Lecture Notes!, Theory of Condensed Matter II, Karlsruhe
Institute of Technology

Jorg Schmalian

April 21, 2018

LCopyright Jérg Schmalian



Part 1

Introduction



This course is concerned with phenomena in quantum condensed matter systems that can be most effi-
ciently analyzed and solved using quantum field theoretical methods. To this end we first physically motivate,
introduce, and investigate retarded Green’s functions. Next we will introduce the Feynman-diagram technique
of thermal Green’s functions and apply these techniques to problems such as itinerant ferromagnetism, super-
conductivity, and dynamical screening of the Coulomb interaction. Finally we will discuss the non-equilibrium
version of many-body theory by using the Schwinger-Keldysh approach. As example, we investigate quantum
transport of graphene. Thus, the course is concerned with learning techniques and applying them to solve
given many-body problems.

In case of the screening of the Coulomb interaction, we consider for example the Hamiltonian of non-
relativistic electrons (no spin-orbit interaction) in a crystalline potential U (r) and with electron-electron
interaction V (r — r'):
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Here 1), (r) is the fermionic field operator that annihilates an electron with spin « at position r, obeying
standard fermionic anti-commutation relation

Vo (1) 0 ()] = Basd (r — 7). 2)

If we include a similar Hamiltonian for the motion of the nuclei, along with the electron-nucleus Coulomb
interaction, we pretty much have a complete description of a solid within the non-relativistic limit. Thus, it is
possible to fully define the standard model of condensed matter physics in the introductory lines of a lecture.
One might then be tempted to conclude that this area of physics must be conceptually pretty trivial. All that
seems to be left to do is to solve for the eigenstates and eigenvalues of H, a task that one leaves to a gifted
programmer or a clever mathematician. However, except for small systems or systems with a large number
of conserved quantities, these many-body systems simply cannot be solved exactly. We need to find ways
to analyze such an Hamiltonian, or a simplified version of it, that allow to make as rigorous a statement as
possible. In fact, the beauty of condensed matter theory is to make predictions about new states of matter and
universal behavior that are emergent, i.e. that are not obvious if one looks at the initial degrees of freedom of
the Hamiltonian. If nothing else, these considerations reveal that simply writing down a fundamental theory,
doesn’t yield a whole lot of insight that goes beyond the understanding of what the elementary building blocks
of this theory are. Emergent phenomena, such as spontaneous symmetry breaking, composite particles, new
topological states of matter etc. etc. require a detailed analysis that is primarily guided by experiment,
synnetry arguments and, of course, by good physical intuition. This is the same, regardless of whether we
talk about the physics of a piece of metal, a neutron star, or the universe as a whole.



Part 11

Observables and Green’s functions



Chapter 1

Linear response

We consider a system that is, at least initially, in thermodynamic equilibrium. The expectation value of a

physical observable is then given by
(A) =tr(pA), (1.1)

with density operator (often called density matrix)

p= %e‘ﬁH. (1.2)
Z = trePH is the partition function and f = ,CBLT the inverse temperature. In what follows we will use
a system of units where kg = 1, i.e. we measure temperatures in energy units. The generalization to the
grand canonical ensemble with chemical potential p is straightforward. The density operator is then given
as Peq = ZLqefﬂ(H ~#N) where N is the particle number operator. As we will mostly use the grand canonical
ensemble, we will often call H — u/N the Hamiltonian and continue to use the letter H. Determining such an
expectation value is a formidable task in many body theory and we will do this during this course.

A scenario that occurs very frequently and that offers significant insight into the inner workings of a
complex condensed matter systems is based on the measurement of an observable that follows some external
perturbation. Such an approach yields dynamical information, in fact it even allows to theoretically study
the stability of a state of matter with regards to a spontaneous symmetry breaking. To this end we consider
a system coupled to an external field that is characterized by the interaction part of the Hamiltonian W (t),
i.e. the Hamiltonian

Hiw =H+ W (t) (1.3)

consists of the Hamiltonian H that describes our system in isolation and the external time-dependent pertur-
bation W (¢).
A specific example for W (t) is the coupling

W (t)=—pp Y _Si-B(t) (1.4)
of an external magnetic field to the electron spins

h
S, = 5 ZE; cj-aaaﬁcw (1.5)

of a magnetic system. Another example is the interaction

W(t)=-> Pi-E(t) (1.6)

between the electrical polarization
Pi =c Z C;‘raRiCia (17)

«
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of electrons at lattice sites ¢ and an external electrical field.
As for the time dependence of W (t), we have in mind a scenario where the system is not affected by the
perturbation in the infinite past, i.e. W (t — —oc) — 0. A convenient way to realize this is via

E(t) = lim Egexp (—i(w+id)t)
d—0+
B(t) = 6lir(r)1+ Boexp (—i(w+1id)t), (1.8)

i.e. we include an infinitesimal positive imaginary part to the frequency of an oscillatory time dependence.
In the case of a more general time dependence we would write
> dw

W (t) = lim — W (w) e @t (1.9)

60+ J_ oo 2m

Next we consider the time evolution of the observable that follows as a consequence of the applied external
perturbation

(4), = tr (p (1) A), (1.10)

where the density matrix obeys the von Neuman equation
L0
i (1) = [H+ W (1), p (1) (L11)

Note, in case of p (t) and W (t) we are analyzing the time dependence of operators that are in the Schrédinger
picture. As areminder, the von Neuman equation follows for an arbitrary density matrix p (t) = ). |Vior,i (1)) 2i (Vio
from the Schrédinger equation of the many body wave function |Wie, (t)) with Hamiltonian Hy. The dy-
namics of observables is then a consequence of the time dependence of the density matrix. This is indicated
by the subscript ¢ of (A),.

As discussed, the perturbation is absent in the infinite past and we assume the system was in equilibrium
for t — —oc:

1
p(t— —o0)=p= Ee_ﬁH. (1.12)

In most cases the external perturbation is small and we can confine ourselves to changes in (A), that are
linear in W (t). This regime is referred to as linear response. The subsequent formalism can be (and has
been) extended to include higher order non-linearities. Here we will, however, only consider the leading order,
linear effects.

To proceed we go to the interaction representation

p (t) _ efth/hp(I) (t) eth/h. (1'13>

Note, p') (t) corresponds to the interaction picture of the Hamiltonian Hi. The Hamiltonian of our system
of interest is of course H (W (t) is only used to probe this system). If considered with regards to H, p') (t)
corresponds to the Heisenberg picture. This is the reason why we will below state that operators are taken
in the Heisenberg picture.

Performing the time derivative gives

op (t : opD (t) ,
i —pa i ) _ [H, p ()] + e~ H/mp 22 875( ) it/ (1.14)
Inserting the von Neuman equation yields
apD (t
20 _ o gy 0 ), (1.15)

ot

which is formally solved by (better, its solution is equivalent to the solution of)

t

oD () = p— % / at' W (), oD ()] (1.16)

—0o0



CHAPTER 1. LINEAR RESPONSE 6

If we return to the Schrédinger picture, it follows

. t
pl)=p=y [ dte MORY ) ) O, (117
One can now generate a systematic expansion with regards to W (t) if one solves this integral equation via
recursion. At zeroth order holds of course p(t) = p = #. At first order we can insert this zeroth order

solution in the right hand side and obtain
. t
1 i g i g
plt)=p— [ dre IO (o), g oo, (1.18)
We can now determine the expectation value of A:

(A), = (A) — %/t dt'tr ([WO (t'), p] AW (1)). (1.19)

—00

One can cyclically change the order under the trace operation:
tr [(Wp — pW) A] = tr [(AW — WA) g, (1.20)
which gives
(A), = (A) — %/t dt' {([AD (1), WD ()]). (1.21)

It is useful to introduce (the retarded Green’s function)

(4 (B @) = —50 ¢~ 1) ([0 0,89 ) (1.22)

such that

(A), = (A) + /OO dt’ ({AD (£); WD (') . (1.23)

o0

These considerations demonstrate that the linear response of a physical system is characterized by retarded
Green’s functions. The interesting result is that we can characterize the deviation from equilibrium (e.g.
dissipation in case of the electrical conductivity) in terms of fluctuations of the equilibrium (equilibrium
correlation functions). Among others, this will lead us to the fluctuation-dissipation theorem. It offers a
compact and unifying approach to study the response of a system with regards to an arbitrary external
perturbation.

Example, conductivity: as discussed, we have an interaction between the electrical field and the electrical
polarization:

wO )y =-3 PP E®). (1.24)

with (we will frequently not write down explicitly the limit 6 — 07)
E () = Egexp (—i (w +140%)t). (1.25)

If we are interested in the electrical current it follows
(o), = — Z/ 0 <<j£f> (t): P (t/)>> Fy et (1.26)

Before we give further examples and discuss the physical implications of our linear response analysis, we will
therefore discuss in some detail the mathematical properties of such functions.
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1.1 Properties of retarded and advanced Green’s functions

We learned that the linear response of a physical system that is initially in equilibrium can be formulated in
terms of retarded Green’s functions:

ap(tt) = ((A®):B(t))
SR <[A (1), B (t’)]n> . (1.27)
To simplify our notation we will from now on use a convention where h = 1, i.e. frequencies and energies are

measured in the same units. We further dropped the superscript (I) for the interaction representation. Keep
in mind, that it is the Heisenberg picture if we refer to the Hamiltonian H of the system we are interested in:

A(t) = et Ae~ 1, (1.28)
Finally, we introduce

[A, B]77 = AB +nBA (1.29)
to simultaneously analyze the commutator for n = —1 and the anti-commutator for n = +1. We will see very

soon that the generalization to anti-commutators is sometimes a very sensible thing to do if one considers
fermions.

The prefactor 0 (t — t') emerged as a natural consequence of causality. The response of the quantity (A),
was only influenced by W (') for ¢ < t. It is however possible, at least formally, to introduce other Green’s
functions. Important examples are advanced Green’s functions:

Ge ) = ((A@);B()
—~ z’9(t’—t)<[A(t),B(t’)}n> (1.30)

and the time-ordered (sometimes called causal) Green’s functions:

Gp(tt) = ((A(t); B ()
= —i(T,A(t)B(t)), (1.31)

with time ordering operator
T,AG)BA) =0t —t)YA@t)B{t")—no({t'—t)B (") A(t). (1.32)

Because of our insight that retarded Green’s functions determine the linear response, we predominantly
investigate this function. The advanced and time-ordered functions can be easily analyzed along the same lines.
In fact knowing one of these functions allows to determine the others. They contain the same information.

1.1.1 Homogeneity of time

An important property of all of those Green’s functions is that they are only functions of the difference ¢ —t'.
To demonstrate that this is the case we start from the definition:

L (B8) = =i (t—1) ([A(t), B()),)
= —if (t —t") ((A(t) B{)) +n(B (') A(t))) (1.33)
The correlation functions are explicitly given as
]_ . . e g STT 4l
<A (t) B (t/)> _ Etr <€75H61HtA67'LHt€'LHt Beszt>
_ ltr <€—,8H€iH(t—t’)Ae—iH(t—t’)B>

Z
= (A(t—1t)B(0)) (1.34)
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and similar for (B (') A(t)) = (B (0) A(t —t')). Thus, it follows

We (Gt)=Ghg(t—t). (1.35)

The reason why we could demonstrate this behavior is that the thermal average, with Boltzmann weight
e PH and the unitary time evolution, with e "t commute. They are both governed by the same Hamiltonian.
Physically it corresponds to the fact that there is no preferred absolute time in a system that is in equilibrium.
An implication is that any stationary distribution function, even those that are not in equilibrium but that
yield states without preferred time point must have a density matrix p = p (H, X;) that only depends on the
Hamiltonian and maybe on other conserved quantities X; of the system with [H, X;] = 0.

1.1.2 Equation of motion

The fundamental equation of motion of quantum mechanics is the Schrodinger equation. For operators that
are not explicitly time dependent in the Schrédinger picture, the Schrodinger equation is equivalent to the
Heisenberg equation!:

A =[A(t), H]_ . (1.36)

This enables us to determine the equation of motion that follows from the Schrédinger equation.
We start from

0G5 () = 0.0 ([A®),BO)],)}
= 50 (14 B),) +0) ([2A (1), B(0)],)
— §(t) <[A, B]n> 0 (1) <[[A (),H]_,B (0)}n> , (1.37)
where ¢ now refers to the relative time. The last expression can itself be written as a retarded Green’s function
Gham s () = (([A@), H_; BE))) = =0 ) ([[A®), H]_, B(0)],)

and we obtain the equation of motion for retarded Green’s functions.

i0,G7y 5 (1) = 6 (t) <[A, B]n> + Gl 5 (0). (1.38)

Thus, in order to determine one Green’s function one needs to know another one. We will see that in case of
non-interacting systems the newly generated Green’s functions can be expressed in terms of the initial one,
which allows, at least in principle, for a full solution. On the other hand, for a generic interacting many body
system a closed solution only exists if one analyzes conserved quantities with [A, H]_ = 0 or at least densities
of conserved quantities. These aspects will all be discussed in greater detail below.

Because of Eq.(1.35) follows that we can Fourier transform the Green’s function

g (W) = / h dtG"y 5 (1) ™. (1.39)

o0

The equation of motion for the Fourier transforms are then easily obtained as

WG (@) = ([A, Bl,) + Glam (@) (1.40)

It is now only an algebraic equation.
If one repeats the same analysis for the advanced and time-ordered Green’s functions, one finds identical
expressions as in Eqgs.(1.38) and (1.40). On the other hand, the detailed time dependence of G” (t), G* (t), and

1Recall, that we use a system of units with i = 1.
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G (t) is obviously very different. From the definition of these quantities follows for example that G" (t < 0) =
0, while G*(t > 0) = 0. Thus, if one wants to determine the correct solution of the equation of motion
one must incorporate those boundary conditions appropriately. This implies that the Fourier transform in
Eq.(1.39) has to be performed with some care. To address these issues we will next analyze the analytic
properties of Green’s functions in some detail.

1.1.3 Lehmann representation

In what follows we determine a rigorous representation of G’ (w) that reveals a lot about the analytic
structure of Green’s functions. Let {|/)} be the exact eigenfunctions of the Hamiltonian with eigenvalues

{El}, ie.
H|l) =E ). (1.41)

Then, we can write a thermal expectation value as

(A) = tr (pA) = %Ze—ﬂffz T1A1) (1.42)

For a correlation function follows accordingly
(A@®)B(0) = %Z e PPL{LIA (1) B(0)]1)
I
_ %Z e~PPL (] |t A= B 1)
I
_ %Z e~PEGE=En) (1 Al m) (m | B| ) (1.43)
L.m
The same analysis can be performed for (B (0) A (t)) and yields
(BOAW) = 5 3 P B 1Bl m) i A]1)
L.m

1 .
= - > et BEn) (1 Al m) (m | B| 1) (1.44)
l.m

In order to analyze the frequency dependence of the Fourier transform of the Green’s function we first
consider the Fourier transform of the correlation functions

(B(0)A(t)) = / h g—‘:J(w) et (1.45)

For the inverse transform J (w), which we also call the spectral function, follows

J(w) = /_ et (B (0) A (1))

1 o0 .
= 7 Z e PEm (1| Alm) (m |B|1) / dtet @t E=Em) (1.46)
l.m -
We use [ dte™ = 276 (w) and obtain:
2m
— —BEm
J(w) = 7126 (LIAlm) (m |B| 1) (w+ E;, — Ep,). (1.47)
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At T = 0 this expression simplifies further. Let us consider a singly degenerate ground state with energy Ej.
Then follows Zr_,o = e #F0. Similarly, in the sum over m only the ground state contributes and we obtain

Jr—o(w) =21 (0|B[1)(1|A]0)6 (w + B — Ep). (1.48)

Notice that in case where B = A follows (I |A|m) (m |B|1) = |(l|A|m)|* > 0. Thus, the spectral function
is for all T real and positive definite: J (w) > 0. With our above results for the two correlation functions
follows immediately

(A(t)B(0)) = /OO ey (w) e ™. (1.49)

oo 2T

We use these results to write for our Green’s function

ww) = -if " 4t (1) (A (1) B) + 1 (BA(1)))

oo

= —i / o’ (65“’+n) J (W) / dte’ =g (t) (1.50)

—0o0 —00

To proceed we need to analyze the integral

flw) = /_OO dte™'0 (t)

[e9]

= / dte™t
0

— lim dtei(w+i6)t
6—0+ 0
;
= (1.51)

To insert the converging factor seems a bit arbitrary. To check that this is indeed the right thing to do, let

us perform the inverse transform
® dw et
Ft) = — . 1.52
®) / 0 2T w 4107 (152)
We want to evaluate this integral using the residue theorem. For ¢ > 0 we can close the contour in the lower
half plane, i.e. the contour encircles the pole at w = —i0". The residue of the pole is 1 (because of the sense
of orientation of the contour). For ¢ < 0 we have to close the contour in the upper half plane. As there is
no pole in this half plane, the integral vanishes. Thus, we obtain F'(t) = 6 (t) as expected. This analysis
also reveals that causality, expressed in terms of the #-function, implies that we should consider frequencies
w 4 10" with a small positive imaginary part.
It follows for the Green’s function

*° duw' (65“’/ + 77) J (W)
r = _ . 1
as (@) /_OO o7 w—w +i0" (1.53)

Inserting the spectral function yields the so called Lehmann representation:

. 1 (e77Ft 4+ mePPm) ([ |Alm) (m|B]|1)
AB(M)_E w+ E, — Ep, +i0t

(1.54)

I.m

which reveals that a retarded Green’s function, once considered with complex frequency argument w, is
analytic everywhere, except infinitesimally below the real axis. In fact one can consider the function

e BE ¢ BEm m) (m
Gan ()= L3 ﬂzu;l%; ) (m|Bl1) (1.55)

l.m
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with complex argument z and the retarded function is given by

s (W) =Gap (w+i07). (1.56)
Repeating our analysis for the advanced Green’s function yields

%5 (W) = Gap (w—1i07). (1.57)
If one keeps in mind that under the integral holds

1

1
s =P i (W), (1.58)

where the principle value of % is meant in the first term, we obtain:

@) =G @) = [ 5 () T w)

—00

o 1 1
w—w +1i10" w-—w —10t
= —i(e™+n)J(w) (1.59)

For B = A', where the product of the two matrix elements is real, the advanced function is the complex
conjugate of the retarded function. Considering once again the frequent situation where B = AT it holds

J (w) = —2n, (w) ImG", 4+ (w), (1.60)
where
1
ny (W) = o o (1.61)

is, depending on whether we use the commutator or anti-commutator, the Bose or Fermi function, respectively.
In case of B = AT we also obtain the famous Kramers-Kronig relation

, < o TG, (o)
aat (W) = —/ T e (1.62)

—0o0

which reveals that the information about the Green’s function is fully contained in its imaginary part, a result
that is a consequence of the constraints brought about by causality. This result also allows for the analysis
the function G (z) introduced above and yields

oo d /I G”" /
Gaat (2) = _/ ﬁw. (1.63)

/
o T zZ—w

Finally, we can use our results to determine expectation values of correlation functions via

* dw

(BA(t)) = / N ) e
— /Oo dw ( ) T4B (w) _. G?A&B (w) et (1.64)

— Ny (W

o T 21

In particular, we can use this expression to determine static expectation values (e.g. in case of B = AT)

<ATA> = — /OO d—wnn (W) ImG" 4+ (w) .

e T
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The previous results finally allow for a proper interpretation of the equation of motion in frequency
representation. We obtain a Green’s function with proper boundary conditions if we simply analyze

(w+i0%) Gy p (w) = <[A, B]n> + Glam 5 (). (1.65)

This immediately guarantees that the back-transform G’z (f) obeys the correct boundary condition and
vanishes for ¢ < 0.

As will be discussed in greater detail, one can also show easily that Green’s functions obey certain sum
rules, the easiest of which is

/_oo dwGy (W) = —ir <[A, B]n> . (1.66)

o0

Let us consider a system of non-interacting fermions with Hamiltonian

H=>" (e — 1) ¥} tka- (1.67)
ka

p is the chemical potential. In order to determine the equation of motion, for Gy 1, (w) We need to evaluate
the commutator

[Vkar H]_ = (ek — 1) Ya (1.68)

that is particularly easy for non-interacting particles. It follows
(4 i0) G () = [t ) + (6= 1) G (1.69)

Using the usual anti-commutation properties [wka, w;r(,a,} = 0o Ok 1t follows
+

i,k’aa/ (w) = 50&0'6kk’G£ (w> ) (170)

with

1

G, = )
k(w> w+i0+—6k+ﬁb

(1.71)

We observe that without the infinitesimal part in the frequency, there would be a pole of the Green’s function
at the particle energy e — p relative to the chemical potential. We also easily obtain the imaginary part

— %ImG; (w) =6 (w—ex+p). (1.72)

A sharp peak in the imaginary part is a signature that the system is characterized by a particle, a behavior
that will be used later on as well, when we analyze interacting electrons. We could for example use this result
to obtain the particle number

<w£awka> = - /_ N d%’m (w) ImGY, (w) .

[e.e]

= /_Oodwf(w)é(w—sk+u)

[e.e]

Sy T (173

Thus, as expected we find that the occupation number of free fermions is given by the Fermi function. It turns
out that knowledge of the retarded Green’s function is sufficient to determine all thermodynamic properties
of a many body system of electrons. We will prove this result below for an interacting electron system.
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1.2 Green’s function for free particles

In case of non-interacting fermions and bosons, one can obtain a closed expression for the Green’s functions.
To this end we consider a Hamiltonian of the form

H= ZhijCICj, (174)
ij

where cZT and ¢; are creation and annihilation operators of fermions or bosons in states with single particle
quantum numbers ¢ and j, respectively. Those quantum numbers could be momentum, lattice sites in a
solid, spin, or a combination of spin and momentum, depending on the problem at hand. The fact that we
confine ourselves to bilinear forms (only two operators) reflects that we consider noninteracting particles. We
do, however, not assume that h;; is a diagonal matrix, whose diagonal elements are then the single particle
eigenstates. In case of bosons (fermions) we use the well known commutator (anticommutator) relations

[Ci,c}]n = 0ij,
[civcgl, = [CT cT]n:O, (1.75)

with n = —1 (n = —1).
We first determine the so called single particle Green’s functions?

4 _ . +
Gy (1) = —i0 (1) <[c (t) ,cj]n> : (1.76)
For the analysis of the equation of motion we have to analyze the commutator

e, H. = hum [c c}cm] ) (1.77)

It holds

i _ i i
[ci, C/Cm = CiC[Cm — C]CmC;

_ T T
= —0CCiCpm + 0i1Cm — € CCi

= UQCchmci + 05Cm — cchmci
= 5ucm, (178)
which yields
lei, HI_ = himCn, (1.79)

regardless of whether we consider bosons or fermions.
For our equation of motion follows then

(w+i0%) GF (W) =655 + Y him Gl (W) (1.80)

We see that the equation of motion closes in the sense that only Green’s functions of the type defined
in Eq.(1.76) are needed. It is also natural to introduce a matrix G (w) with matrix elements G;; (w) and

similarly h for the matrix representation of the Hamiltonian with elements hi;. Then follows?

wG W) =1+h-Gw), (1.81)

*To simplify our notation we use Gj; (¢) instead of GT i (1)
i<

3We drop the index r for the retarded function with the understanding that it follows via w — w + i0F.
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or

(w—@éﬂ@:i. (1.82)
This leads to

é(w)::Qu—iQ_l. (1.83)

Thus, in order to determine the Green’s function of a non-interacting gas of fermions or bosons, it is sufficient

to diagonalize a matrix in the space of single-particle quantum numbers. This can be a non-trivial task on its

own, e.g. for disordered systems where h;; are realizations subject to a certain disorder distribution function.

In systems with translation invariance the single-particle eigenstates of the Hamiltonian are plane-waves with
k

eigenvalues ¢ that depend on the specific dispersion relation of the problem (e.g. ex = 5~ — p for solutions

of the Schrédinger equation). This immediately determines the eigenvalues of the Green’s function

1
G (w) = ——— 1.84
L) = (1.8
a result that we obtained earlier already for free fermions.
In a solid, with discrete translation invariance, the eigenstates are the bands ey , where the momenta are

from the first Brillouin zone and we find accordingly Gi,, (w) = m.

1.2.1 Perturbation theory and Dyson equation

An important application of our matrix formalism can be made for systems where we can write
hij = 6?(5@' + ‘/z’j’ (185)

i.e. we are in the eigenbasis of a bare Hamiltonian KO with eigenvalues €Y, while an additional perturbation is
off-diagonal.
This suggests to write

~

G' = w—h"-V

~ —1 ~
where Gy = = w — h° is the Green’s function of the bare Hamiltonian, i.e. the bare Green’s function. It is a
fully diagonal matrix, i.e. we have

W —¢£

Goij (w) = (1.87)

0"

Eq.(1.86) is called the Dyson equation for single particle systems, i.e. for systems without interactions. We
can multiply Eq.(1.86) from the left with Gy and from the right with G and obtain

G =Go+GVG. (1.88)
A perturbation theory in V can now be generated by iterating this equation repeatedly
G =Go+ GoVGo+ GoVGoVGy - . (1.89)
1.2.2 Higher order correlation functions

The knowledge of G; (w) yields immediate information about expectation values of the form <cjcj>. Suppose

we want to know something about a more complicated expectation value, such as <c§c£clcl->, we can equally

find closed expressions for the corresponding Green’s functions. To this end we analyze Gap = G ji with
A=¢; and B = c}chl.
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The equation of motion follows immediately, as the commutator with the Hamiltonian is the same
WG j (w) = <[c c;c;cl] > ) i G g (w) - (1.90)
U

The remaining commutator or anticommutator is easily calculated as:

[ci,c}czcl} = cic;czcl—l—nc}c,tclci
n

= —nc}cic,tcl + %@Lcl + nc}c,&clci

= C;CLCiCZ - néiij‘Cl + 57;jC1];Cl + nC;CITQClCi
= 51;3'0;101 — 775ikc;cl. (1.91)

This yields for the equation of motion the result:
WG jn (W) = 0 <C;T€Cl> — 10k <c}c,> + > D Gl it (@) (1.92)

If we use our earlier result for the single particle Green’s function we can write this as

Z <C¥ (w)’1>im Gl (W) = 0y <chl> — Nk <c}cl> , (1.93)

m

which can be multiplied by Gy; (w) and summed over i. It follows
Giju (w) =Gy (w) <c£cl> — nGir (w) <c}cl> (1.94)

These functions can now be used to determine the expectation values <c§c£clc,-> and it follows

<c}c£clci> = <c}ci> <c,t:cl> —n <c;cl> <c£ci> . (1.95)

Thus, we are able to express a more complicated expectation value in terms of simpler ones, a procedure
that is correct for arbitrarily complex operators. In fact the last result is the simplest case of a more general
statement that goes under the name of Wick theorem.

1.3 Photoemission and single particle Green’s function

Photoemission is a widely used experimental approach to study the electronic properties of solids. It is based
on the photoelectric effect that was initially discussed by Einstein. The irradiation of a solid with light gives
rise to the emission of electrons. In what follows we discuss this effect within a many-body theory.

Let the many-body wave function prior to the irradiation be the initial state }\I/%> = |m) where we
explicitly denote that we are considering a system with N particles. Let the final state be given as ‘\Ifﬁcv >
The corresponding energies are EY and E}V . The transition probability per unit time between the two states
is then given by Fermi’s golden rule

w = 2m [(UN [V NN 6 (w — BN + EY). (1.96)
The perturbation caused by the irradiation is of the form

V=-P-E,. (1.97)
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Since the polarization is a single particle operator, i.e. an operator that we can write in the form:

V=3 it (1.98)
k.k'aa’
where 9] _ is the creation operator of an electron with momentum k and spin a and dﬁﬁ: = —(ka |P|Kd) - Eg

refers to the dipole matrix element.

The key assumption of the usual description of photoemission is the so called sudden approximation, where
we assume that the excited photoelectron does not couple to the remaining N — 1 electron system, i.e. it is
excited highly above the Fermi energy of the solid and rapidly leaves the system. This is at least consistent
with the usual view that photoelectrons originate only from a few top-most layers of the solid near the surface.
Thus, we write

(WYY = ol 5 |¥N ) (1.99)

is the photoelectron added to one of the eigenstates of the N — 1-particle system. At the same time we assume
(L }\P%> = 0, i.e. the photoelectron state is not mixed into any of the relevant initial states of the system.
The emphasis in the last term is on “relevant”. At T" = 0, the only relevant initial state is the ground state,
and for finite temperatures we are only interested in states with excitation energy FE,, — Ey =~ kgT.

It follows

2
w = 2m <\IJ{V1 Vigs > Ayl e xpﬁx> § (w—EY +EJ) (1.100)

k.k'aa’

Since ¥y, s !‘II%> = 0, it must hold that a = 8 and k = ky, i.e.
It follows
2

w = 27 <\IJ{V—1 Zdﬁﬁ‘k@bka \I/fﬁ> § (w—EY + EY) (1.101)

k,a

We now sum over all initial states ‘\Iffx> = |m) with initial probability p,, = ze P and over all final states
|\IJZN _1> = |l) , and take into account that the final energy E}V = ek, + ElN ~! is the sum photoelectron energy
€k, and of the energy EN~! of the remaining N — 1 many body state. It follows for the intensity

B7a
<l Z dkf,kwko‘ m>
k,«
We recognize this result as the spectral function of a retarded Green’s function with

A =) A
k,a

B = Al (1.103)

2

2T
heys (@) = = > e fhn §(w—ex, — Ej+ Ep) (1.102)

Ilm

If we recall our earlier result that J (w) = —2n, (w) ImG", ,; (w) it seems most natural to use for the photo-
electron spectrum of occupied states a quantity that is proportional to the Fermi function ny (w) = f (w) =

(65” + 1)71. Thus we opt for the anticommutator Green’s function with n = +1 and define

ot @) = =00 = 0) () [t ), v 0] ), (1.100)

such that

Tgs (W) = =2f (W —a,) Y dOIMG oo (w — ;) diier- (1.105)
kk’,aa’
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Thus, except for the dipole matrix elements, the photoemission intensity is determined by the imaginary part
of the retarded fermion Green’s function.
Let us consider a system of non-interacting fermions with Hamiltonian

H=> (a1~ 1) o tka- (1.106)
ka

f1 is the chemical potential. In order to determine the equation of motion, for Gy . (w) we need to evaluate
the commutator

[Vras H]_ = (ek — 1) Vka (1.107)

that is particularly easy for non-interacting particles. It follows
((U + ZO+) Lk’aa’ (w) = < |:¢koc7 ¢1T</o/} +> + (ek - M) G;,k’aa’ (w> (1108>

Using the usual anti-commutation properties [wka, zplt,a,} = 0o Ok 1t follows
+

kidaa’ (W) = daa O G (W) (1.109)

with

1

G, = )
k(w> w4107 —ex +u

(1.110)

We observe that without the infinitesimal part in the frequency, there would be a pole of the Green’s function
at the particle energy e, — p relative to the chemical potential. We also easily obtain the imaginary part

1
— —ImG} (w) =0 (w —ex + ) . (1.111)
T
A sharp peak in the imaginary part is a signature that the system is characterized by a particle, a behavior

that will be used later on as well, when we analyze interacting electrons. We could for example use this result
to obtain the particle number

<w£a¢ka> - - /_ Z d?wm (w) TG () .
= /_Zdwf(w)é(w—sk—l—p)
= flex—p). (1.112)

Thus, as expected we finD that the occupation number of free fermions is given by the Fermi function. It turns
out that knowledge of the retarded Green’s function is sufficient to determine all thermodynamic properties
of a many body system of electrons. We will prove this result below for an interacting electron system.

For the photoemission spectrum follows finally:

2
0 (w—ex, = Exa+ 1) - (1.113)

2 a
kag (w) = ;f (u) — Ckf) Z ‘di},k
k,a

The experiments then probes the occupied states of a solid and can be used to determine the energy-momentum
relation. Often, one assumes momentum conservation, at least for the components of the momentum parallel
to the surface and finds

I8 (W) ocf(w—ekf)é(w—ekf —€kf+,u).
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The Kubo identity

We consider a system characterized by Hamiltonian H with additional external and time-dependent pertur-
bation
W==> " A;F;t) (2.1)
J

characterized by operators A; and time dependent functions Fj (¢). The usual linear response analysis yields
for the time dependence of the expectation value (A;), of A; to linear order in the perturbation:

A=+ [ @Y Gye-t)F(e). 2.2)
> J
with retarded Green’s function

Gij (1) = —i6 () {[A; () , A; (0)]) . (2.3)

Here time-dependent operators are in the Heisenberg representation of H.
Next we prove the so called Kubo identity

A
i[A(t),p] = p/ drA(t —iT). (2.4)
0
Here, we used
A (t . 27_) _ 6iH(t—iT)A€—iH(t—i7)'
To prove the identity we write

B . B d
,0/ drA(t —iT) = ip/ dr—A(t —iT)
0 o d

T

= ip(A(t—iB)— A(t))

_ e e —BH _
= i (e"A(t)e A1)
— i(A(D)p—pA(t). (2.5)
which proves the Kubo identity.
Using this identity, it follows
1
Gyt —1) = =Bt~ 1) e ([4;(F),p] A ()

= —4(t—1t) /Oﬁ dr <Aj (t' —ir) A; (t)> (2.6)

We can write this as
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The Fourier transform Gy; (w) = [ dte™+'G;; (t) with wy = w + 0" is given as

o0 p . .
Gy (W) = — / dt / dreiot <Aj (—t — ir) Ai> (2.8)
0 0
Let us perform a partial integration

Ul(t) — _eiw+t

B
v(t) = / dr <Aj (—t — i) Ai>
0
i iwgt / _ B d A -
such that u (t) = et and v (t)= [, dr <EAJ' (=t —iT) Ai>
1

00 B8 .
Gij(w) = —— dte™+! /O dr <%AJ~ (—t —ir) Ai>

Wt Jo

+ Le“‘”’t/ dr <Aj (—t —iT) Ai>
W 0

0

(2.9)

The first term can be analyzed using the Kubo identity and be expressed in terms of the Fourier transform
Xij (w) of the retarded Green’s function

vis (L= ) = =i6 (= 1) ([As (1), 4; (1)] ) (2.10)

that contains the time derivative of one of the operators. For the last term we use that it vanishes at the
upper limit due to the convergence factor in w,. Thus, it follows

l

Gij (w) = — (x5 (@) = x35) (2.11)

+
with the isothermal susceptibility

T g i

Xii = /dT A; (—iT) A;

G o= ardiin A

= d<é> (2.12)

dF; Fiso

is the change of the observable (A;) due to an external static field /Zi that couples to A]- in the Hamilonian.
Notice, this is different from F} (¢) that couples to A; itself and is in general dynamic. To see that this is the
case we expand the statistical factor to linear order in this perturbation:

o B —~
e BUH-A4F}) o o=BH <1 +/ A; (—z’r)Fj> . (2.13)
0
Inserting this expression into the change of the expectation value

tre_B(H_Aij)Ai tre_ﬁHAi

B(H-AF)  tre=PH

(AA;)

(2.14)

tre
~ /ﬂ dr <Aj (—iT) Ai>E (2.15)

gives the above result for x?} An important implication of Eq.2.11 occurs for D;; = x;; (0) — XiTj # 0. In this
case follows .
ReGij (w) = WDij(S (LU) - w (216)

w
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This is a generalized Drude term in the response function.

Let us discuss a few specific examples. If one considers a homogeneous electric field that couples to charges,
it can depend on the gauge whether we can even accomplish a coupling of the type in Eq.2.1. We could for
example use p — p — £A with time dependent vector potential and vanishing scalar potential. In this case
holds for a parabolic spectrum that there are also perturbation quadratic in A. Alternatively, we can use an
electrostatic potential ¢ (x,t) = E (t) - x, i.e. W =e [ da' (x) 1 (x) ¢ (x,t). Thus we obtain

W=p-E() (2.17)

with polarization operator p = e [ d?zy' (x) xt) (x). Notice that j =p =i [H, p] is the current operator. For
the conductivity, the operator to analyze is the a-th component of the current, i.e. A; = j,. The operators
A; correspond to the components —pg of the polarizaton operator p, i.e. the time derivative corresponds to
the current Aj = —ja. For the conductivity 0,4, defined as,

(o), = /_OO dtz Oap (t— 1) Eg ('), (2.18)

J

follows

p ©

soa@) = [ dr [l Gy (<= i) )
0 0
1
= — (Xap ~ Xas (@) (2.19)

+

with x4 (w) the Fourier transform of x (t —t') = —i60 (t —t') ([ja (t) , j (')]) while x[5 = dsi‘? o where
=0

we added a term —jgag to the Hamiltonian.
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In the previous chapters we learned that retarded Green’s function can be determined from an analysis
of the equation of motion. The approach is very straightforward and powerful for non-interaction systems.
However, as soon as one wants to incorporate effects of interactions, the method is not very transparent and
efficient. An elegant alternative is the analysis of Green’s functions using Feynman diagrams. A diagrammatic
perturbation theory can be developed for time ordered Green’s functions. Historically the formulation was
done first for the so called causal Green’s function

ap(tt) = ((A(t);B(t))
= —i(TA(t)B(t)), (2.20)

with time ordering operator
TAGHBH)=0(t—t)YA{)B({')—no (' —t)B({')A(t). (2.21)

While these functions can be efficiently determined in terms of Feynman diagrams, it holds that they are
analytic functions in the complex plane only in the limit 7" = 0. For this reason we will not discuss causal
Green’s function further. Instead, an elegant and very efficient approach valid also at finite temperatures
can be developed in terms of Matsubara. Before we discuss Matsubara functions we briefly summarize the
concept of the S-matrix, as it will play an important role in our subsequent analysis.
Let us consider a Hamiltonian
H=Hy+V (2.22)

that consists of a free part Hy and an interaction part V. The time evolution is governed by
e—iH(t—t') — e—iHUtS (t,t/) eiHot/ (223)

which defines the S-matrix. With this definition follows for the time dependence of an arbitrary operator in
Heisenberg representation

A (t) — ethAe—z'Ht
= ST(t,0) e ot A0l G (£ )
ST (t,0)A(t) S (t,0) (2.24)

where 3 ' ‘
A(t) = e ot g iHot, (2.25)

In order to determine the S-matrix we consider the time derivative of
S (t, 1) = etoteH{E=t) g=itot’ (2.26)
It holds

atS (t, t/) _ Z'HoeiHQtef’iH(tft/)e*iHot/
eiH()t (ZH) e—iH(t—t/)e—iH()t’

3 . . . ¢ . !/

ezHOt (Z F[o i f{) e iH(t—t )6 iHot
) . i . LI\ T4
ezHOt (Z‘ r) e zHotezHote iH(t—t )e iHot

= —iV(t)S(t,t) (2.27)
To determine the S-matrix we have to include the boundary condition
S(t,t) = 1. (2.28)
The solution of the above differential equation is

S (t,t) = Te v d"V(t"), (2.29)



Let us demonstrate that this is indeed the correct solution. The boundary condition is clearly obeyed. Next,
we expand the exponential function:

S(t,t) = isn (t,t) (2.30)
with o . . . .
S, = %T/ dtn---/ dtQ/ AtV (t,)---V (t) V (1) . (2.31)

There are n! possibilities to order of the time variables ¢;. We could for example relabel the t; such that the
earliest is called t;, followed by %5 etc. Then holds

S, = (—i)"T/tt dtnm/ttg dtz/j AT (1) V (1) V (1), (2.32)

Of course with this specific relabeling we may also skip the time ordering operation, i.e.

Sp = (—i)" /t:_ldtn.--/: dts /;2 AT (1) T (82) V (). (2.33)

It follows ~
0y (£, 1) = =iV (¢) S (8, 1), (2.34)

where obviously holds that S_; (¢,¢) = 0. This yields

[e.9]

0SS (1) = —iV(t)Y_ S (t,1)

n=0
oo

= —iV () ) Su(t,t)

n=-—1

Thus, we found the correct solution.

2.1 The Matsubara function

The Matsubara function is motivated by the close analogy between time evolution and thermal averaging.
One introduces

A(r) =eHAe ™ (2.35)
and defines
Gap (1,7")=—(TA(1)B(7)). (2.36)
with
TA(T)B(m)=0(r—7)YA(T)B(r')—no (7' —7)B(7")A(7). (2.37)

It is immediately evident why one often refers to the Matsubara approach as the imaginary time approach
with
t— —irT. (2.38)

It is easy to show that the Green’s function is homogeneous with regards to time, i.e. that
Gap (1,7') = Gap (1 — 7). (2.39)

This follows again from the fact that the “time-evolution” and the thermal averaging is governed by the
Hamiltonian H.



2.1.1 Periodicity of the Matsubara function and Matsubara frequencies

Next we analyze the detailed time dependence of Gap (7) and show that it is an periodic (anti-periodic)
function for bosonic (fermionic) Green’s functions. We consider an arbitrary integer m and consider values of
7 that obey:

mp<tT<(m+1)p. (2.40)

It then follows that .
Gap (T —mpB) = —Etr (eiﬁHTA (1 —mp) B)

Since 7 — mf > 0 we can drop the time ordering symbol:

1
Gag (T—mpB) = —Etr (e’ﬁHe(T’m'B)HAe’(T’mB)HB)
e’T (m+1)8 HA@ T— mﬁ)HB)

b (
tr (e BH R o(r—(m+1)8)H f,—(r m+1)ﬂ)H)
(

NIHNIHNIH

tr (e ""BA(r — (m+1)3)) (2.41)

If 7 <0 holds
BA(1)=-nTA(T)B
Since 7 — (m + 1) 5 < 0 it follows
Gap (r=mB) = Ltr (ePHTA(r — (m+ 1)) B)
= ZhGan (e~ (m+ 1)) (2.42)
In particular follows for m = —1 that:
Gap (1) = —nGap (T + B). (2.43)

Matsubara functions are periodic (anti-periodic) for bosonic (fermionic) choice of the time ordering. Since
both functions are periodic with period 23 we can always expand in the Fourier series

1

(e 9]

G(r) = 3 D> e TG (wn) (2.44)
where e72#n =1 i.e. w, = nw/B. The Fourier coefficients are:
1 (7 .
G (wy) = 5/ drG (1) e, (2.45)
-8

This incorporates the information with regards to the period 23. We do however have even more information.
It holds

e~ Pen — _p, (2.46)
In case of n = —1, i.e. for bosons, we know that the period is in fact 5. Thus, only the Matsubara frequencies
with w, = 2n7/B contribute. For fermionic functions we have G (7 + 3) = —G (1), i.e. e ¥ = —1, such

that now only odd multiples of 7/ contribute and we have w, = (2n + 1) 7w /5. For the Fourier coefficients
follows then

2 2

1 — pe—iwnB B ‘
I / d7G (1) "
2 0

1 B . n 0 .
G(w,) = —/0 drG (1)e*“n™ — = /5 drG (1 + B) ™"

= / ’ drG (1) e™nT. (2.47)



In summary, we have discrete Matsubara frequencies that are distinct for bosonic and fermionic propagators:

(2.48)

n

(2n+1)7/B  for fermions

{ 2nm /B for bosons

2.1.2 Relation to the retarded function

All this looks rather artificial as no obvious relation to reality seems to exist between the Matsubara functions
and physical observables. However, if we repeat the same steps that led to the spectral representation of the
retarded Green’s function it follows:

IR
Gap (wy) = —2/ dre™tr (eI Ae=TH B)
0

1 S
_ _Z Z /0 dTezwnTe(T_ﬁ)Ele_TEm <l |A| m> <m |B| l>
Im

e=BEl _ o=BBm giBuon

1
= - [|A Bl 2.49
- L EoE, Al miB (2.49)
Since e“r = —p, it follows
1 (e‘ﬁEl + ne‘ﬁE”‘) (L|Alm) (m |B|1)
)= = : 2.50
Gap (wn) Z;n: wy + B — By, ( )
If we compare this with the general Lehmann representation that was derived earlier, it follows
Gap (wn) = Gap (2 = iwy) . (2.51)

We already discussed that we can define Green’s function in the entire complex plane and that the only source
for non-analyticity is the real axis. Now we see that the Matsubara function yields the complex Green’s
function at the purely imaginary Matsubara frequencies. Thus, if we determine the Matsubara function, we
can determine the retarded function via analytic continuation

iwn = w+ 07 (2.52)

Thus, knowledge of the Matsubara function allows for the determination of the retarded function.
This immediately yields information about the single-particle Matsubara Green’s function. Consider the
Hamiltonian

Hy = Za: / ngk)dgkszawka. (2.53)
We obtain for the Fourier transform of
Gor (7) = = (Tva (1) ¥ ). (2:54)
that 1
Gox (wn) = o — e (2.55)

Here we indicate with (- --), that the average is with regards to the Hamiltonian H,.



2.1.3 Evolution with imaginary time

We already introduced the time dependence introduces
A(r)=eHAe™ (2.56)

which can be used to determine the equation of motion

0.A(r) = HA(r)—A(r)H
—— [A@).H] (2.57)
For our subsequent analysis we will use
ee ™ =1, (2.58)
ie. .
(™) = (2.59)

In full analogy of the S-matrix we can introduce

S (r,7') = eflome=Hir=) = Hor', (2.60)
The time evolution of the full Hamiltonian is written as

e H(r=) = ~Horg (1, 7") eHom, (2.61)

In distinction to the real-time S-matrix, S (7,7’) is not unitary. It does however hold

S(r,7)=1 (2.62)
as well as
S(1,m)S (ra,73) = ellome H(rn=2) —Horz  Hora o= H(ra=rs) o~ Homs
= S(m,13). (2.63)
Using 73 = 71, this implies in particular that
S(m1,7) =8 (r,m) " (2.64)

The time evolution of the full Hamiltonian is written as

A(r) = eHe ™A (1) emHoe—mH
= S(0,7)A(1)S(7,0), (2.65)
where .
A1) = ™0 Ae7Ho, (2.66)

The equation of motion for the imaginary-time version of the S-matrix follows in full analogy to the case with
real times

_aTS (7_’ 7_/) — _eH()T (HO . H) e—H(T_T/)e_HoT/
= V(r)S(r,7). (2.67)

The solution of this operator differential equation is obtained along the lines discussed above and yields

S(r,7)=Te” [ de" v



This result can for example we used to express the partition function or Green’s functions in a manner
that is well suited for a perturbation theory. In case of the partition function holds:

Z = tre P
= tr (e_BHOS (8, 0))
— 2(8), (268)

with our earlier definition for the average w.r.t. Hy and with
S=8(B,0) = e o V", (2.69)

Thus, we can express the fully interacting partition sum in terms of expectation values of the noninteracting
problem. The same reasoning can be performed for the single particle Green’s function as

Ge(r) = —tr (T (7) 0, (0)
=t (75 (8,0)S (0,7) i (1) S (7,0) ¢, ()
=~ tr (TS (B,7) e (7) S (7,0) U, (0))
= ——tr (TS (8,7) 8 (7,0) Ve (7) U (0))
= —tr (T () B, (0)S (8,0)) (2.70)

N~ N

=N

If we combine this with our representation for the partition function we obtain

(Tha (1) 0, (008 (8.0))
(SB.0)),
(Tl (7) B, (0)S).

_ 5 (2.71)

The appeal of this formulation is that we can develop a perturbation theory in the potential V' by expanding
the exponentials in the numerator and denominator, respectively.

G (1) = —




