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DECAY ESTIMATES FOR LARGE VELOCITIES IN THE BOLTZMANN EQUATION
WITHOUT CUT-OFF

CYRIL IMBERT, CLEMENT MOUHOT, AND LUIS SILVESTRE

ABSTRACT. We establish pointwise large velocity decay rates for the solution of the inhomogeneous Boltz-
mann equation without cutoff, under the assumption that three hydrodynamic quantities (mass, energy,
entropy densities) stay under control.
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1. INTRODUCTION

1.1. The Boltzmann equation. The Boltzmann equation models the evolution of particle densities of
gases. It sits at a mesoscopic scale between the hydrodynamic equations (e.g. the compressible Euler
or Navier Stokes equations) describing the evolution of hydrodynamic quantities at a large scale, and the
complicated dynamical system describing the movement of a huge number of particles. Fluctuations around
steady state, at large scale, describe incompressible Navier-Stokes equations.

This density of particles is modelled by a function f(¢,z,v) : [0,00) x R x RY — [0, 00) solving the
equation

(1.1) fe+v-Vof =Q(f, f) for te(=1,0], z€ By, ve By, B;:={zeR?: |2]<1}.

We recall that Boltzmann’s collision operator Q(f, f) is defined as follows

Qi = [ [ @) = F0) f0) B = vl cos6) do. da

where the pre-collisional velocities v/, and v’ are given by

U,:v—;v* N |v—2v*|g and o — v—;v* 3 |v—2v*\

and cosf (and sin(6/2)) is defined as

p— /_
cosfi= o < and  sin(0/2) := v 0’> .

v — v o =]

There are different modelling choices for the cross-section B. We are interested in the usual non-cutoff
assumption. We consider a function B of the form

(1.2) B(r,cos ) = r'b(cosf)  with b(cosf) ~ |sin(g/2)|~ (4=
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with v > —d and s € (0,1). In dimension d = 3, when the long-range interaction derives from a power-law
repulsive force F(r) = Cr~® with a € (2,400), then the exponents are given by: v = g—:‘;’ and s = ﬁ
(see [16] and [45, Chapter 1]). The case a = 5, v = 0 and 2s = 1/2 is called Mazwell molecules [36], the
case a € (5,+00), v > 0 and 2s € (0,1/2) is called hard potentials (without cutoff), the case a € [3,5),
v € [-1,0), 2s € (1/2,1] is called moderately soft potentials (without cutoff ), and finally the case a € (2,3),
v € (=3,-1), 25 € (1,2) is called very soft potentials (without cutoff). The formal limit s — 1 is called the
grazing collision limit, and in this limit the Boltzmann collision operator converges to the Landau-Coulomb
collision operator. It turns out that the limit between moderately and very soft potentials corresponds to
v+ 2s = 0. We shall therefore call moderately soft potentials, in any dimension, the case v + 2s € (0,1).
The classical well posedness of the inhomogeneous Boltzmann equation is an outstanding open problem.
In some sense it is a more detailed model than the Euler and Navier-Stokes equations, and therefore one
can expect that it will share some of the (currently intractable) difficulties of these hydrodynamic models.
Even in the spatially homegeneous case, the Cauchy problem is shown to be well-posed without perturbative
assumption only in the case of moderately soft potentials [20]. At this time it seems out of reach to fully
resolve the well-posedness problem in general. Our more realistic program is to show that for suitable initial
data f(0,z,v) = fo(x,v), the equation (1.1) has a unique smooth solution for as long as its associated
hydrodynamic quantities stay under control. Morally, our project neglects the hydrodynamic difficulties of
the model and concentrates on the difficulties that are intrinsic to the kinetic representation of the fluid.
Let us state the longer-term conjecture. Consider the following hydrodynamic quantities

(mass density) M(t, z) = / f(t, z,v) dv,
R4

(energy density) E(t,z) = / ft,z,v)v]? d,
R4

(entropy density) H(t,z) := fln f(t,z,v) dv.
Rd

Conditional regularity. Consider any solution to (1.1) on a time interval [0, 7] such that its hydrody-
namical fields remain controlled on this time interval: more precisely assume that for all points (¢, x), the
mass density is bounded below and above 0 < mg < M(t,x) < My, the energy density is bounded above
E(t,z) < Ey and the entropy density is bounded above H(t,z) < Hy. Then the solution is bounded and
smooth, and such solution is unique.

Observe that contraposing this statement means that any finite-time blow-up in solutions to the Boltzmann
equation with long-range interactions must include a blow-up in the hydrodynamical quantity or the creation
of vaccum, i.e. one the bounds above has to degenerate as t — T.

There are two natural ways in which this conjecture can be strenghtened or weakened:

(1) First, the blow-up scenario through the creation of vaccum is likely to be ruled out by further work,
which means that the lower bound assumption on the mass could be removed. Mixing in velocity
through collisions combined with transport effects indeed generate lower bounds in many settings,
see [40, 24, 12, 13]; moreover it was indeed proved for the related Landau equation with moderately
soft potentials in [30].

(2) Second, more regularity or decay could be assumed on the initial data, as long as it is propagated
conditionally to the hydrodynamical bounds above. This would slightly weaken the conjecture but
the contraposed conclusion would remain unchanged: any blow-up must occur at the level of the
hydrodynamical quantitites.

In order to complete this program, we need to put together the following pieces of the puzzle.

e A short time existence result.

e An estimate in L.

e A decay estimate for large velocities.

e An initial regularization estimate in Holder spaces.

e Estimates of Schauder type to obtain higher regularity by bootstrap.

The short time existence of (1.1) was obtained in [6] for sufficiently regular initial data fy. An estimate
in L* for t > 0 was obtained in [42]. The main result in this paper is the decay estimate for large velocities.
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The initial regularization in C* is obtained in [33]. The bootstrap mechanism to obtain higher regularity is
the piece of the puzzle that currently remains unsolved.

In [6], the authors prove that if the solution f has five derivatives in L2, with respect to all variables ¢,
x and v, weighted by (1 + |v|)? for arbitrarily large powers ¢, and in addition the mass density is bounded
below, then the solution f is C°°. This is the best conditional regularity result currently known that gives us
C®° regularity. However, its hypotheses are too strong to apply with our current knowledge of the solution.
Note also the previous partial result [21] and the subsequent follow-up papers [4, 31, 2, 5, 39] in the spatially
homogeneous case, with less assumption on the initial data.

Remark that our program of “conditional regularity” has already been carried out for the inhomogeneous
Landau equation with moderately soft potentials, which corresponds to the formal limit of the Boltzmann
equation as s — 1, when furthermore v + 2s € [0,1). The L estimate, as well as Gaussian upper bounds,
were obtained in [15]. The regularization estimate in Holder spaces was obtained in [27]. The bootstrap
mechanism was developed in [29] in the form of Schauder estimates for kinetic parabolic equations. The
regularity of solutions of the Landau equation is iteratively improved using Schauder estimates up to C'*
regularity. In the physical case of the Landau-Coulomb equation (o = 2, v = —3, s = 1 in dimension 3),
the conjecture is still open: the L bound is missing (see however partial results in this direction in [43]),
and the Schauder estimates [29] do not cover this case even though this last point is probably only a milder
technical issue.

Note that, drawing inspiration from the case of the Landau equation, in order for the iterative gain of
regularity in [29] to work, it is necessary to start with a solution that decays, as |v| — oo, faster than any
algebraic power rate |v|~9. We expect the same general principle to apply to the Boltzmann equation. We
do not yet have appropriate Schauder type estimates for kinetic integro-differential equations to carry out
an iterative gain in regularity. That will be a future important step of our program.

1.2. Main result. It is proved in [42] that when M (¢, z), E(t,z) and H (¢, z) are uniformly bounded above,
and in addition M (¢, z) is bounded below by a positive constant, then the solution f satisfies an L* a priori
estimate depending on those bounds only (See Theorem 2.4 below). The result in this paper goes a step
further by establishing a large velocity decay bound for such solutions.

We work with a strong notion of solution for the Boltzmann equation. We make this precise in the
following definition. For convenience, we work in the periodic setting « € T? in space.

Definition 1.1 (Solutions for the Boltzmann equation with rapid decay). We say that a function f :
[0, +00) x T? x R? — [0, +00) is a solution to the Boltzmann equation (1.1) if
e the function f is differentiable in t and x and twice differentiable in v everywhere; the equation (1.1)
holds classically at every point;
e for any q > 0, the limit lim|,| o |v|7f(t, z,v) = 0 holds uniformly in t and x.

Let us comment briefly on the choice of solutions considered:

We work with smooth solutions. Indeed the only reasonable notion of weak solutions available in the case
of long-range interactions is the so-called renormalized solution with defect measure [3] (extending the notion
of renormalized solutions of [22]), and these solutions are too weak to be handled by the methods of this
paper.

We also impose rapid decay for |v| — oo. This is a qualitative assumption that we make for technical
reasons. None of the estimates in our theorems depends on the decay rate as |v| — oo that is initially
assumed for the solution (otherwise, they would be vacuous results). In Section 6, we explore what parts of
out main theorem we can recover without this decay assumption.

We suppose periodicity in x: this is made for convenience so that we easily find a first contact point in
the breakthough scenario described in Section 3.

Theorem 1.2 (Decay upper bound). Lety € (—2,2) and s € (0,1) satisfy v+ 2s € [0,2] and f be a solution
of the Boltzmann equation (1.1) as in Definition 1.1 such that
(1.3) V(t,x), € (0,400) x T%, 0 <mg < M(t,z) < My, E(t,x) < Ey and H(t,z) < Hy
holds true for some positive constants mq, My, Eo, Hy. Then
(1) If v <0, then
F(t,z,0) < N(1 4+t %) min (1, |u|—<d+1+%?>)
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where N > 0 depends on mqg, My, Ey, Hy,d,~y and s.
(2) If v > 0 then, for any q > 0 there exists a constant N and a power > 0 such that

f(t,z,v) < N(14t?)min(1, |v]~9)

where N > 0 depends on mg, My, Eo, Hy, q,d,~y and s.
(3) If v <0, there exists qo such that for all ¢ > qo and fi, < Cmin(1,|v|~9) then

ft,z,0) < Nmin(L, [v|™7)

where qg depends on dimension, s, v, mqg, My, Ey, Hy and N depends on C,mqg, My, Ey, Ho,q,d,"y
and s.

Remark 1.3. In the proof of Theorem 1.2-(2), we get 5 = d/(2s) + ¢/~ if ¢ is large. We have not tried to
obtain the optimal exponent 8 and the one that we see in the proof probably is not.

Remark 1.4. The assumptions cover, in dimension 3, the case of moderately soft potentials, see the numerology
above.

1.3. Moment estimates in the kinetic theory. The study of large velocity decay has appeared in the
past mostly in the form of estimates for higher order moments. This is a very classical and important
theme in kinetic equations. In particular, it is necessary to prove that appropriate weak solutions satisfy the
conservation (or the decrease) of the kinetic energy, corresponding to the second moment.

As recalled in [45, Chapter 2.2], moment estimates are the first step in the theory of Boltzmann, since the
velocity space is unbounded and the collision operator averages over all velocities. Their study is initiated for
Maxwellian potentials (v = 0) in the spatially homogeneous case [32, 44], where an infinite collection of exact
differential equations is derived for the polynomial moments and their propagation is shown, without any
possibility of appearance. In the case of hard potentials (y > 0) with angular cutoff and spatial homogeneity,
Povzner identities [41, 23, 46] play an important role:

e Elmroth [23] used them to prove that if any moment ¢ > 2 exists initially, then they remain bounded
for all times;

e Desvillettes [18] then made the crucial remark that all moments are generated as soon as one moment
of order ¢ > 2 exists initially;

e Finally [38, 34] proved that even the condition on one moment of order s > 2 can be dispensed with
and only the conservation of the energy is required (and it was extended to the spatially homogeneous
hard potentials without cutoff in [46]).

These polynomial moment estimates were used by Bobylev [9], through some clever refinement of the
Povzner inequality and infinite summation, in order to prove, for spatially homogeneous hard potentials
with cutoff, the propagation of (integral) exponential tail estimates e=Cl" with b € (0,2] and C small
enough if b = 2. This result was extended in [10] to more general collision kernels (still hard potentials with
cutoff). The argument of Bobylev was improved to obtain generation of (integral) exponential tail estimates
e~ with b € (0,4] in [37, 7).

In the case of spatially homogeneous soft potentials, Desvillettes [18] proved for v € (—1,0) that initially
bounded moments grow at most linearly with time and it is explained in [45] that the method applies
to v € [-2,0). This was later improved [19] into bounds uniform in time thanks to the convergence to
equilibrium. The case of measure-valued solutions in the spatially homogeneous hard potentials with cutoff
is considered in [35].

Moment estimates play a role in many nonlinear kinetic models, not only in the (elastic) Boltzmann
equation. We previously mentioned the Landau equation, this is also the case for instance in the study of
the inelastic Boltzmann equation [37] or in the study of the Boltzmann-Nordheim equation for bosons [14].

An extension of the (integral) polynomial and exponential tail bounds to the spatially inhomogeneous
periodic case for hard potentials with cutoff is presented in [28], it relies on a priori bounds on the hydrody-
namical quantities similar to what is assumed in this paper.

1.4. Moment estimates VS pointwise estimates. Most of the works mentioned in the previous subsec-
tion are limited to the space homogeneous case. It is mentioned in [45] that “[i/n the case of the full, spatially
inhomogeneous Boltzmann, there is absolutly no clue of how to get such [moment] estimates. This would be
a magor breakthrough in the theory.” However the remark from [45] refers to unconditional moment bounds,
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and, as the partial result in [28] mentioned above shows, it is expected that most of these estimates can be
extended to the space inhomogeneous case under the assumptions that the hydrodynamic quantities stay
under control. However, in the most optimistic scenario, moment estimates obtained using classical methods
would always be integrated both in v and z. Pointwise upper bounds are certainly a stronger result.

Nonetheless, the first pointwise upper bound for the Boltzmann equation was obtained in [25] by first
proving an integral estimate on an exponential moment. The proof in that paper uses that a form of the
comparison principle holds for the linear Boltzmann equation. The authors obtain pointwise Gaussian upper
and lower bounds for the space homogeneous cutoff Boltzmann equation. The method was extended in [11].
An exponential (but not exactly Gaussian) upper bound for the space homogeneous non-cutoff Boltzmann
equation is obtained in [26]. In [26], they make use of the exponential moment estimate obtained in [8]. In
order to apply methods similar to [25, 11, 26] to the space inhomogeneous case, we would first need strong
(probably exponential) Lt°°’mL11, (w) moments for some weight w. The case of integral L}w polynomial moments
however can be handled with simpler Povzner estimates (see the appendix). We do not know any direct
way to prove such moment density estimates other than as a consequence of our pointwise decay results.
See for example [26, Theorem 4] where the authors address the space inhomogeneous case but they have to
introduce a strong artificial assumption in terms of exponential moment densities.

Our results in this paper provide a priori upper bounds for large velocities for the inhomogeneous non
cutoff model. Integral moment estimates (beyond mass and energy densities) play no role in the proof. We
prove that some pointwise decay is generated in the case v < 0; precisely, it decays at faster than |v|~%
with g =d+ 1+ g—f =14 (y+2s)£ > 1 (recall v+ 2s > 0). Of course, such a slow (pointwise algebraic)
decay does not imply any control on moments. In the case where v > 0, any algebraic (pointwise) decay
is generated, which implies in turn that moments of any order are generated as well. In the case where
v < 0, any algebraic (pointwise) decay are propagated, which is arguably stronger than the classical result
of propagation of moments of any order.

1.5. Open questions. There are some natural questions that remain unanswered and are natural problems
to investigate in the future. Our result says, for some range of parameters, that the rate of decay of the
solution f(t,z,v) is faster than any power function |v|~? as |v| — oo. The most desirable result would be to
obtain a Gaussian upper bound as in [25] or [15]. At the moment we have not obtained even an exponential
upper bound as in [26]. Another open problem regards the range of parameters v, s for which the bounds
hold. In this paper, we assume 0 < v+ 2s < 2, which restricts, in dimension 3, to moderately soft potentials.
The case v+ 2s € (—1,0) (very soft potentials) seems to be very difficult with current techniques since we
cannot currently obtain the L*° estimate as in Theorem 2.4. In the case v + 2s > 2, we would expect some
form of Theorem 1.2 (2) to hold, but there is a difficulty in that the energy estimate E(t,z) < Ej is not
enough to obtain any meaningful estimate on the kernel Ky defined in (2.1). We have not been able, yet, to
work around this difficulty.

For technical reasons, it may also be interesting to reproduce the upper bounds in Theorem 1.2 for weaker
notions of solutions. We explore in Section 6 the case in which we drop the rapid decay assumption from
Definition 1.1. In the case v < 0, we recover essentially the same result as in Theorem 1.2 without assuming
the rapid decay at infinity of solutions provided that v 4+ 2s < 1. In the case v > 0, we can always generate
decay of the form f < N|v|~¢~L1. However, in order to obtain an upper bound that decays with a higher
power, we need to make the qualitative assumption that lim|,|_, [v|% f(Z, z,v) = 0 for some power qo that
depends on all the other parameters. We would naturally expect the estimates in Theorem 1.2 to hold for
any reasonable notion of solution f.

We make the assumptions (1.3) on the hydrodynamic quantities. As we explained before, estimates
for the inhomogeneous Boltzmann equation without any assumption on the hydrodynamic quantities seem
completely out of reach with the current techniques. It is conceivable, however, that one might be able
to weaken the assumptions (1.3). Because of the recent result in [30], we expect that the lower bound
mo < M(t,z) may not be necessary. We might also expect that the pointwise bounds could be replaced with
an LY (L) bound for E, M and H, similar to the Prodi-Serrin condition for Navier-Stokes.

It is also conceivable that some version of Theorem 1.2 (especially part (3)) should hold in the cutoff case.
Because of our program, we are mostly interested in the non-cutoff model, so we have not investigated this
problem.
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1.6. Organisation of the article. The article is organised as follows. In Section 2 are gathered results from
previous works that are used in the proof of the main result. Section 3 is concerned with the presentation of
the strategy to get Theorem 1.2. The collision operator is divided into different pieces which are estimated
successively in Section 4. Section 5 contains the proof of our main result. Finally in Section 6, we discuss
to what extent we can relax the assumption that the solution considered have infinite polynomial decay at
infinity (in order to obtain contact points in v). In a short appendix, we give explain in an informal way
how to propagate and generate integral Lzlv,v moments in the case v > 0 when hydrodynamic quantities stay
under control.

1.7. Notation. For two real numbers a,b € R, we write a A b for their minimum. Moreover, a < b means
that a < Cb with C only depending on dimension, v, s and hydrodynamic quantities mg, Mo, Eo, Hy. a Sq b
means that C may additionnally depends on the parameter ¢q. Constants C,, R, also depend on ¢, and can
be large. The constant ¢, is “explicit” in Proposition 4.1.

2. PRELIMINARIES

2.1. The collisional operator in Carleman coordinates. Following [45, 42], we write the collisional
operator Q(f, f) using Carleman coordinates. Using (1.2), we have from the classical cancellation lemma [1,

45] and [42, Corollary 4.2] that Q(f, f) = Q1(f, f) + Q=2(f, f) with
Q.0 =PV [ (1) = FE)K () df

=PV [ (#6) =~ £w) { / vy FOF NG — o, u) d“’} E

/ ! dv’
=PV [ s ) { /(vlv)w(f(v)f(v))A(lv v7w|)v’—vz‘1+25} du

Qa(f. f) = f(v)en / ot wlel” dw

o(d+) /2

with ¢; = fsd—l {(1-‘,—0’6)("1‘*"")/2

- l}b(a -e) do for any e € S?"L. The second form of @ is obtained after

exchanging the order of integration in Q1, since the associated Jacobian is |w||u| 7.
In order to study Q1(f, f) in the framework of integro-differential equations, sometimes it is useful to
write
Qi) =PV [ () = F) Ko ao,
R
where

1
R +2s+1
(21) Kf(’U7UI) = {/UJJ_(U,U) f(v + UJ)|’UJ|’y A(|’Ul - ’U|, |w|) dU}} m

2.2. Cone of non-degeneracy. It is classical that the control of mass, energy and entropy, away from
vacuum, implies that the solution is bounded from below in a small set.

Lemma 2.1 (Lower bound on f — [42]). Under the assumption (1.3), there exists a set D = D(t,x) C Bg,
for some Ry > 0 such that

Vv eD, f(t,xz,v) >cy and |D|>pu>0
for Ry and p only depending on My, mg, Ey, Hy and dimension.

We recall from [42, 33] the following more subtle result.

Lemma 2.2 (Cone of non-degeneracy — [42, 33]). Assume (1.3) holds true. Then for any v € R?, there
exists a cone of directions = = E(v), so that

e forallh € Z, K¢(v,v+ h) > co(1 + |v])1 257 |p| =425,
e = is symmetric: E = —Z;
e =NODB is contained on a strip of width < (1+|v])™1 around the equator perpendicular to v. In other

words, there exists a constant Cy independent of v such that for all h € Z, we have |v - h| < Cy|h|;
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e |ZNIB1| > u(l+ |v])~t for some p > 0 only depending on dimension, ~y, s, mq, My, Eo and Hy.
Remark 2.3. The reader may notice that Z[v] has a different meaning in [42, 33].

2.3. The L*° bound. We recall the upper bound obtained by the third author in a previous work. We
state a slightly refined version.

Theorem 2.4 (Upper bound — [42]). Let v € R and s € (0,1) satisfy v+ 2s € [0,2] and f be a non-
negative solution of the Boltzmann equation (1.1) such that (1.3) holds true for some positive constants
mo,M(hEo,Ho. Then

¥t >0, [If(t )l < Noo(l+t75)

for positive constant No, only depending on mqg, My, Ey, Hy, dimension, v and s.

Moreover, if || fo|lLe < N, for some N > N, then ||f(t, )|~ < N for allt > 0.

Theorem 2.4 is essentially the same as in [42]. Here, we also include the borderline case v + 2s = 0 and
the fact that if the initial data is bounded, the upper bound holds for all times. We provide a proof below,
applying estimates from the literature, in order to show how to incorporate these two new features.

Sketch proof of Theorem 2./. Without loss of generality, it is enough to show the inequality holds for t €
(0,1].
We want to show that for all ¢ € (0, 1] we have

ft,z,v) < Nool 2.

Indeed, if this inequality was invalidated for the first time at a time ¢ty > 0, there would exist points
zo € R? and vy € R? such that

f(to, o, v0) = Nooto_%, and flt,z,v) < Noot ™% for all t € (0,t0],z € R%, v € RY,

_d_
In particular f;(tg, zo,v0) > —%Nmt0 27! and V. f(to, zo,v0) = 0. We find a contradiction (and thus
_d_
finish the proof), if we can ensure that for N, large enough Q(f, f)(to, zo, vo) < —Q%Nooto 1
We write Q(f, f) = Q1(f, f)+Q2(f, f) as in [42]. Using [42, Lemma 7.2] (see also Proposition 4.1 below),

we get
2s

1+ 2s
Qs F)lto,0,v0) S (14 o)+ (Nt )7 = —(1 4 o] P2 Nad T,
In case v+ 2s > 0, we see that (see [12, Eq. (7.8)])

(1+ )" Noot ™% if 4 >0,

Qa2(f, f) < (N d>1+% i< 0.

sl 2
_d_
In this case, we can choose N, large enough so that Q1 + Q2 < Q1/2 < f%NOOtO %! for to € (0,1], and
the contradiction follows. This is the proof given in [42].

The case v + 2s = 0 is slightly more delicate because the estimates above are not enough to assure that
Q1+ Q2 < Q1/2. Instead, we use [43, Lemma 3.5] to estimate Q2 as

o\ 1+ 2\ B
QQS(NOOt_ﬁ> 1og(1+Noot—ﬁ) .

With this inequality, we get Q1 + Q2 < Q1/2 for N sufficiently large also in the case v + 2s = 0 and the
contradiction follows. .
If || fol| L= < N for some N > N, we pick ¢y € (0,1) such that Not, > = N. By the same reasoning as

before, we obtain
_d

f(t,l’,U) < Noo(t+t0) 2.

In particular, f(t,z,v) < N for ¢t € (0,1 — tp). This allows us to extend our upper bound for a fixed period
of time. Iterating this, we extend it for all time. ]
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Remark 2.5. Here we present some further interpretation of the cone of non-degeneracy and the L bound.
The cone of Lemma 2.1 is a cone of direction for (v'—v), i.e. the so-called “w” vector of the “w-representation”
(see [45], section 4.6):

Aw) ={wes™ st [{v, + (v —v) w=0& f(v)) > L& L] <7} >d}.

(The variable v remains to be integrated independently of this cone.) This is a set of directions where the
kernel is bounded below in the Carleman representation. The fact that the set where f is bounded below
can be some complicated Borel set in a ball near zero does not change fundamentally the argument, which
would be very similar if f > £y p,. The set A(v) is |w - ﬁ| < |v|~! or a non-zero measure-proportion of this
set, hence |w - v| < 7 or a non-zero proportion of this set of directions.

The goal of this cone of direction is to find configurations so that v} is brought back near 0 in a zone
where f is bounded below, in order to bound from below the “coefficients” of the operator, i.e. the kernel.

Then this set of directions A(v) creates a cone v' € Z(v) centered at v and of angles of order r/|v| close
to orthogonal to v/|v|. Then in [42] — see Theorem 2.4 above, the part of this cone where f < (1/2) max f is
bounded below using the Chebycheff inequality and the mass and energy bounds. That is: the assumptions
imply that f is, for a significant amount of the large velocities, far from its maximum, i.e. less than (max f)/2.
On this part of the cone, the coercivity of Q1(f, f) is recovered, and together with the bounds from above
on Qo(f, f), gives the contradiction and the L barrier.

3. THE BREAKTHROUGH SCENARIO

For each of the three estimates in our main theorem, we want to prove that f(¢,z,v) < N(¢) min(1,|v|~9),
for different choices of the function N : (0,400) — (0,+00) and g € (0, 400).

In the proof of the first two parts of the main theorem, we will choose N(t) — 400 as t — 0 so that the
inequality f(t,z,v) < N(¢) min(1, |v|~?) holds for sufficiently small values of t. Our strategy is to look for
the first time ¢y when the inequality is invalidated. At this time tq, we would pick a point (to,xo,vg) such
that f(to,zo,v0) = N(to) min(1, |vg|~?). We would obtain a contradiction evaluating the equation at this
point. We know that a point (o, 2o, vo) where the inequality is invalidated for the first time exists because
of the rapid decay assumption in Definition 1.1, and we assume the solution to be periodic in x.

Let g(t,v) = min(1, |v|~9). We want to prove the following inequality

(3.1) [t @,0) <g(t,v).

At the first time ¢y > 0 where the inequality (3.1) is invalidated, we know that we will have a first
contact point with zo € R? (due to periodicity in z) and vy € R? (since the inequality always holds for
large |v|) so that f(to,x0,v0) = g(to,v0). Since the right hand side does not depend on x, we must have
V. f(to, zo,v0) = 0. We also deduce that 0; f(to, xo,vo) > Org(to,vo). Therefore, since f solves the equation
(1.1), we would have

(3.2) dtg(to,vo) < 9¢f(to, zo,v0) = Q(f, f)(to; zo,v0)-

The success of our proof depends on being able to estimate the right hand side as a very negative number
and contradict this inequality.

The only purpose of the rapid decay assumption in Definition 1.1 is to obtain this first contact point
(to,xo,v0). In Section 6 we explore the case in which we remove this qualitative property from the definition
of solution. In that case we add a small correction term to the function g¢(¢,v) in order to ensure the
inequality f < g for large values of v. We recover a large part of Theorem 1.2, but we run into technical
problems when ~ > 0. See Theorem 6.2.

4. ESTIMATE OF THE COLLISION OPERATOR AT THE FIRST CONTACT POINT

In this section, we estimate Q(f, f) from above at the first point of contact between f and g, where g is
given by (6.2) or (6.3). We remove the subscript in (¢, zo,vg) for clarity. That is, at a point (¢, z,v) such
that

(4.1) f(t,x,0') < g(t, ) forall v’ € RT and  f(t,z,v) = g(t,v).

Because they play no role in the following computations, we forget about the (¢, x) variables.
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FIGURE 1. The good term: G(f, f) corresponds to the integration over the red (plain) line

({v/ € R : v —v L w}). The grey ball is of radius ¢,|v| while the larger ball is of radius
3]
50l

v+ w

FIGURE 2. The bad terms: Bi(f, f) corresponds to the integration over the intersection
of the line with the exterior of the balls, By(f, f) corresponds to the integration over the

intersection of the line with the grey ball, and Bs(f, f) over the intersection of the line with
the ring.

In order to estimate Q(f, f)(v), we split it into several terms: a “good” term and four “bad” terms,
including the lower order term Qo(f, f) defined above. Precisely, we write

with

G(f.f) =PV £ + w2 { / (F(W) = F)A(Y — o], w|>d”} duw,
|[v4w|<cq|v| (v —v)Llw

v/ — p|d—1+2s

S ! / d !
BN =PV [ i wl { /|< (F(') = F(0) Ao —v|,|w|>|1,,_v|31+25} duw,

v'[>[v]/2

Bn= [ |<f<v’>—f<v>>{ e f(v+w)wl”“s“fl(lv’—vl,lwl)dw} -

/ d+2s”’
v4w|>cq|v| IU 7”U| +2s

Brp=[ |/2<f<v’>—f<v>>{ e f(v+w)|w|”+28“A(v’—v|7|w|)dw} -

I ay|d+2s”?
v+w|>cq|v| "U rU‘

and Q2 (f, f) was defined above and ¢, will be determined later.

4.1. Estimates of the good term. In this subsection, we estimate in two different ways our good term.
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Proposition 4.1 (First estimate of G(f, f)). Let ¢, € (0, %q_%) and let f be such that (4.1) holds true with
g = Nmin(1, |v|79). There exists a radius Ry > 1 so that if |v| > Ry, then

G(f, f) S —a¢*Nlv["™.
We prove first the following preparatory lemma.
Lemma 4.2. Let ¢ > 1. For ¢, € (0, iq’%) so that if g(v) = N min(1,|v|79) and v,w € R? are such that
[v 4+ w| < ¢qlv|, we have
/ (9(v') = g(v)A(Jv" — 2| \w|)d71/ S —¢" N[~
(v'—v)L 7 v — v|d71+28 ~ .

Proof. We write z = v" — v and divide the domain of integration between |z| < r4|v| and |z| > r4|v|. The
value of r, will be determined below.
For |z| < r4|v], we proceed as follows. A Taylor expansion provides us with some 6 € (0,1) so that

2<g(v +2)—g(v) —Vg(v) - z) =D%*g(v+02)z -z
(4.3) = Nlv+0z|77 % <£q++832|(v +02) -2 — |z|2> .
Since z L w and |z| < rg|v| and |v + w| < ¢qlv|, we have
(v +02) - 2| <ozl + |21 = (0 +w) - 2] + |2 < 2cqfvll2] + 27 < (2eq + 1) 0]]2].
Moreover,
o+ 62| > (1 — 1)l

In particular,

(14 (904 2) = 9(0) = V(o) ) < 52 (<q+ 2) () - 1) 2P

q

We choose ¢q,7¢ < q_% so as to make the right hand side negative. Therefore, taking into account the usual
cancellation of the first order term,

dz
— — < 0.
L (0004 2) = g@)A(el ) i <0
lz|<cqlv]
We now pick z such that |z| > rq4|v]. At this point we fix the value of r; = ¢~ 2. We may choose an even
smaller value of ¢, in the estimate of the rest of the integral if necessary. More precisely, we choose ¢; < r4/4

so that for |z| > rylv| and z L w and |v + w| < ¢,4|v],
v+ 2" = o + [z + 200+ w) -2 > ol + |2 — 2cqfvllz] = (147 = 2cqmq) [0 = (1 +75/2)[v]?
and in particular,

(4.5) g(v+2) = g(v) < =N (1= (L+72/2)7# ) [o| 4 S —NJo| 2.

a
2

~ 1.

The last inequality holds because since rqy = q_% and ¢ > 1, then 1 — (1 + 7"2 /2)”
We deduce from (4.4) and (4.5) that, if |[v + w| < ¢4|v| then

dz dz
/zlw(g(v +2) — g(v))A(lz|, \W)W < /|z|z>lfw|v(g(v +2) — g(v))A(|z], |w|)W
dz
S -Npol ™t [ -
2€RI~L 2| >rq|v]| |Z‘d_1+2s
g _N,r,q—2s|,U|—q—23 ~ —qu|’U|_q_28.
This achieves the proof of the lemma. |

We can now prove Proposition 4.1.
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Proof of Proposition /.1. We estimate G(f, f) using Lemma 4.2.
d /
6(7.0) =PV | fos w8 [ (@) = FEDAG = ol ) s ¢ dw.
[v4w|<cq|v| (v =v)Lw |’U ’U|

< —g*NJo| 02 / F(o + )] dw,
[vtw|<cgqlv]
< g N[ o+,

The last inequality holds provided that |v]| is sufficiently large so that ¢,|v| is larger than the radius Ry of
Lemma 2.1. The proof is now complete. ([

We now get a second estimate for the good term, inspired by [42].

Proposition 4.3 (Second estimate of G(f, f)). Assume f satisfies (4.1) for ¢ = Nmin(1,|v|~9). There
exists a radius Ry > 1 so that if |v| > Ry, then

G(f. f) Sq —9() |

Proof. We first claim that the estimate for G(f, f) in Proposition 4.3 derives from Proposition 4.1 whenever
|v| > 1 and

|’V+25+2§.

N~ <q o] 7@+,
We justify the claim as follows. For such v, we have

N[ 972875 (N]o| =) SNJo| =077

which in turn yields
g(0)'* % < Njo| 70727
and the claim is proved.

We next analyse G(f, f) in the case where g(v) 2 |v| (d+1)  We proceed as in the proof of Proposition 4.1,
except that now we estimate the difference f(v') — g

d /
G(f, f) =PV f v+ w)|w| +2s / — f) AV — |, |0|) 7 Z_H_% dw,
[v4w|<ceq|v| (U’—U)Lw |U - U|
dv’
= v+w w"+2g{ / —g) AV = v, |w|) —————e
o S y o)A~ vl o) o

!/ ! !/ dv/
" /@,M(f(” )~ g A(W — o], |w|>|v,_v|d_1+25} dw.

The first of the two inner integral terms is negative because of Lemma 4.2. Thus
s dv’
ar.0) < | F (o + )]+ { [ - @A -, Iw)w} dw,
[v4w|<cq|v]| (v/=v)Lw |U - U|
exchanging the order of integration

= [ @) =g Do) '

Here, f = f1., v and K§ is the kernel as in (2.1). If |v] is sufficiently large, the estimates in Lemma 2.2
hold for Ky as well since f and f share comparable bounds on their hydrodynamic quantities.

Let us estimate the measure of points h € Z, the cone from Lemma 2.2, such that f(v + h) > g(v)/2.
Note that for sufficiently large |v| > C,, whenever h € E, because of Lemma 2.2 we have |v + h|? >
[0 + [A* = 2Coh| = [v]?/2.

{heZ: fluv+h)>g(v)/2}] < 9 ez
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Now pick 7 > 0 such that

In particular,
[ENBy| =2 4{h € E: f(v+h) = g(v)/2}].
In other words, three fourth of the h in ZN B, satisfy f(v + h) < g(v)/2. From Lemma 2.2, we have
Cor?
o]

d
T
B <iEnB <

[l

Thus, we get

=

r= (o[ "'g(v)™)

Going back to our estimate on G(f, f), we obtain

6(r.0)< | (900)/2 = gl + W) K (0,0) v’
ENBrn{f(v+h)<g(v)/2}
This is a useful estimate if g(v+h) > g(v)/2 for h € 2N B,.. Recall that we assume that g(v) > C,|v|~9~!
for an arbitrarily large constant C,. Let us pick C, large so that if g(v) = C,|v|~?~! then
1
r < (ol 7hg() ) ? < eglv]  with g, small,
so that g(v + h) > 3g(v) for h € B,. Therefore, we get

6(5.p <2 [
ENB,N{f(v+h)<g(v)/2}

< —g()|o T EIEN B0 {f(v+ h)< g(v) /23,

K(v,0") dv',

recalling that |Z2N B, N {f(v+ h)< g(v)/2} > 2|Z2N B, | =~ rdfv| 71,

< _g(v)|v‘7+23,’4—2s _ _g(v)1+2s/d‘Ulfy+2s+23/d.
This achieves the proof of the second estimate of the good term. 0

Remark 4.4. Here, we interpret in terms of the original angles v,v’, vy, v, the two estimates for the good
term. In view of the proof of the first estimate given by Proposition 4.1, we see that the first estimate is
generated for angles 6 such that

v —v| [ =] Tq

L B T R )

1
~q 2

|sin(0/2)] =
with 7, = q_% and ¢, ~ ¢~!. Hence, in some sense, the singularity is not used fundamentally. It is only
used to get a constant larger and larger for ¢ — +o0, because of the ¢* factor coming for r 25 in the proof
of Lemma 4.2.

The second estimate given by Proposition 4.3 is genuinely non-cutoff in nature. Indeed, it is adapted from
[42] where the nonlinear maximum principle for singular integral operators in the spirit of [17] is used. In
particular, the constant »—2° in the proof of Proposition 4.3 is crucial in order to conclude.

4.2. Estimates of three bad terms. Recall
[vtw|>cqv] [v'|>|v]/2

d /
Bi(f.f) =PV J(o -+ w2 { Jor o (1) = DA o], w|>1},_1,|3_1+2s} duw.

Proposition 4.5 (Estimate of By (f, f)). Let g = Nmin(L,|v|79). If f satisfies (4.1), then for |v] > 2,
Bi(f, f) Sq 0" "?g(v).
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Proof. Since |v| > 2, we have 1 A [v/|7% = |v/|77 for all [v/| > |v|/2 and ¢ > 0. This assumption makes the
computations involving g(v) and g(v’) simpler.
Estimate first

L=PV [ o (F) = FO)A = o], []) —— e
N o — o] 1
<oV [ ) - gD AGeh e s
B ot 2[5 vl /2 VT [a=12s
dz dz
<PV [ 0iicr (...)7+%w R
|$+z‘|‘><|q‘;\|/22 |z|d—1+2s \i+z‘\‘>>\1‘1|‘//22 |2[d=1+2s
=11+ 1.

As far as I; 1 is concerned, we use (4.3) and |v + 0z| > |v|/2 and the fact that Vg(v) - z vanishes after
integration (this is the classical cancellation). We obtain

dz
B = feocis (00 +2) = 90) = Vglo) - 2) AL, o) et

otz l>T0l/2
dz

< / o2 CaN 7172222

~ S |z]d=1+2s

S CaNu[717% g ol ™9 ().

As far as I; o is concerned, we write

dz
Lo <N [iwigspe v+ 2] s
oSl |z[d—1+2s
< CqN|v|_q_2s.
Combining the estimates of 11, and I; 2, in any case we get
I Sq o[~ #g(v).
Finally, we compute
Bi(f,f) =PV fo+w)w** 1 dw
[v4w|>cq|v]
Sy gl > [ £+ )|l dw
[v4w|>cq|v|
<, g(v)\vr%/ Fo+w)lo+ w7 g
ol >eqo] v+ w|
= |Y+2s
SO fo+ o+ ol max 28 gy
|v+w]>eqlo| cesi—1 e+ W]
w:|e+w|>cq
Sq 9(v)Eolv|72.
This achieves the proof of the estimate of the first bad term. O
Recall
dv’
n-| D] [ T AG = o] fu) du g
[v’|<cqlv \ [vt+w|>cqlv|

dv’
(f() = f(v)) /w vy FoF+w)|w A — o], Jw]) dw p ———e
/q o|<[v'|<|v]/2 |U+J1_U(|>cq|)v\ |v" — v|dt2s
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Proposition 4.6 (Estimate of Ba(f, f) + Bs(f, f)). Assume that f satisfies (4.1) for g = N min(1, |v|~9).
Then for |v| > 2,

Nlo|=4=1+7 ifqg>d—1,
(B + B3)(f, ) S { NI~ In(1 + ) ifg=d -1,
Nlv|=972+7 ifg<d-—1.

Proof. For this estimate it is convenient to switch the order of integration. We compute

o[ <|v]/2

! / d !
Bt BN = [ el { Jes i 6 = SEDAQH! ol w|>v,v|51+gs} du.
We use that f(v') — f(v) < g(v') — g(v) < N(1+ |v'|)77 in order to write

(B + By)(f. f) < /

lo+w|>cqlv|

!
v+ w) w2 {ﬁy,vuw N1+ |U,|)qdv} dw,
\

v|<[vl/2 [vf — o]ttt

S N|,U|—d+1—2s /
lvtw|>cq|v|

f v+ w)|w| +2s {[wvuw (1+ )¢ dv'} dw.

[v'|<|v]/2
We get
1 ifg>d—1,
Jor o QD0 S S+ ol) g =a—1,
[v’[<|v]/2 ‘U|d_1_q ifg<d—1.
We continue the estimate in each case. If ¢ > d — 1, we get

(B2 + Ba)(f, 1) S NJol 4172 f(o -+ w)w] 72 dw,

lvtw|>cq|v|

i
S Fo+ o+ wf du,
fo-t]>cqlol

[v4w|>cq|v]| |1) + ’LU‘2
Sq N|U‘_d_1+’y~

In the last inequality we use the energy estimate for f, and that is why we gain a decay factor |v|~2.
If ¢ = d — 1, an identical computation gives us

B BN SN [ o)l dw,
[v+w|>cq|v]
< Nfo|~7* In|v| ( max W) / fv+w)v +wl? dw,
[vtw|>cq|v] |U + w‘2 [vFw|>cq|v|
Sa Nlo[~# 7 I fol.

If ¢ < d — 1, an identical computation gives us

(82 +B3)(f,f) 5 N‘y|_q—23/ f(v+w>|w‘7+23 duw,

[v4w|>cq|v]|
v
< Nlo| 7972 ( max |w2> / flo+w)v+w? dw,
lotwl>eqlol [0+ W[ ) Jjorwiselo|
Sq No|[7972%7,

The proof is now complete. O

Recall

By(f, f) =PV e (f(U/)—f(U)){/Iwmf_U) f(v+w)|w|7+2s+1A(v’—v|,|w|)dw} Qv
v |<cqlv

/I __ ay|d+2s”
v+w|>cq|v| v UI
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N

BUDS a7

Proposition 4.7 (Estimate of Ba(f, f)). Assume [ satisfies (4.1) with g = N min(1, |v|~9), for ¢ > v+2s+d
wi o [+ W) TEFA(Y o], [w]) dw.

and ¢q S 1/q (appearing in the definition of Ba(f, f)). Assume v+ 2s € [0,2]. Then for |v| > 2, we have
|v|—q+v.

Proof. We first estimate from above
_[2 Z:/
lvtw|>cqlv]

(1—cy) >1/V2.

We pick ¢, small enough so that
[v+w| > v =2 +w| = cqlv|
— cq|v]

This implies that for |v'| < ¢4|v|, we have
> (1= ¢q)*[of + [w]*)?

1

3

> (1 Vae,) (310 + uf?)

flo+ w)|w|7+25Jrl dw

Then for |[v'| < ¢4|v] and g of the form (6.3), we can write
IQ 5/ wlv!—v
[vtw|>cq|v]
/ g(v + w)|w]" T dw
wlv'—v

<

~

|v 4+ w| 9w T2 dw

<N
wlv'—v
SN(1 = V2¢q) 0| 77772541 (g)
-4
) |,LD|’Y+25+1 dib.

1 —12
/ <2+'“"

with
['(q) =
Remark that
M@= [ (/) +oP) e do
]Rd—l
+oo 4
_/ ((1/2) 4 r?)"2prF2std=1 gy
0
Foo G—y—2s—d+2
</ ((1/2) 4+ %)~ 2 rdr
L[ e,
2 )12
1
> 0.

<
Tqg—v—2s—d

< N (1 B \/icq)_q
qg— (d+~+2s)
dov’

I, p| et = g,
Now choose ¢4 ~ é so that (1 — \@cq)’q < 1. We plug our estimate on I into the formula for Bs,
v — ,U|d+25 ’

Hence

B = !

R OR (O)
_d—2s N _

< Np[™#0 5 q—(d+7+2s)|v‘ .

This achieves the proof of the estimate of the bad term By (f, f).
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Recall

/ S !/ dv/
Bi(f, f) =PV cq‘U|<|v/‘<‘v|/2(f(?f )—f(v)) {/uww Fo 4+ w)w A = o], [w]) dw} [ = g[drE

vtw|>cqlv]
Proposition 4.8 (Estimate of Bs(f, f)). Assume f satisfies (4.1) with ¢ = N min(1,|v|7?). For q >
v+ 2s+d, and for all |v| > 2,
Bs(f. f) Sq 0" "?g(v).
Proof. We first estimate
b= [ vy S+ A~ o] ful) du

vt w|>cqlv]

for [v'| < |v|/2 as follows,

A@s/wm_wgw+www“%“dw
|[v+w|>cqlv]

§N|U|_q+’y+2s+d/1EL(11/—1))

v q
ol + w’ |w[ 25+ daw.
v

[ +@]>cq
Now estimate
—q
v —_ — — —_— — — | — —
\/wL(qu) — + w‘ |w|'y+2s+1 dw 5 /DL(UfvawlSQ Cq 7 dw +/ ‘w| q+y+2s+1 dw.
‘ﬁ+i)|>cq |'U| |ﬁ+u_1|>cq @L (v —v),|w|>2

The integral in the right hand side is convergent provided that —g+~v+2s+1 < —d+1,i.e. ¢ > v+ 2s+d.
We thus get,

B3(f, f) SCqN f('U/)|U|7d*25|v‘*q+7+25+d dv’

cqlv]<[v[<|v]/2

SCN F@H'Plo| 71772 o',
calvl<lerl<lol /2

SOl
This achieves the proof of the estimate of the third bad term Bs(f, f). |

4.3. Estimate of the lower order part of the collision operator.

Proposition 4.9 (Estimate of Q2(f, f)). Assume f satisfies (4.1) with g = N min(1, |v|~9). Then for~y >0
and |v| > 1,

Qa(f, 1) S lvl"g(v);
while for v < 0 and |v| > 1,

2y

o2 g(0)' " if glv) = 27 |7,

Q2(fa f) gq {|v|729(v) ifg(’l)) < 27d|v|7d72.

Proof. We first deal with the easier case v > 0. We write
Qﬂﬁﬂ:ﬂw/f@*wmﬁﬁv
saw/}w—wxw—ww+Mde

sam/}w—wxw—wﬁ+1+wwdm
< 9(v) (Bo + (1+ [v])My).



DECAY ESTIMATES FOR LARGE VELOCITIES IN THE BOLTZMANN EQUATION WITHOUT CUT-OFF 17

We now turn to the more delicate case v < 0. We pick 7 < |v|/2 to be chosen later and we write

TlQa(f. ) < —w|d —w|'d
Fens [ gwibeides [ e d
SO [ el ol [ e du

< Cag(u)r™ 4 17[v] 2.
This implies
Q2(f, f) Sq 9(0)*rY 07w 2 g(v).
We now choose
r=(g()lof?) AL
and we estimate Q2(f, f) by distinguishing two cases.
We first assume that r = (g(v)\v|2)7%, i.e. g(v) >27%w|792 in which case we get

_2y

Q2(f7f)§g(v)1‘%|v|— 4 .

If now r = |[v]/2, i.e. g(v) < 27%v|~7%2, then

Q2(£,1) S 9|7 + o] "g(v)
S g2
The proof of the estimate of Q2(f, f) is now complete. O

5. PROOF OF THE MAIN RESULT

In this section we analyze the breakthrough scenario described in Section 3. At the first contact point
satisfying (4.1), we use the estimates from Section 4 in order find a contradiction to (3.2). In this way, we
establish (3.1) for different choices of g(¢,v) in each case of Theorem 1.2.

The description of the proof given below is highly repetitive. We run the contradiction argument five
times with slightly different assumptions and upper bounds ¢(¢,v). The first time is to prove part (1). The
proofs of (2) and (3), each consists of two parts. We first establish the upper bounds of (2) and (3) for
q = d+ 1. Once that upper bound is established, we run a similar argument again for large enough q. Each
of these five proofs is very similar to the others, but applying a different subcollection of the estimates in
Section 4.

Proof of Theorem 1.2-(1). We start with the case where y <0 and ¢g=d+ 1+ g—f.

It is sufficient to prove that the conclusion holds for ¢ € (0, 1), since the estimate does not provide any
further information if we let the equation flow longer.

We set

g(v) = N(t) min(1, [v] "),

forg=d+1+ g—g where N(t) = Not—3 and Ny = No(mg, My, Eo, Ho, 7, s,d) is a large constant to be
determined below.

Note that since v > 0 and v+ 2s > 0, we have 1 < ¢ < d+ 1.

Let (t,x,v) be the first contact point of f with g, i.e. consider the first time ¢ € (0,1) such that there
exists (x,v) € R?? such that (4.1) holds true. Thus, we have

(5'1) N/(t)‘v‘_q < ft(tv‘r>v) = Q(f(t7x7 ')u f(t73;‘, ))(U)

Like we described in Section 3, our strategy is to find a bound for Q(f, f) which contradicts (5.1).
Using Theorem 2.4, we can pick Ny sufficiently large so as to ensure that the value of |v| must be as
large as we want. In that way, the estimates from Propositions 4.3, 4.5, 4.6 and 4.9 apply. Using these
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propositions we get,

G(f. f) Zq _‘U|(’Y+2S)+%g(v)l+% from Prop. 4.3,

Bi(f, f) Sq lv"2g(v) from Prop. 4.5,

(B + B3)(f, f) Sq 9(v) o] "2 max(1, [v]7 1 In|v]) < g(v)|o]” from Prop. 4.6,
Qa(f, ) S o[ "2g(v) + o] 77 g(v) '~ from Prop. 4.9,

The third inequality holds because ¢ < d + 1.
Thus, for some constants ¢, > 0 and Cy > 0, we get
§)4 2= 2s —2— 2 -
(52) QU ) < =eqlol H24 4 () 4 € (g(olol + o2 g(0)' 7).

We will choose Ny large enough to ensure that the negative term is larger than twice the two positive terms.
Let us first compare the negative term with the first positive one. For Ny large enough, since ¢ < d+ 1 and
s > 0, we have

s 2s 2s 23 2s
—cqlo] 02 E ) 4 Cog() o] < o] g(v) (=N (¥ o ¥ 4, )

3 25 2 _
< —eqlog(0)N (1) F o] 4 (10,

Let us now analyze the second positive term in (5.2). We claim
[o] 727 % (o) < o I g(0) 4
Indeed, rearranging the terms, we see that this inequality is equivalent to
o] 2O < (N (el )

which is certainly true for large enough Ny since ¢ < d+ 1 and v > —d.
Going back to (5.2) and using that ¢ = d + 1 4 dy/s, we see that

Q(f, ) Sq o] 029+ g0)
< —]\/v(t)lJr%T5 1}|7‘1 ~ _N(t)Qs/dN/(t)|U|,q'

Thus, we find a contradiction with (5.1) picking a large enough constant Ny and we finish the proof since
€ > 0 is arbitrary. O

Proof of Theorem 1.2-(2). We only need to prove this theorem for large values of q. We can and do assume
that ¢ is large enough so that some inequalities below hold. We set g(v) = N(¢) min (1, |v|~9) with N(t) =
Not=? and B = 14 £

Let (¢, z,v) be the first contact point of f with g, where (4.1) holds true. At this point we have N’(¢)[v|7? <
Q(f(t,x,), f(t,x,-))(v). Moreover, using Theorem 2.4, we also have for Ny large,

Not P[]~ < 2Nt~ %
Thus,
14

(5.3) o] >, NI 56 = Not=% > N

Recall that 8 = % + %.
Note that for Ny large, we will only touch at points (¢, z, v) where |v| is large. In particular Propositions 4.1,
4.5, 4.7 and 4.8 apply. In addition to Proposition 4.9, we get

G(f, f) S —¢’v["g(v) from Prop. 4.1,

Bi(f, f) Sq lv]"2g(v) from Prop. 4.5,
1

Ba(f. f) S ;|U|79(U) from Prop. 4.7,

Bs(f, f) Sq I ?g(v) from Prop. 4.8,

Qa2(f, f) S lv[7g(v) from Prop. 4.9.
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Combining Propositions 4.1, 4.7 and 4.9, we see that for ¢ sufficiently large,
GUf, )+ Ba(f, f) + Q2(f, ) £ —¢°|v]"g(v).

For |v| large enough, every term with a factor |v|?~2 is an order of magnitude smaller. Thus, for large
values of |v],

Q(f’f) :g(f7f)+81(faf) +82(f7f)+33(f7f) +Q2(f7f) /S _q5|v|’yg(,v)
Combining it with (5.3),
QUL F) Sq —Ng 117 g (w).
Choosing Ny large, we contradict the inequality Q(f, f) = fi > g:(t,v) = —t~1g(t,v) and we finish the
proof. O

Proof of Theorem 1.2-(3). We now consider the case where v < 0 and ¢ is large. We set g = Ny min(1, |[v|~9).
Let (t,z,v) be the first contact point of f with g, i.e. consider the first time ¢ > 0 such that there exists
(x,v) € R?? such that (4.1) holds true. In particular, at this point of contact we have the inequality

(5.4) QU =frzg=0
The aim of this proof is to prove Q(f, f) < 0 at the point of contact and contradicts (5.4).

Using Theorem 2.4, we also have that
(5.5) Nomin(1, |v]|7%) < g(¢,v) < Neo.
Therefore, by picking Ny large, we can force |v| to be arbitrarily large. In particular, we are able to apply
Propositions 4.1, 4.3, 4.5, 4.7, 4.8 and 4.9.

Proposition 4.9 gives us two different upper bounds for Qz(f, f) depending on the size of g(t,v) relative
to |v|~971. Let us consider the case g(v) > 2~¢|v|~4~2. In this case we get

2y _

Qa2(f, f) Sl 7>~ T g(v)' 74,
We claim this is a small fraction of the (negative) bound for G(f, f) given in Proposition 4.1. Indeed,
cole 2 g(t, )

QQ(fa f)

This right hand side is arbitrarily large since 2 > 2s/d. Therefore, when g(t,v) > 27%v|~972, the upper
bound for Q2 (f, f) is absorbed by the bound for G(f, f) from Proposition 4.1. In case g(t,v) < 2~ 4|v|~472,
then we use the other upper bound for Q2(f, f), which is identical to the upper bounds for Bi(f, f) and

Bs(f, f) from Propositions 4.5 and 4.8.
Therefore, we have

Zq o] g () T > o2

Q(fﬂf) :g(fvf)+81(f7f)+82(f7f)+B3(f7f)+Q2(f7f)a
< ol (=g + 04lul 2+ ).

We choose ¢ large enough so that c¢® > C/q. Afterwards, we choose N large, so that |v| is sufficiently
large and cg®|v| =977 > C,|v|79T772). We get Q(f, f) < 0 and achieve the desired contradiction. O

6. SOLUTIONS THAT MAY NOT DECAY RAPIDLY
In this section we replace Definition 1.1 with a weaker notion of solution. Precisely,

Definition 6.1 (Solutions for the Boltzmann equation without rapid decay). We say that a function f :
[0, +00) x T? x R? — [0, +00) is a solution to the Boltzmann equation (1.1) if

o the function f is differentiable in t and x and twice differentiable in v everywhere; the equation (1.1)
holds classically at every point;
o The limit lim,| o0 f(t,2,v) = 0 holds uniformly in t and x.

The difference with Definition 1.1 is that we eliminated the qualitative assumption of rapid decay as
|v| = oco. This causes some technical difficulties for finding the first contact point between f and g, which
were described at the end of Section 3.

For this class of solutions, we can prove the following weaker version of Theorem 1.2.
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Theorem 6.2 (Decay upper bound). Let v € R and s € (0,1) satisfy v+ 2s € [0,2] and f be a solution of
the Boltzmann equation (1.1) as in Definition 6.1 such that (1.3) holds. Then

(1) If v <0, then
ft,z,v) < N1+ f%) min (1, |v|7(d+1+gﬁj)>

where N > 0 depends on mqg, My, Eq, Hy,d and s.

(2) If v > 0 there exists a constant N and a power 8 > 0 such that
ft,z,v) < N(1+t"?)min(1, |74 1)

where N > 0 depends on mqg, My, Eg, Hy,d and s.

(3) If v <0 and v+ 2s < 1, there exists qo such that for all ¢ > qo and fi, < Cmin(1,|v|™9) then
f(t,z,v) < Nmin(1,|v]|79)

where qo depends on d, s,~y, mg, My, Eg, Hy and N depends on C,mqy, My, Ey, Hy,q,d and s.
(4) If v > 0, there exists qo such that if

lim |v|7% f(¢t,z,v) =0,

o] 00
holds uniformly in t and x, then for all ¢ > 0, there exists constants N and B > 0 such that
f(t,z,v) < N(1+4t?)min(1, [v]|~9)
where N > 0 and B depend on mg, My, Eg, Hy, q,d and s.
Remark 6.3. Note that, for v > 0, we know from part (2) that for all positive time ¢,

lim |u|79f (¢, 2z,v) =0,
|v]—= o0
for any ¢ < d + 1. The assumption in part (4) would be automatically true if go < d + 1. Unfortunately, it
is hard to compute gy explicitly from our proof.

Remark 6.4. The only purpose of the technical assumption v + 2s < 1 in (3) is to handle the error term —
see g|lv|~471*¢ in (6.3) below. It is most likely not necessary. It is certainly not necessary for the a priori
estimate if we knew that our solution decays faster than |v|~%~2 at infinity.

Like in the proof of Theorem 1.2, we propagate an inequality f(t,z,v) < g(t,v) for some appropriate
barrier function g. Since we do not assume that f decays rapidly as |v| — oo, an uncomfortable difficulty
arises in order to ensure the existence of a first crossing point (to, zg, vo) such that f (¢, zo,v0) = g(to,vo). It
is now possible that the inequality f(t,x,v) < N(t) min(1,|v|~?) is first broken asymptotically as |v| — oo.
In order to work around this difficulty, we add an arbitrarily small term to g(¢, v) which ensures the inequality
for large enough values of |v].

Our precise strategy is the following. We want to prove the following inequality

(6.1) [t z,0) <g(t,v).

The function g(t,v) depends on an arbitrary parameter ¢ > 0 whose only purpose is to ensure that the
inequality holds for large enough |v|. The choice of the function g(¢,v) changes slightly for the different parts
of the theorem. We will use essentially the following forms.

For parts (1), (2) and (3), for powers ¢ < d + 1, we use

(6.2) gt,v) = NE)AA|v|" ) +¢ with ¢ < d + 1.

For part (3), when the power ¢ is larger than d 4+ 1 and v < 0, for certain choices of N(t) and &(t) we use
(6.3) g(t,v) = N1 A |[v|79) 4 e(t) (1 A Jo|~¢71Fm),

For part (4), when v > 0, it is enough to consider ¢ > go and we use
(6.4) g(t,v) = N@&)(1 A |v|77) +e(t)(1 A |Jv|~%).

In each case, the extra correction term in g ensures that f(¢,2,v) < g(¢,v) for large enough |v|, so that
a first point of contact (to, xo,vo) must exists. In part (3), when ¢ > d + 1, we first use a function g as in
(6.2) to ensure a decay of the form N|v|~¢~! and then we use a function g as in (6.3).
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The first time ¢ > 0 where the inequality (6.1) is invalidated, in any case we know that we will have a
first contact point with » € R? (due to periodicity in ) and v € R? (since the inequality always holds for
large |v|) so that f(t,z,v) = g(t,v). We deduce the same inequality (3.2) and we must estimate Q(f, f) at
this point in order to find a contradiction.

The following lemmas and propositions are relatively straight forward variations of the corresponding
results in Section 4 taking into account the new form of the function g(t,v).

Proposition 6.5. Let ¢g > 0 be such that ¢q S q_% and let f be such that (4.1) holds true with g given by
(6.2), (6.3) or (6.4). There exists a radius Rq > 1 so that if |[v| > Ry, then

—q°N|v|7~1 if g is as in (6.2),
G(f, 1) S { ~* NP~ =)o/ if g is as in (6.3),
—@°N |71 — ge(t)|v]7~% if g is as in (6.4).

Proof. 1t is a straight forward modification of Proposition 4.1 adding an extra correction term. In the case
g is as in (6.2), note that the extra terms +¢ will cancel out in the upper bound for (f(v’) — f(v)). O

Proposition 6.6. Assume f satisfies (4.1) for a function g of the form (6.2) or (6.3). There exists a radius
R, > 1 so that if |v| > Ry, then
G, f) Sq —g(0) 7 o 25
Proof. We follow the same ideas as in the proof of Proposition 4.3. We must first analyze the range of values
of v where the inequality follows from Proposition 6.5.
If g is given by (6.2), then the estimate for G(f, f) in Proposition 6.6 derives from Proposition 6.5 for v, e
such that [v| > 1 and € € (0,1) and

= < NJo| ™7 S [o] 7.
3
We justify the claim as follows. If g is given by (6.2), then for such v, e, we have
g+ §N|v|_q_23_%

(NJo| 1)+ SN o702

which in turn yields
g()" S Njo| =2

and then the proof would follow immediately applying Proposition 6.5.

If now g is given by (6.3) or (6.4), we claim that Proposition 6.6 derives from Proposition 6.5 as soon as
|v]| >1,e€(0,1) and

9(v) <4 ‘”|_(d+1)'

Indeed, notice that in this case we have g(v) [v|25T% <q¢ 1 and the estimate follows easily.

We are left to do the proof in two cases: when g(v) >, |v|~(4*1) with g either given by (6.2), (6.3) or
(6.4), or when g(v) < €/3 for g of the form (6.2).

In either case, we proceed identically as in the proof of Proposition 4.1. We pick r > 0 such that
_42R,

[v[?g(v)

Following the lines of the proof of Proposition 4.1, we obtain

G(f. 1) < / (9(0)/2 — g(v + W) K (v, 0) .

ENB-N{f(v+h)<g(v)/2}

=N B,|

As before, this is a useful estimate if g(v + h) > g(v)/2 for h € 2N B,.. In the case g(v) =, [v|797L, we
proceed as in the proof of Proposition 4.1 (by choosing an appropriately large constant Cy). If g is given by
(6.2) and N|v|~% < &, then we have for all h € R? that g(v + h) > 3g(v). In particular, we can argue as
above and reach the desired conclusion. O
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Proposition 6.7 (Estimate of By (f, f)). Let g be of the form (6.2), (6.3) or (6.4). If f satisfies (4.1), then
for v > 2,

Bi(f, f) Sq o] g(0).
Proof. Tt is a straight forward adaptation of the proof of Proposition 4.5. O

Proposition 6.8 (Estimate of Ba(f, f) + Bs(f, f)). Let g be a function of the form (6.2). Assume that f
satisfies (4.1). Then for |v| > 2,

Nlv|=4=1+7 ifqg>d—1,
(B2 +B3)(f, /) S { No[ =" In(1+ o)) ifg=d—1,
Nlv|7a=2+7 ifg<d—1.

Proof. The proof is identical to that of Proposition 4.7. Note that the extra +& terms cancel out in the
estimate f(v') — f(v) < g(v') — g(v). O

Proposition 6.9 (Estimate of Ba(f, f)). Assume f satisfies (4.1) and either g is of the form (6.3) with
v+ 2s < 1—m, org is of the form (6.4) with qo > d + v + 2s. Assume further that ¢ > v+ 2s + d and
cq S 1/q (appearing in the definition of Ba). Then for |v| > 2, we have

ml'[}| a+ty +€|U‘ —d—1+n+y ng iS as Zn (63),
m|’l]| +5m|v‘ g+ ng 1S as in (64)

BQ(fﬂf)g{

Proof. 1t is the result of the same computation as in the proof of Proposition 4.7 but with the extra correction
terms. The purpose of the assumptions v+ 2s < 1 — ¢ or g9 > d + 7 + 2s is to make sure the tail of the
integral

[ swswup e
wlv’—v

is convergent (which is the same purpose of the assumption ¢ > v + 2s — d). O
Proposition 6.10 (Estimate of Bs(f, f)). Assume f satisfies (4.1) with g of the form (6.3) or (6.4). For
qg>~v+2s+d, and for all |v|] > 2,

Bs(f, f) Sq lo]"2g(v).

Proof. The proof follows the same lines as in Proposition 4.8 but taking the extra correction terms into
account. We define

Bim [y S+ w2 A = o fu) du
|

vw]> ey ol
for [v'| < |v|/2 as follows,
BS [y gt w0 du
|

vtw|>eq vl

§N|U|_q+’y+25+d/@uvuu> v +w |w|'v+2s+1 dw
|‘,”T‘+u7‘>cq |U|
—(d+1)+n
o DA [ | w\ [ @[>+ dw if g is as in (6.3),
+e |ﬁ+w|>c‘1 ‘
—dqo0
|o|~qoty+2std [ L ot u‘)‘ |w| Y25+ dw if g is as in (6.4).
|7 +@|>eq

From this we deduce
By(f. f) < CyN|v|~9t772 4 glo|~(@HD+1+7=2when g is as in (6.3),
’ CyN|=9772 4+ Cy elv| 79T~ 2when ¢ is as in (6.4).

And the proposition follows. |
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Proposition 6.11 (Estimate of Qx(f, f)). Assume f satisfies (4.1) with g of the form (6.2) or (6.3). Then
fory >0 and |v] > 1,

Q2(f, f) S lv[7g(v)

while for v < 0 and |v| > 1,

o= (o) =7 if g(v) > 274|702,

Q2(f, f) Sq {|v|’y—29(v) if g(v) < 27 v| 742

Proof. In the case v > 0, the estimate Qa2(f, f) < |v|7 f(v) holds, and then the result follows trivially for any
form of the function g.

In the more delicate case 7 < 0, exploring the proof of Proposition 4.9 we observe that the proof holds
as soon as ¢g(v') < Cyg(v) whenever [v/ —v| < |v|/2. This property is satisfied for all the variants of the
function g given by (6.2), (6.3) or (6.4). O

Proof of Theorem 6.2. The proof of part (1) is identical to the proof of part (1) in Theorem 1.2 but using
g(t,v) = N(t) min(1, |[v|~9) 4+ € for € > 0 arbitrarily small. We apply Propositions 6.5, 6.7, 6.8 and 6.11
instead of Propositions 4.1, 4.5, 4.6 and 4.9 and we arrive to the same set of inequalities that imply the
contradiction.

We prove part (2) using the same estimates as for part (1), which are not the same as the ones used
for part (2) in Theorem 1.2. We set g(t,v) = N(¢)min(1,|v|=7) + & and N(t) = Nt~ 3+, where N is a large
constant depending on mg, My, Eqy, Hg,7,s and d, to be determined below. We apply Propositions 6.5, 6.7,
6.8 and 6.11, for |v| large enough we get

g(ﬁ f) S *|U|(7+28)+%§9(U)1+278 from Prop. 6.6,

Bi(f, f) < lv["g(v) from Prop. 6.7,

(B2 + B3)(f, f) < |v[g(v) from Prop. 6.8,
Q2(f, f) S [v["g(v) from Prop. 6.11.

The L% norm of Theorem 2.4 tells us that if N is large, the equality f(¢,z,v) = g(t,v) can only take place
for |v| large. Thus, it is safe to make this assumption.
Adding up these inequalities, we obtain

2s 2s

QUf, f) S —[p|OF2)Td g(v) 1T
S N o),

< _N(t)l—ﬁ—%s

= - NI d Ly e

v| 79,

We contradict the fact that Q(f, f) = fr > N'(¢)|v|~% if N is large enough. This finishes the proof of part
(2).

We now turn to part (3). We first consider the case v < 0 and ¢ = d + 1. After that, we will redo the
estimate for g large.

In case ¢ = d + 1, we consider a function g of the form (6.2): for ¢ > 0 arbitrarily small, we take

g(t,v) = Nmin(1, [v|~%71) +¢.

We choose N sufficiently large so that ¢(0,v) > f(¢,z,v) among other conditions to be determined below.
Let (t,z,v) be the first contact point of f with g, i.e. consider the first time ¢ > 0 such that there exists
(x,v) € R?? such that (4.1) holds true. In particular, at this point of contact we have the inequality

(6.5) QUM =ft=g:=0.

Our aim is to show that Q(f, f) < 0 at the point of contact and contradict (6.5).
Under the assumptions of Theorem 1.2-(3), the initial data fy is bounded. Using Theorem 2.4, we have
an L bound N, for f(¢,z,v) that is uniform in time. Therefore,

(6.6) N min(1, [v|~%7!) < g(t,v) < Nu.
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Thus, by picking N large, we can force |v| to be arbitrarily large. In particular, we are able to apply
Propositions 6.6, 6.7, 6.8 and 6.11.

Proposition 6.11 gives us two different upper bounds for Q2 (f, f) depending on the size of g(t,v) relative
to |v|7471. Let us consider the case g(v) > 27¢|v|~¢=2. In this case we get

Qalf. ) S Jo] 7272 g (w) 7.
We claim this is a small fraction of the (negative) bound for G(f, f) given in Proposition 6.6. Indeed,
calu "+ (1, 0)
QQ(fa f)

This right hand side is arbitrarily large since 2 > 2s/d. Therefore, when g(t,v) > 27%v|7972, the upper

bound for @5 is absorbed by the bound for G(f, f) from Proposition 6.6. In case g(t,v) < 2~ %wv|~972, then

we use the other upper bound for ()2, which is identical to the upper bounds for B; from Proposition 6.7.
Therefore, we have

> [P g (0) T > o2

Q(faf):g(f7f)+81(f7f)+82(faf)+B3(f7f)+Q2(faf)a

< o] 2EE g(0) T + Clolg(tv),
< o|g(t,v) (ch%s + c) .

We choose N large so that —c/NV T +C < 0 and achieve the desired contradiction. This finishes the proof of
part (3) in the particular case ¢ = d + 1.

We now move to the case of ¢ large in part (3). Having proved already that the statement holds when
g = d+1, we are able to use a function g as in (6.3). For this type of function, we know that f(¢,z,v) < g(t,v)
when v is sufficiently large and therefore there will always be a first crossing point.

We set g of the form (6.3) and e(t) = ege“a* for g9 > 0 arbitrarily small. We aim at contradicting the
inequality Q(f, f) = f: > g+ = Ce(t) at the first contact point. Like in the other cases, using Theorem 1.2
we can reduce our analysis to large values of |v| and apply Propositions 6.5, 6.6, 6.7, 6.9, 6.10 and 6.11.
Following the same computations as in the proof of part (3) of Theorem, the principal terms cancel out and
we are left with the terms derived from the correction term +&(t)|v|~4~1. We get

Q(f, f)(t,z,v) < Ce(t)p[yTdti—e,
Since v < 0 and |v] is large, we have in particular that Q(f, f) < Ce(t) for some constant C. This is how we
choose the constant C' in the exponential for £(t) = gge* and achieve the contradiction. This finishes the
proof of part (3).
We finally turn to part (4). We set g as in (6.4), that is
g(t,v) = N(t) min(1, [v]~?) 4+ e min(1, [v|7%),

where € > 0 is arbitrarily small and the exponents q and gy will be large.
As always, using Theorem 2.4 we can restrict our analysis to large values of |v|, so that we apply Propo-
sitions 6.5, 6.7, 6.9, 6.10 and 6.11. We obtain

G(f, ) S =" N@)|v| 97 — gielv| 2 from Prop. 6.5,
Bi(f, f) Saq0 N@)|o|" 7772 4 glp| "0t 72 from Prop. 6.7,
1 1
By(f, [) S =N @)[o| ™17 + —ev|~*7 from Prop. 6.9,
q do
Bs(f, f) Sq.q0 N(@)|o|"7772 4 glp| 720772 from Prop. 6.10,
Q2(f, f) S N()|o|~ 7 4 glv| 70+ from Prop. 6.11.

We choose g and ¢qq sufficiently large so that —G(f, f)/2 is larger than Ba(f, f) + Q=(f, f)-
Adding these terms, we conclude that for ¢ and ¢o sufficiently large, and large values of |v|, we have

QUf. f) S —a’Nlv|~%.
Just like in the proof of part (2) of Theorem 1.2, we know that |v| 2,4 N1/4t=1/7 Choosing N large, we get
Q(f7 f) < _Ctiﬁil‘v‘iq = gt(tvv)'
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This gives us the desired contradiction and finishes the proof. O

APPENDIX A. INTEGRAL L}, MOMENTS
In this appendix, we explain in an informal way how integral L:}c,v moments can be studied under the
assumptions that hydrodynamic fields stay under control in the case where v > 0. We thus consider a
solution f to (1.1) such that M (¢, z) bounded above and below (strict positive) and E(¢,x), H(¢,x) bounded
above. Then consider the time evolution of a integral moments Mg[f] := [ flv|? dz dv:

SMlf=[ i ( [ Il = ol = o1 bcost) do) v —v.[" da do.
T,0,Vx oeSd—1
The Povzner inequality in the cutoff case states for instance [38] that (given so > 0)
Jo U1 0207 = ol = o103 6)x iz 40 Sap (0 = DIl 172 = (ol + [ ]7)
oeSd=
for some k > 0 uniform as sqg — 0, and the singular part gives by Taylor expansion
/ 1T [T = [l = Joe 7] b(cos 0) X sin 1250 do S 1(s0) (0] + 0] %)
oeSd—

where 7(sg) — 0 as sop — 0. Altogether it yields
d
dt
for some constant K > 0 (we recall that we assume 7 > 0 here). This gives the propagation and appearance
of all polynomial moments, with rate O(t*(q’Z)). It is not clear whether this integral arguments carries

to the case of exponential moments (with the Bobylev spatially homogeneous argument) because of how to
distribute the supremum norm in z in each ¢-moment when summing all moments.

My[f] < CM[f] Sng(t,’I) — KMy [f]inf M(t, z)
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