 2) in terms of their
Fourier-Matsubara transforms, namely

3 oo
Gr(1-2) = / (;l 1){‘3T Y eltmleminnTrag, (k) (5.33)
Q n=-—oo
a — ;
Voo (1—2) = / (2 (;3T Y atameleninmmTIy, o (g) (5.34)
™ n=-—oo

Then we consider an internal vertex, as illustrated in Fig.(5-9), where one has to

Figure 5-9 A typical interaction vertex and momentum conservation at the vertex.

do the integral over the space-time position of the vertex, 1’. Note that because
V(1-2)=V(2-1), we are free to choose the direction of q on the dotted line
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at will. Leaving aside the spin coordinates, that behave just as in position space,
the integral to perform is

& . ;o , .
/dx/l/ drheltlateta X emilhnkanta)™ — (21)7 5 (ki — ko + Q) B8k, ka0
0

(5.35)
The last delta is a Kronecker delta. Indeed, the sum of two fermionic Matsubara
frequencies is a bosonic Matsubara frequency since the sum of two odd numbers is
necessarily even. This means that the integral over 7} is equal to 3 if k1., — ko, +
¢n = 0 while it is equal to zero otherwise because exp (i (k1,n, — k2. + gn) 7)is
periodic in the interval 0 to (. The conclusion of this is that momentum and
Matsubara frequencies are conserved at each interaction vertex. In other words,
the sum of all wave vectors entering an interaction vertex vanishes. And similarly
for Matsubara frequencies. This means that a lot of the momentum integrals
and Matsubara frequency sums that occur in the replacements Egs.(5.33) and
(5.34) can be done by simply using conservation of momentum and of Matsubara
frequencies at each vertex.
The Feynman rules for the perturbation expansion of the Green’s function in
momentum space thus read as follows.

1. For a term of order n, draw all connected, topologically distinct diagrams
with n interaction lines and 2n + 1 oriented propagator lines, taking into
account that at every interaction vertex one line comes in and one line comes
out.

2. Assign a direction to the interaction lines. Assign also a wave number and
a discrete frequency to each propagator and interaction line, conserving mo-
mentum and Matsubara frequency at each vertex.

3. To each propagator line, assign

G (k) (5.36)

— 1
- ikn_(ek_ﬂ)

(We have to remember that the propagator is independent of spin but still
carries a spin label that is summed over.)

4. To each interaction line, associate a factor Vi . (¢), with ig, a bosonic
Matsubara frequency. Note that each of the spin labels is associated with
one of the vertices and that it is the same as the spin of the fermion lines
attached to it.

5. Perform an integral over wave vector and a sum over Matsubara frequency,
3
namely [ %T oo for each momentum and frequency that is not fixed
by conservation at the vertex.

6. Sum over all spin indices that are not fixed by conservation of spin.

7. Associate a factor (—1)" (—1)F where F' is the number of closed Fermion
loops to every diagram of order n.

8. For Green’s functions whose two ends are on the same interaction line, as
in Fig.(5-5), associate a convergence factor e’*»" before doing the sum over
Matsubara frequency k. (This corresponds to the choice G (1,2%) in the
position-space rules above).

The remark done at the end of the previous section concerning spin sums also
applies here.
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5.1.4 Feynman rules for the irreducible self-energy

As in the one-body case that we studied in a preceding chapter, straight pertur-
bation theory for the Green’s function is meaningless because

e It involves powers of G2 (k) and hence the analytically continued function
has high order poles at the same location as the unperturbed system whereas
the Lehman representation tells us that the interacting Green’s function has
simple poles.

e High order poles can lead to negative spectral weight.[7] For example, the
first order contribution to the spectral weight A (k) = —2Im G® would be
given by a term proportional to

1 9 1
e ((W+in—(ek—u))2> - M <w+in—(€k—ﬂ)>

= s (e—m)  (537)

The derivative of the delta function can be infinitely positive or negative.

As before, the way out of this difficulty is to resum infinite subsets of diagrams
and to rewrite the power series as

(G0 (k) = G2 (k) + G2 (k) 2, (1) G, (k)] (5.38)

or
1

(G2 (k)™ = %o (k)

This is the so-called Dyson equation. The iterative solution of this equation

9o (k) = (5.39)

Go (k) = Gg (k) + G5 (k) X0 (k) Gg (k) + Gg (k) Bo (k) Gy (k) S (k) Gy (k) + ..

clearly shows that all diagrams that can be cut in two pieces by cutting one fermion
line G2 (k) will automatically be generated by Dyson’s equation. In other words,
we define the one-particle irreducible self-energy by the set of diagrams that are
generated by Feynman’s rules for the propagator but that, after truncating the
two external fermion lines, cannot be cut in two disjoint pieces by cutting a GO (k)
line. As an example, the diagram on the left of Fig.(5-10) is one-particle reducible
and hence does not belong to the one-particle irreducible self-energy, but the two
diagrams on the right of this figure do.

Remarque 83 Terminology: To be shorter, one sometimes refers to the one-
particle irreducible self-energy using the term “proper self-energy”. In almost
everything that follows, we will be even more concise and refer simply to the self-
energy. We will mean one-particle irreducible self-energy. The other definitions
that one can give for the self-energy do not have much interest in practice.

5.1.5 Feynman diagrams and the Pauli principle

Since operators can be anticommuted at will in a time-ordered product at the
price of a simple sign change, it is clear that whenever there are two destruction
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Figure 5-10 Diagram on the left is one-particle reducible, and hence is not an
acceptable contribution to the self-energy. The two diagrams on the right however are
acceptable contributions to the one-particle irreducible self-energy. In these diagrams,
k is the external momentum and Matsubara frequency label while o is the external
spin label. There is a sum over the variables k', ¢ and ¢’ and over the spin ¢’.

operators or two creation operators for the same state, the contraction should
vanish. This is just the Pauli principle. On the other hand, if we look at a
self-energy diagram like the middle one in Fig.(5-10) there are contributions that
violate the Pauli principle. Indeed, suppose we return to imaginary time but stay
in momentum space. When we perform the sum over wave vectors and over spins
in the closed loop, the right-going line with label k’ +q in the loop will eventually
have a value of k/ and of spin such that it represents the same state as the bottom
fermion line. Indeed, when k’+q = k — q and spins are also identical, we have two
fermion lines in the same state attached to the same interaction line (and hence
hitting it at the same time) with two identical creation operators. Similarly we
have two identical destruction operators at the same time attached to the other
interaction line. This means that this contribution should be absent if the Pauli
principle is satisfied. What happens in diagrams is that this contribution is exactly
canceled by the diagram where we have exchanged the two right-going lines, in
other words the last diagram on this figure. Indeed, this diagram has opposite sign,
since it has one less fermion loop, and the special case q = q' precisely cancels the
unwanted contribution from the middle graph in Fig.(5-10). That this should
happen like this is no surprise if we return to our derivation of Wick’s theorem.
We considered separately the case where two fermions were in the same state and
we noticed that if we applied Wick’s theorem blindly, the Pauli violating terms
would indeed add up to zero when we add up all terms.

The important lesson of this is that unless we include all the exchange graphs,
there is no guarantee in diagrammatic techniques that the Pauli principle will be
satisfied. We are tempted to say that this does not matter so much because it is
a set of measure zero but in fact we will see practical cases in short-range models
where certain approximate methods do unacceptable harm to the Pauli principle.

5.2 Collective modes and dielectric function

The main physical quantity we want to compute and understand is the longitudinal
dielectric constant. Indeed, we have seen in the chapter on correlation functions
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that inelastic electron scattering Eq.(2.271) measures

2 q°

2
1—e P

The longitudinal dielectric constant itself is given by Eq.(2.270)

( W) =1- _Qpr(q7 ) N (541)

The physical phenomenon of screening will manifest itself in the zero-frequency

limit of the longitudinal dielectric constant, % (q,0) . Plasma oscillations on the

other hand should come out from the finite frequency zeros of this same function
L (q,w) = 0, as we expect from our general discussion of collective modes.

We will start this section by a discussion of the Lindhard function, namely
X2 (q,w) for the free electron gas. We will interpret the poles of this function.
Then we introduce interactions with a simple physical discussion of screening and
plasma oscillations. A diagrammatic calculation in the so-called Random phase
approximation (RPA) will then allow us to recover in the appropriate limiting
cases the phenomena of screening and of plasma oscillations.

5.2.1 Definitions and analytic continuation

We want the Fourier transform of the density-density response function. First
note that

Nq

/ d*re~Ty 021 / d*re Tyl (r) 4, (r) (5.42)

( 2 Z / d*re~'aT Z Z e’k Te ik rcL oCK' o (5.43)
k K
= ZZCkﬁqﬁq,g (5.44)
o k

As before, V is the quantization volume of the system. We can obtain the retarded
density-density response function from

X’r}fn (a,w) = limig, —wtin Xnn (4, 1qn) (5.45)

with ig, a bosonic Matsubara frequency, as required by the periodic boundary
condition obeyed by the Matsubara density response in imaginary time. The
above two functions are defined by

B
iqn) = 3pe—id (r—r') el (T, [én (r,7) én (v, )
Claia) = [ | dreinm (@ pon ey o0 07, 0) (5.46)
B
_ % /O T (T (g () Sn_q (0)])  dr (5.47)
dlaw =5 [ iong @) onq OO0 & G

Analytic continuation for density response To prove the analytic continu-
ation formula for the density response Eq.(5.45), one can simply use the
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Lehman representation or deform the integration contour in the Matsubara
representation, as we did for propagators in Sec.(4.5.3). (See Egs.(4.160) and
(4.156) in particular). The fact that we have bosonic Matsubara frequencies
means that we will have a commutator in real frequency instead of and anti-
commutator because this time e*% = 1 instead of —1. Furthermore, notice
that whether the retarded density response is defined with n (q,t) or with

on (a,t) =n(qt) — (n(q,t)) = n(qt) —ne (2m)° 6 (q)

is irrelevant since a constant commutes with any operator. On the other
hand the subtraction is essential in the Matsubara representation to be able
to have an integrand that falls sufficiently fast at large 7. Otherwise, the
q = 0 component that is time independent and has a non-zero average would
not decay with 7 and we would not be able to deform the contour.

Remarque 84 The density response function is also called charge susceptibility.

5.2.2 Density response in the non-interacting limit: Lindhard function

To do the calculation in the non-interacting case, it suffices to use Wick’s theorem.

N
Xon (9 00n) = % / dre' "N "N NN (5.49)
0 o k o K

<TT

Only the contractions indicated survive. The other possible set of contractions is
canceled by the disconnected piece. Using momentum conservation, all that is left
is

T T T T
Ck,a (7') Cktq,0 (T)Ck’,o—’ck'—IQaU"| > — <Ck,ack7‘7>o <Ck/’0/0k/7g/>0 6q70‘|
1 2
0

2

IR
X2, (a,igq,) = Y / dre'dn” Z Z G2 (k+q,7) G (k,—7) (5.50)
0 o k

Going to the Matsubara frequency representation for the Green’s functions, and
using again the Kronecker delta that will arise from the 7 integration, we are
left with something that looks like what could be obtained from the theorem for
Fourier transform of convolutions

1

0 . _ 0 . . 0 .
Xnn(qv an) - _v . ET; ga (k + qaan + an) ga (k’lkn) (551)

where as usual we will do the replacement in the infinite volume limit
1 d*k
= - | — 5.52
1% Zk: / (27r)5 ( )

Remarque 85 Although we have not derived Feynman rules for x,,, it is clear
that the last expression could have been written down directly from the diagram in
Fig.(5-11) if we had followed trivial generalizations of our old rules. There is even
an overall minus sign for the closed loop and a sum over wave vectors, Matsubara
frequency and spin inside the loop since these are not determined by momentum
conservation. However, we needed to perform the contractions explicitly to see this.
In particular, it was impossible to guess the overall sign and numerical factors since
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k+q

Figure 5-11 Diagram for non-interacting charge susceptibility. Note that the dotted
lines just indicate the flow of momentum. No algebraic expression is associated with
them.

Feynman’s rules that we have developed were for the Green’s function, not for the
susceptibility. Now that we have obtained the zeroth order term it is clear how
to apply Feynman rules for the terms of the perturbation series. But this is the
subject of another subsection below.

The sums over Matsubara frequency should be performed first and they are
easy to do. The technique is standard. First introduce the notation

(k=cek—p (5.53)
then use partial fractions
1 1
TS G (k+ qikn +ign) G2 (kjik,) =T Y - , , 5.54
% ( ) ( ) ZZ ik + 1qn — Ck—&-q lkn - Ck ( )

0 o d*k [ 1 1 ] 1
Xnn(q’ an) 2/ (QT)ST% an - Ck an + iQn - <k+q iQn - CkJrq + Ck
(5.55)
The factor of two comes from the sum over spins. Before the partial fractions,
the terms in the ik, series decreased like (ik;n)_2 so no convergence factor is
needed. After the decomposition in partial fractions, it seems that now we need
a convergence factor to do each sum individually. Using the general results of the
preceding chapter for Matsubara sums, Eqs.(4.202) and (4.203), it is clear that as
long as we take the same convergence factor for both terms, the result is

&k f(G) = f (Cerq)
27‘(’)3 Z.qn + Ck - Ck+q

independently of the choice of convergence factor.
The retarded function is easy to obtain by analytic continuation. It is the
so-called Lindhard function

dsk £ —F(Ciera)
Xnn q,w _2f ( W‘H’H'Ck ijq (557)

This form is very close to the Lehman representation for this response function.
Clearly at zero temperature poles will be located at w = (j 4 — ( as long as the
states k and k + q are not on the same side of the Fermi surface. These poles are
particle-hole excitations instead of single-particle excitations as in the case of the
Green’s function. The sign difference between (y 4 and ¢y comes from the fact
that one of them plays the role of a particle while the other plays the role of a
hole.
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Remarque 86 Diagrammatic form of particle-hole excitations: If we return to
the diagram in Fig.(5-11), we should notice the following general feature. If we
cut the diagram in two by a vertical line, we see that it is crossed by lines that
go in opposite directions. Hence, we have a particle-hole excitation. In particle-
particle or hole-hole excitations, the lines go in the same direction and the two
single-particle energies Cy g and Cy add up instead of subtract.

Remarque 87 Absorptive vs reactive part of the response, real vs virtual excita-
tions: There is a contribution to the imaginary part, in other words absorption, if
for a given k and q energy is conserved in the intermediate state, i.e. if the condi-
tion w = (i q — Ck 18 realized. If this condition is not realized, the corresponding
contribution is reactive, not dissipative, and it goes to the real part of the response
only. The intermediate state then is only virtual.

Zero-temperature value of the Lindhard function: the particle-hole con-
tinuum

To evaluate the integral appearing in the Lindhard function, which is what Lind-
hard did, it is easier to evaluate the imaginary part first and then to obtain the
real part using Kramers-Kronig. Let us begin

I (qw) = 2 / %[f<<k>—f(ckm)]é(wck—cm) (5.58)

o / %f@k) [6 (4 e~ Cer) = 6 (@0 + Cie_q — )]

Doing the replacement f ({y) = 0 (kr — k), going to polar coordinates with q
along the polar axis and doing the replacement e = k?/2m, we have

1 ke ! m w—¢ w+e
0R _ L 2 m a B a
Im x, i (q,w) = 277/0 k dk[ld(cosﬂ) T [5 ( Fam cos@) 1) ( Fa/m cos

(5.59)
It is clear that this strategy in fact allows one to do the integrals in any spatial
dimension. One finds, for an arbitrary ellipsoidal dispersion[10]

d k?»Q
1 = ; o (5.60)
H?: Qmi
Im ;7 (q,w) = 1 )

D (B) 2y

(w _5q>2 (w _5q>2 = (W+5q)2 (w+5q)2
(s ] o )

The real part is also calculable[10] but we do not quote it here.

The appearance of this function in low dimension is quite interesting. Figures
(5-12)(5-13) and (5-14) show the imaginary part of the Lindhard function in,
respectively, d = 1,2,3. The small plots on the right show a cut in wave vector
at fixed frequency while the plots on the left show Im x%%(q,w) on the vertical
axis, frequency going from left to right and wave vector going from back to front.
In all cases, at finite frequency it takes a finite wave vector q to have absorption.
If the wave vector is too large however the delta function cannot be satisfied and
there is no absorption either. The one dimensional case is quite special since at
low frequency there is absorption only in a narrow wave vector band. This has a

d—1

2
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profound influence on the interacting case since it will allow room for collective
modes to propagate without absorption. In fact, in the interacting one-dimensional
case the collective modes become eigenstates. This will lead to the famous spin-
charge separation as we will see in later chapters. In two dimensions, there is a
peak at ¢ = 2kp that becomes sharper and sharper as the frequency decreases
as we can more clearly see from the small plot on the right.[10] By contrast, the
three-dimensional function is much smoother, despite a discontinuity in slope at
q = 2kp. The region in q and w space where there is absorption is referred to as
the particle-hole continuum.

. 0.595
0.4
115 ! ! 6.1I5
X<ki,0.8> 024 —
ol 11! | |
0 2 4 6 8

M

Figure 5-12 Imaginary part of the Lindhard function in d = 1 on the vertical axis.
Frequency increases from left to right and wave vector from back to front.
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Figure 5-13 Imaginary part of the Lindhard function in d = 2. Axes like in the d =1
case.

To understand the existence of the particle-hole continuum and its shape, it
is preferable to return to the original expression Eq.(5.58). In Fig.(5-15) we draw
the geometry for the three-dimensional case.[11] The two “spheres” represent the
domain where each of the Fermi functions is non-vanishing. We have to integrate
over the wave vector k while q is fixed. The energy conservation tells us that all
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Figure 5-14 Imaginary part of the Lindhard function in d = 3. Axes like in the d =1
case.

wave vectors k located in the plane
2 k
w— I g
m

o (5.62)

are allowed. This plane must be inside the left most sphere and outside the right
most one or vice versa (not shown). It cannot however be inside both or outside
both. That is why when the plane intersects the region where both spheres overlap,
the domain of integration becomes an annulus instead of a full circle. When this
occurs, there is a discontinuous change in slope of Im x%%(q,w). This occurs when
the vectors k + q and k are antiparallel to each other and when k is on the Fermi

surface. The corresponding energy is

K (kr—q)°

s 5~ = UFd~q (5.63)

Wehange =

This line, Wehange (¢), is shown in Fig.(5-16). Clearly the cases ¢ < 2kp and
q > 2kp are also different. The figure (5-15) illustrates the case ¢ < 2kp. In the
latter case, the maximum value of w is found by letting k 4+ q and k be parallel
to each other while k sits right on the Fermi surface. This gives
(ke +9)° k%
Wmax — T — % (564)
= eqturq ; q<2kp (5.65)

The minimum allowed value of w vanishes since both arrows can be right at the
Fermi surface in the annulus region.

Wmin =0 ; ¢g<2kp (5.66)

For the other case, namely ¢ > 2kp the maximum allowed value of w is exactly
the same as above, but there is now a minimum value, given by the case where
k + q and k are antiparallel and k is on the Fermi surface
2
)

min = — = - 5 2k .
w o 5 €q —VFq; > 2kp (5.67)

The region in w and q space where Im %2 (q,w) is non-vanishing, the particle-
hole continuum, is illustrated schematically in Fig.(5-16) for positive frequency.

Since Im xY%(q,w) is odd in frequency, there is a symmetrical region at w < 0.
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Figure 5-15 Geometry for the integral giving the imaginary part of the d = 3

Lindhard function. The wave vectors in the plane satisfy energy conservation as well
as the restrictions imposed by the Pauli principle. The plane located symmetrically
with respect to the miror plane of the spheres corresponds to energies of opposite

sign.

Figure 5-16 Schematic representation of the domain of frequency and wave vector

where there is a particle-hole continuum.
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5.2.3 Expansion parameter in the presence of interactions: rg

In the presence of interactions, it is convenient to define a dimensionless constant
that measures the strength of interactions relative to the kinetic energy. If the
kinetic energy is very large compared with the interaction strength, perturbative
methods may have a chance. In the hydrogen atom, potential and kinetic energy
are comparable. That defines a natural distance for interacting electrons, namely
the Bohr radius. Let us remind ourselves of what this number is. Using the un-
certainty principle, we have Ak ~ ay ! 5o that the kinetic energy can be estimated
as 1/ (ma%) and the value of ag itself is obtained by equating this to the potential
energy
1 e?

= — 5.68
ma2  ap (5.68)
giving us for the Bohr radius, in standard units,
n? —10 y
ag=—75 =0.529 x 10""m ~ 0.54 (5.69)
me

It is standard practice to define the dimensionless parameter r¢ by the equation

o p— 370
where
_ ki (5.71)
ng = 371'2 .
is the density of electrons. Another way to write r, is then
_ (9m\1/3
Ts = (97) kplao (572)

In a way, r; is the average distance between electrons measured in units of the Bohr
radius. Large rs means that the electrons are far apart, hence that the kinetic
energy is small. Using the same uncertainty relation as in the hydrogen atom, this
means that interactions are more important than kinetic energy. Conversely, at
small r; kinetic energy is large compared with interactions and the interactions
are much less important than the kinetic energy. It is natural then to expect that
rs is a measure of the relative strength of the interactions or, if you want, an
expansion parameter. A way to confirm this role of 74 is to show that

Potential e’kp me? 1 1 1/3

Kinetic  k2/2m kg kpag <n0a%> T

These estimates are obtained as follows. The average momentum exchanged in

interactions is of order kg so that e2 /7~ ek should be a sensible value for the

average potential energy while the kinetic energy as usual is estimated from Ep.

It may be counterintuitive at first to think that interactions are less important

at large densities but that is a consequence of the uncertainty principle, not a
concept of classical mechanics.

(5.73)

5.2.4 Elementary approaches to screening and plasma oscillations

Thomas-Fermi screening

The elementary theory of screening is the Thomas-Fermi theory.[9] In this ap-
proach, Poisson’s equation is solved simultaneously with the electrochemical equi-
librium equation to obtain an expression for the potential. The screening will not
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occur over arbitrarily short distance because localizing the electron’s wave func-
tions costs kinetic energy. In fact, at very short distance the potential will be
basically unscreened..
Consider Poisson’s equation for our electron gas in the presence of an impurity
charge p;
—V?6(x) = dr [p; (v) + 6p (1)) (5.74)

The quantity ép (r) is the change in charge density of the background produced
by the charged impurity

5p(x) = p(x) = py = —e [ (x) — no] (5.75)

We need to find n (r). Since density and Fermi wave vector are related, kinetic
energy will come in. Assuming that the Fermi energy and the potential both vary
slowly in space, the relation

o === (5.76)
and electrochemical equilibrium
k% (r) k%
+ (—eo =FEp=—*+ .
om (—eg (r)) o (5.77)

where E is the value of the Fermi energy infinitely far from the impurity potential,
lead immediately to the relation between density and electrostatic potential

nr) KR {kF (x) /2m]3” = <r>>r/2

no ki k% /2m Er

(5.78)

Substituting this back into Poisson’s equation, we have a closed equation for po-
tential

r
F

~ V26 (r) = dnp, (r) — dmnge {(1 - (‘gﬂ)m - 1] (5.79)

In general it is important to solve this full non-linear equation because otherwise
at short distances the impurity potential is unscreened ¢ (r) ~ 1/r which leads
to unphysical negative values of the density in the linearized expression for the

density,
n(r) 3(—eo(r)
~|l———2 5.80
no |: 2 EF ( )

Nevertheless, if we are interested only in long-distance properties, the linear

approximation turns out to be excellent. In this approximation, Poisson’s equation
Eq.(5.79) becomes

6mnge

B (o ) (5:81)

~V6 (r) = dmp; (r) +

We could have arrived directly at this equation by posing

~20(6) = 4 [y 1) — 5" (~e0 (1)

We now proceed to solve this equation, but first let us define

Gy = M];L:Q = 47T62§—Z (5.82)
Then we can write
(=V? + q7r) ¢ (r) = 47p; (x) (5.83)
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whose solution, by Fourier transforms, is

¢ (q) = 2L (5.84)

+arp

The Thomas-Fermi dielectric constant follows immediately since the definition,

¢(a) = 7o (1%0) LZ i2<q) (5.85)

immediately yields, the value of the zero-frequency dielectric constant

el (q,0) = —"223% =1+ qg—F (5.86)

Let us pause to give a physical interpretation of this result. At small distances
(large q) the charge is unscreened since €7, — 1. On the contrary, at large distance
(small g) the sreening is very effective. In real space, one finds an exponential
decrease of the potential over a length scale q;};, the Thomas-Fermi screening
length. Let us write this length in terms of r, using the definition Eq.(5.70) or
(5.72)

EF - k’%/Qm k‘%ao

No= gni= = = 5.87
Irr 6mnge?  6mnge?  12mng ( )

kZad [ A4x 1 /97 2/3
%@@):ag (5 (Z) e (5.88)

Roughly speaking then, for r; < 1 we have that the screening length

52

is larger than the interelectronic distance agrs. In this limit our long wavelength
Thomas-Fermi reasoning makes sense. On the other hand, for 75 > 1 the screening
length is much smaller than the interelectronic distance. It makes less sense to
think that the free electron Hamiltonian is a good perturbative starting point.
Electrons start to localize.

Plasma oscillations

Plasma oscillations are the density oscillations of a free electron gas. The physics
of this is that because the system wants to stay neutral everywhere, electrostatic
forces will want to bring back spontaneous electronic density fluctuations towards
the uniform state but, because of the electron inertia, there is overshooting. Hence
oscillations arise at a particular natural frequency, the so-called plasma frequency.
In other words, it suffices to add inertia to our previous considerations to see the
result come out.

We give a very simple minded macroscopic description valid only in the limit
of very long wave length oscillations. Suppose there is a drift current

j=—engv 5.90
(

Taking the time derivative and using Newton’s equations,

0j ov eng
-~ = —eng— = ——— (—eE 5.91
ot cno ot m (—eE) ( )
we are in a position where one more time derivative
8%  nge? OE
— = 5.92
ot? m Ot (5:92)
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and an appeal to the longitudinal part of Maxwell’s fourth equation

4, 10E
0=—j+—— 5.93
c ‘]+c ot ( )
should give us the desired result, namely
0% dnge?
— = - j 5.94
ot? m (5:94)
This equation has an oscillatory solution at a frequency w,
w2 = 4mnoet (5.95)

the so-called plasma frequency. Since we know that the longitudinal dielectric
constant vanishes at a collective mode, this gives us another expected limit of this
function

limy e, ¥ (@ =0w) = a(w — wp) (5.96)

where a is an unknown, for the time being, positive constant. The sign is deter-
mined from the fact that the dielectric constant must return to a positive value
equal to unity at very large frequency.

5.2.5 Density response in the presence of interactions

We are now ready to start our diagrammatic analysis. Fig.(5-17) shows all charge
susceptibility diagrams to first order in the interaction. The four diagrams on the
second line take into account self-energy effects on the single-particle properties.
We will worry about this later. Of the two diagrams on the first line, the first one
clearly dominates. Indeed, the dotted line leads to a factor 47/q? that diverges at
small wave vectors. On the other hand, the contribution from the other diagram
is proportional to

z/dg—kTZ/ il T G2 (k + quikn +ign) G9 (K,ikn) x
(271_)3 < (271_)3 £ o yLhn Qn) Yo \K;1Rp

4
[P Wk,iz G (K'+qiiky, + ign) Gy (K ik},) (5.97)

which is a convergent integral with no singularity at ¢ = 0.

Remarque 88 For a very short range potential, namely a wave-vector indepen-
dent potential, the situation would have been completely different since the contri-
bution of the last diagram would have been simply minus half of the contribution
of the first one, the only differences being the additional fermion loop in the first
one that leads to a sign difference and a factor of two for spin. We will come back
on this in our study of the Hubbard model.

Let us thus concentrate on the most important contribution at long wave
lengths namely the first diagram. In addition to being divergent as ¢ — 0, it
has additional pathologies. Indeed, it has double poles at the particle-hole exci-
tations of the non-interacting problem while the Lehman representation shows us
that it should not. This problem sounds familiar. We have encountered it with
the single-particle Green’s function. The problem is thus solved in an analogous
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Figure 5-17  Charge susceptibility diagrams to first order in the interaction

manner, by summing an infinite subset of diagrams. This subset of diagrams is
illustrated in Fig.(5-18). It is the famous random phase approximation (RPA).
One also meets the terminology ring diagrams (in the context of free energy cal-
culations) or, more often, one also meets the name bubble diagrams. The full
susceptibility is represented by adding a triangle to one of the external vertices.
That triangle represents the so-called dressed three point vertex. The reason for
this name will come out more clearly later. The full series, represented schemat-
ically on the first two lines of the figure, may be summed to infinity by writing
down the equation on the last line. This equation looks like a particle-hole ver-
sion of the Dyson equation. The undressed bubble plays the role of an irreducible
susceptibility. It is irreducible with respect to cutting one interaction line.

k k K
O O OO
k+q k+q k+q
k k
q q q
k+q k+q
Kk k
. >_Q>
7 a 1 k+
ktq k+q q

Figure 5-18 Bubble diagrams. Random phase approximation.
From our calculation of the susceptibility for non-interacting electrons we know

that Feynman’s rules apply for the diagrams on Fig.(5-18). Each bubble is asso-
ciated with a factor X%, (q,iq,), a quantity defined in such a way that it contains
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the minus sign associated with the fermion loop. The dashed interaction lines each
lead to a factor —Vq = —4me?/q?, the minus sign being associated with the fact
that one more V4 means one higher order in perturbation theory (remember the
(—1)" rule). The sum over bubbles, represented by the last line on Fig.(5-18) is
easy to do since it is just a geometric series. The result is.

2
C N X2 (ayign) . _ Ame
Xnn((l’ lqn) T 1+ VxS, (a,ign) ’ Vq N CJ2 (598)
The corresponding result for the dielectric constant Eq.(5.41) is
1 dme? R _ 1
CT) 1 - p Xnn(Qyw) = TV (q0) (5.99)

Remarque 89 Irreducible polarization: It is customary to call —x°F(q,w) the
first order irreducible polarization H(I)R(q, w) (Irreducible here means that the
diagrams can be connected at each end to an interaction but cannot be cut in two
by cutting an interaction line).

Using our previous results for the susceptibility of non-interacting particles,
the explicit expression for the real and imaginary parts of the dielectric function
in three dimensions at zero temperature is, for positive frequencies

Re [eL(q, w)] = el (q,w) (5.100)

} (5.101)

2
N 17(w§2q) 1n'w+qu+sq
Vg W —VRq+ &g

Im [¢"(q,w)] = €5 (q,w) (5.102)
EL‘Z%F . w<w q—¢
ngquz 3 ) > UFR q
) e (1) wegoe o<t ¢ 452
0 ; w > &g+ URq
zkhp drp (1 (—cg)?). <w< 2%k
19 42 - vl ; €q— VRS w << €4+ VRQ q> F

We now analyze these results to extract five important physical ingredients:
a) There is a particle-hole continuum but the poles are simply shifted from their
old positions instead of becoming poles of high-order. b) There is screening at
low frequency. c¢) There are Friedel oscillations in space. d) There are plasma
oscillations in time. e) At long wave lengths the plasma oscillations exhaust the
f—sum rule.

Particle-hole continuum

Let us first think of a finite system with M discrete poles to see that these have
been shifted. The spectral representation tells us, using the fact that, x//. (q,w’)
is odd

oR _ [ xan(aw)  [d Wi (aw)
Xnn(q7w) - Iy i 2 . \2
T W —w—in T (W) — (w+1in)
M/2

A B (@ +in)® —?)
- o ui— (Wt Z'TI)Q - sz\i/12 (uf —(w+ in)z)

(5.103)
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where A; > 0 and w; are respectively the residue and the location of each pole.
We have combined the sum of fractions on a common denominator so that the
numerator of the last expression has one less power of (w + in)z . We do not need
to specify the values of B and v;. Using this expression for the non-interacting
susceptibility in the result Eq.(5.98) for the RPA susceptibility we find,

R VT (w2 - (w+ m) ) +VaBTIE™" (<“’ win)® i)

(5.104)

The denominator can be rewritten as a polynomial of the same order as the non-
interacting susceptibility, namely of order M/2 in (w + in)*, but the zeros of this
polynomial, corresponding to the poles of the retarded susceptibility, have shifted.

To find out the location of the poles of the charge excitations, at least qualita-
tively, it suffices to look for the domain where the imaginary part is non vanishing.
Using our RPA result Eq.(5.98) and simple algebra

Im< T )_ Y (5.105)
L+x+ay (1+x2)° + 12

we find the following result for the imaginary part

Imxnn(q, w)
(1+ VqRe %8 (q,w))? + (Vo Im x28(q, w))

Im x5, (g, w) = (5.106)

In a discrete system Im %% (q, w) would be proportional to a delta function when-
ever there is a pole in the non-interacting susceptibility. The square of this delta
function that appears in the denominator cancels the corresponding delta function
in the numerator, which is another (less clear) way of saying what we have just
shown in full generality above, namely that in the interacting system the poles are
different from those of the non-interacting system. The new poles are a solution
of

1
A +Rex(q,w) = — + Z 2 7w2 = (5.107)

The solution of this equation may in principle be found graphically as illustrated
in Fig.(5-19). We have taken the simple case M = 6 for clarity. In reality, M — oo
and the separation between each discrete pole is inversely proportional to a power
of the size of the system 1/V. The poles of the non-interacting susceptibility are
right on the vertical asymptotes while those of the interacting system are at the
intersection of the horizontal line 1/V4 and of the lines that behave as 1/ (u; — w)
near every vertical asymptote. Clearly, except for the last two symmetrically
located solutions at large frequency, all the new solutions are very close to those
of the non-interacting system. In other words, the particle-hole continuum is
basically at the same place as it was in the non-interacting system, even though
the residues may have changed. The two solutions at large frequency correspond
to plasma oscillations, as we will see later. They are well separated from the
particle-hole continuum for small ¢ where 1/Vy is very small. However, at large
wave vector it is quite possible to find that the high frequency poles become very
close again to the particle-hole continuum.

Since Im (e’ (q, w)) ot Vo Im X2 (q,w) the zeros of the dielectric constant
are at the same location as the poles of xZ (q,w) and, from what we just said,
these poles are located basically in the same (w,q) domain as the particle-hole
continuum of the non-interacting system, except for possibly a pair of poles. This
situation is illustrated schematically in Fig.(5-20), that generalizes Fig.(5-16)
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Figure 5-19 Graphical solution for the poles of the charge susceptibility in the

interacting system.
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Figure 5-20 Schematic representation of the domain of frequency and wave vector
where there are poles in the charge susceptibility, or zeros in the longitudinal dielectric
function. In addition to the particle-hole continuum, there is a plasma pole.
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Screening

At zero frequency, namely for a static charge perturbation, the imaginary part
of the dielectric constant vanishes, as shown by Eq.(5.102), while the real part
Eq.(5.100) becomes

2 2
L drr 1 kp q ’QI‘FWCF
Ll(q0)=1+2LE | Z L 28 (1 In

] (5.108)

In the long wave length limit, we recover our Thomas Fermi result Eq.(5.86).
This limit can also be obtained directly by approximating the integral defining
Lindhard function Eq.(5.57) that enters the RPA dielectric function Egs.(5.99)

3k —
q—0 q—0 (2m) Ck = Cktq
@’k Of (Ci)
= [1-=-2V, 5.110
q/ (2m)®  OCy ( )
0 d*k
= 1+Vyq= 2/— 5.111
i |2 G <<k>] (5.111)
4me? On
= 14+ —— 112
+ 2 on (5 )
Q%F
= 1+ = (5.113)
q
The definition of grp is in Eq.(5.82). The corresponding potential
3 4 2 ) 4 2
Vosy (r) :/d—qgf—eQe““ x —< ¢=rarr (5.114)
(27T) ¢+ 9rp r

is the screened Coulomb interaction.

Friedel oscillations

If instead of using the limiting Thomas-Fermi form for small wave vectors one does
a more careful evaluation[12] of the Fourier transform of 1 (q,0) Eq.(5.108), one
finds

2k
lim Veff (7’) X —COS( F)

7—00 7"3

(5.115)

These oscillations are the real-space manifestation of the discontinuity in slope of
the dielectric function that appears in the logarithm at ¢ = 2kpr. These are so-
called Friedel oscillations. They manifest themselves in several ways. For example
they broaden NMR lines and they give rise to an effective interaction JS;-Sq
between magnetic impurities whose amplitude J oscillates in sign. This is the so-
called RKKY interaction. The change in sign of J with distance is a manifestation
of Friedel’s oscillations. The Friedel oscillations originate in the sharpness of the
Fermi surface. At finite temperature, where the Fermi surface broadens, they are
damped as e ##7(A/Er) where A is of order T.

Plasmons

We have already suggested in Fig.(5-19) that at small wave numbers, a large
frequency pole far from the particle-hole continuum appears. Let us look at this
parameter range. Taking vpq/w as a small parameter, the imaginary part of the
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dielectric constant Eq.(5.102) is infinitesimal at the plasmon pole but vanishes
everywhere else in its vicinity. On the other hand the limiting form of the real
part of the dielectric constant may be obtained directly by expanding Egs.(5.99)
and (5.57). Indeed,

lim lim e} (q,w) = lim
q—0w—oo w—00

1 2Vq/ (d?’k f(G)—f (Ck+q)

5.116
21)? W+ (i — Cieiq ] ( )

= lim 1+2vq/(2ﬂ)3 () w2( ko) (€k<k+q)] (5.117)
Bk [ (Ck) = f (Ckiq
- 1+2Vq/ oy (G wQ( icta) (Ck — Cusq) (5.118)
3
= e [ ) (G- G (5.119)

W ) (2rm)?

To obtain the last expression we did the change of variables k — —k — q and used
Ckt+q = C_k—q- The term linear in q vanishes when the angular integral is done
and we are left with

- 2Vgn ¢? w?
Olllgbwh_‘ngosf (qw)=1-— w—g% =1- w—g (5.120)

with the value of wf, defined in Eq.(5.95). One can continue the above approach
to higher order or proceed directly with a tedious Taylor series expansion of the
real part Eq.(5.100) in powers of vpq/w to obtain

2 2 2
L wp 3wy (vrg)
— = ]_ S —
er(@a—0,w) w?2 Bw? w2

+... (5.121)
Several physical remarks follow directly from this result

e Even at long wave lengths (¢ — 0), the interaction becomes unscreened at
sufficiently high frequency. More specifically,

el (q—0,w>w,) —1 (5.122)

e The collective plasma oscillation that we expected does show up. Indeed,
€1 (q — 0,w) =0 when

0 = w2 3% (o) (5.123
= w —wp—5w2(qu) + ... .123)
3

W oA w4 = (vrq)® + ... (5.124)
Letting this solution be called w, we have in the vicinity of this solution
W R Wy

fa—0w) ~1 vy 2( ) (5.125)

— ~l-—dx— (w— .
el (q ) iy W — wy

which is precisely the form we had obtained from macroscopic considerations.
We now know that the unknown constant we had at this time in Eq.(5.96)
has the value a = 2/w, .
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Fig.(5-21) shows a plot of both the real and the imaginary parts of the dielectric
constant for small wave vector (¢ < qrr). We see that the dielectric constant is
real and very large at zero frequency, representing screening, whereas the vanishing
of the real part at large frequency leads to the plasma oscillations, the so-called
plasmon. Given the scale of the figure, it is hard to see the limiting behavior
€1 (q,00) — 1 but the zero crossing is illustrated by the maximum in Im (1/¢).
There is another zero crossing of €1 but it occurs in the region where €5 is large.
Hence this is an overdamped mode.

50 K /\_"“62

' -Tm I/e xI0°

10 2.0
l uJ/EF

=50

Figure 5-21 Real and imaginary parts of the dielectric constant and Im (1/¢) as a
function of frequency, calculated for rs = 3 and ¢ = 0.2kp. Shaded plots correspond
to Im (1/¢) . Taken from Mahan op. cit. p.430

f—sum rule

We have not checked yet whether the f—sum rule is satisfied. Let us first recall
that it takes the form,

o d 2
2 / o, () = (5.126)
0 m m

Using our relation between dielectric constant and density fluctuations Eq.(5.41)
we obtain the corresponding sum rule for the longitudinal dielectric constant

* dw 1 dnne? w?
Z“om|—— | = __TP 12
/0 o LL (q— O,w)] am 4 (5.127)

Let us obtain the plasmon contribution to this sum rule by using the approximate

form Eq.(5.125)
. / o ‘ﬁ

6 (w—wgq)(5.128)

(5.129)

- |»c>€m
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This means that at ¢ = 0, the plasmon exhaust the f—sum rule. Nothing else is
necessary to satisfy this sum rule. On the other hand, for ¢ # 0, one can check
that the particle-hole continuum gives a contribution

w2 w

2
3
P q 2
B 1
1 + 1 0 (vrq) (5.130)

as necessary to satisfy the f—sum rule.

Remarque 90 One of the key general problems in many-body theory is to devise
approximations that satisfy conservation laws in general and the f—sum rule in
particular. The RPA is such an approximation. We will discuss this problem in
more details later.

5.3 More formal matters: Consistency relations be-
tween single-particle self-energy, collective modes,
potential energy and free energy

We have found an expression for the density fluctuations that appears correct since
it has all the correct Physics. It was a non-trivial task since we had to sum an
infinite subset of diagrams. We will see that it is also difficult to obtain the correct
expression for the self-energy without a bit of physical hindsight. We might have
thought that the variational principle would have given us a good starting point
but we will see that in this particular case it is a disaster. The following theorems
will help us to understand why this is so and will suggest how to go around the
difficulty.

We thus go back to some formalism again to show that there is a general
relation between self-energy and charge fluctuations. We will have a good approx-
imation for the self-energy only if it is consistent with our good approximation for
the density fluctuations. We also take this opportunity to show how to obtain the
self-energy since just a few additional lines will suffice.

5.3.1 Consistency between self-energy and density fluctuations

We start from the equations of motion for the Green’s function. We need first
those for the field operators.

— (1), K] (5.131)
Using [A, BC] = {A,B}C — B{A,C} and Eq.(5.1) for K we have

8¢01 (X17 Tl)

v2
B — ﬁw"l (x1,71) + )y, (X1,71) (5.132)

- Z / Xmlv (Xl —Xll) wl'l/ (Xl/ ) Tl) wal/ (X1'7 Tl) wal (le Tl)

agqr
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Remarque 91 We assume that the potential has no ¢ = 0 component because of
the compensating effect of the positive background. The argument for the neutral-
izing background is as follows. If we had kept it, the above equation would have
had an extra term

+ng { / dxyv (xlxl/)] b, (X1,71) (5.133)

The q = 0 contribution of the potential in the above equation of motion gives on
the other hand a contribution

- [/ Xm/U(Xl—Xl')] %/dxl’ YW, ) b, (i) | @, (x1,71)
oy

(5.134)
While the quantity in bracket is an operator and not a number, its deviations from
no vanish like V=2 in the thermodynamic limit, even in the grand-canonical
ensemble. Hence, to an excellent degree of approxrimation we may say that the
only effect of the neutralizing background is to remove the ¢ = 0 component of
the Coulomb potential. The result that we are about to derive would be different
in other models, such as the Hubbard model, where the ¢ = 0 component of the
interaction potential is far from negligible.

Reintroducing our time-dependent potential Eq.(5.9) the above result can be
written in the shorthand notation
o) Vi
D _ oM +up () — [ @)V -1)y 1)y (1) (5.135)
1/

o011 2m

From this, we can easily find the equation of motion for the Green’s function

G(1.2) = (T, [ ()v* (2]) (5.136)
namely,
2
(o=~ 52 -u) g =-sa-2+(r[ [ v @) va-veayew @)
(5.137)

where as usual the delta function comes from the action of the time derivative
on the 6 functions implicit in the time ordered product. The right-hand side is
not far from what we want. The last term on the right-hand side can be related
to the product of the self-energy with the Green’s function since, comparing the
equation of motion for the Green’s function with Dyson’s equation

Gy'G =1+3¢G (5.138)
we have that

i S 6(17,2) = = (T [ [T () V (1 = 1) v (1) 0 (1) 67 (2)] )
(5.139)

which, in all generality, can be taken as a definition of the self-energy.
In the limit 2 — 17 where

1" = (x1,71+0%509) (5.140)

the term on the right-hand side is

<TT [ et v - 1)¢<1’)¢<1>}>

MORE FORMAL MATTERS: CONSISTENCY RELATIONS BETWEEN SINGLE-PARTICLE
SELF-ENERGY, COLLECTIVE MODES, POTENTIAL ENERGY AND FREE ENERGY 173



Note that we have placed ¥ (2) — o' (1) to the far left of the three fermion
operators 1! (1') ¥ (1') 4 (1) because the potential is instantaneous and these three
fermion operators are all at the same time and in the given order. Recalling the
definition of the average potential energy

Z / i, / T [0t (1) 0 ) V- e ) e )]) a4
we directly get from Eq.(5.139) above a relation between self-energy and potential

energy
Z/d3x1/ (1,1)G (V1) =2(V) (5.142)

We have the freedom to drop the time-ordered product when we recall that the
operators are all at the same time and in the indicated order. Using time-
translational invariance the last result may also be written

hhsag, ity =2vig=J, [, (T [of 05t ) v - e ) v )

(5.143)
Remarque 92 The 17 on the left-hand side is absolutely necessary for this ex-
pression to make sense. Indeed, taken from the point of view of Matsubara frequen-
cies, one knows that the self-energy goes to a constant at infinite frequency while
the Green’s function does not decay fast enough to converge without ambiguity. On

the right-hand side of the above equation, all operators are at the same time, in
the order explicitly given.

The right-hand side of the last equation is in turn related to the density-density
correlation function. To see this, it suffices to return to space spin and time indices
and to recall that the potential is instantaneous and spin independent so that

Vs [ [ et va-neem) (5.144)

= -3 Z /d3x1/ /d3x1 <w01/ (x17) v (%1 —X1) Yy, (x1)> 051,00 (X1 —X1)

01,07/

+0 Z /d3x1/ /d3X1 <LZJT,1, (X1/)1/101, (x17) v (%10 — Xl)wfl (X1)¢01 (X1)>

— nVBu(0)+ 8 / PBxy. / Px1 (n (x1) v (k17 — 31) (1) (5.145)

where in the last equation we have used

/d3x1 3 <¢j,1 (x1) ¥, , (x1)> = N =ngV (5.146)

Going to Fourier space, we have

/d3x1/ /d3x1 (n(x1)v(x —x1)n(x1)) (5.147)
= /d?’xl/ /d?’xlv (x1/ — X1) Xpn (x17,0;%10) (5.148)
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d3
= [ Galtm v @) (5.149)
We did not have to take into account the disconnected piece that appears in
Eq.(5.147) but not in x,,, (q,7) because this disconnected piece contributes only
at g = 0 and we have argued that Vq—¢ = 0. Note that there is no jump in
Xnn (4, 7) at 7 = 0 contrary to the case of the single-particle Green’s function.
Substituting back into Eq.(5.145) we have

2<V>6:/,/1<wT (1) ' (1) V(1u1)¢(1’)¢(1)> = (5.150)

= BV |—npv (0) + /

oy, T Xun (aig0)
o 379 nn ) n
(2m) i

d3q
(2m) o

Using invariance under time and space translations, this gives the following relation
between self-energy and density fluctuations

/ 2(1,1)g (1, 1%) = (5.151)

B3k .
T — Y (k,iky) G (k,iky,) e 5.152
O e SIS (5152
d3q .
= qu T Xon (Q,gn) — 10 (5.153)
iqn

Remarque 93 In short range models, we need to restore the vq—o component and
the disconnected piece has to be treated carefully. Also, the spin fluctuations will
come in. This subject is for the chapter on the Hubbard model.

5.3.2 General theorem on free-energy calculations

The diagram rules for the free energy are more complicated than for the Green’s
function. We have seen in the previous chapter the form of the linked-cluster
theorem for the free-energy. It is given by a sum of connected diagrams. However,
in doing the Wick contractions for a term of order n, there will be (n — 1)! identical
diagrams instead of n!. This means that there will be an additional 1/n in front of
diagrams of order n, by contrast with what happened for Green’s functions. This
makes infinite resummations a bit more difficult (but not undoable!).

There is an alternate way of obtaining the free energy without devising new
diagram rules. It uses integration over the coupling constant. This trick is appar-
ently due to Pauli[13]. The proof is simple. First, notice that

10IlnZz 110Tr [@*ﬂ(HO%*)\Vf;LN)] 1 5 )

—_——— = —— —— —B(Ho+A\V—pN) _ =
B ox ~ Bz ) 71 e v]=50m,.
(5.154)
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To differentiate the operator, e #(HotAV—uN) " we have used its definition as a
power series and then taken the derivative with respect to A. Even if the operator
V' does not commute with Hy, the cyclic property of the trace allows one to always
put V on the right-hand side so that in the end, the derivative worked out just
as with ordinary number. (Alternatively, one can do the proof in the interaction
representation). The subscript A in (AV), is to remind ourselves that the trace is
taken for a Hamiltonian with coupling constant A.
The free energy we are interested in is for A = 1, so

QO=-ThZ=-ThZ+ [, R OV),. (5.155)

From a diagrammatic point of view, the role of the integral over \ is to regive the
factor of 1/n for each order in perturbation theory.

Remarque 94 Recall that the free energy in this grand-canonical ensemble is
related to the pressure.
Q=-PV. (5.156)

The expectation value of the potential energy may be obtained by writing down
directly a diagrammatic expansion, or by using what we already know, namely the
density correlations. Indeed we have shown in the previous section, Eq.(5.150),
how the potential energy may be obtained from density correlations,

Q = -ThZ=-ThZ, (5.157)

vV ortda d*q ;
+§/0 7</\/qu TZXnn (q77’qn)_no >

iqn N

Using our previous relation between self-energy and potential energy, Eq.(5.143)
the coupling-constant integration in Eq.(5.155) may also be done with

T [adx n
Q:_T1nzo+§/ 7/511/651”2A (1,17) Gy (17,17) (5.158)
0

where the subscript A reminds oneself that the interaction Hamiltonian must be
multiplied by a coupling constant A.

5.4 Single-particle properties

We have already mentioned several times our strategy. First we will show the
failure of Hartree-Fock and try to understand the reason for it by returning to
the consistency relations we just derived. Having cured the problem by using the
screened interaction in the calculation, we will discuss the physical interpretation
of the result, including a derivation of the Fermi liquid scattering rate that we
discussed in the previous chapter in the context of photoemission experiments.

5.4.1 Hartree-Fock theory

It is useful to derive the result from the variational principle as well as directly
from a Green’s function point of view. Since Hartree-Fock is sometimes actually
quite good, it is advisable to develop a deep understanding of this approach.
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Variational approach

In Hartree-Fock theory, we give ourselves a trial one-particle Hamiltonian and use
the variational principle to find the parameters. In the electron gas case the true
non-interacting part of the Hamiltonian is

]€2
Hy =) el 00 = %c;(fck,g (5.159)
k,o k,o

where the spin-sum is represented by a sum over o. The interacting part, written
in Fourier space, takes the form

1
[ 5D 3 D3 SR PN T
k,o k’,c/ q
with Vg the Fourier transform of the Coulomb potential

4e?
V =
q q2

(5.161)

Electroneutrality leads to Vq=o = 0 as before. The form of the interaction with all
the proper indices is not difficult to understand when we consider the diagrammatic
representation in Fig.(5-22).All that is needed is the conservation of momentum

Figure 5-22 Momentum conservation for the Coulomb interaction.

coming from integrals over all space and translational invariance. The factor of
1/V in front comes from a factor V='/2 for each change of variable from real-

space to momentum space, (V™Y 2)4, and one overall factor of volume V from
translational invariance which is used to eliminate one of the momentum sums
through momentum conservation. Although there are several ways of labeling the
momenta, the above one is convenient. In this notation q is often referred to as
the “transfer variable” while k and k’ are the band variables.

To apply the variational principle, one takes

Hy =Y » 6y pCheo (5.162)

with the variational parameter €x. We then minimize
TnZy+ <H - I?lo> (5.163)
0

The partition function for I;'O — uN is computed as usual for non-interacting
electrons

~TzZy=-Th]] (1 T e—Wk—H)) =73 In (1 + e_ﬂ(a‘_”)) . (5.164)
k,o k,o

Then the quantity <H — I;T0> is easily evaluated using Wick’s theorem since I;'O
0

is quadratic in creation-annihilation operators
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<H - ﬁ0>0 =3 (e — ) <c;dck,g>o (5.165)

k,o

Z Z ZV [<Ck’ /Ck/—q,a’>0 <Cl—:ack+q7g>0 - <C:/’U/Ck+q7g>0 <Ci<‘r’o,ck/_q7o./>0:| .
k o k/,c/ q
(5.166)
which may be simplified by using

(6o rca), = boarticsc (Gl pico ) = Saordiaef (Gic) = (5.167)

eﬁ(zk_ﬂ) + 1

to obtain

<H—ﬁ0>0:2(ek—zk) ( )—Q—ZZqu(§k+q) (gk) (5.168)

k,o

where the overall factor of 2 comes from what is left of the spin sums. We have
dropped the term that leads to Vg—o.

We can now determine our variational parameter € by minimizing with respect
to it:

o B ¢~ B(éc—p) ~
2 [rsn(emn)] -2 e

k,o

-, =21 (625 ot L 1 ) 1 ()]

(5.170)
Setting the sum of the last two equations to zero, we see that the coefficient of the
square bracket must vanish. Using Vq = V_q we then have

~ 1 ~ A3k’
€k = €k — ) quf (Ck+q) =€k — / va k f (Ck/) (5.171)
a
~ 43k’ 4me? 1
G = e~ | Gy il e (5.172)

As usual the chemical potential is determined by fixing the number of particles.
Before we evaluate this integral let us obtain this same result from the Green’s
function point of view.

Hartree-Fock from the point of view of Green’s functions and effective
medium theories

We want to do perturbation theory but using this time for the Hamiltonian
H=Hy+ (Ho ~Hy+ v) (5.173)

The unperturbed Hamiltonian is now I;'O and we assume that it takes the same
form as Eq.(5.162) above. In addition to the usual perturbation V, there is now
a translationally invariant one-body potential Hy — PNIO. One determines the self-
energy in such a way that Hy becomes the best “effective medium” in the sense

that to first order in (Ho — Ho+ V) the self-energy calculated in this effective
medium vanishes completely. This is illustrated in Fig.(5-23).
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Figure 5-23  Effective medium point of view for the Hartree-Fock approximation. In
this figure, the propagators are evaluated with the effective medium Hj.

The so-called Hartree diagram (or tadpole diagram) with one loop does not
contribute because it is proportional to Vg—g = 0. The Hartree term is in a sense
the classical contribution coming from the interaction of the electron with the
average charge density. Because of electroneutrality here it vanishes. The last
diagram on the right of the figure is the Fock term that comes from exchange and
is a quantum effect. Algebraically, Fig.(5-23) gives

S=a-a+2P (k) =0 (5.174)

Using the diagram rules to evaluate the exchange, or Fock, diagram (1) (k) we
get a minus sign because we compute to first order and there is no fermion loop.
Furthermore, we have the e”*»" convergence factor. Hence, we obtain for £ (k)

Sk/ 4 2 . o,
50 (k) = — / Tery g i) etn (5.079)
(27‘(’) i |k _ kl‘

that we can evaluate using our formula for Matsubara sums. Substituting back
into Eq.(5.174) we get precisely our Hartree-Fock result Eq.(5.172) obtained from
the variational principle.

To close this section, we note that there is another instructive way of rewriting
the last equation for (V) (k). Using Eq.(5.174) for & we can remove all reference
to €x and write

(1) (k) — _ f‘ 3k’ e

(2m)® r ZW \k47k’|2 z‘k;f(ekfi),gn(k) et (5.176)

This is as if the perturbation expansion for the full Green’s function, illustrated
by a thick arrow in Fig.(5-24), was written in terms of a perturbation series that
involves the full Green’s function itself. Iterating shows that in this approximation
we have a self-energy that resums the infinite subset of diagrams illustrated on
the bottom part of this same figure. One commonly says that all the “rainbow”
diagrams have been summed.In principle this Hartree-Fock Green’s function may
be used in further perturbative calculations. We just have to be careful not to
double-count the diagrams we have already included.

The pathologies of the Hartree-Fock approximation for the electron gas.

To evaluate our expression for the Hartree-Fock self-energy ¢ = e + %) (k)
Eq.(5.172) we need the chemical potential. As usual in the grand-canonical en-
semble, the chemical potential is determined by requiring that we have the correct
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Figure 5-24 Hartree-Fock as a self-consistent approximation for the Green's function.
This self-consistent approximation is equivalent to a self-energy that sums all the
rainbow diagrams illustrated on the bottom part of the figure. The thick line is the
full Green's function.

density. Let us suppose then that we have a density n. Then

3k . )
n = 2/ d T G0 (k,iky) €7 (5.177)
(2m) e
3k 1
= 2 i 5.178
/(2@5 AlactsO)—p) 4 1 ( )

Let us focus on the zero temperature case. Then the Fermi function is a step
function and the last integral reduces to

d*k
n— 2/ 0 (kp — [K]) (5.179)

(27)

where the chemical potential is given by
xp + 5 (kp) —p=0 (5.180)

The equation Eq.(5.179) that gives us n tells us that kg is precisely the same as in
the non-interacting case. This is an elementary example of a much more general
theorem due to Luttinger that we will discuss in a later chapter. This theorem
says that the volume enclosed by the Fermi surface is independent of interactions.
Clearly, if p is the value of the chemical potential in the non-interacting system,
then XV (k) — p = — 0.

The integral to do for the Hartree-Fock self-energy is thus, at zero temperature

Bk Are?
Arre? kr 1 2) .
- / (k') di’ / Mi(cow) (5.182)
813 Jo 1 k24 (k)" — 2kk' cos @
2 k / 2
F 1 —
- f_/ K [ | k)Q dK’ (5.183)
™ Jo —2k (k+ k)

We evaluated the integral as a principal part integral because we have argued

that the potential should have no ¢ = 0 component which means |k — k’|2 # 0.
Pursuing the calculation, we have

2 1—y? 1+ k
20 () = ~ Sk [1+ L 1n<‘1_zm Cu=e B8
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The function 1) (k) / (;kp) is plotted in Fig.(??).
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SO (k/kp) / (e_;kF) 0 02 04 06 08 ; 12 14 16 18 2
Plot of the Hartree-Fock self-energy at zero temperature.

Since lim, o xInz = 0, we have that

2
SO (kp) = — kg (5.185)
Y

The ratio of this term to the zeroth order term, namely the kinetic energy k% /2m
is of order r,
me?kp 1
x k‘% x k‘Fao
as can be seen using the definitions Egs.(5.69)(5.72).

Up to here everything seems to be consistent, except if we start to ask about
the effective mass. The plot of the self-energy suggests that there is an anomaly
in the slope at y = 1 (or k = kp). This reflects itself in the effective mass. Indeed,
using the general formula found in the previous chapter, Eq.(4.259)

X Ty (5.186)

mo_ 1+ a%k ReXF (k, Ex — p) B dk 93D (k) (5.187)
M keke 1 - ZReSR (kw)|__, e Okl
we have
1y ‘1_+y‘
oxM (k) o kp (ﬁ) : {1 o ln( = ﬂ (5.188)
ok |j—pp dk ), dy )
y=

The problem comes from In (1 — y) . Let us concentrate on the contributions pro-
portional to this term

[G-2m-a] - (e

1 Y 1
<2y 2) T (5.189)
As y — 1 we obtain a singularity from In(0) = oco. This corresponds to the
unphysical result m* = 0. Already an effective mass smaller than the bare mass
would require explanation since we expect that in general interactions will make
quasiparticles look heavier. But the result obtained here, m* = 0, is as close to
ridiculous as one can imagine.

The physical reason for the failure of Hartree-Fock is the following. It is correct
to let the electron have exchange interaction of the type included in rainbow
diagrams do, but it is incorrect to neglect the fact that the other electrons in
the background will also react to screen this interaction. We discuss this in more
details below.
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5.4.2 Curing Hartree-Fock theory: screened interaction in the self-energy

In this subsection we present the solution to the failure of Hartree-Fock that was
found by Gell-Man and Brueckner[14], interpret the results, and compare with
experiments. In particular, we will recover theoretically the Fermi liquid regime,
compute the free energy and compare with experiment.

An approximation for ) that is consistent with the Physics of screening

We have seen in the previous section Eq.(5.151) that the self-energy is related
to density fluctuations. More specifically, if we multiply the self-energy by the
Green’s function and take the trace, we should have the same thing basically as
we would by multiplying the density by the potential and taking the trace. This
is illustrated schematically for the Hartree-Fock approximation by the diagram
of Fig.(5-25). The diagram on the left is built from the rainbow self-energy of
Fig.(5-24) by multiplying it by a dressed Green’s function. The one on the right is
obtained by taking a single bubble with dressed propagators and multiplying by
a potential. The change of integration variables k — k' = —q shows trivially that
the diagrams are identical. The extra term that appears on the right-hand side of
the relation between self-energy and density Eq.(5.151) is due to the fact that one
forces the Green’s functions to correspond to a given time order in the self-energy
calculation that is different from the one appearing naturally on the right-hand
side.

k
a Gk
K ‘
k+q

Figure 5-25 Approximation for the density fluctuations that corresponds to the
Hartree-Fock self-energy.

Remarque 95 Fquality (5.151) for the Hartree-Fock approzimation. Let us check
just the sums over Matsubara frequencies on both sides of Eq.(5.151) to see that
they are identical. First, the sum on the left hand-side.

zk:nn eik;n
TYTY g~ () T ) (5.190)

ik, ik!,

While the sum on the right-hand side s

1
T T 191
Z Z 'Lk Ck Zk + an Ck' (5 9 )

1 1
_TZTZ [zk —¢ iknﬂqngk,} T — o F Cn (5.192)

k

S (G~ F (G) ) i
Z zan ck,+gk —[f (G) = F (G (G — i) (5.193)
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where we used, with ng the Bose function

TZ, L =-np(a) or —np(a)—1 (5.194)

The result of the sum depends on the convergence factor but the —1 in the second
possibility does not contribute once the sum over wave vectors are done. We are
thus left only with

Bk — B¢k 1
- [f (Ck) —f (Ck’)} nB (ck’ - ck) = = (eﬁck’ 1) (eﬁCk 1) B —C) — 1
B¢k
- (ePSe + 1) (B + 1) (5.195)
= —(1=7fG) S () (5.196)

Eq.(5.190) and the last equation are not strictly equal and that is why it is necessary
to subtract ng in Eq.(5.190).

Fig.(5-25) shows that the Hartree-Fock approximation corresponds to a very
poor approximation for the density fluctuations, namely one that has no screening,
and no plasma oscillation. Knowing that the RPA approximation for the density
has all the correct properties, it is clear that we should use for the self-energy the
expression appearing in Fig.(5-26). Indeed, in such a case, multiplying ¥ by G

k-Kk i
P > q /’O'\ 4¢ >©\
L > 1 > .

!_>_\ + :

.
-
OO,
. . .

+ +

Figure 5-26 Diagrammatic expression for the self-energy in the RPA approximation.

gives a a result, illustrated in Fig.(5-27) that does correspond to multiplying the
RPA expression for the density Fig.(5-18) by V4 and summing over q. These are
the ring diagrams.

Using Feynman’s rules, the corresponding analytical expression is

Yrpa (kik,) = (5.197)

d*q V.
— T 4G9 (k+q,iky, + g )98
/ (27)? %: 1+ Vax9n (9,i¢n) (ktq :198)

_ f/ TPa s Va G0y qib, tig))  (5.199)
(2m)*" <= c(a,iqn) > thin 7 '

Comparing with the Hartree-Fock approximation Eq.(5.176) the differences here
are that a) we do not have self-consistency, b) more importantly, the interaction
is screened. This is illustrated diagrammatically in Fig.(5-28) which is analogous
to the diagram for the Hartree-Fock approximation Fig.(5-24) but with a screened
interaction and only the first rainbow diagram, without self-consistency.
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Figure 5-27 Ring diagrams for 3G in the RPA approximation. The same diagrams
are used for the free energy calculation.

Py,

> = L O

e -+ _>__©—> —

Figure 5-28 RPA self-energy written in terms of the screened interaction.

—»_

Remarque 96 If, instead of summing the whole series in Fig.(5-26) we had
stopped at any finite order, we would have had to deal with divergent integrals.
Indeed, consider expanding the RPA susceptibility to first order in Eq.(5.197).
This corresponds to the diagram with one bubble. The corresponding expression is

d3q ) . ;
/ 2 )3T Z Vq2X9m (9,iqn) g’ (k + q, ik, +iqn)

& iqn
which is divergent since Vq2 is proportional to ¢g=* while the integral over q is in
three dimensions only. Higher order bubbles are worse.

Before we extract a few results analytically from this RPA self-energy, let us
look at numerical evaluations of the corresponding integrals.

Single-particle spectral weight

The real-part and the absolute value of the imaginary part of the RPA self-energy
at zero temperature are plotted in Fig.(5-29) as a function of frequency for three
different wave vectors. In the Hartree-Fock approximation, the self-energy was
completely frequency independent. The result here is quite different. There are
several points worth mentioning.

e Im3 (kw = 0) = 0 for all wave vectors. This is true only at zero temper-
ature. This property will play a key role in the derivation of Luttinger’s
theorem later.

e The straight line that appears on the plots is w — . The intersection of this
straight line with Re 3 , which is defined on the figure to contain the chemical
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Figure 5-29 Real and imaginary part of the RPA self-energy for three wave vectors,
in units of the plasma frequency. The chemical potential is included in ReX. The

straight line that appears on the plots is w — €. Taken from B.l. Lundqvist, Phys.
Kondens. Mater. 7, 117 (1968). ry = 57

] 06k_|] 10k_|] I
0-6- FL. FL] u’k{.

wrAkw) ]
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Q. k: -6k b. k:k, €. k:14k

Figure 5-30 RPA spectral weight, in units of the inverse plasma frequency. Taken
from B.l. Lundqvist, Phys. Kondens. Mater. 7, 117 (1968).
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potential, corresponds (in our notation) to the solution of the equation
w—ex =ReX (k,w) — i (5.200)

As we argued in the previous chapter Eq.(4.246), this determines the position
of maxima in the spectral weight,

Akw) = —2ImGE (kw) (5.201)
_ *QImZRQ(k’w) > (5.202)
(w (e —ReXF (k,w)) + (Im SR (k, w))

maxima that we identify as quasiparticles. Let us look at the solutions near
w = 0. These correspond to a peak in the spectral weight Fig.(5-30). At the
Fermi wave vector, the peak is located precisely where the imaginary part
of the self-energy vanishes, hence the peak is a delta function. On the other
hand, away from k = kg, the maximum is located in a region where the
imaginary part is not too large, hence the quasiparticle has a finite lifetime.
Recall that to have the quasiparticle shape described in the previous chapter
Eq.(4.251),

A(kw) ~ 277y 1 L (2w)
T (W= B+ 1)” + (N ()

5| +inc (5.203)

it is necessary that at the crossing point, the slope of Re ¥ (k, w) be negative
because it is necessary that

1
= >0 5.204
1— ZReXl (k,w)| - (5.204)

w=FEx—pu

Zx

if the previous formula is to make sense. The value of Zg,, namely 0.6, is
indicated on this plot.

e From the previous discussion, we see that the two maxima away from w = 0
at k = kr do not correspond to quasiparticle solutions. They simply come
from large scattering rates Im X%,

e For the figure on the right, k = 1.4kp, the peak nearest w = 0 corresponds
to a quasiparticle solution. Note however that for wave vectors so far from
the Fermi surface, the width of the peak starts to be quite a bit larger. The
maxima further away all occur in regions where Im % is large.

e For k = 0.6k, there seems to be an additional quasiparticle solution, namely
a solution where & Re X is negative and Im £# is not too large, located
at an energy w), below the main quasiparticle energy. Since the free-electron
band is bounded from below, Im X% vanishes at sufficiently negative fre-
quency, allowing a new solution to develop when interactions are sufficiently
strong. This solution seems to be the analog of a Hubbard band, to be
discussed later.

Physical interpretation of Z//

In this section, we write the imaginary part of the self-energy in a form that is
easy to interpret physically. The evaluation in the Fermi-liquid limit is given in
the following subsection. Here we want to first show that the imaginary part of
the self-energy defined by

YR (k,w) =Y (k,w) +i%" (k,w) (5.205)
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may be written in the form

5 (ko) =~ [ E% [ [ (@) + f ()] VEXn (a100y.) | (5.206)

where ¢ is the solution of the equation
2
LI ,_(F 7
— — = e — 5.207
mq”+2m whw 2m 'u+2m ( )

Proof: It is preferable to first rewrite the RPA expression Eq.(5.197) in the fol-
lowing form

: dq VaXn (:ign) ] , ,
) kik,)=— | —=TY V|1 - —S2cmn D O(k+q,ik, +
s lth) == 2 2 “{ Tt VarR, (qign) | (¢ % n i)

(5.208)

43
= Sup (k) + q

[Vax B4 (q,ign) V) G° (k + a, ik + igy)

(5.209)
The first term, the Hartree-Fock contribution, is the only one that survives
at infinite frequency. The imaginary part comes only from the second term.
It contains a quantity in square brackets that looks like two interaction ver-
tices, Vg coupling to a density propagator x*I'4 (q,ig,). When we consider
interactions with other types of excitations, including with phonons, this
form will reoccur and will be more easily susceptible to generalizations. To
find the imaginary part, let us concentrate on this last expression and use

the spectral representation for y2’4. We then have

) d3 dw nn W 1
n n n

(5.210)
We cannot perform the analytical continuation ik,, — w 4+ in before we have
performed the sum over iq, because, except for ig,, = 0, this would neces-
sitate going through the poles at w = ig,. To do the sum over Matsubara
frequencies, we do the partial fraction decomposition as usual

Ck+q

1 1

=T - - - 5.211
; iqn — W' tkn +iqn — Cxiq ( )

1 1 1
= T 5.212
; Lq — W ik gy — Cktq ikn+w’—§k+q( )

1

=[5 (W) + f (Cirq)] (5.213)

Thn + @ — (g

Note that for any ik, , the sum ik, +iq, is a fermionic Matsubara frequency
when iq, is a bosonic one. That is why we obtained a Fermi distribution in
the last term. Substituting back into our expression for the self-energy, the
analytic continuation ¢k, — w + in can be done and we obtain

d3q
(2)?

S () =Zirr () = [ S [ 2 [ )+ £ (Guna)] il Be

w+in+w — Ciiq
(5.214)
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The imaginary part is thus

3 /
S (k,w) = — / iq / W (i () + f @+ ) VX (0 6') 8 (@0 4+ — Crerq)

2m)° ) 7

(5.215)
Defining ¢ by the direction parallel to the wave vector k and calling ¢, the
other directions, the integral over ¢|| can be performed. We obtain, assuming
that we are in a region of frequency where the delta function has a solution,

the desired result Eq.(5.206)

Suppose w > 0. In the zero temperature limit, f (w+ w') = 6 (—w — w') and
np (W) = —0(—w') so that the integral over w’ extends over the interval —w <
w’ < 0. At low temperature, the contributions to ¥ Eq.(5.206) will come mostly
from this same frequency intervel since this is where the combination np (w') +
f(w+w') # 0. This immediately allows us to understand why the imaginary
part of the self-energy in Fig.(5-29) above starts to be large when the frequency
becomes of the order of the plasma frequency. This is only when w is that large
that the contributions from w’ ~ w, in x/, can start to contribute. This is where
the quasiparticles can start to absorb or emit plasmons.

Remarque 97 Vanishing of X" at zero temperature: Our general formula for
the imaginary part Fq.(5.206) tells us that at zero temperature X' (k,w =0) =0
for all wave vectors, as we have seen in Fig.(5-29). Mathematically, this is so
because limr_o [np (W) + f (w')] = 0 for all . Physically, it is because phase
space vanishes when we sit right at the chemical potential (w = 0).

It is easier to interpret the physical meaning of the imaginary part when we
rewrite the occupation factors in square brackets as follows

ng (W) +flw+w)=fw+w) 1 +npgW))+ng W)l - f(w+u)) (5.216)

As in the case of density fluctuations before, it is tempting to give the following
interpretation of the lifetime. Take the RPA self-energy diagram appearing on the
first line of Fig.(5-28). If we cut it in two by a vertical line, then there will be
a non-zero contribution to the lifetime if energy is conserved in the intermediate
state. The intermediate state here represents a quasiparticle interacting with a
density fluctuation that is bosonic. Using the delta function, our expression for
¥ (k,w) in Eq.(5.215) becomes

d3q
) = = [ 25 [ (G =)+ (Gr)] Vi (@ Gar =)
(5.217)
The physical interpretation becomes clearer when the thermal occupation factors
are rewritten as follows

5 (Cierq = @) (1= f (Cira)) + F (Ciera) (1478 (Cierq — w) Y5:218)
= 15 (Cerq = @) (1= F (Ckra)) = F (Ckrq) 78 (0 = Ciigq)  (5:219)

For an incident energy w and momentum k, one sees that the first occupation
factors may be interpreted as a decay caused by the absorbtion of a phonon of
momentum q and energy (i, — w that scatters the particle into an empty state
of energy (y - The second set of occupation factors may be interpreted as the
absorption of a phonon momentum q and energy w — (4 by a particle of energy
Cktq that repopulates the state of energy w and momentum k (hence the minus
sign). This last process can equivalently be looked at as the recombination of the
incident particle with a hole followed by the emission of a phonon.(?)
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Fermi liquid results

Perhaps the best known characteristic of a Fermi liquid is that at frequencies and
temperatures much smaller than the Fermi energy, "% (kp,w; T = 0)  w? and
Y (kp,w = 0;T) oc T?. To recover this result, valid far from phase transitions,
we start from the above expression Eq.(5.206) for " but we evaluate it at k = kp
and use vp = kp/m so that

2 ’
S (k) =~ [ S0 [ g (o) 4 f ()] VI (020 010)
(5.220)

where g is obtained from the solution of

(Jﬁ q

/ L
—_— = - = 5.221
vrg) + 2m {w T 2m] ( )
The key to understanding the Fermi liquid regime is in the relative width in
frequency of x!'. (q,w’) /w’ vs the width of the combined Bose and Fermi functions.
In general, the function np (W) + f (w + ') depends on w’ on a scale max (w,T')
while far from a phase transition, x, (q,w’) /w’ is independent of frequency at
low frequency.

Proof: as we can see from the explicit expression for the imaginary part of x7
Eq.(5.106)

I
1irrb Im 2 (q,w) = lim 0 X (6 ) (5.222)

w—0 (1 + Vg Re x,m(% 0))2

it sufﬁceb that the Lindhard function Im x%%(q,w) has the property that
Im x%%(q,w)/w is independent of frequency at low frequency. As expected
from the fact that Im % (q, w) is odd in frequency, it turns out that Im y%%(q, w)
is indeed linear in frequency at low frequency, which proves our point. The
linearity can be explicitly checked from our previous results Egs.(5.102) and
(5.99).

Hence, at low frequency, we can assume that x7 (qw’) /w’ is independent of
frequency in the frequency range over which n (w') + f (w + w’) differs from zero.
Also, VZxih,, (qw') /w' depends on wave vector over a scale that is of order gp as
we can see from Fig.(5-20). Hence, we can neglect the w and w’ dependence of the
solution for g in Eq.(5.221) when we substitute it in our expression for ¥”. One
then finds

¥ (kp,w) —Alr) fd“’ N+ flw+w)w = —Alkr) [w2+(7rT)2}

2vp 4dvp
(5.223)
where the substitution z = €% allowed the integral to be done exactly[15] and
where

2 %
Alkp) = / P Vaxa, (009 (a0, 0r) i) (5.224)

(27)2 w'—0 W’

The presence of V2 does not give rise to problems in the integral over ¢, near
q = 0 because in thls region the contribution is canceled by V2 that appears in
the denominator of the RPA susceptibility Eq.(5.222). The above result Eq.(5.223)
for X' is the well known Fermi liquid result.

There are known corrections to the Fermi liquid self-energy that come from the
non-analytic w’/vpg behavior of x/ . (q,w’) /w’ near q = 0. In three dimensions[16)
this non-analyticity leads to subdominant w? Inw corrections, while in two dimen-
sions it leads to the dominant w? Inw behavior.[17][18]
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Remarque 98 Relevance of screened interaction to low-frequency Physics near
the Fermi surface: It can clearly be seen from the above derivation that it is the
low-frequency limit of the screened interaction that gives rise to the damping near
the Fermi surface. This is a key result. If we are interested in properties near the
Fermi surface, screened interactions suffice.

We now just quote without proof some of the results of further calculations
of Fermi liquid parameters. The solution of the quasiparticle equation Eq.(5.200)
gives

kpk
Ex = ek — 0.17r, (Inr, + 0.2) QL + est (5.225)
m

The effective mass appearing in this expression is now obviously finite and given
by

m
= 5.226
" T 1 0.08r, (Inr 1 0.2) (5.226)
If we evaluate the scattering rate for w = Fy — p we find
Ik (Bx — p) :025T1/2M (5.227)
257 5 .
Quinn and Ferrell[19] write the following physically appealing form
V372 ¢ 2
r Z ' = 2k 22
G0 2" =T (22) (5.229)

The scattering rate is proportional to the plasma frequency, but reduced by an
important phase space factor.

Fig.(5-31) gives the value of the ¥’ and X" evaluated at the frequency corre-
sponding to the quasiparticle position. The important point is that the real-part of
the self-energy is weakly wave vector dependent up to about k = 2kg. The imagi-
nary part on the other hand vanishes as expected on the Fermi surface, while away
from it remains relatively small on the scale of the Fermi energy. This justifies
a posteriori the success of the free electron picture of solids. Note however that
states far from the Fermi surface do have a lifetime, contrary to the predictions of
band structure calculations.

Remarque 99 These results were obtained in the zero-temperature formalism
where by construction the imaginary part of the calculated Green’s function is
equal to the imaginary part of the retarded self-energy above the Fermi surface and
to the tmaginary part of the advanced self-energy below the Fermi surface. This
explains the sign change on the figure.

Free energy

Finally, we use our coupling-constant integration formula Eq.(5.155). In the zero
temperature limit, there will be no contribution from entropy and we will obtain
the ground state energy in the RPA approximation

EfpA(T'=0) = lim Q= lim { T [T](1+ec %) (5.229)
k,o

Vv orldx d*q '
0 oo

iqn

A
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Figure 5-31 Real and imaginary parts of the self-energy of the causal Green's
function in the zero-temperature formalism. From L. Hedin and S. Lundqvist, Solid
State Physics 23, 1 (1969).

We have for the sum over Matsubara frequencies

TS / - Xgn_qz’q w') (5.230)

iqn iqn
d
- [ ) @) (5.231)
T
In the zero temperature limit,
. dw’ n , O duw!
lim —nB (w )Xnn (qvw ) = - _Xnn (qv ) (5232)
T—0 ™ — 00
> dw’
- [ P e
0 ™

. / Y @) (230

so that the expression for the ground state energy becomes

RPA —
w (5.235)

3k K2V d3 d\  dw’ OR (q.w'
- 2/ +_/ Q3/ AV{ / W mlae)
k<kp (271—) 2m 2 (27T> A 0 w1 + AVann (q,w )
Note that we have replaced everywhere V by AV as prescribed in the coupling
constant integration trick.

Remarque 100 Role of the coupling constant integration from the point of view
of diagrams: By expanding the RPA expression, we see that what this coupling
constant integration trick does, is give a factor 1/n in front of the corresponding
term of order n in the interaction. As mentioned earlier, if we had developed
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Feynman rules directly for the free energy instead of using the coupling constant
trick, we would have written down closed loop diagrams such as those of Fig.(5-27)
and modified Feynman’s rules to add the rule that there is a factor 1/n for every
topologically different diagram of order n.

The coupling constant integration is easy to perform

1 0o ’ OR /
dX do' X (quw')
— Vg [—Im —_— nn —
/0 A 4 [ /0 T 1+ AVqX%ﬁ (q.w’) o

o !
= —Vqno — / d%Im{ln [1 4+ VX2 (qw”)] } (5.236)
0

The rest of the calculation is tedious. One finds[20]

EREA(T = 2.21 091
Tot ]i[ 0) _ = 03 6 4 0.0622 Inry —0.142 + O (ry,rsInry)  (5.237)

The first term is the kinetic energy, the second the contribution from the Fock (ex-
change) diagram while the rest is the so-called correlation energy, namely every-
thing beyond Hartree-Fock.

Comparison with experiments

We are finally ready to compare the predictions of this formalism to experiments.
The results shown in the present section are taken from Ref.[21].

The first quantity that comes to mind to compare with experiment is the ef-
fective mass. This quantity can in principle be obtained from cyclotron resonance
or from specific heat measurements. It turns out however that the theoretical
prediction for m*/m differs from unity by only about 10%. But what makes com-
parisons with experiment for this quantity very difficult is that there are two other
contributions to the effective mass in real materials. First there are band structure
effects. These are small in sodium but large in lithium and many other metals. The
second additional contribution to the effective mass comes from electron-phonon
interactions. We will see in the next chapter that these effects can be quite large.
So we need to wait.

A striking prediction of many body theory is that the size of the jump in
momentum distribution at the Fermi level at zero temperature should be quite
different from unity. Fig.(5-32) illustrates the prediction for sodium at rs = 3.97.
The following Table of expected jumps is from Hedin[13].

rs ZRpA

0 1

1 0.859

2 0.768

3 0.700 (5.238)
4 0.646

5 0.602

6 0.568

Unfortunately even through photoemission we do not have access directly to this
jump in three dimensional materials, as we discussed in the previous chapter.
Another probe that gives indirect access to this jump is Compton scattering. In
Compton scattering, photons are scattered inelastically from all the electrons in the
solid. The contribution from conduction electrons can be extracted by subtraction.
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Figure 5-32  Momentum density in the RPA approximation for an electron gas with
rs = 3.97. From E. Daniel and S.H. Vosko, Phys. Rev. 120, 2041 (1960).

In the so-called “sudden approximation”, the cross section for photon scattering
is proportional to
d*c
dwd?
where w is the energy and q the wave vector transferred by the photon. Changing
to polar coordinates, we see that

o / d*knyd (W + ek — Ekiq) (5.239)

d*c 9 kq
Todq /k; dkd (cos ) nx6 (w —&q— —cos 0> (5.240)
x /kdk@nka(k— Q) (5.241)
q
where m
Q= (eg—w) (5.242)
In terms of @, we have
o l/Oon kdk (5.243)
dwdQ " q )ig " ‘
For free electrons, this gives
d*o 1,5 9
7od¥ o<J(Q)o<2—q(kF—Q )0 (kr — Q) (5.244)

In this case then, the slope is discontinuous at kr = @ as illustrated on the left of
Fig.(5-33). In the interacting case, the change in slope at kg remains theoretically
related to Z. Also, one expects a signal above kr as illustrated on the left of the
figure. Experimental results for sodium, ry; = 3.96, are given on the right of the
figure along with the theoretical prediction. This metal is the one closest to the
free electron model. The experimentalists have verified that @ is a good scaling
variable, in other words that the cross section depends mainly on . Also, the
existence of a tail above kg is confirmed. However, the agreement with theory is
not excellent.

The experimental results for the mean free path are more satisfactory. Let the
mean free path ¢y be defined by

1 Tk 1

2
— = = =——ImX¥(k .24
fk Vi TKVk Vi ( 7<k) (5 5)
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Figure 5-33 a) Dashed line shows the momentum distribution in Compton scattering
for the non-interacting case while the solid line is for an interacting system. b)
Experimental results in metallic sodium compared with theory, rs = 3.96. Eisenberger
et al. Phys. Rev. B 6, 3671 (1972).

Remarque 101 The factor of 2 is not so easy to explain here, except to say that
if we look at a density perturbation, the scattering rate is twice that appearing in
the single-particle Green functions. We should discuss this in more detail in the
section on Boltzmann transport.

Fig.(5-34) presents the results of experiments on aluminum, r; = 2.07. If one
takes into account only scattering by plasmons one obtains the dashed line. The
full RPA formula, including the contribution from the particle-hole continuum, was
obtained numerically by Lundqvist for r; = 2 and is in excellent agreement with
experiment. We do not show the cross section for inelastic electron scattering since,
as expected from the fact that it is proportional to Im (1 /et ) , its only prominent
feature at low momentum transfer is the plasma resonance that is much larger
than the particle-hole continuum, as we saw in the theoretical plot of Fig.(5-21).

5.5 General considerations on perturbation theory
and asymptotic expansions

It is striking that in the end the RPA results, such as those for the ground state
energy Eq.(5.237), the effective mass Eq.(5.226) or the scattering rate Eq.(5.227)
are non-analytic in r; near ry = 0. This often occurs in perturbation theory.
In fact, the perturbation expansion is at best an asymptotic expansion since for
attractive potential at zero temperature the ground state is a superconductor and
not a Fermi liquid. In other words, r; = 0 is a point of non-analyticity since for
rs < 0 there is symmetry breaking. The following simple example taken from
Ref.[23] is instructive of the nature of asymptotic expansions.
Suppose we want to evaluate the following integral

d:E 7ﬁ7£w4

e 2 4 5246
o (5.246)

Z(g) =
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Figure 5-34 Mean free path of electrons in aluminum (rs = 2.07) as a function of
energy above the Fermi surface. Circles are experimental results of J.C. Tracy, J. Vac.
Sci. Technol. 11, 280 (1974). The dashed line with symbols X was obtained with
RPA for rs = 2 by B.l. Lundqvist Phys. Status Solidi B 63, 453 (1974).

This is an example where the integral does not exist for g < 0 but where we will
try nevertheless to expand in powers of g around g = 0. If we do this then,

Z(9)=> g"2" (5.247)
n=0
where
g, = D[4 2 (5.248)
o 4npl \/271'6 '
(D" (dn— 1N
T s T— (5.249)
with
An—-1II = An—-1)4n—-3)(4n—-5)...1 (5.250)
(4n)!
= .251
(4n) (4dn —2)(dn—4)...2 (5:251)
_ )
= @) (5.252)
Hence, a bound for the error is
_ (=" (4n)!
Zn = 16mn! (2n)! (5:253)

Using Stirling’s formula,
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we are left with

7, \/% (%‘”)n (5.254)

The value of each successive term in the power series is illustrated in Fig.(5-35).
Clearly, whatever the value of g, if n is sufficiently large, the higher order terms
start to be larger than the low order ones. This is a characteristic of an asymptotic
series.

Rﬂ
lo"2,

. .mmé=002

Figure 5-35 Asymptotic expansion of Z (g) for different values of g. The residual
error R, is plotted for the half-integer values. From J.W. Negele and H. Orland, op.
cit. p.56

We can even evaluate the error done when the series is stopped at order n. Let
this error be

Ry = \Z(9)= ) 9" Zm (5.255)
m=0

dr _2| _g.a - (_1)m 4m

= —e 7 e 4T — Z (gz) (5.256)
2 m=0 4mml
dx _z2 i (_1)m 4m

= — 5.257
27Te p) m;ﬂ Al (gac) ( )

The series in the absolute value is an alternating series and it converges. Hence,
an upper bound for this series is the value of the first term, as may be seen from
the fact that

Ap+1 — (an+2 — an+3) - (an+4 - an+5) — .. S Ap 41 (5258)

Hence,
R, < g¢""Z 11 (5.259)

We also plot the error in Fig.(5-35). Clearly, the error starts to grow eventually.
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Despite this terrible behavior of asymptotic expansions they can be quite useful
in practice. For example, for g = 0.01, the precision is 107!° after 25 terms. This
may be estimated by noting from Eq.(5.254) for the asymptotic value of Z,, that
g"Z, starts to grow when 4gn becomes of order unity. The minimum error is
then estimated with our formula for R,. Even quantum electrodynamics is an
asymptotic expansion, but the expansion parameter is o« = 1/137. It is thus an
extremely good expansion parameter. Sometimes the asymptotic series may be
resumed, at least partially as in RPA, or mathematical techniques, such as Borel
summation, may be used to extract the non-analytic behavior.

5.6 Beyond RPA: skeleton diagrams, vertex func-
tions and associated difficulties.

It is quite difficult to go beyond RPA while preserving important physical prop-
erties, such as conservation laws, or the f—sum rule. We can illustrate this by
the following simple example. The Lindhard function with bare Green’s function
satisfies conservation laws since it is the charge susceptibility of free electrons.
Suppose that in the presence of interactions, we succeed in computing the exact
one-body Green’s function. Then, it is tempting to compute the density fluctua-
tions using a bubble made up of the exact Green’s functions that we just obtained.
For one-body interactions, as for example in the impurity problem, this would be
the exact result, as we saw in a previous chapter. However, in the case where
two-body interactions are present, this becomes an approximation that violates
charge conservation.

To see this, we will show that the following consequence of charge conservation
is violated[25]

Xon (@=0igy) =0 5 if g, #0 (5.260)

To check that this last equation is a consequence of charge conservation, note that
at q = 0 the density operator is the number operator, an operator that commutes
with the Hamiltonian. This means that x,,,, (q = 0,7) is independent of imaginary
time, which implies that its only non-vanishing Matsubara frequency component
is ¢, = 0. Using the spectral representation for the Green’s function and inversion
symmetry in the Brillouin zone, our single dressed bubble calculation for yx,,, on
the other hand will give us the following expression

(w—w)+q2
(5.261)
When there are no interactions and A (kw) is a delta function, it is clear that
our exact result Eq.(5.260) is satisfied since only w = w’ will contribute. Oth-
erwise, the integrand is positive definite so the result is different from zero. To
see that knowing the exact one-body Green’s function in an interacting system is
not enough to know the density fluctuations, it suffices to return to Fig.(5-17).
The diagrams on the bottom may be accounted for by using dressed propagators,
but the diagrams on the first line cannot be. They enter the general category of
vertex corrections, namely diagrams that cannot be included by simply dressing
propagators.
To see another example of how apparently reasonable improvements over RPA
may lead to miserable failures consider the following reasoning. We saw from RPA
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that there are quasiparticles near the Fermi surface. Also, the low-frequency and
small momentum density fluctuations are determined mainly by quantities near
the Fermi surface, as one can check from the Lindhard function. It would thus
be tempting, in a next iteration, to compute the bubbles entering RPA with a
renormalized propagator
Zx
ik, — Ex + 1

In practice Z is in the range 0.5 to 0.7 which means that the dielectric constant
might change from 1 - V4GG to 1— diGG. That would spoil the agreement that
we had with experiment.

Another way to approach the problem of going beyond the simple perturba-
tive approaches is to start from exact reformulations of perturbation theory. Other
useful guides when one tries to push beyond the simplest perturbative approaches
are conservation laws, known as Ward identities, as well as sum rules and other
exact results such as the relation between G and density fluctuations that we
have introduced in the present chapter. We will come back on these general con-
siderations in a later chapter. For the time being we give two ways to reformulate
the diagrammatic expansion in a formally exact way.

The first reformulation is illustrated in Fig.(5-36). The propagators are fully
dressed. The interaction line must also be dressed, as illustrated on the second
line. The bubble appearing there is called the polarization propagator since it
plays the role of the polarizability in the definition of the dielectric constant. It
is defined as the set of all diagrams that cannot be cut in two pieces by cutting
a single interaction line. The polarization propagator has a bubble with dressed
propagators but this is not enough. We must also include the so-called vertex
corrections. These vertex corrections, represented by the triangle, are illustrated
by the first few terms of their diagrammatic expansion on the last line of the figure.
A vertex correction (irreducible) cannot be cut in two pieces by cutting either a
propagator or an interaction line, and it is attached to the outside world by three
points, two of which are fermionic, and one of which is bosonic (i.e. attaching
to an interaction line). Both in the polarization bubble and in the self-energy,
only one of the vertices is dressed, otherwise that would lead to double counting
as one can easily check by writing down the first few terms. One can also check
by writing down a few terms that vertex corrections on the Hartree diagrams
are indistinguishable from self-energy effects so they are included in the dressed
propagator.

We will see in the next chapter that the theory for electron-phonon interactions
may be written precisely in the form of Fig.(5-36) except for the fact that the inter-
action line becomes replaced by a phonon propagator. In addition a key theorem,
that we shall prove, the so-called Migdal theorem, shows that for electron-phonon
interactions vertex corrections may be neglected. The first two lines of Fig.(5-
36) then form a closed set of equations. Migdal’s theorem is behind the success
of electron-phonon theories, in particular the theory of superconductivity in its
Eliashberg formulation.

For pure electron-electron interactions, vertex corrections may not be ne-
glected. Non-diagrammatic ways of approaching the problem, such as that of
Singwi[24], have proven more successful. We will show algebraically in a later
chapter that perturbation theory for electron-electron interactions may also be
formulated in a way that is diagrammatically equivalent to Fig.(5-37). That is
our second exact reformulation of perturbation theory[25] (there are others). The
triangle now represents the fully reducible vertex, namely diagrams that can be
cut in two by cutting interaction lines or particle-particle pairs or particle-hole
pairs in a different channel. (We will discuss the notion of channel in more de-
tails in a later chapter). The box on the other hand represents all terms that

(5.262)
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Figure 5-36 Exact resummation of the diagrammatic perturbation expansion.
The dressed interaction on the second line involves the one-interaction irreducible
polarisation propagator. The last line gives the first terms of the diagrammatic
expansion for the vertex corrections.

are irreducible with respect to cutting a particle-hole pair of lines in the chosen
channel. To be complete we would need to give a diagrammatic expansion for the
square box but, in practice, the way to make progress with this approach is to
proceed non-perturbatively, namely to parametrize the box in such a way that it
can later be determined by using sum rules and various other exact constraints of
many-body theory, such as the Pauli principle and conservation laws. This will be
discussed in a later chapter.
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(52 - 1t

Figure 5-37 Exact representation of the full perturbation series. The triangle now
represents the fully reducible vertex whereas the box represents all terms that are
irreducible with respect to cutting a particle-hole pair of lines in the indicated channel.
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