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Abstract

In this paper, we establish the existence of positive traveling waves solutions for the third order differential equation
Ut + KUxx + Puxxx + (f(x,u(x))), =0, where t,x € IR, f is a non-negative continuous function with some properties. The result
is a consequence of the characterization of the travelling wave solutions as fixed points of some functional, defined using the
Green'’s function associated to the linear problem, and the Krasnoselskii fixed point theorem on cone expansion and compression
of norm type.
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1. Introduction

Mathematical models defined by nonlinear evolution equations have been used for the description of
different physical, biological, chemical, electrical, atmospheric phenomena, among others. In the case of
these models, a natural question that arises is related with the existence of the simplest solutions for those
models that are known as traveling waves. Those solutions in a certain sense correspond to stationary
points because these solutions maintain its shape while traveling to a constant speed. As is well-known,
these type of solutions appear naturally as a result of an effective cancellation of the nonlinear effects
and the dispersive effects in the medium. In this paper, we are concerned with the existence of positive
traveling waves solutions for the third order differential equations

Ut + AUyx + Buxxx + (f (X, 'LL(X)))X = O/ (11)

where t,x € R, f is a non-negative continuous function under some assumptions. We note that the
nonlinear model (1.1) is related with the Burgers equation (o« = B = 0 and f(u) = u?), the viscous Burgers
equation («x # 0, B = 0, and f(u) = u?), the KdV equation (« = 0, B # 0 and f(u) = u?), the KdV-Burgers
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equation (o # 0, B # 0, and f(u) = u?), the modified KdV-Burgers equation (« # 0, B # 0, and f(u) = u?),
and the quadratic-cubic KdV-Burgers equation (x # 0, B # 0 and f(u) = au? + bu®). Moreover, the
nonlinear model (1.1) is related with the generalized KdV equation (e = 0, § # 0, and f(u) = uP*!) and
the generalized p-Gardner equation (o« =0, § # 0, and f(u) = uP 1 4 u?P+1),

One of the main techniques to establish the existence of solutions for the Cauchy problem or the
existence of travelling waves associated with a differential equation is the well-know fixed point theorem
in cones of Banach spaces due to Krasnosel’skii (see for instance [2, 4, 6, 9, 11-13, 16] and their references).
In particular, Zima in [16] showed the existence of positive solutions for the following boundary value
problem for second order differential equations

x"(t) + k*x(t) + g (t,x(t)) =0,
{ x(0) =0, lim x(t) =0, (12)
t—o0
where t € [0,00), and g is continuous non-negative function. In this case, the existence result of positive
solutions for the Cauchy problem associated with the equation (1.2) is obtained by characterizing solutions
via the Green’s function in an appropriate function spaces equipped with Bielecki’s norm and by using
the Krasnosel’skii fixed point theorem on cone expansion and compression of norm type (see [3, 7]). On
the other hand, using a Krasnosel’skii fixed point theorem together with a compactness criterion due to
Zima (see [16]), Torres in [14], established the existence of solutions for the nonlinear differential equation
of type (1.1)
u”(x) + a(x)u(x) = b(x)f(u(x),

where a,b € L*(IR) are non-negative almost everywhere and f is a given continuous function, under the
assumption that
Lim  Ju(x)|+ [/ (x)] = 0.
[x|—00

The importance of this model lies in that under appropriate hypotheses, it models the propagation of
electromagnetic waves through a medium formed by layers of dielectric material.

In this paper, we establish the existence of positive traveling waves solutions for the third order differ-
ential equation (1.1), following the approach used by Zima in [16], where t € R, and f is a non-negative
continuous function having the form

f(t,u) <b(t) + a(t)ul?,

where ¢ > 1 and a, b are continuous non-negative functions with some properties. The main result is
a consequence of the characterization of the traveling wave solutions as fixed points of some functional,
defined using the Green’s function associated to the linear problem, and the Krasnosel’skii fixed point
theorem on cone expansion and compression of norm type, as done for Zima in [16] in the case of the
existence of solutions for the Cauchy Problem for the equation (1.2).

It is important to point out that in the case x = 0 and f(u) = auP + bu9 with p, q > 1, the dispersive
model (1.1) has explicit solutions. Although, we will not establish the existence of such explicit solutions
using the fixed point argument, we are able to show somehow that those solutions can be captured in the
setting considered in our model, as we will show in this paper.

The paper is organized as follows. In Section 2 some preliminary results are collected, for the conve-
nience of the reader, we include here the definitions of a cone and completely continuous operator and we
state a theorem due to Krasnosel’skii concerning non-trivial fixed points of completely continuous oper-
ator in a Banach space. We also include the Green’s function associated with the traveling wave equation
for (1.1). Finally, in this section, we include some results related with the Banach spaces with Bielecki’s
type norm. Section 3 contains the main result about the existence of positive traveling waves. Section 4
contains some illustrative examples where it is possible to apply our main result. Section 5 presents some
examples in order to illustrate that the explicit solution of well-known dispersive models can be captured
in our model.
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2. Preliminary results

For the convenience of the reader, we include some basic definitions and the explicit Green’s function
associated with the linear model.

Definition 2.1. A nonempty subset K of a Banach space E is called a cone, if K is convex, closed, and

1. ax €e Kforall x € Kand « > 0;
2. x,—x € Kimplies x = 0.

Definition 2.2. An operator F : E — E is completely continuous, if F is continuous and maps bounded
sets into precompact sets.

Next, we state a clever theorem due to Krasnosel’skii related with the existence of non-trivial fixed
points of completely continuous operator in a Banach space (see [10]). The Krasnosel’skii fixed point the-
orems represents a good tool to establish the existence of non-trivial solutions of nonlinear problems for
integral equations, ordinary differential equations, and partial differential equations. The Krasnosel’skii
fixed point results for positive operators are used to prove not only the existence of solutions, but also to
localize solutions in an annulus or other domains of this type, avoiding having trivial fixed points. This
result has been extensively employed in the study of boundary value problems with separated boundary
conditions (see for instance [2, 4, 6, 9] and their references), as well as for the periodic problem [11-13].

Theorem 2.3 ([10]). Let E be a Banach space and X C E be a cone in E. For i =1,2, let Q; be two bounded open
sets in Ewith 0 € Qq and Q1 C Qp. Let F: KN (Q2\ Q1) — K be a completely continuous operator such that one
of the following conditions is satisfied:

1. ||Fx]| < ||x]| for x € KN0Qq and ||[Fx|| > ||x|| for x € KN 3Qy;
2. ||Fx|| = [|x|| for x € KN 0Qy and ||Fx|| < ||x]| for x € KN 0oQy,.

Then F has at least one fixed point in KN (Qy \ Q1).

2.1. Green's function

Here we discuss some properties of the Green’s function associated with the traveling wave equation
for (1.1). First note that if u = u(x — ct) for ¢ > 0 is a traveling wave solution for (1.1), then we have that

—ClUx + XUxx + Buxxx + (f(xr U,(X)))X = 0/

where the function f satisfies that
lim f(x,u) =0.
(Ix],u)—=(c0,0)

If we assume that

| llim (lu(x) [+ [/ (x)[ + " (x))) =0,

X|[—00
then integrating we have that

—Cu+ Uy + Pugx + f(x,u(x)) =0. (2.1)

If we set A = o + 4fc¢, then the roots of the characteristic polynomial are given by

—x+ VA x4+ VA
my 26 an my 25 (2.2)
We note in particular that in the case « = 0, we have that
c

p
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We observe that

VA

O<m < —my and m—my = —. (2.4)

B

From (2.2), we see that the Green function associated with the traveling wave equation (2.1) is given by

emui(t—s)

, —oo Kt s < oo,
G(tls) = { emz(t—s)

—c0<s<t< 0. (2.5)

Using (2.4), we see directly that for any s € R,
lim G(t,s) =0.

[t|— o0
On the other hand, we have that a travelling wave solution u € Cy(R,R) must satisfy the fixed point
equation

u(t) = JG(t,s)f(S,u(s)) ds := Au(t). (2.6)

2.2. Banach spaces with Bielecki’s type norm

Let v be a continuous function defined in R with positive real values and denote with E the set of
continuous functions u defined on R such that

sup [u(x)[v(x) < oo.
x€R

It is straightforward to see that E is a normed linear space with norm

[ully = sup fu(x)|v(x).
xE€R
It is not difficult to show that the space (E, || - ||) is in fact a Banach space since for any Cauchy sequence
{un} C (E,|| - ||v), then the sequence {tin} C (Cp(R),|"|s), Where i, = unv is also a Cauchy sequence.
Then, there is tip € Cp(R) such that i, — 1 in Cp(IR), so if we set uy = 1iy/v, we see that u,, — 1 in
(- I1)-

It is worth to mention that the space E was introduced by Zima in [15] and corresponds to a gen-
eralization of a space introduced by Bielecki in [3]. It is important to point out that even though the
Arzela-Ascoli theorem fails to work in the space E, there are sufficient conditions of compactness (see [1]).

Before we go further, we need to recall that the family (O C E is almost equicontinuous on R, if the
family Q C E is equicontinuous in each interval [a, b] with —co < a < b < 0. So, we state a compactness
criterion which is a modification of the analogous result obtained by Zima in [15].

Proposition 2.4 ([15]). Let q be a continuous positive function on R such that

v(x)

m
Ix|—o00 q(x)

If the family Q) C E is almost equicontinuous on R and uniformly bounded in the sense of the norm

[ullq = sup u(x)lq(x),
x€R

then Q is relatively compact in (E, || - ||v).

3. Existence of positive traveling waves

In this section, we establish the existence of positive traveling wave solutions for the model (2.1), by
imposing some hypotheses on the nonlinear term f. The result will be a consequence of the Krasnosel’skii
fixed point theorem and a compactness in a Banach space (E, || - ||v), where the function v is given by
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v(x) = e, and n > —m, > m; equipped with the norm

lullv = sup e " u(x)]. (3.1)
x€R
For this space (E, || - ||v) we have the following compactness criteria.
Proposition 3.1. Let q be the function defined by
(x) = e ™Xx, x>0,
AI= emx, x <.
If the family QO C E is almost equicontinuous on R and uniformly bounded in the sense of the norm

[ullq = sup q(x)lu(x]], (3.2)
x€R
then Q is relatively compact in (E, | - [|).
Proof. The proof is a direct consequence of Proposition 2.4, since the function q is positive and continuous
on R. From the fact n > —my, > my, we conclude that

enx e nx
lim =0 and lim =0,
Xx——o00 e M2X x—00 e M1X
meaning that
v(x
m L =0. O
Ix|—00 q(x)

The existence of positive traveling solutions of (2.1) will be a consequence of the compactness result
contained in Proposition 3.1 in the Banach space (E, || - ||v) where v(x) = e "X, and 1 > —m, > m;. We
impose some restrictions on the nonlinear function f in order to verify the hypotheses of the Krasnosel’skii
fixed point theorem (see Theorem 2.3),

(H1) f:R xR — R is a continuous non-negative function such that
f(t,u) <b(t) +alt)hul, (3.3)
where o > 1 and a, b are continuous non-negative functions;
(H2) the integrals

0 00
M~ = J e ™25b(s) ds and Mt = J e ™Sh(s) ds,
—00 0
are convergent;

(H3) the integrals

o,i

0 00
M. = J e~ (Mitnolsg(g)ds  and M. = J e~ (MiTnsg(g) gs,
are convergent fori=1,2,and o > 1.
3.1. Boundedness of the operator A
We first consider the boundedness of the operator A in the case:
b(t)=0, o>1

Lemma 3.2. Let G be the Green’s function given by (2.5) and o > 1. If f satisfies the hypothesis (H1) with b(t) = 0
and Mii fori=1,2, satisfies the hypothesis (H3), then the integral operator A satisfies

sup |[(Au)(t)] e M < oo
teR

Moreover, we also have the estimate

Au(t) q(t) < g - max { Mg, +ME Mg, + M3, )

o,17
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Proof. First, we consider t > 0, then

(o.¢]

t
[(Au)(t)e " < e U G(t ())ds—irJ

t

G(t,s)f(s,u(s)) ds]

t e’}
<e Mt U s)(u(s))dds+J eml(ts)a(s)(u(s))cds] =e M+ L.

t

So, by hypothesis (H1), (3.3), when b(t) = 0 and o > 1, we have

0 t
[ = e™t U e M5 M%q(s)(eMu(s))? ds —i—J e M25eN%q(s) (e ™M u(s))? ds}
e 0

o 0 o t
< emat [(Sup e”ru(r)> J e~ (Mm24no)s als)ds + <sup enru(r)> J e(mzno)sa(s)ds]

r<0 —00 r>0 0

0 t
HuHG myt |:J e —(my+mo)s ( )dS+J e —(mp—mo)s ( )dS:|
—0o0 0

and

(o0]
I, = emltJ e ™SeNoSq(s) (e MSu(s)) ds
t

o

o0 o

<emt (sup e“ru(r)> J e (M9sq(s) ds < [lull§ mltJ e” M a(s) ds.
>0 t t

On the other hand, as 0 < m; < —my <1, then —n+my; <0, -+ my < 0, and my — my > 0. Thus, for
t > 0 and s > 0 we have the estimates

eCMHMIt <1 (MMt < gnd e~ (MuMo)s « —(ma—mo)s,

From these estimates, we have that

0 t
I(AW) (1) e ™ < JJuly _“t(em2t U e (M2tmo)s (g )ds+J e_(mz_”c)sa(s)ds]
—00 0

+ emlt J

e~ (Mmi—mojs ()ds)
t

(3.4)

o0

0 t
<Hu\|g<J e~ (m2tnolsg(s )ds+J e (mmnols(s )ds+J
—o0 0 t
< Jhully (M;,z"' M}L,z) -

We follow an analogous procedure in the case t < 0. In this case, we have that

e~ (Mi—mo)sq(q) ds)

[(Au)(t)| et < ent Ut G(t,s)f(s,u(s)) ds + Joo G(t,s)f(s,u(s)) ds}

t

t 0

<ent U e™ ("5 a(s)(u(s)) ds +J e™ %) a(s) (u(s))” ds}
— 0 t

=ent [11 +Ir].

Again, by hypothesis (H1), (3.3), when b(t) =0 and o > 1, we have

t
[ =e™t U e M8 Mo q(s)(eMu(s))? ds]
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t

t
< eMm2t (sup e“ru(r)> J e~ (M2tn9sq(s) ds < |lul|g emZtJ e~ (M3 (s) ds
—0oQ

r<0 —00

and

o]

0
I, = eMt U e M™MSe Mo q(s)(eMSu(s)) ds —|—J
t 0

o 9 o
< emit [(sup emu(r)) J e~ (Mitnolsq(s) ds + (sup e_”ru(r)) J e~ (Mi=no)sqs) dS]

r<0 t >0 0

e M3%eN% q(s)(e ™ Mu(s))? ds]

ee]

0
< Jlufly e™t U e (Mitnolsq(s) ds+J

e (M1—Mo)sq(q) ds] .
t 0

On the other hand, as 0 < m; < —my <1, thenn+m; > 0,1+ my >0, and m; —my > 0. Thus, for t <0
and s < 0 we have that

eMmit « 1 omat 1 gpg e—(Ma#no)s ¢ o—(mitnols,

4

Therefore

t
[(Aw)(t)] et < [Juf|g eﬂt(emztj e~ (Mm2tolsq(s) ds
—0o0

(0.¢]

0
+emit U e~ (Mitn)sq(s) ds —i—J

e (MiMo)sq(q) ds] )
t 0

(3.5)

(o ¢]

t 0
< )y (J e~ (M2#mMo)s 4(5) ds +J e~ (Mitolsq(s) ds —|—J
—0o0

e (M1—Mo)sq(q) ds)
t 0

< Il (Mg + M)

So, from the previous estimates (see (3.4) and (3.5)) we have that for t € R, b(t) =0,and 0 > 1,

o,1’7

(AW )] M < g max { Mgy + M, Mg, +ME, b

which implies that

sup [(Au)(t)] e MY < oo.
teR

Proceeding analogously, we see that the integral operator A also satisfies
(AW ®)(t) < Jul§-max Mg, +ME Mg, + M3} O

From previous Lemma 3.2, we have that the family (Au),cg is uniformly bounded with respect to the
norms || - ||y and || - || 4, respectively (see equations (3.1) and (3.2)).
Now, we consider boundedness of the operator A in the case:

o=1.

Lemma 3.3. Let G be the Green's function given by (2.5) and o = 1. If  satisfies the hypothesis (H1), M* satisfies
the hypothesis (H2), and Mfi fori=1,2, satisfies the hypothesis (H3), then the integral operator A satisfies

sup [(Au)(t)] e M < co.
teR

Moreover, we also have the estimate

(AW ()] q(t) < M™+ M +[jufl - max {My; + My, M, + M, |-
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Proof. First, we have that

[(Aw)(t)] e It < eIt r) G(t,s)f(s,u(s)) ds
< e Nt UOO G(t,s)b(s) ds+ro

—00

G(t,s)a(s)u(s) ds} =e MU +1].

We consider t > 0, then, by (2.5) we have

~t oo
Ip=| em™t=s)p(s)ds+ | e™(ts)b(s)ds
J—o0 Jt
0 t ©
< | emtEp(s)ds+ | et b(s) ds+J e™3)b(s) ds
J—o0 J0 t
0 rt o
< em2(t=s)p(s) ds + eml(ts)b(s)derJ e™75)p(s) ds
J—o0 J0 t

0 0
< emth e ™25p(s) ds—i—emltJ e ™Sh(s) ds.
—0o0

0
Then,
0 00
e My < e(mz—“)tJ e ™25b(s) ds + e[ml—“)tJ e ™5p(s)ds <M +M*. (3.6)
o 0
Now, in the case t < 0, we have that
rt 00
Ip = e™(t=s)p(s)ds+ | e™ES)p(s)ds
J—0o0 Jt

t 0 o0
< em2(t=s)p(s) ds + eml(ts)b(s)derJ e™(t=s)p(s) ds
J—o0 Jt 0

rt r0 00
< em2(t=s)p(s)ds + | e™2(t=s)p(s) ds+J em(t=s)p(s) ds
J—o0 Jt 0

0 00
< emf‘J e M™2Sp(s) ds+em1tJ e ™Sbh(s)ds.
—0o0

0
Then,
0 00
ey < e(mm)tj e ™25p(s) ds + e(mﬁ“)tJ e ™Sph(s)ds < MT +M™. (3.7)
o 0
Therefore, by (3.6) and (3.7), we have
e M, < M™ 4+ M*, (3.8)

Now, following a similar procedure as in the proof of Lemma 3.2 with o = 1, we obtain that
e UL = Jju]l, -max{Mfll—i-Mfl, Mf/z—i—Mfz}. (3.9)
So, from the previous estimates (see (3.8) and (3.9)) we have that fort € R, and 0 =1,
(Aw) (O <M=+ M+ ], -max {My; + M, My, +Mb |

which implies that

sup |[(Au)(t)] e M < co.
teR

Proceeding analogously, we see that the integral operator A also satisfies, when o = 1, that

(AW q(t) < M™+M* + [Jufl - max {Myy + My, M, + M, |- 0



G. Arenas-Diaz, J. R. Quintero, ]J. Nonlinear Sci. Appl., 12 (2019), 485-502 493

From previous Lemma 3.3, we have that when o = 1, the family (Au)ycg is uniformly bounded with
respect to the norms || - ||y and || - ||, respectively (see equations (3.1) and (3.2)).
Now, we consider & >y > 0, m = e™2® and the set

K= {u € E:u(t) >0on R and II[liI'(lﬂ u(t) >m \qu} CE (3.10)
tely,

The first remark is that K is a cone in E. In fact, if k > 0 and u € K, then

ku(t) >0 and min ku(t) > m|kul,,
tely,s]

therefore ku € K.

Lemma 3.4. Let 6 >y > 0and m = e™2®, Then

min (Au)(t) > m|Aul, .
tely,s]

Proof. Let T > 0. First we consider the case t < T. So, we have that

(Au)(t) = Jt G(t,s)f(s,u(s)) ds + Joo G(t,s)f(s,u(s)) ds

t

t e ¢
= emf‘J e M25f(s,u(s)) ds+em1tJ e M5f(s,u(s))ds = I; + Ip.
L t

Using that —oo < s <t < T, we conclude that
t t
L = emth e M2Se~M2(T=S) G (1 §)f(s, u(s)) ds = e ™27V J G(t,s)f(s,u(s)) ds.

Now, we split the integral I, from t to oo into the integrals t to T and T to oco:

r T (0¢]
[, =™t |g~ 2T J e~ (Mi—m2)s G (g g)f(s,u(s)) ds +e ™T J

L t T
(o0}

G(T,s)f(s,u(s)) ds]

r T
> et e_sze_(ml_mZ)TJ G(T,s)f(s,u(s)) ds + e_mlTJ

t T

G(T,s)f(s,u(s)) ds]

> et _e*mﬂ Joo G(t,s)f(s,u(s)) ds] = e mulr=t) JOO G(t,s)f(s,u(s)) ds.
L t t

We conclude for t € [y, 8], t < T that

(Au)(t) = e m2lTt) Jt G(t,s)f(s,u(s)) ds + e ™ (T 1) ro G(t,s)f(s,u(s)) ds.
—00 t

We assume now that T < t. We split the integral I; from —oo to t into the integrals —oo to T and T to t:

T t
[; = emat [e_mﬂj G(T,s)f(s,u(s))ds+e_m1TJ e(ml_mZ)sG(T,s)f(s,u(s))ds]

T

T t
> emzt |:e—m2"tj G(T,s)f(s,u(s)) ds + e—mﬂe(‘rm—mz)’rj G(Tls)f(S,u(S)) dS]

T
t

> emzte—sz Jt G(T,s)f(s,u(s)) ds = e—mz(T—t)J G(T,s)f(s,u(s)) ds

—00
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and
o0

I, = emltJ e MSe TS G, 5)f(s, u(s)) ds = e ™ (T J G(T,s)f(s,u(s)) ds.
t t

We conclude for t € [y, 8], T < t that

G(t,s)f(s,u(s)) ds +e ™ (1) JOO G(t,s)f(s,u(s)) ds.

t
(Au)(t) > emz(Tt)J

—00

So, we have shown for any t and 7 that

(Au)(t) = e m2lT—t) Jt G(t,s)f(s,u(s)) ds +e ™ (1) ro G(t,s)f(s,u(s)) ds.

Now, for t € [y, 8], we have that
em2t > em2d and g™t > oMY,

So, we conclude that

t 00
(Au)(t) >m (eszJ G(T,s)f(s,u(s)) ds+ emlTJ G(T,s)f(s,u(s)) ds) ,
—00 t

where m = min{e™2?,e™Y} = em2® Now, we remember that 0 < m; < —my < 1, then for T > 0 we have
that
e(m—mz)T >1 and e(m—mi)T >1

7

meaning that
t 00
(Au)(t) >m <e(“m2)Te”TJ G(T,s)f(s,u(s)) ds—i—e(“ml)Te“TJ G(T,s)f(s,u(s)) ds>
—00 t

> me NI JOO G(T,s)f(s,u(s)) ds.

—00

Now, for T < 0 we have that

t

(Au)(t) >m (e_(T“LmZ)TeT‘T Jt G(T,s)f(s,u(s)) ds + e~ (MTmM)TenT Joo G(T,s)f(s,u(s)) ds)

> me T Joo G(T,s)f(s,u(s)) ds.

—0o0

Note that as 0 < m; < —my <1, then my +1 > 0 and my +1 > 0, then for T < 0 we have that

e~ (N+m2)T >1 and e~ (n+mi)T > 1.
Therefore, we have that
min (Au)(t) > e™ ||Aull, . O
tely,d]

In the same fashion, we are able to establish an analogous result to Lemma 3.4.

Lemma 3.5. Let & >y > 0. Then

min  (Au)(t) > e ™% ||Aul,.
te[—6,—v]

The following result presents an important property that satisfies the operator A defined by (2.6).
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Theorem 3.6. Let G be the Green's function given by (2.5), f satisfies the hypothesis (H1), M™T satisfies the
hypothesis (H2), Mii satisfies the hypothesis (H3) for i =1,2 and o > 1, and X be the set defined by (3.10). Then,

given a bounded set QO C E, we have that A : Q NK — K is completely continuous.

Proof. Let Q C E be a bounded set. First, we prove that A maps Q N K into K. From the hypothesis (H1)
and since G(s,t) > 0 for s,t € R, we see that

(Au)(t) =0, uwecQnK. (3.11)

Now, from Lemma 3.2 in the case 0 > 1, and Lemma 3.3 in the case 0 = 1, we know that for any u € QnNK,

sup |[(Au)(t)] et < oo, Thus
teR

Au € E, Yu e Qnk. (3.12)

Moreover, Lemma 3.4 implies that for t € [y, 8], m = e™?® andue QNK

min (Au)(t) > m|Au,, Yue QnkK. (3.13)
tely,s]

The equations (3.11), (3.12), and (3.13) imply that A(Q NK) C K as desired.

Now let us prove that A : QNK — K is completely continuous. For Lemma 3.2 in the case o > 1,
and Lemma 3.3 in the case 0 = 1, we have that ||Au|, < ki|jul|v and [[Au|q < ka|[u|lq, i-e., the operator
A is continuous with respect to the norms || - ||, and || - ||, respectively (see equations (3.1) and (3.2)).
Let u € ONK. We also have that the functions Au are uniformly bounded with respect to the norm
| - |lq- Moreover, for any T > 0, the fact that G and f are continuous, implies that {Au : u € QO NK} are
equicontinuous in each compact interval [T, T] of IR. Thus, by Proposition 3.1, A(Q N K) is a precompact
set in E (relative compact), i.e., operator A maps bounded sets into precompact sets. Therefore, A is
completely continuous. O

We set M as
Mo = max { Mg, + M1, Mg, +M, )

From the assumptions (H1)-(H3), we have the following existence result for positive traveling solution.

Theorem 3.7. Let G, T, Mf;ifor i=1,2and o > 1, and M¥ be as in Theorem 3.6. If there exist A > 0,6 >y >0,
and to > 0 such that for t € [y, 8] and w € [mA, Ae"®], we have that

5 -1
f(t,u) > Aeto (J G(tg,s) ds) , (3.14)

v

then there is a positive traveling solution for (2.1), provided that \'=° #* M, in the case b(t) = 0,0 > 1, and
M~ +M*
A#£ 1—+Ml in the case o = 1.

Proof. Note that every fixed point of the integral operator A given by (2.6), is a solution of (2.1). We will
show that A satisfies the assumptions of Theorem 2.3. From Theorem 3.6 we know that A : QNK — K is
completely continuous for any bounded set () C E. Now, we consider the case b(t) =0 and o > 1. Fix

179 = M, and R=A.
Assume without loss of generality that r < R, and define

Oy ={uek:|ul, <} and Qy ={uekt:|ul, <R}
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If u e KN 9O, then from (3.4) and (3.5) we have that
(Aw) ()] e "M <My =,
hence ||Au]|, < [Jul|,. Now, if u € KN0Q, then

min u(t) > mA and sup u(t)e‘“'"| =A.
tely,d] teR

Thus, for t € [y, 5], we have mA < u(t) < Aen®. By (3.14),

)
Glto, s)f(s, u(s)) ds > J Glto, s)f(s,uls)) ds
Y

(o.¢]

(Aw)(ty) = j

—00

—1

) )
>J Glto,s) (J G(my)dy) Aemt dg — A e,
Y Y

which implies (Au)(tp) e ' > A. This gives ||Aul|, = ||ull, for u € KN 3Q,. By Theorem 2.3, the
operator A has at least one fixed point in the set KN (Q, \ Q1), which means that the problem (2.1) has a
positive solution u such that r < |[ufl,, <R.

Finally, in the case 0 = 1 we consider

M +MT

, R=A
1-My

which completes the proof of theorem. Note that under the conditions of Theorem 3.7 there are no
constant traveling waves. In fact, suppose that u(t) =k for all t € R, with 0 < k < oo, then replacing in
the equation (2.1) we have

—ck+f(t, k) =0.

Now, for o > 1 and b(t) =0, f(t, k) satisfies (3.3), then for any t € R,
ck <a(t)k® < c<alt)ko !,

but we also have that a(t) — 0 as t — oo. Then we reach a contradiction. Now, for o = 1, f(t, k) satisfies
(3.3), then for any t € R,
ck<b(t)+alt)k < 0<Lb(t)+(a(t)—c)k,

but we also have that a(t) — 0 and b(t) — 0 as t — oo. Then we reach a contradiction. O

We note that Theorem 3.7 also holds in the case that there is tg < 0, in this case t € [, —y] and
u € [e"™®), e Y], and we have that

f(t,u) > Ae Nt (J

-5

4. Application to the existence result
In this section we present some basic examples to illustrate the applicability of our main result.
Example 4.1. Consider the following problem
—cu(t) + o’ (t) + Bu”’(t) + e Ptu(t))]° =0, teR, (4.1)
with o > 1. For the hypothesis (H3) to be fulfilled on Mécli, it is necessary that

p > max{mj + 1o, my + M0, N0 — My, N0 — My}.
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Under this condition, we have that

1 1 1 1
M, =——, M_ MHli=—————— M _
o1 0,2 ol ™ o+ (my —no) P+ (mz —mo)

o2 —

p—(m1+no)’ 2 p—(ma+no)’
We consider then Ms; = rnax{l\/l;1 +MF M;2+M;2}. Now, let vy = tg > 0 and 6 > v, then

0,1’
m = min{e™2%, ™Y} = e™2% and

y 5
1
J G(to,S)dS :J eml(Y*s)ds - (1 o eml(y75)> )
Y Y my

Now, for t € [y, 8] and mA < u < Ae"?, we have

5
(J G(to, s) ds> f(t,u) > L <1 — eml(y*5)> e P (mA)°

% my
> L <1 _ em1(v76)) e POoma08y 0 > Aeto > A env,
my
So, if we take o > 1, then
Aol s myelmite—mao)d+ny

em15 — ey
Hence, the function
ft,u) =e Ptu°

mle(mﬁpfmzo)éﬂw

satisfies the assumptions of Theorem 3.7 with A1 = . Note A°1 # M 1. By

em16 — emuY
Theorem 3.7, the problem (4.1) has a positive solution u such that

1
E myelmite—mao)d+ny \ o
Mé < Hu”" < < em1d _ emyy
Example 4.2. Consider the following problem
—cu(t) +ou(t) +pu” +b(t) +a(t)u(t) =0, teR, (4.2)

where b(t) = e P1ltl and a(t) = e P2t are continuous non-negative functions for t € R. For the hypothe-
ses (H2) and (H3) to be fulfilled on M* and Mfi, it is necessary that

—p1 < max{my, —my} = —my

and
P2 > max{my +n, my +1,1n—my, N — Mo} =1 —my.

Under this condition, we have that

1 1 1
M™ = / Mii=——"T= Mig=—""""-—/
p1— My + o p2—(my+m) ~ pp—(m2+m)

1 1 1
Mt = , Mfj=—"—, Mpy=—"—.
p1+Mmy P2+ (my —n) P2+ (M —n)

We consider then M; = max {Ml+ 1M, MY, M 2}. So that M; < 1 we need that

1 1 2(pp —
__2p2—m) 4

_|_
p2—(ma+m)  p2+(ma—m)  (p2—m)2—mj
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P2 >1+4m+4/1+mi.

Now, let y =ty > 0 and & > v, then m = min{e™2%,e™Y} = ¢™2? and

This implies that

5 8
1
J G(tg, s)ds :J emi(vy—=s)qg — — (1 _ eml(yfé)) ‘
Y 2% mi

Therefore, for t € [y, 5] and mA < u < Ae™? we have

(1 — eml(‘yfé)) 67915

>
mleﬂ'Y — (1 —eMi (Y—é)) e(m2—02]5 -

Hence, the function
f(t,u) = e P1ltl e*pz|t||u|
(1_em1(vf6))efplé
mleny_(l_eml(ﬁ/*m)e(m2—92)5 .

Theorem 3.7, the problem (4.2) has a nontrivial solution u such that

Note A < M_AMT By

satisfies the assumptions of Theorem 3.7 with A = =M,

(1_em1(vf5)) e P18 - M~ + M+

5 g ”u”\’ ~N 1 _ M]

mpenY — (1 — eml('}/*é)) e(ma2—p2)

5. On the dispersive models

As we pointed out above, there are some dispersive models with explicit travelling wave solutions.
We will see that in some sense those solutions can be captured in our model.

Example 5.1. Consider the IVP for the generalized KdV equation (gKdV)

Ut + Puxxx +UP U, =0, t,x R,
u(x, 0) =up (x).

In this case, assuming decay at infinity, the traveling wave solutions u(x,t) = u(x — ct) satisfies the
equation

1
—cu+pu’+ Imwf’+1 =0, (5.1)

which has an explicit solution of the form

p ) = (RPN e (B, [65).

Moreover, solitary wave solutions take the form

up (x,t,¢) = <c(p+1;(p+2)> ’ sech? (g\/g(x— ct)> .

We observe that

p+1 _ ., o p+tl—0o _ O : _ p+l—0o
u =upup =Uupap, with a, = e ,
meaning that u, satisfies the equation (2.1) where f (x,u) = u®a,(x) and o« = 0. In this case, from the
. c
estimate (2.3), we have that my =,/ = = —my.

p
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We also have that

—myq|x 1 +1—0
1l |’ ——uP

“Lub (x) ~e my (p+1—0)lx|
P+ ’

up (x) ~e ap(x) =

Now, note that in order to fulfill the hypothesis (H3) on M, it is necessary that

0'1’

my (p+1—0)=p>max{m; +no,my+no}=my+no>m;+mo=mq(l+o0),

ie,p+1—0>1+0 > 2, therefore p > 2. So, we choose p = 3 to exhibit an example. We take then o = %
and 1 = gml, for example. From th1s we have that m; +no = g my; and my+no = ; my.
To verify the hypotheses on M~ oi» we note that
h e*s sech®? (Bx) ds = 2z F {2 — X, q—=5+1,-1
0 = Zﬁq—OC 2F1 149,49 2,3/q 2B ’ 7
where the hypergeometric function ,F;[a, b, ¢, z] is defined by
I"(c) Yo c—b-1 —a
Fila,b,c,zl =——"7—"——| t 1—t 1—t dt,
Filab e,z = s | T - (1)
with I' (z) being the Gamma function (see [5]).
Now, we have that az(x) = }Lu‘é %(x) = %(100) 1 sechs (Zmlx) Therefore, as m; = —my and az(x) is

even, we have that

o0 10c)12 (2% it
M- =M+, = (mi+mo)s ds = ( F (Y, L, 18 1] ~ 269316 —,
o1 0,2 JO € CLg(S) § 4 m 2 [ 12 ] m

1 23 1
9] 1 1 27
M;,Z = Mz;l :J e(—m1+ncr)sa3(s) ds = ( OZ) ( 6 ) »Fy [Q 3 %,_1] ~ 1.9018 ﬁ
' 0

We consider then
11

Mo = max {MJ,; + Mg, M{, + Mg, | ~ 288334 %21 — 28.8334c2 /B

Now, lety =ty =1 and & = 2, then m = min{e™2%, e™7Y} = min{e?™2,e™} = e 2™ and

2 2 1
J G(l,s)ds:J em=s)gs = = (1—e ™).
1 1 mi

Therefore, for t € [y, 5] and mA < u < Ae"® = Ae24™ we have

. 4myel02m

~ emi—1

Hence, the function

f(x,u) = az(x)ul,
1
3g

3 c 5

with az(x) = %(ug (x))*7°, uz (x) = (10c¢) ech3 (E EX)’ and o = 3, satisfies the assumptions of

4m1610.2m1

em —1

1/3
Theorem 3.7 with A = ( > . Note that A!=9 #£ M, for o = %. In fact

10.2,/%

mi 4\/Ee \/E, — (28.8334c?: \/> ! 0
n 12

C>0,1f,’>>0 1 e—\/g ( . C [3) >0,

1/3
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then A # M *. By Theorem 3.7, the problem (5.1) has a nontrivial solution uz such that

—ip2 102m;\ 1/3
4 1
B e R

Example 5.2. Consider the IVP for the generalized p-Gardner equation

{ Ut + Plxxx + buPuy + au?Pu, =0, t,x € R,
u(x,0) =up (x).

In this case, assuming decay at infinity, the traveling wave solution u(x, t) = u(x — ct) satisfies the equation

b a
. " p+1 2p+1 _ 2
cu+ pBu +p7+1u +72p+1u 0. (5.2)

Hamdi et al. in [8], using symbolic computation for an elliptic Riccati equation, obtained an exact travel-
ling wave solution u(x, t) = u(x — ct) for the generalized p-Gardner equation (5.2) of the form

Dip+2)c\r (p +2)2 v
o = (PR (1o o (SRR o o)

We observe that the equation (5.2) is a particular case of the equation (2.1) where o = 0 and

p+1 a u2pl

flouw) = ——
o) =0 2p 11

[c
In this case we have that m; = E = —m,. We first see that

R T =B Al B0 = oy (T, a0 = Sl ()
Now, from the definition of u,, we get that
Up (x) ~ e ™ b(x) ~ e~ (PFUmX] a(x) ~ e 2Pmulxl,
Note that the hypothesis (H2) on M™ is satisfied, since
e M25h(s) ~ePHIMUS 0 g oo, and e ™Sh(s) ~e PHIMUS 0 5 o,

In order to fulfill the hypothesis (H3) on M, we need that

1,i7
2pmy > max{my +1, my +1,1m—my,M—m} =my +1.
Therefore
2p—1my>n A n>m; = p>1

So, to illustrate the analysis, we consider the case p = 2. To simplify, consider a =b =c =1 and let us
take 1 = 2my. Then

1
m;+n=3m; and my+n=my, where m = —.
VB
Consequently, we have that

(1 +4/1+ 45—8 cosh (Zmlx)> ,

N—=
NI—

uz (x) = (12)
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b(x) = %(uz (%)) = 4v12 <1 + \/fcosh (2m1x)> ,

NIw

and

-2
ax) = %(uz (x))* = 14;—4 (1 + \/?COSI’I (2m1x)> )

- = ’ —mas{ - 5 4@_ 2
M Jooe b(s)ds = o, (\6\/5 \/1—1—\/5),
B ﬁm
M —Le b(s)ds—\/ﬁml (\@ 5 1+ 5 |

Then, we have

As m; = —my and d(s) is even, we have that
> 0.24 * 0.048
Mi; =M{, = J e(Mitsg(s)ds ~ ——, M, =M, = J eMIHN)s 5 (5) ds & '
' ' 0 my ’ ’ 0 my

From previous estimates, we conclude that

1.4111 0.288
M~ +MT =~ , M, = max{l\/lf1 +Mi, M1+2 + M, —.
m ’ ’ ’ ’ my

Now, let y =ty =1 and § = 2, then m = min{e™2®,e™7Y} = min{e*™2,e™} = e 2™ and

2 2 1
J G(1,s)ds:J em=slgg = — (1—e ™).
1 1 mi

Therefore, for t € [y, 5] and mA = e 2™\ < u(t) < Ae"® = Ae*™ we have that

_3
2

VT2 —e ™) (14 /% cosh (4m))

-2
mye2mi — % (1—e—M1)e2m (1 + \/% cosh (4m1)>

A< =r.

Hence, we see that function f takes the form

f(x,u) =b+du

and satisfies the assumptions of Theorem 3.7 with A = r. Note that r # M;J{VLT‘T = mll'iloléss (for0< B <
12.056). By Theorem 3.7, the problem (5.2) has a nontrivial solution u, such that

1.4111

; — e 2myt|
—LTTY with v(t)=¢e .

r < [wlly <
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