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Introduction

In this thesis we will present the results achieved in three years of research, performed
between Scuola Normale Superiore, under the supervision of Prof. A. M. Anile, and the Uni-
versity of Miinster, under the supervision of Prof. A. Arnold. In particular, are collected here
three articles; the first of them is in collaboration with Doct. L. Barletti of the University
of Florence, while the third with Prof. A. Arnold and E. Dhamo of the University of Miinster.

The aim of the developed research is to contribute to the analytical study of quantum kinetic
models of certain quantum systems, whose dynamics is time-irreversible due to the interac-
tion with the environment; accordingly, they are called open. In particular, the models under
examination have a well-grounded application to the simulation of nanoscale semiconductor
devices, thus semiconductor physics is the background of reference for our work.

The models are formulated according to the Wigner-function formalism, a well-known tool in
both the physical and the mathematical literatures, which provides a quantum-mechanically
consistent, phase-space description of the dynamics of the systems of interest.

The leitmotiv of our investigation is the attempt of keeping to a purely kinetic analysis.
More precisely, our aim is to obtain results that are physically-consistent and in agreement
with those achieved via other formalisms, but independently of them. The way we pursue
that end is by developing new analytical tools, in some cases inspired by formal analogies
with other problems. The motivation for that type of study is that, apart from being ana-
lytically challenging, it is naturally suitable to numerical reformulation for applications to
real devices simulation.

The aspects of our research we have here presented will be widely discussed, in comparison
with the existing literature, according to the following sectioning: In Part I, we will present
an overview of the possible mathematical descriptions of semiconductor physics. In particu-
lar, in Chapter 1, we will introduce the (semi-)classical kinetic approach and start to discuss
possible ways of modelling the irreversible dynamics of certain systems. In Chapter 2, we
will focus on quantum systems, since we are interested in the applications to semiconductor
devices reaching quantum regimes and we will present the quantum-statistical formalism. In
Section 2.2 we will briefly introduce the theory of open quantum systems, which constitutes
the reference frame of our work, and proceed in the discussion of the literature related to
the description of irreversible quantum dynamics. Thus, the background is complete.

The aim of Chapter 3, in Part II, is to present the quantum kinetic description of the quan-
tum systems, and, to compare it with the quantum-statistical one. By that discussion we will
derive the motivation for our analytical study: in particular, in Section 3.4, we will describe
the starting point of our investigation, namely, the choice of the Hilbert space of L?-functions
defined on the phase-space, as the state space for the successive well-posedness studies. In
Chapter 4 are introduced new tools we have employed in the cited articles, which are also
promising in view of the resolution of open problems. We will compare them with similar
instruments used in classical kinetic theory, which in many cases have directly inspired their
derivation in the quantum framework. The tools presented constitute a contribution to the
discussion in literature about the analogies between the Schrodinger and the Vlasov equa-
tions. We anticipate that we will recover a further a posteriori motivation for our choice of
the functional setting: according to our investigation, the analogy with the classical kinetic
formalism can indeed be exploited just in the L?-conteat.



Part III and Part IV contain the bodies of the above cited articles: in particular, Part III
those related to the Wigner-Poisson system on bounded spatial domains, while Part IV, the
one about the (all-space) Wigner-Poisson-Fokker-Planck model. At the beginning of each
part we will provide both a description of the physical system they are meant to describe
and a discussion of the related literature.

We remark that, in the three cases, the well-posedness result will be obtained in the Hilbert
space of L?-functions defined on the phase-space, modified by an appropriate weight in the
velocity-direction. Accordingly, the result we present in Part IV is a slightly improved version
of the one presented in the above cited paper, where also a weight in the space-direction was
used.

Relatively to both problems (in the all-space formulation), we also discuss possible per-
spectives for attaining the same well-posedness theorems in a L2-setting, without using the
weights.
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Chapter 1

Semiconductor materials

1.1 Quantum description

A semiconductor is a solid-state material; accordingly, its atoms are arranged in a crystal.
This structure can be described as an infinite three-dimensional array in which the atoms are
located at the points P of a lattice L. L is represented, starting from the basis {ai, a3, d3}
of IR?, as the set of vectors

L := {iay + jay + za3, i, j,z € %}

(cf. the definition of Bravais lattice in Ref. [12]), and P = (i,7,2) € R}, i,j, 2 € Z (where
we indicate with IR}, IR® with the basis of L). Thus, the material consists of a periodic
distribution of charges, which generates an electrostatic potential Vj,e; with the same period;
a free-electron in the periodic field (usually called Bloch electron) is described by the following
version of the Schrodinger equation

h2
S AY(E) + Vo)) = BY(), & € TR, (11)
where 1) : & € IR®* — € is the free-electron wave-function, m is the free-electron mass and F
the value of its total energy'. The physical space IR?, in which the electron move, can be
partitioned by translates of an elementary cell D with the vectors of L, where

D :={(a,3,7), a, 8,7 € [-1/2,1/2]}.
Correspondingly, it can be defined the dual lattice L*
L* = {id} + jab + za}, i,j,2 € L},

with the vectors a?{,a%,a_é defined by a;;l-a_fl = 276mn, m,n = 1,2,3 (the Kronecker delta
symbol). Accordingly, for all [ e L, I* € L*, it holds "' = 1. The elementary cell D* can
be defined analogously to D, starting from the lattice L*. In particular, the first Brillouin

zone B is the elementary cell constituted by the points of IR® closer to the origin, than to

1Since this is a many-electrons problem, in the one-electron Schrédinger equation it should appear also a
potential taking into account electron-electron interactions. In the independent electron approximation, these
interactions can be represented by an effective one-electron potential, Vjer, which has the same periodicity
of the crystal (cf. Ref. [12]).
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any other point P* = (i,5,2) € R} ,, 4,5,z € Z.
According to such partition of the space, the wave-function v can be decomposed into

() = Voll(B) /Bz/Jk(x) ik (1.2)

with the function v, k-pseudo-periodic in L, i.e.

—

bz + 1) = dp(z) e, Vie L

(cf. the definition of Bloch decomposition in Ref. [21]). Observe that, for all I* € L* and
le L, e*t = e+ thus, k can be indeed restricted to B. Equivalently,

dn(x) = e F (e + ).

leL
According to such decomposition?, it can be proved (cf. Ref. [12]) that the Schrodinger
equation (1.1) is equivalent to infinitely many Schrédinger equations indexed by k € B
posed on the elementary cell D with k-pseudo-periodic boundary conditions on 0D:

‘%Amm + Voer(@)91(w) = Ee(w), @ € D, (1.3)

-

Un(z + 1) = Uy(z) e, Vo € 0D, x+1€aD. (1.4)

It can be proved as well that, for all k € B, there exist a sequence of eigenvalues { £}, n € IN}
and another of eigenfunctions {¢}'(z), n € IN}. The ¢} are “distorted” waves

Uf = () 57,

by uj L-periodic functions (i.e. uj(x +10) = uy(x)), because of the periodic potential.
Accordingly, the vector k is not a real wave-vector, but a pseudo wave-vector and the cor-
responding pseudo momentum?® p = hk is called crystal momentum (cf. Ref. [12]). The
function k € B — E} is called dispersion relation and describes the way the energy depends
on the pseudo wave-vector k.

An electron that is in the eigenstate 1] has the energy E}'. For each fixed n, E}' individ-
uates the n-th energy band: we assume for simplicity that the bands do not cross. It can
happen that some energies are not in the range of any of the functions E}': such energies are
“forbidden” and fall in intervals that are called energy gaps. In our picture, two successive
bands are separated by an energy gap.

Now we specify in what consists a semiconductor material. In a crystal at thermodynamical
equilibrium, each electron will occupy one? of the eigenstate described by 1. In particular,
at zero temperature, only the lowest energy states will be occupied and the highest value
among the energies corresponding to the occupied energy states is called the Fermi energy.
The material is an insulator or a semiconductor, in case all the states in the band below the
Fermi energy, the valence band, are occupied and the energy gap, between the valence band

Precisely, the Hilbert space L?(IR?) of the wave-functions is represented as L?(B, L?(D)y), with L?(D)y
the space of square integrable k-pseudo-periodic functions.

3In fact, due to the presence of the periodic potential, ¢} is not simultaneously an eigenfunction of the
momentum operator (i/i)V, with eigenvalue p = fik.

4The electrons are Fermions, thus, the Pauli’s principle excludes that two electrons can occupy the same
state (observe that we are ignoring the spin).
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and the band above the Fermi energy (the conduction band), is large with respect to the
energy that can be gained from the electric field. Thus, electron conduction, i.e. electron
motion in k-space, is excluded.

However, in the semiconductor case the gap is moderate®, then typically the absorption of
thermal energy is enough to allow the electrons to jump from valence band states to con-
duction states, due to the electric field. The electrons “moving” to empty states in the
conduction band leave behind vacancies (empty states in the valence band), which can be
filled by valence electrons®. Hence, occupation of conduction sites will propagate, namely,
conduction will occour, and, simultaneously, vacancies will propagate in the band below.
These two simultaneous phenomena can be described as the motion of two different classes
of particles: electrons in the conduction band and holes in the valence band.

Typical examples of semiconductor materials are Silicon (Si), Germanium (Ge) and Gallium-
Arsenide (GaAS).

1.2 Semi-classical description

In the semi-classical picture, an electron belonging to the nth-energy band is described as
a point particle individuated by the continuous variables (z, k), moving with velocity v}.
In the semi-classical limit, the velocity of the particle will coincide with the group velocity
of the wave-packet, made of wave-functions near the (pseudo) wave-vector k (|k| = k).
Since the group velocity is defined by v, = dw/dk, with w the frequency associated to the
wave-function of energy €, w = ¢/h, then

1 de
= —— 1.5
Ug h dH ( )
(cf. Ref. [36]), accordingly
n 1 mn
Thus, the equation of motion of an electron in the crystal reads
o1

The dispersion relation for a free-electron in the vacuum reads e(x) = (h?/2m)x?, and the
curvature of such parabola is 1/m, the reciprocal mass. On the other hand, an electron in
a periodic potential is accelerated relatively to the crystal, say, by an external force F', as if
the mass of the electron were equal to an effective mass. Indeed,

o 1P 1
Y dt  hdedt  hds?dt’
where hdk/dt = F for an electron in a crystal (cf. Ref. [36]). Accordingly,

2 2\ !
dvg: %dz F.oorF— %dz dvg'
dt h? dk h? dk dt
5Precisely, comparable to kgT with T temperature, kg Boltzmann constant.
6A way, alternative to thermal excitation, to improve the conductivicity, consists in inserting impurities

in the crystal lattice. They can be either positively or negatively ionized, correspondingly, they will either
provide electrons to the conduction band, or trap electrons in the valence band: such process is called doping.
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which reads like the second Newton’s law, if we define the effective mass” m* as

1 a2\ ! .

Rd2) T
If we call respectively e.(k) and €,(k) the conduction and valence band energies (i.e. E} =:
eo(k), B} =: e.(k) for some n € IN), and

€ = I’?gg e(k), € = max e (k) ,

then

hQ 2 h2 2 3
(k) = ec+ 5 Ik, elk) =6, — oIk, VkeR

2m

are called parabolic (or effective mass) band approximations®. Accordingly, for what an

electron in the conduction band is concerned, (1.6) reads

1 hk
T =v.(k), wv.(k)= ﬁvkec(k:) =—, (1.7)
while for a hole in the valence band
1 hk
‘:,Uk7 Uk:__ Uk = —_——, 1.8
b= u(k), k) = 2 Vie(k) = (18)

If an external potential V' = V(z) is added to the periodic potential Vj.,, the analysis carried
in the previous section continues to hold, if the potential is assumed to be weak®. Then, the
motion of an electron in the conduction band is described by

i =uvk), k= %vmx). (1.9)
These are Hamilton’s equations for the pair of conjugate variables (z,p) = (z,hk) with
Hamiltonian

Hiz,p) = e (5) = V().

Analogously, for the hole in valence band

P = k), k=—IV.V(0), Hiwp)=e (%) 4 qV(z). (1.10)

By the way, we observe that the hole behaves like a particle endowed with effective mass m*
and opposite charge ¢ and opposite velocity —v.(k) (cf. Ref. [36]).

"In case of an anisotropic energy surface, as in Ge and Si, we should introduce components of the reciprocal

effective mass tensor:
1 B i d?e dv, (1 P
m*) ., - h¥deudr, T dt \m* v v

8Such approximation is valid indeed in the neighborhood of a conduction (respectively, valence) band
minimum (respectively, maximum). The Kane dispersion relation, instead, takes into account the non-
parabolicity at high energy, in terms of a parameter «, accordingly
h2K?

([l +ac(w)] = 3 KR,

and analogously for the valence band.

9This depends on the fact the Bloch decomposition does not commute with the multiplication by V, thus,
the bands are all coupled. However, the effect of the coupling can be disregarded if the additional potential
is supposed to be weak enough.
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1.3 Semi-classical kinetic equations

Let z = (z1,...,2,) individuate an event in terms of n continuous variables, z ranging in
a continuous set Z C IR", and, for all t € IR, let P(.,t) : z € Z — IR be the probability
distribution function associated to the realization of an event z € Z at time t. Then,
P(z,t) dz will be the probability that the event which occours at time ¢ is described by a
vector belonging to the infinitesimal volume of Z around z and

/P(z,t) dz=1, Vt.
z

Let f: 2 € Z — IR represent some quantity that can be computed starting from the event
z, then the average value of f at time t will be

< fP>(1) :/f(z)P(z,t) d . (1.11)

z

Let ( : z € Z — IR" be a vector field such that
2=, div( =0. (1.12)

Thus, to all zp € Z, it can be associated, for all ¢ > 0, z(t) € Z by integrating Eq. (1.12)
with the initial condition z(0) = zo, if ¢ is regular enough. Analogously, to the volume dz
around zy will correspond, for all ¢ > 0, the volume dz(t) around z(t) and, accordingly, the
probability that the event at time ¢ lies in dz(t) around z(t), P(z(t),t)dz(t) = P(20,0)dz,
i.e. the probability that it lies at time ¢ = 0 in dz around z;. Moreover div { = 0, thus, by the
Liouwille theorem, dz(t) = dz, i.e. the volume is preserved in the correspondence zy — z(t) ,
and then

P(z(t),t) = P(20,0). (1.13)
Differentiating both sides with respect to ¢ and remembering Eq. (1.12), it follows
oP
(——I—C-VzP) =0, Vt>0,z€Z.
ot (=(0).)
Due to the time-reversibility of the equations, the mapping z — z(¢) is invertible and
oP
o TCVP=0. (1.14)

follows. Eq. (1.14) is called the Liouwille (or transport) equation.

Observe that z = (x,p) € IR* can be the phase-space description of the state of a system
with d degrees of freedom. Let ( = (0H/0p, —0H/0x) with H = H(x,p) Hamiltonian
function (associated to the system) expressed in terms of the canonical variables, then, in
case H is regular enough, the Hamilton equations will read as egs. (1.12) and Eq. (1.14) still
holds. Correspondingly, if we call f.(z, k,t)dx dk the probability of finding the electron in
the volume dx dk of the conduction-band phase-space around (z, k), the Hamilton Eqs. (1.7),
(1.9) are analogous to Eqs. (1.12), thus (1.14) will read as

Ofe
ot

which is called the one-particle semi-classical Vlasov equation.
Exactly the same equation describes the evolution in time of the probability distribution

+ou(k) Vaf, + %VmV(x)« Vifo=0, (v,k)€R°,teR, (1.15)
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function fC(N) relative to an ensemble of N non-interacting electrons in a periodic field,
subject to an external potential V. Indeed, with f\™(2) = f.({z:}s, {ki}s), i=1,...3N,
the Hamilton equations will look exatly the same as Eqs. (1.7), (1.9) in the phase-space
RSV | thus

(N)
% + v (k) Vo f& + %VxV(x)- Vif™ =0, (2,k) e RN teRR. (1.16)
A way to go beyond the independent electrons approximation we have so far applied to derive
the Vlasov equation, is to include two-particle interaction forces in the considered dynamics.
Then, starting again from a phase-space description of the ensemble of N electrons (z =
({x;}i,{ki}:),i =1,...3N), which leads to a transport equation for the electron ensemble,
and introducing the “marginal” probability distributions

fc(d)({xi}izl,...?)da {k’z‘}z‘:l,...zd) = /fc(z) dzsgyr ... drsy dksgy .. . dksy

which are referred to the sub-ensemble of d electrons, it can be derived the BBGKY hi-
erarchy of (transport) equations for the functions f90<d< N (cf. Ref. [41] and the
Refs. therein). Then, under the assumption of low correlation, which is reasonable for
d << N, it can be obtained the following equation

of

57 T velk) Vf + %(vxvm +V,0(2) Vif=0, (z,k)eR’ telR, (1.17)

for f:= N fc(l), which can be interpreted as the electron number density'® in the phase space.
In such equation, which has the shape of a one-particle equation, the reciprocal effect of the
electrons (i.e. the Coulombian repulsive force they exert each on the other due to the charge)
is taken into account via a mean-field description. Precisely, the field generated by the elec-
trons is represented as if the ensemble constitutes a uniform distribution of negative charge
with charge density —gn (where n is the electron-ensemble position density), analogously to
the Hartree approximation in the Schrodinger picture. Thus, to the external field VV, it is
added the electrical field V& calculated by solving the Poisson equation

—eA,P(z,t) = Q(n+(x7 t) = n(z,t) + (Na(z) — Np(2)),

where € is the permittivity, n,n™ are, respectively, electron and hole number densities in the
position space

n(x,t):/gf(a:,k,t)dk,

and N, p are the densities of the (respectively, acceptor and donor) ions that can be im-
planted in the semiconductor.

Equation (1.17) is known as the semi-classical Vlasov equation.

It differs from the classical one, since v, is an assigned function of k (cf. Eq. (1.7)), which
takes into account the presence of the crystal.

However, in the present description, the crystal is represented as an ideal lattice, thus, we
are disregarding both its imperfections (both artificial, due to the introduction of impurities,
e.g., and manifactural) and the vibrations due to the thermal energy. These effects can be
modelled as collisions of the electrons with other “particles”(respectively, with impurities

10j e., the number of electrons per unit volume,
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and phonons!!)!2.
Observe that, for the first time, we are taking into account the presence of what is con-
sidered, in first approximation, external with respect to the electron ensemble, thus, so to
say, with the environment. The assumption underlying the previous derivation, precisely the
application of the Liouville theorem, is instead, that the electron ensemble can be considered
as a closed sub-system; as a consequence,

daf

f(l’(t), k(t)v t) = f(x()a kO? 0) ) Vta eqUivalentIY7 E =0

(cf. Eq. (1.13) equivalent to Eq. (1.14)), hold.
When collisions are taken into account, f can no longer be constant along the paths (z(t), k(t),t) ,
Vt, thus it will hold

df

e, (118)

with C(f) rate of change of the probability distribution function. In particular, the term
C(f) will have the shape of a balance between the probability that an interaction occourring
at x causes a transition from the Bloch state k& to a Bloch state &’ € B and the probability
that a transition to the state individuated by k from a certain &’ takes place. Such evaluation
is made in terms of a scattering probability S(k,k’), which has to be determined according
to the type of interaction to be modelled.

We will not provide here the specific shape of the term C(f), since it would require the
introduction of a terminology and of concepts (the detailed balance principle, e.g.) that
are not interesting for our porpouse (cf. Refs. [21, 41], e.g.). However, the introduction of
the collisional term C(f) in Eq. (1.18) constitutes an example of a possible way of model-
ing the irreversible interaction of the sub-system under examination with the environment
(cf. Section 2.2).

Remark 1.3.1 Our aim is, indeed, to introduce the “quantum kinetic” description of the
irreversible evolution of systems related to semiconductors physics. In Part II, the quan-
tum transport equation, namely the Wigner equation, will be derived from the Schrodinger
equation, via a series of unitary transforms. Accordingly, the Wigner equation will provide
a quantum kinetic description, equivalent to the Schrodinger one, of the reversible dynamics
of an isolated quantum system. As a consequence, an a posteriori modification of such equa-
tion wia the introduction of a classical collisional term, in the spirit of (1.18), wouldn’t be
quantum-mechanically consistent. In Section 2.2 we will discuss some alternative strategies
to include dissipative effects in the Wigner formalism.

The modified version of Eq. (1.17) reads

88—{ +v.(k)- Vaof + %(VmV(x) + Vo ®(2))-Vif =C(f), (2,k)€R®,t>0, (1.19)

and is called the Boltzmann equation for semiconductors.

Eq. (1.19) is the analogue, in semi-classical kinetic framework, of the Boltzmann equation
of gas-dynamics. Accordingly, in the last decade, much interest has been arised by the
repetition of the steps of the classical kinetic theory in the semiconductors case. Indeed,
a H-Theorem corresponding to its specific collisional term and equilibrium solutions were
studied in Refs. [38, 39, 40] and macroscopic balance equations were deduced as moments
equations from the Boltzmann equation, analogously to the gas-dynamics case (cf. Ref. [18]).

11j e. the independent normal modes of the harmonic oscillations that approximate thermal vibrations.

120bserve that, the collisions with other electrons are negligible at the densities tipically encountered in
semiconductor devices.
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1.4 Macroscopic description

One of the most interesting aspect of the kinetic approach is, indeed, the possibility of
passing from a microscopic to a macroscopic description by computing averaged quantities,
i.e. moments. We mention here some physical quantities that can be computed!® starting
from the electron distribution function f

n(z,t) = <f>(x,t) :/f(x,k,t) dk, electron position density, (1.20)
B
V(z,t) = <v.f>(z,t) = /vc(k)f(a:,k;,t) dk, electron velocity, (1.21)
B
P(z,t) = <pf>(z,t) = /hk f(z,k,t)dk, crystal momentum, (1.22)
B

Ep(z,t) = <e.f>(x,t) = /ec(k) f(z,k,t)dk, electron kinetic energy,  (1.23)
B

S(x,t) = <veef>(x,t) = /vc(k) (k) f(z,k,t)dk, kinetic energy flux. (1.24)
B

The evolution equations for such quantities can be deduced from the Boltzmann equation
(1.19), by multiplying by the appropriate factors and integrating in the k-space. Thus, in
principle it can be created an infinite hierarchy of equations, then, the degree of precision
of the description will be decided by the number of equations that are taken into account.
The moments, whose time-evolution is disregarded, but appear in the equations that are
considered, are to be expressed in terms of the moments that are kept into consideration.
Moreover, on the right hand side of the corresponding equations, will appear the moments
of the collisional term, which are called the production terms, that are also to be expressed
in terms of the choosen moments. This procedure, called closure, is usually done by physical
assumptions or reductions.

For example, in case only the balance equations for the electron position density is taken
into account, the particle flux J = nV | is to be expressed via a constitutive equation, un-
der the assumption that the temperature is uniform!'*. The corresponding model is called
drift-diffusion (cf. Ref. [41], e.g.) and it is valid in quasi-stationary regimes. If, instead, also
the energy and energy flux equations are included, hydrodynamical models are obtained.
One of the earliest is the energy transport model: there exist several versions of it, starting
from the BBW!® (cf. Ref. [48] and the Refs. therein), which uses the (questionable) closure
assumption that the heat flux vector can be expressed according to the Fourier law. There,
the production terms for momentum and energy are assumed to be of relaxation type and
the relaxation times are computed via phenomenological arguments. Several extensions'®
of it were studied (cf. Refs. [5, 29], e.g.). However, such description reveals to be quite
unsatisfactory, since certain physical relations (namely, the Onsager reciprocity relations)
are not fullfilled (cf. Ref. [3]). Accordingly, a great interest has been devoted to the inves-
tigation (cf. Refs. [7, 8]) of a different closure strategy, which is based on the application of
the mazimum entropy principle, in the spirit of Extended Thermodynamics (cf. Ref. [42]).

13in the parabolic band approximation; otherwise, if the Kane dispersion relation is adopted, in the
definition of the crystal momentum, Ak is to be replaced with m*v.[1 + 2ae(k)], with « non-parabolicity
parameter

14 e., the temperature of the electrons is the same as the lattice temperature,
i.e., the famous Blotekjaer-Baccarani-Wonderman, for the parabolic band approximation case

16¢.g., to the non-parabolic case,

15
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Constitutive relations are obtained in a systematic way, by using a formalism close to the
one adopted in Ref. [37] for the classical kinetic case. Accordingly, extended hydrodynami-
cal models can be considered, where high order fluxes and the respective production terms,
both in the parabolic and in the Kane cases (cf. Refs. [6, 46]), are closed consistently with
the Onsager reciprocity principle of linear irreversible thermodynamics. Such models pro-
vide a refined description of the semiconductor physics and constitute a relevant tool in
semiconductor devices simulation (cf. Refs. [2, 4, 47]).

1.5 Beyond the semi-classical approach: quantum de-
vice simulation

In the recent years, due to the increasing degree of miniaturization and integration the
semiconductor technology is pursuing, it has become important to realise transport mod-
els suitable for describing quantum phenomena and sufficiently simple to allow for efficient
numerical simulations. More precisely, already when the characteristic length of the active
region of the device is under 1ym, and when potential variations of 10V /cm are reached,
quantum effects occour. Additionally, are in use semiconductor devices whose performances
rely on a quantum-mechanical phenomenon, namely the tunneling effect, e.g., the resonant
tunneling diodes (RTD).

The behaviour of such devices cannot be adequately described via semi-classical Vlasov or
Boltzmann equations. Therefore, it is necessary to use intrinsically quantum models.

In the next chapter, we will introduce the quantum-mechanical and quantum-statistical de-
scriptions of (semiconductor) solide-state physics. However, for real device simulations, a
phase-space, quantum description would be desirable: that is indeed possible via the Wigner
function. Part II of the present work will be devoted to present that tool in view of the
successive analytical studies.

Here, we simply cite some articles that collect numerical results obtained via the Wigner-
function method, thus proving that this formalism is indeed suitable for numerical imple-
mentation: namely, Refs. [14, 31] and the Refs. therein, where different numerical methods
are tested on double-barrier semiconductor structures and the physically-expected diagrams
are recovered; Ref. [10], where a numerical analysis is performed in a L?*-framework of the
coupled Wigner-Poisson problem, and the more recent Ref. [23], where the analogy with the
classical Vlasov equation is exploited to build a scheme for a Wigner-model for non-parabolic
band profiles.

For a matter of completeness, we also report on the development of a new group of de-
vices, namely interband resonant tunneling diodes (IRTD), in which occour transitions of
electrons from valence to conduction band, due to the tunneling effect through potential
barriers (cf. Ref. [50]). As a response to the increasing simulation interest, multi-band quan-
tum kinetic models are under examination: we just quote, e.g., Ref. [25], where the Wigner
formalism is again employed.
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Chapter 2

Quantum systems

2.1 Quantum-statistical description

In Section 1.1 we have presented a first example of an isolated quantum system, namely, an
electron moving in the three-dimensional space under the effect of a periodic potential. We
have described its state through a wave-function ¢ € L?(IR*;C) and the energy associated to
it can be computed via the operator “kinetic plus potential” energy Etot = —h? [2m Ay +Vier
acting® on L?(IR*;€). More precisely, the (real) value E of the energy measured via the
operator E.o; when the system is in the state v is

E =<, Bioytp>= /W Erth(z) dx

since with <.,.> we represent the scalar product in the Hilbert space L?(IR?;C). In general,
in Quantum Mechanics, a physical observable quantity is a linear, self-adjoint operator? A
on L?(IR%;C), which is the state space of a system with d degrees of freedom, and the result
of the measurement?® of the physical observable, when the system is in the state v, is

<, Ay >= /Wx)fw(x) dr . (2.1)

Let us denote with H the operator associated to the observable total-energy of the system
(H = Fio, in the case of the isolated electron in the semiconductor material), then the
following differential equation in the space L?(IR%;C)

ih%@/}(t) = Hip(t), teR (2.2)
describes the evolution in time of the system and is the Schrodinger equation in abstract form
(for a derivation of it, consistent with the classical mechanics limit, see Ref. [34] Chapt. I §6
and Chapt. IT §8). We have already observed that Eq. (2.2) provides a quantum description
of the reversible dynamics of an isolated quantum system.

A possible way of describing semiconductor physics, by keeping to the Schrodinger formalism,

!The operator potential energy is the multiplication operator by the real-valued function Vper- In what
follows, we are not specifying the domains of definition of the operators.

2For example, the position operator, which is the multiplication by x, and the momentum operator, which
is —ihV,, on their appropriate domains.

3a real number, due to the fact the operator Ais self-adjoint,
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but going beyond the independent electron approximation, consists in modeling the mutual
interaction of the electrons via a mean-field approximation. Accordingly, the dynamics of
an ensemble of N electrons in an ideal crystal (represented via the Vi, potential) can be
described by the following system of equations for the corresponding wavefunctions v; , i =
1 N

P 5

ih%l/)z‘(t) = —R22m A i(t) + (View — q Vo) s(t), teR,ze€R® i=1,...N,

N
—eAVelw t) = qn(x,t),  nlt) = |z, 1),
=1

which are known as the Hartree equations (cf. Ref. [12]). For a mathematically rigorous
derivation of the Hartree equation (i.e. of a one-body Schrdodinger-Poisson equation) from
the N-body Schrodinger equation in the mean-field limit, see Ref. [27].

However, in case we are dealing with a quantum system with many degrees of freedom (many-
particles system occourring in semiconductor modeling, e.g.), the use of the wave-function
formalism is no longer adequate; in fact, more in general, the quantum-mechanical approach
reveals to be unfeasible, as, for example, the concept of closed sub-system ceases to be
rigorous (cf. Ref. [35] Chapt. I §5 for a satisfactory discussion). Accordingly, it is necessary
to adopt the Quantum Statistics’ formalism and introduce the concept of density matriz
(cf. Ref. [34] Chapt. IT §12), as the proper instrument for the description of the states of a
“macroscopic” quantum system.

Definition 2.1.1 (Density matrix) The state of a quantum system with d degrees of free-
dom is described by an operator p on L*(IR%C) of the form*

pi=Y N <ty,.>
jEN
where {;|j € IN} is a complete orthonormal set in L*(R%;C), \; > 0,Yj € IN and

Zj Aj = 1. If all but one of the \; are zero, the system is in a pure state, otherwise it is in
a mixed state.

(cf. Ref. [28])

Remark 2.1.1 (Physical quantum state) Due to its definition, a density matriz oper-
ator p is a positive, self-adjoint, trace-class operator on L*(R%:C) (cf. Ref. [43] for the
definitions). According to (2.3), p is, indeed, an integral operator with kernel p € L*(IR*;()

p(r,y) = Y Aib(x)d(y)
jEN
Equivalently, p is a Hilbert-Schmidt operator; in addition, p(x,y) = p(y,x), equivalently p
is self-adjoint. Moreover, \; > 0,Vj € IN and {\;}jen € I*(IN) imply that p is positive
and trace class.
In what follows, we will consider a physically relevant state of a quantum system (“physical

quantum state”) to be univocally individuated by a density matriz operator.

“precisely, for all ¢ € L?(IR%:;T),

(p9)() = 3 A [ 0@l 0)0(w) dy. 2:3)

jEN
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The expectation of the physical observable A relative to the system in the state p is well-
defined® as Tr(p A) and it coincides with

Te(pA) = Y A; <bj, Ay > (2.4)
jEN
(cf. Ref. [28]). By comparing (2.4) with (2.1), it follows from Def. 2.1.1 that each A; can

be interpreted as the probability that the system is in the state ¢;. In particular, if it
exists j such that \; = 1, the system is in the pure state described by the density matrix

p; =< 1j,.>1; and
Te(g; A) =<y, Avy >= /‘¢j<x> Ay () de.

According to the previous interpretation of the {);, j € IN}, as occupation probabilities of
the states {1;, j € IN}, the density n relative to the quantum system in the state described
by p can be calculated as
n(x) =Y Als(@)?, (2.5)
jEN

and it is a positive function. Moreover, by Def. 2.1.1 and Eq. (2.4),

[ty de =15(5) = 1.

equivalently, the total mass of a physical QS is finite. Analogously, the kinetic energy is
defined by ) )
Ekin(,a) = TI'(HO ﬁ) y HO = —h2/2 Ax

If we denote again with H the observable total energy, then the evolution in time of a physical
quantum system is governed by the Von Neumann equation (cf. Ref. [34] Chapt. I §12)

z’h%ﬁ:ﬁﬁ—ﬁﬁ, teR, (2.6)
which is a differential equation in the space of the trace-class operators on L2(1Rd;(D). The
corresponding Cauchy problem with initial value the density matrix py is studied, e.g., in
Refs. [19, 44]% and the solution p(t) is proved to be a density matrix for all times ¢ € IR,
equivalently individuates a physical quantum system for all times t € R.

Moreover, the explicit representation that can be given of the evolute of gy, i.e. of p(t)
(cf. Ref. [9]), shows that the dynamics of p is fully described by the time evolution of its
eigenfunctions {¢;, 7 € IN}, while the eigenvalues are constant in time. Thus, the Von Neu-
mann equation (2.6) is equivalent to countably many Schrédinger equations with the same
operator H. Asa by-product, this equivalence shows that Eq. (2.6) provides a quantum
statistical description of the reversible dynamics of a physical quantum system.

A possible extension of such model consists in including a Hartree-type nonlinearity repre-
senting a mean-field interaction, namely,

m%;} —Ht)p—pH(t), teR,  Ht)=—Rr/20, +V(x,t) (2.7)
A,V (z,t) =n(z,t), (2.8)

Sactually if the operator ;3121 is also trace class
Srespectively, with H = Ho and with H(t) = Ho + V(t), V() a time-dependent, bounded perturbation
of H()
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where n is defined in terms of p by Eq. (2.5).

Observe that the models (1.17), (2.3) and (2.7) have in common that they belong to the
class of Markovian approximation of the dynamics of the corresponding systems: in Ref. [49]
can be found an extended overview of such derivations for a variety of kinetic equations.
Such picture has to be modified in case we want to include the effect of an irreversible inter-
action of the system with the “environment”: in some situations (including semiconductor
devices modeling) it could be not negligible. Accordingly, the concept of open quantum
system has to be introduced and we will briefly focus on the available descriptions of it in
the literature.

2.2 Open quantum systems

In the final part of Section 1.3, we have introduced the (semi-classical) Boltzmann equation
(1.19) that, in the (semi-)classical kinetic framework, constitutes a description of the irre-
versible dynamics of a system (cf. Ref. [18] for a satisfactory discussion). Another possibility
is to use the Fokker-Planck equation (cf. Ref. [45]): there, instead of a collisional term, are
included a friction and a diffusion terms. In plasma physics, where it is widely employed,
these two terms describe respectively the friction between the particles and the grazing col-
lisions, which produce a diffusion term in the velocity direction.

In the quantum picture, a multi-particle system undergoing an irreversible interaction with
the environment, falls into the class of the open quantum systems (cf. Ref. [20]).

The system under examination is rather small with respect to the “rest of the universe” and
the aim is to study in detail the evolution of the former by taking into account the influ-
ence of the latter (cf. Ref. [1]). Accordingly, the starting point of the description consists in
considering a picture of the universe, in which two parts are distinguishable. The attention
is restricted to the evolution of weakly coupled systems, thus to the states of the universe
that evolve from an initial state which can be “factorised” by a given reference state of the
reservoir (wg, a density matrix on the Hilbert space Hg), and an arbitrary state of the
system under examination (fy, a density matrix on L*(IR%)). The object of the study is the
reduced dynamics, i.e. the evolution of the state py, which can be isolated from the evolution
of the initial state of the universe, by computing the partial trace of the universal evolution,
i.e. the trace Try, (cf. Def. (2.4)) of the evolute of the state of the universe.

Accordingly, the evolution of an open quantum system will be governed again by an equation
of the following type

Sh=L(p), 10, pt=0)=p. (2.9
the so called Markovian master equation (cf. Ref. [1] or [49]), with gy trace-class operator
and L the “Liouvillian” operator. A possible class of operators is the so called Lindblad
one: since they are mostly unbounded, they may lead to non unique and non conservative
(i.e. non trace-preserving) solutions (cf. Ref. [1, 49] or Ref. [11] for a discussion about the
wide related literature). However, among Lindblad operators, there are those that are linear
combinations of position and momentum operators: these ones can be used, in particular, to
represent the coupling of the quantum system to the reservoir. In Ref. [11] is established the
existence and uniqueness of a trace-preserving solution of the system (2.9) with a family of
unbounded Lindblad operators of the latter type and with a Hartree interaction term. Cor-
respondingly, the evolute of a quantum physical system, which can describe a many-particle
system undergoing an irreversible interaction with the environment, will be a quantum phys-
ical system for all positive times.
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In literature are also available many phenomenological description of the dissipative in-
teraction of a quantum physical system with its environment, via relaxation-type term or
quantum-BGK operator. For example, we cite Ref. [9], where a relazation-time term is
added to the Von-Neumann equation, coupled with the Poisson one (cf. Eq. (2.7)). There,
it is proved a global-in-time well-posedness result for the corresponding Cauchy problem
and, moreover, that the evolute of a (initial) physical quantum state is a physical quantum
state for all positive times. An example of use of a quantum-BGK operator can be found in
Ref. [22]. We remark that such modifications of Eq. (2.7) make the cited equivalence with a
system of Schrodinger equations no longer valid.

Apart from being physically well-grounded and providing a physically consistent descrip-
tion for all times, the density matrices formalism is not useful for practical applications,
namely, for real devices modeling and simulation, since due to its mathematical structure,
it is restricted to whole space cases. To that aim, it would be advisable the introduction
of a quantum kinetic description and that will be indeed the object of Part II. We expect
it to be equivalent or at least to be deducible from the quantum mechanical/statistical ap-
proaches, and, at the same time, being a phase-space description, to be suitable for the study
of boundary-value problems and for numerical approximations.

As we have anticipated in Remark 1.3.1, it will be introduced a quantum transport equation
(the Wigner equation) for the reversible dynamics of a quantum system. Possible modifi-
cations to describe the irreversible evolution of the system via the Wigner formalism are
examined in literature: we briefly discuss here some of them.

In Ref. [17], can be found a tentative derivation of a quantum transport equation with a
scattering term describing electron-phonon interaction. It starts from the introduction of a
Hamiltonian for the coupled system of the electrons and the phonons: due to the scattering
events, the number of phonons is not conserved, thus, to deal with a non-constant number
of particles, the procedure of second quantization is employed. In Ref. [24], instead, a nu-
merical study is performed of a transport model, based on the Wigner-function approach,
which allows a non-parabolic band profile and, moreover, include two different scattering
mechanisms (namely, with polar optical and intervalley phonons) via a Boltzmann-like colli-
sion operator. We refer the reader again to Ref. [9] and the Refs. therein, for the discussion
about a possible use of the relazation-time approximation in the Wigner picture, while, in
Ref. [32], this option is investigated from the numerical simulation point of view.

We anticipate that, in the last chapter, we’ll study a modified version of the Wigner equation,
namely the Wigner-Fokker-Planck equation: the diffusive term that is added to the trans-
port equation is a “generalization” of the classical Fokker-Planck term for plasma physics
(cf. the introduction of Part IV for a more precise comparison with the classical F-P term
and for a detailed description). It is widely used in literature to describe the dissipative
interaction of a quantum system with a heath bath, i.e. with an environment in thermo-
dynamic equilibrium. Accordingly, it can model the irreversible interaction of the electrons
with the crystal lattice, represented by a phonon bath, in nanoscale semiconductor devices
(cf. Refs. [30, 33]), and in quantum Brownian motion, quantum optics and decoherence, as
well (cf. Ref. [11] and the Refs. therein). For a formal derivation of various versions of such
equation the reader can refer to Refs. [15, 26]), while in Ref. [16] a tentative derivation from
many-body Quantum Mechanics is performed. We conclude with the additional remark that
the operator that appears in the Master equation (2.9) studied in Ref. [11] is a generalization
of the one which corresponds to the quantum Fokker-Planck one. Thus, the description of
the evolution of a physical QS provided by the Wigner-Fokker-Planck equation is equivalent
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to the physically-consistent one which uses the density matrices formalism.

Another physical situation, adherent to real device simulation, which can be modeled via
an open QS, is a device coupled to an external resevoir. In that case there is an exchange
of particles between the “system” and the “environment” that, in first approximation, can
be described as a black-body (see the introduction to Part III for a more complete dis-
cussion and for Refs.). Also for such model a quantum kinetic approach seems promising,
since it provides the possibility of stating a boundary-value problem in the phase-space (at
difference with the density matrices formalism). By the way, we name that, in the recent
years, has been widely investigated the possibility of coupling different parts of a semicon-
ductor device, distinguishing between those in which quantum regimes are attained and the
ones that are well-described by the semi-classical approach. In particular, for what a mixed
classical-kinetic and quantum-operatorial description is concerned, we name Ref. [13]: there,
an open quantum system is under examination, as well, since are described “particles” in
the quantum region interacting with those coming from the classical region of the device.
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Quantum kinetic theory
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Chapter 3

The Wigner-function description

3.1 The concept of quasiprobability

The aim of the present chapter is to introduce a kinetic model for the evolution of a quantum
system (QS), starting from the dynamics of Quantum Mechanics (QM). Accordingly, the
state of the system at a certain time ¢ should be described by a probability distribution
function in the phase space', W : (p,q,t) € R* x R — W(p, q,t) € R{.

In the classical kinetic theory, that enables to compute macroscopic physical quantities
(observables) corresponding to real-valued functions f(p,q) as averages, i.e., by

<fW>= //f(p, Q)W (p, q) dpdq (3.1)

(cf. Eq. (1.11)). Correspondingly, in the Quantum-Mechanics framework, that would mean
to compute the expectation values of a physical observable 121, say at a pure state of our phys-
ical system, without resorting to the wave function v that describes the state (cf. Def. (2.1)).
In particular, a joint (i.e. phase-space) probability density W would make it possible to per-
form the calculation for observables f that are expressed in terms of position and momentum
operators, f = f(p,q). That would lead to the following contradiction with the Heisenberg
commutation relation, which reads

h

6 h— i
pPqg—q o

(where ¢ is the identity operator on the appropriate domain): Let us assume that the operator
f(p,q) differs from f1(p,q) by some power of (/27) i, due to the non-commutability of the
operators, and that it still holds f(p,q) = fi(p,q), for all (p,q) € IR**. Accordingly, the
corresponding observable would have the same average value at an arbitrary (pure) state 1,

when computed with Eq. (3.1), thus
<y, fr>= //W(p, q) f(p.q)dpdq = //W(p, ) f1(p,q) dpdg =<, fro>,

which is contradictory, since it can not be <1, f@/} >=<1), f’ﬂb >, because f(p,q) and f1(p,q)
differ by some power of (h/27) i.

'Here, as before, d indicates the degrees of freedom of the system, while p are the momentum and ¢ the
position variables.
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This consideration suggests that, before introducing a distribution W (p, q) corresponding to
a state of the QS, it is necessary to set up rules to assign to each function f of variables
P, q, a unique function f(p, ¢) of noncommuting operators: that is the well-known problem of
quantization. There isn’t a unique way to solve this problem; however, to every possible or-
dering, corresponds the definition of a function W in terms of a state of the QS, such that the
use of expressions like (3.1), for observables that are described by suitably ordered functions
f(p,q), will give the correct quantum-mechanical mean values at that state (cf. Ref. [31]).
The corresponding functions W are called quasiprobability distributions, since they are to
a large extent analogous to a joint probability densities for coordinate and momentum, al-
though they have also certain peculiarities which do not allow to fully treat them as such.
Somehow, during the use of such quasiprobabilities for the kinetic description of the system,
their peculiarities will remind us of the quantum origin of the description itself, since their
appearance is related to the Heisenberg uncertainty principle, which is one of the distin-
guishing points of QM.

A possible way to associate to f(p, ¢) a unique operator is the Weyl-ordering rule (cf. Refs. [16,
32]): if we indicate with {f} = {f(p, ¢)} the Weyl-ordered function of operators p, g, it reads

1 . q+z
U0 = g [y P (0= /0 (p 57 ) vt .

Accordingly, we can state the following
Definition 3.1.1 (The Wigner function) Let f(p, q) denote a physical observable and let

{f} identify the corresponding Weyl-ordered operator. The expectation value of the observable
f computed at the state 1 is given by

<, {fI>= //f(p, q) w(p,q)dpdq,

where the function w : (p,q) € R*® — w(p, q) € R is defined in terms of 1 by

w(p,q) = (271‘1h)d /exp (ip-&/h) ¥ (q + g) (0 (q - g) dg (32)

The interested reader can find in Ref. [31] the details of the derivation of the definition in
the contest of the choice of the quantization. Instead, we will simply assume Eq. (3.2) to
be the definition of a quasiprobability distribution for the QS described by 1. By Remark
2.1.1, it follows the equivalent definition in terms of density matrices.

Definition 3.1.2 (The Wigner function of a physical QS) The Wigner function as-
sociated to the density matria® p describing the mized (respectively, pure) state of a physical
QS, is defined as

h h
w(p,q) = —(27rlh)d /exp (—ip-&§/h)p <q + g,q - g) d§ = Fepp (q + Tg,q - 75) :
(3.3)

where we indicate with F¢_,, the Fourier transform multiplied by a factor (2m) =4/,

2In particular, p is self-adjoint, thus the corresponding kernel p satisfies p(z,y) = p(y,r). That is
equivalent to the Wigner function (defined by (3.3)) being real-valued.
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Remark 3.1.1 (The Wigner transform) FEq. (3.3) defines as well the Wigner transform
W, which is an isometry on L*(IR*%), by

w=Wp. (3.4)

This function was first introduced by E.Wigner in Ref. [33] to study quantum corrections to
thermodynamic equilibrium distributions.

In what follows, we will keep indicating with w the Wigner distribution function and we
will consider Definition (3.2), as well as (3.3) as the starting point of the quantum kinetic
description of the system under consideration.

3.2 Peculiarities of a quasiprobability

In this section we discuss some properties of the Wigner function that can be used as the
terms for a comparison with a classical probability distribution function.

3.2.1 Compatibility with the densities

From a joint probability density one naturally expects that its integral over p (respectively,
over q) leads to the probability density for the coordinate ¢ (respectively, for the coordinate
p). Indeed, by exploiting Def. (3.2),

nlw](p) := /w(p, q)dp = |¥(q)|?, /w(zx q)dg = | Fop ¥(@)?, (3.5)

and the right hand sides of the equalities above coincide with the position and momentum
densities, in case the QS is described by the state 1.

The discussion for the density matrix case has to be postponed to Section 3.3, since it is by
far more delicate.

3.2.2 Admissable distributions

Before comparing the evolution equations for the classical and the quasidistributions, we
should discuss the following point. According to the derivation in Section 3.1, not every
real-valued function defined in the phase space ]RZ X ]RZ can describe a QS.

Therefore, admissable initial data for the Cauchy problems relative to the quantum evolution
equation, have to be selected by the necessary condition that they describe quantum states.
A necessary and sufficient condition for a function w : (p,q) € R* — w(p,q) € R to
correspond to a pure state of a QS can be found in Ref. [31]. On Section 3.3, we will discuss
possible conditions to select functions which can be associated to density matrices.
Accordingly, such functions will automatically satisfy the uncertanty relation.

3.2.3 Evolution equation

The evolution equation for the quasidistribution function w(p, ¢, t) can be easily determined
starting by the Definition (3.2) and considering the time-dependent function (g, t) as the
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solution of the Schrodinger equation (2.2). It reads®

9 p
aw(]% q, t) = _E : vqw(pv q, t)+

o [f (v <q ; %) v (q - %)) W q.t) exp (—i (p— ) -€) dyl dE. (3.6)

and it is the quantum generalization of the classical Liouville equation (1.14).

Remark 3.2.1 Observe that, being equivalent to the Schrédinger equation, such equation
provides a description of the reversible dynamics of an isolated QS (cf. the discussion in
Remark 1.53.1 and in Section 2.2. Equivalently, it could be derived from the density matrices
picture, i.e. from Eq. (2.6), via Wigner transform (3.3). We can include a Hartree-type non-
linearity, analogously to (2.7), in order to model adequately the dynamics of the QS under
examination; accordingly, Eq. (3.6) can be coupled to the Poisson equation

—A,V (g, t) = n[wl|(q,t),

with n[w] formally defined as in Eq. (3.5).

Indeed, at least for (potential) functions V' that are analytic in ¢, the Wigner equation can
be rewritten in the form

%w(p’qﬂf) — (—% "V, — % (V (q + %Vp> -V (q — %VpD) w(p, q,1). (3.7)

And, if we expand the potential V' in series at the point ¢, we get the following form
0 p
aw(]% g, t) = _E ’ vqw(p7 q, t) + qu(q) va(pa q, t) + (’)(hz)—terms (38>

that suggests that, if we can neglect quantities of order h?, the quantum Liouville equa-
tion goes over into the classical Vlasov equation. Another remarkable case is when V is a
quadratic polynomial, then the Wigner equation will coincide with the classical Liouville
equation for the corresponding system.

The previous (formal) limit procedure, apart from fixing in terms of £ the order of the error
of the classical description of a quantum system, opens the discussion about the meaning of
the Wigner formulation. Let us rewrite Eq. (3.8) in the form

0
aw(]% q, t) + % : qu(p7 q, t) - qu(q) va<p7 q, t) - q)(p7 Q) U)(p7 q, t) )

B(p.q) = [% (v (q ¥ §V) v (q - ?v» - V,V(g) vp} . (39)

The solution of the corresponding Cauchy problem with initial condition w(p, ¢,0) = wo(p, q),
identically satisfies

w(p,q,t) = G(p,q,t) * wy + /0 G(p,q,s) * (Pw)(s)ds, (3.10)

3Here, as before, with m it is indicated the electron mass, while we have substituted the periodic potential
Vper with the generic one V.
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with G the Green’s distribution of the classical Vlasov equation. The function defined by
w®(p,q,t) = G(p,q,t) x wy is indeed the solution of the Vlasov equation with initial datum
wp. Thus, if we consider the solution of Eq. (3.10) in the form of an iterative series with
first term w, we are driven to say that its next terms will bring quantum corrections to
the “classical” solution w®. Let us recall instead (cf. Section 3.2.2), that a correct use of
the Wigner description requires the use of (admissible) quantum initial datum. That will
already carry some “quantum information”; thus, it is not appropriate to call w° a classical
solution; instead, an initial quantum distribution evolving according to the laws of Classical
Mechanics. Thus, the formal similarities of classical and quantum kinetic formulation can
be misleading.

Moreover, the previous discussion points out the problem that the Wigner equation can
be satisfied also by extraneous solutions, i.e. which can have nothing to do with quantum
systems: again, the quantum-mechanical meaning of the solution of the Wigner equation
has to be guaranteed by the selection of the initial data.

A possible concrete example is the harmonic oscillator: in that case (more generally in
the case of a quantum system with quadratic potential), the classical and the quantum
Liouville equations coincide: thus, the Wigner equation is satisfied by the solution of the
classical equation. However, the solution of the problem of the quantum oscillator is definitely
different from the classical one. In Ref. [31], is shown that the quantization condition on the
oscillator energy is obtained not from the equation of motion for the corresponding Wigner
function, but from the supplementary condition which distinguishes those quasidistributions
that correspond to pure quantum states.

In conclusion, the Wigner equation is the quantum equivalent of the Liouville equation and,
in certain circumstances, can be formally identical to its classical counterpart; however, the
conditions coming from its quantum origin have to be kept into consideration, in order to
preserve the quantum-mechanical value of its solution.

Remark 3.2.2 (Analogies between the Schrédinger and the Liouville equations)
From a strictly mathematical point of vieuw?, in case V = 0, the transform defined by

Y€ LHREC) — ¢(.)9(.) € LARY x REC) % w? € LX(RY x RE R) (3.11)

(cf. Eq. (3.4)), make the Schridinger equation (2.2) with V- = 0 correspond to the free-
transport equation, i.e. the Liouville equation (1.14) with only the free-streaming oper-
ator. Accordingly, we expect that the two equations present analogies. Indeed, first, in
Ref. [21] have been deduced dispersion estimates for the Schridinger equation from a mo-
ments lemma for the free-transport equation, via the transform (3.11). Secondly, in Ref. [13],
have been recovered estimates for the free-transport equation, which are analogous to the
Strichartz’estimates for the Schrédinger equation (cf. Section 4.2 for a more detailed dis-
cussion and Refs.). Then, in Ref. [28], analogies between the Schrédinger-Poisson and the
Vlasov-Poisson systems are discussed: among them a regularizing effect on the electric field
(proved for the Schrédinger case in Ref. [11]), still due to dispersive properties of the free-
streaming operator. Inspired by the strategy there used (which, actually, is to be ascribed to
Ref. [20]), we will recover also for the Wigner case (cf. Section 4.3) an analogous effect and
that will be crucial for our well-posedness analysis (Ref. [4]).

However, we observe that, in spite of the correspondences between the different pictures,
which motivate to pursue the parallelism, and the similarities of the achieved results, the

4i.e., neglecting the previous discussion about the admissability of the initial data and considering just

the formal aspect,
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techniques used to prove them have to be adequated from case to case in order to take into
account the peculiarities of each description. For example, the Strichartz’ inequalities re-
covered in Ref. [13] are not simply the Wigner-transformed version of those that hold in
the Schridinger picture (cf. Section 4.2): they need, instead, to be derived differently. As
a second example, the nonnegativity of the classical distribution probability is lost at the
Wigner level; thus, in Chapter 4 we will see several modified tecniques with respect to the
ones used in the literature for the Viasov-Poisson problem, according to such peculiarity of
the Wigner function. In addition, roughly speaking, the quantities that are quadratic in the
Schrodinger formalism are linear® in the Wigner one (cf. Def. (3.11)) and this can make the
Schrédinger/Wigner parallelism difficult to be exploited.

3.2.4 Positivity and smoothed quasiprobabilities

A fundamental difference between the Wigner function and a probability distribution is the
former does not satisfy, in general, the condition of being non-negative. In Ref. [31] it is
investigated the reason why: starting from Definition (3.2), the Wigner function can be
represented as the difference of two nonnegative quantities, thus its sign depends on their
ratio.

The only example of a non-negative Wigner function is the one defined by Eq. (3.2) with
equal to a Gaussian function (cf. Ref. [27]). No similar characterization has been found yet
for the mixed states case.

However, it is possible to define some averaged quasidensities, which do not assume negative
values. The use of such substitutes as probability densities will not lead to the genuine
quantum averages (cf. Ref. [31]); thus, they don’t have a remarkable physical meaning.
Nevertheless, they have proved to be the correct instruments to perform the semiclassical
limit, i.e. the limit for A — 0 (cf. Ref. [31] for the example of the quantum oscillator,
and Ref. [19, 25] for a rigorous study). There, a smoothed Wigner function is defined by
convolution with an appropriate mollifier; namely, the Husimi function

w'(p,q) = wxy G (q) %, G (p), with
1 2
5 ,_ o
G°(r) := (2r0) i exp ( 5) . (3.12)

As a consequence of the uncertainty principle, it can be proved w” is nonnegative, and
exactly on that rely compactness criteria for the convergence. Moreover,

/w(p, q)dpdq = /wh(p, q)dpdq;

so this distribution is at least compatible with the one-dimensional distributions (see also
Section 3.3).

As a conclusion, we can state that the Wigner function is the object, arising from a quantum
description, which is nearest to a classical distribution function. However, we must be aware
of the limits pointed out above, before using it for a quantum-mechanically meaningful
kinetic description.

>Think, e.g., to the fact that 1 € LQ(IRZ C) = nfY] == |[¢|? € Lf(]Rg;IR), while w € Lg(IRZ X IR?;]R)
does not yield that n[w](g) := [w(p,q) dp is well-defined.
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3.3 The kinetic characterisation of a physical QS

In Section 2.1, the tools for a quantum-mechanical and for a quantum-statistical description
of a QS have been introduced, while in Section 3.1, we have presented the main instrument,
namely the Wigner function, to try a quantum kinetic description of a QS; then, in Section
3.2, we have restricted the use of the quasiprobability as a “classical” probability distribu-
tion, by listing its peculiarities and the conditions for it to preserve its quantum meaning.
The further questions that naturally arise are whether and to what extent the physical in-
formations that QM conveys, can be transferred to the kinetic framework. Such physical
characterization can, indeed, be translated in mathematical features which are consistent
with the kinetic formulation, but they can happen not to have a meaning in that picture,
thus, in the end, to be unexploitable for the analysis of the kinetic model.

Specifically, in the quantum-statistical picture, a physical QS is a positive, self-adjoint trace-
class operator p with kernel p (cf. Remark 2.1.1) and those informations already yield, e.g.,
the finite total mass of the system. The corresponding Wigner function can be defined as
w = Wp (cf. Eq. (3.4)): in the next proposition, we collect the mathematical properties
that can be deduced for the function w, being the Wigner transformed of a physical QS. The
next point to be discussed is whether such properties can be used for the kinetic description
of the evolution of a physical QS.

The other way round, we investigate the possibility of characterizing a QS just in terms
of a function w defined on the phase-space. Accordingly, we look for sufficient conditions
for a function w (and its evolution) to identify a physical QS (respectively, to describe its
evolution).

Thus, the following discussion completes that started in Section 3.2.2, about Wigner func-
tions which are admissable for a quantum kinetic description.

Proposition 3.3.1 Let p be an integral operator on L*(RY) with kernel p
o) = [pla)fwdy, pe LR,

and® w : RE x IRZ — @ be defined by w := Wp (cf. Eq. (3.4)). Then, the following equiva-
lences hold:

1. pis (H-S) self-adjoint < w € L*(IR*) is real-valued,
2. pis trace class = the particle density n, defined by Eq. (2.5), n € L'(IRY),

3. pis (H-S) self-adjoint, posz’tive7<:><w,ww>L2(de;R)2 0, Ve € L2(IRY), with w? de-
fined by Eq. (3.11) (= w" >0},

4. if p is (H-S) positive, then p is trace class < n € LY(IR4GRY) < w € LY(IR?*;RT)
and

H”HLl(]Rd) = ||wh||L1(]R2d)'

Let us carefully discuss the content of the previous proposition, since it motivates our future
choices; for the detailed proof of it, the reader can refer to Refs. [1, 7, 19], e.g..

Sequivalently, a Hilbert-Schmidt(H-S) operator,
Tequivalently, < pip,p>> 0, V1) € L2(IR?)
8cf. Eq. (3.12)
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Observe that a trace-class operator is necessarily Hilbert-Schmidt. Starting from p Hilbert-
Schmidt, the Wigner function is well-defined by Eq. (3.4) (cf. Remark 2.1.1) and the equiv-
alence in 1. is straightforward from the definition and can be summarized in the following
way

—N/2

|wll 2(r24; m) = (47) 0]l 22y < +00. (3.13)

In the next sections, we will see examples of time-evolution of kinetic models by which the
information in Eq. (3.13) will be conveyed and it will be crucial for their well-posedness
analysis.

Nevertheless, that property doesn’t have any direct physical interpretation, apart from being
a necessary condition for the Wigner function to describe a physical QS. In particular, it
does not imply that the position density n[w], expressed in the kinetic formulation by

nfu](z) = / w(e,y) dy

(cf. Eq. (3.5) for the pure-state case), is well-defined. Correspondingly, if we define the
particle density n in terms of the normalized eigenvectors {1;}jen C L*(IR?) and eigenvalues
{\;j}jew C I(IN) of the H-S operator p, in analogy with the case of a physical QS (cf.
Eq. (2.5)), by

n(z) =Y Nl (3.14)

jEN

the sum in Eq. (3.14) could also not converge.
Thus, starting from a function w € L*(IR?**; IR), neither the density n defined in the cor-
responding operatorial formulation (via p := W~'w), nor the “kinetic” one, nfw], are well-
defined.
In case p is trace class, instead, the density n is well-defined by (2.5), since it holds

172/l 2 mey < Trlp] (3.15)

and it can be proved a mecessary condition for a function to be the Wigner transformed of
a trace-class operator, namely,

ptrace class = w € Co(IRY; FL'(IRY)) N Co(RY; FL'(IRY)) (3.16)

(cf.Ref. [1] and the refs. therein).
However, only if the operator is trace class and positive (i.e. corresponds to a physical QS),
the {);}; in Eq. (3.14) are non-negative and starting from the Fourier expansion of the
corresponding kernel p
p(r,y) = Y \tby()i(y)
jEN
the equality n(z) = p(x, ) has a rigorous meaning by the limit

il /(20
! ")e dn < +oo, (3.17)

n(zr) = 11_1% p(x—i— 2T~ 5 reiT

andn € L (IRY) (see Ref. [1] and the refs. therein). In addition, the definitions of the density
in the two formulations are consistent, since

n(z) = p(z,z) = (F,2,w) (z,n=0) = nfw](z), (3.18)

y—n
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by
nfw)(z) =lim [w(z,y)e ¥ dy < +o00,

and n[w] € L (IRY) (cf. (3.17) and Def. (3.3)).

Unfortunately, at least to our knowledge, there is no characterization of the positivity of the
operator p only in terms of a function w € L2(IR2d; IR), except for the equivalence stated in
3., which follows directly by the definitions and implies the positivity of many convolutions
with the function w, thus, of the Husimi function as well. In particular, in case the operator
is trace class and positive, w” is non-negative, and it holds

/n(x) dx = //wﬁ<x,y) dz dy > 0

(cf. Eq. (3.18) and Section 3.2.4).
To conclude, let us deal with physically meaningful quantities: in case the operator is trace
class and positive,

Trﬁ:Z)\j:/n(a:)dsc://wh(cc,y)dmdy

and this quantity, which corresponds to the total mass of the system, is positive and finite.

For what the kinetic energy is concerned, its expression in terms of the operator p is Tr ]—]0,6
with Hy = —%Am and it holds

Tr(Hpp) < 400 < |y|*w" e LY(IR*). (3.19)

Instead, since p € S(IR*) < w € S(IR??), under such assumptions, it holds
AL 1 9
Tr(Hop) = 5 | [ [y[w(w,y)dedy.

Let us derive some conclusions from the previous discussion: First of all, the mathematical
properties that characterize a physical QS on the operators framework, when translated in
the Wigner formalism, give the conditions (3.16) and 3. on the Wigner function w, and the
desireable property 4. on the (Wigner related) position density n[w] (which coincides with
the quantum-mechanically correct one). For what the properties of the Wigner function
are concerned, instead, 3. has not much interest or use in the kinetic context. For what
(3.16) is concerned, we just name that in Ref. [19], are discussed conditions on the potential,
such that the weak solution w(t) of the Wigner equation belongs to C(IR; L?(IR2%)) N Cy(IR. x
RY; FLYIR]))NC, (R xRY; FLY(IRY)) , for all times ¢. Moreover, condition 3. is very peculiar,
if we consider that w can take negative values as well.

The other way round, a characterization of a physical QS only in terms of a function
w defined on the phase-space is not possible, since both the conditions 1. and (3.16) on
the function w, are just necessary and, moreover, incomplete, since none of them includes
positivity of the corresponding operator, defined via p := W~lw. Indeed, the only sufficient
condition in terms of w, for the positivity of the operator to hold, is 3.. Additionally,
the physical quantities relative to a physical QS (e.g., the kinetic energy) are well-defined
in terms of w and coincide with the quantum-mechanically correct ones (obtained via the
corresponding density matrix), under more restrictive conditions on w with respect to the
necessary ones to describe a physical QS.
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Remark 3.3.1 (Positivity) Notice that, in case condition 3. holds for w € L*(IR**;IR),
the additional information nfw] € L. will be sufficient to guarantee that the H-S, self-adjoint
operator p corresponding to w, via p := W™ lw, is also trace class (by 4.). Accordingly, this
could be a strateqy to obtain a posteriori that w provides a description of a physical Q)S.
However, condition 3. looks not so meaningful in the kinetic formalism.

The characterization obtained for w”", instead, is more practical (cf. the necessary and suf-

ficient condition in 4.), once positivity is assumed. Nevertheless, the Husimi function is
not a proper instrument for a correct quantum description (cf. Section 3.2.4); moreover, its
evolution equation is not well-behaved.

3.4 The functional setting

In the literature of semiconductor devices modeling, there are several examples of analysis
of the evolution of a QS at the operatorial level (Ref. [1, 6], e.g.): there, the mathematical
properties distinguishing a physical QS are preserved during the evolution. Typically, such
result is recovered, by setting the study in some “energy space”, namely, in the space of the
density matrices such that the corresponding kinetic energy is well-defined (in an appropri-
ate sense) and bounded. Then, the conservation of the total energy is exploited, to recover
a solution for all times, belonging to the energy space.

Similarly, at the Schrédinger level, there is an entire collection of results (cf. Refs. [22, 11]
and the references therein) devoted to weakening the regularity assumptions on the wave-
functions which guarantee a physically-consistent description of the evolution of the QS. In
this framework, the sharpest result is in Ref. [11]; there a L2-theory is performed, by ex-
tending to the mixed state case the use of the Strichartz’ inequalities (cf. Ref. [11] and the
Refs. therein).

Our aim would be to prove well-posedness results at the quantum kinetic level, by keeping
the analysis to it. Instead, most part of the results achieved till now in Wigner framework,
either rely on the reformulation of the kinetic problem in terms of density matrices or of wave-
functions (cf. Refs. [10, 22] and the Refs. therein), or, implicity exploit such correspondence,
by adding some assumptions that are not consistent with the kinetic framework (cf. Refs. [3,
14)).

The discussion in the previous section motivates to choose L?(IR*);IR) as the functional
setting for the analysis of a quantum kinetic model, since such Wigner functions are in
bijective correspondence with H-S, self-adjoint operators. Thus, they satisfy at least the
necessary condition to represent physical QSystems. Moreover, we have anticipated that
the L?-norm is preserved during the evolution by the Wigner equation, then the necessary
condition is satisfied at any time. Nevertheless, the physical quantities are not even well-
defined, nor positive, starting by an L?-quasidistribution. We recall that the reason is they
are not well-defined starting by the corrisponding H-S operator as well. Accordingly, a L*-
analysis of problems in the Wigner formulation cannot rely on any physical conservation
law?, differently to what happens in the other contexts. In particular, there isn’t, as far as

9In literature there are several examples of boundary value problems for the Wigner function, studied in
L2-context (cf. Refs. [2, 5, 26, 24, 23], e.g.): there arises the additional problem of a quantum-mechanically
consistent definition of the physical quantitites, since the bounded domain breaks the equivalence both with
the operatorial and with the Schrodinger formalisms.
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we know, any way to plug in the kinetic description, the condition 3. on w in Prop. 3.3.1,
which is equivalent to positivity at the operatorial level, and to check whether it is conveyed
by the evolution.

In conclusion, even if the L2-setting consists of admissable quasidistributions, by a L?*-
kinetic analysis we will not obtain a physical QS, at variance with the results in the other
formulations.

Nevertheless, in many cases (cf. Refs. [2, 5, 4, 24, 26]), the L2?-analysis of the Wigner problems
proves to be self-contained. Moreover, we will show in the following sections that the study in
the L2-setting permit to recover results that are in agreement with the physically expected
ones, without exploiting the physical quantities (as well as the conservation laws), which
would require to add some non-kinetic assumptions inspired by the alternative formulations.
Precisely, we will not make any assumption concerning positivity.

Remark 3.4.1 (L'-analysis) We mention here that in literature are present some exam-
ples of L'-analysis of problems in Wigner formulation (cf. Refs. [3, 14], as well as in Ref. [29)],
concerning a LP-analysis): we remark that in those cases, there is no reason why the models
under examination should describe a QS (cf. Section 3.2.2), nor why the Wigner function
should be associated to a positive, H-S operator p. Thus, even if w € L'(IR**;IR) ensures
nlw] € LL, there is no reason why n[w] should coincide with the positive density n defined
starting from a H-S positive operator. Accordingly, the Husimi function w”, defined starting
from w € LY(R*%;1R), will belong to L'(IR*?), but could take negative values as well. As
a consequence, the corresponding kinetic energy (defined via Eq. (3.19)) could as well take
negative values and cannot be used to state a priori estimates.

In conclusion, a L'-analysis doesn’t have any intrinsic quantum-mechanical value and more-
over it requires additional assumptions (namely, positivity) from the operatorial level to be
performed.
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Chapter 4

Tools in quantum kinetic theory

In this chapter we introduce some analytical tecniques for the study of quantum kinetic
problems in the L?-setting: we will extensively use them in the next chapters, thus we
provide a preliminary discussion and a comparison with the related literature. In particular,
we collect in Section 4.1 some results presented in Refs. [23, 24], while Section 4.3 contains
extracts from Ref. [4]. Here, our model-problem is the three-dimensional version of the
Wigner-Poisson (WP) system, already introduced in Remark 3.2.1; namely,

{% + v- Vx} w(z,v,t) = (O [V]w)(z,v,t), (r,v)€R3 xR, t>0, (4.1a)
AV (x,t) = / w(z,v,t)dv, x€R* t>0, (4.1b)
R}

with the unknown functions w : (z,v,t) € R2 x R? x [0,00) — w(z,v,t) € R and V :
(z,t) € R? x [0,00) — V(z,t) € R and the additional initial condition

w(x,v,0) = wy(z,v), (r,v)€ R xR,

The operator © [V] in Eq. (4.1a) is a pseudo-differential operator (cf. Ref. [16]), formally
defined, for V =V (z), z € R?, by

(OVw) (z,v) = (2;)d /IRdx]R3 OV (z, &) w(x,v') e de do, (4.2a)
V(x, &) =V (x + g) -V <x — g) , (2,6) e R} x R (4.2b)

Since 0V (z,€) is an odd function with respect to &, it is straightforward from the definition
that, the operator O[V] with V' real-valued, maps a real-valued function w to a real-valued
function ©[V]w. Observe that, in the Fourier space with respect to the v-variable!, the
pseudo-differential operator O[®] has the following “product shape”

(Fo (@ [V]w)) (x,n) = 6V (x,n) (Fow) (z,7). (4.3)

'We recall that with F,_,,, we indicate the Fourier transform multiplied by a factor (27)~3/2.
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The system? of non-lineraly coupled equations (4.1), together with (4.2), is the quantum
generalization® of the Vlasov-Poisson (VP) system, which we recall here for later reference,

V| S0 ) = TV V) (o) R, 120, (1)

AV (z,t) = flx,v,t)dv, z€R* t>0, (4.4b)
R}

with the unknown functions f : (z,v,t) € R2 x IR? x [0,00) — f(x,v,t) € IR{, classical
probability distribution function, and V : (z,t) € IR x [0, 00) — V(,t) € IR.
For a matter of simplicity, we have introduced the version of the WP system with the physical
constants equal to one, in particular i = 1. The interested reader can refer to Ref. [19], where
VP is recovered as the limit for A — 0 of WP.
The common features with the VP system has inspired us to use some strategies to tackle
the analytical difficulties the Wigner equation present. In particular, we anticipate here
that the Fourier-transformed pseudo-differential operator (4.3) can be written similarly to
the non-linear term on the right hand side of the Vlasov Eq. (4.4a), via an appropriate
reformulation; namely,

(Fo (@ [VIw)) (x,n) = i WIV.V](x,n)-n (Fow) (z, 1), (4.5)

where the (vector-valued) function W[F] : IR® — IR? can be defined starting from an arbi-
trary field F : R® — R? (cf. Eq.(4.29)). The analogy of the shape (4.5) with the non-linear
term in the Vlasov equation, V.V (x)-V,f(x,v), will play a relevant role in the analysis.
Since the reformulation is possible in the Fourier space and the Fourier transform of the
unknown w is involved, it is natural to choose a L2-space as the functional setting for the
study and this is a further motivation with respect to the discussion in the previous sections.
However, for a correct analysis, it is necessary to keep in mind the peculiarities of the Wigner
quasi-distribution function with respect to the classical probability distribution function f.

4.1 The weighted spaces

A natural demand from the state space for the analysis of a system of the type (4.1), is
that it consists of functions u : (z,v) € R? x IR? — wu(x,v) € IR such that the function
nlu] := fmgu(a:, v)dv, x € IR?, on right hand side of Eq.(4.1b), is well-defined. The way to
conciliate that expectation with the choice of L2(IR? x IR?;IR) as the functional setting, is

to introduce
X = I*(R x R®,(1+ [v])’dzdv;R),

which is a Hilbert space with scalar product
<u,w >xi= / / u(z,v)w(z,v) (1 + |v]*)?dz do. (4.6)
R}V IR}

That choice of the functional setting is in the same spirit of Refs. [5, 26] for the one-
dimensional (bounded spatial domain) case. A generalization for the d-dimensional (bounded
spatial domain) case was first introduced in Ref. [24](Prop. 5.2.1, Chapter 5). The motivation
of it is contained in the following lemma:

2In the introduction of Part III there is a more detailed description of it.
3Remember the discussion in Section 3.2.3, where we discuss in which sense the quantum transport
equation can be considered a generalization of the classical one.
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Lemma 4.1.1 Let u € X and nfu)(z) := [ u(z,v)dv, for all z € R®. Then

Infulllr2@msy < Cllullx, (4.7)
with C := .
PRrOOF. The estimate follows directly by applying Holder inequality:

|n||? = / /u(z v)vadx—/ |u(zx v)|1+’v|2 dv de
PO Sl e AV T A T
1

21 22d d /—
/IR [ PO PP avar [ G

VAN

The way to get similar estimates for LP-norms with p < 2 is to introduce a weight also in
the x-variables. Precisely, we can define

X, = L*(R2 x R?, (1 + |z|** + |[v]*)?dzdv;R),
and, accordingly, we can prove the following result.
Lemma 4.1.2 For all u € X,, the function nlu] belongs to LP(IR?), 7= < p < 2, and
satisfies

[nfulllorsy < Cp)llullx. (4.8)

PrOOF. By using Holder inequality first in the v-integral and then in the z-integral, we get

Il g /‘/ (. 0)dv|
[t s ape ot )(/< )

; o 1
1 2a dd d
<//| w(z,v)2(1 + 2> + |[v]?) vx 1—|—|x|20‘+|v|)) x]

1 2(2 2(2-p) 6
4 —_— < B f — < 2.
ol al/(lwlga) dx] < O, for o <p

IA

IN

O
Thus, in principle, by increasing appropriately the index «, it is possible to work in a
functional setting such that the corresponding particle density n belongs even to LI(IRS)
(namely, by choosing a > 3).

Remark 4.1.1 In case the power of the x-weight v is o > 1, for the well-posedness study
it 1s necessary to consider the space X, with a symmetric weight in the v-variables, namely
X, = LA(R® x R?, (1+ |2** + "1}‘2(1)2(11} dv;R) . The free-streaming operator (precisely, the
opemtor —v-V, —d(a)l) is indeed dissipative in X, but not in Xg, if o > 1 (cf. Lemma
7.2.1).
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Remark 4.1.2 By Lemma 4.1.1, a sufficient assumption for the kinetic energy density
Ec[u],

1

Exlu](z) = —/ |v[*u(z,v)dv, = €IR?,

2 R%
to be well-defined (indeed, to belong to L*(IR*)) is |v|>u € X. Moreover, Ex[u] € L'(IR*) if
|v|?u belongs to the space X,, with a > 3. However, the kinetic energy is not non-negative,
thus it won’t be possible to exploit the (physically motivated) conservation of total energy to
deduce an uniform (in time) bound for the kinetic energy.

Let us make some considerations upon the previous Lemmata.
In Lemma 4.1.1 it is proved
X I2(L)), (4.9)

where we call L2(L") := LP(IR2; L"(IR?)). That means that, if u, [v|?u € L*(IR? x IR?), then
for a.e. x € IR® we gain the summability of the function u(z,.) : v € R* — u(z,v) € R.
In the same spirit, we can gain something also on the p-summability of the function in the
x-direction, by adding a symmetric weight in that direction. Namely, in Lemma 4.1.2, in
the case a =1 it holds

X, —IP(L)), 3/2<p<2. (4.10)

Observe that, in the proof of Lemma 4.1.2, the x and the v variables can be interchanged in
order to obtain

Xy = I5(L,), 3/2<p<2, (4.11)

In conclusion, the introduction of the symmetric squared weight make us gain, for a.e. fixed
x (respectively, v) the summability with respect to v (respectively, z) of the function u(z, .)
(respectively, u(.,v)) and also the p-summability with p > 3/2 (p < 2) in the other direction.
We remark that in the embeddings (4.9), (4.10), (4.11) it is always p > r = 1. However, by
interpolation with L?(L?), we have also the embeddings with 2 =p >7r > 1.
In addition, it can be easily proved

Xy —Ly,, 6/5<a<2; (4.12)
accordingly, the weight can give in both variables the same gain in a-sommability in both
directions, with a varying in the smaller interval (6/5, 2.

Remark 4.1.3 The use of the x,v-weight to get p-summability of the particle density n[f] is
well-known in kinetic theory: as an example, we quote (the three-dimensional version of) the
standard estimate for n[f](t), where f is the (non-negative) classical distribution function;
namely,

m/(m+3 m 3/m—+3
()| s < CLE@ " Mo F @175 (4.13)

(cf- Ref. [20], e.qg.): depending on how many moments are employed it is possible to improve
the control. In the wide literature concerning the VP problem, are introduced several defini-
tions of solutions corresponding to different assumptions on the initial datum. In particular,
we name the distinction between weak solutions*, obtained by adding to fo € Lglw N Ly, the
assumption of initial finite kinetic energy |v|*fo € L., and strong solutions®, corresponding

T,

4i.e., in the distributional sense,
e, fECRY;LE )NL®(R';LE,), Vp € [1,00),

y Hx,v y Hx,v
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to the additional hypothesis |v|™fy € Lglw7
sharpest result in both sense). In the latter case it holds also |v|"f(t) € Ly,
the propagation of v-moments for the strong solution of the VP problem.
Alternatively, by an assumption on the x-moments, precisely |z|*fo € Lglw, it is possible to
obtain solutions® with infinite energy (cf. Ref. [28]), by exploiting dispersive effects related
to the free-streaming operator and a pseudo-conformal law for the VP case (which makes
an alternative control’ hold for n, cf. Remark 4.4.1). In the same spirit, the propagation of
z-moments is studied in Ref. [12], under the assumption |z|™ fy € L .

In the quantum case, instead, an assumption of finite initial kinetic energy (guaranteed by
|v|?wy € X ) is of no help (cf. Remark 4.1.2). Thus, we will search solutions with infinite
energy, corresponding to the assumption wy € X (or wy € X1, as well) and, as well as in
Ref. [28], will be exploited dispersive effects as an alternative to the conservation of energy.
However, we cannot obtain a control of the particle density alternative to (4.7), in analogy
with Ref. [28], by the substitution of the assumption |v|*wy € L* with some x-weight of the
initial datum, since the pseudo-conformal law (which holds in the WP case, as well, cf. Sec-

tion 4.4) is again of no help, due to the missing non-negativity of the quantities involved.

Vm < mg with mg > 3 (cf. Ref. [20] for the
Vit >0, ie.

Remark 4.1.4 (Conservation of the L?*-norm) Observe that both the spaces X and X,
which we shall use extensively in the next sections, embed in L. That implies that the chosen
state space consists of functions which are admissible for the quantum kinetic description,
i the sense discussed in the previous section.

Moreover, it immediately follows, by multiplying Eq. (4.1a) by w and integrating both in dx
and in dv, that %Hw(t)”%iv =0, since < w,OV]w >2= 0° because 6V (x,£) is odd with
respect to &. Y

4.2 Strichartz’ estimates for the free-transport equa-
tion

Both in the Wigner-Poisson and in the Vlasov-Poisson systems, the linear part consists of
the free-streaming operator. In the literature of the VP problems, there is a series of results
in which a priori estimates for the self-consistent electric field are recovered, by exploiting
dispersive effects to be referred to the transport operator (cf. Refs. [13, 28].e.g.). In the
following section, which contains extracts from Ref. [4], we will show that the same effects
can be used to obtain similar estimates in the WP case.

In view of that, here we collect different estimates for the solution of the free-transport
equation

Ow(z,v,t) +v-Vyw(x,v,t) =0, t>0, wvt=0)=w(rv), Y (z,v) € R®,

and, in particular, those presented in the paper [13]. They are the analogue of the Strichartz’
inequalities for the solution of the free-Schrodinger equation (cf. Refs. [15, 18] and the refer-
ences therein). However, they are not derived via Wigner transform, since the norms of wy

Of € L*(RT;LE,), Vp € [1,00],
"Precisely,
t2[n(t) | ors < C(T, fwollpe,» (L + [2Pywolles ), V¢ < T, VT >0

cf. Thm. II1.3 in Ref. [28].
®In case V is regular enough for ©[V]w € L2, to hold (V € L™, e.g.).
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that would appear in the estimate for the Wigner-transformed solution, would be of difficult
interpretation®. Accordingly, in Ref. [13] they are derived differently.

Proposition 4.2.1 (Thm.1-2 in [13]) The solution of the free-transport equation w(z,v,t) =
wo(x — vt,v) satisfies the following estimates
o forall (p,r), such that 1 <r <p < oo,

1 1

lo@lzegy < G ol g ug, ¥t > 0; (4.14)
e for all (q,p,r,a) satisfying

112 11 2
<1, 1<-+-, —= (___)’ oo 2
q

i

<

i

<

W

1
b
1wl zazz ey < Clp,m)llwoll poms) - (4.15)

Estimate (4.14) shows that, if the initial datum wq belongs to L' (LP) with 1 < r < p, an
effect of the transport is the exchange of summability between the x and the v directions.
Indeed, the estimate follows from

lw(®)|| pee(ryy < 3 woll Ly (zee) ;

(cf. Ref. [8]), which exploits the exact expression of the solution w(z,v,t) = wo(x — vt,v),
and by the conservation of the L'-norm (cf. Thm. 2 in the paper cited above). The estimate
(4.14) holds for all ¢ with a pole of order 3 (1/r —1/p) at t = 0.

Estimate (4.15) contains, instead, a mixed information in space, velocity and time, and is
obtained via a method which generalizes the Strichartz’ inequalities (cf. Ref. [18]).

The relation between the indices p, r and a, namely 2/a = (1/p + 1/r) , constitutes a hyper-
bole H on the plane IR, x IR,.. Starting from a datum wy € LE(L}) with (p,7) = (a,a) € H,
for a.e. t, the solution w(t) belongs to L2(L"), for all points (p,r) € H satisfying 1 <r <p
and the additional conditions listed above. Moreover, the function ¢t — w(t) belongs to L{.

Let us compare the use of the mixed LP-spaces with the weighted spaces introduced in
the previous section. As we have anticipated in Remark 4.1.1, the operator —v-V, — 2 is

2
dissipative in the weighted space X7, thus
3
lw(®)llx, = llwo(z — vt, v)llx, < e2'flwollx,, Vt=>0.

Accordingly, if wy € Xi(— L%, a € (6/5,2]), then the solution w(t) will belong to LP(LL), 3/2 <
p<2, forallt>0andto L3(L7), 1 <r <2, forallt>0.

Observe that, for wy € L*, a € (6/5,2], by Strichartz’ inequalities (estimate (4.14)), we
get w(t) € L2(L") for 1 < r < 2, for all t > 0. The choice of p € (3/2,2] is instead not
compatible with 7 = 1 and analogously for a € (6/5,2] with » = 1 and a € (6/5,2] with
p>3/2.

Moreover, if we want to gain a.e. in time r = 1, p € [1,3/2), we have to assume a € [1,6/5).

9Remember also the discussion in Section 3.2.2: the initial data that make the equivalence between the
free-Schrodinger and the free-transport equation hold, are of very peculiar type.
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This is equivalent to increase the weight in x, v. Thus, except by improving the information
on the initial datum, we cannot gain anything more in p-summability, even by renouncing
to the punctual information in time.

In conclusion, for what the solution of the free-transport equation is concerned, the indices
in the estimates in the weighted L2-spaces are as sharp as those in the LP-mixed ones.
Instead, we are interested in the estimates in Prop. 4.2.1 because of the information about
the time-behaviour they contain. In particular, they can be used for the particle density
relative to the solution of the free-streaming equation, which we indicate by

no(z,t) ::/wo(:v—vt,v)dv, VeeR*,t>0.
R

Corollary 4.2.1 The density no(t) satisfies
o foralll <p < oo,

Ino(®)llze < 207 |jwol| o zey » Wt > 0; (4.16)

e for all (q,p,a) satisfying

3 2 1 2 1
]. S p < = - = 3 1 _— — 5 _ — = — s
27 q p a p
Inollzaczzy < C®)lwollza, - (4.17)

Again, the previous estimates are to be compared with those obtained by the use of the
x-weight: we name here (the three-dimensional version of) the estimate in Lemma I.1 of
Ref. [28], namely,

o)l ors < OO ol 22, e Puo 25, ¥t >0 (4.18)

This estimate is in the same spirit of estimate (4.16): the two different assumptions on the
inital datum yields the same time-decay of the norm ||ng(t)||.s/s.

Remark 4.2.1 In the study of the Viasov-Poisson problem, such estimate for the density
with p = 5/3 can be used, either in the version (4.16) or (4.18), in the estimate for the self-
consistent electric field. Precisely, the information about the t-decay yields a reguralizing
effect of the field completely analogous to that in Refs. [11, 22], relative to the Schrédinger-
Poisson case (cf. Ref. [28]).

An estimate concerning the p-summability with p = 6/5, can be obtained analogously; it
reads:
o)l zers < C#2|fwol 2|2 Pwo132°, Yt > 0. (4.19)

The alternative version (p = 6/5 in (4.16)) reads:

0 (t) || ors < t_1/2||w0||L;(Lg/5) NVt>0. (4.20)

The index p = 6/5 will be crucial, indeed, for the estimate of the self-consistent electric
field in the Wigner-Poisson case: we anticipate here that we can recover, by exploiting the
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information about the ¢t=%/2-decay of ||ng(t)||e/s, the same reguralizing effect of the electic
field in the Schrodinger-Poisson and Vlasov-Poisson cases (cf. Remark 4.2.1).
We will assume, instead, that it holds, for some w € [0, 1),

[n0(8)|| pors < Crt™, Vit >0. (A)
Observe that if either wo € LS, , [z[*wy € L, or wy € LL(LY®) holds, then n(t) satisfies

assumption (A) (by either (4.19) or (4.20)); both the assumption wy, € X; and wy € X,
instead, do not give any information about the time-decay. However, since the previous
assumptions on the initial datum have no meaning in the quantum context, we prefer to add
assumption (A) to wy € L? (alternatively, to wy € X; or to wy € X, as well), in order to
recover the a priori estimates for the electric field.

4.3 A priori estimates for the electric field

Let us assume that w is a “regular” solution of the WP problem (e.g., let w(t) € L2(H}),
V.V[w](t) € Cp(IR?), uniformly on bounded t-intervals) for which the Duhamel formula
holds:

w(z,v,t) = wo(zr —tv,v) + /Ot (@[V[w]]w) (x — sv,v,t — s)ds.

We formally integrate in v:

njwl(z,t) = /]R?)wo(x —tv,v) dv + /(:/W (@[V[w]]w) (x — sv,v,t —s)dvds
= no(z,t) + ny(z, ),

and split the self-consistent field accordingly:

x
Eo(z,t) = /\W sz No (T, 1) (4.22)
" t
Ey(x,t) = A3 //(@[V[w]]w) (x — sv,v,t — s)dvds, (4.23)
|| 0
with A\ = ﬁ.

Then, we can estimate separately the two terms Ey(t), E1(t) by exploting the properties of
the convolution kernel 1/|z|, in analogy to the VP case (cf. Ref [20, 28]).

Let us recall the main steps of the derivation of the estimates in the VP case (cf. Ref. [28])
for later comparison.

4.3.1 The Vlasov-Poisson case

Let w*® be the “regular” solution of the VP problem?!?

t
w®(z,v,t) = wo(r —tv,v) + /(VxV[wVP]- vaVp> (x — sv,v,t — s)ds.
0

100bserve that, at this level, there is no reason of distinguishing between a “quantum” initial datum and a
classical one (cf. Section 3.2.2, instead), since we are discussing the formal similarities of the two equations.
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and E3", E® be the two terms of the corresponding self-consistent field

EP(z,t) = Aﬁg* no(, 1), (4.24)

t
By (x,t) = )\W g /0/<va[va]_ vav") (x — sv,v,t — s)dvds. (4.25)

For what the term Ey°(t) is concerned, by the properties of z/|z|® and estimate (4.18)
(respectively, estimate (4.16)), it follows

Vpe (3/2,15/4, |EX®)|w <Citr 2, ¥Yt>0 (4.26)

with C; = C1(|lwol| e, |[(14|2[*)wo]|11) (respectively, C; = C1(||wol| 11, ||wol| z5/3)), cf. Lemma
I11.4 in Ref. [28] (alternatively, Ref. [13]).
The field E7?(t) can be rewritten as

(Ef™)j(x,t) = )\—* dlvm/ / V Viw™] >(x—sv,v,t—s)dvd8
= )\Z_ngxTTfjkm g /s/(VzV[wVp]wVp>(x—sv,v,t—s)dvds,
xr 0
k=1

for all j = 1,2, 3. Since it holds for all t > s > 0, a.e. z € R?,

/ 1/
/(|EVP| w“’) (z — sv,0,t —8)dv < s V|| B (t — 5)||,y (/wp(x — sv,u,t —8) dv> i. (4.27)

Vp,q € (1,00),1/p+1/p" =1, by the properties of the convolution kernel and the conser-
vation of the LP-norm by the Vlasov equation, it follows

. sds -
IEP @) s < ooz, / B (= )l

In conclusion, by the use of estimate (4.26) and of an argument of Gronwall type, it can be
recovered

Vpe(3/2,3), |Er@|w <Citr 2, Yt>0 (4.28)

with €7 = C([Jwol| s, , [|(1+]x]*)wol| 1 ) (respectively, C7 = Ci([[wollzy ,, [[woll 5/5)), cf. Lemma
II1.5 in Ref. [28] (respectively, Ref. [13]).
We remark that the time-decay in (4.26), (4.28) is the same obtained for the electric field

correponding to the solution of the Schrédinger-Poisson systems (cf. Thm. 5.1 in Ref. [22]
and Thm. 2.3 in Ref. [11] for the L*-study).

4.3.2 The Wigner-Poisson case
We want to proceed analogously to the VP case. To this end, we need an appropriate refor-
mulation of the pseudo-differential operator ©[V], in analogy with the operator V,V-V,w

in the VP equation. The idea is that the latter should be recovered from ©[V]w in the
semiclassical limit (cf. Remark 4.3.1).
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Let us recall that O[V]w(x,v) = F, '} <z 5V(93,77),7:v_,77w(93,77)) (cf. (4.3)). We can rewrite

n—w

z+n/2 1/2
5V (a,n) = / V.V(2)-dz = / 0V —rn)dr = 5-W(zn),
z—7/2 —1/2

with the vector-valued function
1/2
W(x,n) = / V.V(z—rn)dr, ¥(x,n)€IRE.

-1/2

Then, we define the vector-valued operator
DV V]u(z,0) = Ft, (W mFopulz,n).
It holds:
Lemma 4.3.1 Let V,V € Cz(IR*). Then
1. W(z,n) € Cp(R), [Wllrg, < [VaVllze;
2. T[V,.V]: L*(R®) — L*(IR®) and, for all u € L*(IR%),
ITVeViullzz, < [IVaVlzellullzz ,;
3. TV, V]: LA(H}) — L2(H]) and, for allu € L2(H}),
TV VIullzayy < (IVaVlzeollull 2 )

PRrROOF. The first and the second assertion are obvious. For (4.31) we use

0, TV Vu(w,v) = iF;" (an(x,n)fv_)nu(x,n)> = T[V,V]d,u; j=1,23.

n—v

Lemma 4.3.2 Let V,V € Cg(IR?) and u € L2(H}). Then

OViu(z,v) = div, (I'[V.V]u) (x,v)
PROOF. By the definition (4.29) and Lemma 4.3.1,

1Vl < HIWE e < VeVl

(4.29)

(4.30)

(4.31)

(4.32)

(4.33)

Thus, [|[O[V]ullzz, < VeV |re||lullL2(my); the right hand side of equation (4.33) is also well-

defined in L?*(IR®) by estimate (4.31). Equality then follows by equation (4.29) and

3

Z']:n__lm(n-W(a:,n)]—"v_mu(x,n)> = Z@Ujfj[VIV]u(x,v) = div, (['[V.V]u) (z,v).

=1
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Remark 4.3.1 (The semiclassical limit) The correctly scaled version of the pseudo-diffe-

rential operator with the reduced Planck constant h = % reads

Op[V]w(z,v)

' V(r+2n) V(-1 .
] @3 V=30, gy
IRS

2n)2 f
Under the assumptions of Lemma 4.5.2, we thus have
i
Foon(Op[V]w(z,v)) = 7—15V(x,hn)]:v_mw(x,n)
= 1Wi(z,hn) - nFopu(z,mn).

The limit h — 0 then yields:

iW(z,hn) - nFo_yw(z,n) — iV, V(x) nFoyw(z,n) = Fi (VIV(x)-VUw(x,v)>;

n—v

and hence
OnV]w(z,v) — V,V(z)-Vyw(z,v) in L*(R®),

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

Using the redefinition (4.33) of the pseudo-differential operator, and under the additional
assumptions w € H}(L?), AV[w] € C(IR?), we have for s € IR

<@[V[w]]w> (x —sv,v) = div, (F[VIV[w]]w(a: — sv, v))

+ s div, (F[Vﬂﬁw]]w) (x — sv,v). (4.34)

Thus, also in the WP case, the field F; in (4.23) admits the reformulation as (7 = 1,2, 3)

. t
(Ey)(z,t) = )\% sy div, /s (F[VmV[w]]w> (x — sv,v,t — s)dvds (4.35)
0
3
- —3z;x) + 01| z)? t
= )\kz:; EE kg /OS/<Fk[sz[U}HU)> (z — sv,v,t — s)dvds.

The following two lemmata are concerned with giving a meaning to the definition (4.35) of
the field F4, independently of the previous derivation.

Lemma 4.3.3 For all u € L*(R®) and E € L*(IR?) the following estimate holds

| /]R (CIE) (o = sv,v)de]| | < CsTRB s lulls,, Vs>0.  (436)

Remark 4.3.2 Observe that the exponent of the variable s recovered in the Lemma is the
same as obtained for the VP case in the estimate (4.27) with p = 2. The difference between
the two estimates is that in the quantum case it has to be derived in the Fourier space, thus

the L2-framework is the only possible. In the classical case, instead, analogous estimates with
p # 2 hold.
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PROOF. Since the operator I'[.] was originally defined for E € Cp(IR?), we shall first derive
(4.36) for E € C°(IR?) and conclude by a density argument.

By the definition (4.30) and by several changes of variables, the following chain of equalities
holds:

(C[E]u)(z,v) = (2m)*2 [FL, (W(z,m)) * u] (2,0)

n—v
1/2 1/2
. 1 o
:///E(a: —rn) e drdnu(z,v — z)dz = ///WE('I — 7)€ dr diju(z, v — 2) dz
—-1/2 —1/2
1/2 1/2
- //E(x — 7)) e diy /u(x,v —rZ)dr dz = //E(—ﬁ) e di e /u(x,v —rZ)dr dz
—1/2 —-1/2
1/2
= (2m)3/? /FnﬂgE(,%) /u(:c,v —rZ)dre™* dz.
~1/2

Hence

(NI

/ (T[EJu) (z — sv,0) dv = (27)

1/2 o N
/]:nﬂéE(i) <// u(x — sv,v —rz)dre "** dv> ez dz
—1/2

1 1/2 v )i g
= 75 a2 —>2E z v—Z — U, = z Edz .
Grs)? /.7:,7 (2) F, /_I/Qu(x Uy rz)dr|e**dz
Then,

| /(F[E]u)<$—sv,v)dv m l'i"sﬁi

L2

IN

/ (e =02 =) ]

1/2 S L%,

VBl (2 v e Y
< (27r3§3 (/1/2H.7:u—>2<U(x—v,g—Tz))HL;Idr :

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

1/2 v
/_ | Foe <u(x v, rz)) |]%%Zdr = $u(z, U)”%%v

1/2
This is obtained by using repeatedly Plancherel’s equality:

1/2 1/2

/ | Fo (u(m -, g — TZ)) ||2L% dr = / | Faome [}ZHZ <e_w§u(m, g - rz))] ||%§ dr
—1/2 —1/2
1/2 1/2
- / | e (5367“(5“)?23%(&@U(:L“, v)> Iz dr = " / [ (F vos(ern) U, ”)> Izz dr
~1/2 ~1/2

= $llule, )]
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Remark 4.3.3 In Refs. [9, 20/, are used more refined versions of the basic estimate (4.27)
(cf. e.g. estimate (39) in Prop. 1 of Ref. [9]); however, the non-negativity of the classical
distribution is a crucial ingredient for their derivation, thus we cannot hope to get analogous
estimates in the quantum case.

The following lemma is an immediate consequence of Lemma 4.3.3. We shall need the
notation

Ve == {E € C((0,T]; Ly(R?) | | Ellvy, < oo}

with
1By, == sup t“[|E(t)]| 2.
0<t<T

Lemma 4.3.4 For any fized T > 0, let w € C([0,T]; L2 ), and let wy be such that for some
w € [0,1) it holds
[no(@)llzers < Crt™, Vite (0,T]. (A)

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

3
—3z. Salxl? t
Ej(z,t) = /\Z mjmlra:—;; |l ¥ /Os/<Fk[E0—|—E]w>(x—sv,v,t—s) dvds; j=1,2,3
k=1

(4.38)

with Ey defined by (A = =):

™

Ey(z,t) = )\# *gc/wo(a:—tv,v) dv.

PROOF. (4.38) has the structure of a Volterra integral equation of the second kind. Hence,
we define the (affine) map M : V- 1 — Vp, 1 by

—3z;x) + 01| 2|?
| ]?

(ME);(z,t) := )\i * /0;/<Fk[Eg—i—E]w)(m—sv,v,t—s)dvdS.

Applying the generalized Young inequality to the definition of Ej yields
WEo(t) ||z < Clino(t)|les, Vte (0,T]. (4.39)

Thus, by Lemma 4.3.3, the second convolution factor in (4.38) is well-defined and

H/ (Fk[Eo—l—E]w) (x—sv,v,t—s) dv‘ . < Cs™32|(Eg+E)(t—s)| 2] w(t—s)| 2, Vs € (0,1].
R3 2 ,

By classical properties of the convolution with |71\ (cf. [30]) and the Young inequality, we get

I(ME);(t)]lr2 < C/O%(HEo(t—S)IILH||E(t—8)||L2)||w(t—8)||Lg.,vd8, vt e (0,T].
(4.40)

Hence, the map M is well-defined from V7., 1 into itself and satisfies

IME®)|2 < 0(0T+ sup sw—%HE(s)HLz) sup [Jw(s)|zz. (tl-w+t%-w), vt e (0,T].
5€(0,T] 5€[0,T] ’
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Since the map is affine, we have (by induction) for all ¢ € (0, 7]

~ t ~
IM"E(t) — M"E(t)]|» < C sup IIW(S)IIL;U/ M E(s) — M" 7 E(s)]] 12 ds

s€[0,T

1
VvVi—s

n ¢ -
<|© sup flwls)lzz,, | Cn- dssup(“’%Es—Es 2 ),
<smﬂ<”mJ s sw (M)~ E)lie)

with

n—1 . n—1 3
1 w2 [’ (— — w)
Cn—l == B(—,—+1—w> = n 2 3
Hl 2’2 F(24+1-w)
where B denotes the Beta function and I" the Gamma function. Thus, the map M™ is con-
tractive for n large enough and admits a unique fixed point F € Vw1 0

With £ = E; the above lemma yields the regularity of the self-consistent field in the
WP equation: It satisfies V,V[w] = Ey + Ey € Vp,_1, under the assumptions that w €

C([0,T7; L3,,) and wy satisfies (A).

Proposition 4.3.1 For any fived T > 0, let w € C([0,T]; L2,) be a mild solution of the
WP equation with ||w(t)||ls = ||woll2, and with the initial value wy satisfying condition (A.).
Then, the self-consistent field satisfies the following estimates for all t € (0,T] :

IEs@llzz < Cling()llgers < CCrt™, (4.41)
1)l < C (lwollzz, subeeor 5 Ino(s)lgos}  T) 572 (4.42)

Here and in the sequel, the T-dependence of the constants C' is continuous (on T € R™).

Remark 4.3.4 (No weight) Observe that the L?-weighted norm of the Wigner function,
correspondingly, the definition of the density n, are not needed for the self-consistent field to
be well-defined and for the previous estimates to hold. It is sufficient an assumption on the
time-decay of ng, analogously to the classical case (cf. Remark 4.2.1).

Thus, hypothesis (A) can also be seen as a kinetic assumption that allows to overcome the
difficulties related to the definition of the density in a L?-context. However, the possibility of
exploiting such an assumption as an alternative to the weight, in order to get well-posedness,
is still under investigation. Accordingly, in the previous proposition, it has to be assumed the
ezistence of a mild solution of the WP equation under the assumptions wy € L?*, such that

(A) s satisfied (cf. also Remark 4.4.1).

PROOF of the Prop. 4.3.1
The first estimate is (4.39) in Lemma 4.3.4. To derive the second one, we exploit Eq. (4.40),
the conservation of the L%-norm of the solution and (4.41):

t
1@ < C [ 5Bt~ 5)l + Bslt = 9o wlt = )]z, ds
0
L_w
< Cllwolz, supyeqo {5°lImo(s) 1o} £

t
+ﬂW¢%/ﬁ-ﬁ”Wﬁwmm&
0
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The thesis follows by Gronwall’s Lemma. 0

Remark 4.3.5 Let us compare the a-priori bounds (4.41), (4.42) with their classical coun-
terparts (4.26), (4.28). Using either estimate (4.19) or (4.20), we can obtain the same
t=2 —singularity of |E(t)||2 also in the Wigner-Poisson case, by a modification of the proof
of Prop. 4.3.1, in the spirit of Lemma II1.5 in Ref. [28]. In the Viasov-Poisson case, similar
LP-estimates hold for p in a non-trivial interval. One crucial reason for this difference is the
conservation of LP-norm of the solution: while the WP equation only conserves the L*-norm,
all LP-norms are constant in the VP case.

Remark 4.3.6 (The WPFP case) In Chapter 6 we will study an equation which differs
from the Wigner equation (4.1a) by a uniformly elliptic operator, namely, the Wigner-Fokker-
Planck equation (WFP). In that case, the diffusive effect adds to the dispersive one and some
a priori bounds for the LP-norm of the electrical field hold, with p # 2. These estimates will
be a crucial tool to asses a global-in-time well-posedness result, by assuming just wy € X and
a hypothesis similar to (A).

4.4 Identities for the WP system

In the Vlasov-Poisson case, it is possible to state some physically motivated identities, that
make evident strong analogies with the Schrodinger-Poisson one. In Ref. [28], e.g., are stated
for VP, both a pseudo-conformal law and a dispersive identity, which are inspired respectively
by Refs. [15, 17, 22] and Ref. [15, 21]: possible applications of them are to extend the interval
of the LP-a priori estimates for the physical quantities and to deduce decay estimates for
large time. In the Wigner-Poisson case, it is possible to state analogous identities; however,
due to the fact the Wigner function can assume negative values, the quantities involved are
not non-negative, thus such identities cannot be exploited for that aim.

Proposition 4.4.1 (Pseudo-conformal law) Let w be a regular solution of the WP sys-
tem (4.1a), (4.1b), then it satisfies

%[/|x—vt|2w(x,v,t) do dv + 12 /|E(x,t)|2dx} :t/|E(a:,t)|2dx.

PROOF. If the solution of the WP problem is smooth enough (w € X,V € H? e.g.) the
following identities hold by exploiting the equations (4.1a) and (4.1b), and the fact that the
function 0V is odd in the second variable. Precisely,

d%/|$|2w($av7t) drdv = Q/x-j(x,t) dz

d
2% fewvueondrde = =2 a2t folute v edo -2 [iB 0P,
where is used the current density j(z,t) := [vw(z,v,t) dv and

/x~v@[V]w(x,v) dx dv :/:c~ V[0V (x, n)w(x,n)] n:odx = /a: E(z)n(z)dx = %/\E(w)|2 dx .
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by applying the Poisson equation (4.1b) for the last equality. Similarly,
/\UIQG[V]w(x,U,t) dx dv :/A [0V (z,n, t)w(z, n,t)]‘ Od:v = Q/E(m,t)-j(:v,t) dx
77:
and

E(z,t)j(x, = ——— [|E(z,t)*dx,
/ it

since it holds Oyn(z,t) = V,j(z,t), by integrating in dv the Wigner equation. Thus

pm 2|v[*w (x,v,t)dxdv:%/\v\z (x,v,t) d:cdv—t2—/\E )P dx .

The thesis follows by collecting the pieces. 0

Remark 4.4.1 The pseudo-conformal law can be put in the form

t
/|x—vt|2w(x,v,t) drdv +||E@®)|3. :/|x|2w0(1:,v) dx dv +/ s||E(s) |72 ds,
0

and is to be compared with the one that holds in the Schridinger framework (cf.Refs.[17, 15,
22, 11]), namely

t
Iz + ift Vo) ()22 + LN E@)]Z2 = llzebollZ: +/0 sIIE(s) |22 ds

and with the one that holds in the Viasov-Poisson case (for a mon-negative distribution
function w™)

t
llz = vtf*w”@)llzy, + I E*ONL2 = |z *wolls, +/ sl B (s)| 72 ds .
0

cf. Ref. [28]. Both the identities yield a series of results concerning the asymptotic behaviour
in time of the solutions (cf. Refs. [11, 15, 28], e.g.)

Remark 4.4.2 (A priori bound on the density) The pseudo-conformal law in the VP
case can be used to prove the a priori bound on the density

1P| ()| srs < C(T [lwollgs,, |1+ 2 P)wolzy, ), VEST

We remark that such a bound extends the validity of estimate (4.18), which gives the rate of
dispersion of particles for the solution of the free-transport equation, also to the solution of
the VP system; moreover, it allows to avoid the use of a control of the density of type (4.13),
i.e. to avoid any assumption on v-weights of the initial datum.

A further extension to the quantum case is missing and would be a useful tool to asses the
global-in-time well-posedness of the three-dimensional WP problem, under the assumption
wy € L? s.t. (A) is satisfied. Precisely, an analogous control of some LP-norm of the
particle density, with p < 3/2, would give the boundedness of the self-consistent potential
V(x) = 1/|z|*n(x), x € R* and, thus, the pseudo-differential operator would be well-defined
and bounded in L*.
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Another identity of interest is the dispersive identity stated in Ref. [28] for the VP case: from
it can be derived a useful estimate for the VP case, similar to Morawetz’ estimate, which
holds for the solution of the nonlinear Schrodinger equation (cf. Ref. [15, 18]). In Ref. [21],
such an estimate for the solution of a transport-type equation, is employed to deduce the
Morawetz’ estimate itself.

The identity reads

/Ot/w(m,v, ) (% _ <”|”;|’3)2) da dv ds + /Ot/(”ii%wdx ds

+/<$¥“)w0(l~,u) dxdv:/ww(x,v,t) dz dv

for both the WP and the VP cases, and it can be obtained exactly in the same way
(cf. Thm. II.2 of Ref. [28]). However, an estimate of Morawetz’ type for the WP equa-
tion is impossibile, due to the fact the Wigner function is not non-negative.

Analogously, the conservation of energy, which can be formally recovered also for the WP
system (cf. Ref. [3]), does not yield any bound for the moments of the solution, as in the
classical case, since the kinetic energy (cf. Remark 4.1.2) is not non-negative.
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The model

In this part we are concerned with a quantum kinetic model for the transport of a charged
particles ensemble in a semiconductor device: the active region of the device of interest is
a finite region of the physical space (i.e., of the semiconductor material) coupled with the
environment through ohmic contacts. Accordingly, the Wigner function, which describes the
evolution of the electrons ensemble, will be defined on a subset 2, % ]Rg of the phase space
RY x RY, where €, is a bounded domain in the physical space (relative to the ensemble) IR?
and will be the unknow function of a boundary-value problem. In particular, the boundary
conditions will model a time-irreversible interaction with the environment, which is repre-
sented as an ideal particle reservoir (cf. Ref. [15]), accordingly, the system will exchange
locally conserved particles with the reservoir.

The evolution of such an open quantum system constitutes an example of a problem suitable
to be studied with a quantum kinetic approach. Indeed, it is unclear whether a reformula-
tion of it, either in terms of Schrodinger wavefunctions or of density matrices, is impossible,
because the interaction with the environment we want to model breaks the characterization
of the density matrices. For better understanding that point, we refer the reader to Ref. [8],
where it is investigated the possibility of constructing a density matrix from a classical in-
coming distribution function at the boundary between a one-dimensional quantum zone and
a classical one.

In the kinetic approach, instead, it is straightforward to model the present situation in which
the particles entering the device depend only upon the state of the resevoirs and the parti-
cles leaving it depend only upon the state of the device, by assigning inflow, time-dependent
boundary conditions to the Wigner quasi-distribution function. Precisely,

w(s,v,t) =7(s,v,t), (s,0) €0 x R, v-n(s) >0, t>0,

where n(s) is the inward normal vector to J€2, at s € 0, and 7(t) is the prescribed time-
dependent inflow. These conditions are the d-dimensional version of those introduced in
Ref. [15] in the case of a slab situated between two particle reservoirs, and are those one
expects for an analogous classical transport problem formulated in the phase-space.

Inside the active region of the device, the free-transport of the electrons ensemble is modified
by the reciprocal repulsive effect due to the charge; the latter can be taken into account
through a mean-field self-consistent potential V' (cf. the discussion in Part I). Moreover, we
can take into account the action of applied potentials and of heterostructures, by including
an “external” potential V.

Hence, the evolution in time of the function w is described by a version of the Wigner
equation (3.6), which is nonlinearly coupled with the Poisson equation for the potential V',
because the particle density in the bounded domain €2, is expressed by

nfw](x) := /Rd w(z,v)dv, x€Q,. (d)

Precisely, by the following d-dimensional version of the WP system (4.1a), (4.1b)

T O+ VO w0 ) =0, (o) QX RE 120, (WD)

AV (z,t) :/ w(z,v,t)dv, x€Q,, t>0, (WP2)
R
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in addition, the unknown functions w and V' satisfy the following boundary conditions (b.c.)

w(s,v,t) =7(s,0,t), (s,0) €0 x R, v-n(s) >0, t >0, (bel)
V(z,t) =0, x€0Q,,t>0, (bc2)

and initial condition (i.c.)
w(z,v,0) = w(z,v), (z,v) € Q x RY. (be3)

According to the definition of the pseudo-differential operator in the present bounded (spa-
tial) domain case,

i

(O[plw) (z,v) = (2n)d

/ 6d(z, Ew(x,v') V)¢ de dv,
R{xRY,

o) =0 (o+5) -0 (a-5). @09 eouxm,
the time-dependent functions V,(t), which is a datum of our problem, as well as V' (¢), which
is the solution of the Poisson problem (WP2), (bc2), have to be defined in the whole IRZ.
Thus, we add the following condition, which is compatible with (bc2)

V(r,t)=0, ze€RI\Q,,t>0. (bed)

The time-dependent WP system has been studied in the whole space IR? x IR? (see Ref. [17]
and references therein), in a bounded spatial domain with periodic (Refs. [3, 17]), or absorb-
ing (Ref. [1]), boundary conditions, and on a discrete lattice (Refs. [10, 28]). In most cases,
the analysis exploits either the equivalence of Wigner and Schrodinger equations, or the self-
adjointness property of the free-streaming operator in some appropriate domain. In the next
two chapters, we will deal respectively with the one-dimensional and the three-dimensional
versions of the WP system (WP) with the conditions (bc); as we have already anticipated,
the choice of the b.c. will require the use of alternative mathematical techniques.

Moreover, we will have to face the “standard” difficulties related to the WP-type problem
we have presented in Chapter 4. Let us recall that in the Fourier space with respect to the
v-variable, the pseudo-differential operator ©[®] has the “product shape”

(Fo (©[@]u)) (z,n) = i 6®(z,n) (Fou) (z,7), (P-S)

which makes its use easier. That consideration and the discussion in the Section 3.4 motivate
to choose the space L?(, x IR;C) as the functional setting'!. However, the definition (d)
of density n[w] requires the use of some weighted L?-space Xj C L?*(€, x IR?;C), namely,

Xy, o= L*(Q x RY, (1 + |v[*)*da do;C ) ;

for an index k s.t. 2k > d. This is a straightforward generalization for the d-dimensional
case of the functional setting used in Refs. [5, 26] (cf. Section 4.1). Observe that, roughly
speaking, we are assuming some regularity in the variable n of F,_,w; precisely, that its

HTndeed, we shall prove that the Wigner function w (and then V) is real-valued for all times ¢ > 0 if the
initial datum is real-valued, thus we could directly settle the analysis in L2(£2, x IRg ; IR), which is the space
of Wigner-transformed H-S operators, i.e. of physically admissable Wigner functions.
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derivatives'? of order k with respect to 7 still belong to L?(Q, x IR? ;).

Accordingly, one can expect, by the product-shape in the Fourier space (cf. Eq. (P-S)), that
the pseudo-differential operator © [¢] will be well-defined from the space X} in intself, if the
derivatives up to order k of the potential function ¢ are (essentially) bounded. Under such
hypothesis, the operator ©[®] will be bounded from X, to itself. Thus, a first obstacle will
be to prove the sufficient regularity of the solution V' of the Poisson equation in the bounded
domain €, for the operator ©[V] to be defined on X;. We anticipate that, while it will
be an easy task in the one-dimensional case, in the three-dimensional case we will have to
modify the estimate of the pseudo-differential operator, in order to exploit the (previously
cited) regularity in the variable n of F,_,w.

For what the linearized!'® problem is concerned, note that this is a non-autonomous “affine”
problem (cf. Ref. [4]), because the b.c. (bcl) are non-homogeneous, time-dependent. Accord-
ingly, the use of the semigroup generation property of the streaming operator is more delicate
than in Refs. [3, 24] (about the one-dimensional, spatially bounded case with periodic b.c.
and with homogeneous b.c., respectively). Thus, we will associate to the “affine” problem
one with a linear streaming operator and an additional source term and prove under which
assumptions a solution of the former can be recovered from a solution of the latter.

Then, the (local-in-time) solution of the non-linear problem can be obtained by a Banach-
type fixed point argument, since the potential term proves to be a locally-Lipschitz perturba-
tion. Accordingly, we will have to recover a priori estimates for the solution in the weighted
L?norm. Due to the skew-simmetry of the pseudo-differential operator, the L?-norm is pre-
served (cf. Remark 4.1.4). For what the other terms in the X;-norm are concerned, instead, a
direct evaluation starting from the equation, may not be enough to get the result, depending
on the space-dimension. More precisely, in the one-dimensional case it will be straightfor-
ward to prove the boundedness of the norm for all finite time, while in three-dimensional
case, it won’t be possible.

Also in the present case, hold the same considerations about the impossibility of employing
the physically-motivated identities stated in Section 4.4 for recovering a priori bounds for
the moments of the solution. Moreover, since the choosen bounded spatial domain breaks
the correspondence with the Schrodinger and the density matrices frameworks, there is the
additional problem of defining physically-consistent quantities.

We remark that the strategy presented in Section 4.3, to obtain a priori bounds for the self-
consitent electric field, cannot be easily modified for the present bounded spatial domain
case.

Accordingly, till now, it has not been possible to state the existence for all times of the
solution of the three-dimensional version of problem (WP).

2Indeed, we are assuming that 87’7“1,}"1H,,w € L*(Q, x IRZ iC),Vi=1,...,d, k=m/n, m,n € IN.
Bie., Eq. (WP1), with V = 0 together with the conditions (bcl),(bc3)
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Chapter 5

The one-dimensional Wigner-Poisson
system with inflow boundary
conditions

5.1 Introduction

In the present chapter we present the content of Manzini C., Barletti L., “An analysis of
Wigner-Poisson problem with inflow boundary conditions”, Nonlinear Analysis, 60(1), 77-
100 (2004). Relatively to the problem (WP) with the conditions (bc), (bc4) introduced in
the previous section, we shall prove well-posedness of the linearized d-dimensional version
and existence and uniqueness of a global-in-time, regular solution of the one-dimensional
nonlinear version.

Here follows an outline of the paper. In Section 5.2 we introduce the spaces X; C L?(£2, x
IR?;C). Besides, we prove that the pseudo-differential operator © [¢] is well-defined in such
spaces with assumptions on the function ¢ which, in the one-dimensional case, are less
restrictive than those in Ref. [24] and yet will ensure well-posedness of the one-dimensional
W-P problem.

In Section 5.3, we drop the self-consistent potential V' and study the Cauchy problem for
the d-dimensional Wigner equation with the time-dependent (external) potential V,(t) alone,
subject to inflow b.c. (bel).

We prove existence and uniqueness of a classical solution of such problem in the spaces Xy,
with 2k > d, thus improving the result obtained in Ref. [24], relevant to well-posedness of
the Cauchy problem with homogeneous b.c. in L?*(€, x R%;T).

In Section 5.4 we discuss the existence of a linear map P which associates to each state
w € X} the extension with value zero outside €2, of the solution V' of the Poisson problem
(WP2)-(bc2), yielding the self-consistent potential term © [V] in (WP1). However, because
of the requirements on the potential V' for the operator © [V] to be defined (see Section 2),
this attempt is successful only in the one dimensional case. Thus, in the following sections
we shall restrict our investigation to the case! d = 1. In Section 5.5, therefore, we consider

'We anticipate that the assumptions on the potential, for the pseudo-differential operator to be well-
defined, can be weakened. That modification will make it possible to complete the analysis also in the
three-dimensional case (cf. Chapt. 6).
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a one-dimensional, nonlinear and non-autonomous Cauchy problem of the following form

%w(t) =T, pw(t) + O [VL(t) + Pw(t)] w(t), t=>0, (5.1a)
w(t = 0) = wy, (5.1b)

where the affine operator T, contains the inflow b.c. Note that the problem contains
the quadratic nonlinearity © [P w]w. We associate to (5.1) a semilinear, non-autonomous
problem where the inflow is transformed into a suitable source term and prove existence and
uniqueness of a local-in-time, classical solution of this latter problem.

In Section 5.6, the results of the preceding section, together with a suitable a priori estimate,
are used to prove the main result of this paper, i.e. existence, uniqueness and regularity of
a global-in-time, classical solution of (5.1).

The Appendix is devoted to the construction of an explicit “representation” of the domain
D(T,)), according to the concepts introduced in Secs. 5.2 and 5.3.

5.2 The functional setting

Assume that €, is an open, convex and bounded subset of IR? with C! boundary 9€2,. Let
us introduce, for all & = 0,1,2,..., the space X} of the C-valued functions, defined on
Q, X IRff, with square summable modulus with respect to the Lebesgue measure in €2, x IRg
with weight (1 + |v|*)¥; in symbols:

X, = L*(Q, x RY, (1 + [v])*dzdo;C).
For all £, X, is a Hilbert space with scalar product

<u,w >x, = / / w(z, v)w(z,v) (1+ v]*)* dz dv. (5.2)
REJQ,

It is straightforward to prove the equivalence of the norm ||. ||x, with the following

d
lullg, = lullx, + > [Jokull . (5.3)
=1

and X, is continuously imbedded in X, = L*(Q, x R?, dz dv ;).
The following proposition is the d-dimensional version of Lemma 4.1.1 for n defined in the
domain €2,.

Proposition 5.2.1 Let u € X}, and n(z) = [pau(z,v)dv. If 2k > d, then n € L*(Q,,dx),

and
172/l 220y 00y < clds B) Jlully, (5-4)
where
c(d, k) == max { (wa/d)"?, (wa/(2k — d))"/*} (5.5)
and wq is the (d — 1)-dimensional measure of the surface of the d-dimensional unit sphere?.
2Namely,
27Td/2
YT Ty

with I the Gamma function.
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Proor. From Minkowsky’s inequality we have

2\ 1/2 2
17 220, d0) < (/ ‘/ u(z,v)dv dx) + (/ ‘/ u(x,v)dv
“ Q. Jp|<t Q! Ju)>1

By applying Holder’s inequality on |v| < 1 in the first summand, we get

2
/ ‘/ u(x,v)dv‘ dz < 24 )l | (5.7)
Qy [v|<1 d

Moreover, by using again Holder’s inequality,

/J/v|>1 T,V dv‘ dr < /m[/lvZ (1’+(‘U| ;L/Z( + o] )k/Zdvrdx
S/QI(A@ fut, ) (L o) </ 1+\v dv)dx (5.8)
<( [ ) Il

Since, by changing into polar coordinates,

1 Wq
—dv = <oo if 2k >d,
Ajlzllﬂ% 2k —d

dx) " )

the bound (5.4) follows from bounds (5.7) and (5.8). 0

Remark 5.2.1 If we are dealing with the one-dimensional W-P system (5.1), then the
appropriate functional setting is X; (see also Ref. [3]) and the suitable estimate is the
following

(Ol 220 aey < (L) [w@)lx,  VE=0, (5.9)

where ¢(1,1) = v/2. The three-dimensional case has to be dealt with in X5, and we get the
estimate

1O 20 aey < €3:2) 0@,  VE=0, (5.10)

where ¢(3,2) = 2y/m. Since our aim is proving that the Wigner equation (WP1) is well-
posed in X, with the appropriate k, we discuss under which assumptions on the function
¢(t) the pseudo-differential operator © [¢(t)] is well-defined from X, into itself. The following
Proposition is a straightforward generalization of (2.4) of Ref. [24].

Proposition 5.2.2 The map (u, ¢) — © [¢]u is bilinear from X x W5 (IRY) into X}, and
there exists b > 0 such that

10 (6] ullx, < b lolwromellullx, » V(u,0) € Xp x WES(IRG) . (5.11)

In particular, if ¢ € WH*(IRY), then © [@] belongs to the space B(X}) of linear, bounded
operators on Xj,.
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PRrROOF. The proof of bilinearity is immediate; then let us focus on the proof of inequality
(5.11). Let u € X}, and ¢ € W**(IR%). By using (5.3) we can write

I© (6l uli, = 19161 ull, +3° [k él u(z, v}, - (512)

Since
(Fo (©[o)u)) (z,n) =i0¢(z,n) (Fou) (z,7),

the first summand of the right-hand side of (5.12) is, up to a multiplicative constant,
|0¢ (]—"Uu)H?(O, while in the second summand there are terms of the type

[vFe ¢l ully, = (2m)" [|0k (56 (Fauw)[}, -

Since

ay,00(x,n) = 0, {¢<x + g) - gb(:(: - g)} -

then
1

103,66l ey < (5

Jj—1 g
5) llose
for all j < k as ¢ € W"*(IRY). Moreover, the derivatives 9 (F,u) belong to X, since

u € Xy, and H@ﬁl <‘7:UU)H§(O = (2m)~¢ ||vfu||§(0, for all j < k. Thus, by using the Leibniz’s
rule

‘LOO(]Rd) < +00,

o (66 (Fou)) = <’;) oL.6p i (Fou),

0<I<k

we easily obtain the inequality in the thesis. 0

Remark 5.2.2 According to Proposition 5.2.2, a sufficient condition for the operator © [V, (t) + V (¢)]
appearing in (WP1) to be well-defined on X, is that V,.(¢) and V(¢) belong to W*>(IR%).
This condition, together with the restriction 2k > d coming from Proposition 5.2.1, is a
serious obstacle to prove well-posedness of the n-dimensional W-P problem with d > 1 (see
Sec. 5.4). Actually, we shall prove in the one-dimensional case that, for all w € X, there
exists a unique solution of the Poisson problem on the bounded domain 2, (WP2)-(bc2),
whose extension with value zero outside the domain €, belongs to W1*(IR,). In contrast,
an analogous attempt is unsuccessful in the three-dimensional case: in fact the hypothesis
V € W%=(IR?) is in general not satisfied by the extension with value zero on IR® \ 2, of the
self-consistent potential V.

We also remark that, in the one-dimensional case, the requirement V' € WH*(IR,) is less
restrictive than that ensuring well-posedness of W-P in Ref. [24].

A straightforward consequence of Proposition 5.2.2 is the following.

Corollary 5.2.1 If the function t — ¢(t) is of class C1([0,00) ; WF*(IRY)), then the func-
tion t — O [p(t)] is of class C'([0,00); B(Xy)) and its derivative is t — © [¢/(t)].
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Now let us turn our attention to the free-streaming term —v- V, appearing in Eq. (WP1).
Consider the linear operator

Thaxt := —v-V,u,

defined on the maximal domain
D(Thax) :={u € Xi|v- Vyu € X }.

Since we want to take into account the b.c. (bcl) by defining a suitable subdomain, let us
introduce the “inflow trace-space”

in.— L2 v-n(s) (1 + [v]*)*dsdv;IR), (5.13)

where
O™ = {(s,v) €9 x R |v-n(s) >0}. (5.14)
Under our assumptions on 2,3, any function belonging to D(T.x) has a well-defined trace

ujpin on O™, belonging to V" (see Refs. [16] and [30]). Thus, given a function ¢ — ~(t), with
v(t) € Yin for all t > 0, we can define the following time-dependent affine operator:

T,pu = —v-V,u, (5.15a)
Vu € D(Ty4) = {u € D(Tuax) | wjom = (1)} (5.15b)

In the case v = 0, the operator Ty is linear and represents streaming with null inflow. Note
that the sets D(T, ) are D(Ty)-affine subspaces of Xy, i.e., for all ¢ > 0 and uy, us €
D(T4)), we have uy — uy € D(Ty). Moreover, the operators T,y are Ty-affine operators,
ie., for all t > 0 and uy, us € D(T4)), we have T, yur — Tyyus = To(ur — u2). According
to that, we say that { T, |t > 0} is a To-affine family (see Refs. [4, 7]).

Note that if we find a function p : [0, +00) — X} such that
p(t) € D(T,Y(t)), Vit >0, (516)

then
D(T,u)) = p(t) + D(Ty), Vt=>0.

Such a function p(t) is called a representation of D(T,). In particular, note that, if p(t) is
a representation of D(T.)), then, for any given function w : [0, +00) — D(T, ), a function
u: [0, +00) — D(Ty) exists such that

w(t) =u(t) +p(t), Vt>0.

This fact will be exploited in the next section where we associate to the affine evolution
equation for the unknown w(t), containing the operators T, a linear evolution equation
for the unknown function u(t), with the operator Ty and an additional source term depending

on p(t).

3Namely, 2, open, convex, bounded subset of ]Rff,, with 9Q,C".
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5.3 The affine evolution problem

In this section we study the d-dimensional, linearized version of Eq. (WP1) with b.c. (bcl)
and i.c. (bc3) which, in its abstract form, reads as follows:

Cault) = Tyu(t) + O V] wlt), 120 (5.17a)
w(0) = wo, (5.17b)

where V,(t) = V.(x,t) is an assigned potential. This is an affine (because it contains the
To-affine operators T, ;) and non-autonomous evolution problem.

As hinted at the end of the previous section, if we choose an appropriate representation p(t)
for the D(Ty)-affine domains D(T, ), i.e. a function p : [0,400) — X}, such that (5.16)
holds, then we can associate to the affine evolution problem (5.17) a linear problem with an
additional source term. More precisely, it can be easily verified that the following holds (see
also Theorem 2.1 of Ref. [4]).

Proposition 5.3.1 Let p be a representation of the family of the D(Ty)-affine domains
{D(Ty4)) | t > 0} and assume that p and V. are such that @, € C([0,+00); X}, ), where

Qp(t) := Tyyp(t) + O [Ve(t)] p(t) —p'(t),  Vt>0. (5.18)

If w is a classical solution® of (5.17), then the function u : [0,4+00) — Xy, defined by
u(t) :==w(t) — p(t) Vt > 0, is a classical solution® of the following evolution problem

Eu(t) = Tou(t) + © [Ve(t)] u(t) + Qp(t), t>0, (5.19a)

u(t=0) = uy := wo — p(0) . (5.19Db)

Conversely, if u is a classical solution of (5.19), then the function w : [0, +00) — X, defined
by w(t) = u(t) + p(t), Yt >0, is a classical solution of (5.17).

In the following, we shall refer to (5.19) as to the “associated problem”.

As suggested by the assumptions of Proposition 5.3.1, the representation p : [0, +00) — X}
must grant the required regularity of the function @,(¢) defined by (5.18) which is the source
in Eq. (5.19). Thus, we are led to the following definitions.

Definition 5.3.1 Let p : [0,400) — X be a representation of the D(Ty)-affine domains
D(Ty)). We say that p is regular if p € C*([0,4+00); X)) and the function t — T.up(t)
belongs to C([0,+00); Xy). We say that p is strongly regular if p € C%([0,+00); Xs) and
t — Typp(t) belongs to C*([0, +00) ; Xy).

Because of Corollary 5.2.1, assuming p regular and V, in C([0, +o0) ; W**°(IR?) implies Q, €
C([0, +00) ; X}); similarly, assuming p strongly regular and V, in C1([0, +00) ; Wk (IR"))
implies @, € C'([0, +0) ; Xj).

4i.e. is such that w € C([0, +00); X3)
®i.e. is such that u € C*([0,+00); Xi )

w(t) € D(Ty) Vt > 0, w satisfies (5.17).
u(t) € D(Ty) Vt > 0, u satisfies (5.19).
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Remark 5.3.1 There is a considerable arbitrariness in the choice of regular and strongly
regular representations p of D(T)). Since, on the other hand, p has been introduced in the
associated problem (5.19) in order to obtain the solution of the original affine problem (5.17)
as w = u+ p, then an important point will be proving that w does not depend on the choice
of p. Moreover, it may be interesting to look for representations which simplify the source
term @,. For example, if v- V,p = 0, then Q,(f) reduces to © [V,(¢)] p(t) —p'(t). It would be
also meaningful to translate the regularity conditions on p into regularity conditions on the
inflow datum ~. In the Appendix we give an example of a strongly regular representation of
D(Ty))-

From known results on transport operators (see Ref. [16]) it follows that the (linear) null-
inflow streaming operator Ty generates a semigroup of contractions {e/T° |t > 0} on Xj.
Then, the evolution problem (5.19) contains a time-dependent bounded perturbation © [V, (¢)]
of the generator Ty, and a source term. The following considerations are standard in the
theory of evolution equations, [12].

Definition 5.3.2 (Mild solution of the associated problem (5.19)) Let p : [0,00) —
Xy be a regular representation of D(T. ) (in the sense of Definition 5.3.1), let V, €
C([0,00); WE>(IRY)), and let uy € Xj. A continuous solution u : [0,00) — X of the
integral equation

¢ ¢
u(t) = e'Mougy + / et=5)To Qp(s)ds + / et=9)To g Vo(s)] u(s) ds, (5.20)
0 0

is called mild solution of (5.19), [26].

The assumptions on V, and p in Definition 5.3.2 grant that the integral operator appearing
in Eq. (5.20) is a Banach-space Volterra operator and that the term

t
etT°u0+/ =T, (s) ds
0

is a continuous function of ¢ € [0, 00). Moreover, the solution of (5.20) (i.e., the mild solution
of (5.19)) is unique and is given by the perturbation series

“+oo
u(t) = Y wa(t), t>0, (5.21)
n=0
where the functions v, (t) are recursively defined by

t
vo(t) == eToug + / =T Q (s)ds, t>0,
R (5.22)
Ups1(t) == / =T Q[Vo(s)] va(s)ds, t>0, n=0,1,2,....
0

Evidently a classical solution is also a mild solution; under the increased regularity assump-
tions of the following proposition also the converse is true.

Proposition 5.3.2 (Classical solution of the associated problem (5.19)) Let
p:[0,00) = X}, be a strongly reqular representation of D(Tyw)) (in the sense of Definition
5.8.1), let V, € C'([0,00); WF*(IRY)), and let uy € D(Ty). If u : [0,00) — X} is the
continuous solution of the integral equation (5.20), then u is also a classical solution of the
evolution problem (5.19).
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PROOF. A proof is obtained by suitably modifying that of Thm. 4.8 in Ref. [6] on account
of the presence of the time-dependent bounded perturbation of the free-streaming operator
(see Prop. 3.3 in Ref. [21]). Otherwise, we observe that the function f : [0, +00) x X — Xj
so defined

ft,u) = O Ve()]u+ Qp(t),

is continuously differentiable in [0, 400) x X, since
fult,u) = O V()] u+ (Top(t)), +© [V/(1)] plt) + © [Ve(t)] #/ () — p" (1)

and
fu(t,u) = O [Ve(t)] u,

by the definition of Fréchet differentiability. Then the thesis follows by applying Thm. 6.1.5
in Ref. [26]. 0

Finally, we return to our original affine problem (5.17).

Theorem 5.3.1 (Classical solution of the affine problem (5.17)) Let wy € D(T ()
and let p and V, be as in Proposition 5.3.2. Then (5.17) has a unique classical solution
w : [0,00) — Xj given by w(t) := u(t) + p(t), t > 0 where u : [0,00) — Xy, is the unique
classical solution of the associated problem (5.19) with initial datum ug = wy — p(0). In
particular, w is independent of the choice of the representation p with the required reqularity.

PRrROOF. The existence is a straightforward consequence of Proposition 5.3.1 and of Proposi-
tion 5.3.2. The uniqueness (and, therefore, the independence of the solution of the strongly
regular representation p) follows from the uniqueness of the solution of the problem

Ca0) = Tox(t) + O VD] =), 120 (5.23a)
z(0) =0. (5.23b)
O
5.4 The Poisson problem
Let us turn our attention to the Poisson problem for the self-consistent potential V':
AV (x) = /IRnw(x,v) dv, x € Qy, (5.24a)
V(z)=0 ; € 09, C R]. (5.24b)

Throughout this section we do not write the time variable, which plays just the role of a
parameter.

Remember that, for all £ € IN such that 2k > d and for all w € X, the right hand side
of Eq. (5.24a) is well-defined and belongs to L?(£2,) (see (5.4)). In order to proceed in the
analysis of the W-P system, we need a solution V' of this problem whose extension with value
zero out of €2, has the properties required by Proposition 5.2.2, i.e., it belongs to W’“’OO(IRg).
Such solution grants us that the operator © [V] in the Wigner equation (WP1) is well-defined
from X}, into itself.
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In the one-dimensional case, d = 1, this program turns out to be successful since we can
work with & = 1 and, as we shall see in the following, problem (5.24) yields a potential V'
whose extension to the whole real line belongs to W1 (IR).

At higher dimension d > 2, since in this case we need k > 2, we should have at least
V € W2=(IR?) but this is false in general.

For these reasons, from now on we shall assume that the system is one-dimensional and the
analysis will proceed in the case d = 1.

Thus, let 2, = (0,1); the solution of

V'(x) = n(x) a.e. v € (0,1) (5.25a)
V() = V(1) = 0, (5.25b)

with n € L?((0,1)), can be easily calculated and is given by

// dzdy——// z)dzdy x € (0,1).

V and ‘7, its extension with value zero outside (0,1), are essentially bounded and similarly
for V' and for its zero extension V’; actually

Vi(z) = / dz——// Ddedy z € (0,1).

=77

Moreover, for the norm HVH }, we obtain the following esti-
o

Wl oo R)
marte

HVH < Vi/3 max{3+ 3,23} |nll 2 01).00) (5.26)

wi, oo(]R

(see Thm. VIIL5 in Ref. [9]).

Remark 5.4.1 Since the zero extension V of the solution of problem (5.25) belongs to
Whe(R), © [f/] belongs to B(X;), in virtue of estimate (5.11).

The discussion about the one-dimensional case allows us to state the following lemma.

Lemma 5.4.1 Let P : X; — W'(IR) be the map Pw =V, where V is the emtension with
value zero outside Q. of the solution of problem (5.25), with n(x f]R w(z,v)dv. Then
P e B(X;;Wh*(IR)).

PROOF. The map is well-defined because of the estimate (5.26). From (5.26) and bound
(5.9), it follows that

1P Wy gy < de(l,1) fully, . Ywe X, (5.27)

where

d:=V1/3 max{3+ /3,213 } (5.28)
and ¢(1,1) = /2 comes from (5.5). O

As a consequence of Lemma 5.4.1 and Proposition 5.2.2, the nonlinear operator
F:X; — X; suchthat F(w):=06[Pwjw. (5.29)

is well-defined for d = 1. Moreover, F(w) depends quadratically on w € Xj.
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Remark 5.4.2 In the applications to device modeling a more general, non-homogeneous
boundary condition for V' may be of interest. In the one-dimensional case such non-
homogeneous condition reads as follows:

V(0)=V_, V() =V,

where V_ and V, are constants. The solution of the Poisson problem with such b.c. can
be continuously extended, with constant values outside [0,[], in order to have well-defined
operators P and F'. In this case the operator P is not linear any more but, nevertheless,
all the results that we shall obtain for the homogeneous case (V- = V. = 0) can be easily
extended to the non-homogeneous one. In fact, it can be easily shown that an inequality
similar to (5.26) holds and that P is Lipschitz continuous, which implies that the Lipschitz
property of F' (see Lemma 5.5.1) is still true. However, for higher dimension things would
be much more delicate.

5.5 The one-dimensional non-linear evolution problem

This section is devoted to the study of the affine-semilinear evolution problem

%w(t) =Typnw(t) + O [Vo(t)] w(t) + F(w(t)), t=>0, (5.30a)

w(t=0) = wo. (5.30b)

which is the abstract formulation of the (one-dimensional) W-P problem (WP), (bc) in terms
of the operators introduced in the previous sections. In particular, we recall that the affine
streaming operator T, is defined by (5.15), the pseudo-differential operator © [V,] is defined
by (4.2) and the nonlinear operator F' is defined by (5.29).

In analogy with Sec. 5.3, by choosing a representation p(t) for the family of D(Ty)-affine
domains {D(T,))|t > 0}, we can associate to the affine-semilinear problem (5.30) the
following semilinear problem:

&u(t) = Tou(t) + O [Vo(t)] u(t) + F ((u+p)(t)) + Qp(t), t>0, (5.31a)
u(t=0) = wy — p(0), (5.31b)

where, as before,
Qp(t) = Ty (p(t)) + O [Ve(1)] p(t) — p'(2),

for all ¢ > 0. In the following we shall refer to (5.30) as to the “original” problem and
to (5.31) as to the “associated” problem. By exploiting a local Lipschitz property of the
operator F and applying a Banach’s Fixed Point procedure (see Chpt. 6 of Ref. [26]), we
shall prove in this section the existence and uniqueness of a local-in-time, mild solution
of the associated problem (5.31). Under suitable assumptions, the mild solution is also
classical, and, in Section 5.6, we shall derive from it the local-in-time, classical solution of
the original problem (5.30). Then, we shall prove a priori estimates which yields uniqueness
and existence of a global-in-time, classical solution. Lastly, we discuss the independence of
the solution on the choice of the representation p, a result which is not evident a priori.
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5.5.1 The non-linear operator F

Let us recall that the operator F : X; — X is defined by (5.29). From Proposition 5.2.2 the
quadratic structure of F is evident; this is the key point of the proof of the following lemma.

Lemma 5.5.1 The operator F : X1 — X7 has the following properties.

1. For all R > 0, F s Lipschitz-continuous on the ball

Br(Xy) :={f e Xy [ |[fllx, < R},

1.€.
IFCf) =F(fllx, < LR) If = fillx,. VS, f1 € Br(X1), (5.32)

and the Lipschitz constant L(R) is bounded by 2¢(1,1) bd R, where b comes from Propo-
sition 5.2.2 and d is given by (5.28).

2. F is Fréchet-differentiable on every f € Xy and its Fréchet-derivative Ly at f depends
linearly on f and is such that

1L gllx, < 2¢(1,1)bd | flx, l9lx, (5.33)

for all f and g in X;.

PRrOOF. (1) Let f, fi € Br(X1); then, because of inequalities (5.11) and (5.27),

IF(H) = F(fi)llx, < NOLPF =P )] Fll, + 1OLP I = )Ly, <
<0 {IP S =P hi s Il + 1P fi s 1 = filly, | <
<bde(1,1) {If = fill If e, + Wil 1 = Fill}-

Thus, |[F(f) = F(fi)llx, < 2¢(1,1)bd R ||f — fillx, and (5.32) is proved.
(2) For all b, f € X;, we have

F(f+h)—F(f)=O[Ph] f+O[Pf]h+ O[Ph]h.
If we define the linear operator
Lih:=0©[Ph] f+OI[P f] h, (5.34)
then, by using again estimates (5.11) and (5.27), we get
IF(f+h) =F(f) = Lyhlly, = 1O P h] b, <bdde(1,1) |hl%, = o( |l )

and [|Ly hlly, <2¢(1,1)0d | fllx, IR, for f, b € Xy, which proves the second part of the
Lemma. -

76



5.5.2 The semi-linear problem

We consider now the semilinear evolution problem (5.31), associated to the original, affine-
semilinear evolution problem (5.30). Let us recall the definition of mild solution of (5.31),

126].

Definition 5.5.1 Letp: [0,00) — X be a reqular representation of D(Tw) (see Definition
5.8.1), let V, € C([0,00); WE=(R,) ), and let ug € X; as in (5.30b). A continuous solution
u: [0,00) — X of the integral equation

t
u(t) = e™ouy + / eI [Q V()] u(s) + F ((u+p)(s))] ds+
0
t
- / =9 (s)ds Yt >0, (5.35)
0
is called mild solution of (5.31).

Our next goal will be proving existence and uniqueness of a mild solution of (5.31) in some
maximal time interval [0, fyay)-

Lemma 5.5.2 Under the assumptions of Definition 5.5.1, the map
G: [0,00) XX1 —>X1

(5.36)
G(t,u) == O [Vo(t)] u+F (u+p(t)) + Qy(t)

1s well-defined for all t > 0 and u € Xy, is continuous in t and locally Lipschitz-continuous
i u, uniformly for bounded t-intervals.

PrROOF. The continuity of the map G with respect to the variable ¢ follows from the local
Lipschitz property of the operator F' (Lemma 5.5.1) and the assumptions on the data of the
problem. Moreover, by egs. (5.11) and (5.32),

Gt w) = G(t,w)lx, < OIVe®)llwioe l[u = willx, + LIR) [lu =],

for all u, u; € Br(X;), which proves the Lipschitz continuity of G with respect to u. 0

Proposition 5.5.1 (Local solution of the associated problem) Under the assumptions
of Lemma 5.5.2 there exists a unique mild solution of the associated problem (5.31) on a maz-
imal time interval [0, tyax), with 0 < tphax < 00.

Moreover, if V, € C*([0,00); WH*(IR)), ug € D(Ty) and p : [0,00) — X is a strongly reqular
representation of D(Tyy)), then u is the (unique) classical solution of the problem.

PROOF. The first statement follows from Lemma 5.5.2 and from Ref. [26], Chp. 6, Thm. 1.4.
It can be shown that a lower bound for t,,,, is given by

r

tax > SUp (5.37)

>0 T)r + (QT + 777) [L(QT + 777) + béT] ’
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where r = |luo| x,, n- = IPlleror.x0) O = IVelleqorpwroomy)» b comes from (5.11) and
L(R) is the Lipschitz constant of F (see Lemma 5.5.1). If V, € C*([0, 00); WL*°(IR)) and p
is a strongly regular representation, then the strong t-derivative

Ge(t,u) = O [VI(B)] t + Luspy P (1) + (Toop(t)), +
+O V(1)) p(t) + O [Ve(t)] p'(1) — p"(1)

and the Fréchet u-derivative
Gult,u) = O [V(t)] u + Lyspio u

exist and are continuous functions of both ¢ and u (see Def. 5.3.1, Corollary 5.2.1 and Lemma
5.5.1). Thus, the second part of the Theorem follows from Ref. [26], Chp. 6, Thm. 1.5.5

0

In the next section we shall see that the solution wu(t) of the associated problem (5.31) (and,
therefore, of the original problem (5.30), given by w(t) = u(t) + p(t)) is indeed global, i.e.
tmax = 00.

We end this section by proving that the (mild or classical) solution u(t) of (5.31) is real-
valued at all times ¢ € [0, tyay) if the initial datum wuy and the the inflow datum ~(t) are

real-valued.” To this aim, let us set X; := L*(Q, X R, , (1 4+ v*)dzdv; R).

Corollary 5.5.1 If ug € )A(/l (resp. ug € D(Ty) N )/(vl), p : [0,00) — 5(\1 is a reqular
(resp. strongly reqular) representation, then the mild (respectively, classical) solution u(t)
of (5.31) belongs to Xy for all t € [0, tymax)-

PrOOF. For all 0 < t; < tpax, the mild solution of (5.31) is the fixed point of the map
M :C([0,t1]; X1) — C(]0,t1]; X1) so defined

t
M(u(t)) = etTouo—{—/e(t_s)To G(s,u(s))ds, Vtel0,t],
0

which is a strict contraction from the ball of radius 2|[[ug||y, into itself (see the proof
of Thm. 1.4 of Chp. 6 in Ref. [26]). Precisely, u is the unique limit of the sequence
{vn, | n € IN} C C([0,t1]; X7 ), recursively defined by vy := g, v, := Mwv,_;.

In the assumptions of the Corollary, since for real potentials V; the pseudo-differential opera-
tor O [V,| maps real functions into real functions, then G(t,uy) € X; for all t € [0,¢;]. Thus,

the sequence {v, | n € IN} is contained in the ball of radius 2 [Jug|| g, of C([0,#1];X1) and,
consequently, u belongs to X, for all t € [0,t1]. The same holds for the solution extended to
tmax- O

5.6 Global-in-time solution

In the previous section we have found sufficient conditions on the data of the problem and
on the chosen representation p(t) of D(T,y) which grant existence and uniqueness of a

6In Ref. [21] the interested reader can find a different proof of the differentiability of the mild solution,
under the same hypothesis, as well as the proof of (5.37).
"Physically meaningful Wigner functions must be real-valued (see Ref. [5]).
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local-in-time, classical solution u(t) of the associated semilinear evolution problem (5.31). A
classical solution w(t) of the original evolution problem (5.30) can be immediately built from

u(t), as stated in the following proposition (the proof is analogous to that of Proposition
5.3.1).

Proposition 5.6.1 Let p : [0,+00) — X be a strongly reqular representation of D(T.w))
(see Definition 5.3.1) and let 0 < T < +o00. Then, u:[0,T) — X is a classical solution of
the associated problem (5.31) in [0,T) if and only if w(t) = u(t) + p(t) is a classical solution
of the original problem (5.30) in [0,T).

Therefore, the following corollary holds.

Corollary 5.6.1 (Local, classical solution of (5.30)) Let the function t — ~(t) be such
that D(T. ) has a strongly reqular representation p(t) for t € [0,+00). Let wy € D(T. )
and let V. € C'([0,00); WE=(IR,)). Then, the original problem (5.30) has a classical

solution in a maximal time interval [0, tyax), With 0 < tya < +00.

PROOF. Let p be a strongly regular representation of D(T.,«)). By Prop. 5.5.1 there exists
a unique classical solution u of (5.31) in a maximal time interval [0,¢pay). According to
Prop. 5.6.1, w := u + p is a classical solution of (5.30) in the same time interval. 0

Note that, contrary to the linear case, the uniqueness result cannot be used directly to prove
that the solution of (5.30) is independent of the choice of the representation p (see Remark
5.3.1). However, we are going to prove such p-independence result, more in general, for the
mild solution of (5.30), which implies that the same result holds for the classical solution.
Note in fact that the following implications hold:

U=w-—7p wW=u+p
mild solution of (5.31) mild solution of (5.30)
U=w-—7p wW=u+p

classical solution of (5.31) classical solution of (5.30)

Definition 5.6.1 (Mild solution of the original problem) Let p be a reqular represen-
tation of D(T. ), let V. € C([0,00); WH(IR,) ), let up € X1 and let 0 < T < +o0. We
define a mild solution of (5.30) in [0,7T) as a continuous function w : [0,T) — X; which
satisfies

w(t) = p(t) + "™ (wo — p(0)) - / et=T0p/ () ds +

+ /0 =T [T gw(s) + O [Vi(s)] w(s) + F(w(s)) ] ds, (5.38)

This definition has been given in such a way that u := w — p is the mild solution of the
associated problem (5.31), according to Definition 5.5.1. Note, however, that in order to
define the mild solution of the original problem (5.30) we have introduced an arbitrary
element, i.e. the representation p. Thus, the p-independence of the mild solution is not a
priori evident. Nevertheless, the following proposition holds.
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Proposition 5.6.2 Let p : [0,+00) — X; be a regular representation of D(Tyw) and let
0<T < +4o0. Then, u:[0,T) — Xy is a mild solution of the associated problem (5.31) in
[0,T) if and only if w(t) = u(t) + p(t) is a mild solution of the original problem (5.30) in
0,7).

Moreover, the mild solution of (5.30) is unique and independent of the choice of a regular
representation p.

ProoF. For the sake of brevity, we prove only the uniqueness statement, since the equiv-
alence statement can be easily checked. Let p; and p, be two regular representations of
D(T, ) and let w;, and wy be two corresponding solutions of (5.38). We want to show that
wi(t) = wo(t) for all t € [0,7"). From (5.38) we get

(w1 —ws) () = (pr — p2) (t) — €™ (p1 — p2) (0) +

+ /(; e(t—s)To {(._) [‘/e(s)] (wl — w2)<3) -+ F(wl(s)) — F(QUQ(S)) } ds+

+ /0 o(t=9)To { To(p1 — p2)(s) — (P} — py)(s) } ds.

Since under our regularity assumptions the identity

% {e(t_S)TO (p1 — pg)(s)} = €(t_S)TO{(PI1 —p5)(s) = To(p1 — p2) (S)}

holds for every s € [0,¢] (see Ref. [4]), then

(w1 — wg)(t> = /o e(t_S)TO{ O [Vo(s)] (wy — wq)(s) +
+ F(wy(s)) — F(wa(s)) } ds.

Note that, by using (5.11), we have

H(w1 _7~U2)<t)HX1 S/o {b ||Ve(3)||wl,<>o(m) H(w1 _w2)(8)HX1 +
+ P(wi(s)) = Flus(s)ly, }ds,

for all £ € [0,T). Thus, if R > 0 is such that both |lw(t)]|y, < R and [Jwa(?)[|y, < R hold
for all t € [0,T), since F is Lipschitz-continuous in the ball of radius R (see Lemma 5.5.1),
we obtain

erwmmusl{w%@mmm+um}ww—wwm&w

forallt € [0, T). Thus, the p-independence statement follows by applying Gronwall’s Lemma.
If we now assume that w; and ws are two solutions of (5.38) (with the same p) and repeat
the above proof taking p; = ps = p, we also obtain the proof of the uniqueness statement.

O

Corollary 5.6.2 In the assumptions of Corollary 5.6.1, the classical solution w of the orig-
inal problem (5.30) in [0, tmax) s unique.
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Proor. It follows from Proposition 5.6.2 and from the fact that a classical solution is also
a mild solution. O

Now we can prove the main result of this paper, i.e., existence and uniqueness of a global
solution of the affine-semilinear evolution problem (5.30), which is the abstract version of
the one-dimensional W-P system (WP) with b.c. and i.c. (bc).

Theorem 5.6.1 (Global solution of (5.30)) Let uy € D(Ty) be real-valued and satisfy
(5.30b). Let V. € C*([0,00); W'*(IR,) ) and let v € L} ([0,00); Vi) be such that D(T))
has a strongly regular representation p(t) fort € [0,400). Then there ezists a unique global-

in-time, classical and real-valued solution w : [0, +00) — X; of the evolution problem (5.30).

Proor. From Corollary 5.6.1, Corollary 5.6.2 and Corollary 5.5.1, there exists a unique
classical, real-valued solution u of (5.30) in some maximal time interval [0, ¢,,.x), with 0 <
tmax < +00. In order to prove that ty.,. = +00, we look for an a priori estimate for [|w(t)|| y,

for all times t.
If we multiply both left and right hand sides of Eq. (5.30a) by w we find

1d
5 (O +w(t) v () = w(t) O [Ve(t) + Puw(t) w(?).
Note that, for V. real, the integral over v € IR, of the function w®O [V.]w (as a function of
v) vanishes, since an integral over IR¢ of an odd function of £ appears (see definition(4.2)).
Thus, if we integrate the above equality with respect to v € IR, and x € (0,1), and integrate
by parts the term containing w,, we get
d
Sl = = [ 00,0 - 00,0, 0ldw

OU 00
< —/ va(l,v,t)dv—i-/ vw?(0, v, t)dv.
—00 0

(the inequality follows by neglecting something non-positive). The last term of the previous
inequality is the Yi"-norm of the boundary datum ~(¢) (see definition (5.13)). Then, from
the assumptions on v we have that

lw()|2, < / )]

v dr =1 C*(t) (5.39)

for all ¢ € [0, tmax)-
Now, since [[w(t)| x, = [lw(t)] x, +12()] x> With z(z,v,t) == vw(x,v,), we need an estimate
for [[2(t)||x,- The equation satisfied by z(t) is

Co(0) +vzlt) — O V(D) + Pu(t)] = QVislt) + Pu)u),  (5.40)
where
(@) .0) = 1= [ 8ol ula, ) dg
.00 €) = Velw + ) + (e - 5)
is a bounded operator from X into itself, whose operatorial norm satisfies
1201 < ¢l (5.41)
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(see Ref. [3]). If we multiply by z the right and the left hand sides of Eq. (5.40) and integrate
in both variables  and v, we obtain

T Iz, = — /]R[v?’wQ(l,v,t) — 03 w?(0,v,t)]dv +
+/0 /]Rz(:c,v,t) QVL(t) + (Pw(t))Jw(z,v,t) dedv.  (5.42)
By using (5.41) and (5.27) we get
I
/0 /]Rz(x,v,t)Q[Vz(t) + (Pw(t))Jw(z, v, t)dedv <
< (Ve + allw®)llx,) lw@®)llx, 12y, . (543)
for all t € [0, tpmax), Where a := de(1,1). Moreover,
—/]R[U?)wz(l,v,t) — 03 w?(0,v,t)]dv <

0 [e'e)
<_ / (v, t)dv + / (0,0, )dv < ()]
0

—0o0

yins (5.44)

for all t € [0, tmax). Therefore, by using (5.43), (5.44) and (5.39), from Eq. (5.42) we get

%% 12013, < VOB + CO [ 1Ve@lhyro +a @y, | 1201,

< Ih® B+ CO [Vl + (OO + 120)x,) | 120,
= W@ + CE (IVel®) e +aCO) [0, + e I20) %, - (5.45)

which is a differential inequality of the type

S P(t) < alt) + OO0 + D), (5.46)

with a, b and ¢ non-negative and f(t) := ||2(?)|| x,- The function f(¢) satisfying (5.46) cannot
go to 400 in a finite time; in fact, if lim;_;, f(t) = 400, with 0 < £y < 400, thena 0 < § <ty
would exist such that f(¢) > 1 for all ty — 6 <t < ty. In such interval we could write

S P(t) < alt) + A1) (1),

with d(t) := b(t) + c(t); but, therefore, by applying Gronwall’s Lemma to the function f? we
would get lim;_, f(t) < +o00, which contradicts limy_, f(t) = +o0.
From this result and from (5.39) we can conclude that

lim [w(t)]x, <+oo, if tpa < +00.

t—tmax

Thus, from Theorem 1.4 in Chp. 6 of Ref. [26], we have that t,,.x = +00. 0
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5.7 Appendix

An example of strongly regular representation of D(T.))

In this Appendix we explicitly construct a regular representation of the D(Ty)-affine domains
{D(T,u)) | t > 0} (see Def. 5.3.1 and Remark 5.3.1) for a suitable class of inflow data.

Since €2, is a convex set, the following functions are well defined for all (z,v) € Q, x R
with values in [0, +00):

to(z,v) == sup{t >0z +tveQ,}, (5.1a)
t_(z,v) :=sup{t>0|x —tv € Q, }. (5.1b)

Note that ¢4 (x,v) is the time it takes, starting from = € €2, and traveling with a constant
velocity +v, to reach the point y = x +t.(z,v)v on 0€2,. Recalling (5.14), it is easy to verify
that

t_(r,v) = 0 <= (z,v) € ™, (5.2a)
ti(z,v) = 0= (z,v) € P := {(s,v) € 9, x R |v-n(s) < 0} (5.2b)

and, for all (z,v) € Q, x RY, t € [~t_(z,v),t;(z,)],
t_(r+tv,v) =t_(z,v)+t, ti(r+tv,v) =t (z,v)—t. (5.3)
For ¢ > 0 let us introduce the cut-off inflow subspaces Y} C )" defined as follows:
e ={v € W [ v(s,v) =0 for a.e. v with [v] < c}.
Lemma 5.7.1 Setting, for all v € y,ifc,
(B7) (z,v) :== y(x —t_(x,v)v,v), VY (x,v) € Q, x RY, (5.4)
defines a bounded operator B : Y)°, — Xj.

PROOF. For any given v € )}, let us evaluate ||B~| y, . To this aim, observe first that, for
all (z,v) such that |v| > ¢,

0 <ty(z,v),t_(z,v) < diam(Q,)/c =:t.. (5.5)
Moreover, for every (y,v) € ®", from (5.2) and (5.3) we easily obtain
(B7) (z,v) =~(y,v), VxeQ, st. x=y+hv, h>0. (5.6)
Now, recalling (5.3), we can write

k
B, =Bl + > (F)]

|a|=Fk
a#(1,0,...,0)

t+(s7v)
:/ v-n(s) dsdv/ |(B7) (s + hv,v)|* dh
pin 0

k / /t+(87v)
+ v-n(s)dsdv
Z (04) Vei (®) 0

loe|=F
a#(1,0,...,0)

2
Xo

v“'B'y’

2

v™ (B7) (s 4+ hv,v)| dh, (5.7)
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where we used the identity

t+(s’v)
/ f(z,v)dedo = / v-n(s)ds dv/ f(s+tv,v)dt,
Qg xIRY¢ Hin 0

which holds for all f € L'(Q, x R?, dzdv;C) (see Lemma 3.2 and Lemma 3.3 of Ref. [30]).
Thus, from (5.5) and (5.6) and (5.7) we have

t+(s,v)
Baly < [ on@sblasd [T ol i<l 68)
mn 0

which proves the Lemma. O

Proposition 5.7.1 Assume that the time-dependent inflow datum v : [0, 00) — Vi satisfies

(i) v € C*([0,00); V)
(i) y(t) € Vi, for allt > 0.

Then p(t) :== B~(t) (explicitly, p(x,v,t) = v(x —t_(x,v,)v,v,t)) is a strongly reqular repre-
sentation of D(T.u)) such that Ty yp(t) =0 for all t > 0.

PROOF. From Eq. (5.8) and assumption (ii), we have that p(t) € X}, for all t > 0. Moreover,
from Eq. (5.6) we have that p(t) is constant along the characteristic lines; i.e.,

vV, (B7) (z,v) =0, V(r,v)€Q, x R (5.9)

and thus p(t) € D(Ty), with T,p(t) = 0. Finally, since B is bounded from )}, C )"
to Xx (Lemma 5.7.1), from assumption (i) we can immediately deduce that p belongs to
C*([0,00); Xj). Thus, p(t) is a strongly regular representation of D(T,)), according to
Def. 5.3.1. .
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Chapter 6

The three-dimensional
Wigner-Poisson system with inflow
boundary conditions

6.1 Introduction

This chapter is devoted the three-dimensional version of problem (WP), namely

% +v-V, —O[V(t) + V(t)]} w(x,v,t) =0, (z,v)€ Q xR, t>0, (6.1a)
AV (x,t) = nw](z,t) = / w(z,v,t)dv, z€Q,,t>0, (6.1b)
Ry

with the following boundary conditions (b.c.)

w(s,v,t) =v(s,v,t), (s,v) €I xR, v-n(s) >0, t>0, (6.2a)
V(z,t)=0, z€dQ,,t>0, (6.2b)

and initial condition (i.c.)
w(z,v,0) = wy(z,v), (r,v)€Q xR (6.2¢)

Due to the definition of the pseudo-differential operator, the time-dependent function V,(t),
which is a datum of our problem is defined in the whole IR?. Similarly, we will define an
appropriate extension of the function V, V such that V =V on Qs V = 0 outside the set DI
where ¥ is any open, bounded subset of R3, Q, C ¥ . Accordingly, equations (6.1a), (6.1b)
are nonlinearly coupled in the unknown function w, through the “potential” V.

Relatively to that problem, we have attained in Manzini C., “On the three-dimensional
Wigner-Poisson problem with inflow boundary conditions”, accepted by Journ. Math. Anal. Appl.
(2004), a local-in-time, well-posedness result.

Observe that the linearized problem has already been solved in the d-dimensional case in
Ref. [22] (cf. Chapter 2). Thus, the only difficulty consists in the definition of the pseudo-
differential operator containing the self-consistent potential at dimension three.

Here follows an outline of the paper: in Section 2 we recall the functional setting and the
preliminary results relative to the density function n, the pseudo-differential operator © [V,]
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and the streaming operator v- V. Section 2.1 is devoted to the study of the (weak formula-
tion of the) three-dimensional Poisson problem with homogeneous Dirichlet b.c. . In order
to define the non-linear term in the present three-dimensional case, we will state a result
(Prop.6.2.3), that requires only the available regularity of the potential and the regularity of
the state functions (in Fourier transform). Then, the three-dimensional W-P problem will
have the same structure of the one-dimensional one and the local-in-time solution can be
obtained again by a fixed point argument.

However, we cannot recover a priori estimates as in the one-dimensional case: this fact
depends precisely on the modified estimate we use in order to deal with the self-consistent
potential in the three-dimensional case.

6.2 The functional setting

Let us introduce the Hilbert space X of the C-valued functions, defined on €2, X IRg, with
square summable modulus with respect to the Lebesgue measure in €2, X IRff with weight
(14 [v[*)?; in symbols:

X = L*(Q, x RY, (1 + |v[)?dzdv;C),

with the scalar product

1/2
< U, W >x = (/ / u(z, v)w(z,v) (1+ [v]*)?de dv) :
R3JQ,

In our calculations we shall use the following equivalent norm

3
lull% = llull3 + D llvfull3. (6.3)
i=1
Let us observe that
ueX & (z,n) — (Fou)(z,n) € L*(Q,, W*(R)), (6.4)

where we indicate with (F,u) the Fourier transform of the function u with respect to the
second group of variables v.

The following proposition motivates our choice of the space X for the analysis: it is the
bounded spatial domain version of Lemma 4.1.1

Lemma 6.2.1 Let u € X and n(z) == [p,u(z,v)dv, for all x € Q,. Then

]l r2(Qpd2) < Cllullx, (6.5)
with C = .

Remark 6.2.1 The choice of the space X as the state space for our analysis is not opti-
mal, in the sense that we could obtain an analogous estimate to eq. (6.5) even under de-
creased regularity assumption on the function (F,u) . Precisely, we could assume u € X}, :=
L2(Q, x R, (1 + |v|*)*dzdv; C), with 3/2 < k < 2 (cf. Prop.2.1 in Ref. [22]). However,
even in the space X}, we would only obtain a local-in-time wellposedness result for the W-P
problem; on the contrary, the calculations on Prop. 6.2.3 would become more complicated
since they would involve derivatives of fractional order.
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6.2.1 The Poisson problem

The Poisson problem for the self-consistent potential V' is
AV (z)=n(x) = /st(a:,v) dv x €8y (6.6a)
V(z)=0 x € 89:; (6.6Db)
in this subsection we can neglect the time variable, since it plays just the role of a parameter.
According to Lemma 6.2.1, for all w € X, the function n in the right hand side of eq. (6.6a)

is well-defined and belongs to L?*(£2,). Then we can introduce a weak version of the prob-
lem (6.6)

3

> @y@w@x:/yw¢rv¢emfmg, (6.7)

i=1 7 @
where the derivatives are in a weak sense. The most relevant facts about its solution V' are

collected in the following proposition (cf. Riesz Thm. and Hilbert Regularity Thm., e.g.,
Thm.6.3.4 in Ref. [13]).

Proposition 6.2.1 For all n € L*(€,), there exists a unique V € Wol’Q(Qx), which satisfies
eq. (6.7) and ||V |lwi2,) < d||n|r2q,), with d depending only on diam(€),). Moreover, if
00, € C?, then V€ W2(Q,) and

Vw220, < dlnllze.), (6.8)
with d depending only on Q. and AV (z) = n(x) a.e.x € Q.

By the definition of the pseudo-differential operator (cf. eq.(4.2)), the self-consistent potential
has to be appropriately extended outside €2,. However, we can state the following result:

Corollary 6.2.1 Let w € X and let V' be the solution of problem (6.6). Let 3 be any open
and bounded subset of R3, such that Q, C . There exists a function Plw] € W*2(R3), such

x?

that Plw|(z) = V(x) a.e. x € Q, and Plw|(z) =0 for all x € R3 \ 3. Moreover,
[Plw]llw22@s) < D[VI]wzz@,)-
PROOF. By Lemma 6.2.1 the function n € L?*(,), then, by Prop. 6.2.1, the solution

V e Wy % (Q,) NW?22(Q,), and we get the result by applying an extension theorem (cf., e.g.,
Thm. 5.4.1 in Ref. [13]). 0

By the previous discussion and Lemma 6.2.1, one can define a map, which we call again P
for simplicity, whose properties are collected in next corollary.

Corollary 6.2.2 (The self-consistent potential) The map P defined by
P: X — W*R?)

w — Pw:= Plw,

where the function Plw] is the extension (in the sense of Corollary 6.2.1) of the solution of
problem (6.6), is linear and bounded, and the following estimate holds

| Pwlweegs) < CDlwly, Ywe X (6.9)

The constants C, D in estimate (6.9) are the same in Lemma 6.2.1 and Corollary 6.2.1.
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6.2.2 The pseudo-differential operator

The discussion of the previous sections enables us to give a less formal definition of the
pseudo-differential operator; we will show indeed that this operator is well-defined from the
space X to itself under appropriate regularity assumptions on the potentials, and we will
also point out the role it plays on the Wigner-Poisson problem.

For what the given external potential V, is concerned, if we call again V, the extension whose
values are zero outside the bounded spatial domain €2,, then we can state the following result.

Proposition 6.2.2 If V, € W*>(R3), then the map u +— © [V.|u is linear and bounded
from X to itself and there exists B > 0 such that

10 [Ve]ullx < B|Vellwzo@sllullx, VuelX. (6.10)

PROOF. cf. proof of Prop.2.3 in Ref. [22].

|

Remark 6.2.2 Let V, : [0,00) — W2 (R?) represent a time-dependent potential, then the
family of operators {© [V,] (t) := ©[V.(t)], t > 0} constitutes a time-dependent bounded
perturbation, by estimate (6.10).

The previous result is the three-dimensional version of Prop.2.3 in Ref. [22] concerning the
d-dimensional Wigner-Poisson problem; in particular, in the one-dimensional case, it is suf-
ficient to assume V' € W1>°(R,) to get the result. Since in the one-dimensional case the
self-consistent potential belongs to W1, the pseudo-differential operator containing it is
bounded, by Prop.2.3 in Ref. [22].

On the contrary, on the present three-dimensional case, for all w € X, the self-consistent
potential P w belongs to W22(R3) (cf. Corollary 6.2.2), thus it does not satisfy the assump-
tion of Prop. 6.2.2. However, the same conclusion as in Prop. 6.2.2 holds also under weaker
hypotheses, as we shall prove in the next proposition by exploiting the Sobolev Embedding
Theorem (cf. ,e.g., Ref. [13]).

Proposition 6.2.3 IfV € W22(R3), then the map u — © [V]u is bounded from X to itself
and there exists B > 0 such that

10 [V]ullx < B||V|w2ems)|ullx, YuelX. (6.11)

Remark 6.2.3 Once we have proved the boundedness of the pseudo-differential operator
O[P w], for all w € X (cf. Corollary 6.2.2), the well-posedness result follows by using exactly
the same arguments of the one-dimensional case; thus, Proposition 6.2.3 is the key point
of the present work. The new idea in it consists in exploiting the “regularity” of the state
functions to which the pseudo-differential operator is applied, instead of the essential bound-
edness of the potential and its derivatives (as in Refs. [22, 24]), in order to get an estimate
of the same type of (6.10).

PROOF. Let u € X and V € W2%(R3).
Since

(Fo (©[V]w)) (z,n) = i 6¢(z,n) (Fou) (x,n),
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by using the equivalent norm (6.3) and then Plancherel’s Theorem, we can write

3
IO VIul% =lle VIul3+ ) lvfe Vul; =
i=1

=(2m)° <H5V (Fauw) I3+ 185, (6V (EU))!@) :

i=1

Since

& 6V (1) = {(%)ja{v(x +1) - (—%)jﬁf‘/(x - g)} ,

for all i = 1,2,3, 7 € NU {0}, then, by the Leibniz rule and the Minkowski inequality
1
102(8V (Fou))l2 < 4_1”6(83"‘/) (Fou) [l2 + [0V, ((Fuu)) |2+

(L

For all functions f € W?%2(R?), there exist two constants C, Cy > 0, independent of f, such
that

@V(:L’ + g) + &-V(m - g) ‘2 |0y, (Fou) |2df€d77> 1/2~

[flloo < Cull flln=2 (6.12)
10:flla < Col|O:if w2, (6.13)

by Sobolev Embedding Theorems. Then, if we apply estimate (6.12) to the function V, we
get

16V (Fuu) [l2 < 20V ][ool[ull2 < 2CLl[V [[w22][ull2 (6.14a)
10V oy, (Fow))ll2 < 2V [locl|0y, (Fou)) 2 < 2C[[V [|wa2l[viull2 (6.14b)

while, by using estimate (6.12) for the function (Fyu) (z,.) € W**(R?), we obtain

1622 V) (Fou) |2 < / del| (Fou) (2, / 1502V o)
O ® (6.15)
< 22|V / de || (Fou) (2, YPyas = 2C2V yasllullk.

Moreover, we can estimate the remaining summand as follows

(/.

1/2 1/2
s24||az-vn4( | 1w (7 <x7.>||idx) < DOV |l ( | 1w (7 <a:,.>||%m)
— 2y |V [l [l x.

(s ) s o (2= 1), (R Pty <

(6.16)
where the first inequality is obtained by applying Minkowski and Hoélder inequalities in
the variable 1, and the second one by using estimate (6.13) both for the functions V' and
(Fou) (x,.).

Hence, by collecting pieces, we get the result.
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Remark 6.2.4 Observe that, on the right hand side of estimates (6.15) and (6.16), unlike
in estimate (6.14), appear the H* norm of both the functions (F,u) and V. Thus, when they
are used to bound ||O[P w]w||x, via estimate (6.9) for the self-consistent potential Pw], on
the right hand side will appear the term ||w||%. This technical point is the reason why we
cannot recover a priori estimates for the solution w of the three-dimensional W-P system
analogously to the one-dimensional case (cf. Thm. 5.6.1, estimate (5.43)).

Finally, by Corollary 6.2.2 and Proposition6.2.3, the operator F is well-defined on X, where

F: X — X

w — O[Pw|w; (6.17)

by estimates (6.11) and (6.9), the operator depends quadratically on the function w € X.
Actually, it can be proved analogously to Lemma 5.5.1 the following result:

Corollary 6.2.3 The operator F defined by (5.29) satisfies the following properties;

1. for all R > 0, F is Lipschitz-continuous on the ball of radius R of the space X and the
Lipschitz constant is L(R) = 2BCDR,

2. ¥ is Frechét-differentiable on every w € X and its Frechét-derivative L, at w depends
linearly on w and is such that

[ Lo ullx < 2BCD|wlx [ullx,

for all w and w in X, where the constants B, C, D are the same as in estimates (6.9)
and (6.11).

6.3 Local-in-time well-posedness

In this section we shall present the local-in-time existence and uniqueness result relative to
the three dimensional Wigner-Poisson problem (6.1). Actually, the preliminary results and
the definitions of Section 6.2 allow us to exploit the ideas and the techniques used in the one
dimensional case. Then we shall simply outline the procedure, which is explained in detail in
Ref. [22](as well as in Ref. [21]), and state the three-dimensional version of the propositions
in Sections 5, 6 of that work.

6.3.1 The affine semi-linear problem

Let us reformulate the three dimensional Wigner-Poisson problem (6.1) with conditions (6.2a),
(6.2b), in terms of the operators introduced in Section 6.2:

%w(t) = T, w(t) + OV (w(t) + Fw(t), t>0 (6.184)

w(t=0)=w € X, (6.18Db)

with the time-dependent boundary datum = : [0,00) — Y™, the affine streaming operator
T, defined by egs. (5.15), the pseudo-differential operators ©[V,](t) := © [V.(t)] charac-
terised for all ¢ > 0 by Prop. 6.2.2, and the nonlinear operator F (cf. Corollary 6.2.3).
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Our aim is to prove existence and uniqueness of a function w € C'([0,T); X') which satisfies
egs. (6.18) and such that w(t) € D(Ty) for all t € [0,T), with T < co. Then, if we choose a
representation p(t) for the family of affine domains { D(T,)) |t > 0}, by the decomposition
D(Ty ) = p(t) +D(Ty), Vt > 0, we can introduce the following associated problem

Sty = Toult) + O [V (u(t) + F ((utp)(1) +Qp(1), 120 (6.190)
u(t =0) = wy — p(0) =: uy, (6.19b)

with the function

Qp(t) == Tyyp(t) + O [Ve(t)| p(t) = p'(t), Yt >0

and with the unknown function u € C'([0,T); X), such that u(t) € D(Ty), for all ¢ € [0,T).
The associated problem contains the linear streaming operator with null inflow Ty, the time-
dependent bounded perturbation © [V,] (¢) (cf. Remark 6.2.2), the non-linear operator F and
the source term (),. First, we will handle this problem in order to recover the solution of
problem (6.18).

6.3.2 Local-in-time solution of the associated problem

After the following definitions, problem (6.19) will prove to be a Lipschitz perturbation of a
linear evolution problem.

Definition 6.3.1 Let p: [0,400) — X be a representation of the Ty-affine domains
{D(T,4) |t > 0}. We say that p is regular if p € C*([0,+00);X) and the function t —

T,p(t) is C([0,+00);X). We say that p is strongly regular if p € C*([0,+00);X) and
t = Ty@p(t) is CH([0, +00); X).

Remark 6.3.1 By the previous definition follows that, if p is a regular representation and
V. € C([0,00); W2>(R3)), then @, € C([0,+00); X). Moreover, if p is a strongly regular
representation and V, € C'([0,00); W2>=(R2)), then @, € C*([0, +o0); X).

Let us make precise what we mean by mild solution of the associated problem, before stating
the existence result:

Definition 6.3.2 Let p : [0,00) — X be a regular representation of D(Tyw), let V. €
C([0,00); W2>(R3)), and let ug € X. A continuous solution u : [0,00) — X of the
integral equation

u(t) = e Moy + /o I [Q[V(s)] u(s) + F ((u+p)(s))] ds+
+ /te(t_S)TO Qp(s)ds Vit >0,

is called mild solution of problem (6.19).
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Remark 6.3.2 Under the assumptions of Def. 6.3.2, by Remark 6.3.1 and the preliminary
results of the previous section, the map

G:[0,00) x X — X
G(t,u) == O [Ve(t)] u+F (u+p(t) + Qp(t)

is well-defined for all £ > 0 and v € X, is continuous in ¢ and locally Lipschitz continuous in
u, uniformly for bounded t-intervals (cf. Lemma 5.3 in Ref. [22]).

Hence, the announced result.

Proposition 6.3.1 (Local solution of the associated problem) Under the assumptions
of Def. 6.3.2, there exists a unique mild solution of the associated problem (6.19)

d
(0 = Tou(t) + G(t,u(®), +>0
u(t =0) = up,

on a mazximal time interval [0, tynay), with 0 < tpax < 00.

Moreover, if V. belongs to C1([0,00); W3>(R3)), p : [0,00) — X is a strongly reqular rep-
resentation and ug belongs to D(Ty), then u is the unique solution of the problem (6.19) in
the same time interval.

In addition, if both ug and p(t), for allt > 0, are real-valued, the same will hold for u(t), for
all t > 0.

PROOF. Under the assumptions of the proposition, we can apply Thm.6.1.4 in Ref. [26]
(cf. Remark 6.3.2) and get the first statement in the proposition. The second one can be
proved by using Thm.6.1.5, thanks to the increased regularity assumptions (cf. the proof of
Prop. 5.4 in Ref. [22] for more details). The last assertion simply follows by the fixed point
procedure (cf. Corollary 5.5 in Ref. [22]). 0

6.3.3 Local-in-time solution of the original problem

In this section we shall obtain the solution of problem (6.18) from the solution of the asso-
ciated problem (6.19), by exploiting the definition of representation.

Proposition 6.3.2 Let p : [0,4+00) — X be a strongly reqular representation of D(Ty)
and let 0 < T < 4o00. Then, u:[0,T) — X is a solution of the associated problem (6.19) in
[0, T) if and only if w(t) = u(t) + p(t) is a solution of the original problem (6.18) in [0,T).

(cf. Proposition 6.2 in Ref. [21])
Therefore, the following corollary holds.

Corollary 6.3.1 (Local solution of the original problem) Let~(t) be such that D(T,))
has a strongly regular and real-valued representation p(t) for t € [0,400). Let wy belong
to D(T. ) and be real-valued. Let V. belong to C'([0,00); W*®(R3)). Then, the prob-
lem (6.18) has a real-valued solution in a maximal time interval [0, tmax), with 0 < tpax <
+00.
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By the formulation of the Corollary, it can be inferred a certain arbitrariness in the choice
of the representation p, however it can be stated the p-independence of the solution of prob-
lem (6.18) (see the discussion in Section 6 in Ref. [22] and Props. 6.4 and 6.5). Moreover, in
the Appendix of Ref. [22] we show, under certain assumptions on the datum -+, an example
of a representation p which satisfies the assumptions in the Corollary above.

We remark that a lower bound for the maximal time interval ¢,,,x can be found in Lemma
5.1 in Ref. [21].

In Ref. [22], when dealing with the one-dimensional case, we proved that ¢, = 0o by recov-
ering a priori estimates for ||w(t)||2, |[vw(t)||2 for all times. In the present three-dimensional
case, we do not succeed in repeating the same strategy because of the kind of estimate we
recover for the pseudo-differential operator with the self-consistent potential in Prop. 6.2.3
(cf. Remark 6.2.4).

Once more, we observe that the equivalence with the Schrédinger formulation (as well as
the density matrices one) is broken by the boundedness of the spatial domain chosen in our
analysis. Thus, we are still working on results assuring the existence of the solution for ¢ on
the whole RT.
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Part 1V

The Wigner-Poisson-Fokker-Planck
system
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The model

In this part it is under examination a second quantum kinetic model of charge transport
in a semiconductor device: there, it is taken into account the effect of the interaction of
the particles with the crystal lattice. That is described as a surrounding phonon bath in
thermal equilibrium, the presence of which produces a dissipative phenomenon. Thus, again
the evolution of the particle ensemble is time-irreversible because of the coupling with the
environment, and we are dealing with an open quantum system.

The kinetic model for such a system, namely the Wigner-Fokker-Planck equation, has many
possible applications, as we have anticipated in Section 2.2. For a physical derivation of the
model from the reversible dynamics of a quantum system, the interested reader can refer to
Refs. [11, 17]. There, first of all, it is recovered a Hamiltonian for the coupled system test-
particle and reservoir, which consists of an idealized ensemble of harmonic oscillators. Then,
a kinetic formulation is derived via the Wigner transform, and the equation of interest is
obtained by applying certain asymptotic regimes and “tracing out” the reservoir coordinates
(cf. Section 2.2 for the terminology).

Mathematically speaking, the WFP equation reads

wy+v-Vow—0Vw = pdiv,(vw) + oAyw + 2ydiv, (V,w) + aA,w (WFP)

with w = w(z,v,t), (z,v) € R®, t > 0; thus, it differs from the Wigner one because of the
right hand side, where appear the friction parameter § > 0 and the parameters «, v > 0,
o > 0, which constitute the phase-space diffusion matrix of the system. The condition

(Wa’ 7+§ﬁ) > 0. (©)

[
1 o

guarantees that the system is quantum mechanically correct. More precisely, it guarantees
that the equation for the density matrix corresponding to the quantum system is in Lindblad
form and that the density matrix itself stays a positive operator under temporal evolution
(see Ref. [5] for details).
We mention here the relation between such coefficients and the physical constants of interest,
namely, the coupling constant with the bath &, the temperature of the bath T" and the scaled
Planck constant A: 2

B~E, o~T, ’}/,Ozw?

(cf. Ref. [5]) Since € := h&/T is the asymptotic expansion parameter, the FP term can be
regarded as a O(€®)-accurate description of the dissipative effect (corresponding to a medium
temperature situation), while the version of it with v = a = 0 is a O(e?)-accurate description
(at high temperature) and it’s the classical FP term (cf. Refs. [14]). Observe that, in the
classical case, the condition (C) is not satisfied. Another case that, instead, is quantum-
mechanically correct is the one with v = a = # = 0 and it is a O(€)-accurate model (at very
high temperature).

In the sequel we shall assume

2

ac > ’yz—l—ﬁ and aoc > % (C1)

Accordingly, the principle part of the Fokker-Planck term will be uniformly elliptic. Hence,
we expect the equation under consideration to show some parabolic features. In particular, a
reguralization of the initial datum for ¢ > 0, analogously to the classical case (cf. Ref. [13]);
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actually, the presence of a laplacian both in x and v variables should produce “better” dif-
fusive effects in comparison with the classical case: that effect will be indeed recovered.
Precisely, we will consider equation (WFP) self-consistently coupled with the Poisson equa-
tion for the (real-valued) potential V = V' (x,t):

~AV =nw], z€R* >0, (P)

with the particle density
nfw](x,t) = / w(z,v,t)dv.
R3

This potential models the repulsive Coulomb interaction within the considered particle sys-
tem in a mean-field description (cf. the discussion in Part I). Accordingly, the WPFP system
is the quantum generalization of the Vlasov-Poisson-Fokker-Planck system, for the diffusive
transport of charged particles (in plasmas, e.g.). Our aim is to achieve results comparable
to Refs. [8, 9, 16], concerning the classical case.

In the quantum framework, instead, the following discussion will be complementary to
Ref. [5], where the friction-free, hypoelliptic case (with & = f =~ = 0) is analyzed.
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Chapter 7

The three-dimensional
Wigner-Poisson-Fokker-Planck system

7.1 Introduction

In this chapter we will be concerned with the WPFP system we recall here for later reference

Oyw(t) = (—v- Vyw + pdiv, (vw) + o Ayw + 2ydiv, (V,w) + aA,w + © [Vw]|w)(t) (7.1a)
— AV (t) = nw](t) (7.1b)
w(t = 0) = wy, (7.1c)

for the unknown functions w = w(z,v,t), (r,v) € R% ¢t > 0and V = V(x,t), z € R? t > 0.
The main analytical challenge in tackling such system is again the proper definition of nw]
in appropriate LP spaces (cf. Section 4.1). By adapting L!-techniques from the classical
Vlasov-Fokker-Planck equation, the 3D WPFP system was analyzed in Ref. [5] (local-in-
time solution for the friction-free problem) and Ref. [12] (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 (cf. Remark 3.3.1). In both cases the dissipative structure
of the system allows to control nfw].

In Ref. [7] the 3D WPFP system was reformulated as von-Neumann equations for the density
matrix. This implies n € L*(IR*). While this approach is the most natural, both physically
and in its mathematical structure, it is restricted to whole space cases. Accordingly, its use
for practical applications and numerical analysis seem unfeasible.

Thus, in spite of the various existing well-posedness results for the WPFP problem, there is
a need for a purely kinetic analysis that possibly allows for an extension to boundary-value
problems. And this is the goal of the joint work we will include here, namely Arnold A.,
Dhamo E., Manzini C., “On the three dimensional Wigner-Poisson-Fokker-Planck problem.:
global-in-time solutions and dispersive effects”, preprint in Angewandte Mathematik und In-
formatik 10/04, Univ. Miinster (Ref.[4]). The tools used there are closely related to those
used for the classical Vlasov-Poisson-Fokker-Planck equation in the vast body of mathemat-
ical literature from the 1990’s (cf. Refs. [8, 9, 14, 13, 16]).

In particular, the following ones could be important also for other quantum kinetic appli-
cations: In all of the existing literature on Wigner-Poisson problems (except Ref. [31]) the
potential V' is bounded, which makes it easy to estimate the operator O[V] in L?. Here, V is
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unbounded and it lies in no LP-space. However, the operator © only involves §V', a poten-
tial difference, which has better decay properties at infinity. This observation gives rise to
new estimates that are crucial for our local-in-time analysis. However, these new estimates
rely as well on the regularizing effect of the FP term, thus they cannot be exploited for the
well-posedness of the (non-diffusive) WP equation.

In order to establish global-in-time solution, we shall extend the use of the dispersive effects
related to the free-streaming operator (cf. Refs. [21, 27, 18] and Chapter 4) to the WPFP
system: we will get, indeed, “better” a priori estimates for the electric field, since the diffu-
sive effects will add to the dispersive ones.

As in the WP case, we shall assume that the initial state lies in a weighted L?-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.

For what the weight is concerned, the result in Ref. [4] can be improved, in the sense that it
is mot necessary to introduce a z-weight as well, for the well-posedness to hold. Accordingly,
the main theorem of the chapter reads as follows

Theorem 7.1.1 Let wy € X := L*(R% (1 + |[v|?)2dxdv) satisfy for some w € [0,1)

H/wo(x — ¥(t)v,v) dv

<Crd(t)™™, Vte (0,T VT >0 B
L6/5(IR3) T () ) E(? ]7 >0, ( )

with V(t) = # for B >0, and 9(t) =t for 3 = 0. Then the WPFP equation (7.1)

admits a unique global-in-time mild solution w € Ypr, V0O < T < oo, where
Yr = {z € C([0,T); X) |Vaz, Voz € C((0,T]; X), [|[Vaz () ||x + | Voz(t)||[x < Ct Y2t € (O,T)} .

If, in addition, |x|*wy € L*(IR%) (i.e. wy € X1, cf. Section 4.1), then the unique solution
w € Yp, with

Yri={z € C([0,T); X1)|V2z, Vo2 € C((0, T); X1), [ Vaz ()|l + || Voz(t)|x, < CtY2 1 € (0,T)}

The second statement requires more technical effort to be proved and it is the main result in
Ref. [4]. Tt deserves some interest to show it in parallel, in view of understanding the different
role played by the “|z|>-moment” with respect to those in the v-variable, and whether the
former can be an alternative to the latter ones. We anticipate that, analogously to the WP
case (cf. Remark 4.1.1), whenever a x-weight is introduced, a symmetric v-weight has to be
included as well!, for the dissipativity of the linear operator to hold.

The chapter is organized as follows: In Section 2 we introduce a weighted L2-space for
the Wigner function w that allows to define n[w] and the nonlinear term O[V]w. In §3
we obtain a local-in-time, mild solution for WPFP using a fixed point argument and the
parabolic regularization of the Fokker-Planck term. In §4 we establish a-priori estimates to
obtain global-in-time solutions: the key point is to derive first LP-bounds for the electric
field VV by exploiting dispersive effects of the free kinetic transport. “Bootstrapping” 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 defered to the Appendix.

I'but not viceversa,
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7.2 The functional setting

In this section we shall discuss the functional analytic preliminaries for studying the non-
linear problem. First we shall introduce an appropriate “state space” for the Wigner function
w, next, we shall discuss the linear Wigner-Fokker-Planck equation and the dissipativity of
its (evolution) generator A.

7.2.1 State space and self-consistent potential

Let us recall the definition of the following weighted (real valued) L2-spaces (cf. Section 4.1)

X = L*R% 1+ |v]*)?drdv),
X, = L*RS(1+ |2+ |[v]*)?dz dv).

Obviously, X; — X and, by Lemmata 4.1.1, 4.1.2 it follows

weX = nfw € L*(IR%) (7.2)

weX, = nfuw € LM(RY),

N o

<p<2. (7.3)
In this framework the following estimates for the self-consistent potential hold.

Proposition 7.2.1 Let w € X;. Then, the (Newton potential) solution V' = V]w] of the
equation —A,V[w] = nfw], v € R?, satisfies

1 1 1
IVVIwlllrmsy < Clin[w]l|ppmsy, 3 <7 <6, - t3 (7.4)
PROOF. Since V = —ﬁ xn, we have VV = ﬁ x n, and the estimate follows from the
generalized Young inequa{ity. 0

According to Lemma 4.1.1, in particular,

we X = ||[VV[w]l|sms) < Cllnfw]l|2ms) - (7.5)

Remark 7.2.1 Note that n € LP(IR?), 3/2 < p < 2, does not yield a control of V in any
L"—space (via the generalized Young inequality). However, the operator O[V] involves only
the function 0V, which is slightly “better behaved”.

Omitting the time-dependence we have

V(xz,m) = V(r+ g) —V(@-—2) =

= %/f(y;n)n[w](:v—y)dy,

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



Proposition 7.2.2 For all w € X, and fized n € IR, we have

_3
oVl (mllzeomey < Colnl* " Infw]llrmay,  3/2 <7 <2 (7.6)

PROOF. By using the triangle inequality,

7]
fly;n)] < ———7r
ly — 2y + 3

and the transformation y = |n|z, we estimate for 3/2 <p < 3

_ dx
ey = W [ (g <
R3

sl +51)

where e € IR? is some unit vector (due to the rotational symmetry of ||£(.;n)|” Lo (R) with

respect to 7). Young inequality then gives

Vwe X, 66V(,n) e LY(R%), 6 < q < oo,
Vwe Xy, 6V(,n) € LY(R?), 3<q< o0,

and, in particular,

_3
10V mlmey < ColalPHInful vy, for 3/2 <r <2

Accordingly, for all w € X,
1
[0V smllemsy < Crlnl2 Infw]| g2 ms) - (7.7)

In most of the literature the pseudo-differential operator © is defined on L?(IR%) for bounded
potentials V, cf. [24, 23, 3]. For our nonlinear problem (7.1), however, V € L*(IR?) does
not hold. Alternatively, we will use Eq. (7.6) and, as a compensation, it is necessary to
assume some additional regularity of the Wigner function. Moreover, we shall exploit the
regularity of the elements of the weighted space in Fourier transform, in combination with
Prop. 7.2.1(cf. Prop. 6.2.3, [22], for a similar strategy).

We remark that we are presenting a modified version of Prop. 2.6 in Ref. [4]; precisely,
we shall prove that the nonlinear term O[V[w]|Jw has values in X, by exploiting only the
informations (7.2), (7.5), (7.7) about the potential V'[w].

Proposition 7.2.3 Let u € X and V,u € X Then, the linear operator
z +— O[V[z]]u,
with the function V|[z] = — 2= *n|z], is bounded from the space X into itself and satisfies

47| x|

[OVIullx < Cillullx +IVoullxill2lx, Vze X (7.8)

PRrROOF. To estimate |©[V[z]]u||x we shall consider separately the two terms of the equiva-
lent norm

lullk = HMb+§]WUM
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First, by denoting @ := F,_,u, we get

oW = [[0E@mie e < [ [I6VE)C Il nPdds

< CHzHX// (Inl"2a, )" dnde < Cllzll% (lul3 + [Voul) . (7.9)

by applying first the Plancherel Theorem, then Holder’s inequality in the x variable, the
estimates (7.2), (7.6) for the function 6V[z], and finally, Young inequality and the Plancherel
Theorem to the last integral.

For the second term of ||©[V[z]]u||x we shall use

v2O[V]w(x,v) = i@[@fV]w(m, v) + Q[O;V](viw)(z,v) + O[V]viw(z,v), (7.10)

with the pseudo-differential operator

QV] == i(6,V) <xVT> 6, V) (w,n) = V($+g>+v<x—g). (7.11)

Here and in the sequel we use the abreviation 0; := 9,,. (7.10) is now estimated:

[ OV I2]]ull: 31\5(33V[z])ﬁ||2 + [10:(8:V[2]) 0,0

|2 + ||5V[z]83h,71||2 (7.12)

The first two terms of (7.12) can be estimated as follows:

10FV D)l pomey < 20107V 2]l 2 may Il 2 ;e )
< Cllzllx X+ o)l r2gme),
by applying Hélder’s inequality, (7.2) and the Sobolev imbedding u(z,.) € H Q(IP{%) —
o (TR3
L=(R?).
10+ (0:V [2]) Oy, il L2 (ws) ClloV 2| o re) 10y @l 2 m 23 2
CllllxlI(1 + v)ull2, (7.13)

by the Sobolev imbedding and V,i(z,.) € H'(R}) — L*(IR}), and by estimate (7.4) for
VV]z] and (7.2). For the last term of (7.12) we estimate as in (7.9):

sV als < [ [IoVEIC o i) P ds

" 2
Oll=I% / / (Inl/202 iz, m))° dy da
Oll=l% (182 a3 + 0o )2)
Ollel (12,112 + 112 ()2 + 11,
CUAAE (11 + 2yl o 029 al)

IN

ll3)

IN N IA

by interpolation and integration by parts.
This concludes the proof of estimate (5.11). 0
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Remark 7.2.2 The previous proposition shows that the bilinear map
(2, u) — O[V[2]]u

1s 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 ([3, 23, 24]),
where the boundedness of the pseudo-differential operator ©[V[z]] (with z fixed) is used.
Howewver, this can only hold for bounded potentials V.

Remark 7.2.3 Observe that if, in the proposition the space X is substituted with the space
X1, the result holds as well and with the same proof, except for adding the following estimate

~ 2
|20Vl < Clll% / /<x%|n|1/2|u<x,n>|> dn e

< Ollzlik (lafull3 + |l2fVeul3) . i=1,2,3,
since
3
lullf, = Nl +> (lafull3 + llvfull3)
=1

(cf. Ref. [4]).

7.2.2 Dissipativity of the linear equation

In our subsequent analysis we shall first consider the linear Wigner-Fokker-Planck equation,
i.e. Eq. (7.1) with V = 0: we shall consider in parallel the cases in which the state space is
X1, as in Ref. [4], and X. Roughly speaking, the proofs of the Lemmata in the case X, are
the same as those in Ref. [4], except for omitting the parts related to the z-weight.

The generator of this evolution problem is the unbounded linear operator A; : D(A;) — X7,
respectively, its extension A : D(A) — X,

A = —v-Vyeu+ pdivy(vu) + cAyu + 29div, (Veu) + aAu = Au, (7.14)
defined on

D(A;) = {ue Xy |v-Veu,v- Vyu, Ayu,div, Vou, Ayu € Xy}
CDA) = {ueX|v-Vyu,v-Vyu, Ayu,div,Vou, Ayu € X}

Clearly, C3°(IR®) C D(A;). Hence, D(A;) is dense in X; (and in X), while D(A) is dense in
X. Next we study whether the operator A is dissipative on the (real) Hilbert space X, i.e. if

<Au,u>x < 0, Yue D(A) (7.15)

holds; respectively, whether A; is dissipative on the (real) Hilbert space Xj.
Lemma 7.2.1 Let the coefficients of the operator A, satisfy ac > ~%. Then A — kI, respec-
tively, Ay — k11, with

3 3 3
K = §ﬁ+907 K1 :§+§ﬁ+906+90 (716)

are dissipative in X, respectively in X;.
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The proof is lengthy but straigthforward and deferred to the Appendix. By Theorem 1.4.5b

of [26] their closure, A — kI = A — kI, A} — kI are also dissipative.
A straightforward calculation using integrations by parts yields

< Alu,w >x, = <u,Biw >x, + <u,Byw >x,, Vu,wé€ D(A),
with

Biw = v-V,w—pv-Vyw+ ocA,w + 2vdiv, (V,w) + aA,w,

3
4 8 8
<u,Bow >x, = Z <§//:c?viwu—|— 57//x§’wviu+ goz//xf’wxiu
i=1
12 4 8
—i—?oz//x?wu - gﬁ /vfwu + 50//Ufwwu
+12 //vzwu—i- i //U3w U
—0 : — Wy .
3 7 37 2 K3

Analogously, it can be computed
< Au,w >x = < u,Biw >y + < u,B;w >y, Yu,we D(A),
with

Biw = v-V,w—pv-Vyw+ ocA,w+ 2vdiv,(V,w) + al,w,
3

/ 4 8
<u,Byw>x = Z(—gﬁ /vfwu—i-go//vf’wviu

=1
— ViU — V, We U | .
3 g (2 37 (2 7

Hence, A%|pa,) — the restriction of the adjoint of the operator A; to D(A;) — is given by
A} = B+ Bsy. Aj is densly defined on D(A}) O D(A;), and hence A, is a closable operator
(cf. Theorem VIIL.1.b of [28]). Its closure A, satisfies (A;)* = A} (cf. [28], Theorem VIII.1.c).
Analogous considerations hold by substituting A, with A and A} with A* = B, + B,.
Since < Aju,u > = < Aju,u >, < A*u,u > = < Au,u > the following lemma on the dissi-
pativity of the operator Aj restricted to D(A;), respectively, A* restricted to D(A), holds.

Lemma 7.2.2 Let the coefficients of the operator Ay satisfy ac > ~v*. Then A*|pay —kI
and Aj|p(a,) —k1l are dissipative.

Next we consider the dissipativity of this operator on its proper domain D(A*) (respectively,
D(AY)), which, however, is not known explicitly. To this end we shall use the following
technical lemma whose proof is defered to the appendix. The arguments are inspired by [3],
[7], but there are also similar results for FP-type operators in [19, 20], e.g.

Lemma 7.2.3 Let P = p(x,v,V,,V,) where p is a quadratic polynomial and
D(P) = CP(R®) C X.
Then P is the mazimum extension of P in the sense that

D(P) = {u € Xi| the distribution Pu € X,} .
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We now apply Lemma 7.2.3 to P = A* — kI, P, = A] — k1I, which are dissipative on
D(P) C D(A),D(P,) C D(A;). Since A*, A% are closed, we have D(A%) = D(P)) = {u €
X1 |Aju € X1} and A7 — k1 is dissipative on all of D(A}) and, analogously, D(A*) =
D(P) = {u € X |A*u € X} and A* — kI is dissipative on all of D(A*).

Applying Corollary 1.4.4 of [26] to A — kI, A} — ki1 (with (A)* = A*), then implies that
A — kI, A — kI generate a Cy semigroup of contractions on X, respectively X; and the Cj
semigroups generated by A, A; satisfies

le™ulx, < 4efullx,, ue Xy, t>0

and B
leftullx < 4e|ullx, ueX, t>0. (7.17)

7.3 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
WPEFP system. To this end the parabolic regularization of the linear WFP equation will be
crucial to define the self-consistent potential term.

We remark that, in the sequel, we will just consider the case in which the state space is X.
However, every statement can be written and proved with X, instead of X.

7.3.1 The linear equation

First let us consider the linear equation

wy = Aw(t), t>0, w(t=0) = wy e X. (7.18)

By the discussion in Subsection 7.2.2, its unique solution w(t) = ey satisfies

lw®llx < 4efuollx, ¥t 0. (7.19)
Actually, the solution of the equation can be expressed as
(x,v,1) //wo 70, 00)G(t, 2, v, T0, v9) dxg dvg, ¥ (7,v) € RE, (7.20)

where the Green’s function G satisfies (in a weak sense) the equation (7.18) and the initial
condition
hmG(t T, v,x0,09) = 0(x — x0,v— vp),

t—0

for any fixed (z¢,v9) € IR® (cf. Def. 2.1 and Prop. 3.1 in [29]).
The Green’s function reads

G(t,z,v,x0,09) = €ePF(t,X_y(z,v)— xo,X_t(x, v) — vp), (7.21)
with
o 1 o O MO + a0 -0
Fitz,0) (27)3 (AA(D)w(t) — p2(t))>/? p{ AN (t) — p*(t) }
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The characteristic flow ®,(z,v) = [X;(x,v), X;(x,v)] of the first order part of (7.14), is given

for 3> 0 by
1 — e Pt
Xi(z,v) = x+v( ; ),

Xt(ZE,U> = Ue_ﬂta

and ®;(x,v) = [x+vt,v], for = 0. The asymptotic behaviour of the functions A(t), v(t), u(t)
for small ¢ is described (also for g = 0) by

)\(t):ozt—l—a{M%—%t}+7[%t—[%(eﬁt—1)] ~ at, t—0,

253
vit) = o 622;_1 ~ ot, t—0,
pu(t) = 0(%)2—1—72(%@ ~ =29t, t—0.
And hence:

f@) = AAw) —p*t) ~ 4lac—+*)t2>0.
With these preliminaries, the following parabolic reguralization result can be deduced.

Proposition 7.3.1 For each parameter set {a, 3,7, 0}, there exist two constants
B = B(«a, 8,7,0) and Ty = Ty(«, 5,7, 0), such that the solution of the linear equation (7.18)
satisfies

Bt_l/QGHtHw()”)(, VO <t S To, (722)
Bt V2 wolx, VO <t<Ty, (7.23)

IVyw (@) x
IVaw(t)]lx

IA A

for all wy € X.

The proof is similar to [13] and it will be defered to the Appendix.

Remark 7.3.1 (a) Observe that the functions V,w, V,w € C((0,00); X). The local bound-
edness of V,w,V,w on any interval (1,7 + Ty) follows from (7.19) and Prop. 7.3.1.

(b) Note that the strategy of the next section will not work in the degenerated parabolic case
ao —~% =0, since the decay rates of Prop. 7.3.1 would then be t=3/2, which is not integrable
at t = 0. Alternative strategies for this degenerate case were studied in [5].

7.3.2 The non-linear equation: local solution

Our aim is to solve the following non-linear initial value problem

wi(t) = Aw(t) + OV w(t)]]w(t), Vt>0, w(t=0) = wy € X, (7.24)

where the pseudo-differential operator © is formally defined by (WFP) and the potential
V{w(t)] is the (Newton potential) solution of the Poisson equation

AV = nw®]E) = /]R “wltav)d,  rER (7.25)
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for all t > 0. Actually, if we assume w(t) € X for all ¢ > 0, then the function njw(t)] is
well-defined for all t > 0 (cf. Eq. (7.2)), and the solution V[w(t)] satisfies the estimates of
Propositions 7.2.1, 7.2.2 for all ¢ > 0.

The Propositions 5.2.2 and 7.3.1 motivate the definition of the Banach space

Yy = {zeC([O,T];X)\

Va2, Voz € C((0,T): X) with |[|[Vaz(t)||x + || Voz(t)||x < Ct™2 fort e (o,T)},

endowed with the norm

Izllve == sup [[2(t)x + sup [[£V2V.z(t)llx + sup [[tV2V,z(t)||x,
t€[0,T] te[0,T] t€[0,T]

for every fixed 0 < T' < co. We shall obtain the (local-in-time) well-posedness result for the

problem (7.24) by introducing a non-linear iteration in the space Y7, with an appropriate
(small enough) T

Remark 7.3.2 In case we want to asses an analogous result by working with the state space
X1, we have to introduce the space

Yri={z € C([0,T]; X1) | Vaz, Vo2 € C((0,T]; X1), [ Vaz () | xi+ Vo2 ()| x, < CE2 0 € (0,T)}
as in Ref.[4]
For a given w € Y we shall now consider the linear Cauchy problem for the function z,
z = Az(t) +O[V[z(®)|Jw(t), Vte (0,T], 2(t=0) = wy€ X, (7.26)
with 0 < T < T, and Tj is defined in Prop. 7.3.1. According to Prop. 5.2.2 the (time-

dependent) operator O[V[.]Jw(t) is, for each fixed t € (0,Tp], a well-defined, linear and
bounded map on X, which we shall consider as a perturbation of the operator A.

Lemma 7.3.1 For all wy € X and w € Yr, with T < Ty, the initial value problem
z = Az(t) +O[V[z(@®))Jw(t), Vte (0,T], 2(t=0) = wo,
has a unique mild solution z € C([0,T]; X), which satisfies
_ 3 _
2(t) = ey + / DAV [2(s)]Jw(s) ds, Vte[0,T]. (7.27)
0

Moreover, the solution z belongs to the space Yr.
PRrROOF. The first assertion follows directly by applying (a trivial extension of) Thm. 6.1.2

in [26):
For any fixed w € Y7, the function ¢(t,.) := O[V[.]Jw(t) is a bounded linear operator on X
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for all ¢ € (0,T), and it satisfies g € L'((0,7); B(X)) N C((0,T]; B(X)) (by Prop. 7.2.3).
Moreover, by estimates (7.17), (5.11), the following inequalities hold

¢
lz@®)llx < 4e™[lwollx + 4/0 IO w(s)llx + [Vow(s)llx}l=(s)llxds — (7.28)
t

< de™|lwolx + 4Ce”THwHYT/ (14 s72)|12(s)]|x ds, (7.29)

0

for all ¢ € [0,T]. Then, by Gronwall’s Lemma,
el < 46T ullx [1 4+ 40wy, el Ml TR0 ¢ op2)] - (7.30)

for all ¢ € [0, T]. By differentiating equation (7.27) in the v-direction, we obtain
_ t _
V,2(t) = Vet —I—/ Vel g(s, 2(s))ds, Vte[0,T]. (7.31)
0

Using the estimates (7.22), (5.11), and (7.30) then yields
IVo2()llx < Bt 2 wollx

t
+mmm/ﬁ—@*%wﬂcu+fmﬂmmuw
0

IN

Bt~ 2 ||| + 4BCe g | xJwllyy | 7 + 202

+ 4C||w||YT6</~@T+4CeKTHwHyT(T+2T1/2)) <4t1/2 + gﬂ't‘f’ §t3/2>:| 7 (732>

for all ¢t € [0,7]. The continuity in time of V,z can be derived from (7.31) by using Remark
7.3.1 and the fact that g(¢, 2(t)) € C((0,T]; X).

By differentiating Eq. (7.27) in the z-direction, we get the same estimate for |V, z(t)| x, by
exploiting (7.23) and (7.30). Hence, the function z belongs to the space Yr. 0

We now define the (affine) linear map M on Yr (for any fixed 0 < T < Tp):
w— Muw = z,

where z is the unique mild solution of the initial value problem (7.26). According to Lemma
7.3.1, z € Yp. Next we shall show that M is a strict contraction on a closed subset of Yr,

for T' sufficiently small. This will yield the local-in-time solution of the non-linear equation
(7.24).

Proposition 7.3.2 For any fized wy € X, let R > max{4, B}e"||wy||x, with the constant B
defined in Prop. 7.3.1. Then there exists a T := 7(||wo||x, B) > 0 such that the map M,

(Mw)(t) = etAwo—i-/Oe(t_s)A@[V[Mw(s)]]w(s) ds, Ytel0,r], (7.33)

s a strict contraction from the ball of radius R of Y, into itself.
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PROOF. By (the proof of) Lemma 7.3.1, the function z = Mw € Y; satisfies (7.30). Under
the assumption ||w|ly, < R, this estimate reads

[Mw(t)]x < 4™ [wollx [1 1 4C Re(rmHORET (2 (4 2t1/2)} , Vt elo,7].

If we assume

KT 1/2 R
4o | x |1 +4CRLTHCRT RN (r 91/ < 2 (7.34)
then [|[Mw(t)||x < 4. Similar to (7.32) we have
IVoMw(t)||x < Bt Y2e™|w|x + 4BCRe* ||lwol|x [w + 2t1/2
+ 4OR6(KT+4CR6NT(T+2T1/2)) <4t1/2 + §7rt+ %t3/2>}
2 3
If we assume
Be gl x + 4BCRe™ Juglx | 772 + 27 +
+ AC Re(AT+ACRe (r271/2)) (47’ + §7TT3/2 + 572)] < 3 (7.35)
then R
2|V, Muw(t)|x < 3 VteloT).
Under the condition (7.35) the same decay also holds for ||V, Mw(t)||x.
Let us now choose
e i, (BB Aol
: * \48C R||wy || xe2s+12CRe" )
2
R/3 — Be"||wo||x (7.36)
ABCRe? ||lwo| x [ + 2 4 4C Rels+12CRer) (37 4 16)] ’ '

which is positive since max{4, B}e"||wg||x < R. Then, the estimates (7.34) and (7.35) hold,
and hence the operator M maps the ball of radius R of Y, into itself.

To prove contractivity we shall estimate | Mu— Muwl||y, for all u,w € Y, with ||ully,, ||w]]y, <
R. Since

Mu(t) — Mw(t) = /o eAQV[(Mu — Mw)(s)]Ju(s) ds
+/0 =AWV [Mw(s)])(u — w)(s)ds, Vtel0,7],

by analogous estimates,

|Mu(t) — Mw(t)||x < 4CRe™ {/0(1+s_1/2) l(Mu — Mw)(s)||x ds

t
il [ <1+s-1/2>ds},
0
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and, by applying Gronwall’s Lemma:
[ Mu(t) — Mw(t)|x < 4CRe™ [t+ 2t"%+
+ 4C RelrrriCReT (re2rt ) (275 + 2632 4 %t2)] =, Ve & (0,7
By using 0 <t <7 <1, we obtain
[Mu(t) — Mw(t)||x < 4CRe" [3 + 18CRe"H2ORNI] 71721y — ]y, . (7.37)

Similarly,

Vo Mu(t) — VoMw(t)||x < (JBRe’”{/O (t —s) V21 + s7V2) |(Mu — Mw)(s)]||x ds

+/t(t —5) V21 + sV ds||lu — w||y7} :
0
and, by using estimate (7.37),

IV, Mu(t) — VoMw(t)||x < CBRe™ [1+4CRe" (3 + 18C RelFT12CH)) £1/2]

(m+ 2t1/2) |lu—wly,, Vtelo,T].

Then, by exploiting 0 < 7 < 1,

12|V, Mu(t) — VoMuw(t)|x < CBRe"(r +2) [ 1+ 4CRe"

(34 1803e<“+12CR6“>)] V2w~ wly,.  (7.38)

The same holds for t/2||V, Mu(t) — V,Mw(t)||x.
When choosing 7 > 0 small enough, estimates (7.37), (7.38) imply

[Mu — Mw|lcqnx) < Cllu —wlleqon:x)

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

Corollary 7.3.1 There exists a tpma.x < 00 such that the initial value problem (7.24) has a
unique mild solution w in Yr, VT < tnax, which satisfies

_ 3 _
w(t) = etAwo—i-/e(tS)A@[V[w(s)]]w(s) ds, VYtel0,T]. (7.39)
0
Moreover, if tna < 00, then
Jim ol = o

PRrROOF. The solution of the problem is the fixed point of the map M previously introduced.
By Prop. 7.3.2 this solution exists for a time interval of length 7 (depending only on |jw||x)
and it belongs to the space Y. Since, in particular, w(7) € X, the solution can be repeatedly
continued up to the maximal time ... [t will then belong to Yr, V1" < t,ax-

If the second assertion of the corollary would not hold, there would be a sequence of times
tn T tmax such that ||w(t,)||x < C for all n. Then, by solving a problem with the initial value
w(t,), with ¢, sufficiently close to ty.x, we would extend the solution up to a certain time
tn + 7(||w(ty)]|x) > tmax. This construction would contradict our definition of .

The uniqueness of the mild solution follows by arguments analogous to those in the proof of
Thm. 6.1.4 in [26]. 0
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Remark 7.3.3 Note that the last statement in the thesis of the Corollary 7.5.1 differs from
the standard setting (cf. Thm. 6.1.4 in [26]). For tma < 0o we conclude the ‘explosion’ of
w(t), t = tmee in X and not only in Y;. This is due to the parabolic regularization of the

problem (7.24).

Observe that an analogous result holds by substituting the space X with X; and Y7 with
Yr.

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:

Theorem 7.4.1 Let wy € X satisfy for some w € [0, 1)

H/wo(x—ﬁ(t)v,v)dv < ORI, Yie(0,T], ¥T>0,  (B)

LS/5(IRY)

with 9(t) = keTgm for 3 >0, and ¥(t) =t for 3 = 0. Then the WPFP equation (7.24)
admits a unique global-in-time mild solution w € Y, VO < T < oo.

In order to prove that tm,, = oo , we have to show that ||w(t)|/x is finite for all ¢ > 0
(cf. Corollary 7.3.1). To this end, we shall derive a-priori estimates for ||w()||2, |||v][*w(t)||2.
Thus, the proof of Thm. 7.4.1 will be a consequence of a series of Lemmata, in particular of
Lemma 7.4.1 and Lemma 7.4.4.

In case we want to prove the analogous result in }7;, under the additional assumption |z|*wy €
L?, we have just to obtain an a priori bound for |||z|?w(t)|]> as well. To that aim we will
prove Lemma 7.4.5.

In the sequel, w(t) denotes the unique mild solution for 0 < ¢ < T, for an arbitrary 0 < T <

tma.X'
Lemma 7.4.1 For all wy € X, the mild solution of the WPFP equation (7.24) satisfies

@)l < e flwoll3, VYt e[0T (7.40)

PRrROOF. Roughly speaking, this follows from the dissipativity of the operator A — % in
L*(R®) (cf. (7.2)) 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 < tyax, Prop. 5.2.2 shows that the function f(¢) :=
O[VIw(t)|Jw(t), t € (0, tmay) is well defined and it is in C((0, tmax); X) N L ((0,7); X), VO <
T < tmax-

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

%y(t) _ A+ f1), te[0,T],  yt=0) = wye X. (7.41)
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Its mild solution in [0,7] is the function w, due to the uniqueness of the mild solution
of problem (7.24). For this linear problem, we can apply Thm. 4.2.7 of [26]: The mild
solution w is the uniform limit (on [0,7]) of classical solutions of problem (7.41). More
precisely, there is a sequence {wf},ew C D(A), wif — wp in X, and a sequence {f,(t)} C
CH[0,T); X), fn(t) — f(t) in L'((0,T); X). And the classical solutions y,, € C}([0,T]; X) of
the corresponding problems

d

Eyn(t) = Zyn(w + fn(t)7 te [0>T]a yn(t = 0) = wg» (742)

converge in C([0,T]; X) to the solution w of problem (7.41).

We shall need these approximating classical solutions ¥, in order to justify the derivation of
the a-priori estimate: Multiplying both sides of (7.42) by y,(¢) and integrating yields

< =
3@ < D@+ [ 05,0 do o

since the operator A — ? is dissipative in L?(IR®) (cf. (7.2)). By integrating in ¢ and letting
n — oo, we have

|w(t)]a < ]|w0\|2+36/|]w HQdS—{—Q/// s)dxdvds, Ytel0,T].

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

@)l < e |lwoll3, Ve lo,T]. (7.43)

|

In order to recover similar estimates for |||v[*w(#)||2, and in case for |||x|?w(t)||2, we first need
a-priori bounds for the self-consistent field £ = VV. To this end, we are going to exploit
dispersive effects of the free streaming operator. We shall adapt to the Wigner-Poisson-
Fokker-Planck problem the strategies introduced for the Wigner-Poisson case in Section 4.3,
inspired by the (classical) Vlasov-Poisson problem ([21, 27]) and the Vlasov-Poisson-Fokker-
Planck problem ([8, 9, 16]).

7.4.1 A-priori estimates for the electric field: the WPFP case

According to Corollary 7.3.1, the mild solution of the WPFP problem satisfies for all t € [0, T
(0 <T < tmax)

w(z,v,t) // (t,x,v,x0, vo)wo (o, Vo) drgy dvg
+///G(s,:v,v,xo,vg)(@[V]w)(a:O,vo,t — 8) dxgdvgds
0

with the Green’s function G from (7.21). According to [29] we have

/ G(t,x,v,z0,v0)dv = R(t) 3PN <x — Xo — 79(15)1@) |
IRS

R(t)
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N(z) = (2n) 3 exp (—@) : (7.44)
1—e Pt
I(t) = 3 = O(t), fort—0, (7.45)
4e Pt — 728t 1 2Bt — 3 e Pty Bt —1
R(t) = 2at+o [ 7 } + 4y [T} = O(t), fort—0.

(7.46)

By exploiting the redefinition (4.33) of the pseudo-differential operator, we obtain the fol-
lowing expression for the density nfw]

nfw|(xz,t) = /]R?)w(x,v,t) dv
= ﬁ//]\/’ <x — xO}; g(t)%) wo (g, vo) dxo dug
/ 5)3/2// <x — Tt )(S)U()) divy, (T[Va V]w) (2o, vo, t — s) dxg dvg ds
_ W //N <%) wo(o — 9(E)vo, vo) dao dvg

P o(s) x — x9 — U(8)vg
+/0 W/ (V.N) < ) (C[V V]w) (z9, vo, t — s) dxo dvg ds

VR(s)
= no(z,t) +ni(x,t),
where

i

no(z,t) = R(t1)3/2N< R(t)>*x nd(x,t), with nd(xt):= /wo(x—ﬁ(t)v,v)dv,

ni(z,t) = /Ot R1(9S§/2 N (%) kg divz/<F[VxV]w> (x —I(s)v,v,t — s)dvds. (7.47)

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

= Y no(z,t) = ! : s, B (x
Eo(z,t) = )\I e o(z,t) R(t)3/2N<\/m> LB (x,t), (7.48)
with  E(r,t) = )\|93|3 s, 0o (2,1),
Ei(z,t) = A— ’ sk Ny (2, 1). (7.49)

jf*

Remark 7.4.1 (The density) Note that the splitting of the density (and of the electric
field) is the same as in [8, 9, 16]: analogously, in the WPFP case the two components of the
decomposition (ng,n1, as well as Ey, F1) are smoothed versions (in fact, convolutions with a
Gaussian) of those appearing in the WP case (cf. Section 4.3). Actually, the density nf(z,t)
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(which is convoluted with the Gaussian to give ng) already differs from the corresponding
term in the WP case because the shift contains the function 9, which is due to friction (and
analogously for EY (z,t).

From Lemma 4.3.3 we directly get

sy S OV P PIBE=s)ajut=9)l2, Yt 25> 0.
(7.50)

| @810 =), v.-5) o

Remark 7.4.2 (The density (cont.)) In spite of the convolution with the Gaussian in its
definition, we cannot derive any estimates for the density; precisely, the problematic term
is ny. Indeed, in order to estimate ||nq(.,t)||s from its definition (7.47), the use of (7.50),
together with the L'-norm of (V. N)(z/+/R(s)) does not give an integrable function of s.

To derive an L?-estimate on the field we shall proceed as in the WP case (Lemma 4.3.4,
Proposition 4.3.1).

Lemma 7.4.2 Let w be the mild solution of the WPFP equation (7.24) and let wy € X
satisfy (B) for some w € [0,1). For any fized T' > 0 the electric field then satisfies V,V €

VTM% and the following estimates hold:

_ 3(»=2)
1. for2<p<6,0= ’;p

IE@)ll, < C(D)llwollfllng ()l s/s = O“=), Wt e (0,T]; (7.51)

IE: ()]l < c(T,Hwouz, s%pﬂ{ﬁ(s)ww|n3<s>\|m}) 57 Vte (0,7). (7.52)
se(0,

PRrROOF. The estimate for || Ey()||,, p € [2,6] is obtained by applying first the generalized
Young inequality and then the Young inequality to the expression (7.48)

IEo@)ll, < C‘ R(tl)g/QN<\/%> 2 1 (7, )
1 x
R(t)3/2N< R(t))

. 3p
= Cnd®)|lq, th ¢= —— €[6/5,2].
Ing()llg,  with ¢ " [6/5, 2]

q

IN

C

||7’Lg(l’, t)Hq

1

Next we interpolate nf between L? and L%°, use (7.2) and the dissipativity of the operator
—v-V, — 2 in X (cf. Lemma 7.2.1):

Ing(llg < Cllwo(x = I()v, )5 Ing ()llgs
3 _
< C el llng ()55
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with § = g — 3. Hence
q
IEo(t)l, < C(T)|Jwoll%Ind (£) 1o/

We rewrite the function Fi(x,t) as

_ —3ajxy + dpla*  [*D(s) TN Rt s ds
(Ey);( = )\Z o ’”/o R(5)3/2N<\/m> 2 Fu(x,t,s)ds, (7.53)

with  Fy(x,t,s) = /(Fk[Eo + Ej|w) (z — J(s)v,v,t — s) dv,

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

B ()] < 0/19 ‘ 7 ( ;@) . F(z,t,5) st
< 0/19 ‘ SETE ( R(s)) (x,t,8)|2ds
< cpw, [ IR EIB0=0k g,

where the last inequality follows from (7.50) and the L?-a-priori estimate on the solution w
(cf. Lemma 7.4.1). By applying the estimate (7.51) to ||Eo(t)||2, we get

[EL(B)]l2 < C(T)l[wolls (tGS(l[l)PT] {ﬁ(t)“’llng(t)llmw}/oﬁ(S)_éﬁ(t—S)_“’ds

B =),
+/0 NGO d ) (7.54)

where the function 9J(s) = O(s) as s — 0. Thus the integrals are finite.
To establish a solution of (7.53) we introduce the fixed point map

(ME);(z,t) = )\Z 393]931;;';%!93\ Ny
¢ ’19(8) x
o R(s)3? N ( R(s)) kg /(Fk [Eo + Elw) (z — 9(s)v,v,t — s) dvds.

By using 0 < 2 t < 9Y(t),Vt € (0,T] and (7.54), a simple fixed point argument as in the
proof of Lemmma 4.3.4 with the contractivity estimate:

n n | T ' et w2l (3 —w) 1 ~
|M"E(t)—M ()H2 (G m“wo\b) 2 m SSEPTKS 2| E(s) —E(S)Hz)

shows that the linear equation (7.53) has a unique solution FE; € VTw . Hence V,V =
Ey + Ey € V1 and Gronwall’s Lemma then yields estimate (7.52). 0

*
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Remark 7.4.3 For the derivation of the a-priori bound on ||E||2, we proceed analogously
to the WP case: accordingly, we did not use any moments of w (neither in x nor v), nor
pseudo-conformal laws (cf. [8, 9, 27, 16] for the classical analogue, i.e. VPFP). Moreover,
the convolution with the Gaussian did not play a role there; the estimate (7.52) relies just
on the dispersive effect of the free-streaming operator. The parabolic reqularization will be
exploited in the “post-processing” Proposition 7.4.1.

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 F to a range of LP-norms:

Proposition 7.4.1 Let w be the mild solution of the WPFP equation (7.24) and let wy € L?
satisfy (B) for some w € [0,1) and ||w(t)|l2 = ||woll2. Then, we have for any fixed T > 0,
for allp € [2,6):

1B < C <T,uwoug, sgp]{79<s>wun3<s>um}> B vie (0.7) (755)
se(0,T

PROOF. We shall estimate E(t) (cf. (7.53)) by using classical properties of the convolution
by the kernel - and the following

()

VB[ ()| oy < C / o(s)

— CR(s)%, V1< q<o0. (7.56)

q
Namely,

ds
LP(IR3)

1 x
WN (ﬂ) X F(l’,t, S)
'R(s)% >
< O —F——
o V()

where the latter inequality is the Young one with 1+ 1/p = 1/¢+ 1/2 (thus, p > 2) and for
the L?-norm we have used Lemma 4.3.3. Then, by applying Lemma 7.4.2 and the assumed
conservation of the L2-norm, we get

(1Bt = 9)ll2 + 1 Er L]t = )2 w(t = 5)ll2 ds,

B [w] ()| o msy < C(T7 sup, {ﬁ(S)ang(S)HLe/s},|!onL2(1RG)>-
se(0,

(NI

['R(s)%"
0 \/Y(s)

Since ¥(t) = O(t), R(t) = O(t) for t — 0 (cf. (7.45), (7.46)), the last integral is finite for
all t > 0 and for 3/(2¢) —2 > —1 & 3/(2p) —5/4 > —1 & p < 6. In fact the integral is

O(t5 1), .

(19(75 —5) Y4 (t— s)%_w> ds

Remark 7.4.4 Proposition 7.4.1 provides a non-trivial interval of LP-estimates for the elec-
tric field in the WPFP case. This is due to the reqularizing 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 LP-estimates for the WPFP equation is smaller in compari-
son to the counterpart VPFP and that depends again on the non-negativity of the classical
distribution function.
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Remark 7.4.5 We observe that the assumption “Let w be the mild solution of the WPFP
equation (7.24) with wy € L? and ||w(t)||2 = ||woll2” could be substituted by “Let wy € X and
w(t) be the mild solution of the WPFP equation (7.24)”, which ezists by Corollary 7.3.1, for
allt € [0,T) and satisfies (7.40). However, we want to stress that, analogously to Prop. 4.3.1
for the WP case (cf. Remark 4.5.4, as well), no weighted L*-norm, or equivalently, no in-
formation about the density n, is necessary for the estimate for the electric field Ey to be
proved, once the existence of a mild solution in L?, which satisfies (7.40) is assumed.

The assessment of the global-in-time well-posedness result for the WPEP problem in L*, un-
der the assumption wy € L? satisfying (B) is currently in progress.

7.4.2 A-priori estimates for the weighted L?>-norms
A first consequence of the a-priori estimates for the electric field is the following

Lemma 7.4.3 For all wy € X such that (B) holds for some w € [0,1), the mild solution of
the WPEP equation (7.24) satisfies

low®]3 < C<T lwollx, sup. {19 ||n3(8)||m/5}>, vt e [0,T]. (7.57)

s€(0,T

PRrOOF. In order to justify the derivation of this a-priori estimate we need again the ap-
proximating classical solutions y,, introduced in the proof of Lemma 7.4.1. Mutiplying both
sides of (7.42) by v?y,(t) and integrating yields

1d
thHUzyn ||2 //vyn Ayn dxdv—l—//vyn ) fu(t) dx do.

By analogous calculations as in the proof of Lemma 7.2.1 (cf. also (7.4)) we get,

J 1ol oo < 3o+ Slown o1

and hence

1d

55l @ < 3l + 5 lewn@I3+ [ [Pyl a0 dodo, e 0.1)

By integrating in ¢, letting n — oo, and using (7.40), we have

20 !
low@®lz < [lvwollz + ?( e — 1) [Jwoll3 +5/OHW(S)H§dS
+2// lv[2w(s)f(s)drdvds, Ytel[0,T].

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

yields
/Ot//viw(s)vif(s) drdvds = %/Ot//viw(s)ﬁ[@‘V[w(s)]]w(s) du do ds

1 t
. /0 lvi(s)l2 1900V o (s)]Jew(s) | ds,

IA
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with the operator € defined in (7.11). Estimating as in (7.13) and using the Sobolev in-
equality we obtain for ¢ € [0, T]:

1200V Iw®)]Jw®)l 2@rexrgy < ClIEV WD) L2rs xwrs)
< CloVIw®sll @) o rs; o rs))
< CloaVIiwONllsl Vo (Ol 20r2 xms)
< ClaVw®)]llsllow@)]l2, (7.58)

where w(x,n,t) .= Fy_y(w(z,v,t)). Finally, using estimates (7.51),(7.55) with p = 3 yields
lw®l; < C(T) (lowolls + [lwoll) + € (T, [[wollx, sup, {ﬁ(S)ang(S)Hm/s})
t
/ (s’% +sTTE 4 ﬁ) |lvw(s)|3ds, te€[0,T], (7.59)
0
and the Gronwall Lemma gives the result. 0

With this result we can proceed to derive the a-priori estimate for |||v|?w(t)]|2.

Lemma 7.4.4 For all wy € X such that (B) holds for some w € [0,1), the mild solution of
the WPEP equation (7.24) satisfies

loPw®llz < C<T [[wollx, o {9(s)“lIn (s )”L6/5}>7 vt el[0,T]. (7.60)

PROOF. In order to control the term |||v|*w(t)||2, we shall use the same strategy as in the
Lemmata 7.4.1 and 7.4.3. Multiplying both sides of (7.42) by v}y, (t) and integrating we get
by using (7.4) and repeating the same limit procedure as in the previous lemma:

MZ [[etwteyawae < solutols+ (30——5)2 [[ st s

+Z// tydedv, Ytel0,T).

By integrating in ¢, using C|v|* < >" o} < Cy|v[* and (7.40), we have

6 t
S = Dl + (60— 5) / ol (s)|3 ds

+2Z///v w( dxdvds) , Vtelo,T]. (7.61)

Using again the skew-symmetry of the pseudo-differential operator ©, the equation (7.10)
and the Holder inequality, we have

[ [ utrisorais < 1 [tk 106 Via@loe)ds

+/0Hv?w(8)|!2HQ[&V[U}(S)wa(S)Hz ds.  (7.62)

lPw®l; < € <|I [o[*wol[3 +
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Since w(z, ., t) € H*(IR}), the Gagliardo-Nirenberg inequality yields for ¢ € [0, 7]

N N 1/2 o 1/2
[, )l ey < Cllde, . ) o) 0w, . )]s,
—~ 1/2 o 1/2
< Claow, . Ol e IoPwl, . 0l s (7.63)

Using
1/2
IAVIo@Il, = Infw@®]l, = Cllit,n=0,0llmms) < O( /||w<x,.,t>||imm;)dx) ,
(7.63), the Hélder inequality, and (7.57) we can estimate:
2
jozviuellele < CIAVIL®Il( [l O~y da:)

< ¢ [l ) da

< ¢ [Igta, Ol Ptz . Oz do

< c(T,Hwoux, s {?9(8)“’||n69(5)||m/5}> o)z (7.64)

se(0,

For the second term of the r.h.s. of (7.62) we proceed as in (7.58) and use the estimates
(7.51), (7.55):

120V [w®)lJviw@ll2 < CllOV [w(®)]llsl[viw ()] L2 ms;zo (r3))

< C(T, Juoll. sup. {ﬁ(s)wnna?(s)nm/s}) (£7% +653) [foPw®), vVt e o.7)
se(0,

(7.65)
Analogously to (7.59), combining the estimates (7.62), (7.64) and (7.65) the Gronwall Lemma
gives the assertion. O

Finally, we can obtain an a-priori estimate for the term |||z|?w(t)||-

Lemma 7.4.5 For all wy € Xy such that (B) holds for some w € [0,1), the mild solution
of the WPFP equation (7.24) satisfies

llzPw®]z < C<T [wollx, S {9(s)“lIng (s )||L6/5}>7 vt e[0,T]. (7.66)

PROOF. To control |||z]*w(t)||2, we shall use again the strategy of the Lemmata 7.4.1, 7.4.3
and 7.4.4. We multiply both sides of equation (7.42) by z}y,(t), integrate and get by using
(7.3) and repeating the same limit procedure as in the lemmata above:

1d . . /3 3 3 e
- — ; < _ et 1
th;//mzw(t) dedv < 9a|w(t)]; + (2 + 2ﬁ+3a> E //mzw(t) dx dv

4= Z// dxdv—l—Z//xw t) dx dv,
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YVt € [0, T]. Due to the skew-symmetry of © the last integral disappears. Then, by integrating
in ¢, using C |z|* < > 2} < Cy|z|* and (7.40), we have

t t
llzPw@®]; < C(T)<|H$|2on§+\|wO||§+/O x[*w(s)]3 ds +/0 Hl"Ule(S)H%dS)- (7.67)
Using the a-priori estimate (7.60) and the Gronwall Lemma we obtain (7.66). 0

PrROOF OF THEOREM 7.4.1.
The Lemmata 7.4.1, 7.4.4 and 7.4.5 show that

|lw(t)||lx < C’<T, llwol| x, st] {19(3)“’|]ng(3)|]L6/5}> , Vtel0,T], VY0<T < tmax,
se(0,T

with C' being continuous in 7' € [0, tyax]. Then, Corollary 7.3.1 shows that the mild solution
w exists on [0, 00). 0

In conclusion, it holds as well

Theorem 7.4.2 Let wy € X, satisfy for some w € [0,1)

< CpI(t)™, Yte(0,T], VT >0, (B)

H/wo(x — J(t)v,v) dv’

LS/5(IRS)

with 9(t) = PQTJM for 3 >0, and ¥(t) =t for 3 = 0. Then the WPFP equation (7.24)

admits a unique global-in-time mild solution w € 17;, Vo< T < 0.

7.4.3 Regularity

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

Corollary 7.4.1 Under the assumptions of Theorem 7.4.1, the mild solution of the WPFP
equation (7.24) satisfies
w € C((0,00); C5(R)),

n(t), B(t) € C((0,00); Cg'(IR?)).

PROOF. Obviously, w(t) € C(IR®) Vt > 0, because of the Green’s function representation in
(7.39), (7.20). If we differentiate equation (7.24) with respect to z; and, resp., v;, we obtain
the following linear, inhomogeneous problems for any fixed ¢; > 0.

alt) = Ax()+ OV (]w®) + OV Iw®])=(), ¥i>h, z(h)=dnu(t) € X,

ye(t) = Ay(t) + By(t) — O, w(t) + OVI[w®)]y(t), Vi>t, ylt)=0yw(t) e X.
By arguments analogous to Lemma 7.3.1, there exists a unique mild solution

2 = Op,w € C([t1,00); H'(IR®; (1 + |[v]*)? dx dv)). (7.68)
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By an induction procedure, the derivatives VoV5w, for o, 3 € IN*) |a| + 8] = m > 1
are also mild solutions of similar problems with additional well-defined inhomogeneities and
with initial times 0 < t; < t; < ... < t,,. This yields VeV?%w € C([t,,, o00); H* (R (1 +
[v]2)? dx dv)), and thus VoVAw € C((0,00); X). Hence, the statement about smoothness of
the density and the electric field is straightforward from Eq.(7.2) and 7.2.1 and Sobolev
embeddings.

7.5 Appendix

The Proofs are the same as in Ref. [4]. They can be easily adapted to the “simpler” case in
which the state space is X, by omitting the parts relative to the z-weight.

Proof of Lemma 7.2.1

For u € D(A) we have

3 3
< Au,u>x, = < Au,u > pags) +Z//xf‘uAu + Z//vfu/lu, (7.1)
i=1 i=1

where [[f denotes the integral [ps [psf(z,v)dvdz. Using integrations by parts we shall
calculate the three terms on the right hand side separately.

3
< Au,u >p2pey = Z (—//viumiu + ﬁ//(viu)viu
i=1
e e s )

3

o o+ ffuscno fft

1

(] “i; Jfe) e ffe)

3
= 580l + (2= o) 19,ull + (e = o) [Vl

IN

With € = < we obtain
3 2
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Next we estimate the second term of (7.1):

ZZ:://xquu = 2 1( //x U]uxju—i-ﬂ// (vju)
+U//£C4uvvu+2’}///$ umu+a//xfuszju>

< i: E [t [t 45 [[atounu—o [[ate

+7(//xluz + //xfu%g)—a//fo?gj—%a//xf’uzu]

ZI: (2//:6?1]1-112 + gﬁ /xqu + 6a//xfu2) ,

where we chose € = 1 in the last step. With an interpolation inequality this yields

3 3 3
3 3 1
4 2 4,2 4,2
ZEZl//xiuAu < 9al|ul|5 + (5 + §ﬁ+ 3a> ;:1 //mzu + 3 ;:1 //viu

We proceed similarly for the third term of (7.1):

;//vfu/lu = 2 1( //v v]uxju+ﬁ// (vju

+cr//v4uv]vju + 27//1) Ugs o, U+ oz//vfuxjxju>

3 1{5 /U4u2+5 /U oyt u //Uglugj

—ga//v uvlu+7<//vlux + //v >—o¢//vfuij}
; (—%ﬁ//@qu + 60//@?13)

< 9o||ul|3 + (—%ﬁ+30> g//vaQ,

by choosing € = 1 and by an interpolation.

IA

IA

IN

Collecting the three estimates yields

< Au,u >x, < (gﬁ+9a+90) [Jull3
3 3 °
; (5 " §ﬁ+3a) > JES
1 3
(L) 3 e

3 3
< (5 + iﬁ + 9a + 90) ||u||§~(
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Thus, the operator A — k11 is dissipative in X;. 0

Proof of Lemma 7.2.3

To prove the assertion we shall construct for each f € D(P) C L%(IR®) a sequence {f,} C
D(P) such that f,, — f in the graph norm

LAl = 112 + M= fllze + Mo Fllze + 1P Fllze + M2l Pfllzz + (o Pl

To shorten the proof we shall consider here only the case
P=0+wvw -V,+pux-V,+ pv-V,+al, +cA, +~div,V,

(cf. the definition of the operator A in (7.14)), 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) == np(nz, nv), neN, z,ve R
where
¢ € CF(R%),  ¢(z,v) 20,
// ¢(z,v)drdv =1, and supp¢ C {|z|* + |v|* < 1}.
By definition we have the following properties:
(I) ¢n — & in D'(R®),
1) 10,60, 10,0, — 0in D'(R®), i = 1,2,3,

(II) (e, v)aa&v) [(z,0)7¢n(z,v)] — 0 in D'(IR®), with a, 3,7 € INJ multi-indexes
and || > 0, since (z,v)7¢, — 0 in D'(IR°).

The cutoff sequence is

Uz, v) ::w(|(x,v)|), neN, z,veR3,

n
where 1) satisfies
VeOFR), 0<u(z) <1, suppd C [L1], Wlyy =1

and '
W (2)| <0, VzeER, j=1,2.

The sequence 1, has the following properties:

(IV) 4, — 1 pointwise,

(V) (z, U)aﬁ(ﬁx v)¢n(x, v) = %(x’”)a(m’”)ﬁgb’ <|(x’v)|> , with a, 3 € IN§,

|(z,0)] n

la| = |5 = 1, are supported in the annulus
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supp (0 (1220)) = {(z,0) [ n/2 < |(z,0)| <n} = Vi,
and they are in L>®(IR®), uniformly in n € IN.
(VI) ndg, ,yn(z,v) = ffxvv v ( mv)') , with a € IN§, |a| =1,

are uniformly bounded in L>®(IR®).

(VII) 07, n(w,v) = nJ;’LﬂW”( “)') + <n2|é,v>| nsf;’i,a”s)zb’('(“ )

with |a| = 2 have support on V,, and converge uniformly to 0 in L>(IR®).

We now define the approximating sequence

fn(x>v) = (f * qbn)(x,v) ’ ¢n(x7v)> n € NN,

where ‘*’ denotes the convolution in = and v.
By construction we have f, € C3°(IR%) = D(P).

Since we can split our operator as

7
P = [g + 100y, + 130y, + B0y, + a0 + 002 + 70,0y,

ﬁ('%ia (%% axia avi)a

M- 11+

1

.
Il

we shall in the sequel only consider
P - ﬁ(y,z,ﬁy,az), y,z €R

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

11l = £z + Ml fllze + Mol fllze + 1P Fllze + Wl PFllze + [oPP £z

According to the 6 terms of the graph norm we split the proof into 6 steps:
Step 1: By applying (P1) and (P4), we have

fo— f in L*(RO).

Step 2: For the second term of the graph norm we write

T3 [ = (@7 f % ) + 2(@if * 2 )Un + (f * 2700 )Uon.

The first summand converges to z2f in L?(IR®) and both the second and the third terms
converge to 0 by (III), since also z; f belongs to L?*(IR®) by interpolation.

Step 3: For the third term of the graph norm the same argument as in previous step can
be used. Hence we have
fo—f in X.
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Step 4: To prove that Pf, — Pf in L*(IR%) we write:

Pf, = g(f * On)Un + V(2 fy % Gn)n + (Y fz * Gn)ton + B(2f2 % n)thn

+~04(fyy * ¢n)¢n + J(fzz * ¢n)¢n + V(fyz * ¢n)¢n + rvlz(y’ Z)

As we shall show, all thirteen terms of the remainder

Trlz = V([ % 0y(20n))n + V([ * 60) 20,00 + p(f * yO.n) o
+,u(f * (bn)yazwn + 6(f * aZ<Z¢n))wn + 6(f * ¢n))zaz¢n

$20(7 % (10,600 (D, 60) + A f % 6,)) (@) + 20(f % 06 ndes,

S #0000+ 1 * (L0000 +1(F # (20,6,0) (0.5
+y(f * ¢n)ayazwn

converge to 0 in L?(IR%).
The first, the third and the fifth terms converge to 0 in L?(IR®) by (III).
In the second, fourth and the sixth terms, exploiting (V) we have

1Cf o &) (20y0n )|l L2(re) < ClIf * dn = fllzovy + 1 fllz2vy = 0, (7.5)

because || f||z2rsy = | fllL2(B, 2000 + 2peo 1 fllz2v,)-
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 5: To prove that |z[>Pf, — |z|*Pf in L*(IR®) we write:

~ 0
TiPfu = (@S On)n + v(lzfy x dn)ton + (@Y Lo dn)tn + Bl f  Gn)iin

+a(w?fyy * an)qvbn + O-(I?fzz * ¢n)¢n + W(ﬁfyz * an)qu)n + Ti(?/v Z)
= (wfpf * O ) + Tr21<y7 z).
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The remainder 72 can be split in the following way (y = z;, 2 = v;):

2 0

Ty = 20022 f % 0y (i) JWu — 20055 (2 f * 2in)n + v(2f % Oy (7 60))0n
+ (@7 f % 20,00)n + 20(2i f * 2:20,00) 00 + V(f * 27 20,00)n
F (X7 f * b)) 20,00 + 20(Tif * Tihn) 20,0 + V(f * 22 D) 20,0
o = 20(zy f % 0x(2i00) ) A (Y f * 0x(270n))n + (@ f % Y0260 )tbn
+2p1(i f # wyOzfn)n + p(f * 27Y0:0n)thn + ] f + Pyt
+2N<xif * xqun)yazl/}n + M(f * xz2¢n)yaz1/}n
rhs = 20(xizf * 20:00)n — 28(xif * Tidn)Un + B(2f * 27000100 — B(f * 27 n)hn
B f % Gn) 2000 + 28(wif * Tin) 2020 + B(f * 27 Pn) 202000
o = 20(xif % 05 (win))thn — 48 (f * 0y (i) )on + l f * Oy (27¢n))1bn

2

+H2a(x? f * %@/qbn)n&ywn + da(z; f * %aygzﬁn)n@ywn +2a(f % D )0y,
e = 20(nf #nid0,) b0 + o] 22026, + 20(52 5 2 0200000,

o (0sf + 0.0,n0.0 1 2017 « L0.00m0.0 + 002 % 0)020,

+20(2i f * 2i00) 0200 + o (f * 270,) 020y
o= 2y(xif * 0y (2:0.00) )0 — 290i;(f * 20:00)0n + Y(f * 0,0.(27n) )hn

1 ZT; xf
2

1 ) :

By the properties (I)-(VII) and estimate like (7.5), it can be easily seen that each term
converges to 0 in L?(IRP).

Step 6: In analogy to |z|2Pf,, the sequence |v|2?Pf can be split as
vizpfn = (U?pf * ¢n)wn + ri(y, Z)'

Due to the symmetry of the operator P in z and v, the terms of the remainder r3 can be
obtained from r? by interchanging y and z (and changing the coefficients), except for the
following term

U820, ((f * ¢n)tbn)] = B07zfe* du)tn + 1755,

where

g = 28(vizf * 0:(vidn)) o — 2B(1+ 8;5) (vif * vin )b + B(2f % 0:(vi ) ¥on
—B(f * U?Qﬁn)@bn + ﬂ(vff * 0, (20n) )0 + 2B(vi f * 0;0:(26,) )0
+6(f * U332(2¢n))¢n + 5(Uz2f * ) 20500 + 2B(vi f * 0in) 20,1y,
+B(f v dn)20:1n
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converges to 0 in L?(IR®), since (I)-(VII) and (7.5) can be used.

Proof of Proposition 7.3.1

First, we shall prove the following estimates on the derivatives of the Green’s function (7.21):

|\V,G(t, z,v,x0,v0)| < b Vi . Vit <ty, (7.6)
G,5,5, 5 %)
\V.G(t,x,v,20,v9)] < b Ny . Vi<t (7.7)

with b = b(«,v,0),te = to(e, 3,0,7),0 = b (a,v,0) and t; = t1(«, 3, 0,7). The v-derivative
of G is given by

(u(t)eﬁt - QV(t)EBtT_1> (x — eB;_lv — 1)
f(t)

VUG(t,LU,U,ZE(),U()) = G(t7l',1),$0,'00) -

<2A(t)eﬁt - M(t)e‘“T—l) (€% — vp)

— ) 7.8
70 (75)

For all real a,b, ¢ > 0 such that ¢/y/a < b\/2_e, one easily verifies that
clz] < be™’ VzeIR® (7.9)

Since a, 0 > 0, we have for ¢ > 0 small enough

In order to apply the estimate (7.9) to the two terms inside the squared bracket in (7.8) we
shall use for ¢ small:

B
" b |u(t)e? — 2v(t) = 2
_ = T ~ S bl \/2_67
Vai 3 V(1) —n(t) V3(ao — %) (o +7)
4 f®)

with by = v/+/3(ac — 2)(o + 7). Similarly,

ML IN()ePt — pu(t) L
2

c2 [ B o < b /—267

N 3 AB)—5u(t) V3ao =) (a+7)
4 f()

with by = a/+/3(ac —¥2)(a + 7). Then, there exists some ¢y > 0 such that, for all ¢ < to,
the two inequalities can be combined with b = max{by, b2} to give

(u(t)eﬂt — 2V(t)emT’1> (:c - emﬂ’lv — xo) + (2)\(t)ef3t — u(t)emT’l> (eP'v — 1)
f(t)

Vit <
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Vi { el —1 ePt — ‘ elt—1
< —— et — 2u(t T — v —zo| + |2X(#) e — u(t eﬁtv—v}
D) f(t) (t) 3 3 0 (t)e™ — u(t) | o
r . 2
(v(t) — (1)) ‘:1: — eﬁﬁ’lv — x| + (A(t) — 3u(t)) |¢v — U0‘2
< bexp\ 1
3f(t)
\
( t 2 t
v(t) ‘x — eﬁﬂ’lv — 1:0’ + A(t) |t — UQ‘Q + u(t) (x — eﬁﬁ’lv — xo) - (v — vp)
< bexp
sf(1)
\
Hence,

G(t,z,v, 0, V)
Vit
i + A(t) |eﬁtv — v0]2 + () <a: — eﬁtﬁ—lv — x0> . (eﬁtv — Uo)
f(t)

|V,G(t, z,v,20,00)] < b

v(t) |z — emT_lv—xo

3
X exp Z

and the decay (7.6) follows by comparison with (7.21).

Next we consider the z-derivative of the Green’s function,

ePt_1) Bt
2w(t)(z — o — 20) 4 p(t) (v — vg)
V.G(t,x,v,x0,v9) = G(t,x,v,20,09) |— A

f(t)
Analogously, the decay (7.7) follows by exploiting that for ¢ small enough
M ~ 20 < bfl \/%’
%V(t);(tg)u(t) V3(ao — %) (o +7)
Al ” -
%/\(t)f—(t%)u(t) V3(ao =) (a+7) ’

with appropriate V) («a,y, o), bs(a, 7y, o).

Since

€tzwo($7v) = //G(t7xav7x07'00)w0(x07UO) dxq dvy,

we have

|Vvetzw0(x,v)| < / \V.G(t, z,v, x0,v0)| |wo(zo,v0)| dzo dvg
< bt_1/2 //G (ta ga ga %7 %) |'LUO(ZL'0,?}0)| dx() dUO

— 64bt1/? //G(t,i,ﬁ,:ﬁo,ﬁo)\wo@fo, 20| diy di

= 64bt~ 2 (7,7), Vi< to. (7.10)
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Here we used the decay (7.6), and we put 2 = 3, o = § and @
The assertion (7.22) follows directly by applying the estimate (7.19) t
T() = min{to, tl}

The estimate (7.23) can be obtained analogously.

o(5.7) = fun(27,20)|.
0 (7.10) and choosing
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