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1

Nonequilibrium Perturbation Theory

The goal of this chapter is to construct the perturbation expansion for the
1-particle contour-ordered Green’s function. First, we explain why the usual
perturbation expansion on the Feynman contour (the real-time axis from —oo
to oo) or on the Matsubara contour (a segment on the imaginary-time axis
from —if to if) fails in general nonequilibrium situations.

1.1 Failure of Conventional Time-Ordered Perturbation
Theory

The central goal of nonequilibrium many-body theory is to calculate real-time
correlation functions. For example, we might want to calculate the 1-particle
time-ordered Green’s function,

iG(x,t;x,t") = (T[(x, )yt (x',t)]) = Tr pT [0 (x, )T (%, )] (1.1)
in the Heisenberg picture, where p is an arbitrary nonequilibrium density

matrix and the Hamiltonian H(¢) is in general time-dependent.

1.1.1 Equilibrium Many-Body Theory

In conventional equilibrium many-body theory, we know how to setup a per-
turbation theory to calculate this quantity. At zero temperature, the density
matrix is

p = %) (Yol (1.2)

where |¥p) is the exact ground state of a full interacting but time-independent
Hamiltonian H. Then the time-ordered Green’s function

iG(x, 6%, 1) = (| Ty (x, )T (%', )] W) (1.3)

is given by conventional Feynman-Dyson perturbation theory,
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(®o|T[S (00, —00)(x, 1) 9T (x, ¢')]| o)
(@05 (00, —00)|@0)

iG(x, t;x', ) = (1.4)
where the caret denotes operators in the interaction picture with respect to

a quadratic Hamiltonian Hy where H = Hy + V', |®g) is the ground state of
Hjy, and the S-matrix is

o0
S (00, —o0) = T exp (—z/ dtq V(t1)> (1.5)
—0oQ

The power series expansion of the S-matrix and the subsequent use of Wick’s
theorem generates the usual Feynman diagrams, of which the disconnected
ones cancel against the phase factor in the denominator.

At finite temperatures, we use the coincidence in functional form of the
thermal density matrix
—BH
Z

where Z = Tre P is the partition function, and the evolution operator
U(t) = e ™ to setup a perturbation theory in imaginary time. Here again,
Wick’s theorem can be used since each term in the perturbation expansion
is an average over a noninteracting density matrix py = e A0 /Z, where
Zo = Tre BHo,

e

p= (1.6)

1.1.2 Failure of Conventional Techniques

These techniques seem quite powerful, so why can’t we apply them to the
more general problem of Eq. (1.1)?

Let us consider the Matsubara technique first. Out of equilibrium, there
is no such thing as a temperature. As a result, in general the density matrix
is not of exponential form, so there is no way we can use the Matsubara
trick which consists in a simultaneous expansion of the density matrix and
the time-evolution operator allowed by the coincidence in functional form of
these two operators.

In the Feynman case, once again the density matrix is not a simple pro-
jector on the ground state as in Eq. (1.2).

These arguments are correct, but it is instructive to see in more detail
where exactly does the mathematical construction of the above equilibrium
perturbation expansions fail. We will try to construct an expansion of the
nonequilibrium Green’s function using the ordinary Feynman approach and
see that it fails.

Consider a generic density matrix

p=3 " pel®)(®] (L.7)
<]
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where the |®@) can be arbitrary quantum states. First recall that in the Heisen-
berg picture, the density matrix does not evolve in time since its time evolu-
tion, given by the quantum Liouville equation, goes in a way opposite to that
given by the Heisenberg equation of motion, so that the time evolution of p
cancels out altogether. For convenience, we study one state at a time, namely
we want to calculate the expectation value

iGa(x,t;x',t') = (D|T[ (x, )y" (x', ¢)]|2) (1.8)

and we can obtain the full Green’s function by G =Y 4 psGe.

Now consider the following partition of the Hamiltonian H(¢) = H + H'(t)
where H is the unperturbed equilibrium Hamiltonian (but may still contain
interactions) and all the time dependence is included in the nonequilibrium
perturbation H'(t). The field operator in the interaction picture is

Bix, 1) = eHtyp(x)e e (L.9)
and in the Heisenberg picture,
Y(x,t) = UT () Y(x)U(t) = S(0, t)ﬁ(x, t)S(t,0) (1.10)

where S(t,0) = ¢#*1{(t) and the evolution operator is

U(t) = Texp (-@ /Ot dtlH(t1)> (1.11)

more generally, we have the S-matrix
t
S(t,t) = Ut t")e Y = Texp (—z/ dty H’(t1)> (1.12)
t/

where U(t,t') = T exp <7i ftt, dty H(tl)) and H'(t) = ¢/ H'(t)e~ " is the

nonequilibrium perturbation in the interaction picture!.
We substitute these relations into Eq. (1.8),

iGa(x, t;x', ') = (DTS (0, )d(x, )S(£,0)S(0, )1 (x', ) S (¢, 0)]|@) (1.13)
Now the interaction picture state is given by
12(t))1 = S(t,0)[2(0))1 = S(t,0)|9) (1.14)
since all pictures coincide at t = 0. We can then say that

1 'We use curly letters for I and S to indicate that these operators take care of the
full nonequilibrium Hamiltonian H with H’ as the perturbation. Later upright
letters U and S will be used for the corresponding operators taking care of the
equilibrium Hamiltonian H with whatever interactions it may contain as the
perturbation.
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@) = S(0, +00)|#(+00)) (1.15)
Putting everything together, we have

iGa(x,t;x',t') = ((c0)]1S (00, 0)
XT[S(0, ) (x,t)S(t, )T (X', 1) S(H',0))S(0, —00)|B(—00));  (1.16)

Now, the S-matrix (oo, —00) is itself a time-ordered product, so that we can
write

iGe(x, ;% ,t') = (D(00)|;T[S(00, —oo)i/;(x,t)dﬁ(x',t')”@(—oo))l (1.17)

making use of the group property of S(¢,t).

So far everything is correct in a general nonequilibrium setting. At this
point, the conventional Feynman expression Eq. (1.4) is obtained only provided
that the following crucial step holds: |P(c0))r and |@(—o0)); differ only by a
phase factor. This is true in equilibrium but breaks down out of equilibrium.

The reason is the following. In the conventional zero-temperature theory,
we adiabatically switch on and off the interaction:

He=H+eMH (1.18)

where € is a positive infinitesimal. We also choose |®) to be |%), the ground
state of H = H + H'. We assume this ground state to be nondegenerate. Since
the time evolution is adiabatic, we can use the adiabatic theorem to say that
|®(£00)); = lime_,o Sc(F00,0)|¥) are both eigenstates of H. Since |¥) is
nondegenerate, these two states can differ by at most a phase factor,

[®(00))r = e'F|P(~00)) (1.19)
For definiteness, using the notation |®g) = |®(—00))s it is easy to see that
'L = (@] (00, —00)|) (1.20)

so that Eq. (1.17) gives Eq. (1.4) directly.

Out of equilibrium, the use of the adiabatic theorem is unjustified since
under the assumption of a general time-dependent Hamiltonian H(t) the
time evolution is not adiabatic. In the case that the Hamiltonian is time-
independent but the density matrix is still arbitrary — the important case of
a nonequilibrium steady state, we still cannot use the adiabatic theorem be-
cause the generic quantum states |®) are not necessarily eigenstates of H and
the adiabatic theorem applies only to eigenstates of the Hamiltonian. If we
insist and expand the density matrix in the basis of eigenstates of H, it is in
general not diagonal in this basis,

Trp0 = 3 pa(@|01®) = 3 pus (nO') (1.21)
3]

nn’
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so that even if |n(c0)); = e'fn|n(—o0));, the appearance of crossed terms
spoils the expansion. Finally, even if the ground state is assumed to be nonde-
generate, excited states |n) appearing in the nonequilibrium density matrix p
can be degenerate so they can be mixed by a non-Abelian Berry phase under
adiabatic evolution, which once again invalidates the conventional procedure.

In brief, out of equilibrium |®(o0)); and |@(—o00)); are not simply related.
This is obvious physically since when a system is driven out of equilibrium,
its asymptotic future is quite different from its initial preparation in the re-
mote past. The purpose of the various nonequilibrium contours such as the
two-branch Schwinger-Keldysh contour is precisely to avoid any reference to
the state in the asymptotic future |$(o0)); and base the expansion solely on
|#(—c0)) 1, the state in the asymptotic past.

1.2 The Schwinger-Keldysh Contour

This idea was pioneering by Schwinger [1], Craig [2], Mills [3], and popularized
by Keldysh [4]. To get rid of the unwanted asymptotic future state |®(o0)) s
we simply use

|8(00))1 = S(00, —00)[@(—00))1 (1.22)

namely, we rewind the time evolution back to the asymptotic past. Equation
(1.17) then becomes

iGa(x, 1%/ ,1') = (B(—00)|1S(—00, 00) T[S (00, —00)h(x, 1)) (x', )]|(—00)) s
(1.23)

0 +o0

Fig. 1.1. Schwinger-Keldysh contour C.
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Now we cannot simply push S(—o00,00) past the time-ordering operator T'
and merge it with the forward evolution §(co, —00), since the whole backward
evolution S§(—o00,00) lies to the left of the T-product. Left means later as far
as time ordering is concerned. A clever way to kill these two birds with one
stone is to introduce a two-branch contour C and ordering along this contour
enforced by a contour-ordering operator T,. This Schwinger-Keldysh contour
(Fig. 1.1) consists of two oriented branches C = C UC_, the forward branch
C extending from —oo to co and the backward branch C_ extending from
00 to —oo. We now extend the time variables ¢, ¢’ to variables defined on this
contour 7,7/, and define the fundamental object of nonequilibrium many-body
theory, the contour-ordered Green’s function,

iG(x, 7%, 7') = (T (x, )W (x', 7)) = Tr pTefup(x, )0 T (', 7)) (1.24)

With variables and ordering along the contour C, the interaction picture ex-
pression corresponding to Eq. (1.23) is

iGa(x, 7%, 1) = (B(—00) | T [S(—00, —00)h(x, 7)1 (¥, 7/)]|&(—00)) 1
(1.25)
where the contour S-matrix is

Se(—00, —00) = T, exp (—i?fcdﬁ H’(ﬁ)) (1.26)

where the integral is a line integral along the contour C'. Note that there is
no phase factor in the denominator as in the equilibrium theories since the
contour S-matrix by itself (i.e. not in a T.-ordered product) is actually unity.

According to our previous discussion, the full Green’s function is now given
by

iG(x, 7%, 7') = Tr p(—00)T,[Se(—00, —00)h(x, 7)bT (x/, 7)] (1.27)

where we have a density matrix defined by

p(=00) =Y pal|P(—00)) 1{#(—o0)[1 (1.28)
[

where now the states are not the Heisenberg states |®) but the interaction
picture states in the remote past |P(—o0));. From Egs. (1.7) and (1.15), it is
not hard to show that

p=38(0,—00)p(—00)S(—0o0,0) (1.29)

So far this is rather general. Now, in the Keldysh theory we do adiabatically
switch on the nonequilibrium perturbation V according to et from the remote
past t = —oo to the present ¢t = 0, but we do not switch it off. This enables us
to study stationary nonequilibrium states, a long time after the system has
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been driven out of equilibrium?. Because of the adiabatic switch-on procedure,
p(—00) can be identified as the density matrix of the system in the remote past
when the nonequilibrium perturbation is turned off. It is then evolved in the
usual way by the S-matrix S(0, —c0) to a nonequilibrium density matrix p.

One thus usually chooses p(—o0) to be an equilibrium distribution, p(—o0) =
_BH/Z
e :

1.3 The Closed Time Path Contour

In the previous section, we constructed the perturbation expansion such that
the Green’s function would be expressed as an average over the density matrix
of the system in the remote past because this is what we know: because of the
adiabatic switch-on procedure, we have p(—oo) = e #H /Z which is explicitly
known. Indeed, the idea of the Keldysh technique is that we want to avoid
reference to the general nonequilibrium density matrix p which is not usually
explicitly known. However, this is not mandatory. If we actually know the
density matrix p of the system at ¢ = 0, then the early Eq. (1.13) is already
enough: .

iG(x, 7%, 7') = Tr pT[Se(0,0)eh(x, 7)o (%', 7)) (1.30)

where p is now the full density matrix Eq. (1.7) at ¢ = 0, and the contour over
which the T, operator and the S-matrix S, are defined is the so-called closed

max(t,t")

A ‘L

to min(t,t)

Fig. 1.2. Closed time path contour Cj.

2 Actually, we may still study transient behavior in the Keldysh formalism, but
provided we use an explicitly time-dependent Hamiltonian and there are no initial
correlations, namely, the initial density matrix has to be noninteracting.
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time path contour Cy going from 0 to the latest of ¢ or ¢/, and then back to
0. Furthermore, there is nothing special about the time ¢ = 0: we might have
defined the Heisenberg and interaction pictures with respect to some other
initial time tg. Then the average would be over the density matrix at time tg:

iG(x, 7%, 7') = Tr p(to) T.[Se(to, to)th(x, )T (%', 7)) (1.31)

and the closed time path contour [5, 6] now goes from t; to the latest of
t or t', and then back to ¢y (Fig. 1.2). To recover the Schwinger-Keldysh
contour, we take the limit ¢ — —oo and insert a factor of S(t,00)S(00,t)
or S(t',00)S(00,t’) in the perturbation expansion Eq. (1.13) to extend the
contour to oo, depending on whether ¢ or ¢’ is the latest. The density matrix
is now p(—o0) and we invoke the adiabatic switch-on procedure to choose
p(—o0) =e P /7.

1.4 Interactions: the Kadanoff-Baym Contour

Equation (1.31) is in a form suitable for a perturbation expansion provided
that p(tg) is a noninteracting (i.e., 1-particle) density matrix and that the
field operators 1/},1[)T in the interaction picture evolve with a noninteracting
Hamiltonian H. Indeed, these are the conditions of applicability of Wick’s the-
orem [7]. They are satisfied in the Keldysh theory if H is noninteracting since
then p(—oo0) = e #H/Z is a 1-particle density matrix. What if H contains
interactions?

Let us first keep a general ¢y and assume that p(to) = e #H /Z with H a
general interacting Hamiltonian. We can always take tg — —oo at the end to
recover the Keldysh theory. We first break further the equilibrium Hamiltonian
H = Hy + V into a noninteracting part Hy and the interactions V. We want
to express the interacting density matrix e in terms of a noninteracting
one e AHo We make use of Eqs. (1.11) and (1.12), but in imaginary time
and with a general initial time ¢3. Now the full (equilibrium) Hamiltonian
is H. As mentioned earlier, we will therefore use upright letters U and S
for the evolution and S-matrix respectively. The interaction and Heisenberg
pictures are now defined with respect to the initial time ¢y, meaning that
A(t) = etft=to) Ag=iH (t=to) and A(t) = etHolt=to) Ae=iHo(t=to) Since H is

time-independent, the evolution operator is simply U(t,tq) = e~ (t=to) and
we have 4

S(t,tg) = eHolt=t) (¢ 14) (1.32)
where the S-matrix is S(t,t') = T exp (—i f:, dty V(tl)) We then have

e PH = e=BHoG (1o —if3, 1) (1.33)

where here the S-matrix S(ty — i3,t0) evolves the density matrix along a
contour [tg,tg — ¢f] on the imaginary axis. The Green’s function Eq. (1.31)
now assumes the form
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iG(1,1") = %Tre‘ﬁH"S(to — B, t0)Te[Sc(to, to)bm (1)l (1)) (1.34)

where for simplicity we denote space and time arguments by a collective in-
dex 1 = (x,7), I’ = (x/,7'). We have also explicitly indicated that the field
operators still evolve according to the full H, see Eq. (1.9). They have to be
brought to the current interaction picture defined with respect to Hy. This
can be achieved as previously through the S-matrix,

Vr(x,t) = S(to, t)1h(x,t)S(t, to) (1.35)

where the caret without the subscript denotes the interaction picture with
respect to Hy. Equation (1.34) thus becomes

1
iG(1,1) = 7 Tre PHoS(tg — i, to)

X To[Sc(to, to) S (to, 1)1h(1)S (¢, t0) S (to, )T (1) S (¥, )] (1.36)

where we now see that the S-matrix for interactions S evolves along a three-
branch contour C* = CoUtg, to —i0] which is the Kadanoff-Baym contour [8]
(Fig. 1.3). This contour goes from ¢y to the latest of ¢ and ¢', back to tg, and

Co max(t,t")

14

min(t,t')

to — B3

C* = Co U [to, to — ip]

Fig. 1.3. Kadanoff-Baym contour C*.

then down to ¢ty —¢3. We define an ordering operator T« along this contour so
that we can move the thermal S-matrix S(to—i8,to) into the contour-ordered
product. We then obtain

~ Tre PHOT L[S (tg — iB3,0)Se(to, to) (1) (1)]

. /
ZG(Ll ) o Tr efﬁHOTc* [SC* (to — i,@7t0)80(t07t0)] (137)
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where in analogy with Eq. (1.26) we define a new contour-ordered S-matrix
defined along the Kadanoff-Baym contour,

See(to —if,tg) = Tow exp (—i / dm V(ﬁ)> (1.38)

*

We have written the partition function as

Z ="Tr G_BH =Tr e_ﬂHOS(to - iﬂ, to) =Tr G_BHOTC* [SC* (to - Z'ﬁ, to)Sc(to, to)}

(1.39)
since the S-matrices are already time-ordered on their respective contours,
and since times on the [tg, tg — i3] strip are always later than times on Cy, we
simply have S.(to,t0) = 1 and Se«(tg — 18, tg) = S(to — i, to) even inside the
T.+-ordered product. Note that the time arguments in Eq. (1.37) are defined
on the three-branch Kadanoff-Baym contour C*. Equation (1.37) is now fit
for perturbation theory since by assumption the averages are with respect to
a 1-particle density matrix e=#Ho and the field operators evolve according to
the noninteracting Hy, so Wick’s theorem can be applied.

The Kadanoff-Baym formalism is adequate for the study of initial corre-
lations, namely the effect for times ¢ > ¢y of having an interacting density
matrix at time ty, without the assumption ¢ > ty. The price to pay for this
powerful formalism is that the Green’s function is defined on a three-branch
contour and has a complicated expression in terms of the simultaneous per-
turbation expansion of two S-matrices. However for many practical purposes
this is overkill, and for steady-state problems we do not care about the effect
of initial correlations. In many cases we can assume that correlations decay in
time so that if we take the limit ¢ — —oo, at any finite time ¢t > t; there is
no signature left of the correlations in the initial density matrix p(¢o). This is
the Bogoliubov principle of weakening correlations, a general principle in non-
equilibrium statistical mechanics. It is however advised to keep in mind that
in some cases initial correlations can persist at long times due for example to
the presence of metastable states.

1.4.1 Neglect of Initial Correlations and Schwinger-Keldysh Limit

For most practical purposes we can safely ignore the initial correlations when
taking the limit ¢¢ — —oo. It has been shown [9, 10, 11] that neglecting
initial correlations amounts to neglecting the imaginary strip [to,to—i/] in the
Kadanoff-Baym contour, so we are back with the Schwinger-Keldysh contour
(after having extended the closed time path contour as explained in section
1.3). In this limit, the S-matrices in the denominator of Eq. (1.37) are trivial
and the denominator is just Tre~?Ho, We thus have

iG(1,1') = Tr poTe[Se(—o00, —00)S.(—00, —00)h(1)3h (1)] (1.40)

where the noninteracting density matrix is just
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e—BHo

and S.(—o0,—00) is just the Kadanoff-Baym contour-ordered S-matrix of
Eq. (1.38) but neglecting the third branch of the contour and taking the limit
tg — —o0,

Se(—00, —00) = T, exp (—zji dry V(m) (1.42)

so that now all the ordering takes place along the Schwinger-Keldysh contour
C'. If the system is initially at zero temperature, we simply have

iG(1,1') = (Po|T.[Se(—00, —00)Se(—00, —00)d(1) (1')]| o) (1.43)

with |@¢) the noninteracting ground state of Hy. We see that we have now
almost recovered Eq. (1.27), albeit with an additional S-matrix S, contain-
ing the effect of the interactions V. We summarize both zero and finite-
temperature results Eqs. (1.43) and (1.40) in the formula

iG(1, 1) = (T[Se(—00, —00)Se(—00, —00)ih ()P (1')]) (1.44)

with the suitable expectation value. This is the essential starting point for cal-
culations in Keldysh theory. The perturbation expansion can now be carried
out, with both nonequilibrium terms A’ from S, (Eq. (1.26)) and interaction
terms V from S, (Eq. (1.38)) appearing in the expansion and in the ensuing
Feynman diagrams. Let us remark here that the power of the Kadanoff-Baym
and Keldysh approaches to nonequilibrium many-body theory — or more gen-
erally, to nonequilibrium field theory — lies in its structure being formally
identical to that of usual equilibrium many-body theory, albeit with a time
evolution and the corresponding perturbative expansion defined on a more
general contour. Then most of the tools of quantum field theory can be ap-
plied: Feynman diagrams, integral equations for vertex functions such as the
Dyson equation, etc.

1.5 Contour Dyson Equation

The whole perturbation expansion for the contour-ordered 1-particle Green’s
function on the nonequilibrium contour C' can be resummed in the form of an
integral equation, the Dyson equation:

G(1,1) = Go(1,1") +/d2G0(1,2)U(2)G(2,1’)
+/d2/d3Go(1,2)2(2,3)G(3, 1) (1.45)
G(1,1") = Go(1,1) +/d2G(1,2)U(2)G0(2,1’)

+/d2/d3G(1,2)2(2,3)G0(3, 1) (1.46)
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where G(1,1") = —i(T.[»(1)yT(1)]) is the exact Green’s function Eq. (1.24)
and Go(1,1") = —i(T.[)(1)hT(17)]) is the unperturbed Green’s function with
field operators in the interaction picture, U(2) is a 1-particle potential and
X(2,3) is the 1-particle irreducible self-energy. The integral sign means a sum
over all internal variables, [d2 =3 [dxa [, dr. For simplicity, we will use
the following notation,

G =G+ GoUG + Gp XG (1.47)
G =Gy + GUGy + GXGy (1.48)

1.6 Initial Correlations with Arbitrary Initial Density
Matrix

For the sake of completeness, let us just mention a few words about the
most general problem (as far as I know) although we won’t actually try to
solve it in these lectures. Consider Eq. (1.31). In the Keldysh theory we let
to — —oo and neglected initial correlations. In the Kadanoff-Baym theory we
considered initial correlations by keeping a finite ¢, but we assumed that the
initial density matrix p(t) had the equilibrium form p(tg) = e ?H /Z with H
an interacting Hamiltonian. Now, what if p(to) is a general, nonequilibrium,
interacting density matrix? This corresponds to preparing the system in a
correlated nonequilibrium state at a given time ¢ty and observing the time
evolution of the system for finite times ¢t > t¢ without assuming ¢ > t;. People
need that in the study of correlated plasmas for example. This problem has
been studied by Fujita [9], Hall [10], Kukharenko and Tikhodeev [11], and
Wagner [12] who gives a rather clear and comprehensive discussion. The idea
is to use a modified Kadanoff-Baym contour. First, the general nonequilibrium
density matrix can still be written in the form

e—AB

_ 1.49
Tre—*B ( )

p(to) =
since it is positive definite and Hermitian, where A is mot the temperature
and B is not the Hamiltonian but some general quantities. But because of the
formal analogy to 8 and H, we can setup a perturbation expansion on a mod-
ified Kadanoff-Baym contour with the imaginary strip [to — i), to]. This very
general approach encompasses the Feynman, Matsubara, Schwinger-Keldysh,
and Kadanoff-Baym approaches as special cases [12].

1.7 Relation to Real-Time Green’s Functions

In all that follows, we will confine ourselves exclusively to the Keldysh ap-
proach [4, 14, 16, 13, 15] (but the equilibrium Hamiltonian H can still contain
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interactions). Let us recap. Our initial goal is to calculate the real-time Green’s
function of Eq. (1.1),

iG(X7 i Xl7 t,) = <TWJ(X7 t)'(/}T (XI’ t/)]> =Tr pT[’L/)(X, t)wT (X/’ t/)] (1'50)

with operators in the Heisenberg picture with respect to the full nonequilib-
rium Hamiltonian H and a nonequilibrium density matrix p. We have defined
a contour-ordered Green’s function Eq. (1.24) with time arguments on a con-
tour C,

iG(x, 7%, 7") = (Te[w(x, T)y! (x', 7)) (1.51)

and obtained a perturbation expansion for that Green’s function in Eq. (1.44),
iG(x, 7%, 7") = (T,[S.(—00, —00)Se(—00, —c0)i(x, )T (%', 7)])  (1.52)

with operators in the interaction picture with respect to the noninteract-
ing part Hy of the equilibrium Hamiltonian H. Now, how is the contour-
ordered Green’s function Eq. (1.51) related to the real-time Green’s function
Eq. (1.50)?

The answer is that depending on which branch the contour arguments 7, 7/
belong to, different real-time Green’s functions are obtained:

GT(x,t;x',t") = —i(T[(x, )T (x', t)]) if 7,7 € Cy,
., G<(x,t;x", ') = i(pt (X, t)p(x,1)) itreCy, 7 eC_,
Gx,75x,7') = G” (x, ;%) = —i{p(x, t)pi(x,t)) ifreC_,7 €y,
GT(x,t;x', ') = —i(T[Y(x, )t (x/,¢)]) if 7,7/ € C_,

(1.53)
where G7' is the time-ordered Green’s function of Eq. (1.50) and T is an anti-
time ordering operator which orders operators in the opposite way as T', so
that G7 is the anti-time-ordered Green’s function. G<> are the lesser and
greater Green’s functions, respectively. One then defines a 2 x 2 matrix Green’s

function in real time,
¢= (G> GT) B <G21 G22) (1.54)

It is not hard to show from the definitions that the following identities hold,

GE=Gl -G<=G> -G~ (1.55)
GA=GT-G>=G<-G~ (1.56)
GK=G" +G<=GT +GT (1.57)

1.7.1 Larkin-Ovchinnikov Representation

In the so-called Larkin-Ovchinnikov representation [16], we perform a linear
transformation on G to obtain another matrix G,
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R R QK
G=LrGL = (% gA> (1.58)
where L = —=(70 — ir?) where 7% are the Pauli matrices (7° is unity). G4

are the retarded and advanced Green’s functions,
G (x, ;%) = —=i0(t — ') ({1 (x,1), 0T (', 1)}) (1.59)
GA(x, 1%, t") = i0(t' — t)({y(x, 1), 9T (%', t')}) (1.60)

and G¥ is the Keldysh Green’s function,

GR(x, 6%, t) = —i([(x, 1), ¥ (x', 1)) (1.61)

1.7.2 Langreth Theorem of Analytic Continuation

Consider the ‘matrix products’ occurring in Eqgs. (1.45) and (1.46). These are
convolution integrals on the two-branch contour. Consider first the following
product of two contour-ordered quantities (such as Green’s functions or self-
energies),

c(1,1) = /d2A(1,2)B(2, 1) (1.62)
or in simple matrix notation,
C=AB (1.63)

How do we convert this product to an integral over the real axis involving
the real-time components of A and B? This is accomplished by the Langreth
theorem [18, 19] which consists in a series of rules:

< < <
(AB)> = A%B> + A> B
(AB)R’A — AR,ABR,A

1.64)
1.65)

)
7)

< < < <
(ABC)> = ARBRC> + ARB>C4 + A>BAC4
(ABC)R’A _ AR’ABR’ACR’A

—~ o~ —~
S D
(=)

1.
1.
where the ‘matrix products’ on the right-hand side consist in summations
over internal degrees of freedom (space and spin) and convolution integrals
on the real azxis from —oo to co. We are now completely rid of the contour;
the 2 x 2 matrix structure takes care of the nonequilibrium physics and we
can use ordinary real-time integrals. In particular, we can Fourier transform
to frequency space in the case of a nonequilibrium steady state in which the
Green’s functions are time-translationally invariant, G;;(t,t") = G,;(t —t').
We will not derive all these rules but only show how the first one can be
obtained. Consider C' = AB on the Schwinger-Keldysh contour C. Then
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C(t.t) = [ dnA(t.m)B(n, 1)
C

:/ dtlAT(t,tl)B<(t1,t’)+/ dty A<(t,t1) BT (t1,t)

—0o0

_ /DO dt, {AT(t,tl)B<(t1,t’) - A<(t,t1)BT(t1,t’)}

—0o0

From Egs. (1.55) and (1.56), we know that AT = AR+ A< and BT = B<—BA,
hence

C<(t,t)

/OO dty [(AR(t, t1) + A<(t,t1)) B<(t1,t') — A<(t,t1) (B~ (t1,t') — B (t1,))]

— 00

/Oo dty [AR(t,41)B=(t1,t') + A<(t, t1) B (t1,t')]

The other rules are obtained in a similar fashion. Usually, one writes down
the diagrams as in conventional many-body theory and the corresponding
analytic expressions involving contour-ordered Green’s functions. Typically,
these involve integrals over the contour. Then one translates these expressions
in the real-time language using the Langreth rules. This is often referred to
as ‘analytic continuation’ from the contour to the real-time axis in analogy
with the Matsubara formalism. We feel this is somewhat pedantic since the
Schwinger-Keldysh contour is not really a contour in the complex plane; it is
only two counter-propagating copies of the real axis.






2

Quantum Kinetic Equations

We have now set up the necessary machinery to construct quantum kinetic
equations which govern the evolution of correlation functions in a quantum
many-body system driven out of equilibrium. We first say ‘correlation func-
tions’ which are two-time objects instead of ‘distribution functions’ which
are one-time objects because equations typically do not close for distribution
functions. However equations for correlation functions are very complicated
integral equations which can usually only be solved numerically. There how-
ever exists a variety of useful approximations which make the equations for
distribution functions close.

We will thus first discuss the Keldysh and Kadanoff-Baym equations which
are exact quantum kinetic equations for the nonequilibrium correlation func-
tions of the system. Then we will introduce the Wigner transform, the gradient
expansion and the gradient approximation which yield the quantum Boltz-
mann equation (QBE). As this equation is still rather complicated, further
approximations can be made such as the quasiparticle and quasiclassical ap-
proximations. The QBE is still an equation for a four-parameter (two-point)
correlation function G<(p,w,R,T). Expressed in terms of the Wigner dis-
tribution function fV(p,R,T) = —iG<(p,t = 0,R,T) which is a one-time
function, the QBE does not close. One can however generate a closed equation
for the Wigner distribution function by introducing the so-called generalized
Kadanoff-Baym ansatz [17]. We will also recover the classical Boltzmann equa-
tion as a limiting case of the QBE.

We can actually understand from simple arguments why a kinetic equation
for a quantum distribution function should have more terms than that for a
classical distribution function. Recall how the classical Boltzmann equation
is derived. Because of the incompressibility of phase space, the total rate of
change of the classical distribution function f(p,R,T) is equal to the rate of
change of f due to collisions, say (%)COH =If):

af

=111
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The Boltzmann equation is then obtained simply by using the chain rule for
derivatives,

0

etV VR4 F-V, ) f =] (2.1)

oT
since dR/dT = v is the velocity and dp/dT = F is the force from Newton’s
second law. In the quantum mechanical case, the distribution function also
has an energy argument w: f = f(p,w, R, T). We thus generate an additional
term in the corresponding Boltzmann equation:

dw 0O

0

But the rate of change of energy is just the power, dw/dT" = P = F - v.
Considering electric and magnetic fields, the force is just the Lorentz force
F =e(E+v x B), so dw/dT = eE - v since the magnetic force does no work.
Hence we obtain [13]

LjT . <vR+eE§w) Ce(E+vxB). vp} f=1 @2)

We will see later in this chapter that this is essentially the structure of the
QBE.

2.1 Keldysh Equation

We first apply the fourth Langreth rule Eq. (1.67) to the contour Dyson
equations (1.47) and (1.48). We obtain

G4 = G + GPAUGEA + G DRAGHRA (2.3)

RA _ ~RA R,A R,A R,A yvR,ARA

GV =Gy +GVUGYy ™ + GG,
because a one-body potential U is proportional to a delta function in time (in-
stantaneous) and is thus neither retarded nor advanced. Hence we see that the
retarded and advanced nonequilibrium Green’s functions obey Dyson equa-

tions which are formally identical to the equilibrium Dyson equations. If we
now apply the third Langreth rule Eq. (1.66), we obtain

< < < < < < <
G”> =Gy +GEUG” + GZUGA + GEXRG> + GEx>GA + Gy x4GA
< < < < < < <
G> =G; +GRUGE + GPUGH + GEXEGy + GRE> G + G~ 246y
because the instantaneous one-body potential is diagonal in Keldysh space

<
(U” = 0). These two equations are the Keldysh equations. Integration over
the real axis is understood, for example
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o

(GEUG)(x,t; %, 1) :/ dtl/dxl GE(x,t;x1,t1)U(x1,t1)G<(x1,t1; %, t')
— 00

and

o0 o0
(GEERG<)(x, ;%) 1) :/ dtl/dxl/ dtg/ng GH(x,t;x1,11)
x DP(xq, 15 %a, 1) G (%2, ta; X', 1)

The Keldysh equations can be iterated. The infinite order iterate of either
equation gives the same following explicit equation for G<,

< <

<
G” =[1+GRU + Z®GZ[1 + (U + 2HGA) + GRE> A (2.5)

which is the usual general form of the Keldysh equation.

We now digress a moment to study the free Green’s functions G0<’
more closely. They are propagators for a noninteracting Hamiltonian Hy. To be
fully general, we consider a multiband one-particle Hamiltonian Hj" (x, —iV)
where p, v are band (and/or spin) indices. We however require that each H)"
be a properly symmetrized function of the conjugate variables,

> R,A

HY (x, —iV) = Z {7 (x), g (—iV)} + u" (x) + 0" (—iV) (2.6)

Then Hermiticity of the second quantized Hamiltonian,

Hy = Z/dx 1/)L(X)H6‘”(x, —iV), (%), (2.7)
Nz
requires that!
HE" (x,=iV) = Hg" (x,iV)" (2.8)

We use a matrix notation where G§" is represented by a matrix G in band
space. It is easy to show by application of the equation of motion tech-
nique that the contour-ordered propagator Go(x,7;x’,7") satisfies the fol-
lowing equations of motion? where matrix multiplication in band space is
understood,

! Two remarks. First, in the case that the only imaginary quantities in H!Y come
from —iV (for example for a spin system without Zeeman term and in the absence
of spin-orbit coupling), Eq. (2.8) requires the matrix Hf" to be symmetric. Sec-
ond, if H}” depends only on x and not on —:V (for example for a tight-binding
model where x becomes a discrete variable and V is replaced by finite differences),
Eq. (2.8) requires the matrix H{” to be Hermitian.

2 The delta function §(7, 7') is defined on the contour, such that §%4 (¢, ') = §(t—t')

<
and 67 (¢,t') = 0.
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(i@T — Hy(x, —iV))GQ(X, ;%' 7)) =0(x —x")o(r, ") (2.9)
Go(x,7;%',7) (—i&T/ — Hy(x, iv')) = 8(x—x)8(r,7)  (2.10)

where in Eq. (2.10) the derivatives 9, and V' act to the left. We do not write
explicitly unit matrices in band space. If we take the real-time components of
these contour equations, we obtain

(z’@t — Hy(x, —N))G(?’A(x tix,t) = 6(x — x')o(t — t')

0

(i@t — Hy(x, fiV))GO<>(x, tx,t)

(
(

G, X8 (<i0y — Ho(x,iV)) = d(x = x)a(t ) (2.13)
(

0

G5~ (x, 6%, 1) (—iat/ ~ Ho(x, N’))

We can write in simplified notation

GolgEA =1 (2.15)
. <
Gy'Gy =0 (2.16)
R,A A—1
GEAGy =1 (2.17)
< A
GyGyt=0 (2.18)

where the action of the operator Gg ! on the right and on the left is defined
in Egs. (2.11)-(2.14). These relations will be helpful in deriving the Kadanoff-
Baym and quantum Boltzmann equations in the next section.

The Keldysh equations are used directly in mesoscopic transport for ex-
ample, where one studies finite-sized nonequilibrium systems with important
spatial and/or temporal inhomogeneities. Then the continuous spatial argu-
ments x,x’ in the Green’s functions are typically replaced by discrete site
indices 4,j (i.e. in a tight-binding representation) or by principal quantum
numbers n,n’ for discrete energy levels (i.e. in quantum dot physics). The
Green’s functions then become finite-sized matrices and the Keldysh equa-
tions become matrix equations. For a finite-sized system, it is possible to
show that the Keldysh equation (2.5) becomes

< A < <
G~ =GRGyI'Gy 1+ (U + N6 + GRy> g4 (2.19)
but the first term vanishes by Eq. (2.16), so that we have

< <
G =GRy>gA (2.20)

which is the form of the Keldysh equation that is used in mesoscopic transport.
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At the other side of the spectrum, if one wishes to study transport in
macroscopic samples, i.e. transport in metals or bulk semiconductors, non-
equilibrium (but not mesoscopic) superconductivity, etc., then it is usually
more practical to use the Kadanoff-Baym equation and its ensuing Boltzmann-
type approximations to be studied in the next sections [16]. Then one has to
solve an (integro-)differential equation. It is easier to make approximations
(such as near-homogeneous or slowly-varying perturbations, not too far from
equilibrium) on the Kadanoff-Baym equation than on the Keldysh equation.
Furthermore, a connection to conventional transport formalisms such as linear
response theory (Kubo formula) can be made: transport coefficients calculated
from the linearized quantum Boltzmann equation (which can be derived from
the Kadanoff-Baym equation) in the steady-state limit are identical to those
obtained in linear response theory.

2.2 Kadanoff-Baym Equation

With the help of these relations, we are now able to derive the Kadanoff-Baym
equation from the Keldysh equations. If we act with éo_ ! on the left of the
first Keldysh equation and on the right of the second Keldysh equation and
use relations (2.15)-(2.18), we obtain

Gyt —U)G< = 2Rg< + p<g4 (2.21)
GGyt —U)=Giy< 4 Gg<x4 (2.22)

We now subtract these equations from one another:
Gyl —U,G<) = 2RG< + <G4 - GRp< —g<x* (2.23)

We now introduce the nonequilibrium spectral function A = i(GT — G4)
and the scattering rate, or linewidth, or imaginary part of the self-energy
I = i(2F — ¥4). We also define symmetric combinations or real parts as
ReG = 2(GF + G*) and Re X = 1(XF + ©4). In terms of these quantities,
Eq. (2.23) can be written as

[Go!' —U,G<] — [Re ¥,G<] — [¥<,ReG] = —& ({I.G<} — {4,£<})

However, as seen before, the Keldysh components G&4:<> and XHA4<>
are not independent. With the relations —i4 = G — G4 = G> — G< and
—i = YR - ¥A = ¥> _ ¥< we can rewrite the equation as

[Go' —U —ReX,G<] - [¥<,ReG] = } ({£7,G<} - {G~,2}) (2.24)

which is the Kadanoff-Baym equation [8, 13]. As we will see, the term on
the left-hand side involving [Gy ' — U, G<] is a driving term, while the terms
involving Re X and Re G describe renormalization effects. From a transport



22 2 Quantum Kinetic Equations

point of view, they lead to renormalized transport coefficients and are ne-
glected in the classical Boltzmann limit. The right-hand side is a collision
term as will be seen. A similar Kadanoff-Baym equation can be derived for
G~ . By subtracting the two equations, one obtains an equation for the spectral
function,

[Gy' —U —ReX, A - [[ReG] =0 (2.25)

which is used as a consistency check when one looks for approximate solutions
to the Kadanoff-Baym equation.

The Kadanoff-Baym equation has to be supplemented by an equation for
the retarded and advanced Green’s functions. It is obtained in the same way,
applying relations (2.15)-(2.18) to the nonequilibrium Dyson equations (2.3)-
(2.4):

Gyt —U)GE =1+ DEGE (2.26)
GR(Gy -U) =1+ GEEE (2.27)

Add these two equations and dividing by 2 gives
HGy' - U,GR) =1+ L{ZR GF)} (2.28)

In practice, because self-energies are typically functionals of the Green’s func-
tion ¥ = X[G], the Kadanoff-Baym equation and the equations of motion
(2.26)-(2.27) for G have to be solved self-consistently. Needless to say, this is
a rather difficult task and one often has to resort to numerical techniques. Ap-
proximations have to be made for the self-energy functions. However, these
approximations cannot be made blindly by choosing an arbitrary subset of
diagrams since it is then possible to violate conservation laws as shown by
Baym and Kadanoff. Self-energies should be derived from the Luttinger-Ward
[20] functional @,

The Luttinger-Ward functional @[G] is defined diagrammatically as the sum
of all skeleton connected vacuum diagrams with free propagators G replaced
by exact propagators G. In practice, one keeps only a few diagrams in the
diagrammatic expansion of ¢ and then obtains the corresponding diagram-
matic representation of the self-energy X[G] by removing a fermion line G
(which corresponds to functional differentiation in Eq. (2.29)). These so-called
@-derivable approximations preserve conservation laws and are termed con-
serving approximations [21, 22, 8]. For interacting systems involving coupled
degrees of freedom such as electrons and phonons, the electron self-energy 3’
and phonon polarization II should be derived from the same electron-phonon
vertex I'. This ensures that the same level of approximation is maintained
for both the electron and phonon subsystems [23]. In general, gauge invari-
ance implies the Ward identities which relate the self-energies and the vertex
so that a given @-derivable approximation for the self-energy X[G] defines a

(2.29)
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fully consistent level of approximation for Green’s functions, self-energies, and
the vertex.

2.2.1 Wigner Representation and Gradient Expansion

We now move on to the gradient expansion of the Kadanoff-Baym equation
[8, 16, 24]. The idea is to separate slow macroscopic variations from fast
microscopic variations, and then perform a gradient expansion on the slow
variables. In order to do that, we introduce mixed coordinates, the so-called
Wigner representation:

r=x;—X, R= .
t=t1—ty, T=12%(t1+12) (2.31)

so that a function C(x1,t1; X2, t2) becomes a function C(r,¢,R,T). The fast
‘relative’ variables (r,t) will be Fourier transformed to (k, {2) while the slow
‘center-of-mass’ variables® (R,T') will serve for the gradient expansion. The
Fourier transform is defined as

Ck,2,R,T) = / dt / dr !tk e (e ¢ R, T) (2.32)
= [ [arc o EnC (R g T4 R T )

We first work out the Wigner transform of the driving commutator term
[Got — U, G<]. We have

N ) ]
[GO - l]7 G<]I17w2 = (’Latl — Ho(Xl, —le) - U(l‘l)) G< (l‘l, 1‘2)
.0 ,
—G<(x1,12) (—zat — Hy(x2,iV2) — U(xg))
2

and for convenience we use a four-vector notation x‘fz = (t1,2,%X1,2).

We want to study the dynamics of a system driven out of equilibrium
by constant and uniform external electric E and magnetic B fields*. We first
concentrate on the electric field and the magnetic field will be added later. The

3 For example, consider a free propagator g(t1,t2) = —je~®t1=12) where w is

some characteristic frequency. Considered as a function of ¢t = %(tl — t2) and
T = %(tl + t2), this function has a fast variation with frequency 2w in the ¢
variable and is constant (infinitely slow variation) in the T variable. If we add a
slow disturbance w — w + A(t), there will start to be a weak dependence in T,
but slower than the dependence in t.

4 All the following derivations can be done for a general one-particle potential U (x)
but would lead to extremely cumbersome expressions. This doesn’t have much
interest anyway since the physically relevant perturbations are E and B fields.
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one-particle potential U(z) contains the electric field in the scalar potential
gauge:
U(z) = —eE-x (2.33)

We have
[égl — U, G<]$1 Ty — 7,i + Zi G< (l‘l,l‘g) — Ho(Xl, —iVl)G<(x1,x2)
’ oty Oty
+G<($1,$2)H0(X2,iV2) + eE - (X1 — X2)G<(1‘1,$2)

The change of variables Egs. (2.30) and (2.31) imply the following relations
for the derivatives,

6 _0_ 90 9_1(9 9
OT Oty Oty Ot 2\0t; Oty )’

and similar relations for the spatial derivatives. In Wigner coordinates we thus
have

G —U,G|rsmr = ia%G<(r,t,R, T)— Hy (R+ ir,—i(AVR + V,)) G<

+G<Hy (R - 3r,i(AVR — V) + eE - rG*<

We now perform the Fourier transformation of the center-of-mass variables
Eq. (2.32), which corresponds to the following substitutions,

.0
z& — (2.34)
—iVy — k (2.35)
t— 72‘8% (2.36)
r — iVg (2.37)

We obtain

A 0 . .

(Go' = U.G kot =immG(k 2R, T) — Ho (R+ §Vic k= §Vr) G
+G<Ho (R — iVi,k+ iVR) +icE - VikG*<

We now perform a change of variables introduced by Mahan and Héansch,

w=0+¢E-R (2.38)

which eliminates an unphysical o E - R term in the equation for G¥ to be
derived later. This change of variables implies the following substitutions,

N—-w-eE-R (2.39)

0
Vr — VR + eEafw (2.40)



2.2 Kadanoff-Baym Equation 25

The derivative 9/0w is important and differentiates the QBE from the classical
Boltzmann equation. We thus obtain the following final exact form for the
driving commutator in the Wigner representation,

[Got — U, G )k RT:i@—HO R+ iV, k— & vRJreEi G<
0 ’ e oT 2hen 2 Ow

+G<Hy <R — Vi, k+ 4 <VR + eEaaw» + ieE - Vi G*<
(2.41)

where G< = G<(k,w, R, T). We now see the importance of a proper ordering
of the Hamiltonian since [R,VRr] # 0 and [k, Vi] # 0. The driving anti-
commutator {égl — U, GE} appearing in Eq. (2.28) for the retarded Green’s
function can be derived in a similar way. We simply quote the result:

HGy - U,GP e wrr = wGE — L1H, <R +iVi k-4 (vR + eE(;z})) GH

-1G%H, <R —iVick+ 3 (vR + eEai» (2.42)

where as advertised the unphysical term E - R is removed by the Mahan-
Hénsch transformation Eq. (2.38).

Having derived the driving terms in the Wigner representation, we must
now see how to transform products of the form AB,

(AB)x, ty:x0.ts = /dt//dX/A(X17t1;xl7t/)B(X,7tl;XQ,tQ) (2.43)

From the definition of the Wigner coordinates Eqs. (2.30-2.31), we have

A(xhtl;x',t’) = A(Xl — X/,tl - tl, %(Xl + X/), %(tl + t/))
' xy
2

t—t
:,4<x1—x’,t1—t’,R+x T+ — 2) (2.44)

and similarly

B(x',t';x2,t2) = B(x' — xo,t' — ta, 3(x' +x2), 2(t' + t2))
x' —x
2

t—t
B<x'x2,t’t2,R+ Tt — 1> (2.45)

Since the derivative is the generator of translations, we have the following
compact form for the usual Taylor expansion,

fR+a,T+s)=erVrReS T f(R,T) (2.46)

Using Eqgs. (2.44,2.45,2.46), we can write Eq. (2.43) as
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(AB)xl,tl;xz,tg _ /dt’/dx’ .A(X1 _ X/,tl - t/, R, T)ef(xl*x’)<V£/2ef(t1*t’)8?/2
><e(x,_m)'vﬁ‘me(t/_tQ)B?/QB(X' —xg,t' —t2, R, T) (2.47)

where the superscripts A and B on the derivative operators Vg, dr indicate
that they act on the function A and B, respectively. The integral now has the
form of a convolution product,

/dt'/dx’fl(xl —x',t; —t' R, T)B(X' — x2,t' —t5,R,T) = Ax B,

where

A(r,t, R, T) = A(r,t, R, T)e” " VRH107)/2 (2.48)

B(r,t,R,T) = " VaH99)/2B(r t R, T) (2.49)

We now take the Fourier transform, as defined in Eq. (2.32), of the convolution
product, so that we have

(AB)x.orr = F{A* B} = Ak, 2,R,T)B(k, 2,R,T) (2.50)

since the Fourier transform of a convolution product is the ordinary product
of the Fourier transforms of the convoluted functions. We thus have

Ak, Q,R,T) = / dt / dr e/ (2kT) A(r ¢ R, T)e~ T VRHOP)/2 (2 51)
Bk, 2,R,T) = /dt/dreimf—k'f)e<f'V3+t@?>/2B(r,t,R, T) (2.52)

Since a phase factor in a Fourier transform generates a translation,
FleaTes f(r,t)} = f(k 4 ia, 2 — is) = e Vke 1892 f(k (),
we obtain
Ak, 2,R,T) = A(k, 2, R, T)e VR Vic/2¢107 95 /2 (2.53)
B(k, Q,R,T) = B(k, 2, R, T)e/ V'V /2107052 (2.54)
Inserting these results in Eq. (2.50), we have
(AB)k.ort = Ak, 2,R,T)G*P(k, 2, R, T)B(k, 2, R, T) (2.55)

where we have now dropped the curly letter notation A and B for simplicity,
and we define the gradient operator GAZ as

GAB(k, 2R, T) = e (0705 -0307 —Vir Vil +Vii-VR)/2

As a mathematical aside, we note in passing that Eq. (2.55) corresponds to
the Moyal or star product of two functions which is used in noncommutative
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geometry and deformation quantization, and more generally in mathematics
in the construction of deformed algebras.

So far, everything has been exact. In the so-called gradient approximation,
we expand the exponential to first order in the gradients. We have

R (04 0B 94 9B
GAB(k, 2R, T) ~1— Z(——vﬁ-varv;‘-vﬁ)

so the basic expression of the gradient approximation is

(AB)xorT ~ A(k 2,R,T)B(k, 2,R,T)
0AOB 0AOB

from Eq. (2.55). We can now write down the Kadanoff-Baym commutators
and anticommutators in the Wigner representation under the gradient ap-
proximation as follows,

A Bheumr =481+ 5 ({5050} {50 5 b~ (%A, V) + (Vaud Vi)

ow’ 0T aT’ o

v} fwa 221)

({5
{A, B}xwrr ={A, B} + ; (BAgﬂ - Bﬁ’@aB

e ([ ] [ )

where on the right-hand side, these are ordinary matrix commutators and
anticommutators, and we have performed the Mahan-Héansch transformation
Eq. (2.38).

2.3 Quantum Boltzmann Equation

We first discuss the QBE [24] in zero magnetic field, then add the magnetic
field.
2.3.1 QBE with Electric Field

The QBE is now obtained merely as the Kadanoff-Baym equation (2.24) in
the Wigner representation:
Gy = U,G N rr = Re X, G xwrr + [2, ReGluwrr
+35 ({27, G Yewrr —{G7, ¥ hewr1)2.58)

(2.56)

} — [ViA, VrB] + [VrA, VkB}>

(2.57)
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where the left-hand side is given by Eq. (2.41) and the terms on the right-hand
side are given by Egs. (2.56) and (2.57). So far we have only rephrased the
Kadanoff-Baym equation in Wigner coordinates and made the gradient ap-
proximation. Equation (2.58) is still valid to arbitrary order in the electric field
and for both time and space-dependent (but slowly varying) perturbations.
Note that this very general equation has in principle to be solved together
with the equation for the retarded Green’s function Eq. (2.28),

HG - U,GP e wrr =1+ 2R G urr (2.59)

where the left-hand side is given in Eq. (2.42) and the anticommutator on the
right-hand side is given by Eq. (2.57). Indeed, the nonequilibrium G* enters
the renormalization terms Re G and Re X (since X% = X F[GE]) in Eq. (2.58).

It is obvious that this primary form of the QBE is extremely complicated
and that not much progress can be made unless further approximations are
introduced, otherwise one has to resort to numerical techniques. In addition,
we have kept a fully general multiband Hamiltonian Hy so far, but one can
also restrict the analysis to a given class of Hamiltonians.

2.3.2 QBE with Electric and Magnetic Field

We now add the effect of a constant uniform magnetic field B. Whereas the
electric field E was introduced in Eq. (2.33) through the scalar potential, we
now introduce the magnetic field through a vector potential,

A(z) lx x B

-2

We also perform the Peierls substitution in the Hamiltonian,

Ho(—iV) — Ho(—iV — eA) = Ho (—iV + Sex x B) (2.60)
We now proceed along similar steps as before. In Wigner coordinates, we have

Ho(z1,—iV1 — eA1) — Ho (R+ 31, —i(3VR + Vi) + 3¢(R + 31) X B)
Ho(x2,iV3 — eAs) — Ho (R — ir,i(3VR — Vi) + 3e(R — ir) x B)

After Fourier transformation, we obtain terms like

Hy(R+iVi,k+ 1eRx BF £(Vg + 3eB x Vy))

As before, we perform the Mahan-Héansch transformation Eq. (2.38) which
changes the derivative with respect to R according to Eq. (2.40), and obtain

. . 0
H, (Ri Vi k+3eRxBF 4 (VR-i-eEa + 3eB x Vk>>
w
The Mahan-Hénsch transformation got rid of the o« E - R term. We now
perform a similar extra transformation to get rid of the unphysical R x B
term by introducing the kinematical momentum,
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p=k+ieRxB=k—-cA(R) (2.61)
which implies Vi — V but modifies the R derivative once more,
VR—>VR+%6BXVP

so that the final expression reads

) ) 0
Hy (R:l:;Vp,p¥§ (VR—I—ean—i—eB XVP)>

Hence the generalization of Eq. (2.41) to include the magnetic field B is

0G=<

[éal - U, G<]p,w,R,T =1 T

. . B}
—H, <R+;Vp,p—;(VR—i—ean—&—eBpr))GK

. . 0
+G<H, (R— %Vp,p—i- % (VR + eEa—w + eB x Vp>)
+ieE - VpG< (2.62)

and similarly the generalization of Eq. (2.42) is

. : , d
HGy' - UGy o rr =wGl — L1 H, <R+ iVp.p— 4 (vR +eBo— +eBx vp>) G#

_ . 0
—1G"H, (R —5Vp,P+ 35 (VR + eEa—w + eB x Vp>) (2.63)

All Green’s functions and self-energies are now functions of (p,w, R, T"). The
last thing to figure out is how Egs. (2.56) and (2.57) are modified in the
presence of the magnetic field. It is straightforward to show that the only
changes are the substitution k — p and a new term linear in the magnetic
field,

([A, B]:I:)p,w,R,T = ([A, B}:I:)k,w,R,T Kep + %eB . [VpA X VpB]i (2.64)

where we use the notation
[VpA x VpBlL =VpAX VpB+VpB x VA (2.65)
Then the QBE in the presence of both electric E and magnetic B fields is

formally identical to Eq. (2.58),

Go' —U,Gpwrt = [Re X, Glpwrr + [2,ReGlpwrT
Jr% ({E>» G<}p,w,R,T - {G’>, 2<}p,w7R7T12'66)

but with the definitions in Eqs. (2.62) and (2.64). Similarly, the equation for
the retarded Green’s function Eq. (2.59) becomes
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HGo UGNy urr =14 3{Z%. Gy urr (2.67)

together with Eqs. (2.63) and (2.64).

Equation (2.66) is the most general form of the quantum Boltzmann equa-
tion and makes no assumptions other than that of slowly varying disturbances.
It is obvious that it is a rather complicated equation. Approximations should
be introduced to bring it to a more tractable form. The first obvious approx-
imation is to restrict the analysis to linear transport, that is, keep only terms
to linear order in the electric field, while keeping terms to all orders in the
magnetic field. Afterwards, approximations can branch off in different direc-
tions and depend on the problem at hand. In the next chapter, we discuss
several useful approximate forms of the QBE.

2.3.3 One-Band Spinless Electrons

Most analytical work using the QBE is done for one-band spinless electrons.
The single-particle Hamiltonian Hj is of course

(—iV)?
2m

The driving terms Egs. (2.62) and (2.63) become

Hy(—iV) =

. 0 0
Gy = U,Glpwprr =1 [aT +Vp (VR + eE) +e(E+vp xB)- Vp} G=

Oow

~ 1 2
HG' - UG porr = [w —€p+ — (VR + eEa% + eB x vp> GR

&m

where we have the usual definitions of the single-particle energies and velocities

p
€p = ) Vp = Vpép = —

We see that the driving term [Gy ' — U, G<] has indeed the form of Eq. (2.2)
derived from simple considerations. We now consider the Kadanoff-Baym com-
mutators Eq. (2.64). Consider first the anticommutator {4, B}p o & 7. All the
commutators in Eq. (2.57) vanish since the quantities are all scalars. Further-
more, the term proportional to B in Eq. (2.64) vanishes because of the anti-
symmetry of the cross product. Hence we have simply {A, B}p o r 1 = 24B,
and Eq. (2.67) becomes

GR=1 (2.68)

1 9 ?
lw—ep—k&n(VR—FeE&u—FeBpr) —- xR

The Kadanoff-Baym commutator in Eq. (2.64) becomes
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(4, B] . (0AO0B 0AOB

p,w,R,T = ¢ (awaT - 67% — VpA -VRB + VgrA - VPB>

, 0A 0B
+Z€E . <va — va%

N ) +ieB - (VpA x VpB)

so that the QBE Eq. (2.66) becomes

. OReX\ 0 OReX 0 0
ZKl—aw >6T+8T &U—l—(vp—l—VPReE)-(VR—i—ean>

Oow

Z‘<
—ieE - <aaw VpReG — aRGva2<> —ieB - (VpX< x VpRe Q)

+e<<1— 8R82>E+(vp+VpReZ) XB) ~Vp—VRReE-Vp] G<

ow
0X< ORe(G 3 0X< ORe(G
opt 0X, 0X* Opu

= XPGS - GPE< i ( (2.69)
where we use the four-vector notation p* = (w,p) and X* = (T, R) with the
Minkowski metric 1, = (+ — ——).

Equation (2.69) is valid to arbitrary order in E and B fields. We see that
the self-energy term [Re X, G<] in the right-hand side of Eq. (2.66) has renor-
malized the velocity in the driving term,

vp = Vp + VpRe X' = V(¢p + Re Y),
and introduced the factor (1 — 33722) reminiscent of the wavefunction renor-
malization factor Z=! in Fermi liquid theory. The other term [X< Re(]
gives some additional terms proportional to the E and B fields. The term
27 G< — G” X< on the left-hand side is a collision term.
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Applications

We now consider a few applications of the nonequilibrium formalism.

3.1 Nonequilibrium Transport through a Quantum Dot

In this section we study nonequilibrium transport through a quantum dot
connected to two external metallic leads (two-probe system). Let us first derive
a general expression for the current through the dot in terms of Keldysh
nonequilibrium Green’s functions.

The Hamiltonian of the whole two-probe system is

ﬁ = Z 6kaCLacka+HC[{djz}7 {d’rl}]+ Z (tk“»”CLad” + tlta,ndibcktx> ’
ka€eL,R ka€eL,Rn
(3.1)
where CL o (cka) is a fermionic creation (annihilation) operator for a single-
particle momentum state k in channel « in the left or right metallic lead, and
di ,d,, are creation/annihilation operators for states in the quantum dot. Hg
is the Hamiltonian of the quantum dot. For a noninteracting dot, Ho would
be
He = hmndl,dy (3.2)
mn
For a dot with on-site repulsive interactions and a single site with spin-split
levels e, we use the Anderson model,

He = Z exdid, + Uniny (3.3)

with n, = d:f,dc, is the number operator on the dot.

In any case, let us first derive a general expression for the current regardless
of the presence of interactions in the dot. We however do require that the
interactions, if any, be limited to the electrons inside the dot: the leads should
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be noninteracting and there should be no interactions between electrons in
the leads and electrons in the dot.

The full Hamiltonian is partitioned as explained in Chapter 1, i.e. H =
H + H' where H is the equilibrium Hamiltonian and H’ is the nonequilibrium
perturbation. We also have to specify the initial noninteracting density matrix
p(—00). In the present problem, we have two possible ways of doing this
partitioning:

e Choose H to be the Hamiltonian of the isolated leads and dot, and H' to
be the coupling between the dots. The initial density matrix in the remote
past p(—o0) is the product of the density matrices of the isolated systems
in equilibrium:

H= Y exalf,cka+ Hel{d}}, {dn}]

ka€L,R
H = Z (tka,ncLadn + t;a,ndllcka)
ka€L,R,n
p(—OO) — %(e*ﬂ(HL*NLNL) ® p(Cg) ® e*B(HR*MRNR)> (34)

where Hj, p are the Hamiltonians of the isolated leads in equilibrium each
with chemical potential p, g, and the initial density matrix of the dot!

P(c(*]) involves only the noninteracting part of the Hamiltonian of the dot
He.

e Alternatively, we can choose H to be the Hamiltonian of the connected
system in equilibrium at a single chemical potential p. The nonequilibrium
perturbation H' is then a one-body potential term which raises the single-
particle energies by Ay, g in the leads. This represents the shift? in chemical
potential p — pr r = p+ Ar gr. We then have

(0)
! The obvious choice is pg)) = ¢ PUH —reNG) where Hg)> is the noninteracting
<
part of He but e is unspecified. However this initial condition is included in G(?

which drops out of the Keldysh equation, see Section 2.1, so that the steady-state
at any finite time ¢ > —oo after the Keldysh adiabatic evolution is independent of
e . In particular, the steady-state current is independent of pc. This is a example
of washing out of the initial conditions in the Keldysh formalism (even if here
we are not even considering initial correlations). The steady-state nonequilibrium
population of the dot will be given by the nonequilibrium Green’s function of the
dot G<.

To get the correct nonequilibrium self-consistent potential profile throughout the
device including the dot, one would have to include Coulomb interactions in the
Hamiltonian, at least at the Hartree (mean-field) level. Otherwise one can neglect
interactions and add a term in the nonequilibrium perturbation to mimick the
self-consistent potential profile, §H' = Ad'd where A = %, assuming a
symmetric device.
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H= Y aadgoia+Ho{d} {d )+ Y (thanchadn +tio ndhir)

ka€eL,R ka€eL,Rn
/ T
H = Z AL,RCkaCka
kacL,R
1 sm—
p(—00) = ¢ B(H—pN)

We will choose the first method which is well-suited to steady-state problems,
while the second method is easier for time-dependent transport.

3.1.1 Expression for the Current
The current flowing through lead « is defined as
Jo(t) = —e(N,), (3.5)

where Ny = > cLacka is the number operator for lead a and e > 0 is the

electron charge. From the Heisenberg equation of motion ihN, = [Ny, H] and
Eq. (3.1), we obtain

2
Jalt) = T Re Y tianGrra(t: ), (3.6)
k,n

where we have the mixed lesser Green’s function G, (t,t') = i(cIm (t"dn(1)).
Using the Keldysh technique, we will obtain an ’expression for the mixed
contour-ordered Green’s function G, ko(7,7") = —i<TC{dn(T)CLa(T/)}> and
perform analytic continuation to real time to obtain the lesser function
G7<L,ka (t7 t/)'

For pedagogical reasons, let us first derive the expression from the usual
perturbation expansion of the S-matrix and the subsequent application of
Wick’s theorem, and then obtain it from the path integral method which is
more transparent.

3.1.2 Perturbation Expansion for the Mixed Green’s Function
As explained, we define the unperturbed Hamiltonian as the first two terms
of Eq. (3.1),

H=>"exatlycka + Hol{d]}, {dn}],
ko

and the perturbation as the tunneling term,

H' = 3 (tcanhatn + ol oa )

ka,n

The perturbation expansion becomes
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0 l+l

nkoc TT §
=0

%dﬁ j{dnT{d VI (ry) - FY ()l (7)),

(3.7)
where we have

Tl ) i) = [T 3 (T {dn(r) (&, ()t (72)

i=1k;a;,n;
i}, (T3, s (7)) (T })

Wick’s theorem can now be applied to correlators of ¢, ¢ fields since H is
quadratic in these fields, whence the importance of the requirement that the
leads be noninteracting. All the contractions involving the first term in H'(7;)

) ) L] i 1 +
vanish, since d, ¢, = 0 and d,, ¢, = 0 for the unconnected system, and the
1
anomalous contractions d,d,, and éliaé;r(a vanish because particle number is
conserved. By Wick’s theorem we thus have

(TeAdn (T)H' (1) - H'(m)él, (7)})

Y (T {da(n)d}, (7)o ()i (7))

i=1k;a;,m;

= D e Teddn(MH (1) -+ H'(121)8 0y oy (I TeA i ()2l (7))

kiay,ny

Y e (TAda(MH () - H (o) H' (m)é,_, (n-1)})

ki—1ap-1,m1-1

< ATAel, 0 (o)l (T + ...
+ Y Hoarn (Teddn () H (12) - H'(7)el o, (r) DT biyon (1) (7)),

kiai,ng

where all the [ terms are seen to yield the same contribution to the pertur-
bation expansion Eq. (3.7) if the dummy integration variables 1q,...,7 are
relabeled. Choosing the labeling of the last term, we obtain

G xa(T Z fdﬁ l—l deg j{dn

kiai,m1
X <Tc{dn(7)ﬁ'(72) H’(Tl)ck o T Dt () (Te{ iy (1) (7))

After relabeling the dummy integration variables once more, we see that the
perturbation terms H’--- H' give rise to the contour S-matrix Eq. (1.26), so
that we finally have

Cogalr ™) =Y jq( 071 G (7, 71 )t G (71, 7), (3.9)
m Y C
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where

G (7,7) = _i<Tc{dn(T)djn(T/)}> = —i(Te{Sc(—o00, _OO)dAn(T)‘ﬁn(T/)}%
(3.9
is the contour-ordered Green’s function of the scattering region, and we have

~i(Te{exa (1)l 0 (T)}) = Saar Ok gica (T, T),

because of translational invariance in the leads, where gyo (7, 7)) = —1(Te{¢ka (T)é;r( T
is the contour-ordered Green’s function of the (isolated) leads.

3.1.3 Path Integral Derivation of the Mixed Green’s Function

The path integral can also be used in the Keldysh technique. The only dif-
ference is that the action is obtained by integrating the Lagrangian over the
Schwinger-Keldysh contour C' instead of over the real axis. The Lagrangian is

L(Ea c, Jv d) = Z Cka (iaT_eka)cka'i'Z gnzaTdn_HC[{Jn}v {dn}] - Z (Ekatka,ndn"f'&ntlta,ncka)
ko n ka,n
(3.10)
To calculate the propagator G, ko(7,7’), it is appropriate to define the
Keldysh generating functional Z[7, J],

Z[’F]a J] =Tr pTc |:€i fC dT(:H:i Zn ﬁndnizka CL(" Jka):l

where 7, and Jy, are Grassmann sources, and the normalization is such that
Z10,0] = Tr p = Z. The generating functional is useful because it can be used
to generate the mixed correlation function,

1 2Z[n
iGnka(T,7') = 0°Z1n, J]

" Z00n(7)8Jkca(T) (3:11)

7=0,J=0

The generating functional has a path integral representation,
200, J] = /D[é, c.d d]ei(S[a,c,idHfC dT(ﬁdJrEJ))

where we use the shorthand notation 7d = Zn Mndy, and ¢J = Zka CraJka-
The d and the ¢ fields are entangled in the Lagrangian Eq. (3.10). To
disentangle them, we perform a shift of variables,

Cea(7) = Cea() = 3 ﬁ 071 B (71 s e (71, 7)

m

Char(T) = o (T) — Z ]{; A7y gk (T, 71 )tka,mdn(T1)

m
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where gkq (7, 71) is the contour-ordered Green’s function of the isolated leads
defined earlier. It satisfies (see Egs. (2.9) and (2.10) of the notes)

(28 - eka)gka(T Tl) = 6( )
Ika (T, 1) (=107, — €xa) = 0(7,71)

where in the second equation the derivative acts to the left. With this shift of
variables, the Lagrangian becomes

L(@,d d,d) = Cea(i0r —xa)eat Lo({dn}, {dn})— ]{ A7y don (T) s I (T, T )t ndin (T1)

ka ka,mn

where Lo({dy},{dn}) = 3, dniOrdn, — He[{dyn},{d,}] is the Lagrangian of
the isolated dot.

EXERCISE. Show this (hint: use integration by parts).

As a result, the action becomes
S[El, C/, J, d] = Sleads [El, C/] 4+ SQD[J, d]

where
/
Sleads| C C j{ dre cka — €ka)Cka

is the action of the isolated leads, and

Sapld, d] z]{ dr Lo({dn}, {dn})— > %dT% 71 di (T) by g e (T T1 )i, n @ (T1)

ka,mn

is an effective action for the quantum dot, which contains the effect of the
external leads (bath). The source term 7d is unaffected by the change of
variables, but the source term ¢.J becomes

e] =) tka(r)Jealr) = (c{m(T) +)° fc dn Jm(Tl)tl*(a’mgka(ThT)> Jica ()

ko ka

The generating functional thus becomes

Zn, J] = /D[E',c',J, d]eisleads[é/’cl]eiSQD[J’d]eifc dr (7d+(&'+dt* g)J)

where the integration measure D[c, c] = D[, /] is invariant under the change
of variables since it is only a shift.

We now perform the functional differentiation Eq. (3.11). This generates
two terms. The first term is
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%/D[E’,c’,J,d]eisleadseiSQan(T)éi( (') = (Tefdn(T)elo (7))

which is zero because it corresponds to the unconnected system (the action
in the path integral is that of isolated leads). The second term is

—/D .. d, d ’SIC“d*eZSQDZ%dﬁ m (T1)tka mgka(Tla ')

=> fc 711G (7, T )t m ke (1, 7)
where
G (1) = {Te{da ()l () = 2 / DI, ¢ d, dle?Sete¢iSe0d, (r)d, (ry)
- / Dle, ¢, d, d)e?S dy (7)dm(m)
is the exact Green’s function of the connected dot. Hence we obtain
Gnxa(t,7) = Z 7{0 d11 G (7, T1) by m 9k (71, 7')
which is just Eq. (3.8).

3.1.4 General Expression for the Current

In Eq. (3.6) for the current, we need the lesser mixed Green’s function. We
therefore apply the Langreth analytic continuation theorem Eq. (1.64) to Eq.
(3.8) to get

Gn kOé t t Z/dtl nm(t tl)tka mgka(t17 )+GT<Lm(t7tl)tl*ca,mgl?a(thtl))

m

We now assume steady state so that all the Green’s functions depend only on
the time difference, i.e. G(t,t') = G(t —¢'). Then we get

dw "
nka t t Z/ tka mgka( )+ GSm(w)tka,mglfa(w)) (312)

The Green’s functions of the isolated leads are

Jiea (W) = 27ifa(eka)d(w — €xa) (3.13)
1

—_— 14
w— 10 — €ka (3 )

Gin (W) =

where f, () = (e#(¢=#) £ 1)~1 and the chemical potentials are those of the
initial density matrix Eq. (3.4). We now substitute Eq. (3.12) in Eq. (3.6),
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2e dw ,
JDt = ERQ Z /% tka,mtka,n (glfa(w)Gfm(w> +gléa(w)G7§m(w)) (315)
k,mn

It is not hard to show from the definition of the Green’s functions that the
following relations hold,

<) = —G<(w)
GR(w)t = GA(w)

considering the Green’s functions as matrices G = Gy, Using these relations
and Egs. (3.13) and (3.14), we can show that Eq. (3.15) becomes [25]

ie [ dw
Ju= / N L (@){fa@)6 @) - AW +G5@)}  (3.16)
where we define a linewidth function

Fa,mn(w) = 271—/)04 (w)tz,m,(w)tam(w)

and we have introduced the density of states p,(w) = >, 6(w—€xq) to convert
the sum over k in Eq. (3.15) to an integral,

Fleko) = | depo(€)F (e
> Flewn) = [ depn(F (0

Equation (3.16) is an exact expression for the steady-state current through
lead « of an arbitrary multiprobe system with interactions inside the dot (but
not in the leads). However, the nonequilibrium Green’s functions have to be
calculated in the presence of interactions, and in the presence of the leads held
at different chemical potentials.

For a two-probe system with proportionate couplings to the leads, I'r,(w) =
A g(w), one can arrive at a simpler expression. We first use the fact that in
steady state, J = J;, = —Jg, so that we can write J = zJ;, — (1 — x)Jg for
an arbitrary x. The current then reads

te [ dw

J=7 [ T Tr[(Az— (1 —2)G< + (\afr — (1 — 2)fr)(GF — GY)]

We then fix the arbitrary parameter x = 1-1%\ so that the first term vanishes
and the current does not depend on G= anymore. We then obtain

FL(L{))FR(W)

e s
T I'L(w) + I'g(w)

1= [ S - e )67 - 6] )

where the ratio is well-defined since the matrices I';, and I'r were assumed to
be proportional.
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3.1.5 Noninteracting Quantum Dot

We derive an alternate expression for the current in the case that there are
no interactions in the dot. In this case, the retarded Green’s function satisfies
the Dyson equation

GF =gl +alixtah, (3.18)
where
Eﬁn(w) = Ztlta,mgllja(w)tka,n (319)
ko

is the noninteracting tunneling self-energy, with I' = >, I's = I(XF — 24,
G is the equilibrium Green’s function of the unconnected dot,

GE(w) = (w+1i6—h)™.

In other words, in the noninteracting case, the self-energy contains only the
effect of the leads. From these equations it is easy to derive the identity,

G - G4 = —iGRrGgt
The lesser Green’s function follows from the Keldysh equation,
G =Gly<gt
where the lesser self-energy is

D=0y falp (3.20)
B

Consider a system with a single level, such that all quantities G, I, Y are
scalars. If we write G< in pseudoequilibrium form

G<=ifA
with A = i(G®—G4) = GRI'G4 the spectral function, the pseudodistribution
fis
Fo ful + frlR
It +1Ig
which is clearly not of equilibrium form if f; # fg.
Using the previous results, one can show that

h=h§/wmw—mwnwo

where the transmission coefficient 7,3 is
Tos (@) = T Lo () GR () T (@) G4 ()

which is the usual Landauer formula. Note that Landauer obtained this result
heuristically while here it has been derived rigorously from the nonequilibrium
formalism. Also, the Green’s functions G and G4 have to be calculated out
of equilibrium.
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3.1.6 Interacting Quantum Dot: Anderson Model and Coulomb
Blockade

In this section we consider on-site repulsive interactions in the dot [26, 27]. We
assume that the couplings are proportionate I';, o< I'r so we use Eq. (3.17).
The Hamiltonian of the quantum dot is the Anderson model Eq. (3.3),

He = Z Egdj;dg +Unin
Assuming that the couplings are diagonal in spin space, the current is
1
7= 5% [ st sulee(e) (~ Gl )

where
GE (1) = —i0(t)({do (1), d} (0)})

is the nonequilibrium retarded Green’s function of the dot (in the presence of
the leads). This Green’s function also satisfies a Dyson equation Eq. (3.18),
but the self-energy now contains both contributions from the leads and from
interactions in the dot. Both contributions are entangled in the exact self-
energy which is not known. Obviously because of interactions the problem
cannot be solved exactly. We will solve the problem approximately by using
the equation of motion technique to obtain the exact Green’s function gt of
the isolated interacting system, and calculate GZ, from gZ by using the non-
interacting tunneling self-energy X' of the noninteracting Dyson equation Eq.
(3.18). This is actually equivalent to performing a Hartree-Fock factorization
of the higher correlation functions.

For simplicity, we denote the Green’s function of the isolated dot (governed
only by the Hamiltonian H¢) by

9o (t) = =i0(t)({do (1), d5(0)})o

where the subscript (- - -)¢ indicates that the average is taken for the isolated
dot. By taking a time derivative, we get

gk (1)
ot

— 5(t) + 0(6) ({d (1), 4} (0)})o (3.21)

We use the Heisenberg equation of motion to obtain dc,,
idy = [dy, Ho] = €5dy + Uldy,n1d)] = €5dy + Udyns (3.22)
where & = —o. Substituting this result in Eq. (3.21), we get

gk (1)
ot

i

= 6(t) + eogl (t) + Ugl(t) (3.23)
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where we define a 2-particle correlation function

95 (1) = =i0(t)({ds (t)ns (1), d5(0)})o

We can also write down its own equation of motion,

(2) .
2997 — 5(0) (o df HoHO(O) s (110, 5 (O DorH0(0) (o 1) (1), 5 O}

Since [ng,d,] = 0, the first term is simply §(¢){ns). The last term is zero
since ny commutes with He. In the second term we substitute the result of
Eq. (3.22), so that we finally get

agsy

ot
In Fourier space, Eqs. (3.23) and (3.24) become

i

3(t){(ne) + eagly (1) + Ugl) (t) (3.24)

(w+1i6 — €5) gl (w) = 1+ Ugl) (w)
(w+i0 — €5 — U)glD (w) = (ns)

Substituting the second equation in the first, we get

(nz) + 1 —(ns)
wtid—€;, —U  w+1id— e,

9o (w) =

which is the exact Green’s function of the isolated dot. The corresponding
spectral function has two peaks: one peak at w = €, with spectral weight
1 — (nz) corresponding to the probability of the site being occupied by a
single electron of spin ¢, and a second peak at w = €, + U with spectral
weight (ns) corresponding to double occupancy of the site with electrons of
opposite spins.

To obtain the nonequilibrium Green’s function GZ of the connected dot,
we make the following ansatz: we take the interacting Green’s function of
the isolated dot g as the unperturbed Green’s function G&, and add the
noninteracting tunneling self-energy Eq. (3.19):

R () ~ 1
Coolw) = QR T~ 57 (0)

which gives the following result,

w—+id— € — [1 — (nz)|U
(WHid —€r)(w+id —€e —U) — (w+ 10 — € — [1 — (ns)|U) X E(w)
(3.25)
In the simplest case, we neglect the energy dependence of the self-energy, and
have X1 = —i(I';, + I'r)/2. Note that Eq. (3.25) is actually a self-consistent
equation, if we take into account the change in spin population (n,) out of
equilibrium. Indeed, (n,) is given out of equilibrium by

Goo(w) =
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(o) = (dldy) = [ 2205, ()

where the lesser Green’s function of the dot is given by the Keldysh equation
which again involves GZ (w),

Grow) = Goy (W) X5, (W) G, (w)

where X< is the lesser noninteracting tunneling self-energy Eq. (3.20).

Once G (w) is obtained by a numerical solution of the self-consistent
equations, we can calculate the current J and the differential conductance
dJ/dV as a function of bias voltage V' = (ur — pur)/e. We can also add a gate
potential V;; such that the single-particle energies are shifted, e, — €, + eVj.

In the following figures, we illustrate results for I', = I'r = 0.02 eV,
et = —0.65 eV, ¢, = —045 eV and U = 1 eV at zero temperature. The
chemical potentials are defined symmetrically p;, = —ur = V4 /2. The figures
illustrate clearly the Coulomb blockade effect.

In Fig. 3.1, we display the Coulomb blockade diamond plot, the differential
conductance dJ/dV as function of gate voltage and bias voltage. Note that
linear response theory would give only the V;, = 0 line whereas with the
nonequilibrium theory, we get the full bias-gate voltage diagram.

In Fig. 3.2, we plot two cuts of Fig. 3.1 along Vj;, for two values of bias
voltage: V;, = 0 (equilibrium case for which the differential conductance d.J/dV
is just the equilibrium two-terminal conductance G), and V;, = 1 V (out of
equilibrium: the equilibrium conductance peaks split due to the applied bias).
Finally, in Fig. 3.3 we plot the current J itself as a function of V,; and V4.

3.2 Linear Response for Steady-State and Homogeneous
Systems

We now consider the limit of linear transport, that is, we keep only terms to
first order in the electric field. We will study the QBE Eq. (2.69) in the
absence® of magnetic field B = 0, and for steady-state (9/0T = 0) and
homogeneous (Vg = 0) systems. Consider first the equation for the retarded
Green’s function Eq. (2.68). Neglecting the possible dependence of the self-
energy on the electric field which is a small effect, we have

G = !

2
= o e T O) (3.26)

which to linear order in the electric field is just the equilibrium Green’s func-
tion G (p, w). This simplifies drastically the solution of the QBE since all the
retarded and advanced quantities can be taken in equilibrium. The QBE is

3 The B # 0 case can also be considered, but then the equilibrium Green’s function
has a dependence on the magnetic field which in general breaks translational
invariance and makes things more complicated.
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s,r=—0.65 eV, 8¢=-0.45 eV, U=1eV, I'L=I‘R=0.O2 eV, T=0

10.8

10.7

106

10.5

Vo)

Fig. 3.1. Coulomb blockade diamond: differential conductance dJ/dV in units of
e?/h, as function of gate voltage V, and bias voltage V4. Note the doubling of the
lines due to the level spacing Ae = €] —e; = 0.2 €V, and the large U = 1 eV spacing
of the conductance peaks. The equilibrium conductance peaks at V, = 0 split for
nonzero applied bias V3 # 0 (see also Fig. 3.2).
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sr:—0.65 ev, 812_0'45 eV, U=1 eV,I'L:I'R:O.OZ eV, T=0
0.8 T T T
Vb =0
Vb =1VH

0.7f

0.5 1

041 1

dJidv (e2/h)

0.2+ 1

0.1f 1

Fig. 3.2. Differential conductance dJ/dV as function of gate voltage V, both at
equilibrium (V4 = 0) and out of equilibrium (V, # 0).
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£T=-0.65 eV, s¢=-0.45 eV, U=1eV, I =I'x=0.02 eV, T=0
2

Vo V)

Fig. 3.3. Current J in units of e/h, as function of gate voltage V; and bias voltage
Vb.
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ORe X 0
eE~{{<1 0 ) -Ver(vaerReE)aw] G<

X< OReG
——VpReG+ ——V X<} =Y<A-TG< 3.27
Hw P © + Hw o } ( )
This equation can be drastically simplified in the linear response regime since
the terms in the bracket on the left-hand side can be taken in equilibrium,
since they are already multiplied by the electric field. This term can then be
simplified by using the well-known equilibrium expressions,

Goy(p,w) = inp(W)A(p,w),  I5(pw) = inp(w)I(p,w),

r o
A(p,w) =

1 (T2 ReG(p,w) = T (TR (3.28)

where o(p,w) = w—¢ep —Re X. In Eq. (3.27), all terms proportional to ng(w)
vanish and we are left with

; 0

LA2(p,w) LB [(vp + Vp Re S)I 4 0Vpl] = £<4- TGS (329)
Using equation (3.29) to derive transport coefficients is equivalent to using
the Kubo formalism.

3.2.1 Example: Conductivity from Impurity Scattering

To illustrate how transport coefficients are calculated from the QBE, we study
the simple example of the conductivity from impurity scattering in the di-
lute limit. The left-hand side of Eq. (3.29) contains equilibrium quantities as
discussed before. The right-hand side (collision term) vanishes identically in
equilibrium as is immediately seen from the relations (3.28). We keep only
the terms O(F) in the collision term. As seen in Eq. (3.26), retarded quan-
tities and the derived quantities A = —2Im G® and I’ = —2Im X'* have no
O(FE) term, hence they are taken in equilibrium. Consequently, only the O(FE)
terms in the nonequilibrium functions ¥'< and G< in the collision term are
needed. Consider first the collision term. We consider the self-consistent Born
approximation in which the usual equilibrium time-ordered self-energy is (Fig.

3.4)
3

d°q
2(p,w) =n;Vo +n; / W\Vp,qﬁa(qw) (3.30)
The nonequilibrium contour-ordered self-energy has the same structure, hence
the nonequilibrium lesser self-energy is
d3q
2(p,w) =ni / WWp—qPG< (q,w)
Consider expanding the nonequilibrium Green’s function G<(p, w) as the equi-

librium piece G5, (p,w) plus a nonequilibrium piece Gy (p,w):
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Fig. 3.4. Self-energy for impurity scattering in the self-consistent Born approxima-
tion.

G<(p,w) = inp(w)A(p,w) + Gy (p,w) (3.31)

then the equilibrium part of the collision term vanishes as mentioned earlier,
and the collision term is

S<A-TG<=YFA-TIGY =IGY]

where -
q
SE (pow) = / amlVeal G (@)

We now make the following ansatz for the nonequilibrium part G,
0
GY(p,w) = —iA(p,w)%eE vpA(p,w) (3.32)

where A(p,w) is a function to be determined. The collision term is then

IG5) = iA(p, ) (p.)
<eb (o) - 0 [ P A wvad(a))
B AP 155 ) Gl Veal AGvadlae

(3.33)

We now consider the left-hand side of Eq. (3.29). In the dilute limit, we
neglect terms involving products of I" and Re X since they are O(n?). Hence
we have



50 3 Applications
(Vp+ VpRe D)+ 0Vl = vl + (w — p)Vpl + O(n?) — vpl

where in the last step we have neglected the term proportional to w — €, since
it is multiplied by A?%(p,w) in Eq. (3.29) which is a strongly peaked function
around w = €y, in the dilute limit (Re X' o< n; is small). The QBE thus becomes

X on on
Q42 FE. =3 il
5A%(p,w) R eE - vpI'(p,w) = iA(p,w)[(p,w) R
xeB - (vpA(p,w) — =0 /dgq Vool Alq, w)veA(q, )
e VpA(p,w T'(p,w) (2r)3!'P7a q,w)vqdlq,w

from which we extract an integral equation for the unknown function A(p,w),

n; d3q 9
Vo (p.w) = $APIvy + s [ Voo Ala.w)vad(ae)

which is reminiscent of the integral equation satisfied by the vector vertex
function in the ladder approximation of the diagrammatic Kubo analysis. In
fact, the approximations we have made on the QBE are equivalent to the
ladder approximation in diagrammatic language.

The electric charge current j is given in general by

. . d3p dw
IR, T) = Ze/va/%G<(pvva,T)

From the decomposition Eq. (3.31), the equilibrium piece will give a vanishing
contribution and only G5 in Eq. (3.32) will give a nonvanishing contribution
to the current. We therefore obtain

i=¢ [ &8 [ vaveB) (-52) Ap.) (0.

from which the conductivity tensor is easily extracted,

e? d3p dw onp
Uul/ - W/W/ﬂpupu (_&u> A(p,LU)A(p,W)

which is equivalent to the Kubo formula result.

3.3 One-Band Electrons with Spin-Orbit Coupling

Consider a generic translationally invariant spin—% Hamiltonian with spin-
orbit coupling,

_i\7)2
Ho(—iv) = ¢ ;Z) 14+ A(—=iV) -0+ usB- o
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where A(p) is odd in p in general due to time-reversal symmetry, but for
simplicity we neglect higher-order terms and assume it is only linear in p.
Consider for example a two-dimensional electron gas with Rashba and Dres-
selhaus spin-orbit coupling,

Hso = a(pyos — pzoy) + BP0z — pyoy)

where « is the Rashba coupling and 3 is the linear Dresselhaus coupling. Then
we simply have

)\w (p) = QPy + ﬁpw
Ay(p) = —(aps + Bpy)

Orbital magnetic effects are taken care of by the Peierls substitution Eq.
(2.60). The Green’s functions and self-energies in the Wigner representation
are now 2 x 2 matrices. The Kadanoff-Baym driving term [éal —U,GpwRT
in the presence of electric and magnetic fields can be derived from the general
expression Eq. (2.62). We obtain

Oow
_[()‘ + MBB) -0, G<] + %{vp()‘ ! 0-)7 VRG<}
0G~<
" Ow

Gy = U,Glpwrr =i L,fT +Vp - (VR + 6E8> +e(E+vp xB) -V, | G
+ieE - {Vp()\ -o) } — 1eB-[Vp(A-0) x VpG<]
(3.34)

where v, = p/m as before, we write simply A = A(p) and we use the notation
of Eq. (2.65). The anticommutator is derived in a similar manner from Eq.
(2.63),

~ 1 ) 2
HG!' -U,GMY ot = [w —opt g (VR +eBo— +eBx vp) G~
—3{(A+upB)-a,G"} + {[Vy(X-0), VRGT]

oG

} —1eB - {Vp(A- o) x V,GF}
(3.35)

The terms on the right-hand side of the QBE Eq. (2.66) and the equation
for the retarded Green’s function Eq. (2.67) are still given by the general
Kadanoff-Baym commutators Eq. (2.64). Equations (3.34) and (3.35) are valid
to arbitrary order in E and B.

In the case of homogeneous (Vg = 0) transport in zero magnetic field
B = 0, the retarded Green’s function picks up a contribution linear in the
electric field, as opposed to the case of spinless electrons in section 3.2 where
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the leading order was O(E?), Eq. (3.26). This is because the commutator in
Eq. (3.35)
T Ow

does not vanish in general, hence the solution of Eq. (3.35) to linear order in
E is not just the equilibrium Green’s function.

[%(A-a) aGR] £0

3.4 Classical Boltzmann Limit

In this section, we derive the classical Boltzmann equation (2.1) from the QBE
for 1-band spinless electrons, Eq. (2.69). First, we assume that the quantities
Re X' and Re G are essentially constant so that their derivatives vanish. In the
QBE, these functions renormalize the transport coefficients that are found
from the classical Boltzmann equation. We also perform the inverse of the
change of variables Eq. (2.40), so that we are back with the untransformed
frequency 2. Hence we have

12 +vp - VR+e(E+vpxB) -V, | G(p,2,R,T)=Y"G~ -G~ X<

"lor

(3.36)
Consider Eq. (2.25) for the spectral function. It has been shown by Kadanoff
and Baym that Eq. (2.25) for the nonequilibrium spectral function can be
solved in the gradient approximation by the following ansatz,

r
(2 —¢p —ReX — U(R))2 + (I/2)?

Alp, 2,R,T) =

where here U(R) = —cE - R. In the quasiparticle approximation, we assume
that I" is very small so that the spectral function approaches a delta function,

A(p, 2,R,T) = 275(2 — ep — Re ¥ — U(R)) (3.37)

It is well-known that for equilibrium Green’s functions, the fluctuation-
dissipation theorem holds,

G=(p, ) = iA(p, 2)f(22) (3.38)

G~ (p, 2) = —iA(p, 2)[1 — f(£2)] (3.39)

where f(f2) is the distribution function. Out of equilibrium we define a non-

equilibrium quantity F(p, 2, R, T) such that the nonequilibrium Green’s func-
tions G<~ (p, 2, R, T) satisfy analogous relations,

G<(p, 2, R, T) =iA(p,2,R,T)F(p, 2, R, T) (3.40)

G> (pa 97 Rv T) = _ZA(pa 97 Rv T)[l - F(p7 Qa R7 T)] (341)
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Note that these relations are consistent with the exact relation G< -G~ = iA
and merely constitute a definition of F'. However, within the quasiparticle
approximation Eq. (3.37), the {2 dependence of F is seen to be redundant
because of the delta function and it is sufficient to consider a three-variable
function f(p,R,T) = F(p, 2,R,T) which plays the role of a nonequilibrium
distribution function. Equations (3.40,3.41) thus become

G<(p,2,R,T) =27i6(2 — e, —Re X —UR))f(p,R,T) (3.42)
G*(p, 2R, T) = —2mi6(2 — ey — Re X — U(R))[1 — f(p, R, T)] (3.43)

where it is seen that the correlation functions G<'> contain information about
the energy spectrum in addition to information about the nonequilibrium dis-
tribution. For a general spectral function A(p, 2, R, T), the ansatz (3.40,3.41)
with F(p,2,R,T) = f(p,R,T) independent of 2 is called the Kadanoff-
Baym ansatz [8]. We now substituting Egs. (3.42) and (3.43) in Eq. (3.36)
and integrate over all (2, which is easy because of the delta functions. We
obtain 5
(3T +vp:-Vr+e(E+vp xB) -Vp> f=1If]

which is the classical Boltzmann equation (2.1), where the collision term I]f]
is

I[f} = —iX< (p7 “(27 R7 T)|Q:ep+Re EfeE~R[1 - f(pv Ra T)]

—i X (pv 'Q» R, T) | 2=ep+Re Z—eE‘Rf(p’ Rv T)

We can also perform again the Mahan-Hénsch transformation Eq. (2.38),

I[f] = =iZ<(p,w, R, T)| _, . [l = f(p.R,T)]

_ZE> (p7w7R7 T)|w:6p+ReEf(p’R’ T) (344)

which can also be written simply as
[[f] — Sin[l _ f] _ Soutf

where S = —i X< is an in-scattering rate and S°"* = {X> is an out-scattering
rate.

For the sake of definiteness, we investigate a simple example, where colli-
sions are due to electrons scattering off static impurities in the dilute limit. We
treat the interaction at the level of the self-consistent Born approximation. At
this level the self-energy consists of one diagram with one resummed fermion
line and two connected impurity lines. The equilibrium result for time-ordered
quantities is well-known (Eq. (3.30)),

d*q 2
Y(p,w) =n;Vo +n; / W\Vp_(ﬂ G(q,w)
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where V is the Fourier transform of the impurity scattering potential and n; is
the density of impurities. Since diagrammatic perturbation theory is formally
the same in or out of equilibrium, the relation still holds for the Keldysh
contour-ordered functions and the real-time components follow by the usual
analytic continuation (which is trivial here since there are no products of
contour-ordered quantities):
<> d’q 2~<,>
s (pvvavT):ni W|Vp*q| G ’ (qavaaT)
Substituting into the collision term Eq. (3.44) and using Eqs. (3.42,3.43), we
obtain
d’q 2

I[f] = 2mn; W|Vp—q| d(ep —eg)[f(a, R, T) — f(p, R, T)] (3.45)
which is the standard result for impurity scattering. For weak electric fields,
this collision term can be brought in the following form. Assume a homoge-
neous system. To linear order in E, the distribution function is

f®,T)=folp) +C(p,T)p - E (3.46)

where fo(p) = feq(€p) is the equilibrium distribution and C(p,T) is a scalar
function. Then

fa,T) = f(p,T) =C(p,T)(a—p) - E

since the delta function d(ep — €q) in Eq. (3.45) enforces ¢, = €q and p = q.
Hence the collision term becomes

3
I[f] = -C(p,T)2mn; / (37;])3qu|26(61, —eq)(p—q)-E (3.47)

Choose p along z, and parameterize E with (6, ¢) and q with (¢, ¢'):
p = pz
E = E(sinfcos¢x + sinfsin gy + cos 0 z)
q = p(sin® cos ¢’ X +sin @' sin ¢’ y + cos 6’ 2)

where we see that cos¢’ =p - q = cosfp . We get
(p—q)-E=pE(cos(1 — cos') — sinfsin§’ cos(¢p — ¢'))

In the integral over q, the term cos(¢ — ¢') will vanish upon integration over
@', hence it can be omitted. Inserting the remaining first term in Eq. (3.47)
and using Eq. (3.46), we get

f®,T)— fo(p)

Tp

1=~
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which is the usual form of the collision term in the relaxation time approxi-
mation, and the inverse relaxation time is

Lo, [Py s 1 9
g— ™ W| p—al (613_6‘31)( — €08 p,q)

Notice the important factor (1 — cosfp o) which describes the effectiveness of
large-angle scattering in destroying momentum.
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