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Abstract

The present notes are intended to present a detailed review of the exist-
ing results in dissipative kinetic theory which make use of the contraction
properties of two main families of probability metrics: optimal mass trans-
port and Fourier-based metrics. The first part of the notes is devoted to a
self-consistent summary and presentation of the properties of both proba-
bility metrics, including new aspects on the relationships between them and
other metrics of wide use in probability theory. These results are of inde-
pendent interest with potential use in other contexts in Partial Differential
Equations and Probability Theory. The second part of the notes makes
a different presentation of the asymptotic behavior of Inelastic Maxwell
Models than the one presented in the literature and it shows a new exam-
ple of application: particle’s bath heating. We show how starting from the
contraction properties in probability metrics, one can deduce the existence,
uniqueness and asymptotic stability in classical spaces. A global strategy
with this aim is set up and applied in two dissipative models.
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1 Introduction

In kinetic theory of rarefied gases, the spatially homogenous Boltzmann equation
for elastic Maxwell molecules [50] is one of the most intensively studied models,
in reason of the simplification consequent to the property that the collision rate is
independent of the relative velocity of the colliding pair. The investigation both
of the spatially homogenous Boltzmann equation and of its simplified models



made possible to achieve essential progresses and to verify or discard conjectures.
The first of these theoretical studies is due to McKean Jr. [81], who was able
to find explicit rates of convergence towards the Maxwellian equilibrium for the
Kac caricature of a Maxwell gas, a one-dimensional model introduced in the
fifties by Mark Kac [75]. The pioneering paper by McKean contains a lot of
enlightening remarks, and introduces into the matter the role of the entropy
production and of the Fisher information [78], fruitfully used later on in different
contexts [42]. At the beginning of the seventies, always motivated by the problem
of the convergence to equilibrium for Kac equation, Tanaka [100] introduced into
kinetic theory the concept of a metric nowadays known with the name of the
Russian mathematician L.N. Vasershtein, who introduced it independently in a
different field [109]. Tanaka’s work, however, first contains the noticeable idea to
obtain results for the large-time behavior of a nonlinear equation in consequence
of the contractivity of the metric. The properties of Wasserstein metric where
subsequently dealt with in a subsequent paper by Tanaka [101], who added to the
previous ideas the interesting connection between the problem of convergence to
equilibrium for the Boltzmann equation for Maxwell molecules and the central
limit problem of probability theory [92]. While innovative in the methodology
introduced into kinetic theory, these papers do not contain results about the rate
of convergence to equilibrium. This represents a point of weakness, in reason
of the fact that McKean [81] proved that, at least for a certain class of initial
data, the solution to Kac equation converges to equilibrium exponentially in
time. The same result was conjectured to hold by Cercignani [48] for the spatially
homogeneous Boltzmann equation in any dimension and with any kernel, provided
a suitable lower bound on the entropy production holds true; for an exhaustive
discussion on this conjecture see [105]. It is now clear that, while powerful in
getting convergence to equilibrium for the Boltzmann equation, the Wasserstein
metric is not suitable to obtain precise rates of convergence to equilibrium [29].

The exponential convergence towards equilibrium for both Kac equation and
the Boltzmann equation for Maxwell molecules was obtained by Gabetta, Toscani
and Wennberg in [62]. The result takes advantage of the possibility, discovered by
Bobylev [17], to write the Boltzmann equation for Maxwell molecules by passing
to Fourier transform, and makes use of a new metric for probability measures
which results particularly flexible to obtain precise rates of exponential conver-
gence towards the Maxwellian equilibrium. In the same paper, various relation-
ships of this metric with other known metrics, including the Wasserstein one,
allowed to obtain rates of convergence in the physical space. The same metric
was subsequently used in [103] to prove uniqueness of the solution to the Boltz-
mann equation for Maxwell molecules without cut-off, as well as in [37], always
in connection with the spatially homogeneous Boltzmann equation for Maxwell
molecules and its representation in Wild sums.

Hence, the study of the Boltzmann equation for elastic Maxwell molecules
was responsible of the introduction of new mathematical tools, and among them,



two metrics for probability measures, which are at the basis of most of the results
concerned with the large-time behavior of kinetic equations of Maxwell type were
emerging.

In the last years, the interest in kinetic theory of dissipative systems, such as
granular gases and fluids, has caused a great revival in the study of the Boltzmann
equation. Not surprisingly, the work of Bobylev, Carrillo and Gamba [20], who
introduced a dissipative Maxwell model with its energy independent collision rate
which simplifies the nonlinear collision term to a convolution product, has had
a great impact in that revival. A second main fact which was responsible of a
noticeable increasing of interest was the discovery of an exact scaling solution for
a freely cooling one-dimensional Maxwell model [5].

The application of the techniques based on the use of the probability metrics,
both of Wasserstein and Fourier based, allowed to generalize the results of conver-
gence to the equilibrium in classical elastic kinetic theory to the new problem of
convergence to the self-similar solution (homogeneous cooling state) both in sim-
pler one-dimensional models [91, 88] and in Maxwell models [22, 25, 13, 29, 23, 24].
For the driven case in which one introduces a source of energy to avoid total cool-
ing of the system, the convergence towards stationary states have been analysed
in [51, 21, 12, 29].

The present notes are intended to present a detailed review of the existing
results in dissipative kinetic theory which make use of the contraction properties
of these metrics. The first part of the notes, however, will be devoted to an almost
complete presentation of the properties of both Wasserstein and Fourier based
metrics, including new aspects on the relationships between them and other met-
rics of wide use in probability theory. These results are of independent interest,
and can be used in other contexts to obtain both regularity and convergence to
equilibrium for solutions to nonlinear friction equations [43, 70, 44] and nonlinear
diffusion equations [40, 41].

The second part focuses on the analysis of the asymptotic behavior for In-
elastic Maxwell Models. We start by doing a self-consistent introduction to the
subject where most of the material has appeared in the existing literature. We
concentrate later on the application of the probability metrics to these models
in three situations: the stochastic heating, the particle’s bath heating and the
free cooling of the gas. The stochastic heating case has been here rephrased
and re-addressed with respect to the existing literature in the subject. We show
for instance, how to start from the contractivity of the optimal transport metric
to deduce existence of steady states and apply a general strategy drawn at the
beginning of Section 7.

We then attack the case of the particle’s bath heating in which the source of
energy is introduced by a particle’s bath modelled by a linear inelastic Boltzmann
operator. We show that the contraction of probability metrics is kept and from
this we deduce the existence, uniqueness and global asymptotic stability of equi-
libria in this case. This provides another example not covered in the literature



in which the strategy devised in these notes applies. Finally, we also revise the
convergence towards self-similar solutions in the free cooling of a gas. Here, we
show the limitations of the contractions of optimal transport metrics compared to
Fourier-based metrics since in this case we cannot obtain the existence of homo-
geneous cooling states from the contraction of the former. We elaborate trying to
do summaries of the main proofs that are found in the literature on the subject
while keeping the details in the most original parts.

We believe this set of notes may be found useful for newcomers to the subject
and young researchers in kinetic theory that want to get a quick overview on the
main properties of probability metrics and their applications to the particular
case of dissipative kinetic equations without going to the scattered information
in different sources.

2 A Review on Probability metrics

This section is devoted to give a self-consistent review of the main properties
and relations between two of the most useful probability metrics for long time
asymptotics analysis of kinetic and diffusion models: the optimal mass transport
metric W5 and Fourier-based metrics d;.

2.1 Optimal Mass Transportation Metrics

Given two probability measures f,g € P(RY), the Euclidean Wasserstein Dis-
tance is defined as

Wa(f.0) = inf { / / e x|2dn<v,x>}1/2 (2.1)

where II runs over the set of transference plans I', that is, the set of joint proba-
bility measures on RY x RY with marginals f and g € P(RY), i.e.,

//RWN plo) dll(v,z) = /R o) f)dv

//wam p(z) dll(v, z) = /RN o(x) g(x) dx

for all ¢ € Cy(RY), the set of continuous and bounded functions on RY. From a
probabilistic point of view, the Wasserstein distance can be alternatively defined
as

and

= in — X2
Walfg) = it {E[V - xP]} (2.2)

where T' is the set of all possible couples of random variables (V, X) with f and
g as respective laws, i.e., V. X : (S, A, P) — (R, B;) measurable maps from



a probability space of reference (S, A, P) onto the Lebesgue space (RY, B,) such
that the laws or image measures are V#P = f and X#P = g. Let us remind that
the law or the image measure by the measurable map V : (S, A, P) — (R, By)
or the push-forward of P through the map V is defined as

VyP[K] = PV~ (K)]

for each Borel set K C RY, or equivalently, by duality as the measure VP
satisfying

[ eavip) = [(govyap

S

for all p € C,(RY). We will also make use of the expression V transports P onto
f whenever V#P = f.

Let us point out that the Euclidean Wasserstein distance W is finite for any
two probability measures with finite second moments f, g € Po(RY). Also, let us
remark that in the sequel we will denote by f(v) dv or df (v) the integration with
respect to the measure f(v) independently of being absolutely continuous with
respect to Lebesgue measure or not. If there is any need of such a distinction we
will explicitly mention it.

Finally, let us remark that this distance is related to the classical Monge’s
optimal mass transport problem, namely to the problem of finding a map 7' :
RY — RY such that

1/2
Pyp— 3 . 2
= Twitflzgf:T#f {/RN v —T(v)| df(v)} :

In fact, the definition of the FEuclidean Wasserstein distance is a relaxed varia-
tional problem of the previous question since by taking Iy = (1gy X T)#u as
candidate transference plan II, one can see the previous set of maps as a subset
of all possible transference plans.

In what follows, we summarize the main properties of the Euclidean Wasser-
stein distance W5 that will be used in the rest, referring to [28, 106, 108] for the
proofs. Further information on the connections to optimal mass transport theory
can be found in [64, 92, 106, 108].

Proposition 2.1 (Wy-properties) The space (Po(RN), Ws) is a complete met-
ric space. Moreover, the following properties of the distance Wy hold:

i) Optimal transference plan: The infimum in the definition of the dis-
tance Wy s achieved at a joint probability measure 11, called an optimal
transference plan satisfying:

Wiro) = [ lo=eRdn )



ii) Convergence of measures: Given {f,},>1 and f in Po(RY), the follow-
ing three assertions are equivalent:

a) Wa(fn, f) tends to 0 as n goes to infinity.

b) fn tends to f weakly-* as measures as n goes to infinity and

sup/ 0> fu(v)dv — 0 as R — +oo.
[v|[>R

n>1

c) fn tends to f weakly-* as measures and
/ [0 fr(v) dv —>/ [v]? f(v)dv as n — +oo.
RN RN

iii) Lower semicontinuity: Wy is weakly-* lower semicontinuous in each ar-
gument.

iv) Relation to Temperature: If f belongs to Po(RY) and 6, is the Dirac
mass at a in RY, then

W8 = [ o= aPar(o)

v) Scaling: Given f in Po(RY) and 0 > 0, let us define
Solf) = 0" f(0"/0) (23)

for absolutely continuous measures with respect to Lebesque measure or its
corresponding definition by duality for general measures; then for any f and
g in Po(RY), we have

WSS Sola)) = 5 WE(S.9).

vi) Convexity: Given fi, f2, g1 and go in Po(RY) and o in [0,1], then
W3(afi + (1 — a) fa, g1 + (1 — a)ga) < aW5(fr, 1) + (1 — ) W3 (fa, ga).
As a simple consequence, given f,g and h in Po(RY), then
Wa(hs f hx g) < Wa(f,g)
where * stands for the convolution in RY.

vii) Additivity with respect to convolution: Given fi, fo, g1 and go in
Po(RY) with with equal mean values, then

W3 (f1 % f2, g1 % g2) < W3(f1, 91) + W3 fa, ga).-



Remark 2.2 (Superadditivity with respect to convolution) CouplingPro-
perty vii) with the Scaling property v), shows that, for any constant \ such that
0<A<l1

W22(81//\[f1] >l<31/(1—/\) [f2]> 81/)\[91] *Sl/(l—)\) [92]) < )\WQQ(fla 91) + (1 _)‘>W22(f27 92)-

This property is usually referred as superadditivity with respect to convolutions.
To our knowledge, this property has been first derived by Tanaka in [101], and
it is at the basis of most of the applications of Wasserstein metric to kinetic
theory. Property vii) of Proposition 2.1 is a direct consequence of its definition
in terms of random wvariables. Let (X1,Y1), (X2,Ys) be two independent pairs
of random wvariables, and let f; (resp. g;) be the laws of X; (resp. Y;) i = 1,2.
Suppose moreover that X; and Y; have the same mean value, namely E[X;] = E[Y;]
i =1,2. If the pairs (X1,Y1), (Xa, Ys) realize the optimal transference plans, then
fori=1,2
W2(fi g = E[|X: - Yil?).

In this case

W3 (f1 % fa, 1% g2) SE[[(X1+ Xa) — (V1 + Ya)[?]
—E[|X, - Yi[’] +E[|X; — Ya’] +2E[(X; - Y)) - (X2 - Y3)]
— WE(frog1) + WE(far02)

In fact, the term E [(X; — Y1) - (X2 — Y3)] is equal to zero due to the independence
of the pairs, and to the equality of the mean values. This property will be quite
useful in Section 6.

Remark 2.3 (Completeness of Spheres in W;) A simple consequence of the
previous Proposition is that the set

My = {u € Po(RY) such that / lv2df (v) = 30} :
R3

i.e., the “sphere” of radius /30 in Po(RY) centered at &y, endowed with the
distance Wy is a complete metric space.

We also remind the reader that convergence in Wj-sense implies the conver-
gence of averages or observables in physical space. We will denote by Lip(RY)
the set of Lipschitz functions on RY and by W1(R¥) the set of bounded and
Lipschitz functions on R¥.

Corollary 2.4 (Convergence of averages with W) Given ¢ € Lip(RY) with
Lipschitz constant L, then we have

[ e 0) e o] < LWl f.9)



Proof.- Let I,(v,w) the optimal plan between f and g € Py(RY) for Wh.
Then

[ o= el = WH(F.9)
X

and we can write
[ @U@ =g@)an= [ (plo) = plw) o, )

Using that ¢ is Lipschitz with constant L and estimating by Holder’s inequality,
we get

[, e =gt o

v) — o(w)| dIl,(v,w
< [ lelo) = stw)l o, )
gL/ v — w| dlly(v,w) < LWy(f,g)

giving the assertion. [

Let us point out that the previous corollary is based on the fact that the
distance Wy controls the distance associated with the cost ¢(v,z) = |v — z|. In
fact, the optimal mass transportation cost distances can be generalized in the
following way:

1/p
Wp<f,g>=mf{ // |v—x|pdw<v,m>} — it {E[V - X}
mer RN xRN (V.X)erl
(2.4)

for any given 1 < p < oo and f,g € P(RY). Denoting by P,(R") the set of
fg € P(RY) with moments up to order p bounded, the distance W, is well-
defined and finite on P,(R") and properties similar to those of Proposition 2.1
hold. Again, we refer to [106, 108] for further details. Finally, let us remark that
by Holder’s inequality it follows that the sequence W, (f, g) is nondecreasing as a
function of p, and thus, the distance W (f, g) can be defined as

In the noticeable case p = 1, the distance W is also called the Kantorovich-
Rubinstein distance or the dual-Lipschitz norm. In fact, as a consequence of
Fenchel-Rockafellar’s duality principle one has [106, Theorem 1.14] that the W}
distance can be characterized as

Wl(f,g)zsup{

=sup {

[ #or) - gy

0 € Lip®Y), [lplluincem) < 1} (2.5)

[ #or) - g

v € WHRRY), [olluipen) < 1} '



As it was already observed above, Corollary 2.4 can be seen as a simple con-
sequence of the Wj-characterization together with Wi(f,g) < Wa(f,g) for any
f7 g & P (RN)

These metrics has been considered in the PDE’s analytic community quite
recently in connection to gradient flows and steepest descent schemes of linear and
nonlinear diffusions [74, 87, 1, 47, 3] and homogeneous kinetic models [43, 3, 44|
as well as for describing their asymptotic behavior.

It is maybe not so well known that Wasserstein metrics have a very rich history,
with a number of historical sources. Apparently, the denomination Vasershtein
distance appeared for the first time in [55]. For any pair of probability measures
(f,g) on a metric space (M,d), L.N. Vasershtein [109] indeed introduced the
metric

v(fig) = nf {E[dX V)]}.
(V,X)el

His work had a great impact especially in ergodic theory in connection with
generalizations of the Ornstein isomorphism theorem [69]. In subsequent times it
became common both to use Wasserstein as the English version of the Russian
name and the notation W(f,g) for v(f,g). However, the minimal L;-metric v
was introduced and investigated already in 1940 by L.V. Kantorovich for compact
metric spaces [76]. His work was motivated by the classical Monge transportation
problem. Subsequently, the transportation distance was generalized to general
cost functionals. The famous Kantorovich-Rubinshtein theorem [77] gave a dual
representation of the minimal L;-metric v in terms of a Lipschitz metric. From
this point of view, the notion of a Kantorovich metric or minimal L;-metric also
would be historically appropriate. Related works, however, were already present
-and presumably unknown to the Russian school- in the probabilistic literature.
In fact, in 1914, C. Gini, while introducing a simple index of dissimilarity, first
defined the metric in a discrete setting on the real line and T. Salvemini (the
discrete case, [95]) and G. Dall’Aglio (the general case, [53]) proved the basic
one-dimensional representation

WH(F,G) = /0 |[F~(n) = G~ (n)|" dn,

where F,G are the distribution functions of f,g. Gini had given this formula
for empirical distributions and p = 1,2. This influential work initiated a lot of
research on measures with given marginals in the Italian School of probability,
while M. Fréchet [61] explicitly dealt with metric properties of these distances.
Almost at the same time of the work of Wasserstein, C.L. Mallows [80] intro-
duced independently the v-metric in a statistical context. He used its properties
for proving a central limit theorem and reobtained the representation above.
Based on Mallows work, P.J. Bickel and D.A. Freedman [11] described topolog-
ical properties and investigated applications to statistical problems such as the
bootstrap. They introduced the notion of a Mallows metric for the nowadays

10



Ws-distance. This notion is used mainly in the statistics literature and in some
literature on algorithms.

Amazingly the Wy-metric was introduced at the same time into kinetic theory
by H. Tanaka in [100] to recover the long time asymptotics of the Kac caricature of
a Maxwell gas [75]. In this case also, convergence to the Maxwellian equilibrium
corresponds to prove a generalized central limit theorem. The importance of this
metric in connection with the large-time behavior of more realistic Boltzmann-
type equations was subsequently dealt with by Tanaka in 1978 [101]. This seminal
work had a noticeable impact in the kinetic community, where the Ws-metric has
been known for many years under the denomination of Tanaka functional [27, 90].

The preceding historical discussion enlightens at least two facts. First, Wasser-
stein-like metrics are quite useful into several different fields of applications. Sec-
ond, taking into account the various historical sources, maybe the unbearable
name G DK RV MT-metric, (Gini-Dall’Aglio-Kantorovich-Rubinstein-Vasershtein-
Mallows-Tanaka)-metric!, would be more correct for this class of distances.

2.2 One-dimensional Wasserstein metric

As briefly discussed in Subsection 2.1, the one-dimensional case is of independent
interest, due to its colourful history, that goes back to the works of [95, 53]. In
this case, in fact one can resort to a basic representation, which allows in general
for almost explicit computations. In the sequel we will present a simple way to
derive this one-dimensional representation, by resorting to a key result of Hoffding
[72]. This method of proof was suggested to Tanaka [100] as an alternative to its
proof, and it is reported at the end of his paper.

Let I" denote as in (2.1) the set of transference plans, that is, the set of joint
probability measures on R x R with marginals f and g € P(R). Denoting by
F(v) the distribution function of f,

Fo)= [

and G(z) the distribution function of G, then the set of transference plans is
equivalent to the set I'(F, G) of cumulative probability distributions functions in
(v,x) € R? for which the corresponding measure in R x R has marginals f and g.

Within I'(F, G) there are cumulative probability distribution functions H*
and H, discovered by Hoeffding [72] and Fréchet [61] which have maximum and
minimum correlation. Let 27 = max{0, 2} and x Ay = min{z,y}. Then, owing to
the properties of the probability distributions, it is a simple exercise to conclude
that in T'(F, G) for all (v,z) € R?

H*(v,z) = F(v) AG(x) and H,(v,z) = [F(v) + G(z) — 1]*.

The extremal distributions can also be characterized in another way, based on
certain familiar properties of uniform distributions. Given any n € (0,1), let

F~(n) =inf{v: F(v) > n}

11



denote the pseudo inverse function of the distribution function F'(v). If X is a
real-valued random variable with distribution function F', and U is a random
variable uniformly distributed on [0, 1], it follows that F~1(U) has distribution
function F', or equivalently, f = F~'#dn where dn is the Lebesgue measure in
the interval [0, 1].

Moreover, for any F,G with finite variances the pair of random variables
[F~Y(U), G7Y(U)] has cumulative distribution function H*, or equivalently, (F'~1x
G71)#dn has joint distribution function H*(v,z) = min(F(v), G(z)) [110, 106,
108]. Consequently,

Walt.of =jnt [ e-afaiin = [[ o-sPanes o)

where in the last integral II, denotes the measure in the product space R x R
induced by the joint distribution function H*.

In fact, given an arbitrary random vector (V, X) with cumulative distribution
function H with marginals f and g, thanks to a result by Hoffding [72]

E(VX)-E(V)E(X) = //]R i [H(v,z) — F(v)G(z)] dvdzx
< //RX]R [H*(v,z) — F(v)G(z)] dvdx,

and this implies (2.6). Recalling now that [F~'(U), G*(U)] has cumulative joint
distribution function H* [110], or equivalently, that the measure (F'~! x G=1)#dn
has joint distribution function H*(v,x), one can conclude that the Wasserstein
distance between F' and G can be rewritten as the L?-distance of the pseudo
inverse functions

1/2

Wt = ( [ ) - Gl dn) (27)

Hence, in the one-dimensional case, one has the explicit expression of the optimal
transference plan, I, = (F~! x G~1)#dn with joint distribution H*.

This easy expression of the optimal plan is not only for the euclidean cost
but for all convex costs in one dimension [106, Theorem 2.18]. In fact, for all
1 < p < o0, we obtain that the optimal plan for the variational problem (2.4)
coincides with IT, = (F~ x G™')#dn and that

1 1/p
W) = ([ 170 - 6 r ) (28)
0
This also defines the co-Wasserstein distance in one dimension as

Woo(f7 g) = ph/‘nolo Wp(fa g) = ”F_l - G_1||L°°(O,1)- (29)

12



2.3 Fourier-based metrics

Given f € P(RY), its Fourier transform or characteristic function is defined as

foy = [ emhar),

Given a smooth function ¥(k), we will denote by DPW (k) its derivative of order
|3| given by the multi-index § € N", r € N, and by D™V, for all m € N, its
differential of order m verifying for all k,a € RY

D™¥(a) Z D5\IJ
|Bl=m

With this notation, Taylor’s formula up to order m centered at 0 can be written

as
m—1

1
U(k)=>_ DO(0)(k,... k) +/ D™ (tk)(k, ..., k)dt, (2.10)
1=0 0
for all k € RN, and (—)2f = DA .
Given any s > 0, the Fourier based metric ds is defined as

ds(f,9) = sup I7(k) ~ gb)l (2.11)
keRY |k |S

where RY, = RY — {0}, for any pair of probability measures f, g € P(RY).

Despite the coloured history of the Wasserstein metric, the Fourier based
metric has been introduced only recently in connection with the study of the
large-time asymptotics of the Boltzmann equation for Maxwell molecules in [62].
There, the case s = 2+ «, a > 0, was considered. Further applications of d,, with
s = 4, were studied in [38], while the cases s = 2 and s = 2+ «, @ > 0, have been
considered in [37] in connection with the so-called Mc Kean graphs. The case
s = 2 was subsequently used in [103], in connection with the uniqueness of the
non cut-off Boltzmann equation for Maxwell molecules. A further application of
the general case s > 0 to the finding of Berry—Essen type bounds in the central
limit theorem for a stable law has been given in [68]. Only recently, various
applications to the large-time behavior of the dissipative Boltzmann equation
[91, 12, 13] enlightened the importance of this distance even in this case.

In order to check under which conditions the metric d, is well-defined and
finite, we need the following result showing us how to trade integrability estimates
for f for regularity of the Fourier transform f :

Lemma 2.5 (Uniform Modulus of Continuity for Derivatives) [62, Lem-
ma 3.1] Given an strictly increasing function ¢ : RT — RT with ¢(r)/r non
increasing and let Y(y) := [¢p(y~ )] . Given m € N, if

Myi= [ (@)ool dfo) < oc

13



then R o 3
|DPf(k) = D°f (k)| < 2 My (| — k|)

for all B multi-index of order m.

Proof.- Since f has moments of order m bounded and (W f=D" f , wWe

deduce that
((k=k) v
sin < 5

sin (=R
<2( [ aspmnaw) E@——%ﬁrl'

Df) - DPf <2 [ ol a0

RN

Now, using the elementary inequality |sin(z)| < max(|z|,1) for all z € R, we get
|k—k[v]

‘sin (@) max (T’ 1> 9 -1 B
r N = /1 - k—k
el S el S{éQk—M>] ==

due to the assumptions on ¢ since

for all z,y € RT. O

In order to precise some statements below, we will say that two probability
measures f,g € P(RY) have equal moments up to m € N if

/RNvﬁdf(v) = /RN v? dg(v) < oo

for all multi-indices |3 < m.

Proposition 2.6 (Finiteness of d,) Given any two probability measures f,g €
P(RN) with s > 0 with equal moments up to [s] if s ¢ N, or equal moments up
tos—11if s €N, then ds(f,g) < +o0.

Proof.- Assume s ¢ N, equality of moments up to order [s] — 1 and Taylor
expansion (2.10) up to order m = [s] for any f € P,(RY) imply that

- < [ uwﬁum—zwmw»(%ruwgﬂlﬁww
<y /1 (D (tk) — D%(tk))| d k" (2.12)

|8]=m
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Lemma 2.5 with ¢(|v|) = |v|*~™ asserts that
max{|D?f(k) — D’ f(0)], |D%3(k) — DP(0)[} < CIk*.  (2.13)
with s = m + a since f,g € P,(RY). Since moments of order m are equal, then
DPf(0) = D?5(0) for |8] = m and
1
f -9l <€ 3 [ [(DF(ek) ~ DF0) ~ (D%3(6k) ~ D*3(0)] e ™
18]=m ”°

We conclude that ds(f, g) < oo by triangular inequality using (2.13). Finally, the
case s € N follows directly from Taylor expansion (2.12) up to order m = s since
all moments up to order s — 1 are equal and trivially

([ D7 F ) [D%9(0)]} < € max{ [ ol df(0), [ 1ol dglo)),
R R
for all multi-indices 3 of order m and all k € RY. O

We now show that these distances endow certain probability sets with a com-
plete metric. Given s,a > 0, let us denote by X, the set of probability
measures [ € Ps;o(RY) such that

/ v’ df (v) = M € RT
RN

for all multi-indices |5| < [s] with Mg fixed numbers and

/ [o|*tdf (v) < Myyo € RT
RN
being the set of all Mz and M., denoted simply by M.

Proposition 2.7 (Completeness in d;) The set X, n endowed with the dis-
tance dg 1s a complete metric space.

Proof.- Let us consider {f,} a Cauchy sequence in X, 5/ for the distance d;.

The definition of d, implies obviously that for all k& € RY, the sequence {f,(k)}
is Cauchy and thus convergent towards a limit defined as g(k); on the other
hand, f,(0) =1 := g(0). Moreover, a direct use of Lemma 2.5, implies that all
derivatives of the characteristic functions fn are equi-continuous, precisely,

D7 fa(k) = D (k)] < Wy [k — k)

for all # multi-index of order || < [s] and suitable modulus of continuity functions
Yp given in Lemma 2.5. Thus, Ascoli-Arzeld theorem implies that the conver-
gence of the characteristic functions {f,} is not only point-wise convergence but

15



also uniformly in C*l(RY). In particular, the limit of the characteristics functions
verify g € Cp(RY).

Levy’s continuity theorem [56] implies that g is a characteristic function, i.e.,
g = f with f € P(RY) and that f, — f weakly-* as measures; it remains to
prove that f € X, . This is a simple consequence of the tightness estimate

/ 0] df, () < Miysa
RN

for all n € N, that together with the weak-* convergence f,, — f implies that

/ |U’S+a df(”) g Ms+a and / Uﬁ df(v) = Mﬁ
RN RN

for all multi-indices |3| < [s].

Now, let us show the convergence of {f,} towards f in d;. Proceeding as
in the proof of Proposition 2.6, equality of moments up to order [s] and Taylor
expansion (2.10) up to order m = [s] for any f € P,(RY) imply that

k) — )
IR S/0

(D™ f,(tk) — D™ f(tk)) (%%)' dt

<0 Y [0 - pj)| a
18l=m *°

<C Y [ @) - D70 - (D%(eh) - D*F(0))] a
Bl=m " ©

for all k € RY,. Lemma 2.5 with ¢(|v|) = |[v[*™™™ and v > 0 such that 0 <
s+ —m < min(l,s —m + «) asserts that

max{|D? f.(k) = D" f,(0)|, |D” f(k) = D f(0)|} < Clk[*F™

for all multi-indices |3| = m, uniformly in n, since

/ [v|*"dfp(v) < My and / [o|*Fe df (v) < Mya.
RN RN
Summarizing we deduce that, for all k € RY,

£u8) ~ 10 _
R

uniformly in n, and thus, for any € > 0, there exists 6 > 0 such that

[ fulk) = f (k)]

sup ——F———— <€
0<|k|<d ’MS

16



uniformly in n. On the other hand, since we are dealing with probability mea-
sures, it is immediate to conclude that there exists R > 0 such that

[fu(k) = f()]

sup ——F———— <€
|k|>R |k|*

uniformly in n. Collecting the last estimates, we deduce

ds(fmf)gmax{e, sup M}

s<|kl<R |k

~

gmax{e,é sup |fn(k)_f(k>’}
)

<|k|<R

Finally, since {f,} — f uniformly in C,(R"), there exists n, € N such that for
n > ng, we get

~

sup | fu(k) = f(K)] < e
o< |k|<R

and thus, ds(f,, f) < € finishing the proof. O

Remark 2.8 (Open problem about Completeness) Previous proof does not
assert the completeness of the set of probability measures f € Pn(RY), with
m € N, such that

/ v’ df(v) = Mg € RT
RN

for all multi-indices |5| < m with Mg given, endowed with the distance d,,. In
fact, we need to control a m + a-moment, with a arbitrarily small. It would be
nice to prove or rather disprove such statement at least for the do distance, cf.

[103, Theorem 1]. This makes an important difference between Wy and dsy in view
of Remark 2.3.

Let us now review the main properties of the dg metrics.

Proposition 2.9 (ds;-properties) The distances ds with s > 0 verify the fol-
lowing properties:

i) Interpolation of metrics: Given any two probability measures f,g €
Ps(RN) with ¢ > 0 with equal moments up to [s] if s ¢ N, or equal moments
up to s —1 if s € N, then

o\ D/s
b <2 () Sl = Gl

for any 0 < p < s.

17



ii) Control of moments: Given any two probability measures f, g € Py(RY)
with s € N, s > 0, with equal moments up to s — 1, then

L= [ s

for all multi-indices 3 with || = s.

S Cd5<f7g>7

iii) Scaling: Given any two probability measures f,g € Ps(RN) with s > 0 with
equal moments up to [s] if s ¢ N, or equal moments up to s — 1 if s € N,
then

dy(Solf1, Salgl) = 0~/ d, (. 9),
where Sylf] is given by (2.3).

iw) Convexity: Given fi, fa, g1 and go in Py(RY) with s > 0 with equal
moments up to [s] if s ¢ N, or equal moments up to s — 1 if s € N and «
in [0,1], then

ds(afi + (1 —a)fo,ag + (1 — a)g2) < ads(fr,91) + (1 — a)ds(f2, g2).

v) Superadditivity with respect to convolution: Given fi, fo, g1 and
g2 in Py(RYN) with s > 0 with equal moments up to [s] if s ¢ N, or equal
moments up to s — 1 if s € N, then

ds(f1* fa, 1 * 92) < ds(f1, 1) + ds(fa, G2).

Proof.- The first statement 7) comes from

~ A ~

s = VDIO ¢ y WOSO, )38
kERN P 0<|k|<R P k|>R k[P
< sup —|f(k) — 9(k)| RP + i <ds(f,9) R"P+ i (2.14)
" 0<|k<R |kl Rr = , Rp

for any R > 0. Optimizing the function in the right-hand side of (2.14) over R,
we obtain the desired result.

Let us now focus on statement 7). Given f,g € P,(RY) their Fourier trans-
forms belong to C*/(RY) and Taylor’s formula (2.10) of order m = [s] implies

o .1 (An) = g2(A
D™ (i1 — §2)(0)(n, - -+, ;) = }Eah 91 ( 77))\m92( n)

)

for all n € RY with |n| = 1. Now, putting this together with the definition of d,,,
we get

(D™ (91 = §2)(0)(n, -+ )| < dim (91, G2)
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for all n € RY with |n| = 1. It is not difficult to see -but cumbersome to write-
that an induction argument, based on taking particular choices of the vector 7 as
the canonical vectors in RY and normalized sums of them, show that

| = [ odgto)

for all multi-indices § with |3| = m.
The third statement 4ii) is an easy consequence of the scaling property of the

Fourier transform S/m(k) — f(0~/2k) and the definition of d,.

The fourth statement iv) follows trivially from triangular inequality and the
definition of d,. -

Finally, the convolution property v) is straightforward due to f x g = f g, the
triangular inequality and the definition of d,. O

< Cdn(f,9),

Remark 2.10 (Comparison of Convolution Properties of W, and dy) Whi-
le properties from i) to ) of Proposition 2.9 are analogous to thats of Proposition
2.1, the convolution property v) of the Fourier metric is noticeably different, in
that it holds independently of the value of the index s. Unlikely, this is not the
case for the Wasserstein distance W, with s > 2, as it can be easily checked by
using the same arguments of Remark 2.2. Let (X1,Y1), (X2, Ys) be two indepen-
dent pairs of random variables in Py(RY), and let f; (resp. g;) be the laws of X;
(resp. Y;) i = 1,2. Suppose moreover that X; and Y; have the same mean value,
namely B[ X;] = E[Y;] i = 1,2. If the pairs (X1,Y1), (X2, Ys) realize the optimal
transference plans for Wy, then for i =1,2

Wi(fio9:) =E[|IX;i = Yi|"].
Therefore, developing the fourth power, one obtains

Wi (fu* fa, g1 % g2) S E[|(X1 + X2) — (Y1 4 Ya)[*]
<E[IXi =[] +E[|X; - Ya|']
+6E [|X; - V1" E [|X; — Yaf?]
In fact, all the terms containing an odd power of the difference are equal to zero
due to the independence of the pairs, and to the equality of their mean values.

On the other hand, the last term on the right-hand side of the inequality is not
negligible, since

E [[X0 = V1P E [ X = Ya*] = W5 (1, 90)W; (f2, 92)-

This does not make possible to obtain a strict contraction with high-order Wi
distances as it will be noted in Section 6.
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Let us now come back to two of the metrics which will become important later
on. On the basis of their definition, it is evident that both Euclidean Wasserstein
distance W5 and the Fourier based metric dy enjoy various common properties.
In particular, W3 and dy scale in the same way, and have the convexity and
convolution properties as seen in Propositions 2.1 and 2.9.

Remark 2.11 (Superadditivity of metrics) In their applications to the cen-
tral limit theorem, however, the importance of Wasserstein metric Wy and do
mainly relies on their superadditivity with respect to rescaled convolutions. Let
(X0, Yo), (X1, Y1) be two independent pairs of random variables, and let f; (resp.
g:) be the laws of X; (resp. Y;), i =0,1. For 0 < XA <1, let f\ (resp. g») be the
law of VAXo + V1 = AX; (resp. VAYy + V1 —AY;), i.e.

B swh <ﬁ) STl (m) |

Then, Propositions 2.1 and 2.9 imply

W3 (fx, 90) < AW3(fo, 90) + (1 = W3 (f1, 91) (2.15)

and
da(fx, gr) < Mda(fo, g0) + (1 — N)da(f1, 91)- (2.16)

Superadditivity is also known for convex functionals (relative entropies), like
Boltzmann’s relative entropy

f(v)
7 dv,

H() = [ f)s s

where f is a probability density and M7 is the Gaussian density with the same
mean vector and variance as those of f. This means that the property (2.11)
holds with W2 or dy replaced by H and {go, g1} replaced by { M7, M1}, This is
a consequence of Shannon’s entropy power inequality [99, 16]. The same property
holds for the relative Fisher information [99, 16],

I(fIMf) = / |V log f(v) — Vog M (v)[* f(v) dv.
RN
As discussed by Csiszar [52], by means of the relative entropy H, one can define
the so-called H-neighborhoods. FEwven if those do not define a topological space,

in the usual sense, their topological structure is finer than the metric topology
defined by the L'-distance,

[ 15 = sl v < VH(TTg)

which is the so-called Csiszar-Kullback inequality.
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2.4 Equivalence between probability metrics

Thanks to the Remark 2.11, it is natural to ask wether or not the topology
induced by the metrics W5 and ds is equivalent in the sense of giving the same
weak-* uniformity in a set of probability measures. In the rest of this section we
will answer positively to this question, by establishing various relations between
W5 and d,. In addition, this equivalence will help us to establish some properties
of the Fourier-based metric dy. Connections to other metrics for probability
densities [111] will be established as well.

Proposition 2.12 (From W, to dy) Given f,g € Po(RY) with equal mean va-
lue, then

5.9 < Wi wmin ([ P, [ P wir)

or in probabilistic terms,

1/2

do(f, 9) < %W;( £.9) + min (VarfX] + E[X]?, VarlY] + E[Y]?)* Wa(f, 9)

for X and Y with laws f and g respectively such that E[X] = E[Y].

Proof.- Let II,(v,w) the optimal plan between f and g € Po(RY) for the
Euclidean Wasserstein distance W5. Since they have equal mean velocity, then

/ (v —w)dl,(v,w) =0,
RN xRN

and we can write

A

FO =g = [ (e ik o= w) diL )
RN xRN
Now, we can estimate the integrand as

|efiv-k _ efz'w-k +ik- (U _ w)| < |efiw-k (e—z’(vfw)-k 144k (U _ w)) |
+(e7™* — D)ik - (v — w)|

1

< glk- (0 =w) + [kfjw][k - (v —w)]
1

< SIRPJo = wl + kP wllo — w]

by applying Taylor’s formula (2.10) to the function e~*“~*)"* up to order 2 and
mean value theorem for the function e=™*. Finally, integrating we get

’f(k)’k—’fl(k)’ < /RNXRN (%W —w* + |w||v — w|) dlly(v, w)

<gwira ([ |v|2df(v))1/2 Wa(f.9)
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for all £ € RY. Symmetrizing the inequality we conclude the assertion. 0

Let us connect now the Fourier-based distance with dual norms of smooth
functional spaces. Given the set C/"(RY) with m > 1 of bounded and differen-
tiable functions up to order m with bounded derivatives up to order m, we define
its dual metric || f — g||, as

17 sl =swp {| [ o))~ st o) i € @), el < 1, (21)

where || ||, is the classical norm on Cj*(R"). Although this result was presented
in [103, Theorem 2|, we include it here in a somewhat different simplified proof.

Proposition 2.13 (From dy to || -||%,) [103, Theorem 2| Given f,g € Po(RY)
with equal mean value, let m = N + 3 if N is odd or m = N + 4 if N is even,
then there ezists a constant C = C(N,m) such that

M, :max{/ |v\2fdv,/ ]v|2gdv}.
RN RN

Proof.- Given ¢ € CI*(RY), ||¢llm < 1 and let R > 1. Let us consider xg
a smooth function such that 0 < xgp < 1, xg = 1 for |v| < R, xgr(v) = 0 for
lv| > R+ 1 and ||xg||m < Cy = C1(N,m) for all R > 1.

The mass outside a large ball can be estimated as usual by

with

2M2
= /sz Fl)+ /vlzR W)=

Now, Parseval’s identity -approximating by convolution- implies

/ (1= xa(®))e(v) (F(v) — g(v)) dv

1
o

| () 0) (70) = go)) o

/RN e (k) (k) - 5(k)] dk‘

< dy(f,9) 1 sup (IXr@(R)| (1 + |K[™)]

with
1 k|
© 27 Jpn 14 k™
and m=N+3if Nisoddorm =N +4if N is even.

dk < 0o
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Using that Bﬁ\f = (zk)ﬁf and taking into account that m = N + 3 if NV is odd
orm = N +4if N is even, there exists a constant Cy = C5(N, m) such that

sup {(1+ [K[™)[xXmp(k)[} < Co sup { [Xapk)| + Y 1DPxap(k)]

RN RN
ke ke 18]=m

Since x g has support in the ball of radius 1+ R and taking into account Leibnitz’s
rule and the bounds on the derivatives of yg and ¢, we deduce

sup {(1+ k™) IXrp(F)|} < Co / Xre(@)[+ D D xre(v)] ¢ dv
RN |l=m

< Collxrellm(1+ R)Y < Cy C3Cy (14 R)Y
with C5 = C3(N,m), for all R > 1. We conclude that

2M,
R2

<2 L 0 RY do(fg) (2.18)

| o0 =gy

for all R > 1 with

04 = Cl Cg CgIQN.
Now, if My < % Cydy(f, g) taking R = 1, we have

N +2

<
- 2

Cudy(f, 9)- (2.19)

[ e () =gt o

On the contrary, the minimum over R > 1 of the right-hand side of (2.18) is

achieved at )
R ( 4 M, ) N+2
N C14 d?(fv g)

giving
[, ¢ (0) = g0 do| < Codatf, )% 21 (2.20)
with ) N
Co— 9 <N4C4> N+2 e (N4O4> N+2
Defining
C:max{N+2C’4,C5}

and adding (2.19) and (2.20), we deduce the desired result. [

As a simple corollary, we deduce the following control of averages for the
Fourier-distance d».
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Corollary 2.14 (Convergence of averages with dy) Given a ¢ € C"(RY),
with m = N + 3 if N is odd or m = N +4 if N is even, and f,g € Po(RY) with
equal mean value, then

[, e =) ao

<c [d2<f, )+ MIE do(f, )72 | gl

Now, we will be able to connect the Fourier-based distance dy with the
Kantorovich-Rubinstein distance due to the dual characterization (2.5). With
this purpose we start relating the dual-C™ norm with Wj.

Proposition 2.15 (From | - [|*, to W;) Given f,g € Pi(RY) and any m > 2,
then there exists a constant C' depending on N and m such that

Wilf,9) < CIf —glls + (1f = gll)™

Proof.- Since f,g € P1(RY) we use the W, characterization (2.5) to reduce
ourselves to functions ¢ € WH*(RY) with [l¢[|Lipmy) < 1. Now, we will reg-
ularize them by convolution. More precisely, we fixed w € C®(RY) a positive
function with support in B(0,1) and unit mass. Given any € > 0, we consider as

usual .
we(z) = e Nw (—)
€

and then ¢, = w, *x p € W™>(RY) for any m > 1 with

[@ellnip@y)y = llwe * Dep|| ooy < 1
| D%l ey = 1D we s Dipll ooy < €™

where (3 is any multi-index of order |3| = m admitting a decomposition 3 = B+e;
where ¢; is the i-th canonical vector in RY and f is any multi-index of order m—1.
Here, C' will denote several constants depending only on w, N and m but not on
€ or . Moreover,

e = el < [ wlo)lyldy=Ce (221
R
and we have uniform convergence in RY of ¢, towards ¢ as e — 0. We refer for
instance to [60] for a review of convolution and Lipschitz functions.

Now, given any two probability metrics f,g € Po(RY), we can estimate the
difference on test functions ¢ € WH(RY) with [|¢||pip@y) < 1 as

< +

[ #0r - gw)ae

/RN(SD — ) (v) df (v) /RN(SO — ) (V) dg(v)

+

| e g a).
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The first two terms are bounded due to (2.21) by C e while the last term can be
controlled by the definition of the dual-C™ norm giving

< llgellm If =gl <CA+™) f =gl

[ e @) = e o

with C' a constant independent of € and ¢. As a summary, we deduce

<Ce+C+e™|f =gl

[ e - gw)as

for any € > 0. Optimizing the inequality over e, we finally conclude

1

<CIlf =gl +(1f = gl)™

[ e = gw)as

for a suitable C' and for all ¢ € Wh*(RY) with ||¢||pipey) < 1. 0

Again as a simple corollary, we deduce the following improved control of av-
erages for the Fourier-distance ds.

Corollary 2.16 (Convergence of averages with dy) Given a ¢ € Lip(RY)
and f,g € Po(RN) with equal mean value, then there exist positive constants C
and exponents vi, Yo, (1, B2, B3 depending on N

[ #0000 o] < € max {aal£.). el 1. )",

M;2d2(f7 g)627 d2<f7 g>ﬁ3} ng”LiP(RN)'

Putting together the last two results, we deduce our final relation between ds
and Ws.

Corollary 2.17 (From dy to Wy) Given f,g € Po(RY) with equal mean value

such that
M., = max {/ lo[*Te f dv,/ lv[*Teg dv} < 0
RN RN

with a > 0, then there exist positive constants C' and exponents v1, Y2, (1, P2, B3
and 0 < vy3 < 1 depending on N and « such that

WQ(f?.g) S C (max {dQ(fa g)’ MgldQ(fa g)ﬁ17 M;2d2(fa 9)627 d2(f7 g)ﬁg}>73 MQI—Z;/S

with
MQ:maX{/ \v\zfdv,/ ]v[2gdv}.
RN RN
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Proof.- In order to estimate W5(f,g) we just use a simple interpolation in-
equality in terms of Wy (f, g) and Wo, o (f, g) as follows. Take IT!(v,w) the optimal
plan for the W7 metric, then

1/2
watf) < ([ ol i)

Interpolation in the last integral between exponents 1 and 2 + « gives

Y3 1—~s3
mwﬁws(/ w—wMMWMO (/ w—w%wmwwo
RN xRN RN xRN

with v3 = m By definition of the optimal plan and using that its marginals

are f and g, we deduce
Wa(f,9) < CWi(f, 9)® My

with C' depending on . Now, just by collecting the inequalities shown in Propo-
sitions 2.13 and 2.15, we deduce that

Wl(f7 g) S C'max {dQ(f7 g)7M;1d2(f7 g)ﬁlﬂ M;2d2(f7 g)ﬂ27d2(fa 9)63}

for certain constants and exponents depending on N explicitly computable from
previous propositions, if needed. We conclude by putting together the last two
inequalities. [

Remark 2.18 (Completeness) The set X, 901 0f [ € Para(RY) such that

/ vdf(v) = u, / lv|2df (v) = NO and / lv[*redf (v) < M
RN RN RN

15 a complete metric space endowed with do, for any a > 0 as a particular case
of Proposition 2.7. The proof of this statement follows easily from Corollary
2.17, Proposition 2.1 and Proposition 2.12. Corollary 2.17 ensures that Cauchy
sequences for dy inside the set X, 9.1 are Cauchy sequences for Wy. These
Cauchy sequences are convergent in Wy to a limit f inside X, 9 o n due to Propo-
sition 2.1. Finally, Proposition 2.12 shows that convergent sequences in Ws inside

X

0.0,M are also convergent in the distance ds.

Remark 2.19 (Prokhorov’s distance) In the set X, 9.0, we can consider
another related metric. For any § > 0 and U C RY, we define

U ={veRY;D(v,U) <6} and U’ ={veRY;D,U) <}
where D(v,U) = inf{|v —w|,w € U}. Let

V*(f,g) = inf{e > 0 such that f(A) < g(A°) + € for all closed A C R™};
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we set v(f,g9) = max{v*(f,q),v*(g, f)}. Here, we have denoted, abusing on the
notation, the measure and its corresponding density, if any, by the same symbol.
This distance is called the Prokhorov’s distance introduced in [89]. This distance
verifies the following with respect to the above introduced distances (see [62, 103] ):
Gwen f,g € X, 9q,m, then

W3(f.9) < (2M +8)v(f.g)= +4v(f, g)*

and )
v(£,9) < € max {(If = glls) 7, 1 = gl }
with C = C(N,m) for allm € N, m > 1.
Remark 2.20 (General Statement on weak uniformity) We shall say that

two metrics my and my define the same weak-* uniformity on a set S C P(RY)
iof for all € > 0 there exists n > 0 such that for all f,g € S,

mi(f,g9) <n = ma(f,g) <e,

ma(f,g9) <n=mi(f,g) <e.

We can summarize all the results in this section by stating that the metrics W,
Wi, da, v and || - ||}, define the same weak-* uniformity on the set X, 9o u-

2.5 Equivalence in the one-dimensional case

In this section we will show that in the one-dimensional case the estimates on
the equivalence between the Wasserstein and the Fourier based metrics are much
easier with easily computable constants. The analysis of the previous Section
indicates that the difficult part is to obtain bounds on the Wasserstein metric
in terms of dy-metric, since Proposition 2.12 (with N = 1) allows to conclude
that the counterpart holds with explicit constants. The one-dimensional analysis
takes advantage of the explicit expression (2.8). This is particularly evident in
case p = 1, where

Wi(f,g) = / FY ) — G () dn. (2.22)

In this case, the value of the integral in (2.22) is given by the measure of the
area between the two distribution functions F' and G, so that

Wi(f,g) = / F(v) - G(v)|dv.

Suppose for the moment that, as in Corollary 2.17, f, g € P2(R) with equal mean
value are such that

My, = max{/|v|2+°‘f(v) dv,/|v|2+°‘g(v) dv} < 00
R R
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with a > 0. Then, by virtue of Chebyshev’s inequality, if X is a random variable
with law f,

E[XZ-HX]
P(|X|>e¢€) < St
and this implies
Jim R*(F(-R)+1—-F(R)) = Jim R’P(|X| > R) =0. (2.23)

Thus, we can integrate by parts to get the inequality

[ wliFre) —cwlas [ (o) + 9(0)) do.
[v|[>R \

v|>R 2

For this, observe that

/_ || F(v) — Go)| dv < —/_ o(F(v) + G(v) dv

[e.9] [e.9]

and

/: | F(v) — G(v)] dv < /OO o(1 = F(v)) + (1 — G(v)) dv.

R

If f, g € P2(R), with no extra moments bounded, we can easily arrive to prove
inequality (2.23) by standard approximation arguments. Using (2.23) we obtain

/|F |dv</ IF(v) — G(v )|dv+% W||F(v) = G()]| dv

[v[>R

2y
(2R)"/? (/ |F(v) |2dv> ﬁtf2

Ms = max {/wa(v) dv, /R|U|29(U) dv} .

Optimizing over R we obtain the bound

where

1/3
/|F v)|dv < (2Y/3 4 272/%) M3 (/ |F(v) (U)|2dv> . (2.24)
By Parseval’s formula

[ 170 = 6P o= 5= [ (F=G®) d

Counsider now that
— k A k
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and thus,

</R k2 +2/sz k?
(/R K2 dy(f g)zdk—l—z)

T \J_gr ’ R
1 (R? 9o 1

= p (?d2<fag) +E) .

Once again, optimizing over R we obtain the bound

[1F@) =GP v < - Va(Fog) (2.25)

Putting together bounds (2.24) and (2.25) we finally obtain

A IA
¥~ ¥~ F[-

Theorem 2.21 (From dy to Wy) Given f, g € Pa(R) such that dy(f, g) is bounded,
then
18M,

1/3
) do(f.9)" (2.26)

Mj; = max {/sz df (v), /sz dg(v)} :

Thanks to Theorem 2.21 we can easily obtain the corresponding of Corollary
2.17, with explicitly computable constants. Let in fact f, g € Po(R) such that

Myyo — max{ [ ar), [ df(v)} <o
R R

with a > 0. Given II, the optimal transference plan for all costs in one dimension
obtained in Subsection 2.2, we have

Wi(f,g) < (

with

1
|v — w|? dl, (v, w) < / v — w|?dIl, (v, w) + ﬁ/l lv — w|*tdI, (v, w)

R2 lv—w|<R v—w|>R
22+aM N
< R/ |v—w\cil_[0(v,u))—1——a2+
lv—w|<R R
22+aM N
<RWi(f9)+ =5

Optimizing over R we get
Wz(f, g) < 2(2+a)/(1+a) (al/(1+a) + O{fa/(lJra)) Wl(f7 g>a/(1+a) M;ig—&-a). (227)

We can now use the bound of Theorem 2.21 to conclude
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Corollary 2.22 (From d; to W, in one-d) Given f,g € P2(R) such that

My, = max{/\v|2+°‘fdv,/|v\2+°‘gdv} < 00
R R

with o > 0, then
Wa(f, 9) < Cada(f, )/ E0+eN A/ BN ()
with

18 a/[3(14+a)]
C, = 2@+a)/(+a) (g1/(14a) | =0/ (14<)) (_> '

™

2.6 Relation to other more classical functional spaces

Sobolev spaces H"(RY), with 7 > 0 are defined as usual in terms of the Fourier
transform as those functions in L*(R") such that

/ (1+ K21 F (k)2 dk < oo.
RN
and its norm is defined as
G = [+ B 1FGR)Pa

Since moments in Fourier space will have simpler relations and inductive formu-
las for many of the applications, we shall use in the sequel, due to notational
convenience, the homogeneous Sobolev norms, with r > 0, defined as

iy = [ LA d (2.28)

We will show by some interpolation inequalities that the control of Fourier-
based distances and the control of arbitrary ”large” Sobolev norms implies the
control of distances in arbitrary Sobolev norms and in L?. Moreover, a control
of arbitrary "large” moments for the probability measures yields a control of the
distance in L!.

Proposition 2.23 (From d; to Sobolev norms) [38, Theorem 4.1] Let r >
0, and (1,02 >0, 0 < By <1 be given. Then

1f = gllgr@yy < C(Br, B2) dolf, 9)" %) min (Hf = 9l @y, I = QHHW(RN))ﬁ2 ,
with
_r+2(1- ) T2:2r+(4+61+1\7)(1—52)
o ’ 20, ’
OB, BB) = (1BI(1+ N/60) '™,

and where |BY| denotes the volume of the unit ball in RY.

(8
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Proof.- Given any p > 0 and 0 < 35 < 1, we start by writing
15 = oy = [ IR 1500) = 0)
]RN
< dy(f, g) / K[ 2=200) | f(k) — (k) 2%
RN
) B
< a0 0o [ I+ P70 - 90 )
R

where we have multiplied and divided by (1 + |k|?)?? and applied Hélder’s in-
equality with exponent 1/3; and

3y 1-02
I, — (/ (1+ [kp) dk:) < 00
RN

for which pfs > (1 — 32)N. Choosing now p such that pBs = (1 — 32)(N + 1) we
obtain the statement. 0O

Lemma 2.24 (From L?*4moments to L' norm) [38, Theorem 4.2] Let f €
L' N L2(RY) with |v]*" f € LYRY), then, for all r > 0,

[ 1) < o ( IR dv) e ( [ s dv) M

with
N 4r/(N+4r) . Ay N/(N+4r)
4r N

Proof.- Given any R > 0, we estimate as

/RN ’f(“)|dv§AKR’f(U)|dU+/U|>R|f(v)|dv

<45yt ([ rar) + g [ bl

from which the statement follows by optimizing over R > 0. O

C(N,r) = |BN|2r/(N+4r).

3 Kinetic Equations for Inelastic Interactions

The Granular Kinetic Theory has been proposed for modelling the collective be-
havior of a huge system of particles performing inelastic collisions. We refer to
the humongous literature included in the surveys and books [73, 67, 49, 32, 65, 33]
for physical discussions on the justifications and limitations of this theory, exper-
imental issues, computational methods and hydrodynamical approximations.
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Granular Kinetic Theory has been used by fluid mechanics experts as a toolbox
to produce relevant hydrodynamic systems of equations capable of reproducing
rapid granular flows as pattern formation in vertically oscillated granular layers
[83, 104, 15, 31, 96, 46] and shock waves in granular flows [94, 45]. Clustering
and transient structures have also been investigated by means of molecular dy-
namical models and hydrodynamic approaches [71, 34]. A good account on the
mathematics for granular materials can be found in the survey [107].

3.1 Inelastic Boltzmann Equation

As in the perfect elastic case [50], let us consider a system of perfect homogeneous
spheres of diameter d > 0 and assume their positions and velocities before a
binary inelastic collision are given by (x,v) and (x — dn,w), where n € S? is the
unit vector along the impact direction. The post-collisional velocities are found
assuming that the relative velocity in the impact direction after the collision is
reduced by a factor, i.e.,

(V' —w') n=—e((v—w)-n) (3.1)

where 0 < e < 1 is called the restitution coefficient considered constant in the
sequel. The component in the orthogonal direction to n is kept, i.e.,

V—w — (v =) nn=v—w—((v—w) n)n

and thus, the post-collisional velocities are given by:

1
Vo= —(v+w)+
2 (3.2)

!/

u
2
o

where ' =u— (1+¢€)(u-n)n,u=v—wand v =v' —w'.

Remark 3.1 (Variable Restitution Coefficient) From the modelling point of
view a constant restitution coefficient is a quite simplified model for real materi-
als. A dependence of the restitution coefficient upon the magnitude of the relative
velocity in the tmpact direction is more realistic, getting the collisions more and
more elastic as the modulus of this relative velocity gets smaller and smaller.
This assumption avoids the inelastic collapse for particle models as reported in
(66, 82] and it has been incorporated in the kinetic models by a number of authors
93, 97]. This high-nonlinear dependency is considered by various authors upon
average quantities of the flow as local granular temperature [20, 85, 102].

Based on this microscopic collision mechanism and analogous arguments as
in the elastic case [50], i.e., assuming that collisions are binary, localized in time
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and space, Enskog correction is negligible, the diameter 7d? ~ 1 is normalized
and that correlations can be neglected then one arrives formally to the inelastic
Boltzmann equation

O -V =Qulf f) (3.3)

ot
-/ / 0= w) )| )W) = o (w)] dn

where v* and w* are the pre-collisional velocities associated to (3.2) and S% =
{n € 5% such that ((v —w) -n) > 0}. The right-hand side of the equation takes
into account the change on velocity of the particles due to inelastic collisions while
the left-hand side accounts for the free transport of particles between collisions.
The factor e=2 in front of the gain part of the operator Q.(f, f) comes from the
relation between pre and post-collisional relative velocities (3.1) and the jacobian
of the linear transformation (v',w’) — (v, w) defined by (3.2) whose value is 1.

The weak or Maxwell formulation of the nonlinear inelastic collision operator

Qulf.f) is given by
<oz =[] @0 s e - o]

TT/RS /R /Si((v —w) - n)f(v)f(w) Agpdndvdw (3.4

on test functions ¢ € C(R3) where the variation of ¢ through a collision A,y is

defined by
Acp = p(v) + () = p(v) = p(w).

As it has also become standard in elastic kinetic theory, it is quite useful to
work with a different parameterization of the set of post-collisional velocities (see
for instance [30, 20]). This change of variables relies on the fact that the set of all
possible post-collisional velocities v’ lies in a sphere of center 1+e (v+w)+ %U and
radius 116 |u| as sketched in Figure 1. We refer to [63] for a detalled explanation
of the inelastic collision mechanism.

In fact, one obtains

[ w b et myan = so(#) do (35)

for any function ¢ € C(R?). In this way, the weak formulation of the Boltzmann
operator becomes

<o) > == [ [ [ o= ulro)f)et) - e]dr dodw G6)

/Rg/RS o v —w|f(v)f(w)Ap do dvdw
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Figure 1: Sketch of the geometry of inelastic collisions.

where the post-collisional velocities are determined in terms of a unit vector
o € 5? pointing from the center of the sphere in which post-collisional velocities
lie in. More precisely, the collision mechanism is now written as

, 1 l1—e 1+e

v o= §(v+w)+ Ut lulo
(3.7)
w o= l(v—irw)—1_€u—1+e\u|a
2 4 4

with © = v — w. In the sequel, we will work with this form of the nonlinear
collision operator unless explicitly stated.

3.2 Basic Properties of the collision operator

The basic conservation identities of the inelastic Boltzmann equation are obtained
by taking ¢ = 1,v in the weak formulation (3.6) resulting in

<(3) == [ (})ewnwa=o

that is, conservation of mass or number of particles and mean velocity. As ex-
pected, conservation of energy does not hold in contrast with the elastic case. In
fact, we obtain

1 —e? v —w
AC|U|2:— 4 |U—’[U|2 (1-m0‘),
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and thus from (3.6), we deduce

Wl QuE N > = [ PP QU)o

-5 [ b dedn, @)

where we observe the dissipation of kinetic energy.

In the elastic case, there exists another important quantity which is central
for both the existence theory and the asymptotic properties, the entropy of the
system. In the inelastic case, the entropy is not decreasing anymore, the change
of entropy is given by

_ L fofw  Fofu
<log f,Q.(f, f) >= /R/R SQ\UIfow( BT fvfwﬂ) do dv dw
+ 12—626 /RB g || f foo dv dw (3.9)

where the last term gives a positive contribution, see [63]. Here, we have used
the shortcuts f] = f(v') and so on, for the sake of simplicity.

Let us analyse the main consequences over the homogeneous solutions to the
inelastic Boltzmann equation (IBE) (3.3), i.e., for the solutions f(t,v) of

~— [ [ w=w-m L—lgf(v*)f(w*) - f(v)f(w)} dndw.  (3.10)

Conservation of mass and mean velocity allows to assume without loss of gener-
ality that the solutions are probability densities with zero mean velocity, i.e.,

L) renae= (o)

while the kinetic energy is dissipated following the law:

Ivl f(t,v) dv wf (v) f (w) dv dw (3.11)

dt

R3 JR3
Jensen’s inequality applied to the right-hand side implies

3
= v/’

/ o — wf*f (w) dw >
R3

o= [ wftw)du

and thus,

d 2
U

v)dv <

([ ks dv)w
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which is known as the Haff’s law of cooling. In fact, denoting the temperature of
the granular gas by

o) = / P £t 0 do

then, 0(t) satisfies the differential inequality

1—

862 o(t)*/> (3.12)

0'(t) < —V/3

from which, the temperature decays towards zero more rapidly than t=2. These
simple observations based on the main properties of the collision operator allow
us to obtain the first important remark on the asymptotic behavior of solutions

to (3.10).

Proposition 3.2 (Convergence towards Mono-kinetic) Assume f(t,v) isa
fast-decaying smooth solution to (3.10) such that

L) renae= ()

Wa(f(t),d0) < C(1+1)"

then

with C = C(6(0)).

Proof.- This proposition is just a simple consequence of the convergence to-
wards zero of the second moment due to (3.12) and the relation to temperature
of the W, distance given in Proposition 2.1. O

Let us mention that the Cauchy problem for the inelastic Boltzmann equation
together with the proof of the Haff’s law for its weak solutions has recently been
tackled in [85, 84]. They are able to show a bound from below of the temperature
decaying as t~2 at infinity under suitable assumptions on the solutions. In fact,
this result is generalized [85, 84| to the case of velocity or energy dependent
restitution coefficients where the cooling may happen even in finite time due to
this dependence.

3.3 Inelastic Maxwell Models

A nice simplification of the IBE (3.3) based on the Maxwellian molecules case
for the elastic Boltzmann equation was introduced in [20]. The main assumption
relies on assuming that the typical collision frequency in the weak formulation of
the inelastic collision operator (3.6) is of the order of the thermal speed, i.e.,

|v —w| ~ B+/0(t)
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with B > 0 chosen such that the temperature dissipation coincides with the one
for the hard-spheres case (3.12).

More precisely, the weak formulation of the simplified Maxwellian-type colli-
sion operator Q.(f, f) becomes

<e.QuU D) == pVED [ SZf(v)f(w)[w(v')—w(v)}dodvdw (3.13)

t)/ / fv Acpdo dv dw.
Rr3 J 52

Although a formulation of the collision operator in strong form can be done [20],
we will not write it here since it will be never used.

It is quite straightforward to check that conservation of mass and momentum
remains and that the temperature dissipation becomes now an identity, that is,

d

7 v —w|*f(v)f(w) dv dw.

Ivl f(t,v) dv

Expanding the square, we deduce that any smooth solution of the Inelastic
Maxwell Equation (IME)

af = Qc(f, ) (3.14)

L) sena= ()

verifies the cooling Haff’s law

such that

0'(t) = — _4 239(15)3/2. (3.15)

It is obvious that the constant B can be chosen to match the dissipation of
temperature for the hard-spheres case (3.12). In this case, the granular case
cools down in infinite time and as above we deduce:

Corollary 3.3 (Convergence towards Mono-kinetic) Assume f(t,v) is a fast-
decaying smooth solution to (3.14) such that

L) sema= ()

16(0)

(52 B/0(0)t + 2)2

then

W3 (f(t),00) =
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In the sequel, we will always work with normalized solutions to (3.14) with
unit mass and zero mean Veloc1ty unless exphc1tly stated. The collision operator

can be split as Qe f, f) = B+y/o( Q+ (f, [) = Q- (f, f)) with
<. QI (1. f) >——/R3/]R3 s2f Yo(v')do dv dw

and Qe_( f, f) = f. One of the main simplifications over the theory of Boltzmann-
type equations that a collision frequency not depending on |u| induces, is the fact
that the nonlinear operator expresses in Fourier variables in a simple closed form
reducing drastically the dimensionality of the integral operator. The basic idea is
a smart change of variables introduced by A. V. Bobylev [17, 18, 19] and reviewed
in a recent paper of the Porto Ercole summer school lectures [54, Theorem 12].

Lemma 3.4 (QF(f, f) in Fourier: Bobylev’s identity) [17, 18, 19, 20] The
following formula holds:

QG0 = = [ ko f k) do
with 1
ko= — 0= [K),
; 1 (3.16)
ky = ;6k+ +€|/<|a_1< k.

Proof.- Using the weak formulation (3.6) with test function p(v) = exp(—i(k-
v)) for any k € R?, we get

1—e

<¢,Q+(ff)>—— [ f J(w)exp { — ik @) —i—(k-u)} F(k,u)dvdw,

with @ = (v +w), u = (v — w) and

Fk,u) = /S exp | - 11—€z'(k;'a)|u|}da |

In fact, the product (k- |u|o) can be replaced by (u - |k|o) because the function
F(k,u) is isotropic and only depends on the values of |k| and |u|. This Statement
follows by observing the existence of an isometry from S? to S? that maps T k‘ onto
| E Proceeding with the replacement and interchanging the order of integration
we obtain

<0, QI (f, f) >= % . RBf(v)f(w) exp{H (k,v,w)} dvdwdo
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with

. (k 1—e 1+e , E 1-—e 1+e
H(/{:,v,w)——zv(§+ 1 k+ 1 |k:|a)—|—zw(—§+ 1 k+ 1 |k|a)

from which the stated formula follows. O

In this way, the homogeneous IME (3.14) can be written in Fourier variables

as
2—]; = B4—”Q(t) {f(t, k) f(t ky) — f(t, O)f(t,k)} do. (3.17)
™ S2

This form is particularly adapted to show by the classical methods of Wild sums
the well-posedness of the Cauchy problem for the IME (3.14). In the case of the
elastic Boltzmann equation e = 1, it was already done in [18, Section 13] and the
references therein, based on ideas of Morgenstern and Wild. A simple adaptation
to the present case can be obtained. A review on the application of Wild sums
to the Boltzmann equation can be found in a recent paper of the Porto Ercole
summer school lectures [36].

Let us define f(t,v) € C([0,00), P2(R?)) to be a solution of (3.14) if its Fourier
transform in v is a characteristic function for any ¢ > 0, f(, k) is continuous in
(t,k), twice-differentiable in £ and differentiable in time and solves (3.17).

Proposition 3.5 (Well-posedness of IME) [18, Section 13] Given an initial
data fo € Po(R3), the Cauchy problem for (3.14) has a unique solution in [ €
C([Oa 00)7 P2<R3))

Proof.- Since the temperature will finally be given by
46(0)
(€ BV/0(0)t + 2)2

due to (3.15), then we rescale in time by defining

f:B/Ot\/@ds,

o(t) =

obtaining

of 1 N e
= = Lk ) f(t k) — f(t,0)f(t k) ¢ do.
o= [ fraeiar) - faosen fao
Performing again another time change variable defined by
T=1- exp(—f) ) fA(Ea k) = eXp(_g)(I)(T7 k)u
then (3.17) leads to

b 1

— = 0] )P = B(®, d
o~ an e (1,k_)®(1, ky) do = B(P, D)
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with ®(k,0) = fg(k:). Solutions in power series expansion of the type

O(7, k) =Y Pu(k)r"

are given by a simple recurrent sequence of identities

A~

Dy = fo

1 n
Doy = > B(®, ®uy),  n>0 (3.18)
k=0

n—+1

Noting that |fo| < 1, we obtain |®,| < 1 for any n > 0. Then the series
(3.18), called the Wild’s sum in the Fourier representation, converges uniformly
on 7 € [0,1) together with their time derivatives. Levy’s continuity theorem [56]
will ensure that the obtained series defines a characteristic function for all times.
Moreover, the solution verifies the dissipation of temperature

0(r) = exp (—1 - 627) 6(0)

giving (3.15) in the original time variable. [

4 Nontrivial Asymptotics for Dissipative Boltz-
mann Equations

As we have pointed out in Proposition 3.2 and Corollary 3.3, the asymptotic
behavior of solutions of homogeneous dissipative models reflects the intuition
from basic modelling: without external source of energy a uniform cooling of
the granular gas occurs. If particles dissipates energy, after certain time possibly
infinite, particles move uniformly at their mean speed. The main issues now are:

e Can we give a more detailed picture of the cooling process apart from this
"boring” behavior of the particles?

e On the other hand, if we introduce some source of energy onto the system,
can we expect to achieve non-trivial steady states?

Regarding the first question, we can ask ourselves what it the typical asymp-
totic cooling profile, that is, if there is a typical profile for the solutions of the
system to cool down. The situation is quite similar to diffusion equations in which
the opposite behavior happens, i.e., the increase of temperature or heating. In
these situations, the first trial is to look for self-similar solutions of the equations
cooling down at the dissipation rate of the system. For instance, look for solutions
of the inelastic Boltzmann equation IBE (3.10) of the form:

1

Frelt v) = p37 (1) gool(v — ) 6, (1)) (4.1)
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with 0.(f) the temperature of the solution fp,.(¢,v) itself that will follow the
dissipation of energy (3.11) and g, the searched cooling profile. These self-
similar solutions are called homogeneous cooling states. The existence of
cooling profiles for the inelastic Boltzmann equation (3.10) has been obtained
in [85] although its uniqueness and stability properties are open problems. The
analysis of the homogeneous cooling states for the IMM (3.14) has been done in
20, 57, 58, 22, 25, 13, 29, 23, 24] and we will elaborate on this in Subsection 7.3.

Concerning the second question, we can introduce some sources of kinetic
energy in the system expecting that a compensation in the struggle between
dissipation-cooling due to inelastic collisions and excitation-heating due to some
mechanism leads to a possible stationary state. This principle was applied in
other simplified granular media models as in [7, 8, 43, 44] with success.

In these notes, we will treat two different heating mechanisms: stochastic
heating and a thermal bath of particles. In the stochastic heating we as-
sume that particles follow Brownian motion between inelastic collisions rather
than moving freely. This assumption at the level of the kinetic Boltzmann-type
equation results in adding A, f on the equation, that is,

af
E - Qe(fa f) + ebAvf' (42)

with 6, > 0 related to the temperature or variance of the stochastic process. This
term changes the dissipation of temperature to

2
0'(t) < —\/§1Te ()% + 20,

where we observe the possible compensation leading to a steady value of the
temperature. The Cauchy problem for equation (4.2) has been analysed in [63]
in which it is proved the existence of smooth solutions of the stationary prob-
lem answering affirmatively the existence of non-trivial equilibria. However, the
uniqueness and its asymptotic stability remain open problems too. In the partic-
ular case of the inelastic Maxwell model, we can consider the equation

TG prang (4.3

for which the dissipation of temperature becomes the identity:

/ 1—¢? 3/2
0'(t) =— 1 BO(t)* + 26,

which has the unique steady value of the temperature
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allowing for the possibility of the existence of non-trivial steady states. This
problem for (4.3) has been treated in [51, 21, 12, 29].

Another choice to heat the system up has recently been proposed in [14] based
on linear dissipative granular equations introduced in [98]. Here the particles of
the granular gas of mass m, called test particles assumed to be rarefied, are
immersed in a host medium of particles, called field particles assumed to be
denser, in such a way that they undergo inelastic collisions both with test and
field particles but with possibly different restitution coefficients. The distribution
of field particles of mass m; is assumed to be given by a normalized Maxwellian
distribution

3/2
m
M, = M(v,my, Uy, 0,) = (ﬁ) exp [ 296|v - U, |2}

with fixed mean velocity U, and temperature 6,. The interaction between the test
particles, whose evolution we are interested in, and the field particles or particle’s
bath is modelled through a linear collision kernel of the form

) = 25 [, [L1t0=w0-m) | 05) M) = 50 M) | i

with A > 0 being the ratio between the mean free paths of field and test particles,
ep the restitution coefficient of test/field particle interaction and (v}, w3} ) are the
pre—collisional velocities of the so—called inverse collision, which results in (v, w)
as post—collisional velocities (4.7). Test particles exchange momentum and energy
with the background even in the elastic case e, = 1, and this effect depends on the
mass ratio appearing in the pre-collisional velocities. Mass ratio will be described
by the dimensionless parameter

R, = — (4.5)

m+my’

where 0 < R,, < 1 excluding thus the peculiarities of the limiting cases of Lorenz
and Rayleigh gas.

The associated weak formulation of the linear dissipative collision operator
becomes as before

<0, Lo 2M/RB/W | e nl )My )[ () — go(v)]dndvdw (4.6)

with v = v — w and the post-collisional velocities given by

v, =v—R,(1+e)(u-n)n

(4.7)
wp, = w4 (1= Rp)(1+e)(u-n)n.

The linear dissipative collision kernel preserves mass while mean velocity and
energy change even in the elastic case e, = 1 due to the different masses of
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particles. The evolution equation for the distribution of test particles in the
homogeneous case becomes

QD+ L), (48)

The Cauchy problem and properties of this equation have not been studied yet
to our knowledge apart from the moment equations developed in [14]. It is not
known if this linear dissipative operator may prevent the complete cooling of the
system as for the stochastic bath case.

As for the nonlinear operator a further reduction is possible on the linear
dissipative operator by means of an approximation of the collision frequency.
The pseudo-Maxwellian approximation consists in replacing the relative velocity
u in the collision kernel |u - n| by a different vector U Q, where Q is the unit
vector in the direction of v — w, whereas U is a parameter independent of the
integration variables but possibly dependent on macroscopic variables. Actually,
due to consistency with the approximation done in the nonlinear case we will take
as typical collision frequency a multiple of the thermal speed, i.e., U ~ ii/0(t)
where 6(t) is the temperature of the distribution itself. In this case, the simplified
linear dissipative operator reads as

<o L) >= 2= /R | [0l @) ) [0) o) an dvdw (49)

with A = % It is also straightforward to write its Fourier version using Lemma
3.4 obtaining

() = / ol [FDNL(E) — fRINLO)] dn. (410)
with w = k/|k| and
{ kY =k — R,(1+e)(k-n)n (411)
kY = R, (14 e)(k-n)n,

while M, (k) is the Fourier transform of the background Maxwellian distribution,

M, (k) = exp {—iUb k— —|k|2}

Therefore, the Maxwellian approximation for the particles bath heating equa-
tion (4.8) reads as

Q)+ L) (4.12)

The study of the well-posedness of the Cauchy problem for f, € Po(R3) of the
Inelastic Maxwell Models (4.3) and (4.12) can be done analogously to Proposition
3.5 obtaining the existence and uniqueness of solution in f € C([0,00), P2(R?)).
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Another important characteristic of pseudo-maxwell models is that moment
equations are always explicit. Thus, we can write the collision changes of momen-
tum and energy giving the evolution for the mean velocity and the temperature
of solutions to (4.12)

= (U - T) (4.13)
% _— _462303/2 + \/5m6—]§2"(1 + )2 U — Uy|?
- @w {2- Ru(1+e)]0— (1 - Ru)(1+e)f}.  (4.14)
with

m

U= [ vf(v)dv and 9:—/ v —UJ? f(v) dv
R3 3 R3

for normalized densities to unit number density. We observe clearly the existence

of a unique stationary value for mean velocity U = U, and temperature = 6%

determined by

{1 —e? Ry (1+ )

_ Rn(1— Ry)(1+e)?
B+ o 2 — R,(1 +eb)]} 0% =

2\

6, (4.15)

As for the stochastic heating, this allows the existence of nontrivial steady states
in the particle’s bath case.

Let us finally mention that in the elastic case, e = ¢, = 1, this particle’s
bath thermostat was considered in [26] as a particular case of binary mixtures in
the weak coupling case. There, the existence of asymptotically stable stationary
solutions is obviously given by the Maxwellian with the equilibrium temperature.
The authors devote their findings to study the existence of self-similar profiles of
the system converging towards these stationary Maxwellians.

These questions: homogenous cooling states (4.1) for the Inelastic Maxwell
Model without external source of energy (3.14), stationary states for the sto-
chastic (4.3) and the particles bath heating (4.8) equations and their asymptotic
stability; will be discussed for the Inelastic Maxwell Models in next sections by
using the tools and techniques of probability metrics reviewed in section 2. Next
section will be devoted to one dimensional reduced dissipative Maxwell models
used not only in physics but also in economic models [88].

5 Omne-dimensional dissipative Maxwell models

In one—dimension of velocity space, while in an elastic binary collision particles
simply exchange their velocities and the Bolzmann collision operator for elastic
collisions disappears, the dissipative Maxwellian type Boltzmann collision opera-
tor Qe( f, f) is still a well-defined dissipative collision mechanism. Assuming that
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the coefficient in front of the integral in Q. is equal to one, the weak form (3.13)
now simplifies to

< e Q) >= [ 10 @) [e) = olo)] do (51)
In (5.1) the post-collisional velocities are given by:
v’—l(v—irw)—l—e(v w); w’—l(v+w) 6('0 w) (5.2)
2 2 ’ ) 2 ' '

A more suitable form of (5.2) can be obtained by setting the coefficient of resti-
tution e = 1 — 2, where now 0 < 7 < 1/2 is the dissipation parameter. In terms
of ~, the dissipative collision reads

= (1 —7)v+ yw; w' =3+ (1 —y)w. (5.3)

5.1 General one-dimensional mixing models

In form (5.3), the dissipative collision is a particular case of the more general rule
vV=pv+quw, w=q+pw; p>q>0, (5.4)

where the positive constants p and ¢ represent the interacting parameters, namely
the portion of the pre—collisional velocities (v, w) which generate the post—colli-
sional ones (v, w’). A one-dimensional Boltzmann type equation of the form

W Quuf 1) (5

based on this binary interaction has been first considered in [6], and subsequently
studied in [88]. The case p = 1 —+, ¢ = 7, however has been first introduced and
studied in [5] in connection with dissipative kinetic theory.

Without loss of generality, we can fix the initial density fo(v) € P2(R), with
the normalization conditions

/vfo(v) dv=0 and /U2f0(v) dv = 1. (5.6)
R R
The Boltzmann equation (5.5) in weak form reads
d
= [ efwndv = | f@)fw)]e0) = o) dodw.  (5.7)
R R?

One can alternatively use the symmetric form

% /Rf ()o(e) do = 5 [ FOF)(e0) + () = o) = p(w))dvdw. (58)
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A remarkable fact is that equations (5.7) and (5.8) can be studied for all values

of the mixing parameters p and ¢. Due to the fact that the nonlinear kinetic

equation (5.7) is one-dimensional in the velocity space, it allows a (relatively)

easy discussion, which will help to clarify how the various probability metrics

work. For this reason, we will discuss in the following equation (5.7) for general

values of p and ¢, reducing to the dissipative case p + ¢ = 1 only when necessary.
Choosing ¢(v) = v, (respectively p(v) = v?) shows that

mit) — /va(v,t) dv = m(0) exp {(p+ g — 1)t} (5.9)

Hence, since the initial density fo satisfies (5.6), m(0) = 0 and m(t) = 0 for all
t > 0. Analogously,

0(t) = /RUQf(U,t) dv =exp{(p”+ ¢ — 1)t} . (5.10)

Higher order moments can be evaluated recursively, remarking that they obey a
closed hierarchy of equations [9].

Note that the second moment of the solution is not conserved, unless the
collision parameters satisfy

g =1

If this is not the case, the energy can grow to infinity or decrease to zero, depend-
ing on the sign of p?+¢* —1. In both cases, however, stationary solutions of finite
energy do not exist, and the large-time behavior of the system can at best be
described by self-similar solutions. The standard way to look for self-similarity
is to scale the solution according to the ansatz

g(v,t) = VoW f (v/00),1) (5.11)

This scaling fixes the second moment
/ v2g(v,t) dv =1
R
for all £ > 0. Elementary computations show that g = g(v,t) satisfies
d 1 0
P9 d0 =3 (7 + ¢~ 1) [ (03 (vg) do
R v

dt Jz
+ [ a@a)e() = ee)dvdu. (512

Assuming that ¢ vanishes at infinity, we can integrate by parts the first integral
on the right-hand side of (5.12) to obtain

d Lo o /890
— - _ = -1 -
o R@(v)g(v,t) dv 5 (P*+¢—-1) . 5, 09(v) dv

+ [ swtw)ele) = ¢(w)dvdu (5.13)
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Instead of working with the weak form (5.7) for f ((5.12) for g) one can
equivalently use the Fourier transform of the equation (5.5) following Bobylev’s
change of variables [19]:

of(k N N A A PO
PO Q4. 8) oy =@ (7.7) 4 = ko) ~ FF0). (519)
The initial conditions (5.6) turn into f(0) = 1, f/(0) = 0 and f”(0) = —1 with
f € C%*(R). Hence equation (5.14) can be rewritten as

D) 1 jiht) = ok fab) (5.15)

Using the same arguments, one concludes that the Fourier transform of g satisfies

dg(k,t) pPP+¢—1 0§ .
ot o kg T a(k) = 3(pk)g(ak) (5.16)

Both equations (5.15) and (5.16) have been considered by Bobylev and Cercignani
in [22]. In particular, it can be easily verified that two cases are special from
others. The first one is the elastic case p* + ¢> = 1. In this case 6(¢) remains
constant, and the steady state (of temperature # = 1) of equation (5.15) is the
function fuo(k) = exp{—k2/2}, namely the Fourier transform of the Maxwellian

function . )
v
M(v) = —— 5.
(v) o exp { 5 }

The second distinguished case is the dissipative case p + ¢ = 1. Under this
assumption equation (5.16) has the explicit steady state (of temperature § = 1)

Goo(k) = (1 + [K|) exp{—|kl}. (5.17)

One can easily verify by direct inspection that the function (5.17) satisfies equa-
tion (5.16). This solution has been found independently by Bobylev and Cerci-
gnani in [22] by owing to the Fourier transform of the Boltzmann equation, and
one year before by Baldassarri, Marini Bettolo Marconi and Puglisi as similarity
solution of the Ulam model in [5]. The explicit form of the steady state §oo(k)
in the velocity variable can be obtained by remarking that its second derivative
satisfies the equality

Gl (k) = (=1 +|k])e ™ = —2e7* 4 g (k). (5.18)

Now, recalling that e ¥ is the Fourier transform of (m(1+ v2))”", called the
Cauchy density, (5.18) implies

2
2 _
U+ ) = s
that is
(v) = ——
ool 8] = (1 +v2)%
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5.2 The evolution of Wasserstein metric

The Fourier version (5.15) suggests that the positive part of the collision operator
is a convolution operator. In fact, the Boltzmann equation (5.7) can be rewritten

as af
azfp*fq_fa

where we used the shorthand f,(v) = (1/p)f(v/p). Using an argument first
introduced in [27], let us consider an explicit Euler approximation to equation
(5.15) X R K R

f(k,t+ At) = Atf(pk,t)f(gk,t) + (1 — At) f(k, 1).

In the physical space
flo,t+At) = At(fp = fo)(v,t) + (1 — At) f(v, ). (5.19)

Thanks to the convexity property vi) of Proposition 2.1, given two initial data f
and fJ in Py(R), with the normalization conditions (5.6), equality (5.19) implies

W2(fu(t + D), falt + A8)) < AWR((F1)p(8) % (F1)a0), (Fo)plt) 5 (£2)q(8))
(1= AYWE(fi(8), fo(). (5.20)

Moreover, thanks to the convolution property wii) and to the scaling property v)
of Proposition 2.1,

W ((F)p(t) * (f1)g(t), (f2)p(t) * (f2)4(1) < (0° + @ )W5(1(t), fo(1). (5.21)
Using (5.21) into (5.20) gives
W3 (fult + Ab), folt + A1) < (14 (07 + ¢* = 1)AL) WE(fi(1), fa(t)),
which implies

W3 (fi(t), f2(8) S WS (1 f9) exp {(p* + ¢* — 1)t} . (5.22)

Equation (5.22) implies the contractivity of the Wasserstein metric in case p* +
¢> — 1 < 0. Note that this is the case, among others, of the granular Boltzmann
equation, where p + ¢ = 1. On the other hand, since the scaled density g(v,t)
satisfying equation (5.13) is obtained from f(v,t) through the scaling (5.11), the
scaling property v) of Proposition 2.1 implies that Wasserstein metric is non
expanding also along solutions to equation (5.13) for all values of the mixing
parameters p and ¢, i.e.,

Wa(g1(5), 92(s)) < Walg1(t), g2(1)), 0 <s <t. (5.23)

Let us point out that the contractivity property obtained in (5.21) for the
gain operator of (5.7) can be obtained by a different method. In fact, the gain
operator acting on weak form can be written as:

(0@ (f. f)) = / / F(0) () (2, s gu) o s
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where 644, is the Delta Dirac at the post-collisional velocity v' = pv + qw. In
probabilistic terms, the gain operator is defined as an expectation:

;r,q(fu f) = fp*fq = E[apv+qW]

where V' and W are independent random variables with law f.

Let us take two independent pairs of random variables (V, X) and (W, Y) such
that ¥V and W have law f; and X and Y have law fy. From the convexity of W3
and the independency of the pairs, it follows that

W22( ;q(fl,ﬁ)a Q;):q(f27 fQ)) <E [W22(5PV+qW’5pX+qY)}

for any probability densities fi, fo € P2(R). Now, the last term is directly com-
puted as the euclidean distance of the two points pV + ¢W and pX + ¢Y, and
thus,

W3(Q (f1, [1), Q) (f2. f2)) SE[|p(V — X) + q(W = Y)?] .

Using independency of the pairs and taking the pairs to be optimal couples for the
Ws(f1, f2) in the probabilistic definition (2.2), we deduce finally the contractivity
property

W3( ;r,q(fl, fi) Q;q(fm ) < 0+ @)W5(f1, f2)

as in (5.21).

Remark 5.1 (Convergence without rate in W) As remarked by Murataand
Tanaka [86] and others, a functional having the contractivity property (5.23) can
be used for several applications. In particular, it can be used to obtain conver-
gence (without rate) towards the (unique) stationary solution for equation (5.16).
An application for the convergence to the Gaussian density in the central limit
problem can be found in [103]. This argument will be used later on to solve the
Ernst-Brito conjecture on global stability of homogeneous cooling states to (3.14)
without rate [29].

5.3 Strong contractivity in Fourier based metrics

The analysis of Section 5.2 showed that contractivity in Wasserstein metric for
the solution to equation (5.16) can be obtained as a simple consequence of the
various properties of the metric, outlined in Proposition 2.1. Thus, the same
conclusion can be drawn for the Fourier based metric dy, on the basis of the same
properties (see Proposition 2.9). In this case, however, we can obtain stronger
estimates, thanks to the convolution property v) of the same Proposition, which
now holds for any metric d,.

Let s > 0 be fixed. Given two initial data f and fJ in Py(R), with the
normalization conditions (5.6), let us assume that they have equal moments up
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to [s] if s ¢ N, or equal moments up to s — 1 if s € N. We consider again the
explicit Euler approximation to equation (5.15) given by

f(k,t + At) = Atf(ph.t) f(gk.t) + (1 — At) f (k. t).
Thanks to the convexity property iv) of Proposition 2.9, equality (5.19) implies

ds(f1(t + A), ot + At)) <ALds((f1)p(E) * (f1)q(L), (f2)p(t) * (f2)q(t))
+ (1= At)ds(fi(t), f2(t))- (5.24)

Moreover, thanks to the convolution property v) and to the scaling property i)
of Proposition 2.9,

ds((f1)p(8) * (F1)q (1), (f2)p(1) * (f2)o(1)) < (p° + ¢°)ds(F2 (D), fo()). (5.25)
Using (5.25) into (5.24) gives

ds(f1(t + At), fot + At)) < (1+ (p” +¢° = 1)AL) ds(f1(1), f2(1)),

which implies

ds(f1(t), f2(1)) < ds(f1, f2) exp {(p" +¢" — 1)t} (5.26)

As for the case of the Wasserstein metric, (5.26) implies the contractivity in
Fourier metric as soon as case p® 4+ ¢°* — 1 < 0, that among others, if s > 1 is
the case of the granular Boltzmann equation, where p 4+ ¢ = 1. But now we
have a flexibility in the choice of the constant s. Since the scaled density g(v,t)
satisfying equation (5.13) is obtained from f(v,t) through the scaling (5.11), the
scaling property i) of Proposition (2.9) implies that

ds(g1(t), 92(8)) < ds(f7, f3) exp {(p° + ¢" — 1)t} O(t) /2 (5.27)

Using (5.10) into (5.27), we finally conclude that, if ¢;(¢) and go(t) are two solu-
tions of the scaled Boltzmann equation (5.16), corresponding to initial values f}
and f satisfying conditions (5.6) and such that d.(f?, f) is bounded, then for
all times ¢ > 0,

S

du(or(8),92(t)) < exp { [0 +4" = 1) =

0 + a2 = V)]t dul(f0, ).
Let us define

S
Spals) =p"+¢ —1— 5 (p2 + ¢ - 1) : (5.28)

Then, the sign of S,, determines the behavior of the distance d,(g:1(t), g2(2)).
In particular, if there exists an interval in which S, ,(6) < 0, we can conclude
that ds(g:(t), g2(t)) converges exponentially to zero. Note that, by construction,
S,.4(2) = 0. The function (5.28) was first considered by Bobylev and Cercignani
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Figure 2: The white domain represents the region where the minimum of the
function S, , is negative for p,q € [0, 2].

in [22]. The sign of S,,, however was studied mainly for p = 1 — ¢, namely the
case of the dissipative Boltzmann equation. In Figure 2, a numerical evaluation
of the region where the minimum of the function S, , is negative for p,q € [0, 2]
is reported.

An almost complete study of the behavior of the convex function (5.28) has
been done in [88]. The main result reads

Theorem 5.2 (Contraction in d; for 1D Scaled Dissipative Models) Let
g1(t) and go(t) be two solutions of the one dimensional scaled Boltzmann equation
(5.16), corresponding to initial values f2 and f9 in Po(R), satisfying conditions
(5.6). Then, there exists a constant 6 > 0 such that, if 2 < s < 2+ 6, for all
times t > 0,

do(g1(t), g2(t)) < exp {=Cit} ds(f7, f3). (5.29)

The constant Cs = =S, 4(s) is strictly positive, and the distance d is contracting
exponentially in time.

Remark 5.3 (Granular Boltzmann Equation) In the main case of the gran-
ular Boltzmann equation, where p + q = 1, it can be easily verified by direct in-
spection that S, ,(3) = 0. This fact together with the convezity of S, 4(s) implies
that S, 4(s) < 0 for 2 < s < 3. In this case the Fourier metric ds is contracting
exponentially in time for all values of s in this interval.

These principles that we have seen working in one dimensional models will

be at the basis of the main ideas to derive contraction estimates in probability
metrics for more complicated IMMs.
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6 Contraction of metrics for IMMs

This section is devoted to show the main properties of the gain operators, both for
the nonlinear Q.(f, f) and the linear Eeb( f) dissipative kernels, regarding their
contractivity with respect to probability distances introduced in Section 2, the
Euclidean Wasserstein distance W5 and the Fourier-based distances dg, s > 0.

The results related to contractions in W are included in [29] while the ones
concerning the Fourier-based metrics are developed in [12, 13, 98]. Here, we
make a summary of the main ideas while improving and developping new results
compared to those references.

6.1 Contractions in W,

Given a probability measure f on R3, the gain operator is in fact a probability
measure Q7 (f, f) defined by

QU = [ [ 0 ) (U)o

where U, ,, is the uniform probability distribution on the sphere .S, ,, with center

Cow = 3(v+w) + 55(v — w) and radius r,,, = 2=|v — w|. The geometry of this
representation is sketched in Figure 6.1. In probabilistic terms, the gain operator

is defined as an expectation:

Qr(f, f) =E Uyw]

where V' and W are independent random variables with law f.

Figure 3: Gain operator as expectation over spheres.

Theorem 6.1 (Contraction of Q7 (f, f) in Wy) [29] Given f and g in Py(R?)
with equal mean velocity, then

3+ €2
4

Wa(QF(f, ). QF(g.9)) < Wa(f,g).
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Moreover, assume f and g belong to Po(R3) with equal mean velocity and tem-
perature, where g 1s absolutely continuous with respect to Lebesque measure with
positive density such that

3+ e2
4

Wa(QF (£, 1), Q7 (g.9)) = Wa(f, 9).

for some restitution coefficient 0 < e <1, then f = g.

Proof.- The main steps of the proof can be summarized as follows: Let us take
two independent pairs of random variables (V, X) and (W,Y) such that V' and
W have law f and X and Y have law g.

e Step 1.- Convexity of W2 implies

WH(QE(f, ). QF(g.9) = WH(E Uyw],E Uxy]) < E [W5 Uyw,Uxy)] (6.1)

where the expectation is taken with respect to the joint probability density
in R'? of the four random variables. Here, the independency of the pairs of
random variables has been used.

e Step 2.- The W distance between the uniform distributions on the sphere
with center O and radius r, Up,, and on the sphere with center O" and
radius r’, Uor -+, in R? is bounded by |0" — O]* + (' — r)%.

This is an estimate over the euclidean cost of transporting one sphere onto
the other made by explicitly constructing a map 7' transporting them,
Uor = TH#Uo,. Then, the transport plan Il = (1gy X T)#Up, given
by
J[ e dinw = [ a0 70) o, 0
R3 xR3 R3

for all test functions n(v,w), is used in the definition of the Euclidean
Wasserstein distance (2.1) to conclude

WQQ(Z/[OJ,UO/JJ) S |U — T(U>|2 duO’r(U). (62)

RS

Precisely, we define the map T : R® — R? transporting the sphere of
center O and radius r > 0 onto the sphere with center O’ # O and radius
r’ > r in the following way: consider the point {2 € R? given by

r

Q=0+ (0" = 0).

r—r

Then we let T be the dilation with factor ’"7/ centered at €2, that is, we let
T(v) =Q+ ’%(v — Q). The other cases, O' = O or ' = r, are done by simple
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Figure 4: Scheme of the transport map between spheres.

translations or dilations. We show in Figure 4 a sketch of the construction
of the map T in the case of non-interior spheres.

Inserting this definition of the map 7" in (6.2), we deduce

r—r

2
sz(uo,rauo',r')§< ) o — QP dUo, (v)
R3

that can be computed explicitly, giving
W22(UO,T7UO’,T’) < |Ol - O|2 + (T/ - T>2
and finishing the proof.

Step 3.- We now estimate the right-hand side of (6.1) by using the formulas
of the center and radii of the spheres given in (3.7) to deduce

W@@ﬂﬂﬂmﬁ@yﬂéi:%iﬁﬂUV—Xﬂ+Q%;XEWV—Yﬂ
PR -x) -y

where the Cauchy-Schwartz inequality has been used.

Step 4.- Finally, we take both pairs (V, X) and (W, Y") as independent pairs
of variables with each of them being an optimal couple for the Ws(f, g) in
the probabilistic definition (2.2) of W5 to obtain

3+¢€? 1—e?
W3 (f. ) +

W3(QF(f, ). QF(g.9) <

due to independency and having equal mean velocity.

Step 5.- The identity case is equivalent to say equality in the Cauchy-
Schwartz inequality used in Step 3, and thus,

V-w X-Y

V-W| |X-Y]|

54



almost surely in the above notation. Then, since g is absolutely continuous
with respect to Lebesgue measure with positive density, one can proceed as
in [101, Lemma 9.1] to show that f = g.

We refer for a more detailed proof to [29]. O
Let us deduce an analogous property in the case of the linear operator ﬁeb( ).
In order to do this, it is better to rewrite the weak formulation with a different

parametrization of the collisions like in the nonlinear case. In fact, coming back
to its weak formulation in (4.9) and using (3.5), we deduce

<ol 2m/ﬂ@/ﬂ@ [ 2 nls@ o) — o) dndv dw
_ v / | 2(m ) F0)0) [ol01) — ()] dn o

AM/M/RS @) )[( 1y - go(v)]dadvdw (6.3)
with
v = (1 —x)v+ xw+ x|u|o

X w Now, splitting the operator as %* (£+ (f) — [igb (f)), the gain
part L (f) can be written as

with y =

(L5 = [ [ 100 M0) (0.240) dvd

where U, ,, is the uniform probability distribution on the sphere S, ,, with center
Cow = (1=Xx)v+xw and radius 7, ,, = x|u|. Again, we can express the probability
measure L7 (f) as an expectation given by

ﬁ;(f) = E [Uyw]

where V' and W are independent random variables with laws f and M, respec-
tively.

Theorem 6.2 (Contraction of ﬁjb(f) in Wy) Given f and g in Po(R3?), then

14+ [1— Rn(1+e)]
2

W3(LE(f), L] (9) < W3(f,9).

Proof.- This result follows the same steps as in Theorem 6.1. Let us now take
two pairs of independent random variables (V, X) and (W,Y’) such that V' has
law f, X law g and W and Y with law given by the fixed background Maxwellian
distribution M,. Again, convexity of W2 implies

Wf(fib(f), Z:,,(Q)) = W3(E [Uvw] EUxy]) <E[WiUvw,Uxy)] . (6.4)
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Step 2 in Theorem 6.1 implies that the right-hand side of (6.4) can be estimated
as

WH(LE(), L (g) < (1 =2x+2*)E[|V — XP]+2°E [|[W — Y|?]
+ (X =3 *)E[(V-X)-(W-Y)]

where the Cauchy-Schwartz inequality has been used.

Now, let us take (V, X) an optimal couple for the W(f, g) in the probabilis-
tic definition (2.2) of Wy and (W,Y') an optimal couple for the Wa(M,, M,) =
E[|W — Y]?] = 0. By independency, we deduce

E[(V-X)-(W-=Y)]=0

since W and Y have the same law given by M,. Summarizing, we have shown
that

WS(LE (), LE(9) < (1=2x +2x°) W3 (f, 9)

as desired. O

6.2 Contractions in d;

Now, we will obtain analogous properties with the Fourier-based distance ds.
Taking into account that the scaling and convexity properties of W3 and ds
are the same from Propositions 2.1 and 2.9, it would be natural to get similar
constants for the contractions in dy as for W3.

Theorem 6.3 (Contraction of Q7 (f, f) in dy) [12] Given f and g in Py(R?)
with equal mean velocity, then

BT £).0F 9. 9)) < = d(f.g).

Proof.- The main steps of the proof are:

e Step 1.- Using the Fourier representation formula in Lemma 3.4, we deduce

—_—

QD0 - Grlet) 1 [ [Jh)5k) )it ,
|[? A s k[
for all k£ € R3 with
1+e 3—e 1+4+e
k.= 1 (k—|klo) and ki = 1 k+ 1 |k|o .
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e Step 2.- We now estimate the integrand as

(k) = g(k)| | (2 + [k f?
Sp{ R }( R >

E |2+ k. |?
— d(f,9) (%) |

Fo) f(ky) — g(k_)g(ky)

and thus

(@ (.01 < - [ (EEHEL

— 47 S2

)dadg(f,g).

e Step 3.- We observe that % is a function of the angle between the

unit vectors k/|k| and o and that

2 2 2
[::L |k_|* + | k| dU:e +3_
47T S2 |k|2 4

In fact, we can compute

2
|k_|? = |k|? (116> 2(1—(30519)

) L1 (3=e\* [1+e\° 3—¢\ [1+e
|ky|” = |K| 1 + 1 +2 1 1 cos ¥

where 1 is the angle between the unit vectors k/|k| and o. Therefore

1 (7 1+e)?
[—5/0 {( 1 ) 2(1—00519)
+ 3¢ 2—1— 1+e 2+2 3¢ 1t+e cos p sind dd
4 4 4 4

™ 2 _ 2
:1/ {e +3+(1+6§1 ©) cosﬁ}sinﬁdl‘}:e +3. (6.6)
0

(6.5)

2 4 4

Putting together previous estimates we get the contraction in dy with the same
constant as W2 as desired. [

Now, let us see that we can also control Fourier-based distances with exponent
2+ «, with a > 0.
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Theorem 6.4 (Contraction of Q7 (f, f) in dyyo) [12] Given f, g € Paio(R?)
with equal moments up to order 2 + [«a], then there exists an explicit constant
Ala,e) >0, A(a,e) 3262 as o — 0, such that

d2+Ol<Q~e+(f7 f)v@j(gvg)) < A<O‘ae) d2+a(f7 g)'

Proof.- As in the proof of the previous theorem, we compute

O (f. k) — OF (g, 9) (k)

fEDF7) = 4k Dg(k7)

|2+ ~ An k2T o
(k) — g(k)]
S A(Oé, 6) sup W

kER3

where A(a, e) is given by

PP B N R

do (6.7)

and A(a,e) < A(0,e) = (e? 4+ 3)/4 < 1 for each restitution coefficient e # 1. In
fact, it can be checked by inserting the expressions of k_ and k, into (6.7) that
24a
24«

A(a’e):%/oﬂ (116)22(1—00“9)] 2

(2 () () (5]
e\ 1= ()"

(5 ) - (5 ]

giving the value of the contraction constant. [

+

B 2
A+

Finally, let us analyse the contraction properties in Fourier distances of the
linear operator L7 (f).

Theorem 6.5 (Contraction of ljjb(f) in d,) Given f and g in P,(R?), with
equal moments up to order [s|, then there exists an explicit constant B(s, ey, Ry,)
such that

ds(L3,(f), L£2,(9)) < B(s, e, Ri) ds(f, 9).
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Proof.- As in the proof of previous theorems, we compute

Co(HR) - Ct@m) | 1 L) = gk
‘k‘s - % g2 |w ’ 7’L| - |k"8 + Mb(k£> dn
I kLS k) — a(k)|
< (5 Lol an) s F0
— B(s, es, R ds(f, 9) (6.8)

with w = k/|k| and
=k —R,(1+e)(k-n)n
kKt = R, (1+e)(k-n)n,

from which .
[k l?
||

with the shortcut x = M. Inserting this into (6.8) we find

— (1= 4x(1 = y)|w - n2)*"?

B(s,ep, Rin) = / |cos | (1 — 4x(1 — x) cos® 19)8/2 sin ¥ dv
0

2 s+2)/2

since 4x(1 —x) <1. O

Let us remark that in the previous theorem we find for s = 2 that

2
B(2,ep, Ry) — 11 R;”(Heb)] ,

and thus, the contraction constant for ds of ﬁjb( f) coincides with the one for W3
obtained in Theorem 6.2.

Remark 6.6 (Open Problem) In view of the preceding discussion on contrac-
tions for metrics of order dyi,, it naturally arises this question for Wasserstein
metrics of higher order Wy, ,. Even in the case of even natural numbers, we do
not know if the gain operators are contractive for Wo, . Actually, it was already
mentioned in Remark 2.10 the difference between the convolution properties of dy
and Wy. The computation in that remark is at the heart of why a similar proof
to Theorem 6.1 cannot be done for Wy, and we leave the reader to check it.
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7 Consequences on solutions of IMMs

In this section, we will use the contraction estimates on the gain operators to ob-
tain information about the asymptotic behavior for the different Inelastic Maxwell
Models introduced in Section 4: equations (3.14), (4.3) and (4.12). In fact, the
global strategy that we will use can be summarized as follows:

Step 1.- Contractions in the distances W5 or dy for solutions of these equations
together with uniform in time propagation of certain moments imply the
existence of steady states in these models.

Step 2.- As a first consequence, they also imply a rate of decay towards the steady
state in the probability metrics W5 or ds, and thus in a weak convergence
setting taking into account the equivalences discussed in Section 2.

Step 3.- Uniform in time propagation of regularity and decay in dy imply decay
in L? and homogeneous Sobolev norms by the interpolation inequality in
Proposition 2.23.

Step 4.- Uniform in time propagation of moments and decay in L? imply decay in
L' by using Lemma 2.24.

This whole strategy was applied in [12] for the IMM with stochastic forcing
(4.3) using the dy distance as starting point. The first two steps of the strategy
were developed in [13] in the case of homogeneous cooling states (4.1) for the IMM
without external source of energy (3.14). Finally, this whole strategy is shown
here to be applicable in the case of the particle’s bath heating equation (4.12).
Let us finally mention that this strategy had its roots in [62] and subsequent
works, and it was already mentioned in the nice survey on the mathematics of
granular materials by C. Villani [107]. A nice review of related techniques can be
found in another paper of the Porto Ercole summer school lectures [36]. Finally,
let us mention that the contractions in optimal mass transport and Fourier-based
metrics can also be obtained for the inelastic Kac model introduced in [91], and
similar conclusions on the asymptotic stability can be drawn, see [91, 29] for full
details.

7.1 Stochastic heating IMM
7.1.1 Existence, Uniqueness and Stability of Steady States

Let us consider the diffusive version (4.3) of (3.14). The first observation is that
the temperature of solutions of (4.3) is given by the ODE:

/ 1—¢? 3/2
0'(t) =— 1 BO(t)>'= + 26y, (7.1)
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and thus, it depends on the initial data only through the initial temperature
f,. Thus any two solutions with equal initial temperature will have the same
temperature for all times. Now, we change the time variable to

ngfotmdw

with £ = 1 _862 and we are reduced to analyze
af = F 3+ @2 A 79
L= B S) - S+ O () Auf (72)
with Py
0*(1) = ?b [9(7’)}_1/2.

Let us show the contraction for solutions in Wj.

Theorem 7.1 (Contraction in W) [29] If f1 and fs are two solutions to (7.2)
for the respective initial data f{ and f9 in Py(R3) with equal mean velocity and
temperature, then

WE(fi(1), fa(1)) < 7T W3(f1, f3) (7.3)
for all 7 > 0.

Proof.- The main steps of the proof are:

e Step 1.- We write a Duhamel’s representation of the solutions with a fixed
temperature evolution. It is not difficult to deduce by a standard Fourier
transform procedure that the solutions satisfy

T

f(r,v) =e 7 (f« Losiny)(v) + E/o e Elr=9) (F(s) * Pysir)—x(s)) (v) ds

= e BT f(r,0) + E/ e E=9) (1, 5,0) ds,
0

where F = Q} (f. f),

o 7 2 . 1 —|v|?/2a
N(r) = /0 Os)ds and () = e

is the centered Maxwellian with temperature a > 0.

e Step 2.- We use the convexity of the squared Wasserstein distance and its
non-increasing character by convolution with a given measure, see Proposi-
tion 2.1, to imply that
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W3 (f1(7), fo(7)) <€ FTWE (i), fo(7)) + B /0 ;*E(T*S)Wf (Fi(7.5), Fo(7, 5))ds

< e TR 1) + B /O eI WS (Fi(s), Fals)) ds.

e Step 3.- We now use the contraction of the gain operator in W5 obtained
in Theorem 6.3 to deduce

W2 (). o) < e WER 9+ B [P0 2EE W), o)) ds

e Step 4.- Finally, the function y(7) = ef" W2(fi(7), f2(7)) satisfies the
inequality

3+ ¢? 7
y(1) <y(0) + 1 E/ y(s)ds
0
and then y(7) < y(0) e’ by Gronwall’s lemma with v = (3 + ¢?) /4.
This concludes the argument since (1 — ) E =2. [

The previous result implies a contraction in original variables.

Corollary 7.2 (Contraction in W, in original variables) If f; and fy are
two solutions to (4.3) for the respective initial data f{ and f9 in Py(R?) with
equal mean velocity and temperature, then

_e2
WECH (D), (1) < e F CTWER, 1)
for all t > 0 with Cy depending on the initial temperature 6(0) and O

Proof.- Tt is straightforward based on (7.1) that the temperature 6(t) of any
solution f in the original time variable ¢ converges towards

oo = (ﬁ)m

as t — 00, and satisfies () > min(6(0),0). In particular

B [! Ch
-2 > 1
T E/ VO(s)ds > Et

if C; = B min(#(0),0s)"/2. Writing (7.3) in the original variable ¢ for initial data
with equal mean velocity and temperature, we recover the contraction property

Wz(f1(t), fg(t)) < WZ(flo, f20) 671746 Cit
for the solutions of (4.3). O

Let us know use this contraction to deduce the existence of stationary states
by a dynamical proof. In fact, we can state the following abstract lemma.
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Lemma 7.3 (Dynamic proof of existence of Steady States) Given a com-
plete metric space (M,d) and a continuous semigroup {7 (t)}i>o : (M,d) —
(M., d), for which there exists 0 < L(t) < 1, for all t > 0, such that

d(T(t)(x), T(t)(y)) < L(t) d(z,y)

forallt >0 and x,y € M. Then, there exists a unique stationary point T, € M,
ie., T(t)(Too) = Too for all t > 0.

Proof.- A direct application of Banach fixed point theorem ensures the exis-
tence of a unique fixed point z(t) € M, eventually dependent on ¢, to each 7 ()
for all t > 0.

Let us define zo, = o (1). The semigroup property implies easily by unique-
ness of the fixed point for each ¢t > 0 that x.(t) = = for all rational numbers
t > 0. Finally, the continuity in time of the semigroup shows that x., should be
a fixed point for all £ > 0. Again by uniqueness of the fixed point for each ¢t > 0,
we achieve the result. O

Let us remark that a variant of this lemma allowing the use of Schauder-
Tychonoft’s fixed point theorem has also been used in the proof of the existence
of steady states for hard-spheres inelastic Boltzmann and coagulation equations
by a number of authors [2, 4, 59, 63, 85] and references therein.

Corollary 7.4 (Existence, Uniqueness & Stability of Stationary States)
Equation (4.3) has a unique steady state fs in Po(R3) with zero mean wvelocity

and temperature
8 2/3
o= (S )
B(1 —¢?)

Moreover, given f any solution to (4.3) for the initial data fo € Po(R3) with equal
mean velocity and temperature to f., then

1—

W2(F (1), foo) < e CTWE(fo, o)

for allt > 0 with Cy depending on the initial temperature 6(0) and 6.

Proof.- Remark 2.3 shows that the set

My, = {,u € P,(R?) such that / lv2df (v) = 3900} ,
R3

endowed with the distance W5 is a complete metric space. It is easy to see that
the subset

My, = {,u € Py(R?) such that / lv2df (v) = 30, and / vdf(v) = 0} :
R3 R3
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is a closed subset in W3 using Proposition 2.1. Then, let us take as complete
metric space (M, d) = (My,,Ws). Let us consider the flow map of (4.3), i.e.,

T(t) : (Mo, Wa) — (P2(R?), W),

for any time t > 0, given by 7 (¢)(fo) = f(t) with f(¢) the unique solution at time t
of (4.3) with initial datum fy € My_. Then, 7 (t) is a continuous semigroup from
M. onto itself due to the adaptation of Theorem 3.5 to (4.3), the conservation
of mean velocity and the conservation of the steady value of the temperature ...

Theorem 7.2 proves that 7 (¢) is a uniform contraction from the complete
metric space (My_, W) into itself with contraction constant

_e?
Lt)=e "7 9 < 1.

Therefore, Lemma 7.3 ensures the existence and uniqueness of a unique steady
state in (My__,Ws). The last assertion is a simple consequence of Corollary 7.1
by taking one of the solutions the stationary state we just obtained. [

As a simple corollary using the average control in Corollary 2.4, we deduce:

Corollary 7.5 (Exponential Convergence of Averages) Given f any solu-
tion to (4.3) for the initial data fo € Po(R?) with equal mean velocity and tem-
perature to f., then

[ e 0) = o) de] < Lo F S )

for allt > 0 and any p € Lip(R?®) with Lipschitz constant L.

We would like to mention that the existence and uniqueness of stationary
states for the IMM with stochastic heating (4.3) was first addressed in [51] by di-
rect fixed point arguments. Later, it was obtained in [21] with spectral techniques
using a detailed study of the linearized operator in Fourier variables.

7.1.2 Moment bounds

Further properties of the solutions and in particular of the stationary state can
be obtained. Let us start by controlling the tails of the distribution.

The exact evolution equations for moments of order higher than two has been
done in [21], see also [20], only in the simpler case of isotropic solutions. For
non isotropic moments formulas were written in [21] up to third order. The
computation of the evolution of the moment of order 4 can be found in [29,
Appendix]. All non-isotropic moments are in principle explicitly computable but
they give rise to cumbersome recursive formulas. The objective of this part is to
show uniform in time control up to infinity of all moments of the solutions.
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Lemma 7.6 (Evolution of second moments) [39, 21] Let f be a solution to
(4.3) with unit mass, zero mean velocity and initial second order moments bounded,
then f has finite second order moments for any t > 0, and

cclit fw)vv; dv = — (1—|—e B\/ /f v)v;v; dv

1+e\? 3

for any t > 0.

Proof.- By multiplying (4.3) by v;v; and integrating we get

5 | o =2 forw [ ] sorsuis; - o] dodode

+ Qb/ v;v; A, f dv.
R3

Using the post-collisional velocities (3.7), we have

5 | o= Zforo [ [ L2f<v>f<w>{ (326)2 1

1+e\? 9
+ (U)Z‘U)j + v — w| 005 + [v — w|(w;o; + wjai)>

V;Vj

(3+2€—€2
+ -

G )(inj+ wv;+|v — w|(vioj + vpﬁ)}dadvdw

+ (5@' 2 Hb.

Evolution equation (7.4) is then obtained imposing zero mean velocity and unit
mass. U

We show an explicit inequality for the time evolution of moments of any order
for general solutions, which leads to a uniform bound in time of these moments, in
terms of the moments of the initial value. To simplify notations, in what follows
we denote

o () = /R Fo,O)of dv,

for any r € N.

65



Lemma 7.7 (Uniform in time moment estimates) [12] Let f(t,v) be the so-
lution to equation (4.3), where the initial distribution fo(v) with zero mean ve-
locity satisfies ma,.(0) < oo for some r > 2. Then, mq,(t) satisfies the following
differential inequality

Sma(t) < B mf>F;f7mMﬂ+mW1wwum

(7.5)

——Z < ) Ma(r—i (f)mm(t)]

+ 0y (2r + 4r%)ma—1 (1).

Consequently, mo,(t) is uniformly bounded in time provided ms,.(0) < co. As a
consequence, all moments of stationary solutions are bounded.

Proof.- Elementary computations using the collision mechanism (3.7) show
that

1 — e?

0> [0/ + [ = o]* = |w]* = ——

[[v—w]—|v—w|(v—w) o], (7.6)

and
WP+ [P > e (o] + [w]?) . (7.7)
Inequality (7.7) follows from (7.6). In fact, since

0< [lv—wf —|v—w|(v—w) o] <2lv—w]?

we obtain

1—e?

[0 P[] = o+ |w]*— o—w]* = |v+w| +5 |v wl* > e (Jo]” + Jw]?) .

Choosing ¢(v) = |[v[*", 7 > 2, in the weak formulation of the operator Q.(f, f) in
(3.13), we obtain

(WP, Qc(f. ) /3/3 g f(v |v'|2r + '[P — v + |w|2r] do dv dw
RrsJrs.J 52

// FO)£@) [0 + ) = (of + )] do dv
R3JR3.J 52

( ) 87r/Rg/RS szf [|v|27" D w2

— [o']ArD |w’]2l] do dv dw
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from which

(0], Qe f, f)) =< 87T/RS/RS w7 (|v 2 4 w2 — (jof? + |w|2)r]dadvdw

+ = 2{:( )7n2rl7nm (7.8)

Taking into account (7.7), we obtain

1
Fim g [ 0P+ WPy = (o +opY o
T Jg2
o o ) ! ) L1 )1
- —/ o P o 2= (o 2 fwl) | 3 [P o2 wl?] do
=0
from which
1 r—1 e
I S _/ []v’|2—|—|w’\2—(|v\2—|—\w\2)} 62(r7171) [|v[2—|—]w]2] do
8 S2

1_€2r

r—=11]
i [|v|2+|w|2] 8_71'/52 Uv—w|2—|v—w|(v—w).a} do

1—e™r 2"t 2
[0 + ] o —wl (7.9)

Thus, inserting (7.9) into (7.8) we obtain the inequality

-1
(ol Qe(f. f) F)f @) [0 + o] o — wldo dw
R3 JR3
. 1 r—1
9 M (r—1) 21
=1
Finally, since
r—1
/ f(v [|v|2+ |w| ] lv — w]*dv dw
R3 JR3
/ f(v [|U]2 T 42D } [v — w|Pdv dw = 2ma, + 2ma(—1)me
R3 JR3

where zero mean velocity of the solutions has been used, we get

2( )mQ(T-lmQZ (7.10)

1_621"
4

N)Ir—t

(o, Qe(f, f)) <~

(m27“ +Ma(r-1) m2
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To conclude the proof of the differential inequality for moments, consider that
/ [ A f dv = (2r + 47“2)m2(r—1)- (7.11)
R3

Then, in order to show that my,(¢) is uniformly bounded in time, one rewrites
inequality (7.5) as

%m%(t) < — Ay (t)ma(t) + By(t),

1= ma(t)
Ayft) = By ™2

and B,(t) depend on moments up to the order 2(r — 1).

The proof follows by induction. The second moment my(t) is uniformly
bounded away from 0 and from oo in time since the temperature is so due to
(7.1). This implies that 0 < A, < Ay(t) < A* for all t > 0. Moreover, B(t) is
uniformly bounded in time, B;(t) < Bj, and, consequently, M4(¢) is uniformly
bounded,

where

ma(t) < max {m4(0),%}.

Recursively, the proof can be extended to any r > 2.

The last assertion regarding the boundedness of all moments for stationary
solutions to (4.3) follows from previous arguments by neglecting the time deriv-
atives. 0

Now, let us show a further contraction property of the solutions to (4.3).

Proposition 7.8 (Contraction in dy.,) [12] Given o > 0, f; and fy solutions
to (4.3) for the initial data f{ and f3 in P2(R®) with equal moments up to order
24 [a] if a ¢ N or a =0, or equal moments up to order 1 + « if « € N with
a > 1, then

d2+a(f1 (t)v f2 (t)) S d2+o¢(f{)7 fg) e_(l_A(a76))Clt>
for allt > 0.

Proof.- The main steps of the proof are:

e Step 1.- Let us remind that the temperature of both solutions f;(¢) and
fa(t) is equal to 0(t) solution to (7.1), since they are equal initially. Using
the Fourier transform expression of Q.(f, f) in (3.17), equation (4.3) can
be written in Fourier as

o= 20 [ Lk - Fa0(eR) o - 0,2, (7.12)
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or equivalently
= BVAW QLD - 1] - b,

Step 2.- Taking the expressions of the two solutions fi(¢) and fo(t), sub-
tracting them and dividing by |k|*T® with k£ € R, we get

k) = falk) _ s Q2 U £ = @F (. F)(B)

2+« 24«
|| ||

9
g

/A k) = f2(k) f1(k) = fa(h)
’k’2+a 0 ‘MQ ’k’?Jra ’

Step 3.- Let us set ) )
fi(k) — fa(k)

h(t7k) = |k’|2+a )

the last identity implies

Ouh(t, k) + (BV/OTE) + 6, [k[?) hit. k)| < BV/O) Al ) dasalfi, 1)

where Theorem 6.4 has been used. This is equivalent to

o, {h(t, k) exp (B /Ot JO(s) ds + |k:|29,,t)] ‘

< B\O(t) A(a, ) doro(f1, f2) exp (B /Ot VO(s) ds + |k|*6, t> .

Integrating from 0 to ¢, we deduce

‘h(t, k) exp (B /Ot VO0(s)ds + |k|20bt>‘ < |h(0, k)| +
A(ae) [ VI a0 e (B [ VOGTds + 047 dr

from which

exp (B /Ot \/@ds> \h(t, k)| < |h(0, k)| +
Aae) [ VT deralir). e o (B [T ds)
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Since the above inequality holds for all values of the variable & € R, we
finally conclude

exp (B/O Vo(s) dS) daa(f1(t), 2(t)) < dara(f), f2) +

t T
B A(a,e) / VO(T) doyo(f1(T), fo(T)) exp (B/ VO(s) ds) dr.
0 0
e Step 4.- The final step is to use a Gronwall’s like lemma. Denoting by

w(t) = oxp <B / t mczs) o F1(8), Fo(1),

we write the last inequality as

w(t)gw(0)+BA(a,e)/o O w(r) dr.

By the generalized Gronwall inequality, this implies

u(t) < w0 (Batw.e) [ Vo),

namely
dara(f1(t), f2(t) < dava(fY, f2) exp <—(1 - A(Oéae))B/O Vo(7) dT) :

As before 0(t) > min(6(0), 0 ) from which the desired result follows. O

Remark 7.9 (Existence of Stationary States) Corollary 7.4 can also be ob-
tained from previous Proposition 7.8 for o = 0 and moment bounds of order
2+« from Lemma 7.7. Let us consider the metric space X, v given by the set of
probability measures f € Poyo(R?) such that

/ vdf(v) =0 / v; vy df (v) = 000y
R3 R3

and
/ lv[*T* df (v) < M.
RN

Proposition 2.7 shows that the set X, y; endowed with the distance dy is a complete
metric space. Lemma 7.6 and Proposition 7.8 for a = 0 with well chosen M shows
that X, ar is invariant along the semigroup of the flow map associated to (4.3).
Using Lemma 7.3 analogously to Corollary 7.4 we conclude.
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A simple consequence is the asymptotic stability in do,,, distances.

Corollary 7.10 (Decay rates in dyy,) Given o« > 0 and f any solution to
(4.3) for the initial data fo € Po(R3) with equal moments up to order 2 + [a] if
a ¢ N ora =0, or equal moments up to order 1 + « if « € N with o > 1, then

oo ((1), foo) < dasa(fo, foo) e~ mA@eNCE

for allt > 0.

Let us remark that the previous result shows that as long as the initial data
has more common moments with f,, the decay rate improves since A(a, e) \, 0 as
« /" 0o. This phenomena happens in other situation like the diffusion equations
both linear and nonlinear, cf. [68, 41, 35].

Corollary 7.11 (Evolution of any moment) Given o > 0, f; and fy solu-
tions to (4.3) for the initial data f) and f3 in Py(R3) with equal moments up to
order 2+ [a] if a ¢ N or equal moments up to order 1 + « if « € N, then

/ VP df1(t,v) :/ VP dfa(t, v)

for allt >0, and any multi-index § with |G| <2+ [a] if a ¢ N or |B] <1+« if
a e N.

The previous result is a simple consequence of the contraction estimate in
Proposition 7.8 since the distance doiq(f1, f2) is not finite unless moments of f;
and fo are equal up to order 2 + [o] if « ¢ Nor 1 + a if « € N. Now, we
can improve the decay distance in Proposition 7.8 for d, allowing different initial
temperature.

Corollary 7.12 (Improved decay of the dy distance) [12] Any solution f(t,v)
of (4.3) corresponding to an initial density with unit mass, zero mean velocity and
finite initial temperature, converges exponentially towards the steady state fuo(v)
in dy distance. More precisely, there exist constants Cy,Cs, C3 > 0 such that

1—

do( (1), foo) < dalfo, foo) €™ T 1 4 G, (7.13)

for allt > 0.

Proof.- Since now the evolution of the temperature for both solutions is dif-
ferent we define z(t) by the relation 0(t) = 0 z(t). The proof follows the same
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steps as in Proposition 7.8 and we just sketch it here leaving the details to the
reader. Given k € R2, we write

0 f(k) = foolk) _ B3 » Fk)f (k) = foolko) foo(ky)
o P At (t)/sgl 2

_JOF k) ~ foo<o>foo<k:>] o
[RP

— 0, WW + 6, (z%@) - 1) Fo (k).

Using the same arguments as in Proposition 7.8, we deduce

(e, ) + (B 220+ 0, k) bt )| < 255 Bok 240 (1)l + 00
where . .
h(t, k) = W and () =6, |22(t) —1(.

Proceeding again as in Proposition 7.8, we obtain

exp (3 ego/O A(s) ds) 180t Moo < 11700, oo + B(2)

2 t T
+ 5 _Ze B@éo/ Z%(T) 1A (7, )| oo exp (B Hoéo/ z%(s) ds) dr,
0 0

(1) = /Otgp(f) exp (B 02, /OTz%(s) ds) dr.

By the generalized Gronwall lemma, denoting by w(t) the same quantity as in
Proposition 7.8, we finally conclude that

where

w(t) <w(0) exp (3 Z‘?Q BoL /Otzé(f) dT)

¢ 3+ e? 1ot LT
+/ exp( 1 Bé’go/ 22(s) ds) o(T) exp (B 930/ 22(s) ds) dr.
0 T 0

2

It e < (0, )l xp (—1‘46 BoL / z%<s>ds) - u()

Hence
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where

vty = [ oo (-5 mok [ He)as) ar

To finish the proof, it suffices to show that W(t) decays exponentially fast as
t — oo. This is just an exercise in calculus and estimates on the solutions of the
differential evolution for the temperature (7.1), see [12] for full details. O

7.1.3 Propagation of Regularity

We will need to estimate the evolution of moments in Fourier variables. Let us
remind we follow the notations introduced in Section 2.6 for homogeneous Sobolev
spaces. Given a solution to (4.3), we compute the evolution of the quantity

O any = [ 16170

to obtain

d . 1 A ) )
i L W at =2 | [ i) 0 do

|k|2wf<k>12dk] — o0, [ PEGRP R, (71
R3 R3

where z¢ is the complex conjugate of z. Let us start by estimating the contribution
of the first term.

Lemma 7.13 (Estimate on Regularity contribution of QF(f, f)) Given a
function f € H"(R3), then there exists C'(r,e) > 1 such that

[ [ e fooieio >dadk‘<4wore [ i a
R3 JS2

Proof.- We obviously have

Ik\Q’”f(/f—)f(h)fc(k)dadk‘ / (K27 (R)ILf (ki ) ILF(R) | do dk

< [ [ do e

1
N 2
<V e | [ [ 1700 o

Now, we can change variables from k to k; to get the identity

//!k!”"\f \Qdadk—//\kﬁ’“\f \Z—dadm
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Thanks to the formula
dky  (3—e\” 3—c ltck-o
dk — \ 4 4 4 k|

3—e\’[(1—e¢ dk, 3—e\’
< < .
4 2 — dk — 4

This estimate together with |ky| > 15¢|k| from (6.5) imply

we deduce

. dk 2\ A dk
E* | f(kp)|? ——dodk, < | —— ko |?| f(ky)|? — do dk
[ Lowetiwor g aoan < (20) [ ] foop oF do .

2 \” 1287
< 2
- (1—6) (3—e€)2(1—e) Hf”HT(R?’)

Putting together the above estimates, we get the desired result with

4 9 r+1/2 4
C = =
(r.) 3—6(1—6) )

for all valuesof r >0 and 0 <e< 1. O

Using previous lemma in (7.14), we obtain the differential inequality

G | IRk < 2BV~ [ kP b

9, / K221 F (k)2 d.
R3

Hence, if Z,(t) = || f(t)[|%,., Z-(t) satisfies the inequality

IS

Zc;t(t) < 2B+\/0(t) [C(r,e) — 1] Z,(t) — 205211 (t). (7.15)

The desired result follows from (7.15) by virtue of the following Nash-type in-
equality:

Lemma 7.14 (Nash-type inequality) Let f € H™Y(R3) N P(R?) with r > 0,
then f € H"(R®) and

(2r+5)/(2r+3)
) (7.16)

I Fllrss ey 2 er (1 lr e
1\ 2 @+3) /o +3 (2r+5)/(2r+3)

e = | — :
2 2r+5
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Proof.- For any constant R > 0, we obtain the bound
A A 1 N
[oweiwraes [ pEiwP e [ iR
R3 [k|<R R

|[k|>R

Since f is a probability density, |f(k)| < 1. Hence

A CRICIRE / K" dk = 4n

|k|<R 27’+3

2r+3

By hypothesis, f belongs to H"+1(R?). This implies the inequality
R2r+3 1

171y < A7 + 2l (7.17)
Optimizing in R now yields the result. O
We use inequality (7.16) into (7.15) to obtain
dZ
< 2B\/6(t 1] Z,.(t) — 26,c, (Z,(t)) @2/ @res). (7.18)

Previous mequahty can we written as

dZ,( 0,0(t) "/ %c, 2/(2r+3)
< 2B/0( 1l — =22 " (7 (¢ .
dt Zi ){ B[C(r,e) — 1] (2 ()
Considering that the temperature 6(¢) is bounded uniformly in time both from
above, maX(G(O) 0) > 0(t), we get

120 _ o /o) [0 Zy(t ){1— Oy max(0(0),0cc) e (20 Wg)} '

d B[C(r,e) — 1]
that gives the bound
B[C(r,e) —1] @r+3)/2
<m : . .
Zr(t) - {ZT(O)’ |:9b In&X(@(O), eoo)_l/Zcr (7 19)

We summarize it as:

Theorem 7.15 (Propagation of smoothness) [12] Let fo € P,(R*) N H"(R?)
be any initial datum for equation (4.3). Then, the solution f(t,v) of (4.3) is
bounded in H"(R?), and there is a universal constant C, so that, for all t > 0,

1) -y < e {1 foll ey, G -
Moreover, the stationary solutions to (4.3) belongs to H*(R?).

The last part of the previous theorem follows from (7.18) since for the sta-
tionary solutions we obtain

Zoo BiC(Tv e) — 1i (Brs)/2
0, max(0(0),0)"2¢, '

where Z7 = || foo| 3.
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7.1.4 Decay Estimates in Sobolev and L! spaces.

To finish the program stated at the beginning of this section, we use the interpola-
tion inequalities obtained in Section 2.6 to deduce decay rates in several classical
spaces.

Corollary 7.16 (Decay rate in Sobolev norms) Given an initial data fo €
Po(R3) N H'(R?), r > 0 and € > 0, with zero mean velocity, then the solution
f(t,v) of (4.3) corresponding to fo converges exponentially towards the steady
state foo in the H’"(R3)—n0rm. More precisely, there exist explicitly computable
constants h(r, e, e,0(0), || foll grgs): foo) > 0 and 0 < B(r,€) <1 such that

1—
4

LF(E) = Fooll oy < o exp {— max( ‘ 01,03) 1-9) t} |

for allt > 0. Moreover, 3 — 1 ase — 0 and 3 — 0 as € — 0.

Proof.- This result follows directly from the combination of the decay result
of dy in (7.13) given in Corollary 7.12 together with the interpolation inequality
in Proposition 2.23 and the propagation of regularity obtained in Theorem 7.15.
We need just to remark that by taking (3, and 35 appropiately in terms of r» and
€, we can assure that r; and r, in Proposition 2.23 are smaller than r +¢. [

Finally, we can make use of the propagation of moments to show decay esti-
mates in L.

Corollary 7.17 (Decay rate in L') Given initial data fo € Py(R?) N H(R?),
l €N, I >1,e>0, with zero mean velocity, then the solution f(t,v) of (4.3)

corresponding to fy converges exponentially towards the steady state fo in the
LY(R3)-norm.

Proof.- This result follows directly from the combination of the decay result
in L?(R?) obtained in Corollary 7.16 for 7 = 0 together with the interpolation
inequality in Lemma 2.24 and the propagation of moments obtained in Lemma
7.7. More precisely, previous corollary for » = 0 ensures that

— 2

”f(t) — foo||L2(R3) S h exp |:— max (1 01,03) (1 — ﬂ) t:| s

with suitable h and 0 < # < 1. Now, Lemma 2.24 implies that

3/(3+41)
170 = Al < €I = £l [ P10 - Aol av)

< CIIF(E) = FollEeh" (mar£)(E) + man () O+

from which the result follows due to the uniform in time bound of moments
obtained in Lemma 7.7. O

o~

=~
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Remark 7.18 (Spectral Gap Estimates) Previous results give somehow quan-
titative estimates on the spectral gap of the linearized operator corresponding to
the IMM with stochastic forcing around f., in the space of smooth H*®(R?) func-
tions with zero mean velocity, Corollary 7.16 assert that the spectral gap estimate
is as good as the decay rate in dy or W3.

With these results we have achieved to apply the global strategy to the IMM
with stochastic forcing. The result cannot be better since we have achieved the
whole study of the asymptotic stability in all interesting spaces for this equation.

7.2 Particle’s bath heating IMM

This subsection will apply the same strategy used for the stochastic heating equa-
tion (4.3) to the case of the particle’s bath heating equation (4.12):

of

E = Qe(faf)+£eb<f)a

with Q.(f, f) and L., (f) giving by the weak formulations in (3.13) and (4.9)
respectively.
7.2.1 Existence, Uniqueness and Stability of Steady States

We start by reminding the reader that the evolution for the mean velocity and
temperature form a closed system of ODE’s given by

U Ron(1+ )
= v 3 (U = U,)
o 1-¢? 2

R
v _ B g3/2 QmN 1 277 7T |2
7 7 VIS4 e)' U=y

- @W {[ - Rm<1 + eb)] 0 — (1 — Rm)(l + 61,)6‘5} .

with
m
U:/ vf(v)dv and 6= —/ v —U* f(v) dv
R3 3 R3
for normalized densities to unit number density, from which the existence of a
unique stationary value for mean velocity U = U, and temperature § = 6% follows
where 07 is the unique solution of (4.15). This information implies that given any

two solutions with equal initial mean velocity and temperature will have equal
mean velocity and temperature for all subsequent times. As before, we change

the time variable to B
T = E/ VO (w) dw (7.20)
0
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8
with £ = 1 and we are reduced to analyze

_62
O BN~ N+~ 1]
with .
B

Theorem 7.19 (Contraction in Ws) If f; and fs are two solutions to (4.12)
for the respective initial data [P and f3 in Py(R3) with equal mean velocity and
temperature, then

W3 (fi(7), fo7)) < e WE(f), f3) (7.21)

for all 7 > 0, with

—[1-Ru(1+e)’

1
=240
* 2
Proof.- The main steps of the proof are:

e Step 1.- We write a Duhamel’s representation of the solutions given by
fi(r) = e BHOIT £ 4 E/ e T QX (fi(s), fi(s)) ds
+@/ O £ (f(s))ds,  i=1,2.

e Step 2.- Using the notation

1
B =576

and the convexity of the squared Wasserstein distance, see Proposition 2.1,
we infer that

(BQ:(fi(s), fils)) + OLE (fi(5)))

W3(fi(7), fa(7)) <e”HOTWE(fY, f3)
H(E+0) [ e BT WHE (), Fa(s) ds,
0
e Step 3.- We now use the contraction of the gain operators in W5 obtained
in Theorem 6.1 and 6.2 with the notation

E 3+62Jr © 1+[1—R.(1+e)]
E+06 4 E+0 2

’y:

together with the convexity property in Proposition 2.1, to deduce
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W3 (f1(7), fa(7)) e FFOTWE(fD, £9)
+(E+ @)/ e~ ETOIT=9) 4 W2(f1(5), fa(s)) ds,
0

e Step 4.- Finally, the function y(7) = eFTOT W2(f1(7), fo(7)) satisfies the
inequality

o7 <u0) 47 (E+0) [ y(s)ds
0
and then y(7) < y(0) e’ F+®)7 by Gronwall’s lemma.

This concludes the argument since (1 — ) (E+0) =n. O

The previous result implies a contraction in original variables.

Corollary 7.20 (Contraction in W, in original variables) If f; and fy are
two solutions to (4.12) for the respective initial data fY and f3 in Pa(R3) with
equal mean velocity and temperature, then

W (f1(0), f2(8) < VR WE(SL, 13)
for all t > 0 with R depending on the initial temperature 6(0), U, and 0%, with

1—e2 1—[1—-Rn(l+e)
+ = .
4 2\

Proof.- 1t is not difficult based on the system of ODE’s (4.13)-(4.14) to show
that the temperature 6(t) of any solution f in the original time variable ¢ converges
towards 6% as t — oo, and satisfies 0(t) > R := R(0(0),0%, U,) > 0. In fact, it is
an easy consequence of Liapunov functional techniques for systems of differential
equations, that we leave the reader to check as an exercise, to show there exist
suitable constants A\;, Ay, C' > 0 such that

d

ZF) < —CF@t) with  F(t) =\ (V@ - \/9_#)2 + M|U = Uy

In particular,

=B

B [ BVR
T:E/O VO(s)ds > Z t.

Writing (7.21) in the original variable ¢ for initial data with equal mean velocity
and temperature, we recover the desired contraction property for solutions of the
equation (4.12). O

As in the case of the stochastic heating, the previous contraction property
shows the existence and uniqueness of stationary states using Lemma 7.3.
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Corollary 7.21 (Existence, Uniqueness & Stability of Stationary States)
Equation (4.12) has a unique steady state fo, in Po(R3) with mean velocity U,
and temperature 0% . Moreover, given f any solution to (4.12) for the initial data
fo € Pa(R?) with mean velocity U, and temperature 0%, then

W2(F(), foo) < e TVECW2(fo, foo)

for all t > 0 with R depending on the initial temperature 6(0), 6% and U.

Proof.- Let us define the complete metric space

M = {,u € Po(R?) such that lv|2df (v) = 367 and / vdf(v) = Ub} ,
R3 R3

endowed with W5, see Remark 2.3 and Proposition 2.1. Given the flow map
of (4.12), i.e., .
T(t) : (M, Wa) — (Po(R?), Wy),

for any time t > 0, given by 7 (¢)(fo) = f(t) with f(¢) the unique solution at time ¢
of (4.12) with initial datum f, € M. Then, 7 (t) is a continuous semigroup from
M onto itself due to the adaptation of Theorem 3.5 to (4.12), the conservation
of the steady value of the mean velocity U, and the conservation of the steady
value of the temperature 7.

Corollary 7.20 proves that 7 () is a uniform contraction from the complete

metric space (M, W) into itself with contraction constant
L(t) =e 19" < 1.

Therefore, Lemma 7.3 ensures the existence and uniqueness of a unique steady
state in (M, W3). The last assertion is a simple consequence of Corollary 7.20 by
taking one of the solutions the stationary state we just obtained. O

As a simple corollary using the average control in Corollary 2.4, we deduce
an exponential convergence of averages of solutions of (4.12) f(¢) towards those
of f,, analogous to Corollary 7.5.

Remark 7.22 (Convergence to Equilibrium: General initial data) The
exponential convergence towards equilibrium in Theorem 7.21 can be generalized
to initial data with different temperature and mean velocity respect to the steady
state. Actually, using the proof of Corollary 7.20, one can show that

max{|0 — 07|, |U — Uy|} < A; e 2! (7.22)

with explicitly computable constants A; and Ay. On the other hand, one can repeat
the proof of the contraction of the gain operators in Wy, obtained in Theorems 6.1
and 6.2, without the assumption of equal mean velocity. In this case, additional
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terms appears in the contraction estimates. For instance, the estimate in Theorem
6.1 will look like

3+ e2 1—

2
€
4 WQ(f7g>+ 4 ‘<f>_<g> 27

Wa(QF(f, f), QL (g.9)) <

for f,g € Po(R3) with different mean velocity. Here, < f > is the mean velocity
of f. With these two ingredients, one can repeat easily the arguments in Theo-
rem 7.19 for two different solutions with equal initial temperature and different
wnitial mean velocity. Finally, to deal with different initial temperature one has
to proceed analogously to Theorem 7.12, by controlling the additional terms ap-
pearing in the computation in terms of the difference of the temperatures, that
decay exponentially due to (7.22). We leave all details, as a good exercise for the
reader, stating the final result: given f any solution to (4.12) for the initial data
fo € Po(R3), then there exist explicitly computable constants Ry and Ry such that

Wa(f (), feo) < Rye !

for allt > 0. As a result of Proposition 2.12, we also show that: given f any
solution to (4.12) for the initial data fo € Po(R3) with mean velocity U,, then
there exist explicitly computable constants R3 and Ry such that

dZ(f(t>7foo) S R3 eiRllt

for allt > 0.

7.2.2 Contraction on Fourier-Based Distances

Let us improve on the stability properties of the unique steady state f., obtained
in previous subsection.

Proposition 7.23 (Contraction in d;) Given s > 0, fi and fs solutions to
(4.12) for the initial data f and f9 in Py(R?) with equal moments up to order
24 [a] if a ¢ N or a =0, or equal moments up to order 1 + a if « € N with
a > 1, then

dava(f1(1), f2(1)) < dapal 7, J3) 7TV,
for all t > 0 with R depending on the initial temperature 6(0), 6% and U,.

Proof.- The main steps of the proof are:

e Step 1.- Let us remind that the mean velocity and temperature of both
solutions fi(t) and f5(t) is equal to U(t) and 6(t) respectively, solution to
the ODE system (4.13)-(4.14), since they are equal initially. Using the
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Fourier transform expression of Q.(f, f) and L., (f) in (4.10) and (4.12)
respectively, equation (4.12) can be written in Fourier as

9 5 { () 0,k) = F.0 (8  do

ot 4r

PO ) [ 08— ot

27 52 (0)} dn.  (7.23)

or equivalently
f S A 0 = o
=BV |G - 1]+ 5 (2 - 6.

Step 2.- Taking the expressions of the two solutions f(t) and fa(t), sub-
tracting them and dividing by |k[*T with k € R3, we get

o fi(k) - f 59 i f)(B) — OF (for fo) (B)
OV BRE
\f CE(F)(k) — L2 (f2)(k)
|/~C|2+O‘

(B+ )“_fl e L)

Step 3.- Let us set R R
filk) — fa(k)

h’(tak> = ‘k|2+a )

the last identity implies
Ouh(t, k) + Dy\/BOA(E, K)| < Dav/0(E) daval fi, 1)
with Dy = B + 5 Land Dy = BA(a,e) + %B(Q + a, ey, R,,) where Theorems

6.4 and 6.5 have been used. Proceeding similarly to Steps 3 and 4 in the
proof of Theorem 7.8, we deduce

exp (D1 [ VIS5 ) ol (0) Jo0) < sl 7. 9) +
D: [ VO deralilr). fayesp (D1 [ VA ) ar
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e Step 4.- Denoting by

w(t) = exp (D1 [ VO3] ds) dasa (0. (0.

we write the last inequality as

w(t) < w(0) 4+ Do /0 VO(T)w(r)dr

By the Gronwall lemma, this implies

w(t) < w(0) exp (192 /Ot Mm) |

namely

ool ). F(0) < £ ) e =i /J_ ).

with
n(a) = B[l — A(a, e)] + %[1 — B2+ a,ep, Ry

As in the proof of Corollary 7.20, we have 6(t) > R := R(6(0),0%,U,) > 0 from
which the desired result follows. 0O

Remark 7.24 (Rates in dy) We point out that the rate in previous theorem
corresponding to o = 0 is exactly 77(0) = 17, i.e., the rate of convergence in W}
obtained in Corollary 7.20.

Simple consequences as for the case of stochastic heating are the asymptotic
stability in dsy, distances and equality in the evolution of moments if initially
are equal.

Corollary 7.25 (Decay rates in dyy,) Giwven o« > 0 and f any solution to

(4.12) for the initial data fo € Po(R3) with equal moments up to order 2 + [a] if
a ¢ N ora=0, or equal moments up to order 1 + « if « € N with o > 1, then

d2+a(f( ) foo) S d2+o¢(f0afoo) )\Ft

for allt > 0.

As before the previous result shows that as long as the initial data has more
common moments with f., the decay rate improves.
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Corollary 7.26 (Evolution of any moment) Given a > 0, f1 and fy solu-
tions to (4.12) for the initial data f? and f in Po(R3) with equal moments up to
order 2+ [a] if @ € N or equal moments up to order 1 + « if a € N, then

/ o? dfy(t,v) :/ v dfy(t,v)

R3 R3

for allt >0, and any multi-index B with |5] <2+ [a] ifa ¢ N or |f] <14 « if
a € N.

The previous result is a simple consequence of the contraction estimate in
Proposition 7.23 since the distance doyo(f1, f2) is not finite unless moments of f;
and f, are equal up to order 2+ o] if « ¢ Nor 1 + [a] if @ € N.

7.2.3 Moment bounds

The evolution of moments for the solution to the particle’s bath heating IMM
can be easily obtained by owing to the analogous results described in subsection
7.1.2. In particular, the result of Lemma 7.7 can be used to derive the evolution
of moments for the dissipative nonlinear Boltzmann operator. Thus, only the
analysis of the linear collision operator is needed. To this aim, let us evaluate,
for any given r e N, r > 1

a0 =22 [ [ 0t [t~ o

_ @/R/R SQf(v)Ml(w)[]v’LF"—\v[ﬂdadvdw. (7.24)

In our case, the post-collision velocity v} is given by the first identity in (4.7):
v, =v— Rn(1+e)(u-n)n,

where, as usual, we denoted u = v — w. Since r € N, we can write

r—1
07,127 = o = (i1 = [v*) D g PO P (7.25)
1=0
Moreover
|v'L|2 - |U|2 = Rfﬂ(l + eb)Q(u . n)2 — 2R, (14 ep)(u-n)(v-n) (7.26)

=R2 (1 +ep)*(u-n)? — 2R, (1 +ep)(u-n)®+ Ryn(14e)(u-n)(w-n)

= Rn(14€) [Rn(1+€) — 2] (u-n)* + 2R, (1 + &) [(v-n)(w-n) — (w-n)?].
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Since R, (14 ep) < 2, the first term in the final expression of (7.26) has negative
sign, while the second term is dominated by 2R,,(1 + ep)|v - n||w - n|. Finally,
(7.25) implies

r—1

07" = [0 < = Rin(1+€5) (2 = Rn(1 4 €)) (w-n)* Y |op 0D fol*
=0
r—1
+ 2Ry (14 e)[v-nffw-n| Y o [P0 D, (7.27)

=0

It follows that the highest power in |v| of the expansion (7.27) has the negative
sign. Therefore, there exist suitable constants «a, and [, such that the following
inequality holds

(0", Loy (£) < VO [=awma, (f) + Brmae—a (f) + Bi],

where B, depends on moments of the Maxwellian bath, i.e., mo (M), l =1,...,7
Now, the proof of boundedness of moments follows as in Lemma 7.7 leaving
further details to the reader.

Lemma 7.27 [Uniform in time moment estimates] Let f(¢,v) be the solu-
tion to particle’s bath heating equation (4.12), where the initial distribution fo(v)
with zero mean velocity satisfies mo,.(0) < oo for some r > 2. Then, mo,(t)
satisfies the following differential inequality

%mm < -By/ m“;f” [1 ‘fr (e (t) + magror) (£)ma(t))

——Z( )mzr (t >m2l(t>]

+/m —a,mo (f) + Brmor—1(f) + B,].

Consequently, mo,(t) is uniformly bounded in time provided ms,.(0) < co. As a
consequence, all moments of stationary solutions are bounded.

(7.28)

7.2.4 Propagation of regularity and Decay Rates in Sobolev and L'
spaces

Now, we attack the problem of evolution of moments in Fourier variables. Re-
member that with the notation

O pany = [ 16170
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we can work on equation (4 12) in Fourier variables (7.23), to obtain

d 2r| ¢ 2 2r c
o fwengweas= 20O [ ) o do

+ fo) [ o P 00 ) (0 it
20 (B +3) [ IR e
BV \/_ 2\/_(B+ > Z,(t) (7.29)

with the notation Z,(t) = ||f(t) |% . and where 2¢ is the complex conjugate of z as
above. Let us improve our estimate on the first term of the previous expression
obtained in Lemma 7.13. In order to do that, let us start by the following technical
lemma.

Lemma 7.28 (Control of Weighted Fourier L*>°-norms) Given an initial da-
ta fo € Pa(R?) for equation (4.12), then there exists 0 < 6 < 1 and As > 0
depending on X, such that if the initial data satisfies |||k|° fo(k )| oo (r3y < 00, the
solution to equation (4.12) verifies:

1417t 1wy < mass {11 Ao ey, As
for allt > 0.

Proof.- Taking the Fourier expression of equation (4.12), changing the time
variable similar to (7.20), i.e

t
T = / VO (w) dw
0
and multiplying by |k|°, we get

B A .
(k) + Dybr )] < - [ KA do
1 . .
+ 7 /2 w - nl|k ) f(m, KD | My(KE) dn (7.30)
with (7, k) := |k|°f(r,k) and D, = B —I— T
Using that |kL| = 2x|w - n||k|, we can estlmate the second term on the right-

hand side of (7.30) as

1 o N .
1 / -l KPRV (K2 dn < A, / - R PV (K i
21\ Js2 52

< 2 (sup 60 ) = C

kERS3

86



In order to estimate the first term in the right-hand side of (7.30), we split
the integral over the sphere in two sets: let us define

S. = {o € 5% such that |ky| > (1 — €)|k| or [k_| > (1 —€)|k|}

and its complementary set S, on S? for any given 0 < € < }1. Actually, the
complementary set can be characterized as

S. = {0 € 5% such that |ky| < (1 —€)|k| and [k_| < (1 —€)|k|}.

Moreover, given any o € S, we have that |ky| > e|k| and |k_| > €|k| by contra-
diction. Assume it does not hold that |k.| > €|k, then

bl + [h-| < elk| + [k-| < elk[ 4+ (1 —e)[k] = [k] = [k + k| < [hy| + [k-]|.
Therefore, given any o € S,, we deduce that

elk] < min([k ], Jk_]) < max([k.], [k_]) < (1 - )[#],

e !k\) <|k+! \kl)
e<min| —,—— | <max | —,— | <1—e
(\kl 14 [k [k

Now, we may use on the set S, the inequality

and thus,

(a+b)° <c(0)(a +b°)
foralle <a<b<1l—¢ 0<d<1, with
1
(0) = ——.
ce(9) e+ (1 —¢)
Actually, this inequality is equivalent to the straightforward inequality
(1+2)° <c(0)(1 +2°)

for ;= <z <1, left to the reader. Thus, the first term in the right-hand side of
(7.30) can be estimated as

& Lk ko = 2 (WPl el kol de
[ W R ) ao )
< [ [, # (i)
tarta o (i)
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since on S, we have |ky| > (1 —¢)|k| or |k_| > (1 — €)|k|, and on S,, we have

k E\?°
ey + kP < (ke + [k_))® = [k (% ; %) < c(8) (ka7 + [k_I).

Thus, we deduce

e 2(1 — )
—e O+ (1—ce¢

o [ PRI k)l do < B (1 )5) 57, ) e

with

1
a:—/ do < 1.
47T S.

Now, let us choose € such that

1 3
<1+ —=
1—e¢ 4B\
and 0 < 0 < 1 such that

—<1+i
e+ (1—e€)d — ABX’

which is possible since the limit of the left-hand side is 1 as 6 — 0%. Then, we
deduce that

B A A 3
o [l klds < (B4 -5 ) It e
and coming back to (7.30), we get
3
|07h(7', k?) + D1 h(T, k’)| S <B + E) ||h(7’, ')||L°°(R3) + 05. (731)

with h(r, k) = |k°f(r,k) and D; = B + % Proceeding as in the proof of
Proposition 7.23, it is easy to deduce by Gronwall’s like arguments that

1K1 £ ey < v IR fo )Ly As }

for all 7 > 0, with A5 = 4Cs\. A final change of time variables gives the desired
result taking into account that the temperature 6(t) is bounded above and below
away from zero. We leave these final details to the interested reader. 0O

Remark 7.29 (Necessity of the Particle’s bath) We point out that the bound
on |||k f (¢, E)|| Lo m3y for suitably small 0 < 0 < 1 will be of paramount impor-
tance for the propagation of reqularity below and cannot be obtained without the
presence of the linear operator.
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Now, let us come back to our original question, i.e., the propagation of regu-
larity to equation (4.12).

Step 1.- Estimate of [;: Coming back to estimate the first term in (7.29),
we can use Lemma 7.28 and Holder’s inequality to obtain

k -8 7 rc
|11 < N[[KI F (2, B oo e9) / / ” ’5\’?\% | F (kI Fe(k)| do dk

R R 1/2
< I Bl ([ [ PR o) 1 @

for 0 < 0 < 1 given by Lemma 7.28 and

]{32
fom [ 0 doar
o Jon T

Now, taking into account (6.5), we have that

= o) —
|k_|2 (1 — cos )%

where ¥ is the angle between the unit vectors k/|k| and 0. As a consequence, the
last integral becomes

1
2r—a0 _
/ k|20 | £ (k / T cosgy 17 = C Zespalt)

since the integral over S? is convergent for 0 < § < 5 and does not depend on

k. Now, coming back to (7.32) and using the same arguments as in the proof of
Lemma 7.13, we get

L] < C(rve) [||k° F (£ k)| poo () Zoso(t)-

Step 2.- Estimate of I5: given r > 1/2, let us estimate the second term I,
as

1o (s W01 ) [ [ kool LA

keR3
As already seen in Theorem 6.5, we have
|k

bl = anponl and B = m - 2 -0 (9

k]

Rm(l+€b)
2

with the shortcut y = . Thus, the estimate in the second term reads as

fas(supranb )/ [P FGDL0) ddn

keER3
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Holder’s estimate and changing variables from k to kJLr through the linear trans-
formation k% = k — 2x(k - n)n gives

([ wegonorar) < ([ wesora)( [ weiwbra)

< Zoaa) [ RGP 0kt ) nio)

= ZQ 1/2( ) h(n)
where (7.33) has been used and with
h(n) = det(I — 2x(n ®n))) "1 — 4x(1 — x)]" @172,

Step 3.- Conclusion: Coming back to the evolution of Z.(¢) in (7.29), we
have obtained using previous steps and Lemma 7.28 that

dZ g 2\/_<B+ ) (t)+ 2'7?5(\75) Hy Z,_1)5(t) + B\/_HQ Zr—5/2(1),

with

= (sup NG00 ) [ o) 2an

3
keR Si

and

Hy :=C(r,e) max{H|k|5f0(k)HL°°(R3)’A5}

and small enough 0 < § < % Finally, using an analogous of the Nash-type
inequality in Lemma 7.14, left to the reader, we get

Zy_1pp(t) < C.Z2(t) and  Z,_s9(t) < Crs Z2(1),
with a; = (2r +2)/(2r+3) < 1l and as = (2r+3 —6)/(2r + 3) < 1, from which

dZ ) < o\ /50 <B+ ) 1)+ 200 g ey BYO) gy

71')\ 2

Taking into account that the temperature is bounded away from zero and infinity,
we deduce the final result:

Theorem 7.30 (Propagation of smoothness) Let fo € Py(R*)NH"(R?) with
H|/<:]‘5f0(k)HLao(Rs) <00, 0 <0 <1, be any initial datum for equation (4.12) with
r > 1. Then the solution f(t,v) of (4.12) is bounded in H"(R?), and there is a
universal constant A, so that, for allt > 0,

1)y < max {1 oll e ey Ar }

Moreover, the stationary solutions to (4.12) belongs to H®(R?).
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Remark 7.31 (L*-bounds) Let f; € Po(R?) N H'(R?) with |Hk:|5f0(k)\|Loo(R3) <
00, 0 < § < 1, be any initial datum for equation (4.12). Previous theorem together
with the Nash inequality in Lemma 7.14 implies that the solution f(t,v) of (4.12)
is bounded in L*(R3), and there is a universal constant Cy so that, for all t > 0,

3/5
£z < max {foll 77 s Co -
Moreover, the stationary solutions to (4.12) belongs to L*(R?).

We can now apply the last points of the strategy explained at the beginning
of this section by using again the interpolation inequalities obtained in Section
2.6 together with the convergence in dy for general initial data in Remark 7.22
and the propagation of moments and regularity shown above. Proceeding as in
the stochastic heating case, we deduce the following results:

Corollary 7.32 (Decay rate in Sobolev norms) Given an initial data f, €
Po(R3) N H™(R?) with |||k|° fo(k)||pe@s) < 00, 0<d <1, 7> 1 ande> 0, with
mean velocity Uy, then the solution f(t,v) of (4.12) corresponding to fo converges

exponentially towards the steady state fo in the H™(R3)-norm.

Corollary 7.33 (Decay rate in L') Given initial data fy € Py(R?) N H'(R3),
leN, I >1,e>0, with |||k|5f0(k:)||Loo(R3) <00, 0 <6 <1, and with mean
velocity Uy, then the solution f(t,v) of (4.12) corresponding to fy converges expo-
nentially towards the steady state fo, in the L'(R3)-norm.

Remark 7.34 (Spectral Gap Estimates) Previous results give somehow quan-
titative estimates on the spectral gap of the linearized operator corresponding to the
IMM with stochastic forcing around f in the space of smooth H>(R3) functions
with |||k:|5f0(k)||Loo(R3) <00, 0 <6 <1, and with mean velocity U,. Corollary
7.16 assert that the spectral gap estimate is as good as the decay rate in dy or W3.

Remark 7.35 (Sufficient Conditions for Regularity) At a first view, the con-
dition H|k]‘5fo(k)HLoo(R3) < 0o seems quite difficult to verify. To show that this is
not the case, we make use of an analogous argument used in [79] in connection
with the central limit theorem. The argument of [79] was indeed related to show
that this condition hold with & = 1 whenever the Fisher information of fy is
bounded [16].

Let g = \/f. Then, the Fourier transform of f can be written as the con-
volution of g with itself, f(k) = (§ % §)(k). Now, the boundedness of the Fisher

information of f,
2
/R |vVFw)|

coupled with the boundedness of mass,

| (Viw)) .
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implies that \/f € H*(R?), and
/ 25 (k)2 dk < oo. (7.34)
R3
Using (7.34) we obtain

1= 81| [ a0~ k)ae.) a

< [ (= Rl kD lah = kllg(k)] di.

<o ([ weiacorar) ([ twrar)

Hence, the boundedness of Fisher information of a density function fo is a suffi-
cient easily-to-check condition to ensure the boundedness of |k|| fo(k)|. Proceeding
in the same way, since |a + b|° < |a|® + [b|° for all § < 1, one obtains

et <2 ( [ wesoor ) ([awra)”. ass)

Finally, for any given § < 1, a sufficient condition for the boundedness of |k|°| fo (k)]
is given by /f, € H°(R?).

7.3 Homogeneous Cooling States for the IMM

In this last subsection, we treat the free cooling of the Inelastic Maxwell Model
(3.14):

af -

E - Qe(fu f)

As proved in Corollary (3.3), all probability density solutions with zero mean
velocity to (3.14) converges to the mono-kinetic distribution ¢y as ¢t — oo due to

Haff’s law of cooling:
1—eé?

0t) = — 1 BO(t)3/2.

We would like to make more precise this cooling behavior for large times by
giving a typical cooling profile in the form of self-similar solutions:

3 1

et 0) = p 0,2 (1) goo((v — u) 6,7 (1)) (7.36)

where 6,,.(t) the temperature of the solution fy.(¢,v) itself that will follow the
dissipation of energy (3.11) and g, the searched cooling profile. These self-similar
solutions are called homogeneous cooling states. The objective of this subsection
is summarized the state of the art in this question for the IMM showing some of
their properties.
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This question was considered by M. Ernst and R. Brito [57, 58] where the
authors conjectured the existence of a self-similar solution g¢,, attracting a large
set of initial data (first part of the EB conjecture) and moreover, these self-similar
solutions should have polynomial decay at oo (second part of the EB conjecture).
The existence of a self-similar solution with a precise number of moments bounded
Jsos second part of the EB conjecture, was shown in [22] by A.V. Bobylev and C.
Cercignani. The techniques used are based on spectral properties of the linearized
operator in Fourier space and they have been reviewed, improved and applied to
generalized IMM models in [23, 24].

Concerning the first part of the EB conjecture, the proof of convergence to-
wards g, was obtained in [25] for initial data which has moments of order 2 + «
bounded with o > 0. Later, in [13], these results were readdressed in terms
of probability metrics improving certain aspects of the convergence properties.
Finally, in [29] the convergence without rate for initial data with only finite ki-
netic energy has been obtained. In these notes, we only pretend to discuss the
properties of the contraction of probability metrics for this question and the con-
sequences that can be concluded from this fact referring for many other results
to the quoted literature above.

7.3.1 Existence, Uniqueness and Stability of Steady States

Given any solution f(¢) to the Boltzmann equation (3.14), after time scaling

defined by
B t
=4 [ Vo) du
0
with ' = 1 8 5 as above, we get a function denoted again f (1) for simplicity,
—e
solution to o
S = B[R N) - 1) (7.37)

Proceeding as in Theorems 7.1 and 7.19, we obtain:

Theorem 7.36 (Strict Contraction in W5) [29] If f1 and fs are two solutions
to (3.14) with respective initial data fY and f9 in Py(R3) and zero mean velocity,
then

WE(fi(1), foT)) < T W3(f1, f3)
for all 7 > 0.

Proof.- Duhamel’s formula for (7.37) reads as

i) =BT L B / e EC9) GH(F(s), fils)) ds, =12

0
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As before, the convexity of the squared Wasserstein distance in Proposition 2.1
and the contraction of the gain operator in Theorem 6.1 imply

WHAG. L)
< PWH ) + B [ < FIWHQE (o) A9, Q1 (fals) £o(9) s

0
3+ e?

<eTWIHRL B+ E / W (s), fls) ds.
0

Therefore, the function y(7) = ™ W2(f1(7), fo(7)) satisfies the inequality

34e* [T
o) <90+ B2 [ yo)ds
0
and thus, y(7) < y(0)e’E™ by Gronwall’s lemma with v = (3 + ¢2)/4. This
concludes the argument since (1 — ) E =2. [

Remark 7.37 (Optimality of the contraction in W5)

1. Without further assumptions on the initial data, this result is optimal in
the following sense: If f9 = 0y, then the contraction estimate is actually an
equality for all T by the temperature equation.

2. In terms of the original time variable t in (3.14), if f and f2 are two initial
data with the same initial temperature 6y and zero mean velocity, then the
temperatures of the corresponding solutions f1 and fy to (3.14) follow the
law (3.15), and hence are both equal to

1—e? -
0(t) = (951/2 + TBt) .

Then, the contraction estimate reads as

o(t)

W3 (f1(#), f2(1)) < 0_0W22<f107f20) (7.38)

that gives the typical decay towards dy of all solutions.
Now, let us look for the behavior of solutions with initial zero mean velocity

in a different scaling. Let us rescale solutions with their own temperature, that
is, let us define g(7,v) by

g(r,0) = 0*2(f(7)) f(7,02(f (7)) v)- (7.39)
It is easy to check that they give rise to solutions of equation
dg 3+
5, TV (9gv) = E[Q(9.9) — 4] (7.40)
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with unit temperature and zero mean velocity. The contraction property in (7.36)
reads as

Wag1(7), 92(7)) < Walgy, g3) (7.41)

in these rescaled variables. This non-strict contraction of the rescaled equation
(7.40) with respect to W5 does not give any information about the existence of
typical cooling profiles of the system. Let us remark that the strict contraction
(7.36) does not help to find nontrivial stationary states since for equation (7.37)
the only stationary state is for zero temperature, i.e., the delta dirac dy while
the self-similar variables allows the unit temperature as stationary value of the
dissipation of energy for (7.40).

Let us look for the contraction properties with respect to Fourier-based dis-
tances with larger exponent. Actually, the situation is quite similar to the one
dimensional models studied in Section 5. The following result follows similar
arguments to Propositions 7.8 and 7.23.

Theorem 7.38 (Strict contraction for (7.40) in dy.,) [13] Let g1 and go be
two solutions to (7.40) corresponding to initial values g2, g9 with unit mass, zero
mean velocity and unit pressure tensor, i.e.,

/ vv; g5 (v) dv = / vv; g9 (v) dv = §;;. (7.42)
R3 R3

Then dyy (Y, 99) < 00, 0 < a < 1, and there exists an explicit constant C(a, e) >
0, C(a,e) \,0 as a — 0, such that

dysa(91(7), g2(7)) < doya(g?, g3) @), (7.43)

for any T > 0.
Proof.- The main steps of the proof are:

e Step 1.- Using Lemma 7.6 we deduce that all moments up to order 2 are
equal between g; and gy since they are equal initially. This implies that
the distance dy1,, 0 < a < 1, between ¢; and g5 is well-defined. Now, the
Fourier expression of equation (7.40) is given by

% ~(k-vi)o=F % /S kgl )dn — g} = £[Qr(9.9) ~ 4]

whose solution can be written in terms of the characteristics as

T

g(T,ke*T) — e BT4(0,k) + E /0 e EC0F (g, g) (s,keﬂ ds. (7.44)
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e Step 2.- Taking the expressions of two solutions §;(7) and go(7) in (7.44),
subtracting them and dividing by |k|*T® with k € RS, we get

BT (91 — go)(T, ke™™) o(E—(2+a))r (91— g2)(T,ke™™)

S.

|k[**e |keT|2te
91(0, k) - 92(0, k?) —|—E/ e(E*(2+a))s (Qe (glugl> Qe (92792)> <S7 ke ) J
|]{;’2+0¢ 0 |k- e—s|2+a

e Step 3.- Using Theorem 6.4 and taking the supremum in k € R3, we obtain

PNy (1, G2)(T) < dasa(§1(0), §2(0))

T

+A(a, €)E/ BTy (91, G2) (5)ds.
0

Let us set w(7) = eP=C+)7d, (41, §2)(7). Then

w(T) < w(0) + A, e)E/OT w(s) ds,

which, by Gronwall inequality implies w(7) < w(0) eA(*)ET,

As a conclusion, we deduce

da1a(91, G2) < data (ﬁl(o)a §2(0>) e Clear,
with
Cla,e) =E(1—A(o,e)) — 2+ a) = E(1 — G(o,e)) (7.45)
where G(a, €) = A(a, e) + =< (2+a). One finally has to check that C(a, ) > 0,

8
a detailed analysis of this fact can be seen in [13]. O

As consequence, we will show that equation (7.40) has a unique steady state
Joo Which belongs to the set of probability measures with unit mass, zero mean
velocity and unit pressure tensor. With this objective, we need to find a suitable
invariant set of the flow with respect to the distance dy,,. According to Propo-
sition 2.7 and Remark 2.8, we need to control uniformly in time a larger moment
than 2.

Proposition 7.39 (Uniform Control of 4th moment) [29] If ¢° is a Borel
probability measure on R® such that

[ ol o) o < .

R3

then the solution g to (7.40) with initial datum ¢° verifies
sup [ |v|*g(r,v)dv < .

7>0 JR3
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Proof.- Without loss of generality we can assume that ¢°, and hence g(7) for
all 7 > 0, has zero mean velocity. We let

ma(r) = [l g(riv) do
R3
denote the fourth order moment of ¢g(7). Then, using the weak formulation of

the inelastic Boltzmann equation, we have:

dm4 (T)
dr

= [ Vol vgtroyao+ B [ ot Q2 o) g @) v, (740

While the first term in the right hand side is simply 4 m4(7), the second term is
computed by

Lemma 7.40 (4th Moment of the Collision Operator) There exist some con-
stants |1y and o, depending only on e, such that

[l @taawdo == [ ol g)dorm( [ o))
i [[[ 0w g gtw) oo

for any probability measure g on R3 with finite moment of order 4 and zero mean
velocity, where

1 1—
A=Z(+de—Te 44l —2¢)  and  e=— ‘
With this lemma in hand, (7.46) reads
d
”24(7) - (4 "y A) ma(r) + m(7) (7.47)
-

where m(7) is a combination of second order moments, which are bounded in
time since the kinetic energy is preserved by equation (7.40). Moreover one can
check from the expression of £ and A in terms of € = (1 — ¢)/2 that

2
4—FE = —"[-1+2 2434926
36(1_6)[ +2e+e €+ 26

which is negative for any 0 < € < 1/2, that is, for any 0 < e < 1. By Gronwall’s
lemma this ensures that my(7) is bounded uniformly in time if initially finite,
and concludes the argument to Proposition 7.39. 0O

Now, we are in position to show the existence of stationary states by the
dynamical proof approach.
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Corollary 7.41 (Existence, Uniqueness & Stability of Stationary States)
Equation (7.40) has a unique steady state go, in Pa2(R3?) with zero mean velocity
and unit pressure tensor. Moreover, given g any solution to (7.40) for the initial
data go € Po(R?) with zero mean velocity and unit pressure tensor, then

d2+04 (9(7'), goo) < d2+a (907 goo) efc(aze)T’
forallT>0,0<a<1.

Proof.- Let us define the complete metric space M of measures p € Poyo(R3),
0 < a < 1, such that

/Rgvivjdf(v)zdij,/Rgvdf(v):() and /R3|v]2+adf(v)§]\/[,

endowed with dsy ., see Proposition 2.7, with M chosen below. Given the flow
map of (4.12), i.e.,

T(7): (M,d2+a) — (P2(R?), dora),

for any time ¢ > 0, given by 7 (¢)(go) = g(t) with g(¢) the unique solution at time ¢
of (7.40) with initial datum gy € M. Then, T (t) is a continuous semigroup from
M onto itself due to the adaptation of Theorem 3.5 to (7.40), the conservation
of the moments up to order 2 and the uniform bound on the 4th moment and
thus, on the moment of order 2 + « shown in Proposition 7.39 that chooses M.
Let us make precise this last point, coming back to the evolution of the fourth
moment in (7.47) and taking into account that we deal with distributions with
unit pressure tensor, we deduce that its evolution is given by

dmy(T
—d47( ) = (4 - E)\)m4(7) + 9(p1 + po)
with the notation of Proposition 7.39. Thus, by choosing
~ 9+ pe)
Mi=="EN

the initial data with 4th moment less than M, gives rise to solutions with 4th
moment less than M, for all times. Thus, by the inequality

e d td My =M
Loprmaws [ aors [ prae) <1

we find the choice of M that makes M invariant through 7 (t).
Corollary 7.38 proves that 7 () is a uniform contraction from the complete
metric space (M, day,) into itself with contraction constant

L(r) = e~Cleor < 1.

Therefore, Lemma 7.3 ensures the existence and uniqueness of a unique steady
state in (M, datq). The last assertion is a simple consequence of Corollary 7.38
by taking one of the solutions the stationary state we just obtained. D
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7.3.2 Moment Behavior

Let us review the properties of moments for solutions of the scaled equation. Ac-
tually, the first part of the Ernst-Brito conjecture concerns precisely the number
of moments that the unique stationary probability solution g., with zero mean
velocity and unit pressure tensor of (7.40) has. The following result has been
proven in [22] and generalized to other IMMs in [23, 24].

Theorem 7.42 (Thick Tails of HCS) [22, 23, 24] The unique stationary so-
lution g with zero mean velocity and unit pressure tensor of (7.40) has moments

/ |02 oo (v) dv < 00,
R3
with o > 0, if and only if
2+a<2rggle) <= C(Cla,e)>0 <<= Glaye)<l.

The function rgg(e) is characterized as the unique solution r to the equation

(1 i €>2r L2 (¥)2r+2] . (7.48)

) Ty

1—e? 1
=1—-A2r—-2,¢)=1-—
4 " (2r ) 147

This equation obtained in [58, Equation 3.13| for capturing the high energy tails
of the distribution function was also given in [9, 10].

40

30

20

10

Figure 5: Left Figure: The functions G(«, ) for values « = 1, « = 2.7 and o = 3.
Right Figure: The largest zero a, of C(a,e) =0 <= G(a,e) =1 as a function
of e, for instance ap = 2.81307, and thus, rgp(0) = 2.40653 by Newton-Raphson
method.

In Figure 5, we show the largest root «, of C'(a,e) = 0 in terms of e, which
corresponds to compute rpp(e) = 1 + %¢. In fact, taking into account [22, The-
orem 7.2] and [23, 26|, we obtain the following corollary by following the same
procedure as in Proposition 7.38.
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Corollary 7.43 (Optimality of the contraction result) [13] The flow map
for equation (7.40) is a strict contraction for the distance doyo if and only if

Glae) <1 <<= C(Ca,e) >0 <= 2+a<2rggle),

or equivalently if and only if the moments of order 2 + « of the homogeneous
cooling state g, are bounded.

Now, let us proceed to study some more properties of the moments of solutions
of the Cauchy problem. The first observation is that moments are propagated if
initially bounded. Similar arguments to those done in Proposition 7.7 allow to
show:

Lemma 7.44 (Time-dependent moment estimates) Let g(7,v) be the solu-
tion to equation (7.40), where the initial distribution go(v) is such that ma,(go) <
+oo for some r > 1. Then, mo,(T) satisfies the following differential inequality

1 _2r
= oy (7) < —E ¢

(mar() 4+ mage—(T)ma(7))

(7.49)

+ 2rmo, (7).

_%:Z_ll < ; ) May(r—) (T) M (7)

Consequently, ms,.(17) < 00, for all T > 0, and bounded in [0,T], for all T > 0.

With the information above, we can now describe the asymptotic behavior of
moments for the Cauchy problem.

Proposition 7.45 (Asymptotic Behavior of Moments) Given any solution
g(1,v) of equation (7.40) with zero mean velocity and unit pressure tensor, where
the initial distribution go(v) is such that ma,(go) < 400 for some r > 1. Then,

i) If r <rgg(e), r € N and all moments of go are equal to those of goo up to
order 2r — 1, then

sup [ [|v]* g(7,v) dv < oo.
7>0 JR3

it) If r > rpp(e), then
lim [v*" g(7,v) dv = .

T—00 R3
Proof.- Due to Lemma 7.44, we know solutions propagate the finiteness of

moments if initially are bounded. Now, let us start with the case r < rgg(e).
Using Corollary 7.43, we know that the distance dy, is contractive and moreover,
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Mar(goo) < +00. Now, the control of moments in terms of the distance dy, in
Proposition 2.9 finishes the proof, since

/RN v’ dg(T,v) — /RN v° dgoo (V)

for all multi-indices # with |3| = 2r and using the assumption on moments of
order less than 2r — 1 on the initial data.

Concerning the case r > rgp(e). Let us proceed by contradiction. Assume
that there exists a sequence {7,,} /" oo such that

S Cd2r(g(7—)7goo) S Cd27“(90>goo) < oo,

/ 10> g(7n,v) dv < M < oo.
R3

Now, Theorem 7.38 implies that

7C(a’e)‘r’n

doya(9(Th), 9oo) < data(go, goo) € — 0 as n — 00

for 0 < av < 1 such that 24+« < 2r. Using the properties of dy,, in Proposition 2.9,
we deduce that g(7,) — goo weakly-* as measures. It is now a simple consequence
of the uniform bound my,(g(7,)) < M that

/ [0[* goo dv < M < 00
R3

which is in contradiction with r > rgg(e) due to Corollary 7.43. O

Remark 7.46 (Open Problem for Moments) [t is clear that the first part of
the last result is a bit deceptive. It is intuitive based on the computation of the
4th moment in Proposition 7.39 to expect that

sup [ |v[* g(7,v)dv < oo,
720 JR3

whenever r < rgg(e) and ma.(go) < oo independently of being r natural and
how many moments the initial data gy has in common with g.,. Concerning the
second part, we will improve it below by allowing any initial value of the kinetic
energy. On the other hand, we are not able to deduce an exponential divergence
of these moments, expected from the explicit computation of the sixth moment in
the spirit of Lemma 7.40, left to the reader as an exercise. An explicit recursive
formula for non isotropic moments will certainly answer this question.

7.3.3 Improved Convergence

In this subsection, we plan to get rid of the assumption of equal second moments
in Theorem 7.38, in order to prove the exponential convergence of each solu-
tion f(7,v) of equation (3.14) corresponding to a general initial datum, towards
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the corresponding similarity solution fs.(7) in ds. Let us remark that neither
Theorem 7.38 nor the results contained in [25] give any decay rate in the case of
dy. In fact, equation (7.40) is a non-strict contraction for dy, i.e.,

dy(g1(7), 92(7)) < da(g), 95) (7.50)

for any 7 > 0 and any ¢y, g» solutions to (7.40) corresponding to initial data with
unit mass, zero mean velocity and second moment bounded. Defining for ¢ # j
the quantity

pij(T) = / vv; f (v, 7) dv,
R3
its evolution is governed by the equation

dpij (1 —+ 6) (3 — 6)

dr 3 E pi (7.51)
due to Lemma 7.6. If ®(k, 7) is defined as
1
. =5 D _pij(T)kik; if k<1
blk,r)={ 2 ; o , (7.52)
0 if |kl >1

we will show that the contraction in ds., of the non-isotropic part f (1) — (i)(’/')
together with the decay of the pressure tensor of the solution towards the pressure
tensor of the HCS fj,. is enough to ensure the convergence of the solution towards
the HCS in ds. In the proof we shall resort to the contraction in doy,, a > 0,
and thus, we need an additional assumption on the initial data, i.e., to have the
corresponding moment of order 2 + « finite. For the proof of this result, we refer
to [25, Section 5] or [13, Appendix], although it is a good exercise based on the
proofs above for Proposition 7.8, 7.23 and 7.38.

In the following results, we will denote by d( 1, g) the same quantity as in
the definition of the distance dgs but applied to the Fourier transform of two
probability distribution for the sake of clarity of exposition.

Theorem 7.47 [General Decay Rate towards self-similarity [13] Let f(7,v)
be the solution of the time-scaled inelastic Mazwell equation (7.37) corresponding
to the initial datum fo with unit mass, zero mean velocity such that do o f 0) —
Cﬁ(()),fhc(())) < 00, where fp. denotes the corresponding self-similar solution.
Then there exists C; > 0 such that

~

doa(f(7) = B(7), fre(r)) < [2da1a(f(0) = D(0), fre(0)) + Cy | e - ADET
forany 0 < a < 1.

Now, we can improve to get the exponential decay in dy without the assump-
tion of unit pressure tensor.
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Theorem 7.48 (Decay Rate towards self-similarity) [13] Let f(7,k) be the
solution of the time-scaled inelastic Mazwell equation (7.37) corresponding to the
initial datum fo with unit mass, zero mean velocity and moment of order 2 + a,
0 < a < 1, bounded. Then there exist explicit constants Cy, Cy > 0, depending
on second moments of the initial data, such that

A(F(7): Frel(r)) < Ca 200 { [224a(£(0) = (0), fucl0)) + C1

XeXp{_(l—A(a,e))ET}}QiajL C’zexp{—?_eT}. (7:53)

— €

Proof.- The distance dy(f(7), frne(T)) can be split as

’f(k77_> _(i)(va) _th(k7T>‘ |(i)(k'77—>| _
d2(f(7—)> fhc(T)) < Ifél]lgé ’kP + ]f;lﬂgg ‘k|2 -
= o(F(r) ~ 6(r), fulr)) + 51 % (7.54)

Using the interpolation of ds metrics in Proposition 2.9, we get

A

D(F(7) = B(7), fre() < s 00 [doral F() = B(7), Frelr))]

hence from Theorem 7.47 we get the first term in the right-hand side of (7.53).
Owing to the definition of ®(k,7), the last term of (7.54) can be estimated by
means of the law (7.51) which describes the evolution of the pressure tensor:

|D(k,7)| 1 1
SUp T < 5 Hil;gﬂpz‘j(ﬂ\ |SUP WZW’%‘!

<1 <1 .
|kI< k< 1]

< (fggijx |Pij(0)\> exp {_ W ET}

and this concludes the proof. [

Remark 7.49 (Exponential decay result in scaled variables) Given g a so-
lution to (7.40) corresponding to the initial value gy with unit mass, zero mean
velocity and moment of order 2+ «, 0 < a < 1, bounded, then

02 , 24«

} 2/(2+a)

D(g(7) goe) € G2 [2210(3(0) = 2(0), ) + C

2 CQ 1+€
xexp{—mC(a,e)T}+ G_OGXP{_l—eT}'

(7.55)

This is a direct consequence of §(7,k) = f(kHT”%(T)), the scaling property of ds,
in Proposition 2.9, and the evolution of the temperature for (7.37), (1) = ye™27.
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Remark 7.50 (Algebraic decay result in original variables) The evolution
equation (3.15) yields 6(t) = («951/2—1—%325)_2,. Hence, the time scaling in (7.37)

is nothing but T = log[l + (B/(E@O_UQ))t]. Therefore, to any exponential decay

in the variable T, there corresponds an algebraic decay in t.

Remark 7.51 (Divergence of Moments for general initial data) Based on
the previous result and Remarks, we can improve over the hypotheses of the ini-
tial data to deduce the divergence of moments as in the second part of Proposition
7.45. More precisely, given any solution g(T,v) of equation (7.40) with zero mean
velocity and bounded kinetic energy where the initial distribution go(v) is such
that ma,(go) < +oo for some r > 1 with r > rgg(e), then

lim [v*" g(7,v) dv = 0.
T—00 Rg
Finally, let us get rid of the assumption of moments of order 2 + a bounded
on the initial data, as a payoff we will obtain only a convergence without rate.

Theorem 7.52 (Convergence without rate in W,) [29] Let ¢? and g9 be two
probability measures on R with zero mean velocity and unit kinetic energy, and
let g1(1) and go(7) be the solutions to (7.40) with respective initial data ¢i and
g3. Then the map 7 — Wa(g1(7), g2(7)) is non-increasing and tends to 0 as T
goes to infinity.

By taking as one solution, in this theorem, the homogeneous cooling state in
scaled variables, i.e., the stationary solution g., of (7.40), we improve over the
first part of the Ernst-Brito conjecture shown in [25, 13].

In terms of the original variables, the scaling properties of W5 given in Propo-
sition 2.1 and the convergence result

lim W5(g(7), go) = 0

T—00

have the following direct consequence, which improves over the decay towards the
Dirac mass estimate given in Corollary 3.3 and (7.38).

Corollary 7.53 (Intermediate Asymptotics) Let fo € Po(R3) with zero mean
velocity and let f(t) be the solution to (3.14) with initial datum fo, then

lim O(f ()~ 2Wa(f(t), fae(t)) =0

t—oo

where the homogeneous cooling state fn. is given by

3

Fue(t) = 072 (f (1)) goo(v 072 (f(1))).
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Sketch of the proof of Theorem 7.52.- It is based on the argument in [106] to
Tanaka’s theorem. The first statement is a simple consequence of (7.41). Then
we turn to the second part of the theorem which by triangular inequality for the
W, distance is enough to prove when g9, and hence g»(7), is the unique stationary
state g to (7.40) with zero mean velocity and unit kinetic energy. A density
argument allows us to reduce to the case in which the fourth moment of the initial
datum is bounded, i.e.,

/ lv[* ¢¥(v) dv < oco.
R3

The proof is now done by a typical dynamical systems argument. First, one uses
the extra compactness given by the uniform in time bound of the 4th moments in
Proposition 7.39 to show compactness in W5 of the trajectories of the dynamical
system. On the other hand, the characterization of the w-limit set is done by
using carefully the equality case in the proof of Theorem 6.1 showing finally that
the w-limit set is reduced to the stationary point go.. 0O

We close these notes with some open question related to the argument treated
in these notes. Among others, we outline two of them, that we retain of great
interest to people working in this field.

Remark 7.54 (Open Problem for Contractions in EB conjecture) Let us
point out that a natural question related to the fact that equation (7.40) is a strict

contraction with respect to dayo is whether a Wassertein distance with larger in-

dex, for instance Wy, could be strictly contractive for (7.40). Of course, a similar

scheme as in Theorem 6.1 can be performed to verify it, but there is one term we

cannot control in the transport of spheres argument and we cannot conclude, see

also Remark 2.10. It is an open problem to prove or disprove this claim, even for

a non-strict contraction in the elastic case.

Remark 7.55 (Open Problem about propagation of regularity) As sho-
wed by Bobylev and Cercignani [22], in scaled variables the self-similar solution
satisfies the bounds

exp{—|k[*} < [guc([K])] < exp{—[|k[}(1 +[K]). (7.56)

In particular, the upper bound in (7.56) guarantees that the steady state goo(v) is
smooth. In fact, by using the homogeneous Sobolev space norms given by (2.28),
namely

11y = [ I
R3

one sees at once that, for all r > 0,

190017 sy < /R k2 (1 + |k|)? exp{—2|k|} dk < co.
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The reqularity of the steady state to the scaled Boltzmann equation could suggest
that convergence towards the steady solution takes place in stronger spaces (it is
usual to think in L'-convergence). The proof of such result requires the knowledge
of the eventual propagation of regularity for the solution to equation (7.40). By
showing uniform propagation of reqularity for the solution to equation (7.40) one
could use interpolation inequalities like in Subsections 7.1 and 7.2 to obtain con-
vergence towards the homogeneous cooling state in the strong L'-norm, as well
as in various Sobolev norms. Unlikely, the uniform propagation of regularity for
equation (7.40) is not presently known. We remind here that the analogous result
for the elastic Boltzmann equation for Mazwellian molecules has been proven in
[38]. The proof takes essential advantage from the knowledge of the validity of the
H-theorem, which is not known to hold in the scaled inelastic case.
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