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ENTROPY DISSIPATION ESTIMATES FOR THE LINEAR BOLTZMANN
OPERATOR

MARZIA BISI, JOSE A. CANIZO, AND BERTRAND LODS

ABSTRACT. We prove a linear inequality between the entropy and entropy dissipation functionals for
the linear Boltzmann operator (with a Maxwellian equilibrium background). This provides a positive
answer to the analogue of Cercignani’s conjecture for this linear collision operator. Our result covers
the physically relevant case of hard-spheres interactions as well as Maxwellian kernels, both with and
without a cut-off assumption. For Maxwellian kernels, the proof of the inequality is surprisingly simple
and relies on a general estimate of the entropy of the gain operator due to Matthes and Toscani (2012);
Villani (1998). For more general kernels, the proof relies on a comparison principle. Finally, we also show
that in the grazing collision limit our results allow to recover known logarithmic Sobolev inequalities.
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1. INTRODUCTION

1.1. Setting of the problem and main result. The use of Lyapunov functionals is a well-known
technique to study the asymptotic behavior of dynamical systems, and in the theory of the Boltzmann
equation and related models it is now a classical tool. For the nonlinear, spatially homogeneous Boltz-
mann equation

0f =Q(f. 1), fO,0)=folv), weR,t>0, (1.1)

posed for a function f = f(t,v) depending on ¢t > 0 and v € R?, it is a well-known fact that f(t,v)
converges (as t — 0o0) towards the Maxwellian distribution My with same mass, momentum and energy

as an
or v *uf|2 d
M = — e R
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where

oF = /[Rd ft,v)do = /[Rd fo(v) do,

ofuy = / f(t,v)vdv = / Jo(v)vdu, for all t > 0.
R4 R

dosBy = [ g0l —wlao= [ p)lo—usPd

Notice that eq. (1.1) conserves density, momentum and kinetic energy which explains why the above
quantities of, uy and Ey are constant in time. The Shannon-Boltzmann relative entropy of f with
respect to the Maxwellian distribution M

f(v)
H(f|My) ::/ f(v)log ——+=dv (1.2)
P Jra M (v)

is a Lyapunov functional, that is, it is decreasing along solutions to (1.1): if f = f(¢, v) solves (1.1),

Sy = -D(f) <0, (1.3

where the functional D is called the entropy dissipation. The question of whether one can find a functional
inequality between H and D of the form

D(f) = A @(H(f[My))

valid for some A > 0, some nondecreasing continuous function ® : [0, +00) — [0, +00) with ®(0) = 0,
and all functions f (with f possibly satisfying some additional suitable bounds), is generally known as
Cercignani’s conjecture. Tt has several variants and a long history (e.g. Carlen and Carvalho (1994);
Toscani and Villani (1999); Villani (2003); see the recent review by Desvillettes et al. (2011) for further
details). If true, this inequality gives a lot of information on the asymptotic behavior of (1.1), since then
one obtains the differential inequality

%H( FIOIMy) < =X @(H(f(1)| M),

from which one can deduce that H(f(t)|My) converges to 0 as t — +o00, with an explicit rate. Notice
that due to the Csiszdr-Kullback-Pinsker inequality the convergence of H(f(t)|My) towards 0 implies
the convergence in L'(R?) of f(t,v) towards M. Unfortunately, the available versions of Cercignani’s
conjecture do not yield an optimal rate of convergence of f(t,v) towards M;. However, the use of this
Lyapunov functional approach combined with a careful spectral analysis of the linearized Boltzmann
operator allow to recover an exponential convergence to equilibrium (Mouhot, 2006).

We are interested in studying the corresponding conjecture in the case of the linear Boltzmann equa-
tion which, though simpler, has not yet been settled. Let us describe the model in more detail before
explaining our results. The homogeneous, linear Boltzmann equation is given by

of =Q(f, M) =Lf, £(0,0) = fo(v), t>0,veR?, (1.4)

where Q is the bilinear Boltzmann operator,

oo = [, [, Bl 0(£)00) - Fwlg(o.)) dv.an (15)
R _
Here ¢ = v — v, is the relative velocity, £ = |¢ - n|/|q|, and v and v} are the pre-collisional velocities
which result, respectively, in v and v, after the elastic collision
v\ =v—(q-n)n, vl =v. + (q-n)n. (1.6)

The particle distributions f and g are nonnegative functions of the velocity variable v € R? and B(|q], )
is a nonnegative function usually called the collision kernel. We will assume throughout this paper that
the function M appearing in (1.4) is a given normalized Maxwellian distribution with unit mass:

—d/2 |v — uol?
M) = (2779) exp (—T) , v € RY, (1.7)

where ug € R? is the bulk velocity and 6 > 0 is the effective temperature. We notice that the normalization
of M is not a loss of generality since a time scaling of (1.4) easily translates into results for non-normalized
2



Maxwellians. Similarly, since (1.4) is linear, for simplicity we will assume throughout that the solution
f also has mass 1:

f(t,v)dv:/ fo(v)dv =1, t>0.
Rd Rd

Galilean invariance and a scaling in v also easily show that one may study only the case 8 = 1, ug = 0.
However, we will state all results for (1.7) in order to make clear how inequalities depend on them.

We shall investigate in this paper collision operators £ = Lp corresponding to various collision kernels
B = B(]ql,&) but shall most often deal with kernels that factor as

B(lql,€) = B(lql) b(&) (1.8)

for some measurable nonnegative mappings b : [0,1] — [0,00) and 5(-) : [0,00) — [0,00). For the
purposes of proofs we always work with the cut-off assumption that

/ b(G-n)dn < 400, (1.9)
Sd*l

(where ¢ = q/|ql), though our results apply also to non-cutoff kernels (just because the entropy dissipation
is larger in that case; see Remark 1.2). We always deal with hard potential interactions, that is, collision
kernels with 8 nondecreasing.! In particular, we will deal with

B(|ql,€) = calq["¢?, (1.10)
for v > 0 (with ¢4 a normalization constant). In dimension d = 3, the case v = 1 is the case of
hard-spheres interactions, while the v = 0 corresponds to the Mazwell molecules interaction, that is,

B(lql,€) = Bus(lq],&) = calq - n| = calq|é (Hard-spheres), (1.11)
B(lql,€) = Bmax(lq],€) = ca |q| |n| = cqé (Maxwell molecules). (1.12)
q
We will also deal with general Mazwellian collision kernels, that is, kernels which depend only on &:
B(|q],£) = b(¢) (1.13)

for some measurable function b : [0,1] — [0, +00). (The Maxwell molecules approximation (1.12) being
a particular case.) We say a Maxwellian collision kernel is normalized when, for any ¢ € S,

/ b(g-n)dn = 59 / b1 — )T de =1, (1.14)
gd—1 0

where |S?~!| represents the (d — 1)-dimensional volume of S91.

Equation (1.4) is sometimes known also as the scattering equation, and can be interpreted as giving
the time evolution of the velocity distribution of a cloud of particles, homogeneously distributed in
space. These particles do not interact among themselves, but only with background particles whose
distribution is given by M, considered as a thermal bath in the sense that it remains unchanged even
after interaction with the cloud of particles (this is reasonable if, for example, the total mass of the
cloud of particles is much smaller than that of the background). Equation (1.4) conserves density
(ie., Jga f(t,v)dv = [o, f(0,v)dv for all t), but in contrast with the nonlinear Boltzmann equation,
momentum and kinetic energy are not conserved due to the interaction with the background. Except in
the special case of Mazwellian molecules, no explicitly solvable differential equations can be derived for
the evolution of the momentum and the kinetic energy. (For the explicit time evolution of momentum,
energy and temperature in the case of Maxwell molecules see for example Spiga and Toscani (2004).)

It will be sometimes convenient to express the collision operator £ in the following weak form:

[ wwer@av= [ [ B9 f)ME)00) - ) dvdndn (115)

for any sufficiently regular ). On the other hand, £ can also be written in the form

Lf(v) = /[Rd kp(w,v) f(w)dw — op(v)f(v), veR? (1.16)

INotice that, for collision kernel of the above shape, if 3(-) is such that liminf, .. 8(r) = 0, the convergence towards
equilibrium is not expected to be exponential (for instance, the spectrum of £ in the L? space with weight M ~! does not
have a spectral gap)
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for a kernel kp(v,w) > 0 which depends of course on the collision kernel B (see for instance Carleman
(1957)), and with

op(v) = /[Rd kp(v,w)dw, ve R

The kernel kg can be written explicitly in some cases; see e.g. Arlotti and Lods (2007). For a general
expression of kp see the discussion leading to equation (3.9). One sees then that eq. (1.4) is the Kol-
mogorov forward equation for a Markov process on R? with invariant measure, or equilibrium, M (notice
that L(M) = Q(M, M) = 0 regardless of the collision kernel B), and it is well known that the relative
entropy (1.2) with respect to the equilibrium is a Lyapunov functional for any equation of this type (see
for example Chafai (2004) or Michel et al. (2005).) In addition, £ satisfies the detailed balance condition,
that is,

M(v)kg(v,w) = M(w)kp(w,v), v,w e RY, (1.17)
which translates to the fact that £ is symmetric in L?(R?, M (v)~!dv). Using this, we can explicitly
write the time derivative of 7 (f|M) along solutions to (1.4):

%H(f(t)lM) = [ esteonop (452 av = ~pr00) (1.18)

where the entropy dissipation D(f)

///S B(lql, )M ()M (v.,) ¥ (]@(())]@(()))dndd (1.19)

with U(z,y) := (z — y)(logx —logy) > 0. Alternatively, we can also write

*l v v, v flv) f{) v do’
- 2/Rd | M@ks(o,0)0 <M(U),M(U,)) dvdv’, (1.20)

where kp is the kernel appearing in (1.16).
It is interesting then to look for inequalities of the form D(f) > AH(f|M), for some A > 0, since
clearly this implies that any solution f to (1.4) with mass 1 satisfies

H(f(O)IM) < H(fo|M) exp(=At)  VE=0

yielding exponential convergence to the equilibrium M in the entropic sense (notice that our Maxwellian
M was also normalized to have mass 1). The following is our main result regarding this:

Theorem 1.1. Let D be the entropy dissipation functional (1.19) and consider either a hard-potential
collision kernel B of the form (1.10) with v > 0, or any normalized Mazwellian collision kernel (i.e.,
satisfying (1.13) and (1.14)). There exists a positive constant A\ = A(B) > 0 such that

D(f) > AH(f|M) (1.21)

holds for any probability distribution f € L'(R?).
If the collision kernel is Mazwellian then one may take

1 a
N /SH(@ n)2b(G - n) dn = |<5d*1|/0 b1 -5 de e (0,1),  gesil (1.22)

Notice that the value of v, does not depend on ¢ due to radial symmetry, and is a number strictly between
0 and 1 due to normalization.

Remark 1.2. Notice that our results actually cover non cut-off kernels for which (1.9) is not satisfied,
as long as they can be bounded below by a collision kernel to which the above theorem applies. Indeed, if
b: [0,1] = RT is such that [, , b(G-n)dn = 400 (remember this integral does not depend on G € S41)
then removing the singularities, we can bound b from below by some measurable by : [0, 1] — RT satisfying

/ bo(G-n)dn < +oo, gesit
gd—1

Since, as one sees from (1.19), the entropy dissipation functional is monotone with respect to the collision
kernel (while the relative entropy is obviously independent of the collision mechanism!), the result obtained
for the cut-off kernel by applies to the original kernel b. It is however likely that the obtained bound is
far from being optimal.



Also, for the hard spheres kernel (1.11) in dimension d = 3 we may take A = v/6/4 (see Example 3.6).
In fact, we are able to give a general condition on B ensuring that inequality (1.21) holds; see Theorem
3.4. This inequality is part of a larger family of inequalities relating other Lyapunov functionals of (1.4)
to their dissipations (see section 3.1), of which a prominent example is the spectral gap inequality

/{Rd /{R /S B(|ql, & )M (v)M (vy) <J\‘Z(Z;)) - ]\‘Z((”v))f dndv, dv > % . M <% - 1)2 dv.  (1.23)

This inequality was already studied in Lods et al. (2008), and it implies exponential relaxation to equi-
librium in the L? norm with weight M ! for equation (1.4). However, it gives a different information
from inequality (1.21), since convergence is given in a different distance: the spectral gap result gives
convergence in a stronger topology, but also requires the initial condition to have stronger decay for large
v. Of course, the best possible constants Ay and A may be different as well (always with A < A\2/2, see
Ané et al. (2000); Bakry et al. (2014)) implying different exponential relaxation speeds.

1.2. Link to Logarithmic Sobolev inequalities. In addition to being fundamental in the study of
the asymptotic behavior of (1.4), entropy dissipation inequalities of the form of (1.21) have interesting
links to results in the theory of Markov processes and have been the subject of several recent studies in
discrete settings. In the framework of discrete, time-continuous Markov processes the study of inequalities
such as (1.21) is relatively recent. They are often referred to as a type of “modified logarithmic Sobolev
inequalities” in this context; see Bobkov and Tetali (2006); Bakry et al. (2014) for recent results and
a summary of related literature. Comparatively, entropy dissipation inequalities for continuous-space
processes have been little studied, so it is interesting to see whether more general techniques can be
developed for them. The idea of studying the convergence to equilibrium of a Markov process in terms
of the relative entropy to the invariant measure is in fact much older, but it has usually been done by
means of logarithmic Sobolev inequalities instead of (1.21). For our linear operator £, this would be an
inequality of the form

& (VMVF) = MH(fIM) (1.24)

for some \g > 0 and all probability distributions f in R?, where & is the Dirichlet form associated to L£:
£(9) = [ a(w)olo) M o) o
R

This approach is followed, for example, in Diaconis and Saloff-Coste (1996). Though it is written there
for discrete models, one can easily follow the same arguments here in order to see that (1.24) would
imply (1.21) with A = A\g. The interesting problem with this approach is that for our continuous model
the logarithmic Sobolev inequality (1.24) cannot hold. The reason for this is that, as is well-known
(Gross, 1975, 1993), the log-Sobolev inequality (1.24) is equivalent to an L? — L? regularizing property
of solutions of equation (1.4), known as hypercontractivity which does not hold for solutions to (1.4) (see
a quick proof of this fact in Appendix A). Hence we have that

Theorem 1.3. Under the cut-off assumption (1.9), there is no constant A\g > 0 such that inequality
(1.24) holds for all probability distributions f in RY.

Hence, the linear Boltzmann operator is an interesting case in which the entropy dissipation (or
modified log-Sobolev) inequality (1.21) holds, but the log-Sobolev inequality (1.24) does not!

The links between our modified log-Sobolev inequality (1.21) and true log-Sobolev inequalities turn
out to be tighter than expected. Recall that the well-known Gaussian log-Sobolev inequality (also known
as Stam-Gross inequality) asserts that

2
11M) > 2 H(7|M) (1.25)
for any f € L'(R?) with unit mass. Here I(f|M) is the relative Fisher information

g = [ 10)|viog (%) 2

do.
The above functional inequality is, as well-known, the entropy-entropy dissipation estimate for the
Fokker-Planck equation

dro(t,v) =V - (Vg(t,v) - vj\%x)g(zﬁ,u)) (1.26)
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since the time derivative of H(p|M) along solutions to (1.26) exactly yields

&H(Q(t”M):*I(Q(tHM) VE>0

In Proposition 5.2 below we are able to show that inequality (1.21) also holds for the following family of
collision kernels (depending on € € (0, 1]):

B€(|q|a€) = |Q|be(§)a bﬁ(E) = €]1[O,e](€)’ (1'27)

where 1)y  denotes the characteristic of the interval [0, ¢]. As € — 0, a suitable scaling of equation (1.4)
with this collision kernel approaches a Fokker-Planck equation (with a diffusion matrix different from
the identity; see Lods and Toscani (2004).) The dependence of A on € actually enables us to recover in
the limit € — 0 a version of (1.25) for that diffusion matrix (notice that (1.25) corresponds to the case
of an identity diffusion matrix); details of this are given in Section 5. This procedure can be understood
as a microscopic validation of well-known logarithmic Sobolev inequalities.

There are interesting similarities between this result and one derived in Bobkov and Tetali (2006): it is
shown there that one may obtain (1.25) as the limit of certain discrete modified log-Sobolev inequalities.
We show a similar result here, but through a completely different limiting process.

1.3. Method of proof. Our proof of (1.21) consists in first proving the result for the dissipation Dyax
of the linear Boltzmann operator L.« associated with a Maxwellian collision kernel and then deducing
the result for other collision kernels by a comparison argument. Namely, one of the main steps in our
proof is the following comparison result whose proof closely follows the lines of a similar result proved
for the study of the spectral gap of Lys (Lods et al., 2008, Proposition 3.3):

Proposition 1.4. Take v > 0 and let D, denote the entropy dissipation functional of the linear Boltz-
mann operator associated to the collzszon potential (1.10) (so that v = 0 corresponds to Mazwellian
molecules interactions). There is some positive explicit constant C' > 0, depending only on v, such that

D,(f) = CO/*Do(f)
for any probability distribution f.

For the proof of this (in a more general statement that allows for comparing dissipations of other
Lyapunov functionals) see Proposition 3.5.

Then one sees that in order to prove Theorem 1.1 it is enough to prove it for a normalized Maxwellian
collision kernel. This lends itself to significant simplification since, as is well-known, Maxwellian collision
kernels generally allow for explicit computations. Here is the heart of the argument, which we give
for simplicity in the Maxwellian molecules case (i.e., for B given by (1.12)). In this case, the linear
Boltzmann operator L.« can be written as

ﬁmax(f) £’$ax(f) - f

Now, the operator £ (f) = O .(f, M) satisfies the following analog of the Shannon-Stam inequality
(V111an1, 1998, Corollary 4.3): for any probability densities f and g it holds that

H(Qhu(£.0) < L H() + 3H(9) (1.28)

where H is the Shannon-Boltzmann entropy
)i= [ #0)og 7o) (1.29)
R

defined for any nonnegative f € L'(R?) with finite energy. We show in Lemma 2.4 that this translates
to a contraction property of £ . measured in entropy:

H(Lax fIM) < H(flM)-

max?

This allows us to write

Dinax(f) = /[Rdflog( )dv—/ cho(f log(f)dv

= H(fIM) = H(Liaf IM) + H(Lia fIf) 2 ”H(flM)-

Notice that we estimated H(LE . f|f) = 0 since L} (f) and f have the same mass. This shows the
inequality.
6



This provides an interesting link between the entropy dissipation inequality (1.21) and the convexity
property (1.28) of the gain part Q.. of the bilinear Boltzmann operator. The proof of (1.28) was
based on a similar contraction property of Qf (f,g) with respect to the Fisher information, along
with a representation of the Fisher information as the time-derivative of the entropy along the adjoint
Ornstein-Uhlenbeck semigroup (see equation (2.7) in Section 2); we refer to Villani (1998) for a detailed
proof. Estimates for other Maxwellian kernels (i.e., depending only on the £ variable) may be obtained
by using extensions of (1.28) which were essentially proved in Matthes and Toscani (2012). We refer to
Section 2 for details on this.

1.4. Structure of the paper. The plan of the paper is as follows. In Section 2 we prove our results for
Maxwellian kernels (including the proof of Theorem 1.1 for Maxwellian kernels.) In Section 3 we prove
a more general version of the comparison result in Proposition 1.4 in order to deduce Theorem 1.1 for
hard potential interactions, thus completing the proof of Theorem 1.1. In Section 4 we show how the
entropy dissipation inequality may be used to give an exponential rate of convergence to equilibrium for
eq. (1.4) (which is straightforward) and for a nonlinear Boltzmann equation with particles bath. Finally,
we describe in Section 5 the link between our inequality (1.21) and logarithmic Sobolev inequalities.
In particular, we recall the Fokker-Planck limit of grazing collisions and some well-known features of
log-Sobolev inequalities, and then show how some of them can be recovered from (1.21).

2. INEQUALITIES FOR MAXWELLIAN COLLISION KERNELS

We begin in this section with a proof of the following entropy dissipation inequality for the linear
Boltzmann operator with a Maxwellian collision kernel:

Theorem 2.1. Let B(|gl,&) = b(&) be a normalized Mazwellian collision kernel. Let Duax denote the
associated entropy dissipation functional. For any probability distribution f = f(v) one has

Dinax(f) = 1w H(fIM) (2.1)
with vy defined in (1.22).

In order to prove this we need several previous results; the proof of Theorem 2.1 is given at the end
of this section. We first prove the following contraction property of the entropy which is essentially
contained in Matthes and Toscani (2012):

Lemma 2.2. Let B(|q|,&) = b(§) be a normalized Mazwellian collision kernel. For any probability
distributions f,g one has

H(Q+(f,9)) < (L =) H(f) +wH(9) (2:2)
where we recall that H(-) denotes the Shannon-Boltzmann entropy defined in (1.29).

Proof. In Matthes and Toscani (2012, eq. (3)) it is proved that for the Fisher information

VWP,
I(f)—/[Rd ) d (2.3)
an analogous inequality holds
1(Q+(f.9) < (1 = w)I(f) +wl(g). (2.4)

(Notice that the estimates in Matthes and Toscani (2012) are written in terms of the o-representation
for Boltzmann’s operator; here we have written the corresponding expression in the n-representation by
a change of variables.) To deduce (2.2) from (2.4), we use a well-known strategy already used in Villani
(1998), based on the nice property that the Boltzmann operator commutes with the adjoint Ornstein-
Uhlenbeck semigroup. Namely, given a probability measure f, let S;f(v) = o(t,v) denote the unique
solution (at time ¢ > 0) to the Fokker-Planck equation (1.26) with initial datum ¢(0) = f (i.e. (St)io0
is the adjoint Ornstein-Uhlenbeck semigroup). Whenever B(|q|,§) = b(§) is a normalized Maxwellian
collision kernel we have (Bobylev, 1988)

Qi (Sef,Sef) =82+ (f. f) vVt =0, (2.5)

for any f € L'(R?) with finite energy. Moreover, a well-known property of Fisher information is that

H(f) — H(M) = / TS f) - 100 dt, (2.6)

7



for any f € L'(RY) with unit mass and finite energy. Combining this with the above commutation
property (2.5), one gets the following representation formula:

H(Qu ()~ HOM) = [ (1(Q4(8if.519) = 1001) . (2.7)
Applying (2.4) in (2.7) and then (2.6) gives
H(Q4 (£, 9))— H (M)
<) [ =100+ [ 1S9 - 100)
= (1= W) H(f) + wH(g) — H(M)
which completes the proof. 0

Remark 2.3. The proof of (2.3) as derived in Matthes and Toscani (2012) is based on an explicit
representation of Q in Fourier variables. It is for this reason that it is crucial for their techniques to
deal with Mazwellian collision kernels.

We define the gain part of the linear operator £ by L1 (f) = Q4 (f, M). Next we show that £, takes
a function closer to the equilibrium in the relative entropy sense.

Lemma 2.4. Let B(|ql,€) be a normalized Mazwellian collision kernel and let L be associated linear
Boltzmann operator. Then,

H(Ly fIM) < (1= y)H(fIM), (2.8)
where vy, s defined by (1.22).

Proof. We have, using Lemma 2.2 with g = M

HELSM) = H(ES) — [ LoflogMde < (1= WH() + wHOD ~ [ £4flogMdo,
R Rd
Since B(q, &) is a normalized Maxwellian collision kernel, we have that £f = L, (f) — f so that

H(L fIM) < (1= ) H(IM) — 7 / (M) log M dv - / Lflog M dv.

Thus, (2.8) reduces to showing that

*%/ (f*M)IOgMdv</ Lflog M dv,
Ra R4

or, in other words, that
/ £f|v—u0|2dv<—7b/ (f = M)|v — ugp|* dv, (2.9)
R Rd

where we have used that / Lfdv= / (f — M)dv =0. Actually, (2.9) holds with equality, which can
d Rd

R
be checked by an explicit calculation which we give in the following Lemma 2.5 for the convenience of
the reader. 0

The estimate we need in (2.9) can be obtained from the fact that the evolution of the temperature in
equation (1.4) is explicit in the Maxwellian case (which was already known; see for example Spiga and
Toscani (2004)). We give here a short proof for completeness:

Lemma 2.5. Let B(q, &) = b(€) be a normalized Mazwellian collision kernel and f € L*(R%; (14 |v|?) dv
Then

/Rd LF)]o — |2 dv = = /[Rd(f(v) = M@)o — ol do. (2.10)

Proof By using the weak form (1.15) of £ and the fact that £(M) = 0, and writing h := f — M and
§:=(q-n)/|ql,

/Eh |U—u0|2dv—// /hv )|V — ug|* = |v — ug|?) dv. dn dw. (2.11)
Rd Jgd—1 JRd



Notice that

[0 —uol? — [v —uol* = —&|v — uol|* — |vx — uo|*&? + 2(v — ) - (v+ — u)€?

— 2((0. = up) - m)((v — o) - m) + 2((vs — uo) - m)>.

When substituted inside (2.11), several of these terms vanish after integration due to either / hdv =20

or the symmetry of M about ug. Hence we obtain, using also the normalization of M, that

/ Lh(v)|v — uo)? dv = —/ v — u0|2h(v)/ b(&)E? dndv = —'yb/ |v — ug|*h(v) dv
Rd Rd gd—1 Rd
which is the desired result. g

Remark 2.6. Notice that (2.9) can be rewritten as

/Q+<f,M>|v—uo|2dv<<1—%>/ f|v—uo|2dv+%/ Mo — ol dv,
R4 Rd Rd

which strongly resembles (2.2) for the temperature functional instead of the relative entropy. Equation
(2.10), written as

lo—uol(f = M)dv =~y [ |v—wuol*(f—M)dv
il L

s also analogous to (1.21), which can be written as

iH(ﬂM) < —WH(f|M)

for a Mazwellian kernel.

We are finally able to complete the proof of Theorem 2.1:

Proof of Theorem 2.1. Since in the Maxwellian case we have Lf = L f — f, using the expression of
Dinax in (1.18) one gets that

Dinax(f) = /flog( )dv—/ Lo(f 1og(f)dv

= H{fIM) = H(L fIM) +H(Ly fIf) = HFIM) = H(Ly fIM),

since £+fdv:1:/ fdv and
R R

H(glf) = / glogLdv >0
Rd g
whenever f and g share the same mass. Finally, using Lemma 2.4 to estimate H (L f|M) gives

D(f) = wH(fIM)
which is the desired result. (]

3. INEQUALITIES FOR NON-MAXWELLIAN COLLISION KERNELS

3.1. Comparison of dissipations for general kernels. As explained in the Introduction, the rest of
entropy dissipation inequalities which we derive are based on Theorem 2.1, valid for Maxwellian collision
kernels. We then obtain similar inequalities by comparing the dissipation for a given kernel B with a
Maxwellian dissipation. This strategy was already used in Lods, Mouhot, and Toscani (2008) in order
to estimate the spectral gap for the operator £ and comes from Baranger and Mouhot (2005) where
it was used to estimate the spectral gap of the linearized operator Q(f, M) + Q(M, f). For the linear
Boltzmann operator £, we give here an improved version which enables us, for example, to estimate the
entropy dissipation functional for the physical case of hard-spheres interactions (we will also use this
comparison principle for grazing collisions kernels in Section 5).

Since the linear equation (1.4) is, as remarked before, the Kolmogorov forward equation of a Markov
process with equilibrium M, it is well known (see for example Chafai (2004)) that all functionals of the
form

Ho(fIM) = [ M()o (AJ;((?)) dv, (3.1)
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for @ : [0,00) — [0, 00) convex, are decreasing along solutions to (1.4). In fact, using the detailed balance
property (1.17) one sees formally that

Mot = [ ceoe (Fe) ao = -pats)

for any solution f(t,v) to (1.4), where

fv)  f)
/[Rd /[Rd /sd ) B(lql, &) M (v) M (v.)¥ (M(v)’M(v’)) dn dv dv, (3.2)
)= (2 —y) (@' (z) — @' (y) =0,  a,y€[0,+00). (3.3)

*1 v v, v flv) f) v dv’
= 2/[Rd [RdM( Ve (v, 0" )W (M(v)’M(v’)) dv dv’, (3.4)

with kp the kernel of the linear operator £ (see (1.16)). (Note, however, that Hq (f|M) is decreasing
along solutions also for equations without detailed balance, though the expression of the dissipation is
different in that case.)

We call Ho(f|M) the relative ®-entropy of f with respect to M. Particular examples of it are given
by ®(z) = zlogx — x + 1, which gives the usual relative entropy (1.2) when f has the same mass as M;
and ®(z) = (x — 1)2, which gives the distance of f to the equilibrium M in the L? norm with weight
M~1. Since £ depends on the collision kernel B, it will be sometimes convenient to rather write DZ(f)
to emphasize the collision kernel B. Since our arguments apply to general relative ®-entropies with no
modification, we state our results for them as well.

Alternatively, we can write

Proposition 3.1 (Comparison of dissipations). Let B, B be two collision kernels defined by
B(lql.€) = B(lahb(€).  Blal,&) = b(&) (3.5)

where 8 : [0,00) — [0,00) is a nondecreasing mapping and b(-) satisfies the normalization condition
(1.14). Call My the normalized Mazwellian with mean velocity 0 and temperature 6 > 0 (that is, My(v) =
M (v +ug)). Assume that there exists pg > 0 such that

L i e R
Cp:= inf /[R* (o - o+ %) > 0. (3.6)

vERI—1 b s M ( )d
56[0190] / 0 ’D* 'D*
Rd—1 (|’17—T)*|2+S2)1/2
(Where, for w € RT=1, My(w) is understood as My(w,0).) Then

Dy (f) = CoD3 (f) (3.7)
for any probability distribution f € L'(RY), with Cy := min{B(go), Cs}.

Remark 3.2. At first sight, the comparison of convolution integrals (3.6) may seem difficult to check.
However, we shall see further on that it holds true for hard potential interactions (see Prop. 3.5) and
for the kernels used in the grazing collision limit (see Proposition 5.2).

In order to give the proof of Proposition 3.1 we follow the ideas in (Lods et al., 2008, Proposition
3.3), but we rephrase the argument in a simplified way. Particularly, we show that Proposition 3.1 can
actually be deduced from a comparison of the kernels kg, kz of L corresponding to B and B.

Notice that the kernel kp of L (see expression (1.16)) can be calculated by the use of Carleman’s
representation (originally described by Carleman (1957); see also Villani (2002, section 1.4.6)):

Lif(v)=0Q+(fiM // B(|ql, &) f ()M (v)) dv, dn

= f(U/) ’ / ’
_QAdm/E /B(|q|a§)M(’U*)d’U*dU’

where E, . is the hyperplane {v, € R? | (v —v)-(v/ —v) = 0}, and it is understood that the dv, integral

above is with respect to the (d — 1)-dimensional Lebesgue measure on this hyperplane. Since |¢| and &
10



must now be written in terms of v, v, and v, note that

d=po—v—dl, lgnl=jo-v], =Y (3.8)
v ’ |20 — v —vL|’ '
Hence we have, for any B = B(|q|,&):
1 d
kp(v,v) = T / B(ql, &) M@, dv.,  v,veR (3.9)

v, v’

We now prove the following which clearly implies Proposition 3.1 by virtue of (3.4):

Proposition 3.3 (Comparison of kernels). Assume that the collision kernels B and B satisfy (3.6).
Then, for the same constant Cy as in Proposition 3.1,

kp(v',v) = Cokp(v',v)  for all v,v' € RY (3.10)

Proof. By translation invariance of (1.4) (i.e., Q(f, M)(v+u) = Q(f(-+u), M (- + u))(v)) one sees that
it is enough to show the result when the mean velocity M, namely u, is equal to 0 (in fact, the kernels
kp corresponding to different mean velocities are just translations of one another). Hence we assume
ug = 0 throughout the proof, so M = Mj (this will make calculations easier).

Using (3.8) and (3.9), (3.10) is equivalent to

v v—1
[ ot == (e ntnan > co | o () anot

for any v',v € R%.  (3.11)
Take n to be the unit vector along the direction of v — v’. We now write
vl =rn+ 7,
for (uniquely determined) r € R and o) orthogonal to n. Write also
v=1rn+7v

for some v orthogonal to n (note that » must have the same value as before, since v/, — v is orthogonal
ton in E, ) and

=(r+sn+7v
for some s € R (and the same v as before, since v — v’ is parallel to n.) With this and the expressions in
(3.8) we have

v—1 s
20— v —vl)? = v =V P+ v —0l]? = o -0 + 5%, | | _ . (3.12)

Bo—v—v] oo +s°

Changing variables to ¥/, we obtain that (3.11) reads

]2 2) 5 o) dv. > / S 7.) da’..
/nLﬁ(‘/'U T2 +s2) b —— Mo(e)dl > Cy | b = Mo(3) do
Notice that we have used here that M(v.) = (2r0)~%2M (v.)M (rn), with M(rn) independent of the
integration variable and hence cancelling from both sides of the inequality.

By rotational symmetry we may also take v — v’ parallel to (0,---,0,1) € R?, so that n* = RI~1
identified as the set of points in R? with zero last coordinate (so the variables with a bar just represent
the first d — 1 coordinates of the variables without a bar). Then, (3.11) is equivalent to

S S
VI =024 52) b | —— | Mo(?. d5;>c/ b| — | My(?.,) dv.,
/ued—lﬂ( | | ) (\/|U—’Ui|2+82> (@) ? Jra-s VACEEARE S o)

for any 7 € Rt and s > 0. (3.13)

Now, given go > 0, since 3(+) is nondecreasing, it is clear that, for any ¥ € R¥~! and any s > go it holds

s
Ve =02+ 82) b | ————— | My(¥.) dv.
/Rd—lﬁ( | | ) </|1—)1—);|2+S2> O( )

S =1\ 35/
> B(QO)/[Rdil b (W) MO('U*)d’U*.
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It is then enough to show that (3.13) holds for some constant Cy, uniformly for 7 € R¢~! and s € [0, go).
This is exactly assumption (3.6). This achieves the proof and, in particular, shows that (3.10) holds with
Cy = min(B(0p), Cop). O

By using Theorem 2.1, Proposition 3.1 directly implies the following inequality for non-Maxwellian
collision kernels:

Theorem 3.4. Assume that the collision kernel B is given by (3.5) where b(§) is a normalized Mazwellian
collision kernel and B(-) satisfies (3.6). Then for all nonnegative probability distributions [ we have

Dy (f) = Coyp H(fIM), (3.14)
where Cy > 0 is the constant in Proposition 3.1 and v, was defined in (1.22).

Remark 1.2 also applies here: the above result is valid for any collision kernels which can be bounded
below by a collision kernel satisfying the hypotheses of the theorem, and in particular it applies to
non-cut-off hard collision kernels.

3.2. Application to hard-potential interactions. We show here how the above Proposition applies
to the fundamental model of hard-potential interactions (including the hard-spheres case) for which

B(lql,€) = calq] ¢ (3.15)

where ¢4 > 0 is a normalization constant given by

1 d-3
ca = (lS‘“l/ ¢ (-¢) 7 ds)
0

Introducing then B(|g|, &) = b(€) = 4642, we see that B is a normalized Maxwellian collision kernel.
As a consequence of Proposition 3.1 we obtain the following, which completes the proof of Theorem 1.1:

—1

Proposition 3.5. Let B be a hard-potential collision kernel of the form (3.15) with v = 0, in dimension
d > 2. There exists some explicit C > 0 such that

DE(f) = CO/*DE(f). (3.16)

Proof. The proof consists simply in checking that Assumption (3.6) is met by the kernels 8(|q|) = |g|”
and b(¢) = cg¢972. Actually, the dependence on 6 is easily obtained: call, for u > 0,

My (v) = p*M (), fu(v) = p? f ().
Note that the temperature of M), is 12 times that of M. Then we have the scaling

Dg,M“(fu) = /F”DSM(J‘), DgM“(fu) = Dg,M(f)a

where we have denoted the dependence on M as an additional subscript. One sees then that it is enough
to show (3.16) when the temperature 6 of M is equal to 1, so we assume this in the rest of the proof.
To prove (3.6) it suffices clearly to show that there exists C' > 0 such that

Mo (T.) (V|0 — 0.2 + 82)2~H7 do, > C Mo(5,)(\/|0 — 0.2 + 52)2~ 4 dw, (3.17)
Rd—1 Rd—1

for any © € R¥"! and any 0 < s < 1. Choose § > 0. In the region where v — 7| > § we have

V|t — 04]? 4+ 2 > 6 and hence
/ Mo(5,)(\/]0 — 0.2 + s2)27 947 do, > 6”/ Mo(5,)(\/]0 — 0|2 + 52)2~4 d7.,.
|5—0.]>6

|0—0.|>6
So it is enough to show that

/ Mo(5,) (/|0 — 0|2 + s2)2 74 do, < K Mo(T.) (V|0 — 0|2 + s2)?74T7 dg, (3.18)
[0—04| <6

Rd—1
for some K > 0, all o € R? and all 0 < s < 1, which would imply (3.17) to hold with C' = min{§?,1/K}.

Let us bound the left-hand-side of (3.18) first. On the integration region we have |7, > (|9] — §)+ =:
max{|7| — d,0}. Hence

_ _ 2 (o] —9)%
My(0.) < Ky exp(—|0.|°/2) < Ky exp ———a
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for some K; > 0. Using this, the left hand side of (3.18) is bounded above by

/ Mo(5,)(\/|0 — 0.2 + s2)? "4 dw, g/ My (3,)|7 — 5,4 dw,
[ D=0 | <6

[0—0x <&

< Koo (1502,

(3.19)

for some K5 > 0. On the other hand, using that for |0.| < 1 we have
VIE= P+ 1< VI + 12 +1 < Ka(J5] + 1)
for some K4 > 1, we see that the right hand side of (3.18) is bounded below by

Mo(5,)(\/]0 — 0.2 + 2)27 947 do, > / Mo(5.) (/|0 — 5.2 + 1)*>~ 97 da,

. ]<1

Rd—1
> K5 (1+ |0)* (3.20)
when d > 2 + ~, or simply by

Mo(5,)(\/]0 — 0|2 + 2)27 4T do, > / Moy (3,)|0 — o, |>~ 47 dv, > K, (3.21)
Ra-1 Rd—1

for some K¢ > 0, when d < 2 + . The bounds (3.19), (3.20) and (3.21) clearly show (3.18), finishing
the proof of the lemma. O

Example 3.6 (Hard-spheres case in dimension 3). Let us estimate the constant C' above in general
dimension d > 2 whenever v = d — 2, which happens to be slightly easier and covers in particular the
physically relevant case of hard-spheres in dimension d = 3 for which v = 1. Let us then assume that
d > 2 and let

Blah) =1lgl"™?  and b)) = caé™>
Then, for any s > 0, with the notations of Proposition 3.1,

_ _ 2 o\ 1/2 S _ d—2
(o -of+) )b(uamusz)”?) o

so that, to check (3.6), it is enough to show the inequality

~ o\ 1 ~ Mo(y)
Moy(vs) dvs = C IEE )
0(v) dv 0/[Rd71 7 — 7, ]2

dw, (3.22)
Rd—1

for any © € R?~!. Now, the left hand side is a given number, namely

M, Vs di* = || M -1y = —F/—
Rd—1 O(U ) v H OHLl(le 1) m

while the right hand side is bounded for © € R%~1: one can write, for any & € R~ and any r > 0,

Moy (Vs _ do, (A
/lR ﬁ d’U* < HMOHLOO(Rdfl)\/ ﬁ +r (d 2)||MOHL1(|Rd—2)

d—1 |’17 — ’U*|d_2 {|v—.|<r} |17 -v
=7 || Mol| poe (a-1) 1S* 2] + 7~ @72 | Mo 11 (ga-1)

and, optimizing the parameter r > 0, one finds that the constant Cyp >0 in (3.22) can be chosen as

d—2
O e 1 <(d — 2)||Mol| 1 (ra-1) ) a1
0:=
d =1 \[[Mo|| poo (ra-1) [S*2|
In particular, in dimension d = 3, one can choose Cy = ‘/75 . For the special case of the Shannon-

Boltzmann relative entropy, i.e. for ®(x) = xlogax — x + 1, one simply denotes by Dyax the dissipation
associated to B(§) = cq4€ and, bearing in mind that ¢4 is a normalization constant for collision kernel,
deduces from Theorem 2.1 that: )

Dmax(f) P 5%(f|M)

Therefore, if Dys denotes the entropy dissipation associated to hard-spheres interactions in dimension
d = 3 we immediately deduce from Proposition 3.5 that

Dur) = Lu ).
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4. SOME APPLICATIONS

4.1. Speed of convergence to equilibrium for the linear Boltzmann equation. Once we have
Theorem 1.1 and the relation (1.18) it is straightforward to deduce the following result:

Theorem 4.1. Let B = B(|q|,€) denote a hard-potential collision kernel given by (1.10) or any nor-
malized Mazwellian collision kernel B = b(€) satisfying (1.14). Let fo € LY(RY, (1 + |v|?)dv) be a
given probability density with finite entropy and let f(t) = f(t,-) be the associated solution to the linear
Boltzmann equation (1.4). Then

H(fOIM) < exp(=AH(fo|M)  for >0, (4.1)

with X given in Theorem 1.1. In particular, the Csiszdar-Kullback-Pinsker inequality yields
A
156 = Mllaen < V3exp (=3 ¢) Hihldr) e

Again, this result applies also to any collision kernels that can be bounded below by a kernel satisfying
the assumptions; see Remark 1.2.

For completeness we gather here some facts on the well-posedness of equation (1.4) and the rigorous
derivation of the entropy relation (1.18). Assume for the rest of this paragraph that

B(lgl, &) = la|"b(§)

for some 0 < v < 2 and some collision kernel b(-) satisfying (1.14). First, we notice that the operator
L(f) is well defined for f € L'(R%; (1 + |v|?)dv). When considered as an operator on L?(R%; M~1) (a
smaller space than L'(R%; (1+ |v]?)) then L is a self-adjoint operator with domain L?(R%; M (v)~!|v|” dv)
(see Carleman (1957)). Regarding the evolution equation (1.4), £ (with its natural domain) generates a
Co-semigroup in several spaces; for example, in L%(R%; M ~!) and in L'(R?). By considering a suitable
regularization @ : [0, +00) of the function ®(z) := xlogx — x + 1, with ®. differentiable on [0, +00), one
directly sees that, for any € > 0, it holds

d
3 e (F(1) = —Da.(f(1))

for any solution f(t) to (1.4) (in the semigroup sense) with initial condition in the domain of £. One
can then pass to the limit in ¢ — 0 in order to show that (1.18) holds rigorously for an initial condition
f with finite energy and entropy.

4.2. Trend to equilibrium for the nonlinear Boltzmann equation with particle bath. We
consider now the nonlinear (elastic) Boltzmann operator with particles bath

Ocf (t,v) = aQ(f, f)(t,v) + Lf,  f(0,0) = folv),  t=0, veRY, (4.2)

where o > 0 is a given constant while, as above, Lf denotes the linear Boltzmann operator and Q(f, f)
is the quadratic Boltzmann operator. Equation (4.2) models the evolution of particles (typically hard-
spheres) according to the following rules: particles are suffering binary collision with themselves and also
interact with the particles of a host medium at thermodynamical equilibrium. Notice that (4.2) has been
recently considered in Bisi et al. (2011) (for inelastic interactions) and can also be seen as the spatially
homogeneous version of the model recently investigated in Frohlich and Gang (2012).

In the above, one assumes that Q = Qp, is associated to a general collision kernel By(|g|,&) > 0
(including soft interactions, see Villani (2002)). Moreover, one assumes that £ is associated to a collision
kernel B(|q|,&) = B(|q|)b(§) where b(-) satisfies the normalization condition (1.14) while 5(-) : [0,00) —
[0, 00) satisfies (3.6). Notice that we do not need here By and B to be equal.

The well-posedness of the Cauchy problem associated to (4.2) can be handled with standard methods
from spatially homogeneous kinetic theory and we do not address this question here, referring for instance
to Villani (2002) for more details (see also Bisi et al. (2008) where a similar equation has been investigated
for inelastic interactions). Moreover, it is also easy to prove that the unique steady state of the operator
aQ(f, f)+ L(f) is the host Maxwellian M, namely (see Bisi et al. (2011)):

Proposition 4.2. For any o > 0, the unique nonnegative solution F € L'(R%; (1 + |v|)? dv) with unit
mass to the stationary problem

aQ(F,F) + L(F) =0
is given by F(v) = M (v).
14



Concerning the long time behavior of solution, we prove in a simple way exponential trend towards
equilibrium:

Theorem 4.3. For any a > 0, let fo € LY*(R%, (1 + |v])? dv) be such that H(fo|M) < oo and let f(t,v)
be the unique associated global solution to (4.2). Then, there exists C > 0 depending only B such that

H(F(1)|M) < exp(—Cwt)H(fo| M) ¥t 0 (4.3)

where v, > 0 is the constant appearing in Theorem 2.1 while C > 0 is the constant appearing in Prop.
3.1.

Remark 4.4. Notice that the long-time behavior of the solution f(t,v) is completely driven by L and
not by the quadratic operator Q. In particular, the speed of convergence does mot depend on o« and is
entirely determined by the collision kernel B = B(|q|,§).

Proof. The proof follows from standard arguments. Namely, direct computations yield

4 =« v)lo —f(t,v) v —
FHonn=a [ o neoog (459 - i)

Now, one sees that, since Q(f, f) conserved mass, momentum and kinetic energy,

/[Rd o(f, f)(t,v)log (‘/;\S(’Z))) dv = /[Rd Q(f, f)(t,v)log f(t,v) dv

and, by well-known arguments that can be traced back to Boltzmann himself, this last quantity is
nonnegative (this is exactly the classical Boltzmann’s H-Theorem; see eq. (1.3)). Thus

SH(WIM) < D)

and, one deduces from Theorem 3.4 that
d
T U OIM) < —CnH(f(B)IM)  VE>0

which achieves the proof. O

5. GRAZING COLLISIONS LIMIT AND LOGARITHMIC SOBOLEV INEQUALITIES

In this section we show how general functional inequalities of the type (1.21) allow to recover, in
a suitable limit, a well-known entropy-entropy dissipation estimate for a certain linear Fokker-Planck
equation. The limit procedure is the so-called grazing collisions limit for which we assume that the
collision kernel B is concentrated on small angle deviations. Before describing how this grazing collisions
limit allows to recover a well-known logarithmic Sobolev inequality, we describe in more detail the
asymptotic procedure.

5.1. The asymptotics of grazing collisions. Whenever collisions concentrate around |¢-n|/|g| =~ 0, it
is well documented that £ becomes close (in a sense to be made precise) to a certain linear Fokker-Planck
operator (associated to a certain diffusion matrix D(v) that depends on M). We explain here the general
mathematical framework following the lines of Lods and Toscani (2004).

We restrict ourselves to dimension d = 3 for simplicity. For any € € (0, 1], we consider

B(lql,€) = la|” be(€) (5.1)

for vy =0 or v =1 and with b.(-) given by
§
be = Lio,e
() = 5= 10.4(6)

where we recall that & = |¢ - n|/|n|. Notice that b. is a normalized Maxwellian collision kernel. Let
L. denote the associated linear Boltzmann operator (we do not distinguish here the two cases v = 0
— corresponding to Maxwellian collision kernel — and v = 1 corresponding to hard-spheres). Given
fo € LY(R3, (1 + |v|?) dv), let h = h.(t,v) denote the unique solution to

Oth = Leh, h(0,v) = fo(v)  (t=0,v€R3). (5.2)
Moreover, we introduce the following time scaling

fet,v)=h(te?v)  Vt=0. (5.3)
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Using the weak form of the Boltzmann operator provided by (1.15), for a general test function ¢(v) one
gets that

d 1

S fto)elv)do = 5 / F(t,0) M (v)|o — v, dvdo, / b(©)[p() — p(v)] dn.  (5.4)

dt R3 € R3 JR3 Qd—1
Using a Taylor expansion of ¢, one has?

1
P(v) = p(v) + Vop(v) - (v = 0) + 5 D%p(v) - [(v = v) ® (v = v)] +o(|v" = v[*) (5.5)
5 ) ) ) ) Po(v) . .
where D%y is the Hessian matrix of ¢, with components (ID <p(v)) i = 0.0 (i,7 = 1,2,3); hence,
B (3 ’Uj

taking into account (1.6)
1
o) = §(0) ~ Voiolv) - (g mm + £ D%(u) - [lg-nfPn@n] + oy’ — o).

Let us evaluate integrals over the angular variable n, taking the direction of the relative velocity ¢ as
polar axis (é3). It is easy to check that

€ 62
/52 bel&)(q - mndn = 2‘1/0 &de= 7,

(the other components vanishing by parity arguments), while

/ be(§)lg - n*n@ndn = |qf* / €110 &1+ 0 &) +26% 9 9 dg
82 0

2 4 4
:|Q|2 £ (é1®é1+é2®é2)+€—é R é
4 6 6 3 3| -

By inserting all these results into (5.4) we get

d

T . fe(t,v) p(v)dv = /[R3 . fg(t,v)M(v*)[— %(’U —vs) - Vyip(v)

+ % D*p(v) - (|¢I|QI -q® q)} dvdv, +O(e)  (5.6)

where I is the identity matrix. Set
S(v,v.) = v — v ’T = (v —v:) ® (v — vy).

By considering the last term in (5.6) we see that (here and below we use Einstein’s summation convention
on repeated indices)

it )0 (jo = 0.PT= (0 =0 0= ) = fltv) 5 (52 ) S0
_ 0 () Bplv) .\ Ofty) () 8Sy(v,v.)
76_’()] <fe(t,’l))Sz](’U,’U*) 81)1- > Gvi Sz](v,’U*) avj a’UZ' j@vj fe(t,’l))

= Vo (£(t0)8(0,0.) - Vup(0)) = Voip(v) - (S(0,0) Vi flt,v) = 20 = v) fe(t,v) )

where we used that w =
J

—(v — vy );1;2;. Therefore (5.6) may be cast as
J#

%/{RS fe(t,v) p(v) dv
= —% /[RB . Vop(v) - [2(1} —0) fe(t,0) + S(v,v4) Vy fe(t,0) [ M (vi)|v — vi Y dv dos + O(€?).

Noticing that V,, - S(v,v,) = 2(v — v,) while S(v,v,)(v —v.) = 0, we check that, for both v = 0,1, it
holds
Vo, - (Jo = 0" S(v,04)) = 2 |v — vi]” (v — vy).

2Given two vectors w,v € R3, we use in the sequel the tensor notation w ® v to denote the matrix with entries w;v;
i,5 =1,2,3. In particular, the matrix product D2¢(v) - [(v/ — v) ® (v — v)] simply denotes (v/ — v)(D2p) (v —v)T.
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Therefore,

d 1
It fe(tav) QD(U) dv = __/ VUQD(’U) ’ {fe(tav)vv* ’ (|U - ’U*|’Y S(’U,’U*))
dt R3 8 R3 JR3
+ [0 — 0] 7S (v, V) Vo fe(t,v) | M (v,) dv dus 4 O(€?),
which, performing the integration with respect to v, and setting
1

D,(v) =g . [v — v, 7S (v, v.) M(v,) dv, , (5.7)
yields
& [ e == [ Vi) D0Vl
_ % St 0)Vup(v) (/{R Vo, - ([0 — 02" S(v,02)) M(U*)dv*)
=5 [ Vool0) D)V, £t 0) 0

1 . _ Yy 2
e /Rsfe(t,v)vvsﬁ(v) / o 0l (0, 02) V1 M(w2) s + O(E).

Since V,, M (vy) = — =52 M(v.) and S(v,v,) - (v« —v) = 0, we recognize that
1 1
= [v — vy |" S(v,v4) Vo, M (vs) dvy = =D (v) (v — uo).
8 Jgs 0

Finally, one obtains

d _
— | ft,v)pv)dv = / ©(V)Vy - $ Dy (v) |V fe(t,v) + wfe(t, v)| + dv + O(e?). (5.8)
dt R3 R3 9

In particular, one expects the limit f(¢,v) = lim._o fc(t,v) to satisfy the Fokker—Planck equation

o) =9, {0, |Vus) + 5 0|}, (5.9)

where the diffusion coefficient D.,(v) is defined in (5.7).

The above computations are clearly formal. Nevertheless, they can be made rigorous following the
lines of Lods and Toscani (2004) (see also Goudon (1997); Desvillettes (1992) for similar considerations
for the nonlinear Boltzmann equation) to get the following

Proposition 5.1. Let fo € LY(R?, (1 + |v|?) dv) be a nonnegative probability distribution. For v € {0,1}
and ¢ € (0,1), let L. denote the linear Boltzmann operator with collision kernel given by (5.1) and let
he(t,-) be the unique solution to (5.2). Set f.(t,v) = h(te=2,v) for anyt >0, v € R3. Then, there exists
a subsequence, still denoted (fc(t))e such that

fo = F weakly in L([0,00), L} (RY))
e—
where f = f(t,v) is the unique solution to the Fokker-Planck equation (5.9) with initial datum f(0) = fo.

5.2. Logarithmic Sobolev inequality. We recall here some well-known features about the long-time
behavior of the solution f(¢,v) to the Fokker-Planck equation (5.9) with initial datum f(0,v) = fo,
fo € LY(R3, (1 + |v|?)dv) being a nonnegative probability distribution. It is very well known that
the Maxwellian M is the unique steady state with unit mass to the Fokker-Planck equation and the
convergence of f(t,v) towards M (as t — co) can be made explicit by the use of entropy methods (see
e.g. Arnold et al. (2008, 2001); Calogero (2012)). Let us explain more in detail the general strategy (we
follow here the introduction of Calogero (2012)). Introduce the change of unknown

f(ta U) 3
t) = t>0,0€R
9(:0) = Ty ve
Then the relative entropy H(f(t)|M) can be rewritten as

H(f()|M) = /[R3 f(t,v)log (J;\Sf(,;))) dv = /[R3 g(t,v)logg(t,v)M (v)dv
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where du(v) = M (v)dv is the invariant measure associated to the Fokker-Planck operator. It is straight-
forward to check that g(t,v) satisfies now the drift-diffusion equation:

- (D4 (v)Vy(t,v))

where V = V,,. One can compute the time derivative of H(f|M) = H(Mg|M) by using this to obtain
—_ M) = — v
a U OID) /[Rg g(t,v)

In particular, D, being positive definite, one sees that J,(f|M) > 0. If we find A > 0 such that the
logarithmic Sobolev inequality

Brg(t,v) = V - (D, (v)Vg(t,v)) — ——2

du(v) = —T,(F()|M) vt =0, (5.10)

MNH(f|M) < T (f|M) (5.11)
holds for all probability densities f, then this can be immediately used in (5.10) to deduce exponential
convergence to equilibrium in the entropy sense for solutions to (5.9). If the diffusion matrix D, is
the identity then this is the Gaussian logarithmic Sobolev inequality (1.25), which holds for A = 2/6.
However, the matrix D, we obtained through the limiting procedure in Section 5.1 is not the identity;
we now consider what can be said regarding the inequality (5.11) in the cases v = 0 (Maxwell molecules)
and v =1 (hard spheres).

The case v = 0. For v = 0 the matrix Do (v) can be explicitly computed, giving
Dy(v) = é (S(v,up) +261). (5.12)
In particular, since the matrix S(v, ug) is nonnegative, one sees from the definition (5.10) that

0 |Vg(v)|? 0 1
M) > - ———Mw)dv=-I(fIM) > = M),
B> [ BRI M@ a = J1(100) > 5H(11)
for any probability density f € L'(R?), where we have used the Stam-Gross inequality (1.25). That is,

Fo(F1M) > SH(TIM), (513

which is inequality (5.11) for v = 0 and A = 1/2. From this one deduces that, if f(¢) denotes the unique
solution to (5.9) then

1
H(f(t)| M) < exp (_§t) H(fo| M) Vt=0. (5.14)
We do not know whether 1/2 is the optimal constant here, since we have disregarded one of the terms
in (5.12).
The case v = 1. For v = 1, the matrix D (v) is given by
1

D;(v) = g/[RS {|v—v*|3I— [v — vi|(v —vy) ® (v —’U*)}M(U*)d’l}*

With this matrix it is not obvious whether the logarithmic Sobolev inequality (5.11) holds for some
A > 0.

Let us briefly review the Bakry-C mery criterion for studying this kind of inequality. We introduce
the vector field

2
Xg(v) :==D1(v)Vk(v)Vg(v), where  k(v) = /det(D1(v)) exp (—%)
and the Riemannian manifold ¥ := (R?, D4 (v)~!) with D, (v)™! as covariant metric tensor. It is known
(Bakry and Emery, 1985; Bakry, 1994; Arnold et al., 2001) that, if there exists some « > 0 such that
Ric” — VX > aD;! (5.15)
(where Ric” and V>X denote respectively the Ricci curvature and the Levi-Civita connection of )

then it holds:
20H(fIM) < T (fIM) (5.16)

for any nonnegative f € L'(R?) with unit mass.
In the v = 1 case the application of the Bakry—Emery criterion is delicate but one can still apply

5.15) to deduce that for & = £ 1/22 we have
(5.15)

24\ «©
T (fIM) = 20H(f|M) (5.17)
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for any probability density f € L'(R?). Details are reported in Appendix B.

5.3. Entropy dissipation for grazing collisions kernels. We consider here the entropy dissipation
functionals associated to grazing collision kernels as introduced in Section 5.1. For simplicity we discuss
only the case of dimension d = 3, though our analysis can be extended (with more cumbersome calcula-
tions) to d > 2. We consider here grazing hard-spheres collision kernels of the form Bc(|q|, &) = 5(|g|)be(§)
with

B(lal) = lal, (5.18)
_ & ot [Ce—en®
€)= Totoa(© Ibli= 15 [ e - ag (519)

for some € € (0,1]. Notice that the case ¢ = 1 corresponds to hard-spheres interactions for which
B(lq|,€) = ||b1]|7Yq - n|. We show now that for such collision kernels Assumption 3.6 is met, thus
extending Proposition 3.5 to include them:

Proposition 5.2 (Comparison of dissipations for grazing hard-spheres). Take ¢ > 0 and let B.(|q|,§) =
B(|q|)be (&) be the grazing hard-spheres kernel given by (5.18)~(5.19), in dimension d = 3. We denote by
B.(€) = be(€) the associated normalized Mazwellian collision kernel. There exists some number C' > 0
(independent of €) such that

Dg“(f) > CDg"(f) (5.20)
for any convex function ® : [0,00) — [0,00) (where Dg is defined in Section 3).

Proof. As for Proposition 3.5, the proof consists in checking that Assumption 3.6 is met by the kernels
B(lq|) and be(€). First, for a given € > 0, one sets

V1—¢€2

€

O =

For a given s > 0 and a given ¥ € R?, the numerator of (3.6) reads
/ Iv] (\/|@ — U2+ 32) be SR R M (v,) do, = i/ L{j5—5,|>s06.3 M (0x) dvs
R2 Vo — 0.2 + 2 [[e]| Jge
while the denominator is simply
s

M (w,) _
1 v—v s d*
el Joo Vo =0, g 52 070

Hence to prove (3.6), it suffices clearly to show that there exists C' > 0 such that

M (v,
/ M(v,) dv, > C __ME) du,
{|o—0.[>56} HEEAPF R RVIUESOMES S5

for any ¥ € R? and any s > 0. If s§. > 1 we can directly bound |0 — .| > 1 and the inequality is obviously
true with C' = 1. If sd. < 1 we have

/ M(v,) do, 2/ M(v,)dv, =: C1 >0
{|ov—04|>s6c} |04 —10]| 21

M (B, M(@.)
/ #d@*g (U)dv*<02<oo.
{[o—5.]>s6.}

|0 — 0,]2 + 52 R |0 — Uyl

while

Therefore, when sd. < 1, the result holds with C' = C1/C5. This shows that (3.6) holds true with
Cy = max{1, %} independent of e (and also of gg in this case). O

Let us explain now, in a rather informal way, how the above result together with Theorem 2.1 allows
us to use (1.21) to give a proof of the logarithmic Sobolev inequality (5.11) for v =0 or v = 1.
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The case v = 0. Since B, is a normalized Maxwellian collision kernel, for the special choice of the
convex function ®(z) = zlogx — x + 1, if we denote simply by Dpax,.. the associated entropy dissipation
functional, Theorem 2.1 asserts that

Dmax,e(f) = 76%(f|M)

€ ¢3 2 457
1- 2 d
for any probability distribution f € L'(R?) with 7. := v, = fo ¢ ( 3 ) ¢ . In particular, in

fye@—e)= dg

dimension d = 3, one has

62

Ve = 5
Therefore, in dimension d = 3, the solution h.(t,-) to (5.2) with v = 0 satisfies
€2
Mk OIM) < exp (=Gt ) WD) 0
which, in terms of the rescaled function f.(t,-) defined in (5.3) reads
t
MU0 < oxp (- ) Wihld) >0
In particular, from Proposition 5.1, taking the limit as e — 0, we get that

M) < exp (5 ) M) w20

for any solution f(t) to the Fokker-Planck equation (5.9) (associated to the diffusion matrix Dg(-)). We
recover in this way (5.14) which, as well-known (Arnold et al., 2001), is equivalent to (5.13), i.e

To(f|1M) = SH(f|M).

N |

This shows that the log-Sobolev inequality (5.13) can be recovered from (1.21) in the limit of grazing
collisions and, as explained in the introduction, this can be seen as providing a microscopic ground for
these particular log-Sobolev inequalities.

The case v = 1. In the same way, if one considers now grazing collisions for hard-spheres interactions
Bc(|ql, &), the same reasoning can be applied and using Proposition 5.2 we see that any solution h(t, -)
o (5.2) satisfies

H(he(t)|M) < eXp( Cgt)H(fdM) V¢ >0

for some explicitly computable constant C' > 0. In terms of the rescaled function f. we get now

WD) < oxp (=) M) 20

which, at the limit ¢ — 0, yields now
C
H(fOIM) Sexp | =t | H(folM) V>0

for any solution f(t) to the Fokker-Planck equation (5.9) (associated to the diffusion matrix Di(-)). In
particular, one deduces from this inequality that the functional inequality

TIM) > S H(T|M)

holds true for any probability density f € L!'(R?) with finite entropy. Again, in the grazing collisions
limit, Theorem 1.1 allows us to prove the nontrivial log-Sobolev inequality (5.11) for v = 1 — with a
not, necessarily optimal constant.
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APPENDIX A. PROOF OF THEOREM 1.3

We give in this Appendix a quick proof of Theorem 1.3, which states that the linear Boltzmann
operator £ does not satisfy the log-Sobolev inequality (1.24). That is, if we define the quadratic form

associated to £ as )
&(g) = — —_— d
(9) o M) g(v)Lyg(v) dv,

we show it is not possible to find a positive A\g > 0 such that
& (VM) 2 MH(fIM) (A1)

for any probability density f € L'(R?, dv). The proof is based on the well-known fact that (A.1) is
equivalent to Nelson’s hypercontractivity. In order to apply directly Nelson’s hypercontractivity, one
shall reformulate the problem in some equivalent way to define the Markov semigroup associated to L.
Namely, we introduce the probability measure

and the Markov operator

L(h) = M~ 'L(h M), Vh € 2(L)
where Z(L) denotes the domain of L in the space L?(R%, du). Notice that L is a Markov operator in
the sense of Bakry et al. (2014) since

/ Lh(v)dp(v) =0 and L(1) =0.
[Rd

Notice that, with such notations and using the terminology of Ané et al. (2000); Bakry et al. (2014), it
holds

H(fIM) =Ent, (fM7Y),  &(g) = /R %L (%) dp = E,(gM ™)

so that (A.1) reads equivalently
E.(Vh) = \oEnt,(h), h=fM"*

which is the classical Log-Sobolev inequality for the measure p and the associated Dirichlet form &,
(see Ané et al. (2000); Bakry et al. (2014) for details). Considering then the Markov semigroup (S:):
generated by L, we recall the following result (see Ané et al. (2000, Theorem 2.8.2)):

Lemma A.1 (Gross (1975)). If (A.1) holds true with Ao > 0 then
Sthll Lo (ra, apy < 1Pl L2 (e, dp) vVt >0

where q(t) = 1+ exp(4t/Xo) for any t = 0 and du(v) = M(v)dv is the invariant measure associated to
L.

Remark A.2. Notice that the above Lemma is valid for any Markov semigroup whose invariant measure
is reversible. This is the case for the semigroup (Si): associated to L by virtue of the detailed balance
principle (1.17).

In particular, if (A.1) holds true, then, for hg in L2(R?, dv) and for some ¢ > 0, there exists p > 2
such that
IO Le®e, dy < INhollL2(re, dp) (A.2)
where h(t) = Siho is the unique solution to d;h(t) = L(h) with initial condition hy (in other words,
f(t) = Mh(t) is the unique solution to eq. (1.4) with initial data Mhy).
We show that such a L? — LP regularizing property of (S;); cannot hold. Using the representation
(1.16), one sees that
Lf(w) 2 —o()f(v) Vf=0
where o(v) is the collision frequency (depending on the collision kernel B(|ql,¢))
obviously into

3, This translates

Lh(v) = —o(v)h(v) Vh > 0. (A.3)

3We recall that if B(|q|,£) = |¢ - n| (corresponding to hard-spheres interactions) then o(v) > ¢(1 + |v]) for some ¢ > 0;
while if B(|q|,€) = cq€ (corresponding to a normalized Maxwellian collision kernel) then o(v) = 1 for any v € R%.
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Let us now consider hg € L?(R%, du) nonnegative and let h(t) = S;ho while g(¢,v) denotes the unique
solution to

atg(tav) = —U(v)g(t,v) g(t = O,U) = hO(v)'

Clearly

g(t,v) = exp(—a(v)t)ho(v) (A4)
and (A.3) implies that

h(t,v) = g(t,v) YVt >0
Now, it is clear from (A.4) that the above equation for g(¢,v) has no regularizing effect; i.e., if hg ¢
LP(R?, dp) then g(t,v) ¢ LP(RY, du) for any ¢ > 0. One deduces from this that, if hg ¢ LP(R?, dp) then
h(t,v) ¢ LP(R?, du). Therefore, inequality (A.2) cannot hold true for any ho € L*(RY, du) and Gross’
Theorem shows that (A.1) cannot hold true.

APPENDIX B. BAKRY-EMERY CRITERION FOR HARD-SPHERES INTERACTIONS

We give here a direct proof of the logarithmic Sobolev inequality (5.11) in the case v = 1 using the
Bakry-C mery criterion (see (5.15)). We use the notation of Section 5.2. In the hard-spheres case (y = 1)
the diffusion matrix of the associated Fokker—Planck equation reads as

1

D;(v) = g/[RS {|v — 02T = v — v (v —v) ® (v —’U*)}M(U*)d’l}* (B.1)

2
Since M (v,) = (ﬁ)3/2 exp (—%), the diffusion matrix may be cast as

3/2
D (v) = # /[R3 [|w|3I — |w|w ®w} exp (—y|w + al?) dw
where
1
=55 a=uy—v.

It can be directly checked (see Bisi and Spiga (2011)) that
1/2
3 —v|wtal? _ 1 —~]al? 2 § ﬁerf (7 |a’|) 2|14 2 §
|w|”e™™ " dw = 3 {e gl (7|a| + 2) + —71/2|a| ¥la|* + 3v]al® + 1 (B.2)

and, analogously,

R3

/ |w|(w @ w)e””“”ral2 dw
R3

:11 e—v\a\2 14_ 1 +ﬁerf(71/2|a|) 1 |a|2 1_
7 2" AyfaP? ¥172d] PR 8ﬂW
3.
4

® _ 3 werf (v1/2]a
+1a 20, e vlal? ,7|a|2+1_ : + \/_ (7 | |) 2| |4+ ’7| |2_ :
7 al 47lal v/?al 8Vlal
where erf denotes the error function erf(z) = % / et dt, x > 0. Consequently,
1 la]’T—-a®a
Di(v) = =—=—75 1C (v"/2lal) T+ T (7*/2fa]) “=—F—= B.3
1) = 77 {€ (172al) T T (20al) 2 (8.3
where
a2 1 7rerf |:c| 7 1
=e 1P (1 — 2241
Clal = (14 g ) + X5 (et +MP)
and
e 3 7rerf |z| 3 3
T(|z]) = e I#! 241 .
) = (jf 1) R (1 e~ )

By resorting also to Taylor expansions

4
R R T

22

7("‘@+1Z)



(for suitable &,n € [0,]z|]), it can be checked that C(]z|) > 0 and T(|z|) > 0 for any x. Consequently,
. al’I—a®a . . . L. . . . .
the matrix 7' (v'/?|al) HT appearing in (B.3) is positive definite and to derive an estimate like
(5.16) one can neglect its contribution and consider only the diffusion matrix
1 ., 1 1/2
In this case, the Bakry-Emery curvature condition (5.15) simply reads, writing E(v) := lo—uol®
Bakry (1994) Arnold et al. (2001)):

1 Vd(v) ® Vd(v)
-

, (see

% (Ad(v) — Vd(v) - VE(v)) I

+ d(U)ID2E(v) n Vd(v) ® VE(v) -;— VE(v) ® Vd(v)

(in the sense of positive matrices) for any v € R®, where we recall that D? denotes the Hessian matrix
while E(v) = 5% Since

Vd(v) = ' (71/2al) 2 Ad(v) = € (v"2al) 7,

[v — o]’

—D%d(v) > a8y/7y¥21 (B.4)

D2d(v) = C”( 1/2|a|)7 (v —u) ® (v —uo) e (’Yl/2|a|) S2 L 1 I_ (vu0)®(vu0)} 7

|[v — ug|? v — ug| |[v — ugl?

formula (B.4) becomes

3
Y (Ui — Ui J\V; — Upj
A(71/2|a|) I+B(71/2|a|) yiy; ( 0i) (V) 0j) > a8/ (B.5)
1,j=

— R -l

for v € R3, y € R3\ {0}, where

Al = 5 (al) = (el + 137 ) €l + 2,

ol
’ 1O
Blal) = ") - (21el + 1) C'ah + § G-
Since
0< & YilY;j (U *UOi)( U‘Oj) 1
S bowp S

a (non—optimal) estimate for « is provided by oo = min{ a1, as} with a;, as such that

8\/7
Alz]) = aq A(lz]) — B(Jz]) = aa, Vo e R3. (B.6)
Now we have
a2 3 9 Vmerf(|z|) 5 3 9
A(lz)) =e 121" [ =322 +1 = |z|? -,
() = (=1 + 14 g+ e ) + R (4 54 o~ )

by using Taylor expansion (for |z| < 1) and by studying the derivative A’(Jz|) (for higher |z|) we get
that A(|z]) > oy = 13 ~ 2.38. On the other hand, for A(|z|) — B(|x|) we use the estimate

c<(||f||>) “{1ﬁ} /

and we check that for |x| > 1 the quantity A(|x|)— B(]z|) turns out be bounded from below by a constant
greater than «; (so we skip details here) while, for |z| < 1,

_ 5 5 3 Vrerf(|z]) (41 3 11 3
Alz)) = B(lz|) e 1o (3lapr+2 - =2 — = )4 Y WU (2 Sy =
() (lz]) = e |z + 1 8z |zt T |z| 16 ol + 4 + 16]z|? * 2|x|4

that by Taylor expansion turns out to be greater than as = %. In conclusion, o = % 2—0
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