Chapter 7
Nonequilibrium Green Functions

The Nonequilibrium Green Function (NGF) method is the most promising approach
to describe quantum transport at nanoscale. The current through a nanosystem (as
well as other observables) can be expressed with the help of NGFs. Before going
to the explicit formulation of the method for transport through nanosystems, we
discuss in this chapter the general properties of nonequilibrium Green functions and
formulate the main equations.

First, in Sect. 7.1 we give the definitions of retarded, advanced, lesser, and greater
Green functions and consider some simple examples, in particular the noninteracting
case. We introduce Green functions of three different types: for fermions (electrons),
for bosons and the special type for vibrons.

Then we include interactions and introduce the interaction representation in
Sect.7.2—the first important step to the diagrammatic approach. In Sect.7.3 we
discuss an important concept of the Schwinger-Keldysh closed-time contour, define
the so-called contour Green functions and establish the relations between these func-
tions and the real-time Green functions.

The rest of the chapter is devoted to the equations for NGFs within two approaches:
Equation of Motion method (EOM) in Sect.7.4 and the Kadanoff-Baym-Keldysh
method in Sect.7.5. We derive the expressions of the diagrammatic technique and
come to the self-consistent equations in the integral and differential form.
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174 7 Nonequilibrium Green Functions

7.1 Definition and Properties

7.1.1 Retarded (G®) and Advanced (G*) Functions

Definition

The retarded Green function for fermions is defined as'
GEy (1. 12) = =if( — ) [ catt). @) | ). (.1)

where ¢/ (1), ¢, (t) are creation and annihilation time-dependent (Heisenberg) oper-
ators, [c, d]+ = cd + dc is the anti-commutator, and (...) denotes averaging over
the initial equilibrium state.

We use notations «, [, ... to denote single-particle quantum states, the other
possible notation is more convenient for bulk systems

G"(x1, x2) = =i0(t) — 1) ([e(x1), ¢ (x2) 1), (7.2)
where x =r,t,0,...0orx =k, t,0, ..., ectc. Some other types of notations can be
found in the literature, they are equivalent.

The advanced function for fermions is defined as

Gyt 1) = 80 = 1) {[eattn. ()] ). (13)

Finally, retarded and advanced functions for bosons can be defined as

BE 1, 0) = =i0(t — 1) ([aa(). af )] ). (7.4)
By, 1) = 02 = 1) ([ant), al(e | ), 7.5)
where ag (1), a,(t) are creation and annihilation boson operators, [a, b]— = ab — ba
is the commutator.
Averaging
The average value of any operator O can be written as (é) = (t|és|t) in the

Schrodinger representation or (é) = (0|0H ()]|0) in the Heisenberg representa-
tion, where |0) is some initial state. This initial state is in principle arbitrary, but in

IThere are many equivalent notations used in the literature, some of them are G.s(11, 12),
Gromo (t1, 1), G(x,t,x', 1), G(x1,x2), G(1,2), G ... We use different notations depending on
the representation.
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many-particle problems it is convenient to take this state as an equilibrium state, con-
sequently without time-dependent perturbations we obtain usual equilibrium Green
functions.

In accordance with this definition the Heisenberg operators ¢, (1), cj;(t), etc. are
equal to the time-independent Schrodinger operators at some initial time fo: ¢, (f) =
Cq, etc. Density matrix of the system is assumed to be equilibrium at this time
p(to) = peq. Usually we can take fy = 0 for simplicity, but if we want to use 7y # 0
the transformation to the Heisenberg operators should be written as

fH([) — ei[‘}(tfto)fsefil:l(tffg). (76)

In fact, the initial conditions are not important because of dissipation (the memory
about the initial state is completely lost after the relaxation time). However, in some
pathological cases, for example for free noninteracting particles, the initial state
determines the state at all times. Note also, that the initial conditions can be more
conveniently formulated for Green functions itself, instead of corresponding initial
conditions for operators or wave functions.

Nevertheless, thermal averaging is widely used and we define it here explicitly.
If we introduce the basis of exact time-independent many-particle states |n) with
energies E,, the averaging over equilibrium states can be written as

(0) =%Ze—En/T<n‘0”(t)‘n>, Z= ", 1.7)

In the following when we use notations like <é> or <II/ ‘é (t)‘ '1/>, we assume the

averaging with the density matrix (density operator) p
<é> — Sp (,a(’)) , (7.8)

for equilibrium density matrix and Heisenberg operators it is equivalent to (7.7).
Time-Independent Case and Mixed Representation

Nonequilibrium Green functions are originally defined as the two-time functions
G(t1, ;). This complication is the price we pay for a possibility to consider
time-dependent and moreover time-nonlocal phenomena with retarded interactions,
memory, etc. In the stationary case without time-dependent external fields the Green
functions depend only on time differences G(t; — ;) = G(7). In this case it is
convenient to introduce the Fourier transform G (). We define it in the same way as
before by the expression (3.19) for the retarded function:

oo

GR(e) = lim GR(r)e!“HmT/hgr (7.9)

n—0 —00
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and for the advanced one:
B . .
GA(e) = lim / GA(r)e!'“—nT/hgr, (7.10)
7]*) —00

More generally, transformation (7.9) can be considered as the Laplace transformation
with complex argument z = € + i7.

For slowly varying time processes the mixed representation (also called Wigner)
G (t, €) can be used with the same Fourier transform in time difference and the time
t=(t +1)/2.

Spectral Function

Finally, we introduce the important combination of retarded and advanced functions
known as spectral or spectral weight function?

Aas(e) =i (GEy(e) = GLy00) (7.11)

in equilibrium case the Fourie-transformed retarded and advanced functions are com-
plex conjugate G*(€) = (GR(€))", and An5(e) = —2ImGE (e).

For free fermions the spectral function is?

0ap

Ang(e) = =2Im [ —22
5(€) (e—ea+in

) =27 (€ — €,)00a3. (7.12)

The result is transparent—the function A,s(€) is nonzero only at particle eigen-
energies, such that

1 1
P(O) = 5-SpAas(e) = 7 Z Anale) = Z 8(e — €a) (7.13)

is the usual energy density of states. Note that the imaginary part i7 is necessary to
obtain this result, thus it is not only a mathematical trick, but reflects the physical
sense of the retarded Green function.
If we introduce the finite relaxation time 7, the Green function of free particles
becomes
GEy(m) = —i0(T)e T 75,5, (7.14)

2We already introduced the spectral function in Chap. 3, as well as some other functions, but repeat
it here to keep consistency.

3We derive it later, see the Green function (7.52) for free fermions.
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then the spectral function has the familiar Lorentzian form

2’75a[}

[P (7.15)

A(xﬂ(ﬁ) =

Finally, spectral function has a special property, so-called sum rule, namely

o de
/7 Aaﬂ(G)E = (saﬂ- (7.16)

[ee]

7.1.2 Lesser (G=) and Greater (G~ ) Functions

Definition

Retarded and advanced functions, described before, determine the single-particle
properties of the system, such as quasiparticle energy, broadening of the levels (life-
time), and density of states. These functions can be modified in nonequilibrium
state, but most important kinetic properties, such as distribution function, charge,
and current, are determined by the lesser Green function

Gyl 1) =i (ch()calm). (7.17)
Indeed, the density matrix is the same as the equal-time lesser function
pap(t) = (€} (DealD)) = =iGiy(t, ). (7.18)
The number of particles in state |«) (distribution function) is
no(t) = (¢l (Dea () = =G (1. 1), (7.19)
the tunneling current is
ie

0 =23 [V ey 0en®) = Vi el e, 0))|

kq

2e -
= - Re qu:ququ(t,t) . (7.20)

In addition to the lesser, the other (greater) function is used

Gyt 1) = =i (calt)ec) (). (7.21)
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For bosons, the lesser and greater functions are defined as

Bl 1) = —i <a[;(tz)aa(t1)>, (7.22)

Bt 1) = —i <aa(t1)a];(tz)>. (7.23)

The name “lesser” originates from the time-ordered Green function, the main
function in equilibrium theory, which can be calculated by the diagrammatic tech-
nique

Gaplir 1) = =i T (caltc} (@) (7.24)

—i <Ca(f1)C;(f2)> iftry>n = Gop =Gy,

Gas(tn 12) = | (7.25)
i(chweam) ifn<n= Gu=Gg,

here the additional sing minus appears for interchanging of fermionic creation-
annihilation operators. Lesser means that #; < 5.

7.1.3 Some Useful Relations

From the definitions it is clear that the retarded and advanced functions can be
combined from lesser and greater functions

Gy, ) =0 — 1) [G5(h, 1) — G (11, 1)] (7.26)

Ghy(ti 1) =01, — 1) [G4(t1. 1) — G301, )] - (7.27)
The other useful relation is

Gsﬂ(ﬁ, h) — Gas(ti, h) = Gos(ti, 1) — G4t 1), (7.28)

and the symmetry relations

Goyl ) = = [GR @ m)] (7.29)

*
)

Gyt 1) = =G5, (1) | (7.30)

GA, (1. 1) = [Ggﬂ(tz, tl)]* . (7.31)
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The same relations hold in the mixed (Wigner) representation
*

Giyt.0 = - [G5,. 0] (7.32)

Goslt ) = — [Gga(t, e)]*, (7.33)

GA(t,€) = [Gga(t, e)] . (7.34)
It can be written in the matrix representation using Hermitian conjugation
G=<(r,¢) = —-G='(t, o), (7.35)
G (t,e) = -G~ (t, e), (7.36)
GA(t,e) = GR' (1, ¢). (7.37)

Obviously, these relations are true also in the time-independent case.

7.1.4 Equilibrium Case. Fluctuation-Dissipation Theorem

Now we want to consider some general properties of interacting systems. In equi-
librium the lesser function is not independent and is simply related to the spectral
function by the relation

Gy(6) = iAgz(e) fO(0). (7.38)

This relation is important because it establishes an equilibrium initial condition for
the nonequilibrium lesser function, and proposes a useful Ansatz if the equilibrium
distribution function f°(e) is replaced by some unknown nonequilibrium function.
Here we prove this relation using the Lehmann representation—quite useful
method in the theory of Green functions. The idea of the method is to use the exact
many-particle eigenstates |n), even if they are not explicitly known.
Consider first the greater function. Using states |n) we represent this function as

G;ﬂ(tlﬂ h) = —i <Ca(t1)02;(f2)> = —% Z <n ’efﬂ/Tca(tl)C;;(tz)‘ n>

J - T [ - —h
= _2Ze BT (nl o lm) (m]cly|n)e! Frm B (1712, (7.39)

nm
In Fourier representation

2mi
Gos(e) = - e T (nlcqlm) (mlc)n)S(E, — Ey +€). (7.40)

nm
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Similarly, for the lesser function we find
< 2mi —E,/T i
Gaﬁ(e) = 7 e (n|cg|m><m|caln>5(Em —E,+e). (7.41)

nm

Now we can use these expressions to obtain some general properties of Green
functions without explicit calculation of the matrix elements. By exchanging indices
n and m in the expression (7.41) and taking into account that E,, = E,, — € because
of the delta-function, we see that

Gos0) = —e 1G5 (7.42)
From this expression and relation (7.26), which can be written as
Aaple) =i [Go5() — G4(0)] (7.43)

we derive (7.38).

7.1.5 Free Fermions

Free-Particle Retarded Function for Fermions

Now consider the simplest possible example—the retarded Green function for free
particles (fermions).

The free-particle Hamiltonian has an equivalent form if one uses Schrodinger or
Heisenberg operators

H =Y exclca =D eac)(t)calt), (7.44)

«@

because (here we assume ) = 0)
T __ iHt,f —iHt jiHr . —iHt _ iHt —iHt _ f
c,(eat) =e"'cle e'eye =e'"c ol = ¢\ Cas (7.45)

where we used that cgca is commutative with the Hamiltonian H = >, eaclca.
From the definitions (7.1) and (7.7) it follows that:

([eat i ] ) = {eatnehw + cleam)
— <ei1:1tlca(tl)efiﬁt] eiﬁfzcg(tz)efil'}tz + ei[:ltzcg(tz)efiljltzeiljltl Ca(tl)efilfltl>

= ¢hital <cac; + cchu> =Gy, (7.46)
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R . . ¥
Gos(ti, ) = —if(t — 1) <|:Ca(t1)» Cg(tZ):I+>
= —ie([l — tz)e_ieu(tl_tZ)(S(yﬁv (7.47)

where we used some obvious properties of the creation and annihilation operators
and commutation relations.

We consider also the other method, based on the equations of motion for operators.
From the Liouville—~von Neuman equation we find (all c-operators are Heisenberg
operators in the formula below, the time dependence (¢) is omitted for shortness)

dc, !
Cdt(t) =[ca(t), H]_ =%: €s [Cw C:@"ﬂ]_

Z €5 (CQC;;CQ — cgc‘_‘gc(,) = E €3 (cacgcﬂ + cc};cacﬁ)

i

3 153

Z €3 (Co,ng + CgCo,) cp= Z €3004C3 =€aCa (D), (7.48)
&) B
so that Heisenberg operators for free fermions are

calt) = e (0), ¢l (t) =e'cl(0). (7.49)

Substituting these expressions into (7.1) we obtain again (7.47). Note also that if
we take #p # 0, the Heisenberg operators for free fermions are

cat)y = e e, (1), cl (1) = 1T (1), (7.50)

but the result for the Green functions is just the same, because

([eat i ] ) = = {eatrcht + chiercatn)

— piepl—to)=ica(ti—to) <C0C; + C;Ca> — ¢ icalt _t2)5uﬂ~ (7.51)

It is interesting to make Fourier-transform of this function. In equilibrium the
two-time function Ggg(tl, ty) is a function of the time difference only, so that we
apply the transform (7.9). Adding an infinitely small positive complex part to € is
required to make this integral well defined in the upper limit (this is necessary for
free particles without dissipation because function (7.47) oscillates at large times
T = t; — t, and the integral (7.9) can not be calculated without i term). Then we
obtain
0ap

_ 7.52
€—€y+1in ( )

Gli(e) =
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This Green function looks exactly the same as the retarded matrix function (3.105)
introduced in Chap. 3. It is not surprising, that the retarded Green functions of the
NGF formalism for noninteracting systems are exactly the same as the single-particle
retarded Green functions which we used before.

Free-Particle Lesser Function for Fermions
Now let us consider again free fermions. Heisenberg operators for free fermions are

(1o =0)

calt) = e (0), cl(t) = e 'cl(0). (7.53)

«

Lesser function is

G(j[j(tl» 1) =i <C;(t2)ca(t1)> — jelenTicn <Cj-3ca>

=ie =) £00ec 1,5, (7.54)

one sees that contrary to the retarded function, the lesser function is proportional to
the distribution function, in equilibrium this is the Fermi distribution function

o 1
e =——-. (7.55)
eT +1

It is interesting to compare this answer with the result for nonthermal initial
conditions. Assume that the initial state is described by the density matrix pg 5 =

<c;ca>, now with nonzero off-diagonal elements. The time dependence of the density
matrix is given by

Pap(t) = €m0 . (7.56)

We obtain the well known result that off-diagonal elements oscillate in time.
Now define the Fourier-transform for the lesser function (7 = #; — 1»)

G=(e) = / G=()elltimienlr g, (7.57)

o]

note that here we use Fourie-transform with complicated term insign(7), which
makes this transformation consistent with previously introduced transformations
(7.9) for retarded (7 > 0) and (7.10) advanced (7 < 0) functions.

Applying this transformation to (7.54) we obtain

00
G:g(€) :l'fo(e&)tsaﬁ / e+l [676Q+H]Slgn(7')]7'd7_

o0

=27 f(ea)d (€ — €4)00p. (7.58)
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For free fermions, the greater function is given by
Gyt 1) = —ie U2 (1 — fOeq))dus, (7.59)

G (e) = —2mi(1 — f2(€a))S(€ — €0)dap. (7.60)

7.1.6 Free Bosons

For free bosons the retarded and advanced functions are exactly the same and the
lesser and the greater functions are similar, of course the distribution function now
is the Bose function instead of Fermi-Dirac. We give here only the results of calcu-
lations:

BE(t1, ) = —if(t; — tr)e "7, . (7.61)
BAy(h.n) = i0(ty — 1) 1754, (7.62)

5@3 (Saﬂ
BR(e)=—"2 _ BA)=_— 7.63
s (€) €— €, +1i0 s (€) €— €, —i0 (7.63)
B (11, ) = —ie (17 £ (e)0p. (7.64)
Boy(t1, 1) = —ie " (1 + f(€0))bas, (7.65)
B3 y(e) = —2mif(ea)6(€ — €a)8up (7.66)
BZ(e) = =2mi(1 + f(€a))d(e — €a)dap, (7.67)
e) = — (7.68)

et — 1

7.1.7 Green Functions for Vibrons

As one can see from the Hamiltonian of the electron-vibron interaction (6.13), the
relevant operator to describe vibrons is not an individual boson operator, but the
density fluctuation operator A, = a, + a. Because of that all expressions for
vibron functions are different from both fermion and usual boson functions discussed
previously.
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Definition

Using the Heisenberg density fluctuation operators A, () = a, () + a; (1), we define
retarded, advanced, lesser, greater and Keldysh (explained later) Green functions for
vibrons:

DE(t1, 1) = —ib(t — 1) <[Au(tl), Ag(tz)]_>, (7.69)
DXyt 1) = 0t — 1) <[Aa(t1), Aﬁ(zz)]_>, (7.70)
Djy(t1, 1) = —i (Ag(t) Au(n)), (7.71)

D 5(11. 1) = D5, (2. 1) = —i (Aa(11) Ap(12)), (7.72)
DEy(t1, 1) = 0ty — 1) [DZ5(t1, 12) — D511, )] . (7.73)
Dy(t1, 1) = (1 — 1y) [D35(t1, 12) — D511, )] (7.74)
DX;(11. 1) = D35(11. ) + D41, 1), (7.73)

Symmetry Relations

The symmetry relations are essentially different because of using commutators in
the definition. The most important peculiarities are the special symmetries due to
inversion of € = —e:

D;g(tl,t2)=—[D§a(t2,tl)] : Dgﬁ(tl,t2)=—[D§a(t2,tl)] . (7.76)
D} 4(t1, ) = Dj, (12, 1), (7.77)

*
Dy, 1) = [ DAy )| = D stz 1) = [ D (12, 1) |

. (7.78)
In the mixed (Wigner) representation
D3st.e) = — [DEN 7 6)] . Diyt.e)=— [D;a(t, e)] . (179

D;5(t,€) = D5, (t, —e), (7.80)

D41, 0) = [D(%(t, —e)] = DE (1, —6) = [Dga(t, e)] . (781

In the matrix representation using Hermitian conjugation
D<(t,e) = —-D="(t,¢), D>(t,e) = -D""(t, 0), (7.82)
D> (1, ¢) = D<"(z, —¢), (7.83)

DA(f, ) = DA*(t, —e) = DR (1, —¢) = DR (1, o). (7.84)
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Free-Particle Functions

Free-particle functions also look significantly different:

DYyt 1) = —if(t) — 1) [T — 1m0 6, (7.85)
Dl 1) = i0(ty — 1) [e7 172 — gl @™ ] 5 5, (7.86)
DR, (6) _ 6@[3 _ 504[3 DA/ (6) _ 5(1[} _ 6&6
B c—ea+in edeatin P €—€n—in €+eq—in
(7.87)

D3y, 1) = —i [e7" U7 fl(en) + €T (1 + fR(€a))] ap (7.88)
D;y(e) = —2mi [ f(€a)d(e — €a) + (1 + fR(ea))d(e + €)] 6ap.  (7.89)

73(6) = =2mi [ f(€a)0(e + €0) + (1 + f(€a))0(e — €0)] bap.  (7.90)

o 1
fple) = T 1 (7.91)

_ 1 ’
fo(=6) = —(1+ fp(e)). (7.92)

We do not present the details of calculations here, they are exactly the same as
we made for fermions. The differences originates from other definition of Green
functions and other commutation relations for boson operators.

Finally the definition for the spectral function is the same:

A2y(e) =i (DEy(e) — D2s(o)) . (7.93)
For free vibrons the spectral function is
A[L:g(e) =27 [6(6 — €003 — 0(e + ea,)] Oap- (7.94)

The sum rule is

o) b ﬁ B
/ A5 =0, (7.95)

It is obvious for free particles, and true for all spectral function because the spectral
function is asymmetric in e.
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In equilibrium we have the following relations:

D3y(e) = —iAD;(e) (o), (7.96)
DZ4(e) = —iADy(e)(1 + f3(e)), (7.97)
DZ4(e) = e/TD4(e). (7.98)

7.2 Interaction Representation

Previously we found that nonequilibrium Green functions can be quite easily cal-
culated for free particles, and equations of motion for one-particle Green functions
(the functions which are the averages of two creation-annihilation operators) can
be formulated if we add interactions and time-dependent perturbations, but these
equations include high-order Green functions (the averages of three, four, and larger
number of operators). The equations can be truncated and formulated in terms of
one-particle Green functions in some simple approximations. However, a system-
atic approach is needed to proceed with perturbation expansion and self-consistent
methods (all together is known as diagrammatic approach). The main idea of the
diagrammatic approach is to start from some “simple”” Hamiltonian (usually for free
particles), treating interactions and external fields as a perturbation, formulate pertur-
bation expansion, and summarize all most important terms (diagrams) in all orders
of perturbation theory. The result of such a procedure gives, in principle, a non-
perturbative description (ordinary mean-field theory is the simplest example). The
starting point of the method is the so-called interaction representation.

Let us consider the full Hamiltonian A as the sum of a free-particle time-
independent part Hy and (possibly time-dependent) perturbation V(t) (note that this
“perturbation” should not be necessarily small)

H=Hy+ V(). (7.99)

We define new operators in interaction representation by
FL(t) = ettt fSgmifor (7.100)
where f 5 is the time-independent Schrodinger operator. This is equivalent to the
time-dependent Heisenberg operator, defined by the part H, of the Hamiltonian. For

a free-particle Hamiltonian Hy the operators f (#) can be calculated exactly.
A new wave function corresponding to (7.100) is

wl(r) = e frys(p. (7.101)
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It is easy to see that transformation (7.100), (7.101) is a unitary transformation and
conserves the average value of any operator

(WS F51ws) = (! fhwh). (7.102)

Substituting (7.101) into the ordinary Schrodinger equation, we derive the equation

1
=vinw!, (7.103)

where V(1) = ¢/ VS (1)e~ " is in the interaction representation.
Equation (7.103) seems to be quite simple, however the operator nature of V
makes this problem nontrivial. Indeed, consider a small time-step Az. Then

W+ A1) = [1 - iVS(t)Az] W (1) = exp VO g (p), (7.104)

linear in At term can be transformed into the exponent if we understand the expo-
nential function of the operator in the usual way

; I 1.
eXpA=1+A+5A2+~-~+;A"+-~-, (7.105)

and assume that only linear terms should be taken at Ar — 0.
If we now repeat this procedure at times #; with step Az, we obtain finally

vl = S, ) (1), (7.106)

with

t

St 10) = [ exp (—if/’(t,»)At) . (7.107)

ti=ty

t
This product, however, is not simply exp (—i / vi (t’)dt’) in the limit At — 0,
o

because operators V! (#') are not commutative at different times, and for two non-
commutative operators A and B it holds that eA8 £ e4e5.
In the product (7.107) operators at earlier times should be applied first, before

operators at later times. In the limit A — 0 we obtain

t
S, t9) = T exp (—i/ V’(ﬂ)dﬂ), (7.108)
fo
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where T is the time-ordering operator (“-” for fermionic operators)
s Aw)Bn) ifn >,
r(Ambw) =1 " (7.109)
+B(t)A(t)) if t; < 1.

Of course, expression (7.108) is defined only in the sense of expansion (7.105).
Consider for example the second-order term in the time-ordered expansion.

t 2 r t
T [ / v! (z’)dt’] =T [ / vihdr / v! (t”)dt”]
i) 1 0

0
t t' t t"
= / ar / ar’'viahvia’y + / dr” / arviaHviae).
to to fo [}
(7.110)

If we exchange " and ¢” in the second integral, we see finally that

t 2 t t
T[/ V’(t/)dt/} =2/ dt’/ dar"viaHvia". (7.111)
I fo fo

Properties of S (t, to)

S is the unitary operator and
A ~ ~ I A
SN, 10) = §T(t, 10) = T exp (z/ v’(t’)dt’) , (7.112)
1o

where T is time-anti-ordering operator. Some other important properties are

§71(t,10) = S(t0, 1), (7.113)
S(t3, )S(t2, 1)) = S(t3, 1), (7.114)
S, 1)S (13, 12) = S (13, 11). (7.115)

Finally, we need the expression of a Heisenberg operator, defined by the full
Hamiltonian H = Hj + V (¢), through an operator in the interaction representation.
The transformation, corresponding to (7.106), is given by

FH@) = e 0057 (1, 1) f1(0) 82, tg)e!om, (7.116)
and the state ¥/ (1) is related to the Heisenberg time-independent wave function by

Wl (1)) = e owS(gy) = oty H (7.117)
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in accordance with our previous discussion of averaging we assume that at time
t = to Heisenberg operators coincide with time-independent Schrddinger opera-
tors f H(ty) = f 5, and Schrodinger wave function coincides at the same time with
Heisenberg time-independent wave function ¥5(f)) = ¥#. To avoid these addi-
tional exponents in (7.116) we can redefine the transformation to the interaction
representation as

o) = eiﬁg(t—tg)fse—iﬁo(z—to)’ (7.118)
in accordance with the transformation (7.6) for the time-independent Hamiltonian.
Previously we showed that free-particle Green functions are not dependent on #; for
equilibrium initial condition, if we want to consider some nontrivial initial conditions,
it is easier to formulate these conditions directly for Green functions. Thus below
we shall use relations

1@ =87t 0) f1 (8. 1), (7.119)
and
Uity = w5y = wh. (7.120)
Green Functions in the Interaction Representation

Consider, for example, the lesser function

Gyt 1) =i (chrcatn) = i (07 e tm)| @), (7.121)

c-operators here are Heisenberg operators and they should be replaced by operators
¢! (t) = &(¢) in the interaction representation:

Gyt 1) =i (@37 (12, 1)) 302, 10087 (11, 1) (1) S 01, 10) | w7

(7.122)
Using properties of S operators, we rewrite this expression as

Gyt 12) = i (S0, )31 S0, 1) )3 11, 10)) (7.123)

7.3 Schwinger-Keldysh Time Contour

7.3.1 Closed Time-Path Integration

Now let us introduce one useful trick, the so-called closed time-path contour of
integration. First, note that the expression of the type
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~ ~ A ~ ~ (VLA A EEERTLER 0 T M
£ = 87 10) F1 @08t 19) = T bo V" OU flyTe™ b VOW - (7.124)

can be written as
FH(@t) = T, exp (—i / V’(r’)dr’) L), (7.125)

where the integral is taken along closed time contour from #; to ¢ and then back from

1 1oty . N
/ dr’ =/ dt/—l-/ dr'. (7.126)
[ 4] t

The contour time-ordering operator 7¢, works along the contour C, it means that for
times ¢ itis usual time-ordering operator 7', and for times 7 < it is anti-time-ordering
operator 7. Symbolically

TC,/ dt’:T/ dt’+T/ dr'. (7.127)
C, — <«

Consider now the application of this closed time-path contour to calculation of
Green functions. It is convenient to start from the time-ordered function at t, > #;

(T (Budw)) = (3¢0. B Sw mAwSw. w),  (7.128)

here A(t) and f?(t) are Heisenberg operators, A(t) and B(r) are operators in the
interaction representation, and in the case of fermionic operators the additional minus
should be added for any permutation of two operators.

Using the properties of the S -operator, we transform this expression as

(3tt0, ) B@)3w. ) Aw S, ) = (§7 12, ) B S 2, ) A S 1, 10)

= (8700, )8 (00, ) B S(a2, A0 S(01, 10)) = (37T (B A1)S) ).

(7.129)
where we defined operator o
S = S(o0, 1p). (7.130)
Using contour integration, it can be written as
(T (Badn)) =(1e (ScBaHAE)). (7.131)

Sc = Tcexp (—i / V’(/)dﬂ) , (7.132)
C
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where the contour C goes from ¢, through #; and #,, and back to 1. If o, > 1 it is
obvious that contour ordering along C~ gives the terms from S (t1, tp) to B(tz) in
(7.128). The integral over the back path C gives

A ~ t() A
Tc exp (—i / V’(z’)dt’) =Texp (—i / Vl(t/)dt’)
«— 5]

15) n n n
= Texp (i / v’(z/)dﬂ) =85t t0) = S(to, 12). (7.133)
fo

For t, < t; the operators in (7.128) are reordered by T -operator and we again
obtain (7.131).

The lesser and greater functions are not time-ordered and arguments of the oper-
ators are not affected by time-ordering operator. Nevertheless we can write such
functions in the same form (7.131). The trick is to use one time argument from the
forward contour and the other from the backward contour, for example

<é(t2)A(z1)> - <TC (Scé(t;)fi(tf))>, (7.134)

here the time 7, is always before 1,.

7.3.2 Contour (Contour-Ordered) Green Function

Now we are able to define contour or contour-ordered Green function—the useful
tool of Keldysh diagrammatic technique. The definition is similar to the previous one

GSy(m,m) = =i (Te (catre)(m)). (7.135)

where, however, 7| and 7, are contour times. This function includes all nonequilib-
rium Green functions introduced before. Indeed, depending on contour position of
times we obtain lesser, greater, or time-ordered functions (below we give different
notations used in the literature)

T, eC™ —i(Tea(n)ch)) = G~ or GT(w,12),
neCTneC”  —ifeaelm) = G or G7. 1),

GSy(ri,m) = .
neC”,meCe: i(c;(tz)ca(t1)> — G or G<(11.1n).

o EeCT: —i <7~’cn(t1)c;;(tz)> — Gt or GT(t, 1),
(7.136)
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These four functions are not independent, from definitions it follows that
G<+G> =G +67, (7.137)

and anti-Hermitian relations hold:

Gly(t1.0) = =G (1. 1), (7.138)
G5t ) = =G, (12, 1), (7.139)
G5, 1) = —=G7 5, (0, 11). (7.140)

It is more convenient to use retarded and advanced functions instead of time-
ordered functions. There is a number of ways to express G® and G# through above
defined functions

GR=0(t —1)[G" -G ]|=G" -G~ =G" -G, (7.141)

G'=0t—1)[G" -G |=G"-G =G~ -G". (7.142)

This technique at real-time axes can be formulated for matrix functions

. ++ gt-
G = (g_+ g__). (7.143)

It is, however, more convenient to use the linear dependence of four functions and
after the rotation in “Keldysh space” we get

. R K
G:(C(;) (G;A) (7.144)

where we obtain retarded ans advanced functions at the matrix diagonal and intro-
duced new Keldysh function GX

GK =G + G~ = —i([ca(t), ¢} (1)]-), (7.145)

G==3;GX + 1A (7.146)

7.3.3 Contour Green Function in the Interaction
Representation

In the interaction representation one should repeat the calculations performed before
and given the expressions (7.123), (7.128), and then replace usual times by contour
times 7, SO we obtain
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(Te (catrirchm) ) = (Te (S, 8o, rEa (S (1, 70)) ).
(7.147)

Using contour integration, it can be written as

GSy(r 1) = —i(Te (calrch(m) ) = =i{Te (3ecutrichm) ). (7.148)

Sc = Tcexp (—i / V! (/)dﬂ) ) (7.149)
C

7.4 Nonequilibrium Equation of Motion Method

Now we start to consider the case of interacting nanosystems. Although it is possible
to derive the exact expression for the current through an interacting central region
(we consider it in Chap. 8), the problem to find the Green functions of the central
region is sometimes highly nontrivial. At the present time there are several techniques
developed to solve this problem.

The nonequilibrium equation of motion (NEOM) method is the simplest approx-
imate approach. In spite of its simplicity, it is very useful in many cases, and is very
convenient for numerical implementation. In this section we consider only a general
formulation, some particular examples are considered further.

We start from the general definition of a Green function as the average of two
Heisenberg operators A(t) and é(t), denoted as

(An), By~
The particular definitions of the averages for spectral and kinetic functions are
. . R . . .
((Aan. b)) = —iow ([ Aan. Ban] ). (7.150)
where upper sign here and below is for boson functions, lower sign for fermions,
((Aan. Ban)) = =ildan. Bew). (7.151)

The equations of motion for NGF are obtained from the Heisenberg equation of
motion for operators

22 [A, H] — AH — HA, (7.152)

for any Heisenberg operator A(t). Here and below all Hamiltonians are time-
independent. We consider the stationary problem.
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7.4.1 Spectral (Retarded and Advanced) Functions
Let us start from a retarded function
. . R . .
A(t), B = —if(t] — A(t)), B . 7.153
((Ac. Bw)” = —iow — ([ Aan. Ban] ) (7.153)

Taking the time derivative we obtain

T N R . N N . N R
iz ((Aw. B = s —o)f[da. Ban] )+ (([Aa. 4] Bu))
| _
(7.154)
where the first term originates from the time-derivative of the #-function, and the

(7.152) is used in the second term.
In the stationary case the Fourier transform can be used

crimffa ) =([48] e[l B)f. s

Now let us assume that the Hamiltonian can be divided into “free particle” and
“interaction” parts A= Ho + Hl, and [A Ho], = eoA (The 51mple example. For
the free particle Hamiltonian Hy = Za edd 'dj and the operator A= d; one has

[A, I-AIO], Z/} Gg[da, ﬁdg], eadg, €0 = €, is simply a number. In general, €,
is some time-independent operator). So that

€

. AR o . A\ R
(e + i — éo)<<A, B» - <[A, B] > + <<[A, Hl] , B>> , (7.156)
€ F —
the second term includes interaction and can not be easy simplified.

It is convenient now to introduce the “free particle” function g¥ as a solution of
the equation

(e+in—é)gl =1. (7.157)

Now we multiply the right and left parts of (7.156) by gX. Using the function
ek = f gR —id ds we can write the time-dependent solutlon of (7.154) as

(e b)) =" - e[dwn. ]
+/§R(n —t’)(([é(ﬂ),ﬁ,]_,é(@))%ﬂ. (7.158)
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7.4.2 EOM at the Schwinger-Keldysh Contour

The calculation of the lesser functions by the EOM technique requires some care.
To demonstrate it let us compare the EOM for retarded and lesser functions of free
particles.

The equation for gfﬂ is (assuming the diagonal matrix €,3)

(e+in—E) g8 = bap, (7.159)

from which the free-particle Green function is easily obtained.
At the same time for the lesser function we have the equation

(€—¢€)8a3 =0, (7.160)

from which, however, the free-particle lesser function g;ﬁ = 27 fo(€)d(e — €4)0ap
can not be obtained.

The problem can be generally resolved by using the EOM on the Schwinger-
Keldysh time contour. The contour-ordered Green function is defined as

<<A(n), E(Tz)»c - —i<TC (A(n), é(@)), (7.161)

where A(Tl) and I§(Tz) are two Heisenberg operators, defined along the contour.
Taking the time derivative we obtain the equation

i (d. b)) =0 - m([Ae. B A, A B
1), B(m))) = 06"(mi —m)(|A(T1), B(T1) | )+ (r), H| , B(n))) ,
T1 T —

(7.162)
in the stationary case this equation can be formally solved if one applies the Fourier
transform along the contour, or perturbation expansion in the interaction representa-

tion (Niu et al. 1999). Using the free particle solution g€ (7; — 75) we can write the
time-dependent solution as

At B\ =€ — o[ A(m). B(m)
.

+ / o —[Ae. i) Be) ar. ey

7.4.3 Kinetic (Lesser) Function

Applying now the Langreth rules (see the next section for details), which shows, that
from
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C(TI,TZ)Z/A(T],T3)B(T3,T2)d7’3 (7.164)
C

it follows

CR(t, ) = fAR(tl,t3)BR(t3, b)dts, (7.165)
C=(t, 1) = [ (AR(t1, 3)BR(13, 1) + A=(t1, 13) BA(13, 1)) di3, (7.166)

we get (7.158) for the retarded function, and
((Aan. b)) =& @ - w([Aw). Ban] )
+ / gf(n — t/)«[/i(t/), 191]7, é(t2)>><dt’
+ / g=(n - t’)(([/i(t/), Ifll]f, é(r2)>>Adﬂ (7.167)
for the lesser function. And the Fourier transform is

(4. 8) =ac{[4.8] )+ e[ m] 8+ a4 ] 8]

(7.168)

7.5 Kadanoff-Baym-Keldysh Method

Now we review briefly the other approach. The Kadanoff-Baym-Keldysh method
systematically extends the equilibrium many-body theory to the nonequilibrium case.
Potentially, it is the most powerful approach. Below we give a simple introduction
into the method, which is currently actively developed.

7.5.1 Perturbation Expansion and Diagrammatic Rules for
Contour Functions

We found that Green functions can be written in the interaction representation with
a help of the S-operator. For example, the time-ordered fermionic Green function is

Gl n)=— i<T (ca(tl)c;(rz)) > = —i<$"1T (Ea(tl)ég(tz)ﬁ) > (7.169)
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using “usual” S-operator

S = 8(00, 1p) = T exp (—i / V’(z’)dr’) , (7.170)
fo
or
GLyn, 1) = =i{Te (a7 05)5c) ) (7.171)

using “contour” Sc-operator

Sc = Tcexp (—i / 9’(;’)51:/) . (7.172)
c
We first consider the zero temperature case, when one can set fy = —o0,
A~ A 00 A~
S = S(co, —00) = T exp (—i/ V’(r’)dﬂ) , (7.173)
—00

and assume that interaction is switched on and switched offatt — +-o0 adiabatically.
This condition is necessary to prevent excitation of the system from its ground state.
The other necessary condition is that the perturbation is time-independent in the
Schrodinger representation. In this case if the initial state |¥ (f = —o0)) = |W¥) isthe
ground state (of free particles), then the final state |¥ (f = 4+00)) = S|¥0) = €/ |¥0)
is also the ground state, only the phase can be changed. Now, using the average value
of the § -operator

(8) = (WO 8100 = & (WO|w0) = ¢, (7.174)
we obtain
S|y = ($)|w?), (7.175)
and
(O
A — (7.176)
(S)

So that (7.169) can be written as

Glyt, ) = —i i (500?35)2([2)3) > (7.177)
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Now we can expand the exponent (note that S-operator is defined only in the sense
of this expansion)

~ o0 A
S = Texp (—i / V’(t’)dt’)
—00

=Tz(_l)/ dti~--/ di, V(1)) ... V(). (7.178)

o0

and numerator and denominator of the expression (7.177) are

(1 (atdh®)3))

> /oodt{.../oodré(Tea(n)Eé(rz)V’(ri)---V'<’»3)>’ 717

o]

& => S /oo dr;.../oo dzj,(TV’(z{)...V’(t,Q)). (7.180)

These expressions are used to produce the perturbation series.
The main quantity to be calculated is the contour Green function

G(1,2) = GS4(n,m) = —i<Tc (c(,(r,)cg(fz)) > (7.181)

where 71 and 7, are contour times. Here 1. = «, 7.

The general diagrammatic rules for contour Green functions are exactly the same
as in the usual zero-temperature technique (we call it standard rules). The correspon-
dence between diagrams and analytical expressions is established in the following
way:

Open bare electron line is i Gy(1, 2).

Closed bare electron line is ny(1) = n(o?) (11).

Bare interaction line is —iv(1, 2).

Self-energy is —i X'(1, 2).

Integration over internal vertices, and other standard rules.

A

7.5.2 Langreth Rules

Although the basic equations and diagrammatic rules are formulated for contour
Green functions, the solution of these equations and final results are much more
transparent when represented by real-time spectral and kinetic functions.
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As in the ordinary diagrammatic technique, the important role is played by the

integration (summation) over space and contour-time arguments of Green functions,
which is denoted as

/dlc EZ/dn. (7.182)
o C

After application of the Langreth rules [1], for real-time functions these integrals

become o
/dl = Z/ dt,. (7.183)

The Langreth rules show, for example, that from
C(T],Tz)z/A(Tl,T3)B(T3,T2)dT3 (7184)
c

it follows

CR(t, ) = fAR(tl,t3)BR(t3, b)dts, (7.185)
C=(t, 1) = [ (AR(t), 3)B=(t3, 1) + A= (11, 13)B*(13, 12))d13.  (7.186)

The other important rules are: from
C(71, ) = A(71, 2)B(11, 72) (7.187)
it follows

CR(11, ) = AR(t1, ) BR (11, 1) + AR(t1, ) B= (11, 1) + A= (11, 1) BR (11, 1),

(7.188)
C=(t1,) = A~(t1, ) B=(11, 1), (7.189)

and from
C (11, m) = A(11, ) B(T2, T1) (7.190)

it follows
CR(t, ) = AR(11, ) B= (12, 1) + A= (11, 1) BA (12, 11), (7.191)

C=(t1, 1) = A~(t1, ) B (12, 11). (7.192)
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Fig. 7.1 Diagrammatic
representation of the
first-order self-energy @ e

7.5.3 First-Order Self-Energy and Polarization Operator

Consider, as an example, the first order expression for the self-energy, shown in
Fig.7.1. Following the diagrammatic rules, we find

>(1,2) =6(1 — 2)/v(1, 3)no(3)d3 + iv(1,2)Go(1, 2), (7.193)

where the first term is the Hartree contribution, which can be included into the unper-
turbed Green function G (1, 2). This expression is actually symbolic, and translation
from contour (Keldysh-time) to real-time functions is necessary. Using the Langreth
rules, one obtains

»Ra,2) =51t —2)/vR(1,3)n0(3,3)d3+ivR(1,2)G§(1,2)
+iv=(1,2)GE(1,2) +ivR(1,2)G; (1, 2), (7.194)
»(1,2) =iv<(1,2)G; (1,2). (7.195)

There is no Hartree term for lesser function, because the times 71 and 7, are always at
the different branches of the Keldysh contour, and the d-function § (77 — 7») is zero.

In the stationary case and using explicit matrix indices, we have, finally (here
T = t] — tp, not to mix with the Keldysh time)

80 @) = 6N dap X, 58 OO + vk (1 GEDT)

v Vay
+ivi,(NGED (1) +ivB (0GP (), (7.196)
=0 = v, MG ), (7.197)

and we define the Fourier transform of the bare interaction

7 (0) = / vE (rydr. (7.198)
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Fig. 7.2 Diagrammatic
representation of the
first-order polarization

operator

Finally, the Fourier transforms are

R(l)(e) =4, qz av(o)n(O)

. [de€ < <
+i / = [vgf[g(a)cgg@(e = )+ iOGE (e = )+ RGP e - ]
(7.199)

250 _z/le—vaﬂ( NG (e— €. (7.200)

The second important function is the polarization operator (“self-energy for inter-
action”), shown in Fig.7.2. Following the diagrammatic rules, we find

IT,(1,2) = —iGo(1,2)Go(2, 1), (7.201)

note the order of times in this expression.
Using the Langreth rules,

nR(1,2) =iG1,2)G5 2, ) +iG5(1,2)Gi (2, 1), (7.202)
7(1,2) =iG5(1,2)G; (2, 1). (7.203)

And in the stationary case, restoring the matrix indices

o =-i[6X 6+ 66 -n]. 7204
;") = -G (G (). (7.205)

In the Fourier representation

i =i / [5G0 € ~ 0 + 6OV ~ 0]
(7.206)

3" = / —G;go)(e/)c_;;")(e’—e). (7.207)

These expressions are quite general and can be used for both electron-electron
and electron-vibron interaction.
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For Coulomb interaction the bare interaction is is v(1, 2) = U0 (7_1+ — T), SO
that

vR(1,2) = Uagd(lﬁ — 1), (7.208)

v=(1,2) =0. (7.209)

7.5.4 Self-consistent Equations

Hedin’s Equations at Keldysh Contour

The diagrams can be partially summed in all orders of perturbation theory. The
resulting equations are known as Dyson equations for the dressed Green function
G (1, 2) and the effective interaction W (1, 2) (Fig.7.3). Analytically these equations
are written as (in general nonequilibrium case the functions are contour functions
and integration is over Keldysh contour)

G(1,2) = Go(1,2) +// Go(1,3)2(3,4)G(4,2)d3d4, (7.210)

W(l,2) =v(1,2) + // v(1,3)I1(3,4)W (4, 2)d3d4. (7.211)

In the perturbative approach the first order (or higher order) expressions for the
self-energy and the polarization operator are used. The other possibility is to sum-
marize further the diagrams and obtain the self-consistent approximations (Figs. 7.4
and 7.5), which include, however, a new unknown function, called vertex function.
We shall write these expressions analytically, including the Hartree-Fock part in the
unperturbed Green function Gy(1, 2).

Fig. 7.3 Diagrammatic

representation of the Dyson G_ —_— G() _I_ G() G
equations -

Fig. 7.4 Diagrammatic

representation of the full

self-energy :
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Fig. 7.5 Diagrammatic
representation of the full
polarization operator

Fig. 7.6 Diagrammatic
representation of the vertex
function

+ ..

X'(1,2) = i/ W(1,3)G(1,4)I'(3; 4, 2)d3d4, (7.212)

I1(1,2) = —i //G(1,3)G(4, 1I(2;3,4)d3d4. (7.213)

Here we introduce the vertex function I"(1; 2, 3) which depends on three coor-
dinates and connects two electron lines and one interaction line. The equation for
the vertex function can not be closed diagrammatically (Fig.7.6). Nevertheless, it is
possible to write a closed set of equations (Hedin’s equations [2]), which are exact
equations for full Green functions written through a functional derivative. Hedin’s
equations are (7.210)—(7.213) and the equation for the vertex function

0X2(2,3)
;2,3 =46(1,2)6(1,3) + ////6(4 6)G(7,5)I(1;6, 7)6 G@.s )d4d5d6d7.
(7.214)
Real-Time Equations

There are several ways to get real-time equations from Hedin’s equations for con-
tour functions. One is to use the Langreth rules. The other, equivalent, method was
suggested by Keldysh [3]. Retarded G%, advanced G* and Keldysh GX (or lesser
G <) functions can be considered as the components of matrices

. GR GK(G~) . IR pK(x<)
G = (o oA ) = (o S ) (7.215)

Below, the symbol ... denotes the matrix in Keldysh space, and the spin-matrix
structure of Green functions G*4-) and ¥*®-4-%) is assumed if necessary. In the
spin-degenerate case G 5" = G®AK)§ 5 in general G and ¥ are matrices
in Keldysh and spin spaces. It was shown that diagrammatic expansions for the
matrix functions G and ¥ are similar to corresponding expansions for equilibrium
Green functions (see [4] and references there). If 3 is the known functional of G,



204 7 Nonequilibrium Green Functions

then the functions G'®-4-X) can be determined from the Dyson-Keldysh equation in
differential form

0 T (el
[za—tl—H(tl)]G— {EG} =35, (7.216)

or in integral form y . e .
G =Go+1Go2G), (7.217)

where § = I Oy 6(t1 — 1), I is the unity matrix in Keldysh space,

{AB}m]/ (tla fz) = Z/dt?&Am'(tla t3)B’y7]’(t3a t2)a
5

and H (¢) is the single-particle Hamiltonian which determines the bare Green function
Go. The self-energy ¥ describes interactions. These equations are mathematically
equivalent to the contour equation (7.210). Take now the components of this matrix
equations.

The equations for the retarded (advanced) functions are:

[iait - H} GRY — [ ZFAGRDY = §(x) — x7). (7.218)
1

Or in integral form
GRA — GRW {G(I)?(A)ER(A)GR(A)}_ (7.219)

And the equation for the Keldysh function is

[ia% —H] G* —{z*c* + x¥G*} =0, (7.220)
1

itis the same as the Kadanoff-Baym equation for the lesser function G <. Or in integral
form
G* = {G*x*G"}, (7.221)

this equation is known as Keldysh equation. The time-independent equations are
obtained then in usual way.
Self-consistent GW Approximation

One of the popular approximations is G W approximation, neglecting the vertex part.
Here we present this equations already in explicit matrix notation.
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For the self-energy shown in Fig.7.4 we obtain

R o einflde/ R (/ < / < (! R /
Eoﬂ(e) =1 [Wm"i(e )Gaﬁ(e_e )+ Wm’}(e )G(},ﬁ(e—tf )

2m
+WE(ENGE (=€) = D vE G2, (e’)50[3:| . (1.222)
7
< . de/ < / < /
@ =i [ S-WiHEGTe=e). (7.223)

The usual self-consistent Hartree-Fock approximation is obtained from this self-
energy if one neglects renormalization of the effective interaction W,g, and uses
unperturbed values v¥,(€) = vA,(¢e) = Uap, v3,(€) = 0.

For the polarization operator one gets ‘

% =—i [ 16262 GR (€)G= (¢ 7224
(yﬁ(e) = -1 g [ aﬂ(e) /m(f —e) + aﬂ(ﬁ) /3,1(5 _6)] s (7. )
< . dé/ < / > /
M s(e) = —i / 2—Ga3(e )G, (€ —€). (7.225)
) g ‘
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