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In this paper the transport of quantum particles in time-dependent random media is
studied. In the white noise limit, a quantum model for collisions is obtained. At the
level of Wigner equation, this limit is described by a linear Wigner-Boltzmann equation.

Nous étudions dans cet article le transport de particules quantiques dans un milieu
aléatoire dépendant du temps. Dans la limite de bruit blanc, nous obtenons un modele
quantique de collison. Au niveau des équations de Wigner, la limite est donnée par une
équation de Wigner-Boltzmann linéaire.
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1. INTRODUCTION

In this paper we investigate the asymptotic behavior of quantum particles
dynamics in a random media. The random media is modeled by a random potential
V¥ (x) which is time dependent. The small parameter t represents the correlation
time: V7 (x), V7 (y) are independent random variables as soon as |t —s| > 7.
Therefore the limit 7 — 0 corresponds to a white noise limit. The amplitude of
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the potential is of order 1/,/T. We will prove that, starting from the classical
Schrodinger picture to describe the evolution of quantum particles, the correlation
time limit T — 0 describes a Wigner-Boltzmann equation. This kind of problems
belongs to the class of rigorous derivations of an irreversible dynamics from a
reversible one. The effect of the scaling analyzed in this paper is that the random
potential acts very strongly and, as a consequence, the process is very close
to a Markovian dynamics with instantaneous generator. It could be possible to
combine the whith noise limit introduced by the scaled random potential with
the homogeneization given by the semiclassical limit, where the memory of the
random potential is comparable with the full time scale. In our opinion, one of the
advantages of doing the white noise limit is that we can recover the quantum effect
in the Schrodinger formalism (we obtain a quantum Boltzmann-like equation in
the Wigner formalism), while in combination with the semiclassical limit we find
the classical description. Of course, the semiclassical analysis could be done in a
second step. In the context of radiative transport theory (see (>>), one of the main
applications of this procedure is to study quantum effects in the description of the
propagation of wave energy in scattering medium. Let us briefly summarize some
contributions to the literature on this field.

H. Spohn derived in®> the spatially homogeneous radiative transport
equation starting from the Schrodinger equation for short times, for electrons
moving through random impurities modeled by time-independent Gaussian
potential. This result was generalized to higher-order correlation functions by T.
Ho, L. Landau and A. Wilkins in.'® InU¥, the small time restriction was removed
and the result was extended to more general initial data by L. Erdos and H. T. Yau,
where the potential had no loss of memory. The above results can be considered in
the framework of the weak coupling limit (see also!!?), but in'4) it is also analyzed
the so-called low-density limit, which is the quantum analogue of the classical
Lorentz gas. In the above results the proofs are mainly based on Neumann’s series
expansion for the solutions of the Schrodinger equation. In® time-dependent
random potentials modeled by a Markov process in time are considered. Then,
G. Bal, G. Papanicolaou and L. Ryzhik performed the radiative transport limit
by constructing an approximate martingale for the random Wigner distribution,
where the time scale of the memory of the random potential was comparable with
the full time scale. F. Poupaud and A. Vasseur in®* dealt with the same problem
with rapidly decorrelating in time potential in combination with the semiclassical
limit. The effective equation obtained in those papers is a classical linear
Boltzmann equation. Our aim in this paper is different, while the techniques are
close to those of.> We want to obtain a model for collisions at the quantum level
starting from classical Schrédinger equations. We follow the general mathematical
approach of.?¥ In particular, the limit is performed directly on the equation and
not on an explicit representation of the solution. The stochasticity in time of
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the potential automatically implies the non self-correlation of particles paths. In
©:10) " a non-commutative version of the entropy extremalization principle allows
to construct new quantum hydrodynamic models founded in the moment method.
The moment system is closed by a quantum (Wigner) distribution function which
minimizes the entropy subject to the constraint that its moments are given and the
resulting moment system involves nonlocal operators. In ) P. Degond and C.
Ringhofer generalize the previous results to the Boltzmann collision operator us-
ing nonlocal quantum entropy principles.The problem of finding diffusion models
in quantum transport can be also considered in this context and plays an important
role in a wide range of applications from which we mention the microelectronic
devices. The motion of an ensemble of quantum particles interacting with a heat
bath of oscillators in thermal equilibrium was modeled by A. O. Caldeira and A.
J. Legget in ©, see also (!2. For open quantum systems, the analysis of dissipative
transport equations with Fokker—Planck—type scattering mechanism was done in
(M by A. Arnold, J. L. Lépez, P. A. Markowich and J. Soler in the Wigner function
formalism ® (level of the kinetic equation), see also (). At the level of the density
operator the same problem has been recently studied by A. Arnold and C. Sparber
in @ and by J. L. Lopez in @V in the setting of (logarithmic) Schrédinger systems.

All the dissipative quantum models studied in the previous citations rely on
a priori assumptions or principles. On the contrary, in this work, we start from
Schrodinger equations and we rigorously derive a Wigner-Boltzmann equation,
thus obtaining a dissipative quantum model.

The paper is structured as follows: In Section 2 we analyze the main features
of the random potential leading to the white noise limit and to the quantum
transport equations. Section 3 is devoted to deduce the Schrodinger and the Wigner
equations as function of the correlation time parameter. In Section 4 we perform
the white noise asymptotic limit and introduce the main results of this paper. We
also discuss the simpler case in which the correlation of the random potential
depends only on one variable. The conservation of the positiveness for the density
matrix is analyzed. Finally, Section 5 concerns the proofs of the results obtained
in the previous sections.

2. THE RANDOM POTENTIAL

At the quantum level, the dynamics of particles is governed by a potential
V'*(¢t,x) which is assumed to be a real function of time and space variables
(t,x) € R*P, where D is the space dimension. It is for instance the sum of a
potential due to an applied bias and of a random potential due to inhomogenity of
the media (impurities or phonons in a semiconductor for instance). More precisely,
we suppose that the potential has the following form

Vi, x)=V(,x)+ U'(t,x), with
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U’(t,x) — %U <£,x> , V(t,x) € RlJrD’ (1

where V' is a measurable deterministic function (actually the expectation of V'*)
and U is a measurable random function. The assumptions on these functions are
listed below.

e There is some positive constant C, such that
|V (t,x)| < Cos, |U(t,x)] < Cs almost surely, ¥(z, x) € R, (2)
e The expectation of the random potential vanishes,
E(U(t,x)) =0, ¥(t, x)eR"P, 3)
e We have the following Markov property
U(t, x), U(s, y) are independent random variables 4)

forall ¢, s € R such that |t — 5| > 1.

e We also impose that the random function U is stationary with respect to
time. It means that there is a measurable bounded function R = R(z, x, y)
such that

EU(t, x)U(s, y)) = R(t — s, x, ¥),Y(t, x) e R"*P | V(s, y) e RITP.
&)
We remark that due to the Markov property (4) and to (3), the support of R lies in

[—1, 1] x R?P. We also have that R verifies : R(¢, x, ¥) = R(—t, y, x). It allows
to define the symmetric, bounded, real function

1
S(x,y)=/ R(t,x,y)dt=/R(t,x,y)dt. (©6)
-1 R

We need some regularity assumptions on R. Indeed, we shall assume that R is a
measure satisfying

f/ &Gt p. @) g (1 + g + 1p]) dp dg di < C ™
R RZD

for some constant C > 0, where

R(t, p.q) = /

RP xR

R(t,x,y) e P4V dp dg.
D

A particular case is when the random potential is also stationary with respect to
space. In this case we have for a measurable bounded function Q = Q(¢, x)

E(U(t, x)U(s, ) = O(t —s,x —y), Y(t,x) e R V(s,y) e RITP. (8)
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Then Ié(t, p.q) = Qn)P Q(t, p) 8(q + p) and assumption (7) is reduced to

// 10, p)| 1] (L+ |p]) dp di < C. ©)

3. SCHRODINGER AND WIGNER EQUATIONS

This Section is concerned with the asymptotic behavior when t — 0 of the
solutions of the following (normalized) Schrédinger equations

B 1
ial//;:—EAxW;—i—Vr(t,x)l//;, teR, xeR?, n=1,2,... (10)

U0, x)=¢l(x), xeR?, n=1,2,... (11)

Here, the random potential V" satisfies the hypotheses of the previous Section and
7 is a small parameter which represents the correlation time of V7.

We use the mixed state approach. The initial data are assumed to form an
orthonormal system of L2(RP). It classically results that for all time ¢ € R, the
system (Y (¢))p=1,2,... is also orthonormal

/ Y (£, x) Y, x) dx = S, (12)
RP

fort €e R, and n,m = 1, 2, ... where §,,, stands for the Kronecker delta symbol.
To each index n there corresponds an occupation probability X,, while the state of
the particle is described by the wave function ;. We assume that

ixn — 1. (13)
n=1

As in @9, we introduce the time-dependent Wigner function associated with
the mixed state

o]

wt(t,x,é)zzm(zn%/w)w (t X+ )1//f< x—%)e_iy‘gdy (14)

n=I

and the initial Wigner function

w!(x, s)—Z (21)0/ v (x4 3) vl (x=3) e v a9)

We refer to (13:16:22.20) for properties of Wigner functions. We only emphasize that
the weak limit of w® allows to determine the limit of observables of quantum
mechanics. We have (see (!9, for instance)
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Proposition 3.1. Assume that the functions r; solve (10), (11) with initial data
that form an orthonormal system. Then, the Wigner functions w* (t > 0) defined
by (14) with occupation probabilities satisfying (13) are real functions. Also, they
lie in a bounded set of L>°(R; L*(R*"))

lw* (Ol 2@y < v Co, YT >0, YVt €R, almost surely, (16)

o0
with Cy = Z » An’. The probability density defined by

w05 = Y m e 0F = [ we,x,6) de (7
n=1
is bounded in L®(R; L'(RP)).

In order to derive the evolution equation satisfied by the Wigner function, we
need to introduce the following pseudo-differential operators. For a given bounded
measurable function ®, we define the operator

9[d>]:i<d><x+%)—d>(x—%)). (18)

This operator is explicitly given by

oL = ﬁ /RD ((D (z, X+ %) —-® (t,x - %)) Fosy(n(x, v)) €7 dy,

where F,_,, is the Fourier transform between the dual variables v and y
Fosl@)i= [ e d.
RD

This operator is bounded on L2(RP). Its norm in the space £(L2*(RP?)) of linear
operators on L2, denoted by |||6[®]|||, is bounded by 2| ® l| oo ).
We introduce

T T . T DE T DE
6 :=9[V(t)]=z(V (f,x+7>—v (t,x—T))- 19)

Thanks to (2), its norm is bounded by

T T 1
O < 211V Loty < 2Coo <l+f>' (20)

If Y} denotes the Fourier transform of U™ (¢) with respect to the space variable (it
is a tempered distribution) we obtain

OLUT ()l = ﬁ /};D Vi(p) (n (x,g + g) - (x,g _ g» v dp.
2D
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In the above formula the integral has to be understood as a duality between a
distribution and a function. The expectation E(V} (p) V; (¢)), which will be useful
in the next section, can be obtained from the following computation

EV] (p) Vi(q)) = Faos pFysg EXUT (2, x)U (s, )
fvﬁp]:yﬁqR( . —° , X, y> = —(ZJT)D <t , D, q) (22)

This result can be deduced by using (5) and defining R(t,p,q) = Fes pFy—q
R(t, x, y). Note that R verifies Ié(t, p.q9) = Ié(—t, q, p).- We now introduce the
Wigner equation. We have (see (2220:16))

Proposition 3.2. Under the same hypotheses as in Proposition 3.1, the Wigner
functions w® solve the following Wigner equation

0

Ew +EVw =60/ (w"), teR, x eRP, £eR”, (23)
w(0, x, &) = w'(x, §), x eR”, £ eRP, (24)

where the operator 0/ is defined by (19). For all time t € R, 6] is a bounded skew

operator on L*(IR*P) which satisfies (20).

4. WHITE NOISE LIMIT

The aim of this Section is to determine the asymptotic behavior of the expec-
tation value E(w®) when t — 0. Our main result is the following

Theorem 4.1. Assume that the random potential satisfies the assumptions of
Section 2. Also assume that the functions ; solve (10), (11) with initial data
which form an orthonormal system. Suppose that the occupation probabilities
satisfy (13) and that the initial data | are deterministic.

Then, when the parameter T — 0 we have

Ew®) — w’ in  C0, T]; L2 (R*P) — weak),  forany T > 0.

We also have w(t = 0) = w! where w is defined by (15). Moreover, w° is the
solution of the following Wigner—Boltzmann equation

0
Ewo(f,x, §) + & Vw'(t, x, ) = 0V (OI(w°) (1, x, )

_fRD Kl(x,é'—E)wo(t,x,é’)dé/ntfRD Ky(x, & — &) wi(t, x, &) dE' (25)
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ort > 0and (x,§) € R2P where
Je §

Kl(x,p)Z/ S<x+x—,x+x—) cos(p - x')dx’, (26)
e 2 2
x’ x'

Ko(x, p) = / S (x - —,x+ —) cos(p - x') dx’ 27
e 2 2

and S is defined by (6). In the particular case where the potential is stationary
with respect to space, see (8), equation (25) reads

%wo(t,x, §)+ &Vt x, §) = 0V (O(w)t, x, §) — A w'(t, x,§)

+ [ =l ngras @)
fort > 0and (x,£) € R?P, where

k(p) = /Rn A;{ O(o, x)e™"P* do dx > 0,

A = @m)P /R kp)dp = /R 0(0. 0) do,

where Q is defined by (8).
The above equation makes the operator

ne L) :§ — /RD k(E"—&m(E) dg" — An(§)

= /RD k(" —&)nE") — n(§))d§’

to appear. This operator can be seen as a linear Boltzmann operator because £ is
nonnegative. In particular it is dissipative for the L?-norm because

e @), [ Loneneds

- e
“zAZDk(é §) (&) — n(§))* d&' ds < 0.

Indeed, with the notation of ®¥, we have k(p) = 27 R(0, p), so it results from
Lemma 4.5 of @ that k is even, nonnegative and continuous. Thus, (28) can be
seen as a quantum Boltzmann equation.

This interpretation is less obvious in the case of equation (25). It appears
more clearly in the equivalent formulation in terms of the density matrix. The
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density matrix DT is a self—adjoint, nonnegative, time dependent operator which
acts on L2(RP). The integral kernel of this operator reads

Pt X, 9) =D ha¥rr (t, X) YR (T, ). (29)

n=1

The kernel p7 is related to the Wigner function by the identities
1 )
wex§) = oo [ o /2 D dy
m)P Jro
and
p7 (1, x, y) = / W’ (t, %’ E) eTI0DE g (30)
RD

Remark that we have ||o” || = +/(27)P||w?||. Then, Theorem 4.1 implies that
E(p?) — p°  inC([0, T]; L*(R*’) — weak), forany T > 0.

We now use the relation between the Wigner transform and the density matrix in
the Wigner equation to deduce that p° is the solution of

9 1
lapo(t,x,y) = [—EA + V@), p“(t)] (x,»)

3 (SGe.x) + S ) = 28 ) e x.p). B

where [A4, B] := AB — B A denotes the commutator of the operators 4, B and
S is defined in (6). The main difficulty in deriving (31) comes from the terms
involving the kernels K| and K,. More precisely, a short computation shows that

/ K, (x +y, g - S) w <x "i_y7 ‘%_/) e 0E gg g
RO xRD 2 2

1
= E(S(x, x)+ S, y) p(x, )

Lo (32 e )
RO xRP

= S(x, y) p(x, ).

In view of assumptions (2), (3), (4) and (5), the function R = R(¢, x, y) is bounded
and has a support embedded in {¢t € [—1, 1]}. Therefore ¢ — R(¢, x, y) is inte-
grable for a.e. (x, y) € R?>P. Then using Lemma 3.1 of ®¥ we have

and

L L
S(x,y) = / R(t,x,y)dt = Llim / / R(t —o,x,y)dtdo a.e.
R o JoLJ-L
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= lim EQ()UL(»))  ae. (32)

1 L
with Uy (x) = — / U(t, x). It follows that
VL J-L
S(x,x) = lim EU,(x)*) >0 a.e.
L—oo

S(x,x) + 8, ») = 2850, y) = lim B(@(x) —U (7)) =0 ae (33)

We will see that the last inequality can be interpreted as a dissipativeness property
of equation (31). The following result is also useful.

Lemmad4.l. Forany symmetric, trace class operator D on L*(RP) whose kernel
is p = p(x,y), let S(D) be the operator whose kernel is (2m)PS(x, y) p(x, ).
Then, S is linear and continuous on the space of symmetric, trace class operators
and preserves nonnegativeness.

The function S = S(x, y) is bounded, real and symmetric with respect to
(x, »), then the only point to check is the nonnegativeness of S(D) when D > 0.
We have for any ¢ € L*(R?)

<. 5D > =CnP [ Gt () dy

= @ny? im B [ G000 ol U000 dx )
= (27)P Jim E(< Upp, DUpp >) = 0

where the second equality has been obtained by using the Dominated Convergence
Theorem. This ends the proof of the Lemma.

Let 7 be the multiplication operator of £(L?(R”)) given by
To(x) = 27)PS(x, x)p(x), fora.e.x e R?, Vo e L*(RP).

Let H(¢t) be the self—adjoint operator H(t) = — % A - +V(t)- and D° be the density
matrix corresponding to the kernel p°. It results from (31) that

Proposition 4.3.  Under the same assumptions as in Theorem 4.1, the density
matrix D° corresponding to the limit kernel p° solves the Von Neuman-Boltzmann
equation

£D() = ~iTH(), DO+ SD(0) ~ TP+ D'OT) (34

for all t > 0. This equation generates a continuous nonautonomous group
on the space of symmetric trace class operators. It preserves the trace and
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nonnegativeness. Moreover it is dissipative for the norm | D], = /tr(DD*) in
the sense that | D°(t)||, is a nonincreasing function of time.

The first assertion is obvious because the operator D +— S(D) — %(TD +
DT) is a bounded linear operator on the space of symmetric trace class operators
and we have classically that the Von Neuman operator D — —i[ H(t), D] generates
a continuous non autonomous group. Concerning the trace conservation we have

%tr(D(t)) —tr (S(D(t)) - %(TD(t) + D(t)T)>

and we easily check using the kernels of the operators that for any D tr(S(D) —
NTD+DT)) =0.

It remains to prove that D(¢) remains nonnegative if D(0) > 0. Let us intro-
duce the group G, ; generated by

D> —i[H(t), D] — %(TD +DT).

We first prove that this group preserves nonnegativeness. Let D; be a trace class,
symmetric nonnegative operator. Then there is an orthonormal system (¢, ),en
of L2(RP) and a real sequence (A, )nen satisfying A, >0, >, A, < 0o such
that D; = D" A @0 ® @s. Let (¥,(f))nen be the solutions of the Schrodinger
equation

d
ia%(¢)= H(f)%(f)‘i‘iTlﬂn(l)’ %(S) = On-

Then, it is easy to check that G, ;D; = ZneN An¥n(?) @ Y, (t), therefore G, ( Dy
is also nonnegative. Since the operator D + S(D) is Lipschitz continuous, the
solution D(¢) of equation (34) is given by the limit of the sequence

Dy (1) = G1.0D(0),
t
Dris(t) = GoDO) + | GuSDL(s)ds.
0
Using Lemma 4.1 and the fact that G, ; preserves nonnegativeness, we obtain that
D,(t) is a sequence of nonnegative operators if D(0) is a trace class symmetric

nonnegative operator. It results that the limit D(¢) is also nonnegative.
The last point concerns dissipativeness. We compute

d
EDO)Z = —i([H(®), DO)]D(t) + D()[H(2), D)) + () = E(F)
with £(r) = D(t)(S(D(t)) — %(TD(t) + D(t)T))

I
+(sw) - 3TPO + DOT)) D).
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The kernel of the operator £(¢) is given by

@m)P
)

/R Pl 28, 2) S0, )~ 25( 1o 2, )

+p(t, x,2)(S(z, z) + S(x, x) — 28(x, y))p(t, z, y) dz.

Therefore

S 1)1 = S (D) = w(E)

D
__@nm) / o(t, x,2)(S(z, z) + S(x, x) — 28(z, x))p(t, z, x) dz dx
2 R2D
D
=_(2T[) / (S(z,z)-|-S(x,x)—2S(Z,x))|p(t,Z,X)|2dde SO’
2 R2D

being the nonpositiveness due to (4.1). This ends the proof.

Remark 4.1.  The first idea for proving Proposition 4.3 is trying to put (34) in
the Lindblad form, cf 1'%, It consists of finding operators (U, )= such that

S(D) = i U,DU*, T = i Ut U,. 35)
n=1 n=1

The evolution equations in Lindblad form are dissipative in the space of trace—class
operators and their quantum entropy grows, which is related to the irreversibility
properties of the evolution equation. Lindblad s form also implies the conservation
of positiveness, even gives rise to complete positiveness of the evolution semigroup.

This seem to be more complicated in our context than tryng to give a direct
proof of Proposition 4.1. However, another possibility is to obtain S and T as a
limit of operators of Lindblad form where the sums are replaced by expectations.
Actually, using (32) we have

S(D) = lim EU, DUy, T = lim EUL),

where Uy is the self adjoint random operator corresponding to the multiplication
by the real function Uy. But the proofs in this approach are not simpler.

5. PROOFS

The rest of this paper is devoted to the proof of Theorem 4.1. From now on
.|| denotes the norm of L2(R?”) and 7 is assumed to satisfy 0 < 7 < 1. We also
use the notation O(B) for L2-functions which are bounded in L>(R?*”) by C B
where C is a positive constant which is uniform with respect to the time #, the
parameter T and the random variable.
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One of the main ingredients in the determination of the asymptotic behavior
of wT is the Duhamel formula. We first introduce the unitary group on L?(RP),
(S;)ser, generated by the infinitesimal generator £.V,:

vne L*RP),  Sn)(x,&)=n(x—t£&), xeRP g£eRP. (36)

If w® is a solution of (23), (24) we obtain
w(t) = Sswi(t —s) + /OS Se0_ (W' (t — 0)) do. (37)
In particular, w® can be obtained as the fixed point of the map
w i Sw! + /0, S,0F (w(t — o)) do.

If the initial data is assumed to be independent upon the random potential, this
formula shows that w*(¢) depends only on V| fors € [0, f]ift > O (orfors € [¢, 0]
if ¢ < 0). In view of the assumption (4), it follows

Lemma 5.2. Assume that wy is a deterministic function. Then, forallx, &, y €
RP, t >0 and s > t + 1, the functions w'(t,x, §) and VI (y) are independent
random variables.

We also have

Lemma 5.3.  Assume that V7 (y) and n(x, §) are independent random variables
forally, x, & € RP. Then E(6] (n)) = 0[V]1(E(n)).

Last lemma is a direct consequence of the definition (18) and also of (1) and
(3). Also, a combination of the Duhamel formula (37) together with (20) and (16)
allows to obtain the following useful estimate

1
1w (6) — Syw (i — )| < 2Co Coe (1 + f) S,

which implies

Saw(t — ) = w(t) + O (%) . (38)

We are now ready to use the strategy of ®* based on the use of the Duhamel
formula and the time mixing properties. Taking the expectation of (23) we get

3
aE(wf) +EV,Ew") =E@f(w"), teR, xeR’ &eR”.
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Thanks to Lemmas 5.2 and 5.3, we have for¢t > 1

E@OFw' () = E@F S;w™(t — 1)) + / ' E(07 S,07_,w'(t — o)) do
0

1
= [V (O)ES w (¢ — 7)) + fo E(t 67 S,.07 , w'(t — 07))do.

We first remark that due to (38) we have
S;wt(t — 1) =w () + OKWT), W (t—071)= So—oyw(t —27) + O(7).

The operators O[ V' (¢)] and 7 67 S, .67, are of order 1 in L(L*(RP)). Therefore,
we get for t > 21

E(O7w" (1) = 01V (0B (w (1)
n /0 1 E(z 01U (1)]S020[U(t — 00)]S—oyew' (¢ — 27))do + O(V/7).
For the second term we use again Lemma 5.2 to obtain
E(O7w" (1) = 01V (0(E(w" (1)
+ /01 E(r 0[UT()]1S::0[UT(t — 0 1)]S_60)E(S2rw' (t — 27))do + O(ﬁ)
— OV (1B (1)
+ [ B OLUT(O1S,201U"( — 0 1Sor) do B (1) + O/,
We summarize these results in the following

Lemma5.4. Let w® be the Wigner functions defined in Propositions 3.1 and 3.2.
Then, we have fort > 2t

0
EE(wt(f)) +&. Vi E(w' (1)) = o[V ()]([E(w" (1))
+ L{Ew (1) + O(W/), (39)
where the deterministic operator LT, defined by
1
L] = / E(z 0[UT ()]S5:0[U* (¢t — 01)]S—0:) do (40)
0

on L*(R?P) is uniformly bounded.

The first consequence of (39) is that the time derivative of E(w?(¢)) is uni-
formly bounded with respectto r and ¢ € [27, 00), in the distributional sense. Let 1
be a test function and let us check the equicontinuity of fRzD E(w®(t 4+ 2t))ndx d&
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ont € [0, 00). We have

/ E(w (¢t + 21))ndx d§ = f E(Sy,w" (¢))ndx d€ + O(/7T)
RZD ]Rzn
= [ B @S- ds dé + O/

= /]Rw E(w®(#))n dx d& + O(J/7).

This shows that o, E(w®(1))n dx d& is equicontinuous on [0, co). Then, by the
Ascoli theorem there exist subsequences t; — 0 (again denoted by t in the sequel
for the sake of legibility) such that for any 7 > 0

Ew™(t)) — w’() in C°([0, T]; LA(R?*P) — weak). (41)

We refer to 17:24 for more details.

In order to pass to the limit in (39), there remains to compute the limit of
L7(E(w®(2))). Using that 6] is a skew operator (Proposition 3.0) and that the
adjoint of S is S_;, the adjoint (Lf)* is given by

1
@7 = [ B, 61U - oIS, UT O] do: “2)
0
Therefore, there only remains to obtain the L?(R?P) strong convergence of
(L7)*(n) for any test function 1. By using (21) a short computation leads to
Ser0[UT(t = 0T)]S_oz OLUT(D)](m)(x, §)

€1€
== 2 #/R V@V ()

€,6==%1

X 7 (x —I—ezra— £+l +622) ix.(p+q)e—iezmq-(é—§)] dpdq.

2
Then, the identity (22) yields

1
wrm=- Y %[ [ kepan(c+ade

€, 6==%1
s arzed 62q> D0 E=D) 4o dp dg 3)
or equivalently
wro=- ¥ 55 [, [ ke

0 (x,é‘ + @) D dpdg + o+, (44)
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where

1
€16 ~ q €1p +eq
= — E R(o, p, €T0 = _
" €,6==+1 (ZJT)D /I‘{DXRD/(; (G P q)n <x+ 2 025 * 2 >
1,62=

% eix-(P+q)[e—ifzmq'(é—p/Z) _ 1] do dpdg

€1€
r=- 12/1 f<M0qu”@“)
- :l:l (2JT) RP xRP

1
x/ Vxn(x+ezsra%,$+@> (e TO— )ds dodpdq.
0

The remainders ry, r, can be estimated as follows:

1 LA q €1p + exq
< § S R , = £ =7
|I"1| — (27T)D /]RDX]RD \/0 | (G’ p CI)| ‘71 (X + 62.[0 2 s + 2 >

€1,6o=%1

xr|q||s+§|dodpdq

1
T A q €1p +éeyq
< E — R(o, p, = —_—
= jﬂ@ﬂVKAWRm£| WZ’@|%(X+€ﬂ02$%— 5 >
€1,62=

ap+qq |WP—QP—QQ

> > dodpdg.

X ‘5 +
Now, taking L? norms we have

1
Il < Cr |s|n||/ / \R(o. p. )] ll(1p] + g1 do dp dg.
RPxRP JO

Similarly, for , we obtain

1
Irall < Crnvxnn/ / (o, p.q)l lg]do dpdg.
RPxRP JO

Therefore, using assumption (7) and (44) we find

NN b P—q
= [ [ Repda (o(ve+ 257)
n (x,é? — 1%)) Pt dp dg
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1
fﬁ(o,p,q)do <n( P

_(zﬂ)D RO xRP J0 2

( A p;q»em”’*‘”dpdq + 0().

Playing with the symmetries p = ¢ and using
R(0,q, p) = R(—0, p, q) we get

\/

1 b . :
(LD () = W fRDxRD./o (R(o, p,q) + R(—0, p, q))do &~ PFD

o250 {52 259

( &= —)) dpdqg + O(t)

= ! S ix pP—q p—q
=— S(p. q)e =P+ ’ Cfxe -
2(2m)P /]RDXRD (P q)e (77 <x § 2 ) 7 (x § 2

Making the change of variables (p, ¢) — (—p, —¢q) in the second and fourth
terms and using S(—p, —q) = S(p, q) yields

1 A .
R(S(p, ix-(p+q)
7 Lo, M0 0)

X(”(X’SJF%)— ( é+%)> dpdg + O(v),

where we denoted by N the real part of the complex quantity.
We can rewrite L as follows

(L)) =

1 ) ,
(L7 () = W/R i, R(S(p +q, )~ P2y ( £+ )dpdq
—1 Q ix-
o [ W60 = 0€0) 5.8 ) s + 000
D
= %/ N (/ 3(2(5/ — S) +q’ q)eix‘(Z(E’*S)Jqu) dq) n(x’ S/) d%./
(2m)P Jro RD
2P ] o
~ 2D f R (/ SQE —§) —q,q)e™ ¢ é>dq> n(x, &) dE + O(v),
@m)P Jgo \Jro
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which gives

(L7 = [ (Kalr € = €)= Kix, &' = £)nx, €&+ O(o),

where

2D A .
Kitx.p) = G ( /1; $0p—q. g1 dq) 45)

2D —i2p-y Jiq-y ,—iq-z ,ix-
= W?}t (/}1‘@ [Rzn S(y,z)e 2PVl emiaz, 2dedqu>
2P A o
= Wsn ( A . /R . S(y,y +z)e 2PVeTi176I2P gy 7 dq>
=2Pn (/ S(y, y)e i2rveix2p dy)
RI)

_ 4 4 .
_/RI)S(X—I—Z,x—i-Z)cos(p »)dy, (46)

D

— R
@oP”
2P ) o
— _Dm (/ / S(y, Z) e—ly.(2p+q)e—lz»qelx'(2p+2q) dy dz dq)
(27‘[) RP JR2D
2° i2p-(y—x) ,—i i2x-q)
-~ % S _ —i2p-(=X) =129 4y, dze' 2D d
@m)P (/};D [RZD r.z=ye e ydze q)
=2Pn (/ / S(y,2x — y)e 2P0 dy)
RD JR2D
=N / / S(x+z,x—z)efi”'ydy
RD JR2D 2 2

_ Yy .72 .
—ADAZDS<x+2,x 2)cos(p y)dy

There remains to compute K; and K, in the particular case R(Z,x,y)=
O(t,x —y). We start from (45) and wuse that S(p,q)=

1 ~
(27)” / Ol p)do 3(0),

K> (x, p) = (/RD SQp +q,q)e~ T dq) (47)

1 A .
Ki(x, p) =2"% (/RD [1 0(0.2p — q) dod(2p) "™ dq)

1
= [ [ 060 dordase) = asip)
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and from (47)

1
Ks(x, p) = 2P0 ( f f O(0,2p + q) dod2p + 2g) 2P+ dq>
RD J—1

1
_ / 0l p)do = kp)
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