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CONVERGENCE TO SELF-SIMILARITY FOR BALLISTIC ANNIHILATION DYNAMICS

RICARDO J. ALONSO, VERONIQUE BAGLAND, AND BERTRAND LODS

ABSTRACT. We consider the spatially homogeneous Boltzmann equation for ballistic annihilation in dimen-
sion d > 3. Such model describes a system of ballistic hard spheres that, at the moment of interaction, either
annihilate with probability « € (0,1) or collide elastically with probability 1 — «. Such equation is highly
dissipative in the sense that all observables, hence solutions, vanish as time progresses. Following a contribu-
tion, by two of the authors, considering well posedness of the steady self-similar profile in the regime of small
annihilation rate o < 1, we prove here that such self-similar profile is the intermediate asymptotic attractor
to the annihilation dynamics with explicit universal algebraic rate. This settles the issue about universality of
the annihilation rate for this model brought in the applied literature.
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1. INTRODUCTION

1.1. Physical motivation and setting of the problem. In recent years, the physics community proposed
several kinetic models in order to test the relevance of non-equilibrium statistical mechanics in systems
of reacting particles. Such systems have important applications in different branches of physics and en-
gineering such as surface growth (semiconductors) [24] and coarsening processes (dynamics of traffic).
A common feature of these models is that the dissipative nature of the interactions results in the loss
of collision invariants and leads to tremendous difficulties for the derivation of suitable hydrodynamic
models.

A paradigmatic example of such dissipative models is the one of granular gas dynamics which corre-
sponds to a system of d-dimensional hard-spheres undergoing inelastic collisions. For such a model, the
number of particles and the momentum are conserved, but the kinetic energy is dissipated at each colli-
sion. At the kinetic level, the long-time behavior of granular gases is relatively well-understood, at least,
in a spatially homogeneous setting: in absence of external forcing, the kinetic energy is continuously
decreasing and the solution converges to a singular state described by a Dirac mass, that is, to a complete
rest. Two main questions then arise:

— First, what it the rate of the convergence to zero of the kinetic energy, i.e. how fast a granular
gas is cooling down ? The precise rate of decay of the kinetic energy is known as Haff’s law and
it has been rigorously proven in [26] for inelastic hard-spheres with constant inelasticity and,
more generally, in [5] for the case of viscoelastic particles.

— Second, can we make a more precise description of the long-time behavior of the gas as it goes
towards the singular limit ? More precisely, due to the diffusive nature of collisions, one expects
some type of intermediate self-similarity, i.e. a non Gaussian homogeneous cooling state. The
existence and uniqueness of such self-similar state has been rigorously obtained in [26, 27],
where it has been proven that in the quasi-elastic regime it is the attractor of any properly
rescaled solution, see [27]. The case of viscoelastic particles is intrinsically different to that of
constant restitution and always produces Gaussian intermediate asymptotic states, see [5].

The present contribution aims to answer similar questions for another example of dissipative sys-
tems, known as probabilistic ballistic annihilation. Such model has been introduced in the 90’s by
[10, 15, 16, 22, 34, 37] and describes a system of d-dimensional elastic hard spheres that interact in the
following way: particles move freely (ballistically) between collisions and, whenever two particles meet
they either annihilate with probability o € [0, 1] (both interacting particles vanish), or they undergo an
elastic collision with probability 1 — «. Interestingly, as the annihilation probability « ranges from zero
to one, the probabilistic ballistic annihilation model will move from describing the dynamic of elastic
hard spheres to describing the dynamic of pure annihilation, which are substantially different. Ballistic
annihilation is considered to be a very accurate model in the whole range a € [0, 1] (including the pure
annihilation case o = 1) in dimension other than one. This conclusion has been reached through ex-
tensive numerical simulations in the aforementioned references. In dimension one, the kinetic approach
has been shown to mistakenly predict the correct dynamic relaxation for the pure annihilation regime in
the case of finite number of point masses (discrete velocities) for initial data due to strong cumulative
correlations. We will therefore in the sequel always consider the case of d-dimensional hard spheres with
d>2.

Contrary to granular gases, ballistic annihilation dissipates the density, thus, it does not have natural
collision invariants. As a consequence, the solution to the associated kinetic equation converges to 0 as
time goes to infinity. We aim to answer the two questions raised before:

(Q1) What is the precise rate of decay towards zero of the macroscopic quantities as density and kinetic
energy ?

(Q2) Isthe long-time behavior of the solution described by some suitable self-similar profile which would
attract any solution to the associated equation after proper rescaling ?
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We will focus on these questions in the regime when « is relatively small, but still order one. This
regime is interpreted as a system of elastic particles colliding many times before annihilating, that is,
particles undergoing significant diffusion due to collisions before annihilating. This is precisely the natu-
ral regime to search for self-similarity. We prove that the model possesses an universal attractor related
to the self-similarity equation, which leads to universal algebraic relaxation rates that can be explicitly
computed. Exact rates are quite expensive to compute as they demand the knowledge of the attractor,
which requires solving the highly nonlinear integro-differential equation (1.5). For this reason, the rate
found in the limit o — 0 is of key relevance. In reference [37] was conjectured that, in particular, the
mass of the solution f(¢,-) to the kinetic equation behaved in the long run as

ft,v)dv ~ ¢ 4d/(Ad+1) t— o0
Rd
and later in [14] numerical evidence was given supporting this fact. A particular application of the
analysis performed in this work is precisely the rigorous proof of such statement (see Theorem 1.4 and
comments below). Interestingly, the pure annihilation case « = 1 does not enjoy attractors, and long time
relaxation rates depend on the initial configuration as proven in the aforementioned references (for both
continuous and discrete velocity initial data). Furthermore, it is unclear what happens with the system’s
dynamics in the regime where « is relatively large, however, reference [14] shows numerical evidence
that seems to indicate existence of attractors as long as a < 1.

Before discussing in details the results and answers to the above queries, let us precisely describe the
model we are dealing with.

1.2. The equation at stake. In a spatially homogeneous framework, the density of particles f(t,v) with
velocity v € R? (d > 2) at time ¢ > 0, satisfies the following

{atfu,v) = Ba(f, /)(t,0) = (1= )Qf ))(t,0) = aQ- (. ))(tv) >0 i

f(oa ’U) = fo (U)
where Q is the quadratic Boltzmann collision operator defined by
Qo NN = [ lo=ul(d'f - gf.) dv.do
Ré xSd—1
where we have used the shorthands g = g(v), ¢’ = g(v'), f« = f(v«) and f, = f(v}) with post-collisional
velocities v and v/, parametrized by

, vt —u , vtu fo—ol
v = 5 + > o, v, = 5 > o, oceS“T. (1.2)
Here above, do denotes the normalized Lebesgue measure over S, i.e de,l do =1.
The above collision operator Q(f, f) splits as Q(f, f) = Q+(f, f) — Q_(f, f) where the gain part O
is given by

Q. (f. f)(v) = / v — v f1f dv. do,

Rd xSd—1

while the loss part Q_ is defined as
Q_(f, fv) = f(v)Xf(v), with  Zf(v) :/ [v — v, frdu,. (1.3)
]Rd

The Cauchy theory for the above equation has been investigated in a previous contribution [7], and
we refer to the op. cit. for related questions.

In all the present paper, we shall assume that f, € L1(R9) is a nonnegative initial datum and that
f(t,-) € LY(R?) is the associated solution to (1.1) for a given parameter a € (0,1). As explained, such
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solution f(t,-) is expected to converge to zero as t — oo and, before reaching such degenerate state, the
solution is expected to become close to a self-similar solution of the form

fr(t,v) = At) $a(B(t)v), (1.4)

for some scaling functions A(¢) and 3(¢) and for a given self-similar profile 1), (depending clearly on the
choice of the parameter o). One can then show, see [34, 37, 7], that such a self-similar profile is a
solution to the following stationary Boltzmann equation

Aotha(§) +Ba & Verha(§) = (1 — ) Q(Ya, Ya)(£) — aQ— (Yo, 1a)(§), (1.5)
where
Aa:_g ( = B d|€|2 ) —(Va, Ya d 1.6
2 /Rd fRd wa(@)d@ f]Rd 1/}a(§*)|§*|2 dg* Q W 71/1 )(5) 57 ( )
and
B, - -2 < 1 ) Ik ) o -
2 /Rd T ta@) e T vae) e dg, ) & e a)(©)de (1.7)

Existence of solutions to (1.5) has been proven in [7] for any « smaller than some explicit threshold
value. Moreover, borrowing techniques already used for similar questions in the study of granular gases
[27], uniqueness of the self-similar profile has been established in [8] for a smaller range of parameters
a. The precise result is given in the following theorem.

Theorem 1.1. (Existence and uniqueness of the self-similar profile [7, 8]) There is some explicit 0 <
ap < 1 such that for any o € (0, «p), for any given ¢ > 0 and E > 0, there exists a unique solution i, to
(1.5) with mass o, energy E and zero momentum, i.e.

1 0
wol ) (1)
R 2 E

Moreover, 1),, is smooth and radially symmetric.

By a simple scaling argument, there is no loss of generality in considering the special case in which
o=1and E = d/2 and, from now on, we will denote by 1, the unique solution to (1.5) that satisfies

1 1
bal© | & Jde=| ] (1.8)
e €17 S
2
We denote by M(&) the Maxwellian distribution with same first moments as v, i.e.
M(g) =7~ exp(—[¢f"),  VEER™. (1.9)

1.3. Self similar variable. Let us consider a solution f = f(¢,v) to (1.1) for some nonnegative initial
datum fy € Li(R?). Let us introduce the following v(r, ) through

tv) = ng(t) (2T (1))~ Y? t ,Luf(t) 1.10
ft,0) = np ()T ()~ " (T( ) NeITG) (1.10)
for some suitable scaling function 7 : Rt — R™ and with

ng(t) = ft,v)dv, ny(t)us(t) :/ ft,v)vdo,
R e (1.11)

dny(t)Ty(t) = /Rd ft,v) v —up(t)*dv, t>0.
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Notice that the choice of the scaling enforces the following

1
ool L)
e i3n

which ensures the self-similar function ¢(7) to share the same mass, momentum and energy of the steady
profile v,. With such a scaling, straightforward computations, see Section 2.2 for details, combined with
the uniqueness of the solutions to both Cauchy problems (1.1) and (1.14) yield the following proposition.

e, O

) vr > 0. (1.12)

Proposition 1.2. Let fo € Li(R?) be a nonnegative initial datum with positive mass ny, > 0 and tem-
perature Ty, > 0. Let f(t,v) denote the unique solution to (1.1) associated to the initial datum fy. Then,
min (ng(t), T¢(t)) > 0 for all t > 0. In addition, introducing the scaling function

t
T(t):\/i/ ng(s)y/Tr(s)ds, Yt >0, (1.13)
0

and defining (7, &) by (1.10), it holds that ¢ (t,§) is the unique solution to
Ar(7,€) + (Ay (1) =dBy (7)) (7, ) + By(7)dive ( (€ — vy (1)) %(7,€))
=1 -a)QW,¥)(7,£) — aQ_(¥,¥)(7,)

with initial datum ¢(0,&) = (2Ty,)*?n ;" fo (\/2Ty, &+ uy,) and where Ay(-), By(-) and vy(-) are de-
fined by '

(1.14)

A == [ @r2-20eR) e @i

o 2 9
B =-5 [ (1-3eP) e o (115)
Bu(ros(r) =—a [ Q. (U)o eR?, V0.

Remark 1.3. The choice of the time scaling 7(-) in (1.13) will be fully justified in Section 2.2. We can only
anticipate that it is introduced to obtain a unit constant in front of the time derivative 9,1 in (1.14). Notice

also that, as it occurs for granular gases [26, 6], the new time scaling is actually logarithmic, see Proposition
3.17.

From the previous results, one sees that v, is a steady solution to (1.14) — independent of the time
variable 7 — and for which

Aa = Awa, B, = Bwa, and Uy, = 0
since, 1), being radially symmetric so is Q_ (¢q, V0 )-

1.4. Notations. For all » > 0, we denote by D(r) the open disc of C with radius r, i.e. D(r) = {z €
C ; |z| < r}. Given two Banach spaces X and Y, we denote by #(X,Y) the set of linear bounded
operators from X to Y and by || - || z(x,y) the associated operator norm. If X = Y, we simply denote
PB(X) = B(X, X). We denote then by ¢'(X) the set of closed, densely defined linear operators on X and
by .# (X) the set of all compact operators in X. For A € ¢ (X), we write Z(A) C X for the domain of A4,
A (A) for the null space of A and Range(A) C X for the range of A. The spectrum of A is then denoted
by G(A) and the resolvent set is o(A). For A € p(A), R(\, A) = (MId — A)~! denotes the resolvent of A.

Let us introduce some useful notations for function spaces. For any nonnegative weight function
m : R? = R*, we define, for all p > 1 and ¢ > 0 the space L{;(m) through the norm

s = ([ @rerma)



6 RICARDO J. ALONSO, VERONIQUE BAGLAND, AND BERTRAND LODS

ie. Lb(m) = {f : R* = R ; ||fllpm) < oo} where, for & € RY, (§) = \/1+ [¢[2. We also define, for
keN,

Wy (m) = {f € Lh(m) ; Off € L (m) V|B| < k}

with the usual norm,
P S
1BI<k
For m = 1, we simply denote the associated spaces by L? and W’;*p . Given functions f(t), g(t) depending
ont > 0, we write f(t) ~ g(t) as t — oo whenever lim;_,, f(t)g(t)~ = 1.

1.5. Main results. Let us recall that A, := A, B, := By,. We introduce the nonnegative quantities

a, = M7 b, = M?’—Q_Aa’ a € (0, ap). (1.16)

« «
The following is the main result of the paper.

Theorem 1.4. Assume that f, is nonnegative, with positive mass and temperature and such that

G-at

fo€ Hy = (R) N Ly(R)

for some n > 4+ d/2 and some k > max{4 + d/2,d(d — 2)/(d — 1)}, (d > 3). We also assume that f, has
finite entropy and Fisher information, i.e.

/ fo(v)log fo(v)dv < oo and / ‘V\/m‘zdv < oo.
Rd Rd

Let f(t,v) be the unique solution to (1.1) associated to the initial datum fo. Then, there exist some t > 0
and some explicit A > 0 such that for any a € (0, A/2), for any € > 0 there exists some explicit . € (0, )
such that, for all a € (0,a.), there is some C = C, ¢, > 0 depending on fo through ny,, wy, and Ty, and
such that

— t _ _
o) — falto)exp (o PO gy cca v wsi
R 2T(t)
where 9 := m (qay + i — €), 1y denotes the spectral gap of the linearized operator %, associated to
the elastic Boltzmann equation in L?(M™1),

Falt,v) = np()(2T (1)) *¢bq (%) . 120

with the moments ny(t), Ty(t) and u(t) satisfying

4B,

a,
logn(t) ~ —2————1logt, log Ty (t) ~ “alan 1)

a Do logt fort — oo (1.17)

and
tlggo uy(t) =uyp + \/2Tf0/0 By (s)vy(s) exp (—/0 B¢(r)dr> ds.
Moreover; for fixed a, the aforementioned rates for ny and Ty are universal.

The above Theorem provides a satisfying answer to the queries (Q1) and (Q2) above:

— The precise rate of convergence of the density and temperature is described by (1.17) for any
a € (0,a.). Notice that this rate is sharp in the regime of small annihilation since one has (see
Remark 2.7) for a — 0

2a, 4d 4B, 2(bo — ay) 2

aa+ba:4d+1’ alay +by) as,+b,  4d+1’
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which results, for small values of «, in

2

np(t) ~t7 3T T(t) ~t7FT ast— oo.

These results match the rate of convergence conjectured by physicists in [37, 14] described in
Section 1.1.

— For an initial datum with little regularity requirement, any solution to (1.1) is asymptotically
close to the self-similar profile f, (¢, -). Notice that our statement is quantitative in the sense that
explicit rate of convergence toward zero for the difference f(¢,-) — fa (¢, ) is provided. Such rate
is algebraic and, interestingly, is related to the mass, momentum and energy of the profile 1,
as well as to the spectral gap of the classical (elastic) Boltzmann linearized operator. Observe
also that the convergence is established in L'-space with exponential weight, but such strong
tail is not demanded for the initial datum. This improvement in weight from polynomial to
exponential is obtained by exploiting the instantaneous appearance of exponential moments for
Boltzmann-like equation associated to hard potentials.

— Notice that the answers to both queries (Q1) and (Q2) are related. Indeed, we are not able to
obtain in a direct way the behavior of the moments ns(t), us(t) and Tf(¢) by inspecting just the
moments equations associated to (1.1). Surprisingly, the inspection of these moments equations
just allows us to get the decay of the product ns(¢)/T(t) but not the decay of each term. We
are able to determine the long-time behavior of such moments after exploiting the convergence
of the whole solution f(t,v), see Section 3.4.

1.6. Strategy of the proof and novelty of the current approach. It appears convenient along the proof
of Theorem 1.4 to rather investigate the solution of the rescaled equation (1.14) because it is conservative.
For such rescaled equation, the main result can be formulated as follows.

Theorem 1.5. Under the Assumptions of Theorem 1.4 on the initial datum fy, let f(t,v) be the unique
solution to (1.1) associated to the initial datum fo and let ¢(7, &) be the associated rescaled function given
by (1.10). Then, there exists some explicit A > 0 such that for any a € (0, A/2), for any € > 0 there exist
some explicit a.. € (0, ap) such that, for all o € (0, )

[ 1) = ()] explale)a < Cofo)expl~(ue =) ¥r>1.

where ., denotes the spectral gap of the linearized operator £ associated to the elastic Boltzmann equation
in L>(M~1) and C.(«) is a positive explicit constant depending on « and .

Remark 1.6. There are two noticeable facts in Theorem 1.5:

(1) the rate of convergence is nearly optimal, being as close as desired to the rate of convergence to equi-
librium for the elastic Boltzmann equation O(e~*+'). This is an important contrast with respect to the
results obtained so far in the context of granular gases [27, 36] for which the rate of convergence to
self-similarity is not continuous with respect to the elastic limit. To be more precise, in [27, 36], if
n € (0,1) denotes the inelasticity parameter, then the decay to the self-similar profile is O(e—¢(1—71)
for some explicit ¢ > 0. This shows a lack of continuity in the exponential parameter in the elastic limit
n — 1. In Theorem 1.5, in the elastic limit o — 0 one exactly recovers the optimal rate of convergence to
equilibrium of the elastic Boltzmann equation in the sense that the exponential parameter may be chosen
as close as desired to the elastic parameter i, for o small enough (for such a small «, it is likely that the
constant C.(«) is very large, but remains finite).

(2) The rate of convergence of the self-similar problem is independent of «. That is, all corresponding
relaxation related to annihilation is hidden in the rescaling. Thus, the self-similarity rescaling becomes
a tool that decouples the annihilation dynamics from the elastic collision dynamics. This is a powerful
tool for analysis.

The strategy we adopt to prove the results combines the spectral analysis of the linearized operator
and the entropy-entropy production method. The introduction of the linearized operator in the rescaled



8 RICARDO J. ALONSO, VERONIQUE BAGLAND, AND BERTRAND LODS

equation may seem, at first sight, as a bad idea since the rescaled problem (1.14) is non-autonomous.
However, it reveals to be very efficient because, essentially, the rescaled equation is conservative.

Let us try to describe more precisely our approach. In the weighted space
Xo=LY(w),  w(&)=exp(al¢])

where a > 0 is some suitable number, we can introduce the linearized operator around the profile v, as
follows.

Definition 1.7. For any a € (0, o), introduce the linear operator %, : 9(%.) C Xo — Xo by

Zah(§) = (1= a)[Q(h, $a)(§)+Q1a, h)(§)] — Q- (Yo, h)(€) + Q- (h, ¥a)(§)]
—Aoh(§) = Ba & - Veh(§), Vh € 9(£a)

with domain 9(%,) given by 2(%,) = W, "' (w). We also denote by %, the elastic linearized operator
% 2(%) € Xo — X given by

Zoh = Q(h, M) + QM. h),  Vh € 9(L)

with 2(%) = Li(w) and where M is the unique Maxwellian with same mass, momentum and energy as
e given by (1.9).

Then, one can prove that, for « small enough, (.%,, Z(.%.)) generates a Cy-semigroup {S,(t); t > 0}
in X, (see Theorem 4.11 for a precise statement) with the following spectral properties and decay:.

Theorem 1.8. Let us fix v, € (0, 1). There exists a* € (0, ap) such that, for any o € (0, a*) the operator
Lo D(Zn) C Xo — X satisfies:

1) The spectrum &(.%,,) is such that
S(L)N{z€C;Rez >~} = {pul, ... put?

where 11}, ..., udt? are eigenvalues of %, (not necessarily distinct) of finite algebraic multiplicity.
2) Forall i € (0,v)), there is C,, > 0 such that

[Sa()(Xd = Po) || ) < Cuexp(—ut)  Vt=0
where P, denotes the spectral projection associated to {yu., ..., pd2} in Xo.

The proof of this Theorem is quite lengthy and technical. Our approach to Theorem 1.8 is inspired by the
one introduced in [27] and revisited in [18, 36]. It consists, roughly speaking, in a perturbation argument
which exploits the spectral analysis of the linearized elastic Boltzmann operator .%,. In a more precise
way, we first use the fact that the spectrum of % is well localized, meaning that it admits a spectral gap
in a large class of Sobolev spaces; second, we show that, for « small enough %, — % is of order O(«)
for some suitable norm; finally, to deduce the decay of the semigroup from the spectral structure of the
generator, we need to use some abstract spectral mapping theorem established in [28]. The decay in X,
is then deduced from that in W}"' (zo) thanks to an abstract enlargement and factorization argument as
developed in [18]. The proof of Theorem 1.8 should not be seen as the main novelty of the paper and,
for this reason, is postponed to the end of the paper (see Section 4).

Remark 1.9. As will be seen later on, the sign of the eigenvalues !, (i = 1,...,d+2) do not play any role in
our subsequent analysis which is an important contrast with respect to the analysis performed in [27] and
[36]. On this point, it is an interesting open question to determine the sign of the eigenvalues i',. It seems to
be a non trivial problem and the fine asymptotics of i, for o ~ 0 would provide an interesting complement
of the above result.

Considering the fluctuations around the equilibrium

h(t,f) = 1/}(t?€) - 7/1a(f)7 t > 07
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it can be shown that & satisfies the following quasi-linear equation in mild form, see Section 3.3 for
details, )

h(t) = S (t)h(to) + / Su(t —5)Gu(s)ds, V=15 >0, (1.18)

to
where, roughly speaking,
Go(s) =B4(h(s),h(s)) + O(a).

This is where the entropy-entropy production approach enters the game. It is well-known that for elastic
interactions the dissipation of entropy forces, by some kind of La Salle’s principle, the solution of the
Boltzmann equation to become close to equilibrium. An important breakthrough in the study of the
Boltzmann equation has been to make this idea quantitative by using some version of the so-called
Cercignani’s conjecture [39]. This results in explicit estimates on the time needed for any solution to the
Boltzmann equation to fall into a vicinity of the equilibrium.

Even though the above equations (1.1) and (1.14) do not exhibit any dissipation of (relative) entropy
properties, we expect the persistence of the above behavior in the elastic limit. This idea is made rigorous
in Section 3.3 using in a crucial way the fact that the rescaled equation is conservative. We are led to an
estimate of the type: there exists some o small enough such that, for a € (0, *) it holds

[9() = allx, <) Vi>T(a)

for some explicit time 7T'(«) > 0 large enough and some function ¢(«) with lim,_,o £(«) = 0. This allows
to sharpen our estimate on G,(s) yielding

1Ga(s)llx, < e(@) [|h(s)llx,, Vs =>to > T(a),

where ¢(a) — 0 as &« — 0. Unfortunately, this is not enough to obtain the convergence of i(t) to 0 in the
Duhamel representation (1.18) since the semigroup {S,(¢); t > 0} does not decay to zero in full generality
(recall we do not know the sign of the eigenvalues ¢ ). From Theorem 1.8, the decay happens only when
acting on the range of Id — P,,. Because of the highly dissipative behavior of .%,,, the precise expression
of the projection P, seems difficult to obtain. At this point, a crucial role is played by the fact that the
scaling we choose is exactly the one which makes (1.14) conservative. Because of this additional property,
the fluctuation h(t,£) have zero mass, momentum and kinetic energy and, as such, satisfies

Poh(t) =0  Vt>0,

where Py is the spectral projection on the kernel of the elastic operator .. This obvious but fundamental
property together with the fact that, in some sense,

Pa — Po = O(Oé)
allows us to prove that, for o small enough,
[h(O)]x, < CI(Id = Pa)h(t)llx,  Vt=0. (1.19)

In other words, it suffices to study the dynamic of Eq. (1.14) in the “orthogonal” space Range(Id — P,,).
However, it is important to emphasize the contrast here with the classical elastic Boltzmann equation:
for such a problem, as well-documented, the nonlinear dynamic occurs exclusively on the “orthogonal”
Range(Id — Py). Here, this is not the case, some part of the nonlinear dynamic still occurs on the space
Range(P,,) but according to the estimate (1.19), such a dynamic is controlled by the one occuring in
Range(Id — P,).

The combination of these two approaches — spectral analysis and entropy method - is reminiscent
of the work [27] on granular gases and strongly relies on the understanding of the elastic problem
corresponding to o« = 0. However, the approach we follow is novel in different aspects:

1. Our approach is global in essence. This contrasts with the approach of [27] (see also [12]) where
local stability estimates (in which exponential convergence is proven for small perturbations of the equi-
librium) are first established and then suitable entropy estimates are used as a tool to pass from local to
global stability. Here, even if we fully exploit the spectral properties of the linearized operator and the
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decay of the associated semigroup, our approach does not rely at all on the study of close-to-equilibrium
solutions to (1.14). We directly prove the global stability without proving first the local one. We insist
here in particular on the fact that the sign of the eigenvalues 1!, ..., u%*2 in Theorem 1.8 do not play
any role in our analysis (it is not completely clear actually whether these eigenvalues are nonnegative or
not).

2. Related to this first point, our study of the global stability exploits in a crucial way the fact that the
rescaled equation is fully conservative. We recall here that the usual scaling performed for granular gases
[27, 36] (inspired by similar scaling for nonlinear diffusion equations [9, 13]) is temperature dependent
and results in some autonomous equation which does not preserve the energy (still preventing blow-up
or cooling down). Similar temperature-dependent scalings have also been introduced for numerical pur-
poses [17]. Our scaling (1.10)-(1.11) is related to these mentioned ones but is different in nature since
(1.14) preserves mass, momentum and kinetic energy. The price to pay for obtaining a fully conservative
equation is that this latter is non-autonomous. As such, the linearization around steady solution is not
completely natural and has no direct physical meaning. It is somehow imposed by force in our analysis.
However, as explained previously, dealing with a conservative equation allows us to exploit — in a cru-
cial way — the fact that the dynamic in the space Range(P,) is completely controlled by the dynamic in
Range(Id — P,,).

3. By virtue of the point 2, the rate of convergence to equilibrium for the rescaled equation is sharp
in the sense that it allows to recover, in the limit & — 0, the decay to equilibrium for the Boltzmann
equation in O(e #+*). We already commented on this point in Remark 1.6 explaining the contrast with
the analysis in [27, 36]. Let us emphasize at this point that recovering the sharp decay rate is made
possible again thanks to the conservative form of the rescaled equation and the method described in
point 2 and in the previous paragraph. Such novel approach is the main contribution of our paper which
allows to understand in a better way the role of the linearized operator in the rescaled equation. Let us
also mention that this method is robust enough and applies to the models of granular gases described
earlier (at the price of performing the scaling which exactly preserves the energy).

4. For the entropy-entropy production method, we follow a time-dependent approach initiated in
[6] in the context of granular gases. With respect to this approach, one can see that the regularity
assumptions made on the initial datum are minimal. This comes from an improvement of a well-known
functional inequality obtained by C. Villani that relates the entropy production functional associated to
Q(f, f) to the relative entropy. In [39], an almost linear inequality is derived under some strong (high
order) regularity on f,. Here, we used a version of such an inequality — obtained recently in [4] — where
the functional inequality is far from being linear but for which the regularity on f is drastically relaxed.
Namely, we will resort on the following proposition.

Proposition 1.10. For a given function f € L3(R?) N L*(R?), let M ; denote the Maxwellian function with
the same mass, momentum and energy as f. Assume that there exist Ky > 0, Ag > 0 and qo > 2 such that

J(0) > Ko exp(~Ag[o]?) Vo e RY (1.20)

Then, for all § € (0,1), there exists a constant \s(f), depending on ¢ and on f only through its mass and
energy and upper bounds on Ao, 1/ Ko, | f||12ra) and || f|| 11 (ra), where s = s(qo) > 0 such that

2172 20 ( [, 5007108 () dv><l+6><1+2/d>

where 2(f) is the entropy dissipation functional associated to the elastic Boltzmann operator
f(v) )
D(f) = — / o(f, f)(v)lo ( dv
(N =-[, el nwnos (5775

Notice that, in order to be able to apply the above Proposition to the solution (¢) to (1.14), we need
first to prove the appearance of gaussian-like pointwise lower bound for such solutions, see Theorem 3.5.
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5. Finally, a novelty of our approach also lies in the control of the Fisher information I(¢(¢)) of the
solution to (1.14). Recall that, for a given nonnegative function f, the Fisher information of f is defined

as
2
1(f) = %/Rd 7|VJ{((§))| de = /Rd MG (1.21)

It is very easy to see that, to obtain a uniform control of the solution ¢ (t) in spaces like W} (o), it is
enough to prove that
sup I(¢(t)) < oo.

t>0

We prove that such an estimate is true in Theorem 3.10 under minimal regularity on the initial datum
1o, which in dimension say d = 3 is assumed to have finite Fisher information and to lie in H!(R%)
(with some algebraic moments). The uniform control of Fisher information for solutions to Boltzmann
like equation seems to be completely new. We mention here the seminal work [38] dealing with the
Boltzmann equation for Maxwell-like collision kernels and for which an algebraic growth of the Fisher
information is obtained. Our approach relies in a heavy way on the appearance of gaussian-like pointwise
lower bounds (Theorem 3.5) and on the precise control on the way the various parameters in these lower
bounds depend on time. We refer to Section 3.2 for more details on these new estimates. Again, the
method we propose here seems robust enough to apply to a larger variety of kinetic models exhibiting
the appearance of such pointwise lower bounds.

1.7. Organization of the paper. The paper is organized as follows. We describe in Section 2 the evo-
lution of the moments for the nonlinear equation in original variable (1.1). We are able, at this stage,
to obtain only partial results yielding just the decay of the product n(t)? Ty (t). However, this will turn
of paramount importance since such a decay is actually governing the long-time behavior of the time
scaling function 7(¢) (see Eq. 1.13). The rest of Section 2 makes rigorous the scaling performed earlier
and provides the proof of Proposition 1.2.

Section 3 of the paper is devoted to the stability analysis. In Section 3.1, we develop the time-
dependent entropy-entropy production method. In Section 3.2, we first obtain uniform bounds on the
solution (¢,&) to (1.14) - in particular obtaining the important estimate on the Fisher information
Z(+(t)) and then prove Theorem 1.5 in Section 3.3. Finally, in Section 3.4, we turn back to the original
variable and prove Theorem 1.4. Notice that, in this whole Section, we will use Theorem 1.8 even though
this result is proven in the next Section. Namely, Section 4 is devoted to the proof of Theorem 1.8 which
is lengthy and technical. It is reminiscent to the recent contributions [18, 27, 36] and consists in a per-
turbation argument around the elastic limit combined with some abstract enlargement and factorization
arguments as developed in [18].

The final part of the paper is made of three Appendices which collect several technical results used
in the main core of the paper. In particular, Appendix A gives the proof of two technical results used in
Section 4. Appendix B collect the main properties of the solutions to the rescaled equation (1.14) and,
in particular, the appearance of pointwise lower bounds which is fundamental for the use of the above
Proposition 1.10. Recall here that, for such lower bound, it is important to get a control of the various
constants with respect to time in order to perform our analysis of the Fisher information. In Appendix C,
we prove that the linearized operator (.Z,, 7(.%.)) is the generator of a Cy-semigroup in X, exploiting
well-known abstract generation results in L'-spaces.

2. EVOLUTION OF THE MOMENTS FOR THE NONLINEAR EQUATION

We consider here the evolution of macroscopic physically relevant quantities associated to the fully
nonlinear Boltzmann equation that we recall here for convenience

{atfos,v) = (1 —a)Q(f, )t,v) —aQ_(f, f)(t,v) >0

f0,0) = fo(v). 2.1)
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This kinetic equation has no conserved macroscopic quantities and density is decreasing to zero. To
be more precise, let us recall that, for any ¢ > 0, the density

= / f(t,v)dv,
R4
the momentum u(¢) € R? and the temperature T (t) > 0 are defined respectively by
ny(t)us(t) :/ f(t,v)vdv € R and dng(t) / ft,v)|o —up(t)Pdo.
Rd

2.1. Evolution of first moments. We aim here to deduce the precise rate of convergence to zero of the

quantity

Es(t) = dng(t)*Ty(t), Vt=0
and our main result is the following theorem which is reminiscent of Haff’s law [20] for granular gases
with constant inelasticity, see [26] for a rigorous proof and [6] for a similar result for visco-elastic granular
gases.

Theorem 2.1. There exists some explicit o, € (0,1) such that, for any o € (0, ) and any nonnegative
fo € Li(RY), the associated solution f(t,v) to (2.1) satisfies the following:

-2
(co+2(1+a)t) 2 <dnyp(t)2Ts(t) < (Cl-i-%t) ¥t >0
for positive constants cg, c; > 0 depending only on the initial distribution f, and not on «,

1
co = /Rd fow)lo —up(O)ldv,  er:= Ef(0)

Let us introduce the moments
_ / FE) —ws®)Fdv 20,  (k>0).

With such notations, ns(t) = My(t) and dny(¢)T ( ) = My (t) and E(t) = My(t)M>(t). In the sequel, we
consider a nonnegative initial datum f, € Li(R%) and denote by f(¢), t > 0 the associated solution to
(2.1). One has the following lemma.

Lemma 2.2. One has
d d

&MQ( ) CYM()( )Ml (t) and EM2(t> < —« Mo(t) Mg(f) Vit > 0. (22)

As a consequence
-2
1
Ef(t) < ( + %t) )

E¢(0)

Proof. The proof follows from integration of (2.1) and the fact that both density and kinetic energy are
conserved by the Boltzmann operator Q. Therefore, we get

d
G =—a [ et G0 = o [ e (f bl -u@Pl, @3
so that
d
Enf(t) = - -~ f(ta U)f(t, U*)|1} - U*|dv* dv
d

—Ms(t) = —« Ft,0) f(tv.) [v— vi| [o — uyp ()| dvdus.
dt R2d

According to Jensen’s inequality one has

/Rd Ftv)v — valdvs > ns(Bo —wp(t)] ¥ 0.
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Therefore
%nf(t) < —ang(t / ft,v)|v —us(t)|[dv and dng( ) < —ang(t / flt,v)|v—ug(t )| dv

from which (2.2) follows. To deduce from this the decay of E(t), we simply notice that, thanks to (2.2),

d d d
T Er(t) = Ma(t) - Mo(t) + Mo(t) - Ma(t) < —a Mo(t)*Ms(t) < —a Ey(1)*/?
where we used that Ms(t) > M, 1 %(¢)Mx(t)®/? thanks to Hélder’s inequality. The result follows. O

Therefore, in order to capture the asymptotic behaviour of both n(¢) and T (¢), it will be necessary
to understand the behaviour of larger order moments, typically M;5(t). One begins with recalling the
Povzner’s estimates obtained in [7]. For low order moments, one has the following which comes from a
combination of [7, Lemma 3.1] and [7, Lemma 3.7].

Lemma 2.3. For any k € (0,1) and any nonnegative mapping ¥ : R? — R one has

—/ B (T, ¥)(v) [v]**dv < —@/ U () U(v)|v — vkl (|v|2+|v*|2)kdvdv*
R4 R2d

1

+ —/ U (0)T(vy)|v — vkl (|v|2k + |v*|2k) dvdo,,
2 Jeoa

where B (a) = (1 — )y with

~ k ~ k
Qk:/ 1+U0)  (1ZU-0) |4, = |Sd |1 ’f/ (1+6)F (1-) 2 Tt (24
gd—1 2 2 |S 1| -1

To prove Theorem 2.1, we need to compute the evolution of M; (t).

Lemma 2.4. There exists o, = iijzﬁ € (0,1) such that, for all a € (0, ) the unique solution to (1.1)
satisfies
-1
1
— 4+ 2(1 t < My (t Yt > 0.
(a2 o) <an0)

Proof. The proof resumes some of the arguments of [7, Lemma 3.7]. Precisely, multiplying Eq. (1.1) by
|v — us(t)| and integrating over R one has

G0 = [ Balr. 00 [0 = wsldo+ [ e 0a - usoldo e

= v)|lv—u v—u . v 1}—71”(15) v
= [ Bt o) o=y 0o —dste)- [ pie0) i —lan
Using now that
s 0ur(0) = = [ @ (1) (t.0) vv = ity ()us() + s (0 ()

together with (2.3) we easily get that

(0%

ERE]WQfUJXLWW—UAUMU

ug(t) = -
Consequently,

U . v 70_1”(0 v
) [ gt

< Jaag (8) |y (1) / Q_(f, ) (¢ 0)lw — g (t)|dv.
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Using that

/ Q- (f, Nt v)[v —uy(t)|dv = / F0) [ v)|v = vl Jo = ug(t)|dvdo.
]Rd RQd

< fE) ) (o —up @)+ [oe —up () o — wp(t)|dvdv. = Mo(t)Ma(t) + Mi(t)?

R2d
we get from (2.5),

d

M) > / Ba(f, £)(t,v) [0 — up(t)|dv — o (Mo (t) Ma(t) + Mi(t)?) .
]Rd

Using Lemma 2.3 with £ = 1/2 and ¥(v) = f(¢,v + uy(¢)), we obtain that

[ Balr ) o= us@ldo = [ Ba(rlte+us(). £6 + wr®) @)oo

Rd

> % Ft,v4+up(@)f(tve +us(t)T (v, vs)dvdos
R2d

where
T(0,0.) = Brja(@)o — vl (Jof? + fouf?) 2

1/2

— v =ou] (Jo] + Jos]) -
Since | [v] — vy || < v — vi| < || + |vi] and (Jv]* + [v.|*) " = | |v] — |v.] | one gets that

T (0,0) = Brya(@) [o] = o] [ = (Jo] + [os])?
= (Biy2(a) = 1) (Jo]* + [vul?) = 2 (Br/2(e) +1) [o]fos].

Since

/ Fltv+up() f(ve +wp(®) (Jo]? + 0. ]?) dvdo,

=2 [ F0 0 g0 Paedo. = 200000
while
/RM Ftv+up(t) f(t ve +up(t)|v] [vs|dodo, = (/R £t 0)o — uf(t)|dv)2 ML),

we get

/R Bl £)(t0) [0 — s(@)ldv > (B1/a(e) — 1) Mo())Ma() — (Bujale) + 1) My(1)
Combining this with (2.6) we finally obtain

%Ml(t) > (Bry2(a) — o = 1) Mo()M2(t) — (Brja(@) + 1+ a) Mi(t)*.

01/2—1

(2.6)

2.7)

(2.8)

Now, setting a, = one sees that, forany 0 < o < o, 1/2(a) > 1+ . Moreover, Cauchy-Schwarz

01/2+17
inequality ensures that M; (t)? < My(t) Mz (t) so that (2.8) reads

d
dt

Integrating this differential inequality gives the result.

The above inequality yields the optimal rate of convergence.

Mi(t) = (Bij2(@) —a— 1= (Bij2(a) + 1+ a)) Mi(t)* = =2 (1 + ) My (t)? Vit > 0.
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Proof of Theorem 2.1. Let a € (0, ) be fixed. Using again that My(t)Ma(t) > ME(t), we deduce from
Lemma 2.4 the lower bound

Mo (t)Ma(t) > (ﬁ(o)+2(1+a)t> VE>0

which gives the conclusion thanks to Lemma 2.2. O
A direct consequence of Theorem 2.1 and Lemma 2.4 is that
My(t) o< (1+)71 ast — oo.
More precisely, one has the following result.

Corollary 2.5. There exists some explicit o, € (0,1) such that, for any a € (0, ), any nonnegative solution
f(t,v) to (2.1) associated to a nonnegative initial datum fo € Li(R?) satisfies the following:

—1
(co+2(1+a)t) " < Mi(t) < (Cl-i-%t) ¥t >0
for positive constants cg, c; > 0 depending on the initial distribution f.

Proof. The lower bound comes from Lemma 2.4 while the upper bound comes from the corresponding
upper bound for M(t)Ms(t) in Theorem 2.1 together with the fact that M, (¢) < /Mo (t) Ma(t). O

2.2. Scaling and self-similarity. Let us recall that we introduced in (1.10) the following rescaled func-
tion ¢ (7, £) through

F(t,0) = ny()(2T5 () "2y <r<t>, %ffg;) )

where ny(t), Tf(t) and us(t) denote the first moments of f(t, -) defined by (1.11). We give briefly here the
proof of Proposition 1.2 which asserts that, under such scaling, ¥ (7, £) is the unique solution to (1.14).

Using (1.10), one gets that, for 7 = 7(¢) and £ = z/_;LTi—((tt))’
O, f (t,0) = ng(£) 2Ty () ~*?7(1)0- (7, €)
+ (0T (0) Y = dTy (s ()2Tp(0) ) (7€)

— ()T (1)) T Tr()E - Veb(r,€) — np()(2T5(£)) ™ = g (t) - Verb(r, €),

where the dot symbol denotes derivative with respect to ¢t. Moreover, using the scaling properties of

Q.4 (f,f), one has
Qi (f. f)(t,v) = ng(t)*@T4(1)) T Qu (¥, ¥)(r,€),

so that ¢ (7, £) satisfies the following equation

Ba (1, 9)(7.€) = np(t) 2T (1)) ()0, (7€)
+ (hf(t)nf(t)_2(2Tf(t))_1/2 - de(t)n}l(t)(2Tf(f))_3/2) ¥(7,§)
= Ty(t)n; ()T ()72 - Ve (r,6) — np(8) 71 2Ty (1) s (1) - Ve (7, €)
forr =7(t), & = 7\7;7;—((2 One sees then that choosing the time scaling function 7 in such a way that
7(t) = ny (t) 2T (t), vVt >0,

we obtain, finally

rp(7,8) + Ay (1) (7, 8) + By (7)€ - Veb(1,€) + Vi (7) - Ve (7, ) = Ba (v, 9)(7,€)



16 RICARDO J. ALONSO, VERONIQUE BAGLAND, AND BERTRAND LODS

with
Ay(r() = (ig(tns () 2 @Tp(0) /2 — dTy (07 ()(2T5(1) ) R
Bu(r(t) = ~Ty(t)ny (0(2T5(1)~/2 = ny* (1) & (2T(1)) /2 € R (2:9)
Vy(r(t) = —ng(t) (2T (1) tus(t) eRY, V>0,
Introducing
1

aay (1) = dBy(1) — Ay(7), vw(T)Z—me(T)ERd

allows to write the above equation satisfied by (7, §) in divergence form

0- (7€) — aay (1) ¥(1,8) + By(r)dive ((§ — vy (7)) U(7,€)) = (1 = @) Q4 ¥)(7,€) — aQ— (¥, ¥)(7,€).

Also, conservation of mass implies that

/Q (6, )(, £)dE = / € — Eu[(r, €, €.)dEdE. > 0

The zero momentum assumption on (7, £) reads

B (r)vy(r =—a/59 (W, 0)(r,)de €RY,  vr >0,

while conservation of kinetic energy yields

aay (1) + 2By (1) = ((d+2)By(1) — Ay(r)) = 27& /Rd €170 (¥,)(7, §)dE. (2.10)

One sees easily then that this yields the expressions for B,,, A, and v, given by (1.15) and the mapping
(7, &) is a solution to (1.14). Notice that a variant of Eq. (1.14) has been introduced and studied in [7]
and we can deduce from [7, Theorem 1.10] that v (7, §) is the unique nonnegative solution, belonging to
C([0,00), LY (R¥)) N LL ((0,00), L3(R?)) to (1.14) with initial condition .

loc

Remark 2.6. Notice that the coefficients A (1), and B, (7) do not have definite sign. Furthermore, for the
case of steady solution 1), for which we recall that

Ay, = A,y By, =: B,,

it is not clear whether A, and B, have a sign. However

ag(r) = Pl Al / Q- (4,4)(r,€)
by(r) o= EARDZRD 2 g (4.0)(r0) e

are both nonnegative for any T > 0. Notice that, from (2.10), we see that aa,(7) + 2By (1) = aby/(7) for
any T > 0. Again, we use the shorthand notations a, = ay, , bo = by, for the steady solution 1,,.

Remark 2.7. As far as steady solution )., is concerned, we recall that, according to [8, Theorem 3.1], 1,
converges to M defined by (1.9) as o« — 0. In particular, using the notations A, instead of A, and similar
notations B, a, and b, we see that

d—1
1ir%aa =ag:= Q_(M,M)(&)d¢ = V2r %
a— Rd

d—1
o R |4




CONVERGENCE TO SELF-SIMILARITY FOR BALLISTIC ANNIHILATION DYNAMICS 17

Hence,

i 2a, 4d and I 2b, 4d + 2

1m = 1m = .

a—0 aa—i—ba 4d+1, a—0 aa—l—ba 4d+1
Introducing also

1 2 1 2 2
aoi=—3 [ (a+2-26F) o mm@as Bo=—3 [ (1-FleR) o (maniene,
R4 Rd
we see that
lim w -0 and lim M =0.
a—0t o a—0+ o

In particular, ag = dBy — Ap and by = (d 4+ 2) By — Ag. Notice also that, since by > ag, we get By > 0 and
B, > 0 for o small enough. We will also use repeatedly in the sequel the fact that there exists C > 0 such
that

|Aq| + |Ba| < Ca, Va € (0, ap),

which can be easily deduced from the fact that sup, ¢ o, a,) [[¥Vall L1 re) < o0
Notice that, by virtue of Theorem 2.1, 7(¢) behaves for large time like log(1 + ¢). Of course, the main
interest of the above result is that, in order to deduce the rate of convergence to f, for the solution

f(t,v), it “suffices” to prove the rate of convergence to v, of the solution ¢ (7, §). Since Equation (1.14)
conserves both mass and kinetic energy, it will be possible to exploit entropy-entropy production methods.

Let us now explicit the first order moments of f(¢,v) in terms of quantities involving (7, &).

Lemma 2.8. Under the assumptions and notations of Proposition 1.2, it holds

(t) (1)
ny(t) = ny, exp <—a / ay (s)ds) ; Ty (t) = Ty, exp <—2/ B¢(s)ds> , vt > 0.
0 0

In particular, the time scaling 7(-) : RT — RT is the unique solution with 7(0) = 0 to the following
differential equation

d (1)
&T(t) = ny, /2T, exp <—%/ (ay(s) +by(s)) ds) , t >0,
0

where we recall that acay (s) = dBy(s) — Ay (s) while aby(s) = (d+2)By(s) — Ay(s) = 0 for any s > 0.
Finally, one has

1 1 7(t)
——us(t) = exp / By(s)ds | u
2770 | /2Ty, ( 0o v o
7(t) 7(t)
+/ By (s)vy(s) exp / By (r)dr | ds, Vit > 0.
0 s

Proof. The proof resorts on the equation (2.9) where the evolution of the moments n;(¢), T (¢) and w ()

is related to the definition of A, (7(¢)),By(7(t)) and vy (7(¢t)). Namely, setting for simplicity §(¢)
1

V2T5 (1)

, the first and second identity in (2.9) imply that

(b _ . 1 _ 1 _ 1
From this, nf(t)2ﬂ(t) = —aay(7(t)), and since nf(t)ﬁ(t) = VAT A we get that

. t 7(t)
log n® /O a,(7(s))7(s)ds = —a /0 ay(s)ds,

nfo
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which gives the desired expression for n(t). Similarly, since
By (r(t)) = =Ty()n; ' ()(2Ty (1)) 7>, >0,

we easily obtain that 27(¢)By(7(t)) = —%, which gives the expression of T%(¢). Finally, using again
that 7(¢t) = ns(t)\/2T(t) we get the desired differential equation for the time scaling. Introduce now

2(t) = —=—mwu;(t) = B(t)us(t). According to the third identity in (2.9),

2T (t)
Bt)ug(t) = —=7(t)Vy(r(t))

so that

2(t) = B(t)us(t) + Bt)uy(t) = %Z(ﬂ =T Vy(7(t) = 7()By(r(1)2(t) = 7() Vi (7(2),

where we used that % B (7(t) = #(t)By(7(t)). Thus,

™
—~|

~
Z

which gives the result. O

Remark 2.9. Notice that, since 2B, (s) + avay(s) = aby(s) for any s > 0 (see Remark 2.6), we get
(%)
/ ft,v) v —wp(t)>dv = dns(t)Ts(t) = dny, Ty, exp <—a/ bw(s)ds> , Vit > 0.
R 0

3. STABILITY ANALYSIS

We establish here the main results concerning the long-time behavior of the solution to (1.14) that we
recall here for the reader convenience:

O (t,€) + (Ay(t) — dBy () ¥(t,€) + By (t)dive ((§ — vy (1) ¥(t,€))
= (1 - Q)Q(¢7 1/})(ta 5) - OZQ* (d)v 1/))(t7 5)
where we recall that (¢, &) is obtained from the original solution f(¢,v) to (1.1) through the scaling
(1.10). As already said, our approach combines the entropy production method with the spectral analysis
of Theorem 1.8 whose proof, as mentioned in the Introduction, is postponed to the end of the paper.
Along this Section, we shall assume f, € L1(R?) to be given and satisfy the assumptions of Proposition

1.2 and (¢, &) will be the unique solution to (1.14) obtained through the scaling (1.10) in Proposition
1.2.

3.1. Entropy production method. Introduce the time-dependent relative entropy
Y(t,€)
H(t) =H (P(t) | M ::/ W(t, & 1og<
(1) =H @O M= | 0(€)ox (s
where we recall that M denotes the Maxwellian distribution with same mass, momentum and kinetic
energy of ¢(t,-) and 1, that is,
M =n""Pexp (~[¢]*),  €eR™
We also introduce the entropy production functional associated to the elastic Boltzmann operator

o) = [ o)t ox (58 ac. (32)

) d¢, t>0 (3.1
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Lemma 3.1. The evolution of H(t) is given by the following

%H(f) + (1= a)Zo(t) = (dBu(t) — Ap() H(E) + Tu(t), V>0 3.3)
with
50 = -a [ @ (w)eetog (45 ) ae (3.9

Proof. The proof consists simply in multiplying (1.14) by log ( ( (5))) and integrating over R¢. This leads
to

%H(t) + (1 =a)Z(t) = (dBy(t) = Ay (1)) H(t) + L1 (t) + By (1)12(¢)

where
1) = = [ Fe- (6 = volo) wie. ) ow (40 ) .
Rd
One checks, integrating by parts, that Z,(t) = 0 since [, [£[*¢(t,£)d¢ = % =4 S Jpa ¥(t,&)dE. This shows
the result. O

In order to estimate the term Z; (t) we need the propagation of the 3" moment and some L? Lebesgue
norm. We refer to Appendix B. for a discussion on propagation and creation of moments and the proof of
the following result, see also[7, Theorem 1.6 and Remark 1.7].

Lemma 3.2. For any n > 0, there exists some explicit o € (0, 1) such that for all p € (1,00) and any

€ (0,a7), if fo € LR N L:H%(Rd) N Lg(Rd) with

n

g ifpe (1,2,
9 =
WAL ifpe2,00),
then
sup [0 ey < max {Woll gz, Cpn (o) } (35)

for an explicit constant Cy, ) (bo) > 0 depending only on p, d, |[tho| 1 ey and |[vol[z: | ey but not on c.
nt1=g

Remark 3.3. Notice that the bound obtained in [7, Theorem 1.6 & Remark 1.7] actually depends on a.

However, a careful reading of the proof shows that it depends on « only through the parameter p,, such that

infi>0 [pa ¥(t, €€ — &|dEw > pa(§). Using that the upper bound on, say, the third-order moment of 1(t)

is independent of o, Lemma B.2, we deduce from [4, Lemma 2.1] that p,, is actually independent of «, i.e.

there exists kg > 0 such that

/ P(EOIE — A6, > mol€),  VEERL, 30 (3.6)
]Rd

and the bound in (3.5) turns out to be uniform with respect to «.. Notice also that the proof in [7] is done for
n = 0. It is straightforward to extend it to n > 0. We provide in the Appendix a full proof in the case p = 2,
which is the one we use in the sequel.

We have all in hands to estimate the term 7, (¢) defined in Lemma 3.1.

Lemma 3.4. Let fy € L3(RY) N LP(R?) for some p > 1. Then, there exists a positive constant C' depending
only on ||| Lr(ray and |[thol| L1 (ray Such that, for all 0 < a < min(ay, ag),

T(t) < Ca £>0, 3.7)
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Proof. Clearly, there is some positive constant C; depending only on d such that

Q- (v, ¥)(t,€)lo

og i8ae) < [ 0 e olosvinlde + € [ 0w + P

so that

(0] < allv®)llLywa) /Rd<§>¢(t7§) log (¢, §)| d§ + aCall ()| L1 ma) 1) | L3 (ra)-

Now,

[ @veoogueela = [ @uologut.olde+ [ (vl logut.o)]de

ly<1 ly[>1

On the one hand, setting C;, = sup,.»; ' ~?|logr|* , we deduce that
y 1/2
[ @uiolosueoids < (145 ( / $(t,€) log v (1,6 d&)
lv|>1 [¥]21

< VG ||¢ O g

On the other hand, for 8 € (0,1), setting Dg = sup,.¢(o 1 r?|log |, we have

/ (€ v(t, &) logv(t,£)|dé < Dg / (€2 =P =0=2B) (g, )1 =P e
[p]<1 Rd

1-5 B
< Dy (1+§> (/R d<§>-<1—2ﬂ>/ﬁd§>

The choice 5 = together with propagation of the third moment and Lemma 3.2 yield the result. [J

pe=

The following technical theorem, refer to Appendix B for a proof, proves the appearance of gaussian-
like pointwise lower bound. Because of the use we make such lower bound later, a precise estimate on
the time rate appearance is needed.

Theorem 3.5. (Gaussian-like lower bound) Let ¢y € Li(R?) N LP(R?) for some p > 1. Let 0 < o <
min(a,, o) be given. Then, for any t; € (0,1) and any € > 0 there exist some explicit constant co(«) and
some integer N € N depending on ¢, ||t 11 rae) and ||¢o|| Lr(ray and a (but not on t1) such that

(L, &) = cola)ty exp (—co(a) (1 + log (%)) |§|2+s) : t>t;, £eRL (3.8)
Remark 3.6. It readily follows from Theorem 3.5 that, for any € > 0,
[log(t,€)] < Ce(1+1og™ (1/))(€)**° +u(t,€), ¢eRLt>0

for some universal constant C. > 0. Indeed, for 1(t,&) > 1, we clearly have log)(t,&) < 9 (t, &) whereas for
P(t,€) < 1, (3.8) ensures that

—log9(t, &) < Ce(1+1log™ (1/1))(£)* .

Theorem 3.7. Assume that fo € L3(RY)NL?(R?). Given 0 < a < min(ay, ofy) where o, and o are defined
respectively in Theorem 2.1 and Lemma 3.2, the unique solution (¢, ) to (1.14) satisfies, for all to > 0

H(t) = H( ()| M) < Cr ((1 et a1/2) Vit > to (3.9)

where the positive constant Cy depends explicitly on to, sup;s,, |[1(t)]| L1 (&) (with sy > 2 large but explicit)

and ||¢o|| 2 (ra)-
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Proof. Since fo € Li(RY) N L%(RY), for all ¢, > 0, according to Theorem 3.5, there exists ¢y > 0 such
(3.8) holds true for, say, € = 1. Then, according to Proposition 1.10, for all ¢ > t,, one has

Po(t) = Map(t)) H?(t)

for A(¢(t)) depending only on ¢y, [[¢(t)||;2re) and ||1/)(t)HL§O(Rd) for some explicit s; > 0 related to cy.
By virtue of the creation of moments Lemma B.2 and from Lemma 3.2,

sup [[4(t)]
t>to

L1, (RY) < Oy, (o), sup ||7/’(t)”L2(Rd) < Cpe
t>0

for Cr> > 0 depending only on |[¢o|.2(r«). In other words, inf;>¢, A(¥(t)) = Ao for some positive Ao
depending only on ¢y, Cs, (to), and |[¢o|| .2 (re). This shows that

d

THO+ (0= MM (L) < (dBy(t) — Ayp(t) H(t) +Ti(t) YVt =t

which, thanks to Lemma 3.4, yields

SH) + (1~ 0)NH(D) < (dBy(1) — Ap(D) H(L) + Ca, Vi > 1o,
Because,

BBy(t) ~ Au(t) =a | Q1)U < a0 e < Cro

for some C > 0 depending only on [[¢)|| 11 (re) While H(t) < Cs (Hw(t)Hp(Rd) + ||'l/](t)HLé(Rd)) for some
positive constant C'3, we obtain, using Lemma 3.2 again, the following inequality satisfies by #(¢),

%’H(t) + X0 (1 —a)H: () < Ca

for some positive constant C' depending only on |[1¢]| 12 (ray and ||vo|| L1 (RY)- Integration of this inequality
yields the desired result. O

Remark 3.8. Of course, it would be preferable to be able to get rid of the unphysical assumption that
fo € L*(RY). Such an assumption appears somehow technical here and is needed in order to applies Prop.
1.10. To relax such an assumption, a splitting of the solution to (1.14) in a regular part and a singular part
which decreases exponentially fast with time, would be necessary. We did not investigate this point which
appears highly technical due to the non-autonomous nature of (1.14).

3.2. Uniform bounds. We collect here uniform estimates for 1 (¢) in the Banach spaces Li(wo) and
W' (z0) with exponential weight
w(§) = exp(alf]), a>0.

Notice that these spaces correspond to the scale of Banach spaces X, X; used for the linear analysis and
the proof of Theorem 1.8. From now on, we shall assume that the initial datum fj is nonnegative, with
positive mass and temperature, and such that

fo € LY R N LA(RY).
By (1.10), we have ¢ (¢) = % fo (\/2T, € + uy,), so that ¢y € LY(R?) N L*(RY).

The following result shows the appearance of exponential moments for the solutions to (1.14). We refer
to Lemma B.2 and subsequent discussion in the Appendix for a proof.

Theorem 3.9. For any a € (0, ), let ¥(t, &) be the unique solution to (1.14) with initial datum 1. Let
8 > 1. Then, there exists A > 0, C' > 0 explicit and depending on j, d and [, 1o(€)|¢]* A€ such that

/ P(t, &) exp (amin{1,#7}¢]) d¢ < C, Va e (0,A).
R4
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In particular, for any a € (0, vy ),
bty € Li(w), with [[0@)|piw <C, Vi1,

with exponential weight
w(§) = exp(alf]), 0<a<A. (3.10)

It is more intricate to derive uniform bounds on the solution (¢, &) in the weighted Sobolev space
Wll’l(w). Using the estimates on Q. in weighted spaces provided in [4, Section 4], it would be simple
to prove the propagation of H'(zo) norms. We adopt here a new viewpoint which is based on the
propagation of Fisher information and relies on the pointwise lower bounds (Theorem 3.5). We recall
that Fisher information has been defined in (1.21).

Theorem 3.10. (Uniform bound on the Fisher information) Assume, in addition, that
G=at
fo€ LYRY N H > (RY) and I(fo) < oo,
for some n > 4+ d/2, d > 2. Then, the unique solution v (t) of (1.14) satisfies

sup I(y(t)) < C
t>0

2T Gt
nff“ I(fo) and the Ly N H,, * -norm of v).
0

for some positive constant C depending on 1(vg) =

Proof. Let us multiply Equation (1.14) by

5 le(t@ to get
O/TTE) + 5 Au(OVITEE + Bu(t)(€ — vult)) - Ve /L E

1—a
WOl Qi (¢, 9)(t,€) — v w(t,€),

where Xy (t,€) = [pa ¥(t,&)|€ — &|dE,. Now, given i = 1,...,d, let us define g(t,&) := d¢,\/¥(t, &), so
that ¢, (€ — vy(t) - Vev/¥) = (€ —vy(t)) - Veg + g. Then, g(faé) satisfies

Drg(t,€) + 5 (Ay(t) +2By) g(t, &) + By (t) (€ — vy (1) - Veg(t, &) =
_1-0[0,2: ()t §)  g(t8) Q+(¢7¢)(ta§)}
2 Y(t,€) Y(t,€)

— 5966 Du(1,6) — 5 VI D) T (1,

Multiplying this equation by g(t,¢) and integrating over R, it follows that

5 190 ey + 5 (A00) + 2Bu ) a0l + Bo(0) | (€ = o) - Veo(t. )at.€) e

_l-a 9069+ Y) . [ ¢?Q+(¥, %) ]
_2{/]1@ VR TR

1 1
- 5/ g° By € — 5/ 9V 0, By dE .
R? R?
Now, integration by parts leads to [,.((£ — vy (t)) - Veg(t,€))g(t,€) d& = —2|g(t)[2. ®%) and

/ 90,9+ (v, 9)
Rd Vo

1 1
ds =5 [ (0c1080)06, @ (b w)ds = 5 [ 1o 3%, Q0.0 de.
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Moreover, as already observed (see (3.6)), X (t,&) > ko () for some positive x so that

1d 1 o)
S 19O + 5 (A6® + @ = DBo®) 9Ol Fe) + G190 F2ce)

1—«

<=10 [ o ult.6) 2,046,000 ¢
Rd
— —/]R (t,€) \/—6&2121 (t,€)d

Moreover, we have that [0, X, (t,€)| < [pa ¥(t,£)dE = 1. Thus, we get

[ ot VTG 06200, 6) e < la0)le

Furthermore, by the instantaneous appearance of an exponential lower bound (see Theorem 3.5 and the
remark afterwards), we have for any ¢ > 0

llog(t, )| < ce()(©)*T +(t, &), E€RY t>0

where c.(t) = C.(1 + log*(1/t)) for some universal constant C. > 0. Thus, using first Cauchy Schwarz
inequality we get

[ Jor .09 04 )t < [ (et +0(0.9) 08 v 0)(1.6)| e
< Cae (o) + WOl aqu ) | (/242 02 Q1 (0, 0) 1)

for some universal positive constant depending on d, . Now, using Theorem B.5 we can estimate the last
term as

Vt>0

L2(Rd)

A\2+432/2+d/2 52 . < 2 2
| w0, S 1@ OOl .,y < OOy o HIEDIE )
with
8+d+ 3¢ 64 3c+d (5—d)*
7713:#7 772::?, S:T

Therefore, using the uniform estimates on the H, (R4)-norms and moments we obtain that, for a suitable
choice of ¢ > 0 small enough and « € (0, o), it holds

d o) 1
&Hg(t)”%ﬂ(]l%d) + 7”9(’#‘)”%2@@) < C(1+1log™(1/t)) + 5”9@)”1:2(11@) t>0,

or, equivalently

d Ko
—y(t

el
Using that the mapping ¢ — 1 + log™(1/t) is integrable at ¢ = 0, simple integration of this differential
inequality implies that sup,, y(t) < C1y(0)+C2 < oo for some explicit constants C; and Cs. This proves
the result. O

—yt) <CA+log™(1/t)),  t>0,  with y(t) = [g(t)l[7aza -

Corollary 3.11. Under the assumptions of Theorem 3.10, the unique solution v (t) to (1.14) satisfies the
estimate sup, >, ||¢(t)|‘wivl(w) < oo, with weight @ having rate a < A/2.

Proof. Using Cauchy-Schwarz inequality

1/2
[ 1¥evte.lexpla/2leis < 23/ (/ wtﬁeXpalﬁl)dE) <C, forany a<A, t>1.

The boundedness in the last inequality is concluded thanks to Theorem 3.10 and Theorem 3.9. O
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3.3. Stability estimate: proof of Theorem 1.5. Using the Csiszar-Kullback inequality, see [21, Theorem
A.2, p. 131], we deduce from Theorem 3.7 the following result.

Corollary 3.12. Assume that 0 < fo € Li(R?) N L?(R?) and that 0 < a < min{a, A/2} where @ and A are
defined respectively in Lemma 4.1 and Theorem 3.9. There exists some explicit function ¢ : (0,at] — R
with lim,_, ¢(a) = 0 and some constant C > 0 both depending on the L} N L?-norm of vy such that, for
any o € (0, ot) the solution v (t, £) to (1.14) satisfies

[(t) = Yall L1,y < L) +C(L+1)72 Vix1.
where m (&) := exp(al¢]).
Proof. Using both Csiszar-Kullback and Cauchy-Schwarz inequalities, we obtain, for all m,(¢) := exp(al¢|)
[9(t) = ML m,y < 1) = Mllzigay [19() = Ml gma)
< V2HGOIM) [9() = M| L2 (ma,)-

Due to Theorem 3.9, choosing a < A/2, gives sup,> ||¥(t) — M||1(m,,) < oo. One deduces from (3.9)
that there exists some constant C' > 0 such that

() = Mlgigmyy < C (L4872 4t} | wez1,

Using that [|1(t) — Va1 (m,) < [[(E) = M| L1 (ma) + | M —all L1 (m,), We obtain the conclusion invoking
Lemma 4.1. O

Let us move to a perturbative setting. Set h(¢,&) := ¥ (¢,£) — ¥ (), so that,
Oih(t, &) = Lah(t,€) + Ba(h, h)(t,€) + [Aa — Ay(t)] ¥(t,€)
+ Ba =By ()] £ Vetb(t,€) + By (t)vy(t) - Verb(t, £),

where %, is defined in Definition 1.7. As already mentioned, defining v, through

Bo/voz = _a/]Rd 5 Q—(wau d]a)(g)dgu

one sees that v, is equal to zero since Q_ (14, 1, ) is radially symmetric. Therefore, one can rewrite the
evolution as

8th(t7 5) = Zah(tv 5) + Ba(hv h)(tv 5) + [Aa - ATZJ (t)] 1/}(tv 5)
+ [Ba = By ()] £ Veo(£,€) + By (t)vy (t) — Bava] - Vet (¢, §).

Moreover, for any ¢ > 1 we have that h(t,¢) € Xy = L(w), and

1 0
/ ht, )| & |d=| 0|, Vt=o0.
Re €2 0

Let us introduce, for any ¢ > 0
Ga(tag) = Ba(hv h)(t,{) + [Aa - Aw(t)] 7/}@,5)
+[Ba = By (1) £ Veh(t, €) + [By(t)vy (t) — Bava] - Veto (£, ).

As a consequence, using Duhamel’s formula, where we recall that {S,(¢); ¢ > 0} denotes the Cp-
semigroup generated by .%, in Li(w), we can write

(3.11)

t
h(t) = Sa(t —to)h(te) + | Salt —5)Ga(s)ds,  Vt>ty>0. (3.12)

to
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Lemma 3.13. Assume the conditions of Theorem 3.10 for fy > 0 and take a € (O min{a, A/2}) and any
to > 1. Then,

1Ga(8)lLt () < ClIA(S)]|L1(20) (a +o) 4+ (14 S)_1/4) Vs = to.
The constant C' > 0 depends on L}7 N H,(757d)+/2-norm of 1o, withn > 4+ d/2.

Proof. Denote by C' > 0 a constant that may depend on L}, N H7(75_d)+/2—norm of ¢, with n > 44 d/2,
and that can change from line to line. Using Lemma B.3

[Ba(h(5), h()l| L1 () < ClIA) | Ly () 11 ()] 1 (0) Vs = to.

Moreover, using Cauchy-Schwarz inequality together with Corollary 3.12, one sees that
1/2 _
1) ey = NA i) < CIR sy < C (@2 + (1 48)7 ) s > 10,
where m,(§) := exp(al£]). Therefore,
1B (h(s), B2ty < C (@) + (1)) [h(S)rey Vs > o

It is easy to check that

d+2
A0~ Ay < 2 110 (h(s). ) sy + 19— (4(6). A(3)) 100 |
< Ca Hh( $) L1 ray-
In the same way,
[Ba — By(s)| + [Bava — By(s)vy(s)] < Car[(s)| 3es) - (3.13)
Consequently,
1Ga()lzs ) < ClIAE 1 (U2 + (14 97 4 0 (), +allv(@)l ) . s> t0>1,

where X; = W' (). Moreover, under our assumption on f;, by Theorem 3.9 and Corollary 3.11,
SUPs>1 ||1/’(5)||L}(w) < Cand SUPg>1 H¢(3)Hw}v1(w) <C. U

The following lemma is crucial to the argument. We use the notations of Lemma 4.21.

Lemma 3.14. There exists some constant Cy > 0 such that
[h(@)[| 1wy < CollXd = Po)h(t)| 11 (),  VE=1,  Vae(0,a7),
where o is defined in Lemma 4.21 and P,, is defined in Theorem 1.8.

Proof. We denote by P the spectral projection on the kernel of the elastic operator .%. Since Pyh(t) =0
for all ¢ > 0, one has

P.h(t) = (P, —P)h(t) and g(t) := (Id — P,)h(t) = (Id — (P, — Po))h(t).

Since Id — (P, — Py) is invertible for any « € (0, a7) we get from Lemma 4.21 that there exists Cy > 0
independent of « such that

IR 2 () < (Xd = (Pa = Po)) "Mzt ey [9O) | 21wy < CollgOllpr(my,  VE21,
for any a € (0, a7). This proves the result. O

Proof of Theorem 1.5. For any « € (0, o), introduce, as in above proof
g(t) = (Id — Py)h(t), Vt>0.

Applying (Id — P,,) to Duhamel’s formula (3.12) and using that P, commutes with S, () we get
t

g(t) = Sa(t —to)g(to) + | Salt —s) (Id — P,) Ga(s)ds, Vit > tp.

to



26 RICARDO J. ALONSO, VERONIQUE BAGLAND, AND BERTRAND L.ODS
Using Theorem 1.8 and Lemma 3.13, for all x € (0,v,) and any ¢ > ¢, we have that

t
I9(0)]cxtm) < Cexp(—p(t = t)[A0) 12 + G | exp(put = )| Go(5) e

t
< Curexp(—plt = to)) to) s + Cu | (o €)'/ + (14+.5) /%) expl—p(t = )zl
to
Using Lemma 3.14, this translates into

()21 () < Cpexp(—pu(t —to)) |~ (to)ll L1 (w)
t
+CoCy (a + @(04)1/2 +(1+ s)_1/4) exp(—pu(t — 9))|19(s) || L1 (e ds.

to
Thanks to Gronwall’s Lemma, we obtain

4
90013y < €1 expl-ut) exp (CaCy (at + ) 24 30+ 0%1) ) ICt)lorcays 0> 10

But, one has (1 +¢)** < x(1+t) + C, for y > 0. Hence,
9Oll1m) < C exp(—riat)hlto) 3y V1> to

with po = p— CoC (a + £(e)'/? + x) . Recall from Theorem 1.8 that 1 may be chosen arbitrarily close
to p.. Consequently, i1, may be chosen arbitrarily close to i, for o small enough. Using again Lemma
3.14, this gives

1)) < Cexp—pat)Bto)l|ray V> to,
achieving the proof. O
3.4. Back to the original variable. Let us now explain how the above convergence result can be trans-

lated in the original variable. Recall that, from (1.10), the link between the original unknown f(¢,v) and
the rescaled function v (r, €) is given by

F(tv) = nyg(8) (2T (£)~? <T<t>v %ﬁ)

where ns(t), us(t) and Ty(t) denote respectively the mass, momentum and temperature of f(¢,-). Then,

Theorem 1.5 can be reformulated as follows:

Proposition 3.15. Under the assumption and notations of Theorem 1.5, for any € > 0 there exist some
explicit a. € (0, ) and C. > 0 such that, for any « € (0, «)

v —us (1)
/Rd [f(t,v) = fa(t,v)] exp <GW> dv < Ceng(t) exp (=(ps —)7(1)),  7(H) =1,

where

Falt,v) = ny(0)(2T5(8) 0 <%ff<(tt>)> '

For Proposition 3.15 to be operant, we need to have a better understanding of the behavior, as ¢t — oo,
of the quantities ny(¢),uy(t),T;(t). We mentioned in Section 2 that this seems a difficult task, yet, we
can profit from the exponential convergence of (7, ) towards v, to obtain estimates for the long-time
behavior of these macroscopic quantities.

Lemma 3.16. With the notations of Theorem 1.4, for any € > 0 there exist some explicit «. € (0, «p) and
C > 0 depending only on € and f, such that, for any « € (0, c.)

‘Aw(T) — Aa‘ + |B¢,(7') - Ba| + |B¢(T> v¢(7)| < Caexp(—(us —e)7) V1 >1.
where we recall that A (1), By (1) and vy, (1) are defined in (1.15).
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Proof. The result was almost established in Lemma 3.13. Namely, it was proved there that, forall 7 > 0
[Ay(T) = Aa| + [Ba = By(7)] + [Bava — By (1)vy(1)] < Cal|M(7)l| 1wy = Call(T) = Yall Ly ey ,
for some positive constant C' > 0 depending only on fj. Since v, = 0 and
19(7) = Yallyme) < ClY(T) = Yallrw) < Ceexp(=(ps —€)7) 7

the result follows. O

WV
—_

This, combined with Lemma 2.8, translates into the following result.

Proposition 3.17. Under the assumptions of Theorem 1.4, for all e > 0 and « € (0, o) one has

7(t) ~ 2 st as  t— oo
aay + bgy) ’
and
logng¢(t) ~ g 8o logt, and log Ty (t) ~ __4Ba logt fort — oo.
a, + be a(aq + ba)

+o0 s
Finally, lim;_,oo uy(t) = uy, + «/2Tf0/ By (s)vy(s) exp <—/ Bw(r)dr) ds.
0 0

Proof. We notice that, from Lemma 3.16, lim,_, as(7) = a, and lim,_ .., By (7) = B, so that, by a
Cesaro-type argument (noticing that both mappings s — a,(s) and s — B, (s) are locally integrable),

1 7(t) 7(t)
tlggo m/o ay(s)ds = aq, tlg& ?t)/o B, (s)ds = B,.
Then, a direct consequence of Lemma 2.8 is that
ny(t) ~ny, exp(—aant(t)), and Ty (t) =~ Ty, exp (—2B4y7(t)) fort — oo (3.14)
and .
wp(t) ~up, + \/ﬂ/ h By (s)vy(s) exp (— /S Bw(r)dr> ds ast — oo. (3.15)
0 0

Let us note that the above integral converges, at least for « small enough. Indeed, we deduce from (3.13)
that there exists some constant C,, such that

By(s)vy(s)] < Cay, 520

On the other hand, (3.13) and Theorem 1.5 imply that for fixed «, lim,_, - By (s) = B,. Moreover, by
Remark 2.7, we have B, > 0 for a small enough. Thus, taking a small enough, there exists 7y > 0 such
that )

Bw(S) 2 §Ba > O, S 2 70,

whence the convergence of the integral in (3.15).
The same reasoning as above also shows that

d

«
&T(t) & ¢, €Xp (——

2(aa4-bay1w) as ¢ — oo
where we set ¢y, = ny,+/21%,. An application of de L’Hopital’s rule shows that

. 1 a, + ba a, + ba
tlg&;exp aTT(t) =cpa——p—,

that is,
2 a, + by ;

(t) ~ ——log | ¢pox ~ 2
T = (an + by) B\ = a(an + ba)
This, combined with (3.14) gives the result. O

logt as t — 0.
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Proof of Theorem 1.4. The proof follows directly from Propositions 3.15 and 3.17. It only remains to
show that the rates obtained for ny(¢) and T (¢) in Proposition 3.17 only depend on «. Let us fix ¢ > 0
and E > 0 and let 1, be the unique solution to (1.5) that has mass o, energy F and zero momentum.
Let us denote by A, B,,3a, and b,, the associated coefficients defined by (1.6), (1.7) and (1.16) where
1), is replaced with Ea. We deduce from [7, Section 1.2] and Theorem 1.1 that

Ta(O)=0 (%)d/z Yo W;L) .

Consequently, the scaling properties of Q_ lead to

— 2F — 2K 2F — 2F
Aa: _Aou Ba: _Bou a, = 5 Aq d ba: _ba-
Y dQ o dQ a 1Y dg a, an o dQ

In particular,

Ea Ba 50[ aOt
— = , and — = .
a,+b, ax+ba a, +by @ +bg
This proves that the rates in (1.17) depend only on « and not on the mass and energy of ¢,,. O

4. LINEAR ANALYSIS

The scope of this Section is to prove Theorem 1.8. We shall consider in the sequel the weight

@ (£) = exp(alf]),  a>0. (4.1
Inspired by [36], we work on the following scales of Banach spaces:
XQ C Xl C XO

where
Xo=LY(w), Xi=Wp'(w), X,=Wr'(w). (4.2)

Recall that the linearized operator associated to B, around the unique steady state v, has been defined
in Definition 1.7. We recall here that

Zoh(€) = (1 — Q) [Q(h, 1) (E)+Q(Wa, h)(€)] — a[Q— (e, h)(€) + Q (7, ta)(€)]
— Ah(§) —=Ba & Veh(§),  VheD(ZLn) =Wl (w)

while the elastic linearized operator is %yh = Q(h, M) + Q(M, h), for all h € (%) = Li(w) and
where M is the unique Maxwellian with same mass, momentum and energy as v, given by (1.9). Notice
that, for any « € (0, ap)

Xy = 2(%), Xo=2(L?).

We investigate in this section general properties of the linearized operators %, and %, in general
weighted spaces W’;=1(w)1. We should keep in mind that we are mainly interested in the properties of
the operators in the Banach spaces X;, i = 0, 1, 2 and shall restrict ourselves to these spaces at some point.

o avoid too heavy notations, we shall still denote by .4, and % the restriction of the above defined operators in the spaces X1
and Xy. We adopt the same convention for the associated semigroups and spectral projections in those different spaces. However, one
should always keep in mind the underlying space on which one considers such operators.
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4.1. Elastic limit. A crucial role in our analysis will be played by the fact that, in some suitable sense,
%, is close to the elastic linearized operator .%; for e ~ 0. Let us begin with the following lemma.

Lemma 4.1. There exists some explicit @ > 0 such that, for all k € N, g > 0, there exists a explicit function
Mg @ (0,0) = RT with lim,, ¢+ nk,4(o) = 0 such that

o = Ml o) < Migl@) V€ (0,a0),
where the weight function wo is given by w(£¢) = exp(al€]), a € (0,a).
Proof. According to [8, Theorem 3.1], forall k € N, ¢ > 0

O}i}%& l[tha — MHw’g*z(Rd) =0 (4.3)

with some explicit rate of convergence, while, according to [8, Corollary 3.3], there is A > 0 such that
O}H& [Ya = MllLsmy) =0, Vg =0,b€[0,4/2)

where m;(§) = exp(bl¢|). Using the following interpolation inequality (see [27, Lemma B.1] where we
recall that @ = my)

1/8 1/8 3/4
1F st ey < C I F lptircrsarm gy 11 amrney 1155 oo

valid for all f € W8k+7(1+d/2).2(Rd) 0 L1 (m,,), we deduce easily the conclusion. Notice that the above
rate of convergence can be made explicit. O

In the sequel, we always assume the weight wo to be given by (4.1) for a € (0, a).
On the underlying space W%!(wv), introduce the operator T,, : Z(T,) C Wi (w) — W} () defined
by 2(Ta) = Wyii" () and
Toh = —Bodiv(Eh(€)),  he D(T,).

One sees that the operator Ty, is the one responsible for the discrepancy between the domain of .%; and
%,,.. Because of this, we set

PY: 2(P)) Cc Wit (w) —» W'l (w)
as P? = 4 — %, + T, with domain
2(P) = 7(Ly) = Wil (w).
Notice that little algebra yields
Pah = Q(h, M = o) + QM — Yo, h) + a [Q4 (Yo, h) + Qi (h,Ya)] + (Aq — dBa) h
for any h € 2(P?). One has the following proposition.

Proposition 4.2. For any k € N and any ¢ > 0, there exists some explicit function ey, 4 : (0, a9) — RT with
lim,_,o+ €x,q(a) = 0 and such that

PRIt oy < Eha(@) [hllgges oy Wh € WY (). (4.4)
As a consequence,

||$ah — gOh”Wk l(w) X €k, q( ) ||h||wl;i;)l(w) Vh € Wllci; 1( ) (45)

Proof. The proofis based upon the well-known estimate for the operators Q. associated to hard-potentials
(see Lemma B.3 in Appendix B for a simple proof): for any ¢ > 0, there is some universal positive constant
Cy > 0 such that

HQ:I:(Q; f)”L}J(w) < Cqu”L})Jrl(w) ||f||L(1)+1(w)7 vag € Lqul( ) (4.6)
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Then, since

Loh(§) — Loh(&) = Qh, Yo — M)(E) + Qe — M, h)(§)
= [Q4(h, ¥a)(§) + Ot (Ya, M) (§)] + canh(§) — Badiv(Eh(E))  (4.7)
(where we used that cva, = dB, — A,), one deduces from (4.6) that

[Pabl Ly (e < 2Cq|1RllLy, () Ya = MLy, (@) +2Cq||hlL1, () 1YallLy, (@) + c@allbllLy(e)

1+q

Using the fact that ¢, = supae(g,a0) [Yall! pg(m) <X while there exists a > 0 such that sup,¢ g o) 8a =
. a .

a < oo we get that

IPahlLy(e) < (2Cqmo14q(@) +2Cg cqa + aa) [hll Ly, ), Vh € L1y, ()

where 79,144 (c) is provided by Lemma 4.1. This proves (4.4) for k£ = 0 with
g0,q(a) = (2Cg Mo,144(@) + 2Cq ¢ + ca) .

To prove the result for higher-order derivatives, say for £ = 1, one argues as before using the fact that
VeQi(g, f) = Qx(Veg, f) + Qx(9, Ve f).

One obtains then easily from (4.7) that

0
HpahHW;l(w) < 2C¢1Hh’HW}Z’+11(w) l[tha — M”Wiiq(w) + QOanhHW}lil(w) ”dJO‘HW}iq(W)
+ OéaaHhHqu,l(w).

Setting €1 4() = (2C; m1,144(a) +2Cy 1 g + ac) where 71 144(a) is given in Lemma 4.1 and ¢, , =
SUDq e (0,a0) ”‘/’a”Wii (w) < 00, We get (4.5) for k = 1. The proof for k > 1 follows along the same paths.
q

One deduces then (4.5) from (4.4) using the obvious estimate HTO‘h”W’;’l(w) < BalllAllyrsra o) O
14q

4.2. Splitting of .Z,. Let us now recall the following splitting of .%, introduced in [32, 36]. For any
§ € (0,1), we consider O5 = O5(¢,&.,0) € C®°(R? x R x §%~1) which is bounded by 1, which equals 1
on

Js = {(£,&,0) eRI xR x S0 (€] <6715 26 <[€—&] <07 [cosf] < 1—26}
<£€

and whose support is included in J5/, (here above cos ,0)). We then set

Z57"h(E) = / o MEDRE) + M(EDN(ED) = M(OR(E] € — &1 O5(¢, €., 0)dgdo
- (4.8)
25 h(E) = /R o MEDRE) + M(Eh(ED = M(OR(E]I€ = &:] (1= O5(§, €, 0))dEudo
so that
Lo =L+ £~
where ¥ o, denotes both the mapping

©= [ Mel-elde.,  gere

and the associated multiplication operator. We define then
As(h) == 27%(h)  and  Bos(h) == L (h) = Smh
so that £ = As + Bos. Let us recall [18, Lemma 4.16]:

Lemma 4.3. For any k € N and § > 0, there are two positive constants Cj, 5 > 0 and Rs > 0 such that
supp (As f) € B(0, Rs) and

[[As £ llwe.2 < Vf € Li(RY) (4.9)
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This leads to the following splitting of .%,,:
goz = Ba,5 + A5

where B, 5 = Bo,s + [La — %] One has the following properties of B, s, see [36, Lemma 2.7, 2.8, 2.9]
for a similar result.

Proposition 4.4. For any k,q > 0, there exists % >0, 0,q > 0 and vy > 0 such that
Bas + vk is hypo—dissipative in Ws’l(w), Yo € (O,ozk)q), d € (0,0k,q)
with 2(Ba,s) = Wil () and
Bosh = Bosh —PSh+Toh,  he Wi (w).
Remark 4.5. Notice that, for k = 0, the hypo—dissipativity of B, s simply reads

[ Bust©siens(©) ©m()E < vl fluy, wr: VS € L ()
Rd
which means that, for k = 0, B, s is actually dissipative. For k > 1, there exists a norm — denoted by [-] —
which is equivalent to the || - wa;,l(w) norm (for which [-]. denotes the norm on the dual space (V\V’;’1 (w))*)
and such that for all f € P(Ba.s), there exists uy € (W(w))” such that

(up, f) =[f1* = [us]l}  and Re(uy,Basf) < —wil[f]?
where here (-, -) denote the duality bracket between (W% (zw))" and W (z).

Proof. Notice that the analysis performed in [27] and [36] (in the spatially inhomogeneous case) proves
that, for any k, ¢ > 0, there exist 6 > 0 and v > 0 such that

Bo,s + v is hypo—dissipative in W’;’l(w).

It would be possible to simplify the proof we give using such an estimate. We prefer to give a direct and
full proof of the result. Notice that our proof is a technical adaptation of the one given in [36]. We first
consider the case k = 0. We write B, 5(h) = Zle C;(h) with

Ci(h) = =Poh,  Co(h) =L (h), Cs(h) = —Badiv(h(€)), Cu(h) =—-Smh

and correspondingly,
[ Bus®)(© sign(h(e)) ()7 w(€)d = > L)
R —
First, it follows from Proposition 4.2 that

Li(h) < |IPahll ) < €og(@)lBll L2, | ().
with lim eg4(a) = 0. Now, as in [36, Eq. (2.10)], one has

a—0t

L(h) < 14" (W) L) <T@ L, (o)
with lim 7(§) = 0. Then, since hV,signh = 0, one has

6—0

() = B | (o)) €7 w(€)de =B [ MO e (€7 w(6)) de

Since £- Ve ()7 (£)) = q[€12(€)7 2w (&) + alé)?|¢|w (), it is not difficult to see then that there is C' > 0
such that

a
I3(h) < 05 (aa +bo) |2 1

Finally, it is well-known that there exists some constants o, o; > 0 such that, for any ¢ € R?,
0 <op <op(€) <Zm(E) <o1(8), (4.10)

< aClh]|L

a1 (@) a+1(@)



32 RICARDO J. ALONSO, VERONIQUE BAGLAND, AND BERTRAND LODS

which leads to
Is(h) < —oollhllL;, ()

Gathering the previous estimates, one obtains

g Ba,5(h)(€) sign(h(£)) (§)? @ (&) A€ < (€0,4(@) + a C +7(8) — oo)[[hll L2, (w0)- (4.11)

Let ag)q € (0, a) be such that gg 4(a) + aC < ¢ for all « € [0, ag)q). We then choose §; , small enough
such that, for any € (0,dp,4)

vy = — (T(&) + Eo)q(a) + aC — Uo) >0
for all a € [0, O‘I), ,) and get the result. We now investigate the case k = 1. We consider the norm
[2] = 17l L2 (w) + 1l Vehl L1 (),

for some 1 > 0, the value of which shall be fixed later on. This norm is equivalent to the classical
W} (z)-norm. We shall prove that for some vy > 0, Bq,s + v1 is dissipative in W' (o) for the norm [-]
and thus hypo-dissipative in W' (zo). To this end, we consider

|, VB h(6))-sign(Veh ) 6)7 () de
where we used the shorthand notation sign(V¢h(§)) = (sign(dg, h(§)), . . ., sign(0e, h(£))) . First,

Ve(Bash) = Ve(Bosh) — Ve(P2h) + Ve (Toh) = Vf[,%R";h — Y m(6)R] = Ve(POh) + Ve (Toh). (4.12)
It then follows from Proposition 4.2 that

IVe(Pahlly(e) < €ra(@lhllyr, () = €1a(@PllL1, ) + E1a(@)VehllLy, () (4.13)

with lim,, ¢+ €1,4(e) = 0. Now,

Vel L3 h = Sam(©h) = £ (Veh) = Sa(€)Veh + R(h),
where

R(h) = Q(h, VeM) + Q(Ve M, h) — Ve (As(h)) + As(Veh).
Again as in [36, Eq. (2.10)], one has

12 (Ve Ly < 70| Vehll L1, (o

q+1

with lim 7(6) = 0. Then, by (4.10),

5—0

— [, BM€) Veh(©) - sign(Veh(©) (€7 ()t = = [ ) IVeh(e)] €)7 w(e) de

< =00 [ Vehllzr, , (w)-

Here above, |V¢h(§)| = Zle |0¢, h(£)|- Still, as in [36, p. 1942], an integration by parts leads to
IVe(As (M)l Ly ey + 1A (Veh)ll L1 () < Csllhll L1 (w0
for some constant C's > 0. Hence,
IR(P) sy < CslIRlIL:, ()

Therefore,
IVl () = Saa hlll gy < Callhll o2, ey + (7(8) = 00) [ Vehllz, oy (4.14)
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with lims_,o+ 7(8) = 0. Finally,

V&mmammmvwanﬁvw@nmz—Bg/|vw@M@Ww@mg
R R (4.15)
+B, [ VO] Ve (606)" (€) d€ < aC Ve,

Combining (4.12) with the above estimates (4.13)-(4.15), one obtains

Ve(Ba,s(h)) - sign(Veh(€)) (€)7 = (§) d€
<(Cs +erg( @)Ly, (w) + (€14(0) + @ C +7(6) = 00)IVehll 1, (w)-

R4

Hence, combining this estimate with (4.11)

/Rd Ba,s(h)(€) sign(h(€)) (§)! w(§) dE +n /Rd Ve(Ba,s(h)(€)) - sign(Veh(€)) (£)7 w (£) dE
< (€0,4(@) +7(8) + aC — 00 + 1 (Cs + €14(@)) ML, | ()
+n(e1g(@) +aC+7(8) —00)l[Vehllrz,, (w)-

We now choose § > 0 and « > 0 small enough so that —\ := &7 4(a) + a« C + 7(§) — 09 < 0. Let then
n > 0 be small enough such that vy — 7 (Cs + €1,4(«)) > 0. We set v1 := min{vy — 7 (Cs + €1,4(a)), A}
and we finally obtain

[ Bas(mysign(h©) (6" ()€ +n | VelBos(h)-sgn(Veh(€)) €)" () e

<= [l ey + 1 1 VeRN s, (| < —211A],

which means that BB, s+ is hypo-dissipative in W}I’l (wo). We prove the result for higher order derivatives
in the same way. O

Remark 4.6. Notice that, for any ¢ > 0 and any k,q > 0, a careful reading of the above proof shows that
one can choose v, = oy — ¢ up to choosing a;’ g > 0and &4 > 0 sufficiently small.

4.3. Properties on the scale of Banach spaces X;, i = 0,1,2. Let us from now on restrict ourselves
to the scales of Banach spaces Xo C X; C X, introduced earlier. We begin this section by recalling the
spectral properties of .4} in the spaces X, referring to [27] for details.

Theorem 4.7. For i =0, 1,2, the operator £, : (%) C X; — X, with domain
9(L) = Wiy (w)
is such that 0 is an eigenvalue of %, associated to the null set
N (L) = Span(M, &M, ..., EaM, [EPM).
Moreover %, admits a positive spectral gap . > 0, i.e.
S(L)N{AeC; ReAd > —pu = {0}

and .% is the generator of a Cy-semigroup {So(t) ; t > 0} in X, for which there exists a positive constant
Co > 0 such that

||80(t)h — POhHXl < Oy exp(—u* t)”h — POhHX” vVt >0, h e X;

where P is the spectral projection of % associated to the eigenvalue {0}. Moreover, there exists no € N and
C(no) > 0 such that

C(no)
Ao

IR\ L) ) < VRe > — i, (4.16)
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Remark 4.8. Notice that the above projection operator P does not depend on the space X; (i =0, 1,2), i.e.
it acts in the same way in each of the spaces Wy (), W' (w0) and W3 (w). Indeed, setting My = M,
M) =& M(E) (5 =1,...,d) and Mg1(E) = |EPM(E), for any i = 0,1,2 and any h € X;, one has
Poh = Zjié n;(h)M; for some n;(h) € R. Moreover Range(Id — Py) C Range(.%)) from [23, equation
(6.34), p 180] so that

1 0
/ Id-Po)h(¢) | & |ac=|[ o Vi=1,....d
R €17 0

Little algebra, using standard Gaussian computations, allows to determine n;(h) and we get easily that
d+2 2
m) = [ e (B2 -1eP)de nana = [ ne) (3P -1) e
R4 2 Rd d

and n;(h) = 2 / h(§)&;d€ for j =1,...,d. Notice in particular that, since all the M; are smooth, it holds
Rd
Py € %’(Xi,XiH),fori =0,1.
We have the following result whose proof is differed to Appendix C

Proposition 4.9. For i = 0, 1,2, there exist some explicit 5, > 0 and o > 0 small enough such that, for all
a € (0,al), § € (0,4.) the operator

BQMS : .@(Ba_’(;) c X; - X;

is the generator of a Cy-semigroup {U, s(t) ; t = 0}. Moreover, there exists v, € (jx,00) and C > 0 such
that

| Uen s(t) H%(Xi) < C; exp(—vit) Vt>0,i=0,1,2.
Remark 4.10. With the notations of Proposition 4.4, one notices simply that C; is a positive constant which
relates the usual norm to the modified equivalent norm [-] in X;. Moreover, using Remark 4.6, one also sees

that for «, § small enough, one has v, arbitrarily close to oy (with v, < og). By [32], we have j, < 0. We
can thus assume that oy > v, > piy.

Notice that, since Ajsf is compactly supported for any f € L}(R?), one can deduce easily from (4.9)
that A; € (W (w)) for any k,q > 0. In particular, from the bounded perturbation Theorem, one has
the following

Theorem 4.11. With the notations of Proposition 4.9, for any i = 0,1,2 and o € (0,a') the linearized
operator

fa : @(fa) cX;, = X;

is the generator of a Cy-semigroup {S,(t); t > 0} given by S, (t) = > 0", ) (t), where? Vo (t) = Uy 5(t)
and

Yo ) = /t VIt — $)AsUhns(s)ds, neN, t>0
where {Uy 5(t); t > 0} is defined in IODroposition 4.9 and the above series converges in A(X;) (i = 0,1, 2).
For notations convenience, we introduce for any n € N,
T () = AV (), 0.
Notice that, with the notations of [18, 361, 7" "V (t) = (Asla.s)" "™ (¢).

2Notice that, for each nn € N, the above Dyson-Phillips iterated v};” (t) depends on ¢. We do not explicitly show this dependence
to avoid heavy notation.
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Proposition 4.12. Let i = 0,1 be given. Let § € (0,4,) and o € (0, a') be given as in Proposition 4.9. Then,
forany n € N, there is Cs,, > 0 such that
IV ()l < Cont™ exp (—wst) (6 >0),

and
T (Ol x,00) < Comt™ exp (—vat) (t>0).

Proof. The proof of the first point is easily obtained by induction. Indeed, it holds true for n = 0 thanks
to Proposition 4.9. Assume it holds true for some n € N. Since A; € #(X;) one has

t
(D) ()l e+ < (n)(p _
VO () g, < /O v S)Agua,g(s)}]@(xi)ds

t
< GsnllAsll sz, / (t = 5)" exp(—vu(t = 8))[Uas(5)l| (x,)ds
0

t
< CiCs | As s(x,) exp(—u*t)/ (t —s)"ds
0

so the result is true for Vénﬂ)(t) by setting Cs 41 = LCZ-C(;7n||A5||gg(Xi). Since Ash has compact

n+1
k+1,1

support for any h, we get A5 € B(Wh ! (w), Wi, (w)), and therefore

||7:1(n+1) (t) H%’(Xi,xi+1) < ||A5 ||<@(Xi-,xi+1) Hvén) (t) HB(XI) .
The result follows from the first point. O

Lemma 4.13. For any n € N, there exists C(6,n) > 0 such that, for all i = 0,1 and all A € C with
ReX > —v,, it holds

AR Bos)" s, .,y < C6.7) (Red + 1) " (4.17)

Proof Using the fact that, for A € C with ReA > —v., R(A, Ba.s) [AsR(\, Bas)]* ! is the Laplace trans-

form of Y~ (t) (which is easily checked by induction argument), we obtain that

[ASR(N, Ba.s)]" = AsR(A, Ba.s) [AsR(N, Bas)* ! = As / exp(—A)VED ()dt
0

= /0 h exp(—A ) AsVED (t)dt = /O h exp(—A )79 (t)dt.

The result follows then directly from the previous proposition. O
4.4. Spectral properties of ., in X;. In all the sequel, we fix § € (0,4.) and simply write

A= As, Ba = Ba.s, Bo = Bos.
We obtain the following whose proof is the same as [36, Lemma 2.16] and is postponed to Appendix A.
Lemma 4.14. For all A € C\{0} with ReA > —u, and all k € N, let

Jar(N) = (Lo — L0) RO\, Zo) [AR(N, Bo)]" .

Then, for all v, € (0, u,.), there exists vy, : (0,al) — RT with lim,_,o+ r(a) = 0 and such that

[Tak Ml g,y < (@), VA€ Qi(a) (4.18)

where Qi(a) = {A € C; ReX > —v, and |\| > ri(a)}. Moreover, there exists oy, € (0,al) such that
Id — Jo x(X) and A — £, are invertible in X; for any A € Q(«), a € (0, ay,) with

RN, Z) =Tar(N)Ad = Tur(N) 7, A€ Qp(a) (4.19)
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where Ty 1.(N\) = Z?;& RN, Ba) [AR(A, Bo) + R(A, %) [AR(N, Bo)]* . Finally, there exists some positive
constant Cy, > 0 such that
Cr o~ 1
7 < ) ? ' =K/ °
RO, Zall ey < T ;:O o e, ae(0.ay) (4.20)

Let us fix v/ € (0, 1) and k € N. There exists gL € (0, a,) such that 7 (o) < v, for any o € (O,QL). From
the previous result, one gets in particular that,

S(ZL)N{AeC; ReA> L} C {2 €C; 2] <mp(@)},  VYae (0,al).
We denote then by P, the spectral projection in X; associated to the set
Go:=6(Z)N{NeC;ReA > —1.} =6(Z) N{z € C; |z| <rp(a)}.
One can deduce the following lemma. The proof is similar to that of [36, Lemma 2.17], and it is post-

poned to Appendix A.

Lemma 4.15. For any o small enough, P, € #(X;,Xz). Moreover; there exists some explicit ¢y : (0, QL) —
R such that lim,_,o+ ¢o(a) = 0 and

[P = Poll gx,) < fol)- (4.21)
Using Lemma 4.15, there exists some explicit a; € (0, op) such that
IPo — Pollax,) <1, Va € (0, aq).
According to [23, Paragraph 1.4.6] (see also [36, Lemma 2.18]), for all & € (0, 1)
dim Range(P,) = dim Range(Pg) = d + 2
where the last identity is deduced from Theorem 4.7. This leads to the following proposition.

Proposition 4.16. Let us fix v, € (0, ). There is some explicit oy € (0, «g) such that, for all o € (0, 1),
the linearized operator £, : 9(%.) C X1 — X is such that,

S(L)N{z€C;Rez >~} = {pul, ... puit?
where pl, ..., udt? are eigenvalues of %, (not necessarily distinct) with |pl,| < rp(a) for j =1,...,d+ 2.

4.5. Semigroup decay in X;. Let us now deduce, from the above results, the decay of the semigroup
associated to .%, in the space X;. This is done thanks to the following quantitative spectral mapping
Theorem which can be deduced from [28, Theorem 2.1], see more precisely [29] for a slight correction
on the assumptions.

Theorem 4.17. (Quantitative Spectral Mapping Theorem —[28]) Let X be a given Banach space and let
A P(A) C X — X be the generator of a Cy-semigroup {Sx(t); t > 0} in X. Assume that A can be split as

A=A+B
where B is the generator of a Cy-semigroup {Sgi(t); ¢t > 0} on X and A is B-bounded. Assume moreover
that
H1) There exists a* € R such that, for all a > a* and any ¢ > 0, there exists C' = C, ¢ > 0 such that

HSB « (ASE)*Y (t)H%(X) < Cexplat) >0

H2) There exists ¢ € (0,1], s € [0,() such that A € (X, X) and there exists n > 1 such that, for all
a>a*

H(.ASB)(*n) (t)H@(X,XC) < G, exp(at) t>0

for some positive constant C,, depending only on a,n,( and X, denotes the abstract Sobolev space
associated to A.
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H3) The spectrum &(A) satisfies
S(A)N{z€C;Rez>a"} C{z€C;Rez >d'}
for some a’ > a*.
Then, there exists a projector II € B(X) satisfying

Al =1IA, A = Alx, € B(X1), S(A1) C{z€C;Rez>a"}
where X, = Range(II) and, for any a > a*, there exists some positive constant C, > 0 such that
[Sa(t)(Xd — ID)|| 5(x) < Caexplat), t>0.
We deduce from this the following relaxation rate in Xj.

Proposition 4.18. Let us fix v, € (0, u,). There exists o* € (0,ap) such that, for any o € (0,a*) the
Co-semigroup {S,(t) ; t > 0} in X; generated by £, : 2(%n) C X1 — X satisfies, for all u € (0,v))

[|Sa(t)(Id — Py) H‘@(Xl) < Cpexp(—pt) Vi >0
for some positive constant C,, > 0.

Proof Let a; € (0, ) be such that Proposition 4.16 holds true. Given « € (0, 1), we apply the above
Theorem 4.17 with X = X; and A = .%,. The splitting of .%,, has been established in Section 4.1.
According to Proposition 4.16, if we set a* = —uv/, one sees that Hypothesis H3) is met with a* <
a' < min(yl, ..., pd+2). Notice also that, for all n € N, S * (ASg)0™ (¢) is exactly V"™ (t) so that
Assumption H1) is met thanks to Proposition 4.12 since, for all n € N, t"*!exp(—v.t) < C exp(—vit),
for all ¢ > 0, for some positive constant depending only on n, v,, .. In the same way, for ( = 1 so that
X¢ =Xy and s = 0 so that X, = X; one sees that H2) is met thanks to Proposition 4.12. This proves that
there exists a projector II,, such that, forall u € (0,27)

It is well-known that this implies that the spectrum of the generator ., satisfies

6(306) = 6(£06|Range(ld—l_[a)) U G(Z(lh:{ange(r[a))

and, since &(Za|Rrange(m1,)) C {2 € C; Rez > —1/} according to Theorem 4.17, we see that it coincides
with {u}, ..., ud*+?} and therefore I, = P,,. O

4.6. Stability in X,: Proof of Theorem 1.8. We still denote here by {S,(¢); ¢t > 0} the Cy-semigroup in
Xq generated by the linearized operator .%,. To deduce the decay of the associated semigroup from the
above fine properties of the spectrum of .4, we shall resort to the following enlargement result which
ensures some suitable quantitative spectral mapping theorem from X; to Xj.

Theorem 4.19. (Enlargement result — [18, Theorem 2.13] ) Let E, £ be two Banach spaces with E C &
dense with continuous embedding, and consider L € ¢ (E), L € ¢ (E) with L|g = L and a € R. Assume the
following:
Al) L is the generator of a Cy-semigroup {U(t); t > 0} in E,
S(L)N{A; ReA > a} ={&, ..., &} C Ga(L)

and L — a is hypo-dissipative on Range(Id — IIy, ,) where IIy, , is the spectral projection on E
associated to the above set of eigenvalues.
A2) The operator L can be written as
L=A+B
with A, B € €(E) where A € B(E) and L generates a Cy-semigroup {S(t); t > 0} in £ and such
that
(a) (B — a) is hypo-dissipative on £ while A € B(E) and Alg € A(E),
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(b) there are constants n € N, C, > 1, such that

[(AS)™ < C, exp(at), YVt >0

( K )
[l > 1 such that

[S#)Id — TLz,a)ll ey < Ci t" exp(at), VE>0

Then, L is hypo-dissipative on £ and there exists some constructive constant C,

where Il , is the spectral projector of L associated to {1, ...,&x} in E.

We are now in position to prove our main result concerning the linearised operator .%,, in X,.

Proof of Theorem 1.8. We apply Theorem 4.19 with £ = Xy, F = X; and L = %,|x,. The spectral
structure of L in X, is given by Proposition 4.16. From Proposition 4.18, we deduce that, for any u
satisfying — min(pl, ..., u%t%) < u < v, the operator L — y is hypo-dissipative in Range(Id — P,,) (see
[18, Theorem 2.9] for the equivalence between hypo-dissipativity and decay of the semigroup). Again
Proposition 4.12 shows that Assumption A2) is met and the conclusion follows. O

As mentioned earlier, it is not clear whether the above Lemma 4.15 holds true in X, or not. However,
it appears important for the proof of Lemma 3.14 to obtain suitable norms of P, in X, for small values
of o, where P, is defined in Theorem 1.8. This will be done thanks to the following result.

Lemma 4.20. With the notations of Lemma 4.15, one has sup,,. .1 [I[Pallscxox,) < oo
Qe

Proof. According to [18, Theorem 2.1], for any « € (0, QL), the restriction of projection operator P, on
X is exactly P, and, forall j =1,...,d + 2,

Ker(.%Z, — p?)™ = Ker(L — p?,)™, j=1,...,d+2

(e

where m; is the algebraic multiplicity of x/, and, as in the proof of Theorem 1.8, we set L = %, [x,.
In particular, the eigenfunctions of .%,, associated to 7, belongs to X;. One gets therefore easily that
P, € #(Xo,X;). Using Lemma 4.15 we have that, for all h € Xy, lim,—0 [|Pah — Pohl|x, = 0 while,
according to Remark 4.8, Py € #(X(,X;). Since X; is dense in X, and P,|x, = P,, this implies
that SUPoe(0,al) [Poh|lx, < oo for any h € Xy and we get the conclusion thanks to Banach-Steinhaus

Theorem. O
Lemma 4.21. There exists a mapping ¢ : (O,QL) — (0,1) with lim, 0 ¢1 () = 0 and
[(Po — Po)?||l 5, < li(a)  Ya € (0,a}). (4.22)

In particular, there exists  such that, for all o € (0, a7), Id — (P, — Py) is invertible in X, and there exists
C > 0 - independent of o — such that

[(Id — (Po — Po)) laxy) <C Vae (0,07).
Proof. Since, for all a € (O,QL), (P, — Pg)? = (P, — Pg) P, + (Py — P,,) Py, and since, for any h € Xj,
[Allx, < [|h[lx, one gets
1(Po — Po)?[lax0) < IPa — Pollaxy) IPall#xox1) + IPa — Poll ) IPoll #xo.x.)

and, thanks to the previous Lemma and Lemma 4.15, we get (4.22) with ¢;(«) = C¥ly(a) where C' =
2 SUD, ¢ (0 ol Pallzx,x,) < co. Now, given § € (0,1), there exists o such that /;(«) < ¢ for all o €
=k

(0, 7). Then, from (4.22) and since [P, — Pol|%(x,) < 2 for any a, we get
|(Po — Po)"|lmxe) <2677 Vn>2.
We deduce easily that (Id — (P,, — Py)) is invertible with (Id — (P, — Pg))"! = Y°° , (P, — Py)" and

n=0

I(Td = (P — P0)) sy < 1+2+2307,0"% < 3+ 2. This proves the result, O
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APPENDIX A. PROOFS OF LEMMA 4.14 AND LEMMA 4.15

We collect here the proofs of two fundamental results in Section 4.4. Notations are those introduced
in Sections 4.1 and 4.4.

Proof of Lemma 4.14. One has clearly that, for all ReA > —pu,, [AR(A, Bo)]" € B(X1,Xs), R\, %) €
B(Xz) and &L, — £ € B(X2,Xy) for a € (0,a') from which

1 Tak M) < 126 = Lol ) 1RO Lo)laaiy [|[FARO, Ba)|

Using (4.16), (4.17) and (4.5), this yields to a bound
[Tk Ml g,y < Cr€ra(@) AT, VReA > —

for some explicit constant C}, > 0. Choosing then r,(«) = (Ck elﬁl(a))#, we get (4.18) and clearly
lim, o+ 7% (a) = 0. Clearly then, if o, is chosen in such a way that 7 («) < 1 for all @ € (0, o), one sees
that Id — 7, () is invertible in X; for all A € Q2 («) with

(Id = Ta k() ™" =D [Tak (V)"
p=0
Let us fix then a € (0, ;) and A € Qi (a). The range of T, 1 (A) is clearly included in 2(B,) = 2(%%)-
Then, writing .%,, = A + B, we get

>
|
—_

()‘ - ga)ra,k()\) = ()‘ - Boc - A) R(/\, Ba) ['AR()‘a Ba)]j + ()‘ - ga)R()‘a ZO) [AR(/\v Ba)]k .

<
Il
o

The first term on the right-hand side is equal to

k—1 k-1 k-1
(A= Ba = A) S RO, Ba) [ARN, Bo)) = Y [ARN, Bo) = > AR(A, Ba) [AR(A, Ba )l
7=0 7=0 7=0

=1d — [AR(), Ba)]*
while, writing simply (A — .Z,,) as (A — %) + (% — Z.) the second term is equal to
AR, Bo)|* + (Lo — Za)R(N, L) [ARN, Ba))* = [ARN Ba)]" — Ta (V).
This proves that
A= Z)lak(N) =1Id — Ta k(M)
and shows that I'y . (A\)(Id — Ja,k(X)) " is a right-inverse of (A — Z,).
To prove that A — %, is invertible, it is therefore enough to prove that it is one-to-one. Consider then the
eigenvalue problem
ZLoh=Ah,  heP(ZL) =W (w).
Since 2(.%) = Wy (z), one can write this as (A — %)h = Z,h — Zh and as such
[hllx, = IR, Z0)(La — Zo)hllx, < e1,1() IR, Z0)[zx,) [17]x.
where we noticed that, since A # 0 and Re\ > —puy, A € 0(%) and where we used (4.5). Notice that,
according to Hille-Yoshida Theorem, there exits a constant Cy > 0 such that
IR, Z0)ll 1) < Co(ReA + p) ™ < Cop — 1) ™

so that

1Allx, < Coer1(@)(pe — Vo)~ lx,-
Let us now estimate || ||x,. Since .Z,h = A\ h one has (A — B,)h = Ah and h = R(\, B,).Ah, so that

Cy Co || Al z(x, x2) Cs [| Al x, x2)
Al < Ay, o Col oty

[hllx. < IR(A, Ba)lla(xa) 1MAR]Ix, < TS — — [hllx, <
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for some positive constant C; which gives the equivalence between the norm | - ||x, and the modified
equivalent norm [-] obtained in Proposition 4.4. Thus,

Cal| Al #(xy x2)

(:u‘* - I/*)

and one sees that, up to reduce «, one can assume that Coeq 1 ()

[Allx, < Coer,1(a) 1A%,

Co A
W < 1 which implies that
h = 0. This proves that A\ — .%,, is one-to-one and its right-inverse is actually its inverse.

To estimate || R(A, Z.)| %(x,), one simply notices that

1
[[(Id — T,k (A) H%’(Xl) Z | Ta,x( Hgg(xl) < wv VA € Qi (a)

from which )
25y < ——— |1y, P
|‘R()‘7$a)|‘ﬁ(x1) 1_ Tk(Oé) HF ,k(/\)Hﬁ(Xﬂ
and, from the previous estimates of [|R(\, Ba)l|zx,), |l [AR(), B.)) llx,) and [[R(A, )l %x,) one
checks without difficulty that there exists C} > 0 such that

k

ITarxMlzcx) < Ck Z(Re)\ + )77 <y
j=0 7:0

Mz—

from which we get the result. O

Proof of Lemma 4.15. We use Lemma 4.14 for some suitable £ € N and let y(a) := {z € C; |z| = rx(a)}
where 7 («) is provided by Lemma 4.14. One has

! RO, LA, Po=—— ¢ RO\ .Z)dA

- % 2 i ()

Vi (@)
To prove that P, € #(X;,Xy), it suffices to find some suitable estimate on [|R(A, £, )| %x, x,)- Notice
that, in the space X, the range of R(\, %, ) is indeed X, which is the domain of .Z,, (i.e. Xy = 2(%,|x,))-
Therefore, the norm || - [|x, is equivalent to the graph norm of .%,, (seen as an operator of X;): there exists
Cq > 0 such that

[fllx: < Co (Ifllx2 + [ Zaflx0), Y €Xa.

Then, given A € v (a) and g € X; one has

IR\, Za)gllx. < Ca (IR, Za)gllx, + |- LaR(AN, Za)glix, )
Since L, R(A, Ln)g = —g + AR(X\, Za)g and |A| = ri(«) we get

IR, Za)gllx, < Co (1 + (@) R Za)gllx, + llglx) -
Using (4.20), one has [|R(A, Z,) | zx,) < Mi(a) for all X € () for some positive constant M, ()
depending only on k, « and on v/, — v,. This shows that

sup  |R(N, Zo)llax, x,) = C(k,a) < o0
A€y (@)

and this proves the bound on ||P, || sx, x,)- Let us now prove (4.21). Recall that

Py — Py = — RO\, Zn) — R(N, L)) dA
297 i ()
with R(\, %) — R(\, Z.) = R(A, %) (% — ZLa)R(N, Z,). However, even if for small «, one can make
2y — £, small, it appears difficult to obtain bounds on ||R(), %) — R(A, Z,)|%x,) because of the
domain loss in (4.5). Indeed, such a domain loss would require uniform bound on ||R(), Z0) 2, x,)
for a ~ 0 and such bound cannot hold true because the range of R(\,.%) is not X,. We have then to



CONVERGENCE TO SELF-SIMILARITY FOR BALLISTIC ANNIHILATION DYNAMICS 41

proceed in a different way, following the approach of [36, Lemma 2.17]. We apply Lemma 4.14. We
simply write
k—1 _
Ga(N) =D RAB)ARN B,  0<a<al

Jj=0

so that Lemma 4.14 reads R(\,.%,) = Go(A)Id — Tox(N) "L + RN, L) [AR(N, Bo)]" (Id — Ju k(X))
while one proves without difficulty that, since .4 = A + By, it holds

R\, Z) = Go(N) + R(A, Z) [AR(A, Bo)]" .

Since A — R(A, By) and A — R(\, B,) are both analytic on D(0, r(«)), one has
yg Go(N)dA = Go(N)dA = 0. (A1)
k(@) Y (a)

Consequently

Py = i% R\, Z)dA = i% RN, Zo) [AR(N, By)]" dA
(@) 2 @)

while

P, — L 515 GaN)(Id — Josk (V) A + —— 515 R(A\ Zo) [AR(A, Bo)l* (Id — Ja 1(3)"LdA
V(@) V(@)

= 2ir i
= i Ga(/\)ja,k()‘)(ld—joz,k()\))ild/\—’—# R(/\,fo) [AR()‘vga)]k (Id—ja,k(/\))ild/\

20 ) i (o)
where we used (A.1) in the first integral. From this, we get

P, — Py — % RO {IARO, Bo))* (1d = Zk(0) 7! = [AR(, Bo)l* b
% 1 GaOV kN1 = Tus() ™
_ 2L§£ RO\ Zo) AR Bo))¥ [(Id — o (X)) ~F — Id] dA
TSy (@)
+ RO\ %) {[AR()\, B)F — [AR(), Bo)]k} A

20 @)

+ i Ga()\)jak(A)(Id - ja,k(A))ild/\

2T J @)
= Hl,a + H2,o¢ + H3,o¢'

According to (4.18) and arguing as in the proof of (4.20), for any X € v, («), the integrand in I3 ,, is such
that

Crri ()

1—rg(a)

Gk NI = Tos W)z < 50 G (Wl <

for some positive constant depending on k and on v,. Thus, 113,allzx,) = O(rr(a)). In the same way,
since [(Id — Jox(A) ™' = Id] = Ja i (A)(Id — Jak (X)) ", one gets that the integrand of I , is such that

< (@)

k
B(Xy) 1 —rg(a) IR(A, Zo) [AR(X, Ba)] H%’(Xl)

[ROV 20) AR, Ba)* [(1d = o) -~ 1d]
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and, using (4.17), one gets easily that I; , = O(r;(«)). Now, concerning the integrand of I, ,, one has
k—1

Z [AR(A, Ba)]j A (R()\, Ba) — R(A, BO)) [AR(, BO)]k—j—l

[AR(X, Bo)]* — [AR(X, Bo)]*

=0
= Y [.AR()\, Ba)]jJFl <Ba _ BO) R()\, BO) [AR(A,BO)]kijil .
=0

Since k —j — 1 # 0forall j € {0,...,k — 2}, one can exploit the regularizing effect of A and prove, as
in (4.17) that, for all A € v («),

| (B~ Bo) RO Bo) LAROL B

< |[Ba = Boll z(x,,50) RN Bo)ll x|l [AR(A, Bo)]* 7! |32, x0) < Cjrer,1()

for some positive constant C; , where we used (4.5) since ., — .4y = B, — Bo. Next, for j = k — 1, one
deduces from (4.5) and (4.17) that, for all A € y4(a),

for some positive constant Cj,_1,; > 0. One concludes from this easily that
Iy = O(e1,1()) + O(eo,0(e))

and the proof is complete. O

< [[larO B 1Ba = Boll s, 20 IR(A Bo)

[AR(A, Ba)]¥ (Ba - BO>R(/\,BO)

B(X1) %(Xo0,X1)

< Cr-1,180,0()
(A.2)

Remark A.1. It is not clear whether the above Lemma is valid in the space X,. This comes from the fact that
our last estimate (A.2) relies on the estimate of B, — By in #(X1,Xy). This explains why we need to work on
the scales of three Banach spaces X, X; and Xy and cannot work directly on Xq (and X; = 2(%.)). This
was already observed in a similar framework in [36] and comes from the fact that the elastic limit o — 0 is
strongly ill-behaved because of the loss of domain induced by the drift term. In particular; it appears difficult
to apply directly the classical spectral perturbation theory developed in [23].

APPENDIX B. MAIN PROPERTIES OF THE SOLUTIONS TO THE RESCALED BOLTZMANN EQUATION
We prove in this Appendix the main properties of the solutions to (1.14) that we used in Section 3.1.

B.1. Creation and propagation of algebraic and exponential moments. First, we prove the following
evolution for the moments of ¢ (¢, £). We set

me(t) = [ woleras vazo

We follow the approach in [1] and introduce, for all s,p > 0
kp
Ssyp(t) = Z ( z > (mSkJrl(t)mS(p_k) (t) + Mgk (t)ms(p_k)+1 (t)) (B.1)
k=1

where k, = [Z£}] is the integer part of 25t

Lemma B.1. Let fo € Li(R?) be a given nonnegative initial datum with ny,, Ty, > 0. For any a € (0, ay),
let ¢ (t, &) be the unique solution to (1.14). There exists &g € (0, ) such that for o € (0, &), s € (0,2] and
po > 2/s, one has, for any t > 0 and any p > po > 2/s,

d

Emsp(t) < (1 - O‘)Qsp/ZSS,;D(t) - Kl mserl(t) +a SpKQ msp(t) + aSpd mspfl(t)
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where K1 = 1 — s, Ok IS defined by (2.4) and K, is a positive constant depending only on d, &o and
Jra Yo(E)IE]° 8.
Proof. Asin [1] (see also [7, Lemma 3.1]), one has

[ (e iy o < o (g7 +le)* v

where g, is defined by (2.4). Notice that the mapping k > 0 — g, € (0,1) is decreasing and limy_, o 0 =
0. Introduce

Br(a) = (1 — ) ok.
After multiplying (1.14) by |{|*” and arguing as in [1] and [7, Lemma 3.1] with £ = %7, we obtain easily
that
4
dt

sp
2

]

msp<t><§ﬁs () / Wit et £IE = &l (12 +16) T - 1el — .| ) agde.
R4 xR4

o)

- (1=pp@) [ vt uiegl - el maede.

(A )Bol0) = Ag(D)maplt) + spBy()vs(t) - [ €7 20(e.6)de.

Since (¢, ¢) has zero momentum and mass one, one has

/ Bt )€ — Ede, > ¢ - / Bt . )Ende,
Rd Rd

which yields the lower bound:

L (0l £l = E1dE. > mopa 1),

= |€|’

One estimates the first integral as in [1] to get

Comap(t) < Bep (0)Sup(t) — (1= Bep(0) ) mapia (1)

+ ((d+ sp)By(t) — Ay (t)) msp(t) + spBy () vy (1) - /Rd EIE1P2ap(t, €) dE.
Now, one checks that

(@+spBy(t) = Au(t) < 53 [

Q- (¥, ) (£, )P dE < 2 (ms(t) + §mu (1))

and

By (t)vy (1)) < a /

R

Q- (W, ) (1, €)[€ldE < afd/2+ma(t)?),

which results in

Comap(t) <Bp(@)Sep(0) — (1= Bp(@) mapra(8) -
+ % (m3 (t) + (d/2)3/2) msp(t) + aspd msp—l(t) ,

where we used that m, (t) < /d/2. In particular, for s = 1 and p = 3, one obtains that

%m;g(t) < 603 (a) (ma(t)ms(t) + (d/2)*) — (1 — Ba (ar))ma(t)
+ 37(] (mg(t) + (d/2)3/2) ms(t) + 3a2d :
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Holder inequality implies that my4(t) > 2 m3(¢)? and one deduces that
d 3a\ 2 9 3a 1/2 3d?
a0 < = (1= 5300 = 5 ) 2 matw? + (6830 + 5 ) @72 2ma(0)+ 25 (5310) + o).
Let us fix &y € (0, o) satisfying
b < 1— 032
0 —_— .
3/2 - 03/2
Then, for a € (0, &), one obtains
d . 3dp) 2 ) 3 12 3 d?
&m3(t) < - (1 — ﬁ%(ao) — T) P ms(t)” + (6@3 + 5) (d/?) ms(t) + N (Q% +1).
This shows that, for o < dy, there is an explicit constant M3, depending only on d (and dg) such that
supmgz(t) < max (M3,/ Do (&)€)? d§> . (B.3)
t=0 Rd

With this, (B.2) becomes, for any « € (0, ay),

d
nap(6) < Bz (@S5 (1) = (1= B () ) mapia (8) + s p Kpmap(t) + uspdimy (1),
where K only depends on d, &g and m3(0). This proves the result. O

Lemma B.2. Let fo € Li(R?) be a given nonnegative initial datum with ny,, Ty, > 0. For any a € (0, ay),
let 9(t,&) be the unique solution to (1.14). There exists o € (0, o) such that for o € (0, &) and p > 0,
there exists some constant C), > 0 depending only on p, ny,, Ty, and || fo| £y such that

my(t) < Cpmax {1, t_p} fort > 0. (B.4)

Proof. We know from (B.3) that the third moment of solution v (¢) is uniformly propagated. Moreover, it
follows from Lemma B.1 that, for any p > 3, m,(¢) becomes finite for all positive time. Now, observe that
by Holder’s inequality

S1,p(t) < Cpma(t) my(t), mp-1(t) < (mp(t))l_l/p and mp+1(t) > (mp(t))1+1/p~
Consequently, we infer from Lemma B.1 that m, () satisfies the differential inequality

%mp(t) < Cimy(t) — Kl(mp(t))l+l/p + C2(mp(t))l_1/p' (B.5)

Thus, for ¢ € (0,1], (B.4) follows by comparison with the upper solution z* = C/#? of the differential
equation 2/ = Cix — K 2't/? 4 Cyz'~1/P, Then, once the moment is finite at time ¢ = 1, the same
estimate (B.5) implies that (B.4) holds for ¢ > 1. O

Proof of Theorem 3.9. Introduce, as in [1],
S — Zp
B(12) = [ vt OepGeie =Y ma i, 520 z>0,
R4 =0 p-:
and, forn € N
” i 2P n " zP
El(t,z) = stp(t)H, II(t2) = stwrl(t)ﬁ-
p=0 p=0

We consider here s = 1 and fix n € N. We shall show that there exists @ € (0, 1) independent of n such
that, for any « € (0,a) and any 0 < ¢ < 1, one has

En(t,at?) < 4.



CONVERGENCE TO SELF-SIMILARITY FOR BALLISTIC ANNIHILATION DYNAMICS 45

Since this is true for all n € N, this would imply the result for ¢ < 1. Notice that (B.4) implies that for
a<l1,
n t(ﬁ p
Ei(tat’) <1+3°C,
p=1
Smce B > 1, there exists ¢ small enough and depending on n such that E7(¢,at?) < 4 for all a < 1 and
€ (0,1). For py > 2/s, by Lemma B.1,

d & at'B ) - (atﬁ)p - (at?)P
) > my Z 0p/251,p(t) — K1 Y mppa(t)—— +aky Y mp(f)( I
P=po P=po : P=po P=po p ’
+ad i (t) (atﬁ)p + ﬂ i (t) aptﬁp’l
« My—1 m —_—
2 "=t 2 Gy
Now, we have
n n—1
(atﬂ)p (a tB p+1 atB)
Z mp(t)( 1) = Z myp1(t azmp+1
pP=p0o p " p=po-1
am (at?)? (at?)"
3 = 2 e <@ men ()
P=Po - p=po—2 (p+1)! p=0 p
aptﬁp 1 n—l aP+14Bp+8—1 atﬁ)p
3 0= 5 0 <0S
P=Po " p=po—1
Choosing a small enough so that aK> < £1, a®d < £ and Ba < £L we get that
d & at'B (atP)P K1 po ! atP)p
A 0 <3 0,0 B )+ 5SS )
pP=po 2 p=p0o p=0 P
tﬁ)p Kl B 1 -
ZQP/Qslp _Tll (tvat )+¥OP07
P=Ppo

with C“po Zp o1 C;,* L, where we used (B.4) and a < 1. From here, we can then argue exactly as in [1,

Theorem 1] to get the result for ¢ < 1.

We shall now show that for any a € (0,a) and any ¢ > 1, one has E{(¢,a) < 4. Since this is true for all

n € N, this would imply the result for ¢ > 1. Notice that we have just proved that E7(1,a) < 4 for all
€ (0,a). Then, for py > 2/s and ¢t > 1, by Lemma B.1,

7 m €30S0 — Ky 3wyt

p=po p=po p=po
" aP
+0¢ngmp()( —i—adZmpl o1
p=Ppo p=po

Recall that the last two sums are bounded from above by azzzo mpﬂ(t)‘;—}; and a® ZZ:O mpH(t)‘;—T
respectively. Thus, for a € (0, a), we get

d n po—1 aP
a Z ! Z 0p/251p(t) 5 — I (t,a) + Ky Z My ( )p'
P=Dpo P=Dpo p=0
ap
Z 0p/251,p(H) = — —11 (t,a) + K1Cp,

p=Po
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with C,,, = 250:61 CZ!“ , Where we used (B.4). We can then argue exactly as in [1, Theorem 2] to get the

result. O
We end this appendix with well-known estimates about Q- on the weighted L'-spaces.

Lemma B.3. Forany b > 0, set
my(€) = exp(blé]), € e R%
Then, for any g > 0, there exists Cy 4 > 0 such that

1Q+(h, )21 (my) + 11Q4(9, W)l L3 (my) < CoogllPllLr

Lia(my) ”gHLé+1(mb)

and
[1Q+ (hy h) [ L1 (my) < Collhll iy 1Al 21 (s -

Proof. Without any loss of generality, one shall assume that » and g are nonnegative. One first notices
that, for any h, g € L'(ms), one has

19 (e, @)1 gy = 194 (s @) ()| 1 sy = L Q1 (h, g)(v) my(v)ih(v)(v)?dv.
Lo (Rd) ™

To estimate this last integral, one can assume without loss of generality that h, g, are nonnegative.
Then, using the weak formulation of Q. :

Q+(h, g)(v) mp(0)3(v) (v)?dv = / h(v)g(ve)|v = va] my (05)3(02) (1) dvdo.do
Rd Rd xR x§d—1

where the post-collision velocity v”, is defined by (1.2). Clearly |v)| < |v|+]|vs]|, i.e. mp(v]) < mp(v)myp(vs)
and (v})? < (v)9(v,)9. Therefore,

/R 0 (hg) () mu()p(0)(w) e < / o ma) () B(w) (om0 (0.)0(0) [0 = v (0] duds.
One recognizes that this last integral is equal to [, Q1 (my(-)? h,my(-)? g)(v)¥(v)dv and this proves that
[1Q+(hs Dl Li(my) < NQ+(me() by () 9)|| L1 (re)- (B.6)

Then, the estimate follows easily from the well-known boundedness of the bilinear operator Q.
Li(R?) x LI(RY) — L'(RY) (see, e.g. [2, Theorem 1]). The proof for Q_ is simpler since Q_(h, g)(v) <
h(v)(v)||9] 11 (ma) for any nonnegative h, g. Thus, [|Q—(h, 9)l| L1 (my) < 9Ly lBllLz (my)-

(my
a+1
For the quadratic estimate, one notices first that, by virtue of the above estimate,

1Q— (s )| L1 myy S Nl L3 gy 10N 3Rty < Co 1PN Ly g 1ol 21 (-
Let us now focus on Q4 (h, h). From (B.6), it suffices to prove that,

1Q+(f, Allprgeay < Clf oyl floieay, — Vf € LyRY). (B.7)
Indeed, applying this with f = h m; would yield the result. Now, using the weak formulation,

1Q+(f; Hller = sup Qi (f, /)(v) (v)dv

”w“Loo(Rd)Zl R4

- sw F©) )0 = v, (o] )dvdv.do
Rd xRd xSd—1

”w”LOO(Rd)Zl

Using v — v.] < (v)(v,) < $(v)% + £ (v,)? we get easily
F O L LR O e Py Ao
X X -

for any ¢ € L>°(R%). This proves (B.7). O
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B.2. Propagation of Lebesgue and Sobolev norms. We start with the proof of Lemma 3.2. As said in
the core of the paper, we provide the proof only for p = 2 since it is the only case we are dealing with.

Proof of Lemma 3.2. Let p = 2 and n > 0 be given. Multiply (1.14) by (¢, £)(£)?" and integrate over R<.
We obtain

S0 ey + (Aut) — (& mBu(0)) 60 2 gy + 1BV ey
FBultos(t)- | vl €%(0 e

<(1-a) [ (@0t — | (©70( 9w ¥)(E

Recalling that [p, ¢(t,&.)|€ — &.]dE > ko (€) for some explicit ko > 0 we get

[ @P9(.00- 0. 0)(¢. 1€ > ol b0, e
Since moreover there exists a positive constant K > 0 such that
max(|Ay (8], By (8)]; By (t)vy (1)) < Ka
for all a € (0, ) so that one can choose «;; € (0, ap) small enough so that
[Ay ()] + (5 + 20)[By (1) + 1By (t)vy ()] <

Then, for all a € (0, a}), it holds

Ko

5 Vi=0, ac(0,a)). (B.8)

5 dt”d}( )H%%(Rd) + %W(UH% Ly S (1-a) /Rd<f>2"7/f(ta5)Q+(1/)71/))(t7§)d§-

At this stage, we handle the last integral as for the classical Boltzmann equation, see [3, Theorem 1], to
get the result. O

Proposition B.4. Let ) > 0. There exists &, € (0,1) such that, for any 1o € Li(R?) with unit mass and
satisfying

Po € L} e (RY) N Ln+3/2(Rd) NH, (RY),

n+3/24+ 4422
then, the unique solution v (t, ) to (1.14) with initial condition 1y satisfies
sup ([ (8)[| 2 ey := Cpy < o0.
=0
The proof is based on the following regularity estimates for Boltzmann operator due initially to [11]
and extended in [33].

Theorem B.5. For all s > 0 and all ny > 0, it holds

1240 vaz2 < Ca (gl ey 1

n+2

- oy + gy, e s, )
for some positive constant Cy depending only on the dimension d.
With this in hand, the proof is based on standard computations.

Proof of Proposition B.4. For any i = 1,...,d, set ®(¢,&) = O¢, ¥ (¢,§). It is straightforward to check that
(¢, &) satisfies
O(t, &) + (Ap(t) + By (1)) 2(t,) + By (t)(§ — vy(t)) - Ve@(t, )
= (1= )0, Qy (¢, )(t,€) — 0, Q- (¥, ¥)(t, €)
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Multiplying by (£)27®(t, £) and integrating over R? we get

1d d
55t 1PO o+ (Aul0) + (1= § = 0Bo(®)) 19O oo + BN

iBu(tou(®) [ €862 (O 2
Rd
<(1-0) [ (©7(.6) 0,0 (000 — | (079,606, 0- (0,0)(t, .

Notice that
0,0~ (. )(1.€) = B(.E) [ V(t.£)E— €16 + Q- (0. D)1.6)

we get as before that
/]Rd <§>277(I)(t5 5)851 Q*(wv 1/))(t7 §)d§ 2 H0|‘(I)(t)|‘%i+l/2(Rd) =+ /]R2d <§>277<I>(t7 5) Q* (1/)7 (I))(ta g)dg
As for (B.8), one can choose &, € (0, ag) small enough so that

d K -
[Ay (@) + 1+ 5 +20)[By(6)] +n|By )y (t)] < 70 V20, ac(0,ay).
It thus holds, for a € (0, &),
1d

1
> dt||‘1’(t)||%g(uad) +skoll@OI72 e

2 n+1/2

<@z, ,@)l06Q+(W@), )Lz |, @s + [Pz @ |- (), 2(1)lLz -

n+1/2
At this stage the proof is exactly the same as the one usually used for the Boltzmann equation. Namely,
noticing that

Q- (v, ®)(t,§) = 1#(@5)/ D(t,&)|€ — &ildé = ¢(fa§)/ P(t,64)0¢, € — &|dés
R4 R4
and ’fRd w(tu 5*)8& |§ - g*ldg*

—1/2

< fpa ¥(t,&)dE, = 1 we see that
Q- (@), 2(E))ll 2 (rey < 1P()ll L2 (Ra)-

Using now Theorem B.5 with s = 3¢ and the uniform propagation of L% +3 /Q(Rd) and L}7 +1 /Q(Rd)—norms,
we get easily to the conclusion. O

B.3. Pointwise lower bounds. We recall the following spreading properties of Q. in general dimension
d>3.

Proposition B.6. For any vy € R? and any § > 0, one has
Supp (24 (L (ue,8) 5 LB(vo,s))) = B(vo, V26).
More precisely, for any 0 < x < 1, there exists a universal ko > 0 such that
Q1 (1B(y.0) ; 1B(o.0)) = Ko 0T X T g 1 yyvasy V>0, (B.9)

Proof. We just give a sketch of the proof which is well-known [35]. We can assume without loss of
generality that vg = 0. Let us assume ¢ = 1. As in [6, Lemma 5.4], we have

d+1
IS (V2 ~1/d
Q.+ (1(0,1), IB(0,1)) = i 1\ (1 -2 ) 113(0_,4)-

—T

21+x/§
0 (6) = {(€0) eRI xS¥7Y 6 <e, |(€+&) ol <ele+&l} .

Letr € (1/2,1) and ¢ € R? with |¢| = v/2r. Let ¢ € (0, 1) satisfying ¢ < and set



CONVERGENCE TO SELF-SIMILARITY FOR BALLISTIC ANNIHILATION DYNAMICS 49

For (¢.,0) € €2, one has

|€|2 |§»«|2

1€ = + 2 |£ &l (E+8&) o +—+ (\/_T—i-s) <r4+e(2+V2) <1

sincer < lande < 1. Slmllarly, |€"| < 1. Since one also has |¢ — &,| > v/2r — £, we deduce that

V2r — NG) IS il 2| : _ 252
Q4+ (1g(0,1), IB0,1)) (&) = (V2r —¢) dod&, > (V2r —¢) |Sd T/, dg* (1—-s*)"2 ds

Qe —€

d d—3
> (V2r —e) 8472 i 2 (1—e2)T.

Since v2r — s > rand e < 7 we get that

3
242

) = .

We then conclude as in the proof of [6, Proposition 5.1]. O
Finally, we have the following lemma, see [26].

Lemma B.7. Fix p € (1,00]. Let f be nonnegative such that

F©)de = m, / FOIEPAE<E<oo,  |flp < oo (B.10)
Rd Rd

Then, there exist vy € R, r and 1o depending only on m, E and || f||, and such that
Qi (f,2+(f, 1)) =m0 1p(wo, r)-

From now we will assume the solution (¢,¢) to (1.14) to be given and fixed. It is clear that there
exists Cy > 0 large enough so that

Q- (¥, ¥)(¢,€) < Co(1+[€)v(¢, ©), and max (Ay(t),By(t)) <Co  Vt>0.
Introduce then
o§) =Co(L+[£]),  X(t,8) = Ay(t) +0(8).

Then, one can write (1.14) as
Dp(t,€) + By(t) (€ — vy (1) - Verb (1, ) + X(t, v (1, €)
=1 =) Q4 W, ¥)(t,§) + (a(P(t, &) — Q- (¥, ¥)(¢,€)) ,
(

and, assuming (0, &) = 1o(€) > 0, we get o(&)Y(t, &) — Q_ (1, 1) (t,€) > 0 and
O (t,€) + By (t)(§ —vy(t)) - Veo(,6) + E(t, Y (t,€) = (1 — a) Q4 (¥, ¥)(2,§). (B.12)
We introduce the characteristic curves associated to the transport operator in (B.12),
d
X656 =Byt) (X(6s,6) —v(t),  X(s15,8) =¢,

which produces a unique global solution given by

X(t;5,6) = € exp (/t By (7) dT) - /: By (0)vy(0) exp </: By (7) dT) do. (B.13)

In order to simplify notation let us introduce the evolution family (S!);>s>0 defined by

(B.11)

[SLh](€) :=exp (—/ (7, X(73,€)) d7'> h(X(s;t,€)) YVt > s >0, Yh=h(v).
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The evolution family preserves positivity, thus according to (B.12) the solution ¥ (¢, &) to (1.14) satisfies
the following Duhamel inequality

U(t,€) > [Sovho] (&) + (1 - a)/o [8:Q+ (U(s, ), ¥(s, ) [ (§)ds. (B.14)

We have the following analogue of [6, Lemma 5.15] where however the characteristic functions are
not contractions anymore. We recall here that there is some positive constant b > 0 depending only on
[%0ll L1 (re) such that

By(s)| <ba and By (s)vy(s)] < ba, Vs > 0.

Lemma B.8. For any nonnegative h = h(§) > 0 and any t > s > 0, one has
d

[SER](€) = (M) exp (—o(§ua(t — s)) [TR](€) (B.15)
where .
s=ep (< [ Bumar). ua() = SPEDEL s

and [T!h] () := k(X (s;t,€)) for any € € R
Proof. Notice that, forany ¢t > s > 0, exp (fst B, (1) dr) < exp(ba(t — s)), and thus, using (B.13), we
check without difficulty that
| X (75¢,8)] < (14 €]) exp(ba(t — 1)) — 1, Vo< T <t
Therefore,
Z(T,X(T;t,é)) <Ay(r)+0(§)exp(balt — 7'))) VO T <t VEeR:

Integrating this over (s, t) we get

/t S(r, X (31, ))dr < /t Ay (T)dT + o(§ua(t — s), vVt > s> 0.
Finally, since Aw(T; —dBy (1) <0 for all 7-52 0, we get that, forany ¢t > s > 0,
exp (- / t A¢(T)d7> > ()
which yields the conclusion. O

We can then prove the analogue of [6, Lemma 5.17].
Lemma B.9. For any nonnegative f = f(£) > 0 it holds

TQ (T £, T2 (T9 £,75 f)) = W)™ D™ T3 Q4 (f, Q+(f. )., (B.16)

forany 0 < 7 <s<t.
In particular, when f is compactly supported with support included in B(0, o) (¢ > 0), then for any ¢t > 0
there exists C(t, p) > 0 such that

S:Q4 (S5 £, 874 (871,85 1) 2 Ct. o) Tg Qe (f,Q4(f.f)), Y O<T<s<t (B.17)

Proof. The proof is a simple adaptation of that of [6, Lemma 5.17]. The proof of (B.16) is exactly the
same. It relies on the still valid following relation: for any » and any 0 < 7 < s

T2Q4(hh) = (A" QT h, T2h). (B.18)
For the proof of (B.17), we just recall the main steps. For any ¢ > s > 0, one has using (B.13),

t t
| X (s;¢,8)| = €] exp <—/ B, (1) d7'> —/ baexp(ba(o — s))do > AL |€] — ebalt=s) 4 1.
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If f(v) = 0 for any |v| > o, then S!f(€) = 0 for any [¢| > A (0 + €®*(*=*) — 1) and (B.15) shows that

Stf = () exp (<o (A (o€ = 1) ualt = 5)) T4,
In particular,
Q4 (S5/.551) = (A5)* exp (~20 (AL (e + 7 = 1)) ua(7)) Q4 (T £, T3 ).
Now, the support of Q. (87 f,S87 f) is included in B (0,v2X? (04 €**™ —1)). Hence, the support of
829, (85 f, S5 f) is included in
B (0,77 (V2XS (+ e = 1) 4 ¢*C=0 — 1)) € B (0,V2X (0+ €** — 1)) .
Consequently, we get thanks to (B.15), (B.18) and the above estimates that
S;Q+ (S5 £S5 f) = Cols, ,0)Q+ (T £, 75 )
with
Co(s,7,0) = (/\70')2d (x\f,)2dJrl exp (=20 (A (o + e — 1)) ua(7))
X exp (—U (\/5/\2 (0+eb — 1)) Uq (s — T)) .
Since the support of Q1 (S5 f, S04 (S87 f, S5 f)) is included in B (0,22 (o + ¢ — 1)) it follows that the
one of STQ (85 f, 829+ (S5 f, 87 f) is included in
B (0,3 (202 (0 € = 1) 4279 — 1)) € B (0,237 (0.+ €™ ~ 1))
Hence,
S;QJF(SSfaSiQJr(ngngf)) 2 Cl(tvsvTv Q)ﬁQJr(fa Q+(f7 f))
with
Co(s,T,0) ()\z)d (A (/\2)2(d+1) exp (—o (A (0 + €®** — 1)) uq(s))
xexp (—o (2A) (0 + eP* — 1)) ua(t — s))
= (DTN exp (—U (\/5/\2 (o+ ebos 1)) U (s — T))
xexp (=20 (A2 (04 €7 — 1)) ua(r) — 0 (A2 (0 + €*** — 1)) ua(s))
X exp (—U (2)\? (g + bt — 1)) uq(t — s))

Reminding that o(v) = Cy + Cy|v|, one observes that, on the one hand

C'l (tv S, T, Q)

U (8 — T) + 2ua (T) + ua(s) + ua(t — s) < Sugy(t), 0<7T<s<H,

and, on the other hand,

\/5/\2 (g + ebos — 1) uq(s —7)+ 2/\2 (g + ebom — 1) Ua(T)
+ A% (o+ P — 1) un(s) + 2X7 (o+ et — 1) uu(t — s)
< Tua(1)e?? (0 + bau (1)),

where we used that \? < ¢?@® < eP**t. Now, using that \! > e (%) > ¢=b2t for any t > s > 0 and
setting

C(t, 0) = exp (—dbat — 5Couq(t) — TCoua (t)e® " (0 + bau(t))) (B.19)
we get the result. O
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Proposition B.10. Assume that the initial datum 1 € L(R?) has mass 1, momentum 0 and kinetic energy
d/2 > 0 and that

o € LP(RY)
for some p > 1. Let 1(t, -) be the solution to the rescaled equation (1.14). For any 71 > 0, there exist Ry > 0
large enough (depending only on 1) and py > 0 such that

U(t,-) = pleo,r) ("), Vtz>T. (B.20)
Moreover; for any sequence (xx)r € (0, 1) and increasing sequence (7);, one has
Y(t,-) = prlpo,r,) ("), Vt>m (B.21)

with
Ryr = (1 - xx)V2 (Rk +1- ebo‘(T’““_T’“)) e~ bH(Ter1=7k)

i (B.22)

et = (1= a)roxi ™ i (Rk +1- eba(T"“_T’“)) ERru(Tht1 —7k), VEEN

where K is the positive constant appearing in (B.9) and we set for any s > 0 and R > 0,
Er(s) = / exp (—dbon' — Co(1 + €®7 (V2R + ebo7 — 1))ua(7')) dr.
0

Proof. We describe briefly the main steps of the proof which follows the one of [6, Proposition 5.18] and
[26, Theorem 4.9]. Notice only that, because By (-) has no sign, the characteristic curves X (s;t,-) are
not contractive and some additional work has to be done in the initialization step.

e Step 1: Initialization. Let to > 0 be fixed and define go(¢,-) = ¥(to +¢t,-) fort > 0, and Gy = §o(0, ) =
(o, -). Using Duhamel inequality (B.14) one has

Go(t,) > (1—a)? / ds / SO (S50 Go, 82100 (8] Go, ST Gy )) dr. (B.23)

For R > 0 large enough, we have Gy > Go 1p(o,r) =: Go and f]Rd ao(f)dﬁ > 0. It then follows from
(B.17) that, forany 0 < 7 < s < ¢ < T4,

Seit) O+ (i, Go, 8714094 (81,110 Go, 87,0 Go, ) = Or T 0 Q4 (Gm Q.4 (Go, GO)) ;
with Cr, = infic(o7,) C(t, R) = C(T1, R) where we recall that C(t, R) is given by (B.19). For 71 > 0
small enough, one has C'r, > 1/2 and

~ t2 . ~ A
Go(t,") = (1 —a)? 1 T, (Go, Q+(G0,Go)) ; vV O0<t< T

It now follows from Lemma B.7 that there exists vy € R, r9 and 7, depending only on ||@0|| 11, the
energy of ¥y and |[¢g||» such that

Q4 (@0, Q. (Go, a0)) Z 10 1B(vg,r)-

This leads to )

~ t
Go(t, &) = (1 —a)? L 1B(vg,re) (X (to; t + t0,§)), Vo<t T
Let € > 0. For 77 small enough, one has for any ¢ € [0, T3],
bat < 1 E d 1 bat __ 1 < €To .
e +3 an (lvo] + 1) (e ) 2010

Consequently, as soon as [ — vo| < 77,

t+to
X (to; t + to, €) — w0 < AF0| — vp| + [ug] [1 — ALFHto +ba/ Moo
| (0 0 f) 0| |§ 0| | OH to ‘ ‘0 to (B.24)

< ebat|§ _ UO| + |’U0| (ebat _ 1) + (ebat _ 1) < 0.
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This means that go(t,-) > (1 — «)? % o 113( o
holds go(t,) = m 1p(v,,r,) for any t; <t < Ty with

) for all ¢t € (0,77). Hence, for any ¢; € (0,71/2], it

vo

__To

o l+e
Notice at this stage that an important difference with respect to [6] and [26, Theorem 4.9] is that r; < rg.
We set g1 (t, ) = go(t + t1, ). We have thus obtained that

m=(1-a)? T and o (B.25)

~ T
G(t) > m e, Y OSE< S (B.26)

Using again Duhamel’s inequality (B.14) (recall that g;(¢,-) = ¢ (¢t + to + t1,-)) one has

t
Gt ) > (1-a) / ST QL (G1(r, 0,51 (r, ) dr. (B.27)
0

Let x € (0,1), the value of which will be fixed later. We now deduce from (B.26), Proposition B.6 and
Lemma B.8 that, for any ¢ € [0,7} /2] and any ¢ € RY,

t
~ d
Gt =1 —a)n; ri”lxd“fio/o (M) exp(—o (ua(t — 7))
LB (v, (1—x)vEr) (X (T + to + 13t + T + 11, £)) dT.
Arguing as in (B.24), one obtains, forany 0 < 7 <t < 7y/2and € € R4,
1]B(v0,(l—x)\/§r1)(X(T +to+tist+ 1o + 11, 5)) = 113(,[)07 (1712»\/57‘1 ) (5)

On the other hand, for any 0 < ¢ < %, fot (/\ift‘i)ftll)d dr > fot e~ dbo(t=7) 41 > ¢~ dbaT1/2 g4 that, for
any t2 S (07 T1/4]>
/g\l (t7 ) = T2 1IB(vo,T2)u Vtz <t < T1/47

with ry = % and

n=(1-a) nf rf“xdﬂno exp (—o (Jvo| + r2) ua(T1/2)) t2 e~ dbaT1/2 (B.28)
1—x)v2
14-€

One chooses now ¢ and x small enough such that > 1. Iterating this procedure, one obtains that,

forany k > 1, for any ¢; € (0, %] (i=1,...,k), there exists 7 such that,

k 1 -ovz\"
R . - X
gr(t,) = <t + ;E) 2 MelB(wo,ry) with k= < 1+e ) "

Arguing exactly as in [6, 26], there exists some explicit 7, > 0 and some arbitrarily small ¢, > 0, both
independent of the initial choice of ¢y, such that

Y(te +to,-) = nulp(o,R)-

Notice that ¢, = Zle t; and n, = i, where k is large enough in such a way that B(0, R) C B(vy, ry). For
i > 2, we choose t; = t; /2! so that t, = t; Zle 21=%, Since t, > 0 is arbitrary, this proves (B.20) with
Ry = R, p1 = 1. For the proof of Theorem 3.5, it will be important to understand the way p; depends
on t, and thus on t;. We obtained in Eq. (B.25) that n; = O(t}) while, from (B.28), 7o = O(tan?)
for some ty € (0,71/4) to be chosen. Iterating this procedure one can check without difficulty that
=0 (t%k | tflm) and, with our choice of (¢;) one obtains

J— (t{vk) (B.29)

with Ny, = 2% + 308, 2k—F = 32k-1 1.
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e Second step (Implementation of the induction scheme). For 71 > 0 and any ¢ > 71, we get using (B.20)

vit) > (1-a) [ S0 (05, (s, )ds

t
> (1-a)pf / S:Q+ (Ip(,ry) + 1n(o,Ry)) ds. (B.30)
T1

Since the supportof Q. (1p(o,r,), 1(0,ry)) is included in B(0, V2R ), the one of SQ (1g(o,ry)» 1B(0.R1))
is included in B(0, A{ (V2R +e>*(=9) —1)) € B(0, (=) (2R, +¢®*(t=%) — 1)) and we get from (B.15)
and (B.18) that

894 (1g(0,Ry) > 1B(0,Ry)) = (/\t)QdH exp (— o(wr, (t — 8))ua(t — 5)) Ot (T{1p(0,R1) > T2 1B(0,R1)) -
where wg(7) := (V2R + P — 1). Now, since | X (s;¢,&)| < \.|¢] + **(t=%) — 1, we deduce that
7_:113(071?1) = B(O,Agﬁl(t—s))
where R, (7) := Ry + 1 — €% for any 7 > 0. This leads to
S.Q+ (1B(0.Ry) > 1B(0.R1))
> ()™ exp (= o(wn, (t = 9))ua(t = ) Q4 (Lnioasmas)  Tsoaes ) -
Using Proposition B.6, for any x; € (0, 1) this can be again bounded from below by

2d+1 s —
ko (A)™ exp (= o(wr, (t = 8))ua(t = 5)) (AT (Rt = )T g0 (1o yvarim o)

d
= Ko ()\i) exXp ( —o(wp, (t = s))ua(t — S)) d+1(Rl( ))d+11]B(0,(17X1)\/§)\§§1(t75))'

Notice that a difference with respect to [6, Prop. 5.18] is that, here, it is not true that A\] > 1 since B, (7)
has no sign. However, one has A{ > exp(—ba (t — s)). Using (B.30), one obtains

t—Tl o
Blt,) > (1 - a) ko 12 ! / (Ra(r)) ™! exp (~dbar — o(wn, (7))ta(r)) (o (1) yme-veriy o) AT
Therefore,
Y(t,-) = p2 1p(o,R,) » Vizm>n
with Ry = (1 — x1)v2e(2=m) (R + 1 — ebe(2=7)) and
d+1
po = (1—a) ko pixit (31 +1- ebo‘(TTTl)) ER, (T2 — 1)
Iterating this procedure, we obtain the result. O
With this we can prove Theorem 3.5.

Proof of Theorem 3.5. We apply Proposition B.10 to a constant sequence (xj)r and bounded sequence
(Tk)k>1. More precisely, let ¢ € (0,1) be fixed and write

t
Tkl = Tk + ST Vk>1

For any given ¢ > 0, set y; = ¢ for all £ > 1. One deduces from (B.22) that

3 k
Ry = (\/5(1 — 6))k 1R1 exp | —baty ZQ‘j

Jj=2

k—i k . —i—
+Z( 1—5) exp | —bat; Z 277 (1—ebo‘t12 1),

j=it+1
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that is

Re= (Vi1 -29)" Riexp <—b0‘“ <% B 2%))

— Z ( (I—¢) )kii exp (—bat1 (% — 2%)) (1 — e_bo‘t127i71) . (B.31)

It is clear that R;, < (\/5)’“_1}%1 for any £ > 1. On the other hand, since 1 — e=* < x for any =z > 0, we
deduce that

Ry > (V2(1 = €))* 'Ry exp ( —) —bat; Z ( (1-¢) )kii27i71 V k>1.

We finally obtain for any &k > 1

k—1 _pat1 (1 - E)bOL tl _
V2(1 — <R ba2—7><R<\/§k1R. B.32
( ( 5)) 1€ Y k< (V2) 1 (B.32)
Moreover, by definition of Zx(s), one has easily
1
Er (Th1 = 7) 2 ——exp (=Co (1 + Wy (Tht1 — 7)) a(Terr — k) (1 — exp(—dba(This — 7)),

where we recall that wg(7) = €227 (V2R + €?2™ — 1). In particular, since 7,11 — 7 < 1 < 1 one sees that
there is some positive constant ¢(«) > 0 (independent of ¢;) such that

1
dba
Moreover, uo(Tht1 — Tk) < Ua(t1) < ua(l) forty < 1and wr, (Tit1 — k) < W g6 g, (1) so that

(1 — exp(—=dba(ty1 — 7)) = c(a)(Thr1 — k), vk > 1.

Er, (Tht1 — k) = (@) (kg1 — i) €xp (—C’o(l + ebo‘(2k/2R1 + b — 1))ua(1))

Using (B.22), one gets, as in [6] that for any k£ > 1

_e_1\ d+1
s > (1=a)e(asoet s (Ri+ 1= 527 ) ™ o (< Co(1+ e Yug (1)) exp(—(@)24/2 Ry )k

for some explicit z(«) > 0. Arguing as before, we infer from (B.31) that

ke k—1 gt (1—6)b0¢t1 t1
R—l—l—ebatlzklZ(ﬁl—E) <R€ba%—7€ba7>,
g (1-¢) ' A1—e)—V2

where we used that exp (—bat; (55t — 5)) < "% < ebe 3 for any 1 < i < k. Since t; < 1 we get
exactly as in [6, Prop. 5.18] that

131 ko1
Hhk+1 = Ca( )2k+1 exp( ( )R12 2 ),LL%

for some positive constant C,, (¢) depending only on « and e (but not on k or ¢;). Arguing as in [6] we
get that, for ¢ > 0 small enough and ay > 2 there is a positive ¢y > 0 depending on « but not ¢; so that

B(1,€) > exp(—co(1 +log(1/t))[E]™)  VIe| > R® iz h
Now, for || < Rj, we have from (B.20) that
U(t, &) = YVt > 1 =t1/2.
We get the lower bound (3.8) using also the estimate on j; obtained in Proposition B.10 (see (B.29)). O

3In the proof of [6], the assumption |£| > R; is missing but it is needed.
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APPENDIX C. Cy-SEMIGROUP GENERATION PROPERTIES

We prove in this section that the operator B, s is the generator of a C-semigroup in L' (zz) for suitable
choice of o, §. Recall the notations of Section 4.2. One has, in the underlying L/ (=),

Luh = Ash + L h — S h— POh 4 Toh

with 2(Z,) = 2(Ts) = Wéil(w) where
Toh(§) = —Badiv(§h(E)),  Vhe Wyl (w).

Introduce the (anti)-drift operator with absorption
Toh(§) = —Sm(h() + Tuh(§),  Yh e W (w).

Notice that, since there are oq > 0, oy > 0 such that 0 < 00{¢) < Tm(€) < o1(€) for all ¢ € RY, the
domain of T, coincides with that of 7,,. One has then the following elementary result where we recall
that @ (¢) = exp(alé|), € € RY.

Lemma C.1. Assuming o > 0 to be small enough so that
0] = \/iaBoz = 07

then the above operator To, : 2(T.) C Li(w) — Li(w) with 2(T,) = W/

4+1(@) is the generator of a
nonnegative Co-semigroup {Uq(t); t > 0} in L) (<o) given by

t
Ua(®)£(€) = exp <— JRLE (ge“—“Ba)]dT) fee™™®),  felyw),  t>0
such that

100 gy < 0 (- (5 = aBa )€ Iflymy W20, JELi@). (D)

In particular, {U,(t) ; t > 0} is a nonnegative contraction semigroup in L, (o) as soon as oo > V2¢B,.

Remark C.2. Notice that T, does not generate a Co-semigroup in L}(zw). The absorption term here is
exactly what allows to prove that U, (t) € #(L;(w)) for all t > 0.

Proof Using the characteristics method to solve the evolution problem
8tg(ta€):T0¢g(t7§)a t>03€€Rd

with initial datum ¢(0, ) = f(&) shows that the only possible candidate to be the C-semigroup generated
by T, is indeed {U,(t); t > 0}. Let us show (C.1). There is no loss of generality in assuming f to be
nonnegative. Then,

HUa(t)fHLé(w) = /Rd exp(alé])(€)? exp (_ /Ot {dBa e (ge(‘r—t)Ba)} dT) F(EetBa)de

and, setting y = e~ B, we get

1T (t) fll gy < P /R exp (aeB[y|) (y)" exp (—/0 Em (yefB")dT) f(y)dy.

BNow, since Yp(§) = 00(§) = % (1+¢]) for all ¢ € R? we get under the assumption that % >
aB, > 0:

00

V2
< exp (— (% - qBa> t) HfHL}I(W)'

t
||Ua(t)f|\Lé(w) < exp (— t+ tha) /d<y>q exp (a e'B= [y|) exp (—aBa|y|/ eTBadT> F(y)dy
i 0
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This proves the claim. It is not difficult then to prove that {U,(¢) , ¢ > 0} is indeed a Cy-semigroup in
Li(w). O
q

Lemma C.3. Let o > 0 be such that oo > v/2aB,, > 0. For any q > 0, one has

1

_ YA B..
oo —aBy’ =4

IR To)ll (i (o), 21, (=) S

Proof. Given f € L)(w) and A > 0 large enough, we need to compute ||R(A, Ta)fHth(w). First of all,

since {U,(t); t > 0} is a nonnegative semigroup, R(\, T,,) is nonnegative and, since the positive cone of
L}I(w) is generating, it is enough to consider f nonnegative. Set then ¢ = R(\, T, )f. One has

(A +2m(€)g(6) + Badiv(g(€) = f(§),  §€R™
Multiplying by (¢)9zo(¢) and integrating over R? we get

/Rd()\ + Xm(8)9(€) (€)@ (§)dE = [ fllL1(w) — Ba /Rd div(£ g(£))(§) = (£)d¢
— | fllzs(e) + Ba / 9E)E - Ve ((6)75(€)) de
Rd
Since £ - Ve ((§)7 @ (€)) = ¢ [€[7(§)7 (&) + a(€)?[¢|m (), we get
/Rd()\ + EZm(€)9()(€) @ (§)dE < [ fl| Ly + aBallgllLyw) +aBallglly, , ()-
Since ¥ ((§) = 00(£), we get the estimate
Mgllzye) +oollgliry, @) < IfllLye) + aBallglliiw) + aBallgllry,  (w)-

Therefore, fixing a > 0 such that oy > v/2aB, > aB,, and taking then A\ > ¢B,, we get

1
H9||L;+1(w) < m“f”L;(w)

which gives the desired estimate. O

Remark C.4. The above estimate directly yields ||| 11(w) < ﬁ 1fll21(w) Le.

1
% < —. .
IR Tz < 1= B. (C.2)

Recall the definition of .£™°,

Lo h(€) = / (1= ©5)IM(E)A(E) + M(E)R(E) = M(EN(E)] € — & ] dudo.

R x§d—1
One can split XOR"S into positive and negative parts,
RS _ cpR6 RS
Ly =L -4

where

foj,%’—éh(f) = /

Rd xSd—1

(1= OME(E)IE — &l déedo = M) [ B (e, 6.)de.
with
wle.e) = lE=6l [ (1= 0.6 oo

One has the following lemma with similar proof as that of [12, Lemma B.1 & Proposition B.2].
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Lemma C.5. For any ¢ > 0, there exists x4(5) > 0 such that lims_,o k4(6) = 0 and
1L bl ) < K@) 1PNy, (m)s V€ Lig(w),

while
L0 Li(w) = Li(w)

q
is bounded.

Introduce the sum Z0 := fff + T, with domain 2(29) = 2(T,). Combining both the above
Lemmas, one gets that, as soon as oy > v/2aB, > 0, it holds

R,6 Kq(0)
, ) < _ral®) N
L0, R To)ll (L1 () — VA > ¢B

As a consequence, picking J > 0 small enough so that

tiq(0)
— <1
op — aBa <
one deduces that (¢B,; +00) C o(Z?), and
RO Z2) = R(ALT) Y [z”n (AT )} . YA > gB,.
7=0

In particular, one checks from the above series representation that

{z“n A Ta )}

IR\ Z0) | (L3 (=), 1, @) S IR To)laws ()21,
B(L}(w))

1 = rke(0) 1\’ 1
< a = Ba.
Uo—aBajE()(Uo—aBa) 00 — aBq — K¢(8)’ VA>q
(C.3)
Notice also that, according to (C.2),

. 0 _
Jm [[ROA, Z0) a2y (w)) = 0. (C.4)

Introduce then Z, = 20 — PO with 2(Z2,) = 2(29). Picking A > ¢B,, one has
(A= Za) = (A= 20) + P
and, multiplying from the right by the resolvent R(\, Z2), one has
A= Z,)R\, 2% =T+ PR(N, 20).

Notice that all the operators here are well defined since the range of R()\, Z2) is 2(2°) = 2(Z,,) (which
makes first the operator on the left-hand-side well defined) and, as such, is included in L/, , (zo) which
is the domain of PY. Moreover, from (C.3) and Proposition 4.2

0 0 €0,4()
IPaRON, Z) (1 (w0 < €0,0()IR Z0) | 211 (w0, Ll (@) S p— ana )

One can therefore find a small enough so that
IPARN ZD)ll @zt (wy) <1, VA >¢Ba
and, as such, I + PIR()\, Z,) becomes invertible and so is (A — Z,)R(\, Z2). This proves that, for
A > ¢B,, (A — Z,) is invertible with
RN\ Za) = RN 20D [-PIR(A, 20 07
7=0
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In particular, according to (C.4), limx—.c [R(A, Za)|#(LL(w)) = 0. Finally, since

Ba,5 = Za - -i/ﬂ]?)_é

with 92”01?;6 bounded, one deduces easily that A\ — B, s is invertible provided X is large enough so that
A > ¢B, and

5
L350 23 (o) IR(A Za) | (L (o) < 1

This, together with the hypo-dissipativity ensures that 5, s generates a Cj-semigroup.
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