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LANDAU EQUATION FOR VERY SOFT AND COULOMB POTENTIALS
NEAR MAXWELLIANS

K. CARRAPATOSO AND S. MISCHLER

ABSTRACT. This work deals with the Landau equation for very soft and Coulomb potentials
near the associated Maxwellian equilibrium. We first investigate the corresponding linearized
operator and develop a method to prove strong asymptotical (but not uniformly exponential)
stability estimates of its associated semigroup in large functional spaces. We then deduce
existence, uniqueness and fast decay of the solutions to the nonlinear equation in a close-
to-equilibrium framework. Our result drastically improves the set of initial data compared
to the one considered by Guo and Strain who established similar results in [21, 38, 39].
Our functional framework is compatible with the non perturbative frameworks developed by
Villani, Desvillettes and co-authors [44, 17, 16, 13], and our main result then makes possible
to improve the speed of convergence to the equilibrium established therein.
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1. INTRODUCTION

1.1. The Landau equation. The Landau equation is a fundamental equation in kinetic theory
modeling the evolution of a dilute plasma interacting through binary collisions. We consider here
a plasma confined in a torus T? and described by the distribution function F' = F(t,z,v) > 0
of particles which at time ¢t > 0 and at position x € T3, move with the velocity v € R?. The
evolution of F' is governed by the spatially inhomogeneous Landau equation

L1 WF+v-V,F=Q(F,F)
(1.1) F(0,2,v) = Fy(z,v).
For a spatially homogeneous plasma, namely when F' = F'(¢,v), the equation simplifies into the
spatially homogeneous Landau equation
O F =Q(F, F

12) ; (F\F)

F(0,v) = Fy(v).
The Landau collision operator @ is a bilinear operator acting only on the velocity variable and
it is given by

(1.3 Qo 1)(0) = 0: [ a0 =) (9.0, = 3;9.) do..

where here and below we use the convention of implicit summation over repeated indices and the
usual shorthand g. = g(vs), 9j9« = O,,9(v«), f = f(v) and 0; f = Oy, f(v). The matrix-valued
function a is nonnegative, symmetric and depends on the interaction between particles. When
particles interact by an inverse power law potential, a is given by

(1.4) aij(z) = |2|"*? (517' - IZZIZ;> ;o —3syslL

z
In the present article, we shall consider the cases of very soft potentials v € (—3,—2) and
Coulomb potential v = —3. It is worth mentioning that the Coulomb potential is the most

physically interesting case, and also the most difficult because of the strong singularity in (1.4).

The Landau equation (1.1) (or (1.2)) possesses two fundamental properties (which hold at
least formally). On the one hand, it conserves mass, momentum and energy, more precisely

d
(1.5) —/ ngdmdv:/ {Q(F,F)—v-V.f}pdrdv=0 for o(v)=1,v, v
dt T3 xR3 T3 xR3

On the other hand, the Landau version of the celebrated Boltzmann H-theorem holds: the en-
tropy H(F) := [ F log F dz dv is non-increasing and the global equilibria are global Maxwellian
distributions that are independent of time and position. Hereafter, we normalize the initial data

/ Fydxdv =1, / Fovdrdv =0, / Foy [v]? dx dv = 3,
T3 xR3 T3 xR3 T3 xR3
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and therefore we consider the associated global Maxwellian equilibrium
p(v) = (2m) "2/,

with same mass, momentum and energy of the initial data (normalizing the volume of the torus
to [T3| = 1).

1.2. Main results. Our aim in this work is to study the Landau equation in a close-to-
equilibrium framework (or perturbative regime) in large functional spaces and to establish new
well-posedness and trend to the equilibrium results.

Let us then introduce the functional framework we will work with. For a given velocity weight

function m = m(v) : R®> — R, and exponent 1 < p < oo, we define the associated weighted
Lebesgue space LP(m) and weighted Sobolev space WP (m), through their norms

(1.6) I lesemy = llmfllez, 1 lwre iy = Imf e
Similarly, we define the weighted Sobolev space WP LP(m), n € N, associated to the norm
(1.7) ||f||€Vg~PLg(m) = ||mf|‘€vgvPLg = Z Hvi(mf)”ig,ua

0<j<n

and we adopt the usual notation H" = W™2,

We make the following assumption on the weight function m :
m = (0)* := (14 [v]*)*? with k > 2+ 3/2;

1.8
(1.8) m = exp(r{v)®) with s € (0,2) and k > 0, or s = 2 and x € (0,1/2);

and through the paper we denote ¢ = 0 when m is a polynomial weight, and ¢ = s when m is
an exponential weight. We associate the decay functions

C(t)y” T, if m = (v)*,
(1.9) Om(t) = = .
Ce M , if m = e")°

for any constant ¢ € (2+3/2, k) and some constants C, A € (0, 00). It is worth emphasizing that
in the polynomial case m = (v)*, the notation ©,, refers to a class of functions (with increasing
rate of decay as ¢ tends to 2 + 3/2), while in the exponential case m = e(*)", the notation ©,,
stands for a fixed function. We finally introduce the projection operator P, on the v-direction

for any given v € R3\{0} defined by

1.10 Pe=(c-2) L veeRrs,
(110) e= (e )y vee

)

as well as the anisotropic gradient v, f of a function f defined by
(1.11) Vof = PoVof + (0)(I = P,)V, f.

Our main result reads as follows.

Theorem 1.1. For any weight function m satisfying (1.8), there exist C > 0 and g9 > 0, small
enough, so that, if ||[Fo — il g212(m) < €0, there exists a unique global weak solution F' to (1.1)
such that

> ato
sup |P(0) = sz + [ 10005 (PO = )l

+Awuw

This solution verifies the decay estimate

(1.13) 1F(t) = pllmzrz < Om(t) [ Fo — plluzrzm), ¥t = 0.

(1.12)

Vo lm(F() = 1)}z dt < O

]2
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Remark 1.2. For a spatially homogeneous initial datum Fy € L2(m), the associated solution F(t)
is also a spatially homogeneous function, and thus satisfies the spatially homogeneous Landau
equation (1.2). In that spatially homogeneous framework, the H?2 regularity is automatically
fulfilled, it can be then removed of the corresponding version of Theorem 1.1 which statement
thus simplifies accordingly.

Let us briefly comment on known results on the existence, uniqueness and long-time behaviour
of solutions to the Landau equation when —3 < v < —2. For the other cases —2 < v < 1, we
refer the reader to the recent work [14] and the references therein.

In the space homogeneous case, existence of solutions has been first addressed by Arsenev-
Penskov [2], and next by Villani [44] and Desvillettes [16] who establish existence of global
solutions for any initial datum with finite mass, energy and entropy. Uniqueness of strong
solutions (which do exist locally in time) has been proved by Fournier-Guérin [19] and Fournier
[18]. In a similar framework and for bounded (after regularisation) collision kernel a with
—3 < v < —2, polynomial convergence to the equilibrium has been obtained by Toscani and
Villani [40] by entropy dissipation method. That last result has been recently improved by
Desvillettes, He and the first author [13], who prove convergence to equilibrium with algebraic
or stretched exponential rate removing the boundedness (unphysical) assumption on the collision
kernel a and also considering the Coulomb potential v = —3. The space homogeneous version
of the results by Guo and Stain presented below also provides well-posedness and accurate rate
of convergence to the equilibrium in a perturbative regime in HS(u=%), 6 € (1/2,1). It is worth
emphasising that even in that simple space homogeneous case, it was the only known result of
existence and uniqueness of global (in time) solutions.

In the space inhomogeneous case, existence of global (renormalized with a defect measure)
solutions has been established by Alexandre-Villani [1] for any initial datum with finite mass,
energy and entropy. Under an additional (unverified) strong uniform in time boundedness
assumption, Desvillettes and Villani [17] proved polynomial convergence of the solutions to the
equilibrium. On the other hand, in a perturbative regime, Guo [21] proved well-posedness in the
high-order Sobolev space with fast decay in velocity HS ,(1~/?), and Guo and Strain [38, 39]
proved stretched exponential convergence to equilibrium in HS  (1=%), 6 € (1/2,1).

Our result thus improves the well-posedness theory of Guo [21] to larger spaces H2L?(m)
as well as the convergence to equilibrium of Guo and Strain [38, 39] to larger spaces and with
more accurate rate. It is worth emphasising that in the space homogeneous case, our results
only require that initial data are bounded (and close) in the Lebesgue space L2(m) (and thus
do not require any control on derivatives).

Our result makes possible to improve the speed of convergence to the equilibrium results
available in a non perturbative framework in the following way.

Corollary 1.3 (Spatially homogeneous framework). Consider a nonnegative normalized initial
datum Fy = Fy(v) with finite entropy such that furthermore Fy € LY(m) for an exponential
weight function m satisfying (1.8) with s € (0,1/2). There exists a global weak solution F to
the spatially homogenous Landau equation (1.2) associated to Fy satisfying

(1.14) IF ()~ lliz S ©ult), VE0.

Estimate (1.14) improves the rate of convergence of order e ~** 7 established in [13], thanks
to an entropy method, for the global weak solutions built in [44, 16]. Corollary 1.3 has to be
compared with [34] where the optimal speed of convergence to the equilibrium for the spatially
homogeneous Boltzmann equation for hard spheres has been established and with [41] where
the optimal speed of convergence to the equilibrium for the spatially homogeneous Boltzmann
equation for hard potentials has been proved.
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Corollary 1.4 (Spatially inhomogeneous framework with a priori bounds). Let F' be a non-
negative normalized global strong solution to the spatially inhomogeneous Landaw equation (1.1)
such that

(1.15) sup (IF@ s, + IFOllzy m) < +oc,

for some explicit £ > 3 large enough and some exponential weight function m satisfying (1.8),
and such that the spatial density is uniformly positive on the torus, namely

(1.16) YVt >0, v €T3 p(t,x):/ flt,z,v)dv > a > 0.
Rd

Then this solution satisfies
(1.17) [F(t) = pllazrz S Om(t), Vi=0.

Estimate (1.17) improves the polynomial (of any order) rate of convergence established in [17,
Theorem 2] under stronger (of any order) uniform Sobolev norm estimates but weaker (polyno-
mial of any order) velocity moment uniform estimates. Corollary 1.4 has to be compared with
[20] where the optimal speed of convergence to the equilibrium for the spatially inhomogeneous
Boltzmann equation for hard spheres has been established.

1.3. Overview of the proof. Our main theorem is based on stability estimates (which are
however not uniformly exponential) for the semigroup corresponding to the associated linearized
operator in large functional spaces, by taking advantage of a weak coercivity estimate in one small
space and using an enlargement trick for weakly dissipative operators that we introduce here.
We then conclude to our main result by combining these stability estimates (at the linear level)
together with some nonlinear estimates for the Landau operator ) and a trapping argument.
It is worth mentioning that our method is mostly based on these semigroup stability estimates,
what is drastically different from the nonlinear energy method of [21, 38, 39].

Let us explain this enlargement trick in more details, and we restrict ourselves to the Hilbert
framework to make the discussion simpler (and because it is the only case we will consider in the
all paper). We begin with the simpler hypodissipative case. Let A be a linear operator acting
on two Hilbert spaces E C £ and suppose that A has a spectral gap in the small space E, and
more precisely

(1.18) vfeEr, (M e S -ITfIE

where E{* stands for the domain of A when acting on the space E and IT denotes the projector
onto the orthogonal of ker(A). It is worth recalling that this estimate is equivalent to an
exponential rate decay for the associated semigroup Sa(¢)II in E. The extension theory recently
introduced in an abstract Banach framework in [34] and developed in [20, 31, 29] (see also
[30, 42, 32] for other developments of the factorization approach for the spectral analysis of
semigroups in large Banach spaces) establishes that if we can factorise A = A + B where B is
hypodissipative (with respect to &), A is bounded and some convolution product of .ASp enjoys
suitable regularity property, then A generates a Cp-semigroup Sx(t) on the large space & and
SA(6)IT enjoys in £ the same exponential rate decay as in E. This method has been successfully
applied to many evolution equations, and in particular to the Landau equation with hard and
moderately soft potentials in [11, 12, 14].

In our case (of very soft and Coulomb potentials v € [—3, —2)), the linearized Landau operator
A does not satisfy any spectral gap inequality but only a weak coercivity estimate on a small
space E. We are however able to generalize the extension theory presented above and prove
that A generates a uniformly bounded continuous semigroup S (t) on small and large Hilbert
spaces X, which is now only strongly stable but not uniformly exponentially stable.
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More precisely, on the one hand, the linearized version of the H-Theorem states that (at
least) in one Hilbert space E, the linearized Landau operator A enjoys a weak spectral gap
estimate

(1.19) VieB, (Afflp<—|1f|
where here E, is a second Hilbert space (in the norm of which we express the weak dissipativity
property of A in E).

On the other hand, in many Hilbert spaces X, the linearized Landau operator A splits as
A = A+ B where A is a bounded operator in X and B is weakly dissipative

(1.20) VieXd, (Bf,f)x S—Ilfl%., X.not included into X,

2E*, FE, not included into F,

where again X{* stands for the domain of A when acting on the space X and X, is a second
Hilbert space (in the norm of which we express the weak dissipativity property of B in X).

It is worth emphasizing that this weakly dissipative case is much more tricky than the previous
classical dissipative case, because one cannot deduce any decay estimate on ILSy (resp. Si) just
from inequality (1.19) (resp. inequality (1.20)).

However, by using (1.20) with several choices of spaces X and using an interpolation argu-
ment, we first obtain that Sz is strongly asymptotically stable (but not uniformly exponentially
stable). Next, by using an extension trick, we deduce that the same holds for ILS5. More
precisely, for several choices of Hilbert spaces X C Xg, we have first

(1.21) ITLSA ()|l x 5x0 < O() = 0, ast— oo,

for some polynomial or stretched exponential decay function © = ©x x,, as well as the regular-
ization estimate

(1.22) ITLSA (8) ;50 < (EA1)TH2O.(8),
for some polynomial decay function ©, = ©x, x, (such that (t A1)"1/20(t) ©.(t) € L*(Ry))

and where X! is the dual of X, for some suitable duality product. Next, for some convenient
choice of n, K > 0, the norm

(1.23 VIEX, I = al o+ IS dr

is an equivalent norm in ITX and A satisfies the weak dissipativity estimate
(1.24) Vie X, (Aff)x < -K|Tf%.,

where ((-,-)) x stands for the duality bracket associated to the || - || x norm.

By choosing X and X, well adapted for the quadratic Landau operator, we may then establish
that for any solution f = F' — u to the Landau equation, the following a priori estimate holds
(for some constant C' > 0)

d
IR < ITF% (=K + Ol L)

Our existence, uniqueness and asymptotic stability results are then immediate consequences of
that last differential inequality and of the estimates it provides.

Let us finally discuss the decay issue for non-uniformly exponentially stable semigroups which
naturally arises in many contexts. It arises first in statistical physics when involved coefficients
are suitably decaying. In [9, 10], for the Boltzmann equation with soft potential of interaction
under Grad’s cutoff assumption, Caflisch had exhibited the explicit semigroup solution to the
associated linearized equation and had deduced well-posedness and stability for the nonlinear
Boltzmann equation in a perturbative regime. In [28], a similar result is obtained for the
critical case of an attractive reversible nearest particle system. More recently, for the Fokker-
Planck equation with weak confinement potential and for the spatial homogeneous Landau
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equation with soft interaction some polynomial and stretch exponential rate of convergence to
the equilibrium have been established in [37, 40]. The proofs are based on entropy methods,
moments estimates and interpolation arguments. These results for the Fokker-Planck equation
are improved in [23] where a similar factorization approach, as introduced in the present paper,
is developed.

Independently, inspired by scattering and control theory [24, 4], many results on the decay
rate of the energy for damped wave type equations have been established, see for instance
[25, 26, 27, 8]. These results are based on the analysis of the absence of poles (resonances)
in the neighbourhood of the real axis for the resolvent of the associated operator. They have
inspired an abstract theory for non-uniformly exponentially stable semigroups, and we refer the
interested reader to [7, 5, 6] and the references therein.

It is worth emphasizing that in that last abstract theory, one typically obtains some estimate
on the semigroup by allowing the lost of (part of) a domain in the control of the trajectory
and, roughly speaking, that is related to the absence of pole in bounded neighbourhoods of
the real axis and to the control of how the spectrum approaches the imaginary axis at £ioco.
That is slightly different from the picture arising in the present statistical physics framework,
where the estimates do not involve domains norms but norms controlling the confinement of the
distribution function and where the continuous spectrum extends up to the origin.

1.4. Notations and definitions. If A is a closed linear operator on a Banach space X that
generates a semigroup on X, we denote by S, (¢) its associated semigroup. Moreover, for Banach
spaces X and Y, we denote #(X,Y") the space of bounded linear operators from X to Y, with
the associated operator norm || || x—y. We say that the generator A of a semigroup in a Banach
space X is dissipative if

VfEX}\aaf*Eva <f*,Af>X’,X§O

where X} = D(A) is the domain of A and Jy is the dual set J; := {g € X'; |lg|l% = |4 =
(9, f)x’.x}. We say that the generator A is hypodissipative if it is dissipative for an equivalent
norm.

1.5. Structure of the paper. For the sake of clarity, we shall first consider the spatially
homogeneous case through Sections 2 to 5, and in the last Section 6 we show how our method can
be adapted to the spatially inhomogeneous equation. In Section 2 we introduce a factorization
of the (homogeneous) linearized Landau operator £ = A+ B and prove several properties of the
operators A and B. Section 3 is devoted to the proof of (non exponential) decay estimates in large
functional spaces of the semigroup associated to £ (see Theorem 3.5) as well as weak dissipative
properties for £ (see Corollary 3.7), using the method presented above. In Section 4 we prove
nonlinear estimates for the Landau operator ), and then in Section 5 we prove the spatially
homogeneous version of Theorem 1.1. Finally, in Section 6, we deal with the inhomogeneous
case and prove Theorem 1.1, by following the same program as for the homogeneous case above.

Acknowledgments. The first author is supported by the Fondation Mathématiques Jacques
Hadamard. The second author gratefully acknowledges the support of the STAB ANR project
(ANR-12-BS01-0019).

2. LINEARIZED OPERATOR

We define the following quantities
bi(z) = 9aij(2) = =22 2,
(2.1) c(2) = Ojai5(2) = =2(v +3) [2]" if y € (=3,-2),
c(z) = 0ija;j(z) = =8ndy if v = =3,



8 K. CARRAPATOSO AND S. MISCHLER

from which we are able to rewrite the Landau operator (1.3) into two other forms

Q(g, f) = 0i{(aij ¥ 9)0; f — (bixg)f}
= (aij * g)0i; f — (c*xg)f.

Consider now the variation f := F — p and the linearized (homogeneous) Landau operator

(2.2)

(2.3) Lf:=Qu f)+Q(f, ).
We denote
(24) C_Ll'j = Q5 * [, Bl = bl * W, C=C* W,

and remark that

cw) = =20y+3) [ [v—v.]"p when € (=3,-2),

Vs

¢(v) = —8mu(v) when ~=-3.

2.1. Known results. On the space Fy := L2(u~1'/2), we classically observe that £ is self-
adjoint and verifies (Lf, f)g, <0, so that its spectrum satisfies £(£) C R_. Moreover, thanks
to the conservation laws, there holds

ker(‘c) = span{,u, V1, V2fb, U3 [, |’U|2IUJ}5

and the projection Iy onto ker(L) is given by

25)  To(f) = (/fdv> u+§; (/vjfdv> v+ </ |“|26_3de> |“|26_3u.

Several authors have studied weak coercivity estimates for £ on Ey. Summarising results
from [15, 3, 21, 33, 36], for all —3 <~ < 1, we have

(2.6) (L ) Es S — ) T If|I%, — () FV (2 0)|2., ¥ f € By,

where we define the projection II := I — IIy onto the orthogonal of ker(£) and we recall that
the anisotropic gradient V., has been defined in (1.11). Observe that (2.6) does not provide any
spectral gap for the operator £ in Ey in the very soft and Coulomb potential case —3 < v < —2
we are concerned with in the present work, contrarily to the moderately soft and hard potentials
case —2 <y < 1.

2.2. Factorization of the operator. Using the form (2.2) of the operator @, we decompose
the linearized Landau operator as £ = Aoy + By, where we define

Aof = Q(f, 1) = 9:{(ai; * )Oju+ (bi = fu} = (ai; * [)Oijp — (c* fu,
Bof = Q. f) = 0i{(ai; * p); f + (bi = p) [} = (aij * p)0i [ — (c* p) f-
Consider a smooth nonnegative function y € C°(R3) such that 0 < X(v) 1, x(v) = 1 for

|v] <1 and x(v) =0 for [v| > 2. For any R > 1, we define yg(v) := x(R™1v). Then we make
the final decomposition of the operator £ as £ = A + B, with

2.7)

(28) A= AO + MXR7 B = BO - MXR)

where M > 0 and R > 1 will be chosen later.
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2.3. Preliminaries. We introduce some convenient classes of weight functions and we state
some preliminaries results that will be useful in the sequel.
We say that a weight function m : R? — R, is admissible if
(1) it is a polynomial function, and we write m = (v)*, k > 0;
(i3) or if it is an exponential function, that is m = ™" with x > 0 and s € (0,2), or with
0<k<1l/2and s=2.

We denote o = 0 when m = (v)* and ¢ = s when m = )", For two admissible weight
functions mg and my, we write mo < my (or my > mo) if lim},|_o Z—‘l)(v) = 0. Similarly, we

write mg < mq (or my = mg) if mg < my or mg = my (up to a constant).

We finally define the following functions:

11 0;iim o;m d;m - Om 1
2.9 = 9. (a;:m?) —¢=a,; -2 Qi P
(2.9) Cm(v) 2m281 (@i;m*) — ¢ = ayj - + aij P + 2b; - 5C;
~ o;m 0, - 0; 1
(2.10) Cm(v) 1= @ MG p, S 56
m m m 2
and also
0w Ojw 0w _ Oiwd;im
(211) me(v) = Q45 jj —l—aijT]T —2@1']‘ o ;’L .

We start stating some estimates on the matrix a;;. To that purpose, we define
v w

aw - | (1 (& %)) w20 — w) du,
Eg(v):/]R3 (1—% mxm

where x stands for the vector product in R3, and, for —3 < 3 < 0, we define
Ja(v) = / lv — w|® u(w) dw.
R3

Lemma 2.1. The following properties hold:

2
) w2 (v — w) dw,

(a) The matriz a(v) has a simple eigenvalue ¢1(v) > 0 associated with the eigenvector v and a
double eigenvalue (2(v) > 0 associated with the eigenspace v-. Moreover, when |v| — +00,
we have

01(v) ~2(v)7, ba(v) ~ (v)7F2

(b) The function a;; is smooth, more precisely for any multi-index 3 € N3,

10%a5(v)| < Cp(w)+27 1AL,

Moreover, there exists a constant K > 0 such that
aij(v)€i&j = (1(V)|Po* + Lo (0)|(T = Py )E[?

> K{(v)[PogJ* + () 2|(I - P,)ef*}.

(¢c) We have
tr(a(v)) = £1(v) + 202(v) = 2J,42(v) and  bi(v) = —1(v)v;.
(d) If Jv| > 1, we have
D76 < Calo) ™ and  [0P6a(v)] < Catw)THIA
(e) For any B € (—3,0), there exists some constant Cg > 0 such that
| J5(v) = (v)°] < Cp(v)’~1/2, Vo e R
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Proof. Ttem (a) comes from [15, Propositions 2.3 and 2.4], (b) is [21, Lemma 3], (c) is evident
and (d) is [14, Lemma 2.3].
We just then present the proof of (e). On the one hand, for any v € R3, we have

(2.12) Ja(v) = / [0a|® (05 — v) dus —|—/ v, |P (v — v, do,
lva|<1

PAES!

< sup p(v— v*)/ 0,2 dv, —|—/ wv —vy) dv, < Cq,
v <1 [v.|>1

o] <1

since the two terms are clearly bounded uniformly in v € R3.
On the other hand, for any v € R?, |v| > 1, and for any R > 0, we write

Ja(v) = / [v. — v|? u(v,) do, —|—/ v, — v’ p(v,) dv, = T1 + To.
lv.|<R v >R

For the second term, we have

|T2| < \/u(R) 0. — 0P /u(v.) dv, < Cy e/,

0| >R

where we have used an estimate very similar to (2.12) in order to bound the integral term. For
the first term and for |v| > R, we have

oz [ (ol e o) do,
[v.|<R

Y

Y

/ (Jv| + R)? u(v,) dv, > (Jv] + R)(1 — 036—1#/4)’
lva|<R

and in a similar way, we have
Ty < [jv| - R’
We conclude by making the choice R := |v['/2. a

Lemma 2.2. Let m be an admissible weight function such that m = (v)(7+3)/2,
(1) If o = 0 and w = (v)* is a polynomial weight function such that w < m{v)~*+3)/2 then
lim sup G (v) (v) ™7 = limsup G (v) (v) 77 < 2{(v +3)/2 — k},

|[v]—o0 v|—00

limsup |G (0) + G, ()] ()77 < 2{(7+3)/2+ @ — k}.

|[v]—o0
(2) If o € (0,2), then

lim sup G, (v) (v) 77 = limsup G (v) (0) 777 < —2ks.
|[v]—o0 [v|—o00
(3) If o = 2, then
limsup ¢ (v)(v) 7277 < 4k(4k — 1),
|[v] =400
lim sup G (v) (0) 7277 < 4k (2K — 1).
|[v| =400

Proof. We introduce the notation

. {(7+3)Jv(7}) if v € (=3, -2),

r(v) = 47rp(v) if v = -3,
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so that ¢ = —2.J,. We observe from Lemma 2.1 that, when |v| — 400, we have

(2.13) %ﬁl(v) ~ b(0)Jo] 2~ (0)7 and T (v) = (v +3) (0)7 + O((v) 7).

Step 1. Polynomial weight. Consider m = (v)*. From definition (2.1)-(2.4) and Lemma 2.1, we
obtain

aij 8%” = (0ijti;) k(v) =2 + (@ijvivg) k(k — 2) ()~
= 205(v) k(v) 7% + £1(v) k(v) 72 + £1(v) k(k = 2)[v[*(v) 74,
Moreover,
_ Om O;m B _ _
Qs —— == = (aiviv;) K (0) ™ = b (0) K [v]* (0) 4,

and also, using the fact that b;(v) = —¢1(v)v; from Lemma 2.1,

- &m _
b; - :—Kl(v)k|v|2<v> 2,

It follows that
Cm (V) = 2kLa(0) () 72 + kb1 (0) (0) 72 + k(k = 2) 1(v) |o]* (v)
+ k2 0 () [P () T = 2k 01 (v) o] (0) 72 + T4 (v),
as well as
Cn(v) = K20 (0)[o]*(0) ™" = k(o) o] (0) 72 + T, (v).

Thanks to (2.13), the dominant terms are of order (v)?. We then obtain

lim sup G (v) (v) ™7 = limsup G (0) (0) ™ < 2{(7+3)/2 — k},

|[v|—+4o00 |[v| =400

from which we conclude the proof of the first part of point (1). The estimate of (p, ,, is similar
as above, and thus we omit it.

Step 2. Exponential weight. For m = e"(")" we have

Cn(v) = 265 Lo (V) (V)52 4 ks L1 (V) (V) ™2 + Ks(s — 2) £1(v)|v]? (V)54
Ny

+2K25% 04 (v)|v|2<v>2s_4 — 2K544 (v)|v|2<v>5_2 Jy(v)
and also
(V) = —rsly (V) [v]* ()72 + K221 (0) 0] (V)7 + T, (v).
In any cases 0 < s < 2, the dominant terms are of order (v)7+¢ and we easily conclude. O

We conclude this section with a remark about the weighted spaces we have defined in (1.6).
For any admissible weight function m we easily obtain

(2.14) 1)@= mf (|22 + [Vo(mIZ2 ~ [mflIZ2 + [mVo fl7,

so that in particular ||f||§{1(m) ~ ||f||%2(m) + ||va||%2(m) when o € [0, 1].
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2.4. Dissipative properties of B. We prove in this section weakly dissipative properties for
the operator B. These estimates are similar to the estimates established in [12, 14] for —2 <
v <1, in which case it is proven that the operator B — « is dissipative for some a < 0.

Lemma 2.3. Let m be an admissible weight function such that m = (v)OF3)/2 and we recall
that we have defined o = 0 when m is polynomial and o = s when m is exponential. There exist
M, R > 0 large enough such that B is weakly dissipative in L?(m) in the sense:

o If m < pu~1/2, there holds

= = yto

(2.15) (BE, Frem) S —l1(0)% Vol [Zagny = [1(0)2 Vo(mf)IZa = 10) =" fl72(m)-

o If =12 <m < p~", there holds
(2.16) (B, 1z S =N Volmh)llFe = 1) 2.
Proof. From the definition (2.7)-(2.8) of B, we have
[ sme = [aor st~ [errm~ [ dxnsm?
=T+ 1o+ T5.

Let us compute the term Tj. Writing g = m f and thus 9;; f fm? = 9;;(m~'g) gm, an integration
by parts yields

T = — / {ngm + a;j0;gm + dijgaim} 0; (mflg).

Using that 9;(m~1g) = m~19;g — m~29;mg in the last equation, we first get

_ _ 3Zm8m - 8m _
Tl :—/aijaigajg—i-/{aij m J——l—bj#}g?—/bjgajg,

m

and thanks to another integration by parts for the last term, we finally obtain
[ £ == [asamposinn) + [(Gn - Mxahf .
In a similar (and even simpler) way, we can also obtain
[ smt == [agoisosrm® + [1Gn— Mxn) s
Thanks to Lemma 2.2, we may choose M, R > 0 large enough such that

Gn(v) = MxR(v) S =), Gulv) = Mxr(v) S =), ifm =<2

and
(n(0) = Mxp(v) S =)0, it /2 <m < p?,

and we then conclude using the coercivity of a;; from Lemma 2.1. O

For any admissible weight function m, we define the operator B,,g = mB(m~'g), which

writes
_ _ om _ Omom _ Opym
Bmg:aij(?ijg—mijz—@jg—f—{2aijz—]——aij . —C—MXR}g
m m m m

(2.17)
=:a4;0:59 + B;0;9 + (0 = MxR)g.

We then define its formal adjoint operator B}, that verifies

+ Ej}ajdﬁ + {@z‘j

(9im @jm T 21_)1 &-m

m m

(218) B:n(b: &ijaij¢+2{aij - MXR}¢-

m
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Observe that if f satisfies the equation 0,f = Bf then g = mf satisfies 0;g = B,,g, and also
that (Bf, f)r2(m) = (Bmg,g) 2. Moreover there holds by duality

vt > 07 <SBm (t)gv ¢>L2 - <ga SBfn (t)¢>L27

where we recall that Sy, (t) is the semigroup generated by B,, and Sp: (t) the semigroup
generated by B,.

We now prove weakly dissipative properties of the adjoint B;,. Here, we restrict ourselves
to the case of a polynomial weight function in order to simplify the presentation and because
it will be sufficient for our purpose. Indeed, the final estimates we will deduce of the analysis
we are starting here will be used on “perturbation terms” and we will not destroy the possible
faster rate of decay we get for stronger weight functions.

Lemma 2.4. Let m and w be two admissible polynomial weight functions such that m >
(V)O+D/2 and 1 < w < m (v)~OF3)/2,

(1) We can choose M, R > 0, large enough, such that B}, is weakly dissipative in L*(w) in
the following sense:

(2.19) (B, ¢¢>L2(w)~ ||¢HL2 v)7/2) H%v¢|‘%2(w<v>w/2)-

(2) For any n > 0, we define the equivalent norm || - || g1, on HY(w), and the associated
scalar product (-,-) g1 (), by

H(b”i}l(w) = H¢||2L2(w) + 77||vv¢||2L2(w)
We can choose M, R,n > 0, such that B, is weakly dissipative in H*(w) in the following sense:

(220) (B, 8 iy S =S opoyorzy = Vel T2 wiynrzy = MV (Vo) T2y

Proof. We split the proof into three steps. In what follows we shall use the equivalence (2.14)
since w is a polynomial weight function.

Step 1. We have

/(Bfnd))(wa = / <EL Oigm +2b 8— —MXR) 2 w?

+/ (aij 8;:1 i) 5i(¢2)w2+/dijaij¢¢w2
= 11 + IQ + Ig.

Performing one integration by parts, we obtain

Iy = — /@' (C_Lz'jaij + l_h') ¢*w? — / (C_lij Oym + 1_71') 200w ¢*
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Using that ;¢ ¢ = $0;;(¢%) — 0;00;¢, it follows
I3 = —/fbijai¢3j¢w2 + % /aij(&ijw2)¢2
_/aij8i¢8j¢w2 + % /(’%(Bioﬂ + @ 2w0;w) P>
- _/aijaiqsajo;wz + % / {c—i— 4&%—“ + 24y 8;&1 a%u + 24y azw } ¢ w?.

Finally, we get

/ (B2,6) pu? = / 4150100, * + / (G + Como — MxR)} 6 2
< ) Fub oy — 10} Bl

by choosing M, R > 0 large enough and using that Cp, (v) + Cm.w(v) — Mxg(v) < —(v)7 thanks
to Lemma 2.2. That completes the proof of point (1).

(2.21)

Step 2. Now, we introduce the notation ¢, := 0%¢ where o € N* and |a| = 1. There holds

0% (BL) = B ¢a+aa{ Dum oy, Im }¢+263 {aij6;m+bi}ai¢
+ 0,1 0i;¢,

which implies that
[ 60 = [Bronsn+ [0 { ity gp, O MXR} b 6aw

+2/53 {aijajwm +bi}ai¢¢a w? +/(33@ij)(5ij¢) Gow?
= T1—|—T2+T3—|—T4.

Using Step 1 of the proof, we have, for some constant A > 0,

Ty < A0} Fualay + [ (G + G = Mn) 6.
For the term 75, we have straightforwardly from Lemma 2.1

T2 5 [ )16 19017 < Dol oy IVl 2o -y
and similarly
75 [ (19068 = Vo0l ey

For the last term, we use one first integration by part, in order to get

T =~ [055)00) 6u i~ [(0205)(0:0) 0,007

/(3 ai5)(0;9) o Ojw* = Uy + Uz + Us.

In the above expression, the first term and last term can be bounded exactly as T3. For the
middle term, we perform one more integration with respect to the d, derivative, and we get

Up = /(Av@ij)5i¢3j¢w2 +/(836ij)(ai¢a)aj¢w2 +/(335ij)(5i¢) 9;0 05w,
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We recognize the middle term as —Us, from what we deduce
Uy = %/(Av@ij)5i¢3j¢w2 +%/(33dij)(&¢) ;¢ 9w

S Ve ¢HL2 v)7/2)"
All the estimates together, we have estabhshed for some constants A, C' > 0,
(222)  (Vo(Bud) Ve € ~MVo(Ved)Zawmpr) + ol wiayorsy
Step 3. We gather estimates (2.21) and (2.22), we observe that

1111 wiwyr2) S 112 gwyrr2) + V0Bl 320wy
and we conclude choosing 77 > 0 small enough. g
2.5. Estimates on the operator A. We prove boundedness properties for the operator A.
Lemma 2.5. For any 6 € (0,1), £ = 0,1 and p € [1, 00|, there holds A € BW P WhP(u~9)).

Proof. We only prove the case £ = 0, the case £ = 1 being similar. We only investigate A( since
A = Ayg+ Mxg, and we recall that Agg = (a;; * g)0i;p+ (¢* g)u. We decompose a and ¢ into a
bounded part and a singular part. More precisely, we split a;;(2) = ai;(2)1)2>1 +ai(2)12j<1 =
a;rj(z) + a;;(2), and similarly for ¢(2).
Assume first v € (=3, —2). For the bounded parts a* and ¢*, we easily have
(@ * 9) ()] + (" *g)()] < llgller,
and therefore
(s * 9)0i0ll o (u-oy + 1™ * 9l Lou-oy S gl -
We now turn to the singular terms. We first have

a5+ )0 nlso) < [ loto) ( Jlo= el 1 ul-%)) < gl

and similarly,

e * glrne, / l9(v) < / |v—v*m|v_v*|g1u1f’(v))sngm.
v

As a consequence, we already obtain that A is a bounded operator from L' — L'(u~?). More-
over, we can estimate

[(ai; * 9)(V)] < llgllze (/Iv ST AR TP dv*) S llgllzee

and in a similar way

(e * )W) S gl ( I —Wlquv*) < llglm,
which imply
(a5 * )0ty < lgllms (e * @il ooy < lgllim:

These estimates prove that A is bounded from L> — L>(u~%). We can then conclude to the
boundedness of A for any p € [1, oo] by Riesz-Thorin interpolation theorem.

Assume now v = —3. In that case the term (a;; * g)0;; 1 can be treated exactly in the same
way as above, but now we have ¢ = —§y and then ¢ * g = —g. Therefore, for any p € [1, 0],

e * 9)ullLru-oy = llgn' e < llgle,
which completes the proof. 0
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3. SEMIGROUP DECAY

This section is devoted to the proof of decay and regularity estimates for the linearized
semigroup S,. Given two admissible weight functions mg < mq, we define

(k1 —kx)

Omymo(t) = ()" 1, for any k. € (ko, k1), if m1 = (0)* and mg = (v)*°,

and

s

Omymo () = e M for some A >0, if my = (),

In order to avoid misleading, it is worth emphasizing that when my is a polynomial weight,
O, ,m, refers to a class of functions, whereas for m; an exponential weight, ©,,, , stands for
a fixed function. That somehow usual convention greatly shorten notations and simplify the
exposition. As a consequence, we also emphasize that in both cases, for any 0 < s < ¢, we have

O, () SOt L (t—35)0,t . (s).

mi,mo mi,mo mi,mo

Here and below, we define the time convolution product S * Sa of two functions S; defined
on the half real line Ry by

t
(Sl * SQ)(t) = / Sl (t — S)SQ(S) dS,
0
and we also define S = I and S*™ = §« SC(=1) for any n > 1.

3.1. Decay estimates for Si. We first prove decay estimates for the semigroup Si.
For any admissible weight function m, we define the space H!(m) associated to the norm
(3.1) ||f||%{i(m) = Hf”%?(m(v)(w:r)/z) + ||Vv(mf)||%2(<v>w/2),

and we easily observe that H!(m(v)'1/2) ¢ H'(m) c H!(m). When furthermore m is a
polynomial weight function, we define the negative Sobolev space H, ! (m) in duality with H}(m)
with respect to the duality product on L?(m), more precisely

(3.2) gty = sup (fs@)i2my =  sup  (mf,md) s,
”d—’”Hi(m)Sl ”d—’”Hi(m)Sl

and observe that || f[| -1, = [[mfll -1

Lemma 3.1. Let mg,m; be two admissible weight functions such that my = mg = (v)(7F3)/2,
For any t > 0, there holds

(3.3) 1S8() || 2 (m1)— L2 (mo) S Omymo (F)-

Let mg, my,m be admissible polynomial weight functions such that m = my = mg > (v)(7T3)/2,
For any t > 0, there holds

(3.4) 198z, ()| L2(w1)— L2 (wo) S Omirmo (1),
where w1 :=m/mg and wy :=m/m;.

Proof. We denote X (m) = L?(m). We observe that for mq := mo(v)+7)/2 < mg < my (where
we recall that o = 0 if my is a polynomial function and o = s if mg is an exponential function),
there is a positive constant C' = C'(mg, m1) such that for any R € (0,00) we have

TR o < 1 ey + C 0 (R £]12
mg X(mo) = X (mo) m% X(mq)>

where we also denote by m the function R +— m(v) for [v| = R. We write that estimate as

(3.5) e F 11X moy < 11 () + CORIF N5 ()
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with
m?
er:=—(R), Or:=—3(R), e, — =0 asR— oo.
my €R
Let us denote fg(t) = Sg(t)fo for any ¢ > 0. Thanks to (2.15) for the weight m;, we have
18O x @) < [l follxmy, VE=0.

Writing now (2.15) for myg, using the interpolation (3.5) and the above estimate, for any R > 0,
we get (for some positive constants A\, C' > 0)

d
%Hfs”?x(mo) < _)‘”fls‘”%((mo(v)(w:r)/z)
—Xer|f81% () + CORI 815 ()

=Aerll 8% (mo) + CORNSollX ()

with eg = (R)Y7 and 0r/eg = mZ(R)/m3(R). Integrating that last differential inequality, we
obtain

IN

IN

_ Or
175 O ey S €7 Woleme) + 2 Iolcma)

2 2
5 le,mg(t) HfOHX(m1)7
with

6
2 I —XeRt R
Donsmo () := fnf (e + —8R> :

We can complete the proof of (3.3) by establishing Ty, mo(t) S Omym(t) for the different
choices of weight functions my < mj.

Case 1: mg = (V)% and m1 = (V)" with ko < ky. We have

2 (1) = inf (67A<R>Wt 4 <R>2(kofk1)) _

mamo R>0
We take (R) = (()0())"/ 1"l with () := [log(1 + )]~ and we get
2 (t) < e~ MW7 log(1 + £)] 4k —ko)/ IV () =2(k1 ko) /17|,

may,mo

from which we easily obtain 'y o (£) S Omymy (£)-
Case 2: mo = eV and my = ") with ky < k1. We have

T2, g (1) = inf (72774 (2o
’ >

We take (R) = t'/17l and we get

Fz (t) < e_)\ts/\’ﬂ + e_z(ﬁl_n())ts/\’ﬂ

mi,mo Y

which is nothing but ©2, . (¢). The general case my > mg follows from that estimate, and the

proof of (3.3) is complete.

Case 3: mg = (v)k and my = em1()* We define m = ") with k < k1 so that mg < m < my.
Using Case 2 above with m and m; we obtain

s/ 1]
I8 x (mo) < IfBE)x(m) S Omysm )l follx(may S € [ foll x ()
and conclude with the estimate of Case 2 above.

Case 4: mo = e and m; = ") with so < s. We first define m = """ with k < k1, so
that mo < m < mq, and we argue as in Case 3.
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Estimate (3.4) can be proven similarly as above by using the estimates of Lemma 2.4, where
we remark that in this case we have Oy, w,(t) = Oy .m, (1), because mg, my, m are polynomial
weight functions and wy = m/mg, wo = m/my. O

3.2. Regularity properties of Siz. We now prove that the semigroup Sp enjoys some regu-
larization properties.

Lemma 3.2. Let my, m be admissible polynomial weight functions such that (v)3/? < mi < m.
Then the following regularization estimate holds

Oy (1)
(3.6) ||SB(t)”H;l(m)_)Lz(ml@)w/z) < W, Vit > 0.

Proof. We define wg := 1, wy := (0)171/2 and w := m/(m; (v)?/?), so that 1 < w < m{v)~(1+3)/2,
We write ¢ := Sp: (t)¢ for a giving function ¢ € L*(w;). Thanks to (2.19) and (2.20) together
with H}(wy) C Hl(wo) we have for some constant A > 0

10030y + 110403 ) < =AWl oy + 76011 <O
forn >0 small enough. We deduce that
(37) 77t H(thffl (wo) ~ H¢||L2(w1)7 Vi Z 0.

For large values of time ¢ > 1, we can use (3.7) and (3.4) to obtain

[Dell (o) S N0t-1ll22(01) S Omomi (8= DDl 22wy S O (DI L2(0)
Both estimates together with H'(wy) C H}(wo), we have proved

Om,m, (1)
HSB;‘n(t)(b”Hi(wo) S t1/2 Al

We then get (3.6) by duality. More precisely, recalling that that
Vi>0, mSp(t)f=5p,(t)g, (5B, (t)g,d)r> =(9,5B;, (1)§) L2,

we first have [|Sp(t)f| 12, ()v/2) = llw ™' SB,, (t)gllL> and then we can compute

lw™'SB,,()gll2 = sup (Sp, (t)g,w '¢)L2
Il 2 <1
= sup (9,58 (t)})r>
H¢HL2(W)§1

< sup gl g ) 198, 0@l a2 w0)
|‘¢HL2(@)§1

< sup 71||g| . 6]l 200,
6l 2, <1 t/2AL T - (wo) ()

lll2wy YtE>0.

which completes the proof of (3.6) by coming back to the function f =m™1g. O

3.3. Decay estimates for S,;. We first prove decay estimates in a family of small reference
spaces included in L2(p~1/2).

Proposition 3.3. For any admissible weight v such that p='/? < v < u=?, there holds
2
vt >0, ”Sﬁ(t)H”L? (V)= L2 (u—1/2) < O, -1/ (t) = Ce "

Proof. Let us denote for simplicity Eq = L?(u~'/?) D Ey = L?(v). We already know from (2.6)
and (2.15) that

L= ”Sﬁ(t)H”Eo—)Eov t— ||SB(t)||E1—>E1 € LOO(]R-F)
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We then write, thanks to Duhamel’s formula,
SeIl = SpIl + S A+ S,I1,
and using Lemma 2.5 and Lemma 3.1, we obtain that t — ||SpA(t)| g, 5, € L*(R), whence
3.8) NSOz —E S 1980 Ei—E + 1S8BAM Bo— By * (IS (O] 5y — By € L7 (R4).
Defining ITf; (¢t) = ILSL(t) fo and using (2.6), (3.8) and the same interpolation argument as
in the proof of Lemma 3.1, we obtain
ST, < A2 (0],
< Aer|ILfL ()| E, + CORITSL(E) follE,
< Xer|IfL(t)|E, + COrILfollE,,
with eg = (R)Y*? and Or/er = p~*/?(R)/v(R). We conclude as in the proof of Lemma 3.1. [

As an immediate consequence, we prove uniform in time bounds for the semigroup S, in
large spaces.

Lemma 3.4. For any admissible weight function m = (v}wTH, there holds
t = 1S L2(m)—r2(m) € L= (R4).
Proof. Let us denote E = L?(u~'/?), By = L?(v) and X = L?(m), with u='/2 < v < p~'. We

only need to treat the case <v>WT+3 < m < pu~? so that E C X (the other cases have already
been treated in (3.8)). We first write

S,II =11SE + S.I0 + ASg,

and observe that t — || Sg(t)||x>x € L®(Ry) from (2.15) and t — ||Se ()| g, r € L*(Ry)
from Proposition 3.3. Moreover, Lemma 2.5 and Lemma 3.1 yield ¢ — | ASs(t)||x—r €
L>°(R), so that

1S x—x S 1981 x—x + SO 5, »Ex * [[ASB(1) | x - B, € LT (Ry),
and the proof is complete. 0

We can now prove that S inherits the decay and regularity estimates already established for
the semigroup Sp.

Theorem 3.5. Let mg,m; be two admissible weight functions such that (v)+3)/2 < mg < my
and mg < ;fl/Q. There holds

(3.9) SO L2 (m1) - L2(me) S Omaimo(t), V2 0.

Let mg, mq be two admissible polynomial weight functions such that (v)

holds

3/2 < my < my. There

Oy mo (1)

(3.10) SO 22 () s L2(mo (oyr/2) & A2 p 1

Vi > 0.

Proof. We fix an admissible weight function v such that p='/? < v < p~=*

split the proof into two steps.
Step 1. We denote Xo = L*(mo), X1 = L*(m1), Eo = L*(u~'/?) and E; = L?(v). We write
the factorization identity

and v > my, and we

SeII =11SE + S.I0 + ASg,
which implies

9;111,7110 HSﬁHHX1—>X0 S 9;111,7110 HSBH||X1—>X0 + (977111,’”10 HHSﬁHE1—>X0 * 9;111,m0 HASBHX1—>E1) .
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Thanks to Lemma 3.1, Proposition 3.3 and Lemma 2.5, we have
t = Ol me () [1SB(0)|x, - x, € L=(Ry),
t > 051 e (1) LS (t) || 21— Bo—s X0 € LH(Ry),
t = 071 o () [MASE ()| x1 5 X0 B, € L7 (Ry),
which concludes the proof of (3.9).

Step 2. Denote Z; = H_*(my) and Xo = L2(mg(v)?/2). Writing the factorization identity as

in Step 1 and denoting 6., o (t) = Oy my (t)/(t/2 A1), we have

Ot mallSeTll 5,y 5, S Ol oS5 7,2, + (Ot mall Se W,y 5, * Ol g A4Sl 2o ) -
Thanks to Lemma 2.5, Lemma 3.2, and Proposition 3.3, we deduce

Eor Ol (0 S5O, 5, € LRy,

Eor 60 (O TS0, o5, € LM (R,

tr 051 (0 IAS5 D), 5, om, € L7(Ry),
which implies (3.10). O

3.4. Weak dissipativity of L. As a final step, we establish that £ is weakly dissipative in
some appropriate spaces. In order to do that, we define the spaces
(3.11) X :=1L*m), Y:=H!m), Z:=H'm), X,:=L?

where we recall that H}(m) and H_!(m) have been introduced in (3.1) and (3.2). For any
n > 0, we also define the norm || - [|x on IIX by

(3.12) NI =l + [ el 1, o
and we denote by ((-,-)) x the associated duality product.
Proposition 3.6. Let m be an admissible weight function such that m = (v)%. The norm ||-||x
is equivalent to || - ||x on IIX , and, moreover, there exists n > 0 small enough such that
d
(3.13) TS fl% S =1ScfI5, vV feTX.

Proof. We easily observe that, thanks to Theorem 3.5,
| 18l ar <1515 [ €y

for some decay function © € L?(R, ) under the condition m = (v)3/2, thus || - || x is equivalent
to ||+ |lx on IIX . Now denote f.(t) = Sz(t)fo, fo € IIX, so that fr-(t) € IX for any ¢t > 0,
recall that £ = A + B and write

3 3 e Ol = nBLE0, Te)x + wALe(0): Fe(O)x +5 [ 1S e, dr

Thanks to Lemma 2.3 and Lemma 2.5, we have

n(Bfe(t), fe(®)x < —nK'|lfe@)I5 n(Afe(t), fe(t)x < nCllfeB)%,-

Moreover, for the last term, we have

> d
| F1Se Ol dr = lim 152(0) oo, — 12Ol = I 5e(0)l
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where we have used

VE2 0, [Se(r)fe(t)lx, < COnmfollx with lim €,(r) =0,

thanks to Lemma 3.4 and Theorem 3.5. We conclude the proof of (3.13) gathering previous
estimates and taking n > 0 small enough. 0

3.5. Summarizing the decay and dissipativity estimates. We summarize the set of in-
formation we have established in this section and that we will use in order to get our main
existence, uniqueness and stability result for the nonlinear equation in Section 5 (in the spa-
tially homogeneous case). Consider the spaces defined in (3.11).

Corollary 3.7. Consider an admissible weight function m such that m = (v)>*3/2. With the
above assumptions and notation, there exists n > 0 such that the norm || - ||x defined in (3.12)
is equivalent to the initial norm on IIX and

(3.14) (Ccofifhx < —I0fl3, vfeXt,
(3.15) t = 1Se(Oly - x, [1Se(OT| z-x, € LY(Ry),
where we recall that XF is the domain of L when acting on X .

It is worth observing again that the polynomial decay rate (3.10) in Theorem 3.5 has been
established in polynomial weighted Sobolev spaces and thus immediately extends with same
decay rate to exponential weighted Sobolev spaces. That remark is used in the proof of the
second estimate in (3.15) which is valid for any (polynomial or not) admissible weight function.

Proof. Using the identity
1d
5 ISe(TA IR = GLILf,TLF)
we see that estimate (3.14) is just a reformulation of (3.13) in Proposition 3.6.
We now prove estimate (3.15). We fix admissible polynomial weight functions mg and m;
such that (v)O0+3/2 < mg < m; < (v)7/?m. Then estimate (3.9) in Theorem 3.5 and the
embeddings L?(mg) C Xo and Y C L?(my) imply

HSL(t)H”YﬂXO S ®m17m0 (t)a vt > 0.

~

Now consider admissible polynomial weight functions m{, and m/ so that (v)3/2 < m{ < m} < m.

Thanks to estimate (3.10) in Theorem 3.5 together with the embeddings L?(m}(v)¥/?) C X,
and Z C H_'(m}), we obtain

@m’ ,m/ (t)
1ScOILf]lz-x, S ISR
We finally obtain (3.15) by observing that ¢ + (t)~(=3)/I7l(t A 1)=1/2 € LY(Ry) for any
k > 2+ 3/2 and that we may thus choose mg,mi, m{, and m} adequately in such a way that
t = Oy mo () Oy s () (E A1) TH/2 € LY(RY). O

vt > 0.

4. NONLINEAR ESTIMATES

In this section, we present some estimates on the nonlinear Landau operator Q. We start
with two auxiliary results.

Lemma 4.1. ([14, Lemma 3.2]) Let —3 < a < 0 and 0 > 3. Then
Ay (v) = v — 0] (v) 7 dv, < (0)°.

Lemma 4.2. There holds
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(i) For any3/(3+~v+2)<p<ooand§>2+3(1—-1/p)
[(aij * £)() vivs] + |(aij * £)(©) vil + (s * £ (@) S @2 FllLo(oy)-
(i1) For any 3/(3+~v+1) <p < oo and any 0’ > 3(1 —1/p)
(b % F)W) S @ fll Lo ryery-

Proof. (i) Recall that 0 is an eigenvalue of the matrix a;;(2) so that a;;(v—v.)v; = a; (v —vs)vs
and a;j(v — v )viv; = @;j(v — V)vs0.j. Thanks to Holder’s inequality and using Lemma 4.1,
we obtain for any 3/(3+v+2) < p < oo and any 6 > 3(1 — 1/p),

|@W*ﬁ<twﬂ—y/awv—mwmwﬂ|
lflv—v|*” (02) 77 (0,) 02| .|

o NG
s( w—vmﬂ>fﬁwmﬁﬁ) TP

SO Looyoes)-

We can get the estimates for (a;; * f)(v)v; and (a;; * f)(v) in a similar way. Remark that we
can choose p = 2 since v € [—3, —2).

(ii) For the term (b * f) we recall that b;(z) = —2|z|7z;. Thanks to Holder’s inequality and
Lemma 4.1, we obtain for any 3/(3++v+ 1) <p < oo and any ¢ > 3(1 —1/p),

G NOIS [ o= ) @)1

Vs

(r41) -2 o (r=1)/p
5( o — v DT (o) pl) TP

SO S o oyery-

Remark now that we have 3/(3 +~ + 1) € (3/2,3], thus we can choose p = 4 for any v €
[—3,-2). O

We establish our main estimate on the Landau collision operator.

Lemma 4.3. Consider any admissible weight function m = 1. Then, for any 0 > 2+ 3/2 and
0" > 9/4, there holds

(A1) QU9 rzem) S (1 22wy Nl my + 1 Lz oy lglz2emy) |

Proof. Let us denote G = mg and H = mh. We write

<@ngmmwn:/bﬂww*ﬂ@g—wﬂJM}mﬁ

:/8J{(a”*f)al(mflG)}Hm—/8J{(bj*f)m71G}Hm :A+B

Performing an integration by parts and developing terms, we easily get A = A1 + As + Az + Ay
and B = By + By, with

A ;:—/(aij*f)aic;ajﬂ, Ay = /(aw*f)a

Ag:z/(aij*f)am /(au*f)amamGH

m m
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6jm

m

G H.

Bl = /(b]*f)GajH, Bz = /(bj*f)
We then estimate each term separately.

Step 1. Term A;. We only consider the case |v| > 1, since the estimate for [v| < 1 is evident.
We decompose 0;G = P,0;G+ (I — P,)0;G =: 81”6'—}—814-(?, and similarly for 0; H = 8J|-|H+8j-H.
We write

A} = / |>1(aij « f){olGolH +0lGotH + oG ol H + 0+ G of H)
=T+ T +T5+Ty.
Using Lemma 4.2-(i) with p = 2, for any § > 2 4+ 3/2, we have
(v-VyG) (v-V,H)
T1 = / (ai- * f)’Ui’U'
l>1 ST [v]?

<1l / (o) 20| 2 |V G| [V, H]

[v|>1

S llzaqyo) 10) 2 Vo (mg) | 22 | (0) 2 Vo (mh)| 2.
On the other hand, we have
v-V,G
[v|>1 |U|

<1l / (0)2}o| 1 [V, G| [V |

[v]>1
2 342
SF 2wy 1(0) 2 Vo(mg)ll 2 [[(v) = Vi (mh)|l 2,
and similarly

42 x
T3 S N fll 2oy 1(0) 72 Vi (mg) || 22 [[(v) 2 Vo (mh)]| 2.
For the term Ty, we have

Ty <111l ooyt / (0)"F2|VEG) VL

xt2 ag2
SFlzacyey 1(0) 7 Vi (mg) 2 [(v) "= Vi (mh)]| e

All in all, we obtain

AT Sl ez gl

Step 2. Term As. Recall that 9;m? = Cwv;(v)°2m?. The case |v| < 1 is evident so we only
consider |v| > 1. The same argument as for A; gives us

a1 (m) Pl 2 (m)-

A7 =C (aij * f)v; ()" 2{0] G + 0FG} H
[v|>1

S Wl [ {7 19,61+ @) *I9EG1 1A
Y+20—-2

2 y+2 yt20-2
S ez {||<v>g Vo(mg)llz + [I(v) 2 Vi(mg)IILz} 1{0) ™= hllL2(m)
S M lzz¢wye) gl

a1 (m) 1Pl 221 (m)-

Step 3. Term As. In a similar way as for the term As, we also have

yto

Az S llz2wyey 1K) 2 gllz2(m) IR

HI(m) S ||f||L2((v>9) gl H1(m) ||h||Hi(m)-
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Step 4. Term Ay. Arguing as before, we easily get

Af = C'/ (aij * fvivj(v)>* GH
[v|>1

< 1Lz / (0)722 |G| |H]

y+20—2 y+20—2

S Al z2qwyey 10} 2 gllnzmy [0} 2 Pllz2(m)
S 22wy gl

a1 (m) 1P 2 (m)-
Step 5. Term B;. Thanks to Lemma 4.2-(ii) with p = 4, for any 6’ > 9/4, it follows

By S sy [ @) IGIVLH

+2 ol
S e ey 16072 gllz(my [1(0) 2 Vo (mh)| 12
y+2

S e oyery 1072 gllzmy 1A]
where we have used the embedding H'((v)?") ¢ L*((v)?").

Hl(m)>

Step 6. Term Bs. Using 9;m = Cv;{v)° ~?m, we have

By sy [ @711 1A
< yto 2o
~ ||f||H1((v>9’) [[{v)™= 9||L2(m) [|{v) = h||L2(m)

yto

S e yery 1027 gllzmy A1

Hi(m)-
Step 7. Conclusion. Gathering previous estimates and using that || <U>¥g”L2(m) and ||<v>vTHg||Lz(m)
can be controlled by || g||12(m), we obtain, for any § > 2 +3/2 and 6’ > 9/4,
(Q(f,9), By r2my S | fll2wyo) N9l my Wl m) + 1 F e yery 191 L20my 120 E2 m) s
which concludes the proof of (4.1). O

Corollary 4.4. Consider an admissible weight function m such that m = (v)>T3/2. With the
notation (3.11), there holds

(4.2) @19 mx S (I71x gl + 111y lgllx ) IRy
and in particular
(4.3) QU 9)l2 S 1fx Nlglly + £y llgllx-

Proof. The proof of (4.2) easily follows from (4.1) observing that, since m = (v)?*3/2 we can
choose 6 and ¢’ in Lemma 4.3 such that L2(m) < L2((v)?) and H!(m) — H'((v)?") (see (3.1)).
The proof of (4.3) is then straightforward by the definition of Z = H_1(m) (see (3.2)). O

5. NONLINEAR STABILITY

This section is devoted to the proof of the spatially homogeneous version of Theorem 1.1.

Consider a solution F' to the homogeneous Landau equation (1.2) and define the variation
f = F — u, which satisfies,

(5.1) {3tf—ﬁf+Q(f,f)

Jit=0 = fo = Fo — p.
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We observe that, Iy fo = 0 and therefore, thanks to the conservation laws,

Mo f(t) = oQ(f(1), F(£) =0 for any ¢ > 0.

Hereafter in this section, we fix an admissible weight function m satisfying m = (v)?+3/2 and
consider the spaces X,Y, Z and X defined in (3.11). We also recall the norm || - ||| x defined in
(3.12), which is equivalent to || - || x.

We first prove a stability estimate.

Proposition 5.1. There exist some constants C, K € (0,00) such that any solution f to (5.1)
satisfies, at least formally, the following differential inequality

d
Z % < (Cliflx = K) 1115

Proof. We write
%%”U”LQX = (Lf. M)x + QU 1) f)x + /O (Se (MRS, f), Se(T)IL)x, d7
= T1 + T2 + T3-

On the one hand, thanks to (3.14) in Corollary 3.7 and to Corollary 4.4, there exist K,C’ > 0
such that

T+ To < =K1} + C'lIfllx I 115
On the other hand, we have

/0 T (Se(PTQUS. ). Se(r)ILf) x, dr
</ T ISeETQUE. )lx, [1S2(r)ILf  x, dr
0

S QW iz HfHY/O 1S () 2 x, (1S (T ly - x, dT

SIFIx AT
where we have used (3.15) in Corollary 3.7 as well as Corollary 4.4 again in the last line. We
conclude the proof by gathering theses two estimates. O

A consequence of the stability estimate in Proposition 5.1 we obtain the spatially homoge-
neous version of Theorem 1.1.

Proof of Theorem 1.1. The spatially homogeneous case. We split the proof into three steps.

Step 1. Uniqueness. We still denote by K and C' the constants exhibited in Proposition 5.1 and
we set € := (2 —/2)K/C. Consider two solutions f; and fs to (5.1) with same initial data such
that

(5.2) Vi=12 [Ifill10,00x) + K I fill 220,000y < 26"
The difference p := f1 — fo satisfies
Op = Lp+Q(f1,p) + Qlp, f2), p(0)=0.

Repeating the same computation as in Proposition 5.1, we get

d C
Zllellx < =Kllplly + 5 ((|||f1|||x + L0 lel5 + (£ lly + ||f2|\y)|||p|||x|\p||y).
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Integrating in time the above differential inequality and using the Cauchy-Schwarz inequality,
we obtain

A |||p|||%°°(o,oo,X) + KHP||%2(O,OO;Y)

C
O + %5 (1l 000x) + 2l e0.000) ) 120,000

IN

C
5 (I l20eiyy + 12l 220,00 ) ol 0,005 12l 220,057
We assume by contradiction that p #Z 0. Thanks to estimate (5.2) and the Young inequality, we
deduce
2_52)1/2

A < 0(252)1/2Hp||%2<o,oo;y>+C(K

|||p|||L°°(0,oo;X) ||pHL2(O,oo;Y)
2 V2 e, 2

< ol 0oy + {CV2e+ 522 Mol 0.0y < A

and a contradiction. We conclude that f; = fs.

Step 2. Fuxistence. The proof follows a classical argument based on an iterative scheme that
approximates (5.1) (see e.g. [43, 21] or [20, Proof of Theorem 5.3]) that we sketch for the sake
of completeness. We consider the iterative scheme
Ofr =L+ Q" )
[ =0 = fo
with the convention f=! = Q(f~!, f°) = 0 when n = 0. We claim that for o := || fol|x < &,

with € defined as in Step 1, we may build by an induction argument a sequence (f"),>o of
solutions of the above scheme such that

5.3 YneN. A" =swpllf Ol + K [ I e < 22
2 0

VneN,

We only prove the a priori estimate (5.3) by an induction argument, the construction at each
step of the solution of the above linear equation being very classical. We assume that f7!
satisfies (5.3). Repeating the same argument as in Step 1, we have

n O n— n
A" < |||f0|||§(+§|||f 2o (0,00:%) I f H%%o,oo;Y)

C n— n n
+§|\f " 220,007 1 M 2o (0,00:%) 1™ 1| £2(0,00:7) -

Thanks to estimate (5.3) at rank n — 1 and the Young inequality, as in Step 1 again, we deduce

1 c c?
n 2 ni(|2 2 n| 2
At < B I Moo +{ T 20+ 172 PRI W 0r)

A

IN

1
2 n
+—A
EO 2 )

from what f™ satisfies (5.3) and the stability of the scheme is proven. We now turn to the
convergence of the scheme and we define p” := f"+! — f for all n € N, which satisfies

e’ = Lp” +Q(f° f);
Op™ =Lp" +Q(f,p") +Q(p" M, ), VneN
with p";—g = 0. We define

VneN, B":= sup o™ ®l% + K/ o™ (®)I13- dt,
2 0
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so that in particular B® < A' + AY < (2g9)2. For n > 1, we compute as in the previous steps
Bn < g n n|2 g n n n
= 73 IIl.f |||L°°(O,oo;X) llp ||L2(O,oo;Y) + ) If HL2(O,oo;Y) [lp |||L°°(O,oo;X) llp HLz(O,oo;Y)
C _ _
+§{|||fn|||L°°(O,oo,X) Hpn 1HL2(O,oo;Y) + |||pn 1|||L°°(0,00;X) an”Lz(O,oo;Y)} HanLQ(O,oo;Y)'

Arguing similarly as in the previous steps by using the Young inequality, estimate (5.3) and
choosing g9 < V2K/(3C), we easily get
" C? 1
B S 715(2)-871—1 +§Bnu
where the constant C; := 3C/(v/2K) only depends on C' and K. That readily implies that
B" S (0160)2n Bo, Vn Z 1,

with C1eg < 1. Tt then follows that (f™),en is a Cauchy sequence in L°°(0, 00; X), its limit f
is a weak solution to (5.1) and, passing to the limit n — oo in (5.3), f also satisfies (5.3), from
which one deduces (1.12).

Sltep 3. Decay. Le:c m be an admissible weight function such that <’U>2+3/ 2 < m < m, and denote
X = L?(m) and Y = H}(m). Thanks to the estimate (5.3) (or (1.12)) and Proposition 5.1 in
both spaces X and X, it follows

d
Sl < (CV220 = K)IIFIR < =K'IIFI3 <0,

d
Tl < (CV2e0 = K)|Ifll3 < —K'[|fII3-
These two estimates together imply (see the proof of Lemma 3.1) the decay
IOl % S Oum,m(t) [l folll x-

‘We hence obtain

1f )l x0 S Om () [ follx,
where we recall that ©,, is defined in (1.9), and that completes the proof. O

We conclude the section by presenting a proof of our improvement of the speed of conver-
gence to the equilibrium for solutions to the spatially homogenous Landau equation in a non
perturbative framework.

Proof of Corollary 1.3. We claim that for some time tg > 0 (smaller than some explicit constant
T > 0) we have

(54) ||f(t0)||L%(m1) < €0,

where we denote m; = m!/2(v)=%/2 and ey > 0 is given in Theorem 1.1. Indeed, thanks to [16]
there holds

t+T
Vt, T >0, / 1f(T) s (wy—3ydm ST+ T,
t

and from [13, Theorem 2] we have the convergence

[v1

lLf O Lrom) S O(2), e(t):e—/\tr‘”‘ (log(1+)” DT

for some constant A > 0. Thanks to the interpolation inequality

1/4 3/4
12z cmey < DA Gy 250 o9
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we obtain, for any ¢ > 0,

t+1 t+1 t+1
9(t)_1/4/t ||f(T)|\Lg(m1)dT§/t O (T F( L1 m) d7'+/t £ (T)lIzs(uy—3) dT S 1,

1/3 < my and m!/3 is an exponential weight

1/3 starting from ¢y > 0 and we deduce the

which proves (5.4). Therefore, observing that m
satisfying (1.8), we can apply Theorem 1.1 with m
convergence

IF Oz S Opasa(t)-

The proof is then complete by remarking that, since m is an exponential weight, ©,,1/5 and O,,
have the same type of asymptotic behaviour (up to a change in the constants in (1.9)). O

6. THE SPATIALLY INHOMOGENEOUS CASE

In this section, we explain how we may adapt to the spatially inhomogeneous case the argu-
ments presented in the previous sections. The novelties come from the facts that:

(1) We establish a first weak hypocoercivity estimate in the (small) space H;ﬂ,(,u*l/ %) (see
(6.3) below);

(2) We prove a set of weak dissipativity estimates on an appropriate operator B and of regu-
larization results on the time functions (ASg)*™ and (Sz.A)**) in order to transfer the above
information to the space H2L2(m), which is suitable for establishing our existence, uniqueness
and stability results.

6.1. The linearized inhomogeneous operator. We denote by £ the inhomogeneous lin-
earized Landau operator given by

(6.1) L:=L—vV,,
where we recall that £ is defined in (2.3). We have

ker(L) = span{y, vi s, vaps, vape, [0}
and the projection IIy onto ker(£) is given by

3
- ([ ) 5 () (52 ) 2
j=1

Hereafter we denote II := I — Iy the projection onto the orthogonal of ker(£). Recall the
factorization for the homogeneous operator £ = A+ B in (2.8), then we write

L=A+B, B:=B-v -V,
6.2. Functional spaces. We denote by L? , = L2 (T3 x R?) the standard Lebesgue space on

T3 x R3. For a velocity weight function m = m(v) : R3 — R, we then define the weighted
Lebesgue spaces L2 , (m) and weighted Sobolev spaces HJ'L?(m), n € N, associated to the norms

£z oy = Imfllzz o N Fimrzgmy == D IV5(mH)Zs -
0<j<n
We similarly define the weighted Sobolev space H',(m), n € N, through the norm
(6.2) 1 ez omy 2= I fl

where Hy',, = Hﬁv('}l‘i x R2) denotes the usual Sobolev space on T3 x R3. We also define the
space H;)U(m), for an admissible weight m, as the space associated to the norm defined by

(6.3) 1By oy = I f s+ IV almZs |+ 1) Vulmf) 22
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with
(6.4) a = a(m) := max {’y + o, % + %} < 0.

We easily observe that
(6.5) Hy ,(m) € Hy o(m) C Hy ,((v)*m),
and also that, for any v € [-3,—2),

a:%—i—% if 0e0,4/3], a=y+2if 0=2,

where we recall that o has been defined at the beginning of Section 2.3. We remark that we shall
use the spaces ’H}E’v(m) (instead of H, ;v(m)) in order to obtain weakly dissipative estimates for

B, and the reason for that will be explained in Lemma 6.4.
Recall the space H, ,(m) defined in (3.1), then we define the space HZ(H, ,(m)) associated
to the norm

(6.6) £ W2 a3 = > IV SN (2 my) = > / IV s -
0<j<2 0<;<2

When furthermore m is a polynomial weight function, we also define the negative weighted
Sobolev space HZ(H, }(m)) in duality with HZ(H, ,(m)) with respect to the H2ZLZ(m) duality
product, more precisely

||f||Hg(H;§(m)) = sup (f, P 22 (m)

”d)”H%(Hzl;,*(m))Sl

= sup Z <ij (mf)a va (m¢)>Li v’

02 a1, (m) =1 0<j<2
and observe that HfHHg(H;i(m)) = ||mf|\H£(H;1).

6.3. Weak coercivity estimate of L. Starting from the weak coercivity estimate (2.6) for
the homogeneous linearized operator £ in L2(u~'/?), we can exhibit an equivalent norm to the
usual norm in Hiyv(u_l/ 2) such that £ is weakly coercive related to that norm. Our method
of proof follows the method developed in [35] for proving (strong) coercivity estimate and then
spectral gap estimate in the case of the linearized Landau equation for harder potentials. We
also refer to [21, 45] where related arguments have been introduced.

Lemma 6.1. There exists a Hilbert norm || - ||z, (u-1/2) (which associated scalar product is
denoted by () (,-1/2)) equivalent to || - |31 (-1/2) such that, for any f € HL (n=?),
there holds ’

(67) <Ef7f>ﬁulvm(#*1/2 ~ ||HfHH1 Loy +2)/2 =172y

Proof. We only sketch the proof presenting the main steps, and we refer to [35] for more details.
We define

Lh = Y2 L(u?h).
Observe that f = pu'/?h satisfies Lh = p~Y/2Lf and (Lh,h)p2 = (Lf, f>L%(M71/2). Following
[21, Section 2] we can decompose L = A + K such that the following properties holds:
(i) Generalized coercivity estimate (see (2.6)): there holds, for some constant A > 0,

(Lh,h)z < =l —TILh||3

)
5

where Iy, is the projection onto ker(L) in L2 and we denote

”h”Hl**(w) = [l{v)*%" hHLQ(w) +|1{v)? 6vhH%g(w)'
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(7) [21, Lemma 5]: For # € R and ¢ > 0, there holds
(v)*Kh,h)2 < 311l . (wyey + CEONRNZz ((yo)

and also
(V) Lha, ho)r2 S | hal oy | hall g

vy ( 5w (1))

(i74) [21, Lemma 6]: For 6 € R and 7 > 0, there holds ( for some A\, C > 0)
(V0 (AR), V)2 < ANkl qayoy + 1Oy gy + 17 Clahl,
and also

<<v>29VU(Kh), Vvh>L3 S 77||h||%§H11)’**(<1;)7+2) + n||th||%§H})’**(<y>W+2) + 7771||,U'h||%§m'

We now consider the inhomogeneous operator L:=L—v-V,, we denote II; the projection
onto ker(L) in L2 » and we consider a solution h to the evolution equation d;h = Lh with

initial datum h(0) = ho € ker(L)*. Thanks to (i) and the fact that V, commutes with L, we
immediately have
1d
2dt
We next look to the v-derivative.
We first compute

1d
512 Vohlgz = (0)?0TIV(KR), Voh)s | + ((0)* 0TV, (AR), Vih)rs

(“h”%?m + ||Vzh||%gm) < =Allh - HLh”QL%(H%Y**) = A[Vah — HL(th)H%g(Hg,**)-

—{(©)*0 0 Vo (Voh), Vuh)re | — (0)?F Vb, Vih)pe |
=T+ Ty + T35+ Ty
Terms T and T» satisfy estimates of point (iii) above, moreover, we easily observe that T3 = 0
and we also get
Ty S0V h||L2 L(wyirzesy T ||th||igyu(<v>w/z+1)-
We know observe that
||Mh||L§,v < ||h||L§,U(<U>3w/2+3), ||Vvh||L2 L({(0)37/2+3) < ||vvh||L§H%1**((v>v+2)a

Pz a2y Sl Lz | (ysrrzrsy +IVobllLzan |, (0)r+2)-

vk

Therefore, putting together previous estimates and taking n > 0 small enough, we already
obtain, for (other) constants A\, C' > 0,

d _
S Vbl < ~AIThlB sy iy + 1 CUAIR quysrrassy + 17 CIVahIRs (uyrra:
We also compute the evolution of the mixed term

d ~

G (@ Vah, Voh)is = —[l(0) "5 Vohlliy | +2()" VoLh, Voh)rz |

(Vo) )V Lh B 2,
Thanks to (i) and V,Lh = L(Vzh — IIL(V3h)), for any n > 0, it follows that
()72 Lh, Voh) 2+ (Vo (0) ™ 2) Vo Lh, h) g2 |
S Vel — HL(vwh)||%§(Hgy**((v>(w+2)/2))
+ 77||Vvh||ig(Hgy**(@)(sz)) + 77||h||%%(H%Y**((v>(7+2)/2))
We finally introduce the norm
IR = 1lRl1Zs |+ aallVahlZs | + a2l ()" VohlT | +as((v)* Voh, Voh)rz
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for positive constants a; with ag < 2,/a7 @z, so that [|h[|? is equivalent to
1hl3s +[VahlZs |+ )2 A2 .
Observe that IIzh has zero mean on the torus T hence Poincaré’s inequality implies
”HLh”%iv(w) + ||HLh||ig(H1 @) S IV h||L2 L(w)?
and splitting h = (h — Hph) + L h we get

||h|| L ((0)37/243) S ||h HLhHLz o ((0)37/2+3) =+ ||V h||L2 o ((0)37/2+3)
”h”Lg(H%,**((v>(7+2)/2)) Slh— HLhHLi(H})’**(<U>(w+2)/2)) + ||th||Lg’v(<v>3w/z+3)-
Finally, gathering previous estimates we obtain
L < A= Tl ) = au IV~ Hﬂ%h)ﬂiwm
- a2)‘||vvh||%§(H;**((v>v+2 —a3|[Vahl7: (w212
+agn 'Ok - HLhH%2 L((wy3v/2+sy T azn 1C||v$h|IL§’v(<v>37/2+3)
+ a9 'OV, h||L2 () +2)/2) +0<3770||h_HLhHig(Hiy**(@ysz) + a3nC|| Vs, h||L2 () +2)/2)
+ 03770”VvhHLg(Hiy**(@)(wz)M)) +azn 'O Vih — HL(Vzh)||2Lg(H%Y**((v>w+2>/2))-

We choose the constants a;,n > 0 small enough, and we get
d
RIS =l1h = Tkl sy = aalVah =T (Va2 o
— a3l VahlLz (weenrz = a2l Vohliz@n ey

Because I1;h = 0, the function II;h has zero mean on the torus T3 and Poincaré’s inequality
implies

053
1hIZs qqoyersaray S 10 =TIERIZ, (uycrransy + 2 IVablZs (uyersane-

We put together the two last estimates and we get

d
Emhm2 5 _HhHii’v((U)(WJr?)/?) - ||v$h||i§’v(<y>(7+2)/2) ||v h||L2 » (v 3(’Y+2)/2)
S =ll¢w) 02 2R 2.

Coming back to the function f = p!/2h and defining
by vy = ™21l
we have 0,f = Lf and
_ d 9
<‘Cf7 f>’;.~[ulvm(#—1/2) = a”f”ﬁ; 1/2) Hf”Hl Lyt /2) =172y

from which (6.7) immediately follows. O
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6.4. Weak dissipativity properties on B. We prove in this section weak dissipativity proper-
ties of B using the analogous results already proven in Lemmas 2.3 and 2.4 for the homogeneous
operator .

Lemma 6.2. Let m be an admissible weight function such that m - () +3)/2 gndn € N. There
exist M, R > 0 large enough such that B is weakly dissipative in H*L2(m) in the following sense:

o If m < pu~1/2, there holds

%] jalfad jalgfad yto
(6:8) (Bf. frpramy S —10)3 Vo fllaig 12y — 1003 Vo m )3z = 10) 2 Fllip 12 om)-

o If p=%/2 <m < ', there holds
yto
(6.9) (Bf, Fuyraim S =) Vo(mf)|Fmpz = [I(v)

Proof. Since the operator B commutes with V, we only need to treat the case n = 0. The proof
follows the same argument as for the homogeneous case in Lemma 2.3 thanks to the divergence
structure of the transport operator. ([

2(m)’

We define the operator
(6.10) Bg=mB(m 'g) = Bng —v-V.g,

where we recall that B,, is defined in (2.17), as well as its formal adjoint operator B, that
verifies

(6.11) B¢ =B¢+v-Vio,

with B;, defined in (2.18). Observe that if f satisfies 9, f = Bf, then g = mf satisfies 9,9 = Bpng
and (Bf, f)n1  (m) = (Bmg, 9)n1 - Moreover, we have by duality

Vi > 07 <Sl§m (t)g7 ¢>H§L% = <gu Slg;‘n (t)¢>H;ng

Lemma 6.3. Let m,w be admissible polynomial weight functions such that m - <U>(7+3)/2,
1< w=<m{)y~0F3)/2 and n € N. We can choose M, R large enough such that By, is weakly
dissipative in H?L? in the sense

S e 4o
(B )z 12(w) S — 1002 Vbl Fim 120y = I10) 7 01310 12 (0

Proof. The proof follows the same arguments as in the proof of Lemma 2.4, thanks to the
divergence structure of the transport operator and since V, commutes with B,. g

We turn now to weakly dissipative properties of B in the spaces H}, ,(m) defined in (6.3).

Lemma 6.4. Let m be an admissible weight function such that m = (v)(7+3)/2. For anyn >0,
we define the norm

171 oy o= IS 1, + [ 9almf) s + i) VulmPIEs

my» Which is equivalent to the standard H}, ,(m)-norm

defined in (6.3). There exist M, R,n > 0 such that B is weakly dissipative in M} ,(m) in the
sense

and its associated scalar product (-, )7 (

(Bf, f>ﬁ;, ”f”Hl L (m{v) (o) /2) ||<U>%%v(mf)”%§v
) (Valm )22, — ) T (Vulm ) 2 |
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Proof. We remark that we have introduced the spaces (6.3), in which the term V,(mf) has a
weight (v)* with a < 0, in order to treat the terms coming from the derivative in the v-variable
of the transport operator. In what follows we shall denote A\, C' > 0 positive constants that can
change from line to line.

For the sake of simplicity, we shall equivalently prove that
d
(95,132, + V295,172, +nll©)*Vugs, |13 )
yto yto
—(||<> P, 32, + 1005 Vags, s +nll0) 5+ Vugs, 132 )

— 10} Vogs, 172, = 1(0) 2 Vo(Vags, Ize =1l 0) 2 Vo(Vogs, )2 s

for any solution gz to the equation 0;g5 = Bmggm, so that, with gg = mfg, fg is a solution
to 0y fg = Bfz. We now use the shorthand g = gp,, and split the proof into three steps.

'v+c'

Step 1. We first obtain from Lemma 6.2 (for M, R > 0 large enough)

d ~
(6.12) —gll22 < —I1)2VuglZs . — [1(0)Fgl3s .
dt z,v
and
d il i
(6.13) o VaglZe S N0V (Vag)Za . — [1(0) "3 Vagll2a .
dt z, x,v x,v

Step 2. We write

Sl @l = [ ViBag) Vi - [ Vag- Vgl

where we have
VU(Bmg) = Bm(vvg) =+ (vvaij)aijg + ( vﬂj) ig + (V §— MVUXR)
We first compute
/ Vo(Bmg) - Vog (0)** =Ty + T + T3 + Ty,

where

T = /(Bvag) : vvg <U>2a7 Ty = /(vvdij) 6ijg vvg <U>2a

T, = / (VoBy) 059 Vg (1), Ty= / (Vb — MY,y 1) Vg ()2

From Lemma 6.2, we have

Ty < Al T Tog)ls + [{Cn = Mxa) [Vl 0
Terms T3 and Ty are easy to estimate. As in the proof of Lemma 2.2, we can compute explicitly
Bj(v) and §(v), thus we easily deduce
VB (0)] +1Vud(v)] S (0)7
Therefore

— M « o— M (e
T+ TS [0 + ringuisan) (Vg 0% + [ 10771+ Fdncpican) 8 0

Thanks to Lemma 2.2, for M, R > 0 large enough, we have
Ty + T+ To < =) 2T Vo (Vog)llzz = Al (w) =7 Vag|l2:  +Cll(v)

'v+c' 7+;—1+

“gllZ2,
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Performing an integration by parts, we first obtain

T, = - /(vaj) g Vg (v)** — /(Vv@ij) ;9 0;V g (v)** — /(Vv@ij)ajg Vg 95 (v)*
=U+V+W
Thanks to Lemma 2.1, we easily have
U+W S I[(0)3H VagllZs -

We make another integration by parts for V' (now with respect to V), we get
V= [(@ua)di90i9 (0 + [ (V.0 0i90,%0 02 + [ (735) 019 039 (0

and we recognize that the middle term is equal to —V, so that
1 _ o 1 _ @ I+a
V=3 [(Aa) 0059 03 + 5 [ (V.0 819019 V(02 £ )4 Vgl
We finally obtain (for M, R > 0 large enough)

ato

/ Vo(Bng) - Vg (0)2* < =A[(0) 3T Vo (Vag)llFz | — Al (v)

yto—1
2

o va”%g N
(6.14) '

+ Cll{v)
By Cauchy-Schwarz inequality, we also get

gy Ol Vgl

_to

(6.15) / Vag - Vag ()2 < Oy~ 2| (v) 3" TVagllza |+ O P)* T Vigllee -

Remark that the first term in the right-hand side of (6.15) can be controlled by the second term
in the right-hand side of (6.13), as well as

2a—w2”7=1 if

>y +o,

=19

Yy+o ~vy+o 3 .Y O
= = - f —4+- :
> > 2(74—0) i 2+4<’7+U

As a consequence, the last term in (6.15) can be controlled by the first term in the right-hand
side of (6.12) or by the second term in the right-hand-side of (6.14).

200 —

Step 3. Putting together previous estimates, it follows that for any n > 0,

d
Sllglz, <Al

yto—1
Fgl2s +nCll o) TF g2,

N VugllBa . + 0Ol () F* VugllZa
= M) VaglZa +n2CI(0) 5 Vagll?s |
AN VoglZs . — Al ToglZe 0200 ()2 Vgl
= All(©)? Vao(Vag)l72 = nAll(0) 77 Vo(Vag)lZ2
and we conclude the proof by taking n > 0 small enough. g

Corollary 6.5. Let mg,m; be admissible weight functions such that mi = mg = (v)(0+3)/2,
There hold

_ < >
z v 1 Y ~ 5 ftl
(616) ”SB(t)HHQLQ(m )—=H2L2(mg) eml mo(t)a vt 07

(6.17) 1S5(0) 136 ()1t (me) S Oy (1), V120,
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Let mo, m1, m be admissible polynomial weight functions such that m = my = mg > (v)(7T3)/2,
Then there holds

(6.18) 198, (Ol 1212 (01) > H2L2 (wo) S Omamo(t),  VE>0,
where w1 = m/mg and wy :=m/m;.

Proof. The proof follows the same arguments of Lemma 3.1, using the weakly dissipative esti-
mates of Lemmas 6.2, 6.3 and 6.4. O

6.5. Regularisation properties of Sz and (ASz)*™. We start proving regularisation prop-
erties of the semigroup Sz in some large weighted Lebesgue and Sobolev spaces in the spirit
of Hérau’s quantitative version [22] of the Hormander hypoellipticity property of the kinetic
Fokker-Planck equation.

Lemma 6.6. Let m,m; be admissible polynomial weight functions such that (v)*>/? < my < m
with my < p~'/2. Then the following regularity estimates hold:

(i) For any n € N*, there holds

O nm, ()
(6.19) vt >0, 19O L2, my—mn  (ma(0)r/2) S m
(79) For any £ € N, there holds
O nm,y ()

Proof. We split the proof into two steps.

Step 1. Proof of (i). We only prove (6.19) in the case n = 1, the other cases can be obtained by
iterating the case n = 1. In what follows we shall denote A\, C > 0 positive constants that can
change from line to line.
Let us denote mq := mq(v)7/? and f; = Sz(t)f. Define g0 = mof; and g} = my f;, which
verify gf = S8, (t)g° and gi = S, (t)g*. We define the functional
Ft) = lg:lliz, +eatlVogiliz | +02t* (Vag!, Vogi)rz , +ast® [Vagi Lz .

z,

and choose «;, i = 1,2,3 such that 0 < az < as < a; <1 and oz% < ajas. We already observe
that we have the following lower bounds

(6.21) vee[0,1], F(t) 2 lgillis , + st IVawg s | 2 ast® lgf I
and also
(6.22) Vvtel[0,1], F()Z ||9tl|\%g’v +ant ||Vv9?|\%g’v Z art g2l ey Z aat HQ?HQLg(Hg,*),

where we have used the embedding L2(H)) C L2(H) ) in the last inequality.
We derive the functional F in time to obtain
d d d
LFW = Dt + 01 IVegfl3s, +ont T Vusf 2

d
+200t(Vagl, Vogi)rz , + a2 t® 2 (Vagl, Vogi)rz ,

d
+ 3038 [Vaglliz | +ast® S IVaglllEs
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Recall that B,, is defined in (6.10), so that we compute

GV 00z = [ VelBrd) Vg 4 VoBg) - Vg
= /@z‘jaij(vzgo) Vg + B85 0;(Veg?) Vug® + (6 — Mxr)Vg" Viug® — v+ Vi (Veg?) Vg
+ /@z‘jaij(vvgo) Vag® + B 0;(Vug?”) Vaig® + (6 — Mxr)Vog® Vaig® — v Vi(Veg®) Vag®
b (9000059 T + (708 015 V5 + V(6 = Mxa)g” Vo - Vg P

Gathering terms and integrating by parts in last expression, we obtain (with the same type of
arguments as in step 2 of Lemma 6.4)

d
dt(Vmg Vg > = —2/Ezij8i(vmg )0 (vav /{ 0;B8; +¢+25 —2Mxr} V29" Vg

b [ 98- 506" Vg ~ IV s
From that equation, we deduce

d 1
(6.23) E<vw9?=vvgg> L2, < Cll{w)2 Vo (V :Egt)HL2 [[{v > v( vgg)HLﬁ,v
+C(0) 2 Vagflliz, I10) 3 Vug?lliz , = Vgl 3. -

Recall that from Lemma 6.2, we already have
d 12 iv 2 12
(6.24) Slgt s, <A@ VuglBs |~ M) el
Moreover, thanks to the proof of Lemma 6.4, we get
d 012 2V 0y/2 . 0
E”vat ”L% < =All(v)? v(vvgt)Hng = Al()2Vogy |z,

(6.25) +Cll@) 7 g3 |+ Cll@)FV
+ C”vwgt?HLiw ||Vv9?||Lgm-

Vaugy ”L2

Using Lemma 6.2 and the fact that V, commutes with B, we also have

jaipas
2

d 3
(6.26) L1V, g0l3s < NI T (Tag) s~ A0 Vgl

Let us denote Dy := A([|(v) 2 V, g} M2, +|[(v)2gt]|2. ) the absolute value of the dissipative

,v

terms in (6.24), Dy := A(||(v)2V Vo (Vog))ll7: + ||<v> Vug?|lLz ) the absolute value of the

x,v

dissipative terms in (6.25), D3 := [|[V,g?||2, the absolute value of the dissipative terms in
(6.23), and finally Dy := )\(H<U>%§U(Vmg?)|\%2 + [ (v)2V,g9||2, ) the absolute value of the

,v

dissipative terms in (6.26). Observe that

ol
IVugilizs |+ 11(v)2Voglll7z | < Dr.
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Gathering estimates (6.23), (6.24), (6.25) and (6.26), we obtain, for any ¢ € (0, 1],
d

1/2 ~1/2
o 1/ Ds/

—F(t) < (=1+ Cay + Cayt)Dy + (Cagt + Casgt + Cast?) D
— a1tDy — ast® D3 + Cast® DY? DY/? + Cast? Dy — ast® Dy
< (=14 Coy)D; + Cayt DY? D3/?

— a1tDs + (—a + Cag)t® Ds + Cast® Dy D}/* — agt® Dy,

Using Cauchy-Schwarz inequality we first get, for some 0 < a4 < a3 to be chosen later,
1/2 ~1/2 of 1/2 ~1/2 o3
art DY?DY? < 2L D) 4 ast?Ds,  ant® DY DY? < 224Dy + a3 Dy,
a3 Qg

from which it follows, for ¢ € (0, 1],
d 2
dtf( ) ( 1+CO&1+O )Dl +t( 041—|-O )D +t2( a2+Ca3)D3+t3(—a3+Ca4)D4

Let € € (0,1). We choose a1 = € > ay = 63/2 > a3 = €/3 > ay = €'1/6 50 that a% < aj as.
Taking € > 0 small enough, we easily conclude to

(6.27) vt e (0,1], %]—"(t) <0.

This implies, coming back to the function f; = Sz(t)f and using (6.21),
VEE O] IS0 I iy S 1A oy

which already gives (6.19) for small times ¢ € (0,1]. For large times ¢t > 1 and m > my (recall
that mq(v)?/2 = (v)(7+3)/2) we write, using first the last estimate and next (6.16),

1S5 fll a1, (mi wyrr2y = 1S5(1)(SE = 1)) a1 (ma (w)rr2)
SIS =) fllzz, (m)
S Omans (O fllzz , (m)

which completes the proof of (6.19). In a similar way, using (6.27) together with (6.22) (instead
of (6.21)) and (6.16), we obtain

Oy my (1)
(6.28) 1S5 L2 L2 (m)— L2 (H1 , (ma (w)r/2)) S ﬁ, Vi > 0.

Step 2. Proof of (ii). We only need to prove (6.20) for £ = 0, since the operators V, and B
commute.

Define wp := 1, wy := (©)"/2 and w := m/(m1(v)?/?) so that 1 < w < m(v)~O+3/2 Let us
denote f; = Sp(t)f and ¢y = Sp. ¢. Arguing as in Step 1, we define the functional

R(t) = 10172 | (y) + @t VodtlTa () + a2t* (Vade, Vode) T2 | () + a3t [VadtlZz (),

and we can choose appropriate constants aq, as,as > 0 such that it follows

S—
198, Wl L2122 ()2 (H2 (@1 (w)772) S ﬁ7 Vi>0,

Last estimate implies by duality

Oy mo (1)
158 (Ol 2 a1, (myy s 2 L3Gma o) S —aa pop » V>0
which completes the proof. g

As a consequence of Lemma 2.5, we also obtain an analogous result for high-order Sobolev
spaces.
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Corollary 6.7. For any 6 € (0,1) and n € N, there hold A € #B(H'L2 H'L2(1=?)) and
A€ B(H, Hi(177)).

We finally obtain the following regularity properties, as a consequence of Corollary 6.5,
Lemma 6.6 and Corollary 6.7.

Corollary 6.8. Let m,v be admissible weight functions such that <v>(7+3)/2 < m < v and
p 1% < v < p~t. There hold

2/l
*2 e
(629) Vi > 0, ”(ASB)( )(t)”Lg,U(u)—)’H;’v(y) S W,
and
(6'30) Vit >0, ||(SBA)(*4) (t)HLﬁ’v(m)ﬁHg,u(m) < eiAtz/M,

Proof. We define m; := m{v)/"1/2 = (v)3/2 and observe that with the choice of the weight v we
have O, () = e,
Step 1. Thanks to Corollary 6.5 and Corollary 6.7, we already have,
[AS( 22, )12 ,0) S ALz m)—r2 ) 198O L2 w)—12 , (m) S Ovm(t)
and
1SBAM) L2, (m) 12, (m) S I1SBOL2 )2, 0m) IAllL2  (m)>12,0) S Ovm(t)
so that, for any j € N*|
H(ASB)(*j)(t)HLiyu(v)%Liyu(v)a ||(SZ§A)(*])(t)HL§U(m)—>L§U(m) S ®V,m(t)7
and similarly
1(ASE) " W)lags =2z ,w)r 1S5A Ol my=smz L (m) S Ovam(t)-
Step 2. We prove (6.29). We first write
I(ASE) 2 ()l 2, 1)—22 )

t/2
IS /0 [ ASz(t — 5)ASE(s)||r2 , (1)1, (v) ds

t
b [ 1Sl = ) ASs(9)12, 0 ds = Ty + o
t/2 ' '

Using Corollary 6.5, (6.19) of Lemma 6.6, Corollary 6.7 and Step 1, we have

t/2
L g /0 [Al L (ma )2y smn ) 1960 = $)l2 )= 1, (mawyrr2) IASE(S) L2 ) - L2, ) ds
Y20, m (t—s) Y20, m(s) Oy, (1)
< mli@um ds < O, (t/2 v,m ds < 2vm '
~/0 =) pg Qvm(3)ds SO, 1</)/0 T2 a1 S qapd

For the other term I, we use again Corollary 6.5, (6.19) of Lemma 6.6, Corollary 6.7 and Step
1, but in a different order, to obtain

t
IS / , [AS5(t = $)llar -z, o) IAlEL (mywyrr2ysms o) 19802, ()= 1 (ma(w)rr2) ds

t/
t t
Ovm, (5) Ovm(t — ) O, (1)
< Opm(t —8) —=2—=ds S Oy m, (/2 : ds S —H—=,
~ t/2 s ( S) 83/2/\1 SN 5 1(/ )‘/t/2 83/2/\1 SN tl/g/\l

and the proof of (6.29) is complete.
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Step 3. We now turn to the proof of (6.30). We claim that, for any j € N, there holds

Oum, (t)
1)) v,m
(6.31) 1(SgA)*E+D (t)HLﬁ’v(m)—)Hg,u(m) < 7#%/2_} T

so that we can conclude to (6.30) by choosing j = 3 when n = 2.

The case j = 0 follows directly from Lemma 6.6 and Corollary 6.7, and we prove the claim by
induction. Suppose that (6.31) holds for some j then we compute, splitting again the integral
into two parts,

t/2
1(SgA) T2 D)l 2 (my— iy, (m) S /O (S5 A) "D (= 5)S5A(s) L2 (m)—sy, (m) ds

t
+ / 1S5A(E — 5)(SaA) “TH() 13 (mys bz, m) s
= Tl + TQ.

In a similar way as in Step 2, using Corollary 6.5, (6.19) of Lemma 6.6, Corollary 6.7 and Step 1,
we obtain

t/2

n< / 1(S5A) T )z stz o) [1S5AE) 22y 8
t/2 _

</ Gu,ml(t S) @ym(s)d8< ®V77T?11(t) .

Sl GospAIALY S Ea-Gi AT

Moreover,
t
T25/ 1S8A(t = $)llzz (myorzz. . om) 1(SBACTEDS|12 sty (my ds
t

i Op.m, (8) Ou,m, (1)
S ), O =) G a1 B R G A

t/2 ’ g3n/2=3 A1
which completes the proof. 0
6.6. Decay of the semigroup Sz. With the results above we obtain the decay of the semigroup
SzIT in large spaces as considered in the statement of Theorem 1.1.

~ We first write a semigroup factorization. Recall that L = A+ B and that II commutes with
L. For any ¢/,n € N*, we can write the iterated Duhamel formulas

IS = Z 1Sz * (ASB)(*j) + ISz * (.ASB)(*Z)
0<j<t-1
Sel = > (SgA) )« STl + (S5A) "™ * Sz
0<i<n—1
and then deduce
Syl = IS * (ASz)™) + Z (SpA) ) s SEIT % (ASgz) )
(6.32) 0<j<e—1 0<i<n—1

+ (SpA) ™ % SATT % (ASz) ™

Theorem 6.9. Let mg,m; be two admissible weight functions such that (v)+3)/2 < mg < my
and mo < p=/2. Then we have the uniform in time bound

(6.33) t = 1Sz 2 12 (mo) 222 (mo) € L (Ry),

as well as the decay estimate

(6.34) 1S (DT 1222 (ma) > H2 L2 (m0) S Omamo () VE = 0.
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Let mg,my be admissible polynomial weight functions such that (v)3/? < mg < my. Then the
following regularity estimate holds

_ Omymy (1)
(6.35) SO 2 (152 (ma ) 2L2 (m0t0)72) S ijp pg > T8> 0
Proof. We fix an admissible weight function v such that p~%/2 < v < p=!

split the proof into five steps.

with v > mq, and

Step 1. Decay in the small function space. Let us denote Ey = HL ,(1n71/?) and Ey = H1 ,(v).
Arguing exactly as in Proposition 3.3, using Lemma 6.1 and Lemma 6.4 we obtain

2
Vi>0, Sz pm Se M.

Step 2. Factorization. We write the factorization identity thanks to (6.32)
Sell= > TS+ (ASe)™D + 7 (SpA)  Sull « (ASg)
0<;j<2 0<i<3
(6.36) + (S A) Y # SEIT+ (ASg) Y

= > S+ ) Si+Ss

0<j<2 0<i<3
Step 3. Proof of (6.33). Let us denote Xog = HZ2L2(mg) and Xo = H2L?(v). Thanks to
Corollary 6.8, we already have
t = [[(ASE) D (D) xasmy € L'(R1), t = [(SgA) Y (#)l]mo—sxo € L (R4)-
From Corollary 6.5 and Corollary 6.7, it also holds, for any 4,7 > 1,
t = [S5(1) | xa—x0s = [1(ASE) ™ (D) xamxas = 1S5 A) T ()| x0x0 € L (R4,
moreover
t—= ||Sl§(t)||X0—>X07 L= H'ASBHXO—>X2 € LOO(R-F)
Gathering these previous estimates and using the factorization (6.36), we first get
Hslo(t)HXo—)Xo € L;E)O(R-i')?
Moreover, for 1 < j <2 and 0 <i < 3, we also have
151 (D)l x0—x0 S 1851 | xa—x0 * [1(ASE) U™ (1) x5 x5 * | ASE (1) x0— X
€ Ly(Ry) * Ly (Ry) ¥ LF*(Ry) C L (Ry),

and
155(8) ]| x0—x0 S 11(S5A) D ()l x0-x0 * 1550 | X2 %0 * [1(ASE) ()] 2 x5 * [ ASE(#)]] x5

€ Ly(Ry) * Ly (Ry) * Ly (R4 ) * L°(Ry) C LF(Ry).
Finally, using Step 1, it follows
155(8)]|x0—x0 S 11(S5(EA) Y 5o x0 * 12O 5, 5 * [|(ASE) "D ()| X250 * [ASE(®)] x0-x

€ LI(Ry) * LA(Ry) * LRy « L*(Ry) C L(R.),
which completes the proof of (6.33).

Step 4. Proof of (6.34). Let us denote Xo = H2L2(mg), X1 = H2L?(m,) and Xo = H2L2(v).
From Corollary 6.8 it follows

t > O me MI(ASE) "D (Dl xap, € LN Ry), ¢ O (0S5 A ()] Eyx0 € L' (Ry).

mai,mo mi,mo
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Thanks to Corollary 6.5 and Corollary 6.7, it also holds, for any ¢,j > 1,

t = 00 o MS5(1) | xa-x0 € L (Ry),

t = 0. o (DII(ASE) D ()| X2 x5 € LN (Ry),

t = Ot o (D (S5A) " (#)l|x0-x0 € L' (R),
and also

t = 05 mo (OISBH) 105 ¢ Oy (VA8 x5 x, € L¥(Ry).

We deduce (6.34) by writing the factorization (6.36) and using the above estimates. Indeed,
with © := 0,,,, m,, we have

Ch HSLH||X1—>X0
/S 671||SB||X14X0

+ Z (671|‘SBHX2—>X0) * (671|‘("4587)*(j71)HX2—>X2) * (971||ASZ§”X1—>X2)

1<5<2

+ 3 (O7MI(S5A)  lxo—x0) * (O 1Sl xax0) * (O (AS5) [ xax) * (O M| ASg ] x, - x.)

0<4<3
+ (9_1||(SZ§A)*4”E0—>X0) * (6_1HSEHE1—>E0) * (9_1||(ASZ§)*2”X2—>E1) * (9_1||ASZ§”X1—>X2)'

Step 5. Proof of (6.35). Let us denote Z; = HZ(H, (m1)), Xo = H2L2(mo(v)?/2), and also
Omy.mo () = Oy o (1)/(£/2 A 1). From Corollary 6.8 it follows
E Ot g (DI(ASE) ) (O, € LMR), £ O30 (0S5 A (D], 5, € L' (Ry).
Thanks to Corollary 6.5 and Corollary 6.7, it also holds, for any ¢,j > 1,
i Gm]i mo( )||S[§(t)||X2_>)}0 € LI(R-l‘)u
£ 0, g (DN (ASE) D ()] x, - x, € LH(R4),
e 65t g NS5 A (D5, 5, € L'(R4),
and also, using Lemma 6.6-(ii),
= 00 g IS5l 7, 5, € LX(Ry), 6= 050 L (DIASE ()] 2, x, € L¥(Ry,).

We deduce (6.35) by writing the factorization (6.36) and using the above estimates similarly as
in Step 4. O

6.7. Summary of the decay and dissipativity results for £. We introduce the appropriate
functional spaces and we summarize the decay and dissipativity properties of the semigroup Sz
which will be useful in the next section.

From now on, for a given admissible weight function m such that m = (v)273/2) we define
(6.37) X o= HILY(m), Y= H(H,.(m)), Z:=H;(H, (m)), X:=HL].
We also define the norm || - |||+ on ILX, and its associated scalar product ((,-))x, given by

(6.38) llgll% = nllgll% + /O 1S2(7)gll%, dr,

for n > 0 small enough.
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Theorem 6.10. Consider an admissible weight function m such that m = (v)2t3/2. With the
above assumptions and notations, the norm || - [|x is equivalent to the initial norm || - ||x on
I1X, and moreover, there exists n > 0 small enough such that

(6.39) (COfIf) e S —|TF|3, YV feXE,
(6.40) t = 1Sz ]lyoa, 15Oz x, € L' (Ry),

where we recall that Xlg is the domain of L when acting on X .

The same remark as for Corollary 3.7 also works here.

Proof. The proof follows exactly the same arguments as in Proposition 3.6 and Corollary 3.7.
First of all, the equivalence of the norms follows as in Proposition 3.6 since m = (v)3/2.

Let us prove (6.40). We fix admissible polynomial weight functions mg, m; such that (v)(7+3)/2 <
mo < my < (v)?7/2m. Thanks to estimate (6.34) in Theorem 6.9 together with the embeddings
H2L2(mg) C Xy and Y C H2L2(my) we first obtain

1S(O]ly—xy S Omymo(t), VE>0.

~

We know consider admissible polynomial weight functions my,m/ so that (v)3/2 < m/ < m} <
m. Thanks to (6.35) in Theorem 6.9 and the embeddings H2L2(m{(v)'/?) C Xy and Z C
HZ(H, [(m})), it follows

S (1) < Ommil®)
|| l:( ) ||Z—’X0 ~ t1/2 Al ) > 0.
We then deduce (6.40) by arguing similarly as in the proof of Corollary 3.7. O

6.8. Nonlinear estimate. From the nonlinear estimate for the homogeneous case established
in Lemma 4.3 and Corollary 4.4, we deduce the following estimate.

Lemma 6.11. Let m be an admissible weight function such that m = (v)2+3/2. Then

(6.41) (Q(f:9). 1 5 (I 1 lglly + 1711y gl ) Il
As a consequence
(6.42) 1R, 91z < 11l llglly + 1.£1» gl

Proof. We proceed similarly as in [14, Lemma 3.5] and thus only sketch the proof. We remark
however that the estimates here are somewhat simpler than in [14], where the authors considered
different spaces (with 3 derivatives in x and different weight functions in the z-derivatives)
because there the weight function coming from the gain term of the linearized operator was
weaker than the weight function appearing here in the loss term coming from the nonlinear
estimates. For the most difficult term, we have thanks to Lemma 4.3,

(V2Q(£,9),Vah) L2 m) = (Q(V2f,9) +2Q(Vaf, Vaug) + Q(f, V29), Vih) 12 (m)
< [ (I3 2 g

'JI‘S
HIVafllLzom) IVagll mrmy + IV f]
+1 £l 2oy V2]

a1 (m) + IV 2 (m) 1191 £2(m)

a1 (m) [VagllLzom)
a1 (m) + 1 fll 72 (m) ||V§9||L2(m)> V2R g1 () dex.

Using first the Cauchy-Schwarz inequality in the z variable and next the two Sobolev embeddings
H2 C L and H! C L2, we straightforwardly obtain that the above RHS term is bounded by

x?

the RHS term in (6.41). The proof of (6.42) is then straightforward. O
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6.9. Proof of the main result. For a solution F to the inhomogeneous Landau equation (1.1),
we consider the perturbation f = F — p that verifies

Ouf =Lf+Q(f. f)
Jo=1Fo—p

Observe that, thanks to the conservation laws, there holds of(t) = Hofo = 0 and also that

oQ(f(t), £(t)) = 0 for any ¢ > 0.

Proof of Theorem 1.1. Consider the spaces and norms defined in (6.37) and (6.38). The proof
then follows the same arguments as in the proof of the spatially homogeneous version of The-
orem 1.1 presented in Section 5, by using the dissipative, decay and regularity estimates of
Theorem 6.10 and the nonlinear estimates in Lemma 6.11.

For the sake of clarity we sketch the proof below.

Let f satisfy (6.43). Thanks to Theorem 6.10 and Lemma 6.11, arguing as in the proof of
Proposition 5.1, we obtain the following uniform in time a priori estimate

|||f|||x (CIIf e = EIFI

for some constants C, K > 0. For €p > 0 small enough, the existence and uniqueness of a solution
f for equation (6.43) such that (1.12) holds are then a consequence of this last estimate together
with standard arguments (as already presented in the proof of the spatially homogeneous version
of Theorem 1.1 in Section 5). Moreover, using the above estimate for different weight functions
(v)?13/2 < 1 < m, the proof of the decay result (1.13) follows exactly as in the spatially
homogeneous version of Theorem 1.1. (]

(6.43)

We conclude the section by presenting a proof of our improvement of the speed of conver-
gence to the equilibrium for solutions to the spatially inhomogeneous Landau equation in a non
perturbative framework.

Proof of Corollary 1.4. Under the assumptions (1.15) and (1.16), [17, Theorem 2 & Section 1.5]
implies that

LFOllzy, S 677
for some explicit constant § > 0. We then wr1te the interpolation inequality
1—
1A lezz ey S IF 0o NAINEE 1

where «a, 81,02 € (0,1) are explicit constants. We conclude takmg to > 0 large enough so
that || f (o)l m212(me) < €0, applying Theorem 1.1 and observing that ©a(t) ~ ©,,(t) (up to
changing the constants in (1.9)). O
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