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1 Introduction

We consider the Cauchy problem for the spatially homogeneous Boltzmann equation
without angular cutoff

8 f(t,v) = Q(f, f)(t,v), teR*, veR?, (1.1)
£(0,0) = fo(v), '

where f(t,v) is the distribution function of particles at time ¢t with velocity v. In this
note we present the main result obtained in [12] that any weak solution to the problem
(1.1) satisfying the natural boundedness on mass, energy and entropy (see, [21]), that
is,
sup/ ft,v)[1 + |v]* +log(1 + f(t,v))]dv < +o0, (1.2)
o<t JR3
is in the Sobolev space H*°(R?) or even in the Schwartz space S(R?) for any ¢t > 0.
There are extensive studies on this problem and some related results, see [11, 4, 5].
However, to our knowledge, this problem has not been completely solved in the sense
that some extra conditions are assumed besides the natural bounds on mass, energy
and entropy. The improvement made in [12] allows us to remove these extra conditions,
by using pseudo-differential calculus developed in [16] ( cf., [6, 7]).
As usual, the collision operator Q(g, f) in (1.1) is a bi-linear functional representing
the change rate of the particle distribution through elastic binary collisions, and it takes
the form

Q)= [ [ Bllv = vl o}oe)s W) - g f}dodu, (1)

and
’UI — viz'u. + l‘u—21). o, ’U: — 'v-gv. . 0—21.)-!0,’ (14)

which give the relations between the post and pre collisional velocities. The non-
negative function B(|z|,0) called the Boltzmann collision cross section depends only
on |z| and the scalar product <T:_|’ o) for monatomic gas. We assume that

B(|lv — v.],co86) = ®(|Jv — v.|)b(cos 6), (1.5)



where ® and b(cos ) can take the following two forms corresponding to the modified
(soft or Maxwellian or hard) potentials and the Debye-Yukawa potential. That is,
either

P(lv—v) =1+ |v—v,|?)3, v <1, (1.6)
sin 0b(cos 0) ~ KO, 0<v<?2, (1.7)
or
O(jv —val) = (1+ v — v f?)3, (1.8)
sin Ob(cos ) ~ K6~ '(log6~')*, when 6 — 0+, pu > 0, (1.9

for some constants K > 0.
Recall that the potential of the inverse power law ;};, s > 1, p being the distance

between two particles, has the form (1.5) where the kinetic factor related to the relative
velocity is given by

O(lv ~ ) = o —v.7F,

and the factor related to the collision angle has the singularity,

sin 0b(cos 0) ~ when 6 — 0,

o1+v
for 0 < v = 2 < 2 ( see [10, 23], for example). The cases 1 < s < 4, s = 4 and
$ > 4 correspond to so-called soft, Maxwellian and hard potentials respectively. Notice
that the Boltzmann collision operator is not well-defined for the case s = 1 which
corresponds to the Coulomb potential. The form (1.5) corresponding to Debye-Yukawa
potential was proposed in [16] for the first time, see its appendix.

The fact that sin6b(cosf) has a non-integrable singularity around § = 0 in the
case (1.7) is usually removed by applying the Grad’s angular cutoff assumption. This
assumption has played an intrinsic role for the profound progress of the mathematical
theories and phenomena investigations of the Boltzmann equation. On the other hand,
it is now well established that the Boltzmann collision operator without angular cutoff
behaves like a singular integral operator or pseudo-differential operator whose leading
term is characterized by the operator (—A)*/2. This was first pointed out by Pao [17],
see also Ukai [20] where the Boltzmann equation without angular cutoff was studied
for the first time in Gevrey classes, and was formulated explicitly by Lions [14] based on
the regularity properties of the collision gain term[13] (see also [9, 15, 25]). The optimal
Sobolev exponent v/2 is due to Villani [22]. Around 2000s, the regularity induced by
the grazing collision was analyzed in terms of the entropy production integral (, cf.
the work [2] and others in its refereces). In particular, [2] establishes several elegant
formulations associated with the collision operator which have been essentially used to
the study of the spatially homogeneous problem.

It should be noted in our assumptions that the factor @ in the cross section related
to the relative velocity is modified by adding the constant 1 and this is why we call them
modified potentials. By adding this constant, we avoid the degeneracy and singularity
when v = v, so that the function ®(z) is smooth and has a uniform positive lower
bound. The similar modifications are also assumed in [11, 4, 5. How to remove this
artificial assumption rigorously is still not known.

Now, we can state our main results in [12]. The first result is concerned with the
case when the angular singularity of the cross section is mild.
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Theorem 1.1 Suppose that the cross section B satisfies (1.6)-(1.7) for0 <y <1,0<
v<1or(18)-(1.9). Let f be any weak solution satisfying (1.2) and the mass conser-
vation. Then, f is in HY*(R3) for any t > 0, or more precisely,

f e L>([to, T); H**(R?)),
foranyT >0 and ty € (0,T).

This theorem does not rely on the existence of L' moments, while the following
theorem does depend on it essentially. Actually, we consider the weak solutions satis-
fying

lv|™f € L=([Ty, Th); L'(R?)), (1.10)

for all m € N and for some 0 < Ty < 7). Notice that Ty = 0 means the propagation of
moment while Ty > 0 means the moment gain.

Theorem 1.2 Let' v < 1. Suppose (1.6)-(1.7) for 0 < v < 2. Let f be any weak
solution satisfying (1.2), the mass conservation and the moment condition (1.10) for
some 0 < Ty < Ty. Then, f is in S(R3), or more precisely,

f € L=([to, Th]; S(R?)),
for any ty € (Ty, Th).

We remark that the existence of weak solutions to the Cauchy problem (1.1) without
angular cutoff has been proved by Villani [21], under the sole assumption that initial
data have the finite mass, energy and entropy (see (1.2) and Definition 3.1 below).
These solutions are called the entropy solutions.

One of the important properties of the entropy solutions for the hard potentials
(namely v > 0) is, according to the work by Wennberg [24] (cf., Bobylev|8]), the
moment gain property. That is, the L! moments of arbitrary order are created as soon
as t > 0 even if initial data do not have finite moments. It should be remarked that
we do not know whether this moment gain property can be justified to all entropy
solutions for the hard potentials, because the finiteness of moment is formally assumed
to show the uniform estimate concerning the moment ( see (59) in [8]). It is obvious
that the entropy solutions counstructed by [21] enjoy this moment gain property since
they are obtained as limits of solutions for angular cutoff Boltzmann equations. The
uniqueness of weak solution to homogeneous Boltzmann equation is still open problem
except for Maxwellian molecule case, cf. [18, 19]. In Section 2, we give a new result
concerning the uniqueness for soft potential case, see Theorem 2.2

There are at least two previous results [11, 5] closely related to Theorem 1.1 and
1.2. First of all, Desvillettes and Wennberg [11] stated that for the case of the angular
non-cutoff and non-Maxwellian molecule, there exist weak solutions to (1.1) acquiring
S regularity for ¢t > 0. Actually, these authors constructed such weak solutions by
solving the approximate problem

(fe)t = Q(fea fe) + EAvfe’
f((Oa ') = fO * ¢€7
and by taking the limit when € tends to zero, where ¢, is a sequence of mollifiers with

€ > 0. Notice again that the uniqueness of the weak solution is unknown. Also, notice
that the proof uses in an essential way the result on the L! moment gain. On the other

1The case 0 < v < 1 is only considered in {12], but the proof there is applicable to the case v < 0.



hand, Alexandre and Safadi [5] successfully show that any entropy solution is in S for
modified hard potentials in positive time. However, in their work, another assumption
is introduced on the weak solutions, that is, the existence of L2 moments of arbitrary
order,

f(t,v) € L®([to, +00); LZ(R?)) for any r e R. (1.11)

The proof of our theorems is largely based on some sharp estimates of commutators
of the collision operators and pseudo-differential operators. The technique developed
for it gives an improved upper estimate of the collision operator, such as those studied
in [1, 8]. The next Section 2 is devoted to presenting this upper estimate, together
with lower and commutators estimates, which have been refined and given newly in
our recent joint work [7] with R.Alexandre and C.-J.Xu. In Section 3 we give a sketch
of proofs of Theorems 1.1 and 1.2.

2 Upper and lower estimates for collision operator

We adopt the notations for the weighted function spaces,

I/

and

171 = [ KDy @) s@Pds,  sreR,

e = [[f(v){v)" || s, 1<p<oo, reR,
(2.1)

where (v) = (1 + [v?)Z and (D) is the pseudo-differential operator with the symbol
(€) = (1 +|€]2)3. We often write (v =W, for l € R.
Firstly we state the upper estimate of the non-cutoff collision operator.

Theorem 2.1 Let the collision cross section B be of the form (1.5) satisfying (1.6)
and (1.7). Then for any m € R , one has

1Q(f, 9)l

an@y) < Clflley L awllgllamey  mg) s (2.2)
where k™ = max(k, 0).

Remark 2.1 Similar estimates are given by [1, 8], including the case of Besov space.
However, the estimates there require the weighted Sobolev or Besov norm of f to esti-

mate the left hand side.

For the proof of (2.2) it suffices to show

‘(Q(f, 9), h)

L2 < Cllf'lL27+v)+(R§,)||g||HZ;IZ)+(R§)”hHH""(R3)' (2.3)

Our method for the proof of (2.3) leads us to a more general estimate

(wiats, ). ) (24)

< Cliflle

I+ +(v+

L2(R)

o+ (RE) gl lH(';f:M,r(ng) Al g-mms),

where [ € R. Hence we have
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Corollary 2.1 Let the cross section B be the same as in Theorem 2.1. Then for any

m,l €R
IQ(f, I llurwsy < Cllflls

4 (v+v )+

B m+v K . 2.5
m)||9“H(,:7+V)+(mg) (2.5)
Next we state the lower bound for the collision operator.

Lemma 2.1 (cf, [2,11]). Let B = ®(|v—v.])b(cos @) and let ® = (v—v,)" withy < 1.
Let b satisfy (1.7) or (1.9). Assume that ¢ >0, #0,9 € Ly .+ 5 .+ () Llog L(R3).
Then there exist constants Cg > 0 depending only on b, ||gllL1 and ||g]|110g L and C > 0
depending on b such that for any smooth function f € H} ,(R3) N L2, ,(R3), we have

-(Q. ). 1), +Cllgllus llflz, me)

L2(RY) max{y*,2-+}
S 'IW"/‘*f]l?f"/”}Rﬁ) if (1.7) is satisfied, (2.6)
- ”(log A)(H+1) 2‘/‘/'7/2f”%12(]k‘3) Zf (19) is Satis_ﬁed. )

Here
190l 1eg L = /R 19(v)] log(1 + |g(v])dv.

Remark 2.2 The factor W, 3 is crucial to show Theorem 1.1.

Outline of proof. First, we have

@, £).1)
= [ [ 80— w.hbteos o) FHS ) = F(o)}dodv.o

1 N 2
-1 /R G /S B(Jo = wal)b(cosB)g(w) L f()? ~ f(v)*dodv.dv

=3 [ [ @v = vDbleoso(w{F) ~ F0)dodvado
RS J§2
= R] - RQ.

For R, the change of the variable v" — v (see the cancellation lemma (Corollary 2 of
[2]) we have

- %/RO /S; & (jv — U*I)b(cosﬂ)g(v,){f(v’)?- _ f(U)z}dadv..dv

=% /R /sz{q>("” :‘g’*')co; — — &(|v — v.|)}b(cos 8)g(v.) f (v)2dvdad,

083

03

/ / 1 5 — 1}b(cos 0)g(v.) f (v)*dvdodo.
R6 J§2 COb§ 3

*3 / {‘1’( o = ‘) ~ ®(Jv — v.|) }b(cos ) g(v.) f (v)*dvdado,
RE cos
=Ry + R12-

For the first term R,;, from 1 — cos? g < 3(1 — cos g) = 6sin? %, it follows that

2
Ru £ C||9”L}’+ ||f”1,f,+/2’
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because @ < 1 when v < 0. For the second term Ri,, we first note that the mean
value theorem gives

v — v

o — ®(lv — v,
(et~ 2 =)
— 1 2 v —val g 31 2
= (g7 ~ Dlo = w1+ (I
1
< C( e l)q)(lv - U*')’
COS 5
where 32@ < cosg < a < 1. Similarly to R,,, we can obtain
2
Raz < Cllglles, 1713z,
Since Ry > 0 we have
(QU0s £, £) gy < ~Clals, ol FIB2, my (2.7)

The further hard observation on R, gives (2.6), ( see Lemma 4.2 of [12]).
Here we newly give the commutator estimates between the collision operator Q and
the moment weight W; for I € N, though they are not given in [12].

Lemma 2.2 Letl € N. Let B = ®(|v — v.|)b(cos 8) where ® = (v — v,) withy < 1
and b satisfies (1.7). (1) When 0 < v < 1, one has

< Oy, @ollglez_ wellhllLams) -
(2) When 1 < v < 2, for any € > 0 there is a C. > 0 such that
(W QU. 9 -QU Wig), 1), (29)
< Cellflley,, ., (Rg)||9|1Hf;ljliJM(Rg)|lh||L2(miz) ‘

(3) When v = 1, we have the same estimate as (2.9) with v — 1 replaced by any small
k> 0. '

Remark 2.3 When 0<v <1 and!l > 3(> 5/2), the following variant of (2.8) holds

WMQmm—Mmey@

< C'||f”1,f+7+(1mg)“9||Lf+7+ &%) 1]l L2®e).-

2.10
L2(R3) ( )

where the L' norm of f is replaced by its L? norm without increasing the weight.
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As an application of upper-lower estimates and this remark, we consider the unique-
ness of solution to the Cauchy problem (1.1).

Theorem 2.2 (cf. H.Tanaka[18], Toscani-Villani {19] for the case v = 0,v = 3) Let
B = ®(|v — v.|)b(cos ) where ® = (v — v,)? with v < 0 and b satisfies (1.7) with
0<v<l Assumethat0< f,g e C([0,T); H,‘;_(HU)J,) with 1 > 3. If f,g are solutions

to the Cauchy problem (1.1) with the initial data fo € HY, y+ then they coincide.

+(r+v
Proof. Setting F = f — g and G = f + g, we have
%—f=%(Q(G,F)+Q(F,G)), veR3 t>0; Fli=0 = 0.

Multiply the equation by Wy F' and integrate with respect to v variables in R3. Then
we obtain

d|IF|,
dt

= (W,Q(G, F),W,F) + (WIQ(F, G),W,F) =1, + L.
Write
I = (QG, WiF). WiF ) + ((WiQ(G. F) = Q(G, WiF)),WiF) = I, + I,

By (2.7) we have

I < C“G”LIHFUZL,2
and it follows from (2.10) we have

2| < C“G”L;“-”FH?,,%
Write also

I = (QF, WiG), WiF) + ((WiQ(F, G) = Q(F,WiG)), WiF ) = Loy + L.
It follows from (2.3) with m = 0 that
lI21| < ClIF||2||Gll a [1F||L2

I+ (v+v)t

By (2.10) we have
(22| < ClF|2|Gll 2|1 F Lz

Summing up above estimates we obtain

dl| F||7
] 2

which gives the uniqueness.

Remark 2.4 By using the metric

o(fg) = sup € = 30

£€R3 |§|2 ’

Toscani-Villani [19] showed the uniqueness of solution in Mazwellian molecule case,
assuming only finiteness of the energy, that is, f,g € Lj.



Remark 2.5 The proof of Theorem 2.2 can be applicable to the uniqueness of solutions
to spatially inhomogeneous Boltzmann equation without angular cutoff in soft potential
case ( see [7] ) where the hard potential case is also discussed.

Theorem 2.2 uses the commutator estimates with respect to W,. We also need the
the following estimates concerning the commutator with respect to the Sobolev weight
|Dy|?. Typical example of such a weight is

(1 + | Dy|?)Nor2
(1+ 3D, 2)Mi/2

Ms(D,) = (2.11)

where Ny, N; € R with N; > Ny+4 >0, and 0 < 6§ < 1 is a parameter which tends to
0. It should be noted that the symbol Mj(€) satisfies

|0g M5(8)] < CaMiy(€) (€)1
for a constant C, independent of 4.

Lemma 2.3 Let B = ®(|Jv—v,|)b(cos 0) where ® = (v—v,)" withy < 1 and b satisfies
(1.7). Let A € R and let M (&) be a positive symbol of pseudo-differential operator in
S0 of the form M (&) = M(|¢[2). Assume that, there exist c,C > 0 such that

cl< -j: < c¢ implies C_I?V/ITE:'% <C (2.12)
and M (&) satisfies
[M©(€)] = |9 M ()] < CaM(£)(€) 7 (2.13)

for any a. Then, if 0 <v <1 then for any N; € N there ezist a constant Cn, such
that

< Ol Fllez, e (1M 9l2s, mp) + Ngllin-m ey ) 1A

,Y+/2(]R3) )

Furthermore, if 1 <v <2, for any e > 0 and for any N, € N, there ezists a constant
Ce N, such that

(M(D)Q(f,9) = Q(f, M(D.)g), h)auy)| (2.15)
< Cemllfllzy,, .. e (IM0llw-rve sy + lglhimn-m gy ) Il acasy -

When v =1 we have the same estimate as (2.15) with (v +~ — 1) replaced by (7y + k)
for any small k > 0.

Remark 2.6 As stated in Lemma 5.1 of [12], we have the following better estimate in
the case 1 < v < 2

l(M(Dv)Q(fv g) - Q(f7 M(Dv)g)ah‘)Lz(Rz)l (216)
< CNI ”‘f”L(lu+A,_1)+(R3)) (”Mg”H((::)./fnz(Rg) + ”g”H*"Nl (IR';‘,))) ”h'”H((:_:I)/2 (R3) *

) ~y=1)+/2
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At the end of this section we give some elementary results derived from the usual
pseudodifferential calculus.

Lemma 2.4 Let p,r be in R and let a(v), b(§) € C*> satisfy for any o € Z3,

|Dya(v)] < Crafo)™1,

Ib(E)| < Coaft)r

for some constants C1 4,C24 > 0. Then there ezists a constant C > 0 depending only
on p,r and finite numbers of Cy o, Caq > 0 such that for any f € S(R?),

{ [la(v)b(D) f]|2 < C||{D)P(v)" fl|L2,
(2.17)
[1o(D)a(v) fllr: < Cl|[{v)"(D)? fl| 2.

In particular, the two norms on the right hand sides of (2.17) are equivalent to each
other.

Corollary 2.2 Let Ms(£) be given in (2.11). If f € L}, then there exists a constant
Cs > 0 depending on § > 0 such that for any kK < 2

[[(v)*Ms(Dy) fll2 < Csl|fl]Ly-

Proof. Since | M5(£)(®)| < Csq(€) 747101, it follows from (2.17) that

[1(0)*Ms(D.) fllis < Csl|(0)* flla-« < CHITV | o rty.

It follows from Lemma 2.4 that the norm of Hf defined in (2.1) is equivalent to
[|{v)}{D)* f||L2. The following is a slight generalization of the interpolation estimates
given in [11].

Lemma 2.5 Let p,r € R and € > 0. Then, there exists a constant C = C(p,r,€) > 0
such that for any f € S(R?),

1 WEe < ClAllagellfllmmse < CUFIGpme + 1fWrpe)- (2.18)

Proof. 1t follows from Lemma 2.4 that

I f W= ((D) "= (v) (D) (v)" f,{DY***f) 1,
< DY P~ ) (DY ()" f} llzll f llrwse
<Cl{w) (DY P~ {(D)*(v)" f} llall f [|an+e
SCIKDY = @) {)" FH leall £ llaree< C N f Npgz—ell S llaese -

Proposition 2.1 Let k,r € Rt and e > 0. If ¢ € N is bigger than (k + 3/2)/¢, then
there exists a constant C(k,r,€) > 0 such that for any f € S(R3),

1£1 < CN 7 ) (112, + 1 Wgese )



Proof. The repeated use of (2.18), £ times, yields

17U < C (N Wpcee + 11 W)
Since L' C H™™ if m > 3/2, we obtain the desired estimate.
Remark 2.7 Since for any k > 0 we have, instead of (2.18),

1% < Kl Wrere + Coll f 1120
2r

and the symbols Ms(£) belong to a bounded set of S{Yg uniformly with respect to 0 <
0 <1, by means of Lemma 2.4 we have for a suitable large r' > 0

1M £ s < Kl Ms fl nse + Cull (o) {{D2) 2~ M Y124
< KM f|Bese + Call () 13- (2.19)
< Kl Msflnse + Cull I3,

provided that Msf € H**¢ and f € L.

3 Sketch of Proofs of Theorems 1.1 and 1.2

We will first give the proof of Theorem 1.1. Before that, we give the precise definition
of weak solution for the Cauchy problem (1.1), cf. [21].

Definition 3.1 Let fo(v) > 0 be a function defined on R® with finite mass, energy and
entropy. f(t,v) is called a weak solution of the Cauchy problem (1.1), if it satisfies the
following conditions:

flt,v) 20, f(t,v) € C(RY;D'(R?)) N LY([0, T]; L4+ (R?)),
f(ov ’U) = fO(’U)a

/' ft,v)¥(v)dv =/ fo()y(v)dv for ¢ = 1,v;, |v|%;
R3 R:f
f(t,v) € L*log L!, / f(t,v)log f(t,v)dv < / folog fodv, Vt>0;
R3 RS
/}R3 ft,v)p(t,v)dv — [w Jfop(0,v)dv -—./0 dr /Ra f(r,v)0, (T, v)dv (3.1)
= [Lar [ @U@0t v,
0 RS

where ©(t,v) € CY(R*; C&(R?)). Here, the right hand side of the last integral given
above is defined by

[t
B % /R(,. /SzBf () f(0)(0(v") + 0 (v)) = p(v) = p(v.))dvdu.do.

Hence, this integral is well defined for any test function ¢ € L([0, T]; W2°° (R3)) (see
p. 291 of [21]).
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For arbitrary large but fixed k € R, we take the time-dependent multiplier

kt—4

_ (14 gA)e
(1 + 5l¢|2) ™7

Let f be a weak solution of the Cauchy problem (1.1). We know that f(t) € L'(R3) C
H=?%(R?®) for all t € [0,T]. Then, for any é € (0,1)

Mjs(D,,t)f € L™=([0, Ty); W2 (R?)), (3.2)

Ms(&) = Ms(&;t)

for t € [0,T).

whose norm is bounded from above by Csl| follL:-
We consider the Debye-Yukawa potential case in Theorem 1.1. Since for any 0 <
v < 1 we have
(logf~H)» < CO™ for any 6 € (0,7/2],

it follows from (2.14) in Lemma 2.3 that

Lemma 3.1 Under the hypothesis (1.8)-(1.9) for the Debye- Yukawa potential, we have
(Q(f, £), Ms f) — (QUf, Ms ), Ms f)I < Cllf Iy (IMs(Do) fIIZz , + 111Z),

where the constant C > 0 is independent of § € (0,1).
Indeed, we set M = Ms and h = M;f in (2.14). Setting f = M;f in Lemma 2.1, we

have
Lemma 3.2 Under the hypothesis (1.8)-(1.9) for the Debye- Yukawa potential, we have

—(Q(f, Msf), Msf) > Cyall(log A)E (-5 Ms fl|2. — Coll(-)2 M52,

where A = (e + |D,|?)%. Here constants Cs,,Cy > 0 depend only on b, I fllzy and
“f”LloyL'

We take MZ(D,,t)f as a test function in the definition of the weak solution (3.1).
In addition to (3.2), we have

M € C(0,T); L*(R)), (33)
and for any t € (0,7], we have
5 [ somwswa—3 [ [ so(amm)sawer @4
=5 [ 1Moo + [ (QULNE. M)

where M;(t) denotes Ms(D,;t). About the proof of (3.3) and (3.4) , we refer to the
end of Section 3, [12].
Since

0 Ms(&;t) = klog(€) Ms(&;t), (3.5)
we obtain

| [ 1@z sndvir <2k [ 00g A M (ldr. (36)
0 R3 0
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By combining Lemma 3.1, Lemma 3.2, (3.4), and (3.6), we then have
t
1 Ms(t) £ (t)]122 +Cf,1/ 1(log A)#+D72()2 My f (1)} 2dr
0
t
< IMSO folls + 2k [ NQ0g AV Ml (37
0

t t
e / 1) Mo f(7)|Padr + Cra /0 1f12.dr.
’ 0

We now show that the terms ||(log A)Y/2(-)2 M f(7)||2 and [1(-Y2Msf()||lL2 can be
controlled by

1(tog A)“+D/2() 2 M £ () 13-
Since [(log A)'/2, (v)~'/?] is a L? bounded operator, for any h € H'/2 we have
[I(log A)/2(-)7*/2h|7: < [|(log A)/*h||32 + Cl|hl[3a,
and moreover for any x > 0 and any m € N the estimate
||(log A)/2h|[7. + |32 < &l|(log A)#+D/2h|3, + C(k, m)|[hl[%-m,

holds with a suitable C(k,m) > 0. Putting h = (-)z My f we have ||h||12 < Csll fll

1/2
by a similar way as in the proof of Corollary 2.2. Applying the above two estimates to
(3.7) and taking m such that m > kT, we obtain

IMs(2) F()]122 < (1Ms(0) follZe + Cons f 171 (3.8)

where we have used the fact that ||(-)3 M;sf||g-m < Cllf||L§/2 for a C' > 0 independent
of 6. Note that [|fll.; . < [Ifllry < llfollry,

IMs(8) f ()32 = (1 = 62) ) £(£)|20as,
and Tie
1M5(0) follF: = [|(1 = 62) =559 14— < [l foll%-« < Clifoll2.
Then it follows from (3.8) that
11 = 82)~55F f(#)[2n—s < ClIfoll2,,

where the constant C > 0 is independent of 6. Finally, for any given ¢ > 0, since k can
be chosen arbitrarily large, by letting § — 0, we have f(t) € H**. Now the proof of
Theorem 1.1 for the Debye-Yukawa potential is completed.

The proof of Theorem 1.1 for the case 0 < v < 1 and 0 < v < 1 is similar. Noting
(2.14) in Lemma 2.3 and setting ¢ = M;f in Lemma 2.1, we have

IMs(8) F(B)I122 + Cy / 1) My £ (7). adr
< [1M5(0) foll 2 + 2k fo I(log A2 My f(r)|Badr  (3.9)

t t
+Cpy / 1)} Msf(7)2adr + Cra / 1fl[2adr,



144

so that for any given t > 0 we have f(t) € H** by the same way as in the previous
proof for the Debye-Yukawa potential case. Now the proof of Theorem 1.1 is completed.

Finally, we shall prove Theorem 1.2. First, Theorem 1.1 implies, if combined with
Proposition 2.1, that if the assumption (1.10) is fulfilled and if 0 < v < 1 ( with v > 0)
or for the Debye-Yukawa potential, any entropy solution is in HF for any k,r > 0.
This proves Theorem 1.2 for the case 0 < v < 1(with v > 0) and the Debye-Yukawa
potential.

For the case 1 < v < 2 or v < 0, on the other hand, the above proof does not
work unless extra estimates are available because the energy inequality (3.9) is to be
replaced, in view of (2.15), by

IMs(t) 7 ()2 + / 1YY My £ (7) By
t
< [1M5(0) foll2 + 2k /0 (log A)Y2M; £ (7)[Zadr (3.10)

t t
+Cp /0 D My f () 2asdr + Cra / If12.dr,

and since v > 1 or v < 0, the term [[(-)O**~V" M; f(7)|| yyvs2-« cannot be controlled by
1{-)/2 Msf(7)||gvr2. It is the assumption (1.10) that provides such estimates. Indeed,
we can then use Proposition 2.1 or more precisely the estimates (2.19) in its remark
which reduces (3.10) to

M50 SOl < IMs(O folls +C [ 1FIEy

for a suitable large 7/ > 0. Thus, we can conclude that f € H** for t > 0. Clearly,
the same conclusion holds for the case v = 1 in view of the last part of Lemma 2.3.
Now the proof of Theorem 1.2 is also complete.
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