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Abstract

The Wigner-Fokker-Planck equation is a parabolic (in some cases degenerate
parabolic) partial differential equation. It describes the time evolution in phase
space of an ensemble of quantum particles under the influence of an exterior
potential and interacting with a heat bath of harmonic oscillators in thermal
equilibrium.

In this work, we study the existence and the regularity of the solution of this
equation for different exterior potentials: in Chapter 2 for a harmonic oscillator
potential and in Chapter 3 for a harmonic oscillator potential with a bounded
perturbation. In the first case, we show that the solution is smooth. In the
second case, the solution is also smooth under assumptions on the regularity of
the perturbation.

To this end we use two approaches: on the one hand, the existence and the
analyticity of the strongly continuous semigroup that solves the equation; on
the other hand, the estimation of the norm of the derivatives of the solution.

Die Wigner-Fokker-Planck Gleichung ist eine parabolische (in bestimmten
Fillen degeneriert parabolische) partielle Differentialgleichung. Sie beschreibt
die zeitliche Entwicklung im Phasenraum eines Ensembles von quantenmechani-
schen Teilchen unter dem Einfluss eines &ufleren Potentials und eines Hitzebades
von harmonischen Oszillatoren im thermischen Gleichgewicht.

In dieser Arbeit studieren wir die Existenz und die Regularitit der Losungen
dieser Gleichung mit verschiedenen dufleren Potentialen: In Kapitel 2 mit einem
harmonischen Oszillator-Potential und in Kapitel 3 mit einem harmonischen
Oszillator-Potential mit einer beschrankten Storung. Im ersten Fall zeigen wir,
dass die Losung glatt ist. Auch im zweiten Fall ist die Losung glatt unter der
Annahme, dass die Stérung glatt genug ist.

Dazu verwenden wir zwei Vorgangsweisen: Einerseits die Existenz und Ana-
lytizitdt der stark stetigen Halbgruppe, die die Gleichung 16st; andererseits die
Abschitzung der Norm der Ableitungen der Losung.
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Chapter 1

The WFP equation and its
physical meaning

1.1 The Wigner pseudo distributions

The quantum physical state of a statistical ensemble of particles can be de-
scribed by a real-valued function of the phase-space R% x R?, called Wigner
quasiprobability distribution or Wigner function, first introduced by Wigner in
[Wig32]. They will be written in this paper w : R2¢ — R.

In the previous paragraph, and in the whole paper, d denotes the dimension
of the considered system. Typically, d = 3.

This function can be considered as the quantum physical equivalent of the
classical phase-space distribution f : R?¢ — R™ in statistical physics. But, un-
like classical particles, quantum particles don’t have simultaneously precise po-
sitions and velocities (Heisenberg principle), and therefore the Wigner function
w(x,v) doesn’t describe locally the expected number of particles with position
z and velocity v, and can take negative values. The Wigner function can be
seen as a probability distribution only at a bigger scale.

1.1 Remark. For a single particle with wave function %, the corresponding
Wigner function w can be computed by
1 hn

w(z,v) = 2 o (x + %)1#(33—

T

2m) e~ dp, (1.1)

where h is the reduced Planck constant and m the mass of the particle.
More generally, for an ensemble of identical particles with density matrix p,
the Wigner function is defined by

1 hn hn . _; m
_ _ Iy v g 1.2
w(z,v) (2m)d /]Rd ple+ om’ " Qm)e " (1.2)

The definition of the density matrices and their precise relationship with Wigner
functions are out of the scope of this paper. See for instance [PL93, Siid07,
Arn08].



The evolution in time of the particle ensemble in the exterior potential V' and
without interaction between particles is modeled by the following linear partial
differential equation acting on the Wigner function and called Wigner equation:

Ow+v-Veaw—0V]jw=0 teR, z,v € RY (1.3)

where the potential field V : R? — R appears in the form of the linear operator
©[V] which will be studied in more details in Section 1.4.

The Wigner equation is the quantum physical counterpart of the Liouwville
equation for a classical distribution f in phase space

1
8tf+v-V£f—EVxV~VUf:O teR, z,veR? (1.4)

and converges to it in the classical limit 7 — 0. (See also Remark 1.4 and
[PL93].)

1.2 The Wigner-Fokker-Planck equation

In addition to the potential field V', we consider the interaction of the particle
ensemble with a heat bath of oscillators. This quantum Brownian motion can
be modeled by the following Fokker-Planck operator Q acting on the Wigner
function:

D D
Quw = m—pzp Ayw + 2# divy(Vyw) + Dgq Agw + 27y div, (wv), (1.5)

where 27 div, (wv) models the friction and D,, A,, 2D,,div,V, and Dy, A,
model the diffusion of the quasiprobability distribution in phase-space.

The combination of the Wigner equation (1.3) with the Fokker-Planck oper-
ator gives us the Wigner-Fokker-Planck equation:

Ow + v - Vyw — O[V]w = Qu teRy, x,v € RY (1.6)

It is the quantum physical counterpart of the classical Viasov-Fokker-Planck
equation:

atf+v~sz—%VxV-va:%Avf—&—?ydivv(fv). (1.7)

1.2 Remark. The constants v, Dy, Dpg and Dy, can be expressed in terms
of physical magnitudes
nh? nQh?

V= g P =nksTs Da=osp e Poi= Grmigr 1Y)
where 7 is the coupling constant of the heat bath, kp the Boltzmann constant,
T the temperature of the bath and Q the cut-off frequency of the reservoir
oscillators [ALMS04].

Note that in the classical limit 2 — 0, then Dy — 0 and Dp,, — 0. The
diffusion in space Dgq A, and the mixed diffusion 2D, div,V, are quantum
physical effects and don’t appear in the classical Vlasov-Fokker-Planck problem.



1.3 The Lindblad conditions

Some conditions on the coeflicients vy, Dy, Dpg and Dy, are necessary in order

to make the model consistent with quantum physics. The Lindblad conditions
read:
Dy, >0 (1.9a)
2,2

h
47 >0 (1.9b)

DPPD(I‘I 7‘D]%q Z

In this paper, we will distinguish the following two cases:
DyppDgq — D2, >0 (1.10a)

and
DyppDyg— D2, =0 (=~ =0) (1.10b)

that we may call respectively elliptic case and semi-elliptic case, since the op-
erator Q is respectively elliptic and semi-elliptic.

The derivation of the Lindblad conditions and their interpretation are out of
the scope of this paper. See for instance [ALMS04] for more details.

1.4 The potential operator

The potential V' appears in the Wigner equation (1.3) (and the WEFP equation
(1.6)) in the form of the operator O[V] defined in the following way:

OV]w (z,v) = m/wd SV (z,m) w(z,v') =) dv'dy (1.11)

where 0V is defined by

e v (e ) v (e f).

2 2m

Note that V +— ©[V] is linear.

The operator O[V] can be re-written [ALMS04, ADMO7] in a more compact
form as

L po [6V Fyynw]] (1.13)

:ﬁ n—uv

OV]w

where F,_,, is the Fourier transformation with respect to the variable v and

fnjv its inverse:

Fooylf (@, )](n) = Rd f(z,v)e" " dv,
Pl 1) = ﬁ /Rd gz, m)e"vdn

for suitable functions f and g.



Equivalently to (1.13), we can write ©[V] as:

T
OV]w =+ (Ful6V] s w) (1.14)
where x*, is the partial convolution with respect to the variable v.

1.3 Remark. Despite the appearance of complex numbers in its definition, the
operator O[V] maps real-valued functions on real-valued functions.

For a real-valued w in the definition domain of ©[V'], F[w] is conjugate sym-
metric with respect to  (i.e. Fyy[w](z, —n) = Fyoplw](z,n)*, where the star
denotes the complex conjugation). Since §V is odd with respect to 7, the point-
wise product §V F,_,,[w] is conjugate antisymmetric and F, %, [6V Fy_y[w]] is
then purely imaginary-valued. And finally, ©[V]w is real-valued.

1.4 Remark. In the classical limit 2 — 0,

h
oV(x,n) ~ En - V.V,

and then 1
OViw — EVmV -Vyw,

which is the potential term in the classical Liouville equation. See also [PL93]
for a mathematically more rigorous derivation.

1.5 Remark. For V(z) = %(2’|x|2, we have

hw2

and subsequently
OVw = wiz - V,w. (1.15)

In the special case of a quadratic potential, ©[V] can easily be expressed and
coincides with its classical counterpart.

1.6 Lemma. IfV is a measurable function, ©[V] is a closed, densely defined
linear operator of L?(R2?). Furthermore O[V] is bounded if and only if V €
L (RY).

Proof. With (1.13), we can rewrite ©[V] (up to a multiplicative constant) as:
O[V] = F, 4, 0 Msv o Fyyy

where Mgy is the multiplication operator with V.

The Fourier transform is a unitary operator of L? and, since §V is measur-
able, the multiplication operator is closed and densely defined. It follows the
closeness and dense definition domain of O[V].

Furthermore, the boundedness of ©[V] is equivalent to the boundedness of
Msy, which is equivalent to §V € L*(R??) & V € L>®(RY) O

In the latter case, we have moreover

1 2
101VIllsczy = 516V 1z~ < =Vl (116)



The previous lemma cannot be easily extended to other LP spaces, since the
Fourier transform hasn’t the same nice properties in these spaces. However, we
can easily prove the following weaker result:

1.7 Lemma. If V € F[LY(R%)], then O[V] is a bounded linear operator of
LP(R2%) for all 1 < p < 00,

Proof. For the sake of readability, we set every constant to 1. Using (1.14), the
Young inequality for convolution with respect to the v variable and the Holder
inequality with respect to the x variable:

Yw € LP(R*)  [|O[V]wl|ze = [ F 3, [0V] 0 w2,
<[ 1720V

< || 71—>v[5v]||L°° (LY) ||w||L

P

Using simple properties of the Fourier transform, we show:
Foso [0V (zm)] (v) = F 25, [V(e +1/2) = V(z —n/2)] (v)
_ 2d —2w~x]_-—1 [ ] ( ) 2d62w Ly [V} (21})
— 27 (P FLV] (2v)) (1.17)

since F~1 [V] is conjugate symmetric.
Then

1500V Lo 21y = 24 Sup/ IS (e F~1V](2v)) | dv
z€RT JR

< 2%t /Rd | F~HV](2v)| dv.

From the presupposed integrability of F~1[V] follows the boundedness of
o[V]. O

In the following chapters, we will use the notation:

O '[B(LP)] := {V : R - R | ©[V] is a bounded operator on L”(R*")} .
(1.18)
From the previous lemma, we know

©~'B(L?)] = L*(RY)
and for 1 <p < 0

O~ [B(LY)] 2 F(L'(RY) 2 C5(RY).

1.5 A brief literature review

In the literature, two problems linked to the Wigner-Fokker-Planck equations
are mainly studied:

1. The long time behavior of the solutions and the existence of stationary
solutions has been studied in [SCDMO04], [AGG™12] and [SA13].



2. The so-called Wigner-Poisson-Fokker-Planck equation is similar to the
WEFP equation but considers a potential generated by the interaction be-
tween particles and thus dependent of w. The operator [V (w)] being
non-linear, new questions arise. This problem has been studied, for in-
stance in [ADMO07] and [ALMS04].

Some of these results (as well as considerations about other quantum physical
problems) have been summed up in [Arn08].

Note that similar questions are asked about classical Fokker-Planck prob-
lems, for instance in [Bou95] and [Car98].

The purpose of this thesis is to study the existence of solutions and their reg-
ularity for the linear Wigner-Fokker-Planck equation with or without potential.
In the next chapter, we study the solutions in the special case of a quadratic
potential. In Chapter 3, we will considered additionally a bounded potential,
at first constant in time and then time dependent.



Chapter 2

Solution for a quadratic
potential

From now on, we set m = 1 and A = 1 for the sake of readability.

In this chapter, we consider the quadratic potential
Wi o
unad(x) = ?|-73| +a'$+b7 (21)
for wi € Rar, a € R? and b € R. In that case, we can express more explicitly
the potential term in the WFP equation:
5V(h1ad(xv 77) = (ng + a) N = G[unad]w(xv 1}) = (wgz + a) ’ V,,w(zc, ’U).

Without loss of generality, we can shift the problem with respect to x and
then set a = 0.

The linear partial differential equation that we will study in this chapter is
therefore

Oiw = —v-Vyw+ ng - Vyw + 27y div, - (vw)

+ Dy Azw + 2Dy div, Vyw + DppAyw, (2:2)
which can be re-written in a more compact form
Oyw = div(DVw) + P(x,v) - Vw + 2dyw
= div(DVw + P(z,v)w) (2.3)

=: Aw

(V. B —v  (Dyls Dyl .
where V = (Vu>7 P(z,v) = <w8x + 27“) and D = <quId Dol with Iy

the d-dimensional identity matrix.

A solution of the WFP problem with quadratic potential is then a solution
of the following Cauchy problem in LP(R??):

(2.4)

Ohw = Aw vVt > 0,
w(t =0) = wo.



2.1 Existence of a solution

In this section, we show that A is the infinitesimal generator of a strongly
continuous semigroup of LP(R24). Tt will follow the existence of a unique solution
for the problem (2.4). (See also Appendix A.)

2.1 Theorem. [Arn08, Thm. 5.2] For wy € L?(R??), the problem (2.4) has a
unique solution w € C(RY; L2(R2?)).

If furthermore wg € Dr2(A), then the solution is a classical solution, i.e. it
belongs to C1(RY; L?(R??)).

The notation Dx (A) for an operator A and a space X represents the maximal
definition domain of A in X,

Dx(A)={r e X | Az € X}.

Proof. One applies the Lumer-Philips Theorem (Theorem A.7) on the dissipa-
tive operator A — dy. See [Arn08, Thm. 5.2] for more details. O

2.2 Remark. A can be seen as an example in the class of the so called Ornstein
Uhlenbeck operators. These operators have the general form

N N
1
A= B Z ¢i;Dij + Z bi;jx;Ds, (2.5)

i,7=1 2,j=1

where @ = (g;;) is a symmetric and positive definite real matrix and B = (b;;)
is a non-zero real matrix. These operators play a significant role in the field of
stochastic analysis and have been widely studied for instance in [PL93], [Lun97]
[Met01], [MPP02] and [MPRS02]. In our framework,

_ _ qu[d qu]d _ 0 —1Iy
Q_D_(quld Dppld and b= ngd 21a) (2’6)

2.3 Remark. The (maximal) definition domain of A in L?(R??) has been ex-
plicitely derived in [MPRS02, Thm. 4.1] as

Drr(A) = {u € W?P(R*) | P(x,v)TVu € LP(R?*1)}.
for 1 <p < 0.
We can extend Theorem 2.1 to LP for 1 < p < oo using for instance known

results on Ornstein-Uhlenbeck operators. Note that most of the arguments of
Theorem 2.1 also holds in LP, and a generalization of its proof is also possible.

2.4 Theorem. For wy € LP(R??), 1 < p < oo, the problem (2.4) has a unique
solution w € C(Ry; LP(R2?)).

If furthermore wo € Drr»(A), then the solution is a classical solution, i.e. it
belongs to C1(RJ; LP(R??)).

Proof. A is the generator of a strongly continuous semigroup according to
[Met01, Prop. 3.2]. O

10



2.2 Analyticity

In this section, we want to investigate if the strongly continuous semigroup
generated by A has the property of being analytic (see also section A.2). It
would follow regularity properties on the solution of the WFP problem.

2.2.1 In L? spaces

2.5 Lemma. The spectrum of divDV + P(z,v)-V + 2dy/p in LP(R??) contains
a sub-group of iR for all 1 < p < co.

Proof. We use the results of [Met01]:

e Thm. 3.3: the (boundary) spectrum of divDV + P(z,v) - V contains the
spectrum of the drift term P(x,v) -V .

e Depending on P, the spectrum of the drift term is iR (Thm. 2.3 and 2.5)
or a sub-group of iR (Thm. 2.6).

Note that, in our framework, tr(B) = 2d~. O

2.6 Remark. In the same article [Met01] actually compute the whole spectrum
of some Ornstein-Uhlenbeck operators in LP. In our case, we can derive from it
that for v > 0 and w2 > 0 the spectrum is the half-plane defined by

oin(A) = {z € C | R(z) < —2”(1;;1)} (2.7)

forall 1 <p < oo.

2.7 Theorem. The semigroup generated by A is not analytic in LP(R??) for
any 1 <p < 0.

Proof. 1t follows from Lemma 2.5 that A is not sectorial. O

2.2.2 In weighted L” spaces

Let us now introduce some new function spaces in which A actually generates
an analytic semigroup.

2.8 Definition. For N € N and 1 < p < oo, we denote by LI the Gaussian
weighted Lebesgue space defined by

L (RN) == LP(RY, p(x)dz)

for a Gaussian function

z) = 1 ex —(Q" ', 7)
) (47) % (det Q)1/2 P ( 4 > ’

where @ is a positive definite matrix and N € N.
One defines also naturally the Sobolev spaces

Wi ={feLb|VIeN], || <k D'felLh}

11



These spaces are actually the natural study spaces for Ornstein-Uhlenbeck
operators [Lun97, MPRS02, MPP02].

In particular, if o(B) € C~ = {z € C | R(z) < 0}, the semigroup T'(¢)
generated by the Ornstein-Uhlenbeck operator A defined in (2.5) admits an
invariant measure of this form, i.e. a Gaussian measure such that

/ (T(t) fo) () p(r)d = / fol) p(z)de.

With the help of this measure, one derives the following result:

2.9 Lemma. [MPP02] Assume 1 < p < oo. If Q is positive definite and o(B) C
C—, there exists an invariant Gaussian measure p such that the Ornstein-
Uhlenbeck operator A from (2.5) (with domain W3}P) generates an analytic
semigroup in Lb.

2.10 Remark. [MPP02, Thm. 4.1] The previous Lemma doesn’t hold for
p = 1. Although A also generates a strongly continuous semigroup in L}L, it is
not analytic in this space.

In our framework

(0 -1, . 2 2 -
B_<w(2)1d 271.d> = a(B)_{'yiq/'y wO}C(C\(C

where the square root has to be understood as z\m if its argument is negative.
The prerequisite of the previous Lemma are not fulfilled.

To bypass this problem, we consider the adjoint operator of A. Its drift term
is the opposite of the drift term of A. Therefore, it satisfies the prerequisite of
Lemma 2.9 for v > 0 and w3 > 0.

2.11 Theorem. Assume Dp,Dyg — D2, > 0, v > 0 and w§ > 0. For all
1 < p < oo, there exists a Gaussian measure p such that A generates an analytic
semigroup in LT

Proof. We consider the formal adjoint of A
A"w = divDVw — P(z,v) - Vw. (2.8)

According to the previous Lemma, (A*, Wﬁ’p') generates an analytic semigroup
in L? , for all 1 < p/ < 0.

wo

According to [Paz83, Cor. 1.10.6], the adjoint of a infinitesimal generator is
also the infinitesimal generator of a semigroup (actually, the adjoint semigroup).
Since o(A) = o(A*) and ||(A—X)7Y| = [|(A* — A\)~|, the adjoint semigroup is

analytic in LI, iff the semigroup is analytic LF, . O
2.12 Remark. Additionally to the LT, spaces, the operator can also be studied
in spaces of the form L¥ Ju where p is a Gaussian function. Similar results are

obtained. See for instance the references in [SA13].

12



2.2.3 Consequence of the analyticity

2.13 Lemma. Assume DypDgq — ng > 0. For all k € Ny, we have
Dp> (A*) C HY (2.9)

where the left-hand-side is the mazimal definition domain of A* in L% .

Proof. We will prove this lemma by induction. For k& = 0, the result holds since

D> (I)=L}

oe loc»

where I is the identity operator of L% .
Let us now assume it holds for k € Ny and let u € D2 (AkH). It follows
Au € Dle (Ak) C H120kC7 with the induction hypothesis. Therefore, there exists

f € H3 such that Au = f. The operator A is elliptic with sufficiently smooth

loc
coefficients, so we can apply [Eva98, Thm. 6.3.2]. It follows that u € leokcJr2

and the proof is complete.

2.14 Theorem. Assume Dp,Dgq — qu > 0 and A generates an analytic semi-

group in a subspace X of LIQOC(RM) (for instance, under the prerequisite of The-

orem 2.11). The solution w of the WEP problem in this space satisfies:
V>0  w(t) € C°(R¥M). (2.10)
Proof. Thanks to Corollary A.12, we know

vt>0  w(t)e (] Dx (4Y).
kEN
We want to show the following inclusions:

N Dx (4%) € () Dre (AF) € () HEE C .

keN keN keN

The first inclusion is obvious, since X C Lﬁ)c. The second follows from Lemma
2.13.

Finally, for all bounded domains Q C R?*® and for all f € (N, o HZ%, we have
fla € Nien H?k()). Using the Sobolev embedding, we conclude f|,, € C°(£2).
It gives us the last inclusion. O

2.3 Explicit fundamental solution

The unique solution of (2.4) can be expressed explicitly with the help of a
fundamental solution, i.e. a distributional solution of the linear equation

{8,5G(t,x,v,xo,vo) = AG(t,z,v,0,v0) vt > 0, (2.11)

lim; o G(t, z, v, xo,v0) = 6(x — To,v — V) V(xg,v0) € R24

where ¢ is the Dirac distribution.

13



Let us first introduce the characteristic flow generated by the first order terms

of (2.11) [SCDM04, Lem. 3.1]

2.15 Lemma. The solution of the ordinary differential equation

X+29X +w3X =0
Xt=0)=x

Xt=0)=v
can be expressed by:

a. Forwy>~>0, wesethmand

et

X(t,z,v) = ((wcos(wt) + vsin(wt)) x + sin(wt)v) .

w

b. Fory > wy >0, we set w = /7% — w2 and

X(t,z,v) = ¢

w
c. For v = wqy, we have
X(t,z,v) =e " ((yt + 1)z + tv).

Proof. Straightforward calculations.

Further, we define the coefficients A, p and v:

A0 =g [ (as) B(s)) D (ZED s,
=5 [ s se)o (52)) as
o)== [ @t s 0 (51 as

where @ and 8 are such that
X(—t,z,v) = a(t)x + B(t)v
and we recall that
D— Dygly Dpgly
Dpgly Dpply) -

2.16 Lemma. For allt > 0, we have

14

((w cosh(wt) + v sinh(wt)) x 4 sinh(wt)v) .

(2.12)

(2.13a)

(2.13b)

(2.13¢)

(2.14a)
(2.14b)

(2.14c)

(2.15a)
(2.15b)
(2.15¢)



Proof. In case v > 0, the matrix D is positive definite. Since (g) # 0 and

(g) Z 0, we have the two first inequalities.

The third inequality follows directly from Cauchy-Schwarz (the s variable is
omitted inside the integrals for the sake of readability):

b0

5 ([ oo 6) oo ()

SdZ/ (a B)D (ﬁ> ds/o (aﬂ')D(%‘) ds
@)v(t),

2

=4A(t)v(t

where the first inequality is strict, since (g) (s) and (a) (s) are not collinear,

g
for almost all s € (0,¢t).

In case v = 0, it can be checked by the explicit computation of A\, u and v
with the expression of X from (2.13a):

1
X(t,x,v) = — (wg cos(wot)x + sin(wpt)v) .
Wo

See also [Sid07, Lem. 3.4]. O

Finally we introduce the function G defined by
G(t,x,v,x0,v0) = Mg(t, X (~t,x,v) — zo, X (—t,2,v) — vg), (2.16)

where

v (t) ]2 ]2 4 (t) (z-0) +A(0) o]
eXp (‘ D)2 () )

g(t,z,v) = (2m) L (AN(t) v (t) — p2(t))d/?

a the 2d-dimensional Gaussian function with covariance matrix

NN L —p(t)I
s = (200 i)

According to Lemma 2.16, this matrix is positive definite.

(2.17)

2.17 Theorem. [SCDMU04, Prop. 3.1] G is the fundamental solution associated
o (2.4).

Proof. By replacing G with (2.16) in (2.11), the first order terms disappear.
The function g is the fundamental solution of the PDE

dA d . dv
Ouglt.v0) = (G 0A+ PO AT, + 02, ) ot ,0),

which can be solved in Fourier space. (See [SCDMO04] and [Sid07] for more
details.) O
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Thanks to this fundamental solution, we can back up the previous regularity
result with the following corollary:

2.18 Corollary. [SCDM04, Cor. 3.1] For every initial condition wg € LP(R2?)
(1 < p < o0), the unique classical solution w of the problem (2.4) is expressed

by
w(t) = ﬂ G(t,%,’l},zo,vo)’wo(wo,’l}o) CLTQ d’l)()7 (218)
R2d

and therefore belongs to C(R{; LP(R%4)) N CH(RT; C=(R%)).

2.19 Remark. In the framework of Ornstein-Uhlenbeck operators, already
mentioned in Remark 2.6, the generated semigroup can be written as [MPP02,
Eq. 1.2]

1
(Am) N (det Q;)' 2

(T(6)f)(x) = / @ (P )y, (219)

where

t
Q4 z/ e*BQeP ds.

0

We recognize the convolution of a Gaussian function with the shifted initial
state f. The shift e'® coincides with the function X in our framework.

2.4 Small time estimates

In this section, our objective is to derive small time estimates of the deriva-
tives of the function g defined in the previous section, and subsequently for the
solution w of the WFP problem. Our main result will be Corollary 2.27.

2.20 Remark. In the function g the variables x; and z;, =; and vj;, v; and
v; are uncorrelated for i # j. In other words, we can write the 2d-dimensional
Gaussian function as a product of 2-dimensional Gaussian:

d
de(taxlv sy gy ULy e e e ;Ud) = HgQ(tvxivvi)
i=1

where go4 denotes the 2d-dimensional Gaussian function of covariance matrix

2)\Id —,uId
<_MId 2Vfd)’ for all d € N.

Using Fubini’s theorem, it follows that, for all multiindices [ and m:

d
HvaD;ng2d<t)HL1(R2d) = H Haiiaz;nigﬂt)HLl(Rz) .
=1

Therefore, it is sufficient to study the two dimensional function gs.
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In the following paragraphs, g denotes the 2-dimensional Gaussian function
of covariance matrix
<2A<t> —u(ﬂ)
—u(t)  2v(t) )"

All results can be extended from R? to R?? using the previous remark. Note
that we may omit the ¢ variable for the sake of readability.

2.21 Lemma. Forl,m € Ny, the derivatives of the Gaussian function g can be
estimated by a sum of terms of the form:

m A" ™ el ™

where C' € N and for each term of the sum the indices nx, n,, n, and k respect
the following relationships:
2k =2ny\ +n, +1, (2.21a)
2k =2n, +n, +m. (2.21b)

Proof. It will be proved in two steps.

Step 1 First, we show by a trivial induction on [ and m that the derivatives
of the Gaussian function g have the following form:

A7A an,'unu

L am _ Nz Ny
0,0, g(a:,v) = ZC% v (A — MZ)nx‘rn,L—O—nu

g(x,v), (2.22)

where C' € Z and for each term of the sum the indices ny, n,, n,,n, and n,
respect the following relationships:

ng +1=2n, +n,, (2.23a)
Ny +m = 2ny +ny,. (2.23b)

Step 2 The estimate (2.20) follows from the previous equality by computing
the following integrals as function of A, p and v:

// || Jv]™ g(x,v)daxdv = 4/ / " v"™ g(x,v) dzdv
R2 o Jo

2.22 Remark. Equations (2.21) (respectively (2.23)) characterize the equality
of the physical dimensions on the two sides of (2.20) (respectively (2.22)).

If the physical dimension of a variable a is written [a], then the left-hand-side
of (2.20) has dimension

O

[2] " [o] ™™
and the right-hand-side has dimension

(2> (] [o]) " ]2

([=][v])?*

Equations (2.21) assures the equality of the dimensions.
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Now that we are able to estimate the derivatives of g(t) with respect to the
coefficients of its covariance matrix (for all ¢), we need an approximation of
these coefficients.

2.23 Lemma. Fort — 0, the expression (2.13) can be approzimated by

2 2
X(t,z,v) = (1 _ Yoz Moys (t3)> x

2 3
+ (t -+ Mt‘% +o (t3)> v. (2.24)
Therefore, the coefficients A, p and v defined in (2.14) can be approximated by:
A(t) = Dygt — Dpgt* 4+ (Dpp — wi Dgq — 2vDpq) g +o (), (2.25a)
v(t) = Dppt + o (t), (2.25b)
%p(t) = 2Dt + <—D’qwg + % - 27qu> 2+ o0 (). (2.25¢)
Proof. Straightforward calculations. O

2.24 Remark. Let f and g : R™ — R™ be continuous with

f(&) =g(t) +o(g(t)) for t — 0.
Since

@:14—0(1) for t — 0,

9(t)
it exists € such that the ratio is bounded (above and below) on (0, ¢]. Since it is

continuous, it is also bounded (above and below) on all segments [e, T]. Then
for all T > 0, there exists ¢y and Cr such that

vt e (0,71  erg(t) < f(t) < Crg(?).

2.25 Theorem. Assume DgqDp), — ng > 0. For all T > 0, the derivatives of

the fundamental solution g with respect to the multi-indices | and m € N& can
be estimated by:

vt € (0,7 |DLDg(t)||,, < Cpt=IHHmI/2 (2.26)
where Cr is a real constant depending on T.

Proof. Since DgyqDpp, — Diq > 0, we have necessarily Dy, > 0 and Dy, > 0.

Let’s first assume D,, > 0. Using Lemma 2.23, we have for all ¢t € (0, T

A < Cr Dyqt,
lv(t)| < Cr Dy t,
lu(t)| < Cr Dyqt,

and

AV () — 1(D)?] = er 4(DggDyp — D) £ > 0.
If we replace these estimates in (2.20), we have
”8558{;”9”L1(R2) § CT tn)\erHrnquk.

By considering the relations (2.21), we get the wanted result.
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In the case D,q = 0, we have |u(t)| < o(t) < Crt, so the estimate still holds.
It can easily be checked that we have n, = 0 in a least one term of (2.20). For
that reason, the estimate cannot be improved. O

2.26 Theorem. Assume Dy, > 0 and DgyqgDpp, — ijq =0. For all T > 0, the
deriatives of the fundamental solution g with respect to the multi-indices | and
m € N& can be estimated by:

vt € (0,T] IDLDg(t)|],, < CptI3mi/2 (2.27)
where Cp is a real constant depending on T .
Proof. Since DgqDpy — ng = 0, we have necessarily Dgq = 0 and Dpq = 0.
Using Lemma 2.23, we have for all ¢ € (0,7]
MOl < O P22,
[v(t)] < Cr Dppt,

D
()] < Cr =212,

and
D
AN () — u(t)?] > er (4%1)1,17 —D2)t* > 0.

If we replace these estimates in (2.20), we have
0L O™ gl 1 oy < Cop 4373+ 2mu b —ak (2.28)
which gives the wanted estimates by considering the relations (2.21). O

2.27 Corollary. For all T > 0, the derivatives of the solution w with respect
to the multi-indices | and m € N¢ can be estimated for all 1 < p < co by:

t=1HmI/2 i Dog Dy — D2, > 0,

2.29
t7|3l+m|/2 lf quDpp o ng _ 07 ( )

|DLDT w(t)||,, < CrllwollLr {

for allt € (0,T].

Proof. We consider the coordinates X; := X (—t,z,v), V; := X(—t,z,v), previ-
ously introduced in Section 2.3. We define «; and 5; such that X; = azx + 5;v,
‘/t = —O.ét{L' — Bt’l).

We use (2.18), replace G with the help of (2.16) and change the derivatives
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in (x,v) into derivatives in (X, V4)

DDy w(t, z,v)

= // D! DG (t, z, 20, v, v0) wo(To, vo) dzg dvg
R2d
= 2t // D! DT g(t, Xy — w0, Vi — vo) wo(x0, vo) dzo dvg

— p2dnt //(atDXt . dtDVt)l (BtDXt - BtDVf,)m
g(t, Xi — 0, Vi — vo) wo (w0, v0) dzo dvg
= e2d’yt ((O(tDXt — OétDVt)l (BtDXt - ﬁtD‘/t)m g(t) *Z,’U U)()) (Xt7 ‘/t)

— p2dnt Z a1|:l1\ dLZQ\ 51|tm1\ Bimﬂ (Dl)l(j_ml Dl‘2+m2g(t) 2.0 w()) (Xt7W)

li+la=1
mi+mo=m

We can now compute the norm. The relationship between the integration
with respect to (z,v) and (X, V;) is:

(X, Vy)
det (8(9:,1})

It follows, by using the Young inequality for convolutions, the estimates
(2.26) (respectively (2.27)) for g and the relations (2.24) for a and 3:

IDE Dy w(t)]| L

< Cr 3 ol e[ 8y Il |, Im2l | DA Fm D™ ()| 1 oo o

l1+12=1
mi+mo=m

< CT||w0||LP Z t\l2+m1| t*|€l1+€m1+lz+m2\/2

li+la=1
mi+ma=m

where € = 1 if DyyD,, — D2, > 0 and € = 3 if DyyD,,, — D2, = 0. Finally, since
the dominant term (in the neighborhood of 0) in the sum is reached for iy = [
and my = m, we have

IDLDZ w(t)|n < Crflwg | o ¢71+m172.

) —exp(<2d7t) = |luz, = e 2P| |

Xt. Vi

O

2.28 Remark. Note that in case DyqDpp — ng = 0, our equation is similar
to the classical Vlasov-Fokker-Planck system. We can check that our estimates
in this case coincide with those derived by Carpio in the classical case [Car98,

Lemma 1.(ii)].

2.29 Remark. Similar estimates have been proved in L spaces in the more
general context of Ornstein-Uhlenbeck operators. For instance, one derives from
[MPP02, Lem. 2.2]:

vt e (0,1)  |DIDTw ()], < C ol ¢ (2.30)

for all 1 < p < oo, for DygDpp — ng > 0.
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Chapter 3

Quadratic potential with
bounded perturbation

In this chapter, we consider the potential
Wi 1o
Voert(z) = ?|x| + V(x). (3.1)
With this potential, the Wigner-Fokker-Planck problem takes the form

{8tw =Aw+O[Vlw  Vt>0, (3.2)

w(t = 0) = wy,
where A is the same operator as in the previous chapter, namely
Aw = div(DVw) + P(z,v) - Vw + 2dyw.

In the following sections, we will study the existence of a solution and its regu-
larity in the case of a bounded O[V].

3.1 Theorem. For 1 < p < oo, assume V € ©7YB(LP)] and wy € LP(R??),
then (3.2) has a unique solution in C(R{, LP(R2%)).
If additionally, wy € D(A) then the solution is actually in C*(R7, LP(R?4)).

Proof. Since ©[V] is a bounded operator, we can use Theorem A.13. O

3.1 Analyticity

Theorem A.13 tells us that if A generates an analytic semigroup and O[V] is
bounded, then A + ©[V] generates also an analytic semigroup.

3.1.1 In Gaussian weighted L?P spaces

We already know from Theorem 2.11 that A generates an analytic semigroup
in the weighted spaces L. We can then derive that A + ©[V] generates an
analytic semigroup in those spaces for all V € ©'[B(L%)]. However, as we will
see in the next Lemma, the set © ' [B(LE)] is trivial.

21



3.2 Lemma. Assume F[V] € Ll (R%) and O[V] bounded in L5 (R>*?) for 1 <
p <oo. ThenV =0.
In particular, L'(RY) N ©~[B(LE)] = {0}.

Proof. For the sake of readability we present only d = 1 and Q = I,. The
other cases can be similarly derived. Furthermore, we write 6 := F,"1 [0V] €

L} .(R?¥) and ||.|| represents the L% norm.

Let a € R, b > 0. We apply O[V] on the function
Lﬁ(RQd) 3¢ (z,v) = Ljg a4 (v)
where 1; denotes the indicator function on the interval I.
1O[V]g||F = 16 x, o[|”

= H/@(:E,’U - Uo) ]l[a,a—i-b] (’UQ) dvo

a-+b p
= / O(x,v — vg) dvg

g/
]

where we apply the changes of variable £ = v —a and &y = vy — a.
Furthermore, we have

2 2
1617 = [[ Mol e+ dads

2 a+b 2
= / e " dm/ e Y dv
R a

b
:e_“2/e_lzdx/ e_(52+2“5)d§
R 0

with the same change of variables £ = v — a.
Since O[V] is bounded, we have

P

P

a+b 5 o
/ O(z,v — vg) dvg e~ @7 qg do

p
e~ (@€ +2a8) 4y q¢

b
/0 Bla,€ — £0) Ao

16Vl < Cl4ll

and then

/1.

Since the right hand side converges to 0 for a — 400, the left hand side
integrand converges almost everywhere to 0.

b p b
/ O(x,€ — &) deg| e @ e Ha0) ddeSC/ e (€4a0) g¢
0 0

P
e~ (B HE42a8) 0THO g g1 € qe,

b
/0 O(a,€ — &) déo
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The exponential diverges to +oo for £ < 0. Thus, necessarily

b
/0 B(a.€ — ) dé

=0 forz, ¢ a.e.

Since § = F,},[6V] is conjugate symmetric, it holds also for £ > 0. With
the help of (1.17), one can conclude from F, 1 [6V] =0 a.e that V = 0. O

n—uv

3.3 Remark. One checks easily that ©[V] is also unbounded in the case of
a potential of the form F[V](§) o 6(§ — k) for k # 0. One could extend the

previous Lemma to a larger class than F~1[L{ ].

3.4 Remark. The proof of the previous Lemma can easily be adapted to the
spaces LY I
3.1.2 In exponentially weighted L” spaces

Let us briefly summarize the previous results:

e In the usual Lebesgue spaces LP, the potential operator is bounded for a
large class of potentials (see Section 1.4), but the semigroup solution of
the WFP equation is not analytic (see Section 2.2.1).

e In Gaussian (resp. inverse Gaussian) weighted spaces L?,, the semigroup
is analytic (see Section 2.2.2), but the potential operator is not bounded
(see Section 3.1.1).

It motivates the study of some “intermediate” spaces between L¥ and L. This
is done in [SA13]: the authors study the behavior of a WFP-type equation in
L2 (RN) := L?(R", w(z)dz), where w(x) = cosh(B|z|) for a 8 > 0. In this space,
the semigroup is analytic and the operator f — 6 * f is bounded for a large
class of function 6.

We consider L2

w(v)p(z) (RQd) = LZ} (Rd7 L/zt(Rd))

3.5 Lemma. Assume V is analytically extendable and essentially bounded on

Qg :={z € C| ()| < B}, then O[V] is a bounded operator of Li(v)#(r).

Proof. With this prerequisite, §V (z,.) can be (for all ) analytically extended
on g/, and is essentially bounded on that domain. According to [SA13, Cor.
3.3 and p. 18], the operator is then bounded in Li(v).

V is in particular bounded on R?. It follows the boundedness of the operator

s T2
in Lﬂ(m) O

3.1.3 Consequence of the analyticity

Let us assume we have a space in which the semigroup is analytic. We want
to use this property to derive some regularity result, similarly to Theorem 2.14.
Let us study the behavior of ©[V] in order to deal with D ((4 + ©[V])*).
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3.6 Lemma. The following computation rules hold:

0z, (B[V]w) = B0, V]w + O[V]0,,w, (3.3a)
Oy, (B[V]w) = 6[V]0,,w, (3.3b)
z;(O[V]w) = O[V](z;w), (3.3¢)
0;(O[VIw) = 2610, Viw + O[V](vyuw), (3.34)
forallj € {1...d}.
O is defined similarly to © with, instead of 6V,
Ve =V (z+2)+V(a-1). (3.4)

Proof. We consider the expression (1.13) of O[V]:
0y, (O[V]w) = d,, (sz 6V fm[w]])
=i F 4 (00, (3V Foylu])
=7 8%6V vnlt] + 8V (9, Fosy[w]) |
_ iz, s,

n—v

Fomaltw]] +iF 2, 0V Forsyln, 0]
= 0[0,, V]w + @[ 102w

since J; commutes with F, ,,, ]-'n_ﬁv and ¢ (as defined in Section 1.4).

Similarly,

Oy, (@[V] ) = Z]:n—w [mj OV Foyosn [w]]
=1 ]:77—)1) [6V ]:’U‘W][avj ’U}]]
= 0[V]0,,w

by noticing that the Fourier transform changes 9, into a multiplication in; (and
conversely).

The third equality is trivial since z; and F,_, (resp. F,},) commute.
Finally,
03 (O[V]w) = Fy 3, [0, (6V Fosy )]
= F 3 [(00,0V) Fuspli] + 6V (8, Foo )]
—FL, [% 5(02,V) Folue]] +1 7,3, [8V Fusylogu]

= 2600, V]w + O[V](v;0)

0,0V =0, (V (v +3) =V (e -17))

(0, V).

because

l\D\»—l
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3.7 Remark. The results about ©[V] in Section 1.4, as well as the previous
Lemma, can easily be extended to O[V].

3.8 Lemma. For all k € N, the commutator of A¥ and ©[V] has the following
form:

AkQV] - O[V]A* =) Ci0;[DiV] pi(z,v, Vs, V,) (3.5)

where ©; is © or (:), C; is a constant, l; is a multiindex in Ng and p; 1s a
polynomial of degree 2k — |1;].

Proof. For k =1, one computes with the help of Lemma 3.6,
AO[V] — O[V]A = Dy (@[AV] +20[VV] - vgc) +2D,,0[VV]-V,
- (21z O[AV]+O[VV]-v + % CIVA4E vw>
+ %é[vx/] -V, (3.6)

where ©[VV] denotes the vector (0[0,,V]);,_; 4
Equation (3.5) can be proved by induction with Lemma 3.6 and (3.6). O

3.9 Lemma. Assume ¢ € L%OC(RN) has a compact support. Then the convolu-

tion f + ¢ f maps functions in LY (RN) on functions in L. (RY), for any
1<p< oo

Proof. Let f € LY and K C RY any compact subset. We want to show that

loc

g := ¢ x f is p-integrable on K. Let r > 0 such that the compact support of ¢
is contained in B,.(0) (the open ball of radius r and center 0 € RY).
Since ¢ is zero outside of B,., we have

Ve K, glz)= / 6(y) f(z — y) dy

— [0 L o =) Fa - )y
= (¢* (Ixys, f))(x)
where the indicator function 1k g, is such that

1 ifd¢K) <,

0 else.

Iy, (§) = {

Since ¢ € L' and 1x,.p f € LP are (globally) integrable on RY, their
convolution is also p-integrable on RY, according to Young’s inequality for con-
volution. On K, the function g coincides with a p-integrable function, so g is
p-integrable on K. O

3.10 Lemma. Assume F[V] has a compact support, then we have
Dz ((A + G[V])k) C D (A (3.7)

for all k € Ny.

Proof. We will prove this lemma by induction. For k = 0, we have obviously
(A+0[V)* = Ak,
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Let us assume it holds for all 0 < k < N and let f € Dy ((A + @[V])N) C
1OC With the induction hypothesis and Lemma 2.13, we have

f €D ((A+@m) )CDL2 (AN-1) € H2N -2,

Toc loc
Furthermore, with the help of Lemma 3.8, we can write

(A+O[VDY f=ANf+>" C;0:DLV]pi(x,v,Va, V) (3.8)

where p; is a polynomial of degree smaller or equal 2N — 2.

For all multiindices I, F[DLV] oc 2! F[V] has a compact support. According
(1 17) the same holds for 7,71 [6(DLV)]. With Lemma 3.9 the operator
@[ Vi=f—=F

[§(DLV)] *, f maps functions in L2 _ on functions in L2

17—>v loc loc*

Then the left-hand-side of (3.8) and the sum on the right-hand-side belong
to L2 .. It follows AN f € L2 . O

3.11 Theorem. Assume that Dp,Dgq — ng > 0, that A generates an analytic

semigroup in X a subspace of L% _(R??), that ©[V] is bounded in this space and
that F[V] has a compact support. Then the solution w to the WEP problem in
X respects:

V>0 w(t) € C(R2?) (3.9)

Proof. With the help of Corollary A.12, we know
V>0 w(t)e () Dx ((A + @[V])k)
keN

It is sufficient to show:

ﬂDX(A+® ) ﬂDL'z(A—I—@ ) N Dy (4%) C O

keN keN keN

The first inclusion is obvious since X C LIQOC, the second inclusion comes from
Lemma 3.10, and finally the last one comes from Lemma 2.13 and Theorem
2.14. O

3.2 Small time estimates

In this section, we want to extend the result of Section 2.4 to the case of the
bounded perturbation ©[V]. We will start with a few introducing lemmas. The
main results will be presented in Theorem 3.17 and Corollary 3.18. Finally,
some remarks will present variants and extensions of the result.
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3.2.1 Preliminaries

3.12 Lemma. The solution w of (3.2) respects
w(t, z,v) Z/ G(t, 2,20, v, v0) wo(Zo, vo) dzo dvo
R2d

t
+ / // G(s,x,20,v,v9) (O[V]w)(t — s, x0,v0) dzo dvg ds
0 R2d
(3.10)

forallt >0, z,v € R, where G is the fundamental solution of the non-perturbed
system defined in Section 2.3.

Proof. We apply Lemma A.14 for the bounded perturbation ©[V]. O

3.13 Lemma. For multiindices | and m € N¢ and sufficiently smooth w and
V', we have:

pp(eVl) = 3 (;) e[t V] (hny ) (3.11)
i<l

where (%) is the binomial coefficient for multiindices.

Proof. Tt can easily be proved by induction with the help of Lemma 3.6 similarly
to the usual Leibniz rule for derivation of product. O

We recall that L?(L™) denotes the Lebesgue space L"(R%, L™ (R?)) consid-

ered with the norm
n/m 1/n
b= ( L ([ 1st@ora) dv>
v Rd \JRd
for ¢ € L"(R"l7 L’"(Rd)).

We also write LF(R??) =: Lk = LE(L%).

Ielleyczmy = |9l |

3.14 Lemma. The following estimates hold:
1. For f € L2(L%) and g € LL(LL),

19 *2,0 fllzz, < llgllzyy) 1 fllez e (3.12)
where 1/r +1/q = 3/2.
2. For U € LP(R?) and » € L?(R?),
1OMU1elz 1y < 201 glles, (3.13)

where 1/p+1/2=1/q.

Proof. 1. The first inequality is an application of the Young inequality used
separately on the two variables. We rewrite the convolution as

(9 %000 ) (@, 0) = / (F(s v — v0) %2 9(-, v0)) (&) dvo
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and then use the Young inequality for the convolution with respect to x

I9 %20 Sz @) < [ 150 =) 5 o)z doo

< [ 17120 = e0) gz (eo) dun

= (Ifllzz %o llgllzy) (v)

We get inequality (3.12) by using a second time the Young inequality on
the convolution with respect to v.

2

v

2. Since Fy_y is isometric in L
equality:

we have, using (1.13) and the Holder in-

||@[U]Z||L3(Lg) = ||5U~FUHU[ZH|L?7(LZ)
< N6UI 2 | Fosnl2]ll 22

L3
for 1/p+1/2 = 1/q. Moreover, for all n € R?,
n n
D = . =) — L= = <2 P
601z () = U+ ) = U= )], <2000

which is independent of 7. It follows
101Uzl 2Ly < 20Ul el Fomsnlz]lz2
= 2|0l Il -
O

Note that the second inequality of Lemma 3.14 coincides with Lemma 1.6
and (1.16) for ¢ =2 (= p = o).

3.15 Lemma. For T >0 and 1 <r <infty, the following estimate holds:
vte (0,T]  |lg®)llpsrry < Cpted0=1/m/2, (3.14)
where € = 1 if DggDyp, — D2, > 0 and € = 3 if DygDyp, — D2, = 0.

Proof. We use the Gagliardo-Nirenberg inequality to show
lg®)llzy(zz) < CIDag@ITs , la@)lIzy"

with 0§ = d (1 — %) The right hand side can be estimated with the help of
Theorem 2.25 (resp. 2.26). O

3.16 Remark. By combining the results of Lemmas 3.15 and 3.14, we can
estimate the second term of (3.10).

19(s) *a,0 OUT 2(t = 5)ll12 < |lg(s)ll22(Ly) 1O[U]2(¢ = 8)|[L2(L2)
< Cp s~ YIRNU o |2t = 5)| 22
where 1/p+1/2=1/q and 1/r + 1/q = 3/2, and therefore 1 — 1/r = 1/p,
19(5) *2,0 O[U) 2(t = 5)l| 2 < O s~V |[U|[1o [|2(t = 5) || 2

We will use this relation for U = DLV and z = DLD7w in the proof of the
following theorem.
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3.2.2 Main result

With the previous lemmas, we now have enough tools to prove the main result
of this section, inspired by [ADMO07, Thm. 5.1].

8.17 Theorem. Assume Dy,Dyg— D2, >0 and V € L NWFP(R?) for some
ke Nand 1 <p < oo. Then the solution w of the WEP problem satisfies for
all T >0, I,m € N& with |l +m| < k

Vte (0,T]  |[DLDIw(t)||,, < Cptrittmi/2 (3.15)
where k = max{d/p —2,1}.
Note that the constant Cr depends on T, ||w||c(o,17,22), |V |l and ||V ||ywr.»

among other.
In particular, for V.€ Wk (R?), we have

vte (0,7]  |[DLDJw(t)| . < CptIHmi2 (3.16)

From the previous estimates of the derivatives of w, we can conclude on the
regularity of w, with the help of the Sobolev embedding theorem.

3.18 Corollary. Under the assumptions of Theorem 3.17, the solution w of the
WFEP problem satisfies

Vi€ (0,00)  w(t) € H¥(R?*?) — Oh~471(R) (3.17)

In particular, if V € C¥(RY) then w(t) € C¥F(R?).

Proof of Theorem 3.17.

We will prove the result by induction. (3.15) holds for I = m = 0 (See
Theorem 3.1). Let us assume it holds for every I’ and m' such that [I' +m/| < ko
and consider [ and m such that |l + m| = ko.

Let w be the solution of the WFP problem, w satisfies (3.10). We separate
the right hand side of (3.10) into three terms, such that w = I + I + I3:

Li(t,z,v) = / G(t,x,zp,v,v0) wo(xo, vo) dzo dvg
R2d

t
L(t,z,v) = / / G(s,x,xg,v,00) (OV]w)(t — s, x0,v9) dag dvg ds
t/2 R2d

t/2
Is(t,x,v) = / // G(s,x,20,v,v0) (O[V]w)(t — s, xq,vo) drg dvg ds
0 ]R2d

The derivatives of G and O[V]w may become infinite for ¢ — 0, and therefore
may not be integrable. To avoid this problem, we separate the time integral in
I, and I3 and we will apply the derivative on G in I and on O[V]w in I3.

We consider the coordinates X; := X (—t,z,v), V; := X(—t,x,v), previously
used in the proof of Corollary 2.27.
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Step 1 The first estimate follows from Corollary 2.27.

|DLDI L ()] ,» < CptIHFmI2,

(P
Step 2 Let us now deal with Is. Using the same arguments as in Corollary
2.27, we have:

t
DéDvaQ(t) _ / e2dvs Z O‘Llll dLl2| ﬁLmﬂ B\Sm2|

t/2 I +Ha=l
mi+mo=m

((D?J’”l DEF"2g(s)) %00 OV]w(t — s)) (X, Vi) ds

then

IDLDr L (1)
t

<O 30 [ D D (o) OVt ) s
I1+12=1

mi+mo=m

t
<Cp / IO s e — 9)lza s
t/2

t
< Cr |Vl [wlleqor.co) //2 -lirml2 g
t

and finally
HD;DZRIQ(Z‘:)HLQ S CT t—‘l+m|/2+l

Step 3 Finally we deal with I3. We apply the derivative on ©[V]w, use Lemma
3.13 and Remark 3.16. Note that we estimate s21t™1l with a constant.

IDED ()] .
t/2
< Cr Z / 19(8) %z,0 (DLF™ Dl2tm2(Q[V]w)) (t — )| 12 ds
l1+12=1
mi+mo=m
li+ma t/2 ,
<Cr Z Z / llg(s) Dl V] (Dhtmi—t platmay,y (1 — )| 2 ds
li+l2=l |l'|=0
mi1+mo=m
li+ma
<Cr Z Z / l9(s) L(Lr) D5 V|| D2 = Dt (t — 5)| , ds
Li+le=l |I'|=1

mi+mo=m

+Kr Yy /Ilg Mzt [VI[z= D™ D™ w(t — 5)| 2 ds
l1+12=1
mi1+mo=m

We have separated the sum into two parts:
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e In the first part (|I’| > 0), we can use the induction hypothesis to estimate
|(DLtma=t Dlatmzqy) ( —s) ||y and Corollary 3.15 to estimate ||g(s)|

LyLy-

e The second part (I’ =0) can’t be estimated, we keep it as it is.

IDLDy I ()] 2

l1+ma +/2
< Cr Z Z / S—d/2p (t B S)—r@|l1+m1—l +lg+m2|/2ds
0

lLit+le=l |V|=1
mi+me=m

t/2
> /0 Dl Dt ma gt — g)|| , ds

li+la=1
mi+mo=m

t/2
< CT/ Sfd/Qp (t o S)fn(|l+m|fl)/2ds
0

t
+ Kp Y /t/QHDiD;“w(s)Hdes

|17 +m’|=ko

t
< Ot D/ g / D5 Dy w(s)|| . ds
|4/ |=ko Y /2

t
= Cp ¢t Hliml/24(e=(d/p=2))/2 4 [, Z / HD;, Dvm/w(s)HLg ds
U +m!|=ko t/2

Step 4 By combining the estimates of the three parts, we get:

HD;DTw(t)HLZ <Cy (tf\l+m|/2+t7|l+m\/2+1 +t*ka\l+m|/2+(nf(d/p72))/2>
t
+ Kp Y / DY DI w(s)||,. ds
|I/+m/|=ko t/2

We recall that x = max{d/p — 2,1}. It follows x — (d/p — 2) > 0. We can
consider two distinct cases:

e If k =1, the first term ¢~ !"*1/2 is dominant.

o If k = 9 —2> 1, the third term ¢—lHml/2H(n=(d/p=2))/2 — y=rllrml/2 i
dominant.

In both cases, the dominant term can be written as t—*I+71/2 So we have,

t
IDLD™w(t) ||y < Cpt—*IH™I/2 L Ko > DL D w(s)||2 ds
/21 bt | =k

If we sum the previous inequality over all multiindices with order kg,
t
> DL DY w(t)|la < Cpt—rho/? +KT/ > DL DY w(s)||2 ds
|+ | =ko /21 fms | =k

we can apply the Gronwall lemma to get the result. O
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3.2.3 Extensions and remarks

Let us first study the semi-elliptic case (DppDgq — D2, = 0) that we omitted in
the previous paragraphs.

3.19 Theorem. Assume Dyp,Dgq— D2, =0 andV € L*NWH*P(R?) fork € N
and 1 < p < oco. Then the solution of the WFP problem w satisfies for all

T>0,1l,méeNg with [l + m| <k
Vte (0,T]  |[DLDw(t)||,, < Cpt 13+ 3s=2)mi/2 (3.18)

where k = max{d/p —2/3,1}.
In particular, for V.€ Wk (R%), we have

vte (0,7]  ||DLDIw(t)|| . < Cpt~BmI/2 (3.19)
We can extend the Corollary 3.18 to the semi-elliptic case.

Proof. Most of the proof is the same as in Corollary 2.27 and Theorem 3.17.
The main difference appears in the Cp term of Step 3 in the proof of Theorem
3.17. For the sake of readability, the unchanged Kp term is not re-written here.
Note that unlike previously, we didn’t estimate the term s+l (coming from
the @ and ) with a constant.

litmy /2 , ,
<oy 3 [Tl opv] (et D s
0

Li+la=l |I'|=0
mi-+mao=m

litma /2 /
< Cr Z Z / sltatmal ¢=3d/2p (4 _ ) =13r(litma—t) + Br=2)(2+m2)|/2 g
0

Li+la=l |U'|=1
mi+mo=m

+ Krpl..]

l1+my
< COp Z Z t—|3f~cl1 + (83k—2)m1 + (3k—4)l2 + (3k—2)ma|/2 + (3xl’ —3d/p+2)/2

Li+la=l |U'|=1
mi+mo=m

+ Kol
< Or t7|3ﬁl+(3}€72)m‘/2 + 3(k—(d/p—2/3))/2 + KT[ ]

The proof can be concluded by the same arguments.
O

3.20 Remark. The assumption of Theorem 3.17 (and Corollary 3.18) can be
slightly weakened: we assume V € L>(R?) and

Ve N |I| <k Ip, 1 <p <oosuch that DLV € LPI(RY).
We set
k = max{ sup{d/p; — 2}, 1}. (3.20)

leNg
llI<k
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Note that k < oo since p; > 1. Under these assumptions, the same result (3.15)
holds (and therefore also Corollary 3.18).
A similar result holds for Theorem 3.19.

Proof. We will check it in the proof of Theorem 3.17, the same arguments hold
in the case of Theorem 3.19. The only difference appears in the Cr term of the
third step (for the sake of readability, the K term is not re-written here):

|DLDY Is(t)]]
litmi /2

<Crd. Y. / 19(5) 4.0 O[DLV] (Dla+mi=t' Dlatmay) (1 — s)|| 12 ds
0

Li+l2=l |I'|=0
mi-+mo=m

litmi /2 , ,
<or Y / lll 2 ey DV [ oy (D™ DT 2w(t — )] ds
0 v

Li+la=l |I'|=1
mi-+mao=m

+ Krl...]
l1+my

t/2 /
<Cr Z Z / s~ /2P0 (t— s)‘””l"'ml_l thatma|/2 qg 4 Krl..]
0

litla=l |lI'|=1
mi+mo=m

t/2
< CT/ s~ sup{d/2pi} (t— s)_”(‘l"’ml_l)/2 ds + Krl...]
0

< Cr t—elidml/2 + (s —sup{d/pi}-2)/2 | Krp[..] (3.21)

The proof can be concluded by the same arguments. O

Nevertheless, note that in this case the x given in (3.20) is not optimal and
the fourth inequality hereabove can be sharpened.

Finally, we’d like to generalize the previous results to estimate the L™ norm
of D!D™w(t) for 1 < n < oco. Since we can’t easily generalize Lemma 3.14
for other norms than L?, we will settle for the following result. (This theorem
is actually the generalization of the estimates (3.16) and (3.19), which can be
proved without Lemma 3.14.)

3.21 Theorem. Let k € N and 1 < n < co. Assume VI € N&, |I| < k, that
DLV € ©71[B(L"™)]. Then the solution of the WEP problem w satisfies for all
T>0,1l,meNg with [l + m| <k

t=lml/2 - if Dy Dyg — D2, >0
t if DppDqq — Dy = 0.
Proof. The proof is similar to Theorems 3.17 and 3.19. We use
10Uzl < IO[U]5(Lmy l|2] Ln
instead of Lemma 3.14 in Remark 3.16. O
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3.22 Remark. It is pertinent to ask if the x which appears in most of theorems
of this section have a physical meaning or is only an unwanted artifact from the
proof.

If we have for a fixed k

d
sup{p [ 1 <p < oo, VeWr} > o

then, we can use the sharpest estimate (k = 1), according to Theorem 3.17.
This case is actually very common for physical (smooth) potentials in physically
meaningful dimensions (d < 3).

However, we present in the next paragraphs an example of a potential such
that

d
sup{p\1§pSoo,VeW’“’P}<§

and therefore we cannot estimate with a better coefficient than « > 1 in (3.15).
Let us define Vg : R¢ — R such that

V() = {\/ﬂ for x| < 1 (3.23)

0 for |z| > 2

and smoothly extended in-between (|z| denotes here the euclidean norm in R%).
Obviously, Vy € L>(R?).

The derivatives of Vj have a singularity in |x| = 0. Namely, for a multiindex
leNd,
Cy|z|/2= 11 for |z| <1
0 for |z| > 2

IDLVo(z)| = {

and bounded in-between. Using simple analysis results, we show that
p 1
DLV, € LP(RY) = (|x|1/2_“|) = o(jz]"?) < p (2 - z|> > —d

and therefore

Vo e WhP — p< -
k=3
d

ToT, we have
-2

Considering Vj as element of WP for a 1 < p <

H::max{d—2,1}>1 = §—2>1 <~ d>4
p p

For d > 4, the best estimates that we can derive from Theorem 3.17 is
Vte (0,7]  |DLDJw(t)]|,, < Cpt=@-T/2IHmI/2 (3.24)

for I and m such that |l +m| = d.

With an analytical or numerical solution of the problem with this potential,
we could test if this estimate is really the best possible. It would be a first step
to study the meaningfulness of &.
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3.3 Time dependent potential

In this last section, we will slightly extend the previous result by considering
a time dependent potential of the form

2
Vpert () = “Dfal? + V (t,2). (3.25)
That means, the differential system we study has the form

Ow = Aw + OV (t)]w Yt >0
{w(t =0) = wp € L?(R??) (3.26)

Let’s see some conditions on V : Rg x RY — R to ensure the existence and
regularity of a solution.

3.23 Theorem. Let V € C(RY, L= (RY)), then (3.26) has a unique solution in
C(RE, L?(R2%)).

If additionally, th potential V is Lipschitz continuous with respect to t (i.e.
V € Lip(Ry,L>®(R%))) and wy € D(A), then the unique solution belongs to
CHR{, L3(R2%)).

Proof. We apply Theorem A.15. The (Lipschitz-)continuity of ¢ — O[V (¢)] from
R to B(L?) follows from the (Lipschitz-)continuity of ¢ — V/(¢), since (1.16)

gives us:
10V (s)] = O[V(D)llsr2) < 2[V(s) =V (#)|lLe

for all t,s € Ry O

3.24 Remark. One can easily generalize Lemma 3.12 to the time dependent
case:

w(t, z,v) :/ G(t,x, 9, v, vo)wo (o, vo) dxg dvg
R2d

t
+ / / G(s,z,x0,v,00)(O[V(t — s)|w)(t — s, zo, vo) dxg dvg ds
0 R2d
(3.27)
See also Section A.4.

To study the regularity with respect to  and v, we can show these extensions
of Theorem 3.17 and Corollary 3.18.

8.25 Theorem. Assume that Dy,Dgq — D7, > 0 and V € C(RE, L=®(R%)) N
L (R, WHEP(RY)) for k € N and 1 < p < oo. Then the solution of the WFP

loc

problem w satisfies for all T > 0, [,m € Nd with |l +m| < k,
vie (0,7]  |DLD™w(t)| 2 < Cpt—rlttmI/2 (3.28)
where k = max{d/p — 2,1}.

Proof. The proof is the same as in Theorem 3.17, with the help of the following
inequality:

t ¢
/ IDLV(t = 8)llLe ¢(t, 5) ds < [V || o< (jo, 77, w0 / (t,s) ds.
0 0
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It follows the corollary:

3.26 Corollary. Assume that Dyp,Dgg — D2, > 0 and V € C(R7, L=(R%)) N
L (R, WFP(RY)) for k € N and 1 < p < oo. Then the solution of the WFP

loc

problem w satisfies for all T > 0, [,m € Nd. Then the solution w satisfies
vt e (0,00)  w(t) € H¥(R?*?) — Cck—4-1(R*) (3.29)

Similar results holds for Dy, D4 — ng =0.
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Appendix A

Some results on strongly
continuous semigroups

In this chapter, we briefly recall some useful definitions and theorems from
the theory of strongly continuous semigroups. We refer to [Paz83] and [ENO0O]
for more details and proofs.

A.1 Semigroups, generators and generation the-
orems

Let first define what a strongly continuous semigroup of operators is.

A.1 Definition. Let X be a Banach space. A one parameter family {T(t)}teRg
of bounded linear operators from X into X is called semigroup of bounded linear
operators on X if

i T(0) =1
ii. T(t+s)=TWH)T(s) Vt,s>0

If additionally
VeeX lim T(t)x=x

t—0+

then the semigroup is called strongly continuous.

Note that a strongly continuous semigroup is not only right continuous in
t = 0, but also in any ¢t > 0, thanks to the semigroup property T(t + s) =
T()T(s).

The most important notion linked to the strongly continuous semigroups is
the notion of infinitesimal generator.

A.2 Definition. The linear operator A defined by

g — Jim L)z —2
t—0

(A.1)

for all x such that the limit exists, is called the infinitesimal generator of the
semigroup T'(.).
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A.3 Lemma. [Paz83, Cor. 1.2.5] A is a closed densely defined linear operator.

As its name suggests, the infinitesimal generator defines entirely the semi-
group:
A.4 Lemma. [Paz83, Thm. 1.2.6] Let T(.) and S(.) be strongly continuous

semigroups with infinitesimal generators A and B respectively. If A = B then

() = S(.).

The semigroup can be seen as the general solution of the Cauchy problem

(A.2)

Or = Ax Vit >0
z(t =0) =z

A.5 Theorem. [Paz83, Chap. 4] For all xg € D(A), the function z(t) = T(t)xo

is the unique classical solution of (A.2).

In order to prove the existence of solutions for Cauchy problems similar to
(A.2), we have to determine if A generates a strongly continuous semigroup.
It can be done with the help of generation theorem, such as the Hille-Yoshida
theorem (not presented in this paper) or the following Lumer-Phillips theorem.

A.6 Definition. A linear operator A is dissipative if for every x € D(A) there
is an z* € {z* € X* | (z*,2) = ||z[|* = ||z*||*} such that R(Az,z*) < 0. (X*
denotes here the topological dual space to X.)

If X is a Hilbert space, it is equivalent to R(Az,z) <0 Vz € D(A).

A.7 Theorem. [Paz83, Cor. 1.4.4] Let A be a densely defined closed linear
operator. If A and its adjoint A* are dissipative, then A is the infinitesimal
generator of a strongly continuous semigroup on X.

A.2 Analytic semigroups

A special class of strongly continuous semigroups is the class of analytic semi-
groups. They present some useful regularity properties.

A.8 Definition. ([Paz83, Def. 2.5.1] and [EN0O, Def. 11.4.5.]) A semigroup
T(.) is called analytic (of angle 0) if it has an analytic continuation on a domain
Ajs:={z € C|larg(z)| < 6} U{0} for a given § € (0, 7], with

i. T(0) = I and lima, 5,07 (2)z = z for every x € X.
il. T(z4+w) =T(Z)T(w) Vz,w e As

It is called bounded analytic semigroup if, moreover, it is bounded on every Ag
for 0 < &' < 4.

The analyticity of a semigroup can be inferred from properties of its in-
finitesimal generator:
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A.9 Definition. [EN00, Def. I1.4.1.] A closed densely defined operator A is

called sectorial (of angle 0), if there exists 6 € (0, 7] and M > 0 such that

p(A) D Agyz == {2 € C | |arg(2)] < 6+ g} (A.3)

and if for each € € (0,9), there exists M, > 1 such that

M.

A-»T<

VA€ Agyz .\ {0} (A4)

A.10 Theorem. [Paz83, Thm. 2.5.2] The strongly continuous semigroup T(.)
is bounded analytic of angle §, iff its infinitesimal generator is sectorial of angle
T +0.

2

A useful regularity property of the analytic semigroups is the following:

A.11 Theorem. [Paz83, Thm. 2.5.2] The strongly continuous semigroup T(.)
with infinitesimal generator A is bounded analytic, iff ¥t > 0, ran(T'(t)) C D(A)
and there exists a constant C' such that

VE>0 AT <

c w5

A.12 Corollary. Let T(.) be bounded analytic semigroup and A its infinitesimal
generator. We have

Vg€ X,Vk e N, Vt >0  T(t)zo € D(AF) (A.6)

Proof. For all k € N and all ¢t > 0, we have

en- (a3

According to Theorem A.11, AT (t/k) is bounded. It follows that A¥T'(¢) is also
bounded. One concludes that ran(T(t)) C D(AF). O

A.3 Bounded perturbation

A.13 Theorem. [Paz83, Thm. 3.1.1 and 3.2.1] If A is the infinitesimal gener-
ator of a strongly continuous semigroup and B is a bounded linear operator then
A+ B is the infinitesimal generator of a strongly continuous semigroup. More-
over if A generates an analytic semigroup, then A + B generates an analytic
semigroup.

With the help of the previous theorem, on can show the existence of a unique
solution for the following differential problem

{&szx—i—Bx vt >0 (A7)

x(t=0) =z

where A is the infinitesimal generator of a strongly continuous semigroup and
B is a bounded linear operator.
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A.14 Lemma. [EN00, Cor. I1.1.7.] If T(.) is the semigroup generated by A
and S(.) the semigroup generated by A + B where B is a bounded perturbation
of A, then for all g € X and t > 0, it holds

S(t)z0 = T(t)ao + /O T(t — 5)BS(s)ao ds (A.8)

Proof. For a fixed t > 0, we define H(s) :=T(t — s)S(s) for all 0 < s <¢. The
derivation of H reads

H'(s) = —AT(t — 5)S(s) + T(t — s)(A+ B)S(s)
=T(t—s)BS(s)

since A commute with 7T'(.). By inserting H(s) = T'(t — s)S(s) by S and T in

H(t) — H(0) = /0 H'(s)ds

we get the equation (A.8). O

A.4 Time dependent perturbation

We consider now the following problem:

{th =Az+B(t)x  Vt>0 (A9)

z(t =0) = g

With the same arguments as in Lemma A.14, every classical solution of (A.9)
satisfies the integral equation

(1) = T(H)zo + /O T(t — 5)B(s)z(s) ds (A.10)

where T'(.) is the semigroup generated by A.

A.15 Theorem. [Paz83, Thm. 6.1.2 and 6.1.5] Let A be the infinitesimal
generator of a strongly continuous semigroup and B : [0,T] — B(X) continuous.
Then the problem (A.9) has a unique (mild) solution x € C([0,T], X).

If subsequently B is Lipschitz-continuous and wy € D(A), then the solution
actually belongs to C*([0,T], X).
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