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Abstract The stability of the Camassa-Holm (periodic) peakons in the dynamics of an
integrable shallow-water-type system is investigated. A variational approach with the use of
the Lyapunov method is presented to prove the variational characterization and the orbital
stability of these wave patterns. In addition, a sufficient condition for the global existence
of strong solutions is given. Finally, a local-in-space wave-breaking criterion is illustrated in
the periodic setting.
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1 Introduction

Many shallow water models have been proved to be appropriate approximations to the full
Euler dynamics when the water depth is small compared to the horizontal wavelength scale
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[1,8]. Among these models, the two-component Camassa-Holm (2CH) system [7,21,25],
which describes the evolution of both the horizontal velocity component and the free surface
of the water waves, has brought up much attention recently, since it incorporates the inter-
action between the free surface and the horizontal velocity component and can present the
phenomenon of wave breaking. Moreover, the 2CH system is integrable among the equiva-
lent class of the model equations, allowing one to obtain a great amount of information about
the underlying physical system from analyzing it by using the well-developed tools in the
integrable theory.
More precisely, the 2CH system reads

Uy — Upxx + Ky + 3uy — Quyttyy + uttyxy) + ppox =0,
(1.1)
pr + (pu)x =0,

for some constant k € R. As mentioned above, system (1.1) is completely integrable [12,
21,25,26] since it can be written as a compatibility condition of two linear equations with a
spectral parameter ¢ (Lax pair), that is,

Voo = [0+ ¢ +K)+1n1/ v = (2 U+ Luw
xx = &op C\u— uxx ) 4 , t = 2 u X zux ,

and has a bi-Hamiltonian structure corresponding to the following Hamiltonian functionals
E(u, p) = / (u2 + ui + pz) dx, Fi(u,p)= / (u3 + uui + up2 + lcuz) dx.

Through F, system (1.1) can be represented as the following abstract Hamiltonian form

m@)=JHWmL (1.2)

where 7 is a closed skew symmetric operator given by

(-3, (1-3H"t 0
j—i( 0o -

and F (u, p) = (8F,/éu, 8F,/ 8p)T denotes the variational derivative of the functional Fy.
Since system (1.1) admits f (u — uyy) dx as its Casimir, the following functional

H(u, p) = /udx (1.3)

is also conserved along the flow (1.1).

Similar to the classical Camassa-Holm (CH) equation, the 2CH system (1.1) exhibits a
remarkable feature: when the linear dispersion is absent, corresponding to « = 0, the 2CH
system admits not only the peaked solitary wave solution (¢.(x — ct), 0) = (c e~ lx—ctl O)
with the speed ¢ > 0 on the line, but also the periodic peaked solution (¥ (x — ct), 0) with

cosh (§ + [x — ct] — (x — c1))

T , ¢>0.
coshi

Yelx —ct) =c

Indeed when p = 0 and « = 0, the 2CH system (1.1) reduces to the scalar CH equation
[4,13]

Up — Upyy + 3uny — Quytyx + uttyyy) =0, (1.4
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and ¢, (or ) is the (periodic) peakon solution to (1.4). Note that solutions (¢, 0) (or
(¥, 0)) are not classical solutions of the 2CH system (1.1). They should be understood as
weak solutions, since (1.1) can be written in the following conservation law

Ur + Uy + 0y p % (uz—}—%ui—i—%pz) =0,
(1.5)
Pt + (pu)x = Os

where p(x) is the corresponding kernel of the convolution operator (1 — 8)%) ~! for the whole
line case or the periodic case. The associated Hamiltonian conserved functionals for (1.5)
are

E(u, p) =/(u2+u§+p2) dx (1.6)

and
Fu, p) = / (u3 + uui + u,oz) dx. .7

The similarity between the 2CH system (1.5) and the CH equation (1.4) leads us to
consider how much in common the corresponding peaked wave profiles share. In particular,
we would like to address the issue on the stability of these wave profiles (¢., 0) and (¢, 0).
The stability of the CH (periodic) peakons ¢, and v, [9,10,22,23] seems to suggest the
analogous result to the wave profiles (¢, 0) or (¥, 0) for the 2CH system (1.5). Yet the
coupling between u and p in (1.5)—(1.7) makes it non-trivial to verify.

Due to the quasilinear nature of the system (1.5), the nonlinear part cannot be regarded
as a higher-order perturbation of the linear terms. Hence, it is not clear how the linearization
may hint on the nonlinear stability through the abstract Hamiltonian form (1.2) using the
approach introduced in [14]. Furthermore, the non-differentiability at (¢., 0) or (Y, 0)
makes the spectral analysis hard to employ.

Another approach uses the variational structure and seeks to prove that the considered
traveling waves are the unique (up to translation) minimizers of the constrained energy
functional. Such an idea has been successfully applied to prove the stability of the CH
(periodic) peakons, cf. [9,23]. For the line peaked wave profiles (¢., 0), we consider here
the following constrained minimization problem in the spirit of [9],

3
7 :=inf [S(u, o) | (u, p) € H (R) x L>(R) with F(u, p) = F(ge,0) = 476] . (1.8)
The usual method is Lions’ concentration-compactness principle [24] (which is what was used
in [9]). The difficulty comes from showing that the weak limit of the minimizing sequence
satisfies the constraint F(u, p) = F(¢., 0). However, from the definitions (1.6) of £ and
(1.7) of F, we see that one can at best hope to obtain the weak H' x L? convergence of the
minimizing sequence, which is far from enough to ensure that the constraint can be fulfilled at
the weak limit. To be more precise, the convergence of the integration of the two terms u u)% and
up? in F is not easy to obtain. In [9], the authors made crucial use of the sign-preservation
of the momentum density u — u,, initially, combined with a compensated compactness
argument to saturate the constraint at the weak limit. Unfortunately, such a property does not
hold for the system (1.5), leading to a serious gap in solving the constrained minimization
problem.
The method we are using to prove the orbital stability of the 2CH (periodic) peaked wave
profiles (¢c, 0) (or (Y., 0)) is different from the above mentioned and has the flavor in the
Lyapunov sense. Such an idea was first introduced by Constantin-Strauss [10] in the study of
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CH line peakons ¢., and was also adapted in treating the CH periodic peakons /. in [22]. We
are still looking to prove the existence and uniqueness (up to translation) of the constrained
minimization problem without restriction of the sign-preservation for # — u . The main idea
is to use the conservation laws of the system. The key observation is that the H'! x L? distance
of the perturbed (periodic) solution (u, p) to the (periodic) peaked wave profile (¢, 0) (or
(¥¢, 0)) can be controlled by the difference between the corresponding energy functionals
&, with an error term expressed in terms of the pointwise difference between the peak of
velocity component u of the perturbed (periodic) solution and that of the line peakon ¢, or
the periodic peakon 1., and is independent of the shape information of the surface component
p, cf. (3.19) for the line case and (4.15) for the periodic case. The conservation law indicates
that the difference between the energy functionals will remain small if it is small initially.
Therefore the H! x L? orbital stability relies on a delicate control of the height difference
between u and ¢, or V..

In the case of the line peaked wave profiles (¢, 0), we are able to construct a Lyapunov
function P(M,; u, p) where M,, = max, u. Notice that M, is well-defined and is positive
when F(u, p) is near F(¢., 0). We can further prove that P satisfies the following estimate

My — ¢l S P(My; ¢, 0) S Ew, p) — E(@e, 0) + | (u, p) = Fge, 0)] - (1.9)

Therefore, for the purpose of minimization issue, we see from (1.9) that any (u, p) under the
constraint F(u, p) = F (¢, 0) satisfies

E(u, p) = E(¢c, 0),

and hence (¢., 0) is a minimizer. On the other hand, when concerning the stability, we know
from the continuity of the two functionals £ and F in H' x L? that the right-hand side of
(1.9) can be made small when the initial data is a small perturbation of the peaked wave
profile (¢., 0). Therefore |M,, — c| is small, proving the stability. The case for the periodic
peaked wave profile (., 0) can be treated similarly.

We would like to comment that in [10], what the authors proved can be translated into

My — c* S 1EW) — E@o)| + 1 F W) — Fgo)l .

Thus the stability follows but it is not clear from the above estimate whether peakons are
minimizers of £ subject to the constraint on F. On the other hand, our improved estimate
(1.9) indicates the existence of minimizers as the peaked wave profiles (¢., 0) and their
stability simultaneously.

Since the peaked wave solutions (¢., 0) can be regarded as global weak solutions to
(1.5), when considering their stability, we would like to consider perturbations that would
generate solutions that can persist for all time as well. Hence we also investigate the global
dynamics of the 2CH system (1.5). On the local well-posedness of the strong solutions of
system (1.5), Escher-Lechtenfeld-Yin [11] provided the result in H® x H =1 for s > 2.
Such a result was later improved by Gui-Liu [18,19] to Sobolev spaces H* x H*~! for
s > 3/2. So far, most of the results on the global existence of strong solutions concern
the case when p — 1 as [x|] — oo and a sufficient condition is inf, pg(x) > 0O (see, for
example [27]). However, in our setup, p decays to zero at infinity. Thus the previous results
cannot be applied. From examining the dynamics along the characteristics, we are able to
show that the previous condition inf, pp(x) > 0 can be replaced by pp(x) > 0 on R, cf.
Theorem 2.1 below. We want to point out that a similar result was also obtained by Grunert
[15] recently from the Lagrangian point of view, which is quite different from the approach
we take here. A more detailed comparison is given in Remark 2.1. We also note that the
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global weak and conservative solutions of (1.5) have been constructed in [16] and [17] by
Grunert-Holden-Raynaud.

Finally, for acomplete picture of the dynamics of the solutions, we also provide some blow-
up analysis. In particular, we focus on the local-in-space type blow-up criterion introduced by
Brandolese [2] and Brandolese-Cortez [3]. In the case x € R, such a problem was considered
in [20]. For the periodic situation x € S', we derived in this paper that the solution blows
up in finite time if the initial data satisfies that ug x(x9) < —B*|uo(xo)| and po(xp) = O for
some xg € S', where B* is defined in (5.6). Technically, the difference compared with the
whole line case lies in the different convolution estimates due to the change of the convolution
kernel.

The rest of the paper is organized as follows. In Sect. 2, we provide a sufficient condition
for the global existence of strong solutions to the system (1.5) on the whole line. In Sect. 3, we
prove that the line peaked wave profiles (¢,, 0) are the unique (up to translation) minimizers
of a constrained minimization problem and they are orbitally stable. The orbital stability for
periodic peaked solutions (¥, 0) is established in Sect. 4 by a more delicate Lyapunov type
argument. Finally in Sect. 5, we construct initial data in the periodic setting which leads to
the local-in-space blow-up.

2 Global existence of solutions

This section is devoted to providing a sufficient condition for the global existence of strong
solutions to the 2CH system (1.5). First of all, we focus our attention on the case of the whole
line and consider the following Cauchy problem for system (1.5) written as

up + utty + 3y p * (u? + %u,z( + %pz) =0,
pi+(pu)y =0, 1te(0,7T), xeR, 2.1
u(0,x) =uo(x), p0,x)=po(x), x€R,

where the function p(x) in (2.1) is the kernel of the convolution operator (1 - 33) ! on the
line defined by p(x) = e~ *1/2.

The following lemma states that the infimum points of uy (¢, x) form an absolutely con-
tinuous curve.

Lemma 2.1 ([6]) Let T > 0 and v € C' ([0, T), H*(R)). Then for every t € [0, T), there
exists at least one point £(t) € R satisfying

m(r) := inf {vx (7, X)} = vy (2, §(1)) .
xeR

Furthermore, the function m(t) is absolutely continuous on (0, T) with

dm(t)
dt

= v (1,E()) ae on(0,T).

In addition, the result on the precise blow-up scenario, usually expressed by wave-breaking
mechanism, is also needed.

Proposition 2.1 ([18]) Let (ug po) be in H*(R) x HY(R) with s > 3/2 and (u, p) be the
corresponding strong solution to (2.1) with T being the maximal existence time. Then (u, p)
blows up in finite time if and only if
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lim inf u,(t, x) = —o0.
t—T— xeR

Let’s now give the following sufficient condition for the global existence of (2.1).

Theorem 2.1 Let (u, p) be a strong solution of (2.1) with initial data (ug, po) € H*(R) x
H"YR) for s > 3/2, and T > 0 be the maximal time of existence. If po(x) > 0 for all
x € R, then T = 400 and the solution (u, p) is global.

Proof From Proposition 2.1, we know that to obtain the global existence, we only need to
control the lower bound of u, (¢, x). A density argument indicates that it suffices to prove the
desired results for s > 3. Hence, differentiating the first equation of (2.1) with respect to x
and using the identity —aﬁp x f=f— px f,wehave

[MIXJFW”JF;”)%:§p2+”2—17*(“2+§u§+§p2), 2.2)
Pr + UPy = —pUy.
For any fixed x € R, take a trajectory ¢ (¢; x) as defined by

Lq;x)=u(, qt;x)), 0<t<T,

2.3)
q(0; x) = x,
and denote
n(t) = ux(t,q(t; x)), ¢@) = p(t, q@; x)).
Then for t € [0, T'), along such a trajectory ¢(¢; x), the system (2.2) reads
/ 1 2 1 2
n'(t) = 5" )+ 54 () + ft, q(t;x)) (2.4)
and
¢'(1)y = —n()¢ (1), 2.5)

where ’ denotes the derivative with respect to ¢ along the trajectory and f (¢, g(; x)) is
1 1,
f—u — p* u+fux+ /0

evaluated along (¢, g(¢; x)).
Similarly as in [19], we can estimate f in the following way

1
|f (2, q(; )] Suz(I,Q(I;X))JrP*(Mer Zu,ﬂr p )(f q(t; x))

§p*(3u +§u + p)(t q(t; x))

3
L'(R) =2

3 1
2 2 2
=5t mt gl

||(I/t() PO)”Hl(R)XLz(R) - C],

where we have used that u2/2 < p* (u2 + u)zf/Z) (cf. [5]) and the conservation of & (u, p)
(L.6).

From (2.5), we know that ¢(¢) and {(0) = pp(x) are of the same sign. Therefore, the
assumption of the theorem that pg(x) is a positive function on the line implies that £(¢) > 0
for all t € [0, T). Therefore, we can define the following Lyapunov function (cf. [7])
£(0) (1

w(r) =505 @) + —

2
0] +n%(1)) .
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By the definition of w(#), we deduce that w(¢) > 0 for all # € [0, T') and
w(0) = ¢2(0) + 1 +1°(0) = p5 (¥) + 1+ g, (x) < 1+ [[(wo.x» pO) |7 00 ) =: Ca-

Moreover, using (2.4) and (2.5) a short computation shows

0 I
w'(6) = £(0)¢ (t)+% n(om' () — ¢ ;f )(” (1+n2()
2¢(0 1
=%[ﬂz,qa 0) + ] i(())( +n20) (c1+§)SCw<r>,

for some constant C. Thus
w(t) < w(0)e’’ < e, 1[0, 7).
This in turn gives the estimate of u, (¢, g (¢; x)) as
w(n) ) C
()| < < e
[£(0)] Ipo(X)I

Suppose now the maximal time of existence 7 is finite, 7 < oo. Applying Lemma 2.1
and the wave-breaking criterion given in Proposition 2.1, we have for each ¢ € [0, T') a point
&(t) € R such that

lux(t, q(t; x))| = , tel0,T). (2.6)

m(t) := inf [ux(t, X)] = ux(t, (1))
xeR

and

lim m() = 11m uy(t,E(t)) - —oo.
t—T- —>T-

Since u(z, -) € H*(R) for s > 3, it decays at infinity together with u, (¢, -). We know that

limsup |£(7)] = M < oo.

t—>T-

On the other hand, because ¢ (¢; -) : R — R s a diffeomorphism of the line, for each &(¢),
t € [0, T), there exists a point x’ € R such that

q(t; x) =£Q@).
So from (2.6) we have

C
[00(x")]

and therefore necessarily,

> uy (1, (13 X)) = lux(t, E(0))| = [m(t)] — oo, ast— T,

lim po(x") = 0.
t—T-
By assumption, po(x) > O for all x € R. So the above asserts that

lim |x'| = oo. 2.7

t—T-
Now consider the characteristic Eq. (2.3) for g (¢; x"),
Lg(s; x") =uls.q(s:x"), 0<s<t,
q0; x") =x", q(t; x") =&().
Thus ,
E@) =x' +/ u(r, q(r, x") dr,
0
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from which we have for ¢ € [0, T) that

t t
uﬂfﬁan+/nmwmwwdtsM+/ﬁmuwm®dr
0 0

<M+ T o, po) ll g1 ®yx£2®R) < O©s
which is a contradiction to (2.7). Therefore, we must have T = oo. ]

Remark 2.1 In fact, the condition in Theorem 2.1 can be replaced by pg(x) # 0 and the
same argument as the above works. Such a condition was also derived in [15] in the weak
solution setting. The method is based on the description of weak conservative solutions in
the Lagrangian coordinates. Here we provide a direct approach in the Eulerian coordinates
for strong solutions.

3 Stability of the line peaked wave profile (¢, 0)

We start with the case when the problem is posed on the whole line. The stability we discuss
here is the orbital stability, defined by the following.

Definition 3.1 Let (¢, x.) be a solitary wave of (1.5) with speed ¢ > 0. Then (¢, xc) is
orbitally stable if for all € > 0 there exists a § > 0 such that for any (ug, po) € H*(R) x
HL(R), s > 3/2, with [[(u0, p0) — (@cs X g1 wyxL2@r) < 8 and such that po(x) > 0 for
all x € R, the corresponding global solution (u(¢), p(t)) of (2.1) with initial data (ug, po)
satisfies

sup 12]% l(u(t, ), p(t, ) — (Pc(- —7), xc(- — r))||H1(R)><L2(R) < €.

t>07"

For the peaked wave profile of the form (¢ (x), 0) = (c e*I, 0) with a positive speed c,
it is clear that ¢ (x) exhibits the peak at x = 0 with

max{g.(x)} = ¢.(0) = c, (3.1

xeR

and by a direct computation
43
E(pe,0) =2¢%  Flge, 0) = < (3.2)
Now, we consider the minimization problem
: 1 2 : 4¢?

7 :=inf {E(u, p) | (u, p) € H (R) x L*(R) with F(u, p) = 3 3.3)

In the following proposition, we prove that this constraint variational problem has, up to
translation, a unique solution (¢, (x), 0) = (c e X1 0).

Proposition 3.1 The solutions of the constraint variational problem (3.3) are exactly all
translations (p.(x — &),0) = (¢ e =5l ), & € R, of the peaked wave profile.

Proof For (u, p) € H'(R) x L*(R) such that F(u, p) = 4c3/3 = F(g.,0), we deduce
from the expression (1.7) of the functional F that the component u should admit the positive
maximal value M = max,erf{u(x)} > 0. Let M be obtained at & € R and define an L2(R)-
function g(x) by

3.4)

S R RO S
ST wm +u). x> £,
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which satisfies
3 o)
/gz(x)dx:/ (u—ux)zdx—i-/ (u—i—ux)zdx:/(u2+u)2()dx—2M2. 3.5)
R —00 3 R
A further calculation leads to

§ 00 4
/u(x)gz(x)dx:/ u(u—ux)zdx—i-/ u(u—i—ux)zdx :/(u3+uu)2[)dx—fM3.
R —00 & R 3

(3.6)
Hence, by the relations (3.5) and (3.6), the functionals £(u, p) and F(u, p) given by (1.6)
and (1.7) satisfy the following identities

Eu, p) = / (g%(x) + p2(x)) dx +2M? (3.7)
R
and

Flu.p) = §M3 = /R (13 (0) + 1o () + u(x)p?(x)) dx — §M3

= /R u(x) (g%(x) + p*(x)) dx (3.8)

with p(x) € L2(R). Since for all x € R, u(x) < M due to the embedding H\(R) > CR),
we deduce from (3.7) and (3.8) that

Fluop) = 305 < M [ (@0 +020) dx = MG, p) = 2017,

which implies

3 3
M3 — SM Ew. p) + S F (. p) <0. 3.9)

Now, define a cubic polynomial P with respect to y € R for (u, p) € H'(R) x L*(R)
and F(u, p) = F(¢c, 0) by

3 3
Py, p)=y* =3 yE, p) + S F (W, p). (3.10)
On the one hand, associated with the profile (¢., 0), we obtain using (3.2) that
3 3
Py ge,0) = 37 =2y E@e, 0+ F (e, 0) = y* =32 y+2¢% = (y=0)*(y+20). (B.11)

On the other hand, we take y = max,cr{u(x)} = M and derive from (3.9), (3.10) and (3.11)
that

(M — &)*(M +2¢) = P(M; ¢, 0)
3 3
= P(M;u, p) + ZM (E@, p) = E@e, 0) = 2 (F(u, p) = F(ge, 0))
3 3
< IM(E, p) = E@e, 0) = 5 (Flut, p) = F(9e, 0) - (3.12)

From the fact that M > 0, it then follows from (3.12) and the constraint F(u, p) = F(¢., 0)
that

(M —¢)* < %M (Eu, p) — E(ge, 0)),
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which implies £(u, p) > E(ge, 0) = 22 and
Eu,p)=2¢* = M=c. (3.13)

Hence, we claim that Z = 2 ¢Z and (¢c, 0) is a minimizer of (3.3) in terms of the properties
(3.1) and (3.2).
Assume that (u, p) is any other solution of (3.3). The relations (3.7) and (3.13) lead to

/ (87() + p*(x) dx = E(u, p) = 2% =0,
R

which together with the definition (3.4) of the function g (x) implies u(x) = ce =&l £ eR,
and p(x) = 0 a.e. in R. The proof of this proposition is complete. O

It turns out from Proposition 3.1 that the configuration of the peaked wave profile
(¢c,0) = (c e 1,0 is a ground state. In other words, it is a state of the lowest energy
with an appropriate constraint on the functional . Generally, the standard physical princi-
ple reveals the stability of the ground states. In the following theorem, we present a precise
reformulation of the Definition 3.1 in terms of the peaked wave profile (¢., 0) and give a
direct proof of the orbital stability for these profiles in the similar spirit of the procedure
introduced by Constantin-Strauss [10].

Theorem 3.1 Let (¢., 0) = (c e "1, 0) be the profile of the peaked solitary wave of system
(1.5) with a positive speed c. Then (¢, 0) is orbitally stable in the following sense. Suppose
that (ug, po) € H*(R) x HX_I(R)for some s > 3/2, po(x) > 0 forall x € R, and

luo — @cllmmy + ool 2w <6, 0<8<K1. (3.14)

Then the corresponding global solution (u(t, x), p(t, x)) of the Cauchy problem for the
2CH system (2.1) on the line with initial data (uq, po) satisfies

sup (lutt, ) = @ = E gy + 10t ) 2@) < €874,
1>

where £(t) € R is the maximum point of the component u(t,-) and the constant C > 0
depends only on the speed c.

Proof First of all, note that the conserved functionals £(u, p) and F(u, p) are continuous in
H'(R) x L>(R). Hence, in terms of (3.14), we have for any r > 0

|F ), p(t)) — Flge, 0)] = |F(uo, po) — F(ge, 0)| = Ci, (3.15)

where the constant C depends on the speed ¢ > 0. Taking § small enough together with
F(pe, 0) = 4¢3 /3 > 0, it follows that for the component u(z, -) € C([0, 00), H* (R)) with
s > 3/2, its spatial maximal value max,cr{u (¢, x)} denoted by M(¢) is positive and there
exists a point £(¢) such that u(z, £(¢)) = M(¢) for t+ > 0. We can thus deduce the following
time-evolution version analogous to (3.12) for M (z)

(M(t) — ¢)* (M(t) + 2¢)
3 3
< SM@) E@®), p(0) = Elpe, 0)) = 2 (Fu(®), p(1)) = Flge, 0)

3 3
= 5 M) (o, po) = £(@e, 0) = 5 (Fluo. po) = F(e: 0)). (3.16)

where we have used the fact that £(u(t), p(t)) and F(u(t), p(t)) are both conserved along
the flow of system (1.5).
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Furthermore, M (¢) satisfies the following uniform estimate

2 2 2
0<M@) = %IIM(Z, Marw) = %x/f(u(t),p(t) = gx/f(uo,po)

V2 V2
< 7J|5(uo, p0) = E(pe, 0 +262 = T21/C26 4262 (3.17)

with a constant C, depending on c. Plugging (3.15) and (3.17) into (3.16) leads to
3
2¢ (M(t) — ¢)* < *M(t) |€(uo, po) — E(pe, 0)| + = If(uo p0) — F(gc, 0)]

< 7C2\/C23 +2cd+ = C15
which implies that for a constant C3 = C3(c), there holds
IM(t) — c| < C38'/2. (3.18)

On the other hand, a direct calculation shows that the corresponding global strong solution
(u(t), p(t)) satisfies for r > 0,

lut, ) = @ = EON Gy + 10 2,

=/ (uz(t,x) + ui(t, x)+ pz(t,x)) dx —/ (gocz(x) + (p?x(x)) dx
R R

—4c (M(t) —¢)
= &), p(1)) = E(pe, 0) —4c (M (1) —©)
= [E€(uo, po) — E(@e, 0)] +4c M (1) —c]. (3.19)

We conclude from (3.18) and (3.19) and the continuity of functional £(-, ) in H' (R) x L*(R)
that there exists a positive constant C depending only on the speed ¢ such thatforall# € [0, co)

lu(t, ) = @ = EO gy + 10 2@y < €84

and finish the proof of the theorem. O

4 Stability of the periodic peaked wave profile (¢, 0)

In this section, we are concerned with the orbital stability for the periodic peaked wave profile
of system (1.5). Such a periodic profile takes the form of (¥.(x), 0) with

wc(x):cw(x):cw, c>0, (4.1)

cosh 1 3

where ¥/ (x) is defined for x € [0, 1) and extends periodically to the whole real line. Hence-
forth, we denote S! to be the interval [0, 1) and regard functions on sl as periodic functions
on the real line of period one.

Observe that 1. (x) is continuous on S', exhibits its peak at x = 0 and denote

c

cosh 1

My, = rrleas>l<{1/fc(x)} =¥c0)=c, Ly = mm{wc(X)} =Y (*)
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In addition, the conservation law H given by (1.3) satisfies
1
HWe(x),0) = c/ ¥ (x)dx = 2ctanh 3> 0.
Sl

Furthermore, although v (x) is smooth on (0, 1), it satisfies the relation ¥, = ¥ —
2tanh (1/2) 8(x) on S! with §(x) being the usual Dirac delta distribution. Using this iden-
tity, we obtain after a direct computation the following Hamiltonian conservation laws for

(W, 0)
EWe, 0) = 2 / (4 +92) dx = 26" tanh
Sl
and

1 1 1
f(wc,0)=c3/ (v + yy2) dx =2¢% tanh ~ - (1 — = tanh? - ),
Jsl 2 3 2

which are both positive since ¢ > 0.
Here, we define the admissible set

A={@, p)e H' S x L*S") | Hu, p) = H(Y¢, 0) and F(u, p) = F(Ye, 0} (4.2)
and take into account the associated variational problem
J i=mf{E(u, p) | (u, p) € A}. (4.3)

We aim to prove the following proposition which identifies the profile of the periodic peaked
waves (., 0) as minima of the constrained energy.

Proposition 4.1 The solutions of the variational problem (4.3) are exactly all translation
(We(x —§),0), & € R, of the profile of the periodic peaked wave.

To prove this proposition, the following two lemmas are needed.

Lemmad4.1 For any p € L*S") and each positive u € H'(S'), define a function
GM,L; u,p)onT ={(M,L) e R*|M > L > 0} by

2
G(M, L; u, p) = L*H(u, p) + ME(u, p) = Flu, p) = 3 (M +2L%) VM2 — L2

M+ M2 — L2
- ML*+2ML? 1n(+L). (4.4)

Then M, = max, g {u(x)} and L, = min, g {u(x)} satisfy
G My, Ly; u,p) =0. 4.5)

Proof For any positive function u € H'(SY, it follows that (M,,, L,) € I'. We take £ and 5
in the same period such that u(§) = M, and u(n) = L,. Making use of the periodic function
g(x) corresponding to such u, defined by

() = uy(x) +u?(x) = L2, & <x <,
s = uy(x) —Jur(x) — L2, n<x<§&+1
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and extended periodically to the real line, one obtains after the similar computation as in [22]
the following identities

/Sl g (x)dx = /Sl (? (x) + ul(x)) dx
M, + /M2~ L2
— 12 —2M\ /M2 — L2 +2L21n (L”L\/Li) (4.6)

and

/ u(x)gz(x) dx = / (u3(x) + u(x)u)zc(x)) dx — Lﬁ/ u(x)dx — i (M,f — Lﬁ)yz.
st st st 3
4.7

Plugging the function p(x) € L2(S') into the above two relations (4.6) and (4.7), we have

My +M; — L2
2 2 2 2
/S1 (8" () +p° (1)) dx=E(u, p) — Ly = 2Myy| M} — L +2L;, ln(“Lu”"

and
4
[ 50 (2604 22 w) dx = Fu,p) = LG ) = 5 (47 - 1)

Therefore,

4 3/2
Fu, p) < M, /S (g(x) + p*(x)) dx + LiH(u, p) + 3 (M2 —12)”

= Li H(M, ,0) + Mu E(Lt, /O)

2 M M2 — 12
-2 (a3 +212) otz - 13— M, 20,1 ‘(H)
u

which proves (4.5) and finishes the proof of this lemma. O

Note that the function g(x) vanishes when u (x) is replaced by the periodic peaked function
Y (x). This argument justifies the definition of the auxilliary function g. In the next lemma,
some required properties of the function G (M, L; ., 0) are presented. The proofs are similar
as in [22,23] and hence we omit them.

Lemma 4.2 Associated with the profile of the periodic peaked waves (Y., 0), we define the
set L as in Lemma 4.1 and have

(1)
G(My,. Ly,; ¥.0) =0,
9 9
6w, L: ‘,o‘ = 2 GM. L: .,o‘ —0,
oM ( Ve, 0) (My,.Ly.) 9L ( Ve, 0) (My,.Ly,)
G L v 0| 3 G L v 0 Actanh
,L; . = , L .y = —4ctann —,
aM? My, Ly OL2 T My, Ly 2
2
G(M.L: .0 ‘ =0
IMIL ( Ve 0) (Mye.Ly,)

(it) The function G(M, L; V¢, 0) admits only one critical point (My,_, Ly,.) in I';
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(iii) For any (M, L) € T and (ML) # (My,.Ly,), GMM, L; .,0) < 0; Near the
boundary of U, G(M, L; ¥, 0) stays bounded away from zero; For any large (M, L) €
T,
G(M, L; ¥, 0) < —al|(M, L)|3,
with a constant a > 0 depending on c.
We are now in a position to prove Proposition 4.1.

Proof of Proposition 4.1 For any (u, p) € A with A defined in (4.2), notice that

1 1 1
Fu, p) = F(Ye, 0) = 2¢> tanh 5 (1 - gtanh2 5) >0,

then the maximal value M,, = max, g1 {#(x)} must be positive. In addition, the constraint
1
H(u, p) = / udx = H(¢, 0) = 2c tanh >
sl
implies
1
M, > 2ctanh 5 4.8)

We first claim that if £(u, p) < E(Y, 0), then the function u (x) is strictly positive in S'.
In fact, using the relation ¥, = ¥ — 2tanh (1/2) §(x), we deduce by a direct calculation
that for all £ € R,

1
lu() — Y- — §)||%11(§1) = /Sl (u2 +u§) dx —1—62/81 (1//2 + 1//3) dx — 4c tanh 3 ~u(g).
4.9)

Taking & € R with u(&) = M,, we obtain together with p € L2(S') that

1
) = vreC- =811, + 1Pl 2gr) F4etanh = (My =€) = E(u. p) ~E(Ye. 0). (4.10)
Since E(u, p) < E(WY,, 0) by assumption, it follows from (4.8) and (4.10) that
1
2c¢ tanh 3 <M, <ec. 4.11)

On the other hand, using the estimate (cf. Lemma 2.6 in [22])

cosh (1/2) {
lu(x)| < m ”MHHI(SI), xes,

we deduce that

(M, —u(x))* < MTHMM - “”%11(81)
2
1
= Snn 1 (/Sl (u2+u)2€) dx — 2M, . udx+M3)
2
< S (Eu, p) — 2M,H(u, p) + M?). (4.12)
2
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Hence, combining (4.12) with (4.11), we know that

1
(M, — Ly)* < - (EWe, 0) = 2MH(Ye, 0) + M)
2 tanh 3
2 1 2 2 1 2
< g 2c¢“tanh — — 8¢“tanh“ — + ¢
2tanh 3 2 2

) 1 1
=c 1+ i — 4tanh —
2tanh 5 2

for (u, p) € A. It follows from the estimate (4.11) that

1 1
Ly>M,—c |1+ ——— —4tanh -
L= C\/ +2tanh% an 2

1 1 1
>cf{2tanh - — 1+ 1—4tanhf > 0.
2 2tanh 5 2

So for (u, p) € Awith E(u, p) < E(Y, 0), the component u(x) is a strictly positive periodic
function on S'.

Subsequently, we show that £ (u, p) cannot be strictly smaller than € (v, 0) forall (u, p) €
A. Otherwise, assume £(u, p) < E(Y., 0) for some (u, p) € A. Since in this case the
function u is positive, we infer from the structure of G given by (4.4) that the condition
Eu, p) < EWe, 0) implies that G(M, L; u, p) < G(M, L; Y., 0) for (M, L) € T'. Hence,
we deduce from Lemma 4.2 that

GM,L; u,p) <0, forall (M,L)eT,

which contradicts the fact that G(M,,, L,; u, p) > 0 for (M,, L,) € I" stated in Lemma 4.1.
Therefore, it holds that £(u, p) > E(Y., 0) for (u, p) € A, which implies that the periodic
peaked wave profile (v, 0) is in fact one solution of the variational problem (4.3).

Finally, we conclude that for any (u, p) € A with E(u, p) = E(Y,, 0), (u, p) is equal to
a translation of the profile of periodic peaked wave profile (i, 0). Indeed, since £(u, p) =
EWre, 0), H(u, p) = H(Y¢, 0) and F(u, p) = F (Y., 0), we have that the component u is
positive in S! and GM,L; u,p)=G(M, L; ¥, 0)forall (M, L) € I'. Furthermore, from
the statement in Lemma 4.1 that G(M,,, L,; u, p) > 0 and the properties given in Lemma
4.2 (ii.) that G(M, L; v, 0) admits (My,, Ly, ) as its unique critical point, we find that
M, must satisfy M,, = My,_ = c. We conclude from (4.10) that for £ € R being such that
u(‘iz) = Mu,

() = YeC- = O e, + 1017261, = 0-

Therefore u(x) = Ye(x — &), x € S' and p(x) = 0, a.e. x € SI. Consequently, we prove
this proposition. O

Now, we present the precise description for the orbital stability of the periodic peaked
wave profile (¥, 0) and prove the following theorem.

Theorem 4.1 Let (., 0) be the profile of the periodic peaked solution defined by (4.1)
with a positive speed c. Then (Y., 0) is orbitally stable in the following sense. Suppose that
(uo(x), po(x)) € H*(SY) x H~Y(SY) for some s > 3/2 and po(x) > O forall x € S'. Then
for every € > 0, there exists § > 0, such that the initial condition

luo — Yellgi sty + llooll L2ty < 6
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implies that the corresponding global periodic solution (u(t, x), p(t, x)) of the Cauchy prob-
lem for the 2CH system (1.5) with periodic initial data (uq, po) satisfies

sup ([lu(t, ) — e (- — EWN g1 sy + o, ')||L2(S1)) <€,
t>0
where £(t) € R is any spatial maximal point of the component u(t, x).

Remark 4.1 Note that in the periodic case the two conditions pp(x) > 0 for all x € st
and inf, g1 po(x) > O are equivalent, and thus the global existence of the periodic strong
solutions can be inferred from (2.6).

Proof of Theorem.4.1 Since the functionals H(u(t), p(t)), Eu(t), p(t)) and F(u(t), p(t))
are all conserved along the flow of (1.5) and continuous in (, p) € H'(S!) x L?(S!), we
deduce that there exists a positive constant A depending only on the positive speed ¢ such
that

max{|H(u(t), p(1)) — H(We, 0], [E(®), p(1)) — EWe, 0)],
|Fu), p(t)) = F(Ye, 0]} < AS, V=0, (4.13)

whenever
lluo = Vel sty + llpoll2gty < 8.

In this case, we claim that the component u(z, x) is a strictly positive function in S! for
all + > 0, provided § is small enough. To prove this claim, we use the similar approach
as in the proof of Proposition 4.1 and denote M, (t) = max, g {u(t,x)} and L,(t) =
min, g1 {u (¢, x)}. On the one hand, since

[F ), p(t)) = F(Ye, 0)] < AS,

if 8 is small enough, then F(u(t), p(¢)) > 0 for all # > 0. We thus deduce from the structure
of the functional F that M, () > 0, ¢ > 0. In addition, based on

Hu(t), p(t)) =/ u(t,x)dx > H(.,0) — AS = 2ctanh % —AS§,
sl

we obtain for small § that |
My () > 2ctanh - — A5 > 0. (4.14)

On the other hand, we exploit the time evolution version of relation (4.9), that is
lue(t, ) = e = EO 31 e,
= /Sl ((t, x) + u?(t, x)) dx + /Sl (¥* +¢2) dx — 4ctanh % cu(t, E(t)),
to deduce for £(¢) with u(t, £(t)) = M, (¢t) that
Jatt, ) = Bl = EO ey + 1006, I e, + e tanh 3 - (M (1) — )
= Eu(t), p(1) — EWe, 0). (4.15)

Since

(), p(1)) — EWe, 0)| < A,
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it follows from (4.15) that

A
M,(t) <c+ ———38, t>0. 4.16
wlf) = 4ctanh% ( )

Furthermore, using the time evolution version of inequality (4.12), which takes the form

(My (1) — u(t,x)* <

1
o (E@®), p(0) = 2M (OHW (), p(1)) + M (1)) ,
2

we derive from the estimates (4.14) and (4.16) the following inequality with x chosen such
that u(t, x) = L, (1)

(M, (1) — Ly, (1))

1
S — (5(1//6,0) + AS +2(—2ctanh — — AS) (H(e, 0) + AS)
2tanh 5 2

2
A
+{c+ 7]8
4ctanh§

2 2 1 ’ 5 1 1 1
c“+2c tanhi—Sc tanh §+ 1+ 8ctanh — + ——— J AS

=2tanh% 2 2tanh%
1 2q2
+ 24+ ——-7)A%
16c2tanh2§
21+ ! 4t h1 + O(5) 4.17)
= _— — annh — . .
2tanh% 2

Hence, combining (4.14) with (4.17), we deduce that for any # > 0

1
L,(1) > M, (1) — c\/l + — 4tanh 7+ 0'?)

2tanh%
1 1 1 12 _
>c(2tanh 5 — [1+—— —4tanh = |+ 06" > A >0,
2 2tanh 5 2

provided & is small enough, where the positive constant A depends on 8 and the speed c.
Therefore, we prove that for the global solution (u(?), p(¢)), if the initial data («, p) satisfies

luo — Yellgi sy + llooll L2ty <8

with § small enough, then the component u(z, x) is bounded below uniformly by a positive
constant.

Subsequently, in terms of the solution (u(#), p(¢)), we obtain for the corresponding func-
tion G(M, L; u(t), p(t)), after a direct computation together with (4.13), that

GM, L; u(t), p(1)) = G(M, L; Y, 0) + M (Eu(1), p(1)) — EWe, 0)
+ L (Hw(), p(1) = H(We, 0)) — (Fu(t), p(t)) — F(Ye, 0))
=G(M, L; ¥, 0) + (M + L* — 1)O(S). (4.18)

Hence, G(M, L; u(t), p(t)) is a small perturbation of G(M, L; ., 0) in I'. We argue that
such perturbation could be arbitrarily small on any bounded subset of I" provided 6 is small
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enough. While for large (M, L) € T, since in this case, G(M, L; ¥, 0) < —a|(M, L)||]?§2
as claimed in Lemma 4.2 and the perturbation in (4.18) is O(||[(M, L)||H2{2), the function
G(M, L; u(t), p(t)) is definitely negative. Therefore, the point (M, (t), L,(t)) € " with
which G(M,,(t), L,(t); u(t), p(t)) > 0 should lie in an arbitrarily small neighborhood of
(My,, Ly,) = (c, c/cosh (1/2)) and satisfies the following estimate

|M,(t) —c| <8, vVt >0.

Now, given € > 0, the preceding é could be chosen further smaller such that

€2 €2
M,(t) —c] < ——— and |E(uo, —EWe, 0| < —.
[ My (1) — ¢l 320tanh% |€(uo, po) (e, 0)] 2

We then conclude from (4.15) that
lue(t, )= = EONp1 gy + 1@ ) T2 e,
= E(®), p(1) = E(We, 0) — 4ctanh % - (My(1) = ©)

1
= [&(o. po) = EWe, 0)] + 4ctanh 5+ | My () — c|

€2 n e e
< — —_=
8 8 4
where £(¢) is chosen such that u(¢, £(t)) = M, (¢). Therefore, the theorem is proved. ]

5 Wave breaking

The goal of this section is to complete the analysis of the well-posedness of the 2CH system
(1.5). To this end, we investigate the precise blow-up scenario. As is pointed out in Sect. 2, the
profile of pg strongly affects the existence time. In fact the solutions can develop finite-time
singularities when pg touches zero (see [7,15,18]). Such a formation of singularities can be
understood as being induced by certain local structure of the data, which is referred to be the
local-in-space type blow-up. See [20] for the case when the system is posed on the whole
real line. Here we would like to further confirm that this phenomenon also happens in the
periodic setting.
We consider the Cauchy problem for the periodic 2CH system written as follows

U+ ulty + 0y p * (u2 + %u)z( + %pz) =0,
pr+ (puw)y =0, te(0,T), xeS, (5.1
u(0,x) = uo(x), p0,x)=po(x), xeS!,

where S! = R/Z = [0, 1) is the unit circle as before. The function p(x) in (5.1) is the
periodic kernel of the convolution operator (1 — 83)_1, which as a continuous 1-periodic
function is given by

cosh (x — [x] — %)

- 5.2
P 2sinh § ©2)

with [-] denoting the integer part.

For a strong solution (u, p) to (5.1) with initial data (1o, po) € HSSH x HS~L(SY,
s > 3/2,and T > 0 being the maximal time of existence, the associated characteristic of
(5.1) is given by ¢ (¢; x) satisfying
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Lgt:ix)=u@t, qt;x), 0<t<T,

g(0;x) =x €Sl (5.3)

For any x € S!, the flow map ¢(¢; x) is well defined and continuously differentiable in the
entire time interval (0, T').

Moreover, the precise blow-up scenario of strong solution (u, p) is presented in terms of
the wave-breaking [18]. In other words, the solution (u#, p) blows up in finite time 7 > 0 if
and only if

lim inf wu,(t,x) = —o0. 5.4

t—T~ xeS!
In particular, a local-in-space type of blow-up mechanism introduced by Brandolese et al in
[2,3] considerably simplifies the classical results and characterizes how the local structure of
the solution both in periodic and non-periodic cases can affect the formation of singularities.
In this section, we study in the two-component system case the issue that under what kind
of local-in-space structure condition the particular periodic initial data could generate the
wave-breaking solution. Before the main theorem is given, we first present some notation
and useful results obtained in [3].
For any real constant 8, define /() > —oo by

1
1(B) = inf [/ (p+ B po) Qu* +u2)dx |ue H'(SY, u0) =u(l) = 1] (5.5)
0

and the quantity 8* € [0, +00] by
B* =inf {B € (0, +00) | B>+ 1(B) —2 > 0} (5.6)

with the usual convention that 8* = o0 if the infimum is taken on the empty set.
In [3], the authors proved that /() is even with respect to the variable § € R and
I(B) > —oo if and only if

e+1§,3§e+1

T (5.7)

e—1
Especially, if | 8] < (e+1)/(e — 1), then I (f) is in fact a minimum with only one minimizer
u € H'(S") with u(0) = u(1) = 1. In addition, B* in (5.6) was computed numerically as
the zero point of the function g — B2 + I(8) — 2 by

B*=0.513.... (5.8)

More importantly, they established the following convolution estimates, which is the key
technical issue for the blow-up analysis.

Lemma 5.1 ([3]) Forany B € R and all u € H'(S"), the following convolution estimate
holds
(pEBp)* QP +1u)(x) = [(Bu’(x), Vxes, (5.9)

and 1(B) is the best possible constant.

We are now in a position to give the following local-in-space criterion for finite time
wave-breaking mechanism to (5.1).

Theorem 5.1 Let (ug, po) € H5(S") x H~1(S") with s > 3/2 and assume that there exists
xo0 € S, such that
po(x0) =0 and uox(x0) < —p*uo(x0)l, (5.10)

where $* is defined by (5.6) and (5.8). Then the corresponding solution (u, p) of system
(5.1) arising from (ug, po) blows up in finite time.
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Proof As usual, due to the well-posedness results, we reduce to the case s > 3 and carry out
the analysis along the characteristic (5.3) emanating from xo € S'. First, differentiating the
equation

1 1
u,—}—uux=—8xp*(u2+§ui+§p2), (5.11)

with respect to the x variable and applying the identity p x f — 8% px f = f,wehave

1 1 1 1
ux,—i-uuxx:uz—Eu%%-ipz—p*(uz—l—iui—l—ipz). (5.12)
Denote

w(t) = ult, q(t; x0)), n(1) =ux(t, q(t: x0)) and (1) = p(t, q(1; x0)).

Then, we use the Egs. (5.11), (5.12) and p; + (u p), = 0 to get the following time derivatives
along the flow ¢ (¢; xo)

d () 2+1 2+1 2) (1, q(t; x0))
—w(t)=—pxx|u —u = , ; X0)),
dt Px ) x 2:0 q 0

d 1 1 1 1
3,0 = (1) — 3 n?(t) + 3 ¢3(1) — px (u2 + 5“3 + Epz) (t, q(t; x0)),

d
;50 =—n®¢@).
From the last equation above and the initial condition on pg, we see that
£(1) = £(0) e~ 0mD4T = py(xg) e~ i 1T = g, (5.13)

Moreover, with an arbitrary constant § and using (5.13), we get from the time evolution of
w(t) and n(t) that

%ﬂ () = —%ﬂpx * (2u” + uf + p?) (¢, q(t: x0))

and

Enw =4[ Bow =) Bow+n0)
—B0} (1) +20%(1) — p# (2u® + u? + p?) (1. q(r; xo))].
Hence, for the following two functions of time variable with parameter 8 € R,
J@) =Bw()—n@) and g(t) = —pw(r) —n(1),

we have

d 1

=10 = 3 [FO30) + B2+ (p — Bp) * (20> + 1) (1. 40 x0)) = 262(0)

+(p = Bpo) % 020, g5 x0)) (5.14)

and

[£080) + B2 (0) + (p + Bpo) + (262 +182) (¢, g (83 30)) = 27()

4!
a5 T3

+(p+ Bp) P21, (13 %0)) ] (5.15)
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Assume that the parameter f satisfies (5.7). On the one hand, applying the symmetric
property of /(f) and the convolution estimate (5.9), we deduce that

Bro? (1) + (p £ Bpy) * (2u® +u?) (1, q(t; x0)) — 2% (1) = (B> + 1(B) — 2) &*(0).

On the other hand, using the definition (5.2) of p(x), we derive under the assumption (5.7)
of B the following inequality for all x € S,

_ 1 l—x e+1 é
(Piﬂpx)(x)—iz(e D [(liﬂ)e + (I F Be ]_72(8 )iz >0,
which implies
(p £ Bpx) * p7(1, q(t; x0)) = 0.
Therefore, if we take B = 8* defined by (5.6) and (5.8) such that
(B +1(8")—2=0
then for f(¢) = ﬂ*a)(t) —n(t) and g(t) = —B*w(t) — n(t), we have
1

—f(t) > = f(t)g(t) + = ((ﬂ 1) =2) ’0) = 2 F(OR(0). (5.16)

In the same manner, q .
ag(t) > 5 f@)g). (5.17)

Furthermore, the assumption (5.10) on the initial data uq that
uo,x (x0) < —p*|ug(xo)]
guarantees that
f(0) =B*w(0) —n(0) >0 and g(0) = —B*w(0) —n(0) > 0. (5.18)

Now, define 2 (1) = «/ f (t)g(¢). Using the inequality f(¢) 4 g(#) > 2 h(¢) and the relation
(5.16) and (5.17), we obtain

F g

2
20 O +g0) = h ().

d d d
ah(t) = (g(t)af(t)-kf(l)ag(t))

2h(t)

Since /(0) = \/uo,x (x0)% — (,B*Lto(xo))2 > 0, it is clear to see that the solution (u, p) blows
up in finite time.
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