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Abstract

In this paper, we study a generalized Camassa-Holm (gCH) model
with both dissipation and dispersion,which has (N + 1)-order non-
linearities and includes the following three integrable equations: the
Camassa-Holm, the Degasperis-Procesi, and the Novikov equations, as
its reductions. We first present the local well-posedness and a pre-
cise blow-up scenario of the Cauchy problem for the gCH equation.
Then we provide several sufficient conditions that guarantee the global
existence of the strong solutions to the gCH equation. Finally, we in-
vestigate the propagation speed for the gCH equation when the initial
data is compactly supported.
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1 Introduction

Recently, Himonas and Holliman [25] studied the following generalized Camassa-
Holm equation

Up — gy — U Uy — BuN*lu:,;um + (B + 1)uNuI =0 (1.1)

where N € N, § € R, and proved the local well-posedness and the nonuni-
form dependence of its Cauchy problem in Sobolev spaces H® with s > %

*e-mail: huqgiaoyi@scau.edu.cn
fe-mail: zhijun.qiaoQutrgv.edu


http://arxiv.org/abs/1511.03325v1

Zhou and Mu studied the persistence properties of strong solutions and the
existence of its weak solutions to Eq. (1.1) [53]. Himonas and Thompson [29]
also showed the persistence properties and unique continuation of Eq. (1.1).
Eq. (1.1) is an evolution equation with (N + 1)—order nonlinearities and
includes three remarkable integrable equations: the Camassa-Holm (CH)
equation, the Degasperi-Procesi (DP) equation, and the Novikov equation
(NE).

As N = 1 and g = 2, Eq.(1.1) reads as the well-known Camassa-
Holm equation, which models the unidirectional propagation of shallow
water waves over a flat bottom, and is completely integrable with a bi-
Hamiltonian structure [2, 23]. The remarkable feature of the CH equation
is its peaked soliton (peakon) solution in the form of wu(t,z) = ce~ 1<,
where ¢ is a wave speed [2]. The Cauchy problem of the CH equation has
extensively been studied. For instance, its local well-posedness problem for
initial data ug € H® with s > % was studied in [6, 12, 33, 43]. More in-
terestingly, the CH equation has not only global strong solutions modelling
permanent waves [§], [12] but also blow-up solutions modelling wave breaking
[7, 111 12, [13], 133), [43]. On the other hand, the CH equation has globally weak
solutions with initial data ug € H* [1},[15,50] as well as the algebro-geometric
solution [40)].

As N =1 and 8 = 3, Eq. (1.1) is cast to the Degasperi-Procesi (DP)
equation [I6]. The DP equation is another integrable peakon model with
quadratic nonlinearity, but with 3 x 3 Lax pairs [I7]. The well-posedness,
global existence, and blow-up phenomena of DP equation may be seen in
[4, 20, 21, 26, 27, 34, 51], 52], and the DP equation may also be generalized
to an entire integrable hierarchy including both positive and negative flows
[41].

As N = 2 and f = 3, Eq. (1.1) is reduced to the Novikov equation
(NE) [36], which is also integrable with 3 x 3 Lax pairs and with the peakon
solution u(t, z) = y/ce~1*=¢l as well [30]. In [36], some integrable equations
with cubic nonlinearities were produced including the NE and the cubic CH
or FORQ equation [22] 38 [42]. The local well-posedness of the NE’s Cauchy
problem on both the line and the circle, and its global solution existence and
global weak solutions were investigated in [28] [45] 48] [49].

In this paper, we study the Cauchy problem of the generalized Camassa-
Holm equation (1.1) with both arbitrary dissipation and dispersion

Ut — Utgpr — uNu:v:m: - BUN_lu:vu:m: + (/8 + 1)uNum
+k(1 — 02)uy + A1 — 03)u =0,
t>0,zeR,
u(0,z) = up(z), z €R,
(1.2)
where supp uy C [a,b] is a compactly supported initial data, k& € R is an
arbitrary dispersion coeflicient, and A > 0 is a dissipative parameter. A



physical motivation of studying dissipative equations is to include energy
dissipation mechanisms in the real world, which indeed occurs in our daily
life. In the literature there were many articles dealing with nonlinear models
with dissipation. Ott and Sudan [39] investigated how the KdV equation
was modified by the presence of dissipation and what the effect of such a
dissipation was on soliton solutions of the KdV equation. Ghidaglia [24]
studied the long time behavior of solutions to the weakly dissipative KdV
equation as a finite dimensional dynamical system. Wu and Yin discussed
the blow-up, and blow-up rate and decay of solutions to the weakly dissi-
pative periodic CH equation (i.e. Eq.(1.2) with N = 1,5 =2,k = 0) [46].
Thereafter, they also investigated the blow-up and decay of solutions to the
weakly dissipative DP equation (i.e. Eq.(1.2) with N = 1,5 = 3,k = 0)
on the line [47]. Hu and Yin discussed the blow-up and blow-up rate of
solutions to a weakly dissipative periodic rod equation [I8]. Later, Hu stud-
ied the global existence and blow-up phenomena for a weakly dissipative
periodic 2-component Camassa-Holm system [19]. In 2014, Zhou, Mu and
Wang [54] considered the weakly dissipative gCH equation (i.e. Eq.(1.2)
with £ = 0). However, the work done above was only involved in dissipative
terms. Recently, Novruzov and Hagverdiyev [37] analyzed the behavior of
solutions to the dissipative CH equation with arbitrary dispersion coefficient
(i.e. Eq.(1.2) with N =1, =2).

In this paper, we discuss the local well-posedness, the global existence,
and the propagation speed of strong solutions to Eq. (1.2). Our study
indicates that in comparison between Eq (1.1) (k = A = 0) and Eq. (1.2)
(k,A # 0), some behaviors of solutions to the gCH equation (1.2) with
dissipation and dispersion are similar to the ones of Eq. (1.1), such as, the
local well-posedness and the blow-up scenario. However, the dissipative term
Au—ug,) and the dispersive term k(ug —Uzgs) in Eq. (1.2) do have impacts
on the global existence and the propagation speed of its solutions, which are
shown below in Theorem 3.1 and Theorem 4.1, respectively. In particular,
the propagation speed is seriously affected by both the dissipative parameter
A and the dispersion coefficient k. On the other hand, it is worthy to note
that the main difficulty in establishing the above results lies in controlling
certain norms of (N+1)-order nonlinearities. In addition, some of our results
cover the earlier corresponding results studied in [29] [37].

The paper is organized as follows. In the second section we give some
preliminary results including the local well-posedness of Eq.(1.2), the pre-
cise blowup scenario and some useful lemmas to study the global existence
and the propagation speed. In the third section we provide several global
existence results, which reveal that Eq.(1.2) has global solutions modelling
permanent waves. In the fourth section we study the propagation speed of
strong solutions to Eq.(1.2) under the condition that the initial data has
compact support.



Notation. Throughout the paper, * is referred to the convolution. The norm
in the Lebesgue space LP(R) is denoted by || - ||z», while ||| zs, s € R, stands
for the norm in the classical Sobolev spaces H*(R), where 1 < p < oo.

2 Preliminaries

In this section, we display some necessary results in order to reach our
goal. Let us first present the local well-posedness for the Cauchy problem

of Eq.(1.2) in H%(R),s > 3. Hence, we rewrite Eq.(1.2) in the form of a

quasi-linear evolution equation of hyperbolic type. Letting y := u — gy
yields
o+ o (W + k) + Zy(uN), + Ay =0,
t>0,xeR, (2.1)
y(0,7) = ug(x) — Oug(z), zeR.

Note that G(z) := Se~1%l is the kernel of (1-92)~. Then (1-02)"1f = Gxf
for all f € L?(R) and G *y = u. Therefore, Eq.(2.1) can be reformulated in

the following form:

ug + (uN + k)ug +0,Gxh+Gxg=0,
t>0,z€eR, (2.2)
u(0,2) = uo(x), reR

or an equivalent form:

{ u+ (N +kuy = —0,(1-92)""h—(1-97)71g, t>0,z€R,

u(0,z) = up(x), z €R,
(2.3)
where
h:= Ni_i_luNJrl + 73N2— ﬁuN_lui — Ay,
and
EEEEES) W

Note that, the local well-posedness of the Cauchy problem for Eq. (1.2)
(or Eq.(2.3)) in H*(R),s > 2 with A = k = 0 can be obtained by Kato’s
semigroup theorem [31] (see, for example, [53]), or by applying the contraction-
mapping principle (see, [25]).

Theorem 2.1. Given uy € H*(R), s > %, there exists a maximal T > 0,
and a unique solution u to Eq.(1.2) (or Eq.(2.3)) such that

u=u(.,,up) € C([0,T); H*(R)) N C*([0,T); H* ' (R)).

Moreover, the solution depends continuously on the initial data, i.e. the
mapping uy — u(.,ug) : H¥(R) — C([0,T); H*(R)) N C*([0,T); H*1(R)) is



continuous. Furthermore, T may be chosen independent of s in the following
sense. Ifu € C([0,T); H*(R))NCL([0,T); H*~1(R)) is a solution to Eq.(1.2),
and if ug € H® (R) for some s # 5,8 > %, then

u € C([0,T); H* (R)) N C([0,T); H*~'(R).

In particular, if up € C°(R) = (| H*(R), then u € C([0,T); C*(R)).
s>0

Next, we address the global existence of Eq. (1.2). To see this, let us
recall the following useful lemmas.

Lemma 2.1. [32] If r > 0, then H" N L™ is an algebra. Moreover

1fgllar < | fllzee gl + [1flarllgllzes ),
where ¢ is a constant depending only on r.

Lemma 2.2. [32] If r > 0, then

A", flgllzz < el falle A gllze + A" fllz2llgliz),

where ¢ is a constant depending only on r.

Lemma 2.3. [15] Let g € C"™2(R) and g(0) = 0. Then for every 1 <r <
m, we have
lg()ll> < gllullze)lfullr, v e H".

where g is a monotone increasing function depending only on the g and r.
Lemma 2.4. [32] Let f € H®,s > 3. Then
AT MYAT 2 < el fllmss Il <51

where My is the operator of multiplication by f and c is a positive constant
depending only on r,t.

Lemma 2.5. [31] Let r,t be real numbers such that —r <t <r. Then

) 1
1Fgllee < cllfllarllghae, — if r> 3,

, 1
179l oy < ellf Wl llgllae, if 7 <3,

where c is a positive constant depending on r, t.

Let us now give the global existence result.



Theorem 2.2. Let ug € H*, s > %, and let T be the maximal existence

time of the solution u to Eq.(1.2)(or Eq. (2.3)) with the initial data uy. If
there exists M > 0 such that

[u(t, )lzoe + lua(t, )| < M, te€[0,T),
then the H®*— norm of the solution u does not blow up in finite time.

Proof. Let u be the solution to Eq. (2.3) with the initial data ug € H®, s > %,
and let T" be the maximal existence time of the corresponding solution wu,
which is guaranteed by Theorem 2.1.

Applying the operator A® to Eq. (2.3), multiplying by A®u, and inte-
grating over R, we obtain

d

E\Iulli = —2((u" + k)ug, w)s + 2(u, f11)s + 2(u, f12)s

=+ I1+I1I,

where

fu=-A"?g, fi2 = —0:A""h.
Let us estimate I, 11 and I1I. Noting (A*u,, ASu)r2 = 0, we have

1) = | = 2((u™ + k)ug, w)s| = 2|(A°(uNug), Au) o]
= 2|([A%, u™]0pu, A%u) 2 + (U A%, ASu) 2|
< 2[|[A%, uM0pul 2| A%ul| 2 + (™) o Au, Au) 2]
< e[l (@)allpoe A gl 2 + 1A% || g2 [l ]| o) [ A% 2
+ {1 (™)l e [ (A%u, A%u) 2
< e(INuN g | gl s + G (full oo )l s e o) ullzrs + 11 (™) poe ] Fr-
< c@NMY + Mg (M) |ull3s := CllullFs,
where we use Lemma 2.2 with r = s, f = u”,g = u, when estimating
|’[As,]’l\ft“lr]axU|’L2 and Lemma 2.3 with r = s,9;(u) = «" when estimating
IASu™ || f2.

Obviously, when N = 1, |II| is easy to get. When N = 2, we refer to
the proof of Theorem 3.1 in [48]. Without loss of generality, we assume that



N > 3.

N -1 — N
11] = (20 o)) = 2@ (DI o2t gy g
-1 —N
< 2|([AS 1(( )2(5 )uN_Qui—}—)\u),AS_lu)Lﬂ
A U PR i S LR L
< oA 2 A g+ 2 A N Al )

< el ) ool N prs—r + gl zoe ™ =2 gro-2) el s
+ e[l 72 poe g | o= el o1 + el 7o)
< [N = 2)u™ P ug | oo go (g || ) e | o1 + [tz |G oo 15 1l oo ) el o=l 152
+ el 72 2o Ga (sl oo ) ot || o1 [[ull prs 1 + [l Fes]
< (N = 2)MN 2 (M) + M3 g3(M) + MN 725 (M) + 1)||ul
= Cllul| s,
where we use Lemma 2.2 with » = s — 1, f = uV =2, g = u2 when estimating
I[AS~Y, uN=2ud || 2 and Lemma 2.3 with 7 = s — 1, g2(u,) = u2 and g3(u) =
uN=2 when estimating ||u2 || gs—1 and [[u™N 72| gs-1.
Note that H* and H*~! are algebraic with s > % Hence
(LT = [2(fr2(w), w)s| < 2| fr2(w)ll s [[ul| s
<HNL+1UNH+3N2 B N1 u2
< clfullms (1™ s+ [l =l | or + el o)
< cllullzrs (ga(llull oo )l o1 + Nzl poe ™™ Hlzzs 4 el zrs—1 ™| oo + [full =)
< cllulls[ga(llull ool zrs—1 + [z || £oe g5 (el oo )l 25
+ G ([l zoo ) | o= ™| zoo 4+ [lu|are]
< e(ga(M) + M?g5(M) + M Go (M) |[ull ;s
= Cllullzs,

— Mg || o= [[ul| s

where we use Lemma 2.1 with r = s — 1 when estimating |Ju’N 12 ||s_1

and Lemma 2.3 with r = s — 1,94 = vV !, g5 = w71 gg(us) = u2, when
estimating ||u™N1|| ge-

o [[uN T ey and [Jud | gre-r.
Therefore

d
el < Cllullhe.

Application of the Gronwall’s inequality and assumption of the theorem lead
to

[ullFs < exp(C)Juol[s

which completes the proof of the theorem. O



Now, we come to present the precise blow-up scenario.

Theorem 2.3. If ug € H*(R), s > 3, then the solution u = u(.,up) of

Eq.(1.2) blows up in the finite time T < +o0 if and only if

lim sup ||uz (¢, -)||pe = 400 or limsup ||u(t, )|~ = +oo.
‘T a7

Proof. Assume ug € H® for some s € N, s > 2. Multiplying both sides of
Eq.(2.1) by y and using integration by parts with respect to x, we obtain

2
/nyt = —Q/yxuNydac— —5/yz(uN)xdx—Qk:/yywdx—2)\/y2dx
R R N Jr R R
20 2/, N 2
= (1-—=) [ y*(u")pdx —2X\ | y*dx
N Jr R

2
= (1- Wﬁ)/RyQNuNluxdx—D\/Rfdx (2.4)

which implies the following result: if ||u|/p~ and ||uy|[z~ are bounded on
[0,7), i.e. there exists a positive constant M such that ||u|fe, |uz|re <
M, then we have

d
—/dexgc(MN—i-l)/dex.

Substituting y = v — u,, into the above inequality, noticing
2 2 2
[ullzre < [lyllze < 2[lullz,

and using the Gronwall’s inequality, we arrive at

lul2 < / e < MV HDT / yRdz
R R
< 2e“ M HIT 1012,

which implies that the H2-norm of the solution to Eq.(2.1) does not blow up
in a finite time. By the Sobolev’s embedding theorem, Theorem 2.2 ensures
that ||u|/fs does not blow up in a finite time.

On the other hand, by Sobolev’s imbedding theorem, if

lim sup{sup ||uz (¢, )| L } = 400 or limsup{sup |[u(t, )|/ 1=} = +o0,
“T  z€R “T  z€R

then the solution will blow up in a finite time.
Applying Theorem 2.2 and a simple density argument, one may know
that Theorem 2.3 holds for all s > % O

Remark 2.1. Theorem 2.3 covers Lemma 5.1 in [29].



Let us now give the following key lemmas which will be used later on in
some theorems.

Lemma 2.6. Let ug € H(R), and 3 = N + 1, then as long as the solution
u(t) given by Theorem 2.1 exists for any t € [0,T), we have

A
lullf = e ol

Proof. Multiplying both side of Eq.(2.1) by u and integrating by parts, we
obtain

/uytdx—i-/ uuNyxdx—i-k/uyxdm—i-—/ ggydx—i-/ Ayudx = 0.
R R

Noticing

N+1
R R R R

we have

1d
2dt (“ + 10 df”A/ u? + uf)dr =0,
namely,
d
Al + 2\l =0,
which implies the desired result in the lemma. 0

So, given initial data ug € H®*(R), s > 2, Theorem [2.1] ensures the
existence and uniqueness of strong solutions to Eq.([[2]). Let us consider
the following initial value problem:

{ ((t, r) = (t qt,z))+k, t€l[0,T), z€R, (2.5)

0,z) = z € R,

where u denotes the solution to Eq.([L2)) with the initial data ug. Because
u(t,.) € H*(S) C C™(S) with 0 < m < 2, uw € C1([0,T) x R,R). Applying
classical results in the theory of ordinary differential equations may yield the
following lemma, which is a key in the proof of global existence of solutions

to Eq.(L2) in Theorem 211

Lemma 2.7. [35] Let uyp € H*(R), s > 2, and let T > 0 be the mazxi-
mal existence time of the solution u to Eq.([I.2) under the initial data ug.
Then Eq.(Z3) has a unique solution ¢ € C1([0,T) x R,R). Moreover, the
map q(t,-) is an increasing diffeomorphism of R with the following positive
derivative with respect to x:

q:(t,x) = exp (/ (NuNlux)(S,q(s,x))d8> >0, (t,z)€0,T)xR.

0



Proof. Differentiating Eq. (2.5]) with respect to x, we have

%qx(t,x) = NuN"Y(t,q(t,2))q.(t,z), t€[0,T), xR,
qr(o’x) = 15 T € R,

Solving the above equation leads to the desired result in the lemma. U

Lemma 2.8. Letug € H*(R), s > 2, and let T > 0 be the mazimal ezistence
time of the solution u to FEq.(1.2) corresponding to the initial data ug. Then
we have

B
y(t.alt,2))ed (o) = yo(x)e ™, (t,2) € [0,T) xR, (2.6)
which implies
—\t
= ) 2.7
ol g ) = I3 (27
In particular, if N =28, we have
M = 2.8
€ Hy0”L2(R) ”yHLQ(R)- (2.8)
Proof. By Eq. (2.1), a direct calculation gives
d 8 5 B £y
—[y(t,q(t,2))a ] = (Yt + ¥200) 08 + Y4 Qi
dt N
B B _1
= o+ e 4 RaF + Syaf T )
N
B B
= (yo + yau" + kys + %y(uN)x)qéV = —\yqz -
Solving for y from the above equation, we obtain
N —Xt
y(t,q(t,x))gz (t,2) = yo(z)e ™,
which exactly yields Eq. (2.7):
At 5 £ F
e Myl "y = lly(t,alt,))aa (t,)]| 5
L5 LB
N
= / ly(t, q(t, ) 7 qu(t, )dx
R
= / |y(t,z)|%dz (by setting q(t,z) = z).
R
Apparently, letting N = 23 leads to Eq. (2.8). O

10



3 Global existence

In this section, we provide two global existence results for strong solutions
to Eq. (1.2).

Theorem 3.1. Assume ug € H*(R),s > 3, and yo = up — uoze Satisfies
yo(x) # 0 a.e. © € R and ||yol|z2 < (%)%, where B # . Then the
solution u(t,z) to Eq. (I.2) globally exists.

Proof. Multiplying both sides of Eq. ([24]) by e?* yields

d 2)\t/ 2 20 2)\t/ 2 a7, N—1
— dr) = (1 — — N LdT.
t(e y dx) = ( N)e y“Nu UL dT

Employing G = %e*m, G xy = u, and G, * y = u,, and using the Young’s

inequality, we have

1
lullzee < G2 llylize = Slyllze, (3.1)
and 1
luzllzee < 1Gell2llyllz = Slyll2, (3.2)
which implies

d

1
%(em/ yPdx) < \N—zﬁ\em(iHyHL?)N/ y2dz.
R R

Thus, we obtain

d 1
S [ o) <IN =28 Gyl Vol
R
N -2
_ | o B|6N)‘t(€2>\t/Ry2d.%')N;r2. (3.3)
Let f(t) := e* [py*dz. We claim that if yo(z) # 0 ae. 2 € R, then
f(t) > 0 for all ¢ € [0,T). Apparently from Eq. (2.6), if yo(z) # 0 a.e.

x € R, then y(t,q(t,z)) # 0 a.e. x € R. Therefore, we have

/yz(t, z)dz = / yz(t,q(t,x))qx(t,x)dx >0,
R R

which implies f(t) > 0. Solving B3] for f(¢) leads to

o _NIN- 2516—1\%

d N
2) )
- 2 oN

E(f(t)_

11



which can be integrated with respect to t to give

N N NN =28] ' _nis
FOF =50 2 -G [y
0
_ N[N —2p]e VA —1
o 9N+1 N )
that is,
y y [N —2p|
f(t)™2 > f(0)" > ~ N
Due to 8 # 5 N and yo(z) # 0 a.e. x € R, therefore if f(O)_% — % >0,
then we have ||yo||z2 < (I Nzg‘l)% and
_N N — 25 _ N
GO L
i.e.
N - 28] 2
27 3\—% - -1 20t 2
Yodxr)” 2 — 2<e /ydm) .
([ shany ¥ = Gt [
Therefore, we obtain
_ _ N -2
Il < @l — N2, (3.4)

By 1), 32) and (34) one may readily see that v and u, are bounded:

1 _ IN —28],_1
[l oo [[ua | e < —HyHL2 < 5 llvoll e’ = Samry 17

which guarantee the global existence of the solution u(t, z) to Eq. (L2). O

Remark 3.1. Theorem 3.1 includes the result of Theorem 1 in [37)], since
the CH equation is a special case of Eq. (1.1) with N =1 and 8 = 2.

Remark 3.2. Theorem 3.1 shows that the dispersion term ky, does not
affect the global existence of strong solution to Eq. (1.2), but the dissipation
term Ay does.

Let us now discuss the special case either § = % or 5 =N+41. To do
so, we shall use a family of diffeomorphisms on a line to study the global

existence of strong solutions to Eq.(1.2).

Theorem 3.2. Assume ug € H*(R),s > 3, is a given initial data such that
the associated potential yo = up — ug .z does not change sign. Then when
B=N+1orB=5% the corresponding solution u(t,x) to Eq. (L2) globally
exists.

12



Proof. Without loss of generality, let us assume yo > 0. Lemma 2.8 tells us
that y(t,z) > 0 for z € R,t > 0 . Since u = G *xy and G > 0, one may
immediately see u(t,z) > 0 for all time ¢ > 0. Obviously with the aid of
U= %e“x‘ % 1, we may express u and u, as follows:

u(t,z) = 67/ ey(t, z)dz + e_/ e “y(t, z)dz, (3.5)

ot ) = _—/ tzdz+—/ . (36)

Therefore, we have

[e o]

u(t,x) + ug(t, ) = ex/ e“y(t,z)dz > 0,

xT

xT
u(t,x) —uy(t,x) = ex/ e“y(t,z)dz > 0.
—0o0
ie. |ug| < w.
When 5 = N + 1, Lemma yields the following inequalities

lug| <u < luflpe < (3.7)

Jul| 1 < [[uol -
\/_ \/_
When N = 243, Eq. ([2.3) leads to

uz| <u < luflze <

\/—HUHHl \/—HUHHQ \/—||?/HL _\/—H?/OHLQ
(3.8)

where we used the following relations

3 < ]2 = / (1 — 11y = / (u? — Qutgy + u2,)dx
= [0 2+ i )do < 2ule

So, (3.8) and (3.9) combining with Theorem 23] complete the proof. O
Remark 3.3. Theorem 3.2 covers Theorem 1.4 in [29].

Remark 3.4. Comparing Theorem 3.1 with Theorem 3 2, we see a very
interesting physical phenomenon. In the case of 7é , the size of the
initial potential yo in L? space impacts the lifespan, namely, the small initial
potential guarantees the global existence. However, in the case of 3 = N +1
or B = & neither the smoothness nor the size of the initial data affects the
lifespan, but the sign of the initial potential yy does.

13



4 Propagation speed

In this section, we shall investigate impact of the dispersion coeflicient k
and the dissipative parameter A on the propagation speed of solutions to
Eq. (1.2).

Theorem 4.1. Assume that for some T >0 and s > 3, uw € C([0,T]; H*(R))
is a strong solution of the initial value problem associated with Eq. (I23). If
the initial data ug(zx) is compactly supported on [a,b], and if either = N,
where N s a positive odd number or N = 1,0 < 8 < 3, then for any t €
[0, T, we have u(t,x) = SE,(t)e®, for x > q(t,b), and u(z,t) = SE_(t)e®,
for x < q(t,a), where E4(t) and E_(t) stand for continuous non-vanishing
functions with E(t) >0 and E_(t) <0 fort e [0,T].

Proof. If wg is initially compact-supported on the closed interval [a, b], then
so is yp. It follows from Lemma 2.8 that y(t, -) is compactly supported within
the interval [q(¢,a), q(t,D)].

Let us define the following two functions

q(t,b) q(t,b)
EL(t) :/ e“y(t,z)dz, E_(t) :/ e “y(t, z)dz. (4.1)
q(t,a) q(t,a)

Then by (B.0)-(3.7) we have

—T

u(t,z) = %E+(t), x> q(t,b),

T

u(t,z) = %E,(f), z < q(t, a), (4.2)

which generate the following derivative formulas

—T

67E+(z€) =u(t,z) = —ug(t,x) = uge(t,z), x> q(t,b),

?E,(t) =u(t,x) = uy(t,x) = ug(t, ), x <q(t,a).

Since u(0, ) is compactly supported on the interval [a, b], this immediately
gives us F4(0) = E_(0) = 0.

Noticing that y(¢, -) is compactly supported on the interval [¢(¢, a), q(t,b)],
for each fixed t we have

dE (1 a(t-b) >
() /( ity = | cuteza, (4.3)
q(t,a —0
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which yields

dE. () /q(t,b)
q

e“yi(t, z)dz

dt (t.a)
= /OO e“yi(t, z)dz
=- /OO (—you® — %y(uN)z — kyx — Ay)e*dz
— Ni—i—l _Z FuNtdz + 3N2_ b /_O; eZuN_lugdz
+ - 5)2(]\[ —b /O; FulN"2uddz — (A — k) /O; e“ydz.

Let
F = —ﬁ / FulNHdy + 7ﬁ / eZuNfluzdz
oo 2 NS

(N_ﬂ)(N_l) /OO BZUN_ngdZ.

* 2

— 0o
If either § = N (N is a positive odd number) or N = 1,0 < 3 < 3, then

%E+(t) +(A—k)El)=F =0,

which implies

d _
a(e(A MEEL () >0,
that is

eMMEL (1) > 0.

Therefore, E4(t) > 0.
Adopting the similar procedure for F_(t) as above, we can arrive at

q(t,b) 00
dE-(t) = / e Fy(t,z)dz = —F 4+ (=X — k‘)/ e “ydz.
dt q(t.a)

—0o0
So, E_(t) < 0. This completes the proof of Theorem 4.1. O

Remark 4.1. From the proof of Theorem 4.1, we see that there are signifi-
cant differences between the cases k, A # 0 and k, A\ = 0. More precisely, the
first order derivatives of the functions E4(t) and E_(t) in the case k,A # 0,
in general, can change their signs. While Theorem 4.1 in [29] withk =X =0
showed that E4(t) and E_(t) are strictly decreasing for t € [0,T).
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