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Abstract

The structure of the solutions to the one dimensional focusing nonlin-
ear Schrodinger equation (NLS) for the order N in terms of quasi rational
functions is given here. We first give the proof that the solutions can be
expressed as a ratio of two wronskians of order 2N and then two determi-
nants by an exponential depending on ¢ with 2N — 2 parameters. It also
is proved that for the order N, the solutions can be written as the prod-
uct of an exponential depending on ¢ by a quotient of two polynomials of
degree N(N + 1) in z and t. The solutions depend on 2N — 2 parame-
ters and give when all these parameters are equal to 0, the analogue of
the famous Peregrine breather Py. It is fundamental to note that in this
representation at order N, all these solutions can be seen as deformations
with 2N — 2 parameters of the famous Peregrine breather Py. With this
method, we already built Peregrine breathers until order N = 10, and
their deformations depending on 2N — 2 parameters. We present here
Peregrine breather of order 11 constructed for the first time.

1 Introduction

The term of rogue wave was introduced in the scientific community by Draper
in 1964 [1]. The usual criteria for rogue waves in the ocean, is that the vertical
distance from trough to crest is two or more times greater than the average
wave height among one third of the highest waves in a time series (10 to 30
min). The first rogue wave recorded by scientific measurement in North Sea
was made on the oil platform of Draupner in 1995, located between Norway and
Scotland. Rogue waves in the ocean have led to many marine catastrophes; it
is one of the reasons why these rogue waves turn out to be so important for the
scientific community. It becomes a challenge to get a better understanding of
their mechanisms of formation.

The rogue waves phenomenon currently exceed the strict framework of the study



of ocean’s waves and play a significant role in other fields; in nonlinear optics
[2], Bose-Einstein condensate [3], atmosphere [4] and even finance [5].

Here, we consider the one dimensional focusing nonlinear Schrédinger equation
(NLS) to describe the phenomena of rogue waves. The first results concerning
the NLS equation date back the works of Zakharov and Shabat in 1968 who
solved it using the inverse scattering method [6, 7]. The case of periodic and
almost periodic algebro-geometric solutions to the focusing NLS equation were
first constructed in 1976 by Its and Kotlyarov [8, 9]. In 1977 Kuznetsov found
the first breather type solution of the NLS equation [13]; a simular result was
given by Ma [12] in 1979. The first quasi rational solutions to NLS equation
were constructed in 1983 by Peregrine [10]. In 1986 Akhmediev, Eleonski and
Kulagin obtained the two-phase almost periodic solution to the NLS equation
and obtained the first higher order analogue of the Peregrine breather [11].
Other analogues of Peregrine breathers of order 3 were constructed and initial
data corresponding to orders 4 and 5 were described in a series of articles by
Akhmediev et al., in particular in [14, 15] using Darboux transformations.
Quite recently, many works about NLS equation have been published using dif-
ferent methods. In 2010, rational solutions to the NLS equation were written
as a quotient of two wronskians [16]. In 2011, the present author constructed
in [17] another representation of the solutions to the NLS equation in terms of
a ratio of two wronskians of even order 2N composed of elementary functions
using truncated Riemann theta functions depending on two parameters; ratio-
nal solutions were obtained when some parameter tended to 0. In 2012, Guo,
Ling and Liu found another representation of the solutions as a ratio of two
determinants [18] using generalized Darboux transform; a new approach was
proposed by Ohta and Yang in [19] using Hirota bilinear method; finally, the
present author has obtained rational solutions in terms of determinants which
do not involve limits in [20] depending on two parameters.

With this extended method, we present multi-parametric families of quasi ratio-
nal solutions to the focusing NLS equation of order IV in terms of determinants
(determinants of order 2N) dependent on 2N — 2 real parameters. With this
representation, at the same time the well-known ring structure, but also the
triangular shapes also found by Ohta and Yang [19], Akhmediev et al. [21] are
given.

The aim of this paper is to prove the representation of the solutions to the
focusing NLS equation depending this time on 2N — 2 parameters; the proof
presented in this paper with 2N — 2 parameters has been never published. This
is the first task of the paper; then we deduce its particular degenerate represen-
tations in terms of a ratio of two determinants of order 2/N. The second task
of the paper is to give the proof of the structure of the solution at the order N
as the ratio of two polynomials of order N(N 4 1) in « and ¢ by an exponen-
tial depending on t. This representation makes possible to get all the possible
patterns for the solutions to the NLS equation. It is important to stress that
contrary to other methods, these solutions depending on 2/N —2 parameters give
the Peregrine breather as particular case when all the parameters are equal to 0
: for this reason, these solutions will be called 2N — 2 parameters deformations



of the Peregrine of order N.

The paper is organized as follows. First of all, we express the solutions of the
NLS equation using Fredholm determinants from these expressed in terms of
truncated functions theta of Riemann first obtained by Its, Rybin and Salle
[9]; the representation given in theorem 2.1 is different from those given in [9].
From that, we prove the representation of the solutions of the NLS equation in
terms of wronskians depending on 2N — 2 parameters. We deduce a degenerate
representation of solutions to the NLS equation depending a priori on 2N — 2
parameters at the order N.

Then we prove a theorem which states the structure of the quasi-rational solu-
tions to the NLS equation. It was only conjectured in preceding works [17, 20].
Families depending on 2N — 2 parameters for the N-th order as a ratio of two
polynomials of z and ¢ multiplied by an exponential depending on ¢ are obtained;
it is proved that each of these polynomials have a degree equal to N(N + 1).
Finally, to prove the efficiency of this method, we construct the Peregrine
breather of order 11. For reasons of place, one cannot thus give the explicit
expression of Peregrine breather of order 11; it is presented only graphically. To
the best of my knowledge, it is the first time that this solution is presented.

2 Expression of solutions to the NLS equation
in terms of wronskians

2.1 Solutions to the NLS equation in terms of ¢ functions

For r =1, 3, we define

2
2N v —
0,(2,1) = e qonyen OXD {zpy, ot 1 (2522) Rk

+ (212/1;[1 iK/U{I; - 26Vt + Ty, + Ziil., pFV In zzi_zz

(1)

+ i€, + el,) k,,} ,

In this formula, the symbol 3 ke{051}2N denotes summation over all 2N-dimensional
vectors k whose coordinates k, are either 0 or 1.

The terms k,,d,,7, and x,, are functions of the parameters A,, 1 < v < 2N;
they are defined by the formulas :

HU:2\/1—A12,, 51/:/431/)\1/, Y = \/ 1;)\:57 (2)

Tpy = (r— l)lnzl‘:_::, r=1,3.

The parameters —1 < A, < 1, v =1,...,2N, are real numbers such that

_1</\N+1</\N+2<'-'</\2N<0</\N</\N—1<'-'</\1<1 (3)
ANt =—2X;, j=1,...,N.

The condition (3) implies that

-1 .
Kj4N = Kj,  Oj4N = —0jtN, V4N =7 5 Trj4N =Trj, j=1,...,N. (4)



Complex numbers e, 1 < v < 2N are defined in the following way :
e; =ta; —b;, enyj=ta;+b;, 1<j<N, abeR. (5)

€, €{0;1}, ¢, v =1...2N are arbitrary real numbers.
With these notations, the solution of the NLS equation

iV + Vo + 2020 = 0, (6)
can be expressed as ([9])
- 6‘3 (,T, t) . .
v(z,t) = 5 (z.1) exp(2it — ip), (7)

2.2 From 0 functions to Fredholm determinants

To get Fredholm determinants, we have to express the functions 6, defined in
(1) in terms of subsets of [1,..,2N]

er(xvt) = Z H(_l)ey H

Jc{1,...2N}veJ veld, ugJ

T+ Y
T — T

X exp <Z ikyT — 20t + 20, + el,> . (8)

veJ

In (8), the symbol 3 ;¢ ,yy denotes summation over all subsets J of indices

of the set {1,..,2N}.
Let I be the unit matrix and C, = (¢jr)1<j k<2n the matrix defined by :

v+
Cu# — (_1)€Vw exp(iﬁ;l’x — 251/t “+ IT,I/ + 6,/), (9)
Hn;ﬁu |7V _Wnl
g=j 1<j<N, ¢=N+j, N+1<j<2N. (10)

Then det(I 4+ C,) has the following form

det(I+C)= > J[v~ ]

Jc{1,...2N}veJ ved ugJ

Yo +Vu

exp(iky,x — 20t + Tppy + €,). (11)
Tv = T

Comparing this last expression (11) with the formula (8) at the beginning of
this section, we have clearly the identity

0, = det(I + C..). (12)

We can give another representation of the solutions to NLS equation. To do
this, let’s consider the matrix D, = (d;i)1<jk<2n defined by :

dyp = (1) H

n#p

We have the equality det(I + D,) = det(I 4+ C..), and so the solution of NLS
equation takes the form

Tn +
Tn — TYu

exp(iky, T — 20t + Tppy + €1). (13)

N = det(I + D3(z,t))
o) = Get(T + Dy (2, 1))

exp(2it — ip). (14)



Theorem 2.1 The function v defined by

~ det(T + Ds(a,1))

v(x,t) = det(I + D1(z,1))

exp(2it — ip). (15)

is a solution of the focusing NLS equation with the matriz D, = (d;i)1<jk<2N
defined by

dyp = (=1) H

n#p

Yo + Vv

exp(iky e — 20, + T, + €,).
Tn — T

where Ky, 0y, Try, Y, €, being defined in(2), (3) and (5).

2.3 From Fredholm determinants to wronskians

We want to express solutions to NLS equation in terms of wronskian determi-
nants. For this, we need the following notations :

¢rp =sin0,,, 1<v<N, ¢, =cos0,,, N+1<v<2N, r=13, (16)
with the arguments
Oy = KyT/2 4+ 10t —ixr /2 + Yy —ie, /2, 1< v <2N. (17)

We denote W, (y) the wronskian of the functions ¢, 1, ..., ¢r2n defined by

W (y) = det[(9) ™ br)u, e,....2n)- (18)

We consider the matrix D, = (dyu)y, uent
the following statement

o] defined in (13). Then we have

.....

Theorem 2.2
det(I + DT) = kT(O) X Wr(¢r,17 ceey ¢r,2N)(0)u (19)
where
22N exp(i 21221 ©,.)
kr(y) = w3 :
Hu:Q #:1('71/ - ’yH)
Proof :  We start to remove the factor (2i)~1e!®rv in each row v in the
wronskian W,.(y) for 1 <v < 2N.
Then
N )
| L 0
v=1



with

(1- 6’21:@“1) (1 + 6’21:@“1) coe ()N + (—1)2N672Z:@T’1
W (1 —e20r2) iy (1 e 20r2) 0 (iyg) N1 (1 4 (=1)2Ne20r2)
(1 _ 6—21’0“21\7) ’L’YQN(l + e—2i®r,2N) . (,L',Y2N)2N—1(1 + (_1)2716—21’@7“,2]\[)

The determinant WT can be written as
W, = det(ajre; + 1),

where ajr = (=1)F(iv;)* 1, e; = e 20 and B = (iv;)* 1, 1 < j < N,
1<k <?2N,

ajr = (=) 1(iy)F 1 e = e72€ri and By, = (iv;)" 1, N+ 1 < j < 2N,
1 <k<2N.

We want to calculate WT. To do this, we use the following Lemma

Lemma 2.1 Let A = (aij)i)je[17,,,7N]; B = (bij)i,je[l,...,N];
(Hij)i, jeq,...,N]» the matriz formed by replacing in A the jth row of A by the ith
row of B Then

det(Hw)

det(aijz; +b;) = det(as;) x det(dyz; + det(ai;)

) (21)

Proof : We use the classical notations : A = (dji)i1j€[1 ~7 the transposed

matrix in cofactors of A. We have the well known formula A x A = det A x I.

So it is clear that det(A) = (det(A))N~1.

The general term of the product (ci;); jen,...N) = (ai;zi + bij)z‘,je[l,..,N] X(@ji)ijen,.. N]
can be written as

Cij = ooty (@ismi + bis) X s

=T Yo Qisljs + Doy bislys

= 5ij det(A)a:l + det(Hij).

We get

det(es) = det(agm +byy) x (det(A)V=1 = (det(A)™ x det(di;; + iy,
Thus det(a;;x; + b;;) = det(A) x det(d;5z; + dgigﬁig) ).

O

We denote U = (aij)i, jeqn,...2n), V' = (Bij)i, jeln,...2n)-
By applying the previous lemma, one obtains :

W, = det(asje; + Bij)

de Hij . de Hij
= det(aij) X det(éijei + detjﬁ((aij))) - det(U) X det((sijei + dZ‘E(U)))’

(22)

where (Hyj);, jep,...,n] is the matrix formed by replacing in U the jth row of U
by the ith row of V' defined previously.
The determinant of U of Vandermonde type is clearly equal to

det(U) =iVCND T (9 = ym)- (23)
2N>I>m>1



To calculate determinant W,., we must compute now det(H;). To do that, two
cases must be studied :

1. For 1 < j < N. The matrix H;; is clearly of the VanderMonde type where
the j-th row of U in U is replaced by the i-th row of V. Clearly, we have :

det(Hij) _ (_1)N(2N+1)+N71(i)N(2N71) x M, (24)
where M = M(my, ..., man) is the Vandermonde determinant defined by my, =
v for k # j and m; = —v;. Thus we have :

det(H;;) = —(i)N@N_l) X H2N2l>k21, (mu — my)

= _(Z.)N(QNil) X H2N2l>m217l7&j7 m;&j('}’l = Ym) X Hl<j(_7i — M) X Hl>j('7l +7i), (25)

= (=17 (H)NEND x [onsisms1, 15, mees (0 = Ym) X Tz (0 + ).

To evaluate W,., we must simplify the quotient g¢;; := dg:}igj";) :

(1) (i)yNEN-D XH2N21>m21, 145, m;sj(’)’l*’Ym)XHL;ﬁj('YhL'Yi)

G = iNEN=D H2N21>m21(’)’l*7m)

(26)
_ (*1)jl_[1¢j(’yz+’ﬁ) _ (*1)jnz¢j(’ﬁ+’)’i) _ _Hz;éj('YlﬂL’Yi)
T i s ;=) T (CDIT e (=) T T (n—s)

We can replace ¢;; by r;; defined by —%, because det(d;;z; + ddeett(fj{))) =
dct(rij)

det(d;5z; + Tt () ) (similar matrices).

We express 7;; in terms of absolute value; as j € [I;N] and 0 < 11 < ... <
v <1 <7yn <...<7vyNy1, We have :

[l =) = (0" T I =il s Tl (e + ) = Tl I+l - (27)
So the term 7;; can be written as

oo yi gyl e Magglvitwl — _950,.4(0)
= (CDEEEE = ()0 [ e, (28)

with respect to the notations given in (10) and (13).
2. The same estimations for N +1 < j < 2N are made; det H;; is first
det(Hij) _ (_1)N(2N+1)+N—1(i)N(2N—1) x M, (29)

with M = M(my, ..., may) the Vandermonde determinant defined by my = 4
for k # j and m; = —v;. Thus we have :

det(H,;) = (i)NCN=1 x [onsises1, (i —mg)
= (j)N@N-

D x H2N2l>m21,l7€j, m;ej(% = Ym) X Hl<j(_%‘ - M) X Hl>j (v +7i), (30)

= ()7 (H)NEND x [onsisms1, 15, ms (00— vm) X Ty (0 + %)



The quotient ¢;; = d;:zigg;) equals :

(_1)j71(i)N(2N71) XH2N21>m21, 1#£3], m¢j(Vl—7m)XHL¢j(71+7i)

qij = NN D [ yns 1o mon (11— 7m)
(31)
(= )J 1Hl¢] Yi+74) ( 1)J Hz¢j(7l+7i) _ Hl¢j(Vl+%)
T, =) GO (i) iy i)

HL¢](WL+’YZ

We replace ¢;; by r;; defined by , for the same reason as previously
J J H I#i (=)

exposed.
ri; is expressed in terms of absolute value; as j € [N + 1;2N] and 0 < 11 <
<IN <1<y <...<7YN+1, we have :

[l =) = (COPN N b =il Tl On +90) = Ty e+l - (32)
So the term 7;; can be written as

o N+iHl¢"'Yl+'Yi| . e(i Hz;ﬁ [vi+il - e—2i0,,(0
Tij = ( 1) Hl;éZI'Yl_'Y'LI _( 1) )H#ihl =il = Gij€ ( )’ (33)
with respect to the notations given in (10) and (13).
Replacing e; by e=2©ri det W, can be expressed as
det W, = det(U) x det(djje; + o)) = det(U) x det(dije; + 745)
= det(U) [T12, e det(d;5 + (—1)°® 1 20r).

Yit+7i (34)

e

We estimate the two members of the last relation (34) in y = 0, and using (23)
we obtain the following result

1 : — 2N 2 )
det W, (0) = V2= [onsisms1 (0 —7m) ITiZ, 72 Ori(0)
e + (1) T [ 325 290

— jN@N-1 H LTI (v — i)e 2225100400 det (655 + ¢45)
(35)

_ZN(2N 1)1—[ H ( ) —2121 1 6:,:(0) det([—i—C)

= iNEND TN T2 (= yi)e 2 25 00O det (T + D),
Therefore, the wronskian W, given by (20 ) can be written as

Wr(¢r,17 SER) ¢r,2N)(O) = H?gl eiG)m-(o) (2)_2N(2)_N X W’I"

= [I72, s (2) 72V (i) =NV VO T T2 (y — ya)e 2 235 OO det(1 + D) (36)

= ()N ILL T (g —1)e ™ 25 0 det(T + D).
As a consequence
det(I—i—Dr) = kT(O)WT(¢1,...,¢2N)(O). (37)



2.4 Wronskian representation of solutions to the NLS equa-
tion
From the initial formulation (15) we have

_det(I + Ds(x,t))
~ det(I + Di(x, 1))

v(x, t)

exp(2it — iyp).

Using (19), the following relation between Fredholm determinants and wron-
skians is obtained

det(I + D3) = k3(0) x Ws(dy1, ..., dr2n)(0)

and

det(I + Dg) = k3(0) X W3(¢T)1, ceey ¢r,2N)(O)'
As O3 ;(0) contains N terms x3; 1 < j < N and N terms —z3; 1 < j < N, we
have the equality k3(0) = k1(0), and we get the following result :

Theorem 2.3 The function v defined by
_ Ws(931,-- -, ¢328)(0)
Wi(é1,1,- -+, ¢1,28)(0)

is a solution of the focusing NLS equation depending on two real parameters a

and b with ¢, defined in (16)

v(z,t)

exp(2it — iyp).

¢rp = sin(kpx/2 + 00t — ixr /2 + 7y —ie,/2), 1<wv <N,
Grp = cos(Kpx/2 4+ 10t — iy, /2 + Yy —ie,/2), N+1<v<2N, r=13,

Kus Ou, Truy Yo, € being defined in(2), (3) and (5).

3 Families of multi-parametric solutions to the
NLS equation in terms of a ratio of two de-
terminants

Solutions to the NLS equation as a quotient of two determinants are constructed.

Similar functions defined in a preceding work [20] are used, but modified as ex-
plained in the following. The following notations are needed :

X, = kox/2 +i0,t —ixs, /2 —ie, /2,
Y, = kpx/2 + i0,t — ix1,, /2 — ie, /2,

for 1 <wv < 2N, with £,, 0,, z,, defined in (2).
Parameters e, are defined by (5).
Here, is the crucial point : we choose the parameters a; and b; in the form

=2

N-1 —1
0= 3 @A = SR 1< <N (39)
k=1 1

>
Il

Nej



Below the following functions are used :

45-1 . 45
Cajr1k = Ve SN Xp,  Qajpok =7 cos Xp, 39

_ Aty o (39)
Paj+3.k = Vg SIN Ak,  Q4j44.k = Vg COS Ak,

for 1 <k <N, and

2N —4j—2 2N—4j-3

P4j+1,N+k = Vp, COS XNtk, Paj+2,N+k = —Vp sin XNk, 40
2N —4j—4 X 2N—4j—5 X ( )
P4j+3,N+k = — Vg COS AN+Ek, Paj+4,N+k = Yy, sin Xy 4k,

for 1<k <N.
We define the functions 9, ;, for 1 < j < 2N, 1 < k < 2N in the same way, the
term X is only replaced by Y.

Yajr1,e = W:J YsinYi,  ujior = W:j cos Yy, (41)
Yajask =~ T sinYi,  Yajian = —0  cos Vi,
for 1 <k < N, and
IN—4j—2 IN—4j-3
Vajri, Ntk = cosSYnir, Uajyo Ntk =7, - sinYni, 49
_ 2N —4j—4 SN-—4j—5 (42)
Yaj+3 N+E = —Vp, cosYN ik, YajraN+k =y sin Yy,
for 1<k <N.
Then it is clear that Wi (0)
3
1(0)

can be written as

Az det(pjr)j ken, 2]
Ay det(¥n)j kepan]

We recall that A; = 1—2j€¢2. All the functions ¢; x and 1, x, and their derivatives
depend on € and can all be prolonged by continuity when ¢ = 0.
Then the following expansions are used

q(z,t) = (43)

N—-1

1 0%,
pintie) =3 e IR +O(EY), 9jall) = =55 (. 1,0),
=0

00l = ¢ji(x,t,0), 1<j<2N, 1<k<N, 1<I<N-1,
N-1 92l
j,N+1
0 N+k(T, T, €) Z 2l T N+1[JE*EE+0(eN),  pjnll] = #(Iatvo)a
1=
@j,N+1[0] = sDj,N+1(:E,t,0), 1<j<2N, 1<k<N, 1<I<N-1.
We have the same expansions for the functions ;.

N—
1
’Q[Jj7 z,t, 6 2— k2l 2 +O( 2N)7 %,1[1] =
=0

)_.

a2le1 )
5ol

l’,t,O),

10



Y10l =v;1(z,t,0), 1<j<2N, 1<k<N, 1<[I<N-1,

N—

1
Y N1k, t,€) a0 Vi N IR +0(eN), Py nall] =
1=0

,_.

O*pj Ny

8621 (JI, tu 0)7

Y n+1[0) = ¥ Nv41(2,t,0), 1<j<2N, 1<k<N, N+1<Ek<2N.
Then we get the following result :
Theorem 3.1 The function v defined by

det((njk)j,ke[l,QN] )

det((d, (44)

v(x, t) = exp(2it — i) X
k)j,keu,zzv])

is a quasi-rational solution of the NLS equation (6)
iV 4 Ve + 2[0[*0 = 0,

where

Oe2k—2

), 1<j<2N anJrk:m(I,t,O),

Oe2k—2

Tt (2,1,0),

niN+1 = 95 N+1(7, 1,
dji = ¥;1(2,1,0), 1 <j < 2N djp = “5r
(x,t,0

- 2
dine1 = Yy (@, 6,00, 1< <N diny = g et (2, ,0),
2<k<N1<3<2N

2k—2
nj = @i (x,1,0), 1 <5 <2N  ny = L8t (2,1,0),
2
0
J

The functions ¢ and 1) are defined in (39),(40), (41), (42).

Proof : The columuns of the determinants appearing in ¢(z,t) are combined
successively to eliminate in each column &k (and N + k) of them the powers of €
strictly inferior to 2(k — 1); then each common term in numerator and denomi-
nator is factorized and simplified; finally we take the limit when € goes to 0.
Precisely, first of all, the components j of the columns 1 and N + 1 are respec-
tively equal by definition to ¢;1[0] + 0(¢) for C1, ¢jn+1[0] + 0(€) for Cn41 of
Ag, and ’(/)Jl[O] + O(E) for O{, ’(/)J‘NJrl[O] + 0(6) for C;\H—l of Al.
At the first step of the reduction, we replace the columns C} by Cy — C7 and
Cnik by Cngr — Cnqq for 2 < k < N, for As; the same changes for A
are done. FEach component j of the column C% of Az can be rewritten as
fi;l ﬁgoj,l [1](k*—1)e? and the column Cy  replaced by Zz 1 (21)' oin+1[l] (k¥ —
1)e? for 2 < k < N. For Ay, we have the same reductions, each component j of
the column Cj, can be rewritten as Zl 1 (21),1/1]7 1[[](k?" — 1)e?" and the column
C'\ 41, replaced by PO W¢j7N+1[l](kzl —1)e? for2< k< N.
The term %62 for 2 < k < N can factorized in Az and A; in each column
k and N + k , and so these common terms can be simplified in numerator and
denominator.
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If we restrict the developments at order 1 in columns 2 and N + 2, we get re-
spectively ¢;1[1] 4+ 0(e) for component j of Ca, @;n41[1] + 0(¢) for component
J of Cnyo of Ag, and 9j1[1] 4 0(e) for component j of C%, 1;n+1[1] + 0(€) for
component j of 'y, of A;. This algorithm can be continued up to the columns
CN, CQN of Ag and CJ/\H CéN of Al.

Then taking the limit when € tends to 0, g(x,t) can be replaced by Q(z,t)
defined by :

0110] ... 1[N =1  p1n+1[0] ... @1 N[N —1]
021[0] ... @21[N—=1]  pan+1[0] ... @2 Np1[N —1]
_ <P2N',1[O] . <P2N,1[N —1] <P2N,]\.I+1[O] . <P2N,N+.1[N —1]
Q(Ia t) =
1[0 .. Yia[N =1 1 n4a[0] 1, N1 [N — 1]
2,1[0] Yo 1[N —1] 4 n41[0] o N1 [N — 1]
1/121\/',1[0] . . 1/J2N,1[N — 1] ¢2N,]\'7+1[0] . . w2N,N+'1[N — 1]

So the solution of the NLS equation takes the form :
v(z, t) = exp(2it — ip) X Q(z,t)

So we get the result given in (44). O

4 Families of quasi-rational solutions of order N
depending on 2N — 2 parameters

Here a theorem which states the structure of the quasi-rational solutions to the
NLS equation is given. It was only conjectured in preceding works [17, 20].
Moreover we obtain here families depending on 2N — 2 parameters for the Nth-
order Peregrine breather including families with 2 parameters constructed in
preceding works and so we get other symmetries in these deformations than
those were expected.

In this section we use the notations defined in the previous sections. The func-
tions ¢ and ¢ are defined in (39), (40), (41), (42).

Theorem 4.1 The function v defined by

det((njk)j ke[ zN])
" Jet((d "

v(x,t) = exp(2it — ip)
jk)j,kE[l,2N])

is a quasi-rational solution of the NLS equation (6) quotient of two polyno-
mials N(z,t) and D(z,t) depending on 2N — 2 real parameters a; and b~j,
1<j<N-1.

N and D are polynomials of degrees N(N + 1) in x and t.

12



Proof: From the previous result (45), we need to analyze functions ¢, 1, ¥ 1
and ¢r N+1, Yr,N+1. Functions ¢ ; and 1y ; differ only by the term of the
argument 23 j, so only the study of functions ¢y, ; will be carried out. Then the
study of functions 1)y, ; can be easily deduced from the analysis of ¢y ;.

The expansions of these functions in € are studied. We denote (I1; )y, je[,2n) the
matrix defined by

922 922 .
lj = Dez—2 k1> lkj+N = FTECLAERE 1<j<N,1<Fk<2N,

88—;)4;7 meaning . Each coefficient of the matrix (lkj)kyje[LQN] must be evaluated,
the power of 2 and # in the coefficient of €2~ for the column m € [1,2N]. We
remark that with these notations, the matrix (Ix;)x je[1,2n] evaluated in € = 0
is exactly (nx;j)k,je1,2n] defined in (45). Four cases must be studied depending
on the parity of k.

1. We study lg; for k odd, k = 2s + 1.

len = (—1)*sin(2€(1 — €2) 2z + 4ie(1 — €2)2(1 — 262t
1+ie(1—€?)™

—tln ———M—~
1 —ide(l—e€2)™

—e1) x (1 - 62)7¥

Nl =

P 2041

p P 2)—
1—
= (—1)"sine()_eue®w +2i Y cue(1-27)t+2) (—1)%%7( (2161 1)2
=0 1=0 =0

-1 N—-1

- Z ae®t i Z bie! + O(eP1)) x ek_2(z gue? + 0(e" 1))

=1 =1 =1

(cor + dart + for + O(PT))e?) x 72D " gue® + O(e71))
=0 =1

I
—~
I
L
S~—
w
wn
2
=}
[
o2
[+

q 1)l tse2 p r
=3 O e S oot fon tO(@H)) @M x k(3 g0 H))

n=0 =1
q I+s,21 P r
—1 € _
e e LD S TR
=0 ' n=0 =1

where P, (z,t) is a polynomial of order 1 in z and ¢.

q T
1= E e E Bao,....ap, Po(, )™ ...Pp(gc,t)%62(0‘1“0‘2ﬂ”0‘?’)><62S E 92[€2l+0(6t)
=0 ap+...fap=21+1 =1

q

s
_ 21 2(a1+2a0+ 2 2l t
= € E Qa,....ap (T, )€ (a1+200tpap) o (25 E g€’ + O(€"),
=0 ag+...+op=204+1 =1

where Qq,,...,
The terms in €

a, (z,1) is a polynomial of order 2/ 4 1 in z and ¢.
0 are obtained for { = 0 in the two summations with ag = 1.
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For column m, we search the terms in €22 with the maximal power in = and

t. It is obtained for 2] + k — 1 = 2m — 2, which gives [ =m — s — 1.
The notations given in (44) are used. We get the following result

Proposition 4.1
deg(nost1,m) =2(m—3s)—1 fors<m—1, nosr1.m =0 fors>m. (47)
2. We study I for k even, k = 2s.

ler = (—1)"T cos(2e(1 — €2)7x + die(1 — €2)2 (1 — 262t

—e) x (1 —e)" 2

2141

(1—
= s+1COS€ chle LL’+2ZZCQZE 1_26 t—i—QZ 121 216_')—1;

N-1 N-1 r
ae? +i Z bie? + O(ePH1)) x ek_2(z g€ + 0(e"t))
=1 =1

1
P

= (=1)* cos e(Z(CQZx + doit + for + O(ePT1))e?) x eka(Z g2 + O(e"th))

=0 =1

4q l+d+1 21 P r
Z OO (conm+dant+fon+O( 1)) x 2 (3 goye? +0(e" 1))
=

n=0 =1
l+s+1 2 p

q r
Z (Z Pn(x,t)€2n)2l ~ 62572 2921621 + O(Et)

=0 n=0 =1

where P, (z,t) is a polynomial of order 1 in z and ¢.

q r

21 2 2 25—2 21 t

=) e Y Banay Polm, )0 Py(w, 1) r (1 F2028pen) 25728 7 g 211 O (')
=0 ap+...fap=21 =1

q T
— Z 62l Z an,...,ap (LL', t)62(a1+2a2+pap) « 62572 Zg2l€2l + O(Gt),
=

ag+...+ap=21 =1

where Qa,.....a, (7, 1) is a polynomial of order 2/ in x and ¢.

The terms in €® are obtained for I = 0 in the two summations with oy = 1.
For column m, we search the terms in €22 with the maximal power in = and
t. It is obtained for 2] + k — 2 = 2m — 2, which gives [ = m — s.

With the notations given in (44), we have

Proposition 4.2

deg(nas,m) = 2(m —s) for s <m, nasm =0 for s >m. (48)
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3. We study ljm 1, for k odd, k =25+ 1.

1 . 1_ 2y —1
loat 11 = (—1)° cos(2e(1—€2) > m—die(1—2) % (1—2¢2)t+i In Lbiel =€) s)
2 1—ie(l—€2)72 2
X€M7k71(1 _ 62)7M72k71
P (1 62)_212+1
(cose coela — 2 et (1 =2t —2 e
Z 21 ; 21 ( ) ;( ) (2l+1)
N—-1 N-— T
_ &16 Z 24 O( p+1)) M—kq(z gzz€2l + O(erJrl))
=1 =1 =1

p T
(cose( Z et +dot+ far) € +O(eP 1)) x eM_k_l(Z g€l +0(e" 1))
=0 =1

4q l+s 21 P r
= 3 CL (S (enmrbdontt font O ) <M 413 e +0(e)
=0 n=0 =1
q l+s 21 P T
Z an(x,t)62n _|_O(€;D+1))2l ~ 6M—2s—2(z gzz€2l + O(Er-i-l))
=0 n=0 =1

where P, (z,t) is a polynomial of order 1 in z and ¢.

q
M = Zezl Z ﬁao, HQp (LL' t)

=0 ag+...fap=21

T
) .PP(I, t)ap€2(a1+2a2+pap) % 6M72sf2 Z 92162l + O(et)
=1

q T
Z Z an ..... o (ZE, t)62(a1+2a2+po¢p) ~ 6M—2s—2 Zgzleﬂ + O(et),

ap+...fap=21 =1

where Qa.....a, (7, 1) is a polynomial of order 2/ in x and ¢.

The terms in € (column &L + 1) are obtained for [ = 0 in the two summations
with ag = 1.

For column % + m, we search the terms in € with the maximal power in x
and t. It is obtained for 21+ 2(N — s — 1) = 2m — 2, which gives = m+s— N.
Then we get the following result

2m—2

Proposition 4.3

M M
deg(noq,my2a) =2m+2s — M for s > - T Nastim = 0 for s < - —m (49)
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4. We study I, ;, m for k even, k = 2s.

) oy 1
b 1 = (=1)*sin(2e(1—€%) 2 z—die(1—€*) (126 t+i IHM— o)
1—ie(1—¢€2)"2
X€M7k71(1 _ 62)7M72k71
P p P 1 9 _21;1
= (—1)%sin e(z core®lx — 2i Z core?! (1 — 2e%)t — 2 Z(—l)lem%
1=0 1=0 1=0 (2+1)
N-1 N—-1 r
_ &ZGQZ +i Z Ble2l + O(Eerl)) > erkfl(Z 92l€2l + O(erJrl))
=1 =1 =1
P T
= (—1)8 sin E(Z(Czlx + doit + f21)62l + O(€p+1)) x eM—k=1 (Z 921€2l + O(€T+l))
=0 =1

q —1)ltse2 p r
=2 _((2—1)+ T (O (anatdant fant O(E )P XM MY gue+0(EH))
T n=0

1=0 =1

q (_1)l+s€2l p ) 1n2le1 M—2 r 2l 1
= > G (O Pale )+ 0@ x MY g+ O )

1=0 " n=0 =1

where P, (z,t) is a polynomial of order 1 in z and ¢.

q

lk71 = ZEQl Z ﬁao,...,apPO(xat)ao

=0 ap+...+ap=20+1

T
- -Pp(fE, t)ap€2(a1+2a2+pap) % 6M72s Zgzzézl + O(et)
=1

q T

21 2 2 M-2 21 t
=) ¢ > Quao.....c, (1, 1) O1T202TP0) 5 M=25% 7 g0 2L O(€),
=0 ap+...+ap=20+1 =1

where Qa,....a, (2,t) is a polynomial of order 2/ 4 1 in x and ¢.

The terms in €° are obtained for [ = 0 in the two summations with ag = 1.
For column 4 +m, we search the terms in ¢2™~2 with the maximal power in x
and t. It is obtained for 2l + M — k = 2m — 2, which givesl=m +s— N — 1.
Using the notations given in (44), we get the following result

Proposition 4.4

deg(n287m+%):2m+2s—M—1f07"82%—i—l—M,

n257m+%20f0rs<%+1—m. (50)

These results can be rewritten in the following way
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Proposition 4.5

deg(nj k) =2k — j for j <2k,

n;r =0 for j > 2k,

deg(njx) =2k+j—2M —1 for j > 2M + 1 — 2k,
njx =0 for j <2M 41— 2k.

(51)

The degree of the determinant of the matrix (nx;)k je[1,25] can now be evalu-
ated.

From the previous analysis, we see that x and t have necessarily the same power
in each ng;. The maximal power in z and ¢, is successively taken in each column.
It is realized by the following product

N N
H Nj,5 H NN4j2N+1—j-
j=1 j=1

Applying the result given in (51) we get

N N
deg(det(n; )k jeq12ny) = deg(n; ;) + Y deg(nyijoni1-j)
j=1 j=1
N N M
= 25— 2(M+1—j)—2M -1+ — ]
; j—J +]Z:; (M +1-7) +5

N N
=Y j+> N+1—-j=N(N+1).
j=1 j=1

It is the same for determinant det(dx; ), je[1,2n7, we have deg(det(dy; )k, je[1,2n]) =
N(N +1).
Thus the quotient

det((nki)j,keu,zm)

det((dki)j,keu,zm )

defines a quotient of two polynomials, each of them of degree N(N + 1), and
this proves the result.

Parameters a; = Efgv:_ll arer and a1 = Efgv:_ll ar€er must be chosen in the fol-
lowing way.

The term €, must be a power of € to get a nontrivial solution; €; must be a
strictly positive number a in order to have a finite limit when € goes to 0. If
the power of € is superior to 2N — 2, the derivations going up to 2N — 2, then
this coefficient becomes 0 when the limit is taken when e goes to 0 and so has
no relevance in the expression of the limit.

O
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5 The Peregrine breather of order 11

It is important to say that, contrary to the P; breather, all higher ranks Py
breathers can be obtained by deformation of multi-parameters solutions. It is
fundamental to stress that with this method, we can get very easily the Py
breather : it is sufficient to take all parameters equal to 0.

Actually N = 11 is a greatest rank for which the solution is given. We get
explicitly solutions in terms of a ratio of two polynomials of degree 132 in =
and ¢ by an exponential depending on time. We don’t have the space to present
it here. We postpone to give a more precise study of this eleventh Peregrine
breather and its 20 parameters deformations to another publication.

2O

15

10

—a —= O = a

Figure 1. Solution to NLS equation, N = 11, v(z,0).

= O

— 1O — = (&) = 1O 1 s

Figure 2. Solution to NLS equation, N = 11, v(0,t).

Figure 3. Solution to NLS equation, N = 11, v(z, ).

6 Conclusion

Here we proved the structure of quasi-rational solutions to the one dimensional
focusing NLS equation at order V. They can be expressed as a product of an
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exponential depending on ¢ by a ratio of two polynomials of degree N(N +1) in
x and t. If we choose a; = l;Z =0for 1 <i < N—1, we obtain the classical (ana-
logue) Peregrine breather. Thus these solutions appear as 2N — 2-parameters
deformations of the Peregrine breather of order N.

The solutions for orders 3 and 4 first found by Matveev have also been explic-
itly found by the present author [22, 23]. We have also explicitly found the
solutions at order 5 with 8 parameters [24]: these expressions are too extensive
to be presented : it takes 14049 pages! For other orders 6, 7, 8, the solutions
are also explicitly found but are too long to be published in any review. In the
relative works [25, 26, 27, 28, 29] only the analysis has been done and figures
of deformations of the Peregrine breathers has been realized. The solutions for
order 9 with 16 parameters [28] and respectively for order 10 with 18 parameters
are also completely found [29].

We still insist on the fact that quasi rational solutions of NLS equation can
be expressed as a quotient of two polynomials of degree N(N + 1) in z and ¢
dependent on 2N — 2 real parameters by an exponential depending on time.
Among these aforementioned solutions of order N, there is one which has the
largest module : it is the solution obtained in this representation when all the
parameters are equal to 0; one obtains the Peregrine breather order N. His
importance is due to the fact that among the solutions of order NV, its module
is largest, equal to 2N + 1. This result first formulated by Akhmediev has just
been proved recently [30].

In the recent studies proposed by the author, the solutions of order N can be
represented by their module in the plane (z;t). With the representation given
in this article, one obtains at order N, the configurations containing N (N +1)/2
peaks, except the special case of Peregrine breather. These configurations can
be classified according to the values of the parameters a; or b; for i varying be-
tween 1 and N — 1. It is important to note that the role played by a; or b; for a
given index ¢ is the same one, in obtaining the configurations. The study refers
to the analysis of the solutions when only one of the parameters is not equal to
0. Among these solutions, one distinguishes two types of configurations; for a;
or by not equal to 0, one observes triangular configurations with N(N + 1)/2
peaks. For a; or b; not equal to 0 and 2 < ¢ < N — 1, one observes concentric
rings. The simplest structure is obtained for ay_1 or by—_1 not equal to 0 : one
obtains only one ring of 2N — 1 peaks with in his center Peregrine breather of
order N — 2; this fact was also first formulated by Akhmediev. The detailed
study of the other structures is being analyzed. We hope to be able to give
results soon.

We can conclude that the method described in the present paper provides a very
efficient and powerful tool to get explicit solutions to the NLS equation and to
understand the behavior of rogue waves.

There are currently many applications in different fields as recent works by
Akhmediev et al. [31] or Kibler et al. [32] attest it in particular.

This study leads to a better understanding of the phenomenon of rogue waves,
and it would be relevant to go on with higher orders.

19



References

[9]

[10]

[11]

[12]

[13]

[14]

[15]

Draper, L. 1964 Freak ocean waves Oceanus V. 10, 13-15.

Solli, D.R. Ropers, C. Koonath, P. Jalali, B. 2007 Optical rogue waves
Nature V. 450, 1054-1057.

Bludov, Y.V. Konotop, V.V. Akhmediev, N. 2009 Matter rogue waves ,
Phys. Rev. A V. 80 033610-1-5.

Stenflo, L. Marklund, M. 2010 Rogue waves in the atmosphere Jour. Of
Plasma Phys. V. 76, N. 3-4, 293-295.

Yan, Z.Y 2010 Financial rogue waves Commun. Theor. Phys. V. 54 N. 5
947-1-4.

Zakharov, V. E. 1968 Stability of periodic waves of finite amplitude on a
surface of a deep fluid J. Appl. Tech. Phys V. 9 86-94.

Zakharov, V. E. Shabat, A.B. 1972, Ezact theory of two dimensional self
focusing and one dimensinal self modulation of waves in nonlinear media

Sov. Phys. JETP V. 34 62-69.

Its, A.R. Kotlyarov, V.P. 1976 Explicit expressions for the solutions of
nonlinear Schrédinger equation Dockl. Akad. Nauk. SSSR S. A V. 965,
N. 11.

Its, A.R. Rybin, A.V. Salle, M.A. 1988 Ezact integration of nonlinear
Schrodinger equation Teore. © Mat. Fiz. V. 74 N. 1 29-45.

Peregrine, H. 1983 Water waves, nonlinear Schrédinger equations and their
solutions J. Austral. Math. Soc. Ser. B V. 25 16-43.

Akhmediev, N. Eleonskii, V. Kulagin, N. 1985 Generation of periodic trains
of picosecond pulses in an optical fiber : exact solutions Sov. Phys. J.E.T.P.
V. 62 894-899.

Ma, Y.C. 1979 The perturbed plane-wave solutions of the cubic nonlinear
Schrédinger equation Stud. Appl. Math. V. 60 43-58.

Kuznetsov, E. 1977 Solitons in a parametrically unstable plasma  Sov.
Phys. Dokl. V. 22 507-508.

Akhmediev, N. Ankiewicz, N.Soto-Crespo, J.M. 2009 Rogue waves and
rational solutions of nonlinear Schrodinger equation  Physical Review E

V. 80 N. 026601-1-10.

Akhmediev, N.Ankiewicz, A.Clarkson, P.A. 2010 Rogue waves, rational
solutions, the patterns of their zeros and integral relations J. Phys. A :

Math. Theor. V. 43 122002-1-9.

20



[16]

[17]

18]

Dubard, P. Gaillard, P. Klein, C. Matveev, V.B. 2010 On multi-rogue waves
solutions of the NLS equation and positon solutions of the KdV equation
Eur. Phys. J. Special Topics, V. 185 247-258.

Gaillard, P. 2011 Families of quasi-rational solutions of the NLS equation
and multi-rogue waves J. Phys. A : Meth. Theor. V. 44 1-15.

Guo, B. Ling, L. Liu, Q.P. 2012 Nonlinear Schridinger equation: Gener-
alized Darbouz transformation and rogue wave solutions Phys. Rev. E V.
85 026607.

Ohta, Y. Yang, J. 2012 General high-order rogue waves and their dynamics
in the nonlinear Schrédinger equation Pro. R. Soc. A V. 468 1716-1740.

Gaillard, P. 2013 Degenerate determinant representation of solution of the

NLS equation, higher Peregrine breathers and multi-rogue waves Jour. Of
Math. Phys. V. 54 013504-1-32.

Kedziora, D.J.Ankiewicz, A.Akhmediev, N. 2012 Triangular rogue wave
cascades Phys. Rev. E V. 86 056602-1-9.

Gaillard, P. 2013 Deformations of third order Peregrine breather solutions
of the NLS equation with four parameters Phys. Rev. E V. 88 042903-1-9.

Gaillard, P. 2013 Siz-parameters deformations of fourth order Peregrine
breather solutions of the NLS equation J. Math. Phys. V. 54 073519-1-21.

Gaillard, P. 2014 The fifth order Peregrine breather and its eight-parameters
deformations solutions of the NLS equation — Commun. Theor. Phys. V.
61 365-369.

Gaillard, P. 2014 Ten parameters deformations of the sixzth order Peregrine
breather solutions of the NLS equation Physica Scripta V. 89 015004-1-7.

Gaillard, P. 2014 Higher order Peregrine breathers, their deformations and
multi-rogue waves Jour. Of Phys. : conferences Series V. 482 012016-1-7.

Gaillard, P. 2014 Two parameters wronskian representation of solutions of
nonlinear Schrédinger equation, eight Peregrine breather and multi-rogue
waves Jour. Of Math. Phys., V. 5 093506-1-12.

Gaillard, P. Gastineau, M. 2015 The Peregrine breather of order nine
and its deformations with sizteen parameters solutions of the NLS equation
accepted in P.L.A..

Gaillard, P. Gastineau, M. 2014 Eighteen parameter deformations of the
Peregrine breather of order ten solutions of the NLS equation Int. Jour.
of Mod. Phys. C' V. 26 1550016-1-14.

21



[30] Gaillard, P. 2015 Other 2N-2 parameters solutions of the NLS equation
and 2N+1 highest amplitude of the modulus of the N-th order AP breather
accepted in Jour. Of Phys. A

[31] Chabchoub, A. Hoffmann, N.P. Akhmediev, N. 2011 Rogue Wave Obser-
vation in a Water Wave Tank Phys. Rev. Lett. V. 106 204502-1-4.

[32] Kibler, B.Fatome, J.Finot, C. Millot, G. Dias, F. Genty, G. Akhmediev, N.
Dudley, J.M. 2010 The Peregrine soliton in nonlinear fibre optics Nature
Physics V. 6 790-795.

22



