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Abstract: This paper is devoted to a new integrable two-component Camassa—Holm
system with peaked solitons (peakons) and weak-kink solutions. It is the first integrable
system that admits weak kink and kink—peakon interactional solutions. In addition, the
new system includes both standard (quadratic) and cubic Camassa—Holm equations as
two special cases. In the paper, we first establish the local well-posedness for the Cauchy
problem of the system, and then derive a precise blow-up scenario and a new blow-up
result for strong solutions to the system with both quadratic and cubic nonlinearity.
Furthermore, its peakon and weak kink solutions are discussed as well.

1. Introduction

In the past two decades, a large amount of literature was devoted to the celebrated
Camassa—Holm (CH) equation [3]

my +umy +2u,m+buy =0, m=u— uyy,

where b is an arbitrary constant, which models the unidirectional propagation of shallow
water waves over a flat bottom. Here u (¢, x) stands for the fluid velocity at time ¢ in
the spatial x direction [3,22,41]. The CH equation is also recognized as a model for the
propagation of axially symmetric waves in hyperelastic rods [18]. It has a bi-Hamiltonian
structure and is completely integrable with algebro-geometric solutions on a symplectic
submanifold [3,29,48]. Its solitary waves vanishing at both infinities are peaked solitons
(peakons) [4] when b = 0, and they are orbitally stable [17]. It is also worth pointing out
that the peakons replicate a feature that is characteristic for the waves of great height—
waves of the largest amplitude that are exact traveling wave solutions of the governing
equations for irrotational water waves, cf. [11,53].

The Cauchy problem and initial boundary value problem for the CH equation have
been studied extensively [8,9,19,27]. It has been shown that this equation is locally

well-posed [8,9,19] for initial data ug € H*(R), s > % Moreover, it has both globally
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strong solutions [7-9] and blow-up solutions at a finite time [7—-10]. On the other hand,
it also has globally weak solutions in H 1 (R) [2,16,57]. In comparison with the KdV
equation, the advantage of the CH equation lies in the fact that the CH equation has
peakons and models wave breaking [4, 10] (namely, the wave remains bounded while its
slope becomes unbounded in finite time [54]).

Another important integrable equation admitting peakons is the well-known
Degasperis—Procesi (DP) equation [21]

my+umy +3uym =0, m=u— uyy,

which is regarded as another model for nonlinear shallow water dynamics [13,15]. It
was proved in [20] that the DP equation has a bi-Hamiltonian structure and an infinite
number of conservation laws, and admits peakon solutions which are analogous to the
CH peakons. The DP equation was already extended to a completely integrable hierarchy
in a 3 x 3 matrix Lax pair, which possesses involutive representation of solutions under
a Neumann constraint on a symplectic submanifold [51], and furthermore it was proven
to have algebro-geometric solutions for such a 3 x 3 integrable system [40].

The Cauchy problem and initial boundary value problem for the DP equation have
been studied extensively in [6,25-27,43,62,63]. Although the DP equation is very simi-
lar to the CH equation in the aspects of integrability, particularly in the form of equation,
there are some significant differences between these two equations. One of the remark-
able features of the DP equation is that it has not only (periodic) peakon solutions [20,63],
but also (periodic) shock peakons [26,44]. Besides, the CH equation is a re-expression
of geodesic flow on the diffeomorphism group [14], while the DP equation is regarded
as a non-metric Euler equation [23].

The nonlinear terms in both CH and DP equations are quadratic with slightly different
constant coefficients. However, there do exist integrable peakon systems with cubic
nonlinearity, which include the cubic CH equation (also called the FORQ equation):

my 4+ (W? —u?ym)y +buy =0, m=u—uy, (1.1)
with a constant b, and the Novikov equation:
m; +u2mx +3uuym =0, m=u— Uyy.

Equation (1.1) was proposed independently in [29,46,49]. It was derived from the two-
dimensional Euler equations, and its Lax pair, peakon and cusped soliton (cuspon) solu-
tions have been studied in [49]. Recently, the formation of singularities, wave-breaking
mechanism, and the peakon stability of Eq. (1.1) with b = O were investigated in [36].

The Novikov equation was proposed in [45] and its Lax pair, bi-Hamiltonian struc-
ture, peakon solutions, well-posedness, blow-up phenomena and global weak solutions
have been studied extensively in [37,39,45,55]. Very recently, the following integrable
equation with both quadratic and cubic nonlinearity

1 1
m; + 5lq((u2 —u2)m), + Ska(umy + 2uem) + bu, =0, (1.2)

was investigated for its explicit weak solutions [50], where m = u — uy,, b, k1, and k»
are three arbitrary constants. Eq. (1.2) was first implied in the work of Fokas [28]. Its
Lax pair, bi-Hamiltonian structure, peakons, weak kinks, kink-peakon interaction, and
classical soliton solutions were studied recently in [50].

A natural idea is to extend such a study to the multi-component systems. One of
the popular systems is the following integrable two-component Camassa—Holm shallow
water system (2CH) [5,12]:
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my +umy +2uxm +opp, =0,
pr+ up)y =0,

where m = u — uy, and o = %1, which becomes CH equation when p = 0. The
Cauchy problems of the 2CH system with o = —1 and with o = 1 have been studied in
[24] and [12,31,33,35], respectively. Local well-posedness for the 2CH system with the
initial data in Sobolev spaces and in Besov spaces have been established in [12,25,35].
The blow-up phenomena and global existence of strong solutions to the 2CH system in
Sobolev spaces have been investigated in [25,31,35]. The analyticity of solutions to the
Cauchy problem and the initial boundary value problem for the 2CH system have been
studied in [58] and [61], respectively. Recently, the existence of global weak solutions
for the 2CH system with o = 1 has been proved in [33]. Two other notable systems are
the modified two-component Camassa—Holm system (M2CH) [38]:
[ my +umy +2uym+oppy =0,
pr + (up)y =0,

withm =u—uyy,p = (1— 8)%)(,5 —po), 0 = =1, and the two-component Degasperis—
Procesi system (2DP) [47]:

my +umy + 3uym + bpp, =0,
pr +upx +2up =0,

with m = u — uy, and a real constant b. When p = 0, both M2CH and 2DP equations
are reduced to CH and DP equations, respectively. The Cauchy problems and initial
boundary value problems for the M2CH and 2DP equations have been studied in many
works, for example [32,34,52,60,61] and [59,61]. It is worth pointing out that the
nonlinear terms in above three two-component systems are all quadratic.

In this paper, we consider the following integrable two-component Camassa—Holm
system with both quadratic and cubic nonlinearity proposed in [50,56]:

[mz+%[(uv—uxvx)m]x - %(”Ux — uxv)m +buy =0, (1.3)

e+ 31wy — uxvonly + 5oy — uxv)n +buy =0,

where m = u — uyx, 1 = V — Uyyx, and b takes an arbitrary value. The system (1.3)
is the first two-component system admitting weak kink solutions. It can be reduced to
the CH equation, the cubic CH equation Eq. (1.1), and the generalized CH equation Eq.
(1.2) as v =2, v = 2u, and v = kju + kp, respectively. Integrability of this system, its
bi-Hamiltonian structure, and infinitely many conservation laws were already presented
in [56]. Let us now set up the Cauchy problem for the above system as follows:

m; + %(uv — Uy Vy)My = —%(uxn + v em)m + %(uvx — uyv)m — buy,
n; + %(uv — Uy Vy )Ny = —%(uxn +vem)n — %(uvx — uyv)n — bvy, (1.4)
m(0, x) = mo(x),
n(0, x) = no(x).
By using an approach similar to the one in [58], the analytic solutions to the system (1.4)

can readily be proved in both variables, globally in space and locally in time. However,
the goal of this paper is to establish the local well-posedness regime for the Cauchy
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problem in Besov spaces, present the precise blow-up scenario and a new blow-up result
for strong solutions to the system , and provide the peakon and weak kink solutions.

Regarding the locally well-posed problem, we first adopt the classical Kato semi-
group theory to obtain the local well-posedness for the system (1.4) with initial data
(mo, ng) belonging in Sobolev space H*(R) x H*(R) as s > 1. Subsequently, we take
advantage of the transport equation theory, Littlewood—Paley’s decomposition and some
fine estimates of Besov spaces to establish the local well-posedness for the system (1.4)
in Besov spaces (see Theorem 3.2 below in Sect. 3), which particularly implies the sys-
tem is locally well-posed with initial data (mg, ng) € H*(R) x H*(R) for% <s # %
This almost improves the corresponding result by using Kato’s semigroup approach.

In order to analyze the blow-up phenomena, here we may make good use of the
fine structure of the system (1.4). It is not difficult for us to verify that the system (1.4)
possesses the following two conservation laws:

1 1 1
H = E/R(uv+uxvx)dx = E/Rundx = 5/Rvmdx,

1

= Z/ ((”2vx +ulvy — 2uu v)n + 2b(uv, — uxv)) dx.
R

In fact, as mentioned before, this system is completely integrable and has infinitely many
conservation laws [56]. But, unfortunately, it seems that there is not a good way to control
the quantities ||u(z, -)||z~ and ||v(z, -)|| L directly, while it is very important to bound
them in studying the blow-up phenomena of the system (1.4). This difficulty may be
overcome by exploiting the characteristic ODE related to the system (1.4) to construct
some invariant properties of the solutions and sufficiently utilizing the structure of the
system itself, which we need to deal with for the two cross-terms %(uvx — uyv)m and

— % (uvy —uyv)n in the system (see Lemma 4.2 below). For the special case of Eq. (1.1)

as b = 0, with the conserved quantity fR umdx = ||u||%11 ®) in hand, one can directly

control ||u(¢, -)||L~ by using the Sobolev’s embedding theorem, that is,

u (@, Ilremy = Cllult, M g1wy = Clluollgiwy. Yt €10, 7).

In that way, the blow-up phenomena of Eq. (1.1) with b = 0 has been studied in [36].

On the other hand, in view of the uselessness of the conservation laws of the system
(1.4) again (mainly because the regularity is not high enough), we directly investigate
the transport equation in terms of %(uxn + vym), which is the slope of %(uv — Uy Vy)
(see Lemma 4.3 below), to derive a new blow-up result with respect to initial data (see
Theorem 4.3 below). Overall, we do not use any conservation laws rather than the almost
symmetrical structure of the system (1.4) in the whole paper.

The rest of our paper is organized as follows. In Sect. 2, we recall the Littlewood—
Paley analysis and the transport equation theory. In Sect. 3, we establish the local well-
posedness of the system (1.4). In Sect. 4, we provide the precise blow-up scenario and
a new blow-up result of strong solutions to the system (1.4). Section 5 is devoted to
discussing peakon and weak kink solutions.

2. Preliminaries

In this section, we recall some facts on the Littlewood—Paley analysis and transport
equation theory, which are frequently used in the following sections.
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To begin with, we introduce some notations. Let s € R, 1 < p,r < oo. The
nonhomogeneous Besov space B;’F(R”) (B‘f,’ . for short) is defined by

B, ,(R") = {f € S'®R") : I fllss, = QP Ag fllLr@n)g=—1llir < o0},
where Ay is the Littlewood-Paley decomposition operator [1] . If s = oo, then B}, =

N B;s),w In addition, define
seR

E} (T) £ C(0.T]: B}, ,) N C'([0, T1; B),)). if r < o0,
. . . . . s—1
ES (T) £ L*(0,T: B}, ,,) N Lip (0, T; B},
for some 7' > 0.

Proposition 2.1. [1] Let m € R and f be an S™-multiplier. That is, f : R" — R is
smooth and satisfies that for any a € N", there is a constant Cy > 0 such that

09 fE)] < Ca(1+1EN" 71, ¥ £ R
Let f(D) 2 F~ fF € Op(S™). Then the operator f(D) is continuous from B, to
B M
p.r

For some other basic properties of Besov spaces, one may check [1] for more details.
Now, we recall the following 1-D Morse type estimate.

Proposition 2.2. [19,35] (i) Fors; < % < 8§ (520 > % ifr =1)and s; + sy > 0,

178l ey = ClIA g llgll g2 gy @1

>ii) Fors > 0,
I1fellsy, @ = CUIflIBy gl + 18l @I fllLe®).  (2.2)
(iii) In Sobolev spaces H*(R) = 3572(R),f0rs > 0,

[ foxgllas®y < CULS st myllgllLoe®) + I f1ILoo@)|10x 8l Hs (®)), (2.3)
where C is a positive constant independent of f and g.

Finally, let us state some useful results in the transport equation theory, which are
crucial to the proofs of our main theorems.

Lemma 2.1. [1,19] (A priori estimates in Besov spaces) Let 1 < p,r < oo and
s > —min(%, 1 — %). Assume that fy € B;,r, F e LI(O, T; B;’r), and 0,v be-

1
longs to LI(O, T; Bf,fl) ifs > 1+ % or to LI(O, T; B;;,r N L) otherwise. If f €

p
L>*0,T; B} ) N C(0, T1; S’) solves the following 1-D transport equation:
df+vdf=F,
T):
() [f|z=o=fo,

then there exists a constant C depending only on s, p and r, and such that the following
statements hold:
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W Ifr=1ors #1 +%, then

t t
f OB, <l follss, +/o [[F()llBy,dT + C/o V'Ol f(©llpy,dt

p.r

with V(1) = [y 130Dl 1 drifs <1+ and V(1) = [; [1dxv(0)]| gs1dT
BY,NL® P por

else.
) Ifr < oo, then f € C([0,T]; B;,r); and if r = oo, then f € C([0, T]; B;:l)for
all s’ < s.

Lemma 2.2. [35] (A priori estimate in Sobolev spaces) Let 0 < o < 1. Assume that
foe H°, F € L'(0,T; H%), and v, 3,v € L' (0, T; L®). If f € L>®(0,T; H°))
C([0,T]; S solves (T), then f € C([0,T1; H?), and there exists a constant C de-
pending only on o such that

t t
fOae = [l follne + C/O IIF(D)l|lgedt + C/O V'Ol f(©llnede

with V(1) = [5([v(0)]|z +]10,v(0)|| L% )dT.

Lemma 2.3. [1] (Existence and uniqueness) Let p, r, s, fo and F be as in the statement
of Lemma2.1. Assume that v € L°(0, T Bgojf’loo)forsome p>land M > 0, and dxv €
1
LY0,T; BS, Y if's > 1+% ors = 1+% andr = 1, and dyv € L'(0, T; B} o NL™) if
s < 1+%. Then (T) has a unique solution f € L*°(0, T; B} ) N ( /ﬂ Cc(0, 11, B;,l))
§<

and the inequalities of Lemma 2.1 hold true. Moreover, ifr < 0o, theﬁ feC(0,Tl; B‘f,,, .

3. Local Well-Posedness

In this section, we study the local well-posedness for the system (1.4). To do so, we
apply the classical Kato’s semigroup theory [42] to set up the local well-posedness of
the system (1.4) in Sobolev spaces. More precisely, we have

Theorem 3.1. Suppose that (mg, ng) € H*(R) x H*(R) with s > 1. There exists a
maximal existence time T = T (||mol|gs ). |Inollgs®)) > 0, and a unique solution
(m, n) to the system (1.4) such that

(m,n) € C([0,T); H*(R) x H*(R)) N C([0, T); H*"'(R) x H*~'(R)).

Moreover, the solution depends continuously on the initial data, that is, the mapping
(mo, ng) — (m, n) :

H'(R)x H*(R)— C([0, T); H*(R)x H*(R)) N C' ([0, T); H* "' (R) x H*~(R))
s continuous.

Proof. By going along the similar line of the proof in [24], one can readily prove the
theorem. For the sake of simplicity, we omit the details here. O

Let us now focus on the case in the nonhomogeneous Besov spaces. Uniqueness and
continuity with respect to the initial data in some sense can be obtained by the following
priori estimates.
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Lemma 3.1. Let 1 < p,r < oo and s > max(l — %, %, %). Suppose that we are given

mD, n®)y e L0, T; BS . x B}, ) NC(0, T]; S x 8 (i = 1,2) two solutions

p’r . .
of the system (1.4) with the initial data (m(()l), n(()l)) € B;’, X B;yr (i = 1,2) and let

p(2 2@ _ () (12) 2 3@ _ (1) (2 2 @) _ () g p(12) 2 5 @) _ (1),
Then for all t € [0, T], we have
; _ 111 1
(1) if s > max(1 L 5), buts #2+ L then
[1m 2 @] gyt + (122 0]
12 12
< (llmgy 11 o1 + 1l 1 gy1)
o« o€ B Um O @llgy HIm @ @llgg HIn D@l +inD @)1y, +1)dT
L L(s—1;0); (3.1
Q) ifs =2+ % then

(12) " (12) o

[1m 2O o1 + 1202 0] -
< CL s = ((Im PV @)llsy, +1Im @ @)l1sy,)'
+(In D Ollgs, + 11 Ollss )7,

where 6 € (0, 1).

Proof. Apparently, (m'?, n12)) e L>(0, T; B}, . x By, )NC([0, T; S’ x 8" solves
the following Cauchy problem of the transport equations:

am12 + L Mp® —yDpMam (1D = F, x),
912 + L My® — yPyMya n12 = G(1, %),

(12) & (2 (1)
o — My —Mgy,

(3.2)
m1?|_o = m

(12) & () (1)
0

12
n o =ny” £ng” —ngy’,

where F (¢, x) £ %((u(l)—m(l))vf{l)—(v(1)+n(1))u§1)—v)((z)m(z))m“z)—%u)(cz)m(z)n(lzﬂ
%(v)(cl)m)(cz) — (v(l) + n(l))m(z) — Zb)u)(clz) + %(uiz)miz) — (m(l) — u(z))m(z))vfclz) +
LPm® — yOm @) (12 — 1@ ®) 50 and
G, x) 2 %((U(l) _ n(l))u)(cl) — @M +m(1))v,(cl) _ uf)n@))n“z) _ %U)(CZ)n(z)m(lz) +
%(ufcl)niz)—(u(1)+m(l))n(2)—2b) v§]2)+%(v)(cz)nfcz)—(n(l)—v(z))n(z))u§]2)+%(u)(cl)n(z)—
uMn@)p(12) — L@ p@) 5,0
Here, we make a Claim: For all s > max(%, %) and t € [0, T'], we have
HEOIl ;-1 1G]l ge-
< C(Im" 0] o1 + 11" ()] gs-1)
p.r p.r
x(Im P Ollgy, +1mP Oy, + 111D Ollss, + 110D Ollss, + D (3.3)

where C = C(s, p, r, b) is a positive constant.
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Indeed, for s > 1 + BY !'is an algebra, we then have
1@ —m D) Pm 2o < (] oot + 1m Dl gDl et Iy
According to Proposition 2.1 and noticing (1 — 8)%)’1 € Op(S~2), we obtain

141 g2 = 1m @1y, and (V]| gz = [InDllgy,. 0 =1,2,12, Vs €R.

(3.4)
Therefore
@D —mOyuPm ey < ClimOllgy 110Dy 1m 2] g
Similarly, we are able to get the following estimates:
||(v(1)+n(l))u(1) (12)“ 1+||v(2) @ (12)”3;;l
< C(llm™ip ||n<”||Bs +1lm @1 1102 115 Nm 2o
||u<2> D2 ot + 1@ Dm0 2 gt < Cllm PGy 11042
||( Wi (v(l) +n(1))m 2b)u§12)||32v’;1 + ||(v)(cl)m( ) _ U(l)m§(2))u(12)||3271

< c<||m(2>||3;_,||n“>||3;,,. + Dlim 2 o,

and

||(M(2)m(2) _ (m(l) _ u(z))m@))v(l?)” s

< C(ImPligy, +11m®||5 )||m<2>||Ba M2 g

p.r p.r

So,ifs > 1+ %,wehave

IF@Dl gt < CAm2 O] goot + 1102 0] go-1)

x([m D@1y, +1ImP@)lgy, + 110V Ollpy, + 1P @)lsy, + 1.

p.r

GO gy (s> 1+ i) can be dealt with likewise

On the other hand, if max(;, 2) <s <1 + BS is an algebra. In light of (2.1)
and (3.4), one may infer the following results:

(@ = mDy® — @O 4 n Oy Dy @y @) 12 -

< CUI —mDy gy, +||<v<”+n<”)u<”||3;,,+||v<2> P11y Mmoo
< CUlmP1sy, 11nPllsy, +11m @1y, 112215y, )11m ] gy

lluPm® “2>|| i1 < Cllu@m@|ig (In"P ] ey < Cllm @11y 11025y,
(0" m (v<1>+n<1>)m = 2b)ul? || oo

<C||v“> C2 sy NmP gt + CAD +nDym @1y |+ 16D ] oy
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< C(ImPligy, 1In Py, + DIl g

p.r p.r

< CAm@ligy, 1InDllsy, + Dlm 2| ge-r,

p.r
N@@Pm® — n® — 4@y )12y -
< CUlP vy Mmoot + 110D = u@)m @ 15y [[0f2]] o)

< C(ImPligy, +1Im 155 lm 15, 110" || gy

<c<||m“>||3s +1lm @11y )lim @115, 1102 5o,

p.r p.r

||( Dy, (1 )m§2))”(12)”357'
< C(||v§“m<2>||gg,,||u<12>||B;;1 a1y (m ] ge-r)
< Cllm(z)llB;,,||n(1)||3~;,_,||m(12)||3>,§;"
and
1@ m )02y
< C(||u(2) (2)||B ||v(12)|| a ||u(2) (12)||B ||m(2)||3;;1)
< C||m(2)||3.;yr||n<12)||3;;;1-
Thus, we obtain

IF Dl gt < CAmT2 O] goot + 1112 (0] go-1)

x([lm D @)1, +1ImP @)z, +||n<”<t>||Bs +[nP@)llgy, + 1)

p.r

provided that max(%, %) <s<l1+ %. We can also treat ||G ()] gs-1 for max(%,
p.r

s<1+ L in a similar way. Therefore, our Claim (3.3) is guaranteed.
By Lemma 2.1 (1) and the following fact

V) £ 18 @Po® —uPoi) 1 1o @D — Do),

B,,,OL
< Clox @D —uDui)|igy
< Clla ™ gy [0 g2

< Clim P11 NInllps,

for s > max(1 — %, %, %), buts # 2+ %, we have

1
2) <

t t
12
[lm 2 (0] o1 < [l )IIB;;1+/ ||F(r)||B;;1dr+C/ V@l (@) ps1d
’ ’ 0 ’ 0 ’

and

IA

1012 @] gy

¢ t
52+ [ NGOy ade € [ V@U@l
p.r 0 p.r 0 p.r
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which together with (3.3) lead to
(12) (12)
[1m 2 @1l gy 1102 )] gy

t
12 12 12 12
< [lmg || gyt + llng )||B;;|+C/O UIm 2 @) ot + 11" @)1

x(lm P @)l1gs, + Im® @)llgs, + 110V (@Il + 1P @)y, + 1*dr.

p.r

Taking advantage of Gronwall’s inequality gives rise to (3.1).

For the critical case (2) s = 2 + %, here we use the interpolation method to cope
with it. Let us choose s; € (max(l — % % D-=Ls—1D,sse(s—1,5)and§ =
% € (0,1),thens — 1 = s + (1 — 0)sy. As per the interpolation inequality and
the consequence of case (1), we have

(12) 12
1m 2 @) gyt + 112 D] gy
< [ImP2 DN Im PO + 1P OO 1In"P OO
p.r psr p.r p.r
< CLY G ) ((Im P @1, + [1mP @) g2 )™
UV Ol g, + 111D Ol g2)"™)
< CLGs = L;((Im P 0l +1m@ D)llz; )"

+(In P @)lss, + 1102 01y )"
which completes the proof of Lemma 3.1. O

Next we construct the smooth approximation of solutions to the system (1.4).

Lemma 3.2. Let p and r be as in the statement of Lemma 3.1. Assume that s > max (1 —
%, %, %) ands # 1+ %, (mg, no) € B;,, X B;’r and (mo, n%) = (0, 0). Then (1) there
exists a sequence of smooth functions (m*, n®)cn belonging to C (R™; B;‘fr X B;’,‘fr) and
solving the following linear transport equations

k+1 1/ k. k k .,k k+1 k
Fm* ™+ 5 (vt — ui v, mt = Ri(t, x),

o+l 4 %(ukvk - uiv];)axnk“ = Ré(t, x),
(Tk) : k+1 A k+1
m* =g = my" (x) = Sg+1mo0,

A
nkH,Zo £ b (x) = Seino,

A 1 k A 1
where Rll‘ (t, x) =— ((ukvk—ui v];)x—(ukv];—ui vk))mk—bufc, Ry(t,x) = —3 ((ukvk—
uﬂ‘cvf)x + (ukv)lﬁ - uft vk))nk - bv/;, and Siy1 = Zl;:_l A is the low frequency cut-off
operator.

(2) there exists T > 0 such that the solution (m*, n*)icn is uniformly bounded

in E‘IY,J(T) X E‘IY,J(T) and a Cauchy sequence in C([0, T]; B;,_rl X B;frl) so that it

converges to some limit (im,n) € C([0, T]; B;}l X B;’_rl).
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Proof. Since all the data Si+1mo, Sk+110 € Bf,?,, it follows from Lemma 2.3 and by
induction with respect to the index k that (1) holds.
To prove (2), analogizing the proof of Lemma 3.1 (1), for s > max(1 — %, %, %) and

s#1+ %, we obtain
ak+1 (1)

k 4 _ k
< CeCU' O (A+/ e Y (T)(IIRIf(T)IIB;,Y, + ||R]2<(T)||B;,_,)df), (3.5)
0

where ax(1) £ [|m*()l|g;, + 1" Ollss,» A = [Imollpy, +llnolls;, and U*() =
fé ||mk(r)||3.1v’.r |k (7)) |B;,,df- Since B;’r is an algebra, by (3.4), one can have

IRYOI1ss, +|IR5(1)]]85,
< Cm Olla, + 11 Ollss )1+ [Imk )15 NIk 0)]15; )

< Clax (1) +ai (1))

If a;(t) < 1, then by (3.5), ax41(t) < C(A + 1), which implies that (m*, n*),cy is
uniformly bounded in C([0, T]; B;,r X B;,r)- If ax () > 1, from (3.5) we have

t
a1 (1) < CeCUk(t) (A +/O eCU"(r)a,?(t)dr) . (3.6)

Choose T satisfying0 < T < ﬁ and suppose

CA
dk(t) < m, Vt e [O, T] (37)
|1 —4C3A?
Due to ¢CU*O—=U () < 4 T@AZ; substituting (3.7) into (3.6) yields
® < CA N C /f c3A3 J
Ak+1 = T
" JI—4CTA%  YT—4C3A% Jo (1 —4ac3A2r)i

B CA . C ( A A)
Y1 =4C3A% Y1 —4C3A%t \V/1 —4C3A%

CA
S —9
V1 —4C3A%t
which implies that
(m*, nk)keN is uniformly bounded in C ([0, T, B;,, X B;’, .

Using the equations (7}) and the similar argument in the proof of Lemma 3.1 (1), one
can easily prove that

@m**', 8,m** 1),y is uniformly bounded in  C ([0, T1; BZ;I X B;;l).
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Hence,
(m*, n*)rery  is uniformly bounded in E;,r(T) X E;,V(T).

Now it suffices to show that (m*, n¥);cy is a Cauchy sequence in C ([0, T']; B;;l) X
C(0,T]; B‘I‘,frl). Actually, for all k, [ € N, from (T;) we have

1
k+i+1 k+1 k+l k+l k+l k+l k+l+1 k+1
at( +i+ +) 2(u+v+ ux+ UX+)ax( +l+ +)

1
k+l . k+l k+l k+l k+l k+l k+l k+l k+l k
:—z((u VT —u v )y — (T =l ))(m —m")

1

_5((uk+lvk+l — Ry, — R Ry Rk by
1

Tl K+ koK) K+l K _ ko k K+l kH koY, kL

+uy v — uu))mt — E((u T W) — T — uu))myt

X

and

1
o (nk+l+l _ nk+l) + 5(uk+lvk+l _ u§+lv)1§+l)3x (nk+l+1 _ nk+1)

1
K+l k+l k+l ) k+l k+l ) k+l k+l ) k+l k+l k
= —— (@ =W+ @ — w0 — )

2
1
K+l ke ko K+ ko koK K+l ko ko k
—E((u+v+ —u ")y — @V —uiud) e — @i — ulo")
1
k+l , k+l k. k k k+l , k+l k. k k+l , k+l k. k k+1
+ Mo —u ) —5((14+vJr —u) — Wit — uiv)) eyt

—bN — by,

Similar to the proof of Lemma 3.1 (1), for s > max(1 — %, %, %) ands # 1 + %, 2+ %,
we have
t
bi,, (1) < CeCUTO (b,i+1(0) + / e_CUk”(t)d,l((r)bf{(t)dr) :
0

where b (1) £ || (" —m*) (O] g1+ (8" —n®) (O] oot UK (1) 2[5 11Im* ()15

p.r

)i A
Mm@y, dT, and (1) = (lm* Oy, + [Im* Ollgs, + M @)llss,
+ Ik @llss, + 111 Ollss, + 175 115 )7 + 1.
Note that
1
k+l k+l r
j(s—1
1D Agmollger = D5 214,00 Agmo)lly
q=k+1 j>—1 g=k+1
1
k+l+1 r
<C( D272 A mollL,
j=k

—k
= C27"|mol| s

pr’
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Likewise,

k+l

—k
Il Z AQHOHBZ}' = C27"|nollBs,, -
q=k+1

Therefore, we have

b1 (0) < C27*(lImoll sy, + lInollss,,)-

According to the fact that (mF, n*)pey is uniformly bounded in E;,,(T) X E;,,(T),
there is a positive constant Cr independent of k, / such that

t
bl () < Cr (2"‘ + / bi(r)dr), vt € [0, T1.
0

Finally by induction with respect to the index &, we arrive at

k .
2TCr)’ Lt —1)k
b () <Cr (274> %‘FC?H/O ( k!r) d

k j k+1
QTCr) \ (TCr)
C — |27+ Cr——,
g Z ! T+ 1)
J=0
which implies the desired result as k — +oo.
On the other hand, for the critical point 2 + %, we can apply the interpolation method

which has been used in the proof of Lemma 3.1 to show that (m*, n*),cy is also a
Cauchy sequence in C ([0, T]; Bf,fl BY 1) for this critical case. Therefore, we have
completed the proof of Lemma 3.2. O

Now, it is our turn to prove the main theorem of this section.

Theorem 3.2. Assume that 1 < p,r < oo and s > max(l — ; ; 5) but s # 1+ -
Let (mq, ng) € B; . X B;,’r and (m, n) be the limit of the existing Cauchy sequence m

Lemma 3.2 (2). Then there exists a time T > 0 such that (im, n) € E;,r(T) X E;,r(T) is
the unique solution to the system (1.4), and the mapping (mg, no) — (m, n) is continuous

from B}, . X By, . into

C([0,T]; BS . x BV ) nciqo, T1; BY—1 X BY—I)

pr
foralls' <sifr =00,ands' =sif1 <r < cc.

Proof. We first claim that (m, n) € E; (T) x EY +(T) solves the system (1.4).
In fact, according to Lemma 3.2 (2) and the Fatou lemma, one can have

(m,n) € L*([0,T]; B, , x B, ,
For all s" < s, utilizing Lemma 3.2 (2) together with an interpolation argument yields

(m*, n*y — (m,n), as n — oo, in C([0, T]: B;:, x B;',,).
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Taking limit in (7}), we can see that (m, n) solves the system (1.4) in the sense of

C(0,T1; B;’;l X B;’;l) forall s < s. By the system (1.4), adopting a similar proof to

(3.4) together with Lemma 2.1 (2) and Lemma 2.3 leads to (m, n) € E;’r (T) x E‘;,r (T).
On the other hand, the continuity with respect to the initial data in

C([0.T1; BY, x BY ) NC'([0,T): By ' x BS,Y) (Vs <s)

can be shown by Lemma 3.1 and a simple interpolation argument. The continuity in

C(0, T]; B;r X BY )ﬂC ([0, T1; BY 1 BY l) for r < oo can be proved through

using a sequence of V1s0051ty approxmlatlon of solut1ons (mg,n 5) ¢~0 to the system (1.4).
The sequence uniformly convergesin C ([0, T]; B por X BA b )DC (0, T1; B;, ,1 X BA 1)
This completes the proof of Theorem 3.2. O

Remark 3.1. Apparently, for every s € R, B} , = H*. Theorem 3.2 holds true in the
corresponding Sobolev spaces with % <s # %, which almost improves the result of
Theorem 3.1 demonstrated by Kato’s theory with s > 1 required. Therefore, Theorem 3.2
implies that the conclusion of Theorem 3.1 holds true for initial data (mg, ng) € H*(R) x
HS(R) with s > % or for all initial data (uq, vo) € H*(R) x HS(R) with s > %

4. Blow-Up

In this section, we derive the precise blow-up scenario of strong solutions to the system
(1.4) and then provide a new blow-up result with respect to initial data.

Theorem 4.1. Let (mg, ng) € H*(R) x H*(R) with s > % and T be the maximal exis-
tence time of the solution (m, n) to the system (1.4), which is guaranteed by Remark 3.1.
If T < oo, then

T
/0 [Im(T)|[||n(T)||LedT = 00

Proof. Let us prove the theorem using the mathematical induction with respect to the
regular index s (s > %).

Step 1. For s € (%, 1), by Lemma 2.2 and The system (1.4), we have
[lm@las < llmollgs +C/ lm ()| as ([[uv — uxvy||Loe + [luxn + vem||L=)dT
0

t
+C/0 (1((uxn + vem) — vy — uev))m (D) gs + ||ux (O gs)dT
and

lIn@llas < llnollas +C/ 1 (O)[|as (uv — uxvr||Loe + [luxn + vem||Le)dt
0

t
+C/0 (I1(Guxn + vem) + oy — wv))n (D) s + vx (0| 5) d.

Noticing that u = (1 — 32)"'m = p +m with p(x) £ Je Wl (x € R), uy = dyp *m,
uxy =u—mand ||pllp1 = ||9xpll1 = 1, together with the Young inequality, for all
s € R we have

L>, x1L%, xx[IL>® = L>® .
Hullzoe, [luxllzoe, [luxx|lLoe < Cllml] 4.1)
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and

Nellms, Nuxllgs, HNuxxllgs < Clim||gs.
Similarly, the identity v = p * n ensures

[vllzoe, Hoxllzee, [[vxxllze < Clinflzee
and

Hvllas, Noxllas, Hvxxllgs < Cllnllas.
Therefore, we get the following two estimates:

||((”xn +vym) — (uvy — Mxv))mHHs + |uxllgs
= C(|Iml|r=|lnllzee + Dllm||gs

and
[luv — uxvyl|poo + [luxn + vem||Le < Clim||pee]||n]|Lo.

Hence, we obtain

t
lImOlgs < lImol| s +C/O ([Im (D)o In(D)]| L + DlIm(T) || o d.

Likewise for n(t), we have

'
Inlas < llnollas +C/ (IIm @)Ll (D)L + DIn(T)||asdT.
0
So, we arrive at

lIm (Ol ms + |n(0)]| g

t
= ||m0||Hs+||no||Hs+C/ (lm{lzeel|nl|Loe + D (lm|lgs + ||n||ms)dT.
0

Taking advantage of the Gronwall’s inequality gives

[m@|as + [InO|as < (Imollas + [Inollms)
€ JoUllmllzoe lInll oo+ DdT

4.2)

(4.3)

(4.4)

4.5)

(4.6)

4.7)

(4.8)

Therefore, if T < oo satisfies fOT [lm(t)||Loe||n(T)||LodT < 00, then we deduce from

(4.8) that

lim sup(|[m ()| a5 + In(@)||H5) < 00,
t—T

4.9)

which contradicts with the assumption that 7 < oo is the maximal existence time. This

completes the proof of the theorem for s € (%, D).
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Step 2. For s € [1, %), applying Lemma 2.1 (1) to the first equation of the system (1.4),
we have

'
m(t <||lm +C m(t Uyl + Uy dt
[lmO|lgs < |Imol|ns /OII (O as ||y x IIH%Moo

t
+C/0 (1(Quxn +vem) = oy — ux))m(@)| s + ||ux (O] ).

Noticing that

Uxn+vem|| 1 < Clluxn +vyml|| 1 < Cl|lm
s+ veml] y < Clluxn+vum|] Imll

2te0 — %+50||n||H%+80’

NL>

where g € (0, %). Using (4.5) and the fact that H 1+ (R) — H> (R) N L°°(R), leads
to

t
lm @)z < lImollas +C/0 (] s 111 1y + DIm O d.

For the second equation of the system (1.4), we can deal with it in a similar way and
obtain that

t
Il < limol |z +c/0 Uil gl 1y + D@ lasd.

Hence, we have

lIm(O|gs +1n@)]| g

t
< ||m0||Hs+||n0||Hs+C/ ([[m]] + D([Imllgs +Inllgs)dz,
0

L 1 1
HZ H2
which implies the following results by the Gronwall’s inequality

mOllas + [InOlas < (lmollms + [|noll#s)

c [1(Im n +1)dt
. Joumil gl g+ '

X (4.10)

Therefore, if T < oo satisfies fOT [lm(T)||Lee||n(T)||LodT < 00, then we deduce from
the uniqueness of the solution to the system (1.4) and (4.9) with % +¢&p € (%, 1) that

||m(t)||H%+€0||n(t)||H%+SO is uniformly bounded in ¢ € (0, T').
This along with (4.10) implies that

lim sup(||m ()| g5 + [In(®)||5s) < 00, (4.11)
t—T

which contradicts with the assumption that 7 < oo is the maximal existence time. Thus,
the theorem is also correct for s € [1, %).
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Step 3. For s € (1, 2), differentiating the system (1.4) with respect to x, we have
1
ormy + E(MU — Uy Vy)O0x My

= (%(uvx —uUyv) — (uyxn + vxm)> my — %((uxn +vym)

—(Uvy — uyv))ym — buyy
£ Ri(t, x)

and
1
Orny + g(uv — Uy Vy)0xNy

1 1
= (—E(uvx —uUxv) — (uyxn + vxm)) Ny — z((uxn + vem)

+(UVy — UxV)) N — DUy
S Ry(t, x).

By Lemma 2.2 with s — 1 € (0, 1), we get
t
[lmx ()| gs—1 = [|10xmol| grs—1 +C/ [IR1(D)||gs—1dT
0
t
+C/ [1mx () gs—1 (||luwv — uxvy|[Loo + ||uxn + veml||Lo)dT
0
and

t
[l (Ol -1 = [|8xn0ll gs—1 +C/ [[R2(T)|| gs—1dT
0

t
+C/0 e (O gs—1 (Hluv — wxvi|[Loo + [luxn + vem||po)dT.
Due to (2.3) and (4.1)—(4.4), we have

1
||[§(uvx — uyv) — (uxn + Uxm)]mxHHS*l
1
=< C(“E(”vx — uxv) — (uxn +vym)||gs||m|| o
1
+||§(”Ux —uxv) — (uxn +vem)||poo||my|lgs—1)
< Clim||r=|In|lLee|lml|fs,
and

1
[l — 5[(”){” +vym) — (Uvy — uxv)xm + bty || gs—1

< C(|m||us||(uxn + vym) — (uvy — uxv)||po
+|ml||poo||(uxn + vym) — (uvy — uyv)||gs) + |bl||ml] gs-1
< C(llml|reel|lnlLoe + DlIm||gs,
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which together with (4.6) imply

t
lIm (O]l gs—1 < lImol|zs +C/0 (lm@)lrelln(T)l[Le + Dlm()||gsd,

and

t
lnx (Dl gs—1 =< lInol|us +C/0 ([lm()[|Le|[n(T)][Loe + DIn(T)||Hsd.

Thus, we have
Hmx (O gs—1 + [Inx (O] gs—1
=< lImollns + [lnoll ms +C/Ot(lllnllLoollnllLoo + Dlm||gs + [|nllgs)dz.
Casting (4.7) with s — 1 and using the above inequality lead to

lIm(Olgs +|n(0)]| g

1
= ||m0||H-Y+||”O||H-‘+C/ (lm[[zeellnl|Loe + D (|lm|lgs + ||n||Hs)dT.
0

Adopting the procedure similar to Step 1 guarantees the theorem is valid for s € (1, 2).
Step 4. For s = k € N and k > 2, differentiating The system (1.4) k — 1 times with
respect to x gives

k—2
1 B 1 L _
(a, + 5w - uxvx)8x) o m = -3 IE_O C o o — uv,) 98 m — bk lu,

1oii
_Eax [((uxn +vem) — (uvy — uyv)) m]

Fi(t, x)

and

k—2
1 1
& + = (uv — uyv)dy )05 = —= Zc,’{_la,’;*’*‘ (v — uv) 3t n — bk o,
2 2 =

[Py
_58"
£ F(t, x),

[((uxn +vym) + (uvy — uyv))n]

which together with Lemma 2.1 (1) imply

t t
e <||m k+ Fi(t dt+C Ul + Uy m|| yrdt
15 m @l <lmol s + | IF @ [ oomil gl

and

t t
k—1
|19y n(t)IIHISIInOIIHH/ IIFz(f)IIHIdt+C/ Nuxn +vem|| 1 |[nf|gedT.
0 0 H2NL>®
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Because of inequalities (4.1)—(4.4), we have

k—1—1 1+1
||——ZCk O v — w8 m |

k—2
k—I1—1
< C) DX wv — wev)l Lol Iml | s
=0
k—2
< CU) D Muv = vl oy Ll i
=0
< COMluv = uxvel| g 1]

= CRMNMIL g 1011y 1 (4.12)

1
1= 505 [(xn + vem) — vy — upv))m] — by ||

< Cll(uxn + vym) — (uvy — uxv)ml|ge + |b||ux|| g«
< C(ml| e llm|leo + D|Im]] g

=< C(||ml]| k_,ﬂollnll TS + Dlm|| g, (4.13)
and
||“x”"'vxm”H%ﬂLDO Clluyn +vym|| k_7+80
< Cl|m|| k,,+50||n|| e Lieg
where g € (0, %) and
Hk_ It (R) H2+S°(]R) < HZ(R) NL*®@R) with k> 2, (4.14)
is used in the above derivation. So, we obtain
t
k—1
10y m@)|| g1 < Imoll g +C/0 (IImIIHk,%HOIInllHk,%”o + D)||m]| yrd,
and
k—1 !
[10, " n@®ll g1 =< lnollgr +C/0 (IImIIHk,%HOIInIIHk,%MO + Dln|| grdr,

which lead to

N m (O g1 + 1195 ()| 1

= ||m0||Hk+||”O||Hk+C/0 (Ul ey 1011 ety + DUl e + Il go)d .

Therefore by the Gronwall’s inequality and (4.10) with s = 1, we have

[m )]l g+ [[n(O| e < (lmollgx + [Inoll )

C foIml|

Il oy *DT
xXe

a0 (4.15)

k* 3+e0
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If T < oo satisfies fOT [lm(T)||Le||n(T)||LcdT < 00, applying Step 3 with % +¢0 €
(1, 2) and by induction with respect to k > 2, we see that ||m(t)||H,(_%+E0 [|n(2)] |H"‘%

+&(

is uniformly bounded in ¢ € (0, T'). By (4.15), we have

lim sup(||m (1) e + |1n(0)]| 6) < 0, (4.16)
t—>T

which contradicts with the assumption that 7 < oo is the maximal existence time. This
completes the proof of the theorem for s = k € Nand k > 2.

Step 5. For s € (k,k+ 1), k € N and k > 2, differentiating the system (1.4) k times
with respect to x yields

k—1
1 1
O + = (v — uv) 0y ) m = == >~ CLat ™ (v — u,v,) 9 m — bou,
2 2 &

—%a!; [((uxn + vem) — (uvy — uyv))m]

Gi(t,x)

and

1 k—1

1 _
(81 + E(uv — uxvx)é)x) n = ) ;C,lcaf Huv — uyv)d™n — bk,
1 k
—§8x[((uxn +vem) + (uvy — uyv))n]
£ Go(t, x),

which together with Lemma 2.2 as s — k € (0, 1) imply
t
105 m @) rs-+ < 1195mol s +C/ 1G1 (D)l g
0

‘
k
+C/ (Jluv — uxvy||poo + |luxn + vym|| o) ||0ym(T)|| gs—kd T
0
and

t
1En ()] o=k < 1135n0|| s +C/0 1G2 (D) || gs—rdT

t
+C/ (v — uxvel| oo + ||uxn + vem|| L) |[9En(D)]| gs-cd .
0
By (4.14) and using the procedure similar to (4.12)—(4.13), we obtain

1
| = =% [((uxn + vem) — vy — uxv))m] — bdkuy || o

= CUlmll - yaep 121 i ey + Dllml Lz,

and

k—1
l Clak—[ 8[+1 < C k
1= 5 22 Gk v — v d mll gk < CONmIL Ly 1]yl
=1
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Applying (2.3), (4.1)—(4.4), and (4.14) leads to

1 0qk
[ — ECkax(uU — Uy Vx)My || gs—k

k—1 k
< C(llmxll gs=reet |10y (v — uxv)|[Loe + [[ma||Loe 10 (v — uxv) || s—)

e T ey 100 — Vx| 19)

= Cllmll gs—tlluv — wuxvxll 1o,

= Clmll g 1211 ey s

Thus, we have

t
k
[0y m @) gs—« = [lmol|ns +C/o ] e taeg 121 ity + Dlimllasd,

and
k t
oy gs—+ =< [lnollms +C/ LR N L S P Dlln||gsdt,
0
which imply
*m( okn(t
[0y m ()| gs— + 1[0y n ()| grs—k
t
< lmollas + lnollas + C/O (IImIIHk,%+gOIInllHk,%H(, + DImll s + [|nllgs)dz.

Casting with (4.7) with s — k € (0, 1) and using the above inequality lead to
lIm @ as + [In () as

t
< ||m0||HS+||nO||HS+C/0 ] e 1011 ity + Dl s + Hnl gs)d .

By adopting Gronwall’s inequality, Step 3 with % +¢&o € (1,2), and the similar argument
as shown in Step 4, we can arrive at the desired result.
In summary, the above 5 steps complete the proof of the theorem. O

Remark 4.1. The maximal existence time 7" in Theorem 4.1 can be chosen independent
of the regularity index s. Let (mg, ng) € H® x H® withs > % and some s’ € (%, s). Then,
Remark 3.1 ensures that there exists aunique H* x H® (resp., H® "< H* l) solution (my, ny)
(resp., (my, ny))tothe system (1.4) with the maximal existence time 7 (resp., Ty’). Since
H* < H* it follows from the uniqueness that 7y < Ty and (my, ng) = (my, ny) on
[0, T5). Onthe other hand, suppose that Ty < Ty, then (my, ny) € C([0, T;]; HY x HS/).
Hence, (my, ny) € L2(0, T,; L™ x L), which together with the Holder inequality
leads to a contraction to Theorem 4.1. Therefore, Ty = Ty .

Utilizing the Sobolev’s embedding theorem and Theorem 4.1, we have the following
blow-up criterion.

Corollary 4.1. Let (mg, ng) € H*(R) x H*(R) (s > %) and T > 0 be the maximal
existence time of the corresponding solution (m, n) to the system (1.4).
Then, the solution (m, n) blows up in finite time if and only if

limsup ||m(t, -)||Lc = 00 or limsup||n(t,-)||Le = co.
t—T t—>T
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Let us now turn our attention to the precise blow-up scenario for sufficiently regular
solutions to the system (1.4) with » = 0, which is required for discussion in the remaining
parts of this section. To do so, let us first consider the following initial value problem:

[ iq(t, x) = 3(uv —u ) (1, q(t,x)),  (,x) € (0, T) xR, @.17)
q(0,x) = x, x €R, '

for the flow ¢ generated by %(uv — Uy Vy).
The following lemmas are very crucial to the blow-up phenomena of strong solutions
to the system (1.4) with b = 0.

Lemma 4.1. Let (mg, ng) € H*(R) x H*(R) (s > %) and T > 0 be the maximal
existence time of the corresponding solution (m, n) to the system (1.4) with b = 0. Then
Eq. (4.17) has a unique solution q € CL([0, T) x R; R). Moreover, the mapping q(t, -)
is an increasing diffeomorphism of R with

'
qx(t, x) = exp (%/0 (uxn +vym)(s, q(s, x))ds) > 0, (4.18)

forall (t,x) € [0,T) x R.

Proof. Since (u,v) € C([0, T); H*(R) x H*(R)) N C([0, T); H~Y(R) x H*'(R))

as s > %, it follows from the fact H*~!(R) < Lip(R) (s > %) that %(uv — Uy Vy)

is bounded and Lipschitz continuous in the space variable x and of class C! in time
variable . Then the classical ODE theory ensures that Eq. (4.17) has a unique solution
g € C([0, T) x R; R). Differentiating Eq. (4.17) with respect to x gives

g (t, x) = S(uen +vem)(t, q(t, X)qe(t,x),  (1,x) € (0,T) xR,
qX(Oax)zlv XGR,

which leads to (4.18).
On the other hand, for all # < T, by Sobolev’s embedding theorem, we have

1
sup —(uxn +vem)(s, x)| < oo.
(s,x)€[0,T)xR

This along with (4.18) implies that there exists a constant C > 0 such that
q:(t,x) = e, V(1,x) €[0,T) x R.
So, the mapping ¢ (t, -) is an increasing diffeomorphism of R before its blow-up. O

Lemma 4.2. Let (mg,ng) € H*(R) x H*(R) (s > %) and T > 0 be the maximal
existence time of the solution (m, n) corresponding to the system (1.4) with b = 0. Then,
we have

t
m(t, q(t, x))qx(t, x) = mo(x) exp (%/0 (uvy — uxv)(s, q(s, x))ds) , 4.19)

and

t
n(t, q(t, x))gx(t, x) = no(x)exp (_%/0 (uvy — u,v)(s, q(s, x))ds) . (4.20)
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forall (t, x) € [0, T)xR. Moreover, ifthere existsa C > 0 such that (uxn+v,m)(t, x) >
—C and ||(uvy — uyv)(t,)||pe < C forall (t,x) € [0,T) x R, then
lm(t, )|z < CeNlmollms and ||n(t, )|z < Ce |Inol|ms, (4.21)
forallt € [0, 7).
Proof. Differentiating the left-hand side of (4.19)—(4.20) with respect to ¢ and making
use of (4.17)—(4.18) and the system (1.4), we have
d
E(m(l’ q(t, x))qx (1, x))
= (m(t, q) + mx(t, g)q: (£, x))qx (£, x) + m(t, q)qx: (1, X)

= (mt + %(uv — UxVy )My + %(uxn + vxm)m)(t, q(t,x))gx(t, x)

1
= 5 vy —ucv)(t, g, x)m(t, g (2, x))qx (2, x)

and

d
E(”(t’ q(t, x))qx(t, x))
= (n(t,q) +ny(t, g)q(t, x)qx (t, x) +n(t, g)qx (t, x)

= (nt + %(uv — UxVy)Ny + %(uxn + vxm)n)(t, q(t,x))gx(t, x)

1
= —g(uvx —uxv)(t, q(t, x)n(t, q(t, x))gx(t, x),

which guarantee (4.19) and (4.20). By Lemma 4.1, in light of (4.18)—(4.20) and the
assumption, for all # € [0, T)) we obtain

[lm(t, e = [lm(t, q(t, )|Le
L e — Sds  —
= ||ez j()("“)x uyv)(s, )dqu 1(t, ')mO(')”LOO
< Ce!|lmo | s
and
lln(t, )l|Lee = |In(t, q(t, )L
_ Lt _ . _
= lle72 folrs a6 g L g ()]0
< Ce“[|nol| s
which complete the proof of the lemma. O

The following theorem shows the precise blow-up scenario for sufficiently regular
solutions to the system (1.4) with b = 0.

Theorem 4.2. Let (mg, ng) € H*(R) x H'(R) (s > %) and T > 0 be the maximal
existence time of the solution (m, n) corresponding to the system (1.4) with b = 0. Then
the solution (m, n) blows up in finite time if and only if

liminf inf {(uyn + vym)(t, x)} = —co0 or limsup(]|(uvy — uyv)(t, )||Lx) = co.
t—T xeR t—>T
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Proof. Assume that the solution (m, n) blows up in finite time (7 < o00) and there exists
a constant C > 0 such that

(uxn+vym)(t,x) = =C and [[(uvy —u,v)(, )|z < C, V(t,x) €[0,T) xR.

By (4.21), we have

T
20 2CT
/ [lm(®)||s<|[n()||Ledt < CTe ™" ||mol|gs||nol|as < oo,
0

which contradicts to Theorem 4.1.
On the other hand, by Sobolev’s embedding theorem, we can see that if

liminf inf {(uyn + v,m)(t,x)} = —oo or limsup(||(uv, — uyv)(t, -)||Lx) = 00,
t—T xeR t—>T

then the solution (mz, n) will blow up in finite time. Now, the proof of the theorem is
completed. 0O

Remark 4.2. If v = 2u, then Theorem 4.2 recovers the corresponding result in [36].

In order to have a new blow-up criterion with respect to the initial data of strong
solutions to the system (1.4) with b = 0, we first investigate the transport equation in
terms of %(uxn + vym), which is actually the slope of %(uv — Uy Vy).

Lemma 4.3. Let (mg, ng) € H(R) x HS(R) with s > % and T > 0 be the maximal

existence time of the solution (m, n) corresponding to the system (1.4) with b = 0. Set
M =M, x) £ (uen +vem)(t, x). Then for all (t,x) € [0, T) x R,

1
M; + E(uv — Uy V)M,

1 1 1 1
=—-M?>— —n(1 =)', M) — —m(1 — ) L M) — —nd (1 — 03~ (uM)
2 2 2 2
1 1
—Emax(l — 8)%)_1(UM) — E(uvx —uyv)(Uxn — vym)
1 1
n0c(1 = 3™ ((uvy — uyvym) — M (1= D7 ((uvy —uyvyn).  (4.22)

Moreover, if mg(x), no(x) > 0 forall x € R, then
|MX(ta-x)| fu(tax)v |vx(t"x)| S v(t’-x)v

and

1 1 7 7
My + 5 (v — uv) My < —EMZ + 5||u||mc||v||imm + 5||u||im||v||mon,

forall (t,x) € [0,T) x R.
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Proof. As per Remark 4.1, here we just prove the lemma for the case of s > 3. Appar-
ently, a direct calculation leads to

1
M; + E(MU — Uy V)M,

1
= Uy + VM + Uy N + Uy + E(uv — Uy Vy) Uy + UMy + Uyl + Uy ).
(4.23)

From the system (1.4), we infer that
1
(1 —92)(u; + 70 = v
1
=my+ 5 (1= 0 (@ — uev)uy)
=—=( ) 1( + ym + l( ym + 1( )
=-3 UV — Uy Uy )My 7 UxNl + Vym)m 3 UVy — U V)M 3 UV — Uy Uy )ly
1.,
—Eax((uv — Uy Vy)ity)
1 1 1
= —E(uxn +vem)m + E(uvx —uyv)ym — E(uxn + U em) Uy — (U + VM) Uy
1
= —E(MM — (uvy —uyvym+ (uyM)y,).
Hence,
1
us + E(uv — Uy Uy )Uy
1 _
= —5(1 - 83) YuM = (uvy — uyv)m + (uy M),). (4.24)
Likewise,
1
v + E(uv — Uy Vy) Uy
1
=5 - )T WM + (uvy — uyv)n + (v M)y). (4.25)

According to (4.24)—(4.25) and the system (1.4), we have
Uyt + Uxrm

1 1
= —E(uv — Uy Uy ) (Uxx L + Uyym) — Enax(l — 8)%)_1(MM — (uvy — uyv)m)
1 2,1 1 2y -1
—zmax(l —07)" (VM + (uvy — uyv)n) — En(l —07)" (uxM)

1 2,—1
_Em(l —07)" (v M) (4.26)
and

1
Ul + Vel = —E(uv — Uy Vy)(Uyny + Vemy)

L= L )( )
5 2uvx Uyv)(Uxn —vym),
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which together with (4.23) and (4.26) yield (4.22). Since mo(x), no(x) > 0 for all

x € R, it follows from (4.18)—(4.20) that
m(t,x), n(t,x) >0, V(t,x)el[0,T)xR.

Noticing

u(t, x) = (1= ) m(t, x) = (p # m)(t, ) = % / eVt y)dy,
R

then, we obtain

e*.x X e.x o0
u(t,x) = 3 / e’m(t, y)dy + ?/ e “m(t, y)dy
o X

and

e*X X ex o0
uy(t,x) = — 3 / e’m(t, y)dy + 7/ e m(t, y)dy,
—00 X

which together with (4.27) imply

o0
u(t,x) +u,(t,x) = e"/ e “m(t,y)dy >0
X

and

X

u(t,x) —uy(t,x) = e_x/ e’m(t, y)dy > 0.
o

Hence, we have

luy(t,x)| <u(t,x), V(t,x)el0,T) xR,
as well as

lox(t, 0)] = v(r, x), V(r,x) €[0,T) xR.

Noticing

1
19:(1 —3H) 7 f(0)] = '5 /R sgn(x — y)e " f(y)dy

L[ il
=5 /¢ Lfn)ldy
R
= (px|f]) (x),

4.27)

(4.28)

(4.29)
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and applying (4.28)—(4.29) and the facts that u = p x* m, v = p * n, we arrive at
—ln(l — ) N uy M) — lm(1 — ) M)
2 X X 2 X X
1 1
< _zn(p * (Uxvym)) — Em(p * (UxVyn))
1
< EHMUHLOO(M” +vm),
! 2y-1 ! 2y-1
—Enf)x(l -3 M) — Emax(l —3aH ' wM)
1
< 3 (1112 (p ) + vl (p e m)
1
am (1lvllzs (p s m) -+ 1107 1 (p xm))

1 1 1
= 5||u2||Loovn + 5||v2||Looum + S lluvllps n +vm),

1
_E(va — uxV)(Uxn — vym) < |luv||pe (un +vm),
and

Lo 1 =8>~ vy — uyv)m) — Lo (1 — 8>~ ((uvy — uyv)n)
2 X X X X D) X X X X

< [luv||re (n(p * m) +m(p * n))

= [|luv||po(un + vm),

which along with (4.22) complete the proof of the lemma. O

It is worth pointing out that Theorem 4.2, Lemma 4.2 and (4.1)—(4.3) tell us that a
sufficient condition for the fine structure of finite time singularities is that there exists a
constant C = C(||mol|gs, ||nollgs) > O such that

u(t, H|ee, |[o(t, )|z < Ce', forall 1 € [0, T).

Also, as mentioned in the Sect. 1, for the special case of Eq. (1.1) with b = 0, one can
apply the following conservation laws

Hé/Rumdxz/R(u2+ui)dx

and Sobolev’s embedding theorem to uniformly bound |[u(z, -)|| < r). However, one
cannot utilize any appropriate conservation laws of the system (1.4) to control |[u (¢, -)||
and ||v(¢, -)|| L directly. Anyway, the uniform boundedness for the solution u to Eq.
(1.1) with b = 0 can be viewed as a special case of the above exponential increase
assumed in finite time.

Theorem 4.3. Suppose that (mg, ng) € H*(R) x H*(R) (s > %) and T > 0 be the
maximal existence time of the solution (m, n) corresponding to the system (1.4) with
b = 0. Assume that there exists a constant C = C(||mo||gs, ||nol|gs) > 0 such that

u(t, e, v, Iz < CeCt,  forall t €0, T).
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Let M(t) & M(t,q(t, y0)) = in}%M(l, x) for some yy € R, which is guaranteed by
xXe

Remark 3.1 and Lemma 4.1, and N(t) £ (m + n)(t, q(t, y0)). Let mo(x), no(x) > 0
for all x € R, and mo(xp), no(xg) > 0 for some xo = q(0, yo), which is ensured by
Lemma 4.1. If M(0) < —2C and

MO _ e (L + 1) +1, (4.30)
N(0) nN(0)

where 1 is the unique positive solution to the following equation w.r.t. t:

' C 1 1 1 /MO
Dl et 2 ) = —( ) —1)=0, t>0.
N(0) 2 2 2 \NQ)

Then the solution (m, n) blows up at a time Ty € (0, n].

Proof. In view of Remark 4.1, here let us prove the theorem for the case of s > 3. By
(4.17), Lemma 4.3 and the assumption of the theorem, we have

iM(l)—iM(t (t, y0))
dt o aih e

1
= (M; + E(uv —uyvy)My)(t, q(t, yo))
< —%M2(t) +Ce“'N(@). 4.31)

From the system (1.4), we get

d

d d

1 1
=~y MON{@) + 5 uvx —uzv)om = n)(t, ¢ (¢, y0)). (4.32)

Apparently, (4.19)—(4.20) and the assumption imply N(t) > O for all t € [0, T). By
(4.28)—(4.29) and (4.31)—(4.32), a direct computation leads to

d d
N(t)EM(t) - M(t)EN(t)

1
< Ce“'N*(t) — 5 (v =) m = m)(t, g1, y0) M (1)
< Ce"N2(t) + | |uvl| oo (||ul | Loon + [|v]| Loom) N (1)
< Ce“'N* (1),
which gives
i —M(Z) < Ce“.
dt \ N(t)
Integrating from O to ¢ yields

M(1) _ M (0) +C/teCrdt _ M(0) +oC 1
N(t) — N(0) 0 N(0) ’
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which implies
M) < (M —1+e ’) N(1). (4.33)
On the other hand, according to (4.32) and Lemma 4.3, we have
d —N(t) — Ce“,

M) = N(t) dt

which along with (4.33) gives rise to

d 1 1 MO
AL Yoo L L (MO e (4.34)
dt \ N (1) N@) 2\ N©)

Since M (0) < —2C, %8)) < 1, it follows from the Gronwall’s inequality for (4.34) and

the fact x < ¢* — 1 that

<;§ 1 ceCrdr / fCerds(M(O) Hecf)dr
N(1) N(O) N(0)

:;e(eCI_l)Jrl/ e(eC[_eCr)eCrdr
N(0) 2 o

= / Celteeas (MO

2 Jo N©)

L e<eC">+l/te<eC">dz+l(—M(O)—1 '
N ) 2 Jo 2\NO)

= =D (—1 + lt) e (—M(O) - l)t
N©O) 2 2 \N(0)

2 f@), (4.35)

IA

which generates

rey— = (€ o Lo e l) (M(O) )
fl@®)=e (N(O)e +2Cte +2 + — N ©O) 1).

Since M (0) < —2C ensures f'(0) = N(O) + 2%((00)) < 0, it follows from the facts

@) = =D [(ceCt —C Cry geC’ + = !
NO¢ T2 2

1 t C
+C2C (——+ = )+ =) >0
NO) 2 2
and lim;_, 100 f'(f) = +oc that there exists an unique 1 > 0 such that f/(n) = 0 and

if 0<t<n,

, <0
f(t)Lo it 1> 0.
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By (4.30), we have f(n) < 0. Noticing f(0) = ﬁ > 0 and f(r) € C[O0, +00), we
can find a finite number Ty € (0, ] such that
f@) — 0%, ast— Ty,
which together with (4.35) yields
N() — +o00, ast — Tp.
M(0)

By using (4.30) again, we get Noy — I+ ¢C" < 0. This along with (4.33) ensures

in[f&(uxn +v,m)(t,x) = M(t) > —oo, as t — Tp.
X€E

So, according to Theorem 4.2, the solution (m, n) blows up at the time Ty € (0, n],
which completes the proof of the theorem. O

5. Peakon and Weak Kink Solutions

In this section, we provide some explicit solutions to the system (1.3), such as peakon
and weak kink solutions. To see this, let us first write the weak form of the system (1.3).
Apparently, forall f € L*(R), we have (1 —8%)_1]‘ = px* f where p is Geen’s function
px) & %e""', which then yields u = p xm, and v = p * n. So, we can rewrite the
system (1.3) in the following weak form:

e+ 3 v — vy — 30 pox [(upvy) sty — 2bu)
+%p*[2uvux+(uux)xvx+(uxv)xux] =0, G.1)
v + %(uv — Uy Uy )Ux — %8xp * [(Uxvy)x vy — 2bV]
+%p * [2uvvy + (Vo) xtty + Uy ) V] = 0.

Let us now present the peakon solution to (1.3) with » = 0 in the following theorem.

Theorem 5.1.
u=cre ¥y =cre el (5.2)

are the single peakon solutions to the system (5.1) with b = O in the sense of distribution,
where c1 and ¢y are two arbitrary nonzero constants satisfying cic; = 3¢ and c is the
wave speed of u and v.

Proof. From (5.2), in the sense of distribution, one can easily get

Uy =c-sgn(x —ct)u, uy =—sgn(x — ct)u,

vy =c-sgn(x —ct)v, vy = —sgn(x — ct)v, (5-3)

which generate
u; + %(uv — Uy Uy )Uy
=c-sgn(x —ct)u — %sgn(x —cHu (uv — sgnz(x — ct)uv)
=sgn(x — ct)u (c — % (1 — sgnz(x — ct)) uv)

= ccysgn(x — ct)e W (Gf x # cr), (5.4)
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and

(UxVy)xlly = — (sgnz(x — ct)uv)x sgn(x —ct)u

= —2sgn2(x —ct) ((sgn(x —ct))y — sgnz(x — ct)) uv.

Then, we have

1
_Eaxp * ((Uyvx)xUx)

= 0y p * (sgnz(x —ct) (sgn(x —ct)), urv — sgn4(x — ct)uzv)

2L+ 1,
where
2 0
cic '
I =12 x/ e Kyl 3ly—erl (sgn3(y —ct)) dy
6 _oo y
ciea > =3y 3
= x/ e e sond (y — cr) (sgn(x — y) — 3sgn(y — 1) dy.
—0oQ0
and
1
L = (—Esgn(x)e_lx) * (—sgn4(x — ct)u2v)
2 00
cic
- a2 / e Y3 =clgan(x — y)sgn*(y — ct)dy.
2 J
In the above calculation, 9, p(x) = —%sgn (x)e~ ! is used. Thus, we obtain

1
_Eaxp * ((UxVx)xUx)

2 o0
cic ,
= _szax/ e Y3 =etgen3(y — cr) (sgn(x — y) — 3sgn(y — ct)) dy
—00
2 00
cte . .
172 e Y3l gon(x — y)sgn*(y — ct)dy, (5.5)
—0o0

and

2uviy + (Ul ) x Uy + (Ux V) x Uy
= —2sgn(x — ct)uzv + (sgn(x — ct)uz) sgn(x — ct)v
X
+ (sgn(x — ct)uv), sgn(x — ct)u

= 2sgn(x — ct) ((sgn(x —ct))y — 2sgn2(x —ct) — 1) uzv,
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which lead to

%p * Quvuy + (Uny)xVx + (UxV) xUyx)
= p* (sgn(x —ct) (sgn(x —ct)), uzv)

—p (sgn(x —ct) (2sgn2(x —ct) + 1) uzv)

21N +1D,
where
2 00
cic
I = a%2 e Ylg3ly—er] (sgn2(y — ct)) dy
4 J_s y
2
cic .
= L2 [ et eI g (y — en) (sgn(x — y) = 3sgn(y — c) dy.
—00
and
cier [ 3 2
1L = _T/ e "l =clgon(y — cr) (ZSgn (y —ct) + 1) dy.
—0Q
Thus, we get

1
Ep * Quvuy + (Uity) yUx + (Uxv)xUy)

2 00
ciC2 v _ _
—_ 1= e Xyl =31y Cllsgn(y—ct)
4 J

X (2+sgn2(y —ct) +sgn(x —y)sgn(y — ct)) dy,

which along with (5.5) leads to

1 1
— =0 p ¥ ((UxVx)xlty) + EP * Quvny + (Uny)y Uy + (UxV)xUy)

2
ciea = 3ly—ctl (3
= _Tax/ e Y3 =g 03 (y — cr) (sgn(x — y) — 3sgn(y — ct)) dy
—0o0
c%cz o0 3
—= | e sen(y — entsgn(x — y)sgn(y — e)
—0o0
X (1 - 2sgn2(y — ct)) +2+ sgnz(y —ct)}dy
STIT+1V.

Next, we calculate /11 + I'V in the following two cases.
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Case 1: x > ct.

o0
/ e Yl =ellgend (y — ct) (sgn(x — y) — 3sgn(y — 1)) dy
—00

ct X o0
—00 ct X

—3sgn(y — ct))dy

ct X 00
— _4e—x—3ct / e4ydy _ 26—x+36t / 6‘_2ydy _ 4ex+36t / e_4ydy
—00 ct

X

_—X+ct —3x+3ct __ e Xt _ 673x+3ct

= —e +e
— _zef(xfcl)
yields
2 2
111 = =02 (—emtmeny = T2 p—een)
6 3

Similarly, we have

C2C2 ct X 00
IV = — 1 (_4e—x—3ct/ e4ydy + 2e—x+3ct/ e—Zydy +4€x+3ct/ e—4ydy)
X

4 o0 et
C%CQ —Xx+ct —3x+3ct | —x+ct , —3x+3ct

— (_eXC_eXC+e.XC+e.XC)

4
=0.

So,
C%CQ " .
IIT+1V = —Te—@‘—"’ ) if x> et (5.6)

Case 2: x < ct.

o0
/ e eI Clsend(y — ct) (sgn(x — y) — 3sgn(y — ct) dy
—00

X ct o0
_ ( / . / . / )e'xy|e3|y“|sgn3(y — et)(sgnx — y)
—00 X ct

—3sgn(y — ct))dy

X ct 00
— _4e—x—3ct/ e4ydy _ 2ex—3ct/ eZydy _ 4ex+3ct/ e—4ydy
—00 X ct
_ _e3x—3ct + eSx—3ct e x—ct

— €
_ _ZeX—L‘[
- )

leads to

2 2
ciC N ciC N
11 = —%ax(—ze*”) - szeH’.
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Likewise, we get

026‘2 X ct e}
IV = — 1 (_4e—x—3ct / e4ydy _ Zex—Sct / eZydy + 4ex+3ct / e_4ydy)
4 -0 X ct

2
— _Clc2 (_e3x—3ct +e3x—3cl e +ex—ct)
4
=0.
So,
c%cz .
I1+1V = Tex—“, if x <ct. (5.7)

Therefore combining (5.6) with (5.7) gives

2
cic .
I1+1V = —szsgn(x — ct)e et (5.8)

By (5.4) and (5.8) with the assumption c¢jcy = 3¢, one may immediately see that the
first equation of the system (5.1) holds in the sense of distribution. So does the second
one in the system (5.1) duo to the symmetry of u and v. Therefore, we complete the
proof of the theorem. O

Remark 5.1. In particular, if ¢c; = 2c¢; in Theorem 5.1, we recover the single peakon
solution u = =,/ 3¢l of the cubic CH equation (1.1) with b = 0 [36,50].

Next, let us show that the system (5.1) with b # 0 possesses a weak kink solution.
We assume the system (5.1) admits the following wave solutions

u = Cyisgn(x — ct) (e_lx_al - 1) , v=Casgn(x —ct) (e_lx_C’l - 1) , (5.9

where C; and C; are two nonzero constants to be determined, and c is the wave speed.
the solution form (5.9) is called the weak kink wave, which is recently proposed in
[50,56]. In fact, if C; # 0 and C, # 0, then the potentials # and v in (5.9) are kink wave
solutions due to

Iim u=— lim u=—-Cq,
X—>+00 X—>—0Q

lim v=— lim v=-C>. (5.10)
x—+00 X—>—00

One may easily check that in the sense of distribution, the first order partial derivatives
of (5.9) read

uy = cCre "=etl . = —Cre ¥l

v = cCae Py = —Cre e, (5.11)

Similar to the proof of Theorem 5.1, we can readily prove the following result.
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1.5

Fig. 1. The weak kink solution at t = 0. Black line u(x, 0) and Blue line v(x, 0) (color figure online)

Theorem 5.2. Assume that
(5.12)

Then (5.9) is the weak kink solution to the system (5.1) with b # 0 in the sense of
distribution.

Remark 5.2. (1) The second identity in (5.12) implies that the weak kink wave speed
is exactly equal to %b, that is, the weak kink wave occurs only when its wave speed
c= %b.
(2) In particular, if we take b = 2 and C; = 1, then ¢ = 1,C; = —2, and the
corresponding weak kink solutions are cast into

u=sgn(x—1) (e_‘x_” - l) , v=—2sgn(x —1) (e_lx_tl — 1) .

See the following Fig. 1 for the details of the profile for the weak kink wave solution.
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