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Novel explicit rogue wave solutions of the coupled Hirota equations are obtained by using the Darboux transformation.
In contrast to the fundamental Peregrine solitons and dark rogue waves, we present an interesting rogue-wave pair that
involves four zero-amplitude holes for the coupled Hirota equations. It is significant that the corresponding expressions of
the rogue-wave pair solutions contain polynomials of the fourth order rather than the second order. Moreover, dark-bright-
rogue wave solutions of the coupled Hirota equations are given, and interactions between Peregrine solitons and dark-bright
solitons are analyzed. The results further reveal the dynamical properties of rogue waves for the coupled Hirota equations.
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1. Introduction

Recently, the study of rogue waves has become a hot topic
in the field of nonlinear science.!'™ A rogue wave is local-
ized in both space and time, and appears from nowhere and
disappears without a trace.3! So far, many important single-
component systems, for example, the nonlinear Schrodinger
(NLS) equation,[!=3! the derivative NLS equation,>-! the dis-
crete NLS equation,m the Sasa—Satsuma equation,[8] the Hi-
rota equation®! and the variable coefficient NLS equation!!’!
have been proved to possess rogue wave solutions of diverse
geometrical shapes. However, some complex systems, such
as Bose—Finstein condensates, nonlinear optical fibers, and
resonant interaction systems, always involve more than a sin-
gle component.!'!=13] So the latest research of rogue waves
is gradually focused on the multi-component systems, and in-
deed the results of these coupled equations can reveal the na-
ture and diversities of extreme waves more accurately than the
scalar NLS model.['!]

It has been proved that rogue waves in coupled equa-
tions can present new structures apart from the fundamental
Peregrine soliton, such as dark rogue waves in the coupled
Gross—Pitaevskii equation, ! dark-bright-rogue and breather-
rogue waves in the Manakov system,!"-!4! bright-dark-rogue
waves, two similar and two different rogue waves in the cou-
pled NLS equation,'!> and four-petaled flower rogue waves
in the three-component NLS equations.!!?] Moreover, interac-
tion between rogue waves and the other nonlinear waves has

[11=151 it has been investigated

attracted widespread attention;
from theoretical derivation to experimental analysis.!!!]

In this paper, we consider the coupled Hirota (CH)
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equations!6-1]
. l 2 2 .
1u,+2uxx+(|u\ + V|7 u+ i€ty
+ (6]u)? +3|v|?)ux + 3uv*v,] =0, (1)

) 1 )
v, + 7V + (\u|2 + \v\z)v—kle[vxxx

+ (6]v]* 4 3|u?)vy + 3vutu,] = 0. 2)

Here u(x,t) and v(x,t) are the complex smooth envelops, and
€ denotes the strength of high-order effects. The CH equa-
tions with high-order effects like the third dispersion, self-
steepening, and inelastic Raman scattering were firstly pro-
posed by Tasgal and Potasek to describe a non-relativistic
boson field.['%1 They are important in optics to illustrate the
transmission process when high intensity ultra-short pulses
pass through an optical glass fiber, while in this case the sim-
ple Manakov model is inadequate.['”) A series of important
results have been reported on the CH equations, such as the
Lax pair,['®8] the Darboux transformation,!'8! the Painlevé
[17.18] Egpe-
cially, in Ref. [19], the fundamental and dark rogue waves in
the CH equations were given by Chen and Song, which partic-

analysis,!”! bright and dark soliton solutions.

ularly indicates the striking structures of rogue waves for the
CH equations. However, to the best of our knowledge, rogue-
wave pairs and dark-bright-rogue waves in CH equations have
never been investigated by any authors.

It is well known that several systematic methods have
been developed to construct explicit solutions for nonlin-
ear integrable equations, such as the bilinear method,?%-2?!
the symmetry approach,(>>-33! the extended-tanh function

method,?4-36] and the Darboux transformation. B37~*4 Among
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them, the Darboux transformation has been extensively ap-
plied to construct Akhmediev breathers and high-order rogue
wave solutions for many models.[>3%-14]

In this paper, based on the Darboux transformation, we
present an interesting rogue-wave pair that involves four zero-
amplitude holes for the CH equations. It is significant that
the corresponding expressions of the rogue-wave pair solu-
tions contain polynomials of the fourth order rather than the
second order given in Ref. [19]. Moreover, dark-bright-rogue
wave solutions of the CH equations are given, and the interac-
tions between Peregrine solitons and dark-bright solitons are
analyzed. The results further reveal the dynamical properties
of rogue waves for the CH equations.

Our paper is organized as follows. In Section 2, we
present the Lax pair and the Darboux transformation of the
CH equations. In Section 3, a rogue-wave pair in the CH equa-
tions is obtained. In Section 4, the dark-bright-rogue wave in
the CH equations is studied. The final section is a discussion.

2. Lax pair and Darboux transformation

In this section, we firstly present the Lax pair of the CH

equations!!®)
¢ =U¢, U=2AUy+Uj, 3)
& =Vo, V=LVo+2Vi+AVh+V;, (4
where
1 =21 0 O 0 —u —v
U=p| 0 i 0] u=[w 0 o]
e\ o o0 i Vo0 0
Vo= ! Uy, VI= 1U + ! U
07 Tee ¥ T8 " 16e "
ie —gg iy —5z —ivy
1 .
Vi, = 3 5e —duy —iuf? —ivu* ,
% - —iw* —i|v|?
elej+e)+ %e ge3 — izux gey — %vx
V3= —Ee§—%u; —861—%|u|2 Ees—%'vu*
—gej—vi  —gel—iuwt —ger — Lv|?
with

2 2 * *
e=ul"+v|7, e1 =uu;—utu,
e =wi— Vv, ez =uy+2eu,

€4 = v +2ev, es=u'vy—vii}.

Assume (@1, ¢2, ¢3)7 is a basic solution of the Lax pair equa-
tions (3) and (4) with A = 2; and (u,v)T = (u[0],v[0])T, then
based on the Darboux transformation of the AKNS system, 37!
the following explicit formulas

0105

ulll = Ge(H T [P+ 1007)’

u[0] +i(A — A7) ©)

0195
4€(|61> + 921>+ 93]%)
give new special solutions of the CH equations. Next, the
interesting rogue-wave pair and dark-bright-rogue wave solu-

v[1] =v[0] +i(A — A7)

6)

tions of the CH equations can be presented by means of for-
mulas (5) and (6).

3. Rogue-wave pair of the CH equations

Now we start from the non-zero seed solutions of the CH
equations

ul0] = c1explifi] = ciexpli(aix+bit)],

v[0] = cpexplif] = cpexpli(azx+ bat)], @)
where
2,2 aj 3 2 2
by =(c1+¢35)— ?1 +eaj —6eaici —3ec5 (a1 +az),
2, 2 a% 3 2 2
by=(ci+¢3)— > + €ay — 6eayc; — 3eci(ar +az).

By comparing with the recent work of Chen and Song, ! in
order to solve the Lax pair equations (3) and (4) with vari-
able coefficients, we introduce a gauge transformation!!!-14]
to convert them into a constant coefficient differential system,
instead of directly substituting Eq. (7) into the Lax pair equa-
tions.

Let
b = Mo,
M = diag{exp{

i

3 (61 + 92)} ,exp [;(291 - 92)] ,

exp [;(zez o )} } ®)

then the Lax pair (3) and (4) with A = A; and the seed solution
(7) can be transformed into

'l/’x:fj'(/’v
_ —s(ata) —a —C2
U=\Uy+ c1 %(2611 —ay) ' 0 ,(9)
() 0 %(Zaz—al)
Y=V, V=2Vo+ A Vi+ L Va+ V3, (10)
where
~ 1 | (0 aae
Vo= —U Vi=—Uy+— 0 O
0= Tee " 1= g 0+16£ C )
(&) 0 0
1 .i(c%—i—cg) —5L(1—2¢ear) —52(1 —2¢eay)
VZZZ S-(1—2ea) —ic? —icien ,
2(1—2ear) —icico —ic3
B —LA+p) —3f =%
Vi= Sh gh zaafs ],
3 fa scie2fs 5
with

fi = 12ec?ay —3c3 4 4b) —2by,
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fo = 12eckay — 3¢5+ 4by — 2by,
f3 = —4e(ci+63) —ar +2eaj,
fo=—4e(?+3) —ay +2¢ed3,
fs =2€(a1 +ar) — 1.
It is easy to prove that the matrices U and V cannot be reduced

to a diagonal form. However, under the following conditions
of the parameters

Re(41) =2¢&(c2 —2az), a1 =ax—c2, )

they are both similar to a Jordan form.!'!:'4 In this case, the
basic solution of the Lax pair equations (3) and (4) under the
seed solution (7) and the requirements of the parameters (11)

follows as
B(x,t, M) = M 02(C1,6,C5)7, (12)

where Cy, C,, C3 are three arbitrary complex constants and

c] =Cp, Im(kl) = 6\/5628,
|
1 Y
0 (\/524) (\f y+ (\/2§i;1)
(v/3+) f+1 _ (VBit1)
2 Ly 20,
with
Y=x+(a+ip)t, k= % + 3iecy,
362

15
o= e —apy — —802 3ecrap +38a%,
2 2
B= \F(l —6&ay+3€cr)c2

Next, by making use of the Darboux transformation (5) and
(6), the rational solutions of the CH equations can be directly
given.

10 10 x

Fig. 1. (color online) Rogue wave solution (13) of the CH equations:
(a) rogue waves in the u component, and (b) rogue waves in the v com-
ponent. The parameters are € = 1/10, ¢, = 1, and ap = 1/2.

IfC;=0,C,=1, and C3
solutions containing polynomials of the second order in 7,

= 0, we obtain the rogue wave

(vV3+i)
]

g + ﬁixt
,y2 _ (\/2522'1);)/_'_ \/3(\{13_1) K-t_’_L%

which are nothing but the fundamental rogue wave solutions
of the CH equations, see Fig. 1. In this case, u[1] or v[1] has the
same dynamics of the first-order rogue wave of the decoupled
Hirota equation

1 (G +iH .
u[l] =C |:1 + 28m:| exp[191],
1 (G, +iH. .
v[l]=c [1+%W] explifs], (13)
where
G1 =9ec38% — 3v/3¢268 + 9ec5 B21* + 9ecy Bt

Hy = 3V3ec38% —9ec,8 +3v3ec3 B2 — 3V 3eca B,
Gy = 986’2 —3\/§6285+9£cgﬁ2 2—9£cz[3t,

Hy = —3V/3ec38” +9ec28 — 3v/3ec3 % — 3v/3ecy b,
D= —-3c38%+2V3¢,8 —3c3B** -2, S=x+ar.

IfC;=0,G
pair solutions containing polynomials of the fourth order in y

=0, and C3 = 1, we arrive at the rogue-wave

rather than the second order for the CH equations, see Fig. 2.
From Fig. 2, we see that the rogue-wave pair in the u com-
ponent and the v component both have two humps along with
four zero-amplitude points on the nonzero background, each
hump in the rogue-wave pair is close to the other, and they
have different shapes while keeping stable structures. Simi-
lar properties can also be found in the two-component NLS
equations!’! and the Sass—Satsuma equation!®!

il = x| 1+ 5, O enpion),
V1] = e {1 + Z(GZEIHZ)} exp(i62),  (14)

where

D = —3c38* +4V3c38° — (12¢3 4 6¢3 %1% — 18V/3ec31) 52
+(8V/3¢y — 36ecit — 433 B%)S — 33 B4
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Gy

—18V3ec3 B2 — 81€2¢51% 4 12v/3echt — 8,
9ec38* — 6V/3ec36°
+18(ecaB?1* + ec3Pr — 3v/3%c51) 62
+6(92c3t —2v/3eci Bt +3V3ec3 %)
+9ec3 B4 +18(ec3 B +3V3e° 3 B2)r°
+27(2V3e2AB +9€3¢5)1% — 24c,ePt,
9v3ec38* — 54ec38° + 18(2V/3ec3 — 9ecst
+V3ec3B%% —\3ec3 Br) 6% — 18(2ec5 Bt + ec3 B>
+9V3e3631)8 +9V3ecs prt

+18(9€*c3B% —V3ec B2

—3(20V3ec3B? +54€2c5B — 8133 c5)r?
—324€%c3t,

9ec38* — 6V/3ec36°

—18(ec3 Bt — ecaB?r* 4+ 3V/3e%c51) 82
+6(92c3t +2v/3ec3 Bt + 3V 3ec3 f42) S
+9ecsBHt — 18(ec3 B° —3v3e*3p2)r
+27(963§ — 2V/3e2c5B)1* 4 24ec, B,
—9v3ec} 6% + 5483 8% — 18(2V/3ec} — 923t
+V3ec3 Bt +V3ecs ) 8% — 18(ec3 B> +2ec3 Pt
+9V3e2c51)8 — 9V 3ecs Bt

—18(9%*c3 B* +V3ec3 B)r?

+3(20eV3c3B% — 54€% 3B — 81/3e35)r?
+324€%c3t.
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Fig. 2. (color online) Rogue-wave pair solution (14) of the CH equa-
tions: (a) rogue waves in the u component, (b) rogue waves in the v
component. The parameters are € = 1/10, c; = 1, and a, = 1/2.

4. Dark-bright-rogue waves of the CH equations

In this section, we choose
ul0] = cexplif] = cexpli(ax+bt)], v[0] =0 (15)

as the seed solution of the CH equations, here b =
—a*/2 4 2 + ea® — 6ec’a.
diag{1,explif], 1}, hence under the gauge transformation ¢ =
M ¢, the Lax pair (3) and (4) with A = A; and the seed solu-
tion (15) can be transformed into

Similarly, denoting M =

0—cO
c ia 0
000

Y=Vy, V=LVo+AVi+LuVa+V5, (17)

Y. =Uy, U=M0Uy+ : (16)

where
_ 1 _ 1 0—cO
Vo=—"Uy, Vi=—Uy+— 00
"7 e 1T ge 0+16£ (C) 00 ’
o ic? —55(1—2€a) 0
Va=-| =(1-2ea) —ic? 01,
0 0 0

—1c*(4ea—1) —5(2ea®—4ec? —a) 0
V; = £(2ea* —4ec* —a) %(48c2a —c?+2b) 0

0 0 0

In the following, in order to obtain dark-bright-rogue wave so-
lutions of the CH equations, we suppose A; = 4¢(2ic — a),
thus, the basic solution of the Lax pair equations (16) and (17)
holds

¢=M"'0(C,0,C)", (18)
where
exp(ni) exp(mi)/T 0
O = | exp(m) exp(m)/’ 0 ;
0 0 exp(1n2)
with

N =my+iny, Mo =my+iny,
[ =k +iky, L=k +ike)t—x,
I; = (k1 +ik2)tfx+1/c,

m| = (C,‘caz—lca—i‘sc3 t—|—1cx
b 37973 3

5 1 2 2
ny = (662 - gaz —5ec’a+ 3803)1 + gax7

ki = —3ea® +6ec? +a,
2 8 2
my = <3ca+ 5863 — 286612>l — gcx,
2 1 1 1
ny = (4802a — gcz — 5803 + 6a2)t — gax7
kp = 6€ca—c.

070203-4



Chin. Phys. B Vol. 23, No. 7 (2014) 070203

Next we set C; = 1, C, =1, and C3 = 1 to generate the dark-
bright-rogue wave solutions of the CH equations, see Fig. 3
Frexp(2my)

ull] C{ [Dy exp(2my) + D, exp(2m; )] }exp[1 I,
1] = —ac T2xplm £ ma Film — )]
Dyexp(2my) + Dy exp(2my)

19)

where

Dy = 22 (k2 +k3) (1 41%) +2¢(1 — 2¢x)
x (kit +ky) 41 —2cx+2¢%4%,

Dy = (ki +43),

F = A3 +13)(12+1) +c(ky +iky) (t —1)
—262x(kit + k) — ex + 242,

B = Ak +k3) (it + 1) — c* (ks + ko).

From Fig. 3, we see that a fundamental rogue wave collides
with a dark soliton in the # component and a bright soliton in
the v component. If Re(C,) # 0, the dark-bright soliton and the
Peregrine soliton separate, here we omit the concrete expres-
sion of this solution and just show the interesting structures
through Fig. 4. Similarly, if Im(C;) # 0 or Im(C3) # 0, the
dark-bright-rogue wave solution can also be obtained, and the
parameter C, still controls the mergence or separation of the
Peregrine solitons and the dark-bright solitons like in Figs. 3
and 4. The results can help us better understand the attractive
interactions between Peregrine solitons and dark-bright soli-
tons in the CH equations.

1.2 (a)

0.8

|ul

0.4

~

Fig. 3. (color online) Dark-bright-rogue wave solution (19) of the CH
equations: (a) dark-rogue waves in the ¥ component, (b) bright-rogue
waves in the v component. The parameters are € = 1/20, ¢ = 1, and
a=0.

Fig. 4. (color online) Dark-bright-rogue waves of the CH equations: (a)
dark-rogue waves in the u component, (b) bright-rogue waves in the v
component. The parameters are C; =1,C, =5+1, C3 =1, € = 1/20,
c=1,anda=0.

5. Discussion and conclusion

In this paper, we investigate coupled Hirota equations.
Based on the Darboux transformation, some novel explicit
rogue wave solutions of the CH equations are given, including
the rogue-wave pair solutions and the dark-bright-rogue wave
solutions. It is significant that the rogue-wave pair solutions
contain polynomials of the fourth order rather than the sec-
ond order, and the dark-bright-rogue wave solutions are gen-
erated by satisfying some special requirements for the spec-
tral parameters. Our results prove that rogue waves of the CH
equations have some striking structures like the Manakov sys-
tem, the two-component or three-component NLS equations,
and the Sasa—Satsuma equation, which are distinct from rogue
waves of the decoupled Hirota equation. We should mention
that, in Section 4, if we choose 4| # 4¢(2ic —a), we can ar-
rive at breather solutions of the coupled equations, and may
further get the interactional solutions between breathers and
Peregrine solitons like the Manakov model.!'!) This is also in-
teresting and we will investigate it in our future paper. The
results in this paper further reveal the dynamical properties of
rogue waves for the CH equations, and we hope the results will
be verified by the physical experiments in the future.
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