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ABSTRACT. We study linear inhomogeneous kinetic equations with an external confining potential and
a collision operator with several local conservation laws (local density, momentum and energy). We
exhibit all equilibria and entropy-maximizing special modes, and we prove asymptotic exponential con-
vergence of solutions to them with quantitative rate. This is the first complete picture of hypocoercivity
and quantitative H-theorem for inhomogeneous kinetic equations in this setting.
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1. INTRODUCTION

1.1. Equation and assumptions. Consider the kinetic collisional evolution equation
(L.1) Wf=2Lf=Tf+Cf, fi=o=lo,

on the unknown f = f(t,z,v) depending on the time variable ¢ > 0, the spatial position variable
x € R, and the velocity variable v € R?. Here the transport operator 7 is given by

Tfi=—v-Vof +Vz¢-V,f
with a potential ¢ : R? — R. We assume that the linear collision operator € is acting only along the
velocity variable v € R?, is self-adjoint in L?(u~!), with
e—Iv?/2
plv) = @m)i?
and has the (d 4+ 2)-dimensional kernel of collision invariants given by

(HO) Ker ¢ = Span {y1, v1 p, . .., va 1, ]v[Q,u}.
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We assume that ¢ satisfies the following spectral gap property in velocity (this is a quantitative
version of the spatially homogeneous linearized H-theorem,)

(F1) ~ [ ) F0) o) o = o

|f = TLf (12201
for some constant c > 0 and where I denotes the L?(u~!)-orthogonal projection onto Kerd. We

suppose moreover that any polynomial function p(v) : R? — R of degree less or equal than 4 is in the
domain of ¢, with a constant C},, > 0 such that for any such polynomial

(H2)

[ @) ) o

<CEIf =T lF20 1y -

We provide examples of collision operators satisfying these conditions in Appendix (Subsection B.1).
Concerning the potential ¢ : R? — R, we shall assume throughout the paper that p(z) := e %) ig
a centered density of probability

(H3) ]de@gdx::1 and ]dep@ﬂdx::O

where ¢ is of class C?(R% R), and for all € > 0, there exist a constant C. such that
(H4) Vo eRY,  [Vi(x)| <e|Vo(a) + Ce.

We assume that the measure p(x) dx satisfies the Poincaré inequality with constant c¢p > 0:
(H5) v [ o= (@Pp@)de < [ [Vp(a)Pote) de,

for all suitable ¢ € L?(p) and where () := /(p(:ﬁ)p(m) dz is the mean of .

We assume the following moment bounds on p:
(H6) [ (1t 4162 +19.01%) plo)az <

for some constant Cg > 0. Note that potentials ¢(z) := (1 + |2[>)7/? — Zs, with v > 1 and a
normalization constant Zy, satisfies (H3)—-(H4)—(H5)-(H6) (see Subsection B.2 for more examples).
We assume the normalization

(117 (V20) = [ | V26(0) plo) do = Wi

where V2¢ denotes the Hessian matrix of ¢ and Idgyq the identity matrix of size d. Note that by a
change of orthonormal basis, it is always possible to suppose that (V2¢) is diagonal. For simplicity,
we assume here that (V2¢) is the identity matrix and postpone the general case to Subsection B.3.

No sign is assumed on f: one should think of f as a real fluctuation around the equilibrium in
the nonlinear Boltzmann or Landau equation (see Subsection B.1). Throughout this article we shall
refer to (H1) and (H5) as spectral gap properties, and to (H2) and (H6) as bounded moment properties.
They are the structural assumptions on ¢ and ¢ for our main result.

Let us denote by M the Mazwellian stationary solution to (1.1) defined by

o 2—o(x)
(2 7T)d/2

Finally, since we are concerned with asymptotic behavior, we assume the evolution equation (1.1) to
be well-posed (which is always satisfied for standard kinetic equations):

V(z,v) e RYx RY M(x,v) = p(z) p(v) =

(HS) t— el7T9)t is a strongly continuous semi-group in the Hilbert space L?(M™1).
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1.2. The main theorem. To state the main theorem, we have to introduce the equilibria and special
modes F(t,z,v) which satisfy (1.1) and are thermalized at every x:
(1.2) CF =0, O F = JF.
We introduce the classical Hamiltonian (microscopic energy)

Hia) = (2000 - ).

and note that the energy mode H(x,v)M(z,v) is also an obvious equilibrium since T H = 0.
We introduce then the set of infinitesimal rotations compatible with ¢:

(1.3) Ry = {x — Az | A€ MFY(R) s.t. Vo e RY,  V,o(x)- Az = 0} ,

which we identify with a subset of skew-symmetric matrices M5 (RY) := {4 € My; TA = — A}, and
which gives rise to the corresponding set of infinitesimal rotation modes compatible with ¢

Ry = {(z,v) — (Az-v) M(x,v), AecRy}.

Functions in MR, are equilibria of (1.1) associated to the possible rotational invariances of ¢.
Some additional stationary solutions exist when ¢ has harmonic directions. To present them, we
consider three different cases depending on the potential ¢. Let us define

(1.4) By = Span{vxgb(x) —z, ze€ Rd}, dy = dim B,

The case dg = d is denoted fully non harmonic, since ¢ has no harmonic direction. The case 1 < dy <
d — 1 is denoted partially harmonic, and corresponds to the situation where ¢ is not the harmonic
potential but there are d — dy directions in which ¢ is harmonic, more precisely d,,¢ = z; in those
directions. In such case we work with a coordinate system where {ds+1,...,d} denotes the harmonic
coordinates. Associated to this set of harmonic directions, we call harmonic directional modes functions
in the following set

Dy = Span{(xi cost —w;sint), (z;sint +v;cost), i € {dp +1,...,d} }M

We also define ®4 := {0} when dyg = d. These modes correspond to an inertia-driven oscillation of the
particles in a potential well along a direction in Edf with period 1. These harmonic oscillations arise
when in a certain direction, the spatial equilibrium de-couples from the other directions and is Gaussian
in such a way that it “resonates” with the Gaussian behavior of the velocity equilibrium. These
modes can be superposed independently along different harmonic coordinates, and independently of
the previous energy mode and infinitesimal rotation modes. Finally, the case dy = 0 is denoted fully
harmonic. Due to the normalization we have then ¢(z) = 3|z[>+ % log 2. We call harmonic pulsating
modes functions in the following set

[v]?

Py = Span{ (W cos(2t) — x - vsin(2t)> , (J:‘Q_U

. S sin(20) +a vcos(2t)> }M,

and we denote By = {0} when dyg # 0. These modes correspond to a radially symmetric pulsation
of the particles in the potential well with period 2 when the full Gaussian behavior of the spatial
equilibrium “resonates” with that of the velocity equilibrium.

We can now state the main theorem of this paper.

Theorem 1.1 (Entropy maximizers and hypocoercivity). Assume that the potential ¢ and the collision
kernel € satisfy the assumptions (HO)—(H1)—(H2)—(H3)—(H4)—~(H5)—~(H6)—-(H7)~(H8). Then (modulo
the multiplication factors) the Mazwellian, energy mode, infinitesimal rotation modes compatible with
@, harmonic directional or pulsating modes (when ¢ has the appropriate harmonicity) listed above are
the only solutions to (1.1) that mazimize the entropy. In addition, there is a constant C,k > 0 (with
quantitative estimate from the proof) such that given fo € L>(M™') and the solution f to (1.1) in



4 K. CARRAPATOSO, J. DOLBEAULT, F. HERAU, S. MISCHLER, C. MOUHOT, AND C. SCHMEISER

C(RT, L2 (M™Y)) with initial data fo, there are unique o, B € R,  — Ax € Rg, Fair € Dy and
Fou € By such that

| f(t) = (aM + BHM + Az - vM + Fyir(t) + FPUI(t))HLQ(M—l) < Qe HfU”L?(M*l) .

Here the constants k, C only depend on bounded moments constants, spectral gap constants or explicitly
computable quantities associated to ¢ such as the rigidity constant defined in (1.5).

1.3. Comments and context. In the two last decades there was a great interest for so-called hypoco-
ercive methods in the study of inhomogeneous kinetic equations. Different linear or non-linear models
were tackled, including Fokker-Planck-type models, Boltzmann or Landau type models in various
geometries, from bounded domains to the whole space with or without potentials.

Hypocoercivity essentially refers to the study of the quantitative trend to the equilibrium for these
equations, in the spirit of the celebrated H-Theorem by Boltzmann about the decay of entropy, but
with explicit constants. Regarding the initial developments we refer to the memoir [29] by Villani.
Among the first articles devoted to this field, mention the article [6] devoted to polynomial trend
to the equilibrium the Boltzmann equation in a box with a priori bounded moments. A series of
works by Guo [14, 13, 15] for the linearized Boltzmann equation with no external potential using
micro-macro methods inspired from Grad’s 13 moments method [11]. On the other hand the study of
linear or non-linear perturbative inhomogeneous kinetic equations with single conservation laws —such
as linear Boltzmann of Fokker-Planck models— has benefited from ideas coming from the theory of
hypoellipticity [21] and gave rise to robust Hilbertian hypocoercive methods in [19, 25, 18, 29] or [7]
in exponential weighted spaces. As a last breakthrough, we also mention the theory of enlargement of
spaces [12] that extend hypocoercivity results to larger physical polynomially weighted spaces.

The justification of a need of explicit and constructive estimates —typically not obtained via a
compactness argument— is multiple (see for example [28]). It comes first from the need of range of
validity of a perturbation study for the non linear problem. It is mainly associated to the study
of the so-called diffusive or hydrodynamical limits, when small parameters (linked to the Knudsen
number) are in front of the collision operator and or in front of the transport part. In order to have a
good control of the limiting process leading to hydrodynamical equations, in pertinent time/parameter
ranges, the need of constructive estimates is crucial and we refer for example to [2] and more recently
among a huge literature [20] or [3] in polynomially weighted spaces.

In this article, we focus on a important old problem in the field, namely when there is an external
confining potential ¢, together with several local conservation laws in the collision process. We restrict
our analysis to the linear framework, in R? and in exponentially weighted spaces but with rather
general confining potentials and linear or linearized collision operators with a spectral gap. The aim
is to state and prove hypocoercivity in this case, taking profit from the natural Hilbertian functional
structure. Our study is motivated by the futur study of the nonlinear Boltzmann and Landau equations
with confining potentials. The linear problem was solved quantitatively in the case of a single local
conservation law for the Fokker-Planck equation (see [19]) and for linear scattering operators [7, 10, 8],
but no quantitative results was so far available in the case of several local conservation laws case without
strong symmetry assumptions. A non-constructive argument was obtained in [9].

When the domain is bounded and ¢ = 0 in the series of work by Guo, under convexity asumptions
in the domain. The quantitative case with ¢ and when there is no a priori symmetry or no quadratic
hypothesis was open and we propose here a complete result. Difficulties already arising for example
in [6] in the study of the bounded domain case are present in this case. As we saw in the preceding
section, special modes naturally appear in the analysis, due to the partial symmetries of the potential.
These special modes which were not known to our knowledge and some of them (or their equivalent in
our geometry) do not exist neither in the case with boundary in [6] nor in the one-dimension collision
kernel case e.g.in [19, 17]. We mention that they also provide solutions to the full inhomogeneous
non-linear Boltzmann case (see Subsection B.5).

To estimate the decay rate, a key difficulty is to quantify “how far” the potential ¢ is from having
certain partial symmetries. To solve this, and inspired by [5, 6], we shall use a variant of the so-called
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Korn inequalities [23, 24] that is proven in our companion paper [4]. Such inequality is used to control
the full differential of the local momentum by its symmetric part. It relies Schwartz Lemma, low-order
Poincar-type inequalities, and the following rigidity constant

(1.5) 0 < ck = min {/ V- Az|*p(z)dx | z— Az € Ré s.t. /|Aaz|2p(x) dr = 1} ,

where Ré is the orthogonal complement in L?(p) of the set R, of infinitesimal rotations compatible

with ¢, i.e. when ¢ is invariant by the rotation group t — e?4 (

(x = Azx) € Ry = VzeRY 0eR, ¢(fz) = o(x).

see the next section):

Regarding the other special modes in ®4 and By, they are related to the (possible partial) har-
monicity of ¢ and another difficulty is to quantify “how far” the potential ¢ is from being (partially)
harmonic. Such analysis relies on the finite dimensional space Ey defined in (1.4) and various explicit
associated quantities.

Regarding the spectral gap assumptions (H1) in v and (H5) in x, they reflect the corresponding
confining properties in respectively velocity and space. Note the link between Poincaré inequality
and the natural Hodge Laplacian associated to the geometry, sometimes called the Witten Laplacian.
Denote V7 the adjoint of V, in L?(p), defined on vector fields ¢ by Vi = (=V, + V) - ¢. Then
the Witten Laplace operator V7 - V, is self-adjoint in L?(p) (see Section 4.2) and we denote

(1.6) Q:=V: . V,+1=(-Vé(z)+Vy) Vy+1.

Note that the kernel of V7 - V, is made of constant functions and the Poincaré constant cp is the
first non zero eigenvalue of V} - V,. We use the operator {2 to contain loss of derivative and keep
inequalities in L?(p), see for instance using for example the following “O-order” Poincaré inequality
(see the Poincaré-Lions inequality (4.10) later): there is ¢p; > 0 depends on c¢p and (H4) so that

2 —1 2
epillp = (@) < || V00|

We propose two proofs of the main theorem. The first one follows a micro-macro method, close to
the ones in the works by Guo and the approach in [10], with an analysis here of high complexity
due to the interaction between the local conservation laws and the potential and the lack of a priori
symmetry assumptions. Note that this method has conceptual similarities with that used for hyperbolic
equations with damping in [16, 26, 27] following the seminal paper of Kawashima and Shizuta [22]. The
second method is given under slightly more restrictive hypotheses —namely that the collision operator
C is bounded and ¢ has bounded derivatives of order two and more— and is based on commutator
estimates in the spirit of the seminal studies [19, 25] or [29], where ideas coming from the study of
hypoellipticity [21] were crucial. In practice, an elegant triple cascade of commutators based on the
equality [V,,v - V] = V, is needed to control all microscopic quantities.

The plan of the article is the following. In the next Section 2, we review all possible (cycles of)
conservation laws and their relations with the special modes. Then we present the so-called macro-
scopic equations associated to our main equation (1.1) and state the result in an adapted Hilbertian
framework via a conjugation with the Maxwellian. In Section 3, we prove the first part of the main
Theorem 1.1 concerning relative entropy minimizers and exhibit the corresponding equilibria or sta-
tionary modes. Note that already at this stage, partial entropy-dissipation arguments are used. In
Section 4, we prove the hypocoercive part of Theorem 1.1 using the micro-macro method. In Section 5
we give the alternative proof using the commutator’s method under the more restrictive assumptions
recalled above. Next in Section A of the Appendix, we give some intermediate lemmas and computa-
tions needed in the proofs. To conclude, we give in Section B some examples and remarks in relation
with the main result of this paper, including a spectral interpretation of the result, the exhibition
of special solutions to the full Boltzmann equation, a remark on the normalization and examples of
collision operators and potentials.
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2. CONSERVATION LAWS AND MACROSCOPIC EQUATIONS
In this section we identify the conservation laws and macroscopic equations associated to (1.1).

2.1. Conservation laws and identification of special modes. The conservation of mass writes

d
(2.1) — f(t,z,v)dedv =0
dt R2d
We denote « := [ fyda dv and note that aM is a solution with same (conserved) mass than f.
The conservation of energy writes

4 H(z,v)f(t,x,v)dxdv =0.
dt R2d
Then we define
1
2.2 = dzd ith = Mdz dv.
(2.2) B Var (7) /R2d foHdzdv wi Var(H) RQd’H Mdzx dv

and we note that SHM is a solution with same (conserved) energy than f.
When there is a rotation invariance for ¢ infinitesimal rotational modes appear: consider a rotation
skew

group (Rp)ger defined by Ry := €4 for a skew-symmetric matrix A € My and zp € R? so that
&(Rg(x — 0)) + x9) = ¢(x), then by differentiation in @ there is a vector u € R? such that

VzeRY, (Az+u)-Veo(z) =0.

Now integrating this equality against (u-x)p yields u = 0 by integration by part using that p(x)dzx is
centered. A law of conservation of total angular momentum along this rotation then appears

d

— (Az -v) f(t,z,v)dezdv = 0.

dt R2d
The set of such centered infinitesimal rotations x — Ax is exactly Ry defined in (1.3). Associated
with fp, we introduce the initial momentum mo(z) := ([ vfo(z,v)dv)e?®@. We introduce then the

infinitesimal rotation x — Agz := Py(mo)(x) where Py is the orthogonal projection onto the set R,
in L?(p). We can then check that the function (“infinitesimal rotational mode”)

(2.3) Fig : (z,v) — (Apz - v) M

is in M, and solution to (1.1), with same as conserved total angular momentum as f. Denoting

my(t,z) = ( /R of(ta,0) dv) e

the momentum of f, the associated conservation law reads then
(2.4) Py(my) =Py(mo) or equivalently P(my —myg) € Rj)

where P is the projection onto all infinitesimal rotations, and Ré is the orthogonal of Ry in L3(p).
We refer to Subsection A.1 for a short verification of this fact.

Now we deal with harmonic directional modes, which are associated to cycles of “conservation” laws
of global quantities and appear when dy < d — 1. In the basis we choose at the end of Subsection 1.1
and from (H7), we have for all ¢ € {dg + 1,...,d} that 0,,¢(x) = x;. In that case the confinement is
harmonic in these direction x;, and there is an additional 2-cycle (almost) conservation law:

% </dewifdwdv> = (/devifd:cdv), (?t(/Rmvifdwdv> =— </dewifdwdv>

which implies that these two global quantities evolve as a scalar harmonic oscillator with period
equal to 1. In this case, some harmonic directional modes may appear. Precisely let us define for

1€ {d¢+1,...,d}
i ::/ x; fo dx dv, Vi ::/ v; fo dx dv
R2d R2d
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where we recall that here x; = 0;¢. We introduce then the functions
d
(2.5) Fairi == [a: cos(t) + vsin(t)] + [vi cos(t) — x; sin(t)} and  Fyi = Z Fir,i-
i=dg+1

This function is a solution to (1.1) and f — Fy;, satisfies the additional conservation law

(2.6) Vt>0, / Ti [f(t,:z:, v) — Fdir(t,x,v)] drdv = / v; [f(t,:r,v) - Fdir(t,m,v)] drdv =0.
R2d R2d

When all coordinates are harmonic (dy = 0), then ¢(z) = 1[z|? + 4 log 27 due to the normaliza-

0
tion (H7) and there is an additional (and final) 2-cycle:

d jz|? — [v]?

- . dedy = =2 dz d

dt R2d($ v)f dadv /de 2 fdedv,

d 2 2

dt/ Wfdwdv—Q/ (- v)fdzdo,
R2d R2d

which implies that these two global quantities evolves as a scalar harmonic oscillator (with period 2).
For all ¢t > 0, we introduce then the following constants

2 112
5::1/ (z-v)fodxdo, (5::1/ M fodzdv
d R2d d R2d 2

and define
(2.7)

2 _ 1,2
Fpul(t,x,v) =9 (:U-vcos(Qt)+ |z |v]

: < (|l = v :
sin(2t) | M+ 0 — cos(2t) — x - vsin(2t) | M.
This function solves (1.1) and f — Fp,yy satisfies the additional conservation law
(2.8) Vt=>0, / (- v) [f(t,x,v) — Fou(t, , v)} dzdv
R2d

2 _ |2
:/ (W) [£(t,,0) = Fpu(t, z,v)] dwdv = 0.
R2d

The property of orthogonality of these modes that we implicitly used before is:

Lemma 2.1. The functions M, (Var(H))"'HM, C;'(Ax - v)M (where A € Ry and Cya, ;M and
vuM (when i > dy+1) and (@v) - (zP-lvP) (when dy = 0) are orthonormal in L*(M).

Vd’ o 2Vd
Proof of Lemma 2.1. This can be made by direct computation, using many times that (x) = 0,
(V2¢) = Idgxq and standard properties of Hermite functions. O

As a fundamental consequence of this Lemma, we get that all functions aM, BHM, Fig, Fgir,; and
F,u1 have all conserved quantities equal to zero apart from the one which coincides with the one of fj.
This orthogonality property will allow to simplify the statement of Theorem 1.1 in the next section.
In other words, we have

d

At oo (f —aM — BHM — Fiig — Fair — Fpul) wdxdv =0,
R

for any w in the set of admissible multiplicators defined in Lemma 2.1.
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2.2. Rescaling and macroscopic quantities. To make calculations cleaner we remove the modes
built in (2.1)(2.2)(2.3)~(2.5)~(2.7) and change the unknown to work in L?(M): given f solution
to (1.1) in L*(M™1), we define

f_aM_ﬂ/HM_Frig_Fdir_Fpul

2.9 h = € LA (M).
(29) v (M)
Then h satisfies the new main equation

(2.10) O¢h = Lh :=Th+ Ch, h‘t:() = hy

with
Th:=Th=Vyp-Voh—v-V,h  and  Ch:= pu '€ (uh).

When the index is omitted || - | and (-, -) refer to L?(M) from now on. Note that when considering
a function of z only, respectively v only, the norms L?(p), respectively L?(u), coincide with L?(M) via
a unitary embedding. By now (-) stands for the mean in L?(p). Operator C is selfadjoint in L?(M)
and L?(u), acting only and velocity with kernel

(2.11) KerLz(u)C:Span{l,vl,...,vd,\vP}.

Denoting &(v) = WT_dd)’ we decompose A in the following orthogonal way in L?(M)

(2.12) h=7h+ht, wh:=r+m-v+e€),

where ht = hJ-(t, x,v) is the microscopic part and the macroscopic quantities are

r(t,z) = h(t,x,v)u(v)do, (local) density
Rd

m(t,z) == / vh(t, z,v)u(v) do, (local) momentum
Rd

e(t,z) = / E(v) h(t,z,v)pu(v) dv (local) kinetic energy.
Rd

With these notations, (H1) reads then —(Ch, h) > c¢|/h*||2. According to the definition of A and the
properties of all special modes listed in the preceding section, h as multiple conservation laws. We list
them below. The conservation of total mass and energy writes

d
(2.13) (ry=0 and \/;<e) + (¢ —(ep))r) =0.
Then the possible conservation law associated to rotation symmetry of ¢ reads
(2.14) P(m) € Ry,

where we recall P is the L?(p)-projection onto infinitesimal rotations, R the infinitesimal rotations
compatible with ¢ and Ré its orthogonal complement in L?(p). Note that Py(m) = 0 because we
have deducted Fyig to f in (2.9), and have thus removed all possible non-zero infinitesimal rotational
modes. Along the harmonic directions (when present), there is an additional invariance by centered
rotation in the plane (z;,v;), which leads to the additional conservation law

(2.15) Vie{dy+1,...,d}, (rx;) =0 and (m;) =0.

In the full harmonic case dg = 0 (with ¢(z) = 3|z|2 + log 27), there is an additional invariance by

planar rotation of the radial variables (||, |v|), which leads to the final conservation law

(2.16) (m-z)=0 and \/g<e> —((¢ = (¢))r) =0.
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2.3. Macroscopic equations. In this subsection, we identify the evolution equations for the macro-
scopic part of h solution to (2.10). For this we first notice that for any polynomial function p = p(v) :
R? — R we can easily compute J,[h] = Jga P(v)hpudv using standard properties of Hermite functions
in velocity, and a straightforward computation gives

Jplh] =7 (/de(v)udv> +m- (/Rd vp(v)udv> +e (/Rd wp(v)udv) + Jp[ht].

and using (2.10) we get
O h] = — Vor </Rd op(v)p dv> Vm: </Rd v e vp(v),udv) +mVed (/de(v)u dv>
— Ve </Rd v W\/%d)p(v),udv) + eV - </Rd vp(v),udv) \/3* /Rd(EhL)p(v),udv.

In particular the evolution of the (local) density, momentum, kinetic energy and some suitable high-
order moments of h is given by

atr = V;’; -m
2
dm = —Var + \/;V;e + V- B[R
2 * 1

O E[h] = —2V¥™m + E[Lh™]

8:0[h] = — (1 + 3) Ve +O[Lht],

where the matrix E[h| and the vector O[h] are defined as
2
E[h] = / (v®wv —Idgxq) hudv = \/;elddxd + E[ht]
Rd

O[n] = O[] := /Rdv(’” \;%_ 2)

3. MACROSCOPIC SOLUTIONS

(2.18)
hupdv.

In this section, we prove the first part of Theorem 1.1 concerning the special modes. Using the
reformulation given in Subsection 2.2, we are reduced to find solutions in L?(M) of the form 7 =
r+m-v+e&(v), with my of the same form, to the transport/hyperbolic equation ;7 = L7 = Tr and
satisfying the conservation laws (2.13)—(2.14) and (when present) (2.15)—(2.16). Note that Oym = L
since Cm = by (2.11). The following Proposition directly implies the first part of Theorem 1.1, and its
proof is the aim of this section.

Proposition 3.1 (Macroscopic solutions). Under the above hypothesis m = 0.

We proceed by cooking up step by step a suitable entropy, and more precisely a positive (but not

symmetric) quadratic form F : L?(M) — R such that

d
37 () = =Dr(x(t)) and |x* $D(m) S F(m) < |I7*.
As a first step, since the equation is hyperbolic, we directly get that the L? norm is conserved.

Lemma 3.2. There holds

d 2
— ||| =o.
el
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Proof of Lemma 5.2. The results follows from Cr =0, 7* = =T and §&||7||? = (7, T) = 0. O

3.1. Main differential equation. Using that h = m = r +m - v + e€(v), which means ht = 0
n (2.12), we get that the macroscopic equations (2.17) reduces to

2 2
Or=Vi,-m, Om=—Vyr+ \/;V;e, oe = —\/;Vx -m
2 svm 2
\/;(@e) Idgsxqg = —2VX™"m, 0= — (1 + d) V€.

As a first step, we establish thanks to the macroscopic equations (3.1) that the macroscopic quantities
have a remarkable and simple structure in the position variable so that the problem reduces to the
control of only possibly time dependent quantities. Note that in all what follows we shall use without
explicit mention assumption (H6).

(3.1)

Lemma 3.3. There hold

(3.2) r(t,r) = —x -V (t) + 5 L E(x)d(t) + \/gf(bc(t)

(3.3) m(t,x) = Az + b(t) — xc (t),
(3.4) e(t,x) = c(t),
with

b(t) == (m), A= (Vym), c(t):= (e),
where A is a constant matriz and we have denoted &o(x) := |z]? — (|2[*) and &4(z) == ¢ — (¢).

Proof of Lemma 3.5. From the last equation in (3.1), we directly get that e = (e) does not depend on
the space variable, and therefore we obtain (3.4). Plugging this information in the the fourth equation
of (3.1), this one simplifies into

2
(35) \/;C/ Iddxd = —QVZymm

Differentiating that equation and using (??), we get that V2m = 0, so that in particular V5V is
constant in the xz-variable and equal to its mean. Together with (3.5), we therefore deduce that

(3.6) m(t,z) = (Vm)z + (m) = A(t)x + b(t) — —=c'(t)x,

with the above definitions of A and b. In order to show that A does not depend on time, we plug the
expressions (3.4) of e and (3.6) of m in the second equation in (3.1), and we deduce

2
v$r:—atm+\/;v;;e— Aac—b’—i——c x+\/>

Taking the skew-symmetric gradient of this equation gives then 0 = —A’ so that A is indeed a
constant matrix, and we have established (3.3). Taking into account (3.4), (3.3) and that (r) =0, we
can then take the primitive in space of the second equation in (3.1) and we immediately deduce the
expression (3.2) for the macroscopic density. Using the preceding expressions of m and r yields the
following crucial differential equation satisfied by the quantities A, b(t) and ¢(t):

(26p + Vo -z — d)c

(3.7) fgc Vep-b—a-b"—Vop- Az =0

1
V V2d 2v/2d
where we have used the first macroscopic equation in (3.1) with the two expressions of m and r

obtained in (3.2) and (3.3). (This equation suggests that partial harmonicity of the potential ¢ affects
the estimates, as we shall indeed see.) O



HYPOCOERCIVITY WITH FULL LOCAL CONSERVATION LAWS 11

3.2. Control of A. In order to control A, we first use the equation (3.7): multiplying (3.7) by zj for
k=1,...,d, then integrating against p(z), performing some integrations by part, using that p(z)dz
is centered and that the terms involving V¢ vanish, we get the vectorial equation

(3.9) L oy 4

NGTi 2m<|x|2aj>cm—b— (@ z)b" = 0.

Let us now define

1 1
39 X:Xblvclac” =—2 +vx Z‘—d c+ —— C”—$ b/
(3.9) ( ) m[&za ¢ ] 2%52
and

1 1
3.10 Y=Y, d,)=—(2 + 20V — (x @ )V,
(3.10) ¢, i= —=(2a)et o= (lafa)e’ — (@ @ a)

so that previous identities (3.7)-(3.8) yield
d

Therefore since A is a constant of time, we deduce the

Lemma 3.4. The infinitesimal rotation matriz A satisfies

d
(3.11) — (X =Y V20), Voo - Az) = —||Vaip - Ax|”.

At this place we note that A = P(m), so that A is in the orthogonal of the compatible infinitesimal
rotations Rg. We then use the conservation law (2.14) and the inequality (1.5) to get

Lemma 3.5. The infinitesimal rotation matriz A satisfies the following Korn-type inequality
(3.12) IV - Az||* > ex| Al

In the preceding statement on from now on in this article, we denote
AP = [ Asfp(o) ds
R4

and recall that since QﬁSkeW(Rd) is of finite dimension, all norms on this vectorial space are equivalent.
This will be convenient to choose this one for the coming analysis.

3.3. Control of b,b",¢ and ¢”. Let us now control b, v, ¢ and ¢

Lemma 3.6. The following estimates on the functions b,b",c and " hold
(3.13) o] + [6"] + || + 1" < [A]-

Proof of Lemma 5.0. For this we will have to split later the study into different cases depending on
the harmonicity properties of ¢. We rewrite equation (3.7) as

1 S
(3.14) E[2£¢+Vx¢-x—dc+2m

with Ry := V,¢pAz. Multiplying (3.14) by V¢ and integrating against p(x), it follows after integration
by part using that p is centered and observing that the term involving 2§, — d and ¢ vanish that

620”' - de) b—x- b” == RO

(3.15) V' = —(V24)b+ (Vipaz)d + Ry = —b+ (Vipz)d + Ry

1 1
V2d V2d
with
Ry := (R, Vi) = O(|A]).

Putting this expression back to (3.14) one gets
(3.16) 4V (z)d + Uo(x)d" — ®(x) - b = R
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with Ry := Ry + Ry - z and where we define
O(z) := Va0 — (Vi) =V, —

and
1 Ved-z d 1,4 ) 1
Uy (z) = —— (& + —— = (Vipx)z ),  Uy(x) = ——&o.
o) = 5= (6 + T 5 - LvEa 2(0) =
Defining
(3.17) My = (®®®) € MIT(R), ag:=(Vsd) e RY oy := (U,®) € RY,

we obtain after multiplication by ® and integration in L?(p) that
(3.18) Md)b = 40[18/ + agc'" + Rs.

where R3 := —(Ro®) = O(|A|) thanks to the bounded moment properties of ¢ in (H6).

The main question at this stage is to be able to (partially) invert the matrix My in order to get
an expression of b and exhibit a differential equation satisfied by ¢ (up to the error term O(A)).
This will be possible when taking into account the cycle of conservation laws. From now on we split
the proof into three different cases depending on harmonic properties of the potential ¢. Recalling
®(z) = Vy¢ — z we have E; = Span{®(z) : € R?} and recall also that dy = dimE,. We then
make the distinction between the fully non-harmonic potential where dy = d, the partially harmonic
potential where 1 < dy < d — 1 and the fully harmonic case ¢(z) = 3|z| + 4 log 27, dy, = 0.

Fully non-harmonic case (dg = d). One assumes here that ¢ is fully non harmonic, that is dy = d.
Then from Lemma A.2 proven in the appendix, the matrix M, is invertible, and (3.18) yields

(3.19) b=4M, ond + M, apc” + MRy
and hence, together with (3.16), it follows that
(3.20) AV () + Uy(a)d" = Ry,
with Ry := Ry + ®(z) - M¢_1R3 and
~ 1 B ~ B
(3.21) Uy(z):=Vy(x) — Z@(x) M, Loy, Uo(z) = Wa(z) — (x) - My Lo,

Lemma A.3 proven in the appendix then states that Rank(\fll, \Tlg) = 2, and we immediately deduce
from (3.20) that ¢ = O(A) and ¢ = O(A). Using then (3.19) and (3.15), we also deduce b = O(A4)
and b” = O(A), and the proof of this case is complete.

Partially harmonic case (1 < dy < d—1). In this case we have to consider the adapted basis: recall
that {e1,...,eq,} be a basis of Ey, and let {e1,...,eq,,€4,+1,..-,€a} be a basis of R?. For any
vector x € R? write x = (#,%) with 2 € R% and & € R% 9. For any vector-field ¢ : R? — R?,
write £(z) = (£(z),&(x)). In particular one has ® = (®,0) and we also recall that from the (cycle)
conservation laws we have b = 0 and therefore b = (b,0) . This implies that identity (3.16) becomes

(3.22) AU + Wod” — - b = Ry.
The matrix M, defined in (3.17) is given by

_ (Mg 0
M= (' o)
where

(3.23) My = (@) e M7, .

Following the same procedure as after (3.17) we obtain after multiplication by & and integration in
L?(p) that

(3.24) qu) = 4(3(16, + dzc"' + Rg,
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with Ry := —(Ry®) = O(A), &1 = (U1®) and Gy = (). Again Lemma A.2 proven in the appendix
implies that the matrix My is invertible so that from (3.24) one obtains
(3.25) b =AM a1 + M, "aod” + M, ' R,

Hence, together with (3.22), it follows
4V (2)c + Uy(x)d" = Ry
with Ry := Ry + ®(z) - qulf%g = O(A) and

~ ~

(3.26) Uy(z) = Uy () — S ®(2) - My an,  Wa(x) = Uy(x) — B(x) - M "G

1
4
As in the full rank case, we postpone to the appendix Lemma A.3 insuring that Rank(\fll, \ng) =2,
and similarly, this directly yields that ¢ = O(A) and ¢” = O(A)(3.20). From (3.25) and (3.15), we

also get b = O(A) and b” = O(A), and since b = 0 we eventually get b = O(A) and b’ = O(A). The
proof of this case partially harmonic case is complete.

Fully harmonic case (dy = 0). We use the cycles of conservation laws (2.13)—(2.15): first the two
second equations in (2.13) and (2.16) implies that ¢ = 0, and thus ¢ = ¢ = 0; second, the second
equation in (2.15) implies that b = 0, and thus ¥’ = 0. The result of Proposition 3.6 then follows.

This concludes the proof of Lemma 3.6. O

3.4. Control of ¥/, ¢” and c¢. We complete the picture by the following differential inequality:
Lemma 3.7. There hold

d d
(3.27) (00 S =W HO(AP), (=) < =[e"[ + O AP).

Proof of Lemma 3.7. We write

d

— (=, V) = (=¥ V —b,b"

L) = (08 + n,
from which and the estimates (3.13) on b and b” the first differential inequality in (3.27) follows. The
second differential inequality in (3.27) can be established similarly. O

We finally control the function c.
Lemma 3.8. There holds
(3.28) le] < |+ ||

Proof of Lemma 3.8. We recall the expression of r given in (3.2) which writes

2 1
3.29 \/> c—r=z-b — "
(3.29) d§¢> 2m§2

Multiplying that equation by £, and using these expressions in the second conservation law in (2.13)

give then
2 d / ]' /!
(BT~ (s o))

from what (3.28) immediately follows. O
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3.5. Proof of Proposition 3.1. We define the Lyapunov function

F(r) = ||7)|? = ea((X =Y - V,0), Vg - Azx) — (b, 1) —e.(c, "),
for some convenient £; > 0. On the one hand, we observe that
(3.30) Fm) = Imll* = JAP + 62 + 1",

for €; > 0 small enough. Indeed, by simple orthonormalization argument and using the expressions
(3.3) and (3.4) of m and e, we have

7ll® = Nl + ml® + llell?, ml* =161 + AP + 1], lell* = [ef.

We also notice that
b = (=Vaur) = (=Vaor) = O(|r|])

by using the second equation in (3.1), performing one integration by parts and using the Cauchy-
Schwarz inequality. Coming back to the expressions (3.2) and (3.4) of r and e and using some or-
thonormalization argument again, we get

(1 + flell® = [0/ + |¢"[* + |ef?.

We conclude to the second equivalence in (3.30) by using Lemma 3.6 and Lemma 3.8. We prove one
side of the first equivalence in (3.30) by first observing that because of the dependence of X and Y in
b, ¢ and ¢’ and the Young inequality, we have

F(m) 2 Imll* = ea(p'? + [P + 1e"1* + 1AP) — eo(b]” + %) — ec(Ic'* + ["?).

Because of the same estimates as used in the proof of the second equivalence in (3.30), we have
1
F(m) z 7l* = (ea +ep +eo)lm]* > §H7TH2,

by choosing €; > 0 small enough (with respect to constants). The proof of the other side of the first
equivalence in (3.30) is similar (but does not require ant smallness condition on the &;).
On the other hand, we have

d
S F(m) = =D(x),

with
D(1) = 4|V - Az||> + |V |2 — ,O(JA]?) + .|’ |? — . O(|A|]?) > 4|A]? + |V |2 + .| %,

first by using Lemma 3.4 and Lemma 3.7, next by choosing €, and &, small enough comparatively to
€4 and using Lemma 3.5. As a consequence, we obtain

d]—“ () < =M\ F(m)

gl (M= ),

with A > 0, by using the equivalence (3.30). Thanks to the Gronwall lemma and the equivalence (3.30)
again, we deduce

Ix ()] S F(r(t)) < e F(mmo)-

Since we already know that A is a constant, we have |A|> < ||7(t)|| — 0 and thus A = 0. Using then
Lemma 3.6 we also get that b, b, ¢ and ¢ are identically zero and therefore that ¢ is a constant
of time. From Lemma 3.8 and |[V'|> + |"|? < ||7(t)]| — 0, we deduce that ¢ = 0. As a consequence
of (3.30), we conclude that = = 0.
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4. PROOF OF HYPOCOERCIVITY BY THE MICRO-MACRO METHOD

In this section we prove the hypocoercivity part of Theorem 1.1 using the “micro-macro method”
based on decomposing the solution between microscopic and macroscopic parts. The proof of Propo-
sition 3.1 serves as a blueprint of the cascade of estimates to perform. The analysis is however more
intricate because of the presence of microscopic terms. Using the notation of Subsection 2.2, the
following Proposition directly implies the hypocoercivity part of Theorem 1.1.

Proposition 4.1. Consider h solution to (2.10) in L*(M), then there exists k > 0 such that
Ih()]] < Ce™"" ||holl,

where C' and k depends only on bounded moments constants, spectral gap constants or explicitly com-
putable quantities associated to ¢ such as the rigidity constant defined below in (1.5).

Recall that in all what follows h = r+m-v+e€(v)+ht and that r, m and e satisfy the conservation
laws stated at the end of subsection 2.2. By construction, we also have

(4.1) RI* =[] + llm ] + llel® + [|h .
We use the macroscopic equations in (2.17), and define the following error quantities:

(4.2) es ==e— (e)

(4.3) my = m — (V" m)r — (V- m)z — (m)

(1.4 o= 1= (Var) o — 5 (Au)E

(45) w=r—/2(0)9

(4.6) wem = e, with 6, =& — (A0

In particular, and for further reference, we have

1 2
(4.7) ws =w — (Vyw)z — ﬁ<Aw>£g + \/;<e><¢>.
In the coming proof of Proposition 4.1 we split naturally the analysis into two parts: we consider first
consider microscopic quantities in Subsection 4.2, and second macroscopic quantities in Subsection 4.3;
in the latter the analysis shall be very close to the previous Section 3.

4.1. Toolbox about the Witten-Hodge operator and the Korn inequality. In this section,
we gather several estimates that will be used to control the macroscopic quantities. Some of these
estimates are classical and we refer to [4] for references and details of constructive proofs. Note that
the assumptions (H3)—(H4)—(H5) are exactly the hypotheses needed the results in [4, Subsection 1.2].
We denote |V¢] :=+/1+ |V¢|? in the sequel. Among the results recalled in [4], we first shall use the
strong Poincaré inéquality

(18) o= 0PIV pdo < [ V.6 pd.

proven in [4, Proposition 5]. In order to work in L?(p), we shall use operator € introduced in (1.6)
using the same later {2 when it acts on (coefficients) of vectors or matrices. As a consequence of (4.8),
for any ¢ € L?(p), there holds

(4.9) 127 V2l + 127 [V VIl + 127 V1Pl S llell,
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see [4, Proposition §8|. Slightly more involved consequences are the following zeroth order Poincaré
inequality, sometimes called the Poincaré-Lions inequality

_1
(4.10) le = @) S 272 Vag] S e - (@I
see [4, Proposition 5], the —1th order Poincaré-Lions inequality
_1 _ _1
(4.11) HQ 2o — ()| S 197Vl S HQ 2 (e = ()]

proven in [4, Lemma 10] and the variants

_1 -1
(412) I = (o S |[Va0r 3| + || 2 W

Sl =@

Another key estimate we will use is the following Korn inequality: for any vector field u : R¢ — R?
such that (u) =0 and (V5*¥u) = 0, there holds

)

(4.13) Jull @2V

which is established in [4, Theorem 1] using (?7?).

4.2. Control of infinite-dimensional quantities. We now build a global entropy function by con-
structing dissipative functionals step by step on each part of the unknown h.

4.2.1. Control of h*. We first control the dissipation of the microscopic part of the unknown.

Lemma 4.2. There exists some constant kg > 0 such that
d
—||h||? < —ko|lh |
I I

Proof of Lemma /J.2. Since C* = C and T* = —T, there holds

1d
4.14 ——|\h|I* = (Ch,h).
(1.14) Sl = chh)
Thanks to the spectral gap assumption (H1), we conclude that (4.14) holds with kg := cg. O

We next control the macroscopic part of A by modifying the Lyapunov function built during the
proof of Proposition 3.1.

4.2.2. Control of es. We next turn to the space inhomogeneous part es of the energy defined in (4.2):

Lemma 4.3. There are some constants k1,C > 0 such that

(415) (1Y, O[H)) < e + ClI0* 1]
Proof of Lemma /.5. Recall that ©[h] = ©[h*] from (2.18). Compute then
% (2 'V,e,0[h]) = <lexe, - (1 + 3) Ve + @[ﬁhﬂ> + {7V, (de), O[R])
< —% (1 + Z) 1272V e|® + ClIQ20[LAM]|? + Ol Q7 Va(dse) |12
by the Cauchy-Schwarz and Young inequalities. Then (2.17) and (H2) and (4.9)—(4.12) imply
01V, (0he) = — %Q*lvxvx m 4 Q7L - Ok = O(h),

Q~20[Lht] = O(||nt])).
Together with (4.10) it concludes the proof. O
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4.2.3. Control of ms. We now turn to the irrotational part mg of the momentum defined in (4.3):
Lemma 4.4. There are some constants ko, C > 0 such that
d - Ssym 2
(416)  —(Q7'V"my, Bl - \/;<e>1ddxd> < —wallmyll? + C (llesll + A1) 1]
Proof of Lemma 4./. Remark that from (4.3), one has
1
Vimm = Vi mg + g<V$ -m) Idgxg,
and from (2.18), one has
2 2 i
E[h] — g<€> IddXd = ges Iddxd + E[h ]
Moreover from (2.17), one has
d 2
o)==\ 29. - m).

As a consequence, from the fourth equation in (2.17), one obtains
d svm 2
= <Q VS, B[h] — \/;<e> Iddxd>

—1x¢7sym sym 1 2 —1y7sym 2
=(Q VY "m,, =2V m + E[Lh~] + g<Vx -m) Idgxg ) + ( Q7 VY™ (Oyms), E[h] — g<e) Idgxa

2

= 200 VP + (Q7EVETm,, QT ELR]) + <9-1v;ym<‘o‘tms>, \E 1dgxa + E[hﬂ> :
Using the Cauchy-Schwarz inequality, we deduce

d esvm 2

& <Q 1ny ms, Elh| — \/;<e>1dd><d>

-1 2 -1 142 -1 2 1

< HQ svermm |+ HQ S E[Ch ]H +C Qv @mo)|| ||\ Sesldaxa + Bl

Using the Korn inequality (4.13) and observing that
|-t @my)|| = odlnl),  |[e2Eent| = o ([#4])

from (4.9) and (4.12) as in the proof of Lemma 4.3, we immediately conclude to (4.16). O

4.2.4. Control of ws. We now control the term ws (part of the spatial density) defined in (4.6):

Lemma 4.5. There are some constants k3, C > 0 such that

d
(4.17) 1 (7 Vaws,ma) < —sgllwsll® + Cllesll® + CII P + Cllma 2]
and
d -1 _1 2
(4.18) (=07 0w, wy) < = || @9 |+ Cllws Al

Proof of Lemma /.5. Observe that (2.17), definitions (4.5)—(4.2) and (4.7) imply

2 1 2
oym = —Vw + \/;v;;es + Vi Eht] = —Vaw, — (Vew) — —{Bpw)z + \/;v;;es + Vi - B[Rt
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Integrating the second equation in (2.17) and using again the definitions (4.5)—(4.2), one gets
Op(m) = =(Var) = —(Vaw),

Oy (Ve - m) = —(Aqr) + \/g<eAz¢> +(Te(B[h1]V39)) = —(Ayw) + ﬁ(esﬁx@ + (Te(E[h]V39)).

Finally, by differentiating the second equation in (2.17), one has

2 2
HVem = —V3r + \/;V;Vme + \/;vigbe + Vi (V® E[h]) + E[h V26,

and after integration of the skew-symmetric part, it yields
skew
(4.19) BV ) = <(E [hﬂ vgqs) > .

As a consequence, from the very definition (4.3) of ms and gathering these identities, one gets

dns =+ 2 [7200= Yiesdsate] 4 {= (2 1] w20) )+ L (8 1] 926))

On the other hand, from the definition (4.6) of ws and the equations (2.17), we have

8

Ows = Oyr — (Voyr) - x i(A&gT}fg, —\/g(at@(bs,

2d
1 2
(4.20) =V'm—(VV*"-m) -z — ﬁ<AV* -m)&a — g<V - M) s,
and finally
(4.21) Q' Vohws = O(|jml)),

where we have used (4.9) in order to estimate the first term and we perform several integration by
part and use the boundedness assumption (HG) on ¢ in order to estimate the three last terms.
Combining these estimates and using the Cauchy Schwartz and Young inequalities, we obtain

d
dt

<§21V$w5, —Vws + \/g {V;es - ;<65A$¢>x} + {— <(E [hi] v§¢) Skew> + é <Tr (E [hl} v§¢)>} x>

_ 1, 1 _1
(071 (Buws).ms ) <~ 107 5T | + CIQETael|2 + Cllesl? + I + Cllm ms 2

<Q_1was,ms> =

We conclude to (4.17) thanks to the zeroth order Poincaré inequality (4.10).
In order to control the time-derivative of ws, we write

d

dt

Differentiating the equation (4.20) on ws, we have

2
(4.22) (=0 ' 0ws, ws) = — - <Q_18t2tws,w5> .

‘Q_%atws

2wy = V* - (ym) — (VV* - (9m)) - 2 — 2id<Av* - (Bym))es — %W  (Om)) s,

where the first term is
2
V*(0m) = =V - V,w + \/;V; -Vies+ V. -Vi-E [hL] ,
and similar expressions hold for the three next terms. Arguing similarly as for (4.21), we have
Q™1 9ws = O(||Al).
Together with (4.22) it proves (4.18). O
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We end this section by constructing a first partial Lyapunov functional:

| 2
Fa(h) :=|hl2 + 1 (27 V e, O[R]) + 52<Q—1v;ymms, E[h] — \/;<e> Iddxd>
(4.23) + &3 (Q7 IV ws, my) + ea(—Q 1 ws, wy),

for some 0 < g4 < €3 < €9 < €1 < 1 to be specified later and the associated dissipation term

2
(4.24) Da(h) i= 10412 + llesll” + s> + s + | 2720y

Lemma 4.6. There exist some constants rj, C > 0 such that for any e1 > 0 small enough, there exists
a convenient choice of g;, 1 = 2, 3,4, 6% K gy K €3 K €9 K €1, such that there holds

(4.25) %fl(h) < —rgllBH|* = eaDi(h) + £1C|R]J*.

Proof of Lemma 4.0. Gathering Lemma 4.2, Lemma 4.3, Lemma 4.4 and Lemma 4.5, we get
%fl(h) — rollh |1 = ermalles]® + exClIRT| [[B]] — exnzlms || + e2C IR [R]] + e2C les]| |[A]

(426)  — egmglwyl? + esCles |2 + esClRL 2 + esClimall A — 4} 3 0pw,)2 + £aCllwsl A
for any ¢; € (0,1), i = 1,2, 3,4. Using repeatedly the Young inequality, we have
etCIhH (| Ih] < = ||hl\|2 +efC|R%,  eC|ht || [Ih] < = thll2 +e3C 1%,
E1K1 E2K2

6 6
exClles|H IRl < =5 les]* + fCHhHQ, esCllms| IRl < == llms1* + iCHhH27

2
E3K3 3
eaCllws || 1Al < == [lws||* + éCHhII?,

and therefore

d 2 12 €1k1 2 52%2 2
A0 < = (3= o) It = S (1= 20 e - 2

_ E3k3

2 2
S €
(@2) B | - a0+ € (4 2 +;+g)mﬁ

where we have used the ordered condition g4 < £3 < €9 < €1 in order to simplify the last term.
In order to conclude, we have to choose the (g;)%_; so that (1) e3 and 3 are small enough, and

(2) the last term ||h||? is negligible with respect to the previous ones; this is satisfied with g := e12,
e5:=e17/%, g4 := £11%/8. We then obtain
3

d RO 7/4 12 €1I<61 3/4 9 6121%2 )
J— < JEE— — — R —
Fi(h) 5 (1 €1 C) |h=* — 5 (1 C’> lles]| 5 [lmms|

dt -
57/4/43 15/8 1
(428) e Wl (L LR el LI
In particular, for £; > 0 small enough, it implies (4.25). O

4.3. Control of finite-dimensional quantities and proof of Proposition 4.1. In order to com-
plete the proof, we need to control the time depending global scalar quantities (), (Vi¥m), (V,-m),
(m), (Vyr), (Apr) involved in the definition of eg, ms and w; in (4.2)—(4.6). We proceed similarly as
in the proof of Proposition 3.1. To simplify the notation, we introduce

(4.29) A(t) == (VEm), b(t) = (m), c(t):= (e),

and we rewrite the expression of the macroscopic quantity in terms of these new functions, which thus
only dependent of the time variable.
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Lemma 4.7. We have the following expressions

1 2
4.30 r(t,x) = =b'(t) -z + (¢ +ct\/7 + z(t, x),
(4.30) (t, ) (t) ()2m€2 ()] 48 + (8 2)

1

4.31 m(t,z) = A(t)x + b(t) — ¢ (t)——=x + ms(t, ),
(4.31) (t,x) = A(t)z +b(t) — c( )\/ﬁ (t, )
(4.32) e(t,z) = c(t) + es(t, ),
where the quantity z is controlled by the already controlled macroscopic quantities and more precisely
(4.33) 12117 S lwsl[* + lles|* + [1h*]1%,
(4.34) 190720, S 1192wl + llmal|” + 111

Proof of Lemma 4.7. The expression (4.30) is nothing but (4.2). From (2.17) one observes that

(4.35) d= %(e) = _\/g<v90 -m),

so that (3.3) follows from the definition (4.3) of ms. Note here that there is no reason for A(t) to be
the orthogonal projection of m onto infinitesimal rotation matrices. We shall have to take into account
this fact later. Inspired by (3.2), we take (4.30) as the definition of the new macroscopic quantity z.
Thanks to (4.4) and (4.6) and using that from (2.17), we have

d

4. V= —
(4.36) gy

(m) = =(Var),

we write

2 1 2 1 1
r=ws+ \/;<e>¢s + (Vo) -z + ?d<Axr>£2 = ws + \/;c(&z) - 2—d<Ax¢>£2) —bx+ ﬁ<Awr>£2.

Together with the definition (4.30) of z, we deduce
1 1 1
z=ws + | —{(Ayr) — ' — Azd)e|&s.

Finally, thanks to (2.17), we compute

= Ewam = -2 9. vi L (5 (v B [1])),

and thus

(4.37) ¢ = \/g (Agr) — §<6A¢> - \/g <Tr (E [hl} v§¢)> .

The two last identities together imply

2= w, + % <E [hi] : v§¢> & + d\}ﬁ (esDb) &2,

from what (4.33) follows. From (2.18)—(2.17)—(4.3) and (4.35), we have

2
OE[h]) = —2V¥ihmg + E[Lht] — \/;(@es) Idgxgq-
Differentiating the above expression of z and using that last identity, we then get

Bz = Dyw, — é (V™ V20) & + % <E [ﬁhl} : v§¢> £,

The estimate (4.34) immediately follows from integrations by part and (H6). O
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Using the expressions (4.30) and (4.31) in the first macroscopic equation in (2.17), we write

2
oyr = \/;5(750' —z- b+ \ﬁggcl" + 0z =Vi -ms+ VepAr — ——=(Vyo -2 — d)d + V¢ - b.

1
V2d
We deduce then the main differential equation satisfied by A, b and ¢, which is very similar to (3.7)
up to additional controlled terms involving mg and z, namely

(4.38) 26y + Vo -z —d)

1
\/T \ﬁ&c Vep-b—a-b" —VypAx = V: - -mg — 2.
We start controlling the skew-symmetric matrix A in the following way.

Lemma 4.8. There are some constants ks,C > 0 such that the following differential inequation
controlling the matriz A holds true

d
s dt
where X = X(V/,, ") and Y =Y V', , ") are defined in (3.9) and (3.10).

(4.39) (X =Y - V,0),Vad- Az) < —i5|A[2 + CDy (h) + C|[hE] |4,

Proof of Lemma 4.5. We take up again a similar argument as in the proof of Lemma 3.4. We multi-
ply (4.38) by zy, for k = 1,...,d and after integration, we get

1 1
(4.40) \/72>d<2(¢ — (@))zk)c + m(ﬁzﬂ?wcm — by — {mpz)by = (msp) — (Tr0p2).
Using the definitions of X and Y into equations (4.38) and (4.40) yield
d
dt —(X =Y -V,0) = V,0Ax + v; “mg — (M) - V¢ — Oz + (2042) - Vo ¢.
Recalling (4.29) and (4.19), we therefore have

d

skew
+ <8tzv qu5ASC> - <<$atz> : VI¢7 vx¢Ax> - <(X -Y- vxd)) avx¢ |:< (E [hL} Viqﬁ) >:| 33> .
For the first term and thanks to the conservation law (2.14), we note that
Ry > P(m) = Az + P(m),

so that we can apply inequality (1.5) to V = A + P(ms) to get

exl| Az + P(m,)|? < ||VopAz + Vo - Blmy)|1,
which yields the following control of A:
(4.41) ex|A|? = e ||Az||? < 4||VapAz|? + C |ms|? .

In order to estimate the other terms, we use the rough estimates

<(X ~Y -V.0),Va0 K (E [hl} v§¢)5kew>] :c>
ST =Y Veg)|[ |07 (Vasa) H'< (] v26)™ >\s(b’|+\c’\+rc/’|)uhﬂ|,

and
((ms) V26, V26 Az S [ [Vap - Azl] < [l 1A

Thanks to the zeroth order Poincaré inequality (4.10), we also have

(Vi my, VagAz) = (273 (V5 -my) 0 (Va0Ax)) S m,|A
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as well as similar estimates for the terms in 9;z and (x9;z) -V ,¢. Using these estimates and the control
in (4.41) we eventually get

d _ _1
(X =Y - V00) Vo dz) < = AP + O (Imall + 107505z ) 141 + (18] + 1€ + 1"]) 1A
and we conclude to (4.39) thanks to the Young inequality and (4.34). O

We now have to control the time dependent quantities b, b’,0” and ¢, c,¢”,”: we proceed in three
steps. We first deal with b, 0", ¢ and ¢” in the

Lemma 4.9. The following estimates on the functions b,b",c and " hold

(4.42) 1+ 18]+ 1] + 1”1 S 1A4] + || @50y, || + llmll + 1.

Proof of Lemma /.9. Now we deal with b,b”,¢ and ¢”. Coming back to (4.38), one can write

1 S

with Ry := Vg 0Ax + V. -ms — 0rz. Arguing as in the proof of Lemma 3.6 with this new definition of
Ry, we obtain that (3.18) holds with

R3:= —(Ry®), ®:=V¢—xz— (Vo —1z)22)Vo.

{26”’ — Vx(ﬁ b—SL‘ . b” = Ro

Observing that
Ry = — <Vx¢)AxEIV>> - <T (Dé) m> + <Q%<T>, Q—%atz> —0 (|A\ + || + HQ—%@ZH)
and using (4.34), we may argue exactly as in the proof of Lemma 3.6 and conclude to (4.42). O
Similarly as in Lemma 3.7, we may control ¥’ and ¢’ in the following way.

Lemma 4.10. There exists a constant C > 0 so that

(4.44) by < P2+ ClAR + CDy(h), % (~c, ") < —|" + CIAP + CDy (h).

dt
In order to complete the scheme we finally need to control ¢ and r.

Lemma 4.11. The following controls hold

(4.45) el SB[+ 1] + lwsl* + lles ) + 1A,

(4.46) el ST+ 1]+ llws )1 + lesll? + 1h (1.

Proof of Lemma /.11. We write the expression of r given in (3.2) as

(4.47) r= \/3@,0 + Rs

where Rs :== 2z —x-b' + ﬁ&gc” = O(|t'| 4+ |¢"| + D1(h)) because of (4.33). Using these expression in

the conservation law (2.13) and recalling that (e) = ¢ give then

Vae[r+2@)] = - o).
from what (4.45) follows. Coming back to (4.47), we conclude to (4.46). O
We now introduce the Lyapunov function
(4.48) Fo(h) := Fi(h) —es((X =Y - V30), Vo - Az) — 6(b, V') — e6(c’, ")
for some additional small parameters 0 < g < €5 < €4 and the associated dissipation functional
(4.49) Dy(h) := D1(h) + |A* + |V'|* + ||



HYPOCOERCIVITY WITH FULL LOCAL CONSERVATION LAWS 23

Lemma 4.12. For any 0 < g < €5 < g4 < €3 < €9 < €1 with €1 small enough, there holds
(4.50) [1RI1* S Fa(h) S Da(h) S ||

Proof of Lemma 4.12. On the one hand, we may control all quantities involved in the definitions of
F» and Dy by ||h||?. Indeed, from (4.1) and next the very definition (4.29), we have

(4.51) rll =+ llmll + llell + 11+ 161 + |e] < [1all
and thus also ||es]| < Jle|l + |¢| < ||h]| from (4.32). Next, we observe from (4.35) that

= y/2Hm- V)l 5 Il < I,

Al = [(mVE<"o)| < mll < IRl
and thus also ||ms|| < [Jm]| + |A] + |b] + || < ||h|| from (4.31). Similarly, we observe from (4.36) that
V' =1{rVed)| < lIrll < IR
Coming back to the definition of w, and using (4.36) we get

== 2ol — e Ba)) 4 -2 — o (VO — M) &

and deduce [|ws|| < ||7]|+ e[ +]0'| < ||k Similarly, from (4.37), we also have || < ||7||+|le]| +]|At]| <
|h]|. Summing up, we have proved

(4.52) llesll + lmsll + llwsll + [A] + 1] + 6] + |"] < [IA]]-

from (4.29) that

We finally have to control the terms ||Q_%8tws||.
From (4.6), (4.4) and (2.17), we have

2
Ows =Vi-m—(V,V:-m)- x %4 <A Vi -m)& — \/;Cld)s,
from what we get performing several integration by parts
(4.53) | 20w, S Imll + 11 5

As a consequence of the estimates (4.51), (4.52), (4.53) and of the very definition (4.23)-(4.48) of Fa,
we have

|I2]1* = Fa(R)| < Cerlln]?,
and that concludes the proof of the first equivalence in (4.50). For the same reason, we have Da(h) <
|R||2. On the other way round, from (4.30) and (4.45), we have

il S 18]+ 1|+ Lel + s+ llesll + 1R S 16T+ 1]+ llwsll + llesl + 1A
and similarly from (4.31) and (4.42), we have
1
Imll < [AL+ 18] + [ + sl S JAI+ 1]+ sl + 1972 8pws | + 2.

Combining the last two estimates, (4.32)—(4.1) and the definition (4.24)—(4.50) of D2, we deduce the
reverse inequality ||h||?> < D2(h), which ends the proof of the second equivalence in (4.50). O

Proof of Proposition /.1. We differentiate in time the new Lyapunov function F2(h) by taking advan-
tage of the already established estimate (4.27) about the partial Lyapunov function Fj(h) as well as
the new estimates (4.39) and (4.44) on the additional terms, and we then have

d 2

2
— Fo(h) < — k)|hH | — esDi(h) + C <5% + i—? + 2—3
1 2

) ) — g AP
= — &5k
dt €3 oS

+ e5CD1(h) + esC||hr| ||l — €662 — e6|c”* + e6C| A|* + e6CD1(R),
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which holds true for any 0 < eg < €5 < g4 < €3 < €9 < €1 < 1 such that ; and Z—i’ are small enough.
Using the Young inequality

esC|I || [|B]] < wollh-|1* + 2C| 1|17,
we deduce

d
&fz(h) < —e4(1—e5C —e6C)D1(h) — €5 (f% - C?) |Af?
5
/12 12 2 E% E% 63‘ 2 2
—elb/)? —esl’ P+ C (f+ 2+ 2+ 243 ) [In)*
1 €2 €3

As in the proof of Lemma 4.6 we shall choose appropriately the small parameters ¢; such that the
quantities €5, €g and ¢ are small enough and the last term |h||? is negligible with respect to the

. 3 61/32

previous ones. We recall ey 1= 12, e3 := ¢,7/4 115/8 and furthermore take e := €1 / ,
62/32

€6 1= €; /32 We get then

, €4 = &

d

&fg(h) < - 5}5/8 (Iﬁ)ﬁl — 5?1/320> Di(h) — 5(151/32 (/@5 - 081/32> |A?
e WP = P 0 (4 )

Choosing €1 small enough, the differential inequality simplifies into

d
3 F2(h) < ey Dy(h) + CeF .

Because of the equivalences established in Lemma 4.12, there are two constants K; > 0, such that

d
SF(h) <~ (K - K ?) Fa(h).

dt
Choosing €1 > 0 smaller if necessary, we obtain
d
—Fo(h) < — h
g 2(h) = —w Fa(h),
for some £ > 0, which implies F(h(t)) < e " F5(h(0)). We conclude the proof of Proposition 4.1 by
using once again the equivalences established in Lemma 4.12. ([l

5. PROOF OF HYPOCOERCIVITY BY THE COMMUTATOR METHOD

In this section we give an alternative elegant proof of our main result in Theorem 1.1 using a com-
mutator’s method, under the additional hypotheses that the linear collision operator % is bounded
in L?(u~!) and ¢ has bounded second derivative and is super-linear. Using the notation of Subsec-
tion 2.2 and under these additional boundedness and growth conditions, the following Proposition
recovers Theorem 1.1 under these additional assumptions. We include this alternative commutator
approach because of its interesting algebraic properties, in spite of the additional hypotheses (that
could most likely be relaxed with further work).

Proposition 5.1. In addition to (HO)—(H1)—(H2)—~(H3)—~(H4)—~(H5)~(H6)—~(H7)—(H8) assume that the
operator € is bounded on L?(u), that lim, o0 [V@(2)| = 00 and that derivatives of order two or more
of ¢ are bounded. Consider then h solution to (2.10) in L?(M). Then there exists k > 0 such that

[h(@)] < 27| ho|

where k depends only on bounded moments constants, spectral gap constants or explicitly computable
quantities associated to ¢ such as the rigidity constant defined in (1.5).
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Recall that in all what follows h = r+m-v+e€(v)+h' and that r, m and e satisfy the conservation
laws stated at the end of subsection 2.2. We define 7w the orthogonal projection onto fluid functions,
that is here 7h = r+m - v+ e€(v). recall that V, and V, map scalar functions to vectorial functions,
and their L?(M)-adjoints are Vi = —V,-+V,¢ and V} = —V,, - +v- and map vectorial functions back
to scalar functions. The operators V, and V,, commute; however because of the vectorial aspect, when
contracting back with their adjoints the order matters and such contraction do not always commute.
The key commutator property is

(5.1) Vo, Tl ==V, [V, T]= HyVo, Ve Tl =-V5, [V T]= (vivv)
where we denote for convenience Hy = (agﬁj ¢)i,; the Hessian matrix of ¢.

In addition to the operator Q = V-V, + 1 defined in (1.6), we also introduce the scalar operators
(5.2) '=V, V,+1, A=V, -V, +V, -V, +1,

and we shall denote them by the same letter when acting coordinate by coordinate on tensors. From
e.g. [4] and Subsection 4.3 (see also [17], [19]), these operators are self-adjoint in L?(M). As in the
micro-macro method presented in the preceding section, the core of the analysis is done through a
cascade of estimates, but here directly on the original equation and not on macroscopic quantities.

*

5.1. Cascade of infinite-dimensional correctors. The three following operators are in the core of
the cascade method and will play the role of kinetic correctors

A =ViaVioViA™2 A2V, @V, ® Vg,
(5.3) A =0 VieVie Vil 2 A AT 2V, ® V, ® V,,

Ay = Oy Vi@ Vi@ VI A 2 : A 2TV, ® V, ® V,,

From [17, 19] or simply by standard pseudo-differential calculus arguments (see Lemma A.4), Ay, Ay
and A, are bounded operators in L?(M). The reason of their introduction is the following. Denoting
R,,[V] the space of real polynomials of v with degree less or equal to n € N, we have

VP (Re[V]) € {0}, VI (Ri[V]) € {0}, ¥y (Ro[V]) C {0},
Az (Re[V]) € {0}, A (Ra[V]) € {0}, Ao (Ro[V])  {0}.

This means that the A;s provide a cascading system to study the low-order moments, remembering
that higher moments are already controlled by the damping from the linear collision kernel.

Remark 5.2. Let us mention here that Ag is very close to the fundamental corrector V;";A_% : A_%VU
used in [19] for Fokker-Planck type models, with here the addition of two more deriatives V or V%
at each extremities, and a larger power of A in the center to induce boundedness.

Let us now introduce the three following self-adjoint non negative operators, which will appear after
commutation between the A;’s and the transport 7T .

Ao =Vi@ViaVIA2:A 2V, 8V, ®V,,

A =VioVieV:iIzA AT 2V, 9V, 9V,
TVEQ VI VI ZA T ATIDY, @ V, © V,,

Ay =Vi@VioViII A 2: AV, ®V,® V,
TV VI VIIIATZ AT TV, 0V, @V,
TV VI VAT A2 AT DY, @V, ® V,.

We postpone to the Subsection A.3 in the Appendix the verification that they indeed are self-adjoint,
and note that they are bounded, where the proof of the boundedness follows exactly the same lines
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as the one of the A;’s, see Lemma A.4. For convenience we introduce for all study the following
macroscopic error quantities (note that they are different from the one introduced in (4.2)-(4.4)).

(5.4) e:=e—(e)
(5.5) m:=m — (Vym)x — (m)
(5.6) f:zr—%(V?QM (z@r—(z@x)) — (Ver) -z — (1)

The following Lemma is a first step in the commutator approach.

Proposition 5.3. For alli € {0,1,2} we have

(5.7) %(Aih, B) = —(Ash, h) + (Bih, h)

where the B;’s are bounded and satisfy
(Boh, h) < IRl (IIB]] + [lel] + [lw])
(5:8) (Buh, h) S 111 (1A + llel))
(Bah, h) < [IA]l[|2])-

Proof of Proposition 5.3. Since C is self-adjoint and 7 is skew-adjoint, we get for ¢ = 0,1,2

S (A b) = (145, T) + AC+CA) b, ).

We can therefore write [A;, 7| + A;C + CA; = B; — A; where by using (5.1) we have the following
explicit formulas

(5.9) By == AgC +C Ag
FVIRVIQVIAT2, T A 2V, ®V, ® V,
FVIQVIQVIATE D [A3, TV, ® V, @V,
FVIQVEQVIA 2 : A2V, ® V, @ (HyV,)
FVERVI@VIATS ATV, @ (HyV,) ® V,
+ (HyVo) @ VEQVIA 2 1 A2V, @V, ® V,
+VEQVE® (HyV,)*A2: A2V, 8V, ® V,,
+ VI (HyV,) @ VEA 2 : A2V, 8V, ® V,,
(5.10) By = A\C +CA,
FVIRVIQVIATII 2, 7] A2V, 2V, 8V,
T VERVI®VIAT AT 2, TV, 9V, V,
FVERVIR VI 2AT AT 2V, 9V, ® (HyV,)
VIR VIR (HyV,y) T 2A AT 2V, @ V, ® V,
S VIRVI@VII AT ATV, 0V, 8V,
+ (HyV,)* @ Vi@ VAT 2A i AT T2V, 0 V, ® V,,
(5.11) By = AsC + CAs
FVIRVI®VIA T T T A2V, ® V, @ V,
FVIRVIQVIATIT L TIA 2, TV, @V, ® V,
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+VEQVE® (HyV,) T A 2 : A 2T 'V, 0V, ®@ V,
VI VI@VIDIATE AeT !
S VIRVIeVIITIATZ AT IV, 0V, @V,

We first deal with Bo. We note first that |(A2Ch, h)| = |[(A2Ch*, h)| < ||AL||||R|| and that [(CAsh, h)| =
|(Ash,Ch)| = [(Ash,Ch*)| < ||h*||||h]| since we assumed in this section that C is bounded and self-

adjoint. Next we deal with the second line in the definition of By : we freely use that A%F[A_%F_l, T]
is bounded by standard pseudo-differential calculus (see [17]) to get that

3272 = V;’j & V: & V;[A_%F_l, 7—]
is bounded. Now the second line writes

(Boz: T7'A739, 0V, @ Vb, h)| = ]<Bz,2 TV, @V, @V, (14 mo + €+ ht) h>’
S |[(Boz: TTIATEV, @V, @ Vbt )| S IR

since three derivatives on the right cancel all macroscopic quantities. For the other terms, using that
H, is bounded and similar arguments and get eventually that |(Bah, k)| < [|Al||A1]].

Now we deal with the term B;. The treatment of A;C + CA; is the same as done before. Let us
have a look at the second line in the definition of B; : we again freely use that AF%[A_IIV%,’T] is
bounded by standard pseudo-differential calculus to get that

BLQ = v; & V;’j & V;[A’lf’%,ﬂ
is bounded. Now the second line writes

’<BLQ T2A"V, @V, ® V,h, h>’ - )<BLQ T72AV, ® V, ® Vo(r +mo + @ + hL), h>’

N )<BL2 T72A7'V, ® V, @ V,(e€ 4+ hh), h>\ S |(Biz : Q7'Vaee @ Idaxa, h)| + |||,

where we used that
V@V, ®V,e€ =V,e®Idgxa

and that the two other macroscopic quantities are canceled since two derivatives in velocity are in-
volved. Now we refer to the appendix for the proof of the following bound

1 -
127 Vaell < (1972 Ve < |le]
where for the first inequality we used that Q > Idg«4. Eventually we get
(Bia s T30, @ Vo @ Vah, h)| < (18] + 114 ) 1A

The same proof can be adapted to all other terms in By so that they can be bounded similarly.
Eventually we only sketch the proof for the term Bjy. The treatment of AgC + CAg is similar. We
focus on the second line of By again and denote

Boy =V, @ V@ Vi A5, T],
which is bounded by the same type of argument. We now similarly show that the second line writes
(5.12) (Boz: 0759, © 9, @ Vo, )| < (Nl + il + 114 1A
Indeed a direct computation gives
I A3V, 0V, @ V,h = Q73V, @ Vom + 072V, @V, ® ve
where we introduced Q = (V£V, + 2). This factors 2 comes form the fact that for all o € R,
A%(ve) = (Vi Ve + ViV, + 1)%ve) = (ViVy + 1+ 1)%e
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since v is an eigen-function of ViV, with eigenvalue 1. To conclude to the proof of (5.12), this is
sufficient to notice that

| iv2e]| < o v2e] < el
and (see Subsection A.4 in the Appendix)
HQ—%vgmH < |27 2m]| < |||
The other terms in By can be treated similarly. This ends the proof. ([l

Now we deal with the main non negative terms of type (A;h, h) appearing in (5.7) for which spectral
gap properties will arise. The second key step in the commutator approach is the following.

Proposition 5.4. There exists positive constructive constants Co, C1, Co and o, A1 and Ay such that

~(Bohy ) < o 7> + Co (Illl + 1€l + 11*1) 1]
(5.13) ~(Aahyh) < <Al + 1 (el + [A5]) A

—(Aah, By < =Xz [[E])* + Caollh* | |11l

Proof of Proposition 5.4. In the first part of the proof we compute the effect of the Ay, A1 and As on
respectively r, m and e. We first notice that due to the number of derivatives in velocity appearing
in the right-hand side of the expressions giving the A;’s we have A;(R;,_1[V]) C {0} for i = 1,2 and
Ai(R;[V]) € R;[V] for i =0, 1,2, therefore one obtains

2
(Aor,r) —/ Mdzdv = /
R2d

Rd
(A1 (m(z) - v), (m(z) - v))

= [ (@102 mi) (102 )+ (102 ) (02, i) ) M
R2d J

, : 2
Q*%Vir Q*%Vir pdx

:2/ 071V, v m|? pda
Rd

(5.14) (A2 (e(2)€(v)) , (e(2)€(v)))

1 2
Q7 2Vze| pdx

-Gl

Now we can use the cascade of Poincaré inequalities as stated in Lemma A.6. For the density r,
this implies that there exists a constant Ao, depending only on the Poincaré constant and semi-norms
of ¢ such that
(5.15)

(Aor, 1) = /Rd

2

- 2 _ _
O3V pde > D v~ () — (Var) -2 - %<v§r> e@z—(zon)]| =2
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Concerning the momentum m, one first observes that [Q7'V,V¥™m|? > 1|Q7'V2m|? thanks to the
Schwartz lemma in the following version

Vi, ke {1,....d},  9my = 0; (V""m) 1 + 05 (VV™m),, — O (VV™m),; .
The cascade of Poincaré inequalities at order 2 stated in Lemma A.6 then implies from (5.14) that
there exists a constant A1 such that

2
9
Eventually for the energy e, we can use the standard the Poincaré inequality in L?(p) (the order 1
inequality Lemma A.6) and one obtains that there exists a constant Ag such that

_ 4 4 —
(5.17) (Roc,e) = (d n 2) [Vael? > (d ; 2) erlle = (@)]12 = 2Xallé]?

2 s
(5.16) (Aym,m) > §HV§WHQ > S [lm — (m) (Vom)x — (m) || = 2X4]|m|%,

Thanks to the above estimates, we can now investigate all terms appearing in (A;h,h). We get
according to the number of velocity and space gradients appearing in Ay that

(Ash, h) = <A2(e€(v)), ee(v)> + (As(e€(v), hL> + Aokt 1),
from which one obtains with (5.17) that
(5.18) ~ (Aah, ) < =Xallel? + O (I 11])
Similarly for m, one has using in addition that A; is skewadjoint and that Aje€(v) = A1é€(v)
(Arh,hY = (Ay(m - v),m - v) + <A1(m ~v), (e — {€))&(v) + h¢> + <A1 ((e —{e)) &(v) + hl) ,h> ,
which implies using (5.16) that
(5.19) —{(C1h, h) < =i|ml|* + O(e]1All) + OIh~ | |[Al).

Finally, for the last term r, using again that Ag is self-adjoint and cancels polynomials in space of
order less than 1, one has similarly

(Aoh, h) = (Agr,7) + <A0r, (m 0+ E€(0) + B) + (Ag(ri - v+ E€(v) + hL) , h>
and it follows from (5.15) that
(5.20) = (Aoh, by < =Xoll7(I* + O (lml[|a]) + O (lle]|al) + O (IIhLHIIhII) :
The proof of Proposition 5.4 is complete. O

Remark 5.5. Note here that global averages are all controlled by the base norm thanks to the moments
assumed on ¢, and precisely we have (after possible integration by parts)

(Var) = (rVag) SRl (Var) = (r(Vad ® Voo = V20) S |12l
(Vam) = (m@V.d) S, (e) SRl
so that 7, m and € are themselves bounded in norm by ||h/|.
We now in position to build the first part of our hypocoercivity norm as
[lI3, = IAII* + c0(Aoh, h) + e1(Aih, h) + ex{Ash, )
where €g,€1,€2 > 0 will be chosen small later. Then Propositions 5.3 and 5.4 yield

1d

I 112 I i~ T =2
5&%\!3{1 < —v[|h|1? = eaAa [l€l]” — exhallm)l* — odo |17

+ Cea| Bl + Cerllnl (IR + 12ll) + Ceollbl (I + ] + 112])
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for some constant C' > 0. We can simplify the latter estimate by optimizing the small constants and
we get the following lemma, which concludes that first step of the commutator method.

Lemma 5.6. Choosing v >> €9 > €1 > €, we have

ILd o Viplp2 €23 =12 €1y 1~ 2 T2 2
e L e L e A e S N A e T R 1
for some 0 < m < 9.

(5.21)

5.2. Modifications of the first hypocoercivity norm. In the preceding subsection, we were able
to build a partial Lyapunov functional allowing to control all microscopic parts €, m and 7 of h. There
only remains to get a control and build associated additional Lyapunov terms for the macroscopic/finite
dimensional parts

1
(r), (Vym) -z + (m) and §<V§2r> (z@z— (@) — (Ver) -z — (r).
This is done using the conservation laws as in Subsection 4.3. We only sketch the proof.

5.2.1. Control of derivatives of micro quantities. For further use, we note first that the time-variation
of the density, the momentum and the energy controlled by the right-hand side in the above estimate
can also be controlled as follows. Indeed we have

d, - 1 Ll -
&@te,ﬁ 'e) > Q720> — O(|[nll[[e])

d, -~ 1~ 1 -
3 (0m, 7w > Q7 2am|* — O(|Ih][lm])

d - 1~ _1. 2 ~
(om0 = |[e-2aF| - o (7D,
remarking that we have
(22.9712)| + |(am, 0| + | (017,17 <

and that second-order time-derivatives of macroscopic quantities can be controlled by 2 (as was done
also in the micro-macro approach in the preceding section). This allows to update the hypocoercivity
norm to

(5.22) 1Rl3, = b5, — eh(0e, Q7€) — {0, Q m) — e (D7, Q7).
We get then the following second partial Lyapunov functional updating (5.21)

Lemma 5.7. For 1> ey > e > g1 > €} > €0 > ¢, > n1, we have

d1 2 14 12 £9 < ~12 €1+ ~ 112 €0 < ~2
I— < —_ _“ _ = X
Sl < =22 = S8 P = SEAdm) = 2% |7

_ 2 _ 2 _ 2
(5.23) — HQ—%atgu N HQ—%ath — HQ—%aﬁH + ol|B)2
for some 0 < 2 < g.

5.2.2. Control of means of moment. We focus now on means of the moment m and its derivatives.
Given @ # j, v;v; is orthogonal to 1, v, |v|?, and hence one easily computes

S toiogh) = 2((73mm),, ) + ([T (wses) + Closup) ),

therefore
2

% Ki&@ivjh)) <U“’jh>] 22 <(szymm)z‘,j>2 - <[T(Uivj) + C(Uivj)]hj_>2 - <§2t<vivjh>) (viv;h)
and

(;@ivjm) ({wsvgh)) < IIAlA-]
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2

2 d
([twiey) + o )| + (g e ) Csegt) < D
Define for each i =1,...,d

(5.24) bi(v) =1+ \/§<1+ ) \[m\ (v

P

which is orthogonal to 1, v, [v|* and compute

%(%h) = 4<vxd' m 8x1m2> + <[T(¢)Z) +C (4] hL> :

hence we get

(?t [( (i >> (Wil >} >8 <V””C;m—8zimi>2—<[’f (Wi(0)) + COE)I ) + ( oy (il >) (iR

and

(g5wsm ) () Il
{7t + ctotopit Y[+ (St ) (um) < bl

This allows to update the hypocoercivity norm (5.22) into

(5:29) 1By, = iy, = e0 3 (oot ) (owoyh) = o (5 0sm) ) (0ot

7]
d sym sym d ‘Zr'rn Y7x-7n
- 8?3 Z <dt (vxy m)i,j> <(vacy m)z’,j> 53 <dt < d - 8901m1)> < d - 8xzmz>
G|

for 1> e3> e3> e3> &) > 1 > €] > g9 > ¢. Therefore, defining as in (4.3) and (4.2)

1
(5.26) ms i=m — (Vim)x — g<Vx -m)x —(m) and ez:=é=-¢e— (e),

we update (5.23) into

/
< YypL2 _ e2y 2 €1y p~p2  €ly 2 €0y ~2  E2% HQ_; ~H2
d752||h||7{3 < = gl = ellesl” = gallmll” = Fhllmsll” = FAo Pl = e || 272 0ce

2

I 2 I _ 2
(5.27) - %1)\1 HQ*%ath - %1)\1 HQ*%atms — el HQ*%&FH + 13| |2

for another 0 < 13 < &f,. Let us denote by C[h] the semi-norm of the controlled quantities

Calh] := [HhLII2 + (el + )l + [lms|* + (17

=

112 1|12 1
+|otae] + Jotom] + o tam,

4y Hgsa{fﬂ

and

v 62)\2 61)\1 60)\0 52)\2 61)\1
€= mln Y ) Y Y
8 4 8 2 2 2
The estimate (5.27) then rewrites, for some 0 < 7 < ¢ < 1:

, 65\0} and 7 :=max{n,n, 3} < e.

(5.28) —eC3[h)% + n||h|2.

<l <
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5.2.3. Control of the moments of the density. We finally estimate averages of the local density r and
of its derivatives in order to control the finite dimensional quantities

(5.29) (V) : (r@x — (z @) — (Vor) -2 — (r).
To keep this section concise, we rather directly use Lemma 4.5 where we introduced in (4.6)
{606 — (Vawho — 5 (Al + 1/ 2()(6)
=r—/=(e)p — T — — —(e) (o).
s d S At
This allows to update the hypocoercivity norm (5.25) into
(5.30) ”h”%-u = ||h||%{3 + Ew <Qilvxw87 m5> + 5;1 <_Qilatw37ws>
for 1 > e3> e >ea> el >e1 >l > 0> el > e > e),. We then update (5.28) into
1d v €2 2 €17 p~;2 Elxy 2 €03y j~2 Ew 2
S |hlZ, < —=IhH)? - =X — =X — =X — =X - =
0B < oI 12 = 25 gl = SRy IR — 25 gl — 230 712 — 22 o]
r_ 2 2 g 2 _ 2
= 2% otae] - Eau e bom|| - SA @ taum, |~ ehdo 020
2
(5.31) — el || Fauw, | + nalin)?

for another 0 < ny < €},. Let us denote by C4[h] the semi-norm of the controlled quantities

~112 ~ 12 2 ~(2 2
Calh] := [HhLIIQHIGII + " 4 flms [+ 1717 + llws|l

1
1 2 1|12 1 2 1|2 1 2|2
otou + 20+ a-bam| + [o-tod] + [o-tom,

and update the values of € and n by posing

A2 €1M1 g0ho Ehda Efh <
€= min{ly()m62827616176020762227612 1766)‘076;”76{111} and n:= maX{nl’n27n3’n4} <e.
After this cascade of commutator estimates, estimate (5.31) yields, for some 0 < n < e < 1,
1d
(5.32) §&Hh|\3{4 < —eCa[h]? + 1|l ]|

Remark 5.8. Note that in the very last part of the analysis concerning the study of the means of

r, we did not really used the decay in 7 and Q_%atf. This was replaced by the corresponding micro
Lyapunov functional involving ws. This could be interesting to study the control of terms in (5.29)
with an another method. We chose not to develop this point of view in this first preprint.

5.3. Control of finite-dimensional quantities and the proof of Proposition 5.1. Estimate (5.32)
control the infinite-dimensional (microscopic and macroscopic) parts of the solution similarly as

Lemma 4.6 in the micro-macro method. The remaining finite-dimensional quantities can then be

treated exactly as presented in Section 4.3. This completes the proof of Proposition 5.1.

APPENDIX A. TECHNICAL LEMMAS

A.1l. Momentum conservation vs. infinitesimal rotations. In this subsection we prove the
formula (2.4) used in Subsection 2.1. Given f solution to (1.1) in L?(M~!) we introduce

mo(z) := ( /R [ vfola,v) dv) e my(a) = ( /R of(t,,0) dv) @)
ry(t @) = ( [ ) dv) ) epltya) = ( /R €) f(t,2.0) dv> e

and write f := 7 M +my - oM + e €M + ht M. We denote then z — Aoz := Py(mo)(z).
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Lemma A.1. We have P(my —mq) € Ri;

Proof of Lemma A.1. The result is clear at time ¢ = 0 since P(mo — mg) = 0. Let us now consider
z+— B-xzin Ry. We want to prove that P(my — myg) is orthogonal to « — toB -« and for this it is
sufficient to prove that

Vt>0, (my(t)—mo,Bx)=0.
For this we differentiate the preceding quantity (omitting the space and time variables for readability)
and freely use the macroscopic equations (2.17) also valid for r, my and e by direct computation.
This gives

&<mf mo, Bz) = dt<mf,Bx> —< gr 7Baz> —< Vary + dvmef+vz E(h ),Bx>

where we have used equation (2.17) and its notation. By integration by part then

%(mf — mg, Bx) = (r,V,, - Bx) + ﬁ(e,vx - Bz) + <E (hJ‘) : V®B:c>.

The first term in the right hand side vanishes V. - Bx = —V, - Bx 4+ V¢ - Bx = 0 since B is skew-
symmetric and Bx € Ry. The the second one vanishes as well since V. - Bx = 0. The third one also
vanishes since E(h') : V@ Bz = E(h*) : B = 0 because E(h™) is symmetric and B is skew-symmetric.
This proves %(m(t) — mg, Bx) = 0 and concludes the proof. O

A.2. Intermediate results used in Section 3.3. In this subsection, we state and prove two in-
termediate results used in Subsection 3.3 when exhibiting minimizers of the entropy, and implicitly
used in Subsection 4.3 when showing hypocoercivity. The first result is about the invertibility of the
matrices My, and M, defined respectively in (3.17) and (3.23).

Lemma A.2. When dy = d the matriz My is invertible and when 1 < dy < d — 1 the matrix M¢ 18
invertible.

Proof of Lemma A.2. First look at the case when dy = d. We shall prove that kerM, = {0}, so let
u € R? be such that Mgu = 0. Then Myu - u = {|® - u|?) = 0, which implies that ®(z) - u = 0 for any
x € R hence the result. The proof in the case dg < d — 1 follows exaclty the same scheme. O

The second result concerns the linear independence of the two functions ¥; and Uy defined in (3.21)
(and similarly for ¥; and W9 defined in (3.21)).

Lemma A.3. In the case when dg = d, we have Rank(lfll, \Tlg) =2 and when 1 < dy < d—1 we also
have Rank(¥y, W) = 2

Proof of Lemma A.3. We first give a complete proof in the case dy = d, with
~ 1 B ~ B
\111:\1'1—Z<I>-M¢1a1, Uy =Wy — - M .

We argue by contradiction. Assume that (Ivfl = )@2 for some A € R*, that is, there are constants
o, € R* and v € R such that

1
(A1) ¢—§Vz¢-m+a~vx¢):)\|w\2+ﬁ-m—|—v.

We first look for quadratic solutions to (A.1) of the form ¢g = z - Myx + by -  + ¢o with My € #;(R),
bo € R? and ¢y € R. Plugging this into (A.1) one obtains My = Adgxq, bo = %(ﬂ — Aa) and
co =7 — 2a- (B —Aa). Now let ¢ be a solution to (A.1). Define 1(z) = ¢(2) — ¢o(z) and then
¥(y) = ¥(y + 2«), which hence verifies

(A2) V) — 5V () y =0
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Let C(y) = lyl*¥(y) so that V,((y) -y = 2[y[*(¢
coordinates (r,#), this implies that {(y) = {() a
¢(6)

¢(T’0):7’T’ \VIT>0

(y) — 3Vy(y) - y) = 0 for any y € R% In polar
nd hence

But v is well defined at the origin, therefore lim,_,o ¢ (r, #) is finite, which in turn implies that ¢ (r, 0) =
0. Finally one gets ¢ = ¢ which means that the solution ¢ to (A.1) is quadratic, that is

1
gb(a:):5x-Mm+b-1:+c:/\|x\2+b-:L‘+c.
Thanks to the normalization (I17), one gets ¢(z) = 3|z|? + % log 27 and hence

E¢:Span{v o(x) —m:xeRd}:{O}

which contradicts the hypothe51s dy = d. This ends the proof when dy = d. When dy < d — 1, we
argue similarly on \1'1 and \Ilg ([l

A.3. Some computations about the commutator method. In this subsection, we prove technical
claims used in the commutator Section 5. The first Lemma concerns boundedness of operators involved
in the computations. Recall that in that section, we assumed that both L and the derivatives of order
two or more of ¢ are bounded (in particular Hy).

Lemma A.4. The operators \;, A; and B;, where i € {1,...,3}, are bounded.

Proof of Lemma A.J. As a typical example, we focus first on A; for which this is sufficient to show
1
that A™128,,0,,0, is bounded in L?(M). Adopting the point of view of [17, Proposition A.7], we
1 ~ 1 ~ .
first conjugate with M2 and we just have to check that I'"2(8,, + %) and A'(0,, + 5)(0,, + F) are
bounded in L? flat, where

X (0 5) (a5 (000 5) (1),

For f—%(avk + %) this is due to the fact that T2 is of order —1 and Oy, + 4 of order 1 in the

pseudo-differential calculus associated to the metric %,
composition is then of order 0 and the Calderon-Vaillancourt Theorem implies the boundedness. For
A (D, + %) (0, + %), which is true since A~ is of order —2 and (9y, + %) (0y, + 4 ) is of order 2 in the
(dz2+dv +d§2+d77
(1+\n|2+|v|2+\V¢>|2+I£I
of v. This implies the desired boundedness. Such calculus with two levels (involving A in all variable

1 being the dual variable of v. The

pseudo-differential calculus associated to the metric , € being the dual variable

and T" only in velocity variables) is also in the core of the boundedness of terms like AT’z [A‘lf_% ,T]
where we use that A and I' commute and that the commutation decrease the order by 1, so that this
operator is of order 0 and therefore bounded by the Calderon-Vaillancourt Theorem. Note in addition
that H, (appearing e.g. in the B;’s) is of order 0 which greatly simplifies the proofs. For all other
terms A;, A; and B;, similar computations give the result. ]

The second lemma concerns symmetry and non-negativity of operator A;.
Lemma A.5. Operator A1 is symmetric and non-negative.

Proof of Lemma A.5. First we check that V;V;V;F_%A_l ATV, Y, Y, s symmetric, since for
the other part of Ay this is obvious:
(VEVEVED ZA™ AT 3V, V,Vaf ) = > (05,0505, T 2A AT 720,, 8,05, f, 9)
ivjik
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=S (ATT720,,00,05, f, AT 20,,0,,05,9)
1,7,k
=S (AT 20,,80,05, f, AT 20,,0,,05,9)
4,5,k
= Z<f7 8;18;ka;]8v3 aa:kaxlg>
1,7,k
= (f,VAVIVII 2 AL ATV, V, V,0g).
Next check that A; is indeed a non-negative operator:
(Mf, f) = (Vi@ V;@ VIl 2A~  ATT2VE @ Vi @ Vif, f)
+(VEQ VL@ VID ZA™ AT T2V @ Vi@ Vif, f)
=S (AT 200,00, 00, f, AT 200,00, 05, f)
1,7,k
4+ (A28, 00, f, A T720,,0,, 05, f)

-3 % AT (00,00, + 0,00,) S )2
1,7,k

This concludes the proof. O

A.4. A cascade of Poincaré-Lions inequalities. We prove in this subsection several inequalities
used in the commutator method. We assume that ¢ has bounded second order derivative and that
V¢ goes to infinity at infinity. Let ¢ a smooth function in L?(p) with compact support and

PU(SO) = <(10>7
(A.3) P1(p) = (p) + (Vap)
Py(p) = (o) + (Vzp)z + 1 (V2@ Vap): (z@2 — (z@1)).

2

Lemma A.6. Let n € {1,2,3}. Then there exists a constant cp,, > 0 such that for all smooth ¢ with
compact support we have

2
cpn llp = Paa ()2 < |20

Proof of Lemma A.6. For n = 1 this is exactly the Poincaré-Lions Theorem as stated for example
in [4, Proposition 5] and here in (4.10). Let us prove the result for n = 2. Let ¢ be smooth and with
compact support. We notice then that

(o= Pi(p)) = (p) — (¢) = (Vzp){x) =0

since (x) = 0. We can therefore apply the Poincaré-Lions inequality (i.e. the case n = 1) to ¢ — P (),
which gives

o= PP < 7 |0 Ve (o~ @) = gl [ (Vao — ()|

We can then apply the Poincaré Lions inequality of order —1 as stated in [4, Lemma 10] and (4.11)
here to V¢ which directly gives that

|9 = o) < Curu o w2

where Crpr, > 0 depends only on semi-norms of ¢. This concludes the proof of the case n = 2 with

c __ ¢pna
P2 = Crpr-
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Regarding the case n = 3, we define ¢ := ¢ — %(VQ@ :x ® x and we check that
Y—hPY)=¢— () = (Vatp) -2
= o= 5 (Vo) 2@ = (¢) +5(V0) (2@ 2) +(Vag) -2 — (V) {2) B2

= ¢ — P(p)
since (x) = 0. We therefore can apply the preceding inequality for n = 2 which gives
_ _ 2 _ _ 2
(A.4) le = Pa(e)|I* = lv = PL)I* < epp |27 VER]]" = cpi |97 (V3 — (V29)|

where we used again that 2 is identity on constants. Arguing exactly as for the proof of the “(—1)-
order” Poincaré-Lions inequality as stated in [4, Lemma 10] we could prove the “(—2)-order” Poincaré-
Lions inequality with constant Cppy, > 0 which reads for any f smooth with compact support

"

HQ_I(f - <f>”2 < CupL HQ_%VIf

Applying this in (A.4) to V2¢ gives then

2
oo

e — PZ(W)”Q < C}_D}QCLPL

This proves the case n = 3 with cp3 = c?f 1;>2L' This concludes the proof. ]

APPENDIX B. EXAMPLES AND REMARKS

B.1. Examples of collision kernels. In this short subsection, we present examples of linear collision
operators € satisfying the hypotheses of Theorem 1.1, namely the spectral gap property (H1) and the
boundedness property (H2).

Example B.1 (The full linear Boltzmann operator). Consider
Cfi=—(f—rfM—msp- oM —e;EM)
where vy, my and ey are defined by

re(t,x) == ( f(t,x,v) dv) @), (local) density
R4

my(t,x) = </ vf(t,z,v) dv) @) (local) momentum
Rd

ef(t,x) == </ E(v) f(t,x,v) dv> e?®) (local) kinetic energy.
R4

By construction, € satisfies the spectral gap condition (H1) and since it is bounded, it satisfies also
the boundedness property (H2).

Example B.2 (The linearized Boltzmann collision operator for hard spheres). Consider

¢f —/Rd/ L1+ ford = fre = fap] v — vi]7 do dos

with the usual notations f' = f(v'), f« = f(vs) and f. = f(v)), and where v > 0. Assuming that
v > 0, this operator satisfies the spectral gap property (H1) (see e.g. [1]) but it is not bounded on
L*(p='). Polynomials are however in the domain of € and therefore it satisfies also the bounded
property (H2). Other type of interactions, including collision kernels without angular cutoff models or
inverse power laws, satisfy also both hypotheses and we refer to e.g. [29] for such examples.
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Example B.3 (The linearized Landau collision operator). Consider
Gf=V,. ( [ o= [Id ) Y “*)} (vf<v> - vf(m)) i dv dw)
R [0 —vi| v = p p

with the collision parameter v € (0,1]. This operator is non local, of order 2 in velocity (of diffusive
type) and therefore not bounded. It satisfies the spectral gap condition (H1) when v > 0 (see e.g. [1]
for constructive estimates) and again all polynomials in velocity are in its domain.

Remark B.4. It is worth mentioning here that the last two preceding linear operators were obtained af-
ter a linearization of their bilinear original form around the Gaussian p and not around the Mazwellian
M: when linearizing full non linear inhomogeneous kinetic models around a Mazwellian, one gets an
additional term p(z) in front of the collision operator that goes to zero at infinity. We have not con-
stdered this degeneracy in the present paper: it is likely to create significant difficulties since there is
then no uniform-in-x spectral gap for p% .

B.2. Examples of potentials. We comment here on the hypotheses (H5) and (H6) on the potential ¢.
The bounded moment hypothesis (I16) is not restrictive. Functions like ¢(z) = % In(1422)—C,, which
are very slowly increasing satisfy this hypothesis, as well as fast-increasing ones like ¢(z) = elel* — Cy
(here Cy is a constant of normalization of e~? in L'). Regarding the Poincaré inequality (F15), many
works have been devoted to the study of sufficient conditions in order to get the result. We mention
some examples below.

Example B.5. The harmonic potential ®(x) = % + %ln 271 satisfies the Poincaré inequality with

constant ¢y = 1. In the flat L? space, the change of unknown u = pe~®? show that the Poincaré
inequality is equivalent to the spectral gap inequality for the harmonic oscillator operator

|z
P = _Ax Y W
+ 2

which is nothing but  defined in (1.6) up to a constant.

Example B.6. For a general ¢, the change of unknown u = cpe_¢/2 yields the operator
Vo]
4
and the celebrated Bakry—Emery theory shows that there is a spectral gap

P¢:_Az+ _Azd)

Cp > min {/\ | A is an eigenvalue of Vfcqﬁ}
as soon as the Hessian V2¢ of ¢ is uniformly positive.

Example B.7. Note that all ¢ such that Py has compact resolvent satisfy the Poincaré inequality (H5).
This happens in particular when

—Agp =+o0

due to standard results on Schrdinger operators, and in this case 0 is a single eigenvalue. This in turn
1s implied by the stronger assumption

B.1 lim |Vg¢| =400, and lim ——%5 =
(B1) e V29! jal 00 [V () ]2

This argument however does not give an explicit estimate on cg.

Example B.8. Here is an exotic ezample of potential that does not satisfy (B.1) or the Bak:ry—E’mery
criterium (uniform convexity of ¢) and for which the Poincaré inequality holds. Considering in R?

2
o(z,y) =2 (1+y°)" — Cy.
One can check that p = e=? € LY(R?) (and Cy is then the normalization constant), and that P, has
a spectral gap, even though ¢ is constant on the unbounded set {x = 0}.
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B.3. Change of coordinates. We give details in this subsection on the reduction to the normaliza-
tion H7. We first note that the formulas for Ker(.#) are invariant by change of orthonormal velocity
variables. By orthonormal change of velocity and space variables, this is then easy to reduce the
problem to the case when ¢ satisfies

P 02 0 0

0 p5 0 -~ 0
<v326¢> = . . )

0 0 0 P2

where we suppose without restriction that all p;’s are positive. The analysis of the present paper can
be adapted to this case, including the main Theorem 1.1, with the following changes. We define the
set of adapted centered infinitesimal rotational modes compatible with ¢ as in (1.3):

(B.2) RY = [(Az-v) | A€ Ry} M.

Then denoting Eép) := Span{V,é(z) — pz : * € R4}, and d, := dim E,, where px := (p121, .. .,PaTa),
we define the harmonic directional modes when dy < d — 1 by

(B.3) Z‘Dg) = Span{ (pjxjcospjt —vjsinp;t), (pjz;sinp;t +vjcosp;t), je{dy+1,...,d} }M,

and the harmonic pulsating modes when dy = 0, and in which case necessarily all p; are equal to a
common value denoted p, by
? pal® — |vf?

2 _
(ﬁp((pp) — Span{ (‘pl’| |U

5 sin(2pt) + pz - v cos(2pt)> }./\/l

cos(2pt) — px - v Sin(2pt)> : (

One checks then that functions in %Ef ), ”Dép ) and ‘,Bép ) indeed are entropy minimizing solutions to (1.1),
and it is straightforward to adapt our proof to show hypocoercivity as stated in Theorem 1.1 with
these new sets of functions.

B.4. Spectral interpretation. We have focused so far on real solutions to (1.1), which is natural
since physical solutions (densities of probability) are real. However when considering complex solutions
we can interpret the results in terms of the complex spectrum of the non-negative operator

L =0V =V Vy—F

in LZ(M™1), the complexification of L2(M™1). We consider ¢ as in the previous subsection with

p% 02 0O --- 0
0 p3 0 .-~ 0
(Vig)=| . .
0 0 0 ... p3

We can then describe precisely the spectrum of —.% and obtain resolvent estimates in half-plane that
includes the imaginary axis. First 0 is in the spectrum of —% with associated eigen-space

Spanc(M) & Spanc(HM) & Ry.c

where Ry ¢ is the set of infinitesimal rotational modes as defined in (B.2) but extended to the corre-
sponding C-vectorial space. This set is then of (complex) dimension 2 + dim(9,). Then depending
on the harmonicity of ¢ we have three cases summarized in Figure 1.

(a) Case with no harmonic modes (ds = d). In this case ¢ has no harmonic directions and there
no additional eigenvalues on the imaginary axis.
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" / o 4 / o d
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" zone without o " zone without ip ¢ " zone without
r/r' . A ,r"" . o .
3 _ spectral estimates ¥ _ spectral estimates spectral estimates
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- 4 "4 2 P P 5 . 2
7 st >
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3 g ip, § o ip o % 2 p
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s d / 4 A P 57
P y ip, ¢ 2 y y
e & - 3 . -2i 7
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> / b A s / i
P 34 7 g i, ¢ g s ¥ 7 > p
4 5 P / < A~
P y > »
(a) No harmonic modes (b) Harmonic directional modes (¢) Harmonic directional and pul-

sating modes
FicUure 1. Complex spectrum of —.%

(b) Case with harmonic directional modes but no pulsating modes (1 < dy < d—1). In this

case, the real vectorial space of functions @gbp ) in (B.3) yields the complex set

@((gj()c = Span(c{ (pjxj — ivj) e~ it (pjxj + 1vj) ePit. e {dy +1,...,d} }Ma

to which we can associate the eigen-functions of —Z (for the eigenvalue Fip;)

(x,v) — fji(x,v) = (pjzj £ iv;)M(z,v).

(c) Case with harmonic directional and pulsating modes (dg = 0). In this last case necessarily
all p;’s are equal to a common value p > 0 and ¢(z) = %\pxP—&—% log 2r—dlog(p). All possible harmonic
directional modes exist, as well as all possible infinitesimal rotational modes Ry ¢ with R, = D (C).

The complexification of the set S,Bép ) defined in (B.3) is then

2 _ 2 ) 2 _ 2 )
;Bé)p()c —_ Span{ <va —Z‘px’ 5 ’U| >e—21pt7 (va+2’p$| 5 ”U‘ >e2zpt’ }M

to which we can associate the eigen-functions of —% (for the eigenvalue F2ip)

lp|? — Jv

(a:,v)»—>gi(x,v):<px-vii 5 ’2>M(x,v).

The analysis of the paper can be exported to the complex Hilbertian space L(%(./\/lfl): denote
S = Spang(M) @ Spang(HM) @ Ry c @ Span {fji |je{ds+1,... ,d}} @ Span {gi}

where the f;’s and the g*’s are defined above (when ¢ has the relevant harmonicity), and consider S+
the orthogonal of S in LA(M™1). We note that since . is a real operator, both S and S are stable
by conjugation and therefore stable by . and .Z*. Using then the Laplace transform, we get then
from Theorem 1.1 the following resolvent estimate for —%|g.:

C

Vz e C with R(2) < r, |[|(z1d + $|sl)_1}|zs(sL) < k—R(2)
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where C' is an explicit constant depending on x and C' in Theorem 1.1 and | - || B(st) stands for the

operator norm on S+. The provides the resolvent estimates in the left half-planes in Figure 1.

B.5. Special solutions of the full non-linear Boltzmann equation. In this last subsection, we
mention how to build special modes minimizing entropy for the full non-linear Boltzmann equation,
which are full nonlinear counterpart to the linearized special modes studied in the present paper. The
full nonlinear Boltzmann equation writes

(B.4) OF +v -V F — V¢V, F =T(F,F),
with
I'(F, F) :::/ / [F'F, — FF,] B(v — v,0) do du,,
Rd JSd—1

where B > 0 is the collision kernel and we assume the normalization (H7) on ¢. We consider then
functions h in the space spanned by (1) {(Ax-v), A € Ry} if ¢ has rotational invariances, and

(2) {(xicost—l—visint), (vicost — x;sint), i € {1,...,d¢,}},

(3) { <‘“"’2;’”|2cos(2t) —z- Usin(2t)) , (Wsin(%) tx- vcos(2t)> }

if ¢ has harmonic directions or is fully harmonic. Then F(t, z,v) := et:*Y) M(x, v) is a time-dependent
periodic solution to (B.4) since the microscopic conservation of momentum v’ + v, = v+ v, and energy
012 + [l ? = [vf* + [vs]? imply

h(t,z,v") + h(t,z,v)) = h(t,x,v) + h(t, x,vs).
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