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Abstract

We derive a quantum mechanical correction to the semiclassical Fermi Golden Rule
operator for scattering of electrons in a crystal. This correction takes into account the
fact that electron phonon interaction is not instantaneous in quantum mechanics. The
corrective term is derived via an oscillatory, i.e. weak, limit in the Levinson equation
for large time scales.
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1 INTRODUCTION

It is generally accepted that the dominant collision mechanism for electron transport in
crystals is scattering of electrons with phonons, i.e. with vibrations of the crystal lattice. In
a semiclassical description this collision mechanism is described by the Fermi Golden Rule.
In the absence of an electric field and in the spatially homogeneous case, the evolution of
the effective single electron density function is then given by the Boltzmann equation

(a) Ouf(p,t) = Qrarlf](p,t) = / dp'[Srar(p: ) f (1, t) — Srar(p', ) f(p, 1)], (1)

*This work was supported by NSF grant DECS-0218008.

"Department of Mathematics, Arizona State University, Tempe, AZ 85287-1804, USA (ringhofer@
asu.edu).

'Department of Electrical Engineering, Arizona State University.

$Institute for Microelectronics, Technical University of Vienna, Gusshausstrasse 27-29, A1040 Vienna,
Austria (kosina@iue.tuwien.ac.at).



() Srar(p,p') = [A76(e(p) — () — hw) + ATo(e(p) — £(p') + hw)],

where p denotes the momentum vector and e(p) = p denotes the energy associated with
the momentum p. The Fermi Golden Rule states that during a collision the electron gains
or looses an amount Aw of energy from the crystal lattice by annihilation or generation of
a phonon. We remark that the Boltzmann equation (1) models instantaneous collisions, i.e.
the momentum of an electron changes instantaneously from p’ to p during a collision event.

Semiclassical transport theory based on the Boltzmann equation neglects several effects
which originate from the quantum mechanical nature of the charge carriers, such as a col-
lisional broadening due to the finite life-time of the carrier momentum eigenstate, collision
retardation, and the intra-collisional field effect due to the action of the electric field during
the scattering process [11]. To describe these effects a quantum kinetic equation has to be
adopted which takes the finiteness of the scattering duration into account. An appropriate
kinetic equation describing the interaction of a single electron with the equilibrium phonon
system of a semiconductor has been proposed by Levinson [6]. Restricting ourselves to the
case of a spatially uniform semiconductor and vanishing electric field, the Levinson equation
is of the form

(@) O f(p,t) =@ /dt/dp (p, 0t =) f(P 1) = S, p. t =) f (. 1)] (2)
) St = i;';;)z cosl (cp) = ) = )] + 25 B cosl ) - ) + o)
> 1

elp) = 2m,,’ "= exp(fhw) — 1

The symbols in (2)have the following meaning: i denotes the electron-phonon interaction
matrix element, hw the phonon energy, V' the normalization volume, m, the effective electron
mass, n the Bose-Einstein distribution, and 8 = (kgT)~! the inverse temperature of the
phonon system. Note that, other than the Fermi Golden Rule equation (1), the Levinson
equation (2) is nonlocal in time and the effect of a collision is actually felt for all future times.
Therefore the Levinson equation is able to model some of the effects mentioned above, which
become increasingly relevant as the dimensions of modern semiconductor devices decrease,
and, consequently, fast relaxation processes play a more prominent role. The Levinson
equation can be derived from the quantum mechanical many body problem for one electron
and an arbitrary number of phonons, i.e. from an infinite system of Schrodinger equations
for the wave functions ¥, (p, q1, .., Gn,t), where p is the electron momentum vector and the
¢; denote the phonon momenta. 1, describes the state of the system for one electron and n
phonons, and 1, is coupled to v¥,,_; and 1,11 via coupling terms in the Frohlich Hamiltonian,
modelling the creation and annihilation of phonons. The function f is then the Wigner
function corresponding to the phonon trace of the density matrix. We refer the reader to
the papers [1],[3], [4],[5] for an overview of the derivation. The Levinson equation represents
the weak coupling limit of this system, which means that only electron-phonon interactions
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of first order are retained. An interaction starts at some time, say t;, when one half of
the phonon momentum is transferred to the electron, and gets completed at some time
ty, when the second half of the phonon momentum is transferred (see e.g. [4][9]). These
partial processes capture the emission and absorption of both real and virtual phonons.
The weak coupling limit implies that during the period t5 — t; of a particular interaction
no other interaction can start . In other words, only a sequence of completed interactions
is considered. The time between two interactions is determined by the frequency F' given
by the interaction matrix element, whereas the duration of the interaction depends on the
frequency of the lattice vibrations, w. Therefore, F' << w must hold. A result of the weak
coupling limit is that no powers higher than F? appear in (2)(b). To our knowledge, a
completely rigorous mathematical derivation of the Levinson equation from the many body
problem for the Frohlich Hamiltonian is still outstanding. However, for the purpose of this
paper, we will assume the Levinson equation (2) to be valid.

Remark: The Levinson equation results from an asymptotic expansion of the Frohlich
Hamiltonian for small coupling coeflicients [1] [3]. While there obviously is a density matrix
formulation of the Levinson equation, which is given by the Fourier transform of (2), the
corresponding density matrix cannot simply be written as a superposition of pure state wave
functions, and therefore the positive definiteness of the Wigner function f in (2) cannot be
guaranteed automatically.

The objective of the present paper is to relate equation (2) to the Fermi Golden Rule (1).
While much simpler than the original many body equation, the Levinson equation still poses
significant challenges because of its nonlocality in time and rapid oscillations due to the
presence of the term ¢/h in the integral kernel in (2). It is mentioned in the original work
[6] that in the classical limit A — 0 the scattering rate S in (2)(b) will be replaced by the
Fermi Golden Rule (see c.f. [2])

In the present paper we prove the convergence of the Levinson operator @) in (2) to the
Fermi Golden rule operator QQrgr for large time scales and, more importantly, in addition
to the Golden Rule the first order term in the asymptotic expansion is derived. The result
is a correction to the Fermi Golden Rule which better reflects the effects of finite collision
times. The resulting corrected operator is structurally of the form

Qclf] = / 0 1Se(p, v, 0) F (0 1) — Scle,p, 0 F(p. )] (3)

where the corrected scattering rate So contains the Fermi Golden Rule rate Spgr and a
correction term which involves the time derivative of the density function. However the
corrected operator Q¢ in (3) is still local in time, in the sense that it is not an integral
operator in time, and therefore the resulting transport equation is much simpler to solve
than the Levinson equation (2). More precisely, we prove that the Levinson operator @
converges weakly, in zero’th order to (Qrgr, and in first order to the corrected operator Q¢.
The considered regime is one of large time scales, i.e. time scales which are much larger than

3



1/w, where w is the frequency with which the lattice vibrates.

This paper is organized as follows: In Section 2 we introduce an appropriate dimensionless
form of the Levinson equation (2) which contains a dimensionless parameter A\ = (wty)™?,
where % is the time scale under consideration. Section 3 contains the asymptotic analysis for
A — 0. We prove that @ = Q¢ + o(N), Qc = Qrgr + AQ1 holds in a weak sense, i.e. when
integrated against a fixed test function. The main result of the paper, the form of Q)¢ is given
at the end of Section 3 in formula (16). Section 4 is devoted to numerical experiments. First
the asymptotic result of Section 3 is verified. This result only states the weak convergence of
Q@ to Q¢ and not the convergence of the solution f of the Levinson equation to the solution
of the corresponding transport equation containing ). The approximation of the solution
of the transport equation is verified numerically in Section 4 as well. The numerical solution
of the transport equation involving the operator Q¢ in (3) is nontrivial because this equation
is implicit. We propose a solution method which is amenable to particle discretizations.

2 SCALING

We start by bringing the Levinson equation (2) into an appropriate dimensionless form.
Choosing scales pg, tg for the momentum p and the time ¢, and rescaling S by sq we set

1 e P t
f(p7 t) - _3fs(ps;ts)7 S(p7p/7t) - SOSs(pmp;ats)a &‘(p) == 5s(ps)7 ps=—, ts=—,
Do My Do to

where m, denotes the effective electron mass, and obtain

(a) O, fs(ps,ts) sUtopo/ dt, /dps s(Ds Dl ts —10) fs (DL, 1) — Ss (P Dss ts — 1) fs (s, 1)
(4)

2V F%n topit myhw
b Ss S5 /ats = 0= s\Us s !
(0)  Ss(ps: pss ts) PN CRIAE cos| ) (es(ps) — s(Ps) " )]
2VE?*(n+1) oPats m hw
SERE [ o (es(ps) —es () + 02 )],

where, in the case of parabolic bands, e,(ps) = b ;'2 holds. For the rest of this paper we will
restrict ourselves to parabolic bands and assume that the matrix element F' of the electron
phonon interaction is constant with respect to momentum.

The parameter sy can be chosen more or less freely, since it cancels as soon as (4)(b) is
inserted in (4)(a). We choose sy = #, which ensures that the resulting equation varies
0£'0

on an O(1) scale in time. The key issue is now to choose an appropriate scale py for the
momentum variable. A natural choice is to scale the phonon energy to unity, which gives
p2 = m,hw. Furthermore, we will consider the Levinson equation on a time scale that is

4



much larger than the time scale on which the lattice vibrates. Therefore we set o = (Aw) ™!,
where A denotes a dimensionless parameter. We drop the subscript s from here on and
obtain

/}u/@; (p. 0t — ) F (0 t) — S@op t — ) F(p, )]

S(p't) = §E§>wmw(nmﬂgdm—e@> D]+ (04 1) eosl ) — .09 + 1))

Since the scattering rate varies on a time scale of order %, the amplitude should be of the
same order to keep the integral of order O(1), which is obtained by setting

2VF?(n+1) | m?

X = (2m)3 hiw (5)
This gives a scaled equation of the form
@ A= QA0 = [ [0~ )

®) &mmw=§j%wﬁ@@—4m+mLalzﬁh,mzx

So we consider an asymptotic regime where the quantity A defined by (5) is small, and
consider the asymptotic behavior of the collision operator in the Levinson equation for time
scales tg = (Aw)™!, which are much larger than the scale on which the lattice vibrates.

We conclude this section with the following observation, giving a heuristic argument for the
convergence to the Fermi Golden Rule operator. Changing variables in the integral in (6)(a),
we obtain

@wwwzﬁ w/@v&mmMVMLmﬂ—wmmwwmmwﬂ

ASA(p, P/, A7) = Y ay cos[r(e(p) — £(p') +v)],

v=+1

If the term AS\(p,p’, A7), which is actually independent of A, would decay for large 7, we
could Taylor - expand the solution f and obtain in zero’th order

A0 f (p /cﬁﬂmwppmvww AS (s p, A7) £ (p, 1)

which makes the collision operator local in time. The corresponding scattering rate would
then be given by

/ AS(p, p', AT)dT = Z a,,/ cos|T —e(p)) +v)]dr,

0 v==+1
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and the integral over the cosine produces the d— function in the Fermi Golden Rule. This
heuristic argument has been given in c.f. [1], [3], [5]. Although S does not decay for large
times this result still holds, but the limit process is oscillatory, i.e. we have to compute a
weak limit for A — 0. The computation of this weak limit is the subject of the present paper.

3 ASYMPTOTICS

In this section we derive the asymptotic behavior of the collision operator @, in (6) for A — 0,
and show that ) indeed converges to the Fermi Golden Rule operator in the weak sense.
More importantly, we are able to derive the first order term in the asymptotic expansion.
This enables us to obtain a corrected Fermi Golden Rule operator which is still local in time,
and thus a corrected Boltzmann equation which better reflects the effects of finite collision
times. The main result of this section is stated in Theorem 1, which gives an asymptotic
expression for the Levinson operator @) in (6) up to terms of order o(\) in the weak sense.
This approximation is still local in time in the sense that it depends only on the values of
the density function f at time t and on its time derivative. The first order approximation
is, although local in time, only given in a weak sense in p since the scattering rates in the
loss term will contain integrals which exist only as principal value. The form of the resulting
approximate collision operator is given in formulas (13) and (16).

Since we are considering a weak limit, we will define, for a given density f, the functional

Ya(f, ) = /O "t / dpu(p, QAL (v, )

for a smooth test function v, and investigate the limiting behavior of Y,\(f, ) for A — 0. Tt
will be convenient to re-write Y) using the adjoint of the collision operator. Interchanging
the integration variables p and p’ in the first part of (6)(a) gives

@ W)= [ at [ bl 0@ i) )

0 @mmw:[fw/@wmmMuwwwwwwmwm

where we have also interchanged the time variables ¢, ¢'. In this form it is easy to see that the
collision operator (), conserves mass locally in time since the adjoint operator Qidj (1) equals
zero for test functions ¢ which are constant in the momentum direction. The functional Y
represents a convolution in time, and is therefore best expressed through Fourier transforms.
To this end, we extend the definition (7)(b) of the adjoint collision operator Q5% [¢](p, t)for
for negative time. We define the Fourier transforms of the truncated density function f and
the test functions by

Fo.r) = <= [0 .00, b0 = —= [dvene®
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where H(t) denotes the Heaviside function. From now on all integrals are to be understood
to be over the whole real line or all of R3 unless stated explicitly otherwise. We have the
following

Proposition 1: In terms of the Fourier transform of the truncated density function f and
the test function v the functional Yx(f, 1) is given by

(@) Yalfv) = /@/WUI% O[] (p, )} (9)

() Q3 W(p.7) =

1 oy R
_ngilay/dp X )\wy p.p)—7T)+ Tow (7 .p) = )\T)][@/J(p,T) —(p, 7))

where * denotes the complex conjugate and w,(p',p) = (p’) — e(p) + v holds.

Proof of Proposition 1: .
If we define the Fourier transform of the adjoint operator idj [¢] by

) (p, 7) %ﬁ/w/w/MMwuw&wmf—mwmw—wnmﬁm,mn

v) = [ar [ bl ). 7))

where from here on * will denote the complex conjugate. In order to compute the Fourier
transform of the adjoint collision operator Q*¥, we have to essentially compute the Fourier
transform of the function H () cos(ut) as a distribution in ¢. We choose a sufficiently smooth
test function ¢(t), which is compactly supported in time, and compute the integral

the functional Y, becomes

/dt[H(t) cos(ut)o(t)].
We split the integrand in its even and odd parts, by writing
cos(ut)p(t) = a(u,t) + 0b(u,t)
where a and b are both real and even function in time. They are given by
1 1
a(u,t) = 3 cos(ut) 72;1 o(vt), blu,t) = -5 A| ds[cos(us sz; Yo(s)]

and are both compactly supported in time as well. Their Fourier transforms in time satisfy

R 1 "y o 1 -
a(u, 1) = 2 Z phi(yT —ou), blu,7) = yrm Z yphi(yT — ou)

oy==%1 oy==%1



and are both well defined, also for 7 — 0. Since both, a and b are even functions of ¢, we
can extend the integral now over the whole real line and write

/dt[H(t) cos(ut)p(t)] = /000 cos(ut)p(t)dt = %/a(u, t)dt — b(u,0) =

VT L[
5 a(u, O)—\/—2_7T b(u, T)dr

inserting the expressions for the Fourier transforms of a and b gives

Y o,
E mphi(—ou) —phi(yT — ou)dr}.
,271'07 il{ Y /ZTp <7 ) }

shifting the integration variable in the second term gives, since the result does not depend
on the summation index v anymore

/ G H () cos(ut) o (2)]

/ dH[H (1) cos(ut) 3(t)] = ﬁ S {phi(—ou) — / de}'

Finally we introduce a 6— function to have a more compact notation, and obtain that

1 :
/dt[H(t) cos(ut)p(t)] 2\/% Z /7r5 T+ ou) (T+0u)]phz(7)d7.

holds for all test functions ¢(t) which are compactly supported in ¢. So, in a weak sense, i.e.
when integrated against the Fourier transform of compactly supported test functions,

Zwér—i-au ! ——]

[H(t) cos(ut 2\/% 2 FE——

holds. Equipped with this we can express the convolution integral for Q“dj in (10) as

O"1](p, 7) = V2r / Ay {[H (1S5, p, (=D 7) — (o, 7]} =

1 T .0 1

c Y / WGl p) =) + o SN ) — (0.7

vo==+1

w,(p',p) =) —elp) +v

We now change to energy - angle variables. So we make the coordinate transformation in
momentum space of the form

p
p— (e(p),po), po:= o]
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where pg is a vector living only on the unit sphere. Carrying out this coordinate transfor-

mation in integrals and directional derivatives in the radial direction for the parabolic band
2

energy £(p) = % this means

/f(p)dp=/0 dE/dpof(&po)\/%, /ldpo =dm, p'V,f(p) = 2:0.f(e,po)

and the functional Y)(f,v) in (9) is given by

() Yalf.0) = / e / dpo / a7 (V2= (e, po, )OS )2, po 7)) (11)

B) Qo) =5 3 a / 0e / dpx

Vo—il

V2 mo(e —e+v—olT) +

J[U(', Py, 7) — U(e, po. 7)),

Where we have made use of the identity $6(%) = 6(z) and the fact that the d— function is
even. We now give the weak expansion of the collision operator (), as

i(e’ —5—|—V—J)\T)

Theorem 1: For any fized test function (e, py, t) whose Fourier transform in time (e, po, 7)
decays sufficiently fast the value of the functional Y\(f, 1) can be written as

(@) YA(f,¥) =Yo(f,¥) + AYi(f, ) + o(A) (12)
with Yy and YY) given by

(b) Yo(f, ) = Zay/ da/dpo/ d&?/dpo/ dt

v==+1

5<€_5+l/)”25\/_f€p07 nga) €p07

(¢) Yi(f, ) = Zay/ de/dpo/ ds/de/ dt
v==+1

In(|e’ — € + v])0-0.(V2e'V 2 f (e, po, 1) B, [ (€, Py, t) — ¥(e, po, t)]).

The proof of Theorem 1 is deferred to the end of this section.

Remark: In the usual Cartesian coordinates this means that the collision operator @, is
given in weak form by

(a)  Qx[f] = Qolf] + AQ1[f] + o(}) (13)
(0) Qolfl(pt) = Ta, / dp'[o(e =" +v)f(p,t) = (' — e +v)f(p,t)]

v==%1
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© [ alow@lwol = o [ [

v==%1

R VIO (0,1 (6) — 0(p)]

where the first order term @), is only formulated weakly in momentum direction, in order
to guarantee that the integrals converge. What remains of the non - locality in time of the
Levinson operator @, in (6) is that the operator @; in (13)(c) acts on the time derivative of
the density function f.

In(le" — e+ v|)

Remark: Theorem 1 only states the weak convergence of the Levinson operator (2) towards
the Fermi Golden Rule operator (1)(b) and not the convergence of solutions of the Levinson
equation towards solutions of the corresponding Boltzmann equation. Since solutions of the
Boltzmann equation remain non - negative for non - negative initial data, a weak convergence
result for solutions would actually imply that the Wigner function and its density matrix
equivalent would remain non - negative definite for all time.

Note that Theorem 1 holds only for a fixed function f which is independent of A\. However,
its validity can be extended by considering a filtered collision operator, since convolution
integrals are commutative. If we choose a test function ¢» which is of the form ¥ (p,t) =
¢(p)T (s — t) for any s, whose Fourier transform is given by ¢ (p, 7) = ¢(p)Gamma(r)*e™,
then the Fourier transform of the convolution kernel can be transferred onto the Fourier
transform of f and (9)(a) reads

Valfant)) = V2r / dp / dr{ fi(p, 7)Gamma’ (1) QXY [6(p)6(t — 5)|(p, 7)}

Now Theorem 1 will still hold as long as the function f;(p, 7)Gamma(r) decays sufficiently
fast in the variable 7. This means that, even for a function which is oscillating rapidly in
time, the filtered operator

QA1) = / D(t — )QaLf](py 5)ds (14)

will satisfy
Qx[f3] = QolfX] + AQu[f] + o(N) (15)
pointwise in ¢ where the filtered signal f{"(p,t) is given by

FE(p.7) = VarGamma(r) fr(p. 7). FE(p.t) = / D(t — 5)H(s) f(p, 5)ds

The Unscaled Equation:
Finally, we reverse the scaling of Section 2 and write the corrected Fermi - Golden Rule in
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dimensional variables. Undoing the scaling and choosing the strong form gives the following
corrected Boltzmann equation.

o f(p,t) = / dp'So(p, ') f (P 1) —ko(p) f(p, 1) + / dp'Si(p,0")0uf (' t) — 0w (p) f(p,t) (16)

The transition rates S; and the out-scattering rates k; are

Vv 1 v

So(p.p) = 53 D —%MQ(n + =+ 2)0(e(p) — e(p)) + vhw)
(2mh) h 2 2
v==+1

N Vv 2 L v 1
Si(p,p) = (2rh)? sz;l 2M(n + 5+ 5) (e(p) — e(p') + viw)?

ki(p) = /dp’Sj(p’,p), j=0,1

where M = hF holds, and it should again be pointed out that the strong form of the collision
operator is purely formal, i.e. the integral in the out scattering rate x; is actually infinite,
and the first order term has to be formulated in the weak form (13).

We conclude this section with the proof of Theorem 1:

Proof of Theorem 1:
We start by writing (11) in a more compact form as

YA(f ) = (17)
1
3 Z al,/des/dpo/de’/dp{)/dTA;(g’—5+1/—UAT)B(S,e’,pO,pg,7')\/2€’+,

v,o==+1

where we have formally extended the integrals w.r.t. the energy variables €, ¢’ over the whole
real line and denote by \/E+ the truncated root ,i.e. \/ZJr = 0 for z < 0 holds. This notation
will simplify the further derivation. Here the function A(w), its derivative A’(u) and B are
given by .

(a) Ap(u)=mH(u) —ioln(lu]), AL(u) = 78(u) — — (18)

u

() Ble,e',po,pyy) = V2 [*(e,p0, T ph 7) — e, po, 7))
Shifting the £’ variable in (17) gives
Y)\(f? ¢) =

1
3 Z a,,/d»s/dpg/de'/dp{)/dTAf,(e'—e—l—V)B(e,6'+a)\7,p07p6,7)\/2(5’+0)\T)+,
v,o=%1

In principle, we are now going to Taylor expand the function B with respect to the variable
¢’. This is admissible since the variable & only appears in the argument of the test function
1 in the definition of B and therefore the function 0. B decays sufficiently fast in &’ as well.
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However, care has to be taken with the various singularities appearing in the integrals. We
remove the singularity in the function A/ by integrating by parts with respect to ¢ and
obtain

Y)\(f? ¢) =
1
3 Z a,,/ds/dpg/ds’/dp{)/dTAg(s'—s—l—l/)é?EB(s,€’+a)\7,pg7p6,7) 2(6/—|—0'/\7')+,
v,o=%1

Now we Taylor - expand the function B with respect to the variable ¢ and write
8€B(€7 8/ + O-)\T7 p07p67 7—) = aEB(ga 6/7p07p{)7 T) + O-)\Taeas’B(gv 8/7p07p67 T) + O(A2> . (19)

This is admissible since the function B is compactly supported in the variable &’. Next we
formally expand the volume element /2¢’ " and write

ATH (e A
V20 +oar) =v2e + 2 72 GO (;)T Ro(e', AaT) (20)
e’ @

for some «, which is, at this point, of course only a definition for the remainder term R,.
Inserting (19) and (20) into the definition for Y(f,1), and neglecting the O(\?) terms in
(19) gives

Yy = Yy + A\Y] + AYoy + O(N?)

with

Z a,,/ds/dpo/da /dpo/dTA’ e —e+v)V2e B(s ' po, Pos T)

v,o=%1

Yi(f,9) =
1 / / / T / /
5 Z a, [ de [ dpy | de" | dpy | dTA, (" — e +v)o710.0.(V2<' B(e, €', po, 0y, T))
v,o==+1

Yor(f, ) = Za,,/ds/dpo/da/dpo/dTA5—€+1/)<>

v,o==+1

O-B(e,e' + a1, po, o, T)Ra (€', AoT)

Inserting the definition of the function A, from (18) we see that odd terms in o will cancel
in Yy and the even terms in o will cancel in Y] giving

Vlho0) = 3 au [de [ [ [arh [ armste — e vV Ble by )
v==+1

Yi(f,¥) =

_ Z ay/dg/dpo/dg /dpo/dﬂn & — e+ v|)iTd.0. (\/% Bl(e, €', po, vy, 7))

v==+1
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Reversing the Fourier transforms in time gives (12)(b,c). The term Yj produces the Fermi
Golden Rule and the term Y; the O(\) correction to it. It remains to estimate the term Y.
Since the singularity in the integrand A, in &’ is only logarithmic, the integrals will converge
for a < 1. It therefore remains to choose « such that R, remains uniformly bounded in &',
l.e. we can write

[Yor(f, ¥)| < const max{|R,(¢',\o7)|,0 < &' < o0,|7| < K} for0<a<1 | (21)

where we only have to consider a finite range for 7, since the test function ’(Z) can be assumed
to be compactly supported. So we have to estimate the term

max{|R,(¢',2)|,0 <&’ < 00, |2z| < AK}

According to (20) R, is given by

Rufe'2) = @2 VR A,

2¢e!
or
P - gl for 0= e <max{—2,0}
Ro(e'.2) = , (22)
(€/>a[\/2(5/—+j)_\/2_5/ - \/é?] for max{—z,0} <¢’

where the first row is only relevant for z < 0. If we choose o > % then we can estimate

—\/2¢’ 1 1
g™ - <V2A=2) V2 (=) 2= 0N for 0< e < —z
(€)— \/2—E,| < V2(=2) \/5( ) ( ) <¢e<
which takes care of the first row of (22). To estimate the second row of (22), we rewrite the
expression as

L R R e
z V2e V2l 1+ /1T+ 2 V2 e 1+ /1+3Z

< 1/2—a|1_\/1+$
- \/§ —1<z<00 1++/14+2x

So, in summary, max{|R.(¢’,\o7)[,0 < &' < K,|7| < K} = O(\*"'/?) will hold for any
a > 1, and because of (21) Yay(f,v¢) = O(A*"/?) will hold for any 1 < a < 1. Therefore
MYy is actually a term of order o()), although not of order O(\?), and can be neglected in
the first order approximation. Inserting the definition (18)(b) for the function B in Yp,Y)

and reversing the Fourier transforms gives the result.

1
I} =0\ for a > 5
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4 NUMERICAL RESULTS

In this section we verify the asymptotic analysis of the previous section numerically. This
verification will consist of two parts. The first part is concerned directly with the weak
approximation of the operator Q) by Q¢ + AQ1, i.e. with the verification of Theorem 1. The
more interesting question is of course in what sense the solution of the zero field Levinson
equation (2) is approximated by the solution of the corresponding approximate equation. To
answer this question rigorously we would need some form of stability or entropy estimate for
the Levinson equation (2). This will be the subject of future work. Nevertheless, the second
part of this section is devoted to a numerical study of this question, i.e. a numerical compar-
ison of the solution of the Levinson equation to the solution of an appropriate approximate
problem based on the result in Theorem 1.

Discretization of the collision operators.

For reasons of computational simplicity, we choose a finite difference discretization of the
involved collision operators )y, @7 and (). While the discretization of the full collision
operator (), in (6) and the zero order term Q) in (13)(b) (the Fermi Golden Rule) by finite
differences is straight forward, some care has to be taken when discretizing the first order term
@1 in (13)(c), since it is only formulated in a weak sense. This means that the corresponding
strong formulation of the operator ¢); will contain diverging integrals. Integrating (12)(c)
by parts to obtain the strong version of ), gives

Qi[f(p.t) = /dp/[Sl(p,p’)atf(p’,t) — S1(r', p)0cf (p,1)]
with the first order scattering cross section S; given by

Sip.p) =) - (23)

2 ) =) T )

and the resulting integral will be infinite in the strong formulation. We therefore discretize
the first order operator (); in a weak difference form. We start by choosing a mesh in energy
and time direction of the form

1
M. ={e:e=jAe,j=0,1,.}, Ae’f:?, My =A{t:t=nAt,n=0,1,..},

where we choose Ae conveniently in such a way that the emission / absorption energy, which
is equal to unity in our scaling, is an integer multiple of the mesh size. The density function
f can be assumed to be a function of the energy only, so f = f(e, ) holds. Using parabolic

bands (e = @), integrals w.r.t. the momentum p are approximated by

/f(p, t)dp ~ Ast(jAe,t)dp(jAs), dp(e) = 47t\/2e
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The full collision operator @, in (6) is now approximated by

QA[f](7Ae, nAt) AtAeZde (5'Ae)x

/=0 j/=0
[Sx(jAe, 7 Ae, (n — n')At) f(j'Ae, 0’ At) — S\(j'Ae, jAe, (n — n')At) f(jAe, n' At)]
with S given as in (6)(c). The Fermi Golden Rule operator @y is discretized by

Qolf1(iAe, t) = Y ma, [dp((j+vK)Ae) f((j+vE)Ae,t) —dp((j—vK)Ae) f(jAe,1)], (24)

v==+1

where, for notational simplicity, we simply set dp(e) = 0 for € < 0. The first order collision
operator @ in (13)(c) is given in its weak formulation by

[ depE@nE e =16 Y a, [ de [ ax

v==+1

In(le" — & + v[)0.0. [Vdee' O, f (¢, 1) (d(€)) — &(e))]-
In this weak formulation the integrals are guaranteed to converge. It is therefore allowed to

truncate the logarithmic singularity in the integral kernel. We define

In(jAe) 7>0

n°(jAe) = In(Ae) j=0

and discretize ()1 in a weak finite difference sense by requiring that

Ae> " dp(jAe)[p(jAe)Qi[f](jAs, nAL)] = 167°(Ae)* > a, Y >
=0 v==+1  j=0 /=0
(|5 — j + vK|Ae)Df DS [\/4j5' Ac Dy f(j A, nAL) (6(j'Ae) — ¢(jAe))].

holds for all grid - testfunctions ¢. Here DT denote the usual forward difference operators
acting on the respective indices, i.e.

f(G+ 1A t) = f(jAe, )
Ae ’

fle,(n+1)At) — f(e,nAt)

At ’
holds. Expressing the first order collision operator in a strong form on the discrete level, i.e.
choosing a discrete — function for the test function ¢ gives.

Q1[f1(jAe, nAt) = (26)

(a) D f(jlet) = (25)

(b) Dy f(e,nAt) =
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Ae Z dp(jAe)[S1(jAe, j'Ae) Dl f(5'Ae,nAt) — S (5’ Ae, jAe) D} f(jAe, nAt)]

J'=0

with the discrete scattering cross section S; given by

Si1(jAe, j'Ag) = > a,D; D In°[(j — j' + vK)Ae],
v==+1

which is the appropriate approximation to the singular integral kernel (23). Here D~ denotes
the backward differencing operator, analogously to the definition of D% in (25).

We now proceed to verify Theorem 1 numerically. Besides the verification of the asymptotic
analysis of the previous section, the purpose of this exercise is also to gain some confidence
in the weak difference discretization before computing asymptotic solutions to the Levinson
equation. More precisely, we will verify the consequence of Theorem 1 given in equation
(15), namely that the smoothed version of the full collision operator @, applied to a highly
oscillatory function is approximated by the zero and first order terms )y and (), applied to
the smoothed function. Figure 1 shows the signal chosen for this verification, which consists
of the function f(e,t) = (1+ cos(20t))/(1+ 3€?), i.e. a smooth function of £ modulated by a
rapid oscillation in time. Figure 2 shows the filtered signal f¥(e,t), obtained by convoluting
f with a Gaussian in time. We now compute Q,[f] and the corresponding smoothed version
QL[f] according to (14) and compare the resort to (Qp + AQ1)[f¥]. As a measure for the
approximation we chose the energy given by the formula

<eQ > (1) =Ae ) dp(jAe)jAsQ(jAc,t).

J=0

Figure 3 shows the highly oscillatory energy < eQ,[f] > and compares < Q¥ [f] > to the
values of < eQq[f] > and < e(Qo[f¥] + AQ1[f*]) for A = 0.1 and A = 0.01. Figure 3 first
confirms that the smoothed collision operator converges to the Fermi Golden Rule applied
to the smoothed signal pointwise in time and that the approximation is improved by adding
the first order correction, which is a direct consequence of the weak convergence given in
Theorem 1.

We now turn to the more interesting question if, and in what sense, the solution of the zero
field Levinson equation (2) is approximated by the solution of the asymptotic equation

Of = Qolf]+ Au[f]. (27)

To this end, we will compute with more realistic parameters. F in (2)(b) denotes the
frequency of a particular lattice state and is given by the formula

F<§>=\/ ¢ho (11, (28)

2V [€|2eq ; €
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where £ is the momentum vector corresponding to the lattice state, g is the dielectricity
constant (for vacuum) and €., and €, are the usual corrections to gy taking into account the
property of the crystal. The values for the physical parameters in Section 1 are summarized
in the table below

Symbol Value Unit Meaning
q 1.602 1071 C electron charge
h 1.054 * 10734 kgm?/sec Planck constant
h 6.626196 * 1073*  kgm?/sec h = 2rh
m,  0.063 % 0.109 * 10731 kg effective electron mass
hw 0.036 eV emission / absorption energy
€0 8.85 % 10712 o dielectricity constant (vacuum)
€s0 10.92 1
s 12.9 1

We are considering the system at room temperature, i.e. the inverse temperature 3 in Section

2 has a value of 3 = 40(eV)~!, which gives a value of n = 0.3105 for the occupation number

n. We consider only a single lattice state corresponding to the lattice being in equilibrium,
MM

i.e. we choose [£|* = 5. Using these values, one computes a value of A = 0.0113 for the
dimensionless parameter A\, which suggests that we are in the appropriate asymptotic regime.

The asymptotic solution of the Levinson equation.

The solution of the asymptotic equation (27) is complicated by the following facts. First the
equation is implicit in time, since the first order perturbation operator (); acts on the time
derivative of the solution f. Second, the implicit term is nonlocal in the energy variable and,
third, this nonlocal implicit integral term contains a singular kernel. These factors make the
actual numerical solution of (27) highly non-trivial. One could, for instance, be tempted to
replace the time derivative of the density function in @)y in first order by Q[f] and solve the
explicit equation

Ouf = Qulf] + A / AplS1 (0 1) Qolf) (1) — 1 (0, ) QoL ). 1) (20)

instead. It is, however, relatively easy to see (and has been verified numerically) that equation
(29) is ill posed. At the level of computational complexity considered in this paper it would
be feasible to directly discretize equation (27) using an implicit time discretization. We would
then have to consider the artificial numerical diffusion generated by implicit methods which
is a major factor, since we want to compare asymptotic solutions to the highly oscillatory
solution of the Levinson equation. It should be pointed out here that we have made life
particularly simple by considering solutions which are functions of energy only. As soon as
we would introduce a field term, or consider spatially inhomogeneous problems, we would
have to result to some form of particle based discretization, and the solution of implicit
equations would become a major issue. With an eye to the future particle based solution
of inhomogeneous problems, the easiest way out of this dilemma is to actually solve for the
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asymptotic expansion of f given by equation (27). That is to write f = fo+ Af; and to solve
the system

(a) Oufo=Qolfol, (b) Oufi = Qolf1] + Qulfo] (30)

Now the time derivative of the zero order term f, which appears in (30)(b) can be replaced
by (30)(a) and we actually solve

(@) Oufo=Qolfo], (b) Orfi = Qolfi] + /dp[Sl(p,p’)Qo[fo](p’,t) — S1(¥', p)Qol fol (p, )]

(31)
Equation (31)(a) is just the Boltzmann equation with the Fermi Golden Rule operator and
(31)(b) is also the same Boltzmann equation with an additional source term, which could be
discretized using weighted particles. It is in this form that the numerical experiments below
have been carried out, using the discretizations (24) and (26) for the operators @); and Qs.

We choose as initial condition (shown in Figure 4) the equilibrium Maxwellian with a second
peak added. Thus we expect the second peak to be eliminated by the evolution of the
Levinson equation as time advances. Figure 5 shows the solution f) of the Levinson equation
(2)as a function of energy and time, which exhibits the expected oscillations in time, albeit
not to the same extent as the test example. To compare this solution with the asymptotic
solution of (31) we smooth it in the same way as in the test example, i.e. by convoluting it
with a Gaussian in time, shown in Figure 6. Figure 7 shows the solution of (31) for the same
parameters. Figure 8 compares the full solution f) of the Levinson equation to the solution
fo of the Fermi Golden Rule and fy + Af; of (31) at different points in time. We observe
that the solution fj of the Fermi Golden Rule has essentially reached steady state, while the
full solution fy still evolves, i.e. the quantum effect causes a significantly longer relaxation
time. This behavior is captured more or less by the asymptotic solution fy + Af;.

The structure of the equilibrium solution for the Fermi Golden Rule is determined by the
fact that we have chosen a simple constant value of the lattice state frequency F' in (28),
corresponding to a d— function collision potential [10]. This implies that the kernel of
the Fermi Golden Rule operator (g does not only contain Maxwellians, but Maxwellians
multiplied by arbitrary Aw— periodic functions of energy [7], [8], [12]. The steps in the
equilibrium solution in the right lower panel of Figures 8 represent the projection of the
initial solution into this space.

We were unable to continue the comparison beyond the given point in time due to memory
constraints, since the solution of the Levinson equation requires time steps much smaller
than A, to resolve the oscillations, and the storage of all previous time steps because of its
nonlocality in time. It should be pointed out, that the solution of the asymptotic system
(31) does not suffer from these constraints and (31) could be solved with much larger time
steps on much longer time scales. The asymptotic solution fy + Af; will eventually however
converge to the same equilibrium solution, since the system (31) has clearly the same steady
states as the original Fermi Golden Rule equation (2). Thus the quantum corrections give,
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at least in the absence of an electric field term, a purely transient effect.

5 CONCLUSIONS

Based on the Levinson equation, which in turn is derived from a weak interaction limit for
the many body Schrédinger equation, we have derived a corrective term to the semiclassical
Fermi Golden Rule collision operator. This corrective term is only mildly non - local in time
in the sense that it is a local operator acting on the time derivative of the density function. It
therefore renders itself much more easily to simulations on long time scales than the original
Levinson operator. We have shown the weak convergence of the corrected operator to the
Levinson operator, i.e. we have proven the oscillatory limit for large times. Furthermore,
we have demonstrated numerically the convergence of the solution to the Levinson equation
towards the system resulting from the corresponding asymptotic expansion. From a numer-
ical standpoint the complexity of this system is equivalent to that of solving a standard
Boltzmann equation with additional source terms.
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Figure 4: Initial condition for the Levinson equation.
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Figure 5: Solution of the Levinson equation.

25



1.2 time (ps) energy (meV)

0.8

0.6

0.4

R
i
- MR
N

250
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Figure 7: Approximate Solution of the Levinson equation.
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Figure 8: Snaphots of the solution and its approximations.
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