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THE BOLTZMANN EQUATION WITHOUT ANGULAR CUTOFF
IN THE WHOLE SPACE: I, AN ESSENTIAL COERCIVITY
ESTIMATE

R. ALEXANDRE, Y. MORIMOTO, S. UKAI, C.-J. XU, AND T. YANG

ABSTRACT. It is known that the singularity in the non-cutoff cross-section of
the Boltzmann equation leads to the gain of regularity and gain of weight in
the velocity variable. By defining and analyzing a non-isotropy norm which
precisely captures the dissipation in the linearized collision operator, we give
a new and precise coercivity estimate for the non-cutoff Boltzmann equation
for general physical cross sections.

1. INTRODUCTION

This is the first part of a series of papers related to the inhomogeneous Boltzmann
equation without angular cut-off, in the whole space and for general physical cross-
sections. This global project is a natural continuation of our previous study [ﬂ]
which was specialized to Maxwellian type cross sections.

The present part is concerned with an essential coercivity estimate of the lin-
earized collision operator, in the framework of general cross sections. As shown in
@] for the special Maxwellian case, this estimate plays an important role for the
related Cauchy problem.

Based on this and connected estimations, in the second and third papers, [ﬂ,
E], we will prove the global existence of classical non-negative solutions to the
Boltzmann equation without angular cutoff, together with convergence rates to the
equilibrium, for the soft and hard potentials respectively, so that we are able to
cover a general physical setting. Finally, in the fourth paper, [, we will prove the
full regularization property of the solution for any positive time. On the whole, our
series of works will establish a satisfactory theory on the well-posedness and full
regularity of classical solutions.

To simplify the exposition, we shall work in velocity space dimension 3, which
is the most important physical case, but our results hold true for any dimension
n > 2.

Consider

(1.1) fetv-Vof =Q(f, f).

As usual, f = f(t,z,v) is the density distribution function of particles with space
location € R? and velocity v € R? at time t. Here, the right hand side of
(IL1) is the Boltzmann bilinear collision operator, which is given in the classical
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o—representation by
Qo.1)= [, [ Blo—veo) s~ g.fhdodv..

Where fﬂi = f(t,fE,'U,/k),f/ = f(t,.’L',’U/),f* = f(t,.’L',’U*),f = f(t,(E,'U), and fOY o E S2a

;v v — v ;UFUe v —
-2 2 7 T T 2 7
give the relations between the post and pre collisional velocities. Recall that these
relations follow from the conservation of momentum and kinetic energy, that is,
v+ v, =0 + 0, and |v]2 + |vi |2 = V']? + |0l ]2
The kernel B(v — v, o) appearing in the collision operator is called the collision
cross-section and varies according to different physical settings.
For the monoatomic gas, the non-negative cross-section B(z,0) depends only
on |z| and the scalar product o7 In most cases, the kernel B(z,0) cannot be

expressed explicitly, but to capture its main properties, one may assume that it
takes the form
UV — Uy 7r

B(v — vy, co80) = ®(|v — vi|)b(cos ), cosb = mv, 0<6< 5
There are two classical and important physical models to be kept in mind. The
first one is the hard sphere model where each particle is viewed as an identical ball.
For this model, the cross-session is proportional to |v — v,| and has no singularity
in 6. Another model is the inverse power law potential model in which the force
between a pair of particles is proportional to VU(p) and U(p) is proportional to
p~ " with » > 1. Here, p is the distance between the two particles. In the later case,
the kinetic part in the cross-section behaves like

4
(1.2) S(lo—v.)=o—v., y=1--1,
T

and a singular factor in the collision angle arises, such that
(1.3) limg_,0 b(cos 0)0?T2 = K,

for some constant K > 0, and where 0 < s = % < 1.

For the model of inverse power law potential, the cases with 1 < r < 4, r = 4 and
r > 4 correspond to the so-called soft, Maxwellian molecule and hard potentials
respectively. Moreover, since the Boltzmann equation is well defined when r > 1
for this model, one has v > —3, 0 < s < 1, and

2
—l<y42s=1-2=1-2s<1.
T

Herein, we will be concerned with the precise coercivity estimate of the linearized
collisional operator, for cross-sections in this general setting.

That is, we only assume that the indices in the cross-section satisfy v > —3 and
0 < s < 1 in the kinetic and angular parts respectively. In particular, note that
this assumption includes the inverse power law potential as an example.

For later use, we will need to compare the original cross-session with the situation
when its kinetic part is mollified. That is, for the function ®(z) appearing in the
cross-section, we denote by <i>(z) its smoothed version defined by

(1.4) B(z) = (1422 =< 2>7.
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To show the dependence of the estimates on the mollified or non-mollified kinetic
factor in the cross-session, we will use the notations Q® and Q® to denote the
Boltzmann collisional operator when the kinetic part is ® and ® respectively. In
particular, @ = Q®. This upper-script will be also used for other operators as well.

As usual, and keeping the same notations as in [E], we consider the Boltzmann
equation around a normalized global Maxwellian distribution

v]2

p(v) = (2m)"2e
Since p is the global equilibrium state satisfying Q(p, ) = 0, by setting f =
K+ /g, we have

Qu+ng, p+irg) = Qu, Virg) + Q(Vig, n) + Q(Vig, Virg).
Define the following standard nonlinear operator
T(g, h) = u™*Q(Vi g, Vith).
Then the linearized Boltzmann collision operator takes the form
Lg=Lig+Lrg=-T(Vu,g)—T(g, Vi),

and the original equation (@) becomes the following equation on the perturba-
tion ¢

(1.5) gt +v-Veg+Lg=T(g,9), t>0.

This close to equilibrium framework is classical for the Boltzmann equation with
angular cutoff, but much less is known for the Boltzmann equation without angular
cutoff, though the spectrum of the linearized operator without angular cut-off was
analyzed a long time ago by Pao in [@]

However, since the late 1990s, the regularizing effect on the solution, produced
by the singularity of the cross-section, has become reachable by rigorous analysis.
Let us mention the systematic work on the entropy dissipation method initiated
by Alexandre [[f] and developed firstly by Lions [@], and then by many others,
cf , @, @] and references therein. Since then, various works have been done
on deriving the coercivity estimates in different settings and in different norms for
different purposes. In particular, this kind of coercivity estimates has displayed
some non-isotropic property in the very loose sense that, on one hand one gets a
gain of the regularity in Sobolev norm of fractional order; and on the other hand,
one also get a gain the moment to some fractional power in the velocity variable, cf.
B8, @ B B L [ 12, 4, iid, 17, [Ld, Bd, B and references therein. Furthermore,
these coercivity estimates have been proven to be very useful in getting the global
existence and gain of full regularity in all variables for the Boltzmann equation
without angular cutoff, as shown in our previous work [H] For details about the
recent progress in some of the directions mentionned previously, readers are referred
to the survey paper by Alexandre, [ﬂ]

Since the coercivity estimate plays an important role in the study on the angular
non-cutoff Boltzmann equation, the precise statement of this estimate in terms of
the indices in the cross-section, that is, v and s, has been pursued by many people.
The main purpose of this paper is to present a precise estimate that gives the
essential properties of this singular behavior. This main result will be stated in
the next theorem. Let us note that this result is proved in a general setting and
it improves on previous results, such as those obtained in [H, E, E, E, @] And
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this estimate will be used in our papers [ﬂ, E, E] on the global existence and full
regularity of the Boltzmann equation without angular cutoff in the general setting.

To derive the desired coercivity estimate, we generalize the non-isotropic norm
introduced in [ﬂ] The introduction of this norm was motivated by the study on
the Landau equation which can be viewed as the grazing limit of the Boltzmann
equation. It is known that for the Landau equation, see for example [B], that
the essential norm in order to capture the dissipation of the linearized Landau
operator can be defined just as the Dirichlet form of the linearized operator. By
doing so, a norm can be well defined without loss of any dissipative information
in the operator and this can be done directly for the Landau equation mainly
because the corresponding Landau operator is a differential operator. However, for
the Boltzmann equation without angular cutoff, the collision operator is a singular
integral operator so that a direct analog is not obvious or feasible. In order to
extract the essential property in the linearized collision operator, in [ﬂ], a non-
isotropic norm was introduced. Therefore, in the first part of this paper, we will
show that this non-isotropic norm is in fact equivalent to the Dirichlet form of the
linearized collision operator. Then by analyzing the properties of the non-isotropic
norm, we obtain the precise coercivity estimate of the linearized collision operator.

The application of the non-isotropic norm and the coercivity estimate for the
global well-posedness theory and the full regularity for the solution to the Cauchy
problem will be given in our papers [ﬂ, E, E] At this point, let us mention the
different approach undertaken by Gressman and Strain [@, E] for the global well-
posedness issue.

To state our main theorem, we recall that the linearized operator £ has the
following null space, which is spanned by the set of collision invariants:

(1.6) N = Span { /i, viv/R, vav/it, v/, o>V},

that is, (,cg, g) poguy = 0 i and only i g € V.
Herein, (.,.)z2 = (-;-)z2(r3) denotes the usual scalar product of functions in
L? = L*(R?).

We shall use the standard weighted Sobolev space defined, for k,[ € R, as

Hf = Hf(R)) = {f € S'(R]); W'f € H*R))}
where H* = H*(R?) is the usual Sobolev space, and W(v) =< v >'= (1 + |[v|*)/?
is the weight function. In particular, in the case £k = 0, we also use the notation
12 = HO.

Theorem 1.1. Assume that the cross-section satisfies (1.4), (L.J) with 0 < s < 1
and v > —3. Then there exist two generic constants Cy,Cs > 0 such that

2 2
17) o {Ia- Pyl +1a-Plz )
2
< (Lg.9),, < Callol:,_, -

where P is the L?-orthogonal projection onto the null space N .

This essential coercivity estimate of the linearized collisional operator will enable
us in [ﬂ, E] to prove the global existence of classical solutions to the Boltzmann
equation. For this purpose, the analysis on the nonlinear operator is necessary.
By using this essential coercivity estimate and the analytic techniques used in the
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proofs below, we will also give a clear upper bound estimate on the nonlinear
operator when v > —3/2 which is stated in the next section, the remaining values
of 7 being given in [ff].

The rest of the paper is arranged as follows. In the next section, we extend
the definition of the non-isotropic norm introduced in [E] and then state the main
estimates in this paper. The proof of the upper and lower bound estimates of
the non-isotropic norm will be given in Section 3. In Section 4, we will prove the
equivalence of the Dirichlet form of the linearized collison operator and the square of
the non-isotropic norm. The equivalence of the non-isotropic norms with different
kinetic factors and different weights will be shown in Section 5. Finally, in the last
section, we will prove an upper bound estimate on the nonlinear collision operator
which is useful for the well-posedness theory for the Boltzmann equation.

Notations: Herein, letters f, g stand for various smooth functions, while C, c...
stand for various numerical constants, independent from functions f, g.., and which
may vary from line to line. Notation A < B means that there exists a constant C
such that A < CB, and similarly for A 2 B. While A ~ B means that there exist
two generic constants C7, Co > 0 such that

C1A < B < (ChA.
2. NON-ISOTROPIC NORM AND MAIN ESTIMATES

First of all, let us recall that

(Eg, g)LZ = *(F(\/ﬁ,g) +T(g, vie), g)p > 0.

It is known that £ is a non-isotropic operator, so, extending [ﬂ], we define a non-
isotropic norm associated with the cross-section ®(|v —v*|)b(cos #) by the following
formula

(2.1) gl = [ [ ®e =" Diteosoy. (o' - 9)?
+ [[[ a0 = vpeosorg (Vi - v )?

=J1+ Jo,

where the integration is over R3 x R3 x S2. Note that it is a norm with respect
to the velocity variable v € R® only. As we will see later, the reason that this
norm is called non-isotropic is due to the fact that it combines both differentiation
and weight to some orders due to the singularity of cross-section b(cos#). In fact,
compared to the previous works on the Landau case [E]7 this non-isotropic norm is
much more involved because we bascially deal with a singular integral operator that
behaves like a fractional order differential operator, though with different weight
factors according to the direction of the frequency variable, a fact which is clearly
well understood for the Landau case.

The following proposition gives the equivalence between the non-isotropic norm
and the Dirichlet form of L :

Proposition 2.1. Assume that the cross-section satisfies ([1.3), (L) with 0 < s <
1 and v > —3. Then there exist two generic constants Cy,Co > 0 such that

(2.2) CilllT=Pyglll* < (£9.9) , <2(L1g.9) , < Calllgll®
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Concerning the lower and upper bounds of the non-isotropic norm we have

Proposition 2.2. Assume that the cross-section satisfies (1.3), (L) with 0 < s <
1 and v > —3. Then there exist two generic constants Cy,Cs > 0 such that

2. { e 2 }< 2 < 2
(2.3) Crllgls , +llallzz, |y < glll” < Callgllas,

Our main result, that is, Theorem EI, is then a direct consequence of the above
two propositions.

In the following, we will use the lower script ® on the non-isotropic norm, and
so use the notation |||g|||s if we need to specify its dependence on the kinetic factor
®. Notations Ji*, J§ will be also used for the same purpose.

Part of the proof on the lower bound of the non-isotropic norm given in Propo-
sition @ is essentially due to the following equivalence relations between the non-
isotropic norms with ® and ® = (v —wv,)7.

/2

Proposition 2.3. Assume that the cross-section satisfies [1.3), (L) with 0 < s <
1 and v > —3. Then we have

(2.4) llgllle ~ Illgllls -

Concerning the dependence on the index v in ®., = |v — v,|?, we have

Proposition 2.4. Assume that the cross-section satisfies ([.3), (L) with 0 < s <
1 and v > —3. Then for any B > —3, we have

(2.5) gllle, ~ )= g]ll, .

To end this section, we give the following upper bound estimate on the non-linear
term I'(-,-) defined in (L), which holds only for the restricted value v > —3/2.
The upper bound estimate for the general index v > —3 will be given in our paper
[ﬂ]7 since it is more involved.

Proposition 2.5. Assume that the cross-section satisfies (.2), (L) with 0 < s <
1 and v > —3/2. Then

(vr90.m)| S {112, Mlgllle, +lglzz 11 lle,
+min (1 fllz2lglzz, s Ifllzz, llglzz) HlllElla,

3. BOUNDS ON THE NON-ISOTROPIC NORM

This section is devoted to the proof of Proposition E Throughout this paper,
we will often use the following elementary estimate stated in velocity dimension n,
since it will be needed for both cases n = 2 and n = 3.

Lemma 3.1. Let the velocity dimension ben, n € N, p > 0,6 € R and let p1, 5(u) =
<u>5e_p‘“|2 forueR™. If a > —n and 5 € R, then we have

(3.1) Inp(u) = /R w|* (w)? 11 5 (w + w)dw ~ (u)* 7.

Proof. Since we have

(u>ﬂ<u+w>—lﬂ\ < (w)? < (u>5(u+w)‘5|,
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it suffices to show @) with 8 = 0, by taking j1, 5+ || instead of y, s. Taking into
account the fact that o > —n, this estimate is obvious when |u| < 1. If |u] > 1,
then we have

luofu) 2 47710)" b+ w)dw 2 (1),
{|lut+w|<1/2}

because |u + w| < 1/2 implies that 471 (u) < |w| < 4(u). Noticing that 2|w| > (w)
if |w| > 1, we have

Ino(u) < ( max fip,5(u + w)) / |w|®dw + 9le / <w>aup15(u + w)dw
lw|<1 {Jw|<1} {Jw|>1}

S ((westra <u>a/

And this completes the proof of the lemma.

(u+w)* pps(u+ w)dw) < (u)® .

n

O

Recall from () that the non-isotropic norm contains two parts, denoted by
J1 and Js respectively. The estimation on each part will be given in the following
subsections. We start with the estimation on .Jo because the analysis is easier.

Jo-estimate. Let us start with the following upper bound on Js.

Lemma 3.2. Under the same assumptions as in Theorem [1.1, we have

Jai= [[[[beoso)e(lo ~ 0.2 (ViT = Vi dvdv.do S gl
s+

Proof. Note that

2
Jo <2 /// b®(|v — vi|)g2 (,u’l/4 — u1/4) (;/1/2 + ul/Q)dvdv*do

2
5///b|’l)/ 71}*”93(/1/1/4 7#1/4) M/1/2d’0d’0*d0'
2
+///b|v fv*|7gf(;/1/4 —u1/4) w2 dvdv,do

=F + F5.

2

By the regular change of variables v — v’, we have

F < // [v' — v*|7(/b(cos 0) min <|v/ — 0, %62, 1)d0)gfu'1/2dv'dv*

s [([w-wrepa)ga. Sl .
s+v/2

where we have used Lemma @ in the case n = 3 to get the last inequality. A direct
estimation show thats the same bound holds true for F». And this completes the
proof of the lemma. O

Remark 3.3. Note that the above lemma holds even if ® is replaced by P by using
Lemma @

We now turn to the lower bound for Js.
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Lemma 3.4. Under the assumptions (L2 and (L3), with v > —3, there exists a
constant C' > 0 such that

JE:::jO(/i(cos@)@(h)A—U*Dgf(vﬁy-AfVGI)dedv*dO'Z Cllgll72

Proof. We will apply the argument used in @] By shifting to the w-representation,

+v/2

V=v—((v—v) ww v, =v+ ((t—v.) ww ,weS?

in view of the change of variables (v,v.) = (v, v), we get,

Jé::Aij(/)[b(cosﬁ)shm9/2)®(h)A—U*DgQ(\/ﬁZ — Vi ) dvdv.dw,

because do = 4sin(f/2)dw. Then, we use the Carleman representation. The idea of
this representation is to replace the set of variables (v, v.,w) by the set (v,v’,v).
Here, v,v" € R? and v/, € E,,/, where E,, is the hyperplane passing through v and
orthogonal to v — v'. By using the formula

/ /
dv,de — 22
v — |2
cf. page 347 of [@], and by taking the change of variables

(Ua Ula ’U;) — (Ua v+ ha v+ y)a

with h € R3 and y € Ej, where Ej is the hyperplane orthogonal to h passing
through the origin in R3, we have

|y|1+25+'y ( )2
w2 Jrg Jyemanguizmy 1P
dhdy

x (Vi +y) —vVulw+y+h) ) do e

because

0 0
[h] = v —v] = |vl, —v|tan— |y|tan§ 0elo,7/2],
/|1+25+’y

|ve — v 1
7|i+2s {lvf—v[>|v—vl} -

b(cos0) sin(0/2)P(Jv — vy]) ~ lv— v

We decompose v = v + v, where vs is the orthogonal projection of v on Ey.
Since p is invariant by rotation, we may assume v = (0,0, |v|) without loss of
generality. By introducing the polar coordinates

h = (psind cos ¢, psinIsin @, pcos?) , ¥ € [0, 7], ¢ € [0,27],p > 0,

we obtain |vi| = |v|| cos¥|, |v1 + h| = | |v| cos ¥ + p| and |vs| = |v|sind. Note that
it 0 < <7/2, then

(Vulo+y) —Vuloty+h) )" = plos +y) (Vi) — Valor +h) )
> vz + y)p(vr) (1 — e /) /(2m)P/2,
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Therefore, we have for any § > 0

) (Vo) —/ulor + 1))’
Jy > C Rgg(v) {/}Ri

|h[3+2s

x ( / [y 24 (w3 + y)dy ) dh b
yEERN{|y[>|h[}
/2 5 (1 o 67,32/4)2
>C g(v)? / 1w(v1) / -~ 7
R3 (®) { 7/2-1/(v) ( 0 pltas
([ 1l + iy
yeEE),

/E oient |1+25+7u(vg+y)dy)dp> sinﬂdﬂ}dv
yeELRNY|<p

Since we have
/ M2 pva + y)dy < 525/ " p(vg +y)dy, ifp <4,
eELN{|y|<p} yeE
and it follows from Lemma in the case n = 2, that
A dy ~ (v2)? if B> —2
Y7 u(ve + y)dy ~ (v2)” if B> =2,
SN
there exist two constants C7,Cy > 0 such that if p < §, we have

/ [ (g + y)dy — / "2 va + y)dy
yEE), eEnN{|y|<p}
Z Cl <’U2>1+25+7 — 02(528 <’U2>1+7 .

Taking a sufficiently small § > 0 gives

/2

nze [ gr{ [ aw)
R3 m/2—1/(v)
5 (1 o—r*/4)?
X (/0 (;%dp <’U2>1+25+751D19d19}d1}

/2 s s
> 05/ <,U>25+’Yg(v>2{/ e*|v\ cos 19<’U>d19}d’0
R3 m/2—1/(v)

> Csllglles o

The proof of the lemma is now completed. O

Remark 3.5. In the above proof, the factor |y|7 can be replaced by (y)”, so that
Lemma is valid even if ® is replaced by ® = (v — v.)”. By the above lemma
together with Lemma and the Remark after it, we can conclude

@ 2 ®
(3.2) Jy ~ H9||L§+W2 ~Jy
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Ji-estimate. We now turn to the estimation of the first term of the non-isotropic
norm, that is, J;. We will firstly show that the singular behavior of the cross-section
when v = v* can be smoothed out. This point is given by the following proposition.

Proposition 3.6. Under the same assumtion as in Theorem @, we have
P 2 P 2
(33) Tt lgle o~ TR+ lglRs
Remark 3.7. This proposition is nothing but Proposition @ by Remark @

Proof. By using similar arguments as in the proof of Lemma @, it follows from
the Carleman representation that

|y[' 2t 5 dhdy
/]RS /]Rd /yeEm{y>h|} [h[1+2s M(v)(g(wry) —9(v+y+h)) dv E
y[ T2 dhdy
h) ) dv
/]RS /]RS /yeEhm{y>h|} |h|1+25 M(ery)(g(v) (U+ )) |h|2 )

where the last equality is a direct consequence of the change of variables (v+y,y) —

(U, 7y)
Similarly, we have

|y|1+25< )7 2 dhdy
Je / / / v+y)glv+h) —gv) ) dv .
! r3 JRZ JyeEun{ly|>|hl} BB a o ) ®)) |h[?

We claim that

1+2s+
4 /RS /RS /yeEhm{y<h|} |y||h|1+2: (v+y)(glv+h) —g(v) )QdUCTZTZQy
Slolze, s
1425
Y /]R /]R /yeEm{y<h|} |y||h|1+<25> o+ u)(glw+h) —g) )de%
Slolze, -

Note carefully that the integration in these estimates is performed for ”large” values
of h.

Once we admit those estimates, to conclude the proof of the lemma, it suffices
to show that

G(v,h) = / [y (v + y)dy ~ / ly[" T2 (y) (v + y)dy = G(v, h).
yeE), Y

EE
We decompose v = v1 + v2, where vy is the orthogonal projection of v on Ej,. Then
we have p(v+y) = p(vi)pu(ve +y), whence it follows from Lemma B.1f together with
1425+~ > -2 that

G(v, h) ~ p(v)(v) T3 ~ G(u, h) .
It remains to show (B.4) and (B.). We write

ly[ 2oty 2 dhdy
s Ko+ y) (9w +h) —g(v) ) dv—7F"
/R3 /]R3 /yeEhﬁ{y<h|} ||t2s ( ) |h|?

:/ / / +/ / / = A + As.
R3 J{|n|<1} Jye Epn{|y|<|h[} R3 J{|h|>1} Jye Enn{ly|<|h|}
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Take a small § > 0 such that v—¢§ > —3. Then, in view of 1+~ — 4 > —2, we have
ly[' 70 2 . dhdy
A < /]RS /{|h<1} /EE L= u(v+y>(g(v+h) *Q(U)) dv e
yeEs,
dh

= V1 479 (1g v —g(v 240 v
_/Rzu( )/{|hs1} /yEEh v H +y)dy)(g( th —gt)) =

14+~v—9 v —aglv Qﬂ 0]
< / o) (v2) /{ o (o) o))

dh
v h) + u(v ) I+vy=d —dv
/W /{lm} V= )+ o)) 4 o)

where we have used the change of variables v + h — v for the factor g(v + h).
As in the proof of Lemma B.4, by assuming v = (0,0, |v]), we introduce the polar
coordinates

h = (psind cos ¢, psinIsin ¢, pcosd) ,J € [0, 7], ¢ € [0,27],p > 0.

Since |v1] = |v||cos¥|, |vy — h| = ||v|cos? — p| and |va| = |v|sind, by using the
change of varible |v| cos ¥ = r, we obtain

2 (11

4, < L
5 [ ool [

[v] 2 _ 2214+~ —=0)/2 2 2
o </ (1+ v |7’|) (ef|rfp\ /2 4 oo /2)d7’> dpdv .

= vl v
Similarly, if 1 +2s —§ > 1, then we have
|1+’y+25 é dhdy
Ay < / / / s K+ y)(g(v+h) —g(v) ) dv

R J{|n>1} JyeE, |h|1+2‘S 0 ( ) |h|?

S/R%\g(v)! /1 m

o] 2 _ p2\(14+y+25-0)/2
. (/ (14 |v|2 = r2)+ M (e—lr—p2/2+6_T2/2)dr> dpdv .

—|v| |v]

Ifl+~v+2s—6>0, then

[v] 2 _ .2\(14+~y+2s-9)/2
K(’U,p) — / (1 + |U| r )( ! )/ (e—‘T—plz/Q + e_T2/2)dr

|v]

=l

< <v>(v+2s—5)/2/
—|v|

o]
(ef|rfp\2/2 4 efr2/2)dr < ()72,

which shows

(3.6) / )|’ / [izspédpdvg/<v>7+2ﬂg(v)\2dv.
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On the other hand, if 1 +v+2s— ¢ <0 and |v| > 3, then

[v] (|U|2 _ T2)(1+'y+2576)/2

KwMS/

0 |v]

[v] s—
< |,U|(—1+'y+2s—5)/2/ (|U| _ 7“) (14+v+25-6)/2 (6_‘T_p|2/2 n 3e_T2/2)dr
0

|v] (14~+25-3)/2 2
(|v| — T) 3e~Ir=rl 2qp,

(67”7”'2/2 + 3€7T2/2)d7’

< 4 |v|(*1+7+25*5)/2/
lvl/2

because

[v] s— vl /2
/ (|U| B r) (14+y+2 6)/26—|T‘2/2dr < |v|(1+7+23_‘5)/2/ —Ir?/2g,
0 0

[v] (14+v+25—5)/2
+e_‘vl2/8/ (|v| —7’) dr,
lv]/2

where we have used that (1 + v+ 2s—9)/2 > —1 for small § > 0 that follows from
the assumption v > —3. We now consider

o0 d v (14+~v+2s5—46)/2 2

[t [ (o) ot

1 pTEE o] /2
vl (14v+25—6)/2

<[ (wl-r) (/ (1ol/3) 02D dp) dr
lv]/2 {lr—p|</210g [v]}

[v] (1+y+25-8)/2 |v|~tdp

+/ (|U| N r) (/ 1+2575)dr
lvl/2 {|r—p|>+/21l0g|v|} P

< (|U|(1+'y+2576)/2 /3logo] + |U|(1+7+2575)/2) < ()22

~

Therefore, in the case when 1+ v+ 2s — 6 < 0, we also have (@) Similarly, we
have

oL

' K(v, s
s [ sl [ L g5 [+ g o,
R3 0

which shows (B4). The proof of (B.9) is similar, and thus the proof of the proposi-
tion is completed.

O

Lemma 3.8. There exist constants C1,Coy > 0 such that
2
(3.7) T2 Cill)gllip: — Callgllza_ -

The same conclusion holds even if p replaced by u? for any fized p > 0.
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Proof. Tt follows from Proposition @ that

C(IF+llgls, ) =20F

(3.8) > /// b(cos 0) <Uu>*\v| ((v’>7/2g’ - (v)V/Qg)Qdevdv*
_ 2/// b(cos 0) <v/:;7| (<U>’7/2 _ <U'>7/2)2|g|2dodvdv*
= Ay + As,
()"

because D([v — v,]) ~ (V' — v,)? > and 2(a + b)? > a® — 2b%. Setting

>h|

—~

U

g (v >7/Qg and noting Cypu(v)(v)~ > w(2v) for a C, > 0, as in Proposition 1 of
, we have

CyAL > /]R6 /S2 b(|Z:Z:| : J)M(QU*)(g(v) —g(v/))Qdev*dv
=an= [ ] o( - o) {0 F + a0l
— 2Re ™ /2)§ ( )9() fdodg

_247r /' |2{/ Gl U)(ﬂ(())lﬂ(&/?)I)do}dE-

Since we have i(0) — |(€7/2)] = (1 — e 1€ */8) > /|~ 2 if [¢7| < 1, in view of
|€7 |2 = |€]?sin? 0/2 > [£]?(0/7)?, we obtain for [¢] > 1

i'O'A —|a(&)|)do sin 6b(cos 20/m)?
/Szb(m ) (@(0) = 7€) )do > /KWM b(cos 0)¢[2(0/m)d6

1/1¢l
Z C”K|§|2/ 9—1—2392d9
0

= "KI¢P?[€[*72/(2 — 23).

Therefore, we have

39 A >0 /|§|>1 €2 1g(¢)|2de > Cr272* / (14 [€%)*19(&)|7de

§l=1
> Cr27 (o) ll3res) — Crll @) 91 2as) -
As for Ag, we note that if v, =o' + 7(v — ') for 7 € [0, 1], then
(V) < (v —wa) + (0) < V2{0r —va) + (0.) < 1+ V2)(vr)(va),

and (v;) < (14 v2)(®)(v,), which show (v,;)" < Caw)? ()Pl for any B € R. Tt
follows that

1
()"? — <v’>v/2\ <, / (W + 710 —0) O Vdrjv — 0,0
0

<0 () D)) (o — v,



14 R. ALEXANDRE, Y. MORIMOTO, S. UKAI, C.-J. XU, AND T. YANG

and thus we have
v [ o { (02 ) ([ 0 (10 o) )
+ /<:_/12,*>1 ((U>7 + (UW(UQM) 9_1_28d9}dvdv*

< C// (<v>2s+’y<,U*>25+maX("Y*2‘*"Y|7O))M*|g|2dvdv* < CHg||2L§+_Y ,

/2

which together with (B.9) yields the desired estimate (B.7). The last estimate of
the lemma is obvious by replacing p by p” in each step of the above arguments, so
that the proof of the lemma is completed. O

Lemma B.4 together with Lemma B.§ imply that we have the following lower
bound on the non-isotropic norm,

(3.10) glll? 2 (llgl:

2
gl ).

Therefore, to complete the proof of Proposition @, it remains to show
Lemma 3.9. Let v > —3. Then we have

IS ol + ol

+v/2 '
The same conclusion holds even if p in Jy is replaced by p? for any fixed p > 0.

Proof. As for Lemma @, it follows from Proposition @ that, for suitable constants
Cy,Cy > 0, we have

Cl=]{1>*02||9|\%§+ <JP

v/2

(3.11) < 2/// b(cos O) . (v.)7! (< N <v)”/29)2dadudv*
+ 2///b(cos O (v2) ()7 — )72 g dordua,

:Bl+BQa

because ®(|v — v, |) ~ (' —0,)7 < (V') (v )M and (a +b)? < 2(a® + b?).
By the same argument for As in the proof of Lemma @ we get Ba < gl 22

sty/2

To estimate Bj, we apply Theorem 2.1 of [E] about the upper bound on the
collision operator in the Maxwellian molecule case. It follows from (2.1.9) of [f]
with (m,a) = (—s,—s) that

(@™ (.C).C)| < 1Pl ICIE

Since 2a(b — a) = —(b — a)? + (a® — b?), we get

(Q%(F,G),G) ///bFG Q)
—5///bF*(G’—G)2+%//F*(G’2—G2
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and therefore
}///bF*( ‘<2}(Q%FG +‘// (@* - }
SIFI s Gl + IE N 1G1Ze

where we have used the cancellation lemma from [ﬂ] for the second term. Choosing
F = p(w)" and G = ()%, it follows that B; < Hg||%15+ e completing the proof
of the lemma. g

4. EQUIVALENCE TO THE LINEARIZED OPERATOR

We will now show that the Dirichlet form of the linearized collision operator
is equivalent to the square of the non-isotropic norm, and therefore, the proof of
Proposition @ will be given. Let us note that for the bilinear operator I'( -, -), for
suitable functions f, g, one has

(rr o0 n),, = [[[veostrpio - v v (g - £a)n
= [[[ steostrato ~ Vit (1.9 - sia)i

and by adding these two lines, it follows that

(4. )((f, ; /// (cos 0)P |v7v|)(f g)<\/u_*hf\/u_;h’).

The following lemma shows that £; dominates L.

Lemma 4.1. Under the conditions ([.9),(I.3) on the cross-section with 0 < s < 1
and v € R, we have

(4.2) (Elg, ) 2(59, ) g

Proof. By standard changes of variables, the following computations hold true

(ﬁlg, g) = —(F(\/ﬁ,g), g)LZ
1 2

= 5///B(|v—v*|,0059 ( )2y — )1/29) dv.dodv
1 2

= —///B(|v—v*|,cos€ ( R — )1/29*) dv.dodv
2
1

= Z///B(|v—v*|,cos€)

L (072 = e 29)" + (020 0 20.) "}
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and

/N

Eg,g)Lz ( (Vi 9) +F(9,\//7),9)L2(R3)

= [[] B (020 = 6072’ + 0. = 4260 )

///B(“* )29 = ()29 + gl(w) '~ 1/2) /2
)
) )

:///B( YW2g, — (W) 20 + g(pe) /2 — g/ (u)V/?
/// N2g0 — (1) %gs + g ()2 = g(pe)/?
/// V2= ()29 ) + ()29, — ()29 )} |

Therefore, ([.J) follows from (a+ 3)? < 2(a?+ 2) and the proof is completed. [

Now for the term Lo, we have

Lemma 4.2. One has

(2201,

Proof. 1t follows from ([L.1)) that

(0.0, [ B0 (S
= (gaﬁz( ))Lz’

that is, Lo is symmetric. Hence it suffices to show the lemma in the case when
g = h. Putting G = ,/ng, we have

—L2g9 =p"'?Q(G, p)

1/2// b(cos 0)® |’U—’U*|)G/(/ ,u)dv*do

+\F// (cos)@(Jv — .]) (G — G. ) dvdo
“L(0) + I (v

3 3
Vgl g2 | R e

Thanks to the cancellation lemma, we have I>(v) = \/p(v) (S * G)(v) with S(v) ~

|v|7, whence we have

(4.3) ‘(12,

</ / o — w7 ViV 9llg.|dodo.

// v — v. |7 u1/4u1/4g + (11 g.) }dvdv*

S ) i gliRe S N Pgli2e

by means of Lemma @

Writing
W= =N (Vi =)+ V(i = Vi)
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and using \/,u’—,ufk = \/I41+ , we have
= //b(cos@)¢(|v—v*| (\/,u_* + ) (\/7 \/_)dv*da

Hence

Il, /// b(cos 0)P(|v — vy]) (\/,u_* \/u_*) (\/E— \/ﬁ)gdvdv*da
+ 2/// b(cosO)@(|v — v. )G (VI — V1" ) g'dvdv.do

=A; + Ag,

where we have used the change of variables (v,v.) — (v/,v}) for the second term.
We can write

Av= [ [ eosopito =) (= i) (0= 1) gl
><( 1/4 +M;1/4) (u’1/4+ul/4)dodvdv*.
Since we have
L * < ([0l =o' + ['])? < (V2[o. — '+ [V])?
< (V20| + (V2+ D) < 4fon]® + 2(V2 + 1)),

and in the same way, |v|> < 4[v/|? 4+ 2(v/2 4 1)2|v.|?, we get, by adding the two
corresponding inequalities, that pu, ' < (u;,u)l/(lo""l\/i). Moreover, we have u, u' =
ot < (1,2)V5 because [v,]2 < (o, — o]+ [0])? < (Jou — o] + [0])” < 2Joul? + Blo]”.
Noticing that

’(u*l/ u11/4) (u'm - ul/“)’ < o —vl?6%,

we get

(4_4) |A1| </ |U v |’Y+2 {/ 91—2sd9}( )1/80 'gdvdv

S [[ o= il g gdvact, S 11 g2

by an argument similar to the analysis of I;.
For As, we use the regular change of variable v — v/, and denote its inverse
transformation by v' — 1, (v") = v. Then

aa=2 [[ Vg [ o(EER= Yoo - vl
< (Vi) = v/t )| 255D o gt

It follows from the Taylor expansion that
Vi (@) = Vi) = (VVE) @) - (¢ale)) =)
+ /01(1 —7) (v%/ﬁ) (v 4+ (o (v) —2")) (%(U,) B 'UI)QdT.
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Note that the integral with respect to o corresponding to the first order term
vanishes, by means of the symmetry on S?. Putting v, = v’ + 7(,(v') — '), we
have [o/[2 < (jo! — 0] + [0)? < ([0} = 0] + [0.)? < 2oL |2 + 8Ju |2, so that

Vi) (V2 V) 0 + (0o () = )| S () pe' )2

Since [ty (V') — V| < Jv" — 4|6, we have

/2
el 5 [ {/ o } o = 0. 2 1) 12g. ot
0

3
5/ [ — v (e )9 |g'|dvsdv” < (|10 g3 .

Together with (f.3) and ([.4), this yields the desired estimate and completes the
proof of the lemma. O

gl = [ [ bleost)o — v (s - 9)?

(45) + [[[ veostreqo - vz (Vi - v )?

=J1+ J2,

Recalling

let us first note the following inequality between (Elg, g) 0 corresponding to the
L

first term of the linear operator, and the non-isotropic norm.

Proposition 4.3. Let v > —3. There exists a constant C' > 0 such that

4. 2> 2 22
(4.6) lglli? > (£19. 9) , > s llall = Cllgl3a

Proof. The equalities

2(£19, g) , = —2(1“(%/7, 9); g)L2

(4.7) /// D2 — () Q)dedv*do
/// OMY2(g = g) + g((ul)? — (N*)l/Q)dedv*da,

together with the inequality

a2 — p?

l\D|>—‘

2(a®> 4+ b*) > (a+b)* >

yields
1 1 1 3

4. 2> ( ) —J ==y > = 2_ZJ.
(1) gl = (£1g.0) > 2= b= Ygliz - 2
It follows from the equality (a + b)? = a® + b* + 2ab that
4.9 2(L1g.9) , == Clgll3: .
(4.9) 9.9) =5~ Clls

which yields the desired estimate ([L.f]) together with (..
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Indeed, note that

2<£1g, g) 2
/// Y29 = g) + g((u)? — (H*)l/Q))dedv*do

7J1+J2+2/// (¢ —9)g )1/2<(M;)1/2f(u*)l/Q)dvdv*do.

Using the identity 2(8 — a)a = 82 — a? — (8 — a)?, we have

209~ 9)g(u) " (1)"/? = (1))

:%(912 -9* = (9 - 9)2) (ui — s+ ((Mi)l/Q _ (M*)1/2)2)

= —% (g’ — 9)2((u*)1/2

1 ! 2 i
+§(g fg) (ke — 1) +
=h+L+I3+ 1.

Using the change of variables (v/,v),) — (v, v.), we see that

’///Blzdvdv*do —‘///Bu* 9 —9g%) dvdv*da‘ < C||9HL2 )

by means of the cancellation lemma. Furthermore,

1 2
// B ILdvdv,do = — = // B + 1) g’ - g) dvdv,do
2
/// 1/2 1/2 (g ) dvdv,do > —Jq ,

19

where we have used the change of variables (v/,v/,) — (v,v,). Thus, we obtain ([£9)
because the integrals corresponding to the last two terms I3 and I vanish, ending

the proof of the proposition.

End of the proof of Proposition R.1} Tt follows from ([.g) and (.3) that

(4.10) gll[* > (ﬁlga g)Lz 2 %(ﬁg’ 9)L2‘

O

On the other hand, note that ([,g, g) = (L(I —P)g, (I P)g) ., from the

very definition of the projection operator P.
Thus, from Proposition E and Lemma @, we get

(£9.9) , = (£:@=P)g. @=P)g) _+ (L21-P)g. (1-P)g)

> ST P)gllP — (T~ Pyl

L2

— 10
Since it is known from E] that we have

(£9.9),, = Cla-Pygli3: .

we get on the whole

(4.11) - Pygll? < (cg. g) |
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5. NON-ISOTROPIC NORMS WITH DIFFERENT KINETIC FACTORS

This section is devoted to the proof of Proposition @ That is, we will show
some equivalence relations between the non-isotropic norms with different kinetic
factors and different weights.

For the proof, we introduce some further notations. Let p > 0, p,(v) = p(v)?,
and set

T30 = [[ [ 800 = v DbtcosOm,. (4~ g)dvdvdo.

We simply write J;I) "(g) if p =1, and also introduce the notation J;I? » (g) similarly
with p replaced by .
Then it follows from (B-2)) and the change of variables v — v/,/p that

P
(51 Jap(9) ~llgllze

By the last assertions of Lemmas @ and E, there exist constants C', Cy > 0 such
that

(=82 12 L 1%a 0\ (v=B)/2
=IO gl ()00 ).

2 @, 2 2
(5:2) Cullgls,, < Tip(9) +lallis, | < Collglie, -

2

Furthermore, it follows from (B.§), (B.1]) and the proofs of Lemmas B.§ and B.g
that

T8 (0)%9) S I (9) S TP p((0)%g), modulo |lgl7s

/2

because we have Cy g < u(v}ihl < Copiy .
Therefore, to complete the proof of Proposition , it suffices to show that for
any p, p’ >0

(5.3) JP0(g) ~ Jy%(g),  modulo g]|7 -
In fact, note that

i 2 P —B)/2
T (9) ~ TEg () %) ~ I ((0)77P2g), modulo gll7a

/2

This equivalence looks quite obvious, however, for completeness, we shall give a
proof. In fact, (5.9) is a direct consequence of the following lemma, by taking

f:Mp’-

Lemma 5.1. Assume that (L) with 0 < s < 1. Then there exists a constant
C > 0 such that

6 [[[vr - grastui. <l (80 + I9lEs)

Once the equivalence (F.3) has been established, we have

Corollary 5.2. Assume that ) holds with 0 < s < 1. Then there exists a
constant C' > 0 such that

(5.5) [[[vria - gpdoavan. < cisallal,
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Proof. Tt is enough to consider the case p = 1. As in the proof of Lemma @, it
follows from Proposition 2 of [{f] that

Jib" /// (cos 6) s ( g —9) dv*dodv

(&) (OO + e
— 2Re i(€7)3(€)F(E) ) dgdo

(o) (O ~ ()P
+ 2Re (7i(0) — fi(¢ 7)) 3(EF)3() ) dédor

A :///b (cos0) f2(g' — g)*dv.doduv

(50 (Poao -aenr
+2Re (2(0) = P2(€7))3(67)3(0) ) dedo

Since P(O) = || f]|2> and 7(0) = ¢o > 0, we obtain

cod = ¢ / / / b(cos0) f2 (g — g)*dv.dodv

= HfH%sz’”( )
el // (|§| )Re (0) - i€7) ) FEN)FE) ) dédo
260 // (|§| )Re P(0) = F(67))3(€)3(©) ) dedor
= | lIZ=J7 ()+A1+A2.
Write
200 /' /<|§| )Re(f2<> P))do)d
// <|£| >R€ P0) - 7(60) (3 - 39)) 3 dedo |

=As1 + Az

(5.6)

and

It follows from Cauchy-Schwarz’s inequality that

Haal <€ // <|s| )'f2 ﬁ(&*n%m%s)dmg)m
<(ffo (o) men -aorasis) ™

BY? x Y2

Since

720) - 26| < / PO — e |do,
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we have

B <C / / G F2(0) £2(w)

X (/b (é—| : 0) (1 —e ™S |2 4|1 —e s |2)d0) dvdwdg

< Cllgllzr 1AL 11122,

o) oo
b= -0c||l—e"" do
[o(g7)! |
()N /2
< C(/ 9*1*25(|v||§|)292d9+/ 9*1*2%19)
0 () ()

< Cl)2 ey

Then we have

because

2, because
S

/(|§| )Re(f2<> F2(€))do
/f / (Ifl )(1_C°S<”'€‘))do)dv
/f 0 dv .

Since 1i(§) is real-valued, it follows that
Re (7(0) = 7i(¢7) ) 3¢ ")3(6) = ( / (1= cos(v - €7))u(v)dv) Reg(€)F(e)

Therefore, by using Cauchy-Schwarz’s inequality and the change of variables & — ¢+
( see the proof of Lemma 2.8 in [[]}), we obtain |4, < C||f||2.g]/%.. Furthermore,

it follows from (f.6) that
B = [ [ (o) a6 e

<C(Ji(9) + ||g|\Hs) ,

. . 1/2
which yields [Aa,2] < C|fllza 7l 2l (T2 (0) + lgl%.) - Hence

1/2
4ol < CIF I3l gl (2(a) + ol3.)

Finally, we have

1/2
A Uz lglae (7 (9) + lglldr) < CUFIR (I (9) + ol ).

by means of (@) with v = 0, completing the proof of the lemma. O
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6. ESTIMATION ON THE NONLINEAR OPERATOR

Based on the previous analysis, we will give an explicit and simple upper bound
estimate on the Boltzmann nonlinear operator when ~ > f%. In fact, an upper
bound estimate is also available for the case when —3 < v < —32. However, since it
is more complicated and not so simple, it will be given in [E]

In any case, our reason for including these non linear estimations here is to show
the usefulness of the estimates on the linearized operator and the non-isotropic
norm.

Firstly, we consider the case when v > 0.

]

Lemma 6.1. Let v > 0. Assume that (L) with 0 < s < 1. Then
00 [[[ et 2 - gPdodote, 112 Nloll,

Proof. Since @ (|v — v.]) < (/)7 + (vi)”, we have

/// b(cos ) (jv — v |)f2(g — g)dodvdu,
/// b(cos 0 f2 VY2 — ()72 g) dodvdv,
+ / / / blcos 0) ((v.)""* f*)Q(g’—g)Qdadvdv*
+///b(cos€)ff((v>w2 - <v’>w2)2|g|2dodvdv*

=A; + As + As.
Noticing that

1
\<v>”/2 - (v’>7/2‘ < cw/ (W' + 7w =) drfy — 0.0
0

< C;(<U>(v/2—1)+ n <U*>(w/2—1)+) (v — 0.6,

Ay [[ {00 4 w02 0T)
x (/ o 9—1—25(<v70*>9)2d9)
0

™/2 2
+/ o) 4 (0.)12) 07 720 bdvdv.,

s [[ (w0« <v*>2s+”)ff|gl2dvdv*

< 2‘2 2‘2 22 2‘2 )
< (1022, oliZs + 513 Nal3
Applying Corollary @ to A1 and Aj, it follows that
2 2
A+ A2 S (A1) g3, + [l (0)
< 22 2
<1713, sl

where we have used Proposition E in the last inequality. (]

we have
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Proof of Proposition for the case when v >0
Note that

68 (t008),, = Qs 1)

///CI) b(cos O (fig/*f*g) h
- /// P, b(cos 9) ig/ - f*g) (Uiﬂh - u*l‘/thl)

<///<I>bcos,9 flg f*)>/2
[ osmntorn )

1A1/2 « B2
2

| /\

IN

For B, we have

v /// (p'yb(COS 2 ((‘u;)l/Q(hl -h)+ h((ﬂ*)l/Q (H*)UQ))Q

< 2/// @, b(cos 0) {u;(h’ —h)?+ h?((u;)uz _ (M*)m)?}
= 2/// ®,b(cos 0) . (R’ — h)* + 2/// ¢7b(0059)h3((ﬂ’)1/2 _ M1/2)2

=2[|[7lllz.,,

where we have used the change of variables (v,v.) — (v/,v}) for the first term and
(v,v4) = (vs,v) for the second term. Similarly,

A= [[[ espteost) (s~ 9)+ 9052~ 1)
<2 [[[ @ pieost) {1 = 9+ (52 - £}
<2///<I>bcosé’f* +2///‘I)b60899*(f f)?.

Then (.1) implies that
< 2 2 2 2
AR Wl + gz A1
which completes the proof in the case when v > 0.
Proof of Proposition in the case when —3/2 <~ <0
As in Section E, it is easy to check that for any fixed p > 0,

@, D, o,
(6.3) lgllla, ~ Jip(9) + T (a) ~ T3 (9) + llgllze

N///%bup,*(g’g)%///gjbgf \/;%*WTP)Q’
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where the assumption 2y > —3 is required for the existence of the above integral,
and more precisely for

/ [0 P (0)* 7 pp (v + ) v ~ (0)7

Instead of (@ we write

/ / / b, 0./ o) hdvdv.do
:5/// ) ig'ff*g><%r/zsmwm
vy
* %/// (bév)m(flg’ - f*g)( %)1/2M*1/4(u 1/4 u11/4)h.
Y
Noticing that

M*1/4h_M;1/4h/ _ M;1/4(h— h') n (,u*l/4 _ 1/4)11,

*

by Cauchy-Schwarz’s inequality and (@) we have

2 1/2
(v s ([[[ v (1 = 1.9) doavan.) " lallo,
:AW e,

We estimate

A< 3(/// b(i)vui/‘l((ul“f); - (u1/8f)*)292dadvdv*
n /// b(i)wi/s((ul/sf)’)Q(g’ - g)2d0dvdv*
+///bq) u1/4( s _ /1/8) (f’g’) dadvdv*)

=A; + Ay + As.

Since @ (Jv — v.|)p 1/4 < ()7, we have by means of Corollary .9

2
A S /// 7/2 1/8f); - (ul/gf)*) dodvdv,
2
< v/ 9||Lg|||u1/8f|||q>U N ||9H%§M/2|||f|||§>w

where we have used Propostions E and @ in the last inequality. As for As, we
decompose it as follows

A5 /// (+7°1).) (( (0)"g)" = ((0)"* ))2dodvdv*
/// )72 - >”2)2(( 1/8f))g'2dodvdv*

=As1+ Az
Apply Corollary @ again to Ay ;. Then

2
Az S B Il 10) gl S 117z, Malll5, -
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The estimation for As o is the same as the one for Ay in the proof of Lemma .
By using the change of variables (v',v}) — (v, v,), we obtain

S S 2
Aaa 5 [[ (000 2) W51 gl dede. < 1 Rl

2

2
Noticing that (ui/g - ,u;1/8) < min(jv — v,]?62,1), we have
As < // (i)v(/ b(cos 0) min(|v — v.|?6?, 1)d0) f2g*dvdv,
s2
< / / (v —v.) T f2 g7 dvdv,

2s 2s
< / / ()2 200 Rdudu, <1 F12 g2
s+v/2 s+v/

2

if v + 25 > 0 because of (v —v,)77>° < ()77 (V)7

To consider the case v+ 2s < 0, we divide R? x R? into three parts
Up = {v—v.| < |v]/8}, Uz ={Jv—wvi] > [vi]/8} N {Juu] <1},
Us = {|v—vs| > |vs|/8} N {Jvs| > 1}.

Then we have

I = ,1/4( 41/8 1/8)2 2
34 = / / / b® (u* I ) (f*g) dodvdv,
= // /dodvdv* +// /dadvdv* Jr// /dodvdv*
U, Uz Us

=A31+A32+ A33.

Since [v/ — v.| < |[v — vi| < |vi|/8 implies 7|v.|/8 < V], |v] < 9|v.|/8 and |[v]]? =
[v]2 + |vs]? — [v'|? > |v.]?/2. Hence, we have 't < cpul/® < C(pep)*/?° on Uy,
which leads to

2s
A 5 //(Mu*)””(v —v) " fl g dvdv, < C|fI1Z NglZe -
s+v/2 s+v/2

Furthermore, we have

Asa s [[ - oo, S SIs ol
Us s+v/2 s+v/

2

because (v — v,) " < (0) )T (w)? < 20 w,) T on Us. Since (v —v,) 7' <
8|vs| 71 < 16(v,) " on Us, we get

Ass S 2 2,.
3,3 X ||f||L§+’Y/2Hg||L2
Therefore, we have in the case when v 4 2s < 0

2 2
As S If1z2, lgllz2-

If one considers another partition in RSM with v and v, exchanged, then the
estimate

2 2
As < ||f||L2||9||L§M/2

holds, because |v], — v| < |v, — o] < |v|/8 implies 7|v|/8 < [v], [v«| < 9|v]/8.
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As a conclusion, when v > —3/2 and v 4 2s < 0 we have

lgllle., +llgllzz, e,

s+v/2

lgllzz) A,

(v(7.90.0) | < {1712

s+~/2

I f 1z

s+v/2

+min (] 22 .2

s+v/2

The proof of Proposition @ is then completed.
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