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There are many reasons to consider quantum kinetic equations describing the evolution of a many-particle
system on ultrashort time scales, e. g. correct energy conservation in nonideal plasmas, buildup of correlations
(bound states), and kinetics of ultrafast processes in short-pulse laser plasmas.

We present a quantum kinetic theory including initial correlations and being valid on arbitrary time scales.
Various examples of short-time relaxation processes, such as relaxation of the distribution function and the
energy, are shown. Furthermore, gradient expansions of the general equations and the role of bound states
are discussed.
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1. Introduction

Nonequilibrium properties of many-particle systems are successfully described by kinetic equa-
tions of the Boltzmann type. In the quantum case, the Boltzmann equation has the shape

0 O0E, 0 0FE, 0

— — — — ¢ fo(PRt) = I,(pRT), 1
(o T g~ o | £aloR) = 1, (oRT) 1)
where f, is the Wigner distribution. The most interesting term in this equation is the collision
integral I,(pRT) given here in binary collision approximation

2r [ dp2dpi1dp = D -
I(p:RT) = 5 W § (E12 — Er2) [(P1p2| T (E12 + ic) [P2P1)

x (fife(Qxfi)(Axfo)— fif2(1£f1) (1£f2)), (2)

and having the typical features of a Boltzmann-like collision integral: the kinetic energy conserving
delta function, the transition probability in two-particle collisions given by the on-shell T-matrix
and the usual combination of Wigner functions describing the occupation at the beginning and the
end of the collision.

In spite of the fundamental character of Boltzmann-like kinetic equations, which describe the
irreversible relaxation of an arbitrary initial Wigner distribution to the equilibrium distribution
and, moreover, being the basic equations of transport theory, there exist many principle shortcomi-
ngs. This was pointed out already by Prigogine [1] and Resibois [2], Kadanoff and Baym [3] and
by Klimontovich [4]. The Boltzmann equation

’ 2

1. cannot describe the short-time behavior (¢ < tcor) correctly,

2. conserves the kinetic energy (T') only instead of the total energy (T')4 (V') which is unphysical,
especially for strongly correlated many-particle systems,

3. does not describe, because of the on-shell T-matrix, the influence of bound states on the
kinetics,
4. gives as equilibrium solution the distribution for ideal particles.
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These shortcomings follow from a certain assumption necessary for the derivation of the Boltz-
mann equation from the basic equations of statistical mechanics. Let us consider this idea more in
detail. The relaxation of a strongly correlated many-particle system from the initial state to the
equilibrium state runs over several stages as shown in figure 1. In the vicinity of the initial time,
the evolution is strongly influenced by the initial condition, especially by the initial correlations.
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Figure 1. Stages of relaxation of a many-particle system.

We observe in this initial stage the buildup of correlations, and the kinetics is a non-Markovian
one, i. e., there are memory effects. For times bigger than the correlation time!, the time evolution
of the system is determined only by the one-particle density operator. All higher density operators
are now functionals of the latter one. Initial correlation and memory effects are damped out, the
kinetics is Markovian. Finally, after the collision time, we have local equilibrium and, therefore, a
reduction of the phase space to the configuration space description.

Let us first consider a simple description of the relaxation process. We start from the Bogolyubov
hierarchy for the reduced density operators in binary collision approximation. In this approximation
there follows a closed system of equations

. dF HF — [r |V

lth — [H1 , Fl] n r[ 127912}7 (3)
. d HAF | vy = 130
lhicglf_[ 2" 12, g12] Va2, FLF). (4)

It is easy to find a formal solution of the second equation

malt) = Ult.to)ana(ta)U.0)+ 5 [ arU (6t =7) Via, Flt=n) P=n]Ut=70). (3

1

Here, the first term describes the influence of the initial correlations on the time evolution of the
system. The U(t,tq) are two-particle propagators. The second term describes the non-Markovian
buildup of correlations, i. e., the value of the correlation operator at the time ¢ is determined by
all previous times. Inserting now (5) into the first equation (3) leads to a closed non-Markovian
equation for the one-particle density operator which describes the short-time behavior and the
influence of initial correlations.

The Boltzmann equation follows from this equation under very restrictive assumptions:

i) We apply the Bogolyubov condition of weakening of initial correlations (no correct short-time
behavior), i. e.

toli@m g12(to) = 0. (6)

ii) We neglect the retardation (destruction of the correct energy conservation strongly influences
the short-time behavior).

With condition (6), the initial stage is completely neglected. But there are many reasons to
extend the description into the initial region. We here mention only, for example, correct energy
conservation in nonideal plasmas, buildup of correlations, and kinetics of ultrafast processes, e. g.
in short pulse laser plasmas.

IThe correlation time can be defined as the duration of the interaction of two particles, i. e., the range of the
interaction potential over the characteristic particle velocity (e. g. the thermal velocity). For plasmas, tcorr is equal
to the inverse plasma frequency.
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Of course the pure binary collision approximation is too simple, especially in describing the
damping in the propagators U and, therefore, the weakening of initial correlations and other
many-particle effects like Pauli blocking, self-energy, screening of the Coulomb potential in plasmas,
lowering of the ionization energy etc. A generalization of the equations (3,4) is given in [5] and [6].
In this paper we shall consider these problems from a more general point of view of the powerful
real-time Green’s functions [3,7-10].

The original scheme of real-time Green’s functions contains no contribution of initial correlati-
ons. In order to include them, several methods have been used, e. g. analytical continuation to real
times which permits to include equilibrium initial correlations [3,11,12], and perturbation theory
with initial correlations [13,14]. A convincing solution has been presented by Danielewicz [8]. He
developed a perturbation theory for a general initial state and derived generalized Kadanoff-Baym
equations that take into account arbitrary initial correlations. A straightforward and very intuitive
method which is not based on perturbation theory uses the equations of motion for the Green’s
functions [15-18]. It will be presented in the next sections.

Some effects of the initial stage can be taken into account already by expanding the non-
Markovian equation with respect to the time retardation and spatial nonlocality [1,3,19-21]. There-
fore, we shall consider such an expansion in the last section of the paper in order to discuss the
transition from the two-time Kadanoff-Baym equations (KBE) to the usual Markovian kinetic
equation for the Wigner function.

2. Martin-Schwinger hierarchy. Initial correlation

The formalism of real-time Green’s functions describes the many-particle system by a system of
single-, two-, and more-particle Green’s functions. We consider the definition of the single-particle
Green’s function as an average over the time-ordered product of field operators (1) and 9 (1’),

e {oTc {S(to, to)p ()91 (1)} }

g9(1,1') = Tr {TcS(to, to) }

(7)
with
S(to,to) = T exp {—i/cdzd2U(2,2)w(2)¢(2)} .

Tc denotes the ordering along the Keldysh contour [7,22]. The field operators are given in the
interaction picture with respect to a formal external potential U(1,1’). Their equation of motion is

(ihéj’tl " ZZ) wl) == [ 2V =20 @YDl (s)

The density operator is in general a nonequilibrium one. In this case the adiabatic theorem is
not valid and, therefore, we have a causal and anticausal time ordering. In order to handle this
problem for nonequilibrium systems, the time ordering on the physical time axis has to be replaced
by the ordering along the upper and lower branch of the Keldysh contour, see figure 2.

+ g . ) t

Figure 2. Keldysh time contour.

Now we introduce the following notation: times ¢ located on the upper (4) branch are denoted by
t., times located on the lower branch () by ¢_. The expression (7) is a very compact representation
of the causal and anticausal single-particle Green’s functions g¢(* (1,1’ ) and the two correlation
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functions ¢~ (<)(1,1’). In dependence on the position of the two times ¢ and ' on the Keldysh
contour, we get these functions by

9(14,174) 9°(1,1"), 9(1-,1%) =g~ (1,1),
9(17,1/7) = ga(l,l/), g(1+71/—):g<(1a11)' 9)

Of special interest is the two-time correlation function ¢<(1,1’). The time-diagonal part of this
function is just the Wigner function.

In order to derive the equations of motion for the Green’s functions (7) on the Keldysh contour,
we have to introduce the equation of motion for the field operators (8) into the definition of the
single-particle Green’s function (7). Then follows immediately

/di {951, 1) — U1, D)} g(1,150) = 6(1 — 1) + ih/dZ V(1 =2)g12(12,127:U),  (10)
C

with 5 s
v

-111) — 2 O 1

9o ( ’ ) lhatl + 2m

)5(1 ~1).

This equation is not closed. Due to the interaction between the particles, there is a coupling with
the two-particle Green’s function and so on. Equation (10) is therefore a member of an infinite chain
of equations for many-particle Green’s functions, well known as Martin-Schwinger hierarchy [23].

To find a closed equation for the one-particle Green’s function, we proceed in well-known
manner. First, we define the self-energy by

/dT (1, 1)g(1,1) = iih/d? V(1 —2)g12(12,1'2%)
C

iih/d2V(1—2) {i(m—i—g(l,l’)g@,?")}. (11)

Here we took into account that gi5 can be derived from g by means of functional derivation. Next,
we introduce this definition into the first equation of the Martin-Schwinger hierarchy. Then follows
immediately

/di {96"(1,1) = U(1,1) = £(1,1)) } g(1,1") = 6(1 = 1"). (12)
C

This equation is a Dyson equation for nonequilibrium systems which was derived for the first time
by Kadanoff and Baym [3] and by Keldysh [7].

Of course, all problems are now transferred into the self-energy. Therefore, one has to consider
the properties of this function and to find a possibility to determine appropriate approximations for
3. Let us first consider the dependence of ¥ on the initial value of the two-particle Green’s function.
From (11) it is obvious that, in the limit ¢ — ¢, the self-energy has to fulfill the important relation

lim dix(1,1)g(1,1) = iih/drg V(ry —r3) g12(rire, rire; to)

t1 :tll =to

= ﬂ:lh/ drs V(rl - 1'2) {g(lv 1/)9(2’ 2+)t0 + g(lv 2+)g(27 1/)t0 + C(rlrQ’ r,1r2; to) } s (13)

which means that 3 depends on an arbitrary initial value gi12(r1r2, rira;to) of the two-particle cor-
relation function. Consequently, it is necessary to introduce initial conditions in order to determine
the self-energy uniquely. However, for a regular integrand, the integral over the Keldysh contour
vanishes in the limit ¢, — to. Therefore, equation (13) can be fulfilled only if the self-energy has
a contribution proportional to a §-function with respect to the times. Such a term is the Hartree-
Fock contribution XHF. But this term produces only the uncorrelated contribution to the initial
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binary density matrix. This means that the self-energy must contain a second part with a J-like
singularity. The general structure of the self-energy is thus given by

N(LY) = (1) + 29(1L,1) + 5M(1L,1),
Ein(L 1/) = Zm(Lr/ltO)d(t/l - tO)' (14)

It has to be noted that in the adjoint Dyson equation there occurs the self-energy 3 having another
initial contribution ¥, [17].

In order to discuss the influence of the initial correlations on the time evolution of the single-
particle Green’s function, we insert (14) into equation (12) and fix the time arguments to opposite
branches on the contour. Then we get the Kadanoff-Baym equations (KBE) for the correlation
functions

0 h2V% z / T N (T 1/ — yHF N =T 1/
<1h(9t1 + Qm) g<(1,1") — /dl U(1,1)g<(1,1") = /drl ¥, D)g<=(1,17)

t1 tyr

- /di 2> (1,1) — E<(17I)]92(1,1’)+/d1 [22(1,1) + zinu,i)] [g=(1,1") — g> (1,1)] . (15)

to tO

In contrast to the original KBE [3], there are two new properties: (i) the equations are valid
for arbitrary initial times to, (ii) they contain an additional self-energy contribution X" which
describes the influence of initial correlations. These equations are very general and lead, in the
time-diagonal form and for special approximations for the self-energy, to all well-known standard
kinetic equations for the Wigner distribution.

It is very useful to introduce retarded and advanced quantities by FR/4 = +0[£(t — t')]
{F~(t,t') — F<(t,t')}. Then the KBE take the convenient form

T e W T SN
ih— + g<(1,1")— [ d1U(1,1)g=(1,1") — d1¥7(1,1)g<(1,1")

atl 2m
- /di [22(1,I)+Zi“(171)} g*(1,1), (16)
.0 h2v? R/A ' - TN RJA(T 1/ Oof R/A(1 7\, R/A(T 1/ /
iho— 4+ = ) gL = [dLU(L g™ (L) = [AIZHA(, T)g" A1, 1) = 6(1-1). (17)
1

In order to determine the self-energy uniquely, boundary or initial conditions are necessary.
Under the condition tcorr < teon the Bogolyubov condition of weakening of initial correlations,

o Jm g12(12, 12y, = [9(1,1)9(2,2) £ 9(1,2)g(2,1")],, ,

may be applied. With this condition follows ' = 0, and we get the original KBE. This was shown
in [15].

The most general and natural idea to fix the solution of the hierarchy for real times, however,
is an initial condition

912(127 1/2,)‘% = 9(17 1/)9(2’ 2,)‘150 + 9(17 2/)9(27 1/)|to + C(rlrQa rllrIQ; tO) . (18)
Here, c¢(rirs, r;r;; to) is the initial correlation.
3. Self-energy and initial correlations

The central problem is to determine the self-energy including initial correlations. In order to find
the self-energy function, we start with (11) and, therefore, need the functional derivative dg/0U.
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Fortunately, a simple procedure for the calculation of this quantity is available [3]. Equation (12)
can be written for t1,t] > ¢y in the form

o7 gt a1 =50 - 1), (19)
C
Here, the inverse Green’s function g~! is given by
971(171) :g()_l(lvi)*U(laI)fz(]-vI)' (20)
Functional differentiation of (19) with respect to the external potential yields
S0 N(LT) L / - 1y 7y 991, 1)
dl =———¢(1,1") =— [ dl 1,1)——=%. 21
/ o1 D (21)
c c

Using (20), the general solution of this equation and its adjoint can be found:

5 [S0T) + 20 (1,T)]

59(171/) 1oyt ’ ’ T 7 T 4/
—— - = +[(12,1'2") = ¢(1,2")g(2,1 dldlg(1,1 1,1
o (12.12) = g(1.2)9(2.1) + [ W g(1, ) gL 1)
c
+0(12,1'2)), (22)
where C' is an arbitrary function which obeys the homogeneous equation, i. e.
/di g '(1,1)C(12,1'2) = 0, (23)

c

and where Y;, is the initial correlation contribution to ). There are three similar conditions to
(23). One condition follows from the crossing symmetry (1 < 2) and two conditions follow from
the adjoint equation of equation (12).

The function C(12,1'2") makes it possible to take into account initial correlations. To show this
we consider equation (22) in the limit ¢;,#) — to. Since the integral over the contour vanishes, it
follows directly

L(ry,ro, 1,15, tg) = c(r1,12,1],1h,t0) £ g(r1,1h,t0)g(r2, T, o). (24)

Hence, the function c¢(t) has to be identified with initial binary correlations.
In order to explore the temporal evolution of the function C'(12,1'2"), we solve equation (23)
(and the three analogous relations) together with the initial condition

C(12,1'2)|t, =ty=t, =ty =1, = C(to)- (25)
The result is
C(12,1'2') = / d1d2d1d2 g(1,1)g(2,2) ¢(12,12) g(2,2)g(1,1'), (26)
C
with
¢(12,12) = c(T1to, Tato, Tito, Tato)d (T — t0)d(Es — to)d(Ty — t0)d(Es — to). (27)

For the self-energy ¥ we find, introducing equations (22) and (26) into (11), the following
functional equation

1,1) + S (1,1)]
U (2+,2)

»(1,1) = iih/dQ V(1l-2) i/dig(l,i)é[z( +(1—1)g(2,2™)
C

+6(2—1)g(1,2") +/didéd§g(1, 1)g(2,2) c(12,12) g(2,2%) 3 . (28)
C
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For f), a similar equation follows readily [17]. With equation (28), the self-energy is given as a
functional of the interaction, the initial correlations, and the one-particle Green’s function. From
the definition of ¢, equation (27), it is obvious that the last contribution on the r.h.s. is local in
time with a d-type singularity at ¢ = /. Additional terms of this structure arise from the functional
derivative. A further important property of the self-energy follows from comparing ¥, equation (28),
with the corresponding expression for 3. One verifies that ¥ = 3 for all times t1,t] > to, which
means, in particular, that for these times, a well defined inverse Green’s function does exist.

Equation (28) is well suited to derive approximations for the self-energy. By iteration, a per-
turbation series for ¥ in terms of g, V', and ¢ can be derived which begins with

$(1,1) = +ird(1—1") /d2 V(1 —2)g(2,2%) iih/dZV(l —2)

X /didédig(l, 1)g(2,2) c(ﬁ,l'i) g(§7 21) 4 exchange, (29)
C

or, in terms of Feynman diagrams,

1 Q >
ng"'% + exch

Second order contributions are evaluated straightforwardly, too, with the result

LN

In contrast to the conventional diagram technique, the initial correlation appears now as a new
basic element, drawn by a shaded rectangle. The analysis of the iteration scheme shows that all
contributions to the self-energy (all diagrams) fall into two classes: (i) the terms X und X¢ which
begin and end with a potential, and (ii) X' beginning with a potential, but ending with an initial
correlation. This is in accordance with the structure of the self-energy, equations (14), discussed
in the previous section. The same result was obtained by Danielewicz based on his perturbation
theory for general initial states [8].

If one considers the first two iterations for the self-energy more in detail, it becomes evident
that in the initial correlation contribution — in front of the function ¢ — just the ladder terms appear
which lead to the buildup of the two-particle Green’s function. Obviously, the iteration “upgrades”
the product of retarded one-particle propagators in the function C' to a full two-particle propagator,
in the respective order, i. e., ¥ is of the form?

Y1) = iih/dQV(l —2)/df1df2did?2
Xg{;(l?, f‘lto, f'QtQ)C(f‘lto, f‘gto, 1/7¥2t0)g‘4(?gt07 2+)§(t/1 - to). (30)

The analytical properties of g% (12, F1to, Fato) give rise to a damping 12 leading to a decay of
the initial correlation for times ¢ > 1/v12 ~ teorr- Thus, after the initial stage of relaxation, the
Bogolyubov condition of weakening of initial correlations is reproduced automatically.

The method of including the initial binary correlations presented here is, undoubtedly, math-
ematically rigorous. The question arises which initial conditions are physically meaningful, i. e.,
which restrictions exist concerning the form of the function ¢(¢y). The answer to that question has,
in principle, to be given by the actual experimental situation. It can be shown, however, that a
sufficient condition for the initial state is that it can be produced by a preceding evolution from
another, in particular an uncorrelated, state, see [24]. The latter statement is again tangent to
another question — why one does not include the description of such a preceding evolution instead

2Explicit expressions for ¥ and ¥ in T-matrix approximation have been given in [17].
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of constructing an initial correlation? The decision, of course, depends on the physical situation.
However, there exist a variety of cases where the formation of the “initial” correlation is much
more complicated than the result itself, consider, for example, the generation of a dense partially
ionized plasma from a solid state target by an intense laser pulse. In such cases, the formalism
developed above can be of high interest and usability.

4. Numerical illustration and discussion

Let us come back to the Kadanoff-Baym equations (15). Analytical solutions of these complex
equations are available only for free particles. But also numerical solutions are possible up to now
only for relatively simple approximations for the self-energy [25]. A short review of the numerical
scheme for the solution of the Kadanoff-Baym equations and some results are given, e. g., in papers
of Kohler et al. [26,27], and in the textbook [28].

Here we present the results for the numerical solution of the Kadanoff-Baym equations in second
Born approximation for the self-energy. Vp denotes the statically screened Coulomb potential. The
initial correlation contribution is given by

. . dp2 dq
Sin(gop ) = _h5/77{/ R “t1.t0) gt —qt.t
(P1;t1,t1) 1 (2rh)? (27h)3 p(a)g™(P1 +a;t1,t0)g" (P2 — d;t1, to)
x c(p1 + @, P2 — @, P1, P2; 0)g” (P2i o, t1)d(t] — to). (31)

The initial correlations were chosen in the form of the Debye pair correlation:

(P21 + .02~ o) = — s S F(p)f(2) L~ F 1+ @)~ £ (P2~ )

to
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Figure 3. Temporal evolution of the imaginary part of g<(¢,t'), momentum k = 0.8/ap, for

electrons in hydrogen. The initial distribution is a Fermi distribution with 7" = 10000 K and
-3

n=10*' cm
As a model system, electrons in a hydrogen plasma are considered with the density n = 102!
cm ™3 and the initial temperature Ty = 10000 K. Figure 3 shows the result of the numerical compu-
tation for the full time dependence of Im g<(p, ¢,t') for a fixed momentum. The time evolution of
the Wigner function for this fixed momentum is given on the time diagonal ¢ = t’. Perpendicular to
the diagonal, the spectral properties become apparent. There are oscillations which are connected
with the single-particle energy and a damping of the amplitude which characterizes the damping
of the single-particle states.
Macrophysical quantities are directly computed from the correlation function. For example, the
kinetic energy is given by

@) =V [ o (i (p.t.1) (33)
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and the potential energy follows from

(V)(t) = %v / ( Qig)g {(ihgt - ihi/) - i} (—ih) g5 (P, b, )e—r. (34)

Here, V is the system volume.

T RO ]
i
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9
[a— O .T~: '''''''''''''''''''''''''''''''''''''
é ) ~..:':':‘_- ____________
LLl -1 l’

0.0 0.4 0.8 1.2 1.6

Time T[fg]

Figure 4. Temporal evolution of the kinetic energy without (narrow-dotted line) and with ini-
tial correlations (wide-dotted line), potential energy w/o (narrow-dashed line) and with initial
correlations (wide-dashed line) and total energy without (solid line) and with initial correlations
(dash-dotted line) for electrons in a hydrogen plasma. Parameters see in figure 3.

Figure 4 shows the time evolution of kinetic, potential, and total energies for electrons in a
hydrogen plasma for two different initial states: an initially correlated and an uncorrelated case
[18]. The following analogies and differences can be observed:

e In spite of the same initial density and temperature, the initial states are principally different.
In the initially uncorrelated case, the correlation energy is zero at to = 0. If there exist initial
correlations, it has already a finite value, leading, e. g., to a different total energy.

e The behavior for short times (¢ < teorr) is completely different, too. In both cases, this stage
is determined by the correlation buildup. In the case of nonzero initial correlations, however,
this buildup is superposed by their decay. Therefore, the value of the correlation energy is
decreased.

e The evolution in the kinetic stage, i. e. after the correlation time tcq., is independent of
the initial correlation. Thus, Bogolyubov’s weakening condition [cf. equation (6)] comes out
automatically in that stage without postulating it, i. e., the system has “forgotten” about
the initial state.

e Due to total energy conservation, different final kinetic energies (and therefore, final temper-
atures) are reached. Thus, the equilibrium state is effected by the initial correlation due to
its contribution to the total energy.

e The equilibrium correlations agree approximately. They are nearly independent of the initial
state.

We can conclude that the energy evolution on short time scales strongly depends on the initial
state of the system, especially on the initial binary correlations. In the example shown above,
the initial state is overcorrelated and, thus, causes a reduction of the kinetic energy. It can be
easily verified by a simple energy balance that an overcorrelated initial state will always cause a
decrease of kinetic energy while an undercorrelated initial state leads to its increase. Apart from
contributions due to correlations built up in the system, the kinetic energy is closely connected
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with the temperature. Thus, we can conclude that, by preparing an overcorrelated initial state,
it should be possible to cool down a system [29-31]. This cooling effect can be of experimental
importance e. g. for ultracold ions in traps in order to reach still lower temperatures.

5. Kinetic equation in first order gradient expansion. Bound states

Let us now discuss the transition from the Kadanoff-Baym equations (KBE) to the usual kinetic
equations for the Wigner function,

dw

fo.R.0) = [ 52 ()% (b Ro1), (3)

with ¢g<(p,w,R,T) being the Fourier transform of ¢g<(1,1') = g<(r,¢, R, T) with respect to the
variables r = r; — r} and t = t; — t/, respectively. R and T are determined by R = (r; +r})/2
and T = (t1 +t1)/2.

An equation for the Wigner function follows from (15) and its adjoint equation in the time
diagonal case t; =t; =T,

T
(:T s Pvn R, t)Vp> falp.RT) = [ A {[S5(10) + (7.
to

XQA(LT? T) + ER(T,ﬂg< (E’ T) - g< (TvazA(fa T) - gR(T’ﬂ [Z<(E’ T) + Zin(ﬂ T)} } : (36)

The time-diagonal KBE is the most general quantum kinetic equation. Like in the case of the
two-time KBE, we retained still (i) the effect of initial correlations, (ii) the effect of retardation,
and (iii) the validity of conservation laws. The r.h.s. of equation (36) represents a far-reaching
generalization of usual collision integrals. However, the kinetic equation for the Wigner function is
not closed because the single-particle Green’s function arises on the r.h.s. In order to get a closed
kinetic equation in explicit form, one still has to solve two problems:

(i) The self energy 3 has to be determined as a functional of g= by appropriate approximations.
Standard approximations are, e. g., the T-matrix approximation and the RPA.

(ii) The two-time correlation functions have to be reconstructed from the Wigner distribution.
This so-called reconstruction problem is often solved using the Kadanoff-Baym ansatz (KBA).
A more general solution was proposed by Lipavsky, Spicka, and Velicky [32] who derived an
integral equation for the reconstruction. Usually only the first iteration of this equation, the
generalized Kadanoff-Baym ansatz (GKBA)

9= (t1, 1) = g™t 1) F(H)) — F(t)g™ (t,1h) (37)

is used. With the GKBA one gets from (36) a closed non-Markovian kinetic equation for the
Wigner distribution [5,6,10,17]. We shall not follow this line here.

Some effects of the initial stage can be taken into account already by expansions with respect
to the retardation. The KBE (16) are nonlocal equations in space and time. Applying the gradient
expansion [3,9,10] to (16) and the adjoint equation, one obtains for the correlation functions g<
the following equations

{Reg® 'ig2} — {i52,Reg®} = ¢~ - g%<, (38)

>

For the corresponding spectral function a = i(g <) = i(gf — g4) the difference of the two

above equations gives

-9

{Reg® ', a} — {T,Reg®} = 0. (39)
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All quantities in (38) and (39) are functions of p,w, R, T. The damping I' = i(¥> —X<) = —2Im X}
was introduced, and Poisson brackets were defined by
0A0B 0A0OB O0AJ0B 0AO0B
ABl=——F——— - —— + ——. 40
WA By =50 9T “ T ow  9pR ' OR op (40)
The equations for the retarded and advanced Green’s functions on the same level of approximation
read

2
(w +ie — QP; - ZR/A(p,w,R, T)) gR/A(p7w,R7 T)=1. (41)
m

The KBE (38) in gradient approximation are the basic equations for our further consideration.
We shall follow the line of the papers [21,33,34]. The first bracket on the Lh.s. of (38) is a general
drift term, and the r.h.s. describes collisions. The second contribution on the 1.h.s. of equation (38)
is not so easy to interprete. If damping is small, it may be neglected, cf. (39). In general, this term
is off-shell with respect to quasiparticle energies.

If this term is neglected — no damping — one gets with Regl‘r1 = go_1 —SHE _RexE  for the
spectral function the following expression

a(w,p) = 276(w — p?/2m — ReX®) = Z 215 (w — E(p)) (42)
with the quasiparticle energy E(p) = p?/2m + ReX(w = E) and the renormalization factor

- OReX

Zt=1 .
8w w=F

(43)

The drift term in the corresponding kinetic equation is called, therefore, on-shell drift. The different
approximations for the on-shell drift are connected with the assumption of the smallness of the
gradient contributions. In dependence on the approximation of Rengl, the free particle, the mean
field and the quasiparticle drifts may be obtained as it was carried out in detail in [35]. The resulting
kinetic equation describes ideal (quasi)particles.

Retaining the off-shell contribution, however, enables us to overcome the shortcomings of that
equation, cf. the discussion of Boltzmann-like equations (1) in the introduction. One is able to find
nonideality contributions and to avoid inconsistencies like violation of sum rules by (42) etc. The
derivatives on the L.h.s. can be rearranged to give a more useful form

=g <Y~ —g”¥<. (44)

Oow

ig< —i¥X<—=—

0 oz OReXE - OReg’ 0 [ORexF -
oT oT

s ig2 +in2 2

> OReg®
Oow ow

For the sake of clarity, we dropped the derivatives with respect to p and R.
A kinetic equation for the Wigner function (35) follows immediately by an integration of (44)
with respect to w

R R
of 0 [ [(ii)gﬁ aR;f - (ii)2<—ag‘f ] =+ / do (55> —g75%) . (45)

ar  ar ) 2« 27

Using the dispersion relations for Reg and ReY, this equation can be transformed to

o =1 (. T)+ I () (46)
with
0 dor | o< > > <
I"(;pT) = /%[(11)2 (WD)ig” (WT) — 1%~ (WT)(£i)g (wT)], (47)
N T) = a% / déf)‘f wlli /w2 i (@1 T) (£1)g< (woT) — (£)S< (@i T) ig” (woT)] . (48)
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Equation (46) represents a kinetic equation for the full Wigner distribution function. On the r.h.s.,
the collision integrals are given in terms of the correlation functions g2 and the self-energy functions
¥2[g2]. The latter are, again, functionals of the g<. Therefore, a reconstruction formula is needed
in I° and I' in order to get a closed kinetic equation for the Wigner distribution function f. The
additional collision integral I' in (46) is clearly a new element and reflects nonideality corrections.
However, also the term I° contains in the self-energy functions further gradient (nonideality)
corrections besides the usual Boltzmann-like terms.

For further progress in deriving a kinetic equation, the connection between the correlation
functions g2 and the Wigner distribution will be investigated. The starting point is the equation
(44). The real part of the retarded Green’s function can be determined using the dispersion relation.
In the limit I' — 0 it follows that

P
Reg”(p,w, R, T) = 3 : (49)
w— 32— —ReX®(p,w,R,T)
Taking this approximation for Reg” in equation (44), one gets
nR P
K (1 _ ORe ) P S
or Ow w — &~ — ReXF
0 | OReX® > S P’
il 2+ - = ¢“X” —g %< 50
50 | a7 (lg +i ST Rewr g g (50)

The structure of this equation now suggests to define a new quantity Q< by
Pl

N .= =
QL =g + ¥ —————— |
w— £ _ReDR

(51)

which leads to a kinetic equation for the Q<

) Kl_aReE)in} L9 [aReziQﬂ - (52)

oT Ow dw | OT

The physical meaning of the special correlation functions Q< becomes obvious if we introduce a
spectral function according to the usual definition by Ag = i(Q~ — @<). The equation for Ag
following from (52)

0 OReX\ . 0 [OReX.
o |(1- 5 ) i@ - @) + 1 | i@ - @) =0
has the solution )
Ag =i(Q” — Q) =216 <w — ;77, — ReZ‘R> . (53)

From the representation (53), it turns out that the quantity @ describes quasiparticles [21,33,34].
It is useful to introduce a quasiparticle distribution function by

2
+iQ< ) <w - g—m - Re2R> o, R, T) + X(p,w,R,T), (54)

iQ” = 2md <w - % - ReER> (1£f9P,R, 7)) +X(p,w,R,T) (55)

with a function X (p,w, R,T') arbitrary so far.
The determination of the quantity X is the point where the problem of an ansatz arises. As
stated above, the correlation functions Q< describe undamped quasiparticles. If these functions
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are considered in the time domain, an ansatz similar to the generalized Kadanoff-Baym ansatz can
be used:
Q< (t,1) = GG 1) fU(H) - FARGH(ET) (56)

with f@ and Gg/ A being the quasiparticle distribution function and the quasiparticle popagators,
respectively. Introducing the difference time 7 and the centered time 7" in the usual way and
performing an expansion with respect to the retardation in the quasiparticle distribution, we get
after Fourier transformation

+iQ<(w,T) = Ag(w, T) fO(T) — %ReGg(w, T)a% feT). (57)

The correlation function )~ is given in a similar way by

0

Q7 (0, 7) = Aq(w, T)(1+ JOT)) — 2L ReGB(w, T) (1 % fO(T)) (59)
Comparison with (54,55) gives
7] 0
X(w,T) = f%ReGg(w,T)a—T (£f9UT)) . (59)

If we insert (57) in (51), the following expression in terms of the quasiparticle distribution
function can be derived for g< [21]

2 /
+ig<(w,T) = 276 (w - ReER> fUT) - 2P (+£1)2<(w,T)
2m (w - - ReE)
P’ )

e T ) (60)

A similar expression, but without the last term on the r.h.s was found in [33,34], see also [35]. As
it can be seen from this expression, the correlation functions consist of a pole contribution and an
off-pole part.

In order to get an equation for f@, one can use equation (52) together with (60). As the quantity
X (59) is of first order in the derivatives (it consists of a collision term), it can be neglected on
the Lh.s. of (52). The d-function in (60) leads to the quasiparticle energies. Then ReX does not
only depend on the variables R or p explicitly but also implicitly via w = E(p,R,T) [3]. With an
integration with respect to w and the reconstruction formulae (57) and (58) there follows a kinetic
equation for determining the quasiparticle’s distribution function

9 OE & OF 0 e
T + 9p IR E)Rap] fP@.R,T) = Z[(+)E<(p,E,R,T)(1+ f%(p,R,T))
— i (p, B, R. T)f%(p, R, T)] . (61)

This equation is well known as Landau-Silin equation in the theory of Fermi liquids.
Now it is easy to obtain the full Wigner function. Integration of (60) with respect to w and
expansion of the renormalization factor Z gives [21,35]

FRT) = AR (14 RS R T)oms |

dw P’ <
_ / o (w - % - Rez) (£)2(w,T). (62)

With equation (62), an interesting relation was obtained which makes it possible to determine the
Wigner function f from the quasiparticle distribution function f@ which may be obtained from the
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Landau-Silin equation. The first term on the r.h.s. describes ideal quasiparticles and the second
one stands for the scattering contribution of quasiparticles.

Finally we have to express the correlation function ¢< in terms of the Wigner function f instead
of the quasiparticle distribution f&. This can be done in the way that the quasiparticle distribution
function in (60) is substituted by the full Wigner function using equation (62) [21]

£ig<(@.T) = 23w B) f(T) - 0D
P [ P
_ m(:l:l)Z (w,T) + 2716 (w E)/ o7 @ E) (£)Z<(@,T). (63)

In the case of the thermodynamic equilibrium, ¥< =T f(w) with f(w) being Bose- or Fermi-like
functions. Then from (63) the extended quasiparticle approximation follows [10,36].

Now we are able to find a closed kinetic equation for the Wigner function in first order gradient
approximation. We start with equation (48). On the r.h.s., the collision integrals are given in terms
of the one particle correlation functions ¢g< and the self-energy functions X<. The latter are, again,
functionals of the g2. As an example we consider the self-energy in a ladder approximation, i. e.,
it is given by the T-matrix T2

dpe dw . _
¥2(prw,T) = / (2713)23 5 <p1p2 ’Tz (w+ (I),T)’ p2p1> ()¢S (p2@, T) . (64)

Expressing the correlation functions of the T-matrix via the so-called optical theorem, however,
leads to further gradient terms. Using further the reconstruction formula (63) in I° and I' to the
appropriate order, one gets a kinetic equation for the Wigner distribution function f. We obtain
the Boltzmann equation in first order retardation [5,21,37]

0 P off _ lii B
(611 + miQVR VRUa (Ra T)VP> fa(pa R, T) - &11_1)1(1) (1 + 2 dT dE) I (p,(f)
= I%(p)+I%(p). (65)

Here, IP(p,€)|.—0 = I?(p) is the Boltzmann collision integral with

1 € 1 €
IB = — [ dpedpidps [ dw— — _
(e) / P2¢p1 p2/ ww(w—E12)2+527r(w—E12)2+62

x |(p1p2|T" (w +i€)|f)2f>1>|2 (oA fi)(Xxfo)— fif2 (1 £ f1) (1 £ f2)] . (66)

The first order retardation contributions from the derivative optical theorem for the T-matrix and
the reconstruction formulae used in I° as well as the term I' are collected in I* [21]. Due to
the additional term I%, the kinetic equation (65) conserves, in contrast to the usual Boltzmann
equation, the density and the energy of a nonideal system [21,35].

It is interesting to have a closer look at the term I' (48) in the T-matrix approximation

0 d 1o}
I = 87/ (2::)23 {&URG (P1P2| T (w)[P2P1) lwm E(p1)+ E(ps) 12
/Z:<p1p2|T<(W+€(p2))|P2p1>w_];(pl)(lflfz)} . (67)

It is important to remark that the second term in (67) is determined by the off-shell T-matrix.
Therefore, it can be expected that this term contains bound state contributions. In order to separate
the bound state parts, the off-shell term T< is written as a bilinear expansion with respect to the
bound and scattering eigenstates of the two-particle Hamiltonian [10,21]

0 dp2 . ‘
=Lt 37 [ G >~ upaliP) (Pilpapy) (P (68)
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Bound states can be considered now as a new species of composed particles. Then it is obvious
to introduce the distribution function of the bound states f(p;) and the free particles by the
relations [21,38]

fBp1) = /(2(17512)3Z<p1p2|\1u'P><\i;jP|p2p1>Nj(P)7 (69)
jP
fp1) = fPpu) + M (po). (70)

Using these definitions, we get for the kinetic equation for the free particle distribution function
fF(p1) [21,39]

(5 + 2~ Vel (R 1)V ) 1 (9 RT) = 17 4 I ™)

This equation is the basic equation of the kinetic theory with reactions, e. g. ionization and re-
combination, in plasmas. But we have to take into account that the kinetic equation is effected
by bound states only if there are changes of the bound state occupation N;(P) with respect to
the time. That is the case only in collisions of at least three particles or for external fields. The
approximation of the self-energy is therefore to be extended to a cluster expansion up to three or
more particles, see e. g. [10,38,40-42].

In summary, we can conclude that the inclusion of the first-order gradient corrections gives an
essential generalization of the usual Boltzmann equation. Especially, this equation conserves the
total energy in binary collision approximation. Furthermore, in (65) off-shell contributions appear
which make it possible to investigate long-living correlations such as bound states.
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KopoTkouyacoBa kKiHeTUKa Ta NO4YaTKOBI KOpensuii y HeiaeanbHUX
KBAHTOBUX CUCTEeMaX

O.Kpewmn, [.Cemkar, T.bopHas

YHiBepcutet PocToky, IHCTUTYT ¢isukun, D-18051 PocTok, HimeuwdnHa

OTpumaHo 16 6epe3Hst 2006 p., B ocTtaTtoyHOMY BUmsai — 12 TpaBHsa 2006 p.

€ 6arato npuymH Wob po3rnsaaTv KBAHTOBI KIHETUYHI PIBHSIHHS, LLO ONUCYIOTb €BOJIOL,I0 6araTto4acTuH-
KOBOI CUCTEMU B Y/IbTPAKOPOTKMX YAcoBMX MacluTtabax, Hanpuknag 30epexeHHst eHeprii y HeigeanbHin
nnas3mi, HapOCTaHHS KOpenaLii (3B'A3aHi CTaHW) Ta KiHeTuKa yNnbTpaLLIBUAKUX NPOLECIB Y KOPOTKOIMMY/b-
CHil1 NasepHin nnasmi.

MpeacTaBneHo KBaHTOBY KIHETUYHY TEOPIlO, L0 BKIIOYAE NOYATKOBI KOpensuji Ta € cnpaBensIMBoIO Ha A0-
BiJIbHMX 4aCOBMX MacLuTabax. [Moka3aHo Pi3Hi NpUKNaaM KOPOTKOYACOBUX penakCcaLiinHuX NpoLLeciB, Taki
Ak penakcauist GyHkuii po3noainy Ta eHeprii. Kpim Toro 06roBopoeTLCS rpagieHTHUIA PO3Kiaz 3aranbHuX
PiBHSIHb Ta POJIb 3B’I3AHNX CTaHIB.

KniouoBi cnoBa: KiHeTnyHa Teopis, AiricHo4acoBi QyHkLii [piHa, kKopoTkoYyacoBa penakcauis
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