HYPOCOERCIVITY FOR A LINEARIZED MULTI-SPECIES
BOLTZMANN SYSTEM
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ABSTRACT. A new coercivity estimate on the spectral gap of the linearized Boltzmann
collision operator for multiple species is proved. The assumptions on the collision kernels
include hard and Maxwellian potentials under Grad’s angular cut-off condition. Two
proofs are given: a non-constructive one, based on the decomposition of the collision
operator into a compact and a coercive part, and a constructive one, which exploits the
“cross-effects” coming from collisions between different species and which yields explicit
constants. Furthermore, the essential spectra of the linearized collision operator and
the linearized Boltzmann operator are calculated. Based on the spectral-gap estimate,
the exponential convergence towards global equilibrium with explicit rate is shown for
solutions to the linearized multi-species Boltzmann system on the torus. The convergence
is achieved by the interplay between the dissipative collision operator and the conservative
transport operator and is proved by using the hypocoercivity method of Mouhot and
Neumann.

1. INTRODUCTION

This paper is concerned with the proof of (explicit) spectral-gap estimates of the lin-
earized Boltzmann operator for gas mixtures in the case of hard and Maxwellian potentials
as well as the exponential decay of solutions to a multi-species Boltzmann system. Spectral-
gap estimates and the large-time behavior of the mono-species Boltzmann equations were
intensively studied in the literature, but are unknown for multi-species systems. First, we
review the literature for the mono-species case.

The study of the linearized collision operator, in the spatially homogeneous and hard-
potential case, goes back to Hilbert [23]. For this operator, Carleman [8] proved the
existence of a spectral gap. The results were extended by Grad [17] for hard potentials
with cut-off. Baranger and Mouhot [2] derived constructive estimates in the hard-sphere
case. For Maxwell molecules, Fourier transform methods were employed in [37] to achieve
explicit spectral properties. A spectral-gap estimate for the linearized Boltzmann operator,
consisting of the sum of the linearized collision operator and the transport operator, was
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first shown by Ukai [34]. Improved estimates (in smaller spaces of Sobolev type), still for
hard potentials, were established in [29]. In [30], spectral-gap estimates for moderately
soft potentials (without angular cut-off) were proved, improving and extending previous
results by Pao [31]. Hypoelliptic estimates for the linearized operator without cut-off can
be found in [1] and references therein. A spectral analysis with relaxed tail decay and
regularity conditions on the solutions was performed recently in an abstract framework
[19]. Dolbeault et al. [13] derived exponential decay rates in weighted L? spaces, which
improves previous Sobolev estimates. For further references, we refer to [30, Section 1.5].

Spectral properties of the linearized Boltzmann operator were already investigated by
Grad [18]. Based on these results, Schechter [32] located the essential spectrum of the
classical collision operator in L?. The spectrum of the Boltzmann operator for hard spheres
was also analyzed in LP for p # 2; see [25]. We refer to the recent work [15] for further
results in LP for 1 < p < oo and more references. A detailed analysis of the resolvent
and spectrum of the linearized Boltzmann operator can be found in [35, Section 2.2]. A
complete analysis for the essential and discrete spectra for the linearized collision operator
with hard potentials was performed in [28].

All these results are valid for the linearized mono-species collision operator. Our aim is
to extend the spectral-gap analysis to the case of the linearized multi-species Boltzmann
system modeling an ideal gas mixture. This is achieved by generalizing the coercivity
method of [29], including quantitative estimates on the spectral gap for the multi-species
collision operator. A crucial step of our analysis is the observation that the multi-species
version of the H-theorem implies conservation of mass for each species but conservation of
momentum and energy only for the sum of all species. As a consequence, we need to study
carefully the “cross-effects” of the collisions, i.e., how collisions between different species act
on distribution functions which are elements of the nullspace of the mono-species collision
operator. The crucial step is to relate these “cross-effects” to the differences of momentum
and energy. Before stating the main results, we introduce the kinetic setting.

1.1. The Boltzmann equation. The evolution of a dilute ideal gas composed of n > 2
different species of chemically non-interacting mono-atomic particles (see [11] for chemically
reacting gases) with the same particle mass can be modeled by the following system of
Boltzmann equations, stated on the three-dimensional torus T?,

(1) atFl+vaE:Ql(F)7 t>0a Fl-(x,u()) :FI,Z'('T7’U)7 (.T,’U) ETS XR37

where 1 < i < n. The vector F' = (Fy,..., F,) is the distribution function of the system,
with F; describing the ith species. The variables are the position x € T3, the velocity
v € R, and the time ¢ > 0. The right-hand side of the kinetic equation in (1) is the ith
component of the nonlinear collision operator, defined by

j=1
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where ();; models interactions between particles of the same (¢ = j) or of different species
(@ #J),
Quy(F Fy)(w) = / By (jv — v*|,cos 0)(FLFl* — FF?)dv* do,
R3xS2
with the abbreviations F] = F;(v'), F;* = F;(v*), F/* = F;(v™*), the three-dimensional unit
sphere S?, and
vvt v — v v4v* v — v
2 / _ 1% — _
@) S A 2 2
are the pre-collisional velocities depending on the post-collisional velocities (v, v*). These
expressions follow from the fact that we assume the collisions to be elastic, i.e., the mo-
mentum and kinetic energy are conserved on the microscopic level:

1 1 1 1
(3) U’+v’*:v+v*, §’U,|2+§|Ul*|2:§|U|2—|—§’U*|2.

The collision kernels B;; are nonnegative functions of the modulus |v — v*| and the cosine
of the deviation angle ¥ € [0, 7], defined by cos? = o - (v — v*)/|v — v*|.

Although we will analyze a linearized version of @);, let us recall the main properties of
the nonlinear operator @);. Using the techniques from [10, pp. 36-42], it is not difficult to
see that @ := (Q1,...,Q,) conserves the mass of each species but only total momentum
and energy, i.e.

|3 Qutr Byuwin =0

R3 ;=1

if and only if (v) € span{e®, ... e™ wv1, 051,031, |v|>1}, where e is the ith unit
vector in R” and 1 = (1,...,1) € R™ It is shown in [11] that @ satisfies a multi-
species version of the H-theorem which implies that any local equilibrium, i.e. any function

F' being the maximum of the Boltzmann entropy, has the form of a local Maxwellian
Mloc = (Mloc,h c. 7Mloc,n) with

ploci(xat) |U - U]OC(Z’,t)P
Fi ) 7t - MOCi ) 7t - . - )
(@, 0,8) = Mioc,(w, v, 1) (27 6h0e(,1))32 P ( 2Wroe (1)

where, introducing the total local density pi. = Z?:l Ploc.is

n n

Z/ Filv — ul?dv
R3

1
Ploci = / Edv, Uloe =
R3 Ploc

are the (local) masses of the species, the total momentum and total energy, respectively.
On the other hand, the global equilibrium, which is the unique stationary solution F' to
(1), is given by M = (M, ..., M,) with

_ o Poosi "U — uoo’2
Fle) = M) = o (<150,

1
Z / Fivdv, 010(: =
R3 3ploc

i=1
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where now, setting poc = > 1 Pociis

1 1
Pooyi = / Fdxdv, s, =— Fodzdv, 0O
T3 xRR3

= — Filv — u|*dzdv
Poo J T3 xR3 3Po0 J13 xRS

do not depend on (z,t). By translating and scaling the coordinate system, we may assume
that u,, = 0 and 6, = 1 such that the global equilibrium becomes

Poosi  _|y|2 .
(4) M;(v) = (27T)3/2€ W21 <i <.
1.2. Linearized Boltzmann collision operator. We assume that the distribution func-

tion F; is close to the global equilibrium such that we can write F; = M, + MZ-I/ 2 fi for some
small perturbation f;, where M; is given by (4). Then, dropping the small nonlinear
remaining term, f; satisfies the linearized equation

(5) Ofi+v-Vaofi=Li(f), t>0, fi(x,v,0)= fri(z,v), (z,0)€ T xR?

for 1 < i < n, where f = (f1,..., fn) and the ith component of the linearized collision
operator L = (L4,...,L,) is given by

Li(f) =Y Li(fnf;), 1<i<n,
j=1

with
Lij(fir £5) = M; ' (Qu (M, M 1) + Qi (M £, )
(6) = / By M} Mj (W + b} — hi — h)dv*do,  hy:= M, .
R3xS?

Here, we have used MZ/*MJ’ = MM, for any i, j, which follows from (3). Notice that we
have chosen the linearization considered in, e.g., [29, 35]. Another linearization is given by
F; = M; + M,g; (see, e.g., [27]), namely Ly;(g;, g;) = M; " (Qi;(M;, Mig;) + Qi (Migi, M;)).
This choice gives the same results as with the linearization (6) since both linearizations
correspond to the same space of solutions, but it turned out that the computations are
easier using (6).
The linearized Boltzmann system satisfies an H-theorem with the linearized entropy

H(f) - % Z?:l fRS fz’2dv7

dH .

—— ==Y | fiL(f)dv=—=(f, L(f))1z >0,

dt i—1 R3
where (-, )2 is the scalar product on L? := L*(R* R"). We will prove in Lemma 5 that
(f,L(f))r2 = 0 if and only if Mi_1/2fi lies in span{e(™ ... e™ v;1,v51, 031, |v|?1}, which
is the null space N'(L) of the linear operator L. The main aim of this paper is to show
that, under suitable assumptions on the collision kernels, there exists a constant A > 0,
which can be computed explicitly, such that for all suitable functions f, —(f, L(f))z2 >
M| f=IT"(f)||3,, where IT" is the projection onto N (L) and H is a subset of L? (see Theorem
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3 for the precise statement). This spectral-gap estimate, together with hypocoercivity
techniques, allows us to conclude that exponential decay of the solutions f(¢) towards the
global equilibrium holds (see Theorem 4).

1.3. Assumptions on the collision kernels. We impose the following assumptions on
the collision kernels B;; arising in (6).
(A1) The collision kernels satisfy
Bij(lv —v*|,cos?¥) = Bj;(Jv —v*|,cosd) for 1 <i,j <n.

(A2) The collision kernels decompose in the kinetic part ®;; > 0 and the angular part
bi; > 0 according to

Bij(lv — v, cos¥) = @y5(|v — v*[)bij(cos V), 1 <i,j <n.

(A3) For the kinetic part, there exist constants Cy, Cy > 0, v € [0,1], and 6 € (0,1) such
that for all 1 <+¢,7 <n and r > 0,

C’ﬂ” S (Dij(r) S CQ(T -+ Tﬁa).

(A4) For the angular part, there exist constants C3, Cy > 0 such that for all 1 <i,j <n
and v € [0, 7],

0 < bij(cosv) < Cs|sind||cosd|, by;(cos)) < Cy.

Furthermore,

b vin in {b.: (o - (o -

C’ = 11%11'1%1”01;1;282 /s2 min {b“(al 03), bii (09 03)}d03 > 0.

(A5) For all 1 <i,j < n, by is even in [—1,1] and the mapping v — ®;(|v|) on R? is
locally integrable on R* and bounded as |v| — co.

(A6) There exists > 0 such that for all 1 <i,j <n, s >0, and o € [—1, 1], we have
Bij(S, O') S 5Bii(3a O').

Following [29], since the functions b;; are integrable, we define

(7) (" := min / bi;j(cos 8) sin 8dh > 0.
1,<i,5<n 0

Let us discuss these assumptions. The first hypothesis (A1) means that the collisions
are micro-reversible. Assumption (A2) is satisfied, for instance, for collision kernels de-
rived from interaction potentials behaving like inverse-power laws. The lower bound in
hypothesis (A3) includes power-law functions ®;;(r) = r” with v > 0 (hard potential) and
v = 0 (Maxwellian molecules). The assumption v > 0 is crucial since the linearized colli-
sion operator in the mono-species case for soft potentials (7 < 0) with angular cut-off has
no spectral gap [2]; however, degenerate spectral-gap estimates are possible [16, 26]. The
upper bound in (A3) means that the kinetic part is of restricted growth for both small and
large values of |[v — v*|. In hypothesis (A4), the upper bound for b;; implies Grad’s cut-off
assumption. The positivity of C® in Assumption (A4) is used in the constructive proof
of the multi-species spectral-gap estimate (Theorem 3) via the mono-species spectral-gap
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estimate which depends on C?; see also the proofs of Theorem 1.1 in [2] and Theorem 6.1
in [26]. The positivity of C? is satisfied for the main physical case of a collision kernel
satisfying Grad’s cut-off, i.e. for hard spheres with B;;(|v — v*|,cosd)) = |v — v*|. Condi-
tions (A1)-(A4) are also imposed in [2, 26, 27] for the linearized mono-species Boltzmann
operator.

Assumption (A5) imposes technical conditions needed to verify the abstract hypotheses
in [29]. More precisely, the evenness of b;; is employed to show hypothesis (H2) (see section
5) and the properties on ®;; are used to verify (51) in hypothesis (H1). The conditions on
@}, are satisfied for hard and Maxwellian power-law potentials ®;;(r) = r” with exponent
v € [0,1], for instance. Finally, condition (A6) states that the ratio of the off-diagonal
and diagonal collision kernels can be bounded uniformly from above by a constant 5 > 0.
This hypothesis will be needed for the explicit computation of the constants in Theorems
3 and 4. More precisely, (A6) allows us to estimate the mono-species part of the collision
operator using the computation of [26]; see Lemma 11.

1.4. Notation and definitions. We call Dom(F") the domain of an operator F' and Im(f)
the image of a mapping f. We introduce the spaces L} = L*(R*R"), L2 , = L*(T® x
R%R"), H; , = H'(T? x R*;R"), and

H = {fELf)Hng{:Z/ f?uidv<oo},
i=1 /R

p={renilil=3 [ it <ol
i=1 /B

Here, v; is the collision frequency, given by

(8)

9) vi(v) = Z/ Bij(Jv* —v|,cos ) M;dv*do, i=1,...,n,
j=1 R3xS?

For Maxwellian modelcules ®;;(r) = const., the collision frequency is constant but for
strictly hard potentials ®;;(r) = 77 with 0 < v < 1, v; is unbounded. In fact, it satisfies
(1 + [v])? < y(v) < (14 |v])? for some constants vy > vy > 0 [29, p. 991]. In the
physically most relevant case of hard spheres (7 = 1, b;; = 1), the collision frequency can
be computed explicitly, see formula (2.13) in [10, Section 7.2]. For more properties of the
collision frequencies, we refer to [9, Section II1.3]. If the collision frequencies are bounded,
H = L2. Generally, v; is unbounded and so, H is a proper subset of L2. The norm on L?
(and similarly for the other spaces) is defined by

22:n 2dv for f=(f1,..., fn) € L2
Il =3 [ v for 7= (g e

We distinguish the following linear operators. We define the operator A = (Ay,..., A,) :
Dom(A) — L? by
Az(f) :Vifiy izl,...,n,
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where Dom(A) = {f € L2 : Af € L2} = D. Tt is closed, densely defined, selfadjoint and, by
Lemma 7 below, coercive. The linearized collision operator L : Dom(L) — L2, introduced
in section 1.2, can be written as L = K — A, where K := L + A, or, more explicitly,
Ki(f) = Z/ By MM (R, + B — h)dvdo, i=1,...,n.
=1 R3xS2

It was shown in [4] that K is a compact operator in L?. Thus, Dom(L) = Dom(A) = D
and L is closed and densely defined. Furthermore, L is nonpositive and selfadjoint on L?.
We define the transport operator

T=v-V,:Dom(T) — L2,

where Dom(T) = {f € L}, : v-V,f € L} ,}. Finally, we consider the linearized Boltzmann
operator

B=L-T:Dom(B)— L2,
which is unbounded, closed, and densely defined with Dom(B) = Dom(L) N Dom(7).

We denote by N (A) and R(A) the kernel and range of a linear operator A, respectively.
Its resolvent set is denoted by p(A) and its spectrum by o(A) = C\p(A). For a linear
unbounded operator A with o(A) C (—o0,0], we say that A has a spectral gap when the
distance between 0 and o(A)\{0} is positive. Finally, the essential spectrum of A is defined
as the set of all complex numbers A € C such that A — A\[ is not Fredholm, where I is the
identity operator. We refer to section 3 for details regarding this definition.

1.5. Main results. In this subsection, we state the main results of the paper. The first
result is a geometric property of the essential spectrum of the linearized collision operator
L and the linearized Boltzmann operator B = L — T

Theorem 1 (Essential spectrum of L and L —T'). Let the collision kernels B;; satisfy as-
sumptions (A1)-(A4) and set J = Ul Im(v;) C [vp,00), where vy = min;—y __, SUp,cps v(v)
> 0 (see Lemma 7). Then

Oess(L) = —J, 0us(L—T)={XAe€C:R(\) € —J}.
Remark 2. We observe that if lim,|_,o v;(v) = oo for i = 1,...,n then
Oess(L) = (—00, —1p],  Oess(L —T) ={A € C: R(\) < —1}.

Indeed, under the assumption v;(v) — oo as |v| — oo, the continuity of v;, and the
Weierstrafl theorem show that J = [1g, 00). Thus, the essential spectrum of the linearized
multi-species collision operator is very similar to the mono-species operator, where vy cor-
responds to the infimum in R? of the single collision frequency; see [27, Section 3] and [28,
Prop. 3.1]. O

The proof of Theorem 1 is based on perturbation theory [24, Chap. IV] and is similar to
the proof for the mono-species collision operator [35], but we show new explicit spectral-gap
estimates related to the particular structure of the kernel in the multi-species case. More
precisely, we write L = K — A as described in section 1.4. It turns out that K = L + A
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is compact on L? (see section 3 for details). Weyl’s theorem [20, Theorem S| states that
the essential spectrum of L = K — A coincides with that of —A. Thus it remains to show
that oess(A) = J. This is done by using Weyl’s singular sequences, which allow for a
sufficient and necessary condition for A € C being an element of the essential spectrum of
the selfadjoint operator A.

The proof of the second statement in Theorem 1 is more involved since K is not compact
on L:%’U and hence, Weyl’s theorem cannot be applied directly. The idea is to employ an
extended Weyl theorem, which states that the essential spectrum is conserved under a
relatively compact perturbation [24, Section IV.5.6, Theorem 5.35]. Indeed, if K is relatively
compact with respect to A + T then oo (L —T') = Oess (K — (A+T)) = —0ess(A+T'), and
it remains to compute the essential spectrum of A + T'.

The next theorem concerns an explicit spectral-gap estimate. It is the main result of the
paper.

Theorem 3 (Explicit spectral-gap estimate). Let the collision kernels B;; satisfy assump-
tions (A1)-(A4). Then there exists a constant X > 0 such that

(10) ~(f LNz Z Alf = TH(f)I3, for all f €D,

where IT" is the projection onto the null space N'(L). If additionally hypothesis (A6) holds,
the constant X\ can be computed explicitly:

= n—Db =min< 1 —4Omck
“ ke, 1T 160, + Db [

where C™, D®, and Cy, are defined in (38), (43), and (45), respectively.

Note that the constant C™ depends on the mono-species spectral-gap constant C® via
(38) below. We present two proofs of this theorem. The first proof is non-constructive
and relies on an abstract functional theoretical argument, based on the decomposition
L = K — A and Weyl’s perturbation theorem. This abstract spectral-gap estimate is
proved in Lemma 10. The second proof provides a constructive spectral-gap estimate,
generalizing the result in [27] (also see [26, Theorem 6.1]) from the mono-species to the
multi-species case. For this, we split the operator L = L™ + L’ in the mono-species part
L™= (L™, ..., L™) and the bi-species part L® = (L%, ... L?),

L(fi) = Lis(fi ), LU =D Lij(fir 1)
J#i
The proof consists of four main steps.

Step 1: Coercivity of the mono-species operator L. The bi-species part of L satisfies
—(f,L*(f))12 = 0 for all f € D. Furthermore, the results of [26, Theorem 6.1] show that
for the mono-species part,

(11) —(f L™(f))ez = C|f = IT™(f)|l3, for f € Dom(L™),

where the constant C™ > 0 can be computed explicitly and II™ is the projection onto
N(L™) (see Lemma 11). Inequality (11) may be interpreted as a coercivity estimate for
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L™ on N(L™)*. Tt is related to the “microscopic coercivity” in [13, Section 1.3] for the
mono-species setting. Hence, we obtain the “naive” spectral-gap estimate

~(f,L(f))z =2 C"|If = LI (f)3, for f €D.

This estimate is not sharp enough for the multi-species case since we need an inequality for
all f— IT*(f) € N(L)* and not only for f — II™(f) € N(L™)* C N(L)*. By projecting
onto N'(L™)* only, we neglect the “cross-effects” coming from the bi-species part of the
collision operator. Thus, we need a better estimate for —(f, L(f))z2, which is achieved as
follows.

Step 2: Absorption of the orthogonal parts. The contribution f*+ := f — II"™(f) in
—(f, L°(f))z2 can be absorbed by the H norm of f* (see Lemma 12), giving for a certain
n >0,

~(f LDz = (€™ =43 = U™ (), LA™ () z.

Step 3: Coercivity of the bi-species operator L°. The projection II™(f) depends on the
velocities u; and energies e; of the ith species, and thus, the cross terms can be bounded
by the differences of momentum and differences of energies,

(12) —(I"(), L))z 2 C Y (Jus —u + les — e ),

ij=1
for some constant C' > 0. This is the key step of the proof. The inequality may be con-
sidered as a coercivity estimate for the bi-species operator. A key observation is that the
differences of momenta and energies converge to zero as f approaches the global equilib-
rium. Whereas (11) acts on N(L™)+, (12) gives an estimate on the orthogonal complement
N (™).

Step 4: Lower bound for the differences of momenta and energy. The last step consists in
estimating the differences |u; —u;| and |e; — e;| from below by the error made by projecting
onto N'(L™)* instead of N'(L)*:

S (lws = wi* + Jei — 52) = CIIf = T = 2C1f = T™(F)13
ij=1
Putting together the above inequalities, Theorem 3 follows; we refer to section 4 for details.

As a consequence of the spectral-gap estimate, we are able to prove the exponential

decay of the solution f(¢) to (5) to the global equilibrium with an explicit decay rate.

Theorem 4 (Convergence to equilibrium). Let the collision kernels B;; satisfy assumptions
(A1)-(A5) and let f; € H, . Then the linearized Boltzmann operator B = L—T generates

a strongly continuous semigroup e'® on H;’v, which satisfies
(13) [P (I —II7)||m < Ce™™, t>0,
for some constants C, 7 > 0. In particular, the solution f(t) = e'P f; to (5) satisfies

(14) 1f(t) = foollz, < Ce ™| fr = foollmr,, t>0,
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where fo = IIB(f;) is the global equilibrium of (5). Moreover, under the additional
assumption (A6) and lower bound in (A4), the constants C and T depend only on the
constants appearing in hypotheses (H1)-(H3) in section 5 and in particular on \ defined in
Theorem 3.

The idea of the proof is to employ the hypocoercivity of the linearized Boltzmann op-
erator I — T', using the interplay between the degenerate-dissipative properties of L and
the conservative properties of 7. The aim is to find a functional G[f] which is equivalent
to the square of the norm of a Banach space (here, H, ),

mallf 3, < GU) < mallfIl, for f € HY,

leading to

d
(15) S < —wlf N, >0,

where k1, kg, k > 0 and f(t) = e'B f;. These two estimates yield exponential convergence
of f(t) in H,,. Tt turns out that the obvious choice G[f] = a1l f|lzz, + callVaflzz, +
cs||Vy fllr2 , does not lead to a closed estimate. The key idea, inspired from [36] and
worked out in [29], is to add the “mixed term” ¢4(V,f, Vo f) 12, to the definition of G[f].

Then
d

5 Vel Vof)rz, = —IVaflliz, +2(VaL(f), Vif)rz,,

and the last term can be estimated in terms of expressions arising from the time derivative
of the other norms in G[f(¢)]. Thus, choosing ¢; > 0 in a suitable way, one may conclude
that (15) holds.

In [29], the calculation of (15) is reduced to the validity of certain abstract conditions
on the operators K and A (see section 5). These conditions state that A is coercive in a
certain sense, K has a regularizing effect, and L = K — A has a local spectral gap. The last
condition is proved in Theorem 3, while the other conditions follow from direct calculations,
since the operators K and A are given explicitly. As a consequence, the proof of Theorem
4 essentially consists in verifying the abstract conditions stated in [29]. In contrast to the
estimate of Theorem 3, where the multi-species character plays a role in the spectral-gap
estimate, there are no “cross-effects” here and the same modified functional G[f] as above,
including the mixed term, can be used. However, the decay rate 7 changes, since the
constant in hypothesis (H3) (see section 5) differs in the mono- and multi-species case and
7 depends also on that constant.

We finish the introduction by commenting possible generalizations. First, the conver-
gence result based on hypocoercivity requires some regularity on the initial data, namely
fr € H;,. The extension of the exponential decay to initial data from L? , might be done
by using the method of [19], which is based on a high-order factorization argument on the
resolvents and semigroups. The proof of exponential decay is expected to be constructive
and to preserve the optimal rate.

Second, it seems to be not trivial to extend the results to the whole-space case. The
problem is that one loses the compactness in the z-space. One possibility is to assume some
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confinement potential which, under some appropriate weighted Poincaré inequality, can
yield compactness of the resolvent and hence a spectral gap. For instance, Duan [14] used
non-constructive techniques to prove decay rates for the mono-species linearized Boltzmann
equation. Still in the mono-species case, with one-dimensional collisional invariants and
using constructive methods, the decay is investigated by, e.g., Hérau and Nier [22] and
Villani [36], working in the space H, ,,, and by Hérau [21] and Dolbeault, Mouhot, Schmeiser
[13], working in the space L2 . The tasks in the multi-species case are first to extend the
non-constructive methods, which probably does not contain new difficulties, and second to
devise a constructive method, which is more involved and work in progress; see [12].

Third, a Cauchy theory for the full nonlinear multi-species Boltzmann equation in a
perturbative regime is work in progress [7].

The paper is organized as follows. In section 2, some properties of the linearized collision
operator (6) are collected. Theorem 1 on the essential spectrum of L and L — T and the
abstract spectral-gap estimate in Theorem 3 are proved in section 3. We present a second
proof of Theorem 3 in section 4, by exploiting the conservation properties and leading to
explicit constants. Finally, Theorem 4 is shown in section 5.

2. PROPERTIES OF THE KINETIC MODEL

We show some properties of the linearized collision operator (6) and the collision fre-
quencies (9). Let assumptions (A1)-(A4) hold. First we prove an H-theorem for (6).

Lemma 5 (H-theorem for the linearized collision operator). It holds (f, L(f))r2 < 0 for
all f € D and (f, L(f))r2 = 0 if and only if f € N (L), where

N(L)={fe€L]:3a,...,0p, e € R, uecR’ V1 <i<n,
fiZM‘l/Q(Ofi+U'U+€|U|2)},

and M; is given by (4).

The proof is similar to the mono-species case except that the elements of the null space
of L depend on the total mean velocity u and total energy e instead of the individual
velocities and energies. Therefore, we give a complete proof. We note that an H-theorem
for the nonlinear Boltzmann operator for a mixture of reactive gases was proved in [11].

Proof. By the change of variables (v, v*) — (v*,v) and (v, v*) — (v/,v") and the symmetry
of B;; (assumption (A1)), we can write for f € L2,

n

1 * * * *
(f. L(f))1z = v Z /JRﬁxs2 By M;M; (R + h;- —h; — hj)2dv dvdo,

ij=1

where we recall that h; = M[lﬁfi. This shows that (f,L(f))r2 < 0 for all f € D.
Moreover, (f, L(f))r2 = 0 if and only if

* * * 3 3 ..
(16) b+ 1 —h; —h; =0 forall (v,v") e R*xR? 1<4,j<n.
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It is shown in [10, pp. 36-42] that (16) for i« = j implies that h; has the form h;(v) =
a; + u; - v + e;|v|? for suitable constants a;, ¢; € R and u; € R3. Inserting this expression
into (16) leads to

(17) i (V' = 0) +uy - (V7 = 07) + ([0 = o) + e (P = oF) =0

for 1 <i4,7 < n. We consider the particular type of collisions with v' = v*, v"* = v, and

|v| = |v|. For such collisions, o = (v* — v)/|v* — v|. Then the above equation becomes
(u; —uj)- (V' —=v) =0, 1<ij<n.

By rotating the velocities v, v in all possible ways, we deduce that (u; —u;)-w = 0 for all
w € R? and thus, u; = u; for all 1 <14,5 <n. We set u := ;. This fact, together with the
conservation of momentum v — v + v™* — v* = 0, implies that (17) becomes

e[/ = ") + (" [* = [v"[) =0, 1<ij<n

Taking into account the conservation of energy |v'|? — |v|* 4 [v"*|? — [v*|> = 0, we infer that
(e; — €;)(Jv'|* = |v]?) = 0 and consequently, e; = e; for all 1 < 4,7 < n. Set e :=e;. We
have shown that (f, L(f))r2 = 0 if and only if there exist aq,..., 0, ¢ € R and u € R?
such that for 1 <i <n, fi(v) = M;/Q(ai +u- v+ elv[?). These functions clearly belong to

)

N (L), which finishes the proof. O
The next result is concerned with the stationary solutions of (5).

Lemma 6. The global equilibrium foo = (foo1,-- - foom) of (5), i.e. the unique stationary
solution, 1s given by

Fooi(0) = M (0 +u-v+efo]?), 1<i<n,

)

where a;, e € R and uw € R? are uniquely determined by the global conservation laws of
mass, momentum, and enerqy, i.e. by the equations

M (foei = fra)d(v)dv =0, 1<i<n,
R3
for (v) = 1,01, va, vs, |v|?, where f1,; are the initial data.
Proof. First, we claim that N(B) = N(L)NN(T'), where B=L—T and T =v -V, are
considered on T3 x R3. The inclusion N'(L) NN (T) € N(B) being trivial, let f € N'(B).
Then, using the skew-symmetry of T',
0= (£, BNz, = (f, LUz, = (£, T(f)rz, = (f, L))z, -

Lemma 5 shows that f € AV/(L). But this implies that T(f) = L(f) — B(f) = 0 and hence
f € N(T). This shows the claim. Let f,, be a stationary solution. Then f,, € N(B) and
by our claim, f € N(L)NN(T). Since N(T) = {f € L, : V..f = 0} [6, Lemma B.2], f.
does not depend on x. Because of fo, € N (L), Lemma 5 shows the result. 0

Finally, we prove that the collision frequencies (9) are strictly positive with bounded
derivative.
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Lemma 7. Let Assumptions (A2)-(A4) hold. The collision frequencies (9) satisfy

®poo
(18) min inf Vi(’l}) Z vy = 237/201 P T (ry + 3) > 0’
1<i<n veR3 ﬁ 9

where C, > 0 is given by assumption (A3), £° > 0 is defined in (7), po = > i1 Pico
(see (4)), and T" is the Gamma function. Furthermore, if additionally (A5) holds, then
Vv € LP(R3), implying that |v;(v)| < C,(1 + |v|) for some C, > 0 and for all v € R3,
1=1,...,n

Proof. The decomposition of B;;, according to assumption (A2), implies that

Z/ i ( )M dv* / b (cosv)do.
R3 52

The integral
Cij = / b;j(cosV)do = 27r/ b;;(cos V) sin ¥dd)
52 0

does not depend on v or v*. We conclude from (A2)-(A4) that
(19) (o) = (2m)7 Z%pw [ 2o = e ae

CM poo/ lv — v Te P 2ay*,

27T 3/2
Observe that the function
G(v) = v — v*]”e"”*dev*
R3
is uniformly positive since the transformation v* — —v* and the elementary inequality
o=V "+ o+t = (0 —0") + (v +0)[T = 277
for v € [0, 1] lead to
1

Gl) =3 / (lv = v + v+ v*[")e P 2dps > 2071 / [T P 2apt = 271G (0).
R3 R3

Actually, using spherical coordinates and the change of unknowns s = r2/2,

G(0) = 4r /00 P22 qr = 20492 /OO sOHD/2e=sds = 901+9)/ 24 <7—+3> :
2
0 0

Inserting the above estimate on G(v) into (19) shows (18).
It remains to prove that V,u; € L:°(R?). To this end, we compute

_ . N T
o) = (2" | oy [0 =) e
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(20) < n) VY ey [ 100 = o Dle
=1 RS

For given R > 0, we decompose
|55 ([oD)] = 125 ([v)) X {jo1<ry (v) + 125 (WD X (o= Ry (V)
Assumption (A5) means that there exists R > 0 such that
19551 DIxg1<ry € Ly(R?) and (] - xq.2ry € L3 (R?).

Thus, the right-hand side of (20) is bounded since it can be written as the sum of two
terms, each of which is the convolution of an L' and an L* function. This shows that
Vv € L(R3). O

Remark 8. We observe that v; is generally not bounded since the kinetic part ®;;(r) may
grow like 7 as 7 — o0o. It is possible to show that v; is bounded if ®;; is bounded. The
unboundedness of v; implies that the spaces L? and H are not isomorphic. O

3. GEOMETRIC PROPERTIES OF THE SPECTRUM

In this section, we prove Theorem 1 and the spectral-gap estimate (10) in Theorem 3 by
using arguments from functional analysis.

First, we study the essential spectrum of L and L — T. There exist several definitions
of the essential spectrum of a linear operator. Given a linear, closed and densely defined
operator A : Dom(A) C X — X on a Banach space X, we define

Oess(A) = {A € C: A— Al is not Fredholm}.

We recall that a linear, closed, and densely defined operator A is Fredholm if its range R(A)
is closed and both its kernel and cokernel are finite-dimensional. For other definitions of
the essential spectrum, we refer to [20]. The essential spectrum is closed and conserved
under compact perturbations, i.e., the bounded operators A and B have the same essential
spectrum if A — B is compact (Weyl’s theorem; see [20, Theorem S].

If X is a Hilbert space and A is selfadjoint, it holds ces(A) C R and for given A\ €
R, we have A\ € 0e(A) if and only if A — Al is not closed or the kernel of A — Al is
infinite dimensional. (This follows from the fact that R(A — M)+ = N(A — \I) for
closed, selfadjoint operators A [24, Chap. V.3.1].) Moreover, Weyl’s criterion holds [33,
Lemma 5.17]: A € 0es(A) if and only if A — AI admits a singular sequence, i.e. a sequence
(fx) € Dom(A) such that (i) ||fillx =1 for all k € N; (ii) [|[(A — X)) fel|x — 0 as k — oc;
and (iii) (fx) has no convergent subsequences in X.

We decompose L as L = K — A, where K = (Ky,...,K,), A= (A,...,A,), and

K(f)=)_ / By M} > M (B, + b — h)dv*do,
j=1 R3xS?

(21) N(f)=wifs, 1<i<n,
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and the collision frequencies v; are defined in (9). We recall from Lemma 7 that they satisfy
vi(v) > 1y >0 and |y (v)] < C (1 +|v]) foralli =1,...,n and v € R3.

Proof of Theorem 1. Since K is compact on X = L2 [4, Prop. 2|, it follows that ces(L) =
Oess(—A) = —0ess(A). Thus, we will first study the essential spectrum of A. The proof is
divided into several steps. Recall that J = U ;Im(v;) C [vp, 00).

Step 1: J C 0es(A). Let A € J. There exists j € {1,...,n} and © € R? such that
A = v;(v). We define the sequence (fi) C D by

fei(v) = (2moy) ™ exp <— ) ifi=j, fri(v)=0 ifi#j,

where o, = 1/k, k € N. Clearly, condition (i) for the singular sequence is satisfied.
Furthermore,

J(A = A1) fel12, = Z [ 00) = 02 fs(wya
= (270y,) 32 /Rg(ui(v) — (7)) exp (—‘”z_ﬂz) dv.

Ok

v — 3

4Uk

The limit of a sequence of Gaussians with variance tending to zero converges to the delta
distribution d3 (in the sense of distributions), which means that

2
(27mk)_3/2/ u(v) exp (— ‘UZ 0l ) dv — u(v) as k— oo
R3

Ok

for all functions u € C°(R3) with polynomial growth at infinity. Since |v;(v)| < C,(1+ |v]),
this condition is satisfied and we conclude that [[(A — AI)fi||z2 — 0 as k — oo, showing
that condition (ii) holds.

Let us assume by contradiction that condition (iii) does not hold. Then there exists a
subsequence (ft,) of (fx) that converges in L? to some function f € L2. As a consequence,
|k, = |fI* in L} as £ — oo. In particular, f € L?. However, the distributional limit
|f&,|*> = 05 and the uniqueness of the limit imply that d; = |f \2 € L}, which is absurd.
Thus, condition (iii) holds, and we infer that A € ges(A). Then, since ges(A) is closed,
J C Oess(N).

Step 2: 0es(N) C J. Let A € R\J. Then there exists a constant ¢ > 0 such that for all
veR andi=1,...,n, [;(v) = A > c. If (fy) C D with || fil|z2 = 1 for all k € N, we
have

(A = ATl = Z/ () = N felv dv>c22 s = & > 0

for all k£ € N. Thus, condition (ii) cannot hold which 1mpl1es that A &€ gess(A).

Steps 1 and 2 imply that oes(A) = J.

Step 3: {A € C: R(\) € J} C 0ess(A+T). Let A € C be such that R(\) € J. It
follows from Step 1 that R(\) € ges(A). Since A is selfadjoint on the Hilbert space L2,
A —R(N)I is not closed or the kernel of A —R(\)/ is infinite dimensional. As the operator
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A — R(N)! is closed, its kernel must be infinite dimensional. Therefore, there exists a
sequence (fy) C L2 such that A(f) — R(N)fr = 0 and (fi, fe)r2 = Oge for k, £ € N. Let us
define ¢(z,v) = exp(iS(N)z - v/|v]*) and gr = ¢fi € L7 . Since |¢| = 1, we have

(22) (9rs90)r2, = (fx, fe)rz = Oe for k, £ € N.
Furthermore, ¢ € Dom(7) and T'(¢) = iS(A)¢ for v # 0, and thus,
(A+T = Agr = (A = RO fis + fo(T = i3A) )¢ = 0,

which shows that g, € N(A + T — M) for k € N. This fact, together with relation (22),
implies that N (A + T — AI) is infinite dimensional. As a consequence, A + T — I is not
Fredholm and A € g (A 4+ T'), which proves the claim.
Step 4: {N € C:R(\) & J} C p(A+T). Clearly, this gives
Oess(A+T) Co(A+T)C{NeC:R(\) € J}.
Let A € C be such that ®(\) € R\J. We show first that N(A + T — ) = {0}. We
assume by contradiction that there exists f € Dom(A + T') satisfying [|f||zz, > 0 and

(A+T—\I)f = 0. In particular, there is an index £ € {1,...,n} such that [, [ fdzdv >

0. Then, multiplying v, f,+T(f:) = Afe by f, (the complex conjugate of f;) and integrating
in T% x R?, we obtain

(23) / / vol folPdzdv + / / fov - Vyfdrdy = )\/ | folPdzdo.

By the divergence theorem, the real part of the second integral vanishes,

(24) 2R /R s fov- Vo fodrdy = /R 3 /T 3 (fov-Vafo+ fev-Vif,)dzdv

:/ / v - V| feol*dzdv = 0.
3 JT3

Then, taking the real part of (23), we infer that

_ fR:s fT:s vel fo|*dzdv
Jus Jps | fe?dxdv

Consequently, infgs v, < R(A) < supgs v, and, thanks to the continuity of vy, R(\) €
Im(v,) C J, which is a contradiction. Thus, N (A +T — AI) = {0}. Similarly, we can show
that N'(A+T — A\I)*) = N(A +T* — XI) = {0} as well.

The operator L — T is closed [35, Theorems 2.2.1 and 2.2.2]. Thus, the boundedness
of the compact operator K and the stability of closedness under bounded perturbations
[24, Chap. III, Problem 5.6] imply that A +7 = K — (L — T') is closed (and also densely
defined). Hence, R(A +T — AX)* = N((A+T — AI)*) = {0}, meaning that A + 7T — \I is
invertible. If f € L2  is given, there exists u € Dom(A +T') such that (A 47 — M )u = f,
which translates into

(25) (vj —RA\)u; + (T —=iS\)u; = f, j=1,...,n.

RN
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We point out that, since v; is continuous, Im(v;) is an interval (or a point, in case that v;
is constant). This fact and the assumption R()\) € J imply that either v; — R(\) > 0 in
R? or v; — R(A\) < 0 in R®. This means that the sign s; of v; — R(\) is constant in R?, for
j =1,...,n. By multiplying (25) by s,u;, integrating over T® x R?, taking the real part,
and summing over j = 1,...,n, we find that

Z/ / lvj = RO [u;[*dedv = Zs]/ /T (@ f; + uyf ;) dwdo.

The (real part of the) second term in (25) vanishes after integration; see (24). Since
A € R\J, by definition of J, there exists ¢y > 0 such that |v; — R(A\)| > ¢, in R® for all
j=1,...,n. Then the Cauchy-Schwarz inequality shows that [ju||zz < c;1||f||L%’U. This
means that (A + 7 — AI)~! is bounded, so A € p(A +T).

Steps 3 and 4 show that oe (A +T) = {\ € C: R()\) € J}.

Step 5: Oess(—A —T) = 0oss(K — A — T'). The operator K is compact on L? but not on
L, so the claim does not follow from the original form of Weyl’s theorem. Instead we
will employ the fact that the essential spectrum is conserved under a relatively compact
perturbation [24, Section IV.5.6, Theorem 5.35]. More precisely, we prove that K is rela-
tively compact with respect to A + T, i.e., B, :== K(A+ T — zI)~! is compact on Li,v for
some z € C with R(z) € R\J. (Notice that by Step 4, z € p(A + T).) Then

(26) Gess(K — A —T) = 0us(—A —T) = {A € C: R(\) € —J}.

The second identity is a consequence of Steps 3 and 4.

To prove the compactness of B,, we introduce the space W := (*(Z3; L?) of sequences
f = (fm) C L2 with the canonical norm ||fllw = (3°,,czs ||fm||%%)1/2 Clearly, W is
a Hilbert space with the scalar product (f,g)w = >_,.cz3(fm:gm)r2. Furthermore, we
introduce the Fourier mapping F' : L7  (T* x R*) — W by

F(f)=(fm), [fn(v)= /11‘3 e 2 f (g v)dx  for m € Z3, v € R,

This mapping is bounded, invertible, and has a bounded inverse. We wish to show that
B, = FB,F~!': W — W is compact. Then also B, = F~!B,F is compact as a composition
of a compact and two bounded operators. This idea is due to Ukai; see e.g. [35, Section
2.2.1].

Since K and A do not depend on z, it holds that B, = K(A+T—2z)"!, where T = 2riv-m.

Let (f0)) = (féf)) C W be a bounded sequence in W, i.e., there exists ¢y > 0 such that
for all £ € N,

(27) PPN = D I1F1Z: < oo

meZ3
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As R(z) € R\J, there is a constant ¢, > 0 such that for all i = 1,...,n and v € R,
lvi(v) + 2miv - m — z| > ¢,. Thus,

A+ T =200 =3 [ (o) + 2o m = 27110 o
i=1 /R

<Y [P = 0,
o1 VRS ’
Summing these inequalities over m € Z3, we infer that
IA+T = 2)7 f O < 21O < cocs?

Consequently, the sequence g := (A + T — 2)"1f® is bounded in W. In particular, for
any s € Z8, gt 172 < Xnese ||gm)||22 = |12, < coc;?. Hence, for any s € Z3, the
sequence (ggk)) C L% is bounded in L2. Since K : L2 — L2 is compact and Z* is countable,
we may apply Cantor’s diagonal argument to find a subsequence (g of (¢'*)) such that
(K(gﬁ,f))) is convergent in L? as ¢ — oo, for all m € Z3.

We will show that (Ez(f(k‘))) is a Cauchy sequence in W. To this end, let ¢, s, N € N.
We write

(28)  IBS*) = By = D 1K (90?) = K (g

meZ3

= > KGR = K(gwIEa + D 1K (9”) = K(95a)l1Za,

|m|<N |m|>N

where [m| = 327, |my]| for all m € Z?. First, we consider the second sum on the right-hand
side. Denote by [ - || (z2) the norm in the space of linear bounded operators on L2. By

the definition of gﬁ,lf), we obtain

(29) D IEGE) = K(gUN7: = > K (A +2miv - m — 2) 7 (F50 — f%)]7,
|m|>N |m|>N
<2 ) KA+ 2w - m = 2) 7 e (LES9 172 + 1£520152).-

|m|>N

For the operator norm, we employ Prop. 2.2.6 in [35], which can be applied since R(z) €
R\ J:
| K (A + 27iv - m — z)_lﬂip@%) <ci(1+|m)™™ forallm e Z3

for some suitable constant ¢; > 0 (depending on z) and a suitable exponent o € (0,1)
(actually, « = 4/13). Let 0 < 5 < 2a/3. By Holder’s inequality and (27), we estimate

Y I A+ 2miv - m = 2) oy 0115 < e Y (L4 ImD) AP0

|m|>N |m|>N



HYPOCOERCIVITY FOR A BOLTZMANN SYSTEM 19

8/ B/2 1-5/2
<o ( Z<1+\m|>2a/ﬁ) (Z Hfff’H%g)

|m|>N |m|>N

B8/2
< ( S+ |m|>-2a/ﬂ) .

m|>N
Using this estimate in (29), it follows that

B/2
sup - [IK () — K(gfi) 3 §2coc1( S <1+|m|>—2a/ﬂ> |

LsEN | SN Im|>N

The choice of § implies that 2a/f > 3 and hence, the sum over |m| > N is finite. In
particular, 3o\ (1+ |m|)~2%/8 — 0 as N — co. As a consequence, for given ¢ > 0, there
exists V. € N such that

€

sup > [[K(9”) = K(gii)llzz < 5

l,seN m|>N.

Finally, since (K (g))) is convergent in L2 for all m € Z?, there is a number 1 = n(c) > 0
such that for all £, s > 7,
€

S0 I () — K (gl < S

|m|<Ne

Thus, choosing N = N. in (28), we deduce that (B.(f*))) is a Cauchy sequence in the
Hilbert space W and consequently, it is convergent. This shows that B, : W — W is a
compact operator and (26) holds. This finishes the proof of Theorem 1. O

Next, we show the spectral-gap estimate for the linearized collision operator L = K — A,
i.e. the first statement of Theorem 3. Since K is compact on L2, it remains to prove that
A:DC L?— L?is coercive.

Lemma 9. Let (A1)-(A4) hold. Then the embedding H — L? is continuous and A : D —
L%, defined in (21), is a linear unbounded operator with the property

(30) (f Az = IfI3 = ClfIL; for feH

for some C' > 0. Moreover, A can be extended by density to a linear bounded operator
A:H — H', where H' is the dual of H with respect to the L? scalar product. In particular,
the mapping H — R, f v+ (A(f), f) is continuous, where (-,-) denotes the duality pairing
between H' and H.

Proof. The strict positivity of ; in R? (see Lemma 7) implies that the embedding H < L2
is continuous. Then the definitions of A; and H show that for all f € #H, (30) holds. For
given f € H, the element A(f) = (fiv4, ..., fuls) can be identified with the linear bounded
operator H — R, g — >°"" | [os gifividv and consequently, A(f) € H'. Tt is immediate to
see that ||A(f)|lzr = || f|ln, so that A : H — H' is isometric and thus bounded. Moreover,
it follows that H — R, f — (A(f), f), is continuous. O
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The following result provides a spectral gap for general operators which decompose into
a compact and a coercive part.

Lemma 10. Let Hy and H be Hilbert spaces such that H — Ho continuously and let
L : H — H be a linear bounded operator such that L = K — A with linear bounded
operators A : H — H' and K : Ho — Ho. Furthermore, assume that

(i) for all f € H, (L(f), f) <0 with equality holding if and only if f € N(L);

(ii) the operator K : Ho — Hoy is compact;

(iii) there exists Co > 0 such that for all f € H, (A(f), f) > Coll f1I3,-

Then there exists a constant Cy > 0 such that
—(L(f), f) = Cillfll3; for all f € HNN(L)".

Proof. We argue by contradiction. Let (f,,) C HNAN(L)* be a sequence such that || f,|» =
1 for n > 1 but (L(f,), fn) — 0 as n — oo. Since (f,) is bounded in the Hilbert space H,
there exists a subsequence, which is not relabeled, such that f, — f weakly in H. Because
of the continuous embedding H — Ho, also f, — f weakly in H,. Since f, € N(L)* and
N(L)* is weakly closed by Mazur’s lemma, f € N'(L)*. As the operator K : Ho — H, is
compact, by hypothesis (ii), the weak convergence of (f,,) in Ho implies that K(f,,) — K(f)
strongly in Ho. Hence, (fn, K(fn))u, — (f, K(f))n,. Since A : H — H' is bounded, the
mapping G : H — R, f +— (A(f), f), is continuous. The linearity of A and property (iii)
imply that G is also convex. Thus, G is weakly lower semicontinuous [5, Corollary 3.9].
Therefore,

_<L(f)7 f> = <A<f)’ f) - (K(f)7 f)Ho < hir_l}golf (<A(fn)> fn) - (K(fn)7 fn)Ho) = 07
because (L(f,), fn) — 0 as n — oo by assumption. We infer from hypothesis (i) that
feN(L). But also f € N(L)*, so f =0. Then, by hypothesis (iii),

0<Co= OOanH%—t < <A<fn)ufn> = (K(fn)afn>7{o - <L(fn)7fn> — 0,

which is a contradiction. O

Let Ho = L2. By [4, Prop. 2|, assumption (ii) of Lemma 10 holds. Furthermore, Lemma
9 shows that (iii) holds true. Assumption (i) is a consequence of Lemma 5. Let f € D C H

und set f = f — IIX(f) € N(L)*. Then
—(L(f). ) = (L), F) = CIIfI} = CIIf = T*(£)If3

since L(f) € L2 and (L(f), f) = (f, L(f))z2 for f € D. This proves the first statement in
Theorem 3.

4. EXPLICIT SPECTRAL GAP ESTIMATE

We present a second proof of the spectral-gap estimate (10) with explicit constants. The
idea is to decompose the collision operator L into a mono-species and a multi-species part
and to exploit the fact that the conservation properties of L are different from those of the
mono-species part L™. Let assumptions (A1)-(A4) hold.
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4.1. Decomposition. We decompose L = L™ + L where L™ = (L7",...,L™), L’ =
(L%, ..., L%), and

(31) L(f) = La(fi ), L2 =D Li(fir 15).

J#i
Denoting by IT™ the orthogonal projection onto N (L™) (with respect to the scalar product
in L?), we can decompose f according to

(32) F=flafh where flm (f), ff = f - £
Lemma 5 shows that
(33) feN(L) if and only if f; = Ml-l/?(ozi +u-v+elv) for oy, e €R, u € R,

(34)  feN(L™)if and only if f; = M-l/z(ai +u; - v+ egv]?) for o, e; € R, u; € R?,

)

and fIl has clearly the form (34).
For later use, we define the following bilinear forms

1 n
(35) _(fa Lm(f))Lg - = Z/ B“Az[thMle*dUdU*dO',
4 i=1 R6xS2
1 n
b — 2 * *
(36) _(fa L (f))L% = 4_1 ZZI: ; /R6XS2 Bz’inj [hl, hj] MzMj dvdv*do,

where h; = Mi_l/ ?f; and
Ajlhi] = hi + B = hi = by, Aglhi, byl o= i+ B — hy = Dy

4.2. Spectral-gap estimate for L™. Our starting point is the fact that the mono-species
collision operator L™ has an explicitly computable spectral gap. A spectral-gap estimate
for the linearized collision operator with n = 1 was proved in [26, Theorem 6.1, Remark
1]:

1
(37) —/ By Ai[hi)* M M dvdv*do > A / (fi = O™ (f;)) visdv,
4 R6 xS2 Poo,i JR3

where \,, = A\, (7, C1,C%) > 0, only depending on v, Cy, and C” (see (A3)-(A4)), can be
computed explicitly,

vii(v) == / Bii(|Jv — v*|, cos 9) M dv*do,
R3xS2
and i € {1,...,n} is fixed. This yields the following estimate for L™, where we recall that
the space H is defined in (8).
Lemma 11. With L™ defined in (31), we have
—(fs L™(f))ez = C™If = IT™(f)Il3; for all f € Dom(L™),
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where

)\m(’}/, Cl,Cb>
38 cm="--2" 7
(38) BPoo

and \™ = A" (v, Cy, C®) is given in (37).
Proof. We sum (37) over ¢ = 1,...,n and employ (35) to obtain
- Vii
(39) LD = XY [ (= P
i=1 /R 005

It remains to estimate v; in terms of v;, defined in (9). The definition of M; implies that
M; = (po,j/Poc,i)M;. This fact, as well as definition (9) of v;, the lower bound (18), and
assumption (A6) give

n 20.J *dv* - 00,J E 5 00

=1 Poo,i =1 Poo,i Poo,i

We conclude that v;;/pac.i > vi/(Bps), and inserting this bound into (39) yields the result.
U

Lemma (11) and the inequality —(f, L*(f))zz > 0 immediately show that
—(f, L)z = C™If =™ (f)Il3, for all f € D.

However, we need the projection onto N (L)* instead of N(L™)*, which is contained in
N (L)*. Therefore, we will exploit the part —(f, L’(f))r2 to derive a sharper estimate.

4.3. Absorption of the orthogonal parts. We prove that the contribution f* (intro-
duced in (32)) in the term —(f, L*(f))rz = —(fI + f+, L(f1 + f*)) 2 can be absorbed by
the H norm of f+.

Lemma 12. Let n = min{1, C™/8}, where C™ > 0 is given in Lemma 11. Then, for all
feD,

—(f LMz = (€™ = an)llf = P15 = S0, L))z,
where fll = IT™(f) is the projection onto N'(L™)*.
Proof. By Lemma 11, we find that
(40)  —(fo L(M)ez = C™IF = fUB = (£ L) ez = C™ I = fU15 = n(f, L°(f))r2,
since —(1 —n)(f, L*(f))rz > 0 for n € (0, 1]. We estimate first the expression A;;[h;, h;] in
definition (36), writing k! = M, "2 f) and bt = M; V2 £
Aijlha, byl = (Aghy, hy) + Aglhi, h31)°
= Aylhi, B2 + Ay, 12+ 245(R), B Ay R
1

> §Aij[h!v BIP? — Ayylht by
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Inserting this estimate into (36) and (40) gives

—(f, L()z = C™ % + "ZZ/ By Ay[h), 2N, M dvdv*do

i= 1.7;& 6xS2

(41) Z / Aij[hi, b M M dvdv* do.
i=1 j£i R6x§2
We claim that the last term on the right-hand side can be estimated from below by
|f*]13,, up to a small factor. For this, we employ the invariance properties of B;; and the
identity M;M; = M]M;*:

/ Bij Ay [hi, by P MM dvdv* do
R6 xS2 !

< 4/Rs . Bij((<hf_)/)2 + ((hj—)/*>2 + (hf‘)2 + ((hf)*f)Midevdv*da

<16 / Bij(hi")* MM dvdv*do = 16 / Bi;(f7)* M dvdv*do.
R6xS2 R

65 S2
Thus, the last term on the right-hand side of (41) can be estimated as
Z / Ay b hi P MM dvdv*do
i—1 ]#Z R6 x S2

Bi;(f")* M} dvdv*do > 4772/ (f5)2vdv = —4n|| f113,,
taking into account definition (9) of ;. We infer from (41) that

(L) = (™ —an)lIf — fIIE + "ZZ / B,y Ay [} P MM dudy*do,

i= 1‘7# 6xS2

and definition (36) yields the conclusion. O

4.4. Estimate for the remaining part. It remains to estimate the term —(fIl, L(f1)) 2.
Lemma 13. For fl € N(L™), i.e. fiH = Mil/Q(ozZ- +u; - v+ e;|v|?) for some a;, e; € R and
u; € R3, we have

_(fH,Lb(fll))L% > % Z (]ui — uj|2 + (e; — ej)2),

ij=1
where D® > 0 is defined in (43).

Proof. Thanks to the momentum and energy conservation, we obtain differences of the
momenta and energies, which will be crucial in the following:

w0 Fuy 0" — v — w0t = (=) - (V0 =),
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eilt'|* + e [0"* = eifol® — e50"* = (es — ;) (|v']* = Ju]*).

Using these identities in A;; () hH] where h“ = a; + u; - v+ e;|v]?, we find that

PRER]

—(f1 L (M) e = Z / By Ay[h), MM, M dvdv*do
=1 A R6 %S2

1 Z Z/ — ) (0 — ) + (e — ) (V'] = [0]?) 2 MM dvdv* do
i=1 j#i
Using the symmetry of B;; (thanks to assumption (A1)) and of M;M; with respect to v,
the function G(v,v*, o) = Byj(u; — uj) - (v —v)(|v/|* = |[v]?) is odd with respect to (v,v*, o)
and thus, the mixed term of the square in the above integral vanishes. Therefore, we obtain

—(f" L) = ZZ/ —u;) - (V' = )]+ (e; — €)*(|[V']* = [v]*)?)

i=1 j#i 08?2
(42) X M;M;dvdv*do.
Now, we claim that

L 12
/ Bij(u; — uy) - (v' = 0))*M; My dvdv*do = % / Byj|v—'[PM; M dvdv*do.
R6 xS? R6 xS2

To prove this identity, we write u; and vy for the kth component of the vectors u; and
v, respectively. The transformation (vy, vy, ox) — —(vg, vy, 0%) for fixed k leaves B;j, M;,
and M7 unchanged but vj, +— —uv; such that

/ Bijopve MM dvdv*do = 0 for £ # k.
R6xS2
Furthermore,
/ BijupveM; M dvdv*do =0 for £ # k,
R6xS2
since the integrand is odd. Therefore,
/ Bij((u; — uy) - (v' — v))* M; M7 dvdv*do
RO xS2

3
Z Wi — Uik ) (Wip — Ujp) / Bij(vy, — vg) (vy — ve) M M dvdv*do

k=1 R6 xS2

3
= Z Ui — Ujk) / Bij(vg — v;)zMiM;dvdv*da.

R6 xS2

In fact, we can see that the integral is independent of k£, and we infer that

/ Bij((ui — uy) - (v — v))2MZ-M;‘dvdv*da
R6 xS2
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13
== Z(u”‘f — um)z/ Bijlv — v’|2M,~M;dvdv*da,
3 RG ><S2
k=1
from which the claim follows.
Hence, (42) can be estimated as

—(f1 L ()12 = DY (Jui = + (es — €5)?),

i,j=1

where

1<i,j<n

1
(43) D’ = min / B;; min {g\v — )2, (V) — |v\2)2} M; M3 dvdv*do.
RO xS2

It remains to show that D® > 0. The integrand of (43) vanishes if and only if [v/| = |v].
However, the set
X ={(v,v*,0) eR* xR* x §*: || = |v|}

is closed since it is the pre-image of {0} of the continuous function F'(v,v*, o) = [v'|* —|v|?,
ie. X = F71({0}), recalling that v' depends on (v,v*,o) through (2). Since X # R3 x
R3 x S§?, its complement X ¢ is open and nonempty and thus has positive Lebesgue measure.
Since the integrand in (43) is positive on X¢, we infer that D® > 0. This finishes the
proof. O

4.5. Estimate for the momentum and energy differences. The last step is to derive
lower bounds for the differences >, . (Ju; —u;|* + (e; — ¢;)?). First, we recall some moment
identities:
(44) M,dU = Pi, MZ'UjdeU = ,Oi(Sjk, / Mi|1)|4d1] = 15pz

R3 R3 R3
forall1<i<mand1<jk <3.

Lemma 14. Let f € L? with fl-” = M (0 + us - v+ ei|v]?) for 1 <i<n. Then

Mi1/2fidv = pi(a; + 3e;), Mil/invdv = piu;, / Mi1/2fi]v|2dv = pi(3a; + 15¢;).
R3 R3 R3
Proof. Decomposing f = fl + f+ where fIl = [T™(f) and f*+ = f — II"™(f), we infer from
Mil/2 e N(L™) (see (34)) that (M»l/2,fZ-L)L% = 0 and hence, by (34) again,

(Mil/Q, f!')L% = M 4 u; - v + egv[})dv = pi(o; + 3e;).
R3
The other identities can be shown in a similar way. U

Lemma 15. For all f € D, we have

n

> (= wf + 6= &) = (17 = TN - 20 = T (DIR).

ij=1
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where u;, ; are the coefficients of the ith component of IT™(f) in (34), IT* is the projection
on N(L), Cy, > 0 is given by

n

(45) Cr = 60nps, max Z Vphev;dv
RS

1<k 0<5n |4 ’

and (y) is an arbitrary orthonormal basis of N'(L™) in L2.
Proof. We again decompose f = fl + f+ with fI = I1™(f) and f* = f — fIl. Then

(46) If = T (O)NZ < 201513 + 1Y = IT())1%)-

We estimate first the difference g := fIl — ITE(f) = II™(f) — IT*(f) € N(L™) (note that
N (L) C N(L™)). Let (11,) be an arbitrary orthonormal basis of N(L™) in L2. Because of
(34) and V,v; € L™(R?), we have ¢, € H. Then, by Young’s inequality, we find that

2

n 5n 5n n
lgll3, = Z/ > (g k) ave| vi)do = (g, 00)12(9, )2 Y | rtbevi(v)dv

i=1 YR |y k=1 i=1 YR?
5n

= Z (9, Yr)2(9, %) L2 (Vr, Yo)u
ff—1
1 5n

< 9 Jpax | (ks Vo) Z ((9,91)72 + (9,90)72)

k=1

5n
=50 max |(ve, Yol D (g, ¥k)2 = 5 max |(¢r,ve)ul gll72-

1<k,0<5n pt 1<k,(<5n
Thus, we infer from (46) that
Lf = I3, < 201117 + 100 max [(ve, Yo)ul £ = 1T ()12

1<k, (<5n
Because of N'(L) C N(L™), we have [I™II* = IT* and
LFE = 5172 = 1 Y5e — 20 (F), 5 () iz + NI ()2
= /25 =20/, TH(N))z + HTE(HIIZs = 117, — 1T (N)IIZ:-
Consequently, setting ko = 10n maxi<g e<n |(Vr, Vo) ul,
(47) If = TN < 201+ ko (12 = 1T ()IZ)-
Next, we compute the L? norms of fI and IT*(f). Moment identities (44) show that

I£003 = > [ Mo s+ oo
i=1 /R

n

= M;(a? + (u; - v)* + e2|v]* + 2aze;]v|*)dv
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= Z poo,i(a? + |ui|* + 15€2 + 6ae;).
i=1
For the computation of the L2 norm of IT*(f), we choose the following orthonormal basis
(gbj) = (gbj,i)i:l N Of N(L) mn Lg
ijz - /0_1/2M]1/251j7 ¢n+kz - /0_1/2M1/2 Vg, ¢n+4,i - <6p00>_1/2Mi1/2(|U|2 - 3)7
where 1 < 7 <n and 1 < k < 3. Then, using the moment identities of Lemma 14,

n+4 n n 2 n 2
Poo,i Poo,i
||HL(f)||%g :Z(f7¢j>%% :Zpoo,i(ai+3€i>2+poo U; +6poo ( ei) .
j=1 i=1 i=1 =1 Poo
Inserting the above identities for || f1||2, and |[IT*(f)[|2, into (47), we conclude that
2
m p Z p
Lf = TP < 201 f = ™ (F)]5 + kopoo Z p°° =
=1
n n 2
Poo,i 2 Poo,i
+ 6k0poo 6 — €i
3t (3 )
Then, if the inequalities
n 2 n
(48) NP2 — 157 P < S 2,
=1 Poo =1
19 3 st (S0 < e o
i1 Poo i1 Poo ij=1

hold, the lemma follows with C) = 6kgpec.
It remains to prove (48) and (49). To this end, we define the following scalar product
on R3":

n
:me’lui-vi, w=(ug,...,u), v=_(v1,...,0,) € R™

where u; - v; denotes the usual scalar product in R®. The corresponding norm is ||ul|, =
(u, u),lj/z. Then 1 = (1,...,1) € R3 satisfies ||1]|, = 1. The elementary identity
lully = (u, 1), = [lu = (u,1),1]5

can be equivalently written as

1= " @] 1‘2—

2

n 2 n
poo,i poo,i poo,j
U;| = U —Uu

Poo

j=1
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Then, using Z;LZI Poo,j = Poos

n 9 . )
Poo,i Poo.i Poo.i oo i Do i

=1 pOO poo i poo i—1 poo o poo

n 2 9

— Z Pooi Z Poo,k Zj;éi(PooJ/Poo)(ui — u;)

=1 Peo k#i Poo Zk;ﬁi Poo,k/ Poo

n 2 2
Poo,i Poo,k

where \j = (oo j/Poo) (D pzi(Poo/Poc)) ' Since 30, A; = 1, we may apply Jensen’s
inequality to this convex combination, leading to

" 2
1< Zpoo,i (ZM) Z)‘j|ui_uj|2

i—1 Poo Poo

ki j#i
I (R DI IS Sy
i=1 " 0 g P i,j=1
since Pooj < Poo- This ends the proof. U

Now, we are able to prove Theorem 3.

Proof of Theorem 3. By Lemmas 12, 13, and 15, we obtain

n

b
LUz 2 (O =4l = B+ S (s + (e~ €)?)

1,j=1
m an In2 nlb L 2

The first term on the right-hand side is nonnegative if we choose = min{1, 4C"C} /(16Cj+
D")}, and estimate (10) follows with A = nD®/(8Cy,). O

5. CONVERGENCE TO EQUILBRIUM

In this section, we prove Theorem 4. The idea of the proof is to adapt the hypocoercivity
method of [29] to the multi-species setting. To this end, we need to verify the structural
assumptions (H1)-(H3) in [29, Theorem 1.1]. The setting is as follows.

Let L be a closed, densely defined, and self-adjoint operator on Dom(L) C L? such that
L = K — A and the operators K and A satisfy the following assumptions:

(H1) The operator A is coercive in the following sense: There exist a norm || - || on
H C L? and positive constants 7; (0 <14 < 4) such that for all f € Dom(L) C H,

(50) ol flIze < 2l < (F AUz < Bl £,
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(51) (Vofs VoA(£))iz = B[V fll3 — 2all FIIZs-
Moreover, there exists a constant C, > 0 such that for all f, g € Dom(L),
(52) (L(f),9)12 < CLl fllacllglla

(H2) The operator K has a regularizing effect in the following sense: For all € > 0, there
exists C(g) > 0 such that for all f € H}

(Vo Vol (s < el Vofl7z + Ce) fIIZ2-

(H3) The operator L has a finite-dimensional kernel and the following local spectral-gap
assumption holds: There exists A > 0 such that for all f € Dom(L),

—(f L)z = AlLf = (D)3

where IT% is the projection on N(L).

Assumption (H3) is a consequence of Theorem 3. Next, we verify assumption (H1).
Using Lemma 9 and the continuous embedding H < L2, we see that (50) holds. For the
proof of (51), we employ Young’s inequality:

v

n

(Vo f, va(f))L% = Z Vo fi - Vo(vifi)dv

R3

i=1

= Z ( flvvfz - Vyvido + / |vai|2l/id1})
i=1 R3 R3

> %Z( [V de +/ V. fz\QVzdv>

i=1 R: Vi
> 3|V fll3 — wall £IIZ5,

where 73 = 1/2 and 74 = max;<;<, Sup,cps | Voril?/(2v;). Note that i, is finite since V,v;
is bounded and v; is strictly positive (see Lemma 7). Finally, inequality (52) follows from
the decomposition L = K — A, the compactness and hence continuity of K, the explicit

expression for A, and the Cauchy-Schwarz inequality applied to (L(f), g)2.
[t remains to verify assumption (H2). Let N := ,0_1/2M1/2 (2m) 3/ exp(—|v|/4). We

00,1

decompose K = KU — K@ where KO = (K%, KY) and

n / f/*
K" = / By MM ( fi >dv*do
; RS xS? (M2 (M)1/2

K =% / By (M M) frdv*do
=1 R3xS?
for 1 <1i < n. Because of M, M]* = M; M} for all k, we find that

n * 1/2 £rx
MWy _ 2y e [ (MI2fL (MRS .
KOG =20 [ s ((M'M'*>1/2+<M;*M;>l/2 oo

j=1
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M/*)1/2f/ (Ml)l/Qf/*
= By;M!*M! ( dv*d
Z/Rsxsz ((MM*)”2 RETRUALEY R

- Z / By (PN p LN ) ol SN dv o
R3xS2

j=1

The transformation o — —o leaves v and v* unchanged and exchanges v’ and v"*. Assump-
tion (A5) (b;; is an even function) ensures that B;; is unchanged under this transformation.
Therefore,

/ szf,:Nl*N*d’U*dO' = / Bijfi,*N/N*dU*dO',
R3 xS2 R3xS?

and we can write K as

n

(53) KD =23 o5 (025D () + 02K (1)),

j=1
where

Kg)(fk) — / Bij(N™ fi + N'fi)N*dv*do, 1<i,j,k<n.
R3 xS2

Note that Ki(jl) =K j(zl ). In a similar way, we can decompose the operator K (?):

KD () =3 (proipocs) PN | ByfiN*dv*do = (proipocs) K (£),
1 R3xS2 j=1
where
K =N [ B v
R3xS2

Next, we estimate the derivatives of KZ-(;-Z). It is shown in [29, Egs. (5.15)-(5.18)] that for
all € > 0, there exists C(¢) > 0 such that for any f € H}, 1 <i,7,k <n,and £ = 1,2,

(54) IV K (f)ll22 < el VofilZa + CE) | fil2.
Then we infer from (53) that

n

IV ED (N =D

n

LS (VKD () + 20K

i=1 12521 L
2
<43 R v R + )]
i,j=1 ’
= (1) 2
<n (112?2('00“ ZHVvKij (fi)llz2-

ij=1
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Thus, by (54), it follows that for ¢ =1,

IV KO ()72 < n*(max poci)” Zl (elIVufillzs + Cle)llfillZs)-
A similar computation shows that this estimate also holds for £ = 2. We infer that
IVE (IR, < 4n2(max poe)® S (EIVufillZ: + CEISIRS).
- i=1
This proves assumption (H2) since € > 0 is arbitrary.

Proof of Theorem 4. We have verified that assumptions (H1)-(H3) are satisfied. Then,
using exactly the same arguments as in the proof of Theorem 1.1 in [29], but now for the
multi-species case, we conclude the exponential decay (13) of the semigroup e'Z, which is
the first property of the theorem.

It remains to show that the decay estimate (14) follows from (13). For this, we write
the initial value f; as f; = ITP(f;) + (I — ITP)(f;), where IT? is the projection onto N (B)
in L? ,. Then the solution to (5) is given by

ft)=ePfr=ePHP(f;)+eP —1I°)(fr), t>0.
We have already shown that
letB (1 — HB)gHH%’v < C’e’”HgHH;w forall g€ H! , t>0.

In particular, the choice g = (I — ITP)(f;) and the property (I — I1%)? = I — ITP lead to
(1 = %) (f)llmz, < Ce™™ (1 = II7)(f1) |z,

It remains to prove that f., = IIP(f;) = PIIB(f;) is the global equilibrium. Since
BITB(f;) = 0 and ITP(f;) does not depend on time, the constant-in-time function g =
ITB(f;) is the unique solution to the Cauchy problem

0ig = Bg, >0, ¢(0)=1I(fr).
This shows that IT7(f;) = ¢Pg(0) = e'PIT5(f;) and finishes the proof. O
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