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General high-order rogue waves in the nonlinear Schrodinger equation are derived by
the bilinear method. These rogue waves are given in terms of determinants whose
matrix elements have simple algebraic expressions. It is shown that the general N-th
order rogue waves contain N — 1 free irreducible complex parameters. In addition, the
specific rogue waves obtained by Akhmediev et al. (Akhmediev et al. 2009 Phys. Rev.
E 80, 026601 (doi:10.1103/PhysRevE.80.026601)) correspond to special choices of these
free parameters, and they have the highest peak amplitudes among all rogue waves of
the same order. If other values of these free parameters are taken, however, these general
rogue waves can exhibit other solution dynamics such as arrays of fundamental rogue
waves arising at different times and spatial positions and forming interesting patterns.
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1. Introduction

Rogue waves, also known as freak waves, monster waves, killer waves, extreme
waves and abnormal waves, is a hot topic in physics these days. This name comes
originally from oceanography, and it refers to large and spontaneous ocean surface
waves that occur in the sea and are a threat even to large ships and ocean
liners. Recently, an optical analogue of rogue waves—optical rogue waves, was
observed in optical fibres (Solli et al. 2007; Kibler et al. 2010). These optical
rogue waves are narrow pulses that emerge from initially weakly modulated
continuous-wave signals. A growing consensus is that both oceanic and optical
rogue waves appear as a result of modulation instability of monochromatic
nonlinear waves. Mathematically, the simplest and most universal model for
the description of modulation instability and subsequent nonlinear evolution of
quasi-monochromatic waves is the focusing nonlinear Schrodinger (NLS) equation
(Benney & Newell 1967; Zakharov 1968; Hasegawa & Tappert 1973). This
equation is integrable (Zakharov & Shabat 1972), thus its solutions often admit
analytical expressions. For rogue waves, the simplest (lowest-order) analytical
solution was obtained by Peregrine (1983). This solution approaches a non-zero
constant background as time goes to +00, but rises to a peak amplitude of three
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times the background in the intermediate time. Special higher order rogue waves
were obtained by Akhmediev et al. (2009a) using Darboux transformation. These
rogue waves could reach higher peak amplitude from a constant background.
Recently, more general higher order (multi-Peregrine) rogue waves were obtained
by Dubard et al. (2010), Dubard & Matveev (2011), Gaillard (2011), Ankiewicz
et al. (2011) and Kedziora et al. (2011). It was shown that these higher order waves
could possess multiple intensity peaks at different points of the space-time plane.
These exact rogue-wave solutions, which sit on non-zero constant background,
are very different from the familiar soliton and multi-soliton solutions which sit
on the zero background. They were little known until recently owing to high
public interest in theoretical explanations for freak waves observed in the ocean.
These rogue waves are intimately related to homoclinic solutions (Akhmediev
et al. 1985, 1988; Its et al. 1988; Ablowitz & Herbst 1990). Indeed, rogue waves
can be obtained from homoclinic solutions when the spatial period of homoclinic
solutions goes to infinity (Akhmediev et al. 1985, 1988, 2009b; Gaillard 2011).
These rogue waves are also related to breather solutions which move on a non-zero
constant background with profiles changing with time (Akhmediev et al. 2009¢).

In this article, we derive general high-order rogue waves in the NLS equation
and explore their new solution dynamics. Our derivation is based on the bilinear
method in the soliton theory (Hirota 2004). Our solution is given in terms of Gram
determinants and then further simplified, so that the elements in the determinant
matrices have simple algebraic expressions. Compared with the high-order rogue
waves presented in Dubard et al. (2010) and Gaillard (2011), our solution appears
to be more explicit and more easily yielding specific expressions for rogue waves
of any given order. We also show that these general rogue waves of N-th order
contain N — 1 free irreducible complex parameters. In addition, the specific rogue
waves obtained in Akhmediev et al. (2009a) correspond to special choices of
these free parameters, and they have the highest peak amplitudes among all
rogue waves of the same order. If other values of these free parameters are
taken, however, these general rogue waves can exhibit other solution dynamics
such as arrays of fundamental (Peregrine) rogue waves arising at different
times and spatial positions. Interesting patterns of these rogue-wave arrays are
also illustrated.

2. General rogue-wave solutions

In this paper, we consider general rogue waves in the focusing NLS equation
fuy = gy + 2| ul*u. (2.1)

Rogue waves are nonlinear waves which approach a constant background at large
time and distances. Notice that equation (2.1) is invariant under scalings = — az,
t — a?t, u — u/a for any real constant «. In addition, it is invariant under the
Galilean transformation u(z,t) — u(x — vt,t) exp(—ivz/2 + iv?t/4) for any real
velocity v. Thus, we only consider rogue waves which approach unit-amplitude
background at large x and ¢,

u(z,t) —e 2 as x,t— Foo.
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Then under the variable transform u — ue™", the NLS equation (2.1) becomes
iy = gy + 2(|ul* — 1)u, (2.2)

where
u(z,t) > 1, z,t— too. (2.3)

The rogue waves are described by rational solutions in the NLS equation. In
order to present these solutions, let us introduce the so-called elementary Schur
polynomials S,,(x) which are defined via the generating function,

i Sp(x) A" =exp <§: :z:kkk> )
n=0 k=1

where & = (11, 2, ...). For example, we have
S()(w):l, Sl($)=$1, SQ($)=%$12+!IJ2, Sg($)=%$§+flf1flf2+flf3,....

It is known that the general Schur polynomials give the complete set of
homogeneous-weight algebraic solutions for the Kadomtsev—Petviashvili (KP)
hierarchy (Sato 1981; Jimbo & Miwa 1983).

Theorem 2.1. The NLS equation (2.2) under the boundary condition (2.3) has

non-singular rational solutions
o1

= — 2.4

=2, (24)
where .

On = 15‘%?;\[(7”21'71,2%1)7 (2.5)

the matrixz elements in a, are defined by

min(4,7) i—p
n n n n 1
m{" = o' el = > 3 awSics-i(zt (n) +vs)
v=0 =0 ! (2.6)
1 X
and 'I’j(-:’) =) aiSj—-i(z”(n) +vs),
1=0
a, (k=0,1,...) are complex constants, and z*(n)=(z(n),2y,...), s=
(s1,%,...) are defined by
, 1 z F 2%t
xli(n)zxq:%tj:n—? xki:T—Tk, (k>2),
o , 0 . (2.7)
=1 h - d A'=In( = tanh = ).
;m n(cos 2) an kzzl:sk m(A an 2)

In equation (2.0), a; is the complex conjugate of a;. The above o, can also be
expressed as

2N-1

1 3 5
(n) (n)
o, = Z Z Z ce Z 1<C}§EN(¢22‘—171/]') 1<(%§EN(W2¢_17V]')7 (28)
r1=0vo=r1+1v3= —" = =)=

vo+1 vN=vy_1+1
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where we further define

o'W =0, w"=0, (i<w). (2.9)

w ? (24

Before deriving these rogue wave solutions in this theorem, we give
some comments. In the above definitions of r; and s;, since the generators

are even functions, all odd terms are zero, ie. ri=mr3=1r3=---=0 and
$1 =83 =85 ="---=0. The even-term coefficients are
1 - __ N —_ L T —_ 31
2=3% "= 7199 6T g 02T T1o0 4T Tqqp0 %6 = Togora0r

In the solutions, a; are complex parameters. We will show in the appendix that
without any loss of generality, we can set

0021, a2:a4:"':aeven:0-

In addition, by a shift of the z and t axes, we can make a; =0. Thus, these
solutions have N — 1 irreducible complex parameters, ag, as, ..., Gany_1.

3. Derivation of general rogue-wave solutions

In this section, we derive the general rogue-wave solutions given in theorem 2.1.
This derivation uses the bilinear method in the soliton theory (Hirota 2004). The
outline of this derivation is as follows. The NLS equation (2.2) is first transformed
into the bilinear form,

(D; +2)f - f=2IgI? 1)
and (D?—1iDy)g-f=0, .

by the variable transformation

(3.2)

where f is a real variable and g a complex one. Here, D is the Hirota’s bilinear
differential operator defined by

P(D,,Dy,Dy,.. )F(z,y,t,...) G(z,y,t,...)
== P(aT - az’v a?/ - ay’v at - at/a .. )F(l‘v Y, t? .. ) G(il?/, y/a t/v . e ~)|x/:x,y/:y,t/=t,...7

where P is a polynomial of D,, D, Dy, . ... Then, we consider a 2 + 1-dimensional
generalization of the above bilinear equation,

(D,D, +2)f - f =2gh

and (D} —iDy)g- f=0, 33
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where h is another complex variable. This is in fact the bilinear form of the
Davey—Stewartson equation, which is a 24 1-dimensional generalization of
the NLS equation. We first construct a wide class of solutions for equation (3.3)
in the form of Gram determinants. If the solutions f, g and h of equation (3.3)
further satisfy the conditions,

(0. — dy)f = Cf (3.4)
and

f:real, h=g, (3.5)

where (' is a constant and the overbar ~ represents complex conjugation,
then these solutions also satisfy the bilinear NLS equation (3.1). Among
the determinant solutions for the 24 1-dimensional system (3.3), we extract
algebraic solutions satisfying the reduction condition (3.4). Then such algebraic
solutions satisfy both (3.3) and (3.4), i.e. they are solutions for the 1+
1-dimensional system,

(D2+2)f - f=2gh

(3.6)
and (D?—iDy)g-f=0.
Finally, we impose the real and complex conjugate condition (3.5) on the
algebraic solutions. Then the bilinear system (3.6) reduces to the bilinear NLS
equation (3.1), hence equation (3.2) gives the general high-order rogue-wave
solutions for the NLS equation (2.2).

The execution of the above derivation will involve some novel techniques
which are uncommon in the bilinear solution method (Hirota 2004). It is known
that the bilinear equations of the NLS hierarchy admit homogeneous-weight
polynomial solutions given by the Schur polynomials associated with rectangular
Young diagrams (Ikeda & Yamada 2002). However, those solutions do not
satisfy the complex conjugation condition h =g in general, since the Schur
polynomials ¢ and h in Ikeda & Yamada (2002) have different degrees unless
the Young diagram associated with f is a square. In the case of a square-shape
Young diagram for f, h can be equal to —g (but not g) and the equation becomes
the defocusing NLS equation. To construct rational solutions for the focusing
NLS equation (3.1), it is crucial to consider weight-inhomogeneous polynomials.
In order to satisfy the reduction condition (3.4) as well as the complex conjugate
condition (3.5), we need a specific combination of Schur polynomials as given
in theorem 2.1.

Next, we follow the above outline to derive general rogue-wave solutions to the
NLS equation (2.2) under the boundary condition (2.3).

(a) Gram determinant solution for the 2 + 1-dimensional system

In this subsection, we first derive the Gram determinant solution for the 2 +
1-dimensional bilinear equations (3.3).

Proc. R. Soc. A (2012)
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Lemma 3.1. Let mgjn), (pgn) and wﬁ") be functions of x;, 1 and x_1 satisfying the

following differential and difference relations,

yml®) — My

Y

33;2 ml(]n) _ (pgn—i-l)w](n) + QDEH)w(n_l)

i )

0 ym = ="y, 6D

)

ml(jn-i-l) . ml(jn) + @En)lp](n—H)

and 8,0 ="M=yl (k=1,2,-1).

i i
Then the determinant,
1<ij<N Y

satisfies the bilinear equations,

(Dyy Dy y —2)Ty Ty = =275 11701
) (3.9)
and (DI1 — Dy,)Tps1 - 7 =0.
Proof. We have the differential formula of determinant,
N
éx det (az‘]‘) = Z Az‘jaxai]‘, (310)

1=<ij=N =
i,j=1

and the expansion formula of bordered determinant,
det (% %) = = 3" Aybies + ddet(ay)
Cj d - iy Y1 Gj 1)
27‘7

where Aj; is the (4,j)-cofactor of the matrix (a;). By using these formulae
repeatedly, we can verify that the derivatives and shifts of the 7 function (3.8)
are expressed by the bordered determinants as follows:

(n) (n)

m.. Q;
_ ij i
IaTo=|
—y, 0
1
e _|m | e
a ™= ) R = )
(n)  (n+1) n)  (n)
9 7 My N N TR
2Tn=| () (n—1) )
—Wj 0 ‘Pj 0
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(n) (n—1)
Op Tu=] 7 @i
-1 ’,D](-H—H) 0
(n) (n—l) (n)
ij i i
(0500, — Dra= "™ 0 -1,
(n)
vl 10
T mL(Jn) (pgn)
n+l1 =
(n+1)
(n) n—1
My ‘Pg :
Tl =1 ) ’
Y, 1
(n) n+1
9 my; (PE :
X Tn—i—l — (n+1) 9
(n) (n) (n+1)
m(n) (n+2) mij P, @,
2 ij i (n)
(')Il Tp+l = (n+1) 0 + lp] 0 0
_l'bj (n+1) 1 0
(n) (n) (n+1)
m™ (n+2) 5 P, i
d 9 I L O Y O
an wTnt+1 (n+1) lpj
_wj 0 _lp(n-l—l) 1 0
J

From the Jacobi formula of determinants,

Qjj bz C;
dj (& f
gj h k

a,l'j C;

9 k

aij bz

dj €

Qjj bz
g9 h

aij C;
X |CLZ‘ = X
] dj f )

we immediately obtain the identities,
(0400, — D)7y X Ty =057y X 00, Tn — (—Tn—1)(—Tnt1),
%(ai — 04y )Tng1 X Ty =04 Ty1 X 0y Ty, — Tn+1%(3§1 +04,)Tns
which are the bilinear equations (3.9). This completes the proof. |

(n)

i 1s written as

Since the matrix element m

)

7
m" :J (pgn)xp](") day,
the determinant (3.8) is often called the Gram determinant solution. Let us define
f=710, g=71, h=7_,

Proc. R. Soc. A (2012)
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then these are the Gram determinant solution for the 2 4+ 1-dimensional system,

(D931D3?71 - 2)f : f = —29]1
and

(Dgl —Dy)g- f=0,

which is nothing but the bilinear equations (3.3) by writing = = x, 2, = —it and
r_1=—"Y.

(b) Algebraic solutions for the 1 + 1-dimensional system

Next, we derive algebraic solutions satisfying both the bilinear equations (3.3)
and the reduction condition (3.4), hence satisfying the 1 + 1-dimensional system
(3.6). These solutions are obtained by choosing the matrix elements appropriately
in the Gram determinant solution in lemma 3.1.

Lemma 3.2. We define matriz elements mgjn) by

my”) = A,Bym ™| 2y 4y (3.11)

and

w_ L ( P\
m():—(——) N E=pu 4 p’m, n=qn — ¢m, (3.12)
p+a\ q

where A; and B; are differential operators with respect to p and q, respectively,
defined as

A[):GO,
Al = a’()pap + @,

aop
A2 == _(pap)2 + alpap + ag,

2
0 i
RPN
and
By = by,
By =byqd, + by,
bo

B, = E(qaq)Q + b1qd, + by,

Proc. R. Soc. A (2012)
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and a;, and b; are constants. Then the determinant

(n) (n) (n)
11 my3 T myon—1
(n) (n) (n)
(n) M3y M3 T Mo
Tn = 15(1152]\](”127:—1,2;'—1) = : : : (3.13)
(n) (n) (n)
Mon_11 Mon—13 " Mon_192N-1
satisfies the bilinear equations
(D} +2)7 - Tu =271 T
" ! (3.14)

and (Di1 — Dy, )7Tps1 - T =0.

Proof. First let us introduce m(™, (™ and ¢(" by

1 "ol CR. N
= (‘£> =, P = (g7,
p+q q

where

_ 1
= Satpe ot p’r, and 7= St = 7 .

Obviously, these functions satisfy the differential and difference relations

and 0y =", 0, P =g P (k=1,2,-1).

Therefore, by defining

we see that these ﬁzg;), g?)&n) and @;n) obey the differential and difference relations
(3.7) since the operators A; and B; commute with differentials d,,. Lemma 3.1
then tells us that for an arbitrary sequence of indices (4, %, ..., iN; 51,52, -« JN),
the determinant

~ (n) )

T7,= det (m;
" 1§v,u§N( wlu

satisfies the bilinear equations (3.9). For example,

~ ~ (n)
7,= det (m.. ,
n 1§i7j§N( 21—1,2]—1)’

is a solution to equation (3.9), where p and ¢ are arbitrary parameters.

Proc. R. Soc. A (2012)
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Next, we consider the reduction condition. From the Leibniz rule, we have the
operator relation,

o (0+2) =30 (1) (4 -2 ) )

(=0

thus we get

o (p " 119) B ;0 (@ fkk)z g: (Z _l k) (p + (—1)%) (pd,)i !
- l:io g I (i _al’; = (p-i- (—1)1_) (pd,)~+!
= ZZ % (p+ (—1)11) A,
=0

and similarly

1\ &1 1
Bj q+— )= ﬁ (]+(—1)— Bj—l-
q) <= q

(n)

By using these relations, we find that m,;" satisfies

1

~1n ~(n ]_ ~(n
(04 + axfl)m;,) = A;B;(3,, + 9, )m™ = A;B; <p tat ot E) "

1 1
-y = (p + (_1)k—> A By
— k! P
J
+ Z ﬁ (q + (—1)l—> AiBj,lm(")
=0
1 KLY <) '\ 1 LY )
= i (p +(-1) E) m T Z n\ 4 +(-1) E My i—1-
k=0 =0

Now let us take p=1and ¢=1. Then frﬁgl) |p=1,4=1 satisfies the contiguity relation,

i J
- (n) L ) L )
(05 + aw—l)(m; |p=1,(1=1) =2 Z Emiﬁk,j +2 Z ﬁmxﬁl—l
k=0 =0
k:even p=1,¢=1 l:even p=1,9=1

By using the formula (3.10) and the above relation, the differential of the

determinant,

2 - (n)
Tpn= det (Mmoo 1lp=1g=
n lsi,jsN( 21—1,2j—1|p—1,q—1>

Proc. R. Soc. A (2012)



Downloaded from rspa.royalsocietypublishing.org on May 3, 2012

1726 Y. Ohta and J. Yang

is calculated as

(am + aL1 )7:'n

N N
(n)
§ :2 :AU o+ 0. 1)(sz 12j-1lp=1,4=1 )
=1 j=1
N 2i—1 2j—1
=3 S ap2Y L +2 L
- % k! 2i—1—Fk,2j—1 i 2i—1,25—1-1
i=1 j=1 k=0 1=0
k:even p=1,¢=1 l:even p=1,¢=1
N 2i—1 1
:2§ : § : 7 § :Awmm 1-k,2j—1
i=1 k=0
k:even p=1,q=1
N 2j-1
+ 2 E:E: E:Awmmwjll 1
=1 1=0 :
l:even p=1,¢=1

where Aj; is the (4, j)-cofactor of mat1<”<1v(mg7;) 1.2j-1lp=1,4=1). In the first term

of the right-hand side, only the term with k=0 survives and the other terms
vanish, since for k=2,4,..., the summation with respect to j is a determinant
with two identical rows. Similarly in the second term, only the term with [ =0
remains. Thus, the right side of the above equation becomes

N N N N 3
2 Z Z Aijmg;llﬂj—l + 2 Z Z Aijmé?llﬂj—l =4NT,.

=1 =1 p=1,q=1 =1 =l p=1,4=1
Therefore, 7, satisfies the reduction condition
(0 + 0, )70 =4NT,. (3.16)

Since 7, is a special case of 7,, it also satisfies the bilinear equations (3.9) with

7, replaced by 7,. From (3.9) and (3.16), we see that 7, satisfies the 1+ 1-
dimensional bilinear equations

(D;%l + 2)7:'n . 7:'7,, = 2;rn+17~'n—1

and
(D2 — Dyy) Tyt - T =0,

which are the same as equation (3.14). Now we can take z_; =0, then TFLEJn) lp=1,¢=1

and 7:'n reduce to ngjn) and 7, in lemma 3.2, and this 7, satisfies the bilinear

equations (3.14). This completes the proof. |

Proc. R. Soc. A (2012)
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The above proof uses the technique of reduction. The reduction is a procedure
to derive solutions of a lower dimensional system from those of a higher
dimensional one. By using the reduction condition (3.16), the derivative with
respect to a variable z_; is replaced by the derivative with respect to another
variable x;. Then in the solution, z_; is just a parameter to which we can
substitute any value (such as zero as we did above). This reduction technique
has recently been used to derive general dark—dark solitons in the coupled NLS
equations (Ohta et al. 2011).

It is remarkable that the determinant expression of the solution (3.13) has a
quite unique structure: the indices of matrix elements, which label the degree of
polynomial, have the step of 2. This comes from the requirement of the reduction
condition, i.e. since the contiguity relation (3.15) relates matrix elements with
indices shifted by even numbers, we want such a determinant to satisfy the
reduction condition. This type of Gram determinant solutions has not been
reported in the literature to the best of the authors’ knowledge.

From lemma 3.2, by writing z; = and 2 = —it, we find that f=7j, g=7;
and h =7_; satisfy the 1 4+ 1-dimensional system (3.6).

(¢) Complex conjugacy and regularity
Now we consider the complex conjugate condition (3.5) and the regularity
(non-singularity) of solutions. This complex conjugate condition now is

To:real, 7_1=7.

Since x; = is real and a» = —it is pure imaginary in lemma 3.2, the above
condition is easily satisfied by taking the parameters a; and b; to be complex
conjugate to each other,

by, = aj. (3.17)
In fact, under the condition (3.17) we have

(n) (=n)

_ (1) _
m;; = =my; |ak<—>bk7$2<—>—$2_mji )

and therefore
Tn=T_n.
Under condition (3.17), we can further show that the rational solution u=
g/f =71/70 is non-singular, i.e. 7y is non-zero for all (z,t). To prove it, we notice
that f =7 is the determinant of a Hermitian matrix M = matlfiijN(még)_l 9j1)-

For any non-zero column vector v = (vi,vs,...,vy)7 and v being its complex
transpose, we have

N N

_ _ () _ Lo
vMuv= E UiMy; 1 9;_ 1Vj = E Uv; Agi1Boj1 e

ij=1 ij=1

N T
= Z 6l'l)j AQilBleJ eg+” dz
—00

i=1

p=1l,q=1

Proc. R. Soc. A (2012)
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rr

N
— § o +
= vivjAgi_lng_leg n|p:1.q:1 dzx
ST =1

N

E V; Ay, eE|
141271 p=1

=1

which proves that the Hermitian matrix M is positive definite. Therefore, the
denominator f=det M > 0, so the solution u is non-singular.

It is noted that the above proofs of complex conjugate condition and regularity
condition are quite easy. This is an advantage of the Gram determinant expression
of solutions (when compared with the Wronskian expression).

Summarizing the above results, we obtain the following intermediate theorem
on rogue-wave solutions in the NLS equation.

2
dz >0,

T
J—00

Theorem 3.3. The NLS equation (2.2) has the non-singular rational solutions,

u="1 (3.18)
7o

where

(n)
Tn= 15(%5;\7(7”22'—1727—1)’ (3.19)

where the matriz elements are defined by

i J _
=33 il U9 Vi (gd, Y

(_£> l e(p'i'Q)I_(pQ_qQ)\/?lt 7 (320)
q

p=1,q=1

X

and a; are complex constants.

(d) Simplification of rogue-wave solutions

Finally, we simplify the rogue-wave solutions in theorem 3.3 and derive the
solution formulae given in theorem 2.1. The generator G of the differential
operators (pd,)*(qd,)! is given as

o LU
§= Z Z — = (pd,)*(qd,)" = exp(kpd, + 1qd,) = exp(kdmp + A ),

thus for any function F(p, q), we have
GF(p,q) = F(ep, e’q). (3.21)

Proc. R. Soc. A (2012)



Downloaded from rspa.royalsocietypublishing.org on May 3, 2012

General rogue waves in the NLS equation 1729

This relation can also be seen by expanding its right-hand side into Taylor series
of (k,A) around the point (0,0). By applying this relation to

" 1 p n '
m® =~ (__) exp((p+ q)z — (pQ . q2>1t>’
P+q q
we get
1 e“p\"
m—___ - (£ K A (26,2 20 2N
g = e“p—i—elq( e*(]) exp((e"p +eg)a — (e7p” —eTq)it),
thus
L o
ml") p=1,q=1
2
= Aen(K_A) exp((e* +e" — 2)x — (e* — e*)it)
e +e

1
T 1—(ef—1)(er—1)/(e" + 1)(e* + 1)

e” et
X exp (n(K — )+ (" + e = 2)z — (¥ — )it — In (e + 1)4( + 1)) .

In the most right-hand side, the exponent is rewritten as

2 Kk gyl _ K A K A
+ZE (z — 2%it) + Zﬂ(:c+211t)—§—§—1n<cosh§cosh§)
k=1

o0 (0,0]
:Z:Z:ZK]“—I—Z%_AZ

k=1 =1

where z;” and z; are defined in (2.7), and the prefactor is rewritten as

g(éili) et +1) )V i( ) eXp(Vlﬂ(étanhgtanhg>)
B i (f) P ( i st (" + A’“)) ,

k=1

where s;, is defined in (2.7). Therefore, we obtain

(o.¢]

Z ( ) exp <2:(95/;F + VSk)Kk + Z(:l?l_ + vs;)/ll> ,
k=1 I=1

p=1,q=1 =0

Gm™

m(”
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and taking the coefficient of kA’ of both sides, we find

min(k,l) 1
= Z 4—VSk_V(a3+ +v8)S_,(x” +vs).

p=1,¢=1 =0

11 )
WW(Pap)k(qaq)lm( )

Using the above results, the matrix element of the Gram determinant is then
calculated as

i j min(i—k,j—1)
_ 1 _
W/L;Bjm(") = E apa; E m k(T +v8) S (™ +vs)
m p=1.¢=1  j—o 1=0 v=0

= akdlSi_k_y(ach + VS)Sj_l_V(ZB_ + VS).

Putting o, =7,/(m™|,=1 4-1)", we obtain the determinant expression in (2.5)
and (2.6). Finally by using (2.9) and the formula,

a;i bl
det(azj + biCj> =det (_é] 1) 3

repeatedly, the determinant ¢, can be rewritten into the following 3N x 3N
determinant form,

min(2i—1,2j—1) o ( IN-1 | .
o,= _det Z ®2¢—1,uq’2j—1,v = det (Z Q)Qi—l,vw?j—lﬂ/)
v=0

1<ij<N = 1<ij<N
(n) (n) (n)
(plo Dy @1,21\/—1
(n) (n) (n)
q§30 ®31 ¢3,2N—1
0
(n) (n) (n)
_ ) ) ) (I)QN—LO ¢2N—1,1 @ZN—I,ZN—I
n n n ?
_q110 _1;130 _IPZN—LO
(n) (n) (n)
-V —¥, _III2N—1,1
I
(n) (n) (n)
_W1,2N—1 _lp3,2N—1 _IPZN—I,2N—1
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where O and I are the N x N zero matrix and 2N x 2N unit matrix, respectively.
Applying the Laplace expansion to the above determinant, we get

(n) (n) (n)
d)lvl @11/2 e @lvN
(n) (n) (n)
@31/1 @31/2 e 4531/1\[
=D |
O<ri<vo<--<vy<2N-1 . .
(n) (n) (n)
gp2N—1,1'1 ¢2N—1,V2 e gpZN—l,VN
(n) (n) (n)
IJZrlvl 11[31/1 e m?N—l,vl
(n) (n) (n)
lIr].VQ IIIBVQ e lp?N—l,VQ
X )
(n) (n) (n)
lplvN q]?wN T ngNfl,yN

and noticing (2.9), the expanded expression (2.8) is obtained. Theorem 2.1 is then
proved.

(e) Boundary conditions

In order to show the boundary asymptotics (2.3), let us estimate the degree
of polynomials of the denominator and numerator in (2.4). The elementary
Schur polynomial Si(x) has the form Si(x)= (z1)*/k! + (lower degree terms),
where = (71, 2»,...). Thus, the degree of the polynomial S(z* + vs) in (x,t)
is k and its leading term appears in the monomial (z°)*/k! i.e. the leading
term is given by (x F 2it)*/k!. Therefore, the degrees of @éf) and llfg-:) are
both j—v, and their leading terms are ag(z — 2it)’™"/(j —»)!2" and ao(z +
2it)77"/(j — v)!2”, respectively. Therefore, both of the degrees of determinants
detlsi,ij((P(") ) and detlfiﬁjEN(’Ifé?ll,yj) are given by 1 +3+--- 4+ (2N — 1) —

2i—1;
vy — vy —---—vy, and in the expression (2.8), the highest degree term comes
from the term of »; =0,vo=1,..., vy = N — 1 in the summation. For v; =j — 1,
we have

det (‘p<2::l11,j71)

1<ij<N
aoay = 0 0 0
a(2;)? a(z;)? aozy’ a 0
3 3! 212 22 23
a()(l.l-‘r)QNfl a{)(zf-)QNfz a()(xl-‘r)QNfS 04)(1'1-"_)2]\/74 o a()(l'f—)N
(2N —1)! (2N-2)12 (2N —3)122 (2N —4)!23 N12N-1

+ (lower degree terms)
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_ aéV(:El-i-)N(N+1)/2
131+ (2N — 1)12N(N=1)/2
1 0 0 0
1 3 3-2 3-2-1 0
X .

1 ON—1 2N —1)2N—2) 2N —1)2N —2)2N —3) - (2N — 1)2N —2) -+ (N + 1)

+ (lower degree terms).

The above determinant is equal to

j—1
- _ C1yi-1
Jet (]_[(2Z V)) (et (2= 1)),

r=1
which is the Vandermonde determinant. Thus, we obtain

ot (N —1)!
BETETIS ((QN _ 1))! ap (a)NOVHD/2 4 (lower degree terms),

det (@Y
ISZSSN( 21—1,]—1)

and similarly

ont--- (N —1)!
= 31 ((2N — 1))' al (z))NVHY/2 4 (lower degree terms).

det (W'
151.551\[( 22—1,]—1)

Consequently, the leading term of a,, is given by

ot (N —1)! ? 2N/, 2 2\N(N+1)/2
(1!3!.“(2]\7_1)!) a2V (22 + 41%) :

which is independent of n. Hence u = ¢, /0 satisfies the boundary condition (2.3).

4. Solution dynamics
In this section, we discuss the dynamics of these general rogue-wave solutions.

To obtain the first-order rogue wave, we set N =1 in theorem 2.1. In this case,

m) = (z—2t—L4+a)(e+20t—L+a)+1

and

m\) = (z—2it+ L+ ) (¢ 42t — 2+ a) + 1,
hence the first-order rogue wave is
mﬁ) B (z — 2it + % + a1)(z + 2it — % +a)
o (@-2it— L4 a) (e +2it— 1+ @)

_|_
s (4.1)

e C Y

Clearly, the complex parameter g; in this solution can be normalized to zero by a
shift of z and ¢, as we have mentioned before. After setting a; =0, this first-order
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rogue wave can be rewritten as
4(1 — 4it)
1+ 422 + 1682
where =x — 1/2. This rogue wave was first obtained by Peregrine (1983), see
also Akhmediev et al. (2009a). Its maximum peak amplitude is equal to 3, i.e.

three times the background amplitude.
To obtain the second-order rogue waves, we take N = 2. In this case,

u(z,t)=1 (4.2)

1) (1)

My My
(1) (1)

w=s Ml (4.3)

(0) (0)

my; My
(0) Ol

Mg Mg

From the previous discussions, we will set a; = a; =0. Then the general second-
order rogue wave can be obtained from (4.3) as

=1+ _;, 4.4

where
¢ =24{(3z — 6% + 42° — 22" — 481 + 48xt> — 4827 1* — 160t*)
+it(=12 4 122 — 162° 4+ 82 + 32% — 64xt? + 6427 * + 128t%)
+6a3(1 — 2z + 2* — 4it + diat — 41*) + 6a3(—2° + diat + 41%)}
and
Y= (9 — 367 + 722° — 722° + 722" — 482° + 162°)
+961%(3 + 3z — 4a® + 22%) + 38414 (5 — 2z + 22%) + 10241
+ 24(a3 + a3)(32% — 22° — 124 + 24xt?)
+ 48i(ag — a3)(3t + 62t — 627t + 8%) + 144a3as,

and a3 is a free complex parameter. We have found that the maximum of
|u(z,t, a3)| is equal to 5, and it is obtained when

At this a3 value, the solution is

Gm
() =14 22 4.5
U (T, t) v (4.5)

where
bm =9 — 727% — 483% — 8641* — 38401* — 115272 ¢
+ it(—180 — 28827 + 1923" + 384¢* + 3072t* + 15364°t°),
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(a)

lul

(c)

lul

Figure 1. Second-order rogue waves with parameters: (a) a3 = —1/12; (b) a3 =5/3; (¢) a3 = —5i/2;
(d) a3 =5i/2. (Online version in colour.)

and

Yo = 5 + 2787 + 128" + 162° + 396¢” + 1728t 4 1024¢° — 2884%¢*
+ 76827t + 192242,

and £ =z — 0.5. This solution is displayed in figure la. It is easy to see that this
solution is the special second-order rogue wave obtained by Akhmediev et al.
(2009a) (after a shift in z). Thus, the special second-order rogue wave obtained
by Akhmediev et al. is the one with the highest peak amplitude among all second-
order rogue waves. At other a3 values, however, we can obtain rogue waves
which have very different solution dynamics from that in figure 1a. For instance,
rogue waves at a3 =5/3,—5i/2 and 5i/2 are displayed in figure 1b—d, respectively.
In each of these solutions, three intensity humps appear at different times and/or
space, and each intensity hump is roughly a first-order (Peregrine) rogue wave
(4.2). Specifically, in figure 1b, the solution features double temporal bumps
(elevations) at z~ —0.5 and a single temporal bump at z~2.2. In figure 1c, the
solution first rises up and reaches a peak at (z,t)~(0.5,—0.7). Afterwards,
the solution temporally decays at == 0.5, but two new bumps rise at the two
sides. In figure 1d, the solution is similar to that in figure 1¢ but with a time
reversal. Obviously, the rogue-wave dynamics in figure 16—d are quite different
from the one in figure 1a. The solution dynamics in figure 1b6—d resemble those
reported in Dubard et al. (2010), Dubard & Matveev (2011), Gaillard (2011) and
Ankiewicz et al. (2011).
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(b)

@)}

~

[\

Figure 2. Third-order rogue waves with parameters (as, a5) as: (a) (—1/12,—1/240); (b) (25/3,0);
(¢) (—25i/3,0); (d) (0,50i/3).(Online version in colour.)

Next, we examine third-order rogue waves. In this case, we set a; = as = a4 =0
without loss of generality. If one takes

1

a3=—15; and a5=—g55,

then the corresponding solution wu,,(z,t) is equal to the third-order rogue wave
obtained by Akhmediev et al. (2009a) except for a shift in z. This solution is
displayed in figure 2a. The maximum amplitude of this solution is equal to 7,
which occurs at (z,t)=(1/2,0). We have found that this special rogue-wave
solution w,,(z,t) is also the one with the highest peak amplitude among all third-
order rogue waves u(z, t; as, a;). But if we take other (a3, a5) values, rogue waves
with dynamics different from figure 2a will be obtained. Three such solutions,
with (a3, a5) = (25/3,0), (—25i/3,0) and (0,50i/3), are displayed in figure 2b—d
respectively. These solutions feature six intensity humps which appear at different
times and/or space, and each intensity hump is roughly a first-order rogue wave
(4.2). In figure 2b, the solution exhibits triple temporal bumps at z ~ —2, double
temporal bumps at z~2 and a single temporal bump at x~6. In figure 2c,
the solution develops a single hump first. Then this hump decays, but two new
humps rise simultaneously at the two sides. Then these two humps decay, but
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three additional humps develop simultaneously. In figure 2d, two intensity humps
rise simultaneously at different spatial locations first. After they decay, additional
four intensity humps arise at different locations and times. A remarkable feature
in the rogue waves in figure 2b—d is the high regularity of their spatio-temporal
patterns. For instance, the pattern in figure 2¢ is a highly symmetric triangle,
while the one in figure 2d is like a pentagon. These spatio-temporal patterns of
rogue waves are different from the ones reported in Dubard & Matveev (2011)
and Gaillard (2011). The solution in figure 2d resembles the circular rogue waves
obtained numerically in Kedziora et al. (2011), suggesting that those circular
rogue waves are special cases of our general rogue-wave solutions.

The results shown above apparently can be extended to fourth- and higher
order rogue waves. By special choices of the free parameters (a3, as, ar,...), we
can reproduce the rogue waves obtained in Akhmediev et al. (2009a) as special
cases. But other choices of those parameters can yield even richer spatio-temporal
patterns, such as triangular patterns like figure 2¢, but with more intensity humps
such as 10, 15 and so on.

5. Summary and discussion

In this paper, we derived general N-th order rogue waves in the NLS equation
by the bilinear method. These solutions were obtained from Gram determinant
solutions of bilinear equations through dimension reduction and then further
simplified to a very explicit form. We showed that these general rogue waves
contain N — 1 free irreducible complex parameters. By different choices of
these free parameters, we obtained rogue waves with novel spatio-temporal
patterns. These new spatio-temporal patterns reveal the rich dynamics in rogue-
wave solutions and deepen our understanding of the rogue-wave phenomena.
We also showed that the rogue waves reported in Akhmediev et al. (2009a) are
special solutions with the highest peak amplitude among all rogue waves of the
same order.

We would like to point out that the new spatio-temporal patterns of rogue
waves obtained in this paper may also find applications in other branches
of applied mathematics and physics. For instance, the triangular rogue-wave
patterns in figures 1c¢ and 2¢ and their higher order extensions (with more
intensity humps) closely resemble the spike pattern that forms after the point
of gradient catastrophe in the semiclassical (zero-dispersion) limit of the NLS
equation (see fig. 1 in Bertola & Tovbis 2010). The connection between these exact
rogue-wave solutions and the semiclassical-NLS patterns is an interesting question
which lies outside the scope of the present paper. For another instance, it has
been shown recently that from rogue-wave solutions of the NLS equation, one can
readily derive a subclass of smooth localized rational solutions to the Kadomtsev—
Petviashvili (KP-I) equation (Dubard et al. 2010; Dubard & Matveev 2011). The
application of our general higher order rogue waves in the NLS equation to the
study of general higher order rational solutions in the KP-I equation is left for
future studies.
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19104002) and for challenging Exploratory Research (22656026), and the work of J.Y. is supported
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Science Foundation (Grant DMS-0908167).

Appendix A

In this appendix, we determine the number of free parameters in the rogue-wave
solutions obtained in this paper. Since the solutions in theorem 2.1 are derived
from the ones in lemma 3.2, we will examine solutions in lemma 3.2 below.
First we can factor out ay from A; and by from B;. These factors cancel out in
the formula (3.2), thus we will set ay = by =1 without loss of any generality.
Secondly, let us consider the effect of a constant shifting of (z;,1»). By the

shifting (21, 2) — (21 + a, 5 + 8), m(™ in (3.12) gets an exponential factor,
m™ - mMe! and 0= (p+ ¢Q)a+ (p* — ¢*)B, (A1)

consequently the (i,5)-component A;B;m™ in (3.11) is also modified. Below we
show that AiBjm(") is modified as

AZBJm(”) ard AZBJ(m(")eB) = eazzlléjm("), (A 2)
where
i A J r
A aj i—k 7’ by —1
i Z (pd,)"", BJ:Z : (qd,)"", (A3)
— (i—k)! = (j—1)!
and
k 2 ke, 2
. pa+4p°0B pa+27p7p
a'k:VXZ(;aVSkV(wS_)’ w(—]i_: (pa+2p2ﬂ7 9 VI k! PRI K
(A4)
! 2 k2
. ~ _ qa —4q°0 qa —27¢°6
bl:ZbySl_y(CCO), z, :((]0(—2q267 5 sy o ,) (A5)
r=0 ’

To prove (A 2), we notice that for the generator G of the differential operators
(pd,)* defined by

g= Z —(p(?p)k = exp(Apd,) = exp(Adn,), (A6)

the relation
GF(p,q)=F(e'p, q)

holds for any function F(p,q). This relation is a special case of the previous
relation (3.21). Thus,

0 3k
e 'G(e"F) = exp((e! — 1)pa + (e — 1)p*B)GF = exp (Z %(pa + 2’“2926)) GF,

k=1
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whose coefficient of order A gives

k

1 k(al Yy — o0 - k—v
Similarly, we have
!
(000! F) =" 32 8, wy) = (000) F
! — !
Therefore,
A;B;(mMe’) = i b — (pd,)—* ! (qd,)" ! (m™e)
1Dy — kl(l—k)'pp (_l)'Qq
k=0 1=0
i 7 i—k '
=¢’ Zakblzsﬂ(wo)(z’— k_lu)'(pap)l—k—u
k=0 1=0 u=0
Jj—l 1
- j—l—v, (n)

which proves equation (A 2).
Now we take p=¢=1. Then from equations (A 4)—(A5), we get

&020,0:1, dlzal—l—a—|—26,..., Bozbozl, 31:b1+0é—26,....

Thus by a shifting of (2, 2) = (21 + @, 1 + 6) with a=—(a; + b;)/2 and =
—(a; — b1)/4, we obtain a; = by =0. When this shifting is combined with shifts
of higher coefficients ay — a3, a3 — as,..., by — by, bg — bs,..., the solution 7,
depends on parameters (ds, as,...; 52, 53, ...) only. In other words, by a shift of
(21, 1), we can normalize a; = by = 0.

Thirdly, from the expressions of mj; in (3.11) and the expressions of A; and
Bj, we see that in the determinant formula for 7, in (3.13), when we subtract the
product of the first row and ay from the second row, and subtract the product
of the second row and ay from the third row,..., and subtract the product of
the ith row and ay from the (i + 1)-th row, and then subtract the product of
the first column and by from the second column, and subtract the product of the
second column and by from the third column, etc., we can remove the parameter
az and by from the solution formula (3.13). By similar treatments, we can remove
all other even coefficients ay, ag, ... and by, bg, ... as well. In other words, we can
set w=as=0a3=---=0and by =0by = bs =---=0 without any loss of generality.
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By summarizing the above results, we see that without any loss of generality,
we can set

a0:b0:1, 0'2:a'4:a6:"':b2:b4:b6:"':0~

In addition, by a shift of (z;,1,), we can normalize a; = by =0. Combined with
the complex conjugacy condition by = a; in (3.17), we then find that the N-th
order rogue-wave solutions in theorem 2.1 have N — 1 free irreducible complex
parameters, as, as,..., GN_1-
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