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The idea of treating quantum systems by semiclassical representa-
tions using effective quantum potentials (forces) has been success-
fully applied in equilibrium by many authors, see e.g. [D. Bohm,
Phys. Rev. 85 (1986) 166 and 180; D.K. Ferry, ]J.R. Zhou, Phys.
Rev. B 48 (1993) 7944; A.V. Filinov, M. Bonitz, W. Ebeling, J. Phys.
A 36 (2003) 5957 and references cited therein]. Here, this idea is
extended to nonequilibrium quantum systems in an external field.
A gauge-invariant quantum kinetic theory for weakly inhomoge-
neous charged particle systems in a strong electromagnetic field
is developed within the framework of nonequilibrium Green’s
functions. The equation for the spectral density is simplified by
introducing a classical (local) form for the kinetics. Nonlocal quan-
tum effects are accounted for in this way by replacing the bare
external confinement potential with an effective quantum poten-
tial. The equation for this effective potential is identified and
solved for weak inhomogeneity in the collisionless limit. The
resulting nonequilibrium spectral function is used to determine
the density of states and the modification of the Born collision
operator in the kinetic equation for the Wigner function due to
quantum confinement effects.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Correlated charged particles in external confinement potentials are of growing interest in many
fields of physics. Examples are valence electrons in metal clusters, e.g. [4-6], electrons in quantum
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dots, e.g. [7-9], dusty plasmas [10,11] or trapped ultracold atoms or ions [12,13]. Of special rele-
vance is the response of these systems to a time-dependent electromagnetic field including, in par-
ticular, high intensity fields generated by novel radiation sources like short-pulse lasers or free
electron lasers. Being exposed to such fields, the charged particle ensemble will typically be driven
far away from equilibrium. To describe these phenomena, a general nonequilibrium approach is
necessary which consistently includes field-matter interaction and many-particle and quantum
effects.

Nonequilibrium Green’s functions provide a powerful method to treat strong field effects in
quantum many-body systems, thereby fully perserving conservation laws [15a,15b]. and have been
successfully used by many authors; for an overview cf. [14-16] and references therein. Among the
central problems is that the results of many-body approximations (such as gradient expansions)
are known to be dependent on the chosen gauge. Therefore, an explicit gauge-invariant theory
[17] provides a convenient starting point from which approximations can be systematically de-
rived. This method turned out to be fruitful in many fields including semiconductor quantum
transport, e.g. [16], and dense quantum plasmas [19,20] and laser plasmas [21], for a recent over-
view see [22].

The latter results were limited to spatially homogeneous systems. For the present case of spa-
tially confined systems it is necessary to extend them to the inhomogeneous case. In many situa-
tions of trapped particles the confinement potential is varying relatively smoothly and slowly
compared to the inter-particle distance or the mean free path, which allows us to directly extend
previous works [19,20]. In previous papers [23-25] first results along this path have been presented
for valence electrons in metal clusters. The objective here is to give a brief review of this gauge
invariant nonequilibrium Green’s function representation (Sections 2.1 and 2.2), and a practical
application to obtain a quantum kinetic theory of confined particles (both fermions and bosons)
in a strong electromagnetic field. The central new feature of this analysis is the inclusion of the
quantum effects associated with both the confining potential and external fields via the introduction
of a nonequilibrium local quantum potential which generalizes earlier concepts of stationary quan-
tum potentials, see e.g. Ref. [1-3,30,31]. This is described in Section 2.3 and is used to determine the
spectral function and spectral density in the collisionless limit as a function of this potential and
arbitrary external electromagnetic field. The corresponding self-consistent equation for the quantum
potential is solved in Section 3 for a slowly varying (in space and time) confining potential. Explicit
forms for the spectral density and density of states are considered to demonstrate the quantum
effects.

The kinetic theory for the Wigner distribution in the Born approximation is considered in Section 4.
It is noted that the nonlocal quantum effects of the confining potential in this equation lead to a dif-
ferent quantum potential, using an approach similar to that of Section 3 for the spectral density. The
details of this potential are not pursued here. Instead, attention is focused on the effects of the spectral
density on the collision operator. Coulomb collisions are described by eliminating the two-time cor-
relation function via the generalized Kadanoff-Baym ansatz [18-20]. The resulting collision operator
is expressed in terms of the spectral functions. Using the results of Section 3 these are expressed in
terms of the quantum potential, showing how the Coulomb collisions are modified by quantum effects
associated with this confinement potential.

2. Gauge-invariant quantum kinetic theory of trapped particles in a strong electromagnetic field

In this paper, we consider an ensemble of N trapped correlated quantum particles subject to a
strong time-dependent classical electromagnetic field which are described by the Hamiltonian

H = Y {6<’Zvieg/\(ri,t)> +¢(ri,t)+V(l‘,‘7t)+XN: eg } (1)
=1

i j<i Ir; — 1]

Here a labels the particle species, €(p) is the single-particle energy dispersion, e.g. band structure, and
V is the confinement potential, e.g. an external trapping potential that can be time dependent.
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2.1. Kadanoff-Baym/Keldysh equations

The field theoretical description of quantum particles is based on the bosonic/fermionic creation
and annihilation operators ' and y which are defined to guarantee the spin statistics theorem

YY) F (1) =y Oy’ 1) F¢' 1)y (1) =0,
YY) Fy (1) =6(1 - 1),

where t; =t} has been assumed, and 1 = (ry, t1, s3). Below, we will drop the spin index as it is not rel-
evant for our analysis. The nonequilibrium state is described by the two-time correlation functions
which are statistical averages (with the initial density operator of the system) of field operator
products

g1 = %W(Ulﬁ(l')% g (1) = i%w*(l'wm» @)

where in nonequilibrium, g> and g< are independent from each other and contain the complete
dynamical and statistical information. In the present case, we will be interested in the one-particle
density matrix obtained from the function g< along the time diagonal according to

Fi(r1, 1), t) = £ihg=<(1, 1’)|t1:t;, 3)
and the spectral function from values across the diagonal in the t;—t}-plane
a(1,1) =ih{g~(1,1) -g~(1,1)} = ih{g"(1,1") - g (1,1}, 4

where gR?/4 are the retarded and advanced Green’s functions
g1, 1) = xo[:(t - t)){g"(1,1) —g~(1,1")}. (5)

The equations of motion for the two-time correlation functions are the Kadanoff-Baym/Keldysh equa-
tions (KBE) which, in the presence of a strong homogeneous electromagnetic field and an inhomoge-
neous confinement potential V, read [23]

{”’% - Eevl *%A(n)) - V(lﬂgz(l, 1) = / dry 2 (1,161)g7 (16, 1)
1

+/HﬁwﬂLn—2ﬂLMfde

v
- [z ) -g 1,1, (6)
Jto
and have to be fulfilled together with the adjoint equation. The Lh.s. of Eq. (6) contains all single-par-
ticle terms, whereas the r.h.s. contains all corrections due to mean field, exchange and correlations.
Further, t, denotes the initial time where the system is assumed to be uncorrelated (otherwise, the
equations have to be supplemented with an initial correlation contribution to X, cf. [26,27]). = is
the Hartree-Fock self-energy (Hartree mean-field plus exchange energy) and ~< are the correlation
self-energies which describe collision processes, ionization and so on.

The equations of motion for the correlation functions (6) are completely general. They include an
arbitrary electromagnetic field and confinement potential as well as any kind of correlation and scat-
tering effects. These equations can be solved directly or used, via the reconstruction ansatz, to derive a
closed equation for the density matrix (3). For the purposes here, where analogy with corresponding
classical forms are exploited, an equivalent representation, the Wigner representation, is more appro-
priate. This is obtained by first introducing the center of mass and relative variables

_ntn
T2

_thitt

R 5

, T r=r;—-r;, T=t-t. (7)
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The Wigner representation for a function of ry, 1}, t;,t} is obtained by Fourier transform with respect
to r in the new coordinates. For example, the density matrix F; (R +%,R — I t) = F(R,r,t), for which
7 =0, T =t, becomes in the Wigner representation

f(,R,t) = +ihg= (P, Ry t1, )|, ¢ - 8)

where f(R, p, t) is the Fourier transform of F(R, r, t). In the presence of external electromagnetic fields,
it is useful to modify this Fourier transform to assure gauge invariance, as described in the next
subsection.

2.2. Gauge-invariant Fourier transform of the KBE

It is well known that the electromagnetic field can be introduced in various ways (gauges) which
may lead to essentially different explicit forms of the resulting kinetic equations. Although alternative
derivations are successfully applied too, gauge invariance becomes a particular problem if the result-
ing kinetic equations are treated by means of approximations, such as retardation or gradient expan-
sions, e.g. [16]. To keep the theory as general as possible and to avoid these difficulties, we will
formulate the theory in terms of correlation functions which are made explicitly gauge-invariant.

In this section, we use a co-variant 4-vector notation as it makes the following transformations
more compact and symmetric. The corresponding definitions are

Au=(ch,A), x,=(ct,1), X,=(ctR),

and the conventions a, = (do,a),a" = (ap, —a) and aﬂb“ = apbo — ab are being used.
The Kadanoff-Baym/Keldysh equations (6) remain covariant under gauge transformations y(x), i.e.
under the following transformations of the potentials and field operators [23,19]

Au(X) = Au() = 0uf(X); ValX) = ROy (x), 9)
leading to the gauge transform of the Green’s functions
Za(x,X) = el D]g (x, ).

Following an idea of Fujita [17], we introduce a gauge-invariant Green’s function g,(k, X) which is gi-
ven by the modified Fourier transform

- - d'x (7 X i, €a 4
gk X)= / a7 {1‘ 7% dix,, [k +2A (x+;,x)} g(x.X). (10)
Then under any gauge transform (9) it is seen that the phase factors in the transformation to g4(x, X)
cancel those in the transformation to A,(x) in the modified Fourier transform, leading to the invari-
ance g,(k,X) = g,(Kk, X).

In the following, we focus on spatially homogeneous electric fields and use the vector potential
gauge

ot
Ao= =0 Azfc/ dt E(f). (11)
In this case, the time part of the transform (10) becomes the usual Fourier transform, without any field

modification. Applying first the spatial part of the transform (10) to Eq. (6) yields the gauge-invariant
quantum kinetic equation in Wigner representation [23]

L0 KNG, h A o] Las )
{mat]—lhwVk—e{zl.VR+k—Ka(tl,t])} &2 (kR ty,1))

- / dl‘/ (zdrt;:)?’ e’ﬁ'(k*kﬂve“ (R + % s t1>g§ (k] R, tq, t’])

=1I; (KR t;,t)) + IZ (KR, t1, 1), (12)
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where the Hartree mean field =¥ is local (momentum independent) and, therefore, can be included
into the effective confinement potential

VTR, t) = VR, t) + ZH(R, 1). (13)
The electromagnetic field enters Eq. (12) via the field-dependent momentum
5}
KA(E, €)= / deA() — A(t)] = O / de (¢, — t)E(t"). (14)
t t—ty Jy

Further, the r.h.s. of Eq. (12) contains all two-particle and higher order contributions to the dynamics
in excess of the Hartree mean-field: the exchange contribution I?ﬂ and the collision integrals IZ. The
gauge-invariant collision integrals are

- 3} ~ -~
Ig :/ dfl{zi(thihfl) - Z:(th7tl-,fl)}gf(kijl»ﬂ])

to

o e V(5 oY _ & -
- dt; 23 (ki R, t1,6){g; (I, R, 1, t]) — 85 (Ko, R, 1, £)) }, (15)

Jt

with k; =k + % fttll dt’% —a i dr Ao A(t -and k, = k+% f“ dr tA ‘;, & fr:‘ dt’ %. The equations of
motion (12) and the adjoint for the two time correlatlon functions are the basis for a very general
analysis of the nonequilibrium behavior of confined quantum particles in a strong time-dependent
electric field. In principle, their direct numerical solution is possible, following previous numerical
works for spatially homogeneous charged particle systems, e.g. [14,28,29]. Alternatively, one can
use these equations as a starting point for analytical derivations. In particular, these equations directly
yield the gauge-invariant equation for the Wigner distribution function which was obtained in Refs.
[23,24].

2.3. Spectral properties of particles in a strong field

The strength of the Green’s functions approach is that both statistical and dynamical properties,
described by the Wigner function and the spectral function, are treated self-consistently. This is of par-
ticular importance if approximations are being developed. In this section, the equation for the spectral
function is obtained in the Wigner representation. The resulting approximate spectral function ob-
tained is then used to evaluate the collision operator of the kinetic equation in Section 4.

The spectral information is obtained by considering the Green’s functions g5 (k,R, t;, t;) as a func-
tion of the relative time t, where t = (t; + t7)/2, T = t; — t}. This is determined by considering the sum
of Eq. (12) and its adjoint, and using the definition for the spectral function (4) to get

1

B
{lhat_‘cl(’”(t]’t])vk_Zma

h 2 h )
{(m’v“> +k2—7l(aA_(t1,t1)VR
+%(K{,‘2(t1,t’1)+1(;‘2(t;,t1)) 2KK" (t1, 1 )]}a(k,R,‘c,t)

2/ /;:‘h‘ e-frlck) veff(R+j, )+er¥“‘ ki) Veff<R+§7t/)}a(kl,R,r,t)

= —hlm( (R by, b)) =I5 (KR, 61, 6;) + 12 (KR, b, ¢) — I (R, tl,t’)) (16)

where a parabolic dispersion relation has been used. The vectors K2, (t;,t,) are related to that of (14)
by

1 e, [t T T
A /Iy — A / At _*a " _ S 1"
l(ai(tl,n)_z[I(a(tl,t1)il(a(t],t1)] o /t,5 de [(t 5 t>j:<t+2 t)]E(t . (7)
The result (16) is still completely general, including strong field effects, spatial inhomogeneities and
correlations.
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The left side of (16) describes the “kinetics” of the spectral function with respect to 7. In addition to
the effects of the external electromagnetic field this describes the single particle effects of the kinetic
energy and the effective potential Vv (R+1%,ty). This is non-local due to quantum effects resulting
from the non-commutation of kinetic and potential energy. However, if this confining potential is con-
stant, or sufficiently smooth, in both space and time then a local approximation can be made

dk; —r(k—k) eff r ir(k—k; ) yseff L
2/ /Zrch IRV (R 45 ) eV (R ) ) ale Ry 7 0)

~ V(R t)a(k,R, T,1). (18)

Also in this limit the nonlocal terms proportional to gradients of a(k,R, t,t) can be neglected. The
resulting local form can be solved exactly in the collisionless limit to get

2 T 2
(< o mig))eisk {f IR RIE FTR) D
. (19)

In the absence of external fields, the corresponding spectral density (Fourier transform with respect to
7) is the expected sharp result

ak,R,T,6;E)=e

k2
2mg
More generally, much of the simplicity of the local form can be retained without losing the important

quantum effects by the introduction of a “quantum potential” Vaff(k, R, 7,t) that absorbs all non-local
terms of (16). This is accomplished by writing (16) in the form

2
{ih (% - %l(fl‘+(t17t’1)vk> | Ve (k,R, 7, 1) +% <K’f(t1,t’1) +KY (1), t1)> —2KK" (1,1 )} }a
— —him (T (K R, t1,6)) = T, (R b1, ) + T (KR, t1,6) = T (KR, £1,89) )

a(k,R, w,t;A) — 2nthé(hw — e(k,R)), €k R) =-——+ V(R 1). (20)

2mq

(21)

where a = a(k, R, 7,t). This will be exactly equivalent to (16) if the quantum potential is defined by

V(K R, 7. 1) __/ / dk, otk k) Veff<R+_ >+e—r(l( k) Veff<R+_ t,)}a(kl,R,r,t)

(2mh)? 2’ 2’ a(k,R, 7,t)
+ L 2((V Ina(k,R,7,t))* + Vilna(k,R,T t))
2mu 2i R s B8 4y R s TG4,
- ?Kfl‘f(t],t’]) -Vrlna(k,R, 1, t)} (22)

However, its local form is now more suitable for approximations. For example, in the collisionless limit
the solution to (21) is found to be

2
-+ (Zmaprf dr’ Ve“(kﬂc(r Tt RT )+— |:ft+2 dt (f dt”E(t" ) <f dtf dt"E(t" > :| )
. (23)

where the momentum dependence of the quantum potential appears shifted by x(z,t)

ak,R,7,t;E) =e

,L. ,L. t d,L.I!_I(A // t— T_” _ E ' dTHL t+%’ dt”’(t _ t///)E(tIH) (24)
2 2) 2 J, '

‘[,'"2 "
oy

For our present analysis, where we are interested in the effect of intense electric fields and quantum
effects of the confinement potential on the spectrum, these are all accounted for in this simple form.
As was found in many investigations, in the case of strong fields inclusion of all external fields into the
spectral function together with Hartree-Fock effects is crucial for a correct modeling of the many-par-
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ticle behavior; see e.g. [29]. We expect that a detailed self-consistent treatment of the collision and
correlation effects on the spectral function can be avoided. Correlation effects lead to an energy shift
and broadening which is generally well understood. These effects can be added to the collisionless re-
sult in perturbation theory. Therefore, although the introduction of the quantum potential in (21) is
general, the collisionless solution (23) is a useful practical result as is illustrated in the following
sections.

3. Approximate quantum potential

It remains to determine an explicit form for the quantum potential from an approximation to the
definition (22). The definition is only implicit since it depends on the unknown spectral density. A self-
consistent equation in the collisionless limit is obtained by using the result (23) in (22)

eff dk] 7_r(k—k1) eff T ir(k—k; )y eff ,
Ve(k, R, T / /( % (R+§,t1)+en V <R+§7t)}
1 2
xexp{ h<2m (ky — / ( (ki + (1,7, t),R, T, t)
2
~ V& (k+k(t,7,t),R, T t 2; { / dv' ViV (K + k(t,7,t),R, T, r)>

/ dv'VRVe (K + k(t,7,t),R, T, t) — K_(t1, ;)
. / dr'vRvgff(k+;c(r,r’,t),R,r’,t)} (25)
JOo

Here, we obtain a practical solution to this equation by considering first the limit h — 0. This is similar
in spirit to the time independent WKB approximation. The details are described in Appendix A with
the final result

1
2
1 ‘ 2
+8m (/ dT/VRVlef(k+K(‘L’/ T/7t)7R7 T/7t;h = O))
a 0

V(I R, T, 6:h = 0) = (veff (R +z(K R, D)+ %) v (R —z(k,R,0),t — 3))

2

T
+%1<2,(r17r;) : / dv' Ve (K + k(t,7,t),R, T, t;h = 0) (26)
a 0
with
kK /7
zkR 7.0 =VipkR T 0) =T - +/ AoV Ve (K + (T, 7, 6),R, T, t;h = 0). (27)
a 0

Next, we assume Ve (R+%,t) is a smooth function of r so that an expansion about R can be per-
formed. This in turn mduces an expansion of VEff in the gradients of Ve

Ve (KR, 7,t) = Vo' (KR, 7,t) + AVQ (KR, T,t) + 22V (KR, T,8) + -, (28)

where the formal parameter 4 (set equal to unity at the end) is introduced to represent the order of the
gradient in V. The coefficients V are identified by substitution of (28) into (27), expanding
VEff(Riz(k R,t),t+1) in a similar way, and equating powers of i. The analysis is straightforward
for the general case, but to simplify the results, in the following, we will assume a slowly varying
in time confining potential for which toVT(R,t)/ot < V'(R,t) and consequently set
VTR +z(k R, t),t +2) — VT (R+z(k R, t),t). Furthermore, we consider the case of a constant elec-
tric field E(t) = E. In this case, the quantum potential up through second order is found to be (see
Appendix A for details)
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V' (KR, 7,t;h =0) — V(R ) + % {(VRVEH(R t)) + (K- VR)*VT (R, t) — 2e,E - ViV (R, 1)

L (e—“l-: v >2veff(R t 29)
+ 3 4ma R ) ) (
These results provide the explicit form for the quantum potential, exact in the collisionless limit at
h = 0 up through second order in the gradients of the confining potential. It describes both the leading
non-local effects and their coupling to arbitrary external fields.

Use of this approximate quantum potential in (23) gives the corresponding self-consistent spectral
function. Calculation of the spectral function in (23) requires evaluation of
fg dT’Vlef(k + k(7,t),R, 7', t). It follows from the definition in (24) that x(t, 7/, t) vanishes for a constant
electric field. The spectral function is then found to be

a(k,R, 7,t;) — ((21:11 + V(R, r)) T+ X(k, R, t;E)T® + Y(R, t; 1-:)15>., (30)

with

2
X(K,R,t;E) = ﬁ <(VRVE“(R, t)> + ml (K- Vg)*V(R, 1) — 2e,E- ViVI (R, t) + (eaE)2>

(31
1 eff
YR, G;E) = >40m 2 (eqsE - Vg ) VE(R, ). (32)
The corresponding spectral density is obtained by Fourier transformation with respect to t
k eff
+ V¥ (R,t)) —hw
a(k R, o, E) = 27 {Kz’” ) ],[3 : (33)
o o
where
I(x,y) = / drt cos (X‘E + ; T+ (y7) ) (34)
and
%= BIPX(REE)'S, =1 (hYR E)". 35)

This is a simple result easily explored numerically. Some analytic limits follow directly. In the absence
of both gradients of V*(R, t) and electromagnetic fields, &, § — 0, and the sharp delta function result
of Eq. (20) is recovered. If gradients of V<"(R, ) are neglected but an arbitrary constant field is applied,
o — ((heqE)*/8my)'3, p— 0, and

K2 eff
+V how
a(k,R, 0, t;E) — zgh {M} (36)

o

where Ai(x) is the Airy function. It is seen that the electric field broadens the sharp distribution, but it
is still peaked at hw = % + Ve Finally, in the absence of electric fields, § — 0, the quantum effects

represented by the spatial variation of V° (R, t) leads to the same result as (36), but with
W1 N
2y seff eff
% — {Sm (mT (k- Vo) V"R, )+ (VaV(R 1) )} . (37)

This is shown in Fig. 1.
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Interestingly, the quantum correction to the potential enters into the spectral function in the same
way as the constant electric field. Both lead to a broadening of the main peak of the spectral function
around hw, i.e. the sharp single-particle energy is smeared out, so that the Heisenberg uncertainty
principle is no longer violated. In addition there arise smaller side peaks. The bigger ¢, the more the
spectral function shifts towards higher energies. This is readily understood. The electric field acceler-
ates the electrons and thus increases their energy. Similarly in an inhomogeneous confinement poten-
tial a quantum particle acquires an additional kinetic energy which arises from spatial compression of
its wave function, which is proportional to the local curvature of V. Additionally, for bigger o the
peaks become lower and broader. Because of this also energies below the classical single-particle en-
ergy % + V" become possible. Note that there occur negative values of the spectral function.
Although this is unexpected [16], this is not in contrast with sum rules. In particular the sum rule
Jdwa(w) = 2m is fulfilled for (33).

3.1. Density of states

With the knowledge of the spectral function one can directly calculate the density of states (DOS)
using in the 3D case a parabolic dispersion:

1 1
o) = ——Im[Trg?(k,R, w)] = /dl(/dRa KR, o, t;E
p() =~ Im{Tgtk R )] = s ( )
_ Po P * 1/2 .
= b /dk/dR/O dee'2a(e, R, w, t:E), (38)

with p, = 4v2nmy/?/(2nh)® and the unit vector k= k/k. Consider first the local approximation with
the spectral density given by (20)

a(k,R,w,t;E) = 2mhd(e + V(R t) — hw),

to get

p(@) — pO(w) = 4mp,0(w) /OW) dRR? (V" (Rp) — V(R))'/2, (39)

Fig. 1. Spectral function a(k,R, w, t; o), Eq. (36), at fixed time t and a fixed phase space point (k,R) such that the dimensionless
local single-particle energy €,(k, R, t) = 1. The ideal spectral function would have a singularity at hoo = 1 (dashed line), which is
observed in the limit of vanishing inhomogeneity o = (3h2(5VQ)% — 0. With increasing inhomogeneity, due to the Heisenberg
uncertainty principle, the main peak broadens and shifts towards higher energies.
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where R, (hw) is determined from the solution to
VT(Ry) = hoo. (40)

Next, consider the addition of a homogeneous electric field but without the quantum confinement ef-
fects due to gradients of the potential. In this case, the spectral function is given by (36)

eff
a(k,R, o, 1) = Z“hz AtV zh“’} (41)
™| i)
leading to the DOS
w)—>/ dzp® (2) hzlAi hez 22, (42)
= e e

where p©(z) is the local form (39). To illustrate in more detail consider the special case of a harmonic
oscillator potential V*(R) =™« Q°R?. In this case, (39) becomes
1 w
0) — 2 - =
po(w) =5 50°0(0), 0=7. (43)
A numerical evaluation of (42) then yields the result shown in Fig. 2 for varying intensities of the elec-
tric field strengths. One can see that through the presence of a constant electric field there exist non-
vanishing contributions of the density of states for negative energies, the bigger, the higher the inten-
sity of the field is. Looking at the Hamiltonian of such a system this is easily explained:
P’ 2 P My eof \*  eF
P Mg efq=g—+—-0Q - . 44
H(p,q) = m. T2 q* +eokq am. T2 <q+ QZ) . (44)
A constant electric field shifts the energy minimum from 0 to —
become possible [16].

Now let us analyze the change of the DOS due to quantum confinement effects. Therefore, we com-
pare the classical density of states (39) with the DOS that includes the non-local correction (37). Using
the spectral function (36) with o given by (37) and the harmonic oscillator confining potential we ob-
tain for the field free case

—QZ, so that negative energy values

1/2 _
/ d / da / - (@) pil Latb=0 L (45)
~ mhe xea+b)]"” | [(x2a+b)]
150 | ----9=10 /
#=1000 /
125} _ _y-10000 ,
Y/
100 y
) /7
g 75
50 S
// e
25 /// //,’
otz—co - -

-10 -5 0 5 10 15 20

Fig. 2. Density of states for a classical partlcle system in a constant electric field and a harmonic oscillator potential for different
dimensionless field strengths, where ¥ = e;" The
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where the change of variables a =:5 and b = Y®) has been made. This integral can be computed
numerically. The consideration of a quantum potentlal leads - analogously to a constant electric field
- to finite values of the DOS at small negative energies. More generally, since the modifications of the
quantum potential have the same effect on the spectral function as the constant electric field and
therefore causes the same behavior of the DOS. However, a simple interpretation of this effect in terms
of a Hamiltonian like in (44) is not possible in this case.

4. Kinetic equation for the distribution function

In this section, we analyze the effect of the quantum potential of the last section on the collision
integral in the kinetic equation for the Wigner distribution. The gauge-invariant kinetic equation
for the single-time distribution function is derived by computing the difference of the gauge-invariant
kinetic equation (12) and its adjoint for g= taken at equal times t; = t}. Relation (3) then allows us to
express g< in terms of the Wigner distribution [23]

{z?r kvR+ea ()Vk}fa(kkr h/dr/ dkl sin (r'("h*k1)>

x Vet (R +3: t) Fa(ki,R,0) = I,(k, R, 0) + Ir, (K, R, t), (46)

where Io(k,R, t) = £2Re[I; (k,R, )] and Ir, (k, R, t) = +2Re[I; (k, R, t)]. Here E is the total electric field
(external plus induced) that obeys Maxwell’s equations, which have to be solved self-consistently
with the kinetic equation (46).

The non-local contribution from V" in Eq. (46) is still completely general and does not use any
assumptions on the space dependence of the confinement potential. The present form applies even
to sharp spatial changes and can be used with any form of pseudo-potentials. Analytical simplifica-
tions are possible if the potential is only weakly inhomogeneous. Then one can eliminate the integra-
tions by expanding V° around the center of mass coordinate, e.g. [14]. With this, the integral term in
Eq. (46) becomes

h/ / Snli? . (r.(kh7kl))‘/eff(R+%,t)fa(k1,R,t)

= —(VRVT(R, 1)) - Vifo(K, R, t) + O(R*V"e). (47)

As in the last section the non-local quantum effects can be incorporated in the classical form by writ-
ing (46) in the equivalent form

ot
with the identification of #§"(R,t) by

3
(Ver TR K, 1)) - Vifa(k,R, ) = h/d3 / ;’;3 sin (r'(kh*k1>>veff(R+%,t)fa(lq,R,t).

{ o,k e Vet €E(6) Vi~ (VR7 T (R, 1)) - vk}fa(k, R, t) =I,(kR.t) + I, (kR 1),

(48)
Clearly, the requirements of a local classical form in the equation for the spectral function and that for
the kinetic equation lead to different quantum potentials in each case: Egs. (22) and (48). The quan-
tum potential (48) for the kinetic equation is more formal since it depends on the specific nonequilib-
rium state considered. Still it is a potentially useful concept if there is a relevant reference state. For
example, if the states considered are near equilibrium f,(k;, R, t) can be represented by the equilib-
rium distribution. More practically, this can be chosen as the ideal gas equilibrium state (first order
perturbation theory in the potential) to give

(Ve? SR K. 1)) - k0O / &r / dkl i (r'("h‘kl)>veff(R+i £)F kR ).
(49)
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In the non-degenerate limit this is the Wigner form for the off diagonal Kelbg quantum potential [32].
Eq. (48) provides the basis for more general representations in non-perturbative and far from
equilibrium states. However, the explicit form for these non-local quantum effects will not be
considered further here.

We consider now the collision integrals of (46). Performing the gauge-invariant Fourier transform
on the r.h.s. of the kinetic equation which contains all two-particle quantities related to mean field and
correlation effects in local approximation - analogously to the homogeneous case [19,20] with R being
an additional parameter - one sees that the Hartree-Fock-contribution vanishes and the collision inte-
gral is of the form

T.(k,R,t) = iZReU dt{2> (K R 6,03 (K RiT,t) — 25 (K R 6,03 (K! R T, t)}} (50)

where the superscript “A” denotes that all momenta are shifted, according to kﬁ =k, + KA(t,7), etc.
The local approximation can be used if the characteristic length scales of the scattering processes
are small compared to the characteristic scale of the confinement potential. Otherwise gradient cor-
rections have to be taken into account [23]. Note that the momentum arguments in all functions
are shifted by the field-dependent momentum K* which reflects the explicit field-dependence of
the two-particle scattering process. This leads to the so-called intracollisional field effect and to non-
linear phenomena including collisional harmonics generation (inverse) bremsstrahlung, multiphoton
excitation and ionization, etc. [19,20].
Collecting all terms together, we obtain the kinetic equation in local approximation

{aar k e VR~ (v 7Rk ) — e.E (t))Vk}fa(k,R, )

~ 12Re U de{Z; (KR .02 (R E0) — 55 (KR £ Z; (K R £ r)}} (51)
to

We emphasize that this equation is very general. It applies to arbitrary nonequilibrium situations in

strong electromagnetic fields with arbitrary amplitude and time-dependence and a weakly inhomoge-

neous confinement potential. A particular collision process is specified by the appropriate choice of

the self-energies. Due to the gauge-invariant derivation, the resulting kinetic equation is gauge-invari-

ant as well.

4.1. Collision integral

In this section, we analyze the collision integrals in the kinetic equation (51) for the case of Cou-
lomb scattering. The main goal here is to see the effects of the electric field, the confinement potential
and primarily of the quantum potential on the collision process.

To obtain a closed equation for the Wigner distribution the two-time correlation functions have to
be expressed by the distribution function via the so-called reconstruction ansatz. Its original form due
to Baym and Kadanoff [15] was generalized by Lipavsky et al. [18] to nonequilibrium systems, prop-
erly accounting for causality and retardation effects. The latter ansatz was further generalized to a
gauge-invariant form including strong electromagnetic fields [19,20]. Here we account, in addition,
for a weakly inhomogeneous confinement potential:

& (KR t1,6)) = {ZRICR 61, 6)F; (k= KI(E,, 1) Rit)) = 7 (k= KA (61, 6), R 0)ZA R 01,6) |,
g;(k7 R’ tl7tl]) = :t{guR(k, R7 t17 t’]).f:(k - I(ﬁ(t/h tl)aR; t/l) —f-;(k - I(fl\(tl‘,t/l)vR; tl) gaA(ks R7 tht/])}v
(52)

where f> =14 f and f< =f.

It is reasonable to start with the simplest approximation for Coulomb scattering - the static second
Born approximation. The gauge-invariant expression for the self-energy in local approximation is gi-
ven by [20]
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2 .
E?(l(lth ta t/) = ¥(2hT Z / dkbdka dkb
| V(Ks — Kqo)|*0(Kq + Ky — Ko — k)32 (Ky, R, £, )8 (Ko, R, £,0)85 (Ko, R, ', 1), (53)

which, using (50), leads to the collision integral

To(ke, R, t) = —2Re{ 27 Z /dkbdkadkb | V(Kq — Ko)[*6(Kg + ki — ko — Kp)

(2n
t _ _ _ _ _ _

x / de{g; (k) R,t,0)3; (ki R, t,0)g; (K, R, 0)g; (K;,R,£,1) — (>=<)} . (54)
to

where l(;‘(t, t) = k, + K*(t,t). Now we express the two-time correlation functions by the Wigner dis-
tributions using the generalized Kadanoff-Baym ansatz (52)

To(ky, R, t) = 2(2 n 6Re/dkbdkadk,J | VK, — Ko)[? (Ko + ky — K, — K)

/ dt gR(KA R, t,H8F (k! R, t,5)&} (K, R, £, )8 (K} R, £, 1)
to

{Fz (62, R OF (12, R OF; (16 RO (6 R.D) = (>=<) }, (55)
where the shift of the momentum arguments in the distribution functions is now given by
k2 = Kk, + Q,(t, ) with Q(t, t') = KA(t, t') — KA(t', t). What is left now is to evaluate the spectral infor-
mation of the four propagators which determines the energy balance of the scattering event in the

combined external and confinement fields. Therefore, using the propagator from the approximate
spectral function (30), which includes quantum effects via the quantum potential

VMK R, ) = :F% O£(t - f’l)]e*%((%wf”(k,r))r+x(k,k_f:n)r3+Y(R,r:E)r5)' (56)

Here t =t —t,and T = (t + t)/2. The result for the product of two propagators which has to be com-
puted in the collision term (55) is

)

SA(KS,R,E, SR (KA R, £, )3 (K): £, )38 (KA £,F) — hlze%f“ﬂ“‘a«“=E:f>-ﬂﬂ<"‘a«"~“>> (57)

(K;(0))*
2

a

1 -~
ea(Ke, R, E; T) = (1 +rzﬁ(k*‘(r) -Ve)’V(R, t)>, (58)
a
and analogously for particle b. In Eq. (58) ﬁ{]‘ denotes a unit vector in the direction of k’2
With these propagators the collision term including quantum confinement effects becomes

Top(Kq, R, 1) = on h /dkadkbdkb\vab(k — ko) P31 + K — kg — k)

/ dt cos {ﬁ [6a(Ka, R, E; T) + &5 (Ky, R,E; T) — £4(Kq, R, E; T) — &5(Ks, R, E; r)]}
to
{F<(6¢ RO (I, R, 0)f” (1 R, E)f (k7 R ) = (>0<) }. (59)

As in the homogeneous case, the field drops out of the energy balance of scattering of particles with
same charge to mass ratio since the field does not change their distance. In contrast, in the case of elec-
tron ion scattering the field changes the energy balance; see [19].

We see from Eq. (59) that the confinement potential does in fact have an influence on the scattering
process. The collision integral contains, in addition to the difference of kinetic energies of the particle
pair, a term proportional to the local curvature of the effective confinement potential in (58)
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The effect of the quantum potential on the scattering process can be analyzed more closely in the
field free case. In the limit E — 0 we can evaluate the integral over time in the Markov limit [14].
Neglecting the time dependence of the distribution functions compared to the correlation time and
extending the t-integration to infinity, the integration can be performed using the integral represen-
tation of the airy function. As a result the collision integral becomes

Ip(Kq, R, £) = / dkudkbdkb|Vub(ka ka)\ (ks + kp — k, — l(b)

2n hﬁh

y a_A1<A€ab> {F< (Ko, R, E)f < (Ky, R, O)f (Ky, R, E)f” (Ko, R, E) — (><) }, (60)
b

with

h [Te €q i
= {Z (| e 9”9 Vo) + 0 b))} ,
and A€y = €, + €, — (€4 + €). The Airy function is peaked at Aegy =0, ie. the dominant spectral
weight falls on scattering processes which conserve the kinetic energy of the particle pair, as in the
case of a homogeneous system (in the Markov limit). The latter case is recovered by the limit
VV(R,t) — 0 using the relation lim, o 1Ai(¥) = (x), leading to the well-known classical result

Ip(Kg, £) = (2137)6 % / dk,dk,dKy|V g (K — Kq)|20(Ky + Ky — kg — Ky)d(€q + € — € — €0)

{f<(l}ﬂaf)f<(l}bvf) >(kb>f) >(kaaf) - (>‘_><)}‘ (61)

A larger effect of the inhomogeneity on the scattering process occurs on short-time scales of the order
of the correlation time where the Markov limit fails, e.g. [14,33]. Then the energy broadening arising
from the finite collision duration is additionally increased due to the inhomogeneity of the
confinement field, so that collisions that do not conserve the one-particle energy become possible
(see Fig. 1).

Aside from Coulomb scattering, there are numerous physical situations where the presence of an
inhomogeneous field will have an even more pronounced effect on the microscopic scattering proba-
bility. The most important one is inelastic scattering. Indeed if particles, after the collision appear in a
different quantum state (energy level or band) with a different dispersion (effective mass), the quan-
tum potential will be different before and after the collision, even if the external field is independent of
the quantum state. This effect should be directly observable in confined quantum systems undergoing
e.g. collisional excitation or ionization.

5. Discussion

Weak inhomogeneity covers a broad class of many-particle systems of current interest, including
electrons in quantum dots, ultracold ions in traps, valence electrons in metal clusters and so on. In this
paper, a quantum potential for particle systems in a weakly inhomogeneous confinement potential
and a strong electromagnetic field - that means a nonequilibrium quantum potential - has been de-
rived. With this momentum-dependent quantum potential the spectral function for systems of
trapped quantum particles in a strong electric field has been calculated, obeying Heisenberg’s uncer-
tainty principle. With the spectral function the density of states has been computed, now permitting
the existence of negative energy values because of quantum confinement effects. Special attention has
been devoted to an investigation of the modification of the collision term in the Boltzmann equation
including the quantum potential. Due to quantum confinement effects the sharp peak of the energy
balance in the classical case is smeared out. Because of the gauge-invariant expression for the GKBA
and the self-energies in Born approximation an analysis of the collision terms including the homoge-
neous electric field is straight forward.



3172 A. Fromm et al. /Annals of Physics 323 (2008) 3158-3174
Acknowledgements

This work is supported by the Innovationsfond Schleswig-Holstein, and by the US Department of
Energy Award DE-FG02-07ER54946.

Appendix A. Approximate quantum potential

In this appendix, the derivation of (26) for the quantum potential at h = 0 is outlined. Next, its spe-
cialization to a slowly varying confinement potential is described, leading to (29).
Eq. (25) at h = 0 becomes

dk i r
eff ——r(k—k )yeff - Lr(k—Kkq)y/eff :
V(K R, 7, t;h = 0) _llmz/ /2nh OOV (R oy 2 e ) ek WV (R 2 e 7))

. T 2
efotaReo-gkren) | 1 / v VeV (K + (7, 6), R, T, t;h = 0)
8ma o Q hTh

+ %K’g,(t] ) - / do'VeVy (K + K(T,t),R, T, t;h = 0), (A1)
a 0
where for notational simplicity ¢(k,R, 7,t) has been introduced
T
PR T,0) =5 (K)+ / drVyT(k+ x(z,£),R 7' 0). (A2)
a 0

The limit h = 0 in the first term requires some care of (A1). First write
/dre ir (kK Veff(R+_ tj: /dre ir. (ky k) .VRVeff<R‘t:tE>
2
_ otV Vi +ir.(ky k) yeff T
e ivhk /dren Vv (R,ti2>
= eV TRy (R e %) @2mh)5(k, — k). (A3)

Next, perform the k integration

r (kg - Veff(RiZJ:tz) (¢(Ky R,T,H)—p(KR,T,L))

=lim / dk e H¢0a RTO-9(R10) @HViy Viyeft (R, t+ %)5(1« -k
= limz /dk e h(¢(ki RT—-g(kR D) ihV/ -V veff(R rif)a(kl -k
K1 tl 2

( T, ) K T, = 1 n T
fllm/dke"“”‘ O-0(kR20) 5k, — K) Z%W +V, ¢(k1, R, T, 1) - Vi) V"ff<R,tij)
+ order h. (A4)

In the last line integrations by parts have been performed, and it has been recognized that terms with
second or higher derivatives of ¢ are at least of order h and vanish in the limit indicated. Also, to com-
bine the powers of V, ¢ and Vg it must be understood that V is taken at constant ¢. Summing the
series gives

m/ dk /dl‘ et Veff<R:t7,t:t ) Lotk RT.H-p(KRT.L)
(2mth)? 2772

— e+ Vi ¢ Vet (R, £+ %) — yel (R 4Vt + %) (A5)
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Finally, (A1) becomes (26) of the text
1 T T
eff h=0) = (Ve 2 eff (p T
V'R T, 6:h = 0) =5 (v (R+vk¢>,t+2) TV (R Vi, t 2))

' 2
+£ (/ d‘L”VRvaff(k+ Kf(’E7 ’[’, t)aR,T/, t: h— O))
a \Jo

T
+ %Kﬁ},(tl NP / dv' ViV (k + k(7,7 t),R, 7, t;h = 0), (A6)
a 0
where the function V¢ is now
T
Vid(K R, T,t) = 1;1—‘ +/ dv' ViV (k+ k(T 7, t),R, 7, t;h = 0). (A7)
a 0

Note that the equation is real and therefore admits real solutions.
Now specialize to the case in which both the electromagnetic field and the confining potential are
slowly varying in time, such that

K (t;,t) — —%eaE(t)‘c, x(T,7,t) >0, Ve (Ri Vk(b,ti%) — VIR £ Vi, 0). (A8)

2

ng(k,R,‘c,t;h=0):%(VEff(RJrde),t)JrVEff( — Vi, b))+ (/ dv' VRV (KR, T, t;h= 0))
1 ! / eff A

g (1) /0 dUVVET (K R, T, t;h=0), (A9)

Vi (KR, T,t) = rnl1—( + / dv'V Ve (KR, 7', t;h = 0). (A10)

Clearly, Vg — 0 as V" — 0, so the second and third terms are proportional to gradients of V*". If this
confining potentlal is slowly varying in space, and expansion in the gradients of V" is possible. It fol-
lows directly that the results to second order in these gradients is

ff ff 1 k ? ff 1 eff 2
Va(k,R,r,t;h:O):Ve (R,t)+§<rm—a~VR Ve (R,t)+-~~+1:28ma(VRV R,t)+--+)
1 1 2
42 . eff 4 * . eff
T am, eE(t) - VRV (R, t) + T 3 <4ma E(t) VR> V(R t) +

(A11)
This gives (29) of the text.
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