Hindawi Publishing Corporation
Abstract and Applied Analysis

Volume 2014, Article ID 876849, 8 pages
http://dx.doi.org/10.1155/2014/876849

Research Article

Wave-Breaking Phenomena and Existence of Peakons for
a Generalized Compressible Elastic-Rod Equation

Xiaolian Ai,' Lingyu Jiang,” and Ting Yi’

I Department of Mathematics, Northwest University, Xian 710069, China
? Department of Mathematics, Central University of Finance and Economics, Beijing 100081, China
? Department of Mathematics and Center for Nonlinear Studies, Northwest University, Xian 710069, China

Correspondence should be addressed to Xiaolian Ai; aixl@nwu.edu.cn

Received 30 October 2013; Revised 19 January 2014; Accepted 20 January 2014; Published 26 February 2014

Academic Editor: Ziemowit Popowicz

Copyright © 2014 Xiaolian Ai et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Consideration in this paper is the Cauchy problem of a generalized hyperelastic-rod wave equation. We first derive a wave-breaking
mechanism for strong solutions, which occurs in finite time for certain initial profiles. In addition, we determine the existence of

some new peaked solitary wave solutions.

1. Introduction

Consideration herein is the following generalized hyperelas-
tic-rod wave equation:

g )
Up = Upex + ( 2 ) =Y (zuxuxx + uuxxx) >
x
t>0, xeR, )
u(0,x) =uy(x), xeR,

where g : R — R is a given C®-function and the real
number y with y#0 is a given parameter. In general, the
constant y is given in terms of the material constants and
the prestress of the rod. In fact, the authors [1, 2] studied
the special compressible materials which lead to values of y
ranging from —29.4760 to 3.4174.

When y = 1, g(u) = 3u?, (1) becomes the classical
Camassa-Holm (CH) equation [3]

Up — Uy + 30, + ki, = 2u, 0, + Ul 2)

with initial data ©(0, x) = u,(x). While for y = 0 and g(u) =
3u?, (1) becomes the Benjamin-Bona-Mahony equation [4].
And when g(u) = 3u, y € (=29.4760, 3.4174), (1) is so-called
the hyperelastic-rod wave equation [2].

The classical CH equation (2) was originally proposed
as a model for surface waves [3] and has been studied
extensively in the last twenty years because of its many
remarkable properties: infinity of conservation laws and
complete integrability [3], existence of peaked solitons and
multipeakons [3, 5, 6] (with k = 0), well-posedness and
breaking waves, and meaning solutions that remain bounded,
while its slope becomes unbounded in finite time [7, 8]. On
the other hand, if k = 0, the CH equation (2) admits peaked
solitary wave solutions (called peakons) which possess the
form u(t,x) = ce ¥ with speed ¢ € R, c#0, and their
stability was studied in [9]. Recently, Gui et al. [10] proved
that there exist some peaked functions which are global weak
solutions to a modified Camassa-Holm equation. We should
mention that the solutions to the CH equation (2) can be
uniquely continued after wave-breaking as either a global
conservative or global dissipative weak solution [11-14]. It is
worth pointing out that there exists a global-in-time weak
solution to the CH equation in the energy space [15].

Fory € R\{0}, g(u) = 2ku+(3/2)u?, (1) serves as a model
equation for mechanical vibrations in a hyperelastic rod [1, 2].
Similar to CH equation, stability of solitary wave solutions
has been studied in [16]. In addition, the solutions to the
hyperelastic-rod wave equation can be uniquely continued
after wave breaking as a global conservative weak solution
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[17]. Moreover, there exists a global-in-time weak solution to
the hyperelastic-rod wave equation in the energy space [18].
Motivated by the approaches in [9, 10], our goals in this
paper are concerned with the wave-breaking phenomena and
the existence of some new peakons of (1) with g(u) = au® +
2ku (a,k € R,a > 0), y#0. In this case, (1) may be read as

a >
Up = Upexe + <Eu ) + kux =Y (zuxuxx + uuxxx) >
X

t>0, xeRr, O

u(0,x) =uy(x), xeR.

Introducing the momentum m = u — u
that

we get from (3)

xXx>

my, + yum, + 2yu,m + (a — 3y) uu, + ku, =0,

t>0, xeR, (4)

m (0, x) = mgy (X) := Uy — Uy, X €R.

Note thatif p(x) := (1/2)e”™, x € R, then (1-02)" f = px f
forall f € L*(R) and p * (u—u,) = u, where * denotes
convolution with respect to the spatial variable x. Therefore,

(3) can also be rewritten as the following equivalent form

ut+yuux=—axp*( 2)/ 2+’2jux+ku>

t>0, xeR, ©

u(0,x) =uy(x), xeR.

We are now in a position to give the notions of strong and
weak solutions.

Definition 1. If u € €([0,T]; H*) N &[0, T]; HY) with s >
3/2 and some T > O satisfies (5), then u is called a strong
solution on [0, T]. If u is a strong solution on [0, T'] for every
T > 0, then it is called a global strong solution.

Definition 2. Given initial data u, € H'(R), the function
u € L3.([0,T); loc(IR)) is said to be a weak solution to the
initial-value problem (5) if it satisfies the following identity:

T
J J (up+ Ly,
0o Jr 2

+p*< 2yu +Y 2+ku>axq)]dxdt (6)

+J uy (x) @ (0,x)dx =0
R

for any smooth test function ¢(t, x) € C:°([0,T) x R). If u is
a weak solution on [0, T) for every T' > 0, then it is called a
global weak solution.

Our main results of the present paper are Theorem 9
(wave breaking) and Theorem 10 (existence of peakons).

The remainder of the paper is organized as follows. In
Section 2, the results of blow-up to strong solutions are
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presented in detail. It is shown that the solutions of (3) can
only have singularities which correspond to wave breaking
(Theorems 9). In Section 3, the existence of some new peaked
solutions of (3) is verified. From this, we know that there
exist some peaked solitary wave solutions for the case k# 0
(compared to the case in the Camassa-Holm equation; see
Remark 11).

Notation 1. As above and henceforth, we denote the norm
of the Lebesgue space L°(R) (1 < p < o) by |- [l,» and
the norm of the Sobolev space H*(R) (s € R) by || - [l gs. We
denote by * the spatial convolution on R.

2. Wave-Breaking Phenomena

By using the Katos method [19], we may easily get the
following results about the local well-posedness and blow-
up criterion of strong solutions to (5), of which proofs are
similar to the one as in the CH equation in [7] (up to a slight
modification) and we omit it here.

Theorem 3. Let u, € H*(R) with s > 3/2. Then there exists a
time T > 0 such that the initial-value problem (5) has a unique
strong solution u € €([0,T]; H) n €'([0,T); H*™") and the
map u, v u is continuous from a neighborhood of u, in H*
into €([0, TI; H*) N €' ([0, T]; H* ).

We are now in a position to state a blow-up criterion for
(5).
Theorem 4. Let u, € H*(R) be as in Theorem 3 with s > 3/2.

Let u be the corresponding solution to (5). Assume that T:O >0
is the maximum time of existence. Then

T,
T¢ < o0 = j " ()] it = 0. 7)
0

Remark 5. The blow-up criterion (7) implies that the lifespan
T, does not depend on the regularity index s of the initial

data u,. Indeed, let 1, be in H® for some s > 3/2 and consider
somes’ € (3/2,s). Denote by u (resp., uy) the corresponding
maximal H* (resp., H' ) solution given by the above theorem.
Denote by T, (resp., T;) the lifespan of u (resp., uy). Since
H < HY, uniqueness ensures that T, < T and that
u, = ug on [0,T;). Now, if T, < T3, then we must have
uy in €([0, T*]; H* ). Hence, d,uy € L'([0,T*]; L), which
contradicts the above blow-up criterion (7). Therefore, T, =
T:.
S

Remark 6. For a strong solution u in Theorem 3, the Hamil-
tonian functionals are conserved; that is

%J (u2+ui)dx:0,
Lo (®)
dtj (au + yun, +ku>dx:O,

forallt € [0,T).
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The following blow-up criterion shows that the wave-
breaking depends only on the infimum of yu,.

Theorem 7. Letu, € H'(R) be as in Theorem 3 with s > 3/2.
Then the corresponding solution u to (5) blows up in finite time
T, > 0ifand only if

lim infinf {yu (6.} = -co. ©)

Proof. Since, in view of Remark 5, the existence time T;o is
independent of the choice of s, we need only to consider the
case s = 3, which relies on a simple density argument.

Multiplying (3) by m and integrating over R with respect
to x and then integration by parts produce

1d 2 _a 2
T JRm dx = 5 JR (u )xmdx
+yJ m (2uu,, +uu,,,)dx
R
=—aJ uuxmdx+2yj u, (u—-m)mdx
R R

+yJ u(u, —m,)mdx
R

(3y-a) J uu,mdx — iy J u.m’ dx.
R 27 Jr
(10)

We next differentiate (3) with respect to x to get

my, = (3y —a) (ufc +u’ - um)
(11)

- 3yu,m, - 2yum — yum, + k (m —u).

Multiplying by m, then integrating over R with respect to x
lead to

= —2(3y—a)J u, (u—m)mdx
R
-2(3y-a) J u umdx
R
-(3y-a) J umm,dx — 3y J umdx (12)
R R
- ZyJ umm, dx + 14 J uxmi dx
R 2 Jr
=-4(3y-a) J u umdx
R

+(5a - 17y) J umm, dx — Eyj u m dx.
R 27 Jr

3
Therefore,
a J (m2 + mz) dx
dt Jr *
=-6(3y-a) J uumdx +2(5a - 17y) J umm, dx
R R
- J (yuy) (3m2 + Smi) dx.
R
(13)

If yu, is bounded from below on [0, T;;U) x R, that is, there
exists a positive constant C; > 0 such that yu, > —C, on
[0, T:;O) x R, then the above estimate implies

% JR (m2 + mi) dx

<5C,; J (mz + mi)dx
R
+ 26y - a)| lu (6o jR (12 +m)dx ()

+ |5a - 17y| o (£, ) oo JR (mz + mi) dx

< C (@ ol | () i

where we used (8) so that u(t, ) 7w < (1/2)E(u(t,") = (1/2)
E(uy) = (1/ 2)||u0||§{1. Applying Gronwall’s inequality then
yields

lm ()7, = JR (m2 + mi) dx < eczt”m()”;l (15)

for t € [0, T;:lo), which ensures that the solution m(t, x) does

not blow up in finite time.
On the other hand, if

T (P RS

by Theorem 3 for the existence of local strong solutions and
the Sobolev embedding theorem, we infer that the solution
will blow up in finite time. The proof of Theorem 7 is then
complete. O

For y # 0, we define

8(1) < sign {yhinf [u, . 0sign (], £20,  (17)

where sign(yp) is the sign function of y € R, and set 8, := 8(0).
Then, thanks to Theorem 3, for every ¢ € [0, T') there exists at
least one point £(t) € R with 8(¢) = u,(¢,&(t)). Just as the
proof given in [8], one can show the following property of
3(t).

Lemma 8. Let u(t) be the solution to (5) on [0, T) with initial
data u, € H*(R), as given by Theorem 3. Then the function
8(t) is almost everywhere differentiable on [0, T'), with

s _ u, (&) ae. on (0,7T). (18)

dt



With Lemma 8 in hand, we may get the following result
about the wave-breaking phenomena of solutions to the
generalized hyperelastic-rod wave equation (3).

Theorem 9. Leta > 0, y#0, and u, € H (R) with s > 3/2.
Assume that

;rélug {ué (x)} <-K ify>0,

(19)
or sup {ué (x)} >K if y<0,

x€R

where
[ [la-yl .
—— gl > i € (—00,0) U (a, +00),
\] 2|Y| ” 0"H fy
K= [2-(+a%)y : ( a ]
J S, i e (02].
. a
>0, lf)/E(T“O,(Il)

(20)

with oy = +/(4a - 3y)/4y — (1/2) for y € (0,a). Then the
corresponding solution to (5) blows up in finite time. Moreover,
the maximal time of existence is estimated above by

-2inf, .z {sign (y) uy (x)}

0<Tc< -
¥l [(inf e {sign (v) up (0)})” - K?]

0o. (21)

Proof. Let T > 0 be the maximal existence time of the
solution u(t,x) to (5) with initial data u, as stated in
Theorem 3. Applying Theorem 3, Remark 5, and a simple
density argument, we need only to show that Theorem 9 holds
with some s > 5. Here we assume s = 5 to prove the theorem.

Firstly, thanks to Lemma 8 and the definition of 3(¢),
thereare x, € Rand &(¢) € R such that u(')(xo) = infxeRu(')(x),
(18) holds, and

u, (LEW®) =0, Vtel0,T). (22)

Differentiating (5) with respect to x and using the identity
32p* f =p= f— f, weobtain

xt

Y 2 a-y 2
u :—Eux—yuuxx+ 5 u

(23)
(25 )

xx?

which along with (22) implies

4oy = LYawps A2
Eﬁ(t)— 2§(t) + u (£,§(1))
—p*( 2yu + = u)(tf(t)) a.e. on (0,T).

(24)
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For the case y > a, thanks to the Young’s inequality and
the Sobolev inequality, we get from Remark 6 that, for all t €
[O) T))

y—-a 2
u < u (t) |7
S @I

-
voa (25)

A

<A@z, =

Nl

Note that p * ((y/Z)ui) > 0and ((a - y)/2)u2(t, &) <0, we
infer that

dety<-Lad@y+? luo|2s 2. on (0,T). (26)
dt 2
Set K := +/(y — a)/2ylluyll ;15 we have

%3 (t) < —ggz (t) + ng ae. on (0,T). (27)

We now claim that if 8(0) < —K, then 8(t) < —K for all
t€(0,T).

In fact, assuming that the contrary would, in view of
3(t)(t) being continuous, ensure the existence of some ¢, €
(0,T),such that 3(t) < —K in (0, t,) and 8(t,) = —K. Combin-
ing this with (27) would give (d/dt)3(t) < 0 a.e. on [0, ;).
Since 8(t) is absolutely continuous on [0, ¢,], an integration of
this inequality would give the following inequality and we get
the contradiction 3(¢,) < 8(0) < —K. This proves the previous
claim.

Therefore it follows from (27) that (d/dt)s(t) <
0 a.e. on (0,T) which implies that 8(t) is strictly decreasing
on [0,T).

Set & := (y/2)(1 - (K/u('](xo))z) € (0,y/2). Then we have
K21 - 2/9)8) = (uy(xp))* < 8%(¢), that is, K* < (1-
2/ y)8)§2(t). Therefore it follows that

d Va2 2 _ sa?
E@(t)ﬁ—g@ (t)[l—(l—;@)] =-0%8" (1),

(28)
a.e. on (0,7),
which leads to
ug (%)
() —2% oo, f—————— (29
® 1 + 8tug (x,) 0 At Suy (%) (29)

This implies that the maximal time of existence T satisfies

: sinf ) (9
T<-— = < +00. (30
Suy (x9) [K2 — (inf e u (x))z] S

In consequence, we have
llrﬂ%nf (chrelugyux (t, x)) = —00, (31)

which along with Theorem 7 applied completes the proof of
Theorem 9 for the case y > a.
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Next, to deal with the case 0 < y < a, we need first to
verify the following inequality for any positive real number
o

p*((oc2+oc)u +u )(x)>(xu (x) for Yu € H (R).

(32)
Indeed, observe that the inequality
eixj ey(oczu +tu )( )dy
> 206 | Qu(y)u,(y)
- (33)

e Jx e’ (((xz + oc) u ¥ ui) (y)dy = au’ (x).  (34)

Whereas the inequality

e* JOO e’ (a2u2 + ui) (y)dy

X

> -2a¢" [ eu(y)ue () dy

[P -y d
= —ae L eyd—y (”Z(Y))d)’

(35)

= au’ (x) — ae” J e’ (y)dy

X

leads to

e* JOO e’ ((cx2 +o)u’ +u )(y) dy > o’ (x),  (36)

X

which along with (34) gives rise to (32).
Notice that &y = +/(4a — 3y)/4y—(1/2) is the only positive
rootof o + & = (a — )/y; we get from (32) that

pr (Sl + L) ey = Bl wiw), @)

which together with (24) implies that

d Y 2
—3(t) < —=38(t
lt()< 2()

1+«
+a (+0)y2

a (&)

a.e. on (0,7).
(38)

Thanks to the Sobolev inequality and Remark 6, we get that,
for any t € (0,T), [u(®)l7e < (1/2Nu®lFs = (1/2)llugllzy,
which along with (38) implies that (27) holds for

~(1+
\]a (2 OCO)V"uO”Hh if)/G(O,la :|’
K:= Y Tl (39
a
0, if ,al.
1y€<1+%a

Repeating the above argument in the proof of (31) for the
case y > a leads to (31), and then the proof of Theorem 9
is complete for the case 0 < y < a.

Let us now consider the case y < 0. It follows from (24)
that

%%(t) > MQ t) - ;y"%”;l a.e. on (0,T), (40)

where we used Young’s inequality so that, for all t € [0, T),
1 2
| # 7] < Mu Ol < Zhu Ol (41)

Therefore, set K :=

V(@ =)/ = 2yllugll ;s we may get

Iyl .

%Q(t)> T2 @) - |2| 2 ae on (0,7T). (42)

Repeating the above argument in the proof of (31) for the case
y > a again ends the proof of Theorem 9. O

3. Peaked Solitary Wave Solution

In this section we consider the existence of peaked solitary
wave solutions of (3) in the case of g(u) = au* +2ku (a,k € R
and k # 0), which can be understood as global weak solutions.

Theorem 10. For anyy € R\ {a/3,0},a y > 0, and k#0, the
peaked function of the form

T 3k
U, (t,x) = —e VaPvE=al ity ¢ = = )
y 3y—-a

is a global weak solution to (3) in the sense of Definition (2).

Remark 11. It is known that for the Camassa-Holm equation
(that is, (5) with y = 1 and a = 3), for any ¢ #0, the peaked
function of the form u(t,x) = ce ™! is a global weak
solution to the Camassa-Holm equation with the case k = 0
in the sense of Definition (2), and if k # 0, the Camassa-Holm
equation has no peaked solution. Here Theorem 10 implies
that, if k#0, (5) still has some peaked solutions, as long as

y+#a/3and 0.

Proof of Theorem 10. The proof of the theorem is motivated
by the method in [10]. First, we can reduce the result to the



one with the case y = 1. In fact, multiplying y with (1) and
setting u = yu, (1) become the following form:

— — a _ _ _ —
Uy — Uy + 2—u +ku | =2U, U, Ul
X

14 (44)

u(0,x) =uy(x), xeR. (45)

We claim that, for all t € R™,

9.1, (t,x) = —\j 3% sign (x — ct) 7, (£, x) € L (R), (46)

in the sense of distribution &' (R).

Indeed, for any test function ¢(-) € C.°(R), we may get
by using integration by parts that

| stgn ()0 (3) dy

—+a/3yy

=—f00 “””(P(y)dwj - ¢ (y)dy

2., 0
=—<P(0)+\/%YJ VP (3)dy + 9 (0) (47)

+00
+ \/37: L eV (y) dy

3YJ—a/3|y|l
A2 e dy,
JQR () dy

which along with the fact that sign(-—ct)u.(t, -) € L°(R) ends
the proof of the claim.
Let us now set 1, (x) := (0, x) for x € R. Then we have

tli{&”ﬁc (t,) ~ Uy,c (')”WL00 =0. (48)
Similar to the proof of (46), we get that, for all t > 0,

o,u. (t,x) = csign (x — ct) u, (t,x) € L (R). (49)
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Therefore, from (46), (48), (49), and ¢ = 3ky/(3y — a) and
y = 1, together with integration by parts applied, we obtain
that, for every test function ¢(t, x) € C:°([0, +00) X R),

J J (09 + 1a§ax¢) dxdt
R 2

0

+J 7. (0, %) ¢ (0) dx dt
R

+00
__ j J ¢ (0,8, +7.0.7,) dx dt
R

+00
=- J J ) <c\/E sign (x — ct) ce” V3Pl
0o Jr 3

- \/g sign (x — ct)

(50)

2 *2\/7|.X Ctl)dxdt

= - Lwo J ¢c \/— sign (x — ct)

s (e _ et gy
+00 _
J j pe (“—1a§ v lomy+ kﬁc)cpxdx dt
R 2 2

[

Notice from (46) that o, p = —(1/2) sign(x)eil"| for x € R; we
have

74 %(axac)2 + KT, ) dxdt.
(51)

3.p * (“T_laf + %(axac)2 + kﬁc)

1 +00
=3 J sign (x — y) e ¥

4a-3 , _ .
X (a—cze 2aply=etl | 1.

- e—mb’—dl) dy.

(52)

When x > ct, we split the right hand side of (52) into the
following three parts:

2.0+ (-

S (S B R

« (4‘16— 3 2p2VaBly—ctl kce—%ly—ctl) dy

=1+, +1.

7+ %(axac)2 ‘ kﬁc>
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We directly compute I; as follows:
t
I = 1 JC o) <4“ - 3C262W(%ct)
2 ) 6

+kce

VR0 ) dy (54)

_ (_ 4a -3 d2 _ kc ) e,(x,ct)
12(1+2va/3) 2(1++a/3) '

Similarly, we have

L=|(- 4a-3 C2 e—ZM(x—ct)
2 12(1 - 2+/a/3)

_ ke —~a/3(x—ct)
+< —2(1_\/%))6 (55)

. < 4a -3 62 + kc > e—(x—ct)
12(1-2+a/3)  2(1-+a/3)

and I = ((4a-3)/(12(1 +2~/a/3)))c2e V43 4 (ke/(2(1+
va/3)))e” Val3(e=et) prom this, we deduce that, for x > ct,

O p * (a; 17 + %(axacf + kﬁc)

_ \/gcz (e—z Va/3(x—ct)

And for the case x < ct, we spilt the right hand side of (51)
into the following three parts:

a.p (“; i+ %(axac)2 + kﬁc>

1 x ct +00 ) lx—y]
=3 J +J +J sign(x — y)e
—00 x ct

(56)
_ e—\/%(x—ct)) )

y <4a6— 3626_2W|y—ct| + kce_mly_m) dy
= II, + I, + II;.
(57)
We compute
II, = 1 Jx ) (4“ - 3C262W(y—ct)
2 ) 6
+hce VAPV 7“)) dy
(58)

__ 4a -3 ngz%(x—ct)

12 (1 +2+/a/3)

ke o Val3te—et)
2(1+a/3)

7
Similarly, we have
B 4a -3 2 ( x—ct _ 2+a/3(x—ct)
HZ_—12(2\/a_/3—1)C (e e )
) (59)
c x—ct __~af3(x—ct)
+ YA (W_ 1) (e e )

and II, = (((4a - 3)/(12(1 + 2+/a/3)))c* + kc/(2(1 +
\Va/3)))e*™, which along with (57) and (58) implies that, for
x < ct,

3.p * (%aﬁ n %(axac)2 + kﬁc>
_ (60)
_ ECZ (e\/%(x—ct) _ eZW(x—ct)) _
3
From (56) and (60), we obtain
+oo a— 1_2 1 —\2 _
p x| —u. + =(0,u.)" +ku, ) . dxdt
0 R 2 2
’_\/gcz
3
y j-+00J‘ ¢(e,2M(x—ct)
o ~Val3(x—ct) (61)
—e )dx dt, x >ct,

y j-+mj (p(em(x—ct)
o Jr
_e2Val3teet) )dxdt x < ct.

On the other hand, by using the form of z1_, we get from (50)
that

+00
J J (72 + lafaxgb) dxdt
R 2

0

+ J U, (0,x) ¢ (0)dx dt
R

XJ»+00J ¢(6_m(x—ct)
R

_e2Val3(x- Et))dxdt, x > ct,
V3¢
+00
e
_ g2 Va3 x- Ct)) dxdt, x<ct.
(62)



Therefore, for every test function ¢(t, x) € C2°([0, +00) x R),
we conclude that

+00 _ 1_2
|| [Feo+ 5o

0

wp (5 = %(axac)2 + ki, ) 0,9 dxdi

+ J. 1. (0,x) ¢ (0,x)dx =0,
R
(63)

which completes the proof of Theorem 10. O
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