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ABSTRACT. By using the energy-type inequality, we obtain, in this paper, the
result on propagation of Gevrey regularity for the solution of the spatially
homogeneous Landau equation in the cases of Maxwellian molecules and hard
potential.

1. Introduction. There are many papers concerning the propagation of regularity
for the solution of the Boltzmann equation (cf. [5, 6, 8, 9, 13] and references therein).
In these works, it has been shown that the Sobolev or Lebesgue regularity satisfied
by the initial datum is propagated along the time variable. The solutions having
the Gevrey regularity for a finite time have been constructed in [15] in which the
initial data has the same Gevrey regularity. Recently, the uniform propagation in
all time of the Gevrey regularity has been proved in [4] in the case of Maxwellian
molecules, which was based on the Wild expansion and the characterization of the
Gevrey regularity by the Fourier transform.

In this paper, we study the propagation of Gevrey regularity for the solution of
Landau equation, which is the limit of the Boltzmann equation when the collisions
become grazing, see [3] for more details. Also we know that the Landau equation
can be regarded as a non-linear and non-local analog of the hypo-elliptic Fokker-
Planck equation, and if we choose a suitable orthogonal basis, the Landau equation
in the Maxwellian molecules case will become a non-linear Fokker-Planck equation
(cf. [17]). Recently, a lot of progress on the Sobolev regularity has been made for the
spatially homogeneous and inhomogeneous Landau equations, cf. [2, 6, 7, 16] and
references therein. On the other hand, in the Gevrey class frame, the local Gevrey
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regularity for all variables ¢, z, v is obtained in [1] for some semi-linear Fokker-Planck
equations.

Let us consider the following Cauchy problem for the spatially homogeneous
Landau equation,

{ Ouf = Vo { fgn a(v —v)[f(0:) Vi f(v) = f(0) Vo f(v)]dv. }, (1)
f(O,v) - fO(v)v

where f(t,v) > 0 stands for the density of particles with velocity v € R™ at time
t >0, and (a;;) is a nonnegative symmetric matrix given by

ViU 2
ai(v) = <5z‘j - |v|§> o], v € [0,1]. (2)
Here and throughout the paper, we consider only the hard potential case (i.e. v €
(0,1]) and the Maxwellian molecules case (i.e. v =0).

Set

n n
bizzavjaij:—2|v|vvi, i=1,2,---,n; c¢= Z Ovyv; Gi5 = —2(7 + 3) [v]7,
j=1 ij=1

a;;(t,v) = (aij = f) (t,v) :/ aij(v —v.) f(t,ve)dve, by =b;*xf, e=cxf.

n

Then the Cauchy problems (1) can be rewritten in the following form:

{ of= EZj:l aijavivjf —cf, (3)
f(O,’U) = fO(v)v

which is a non-linear diffusion equation with the coefficients a;; and ¢ depending
on the solution f.

The motivation for studying the Cauchy problem (3) (cf. [12]) comes from the
study of the inhomogenous Boltzmann equations without angular cutoff and non
linear Vlasov-Fokker-Planck equation (see [10, 11]).

Throughout the paper, for a mult-index o = (a1, 2, , ;) and an integer k
with 0 < k < |a|, the notation D!*I=* is always used to denote 97 with the multi-
index v satisfying v < a and |y| = |a| — k. We denote also by M (f(t)), E(f(t)) and
H(f(t)) as the mass, energy and entropy respectively for the function f(¢,-) . That
is,

M) = [ foyde, BUO) =5 [ 60l

R™ 2 R™

H(f(1)) = / (1) o £, v) do.

Denote here My = M (f(0)), Ey = E(f(0)) and Hy = H(f(0)). It’s known that the
solutions of the Landau equation satisfy the formal conservation laws:

M(f(t) = Mo, E(f(t)) = By, H(f(t)) < Hy,  forVt>0.

Also in this paper we use the following notations

10 = [ fteo) (1+10%) " o

s/2
057t = [ 1ozt (1 1of?) e,
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1 = S 102502
0<|al<m
When there is no risk causing confusion, we write |g(t)[|z: for [[g(t,-)| L1

Next, let us recall the definition of the Gevrey class function space G (R”), where
o > 1 is the Gevrey index (cf. [14]). Let u € C®(RY). We say u € G°(RY) if
there exists a constant C, called the Gevrey constant, such that for all multi-indices
a €NV,

10%ul| L2y < C1F(Jalt)”.
We denote by G§(RY) the space of Gevrey function with compact support. Note
that G'(RY) is space of all real analytic functions.

In the hard potential case, the existence, uniqueness and Sobolev regularity of
the weak solution had been studied in [6], in which they proved that, under suitable
assumptions on the initial datum (e.g. fo € L3, 5 with 6 > 0,) there exists a
unique weak solution of the Cauchy problem (3), which moreover is in the space
C>(R};S(R?)). Here R} = (0, +00) and S denotes the space of smooth functions
which decay rapidly at infinity.

Assuming the existence of the smooth solution, we state now the main result of
the paper as follows:

Theorem 1.1. Let fy be an initial datum with finite mass, energy and entropy.
Suppose fo € G7(R™) with o > 1, and [ is a solution of the Cauchy problem (3)
which satisfies

f(t,v) € Lig, ([0, +00[; H™R™)) ()L, ([0, +00; HIHR™)),  for all m > 0.
(4)
Then f(t,-) € G(R™) for all t > 0 uniformly, namely, the Gevrey constant of

f(t,+) is independent of t. More precisely, for any fixed T > 0, there exists a
constant C > 0 which is independent of t, such that for any multi-index o, one has

sup (|09 F(t, )| z2@ny < O (lal)7 .
te[0,7)

Remark 1. If fo € L}, 5 additionally, then by the result of [6], the Cauchy problem
(3) admits a solution which satisfies (4).

Remark 2. For simplicity, we shall prove Theorem 1.1 in the case of space dimen-
sion n = 3. The conclusion for general cases can be deduced similarly.

The plan of the paper is as follows: In Section 2 we prove some lemmas. Section
3 is devoted to the proof of the main result.

2. Some Lemmas. In this section we give some lemmas, which will be used in the
proof of the main result.

Lemma 2.1. For any o > 1, there exists a constant C,, depending only on o, such
that for all multi-indices p € N3, |u| > 1,

1 o
> <Gl (5)
1<iar<iul 1P

and

1 o—1
= < Co " (6)
1§|3§|M|_1 181 (Il = 181)
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Here and throughout the paper, the notation ZlS\ﬁIS\H\ denotes the summation
over all the multi-indices satisfying 5 < p and 1 < |8 < |u|. Also the notation
Zlélﬁ\élulfl denotes the summation over all the multi-indices satisfying 8 < u
and 1 < |B] < [puf — 1.

Proof. For each positive integer [, we denote by N {|5] =1} the number of the
multi-indices 3 with |3| = I. In the case when the space dimension is 3, one has

(+2) 1
{161 =1y = St = 50+ 1) +2)
It is easy to deduce that

S W_i'z z“':zv{w 23

1<[8I< ul I=1 |B|=i =1

Combining the estimates above, it holds that

1 1 usna+2
I

1<[B[<|p =1

Observing that 3 Zyjl 171 < C, || for some constant C,,, we obtain the desired
estimate (5). Similarly we can deduce the estimate (6). O

The following lemma is crucial to the proof of Theorem 1.1.

Lemma 2.2. Let 0 > 1. There exist constant C1,Cy > 0, depending only on
Moy, Eqy, Hy and vy, such that for all multi-indices p € N3 with |pu| > 2 and all t > 0,
we have

3408 (D)2 + CrI Vo0l F (D)2 < Colpl® [V, DI F()]3
10 Y CPIVLDM () s - [V, DH T F0)] gz - [Go(FE)] s

2<(BI<ul
+Cs Z Oﬁﬂaff(t)HL%, ’ ||va|'u|71f(t)”L?Y ’ [Go(f(t))} lwl—18]°
0<[8[<p]
where Cff = (ﬂfiﬁ'),ﬁ, is the binomial coefficient, and [Go(f(t))] W = 10y f(t)| L2 +

B (Ju|))7 with B being the constant as given in Lemma 2./ below.

By the assumption in Theorem 1.1, the solution f(¢,v) of the Cauchy problem
(3) is smooth in v, and so are the coefficients a;; = a;; * f, b; = b; * fand ¢ =cx f.
Here and in what follows, we write C' for a constant, depending only on the Gevrey
index o, and My, Ey and H (the initial mass, energy and entropy), which may be
different in different contexts.

The proof of Lemma 2.2 can be deduced by the following lemmas:

Lemma 2.3. (uniformly ellipticity) There exists a constant K, depending only on
v and My, Ey, Hy, such that
3
> autv)ed = KO+ )2, VeeR, andye1l (1)

i,7=1

Proof. See Proposition 4 of [0] O
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Remark 3. Although the ellipticity of (a;;) was proved in [6] in the hard potential
case v € (0,1], it still holds for the Maxwellian case v = 0. This can be seen in the
proof of Proposition 4 of [6].

Lemma 2.4. There exists a constant B, depending only on the Gevrey index o > 1,
such that for all multi-indices 3 with |3] > 2 and all g, h € L2(R?), one has

Z/ 00as;(t,0))g(h(v)dv < Cllgluz Ihllez [Ga(F(E))] 5y for all £ 0,

where [Go(F(1)] gy = {IDV12 £ (1) 122 + B2 [(18] - 2)1]7}.

Proof. For o > 1, there exists a function ¢ € G§(R3) (cf. [14]) with compact sup-
portin {v € R® | |v| < 2}, satisfying that 1)(v) = 1 on the ball {v € R | |v] < 1},
and that for some constant B > 4 depending only on o,

sup [959| < BP(IA| =117, for all A € Z3. (8)

Write a;; = ai; + (1 —)a;;. Then a;; = (Yag;) * f + [(1 —)a;] * f. It is easy
to see that

Byai; = [04 (aig)] * ()" F) + {07 [(1 = ¥)ay] } * f, for |v] = 2.
We first treat the term [0% (vai;)] * (077 f). A direct computation shows that

(08 vas)] 00| = | [ [bwa] - v.)- @610

<c (@5 ) w.)] do
{lv.—v|<2}

< O8]~ f(t)l| 2
Next, for the term {85 [(1 — w)aij]} x f, one has, by using the Leibniz’s formula,
|(85 [(1 = w)ai;]) * £(v)

> Cg/ P = )] (v =) - (8ai) (v — ) - f(vs)du]

0<IA[<]8]

C3 A2 (v — ) - (B0ay) (v —v.) - flv.)do,
1S§ﬁl B/{1<UM|<2}( ) (v =) (Oyaig) (v = v) - f(vs)dvu |
+ (1= )] (0 = v.) - (D) (0= v.) - F(v2 )|

{lve—v|=1}
=J1 + Jo.

In view of (2), we can find a constant C', depending only on v, such that
(00 ais) (v —v.)| < CP(AD! for 1 < v, —v] < 2.
And for |8| > 2,
[(9ai) (0 = 0] < CPHBYL + o + o) for 1 < o —v].
From the estimate (8) we know that J; + Ja can be estimated by

BB I F Ol Y (%)'A' + BT - N F @) (14 o).

1<|A[<]8]
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We can take B large enough such that B > 2C. Then we get

[(00[(1 = ¥)ai;]) = f()| < Ji+ Ja

< Ol (Ol BPH(1B1H)7 (L + [o]*)/2

< OBYI(1B]1)7 (1 + [of*)72.
In the last inequality we used the fact [|f(t)||ry < Mo + 2Ep. Now we choose a
constant B such that BIAI(|g]!)7 < BIFI-2 [(18] — 2)!]0. It follows immediately that

[(07[(1 = w)ay]) * ()| < CBIPI=2[(18] = 2)17 (1 + [of*)/2,
Combining with the estimate on [9% (va;;)] * (057 f), we get finally
0as; ()] < ¢ {1077 F@O)ll= + BA2[(18] = 2)1)7 - (1L + )72}
< C[Go(F(D)] gy - (L + 107,

Thus, combining with Cauchy’s inequality, the estimate above gives the proof of
Lemma 2.4. |

Similar to Lemma 2.4, we can prove that

Lemma 2.5. For all multi-indices 8 with |3] > 0 and all g, h € L%(R3), one has

/R (@l 0)g(0)h(0)dv < Cllgllzz Iz - [Go(£(E)] 5, V120,

Let us now give the proof of Lemma 2.2. Since

3 3
Z&Jidij :i)j, Z@Ujbj = C,
i=1 j=1
and f satisfies 9y f = Y7 ,_; @ijOy,0, f — Cf, then it holds that

OO =2 [ (00500 - 81t v)) e

/ ,Z (@i, f = ¢f)] - [0 f(t,0)]dv

Moreover, by using Leibniz’s formula, we have

OO — 23 / i; (D0, D) - (O ) dv

1]1

+2 Z > Cﬁ/ (0 ai;) (Dv,, 04 f) - (D4 f) dv

u,j=1 |8|=1

+2Z > CE/W (00ai5) (Du,0,047 P f) - (O f) dv

i,5=1 2<|B|<|p

I S R ICHRCTT

0<|BI< |kl
= (1) + (II) + (II1) + (IV).
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Thus the proof of Lemma 2.2 depends on the following estimates.
Step 1. Estimate on the term (7).
Integrating by parts, one has

(I) = =2 Qjj av]avf ('Ula’LI;L)
A
—22/ (0, 01 f) - (8% f) dv
= (D1 + D)2

For the term ()1, one has, by applying the ellipticity property (7),
(D < =2K [ 9,080 1+ o )P0 = 2K |V,04 11
For the term (I)2, integrating by parts again, we have
(D2 =~ +2 [ @) @
Observing that |e(v)| < C|[f(t)l| 1 (1+ [v]*)?/2 < C(1 + [v]*)7/2, one has

(1)2 < C0 |32 < CIIV D £,

This implies
(I) < =2K||V, 04 |72 + CHVUDW_lfH%%. 9)

Step 2. Upper bound for the term (I7).

Recall that (IT) =237 37 52y CF fpe (02a:5) (Dui0, 0470 F) - (14 f) dv. Tnte-
grating by parts, we have

Sy Y o [, @) @007 ) - @ty o

J=118l=1

Y Y [ @) (0, 7) - uot ) i
hi=1|B|=1
= (IT), + (IT),.
Observing that ‘Bfl;j(t,v)’ < C(1+ |v[*)"/2 for |8| = 1, one has
(I < Clul - Vo P F )2 105 f ) p2 < O lul - VoD £ (2122
For the term (I7)s, if we write u = 3+ (1 — [3), then it holds that

D=2y Y cf [ (o) 0u0) - (008 ) i

u,j=1 |8|=1
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Since |3] = 1, we can integrate by parts to get

(I1)2 =2 Z > Cﬁ/ (0)aij) (00,04 f) - (80,0677 f) do

i,j= 1\ﬁ| 1

2y Yo [ 000 0,00771) - (0,07 ) do

bj=1|g|=1

a2 Y X [0 (0,080 0) - ot )

53=1 |p=1
Hence
Z Z Cﬁ/ 3B+Bdij)( oM Bf) ( e/ ﬁf)
i.j=1 |8|=1
Observing that [0 a;(v)| < C(1 + [v|*)7/2 for |8 = 1, one has
(ID2<C Y CF- V0P fllf2 < Clul - [V D1 F)12s,
18]=1
which means
(I1) < Clul - [V, D= 1|2, (10)
Step 3. Upper bound for the term (/I]) and (IV).
Recall that

(I1I) _22 > Oﬁ/ (05ai;) (Ov,0, 4" f) - (O f) dv

4,j=12<[8]<|u|

> Cﬁ/ (81=P8) (92f) - (91 f) dv
o<ipl<lul  7F
By Lemma 2.4 and Lemma 2.5, we have

and that

3
I <C Y > CllOun, 057 F@)llez - 104 F()llz [Go (F(D)] 15y

i,j=1 2<[8|<|u| (11)
<Cc > Cﬁl\va‘”“‘ﬁ'“f(t)lng-HVUD'”“lf(t)lng[Gg(f(t))}lm_z,
2<[B1<ul
and
@vy<c Y IO Wz VD F @)z - [ColFO)] g (12)
0<[B8I<]u

Combining with the estimates (9)-(12), one has
0104 F(1)I[72 + CilIV 0L F ()72 < Calul® IV DI £ ()]
+Co Y CAIVL DT () e - |V DT F )1z - [Go (F(8)] 5,

2<18]< | pl

Z anagf(t)HL?, : ”vaIMI_lf(t)”Lg ' [Go(f(t))} lul—18]"

0<|BI<]pl
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This completes the proof of Lemma 2.2.

3. Proof of Theorem 1.1. Theorem 1.1 will be deduced by the following result:

Proposition 1. Let 0 > 1 and fo € G7(R3) be the initial datum with finite mass,
energy and entropy, and let [ be a smooth solution of the Cauchy problem (3)
satisfying (4). Then for any fized T, 0 < T < 400, there exists a constant A, which
depends only on My, Ey, Hy, v, T, o and the Gevrey constant of fo, such that for
any k € N, k> 1, one has

- 1/2
@k sup 025Dz + { IR AU dt} < AF[(—1)]°
t€[0,T) 0 v
for all multi-indices o and & with |« = |&| = k.

Remark 4. From the estimate (Q) in Proposition 1 we can deduce directly the
result of Theorem 1.1.

Proof of Proposition 1.
We use induction on k to prove the estimate (Q);. Observe that (Q); holds if
we take A large enough such that

A= sup [l + I fllezqom;mz) +2- (13)
te[0,T]

Assume that the estimate (Q); holds for 1 <1< k—1 and k > 2. Then we need
to prove that the estimate (@) is true. Firstly we prove that

1 -
sup (|02 f(t)]|L> < = Al°l [(le] =1)!]7, forall |a| =k. (14)
t€[0,7) 2
Applying Lemma 2.2 with g = «, we obtain

3103 DI + CLlIVLIL FIB < Calaf IV, D= 1],

+Co Y CAIV D || [V, DI f 1z - [Go(F(0)] 5,
2<1B|< ]| (9)

+ C2 Z CgHagf”Li : ”va‘a‘_lfHLg ' [Ga(f(t))] la|—18]"

0<|BI<]al

Next for the last term on the right hand side of the above inequality, one has
Co Y CRIU @)l - Vo0l F(@)ll2 - [Go(FED] 0 s
0<|B]<|ev]
=Cal| F(t)llz - IVoO = f (D22 - [Go(F(D)] 4
+Co Y CHOTF @)z - IVud ™ F ()22 - [Go(FED)] o),
1Bl=1
10 Y CRIOSFW ez - IV F Dz - [GolFE)] 11

2<1B[< e
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We denote [Go(f)] i3] = SUPtefo,7] [Go(f(1))] Bl Integrating in both sides of the
estimate (15) over the interval [0, 7], and using the Cauchy inequality, we get

T
105 FONZ> = 1195 FO)]IZ2 < Co Ialz/O IV, DI f (5)|[72 ds

" :
+C Y CIGa(N)] s 2{/0 ||VvD|a|ﬁ+1f(5)|%gd5}

2<|BI< e

T
x { / |vUD'a'-1f<s>|%gds}

T % T 2
+czogltng||f(>||Lg-{ /O [G(f(s))]|a|ds} { /0 |VuDa|1f(S)|%gd5}

T
+Co 3 C2 g 11Oy - [Go (] oy [ 190D 16z

=1 0<t<T

T }
JPIR Mot w{/o |35’f(s)ligds}

2<|B\<|0¢|

T 3
x { / |VvD|a|_1f(3)|%g,dS}

20 (51) + (Sa) + (S3) + (S4) + (Ss).

From the induction assumption and the fact ||8ff|\L% < ||vvaLﬁ‘*1f||L3 for |B] > 1,
we have, respectively, the following estimates:

Nl=

{ I |vvaf-1f<s>||%zds}2 < A" {(ja] - 21" (16)
0 v

Nl=

{ /0T|Va!;al_lﬁlﬂf(s)ﬂigds} < A8 (o] — (8], 2 < 18] < Jod; (17)

T 3
{/O ||3ff(5)||%gd8} < APEH(I8 - 2)1%, 2< 1l < ol (18)
We next treat the term [G ( f)] given by

(Go()],, = sup [Go(f(1)],, = sup (187" f(1)llL2 + B™ (m!)7,
te[0,T] t€[0,T]

Observe that for some C, > 0,
B™ (m!)” < (CoB)™ ((m —1)1)7, for1<|8] <la|—1.
Also from the induction assumption, one has

max |0 f(t)|lpz <A™ (m—1)N)7, 1<m<|a]-1=k—1.
te[0,T]
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Thus for A large enough, we have
(Go(f)], <247 ((m—=1)1)7, 1<m<|a|-1=k-1
By using the estimate (16), one has

T
| (6] s < cAP (] - 2]
The estimate for the term (S1) can be given by (16) directly,

(51) < Cylal? [A\O‘Fl ((Ja] — 1)!)"}2 <, [Ala\*l (|a|!)"]2.

We write now the term (S2) into two parts,

T
(52 =C2 3 CAIGa(1)],- [ VDI (o) eds
|6]=2 0

365

T 1/2
o Y 05[G0<f>]|3_2{ / ||VDIQI_IBI+1f(S)||%3dS}

3<18[< e

x { /O ) ||VDa_1f(5)||%3dS}

"

=(82)"+ (S2) -
Thus (13) and (16) give that

1/2

(52) < Colof* {411 (Jal ~2))7} < Gaa {A = (o] - 1))}

and (16), (17) and (19) give that

!

() <0 ST e A2 [(8] - 37 A (ol - |81))”

3<1B|<[al
x Al (o) — 2)1]7.
Observing that
L _ g al — g % al — o
|ﬁ|!(|a|_|ﬁ|)![(lﬁl N [l = 18DY" < Kk {(Jaf =1)1}7,
we have by the estimate (5)
(82)" < Co(AT1 (o] = 207 [l = 1) > i
3<|<[al
< 6C(A [(Jaf = 2)1] 7 [(lof = DY |of”

<60y {A"“H [(la] - 1)!}”}2.

6o

Therefore ,
(S2) = (S2) 4 (S2)" < 6C,A {A‘“'*l (o] - 1)!]“} .
Similarly, from the estimates (13), (16) and (20), one has

(S3) < CoA {Ala\—l (o] - 2)!]0}2-
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From (13), (16) and (19), one can deduce that
(S3) < Coa {411 [(|a] - 1)!]“}2. (24)

It remains to estimate the term (Ss). From (16), (18) and (19) we have

Gl e 18110l — 18] — 117 A1 [(18] — 2)11°
(55)§2<g2<:a1 Bl = 1)1 [(le = 18] = )1]" A= [(|8] = 2)1]
x Al (ja] - 2)1)7

+ A {A‘“'*l [(ja| - 2)!]”}2 :

Since for 2 < |B] < |a] — 1,

o [(al = 181~ D7 (181~ 2 < — 21 [(af 11",

|B1!(ex = 16]) 1B (laf — 181)

then by using the estimate (6), we have

(59 < Ca (470 [(al = DI [(al =2)° ¥ 2l
( ) 2<|8|< a1 18" (lef = 181)

LA {A\a\—l [(Ja| - 2)!}”}2
< 3054 (411" [(ja] - D] [(la] - 2] Jof”
~ 2
<3C,A {AIQH [(Ja| - 1)!}”} .
This, combined with (21)-(24), implies that
105 703 ~ 103 FO2 < Csa {all 1 (la) 7}, Ve e(0.7)

Since f(0) = fo € G7(R?), then there exists a constant L such that

198 FOI13 < { £/ [(la] ~ 1)}

Thus taking A large enough, we can deduce that

2
105 f())|32 < {%AIO‘ [(le| = 1)!]0} , forallte[0,7], and |a| = k.

This gives the proof of the inequality (14).
Finally, we need to prove that

2

T v v (o2 ~
[ iwozsoa < farga-07h o vis-e )
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The proof of the estimate (25) is similar to that of (14). Let us apply Lemma 2.2
again with © = a. Then we have

0|03 f (D172 + CLlIVLO] flIZe < Cala* VL0 f1172
+ Oy Z anvval;dl_‘ﬁl-i_lf”Li : |‘Vva1‘;d|_1f||L3 : [Ga(f(t))] |8]—2

2<(B|<la

+ Oy Z anagf”Li ’ |‘vv61‘;d‘_lf||L2, : [Ga(f(t))] |&|—|8]
0<|BI<|al

def

= N().

Integrating the above inequality over the interval [0, T, we then have

T T
c / 19,08 £ ()2 < 1107 £(O) |2 + / N(s)ds.

By a similar argument as in the proof of (14), one has

T 2
oE s+ [ s < e { g gal - 17}

which gives the estimate (25). The proof of Proposition 1 can be derived directly
by the estimates in (14) and (25). O
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