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Abstract

This paper is concerned with the Wigner—Poisson—Fokker—Planck system, a kinetic evolution equation for an open quantum
system with a non-linear Hartree potential. Existence, uniqueness and regularity of global solutions to the Cauchy problem in
3 dimensions are established. The analysis is carried out in a weighted L2-space, such that the linear quantum Fokker—Planck
operator generates a dissipative semigroup. The non-linear potential can be controlled by using the parabolic regularization of the
system.

The main technical difficulty for establishing global-in-time solutions is to derive a-priori estimates on the electric field: Inspired
by a strategy for the classical Vlasov—Fokker—Planck equation, we exploit dispersive effects of the free transport operator. As a
“by-product” we also derive a new a-priori estimate on the field in the Wigner—Poisson equation.
© 2006 L'Association Publications de I'Institut Henri Poincaré. Published by Elsevier B.V. All rights reserved.

Résumé

On considere le systeme de Wigner—Poisson—Fokker—Planck, une équation évolutive cinétique pour un systéme quantique ouvert
sujet a un potentiel non-linéaire du type Hartree. On démontre 1’existence, I’unicité et la régularité pour les solutions du probleme
de Cauchy en dimension 3. On travaille dans un espace L2 avec poids, ou I’opérateur de Fokker—Planck engendre un semi group
dissipatif. La régularisation parabolique du dernier operateur contrdle le potentiel non-linéaire.

D’un coté technique, la difficulté principale pour établir I’existence globale en temps des solutions réside démontrer des bornes
a-priori pour le champ électrique : on étend une stratégie issue de 1I’équation classique de Vlasov—Fokker—Planck qu’utilise les
effets dispersifs d’équation du transport libre. En conséquence, on obtient aussi une nouvelle borne pour le champ dans le cas de
Wigner—Poisson.
© 2006 L'Association Publications de I'Institut Henri Poincaré. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The goal of this paper is to prove the existence and uniqueness of global-in-time solutions to the coupled Wigner—
Poisson—Fokker—Planck (WPFP) system in three dimensions. This kinetic equation is the quantum mechanical ana-
logue of the classical Vlasov—Poisson—Fokker—Planck (VPFP) system, which models the diffusive transport of charged
particles (in plasmas e.g.).

Wigner functions provide a kinetic description of quantum mechanics (cf. [34]) and have recently become a valu-
able modeling and simulation tool in fields like semiconductor device modeling (cf. [25] and references therein),
quantum Brownian motion, and quantum optics [9,17]. The real-valued Wigner function w(x, v, ) is a probabilistic
quasi-distribution function in the position—velocity (x, v) phase space for the considered quantum system at time ¢.

Its temporal evolution is governed by the Wigner—Fokker—Planck (WFP) equation:

wr +v-Vew—O[V]w = Bdivy(vw) + o Ayw + 2y divy(Viw) + ¢Ayw, >0, (1.1)
on the phase space x € R?, v € R?, with the initial condition
w(x,v,t =0)=wy(x, v).

With a vanishing right-hand side, Eq. (1.1) would be the (diffusion-free) Wigner equation. It describes the reversible
evolution of a quantum system under the action of a (possibly time-dependent) electrostatic potential V = V (x, ).
The potential effect enters in the equation via the pseudo-differential operator @[V ]:

(@[V]w)(x, v, t) = i|:V<t,x + %W,) — V<t,x — %Vv>i|w(x, v, 1)

1 .
= W / sV(x,n, l)]:v_mw(x’ n, t)elvq; dn
R3
- (2%)3//(SV(’“’””)w(x’v/,t)ei‘”‘””'” dv’ dn, (1.2)
R3 R3

where §V (x,n,t) =V(x + %, 1) — V(x — %, 1) and F,_,,w denotes the Fourier transform of w with respect to v:

Fooqw(t, x,n) = [ w(t, x,v)e V" dy’.

R3

1
(27)3/2

For simplicity of the notation we have set here the Planck constant, particle mass and charge equal to unity.

The right-hand side of (1.1) is a Fokker—Planck type model for the non-reversible interaction of this quantum sys-
tem with an environment, e.g. the interaction of electrons with a phonon bath (cf. [9,15] for derivations from reversible
quantum systems, and [18,33] for applications in quantum transport). In (1.1), 8 > 0 is the friction parameter and the
parameters «, y > 0, o > 0 constitute the phase-space diffusion matrix of the system. In the kinetic Fokker—Planck
equation of classical mechanics (cf. [29,12]) one would have o = y = 0. For the WFP equation (1.1) we have to
assume

o +1
( i Y 4IB> >0,
Y — 1B o
which guarantees that the system is quantum mechanically correct. More precisely, it guarantees that the correspond-
ing von Neumann equation is in Lindblad form and that the density matrix of the quantum system stays a positive
operator under temporal evolution (see [3] for details). In the sequel we shall therefore assume
ﬁZ
oo > y2 + 6 and oo > 7/2. (1.3)
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Hence, the principle part of the Fokker—Planck term is uniformly elliptic. This makes the present work complementary
to [3], where the friction-free, hypoelliptic case (with @« = 8 = y = 0) was analyzed.

The WFP equation (1.1) is self-consistently coupled with the Poisson equation for the (real-valued) potential
V=V[w]x,1):

—AV =n[w], xeR3 >0, (1.4)

with the particle density

nfw](x,t) :=/w(x,v,t)dv. (1.5)
R3

This potential models the repulsive Coulomb interaction within the considered particle system in a mean-field de-
scription.

The main analytical challenge for tackling Wigner—Poisson systems is the proper definition of n[w] in appropriate
L? spaces. Due to the definition of the operator ® in Fourier space, w € LZ(R)% X Rf}) is the natural set-up. Without
further assumptions, of course, this does not justify to define n[w]. We shall now summarize the existing literature of
this field and the typical strategies to overcome the above problem:

(a) The standard approach for the Wigner—Poisson equation is to reformulate it as a Schrodinger—Poisson system,
where the particle density then appears in L' (cf. [8,13] for the 3D-whole space case).

(b) In one spatial dimension with periodic boundary conditions in x the Wigner—Poisson system (and WPFP) can be
dealt with directly on the kinetic level. For w in a weighted L2-space, the non-linear term @[V Jw is then bounded
and locally Lipschitz [2,4]. The same strategy was also used in [22] for the Wigner—Poisson system on a bounded
(spatial) domain in three dimensions (local-in-time solution).

(c) By adapting L'-techniques from the classical Vlasov—Fokker—Planck equation, the 3D Wigner—Poisson—Fokker—
Planck system was analyzed in [3] (local-in-time solution for the friction-free problem) and [10] (global-in-time
solution). The latter paper, however, is not a purely kinetic analysis as it requires to assume the positivity of the
underlying density matrix. In both cases the dissipative structure of the system allows to control n[w].

(d) In [1,5] the 3D Wigner—Poisson and WPFP systems were reformulated as von-Neumann equations for the quan-
tum mechanical density matrix. This implies n € L' (R3). While this approach is the most natural, both physically
and in its mathematical structure, it is restricted to whole space cases. Extensions to initial-boundary value prob-
lems (as needed for practical applications and numerical analysis) seem unfeasible.

(e) For the classical Viasov-Poisson-Fokker—Planck equation there exists a vast body of mathematical literature from
the 1990’s (cf. [6,7,12,11,14]), and many of those tools will be closely related to the present work.

In spite of the various existing well-posedness results for the WPFP problem, there is a need for a purely kinetic
analysis, and this is our goal here. Such an approach could possibly allow for an extension to boundary-value problems
in the Wigner framework (where the positivity of the related density matrix is a touchy question).

Mathematically we shall develop the following new tools and estimates that could be important also for other
quantum kinetic applications: In all of the existing literature on Wigner—Poisson problems (except [32]) the potential
V is bounded, which makes it easy to estimate the operator @[V ] in L. Our framework for the local in time analysis
does not yield a bounded potential. However, the operator ® only involves § V, a potential difference, which has better
decay properties at infinity. This observation gives rise to new estimates that are crucial for our local-in-time analysis.

In order to establish global-in-time solutions we shall extend dispersive tools of Lions, Perthame and Castella (cf.
[21,27,16] for applications to classical kinetic equation) to the WP and WPFP systems. The fact that the Wigner
function w also takes negative values gives rise to an important difference between classical and quantum kinetic
problems: In the latter case, the conservation of mass and energy or pseudo-conformal laws do not provide useful
a-priori estimates on w. We shall hence assume that the initial state lies in a weighted L2-space, but we shall not
require that our system has finite mass or finite kinetic energy. Since the energy balance will not be used, this also
implies that the sign of the interaction potential does not play a role in our analysis.

This paper is organized as follows: In Section 2 we introduce a weighted L?-space for the Wigner function w that
allows to define n[w] and the non-linear term @[V Jw. In Section 3 we obtain a local-in-time, mild solution for WPFP
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using a fixed point argument and the parabolic regularization of the Fokker—Planck term. In Section 4 we establish
a-priori estimates to obtain global-in-time solutions. The key point is to derive first L”-bounds for the electric field
V'V by exploiting dispersive effects of the free kinetic transport. “Bootstraping” then yields estimates on the Wigner
function in a weighted L?-space. Finally, we give regularity results on the solution. The technical proofs of several
lemmata are deferred to Appendix A.

2. The functional setting

In this section we shall discuss the functional analytic preliminaries for studying the non-linear problem (1.1)-
(1.5). First we shall introduce an appropriate “state space” for the Wigner function w which allows to “control” the
particle density n[w] and the self-consistent potential V[w]. Next, we shall discuss the linear Wigner—Fokker—Planck
equation and the dissipativity of its (evolution) generator A.

2.1. State space and self-consistent potential

Let us introduce the following weighted (real valued) L>-space

X :=L2(R% (1 + [v?)* dx dv), @2.1)
endowed with the scalar product
(u,w)x=//uw(1+|v|2)2dxdv. (2.2)
R3 R3

The following proposition motivates the choice of X as the state space for our analysis.

Proposition 2.1. For all w € X, the function n[w] defined by n[w](x) := f w(x,v)dv, x € R3, belongs to L*(R3)
and satisfies

In[wl] 2 g3, < Cllwlix. 2.3)

with a constant C independent of w.
Here and in the sequel C shall denote generic, but not necessarily equal, constants.

Proof. By using Holder inequality in the v-integral, we get

d
||n[w]||iz(R3)<[([|w(x,v)|2(l+|v|2)2dv)(f m)dx:ﬂlw”%(. =

Remark 2.2. The choice of the |v|> weight was already seen to be convenient to control the L2-norm of the density
on a bounded domain of Ri (cf. [22)).

The subsequent analysis would hold also by including a symmetric weight in the x-variable (i.e. for w €
L2(R; (1 4 |x|? + |v[*)? dx dv)), which would yield a LP-bound with p € (3/2, 2] for the density.

In this framework the following estimates for the self-consistent potential hold.

Proposition 2.3. For all w € X, the (Newton potential) solution V = V[w] of the equation — A, V[w] =n[w], x € R3,
satisfies

||Vv[w]HL6(R3) < Cnfw] ||L2(R3)' 2.4

X

“Imap ¥ and the estimate follows from the generalized Young in-

Proof. Since V = #IXI *n, we have VV =
equality. O
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Remark 2.4. Note that n € L>(R?) does not yield (via the generalized Young inequality) a control of V in any
L"-space (even n € LP (R3) with p € (3/2,2] would not “help”). However, the operator ®[V] involves only the
function 6V, which is slightly “better behaved”.

We anticipate that we will later recover some information on the potential V via new a-priori estimates on the
electric field VV[w] (see Corollary 4.17).

Omitting the time-dependence we have

_ n n\_ 1 [nwlx+n/2-8§) —nw]x—n/2-§)
Bv(x’")_v(”5>_V<x_5>_4n/ 2] 4

R3

1
=i / fsmn[w](x - y)dy,
T
]R3

with the “dipole-kernel” f(y; n) := (m — m).

Proposition 2.5. For all w € X and fixed ) € R3, we have §V[w](-, n) € L4 (Ri), 6 < g < 00. Moreover

Proof. By using the triangle inequality,

In]
y=n/2lly+n/2l’
and the transformation y = |n|x, we estimate for 3/2 < p <3
dx
B p — 3—p 00
Hf(’n)”Lp(R3) |77| / (|x—e/2||x+e/2|)l’ < )
R3

|f O n)|<|

where e € R? is some unit vector (due to the rotational symmetry of || f(-; )l ) with respect to n). Young in-

p
LP(R3
equality then gives 8V (-, ) € LY(R?), 6 < ¢ < oo, and the assertion holds. O

In most of the literature the Wigner operator ® is defined on L2(Rf}1 ) for bounded potentials V, cf. [24,23,2]. For
our non-linear problem (1.1)—(1.5), however, V € L% (R3) does not hold. As a compensation we shall hence exploit
the additional regularity of the Wigner function to define the quadratic term O[V[w]]w (cf. Proposition 2.8 in [22]
for a similar strategy).

Proposition 2.6. Let u € X and Vyu € X be given. Then, the linear operator
I— 0 [V[z]]u,
1

with the function V[z] = el n[z], is bounded from the space X into itself and satisfies

lo[Vizlu], < C{lulx + I Voullx}lizlx, VzeX. (2.6)
Proof. To estimate ||@[V[z]]u| x we shall consider separately the two terms of the equivalent norm
3
lul = 1l + Y |v?ul. @7
i=1
First, by denoting & := Foplt, We get
|e[vizu|; = //IS(V[z])(x, e, | dxdn < f [8(VIz)Com |2 |G, m | dipdx

N 2
<C||z||§/f(|n|1/2|u(x,n>|) dndx < Cllzll% (lul3 + I Voul3), (2.8)
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by applying first the Plancherel Theorem, then Holder’s inequality in the x variable, the estimates (2.3), (2.5) for the
function 8§V [z], and finally, Young inequality and the Plancherel Theorem to the last integral.
For the second term of [|@[V[z]]u|| ; we shall use

1
v} O[VIw(x,v) = Z(~)[a,.2v]w(x, v) + 2[8; V1(wiw) (x, v) + O[VIv w(x, v), (2.9)
with the pseudo-differential operator
o Vy . n n
2[V]:=i(4V) x,T , V), n) =V x—i—i +V X_E . (2.10)
Here and in the sequel we use the abbreviation 9; := 9y, . (2.9) is now estimated:
1
2 2 ~ ~ 2 A
[ovieul, < {Is@?vi)al, + o (vi)ayal, + |sviadal . @1
The first two terms of (2.11) can be estimated as follows:

|8(a7viz1)a

L2(RS) S 2||3i2V[Z] ”LZ(R;)||’2||L2(R§;L°°<R2))
< Clizllx [ (1+ [w)u] g,

by applying Holder’s inequality, (2.3) and the Sobolev embedding #é(x, ) € H 2(Rf]) — LOO(R?;).
||5+(3iV[Z])3mﬁ||L2(R6) <Cla:Viz] ||L4(R;) ”3mﬁ”L2(R§;L4<R2))

< Clizlx | (1 +v7)ul]

by the Sobolev embedding and V,ii(x, ) € H'(R}) < L*(R}), and by estimate (2.4) for VV/[z] and (2.3). For the
last term of (2.11) we estimate as in (2.8):

(2.12)

lsvizgals < [[ lovicicm s ace.mf anx

<Clat} [ (n"28 e ) anas
112 )

< Clzl (lagally + [na5,a1)
< Cl (35,2l + a3 i |5 + 13y, 15)
< CUIR(I(1 -+ v)uly + 07 Vo)

by interpolation and integration by parts.

This concludes the proof of estimate (2.6). O
Remark 2.7. The previous proposition shows that the bilinear map
(z,u) —> O[V[z]]u

is well-defined for all z, u € X, subject to V,u € X. The unusual feature of the above proposition is the boundedness
of this map with respect to the function z appearing in the self-consistent potential V[z]. This is in contrast to most of
the existing literature [2,23,24], where the boundedness of the pseudo-differential operator @[V [z]] (with z fixed) is
used. However, this can only hold for bounded potentials V.

2.2. Dissipativity of the linear equation

In our subsequent analysis we shall first consider the linear Wigner—Fokker—Planck equation, i.e. Eq. (1.1) with
V = 0. The generator of this evolution problem is the unbounded linear operator A: D(A) — X,

Au ;= —v - Vyu + gdivy(vu) + o Ayu + 2y divy (Vieu) + aAxu, (2.13)
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defined on

DA ={ueX|v-Viu,v-Vyu, Ayu,divy Viu, Ayu € X}. 2.14)
Clearly, C§° (R® c D(A). Hence, D(A) is dense in X. Next we study whether the operator A is dissipative on the
(real) Hilbert space X, i.e. whether

(Au,u)3 <0, VYue D(A) (2.15)

holds. Here, X is the completion of Cy° (R®) with respect to the norm defined by Eq. (2.7), which is equivalent
to || - lx.

Lemma 2.8. Let the coefficients of the operator A satisfy ac > y2. Then A — kI with

3
K= 5,3+90 (2.16)

is dissipative in X.

The proof is lengthy but straightforward and deferred to Appendix A.

By Theorem 1.4.5b of [26] its closure, A — kI = A — « I is also dissipative.

In order to prove that A — k1 generates a Cy semigroup of contractions we shall use a well-known corollary to
the Lumer—Phillips theorem (Corollary 1.4.4 of [26]). To this end we have to analyze the dissipativity of its adjoint
A* — k1. A straightforward calculation using integration by parts yields

(Au,w) g = (u, Ajw) g + (u, ASw) g, VYu,w € D(A),

with

Afw=v -Vow — Bv- Vyw +oAyw + 2y divy (Viw) + aAw,

>/ 4 8 12 8
(u,Aﬁw)X:Z(—gﬂ/[v?wu—i—ga/fv?wviu—i—?U/fvizwu—i—gy[/v?wxiu).
i=1

Hence, A*|p(a)—the restriction of the adjoint of the operator A to D(A)—is given by A* = A} + A3. A™ is
densely defined on D(A*) D D(A), and hence A is a closable operator (cf. [28, Theorem VIII.1.b]). Its closure A
satisfies (A)* = A* (cf. [28], Theorem VIIL1.c).

Since (A*u, u) = (Au, u) the following lemma on the dissipativity of the operator A* restricted to D(A) holds.

Lemma 2.9. Let the coefficients of the operator A satisfy ao > y2. Then A* | DAy —k 1 is dissipative (with «k as
in (2.16)).

Next we consider the dissipativity of this operator on its proper domain D(A*), which, however, is not known
explicitly. To this end we shall use the following technical lemma. Its proof is deferred to the appendix and the
arguments employed there are inspired by [2,5], but there are also similar results for FP-type operators in [19,20], e.g.

Lemma 2.10. Let P = p(x, v, Vy, Vy,) where p is a quadratic polynomial and
D(P):=C{®(R®) C X.
Then P is the maximum extension of P in the sense that
D(P) :={u € X | the distribution Pu € X}.
We now apply Lemma 2.10 to P = A* — kI, which is dissipative on D(P) C D(A). Since A* is closed, we have
D(A*)=D(P)={ue X | A*u € X} and A* — kI is dissipative on all of D(A™*).

Applying Corollary 1.4.4 of [26] to A — k1 (with (A)* = A¥), then implies that A — kI generates a Cy semigroup
of contractions on X, and the C semigroup generated by A satisfies

ledulg <elully, weX, t=0.
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Since || - [|x and || - || ; are equivalent norms in X with
lullg < llullx <4lulg,
we have

le ], <4eflullx. ueX, 1>0. (2.17)
3. Existence of the local-in-time solution

In this section we shall use a contractive fixed point map to establish a local solution of the WPFP system. To this
end the parabolic regularization of the linear WFP equation will be crucial to define the self-consistent potential term.

3.1. The linear equation

First let us consider the linear equation
w; = Aw(t), t>0, w(t =0)=wge X. (3.1

Awp satisfies

By the discussion in Subsection 2.2, its unique solution w(z) = €’
Jw®) | <4ellwollx, Vr=0. (3.2)

Actually, the solution of the equation can be expressed as

w(x,v,t)=//wo(xo,vo)G(t,x,v,xo,vo)dxodvo, V(x,v) € RS, (3.3)

where the Green’s function G satisfies (in a weak sense) Eq. (3.1) and the initial condition

lim G (¢, x, v, x0, vo) = 6(x — X0, v — vp),
t—0

for any fixed (xq, vo) € R® (cf. Definition 2.1 and Proposition 3.1 in [30]).
The Green’s function reads

G(t,x,v,x0,v0) = eth(t, X_i(x,v) —x0, Xy (x,v) — vo), (3.4)
with
F(t.x.v) = 1 ex VO + AW+ p@)(x - v)
T @m3 @A) — pP(1))3? An(v(t) — (1) '

The characteristic flow @;(x, v) = [X;(x, v), Xt (x, v)] of the first order part of (2.13), is given for 8 > 0 by

1 —e Pt
X ) = D B
((x,v) x+v< 5 )

X,(x, v) = ve_ﬂ',

and &, (x, v) = [x + vt, v], for B = 0. The asymptotic behavior of the functions A(¢), v(¢), u(¢) for small 7 is described
(also for 8 = 0) by

2B _4efr 31 2 2
A(t):at+o|:¥+ﬁti|+y|:—t——(eﬁ[—1)i|~at, t—0,

263 B B2
e2Bt _
v(it) =0 ~aot, t—0,
2p
1—ef\? 201 —eff)
u(t)=0< ) +y——~=2yt, t—0.
B B
And hence:

F@) =4x()v@) — p (1) ~ 4(ao — y?)t* > 0.

With these preliminaries, the following parabolic regularization result can be deduced.
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Proposition 3.1. For each parameter set {«, B,y,c}, there exist two constants B = B(«a, B,y,0) and Ty =
To(e, B, v, 0), such that the solution of the linear equation (3.1) satisfies

[Vow®) | < Bt~ wollx, VO <t< T, (3.5)
[Vew®) |, < Bt~ |wollx, YO <t<To, (3.6)

Sfor all wy € X.
The proof is similar to [11] and it will be deferred to Appendix A.

Remark 3.2. (a) Observe that the functions V,w, V,w € C((0, 00); X). The local boundedness of V,w, V,w on any
interval (z, T + Tp] follows from (3.2) and Proposition 3.1.

(b) Note that the strategy of the next section will not work in the degenerated parabolic case ao — 2 =0, since
the decay rates of Proposition 3.1 would then be r=3/2, which is not integrable at r = 0. Alternative strategies for this
degenerate case were studied in [3]. In a forthcoming paper the authors shall propose a different strategy to deal with
the hypoelliptic case.

3.2. The non-linear equation: local solution

Our aim is to solve the following non-linear initial value problem
w(t) = Aw(®) + O[VIw®]Jw®), V>0,  w=0)=wgeX, (3.7

where the pseudo-differential operator @ is formally defined by (1.2) and the potential V[w(#)] is the (Newton poten-
tial) solution of the Poisson equation

—AV(t,x)= n[w(t)](x) = / w(t,x,v)dv, xe R3, 3.9)
R3
for all # > 0. Actually, if we assume w(¢) € X for all ¢t > 0, then the function n[w(¢)] is well-defined for all # > O (cf.

Proposition 2.1), and the solution V[w(#)] satisfies the estimates of Propositions 2.3, 2.5 for all # > 0.
Propositions 2.6 and 3.1 motivate the definition of the Banach space

Yr:={z€C([0,T]; X) | Vyz € C(w(0, T]; X) with | Vyz() |, < Ct~/* fort € (0, T)},
endowed with the norm

Izlly; == sup [z + sup [¢'2Voz®)]y.
1€[0.7] 1€[0.7]

for every fixed 0 < T < oco. We shall obtain the (local-in-time) well-posedness result for the problem (3.7) by intro-
ducing a non-linear iteration in the space Y7, with an appropriate (small enough) 7.
For a given w € Y7 we shall now consider the linear Cauchy problem for the function z,

z=Az(t)+O[V[z®)]]w®), Vte (. T, z2t=0)=wgeX, (3.9)

with 0 < T < Tp and Ty is defined in Proposition 3.1. According to Proposition 2.6 the (time-dependent) operator
O[V[-]]Jw(?) is, for each ﬁxec_i t € (0, Tp], a well-defined, linear and bounded map on X, which we shall consider as a
perturbation of the operator A.

Lemma 3.3. For all wg € X and w € Y7, with T < Ty, the initial value problem
2 =Az0) +O[V[zO]]w®), Vre©.Tl,  z(t=0)=uwo,
has a unique mild solution z € C([0, T]; X), which satisfies
t
2(t) = ey + / e"AO[V[z(s)]Jw(s)ds, Viel0,T]. (3.10)
0
Moreover, the solution 7 belongs to the space Yr.
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Proof. The first assertion follows directly by applying (a trivial extension of) Theorem 6.1.2 in [26]:

For any fixed w € Yr, the function g(z, -) := @[V[-]]Jw(¢) is a bounded linear operator on X for all ¢t € (0, T),
and it satisfies g € L0, T); BXX)NC(0, T]; B(X)) (by Proposition 2.6). Moreover, by estimates (2.17), (2.6), the
following inequalities hold

t

2] < 4 lwollx +4 / I we) ] + [Vows) | Hz)] x ds 3.11)
0
t
< 4ewollx +4CeT |w|y, /(1 +57 12| 2() |  ds. (3.12)
0

for all ¢ € [0, T']. Then, by Gronwall’s Lemma,
2@ < 4T wpllx [1 +4C wlly, T HC Mbir TH2T2) (1 4 412)] (3.13)

for all ¢ € [0, T']. By differentiating Eq. (3.10) in the v-direction, we obtain
t
V,z(t) = Vve“iwo + / Vue(t_s)Ag(s, z(s))ds, Vre[0,T]. (3.14)
0
Using the estimates (3.5), (2.6), and (3.13) then yields

t
[Voz®] y < Bt~ 2e lwollx + Bllwlly, /(r —5)" 2 I 1+ 5712 2(9) | ds
0
< Bt Jwollx +4BCe* T lwol|x[lwlly

8 [,T L2024 AC oy, e THCST Il (7427172 (4t1/2 N ;m N 2,3/2>} (3.15)

for all ¢t € [0, T]. The continuity in time of V,z can be derived from (3.14) by using Remark 3.2 and the fact that
g(t,z(t)) € C((0, T]; X). Hence, the function z belongs to the space Y7. O

We now define the (affine) linear map M on Y7 (for any fixed 0 < T < Tp):
wr— Mw =z,

where z is the unique mild solution of the initial value problem (3.9). According to Lemma 3.3, z € Yr. Next we shall
show that M is a strict contraction on a closed subset of Y7, for T sufficiently small. This will yield the local-in-time
solution of the non-linear equation (3.7).

Proposition 3.4. For any fixed wy € X, let R > max{4, B}e“||lwo| x, with the constant B defined in Proposition 3.1.
Then there exists a T := t(||wollx, B) > 0 such that the map M,

t
(Mw)(t)=e”iwo—I—/e('_S)A@[V[Mw(s)]]w(s)ds, vt €[0, 71, (3.16)
0

is a strict contraction from the ball of radius R of Y; into itself.

Proof. By (the proof of) Lemma 3.3, the function z = Mw € Y7 satisfies (3.13). Under the assumption [|w|y, < R,
this estimate reads

| Mw(@)||,, <4 llwollx[1 +4CReTHCRSTEH2D) (1 01 1/2)] i e [0, 7.
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If we assume

4e¥T lwo | x [1 + 4C Rl THCRT@H200) (24 97 1/2)] < (3.17)

R
3’
then [Mw(t)|lx < £. Similar to (3.15) we have

|VoMw(®)|, < Bt~"2e" |wollx +4BCRe* ||wollx

If we assume

KT 3 4 R
Be*"|lwollx + 4BCRe*" ||w0||X|:7trl/2 127 4 4C Rl THICR T (t42t1/2) (4r + Emm + —r2>] <=,

3 3
(3.18)
then
1/2 R
12| VoMw ()|, < 3 Vielorl.
Let us now choose
il (BB 4wl R/3 — BeJlwollx ’
T=mmny 1, A48CR 2k+12C Re¥ ’ 2k (k+12CRe¥) (3 16
lwollxe 4BCRe*  ||wollx[m +2 +4CRe G+ 3)]
(3.19)

which is positive since max{4, B}e“||wo||x < R. Then, the estimates (3.17) and (3.18) hold, and hence the operator
M maps the ball of radius R of Y into itself.
To prove contractivity we shall estimate || Mu — Mw||y, for all u, w € Y; with |[ully,, |w|y, < R. Since

t
Mu(t) — Mw(t) = f e<’*S>A@[V[(Mu — Mw)(s)]Ju(s)ds

0
1

+/e(’_‘Y)A@[V[Mw(s)]](u —w)(s)ds, Vtel0,1],
0
by analogous estimates,

t

||Mu(z)—Mw(t)||X<4CRe“{f ) |[(Mu — Mw)(s)]|y ds + llu — wly, /( +s—1/2)ds},
0 0

and, by applying Gronwall’s Lemma:
[Mu@) — Mw®)||
<4CRe " [r +211/2 4 4C ReWTHCRE T (r421) (2r 42632 4 %ﬂ)} lu—wly,, Vtelo,t].
By using 0 < < v < 1, we obtain

|Mu(t) — Mw(@) |, <4CRe[3+ 18CRe*TZCRD 21y — gy, . (3.20)

Similarly,
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t
|VoMu() = VuMw(®)] , < CBRekf{ /(t =) (14572 (Mu = Mw) ()] ds
0

t
+ /(r — )72 (1 +572) dsu — wlly, }
0

and, by using estimate (3.20),

|VoMu(t) = VoMw(1) |, < CBRe™[1+4CRe* (3 + 18C Re* H12CR)) 1/2]
x (+2t"2)u—wlly,, Veel0,t].
Then, by exploiting 0 < 7 < 1,
2| VyMu(t) = VoMw(1)|| , < CBRe* (m +2)[1 +4CRe* (3 + 18CRe“ T 2CRIN /21y — |y, (3.21)
When choosing 7 > 0 small enough, estimates (3.20), (3.21) imply

Mu— Muwllcqo,r.x) < Cllu — wlleqo,«1:x)s

for some C < 1, and the assertion is proved. O

Corollary 3.5. There exists a tmax < 00 such that the initial value problem (3.7) has a unique mild solution w in Y7,
VT < tmax, Which satisfies

t
w(t):e’f‘wo+/e(‘*s)f‘@[v[w(s)]]w(s)ds, vt €0, T]. (3.22)
0

Moreover, if tmax < 00, then

im o] =oc.

Proof. The solution of the problem is the fixed point of the map M previously introduced. By Proposition 3.4 this
solution exists for a time interval of length 7 (depending only on |Jwgl||x) and it belongs to the space Y;. Since, in
particular, w(t) € X, the solution can be repeatedly continued up to the maximal time #pyax. It will then belong to Yr,
VT < tmax-

If the second assertion of the corollary would not hold, there would be a sequence of times #, 1 tmax such that
lw(t,) |l x < C for all n. Then, by solving a problem with the initial value w(t,), with t, sufficiently close to #max,
we would extend the solution up to a certain time #, + T(J|lw(#,)||x) > fmax. This construction would contradict our
definition of #y,x.

The uniqueness of the mild solution follows by arguments analogous to those in the proof of Theorem 6.1.4
in[26]. O

Remark 3.6. Note that the last statement in the thesis of Corollary 3.5 differs from the standard setting (cf. Theo-
rem 6.1.4 in [26]). For fax < 0o we conclude the ‘explosion’ of w(t), t — tmax in X and not only in Y;. This is due
to the parabolic regularization of the problem (3.7).

4. Global-in-time solution, a-priori estimates

In this section we shall exploit dispersive effects of the free transport equation to derive an a-priori estimate on
the electric field. This is the key ingredient for proving the main result of the paper, the global solution for the WPFP
system:
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Theorem 4.1. Let wy € X satisfy for some w € [0, 1)
<Cro(@®)™®, Vre(0,T], VT >0, (A)
L6/5(R3)

with 9(t) .= (1 — e_ﬁ’)/ﬁ for B >0, and v (t) =t for B =0. Then the WPFP equation (3.7) admits a unique global-
in-time mild solution w € Yy, VO < T < oo.

/wo(x —9(t)v, v) dv

In order to prove that fpax = 00, we have to show that ||w(#)|| x is finite for all # > 0 (cf. Corollary 3.5). To this end,
we shall derive a-priori estimates for ||w(¢)||> and |||v [2w(#)|l2. Thus, the proof of Theorem 4.1 will be a consequence
of a series of lemmata, in particular of Lemma 4.2 and Lemma 4.19. In the sequel, w(¢) denotes the unique mild
solution for 0 < ¢ < T, for an arbitrary 0 < T < fmax.

Lemma 4.2. For all wy € X, the mild solution of the WPFP equation (3.7) satisfies
|w®) |5 <e¥lwol3. Vrelo. 71 @.1)

Proof. Roughly speaking, this follows from the dissipativity of the operator A — 37’3 in L2(R®) (cf. (A.2)) and the
skew-symmetry of the pseudo-differential operator. However, since we are dealing only with the mild solution of the
equation, the proof requires an approximation of w by classical solutions.

Since the solution satisfies w € Y7, VT < timax, Proposition 2.6 shows that the function f(¢) := @[V [w(t)]Jw(¢),
t € (0, tmayx) is well defined and it is in C((0, fmax); X) N L1((0, T); X), YO < T < tyax.

For 0 < T < tmax fixed, let us consider the following linear inhomogeneous problem:

d -
Ey(t):Ay(t)+f(t), tel0,T], yit=0)=wo € X. 4.2)

Its mild solution in [0, T] is the function w, due to the uniqueness of the mild solution of problem (3.7). For this
linear problem, we can apply Theorem 4.2.7 of [26]: The mild solution w is the uniform limit (on [0, T']) of classical
solutions of problem (4.2). More precisely, there is a sequence {w(},en C D(A), wy — wo in X, and a sequence
{0} CCL([0, T1; X), fu(t) = f(t) in L'((0, T); X). And the classical solutions y, € C'([0, T]; X) of the corre-
sponding problems

d _
ayn(t) =Ay, () + fu(®), te[0,T], yn(t =0) =wy, 4.3)

converge in C ([0, T']; X) to the solution w of problem (4.2).
We shall need these approximating classical solutions y, in order to justify the derivation of the a-priori estimate:
Multiplying both sides of (4.3) by y, (#) and integrating yields

1d 3B
33Ol < F @l + [ 0o 0 dca,

since the operator A — % is dissipative in L>(R®) (cf. (A.2)). By integrating in 7 and letting n — 00, we have

t t
|w@)|3 < ||w0||§+3ﬂf||w(s)||§ds+2/f/w(s)f(s)dxdvds, Vi €0, T1.
0 0

The second integral is equal to zero since the pseudo-differential operator @ is skew-symmetric. Hence, applying
Gronwall’s Lemma yields

w3 <e¥lwol3, Vielo,T1. O (4.4)

In order to recover similar estimates for |||v|2w(7)|2, we first need a-priori bounds for the self-consistent field
E = VV. To this end, we are going to exploit dispersive effects of the free streaming operator. We shall adapt to the
Wigner—Poisson and Wigner—Poisson—Fokker—Planck problems the strategies introduced for the (classical) Vlasov—
Poisson problem [21,27], and for the Vlasov—Poisson—Fokker—Planck problem [6,7,14].
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4.1. A-priori estimates for the electric field: the Wigner—Poisson case

To explain the strategy, we first consider the (simpler) WP problem: Let us assume that w*P is a “regular” solution
of the WP problem (e.g., let w%*P(¢) € L% (Hvl), V. VIw"P](¢) € Cp(R3), uniformly on bounded -intervals) for which
the Duhamel formula holds:

t

w¥P(x,v,t) = w(\)Np(x —tv,v) + /(@[V[pr]]pr)(x —sv,v,t —s)ds.
0
We formally integrate in v:

t
n[pr](x,t) = /w(‘)Np(x—tv,v)dv+//(@[V[wWP]]pr)(x—sv,v,t—s)dvds
R3 0 R3
=: ngp(x,t)+n\1Vp(x,t),

and split the self-consistent field accordingly:

E(V)Vp(x, 1) = —Aﬁ *y nOWp(x, 1) = —A% *y / w(V)Vp(x —tv,v)dv, 4.5)
t
EM(x,1) = —,\% o //(@[V[pr]]pr)(x — sv,v,1 —s)dvds, (4.6)
X
0
with A = £

4
Then, we can estimate separately the two terms E(‘;v ), E ;Vp (t) by exploting the properties of the convolution
kernel 1/|x]| (cf. [21,27] for VP, [6,7,14] for VPFP, [3] for WPFP). To this end, we need an appropriate redefinition of
the pseudo-differential operator @[V] in (1.2). It is inspired by the operator V, V - V,w in the VP equation that can
be recovered from @[V ]w in the semiclassical limit (cf. Remark 4.5).
Let us recall that @[V ]w(x, v) = ]-",)_iv(iSV(x, M Fyyw(x, n)). We can rewrite

xtn/2 1/2
SV (x, ) = f ViV()-dz = / n-VeV(x—rn)dr=n- W(x, ), @.7)
x—n/2 —1/2

with the vector-valued function
1/2

W(x,n):= / V,V(x —ryp)dr, V¥(x,n) eR".
-1/2
Then, we define the vector-valued operator
TV VIu(x, v) = F L (W m) Fymsyu(x, ). (4.8)
It holds:

Lemma 4.3. Let V.V € Cp(R3). Then

(1) W(x,n) €CpRE, [W]loo < [IViVlloo:
(2) I'[V,V]:L2(R® — L2(R®) and, for all u € L*(R®),
| TV 2 ey S IVViloollull p2s):s
(3) I'[VyVI]:L2(H) — L2(H]) and, for all u € L2(H)),
||F[VxV]u||L%(HU1) SIVeVllsollull 221y (4.9)
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Proof. The first and the second assertion are obvious. For (4.9) we use

aij[VxV]u(x,v)Iif,;l)v(an(x, n)fvﬁnu(-xs n)):F[VxV]avjuv j:172a 3 D (410)
Lemma 4.4. Let V.V € Cg(R?) and u € L2(H]!). Then
O[Viu(x,v) = divv(F[Vx V]u)(x, v). “4.11)

Proof. By the definition (4.7) and Lemma 4.3,
sV <mWem| o <nHveVlleo.

Thus, @[V ]ullp2gsy < IV Vlloollull2(pyy; the right-hand side of Eq. (4.11) is also well-defined in L*(R%) by
estimate (4.9). Equality then follows by Eq. (4.7) and

3
i]—'{_l)v(n W, ) Fysqu(x, n)) = Z Ay, j[Ve Vu(x, v) =divy (F[Vx V]u)(x, v). O
j=1

Remark 4.5 (The semiclassical limit). The correctly scaled version of the pseudo-differential operator with the re-
duced Planck constant /i = % reads

OnlVIw(x,v) = Fosqw(x, n)eVdn.

i / Vix+in—vi -1

(27)3/2 i
R3

Under the assumptions of Lemma 4.4, we thus have
Foon(OnVIw(x, v)) = %svu, 1) Fysyw(x, 1)
=iW(x,an) - nFy-yw(x,n).
The limit # — O then yields:
W (x, i) - nFysqw(x, ) —> iV V(x) - nFysqw(x, ) = F, L (Vi V() - Vow(x, v);
and hence
OnlVIw(x,v) — Vi V(x) - Vyw(x,v) in L*(R®),

which is the non-linear term in the VP equation.

Using the redefinition (4.11) of the pseudo-differential operator, and under the additional assumptions w*P €
HY(L2), AV[w™P] € Cp(R3), we have for s € R

(@[V[pr]]pr)(x —5U,0) = divv(F[VxV[pr]]pr(x — sV, v))
+5 divx(F[VxV[wWP]]pr) (x —sv, v). (4.12)
Thus, the field E;Vp in (4.6) can be rewritten as (j = 1, 2, 3)

!
(Erp)j(x»t) = _)‘li—jh *x diVx/S/(F[VXV[pr]]pr)(x—sv,v,t—s)dvds
0

3 v S 2 -
= Azw oy / s f (D[ V[w"P[Ju™?) o = sv. 0.1 = 5) dvds. @1
X
k=1 0

The following two lemmata are concerned with giving a meaning to the definition (4.13) of the field E, indepen-
dently of the previous derivation.
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Lemma 4.6. For all u € L2(R®) and E € L*(R3) the following estimate holds

H /(F[E]u)(x — sv,v)dv <Cs 2| Elallull2, Vs> 0. (4.14)
]R3

L2(R3)

Proof. Since the operator I'[-] was originally defined for E € Cp (R3), we shall first derive (4.14) for E € CSO(R3)
and conclude by a density argument.

By the definition (4.8) and by several changes of variables, the following chain of equalities holds:

(CIETu)(x,v) = (2n)3/2[ Fr by (W, m)) o u](x, v)

1/2
/// E(x —rn)e* drdnu(x, v—z)dz—/// E |3E(x—n)e”7rdrdnu(x v—2z)dz
—1,2 —1/2
1/2 1/2
=//E(x—ﬁ)ei'7'zdﬁ / u()c,v—;’Z)drdZ=//E(—ﬁ)eiﬁ'zdﬁei’c'Z / u(x,v—rz)drdz

-12 —1,2

172

:(271)3/2[?,7%15(5) f uCx,v—rz)dre*?dz.
—1,2
Hence
1/2
/( [Eu)(x — sv, v)dv—(271)3/2/ ,,_>ZE(2)<// u(x —sv,v—rz)dre” lwZdv)e”‘zdz
—1/2
1/2
1 _ v X e
= —(Zns)3 /fn_)zE(z)}'v_,g( / u(x -, " —rz) dl’)e‘”dz,
-12
Then,
172

I1Ell2

H/(F[E]u)(x —sv,v)dv

/ FH5<u (x - v, % — rZ)) dr

—-1/2 LZ(RSXR)%)
) 12
I E]2 v d
775)3 Fosilulx—v,——rZ r ,
( 7S) s L2(RExR3)

by applying Holder’s inequality first in the Z integral and then in the r integral. Finally, it remains to prove that

12
/ va%z(u<x -, E —rz))
S
“i

This is obtained by using repeatedly Plancherel’s equality:

12
/ va%z(u<x -, E —rz))
S
“i

e @)

2

3 2
L2 (R} xRY) =l B

2 172 2
dr = / H]—'xag |:.’/T-'U%Z <e_i”5u (x, v_ rz))] dr
L2, S L2

—-1/2 £z
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172 ) 172
= / H}_x%é (S3e_is(§+2)rz}-uas(€+z)u(x’ U)) ) dr = 56 / ”fo§ (]:vas(;hkz)u(xv U)) “ié . dr
-1/2 Lz 1,2 ’
=s3||u(x,v)”i§lu. O

Remark 4.7. Observe that the exponent of the variable s recovered in the lemma is the same as obtained for the
VP case (cf. [27], e.g.) in the L2-estimate of fR3 Eu(x — sv,v)dv. In the classical case, analogous L?”-estimates

hold in addition. In the quantum counterpart, instead, the L>-framework is the only possible, since the estimate had
to be derived in Fourier space. Moreover, to derive a more refined version of this basic estimate (cf. [21,6]), the
non-negativity of the classical distribution is a crucial ingredient. And this non-negativity does not hold for Wigner
functions.

The following lemma is an immediate consequence of Lemma 4.6. We shall need the notation
Viw:i=1{EeC((0,T]; L2(R*) | |Ellv,,, < oo}
with

I1Ellvy, = sup t°|E®] ..
0<t<T

Lemma 4.8. For any fixed T > 0, let w € C([0, T']; L%,v)’ and let wy satisfy for some w € [0, 1):

<Crt™®, Vtre(0,T]. (B)
LO/5(R3)

H/ wo(x —tv, v)dv

Then, there exists a unique vector-field E € V. 1 which satisfies the linear equation

2

3 2 !
Ej(x,n=2) :x]xk|—|5]k|x|*x/sf(Fk[E0+E]w)(x—sv,v,t—s)dvds, j=1,2,3, (4.16)
X
k=1 0

with Eq defined by (A = 7-):

X
Eo(x,t):= —)LW *X/wo(x—tv,v)dv.

Proof. (4.16) has the structure of a Volterra integral equation of the second kind. Hence, we define the (affine) map
M : VT,w—% — VT’w_l by

2
S I S B
(ME)j(x,1):=A E %*x/s/(Fk[E0+E]w)(x—sv,v,t—s)dvds.
by
k=1 0

Applying the generalized Young inequality to the definition of Eq yields

, Yte(0,T]. (4.17)

|Eo], < CH/ wo(x — vz, v) dv
LO/5(R3)

Thus, by Lemma 4.6, the second convolution factor in (4.16) is well-defined and

< CsT2|(Eo+ E)t = 5)||, |w(t —s)
L2(RY)

Vs € (0, t].

H/(Fk[E0+E]w)(x—sv,v,t—s)dv 2

R}
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By classical properties of the convolution with ﬁ (cf. [31]) and the Young inequality, we get

t
1
||(ME)A,~(t)H2<C/$(||Eo(t—s)||2+ |EGt—s)|,)|wE—s)|,ds. Vie(,T]. (4.18)
0

Hence, the map M is well-defined from VT’ o} into itself and satisfies
[ME®],<c(cr+ swp s 2[E®)],) sup Jw@], ('~ +127), Vie©.T).
5€(0,T] s€[0,T]

Since the map is affine, we have (by induction) for all # € (0, T']

t
n AR 1 n—1 _yn—1g
|M"E@t) — M E(t)H2<Cs:[lgPT]|‘w(s)]|2/—m||M E(s)—M"'E(s)|,ds

<(c suw ||w(s)”2 "Cui ds sup (s° 2| E(s) — E)],),

s€[0,T ivas s€(0,T]
with
t n — n—1
5w ; I 2 o T3 -—w
/S ds:l%l_‘“B —,i—a) , Cn—1=l_[B —i—l—a) #,
NI 20 2 Pl 2°2 r'G+l-ow
0 =

where B denotes the Beta function and I" the Gamma function. Thus, the map M" is contractive for n large enough
and admits a unique fixed point E€ V, 1. O
’ 2

With E =F ;Np the above lemma yields the regularity of the self-consistent field in the WP equation: It satisfies
V,V[w"“P] = E;Vp + E(‘)Vp €V, ,_1,under the assumptions that w*? € C([0, T']; L)% ,) and w(v)vp satisfies (B).
0= :

Proposition 4.9. For any fixed T > 0, let w™P € C([O T]; L ) be a mild solution of the WP equation with

[wYP(2)]|» = ||w0p||2, and with the initial value w0 sansfymg Condltlon (B). Then, the self-consistent field satis-
fies the following estimates for all t € (0, T]:

||E(‘)Vp(t)||2éCH/w(‘;’p(x—vt,v)dv <CCrt™°, (4.19)
LG/S(R;)
||E¥Vp(f)||2<c<||w |, wp {S‘” waVp(x—sv,v)dv 6/5},T>r5‘”. (4.20)
se( LO/3

Here and in the sequel, the T-dependence of the constants C is continuous (on T € R™).

Proof. The first estimate is (4.17) in Lemma 4.8. To derive the second one, we exploit Eq. (4.18), the conservation of
the L2-norm of the solution and (4.19):

t

||E¥V‘°<f>||2<CfS"/2(||ES”’<t—s>||z+ [E7 @ =) ) [w™ @ =9, ds

0
§C||wgp||2 sup {s‘” }t%_‘“
16/5

5€(0,7]

/w(;vp(x —sv,v)dv

+clw, / =97 P50 b5
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The thesis follows by Gronwall’s Lemma. O

We shall now state a simple condition on wy that implies both conditions (A), (B). For wg € L }C (L?,/ 5) a Strichartz
inequality for the free transport equation (cf. Theorem 2 in [16]) reads:

_1
<t 2 lwoll
LO/5(R3)

LI(L()/S)’ t >07 (421)

‘/ wo(x —tv, v)dv

and hence (A) and (B) hold.

Remark 4.10. Let us again compare the a-priori bounds (4.19), (4.20) with their classical counterparts. Using (4.21)

we obtain the same t_%-singularity of ||[EVP(¢t)||, for the Wigner—Poisson system, as it was obtained in [16] for the
VP equation. In the latter case, similar L?-estimates hold for p in a non-trivial interval. One crucial reason for this
difference is the conservation of L”-norm of the solution: while the WP equation only conserves the L?-norm, all
L?-norms are constant in the VP case. A second reason is that we cannot exploit any pseudo-conformal law for the
quantum case, since the Wigner functions are not non-negative (cf. [27] for the classical case).

As a by-product we obtain the following result for the self-consistent potential V, which follows directly from the
splitting V¥P = VP + v,"P

Vo P (x, 1) = Z| 5 ); (.1, (4.22)
ALCRF —xZ| 5 ), (x.1). (4.23)

Corollary 4.11. Under the assumptions of Proposition 4.9, the self-consistent potential VP = VOWp + VlWp satisfies
the following estimates for all t € (0, T]:

Ve @ ]e<CCri™, (4.24)

V™|, <c<||wg"’ |, sup {s‘” },T)ri—w. (4.25)
s€(0,T] L9/5

wgp(x —sv,v)dv

4.2. A-priori estimates for the electric field: the WPFP case
According to Corollary 3.5, the mild solution of the WPFP problem satisfies for all € [0, T] (0 < T < tax)
w(x,v, )= // G(1, x, v, x0, vo)wo(x0, Vo) dxo dvo

t
+/// G(s, x, v, x0, v0) (@[V]w)(xo, vo,  — 5) dxo dvg ds
0

with the Green’s function G from (3.4). According to [30] we have

R[ G(t,x,v, x0,v0)dv = R(t)_3/2/\/’<%>,
with
2
N@&) = Qr)~ 3/2€XP< |2| ) (4.26)

—/3[

9 (1) = 1% —O®), fort—0, 4.27)
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4e Bt — 2Bt 4 281 — 3 Bt 4 Br—1
R(t):=2ozt+a[ el oe T +2p i|+4y|:i

B3 B*
By exploiting the redefinition (4.11) of the pseudo-differential operator, we obtain the following expression for the
density n[w]

} =0O(t), fort— 0. (4.28)

nlw](x,t) = / w(x, v, t)dv

x —xo — D (H)vo
R(t)3/2// < JRO )w()(xO’UO)dedUO

—x0 — ¥ (s)v )
/R(s)3/2 // <x xOR(S)S 0>d1VUO(F[VXOV]w)(xO,vo,t—s)dxodvods

— X0

- R(t)3/2 ﬂN<m)w0(x0—ﬁ(l)vo,vo)dxodvo

t
U (s) —9(s)vo
+/ R(S)Z/ . N)( m )'(F[onv]w)(xo,vo,t—s)dxodvods

0

=no(x, 1) +ni(x,1),

where
no(x,t):= R(t1)3/2N<«/%) *x ng(x, t), with ng(x,t) = / w()(x — 9 (1)v, v) dv,

t

%

ni(x,t) ::/ R(S()SS)/zA/(\/%) *y divy /(I"[VXV]w)(x —9(s)v, v, t — s) dvds.
0

Correspondingly, we can split the field (with A = %):

X

VR(1)

X 1
Eo(x, 1) := —AW *y no(x, 1) = IOz /\/( ) *p EJ (x,1), (4.29)

with

EJ(x,1)i= —A—— %, n) (x,1),  Ep(x,1):= sy 11 (X, 1). (4.30)

X x
[x[? | [x[?
Remark 4.12. Note that the splitting of the density (and of the electric field) is the same as in [6,7,14]: in the WPFP
case the two components of the decomposition (ng, n1, as well as Eo, E 1) are smoothed versions (in fact, convolutions
with a Gaussian) of those appearing in the WP case (namely no ,n1 P EWp E| ¥P). Actually, the density ”0 (x,1)
(which is convoluted with the Gaussian to give ng) already differs from nop(x, t) in the WP case because the shift

contains the function ¢, which is due to friction (and analogously for Eg (x,1) and E(‘;V P(x,0).

From Lemma 4.6 we directly get

To derive an L?-estimate on the field we shall proceed as in the WP case (Lemma 4.8, Proposition 4.9).

<CH(s) P E@ —5)||, |u —s)

l,, Vizs>o. 431

/(F[E]u)(x — 0 (s)v, v, t — s) dv

3
Rv

L2(R})

Lemma 4.13. Let w be the mild solution of the WPFP equation (3.7) and let wo € X satisfy (A) for some w € [0, 1).
For any fixed T > 0 the electric field then satisfies V.V € V. 1 and the following estimates hold:
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(1) for2< p<6,6 =322

2p
|Eo)], < Cllwolly [n§ )| s = O(=*="),  vie©,T; 432)
2) ||E1(r)||2<C(T, lwoll2, sup {ﬁ(s)w||ng(s)||L6/5})t%—w, Vi€ (0, T]. 4.33)
s€(0,T]

Proof. The estimate for || Eo(¢)|[, p € [2, 6], is obtained by applying first the generalized Young inequality and then
the Young inequality to the expression (4.29)

1 by 9
£l < C” R(r)mN(m ) o (5,9)

q

1 X 9
S CH R<r>3/2N<J—R<z)> H I eeeol,

3 6
Withq:—pe[ 2}.

=C||ng(t)|q, 43 5

Next we interpolate ng between L2 and L%, use (2.3) and the dissipativity of the operator —v - V, — % in X (cf.
Lemma 2.8):

g @], < Cluwo(x =@, v) 3 g O3
< e gl [nf O] 45

; —5_3
with 6 = 5 q.Hence

|Eo)]|, < CTlIwolly[ng )] ;o

We rewrite the function Eq(x, t) as

(ED)j(x,1) = SETLT LT IO N( * ) Fo(x,1,9)d (4.34)
D P *X/me JR() ) RO |
= 0

with
Fi(x,t,s):= /(Fk[Eo + Eilw)(x — 9 (s)v, v, 1 — s) dv.

For estimating it we exploit classical properties of the convolution with the kernel ﬁ and apply the Young inequality:

X

1
R(S)3/2N<\/R(S)

t
lEwl,<c [oo
0

)*x F(x,t,s)|| ds
2

¢
éC/v“(s)
0

||F(x, t,s)||2ds
1

1 X
R(S)3/2N<«/R(S))

t
| Eott = )12 + 1 Ex(t = )12
<c<T)||wo||z/ ds,
4
/ NGIO)

where the last inequality follows from (4.31) and the L2-a-priori estimate on the solution w (cf. Lemma 4.2). By
applying the estimate (4.32) to || Eo(¢)]|2, we get
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t t
» _1 o IE1(t —s)l
||E1(t)||2gC(T)||w0||2(tes(g%]{#(t) ||ng(t)||L6/5}0/z9(s) 29(t —5) ds+0/ 1 — 2ds>,

(4.35)

where the function ¥ (s) = O(s) as s — 0. Thus the integrals are finite.
To establish a solution of (4.34) we introduce the fixed point map

3 2
3xixp — Siklx|
(ME)j(x, 1) =2y~

k=1 |X|5
0
s X
*x / R(S)3/2N<\/m> *x/(Fk[E0+E]w)(x—l9(S)v,v,t—S)dvds,
0

By using 0 < @t < B (t), Vt € (0, T] and (4.35), a simple fixed point argument as in the proof of Lemma 4.8 with
the contractivity estimate:

n 53—
|M"E@) - M"E®)|, < (C,/anonz) t%—ww sup (s*2|E(s) — E) )
3(T) (™2 — ) se.1

shows that the linear equation (4.34) has a unique solution £y € V1. Hence V,V =Eo+ E; € V1 and
NoRS) W03
Gronwall’s Lemma then yields estimate (4.33). O

Remark 4.14. For the derivation of the a-priori bound on || E||,, we did not use any moments of w (neither in x nor
v), nor pseudo-conformal laws (cf. [6,7,27,14] for the classical analogue, i.e. VPFP). In fact, the latter are not useful
in the quantum case, since the Wigner function typically also takes negative values. Moreover, the convolution with
the Gaussian did not play a role there; the estimate (4.33) relies just on the dispersive effect of the free-streaming
operator. The parabolic regularization will be exploited in the “post-processing” Proposition 4.15.

The above lemma was the first crucial step towards proving global existence of the WPFP solution. Next we shall
extend this estimates on the field E to a range of L”-norms:

Proposition 4.15. Let w be the mild solution of the WPFP equation (3.7) and let wy € X satisfy (A) for some
w € [0, 1). Then, we have for any fixed T > 0 and for all p € [2, 6):

HE](t)HLng(T, lwoll2, sup {ﬁ(s)w”ng(s)HLﬁ/S})z%‘%‘w, Vi € 0, T]. (4.36)
s€(0,T]

Proof. We shall estimate E1(¢) (cf. (4.34)) by using classical properties of the convolution by the kernel ﬁ and the
following

/\/<L) —CR(s)%, VI<g<oo. (4.37)
v R(s) q
Namely,

t

1 X
||E1[w](t)||Lp(R§) <Co/zs~(s) R(s)3/2N(m> xy F(x,1,5) Lp(Rg)ds
t 3 3
R(s)2 2
<CO 7 (1ot =), + | Ertwlt =9 ],) [wie = )], ds.

where we used the Young inequality with 1 + 1/p = 1/g + 1/2 (thus, p > 2) and, for the L?>-norm, the Lemma 4.6.
Then, by applying Lemma 4.13 we get
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”El [w](t) ”Ll’(R3) g C (Ta Sup {ﬁ(s)w ”ng (S) H L6/5 }a ”wO”LZ(Rb))
* 5€(0,T]

_3
2

t 3
R(s)%

x J VO (s)

Since 9 (1) = O(t), R(t) = O(t) for t — 0 (cf. (4.27), (4.28)), the last integral is finite for all # > 0 and for 3/(2q) —
3 1
2>-143/2p)—5/4>—1<% p <6.In fact the integral is O(t% ~#~“). O

(B (t —5)° + (t — 5)27) ds.

Remark 4.16. Proposition 4.15 provides a non-trivial interval of L?-estimates for the electric field in the WPFP case.
This is due to the regularizing effect of the FP term. We remark that the corresponding Gaussian is “better behaved”
than the classical one, since the quantum FP operator is uniformly elliptic in both x and v variables. On the other
hand, exactly as in the WP case, the range of L”-estimates for the WPFP equation is smaller in comparison to the
counterpart VPFP and that depends again on the non-negativity of the classical distribution function.

As a further result, we obtain an a-posteriori information on the self-consistent potential V, which follows directly
from the a-priori estimates on the field. Accordingly, we split the potential as V = Vj 4+ V1, with

3

Vo(x. 1) ¢=XZ|)% % (E0); (x. 1), (438)
i=1
3 X

Vi(x, 1) :=A2ﬁ*,€ (E1);(x,1). (4.39)
i=1

Corollary 4.17. Under the assumptions of Proposition 4.15, the self-consistent potential V (t) = Vo (t) + V1 (¢t) belongs
to L”(Rf’c) with 6 < p < 0o, and satisfies for all t € (0, T]:

Vo], < CMllwoll |nd @) | jos = O D) with 6 = 1.3 (4.40)
p 2 p

3 1
Vi), < (T lwollz sup {9612 )] s} )77+ (4.41)
s€(0,T]

4.3. A-priori estimates for the weighted L*-norms
A first consequence of the a-priori estimates for the electric field is the following

Lemma 4.18. For all wy € X such that (A) holds for some w € [0, 1), the mild solution of the WPFP equation (3.7)
satisfies

||vw(t)|;§<C(T, lwollx, sup {za(s)w||ng(s)HL6/5}), Vi €0, T]. (4.42)
s€(0,T]

Proof. In order to justify the derivation of this a-priori estimate we need again the approximating classical solutions
¥y, introduced in the proof of Lemma 4.2. Multiplying both sides of (4.3) by ”52 yn(#) and integrating yields

1d _
mnviyn(r)Hi: /f V7 yn (1) Ay, (1) dx dv + f/ V7 yu () fr (1) dx dv.

By analogous calculations as in the proof of Lemma 2.8 (cf. also (A.3)) we get,

2
27

// 012y (1) Ay (1) dx dv < 36 ||y ()] + gnvyn(r)
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and hence

2dt||vyn<r)H2 3o\|yn(r>||§+§||vyn<r)||§+f 012 (1) fu () dx dv, V€0, T].

By integrating in 7, letting n — 0o, and using (4.1), we have

t t
2
va(t)H2 lvwo3 + ﬁ“(e”’—1)||w0||§+ﬁ/y|uw(s)||§ds+2/f/|u|2w(s)f(s)dxdvds, vt €0, T].
0 0

Using again the skew-symmetry of the pseudo-differential operator and the Holder inequality yields

t t
/// viw(s)v; f(s)dxdvds = %ff/ v,-w(s).Q[&,-V[w(s)]]w(s)dx dvds
0 0

t
1
<3 [Inwo 20y e ]u] o

with the operator §2 defined in (2.10). Estimating as in (2.12) and using the Sobolev inequality we obtain for ¢ € [0, T]:
[2[3:V[wO]w®] 2@y < C[2V[wO]DO] 283 m3)
<Clavw®] ;] @@ ||L2(R§;L6(R§,))
[

<Clavwd] ][ Vid O 23 e3)

<clavwoll,| @43
where w(x, n,t) := Fy,(w(x, v, t)). Finally, using Proposition 4.15 (estimate (4.36) with p = 3) yields
[ow® < ) (lvwoll3 + lwol3) + (T, Juollx. sup. {ﬁ(s)“’nno @] 1)
t
x /(s—% +57t 4 B) |ow(s)[ads, e[0T, (4.44)

0

and the Gronwall Lemma gives the result. O
With this result we can proceed to derive the a-priori estimate for |||v 2w (@)|2.

Lemma 4.19. For all wy € X such that (A) holds for some w € [0, 1), the mild solution of the WPFP equation (3.7)
satisfies

|\|v|2w(r)”§<C(T, lwollx, sup {ﬂ(s)“’”ng(s)”L6/5}), Vi €[0, T]. (4.45)
5€(0,T]

Proof. In order to control the term |||v|2w(¢)||2, we shall use the same strategy as in Lemmata 4.2 and 4.18. Multi-
plying both sides of (4.3) by vl‘.t v () and integrating we get by using (A.3) and repeating the same limit procedure as
in the previous lemma:

2dt2ﬂv w(t) dxdv<9cer(t)H2 (36— —,6)2//1; w(t)? dx dv
+Z[/ viw() f(t)dxdv, Vi el0,T].
i=1
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By integrating in ¢, using C |v|4 <Y v;‘ < C2|v|4 and (4.1), we have
t
6
[lvPwm|; < C(|!|v|2wo|!§ + ;“(e”’ — 1)ljwoll3 + (60 — ﬂ>f|| ol ()3 ds
0

3 t
+2Z/// v?w(s)f(s)dxdvds), Vi [0, T. (4.46)
i=1 0

Using again the skew-symmetry of the pseudo-differential operator @, Eq. (2.9) and the Holder inequality, we have

t t
/// vizw(s)v,-zf(s)dxdvds < %/”v?w(s)”zH@)[aizV[w(s)]]w(s)szs
0 0

t
+ / H vizw(s) H2 H 2 [8i V[w(s)]]v,-w(s) “2 ds. 4.47)
0

Since w(x, -, t) € H 2(R%), the Gagliardo—Nirenberg inequality yields for ¢ € [0, T']

N N 1/2 o 1/2
e, agy < €l 0] o, 0P, D] s,
<Cl[Twr. 0 s [P0 G, 0 g (448)
Using
5 1/2
[aviw®]|, = [n[w®]],=CldCn=0,0] 2 < C( / [ICRNY ||Lw(R;)dx) :
(4.48), the Holder inequality, and (4.42) we can estimate:
1/2
o5V [wTlul, < clavluo]l( [ a0l ea)
< C/”li)(x, . t)”iodx
<€ [ 17000z | P05, )] 2y
<c(Twollx. swp {96 @] s} ) [P0, (4.49)
s€(0,T]

For the second term of the r.h.s. of (4.47) we proceed as in (4.43) and use the estimate (4.36):

|2[3:V[w®]]viw® |, < ClaV[wn]|,|vow) ”LZ(R;;Lﬁ(Rg))

gC(T, lwollx, s(lépn{ﬂ(s)w||ng(s)||L6/5})(t—% +t—w+%)|||v|2w(t) ,» Ytel0,T].
s€(0,

Analogously to (4.44), combining the estimates (4.47), (4.49) and (4.50) the Gronwall Lemma gives the assertion. O

Proof of Theorem 4.1. Lemmata 4.2 and 4.19 show that
Jw®) | < C(T, llwollx, sup {19<s>°“||n8(s)||ms}), Vi €[0,T], YO < T < tmax,
s€(0,T]

with C being continuous in 7' € [0, fipax]. Then, Corollary 3.5 shows that the mild solution w exists on [0, 0c0). O
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4.4. Regularity

The following result concerns the smoothness of the solution of WPFP, the macroscopic density and the force field,
for positive times.

Corollary 4.20. Under the assumptions of Theorem 4.1, the mild solution of the WPFP equation (3.7) satisfies

w € C((0, 00); CF (RY)),
n(t), E(t), V(1) € C((0, 00); C3¥ (R?)).
Proof. Obviously, w(t) € C(R®) Vr > 0, because of the Green’s function representation in (3.22), (3.3). If we differ-

entiate Eq. (3.7) with respect to x; and, resp., v;, we obtain the following linear, inhomogeneous problems for any
fixed t; > 0.

z(t) = Az() + O[V[zO)]]Jw®) + O[V[w®)]]z(t), ¥Vt >11, z2(t) =y w(tr) € X,
yi(0) = Ay(t) + By(1) — 0w(®) + O[V[w®)]]y(@), Vr>1, y(t1) =dy,w(t) € X.
By arguments analogous to Lemma 3.3, there exists a unique mild solution
2= dqw e C([11,00); H' (R (1+ [v[?)” dx dv)). (4.50)

By an induction procedure, the derivatives V)‘ij w, for a,b € N3, |a| + |b| = m > 1 are also mild solutions of
similar problems with additional well-defined inhomogeneities and with initial times 0 <] <t < --- < t,,,. This
yields ijijw € C([tm, 00); H'(R®; (14 |v|*)2 dx dv)), and thus V;‘ijw € C((0, 00); X). Hence, the statement about
smoothness of the density and the electric field is straightforward from Propositions 2.1 and 2.3 and Sobolev embed-
dings. O
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Appendix A

Proof of Lemma 2.8. For u € D(A) we have

3
(Au,u)g = (Au, u) 2 s +Z// viuAu, (A.D)
i=1

where [ f denotes the integral [p3 [ps f(x, v)dvdx, and the norm || - || ; is defined by (2.7). Using integrations by
parts we shall calculate the three terms on the right-hand side separately.

(Au,u)Lz(Re)=g<—//viuxiu—i—ﬁ//(viu)viu—i-a//uviuiu—l—Zy f/uxfuiu—i-a//uxixiu)
3o o ffomnee [fen(e L ff )= f ]

3 Y
= Eﬂllullé + (; — a)uvvun% + (ey — a)||Vyull3.
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With € = £ we obtain

3
(Au,u)2gey < E'BHMH%'

Next we estimate the second term of (A.1):

z /I z( [[ st [[ vt
—i—o// vf‘uvjvju—i-Zy // vfuxjvju—i-a// v;‘uxjxju>
- 1|: //v“zﬂ%—ﬂ[/v v]uvfu—a'/./v4u2
—50//vuv,u+y< // //vu )—a//
<Z<—%ﬁf/v?u2+60//v?u2)
i=l
<9U|IM||%+(—%5+3U)Z3:// viu?
i=1

by choosing € = % and by an interpolation.
Collecting the two estimates yields

3
3 3
(Au,u) g < (5ﬁ+90)nuu%+3o;//v?u2 < (§ﬁ+9o>llu||§~(

Thus, the operator A — « I is dissipative. O

671

(A.2)

a

(A.3)

Proof of Lemma 2.10. To prove the assertion we shall construct for each f € D(P) c L*(R®) a sequence {f,} C

D(P) such that f, — f in the graph norm
1 1e = 1F e+ [0 £ 2+ 1PF L + [0 P o
To shorten the proof we shall consider here only the case

P=0+vw-Vy+ux -Vy+8v-Vy+aA,+oA,+ ydiv, Vi

(cf. the definition of the operator A in (2.13)), but exactly the same strategy extends to the case, where P is a general

quadratic polynomial.
First we define the mollifying delta sequence

Gn(x,v) = n6¢(nx, nv), neN, x,ve R,

where

¢ € CPR), ¢(kx,v)=0

/]d)(x, v)dxdv=1, and supp¢ C {|x|*+[v* <1}.
By definition we have the following properties:

(D) ¢, — 8 in D'(RO),
1) L3¢, 18,00 = 0in D'(R®),i=1,2,3,
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(1) (x, v)”a(l;)v)[(x, V) ¢ (x, v)] — 0 in D'(RY), with a, b, c € N§ multi-indexes and |c| > 0, since (x, v)°¢, — 0
in D' (R).

The cutoff sequence is

1//n(x,v):=1p<|(x’v)|>, neN, x,veR3,
n
where  satisfies
YeCF®), 0<y@<I1, suppy Cl-L 1l ¥l sy =1,

and
v V(@) <Cj, VzeR, j=1,2.

The sequence v, has the following properties:

IV) ¥, — 1 pointwise,
a b
V) (x, v)“a(bx’v)i/,n(x’ V) = % (x, v)(x, ) w,(l(x, v)|>’

[(x, v)] n
witha,b € Ng, la| = |b] = 1, are supported in the annulus

o (52 [

and they are in L*°(R®), uniformly in n € N.

VD ndl ey = 1ﬂ/<|(x, v)l)’

"< <nl =0
§\|()C,U)|\I’l =i Up,

[(x, v)] n
witha € Ng, la| = 1, are uniformly bounded in L (R®).
(x,v)* I(x,v)|> 1 (x,v)* [(x,v)]
VIl a4 V) = 1 _ / ’
(VD Gy ¥n (V) n2|(x,v)|21/’< )T e P or) T

with |a| = 2 have support on U, and converge uniformly to 0 in L*°(R®).

We now define the approximating sequence

Jnx,v) i=(f * ) (x, V)Yn(x,v), neN,

where ‘x’ denotes the convolution in x and v.
By construction we have f, € C§° (R® = D(P).
Since we can split our operator as

P—i 9+uv-a + X Oy, + BUidy, + 0> + 002 + 10,0
= 3 i Ox; T UXjOy; i Ov; Xi v; TV Ou; Ox;
i=1

3
= Zﬁ(xiv Vi, axi’ av,’)r
i=1

we shall in the sequel only consider
ﬁ=p~(y’z9ayaaz)’ v, zeR

acting in one spatial direction y = x; and one velocity direction z = v;.
We have to prove that f,,(x, v) — f(x, v) in the graph norm

LF s =1+ [P f ]+ 1B fll + 0P B | o

According to the 4 terms of the graph norm we split the proof into 4 steps:
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Step 1: By applying (I) and (IV), we have
fa— f in L*(RS).
Step 2: For the second term of the graph norm we write
V7 fo = (V7 f % @n) ¥ + 2004 f 5 i)V + (f 07 bn) Y-

The first summand converges to vl.2 £ in L2(R®) and both the second and the third terms converge to 0 by (III), since
also v; f belongs to L2(R®) by interpolation.
Hence we have

fo— f inX.
Step 3: To prove that P f, — P f in L2(R%) we write:

~ 0
P fu= g(f * Gn)Yn +V(@fy * Gn)VUn + 1z % Gn)Yn + Bz * Pn)Vn

+(fyy * ) Wn + 0 (frr % ) ¥n + ¥ (fyz % d)Vn + 710, 2)
=(Pf*dn)¥n+rl(r,2).
As we shall show, all thirteen terms of the remainder
rh = v(f % 3y(2hn)) W + v(f * Gn) 2y + L (f * YO Pn) Y
+ 1 (f % )y Ym + B(f * 3. (29n)) ¥ + B * $n) 21

+ 2(X<f * (%ayfbn))(naﬂ//n) +a(f * ¢n)(a§WH) + 20 <f * %azd’n)nazwn

1 1
+o(f* ¢n)aZZWn +vy <f * <;8z¢n>>(n8y¢n) +v (f * (;ay(ﬁn))(nazwn) +y(f* ¢n)8yazd/n

converge to 0 in L>(R®).
The first, the third and the fifth terms converge to 0 in LZ(R(’) by (III).
In the second, fourth and the sixth terms, exploiting (V) we have

| Cf ) @By ¥ | 2 ey < CULE %6 — Fllizw + 1 2w, = O, (A4)

because ||f||L2(R6) = ”f”LZ(Bl/z(O)) + Z/fio ||f||L2(U2k)~
For what the seventh, ninth, eleventh and twelfth terms are concerned, we can exploit (VI) and then (II).
The remaining terms can be handled thanks to (VII).
Step 4: To prove that |v|2f’fn — |v|2f’f in L2(R%) we write:
0

U,‘zﬁfn = g(vlzf * (bn)wn + V(U,‘zzfy * ¢n)‘/fn + M(UjZYfz *¢n)1//n + ﬂ(v?zfz *(bn)‘!/n

+a(vizfyy *(pn)lpn +0(Ui2fzz *%)% + V(vizfyz *¢n)1pn +73()’s 7)
= (07 P f % pu) ¥ + 17 (3, 2).

The remainder r,% can be written as the sum of the following terms (remember y = x;, z =v;):
2 2 6 2
rn,@ = ge(vif * Ui¢n)l”n + g(f *V; ¢n)l”nv
2 _ 2 2
Tyy= 2v(v,~zf * 8y(vi(]ﬁn))wn + V(Zf * 8)7(711' ¢n))1ﬁn + U(vi f = z8y¢n)¢n +2v(v; f * vizayq)n)lﬂn
v (f %07 20yn ) Yn + V(7 f % )20y VU + 20V, f * Vi) 2y Wi + v (f * V7 n) 20y,

r2 =200 (yvi f ;i) Yn — 208;; (U * 0ip)Vin + (f * 8 (v n)) Yin
(VR # yOn) Un A+ 20V f % 0y ep) U + i (f 02y 0) Y
+ 1 (0 f % Pn) U + 200 vi 5 v )y W + 11 (f * Vi) YO, ¥,
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ro g =2B(vizf * 0. (i)W — 2B(1+ 8;)(vi f * Vi) ¥n + B(2f * 0 (v7n)) ¥
— B(f % v dn)Yn + B(v7 f % 8:(2n)) Y + 2B (vi f * vid. (2hn) ) ¥

+ B(f *v70:(2dn) ) ¥n + B(V7 f % $n)2d- Y + 2B (i f * Vi) 20:Yn
+ B(f * vin)zdYn,

1
To o =20 (Vi f % 00300 )W + ot (f % 0703000 ) ¥ + 20t (vizf * ;ayqx,)naywn

2
V; V7
+4a (vif * ;’ay¢,,>nay1/f,, + 2a<f * ;layqan

)naywn + o (V7 f * n) 95V
+2a(v; f * vifll)n)a)z;wn +05(f * vi2¢n)8)2;wna

2

rm

o =20 (vi f % 82 (idn))¥n — 208 (f % 8 (vipn)) ¥ + 0 (f * 32(vien)) ¥

1 v; v2
+ 20 <U,2f * ;3z¢n>n8zwn +40 (Uif * ;laz(ﬁrz)”az‘ﬂn + 20 (f * Flazfpn)”az‘ﬂn

+ 0 (VFf % 0n) 02V + 20 (v; f 5 i) 92U + 0 (f % V7 n) 02V,

r,%,y =2y (Uif * 3z,(vi3y¢>n))¢n - 27/3ij(f * V; ayﬁbn)l/fn + V(f * 0,0y (U,‘ ¢n))1/f

1 V; v2
+ y<v12f * ;ay¢n)naz'¢n +2y <Uif * ;lay(pn)naz'(pn + V(f * j3)7¢n>nazwn

1 v; v2
+vy <vlzf * ;az‘bn)”aﬂpn +2y <vif * ;Iaz‘f’n)”ay‘pn +vy (f * jaz(ﬁn)nay‘pn
+ 7 (V7 f % 6u) 3By + 2 (Wi f * vidhn) 39y ¥in + ¥ (f * 7 6n) 30y .
By the properties (I)—(VII) and estimate like (A.4), it can be easily seen that each term converges to 0 in L?(RR®).

a
Proof of Proposition 3.1. First, we shall prove the following estimates on the derivatives of the Green’s function
(3.4):

G(t’ i’ 27 X_O’ m)

|VUG(I’-X’ Uv-x()a UO)’ < b 2 j; 2 2 ’ Vt <t07 (A'S)
G(t, E’ E’ X_O’ Yo

VG2, x,v, x0, vo)| <B' .3 j/; 22 vy

(A.6)
with b = b(a, y,0), tg = to(a, B, 0, y), b’ =b'(a, y,0) and 1} =11 («, B, 7, ). The v-derivative of G is given by

Bt _ Bt _ Bt _ _
V.Gt x. 0. x0. v0) = G (1. x. v. Xo. UO)[_(MU)G 2v(@)(e” —1)/B)(x — ((e 1)/B)v — x0)

o)
_ @u@ef — p@) e —1)/p) (v —vo)

. (A.7)
f@) ]
For all real a, b, ¢ > 0 such that ¢//a < b+/2e, one easily verifies that

2
clx| <be™™ T, vx e R3.

(A.8)
Since «, 0 > 0, we have for # > 0 small enough

v(t) — %,u(t) >0, A(t) — %,u(t) > 0.
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In order to apply the estimate (A.8) to the two terms inside the squared bracket in (A.7) we shall use for ¢ small:

o W) 200 —D/BI 2y < b1V,
var 300 = Lu@)/f o V3o —y?)(o +v)

with by = y/+/3(@o — y2)(c + ). Similarly,
@ _ W20 —p0) @ D/l 2a < by,
= 30 = Lu)/f@) V3o —yH+y)

with by = «/ \/ 3(ao — y2)(a + y). Then, there exists some fo > 0 such that, for all ¢ < #(, the two inequalities can be
combined with b = max{by, by} to give

‘ (e =20 (P —1)/B)(x — (P — 1)/B)v — x0) + QA()eP" — () (P — 1)/8)(P'v — vp) i
f@
s % ‘u(t)eﬁ’ —2v<t>eﬁt,3_l to eﬁtﬂ_ Ly w0 + et — uiny ! |eﬁ’v—vo|}
<bexp () — Tu®)lx — (P = 1)/B)v — xo|* + (L) — F () [ePTv — vy |? }
310)
v(O)|x — (" — 1) /B)v — xol* + A(0)|ePTv — vol> + () (x — (P — 1)/B)v — x0) (P v — vp)
< bexp 7] }
3f ()
Hence,
|VUG(t,x, v, X0, v0)| < bw
x exp{ % vl = (@' = 1D/B)v = xol? + A(@)[ev —;2)2 + 1) = (' = D/Byv —xo) (v — Uo)}

and the decay (A.5) follows by comparison with (3.4).
Next we consider the x-derivative of the Green’s function,

20()(x — (P = 1)/B)v — x0) + (1) (e"'v — vo)}
f@® '
Analogously, the decay (A.6) follows by exploiting that for ¢ small enough
Wi fO2@ 20 <V,
J300 = u@)/f@) V3o —yHe+y)

ViG(t,x,v,x0,v0) =G, x,v, xp, vo)[—

WEHF OO 2y o
JRam —tumyfao) V3@ —yHa+y)

with appropriate b/ («, y, 0), by (e, ¥, 0).
Since

A (x, v) = /f G (1. x. v, x0, v0)wo (%o, v) dxo v,
we have

|Vve”iu)0(x, v)\ < / IVUG(I, X, v, X0, vo)||wo(x(), v0)| dxo dup

B X v Xy vg
< bt 1/2//G<t,5,5,?,?>|wo(xo,vo)|dxodvo
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= 64bt /2 ff G(t, %, 9, Xo, Do) |wo (2%, 250)| dFo ddg

— 64b1~ 2! Ay (R, 7). Vi < 1o (A.9)

Here we used the decay (A.5), and we put X = 5, U = 5 and wo(X, V) = |wo(2X, 20)|. The assertion (3.5) follows
directly by applying the estimate (3.2) to (A.9) and choosing Ty = min{zy, #1}.
The estimate (3.6) can be obtained analogously. O
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