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Abstract

In this paper, we consider the Cauchy problem to the generalized Fokas—Qiao—
Xia—Li/generalized Camassa—Holm-modified Camassa—Holm (gFQXL/gCH-mCH)
equation, which includes the Camassa—Holm equation, the generalized Camassa—
Holm equation, the Novikov equation, the Fokas—Olver—Rosenau—Qiao/Modified
Camassa—Holm equation and the Fokas—Qiao—Xia—Li/Camassa—Holm-modified
Camassa—Holm equation. We prove the ill-posedness for the Cauchy problem of the
gFQXL/gCH-mCH equation in By, ., with s > max{2 +1/p,5/2}and 1 < p < o0
in the sense that the solution map to this equation starting from u is discontinuous at
¢ = 0 in the metric of By, ..
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1 Introduction

In this paper, we consider the Cauchy problem of the following generalized Fokas—
Qiao—Xia—Li/generalized Camassa—Holm-modified Camassa—Holm (gFQXL/gCH-
mCH) equation:

m; + ki ((u2 — u%)m)x + ko (ukmx + (k + 1)uk’1uxm) =0,
m=u—Uyy, (1.1)

m(0, x) = mo(x),

where ki, ky € Rand k € Z*. u = u(t, x) is a horizontal velocity.
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When k; = 0and k> = 1, Eq. (1.1) reduces to the following generalized Camassa—
Holm (gCH) equation which was proposed in [1, 20, 24]:

m; 4+ ukmy + k + DuF~Yu,m =0,
m=1u— Uyy, (1.2)

m(0, x) = mo(x).

It is remarkable that Eq. (1.2) possesses peakon solutions u(f, x) = cl/ke=lx—ctl with
¢ > 0 (see [20, 29]). Himonas—Holliman [24] obtained the local well-posedness in
Sobolev spaces by means of the Galerkin approximation method, which was gen-
eralized to the Besov spaces by Zhang and Liu [54]. It was further proved that the
data-to-solution map is continuous [31] but not uniformly continuous [51].

Equation (1.2) can also be a special case of the g-kbCH equation

m; + ukmy + bu*Yu,m =0, beR,
m=u— Uyy, (1.3)

m(0, x) = mg(x).

Zhao-Li—Yan [55] obtained the well-posedness of the Cauchy problem (1.3) in Besov
space B;,r(R) withs > max{l1+1/p,3/2}and 1 < p,r < oo. However, for r = oo,
they established the continuity of the data-to-solution map in a weaker topology. Chen—
Li—Yan [5] solved the critical case for (s, p,r) = (3/2,2, 1). Li-Yu—Zhu [38] proved
the sharp ill-posedness of the Cauchy problem for the g-kbCH equation in Bj, ., with
s > max{l + 1/p,3/2} and 1 < p < oo in the sense that the solution map to this
equation starting from u is discontinuous at 7 = 0 in the metric of By,
When k = 1, Eq. (1.2) becomes the well-known Camassa—Holm (CH) equation

(1.4)

Up — Uy + 33Uty = 2UyxUyy + Ullyyy,
u(0, x) = ugp(x).

The CH equation was originally derived as a bi-Hamiltonian system by Fokas and
Fuchssteiner [17] in the context of the KdV model and gained prominence after
Camassa—Holm [3] independently re-derived it from the Euler equations of hydro-
dynamics using asymptotic expansions. The CH equation is completely integrable [3,
8] with a bi-Hamiltonian structure [7, 17] and infinitely many conservation laws [3,
17]. Also, it admits exact peaked soliton solutions (peakons) of the form celx—ctl
with ¢ > 0, which are orbitally stable [9] and models wave breaking (i.e., the solu-
tion remains bounded, while its slope becomes unbounded in finite time [10-12]).
In 1998, Misiotek [42] showed that the CH equation re-expresses geodesic motion
on the Bott—Virasoro group. Subsequently, the CH equation with periodic boundary
conditions had been recast as a geodesic flow on the diffeomorphism group of the
circle by Kouranbaeva [35] and Constantin—Kolev [13, 14].
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When k = 2, Eq. (1.2) is the famous Novikov equation [23, 43, 44, 49, 51]

Up — Uer + 4Pty = Uttty + Wllgry, (1.5)

u(0, x) = ugp(x). '
Home—-Wang [30] proved that the Novikov equation with cubic nonlinearity shares
similar properties with the CH equation, such as a Lax pair in matrix form, a bi-
Hamiltonian structure, infinitely many conserved quantities and peakon solutions.
The Novikov equation admits multi-peakon traveling wave solutions on both the line
and the circle. More precisely, on the line the n-peakon

n
u(x, 1) =Y pj(n)e r-u®l

j=1

is a solution to the Novikov equation if and only if the positions (g1, ..., g,) and the
momenta (pi, ..., pp) satisfy the following system of 2n differential equations

d .

Tt = 1)),

dpj

o = —ulgux(g;)pj-

Himonas—Holliman—Kenig [26] constructed a 2-peakon solution with an asymmetric
antipeakon-peakon initial data and showed the Cauchy problem (1.5) on both the line
and the circle is ill-posed in Sobolev spaces H® with s < 3/2. One may note that the
CH equation has quadratic rather than cubic nonlinearities, and this plays an important
role in the analysis of these two equations.

When k; = 1 and k> = 0, Eq. (1.1) reduces to the FORQ/MCH equation

m; + ((u2 — ui)m)x =0,
m=u—tyy, (1.6)

m(0, x) = mo(x).

Equation (1.6) written in a slightly different form was first derived by Fokas [16] as an
integrable generalisation of the modified KdV equation. Fuchssteiner [18] and Olver—
Rosenau [45] independently obtained similar versions of this equation by performing a
simple explicit algorithm based on the bi-Hamiltonian representation of the classically
integrable system. Later, the concise form written above was recovered by Qiao [46]
from the two-dimensional Euler equations by using an approximation procedure. The
entire integrable hierarchy related to the FORQ equation was proposed by Qiao [47].
It also has bi-Hamiltonian structure, which was first derived in [45] and then in [46],
admits Lax pair [46] and peakon travelling wave solutions that are orbitally stable
[21, 39, 48]. It should be mentioned that this equation is also referred as the modified
Camassa—Holm equation in [4] (we may call it the FORQ/MCH hierarchy). The local
well-posedness and ill-posedness of the Cauchy problem for the FORQ equation (1.6)
in Sobolev spaces and Besov spaces were studied in the series of papers [19, 24, 25,
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27]. Himonas-Mantzavinos [28] showed that the Cauchy problem (1.6) is well-posed
in Sobolev space H* with s > 5/2. Fu et al. [19] established the local well-posedness
in Besov space B;,r with s > max{2 + 1/p,5/2} and 1 < p,r < oo. It was further
proved the data-to-solution map is continuous [28] but not uniformly continuous [32,
50].

When k = 1, Eq. (1.1) reduces to the FQXL/CH-mCH equation [6, 22, 40, 41] as
an extension of both the CH and FORQ/MCH equations

my + ki (W —ud)ym)  + ky (umy + 2uxm) =0,
m=u—Uyy, (1.7)

m(0, x) = mo(x),

which was proposed by Fokas [16] from the two-dimensional hydrodynamical equa-
tions for surface waves by using tri-Hamiltonian duality to the bi-Hamiltonian Gardner
equation. Xia—Qiao—Li [52] discussed its integrability, bi-Hamilton structure, and con-
servation laws. Although these models mentioned above have similar properties in
several aspects, we would like to point out that these equations are truly different.
In fact, only a few of them have a geometrical interpretation as geodesic flow. One
of the distinctive features of the CH equation is that it comes up in the description
of the geodesic flow on the Bott—Virasoro group with respect to certain (weak) right
invariant Riemannian metrics [13-15, 35, 42]. For the CH equation, many interesting
results under geometric aspects can be found in Kolev’s papers [33, 34].

Equation (1.1) can be viewed as a generalization to the FQXL equation or a com-
bination of both gCH and mCH equtions. Based on this reason, we call Eq. (1.1)
the gFQXL/gCH-mCH equation. Very recently, based on the transport equation and
Littlewood—Paley theory, Yang—Han—Wang [53] proved that the gFQXL/gCH-mCH
equation is locally well-posed in Besov spaces. More precisely, they established
Lemma 1.1 [53] Let p,r € [1, co] and s > max {2 + %, %} Assume that ug € B‘;,r,
then there exists a time T > 0 and a unique solution u to the Cauchy problem (1.7)
such that the map B;’, Sug—u€C(0,T]; BZZ,)OCI ([0, T1; B‘I‘,/;l) is continuous
foreverys' < s whenr = o0 ands’' = s whenr < oo.

Naturally, we want to ask a question that whether or not the continuity of the
data-to-solution map with values in L*°(0, T'; B‘;,‘OO) with s > max{2 4+ 1/p,5/2}
and 1 < p < oo holds for the gFQXL/gCH-mCH equation. It should be noticed
that well-posedness of the Cauchy problem for the g-kbCH equation holds for s >
max{1+ 1/p, 3/2} while for the gFQXL/gCH-mCH equation holds for s > max{2 +
1/p, 5/2}. This difference between the well-posedness index of g-kbCH equation and
gFQXL/gCH-mCH equation may be explained by the presence of the extra term u?c
in (1.7). Recently, Li—Yu—Zhu [38] (see also [37]) proved the solution map to the
g-kbCH equation starting from u is discontinuous at t = 0 in the metric of B‘f,, o ®)
with s > max{l + 1/p, 3/2}, which implies the ill-posedness of the Cauchy problem
for this equation in B), ., (R). However, this ill-posedness result do not cleanly to the
gFQXL/gCH-mCH equation. The main difficulty lies in the presence of the extra term
ufc In this paper, motivated by the idea used in [38], we shall bypass this obstacle and
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prove the ill-posedness of the Cauchy problem for the gFQXL/gCH-mCH equation.
In order to present our main result, let us reformulate (1.1). Setting A2 = (1— 8?)’1 s
then A=2f = G % f where G(x) = %e“"' is the kernel of the operator A~2. Thus,
we can transform (1.1) equivalently into the following transport type equation

u; + (kluz — %ui + kzuk> Uy + A2 (%ui + —kZ(kz_l)uk*zui)

+9, A2 (23&143 + kyuu? + kou* ! + Wuk_lui) =0, (1.3)
u(0, x) = ugp(x).

Now, we state our main result.

Theorem 1.1 Let k; € R\{0}, k € R and k € Z*. Assume that 1 < p < oo and
S > max {2 + %, %} . There exists ug € B;’OO(R) and a positive constant &g such
that the data-to-solution map ug — S;(ug) of the Cauchy problem (1.8) satisfies

lim sup [[S; (uo) — uoll g, ., = €o-
=07t

Remark 1.1 Theorem 1.1 demonstrates the ill-posedness of the Cauchy problem (1.8)
in By, o, withs > max{2+1/p,5/2} and 1 < p < oo in the sense that the solution
map to this equation starting from u is discontinuous at 7 = 0 in the metric of By, .

Organization of our paper In Sect. 2 we present some preliminary results and intro-
duce notation used. In Sect. 3 we rewrite the original system (1.1) by introducing a
new unknown quantity. In Sect. 4 we give the proof of main Theorem.

2 Littlewood-Paley analysis

Notation A < B (resp., A 2 B) means that there exists a harmless positive constant
c such that A < ¢B (resp., A > ¢B). Given a Banach space X, we denote its norm
by || - ||x- For I C R, we denote by C(I; X) the set of continuous functions on I with
values in X. Sometimes we will denote L”(0, T'; X) by L;X . Next, we will recall
some facts about the Littlewood—Paley (L-P) decomposition, the nonhomogeneous
Besov spaces and some of their useful properties. Let B := {§ € R : |§] < %} and
C={eR: % < |& < %}. There exist two radial functions y € CZ°(3) and
@ € C2°(C) both taking values in [0, 1] such that

XE+) 9@/ =1 VEER.

Jj=0
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Definition 2.1 [2] For every u € S'(R), the L-P dyadic blocks A; are defined as
follows

0, if j <=2

Aju={ x(Dyu =F ' (xFu), if j=-1,
97 Dyu =F e/ )Fu), ifj=0.

Definition 2.2 [2]Lets € Rand (p, r) € [1, 00]?. The nonhomogeneous Besov space
B;’,(R) is defined by

By, R)i={f e S'®): IIflg,, @ < oo} where

. - 1/r .
||f||Bf»r(R)={(ij_lzur”Ajf””(R)) C i lsr<oe

supj>_1 2 (1A flliLr ), if r=oo0.
Remark 2.1 The fact By, ,(R) < Bj, (R) with s > ¢ will be often used implicity.

We give some important properties which will be also often used throughout the paper.
Lemma 2.1 [2] (1) Let (p, r) € [1, 00]* and s > max {1 + % 3). Then we have

_ < — -
vl g2y = Cllell g2y 1Vl g1 -

(2) For (p,r) € [1,00]%, B‘;,_I(R) withs > 1 + % is an algebra. Moreover, for

s

any u,v € B‘;))_rl (R) withs > 1+ %, we have

o < o —
luvl| BAp.rl ®R) = Cllul| BAp.rl ®) vl Bf,’,l R)*

(3) Let m € R and f be an S™-multiplier (i.e., f : R — R is smooth and satisfies
thatVa € N, there exists a constant Cq such that |3 f(£)| < Co(1 4+ £ for all
& € R). Then the operator f (D) is continuous from B;’r(R) to B;fr’" (R).

(4) Foranys € R, (1—9,)~ ! is an isomorphic mapping from B‘l‘,;l (R) into B;‘, (R).

(5) For 1 < p <ooands > 0, there exists a positive constant C such that

|27 18 vioe s,

< C(I9:v Nl f 1By oo + 19x £l 19501 -1 ).

eOO
where we denote the standard commutator [Aj, v]ox f = Aj(voy f) — vA;dx f.

@ Springer



lll-posedness for the gCH-mCH equation in Besov spaces

3 Reformulation of system

Due to the presence of the extra term ui in (1.8), it seems difficult to deal with Eq.
(1.8) directly. From Eq. (1.1), we infer that

(1 —8)%) (u,—l—(kl(u —u )+k2u )ux)
= —2ki (um) — 2kyuuem + ko (2k — Du* " uem
— kok(k — Du*2u® — 3kpku*uy,

which implies

u; + (kl(u —u )—}—kgu )ux
= kA2 ((Zk — Dk Ve — k(k — Duk=23 — 3kukux)
— 2k 3y A% (um) — 2k A7 (uum). (3.9)

Differentiating (3.9) with respect to x yields

Uy + (kl(u —u )+k2u )u”
= kyd A2 ((Zk — DV um — k(k — Duk=2u — 3kukux)
(3.10)

X

— 2k A2 (u2m) — 2k1 3 A7 (uugm) — koku*1u.

Introducing v := (1 — 8,)u, which implies u* — u = (2u — v)v, then we have from
(3.9) and (3.10)

oV + (k1(2u —v)v+ kzuk) 0y = D1 (u) + P2 (v) + P3(v),
u= (=03 1o, (3.11)
vy = (1 — dx)uo,

where the terms ®1(«), ®2(v) and ®3(v) are defined by

1 (u) = —koku*~1u?,

D (v) = 2k10x A2 (veuym) — 2k A" (vuym),

®3(v) = k(1 — 9,)A 2 ((2k — DV — k(k — Duk=2u’ — 3kukux> .
Since (1 — 3,)~! is an isomorphic mapping from BS 1(R) into B +(R), the ill-
posedness of u in B;“ can be transformed into that of vin Bj, Based on this

observation, we shall consider Eq. (3.11) satisfied by v in the rest of this paper. Now
we restate our main result as follows.
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Theorem 3.1 Let k; € R\{0}, k, € R and k € Z*. Assume that 1 < p < oo and

s > max {1 + %, %} . There exists vo € B; oo (R) and a positive constant gy such that

the data-to-solution map vy — S;(vo) of the Cauchy problem (3.11) satisfies

lim sup [|S; (vo) — voll B ., = €0-
t—0t

4 Proof of Theorem 3.1

In this section, we will give the proof of Theorem 3.1.

4.1 Construction of initial data
We need to introduce smooth, radial cut-off functions to localize the frequency region.
Precisely, let ¢ € C;°(R) be an even, real-valued and non-negative function on R and

satisfy

1, if &l <1,
H

o= {0, if I¢

Remark 4.1 By the Fourier—Plancherel formula, we have ¢(x) = F ’l(a(é)).
Obviously

1 ~
#(0) = 5 / ¢(&)dE > 0.
T Jr

Lemma 4.1 [36] Let n > 1. Define the function f,(x) by

. . 172n
fu@) = ¢ () sin (—12 x)
or

B 17 0
Jn(x) = ¢(x) cos (E X> :

Then we have

_ fnv ifj:n,
Aﬂﬁ)_{a ifj#n.

Lemma 4.2 Define the initial data uo(x) and vo(x) as

= 2—}1(s+1) : on ,
ug(x) E ¢ (x)sin T X

n=0
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vo(x) 1= (1 — dx)uo(x).
Then for any s > max {%, 1+ %} and k € 7", we have for some n large enough

lvoll g5 o, ~ lluoll gt = C, 4.1
H (k] Qug — vo)vg + kzulé)axAnvo HLP > CTZ"(I 2 4.2)

where C and cyp, c| are some positive constants. In particular,

3 (7 ginx|Pdx) P
co = (2 fy Isinx|Pdx) ", l.f]?E[l,OO), and ¢ = |1| 2¢()
1, if p=oo, (1 —-27%)
Proof Using Lemma 4.1 yields
—n(s+1) : 17 n
Ajug(x) =2 ¢ (x)sin 52 x ). “4.3)

By the definition of Besov space, we have

<C.

1

(x)sm( 2]>

Due to the relation up = (1 — )~ 'vg, we have luoll gs1 < llvoll Bs s which implies
P,o© ,
4.1).

1
luoll gy = sup 26FDIA jugllr = sup
j=— Ly

From (4.3), we have

17 17 17
Ay Apuo(x) = 277Dy’ (x) sin (122”x> + E2—'”4>(x)cos <52”x) . (4.4

Then

6

17 22)12—ns s 172n 45
(@en()

Combining (4.4) and (4.5) directly gives that

17 17 17
3y O Apug(x) = 276D g (x) sin (122" > + —27¢(x) cos (EZHx>

0x Apvg = 0y Ayug — 05 0x Apltg

17 2 nA—ns : 17 n
= (E) 227" ¢ (x) sin <E2 x)
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+ 276D (@ (x) — ¢ (x)) sin (%2%)
+ %2*’” (¢ (x) — 2¢(x)) cos (%2’%) .

Since ug(x), vo(x) and ¢ (x) are real-valued and continuous functions on R, then there
exists some § > 0 such that for any x € Bs(0)

|[(k1(2uo — vo)vo + kaug))p1(x)|
k1]

1
> —I[(k1 (uo — v0)vo + kaug)1(0)| = — v v5(0)6(0)

k
'”( (0)22—’”) $(0) = cr. (4.6)

Obviously,
1 (k1 2uo — v0)vo + kauef) (x) || Loy < C. “.7)
Thus, for some n large enough, we have from (4.6) and (4.7)
Il (k1 (2uo — vo)vo + kau)dx Anto |l 2r
17
sin <—2”x)
12 LP(B5(0))

(¢'(x) — ¢"(x)) sin (%2’%)

2 cq 211 2—71.8‘

—ca

Lr

—c2

!/ 17 n
(¢ (x) — 2¢(x)) cos (EZ x>

> (coc12" — C)27",

Lr

where we have used

17
sin (—2”x) > co > 0.
12 LP(B5(0))
In fact, for p € [1, 00), we have
17 p 28 [ 17
sin (—2"x> = —/ |sinx|Pdx with A, := —§2".
12 L (B3(0)) 12
Due to the fact
1 [ 1 ("
lim — | sinx|Pdx = —/ | sin x|Pdx,
n—>00 A, 0 7 Jo
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then there exists a positive integer number N such that forn > N

1 [ 1 (7
—/ | sinx|Pdx > —/ | sin x|Pdx,
)"n 0 2 0

For p = 0o, we have for some n large enough

17
sin [ —2"x
12

We choose 7 large enough such that C < <4712" and then finish the proof of Lemma
4.2. O

= ||sin x || L% (B;, (0)) *
L>®(B5(0))

4.2 Error estimates

From now on, we denote v(¢) = S;(vg) for the sake of convenience.

Lemma 4.3 Assume that ”UOHBZ%.oo < 1. Under the assumptions of Theorem 1.1, we
have '

1(0* = 2uv)dxvll o1 + u*Bxvll ot < 1,
P.oo p,00

[P1@)l s o, + 1 P25, + 1P3(W)IBs ,, < 1.

p.oo —

Proof By the local well-posedness result [53], there exists a short time T =
T(lluoll gs+1) such that Eq. (1.1) has a unique solution u(z) € C([0, T]; B;tl).

p,o0 )
Moreover, for all ¢ € [0, T'], there holds

lu@)llgs+1 = Cliuoll gesr or lv®llg; o, = Clivollsy - (4.8)

poo —

It can be inferred from (4.8) that which will be frequently used later
s— < s— < s < .
Illgst S lvoll gyt < llvollgy o S 1

Using the fact that B;Trl is a Banach algebra with s — 1 > max{%, %} and Lemma
2.1, one has

(0 = 2uv)d, vl g1 + kD 0]l o
p,>© P,
2 k '
<" - 2”“)||B;;10||3x”||35,;10 + IIMIIB.;Y_OLIIVJIIB;,,oo

2 3
< W0lea 0llgy o+ Boly < 1.
Similarly, one has

[®1@) By, < llu

p,oo —

k—1_2 k—1 2
Wlp < Ml Nl <1,
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122155, = loxstxmll got + llvuxmll gt < lvllg; lulipy Nl — txxll gt = 1,
k—1 k=23 k

193l o0 = N il oy + 1020l g1+ ldbull gy < 1.

Thus, we finish the proof of Lemma 4.3. O

Proposition 4.1 Assume that ||vg|| B < 1. Under the assumptions of Theorem 1.1,
we have

IS¢ (vo) — voll gs—1 St
p,00

Proof By the mean value theorem and the Minkowski inequality, we obtain

t
1) — voll s 5/ 190l o dr
P, 0 p,o0
4 t
<k f ||(U2 - zuv)axU”B;folch + sz ||uk3xv||B;7010dT
0 : o :

t t t
+ [ neiangar+ [ 1o+ [ 10200,
0 P00 0 P00 0 P00

Thus, using Lemma 4.3 enable us to finish the proof of Proposition 4.1. O
Next, we shall establish the key estimate which plays an important role in the proof
of main Theorem.

Proposition 4.2 Assume that ||vol| gs-1 < 1. Under the assumptions of Theorem 1.1,
P,
there holds

o2 <12
Wiz S 2
where we denote w := S;(vg) — vy — tUg and
Uo = (ki Quo — vo)uo + ko) dyv + @1 (o) + D2(v) + Da(p).  (49)
Proof Using differential mean value theorem and (3.11), we obtain
t
Wiz = [ 13c0 = Vol e
p,oo 0 p,00
t t
< / ||v28xv — v%&xv()HBsfz dr + / luvoyv — uovoaxvoﬂBsq dr
0 poe 0 P
t t
+ f 191 0) = @1 o)l gy 2 + f [92(0) — @2(0) 5y 2dr
0 ' 0 '

t
+/O 1P3(v) — P3(vo)ll ps-2 dr. (4.10)
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Now we need to estimate each term on the right hand side of (4.10). Notice that B;',frl
is a Banach algebra with s — 1 > max{%, %}, combining with Lemma 2.1 yields

3 3 2 2
10 = 0l 2 < 10 = v0)(©? + vvo + vl gy S 10 = vol ot
luvdyv — upvodxvoll gs—2 = |[(u — ug)vdxv + uo(varv — vodx Vo) || gs—2
p.0o p.oo
2 2

5 flu — MOHB;;OZO ”UaxU”B;;OlO + ”u()”Bép*OIO lv® — Vo ”B;;olo

< — _

S v —voligs-1 .

Here, we need only to estimate ||vyuym — voyuoxmol| ps-2 since the other terms can
P,0
be processed in a similar more relaxed way. Using Lemma 2.1 yields

lvxuxm — UO)CMO,\CWZO”BS*2
P00
< (v - UO)x”xm”BS*2 + llvox (v — uO)xm”BS*2
P, P00
+ [[voxuox (m — mo) || gs—2
p,oo
<|v- voIIB;joloIIMIIB;,mllmllB;TOL + llvoll s, lle — uoll B3, IIMIIBE,—;0
+ llvoll By lluoll B, lm — mollg;;ozo

= [lv —voll g5t -

Putting the above estimates into (4.10) and using Proposition 4.1 yield
t

2
W]l gs-1 5/ lv(t) —voll gs-1dT S 27
p.oo 0 p.oo

Thus, we complete the proof of Proposition 4.2. O
Now we present the proof of Theorem 3.1.

Proof of Theorem 3.1 Notice that S;(vg) — vo = tUg + w where Uy is given by (4.9),
and

A, ((kl (210 — v0)vo + kauk)d, v0> - (k1(2u0 — vo)vo + kzulé) 9, Ao
+ [An, (ki1 Quo — vo)vo + kauf)1dxvo,

by the triangle inequality and Proposition 4.2, we deduce that

IS¢ (vo) — voll gy, = 2" 1A (S (v0) — vo)lLr

= 2" ||A, (tUp + W)l .»
> 12| A, Ugllr — 222"~ A wl| 1o

> 12" A, ((k1(2uo —vo)vo + kzulé) axUO)HLp
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— 12 | A (@1 (0) + B2 (00) + 300D — C2 Wil o2

2 tzns

(kl (2uo — vo)vo + kzulé) O Anv()””

_ t2ns

(A (ki @uo = voyvo + kouf ) oo |
— 1| @1 (up) + P2(vo) + P3(vo)l 5 . — €221

> 1o <k1 (2uo — vo)vo + kzulé) BxAnv()”Lp
= Ct 218, (ki Quto = vo)vo + kot 1osuol o |
— Ct — C27'¢?, 4.11)

where we have used Lemma 4.2 and the commutator estimate

|27 AR, (k1 uo — vo)vo + kaug)19xvollr || oo
< 1192 (k1 uo — vo)vo + kaug) Il < llvoll g5,
+ 19 voll oo |9 (k1 (Ruo — vo)vo + kzuS)lle—olc <1
Gathering all the above estimates and Lemma 4.2 together with (4.11), we obtain

IS (vo) — voll 5. = %tzﬂ _Cr— e,

Taking large n such that <5712" > 2C, we have

Thus, picking 12" ~ ¢ with small ¢, we have

coc1 5« CocCl
Si(vo) —wollgs . 2 —e—¢e" 2 —=¢.
IS¢ (vo) — vollgs ., < 1 i

This completes the proof of Theorem 3.1. O
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