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Chapter 1

Introduction

Motivation

Condensed matter: solid states and liquids

— Interactions between particles are important

— Properties of condensed matter can be very different from those of free particles

Example (known from TKM I): an electron in a periodic potential V(r).
Schrodinger equation:

2%72
o V() 0lr) = Bl (L)
— quasiparticle spectrum (k) (band structure). Approximation near the band bottom:
]{32
k) = ) 1.2
(k) =5 (12)

Here m* is the effective mass which can strongly differ from the free electron mass m..

e In GaAs, the effective mass m* = 0,067m, is smaller than the bare mass.

e In some materials (e.g., heavy-fermion compounds), the effective mass is much larger
than the mass of the free electron: for example, m* ~ 10>m, in Ce;_,La,Pbs.

e Other properties of an electron, namely spin s = 1/2 and charge ¢ = —e remain the

same as for the free particles.

Interactions — Novel excitations

Coulomb interaction in real materials is not necessarily weak:
(1.3)

In many cases a description of noninteracting particles is possible. Why?
— Phenomenological Fermi-liquid theory (TKM I).
— Derivation? Calculation of parameters? Beyond Fermi liquid?

— TKM II: quantitative methods for Many-body problems
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The interaction leads to modifications and limitations of single-particle picture and, therefore,
to new types of excitations that do not exist in the absence of interactions.

e An important example: phonons, the quanta of sound. Other excitations: spinons,
holons, polaritons, etc.

e Consider an electron which is a fermion with charge ¢ = —e and spin 1/2.
Collective excitations in an interacting electronic gas: plasmons which are bosons with
charge 0 and spin 0.

e FQHE (Fractional Quantum Hall Effect): electrons + interaction + strong magnetic field
— collective state with fractional charge and fractional statistics of excitations (anyons)

Thus, properties (e.g., quantum numbers) of excitations can strongly differ from those of non-
interacting particles.

Physical observables

How can one describe these excitations? The naive idea is to solve the Schrodinger equation
for a system consiting of N interacting particles:

[Z (_hQZ ) +ZU(|I'1‘ - I’j|)] Yo (r1, ..., tN) = Eqbo(ry, ... 1) (1.4)

i=1 i#j

Here, a = 0 corresponds to the ground state, aq,... — excited states. However, the realistic
number of interacting particles in a macroscopic system is huge: N =~ 10%. Exact calculation
is a hopeless task!

The many-particle wavefunctions 1, (ry,...,ry;t) contain too much information! We do
not need all this information for the analysis of physical observables. This is similar to the
ideas behind statistical physics (Theo F).

What are the physical observables to be studied? These are quantities that describe

e the linear response of a system to an applied perturbation (e.g., electrical and thermal
conductivity)

e the non-linear response (e.g., tunneling I — V' characteristics);

%)

A

A
Y

e thermodynamic properties (e.g., magnetic susceptibility, specific heat);



For this purposes, properties of elementary excitations will be examined:
e quantum numbers
e spectra
e life times
o ...
Very important: Symmetry of the ground state
e spontaneous symmetry breaking

— superconductivity, superfluidity
— (anti-)ferromagnetism

— CDW (Charge Density Wave)
— SDW (Spin Density Wave)

N

Formalism

We now need an appropriate formalism to describe all these properties: the Many-Body
Green’s Function Formalism. This is a field-theoretical description of condensed-matter sys-
tems.

In practice, this means that one does not use the Schrodinger equation, which is the
conventional first quantization, but one uses quantum field theory (second quantization). This
approach will allow us to obtain all the information that we need to calculate

e the response functions,
e thermodynamical quantities,
e spectra and decay rates of excitations,

as well as to get information about possible instabilities.

In most of the cases an exact solution of the problem is not possible and one needs certain
approximations. A powerful approach — Feynman diagrammatics — is based on a systematic
expansion (perturbation theory) in terms of so-called Feynman diagrams.

However, sometimes the perturbation theory is not sufficient and non-perturbative ap-
proaches must be applied, such as:

e renormalization group, which is a way to sum (most important) terms in the perturbative
expansion to all orders;

e functional-integral methods;

e bosonization



Structure of the lecture course

e Introduction

e Green’s functions for non-interacting particles

e Green’s functions of a many-body system for 7' =0

e Diagrammatrics for Fermi gas with weak interaction (Fermi liquids)
e Diagrammatic technique for 7" # 0 (Matsubara)

e Instabilities of a Fermi gas (Cooper-instability, superconductivity), diagrammatrics for
superconductive systems

e Functional integral formalism
e Interacting fermions in one dimension, Luttinger liquid, Bosonization

e Introduction to the mesoscopic physics: Disorder, quantum interference, and interaction
effects in quantum transport

e Interaction of electrons with magnetic impurities: Kondo effect



Chapter 2

Single-particle Green’s functions

2.1 Definition of Green’s functions

We start from the Hamilton operator (Hamiltonian) of a particle in potential V (r):

+V(r). (2.1)

2m

The corresponding Schrédinger equation reads:

t ~
p 2000 gy (2.2)
ot
Now, we define the single-particle Green’s function G(r,¢;r’,t') through the equation
(ih% - ﬁ) G(r,t;x' 1) = d(r — x')o(t — '), (2.3)

The subscript r in the Hamiltonian means that the operator ]/-\Ir acts on the variable r and not
on r’. In the operator language, one can write Eq. (2.3) in the following way:

0 =\ A -
<1ha—H>G_]l. (2.4)

Here, one understands G as an integral operator with the kernel G(r,¢;r',t), i.e., af =g is
a short-hand notation for

/G(r,t;r’,t’)f(r’,t’) dr’ dt' = g(r,t). (2.5)

According to Eq. (2.4), we have

~ o <\ !
G = (ihE — H) : (2.6)

The potential V(r) is t-independent; thus, the problem is translation-invariant in time.
Hence, the Green function only depends on the difference of the time variables:

G(r,t,v" ) =G(r,r' t -1t (2.7)

We can write G in terms of the Fourier transform from the time ¢ to the frequency w or,
equivalently, to the energy ¢ = hw:

G(r,r';t—t) = /g—i exp (—%5(25 — t’)) G(e;r,1'). (2.8)
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The Fourier transformation of Eq. (2.4) is:
(e — H)G(g;1,¥') = d(r—71), (2.9)

or, equivalently,

Physical interpretation

The Green’s function G(r,¢,r',t") describes the proba-

bility amplitude of the process (r/,t') — (r,t), i.e. the
probability amplitude for a particle that is located at
point r’ at time t’ to be found at point r at time t. We

can draw an analogy to a classical problem of diffusion. (1)
The diffusion equation (D — diffusion coefficient) has the
form similar to Eq. (2.3):

(% - Dv2> P(r,t;x',t') = 0(x —v/)3(t — ') (2.11)

However, here the Green’s function P(r,t;r’,t') describes the probability (rather than the
quantum-mechanical probability amplitude) of the transition (r',t') — (r,1).

2.2 Green’s functions of free particles

Equations

(ihd, — H)
(- H)

=) =)

€
G =

(2.12)

do not define G uniquely. To demonstrate this, we will consider the simple Hamiltonian of a
free particle:

Ve

H— Hy=— 2.13
0 2m ( )
In view of the spatial translational symmetry, the coordinates enter the Green’s function G
of a free particle through the difference r — r’. The equation for the Green’s function in

e-representation is given by:

(e + h;z?") Go(e,r—1') = 6(r —1'). (2.14)

We perform the Fourier transformation from the coordinate to the momentum (r — p),

Gole,r — 1) = / (gj:;d Gole, p) exp (%p (r— r')) . (2.15)

Inserting this into Eq. (2.14) yields
P2
N e =1 2.16

11



and thus .

p? -

2m

Go(E, p) =

(2.17)

Returning to the position space (and replacing for brevity r — r’ — r), we thus obtain the
Green’s function as an integral over momenta:

ddp exp ilp-r
Go(s,r):/@w)d 58ﬁ ) (2.18)
2m

The integrand has two singularities (poles) on the real axis: p = +v/2me.

A
Im(p)
—V?2me 2me
. ° »

Re(p)

2.2.1 Residues
Let f(x) be a smooth function. Consider the integral
/ RACO (2.19)
r — Tg

A
Im(x)

zo Re(x)

How can this integral be understood? There are different possibilities:

(i) Principal value integral denoted as P [ dx or, equivalently, f da:

) 00
flx) _ flx) . f(z) f(z)
—00 zo+

(ii) Go around the point z along the half-circle in the upper half-plane.
Im(x)

AN Re(x) /mdxjf—%%][mdxjf—z_iﬂf(%)' (2.21)

Xo

12



(iii) Go around the point z along the half-circle in the lower half-plane.
Im(x)

\3‘/0 — re) /_ da xffxio —>][_ da xfﬁzo + i f (o).

oo [e.9]

Im(p)
The integrals in (ii) and (iii) differ by an inte-
gral over the contour encircling xy. By residue
theorem,

(2.22)

fda: f(z) = 27TiZRes = 2mif(zo). U “Re(p)

T — X

The possibilities (ii) and (iii) can be obtained by shifting the pole into the complex plane
and performing the integral along the real axis:

Im(x)
(i) = / de), :][ dz fx) imf(xg)
oo T —xo+10 O ) ,
< i@ [* . ) i
(111) = /_OO dl‘m = ][_Oo dx (L’——:L‘O + 17Tf(l‘0) .Xo-iO Re(x)
(2.23)
A concise way to express this is as follows:
.- 6z — o) (2.24)
r—xg£i0 x—xo$m T %) '

2.3 Retarded and advanced Green’s functions

We return to the Green’s function Gy. Three options (i), (ii), and (iii) yield three different
Green’s functions; all of them satisfy the equation (2.16) defining the Green’s function.
(i) has no physical meaning,

(i) -+ (iii)

(i) = =5 (2.25)

(ii) corresponds to the so-called retarded Green function:

1 dp exp(ip-r)
GRlep)= ——— GBer :/ i . 2.26
(iii) gives the advanced Green function:
1 d% exp (ip : r)
Gil(e,p) = ————, Gi(e,r z/ L : 2.27
0( p) 6—§—m—l O( ) (27T)d6—§—m—10 ( )

13



Let us look at the Fourier transforms to the time representation, ¢ — ¢ (we set h = 1):

GE(t,p) :/(21—76; exp(—iet) (2.28)

_r i
€ 2m—|—10

For the calculation of this integral we will use the residue theorem.

Im(e) ™.
Y 4 Nt<0
i T
\ / Re(e)
\\ /
>0 //
N /
N s/
\‘~ —’//

For negative times, the integration contour must be closed in the upper complex half-plane
and for positive times in the lower complex half-plane, so that the contour integral along this
semi-circle does not contribute (because of the exponential function). The result is:

0 for t <0,
Gii(t,p) = » (2.29)
—iexp <—i—t) for t>0.
2m
Since this Green’s function vanishes for negative times, it is called retarded.
For the advanced Green’s function one obtains:
p?
N d€ . 1 ieXp (—l%t) fOI' t < 0,

T 2m

0 for t > 0.

The Green’s functions, Fourier-transformed with respect to the momentum p, are:

GR(t,r) = /%eXp (ip 1) Gg'(t.p) = @(t)# (27:_tm> % P <_m21:2)

Gittr) = [ e ip-0) Gt = —0(-0) (QT)gexp (-15),

where O(t) is the Heaviside step function.

time
/\»
The retarded Green function describes the evolution for- /\_/
wards in time and the advanced Green function the evo-

lution backwards in time: (F'/t')

(f,1)

GR(r,t,x',t') #0 fort >t A/tin& (nt)
GAr,t,x' t)#£0 fort <t
(F,t)

14



2.4 Green’s Functions of particles in external potential

We now want to determine Green’s functions for Hamiltonians with a potential: H= ?10 +V.
Recall the equation for the Green’s function:

~

(e — Hy— V)G(e,r, 1) = 6(r — 7). (2.31)

The Hamilton operator H has a set of eigenfunctions v, with the corresponding eigenvalues
€, satisfying the stationary Schrédinger equation:

Hipo = catha, (2.32)
YL H = et (2.33)
It follows from (¢ — H)G =1 that
V(e — H)G =y, (2.34)
Using Eq. (2.33), we obtain
e =) [ AroimGEr ) = v ), (239
which implies that
G(e;r, 1) Zwa A i(r'),  with (e —e,)An =1. (2.36)
Therefore b ()0 ()
R/ .. AN all [} r
G (5,r,r)—za:—€_€a+io, (2.37)
A AN wa(r)l/}:c(r/)
G (s,r,r)—;m. (238)

Equivalently, this result can be derived by using the operator formalism and bra-ket nota-
tions. The Schrodinger equation and its conjugate read

Hltpa) = €altha) (2.39)
(ol H = £a(tal (2.40)
One can expand H in terms of eigenenergies:
H= Zﬂ [tha) (W | H | 95)(0s] = D €altha) (¥al, (2.41)
which yields
GRA = Za: —!f‘?ﬁﬂo . (2.42)

It is useful to define the spectral weight

Ale,r,r') = — {GR g1, ') — Ger,1)}. (2.43)

15



Using
1

x +1i0
we write the spectral weight in terms of eigenfuctions and eigenenergies:

N o
A(E,I‘,I‘) - I 25_5 —f-ZO 26—8 _20]

(244) 1 Vo (r
B %Z £—Eq ZMY J0(e = )

«

S wa;_ I —5a>]

«

= qua Y (r")o(e — eq) - (2.45)

= Pl Fimd(x), (2.44)
T

The spectral weight is non-zero at those energies for which there are eigenstates (i.e. for
energies belonging to the spectrum of the Hamiltonian).
The Green’s functions can be written in terms of the spectral weight:

—+o00
A(eg,r, ')
GEA(e; ’:/d e St A 2.46
(E,I‘,I‘) €1€—€1iio ( )

Indeed:

= Alenr,r) (24 Do Lal(r)i(r)0(er — ) = Yalr)VL(r)
/ dala—&:l:i() - /_Oo e—e1 £10 725—%:&2’0'

—00

For the states of discrete spectrum at ¢ = ¢, the spectral weight A has a d-peak and Green’s
functions G4 have poles.

2.5 Dyson equation

Let us now return to the equation for Green’s functions again:

~

(e — H)G(g;r,v') =6(r—1'). (2.47)

We multiply from the left with Gy and use H = Hy + V

60(6 — ﬁ)@ = 60, (248)
@0(8 — ?[0) @ = éo + @0‘7@ . (249)
—_——

=1
Thus, we obtain an equation for G in terms of @0 and V:
G=Go+GVG. (2.50)

This equation for G is called Dyson equation . When written explicitly in the coordinate
representation, it is an integral equation:

G(e,r,r') = Go(e,r, ') + /dr” Gole,r, eV (")G(e, " 1'). (2.51)

16



The equations holds both for GE (in which case all entering Green’s functions are retarded)
and for G* (all entering Green’s functions are advanced):

GRA = QY4 GRMvaRA, (2.52)
G r, ) = G e, r) + / 44" GEA e, )V (" GF A (e, x).  (2.53)
These integral equations can be solved by iterations.

e First order approximation:

G(e,r,r') = Go(e,r, 1), (2.54)
e Second order approximation: R o
G =Gy + GV, (2.55)
e n-th order approximation:
G =Go+ GoVGy+GoVGoVGo+ ... . (2.56)
In coordinate representation:
G(e,r,v') = Go(e,r,r') + /dd "Gole,r, ") V(") Gy(e,r", 1)

+ /dd ///dd ///GO 8 r,r )V(I‘”)GO(E,I‘”,I‘IH)V(I‘/H)GO(E,I‘”/,I‘/) 4 (2'57)

Equivalently, this expansion can be obtained from

~

G=(—-H) '=(E—Hy— V)= (G = V)" (2.58)

by expanding in V.

2.6 Diagrams

Let us define rules of the diagram technique.

e Graphical representation of the elements of Dyson equation in coordinate representation:

r r r r
< < r
G(g,r,r') Gy(g,r,r) V(r)

The equations now take the following graphical form

G =Go+GVG (2.59) e = '+ e P‘f
r r _ r r + r r r
+ r r r

e Integration over all intermediate coordinates is assumed in diagrams.
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We remind that for G® all Green functions in the equation are retarded and for G4 all are
advanced.
By Fourier transformation we go to momentum space:

GP(e: [ A i GP(e: 2.61
<€a ry, I'2) - (27T)d (27T)d eXp(lpl ‘T —1Pg - r?) (5, P1, p2) ) ( : )
1
G(?(& P1,P2) = 2. (QW)da(Pl —P2), (2.62)
e — 5= +10
—_———
=G (ep1)
d?q
Vi) = [ s explia- V@), (2.69)
Thus, we obtain for the Fourier transform of equation (2.53):
dq a? ,
G"(e;p1, p2) = G (€:p1)(27)"3(p1 — P2) + G (€3 p1) /ddrs / (2—7& ﬁ exp(—ip - r3)
x exp(iq - r3)V(q) exp(ips - 13)G" (g; ps, P2) - (2.64)
The integral over rz yields a d-function:
/ddr3 exp(—ip; - r3) exp(iq - r3) exp(ips - r3) = (27m)%0(q + ps — p1) - (2.65)

This allows us to take the integral over q, yielding

dd
G(z;p1, po) = G (e: p1)(27)%0(p1 — pa) + / D5 G (e p1)V (1 — ps)GP(e; Py, ) =

(27)
= G{H(e; p1)(2m)%(p1 — P2)

+/ (;Sd Gy (eip)V(a)Gy (e, p2)(2m)0(Pr —a —P2) +... . (2.66)

2.6.1 Diagrammatics in momentum space

Elements of the diagrammatic technique and equation for the Green’s function in momentum
representation:

P p' P
+ —_— q
G(e,p,p") Go(e,p) V(a)
D o8 P1 [oF ‘ a P2
= —e + -
—— -



e Momentum conservation at each vertex
e Factor (2m)%5(p1 — pa2 — > 4i)

e Integrate over all internal momenta
/ H ddqz'
2 (2m)

2.7 Scattering amplitudes

Recall the scattering problem in quantum mechanics. Scattering of a plane wave X" on a

static, one-particle potential V' (r) is described by the wave function

Y (r) = €™ + xi(r), (2.67)
where yk(r) has the form of a spherical wave
oiklr]
T
The function f(k, kn) is known as the scattering amplitude.
It can be expressed in terms of the Green’s function as follows. Recall that [Eq. (2.60

r r r r' r
-

(2.69)

The full retarded Green’s function can be written as (“amputation” of external legs G¥)

Gt = G+ GEFEGE, (2.70)

it 500, n=-—, k=[k| (2.68)

xi(r) = f (k. kn) o

GR =GE+ GEVGE 4+ GEVGEVGE +

where

dS
Ffi(e,p1,p2) = V(pl—pz)+/ bs

(27)°

This equation can be represented diagrammatically as

5

FoVoVGY

V(p1 — P3)G§(5> pP3)V(ps —p2) +.... (2.71)

The function F(e, p1, p2) satisfies the equation

d’p3 V(p1 — P3) (¢, p3, p2)
PR — V(p, — Rk 2.72
(¢,P1,P2) (P1 — P2) + /(27?)3 =2/ (@m) + i0 (2.72)
When taken on the mass-shell,
K _kK (2.73)
2m 2m’ '
it is related to the scattering amplitude from Eq. (2.68) as follows:
m
fli,bo) = — o FR(e = K/ (2m) K ko), R (2m) = K3/ (2m). (2.74)
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2.8 Time-dependent problems

We now consider the Hamiltonian with a time-dependent potential

H = —o - T V(1) (2.75)
<i% - ﬁ(r,t)) G(r,t;x' 1) = o —r)o(t—1t), (2.76)
(i% — ﬁo) Go(r,t;v' 1) = o(xr—r)o(t—1). (2.77)

Because of translation invariance in time, the free Green’s function G only depends on time
differences. The full Green’s function G(r,t;r’,t”) obeys the integral equation where one has
to integrate over intermediate coordinates and times:

G(r,t;r' 1) = Go(r — ', t — t') + /dr”dt” Go(r =" t =" V(" ¢"Gx",t";x' t'). (2.78)

The solution can be expanded in a series in V' in full analogy with the time-independent case.
The graphical representation of the equation is essentially the same (but with integration over
all intermediate r and t):

rt rt r,t r't rt rt r,t rt

—_—— = —e— + + +

rll,tll r",t" r"',t"'

Performing Fourier transformation to the momentum-energy space,

d?p, d%p, de; de . . . .
G(ry,t1;10, 1) = /Wﬁyﬂl# exp(ipy - r1 — ipy - Ty — ieyty + ieata) G(P1, €1; P2, €2) »

(2.79)

we arrive at the following diagrammatic representation:

p1’£1 p21£2 p1,£1 q,w

€~ = —— + —~—bt e ¢
P1,€4 P2=pP1-9
E,=€4-W

Now in each vertex there is a change in energy of the Green’s function due to the external
potential.

Diagrammatic rules:
e cnergy-momentum conservation at each vertex
e Factor (2m)%0(p1 —p2— D, i) - 27d(e1 — 2 — Y, wy)

dd%’ dw;
(2m)? 27

e integrate over internal momenta and energies: / H
i

The first nontrivial term (linear in V') in the perturbation series is called Born approximation.
This is a meaningful approximation if the potential is weak.
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Chapter 3

Green’s functions in many-body
systems

Up to now we have considered a single-particle problem. Now we turn to systems of many
interacting particles. We consider a Hamiltonian of a such a many-body problem:
AN S| 1
H_Z{ -V +V(rz)} + 2ZU(I'Z,I']) =Hy+ U, (3.1)
i=1 1#£]
where f]o is the sum of one-particles Hamiltonians and U describes the interaction between
particles.
In order to introduce the formalism of Green’s functions in many-body setting, we will
need the second quantization formalism.

3.1 Second quantization

We consider a basis of one-particle states

’g[)k(I‘) ]{3:1,2,
This yields a basis for N-particle wave functions:
Uy (r1) - iy (1) - (3.2)
We can write any many-body wave function as an expansion in this basis:
\I/(rla"wvat): Z C(k17"'akN;t)¢k1(rl>"'¢kN(rN)7 (33)
Kty
The coefficients C(ky, . .., kn;t) should be symmetric for bosons and antisymmetric for fermions

to respect the symmetries of the wave functions.
It is convenient to introduce a many-particle basis that takes into account the boson /fermion
statistics. We can achieve this by using the symmetrization/antisymmetrization operator:

SE = BN (£1)"P, (3.4)
P

+)

where the sign + corresponds to bosons and — to fermions. Here ¢™®) is a normalization

constant and P denotes permutation, for instance:

Prothp, (11) V1, (12) = Yy (1), (71).

This leads to the representation of occupation numbers for many-body states and to second-
quantized forms of operators, as discussed below separately for bosons and fermions.
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3.1.1 Bosons

The one-particle states are labeled by the index k£ = 1,2,.... The new many-particle basis
states are characterized by occupation numbers ny, no, .. .

nj, = number of particle in state k Z ni = N.
k
One sums over all possibilities of states (3.2) such that {ki, ks,...,kny} corresponds to the

occupation numbers (ny, ng,...), which are {1...12...2...} + all permutations:

ni n2

(I)n1,n2,n3,...(r1a ce >rN) - (%) ’ Z T/Jkl (rl)ka (rQ) s wkN (rN) .

N!
{k’l,kz,...,k‘N}¢>(n1,nz,n;;,...)
(3.5)

Then, we expand an arbitrary many-body wave-function in these many-body basis states:

\I/(I‘l, . ,I‘N,t) = Z é(nl,ng, Ce ,t)q)mm““(rl, e 7I'N) . (36)
n1,N9,...

7

We will denote @, 1, (r1,...,rn) by [n1,n9,...). g —e

The states are normalized: s —eoeo— —=[13520100 >
3 —0—0—-0-0-0-

(ni,ng,...|n,n5,...) = Onyt Ongmty - -+ - (3.7) i —.—:—’—

k

The projector

Z |n1,n2,...><n1,n2,...| :]l, (38)

n1,N2,...

is the unit operator in the space of the states |ni, no,...), the so-called Fock space.
The next step is to introduce creation and annihilation operators az and aj. For
bosons, they obey the commutation relations:

[ak, CL};,] = 5kk’ , [ak, ak/] = [CLL, (IL/] =0. (39)
The operators change the occupation numbers of the corresponding states:
1 1
aplne) = nZlne — 1), allng) = (e + D2 |ng + 1), alag|ne) = nglng) - (3.10)

azak is the particle number operator. Any states |nj,ng,...) can be written as a result of an
application of creation operators on the vacuum state |0,0,...) = |0):

oy ()™
nina, ) =] 0). (3.11)

We want to write the Hamiltonian in terms of the creation and annihilation operators.
Consider first the non-interacting part. Acting with it on a Fock-space basis state (3.5),
one obtains

Z ?[O(ri)q)nl,ng,ng,...(rla s 7rN)
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1 1
= Z g (Ho)kkPry o, (1, .., TN) + Z np (e +1)2 (Ho) k@i no,o =1 41,0
% Py,

(3.12)

where

E’ol/)k = Z(Ho)kk/%'; with (Ho)wr = (K'|Holk) = /ddT Yy (r)ﬁo(r)@/)k(r)- (3.13)

k./

1
The factors ny (in the first term) and n? (ny + 1)z (in the second term) in Eq. (3.12) originate
from combinatorial factors and from the normalization factors in (3.5). In particular, the
factor in the second term follows from

Here (ng + 1) is how many times each of the terms in D@ oy —1,...mp+1,... 15 Obtained when
the left-hand-side of Eq. (3.13) is evaluated.

According to Eq. (3.13), one can write the action of the non-interacting part of the Hamil-
tonian in the second-quantization language as follows:

> " Ho(ri) @y ngims.(T1, - t) = O (Ho)wraf,arlny, na, ...). (3.15)

k.k'

Since this is true for any basis state, we have an operator identity

Z Ho(ri) < > (Ho)wralar . (3.16)

kK

Exactly in the same way one can consider the interaction part of the Hamiltonian. The
calculation proceeds analogously, and we obtain:

1 1
5 Z U(r;,r;) < 5 Z Ukl;mnala;anam, (3.17)
1#£] k,l,mmn
where
Uktomn = /d?" dr’ () yy (2 U (r, )b (v) i (1) . (3.18)
Thus, the full Hamiltonian has the following second-quantization representation:
~ 1
H & Z(Ho)klaial + 3 Z Ukl;mnala}anam. (3.19)
k,l k,l,m,n

3.1.2 Fermions

For fermions the occupation number is either zero or one (Pauli principle):
ng = 0, 1.

The appropriate (antisymmetrized) many-body basis is given by

1 P
B (- 80) = S (1P, () -t ()

N

Permutations
of {ki,....kn}
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1 wkl (rl) < wlﬂ (rN)
~quE| L | (3.20)
U Wy (1) - ey ()

The above determinant is called Slater determinant.
The fermionic creation and annihilation operators satisfy the anti-commutation relations:

{ar,al,} = 0w, {ar,an} = {a},al} = 0. (3.21)
and obey
a'l0) =1), al1)=10), df[1)=0, al0)=0, alap=ny. (3.22)
In analogy with the bosonic case, many-body states ;
(3.20) that form the basis of the Fock space are la- ¢ °
beled by occupation numbers and are generated by 5
action of creation operators on the vacuum state: 4 —@ =(1011010 0>
3 —@
]nl,nQ,...> = (CLJ{)TH(CL;)?w |0>, i ®
with |0) =10,0,...). (3.23) k

The Hamiltonian expressed in terms of creation/annihilation operators has the same structure
as for bosons:

H Z Hy) klakaﬁ— Z U mnaka;anam (3.24)

k’lmn

3.2 Field operators

We perform a transformation from the basis of single-particle states 1 to the basis labeled
by the spatial coordinate r. The field operator is an operator in the Fock space given by

T(r) = app(r). (3.25)

k

Here the functions 1 (r) serve as coefficients. In the same way one defines
r) = Z Pi(r)al . (3.26)
k

We calculate the commutation relations of these new operators. Let us first consider bosons:

[W( = () () [ax, al] = Zz/zk r)gi(r) =6 —r),  (3.27)

k,k'

[U(r), U(r')] = [¥l(r), ¥I(x")] = 0. (3.28)

For fermions one obtains:

~

{T(), U()} = o —r), {D(r), W)} = {¥i(r), ¥i(x)} =0. (3.29)
One can put the above formulas together in the form

[U(r), U (r')]: = U(r)TH ') £ U\ U (r) = 6(r — 1), (3.30)
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where the upper sign corresponds to bosons and the lower one to fermions.
Performing the transformation in Egs. (3.19), (3.24), we express the Hamiltonian in terms
of the field operators:

H= / dr UT(r)Ho(r)U(r) + % / dr dr' Ut () U () U (x, )T (') U(r) . (3.31)

Up to now we have neglected the existence of spin. Including spin, r — r, o, we have field
operators U, (r), with the commutation relations

(W, (r), U, ()] = 0(r — 1) 00 . (3.32)
The representation in terms of field operators is applicable to any 1-, 2-, (...)-particle

operators. For example, the operator g,, of density of particles at a given point ry is written
in the first-quantized form as

N N
= 0(ri—ro) =Y _or(r;), with gr(r) =d(rg —1). (3.33)
i=1 i=1
Thus, in the language of second quantization, the density operator is given by
Ony = / dr Ut (r)d(rg — 1)U (r) = Ul (re)U(rp). (3.34)
The total particle number operator is given by the spatial integral of the density operator:
g / dr &1 (r) B (r) (3.35)

For many-body systems in a grand-canonical ensemble, it is convenient to consider as the
Hamilton operator

~

H' = H - uN,
where p is the chemical potential. With this shift, the non-interacting Hamiltonian becomes

Ho(r) s H)(x) = —%VQ V) —p, (3.36)

i.e., the energy is counted from the chemical potential.
The grand canonical distribution then takes the form

/
exp (—En_—’UN") = exp (— E ) 129, only ground state Ej survives, (3.37)
kgT kgT
so that at T' = 0 the system is in the ground state of H' with the minimum energy F. Let us
emphasize that the ground state of the many-body system can be essentially changed by the
chemical potential. For example, for a system of electrons in a metal, the ground state of H
would be a the state without any electron, while the ground state of H’-—which corresponds
to the 7" = 0 limit of the grand canonical distribution—is the filled Fermi sea.
Below we will frequently denote H again as H in order to simplify notations.
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3.3 Schrodinger vs. Heisenberg representations

The standard picture in quantum mechanics is the Schrodinger picture, in which the states
are time dependent and obey the time-dependent Schrodinger equation

P .
iz 19(t)s = H|6(1))s (3.38)

The Hamilton operator His t-independent, if there is no external t-dependence. The Schrodinger
equation yields the unitary time evolution of the states described by the evolution operator
U(t,0) = exp(—iHt):
[6(1))s = exp(=iH1)|$(0))s = U(t,0)|6(0))s (3.39)
The evolution operator is unitary: U(t,0)UT(t,0) = 1.
In the Heisenberg picture, the wave function is ¢-independent:
|6) = 16(0)s = U (t,0)|6(t))s = U' (£,0)|6(2)) s

The t-dependence is then moved from the wave functions to operators:

Op(t) = exp(iHt)Og exp(—iHt) = Ut(t,0) Oy (0) U(t,0). (3.40)
——
=0g
Here Op(t) is the operator in the Heisenberg picture and Og the operator in the Schrodinger
picture. The operator Oy (t) obeys the Heisenberg equation

P .
i-0y(t) = [On (1), ). (3.41)
These two pictures are equivalent when computing matrix elements:
(91(1)[O2(t)) s = (¢1]0(t)|d2) 1 - (3.42)

The Hamilton operator is independent of the picture (no need in subscript “S” or “H”):
Hy = exp(iHgt)Hg exp(—iHgt) = Hg. (3.43)

In the Heisenberg picture, the Hamiltonian is expressed in terms of the ¢-dependent field
operators \IJ( ) in the same way as it is expressed through U in the Schrodinger picture:

H = exp(iHt)H exp(—iHt)
= exp(iHt) { / dr Ut (r)HyU(r) / / dr &' Uf (0) Ui (x )U(r,r')@(r')@(r)}exp<—im)
:/dr@( t)Ho(r) //drdr Ui e, )Wt (e, U (x, 2) U, 6)U(r, 1), (3.44)

For Heisenberg operators the commutator

~

[W(r,t), UHe' )+ (3.45)

has, in general, a complicated form (it is expressed in terms of Green’s functions of the many-
body problem defined below). However, at equal times t = ¢’ the commutator becomes simple:

[U(r, 1), Ui, £)]5 = [exp(iﬁt)\ll}(r) exp(—iHt), exp(iHt)¥(r') exp(—iHt)]
= exp(iHt)[¥(r), Ut(r')] exp(—iHt) = o(r — 1) (3.46)
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3.3.1 Schrodinger equation for ¥(r,t)

Now we use Eq. (3.41) and to derive the evolution equation (analog of Schréodinger equation)
for the field operator in the Heisenberg picture:

05 - .
8t (?t) = [‘Ij(r7t)’H]

+ %//drdr’U(r’,r")[‘Tf(r,t),@T(r,t)\TfT(r’,t)U(hl‘,)‘T’(r/at)@(r”f)]‘
(3.47)

Using Eq. (3.46), we obtain for the required commutators (both for bosons and fermions)
[0 (r, ), U, 6) Ho (2 )0 (r', t)] = Ho(r)U(r,t)d(r — 1), (3.48)
and
[W(r, ), UH, ) Ui (" U, eV, ) W(", 1)) = 6(r — ")V )UE, 2"V, t)U(x", t)
+o(r — U U eV, )T (2", ). (3.49)

Substituting Eqgs. (3.48) and (3.49) into Eq. (3.47), and using U(r/,r”) = U(r",r’), we arrive
at

0 = \'% = Pt NT(v 1\

1§\D(r,t) =5, +V(r)—p ) U(r,t)+ [ &' O (e, )U (e, )V (', ) (r,t).  (3.50)

This equation is nonlinear, so that the field operators behave in a nontrivial way.

3.4 Green’s function

We define the Green’s function of a many-body system as

Goioy(T1,t1510, 1) = <¢0|T\I’al (1‘1,151)‘1’ ,(r2,t2)[00) , (3.51)

where |¢) is the exact ground state, U, (r;, t;) are Heisenberg operators, and T, (t1)Ws(ts) . .. U,y (£,)
is the chronological product, which is defined in the following way:

1 for bosons

(—=1)? for fermions

(3.52)

T () Us(ts) .. Walty) = Uy (t:) Vs (i) ... W, (8. X {
with ¢;, > ¢, > ... >t

in *

The symbol 7 denotes the time-ordering operator which orders the different times such that
they increase from right to left. The factor (—1)F for fermions depends on the number P of
permutations of operators required for the time ordering.

We thus have:

—i<¢0@m(1‘1,t1) 22(1‘2,?52)’¢0> for ¢y >ty

Golag(rlatl; r27t2) == { . AT
Fi(po| W], (ra, t2) Wy, (r1,t1)[o) for to >t

= —i {0t — 1) (60 V1 B[00} = Otz — 1) (60T lgo) } . (3.53)

where, as before, the upper sign is for bosons and lower for fermions.
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e Under the assumption that the spin symmetry is not broken, it holds that
Goyoy(T1, 11512, t2) = 00,0, G(T1, 15T, 12) . (3.54)
For simplicity, we will frequently discard the spin degree of freedom below.

e If there is translational invariance in the coordinate space, then it is convenient to go to
the momentum space by Fourier transformation:

G(p1,t1; Pa, bs) = —i{eo| TU(p1, 1)U (pa, 1) | o) 25 G(pys ity ta)-(27)%0(P1—pa) -
(3.55)

e If there is translational invariance with respect to time, then it is convenient to go to
the energy space by Fourier transformation:

transl. inv. in time

G(p1, w1, P2, w2) G(p1,P2,w1) - 27 6 (w1 — wa) - (3.56)

3.5 Non-interacting fermions

Consider the non-interacting case, U = 0, with the Hamiltonian given by H= f]o. We will
analyze the connection between the Green’s function G(ry, t1;rs, t5) defined in Sec. 3.4 within
the many-body formalism and the single-particle Green’s function of Chapter 2.

The single-particle Green’s function G(ry,t1;19,t2) as defined in Chapter 2 is as a solution
of the following equation:

[i@tl — ﬁg(rl)] G(I‘l,tl; r27t2) = (5(1‘1 — I‘Q)(S(tl — t2) y (357)
with
. V2

We prove now that (3.53) obeys Eq. (3.57). For this purpose, we act with |i0;, — ﬁo(rl) on
the Green function of the many-body formalism, Eq.(3.53):

~

(100 = Ho(r1)| Gonos (1, 11,72, 12) “2 i [i6, = Ho(r1)| Ot = 12)( 60 | o (v1,01) B, (12, 82) | )
£0(t2 —1){ 9o | B, (r2,12) s, (11,1) | 60)]
= i(=0)0(t — 12) [ D0 | Vo (v1, 1) T, (v2,12) | 60) F (60 | B, (2, 12)Tor, (0, 12) | G0}
—i0(h —12){ 00 | [i0h, — Ho(r1)| W, (1, 21) T, (r2,12) | o)

FiO(tz — t1){ o | UL, (x2,t2) [i0), — Ho(x1)] ¥, (r1,11) | o).
By using A
(i0, — Ho)¥(r,t) =0 (3.59)
(which follows from Eq. (3.50) in the absence of interaction, U = 0), we obtain:

~

[iatl - ﬁo(rl)] Goyoo(T1,t13 T2, t0) = 0(t1 — t2)<¢0|@a1(r1; tl){I\jLQ(r%tl) F ‘IJLQ(I‘mh)\T’al (r1,t1)|¢0)
= 5(t1 — tg)é([‘l — 1'2)50102 . (360)
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Thus, indeed, the Green’s function of the many-body formalism satisfies, in the absence of
interaction, Eq. (3.57) or, in a brief form,

(i, — H)G =1. (3.61)

In the rest of this subsection we consider the case of fermions.

We know from Sec. 2.2, 2.3 that Eq. (3.61) does not uniquely determine the Green function
since one should specify the shift of poles in the complex plane of frequency. To determine the
explicit form of the Green’s function, we use the second-quantization form of the Hamilton

operator,
H=> epafap. (3.62)
P
with
2
€p = o [ (3.63)

and the field operator written in terms of the plane waves,

Ti(r) = Zaj@%\/;’r) () = Z%%\/pv'r) . (3.64)

P P

For the Green’s function we need the operators in the Heisenberg picture. By using

[af,ap, al] = al, (3.65)
or, equivalently,
alap - al, = al (ala, + 1), (3.66)

and, therefore,

exp(igpa;r,apt)an exp(— 16pCLT apt) = al e p[isp(aLap + 1)t] exp(— 1spcfr apt) = al exp(iept),

P P
(3.67)
we obtain the Heisenberg operators
-~ ST LN T —1i ° _'_ 18 t)
Glet) = MG (p)eiflt = § gt PP T i) (3.68)
T
~ o exp(ip - T — igpt)
Ur,t) = U(r)e ™ =Y a P, (3.69)
S
The ground state has all single-particle states up to the Fermi level filled:
do) = ] ablo)- (3.70)

[pl<pr
The Green’s function for t; > t, is given by:

G(ry,t;ro,to) = v Z —1) exp(—iep, t1 + iep, b2 + ip1T1 — ip2r2)( do|ap, al, |do)
————

P1,p2
*5p1p2 9(‘131‘ —pr)

= —1— Zexp —iep(ty — t2) +ip - (r1 — r2)|O(|p| — pF) , (3.71)
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and for t; < ta:

1 : : : : :
G(ry,t1;r0,t0) = v Z iexp(—iep, t1 + iep,ta + ip1ry — ipar2)( dolal, ap, o)
~—— —

P1,p2
=0p,py ©(PFr—IP1l)

1 . )
=iz Zp: exp[—iep(t1 — t2) +ip(r1 — 12)]O(pr — |P|) - (3.72)
For the Fourier transform, one obtains:

Glp,t) =
(e, %) fexp(—iegt)O(pr — [p)  for £ <0

{ —iexp(—iept)O(|p| — pr) for t>0
— —iexp(—iep) [O(Ip| — pr)OH) — O(pr — IP)O(—1)] . (3.73)

We transform the Green’s function to the energy space (with the terms F0¢ in the exponent
introduced for convergence):

G(p,e) = /dt exp(iet)G(p, t)
_ —i{o(p| - pr) /exp[i(s o))t — 0] — O(pr — p)) / dt expli(e — p)t + 01

—0o0

) 1 1
= —i [9(|P| —I?F)_i(8 e O(pr — |P|)m] =

_ (b~ pr) , Or — Ip)
e—¢ep+i10 e—¢e5—10
1

= — . 3.74
e — ep +10sign(|p| — pr) (3.74)
The Green’s function is neither )
Gh= —— (3.75)
€ —¢ep+10
nor ]
GAz ———; (3.76)
€ —¢ep—10

whether the pole is shifted as in G or as in G* depends on the relation between |p| and
pr. The pole structure of the Green’s functions G¥, G4, and G in the complex plane of ¢ is
illustrated in the figure:

A A A
Gr Im(e) Ga Im(e) G Im(e)
P <Pr|Pp>DpF - ° . > ° D> pr
° ® Re(e) p <pr| p>prRe(e) p<pr| ® Re(e)

According to Eq. (3.73), the particles with p > pp move forward in time, i.e., the Green
function is non-zero when the particle is first created by the operator aL and later annihilated
by ap. For p < pp the situation is opposite: the operator aL act at a later time than ap,
i.e., the particle moves backward in time. This can be physically understood as a hole in the
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filled Fermi see that moves forward in time. (Cf. positron as a hole in the filled see of Dirac
electrons with negative energies, or, equivalently a Dirac electron moving backwards in time.)

The retarded and advanced Green’s functions can be also defined in the many-body for-
malism. Specifically, in the case of fermions:

GR(I'l, tl, ry, tg) = —i<¢0\{\fl(r1, tl), \/I\’T(I'Q, t2)}|¢0>@(t1 — tg) s (377)

and
GA(I'l, tl, ro, tg) = i(¢0|{\/l}(r1, tl), {I}T(FQ, tg)}|¢0>@<t2 — t1> . (378)

Analogous formulas holds also for bosons; one should only replace anticommutators {\Tf(rl, t1), Ul (ry, t5)}

~ -~

with commutators [W(ry,t;), Ui(rs, t)].

As an example of calculation of the Green function of free bosons, see Sec. 5.1 where the
Green function of acoustic phonons is derived.

3.6 Spectral (Lehmann) representation

For definiteness, we focus on the case of fermions in this subsection. The derivation of
the Lehmann representation as of general analytical properties of zero-temperature Green
functions to the case of bosons can be straightforwardly extended to bosons. These T' = 0
results are the limiting case of finite-T" formulas derived below in Sec. 4.10.1.

We start from the general definition (because of time-translational invariance we set t; = t
and ty = 0):

iG(r,r' 1) = (o] TU(x, 1)U (x",0)|cg) (3.79)

= () (0ol ¥ (x, (', 0)[é0) — O(=1) (G0 L (', 0¥ (r,B)[dn) . (3.80)

Consider the grand-canonical ensemble. The Hamilton operator H =H - ,u]v obeys the
eigenvalue equation

H'|¢M) = B [o() (3.81)
with the energy
E,=EW™ — N . (3.82)

The eigenstates |gz$7(1N)) are labeled by n and (N), where N stands for the number of particles.
These eigenstates obey the conditions:

> oM (M =1 (3.83)
n,N
and
(6 | §A") = SpmOnna. (3.84)

We insert the resolution of the identity operator, Eq. (3.83), into the expression for the
Green’s function. Then matrix elements of the following type appear:

(VW (r, )]0} = (D exp(iH't) U (x) exp(—iH't)|6()
= expli(E;, — Bt (o 0 (r)|f)

= exp [I(ELX™Y — EM + p)t] (oD 0(x)| oMy . (3.85)
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Thus, we have pulled out the time dependence of the matrix element. The ground state is
\¢(()N)>. The Green’s function is then written as:

iG(r,v, 1) "2 0() Y (08 [T (x, )60 D) (6N VT (2, 0)] 0 )
— 0(=t) > (o[ (', 0) |6 ) (N VB (r, 1))
= 0(t) Y exp [i(ESY — B + e (6 [0 I60 ) (ol 18 () o)

= 0(=) > exp [iBE Y = B + wt] (613060 0 DB 0)lef)

m

(3.86)

We go to the energy space by Fourier transformation, which can be straightforwardly performed
since all the time dependence is now in the exponential factors:

G(r,v',e) = /dt e G(r, 1’ 1)

(@1 () o ) (ol VW ()65 }

N)|& N+1 N+1) 2 N
_ o [ mlon ) g DT ")
— e+ BN —ENTY 440 e+ BNV EMNM 40
(3.87)
We note that
elh) & v _ gt (3.88)
is the energy of a particle-like excitation and, therefore,
eC) & ) p(N-1) (3.89)

is the energy of a hole-like excitation. The former corresponds to creating a particle (N) —
(N + 1) and the latter to removing a particle (i.e. creating a hole).
Since ]¢E)N)> is the ground state, we have £ < E! . It follows that

E™) — uN < EVYD — (N +1)  and EM — uN < EN-1 _ w(N —=1), (3.90
i m % 0 2 m
and, therefore

e >p and €L <p. (3.91)

According to Eq. (3.87), the poles of the Green’s function are located at

e 1st term:

e=e) —pu>o0, (3.92)
e 2nd term:

e=e) <. (3.93)
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We can write the Green’s function (3.87) in the Lehmann representation using the spectral
weight

A(r,r'se)) = Z {<¢(()N)@<r)’¢Sflv+1)><¢£711V+1)|@T(r/)|¢(()zv)>5<51 G

m

V1T @) ) G0 I l68 (e — oG+ )}
= AP (g1, 1) + AT (eg;r, 1), (3.94)

where A £ 0 only for ; > 0 and A # 0 only for £; < 0. Hence, the result for the Green
function can be written in a very compact form:

00 0
A(I‘ I'/'51 A 61,[’ I‘) /d51 A(_)(gl;l‘, ['/) ‘

G &)= [ d =/d
(r,r’;e) /51 g ——————= p—

3.95
e — g1 + i0sign(e e—¢e1+10 ( )

o

—00

The corresponding formulas for retarded and advanced Green functions defined by Egs. (3.77)
and (3.78) are given by:

A(r,r';eq)
R _ st
G (r,r'’5¢) /del — (3.96)
A(r,r';eq)
A /. o )t
G (r,r,a)—/del p—T (3.97)

with the same spectral weight A(r,1’;¢1). (The derivation is fully analogous.) Thus, we obtain

the causality relation:
[ GR(e) for e>0,
Gle) = { GA(e) for £<0. (3.98)

Obviously, location of poles in Egs. (3.95), (3.96), and (3.97) is as follows:

o Eq.(3.95) —
G poesat {00 o e <0
e Eq. (3.96) —
GH:  poles at Im (¢) < 0
o Eq. (3.97) —

G4 :  poles at Im (¢) > 0
Graphical representation of poles in the integrals (3.95), (3.96), and (3.97):

A A A
Im(e) Im(e) Im(e)

GR GA G
mm» XXX XXX X X XXX X X Re(e)
XX K KK XK KK X Re(e) XXX X X

Thus, GF is analytical function in the half-plane Im () > 0, and G is analytical function
in the half-plane Im (¢) < 0.
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Im(e analytic

~—

GR

GA

analytic

Let us now assume that we have a translation-invariant system in coordinate space.

We perform then transformation to the momentum space:

G(r,r’;e) = G(r —r';e) — G(p;e).

(3.99)

An eigenstate |¢%V )> is then characterized by a momentum p, so that we denote it as |m, N, p),

and the field operaror is
~ 1 )
r) = —apexp(ip-r).
)= 3 Jptecsalip:n
We obtain the Lehmann representation of the Green’s function

L A(p; 1)
Glpie) = /d51 e — &1 +i0sign(e) ’

where the spectral weight

Alpiz1) = {100, N.p = Olaplm, N -+ 1, 0" 8(e1 = (om, ) + 1)

+ |<m7 N — ]-7 _pldP|O7N7p = 0>|25(€1 - 5(_)(m, _p) + lu)} .

is real. The retarded and advanced Green functions read
A(P' 51)
GFlA(p:e) = / deg 220
(pie) gls—elj:io’

and
GE(p;e) for >0,

Gpie) = { GA(p;e) for e <0.
We note that
[G"(p;e)]* = G (pse).

Using
1 1

e—e 210 €—&

Find(e —eq),

we see that the real parts of all Green functions are equal:

A 81,

E—&1

ReG(p;e) = ReGE(p;e) = ReGA(p;e) =P [ dey —H

(3.100)

(3.101)

(3.102)

(3.103)

(3.104)

(3.105)

(3.106)

(3.107)

(3.108)

At the same time, the imaginary parts differ and are expressed through the spectral weight as

follows:
Im G (p;e) -1
ImG4(p;e) p =mA(pse) x § +1
Im G(p;e) —sign(e)
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Any meaningful approximation should respect these general analytic properties.
The spectral weight is normalized (exercise):

/dsA(p,g) =1 (3.110)

As we have shown above, pole in the Green function G(p;¢€) corresponds to excitations, which
yield a nonzero spectral weight A(p; ).
In a non-interacting system the Green function has the form

1

G(p;e) = . 3.111
(P:<) €+ p— % + i0sign(e) ( )
The spectral weight is given by
P
€) =14 -——. 3.112
Atpie) =0 (=+u- 1) (3.112)

p
2m

How does this change in the presence of interaction? We assume here that the system is
in Fermi-liquid state. The Fermi-liquid theory was discussed in TKM I, where its basic
properties were postulated. In Sec. 3.12 below we will derive the Fermi liquid theory in the
framework of Green’s function formalism.

If the excitation consists of many Fermi-liquid quasiparticles, then the momentum is

p= Zp@- (3.113)

and ¢ is not a unique function of p. The corresponding contribution to A(p;¢e) will be thus
spread over a broad interval of energies—a continuum. This contribution is also known as
“incoherent background”.

A(p;e)

continuum

>
€

Now consider excitations with p be the momentum of one quasiparticle. The Landau-Fermi-
Liquid theory tells us that the pole survives, and

G (p;e) =0

is the dispersion relation of the quasiparticles. The general structure of the pole is (see Sec. 3.12
below for detailed derivation)
A

G(p;e) = m,

(3.114)
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where the renormalization constant Z satisfies 0 < Z < 1. The constant Z is called “quasi-
particle residue” or “quasiparticle weight”.
We write the energy in the form

e(p) = Ree(p) £ilme(p) with Ime(p) = %(m, (3.115)

where 7(p) is the lifetime of the quasiparticle. [The sign of the imaginary part in the denom-
inator of Eq. (3.114) is determined by Eq. (3.109).] It follows that

Z. 1
TA(p;e) = [Im G(p;e)| = QT("; . (3.116)
e+ 1 —Rec(p)’ + |t

Thus, we get a quasiparticle peak in the spectral weight that has Lorentz (or, equivalently,
Breit-Wigner) shape centered at ¢ = Ree(p) — p with width 1/27(p).

A(p.€)

A

1/21,

The width, which is equal to the shift of the pole from the real axis, determines the decay
rate of the quasiparticle. Note that the shift of the pole to the complex plane emerges in
the thermodynamic limit. For a finite system, all poles (corresponding to energies of different
many-body states) are at the real axis, see Lehmann representation above. They yield a dense
set of delta functions in the spectral weight. In the thermodynamic limit, these delta functions
merge into the quasiparticle peak:

A(p.€) A(p.

A A

)
l
- ﬁ1r1]||‘ 'lll]'nr .

> E —> E
Thermodynamic limit Finite system

The total spectral weight A(p;e) is a sum of the incoherent background and the quasiparticle
peak.

3.7 Interaction representation

In the Schrodinger picture states develop in time:

0 = P
io[0(t)) = Hg(t)),  |(t)) = exp(~iH1)|¢(0)), (3.117)
and operators are time-independent. In the Heisenberg representation, operators develop in
time 5
i, 0(t) = [0(1), H], O(t) = exp(iHt)O(0) exp(—iHt), (3.118)
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where O(0) = Og and the states |¢) are time-independent.

We introduce now one more representation that will be particularly useful for developing the
perturbative expansion—the interaction representation. For this purpose, we split up the
Hamiltionian in the free part and the interacting part: H = Hy + U.

0

(ia - ﬁ) 6(1)) = Tlo() (3.119)

In general, U can also be t-dependent, for example by adiabatic switching: U U exp(—At])
with A — +0 that will be used below.

In the interaction representation (labeled by subscript “I”), the states are developed in time
by the non-interacting Hamiltonian:

(@1(t)) = exp(iHot)|(t)) (3.120)

Inserting this in the Schrodinger equation (3.119), we obtain:

(i%—]%) exp(—iHot)|o;(t)) = Uexp(—iHot)|o:(t)), (3.121)
which yields
o Aon(e) = Tr)l6n(e). (3.122)
where
Ur(t) = exp(iHot)U exp(—iHot) (3.123)

is the interaction operator in the interaction representation. In general, an operator in inter-
action representation is related to operator O of Schrodinger representation via

O;(t) = exp(iHot) O exp(—iHot). (3.124)

(In general, Schrodinger operator O can be time-dependent: O = Oga,(t).) The operators in
the interaction representation have thus free dynamics determined by the operator exp(iﬁ[ot),
i.e., they evolve according to the free Hamiltonian fAIO. The states in the interaction represen-
tation evolve as a result of the interaction, Eq. (3.122).

We solve Eq. (3.122) for ¢t > t; with the boundary condition |¢;(t))|i=, = |¢1(to)). Naively,
one gets:

t

(1)) = exp | —i / at, Ui (1) | |61 (to))

to

Z(—ni!)”/dtl.../dtnﬁf(tl)...Uf(tn)ygbl(to» (naive)  (3.125)

n=0

However, Eq. (3.125) is wrong, since [U;(t'),U(t")] # 0 in general. To find the correct
solution, we solve the equation by iteration:

(01(8)) = [61(t))o + [0r(1)1 + |Pr(t))2 + - -, (3.126)
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where |¢I(t)>0 ~ U07 |¢I(t)>1 ~ Ulv and so on,
[61(t))o =

t

¢r(to))

t

(D)) = (i) / AT ()61 (1)) = —i / AT (1) |1 (1))

to
The second-order term reads:

t

161(t))s = (i) / aty O (0) 61 (1)

to
t t1

— (1P [anTite) [ anOie)lo)
(i)
2

[t [ 47T D) lorte).

(3.129)

to

tll

tll <tl

(3.127)

Y

(3.128)

tl

The factor 1/2 here comes from the fact that we integrate over the area to < t; in the second
line of Eq. (3.129) (triangle in the picture), whereas in the last line we integrate over the entire
t1,to-plane (square). and order operators in time. The time ordering 7 is what differs the
It
is now clear that in the n-th order, we will get the term as in the n-th order of Eq.(3.125)
but with time ordering. The factor 1/n! will emerge when we will replace an integral over
t >t >ty >1t3 > ... >ty by an integral without restrictions on the order of time variables
(and with time ordering of operators), since there are n! possible orderings of time variables.

correct second-order term (3.129) from the naive one [second-order term in Eq. (3.125)].

The total result is thus given by:

i) = S S [an [ an Tw)... Gutt)lonta)

n=0 to

t

— Texpd i / Aty Ur(ta) v |61(to)) = S(t, to)|61(to)).

to

Here
t

§(t,t0) d:CfTeXp —l/dtl I/j[(tl)

to
is the evolution operator in the interaction picture:

|6:1()) = S(t, t0)| 61 (t0)) -

It contains all the information on how a state in the interaction representation evolves in time.

Using the evolution in the Schrodinger representation,

6(t)) = exp [~ (t — to)] |6(t0))

and the relation (3.120) between the states in Schrodinger and interaction pictures, one obtains

another formula for the evolution operator:

S(t, ty) = exp(iflyt) exp [-11% - to)} exp(—iHoto) .
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3.7.1 Properties of the evolution operator
[ ] §(t1,t2)§(t2,t3) == §<t1,t3)

|¢i(t1)) |9i(t2)) |#i(t3))
- f I I
t t t ts
_ S(ti,t2)  S(taty)

§(f1‘, t3)

A

o S is unitary: S~L(¢, to) = S1(t, to).
° §(t2,t1) = S\il(tl,tg) = §T(t17t2)

These properties follow immediately from Eq. (3.134). They can also be derived from the
T exp formula (3.131).
Now we transform the Green’s function into interaction representation. We assume first t; > to,
in which case

G(r1, t:Ta, to) = —i(do|U (1, t1) U (12, t2)| o) | (3.135)

where |¢p) is the exact many-body state. Since at ¢ = 0 the interaction representation is the
same as the Schrodinger representation, we can write for the exact many-body ground state

[60) = |¢0,1(0)) = S(0, —00)|o,r(—00)) . (3.136)

We assume that at large positive and negative times the interaction is adiabatically switched
on/off (A — +0):

A
V(t)
Vv
V= Vexp(=Alt]), A —C
>
Thus, at t = —oo we have a non-interacting ground state:
|¢0,1(—00)) = [0) . (3.137)

(i.e. Fermi see filled up to the chemical potential in the case of fermions). Now, let us
transform the field operators (subscipts “H” | “S”, and “I” denote Heisenberg, Schrédinger,
and interaction representations, respectively):

~

Uy (r,t) = exp(iHt)Us(r) exp(—iHt) = exp(iHt) exp(—iHot) U (r, t) exp(iHot) exp(—iHt)
= S, 0)W,(r, 1)S(¢,0), (3.138)

and, analogously, R R R R

Ol (r,t) = S7(t,0)Wh(r, £)S(t,0). (3.139)

Then, upon transformation into the interaction representation, the Green’s function takes the
form:

iG(ry, t;Ta, 1) = (0|80, —00) S~ (t1, 0) U (r1, t1)S (£, 0)S (£, 0) W (ra, £2) 5 (£2, 0)5(0, —00)|0) .
(3.140)
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Using

S0, —00) S (t1,0) = §(—00,0)5(0, 1) = S(—00,t1) = 5~} (+00, —00)S(+00, t1), (3.141)
S(t,0)8  (ts,0) = S(ty, o) , (3.142)

and R R R
S(t2,0)5(0, —00) = S(ts, —00), (3.143)

we rewrite Eq. (3.140) as

iG(ry, t; 19, 15) = (0181 (400, —00)S (400, 1) W (1, 1) (t1, t2) Ul (ra, 1) S (ty, —00)|0) .
(3.144)
We define R R
S(400, —00) = S. (3.145)

With adiabatic switching on and off of the interaction, the ground state develops into the
ground state: R R
S (400, —00)|0) = exp(ia)|0) = (0|S]0) - |0}, (3.146)

and
(0[S~ (400, —00) = exp(—ia){0] = (05]0)~" - (0], (3.147)

where €' is a phase factor (i.e., a is real). We thus get

~ ~ ~ =y ~ _
iG(I‘l, th ry, t2) _ <0|S<+OO, tl)\III(rl, tl)S(tl, tg)\ljl(rg, tQ)S(tQ, OO)|0>

oS
_ <0\T[3‘I’I(r1>ti)‘1’}(r2,t2)]|0>
(0[S]0)
= (0[810) 01T exp —i/dt’lﬁf(t’l) B (v, 1) 0} (02, 12)][0) . (3.148)

Performing the expansion of 7 exp, one obtains the perturbative series for the Green’s function:

iG(r1, t1: 1, 1) = (0|8]0) Z(_ni!)n/dt;...dt;mmﬁ](m ()1 (1, 1) (2, 1)]]0)

(3.149)

It will be a starting point for developing the Feynman diagrammatic expansion below.

Comment: We have assumed above that the interacting ground state is adiabatically con-
nected to the no-interacting one. This assumption is not entirely trivial. Specifically, it holds
in the absence of spontaneous symmetry breaking (left figure):

E

A

// Spin+0
i Spin=0 Spin=0
?|¢0>

|0> Spin+0

»

L
>

interaction Interaction
0 V 0 \V
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In the case of spontaneous symmetry breaking (such as e.g. ferromagnetism, super-
conductivity, etc) the assumption does not hold (energy levels cross; see the right figure for the
case of ferromagnetism). We will consider a situation with spontaneous symmetry breaking
later (Chapter 5 and Sec. 6.3 on superconductivity).

3.8 Diagrammatic techniques

From now on, we change the notation: ¥ 1(r,t) — ty(r, t). The subscript “0” here is introduced
since the time evolution of operators in the interaction picture is governed by the free Hamilton
operator, Ho (i.e., it is like in the Heisenberg picture but with H— HO)

We will develop the technique for calculating matrix elements entering the expansion
(3.149),

O[T, - .. Uo ()1, 1) (x2, £)][0) (3.150)

where Uo(t) is the interaction operator in the interaction representation, Specifically, we will
consider the case of fermions with two-particle potential interaction,

~

Us(t) = % / dr dr' i (v, )l (', U (r — v)bo(x!, £)eho(x, 1) . (3.151)

For other problems (e.g., electrons interacting with phonons), the diagram technique is devel-
oped in an analogous way.

3.8.1 Wick theorem

The Wick theorem plays a key role in evaluation of averages of the type of Eq. (3.150). We
present first its formulation:

O|TT...]|J0) = Z products of pairwise averages (contractions) - (£1)°, (3.152)

where (—1)” is again the permutation factor for fermions with P counting the permutations
required to bring the operators in the averages together.
As an example of application of Wick theorem, consider

(01T o(1)45(2)¢0 (3)¢3(4)[0) = (O | TTbo (1)) (2)1ﬁo(3)zﬁ$(4)]\0>
= (=10 | Tlo(1)¥H(2)] [ 0)(0 | TTho(3)1(4)] | 0)
+ (=1)*(0 | TTo()P5(4)] | 0)(0 | TTo§(2)¢(3)] | 0)
= (O[T o(1)4(2)10) (01T ¢ (3)2h5(4)[0) + (0] T o (1)¥(4)]0) (0] T (210 (3) 0)
T de@E )0
G5 16O (1,2)iGO(3,4) — iGO(1,4)iG(3,2). (3.153)

Here we use short-hand notations: @@0(1) = @@O(rl, t1) etc. In the present case there are two
possible contraction patterns (1-2, 3-4 and 1-4, 2-3), which are shown in the first line of
Eq. (3.153), so that the sum (3.152) contains two terms.

We sketch now the proof of the Wick theorem. We introduce for momenta |p| < pg the
hole creation and annihilation operators b;f), bp defined as

ap =bl, al =b,. (3.154)
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The operators b, /bl annihilate/create holes in the Fermi sea. We will use ap/al, for |p| > pp
and by /b, for |p| < pp.
The field operator can be presented as

Uo(r,t) = % Z apexp(ip - r —iept) = Z + Z apexp(ip - r — iept)

p lpl<pr  IPI>pr
= Z bI) exp(ip - r — igpt) + Z apexp(ip - r — iept) = &ém(r, t)+ zﬂ(()p) (r,t),
lpl<pr Ip[>pr
(3.155)
and analogously R
G, t) = g (x,1) + 4 (x, 1) (3.156)

The upper indices denote: (h) = hole and (p) = particle. We have:

apl0) =0 (Ip| > pr), bpl0) =0 (Ip|<pr) = wP0)=0, ¢"|0y=0, (3.157)

and the conjugate equations

(Oaf, =0 (Ip| >pr), (O, =0 (Ipl <pr) = (Ol =0, (Of" =0. (3.158)

Normal product
We introducte the normal product (normal ordering) of operators:
N (0,0, ...) = {all creation operators are placed to the left of all annihilation ones} - (1)
(3.159)
where P is the required permutation. (The factor (—1) is there in the case of fermions; for
bosons it is replaced by unity.)
For example, we have (for fermions)

N (ap, b, al bp,apsal ) = —bl al ol ap,bp,ap, . (3.160)

P2 7P3 P2 p3 p6
The normal ordering is very useful since we can employ the fact that
(0N (010;...)[0) = =(0 | al bl ... aphi | 0) =0, (3.161)

in view of Egs. (3.157) and (3.158).

Contraction

The contraction is defined as:
O£2 = 7-(0102) - N(Olog), (3162)

where O; are 1) or z/zg, or their linear combination.
Properties:

e Linearity (follows from the corresponding property of 7 and N products):

(01 + 0,)03 = 0105 + 0,05, (3.163)
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e (Anti-)commutativity (again follows from the corresponding property of 7 and N prod-
ucts):

010, = £0,0, for bosons/fermions (3.164)

e Crucially, the contraction is always a c-number (not an operator). This is because the
operators 1y, wg commute (for bosons) or, respectively, anticommute (for fermions) on
a c-number. To evaluate the contraction, it is thus sufficient to consider its vacuum
average. This yields

1&0(1‘1, tl)'(;g(rg, tg) = IG(O) (I'l, tl, Iy, tg) (3165)

(The vacuum average of the 7 product yields Green’s function (times i), and the vacuum
average of the N product is zero.) Further,

U (e, t)wd (ra, 12) = Yo (r1, t1)vo(ra, 1) =0, (3.166)

since all creation operators (anti-)commute with each other, and all annihilation opera-
tors (anti-)commute with each other.

Wick’s theorem for products of operators (O; can be creation or annihilation oper-
ator, or a linear combination thereof):

T[010,...0,] = Z normal products with all possible combinations of contractions
+ N[O£2(9£4 o Op) + (3.167)

In other words, a time-ordered product of creation and annihilation operators can be rewritten
as the normal-ordered product of these operators plus a sum of the normal-ordered products
with a single contraction among operators performed in all possible ways, plus a sum of the
normal-ordered products with all possible double contractions, etc., plus all full contractions.

This formulation of the Wick theorem concerns operators (and not just their vacuum
averages) and thus is more general then the one given in the beginning of this subsection.

The proof proceeds in the following way. Let us first assume that the times are ordered:
ty >ty > ... >t,. We have to bring the product 0;0s ... 0, to the normal form. For this
purpose, we will consecutively interchange (bring to normal order) pairs of operators. For each
such exchange, we will use

T(0,0z) = N(0,05) + 0,05, (3.168)

This will produce exactly the structure in the r.h.s. of Eq. (3.167). (For those pairs of operators
that already stands in the normal order, the contraction is equal to zero.)

Having obtained the proof for t; > t5 > ... > t,,, we can perform an arbitrary permutation
of operators in the Lh.s. and in all terms in the r.h.s. This is possible since 7 product, N, and
the contraction are invariant with respect to the order of operators, up to the factor (+1).
This completes the proof for an arbitrary order of times.

Using the operator version of the Wick theorem, Eq. (3.167), it is easy to prove the Wick
theorem for the vacuum expectation values, Eq. (3.152). Indeed, let us take the vacuum
expectation value of both sides of Eq. (3.167). In view of (3.161), only the terms in which
all operators are contracted survive in the r.h.s. of Eq. (3.167) when the expectation value
(0]...]0) is computed. Thus, we get:

(0] T[O1...0,] | 0) = 010,030;...0,_10,, + all other terms with g contractions,
— L
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(3.169)

which is the statement of the theorem.

3.9 Feynman diagrams

Now we generate an expansion of the Green’s function [Eq. (3.149)]

“+00

iamﬁnmmy:mam*E:fﬁn/dﬁ”dgmwﬁMﬂy”a@g%@hm@mmmmy
n=0 ’ 0o

(3.170)

in powers of interaction. The interaction operator ﬁo(t) in the interaction representation reads:

Uo(t) — eiﬁot[/j’e*iﬁot — eiﬁot%/dr d?”/ wT(r)wT(r/>U<r - r/)w(r/)w(r)efjﬁot

- % / dr dr’ wg(ru t)¢$<r/7 t)U(I' - r/)¢0<r/a t)%(ra t) (3171)
e Oth order: . R
1GO) (ry, t1: 10, t5) = (0| T o (1, t1)h) (ra,£2)]0) . (3.172)
e 1st order:
iG(l)(rbtl) Iy, t?) = <O“§|O>_1 ' (_1) / dt<0 ‘ TH?O(Z%)@Z}O(I‘Mtl)ijg(rzﬂb)] | O> :
(3.173)

Analyze the matrix element entering this contribution:

(0| T{To(t)do(rr, t1)dh(ra,t2)] | O)

(3.171)

- "/ drdr' U(r — ') (O|T[dd (x, t + 0)93(x', ¢ + 0)do(x, £)do(r', )0 (x1, 1)) (x2, 12)]]0)
G%m/me@—ﬂBMTMWw+®%WﬁH®
< (0] TIh(r,t+ 0)do(re, 1)) | 0)(0 | T[ho(r, 1) (rz,t2)] | 0) + 5 more terms| .

- % /drdr’ Ur —r) {_[iG(O)<r/7 v, —0)]iGO(ry,r, t; — )]G (r, ra, t — t5)]
+ 5 more terms} (3.174)

Comments: There are four 1& / 1@* operators which come from the interaction, and two
which are external, i.e., six operators in total. To tell the 7-product that it should order
the field operators taken at the same time ¢ (those originating from the interaction)
in a proper way, one adds an additional +0 in ¢f, because these stands to the left.
After application of the Wick theorem, one gets 3! = 6 terms originating from different
patterns of contractions. The sign in front of each term is determined by the parity of
the corresponding permutation.

The first-order term in the Green’s function thus has the form
1
G(l)(rh tl; Iy, t2) = T =
(0]S10)
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1
X3 / drdr'dt U(r — ') {iGO(r',r', —=0)][iG (r1, v, t; — )][iGV(r, 10, — t2)]
+ 5 more terms} . (3.175)

Let us now draw diagrams for expression (3.175). The basic elements of the diagrams are:

<
G(O) (rla tla Iy, t?) = r1t1 r2t2
LVAVAVAVAVAVAVAN
Ulr—1)ot—t) = rt rt

With this graphical representation of the free Green’s functions and interaction potential,
the 1st-order correction takes the following form:
(3.175) 1

1
G(l) (I‘l, t1,To, tg) = mé / drdr'dtdt’ x

(T

1 2 b1

rity raty rity rot; rit, rt rt roty
0y, O
r1t1 rt rt r2t2 I’1t1 r2t2 r1t1 r2t2

b2 C d

L

Y

We see that the factor in front of each diagram inside the curly brackets is equal to i(—1)
where L is the number of closed loops. As we will see below, this is a particular case of a
general rule for the prefactor.

It is easy to see that a; = as and by = by, since we can exchange r <> r’ under the integral.
As a result, we get for the Green’s function up to the first order:

G=— +
(01510)
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Now we consider the denominator:

(018]0) = (0 | Te# e dtTo®] | gy — Z(_i)n/dtdt’...<O\T[Uo(t)U0(t’)...]|0>

n!
n=0

; S /dtdt /drdr’d'r”dr”’ LU —1)...
x (0 | Td(e,t -+ 0)d(x', ¢ + 0)do(x', )do(r, 1) ..] | )

Keeping the terms of zeroth and first order in interaction (n = 0 and 1), we get

(01510} ,
:1—%/dtdrdr’U(r—r’)<O\T[wo(r t4 0)h(r, t+0) (x', 1)o(r, )] | 0) +

Yo
—1- %/dtdrdr’U(r—r’) {—(0 | T[z&o( t 4 0)do (" t] 10 | T[zﬁg(r’,wowo(r,t) | 0)
O T [d(r, 4+ 0)do(r,8)] 1 0)0 | T [, + 0)do(x', )] [0)} +.
=147 / dt dt' dr dr' U(x — 1')5(t — ) [-GOW v, — )GO(x,r',t — ¢
+GO(r,1, —0) GO, 1, —0)] +... (3.177)

Diagrammatically, this reads:

(0[8]0) =1 — % @ +% M +OU?Y).  (3.178)

The diagrams for (0|50 have no external legs. They are called “vacuum diagrams”.

Inserting Eq. (3.178) into Eq. (3.176), we see that the vacuum diagrams (arising from the
expansion of the denominator <0|§ |0)) exactly eliminate the disconnected diagrams for
G, i.e., the last two diagrams in Eq. (3.176).

The structure of the expansion in Eq. (3.176) is schematically as follows (coefficients are

not shown):
? + 2 + &+ OO 4

1+ D+ OO+

It can be shown that the role of denominator (vacuum diagrams) in this formula is in cance-
lation of disconnected diagrams in all orders of the perturbation theory.

3.9.1 Rules of diagrammatic technique for Green’s function

Let us consider the n-th order term in the expansion of the Green’s function. The perturbative
expansion outlined above leads to the following diagrammatic rules:
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(1).

Draw all topologically different connected diagrams with two external legs and 2n
interaction vertices (n pairs of vertices; each pair is connected by an interaction line).
At each vertex, there is one incoming fermionic line, one outgoing fermionic line, and
one interaction line.

As illustration, here are examples of connected diagrams (one of order n = 1 and one of
order n = 2) and an example of a disconnected diagram (that does not appear in the
expansion, since all such diagrams are cancelled as explained above).

rr‘t'

e

)

_‘
~+

VAVAVAVAVAVAVAY
s

riti rt rat2

disconnected

connected diagrams di
iagram

. Each straight line corresponds to the fermionic Green’s function G©:

<

rt ) b — G(O) (7“1, g, tl - t2)'

. Wavy lines are interaction lines:

LVAVAVAVAVAVAVAN |
rt et =U(r—r)o(t —1t).

. Integrate over ¢t and r corresponding to all internal vertices.

For a spinful system, also perform summations over spin projections o for all internal
vertices. This will lead to an additional factor 25 + 1 for each closed loop, i.e., to the
overall additional factor (25 + 1)* equal to 2¥ for spin 1/2. Here L is the number of
closed fermionic loops.

. The overall factor of the diagram is i"(—1)%, where L is the number of closed fermionic

loops and n is the number of interaction lines (n-th order diagram). The factor (—1)F
comes from the swapping of fermionic operators during the contractions.

We explain how the remaining factors combine into simply i". From Egs. (3.149) and
(3.151) we see that there is a factor (—i)"/n! from the expansion of the time-ordered
exponential and additionally 1/2" from the n-th power of the interaction operator:

iGM = (_i)n/...<0|T[Uo(1)...UO(n)...]|O>

n!
(GO

21!

/...Uo(rl ) Ul — O TL.]10). (3.179)

Further, a factor i?"*! results from writing the contractions in terms of Green’s functions,
see Eq. (3.165). In addition, there is a factor —i originating from i in the lLh.s. of

Eq. (3.179). Combining these factors, we get

_Z'(_,L‘)ni2n+1 "

2n . nl T onpl

(3.180)
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Now we should take into account that there will be topologically equivalent diagrams
that are, however, different since they originate from different contraction patterns and
thus have different positions of the integration variables r,r’,... 7" Examples are
pairs of topologically equivalent diagrams al, a2 and b1, b2 in the above calculation of
first-order diagrams which differed by swapping r <> /. This produced a factor of 2
when only topologically distinct diagrams (a, b) were counted. Let us now calculate the
analogous factor (i.e. the number of different but topologically identical diagrams) in
n-th order. We have the integration over r, 7/, ..., r".

By swapping two internal variables (e.g., r <> ') belonging

to the same interaction operator, i.e., connected by the inter- /‘\
action line U(r —r’), we get a factor of 2 for each pair, as we
(L VAVAVAVAVAVAVAV Y §

1
saw in the first-order calculation. Since we have n such pairs,

this results in a factor 2".

In addition, there are permutations of interaction operators,
which correspond to the permutation of interaction lines as
shown on the right. Because of n lines of interaction this gives
us in addition a factor n!.

Thus, the total number of topologically equivalent diagrams for the n-th order of ex-
pansion for the Green’s function is 2"n!. (One can prove that all of them indeed orig-
inate from distinct contractions.) This factor 2"n! exactly cancels the denominator of
Eq. (3.180). The resulting factor is thus i"(—1)% as stated above.

. In some diagrams (e.g., in both diagrams of the first order), one has contractions of

operators originating from the same interaction operator and thus belonging to the same
time t: both ends of the fermionic line are attached to the same interaction line. This
gives the Green function at zero time t —t = 0. It should be defined more carefully,
however, since the Green function is discontinuous at zero time. The correct way of
understanding such contractions is

GO, t;r' t) = GO, r';0) — GO(r, 1, -0). (3.181)

This rule (shift —0) follows from the fact in the interaction operator (3.171) the operators
Wi (t) stand to the left of vy (t):

(0] D, )o(r, t) | 0) = —(0 | Tldho(r, YbL(x',t +0) | 0) = —iGO(r, 1/, —0). (3.182)

For r = r’ (bubbles formed by a single fermionic lines), this gives the free density:

GO(r,r, —0) = —i(0 | T[tho(r, )ef(x,t +0) | 0) = i(0 | hf(r, t)o(r,t) | 0) = in®.
(3.183)

3.9.2 Diagrammatic rules in momentum space

Because of translation invariance in space and time, it is convenient to perform the Fourier
transformation and to calculate diagrams in the energy-momentum space. The corresponding
diagrammatic rules are obtained straightforwardly from the above coordinate-space rules and
are formulated below.

48



. The diagrams are the same. Each line (fermionic or interaction) carries an energy ¢ and

a momentum p. There is momentum-energy conservation at each vertex (where two
fermionic lines and one interaction line meet).

. Each fermionic line (p, ) corresponds to a free Green’s function G (p, ¢):

[ S —

p. = G(O) (p> 5)7

1 p?
G = = —pu. 3.184
(P <) e —¢ep +i0sign(e)’ oo, Tk ( )

. Each interaction line (q,w) yields a factor U(q) (Fourier transform of the interaction),

independent of frequency w:

LVAVAVAVAVAVAVAY
qlw :U(q).

. Integration over all n independent internal momenta and energies:

/ H éﬂp)"d C;‘; . (3.185)

. The overall factor for the diagram is i"(—1)~. For a spinful system, summation over spin

projections leads to an extra factor (25 + 1)%.

. Some diagrams contain elements as shown below, with both ends of a fermionic line [here

(p,€')] attached to the same interaction line.

p'E
p-p', €-¢'
g=0, w=0 ;@Q%
D€ p.E p.€ D€ p.€

The interaction over the energy of this line (here &’) can then be performed directly,
since nothing else depends on this energy. (We recall that the interaction line does not
depend on the energy that it carries.) The result is:

de’ . I, . :
/ﬂ GO(p’, &) exp[—ie'(—0)] = %271'1@(])}7’ —p) =iny, (3.186)
where —0 comes from the fact that this line corresponds to G(r,r’,¢ = —0) in the

time-coordinate representation.

To demonstrate Eq. (3.186), we calculate the integral by closing the integration contour:

[ e é" Y
’ ~—~ I o, 0l ,
2w close the contour in upper half-plane 2m e Ep + ZOSlgIl(Sp )
1
= 2—27?2'@(pp —p') =iO(pr —p') =iny Fermi function.
s
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Here

A
£ :p_Q_ — >07 p>pF7 PR IS -
' 2m < 07 p <pr, "/ hn(g)
so that we have the pole at
. @ P> PFr
) »
) _ )& =10, p>pr, p < pr © R
gp+10, p<pr.

For the case of a bubble formed by a single fermionic line, we can directly integrate
(3.186) over the corresponding momentum p’ as well (since nothing else depends on this

momentum). The integral is

d3p/

/(2 )Sinp/ =in, (3.187)
7r

where n is the electron density (per spin projection).

3.10 Vacuum diagrams and ground-state energy

In the calculation of the Green’s function, vacuum diagrams, emerging from the perturba-
tive expansion of (0|S|0), were exactly canceled. However, they are important on they own.
Specifically, they carry information about the energy of the ground state, as we are going to
show.

We have seen that

(01810) = (.1 (—00)|S (400, —00)| .1 (—00)) = exp(ic) (3.188)

where « is some phase. What is the physical meaning of a7
Let us consider the following protocol of adiabatic switching on and off of the interaction, as
shown in the figure:

A
0

T

Here T' is the time during which the interaction is on, ét is duration of the switching on and
switching off processes, and T" > 40t > any other time scale. The first inequality here is
because we consider 7' — oo limit, and the second inequality here implies adiabaticity. We
rewrite (0|S|0) as

(0]S10)

<
S
=
|
)
0y

(o0, —OO)A | %,I(—?O)) A
—0Q, t—)S(OO’ t+)S(t+7 t—)S(t—v _OO) | ¢O,I(_m)>

—~
<=
o
~
—
|H~
S~—
O} >
—
—
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= (Yos(t-) | ST(—00,t-)5(00, t4)S(ts,t-) | thor(t-)).
For t > t, and t <t_ there is no interaction: U= 0, and thus U 1 = 0 It follows that

S(oo,ty) = Texp l / dt’ﬁl(t’)} = Texpl0] =1,
ty

St(—o0,t_) = S(t_,—o0) =1.
As a result, we express (0/S|0) through the states Go.1(ts):

(01810) = (0,1 (t)[S (L4, t-)|do,1(t-)) = (Bo.r(t-)|do.r(t4)) - (3.189)

For t < t_ ort > t, the interaction-representation state |¢g ;(t)) is related to the Schrodinger
state |po(t)) via

[G0.1(£)) = exp(iHot)|go(t)) = exp(iEot)|do(t)) , (3.190)
where Ej is the ground-state energy of the non-interacting system. Thus, we have
(01810) = expliFy(ty — t-))(go(t-)|po(t+)) - (3.191)

For the time interval t_ + 0t < t < t, — dt, where the interaction is fully operative, the
Schrodinger state |¢o(t)) is related to the Heisenberg state |¢g) by

|¢o(t)) = exp(—iEt)[do) (3.192)

where E is the ground state energy of the interacting system. Since T' > §t, we use this
relation in the whole range t_ < t < t,, discard the difference between T and T + ¢, and
obtain the following result:

(0/8]0) = expliEy(ty — t_)] exp[—iE(ty — t_)] = exp[—i(E — Eo)T]. (3.193)

Thus, we have established a relation between the interaction-induced change in the ground
state energy E — E; and the sum of vacuum diagrams (0|S|0):

i

E—Ey = In((0|S]0) . (3.194)

3.10.1 Vacuum diagrams: Symmetry factors
We have

(01S]0) = 1+ m * @ T @ (3.195)

Note that the series here includes all vacuum diagrams (i.e., diagrams without external legs),
including disconnected ones. The rules of the diagrammatic technique for vacuum diagrams
are largely analogous to those for Green function diagrams. There is, however, one essential
difference: the symmetry factors. In diagrams for the Green’s function, the factor 1/(2"n!)
was exactly canceled by the number of distinct but topologically equivalent diagrams, which
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come from interchanging the vertices (2") and interchanging the lines (n!), see item (5) in the
list of rules in Sec. 3.9.1. For vacuum diagrams the situation is different.

To explain this, let us analyze the first diagram in Eq. (3.195), which is the Hartree diagram.
We have already calculated this contribution in Eq. (3.177):

(01S10) =1 - % / didrdr' U(x — ') (0 | T[d(r, e+ )8 (¢, ¢ + 0)dho(x', )¢ (r, )] | 0) + ...

(3.196)
The factor 1/2 here is exactly the factor 1/(2"n!) for n = 1. However, now we have a single
possibility of contractions that yield such diagram, so that this factor is not compensated. This
is related to the fact that interchanging the vertices 1 and 2 leads to the same contractions
and therefore identically the same diagram. This diagram has the symmetry factor 2, which
leads to an additional factor 1/2 in front of this diagram in the expansion of (0|S|0), as we

have already obtained in Eq. (3.178).

Examples of symmetry factors p of vacuum diagrams are shown in the figure:

<>

p=2 p=38 p=4

For each diagram, symmetry transformation that map the diagram onto itself (i.e. preserve
exactly the set of contractions, e.g., [1-2, 2-1, 3-4, 4-3] for the rightmost diagram) are indicated.

Thus, each vacuum diagram gets an additional factor 1/p, where p represents the symmetry of
the diagram, as illustrated in figure above. This factor arises in addition to the factor i"(—1)*
[and the factor (25 + 1)¥ for spinful systems], see rule (5) of the diagrammatics for Green
functions.

Except for the additional factor 1/p, the diagrammatic rules are the same as for Green
function diagrams.

3.10.2 Linked cluster expansion

We have found above the relation between interaction-induced change in the ground-state
energy and (0/S]0) given by the sum of all vacuum diagrams (here 7" denotes the time during
which the interaction is effective):

E—E= %1n<0|§]0>

, (3.197)

T—o00

(0/5]0) = Z all vacuum diagrams. (3.198)
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The statement of the linked cluster expansion is:
In(0|S|0) = Z all connected vacuum diagrams, (3.199)

ie,

D S D R s B o
3.200
+ @b+ (e e ) L

where now only connected vacuum diagrams are included (i.e., those that do not decouple in
two or more totally disconnected pieces).

To prove this, consider an example of a connected vacuum diagram: the first (Hartree)
diagram in the r.h.s. of Eq. (3.200).

Writing it explicitly in r,t-representation, we get

(1) = % / drdr’ dt dt' GO(r,r, —0)GO ', v, —0)5(t — t)U(r — r')
x T, (3.201)

(1

because of

/dt At st —t') =T . (3.202)

It is quite obvious that all connected vacuum diagrams have this behaviour; here is one
more example:
(2) = _Tl / dr dr' dr" dr"dt dt’ dt” dt" GO (r — ', t —t')
GO —r,t —t) GO — " " — "GO " — " " — ")
Ul —2") U =)ot —t")o(t" — ") (2)
= _Tl /dr dr' dr” dr"'dt dt' GO(r — 't — ) GO —r,t' —t)
x GO@ —r" t "GO — " ¥ —t)U(r — "\ U(r' — 1)
= _Tl / dr dr' dr” dr'"dty dty GO(r — v/, t,)GO(r' — 1, —t5)

% G(O)(r” o I'/”, t2>G(0)(r/// o I‘”, —tQ)U(I' _ I‘”)U(I‘l . r///)

The factor T comes from the integration over the simultaneous shift of all times at vertices.
For disconnected vacuum diagrams, one finds in the same way that if the diagram consists
of m disconnected parts, it scales as T™, as illustrated in the figure:

two disconnected parts ~ T2

three disconnected parts ~ 7T°

Y
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m m

Crd
e

Hence, the sum of all connected vacuum diagrams is equal to the linear-in-7" term in the
expansion of (0|S]0) in powers of 7. Expanding the r.h.s. of Eq. (3.193) in powers of T" yields

S . 1
(0|Sjoy ¢2Y e I =1 (B~ Eg)T — S(E — BT + .. (3.203)

Therefore, the sum of all connected vacuum diagrams is equal to In(0S|0) = —i(E — Ey)T,
which proves the statement of the linked cluster expansion formulated above.

This is valid independently of presence or absence of translational invariance in space.

If the system possesses spatial translation invariance, then any connected diagram will be
proportional to the volume V. (Translational invariance in space assumes that we consider a
limit V' — o00.) In this case, it is natural to consider the energy density

E-E, i § /7 ‘

Hartree Fock (3.204)

Let us analyze the first two diagrams using the diagrammatic rules for fermions with spin
1/2.

Hartree Term

For the Hartree term, we obtain:

d d, 1
=i (1% %/ (S?r])?d / (iﬁlgd iy - iny - Ug = 0) - 2%. (3.205)

En
%

The factor (—1)? comes from the two loops and the factor 22 from the spin. The factor 1/2 is
the symmetry factor of the diagram and n, is the fermionic distribution function. With

|1 for p<pr
np - { 0 fOI' P > pr ) (3206)
one obtains: .
dp
where n is the total density. The end result is then:
Ey 1,
— =-n"U(qg=0). 3.208
- =37 U@=0) (3.208)
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For Coulomb interaction
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Ur-r')= (3.209)

e

the Fourier transform in three dimensions is given by

4Ame?
Ula) =~y (3.210)

At ¢ = 0 the potential has a singularity: U(0) = oo,
which yields an infinite Hartree term. However, for
such a long-range (Coulomb) interaction one will have
charge neutrality: the density of fermions (say, electrons
with negative charge) will be exactly compensated by
the positively-charged background. The interaction with
this background will thus cancel the Hartree term. Note
that the exact fermion density includes also higher-order
diagrams as shown in the figure to the right.

Fock (exchange) Term

Let us now look at the exchange diagram:

Foy 1 d¢ dp /
7 — _5 . 2/ (27:)?‘1 / (275;(1 npnp’U(p - P ) ) (3'211)

where 1/2 is the symmetry factor and 2 comes from the spin.

For Coulomb interaction in three dimensions the result of the integration reads:

4
3

E.. e?(3m2n)

v T 4w (3.212)
The sum of the two contributions is given by:
EH + Eex ddp ddp/ .
v = @i/ @ VO - -l (3.213)

3.11 Self-energy. Microscopic basis for Fermi-liquid the-
ory

3.11.1 Definition of self-energy. Green’s function near the quasi-
particle peak. Quasiparticle life time

Let us go back to the expansion of the Green’s functions for a system of fermions with spin
1/2.

(3.214)
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Here the thick line in the Lh.s. corresponds to the full Green’s function. The individual terms
in the r.h.s. are (we remind that e, = p*/2m — p):

1
Pe_ ~(0) _
< = G = 3.215
(=:p) e —¢e,+i0signe’ ( )
p.e p.e : 1 [ Ay
- - == 2 / _1
i) (e — e+ i0signe)? Z/ (27r)dnp (=1)
U0
- nU(0) (3.216)

(e —ep +1i0signe)?’

(the factor 2 due to spin; n is the total density for both spin projections)

p-p'e-¢'
p.€ ﬁ p.e
< - 1 ddpl

<
<€ -

_ Ulp—pny . (3.217
" (6—€p—|—i03ign€)2/(2ﬁ)d (P =Py )

Let us go to the second order. We can classify the whole set of diagrams of the second
order as follows:

O o (IIb)

All diagrams in (I) contain the factor

1

3.218
(e — e, +10signe)3’ ( )
while all diagrams in (IIa) and (IIb) contain the factor
1
(3.219)

€ — g, + i0signe)?
p
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In higher-order contributions we will have terms with higher powers of the bare Green’s func-
tion at the external energy and momentum, e.g.

1
> (e — e, +1i0signe)*’

Therefore, the singularity becomes stronger and stronger with each order of the perturbation

theory for the Green function. This implies that one has to sum an infinite series to obtain
meaningful results.

The structure of the diagrammatic series suggests that it is convenient to introduce the
self-energy Y(¢,p) defined as a sum of all diagrams which can not be divided into two
disconnected parts by cutting a single fermionic line G (¢, p). (Such diagrams are called
“one-particle-irreducible”.) In other words, only those diagrams belong to the self-energy
Y(e,p) which have only two outer G (g, p), like (3.216),(3.217) and diagrams (Ila),(IIb) of
the second order. These outer two Green’s functions are not included in the self-energy >::

G(O)(a,p)Z(e,p)G(o)(g,p) = i ! ;\%7 " %9 " % +

(3.220)

An example of a reducible diagram—which
thus does not belong to the self-energy
Y. (e, p)—is shown to the right. Sﬁr\%

One can get the full Green function G(g,p) from the bare Green functlon GO (e,p) and
the self energy (¢, p) by summing a geometric series:

— € = + @ n + @ - @ - +...
(3.221)
which can be equivalently written in the form of Dyson equation for G:
(3.222)
Algebraically, this equation reads
G=GY +a0yG. (3.223)
Its solution is
Gl=[GY-x, (3.224)
or, explicitly,
G(e,p) ! ! (3.225)

T GO, p) T = %(e,p) c—e,+i0signe — X(e,p) |
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Introducing the real and imaginary parts of the self-energy,
¥(e,p) = ReX(e,p) +ilm X(e, p), (3.226)

we thus obtain for the Green’s function:

1
G p—
(=:p) e —¢, — ReX(e,p) — ilm (e, p)
B e —¢, —ReX(e,p) +i Im X (e, p)
~ le— e —ReS(e,p)P + [ImI(e,p)? [ — 5, —ReX(e,p))2 + [Im X(e, p) 2
(3.227)
It follows from the spectral representation
A(', p) A(e',p) . .
G(e,p) = /dé?/g ot isigne = de’? —imA(e, p)sign €
that
signIm G(e, p) = —signe, (3.228)
which means
signIm (e, p) = —signe. (3.229)

Thus, Im ¥ produces by itself an imaginary shift of proper sign in the denominator of Green’s
function [first line of Eq. (3.227)].
The spectral weight is given by

1 ) (3227) 1 | Im (¢, p)
= ——ImG = ——
Ale:) 7 Ge p)signe 7w e =, —ReS(e,p)l2 + I X(, p)P
e —ep —ReX(p,e)? + [ImX(p, ¢)|* '
A(p.€)
A
The spectral weight has the form of a peak centered at
€,, Where g7 is the solution of the equation
e—¢,—ReX(e,p) =0 (3.231)
considered as an equation for ¢ at given p. >
c* €
p
Hence,
e, =¢p +ReX(e;,p). (3.232)
We make an expansion in the vicinity of € = &3
0 * —1
e—¢p,—ReX(e,p) ~ |1— ERe X(e,p) . (e—¢g)=2,(e—¢,), (3.233)
with ]
Z, = . (3.234)



This yields the following result for the Green’s function (3.227) in the vicinity of the pole:

1 B Zy
Z7 e —¢ep) —iIm¥(e,p) e—e;+iT(e,p)’

Gle,p) =~ (3.235)

1
Fep) = —Z,ImE(e,p),  [I=-. (3.236)

Since these formulas are valid only near ¢ = €7, one can replace Im (g, p) + Im (g, p) and
['(e,p) = I'(g;,p) in Egs. (3.235), (3.236). According to Eq. (3.235), |TI'(e;, p)| is the decay
rate of the quasiparticles.

3.11.2 Mass and Fermi velocity renormalization

We proceed now with a calculation of the renormalization of Fermi velocity and of effective
mass. The Fermi momentum pg of the interacting system is defined by the condition

e =0, (3.237)
where ¢} is determined by Eq. (3.232). Now we linearize the dispersion equation (3.231) with
respect to € and p — pp. This yields, with vp = pr/m,

0
14+ —ReX
+ o, Re X(e, p)

e=0
p=pr

0
[1 - gRe Y (e, p)‘

0] =0. (3.238)

p=pPF

] e —vp(p — pr)

(Note that, according to the definition of pr of the interacting system, Eq. (3.237), ReX(0, pr)
here is incorporated in pr, see also Eq.(3.244) below.)
The solution of Eq. (3.238) for ¢ is by definition e, which is thus given by

& = vh(p— pr), (3.230)
where v}, is the renormalized Fermi velocity:

1+ 0.,ReX(e,p)| e=o0

= P=Pr 3.240
vr = U 0-ReX(g,p)| e=0 ( )

p=pPF

We thus obtain the effective mass:

1- 2Re Y(e, p)‘

P Oe €_=0
mt==—=m 5 PoPE (3.241)
Vg
1+ —ReX
g R (6,13)‘520
pP=PF

In combination with Eq. (3.234), this result for the effective mass can also be written as

m

1+ iRe Y(e,p)

=Z
Oep

m*

] L (3.242)

p=pr
e=0

where Z = Z,—,, is the residue at the Fermi surface,
» )
Z7 =1— —ReX(e,p) . (3.243)

Oe e=0
p=pr
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Let us emphasize once more that pr in the above formulas is the Fermi momentum of the
interacting system. Setting p = pr in Eq. (3.232) and using Eq. (3.237), one finds a relation
¥
— =u—ReX(0 . 3.244
PE i~ Re (0, pr) (3.244)

This should be compared with the analogous relation for a non-interacting system with the
same chemical potential u:

()

Pr

2m
Thus, for a fixed value of the chemical potential, interaction leads to a shift of the Fermi
momentum. One can show that the relation between the Fermi momentum and the density
in the interacting system is the same as in the non-interacting system:

L3 0 1 )’

This statement is known as Luttinger theorem (we omit its proof).

The formalism of Green functions and the diagrammatic perturbation theory thus provide
a microscopic justification and a quantitative description of the Fermi-liquid theory that was
introduced on phenomenological level in TKM-1. More specifically,

= u. (3.245)

e The quasiparticle pole remains, which is the key property of the Fermi liquid. The theory
yields the residue Z, whose physical meaning is Z, = |(quasiparticle,|cf|¢o)|* < 1. The
quasiparticle residue Z = Z,. is no longer equal to unity, at variance with the free-
fermion system. Since Z is the quasiparticle contribution to the integral of spectral
weight (which is normalized to unity), one has 0 < Z < 1. We will provide another
proof of this below, which will also shed more light on the physical meaning of Z.

e Quasiparticles decay with a rate |I'|. We will show below that the decay rate |I'| < ¢
for small £, which means that quasiparticles are well defined.

e The quasiparticle dispersion relation is renormalized: €, — £;. This implies renormal-
ization of the Fermi velociy, vp — v}, and of the effective mass, m — m*.

3.11.3 Momentum distribution of particles in Fermi liquid

Let us analyze the distribution of particles in a Fermi liquid with respect to momenta. We
have obtained above the Green’s function

Z
G €)= . . + Ginco 1 €) s 3.247
(p-) e —vp(p — pr) +10sign(e) n(p:€) ( )
where we have replaced I" by zero because I' — 0 for ¢ — 0 and p — pr. (One can easily
check that including I' does not change the conclusions obtained below on the behavior of the

distribution function near pg.) The density is given by

. , [ d%
ole) = (O (. (e.0)0) = ~iGlexst = ~0) = =i [ SR Glpe =0, (3288)
To calculate q
n, = —iG(p,t = —0) = —i lim i G(p, &) exp(—iet) (3.249)

we close the contour of energy integration in the complex plane as shown below. Further, we
inspect the location of poles of the quasiparticle contribution to G(p, ) given by the first term
in Eq. (3.247):
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Ty

®  Re(
p>Dpr

We immediately find that the contribution of this term to the integral will be Z for p < pg
and zero for p > pp:
3247 ) Z, p<pr
n, = + background (3.250)
07 P> prF

The contribution of the incoherent background is a smooth function, without any singularity
at prp. Therefore, we have a discontinuity of n, at Fermi momentum pp, with the magnitude
of jump equal to Z:

Npp—0 — Nppto = Z . (3.251)

»

This provides an additional physical meaning to Z. It is also clear from this relation that
0 < Z < 1. For a non-interacting system we have Z = 1, while in a Fermi liquid 0 < Z < 1.

3.12 Fermi liquid: Quantitative description

3.12.1 First- and second-order diagrams. Mass renormalization, 7,
and quasiparticle decay rate

To the first order in interaction, we have the Hartree and Fock (exchange) self-energy diagrams:

_|_
»H(p,e) = ? (3.252)

- / (C217T]9)/3 n](f/)) 2U(0) = U(p —P)], n () = © [p;?) (1) — p] _

The factor 2 in the Hartree term comes from spin.

Properties of XM (p, ¢):
e It is independent of the energy e.

e It is real: Im X(Y(p, e) = 0 (since for potential interaction U(q) € R ).
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This implies that, to the first order in interaction:

e 77! = 2I' = 0, where 7 is the lifetime and I" the quasi-particle broadening. Hence, the
quasi-particle will not decay in the first-order approximation.

e / =1 because 2(1)(p,5) does not depend on the energy.

e Since XM (p, ) (specifically, the exchange controbution) depends on momentum p, we
obtain m* # m, i.e., the mass gets renormalized.

Summarizing the first-order results:

1

-
1-1
ZM = |1-98.Re sV (p, Heo | =1, (3.254)
* m 1
m* = 0 5 #m. (3.255)
14+ —ReXW(e,p)
8€p e=0
pP=PF

To get 7 # 0o and Z < 1, we thus need to proceed to the next order, i.e.., to calculate ¥(p, ¢)
to the 2nd order. The diagrams for ¥ can be subdivided into two classes:

»® = x4 7@ (3.256)
where
™
Qr‘ P C/ 5~~NN\A /LL
3 5 L RN
$ + + Sy 7, + SO
" (2a) g L L s 1 5

F N
S g L (3.258)

The diagrams £% belong to a series of diagrams that can resummed into

n
%) & = " (p,¢). (3.259)

Here SHF(p, ¢) is analogous to the first-order Hartree-Fock diagrams (3.252) but with n{” (u)
replaced by n,(i). Therefore, YHF (p, ) has the same properties as ©(V)(p, ¢): it is real and
energy-independent and thus does not provide either decay rate or Z renormalization. This
applies, in particular, to %, which only provides the second-order correction to the effective
mass.

To find the decay rate and Z renormalization, one should thus analyze the diagrams X(??):

A Y
—I_ & S %
Pe L o ope pe 5 g % 5 p
@) = e @) (3.260)
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Let us calculate XY, (The second diagram,X(??) | is calculated in a fully analogous way
and has also similar properties.)

dwd3qde’ d®p/

S(pe) = (-1t [

x GO +a.¢ +w)G () U(q)

GO(p+qe+w)

dwd3qde’ ¥y
= 2 U?
| =
1 (4,0
X —
€+ w —epiq+ 10 sign(|p +q| — pr)
1
X
e 4+ w — epriq + 10 sign(|p’ + q| — pr) p.€
1

3.261
e’ — ey + 10 sign(p’ — pr) ( )

Comment: Strictly speaking, the bare Green function G(©) involves the bare Fermi momen-

tum p;?) rather than pr. However, as was discussed above [see Eq. (3.244)], the real part of the

self-energy (included to all orders) will lead to renormalization pgg) — pr, where pr is related

to the exact density via Eq. (3.246). Taking this into account, we write pp in the formula for
the Green’s function.

To evaluate Eq. (3.261), we first calculate the integral over £ :
de’ 1 1
21 &'+ w — epriq +10sign(|p’ + q| — pr) € — ey +i0sign(p’ — pr)

2mi 1
== — o(lp"+4a|l —pr) — O — .
2T ey — Eprrq +w + 10sign(|p’ + q| — pr) O(p"+al = rr) W' = pr)

(3.262)
Im(g")
The integral is non-zero if the poles with re-
spect to the variable &' are on opposite sides of
the real axis: . _
® Re(e)

Indeed, the integral is of the form:

/Oodx 1 1
e 2TT =2 T =2y

g

&Tr—r 00
~

=
and closing the contour in the complex plane leads to
i —t for Im (21) > 0,Im (22) <0
dr 1 I for I 0.1 0
%.’L’ _ Zl.l’ — 29 - L 22—21 or m(zl) <y, m(ZQ) >0, L. . Re(x)
0 for sign Im (27) = sign Im (z3), . o
(3.263)

which yields the r.h.s. of Eq. (3.262).
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Now, we come to the integral over w, which is evaluated in the same way:

dw 1 1
21 &+ w—epiq + 10 sign(|p + q| — pr) ' Ep' — Epriq +w +i0sign(|p’ + q| — pr)
1
=i — O(lp+dal—pr) —O(p +d| — :
€ — Epiq — Ep' T Eprtq +10sign(|p + q| — pr) O(p+dl = pr) (Ip"+ ol = pr)]
(3.264)
We thus get
d3q d3p’ 1
$E) _2/ 2 12 (g) __ (3.265)
(27) € —Eptq — Ep' T Epitq + 10sign(|p + q| — pr)
x [O(Ip"+da| —pr) —O@ —pr)]O(P +al — pr) — O(p" +a — pr)].
There are two possibilities to get a non-zero product
[©(p +a| —pr) —O(p" +al —pr)l [O(P" +a| —pr) —OF —pr)] , (3.266)
namely
P’ +dl >pr, P <pr, [P+dl<pr, (3.267)
or
p' +al <pr, P >pr, |P+dl>pr. (3.268)
It follows that
[©(p" +da|l —pr) =00 —pr)l [O(P + a| = pr) — O(P" + d| — pr)]
= —(1 = npiq)pMptq — Nprq(l — np ) (1 — Npq),
where n, = O(pr — p) is the Fermi distribution function. Thus, we obtain:
d’q d®p’ 1
Se(p,e) =2 [ SASE (g _ 9
(2m) € — Eptq — Ep’ T Epriq T i0sign([p + q| — pr)
X [(1 = npryq)nipMprq + Npraq(l = npr ) (1 = npyg)] - (3.269)

The real part of Eq. (3.269) yields, upon substitution in Eq. (3.243) a correction of order
U? to Z (equal to unity up to order U' as explained above). Note that while this correction
is finite in 3D and 2D, it diverges in 1D, leading to a breakdown of the Fermi liquid in 1D, as
will be discussed later in this course (see Sec. 7.1 below).

We focus now on the imaginary part of the self-energy, yielding a finite decay rate. The
imaginary part originates from the shift +i0 sign(|p+q|—pr) in the denominator in Eq. (3.269).

We will use . .
m—— = —7m(z), Im
z +10

Note that, depending on sign(|p 4+ q| — pr), we get opposite signs in front of the d-function in
Eq. (3.270). Further, for |p + q| > pr only the product (1 —n)nn in Eq. (3.269) contributes,

while the product n(l — n)(1 — n) is strictly zero because it involves 1 — npyq = 0. On the
contrary, for |p+ q| > pr, only the product n(1 —n)(1 —n) is effective. Therefore, we obtain:

|

T 7o (). (3.270)

d3q d3p/
Im S (p, ¢) = 27r/ (2m)6 0 (¢ = eprq — Ep + Eprra) UP()
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X | (1= npyq)npMpiq _le”rq(l — npr ) (1 — anrq)/ . (3.271)

i) 2)

We recall that signe, = sign(p — pr) and that n, = ©(pr — p). Thus, the first term in
square brackets in Eq. (3.271) is non-zero if €,4, > 0, ¢y < 0 and €,4, < 0, and therefore
€ = €ptq T Ep — Epr+q < 0, while the second term is non-zero when €,,, < 0, ¢, > 0 and
Ep+q > 0, which gives € > 0.

corresponds to decay of a particle above the Fermi pe Epiq<0

> +
Hence, the second term [labeled (2) in Eq. (3.271)] e>0 Zh
P

surface. This physical process can be characterized f gy >0
as “~_pHq €prg > 0
e — eeh, e e
where ”¢” is an electron and ”"h” is a hole. An in-
coming electron uses some of its energy to excite an
electron from the Fermi sea or, in other words, cre- e<0
ates an electron-hole pair. The first term, labeled pi+q e
(1) in Eq. (3.271), corresponds to a process < £rg> 0
s al
°p h gy <0
h — hhe. £y <0
P
h h

The imaginary part of the self-energy Im ¥ thus corresponds to real decay processes e — eeh
or h — hhe (in the second order). One sees a correspondence between Eq. (3.271) and Fermi’s
Golden Rule:

W= 2T S )0 (B: — E).
!

This correspondence can be schematically shown as follows:

m - i

where the crossed line denotes the imaginary part of the Green’s function,

Im GO (e, p) = —7wd(c — &,)signe,,

and the integral goes over the momenta characterizing the final state. This holds also for
higher-order diagrams, e.g.,
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Let us return to the analysis of Im XY (p ), Eq. (3.271). For ¢ > 0 and thus &, , < 0,
gy > 0 and gy, > 0, we have

0<epq<c

€ = Eptgq + Ep + |€p’+q| — 0 S ey S c (3272)
>0 >0 >0
we obtain the following behavior of the quasi-particle broadening
) d3q d3p/ d3(p + Q) d3p/
Im £ (p,2) XY /—...:/—...:/d dly| ...
m (p,¢) 2] 2n)7 lp+qld|p/]
= /d€p+qup/ Looce? for small €. (3.273)
Thus, to second order we find the following behaviour of Im X::
Im X(p, ¢,) x &2 o (p— pr)*. (3.274)
Hence, in the vicinity of the Fermi surface
ImX(p,e,) < g for ¢, — 0. (3.275)

= Quasiparticles are well defined: I' ~Im¥(p,e,) < ¢, and Z > 0.
= Fermi liquid.

Comment: More accurately, one should check that the angular integration does not bring
any additional peculiarities and thus does not modify the scaling (3.274). A calculation of
the integral shows that this indeed the case for 3D systems. In that case, the decay rate is
dominated by generic processes of two-electron collisions, i.e., those with generic momentum
transfers between electrons, 0 < ¢ < 2kpr. For 2D systems some modification does occur: an
additional logarithmic factor appears in Eq.(3.274). This enhancement originates from “nearly
1D” processes in which two colliding electrons experience nearly forward or nearly backward
scattering (momentum transfer ¢ close to zero or to 2kg). In particular, for a spinful 2D
system with a point-like interaction U(r —r') = ¢gé(r —r’), the second-order diagrams (3.260)
yield

1 /mg\2é€
F:Jmag@gﬂgbf)fmé. (3.276)
The result (3.276) has almost the same form as in the conventional (3D) Fermi liquid, Eq. (3.274).
However, the conventional Fermi-liquid 612, scaling of the decay rate I' is modified in 2D by a
large logarithmic factor In(u/e€,). Clearly, the Fermi-liquid condition (3.275) remains valid in
a 2D system: I' < ¢, for small €,. At the same, the appearance of an additional logarithmic
factor signals that, with lowering dimensionality, the behavior deviates from the canonical
(3D) Fermi-liquid behavior. We will see in Chapter 7 below that in 1D case the Fermi-liquid
behavior breaks down completely; the resulting state of matter is called “Luttinger liquid”.

3.12.2 Fermi-liquid with Coulomb interaction

Up to now, we assumed that the interaction is of finite range. Here, we consider a 3D system
with Coulomb interaction, U(r) = e?/r. The Fourier transform of the Coulomb potential is
given by

4mre?

W@—qr

(3.277)
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We will see that the Fermi-liquid theory works in this case as well. However, the perturbative
analysis should be modified: one cannot simply do the perturbation theory in the bare Coulomb
interaction but rather should take screening into account, which corresponds to a partial
resummation of the perturbative expansion.

We remind that, according to Eq.(3.241), the effective mass is expressed through the real
part of the self-energy as follows:

1— %Re X(e,p)

=0p=pr_ (3.278)

1+ iRe Y(e,p)
Oe,

e=0, pP=pPF

To the first order in interaction, the self-energy is given by the sum of Hartree and Fock
diagrams, Eq. (3.252),

Ry
Y (p,e) =

- [ GV -Ue-1]
O(pr—k)
— (er)Q /deka/ dcos® [2U(0) — U(p — k)], (3.279)

where 6 is the angle between vectors p and k. (The self-energy does not depend on the
direction of p.) Note that, strictly speaking, the bare Hartree-Fock diagrams would involve

(0) 0)

pp  and correspondingly n However, dressing of the fermionic line in the Hartree-Fock

diagrams leads to renormalization pﬁf) — pp and n(% i n, see Eq. (3.259) and text below it.
This is taken into account in Eq. (3.279).

The Hartree diagram is quite generally a constant that does not depend on e and p
and hence does not contribute to the effective mass. For the case of Coulomb interaction,
Eq. (3.277), that we consider here, there is a peculiarity: the Hartree term diverges, as it
is proportional to U(0) = oo. However, this divergence is canceled by the interaction with
positive background.

We thus focus on the second, Fock, term X5 in Eq. (3.279), with —U(p—k) in the integrand.
Assuming for definiteness p > pp, we find:

47re k?
Py = dk d 9
r(p;€) / / SRk 2pk cos 0
dre? (PP ko p+k e? ( p? — p% p+pF>
- dk — In = —— — In . 3.280
(2m)? / p p—k x \IF 2p p—Dpr (3.280)

This expression does not depend on €, and hence the quasiparticle residue Z to the first order
is

ASES =1, (3.281)
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and thus, the numerator in the formula (3.278) for the effective mass is unity. This is in
agreement with the general Hartree-Fock result (3.254) obtained above; it holds equally for
the short-range and long-range interaction.

We calculate now the expression in the denominator of Eq. (3.278),

%1 (p, €) m 4me? 9 ( p* —pk p+pF)
ey B ”— In

O,  p(2m)20p 2  p—pr
e*m <p2+p2p L Pter @) L emy
——

5 ——In
P 2p P—DPr D TPpF P —DF

(3.282)

pP—PF

The result (3.282) diverges logarithmically at p = pr. Thus, to first order in the Coulomb
interaction,

m* = 0. (3.283)

The result (3.283) is unphysical. The divergence (3.282) originates from divergence of
U(q) at ¢ — 0. Since U(q) becomes large at small ¢, considering it in the first order in this
region of momenta is not justified. The proper way is to take into account the screeing, which
corresponds to a resummation of a series of diagrams for the interaction line, see Sec. 3.14
below. The simplest approximation for the screening is the Thomas-Fermi screening (known
from TKM 1). The resulting effective interaction reads, see Eq. (3.329) below,

62

Uealr = 1) = o e Ua(a)

4me?

:q2+,€27

(3.284)

where k! is the screening length, xk? = 4we?v, and v = mpp/7? is the density of states at
the Fermi level. The singularity of U(q) at ¢ = 0 is now cured at the inverse screening length
k: electrons that are far apart do not experience the bare Coulomb interaction, because other
electrons screen the interaction and reduce its range. Performing the calculation of the Fock
self-energy Y with the screened Coulomb interaction, U +— U.g, we get

4re? (PP k. (p+ k)4 K2
5 = - dk— In 2~ 2
F(p;€) 2n)? /0 5 n (k)12 (3.285)
D 4 2 2 2 2 2 2
Oxrlpe) _ mAme {“ A/ N A ) YE] . (3.286)
ey p (2m) 4p K2+ (p—pr)?  p
D 2 2 92 2 2 4 2
O%e(p,©) = em(“ Py +2pF—1>. (3.287)
R PF Apy k

It is convenient, by using x? = 4me?v and v = mpp /7%, to express here e? in terms of k. We
also note that, since the Thomas-Fermi-screened interaction (3.284) is w-independent, we still
have Z = 1. Thus, we get for the effective mass:

m K2 2prp
m* = T — — m (1 ——1In —) . (3.288)
e % e

KRLpF

It can be verified that the result (3.288) is controllable for x/pr < 1 (“weak Coulomb interac-
tion”). We see that taking screening into account restores a finite value of the effective mass,
i.e., the usual Fermi-liquid behavior.

Note that the value of the self-energy at p = pp and € =0,

e? K
Yp(pr,0) ~ —br (1 - 2P7F> ; (3.289)

68



controls the renormalization of Fermi momentum at given chemical potential (or, alternatively,
renormalization of chemical potential at fixed density) according to Eq. (3.244).

When calculating the decay rate, one should also take into account the screening of the
Coulomb interaction in the second-order diagrams (3.259). (If one naively tries to calculate
with the bare Coulomb interaction, one would encounter an infrared divergence originating
from a singularity of U(q) at ¢ — 0.) Including screening leads to the following result at
Kk < pr (we omit details of the calculation; renormalization of m and Z does not influence the
result to the leading order):

T ez &2 w2 g &2
~ 2Im; ~ — [ — L — P 3.290
m (P, &) = G \ vr p2/2m — 128 pr p3/2m (3:290)

Thus, the decay rate also shows the Fermi-liquid behavior, 1/7 512). Note that the
prefactor scales with the strength of the Coulomb interaction as (¢2)}/2, whereas naively one
would expect in the second order the (e?)? scaling. This is because one has to take screening
into account, which amounts to a resummation of diagrams of all orders in the bare interaction.

N

3.12.3 Quasiparticle interaction function in Fermi liquid

We recall the key postulates of the Fermi-liquid theory (TKM-1):

(i) Excitations = quasi-particles with Fermi statistics,
(ii) quasi-particle energy:
3,4/

£(p) = vis(p — pr) + / Gl PRI v =pe/mt. (329)

(iii) inverse quasi-particle lifetime 1/7(¢) < quasi-particle energy ¢,
(iv) relation between pr and density n is not modified by interactions:

2 4 ,
= (2n)? 3 Pr in 3D.

As we have shown above, the Green’s function formalism provides a microscopic basis for
justification of these postulates. In particular, (i) follows from the existence of the quasiparticle
pole in the Green function, the first term in (ii) corresponds to renormalization of the mass
by the real part of the self-energy, (iii) follows from the analysis of the imaginary part of the
self-energy. The postulate (iv) can also be rigorously proven by using the Green’s function
formalism [Luttinger theorem, Eq. (3.246)] but we omitted the proof.

It remains to discuss what is the meaning of the quasiparticle interaction function f(p, p’) in
(3.291) within the microscopic approach. Let us introduce a two-particle Green’s function:

K (34,12) = (6o | TIHB)d (AP (1)¢1(2)] | ¢o)- (3.292)

Proceeding in the same way as for the single-particle Green’s function discussed above, we can
perform a transformation to the interaction representation,

(0| T |Stho(3)do(4)dH(1)D§(2) | | 0)
(0/5]0)

K (34,12) = : (3.293)
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and, on this basis, develop the diagrammatics for the two-particle Green function. Separating
the disconnected and connected parts, one finds

3 —=—1 4 —a—1
K(34,12) = + + i,

4 —— 3 ——— 2 I'y= vertex function

(3.294)

4 2

with all fermionic lines being thick (i.e., representing the full Green’s function G) and with
the vertex function (in energy-momentum representation)

pitq,e,t® P1-€1

2:1—‘4(5171*)1’527I~)27C")7q) = (3295)

-(,E,-0®
p2 q’ 2 p2982

Note that the external lines are not included in I'y in Eq. (3.295); they only serve to indicate
the vertices to which the lines can be attached as well as incoming and outgoing momenta and
frequencies.

One can then show that (with p,po on the Fermi surface):

fpi=mn1 pp, Pa=ny-pr)=2Ty(e; =0,n1 pp,ca =015 pr,w,q=0)|uo. (3.296)

Thus, the Fermi-liquid interaction function f is expressed in the microscopic approach in terms
of the forward-scattering amplitude on the Fermi surface.

3.13 Linear response

Consider a system (in general, interacting) described by a Hamiltonian H. We want to inves-
tigate a reaction of the system onto a weak time-dependent perturbation of the Hamiltonian

Hw H+AF(t). (3.297)

The ground state of the system without perturbation (in the Heisenberg picture) is |¢g). We
will use the Heisenberg representation with respect to the unperturbed Hamiltonian H. (It is
analogous to the interaction representation for the perturbed Hamiltonian H + AF(t) if we

view AF (t) as “interaction”.) In this representation, we get the following evolution equation
for the state:

i06(t)) = F)A{)|6()) with A(t) = et Age it (3.298)

where /Alg is the Schrodinger operator.
Integrating this equation over time from —oo to ¢ and assuming that there was no pertur-
bation at t = —o0, so that the corresponding state was |¢(—00)) = |¢py), we get

/ 0 Qlo(t)) = —i / dt' F(E) A o(t)

—00 —00
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t
o0) = low =i [ d FOAR) o))
To the first order in the perturbation F', we can replace |¢(t')) — |¢o(¢')) in the r.h.s., which
yields

t

|6(8)) = |o) — Z/ dt' F(t') A(t)|go) = |do) + [6(2))- (3.299)

—00

Consider a physical observable corresponding to the operator B (t) (in Heisenberg repre-
sentation). The expectation value of this observable in the absence of perturbation is

Bo(t) = (0 | B(t) | ¢0). (3.300)
We are interested in dB(t) = B(t) — By(t), where
B(t) = (¢(t)| B(t)|6(1)) (3.301)
is the observable in the presence of the perturbation. To the linear order in F', we get
0B(t) = B(t) = Bo(t) = (6(t) | B(t) | 6(t)) — (0 | B() | do)

(3.299)

~ ((dol + (50(8)]) B(t) (I60) + 166(1))) — (o | B(1) | po)
~ (o | Bt) | 66(1)) + (86(1) | B(t) | do)

t

= i [ar@lBO. A F) = [ ar g enre). G

[e.e]
—0o0

Here we introduced the linear response function
Dia(t,t) = =i0(t — t') (0| [B(t), A(t))]| o) (3.303)

where the index R means “retarded”. The formula (3.303) for the linear response function
P8, (t,1'), which describes how the observable B(t) changes under the perturbation AF(t), is
called Kubo formula.

With the diagrammatic approach developed above, we can calculate the corresponding
time-ordered correlator

Dpat,t) = —i{¢o | TBA)AE) | ¢0). (3.304)
In full analogy with the one-particle Green’s function, one can show that

.@gA(W>, w > 0,

Dia(w) = [ZEa(W)]*,  w<O. (3.305)

-@B A(w) = {
Thus, calculating Z54 we also find the response function Z%,.

3.13.1 Density-density response function

We consider here an important special case of a linear response function: the density-density
response function. To define it, we consider a scalar potential as perturbation: F'(t) — o(z,1).
The operator that couples to the potential is the density operator

At) = oz, t) = i (2, )(a, t), (3.306)
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and the perturbation of the Hamiltonian is given by
§H = / dz o(z, )0(z, 1) . (3.307)

Further, as the observable, we also consider the density: B (t) = o(z,t). We have then,
according to Eq. (3.302)

/ dt' /dx Di(x—a' t—t)p( 1), (3.308)
where .@éz(m —a',t —t') is the density-density response function:

PR (x— o't —t") = =0t — t'){¢o|[0(x, 1), 0(, V)] |¢o) = —IT(x — 2/, t — ). (3.309)

The function IT%(z — 2/,t — ') (equal to 2} (x — a',t — ') up to a sign) is also called the
polarization operator.

The diagrammatic approach allows us to calculate the time-ordered density-density corre-
lation function:

H(l‘,t) = Z<¢O | T/Q\(xat)/@\(oao) | ¢0>

s S 4 OO o

Comment: The disconnected diagram with two fermion loops shown to the
right gives only a constant contribution (p)? to II(z,t), Eq. (3.310) and is
of no interest. In particular, it does not affect the calculation of IT# below. Q Q
This term does not arise at all if one slightly modifies the density operators
by subtracting the average density: o(z,t) — o(z,t) — (p).
By using the diagrammatic rules we calculate II(¢q,w) for a non-interacting gas (the first
diagram in Eq. (3.310), so-called “polarization bubble”):
ptq/2,etw®/2

(q,w) =1 q,m@ q,0

p-9/2,e-®/2

= (—i)(-1) / (dp & ! y

2”)327T€+§—ﬁ(p+%) +u—|—iOsign(5+§)

1
x . (3.311)

5—§—i(p—%)2—|—,u+i()sign(5—§)

The factor (—i) in front of the integral in Eq. (3.311) originates from 7 in the definition of
the polarization operator and i? coming from (7v!) = iG. The factor —1 comes for the
fermionic loop.

We consider first the regime |q| < kg, which is usually of interest. Under this assumption,
the calculations are simplified. Specifically, we have

1 q\2 p’ pP-q 1

_ :I:—) PR T L N S Nt 312

2m<p 5) THEg, ThEG S =LEgum-q (3.312)
~
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Using

3
/d—p?)...:l//dfdn... where /dn...:/w...,
(2m) A

with the density of states v at the Fermi surface and normalized angular integral, [dn =1,
we obtain:

de 1
21 e — &+ 3 (w—vpn - q) +1i0sign (€ + vp - B3)

1
x . (3.313)

e—¢—1(w—vrn-q)+i0sign (£ — vpZ?)

(g, w) :i/ydfdn

We will first perform the integration over the energy €. This integral is nonzero, if

sign <£ + vpnéq) # sign <£ - Upnéq> : (3.314)

because then the two poles have opposite signs of the imaginary parts. This yields the condition
restricting the values of &:

—UFM << ’UFM . (3.315)
2 2
For these values we have
sign(é £ vpm - q /2) = £sign(n - q).
Performing the ¢ integration, we thus obtain
%vp|n~q\
2mi 1
I1 =iy — d d 1 .
(g, 0) =iv 27 / ¢ / = vpn - q + i0sign(n - q) sign(n - q)
~Lup|nq
/ vEn - q
=—v [ dn ——
w — vpn - q + i0sign(w)
1 2
dcosf [“"d 0
_ —1// COoS / _¢ VF(Q COS ) (3.316)
2 0 2T w—vpqcosf +i0sign(w)
1
v x
= d 3.317
2 /_1 v Tr— 5 ( )
with
w + 10 sign(w)
§=——",
qup
Taking the integral
/ dy =zln(z —s)+x,
y—s
we arrive at
s, s+1
IT =v|l—=1 31
@) = |1-5 w2 (3.318)
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Let us analyze this result. It is important that the limits ¢ — 0 and w — 0 for I1(¢g,w) do not
commute. Specifically, if the w — 0 limit is taken first (which corresponds to s — 0), we get

Ll}l_% }g% (q,w) =v. (3.319)
This limit will determine the static (Thomas-Fermi) screening, see Sec. 3.14 below. The
opposite order of limits (¢ — 0 taken first), which corresponds to s — oo, yields

lim limII(q,w) =0. (3.320)
w—0 g—0
The physical reason for vanishing of the polarization operator in this order of limits is as
follows. The polarization operator is a response of density to an external potential. If a
scalar potential is uniform (¢ = 0), it does not produce any electric field and can be simply
gauged out. Thus, Eq. (3.320) is a consequence of gauge invariance (or, equivalently, of charge
conservation.)
Let us analyze now under what condition the imaginary part ImIl(q,w) is nonzero. In-
specting Eq. (3.316), we see that the imaginary part is generated when the real part of the
denominator is zero:

w—vrn -q =0 = w=vrn -q <Vp-q.

Thus, Im (g, w) # 0 for w < vpg. The non-zero imaginary part corresponds to the possibility
of creation of real electron-hole pairs with given total values of w and ¢, i.e., to dissipation.
The corresponding part of the w—q plane is called the particle-hole continuum.

A

w

W =vpq
/ particle-hole-continuum

»

q

We recall, that the above analysis was performed for ¢ < k. If all momenta are considered,
the particle-hole continuum is bounded by two parabolas and looks as follows:

A

w

»
2kp q

Linearizing the parabola in the region of small ¢, one obtains the linear border w < vpq in
correspondence with the limiting case ¢ < kg considered above.
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3.14 Coulomb interaction: Screening, random phase ap-
proximation (RPA)

Consider a system of fermions with Coulomb interaction,
Ur)=—. (3.321)

In 3D, the Fourier transform of the Columb potential

reads )
4rre

Ulq) = &

The Fourier transform of the Coulomb potential U(q)
is singular at |q| — 0, which leads to divergencies. As
an example, one can consider diagrams for the ground-
state energy of the system shown to the right. See also
Sec. 3.12.2.

In higher orders, one finds terms with

stronger and stronger singularities that orig-

inate from a sequence of diagrams in which

multiple interaction lines carry the same @M
small momentum ¢, yielding factors
. 4re?\"
U(q) :( ) ) W

q2

(3.322)

The corresponding diagrams for, e.g., ground state energy (or any other observable) will thus
exhibit increasingly strong divergencies < [ d*q(1/¢*)". In analogies with the singularities re-
sulting from higher-order poles of the bare Green function—which motivated us to introduce
the notion of self-energy, see Sec. 3.11.1— this implies a necessity to resum the series. The
resummation yields an effective potential U.g:

Uni(q, w) = VNANANAR = “""W+M’WC>’W + W+

= Ulg) = U(9)ll(g,w)U(q) + U(g)Tl(g,w)U(g)l(g,w)U(q) — - -
(3.323)
The signs in the second line of Eq. (3.323) are alternating. The (—1)" in the term with
n polarization bubbles has the following origins: (a) each interaction operator comes with
the factor (—i) in the perurbative expansion; (b) according to the definition, the polarization

bubble is equal to —lI, see e.g. Eq. (3.311).
The series ((3.323)) leads to the Dyson equation,

Ug=U—UllUgg, (3.324)
and therefore
Uet(w, q) [1 + U(@)I(w, q)] = U(w, q) , (3.325)
Ul(q) U(q)

Uei(w, q) = (3.326)

1+ U(g(w,q) — e(w.q)
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The effective interaction Uy is the screened Coulomb interaction. Taking screening into
account cures the problem of divergencies that one encounters when naively trying to treat
perturbatively the bare Coulomb interaction, see, e.g., Sec. 3.12.2 where we considered a
Fermi liquid with Coulomb interaction. The last expression is Eq. (3.326) defines the effective
dielectric constant

€(w,q) =1+ U(q)ll(w,q) . (3.327)

If one considers the polarization bubble in Eq. (3.323) by (—i) times as the exact irreducible
polarization operator Il (that cannot be divided into two parts by cutting one interaction
line), Eq. (3.323) will become exact equation for the effective interaction, in analogy with
the series (3.221) for the exact Green’s function in terms of the self-energy. Within this
analogy, equations (3.324)—(3.326) are analogs of Eqgs. (3.222)—(3.225) for the fermionic
Green’s function. The conventional approximation is to use the leading-order diagram for
the polarization operator, i.e., the polarization operator of a free system, Eq. (3.311). This
approximation is known as random phase approximation (RPA). If one further considers
the range of relatively small wave vectors ¢ < kg, one can use the approximation (3.316),

yielding
U(q)

vpn - q
1+vU d
+vU(9) / " vpn - q — w — i0sign(w)

Uett(w, q) = (3.328)

It should be emphasized that we have dynamical screening: the effective interaction becomes
frequency dependent. Physically, this can be understood as follows. If a charged particle is
added to the system, other particles rearrange to form a screening cloud. This process, however,
is not instantaneous, i.e, it takes some time. This retardation manifests itself in w dependence
of Ueﬁ“.

3.14.1 Limiting cases of RPA

We consider now various limits of the behavior of II(w, ¢), and correspondingly of €(w, ¢) and
Uei(w, ¢) in RPA.

(a) w — 0 (this limit is taken first) and ¢ < 2kp:
It holds that II(g) = v, see Eq. (3.319). Thus,

4me?
U(q) 2 4me?
Ug(w = 0,q) = =1 = : K = dme’y. 3.329
ff( Q) 1+ I/U(Q) 1+ 1/42—52 q2 T+ K2 ( )
The Fourier transform to real space yields
®

2

Uett(r) = 67ez><:p(—m“) . (3.330)

This is the static (Thomas-Fermi) screening; x is the
inverse screening length.

(b) w =0 and ¢ arbitrary:
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The corresponding result is known as Lindhard func-
tion. The essential additional feature is Friedel oscil-
lations that originate from a 2kp singularity in the static
polarization operator. Upon Fourier transformation to
the real space, it leads to a fast oscillating part of the
effective potential, which oscillates as cos(2kgr) /7.

w # 0, but small (w < qur):

In this case, we get a non-zero (but small) imaginary
part of the polarization operator:

Im TI(w, q) GAD ) m (/ dn vrn -4 >

w—vpn - q +i0sign(w)

= WV/dn vEm - q 6(w — vEn - q ) sign(w)

d¢d cos 0
= 7TI// (Zﬁqu cos 0 §(w — vpq cos f) sign(w)
s

T dw—1x) .
= 3 / dx x e sign(w)
Twsign(w) VzM

2 wupq 2vpq

The polarization operator thus reads:

N i |w|

M(w,q) ~v (1 + 5 qu> . (3.331)
The emergence of the imaginary part of Il implies a non-zero imaginary part of the
dielectric function €(w,q), see Eq. (3.327). In turn, Ime # 0 implies presence of dissi-
pation. Whenever a wave with the corresponding values of ¢ and w propagates in the
system (see discussion of plasmons below), it will decay due to creation of particle-hole
pairs—the effect known as Landau damping.

q — 0, finite w:

(vem - @)? vig
(w, q) = —V/dn e =-vg 3 (3.332)
dme? v2q? Wp1 \ 2
—1- Pl (—p) 3.333
E(LU, q) q2 v 3w? w ’ ( )
where )
4 2
Wpl = (ge%vgﬂ) : (3.334)

is the plasma frequency.
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For w = wp we have ¢(w,q¢ — 0) = 0, i.e., the pole of
Usg. The pole in U.g corresponds to excitations which
can propagate. These excitations are collective bosonic
excitations in the Fermi system with the Coulomb inter-
action and are called plasmons.

©p(9).
o(0)

——
e

2pg q

The plasmon dispersion wy(¢q) [with the plasma frequency (3.334) being w1 (0) | is de-
termined by the equation

€(w,q) =1+ U(¢)Il(w,q) =0. (3.335)
decay of plasmon

When the plasmon dispersion line enters the particle-
hole continuum, the plasmons decay into particle-hole
excitations as discussed above.

Wpl

\
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Chapter 4

Green’s functions at 7" # 0. Matsubara
Formalism

Above, we have developed the Green’s-functions formalism at zero temperature, 7' = 0. This
chapter describes the diagrammatic technique for T" # 0.
For T # 0 the ground-state average is replaced by

e PEn ,
(0]...]0) — > 7 (n|...|n)=>Y " F)n|. |n)

n

_ Z(n | BQ-H+uN) | n), (4.1)

n

where n labels eigenstates of the Hamiltonian, £, are the corresponding energies, £/, = F,, —
N, and = 1/T. Further, Zg is the grand canonical partition function,

Zi = Tre P08 = N () expl-B(H — pN)]|n) = exp(—pQ), (4.2)

where we use the definition

> nf.n)y=Tr ..., (4.3)

and Q(T,V,N) = (1/8)InZg is the grand canonical potential. The latter is related to free
energy F' and internal energy U via

Q=F—uN=U—-S5T — uN. (4.4)
The corresponding relations in the differential form read as follows:
dU =TdS — PdV +udN, or dQ=-5Sd7T"— PdV — Ndu. (4.5)

Below we absorb —u]v in the definition of }AI, as we did in the 7" = 0 case.
We recall that at zero temperature we have obtained the Green function, upon transfor-
mation to the interaction representation, in the following form:

iG(r1,ty;Ta,t) = (0[S T SYy(ry, 1)k (rs, 2)|0)
= (0| S| ONO0|T Sty (r1, t1)9} (ra,22)|0) (4.6)

where [0) = (¢os(—00)| is the non-interacting ground state. The transformation from the
first to the second line of Eq. (4.6) was based on the property S|0) = exp(ia)|0). As a result,
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we have presented the Green’s function as a ratio of two factors, (0|T§@@1(r1,tl)zﬂ}(rg,tg)m)
and (0|5]0); each of them being an expectation vaue of a time-ordered product of interaction-
representation operators (i.e., those with free dynamics) over the non-interacting ground state.
Such averages are efficiently calculated via the Wick theorem, which was the basis for the
perturbation theory.

At T # 0, the time-ordered Green’s function can be defined as a natural generalization of
the zero-temperature Green’s function:

G(r1, b Ta,ts) = —i Tt {exp(ﬁ(Q — H))Tu(r, t)h (0, 0)} . (4.7)

One can try to develop the perturbative expansion in the same way as for T' = 0: to perform
a transformation to the interaction representation and to use a trick with switching off the
interaction at ¢ — +oo. In analogy with the first line of Eq. (4.6), we will then obtain

iG(ry, tiira,ta) = Y (n|e® DG Gihr(ry, 1) (r2, ) |n) (4.8)

n

Now we face several problems. First, Eq. (4.8) does not factorize in any simple way into a
product (or ratio) of factors that are averages of time-ordered products. Second, the interaction
now enters not only via S but also via the statistical operator e° (Q-H+uN ), and any perturbative
expansion should include this as well. Thus, an attempt to extend the T = 0 calculation in a
straightforward way fails.

A very elegant way to overcome this problem was found by Takeo Matsubara; the corre-
sponding formalism bears his name.

4.1 Matsubara Green’s function

The Matsubara Green’s function is defined analogously to G but for imaginary time. The
motivation is that the Gibbs factor exp(—/SH) looks like the evolution operator U(—if),

= 6_th|t:—i,B~ (49)

With this motivation, one considers the time ¢t as imaginary, ¢t = —i7, with real 7 € [0, 3].
The Matsubara Green’s function is defined as follows (recall that H here is understood as
H — uN):

gM(I'l,Tl;I‘Q,E)

- { ~Tr exp[B(Q — H)] exp[H (11 — m)]tb(ry) exp[—H (1 — )]0 (ra) for 7 >

~ ~ ~ )

+Tr exp[8(2 — H)] exp[—H (11 — TQ)WT(rg) exp|H (1 — Tg)]?,@(rl) for 7 <7
(4.10)

where the upper sign is for fermions and the lower sign for bosons. The operators 1/3(1'1) and
T (ry) are field operators in Schrédinger representation.

Equation (4.10) can be written in a compact form by using the following notations. First,
in analogy with Heisenberg operators,

&H(r, t) _ eiflt@;(r)e—iﬁt’ ,J}L(r’ t) _ eiflt@@T(r)e—iﬁt’
we define the “Matsubara-Heisenberg operators”
Unn(r, 7) = exp(Hr)i(r) exp(~H), (4.11)
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and
U (v, 7) = exp(HT)y! (r) exp(—Hr) . (4.12)
Note that these operators are no longer hermitian conjugate to each other:
EMH(n T) 7£ wlt/[H(ra T)'
Second, we will use a compact notation for the thermodynamic average:

Tr exp[3(Q — H)] = (...}, (4.13)

Third, we define the 7-chronological product via

- ] (D (2)  for 7> T
o = { BN o 0 2n 419

with (1) = (r1,¢1) and (2) = (ra,t2). With all the above conventions, the Matsubara Green’s
function takes the form

gM(F1,7'1;1"2,7'2) = _<7;7/JMH(I'177-1)EMH<I'277—2)> . (4-15)

This formula has a remarkable similarity to the definition of the Green’s function at zero T

G(ry,ti,ro,ty) = —i( ¢y | 7—1;(1“1,?51)1;T(r2,752) | o).

As we will show below, this analogy extends to the interaction representation and to the
perturbative expansion.

What is the use of Matsubara Green’s functions? It is immediately clear that they allow
one to directly calculate thermodynamic quantities. For example, for the operator of the
particle number,

N = / Brpt(r)p(r) . (4.16)
we have

N = (V) = / &r (! (1) (r)) = + / &r Gy (r, 70,7+ 0) (4.17)

Thus, evaluation of the Matsubara Green’s function directly yields N(u,T"). This can be
converted into u(n,T) where n = N/V is the density. Using

of

5 ), (118)

one can then restore the free energy density f = F/V.

As we will show below, the Matsubara formalism allows one also to calculate various
observables (such as response functions) at real times or frequencies by means of analytical
continuation.

4.1.1 Properties of the Matsubara Green’s function

(1) It is clear from the definition that
gM<I'1,T1;I'2,7'2) :gM(rl,rg,T:Tl—Tg). (419)

As usual, for a spatially homogeneous system, the dependence on coordinates r; and ry
reduces to dependence on r; — ry = r only.
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(2)
511 = G (v, +0) — Dus(r,—0) = —([0(x). ¥ (0)]&) = =P (x),  (4.20)

Hence, there is a universal jump of ¢, at 7 = 0, in analogy with conventional Green’s
functions.

(3) Equation (4.10) defines ¢4(r,7) on the interval —f5 < 7 < . (We recall that 7,7 €
[0, 5].) By using the cyclic invariance of the trace, one obtains:
G(r,7 < 0) = +Tr[exp(8Q) exp(—H (7 + B)) (ra) exp(H7)(r1)]
= +Tr[exp(B9) exp(H7)e(r1) exp(—H(7 + 8))¢! (r3)]
(

= £Trfexp(B(Q — H)) exp(H(t + 8))y(r1) exp(—H(r + 8))¢ (r2)]
=FY(r, 7+ 0), T+ 8>0. (4.21)

Therefore, the Matsubara Green’s function is S—periodic in the case of bosons and (-
antiperiodic in the case of fermions. This will play a crucial role for definition of the
Fourier transformation (to Matsubara frequencies) below.

4.2 The Matsubara Green’s function for free particles

The free Hamiltonian is given by

Hy =" epahip, (4.22)
1Y
with the dispersion relation
2
p

The field operators can be written in the form

~ ~

h(ry) \/_ Zexp ip; -11)ap, , ¥i(ry) \/_Zexp —ipg - I'2) (4.24)

The Matsubara Green’s function for free particles at 0 < 7 < 3 then reads:

Grro(ri, r2, 7 > 0) = —(Yum(ry, T)EMH(U’ 0))

1 : :
-V Z exp(ip1 - T1 — ip2 - I2)

P1,p2
x Trlexp(B(L — Hy)) exp(f[OT)ap1 exp(—f[oT)laLQ)]
exp(—;p:T)ap1
1 . .
=y Z exp(ipy - r1 — ipg - ) exp(—5p17)<ap1a;f)2> . (4.25)
P1,pP2

The double sum over momenta reduces to a sum over one momentum since (ap, al,,) o dp,p,-
For fermions, we have
(apal) =1— (alap) =1 —ny, (4.26)

with the Fermi distribution 1

exp(fep) + 17 20

np:
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and for bosons

(apal) =14 ny, (4.28)
with Bose distribution ]
np = ————. 4.29
P exp(Bep) — 1 (4.29)
One therefore gets
1 .
Gro(r,7>0) = v Zexp(lp 1) exp(—epT)(1 F np)
P
/ D plip - o (por > 0) (4.30)
= X . .
(271')3 plp M,0 P, T 3
with
Gro(p, 7> 0) = —(1F np) exp(—&p7). (4.31)

(In the second line of Eq. (4.30), we passed from summation over momenta to the integration
in the standard way.) The inverse transformation reads:

Guop,7) = /d3r exp(—ip - )% o(r, 7). (4.32)

For —p < 7 <0, we find

1

gMp(p, T << 0) = :FgM,O(p7T + B) = ieXp(—SpT) exp(—epﬁ) 1 + exp(spﬂ) +1

1

exp(epf) £ 1
=t exp(—epT)np (4.33)

= texp(—epT)

4.3 Interaction representation

Consider an interacting system L
H - Ho + U,
with the term —u]\Af absorbed in Hy. We define the Matsubara-interaction representation

(subscript “0” in addition to the Matsubara subscript “M”) as a representation in which the
operators have free Matsubara dynamics determined by Hy:

Yuo(r, ) = exp(HoT)Y(r) exp(—HoT) , (4.34)

EM,O(I.7 T) = eXp<HOT)wT(r) eXp<_H0T> ) (435>
where 0 < 7 < . Relation between the Matsubara-Heisenberg and Matsubara-interaction
representations:

Yuu(r, 7) = STHT, 0)aro(r, 7)S(7,0) (4.36)
where R R R
S(7,0) = eHome HT (4.37)

is the evolution operator from 0 to 7. The general definition of the evolution operator is the
same as for real times with the substitution it +— 7:

~

S(r, ) = efbmeHn=m)—Hom (4.38)
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All operators in the inetraction representation have the free dynamics determined by Hy; in
particular, the interaction operator:

~

Uo(7) = exp(Hor)U exp(—Hor) . (4.39)

Note that ﬁo and N remain independent of 7 in the interaction representation, since they
commute with Hy. R
The equation of motion for S is given by

A

85(7‘1’ 7_2) _ 6ﬁ071(ﬁ0 _ ]/__\[)e—ﬁ(ﬁ—ﬁ)e—ﬁom _ _eﬁon ﬁe—ﬁ(ﬁ—m)e—ﬁom
(97'1

— _eﬁoﬁ ﬁe—ﬁon eflone—ﬁ(ﬁ—m)e—ﬁom

= —(70(71)5(71, T2). (4.40)
The solution reads:
S(rm) = Toexp = [ ar () | (4.41)
T2
The properties of S: ) ) R

S(r1,73) = S(11,72)5(72, 73), (4.42)
S(1, 1) = S(11,0)87(12,0) . (4.43)

Now, we can express the Matsubara Green’s function in terms of the field operators in
the interaction representation and the evolution operator. Consider first the case 7 < 0 (i.e.,
T > To):

gM(rlv ;7T > 0) = _669 Tr[e_ﬂHg_l(Tl7 0)¢M,0(r17 7_1)5(7—17 0)5_1(7—27 O)EM,O(I‘% 7—2)5(7—2’ 0)]
= — exp(BQ) Tr[exp(—BHo)S(B, 71)¥n0(r1, 71)S (71, 72) ¥ ps 0(r2, 72) (7, 0)]
= —exp[B(Q2 — Q)] 55(5, Tl)wM,o(I‘b 71)§(T1772)EM,0(T2, Tz)g(T% 0))o,
(4.44)

where

(.)o="Tr <eﬁ<ﬂo—ﬁo> . ) . (4.45)

Proceeding in the same way for 7 < 0 (i.e., 71 < 73), we obtain

G (r1,12;7 < 0) = Fexp[B(2 — Q)] (AS(ﬁaTz)EMp(rz,Tz)g(TmTl)wM,o(I‘l,Tl)S(Tl,O»o-

Further, for the evolution operator over the whole interval [0, 3], (4.46)
§=9(8,0), (4.47)
we have
(S)y = Trl|ef@-Hg(s, 0)] Ty [eﬁ(QO*Ho)eﬁoﬁefﬁﬁ]
= T, (4.48)
which yields
(S)o = exp[—B(2 — Q)] (4.49)
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Combining Eqs. (4.44) and (4.46) and using Eq. (4.49), we get the final result for the
Matsubara Green’s function in the interaction representation:

<Tr 5¢M,O(r17 Tl)EM,O(r% 7'2))0
{S)o '

(4.50)

gM(I'le;I‘%Tz) = =

Note that here was no need to use the trick with adiabatic switching on / off of the interaction
in this derivation.

The denominator in Eq. (4.50) is the sum of vacuum diagrams (S),. According to Eq. (4.49),
it determines the interaction-induced contribution to the grand canonical potential:

According to the linked cluster expansion (see Sec. 3.10.2), In(S)g is the sum of all connected
vacuum diagrams.

4.4 Wick’s theorem at T # 0

Diagrammatics in Matsubara formalism is developed on the basis of formulas for the Green’s
function ¥, (4.50) and for the grand canonical potential €2, (4.51), in analogy with the 7" = 0
formalism. We expand the evolution operator

B
S =T, exp —/dT Uo(7) (4.52)
0

in the interaction:

- o8 8
S=> (=1) /dﬁ.../dmﬁﬁo(ﬁ)...ﬁO(Tn),, (4.53)

—~ n!
with |
Uo(T) = 3 /drdr’ EM,O(I',T)EM,O(I‘/, TU(r — v)po(r', 7)pro(r, 7). (4.54)
Thus, we have to evaluate thermal expectation values of the type
(Teomro(ri, ) - (X, 7))o (4.55)

As in the zero-temperature technique, this is done by means of Wick theorem.

At T = 0, when deriving the Wick theorem for expectation values, we used the operator
version of the theorem, Eq. (3.167), that expressed the chronological product as a sum of
normal-ordered products. This approach is not useful at 7" # 0: the notion the normal
ordering was defined with respect to the ground state but thermodynamic averages involve
also excited states. Nevertheless, the Wick theorem for expectation values can be generalized
to the case of finite temperature.

The Hamiltonian H, of the non-interacting system has the form

Hy = ZE,\ai\a,\, (4.56)
A
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where ) is a set of quantum numbers that label single-particle states. (Below we will assume
that this is momentum p but this is not essential.) Eigenstates have the form (with the
appropriate normalization for bosons):

Iny,na, ... = (al)™(ad)™ .. .]0). (4.57)

We expand the field operators in the Matsubara interaction representation in annihilation and
creation operators:

Yuro(r, ) Zap T)exp(ip - r —epT), (4.58)

and

Yaro(r, 7) \/_ Z T)exp(—ip - r +€pT). (4.59)

Here the indices 7 in af(7) and a(7) do not mean any time dependence but only serve to keep
the proper time ordering. The terms in the expansion of S take the form (V' is volume):

\/_Z \/—Z \/—Z \/—Z (Trap, (T1)ap, (72) - . GLII(TDCLL/Q(Té»O. (4.60)

The average (...)o implies the sum of expectation values over the eigenstates (4.57), with the
thermal weights. Obviously, it is nonzero only if every a;f) finds a partner ap. Further, the
thermal distributions of populations of different single-particle states are uncorrelated. This
implies decoupling of expectation values. For example,

(Trapapayal)o = { Tragaly Jol Trapal o (p# D). (4.61)

—t

The only special case is p = p’. These terms are, however, suppressed by a factor 1/V,

1 1 ddp 1 v
f = _ t —00
e >_(Teapapapag o = V/ (27T)d<7;apapapa;g o~ — 0,

p

so that they are of no interest for us. In fact, one can show that the Wick theorem (formulated
below) applies to them as well, i.e. it is exact also without the limit V' — oo. A very elegant
proof of the Wick theorem based on the functional-integral formulation of the theory will be
provided below, see Sec. 6.1.4. Within the functional-integral formalism, the Wick theorem is
related to exact general properties of Gaussian integrals.

To summarize, we have at 7" # 0 the Wick theorem for thermal expectation values of
the type (4.55), which has essentially the same form as for 7= 0, Eq. (3.152):

(T - ]o = Z products of pairwise contractions - (+1)%, (4.62)

where the sum goes over all contraction patterns and (—1)% is, as usual, the permutation

factor for fermions. Each pair contraction yields the thermal average of the corresponding
pair product as in Eq. (4.61).
Here is an example of application of the Wick theorem:

(Trtbaro(D)Yar,0(2) a0 (1) ar.0(2))o
= (Tr0ar,0(D) s 02 ) o Trton1,0(2) 0 ar0(1))o T (Trtharo(1)¥aro(1))o{ Trtbaro(2)1har0(2))a
= [~Garo(1,2)][=%r1.0(2, )] F [=Garo(1, 1)][=Dar0(2,2')] - (4.63)

With Wick theorem at our disposal, we can proceed with development of the perturbative
expansion in powers of U and of the corresponding diagrammatic technique, in full analogy
with the T" = 0 case.
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4.5

Matsubara diagrammatic technique in real space

The Matsubara diagrammatic technique is now developed in the same way as for 7' = 0, see
Sec. 3.9. The rules are nearly the same, with differences in factors associated with diagrams
and in the domain of time integration that follow from the comparison between the T # 0 and
T = 0 expressions:

Gro=—(.0 instead of Gy = —i(0]...|0),

ngT{exp <—/)} instead of §:Texp (—i/...),
B +o0

/dT... instead of /dt....

0 —00

The rules are as follows:

(1)

(6)

Draw all topologically different connected diagrams with 2n interaction vertices (i.e.,
n pairs of vertices; each pair is connected by an interaction line).

At each vertex, there is one incoming fermionic line, one outgoing
fermionic line, and one interaction line:

Diagrams for the Green’s function have two external fermionic
legs (one incoming, one outgoing):

- <«
1 2 = Guyo(ry, 71512, T2).

1\/V\/\/\NV\/2

= U(I‘l - I'2)5<7'1 — Tg).
B

/ dr / d7 over all internal coordinates and time arguments.
0

Assign a factor (—1)"(F1)X(2S + 1)%.
Comment on the factor (—1)": With each additional order of the perturbation theory
one gets one additional interaction line, and with it the factor (—1) from the expansion
of T, exp(—...). At the same time, one gets two additional fermionic lines, each bringing
(—1) in view of {...)g = —%r0. Thus, in total, an additional factor (—1)* = —1 with
cach additional order, yielding (—1)" in n-th order.

gM,o(I‘h T1; T2, 72) n=" gM,o(I’h ro, —O)-

The above rules fully determine the diagrammatic expansion for the Green’s function. In
the case of diagrams for €, i.e. the vacuum diagrams, one has to take into account in addition
the symmetry factors:

(7)

Symmetry factors for vacuum diagrams are the same as at T' = 0, see Sec. 3.10.1.
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4.6 Matsubara frequencies

The Matsubara diagrammatics above is defined in the coordinate-“time” (r,7) space. As in
the case of T' = 0 diagrammatics, it is convenient to perform a transformation to the energy-
momentum space. The transformation from coordinate to momentum space, r — p, proceeds
in the same way as for T' = 0. As a result, each line in the diagram is characterized by a
momentum, with momentum conservation in all vertices and integration over all independent
internal momenta. The Matsubara Green’s function of free particles in (p, 7) representation
has been already calculated in Sec. 4.2.

Consider now the transformation 7 — w. The Matsubara Green’s function ¥,(7) was
defined so far in —f < 7 < §, with the property ¥y, (7 < 0) = F4),(7 + ). Formally, one can
continue ¥y (7) periodically:

G (1) = F9\ (T + B), T € [—00, 00]. (4.64)

For a periodic function, the Fourier transformation with respect to 7 involve discrete values
of frequency wy,, thus representing ¢,,(7) as a Fourier series (i.e., we have a sum over w, rather
than integral):

Grr (1) = % > exp(—iw, )% (wn) - (4.65)
The coefficients 4ys(w,) can be obtained by
B
Grr(wn) = /dT exp(iw, 7% (7). (4.66)

0

The frequencies w,, over which the summation in Eq. (4.65) is performed are (we recall that
=1 =T, where T is the temperature):

n — integer. (4.67)

Wn

2nmT for bosons
(2n + 1)xT  for fermions

This follows from the conditions of periodicity (bosons) or antiperiodicity (fermions). Indeed,
we have for bosons

!

Gulr=0) 53y 0,) £ 53 ) = (7 =0)

— wp B = 21N — Wy = 21T,
while for fermions
Gy(r=p) "2 3 Z B (wn) = — ZgM wn) = ~G(r = 0)
— wnﬂ =(2n+ 1)mn — wyp, = (2n 4+ 1)nT.

For fermions one often writes ¢,, instead of w,, to distinguish the fermionic Matsubara energies
from the bosonic frequencies (the latter are sometimes denoted by v,,).

Very generally, every vertex involves several fermionic and bosonic lines. One then obtains
after integration over the time 7 associated with this vertex:

<
<

; F F
[ar e (i {C e+ S vm}) = 80nerezimo B (4.68)
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This ensures the energy conservation similarly to the momentum conservation for the trans-
formation r — p.

4.7 9 (p,w,) for free particles
The Fourier transform of

Guo(p,7) = —[LFn(p)exp(—epr), 0<7<p. (4.69)

is given by

Gvo(pywn) =—[1 Fnlp dr exp(iw,7) exp(—epT)

O\..m

—[1Fn(p )]ﬁ [exp(iw, 3) exp(—¢ep ) — 1]

iw, — ep
1
- (4.70)
iwy, — €p
Here, we have used e*»? = =1 and
1 1

exp(Bep) £1 1+ exp(—cph)

Note that Eq. (4.70) has the same form for fermions and bosons. The difference is in the
allowed values of w,,.

It is instructive to compare the (real-time) free Green’s function for 7" = 0 and the Mat-
subara (imaginary-time) free Green’s function for 7" # 0; the correspondence is quite clear:

1 1

gM,O(]?a wn) =

GO(p,w) = 7 _
(p.w) w — €p + 10 sign(w) iwn, — €p

For phonons, one can perform an analogous calculation to find the Matsubara phonon
propagator:

wi
v+ wi’
It should be compared to the T" = 0, real-time phonon propagator calculated below, see
Eq. (5.8). Again, the correspondence is clear.

D(k,v,) = — wi = slk]. (4.72)

4.8 Diagrammatics in momentum-frequency domain

(1) We associate with every line an energy and a momentum (q, w,,)
with w, =&, = (2n + 1)7T for fermions and w,, = v, = 2n7T for bosons.

(2) Energy and momentum are conserved at every vertex.

—_—— 1

€n = — = .
(3) P iEn — &p gM,O(gna p)
NANNNANNNS
(4) q,w, =U(q, ) = U(q).

~—

if no retardation

89



(5) Integrate over momenta and sum over frequencies for all internal loops:
([ omts
; @m)* pe=)
(6) Assign a factor (—1)"(F1)*(25+1)L, where n is the order of perturbation theory (number
of interaction lines), and L the number of closed fermionic loops.

(7) For a fermionic line both ends of which are attached to the same interaction line (like
in Hartree and Fock diagrams), i.e. correspond to the same Matsubara time, include a
factor ei=n?.

(8) For vacuum diagrams (when (2 is calculated), take into account symmetry factors.

Comment: Let us consider the correspondence between the T = 0 diagrammatics and the
Matsubara diagrammatics for T° # 0:

g, w —  ep, iy, with g, = 2n+ V7T, v, = 2naT
de dw 1 i
_’ [ H — R —
Limit 7" — 0 from Matsubara:

Aw, = wp11 —wy, = 27T both for bosons and fermions,

so that in the 7" — 0 limit sums become integrals:
dw
S [ e

as in the T' = 0 technique. It should be stressed, however, that the corresponding frequencies
are imaginary from the point of view of usual 7' = 0 technique. In particular, ¢;(w) obtained
in zero-T limit of the Matsubara diagrammatics is not the same as G(w), as one still has to
perform the analytic continuation from imaginary to real frequencies (see below). Upon this
continuation, the T" — 0 limiting formulas of the Matsubara formalism transform into formulas
of the conventional T' = 0 diagrammatics.

4.9 Calculating sums over Matsubara frequencies

When evaluating Matsubara diagrams, one encounters sums over Matsubara frequencies. We
present now the technique (based on contour integration in the plane of complex frequency)
that allows one to evaluate such sums. The resulting expressions will be convenient for analyt-
ical continuation to real external frequencies, which is needed to obtain physical observables
(such as response functions), as will be discussed later.

Let us start from a simple example and consider

np = {chep) =9 (p, —0) = = Z o exp(ie,0) . (4.74)
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We know, of course, that the result should be given by the Fermi function but want to see how
it is obtained by the Matsubara technique. To evaluate this sum, consider the Fermi function
as a function of a complex variable z:

1

fz) = exp(zf8) +1°

(4.75)

This function has simple poles with residues —% at z =i, =i2m(n + 1)T for all integer n.
To check this, we caculate f(z) for z =ie, + § with 6 — 0:

|

1 1 1
exp(ie,f) exp(08) +1  —exp(08) +1  —dp
Thus, f(z) indeed has first-order poles on the imaginary axis, at z = ig,,, where ,, are fermionic

Matsubara frequencies, with the residues —%. It is easy to check that f(z) does not have any
other singularities in the complex plane.

flicn +06) = (4.76)

|
>

It follows that, for a general function F(z) (satisfying (2)

with the integration contour C shown in the figure to the
right. (The contour consists of two parts, one above the
real axis, and one below the real axis.) The assumption
here is that the functions F(z) has its singularities (poles
and/or branch cuts) only on the real axis of z.

poles of F(z)

A

Im
assumptions formulated below),
1 d poles of f(z)
z
- ie,) = — ¢ — . 4.
Y FliE) = - FEIE. @
" c Iie(z)
T

We now transform the contour: Jm(z)
[ ]
dz dz .
- c%}—(z)f(z) =7 %]:(Z)f(z), / ]

Y

so that it now consists of two sections going near the real <
axis as well as two arcs of infinite radius. The integral ?
over the arcs can be neglected if we assume (in addition

to the above assumprion that singularities of F(z) are
on the real axis only) that F(z)f(z)|z| — 0 for |z| — oo.

\—V—/

As a result we obtain the integral over a contour C’ going

Re(z)

along the real axis and encircling singularities of F(z) Im(z)
there: 4
®
1 °
3 zn:]-"(isn) = ]4 ;—; F(2)f(2). (4.78) |
c . * 5 o
Thus, we only have to calculate the integral along the real ) D )
axis, which will be determined by singularities (in simple L)
cases, poles) of F(z). This scheme can be extended to )
more complicated situations, as we will demonstrate in

the following subsections.
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Let us now apply the obtained result (4.78) to the example (4.74). In this case, we have
1

Z—€p

F(z) =

exp(z-0). (4.79)

First, we check that the assumptions about F(z) are fulfilled. First, the function F(z) has
the only pole at z = ¢, i.e., on the real axis, as required. Second,

forRez >0: f(2)~e % =0,
for Rez < 0: e’ =0,

so that ) )
)
z—€p exp(= )exp(zﬂ) +1

drops indeed faster than 1/|z|. Thus, all conditions are fulfilled, so that the application of
Eq. (4.78) is justified. It yields

f(2)F(2) =

dz exp(z-0)
=— ¢ ——— = f(ep), 4.80
== g ) = Sy (4.50)
C/
which is the correct result: np is equal to the Fermi function.
It is now straightforward to carry out an analogous calculation for bosons, Instead of the

Fermi function function f(z), we should then take the Bose function

1
xp(F) — 1
It is easy to check that g(z) has simple poles at z = iy, = i27nT, where v, are bosonic

Matsubara frequencies, with residues 1/3. The resulting Matsubara sum, in the form valid for
both fermions and bosons (upper and lower sign, as usual) reads:

9(z) = (4.81)

1 exp(iwy, - 0) 1
et =

For bosons, the overall minus sign in Eq. (4.82) is compensated by the minus sign in np, =
—%n0(p, —0), so that ny, is given by the Bose function, as it should be.

4.9.1 Polarization operator

We consider the polarization operator I, of free fermions at finite temperature in the Matsub-
ara formalism. The polarization operator is defined as (-1) times the Matsubara density-density
response function .@é‘g , which is (see Sec. 4.106 for general definition of Matsubara response
functions and their relation to physical, i.e., real time, response functions):

.@[1)\;{(1‘, T) = —<7:.Z)\(I‘, T)Z)\(O, 0>> . (483>

Thus, the polarization operator is given by Eq. (4.83) but with the opposite sign (i.e., with
plus sign in front). For free fermions, this yields the following bubble diagram:
D&
M (q,wm) = (4.84)

CHOM SO
p+q5£ﬂ+0‘)ﬂl
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According to the rules of Matsubara diagrammatics, we get (with factor 2 for spin and —1 for
fermion loop):
dBp 1
IT W) =(-1)-2 [ ——= =
M (q7 ) ( ) / (2 71_)3 3
The incoming frequency w,, is bosonic. The summation over the internal fermionic energy ¢,
is performed using the contour integration:

Z gM,O(p + q,&n + wm)gM,U(pa {5n)_ (485>

1 1 1 L
582 Mo(P + 4 En + Wi )%ar0(P, €n) 5521(8n+wm) — €pt+q 1€n — €p
dz 1 1
= ~ %54 - f(z). (4.86)
T 2+ Wy — E€prq 2 — €p
c ~ ~ g
F(2)

The function F(z) has now singularities not only on the real axis Im z = 0 but also on a line
parallel to the real axis, Im z = —iw,,. These two lines divide the imaginary axis, where poles
of f(z) are located, into three parts. In view of this, the integration contour C now consists of
three parts, as shown in the figure. We deform again the contour, C + C’, such that the new

contour C’" encircles the lines Imz = 0 and Im z = —iw,, where the singularities of F(z) are
located:
A Im(2)
Im(z)
jC
\ + c_ 5
() Re(2) C'
Re(z
c > Re(z)

The transformation is justified since the function F(z) decays fast at large |z|:
1

2?2
We are thus left with the integral as in Eq. (4.86) but along the contour C’. This integral

is determined by singularities of F(z). This functions has two poles: at z = ¢, and z =
Ep+q — wy,. Evaluating the corresponding residues, we obtain

d 1 1 — iwp,
S A f(z) = fEora i) /() (4.87)
21 2 + Wy, — Eptq 2 — Ep Eptq — Wy —Ep  Ep + Wy — Epyq
C/
Using the periodicity of the Fermi function,
1
T+ iwy,) = - = f(x), 4.88
o i) = oy = 1) (4.88)
we finally arrive at
d’ —
Ty (dty ) = 2/ L S(epra) = J(E) (4.89)
(2m)? iwm — (ept+a — €p)
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4.10 From imaginary to real times (frequencies)

We have defined and analyzed the Matsubara Green’s function in imaginary time ¢ = —i7:
Dua(x,7) = =T {explB(Q = )| Trthaan (v, 7)1 0,0) } (4:90)

The great advantage of the Matsubara Green’s function (as well as more complicated Mat-
subara correlation functions, such as response functions) was the possibility to perform a
perturbative diagrammatic analysis. However, in order to use the results, we should be able to
establish a connection between Matsubara-formalism quantities and physical observables. For
thermodynamic observables, such a connection is straightforward: Eq. (4.51) directly relates
the grand thermodynamic potential to the sum of connected vacuum Matsubara diagrams.
But what about dynamical observables? They depend on real times or energies (frequencies),
whereas the Matsubara Green functions and response functions depend on imaginary times
or frequencies. It is thus crucially important to establish a connection between the Matsub-
ara and real-time correlators. This connection is established via the Lehmann representation.
Derivation of the Lehmann representation at T # 0 is fully analogous to its T" = 0 derivation,
see Sec. 3.6. We perform this analysis first for the Green function (Sec. 4.10.1); generalization
to the linear-response functions (Sec. 4.10.2) is straightforward.

4.10.1 Real-time Green’s functions at 7' # 0

Consider the real-time Green’s function at finite 7', Eq. (4.7):

G(r,t) = —iTr {exp(ﬁ(Q — ) Tab(r, 1) (0, 0)} , (4.91)

where ¢ (r, t) are operators in conventional (real-time) Heisenberg representation. As we know
already from the 7' = 0 analysis, the Green function G(r,t), upon transformation to G(p,w)
does not have simple analytic properties when considered as a function of complex w. (It has
singularities both in upper and lower half-plane.) We will see that at 7' > 0 the analytical
properties of G(p,w) are even more complicated. We introduce two Green functions that have
simple analytical properties: the retarded (G¥) and advanced (G4) Green’s functions. The
definition is a natural generalization of the 7" = 0 definition, Eqs. (3.77) and (3.78):

e 1) — { ~iTr (exp(B(Q — H))[(r,6),01(0,0)]+) for ¢ >0, (49
0 for t <0,

» - 0 for t >0,
0= 10 (exp(B(Q — HY(r.0).41(0.0))2) for ¢ <0

Lehmann-representation for the retarded Green’s function:
GR<r7 t) = —Z@(t)< [@/J(I‘, t)v W(O, 0)]:t >
= 01" Y (n | e {p(r, )!(0,0) £ (0,004 (r, 1)} | n)

(4.93)

= —i@(t)em Ze—ﬁEn<n | eth@/J(r)e_th@/)T(O) + ¢T(0)ethw(r)e—th | n)

= O S B [t (| yi(x) | m) (m | $1(0) | n)
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£ e/ En=E | 1(0) [ m) (m | $(x) | m)] .

With
(n | () [ m)= e "®P"(n | 4(0) | m) (4.94)
we get
GRrt) = —iO)e™ D e [ EEe R (| h(0) | m)(m | 61(0) | m)

4 (B Enne—z(pm )T (| 5F(0) | m) (m | 9(0) | n)] .

Exchanging the summation variables m <+ n in the second term and then combining both
terms, we obtain

Gi(r,t) = —io( 6”2 OB ¢ Pl Bt [ (| 4(0) | ).

Fourier transformation to the momentum space yields

GR(p.t) — / P GR(x, £)e-iPr
= O e BN a5 )| 40) )P

Now we perform also the Fourier transformation from ¢ to w:
G pw) = [ drGh(po)e

= e (e £ e ) (2036 (p + P — P) [0 | $(0) | m)? / dt elite+EnEo) =0l

n,m

1
w+E,—E,+i0

= P9 Z(e—ﬁEn + 6_6Em)(27r)35(p + P — pm> |<n | ¢(0) | m>|2

The result can be written as the spectral representation

+o0o
A(p, '
GR(p,w) = / dw/%, (4.95)

with the (real) spectral function

A(p,w) = exp(3Q) [exp(—BE,) & exp(—BE,)] |{n[1h(0)m)?

n,m

X (21)°0(p — P + Pn)d(w — By + Ey) . (4.96)

A fully analogous derivation for the advanced Green’s function G# yields

=[G (p,w)]", (4.97)
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with the same spectral function (4.96). In full consistency with their retarded (respectively,
advanced) character, G is analytic in the upper half-plane and G in the lower half-plane of
complex w. Performing an analogous derivation for the Green function G, Eq. (4.91), we get

R itanh 5% R
G(w,p) = ReG*(p,w) + ¢ Im G*(p,w) . (4.98)
icoth o=
Now we perform an analogous derivation for ¥,;:
Gu(r,7>0) = —(Yuu(r,7)¥un(0,0))
= =" e [ Yarn (e, 7)dun(0,0) | n)

= Y | (r)e T (0) | n)
= Y eI | (x) | m)(m | 1(0) | n)

(4.94) _ P ZefBEne(EnfEm)refi(pnfpm)r [(n | (0) | m>\2
Fourier transformation r — p:
GDu(p.7>0) = —" Y eI (2n)5(p + Py — ) [(n | £(0) [ )

n

Fourier transformation 7 — w,:

B
Du(p,wn) = =" e (2m)*6(p + o — ) [(n | ¥(0) | m)? / dr e Fm)7 glont
n 0

1
E,—FE, +iw,

= =" P (2n)6(p + P — P) [0 | 0(0) | m)P

N~
=F1

1
_ B0 —BE, —BEm 3 _ 2
= DS @0 + o = ) [ [ 00O) [
(4.99)
This can be written as .

A /

Got (P, wn) = / du’ M . (4.100)
iw, —w

with the same spectral function (4.96).
Comparing Eq. (4.100) with Eq. (4.95) and using the analyticity of G® in the upper half-
plane (Imw > 0), we get

Gr(w,) = GR(iw,)  forall w, >0. (4.101)

We do not indicate here the momentum argument p, since it is the same on both sides of the
equality. Via the same token, comparing Eq. (4.100) with Eq. (4.97) and using the analyticity
of G# in the lower half-plane (Imw < 0), we find

Do (wy) = GA(iwy) for all w, <O0. (4.102)
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Note that, according to Eq.(4.100), %y (p, —wn) = 957 (P,wh).

Equation (4.101) is the sought relation between the Matsubara Green’s function ¥, and
the real-time Green’s function G*. It allows one to restore G (which has information about
physical properties of the system at real times or frequencies) from the Matsubara (imaginary-
time) Green’s function ¢, by means of analytical continuation. Specifically, imagine that
we have calculated (by diagrammatic means) % (w,). We should then find a function F(z)
such that, first, it is analytical in the upper half-plane, Imw > 0 and, second

F(iwn) = 9y (wy,) forall w, > 0. (4.103)
Then this function yields the sought GF:
G(w) = F(w), analytic for Imw > 0. (4.104)

Once G have been determined, one can immediately find also G by using Eq. (4.98).
Consider a simple example: free particles. The Matsubara Green’s functions then reads
[Eq. (4.70)]:

1
G (P en) = i€, — €
n— €p

Performing an analytical continuation, we easily find

1

p

(4.105)

4.10.2 Linear response at 17" # 0

In Sec. (4.10.1) we explained in detail how the real-time Green’s function G is obtained
from the Matsubara (imaginary-time) Green’s function ¥,,. This is achieved by analytic
continuation from imaginary to real frequencies. This idea is straightforwardly generalized to
response functions. The Matsubara response function is defined as follows:

ZY(T) = (T, B(1)A(0)), (...) = Tr[exp(3(Q — H))]. (4.106)

For instance, if B is the density operator p(r) and A the density operator p(r'), we have the
density-density Matsubara response function (4.83).

The physical (real-time) response function is defined at 7" # 0 according to the linear-
response theory, Eq. (3.303):

That) = —iO)([B(1), A(0)]). (4.107)

The Matsubara function (4.106) can be calculated diagrammatically. At the same time,
for physical applications, we need the real-time response function ((4.107)). The question
is thus how to find 2%, from the known (diagrammatically calculated) 2%,. The relation
between 25, and 2%, is established by Lehmann representation in exactly the same way, as
the relation between G and %, obtained in Sec. (4.10.1). The resulting relation has exactly
the same form:

D (iwy) = DH(wy) . (4.108)

Thus, in order to determine 2% ,, one should first calculate (diagrammatically) the Matsubara
response function 25, (w,,) and then to find a function F(z), analytic in the upper half-plane
Imw > 0, such that

Fliwy,) = 284 (w,) forall w, >0. (4.109)
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Then the function F(z) yields the sought physical response function (analytic in the half-plane
Imw > 0),
P25 ,(w) = F(w). (4.110)

Example: Polarization operator. The Matsubara polarization operator was calculated
above, see Eq. (4.89):

d3p f(5p+q) - f(gp)
(2m)3 iwn — (Eptq — €p)

Mo (., 0n) = 2/ (4.111)

The analytic continuation is straightforward, yielding

11%(q, w) = 2 / I fepra) = /(e) (4.112)

(27)3 w— epyq +Ep +10°

4.11 Example: Coulomb drag in Matsubara formalism

This section serves as another illustration of the technique of finite-temperature calculation
of response functions. As explained above, this requires, first, a diagrammatic calculation
of the Matsubara response function and, second, an analytic continuation from imaginary to
real frequencies. Here the technique is illustrated by a somewhat sophisticated example of
Coulomb drag in bilayer 2D systems. The calculation requires evaluation of Matsubara sums
and analytical continuation for both fermions (electrons) and bosons (dynamically screened,
retarded Coulomb interaction). The presentation is based on the paper 1. V. Gornyi, A.
D. Mirlin, F. von Oppen, Phys. Rev. B 70, 245302 (2004). In Sec. 4.11.1 we will define
the physical observable of interest (drag conductivity), identify the corresponding diagrams,
calculate them in the Matsubara formalism, and present the results of analytic continuation to
real frequencies. A detailed exposition of the analytic continuation is presented in Sec. 4.11.2.
Comments:

(i) Note that we do not discuss here the analysis of resulting expressions (integrals of products
involving retarded and advanced Green’s functions) in different regimes of parameters. Our
goal here is to demonstrate how these general expressions are derived by means of Matsubara
formalism and analytical continuation.

(i) Notations used in this section for Matsubara Green functions is slightly different from those
used above. We do not write here the subscript (or superscript) “M” but instead include the
imaginary unit in the Matsubara-frequency argument. In particular, we denote the Matsubara
drag conductivity o (i€);,) rather than o%,(£2;), the Matsubara Green function ¥ (ie;) rather
than ¢y (ex), and so on. Such notations, frequently used in scientific literature, indicate that
Matsubara quantities correspond to physical quantities calculated at imaginary frequencies
iw,, (where w, are Matsubara frequencies).

4.11.1 Definition of the problem, diagrams, and results

The Coulomb-drag signal in a double-layer system is the voltage V' developing in the open-
circuit passive layer when a current [ is applied in the active layer. The drag resistance (also
known as transresistance) is then defined by Rp = V/I. In a simple picture of Coulomb
drag, the carriers of the active layer transfer momentum to the carriers of the passive layer
by interlayer electron-electron scattering. A voltage V' develops in the passive layer, which
balances this momentum transfer.
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Figure 4.1: The diagrams contributing to the drag conductivity to leading order in the dy-
namically screened interlayer interaction U(q,w) (wavy lines). The full lines represent the
electron Green’s function. The external vertices labelled by the velocity operator v; are vector
(current) vertices while the internal vertices are scalar (density) vertices.

To calculate the drag resistance, we use the Kubo approach which expresses the drag
conductivity 05 (Q, ) in terms of a current-current correlation function,

Q= g5 [ are™ (1Q0.57@0). (4.113)

where 7, 7 label the components of the drag conductivity tensor, Q, €2 denote the wave vector

and frequency of the applied field, S is the area of the sample, and ji(l) denotes the ith

component of the current operator in the [th layer. The dc drag conductivity follows by
taking the limit

ol =05(Q=0,2—0). (4.114)

When computing the retarded correlation function appearing in Eq. (4.113) within the

Matsubara technique, the leading diagrams in the limit of weak (screened) interlayer interac-

tion U(q,w) are shown in Fig. 4.1. Analytically, these diagrams are given by the expression

e’T

Dy
7l%) = 50,5

S0, iwn + i, iwa) D (@ 1w, i + 1)U (q, 1w, + 1)U (q i)
q,wWn

(4.115)
Here, w, and €2, denote bosonic Matsubara frequencies and the vector F(Z)(q, W, 1Wyy,) 18
the triangle vertex of layer [ as defined by the diagrams in Fig. 4.2. Neglecting intralayer
interactions, it takes the analytical form

I'(q,iw,,iw,) = T Z tr {9 (ie,)e' VY i€y, + iwyn)vY (i€g, + iwy,)e (4.116)
€k

+  G(iep)e TG (iey, — iw,) VY (ieg — iwp,)e' T}, (4.117)

where ¢ denotes the Matsubara Green’s function, ¢ is a fermionic Matsubara frequency, and
v represents the velocity operator. Summing over the Matsubara frequency w,, performing
the analytical continuation to a real frequency €2, and finally taking the limit {2 — 0 yields for
the dc drag conductivity

2
D 6

0 dw (1) . . 2) . . 9
i i —i0)T; - (411
O-’L] 167TS g /—oo SinhQ (CU/2T) i (qv M+ZO, w ZO) j (q7 w ZO, M+ZO) |U(q, CL))| ( 8)

In the sequel, we will use a short-hand notation, I'(q,w) = I'(q,w 4 0, w — i0).
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Figure 4.2: Diagrams defining the triangle vertex I'(q, w1, ws).

The triangle vertex I'(q,w) is obtained by analytic continuation of (4.116). The result has
the form T' = T'@ + T'® with the two contributions

de E+w—p
(a) - | = - - =
I'(q,w) yie tanh T
xtr {vG (e + w)e' "G (e)e "G (e + w) — VG (e + w)e' TG (e)e TG (e +w)}
+<w7 q — —W, _q)7 (4119)
de E+w—pu €— |4
r® - / 2 (tanh TE T fann
(q,w) ym tan 5T tan 5T

xtr {vG (e + w)e'T[GYe) — GF(e)]e TG (e +w)} + (w,q = —w, —q). (4.120)

Here, Gf(¢) and G“4(€) denote the retarded and advanced Green’s’s functions, respectively,
and g is the chemical potential.
For small w, the expressions for I'(q,w) simplify to

T (q,w) = %tr (VG ()G ()e G (e) — (G" — G*)} (4.121)
T0(q,0) = = tr {VGA TG (e) - G(e)]e TG ()} (4.122)

It is also useful to note that I'(“)(q,w) can be expressed as
' (q,w) = gVqu tr {e' TG (e)e TG (e)}, (4.123)
T
which shows that T'®(q,w) gives only a longitudinal contribution (parallel to q) to I'(q,w).

4.11.2 Analytical continuation

Here, we perform the analytical continuation of the Matsubara expressions for the drag con-
ductivity and the triangle vertex I'. To calculate the Matsubara sum over w, = 27nT in
Eq. (4.115), the standard contour integration in the complex w plane is done,

. 1 w
T;F(zwn) = /Cb dw F(w) cotho . (4.124)
The integrand has branch cuts at Im w = 0 and Im w = —€, where {2 represents

the external frequency. The integration contour C} thus contains three parts, see Fig. 4.3
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Figure 4.3: Contours for the w-integration.

Deforming the contour as shown in Fig. 4.3, we get four terms corresponding to four lines
(above and below of both the branch cuts) forming the new contour,

D¢, _
0. (1) = QkSZ/ dw coth—

X [F§1)<q7w + 1O, w + iO)F§ )(Qv w~+ 10, w + 1 Q) U(q,w + i) U(q, w + i0)

— Fgl)(q, w+ i, w — iO)Fg )(q, w—10,w 4+ Q%) U(q,w + i%)U(q, w — i0)
+ Fgl)(q,w + 0, w — i€2) 5

— I(qw —i0,w — i)' (q,w — i, w — i0)U (q,w — i0)U (q, & — i€%)| -

(q,w — i, w +i0)U(q,w +i0)U(q, w — i€2)

(4.125)
In the third and fourth terms we have used coth(z 4 i€ /2T") = cothz. The contributions of
points w = 0 and w = —{), cancel the integral over the small circles around these points, so

that the integrals above should be understood in the principal value sense.

We now perform the analytical continuation €2, — € + {0 and take the limit 2 — 0. The
first and the last terms coming from outer sides of branch cuts vanish in the limit 2 — 0.
This yields

2 e’}

D e w 0

p _ _ @ dw coth— L

%ij 87r52q:/00 Y OMOT Bw

X [Fgl)(q, w+10,w — iO)Fgm(q, w—10,w+i0)U(q,w + i0)U(q,w — 20)] )
(4.126)
Using 5 X

2 coth— = (4.127)

Ow 2T~ 2T'sinh’ (w/2T)’

we arrive at Eq. (4.118).
The next step is the analytical continuation of the triangle vertex. The summation over the
fermionic Matsubara energies ¢, = (2k + 1)77T" in Eq. (4.116) is performed using the integral

. 1
T Fiey) = yor /C f deF (€) tanhﬁ (4.128)
€k
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Figure 4.4: Contours for the e-integration.

along the contour Cy shown in Fig. 4.4. Since the triangle vertex depends on two frequencies
iwy, and iw,, the integrand now has three branch cuts in the complex plane of €, namely at
Ime=0,Ime=—w,, and Im € = —w,. Similarly to Cj, the contour Cy can be deformed into
a set of six lines going on both sides of each of the branch cuts (see Fig. 4.4), yielding

[(q, iwm, iw,) = / 4d_€z tanh %tr {v [GR(e) — GHe)]e" TG (€ — iwy)e TG (e + iwy, — iwy)
oo 47

— VY (e +iwn)e'T[GR(e) — GMe)|e Y (€ + iwy,)

+ Vv G(e — iy +iw,) ' TG (€ — iy )e TG (€) — G ()]}

+ (Wp = —Wm, 4 = —q). (4.129)

In this formula G®4(e) = 4 (e & i0) and we have used

tanh (z — z;u_;) = tanhz.

The equation (4.129) is valid irrespective of the relation between w,, w,, and 0. Performing
the analytical continuation to real frequencies iw,, — w; + 0 and iw, — wy — 10 (and shifting
the integration variables € — € + wy and € — € 4+ w; in the first and third terms, respectively)
we obtain

F(q, w1 + ZO,CUQ - ZO) = / 4d—7;
€+ Wy R A iqr R ( .\ —iqr R
xtr < tanh v [G(e+ wy) — GO (e + wr)]e TG (e)e TG (e + wy)
— tanh QLT v GA e 4 wy) e T[GF () — GA(e)]e G (e + wy)
+ tanh E—;—Twl v G e+ w2)e" TG e)e " [GF (e + wi) — G e+ wi)]}
+Hw,q = —w, —q). (4.130)

Setting w; = wy and collecting the contributions containing only retarded (from the first term)
and only advanced (from the third term) Green’s functions, we arrive [up to a redefinition of
zero of fermionic energies, which are counted from the chemical potential in Eq. (4.130)] at
Eq. (4.119) for T'®. The remaining terms constitute the expression (4.120) for T'®).
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Chapter 5

Superconductivity

We consider interacting system of Fermions (electrons). If the interaction is repulsive and not
too strong, the system is in the Fermi-liquid phase. This was considered in previous chapters.
(Note that a strong repulsive interaction can lead to instabilities such as ferromagnetic Stoner
instability.)

The situation turns out to be dramatically different if the interaction is attractive. In this
case, an arbitrarily weak interaction leads to instability: the system becomes superconducting.
The Coulomb interaction between electrons is repulsive. What can lead to attraction? The
most conventional mechanism is the interaction mediated by phonons.

5.1 Phonon Green’s function

Consider free acoustic phonons with the Hamilton operator
~ ot g 1
Kk

where wy, = slk| and s is the sound velocity. Introduce the bosonic field operator (which
describes, up to a proportionality coefficient, the local fluctuation of ion density, see TKM 1)

O(r) = zz \/ ;—‘]; <Z;keik'r — Ble’ik'r) . (5.2)
K

The Heisenberg operator at time ¢ is then

t) = ZZ /;V_‘l; (Z;keikr—iwkt _ Z;;r(e—ik-r—f—iwkt) ' (5.3)
k

The field ® is real in the sense ®(r,t) = ®f(r,t), which is a manifestation of the fact that
phonons do not carry charge. This should be contrasted to charged matter fields which are
complex (two distinct operators w and @/JT invariance of the corresponding theory with respect
to global phase transformations @D — e“%/z corresponds to charge conservation).

The (zero-temperature) phonon Green’s function is defined as

D(r,t;x' ') = —i(0]T®(x, t)D(x',')|0), (5.4)

where |0) denotes the ground state (no phonons). As usual, translational invariance in space

and time implies that
D(r,t;v',t) = D(r — ', t — t'). (5.5)
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Wesetr—1r' —randt—t —t.

For t > 0 we have
D(r,t) = — Z (, /—“> (0]byee™=titpl |0)
_ _ZZ zkr—zwkt (56)

Similarly, for ¢t < 0:

D(I‘, {;) = —3 Z ( / &) O|b b —zkr+iwkt|0>
—- _4 Wk —ikr+iwgt . _ s & ikr+iwyt
' Z 2v° i g Ve (5.7)

On the last step we made a change of the variable k — —k and used wy = w_y.
Fourier transformation from r,¢ to q,w finally yields the phonon Green’s function in
momentum-frequency representation

oo 0
D(k,w) = —i* { / di et =0t / dt eiwt“wk“oﬂ
0

—0o0

Wk 1 n 1
= —1—
2 | —i(w—wkx+i0)  i(w+ wx —1i0)

. Wk 1 1
2 lw—wk+i0  w+ wg —10
2
Wik
= - 5.8
w? — wi 40 (5:8)

5.2 Electron-phonon interaction. Phonon-mediated electron-
electron interaction

Hamiltonian of the electron-phonon interaction (Fréhlich Hamiltonian)

Fl = / & () )B (), (5.9)

where g is a (material-dependent) constant. Equation (5.9) is written under several simplifying
assumptions:

(i) only acoustic phonons are retained (otherwise there would be a sum over all branches);

(ii) it is assumed that phonons are either exactly longitudinal or exactly transverse, as in an
isotropic medium; then, only longitudinal phonons contribute;

(iii) Thomas-Fermi approximation for screened Coulomb interaction: 4me?/(¢* + kp) —
4me? /k2p , so that the interaction is effectively local.

The electron-phonon interaction induces an effective p < < Y
electron-electron interaction through an intermediate o.k
phonon. It is represented by the following element of ’
a Feynman diagram: ' _ _

P1 < ~— D1
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Here the wavy line represents the Green’s function (or, equivalenty, propagator) of the phonons
calculated above

2
Wi

D(r,1) = =0 TE(r B, #)|0),  Dlk,w) = ———
k

wi, = clk]|. (5.10)
In the Matsubara (finite-temperature) formalism we have correspondingly
(5.11)

Taking into account that every electron-phonon vertex yields a factor g, we obtain the effective
electron-electron interaction mediated by phonons
wi

Usi(k,w) = ¢*D(k,w) = ¢*——FE —. 5.12
#(k,w) = g"D(k,w) "y (5.12)
One says that the effective interaction emerges when phonons are integrated out. (This termi-
nology becomes particularly transparent in the functional-integral formalism of the quantum
field theory.)

Characteristic values of phonon momenta:
k=|p—p|~pr = wp~wp Debye frequency (~ 100 — 1000 K for metals) (5.13)

On the other hand, characteristic energy transfers w are set by temperature 1" and by the
superconducting gap A (which will be determined below) and satisfy

w <L Wp. (5.14)

According to Egs. (5.13) and (5.14), relevant values of w are much smaller than those of wy.
Thus, Eq. (5.12) reduces to

Uet(k,w) ~ —¢g* <0, for wp ~wp, w<Kwp (5.15)

Therefore, phonons induce an effective attraction between electrons.

The attraction is efficient only for electrons that
have opposite momenta: p ~ —p;. Indeed, p+tp; =0 p
only under this condition two electrons near the
Fermi surface can exchange a large momentum
k (of order pr) such that the resulting electrons
with momenta p’ = p+ k and pj; = p1 — k
remain close to the Fermi surface.

(Cooper
channel)

p*+p,=p'+p,’

The condition p + p; ~ 0 determines the so-called Cooper channel.

5.3 Cooper instability of a Fermi liquid with attractive
interactions

We explore the superconducting instability of a system of fermions with weak attractive in-
teraction. The physics of the instability is formation (one uses the word “condensation”)
of Cooper pairs. To reveal this instability we consider the response function in the Cooper
channel:

C(r,t) = —i(Tey(r, )¢, (r, )1} (0,0)¥1(0,0)) . (5.16)
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The dominant diagrammatic series for this correlation function is the sum of ladder diagrams:

Indeed, in this series, the condition of Cooper channel (the sum of momenta of interacting
electrons is zero, p + p1 ~ 0) is fulfilled for each interaction line.

We begin by calculating the first diagram: the bubble without interaction C'©)(r,#). As
usual, we transform to the frequency-momentum representation:

etw/2,p+q/2

-etw/2,-p+q/2

We are interested in the behavior of the correlation function at small ¢ and w. The calculation
is similar to that of the density response function in Sec. 3.13.1. Note, however, the crucial
difference: arrows on Green functions in the bubble are parallel here (Cooper channel, the
sum ¢ of electron momenta is small), while there were anti-parallel there (correspondingly, the
difference ¢ of electron momenta was small).

According to the rules of the diagrammatic technique, we have

w

C(q,w) 2,p+2>G(—5+%,—p+%> : (5.17)

where G(w, q) are free-electron Green s functions. We introduce

g:%_u, /%—)V/df/dn, (5.18)

where v is the density of states at the Fermi energy, and n is the unit vector in the direction of
p. Expanding the denominators of Green’s functions up to the linear order in small momentum
q, see Eq. (3.312), we get

1
c© IV/d /dn %
(e ¢ 27 ¢ + % — & —vp5t 410 sign (—H”;“'q)
1

—8+——£+%+iOSign(f—UF%)'

(5.19)

We perform first the integration over e. The integral is different from zero if the poles are on

the opposite sides of the real axis. There are two such cases: either

n-q
2

§+vpn EES 0, &—wvp >0 (case I) (5.20)

2

or
n-q n-

9 <07 g_UF

Evaluating the ¢ integrals by means of the residue theorem and combining both contributions,

we get
CO(q,w) =v /d{/dn_—l—i—/df/dn; : (5.22)
’ 26 —w—10 26 —w+1i0
M (I

£+ vp 99 (case II). (5.21)
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The dominant contribution comes from the region |[£| > |w|, [vpn - q|. In this range of £, one
of the conditions (5.20) and (5.21) is fulfilled (the first one for positive £, the second one for
negative £). Further, we neglect w in the denominators in Eq. (5.22). The ¢ intergrals in
Eq. (5.22) then take the form of logarithmic integrals

e*

dé
/ o (5.23)

max(|wl,[vpn-ql)

Since we will use the non-interacting bubble C'¥)(¢,w) as an element of geometric series
for C(q,w) of the interacting theory, the upper (“ultraviolet”) cutoff ¢* is determined by the
range of validity of the model with constant interaction. For the phonon-mediated attraction,
which is our main focus here, we thus have Debye frequency as a cutoff ¢* = wp. On the other
hand, if we would perform an analogous calculation for the Cooper-channel repulsion due to
Coulomb interaction, we would have Fermi energy as a cutoff ¢* = ep.

On the lower (infrared) side, the logarithmic divergence (5.23) is cut off either by frequency
w or by momentum |vgn - q|. Since there is also n integration in Eq. (5.22), the dominant
contribution will come from typical n for which |n - q| ~ ¢. Thus, we get

*

3

C9(¢,w) ~ —vn (5.24)

max(|w|, vrq)

The fact that the Cooper-channel response C'(?)(g, w) of a non-interacting Fermi gas is divergent
in the limit ¢,w — 0 implies an instability of the system with respect to an arbitrarily weak
attractive interaction as we are going to discuss.

We return to the full series of ladder diagrams for C(q,w) [see figure below Eq. (5.16)].
Every wavy (interaction) line is a constant

)‘:_927

see Eq. (5.15). In the real space this means a local interaction
Ur,t';t,t) = Xo(r —1')o(t — 1), (5.25)

i.e. the interaction line is essentially contracted to a single point. (In other words, integrations
within bubbles separated by an impurity line are decoupled.) The diagram of n-th order in
interaction is thus A"[C¥ (¢, w)]"*!. Summing up the geometric series, we get

CO(q,w)

C9) = 15000 (5.26)

Substituting here Eq. (5.24) and setting for simplicity ¢ = 0, we get
vin (i)
Clgw) = ———42 . 5.27
(@9) = o (5) (5.27)

Let us analyse the final result (5.27). For repulsive interaction, A > 0, there is no sin-
gularities. At the same time, for attractive interaction, A < 0, we encounter a singularity
at

: ! (5.28)
w ~ " exp ) .
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A slightly more accurate calculation of the integrals in Eq. (5.22) yields at ¢ =0 and w > 0

e* df 0 dé
CO () — _/ L S / % 5.29
@) ”[ o X—w—i0 ) .—wti0 (5:29)
1 2¢e* 1 2e* 2e* am

The response function C(w), Eq. (5.26), has a pole at a real value CO(w) = 1/\ < 0.
Continuing (5.30) into the complex plane, we find the position of the pole:

1
w=2ie"exp <_W) . (5.31)

The pole of the response function in the upper half-plane Im w > 0 of complex w implies
an instability: the response function is retarded and should be regular in the half-plane
Imw > 0. Thus, our assumption (on which the calculation was based) that the ground state is
of normal Fermi-liquid type is inconsistent: this state is unstable with respect to (arbitrarily
weak) attractive interaction.

The instability indicates spontaneous symmetry breaking characterized by emergence
of the anomalous correlation function (74,) and <T@/J$1/}D

(Trdy) s (Telyl) #0 (5.32)

In the limit of large r, ¢, the Cooper correlator (5.16) decouples into a product of anomalous
averages:

(Tt (x, )by (x, £)01(0,0)9] (0, 0)) — (Tappaby ) (Taplap]). (5.33)

This is a spontaneous breaking of the U(1) symmetrie. Indeed, consider the U(1) transforma-
tion (with a constant ¢)

b= e, Wl ey,

The Hamiltonian, which contains terms of the type ¥ and 11T, is invariant with respect
to this transformation. At the same, the ground state is not invariant, as is manifested in
Eq. (5.32). There is a clear analogy with ferromagnetism, where divergence of the magnetic
susceptibility in the paramagnetic state signals spontaneous breaking of symmetry [O(3) in
the case of isotropic system| characterized by anomalous (ferromagnetic) average (average
magnetization).

With a slight modification, the same calculation as above for the Cooper response function
can be performed for the scattering amplitude in the Cooper channel. It is given by a sum of
ladder diagrams with external ends satisfying p + p’ = 0:

p
p

The first term (one interaction line) is simply the bare vertex A, and the denominator of the
geometric series is the same as above, so that we get

B A
N 1—1—)\1/11'1(%) '

p+p=0

!

I'(w) (5.34)
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Singularity of the scattering amplitude signals formation of bound states (Cooper pairs). The
scale w, Eq. (5.28), at which the singularity occurs determines, up to numerical coefficients of
order unity, the value of the superconducting gap A (at zero temperature) as well as the
critical temperature 7T, of the superconducting transition. It is important to emphasize a
non-analytic dependence of this scale on the interaction strength A. Indeed, the result (5.28)
is non-perturbative with respect to a weak interaction A: an attempt to expand in power series
in A would yield zero in all orders.

The w dependence of the amplitude I' shows that the effective Cooper-channel interaction
changes as a function of the energy scale w. (Alternatively, one can consider a change with
momentum scale ¢.) Equation (5.34) can be equivalently presented in the form of a differential
equation

ar-t
dlnw v
dr
or, equivalently ~ = —ul?, (5.35)
nw
with the condition
T(e") = . (5.36)

Equation (5.35) can be viewed as renormalization flow of the Cooper-channel interaction
constant. It is initially defined at the ultraviolet scale €*, see Eq. (5.36) and then gets renor-
malized when one proceeds to lower energy scales. Such renormalization plays an extremely
important role in many physical phenomena. The general formalism is known under the name
renormalization group (RG).

Let us generalize the analysis to calculate explicitly T,.. We use the Matsubara formalism
and calculate the Cooper susceptibility at finite temperature T" and zero wave vector q. We
have the same sum of ladder diagrams but now with imaginary Matsubara frequencies:

D

Here the external frequency is bosonic,

g, Hom,

-ig,,

wp = 2n7T, (5.37)
while internal energies (to be summed over) are femionic,
Em = (2m+ 1)nT . (5.38)

Summing the geometric series, one finds

. Xff’) (iwy,)
Xe(iwy) = m, (5.39)
where .
XEO)(iwn) - T; Y / d§ (igm + iwn - 5)(_15771 - f) ‘ (5'4())
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To determine T, we focus on the static susceptibility, w, = 0. We perform the summation
over Matsubara frequencies:

1 L (L
T; (e — )(—ie,, —&) _ ¢ tomb (QT) : (5.41)

Thus

| 1 ro ¢ 27 w
X (iw, = 0) :sz:u/dg s A / dfitanh (ﬁ> =vln <7 %) , (542)

—wp

where 7 ~ 0.577 is the Euler-Mascheroni constant. We have used a sharp upper cutoff (BCS
model) and put the Debye frequency wp as a cutoff having in mind the attractive interaction
mediated by phonons. Substituting Eq. (5.42) into Eq. (5.39), we find that the susceptibility
diverges at the critical temperature (here A = —g? < 0)

2e7 1
To = — —_— . 5.43
C - Wp €XpP ( WV) ( )

Below this temperature, the system becomes unstable and the superconducting order develops.

5.4 BCS theory: Brief reminder

For completeness, we include a reminder of the BCS theory as was presented in TKM 1.
We consider the Hamiltonian

~ 1
H = pra;,aapﬁa + B) Z Vp,p’,q’,qa;,aa;ﬂ,5%’,5%,& ’ (5.44)
Do p+p'=q+q’
with . | |
B A fOI' Smax < wp,
Vorad = Vv { 0 otherwise, (5.45)
where «, § are spin indices, V is the volume, A < 0 the interaction constant, and
Emax| = max(|&,], [§p], 1€ols (€0 ]) s & = vr(p — pF)- (5.46)

Only such electrons interact with each other that belong to a narrow shell (of width wp)
around the Fermi energy. Further, one keeps only pairs with

(Cooper-channel interaction): only particles with opposite momenta interact with each other.
We are left with the BCS Hamiltonian

~ A
_ ToT
Hpes = Z fpa;aap,a + % Z App@p, gl 0—q1 > (5.47)
p,x p,q
1€p|,|€q|<wD

Note that spins within the Cooper pair (i.e. of two particles with opposite momenta) are
opposite since Zp a;ﬁain , 1s identically zero in view of Fermi statistics.
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Mean-field solution: introduce anomalous expectation values

. _ A
A* = 72@%&_ o) (5.48)
p

A
A= % Z<ap,¢7 App) - (5.49)
P

Cooper pairs have total momentum zero and total spin zero. The BCS theory describes the
simplest possible type of the superconducting order—s-wave spin-singlet pairing. However,
this is not the only possible superconducting order. Many high-temperature superconductors
exhibit d-wave spin-singlet pairing. Also, there are some materials that show p-wave spin-
triplet pairing.

The mean-field Hamiltonian reads

p p

To diagonalize this Hamiltonian, we introduce (Bogoliubov transformation)
— t — 1
Cpt = Uplpr +0pal |, cpy =upay | —vpal o (5.51)

The coefficients u,, v, of this transformation should be determined from the condition that
terms of the type cc and cfcf cancel:

H=FE+Y eyl ncpa. (5.52)
p,x

It is sufficient to consider A € R. Then u, and v, can be also chosen real, u, = u_, = u; and
— — g4k 3
vp = v_p = vy. The result is

1 § 1 3
2 _ (153 2 _ " (122 5.53
tr 2( +5p>7 g 2( 5[))’ ( )

e, = (2 4+ A%)3. (5.54)

Hence, one obtains a change in the dispersion relation: an energy gap emerges.

\5{
This figure shows €, and its mirror reflection, —¢,. The
gap between the ground state and the lowest excited
state, which is obtained by breaking the Cooper pair

with

and creating a pair of excitations at the Fermi surface, A —
is 2A. /\ o
A#0
Substituting the inverted Bogloliubov transformation
Qp,p = UpCp,r — Up’CT—p,¢ y o Qp = UpCpy + UpCT—p,T ) (5.55)
in the definition of A, one obtains the self-consistency equation
A A A
A =" — A= _— 5.56
2V ;W’p Vv ; (€2 + A2)} (5.56)
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and thus, after cancelling A on both sides of the equation,

_ !

1= . (5.57)
2V £ (¢2 4 A2)3
We replace the summation by an integral and evaluate the integral:
wp
Al / 1 wp/A g
1 = —v dé —— = |A\lv —_—
2 (€2 + A?)2 A o VI+a?
—op
wp/A 2Wp
- \)\]uln(\/1+x2+x)‘ ~ \yIn =2 (5.58)
0
where we used wp/0 > 1. Thus, we finally get the value of the gap:
A=2 ! (5.59)
=2wpexp [ —— | . .

Comparing (5.59) with (5.43), one finds the universal ratio of the zero-temperature gap to
critical temperature within the BCS theory:
QAT =0) 2r

=~ 353 5.60
7 S (5.60)

The BCS ground state |®pcg) satisfies ¢, |Ppcs) = 0 for all p,o. This yields

|Ppes) = H (up + vpa;TaT_RO |0) . (5.61)

p

Note there are in fact many equivalent ground state that are obtained from this one by a
transformation af — afe®:

0526 = TT (1 + vpe®al al, ) 10). (5.62)
p

The existence of a manifold of degenerate ground state is a manifestation of spontaneous
symmetry breaking. Note that these states are not characterized by a given particle number
N. (These are states with a given phase ¢). One can obtain a state with a fixed number of
particles N by taking the appropriate linear combination

do _;
24 = [ S lal). (5.69

5.5 Green functions in a superconductor

The Green function formalism is a very powerful approach for calculating various physical
observables. Thus, it is important to develop it also for superconducting systems. At the
same time, in view of the spontaneous symmetry breaking in a superconducting state, the
Green function formalism requires modification in this situation. The appropriate formalism
was developed by Nambu and Gorkov.

Below we consider the simplest model: uniform system, no external fields, constant in-
teraction (as in the BCS model) and will rederive in this way the BCS solution. The Green
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function formalism has proven to be very useful in a variety of more complicated problems:
superconducting systems subjected to external electromagnetic fields, spatially inhomogeneous
setups, disordered superconductors, etc.

We consider the T = 0 technique; in the finite-temperature (Matsubara) formalism one
proceeds in an analogous way. First, we define the normal Green function,

1 2

Gas(1,2) = —i(Ta(1)V](2) —_—— (5.64)

where we use compact notations for arguments, 1 = (rq,t;) and «, 5 are spin indices. In
addition, one defines anomalous Green functions

1 2
Fas(1,2) = —=i(Ta(1)i(2)), ——€F— (5.65)

and 1 ,
Fas(1,2) = —i(TWL(1)0}(2). —F— (5.66)

The anomalous Green functions are zero in normal state since they break the U(1) invari-
ance 1) — 1. They become non-zero in superconducting state in view of the spontancous
symmetry breaking.

The averaging in these formulas goes over the superconducting ground state, which in
the BCS theory has the form (5.61). If one wants to think instead in terms of a ground
state |INV) with given number of particles, then the correlator F' should be understood as
—i(N|Ta(1)p(2)|N+2). The state | N+2) contains one additional Cooper pair in comparison
with |N).

5.5.1 Equations for Green functions

We start with the Hamiltonian
~ . V2 . A cr e n
_ 3
H= /d r {w; <——2m — u) Vo + 5%@%%} . (5.67)

The ultraviolet cutoff wp is implicitly assumed and will be taken into account at the appro-
priate stage.

We want to derive (and then solve) equations for Green functions defined above. To this
end, we first derive the equations of motion for ¢ and #!. Using

e =W, Al gl = 0L, A), (5.68)
we get
o n(e) = = (5 1) dale) + AL )] (5.60)
ot 2m “ 7 K e
and 5 -
g0 = (5 ) 0L0) — ML) ), (5.70

where x = (r,t). Multiplying Eq. (5.69) with —w;(x’) and performing the average (T ...), we
obtain an equation of motion for the Green function G:

(i% T u) Glaplir, ') + T (@) (@) (2) D)) = Bupdlc — ). (571)
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The delta function on the r.h.s. originates from the time derivative acting on a discontinuity
in G,p(z, ') resulting from time ordering.

Equation (5.71) is exact but cannot be solved without making an approximation. We
proceed in spirit of mean-field approximation and decouple the correlation function involving
four -operators in terms of products of pairwise Green functions:

(TOL @)ty (2) (@)} (2)) = (Thy (2) (@) (TE! ()] () , (5.72)

We have discarded the other two terms in Eq. (5.72), namely (Twi(x)z/»y(x»<Tz/1a(x)¢;(:c’))

and — (T, (2) o (2)) (T2, (ac)lﬁ; (2')). They only lead to an additive correction to the chemical
potential and are not essential for our analysis. The r.h.s. of Eq. (5.72) is nothing but

2P0z, 2)Fp(z, ') (5.73)
The spin structure is G,3  dap and

—= 0 1
Fag, FQB X Gap = (_1 O> 5 (574)

the latter formula being a manifestation of the singlet pairing. Hence, one can write G5 =
G dap, Fop = F gop , and Fog = F gop. Further, we note that

Z vaGyB = 5a5 . (575)
v

We thus reduce Eq. (5.71) to the form

(i% + 227; + ,u> Gx —2') —iAF(0)F(z — 2') = §(x — 2'). (5.76)

We have used here the translational invariance, G(z,2') = G(z — 2') etc.
In the same way, we obtain from Eq. (5.70) the following equation for F:

(i— A ) Fla — o) = —INT8 (@) ()i, (@)d}(a)) =0, (5.77)

Note that the r.h.s. here is zero: the function F has no discontinuity at ¢ = ¢’ since () and
YT (2') anticommute at t = . Performing again a mean-field-like decoupling

(T (@) (@) (@) h () ~ (Tl () (@) (T, ()i (o)) (5.78)
we obtain
(i% - 2V—m - ) F(x —2") +iAF(0)G(z —2') = 0. (5.79)

Equations (5.76) and (5.79) form a system of two equations for the functions G and F. In
these equations, F'(0) and F(0) are complex-conjugate constants:

F(0) = =i(¢y(2)ey(@)),  F(0) = =il (2)¢](x)) = F*(0). (5.80)
Fourier transformation of these equations yields

(e — &)G(g,p) —iIANF(0)F(e,p) =1, (5.81)
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and

(e + &) F(e,p) +iIMF*(0)G(e,p) = 0. (5.82)
The solution for G(e, p) reads
Glep) = — & (5.83)
’ €2 — &2 — A%’
where
A? = N|F(0)). (5.84)
We decompose this result into a sum of two fractions, each with a single pole:
u? v?
G(e,p) = ——+ —L—| (5.85)
E—€p €+¢&
where . ¢ . ¢
2="(1+2 P=—(1-2 5.86
Up 5 < + gp 5 Up 9 Ep ) ( )
and .
= (& + A7)z, (5.87)

We know from general analytic properties of the Green function G (considered as a function
of €) that its singularities at € > 0 should be in the lower half plane (i.e. we should shift
e — € +10), while for £ < 0 the singularities should be in the upper half plane (i.e. we should
shift e — ¢ — 10). Restoring the proper analytic structure of singularities, we thus get

2 2
Uy, Yp _ £+¢p

G = = :
(=) 5—6p+10+6+5p—i0 (e —ep +10)(e + £, — 10)

(5.88)

The Green function is a sum of contributions of Bogoliubov quasiparticles and quasiholes with
weights ulz) and vz, respectively.
Having determined G(e, p), we find from Eq. (5.82) the anomalous Green function F(e,p):

£(0)

F = —i\ : 5.89
&P = A 0+ 5, —10) (5.89)
Substituting this in the identity
de d®p —
F*0) = [ == F .
0= [ S Fen). (5.90)

one obtains the self-consistency equation

de d’p 1
M!/ I —. (5.91)
(e —ep +10)(e + ¢, — i0)

Performing the ¢ integration, we get

- [ - [ Y
)3 2¢,, 2m) 32,/52+A2 —op 20/ + A7
In the last form of Eq. (5.92) we have restored the ultraviolet cutoff (wp). Equation (5.92)

is identical to (5.92) and leads to the result (5.59) for the zero-temperature gap A (which we
repeat here for completeness):

= [\ v (5.92)

1
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5.5.2 Diagrammatic representation

We present here a diagrammatic version of the derivation of equations fro Green functions in
a superconductor presented in Sec. 5.5.1. This will allow us to see the connection with (and
differences from) the corresponding derivation for normal systems.

In analogy with Eqgs. (3.222), (3.223) we have a Dyson series for the Green function:

GO GO GO GO
—— +
Gaﬁ _ + _
—— —4—@-)-4—

= GY 1+ GOE;Fs. (5.94)

—_
—

Here = and = are the anomalous self-energies. (The normal self-energy is discarded as it is
not essential for this analysis.) Including the energy and momentum arguments, we have

Gas(e,p) = GO (e, p) + GO(e,p) Zr5(e, p) Faple. p). (5.95)

As discussed above, the spin structure is Gos = Gdus and Fog = Fgas, Fap = Fgag, see
Eq. (5.74), so that Eq. (5.95) reduces to

G(E,p) = G(O)(Evp) - G(O)(€7p) E(&,p)F(E,p) (596)

Similarly, we have an equation of Dyson type for the anomalous Green function:

R, - =——p— _ —-—&—— + =~ —-E—+.
_ _'_@+ (5.97)

and, analogously,
F@ﬁ: * _ > (:) ( (598)

In the algebraic form, they read

Fap(e,p) = Gi(e,p)=rs(e,p)Gos(—e, =), (5.99)
Faple,p) = GY)(—2,—p)Es(e,p)Gople,p) (5.100)
or, after taking care about the spin structure,
F(e,p) = GO,n)Z(e,p)G(—¢,—p), (5.101)
Fle,p) = G, —p)Z(e,p)Gle,p). (5.102)

Equations (5.96) and (5.102) represent a system of two equations for two functions G(g,p)
and F(g, p). To solve them, we need to close the system and thus to make an approximation
for the self-energies =, =. This is done by using an analog of self-consistent Hartree-Fock
approximation (3.259). The corresponding diagram for the anomalous self-energy = looks as

follows:

(11
|

= (5.103)
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and similarly for =. For the point-like interaction of strength A the self-energy is a constant
in momentum-energy representation and is equal to

[1]|

&p d
E:i)\/p—gF(ep)E INF(0),

_ d?’pd&?—6 — D
(2m)1 = A/—F( ,p) = IAF*(0). (5.104)

(2m)*
Using

COEpl =G =5
we thus rewrite Egs. (5.96) and (5.102) in the form
(e = &)G(e,p) —iAF(0)F(e,p) = 1, (5.105)
(e + &) F(g,p) +iAF*(0)G(e,p) = 0. (5.106)

This system is identical to equations (5.81) and (5.82). The rest of the solution in Sec. 5.5.1
thus follows.

5.5.3 Nambu-Gorkov Matrix Formalism
Green functions in a superconductor (as defined above) in the matrix form:
R m i) = G(1,2)
vl(2) =
U(2)) = F(1,2)
(2)) = —F(1,2) (5.107)
We introduce the Nambu spinor:

(e ;

¥ = ( wI) Cowt= (v v (5.108)
The matrix Green function is then defined according to
G(1,2) = —i(TH (1) opi(2)
_ (—WWT( J0l(2)) _i<T¢T(1)¢¢(2)>>

—{ TY[(ei2)) —i(TY[(1)vy(2))

G( (1,2

B 1,2)  F(1,2) (510
- \-F(12) -G/ |

In the absence of interaction we have

(’iatl — ﬁo)G(l, 2) == (5(7”1 — T2)5(t1 — t2) y
i0, F(1,2) = i0,F(1,2) =0,

which can be cast in the matrix form
(10, — Hor.)G(1,2) = 8(r — r')o(t — )1, (5.110)

where 7, is the third Pauli matrix in the Nambu space. Transforming to the energy-momentum
representation, we get

(e — &7, +i0signe) G(e,p) = 1, (5.111)

117



where we have included the infinitesimal shift ¢ — & + i0signe to indicate the analytical
properties of G. In the presence of interaction, we have equations (5.81) and (5.82), which
correspond to the following matrix equation for the Green function:

(E__Aip E:icp) Gle,p) =1, (5.112)

or, equivalently,
(€= &7 — Ay — A1) G(e,p) = 1, (5.113)

where

(10 iy = (0 _ L iy (00
Ty = 01 y T+—27'x ZTy = 0 0 s T—_— = QTm Z’Ty = 1 0/

Matrix Hamiltonians corresponding to Eq. (5.112) and its various generalizations are frequently
called Bogoliubov-de Gennes Hamiltonians.
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Chapter 6

Functional integral formalism

Goal of this Chapter: to develop a powerful approach to many-body condensed-matter quan-
tum field theory based on integrals over field configuration (“functional integrals”). It is
an approach alternative to (but also equivalent to) the operator approach presented above. In
particular, it reproduces the Wick theorem, perturbative diagrammatic expansion, etc. How-
ever, the functional-integral approach has many very important advantages—which is why it is
so broadly used in scientific research in modern condensed matter physics. These advantages
become especially important in situations when one has to go beyond the simple perturbation
theory—including, in particular, the situations when (i) an infinite resummation of diagrams
is needed that corresponds to the action of the renormalization group, or (ii) a spontaneous
symmetry breaking occurs, or (iii) physically relevant degrees of freedom corresponding to
low-energy excitations are qualitatively different from microscopic degrees of freedom in the
original formulation of the problem.

Another fundamentally important aspect of the functional-integral formalism is that it
emphasizes deep connections between the classical and quantum physics and the role of the
action functional in the quantum physics.

The functional-integral formalism presented below is a many-body generalization of Feyn-
man’s path-integral approach to quantum mechanics.

6.1 Bosons

We consider first the case of bosons and later generalize the formalism to the case of fermions.

6.1.1 Coherent states

The corresponding second-quantization formalism was presented in Sec. 3.1.1. The bosonic
creation and annihilation operators, az and ay, satisfy canonical commutation relations. The
basis of the Fock space (Hilbert space of the many-body problem), is obtained by the action of
creation operators on the vacuum state, see Eq. (3.11), which we repeat here for convenience:

al )
nyna, ) =] (\/'% 0) . (6.1)

Any state in the Fock space is a linear superposition of the basis states (6.1):

) = Z Cryiny,... N1, M2, ). (6.2)

n1,M2,...
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We look for Fock-space states |¢) that are eigenstates of all annihilation operators a. Such
states are called bosonic coherent states. A coherent state is thus determined by the set of
eigenvalue conditions,

ar|¢) = épl¢)  for all k, (6.3)

where {¢} is a set of complex numbers, ¢, € C. Equation (6.3) imlplies the following relation
between the coefficients Cy,, 5, ..

vV Cnl,nz ..... Nyerr ¢l<:0n1,n2 ..... nE—1,... - (64)

This formula expresses Cy, ny,..my,.. through C, ,, . 1. Using it consecutively, we can
express all coefficients through Co,o . Setting Cpp,... = 1 (which is an arbitrary choice; the
coherent states |¢) that we obtain will not be normalized to unity), we thus get

goee

N
Coino = k| (6.5)
L

Substituting this in Eq. (6.2) and using (6.1), we obtain

Z H Cbkak = exp [Z ngwL] |0) . (6.6)

ni,n2,.

Taking the hermitean conjugate of Egs. (6.3), we find that “bra-states” (¢| corresponding to
the coherent states |¢) are left eigenstates of the creation operators azz

(9| = (Ofexp [Zcb};ak]; (6.7)

(Ola, = (oloi- (6.8)

Inspecting how the operator aL acts on the coherent state |¢), we find

i i i 4
aild) = apexp | dnai| [0) = 516}, (6.9)
k
and the adjoint relation
0

Plar = 7—{¢]. 6.10
(Gl = gzt (6.10)
It is instructive to check that Eqs. (6.3) and (6.9) representing the action of the operators ay
and aL on coherent states are consistent with the commutation relations [a;, aL] = 0j;. Indeed,

a5, aille) = ajailo) — aja;|g) = %MJ@ a;10) = mw 6ia}19)

0
= (5002150 ) 190 = k. (6.11)

We further calculate the overlap of two coherent states |¢) and [i)):

<¢|¢> = Z Z H \/_H\/E ml,mg,...|n1,n2,...) (612)

mi,ma,... N1,N2,.
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ni,mne,...

In the second line of Eq. (6.13) we used the orthonormality of basis states of the Fock space,
<m1,m2, Ce \nl,ng, o > = 5m1,n1§m2,n2 e (614)

As a particular case of Eq. (6.13), we find the normalization of a coherent state |¢):

(¢l¢) = exp [E as;;qbk] . (6.15)

The crucial property of coherent states is that they form a complete set of states in the
Fock space: any vector in the Fock space can be expanded as a linear combination of coherent
states with some coefficients. (In fact, the set of coherent states is even overcomplete.) The
completeness is expressed by the following identity

J Tt Ry o) = 1. (6.16)

To prove Eq. (6.16), it is useful to consider first the case of only one single-particle state,
k = 1, with the corresponding occupation number n;. The Lh.s. of Eq. (6.16) then reduces
to

d R dl " dpdf _ - i0ym1 —if\n1
[ R oienjo ] = [ AR 5 ST S ] (047

where we introduced polar coordinates ¢ = pe?. Performing the 6 integration and after this
the p integration,

/ df e = 216, . (6.18)
/2pdpep2,02” = n!, (6.19)
we get
dRe ¢y dIm «
[ ORI ) ] = 3 ) (6.20)
ni

It is now straightforward to extend this caluclation to the general case of many single-particle
states, k=1,2,...,

/H dRegbdeImﬁbj e~ Tk 10k | ) (8] = Z Iny,ng,...N(ny,ng, .. | =1, (6.21)

ni,na...

which proves Eq. (6.16). On the last step, we used the completeness of the basis |ny,no,...)
in the Fock space. X
Using the completeness relation (6.16), we can write the trace of any operator A as

TrA = / D(6", 6)e~ Se i (9] Alg) . (6.22)
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where we have introduced a short-hand notation for the integration measure,

dRe ¢; d1m ¢;

™

D(¢"0) =[] (6.23)
j

A very important property of coherent states is a simple form of matrix elements of
normal-ordered operators between coherent states. Consider a generic operator A. Bring
it to the normal-ordered form, with all creation operators a} staying to the left of all annihi-
lation operators a;. After this, replace every operator a} by a complex variable ¢} and every
operator a; by a complex variable 1);. In this way, one gets a function A({¢;,r}) of complex
variables {¢}, 1}, which is in one-to-one correspondence with the normal-ordered form of the
operator A. As an example, consider the conventional Hamiltonian operator of a system with

two-body interaction,

N 1
H = Z hkla,tal + 5 Z Ukl;mnalajaman. (624)
k,l k,lmm

The form (6.24) of the Hamiltonian operator is clearly normal-ordered, so that the correspond-
ing function H ({¢}, ¥ }) reads

H6L 1) = S bt b5 S Ustonnii it (6.25)
k,l

k,l,m,n

If an operator is given in a form that is not normal ordered, one can always bring it to the

normal-ordered form by using commutation relations between aL and a;.

Assume now that we have an operator A({a}, ax}) in a normal-ordered form characterized

by the function A({¢},¥x}). Then the matrix element of A between two coherent states (¢|
and |¢) can be straightforwardly found:

(Sl A({af, ax}) ) = A({gf, du})e>n v (6.26)

To obtain Eq. (6.26), we have used Eq. (6.3) for the right-action of a; and Eq. (6.8) for the
left-action of aL.

6.1.2 Quantum partition function as a coherent-state functional in-
tegral

The goal of this and the next subsections is to work out a presentation of Green’s functions
and of the partition function in terms of coherent-state functional integrals. This can be
done in the real-time formalism (appropriate at zero temperature) or within the Matsubara
(imaginary-time) formalism appropriate for temperature 7' # 0. The presentation below is in
the imaginary time. The zero-temperature, real-time formulation can be obtained by setting
B — oo and performing the so-called Wick rotation from imaginary to real times: 7 — it with
real ¢.
We begin by developing a functional-integral representation of the partition function

7 = Tre PH-#N) (6.27)
Using Eq. (6.22), we get

2= [ Do) Bwsion(ole 1)), (6:29
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We divide the “time” interval § into a large number M of small intervals f/M = A7 and
write

G_ﬁ(H_MN) — [G—AT(FI—MN)}M = g—AT(H—[AN)e—AT(H—uN) o e—AT(fAI—u]\A/')/ ) (629)

Vv
M factors

In the end of the calculation we will take the continuum limit M — oco. Since A7 is small, we
expand each of the exponential factors in Eq. (6.29),

e ATH-N) — 1 _ A7(H — uN) + O((AT)?). (6.30)

The terms O((A7)?) will vanish in the continuum limit.

As a next step, we insert the resolution of unity in terms of coherent states, Eq. (6.16),
between every two consecutive exponential factors in Eq. (6.29). We write the Hamiltonian in
the normal-ordered form H({a},a}) characterized by the function H({¢f,}). The normal-
ordered form of N is N = 3, alay, so that N({?Z,l/}k}) = > . Oxtby. After the insertion of
resolutions of identity, each of the factors 1 — A7(H — uN) will be surrounded by two coherent
states corresponding to the consecutive time steps, thus forming the matrix element

(fnll = AT(H — puN)|$p1) = exp [Z ¢z,n¢k,n1] {1 — At
k

H($h ¢n1) =11y ¢z,n¢k,n1] }
k

~ exp {Z ¢Z,n¢k,nfl - AT
k

H(¢;kw ¢n71) — U Z ¢Z7n¢k,n1] } .
k
(6.31)

Here ¢, = {¢nx} is the coherent state from the resolution of identity on time step n =
1,2,...,M — 1. Further, ¢g = ¢y is the coherent state (corresponding to the time 7 = 0,
or, equivalently, 7 = ) from the trace in Eq. (6.28). The index n is thus the time index,
while the index k labels single-particle states. In the second line of Eq. (6.31), we have again
neglected corrections of the order (A7)2, which is justified by the continuum limit M — occ.
Substituting Eqs. (6.29), (6.30), and (6.31) into Eq. (6.28), we obtain

M—oo

M
Z = lim / 1D 6n)exp > [0 (bkinat — drn) + AT 1} bpin—s — AT H($5, ¢u1)] -
n=1 k.n

(6.32)
Taking the limit M — oo (i.e., A7 — 0), we rewrite Eq. (6.32) in the continuum notations
(n- AT — 1),

7= / D(¢", 6) exp{—S[6", 4]} (6.33)
$(0)=0(B)

where the integration goes over fields ¢(7) = {¢x(7)} and the functional S is given by

8
Sle*, o] = /0 dr [Z O (7)(0r — Pk (7) + H($™(7), 0(7)) | - (6.34)

The functional S has the meaning of the (imaginary-time) action. Indeed, Eq. (6.34) is
fully analogous to the formula for the action familiar from the classical mechanics, S =
[ dt (3", peGe — h), where {qx,px} are canonically conjugate coordinates and momenta and
h is the Hamiltonian. We used during the derivation the canonically conjugated operators
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az, a, which is why the corresponding fields {¢;, ¢r} (analogous to {qx, pr}) enter the expres-
sion for the action.

In particular, for the Hamiltonian (6.24) (with a conventional, two-body interaction), the
action functional S has the form

Sle™, 0] = /0 dr [Z or(T — )0 + hral (T Z Uktimn @5, (7)1 (T) 9 (7)o (7)

k: l,m,n

(6.35)
Equations (6.33) and (6.34) provide a representation of the partition function in terms
of a functional integral: the integration in (6.33) goes over fields ¢(7) = {¢x(7)}, which
are functions of time 7 and of the index k labelling single-particle states (usually the spatial
coordinate r). Let us emphasize that the fields ¢(7) over which the integral in Eq. (6.33) is
carried out are periodic in imaginary time, ¢(0) = ¢(/). This is the property of the bosonic
functional integral. If we perform the Fourier transformation from time to frequency, 7 — w,,

we will get the familiar bosonic Matsubara frequencies,

wy = 20T, nei. (6.36)

6.1.3 Green’s functions in terms of functional integrals

Now we are ready to express Green’s functions as functional integrals. Consider the two-point
Matsubara Green’s function, Eq. (4.15),

D (b, T3k, 72) = —(Tr agy mn(71) Ty iu (72))
1 BH—pN
= _ETr[ Takl MH(Tl)ak2 MH(TQ) , (6-37)
where
ak,MH(T> — e(lilf,uN)Tak ef(HfuN)r (638)
ak,MH(T) _ e(H—MN)T a;rc e—(ﬁ—uN)T (639)

are the Matsubara-Heisenberg operators. As in the preceding calculation of the partition
function, we keep the index k for labelling single-particle states. In the common representation
of field operators, this will be the spatial coordinate r.

Consider the case 11 > 7. Substituting (6.38) and (6.39) into Eq. (6.37), we get

2

1 o o S
Gry(ky, 115 ko, ) = _ETI [6—(6—T1)(H—MN) g, e~ (m—m2)(H-pN) a}; e—Tz(H—MN)} ’ (6.40)

where ay, a,i are Schrodinger (time-indepedent) operators. It is instructive to rewrite this as

1 B . . T R R
gM(kl,Tl; kQ,Tg) = —ETI" {exp (—/ dT(H — HN)) a](;;l) exp (—/ dT(H — MN))
T1

T2
X af™ exp (— / dT(H—MN)H . (6.41)
0

The upper labels (1) and (73) of the creation and annihilation operators here are introduced
only for convenience — these are the time-independent Schrodinger operators. The role of the
labels is just to indicate at what position these operators stay in the time-ordered structure
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that is transparent in Eq. (6.41): the evolution operator from time 0 till 75, then operator aLQ,

then evolution from 7 till 7y, then ag,, and finally evolution from 7 till j.

We perform now the same procedure as in course of the derivation of the functional-integral
representation of the partition function in Sec. 6.1.2, which has allowed us to bring Eq. (6.27)
into the form (6.33), (6.34). The only difference is that we have now in addition operators
a,(;ll) and aL(QTQ) acting at the corresponding time steps. When acting on coherent states, they

will produce factors ¢, (1) and ¢j, (72), respectively. We thus obtain

Gag(hy, s by ) = — /¢ oy PO 00 () () xp{-ST0" o]} (6.42)

A
with the action given by Eq. (6.34).

Consider now the case of the opposite time order, 7 > 7. Repeating the same steps,
we come to exactly the same result, Eq. (6.42). It is a remarkable property of the functional
integral that it generates automatically time-ordered averages of the operator formalism. Thus,
Eq. (6.42) together with the action (6.34) is a functional-integral representation of the
(Matsubara) Green function.

This analysis can be straightforwardly generalized to many-point Green functions. For
example,

(Tr ary v (1) Qoo 1 (T2) e w1 (73) Ty vt (74))

= % / D(¢", ) by (T1)Pry (T2) P, (73) D3, (T2) exp{—=S5[¢", B} . (6.43)
#(0)=¢(8)

6.1.4 Perturbation theory: Gaussian integrals and Wick theorem

We show now how the perturbative expansion of the Green’s function is obtained within the
functional-integral formalism. For this purpose, we will need properties of Gaussian integrals
(in a generalized sense) — namely, multidimensional intergrals of a multidimensional Gaussian
(exponential of a quadratic form) multiplied by a polynomial. As we will see below, the Wick
theorem is in exact correspondence with properties of such integrals. We thus begin this
section by presenting key formulas for Gaussian integrals. In all of them the integration goes
over N-component vector x, either real or complex.

We consider first the case of real integration variables. Here x = (z1,...,7y) € RY and
the integration measure is d(x) = Hfil dx;. Further, Ais an N x N symmetric positive-definite
matrix, and J is an N-component vector. Then

/2
—%xTAx—i—J Tx _ (27T)N %JTA*IJ
/d(x) e = et AV e . (6.44)

Brief sketch of the proof:

e Consider first J = 0 and a diagonal matrix A. The integral is then a product of N
conventional one-dimensional Gaussian integrals and the result follows.

e Still J = 0 but now with an arbitrary real symmetric positive-definite matrix A. Such
matrix can be diagonalized by an orthogonal transformation. Peforming a rotation of
the intergartion variables by the corresponding orthogonal matrix, one can reduce the
integral to the preceding case.

e Now consider J # 0. Performing a shift of the variable x — A~'J = x/, one transforms
the integral (6.44) to the preceding case, and the result follows.
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e Finally, by virtue of analytic continuation, the result (6.44) can be extended also onto
complex symmetric matrices A whose real part is positive definite (which guarantees the
convergence)

The formula (6.44) is very useful as a generating function for integrals of polynomials with
the Gaussian weight exp( —%XTAX). Indeed, differentiating the left-hand side over J; produces
a factor x;, under the integral. Thus, taking the second derivative 9*/9.J,0.J; and then setting
J =0, we get

—%XTAX _ (27T)N/2 -1
/d(X) TpX) € = —(detA)1/2 (A )k:l . (645)

Defining averages with the Gaussian weight,

) () e 646
(- ) e A (6.46)

we therefore have
(xrwr) = (A - (6.47)

In the same way, we can calculate averages of products of a larger number of components of
x. For example,

(@jrprin) = (A7) (A i+ (A7) (A + (A7) jm (A )k
= (zjrp)(TiTm) + (Tj20) (TpTm) + (TjTm) (Trx) - (6.48)

We see that the result is the sum of the terms with all possible pairings. It is not difficult to
show (exercise) that this remains true also in a general case of an average of order 2n:

(TjTjy - Tj,,) = > (T Ty Ty Ty ) -+ ATy Ty, ) - (6.49)

all inequivalent pairings
of {jlv---jZn}

Equivalently, one can sum in Eq. (6.49) over all permutations {py,...,pe,} of {1,...,2n} and
then divide by 2"n! (a number of times each pairing combination will be encountered).

We recognize in Eq. (6.49) the statement of the Wick theorem (for real fields) that was
obtained in the preceding chapters within the operator formalism. From the point of view of
the functional-integral formalism, the Wick theorem is nothing but the property of Gaussian
integrals.

Let us discuss generalization to the case of complex integration variables. Now x =
(z1,...,2y5) € CV and the integration measure is d(x',x) = [[~,(dRez; dIm z;). Further, A
is an N x N complex positive-definite matrix, and J;, Jo are vectors from CV. The complex
analog of Eq. (6.44) reads

N
/d(xﬂx) X At Ialetxlyz (;(:,ﬂ eIt ATI (6.50)
The proof proceeds in a close analogy with that for the real case. In the simplest situation, the
matrix A is Hermitian; however, the proof can be also extended onto non-Hermitian matrices
with a positive-definite Hermitian part 1(A 4+ AY).

In full analogy with its real counterpart, Eq. (6.50) serves a generator of correlation func-
tions of components of x! and x with the Gaussian weight,

)= [d(xt,x)(...) ex4x
[d(xt,x) emxiAx 7

(6.51)
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For this purpose, one differentiates (6.50) with respect to components of sources J;' and J
and then sets J; = Jo = 0. This yields

<$Z£L’l> = (Ail)lk, (652)
and
(Tiapmzn,) = (A7)5(A™ e+ (A7) (A )y

ST ) + (TR (T ) - (6.53)

= <x]

The general formula (Wick theorem for complex fields) reads

(25,75, T gy Thy - T, = Z (x5, 0p, 05, Thy, ) - (T, Thy ) (6.54)
permutations P
where the sum goes over permutations P = {p,...,p,} of {1,...,n}.

Development of the perturbative expansion for the partition function and the Green func-
tions is now quite straightforward. Consider first the partition function Z of a system with
two-body interaction given by the functional integral (6.33) with the action (6.35). Expand-
ing in powers of the interaction U, we will obtain in each order of the perturbation theory
Gaussian integrals that can be evaluated using the formulas presented above in this section.
This will generate exactly the same diagrammatic expansion for the free energy (vacuum dia-
grams) that we obtained earlier within the operator formalism. Similarly, consider the Green
function (6.42). Again, expanding in the interaction, we will generate a perturbative series. In
each order, we will have to compute Gaussian integrals. This will reproduce the perturbative
diagrammatic expansion for the Green function that has been obtained in the framework of
the operator formalism.

In this connection, it is useful to write down a functional version of the Gaussian in-
tegrals discussed above. Consider, for example, the real case. Integration of an N-component
vector X = (x1,...,2y) € RY becomes in the continuum limit an integration over functions
x(7). Similarly, the vector J becomes a function J(7), and the matrix A becomes a kernel
A(r,7") of an integral operator (acting on functions of 7). The Gaussian-integral formula
(6.44) takes the form

/ Da(r) exp {—% / drdr'z(T) A, ™)a (') + / er(r)a:<T>]

— (det %) o exp B /drdT’J(T)A_l(T, T')J(T')} : (6.55)

Here A=!(7,7’) is the kernel of the inverse operator A~ which is defined by
/dT'A(T, AN, ) = 0(r — 7). (6.56)
Equation (6.47) for the correlation function takes the form
(x(r)a(r"))) = A7, 7). (6.57)
Equation (6.49) retains its form, with each two-point correlation function given now by

Eq. (6.57). In the context of the perturbative expansion for the partition function and Green
functions, A~!(x,2’) will be the Green function of non-interacting system.
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6.2 Fermions

The goal of this section is to generalize the above functional-integral formalism to the case of
fermions. However, one encounters an apparent difficulty related to the fact that fermionic
operators satisfy anticommutation relations, instead of commutation relations for bosons.
Indeed, to proceed in analogy with bosons, we would like to introduce coherent states |n) that
satisfy, for all fermionic annihilation operators ay, the eigenvalue condition

ar|n) = neln) - (6.58)
Since the fermionic operators satisfy the anticommutation relations,
laj,ar]l+ =0, where[A, By = AB + BA, (6.59)
we obtain, by acting with [a;, ax];+ on |n),

Nk +mkn; = 0. (6.60)

Therefore, eigenvalues 7 should also anticommute. Thus, they cannot be conventional num-
bers but should be rather “anticommuting numbers”. The required mathematical construction
is known under the name of Grassmann algebra, and 7, are termed “Grassmann vari-
ables”.

6.2.1 Grassmann algebra

A Grassmann algebra is defined by a set of generators (which we will term “Grassmann
variables”) n; with i = 1,..., N. These generators anticommute:

Nk + men; = 0. (6.61)
An immediate consequence of this is that
=0, (6.62)

In the algebra, one can add and multiply elements and also multiply them by complex num-
bers. As a consequence, any element of the Grassmann algebra is a linear combination,
with complex coefficients of the basis elements formed by all possible products of generators

LA{ned, {mensts - smmz e

N
f = Cy + Z Z le,...,jn77j177jz Ce 77jn y with Co, Cj17~--,jn c (C, (663)

n=1 j1<j2<...<jn

where the summation goes over all ordered subsets j; < jo < ... < j, of (1,2,...,N). It
is easy to see that the number of basis elements is 2V, i.e. the Grassmann algebra with N
generators has dimension 2.

One can extend notions of calculus to the case of Grassmann variables. An analytic func-
tion f(m,...,ny) is defined by a series expansion

N
FOn o) =co+ > D Gl M s With co,¢, 5, € C. (6.64)

n=1 j1<j2<...<jn

Note that the series is finite. As simple examples, for N = 1 we have

fn) =co+an, (6.65)
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for N = 2 we have

f(n1,me) = co+cxm + comp + cromn, (6.66)

and so on.

Differentiation with respect to a Grassmann variable is defined by the rule
0
— =0 6.67
This is sufficient to define the action of the derivative on any function (6.64). Note, how-
ever, that before the derivative ain can act on 7n; that enters a product of several Grassmann
J

variables, one should use anticommutation relations to place n; directly after 8%_. Example:
J

0
%Qo +eim +Fcamp ciommn) = ¢ —ciam (6.68)
2

0

%(Co +em 4 came - ciomnz) = 1+ ciane (6.69)
1

o 0
8_7718_772<CO + i + e+ cramne) = —cio (6.70)

o 0
8_7728_771<CU +eim A+ e+ cramn) = cia. (6.71)

il
k.
Integration over the Grassmann variables, is defined by the rules

[an =0, [anm-1. (6.72)

This is a formal algebraic definition; one should not think about an integral in the usual sense
(as a limit of the Riemann sum) in this context. For example, the question of integration
domain makes no sense for the Grassmann integration. A consecutive application of these
rules allows one to evaluate an integral, also over several Grassmann variables, of any function
of these variables. Remarkably, the Grassmann integration is essentially equivalent to the
Grassmann differentiation. For example,

Note that the operators and 8%, anticommute.

/dnz(CO +cim 4 camp + cramne) = ¢ — ciam (6.73)
/dm(c() +eim +camp + cramne) = ¢t cian (6.74)
/dnldUZ(Co +cm +camp + cramie) = —Cia (6.75)
/dﬂ2d771(00 + i+ e+ cramne) = cig. (6.76)

Note that an integral of derivative (over the same Grassmann variable) is zero:

/dm a%f(m, ) =0. (6.77)

This is in analogy with the conventional calculus: f_oooo dzx 0.g(x,...) = 0 for any function g
vanishing at x — +o0.
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6.2.2 Grassmann Gaussian Integrals

We start from the simplest Grassmann Gaussian integral, which requires two Grassmann
variables that we will denote  and n*. Note that n and n* should be considered as two
independent Grassmann variables.

/dn*dn e = g, (6.78)

where a is an arbitrary complex number. This result is immediately obtained by expanding the
exponential, e~ = 1 — n*an, and using the integration rules. Now we generalize (6.78) to a
multidimensional case. Consider two N-component vectors of Grassmann variables n* = {n;}
and n = {n;}, with j = 1,2,..., N. Then for any complex matrix A,

/ d(n*,m)e™ " A" =det A, (6.79)

where d(n*,n) = vazl dn;dn;. To prove (6.79), one can expand the exponential in the power
series. According to the rules of the Grassmann integration, only the term of the highest,
N-th, order in this expansion will contribute to the integral. This will give a homogeneous
polynomial of N-th order with respect to matrix elements of A. It is not difficult to show that
this polynomial is det A.

Now we include in the exponential, in addition to the quadratic form, terms that are linear
with respect to n and n*:

/ d(n,m)e T ATHETIENTE — qop A £TATE (6.80)

where £ and £* are N-component vectors of Grassmann variables. The formula (6.80) is a direct
analog of Eq. (6.50) for Gaussian integral over conventional complex variables. A remarkable
similarity of the two formulas is evident. The only essential difference is that (detA)™! in
the conventional case becomes (detA) in the Grassmann case. Like in the case of ordinary
Gaussian integral, one can prove Eq. (6.80) by performing a shift of variables that reduces it to
the integral (6.79). Indeed, a shift of the variable is a legitimate operation also for Grassmann
integrals, by virtue of the identity

/ dnf(n) = / dnf(n+ ). (6.81)

We can obtain integrals of products of Grassmann variables with the Gaussian weight
by expanding (or, equivalently, differentiating) Eq. (6.80) with respect to components of the
sources ¢ and £*. For example, we get in this way

/ d(n",m)mymie™™ 47 = detA (A7), (6.82)
Defining
dn*,n) (...)e " An
(=LA )er T (6.8
Jd(nr,m) e A
we obtain
(njme) = (A7) (6.84)
In the same way, one gets higher-order correlation functions
i - Ml - M) = D sen(P) (A )ik, (A Dk, - (A gk

permutations P
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= Y sen(P) (ygmi, ) mpmi,) - (i, ) (6.85)

permutations P

where the sum goes over permutations P = {py,...,p,} of {1,...,n}, and sgn(P) is the sign
of the permutation.

Equations (6.84) and (6.85) are direct counterparts of the corresponding formulas for or-
dinary (“bosonic”) Gaussian integrals, Eqs. (6.52) and (6.54). Equation (6.85) is at the heart
of the Wick theorem for fermionic systems. The essential difference with respect to the con-
ventional (“bosonic”) version is the emergence of the factor sgn(P).

6.2.3 Fermion coherent states

Consider a fermionic many-body system, with creation and annihilation operators a,t, ay, sat-
isfying the anticommutation relations. We introduce Grassmann generators (“anticommuting
variables”) n;. In order to proceed, we allow for a multiplication of states from the fermionic

Fock space with elements of the Grassmann algebra. We further require that the Grassmann

generators 7); anticommute with operators aL, ag:

[y arle =0, [nj,af)s =0. (6.86)

The fermionic coherent states are now defined by a formula analogous to that in the bosonic

case:
= exp [ anak] |0) . (6.87)
Expanding the exponential, we can write Eq. (6.87) in the form
) = [Tt = meai)[0) (6.88)
k

It is now straightforward to check that the state |n) satisfies the eigenvalue conditions

ag|n) = mln) (6.89)

in full analogy with the bosonic case. The adjoint of the coherent state (“bra” state) reads

(n| = (0] exp [—ak Z nk] (0] exp [Z nkak] : (6.90)

As has been already emphasized before, one should view 7, and n; as independent Grassmann
variables. As in the bosonic case, adjoint coherent states are left eigenstates of creation
operators:

(nlaf = (nln}. (6.91)

Analogy with the bosonic case extends to further properties of the coherent states. We
summarize them below (the proof is left as an exercise):
e Right action of az and left action of ay:

0 0
al|n) = —a—mln% (nlay = n: (nl . (6.92)
k

e Overlap (here 7 and v} are two sets of Grassmann variables):

> %Ukl : (6.93)

131

(1n) = exp




e Completeness:

/ D(", n) exp [—Zn}ink] m{nl =1|  with D(y",n) Hdmdm (6.94)
k

e Trace of an operator in terms of coherent-state matrix elements. Consider an arbitrary
operator A acting in the Fock space. Using Eq. (6.94), we can express its trace as

TrA = / Dy, m) & Se i (—pl Aly) (6.95)

Note an important difference with respect to the bosonic case: minus sign in the bra-state
(—n|. It emerges because of anticommutation relations between Grassmann variables, which
implies that Tr A|n)(n| = (—n|Aln).

e Matrix elements of normal-ordered operators between coherent states. Assume that
we have an operator A({a},ax}) in a normal-ordered form. We associate with it a function
A({et,m}) of Grassmann variables by a substitution a) — 1% and a; — 7. Then the matrix
element of A between two coherent states (4| and |n) has a simple form:

(WIA({a}, ar})ln) = AQE, i} e Vi (6.96)

6.2.4 Fermionic partition function and Green’s functions as func-
tional integrals

We have now all prerequisites to derive the coherent-state functional-integral representation of
the partition function and the Green’s functions in the fermionic case. Since all key formulas
of the coherent-state formalism for fermions—see Eqgs. (6.94), (6.22), and (6.96)—have nearly
the same form as for bosons, the derivation proceeds in the same way as in Sec. 6.1.2, 6.1.3.
The partition function o
Z = Tre AH-1N) (6.97)

can be presented, by using Eq. (6.95), in terms of an integral over fermionic coherent states
(as before, k is the index labelling single-particle states):

- / D, ) e Tubiv (gl By (6.98)

Dividing the “time” interval 5 in a large number M of small intervals and inserting the reso-
lution of unity in terms of fermionic coherent states, Eq. (6.94), between each two consecutive
intervals [i.e., at times 7 = (n/M)S with n =1,2,..., M — 1], we get

4= /¢(B)—¢(0) D", ) exp{=5[y", ¥}, (6.99)
Y*(B)=—1"(0)

where the integration goes over Grassmann fields ¢ (7) = {¢(7)} and the action functional S
has the same form as for bosons:

Sl ] = /OdT

An essential difference in comparison with the bosonic case is the antiperiodic boundary
conditions. They originate from the form of the matrix element in the r.h.s. of Eq. (6.98) as
follows. In the original discrete-time form, we define

Yo=v¢, Yy=1¢" (6.101)

Zw k(T) + H(@"(7),4(7)) | - (6.100)
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and

Yu=—v, Yy =-v7, (6.102)
where 1, ¢* are from Eq. (6.98). Then the matrix element in the r.h.s. of Eq. (6.98) becomes
(hpr]eBH=1N) |4po) | with antiperiodic conditions

Yy =—to, Yy =Yg, (6.103)

and the exponential factor becomes e~ 2k Yho¥r0 = ¢~ 2k Via Ve, Passing to the continuum
limit, we get Eq. (6.99).

Extending the calculation to the Matsubara Green function of the many-body fermionic
system,

G (k1,13 ke, 1) = —(Tr gy v (T1)Ghy v (72))
1 N ~
= —ZTI' [eiﬁ(HiuN),ﬁ- &kl’MH(Tl)ak%MH(TQ) s (6104)
where
apvu(T) = e(H=nN)T a, e_(ﬁ_“N)T, (6.105)
apvu(T) = e(H=nN)T az e_(ﬁ_“N)T, (6.106)
one finds
1

Gri(ki, 715 ko, 72) =  Z ] v®)=—u(0) P
v (B)==9"(0)

(%, 0) U, (1)U, (12) exp{=S[¥", ¥}, (6.107)

with the action given by Eq. (6.100). The result can be straightforwardly extended to higher-
order correlation functions, e.g.,

(T ey vr (T1) Qe vim (T2) e i1 (73) Gty vimt (71))

1

=5 e P () () (r0) exp{ =1, 01} . (6:108)

Y (B)=—v*(0)
We have thus obtained representations of the partition function and of Green’s functions of
a many-body fermionic system in terms of coherent state path integrals. They are very much
similar to those for bosons. One of essential differences is the antiperiodic boundary conditions
in 7 for fermions. Upon Fourier transformation, 7 — w,,, they imply that the corresponding
frequencies are
wp, = (2n+ 1)nT, nez, (6.109)

which are familiar fermionic Matsubara frequencies. In the same way as for bosons, the
perturbative expansion is obtained by expanding e~ in a power series with respect to the
interaction-induced part of the action and then evaluating the resulting Gaussian integrals
over Grassmann variables.

6.3 Superconductivity via functional integral

In this Section, we demonstrate the power of the functional-integral formalism by applying it to
the problem of superconductivity. We show how the mean field solution arises as a saddle point
of the functional integral and how the effective low-energy long-wave-length theory (Ginzburg-
Landau theory) is derived from the microscopic theory.

133



6.3.1 Formulation in terms of the functional integral

We begin with the Hamiltonian of a Fermi system with weak attraction, Eq. (5.67),

~ ~

= [ {itte) (~ 3 = 1) dolo) = 900 0010 | (6.110

Here g > 0 is the strength of attraction (¢ = —A in previous notations). Clearly, the operator
(6.110) has a normal-ordered form. Using results of Sec. 6.2.4, we write the partition function
of the theory in terms of a functional integral,

4= /¢(5)=—w D", ¢) exp{=S[¥", ¢}, (6.111)
(B)=—1
where the action S is given by

sto.e] = [ar [ [uptem) (0 o =) e 7) = b, )

(6.112)

It should be emphasized that, whereas ¥, ¢! in Eq. (6.110) are operators, ¥, 1* in Eq. (6.112)
are Grassmann variables. The boundary conditions in 7 are antiperiodic for ¥, 1*, as always for
Grassmann fields representing fermions. We will not write explicitly the boundary conditions
in formulas below. All integrations [ dr below are understood as foﬁ dr.

Next we perform the Hubbard-Stratonovich transformation in the Cooper channel.
The idea of this transformation is to decouple the quartic term in Eq. (6.112) by means
of introducing a new field that will eventually serve the role of the order parameter in the
symmetry-broken phase. Such transformations are very useful in various interacting fermionic
problems; as they allow one to reformulate the theory on terms of appropriate degrees of free-
dom, to explore the symmetry breaking, and to derive an effective low-energy, long-distance
theory of the problem. In the present case, the appropriate Hubbard-Stratonovich transfor-
mation reads:

exp [g / deBTQﬂ;(I‘,T)wi(I‘,T)wi(I‘,T)wT(I‘,T):| -

N/ D(A*, A)exp {/drd3r [—éA*(r, T)A(r, 7) + A%(r, 7)) (v, 7)Yy (v, 7) + 3 (r, 7)Y (v, ) A(r, 7‘):| } .

(6.113)
For brevity, it is convenient to omit the (r,7) arguments in such formulas; Eq. (6.113) then
takes the form
exp {g / drd®r w;quwm} =N / D(A*, A) exp{ / drd®r [—;A*A—#A*win—kw}kwIA] }
(6.114)

The integration in Eq. (6.114) goes over a bosonic (i.e., commuting) complex field A(r, 7).
Equation (6.114) follows from general formulas for Gaussian integrals. Indeed, the r.h.s. of
Eq. (6.114) is the continuum version of the Gaussian integral (6.50). The normalization factor
N is a constant originating from the factor [det(A/m)]~! in (6.50); it is a constant (does not
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depend on any of the fields), and we discard it below. (One can also say that this constant is
absorbed in the integration measure D(A*, A).)

It is worth pointing out that one can perform the Hubbard-Stratonovich decoupling of
the quartic term in the Lh.s. of Eq. (6.114) also in different ways. We carry out here a
decoupling in the Cooper channel, since we develop a theory of superconductivity and the
chosen decoupling field A corresponds to the expected order parameter.

Substituting the Hubbard-Stratonovich decoupling formula (6.114), into Eq. (6.111) with
the action (6.112), we obtain the partition function Z as an integral over Grassmann fields
Y, 1* and a complex bosonic field A, A*:

z = [pwv) [ D a)exp (-5pp.0 A8 (6.115)

* * d * V2 ]' * * * %
Sk, ¥, 8,47 = /drdr{wa(aT—%—u>wg+§AA—Awm—w@

(6.116)

At this point, it is convenient to switch to matrix notation introduced in Sec. 5.5.3 by defining
the Nambu spinor

U= (%) L= (¢ (6.117)
U]

Then the partition function takes the form

7Z = /D(@,\IJ)/D(A*,A) exp {—S[¥, ¥, A A"}, (6.118)
S[U, U, A A*] = /dedT FA*A + U0, + ha)¥| , (6.119)
g
h e A (6.120)
A= ) . :
—A T4y

The structure of the matrix ha is that of the Bogoliubov-de Gennes Hamiltonian, and the
inverse matrix (—9, — ha)~! has a structure of the Gorkov-Nambu matrix Green function.
We emphasize, however, that the pairing A here is a fluctuating field: it is a function of the
imaginary time 7 and the coordinate r. In the functional integral (6.118), we integrate over
all configurations A(7,r) (with periodic boundary conditions in 7, since this field is bosonic).
Since the action (6.119) is quadratic with respect to the fermionic (Grassmann) fields ¥, ¥,
the integration over them is of Gaussian form and can be now performed exactly, yielding

1
Z = /D(A*,A) exp [—5 /dedr A*A] det(—0; — ha) . (6.121)
Using the identity
IndetA =trln A, (6.122)
we rewrite Eq. (6.121) in the form
7 - /D(A*,A) exp {—S[A, A4} (6.123)
with the action .
SIA AT = ;/dedr A*A —trin(—0, — ha) . (6.124)
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We have therefore reformulated the original theory of interacting fermions, which was defined
by the Hamiltonian (6.110), or, equivalently, by the functional integral over Grassmann fields
(6.111), as a theory of complex bosonic field A, A* defined by the functional integral with the
action (6.112). Up to this point, all transformations were exact. To proceed further, we will
have to make approximations.

6.3.2 Stationary point of the functional integral: Mean-field ap-
proximation

We can expect that the dominant contribution to the functional integral (6.123) will be given
by a vicinity of the minima of the action (6.124). To find them, we vary Eq. (6.124) with
respect to A(r, 7).

Mathematical Intermezzo. Let z = x + iy € C be a complex variable (with real part z and
imaginary part y) and z* = x — iy its complex conjugate. Then one can define derivatives
with respect to z and 2*:

9, = %(az —i0,), = 0. = %(&z +id,) . (6.125)

One has
8.2=1, 8.2°=0, 9.z=0, 9.2"=1. (6.126)

One can therefore operates with 0, and 0, when acting on analytic functions f(z, z%) essen-
tially by viewing z and z* as independent variables. In particular, in our case, we have as a
result of variation of the first term in Eq. (6.124),

51 i oaen 1

Mathematical Intermezzo. Imagine that we have a function f(A) of a matrix A. Further,
let matrix A be dependent on some parameter z. Then

d.tr f(A) = tr[f'(A)d.A] (6.128)

where f'(z) is the derivative of f(z). Thus, under the trace, functions of matrices can be

differentiated over a parameter as conventional functions.
Proof: Consider first f(z) = 2™. Then

Outr A" =) " tr [AH(0.A) A" = ntr [0, 4], (6.129)
k=0

where we used tr BC' = tr C'B. This proves Eq. (6.128) for the case f(z) = 2. Generalization
to any analytic function f(z) is obtained by expanding it in Taylor series. Thus, variation of
the second term in Eq. (6.124) yields

J 5
l - - - — — 71— — —_ ey . N
5A(I‘, T) tr n( 87- hA) tr |:< ar hA) (SA(I‘, 7_) ( a,— hA) GA,21(r, T;T, 7—) )
(6.130)
where G is the matrix Green function,
Ga=(=0-—ha)™, (6.131)
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satisfying, with explicitly shown coordinate dependence,
(—=0; — ha)Ga(r, 730", 7") = 6(r —1")o(r — 7/)1. (6.132)

The subscript “21” in Eq. (6.130) denote the corresponding matrix element of the 2 x 2 Green
function in the Nambu space.
Combining everything, we thus obtain the stationary-point equation

1
—A*(r,7) = Gao (v, 751, 7) . (6.133)
g
The stationary solution is expected to be homogeneous in space and time, A(r,7) = A,.
The Green function Ga in such a homogeneous configuration can be straightforwardly found
by the Fourier transformation:

iy — & Ay \ P2
n — Sp 0
f— . = - -1 4
GA(CWHP) ( AS an_i_gp) 3 é.p m M, (6 3 )
so that the 21 matrix element of G is
JAVS
G a1 (wn, p) = 0 . 6.135
A21(Wn, p) w2 + gg T A2 ( )
The stationary point equation thus reduces to
6.136
By = Vzw2+£z+mo|2 ( )

Here it is important to recall that trln(—0d,; —ha) in the action (6.124) had its origin in integra-
tion over Grassmann fields 1*, 1) with antiperiodic boundary conditions. For the same reason,
the Green function Gz satisfies antiperiodic boundary conditions in time 7. Correspondingly,
the Matsubara energies w,, are of fermionic type, w, = (2n 4+ 1)7T. We perform summation

over Matsubara frequencies [cf. Eq. (5.41)]:
1 €2 + ’A0|2
AL (6.137)

1
T = tanh
Zn:wz—{—fg—i-\Ao\Q 9 /fg+|Ao|2 2T

Replacing, as usual, V1 Zp — v [ d§,, where v is the density of states at the Fermi level, we
thus cast Eq. (6.136) into the form

wp tanh (/&2 + |Ag|2/2T
lzgv/ d¢, an< p 10 ) (6.138)

~wp 2,/& + A0l

Here, we have restored the ultraviolet cutoff wp determined by the interval of &, for which the
attraction holds.

Equation (6.138) is the BCS gap equation determining the dependence of the gap |Ag|
on temperature T. At zero temperature, tanh(e,/T") — sgn(e), and Eq. (6.138) reduces to
Eq. (5.58). With increasing temperature, the gap |Ag| decreases, turning to zero at T = T..
The critical temperature is thus determined by the equation

1=gv / d{itanh( 3 ) , (6.139)

—wp
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which is exactly the equation derived in Sec. 5.3 for the temperature at which the Cooper
instability of a normal system develops. The result for T, is given by Eq. (5.43), which we
repeat here:
-
T. = Q%wD exp (—ﬁ) , (6.140)
where v ~ 0.577 is the Euler-Mascheroni constant.

What we have obtained is the mean-field solution of the original theory (6.110). We thus
see that the saddle-point approximation to the functional integral is equivalent to the mean-
field approximation. The exact functional-integral formulation of the theory, Eqgs. (6.123) and
(6.124), allows one to make important further progress by including fluctuations of A(r, 1), as
will be discussed below.

It is important to emphasize that Eq. (6.136) fixes the absolute value of Ag but not its
phase. Indeed, if Ay is a solution of this equation, then Aye’® is also a solution for any
¢ € R. Thus, the action S[A, A*], Eq, (6.124) has a continuous set of minima, A = Age'®.
This is a consequence of the fact that the action is invariant with respect to the global gauge
transformations,

S[A, A*] = S[Ae'® A*e 0], (6.141)

Presence of many degenerate minima (each of them not invariant with respect to the trans-
formation A — €0 A) of the action that is invariant withe respect to this transformation is a
manifestation of the spontaneous symmetry breaking that occurs when the minimum of
the action it at Ay # 0, i.e. in the superconducting phase T' < T..

This figure illustrates qualitatively the action S (verti-
cal axis) as a function of complex Ay in the symmetry-
broken phase T < T,..  The horizontal plane is
(Re AQ, Im Ao)

6.3.3 Ginzburg-Landau theory

Consider the system in the superconducting phase close to the critical temperature: 7" < T,
and T, — T < T,. Then the order parameter A is small compared to T. Using this fact, one
can expand the action S[A, A*], Eq, (6.124), in A (and its spatial and temporal derivatives).
The first term of the action is a simple quadratic function, so the only non-trivial part of this
procedure is the expansion of the second term, —trIn(—0, — ha).

Mathematical Intermezzo. For matrices (or operators) A, B one has

tr In(AB) =tr In A+ tr In B, (6.142)
tr In(14 A) = i ED" (6.143)
2.y : :

Equation (6.142) follows from d(i:t(le) = detA detB. Equation (6.143) is immediately ob-
tained by expanding the In(1 4+ A) in a power series.
Using these formulas, we get

trin(—d; — ha) = trin(—=d; —hg+A) = trln {(—8T — hy) [1 + (=0, — lAzo)_lA] }
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= trinGyt— Z —tr[(G A)?], (6.144)
where hats emphasize that we deal with matrices in the Nambu space, we have defined
. 0 A A . .
A= (A* 0) : ho = hals_y Go=Gal, (6.145)

and G = (—=0; — ha)~! is the matrix Green function that was defined in Eq. (6.131). While
expanding the logarithm in the last expression in Eq. (6.144), we have taken into account that
only terms of even order in A contribute in view of the symmetry of the action.

Equation (6.144) yields the desired expansion of trln(—8, — ha) in powers of A. The term
of zeroth order in A [the first term in Eq. (6.144)] is just a constant and we discard it. Let us
consider the term of second order in A. It has the form

1 A A
—§tf[(G0A)2] = /d71d37’1d7'2d37’2G0,11<7'271'2;7'17rl)A(ﬁ,1'1)G0,22(7'1,I'1;7'271‘2)A*(7'2,I'2)

T
T Z Go,11(€n, P)A(Win, ) Go22(€n — Winy P — Q) A" (—wim, —q) ,

€n,Wm,P,q

(6.146)

where the summation goes over fermionic Matsubara frequencies €, and bosonic Matsubara
frequencies w,,. The normal-state matrix Green function GGy has the structure

A _ (Golen, p) 0 =
Go(en,p)—< 0 p _GO(_%_p))—< o . ) (6.147)

i€n +£7p

where Go(e,,p) is the conventional free-fermion Green function. The 22 element of (6.147)
is the hole Green function. Substituting (6.147) into (6.146) and using A*(—w.,, —q) =
[A(wm, q)]*, we get

1 T

—5ul(GoA)T] = v ;pqeo<en,p>Go<—en+wm,—p+q>|A<wm,q>F
= > X (W DI AW, @) (6.148)
Wm,q

where

T
X&O)(wm7 q) = v Z G0<€n> p)GO(_Gn + Wm, —P + q)
€n,P
T 1
14 ; (ien — gp)(_kn + Wy, — §7p+q)

(6.149)

is the Cooper-channel susceptibility of the normal state that was introduced in Sec. 5.3, see the
formula (5.40) for Y\ (w,) at g = 0. Combining Eq. (6.148) with the first term in Eq. (6.124),
we obtain the quadratic part of the action S[A, A*]:

S AT = 3D |5 -0 )| 18 ) (6.150)

wWm,q
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Expanding [¢g~ xg )(wm, q)] in Eq. (6.150) with respect to w,, and q , one obtains an expan-

sion in temporal and spatial derivatives. To get the quadratic-in-A term without derivatives,
we should evaluate [g~! — Xﬁo)(o, 0)] According to Eq. (5.42),

X9(0,0) = TZ /d§2+§2: /df—gtanh<€>zyln<?%>, (6.151)

—wp

where v ~ 0.577 is the Euler-Mascheroni constant. Using also the formula for the critical
temperature, Eq. (5.43),

2e7 1
T. = iwD exp (——) (6.152)
™ gv
we obtain . T T
— O =vin— 1
On the last step, we have expanded in a small parameter (T —T.)/T.. Thus, we find
SAIA A*] = /de?’r [a(D)|AP+..] , (6.154)
where "
a(T) =v—=5. (6.155)

The coefficient a(7T") changes sign at T' = T,, becoming negative at 7" < T, which signifies
instability of the normal state.

To ensure convergence of the integral at T" < T, one has to include the next-order term
S@W. Let us evaluate it. In the calculation of this term, derivatives can be neglected, as
the corresponding contribution will be small compared to the gradient contribution to S
considered below. We then have, according to Egs. ( 6.144) and (6.147),

1o s T
SWIA, A = Ztr[(Go A ~ 7 > Gilen, P)Gi(—€n, —p) /degr A", (6.156)
€n,P

The sum and integral are easily calculated

T T
VZGg(G"’p)Gg(_Q“ —p) = Z (62 +§2 - ’/TZ/ 62 +§2

€n,P

T 1 - 1 7 v
=1y Z oF = T o i~ 5 e (6.157)

Thus, we obtain the quartic term in the action
SIA, A = /degr [a(T)AR +0lAl +..] (6.158)

where

7 v
b= —((3)——. 6.159
SO (6.159)
The coefficient b is positive and ensures convergence.
Let us return to the quadratic part of the action S [A, A*], Eq. (6.150). Expanding

g7t — X((;O) (wWm,q)] in q, we will find terms with spatial gradients in the action. From symmetry
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considerations, it is clear that the term linear in q vanishes, so that one has to expand to the
second order in q. As we have already discussed earlier in context of similar calculations of
the polarization operator, it is sufficient, in the leading order, to keep the linear-in-¢ term in
X—p+q it the denominator of Eq. (6.149):
2401

{-ptq 2 Ep — m (6.160)
Expanding after this up to the second order in q, it is not dfficult to estimate the resulting
sum over the Matsubara frequencies and momenta p. Two factors p/m under sum yield ~ v%,
and two additional factors (i€, — &_p) in the denominator yield ~ 1/7?%. We thus have

x(0,q) = xV(0,0) — Kq?, (6.161)
where )
v

K =cxv (%) , (6.162)

and cg is a numerical coefficient. Accurate calculation of this coefficient yields

7¢(3)
= . 1

ok = o (6169

Including this term, we get the Ginzburg-Landau action in the conventional form
S[A, A*] = /de?’T [a(T)|AP” + b|A|* + K|0: AP +..] (6.164)

We have thus derived the Ginzburg-Landau action from the microscopic Hamiltonian by
means of the functional integral technique. One can now apply the standard machinery (as
was discussed in the Theory F: Statistical Physics course) to analyze properties of the system
near the phase transition.

6.3.4 Outlook

Let us also list some further extensions, without going into details:

e Extension of the expansion, to include also terms with temporal derivatives: Time-
dependent Ginzburg-Landau formalism

e Extension to spatially non-uniform problems

e Stationary-point approximation to the Ginzburg-Landau action, yielding equations for
the time and spatial variation of the order parameter

e Charged particles: Including coupling to the electromagnetric field (by means of minimal
coupling that follows from gauge invariance); Anderson-Higgs mechanism of generation
of mass of the photon.

e Other types of interaction in the microscopic Hamiltonian
e ...

Finally, it should be emphasized that the program presented above for s-wave supercon-
ductivity (functional integral formalism, Hubbard-Stratonovich transformation, derivation of
effective action, spontaneous symmetry breaking, expansion around mean-field solution, ...)
is very general. It applies, with suitable modifications, to a great variety of problems, in-
cluding superconductivity with anisotropic types of pairing (d-wave, p-wave, ... ), magnetism,
disordered systems, etc.
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Chapter 7

Interacting Fermions in 1D:

Bosonization and Luttinger Liquids

In d > 1 spatial dimensions, a fermionic system with a not too strong repulsive interaction
forms a Fermi liquid. An attractive interaction in d > 1 dimensions leads to spontaneous
symmetry breaking and superconducting order. As we discuss in this chapter, in one dimension
(1D) any interaction, either repulsive or attractive, destroys the Fermi liquid — due to a very
different mechanism. The resulting state is known as Luttinger liquid. In fact, Luttinger
liquids are ubiquitous in the physics of interacting 1D systems: in particular, they also emerge

in the cases of interacting 1D bosons and spin chains.

7.1 Breakdown of Fermi liquid state in 1D

Consider first free fermions in 1D. The special feature of one dimension is that the Fermi
surface consists of only two points: & = kp, —krp. We will be interested in the low-energy
excitations, as only they are relevant for sufficiently low temperatures, 7' < Er. Thus, only
momenta k in the vicinity of +kr will be important. In view of this, we can linearize the
dispersion relation in the vicinity of each of the Fermi points:

(e,

k=5~ — M

\/

—]\‘,F‘ k?F k

particle spectrum

—kp

kr

k

linearized “Tomonaga model”

k ~ kF
ko~ —kp (7.1)
A
e(k)
Er
> —kp kr >

Luttinger model

We thus have two branches of particles: right-movers that have a constant velocity vg
and left-movers with a constant velocity —vp. We include all states with energies down
to —oo in both branches. While not affecting the physics at sufficiently low temperatures
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T < Er, this will make the interacting model analytically solvable. The resulting model is
called Luttinger model.
The kinetic term in the Hamiltonian now has the following form:

Hy=vp Z [(k - kF)aivkaJﬁk + (—k — kp)aT_yka,,k , (7.2)
k

where “+”7 stands for the right-movers and “-” for the left-movers. At this stage, we discard
the spin degree of freedom. (One can think about spin-polarized fermions.) We will first
develop the theory of spinless Luttinger liquid, and include spin at a later stage.

Let us turn now to the interaction. Assume a momentum-dependent interaction V' (gq):

< <
< <

V(q)

< <
< <

We can classify vertices connecting the interaction line with tho fermion lines according to
the branches to which the fermion belongs before and after the scattering event:

(++) (--) (+-) (-

Kook K-k, ks k. koo,

For (++) and (——) vertices, the transferred momentum is small, ¢ = k; — ky < kp. In
view of this, we approximate the corresponding interaction V' (k; — ko) by V(0):

Viki — k) =V(0)=g  for (++), (——). (7.3)

On the other hand, For (+—) and (—+) vertices, the transferred momentum is |¢| = |k; — k2| =
2kp. If we assume that the interaction range is sufficiently large, then V(2kr) is small, and
we can neglect it:

V(ky — ko) =~ V(2kp) — 0  for (+—), (—+). (7.4)

(We will return to the effect of 2kp processes below.) We are then left with the following
interaction diagrams that all correspond to forward scattering: every fermion remains on the
same branch where it was before the collision:

<

< <
< <

+) +) ) ) () ()

A
A

) . *) O () ©) ©)

< <
<« <« <

A

The corresponding interaction part of the Hamiltonian reads:

Hiw = 52 > [0a(@)o-a(=0) + 2a(@)2a(~4)] . (7.5)

q a=%
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where p,(q) are the density operators
Qa(Q) = Z a;]prqaa,k . (76)
k

One can also consider a model with different coupling constants for the two terms in Eq. (7.5).
Traditional notations are gy for the coupling in the first term (scattering of right-movers on
left-movers) and g4 for the coupling in the second term (scattering between particles within
the same chiral branch). However, this does not bring any new physics. We will thus set
92 =94 =49

Let us now briefly return to the processes with ~ 2k momentum transfer (backscattering)
that have been neglected above. It is clear that, in view of the momentum conservation, the
corresponding scattering process may only be of the form shown on the left figure below:

< <
<
<« < <

O ) (+) *)

) . 0 O . ()

<
<« <«

However, in a spinless situation, it is the same process as shown in the right figure — which
corresponds to the forward scattering. Including the backscattering process thus would not
produce any new term in the Hamiltonian (7.5); it would only correct the coupling, V(0) —
V(0) — V(2kp), which does not play any essential role. On the other hand, in the presence of
spin, the situation is different: there is a back-scattering (2kr) process which is distinct from
forward-scattering processes:

<

518 "4

(DY Lo

The corresponding coupling is traditionally denoted g;. In the spinful case, in the presence of
such g; term, the model is not exactly solvable anymore. One first solves the model at g, = 0
and then analyzes the effect of g; by using renormalization-group framework (to be discussed
in the end of this chapter).

We return to the spinless case. The Hamiltonian of the Luttinger model (without

spin)

H - HO -+ Hint (77)

is given by the sum of Eqgs. (7.2) and (7.5). To demonstrate the breakdown of the Fermi-
liquid theory, let us try to calculate the corresponding residue Z by perturbation theory with
respect to Hi,. We remind that in the Fermi-liquid state, the Green function has the form
(see Sec. 3.11)

Z

G ~
(=) e—¢e,+il(e,p)’

(7.8)
where €, = v}.(p — pr) and signI'(¢, p) = signe. The quasiparticle residue Z is given by
1

11— %ReZ(s,p) N

e=ep

(7.9)

It determines the discontinuity of the occupation number at the Fermi momentum:
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Pp P>
In the Fermi liquid 0 < Z < 1. The singularity at the Fermi energy determines all key
properties of the Fermi liquid. In other words, the Fermi liquid behavior is crucially based on
Z > 0, which means that there are are well defined fermionic quasiparticles analogous to the
particles in a non-interacting system.

To calculate perturbatively Z, we should first calculate the self-energy Y. Let us calculate
Y, (g,p) of right-moving quasiparticles at zero temperature. (Clearly, the self-energy for left
movers has the same behavior.) The first-oder diagrams do not depend on ¢ and thus do not
affect Z, see Eq. (3.254). We thus analyze second-order diagrams, as we did in Sec. 3.12.1 for
higher-dimensional systems. We have the following three diagrams:

(a) +) 8'+(,O/2
(C) P2

(6] (+) ™)

e'-0/2 ®,q
(b) p'-q/2
() (1) (+)
< < <
- S * *) ) et
ptq

The diagrams (a) and (b) cancel exactly: (a) 4+ (b) = 0, and we focus on the diagram (c).
[Remark: in the presence of spin, (a) = —2(b).]
The diagram (c) yields:

. dgdw

Si(e,p) =i’ / 2n? il (w,q)GP (e +w,p+4q), (7.10)

ith
b GO, p) = ! (7.11)

SN - vp(xp — pr) +10sign(e) ’ '
and
I . de’ dp/ ) , w q (0) , w q

_(W,Q)—l WG, £ —|—§,p +§ G, 15 —§,p —5 . (712)

It is convenient to count momenta of right- and left-movers from the corresponding Fermi
momenta. In other words, we define

- { P —Dpr for right-movers (7.13)

D+ pr for left-movers
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and then omit tilde. Since we only consider forward-scattering processes, this is fully justified.
Intetgration over €’ in Eq. (7.12) yields, see Eq. (3.262):

/ / q) _ I q
M (w,q) = _/dﬁ OW+5)-0F -5 | _—
2m —vp (0 +4) +or (0 — §) —w +i0sign (¢ + %)

Integration over p’ is trivial and yields

1 q

IT_ = — . 7.15
(@, 9) 21 vpq + w +i0sign(w) (7.15)
Substituting (7.15) into the integral for ¥, , Eq. (7.10), we get
. dqdw 1 q
) = i [ 2= .0 il

_ 2/ dqgdw 1 q

B g (27)% e+ w —vp(p+ q) +i0sign(e + w) vpq + w + i0sign(w)

_ 2/ dgdw 1 q

N g (27m)3 €+ w —vp(p+q) +i0sign(p + q) vpq + w + i0sign(—q)

s /d q[©(p + q) — O(—q)] (7.16)

(27)2 € —vp(2¢ + p) + i0signe

Since we need now the real part of X, (¢, p), the shift +i0sign e will be of no importance.
In the term proportional to ©(—¢q) the integration goes effectively over ¢ < 0. We make the
change of variable ¢ — —q in this term. In the term proportional to ©(p + ¢) the integration
goes effectively over ¢ > —p. We make the change of variable ¢ + p — ¢ in this term. After
this, the integration in both terms goes over ¢ > 0, yielding

ReX,(e,p) = g_Q/Oodq a + A (7.17)
’ (2m)2 Jo e+ur(2—p) €—vp(2q —p)
Using
q 1 ( vpp — € )
— + 7
e+ vrp(29 — p) 20p € +vr(2q — p)
q—p 1 (_1+ € — UFp )
e —vr(2q — p) 2up c—vr(2¢—p)) "’
we get
Res, (e.p) = L L )7d ! + ! (7.18)
eX,(e,p) = —(vpp — € . .
+&P (2m)% 2up P q 20pq+€—vpp  20pq — € — VEp
0

We see that the integral is logarithmically divergent at large q. We have thus to introduce
an ultraviolet (UV) cutoff gma.x. The physical reason for the necessity of the cutoff is the
linearization of the spectrum that we have performed. This implies that physically ¢uax ~ pr.

We thus have

2

(47TUF)2

2UF(]max
€ — VUpp

2UFQmaX
€+ vpp

ReX,(¢,p) = — +1In

(e=ven) [l

} : (7.19)
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where we have taken into account that €, vpp < Vp@max. Combining both terms together and
defining the UV cutoff energy scale A = vp@max (on physical reasons explained above A ~ Ef),
we finally obtain

92 4A2
Re E+(€,p) = —W<€ - ’UFp) In m (720)

Substituting this result in Eq. (7.9) for the residue Z, we get

::{1+u—éi75h1(%;)]1:(k (1) (7.21)

(47TUF

1

7 —
— %Re (e, p)

e=¢€p

This implies that the actual ground state of the system is not of Fermi-liquid type. Due to
infrared singularities, fermionic quasiparticles are not well defined (at least not in the usual
Fermi-liquid sense). As we will see below, the divergent logarithms can be resummed and in
fact give rise to power laws with non-trivial, interaction-dependent exponents. A beautiful and
powerful way to do this, and more generally, to calculate various observables in the problem,
is to switch from fermionic to bosonic formulation of the theory.

7.2 From fermions to bosons

We want to present the theory in terms of bosonic density operators
0a(q) =Y al 1 ylak- (7.22)
k

Clearly, each such operator creates particle-hole excitations when acting on the fermionic
ground state (Fermi sea).

The interaction part of the Hamiltonian H;,; has a simple (quadratic) form in terms of p,.
But what about the free part Hy? Let us show that there is an exact correspondence between
the free fermionic and bosonic theories in 1D.

Since right- and left-movers decouple in the absence of interaction, we consider now only
one branch: right-movers. Let us first illustrate the equivalence by considering low-lying states
in two theories. We assume a system of size L, so that all energies are discrete.

e Fermions: Single particle states have the following momenta and energies:

k=205 =k, (7.23)
with k; extending from —oo to +00. The ground state of the fermionic system |0) s is the filled
Fermi sea:

A
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2T .
e DBosons: Single-particle excitations have momenta k; = <7 > 0 and energies w; =
vpk; > 0. Ground state |0),: no excitations at all.

We assign the energy zero to ground states in both models and compared excited states in
them. Obviously, all excitations energies in both models are quantized in units of k; = 27 /L.
Let us consider excited states with excitations energies £ up to 3vpk;:

(l) E= Upk‘l.

On the fermionic side, there is clearly just one state:

A

|41)

In the bosonic theory, there is also one state:
|1k1) (one excited boson with momentum k).

In the fermionic theory, there are two such (linearly independent) states:

A A

[Vee) EN

a 2b

In the bosonic theory, there are also two such states:
|2k1) (two excited bosons with momentum k)
|1ks) (one excited boson with momentum k).

In the fermionic theory, there are three such states:

A A A

| w3a> | L/)3b>

\/
\ /
]
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In the bosonic theory, there are also two such states:
|3k1) (three excited bosons with momentum k)
|1k, 1ks) (one boson with momentum k; and one boson with momentum k)
|1k3) (one excited boson with momentum kj).

One can prove that this agreement holds for all excitation energies. We thus have a
correspondence between Hilbert spaces of the fermionic and bosonic theories, and we expect
that the free-fermion Hamiltonian can be rewritten in terms of free bosons. Let us show that
this is indeed the case. The free-fermion part of the Hamiltonian is

Hy = vp Z [kai’kmﬁk + (—k)ai’ka,yk} =up Z ok al’kaa,k , (7.24)
k a,k
We want to express Hy through the density operators
Qa(q) = Z a:;,lﬁ_qaa,k . (725)
k

For this purpose, we calculate, using fermionic anticommutation relations

{aL,k’ al,k} - 5oca’5kk’ ) (726)

the commutator of density operators

[0a(q), 00 (—4')] = [Z al,erqaavP ’Z alﬂp’—q’aa'vp']
P

pl

_ E T T T T
= (aa’p+qaa7paa,7p/7q,(lo/7p/ — aa/’pzfq/(lagp/aa7p+qaa7p)

/

D,

_ § : T T f i

- <aa’l’+‘1(5pvp’*q/5a“/ B aaﬂp’—q’aavl’)aaﬁp’ B aa’,p’—q’(5P’»P+q5aa’ - &a,p+qaa/7p’)aa,p
p.p’

_ f f

= oo E <aa7p+qaa,p+q/ — @y g Gap (7.27)

p

Consider first the case ¢ = ¢’. (We will show later that for ¢ # ¢’ the commutator is zero.)
We have

[QQ(Q)v Qa(_CD] = Z (a’iz,p—f—qaoé,p-i-q - a’j;v,pa’oé,p) - Z(rﬁ'a,p—l-q - ﬁa,}’) ) (728)

p p

where
Rop = al, 0oy (7.29)

are fermionic occupation number operators. Naively, one could conclude, by splitting the
resulting expression in (7.28) in two sums and shifting the summation variable in one of them,
that the result is zero:

. . ? . . . .
Z(”a,zﬂrq — N p) = Z Neptqg — Z Nap = Z Nap — Z Nap =0. (7.30)
P P P P

p

However, this conclusion is incorrect, since both sums (7.30) are UV-divergent, so that one
subtracts one infinity from the other. We thus proceed in a more careful way. Let us consider
right-movers for definiteness. We are only interested in states that are obtained from the
ground state (Fermi sea with all p < 0 filled) by exciting fermionic particles with momenta
in some range around zero (certainly p < pr). We can thus safely assume that there is
a momentum py < 0 (deeply in the Fermi sea) such that we do not touch fermions with
momenta p < po; in all relevant processes states below py keep occupation unity.
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Fermi
all states are filled

I point
| >
1 | >
-00 P
Po 0
>
characteristic
momenta q
We have
[0+(q), 0+(—9@)] = Z(ﬁ—hp—i—q — Ny p)
p =1 =1
= Z [ﬁ+,p+q - ﬁJr,p] + Z Nt ptq _m
—_——
P>po p<po -0
Po+q
= Z [t pg — Mt p] = Z Nyp — Z Nyp=— Z My p
P>Po P>potq P>po p=po
L
- = (7.31)
2m
For left-movers (o« = —) the calculation is carried out in the same way; the result for both
chiral branches reads: I
aq
« y Ya\ ™ - T - 732
[04(9), 0a(—4)] 5 (7.32)
For q # ¢ the calculation is performed in an analogous way but now we get the sum
Po+q
Z al,paa,erq’*q )
p=po
which yields zero since all states below and near py are occupied.
Hence, we get the following result for the commutator of density operators:
(—)qL
00(@), 0 (=0)] = Bty o2 (7:33)

To cast these relations in the form of canonical Bose commutations relations, we observe that

o+(q)|0) = 0 forg<0,
o—(q)|0) = 0 for ¢ >0, (7.34)

and

T
ol(q) = (Z al,k+qaa,k> = al ok = al i 00k =0a(—q)  (7.35)
k k k

We thus define the bosonic creation and annihilation operators b, b as follows:

_ b (aL)3
o+(q) =04, (57
right-movers: ra (d qg>0 (7.36)
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and

left-movers: qg>0. (7.37)

According to Eq. (7.33) the operators, b', b satisfy canonical bosonic commutation relations

[b], 4 bar.’] = —OacrSqq |- (7.38)

According to (7.34), (7.35), all annihilation operators b yield zero, when acting on vacuum
(ground state).

It still remains to express Hy through the density operators p. For this purpose, we inspect
commutation relations of Hy with the density operators. We have

[H()a QQ(Q>] = UF k‘/a/al/ k/aa’,k’7 al k+ aa,k‘
b K q

ol k' k

_ E I T T T
= Vg 5o < 1 g o K Qg oy qGak — aa,k+qaa,kaa/7k/aa’,k’>
kK o

= vpo Z [(k + q)an’aak,a — kan’aaha] = vpaq 04(q) - (7.39)
k

Commutation relations with all the creation and annihilation operators uniquely define an
operator. We thus should find an expression for Hy in terms of density operators that satisfies
the commutation relations (7.39). It is easy to see that the required expression has the form

T™Vfp

Hy = — 2 0a(9)0a(—q) - (7.40)

Indeed, according to the commutation relations (7.33),

[(Ho, 0a(q)] = ””Fzga 00 (=), 00(9) | = vraqoala), (7.41)

reproducing Eq. (7.39) as required.

Therefore, both the free part of the Hamiltonian, H,, and the interaction part H;, are
expressed in a form quadratic with respect to the density operators, and thus quadratic with
respect to the canonical bosonic operators b, bf. We come to a very important conclusion: the
interacting fermionic theory from which we started can be exactly reformulated as a theory of
free bosons. Below we explore consequences of this remarkable mapping.

7.3 Spinless Luttinger liquid: Bosonic excitations

We have derived the Hamiltonian of the spinless Luttinger liquid in the bosonized form,
which is given by a sum of Egs. (7.40) and (7.5):

9

H = Hy+Hy="" Zga 00a(~0) + 57

[0a(q)0-a(—q) + 0a(q)0a(—q)]

a@,q

- % > [2mvr + 9)0a(9)0a(—9) + 90a(@)0-a(—9)]

q7a
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= % > {@rvr + 9)lo+ ()0 (—q) + 0-()o-(—)] + glo (@) o-(—q) + o-(@)es (—q)1}

= % > A@rvr + g)lo(@)er (—q) + o-(@)o-(—a)] + glor (@) o-(—q) + o-(a) o+ (—q)]}
o + const.  (7.42)

We discard the constant and rewrite this in terms of the canonical bosonic operators b, bf

introduced in Eqs. (7.36) and (7.37):

1 qL
H == 3 T [@rve + g)bl gbog +b-gbl ]+ (bl b0 +bigb)] . (7.43)

q>0
The result can be presented in the matrix form:
O 4 g 2mvp + g g by g
H= ; o (0hy b-y) ( ) Yo+ g) (b* 7q) : (7.44)

There is a clear analogy with the mean-field Hamiltonian in the problem of superconduc-
tivity, Eq. (5.50). An important difference is, however, that here we deal with a Hamiltonian of
bosons, whereas it was fermionic in the case of superconductivity. We thus perform a bosonic
Bogoliubov transformation to diagonalize the Hamiltonian:

b+7q s COSh eq b+7q + SlIlh eq bi,* ;

q
bl _, = sinh6, by, + coshf, bl _ (7.45)

q

or, in the matrix notations,

b cosh, sinh@,\ [ b

~T+7q — ) q q _|_+7q . (7,46)

b, sinh 6, coshd, bl _,
Note that, while in the case of fermionic Bogoliubov transformation, the corresponding 2 x 2
matrix was unitary, here it is pseudounitary, i.e. satisfies the relation MTmM = 75, where
73 = diag(1, —1) is the third Pauli matrix. The difference originates from the requirement that

the transformation should preserve the commutation relations in the bosonic case, in contrast
to anticommutation relations in the fermionic case. The inverse transformation reads:

biq\ [ coshf, —sinh, l~)+7q (7.47)
b’ _,)  \—sinh6, coshb, o) '

Substituting this in (7.44), we get
H— Z 99 (l;T j ) coshf, —sinh6,\/[1+ 2mr/g 1 coshf, —sinh6, l~)+7q
- >0 2r 0 7T\~ sinh6,  coshf, 1 1+ 2mr/g J\ — ginh 0, cosho, BT_,—q
_ Z 99 (ZNJT b cosh(26,)[1 + 2mvr/g] — sinh(26,) sinh(26,)[1 + 27vr/g] — cosh(26,) by
2 0070 b (20,)[1 + 2] — cosh(26,) cosh(26,)[1 -+ 2] — sinh(26,) ) \B_, )
(7.48)

Requiring that the matrix in (7.48) is diagonal, one gets the condition

sinh(26,)[1 + 2mvr/g] — cosh(26,) =0, (7.49)
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or, equivalently,

2
coth(260,) = 1+ —1 | (7.50)
9
This implies
1
sinh(26,) = sign(g . 7.51
() = 5n(s) e (751)
Diagonal elements of the matrix in Eq. (7.48) are then equal to
cosh(26,)[1 + 2mvr/g] —sinh(26,) = sinh(26,) {coth(26,)[1 + 2mvr/g] — 1}
sign(g) 2
= 1 + 2mup —1
= sign(g) V/[1 + 2mor/g]2 — 1. (7.52)
Therefore, the Hamiltonian (7.48) takes the form
sl G
H o= Y S Ao =1 (B ey + 5 jboy)
q>0
- S ¢ (UF—Fi)Q—(i)Q (Bhsbig+ 0L b ) - (7.53)
i 27 27 haTe T e

We have therefore achieved an exact transformation of an interacting fermionic system to a
system of free bosons with the spectrum

w=1ulq, (7.54)

u:\/<vp+%>2—<%>2:1/’0%+%. (7.55)

These excitations of an interacting 1D fermionic system are collective density excitations—
plasmons. The dispersion relation (7.54) is analogous to that of acoustic phonons. Clearly,
u is the velocity of excitations. In the non-interacting case, g = 0, we have u = vp. The
interaction makes the plasmon velocity u larger or smaller than vr, depending on whether it
is repulsive (g > 0) or attractive (g < 0).

Comment: We recall that in the above derivation we have replaced the interaction V' (q) at
small wave vector ¢ with a constant V' (0) = g. One can also keep the momentum dependence,
thus obtaining the theory (7.42) with ¢ — ¢(q). It is diagonalized in the same way by
Bogoliubov transformation (but with 6, depending on ¢). This results in the spectrum of

plasmons
v
o=l = e+ LD (7.56)

which includes corrections to the linear dispersion. For most purposes, the leading approxi-
mation of linear dispersion, Eq. (7.54), is sufficient, and we will stick to it below. However, in
some cases, one has to go beyond it and take into account the g-dependence of the plasmon
velocity, Eq. (7.56).

where

153



7.3.1 From momentum- to coordinate-space representation

Let us rewrite the Luttinger-liquid Hamiltonian in the coordinate representation. We define
the real-space density operators

1 —1iqx
0a(r) =7 > ¢ " 0alg) + 0. (7.57)

q#0
The constant term ,Q(ao) is the background density (i.e. it represents information about the
total number of particles); we discard it below. (We will include it later when necessary.) The
Hamiltonian (7.42) takes the form

1= [ do{2mor [64(2) + & @)] + glos(a) + 0@} (7.58)

The commutation relations (7.33) yield, upon Fourier transformation,

a 0

[0a(7), O (CL’/)] = 5aa'%%5(l’ — I,) . (7.59)

We define the fields ¢(z) and 0(x) via
O:0(x) = —mlop(z) + o-(z)], (7.60)
0u0(z) = wlos(z) — 0-()]. (7.61)

Note that d,¢(x) is equal (up to a factor —m) to the total density, while 0,6(z) is equal (up to
a factor m/vr) to the total current. Using (7.59), we find the commutator of ¢ and 0,0 fields:

[0(2),0p0(2")] = imd(x — ). (7.62)

Therefore, the fields ¢(z) and
1
[I(z) = =0,0(x) (7.63)
m

are canonically conjugate: if ¢(z) is considered as a coordinate, then II(x) is the corresponding
canonical momentum:

[o(x), [I(2")] = id(x — ). (7.64)

Let is now express the Hamiltonian in terms of these new fields ¢ and II. According to
Egs. (7.60), (7.61), (7.63), the chiral density operators p, and p_ are expressed in terms of ¢
and II as follows:

pela) = 5 |10 = 20000 . poe) = [0+ 20000 . (09
Thus,
]‘ 2 2 1 2 ]‘ 2
prtp-=——0b,  pitpl=7 [H +F(8x¢)] : (7.66)
Substituting this in Eq. (7.58), we get
H = %/dw {mF [HQ + %(333925)2} + %(&@2}
1
— o [ {UF(WH)Q + (UF + %) (axgb)ﬂ
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1
- — [dz [uK(wH)Q + ﬂ(axqs)?} , (7.67)
2m K
where -
= (s + )" =2 7.68
“ (UF + 7r K (7.68)
is the velocity defined in Eq. (7.55) and the dimensionless constant K is given by
1/2 ~1/2
K:( ”Fg) :(1+i> . (7.69)
vp + = VR

The Hamiltonian (7.67) has the same form as that of an elastic string. Diagonalizing it (in
analogy with calculation of a spectrum of acoustic phonons in TKM 1), one reproduces, of
course, the above result w = ugq.

The constant K is the only dimensionless coupling that controls the physics of the spinless
Luttinger liquid. In the absence of interaction one has K = 1, for repulsive interaction K < 1,
and for attractive interaction K > 1. We will see below that K # 1 will be responsible for all
non-trivial properties of the system.

As was mentioned above, one can consider a more general version of the Hamiltonian (7.5),
with two different couplings: g and g4:

Hie = 5= 30 (02 00(0)0- () + 01 20(0)0u(~0)] (7.70)

q a==%

In this case, the same analysis leads to exactly the same form of the Hamiltonian, Eq.(7.67),
with the parameters

o= e -®7 o
v - [

It is worth noting that the constant g, enters everywhere in combination vg + g4/27. In the
absence of gy interaction we would have a free-fermion theory (K = 1) but with modified
velocity. It is the gy interaction between + and — chiral branches that is responsible for a
non-trivial value K # 1.

(7.72)

7.4 Luttinger liquid with spin: Spin-charge separation

We consider now a system with spin (1/2). In full analogy with Eq. (7.22), we introduce density

operators 9,s(q) for each of the spin components, as labeled by the additional subscript s =1, J..

Within each of the spin components, these operators satisfy the same commutation relations

as in the spinless case, Eq. (7.33); density operators with different spin indices commute.
The Hamiltonian is given by a direct generalization of Eq. (7.58):

1

H =3 /da: [2mvp (0% + 0%, + 0% + 02)) + 9 (041 + 04y + 04 +0-1)7] - (7.73)

Here we assume a single interaction constant g. More generally, one can allow for different
constants depending on whether the particles are on same or different chiral branches, and
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whether they have same or opposite spins. We will discuss below what will be the effect of
this.

It is worth recalling that in the spinful case there are in principle 2kr processes of g; type
that are not included in Eq. (7.73) since they are usually weak, see discussion in Sec. 7.1.

In order to diagonalize the Hamiltonian, we introduce, for each of the chiral branches,
« = =+, the charge and spin densities:

1
o = =0« al) s 7.74
0 \/5(@ 1+ T 0 i) ( )

L(Qcm — Oay) - (7.75)

Oq —

3

This is a unitary transformation; the commutation relations remain the same. In terms of
these operators, the Hamiltonian reads

H = %/dw [2mvp (0} + 0% + 0° +0%) + 29 (04 + Q_>2}
— H,+H,, (7.76)
where
H, = %/dw [2mvp (02 + %) + 29 (04 +0-)°] , (7.77)
H, = %/dw 2mvp (07 +07) . (7.78)

We see that the spin and charge degrees of freedom decouple. We consider both sectors
separately:

e Charge excitations, Hamiltonian H,. This Hamiltonian has exactly the same form as
that for spinless problem, Eq. (7.58) but with g — 2g. We thus have the following
spectrum of charge density excitations:

w = u,lql, u, = \/<vp + %)2 - (%)2, (7.79)

and the constant K in the charge sector

9g \ ~1/2
K, = (1 + —g) . (7.80)

TV

e Spin excitations, Hamiltonian H,. This Hamiltonian is identical to that of spinless
problem without interaction. Therefore, we find in the spin sector

w o= u.lq|, Uy =V, (7.81)

K, = 1. (7.82)

Remarkably, due to interaction, the charge and spin excitations fully decouple and have
different dynamics—the phenomenon known as spin-charge separation. If we create some

local perturbation (hump) of electron density (which carry both charge and spin) around a
point x = 0 and then let it evolve starting from time ¢ = 0, it will split in charge and spin
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perturbations propagating with different velocities. Specifically, at time ¢ we will have peaks
of charge density around fwv,t and of spin density around +v,t.
More generally, we can consider a model with several interaction parameters:

Hint - H2+H4, (783)
1
H2 = 5 / dx Z Z [92” Oa,s0—a,s + ga1 Qa,s@—a,—s] , (784)

o s=1l

1
H4 - §/d$ Z Z [94” Oa,s0a,s + gal1 Qa,s@a,fs] . (785)

a s=1

Here, in analogy with the spinless case, see Eq. (7.5), Hy describes interaction of fermions
on the same chiral branch, while H, the scattering of fermions from different branches. In
addition, the subscript || corresponds to interaction of fermions with the same spin, and L to
that of fermions with opposite spins. Repeating the analysis, one finds again the spin-charge
separation, with each sector described by the theory of the same form as that for spinless
problem. The corresponding parameters are:

r n 2 _ 2 1/2
0 = (UF L 9 27Tgu) _(gzn %gu)] , (7.86)

) B B 911/2
vp + (ga + 9a1 — go| — g21)/ W} 7 (7.87)

L vF + (ga) + Gat + go) + 921)/27

g1 — 9a1 ) g 921\’ v
4 — 941 2 T 921

s = t+t—) - | == , 7.88
" <UF 2m ) ( 2m ) ] (7.88)

K - [vp + (g4 — gar — go) + QQL)/QW:| 1/2 (759
0 | VF + (94 — aL + G2 — g21)/27 ' :

It is seen that in the general case also the Luttinger-liquid constant in the spin sector, K, is
different from unity.

In full analogy with the spinless case, Egs. (7.60) and (7.61), one can make a transformation
to the fields ¢,, 0, in the charge sector and to the fields ¢,, 0, in the spin sector. Then in each
of the sectors the Hamiltonian will take the form (7.67), with the corresponding parameters
given by Eqs. (7.86) — (7.89).

7.5 Concept of Luttinger liquid

The concept of Luttinger liquid was introduced by Haldane. It plays the role analogous to the
concept of Fermi liquid for higher-dimensional systems. Let us comment on this point.

The Fermi liquid state is characterized by the renormalized Fermi velocity vy and the
quasiparticle interaction function f(p,p’). For weak interactions, we were able to calculate
them perturbatively, see Sec. 3.12. However, the concept of Fermi liquid is more general and
holds also for strong interactions. In that case, the Fermi liquid parameters v}, and f(p, p’)
cannot be calculated analytically and should be considered as phenomenological parameters.
They can be measured experimentally, at least in principle.

The situation with the Luttinger liquid state in 1D interacting systems is analogous. Above,
we have derived the bosonic theory characterized by two parameters u and K for spinless
particles and by four parameters u,, K,, u,, K, for spinful particles starting from a model
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with linear spectrum (Luttinger model). In this situation, the parameters of the theory were
calculated analytically, for any strength of the interaction g. However, in a realistic situation,
the spectrum of fermions is not linear (e.g., it is e, = k%/2m — p in the absence of lattice).
In that case, the calculation of parameters v and K is still controllable if the interaction is
weak g/vp < 1. However, if the interaction is strong g/vp 2 1 and the fermionic spectrum is
curved, the calculation of parameters is not controllable any more. Nevertheless, the system
is still in the Luttinger liquid state (precisely in the same way as a strongly-interacting 3D
system may be in Fermi-liquid state). However, the Luttinger-liquid parameters v and K (or
u,, K,, u,, K, in the spinful case) should be now considered as phenomenological parameters.

7.6 Fermionic operators in the bosonized form

Let us summarize where we stand now. We have reformulated the Hamitlonian of the theory
in the bosonized form — in terms of density operators. This has allowed us to identify the
collective bosonic excitations and to calculate their spectrum. This is sufficient if one wants to
calculate, e.g., the density response of a Luttinger liquid. However, for many observables it is
not sufficient, since one needs to calculate the single-fermion Green’s function. This is needed
if one studies, e.g., the tunneling density of states or the effect of impurities in a Luttinger
liquid. To calculate the fermion Green’s function, we have to be able to express the fermionic
operator in the bosonized language. We are now going to derive this formula, which is one of
central formulas of the bosonization theory.

We use the logic analogous to the one used above for the derivation of the bosonized form of
Hy. Let us calculate the commutator of the fermionic creation operator (on the chiral branch
a) with the corresponding density operator:

[0a (@), ()] = [WL(2)ta(x), ¥L(2")] = ¥l (2){ta(@), UL} = 6(z — )l (z),  (7.90)

where we used the anticommutation relations for the fermionic operators. We now want to
identify the bosonic expression for 1 using Eq. (7.90) which tells us that its commutator with
P yields again 7.

For this purpose, let us first look at the analogous problem for the case of a system with just

one degree of freedom: the coordinate ¢ (and the conjugate momentum p = —ia%). Imagine
that we want to find an operator @ satisfying
3,01 = 0. (7.91)

Rewriting this formula, we get

GO =0(G+1) — OG0 =G+1. (7.92)
The solution is well known:

A 0 .
O = exp 90 = exp(—ip) (X const), (7.93)
q

which is a manifestation of the fact that the momentum is the generator of translations.

Therefore, the solution of Eq. (7.90) is exponential of the operator canonically conjugate
to ! (times 7). To identify such operator, we recall the commutation relations between the
density operators, Eq. (7.59),

[0a(2), 0 ()] = b o250 — o). (7.94)

271 Ox
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Let us define the fields ¢, (z) via

bu(z) = 27 / 0u(z') da (7.95)
Then we have
[0a(2), o (2)] = id(x — '), (7.96)
which are the required canonical commutation relations. Thus,
Yi(z) = AU! exp [—iakpr —ida(7)] , (7.97)
where A is a constant prefactor to be specified below. The factor e?®*#* corresponds to the

constant background density Q&O) = kp/2m of right- and left-movers. We recall that the density
0o(z) in Eq. (7.95) is the fluctuating density on top of this background, see Eq. (7.57) and
the comment below it. We have further included ladder operators Ul that raise or lower the
overall fermion number (so-called Klein factors), which are needed to make this identity exact
(but will be of no importance in the rest of this chapter); we will give a definition of these
operators below. Using Egs. (7.60) and (7.61), we can express the exponent in Eq. (7.97)
through the fields ¢(z) and 6(x):

1/}3(95) =A Uot exp {—itakpr —i[0(z) — ao(z)]} . (7.98)

The hermitian conjugate of this identity yields the bosonized representation of 1),:

Vo(x) = AU, exp {iakrx +i[0(x) — agp(x)]} . (7.99)

Now we briefly comment on the Klein factors U]. The operator 9] in the Lh.s. of Eq. (7.98)
clearly increases the total number of fermions NV, in the « chiral branch by one. On the other
hand, the bosonic operators 6(x) and ¢(x) (and thus any function of them) do not change the
total number of fermions. Therefore, to make Eq. (7.98) a true operator identity, one has to
include ladder operators that modify appropriately the total number of fermions:

ULINy, N2) = [Ny +1, NJ),
UL Ny, NO) = [Ny, No+1),
U Ul =UIU, = 1. (7.100)

The operators Uy, Ul commute with all bosonic operators ¢, §. In order to guarantee the
anticommutation relations between fermionic operators on different chiral branches, one also
requires anticommutation of the corresponding Klein factors:

{Us, Uy} ={UL UL} ={UL, UL} =0 for a#d . (7.101)

It can be checked by using the commutation relations for bosonic fields # and ¢ that the
fermionic operators defined by Eq. (7.98) satisfy the required anticommutation relations

{Yal2), Ya(2)} = {¥l(2), v} (")} = 0. (7.102)

Further, by calculating the anticommutator {1 (), ¥ (z')}, one fixes the value of the constant

A in Eq. (7.98):

(7.103)



where A is the ultraviolet (short-distance) cutoff length. The necessity to introduce the ultra-
violet cutoff in the theory was already discussed above (A ~ u/A, where A is the energy-space
UV cutoff). On a formal level, A is introduced in the Fourier-expansion formulas:

o } -7 é 9" [F oy (q) — o (q)] V2. (7.104)
q#0

Physically, A can be determined, e.g., by the lattice constant or by a non-zero interaction
range. The fact that A ~ A\~/2 is clear from dimensional reasons: the fermionic operator 9 (z)
in 1D should have the dimension (length) /2. We will also confirm this value of A below by
checking that Eq. (7.98) with (7.103) reproduces correctly the Green function of free fermions.

7.7 Fermionic Green’s function

In this section we calculate, by using the bosonization formalism, the fermionic Green’s func-
tion. This will allow us to determine several key physical properties of the Luttinger liquid.

In the context of Luttinger-liquid theory, it turns out to be more convenient to explore
Green’s functions not in the energy-momentum (p,w) space but rather in real space (z,t). We
thus start from writing down the free-fermion Green’s function of the Luttinger model in the
(z,t) space. This will later serve as a very useful benchmark for the bosonization theory, which
should reproduce the free-fermion theory when one sets the interaction g = 0, i.e. © = vg and
K=1

7.7.1 Green functions of free fermions in 1D with linear spectrum

It is convenient to define
Go(tx) = —i{valz,t)9(0,0)), (7.105)
GS(t,x) = (Wl (0,0)0a(x,1)). (7.106)
The conventional (causal) Green function is in these notations
Go(t, ) = —i{Ta(z, )] (0,0)) = O1)GZ (L, ) + O(—t)G(t,x). (7.107)

Let us focus below on right movers for definiteness. We have [see Eq. (3.73)] for the functions
G7 and G5 at T'= 0 in the (p,t) space:

GZ(t,p) = —ie PP Q(p —pp), (7.108)
Gi(t,p) = ie P PP Q(—p+pp), (7.109)

where v = vp, and we used the linearized spectrum of the Luttinger model, €, = v(p — pF).
Performing the Fourier transformation p — z, we get

1 1

dp ,
> _ 1PT > __ IPFXT
GZ(t,z) _/_27re GI(t,p)=e I T ot (7.110)

where +:0 is required by the convergence of the p integral. When considered as a function of

complex time ¢, the function G7 (¢, x) is analytic (has no singularities) in the lower half-plane,

Im,t < 0. Similarly,
, 1 1
Gs(t,x) =ePr® — —— |
Hbz) = 27 x — vt — 10

(7.111)
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Combining these two formulas, we get, according to Eq. (7.107),

1 1
27 x — vt +i0signt

G, (t,x) = ePre (7.112)
The corresponding formulas for left-movers are obtained by replacing p — —p in the (p, 1)
representation and x — —zx in the (z,t) representation.

Calculating the density n, = —iG5(0,0), we see that it is infinite according to Eq. (7.111).
This is not surprising since these formulas have been written for a system with linear spectrum
and without cutoff. In the presence of the ultraviolet cutoff represented by the short-scale cutoff
length A, these formulas get modified according to i0 — iA; in particular, Eq. (7.112) becomes

1 1

Gi(t,x) = ePr* — :
+Hbz)=e 2 o — vt +ilsignt

(7.113)

The density is then n, = 1/27A, i.e. A™! plays the role of kp.

7.7.2 Bosonic functional integral formulation of Luttinger-liquid
theory

We reformulate the Luttinger liquid theory using the functional-integral formalism developed
in Chapter 6. We can start directly from Eq. (7.67) for the Hamiltonian expressed in terms
of the field ¢(x) and its canonically conjugate momentum I1(z) = (1/7)0,0(x). The partition
function Z is then

Z = /D¢ DO exp[—S], (7.114)

where the (Matsubara) action reads

S[9, 6] = / drdz {—%axe 0.6+ % (WK (0.0)" + 70,07 } | (7.115)

The action is quadratic with respect to the fields ¢, 6, which reflects the fact that we deal
with a free bosonic theory. The Green functions are obtained as functional integrals with the
weight e determined by this action:

(TONm)Ou(m) = - [ DD O(6(r).8(ri)) Ox(6(r). B(r)) expl-S]

= (Ou(o(n), (1)) O2(9(72),0(72))) - (7.116)

Note that in the Lh.s. of (7.116) the symbol (...) means the quantum-mechanical average at
equilibrium (over the ground state at 7" = 0), while in the last expression (. ..) means averaging
in the sense of functional integral with the weight e ™.

If O, O, depend only on the ¢ field and do not depend on 6, one can integrate e~ over
6 and to get the action S[¢| depending only on ¢ fields:

/ DO exp{—S[0, 6]} = exp{—S[d]} x const, (7.117)
with )

Sl¢] = e / drdz [(0:¢)* + u*(0,0)%] (7.118)
Similarly,

/ng exp{—5S[0, ¢|} = exp{—S[0]} x const, (7.119)
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with
S[0] = i drdz [(9:0)” + u*(9,0)°] . (7.120)

2mu

Note that equations (7.118) and (7.120) demonstrate an emergent invariance of the theory (at
T = 0) with respect to rotations in (x,u7) plane. It corresponds to the “Lorentz invariance”
in (z,ut) plane, where t is the real time, with u playing a role of the “light velocity”

The action S[f, ¢| in the (g, w) space:

1 [dgdw (w/K)q* iquw \ (¢
S = %/W (¢ 9)—61»—“’( iqw qu2> <9>q,w

1 [dgdw ¢ 1 (u/K)¢* iqw
- 5/ e (O D Mo <9) B Mq’“’_%< iw  uKg?)
B (7.121)

This is written in the limit 7" — 0, when the Matsubara summation can be replaced by
integration. For finite T, one should consider w in Eq. (7.121) as bosonic Matsubara frequency
wy and replace [(dw/2m) by T') . The correlation functions will be determined by the
inverse of the matrix M, which reads

ulK —iw
M= ( /q> . (7.122)

u?q* + w? \ —iw/q u/K

7.7.3 Evaluation of fermionic Green’s function via bosonic func-
tional integral

Using the bosonized representation of the fermionic operator, Eq. (7.98), the (Matsubara)
fermionic Green function is given by

g—i—(x?T) = —<7;.1/)+((£,T)’g/)1(0,0)>

= o (T exp {0, ) — ()]} exp {~il9(0,0) — 6(0, 0)]})
(7.123)

(We focus on the Green function of right-movers for definiteness.) This can be rewritten,
according to Eq. (7.116), in terms of a functional integral:

g—i—(qu) = _L

27r)\eikWU <6Xp {Z[Q(ZL‘, T) - gb(:t, T)]} eXp {_2[0(0’ O) - ¢(07 0)]}> ) (7'124)

where (...) means functional averaging with the weight e~ and the action S[0, ¢] given by
Eq. (7.115).

The crucial point that allows us to evaluate this integral exactly is that it is of Gaussian
type: the action is quadratic with respect to the fields and the expression under (...) is
exponential of a functional that is linear in the fields. We recall Eq. (6.44) for the Gaussian
integral (in real version),

—%xTAx—l—J Ty (27T)N/2 %JTA_lJ
/d(x)e = et AV e , (7.125)
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which can be rewritten as ; .
-1
(el "Xy = ezl AT (7.126)

On the other hand,
(zrrr) = (A" - (7.127)

Therefore,

(exp {J Tx}) = exp {% ((J Tx)2>} . (7.128)

In application to the average for the Green’s function, Eq. (7.124), this yields

1

G (x,7) = —ﬁeik” exp {—5 ([0(z,7) — ¢(x,7) — 6(0,0) + (0, 0)]2>} : (7.129)

Using the fact that (¢?(z,7)) = (¢*(0,0)) (and similarly for (#%) and (¢6)) in view of the
translational invariance of the theory, we rewrite this formula as follows:

Gy (1,7) = s €7 exp [Byo(ir ) + B, 7) — 2Balr, )] (7.130)
where
Byg(x,7) = (d(z,7)¢(0,0) — ¢°(0,0)), (7.131)
Byg(z,7) = (0(x,7)0(0,0) — 6(0,0)), (7.132)
Buolw,7) = (6(x,7)8(0,0) — $(0,0)6(0,0)) . (7.133)

Let us emphasize a remarkable character of Eq. (7.130): the fermionic Green’s function
of the Luttinger model is given (up to a certain prefactor) by an exponential of
the Green’s function of free bosons!

It remains to calculate the bosonic correlation functions. In the (¢,w) representation they
are immediately given by the matrix M1, Eq. (7.122), according to the properties of Gaussian
integrals, Eq. (7.127). We only have to perform the Fourier transformation. Let us do it for

Bys(x, T), focussing on the limit 7" = 0 (when the Matsubara summation becomes an integral).
We have

dgdw muK o
Byy(x,7) = eigz=iwr _ 1) g=dl 7.134
¢¢>( T) /(27)2 u2q2+w2( ) ( )
where we have taken into account the UV cutoff length A by including a factor that cuts
momenta above 1/A according to Eq. (7.104). It is instructive to rewrite this formula by
introducing the two-component “relativistic’ momentum P = (P, P;) = (w, uq):

dPydP, 1 . :
Byy(x, T) = K/ ZW - P2 (e_’POTHP“”/“ —1) e~ Wb (7.135)

We see that in a broad range of P the integral is logarithmic: it is of the type

dPydP, 1 K [d(P?)
K - . 1
/ 47 P2 4 P2 (7.136)
The logarithmic behavior is bounded on the ultraviolet (large P) side by P? ~ (A/u)™? due
to the regularization and at the infrared (small P) side by P? ~ (72 + 2%/u?)~!. Therefore,

we have ) -
K x4+ ur

B¢¢($, T) >~ —Z In N2 (7137)
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Equation (7.137) demonstrates once more importance of introducing the UV cutoff A. This is
the leading behavior when the logarithm is large; an exact calculation yields
K . 22+ (ulr| + \)?

B¢¢<£IZ‘,T) = —Zln \2

(7.138)

The result (7.138) is a manifestation of the fact that the correlation function of a free massless
boson field is logarithmic (in coordinate space) in 141 = 2 dimensions. The coefficient in front
of the logarithm depends on the coupling constant K. Since the fermionic Green function is
an exponential of the bosonic one, we can already foresee that remarkable consequence: the
Green’s function of fermions will show a power-law dependence, with an exponent
depending on the interaction strength.

To complete the calculation, we still need the correlation functions Byg(x, 7) and Byg(x, 7).
As is clear from Eq. (7.122) (or, equivalently from a comparison of Eqs. (7.118) and (7.120)),
the first of them differs from By, (z,7) only by a replacement K — K~

1 2+ (ulr| + N)?

ng(ﬂ?, T) = —E In 22 (7139)
The correlation function Byy(z, ) is given by
dq dw _Zw/q iqr—iwT —-A
Bso(z,7) = / 2n)? g+ o (e — 1) e Ml (7.140)

This integral does not produce a big logarithm cut off by A: such a contribution vanishes
since the factor —iw/q is odd with respect to w and ¢. For this reason, the contribution of
the correlation function Byg(z, 7) will be of no importance for the scaling of such observables
like the tunneling density of states (calculated below). Still, it is needed to get the exact
formula for the Green function. We omit technical details of the evaluation of the integral in
Eq. (7.140) and present the result:

i , ) 1 1r +uT + AsignT
B = ——Arg(— A =—-1 . 7.141
o0 (2, 7) 5 rg(—ix 4+ ut + Asign ) VR r—— SenT ( )
Substituting Eqs. (7.138), (7.139), and (7.141) in Eq. (7.130), we obtain
9. (2.7) |, N WHETDM /g ur + Asignr | V2
r,T) = ——e
B 27\ 22 + (u|T] + \)? —ix +uT + Asign T
i ikFCE )\7
= —— 7.142
o’ (x + dut + iXsign 7)1H/2(x — jur — iAsign )2’ ( )
where we have defined
K+K1t-2
N = % . (7.143)

Performing an analytical continuation 7 — it, we obtain from this Matsubara Green function
the real-time Green function (we take into account an additional factor ¢ in the definition of
the latter):

1, A7
Gy(n,t) = —ere

. 7.144
27 (x — ut + iXsignt)"/2(x + ut — i)\ sign t)7/2 ( )

The shift of the singularities to the complex plane is determined by analytical properties of
the Green function as a function of complex variable ¢, see Sec. 7.7.1.
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Equation (7.144) is the final result for the fermionic Green function (at zero T'). Let us
analyze it. First, consider the non-interacting case, ¢ = 0. In this case, u = v and K = 1.
Equation (7.143) yields then v = 0. Therefore, we see that Eq. (7.144) reproduces correctly
the Green’s function of free fermions, Eq. (7.113). Now return to the interacting case, when
K # 1. Then, according to Eq. (7.143), the index v > 0. Therefore, instead of a single pole
at x = vt, the Green’s function exhibits power-law singularities at * = +ut with exponents
depending on the interaction strength.

7.7.4 Distribution of particles over momenta
We use the result for the Green function to calculate the distribution of particles in the Fermi
liquid over momenta.

\7
(x — A2 (2 4 dN)v/2 (

ny(p) = —i/dmeiprJr(:c,t =-0)= " [ dpemithpr) 7.145)

o

We subtract ny (pr). After this, the ultraviolet regularization is not needed, since the integral
converges anyway at small x:

Y

T

ne(p) = ) = - [ do (e ) (7.146)

The integral can be estimated (up to a numerical prefactor) by dimensional analysis, yielding

ni(p) — n+(pr) ~ —sign(p — pr)A'p — pr|”. (7.147)

Thus, n(p) is continuous at p = pr (shown schematically in the left figure below), in contrast
to the Fermi liquid, where it has a jump of height Z (right figure). This is in full consistency
with our earlier perturbative analysis that suggested that Z = 0 in the interacting 1D system.
Now we see that n(p) in the Luttinger liquid is continuous but shows a power-law singularity
at p = pr, with the index v given by Eq. (7.143).

1 (p) A
g n(p)
Z
i >
F r Pr p
7.7.5 Tunneling density of states
A closely related quantity is the tunneling density of states.
1 1 ,
vi(e) = —=Im G%(0,¢) = —=Im /dt e Gz =0,1), (7.148)
T T

where G is the retarded Green’s function. The retarded function can be calculated in the same
way as we calculated the causal Green’s function, Eq. (7.144), and shows the same scaling.
After the Fourier transformation, the scaling behavior G(0,t) ~ \7(ut)~'~7 translates into

V(e) ~ 2 (3>7 ] (7.149)

u \u
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The density of states in the absence of interaction is I/_(S) = 1/27v. Further, u/\ is the high-
energy cutoff A (typically of the order of Fermi energy). Thus, we can rewrite Eq. (7.149)

) vie) ~ v <%)7 : (7.150)

As the name suggests, the tunneling density of states can be observed in experiments on
tunneling from a metallic electrode to a Luttinger liquid. Then it determines the dependence
of the differential conductance on the bias voltage V:

ol

— x|VI. 7.151

x|V (7151)
(Here I is the tunneling current.) The differential conductance is suppressed according to a
power law at low voltages. This effect is called “zero-bias anomaly”.

v(€)

€

All the calculations of the Green’s function (and thus of physical observables that it de-
termines) can be extended to the case of a non-zero temperature. Then one should replace
intetgration over frequency in Eq. (7.134) for By, (z, 7) and in analogous formulas for Bgy(z, 7)
and Byg(x, ) by a sumattion over Matsubara frequencies. The calculations still can be per-
formed analytically. On a qualitative level, the main result is that T serves as an infrared
cutoff: the behavior at distances 7, z/u < T~! remains essentially unchanged, while at larger
distances the Green’s function becomes exponentially suppressed. In the energy space, this
results in the smearing of singularity in v(€) at small energies:

(e, T) ~ v/© (wy . (7.152)

7.7.6 Generalization to Luttinger liquid with spin

For spinful model, the charge and spin densities were defined in Eq. (7.75). Using them, one
introduces the fields ¢,, 0, in the charge sector and ¢,, 0, in the spin sector. Equivalently,
one can express them in terms of fields ¢, and 6, for each of the spin components:

b = %«wm), (7.153)
b = %«m—w, (7.154)
6, — %(eﬁ@), (7.155)
b, — ——(0,—4,). (7.156)

Ql

2

Within the bosonic theory, the spin and charge sectors are decoupled. The Hamiltonian is
H = H, + H,, with each of them having the same form as the Hamiltonian for the spinless
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model. In the functional integral formalism, the action is correspondingly a sum of S, and S,
where each of them has the same form as the action for the spinless model. The charge sector
is characterized by the parameters u, and K,, the spin sector by u, and K,. In the model
with one interaction constant g one has u, = v and K, = 1.

The p operators commute with o operators. Commutation relations within each sector, i.e.
for the pair (¢,,0,) as well for the pair (¢,,0,) are the same as for (¢, §) of the spinless theory.
The expression for the fermionic operator v, s (where o = =+ is the chiral branch index and
s =1, ] the spin index) in terms of these fields is immediately obtained by using Eq. (7.99) for
each of the spin components and then performing the transformation (7.156):

1 . i
Vo s(x) = Nirsy Ua.s €Xp {mkpx + E[Gp(x) —ag,(x) + s0,(x) — so«ba(x)]} 4 (7.157)

Since exponential factors with p and o fields enter Eq. ( 7.157) multiplicatively and the action
Sis S =S, + S, the averaging with e™ decouples in calculation of averages in the charge
and spin sectors, which are of exactly the same form as for the spinless model. The formula
(7.144) for the Green’s function of the spinless model thus becomes in the case of a model
with spin

G ( t) 1 ikpx AP
s(x,t) = —e —— T
- 27 (x — upt + iAsignt)1+9)/2(z + u,t — iXsignt)e/?

e

X 7.158
(x — ugt + iXsignt)1+9)/2(z 4+ u,t — iAsignt)w/2’ ( )
where Ko Rl g )
+ K- K,+ Kl —2
AT L (7.150)

For the case of K, = 1 we have 7, = 0. The additional factor of 1/2 in Eq. (7.159) in
comparison with Eq. (7.143) originates from the factor 1/4/2 in the exponent of Eq. (7.157).

The behavior of the distribution of fermions over momenta n(p) near pr and of the tunneling
density of states v(e) (and correspondingly of the tunneling conductance 01/0V') has the same
form as in the spinless case,

ny(p) — ny(pr) ~ —sign(p — pr)\'p — pr|”. (7.160)
v
v(e) ~ v (l—;’) : g—é x|V, (7.161)

now with the index ~ given by
Y =%+ Y- (7.162)

7.8 Impurities in a Luttinger liquid

Up to now we considered a clean system. In realistic systems, impurities frequently play an
important role. If an impurity induces back-scattering of fermions, it will clearly affect trans-
port properties of a wire (increase its resistance). It turns out that the effect of impurities in
Luttinger liquid is highly peculiar: the strength of an impurity becomes strongly renormalized
as a function of a wire length or of the temperature. The impurity may become much stronger
or weaker depending on the value of the Luttinger-liquid parameter K (i.e. of interaction
strength). This is the subject of the present section.
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7.8.1 Weak impurity

We consider a spinless Luttinger liquid with the action (7.115). Let us consider a perturbation
of this theory by an impurity described by a potential U (x) localized near a point z,. For
the impurity to produce a substantial back-scattering effect, its characteristic size should be
comparable to kz'. In the fermionic language, this means adding to the Hamiltonian of the
problem a term

Hiy = [ dotl(@)i! (2} (). (7.163)

where ¥(z) = ¥, (z) + 1¢_(x) is the total fermionic operator, including right-moving and
left-moving contributions. Let us define smooth parts of ¥, (z) and ¥_(z) via

(@) = ram(@) €7 G (1) = () e T (7.164)

The term “smooth” means that the characteristic momenta are much smaller than kr. Since
the impurity is localized on a short scale around the point z(, we can approximate in Eq. (7.163)
the slow factors as ¥4 s (%) ~ V1 an(20) and Y_ gn(z) >~ Y_ gm(xo). Thus, Eq. (7.163) takes
the form

iy = Ur [0} (00804 (50) + 0 (50)80— am(0)]

+ U ¥l o (20)V— s (T0) + USDT o (20) ¥t s (20) (7.165)

where Ur and Uy, are k = 0 and k = 2kp Fourier components of U(x), respectively:
U =Uk=0) = /d:zcbl(x) . Uy =U(k=2kp) = /da:u@;)e—%kﬂ. (7.166)

The subscripts “t” and “b” mean forward and backward scattering, respectively.

The forward-scattering term, which corresponds simply to a spatial variation of the velocity,
is of no importance for our consideration. In particular, it does not affect the conductance
of a wire. We discard it below and focus on the back-scattering term. The corresponding
coefficient U, is the back-scattering amplitude for fermions. It reduces the conductance of a
wire. In particular, for the non-interacting problem, the effect of a single impurity on the
conductance g reads (to the leading order in U4,)

2
€ _
9= (1 — v [th]?) (7.167)
Inserting the bosonized form of the fermionic operators, Eq. (7.99), in the back-scattering
part of Eq. (7.165), we get

1

imp:ﬁ

(UiU_ Uy, €200 4+ U U, Uy e—2i¢<x0>> . (7.168)

The Klein factors U, and U_ will not play any role in the analysis below, so that we omit

them: .
Himp = 5 (U, ¥970) 4 Uy 20wy (7.169)

The formula (7.169) can be straightforwardly generalized to the case of an arbitrary random
potential:

1 ‘ .
Has = 5 / dz (U (z) e + Uy (z) e 29 | (7.170)
™
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The impurity-induced contribution (7.169) should be added to the Luttinger-liquid Hamil-
tonian H. Since Hi,, is not quadratic in bosonic fields, the resulting theory is not exactly
solvable any more. We thus should use an approximate approach. A powerful method that
will be very useful in the present context (and in a great variety of other physical problems)
is the renormalization group (RG). To formulate it, the functional-integral formalism is
most suitable. The action of our problem (with a single impurity) reads

1

Slg] = Sold] + Simpl@] = oruk

/dex [(0-0)” + u*(0,9)°] + W—&U/dT cos(2¢(xo, 7)),
(7.171)
where Sy is the clean Luttinger-liquid action and S, = f dt Hip,p, is the impurity contribution.
Since the impurity term depends only on ¢ field, we have used the Luttinger-liquid action in
the form (7.118), with the 6 field integrated out. Also, we have taken U, to be real, as its
phase does not play any role, and omitted the subscript “b”. Now, assuming a weak impurity,
we can expand the weight e™¥ with which functional-integral evaluation of any observable is

performed:
¢S = bl =Simplé] y g 0l0] (] Simp|®]) - (7.172)

Now assume that the physical observable that we want to calculate corresponds to a certain
macroscopic scale L. For example, we are interested in a conductance of a wire of length L
(with an impurity somewhere in the middle of the wire). Thus, we are interested in properties
of the system (response functions) at a (small) momentum ~ L~!. In view of this, we can
integrate out all momenta from the ultraviolet cutoff A\=! down to L~!. The renormalization
group is a procedure of consecutively integrating out the momenta. This procedure includes
the following steps:

Step 1. Integrating out fast fields.

We define a new ultraviolet cutoff: A — b\, with b > 1.
According to this, we split the fields in “fast” and “slow”:

=0 + ¢, (7.173)

where fast fields ¢~ have the two-component momenta P = (w/u, q) in the interval (bA)™1 <
|P| < A7!, while slow fields ¢= have momenta |P| < (bA)~'.
The quadratic (“free”) part of the action Sp[¢] is simply

Sold] = Sol¢”] + So[o~]. (7.174)
Now we integrate out fast fields, to obtain the new, effective action for slow fields
[ Do) = [ Dy S Sl 1 — ) (Sl
¢>
= e_SO[d)ﬂ <1 - <Simp[¢>7¢<]>¢>> ) (7.175)

where (...)y> means the averaging (functional integration) over ¢~ with the weight e=%[®”],
We thus have to calculate

U U A
<Simp[¢>7¢<]>¢> " dr (cos(2¢(x0,7))>¢> = /dT Re <621¢(x0,7')>¢>
_ U [ 4rRe i @0 (eme>wony (7.176)
A >
The average is a Gaussian integral and thus is easily performed:
o 1
<62’¢ (””0’7)>¢> = exp {—5 4(p” (wo, 7)0” (20, 7'))¢>} , (7.177)
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with

dgdw muK K [ dP K

> (20, 7)6 (5. _ _ A D, (7178
@ o oo = [ G m =y [ g

so that "
<e%¢ <W>>¢> — K (7.179)
Thus,
(Simp[@”, 87]) 4> = b;:;u / dr cos(2¢=(z0,7)) . (7.180)

This completes the Step 1 of the RG. We still should perform

Step 2. Rescaling.

The resulting theory has, however, the ultraviolet cutoff b\, different from the cutoff A\ of
the original theory. In order to compare them, we should restore the cutoff. This is done by
rescaling of coordinates:

z/b=1", T/b="1". (7.181)

In the new coordinates x’, 7/, the cutoff is again A\. The new fields are
¢'(a,7') = ¢~(z,7). (7.182)

One should also verify that the free action Sy retains the same form (with the same constant
K) as it was originally. In general, this requires a rescaling of fields but in the present case
it is not needed (Sp contains two integrations over x and 7 and two derivatives, so that the
corresponding powers of b cancel.)

After the rescaling, the impurity action (7.180) takes the form

mp ﬂ_)\

S (6] = Ky / d7’ cos(20(), 7)) (7.183)

It has exactly the same form as the original impurity action, see the second term in Eq. (7.171),
with the renormalized impurity strength

U — Ub)=b""U. (7.184)

Considering the renormalization factor b as continuously varying, we thus obtain the RG
equation:

dU(b)
dinb

=(1-K)U®D). (7.185)

According to Eq. (7.185), the strength of an impurity gets renormalized in a Luttinger
liquid:

e For K < 1, i.e., for repulsive interaction, the impurity becomes stronger;
e For K > 1, i.e., for attractive interaction, the impurity becomes weaker.

For K =1, i.e., in the absence of interaction, the impurity is not renormalized. This should
be so, since the renormalization is due to interaction between fermions.

The underlying physics of renormalization is as follows: the impurity perturbs the density
of fermions around it. In an interacting system, fermions are scattered not only by a “dressed
impurity” composed by the impurity itself and the cloud of fermionic density that it creates.
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When does the renormalization stop? If the temperature is "= 0 (as we assumed in the
above calculation), then the renormalization is stopped by the length L of the wire. Originally,
we have the ultraviolet (UV) cutoff A and the infrared (IR) cutoff L. Once the fast fields have
been integrated out, the UV cutoff becomes bA; the IR cutoff is still L. Then we rescale
coordinates, such that the UV cutoff returns to its original value A but the IR cutoff then
becomes L/b. Obviously, this will stop at

b=L/\. (7.186)
Thus, the renormalized strength of the impurity will be

U = U(b = LJA) = <§> T (7.187)

In particular, this renormalized value of the impurity strength will enter Eq. (7.167) for the
conductance of the wire.

If the temperature is non-zero, then it can also provide an IR cutoff. Indeed, then the
integration over 7 in the original integral goes over an interval of length 5 = 1/T. In units of
length, this corresponds to the infrared cutoff length

Ip = — (7.188)

(thermal length). If L > [r, then the RG flow will stopped at b = Ir/\, yielding the renor-
malized impurity strength

Unew = U = 1r/) = ()" 7.189
o =Ub=1r/N) = (75) U (7.180)
The renormalized impurity strength thus depends in this situation on temperature in a power-
law way.

All these formulas are valid as long as the impurity remains weak: U(b)/u < 1. The
opposite limit of a strong barrier will be considered below. But before doing this, we will
briefly discuss properties of a Luttinger-liquid system with many weak impurities—a disordered
system.

7.8.2 Many impurities: Disordered system

Consider a Luttinger liquid with density nin, of weak scatterers. Each scatterer is characterized
by the (bare) back-scattering amplitude . In the absence of interaction, we would have the
Drude conductivity

o= evvnTy, (7.190)

with the (transport) scattering time 7,
v70) "t~ Ny U2 7.191
%

(The symbol ~ means that we do not keep numerical coefficients.) Renormalization of the
impurity strength U — U(b) = b'~K U therefore implies the renormalization of the scattering
time,

70— 7(b) = B*E gy (7.192)

and thus of the conductivity.

171



Consider first the case when the IR cutoff if provided by temperature (i.e. u/T < L). Then

the renormalized time is
T 2(1-K)
T="p (—) , (7.193)

A
where A = wu/) is the UV cutoff in units of energy. This yields the renormalized Drude
conductivity
7\ 20-K)
op(T) = o9 <K> : (7.194)

We thus obtain a power-law dependence of conductivity on temperature, with an exponent de-
termined by the Luttinger-liquid constant K (and thus by the interaction between fermions).
Equation (7.194) for the conductivity holds for not too low temperatures. At lower temper-
atures it breaks down due to quantum interference between scattering on many impurities,
which has not been taken into account and leads to Anderson localization. The Anderson
localization will be a subject of the next Chapter of this course. Here we discuss it only briefly
in the context of L-dependence of the conductivity; details will be in the next Chapter.

Consider the case of zero temperature. The IR cutoff is then provided by the system size
L. Then, in full analogy with Eq. (7.194), we get the Drude conductivity (i.e. the conductivity
discarding Anderson localization physics)

A\ 20-5)
It is useful to introduce the conductance (inverse resistance) of a wire of length L

L 2
gn(L) = UD;J ) - %ZOA272KL2K73 x L2K=3

where [y = vp7y is the bare mean free path. Consider the behavior for different values of K:

(7.196)

e K =1, corresponding to non-interacting fermions. Then Eq. (7.196) yields gp(L) < 1/L,
which is the conventional (classical) behavior. With increasing L, the Drude conduc-
tance gp(L) decreases. When it becomes of order unity in units of e?/h, the Anderson
localization effects become crucially important, leading to exponential decay of the true
conductance,

g(L) ~ e L/ (7.197)

with the localization length £. For the non-interacting case (K = 1) we have £ ~ [o.

e K < 3/2,including the cases of repulsive interaction as well as weak or moderately strong
attraction. Qualitatively the same behavior: conductance decreases with increasing L.
When it becomes of order of unity in units of e?/h, the Anderson localization sets in,
leading to the exponential suppression (7.197). The localization length £ scales now as

€~ (Ig N272) 2R (7.198)
The system is thus an insulator.

e K > 3/2, which means a strong attraction. Now we have a very unusual behavior: the
conductance gp(L) increases with increasing L. As a result, the Anderson localization
does not play any role. In the L — oo limit, the conductance (and thus also the con-
ductivity) diverge, i.e., the resistivity vanishes: the system behaves as a perfect metal,
or, in a sense, as a superconductor. Indeed, the physics is similar to the superconductiv-
ity: attractive interaction between fermions leads to vanishing of resistivity. However,
the analogy is not complete: in higher dimensions, the superconductivity results from a
spontaneous symmetry breaking, which is not allowed in 1D.
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Summarizing, we find at K = 3/2 a metal-insulator transition. In view of superconduct-
ing features of the metallic phase, it is also referred to as 1D “superconductor”-insulator
transition.

Comment: In this analysis, we have assumed a very weak bare disorder. It turns out that
disorder also leads to renormalization of K: one should consider a two-parameter RG flow of
K and disorder. As a result, for not so weak bare disorder, the transition is slightly shifted
from K = 3/2.

7.8.3 Edge tunneling

We return to the problem of a single impurity. A strong barrier located at the point z = 0
in a Luttinger liquid can be described as a weak (tunneling) link between two halves of the
system: x < 0 and > 0. To address it, we first solve a problem of tunneling into the edge of
a Luttinger liquid.

Consider a wire occupying the region x > 0 with an edge at x = 0. We want to generalize
the calculation of the tunneling density of states, Sec. 7.7.5, to the case of tunneling at the
edge. In principle, one can generalize the above calculation of the Green function in a problem
without an edge to the present case. The Green function now will be G(z, 2’; t): it will depend
on two coordinates in view of the lack of translational invariance. We present a simplified
calculation which is sufficient to find G(z,2';t) at x = 2’ = 0.

We recall that ¢(x,7) = —7 fi)oo dx p(z, ) counts the total number of fermions to the left
of the point z. Since we now have a boundary at x = 0, we have ¢(z = 0,7) = const. The
value of this const will not be important (it just provides a constant phase to the v operator)
and we discard it below. We thus get for the fermionic operator, according to Eq. (7.99),

Y =0,7) ~ —exp{if(z =0,7)}. (7.199)

27\

The Matsubara Green function at the edge thus becomes [in analogy with the bulk formula
(7.124)]

90,0,7) =~ (exp ({000, 7) — 000,0)]})
_ —%exp (Byo(0,0:7)] , (7.200)
with
Byg(z,2';7) = (0(x, 7)0(2,0) — 62(0,0)) . (7.201)

In the absence of the boundary, the correlation function By (z, 7) was found above, Eq. (7.139).
If we put z = 0 in that formula, it yields

. ulT|+ A
Bblk(, ):_ﬁl T

However, there is still one important modification. The action of the 6 field now is defined
only on half-plane x > 0:

(7.202)

zm/dT/ dz [(9-0) +u*(0:0)"] , (7.203)

which affects the correlation function. A simple and physically transparent way to evaluate
this effect is to notice that the correlation function Byy(x,z’; 7) is the solution of the Laplace
equation

—%(872. +u0?)Byg(z, 2", 7) = d(x — )0 (7 — ') (7.204)
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on a half-plane x > 0 with the boundary conditions 9,8 (z, *'; 7)|z—0 = 0 and 0, Byg(z, 2’5 T)|p=0 =
0. This is a standard problem of the electrostatics, and the solution is given by the method of
images:

Bog(x,2';7) = Bop™(x — 2, 7) + By (w + 2/, 7) (7.205)
and thus . \
Buo(0,0;7) = 2B33"(0,7) = —— In % . (7.206)
Substituting this in Eq. (7.200), we get
“4(0,0;7) = . exp El e |r|"VE (7.207)
o 2w K A ' '

This yields, after Fourier transformation in the energy space the scaling of the tunneling
density of states [see Sec. 7.7.5 for the corresponding calculation in the bulk]:

v(e) ~ v ('Ai|>W , (7.208)

with the edge exponent

Yo=K 1'—1. (7.209)

Thus, like in the bulk, there is a power-law scaling of the tunneling density of states at the
edge, with an exponent determined by the Luttinger-liquid constant K (i.e., by the interaction
strength). However, the edge exponent . is different from the bulk exponent v = (K + K~! —
2)/2, Eq. (7.143).

7.8.4 Strong barrier

Now we are ready to study a strong impurity, i.e., a strong barrier between two halves of the
wire, x < 0 and x > 0. It can be described as a weak link between the two halves, with the
total Hamiltonian having a form

H=H,+H,+ Hy, (7.210)

where H; and H, describe Luttinger liquids on the semi-axes x < 0 and x > 0, respectively,
and the tunneling part of the Hamiltonian is

H, = to [](0)¢(0) + ¢4(0)31(0)] (7.211)
(The arguments refer to # = 0.) In the bosonized language, the tunneling term becomes

H, = %to [ 1(©)emi62(0) 4 o=i01(0)cib2(0)] (7.212)

We now switch to the functional-integral formulation and then perform the RG for the

week tunneling in the same way as for the case of a weak impurity in Sec. 7.8.1. We split the

fields 0; (with j = 1,2) into fast 67 and slow ¢ components, integrate out fast fields, and

then rescale the coordinates to restore the UV cutoff. This yields the renormalization of the
tunneling amplitude:

_ ¢+ ./ ,i67(0,0) —i63 (0,0) .
to s 1(b) = to <61 >61> <e ; >92> b. (7.213)
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Each of the averages here is

0> > 1
67 (0,0) _ [ ,—i65(0,0) _ _ L > g} |
<e >91> <e >02> eXp{ 2<9] (0,0)07 (0, O)>9j } (7.214)

where the averaging is over functions on the half-plane (i.e, x > 0) with the action (7.203).
The result immediately follows from Eq. (7.206):

1
(67(0,0)67(0,0))5> = 7= Inb, (7.215)
so that
t(b) = to b5 (7.216)
This yields the RG equation
d t(b) 1
=(1-K . 21
e (B 10 (7217

These formulas hold as long as tunneling is weak, i.e. t/u < 1. The conductance of the wire
in this regime is small:

g = (lil/uy. (7.218)

with the renormalized amplitude t.

The infrared cutoff is set by the system size L or temperature 7', i.e. b = min(L/\,lr/\)
in the same way as in Sec. 7.8.1.

Two RG equations—Eq. (7.185) for weak impurity and Eq. (7.217) for weak link fully
describe the RG flow of the impurity strength. We see that they show the same direction of
flow:

e For K < 1 a weak impurity becomes strong according to Eq. (7.185) and then the
resulting weak link becomes still weaker according to Eq. (7.217). In the limit 7" — 0 and
L — 00, the renormalized tunneling ¢ vanishes: “single impurity cuts the chain!”

e For K > 1 the RG flow is exactly opposite. Even if we have initially a strong barrier (i.e.
weak tunneling), the tunneling becomes stronger according to Eq. (7.217), transforming
into a weak impurity, which then further weakens, vanishing in the limit 7" — 0 and
L — oo.

7.9 Additional comments

7.9.1 Interaction-induced backscattering in spinful Luttinger lig-
uid: ¢g; term

We can now briefly return to the term in the Hamiltonian of the spinful Luttinger liquid that
we have neglected:

Hyy =911 / dx Z VAR R (7.219)

O o1

BV Oy

<
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This term involves interaction-induced backscattering and is not quadratic with respect
to density fields of the bosonized theory. Using the bosonization identity for the fermionic
operator in the spinful theory, Eq. (7.157), we obtain

Hy = (;2—1;)2 / dz cos [2\/5 d)o(x)] . (7.220)

The total action of the spin sector is S = Sy + Sy, where

So[bs] = ﬁ/dn{x [(0:05)% + u*(0:00)7] - (7.221)

and S1,[¢,] = [dTHi1[¢,]. We use here the quadratic action Sy depending on ¢, field only
(i.e. with 6, integrated out), since S;, depends on ¢, only.

Considering the coupling g1, as small, one can derive the RG equation for it in the same
way as this was done for the impurity-induced backscattering amplitude ¢/ in Sec. 7.8.1. The
resulting equation reads

dgrr
b (2—-2K,)g11 - (7.222)

Thus, depending on the value of K, (whether it is larger or smaller than unity), the coupling
g11 either decreases or increases under RG. If g;; decreases under RG (one says then that it
is an irrelevant coupling), it does not play much role: at long distances and low temperatures
it will be very small and can be neglected. On the other hand, if g;, increases under RG (one
says then that it is an RG-relevant coupling), the situation is totally different. At certain scale
of L (or, equivalently, at sufficiently low temperature T), this coupling will become large. An
analysis shows that this scale determines a gap that the spin sector acquires: the “phonons”
of the spin sector become massive and cannot propagate beyond this scale. At longer scales
(and lower temperatures) only charge-sector excitations remain. Thus, in such a situation,
the spin-charge separation becomes really dramatic: the charge can propagate but the spin
cannot! (Such a state is frequently called “Luther-Emery liquid”.)

Comment: A fully accurate RG analysis requires two equations for mutual renormalization
of g1, and K.

7.9.2 Outlook: Further generalizations
e Spin chains
e Interacting 1D bosons

e Fractional quantum Hall edges
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Chapter 8

Quantum transport in disordered
systems

The subject of this Chapter is transport properties of disordered quantum systems. Physically,
disorder means some concentration of impurities of a certain strength. Typical observables are
the conductivity (or the conductance) of a system. We will focus on the charge conductivity
but this can also be the heat conductivity. On a the quasiclassical level, the conductivity was
studied in the framework of the Boltzmann kinetic equation in the Statistical Physics (Theory
F) and TKM I courses. We formulate now a systematic, fully quantum approach to transport
based on the linear response theory. This will allow us to explore effects in transport that
are related to quantum interference and are missed by the Boltzmann equation. The most
dramatic manifestation of these effects is Anderson localization.

8.1 Kubo formula for conductivity

In Sec. 3.13, we have developed the general formalism of linear response. Let is briefly repeat
the main results here. One considers a perturbation of the Hamiltonian resulting from the
action of a weak external field F'(t) (“generalized force”) coupled to an operator A (“generalized

coordinate”) of the system: R R )
H=Hy+AF(t). (8.1)

One is interested in the change 0 B(t) of the value of an observable B resulting from the action
of the perturbation, to the linear order in perturbation. Here

B(t) = (B, (8.2)

where the averaging goes over the density-matrix at time t. Without perturbation the system is
characterized by the equilibrium density matrix with temperature 7. In Sec. 3.13 the formulas
were written for 7" = 0 but they are straightforwardly extended to any equilibrium state, see
Sec. 4.10.2. The result reads

§B(t) = /dt’ DE (L VF(), (8.3)

where

~

PRt 1) = —i0(t — t'){[B(t), A(t')])o (8.4)

and (...)g = tr...pp is the averaging over the unperturbed equilibrium state with density
matrix pg. (At zero temperature, this is averaging over the ground state of the unperturbed
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system.) The function 25,(¢,t') is the linear-response function; the superscript “R” in-
dicates its retarded character. Upon Fourier transformation, it becomes 25 ,(w). In view of
the retarded character of response, the function 2% ,(w) is analytic function of the complex
variable w in the upper half-plane, Imw > 0.

The formula (8.4) is the Kubo formula.

To obtain 2&,(w) in the diagrammatic framework, one uses the Matsubara formalism,
which allows to obtain the Matsubara response function (see Sec. 4.10.2)

DM (r) = —(T-B(1)A(0))s . (8.5)

Its Fourier transform is 2%, (w,) where w,, are bosonic Matsubara frequencies. The real-time
response function 2% ,(w) is obtained by analytical continuation from the imaginary axis where
it satisfies the condition

DE \(iwy) = D (wn), wy, >0, (8.6)

to the real axis w € R + 0.

To apply the linear-response formalism to the (electric) conductivity, we need the expression
for the perturbation of the Hamiltonian under applied electric field. It is convenient to use
the gauge with zero scalar potential, ¢ = 0; the electric field is then

1 0A
E=—— 8.7
c Ot (87)
where A is the vector potential.
The Hamiltonian in the absence of perturbation is
—1V)?
Ho_/d3r¢f(r) {( iv)

2m

+U (r)] U(r) + Hin (8.8)

where U(r) is a potential (which we will need to include the disorder) and Hiy is the interaction
part. Coupling to the vector potential A(r,t) is obtained by the substitution

e .
P = P--A= pin) (8.9)

where p = —iV is the canonical momentum and p®*™ is the kinematic momentum. Thus,

the perturbed Hamiltonian reads

(—iV — SA(r,t))?

2m

Ho+V(t) = /d3r U (r) [ +U(r)| ¥(r) + Hing , (8.10)

Comparing with Eq. (8.8), we can read out the perturbation

V(t) = —% /d3rj(r)A(r) +O(A?), (8.11)
where .
§(6) = 5 (=) [0V - (V) ] 812

Since we are interested in linear response, we discard the term O(A?) in Eq. (8.11). The oper-
ator j(r) is the current operator. In the absence of the potential U(r) (i.e. in a translationally
invariant system) it satisfies the conservation law

dp

divj+ — = 1
1v3+8t 0, (8.13)
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where p(r) = 9T(r)y(r) is the density operator.
To calculate the conductivity, we need to find the response of a current to the applied
electric field. According to the general Kubo formula (8.3), (8.4),

e =+ [t [ ). e’ o A ). (5.19)

However, according to Eq. (8.9), the physically measurable current in the presence of the
electromagnetic field A, is not j,, but rather

Tulrs8) = ) = —ul)() 4, (). (8.15)

We thus need 6(J,(r));, which reads

t
6Mﬁw»=/ #/ﬁ%@wmmﬂﬂg%WjL (8.16)

where

2

Quo(r, 50, t) = iO(t = ) {[ju(r, 1), Gu (', )0 — —(p(x))o d(t — )0(x = ')

m

62

= -9/ (@ rit—t)— E(p(r»o St —t)o(r — '), , (8.17)

where 2%, is the retarded current-current response function.

Consider a response on frequency w:
A(r,t) = A(r,w)e ™", E(r,t) = E(r,w)e ™",
mM@:%Am@. (8.18)
Equations (8.16), (8.17) become
) = [ & oulrxi) B (8.19)

with

C)
= i {Z /0Oo di eiwtqju(rv t)’jl/<r/’ 0)]>0 -

ou(r,tiw) =

e2
w m

@th—ﬂ%}
(8.20)

This is Kubo formula for the conductivity.

In the presence of disorder potential U(r), the conductivity o, (r,r’;w) is not translation-
ally invariant for a given realization of disorder. However, the translation invariance is restored
upon averaging over disorder (i.e. averaging over an ensemble of systems corresponding to a
given disorder strength):

<Uuu(r7 I',; w)>disorder — Uuu(r - I',; CU) . (821)
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After this, one can perform also Fourier transformation r — q:

o (q;w) = /d(r — e g (e -1 w) . (8.22)

Consider a response to a spatially homogeneous electric field, i.e., at ¢ = 0. We have then

0 () = % {Ku,,w) ~ b (8.23)
where -
Kl =1 [ dt @ e, o,1). 505" 00 (8.24)

and n = ((p(r))o)disorder is the particle density. We note that the field A, with ¢ = 0 and
w = 0 is a pure gauge, since the corresponding electric and magnetic fields are zero. Therefore,
the current (which is a gauge-invariant observable) cannot be affected by such perturbation:

d(J,) = 0. On the other hand,

5(J,(w)) = {Ku,,(w) - b %A,,(w). (8.25)
Thus )
K (0) = =nd,,. (8.26)

and the ¢ = 0 Kubo formula (8.23) can also be presented in the form

Tusl0) = = [y (0) ~ Ko 0)] (8.27)

8.2 Kubo formula for non-interacting fermions

To determine the conductivity, we just need to evaluate the current-current response function,
see Eq. (8.20). It can be obtained by analytical continuation of the corresponding Matsubara
correlation function, see Egs. (8.5) and (8.6):

2 (7)) = —(Trju(r, 7)5,(r',0))o . (8.28)

1)V

For a system of non-interacting fermions there will be a single diagram for the correlation func-
tion (8.28), in full analogy with the density-density response function calculated in Sec. 4.9.1:

The corresponding expression is
D) (. wy) = € 3 Z O Do, r's 60 + W) Oy Garo(r',r, 60). (8.29)
Here 0, are velocity operators (with the word “operator” used in a single-particle sense),

FvG = % FVG— (VF) Q] . (8.30)
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see Eq. (8.12) for the current. The velocity ¢, in Eq. (8.29) contains derivatives with respect
to r, and 0, contains derivatives with respect to r’. One should think about the factors in
Eq. (8.29) forming a loop, as on the diagram, so that each velocity has one derivative acting
to the right (with plus sign) and one acting to the left (with minus sign).

Analytical continuation from the Matsubara to real frequencies is performed in the same
way as in Sec. 4.11.2 and is left as an exercise. The result reads

, . dE . / N /
Qﬁ;w(r,r;w) = —162/§{f(E+w)vu [Gngw(r,r)—Géw(r,r)] vng(r,r)

+ f(E), Gg+w(r, r') o, [Gg(r’, r) — Ga(r, r)} } ) (8.31)

Substituting this in Egs. (8.17) and (8.20), we obtain the conductivity o, (r,r’;w). Considering
a response to the spatially homogeneous electric field (¢ = 0). The (frequency-dependent)
conductivity is then given by Eq. (8.27). There, K, is defined by Eq. (8.24), i.e. it is (with
a minus sign) the current-current response (8.31) integrated over r. Thus, we get
1
O (W) = = [Kuw(w) = Ku(0)]

W

1 dE . .
— —562/H [f(E+w)tri, (Gngw—G‘ngw) b, G

+ f(E)tro,GR,, 0, (GE — Gg)] — [the same with w = 0]}, (8.32)

where V' is the volume.
Let us now focus on the longitudinal conductivity o,,. Equation (8.32) yields:

1 dE

(W) — —EQQ/W{f(Equ) tr [, (GR,,, — G,) 0p GA]

+ f(B)tr [0, GE ., 00 (GF — Gp)]
+ f(E)tr [0, Gpo, Gy — 0, G0, GR] }. (8.33)

We consider the real part of the conductivity which is dominant at low frequencies (if the
system is not an insulator). For this purpose we use the identities

1
Re tr M = Ztr (M + MY, (GHY =G4, 0l =0,. (8.34)

The result is

4V w

Reo, (@) = - / ap BV ZTETW) o ar _aA e (GE-cl).|  (3.35)

In the regime of interest, w,T" < Ep, the energy integration goes over a vicinity of the
Fermi energy, so that we can approximate

/dE J(E) _Z(E+“)(...) ~ (o )pep, (8.36)
Thus, ,
Re 0y, (w) = = —tri, (GEBiw — Gra) 02 (GE = G|y, - (8.37)

The corresponding formula for the complex o,,(w) is immediately obtained from the real part
by using analyticity of o,,(w) in the half-plane Imw > 0:

2

oV

Oz (W) tro, G, 0, (GR — G‘g)‘E:EF : (8.38)
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8.3 Disorder diagrammatics

Above, we expressed the conductivity of a system of non-interacting fermions in terms of the
Green functions GE, G4. These Green functions are defined as

GE=(E+i0—H)', GpA=(E—i0—H)™",
2

H=H,+U(r)= —QV—m +U(r), (8.39)

where U(r) is the random potential. Clearly, Green functions depend on the realization of
random potential. One should average the conductivity as given by Eq. (8.35) or (8.37) over
the realizations of disorder. We develop now a diagrammatic technique that allows one to
perform this.

Comment: In fact, fluctuations of the conductance from one realizations to another are
also interesting. These are so-called mesocopic conductance fluctuations. However, it
is natural to start from the average. One can show that if the system is a relatively good
conductor (conductance > e2/h), the fluctuations are small compared to the average.

We should first formulate a model of disorder. To simplify the analysis, let us assume that
we have a high concentration of weak impurities:

Ur) =Y Vo(r—r), (8.40)

where positions r; of impurities are randomly distributed with a density nin,, and Vj is a
potential of an individual impurity. Consider a limit

Nimp — 00, Vo — 0, Nimp V. = const . (8.41)

It is easy to check that in this limit the statistics of the random potential U(r) becomes
Gaussian, i.e., it is characterized by a distribution of the type

P{U(r)} = %exp {—% /d?’rld?’TQU(rl)K(rl — rz)U(rz)} : (8.42)

This means that the correlations of the potential U(r) decouple into sums of products of
pairwise correlations according to the Wick theorem, e.g.

(U(r1)U(r2)U(rs)U(rsa)) = (U(r)U(rz)) (U(rs)U(ra)) + (U(r1)U(rs)) (U(rz)U(ra))

+ (U(r)U(rq)) (U(r2)U(rs)) . (8.43)
The pair correlator is
(U(r)U(r2)) = W(r1 —12), (8.44)
where
/d?’rK(rl —1r)W(ry —re) =0(r; —ra). (8.45)

The assumption of Gaussian statistics of disorder simplifies the analysis. At the same time, it
does not affect the physics in any essential way.

Note that we assume here that (U(r) = 0. If it is not the case, one can simply include this
constant as a shift of the energy.

In most of the calculations, we will make a further simplifying assumption:

Wi(ry —ry) =T0(r; —ra). (8.46)
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This model is called “white-noise disorder”. It is obtained from the above model of high con-
centration of weak impurity if one assumes that each impurity is characterized by a potential
Vo(r — ;) = vpd(r — 13), wWith nyy,, — 00, vg — 0, and nyyEva =T,

We use now the perturbative expansion of the Green functions in the potential U, see
Sec. 2.6.

Gi =G+ GJUGE + GFUGEUGE + ... (8.47)

Here GE is the Green function of free fermions: G&(e) = (e 410 — Hy) ™! with Hy = —V?2/2m.
The energy is the same for all Green functions in Eq. (8.47) and not indicated. A fully
analogous expansion holds for G4.

To calculate the conductivity, we need to average a product of two Green’s functions. Let
us start, however, from calculating the average of a single Green’s function. Averaging (8.47),
we obtain diagrams consisting of the following elements:

Free Green function GEA(e,p) = (e — p?/2m £ i0) ! -

Disorder line Ur)ux)=Wkr-r» mm e e e m e a oo

The diagrammatics has some similarity with that for an interacting system [Sec. 3.9]. However,
there are essential differences:

e No diagrams with internal closed loops. For example, out of numerous diagrams that
we had in the second order with respect to interaction, see figure below Eq. (3.217),
only three diagrams will have their counterparts in the present case (with wavy line
representing the interaction replaced by the dashed line representing the disorder).

e Disorder line does not carry any energy (contrary to the interaction line).

In full similarity with the diagrammatics for problems with interaction, we introduce the
self-energy (e, p). To the lowest order in disorder correlator, we have just one diagram for
the self-energy:

The corresponding analytical expression:

1
€ +i0 — p?/2m

S7(e,p) = / (dp2)GE(p)W (p — p1) = / (dps) Wp-p), (848

where we used a short notation for the integration measure, (dp) = d%p/(27).
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The real part of the self-energy will produce only a small correction to the energy (< Er),
so we neglect it.

Comment: If one uses the white-noise disorder model, then the integral for the real part
will formally diverge on the ultraviolet limit. However, if one makes a UV cutoff, e.g., at
momenta ~ pg, one gets a finite and small result (for weak disorder; the exact condition will
be specified below), as we have just stated.

We thus focus on the imaginary part of the self-energy.

I S (e, p) = / (dpa) (—m)8(c — p2/2m)W (p — pa) (8.49)

Consider the white-noise disorder model (8.46). In the momentum space, the disorder corre-
lation function is then simply constant:

Wi(q) =T. (8.50)

Thus,
1

Im X%(e, p) = /(dpl)(—w) S(e —pi/2m)T = —7v(e)l = —5 (8.51)
Here v(e) is the density of states at energy e. Since relevant energies € are close to Fermi
energy, we can as usual approximate v(€) by the density of states at the Fermi energy v(Er)
and thus consider is as a constant (to be denoted simply as v).

The imaginary part of the self-energy defines the mean free time 7. This is the mean free
time with respect to the impurity scattering. It is worth emphasizing that this scattering is
elastic (energy-conserving). This distinguishes it from inelastic scattering due to interactions
(electron-electron, electron-phonon, etc.)

Thus, we find the disorder-averaged Green’s functions G®4(e, p): -
1 1
GEAle,p) = o~ : 8.52
R Vi o

The calculation (based on the lowest-order diagram for self-energy) is valid if the disorder is
weak. The corresponding condition is e7 > 1, or, equivalently,

Epr>1. (8.53)

To understand the role of the imaginary part of the self-energy, it is useful to inspect its effect
on the behavior of the Green function in real space. We perform the Fourier transformation:

GR’A(e,r) = /(dp)eiprp+ (8.54)

We can set € = Er. The pole is shifted from to p = pr to p ~ pr £i/2l, where | = vpT is the
mean free path. This implies that

GlA®e,r) ~ GEA (e, r)e ™/ (8.55)

as can be indeed verified by an accurate calculation. The physical meaning of this exponential
suppression of the Green function at r > [: decay of a plane-wave state (i.e. a state with a
given momentum p) due to the (elastic) impurity scattering. Note that exact single-particle
states do not decay, since we consider a non-interacting problem. In this respect, there is a
qualitative difference with (inelastic) decay due to interaction considered earlier in this course.
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8.4 Feynman path integral

Before proceeding with application of the the diagrammatic to the calculation of conductiv-
ity, we make a digression and introduce the Feynman path integral formalism for quantum-
mechanical Green function (propagator). This formalism is in fact a precursor of the functional-
integral formalism which was introduced in Chapter 6. While we will not use the Feynman
path integral approach for actual calculation, it will be very useful for physical interpretation
of diagrammatic calculations.
We consider quantum mechanics of a particle with the Hamiltonian
-2
Ht =2 +vixt), p=-iv. (8.56)

2m
The corresponding retarded Green’s function G®(x;,ts;x;,t;) was defined in Chapter 2. It
satisfies the equation

(Zatf )GR(Xf,tf,XZ, ) —5(tf —t)(S( —Xf>. (857)

Xf ty

The retarded solution of this equation reads
iGR(Xf7tf,XZ, z) = Q(tf - t <Xf|U tf7 )|Xz> = Q(tf - ti)<Xf|T67iftif dtlH(t,)|Xi>, (858)

where U (ts,t;) is the evolution operator. To present the propagator G¥(x,tr; x;, ;) as a path
integral, we split the time interval from ¢; till ¢; in a large number of smalls steps [t,_1, ),
each of length At:

Uty t;) = Uty tar—1)U(trsor, tar—s) - .. Ulta, 01)U (1, 1) . (8.59)

The evolution operator on each of the steps can be approximated as

in dt/H(t’)

Ultn, tn_1) = Te I ~1—iAtH(t,). (8.60)

Now we insert between each two consecutive evolution operators U (t (tnt1,t,) and U (tnytn-1)
withn =1,2..., M — 1 the following decomposition of unity:

ﬂ_/dd /dp” ) (XnlP ) (D] (8.61)

with <X|p> = P>, Note that 2o = z; and z)y = xy. After the last step, i.e. at time ¢y, we
insert

d
1= [ Gl (8.62)

As a result, the evolution operator (8.60) of each step produces the matrix element
<pn‘]. - ZAt ﬁ(tn>|xn,1> — [1 — ZAtH(tn’pn7 anl)] efixnflpn
~ exp[—iAt H(ty, P, X, 1)] € Xn1Pn (8.63)

where H(t,p,x) is the Hamilton function corresponding to the Hamiltonian operator H (1).
For the Hamiltonian (8.56) we have obviously

2

H(t,p,x) = 2p—m FV(x,1). (8.64)
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Combining everything, we obtain

M
iGR (xp,tr %0, t) = 0(t;—t:) / H d®x H {Z ipn (X — Xp_1) — @'At’l—[(tn,pmxn_l)]}
) (8.65)

In the continuum limit (M — oo and At — 0), this becomes

6"yt 00 =00t 1) [ " oxo) [opt) e {i [ atp s ~wiep 0.x001

(ti)=i
(8.66)
The integral is performed over paths in the phase space x(t), p(t) with boundary conditions
x(t;) = x; and x(t7) = xy. This version of the path integral can be derived for any Hamiltonian
built out of operators x and p. For such a general Hamiltonian, one should first transform it
to the normal-ordered form in the sense that in any term involving both x and p, all p factors
should stay to the left of all x factors. This normal form defines the function H(¢, p,x).
Now we focus on Hamiltonians of the type (8.56). In this case, the integration [Dp (t) in
Eq. (8.66) is Gaussian and can be performed exactly, see Eq. (6.55). The result reads

x(ty)=xy ty
iGR(xy, %, 1) = 0(ty — ¢ )/ Dx(t) exp {z/ dt L(x,x, t)} . (8.67)
t;

z(tl):xl

where L(x,X,t) is the classical Lagrangian,

mx>

L(x%,t) = = = V(x1). (8.68)

The functional that has emerged in the exponent of Eq. (8.67) is the classical action S evaluated
on the trajectory x(t):

Sx(t)] = /t Tt Lkt (8.69)

Thus, Eq. (8.67) can be written in a very compact form:

:r(tf):xf )
iGR(xp,tpxi, ) = 0(ty; — t )/ Dx(t) eSOl (8.70)

Z‘(ti ) =x;

This is the Feynman path-integral formula. It presents the quantum-mechanical Green’s func-
tion, i.e., the amplitude of evolution from point x; at time ¢, to point x; at time t;, as an
integral over all paths from (x;,t;) to (xy,ts), with every path being weighted with the factor
"] where S[x(t)] is the classical action evaluated on this path.
An analogous formula holds for the advanced Green’s function (for convenience, we inter-
change i <> f in indices of the arguments of G* in order to keep t; > t;):

iGA (s, tisXp, ) = —0(ty — ) (x| U (ti, ty)[x5) = i[GF(xp, Ly %5, 1)) (8.71)

so that )
TLf)=Tf .
iGA(xy, t; xp,tp) = —0(t; —ti)/ Dx(t) e SO (8.72)

(E(tl)le
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8.4.1 Stationary phase approximation

When characteristic value of the action S in the exponent are large, the path integral can be
evaluated in the stationary-phase approximation. (We recall that we use units & = 1, i.e. the
action is measured in units of f.) This situation corresponds to the quasiclassical regime. A
stationary point is defined by the condition

6S[x(t)]
= (8.73)

We know from the classical mechanics that this condition is equivalent to the Lagrange equa-
tions of motion. Therefore, a stationary point of the path integral is a classical trajectory
x.1(t). We get in the stationary-phase approximation

iGE(xp,tr X, 1) = Oty — t;)eSFa®l A[x 4 (1)] (8.74)

where A[x(t)] results from Gaussian integration around the stationary point:

~1/2
. 8.75
x(t):xcl(t)) ( )

By varying the action around the classical trajectory, one can show that

1 028
211 8$M(t1)8$1,<t2)

Apea ()] = et (

Alxa(t)] = det {% (méw,j—; 0,00,V (xa(t), t))} o (8.76)

If there are multiple classical trajectories Xg ) (t) (which will be the case for disordered systems),
one should sum their contributions to the propagator:

iGP (g, xits) = O(t — 1) S S DA 1], (8.77)

8.5 Diagrammatic calculation of conductivity

We have derived the general formula, Eq. (8.38):
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2nV

<t1" Uy Gi_w @ac (G? - G§)>disorder

, (8.78)

Oz (W) 22 s

where we now explicitly indicated disorder averaging.

This corresponds to the sum of diagrams obtained from
the bare one (shown to the right) by inserting impurity \Y \Y
lines in all possible ways.

8.5.1 Drude conductivity

Consider first diagrams with impurity lines inserted in each of the fermionic lines but not
connecting them. Then G — (G®) and G* — (G?). For brevity, we simply write (...) for

< cee >disorder .
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This can be again represented by a simple bubble dia-
gram but now each line means averaged Green’s function \Y4 \Y

(GEY or (GH).

e? 1
rale) = o [(0) 522 (GF)®) (G B) - (G )
2 2 1 1 1
m E—Fw—%—F; €= 5~ o E—%‘f—;

where d is the spatial dimensionality. We denote p?/2m — e = §,. The energy € is to be taken
€ = Ep. The integral is determined by the vicinity of the Fermi surface: ¢, ~ 1/7 < EF.
Therefore, we can approximate

Pt~ pt, vie) ~v(Ep) =v, / dg, ... ~ / dé, . .. . (8.80)
—FEp —00
This yields
2 2 1 1 1
Opz(W) = c /dfp - ( — — - ) . (8.81)
2r d W=+ N\ ST

The integral is straightforwardly calculated by means of Cauchy’s residue theorem. The second
term, i.e. the GEG® term, yields zero contribution (both residues are on the upper side of the
real axis of &,). From the first (GRG?) term we get

vod T
sz(w) = —L

d 1—iwr’ (8.82)
This is exactly the Drude formula for conductivity as obtained by the classical calculation
based on the Boltzmann kinetic equation (Statistical Physics and TKM I courses).

Comment: While the result comes from the GEG4 term, we kept also the GEG® term in
the original formula (8.79), as the integral would be UV-divergent otherwise. After approx-
imations (8.80), the GEG® term becomes zero, and the GEG# integral UV-convergent and
fully determined by the vicinity of the Fermi surface. Below in analogous calculations we will
do the same approximations, so that we keep only terms of the GEG# type from the very
beginning.

This calculation was performed for the white-noise disorder (8.50). Let us return for a
moment to the general case of the disorder correlation function W(q) and inspect the self-
energy (8.49),

QL = —Im X (e, p) = /(dpl)(—ﬁ)(s(e —p1*/2m)W(p — p1). (8.83)

T

Setting ¢ = Er and |p| = pr, we get

L, / A w,(0),  wy(0) = 20W (p — p1) = 20W (2pesin(6/2)),  (3.84)

pu
where [dQ)... is the angular integral (normalized to unity) over the direction of ps, and 6
is the angle between p; and p. On the other hand, within the quasiclassical approximation
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we obtained, in the case of general impurity scattering, the Drude formula (8.82) but with
T > Ttr, Where 7y, is the transport relaxation time,

1
— = V/dQ w,(0)(1 — cosb). (8.85)
Ttr
For the white noise disorder W(q) = I' we have w,(d) = 2L, i.e. isotropic scattering, so
that the formulas (8.84) and (8.85) yield identical results. However, for a general w, (), when
the scattering is anisotropic (i.e., the rate w,(f) is dependent on scattering angle ), they are
different: Eq. (8.84) is the total relaxation rate, while Eq. (8.85) is the transport scattering
rate.

To obtain correctly the Drude conductivity (8.82) with 7 +— 7, one has to sum up the
ladder diagrams:

Let us calculate the first of them (with one leg of the ladder, i.e., one impurity line connecting
two fermionic lines):

o (w) = —/ dp)(dp') pxpx (G UG PN GEL) NG )W (P — P)
e? UF 1 1
= oV d§pd5p< B (w_£p+%)(_€p_%)/dep(H)cosé.

2 2
5 VVUE T 1 1
= - — — 8.86
4 (1—iw7') (7‘ Ttr> ’ (8.86)

where we used that v [ dQw,() cos = 77! — 7" according to Egs. (8.84) and (8.85). It is
not difficult to check that ladder diagrams yield a geometric series; the term with n legs reads

2 n+1 n
W) () — 2 VB (T 11 8.87
Oa (W) = € d (1 - in) (7‘ Ter (8.87)
Summing the series, one finds
2 2 o0 n 2 2
_ Vp T 1—7/1\ e vp T 1
Ouz(w) = ZU o d 1—iw¢§(1—2’w7> o’ d 1—iw71_11—_7_/”r
e vh Ty
= —V— —) 8.88
o U d 1— iwry (8.88)

We thus see that indeed the resummation of the ladder diagrams yields correctly the Drude
conductivity with the transport relaxation time.

8.5.2 Interpretation of ladder diagrams in terms of path integral

We now provide a physical interpretation of the ladder diagrams in terms of the Feynman path
integral, Sec. 8.4. According to Eq. (8.77),

GR(Xf,tf,Xl, z ZA e’ tf >, (889)
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where the index j labels classical trajectrories, .S; is the corresponding action and A; the
pre-exponential factor (whose specific form will not be important for the qualitative consider-
ations). We have incorporated the factor ¢ in A;. In the same way,

GA(xi L xp, ) = [GR(xp, ty5 %0, 1) ZA* Sty >ty (8.90)

In the calculation of conductivity, or other related observables (e.g., density-density response
function etc), we will have to average a product GEG (in fact, with some operators staying
in vertices, but this is not essential for the present discussion). This yields

(GRGAY = <ZA AL e Sk> (8.91)

The actions S; are large, so that we have quickly varying phase factors e%i=5k) for j # k. In
view of this, the leading contribution is given by the diagonal terms, j = k, i.e. by the same
trajectory contributing to G¥ and G4:

(GEGH) ~ <Z |Aj|2> . (8.92)

This is the classical approximation. The ladder diagrams (as e.g. we found for the conductivity
in the case of anisotropic scattering) can be understood in this way:

quantum classical

2 o0
A 2 1wt
5 GE 0. G) Orz(W) =€ 1//0 dt (v.(0)v,(t))e

Two fermionic Green functions lines correspond physically to two trajectories, each describing
a quantum-mechanical amplitude. In the classical approximation, this is the same trajec-
tory, which thus becomes the trajectory for propagation of the probability density, in full
correspondence with the Boltzmann kinetic equation formalism.

Opz(W) =

8.5.3 Quantum interference effects: Qualitative discussion

Quantum interference effects are given by terms in (8.91) that are missed by the classical
approximation (8.92), i.e., by non-diagonal terms

<GRGA>quantum interference — <Z A]A;; ei(sj_sk)> . (893)

ik

As discussed above, most of these terms average to zero
due to phase factors.

190



There are, however, important exceptions. In particular, time-reversed paths (i.e., the
same trajectory traversed in two opposite directions) have the same action. This assumes that
the time-reversal symmetry is not broken, which requires absence of magnetic fields.

Two paths, that have the same initial and final points,
follow the same classical trajectory but traverse the loop
in the opposite directions.

The interference of time-reversed paths leads to weak-localization correction to conduc-
tivity which will be calculated below by diagrammatic means. Furthermore, as will be also
discussed below, in some situations such quantum corrections proliferate and lead to strong
Anderson localization, which totally blocks the transport.

Comment: As is clear from the above discussion, localization phenomena originate from
wave interference. Therefore, they are characteristic not only for quantum mechanics of a
particle in random potential but also to classical waves in disordered media. In particular,
the effect of interference of time-reversed paths is also known in optics where it leads to the
phenomenon of enhanced back-scattering from a disordered medium. Anderson localization of
classical waves has been studied in a variety of settings.

8.5.4 Diffuson and cooperon

We calculate the sums of ladder diagrams. For simplicity, we assume the white-noise disorder.
First, consider the diffuson, which a sum of ladder contributions to

D(q,w) = (27w7')_2/dd(7‘ — ' WGE  (r,)GA(, r))e el (8.94)

ptq R
-

“'
p A
We should sum the geometric series
Dgw) = -3 [ et o+ acie) : (8.95)
’ 2mTUT o oQmuT etw € '

Calculate the integral in Eq. (8.95):
1
(w =& —vpqeost + 5)(=& — 57)

where 6 is the angle between p and q. We perform an expansion in frequency and momentum,
which is valid under the following conditions:

/ (dp)GE (P + a)G(p) ~ v / dgp de2 , (8.96)

ql, wr < 1. (8.97)

We keep leading contributions coming from non-zero q and w, which means expansion up to
the first order in w and the second order in q:

1
)<_§p - %)

[+ acie) v [ agin|
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1
(_gp + %)3(_517 - %)

1
(_fp + %)2(_@) - %)
(8.98)

+

2 2 2
Vg cos” 0 —

Wi .

The integrals over &, belong to the following family of integrals that are easily evaluated via
the Cauchy’s residue theorem:

1 . . n
/d§(€+%)(§_%>n:_2m(”) . (8.99)

Sometimes one needs integrals of a more general class that can also be straightforwardly
evaluated:

1 mem (M +mn—2)! _
d¢ - — = 2m"" pmtn—l
EEESTEET (m— Di(n— 1
The integrals over £, in (8.98) are of the type (8.99) with n = 1, 2, and 3. Substituting their
values as given by Eq. (8.99) into (8.98), we get

(8.100)

[ @65 o+ @G p) = 2rvrit - (D’ — )] (8.101)

where )
vpT

D= (8.102)

is the diffusion coefficient. Substituting this in Eq. (8.95), we get the final result for the
diffuson:

1 1
- 2mvr? D@? —iw

D(q,w) (8.103)

The 1/(Dq? — iw) from of the propagator is known as “diffusion pole”, since D(q,w) is the
classical diffusion propagator. Indeed, its Fourier transform satisfies the diffusion equation

4 2 ! A 1 / Y
<a—DVT) D(r—r,t—t)—27w72 S(r—rot—t). (8.104)

To calculate the weak-localization correction, which results from interference of time-
reversed paths, we will need another type of ladder diagrams: the cooperon C(q,w):

p+q R p+q R
I ] ] .: ] 1 1 1 I I I .: I 1 1 1
1 1 1 - 1 : : : : : : _‘: : : :
—p A p A
Cooperon C(q,w) Diffuson D(q, w)

If the time-reversal symmetry is preserved (no magnetic field), we have G4(p) = (e — p*/2m —
i/27)7t = GA(—p). Therefore, expressions for diagrams in the cooperon ladder are identical
to those in the diffuson ladder, i.e.,

! 1
C 27wr? D@? —iw

C(q,w) = D(q,w) (8.105)
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8.5.5 Weak-localization correction to conductivity

The weak-localization correction to conductivity is given by the sum of maximally crossed
diagrams. The diagrams can be redrawn to make clear that they involve a cooperon loop. In
the third representation below, the cooperon ladder is replaced by a wavy line. Physically, the
cooperon loop corresponds to interference of time-reversed paths.

The corresponding expression reads:
1 1
217t Dg? —iw

(8.106)

x —"_ x x
Bow = - [P 2GR (o + )G (p + )G (-P)GA (D)

The cooperon momentum ¢ and the frequency w are small, see Eq. (8.97). We neglect ¢ and
w everywhere except for cooperon propagator. The p and ¢ integrals then fully decouple. The
p integral yields

[t~ Grpia et -pat-p = —E [ dg g = v s,
m.m (& +2:)%(& — 25) d
(8.107)
Thus, we get
e? v? 1 (dq) 5 D
A = F 3 = / 1

oWL omd T 2mur? Dq? —iw Dq — W (8.108)

It also instructive to write down this result in the following form:
AO’WL = —0'0—/ Dq — zw (8109)

where oq = e*vvi7/d is the zero-frequency Drude conductivity. It is worth emphasizing that
the correction is negative: the weak-localization effect reduces the conductivity.

Let us analyze the result (8.108). The behavior of the integral over the cooperon momentum
q depends crucially on the spatial dimensionality.

3D system. The integral over ¢ is formally UV divergent. It should be cut off at ¢ ~ 7!,
in view of the condition (8.97). The result reads

e? ~1 1
Bows =~ ( z _L_> - (8:110)
where 12
D
L, = (—) (8.111)
—iw



has a dimension of length. The dominant part of the correction (8.110) is controlled by the
UV cutoff, ¢ ~ [7!; it is small compared to the Drude conductivity as

A(TWL/GO ~ (k‘Fl)_Q < 1. (8112)

We have kept in Eq. (8.110) also the subleading contribution, which depends on w.
2D system. The integral over ¢ is now logarithmic, with [~ serving as UV cutoff and ~ L*
as IR cutoff. This yields
e? L
A = ———In—=2 2D. 8.113
OwL o2 n [ ( )

Quasi-1D system. Now the ¢ integral is fully determined by the infrared cutoff ~ L.
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Aowr, = —%Lw : quasi-1D (8.114)

What we consider here is not strictly 1D system but rather quasi-1D geometry. i.e., a wire
with transverse dimensions much smaller than the length L. The 1D conductivity is defined
as the conductance of the wire multiplied by its length.

Crucially, the WL correction diverges in the limit L, — oo (i.e., w — 0) for spatial
dimensionality d < 2. Since the correction is negative, and the conductivity cannot become
negative, the formulas will stop working in this limit. However, they imply some dramatic
change of the behavior at sufficiently small w. As we discuss below, the IR divergence of the
weak-localization correction signals strong Anderson localization.

In this analysis, we considered conductivity of a non-interacting system of infinite size at
finite frequency w. Correspondingly, the IR cutoff length was set by frequency, Eq. (8.111).
In a more general situation, the IR cutoff L, in the above formulas for Aoy, will be replaced

by

L, — min{L,, L, Ly}, (8.115)
where L is the system size and L is the dephasing length due to interaction-induced inelastic
processes (electron-electron, electron-phonon, .. .scattering).

What we have calculated is the leading, i.e. one-loop, weak-localization correction. Here
“one-loop” refers to the cooperon loop. There are also higher-order (two-loop, three-loop,
etc.) corrections, where counting of loops refers to diffusons and cooperons. When the one-
loop correction is relatively small (see the analysis below), higher-loop corrections are still
smaller.

Two paths corresponding to a two-loop diagram (with
three diffusons). Drawing the corresponding diagram for
the conductivity is left as an exercise.

8.6 Anderson localization

Consider the case w =0 (i.e. L, = 00), with the infrared cutoff set by the system size L.

We recall that we consider a non-interacting system, which means that there is no dephas-
ing, Ly = 00. One can also consider an interacting Fermi-liquid system at 7" = 0; then one
also has Ly = oo since inelastic processes governing the dephasing are absent at T = 0.

For convenience, assume that the systems has equal dimensions in all directions (i.e. it is
L x L for 2D or L x L x L in 3D). It is convenient to speak about the conductance G = o L42
(G = 1/R where R is the resistance).
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8.6.1 Quasi-1D system

Classically:
Go(L) = % (8.116)

Including the weak-localization correction (8.114) with L, + ~ L, we obtain
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G(L) = Go(L) = Crg— .

(8.117)
Here C; ~ 1 is a numerical coefficient. To determine it, one should evaluate an analog of
Eq. (8.108) with w = 0 and in a finite 1D system (i.e., with integration over ¢ becoming a
summation). The result is C; = 1/3 (for a spinless system).

For clarity, we have restored £ in Eq. (8.117) (which we set to unity in most of the formulas).
The combination e?/h ~ (25kQ2)~! is the quantum unit of the conductance. It is convenient
to define the dimensionless conductance

G

= : A1
0= 2 8119
In these notations, Eq. (8.117) takes the from
h/e?) o
g(L)=go(L) = Cr,  go(L) = % . (8.119)

We see that the weak-localization regime can extend only up to lengths L ~ (h/e?)oy. For
larger lengths, the formula (8.119) would yield a negative conductance, which can not be
correct. What happens in reality is that at the length L ~ (h/e?) oo the system enters the
strong-localization regime. In larger systems, wave functions are exponentially localized:

9% (2)] ~ exp{—|z — @0| /£}, (8.120)

where

&~ (h/e*) oo (8.121)

is the localization length. As a result, the conductance decays exponentially with increasing
L:
g(L) < exp(—L/€), L>¢. (8.122)

The localization length &, Eq. (8.121), can be also presented as
E~vD ~uv3pSvpl ~mpp Svpl ~ NI, (8.123)
where S is the transverse cross-section and
N ~ pS (8.124)

is the number of transverse channels. For a strictly 1D system, N = 1 and £ ~ [, so that there
is no room for a diffusive behavior: the ballistic regime (essentially no disorder) at L < &
crosses over directly into the localized regime at L > €.

Let us summarize:

e In (quasi-)1D systems all states are localized for an arbitrarily weak disorder.

e The localization length ¢ is of the order of the length of a sample with the resistance
R~ h/e? ~ 25kQ.
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e For L > ¢ (ie., R > 25kQ), the resistance increases exponentially with the length L.

A localized

Localized 1D atomic Bose-Einstein condensate;
Billy et al (Aspect group), Nature 2008

Schematic view of localized 1D wave function

8.6.2 2D system

In 2D, the conductance G(L) is equal to the conductivity o(L). According to Eq. (8.113), we
have

e2 L
G(L) =09 — In — 8.125
()= o0~ 5o n 7 (8.125)
or, equivalently, for the dimensionless conductance
1. L
g(L)=go— —In—, (8.126)
T
where Ske )2kl
oo e VuLT 13
= = = — 1. 8.127
g0 e?/2m e?/2m >~ ( )

The condition kgl > 1 is the condition of weak disorder: the mean free path is much larger
than the wave length.

The conductance decreases logarithmically with L in 2D, see Eq. (8.126). The localization
length ¢ is the value of L at which Eq. (8.126) would predict g = 0. This yields:

€ ~ lexp(mgo) - (8.128)

At L > £ the system is in the strong-localization regime. Thus, like in the (quasi-)1D ge-
ometry, all states are localized also in 2D systems. However, the localization length increases
exponentially with gg.

These results for the localization length £ in 1D and 2D geometries have been obtained
above from the extrapolation of the one-loop weak-localization correction. They can be proven
by using a mapping of the localization problem to an effective field theory—replica (or super-
symmetric) sigma-model. While we cannot present the sigma-model theory in this course in
detail, we will give a brief outline below.

8.6.3 3D system

For weak disorder, krl > 1, the weak-localization correction is small: Aowr, /oy ~ (krl) ™2 <
1, see Eq. (8.112). Thus, the states remain delocalized. The length dependence of dimension-
less conductance g(L) is
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where 69 = 09 — Aowr(L — 00) and C3 ~ 1.

On the other hand, for strong disorder (krl < 1) states become localized also in 3D (and
in fact in any dimensionality). This was proven in the famous paper “Absence of diffusion in
certain random lattices” by P. W. Anderson in 1958 (Nobel Prize 1977).

Idea of the proof: Consider a tight-binding model on, say, cubic lattice, with hopping V'
and random potential on every site with magnitude W'

H = Z ece; + Zt(cgcj + c;ci) (8.130)
i (i5)
Here ¢; are random energies, with distribution width W: —W/j2<e <W/2.

Consider the strong-disorder regime: W > t. To the leading order (t/W — 0), every
eigenstate is localized on a single site. Consider an eigenstate that is localized on a given site
jo- Develop a perturbation theory in ¢/WW around this limit. To the first order, there will
be admixture of states from sites directly adjacent to jy, with the amplitude ~ ¢/W. To the
second order, second-nearest-neighbors, i.e. sites on distance 2 from jy will get admixed, with
the amplitude ~ (¢/W)? and so on. This implies that the wave function amplitude on a site
a distance r from jo is ~ (t/W)" = exp{—rIn(W/t)}, which is the exponential localization.
Anderson proved that this is indeed a controllable perturbative expansion. (This is by far not
trivial, as we deal with a disordered system, and rare realizations may violate the condition of
applicability of perturbation theory.)

8.6.4 Scaling theory of localization. Anderson transition.

The scaling theory of localization is a heuristic theory proposed by Abrahams, Anderson,
Licciardello, and Ramakrishnan (AALR) in 1979. It has been later justified through the
mapping to an effective sigma-model field theory, see a discussion below.

The central idea of the scaling theory is that the conductance g(L) is the only important
characteristics of the system. In particular, change of the conductance with L is determined
only by g(L). This allows one to formulate the one-parameter scaling theory:

dIng(L)

)} (3.131)

where (g) is so-called S-function. Equation (8.131) has a form of the RG flow of a coupling
constant in a field theory characterized by a single coupling. The outstanding guess of AALR
was that there exists such a theory for the localization problem and that the conductance
plays the role of the corresponding coupling.

Let us check that Eq. (8.131) is compatible with the behavior at large and small g(L) and
calculate the leading behavior of the g-function in these regimes.

e Large g: Weak-localization regime

(i) Classical behavior:
g(L) = oo L4™2 — Blg)=d—2. (8.132)
(i) Include weak-localization correction:

Quasi-1D system. According to Eq. (8.119), we have

g(L) = @ (1 - Clm) : (8.133)

197



so that

dlng(L) d L L Ch
dlng(L) _ m(i—c— % Yo 1_c— 2 o~ 1Y (5134
din [ Iy n( e ao) et o0 sy &1

This has indeed the form of the one-parameter scaling equation (8.131): ther.h.s. of Eq. (8.134)
depends only on ¢g(L). The corresponding S-function reads

Cy
Blg) = -1- e (8.135)

In this calculation, we kept the weak-localization correction to the leading order only, so that
Eq. (8.135) should be understood as two leading orders of the expansion in 1/g.

2D system. According to Egs. (8.126) and (8.127), we have

1 L
L)= 1——1In— 8.136
o) =m (1= Z-m7). (8.136)
so that Tl ol L . .
ding(L) _ _ 1 _ . (8.137)
dln L o mg(L)
This has again the form of Eq. (8.131) with
8lg) ~ (3.139)
g) >~ — :
3D system. According to Eq. (8.129), we have
Cs
L)=6oL |1+ — 8.139
sy =at (1425, (8.139)
so that dlng(L) o o
ng 3 3
—_— ]l - —~1- . 8.140
dn L ool g(L) ( )
This has the form of Eq. (8.131) with
C
Blg) ~1— = (8.141)
g
Summarizing, for spatial dimensionality d, the one-loop S-function is
Cy 1
~d—2— — Cy=—. 8.142
(o) L G- (8142
e Small g: Strong localization regime.
In this regime, the conductance decays exponentially with L:
g(L) ~e "5, (8.143)
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so that
dlng(L) N d L L

~ — —=——=1 L). 144
din L dmi e ¢ mab) (8.144)

This is also in full agreement with the one parameter scaling, Eq. (8.131), with
B(g) ~Ing(L). (8.145)

Combining the large-g (strong localization) and small-g results, one gets the behavior of
S(g) as shown in the figure:

1 9=G/(e’/h)
d=3 Beta-function 5(g) plotted vs Ing.
% The arrows indicate the flow of g(L) with
TS increasing L.
C)
£
©
]
Q. _q t
/

0
In(9)

In 1D and 2D (or, more generally, for d < 2 if one allows also fractal dimensions), the system
flows from weak-localization to strong-localization with increasing L. In the thermodynamic
limit the system is always an insulator: g — 0 at L — oc.

On the other hand, in 3D (or, more generally, for d > 2) the system undergoes a phase
transition: Anderson localization transition, also known as Anderson metal-insulator
transition or, simply, Anderson transition. The transition point g, is determined by the
condition

B(g.) =0. (8.146)

For g > g, the system flows (with increasing L) towards the metallic fixed point, g = oo, while
for g < g, the flow is towards the localization fixed point g = 0. The initial (small-system-
size) value g(l) can be changed by varying some parameter of the system, e.g., the strength
of disorder or the energy. Therefore, under such variation the system (in the thermodynamic
limit L — oo) undergoes the Anderson localization transition:

delocalized localized
S -
critical disorder
point

Let us analyze the critical behavior near the transition. For this purpose, we expand the
B-function in the vicinity of the critical point g,:

B(g) =~ B'(9:) (9 — g.) - (8.147)
According to the definition of the S-function,
dg
——=dInL. 8.148
98(9) (8.148)



We consider the system which is close to the transition, i.e., g(l) ~ g,.. Define the localization
(correlation) length & as such length for which ¢g(§) = ag, with a — 1 ~ 1. For example, we
can take a = 1/2 on the localized side and a = 2 on the delocalized side. This is the length
on which the system crosses over from the critical regime (g ~ g¢,) to the localized (¢ < g¢.)
or delocalized (g > g.) regime. Integrating Eq. (8.148), we obtain

agx dg é_
~In-, 8.149
/ga) 9:8'(9+) (9 — g+) l ( )
which yields
£ 1 1
g = In : 8.150

The short-scale conductance ¢(I) is a smooth function of a control parameter (disorder,
strength, energy, ...) that is used to cross the transition. For definiteness, let’s assume
that this parameter is energy E. The Anderson-transition critical point FE, is then called the
mobility edge. We have

g(l) — g x E — E.. (8.151)

Substituting this in Eq. (8.150) and exponentiating, we find the scaling of the localization
(resp., correlation) length &:

Ex |E—E|™, (8.152)
where v is the critical index given by
po (8.153)
9+0'(g+)

Another important exponent is the index s that governs the scaling of the conductivity on the
delocalized side of the transition. It is directly related to v. Indeed, for L > ¢ the conductance
shows, to the leading approximation, the conventional (classical) scaling:

g(L) ~ g(§) (g)“ ~ g (g)u : (8.154)

Thus, the conductivity is

: J(L) Gx s
o= Lh_r)lolo T=aaT=" x (E—E.)*, (8.155)
where
s=v(d—2). (8.156)

Analytical calculation of the critical exponents in 3D is not possible, since the critical point
is g, ~ 1 and no small parameter is available. One can, however, consider the transition in
spatial dimensionality d = 2 + € with € < 1. Then, according to Eq. (8.142), the S-function
is

1
Blo) e = (8.157)
yielding the critical point
=11 (8.158)
e
Substituting Eqgs. (8.157) and (8.158) into (8.153) and (8.156), we get
v= g*ﬂ}@*) =gy = %, s=1. (8.159)
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Substituting here formally ¢ = 1 to describe a 3D system, one would get v = s = 1. While this
is a meaningful rough approximation, it is not an exact value of the exponent. The correct
value, as obtained by numerical simulations, is v = s & 1.57. The difference is fully expected,
since the exponents (8.159) are obtained in the leading order in € < 1. By calculating higher-
loop contributions to the g-function (up to now has been done up to the four-loop order), one
can obtain higher orders of the € expansion for critical exponents.

We have demonstrated above that the scaling equation (8.131) is in agreement with the
one-loop diagrammatic results for the weak-localization correction. One can check that this
agreement remains when higher loops are taken into account. In fact, already on the two-loop
level, Eq. (8.131) makes a very non-trivial prediction that can be verified diagrammatically.
Specifically, to the two-loop order we expect for a 2D system

B( )——i+@+0( =) (8.160)
g - 7Tg 92 g 9 .

where 6’2(2) is a numerical coefficient. Substituting this in Eq. (8.148) and integrating it from
[ (with g(1) = go) till L, one finds

(2)

g(L):go—%ln%—l—%ln%—k..., (8.161)
where (...) means terms of still higher orders in 1/gg. A remarkably property of the two-loop
contribution is the absence of the term ~ (1/go) In*(L /). Indeed, the relative smallness of the
one-loop term as compared to the classical term g is Ag\%)L /90 ~ (1/go) In(L /1), which is the
factor resulting from the cooperon loop [(dg)/vDg?. One could thus expect for the two-loop
contribution Agg,)L/go ~ (1/¢2)In*(L/1). However, such term is absent in Eq. (8.161), which
is thus a non-trivial prediction. It is confirmed by diagrammatic calculation: while individual
two-loop diagrams do produce such contributions, their cancel when all diagrams are summed
up.

As it has been introduced above, the (8.131) is a heuristic theory. We have explained that
it is in agreement with weak-localization diagrammatics in one-loop and two-loop order. One
can also derive it in a fully systematic way. The path goes through the derivation of the low-
energy effective field theory of disordered fermions. The strategy is largely analogous to
the one that was used in course of derivation of the Ginzburg-Landau theory for superconduc-
tivity in Sec. 6.3. In particular, it includes Hubbard-Stratonovich transformation introducing
an appropriate bosonic field, integrating out fermions, spontaneous symmetry breaking, and
gradient and frequency expansion of the bosonic action (that has a form of a functional deter-
minant). The resulting effective theory has a form of the so-called non-linear o-model. The
coupling constant of this theory is exactly the conductance g(L), and the propagators of the
o-model field correspond to ladder diagrams of the original theory—diffusons and cooperons.
Performing the RG analysis, one obtains the RG flow equation for ¢g(L), which has the form
(8.131).

This effective theory (o-model) is useful in many other respects. In particular, for quasi-1D
geometry one can solve it exactly and thus obtain exact results for the conductance g(L/&) in
the whole range of L/¢ and for various other observables.

8.7 Mesoscopic conductance fluctuations

Consider now fluctuations of the conductance from one realizations to another. Such fluc-
tuations in a disordered system are called mesoscopic. We focus on the “metallic” regime,
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when the system conductance is large g > 1. We will see that the fluctuations are relatively
small—in comparison with the average value. On the other hand, we will see that they are
anomalously large—in comparison with classical expectation—due to quantum interference
effects.

We begin with a qualitative discussion in spirit of Sec. 8.5.3. Let us recall that, from
the point of view of the path-integral representation for two Green’s functions, the quantum
interference contribution to the conductance is given by non-diagonal contributions

unantum interference "~ Z A]AZ ei(sj_sk) . (8162)
J#k

In the calculation of the average conduc-
tance (G), such terms did not contribute,
apart from special cases of time-reversed
paths and their higher-loop analogs.

However, such terms do contribute when we calculate the variance of the conductance:

2
((6G)?) ~ <<Z AjA; ei<~%‘—5k>> > = <Z A A eSS N A% Ay e_i(sj’_sk’)>

J#k j#k 1Ak
~ D AR AL, (8.163)
7k

where we kept terms with j = j and k& = k&’ for which the phase factors cancel.

This corresponds to “pairing” of paths
coming from different conductance loops:

The corresponding diagrams are shown below. The conductivity in a given realization of dis-
order is, according to Eq. (8.38),

62

2nV

O (W) ~ tr o, GR o, G2 (8.164)
To calculate the variance, ((d0)?) = (0) — (0)?, we should draw two such conductivity bubbles
and connect them by impurity lines. We already know that the dominant contribution will
be given by diagrams with GFG4 ladders. It is easy to see that one can insert two ladders
— connecting GF of the first bubble with G4 of the second and vice versa. The ladders can
be either diffusons or cooperons, depending on the relative directions of arrows in the bubble.
Each diffuson diagram has its cooperon counterpart; they give equal contributions. In the
second representation of each diagram in the figure, the diffuson / cooperon is represented by
a wavy line.
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(a) v = \%
(b)

A%

Let us calculate the diagram (a). Choose arrow directions such that we have duffusons.
(The diagram with cooperons will give exactly the same contribution.) Each of the two boxes
formed by four Green’s functions has the same form as was already encountered when we were
calculating the weak-localization correction, see Eq. (8.107):

2

Pi n A R A — o, UF 1 v
[ 0 25 GEeG pIGEwIG ) = v [ e s

— =v—L4r7r® . (8.165)
-5 d

We thus have for this diagram

2

(50)%)a =V (;TV)Q (4mT2D)2% Xq: (W)Q _4 (;V)Q zq: <$)2 . (8.166)

where V = L is the system volume. We wrote (1/V) Y instead of [(dg) since the sum over
momenta will be determined by the smallest ¢ ~ L™'. (If one writes it as [(dg) at cuts off at
q ~ L', one obtains a correct estimate but cannot determine the numerical coefficient.) The
dimensionless conductance ¢ is related to the conductivity o via

G =1 G oL12
- = = A
g e2/h e2/2r  e2/27’ (8.167)

so that Eq. (8.166) yields

((59))a = % > (i)Q = % > <$)2 , (8.168)

where we used the quantization conditions

T™m;

L

¢ = (8.169)

We already see that (8.168) yields just a number of order unity. To calculate the number, one
should specify the boundary conditions on the diffuson that determine allowed values of m; in
Eq. (8.169). We consider the current through a sample in x direction, so that it is connected
to metallic reservoirs (leads) in z direction and to vacuum (or, more generally, insulator) in y
and z directions. The corresponding boundary conditions on the diffuson D(r,r’) are

D(r,r') =0 on boundaries with leads; (8.170)

nVD(r,r') =0 on boundaries with insulator (no current), (8.171)

where n is the vector normal to the surface. This determines the values of m;:

i m?

4 1\?
((69)%) = Z( ) me=1,23,..., my,.=01,2... (8.172)

203



The diagram (b) is calculated in the same way. More precisely, there are two such diagrams
with diffusons. Their contribution is found to be ((d¢)%), = (1/2){(dg)?),. Taking into account
cooperon diagrams yields an additional overall factor of two, so that the overall result reads

it m?

12 1)?
((69)%) = =D ( ) L ome=1,2,3,..., m,.=012... (8.173)
As an example, consider quasi-1D geometry. Then m, = m, = 0, and Eq. (8.173) reduces to

Goy="2 ¥ =at=Z (8.174)

me=1,2,3,...

These are the results for a spinless system. For a spinful system, the conductivity is
multiplied by two, so that {(dg)?) acquires an additional factor of 4. In particular, ((dg)?) =
8/15 in quasi-1D geometry.

Remarkably, ((dg)?) is a number of order unity, independent of system size (or any micro-
scopic parameters). It depends only on the geometry of the system. For this reason, these
fluctuations are called universal conductance fluctuations (UCF).

Let us demonstrate that UCF are anomalously strong. Classically, one would expect

2

((99) ) elassica >;laSSical x 1_ L™ = {(69)*)ctassical ¢ L. (8.175)
g V

Thus, on the classical level, fluctuations should vanish, ((6¢)*)ciassicat — 0 at L — oo for

d < 4. The UCF are thus indeed anomalously strong, which is a result of quantum coherence

throughout the whole system.

Comments:

e The universality of conductance fluctuations requires L < Lz, Ly, where Ly ~ (D/T)Y/?
is the thermal length and L is the dephasing length due to interaction-induced inelastic scat-
tering. At zero temperature, both Ly and L, are infinite, so that this condition is automatically
fulfilled. With increasing temperature (and at fixed L), the condition gets violated, leading to
suppression of fluctuations. At high temperatures, such that L > Ly, the scaling of ((dg)?)
with L becomes classical, Eq. (8.175).

e Experimentally, UCF are best observed by weakly varying the magnetic field B. Traces
g(B) demonstrating these fluctuations are termed “magnetofingerprints”.

e UCF are very sensitive to global symmetries of the system. Breaking the time reversal
symmetry reduces UCF by factor of 2 (diagrams with cooperons are “killed”); breaking the
spin-rotational symmetry in a spinful system reduces them by factor of 4.

8.8 Interaction effects in quantum transport in disor-
dered systems

In this Section, we study effects of electron-electron interaction on properties of a disordered
system.

8.8.1 Generalities

Quite generally, interaction effects can be divided into two classes:

I. Renormalization
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Fermi liquid: real part of the self-energy Re %(¢, p), which results in

> renormalization of velocity, v — v, (or, equivalently, of the effective mass, m — m.);
> renormalization of quasiparticle pole residue Z (instead of 1 in the absence of interac-
tion)

v(e)
Luttinger liquid:
> tunneling density of states, Eq. (7.152):
T v
vie,T) ~ () (%) : (8.176)
€p

> renormalization of impurity strength, Eqgs. (7.185) and (7.217)

Kondo effect: renormalization of scattering of conduction electrons off a magnetic im-
purity (next Chapter)

Fermi-edge singularity in X-ray absorption spectra

The renormalization is governed by virtual processes, i.e., by those with energy transfer

>

Thus, it becomes stronger when 7' is lowered, may lead to singularities at 17" — 0.

II. Inelastic processes. Dephasing.

Real inelastic-scattering processes, energy transfer < 7. Become weaker when T is
lowered, vanish in the limit 7" — 0.

~

Fermi liquid: imaginary part of the mass-shell self-energy Im ¥(p, €;), which determines
the quasiparticle decay rate

1 * 2
rzéﬁzﬁnmzwﬁgaT, (8.177)

see Eq. (3.274). The T? scaling in Eq. (8.177) corresponds to the decay rate of thermal

o . 2
excitations, €, ~ T’ in general, one has {maX(e;‘), T)} .

Quite generally, inelastic processes determine the dephasing time 7, that serves as
an infrared (i.e. long-time) cutoff for quantum interference phenomena. Consider in-
terference resulting from addition of two amplitudes corresponding, in the path integral
framework, to particle propagation along two different paths; see general discussion of
interference phenomena in the beginning of Sec. 8.7.

Imagine that the particle, while propagating along one of the path experiences an in-
elastic scattering and thus emits an electron-hole pair (or a phonon, a photon, etc —
depending on the interaction involved). Then the final states for these two amplitudes
are different, and they cannot be added, so that the interference breaks down. Therefore,
interference takes place only if the time of propagation along the interfering paths is

tS T, (8.178)
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where the dephasing (or, equivalently, decoherence) time 7, is essentially the shortest
out of inelastic scattering times. For electrons in metals, the relevant inelastic times are
usually the electron-electron scattering time 7., (dominant for low temperatures) and
the electron-phonon scattering time 7._,, (dominant for higher temperatures).

This general discussion applies to a variety of quantum interference phenomena: weak lo-
calization, mesoscopic conductance fluctuations, Aharonov-Bohm effect in rings, double-
slit experiment, etc.

8.8.2 Tunneling density of states in a disordered system: Renor-
malization by interaction

%)

We consider first the effect of electron-electron interac- A
tion on the tunneling density of states (DOS) v(e) that
can be studied experimentally by measuring the differ-

ential tunneling conductance g(V') = 91/0V. We have
discussed it before in the context of the Luttinger liquid,

see Sec. 7.7.5. @4

v
The tunneling DOS is given by
1 1
v(6) = —~Im (G*(r,r;6)) = —~Im / (dp)(GP) (p: ) | (8.179)
T T

where (...) denotes the disorder averaging. The Green’s function in a given disorder realization
is

R R ! r]7! R R R R
G - |:(G(O)) — Zee] - G(O) + G(O)EeeG(O) + ceey (8180)

where Gf%) is the non-interacting Green’s function and 7 is the self-energy induced by

electron-electron interaction. It is important that both Gﬁ)) and Y. correspond here to the
same realization of disorder; the disorder averaging has not been done yet!

We will evaluate the interaction-induced correction to tunneling DOS perturbatively in
the interaction U. Thus, we focus on the term of the first order in Y., in Eq. (8.180); its
contribution to Eq. (8.179) reads

Avfe) = —%Im / (dp)(GE SEGE ) (pre) (8.181)

The leading-order diagrams for the self-energy are (in a given disorder realization):

zee= < Eﬁ/ﬁ -+ > < -+

pl8 p‘ls plE pl8 e

exchange (Fock) Hartree

For simplicity, we perform the calculation in 7" = 0 technique; generalization to finite T
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(Matsubara formalism) is rather straightforward. We recall that at "= 0 the Green function
satisfies, see Eq. (3.98),
GR(e) for >0,

Gle) = { GA(e) for e<0. (8.182)

Thus, for € > 0, Eq. (8.181) is equivalently written as

A0 =~ ~tm [ (@)(Gi0 S G pie). (5.183)

As for other physical observables that we have calculated above, main contributions come
from diagrams with impurity ladders (in the present case, diffusons), which represent effects
governed by phase coherence over large spatial scales. Since the external lines are retarded
(R), the ladders can be inserted when the internal fermionic line is advanced (A), i.e. when
the energy on this line satisfies € — w < 0. The exchange and Hartree diagrams for Av(e)
dressed by impurity ladders look as follows:

Let us calculate the exchange diagram (the left one):

2

Av™(e) = —%Im / (dp) / (dg) / " do (2mory? {zﬂw?(;qtiw)
1

L iU (q,w). (8.184)

(—&+af c—o—Ga 3

The factor i originates from ", where n is the order of the perturbation theory in U (here
n = 1). As in previous calculations (weak localization, mesoscopic conductance fluctuations),
we can neglect w and ¢ in the denominator of the fermionic Green’s function. The integration
over p and q then decouple; the p integration yields, according to Eq. (8.99),

/(dp)( ! ! : :y/d§p< ! L — = —2mivT?.

e—5p+%)26—w—§p_q—§ e—ﬁp—l—%)ze—fp—;

(8.185)
We thus get for the exchange correction to DOS
Av®(e) 1 o 1
=——I d d —_. 1
V - m/( q)/e wU(q,w)(qu_iw)Q (8.186)

Here we kept for generality the w dependence of the (effective) interaction U(gq,w). It is
important for the case of long-range (Coulomb) interaction, when one should take into account
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the dynamical screening of the interaction by the disordered fermionic system. For a short-
range interaction we have U(q) instead of U(q,w). Furthermore, we can replace U(q) — U(0),
since the integral is governed by small ¢q. Evaluating the w integral, we obtain

Av®™(e) _ —%U(O) Im /(dq)ﬁ — _lU(()> /(dQ)(?—Z (8.187)

v 7T Dg?)? + €2

The expression for the interaction correction (8.187) is remarkably similar to the (real part
of) weak localization correction (8.109) to the conductivity. The behavior in different spatial
dimensionalities is correspondingly fully analogous to that found for the weak-localization
correction in Sec. 8.5.5:

( -1 61/2
I3 D2 + const, 3D,
Av™(e) 1 1 1
=—=U(0) x —— In— 2D 8.188
v T (0) 47D HET’ ’ ( )
1 1
_— 1D.
\ 2\/§ (€D)1/2

The expression for Hartree contribution [the right diagram below Eq. (8.183)] has almost
the same structure as that for the exchange contribution, with the following modifications: (i)
interaction line U(q,w) — U(p — p’,0), where the bar means averaging over momenta p and
p’ on the Fermi surface, (ii) minus sign due to the internal fermionic loop, (iii) in the case of a
spinful system: factor 2, due to summation over spin polarization in the internal loop. Thus,
we obtain, by including the Hartree term in Eq. (8.186),

Av(e 1

I——Im/dQ/ dw ( )—QW}W- (8.189)

For a short-range interaction U(q), this takes the form [extension of Eq. 8.187]

A L u0) - 20 =w0)] [

14 ™

Dq2
(D@)2 + €2

(8.190)

Equations (8.189) and (8.189) are written for a spinful system; in the case of a spinless (spin-
polarized) system, the factor 2 in the Hartree term should be omitted.

If the range of interaction is substantially larger than the Fermi wave length, the exchange
term dominates. In the case of repulsive interaction, this implies that the correction is negative:
the tunneling DOS is suppressed due to interaction. Let us estimate the magnitude of the
effect. Assume a dimensionless interaction strength of order unity, vU(0) ~ 1. Consider the
1D geometry: a wire of length L. We have, according to Eq. (8.188),

Av(e) 1
v v(eD)Y/2"

(8.191)

The smallest energy ¢ for which the calculation holds is € ~ D/L?* = E;, (known as Thouless
energy), since we replaced the sum over q by an integral when obtaining Eq. (8.188). For
smaller energies ¢ < Ep, the sum over momenta is cut off by L™ and one gets Av(e) ~
Av(Ep). Thus, the magnitude of the effect is

AV(EL) o _ 1 -~ _£
v v(D/L) &7
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where ¢ is the localization length (8.123). Thus, the correction remains relatively small,
|Av|/v < 1 as long as the system is short (“metallic”), L < €. On the other hand, at
the crossover to the strong localization, L ~ ¢, the correction becomes large, |Av|/v ~ 1.
For strongly localized (“insulating”) samples, L > &, the tunneling DOS gets in general
strongly suppressed for small energies €. (One speaks in this context about a “soft gap”.) The
perturbative calculation is clearly not sufficient to evaluate the specific form of this suppression.

As was discussed in Sec. 7.7.5 in the context of Luttinger liquid, the interaction suppression
of the tunneling DOS is observed in the form of zero-bias anomaly in tunneling conductance

oI/oV:

D T s S R R S S, S, B —————

FExtensions (without derivation) and comments:

(i) The above calculations were done at zero temperature. For a finite temperature, one
should use the Matsubara technique, with an analytical continuation. The result is as expected
on physical grounds. For T' < ¢, the zero-temperature results hold. For T > ¢, the energy €
in the above formulas is replaced by temperature T' (see right panel of the figure).

(ii) The analysis can be extended to the case of long-range (Coulomb) interaction. In that
case, one should take into account the dynamical screening of the interaction by the disordered
fermionic system. The screening is weakened by the slow (diffusive) motion of fermions.
Consequently, while the results are in general similar to those for short-range interaction,
there is an additional enhancement of the ZBA. For example, in 2D one finds, instead of the
logarithmic singularity (8.188) at € — 0, a stronger, logarithm-squared singularity:

In? =—— — In? DK’
€

v 8r2uD

Av(e) | [ D#? } 5,193

where k = 4me?v is the 2D Thomas-Fermi screening wave vector. Furthermore, in this case, one
can proceed beyond the leading order of the perturbative expansion and find the suppression

of tunneling DOS at still smaller energies, where the renormalized tunneling DOS is much
smaller than the bare one:

") _ exp {— ! {m? DK* e Dn%} } . (8.194)

€

Note that the DOS vanishes even faster than a power law.

(iii) As is clear from Eq. (8.187), and is seen explicitly in the results (8.188), the interaction-
induced renormalization correction in a disordered system is infrared-divergent (i.e. diverges
in the limit e — 0) for dimensionality d < 2. The 2D case serves as a borderline (logarithmic
behavior of the perturbative correction). It is instructive to compare this with the behavior in
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a clean system. There, perturbative renormalization corrections are infrared-divergent ind < 1
(implying a breakdown of the Fermi liquid), with logarithmic behavior in 1D, see Sec. 7.1. (It is
this logarithmic perturbative divergence that yields, after proper resummation, the Luttinger-
liquid behavior.) Therefore, disorder enhances the effect of interaction, by shifting the “critical
dimension” (beyond which infrared divergencies occur) from d = 1 to d = 2. The physical
reason for this is quite transparent: diffusing fermions spend more time in the vicinity of each
other and thus interact more efficiently.

8.8.3 Interaction correction to conductivity

Similarly to the correction to tunneling DOS, there are interaction-induced corrections to the
conductivity of exchange and Hartree types. We use diagrammatics for the conductivity of an
interacting system based on the Kubo formula (8.23), (8.24). Here are the exchange diagrams
(“+” and “—" mean “retarded” and “advanced”, respectively; shaded blocks are diffuson
ladders):

€

To get the full set of leading-order diagrams (one-loop with respect to diffusons), one should
also include diagrams obtained by flipping and/or replacement + <> —. Let us calculate a
typical diagram at 7' = 0 (diagram (a) of the exchange type), with the infrared cutoff set by
the frequency 2 at which the conductivity is evaluated.
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Here the external frequency €2 > 0, satisfies Q@ < 1/7. Diffuson ladders can be inserted between
retarded (R) and advanced (A) Green’s function, which implies the following conditions:

e>0, e—0 <0, e—w<0. (8.195)

They determine the limits of integration over € and w:

2o = 52 [ [ o [7 B RGR PG G - ) e S
(8.196)

Comments: (i) The formula is written for the spinless case; in the case of a spinful system to
be multiplied by 2. (ii) There is a flipped diagram (a’), with the interaction line inserted in
the lower fermionic line. It yields the same contribution as the diagram (a).

As in previous calculations within the disorder diagrammatic technique, we can neglect
g and w in arguments of fermionic Green functions. The p integral then gives [see general
formula (8.100)]

/ (dp) 2 [GR () PIGA(p)? = drr*uD (.197)

so that Eq. (8.196) reduces to

AO,QX Ei,

iU(g,w)
—_— 1
27T2Q/ de/dq/ dw Df — i) (8.198)

As in the calculation of the correction to tunneling DOS, for a short-range interaction we can
replace U(q,w) — U(0), which yields

ex—a 1 [ 1

Comparing to the results for the DOS correction, Eqgs. (8.186) and (8.187), we see that

AcHO) _ 1 / Y A9 (8.200)

09 218 v

Therefore, we find that for a short-range interaction Ac®™*~2(Q)/oq ~ Av™(Q)/v, up to a
numerical coefficient. An accurate calculation, including all diagrams, confirms this conclusion
(it only modifies the numerical coefficient):
Ao (2 Av (2
o) |, avl®) (8.201)

o)) 14
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In full analogy with the behavior of the weak-localization correction, Sec. 8.5.5, and of the
tunneling DOS, Eq. (8.188), in various spatial dimensionalities, we have

( 1/2
B e
Q
-1 d 1
Ao (Q2) ~ —aoU(0) /ll % ~ —e*vU(0) x lnm, d=2, (8.202)
Q
Q\ /2
- (5) + const, d=3.

For finite temperature, the calculation can be performed in a fully analogous way by using
the Matsubara formalism. The above (zero-T') results hold as long as € > T'. In the opposite
case, T' > Q (which is usually the case in experiment), Q is replaced by T

8.8.4 Dephasing

As was discussed above (Sec. 8.8.1), the dephasing time 7, resulting from inelastic scattering
properties sets the infrared cutoff for quantum interference phenomena. For sufficiently low
temperatures, 1/7, is dominated by electron-electron scattering. In a clean Fermi liquid, we
would have

1/1(T) ~ 1/ Tee(e ~T) ~ — . (8.203)

(For simplicity, we assume that the dimensionless interaction strength is of order unity. This
is not important for the discussion here.) As was pointed out above (see a comment in the end
of Sec. 7.7.5), the interaction is enhanced by disorder. Thus, one can expect a much larger
interaction-induced dephasing rate 1/7,(7) in comparison with the clean Fermi-liquid formula
(8.203). This is indeed the case. Skipping the derivation (exercise), we only present the result

here: ) 23
T
(m) ; quasi-1D ,
1 T

~{ 2 8.204
) — (D), 2D , ( )

T3/2

oD 3D.

8.9 Outlook

Before closing the Chapter on quantum transport in disordered systems, let us list further
important extensions, which have been a subject of active recent and current research:

e Symmetry classification of disordered systems; field theories and localization phenomena
in systems of various symmetry classes.

e Multifractality of critical wave functions as a hallmark of Anderson localization transi-
tions.

e Classification of disordered topological insulators and superconductors; localization phe-
nomena in topological matter (graphene, 3D Weyl / Dirac materials, surfaces of topo-
logical insulators and superconductors).
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e Field theories of disordered interacting systems, renormalization group for disorder -+
interactions, metal-insulator and superconductor-insulator quantum phase transitions.

e “Many-body localization” (MBL): Breakdown of dephasing and ergodicity breaking at
non-zero temperatures in disordered interacting systems, transitions between ergodic
and MBL phases.
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Chapter 9

Magnetic impurities and Kondo effect

Experimentally observed minimum in tem- P
perature dependence of resistance of some
metals and alloys was a puzzle for approxi-
mately three decades (since the early 30s) .
It was understood in the 60s due to works
of Anderson and Kondo that the low-T" in-

NTS (el-phonon)

. . ~1/In(T/Ty)
crease with lowering temperature results T2 e
o S SR ~T2 (e
from renormalization of electron scattering
off magnetic impurities (local moments). expected for scattering T
off static impurities

9.1 Anderson impurity model

The starting point of the theoretical analysis is the Anderson’s model of a local magnetic
moment. It describes a partly filled d or f orbital of an atom of transition metal, rare earth,
or actinide element, coupled to a conduction band:

H = Z ekCLng,a + Z €iNd,e + Ungsng + Z <chf(’gdg + Vk*dffck,g> . (9.1)

k,o k,o

where CLU is the creation operator of a conduction electron with momentum k and spin o =7, |,

while di, creates an electron with spin o on the localized orbital. Further, ng, = d:frda. The
first term in Eq. (9.1) is the kinetic energy of band electrons, the second term is the energy
of the localized orbital, the third term is the Hubbard-like interaction that is operative when
the orbital is doubly occupied (by electrons with opposite spin), and the last term describes
hybridization between the band electrons and the orbital. The interaction U > 0 originates
from Coulomb repulsion:

, € 2 "2
= [y ) e P 92

where 9 (r) is the wave function of the state on the localized orbital. The momentum de-
pendence of the hybridization Vi is not essential; one can consider a model with Vj, = V
independent on k.

In the absence of the hybridization with the continuum, the atomic orbital has four states:
> empty state with energy Fy =0,
> two degenerate states with single occupation, with energy F, , = €q4,
> doubly occupied state with energy Fy = 265+ U .
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The corresponding eigenvalues of Hy = Hy — jung, where p is the chemical potential (equal
to the Fermi energy of the conduction band) are Eo = 0 for zero occupation, ELU = €q— |4
for single occupation and Ey = 2¢4 + U — 2u for double occupation. Therefore, under the
conditions

€a— <0, ca+U —p >0, (9.3)

the ground state of the orbital will be the doubly degenerate single-occupancy state with spin
S = %, i.e., the local moment. We assume that these conditions are fulfilled. Furthermore, we
will assume that the temperature is sufficiently low, |e; — u| > T and €, + U — > T, so that
thermal occupations of the empty and doubly occupied states are negligible.

When the hybridization with the conduction band is included, electrons will be scattered
by the local moment. Our goal will be to calculate the corresponding scattering rate. It is
convenient to derive first an effective Hamiltonian by eliminating empty and doubly-occupied

states of the orbital, thus mapping the Anderson impurity model to the Kondo model.

9.2 From Anderson model to Kondo model

We want to derive an effective Hamiltonian that keeps only two low-lying states (those with
spin 1/2) on the orbital, projecting out the remaining two states (empty and doubly occupied).
We want to include, however, transitions between the two local-moment states. They are
possible in the second order of the perturbation theory and go either through the virtual
doubly occupied state or through the virtual zero-occupancy state:

ki; ) — (0,1 — K, (9.4)
k1) — [k k500 — [k (9.5)

Here we used the notation of the type |a; ), where o means the state of relevant conduction
electron(s) and f the state on the orbital. The total amplitude of these two processes is,
according to the formulas of the second-order perturbation theory,

(1 1 1
Vie Vi, <Ek_€d + U+6d_€k> = 5. (9.6)

where we have set €, = € (both these energies can be replaced by the Fermi energy p here).
These processes induce the following term in the Hamiltonian:

1
Z §Jk’,k (CTk,J\Ck’J(S_ + CL,¢Ck’,TS+> s (97)
k .k’

where S® are the spin-1/2 operators corresponding to the local moment (S* = S§* £45Y). In
view of the total spin symmetry, we can write the generated term in the spin-invariant form:

D ik (W grsSptia) S (9.8)

Kk’

where s* are spin-1/2 matrices (i.e. % times the Pauli matrices). There is an implicit summa-
tion over the repeated index o =1, 2, 3.

The s*S* terms that were not written in Eq. (9.7) correspond to second-order processes
without spin flip:

ky; 1) — (01 — k1), (9.9)
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ky; 1) — kK00 — K51 (9.10)
We thus obtain the Kondo model

0= Z EkCL»UCk’O— + Z Jk/7k (CL’,U’Sg’UCk»U) S (911)

k,o Kk

For simplicity, we can discard the momentum dependence of Jy x and replace it by a constant
J. Then, the model takes the form

H=>exel 0o + JU},(0)s8,,(0)S, (9.12)

k,o

where ¢7(0) = >, CLO_ is the operator of creation of a band electron at the spatial point r = 0
of the local moment. The generated interaction between the local moment S and the spin s*
of the conducting electrons is antiferromagnetic: J > 0.

The derivation of the Kondo model from the Anderson impurity model was first performed
by Schrieffer and Wolff by means of a unitary transformation of the Hamiltonian (known as
Schrieffer-Wolff transformation). In fact, an additional term is generated that does not
depend on spin and correspond to a conventional potential scattering. It is not essential, so
that we discard it.

9.3 Renormalization of scattering amplitude
The central quantity to be analyzed within the Kondo model is the scattering amplitude

|k0’, T> — |klal7 T/> ) (913>

where ko denotes the state of the conducting electron and 7 of the local moment. The
scattering amplitude, also known as the T-matrix, is given by the mass-shell Green function
without external legs, see Sec. 2.7:

Gt =Gl + GiThGE, (9.14)

While we used the notation F' for the T-matrix in Sec. 2.7, here we use the more conventional
notation 7. The amplitude of the process (9.13) is thus denoted as Tk/o’, +/: ko, +:

k's’’ K6
< ,/// 3 : E —<
Tk’o”,T’;kO',T = f /. (915)

To develop a perturbative expansion for the scattering amplitude, we write the Kondo-
model Hamiltonian (9.12) as H = Hy + Hinp, where Hy is the Hamiltonian of free conduction
electrons [first term in Eq. (9.12) | and Hiyp describes the interaction with the magnetic
impurity [second term in Eq. (9.12) |. The T-matrix is [see Eq. (2.71)]

TH(e) = T(e +i0) = Himp + Himp(e +i0 — Ho) ™ Hipp
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+  Himp(e +i0 — Ho) ' Hipp(e +i0 — Ho) ' Hipp + ... . (9.16)

To the lowest order of the perturbation theory [first term on the r.h.s of Eq. (9.16)] we have

- k 6
Z. — l. —
|
o = Js, S° : (9.17)
k'’ 7' ko, T T oo™t : .
_,‘_<« —_——t < —
Lz 4 &

(Here and below we use the convention of summation over repeated indices.) Now we
inspect the second order:

T s = (K0, 7| Hinp(€ 40 — Ho) ™ Hipy ko, 7)

= S T (el 550 Chao) ST (€ +00 = Ho) 'Y (chy b1 50s 0y Chain) S|k, 7).

1
ki, k) ko, k)

(9.18)

We need it on mass-shell, so that € = e¢x = ¢}.. There are two contributions:

(i) The right Hipp, (which corresponds to an earlier time, as it acts first) annihilates the electron
ko of the initial state and creates ko), above the Fermi sea, the left (i.e. the second) Hipp
annihilates kiof, and creates k'’ of the final state. This means

ky, 00 =k, 0, ki, 01 =Kk, 0, kK o =k, o]. (9.19)
(ii) The first (right) Hinp annihilates an electron koos from the Fermi sea (i.e. creates the

corresponding hole) and creates an electron k'c’, the second (left) Hi,, annihilates ko and
restores kooy (or, equivalently, annihilates the hole). This means

ki,00 =k, 0, k}, 01 = ko, 09, kK o =k, d,. (9.20)

The diagrammatic representation of these two processes is as follows:

/ ) / /

K'e”’ k, b, k6’ K’ K&

<= < T —
| ; P

2 | | ’ I
Ty ke = : ; + | ke (9.21)
| I | |
S T Eyt L < :
oy - 5 — e — - — <
2 z r z z z

Note that this diagram technique is somewhat different from the conventional Feynman
diagrammatics since there is no Wick theorem for the local moment: spin operators do not
satisfy the algebra of bosonic or fermionic creation and annihilation operators. On these dia-
grams, the time direction is explicit: from right to left. This diagrammatics can be equivalently
obtained by using the expansion for the evolution operator in the interaction representation,
Eq. (3.130), with Hjyp, being the interaction. Then the first-order term (3.128) yields (9.17),
and the second-order term (3.129) yields exactly the contribution (9.18) that we are analyzing.
See e.g. the book by Bruus and Flensberg for a detailed derivation of Matsubara diagrammatic
rules.
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The first diagram yields (€ = ex = €})

(2a) o 1 _ ,
Tk’a’,’r’;ka,’r = J k,z S "S’T TSO'/OJSo'éo' € — e, 440 [1 f(ekz)]
5057
1
= JHSYS) (596 )grg Y ————[1 — fler)], 9.22
(8ol e g = Sl (022
2

where f(€) is the Fermi distribution. The factor 1 — f(e, ) reflects the order of the operators
corresponding to the internal fermionic line:

<Ck1,Uch’27gé> = [1 - f(ek‘é)}(skhk'gdm,aé : (923)

This is in agreement with the above physical picture of this process: the first (earlier in time)
interaction operator creates the virtual state ki, o5, and the second annihilates it. At zero
temperature this factor reduces to the summation going over momenta k} > kp.

In the same way, the second diagram yields

1
T(l2b2 !’ - _J2 / //S a 6
k'o’, 7' ko, T Z T'T 020 002€_<€k+6k/_€k2>+iof(€k2>

kooo 7!’

= —J*(5°57)77(s75%) 010 Z

Ky

= S (575 S flery). (9.24)

€k — €k —10
2

1

m f(exs)

The overall minus sign in the first line of Eq. (9.24) originates from an odd permutation of
fermionic operators needed for these contractions, see factor (—1)F in Eq. (3.152). The Fermi
factor f(ex,) reflects the fact that here the virtual state with momentum ks is a hole.

The renormalization effects that we are interested in are related to virtual processes (real
part of T®). We thus discard below £i0 in the denominators.

The conduction-electron spin operators s® are s* = =

70%, where 0 are Pauli matrices. We
use the following identity for Pauli matrices:

(Ua0ﬁ>p/p = 5aﬁ5p’p + iEaﬁf\/Ug/p . (925)

Thus, the (real part of) sum of (9.22) and (9.24) yields

1
st = 257 o0 32 {8781 = fleta)] + (578 f(ers) } ———
2
J? 1
- L {0orabrS(S +1) = 260,501 —2f(e)]} . (9:26)
4 o €k — €ky
In the second line we used the identity (9.25), as well as
1 1

EagfyS Sﬂ —EQB,Y[S SB] = §€a57€aﬂ5 Z'SE = Z'S’Y. (927)

Note that Eq. (9.27) is general: it is not restricted to spin-1/2 of the local moment. While we
considered S = 1/2 when deriving the Kondo model, it can be in fact formulated for any spin
S, and the perturbative analysis also applies to any S.

218



The first term in the result (second line of) Eq. (9.26) is not particularly interesting: it
does not contain a logarithmic singularity. (Such a term would arise also in the second order
for conventional potential scattering.) We thus drop it. On the other hand, the second term
does yield an infrared logarithm due to the additional factor [1 — 2f(€x,)] which changes sign
together with €, — €;,. Combining it with the first-order term (9.17), we obtain

J 1
[T(l) + T(Z)]k/cﬂ?r/;ka,'f = JSETM’G S’T {1 - 5 Z [1 - 2f(€k2)]}
k

€ — €
) k ko

0 on J ~— tanh(eg,/2T)
= Js%,S0 {1 -y R (9.28)

€ — €k
9 2

At the Fermi level, ¢, = 0, the sum over momenta of the virtual state in Eq. (9.28) yields

tanh 2T tanh(ep /2T A
ZMQJ_V/d@M:_QVm_’ (9.29)
—€hy €9 T
ko
where A is the ultraviolet cutoff (band width). On the infrared side, the logarithm is cut off

by temperature. Substitution of (9.29) into (9.28) gives
A
TW 4 73 = Jso 8@ (1 +vJIn :7) : (9.30)

Equation (9.30) shows that the effective coupling increases logarithmically when temper-
ature is lowered. This is the result originally obtained by Kondo, who used it to explain the
resistivity minimum (see figure in the beginning of this chapter): increase of coupling means
stronger scattering and therefore increase of resistivity (as discussed in more detail below).

This perturbative calculation is valid under the condition T7® < T™W. One can extend
it by means of renormalization group (RG), which was done by Anderson. We briefly sketch
the RG analysis. The general ideology of RG was discussed in Sec. 7.8.1 in the context of
Luttinger-liquid theory. In spirit of this idea, we start from the theory with the UV cutoff
A and then consecutively integrate out fast degrees of freedom and monitor how the effective
coupling J changes. Integrating out the degrees of freedom from the shell A’ = A/b < ¢, < A,
we get, in analogy with Eq. (9.30), the following modification of the coupling constant:

A
J — J/:J+VJ21nNEJ+VJ21nb. (9.31)

This can be written in a differential form:

=vJ?, (9.32)

where J is the running coupling associated with the scale A/b. This equation can be immedi-
ately integrated:
dJ

= —dlnb _— (VJ)_l = (1/]0)_1 —Inb — J

Jo

T 1o vJolnb’ (9.33)

where Jy is the bare coupling (i.e. the one at the initial cutoff A), and J is the effective
coupling resulting from lowering the cutoff down to A/b. The renormalization will be stopped

by the temperature 7. Setting b = A/T, we get for the renormalized dimensionless coupling

vd: 7 )
0 - (9.34)

v A T (AJT) (T T
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where Tk is the Kondo temperature,

1
Tk =A —— . 9.35
K exp < L Jo) ( )
The obtained scattering amplitude allows one to find the cross-section of electron scattering
off impurity:
1
K= ————— Tio ko 2|2 - 9.36

(This includes averaging over initial spin states and summation over final spin states.) In the
lowest order, we get, according to Eq. (9.17), and by using the identity (9.25),

1
One = ng S(S+1) (9.37)
3 1
= 1—6J§ for S = 5 (9.38)
This yields the transport relaxation rate
1 s
— = 5 M vJgS(S + 1), (9.39)
which determines the contribution of magnetic impurities to the resistivity:
0y 3 . 3 1 2
e = @ ~ g gy Mo oS5 ). 40

Here njmyp is the impurity concentration. According to Eq. (9.34), the renormalization due to
higher-order processes amounts to a replacement in these formulas

9 1

Jo W ; (9.41)

which determines the law of increase of resistivity.

The RG analysis assumes that the renormalized dimensionless coupling vJ is small, so
that it is valid for " > Tk (weak-coupling regime). When the temperature is lowered down
to T' ~ Ty, the theory enters the strong-coupling regime. The physics at T' < T requires a
different analysis. We only briefly state the result for the case of the impurity spin S = 1/2.
The local moment forms a singlet with conducting electrons, which serves as a potential
scatterer. Therefore, the increase of resistivity with lowering T stops at Tk, i.e., the resistivity
saturates (see the schematic figure in the beginning of this Chapter).

9.3.1 Outlook
A great variety of important extensions:
e Anisotropic coupling

Multichannel Kondo models

Strong coupling regimes; Wilson’s numerical RG

Kondo lattices: dense arrays of local moments

Kondo effect in quantum dots
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