Arch. Rational Mech. Anal. (2024) 248:59
Digital Object Identifier (DOI) https://doi.org/10.1007/s00205-024-02002-x

l‘)

Check for
updates

Conditional L*° Estimates for the Non-cutoff
Boltzmann Equation in a Bounded Domain

ZHIMENG OUYANG & LUIS SILVESTRE

Communicated by J. BEDROSSIAN

Abstract

We consider weak solutions of the inhomogeneous non-cutoff Boltzmann equa-
tion in a bounded domain with any of the usual physical boundary conditions:
in-flow, bounce-back, specular-reflection and diffuse-reflection. When the mass,
energy and entropy densities are bounded above, and the mass density is bounded
away from a vacuum, we obtain an estimate of the L° norm of the solution de-
pending on the macroscopic bounds on these hydrodynamic quantities only. This is
aregularization effect in the sense that the initial data is not required to be bounded.
We present a proof based on variational ideas, which is fundamentally different to
the proof that was previously known for the equation in periodic spatial domains.

1. Introduction

We consider the spatially inhomogeneous Boltzmann equation

@ +v- Vo) f=0(f f), (1.1)

where Q is the Boltzmann collision operator in the non-cutoff case (see Section 1.1
for its precise formula).

The purpose of this article is to obtain upper bounds in L for the solution f
of (1.1), in a bounded domain, that depend only on the macroscopic hydrodynamic
quantities associated to f.

The function f (¢, x, v) takes values forz € (0, 7), x € Qandv € R? d =2).
The domain @ C R? is a bounded open set with a C'-! boundary. We write
I := (0,T) x Q2 x R?, and I'_ denotes the incoming part of this boundary:
I'_:={(t,x,v) eI :v-n(x) < 0} where n(x) is the outward unit normal vector
atx € 0K2.
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There are four common types of boundary conditions (here n denotes the out-
ward unit normal vector at x € 0€2):

(1) In-flow: f(z, x, v)|r_ = g(t, x, v) for some given function g;

(2) Bounce-back: f(t,x,v) = f(t,x,—v)onT;

(3) Specular-reflection: f (¢, x,v) = f(t,x, Ryv) on I', where R,v :=v — 2(v -
nyn;

(4) Diffuse-reflection: f(r,x,v)lr. = Prlflt, x,v) = cun@) [, 0
f(t,x,v)(v'-n)dv’, where u(v) = ¢~ 1" is the wall Maxwellian and the con-
stant ¢, satisfies the normalization condition ¢, [, .o u(V)(@ - n)dv’ = 1.

We work with solutions to the Boltzmann Eq. (1.1) whose macroscopic quan-
tities are assumed to satisfy certain macroscopic bounds. More precisely, we as-
sume that there are constants mq, My, Eg and Hp such that for all (or almost all)
(t,x) € Ry x €, it holds that

0 <mg = fpa f(2,x,0)dv £ M,

Jza 1017 £ (2, x,v) dv £ Eo, (1.2)

Jwa f(2,x,v)log f(z, x,v)dv = Hy.
Needless to say, the inequalities (1.2) are currently unprovable for general solutions.
Currently, there is arguably no reason to suspect that they hold for all solutions. The
hydrodynamic bounds (1.2) are a way to say that we look at solutions that do not
have implosion singularities, and by ruling them out, we argue that no other kind of
singularities can exist. Our main goal would be to determine if the hydrodynamic

bounds (1.2) imply the smoothness of solutions to the Boltzmann Eq. (1.1) in a
bounded domain, for all possible physical boundary conditions.

1.1. Boltzmann Collision Operator

The Boltzmann collision operator takes the form
of, Hw) = /Rd /Sd_l B(v —vs,0) (W) f() = f(v:) f(v) dodus, (1.3)

where v and v, are

, U4 [V — vy , U+ Vs v — vy
= 0’, U* = —_
2 2 2 2
The collision kernel B(v — vy, 0) = B (Jv — v,|, cos#) only depends on |v — vy

V—Vy
[v—vy]
We consider standard non-cutoff collision kernels satisfying the bounds

and the angle 6 = arccos ( . a) €—m, m].

B (Jv — vg|, cos0) ~ |v — vy|” b(cosB), (1.4)
where b is a nonnegative even function such that as 8 — 0,

b(cos0) ~ |g|~4H1=%, (1.5)
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Note that b(cos6) is not integrable on o € S¢~! near # = 0. Typically, this is
called the non-cutoff model.
Depending on the values of y, it is customary to use the following terminology:

Hard potentials: y > 0.

Maxwell molecules: y = 0.

Moderately soft potential: y < 0 and 25 +y = 0.
Very soft potential: 2s + y < 0.

The methods in this paper work for hard or moderately soft potential. Our proof
fails in the very soft potential case.

1.2. Main Result
The following is our main result:

Theorem 1.1. Let f(t, x, v) be a (weak) solution of the Boltzmann Eq. (1.1) for
(t,x,v) € (0,T) x Q2 x R? with any of the four boundary conditions (in-flow,
bounce-back, specular-reflection and diffuse-reflection). We consider the non-cutoff
collision kernel with parameters y and s such that0 <s < 1, —d < y < 2, and
y + 2s > 0 (which covers the hard potential and moderately soft potential cases).
Assume in addition that (1.2) holds for every (t,x) € (0, T) x Q. Then we have

ft,x,v) = a(),

almost everywhere, where
d
at)==C (1 + t‘f) )

For the bounce-back, specular-reflection and diffuse-reflection boundary, C de-
pends on the parameters mo, My, Eo and Hy in (1.2) and dimension d. For the
in-flow boundary, besides the above (mq, My, Eqg, Hy, d) dependence, C also de-
pends on the boundary data g.

The program of conditional regularity has been successfully carried out for
solutions to the inhomogeneous Boltzmann Eq. which are periodic in space (es-
sentially removing any potential spatial boundary effect). See [6,12-14,16-18,21],
and the survey [15]. This has also been carried out for the inhomogeneous Landau
equation without spatial boundary in [5,8, 10, 11,24]. While the focus of this topic is
on solutions that are far from equillibrium, an incidental consequence is the global
existence of smooth solutions for initial data that is close to a Maxwellian with
respect to any norm for which local-in-time well posedness holds [23].

The upper bound provided by the main result of this paper represents a first step
toward a conditional regularity program for the Boltzmann equation in a bounded
domain. Recent results for second order kinetic equations in bounded domains
[22,25] suggest that we should expect conditional regularity estimates to hold up
to the boundary at least up to the Holder continuity of f. The possibility of higher
regularity estimates up to the boundary requires further investigation.
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For the equation without boundary, the conditional upper bounds similar to
Theorem 1.1 are obtained in [21, Theorem 1.2]. The proof there is based on a
nonlocal quantitative maximum principle, following an idea similar to those used
for Holder continuity of nonvariational parabolic integro-differential equations as
in [19,20]; It relies on a pointwise estimate of the equation at the hypothetical
first crossing point between the intended upper bound and the solution. There are
some technical difficulties to carry out this computation when the first crossing
point is on the boundary, and because of that it does not adapt to the setting of
this paper easily. The main novelty of this paper is our essentially new approach to
prove the L upper bounds for the Boltzmann equation. The proof in this paper is
based on variational considerations. A further advantage of this approach is that the
result applies to a more general class of weak solutions. In that sense, Theorem 1.1
provides a small improvement over [21, Theorem 1.2], even for the case without
boundary. The notion of solution that we use in this paper is descibed in Section 2.3,
and it is a more or less classical weak solution in Sobolev spaces. It is not as weak as
the renormalized solutions with defect measure constructed in [3], but it is certainly
weaker than the classical solutions considered in [21].

The boundary conditions are incorporated in the variational characterization of
weak solutions. With the new method of proof introduced in this paper, unlike the
method of [21], the boundary conditions can be seamlessly incorporated without
major additional difficulties.

It is worth noting that while we make some technical assumption on the solution
(belonging to certain Sobolev space) and on the domain (bounded and with a C!!
boundary), these are qualitative conditions simply to be able to make sense of all
the steps in the proof. Our final estimate does not depend in any way of any quantity
related to these technical assumptions.

1.2.1. On the Diffuse-Reflection Boundary Condition The diffuse-reflection
boundary condition can be seen as a particular case of the in-flow boundary con-
dition. Instead of having an arbitrary value for f on I'_, its value is related to the
values of f on '} by some averaging procedure.

The hydrodynamic assumptions (1.2) trivially imply an upper bound for fr_ =
Prlf1(, x, v) in the case of diffuse-reflection boundary. Indeed,

/ f@t, x, vV -n)dv
v -n>0

§/ f@, x, V) dv £V MyEy.
R4

Therefore, Theorem 1.1 for the diffuse-reflection boundary is a corollary of the
same theorem for the in-flow boundary condition.

After this observation, we will not make any further reference to the diffuse-
reflection boundary condition in the rest of the paper, except for Remark 2.7 about
the notion of weak solutions.
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2. Preliminaries

2.1. Notation and Convention

Throughout this paper, C will generally denote a universal constant which may
depend on d, mg, My, Eg, Hy. We write A < B whenever A < CB for some
universal constant C > 0; we will use 2 and ~ in a similar standard way.

We split I' = (0, T) x 8Q x R into the outgoing boundary ', the incoming
boundary I'_, and the singular boundary I'g (i.e., the “grazing set”):

'y ={¢,x,v)el:v-n>0},
- .={¢x,v)el:v-n<0},
I'o:={(t,x,v) el :v-n=0}.
Sometimes we use dI" to denote dvdS,dt, where dS, is the differential of surface

for x € Q.
We use L% to denote the weighted L” norm

11 gy = (/Rd W0 L F )17 dv) "

When n = 0, this reduces to the usual L” norm.

2.2. Weighted Kinetic Sobolev Space

In order to make sense of the hydrodynamic bounds (1.2), we naturally need
to start with a solution f that belongs to the space L°*°((0, T) x €2, L%(Rd)) N
L%®((0, T) x , Llog L(R%)). In order to define the notion of weak solution for
which our result applies, we impose some further technical condition in terms of a
kinetic Sobolev space.

Following [9], we define the weighted (anisotropic) Sobolev space N*V as the
space of functions f : R? — R for which the following norm is bounded:

1 1= /R S @) dv

2

piasil | a2 | f(0) = f0))
+ijded<v> )2 Wﬂa(v,v’éldv/dv'
@.1)

Here

(v, V) = \/|U — v+ (P - |v’|2)2.
The N*Y norm is induced by the inner product
o = [ 077 f@gwdo
pene | (F) = £@) (g0) — g(v)
g 0"y LSO )

D(v, v/)d+2s

Ty, ny<p dv'dv.
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Denote N %7 as the dual of N*7 equipped with the norm

lglly-sy == sup /g(v)w(v)dv.
Rd

lollys.y =1

The space N*? should be understood as a weighted version of H*(R?), with a
weight that accounts for the precise behavior of the collision operator Q(f, f) as
|v] — oo. Likewise, the space N 7 is a weighted version of the space H ~* (R%).

Lemma 2.1. Consider the following integro-differential operator:

Lf ()= ()’ f(v)-l—/ )T (v 2341 2 (f ()~ f ()

/
Rd (v, v/)a’+2s ]la(v,v’)§1 dv’.

Then L maps N*V into N~%Y. Moreover, for every g € N~V there exists [ €
N5V such that g = Lf.

Proof. This is a direct consequence of the Riesz representation theorem applied to
the Hilbert space N*7. Indeed, by a direct computation we observe that whenever
f is smooth enough to make sense of the integral in the definition of £ f, we have

(f, &) ysy = fﬁf(v)g(v) dv.
O

The operator £ defined in Lemma 2.1 is similar to 7 4+ (—A)*, but with a weight
for large |v| matching that in the definition of N*V.
Following [1], we define the weighted kinetic Sobolev space Hksl?,’l’ as follows:

Definition 2.2. Given an open set D := (0,7T) x Q X RY ¢ R e say
f e HL(D)if f e L} Ny'(D)and (3 +v-Vy) f € L} N, "7 (D) in the
sense that

/ ft,x,v) (3 +v-Vy)pdvdxdr < C”¢”L,ZXN;§"'(D)
D .

for any function ¢ € C Cl (D) with supp(¢) C D. We further write

2 2 . 2
”f”H/fiZ(D) = ”f”L,z_xNﬁ'V(D) + |0 + v - Vy) f||Lt2,xNITS,y(D) .

The next result is proved essentially in [9, Theorem 2].

Theorem 2.3. Given a function f : R? — [0, 00) that satisfies

/ fw)dv < My, / fv|*dv < Ey,
Rd ]Rd

and letting g and h be two functions in NV, then

/Rd O(f, hdv = Cyligllysy Ihllysr .
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The Assumption U, given in [9] is sligtly different and not directly implied by
our upper bounds on My and Ej. However, this version of Theorem 2.3 follows
with minimal effort after the ideas developed in [9] (see also [16, Theorem 4.1] and
Appendix A of [18]).

A way to interpret Theorem 2.3 is that if f satisfies (1.2) and g € L? Ny,

then Q(f, g) € L} Ny ", with

10 )l 2 yoor S Crliglyz i - (2.2)

2.3. Notion of Weak Solutions

Now that we described the functional spaces that we use, we define the notion
weak solutions in D = (0, T') x Q x R¥ with the four types of boundary conditions.

Definition 2.4. (Weak solutions with in-flow boundary) We say that a function
f € L,z’xNi’y(D) is a weak solution of (1.1) in D with the in-flow boundary

condition, if for any test function ¢ € C} ((0, T) x € x R?) so that ¢|r, = 0, we
have

o1y xcma U @ vV g+ O g} dvdedr = [[f - gp - mdudsydr.
(2.3)

We recall that Q(f, f) belongs to Ltz’x N, " according to (2.2). In this sense the
integral of Q(f, f)¢is well defined for any test functiong € C! ((0, T) x Q x RY).

Definition 2.5. (Weak solutions with bounce-back boundary) We say that a func-
tion f € Ltz, xN,‘j’y(D) is a weak solution of (1.1) in D with the bounce-back
boundary condition, if for any test function ¢ € C! ((0, T) x Q x R?) so that
o(t, x,v) = ¢(t, x, —v) for all x € 92, we have

I oy U @0 V) @+ OCF. g} dvdedi =0 (24)

Definition 2.6. (Weak solutions with specular-reflection boundary) We say that
a function f € Ltzg xNg’y(D) is a weak solution of (1.1) in D with the specular-
reflection boundary condition, if for any test function ¢ € C Cl ((0, T) x Q x Rd)
so that ¢(z, x, v) = @(t, x, Ryv) for all x € €2, we have

I o e 1 @40V @+ OCF. g} dvdedi 0. (2.5)

Remark 2.7. As described in Section 1.2.1, we prove Theorem 1.1 in the cases
of in-flow, bounce-back and specular-reflection boundary conditions. The case of
diffuse-reflection is a particular case of the inflow boundary condition. If we wanted
to define a weak solution in this case, it would coincide with Definition 2.4 but with
‘Prlf] instead of the arbitrary function g. In any context where it makes sense to
consider the diffuse-reflection boundary condition, the analysis in Section 1.2.1
holds and Theorem 1.1 applies.
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It may have some interest to observe that the operator Pr[ f] is not necessarily
well defined for arbitrary functions f € H,fl?;/ .However, when f satisfies in addition
the assumption (1.2), then we can easily see that the trace function f|r obtained
from Proposition 3.9 belongs to L*°((0, T) x 92, Lé(Rd)). Indeed, the upper
bounds on the mass and energy densities in (1.2) tell us that f € L0, T) x
Q, Lé(Rd )). We can rigorously justify that the trace of f satisfies the same bound
by approximating f with smooth functions (as in Lemma 3.8), observing that the
trace of the approximate functions are bounded in L*°((0, T') x 9%2, L%(Rd)), and
applying Fatou’s lemma.

Remark 2.8. Definitions 2.4, 2.5 and 2.6 encode at the same time the Eq. (1.1)
in the interior of the domain and the boundary conditions. Indeed, taking the test
function ¢ to be compactly supported in the interior of D, we deduce for any of these
definitions that (9; + v - V) f = Q(f, f) holds in the sense of distributions in D.

After this, replacing Q(f, f) with (3; +v - Vi) f in Definition 2.4, we observe
that for any test function ¢ € C} ((0, T) x @ x R?) so that ¢|r, = 0, we have

T
/0 ijde {@+v-Vy) fo+ [ (0 +v-Vy) e} dudxds

- /OT ﬂr_ g9 (v - n)dvdS,dt.

This identity encodes the boundary condition (without the rest of the equation). A
similar identity follows for each type of boundary condition.

2.4. Structure of the Collision Operator

Recall the non-cutoff Boltzmann collision operator Q(f, f) from (1.3) with
the parameters given in (1.4) and (1.5): 2s is the angular singularity exponent and
y is the exponent in terms of [v — vy|.

Let us use Carleman coordinates

(0, v) = (w:=v], —v,V),

wl @ —v), ve =V + w.

In terms of these new variables, the collision operator becomes
O(f, ) = fR (FONK 0,0~ FOK ) d

= /Rd (f@) = f) Ky, v)dv

+ f(v) /Rd (Kf(,v) — Kp(v',v))dv/, (2.6)
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where the kernel K ¢ depends on f through
K¢(v,v') = 24-1 ‘v’ — v|_1 / f v+ w)B(r, cosO)r 4 dw with
wl (v —v)

{r2 =[v' — v’z + |w|?

cos (§) = 41

~ |v_v/’—d—2s {/ f(v+w)|w|y+2s+l dw}.
wl(v'—v)

Furthermore, the well-known cancellation lemma (first obtained in [2]) is equivalent
to the following identity in terms of the kernel K ¢.

/(Kf(v,v’>—Kf(v’,v>)dv’=cbf f @) v —vil” du, 2.7)
R4 R4

with constant

d+y
277
cb=/ {—M—l}b(a-e)do
S A +o0-e) 2

for any e € S?~!. Therefore, we may write

of. f) = /R | (f)=f()Ks,v')dv' +cp ( /R RACOILE dv*)f(v)
= Lxf+ecp(fxl-1")f (2.8)

Here, Lk is a nonlinear integro-differential diffusion operator which leads to
smoothing effect, and ¢;, (f *, |-|7) f is a lower-order term. One may think of
Q(f, f) as areaction diffusion operator. The second term ¢ (f *, |-|¥) f would
be the reaction term which makes the function f grow, and it is therefore the bad
term when it gets to compute L°° estimates.

The important properties of the diffusion kernel K s are the following (cf. [15,
Section 2] and [21, Sections 4 and 7]):

o Symmetry: K¢(v,v+u) = Ky¢(v,v—u) forany u € RY.
e Bounded from above by the fractional Laplacian on average:

/ Ky, o) —vPd £C (f f@olv — v/ dv*) P
By (v) R4
< A) 27, (2.9)

Here A(v) = C(v)?*+? for some constant C > 0 depending on Mg and Eo in
(1.2).
e Cone of non-degeneracy: for fixed ¢ and x, there exists a set E(v) C RY for
every point v € R? so that
— E(v) is a symmetric cone, which means that A2 (v) = E(v) forall A € R,
A #0.
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— Lower bound for K ¢ in the directions of & (v):
Kf(v,v') 2 A)|v —v'|797% whenever v/ —v e E(v).  (2.10)

Here A(v) = c(v)” %! for some constant ¢ > 0 depending on the param-
eters mqo, My, Eo and Hy in (1.2) and dimension d.

— The measure m (E(v) N Sd_l) > ¢(v)~!, for some constant ¢ depending
on mg, My, Eg and Hy in (1.2) and dimension d. Moreover, 2 (v) N S¢~1
is contained in a band of width < (v)~! around the equator perpendicular
tov.

e Cancellation lemma (2.7).

Remark 2.9. Note that the bounds (2.9) and (2.10) are weaker than the usual uni-
form ellipticity condition A|v —v'| =42 < K (v, v') £ Alv—1v'|~¢~2 for integro-
differential equations. The lower bound holds only in the cone of nondegeneracy,
and the upper bounds holds only in average.

We also stress that the existence of the cone of non-degeneracy of Ky relies
on the hydrodynamic bounds in (1.2), and this is the only place where the entropy
bound Hj is used.

2.5. Coercivity Estimate

When computing the propagation of L? norms of various functions, one often
deals with the integral expressions from (2.8) of the form

[, ot oemerdo= [, ho) (s0) = £0) Ky, ) dv'do

+c/d (f v [v]") g()h(v) dv. (2.11)
R

In particular, when & = g, we have
_ 1 / 2 ’ ’
/Rd 0(f. e dv == [[ [e0) — g Ks(,v)dv'd

+c/ (f *o [0]) lg) [ dv. (2.12)
R4

This identity follows by a straightforward arithmetic manipulation and applying
Fubini’s theorem. The first term is negative. Coercivity estimates for the Boltzmann
collision operator amount to estimating how negative this first term needs to be.

The next inequality may be seen as a combination of a coercivity estimate
with the Sobolev embedding for weighted Sobolev norms, except that it is more
complicated to prove each one of these inequalities separately. Here we verify the
formula in one shot, using a computation similar to [7].

Lemma 2.10. (Coercivity estimate) Let p > 2 be the exponent satisfying % =

% — 5, andletn = % (y +2s — %‘) and k = % (=y —d + 1). Then there exist
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constants ¢y > 0 and C; = 0 (depending only on the hydrodynamic bounds in
(1.2) and dimension d) such that for any g € LY (R, it holds that

[J s 60D = g Ky, vy dv'dv

= o gl | WPl a.  @13)
LiED Jlvertigwizcilialp o))

In particular, when n = 0, we have a stronger bound

[Jos g 180 = 2@ K00 dv'dv 2 0 1812 (2.14)
which is equivalent to taking C1 = 0 in (2.14).
Proof. Let us denote

R p _ np P
N = 1l g, = [ 0l a0 < o

For any fixed v € R? (such that g(v) # 0), we will exploit the cone of non-
degeneracy E(v) for Ky where K s has a lower bound (see Section 2.4). Recall
that the intersection of the cone Z(v) with a ball Bg has volume ~ R%(v)~!. We
choose R = R(v) (depending on v) satisfying

R? = CN )™ g()[7” (2.15)
for some large constant C > (. Next we split {v eRY:g(v) # 0} into two sets:
G :=[ver () 2 R} = {lg@)” 2 N v+

= {1501 2 c7 gy )t}

Bi={veRr?: ) < R} = {ls] < C7 liglp ]

For v € G, we claim that |g(v')| < %|g(v)| for points v’ in v + (BR/2 N E(v))
that amount to at least half of its measure, i.e.

{v' ev+ (BrpNE®): gl < 3lgWI}| 2 5 |BraNEW)| ~ R ).
(2.16)

Indeed, since (v) = R and v’ € v + Bg/2, we have 1 (v) < (v') £ 3(v). Then the
converse statement that |g(v')| = %|g(v)| for atleasthalfof v’ € v+(BR/2 N E(v))
implies

N :/ ()P |g@)P dv' Z (v)"g)|” - R ()™ = CN,
R4
which cannot be true for sufficiently large C. For v € B where (v) < R, we have

the similar argument only in the case of n = 0: for v/ € v + (B3sg\Bag) we have
(v') Z (v), and thus (2.16) still holds with Bg/> replaced by B3g\Bag.
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For the analysis below, we first treat the case when v € G. Considering
K (v, v") 2 0 and that by (2.10)

Ky(u,v') 2 ()7 P25y — /| 74725 if o/ — v e B(v),

we combine (2.16) to get

2 2
/ lg() — g()| Kf(v,v’>dv’z/ g — g)| K (v, v)dv’
Rd v+(Br2NE(v))

Z <U>)/+2s+1 R—d—Z&

2
/ lg) — g)|” dv’
v+(Br/2NE(v))

> (W TE R g (v)?

= (CN)? ()| (). 2.17)

Here in the last equality we plug in our choice of R in (2.15) with values of p and
n. Finally, we integrate (2.17) over v € G to obtain

// |g(v’)—g(v)}2 Kf(v,v/)dv/deN%l/(v)”plg(v)lpdv,
G JR4 G

and so (2.14) follows.

In the case of n = 0, we can also get the same estimate (2.17) for v € B, by
writing B3g\ By instead of Bg/>. For those v € R4 such that gw) =0, (2.17)
automatically holds, and thus it holds for all v € R?. Therefore, we may integrate
(2.17) over v € R? to obtain

2 2_ 2
[f o 860 = £ Ky av'ao 2 N5 [ o lgyl? aw = N
= 1817 p za) -
This completes the proof of the lemma. O

Remark 2.11. The value of p is the same exponent as in the usual Sobolev em-
bedding H* (RY) < LP(R?). In fact, if we repeat the proof above for a kernel K
satisfying the stronger assumption K (v, v) 2> |v — v/|_d_zs for all v, v’ € RY,
we would derive the standard Sobolev inequality for fractional Sobolev spaces (but
with a nonstandard proof).

Remark 2.12. Thecasen = 1 (y +2s — 2) < Ohappens only for soft potentials,
and covers part of the moderately soft potential range. It is interesting to note that
this coercivity estimate also applies to the very soft potential case when y +2s < 0
(son < 0).
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3. Smooth Approximations and Trace

3.1. Some Properties of the Weighted Fractional Sobolev Spaces

We analyze the spaces NV, N~5V and H,;Z

Lemma 3.1. Suppose that f € NV and f(v) = 0 whenever |v| > R. Then, for

some constant C depending only on s, y, the dimension d and R, we have

1
e ALRGD) S 1 flinsr = ClUf Il s ray-

Here, H*(R?) denotes the standard fractional Sobolev space in R? with the norm

A 2
||f||ZS(Rd)=/ FPdv+ (] 'JC'(?)_U?Q' dv'do.

Lemma 3.1 is a consequence of the fact that 9(v, v) ~ [v/ — v| if we know
that v and v stay in some bounded ball Bg. The proof of Lemma 3.1 is a direct
computation following this fact and we skip it.

Lemma 3.2. Suppose that f € N=%V and supp f C Bp (in the sense of distribu-
tions). Then, for some constant C depending only on s, y, the dimension d and R,
we have

1
EIIfIIH—:(Rd) S N flly-sr = CUf Il -5 ray-

Here, H*(R%) denotes the standard negative fractional Sobolev space which is
the dual of H® (RY).
Proof. By definition

I/ Iy = sup{(f. &) : gllnsr = 1}.

Here (-, -) denotes the pairing between N —*¥ and N%7.

Since supp f C Bg, if we take a smooth bump function b : RY — [0, 1] so
that b = 1 in Br and b = 0 outside Byg, we have (f, bg) = (f, g). We have
lbglinsy < |lgllnsr (from Lemma 4.5). Thus, we may only lose a constant factor
by restricting the supremum above to those functions supported in Bog.

I flly=sv = sup{(f, &) : liglins» =1 and suppg C Bar}.
From Lemma 3.1, we know that ||g||xs» = ||g]l s, and the result follows. O

Lemma 3.3. Let L be the operator from Lemma 2.1. For any smooth function
b : RY — R with compact support and f € N*V, we have the commutator
estimate

1/2
( /R d<v>*<y+2” |LIbf1(v) — b(v)Ef(v)Izdv> < Mpll fllnsrs
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where
1 1b(') — b()
Mj, = 2su V)2 ——— " dv
b vp ~/;(v,v’)<l( P o(v, U/)d+2s
172
L, 1) = b)) )
+2su (f v)?2 d .
vp D(v,v’)<l( ) ( ) D(v v/)d+2s
Consequently,

IL[bf1() = b)LS W)lly-sr = Mpll flinsr.

Proof. Computing L[bf](v)—b(v)L f (v) directly using the formulaof Lemma 2.1
many terms cancel out and we are left with

LIbf1w) = b)ILf(v) = / o l<v>#<v/># f@) (b(w) — b))
(v, )<

D(v, v/)d+2s

—b0)

_ yA2s4l  pt2stl (f(v/) — f(v)) (b(v)
- /a e )T
(v)Mzm ) rA2tl b(v) — b(V')

D(U, v/)d+2s
We use the Cauchy—Schwarz inequality for the first term

IL[bf1(v) —

+ f(v)

o(v,v)<l1

b)L f ()]

pis st e [f0) = f)2 )\
S vy T M </D(v,v’)<l (v) 7 (v) 2 (v, U/)d+23 dv )
+ ) TE My, £ (v).

Taking squares and integrating in v, we conclude
[ 012110 ~ b1 F 0 v
R4

> praet e [ f0) = FP
,S Mb (fjb(v,v’)<l<v> Tl W dv dv)
+ M2 / ()72 f (1) dv

20 12
= Mpllflliysy -

The last inequality in Lemma 3.3 follows from the observation that since for any
function f € N*7,

||f||L2(]Rd

Yr+29)) = ||f||NSV,
then, for any g € L2(RY, (v)~(r+29))

lglln—sr < N8l 2 uy-r+20)
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Lemma 3.4. Consider a smooth function b : R4 — [0, 1] so that b(v) = 1 for
v e Byandb(v) =0forv ¢ By. Let br(v) = b(v/R). Let D = (0, T) x Q X R4,
For any function f € H,:”J: (D), the product bg(v) f(t, x, v) converges to f in
H,fl.’V(D) as R — oo.

n

Proof. By definition, the norm || f|| HY (D) consists of three terms

”inIQZ(D) - jff(O,T)xQde(v>y+2s |f () dvdxde

vt s [fO) = FOP
2 2 A
+jf(O,T)Xijb(v,v’)<l<v> (V) (v, v)d+2 dv'dudxds

2
+ fLO,T)xQ 100 + v - Vi) flly-s, dxdz.

Applying the above formula to || f — bg f||§{w = ||(1 —bg) f||§ls,y, it is relatively
ki in

easy to prove the convergence to zero of the first two terms using the dominated
convergence theorem.

For the last term, we observe that (3; + v - Vi) (br f) = br(v) (0 + v - Vy) f.
Applying Lemma 2.1, we know that there exists a function F € H,f;j: such that
(0 +v-Vy) f = LF. Therefore, (3; +v - V) [(1 —br)f] = (1 — br)LF. We
then use the commutator estimate of Lemma 3.3 and have

(1 =bR)LF — L[(1 —bRr)Flly—sy = MpgllFllns.r.
We observe that M, — 0 as R — oc. Indeed,

/ o) br(v") — br(v)
o(v,v)<l1 0(v, U/)d+2s

o) — be(y2 12
(/ oy 20 = B dv,) e
o(v,v) <1 o(v, V) +2s

In particular, (1 — br)LF — L[(1 —br)F] — 0 in N—*7. Finally, follow-
ing the same analysis as above, we deduce that (1 — bg)F — 0 in N*V. Thus,
L[(1 —br)F] — 0in N~%Y, which combined with the commutator estimate tells
us that that (1 — br)LF — 0in N™57. O

dv’

=
D=
—~

<SR,

3.2. Galilean Group Operation and Convolution

The Galilean group is the natural algebraic structure that is compatible with
kinetic equations. Let o denote the Galilean group operation

(t1, x1, v1) o (t2, X2, V2) = (t1 + 12, X1 + X2 + V1, V1 + V7).

This operation defines a non-commutative Lie group structure in R'+2¢, Note that
the differential operators (9; + v - V), V,, and V, are left-invariant by the action of
the group, and thus the Galilean translation is the correct group of transformations
associated with this type of kinetic equations.
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The convolution of functions is computed in terms of the Galilean group

fxg@):= / fw)gw™ ' oz)dw.
RI+2d

This convolution is associative, but it is not commutative. If we make the change
of variables w™! o z > w, we obtain the equivalent expression

fxg(2) = / fzow Hg(w)dw.
RI+2d

Note that f x g is C* provided that at least one of the two functions is C*°.
Using convolutions in terms of the Galilean group with an appropriately scaled
family of mollifiers provides a convenient way to approximate functions in H ,:”J:
with smooth ones. Let  : R'*?¢ — R be a non-negative compactly-supported
smooth function with integral one. We use kinetic scaling to produce a family of

mollifiers:
ne(t, x,v) = ¢~ B~CF29d, (s‘z‘vt, e 1725, s_lv) . 3.1
Given f (¢, x, v), we may consider the mollification

fe =ne* f.

This convolution commutes with the differential operators V., V,,and (3; + v - V),

s/2 —s/2
v .

as well as with any integro-differential operator in v, like (—A)}/” or (—A),

To see this, observe that

f((t, x,v)0(0, he;,0)) — f(t,x,v)

ax,'f(tvxv U) = f}l—l;r%)

h
0y f (1, x, v) = lim S, x,v) 0 0, O,hhei)) — f(t, x, v)’
(0 + v+ Vi) f(t.x,) = lim f((t’x’”)°(h’(})l’0))—f(t,x,v)’

(=R f e v) = cs,d/ F((. %, 0) 0 (0,0, w) [w| "+ dw,
R4

The point of these formulas is that they are all written in terms of translations of
f by the action of the Galilean group on the right, whereas the convolution 1 * f
is a weighted average of translations of f by the action of the group on the left.
Therefore, they trivially commute.

Lemma 3.5. Let Q2 be a bounded open set with a Lipschitz boundary and D =
0, T) x Q x RY. Forany § > 0, any function f € H,:”): (D) can be approximated
in H;”’; ([8, T1 x Q x RY) by smooth functions with compact support.
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Proof. From Lemma 3.4, we see that functions with compact support are dense
in H};” (D). It remains to prove that if f € H};” (D) has compact support, then it
can be approximated as the limit of a sequence of smooth functions with compact
support.

The domain €2 has a Lipchitz boundary. Using a partition of unity corresponding
to an appropriate covering of the boundary, we decompose the function f as a sum
of finitely many terms, each of them supported either away from 9€2, or in some
small ball where 0€2 coincides with the graph of a Lipzhitz function.

The terms that are supported away from 2 are easily approximated by smooth
functions using a standard convolution with respect to the Galilean group. The
approximation of the terms whose support intersects 92 requires some further
explanation. For the rest of the proof, let us say that the function f is one of these
terms. Without loss of generality, let us assume that f is supported in ¢t € (0, T'),
x € QN By and v € Bg. Assume further that d€2 N B, coincides the graph of some
Lipchitz function. Since f equals zero for x ¢ Bj, it makes no difference at this
point to assume that €2 is the supergraph of some global Lipschitz function.

The value of the convolution [n, * f](z, x, v) depends on the values of f
in certain neighborhood of (¢, x, v). When x is very close to 9€2, the value of
[1e x f1(¢, x, v) will not be well determined as soon as this neighborhood contains
points outside of 2. A natural workaround would be to first construct an extension
operator from H,;:" (0, T) x @ x RY) to H;Y (0, T) x R? x R?). However, such
an extension is nontrivial. We follow a different idea by choosing special functions
ne so that the value of [n, * f] depends on the values of f in D only.

We approximate f by a convolution with a special function 7, so that the values
of [ne x fl(t,x,v),fort € 5,T],x € BiNQ,and v € R4, depend only on the
values of f in (0, T) x © x R¥. Recall that

[7e % f1(t, x,v) = jfj Ne(s,y,w)f(t —s,x —y—w( —s),v—w) dwdyds.

We want that whenever x € Q N By and ¢ € [§, T], the integrand is only nonzero
for values of s, yand w sothatt —s € (0, T) andx —y — w(t — s) € Q.

We achieve our first goal by making n, supported in s € [0, §]. For the second
goal, we use that 32 N B, is the graph of a Lipschitz function. Because of the
Lipschitz regularity of 02, we know that x — y — w(t — s) € 2 provided that
x € Qand y + w(t — s) belongs to certain cone of directions depending on 9€2.
Let C; C R? be this cone. We want n:(s, y, w) to be supported in some subset of
[0, 8] X C] X C].

Let 11 be some smooth function, with unit integral, whose support is inside
[0, 5] x C1 x Cy. We set n(s, y, w) in terms of 11 as in (3.1). For any ¢ < 1, the
support of 1, is also contained in [0, §] x C x Cy. Therefore, the values of n, * f in
[, T1x (2N By) x R4 depend only on the values of fin (0, T) x (2N By) x RY.

At this point, we have a well defined one-parameter family of mollifications
fe = ne * f. We must show that it converges to f in H,flfr’l/(D) ase — 0. As
explained initially, we can and do assume that f is compactly supported.

Since f is compactly supported in |v| £ R, we also have that f, is supported
in |[v] £ R + ¢. Combining the compact support of f with Lemmas 3.1 and 3.2,
we observe that it is enough to prove that
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(a)
fo—> fel, ([5, T]1x (2N By), Hg(Rd))
(b)
B +v-Vo) fom @G +v-Vo) fell, ([5, T1x (2N By), H;S(Rd)) :

The first step to prove (a) is to verify that f, converges to f in L?. This is a
standard consequence of the density of continuous functions in L.

In order to prove the convergence of f; to f in Ltz’x H; we use the well known
fact that for any function g : R — R,

IglFs & llgll7z + 1(—A)"2g]13,.

Moreover, (—A)Y*[ne % f1 = ne * ((—A)f,/zf), which converges to SYNYEY

inL?ase — 0.
To prove (b), we use the well known fact that for any function g : R — R,

lglF— ~ (T — &) 2g]17,.

—s/2

Moreover, (—A), S5/2

@ +v- Vo lne = f1 = e % (=87 @ +v- Vo) f),
—s/2

which converges to (—A), '~ (0, +v - Vy) fin L?ase — 0. m|

Remark 3.6. It would be a bad idea to attempt a change variables to flatten the
boundary of 2 for the proof of Lemma 3.5. Such a change of variables (see for
example [22]) introduces an extra term to the transport operator, of the form b (x, v)-
V, f.Inthe case of s = 1 (asin [22]), and for C!-! boundaries, this term is absorbed
into the Lt2, XHvl norm (at least locally). In this paper we have s < 1 and there is no
apparent way to control this extra term.

Remark 3.7. Note that while n#[(—A)Y? £1=(—A)Y/*[nx fland m[(—A)y /2 ]

= (—A);‘Y/z[n * f1, it is not true that L[n * f] = n * [L f] for the operator L of

Lemma 2.1.

Lemma 3.8. (Smooth approximation) Assume f € H,;" (D) satisfies the Eq. (1.1)

in D in the sense of distributions. There exists a sequence of smooth approximations
fnsothat f, € C([1/n, T] x Q x R4 and

(i) fn convergesto f in LIZ,XN,‘j’y(D) asn — oo.

(ii) (3 4+ v - Vi) fu converges to (3 +v - Vy) f in L2 N, "7 (D).
(iii) The function f, satisfies (classically) an equation in D of the form

0 +v-Vy) fe—0:.=0,

where Q. — Q(f, f) in LIZ,XNU_S’V(D) asn — oo.
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Proof. We construct the sequence f, using

Lemma 3.5. The items (i) and (ii) are simply the convergence of f, to f in
H,:”); (D). For (iii), we set Q. := (d; + v - V) f, and use that f satisfies the Eq.
(1.1) in the sense of distributions. |

The following lemma provides a trace operator to a weighted L? space on the
boundary I':

Proposition 3.9. The restriction operator f > f|r is well-defined from H,:”]; (D)
to L? (' N D, w) for the weight @ = min {Iv -nl, (v- n)z}. More precisely, for
any T that is compactly contained in T' N D, there is a constant C so that for all

fe H,flf,):(D), we have

loc

~

2 < 2

Moreover, if fo — f strongly in L%’XN{f’V and (0; +v - Vy) fo = (0, +v-Vy) f
weakly in LIZ,XNU_‘Y’V, then fy — f strongly on L? (I'ND,ow).

loc

Proof. The resultis similar to [22, Proposition 4.3]. Based on Lemma 3.8, it suffices
to consider the case of f smooth. Denote ¢4 and ¢_ to be the Lipchitz functions
whose values on I are given by

¢+ :=min (1, (v-n(x))4), ¢— :=min (1, (v-nx))_).

We assume that 92 is Lipschitz. Therefore, these functions are Lipschitz on I". We
extend them to the interior of €2 in any way that preserves their sign and Lipchitz
norm. Note that, ¢y —¢_ =2 0and~ wonT.

Let 1 be a smooth compactly supported function that equals one on I'. Then we
have

[ffcoenriom = [ @+ v-vo@nr)

=/D<a,+v~vx><¢+n)f2+/])2w+nf<at+v-vx>f

S @ +v- Vo) (el 1 £172
H12040f 2 pgr 1@+ V) fll 2 s

< 2 s .
S W

in

Hence, the desired bound follows on ' part. A similar argument justifies the I'_
part when considering — (3, + v - V) (9_nf?). =

Remark 3.10. The proof of Proposition 3.9 is the only place in this paper where we
use the assumption that the boundary of Q is C!-!. A Lipschitz boundary suffices
for the rest of the analysis.

In the next few lemmas, we show that the definitions given before for the
boundary condition in terms of test functions imply a more classical condition in
terms of the trace operator given in Proposition 3.9.
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Lemma 3.11. Let f be a weak solution to the Boltzmann Eq. (1.1) with in-flow
boundary condition g in the sense of Definition 2.4. Then g = f|r_, where f|r_
is the trace of f as in Proposition 3.9.

Proof. When f and ¢ are both smooth functions, and ¢|r, = 0, integration by
parts yields

I o 1y wepsa 1+ 0= V) f o4 f (3 + v V) o) dvdeds

= J ﬂn fo (- n)dvdS,dr. (3.2)

According to Lemma 3.8, we can approximate any function f € H,f”); with a
sequence of smooth functions f; — f in H,f ¥ so that each f; satisfies the identity
above.

From Proposition 3.9, the boundary values ( fx)|r_ convergeto f|r_ in LIZOC(F, ).
Moreover, since ¢ = 0 on I', we must also have |¢| < w on I'. We can pass to the

limit every term of the identity to get

in’

Jjj(o T)xQxRd {0 +v-Vo) fo+ f @ +v-Vy) e} dvdxdr

= HfL flr_g (v - n)dvdS,dr.

When the function f is a weak solution of the equation in the sense of Def-
inition 2.4, we know in addition that (9; +v - Vy) f = Q(f, f) in the sense of
distributions. Replacing in the indentity above,

Ijj(O,T)xQde (O(f, o+f (G +v- Vi) g} dvdvdr=[[[ . fir_¢ (v nxdvdSsdr.

This is the same as the identity in Definition 2.4 but with f|r_ instead of g. Both
identities hold for any test function ¢, thus f|r_ = g. O

The next two lemmas are proved by density in the same way as Lemma 3.11.

Lemma 3.12. Let f be a weak solution to the Boltzmann Eq. (1.1) with specular-
reflection boundary condition in the sense of Definition 2.6. Then f|r(t,x,v) =
flr(t, x, Ryv), where f|r is the trace of f as in Proposition 3.9.

Lemma 3.13. Let f be aweak solution to the Boltzmann Eq. (1.1) with bounce-back
boundary condition in the sense of Definition 2.5. Then f|r (t, x, v) = f|r (¢, x, —v),
where f|r is the trace of f as in Proposition 3.9.

4. Chain Rule for Weak Solutions

In order to establish inequalities for the truncated energy dissipation of the
function f, we want to compute the equation satisfied by composed functions of
the form ¥ (¢, f) = (f — a(t))%r. Starting from the definitions we have given for
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the equation in the sense of distributions, for each type of boundary condition, we
verify some form of the chain rule in this section.

In that follows, let ¥ (¢, y) be a generic function of ¢ and y. In the case of
interest, it is Lipschitz with respect to ¢, differentiable with respect to y, and d,v
is locally Lipschitz. We use v, to denote the derivative of ¥ with respect to y,
and v, the derivative with respect to 7. The objective of this section is to express
the equation satisfied by ¥ (¢, f) in the sense of distributions. While v, is locally
Lipschitz, it is possible that it becomes unbounded for large values of y. Aiming at
v, f)=(( — a(r))2, with a(z) Lipschitz, we may assume that ¥y, and v, are
globally bounded. For technical reasons, it is convenient to start our analysis with
functions v so that v, ¥y, ¥y and vy, are all globally bounded. We will later
approximate the case of interest by truncation.

Lemma 4.1. Let f € H,fl.’,):(D) be a weak solution of (1.1) in D. Let g € L*(T, w)
be the trace of f in the sense of Proposition 3.9. Assume that v and y are
Lipschitz with \r;, Wy, Yy and Yy globally bounded. Then, for any test function
(NS CCl ((0, T) x Q x Rd), so that ¢ = 0 on 'y, we have

Hf(o T)xQxR? [ ) @ +v-Voe+vy@ HOW e+ i, e} dvdxd
= ffjr ¥ (t, )¢ (v-n)dvdSydr. 4.1)

Proof. We apply Lemma 3.8. We have that the smooth approximate function f;
satisfies (classically)

(0 +v-Vy) fe — Q=0 inD.
Multiplying the equation with ¥y (¢, f;), we get
@ +v-Vou@, fo) =¥y, f) Qe — ¥i(t, fo) =0 in D.

Multiplying the equation by ¢ and integrating the transport term by parts we
get

fij I/I(I, fe) (81 +v- Vx) 4 + I//y(l‘, fs)stp + "l/ft(t, fe)@dvdxdt
— jfjr Y(t, fo)(v-n)edvdS,dr. 4.2)

Let us assume initially that ¥ (¢, y) is globally Lipschitz with respect to y. We
will get rid of this assumption later on. Moreover, we recall that ¥ € C1. Tts
second derivatives are bounded.

Since v is globally Lipschitz, and f; — f in L?(D) (and in particular in L llu o)
we see that the first term converges for any fixed test function ¢.

jﬂ Ut £2) (3 + v - Vi) o dudxdr — ﬂfw(z, )3 +v - Vy) e dvudxdr

ase — 0.

Since ¥ € C!, we observe that Yy is globally Lipschitz. Since fo — f in
L,z’ . >7 and Yy is Lipschitz in y, we see that (¢, f¢) is bounded uniformly in
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2

L? Ny7. Since it clearly converges in L?

S T2 AV
in Lr, Ny

Since Q. — Q(f, f) in Li’vN,f *Y then we deduce the convergence of the
second term

[J ¥, 2000 dvdxar - [[f vyt HOCS. fredvdxds

For the next term, we use that v, is bounded, so that ¥, (¢, fe) — ¥, (¢, f) in
L? and

loc

then it must converge at least weakly

{[[ wete. fopdvaxar — [{{ yutz, g dvdxde.

Since ¢ € C! and ¢ = 0 on Iy, we have that |¢(z, x, v)| < d((x,v),Tp). In
particular, |¢(¢, x, v)(v-n)| < won I'. For the boundary term, we use that (f¢)|r —
g in L?(I", w). Since v is globally Lipschitz, we deduce that ¥ (1, f:) — ¥ (t, )
in L?(T", w). Therefore

ﬂjr W (t, £)(v - n)g dvdSydr — jﬂr U (1, 8)(v - n)g dvdSydr.
We pass to the limit every term in (4.2) and finish the proof. O

Lemma 4.1 already suffices to establish an equality for weak solutions with
the inflow boundary conditions. In this case, we normally use test functions ¢ that
vanish on I'. In particular, they vanish on 'y as well.

Corollary 4.2. (Restricted chain rule for weak solutions with in-flow/diffusive-
reflection boundary) Let f be a weak solution of (1.1) in D satisfying the in-flow
boundary condition. Assume that v and y are Lipschitz with Y, ¥y, Yy and yryy
globally bounded. Then for any test function ¢ € C, Ll ((0, T) x Q x Rd) so that
¢lr, =0, we have

I o1 xcima 0 ) @i 40V @93 HOU Do+ ¥, fle) dvdxdr
- Hfr_ v, fir_)e (v-n)dvdSydr. 4.3)

Proof. The test function ¢ vanishes on I' ;. and is continuous. Therefore, it vanishes
on I'gp and Lemma 4.1 applies directly. O

Lemma 4.3. Let dist represent the Euclidean distance in R Let x : [0, 00) —
[0, 1] be a smooth function so that x (w) = 1 ifw € [0, 1] and x (w) =0ifw = 2.
For any large radius R > 0 and ¢ € (0, 1), denote

Ne(2) == (1 — ¢ N dist(z, ro)) x (R~ o). (4.4)
+
Then, we have

0 if dist(x, 0Q2) = e,
t,x,- sy S -
e Maver = {C(R)sl/z_‘ otherwise.

Here C(R) is a constant depending on d, y, s and R.
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Proof. If dist(x, 9Q2) = &, then we will always have dist((¢, x, v), T'g) > & for any
value of ¢ and v. Therefore 7. (¢, x, -) = 0 in that case.

If dist(x, 02) < &, we analyze the formula for ||n, (¢, x, -)||xs.». Our estimate
is based on the following four simple facts about 7.

(1) ne(t, x,v) < 1 for every value of (¢, x, v).
(ii) ne(t, x, v) # 0 only if dist((z, x, v), ['p) < &.
(iii) [Vonel < e
@{iv) ne(t,x,v) =0if |v] > R.

According to (2.1), for every fixed value of ¢ and x (which we omit to avoid
clutter) we have

17ell3s.r = /d ()7 e (v)[* dv
R

2
pi2otl o, pAIEL |n€(v)_ns(v/)’ ,
+ J:[Rded (v) 2 (U ) 2 Wﬂb(v,v’)él dv'dv.

We estimate the first term using (i), (ii) and (iv):
/ <v)}/+2S |778(U)|2 dv 5 Rd71+7/+2s8.
R4

In order to estimate the second term, we observe that the integrand is nonzero
only if dist((z, x, v), Tg) < & or dist((z, x, v’), Ty) < &. By symmetry, it suffices
to consider the set where dist((¢, x, v), I'g) < & paired with any other value of v':

yiastl v+l g (V) — e (V) g
J‘deXRd = (v/) 2 |€ e ‘

’
(v v/)d+25 ]lb(vyvl)gl dvdv

< 2R}/+25+1 /
- {v:dist((¢,x,v),[0)<e}NBg
2

dv'dv
/{.v’e]Rd:b(v,v/)<l} (v, U/)d+23

Observe that (v, v') is comparable to the usual Euclidean distance in any ball
Bg+1, with factors depending on R:

|ne(v) — e )|

/
e dv'dv.

<) /
{v:dist((z,x,v),To)<e}NBg J{v'eB1(v)}

We split the domain of integration in the second integral between v’ € Be(gye (V)
and v' ¢ Be(r)e(v). In the latter, we necessarily have 7, (v) = 0 (because of (ii)
above). Therefore, for any v such that dist((¢, x, v), ['¢) < &, we have (using (i)
above)

2

/

/ |me(v) — ns(g)\ ' <o
WEBme ) v — VT
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For the other term, we use (iii) above to get

INY -2 72
/ e = ne@Of / Gl L WP
WeBuge() V= VTR (v eBuge) 1V = V14T

Integrating over all v € B such that dist((¢, x, v), ['g) < &, we get

S

2
+2s+1 Y25+l ) — (V)
ijd (¥ =3 () Mﬂa(u o< dv'de S el
X ’ =

R (v , v/)d+2s

O

Lemma 4.4. Let f be a function in N*Y and ® : R — R be Lipschitz so that
®(0) = 0. Then, the function composition ® o f € NV and we have

[®o fllsy S Iflnsy 1Pl Lip-
Proof. We have
190 Fl2y :=/Rd 742 b o Fu)2dv

25l v (Do f(v) — of(v/)|2
+ ffRded (v) : (v ) : (v, v/)d+2s

Loy <1 dv'dv
Notice that

Do fOISIPlLip f,  [@o f)=Do fQ)|SNPIlLip | f(0) = FQ)].
Hence, our result naturally follows. O

Lemma 4.5. Let f and g be bounded and in N**Y . Then, their product also belongs
to NV and we have

I fgllnsy SN flnsrliglizee + 1l liglinsr.

Proof. We compute using the formula (2.1) for the norm in N*7.

el = [ @7 1@ o

ﬂa(v,v/)gl dv'dv.

241 _ / 12
e 0T )T [f@sw) — f()g)|

(v, v/)d+2s

For the first term, we clearly have

/ W) g dv < lgl2 / 7 LF P dv < g1l f e
R4 R4

The functions f and g in the right hand side are exchangeable in this case.
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For the second term, we add and subtract a term in | f (v)g(v) — fF(v)g(W)| =
If(g@) — fF()g@) + f()gt) — fFW)g)] = [f)] - [gv) — g +
|f(v) = f()]-|g(")]. Thus, we get

2 2 2
I fglnsy = Nglizeellfllysy

vz, 2 [f) |g) g
+2JfRded ) d(v, v)d+2s

ﬂd(v,v’)gl dv/dv

+2s: N2 . N
+2£[Rded (v)@(w)# g | f)—F)|

/
o(v U/)d+2s ]lb(v,v’)gl dv'dv

2 2 2 2
SNzl f sy + 1 o llgllinsy

O

Lemma 4.6. (Unrestricted chain rule) Let f be a weak solution of (1.1) in D with
trace g € L*(T', w) (as in Proposition 3.9). Assume that \ and Yy are Lipschitz
with Y, Yy, Wiy and Yryy globally bounded. Assume further that yry(t,0) = 0
for all t € (0,T). Then, for any test function ¢ € Cg ((0, T) x Q x ]Rd) (not
necessarily vanishing on I'}.), we have

I 01y xema (V00 @i v Vo) o 405 DO P + ¥, ) dvdxds
' (4.5)
= lim [[f ¥ 9)¢ (1 —ne(t.x.v) (v-mdudSydr.

Here, 1. is defined in Lemma 4.3 with R sufficiently large so that ¢(t,x,v) % 0
only for |v] < R.

Note that the limit on the right hand side could be interpreted as a principal
value of the integral

lim [ff v 9)¢ (1= ne(e.x.v) (v-n)dvdSdr
— PV fﬂr Y (t, 9)¢ (v - n)dvdS,dr.

Proof. According to Lemma 4.1, the equality holds whenever ¢ vanishes on I'g
and v has bounded first and second derivatives.

Let us start by considering the case that ¢ does not necessarily vanishes on any
part of I', but ¢ still has bounded first and second derivatives. We assume moreover
that ¥ (¢, 0) = 0 and ¥, (¢, 0) = 0.

We follow the idea of [22, Lemma4.6]. Let ¢, := (1—n;)¢, and thus ¢, |r, = 0.
Then we may apply Lemma 4.1 to obtain

I o cpema 1V ) @40 V) ety 6 PO e+t e dvdads
= fffr_ Y(t, g)pe (v-n)dvdS,dr. 4.6)

Taking ¢ — 0, we need to consider the limit of each term. We do not do anything
to the boundary term on I, since the equality in this Lemma involves the limit as
e — 0 explicitly.
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Since 0 < ¢, < ¢, due to dominated convergence theorem, we have

;Eﬂ) jJI(O,T)xQde Vit f)ge dvdxdr = J]:f(O,T)xQde Vit flg dvdxdr.

Since vy, is bounded and (¢, 0) = 0, we apply Lemma 4.4 to deduce that
|| Yy (t, ) ||L[2.X((O’I)XQ,NS,V) S ”*f”L[z’X((O’[)XQ’Ns,y) sup |y |. Furthermore, since
we assume that ¥, is bounded, we apply Lemma 4.5 to get

|| by, ge ”Ltz,x((O,z)XQ,NSvV) S ||f||L?,X((0,t)x$2,N“*V)’

We claim that v/, (¢, f)@. converges to ¥, (¢, f)¢ in Ltzyx((O, T) x Q, NSY).
Indeed,

jf(O,T)xQ ” Yy, fee — ¥y (@, f)‘ﬂ”i,s,y dxdr
- II(O,T)XQ ” Yy, fns(t, x, v)@”i,x,y dxdt

Using Lemma 4.5

2 2
S oo teceraince sy oy 1@ D0 e+ (S0P [y Dl s

The first term on the right hand side converges to zeroas ¢ — Obecause ¥, (¢, f)¢ €
L,z) Ny The second term converges to zero due to Lemma 4.3.

Since Q(f, f) € LIZ,XN_”’, we deduce that

tim ([ o e 1 DO e dudxdr
= [J] 0 1y wepu ¥t IO P dudxar.
Finally, notice that
O +v-Vi)ge =1 —=10:) 0 +v- Vi) —¢ (3 +v- Vy)ne. 4N
For the first term in (4.7), using the dominated convergence theorem, we have
tim [ e VDU = 0) (3 + v+ Vo) @ dvdeds
— Hj(o,mszxw U(t, f) (3 + v - Vy) ¢ dvdxdr.

For the second term in (4.7), we observe that, by construction, 9,7, = 0 everywhere,
and v - Vi, = 0 except in an e-neighborhood of 'y where

1B +v-Vo)ynel Se .

Hence, for ¥ (¢, f) € L? . we have

loc?

JILO T)xQ2xRd V(t, ) (0 + v - Vi) nep dvdxds

- fjjdist(z Io)<e I/I(t’ f) (v VXUS) ¢ dvdxds,
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and

< 1
~E ijdist(z,l“o)<£ ¥ (¢, f)el dvdxdt

1
2

Ujjdist(zirw W (t, f) - Vine) ¢ dvdxds

1
<e ! <fjjdist(z,r0)<5 v, Hel? dvdxdz>2 ) HZ e R4 . dist(z. Tg) < 8}

1

2
< 2
< (Hfdm(z’rom 1w, el dvdxdt) —~0 ase — 0.

We have that ¥ (r, f) € L? because we are assuming that v is globally

loc
Lipschitz. Then we may pass to limit and obtain

8111}) JILO,T)XQXR“’ V@, )@ + v - Vo) ne dudxdr = 0.

Hence, we know that as ¢ — 0, (4.6) converges to (4.5).
This establishes (4.5) and finishes the proof of the lemma. |

It is important to note that to make sense of the left hand side in (4.5) we
need ¥y, and v, to be bounded, but we do not need any global bound for v, and
¥y. Indeed, for a function of the form v (¢, f) = (f — a(t))f_, with a Lipschitz,
every term on the left hand side of (4.5) makes sense. By truncation, we could
approximate any generic function so that vy, and v, are bounded, with a sequence
of functions ¥g with bounded first derivatives and second derivatives that coincide
with ¥ whenever | f| < R. However, it is not immediately clear what the limit of
the boundary integral of the right hand side would be in general. This difficulty is
resolved by simplifying the boundary integral in each case of our three possible
boundary conditions. We explore them one by one in the next three lemmas.

Lemma 4.7. (Unrestricted chain rule for weak solutions with in-flow boundary)
Let f be a weak solution of (1.1) in D satisfying the in-flow boundary condition.
Assume r and \ry, are locally Lipschitz, with {ryy and s,y globally bounded. Assume
further that (¢, ) 2 0 and that the trace of f on T _ is bounded. Then, for any
non-negative test function ¢ € Cg ((O, T) x Q x ]Rd) (not necessarily vanishing
onT4), we have

I o1 wcpea 106 ) @0 Vo) @93 QU Do+ ¥, fle) dvdadr
> HIL Y(t, flr_)e (v - n)dvdSydt. (4.8)

Proof. According to Lemma 4.6, if ¢ and v, are globally Lipschitz, we have

I 01y xema (V0D @i v Vo) o 405 DO P + ¥, o) dvdxds
= lim [[] (. fIr)e (1 = nett.x.v) (v mdudSydr.
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We split the boundary term between the integral on I'y and I'_. Since v = 0,
the part of the integral on I'y is nonnegative. Therefore

I o1 x i 10 ) @r 0=V o 93 HOU Pp + V1. fle) dvdadr
= lim [[f v fIre (= ne(t.x, ) - mdvdSedr,

and since f|r_ is bounded we use the dominated convergence theorem to obtain

- jﬂn Y (t, flr)e (v - n)dvdSydt.

If the derivatives of ¢ are not globally bounded, we construct a function ¥ that
coincides with ¢ whenever | f| < R. We choose this function 1y g with bounded first
and second derivatives, so that the inequality above applies. There is no difficulty
in passing to the limit as R — oo at this point. O

Lemma 4.8. (Chain rule for weak solutions with bounce-back boundary) Assume
that f is a weak solution of (1.1) in D satisfying the bounce-back boundary con-
dition. Let € CY1, with Yyy and Yy bounded. Then for any test function
@ € CL((0,T) x @ x RY) so that ¢(t,x,v) = ¢(t, x, —v) for all x € IQ, we
have

I o1y 10 ) Gr 40 Vo) @931 YOS N + ¥t ) dvddr = 0.

Proof. According to Lemma 4.6, if ¥ and v, are globally Lipschitz, we have

I o e (5 @r 0=V @400 QU P+t £} dudeds

= lir%/ v, flr)e (I —ne(t, x,v) (v-n)dvdScdr.
E—> r

Since (¢, x, v) = ¢(t, x, —v), we observe that the boundary term vanishes for any
value of ¢ > 0. Thus

I o 1 ecpa (P 1) @0 - D) oy (1 QS o+t ) duedr = 0.

Since the boundary term disappeared, there is now no difficulty in truncating a
function ¢ with unbounded first derivatives and passing to the limit. O

Lemma 4.9. (Chain rule for weak solutions with specular-reflection boundary)
Assume that f is a weak solution of (1.1) in D satisfying the specular-reflection
boundary condition. Let € C!, with Yyy and Yy bounded. Then for any
test function ¢ € CC1 ((O, T) x Q x ]Rd) so that ¢(t, x, v) = @(t, x, Ryv) for all
x € 082, we have

I o 1o (0 ) G v - D) oy (1 DO Fo+0i . ) dvddr =0,
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Proof. According to Lemma 4.6, if 1 has bounded first and second derivatives we
have

I o wcrems 1V ) @40 Vo) oty (1, QS g+ (1. £} dvdxds
= lim [y F100p (1= et x,00) (0 m)dudS,
E—> r

Since ¢(t, x,v) = ¢(t, x, Ryv), we observe that the boundary term vanishes for
any value of ¢ > 0. Thus

I o a9 Y @r v Vol 6. HQUE. Fo-n (. frp) dvdxdi =0,

Since the boundary term disappeared, there is now no difficulty in truncating a
function v with unbounded first derivatives and passing to the limit. O

Corollary 4.10. Let f(t, x, v) be a weak solution of (1.1) satisfying the bounce-
back, specular-reflection or in-flow boundary condition. Let a(t) be any nonnega-
tive Lipschitz function. In the case of the in-flow boundary, let us assume that the
boundary value of f on I'_ is smaller than a(t) everywhere. Then, for any ¢ € C Cl
so that ¢ = 0, we have the inequality

1 2
jfLO,T)xQXRll {5 (f —a@)y @ +v-Vo) o+ (f —a@)y Q. e
—a'(t) (f —a(t))y ¢} dvdxdt = 0.
Proof. Depending on the boundary condition, we apply Lemma 4.7, Lemma 4.8

or Lemma 4.9 with ¥/ (1, f) = 1 (f —a(1))3. O

4.1. On the Truncated Dissipation of Energy

Let f (¢, x, v) beafunction defined on D that satisfies the bounce-back, specular-
reflection, or in-flow boundary condition.

Leta = a(r) = 0. We write f = f + f;, where f, := (f —a)+ and f; < a.
Clearly, if f > a,then f, =aand f, = f —a;if f < a,then f, = fand f, = 0.
Further, we define

m(t) = ﬂmd | £ (¢, x, v)|* dvdx. (4.9)

Since the function f belongs to L2((0,T) x Q x RY), then m € L'((0, T)).

Lemma 4.11. Let f(¢, x, v) be a weak solution of (1.1) satisfying the bounce-back,
specular-reflection, or in-flow boundary condition. In the case of in-flow boundary,
we assume that the boundary value is smaller than a(t) everywhere. Then for almost
allty,tp € (0, T) witht; < tp we have

me) —ma) 2 f[f S QUL —d o)) dvdxdr.

holds for almost all t € (0, T).
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Proof. Let; and 1, be two Lebesgue points of the L' function m (¢). Forany & > 0,
we apply Corollary 4.10 for

Y-y ifteln—en)
Le—n) ifte,n+el

1) =
¢e(0) 1 ifre(+etn—e¢)
0 elsewhere.
We obtain
1 1 1 ,
W ot 357 <gn<z.,,ﬁf) - gﬂm_g,m) + 1 O(f. e —a'(0) frpe dvdxdt
>0.

This is the same as

1 [0 m(t 1 [ t
— / Mdt - — / mdl
11 € Jn

e 2 .2
+JJL0,T)xQXRd 1rQ(f. flee —a (1) free dvdxdr 2 0.
We conclude the proof taking the limit as ¢ — 0. -

Note that the right hand side of Lemma 4.11 converges to zero as r, — t; — 0.
Thus, the function m (¢) must be semicontinuous and its values are well determined
forallt € (0, T).

Corollary 4.12. The function m(t) is almost everywhere equal to a cadlag function
with countably many jump discontinuities that are all negative.

Proof. Clearly, the right hand side in Lemma 4.11 converges to zero as t, — | or
f — t. o

After Corollary 4.12, it makes sense to refer to the values of m(t) pointwise,
and they satisfy the inequality of Lemma 4.11 for all values of #; and #,.

5. Proof of the Main Theorem

The purpose of this last section is to prove Theorem 1.1. The strategy is to use
Lemma 4.11 to prove that m(t) is nonincreasing as a function of ¢. Then we will
see that m(t) — 0 as r — 0, concluding that m = 0 and therefore f < a(z). We
need to first analyze the integrand in Lemma 4.11 to prove that it is not positive.

The following is one of the key lemmas leading to the proof of Theorem 1.1:

Lemma 5.1. Ler f : RY — [0, 00) be a nonnegative function in Lé(Rd) N
Llog L(R?) satisfying the hydrodynamic bounds (1.2). Forany a > 0 large enough,
we write fp(v) := min(f(v), a) and f,(v) := (f(v) — a). Then for some con-
stants ¢ > 0 and C large, depending on the hydrodynamic bounds, we have

/Q(f,f)frdvg—c||fr||ip—cal+2s/d||fr||u+0/ (f*1-17) ffr dv.
Rd n 2 Rd

Here, p and n are the exponents from Lemma 2.10 and £ = y + 2s + 2s/d.
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As we mentioned above, our strategy to prove Theorem 1.1 is to show that m (¢)
is monotone decreasing by verifying that the integrand in 4.11 is non-positive.
To that end, we will show that the two negative terms on the right hand side
of Lemma 5.1 control the other terms. The most important negative term is the
second: —ca'*2/4|| £, L If f was a smooth classical solution, we would have
f(t,x,v) < a(t) for t sufficiently small, and when it initially starts crossing this
upper bound, the second term (which is of first order) will be much more negative
than the first (which is quadratic). The first term is only necessary in the proof
because we work with weak solutions for which continuity arguments as this one
are not available. If we only wanted to write a proof as an a priori estimate for
smooth solutions, then the first term in Lemma 5.1 would not be necessary, and in
fact the coercivity estimate of Lemma 2.10 would never be used.

The first term on the right hand side of Lemma 5.1, which is —c || fr|| Lp,
derived using the coercivity estimate of Lemma 2.10. The second term —c a1+2“/ d
Il £l L) comes from a purely nonlocal effect, similar to the main idea that is used

for other nonlocal equations as in [4].

Proof of Lemma 5.1. We split the left hand side using Q(f, f) = O(f, fp) +
Q(f, fr) and estimate a bound for each of the two terms.
Using (2.11), we write

/ O f @ ) dv = [[ L, ) (/) = fo@) Ky(v, ) dv/dv

+C/Rd (f *0 0I7) fo(v) fr(v) dv. (5.1)

We estimate the first term in (5.1) using the properties of the non-degeneracy cone
E(v) for K.
Recall that K 7 (v, v") 2 0 everywhere and that by (2.10)

Ky(v,v)) 2 ()7 T2y —o/|7472 i o/ —v e B(u).

Moreover, observe that in the support of f; (v), we have f(v) = a. Also, f(v') S a
and f; < f everywhere, and thus || f,l 1 IRY S < (My + Ey). For any fixed v € RY
(similarly as in the derivation of (2. 16)) by taking R = R(v) > 0 such that
RY = Ca=' (v)~1 (Mg + Ey) for some sufficiently large constant C, we ensure
that f;,(v') < § for at least half of the points v € v+ (Bg N E(v)) and the measure
|Br N E(@)| ~ R (v)~!

We therefore obtain

/ (o) = fo() Ky(v,v)dv' < [ (o) = fo(v)) K (v, v") dv’
R4 v+(BRNE(v))
< <U>V+2S+1R7d72x

(/o) = fo(v)) dv’

v+(BRNE(v))
— 2s 2s
5 _a<v>y+2sR 25 —aH'd <v>y+2s+d

J4

2s
=—q't7 (v)*.
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Thus,

A;d O(f, fi) ) fr(w) dv < —a'+ 7 1Al + C/Rd (f *v 0") fp(v) fr(v) dv.
(5.2)

We then move on to estimate the term that involves Q(f, f;-). Following (2.12),
we write

1 2
[ et s ==3 ff., 166D = £ Ky ) dvd
e [0 ) 1£0)R d.
R4
Applying Lemma 2.10 to g = f, the first term above can be bounded as
JI | N 2K " dv'd
R XRd fr@) = fr)|" K g (v, v') dv'dv

AT / ()" | f()|? dv
wNir@zansn,p et

= 1412, = 1405, / @71 dv. (5.3)
" w o Hinei<aisip ok

with p and n as in Lemma 2.10 and k = % (—=y —d + 1). We also have

1 @I S [ R

/{|f;(v>|<cl 15l p )¢}

-1
<A WA,

observing that the exponent np + (p — Dk = %(1 +vy —d) £ £/2. Hence, we find
that

/Q(f, M frdv S =l fl2, +Cl ||fr||%+c/ (f #o 0l7) £2 dv.
n R4
5.4)

Combining (5.2) and (5.4), we have
2
/ o(f, f)frdv < —c ||fr||i£l7 —ca'ta ”fr”Lé +C ||fr||L,"’ ”fr”[‘}/2

+C/ (f 0 [0I7) £fr dv (5.5)
R4

We observe that | f[| , » ||f,||L[1/2 <c “f’”iﬁ +c! ||fr||ié g Moreover, from

the Cauchy-Schwarz inequality ||fr||L;/2 < ||fr||lL/12 ||fr||2/é2' Therefore || £, 1l
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||fr||L;/2 <c ||fr||i,, +CM, ||fr||L}£' Thus, the third term in (5.5) can be absorbed
by the first two provided that a is large enough. We finally simplify our estimate to

/ Of, N frdv S —cllfil12y — ca " T I £l + C/Rd (f o [0l”) £r dv.
0

The right hand side in the inequality provided by Lemma 5.1 contains two
negative terms and a positive one. To prove our main theorem, we must estimate
the postive term in terms of the negative terms. The next few lemmas provide some
upper bounds that will be useful to that effect.

For the next lemmas, recall that f = f;, 4+ f., where fp(v) = min(f(v), a)
and f,(v) = (f(v) — a),. Moreover,

/f(v)dngo, /|v|2f<v)dv§Eo. (5.6)
R4 R4

The next two lemmas are relatively standard. They are already proved in [21].
We include them here for completeness.

Lemma 5.2. Let f : R? — [0, 00) satisfy (5.6). Assume y € [0, 2]. Then, for any
v € R we have

/ f—=wlwl”dw < Eo+ (v)” Mo.

R4

Proof. The lemma follows by the following computation:

/ fw)lv—wl” dw < / S) (vl + [w]”) dw < Mo (v)Y + Eo < (v)” .
R4 R4

O

Lemma 5.3. Let f : R? — [0, 00) satisfy (5.6). Assume y € (—d, 0). Then, for
any v € R? we have

/ fo(w = w)w]? dw < My a7/,

R4

Proof. For any R > 0, we split the integral between w € Bg and the rest:

/ fo(v —w)|w|” dw = / fo(v —w)|w|” dw +/ fo(v — w)|w|” dw
R4 Bpr Rd\BR

= a/ lw|”dw + R || fpll 11
Bpg
< aRYTY + RV My

We finish the proof choosing R = (Mo /a)'/4. O
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Lemma 5.4. Let f : R — [0, 00) satisfy (5.6). Let y < 0 and let p and n be the
exponents of Lemma 2.10. Then, for any v € R?, we have

=2y /(d+2 1+2y/(d+2
/fr<v—w>|w|ydw<c(||fr|| S L R o £l

Here, C is a constant depending on the dimension d, s and y only, and m =
2yn/(d + 2s).

Note thatm < 0 ifn 2 0. Moreover, we always have m < 2s€/(d + 2s), where
=1y +2s+2s/disasin Lemma 5.1.

Proof. For any R € (0, 1), we split the integral between w € Bg and the rest.

f f,(v—w)|w|”dw=/ fr(v—w)lwlydw—i-/ fr(v —w)wl” dw
R4 Br Rd\BR

g ”fr”LP(BR(U))”|w|y||Lp’(BR) + Ry”fr”Ll
SOl RS 4 RY | frll

~

I fllp = )" frll s we take RY2HS = )" I frlipt /N frll e - Otherwise,
we take R = 1.
In the first case, we get

=2y /(d+2: 142y /(d+2
ffr W —w)wl” dw < | frll 7 TN i D 2

In the second case, we get

[ £ = wiwl dw S 1£1

In either case, we finish the proof. The inequalities indicated for m are immediately
verified from its formula provided that y +2s = 0, after noticing that —n < £/2.0

Lemma 5.5. Let f, : RY — [0,00). Let £ = y + 25 + 2s/d and n, p be the
exponents of Lemma 2.10. Then, for any q € R, we have

2d/(d+2 4s/(d+2
/n; R T A A Y

wherem:%(%(q—y)—d+l+q).
In particular, for g = £, we getm = (£ + 2)/2, for g = 2s5¢/(d + 2s), we get
m < (L4 1)/2, and for g = 0, we get m = % (—% + 1) <1/2

Proof. Applying Holder’s inequality, we observe that

ai/p %)
/ () f2dv < ( / <v>"Pf/’> ( / <v>’"fr> ,
Rd
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provided that &; = 0 and ap = 0 satisfy
o
— Foay= 17

a) +ap =2,
ain +opm =gq.

Given the choices 1/p = 1/2 —s/d andn = (y +2s — 2s/d) /2, there is only one
choice of o1, @y and m that makes the three identities above hold. They are

2

% T d+2s]
4s

oy = ,

2T A2

d+2
2s

1
m=§<(q—y—2s) s+y+2s+1).

O

Lemma 5.6. Let f, : RY — [0,00). Let £ = y + 25 + 2s/d and n, p be the
exponents of Lemma 2.10. Then, for any any arbitrary small ¢ > 0, there is a
(presumably large) constant C (&) so that

f W fFdv Sell 112, + CENLN L
Rd n ¢ 2
Proof. Following Lemma 5.5, we have
2d/(d+2 4s /(d+2s
/Rdw)(ff dv S IG5 A

where m = €/2 + 1.
Consequently, for any ¢ > 0, there exists a constant C so that

/Rd(wlfrz dv é 8||fr||i5 + C87d/<2s)||fr”i}n-

We use Cauchy-Schwarz inequality to estimate || f-|[,1 using || /| L

Il = / (V)" f; (v) dv
R4

12 12
<(fR d<v>‘ffr<v>dv> (/R d(vﬂ"’*ﬁ(v)dv) .

Recalling the formula for m above, we observe that 2m — ¢ = 2. Therefore, we
conclude

/R SO v S el fellfp + Cem Nl 1y
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Lemma 5.7. Given any ¢ > 0, there exists a (presumably large) constant C(¢g)
(depending also on My and Ey) so that

/Rd (f*1-17) S dv S el fll7p + C@a Y fr . (5.7)

Here, y_ = —y wheny < 0and y_ = 0 wheny = 0.

Proof. We divide the proof into two cases depending on whether y = 0 or y < 0.
If y 2 0, we apply Lemma 5.2 to get f * |- |7 < (v)?. Thus,

[ vy shavs [ o @+ s
Salfily + [ w7 e
Y Rd

We use that y < ¢ and Lemma 5.6, together with || f ||L% < My + E, to get that

= Ellfllig + @+ CENfrilLe,

and we finish the proof in the case y = 0.
When y < 0, we write f |- |" = fp*|-|Y + f x| -|”. We estimate the first
term using Lemma 5.3 and the second term using Lemma 5.4:

/d(f*|~|y)ffrdvsa‘”"f @+ f) frdv
R
—2y/(d+2 2y /(d+2
a2 P VA P

(/ <U>m (a+ 1) fr dv)
R4
AN (/R @+ ) 1 dv)

We use that m < 25€/(d + 2s), and Lemma 5.5 with g = 2s¢/(d +2s) and g = O:

— 2d /(d+2 4s /(d+2
S @A fol @ Y A
-2 d+2 142 d+2.
+all 1N i N frell

2d d+2 142y /(d+2 4s/(d+2
s e VA el VA i

(/+1)/2

2d /(d+2 4s/(d+2
Fall I+ I A5 A

=: (1) + (1) + (@ii) + @Gv) + (v) + (vi).
We must analyze each one of the six terms. The first one is clearly bounded by

the second term in (5.7). For (ii), we observe that both exponents are positive and
add up to two, therefore

_ 2d/(d+2 4s/(d+2 —y(d+2s)
i) = a A A S el frly + C@a 3L,
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Observe that 1/2 < 14 €/2, and X2 — .y /(25) — y/d < 1 — y/d using
that y +2s > 0.

< el felizp + Clea " f, ||§1+m < el filigp +C@a U fll I fll -

In the last inequality we used ||f,||i1 < ”f"”Li”fr”Lé’ which follows by
14+¢/2

Cauchy-Schwarz.
The analysis of (iii) is very similar to (ii). We use that m < 1 + £/2 and that
the exponents are positive numbers that add up to two. Therefore,

i) S A2, + CEaTE 1412
(i) = ell frll7p + C(e)a A o
.

Observe that (d +2s)/(d+2s+y)=1—y/(d+2s+y) <1 —y/d because
y +2s >0:

S el fellzp + C@a N fll gl frl e

We used Cauchy-Schwarz for the last inequality just like in the analysis of (ii).
To analyze (iv), note that 0 < (1 4 £)/2 < 2. Therefore

. 2(d— d+2 14+2(y+2s)/(d+2
(v) S A 357 f RO R

Ly (140)/2
2(d—y)/(d+2s) 2(y+2s)/(d+2s)
<1412 A1 1 follp-
n (1+6)/2 2

We use that || /|| L < My + Ey, the remaining exponents add up to two, and
1+4£6)/2<14+4£/2toget

@) el frllpy + COIFNL S elfrly +COSlLylfrly-

For (v), we observe that (v) < aMy|| f; || L Finally, the analysis for (vi) is very
similar (but simpler) to that of (iv).

Recalling that || f| L < My + Ep, we conclude that every term is bounded by
the right hand side of (5.7) provided that C(¢) and a are sufficiently large depending
ond,y,s, Myand Ey |

Remark 5.8. Reading the proof of Lemma 5.7, there seems to be a lot of room for
the computation of the exponents of (v) in the weights of the inequalities. This is not
surprising given that our L bound in Theorem 1.1 is not meant to capture the sharp
asymptotics as |v| — oc. Indeed, following [13], we expect f (¢, x, v) < a(t){v) ™4
for some exponent g > 0.

Lemma 5.9. Let a(t) = C (1 + t_%) as in Theorem 1.1, and m(t) be given by

the formula (4.9). Then m(t) is monotone decreasing with respect to t.
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Proof. We point out that m(¢) is almost everywhere equal to a cadlag function
according to Corollary 4.12. This is the representative that we seek to prove that it
is monotone decreasing.

From Lemma 4.11, we get that for almost every #| < 2,

me) —m@) 2 [[f S QUL ) = d @) dvdxar

Using Lemmas 5.1, 5.7, and the fact that —a’ < C~2/4g!+25/d then for C large
enough, we also have a(r) = C and

N — 2 1+42s/d } <
Njf(l],tz)xsz{ C”fr”Lff ca ”fr”LIIZ dxdr = 0.

O
Proof of Theorem 1.1. We intend to prove m(¢) = 0, which implies || f(¢)|| L, <
a(t) forall t > 0. '
Note that f € L?  Ny'” implies f (1) € L2, for a.e. t € Ry. Hence, for any
& > 0, there exists #p € (0, §) such that f () € L%’v. For any #; € (0, #p), denote
that

my, () = ﬂde (f(t,x,v) —a(t — )% dvdx.

my, (t) can be regarded as a shifted version of m(¢) which starts from #; instead of
0. Lemma 5.9 applies to m;, just as well, so we deduce that m;, (t) is monotone
decreasing for ¢ € (t1, 00).

Since lim;_, ¢ a(t) = oo, we have

lim my, (t9) = 0.
11—t

Hence, for any ¢ > 0, there exists #; € (0, #p) such that m;, (tp) < ¢.

Note that we may choose 0 < #; < fy to be regular points of f in the sense of
Lebesgue differentiation as a function f : (0, T) — L*(Q x R?). In that way, the
corresponding value of m(#1) and m(ty) is given literally by (4.9) without the need
of a modification of either f or m in sets of measure zero.

Based on the monotonicity of a(z) and my, (¢), we have my, (t) < my () <
my (ty) < ¢ for all t € (f, o0). Due to the arbitrariness of ¢ > 0, we have
my (t) = 0 for all ¢ € (¥, 00). Finally, due to the arbitrariness of § > 0, we have
m(t) =0 forall ¢ € (0, 00).

The fact that m(z) = 0 implies f (¢, x, v) < a(t) almost everywhere, which is
the result of Theorem 1.1. |
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