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e-mail: Pierre.Gaillard@u-bourgogne.fr,

Abstract

Solutions to the focusing nonlinear Schrédinger equation (NLS) of or-

der N depending on 2N — 2 real parameters in terms of wronskians and
Fredholm determinants are given. These solutions give families of quasi-
rational solutions to the NLS equation denoted by vy and have been
explicitly constructed until order N = 13. These solutions appear as de-
formations of the Peregrine breather Py as they can be obtained when all
parameters are equal to 0. These quasi rational solutions can be expressed
as a quotient of two polynomials of degree N(N + 1) in the variables x
and ¢t and the maximum of the modulus of the Peregrine breather of order
N is equal to 2N + 1.
Here we give some relations between solutions to this equation. In par-
ticular, we present a connection between the modulus of these solutions
and the denominator part of their rational expressions. Some relations
between numerator and denominator of the Peregrine breather are pre-
sented.

2010 AMS : 35B05, 35C99, 35Q55, 35L05, 7T6M99, 78M99.
Keywords : Fredholm determinants, NLS equation, Peregrine breathers, rogue
waves, wronskians.

1 Introduction

We consider the one dimensional focusing nonlinear Schrodinger equation (NLS)
which can be written in the form

Vg + Vg + 2J0[20 =0, (1)

The first results concerning the NLS equation date from the works of Zakharov
and Shabat in 1972 who solved it using the inverse scattering method [1, 2]. Its
and Kotlyarov first constructed periodic and almost periodic algebro-geometric
solutions to the focusing NLS equation in 1976 [3, 4]. Ma found in 1979 the first



breather type solution of the NLS equation [5]. In 1983, the first quasi rational
solutions of NLS equation were constructed by Peregrine [6]. In 1986, Eleon-
ski, Akhmediev and Kulagin obtained the two-phase almost periodic solution
to the NLS equation and got the first higher order analogue of the Peregrine
breather[7, 8, 9]. Other analogues of the Peregrine breathers of order 3 and
4 were constructed using Darboux transformations, in a series of articles by
Akhmediev et al. [10, 11, 12, 13].

Recently, many works about NLS equation have been published using different
methods. We can quote the works of Matveev et al. [14, 15] in 2010 for the rep-
resentation of the solutions in terms of wronskians; those of Gaillard [16, 17, 18]
for the solutions given in terms of wronskians and Fredholm determinants, and
their quasi-rational solutions limit of order N depending on 2N — 2 parameters.
Akhmediev gave quasi rational solutions using Darboux transformation in sev-
eral papers [19, 20, 21]. Guo, Ling and Liu in 2012 gave an other representation
of the solutions as a ratio of two determinants [22] using generalized Darboux
transformation. A new approach has been done by Ohta and Yang in [23] using
Hirota bilinear method. Smirnov [24] gave solutions with an algebro-geometric
approach. Other types of solutions were given by Zhao et al. in [25].

We give some relations between the modulus of these solutions and the de-
nominator part of their rational expression. Some relations between numerator
and denominator of the rational solutions are given.

2 Different representations of solutions to the
NLS equation

2.1 Solutions of the NLS equation in terms of of Fredholm
determinant
We have to define the following notations.

The terms k,,9d,,v, and z,, are functions of the parameters A,, 1 < v < 2N,
they are defined by the formulas :

11—,
I‘i,,:2\/17)\,%, 51,:liy>\y, Yo = ’
) 14+ A, (2)
ZTry =(r—1)In T _Z,, r=1,3.
Yo+t
The parameters —1 < A\, < 1, v =1,...,2N, are real numbers such that
1< AN;1 <AN2 < ... <N <0< Ay <Ay_1<...< A <1
. (3)
)\N+j:_)\j7 ]:1,,N

The condition (3) implies that

—1 .
Kj+N = Kj, Oj+N = —0j+N, Vj+N =7 » Trj+N =2Trj, Jj=1,...,N. (4)



Complex numbers e, 1 < v < 2N are defined in the following way :
 ~N-1 . N—-1, /.
ey =iy oy a(je)X T =31 bi(je)P T,
=N-1 . N-1, /.
Cj+N = Zzl:1 al(J€)2l+1 + Zl:l b (]6)2l+1,
1<j<N-1.

€, ay, b,, v =1...2N are arbitrary real numbers.
Let I be the unit matrix, and

g=j 1<j<N, ¢=N+j, N+1<j<2N. (6)

@

Let’s consider the matrix D, = (djk )i<jk<2n defined by :

a5 = v 1

n#p
With these notations, the solution to the NLS equation takes the form [16, 17,
18] :
Theorem 2.1 The function v defined by
det(I + D t
U(ZL‘,t) _ € ( + 3(%, ))
det(I + Dy (z,t))

s a solution to the focusing NLS equation depending on 2N — 1 real parameters
a;, bj, €, 1 <j <N —1 with the matriz D, = (dg»z))lgj’kgzjv defined by

i) = 1 T

n#EQ
where Ky, 0y, Ty, Vv, €, being defined in(2), (3) and (5).

Yo+

Tn — Tn

exp(iky, @ — 20,t + Tpp + €1). (7)

62it7itp. (8)

Yo+

exp(ik,x — 20,t + 2, +€,).
Tn — Tu

2.2 Wronskian representation
For this, we need to define the following notations :

¢rp =8n0,,, 1<v<N, ¢, =cos0,,, N+1<v<2N, r=13, (9)
with the arguments

Oy = Ky /2 4 0yt — iz, /2 + Yy —ie, /2, 1<v <2N. (10)

The functions ¢, ,, are defined by

¢rp =8i00,,, 1<v<N, ¢, =cos0,,, N+1<v<2N, r=1,3, (11)
We denote W,.(y) the wronskian of the functions ¢, 1,..., ¢, 2n defined by

Wr(y) = det[(85_1¢r,u)u,;LE[l,...QN]]- (12)

We consider the matrix D, = (duu)y, uef1,...2n] defined in (7). Then we have
the following statement [17] :



Theorem 2.2
det(I + D) = k. (0) x Wy(pr1,...,br2n)(0), (13)

where N
22N exp(i 3ou0, Or,)
2N v—1 :
HV:Q /L:1(’YV - ’Y[L)
With these notations, we have the following result [17] :
Theorem 2.3 The function v defined by
W3(h3,1,---,P3.2n5)(0) Q2it—ip
Wi(é1,1,- -5 ¢1,28)(0)
s a solution to the focusing NLS equation depending on 2N — 1 real parameters
a;, bj, €, 1 <j <N —1 with ¢}, defined in (11)
Grp = sin(k,x/2 +90,t — iz, /2 + oy — i€, /2), 1<v <N,
Grp = coS(Kpz/2 + 0t — iy, /2 + Yy —le,/2), N+1<v<2N, r=1,3,
Kys Ou, Ty, Yo, € being defined in(2), (3) and (5).
We can give another representation of the solutions to the NLS equation
depending only on terms v,, 1 < v < 2N. From the relations (2), we can

express the terms «,, 6, and z,, in function of v,, for 1 < v < 2N and we
obtain :

kr(y) =

v(x,t) =

4 A~ (1 — ~2 g
hy= 5 = 20 =7) 27;), Zrj=(r—1)m I 1<j<N,
(1+7j) (1+7j) ) vt (14)
4r; 4v;(1—7) v+ ,
Kj=———">7, 0j=——F"—>52", Zp;j=r—-1)h—~+—, N+1<j<2N.
T+ (1+42)? " vy =i
We have the following new representation [17, 27] :
Theorem 2.4 The function v defined by
det[(8# 15, (0)), .y
’U((E,t) _ [( i,f& ( )) ’#€[17~»-»2N]]e2zt—w) (15)
det[(ay ¢1,V(O))y, ;LE[l,...,QN]]
is a solution to the NLS equation (1) depending on 2N — 1 real parameters a;,
bj, e, 1<j <N —1. The functions ¢, , are defined by
- . 29, Ay (L=n3)  (r—1), vj—i .
o = sin r+1 t—1 In -+ vy —te; |,
ori(y) ((1 +'YJQ‘) (1 _|_7]2)2 9 v +i VY J
- 2v; Ay(1=22)  (r=1), yj—i 1
&r,N+;(y) = cos I __p—j t+1 In -+ —y —ienyi |,
T (I+7)7 ()2 2 yti "
o\ (16)
where v; = L 1<j<N.

Aj is an arbitrary real parameter such that 0 < A\; <1, Any; = —A;, 1 <j <N,
The terms e, are defined by (5),
where a; and b; are arbitrary real numbers, 1 < j < N — 1.



Remark 2.1 In the formula (15), the determinants det[(04~" £,(0))y, uef,.... 2]
are the wronskians of the functions f1,..., fon evaluated iny = 0. In particular
agfl, means f,.

2.3 Families of quasi-rational solutions of NLS equation
in terms of a quotient of two determinants

The following notations are used :
Xy = R /2 4+ 10, —ix3, /2 —ie, /2,

Y, = kox/2 4+ 6,8 — ix1,, /2 — i€, /2,

for 1 <v < 2N, with &,, 0,, z,, defined in (2).
Parameters e, are defined by (5).
Below the following functions are used :

Qajrie =7 'sin Xy, pajpor =7, cos Xy, (17)

P P e
Cajrsk = = sinXg,  Qajyar = —7,  cos X,

for 1 <k <N, and

_ 2N—-4j-2 X _ AIN—4j-3 0 ¥
P4j4+1,N+k = Vg COSAN+E, Paj+2,N+k = Vg SIN ANk, 18

o 2N—4j—4 X — AN (18)
P4aj4+3,N+k = — Vg COSAN+E, Paj+4,N+k = Vg SN ANk,

for 1 <k <N.
We define the functions ;5 for 1 < j < 2N, 1 < k < 2N in the same way, the
term Xy is only replaced by Y.

Vajr1,p = 7;?_'1 sinYg, Y440k = ’Y:j cos Yy, (19)
Yajesg = —70  sinVi, Yajran =—7  cos Yy,
for 1 <k <N, and
V441, N+k = iN_4j 2cosYnik, Vajio Ntk = —VEN_4j_3 sin Yy 4z,
2N —45—4 SN—4j—5 . (20)
Y413, N4k = —V) cosYN 1k, Vajra, Ntk =V sin Yy 1z,
for 1<k <N.
Then we get the following result [27] :
Theorem 2.5 The function v defined by
v($7t) _ det((njk)j,k6[1,2N])eQit—l’lp (21)
det((djk)j,keu,z]v])



is a quasi-rational solution of the NLS equation (1) depending on 2N — 2 real
parameters aj, bj, 1 < j < N — 1, where

82k72@'1
njl = gﬁj’l(l',t,OL 1 S] é 2N njk = 862]“_;’ (.’E,t,O),
a?k—Q
niNt1 = @i N+1(2,8,0), 1 <j<2N njngs = a€2fj’]2v+l( ,1,0),
] 82k—2 .
djn = Pj1(2,1,0), 1 <j<2N dj, = &Tﬁ’l(l‘,t,o),
) 82k72w'N+1
djN+1:wj»N+1('r)t70)a IS.] S2N djN+k:a€27]<i72(xvtao)7

2<k<N,1<j<2N

The functions ¢ and i are defined in (17),(18), (19), (20).

3 Structure of the multi-parametric solutions to
the NLS equation of order N depending on
2N — 2 parameters

3.1 The quotient of two polynomials of degree (N (N + 1)
in r and ¢ by an exponential depending on ¢

Here we present a result which states the structure of the quasi-rational solu-
tions of the NLS equation. It was only conjectured in preceding works [16, 18].
Moreover we obtain here families of deformations of the Nth Peregrine breather
depending on 2N — 2 parameters.

In this section we use the notations defined in the previous sections. The func-
tions ¢ and v are defined in (17), (18), (19), (20).

The structure of the quasi rational solutions to the NLS equation is given by
[28] :

Theorem 3.1 The function v defined by

_ det((np)

| )
—_ J,k€[1,2N]/ 2it—ip 29
det((d; ¢ (22)

v(z,t)

k)j,ke[l,QN])

is a quasi-rational solution of the NLS equation (1) quotient of two polynomials
R(x,t) and S(z,t) depending on 2N —2 real parameters a; and b;, 1 < j < N—1.
R(z,t) and S(z,t) are polynomials of degrees N(N + 1) in = and t.

Remark 3.1 The polynomials R(x,t) and S(x,t) have the same coefficients of
degrees N(N + 1) in 2z and 4t equal to 1.
The polynomial B(x,t) does not have any real root.



3.2 The structure of the Peregrine breather of order n

There is any freedom to choose 7; in such a way that the conditions on A; are
checked. We know from previous works [16, 18] that the (analogue) Peregrine
breathers are obtained when all the parameters a; and b; are equal to 0. In
order to get the more simple expressions in the determinants, we choose par-
ticular solutions in the previous families.

Here we choose 7; = je as simple as possible in order to have the conditions on
A; checked, and we have [27, 28] :

Theorem 3.2 The function vy defined by

€

(23)
det((djk)j,ké[l,ZN]) )(aj_bj_0,1<j<N1)

Vo, 1) = (det((njk)j’ke“’”]) 2it—ip

is the Peregrine breather of order N solution of the NLS equation (1) whose
highest amplitude in modulus is equal to 2N + 1.

Remark 3.2 The previous result is given in the frame where the limit of the
modulus of the solution when x ort tend to infinity is equal to 1. We know that
if v(x,t) is is a solution to the NLS equation then u(z,t) = av(ax,a’t) is also
a solution to the NLS equation, for any arbitrary real a.

Remark 3.3 In (23), the matrices (nj1.); kei,2n) and (djx) j keqn,2n) are defined

We have seen in previous section that solutions of NLS equation given by (16)
can be written in function uniquely of terms . We recall that the terms ; are

T J , 1 <j < Nj; )\jis an arbitrary real parameter such that
J

0<A; <1, AN =2, 1 <5< N,
We can rewrite the result given in (16) in a simplest formulation as follows
[27, 28] :

given by v; =

Theorem 3.3 The function v defined by

det((f)kemam)
det((f))kemam)

v(z,t) = e2it—ie (24)

is a quasi-rational solution of the NLS equation (1) depending on 2N — 2 real
parameters aj, by, 1 < j < N —1 where

52(k—1) 2 .
m_ 9 45—1 s 2y 447(1—7%_,7“—11 vt N-1 by )2ttt T
Fiv' = gaa—n 77 sin {1 TRt T T I TR (e )T U D o)
2(k—1) 2 )
o _ 90 2N—4j—1 2y - (1 =77) e S N-1 . 2041 NG
FiN+r = 5atD (’Y o8 {1 Tt TGt i I P (@) 4 G- ) o

1<k<N, 1<j<2N, re{l;3}, e€]o;l], ~=e€(1—e?)/2



80
Remark 3.4 In the previous theorem, the expression — f(x) means f(x).

OeV

The solution to the NLS equation can be written in the form

oy (z,t) = 21]\\/’((3:)) et = (1 + gggi:g) e?it (25)

and the Peregrine breather in the form

uno(z,t) = Me%t _ (1 n m> 2t (26)

where the index 0 means that all the parameters are equal to 0.

4 Differential relation for the NLS equation

In previous works [27, 28], we have proven that the solutions vy to the NLS
equation can be written in the form

(27)

on(z,t) = (1 + AN(W) it

BN(Qf,t)

We have a very simple relation between the square of the modulus of vy and the
denominator part By. This relation appears in a paper of Ling and Zhao [25]
where the solutions to the NLS equation are given in the frame of the generalized
Darboux transfomation. Here this result and its proof are given in a general
frame by the following theorem :

AN(LC,t)

Theorem 4.1 The solutions vy (z,t) = <1 + Bn(z.1)

) e? to the NLS equa-

tion verify the following relation

lon (2,t)]2 =1+ (In By (x,t)) (28)

xx

where the subscript ., means the double derivation with respect to x.

5 Relations between rational part of the solu-
tions to the NLS equation

With the preceding notations, we get the following statement

Theorem 5.1 The polynomials of the solutions vy to the NLS equation defined
R t) ..

by (25) vy (z,t) = Mem verify the following relations
SN (a:, t)

(i(Rn)e + (BN)ww — 2BN)SR — ((Sn)aw +i(Sn)e) BN SN
—2(RN)2(Sn)2Sn +2((Sy)%2 + RNRy)Ry = 0.




Proposition 5.1 The coordinates of extrema (xq,to) of solutions vy to the
t .
NLS equation defined by (25) vy (x,t) = Mem verify the the following
N\T,
relations
(RN)z (20, to) RN (20, t0) S (20, to) + (RN ) (0, to) R (20, t0) SN (o, to) (30)

—2(SN)a (o, to) Ry (zo, to) Ry (0, t0) = 0,

(RN)t(zo, to) Ry (0, t0) SN (o, to) + (RN )e(@o, to) Ry (o, to) Sn (w0, to)

—2(Sn )i (0. o) B (20, to) B (0, o) = 0. (31)

(RN)z(z0,t0)SN (w0, t0) — (SN)z(x0,to) Ry (20, t0) = 0. (32)

(RN)t(.’Eo, tQ)SN(l'O, to) — (SN)t(xo, to)RN(l'o,to) + 2iSN(.’E0, to)RN(l’(), to) =0. (33)
where @ means the complex conjuguate of a.

Remark 5.1 As a consequence of the result on the highest modulus of the Py

T, .
breather defined by (26) vy o(x,t) = Mezzt

, we get
UN(xat) g

T (0,0) = (2N + 1)Ux (0, 0). (34)

6 Conclusion

Different representations of the solutions to the NLS equation have been sum-
marized in this paper, as well as the structure of the quasi rational solutions.
Some differential relations have been given in this text for the NLS equation.
From different studies realized by the author, [26, 27, 28, 29, 30, 31, 32|, it seems
that the maximums of the modulus of the solutions to the NLS equation are in
connection with the zeros of the Yablonski-Vorob’ev polynomials [33, 34].

It would be relevant to study this conjecture.

It would be also relevant to search other types of equations verified by the
polynomials (Py, @n), (Rn, Sn), (An, Bn) or (Tn, Un).
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