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Abstract

We degenerate solutions of the NLS equation from the general for-
mulation in terms of theta functions given in [19], to get quasi-rational
solutions of NLS equations. For this we establish a link between Fred-
holm determinants and wronskians. We give solutions of the NLS
equation as a quotient of two wronskian determinants. In the limit
when some parameter goes to 0, we recover Peregrine’s solution [32],
and also Akhmediev’s solutions given recently [1, 2, 3, 4, 5, 6, 8]. It
gives a new approach to get the well known rogue waves.

1 Introduction

The nonlinear Schrodinger equation (NLS) equation plays a fundamental role
in hydrodynamics, in particular for waves in deep water in the context of the
rogue waves or in non-linear optics.

In this paper, we will study solutions of NLS equation from the theta formula-
tion given by A. Its [19] and give a new representation in terms of wronskians.
The solutions take the form of a quotient of two wronskians of elementary
functions depending on a certain number of parameters.

If we take wronskians of order 2N, we will call these solutions, solutions of
NLS of order N.

Then, we take the limit when some parameter goes to 0 to get quasi-rational
solutions of NLS equation.

At order 1, we recover the well known Peregrine’s solution to the focusing



NLS equation which was first found [32] in 1983; it was rediscovered later in
several publications, in particular [7].

The second order Peregrine-like solution was first constructed in [7]. Other
Peregrine-like solutions were found for reduced Maxwell-Bloch integrable sys-
tem [25, 26]. In [19], the n-phase quasi-periodic modulations of the plane
waves solutions were constructed via appropriate degeneration of the finite
gap periodic solutions to the NLS equation. These results have provided a
way to construct multi-parametric families of multi-Peregrine solutions.
Interesting families of higher order were constructed using Darboux trans-
formations in a series of articles be Akhmediev et al. [1, 2, 3, 4, 5, 6, 8].
Rational solutions of NLS equation are given in [31] in a determinantal rep-
resentation as degenerate solutions of Davey-Stewartson equations. Another
approach using Crum transformation is given in [18] to get sequences of ra-
tional solutions of NLS equation. Very recently, it is shown in [12] that
rational solutions can be written as a quotient of two wronskians using mod-
ified version of [13], with some different reasoning; morever, the link between
quasi-rational solutions to the focusing NLS equation and the rational solu-
tion of the KP-I equation is established.

Here, we give an another representation in terms of wronskians with simple
generating functions, using central ideas of A. Its from finite gaps solutions
in terms of theta functions.

With this formulation we recover as particular case, Akhmediev’s quasi-
rational solutions of NLS equation.

2 Expression of solutions of NLS equation in
terms of Fredholm determinant

2.1 Solutions of NLS equation in terms of # functions
The solution of the NLS equation

1y + Vg + 2|v]|?v = 0, (1)
is given in terms of theta function by (see [19])

o(@, ) = Zi”gg exp(2it — i), (2)




where

b= Y ool S ( 7)M B

ke{0;1}2N u>v, pr=1 Tt T
2N
+(Z ik, (x—20,)—20, (t—to,)+(r—1)1 n | Yo 0 +mie, )k},
v=1 pn=1, p#v = T

In this formula, the quantities k,, d,, 7, are functions of the parameters \,,
v=1,...,2N, N being a positive integer, N > 1 and they are given by the
following equations,

1—X
Ky =21 =X, 0, =K\, = W e, € {0;1}. (4)

0, Tou, tow, Ay, and Ky, 0,, v, ¥ = 1...2N are real numbers satisfying the
conditions

Ton+j = Zoj,  lon4j = loj, 0 <A; <1,
AN+j = —Ajs  BNij =Kj, Onig=—0j, Ny =1/7, Jj=1...N.
2.2 Relation between 6 and Fredholm determinant

The function 6, defined in (3) can be rewritten with a summation in terms
of subsets of [1,..,2N]

or(z,t)= >[I0~ ]I

Jc{1,..2N}veJ ved, u¢J

X exp{z ik (x — xoy) — 20, (8 — toy) + Trp }s

veJ

Y+ Vu
Y — Y

with

in particular




In the preceding formula, €; can be chosen arbitrary, for example it can be
fixed in the following way :
¢g=jfor1<j<N,ande =75+1for N+1<75<2N.

The link between theta representation of solutions of NLS equation and
Fredholm determinant formulation was already presented in [19]. In more
details, it is given in a recent paper of Kirillov and Van Diejen [37]. In
particular, they compute det(/ + A), where I is the unit matrix and A =
(ajk)1<jk<en the matrix defined as :

QEjKj Kj—i—KZ
Kj+ Ky 0 | K — K

Cij =

exp(—2K;x), (7)

where €¢; € {—1;+1}.
Then it is shown that det(I + A) has the following form

det(7+4)= > [le H

Jc{1,..,N}jeJ jeJk¢J

K—l—Kk

K, — K exp( 2$ZK (8)

jeJ

Using the same strategy, we can compute det(/+A,) where A, = (a,,)1<pu<2n
is the matrix defined as :

Qyp = 2(_1>6U7’/ H

Vo Y v

Yo+ Ty
T _717

exp(iK, (x — xoy) — 20,(t — toy) + xr0).  (9)

Then det(I + A,) has the following form

det(I+4,)= > [0 ]

Jc{1,....2N}yveJ vedJ pgJ

Yot Y

exp(i K, (z — xq,) — 26, (t — to,) + x,).(10)
Tv — Vu

From the beginning of this section, § has the same expression as in (10) so
we have clearly the equality

0, = det(I + A,). (11)
Then the solution of NLS equation takes the form

det(I + Az(z,t)
det(I + Ay (x,t)

v(z,t) = ; exp(2it — ip). (12)



2.3 Example

If we consider the case where N = 1 we get :

y— 1t 14+77
O3(x,t) =1 — exp(—2In po— +In T2 + 1K (2 — x01) + 201 (t — to1))
Tt

1 2
—exp(—21In -+ 1n +712
Y+ 11—

+exp(iKi1(z — 1) + 201 (¢ — to1))-

+ iK1 (2 — mo1) — 261 (t — to1))

It is clearly the expression of det(I + Aj3).

1+9f .
O1(z,t) = 1—exp(1n1 5 T iK1 (r — 2o1) + 201 (t — to1))
- n
1 2
— exp(ln 1 + 712 + ZK1<CC — ZL'()1> — 251(t — t()l))
- n

+ exp(iKl(:c — xOl) + 2(51(t — tOl))-

We refind the expression of det(I + A;).
Then we can write clearly the solution of NLS equation in the form

~det(I + As(z,t))

v(x,t) = dct(T 1+ A (z.0)) exp(2it — ip). (13)

3 Expression of solutions of NLS equation in
terms of wronkian determinant

3.1 Link between Fredholm determinants and wron-
skians

We consider the following functions

o (y) = sin(K,(x — x0,) /2 + 00, (t — toy) — 12, /2 +1y), 1 <v <N,
o (y) = cos(K,(x — x0,) /2 + 10, (t — toy) — 1% /2 +1y), N+1<v <2N.

These functions depend on r. We must denote them ¢/ (y). For simplicity,
in this section we denote them ¢, (y).
We use the following notations :

(14)



@l/ = Kl/(x - x()ll)/2 + Zal/(t - t()ll) - i$r,y/2 + Y, 1 S ,] S 2N.
Wi(y) =W (1, ..., pan) is the wronskian W,.(y) = det[(@é‘*lgby)mue[l 2n])-

.....

.....

2(=1)r ot ,
dyy = ﬁ Hn#ﬂ ﬁ exp(if, (T — xoy) — 20, (t — toy) + r0),

1<v<2N, 1<pu<2N,

with .
’VV —1
Yo+ i

Ty, = (r—1)In
Then we have the following statement

Theorem 3.1

det(I + D,) = k.(0) X Wy.(¢1, ..., pan)(0), (15)
where - (‘Z2N 0.)
exp(t) ., 0,
k.(y) = )
Y I I )

Proof :  We start to remove the factor (2i)71e®®” in each row v in the

wronskian W,.(y) for 1 <v <2N.

Then
2N
W, =[] e @)@ x W, (16)
v=1
with
(I—eO)  im(I+e9) 0 (i) 1+ (1) Ve o)
W (1 _ 672192) 2’72(1 + 672292) o (i,yQ)QNfl(l + (_1)2N672192)
rl — . . . .

The determinant W,; can be written as
W = det(ajke; + Bjr),

where aj; = (—1)%(iy;)*1, e; = e and Bj, = (iy;)* ', 1 < j < N,
1< k<2N,



i = (=D i)kt e; = €72 and Bj = (i)"Y, N+1 < j < 2N,
1<k <2N.

Denoting U = (j)i, jen,..2ns V' = (Bij)i, je,...,2n, the determinant of U is
clearly equal to

det(U) = ()2 JI (0 —m) (17)

2N>I>m>1

Then we use the following Lemma

of B

Then
det(aijxi + sz) = det(a,;j) X det(éijxi + WG”J)) (18)

77777

have the well known formula A x! A = det A x I.

So it is clear that det(A) = (det(A))N1.

The general term of the product (¢;;)i jen,. N = (@@ + bij)i,je[L..,N] X (@ji)ijef, ., N]
can be written as

Cij = Yooy (s + bis) X dijs

= 2y D0y Qislijs + Doay bisdljs

We get

det(cij) = det(agm; + byj) x (det(A)N 1 = (det(A)N x det(dy;z; + Surat)).

Thus det(a;;x; + b;;) = det(A) x det(d;;2; + djgifj§)).
O
Using the previous lemma (18), we get :

det(ayje; + Bi) = det(ay;) x det(dije; + W%

.....

the ith row of V' defined previously.
We compute det(H;;) and we get

(i) 11 (v =) [T =) T = w)-(19)

IN>I>m>1, l£j, m#£j I<j 1>j

2N(2é\r+1)+1

7



det(Hyj)
det(aij) '

_ (—1)V) [Tz (v + )

G L | PRI,

(—1) k12, [T (v + )
(v + ) Tl (0 = %)

We can simplify the quotient ¢ =

_ D) D29 v+ me (20)
(5 + ) el
So det(d;,e; + iztt((gf)) ) can be expressed as
J
2N ,
det(H; ‘ —1)<@9 .
det(éjkej + y) — H6722®j det(éyk + ( ) Yk H M i— Vk €2z@j .
et(ag) " ] (i + ) e 0=

Then dividing each column £ by v, 1 < k < N and multiplying each row j
by 7j, 1 <j < N, we get

det(Hin). 1% oo (—1)<D2y,
det(d.e; + ——2%2) = e~ 295 det (6.4 + J
(s + Jaigap) ~ 11 AN |

Y+ Ve
Y= Yk

2i0;
e ),

and therefore the wronskian

W, (o1,...,0n5)(0)

can be written as
2N 2N j—1 2N

[Teo =@ 0% [T1]0w = [Te = detr + D))

j=1 =2 i=1 =1
It follows that

et Z?£1 Ojly=092N

det(I + D,) = H?L Hg;le ) Wi(p1,. .., 0an)(0) =k (0)W(1, - - ., dan)(0).(21)
O
So, the solution of NLS equation takes the form
B k3(0)W5(0) L
v(x,t) = T (0)(0) exp(2it — ip) (22)

and we get the following result



Theorem 3.2 The function v defined by

W3(¢17 s ’¢2N)(0)
Wl(¢17 s ?¢2N>(0)

is solution of the NLS equation (1)

v(z,t) = exp(2it — iyp).

Vg 4 Ve + 2J0)?v = 0,

where

-----

and ¢, the functions given by
¢ (y) = sin(K,(z — o) /2 + 00, (t — toy) — iz /2 +1y), 1 <v <N,

be(y) = COS(KV(:E - 'Z‘OV)/Q +251/<t - tOV) - ixT’,l//Q +%y>, N+1 S v S 2N7
Ky, Oy, Y parameters defined by (4) forv € [1,...,2N]

1—A,
Ry =21 =X, 0, =K\ Y= e, € {0;1},

1+’

where N, 1s an arbitrary parameter such that 0 < A\; < 1 and Any; = —A;
forje[l,...,NJ.

3.2 Example

If we consider the simplest case where N = 1, we get the following results.
The wronskian W;5(0) is equal to

1

Ws(0) = Y (1+X)

X [A1 cos(Kq(z — xo1)) — cosh(251(t — to1) — 21)].

The Fredholm determinant F3(0) = det(I + Aj3) takes the form

2eile

F5(0) = N

X [A1 cos(Kq(x — xo1)) — cosh(281(t — to1) — x1))].

So we have the equality

det(I + A3) = C x Wi,



with ,
C _ Klesz .
A1

If we compute
2N
2N exp(i 3oy Ouly=o)

ks(0) = =

LI (=)
we get :

2N

exp(i Z O, |y—0) = K12

v=1
ﬁﬁ( N _\/1+>\1_\/1—)\1_ 22 4
v=2p=1 L e g o 1_)‘1 1+)\1 \/1—)\% K1/2 Kl,
So,

2V exp(i 2N, 0,) _ Kie
2N v—1 -
HV:Q pn=1 (7V - /y,u) )\1

ks(o) =

and we have the equality

det([ + Ag) = k3<0) X W3.

4 Construction of quasi-rational solutions of
NLS equation

4.1 Taking the limit when the parameters \; — 1 for
1<j<Nand ) ——1for N+1<j<2N

In the following, we show how we can obtain quasi-rational solutions of NLS
equation by a rough estimation.

We consider the parameter A; written in the form 1 — 6205. For simplicity,
we denote d; the term C—JQ

When € goes to 0, we realize limited expansions at order 2N — 1 of &;, v;,
0j, Trjs EN+j» YN+js ON+js TrN+j, for 1 < j < N. For example, in the case
where N =1, it gives :

10



kj=4dje+O(e), v =dje+O(e), d; =4dje+ O(¢?),
z,; = (r —1)(2idje + O(€?)),

RN+j = 4dj6 + 0(62), YN+ = 1/(d]6) — (d]e)/2 + 0(62), 6N+j = —4dj€ + O(EZ),

Ty N1 = —(r —1)(2idje + O(€?)),
1<j<N.

Then we realize limited expansions at order 2N — 1 of the functions ¢7%(0)
and ¢}y, ;(0), for 1 <j < N :
(b]l(()) = sin £},
¢§’(O) =sin D;,
¢}V+](0) = sin Ejlv
(bir/))VJr](O) = sin D;,

with
Dj KJ(I—ZEOJ)/2+25 (t—t()]) in/Z,
E] KJ(ZE—IEOJ)/Q—F’L(S (t—t()]),
D; K](x—ﬁoj)/Q—Z.é (t—t0])+il‘j/2,
B = Kj(r — x05)/2 — i6;(t — to;).

For example, in the case where N =1, it gives :

= 2€d (I $0]+22(t—t0])+1) +O(€2),

= 26d (l‘ {L‘()j + 2@<t — tOj)) —f- 0(62),
D’ = Qed H(x— xo; — 2i(t — to;) — 1) + O(€?),
E’ = 2ed;((x — xoj — 2i(t — to;)) + O(€?),

and

¢;(0) = 2ed;(x — wo; + 2i(t — to;)) + O(€?),
(b?(O) = QEdj(ZL‘ — oy + 2’&('[5 — toj) 1) + O( )
¢}V+j(0) =1+ 0(€),

3.5(0) = 1+ 0(e2).

Then according to the relation

Ws(é1,...,0n)(0)
Wi(é1,...,6n5)(0)

11

v(z,t) =

exp(2it — ip).



the solution of NLS equation takes the form :

N(z,t,¢)
v(z,t) = exp(2it — i) —/———
(2.1) = exp(2it = ig)
: 3 / /
sin Dy e sin Dy cos D] o cos DYy
~1 cos D ... ncosDy —v—llsinDi —%NSiﬂng
YsinDy ... A%sinDy 7% cosD] ... %2 cos Dy
1 N
2N—1 2N-1 1 w7y 1 Ty
o Y cosDy ... vy ~cosDy _WSIHDl —WstN
= exp(2it—ip) - - - -
sin B - sin Ey cos ] . cos Iy
E E —LsnFE ... —ZLsinF]
712 C?S 1 fyg 098 N g7 S . o sin By
yisinE, ... xsinEy zeosEy ... cosEy
1 N
ViNleos By ... ’YJQVN_ICOSEN —721\,% sin B} ... —WQTl,l sin By
1 N

We use the classical developments o

Sinz = Z;V:l % 4+ O(2?N) and cos z = 232'50 % + O(22N+1),

for z in a neighborhood of 0.

Using the fact that D; = E; + a;(€), D} = E} — a;(€), and addition formulas
for trigonometric functions, we can expand the numerator N(z,t,¢€) along
the columns; it takes the form of

H cos®(a;(€))D(z,t,€) + A.

If we divide each term of this sum by D(z,t), when € tends to 0, the first
term tends to 1; in each other term of the sum of A, we can multiply each
fraction by some power of v; to get a finite limit when e goes to 0.

So we get really a non trivial and non degenerate quotient of two polynomials
in x and t by an exponential.

Practically, we keep only the terms of lower degree in €, in numerator and
denominator which expressed as powers of x and ¢

So we get in this way a quasi-rational solution of the NLS equation.

So we get the following result

12




Theorem 4.1 The function v defined by

T W3(¢17""¢2N)(0)
vl ) = I o dan ) (0)

is a quasi-rational solution of the NLS equation (1)

exp(2it — ip).

Vg 4 Ve + 2J0)?v = 0,

where

-----

and ¢, the functions given by
¢ (y) = sin(K,(z — o) /2 + 00, (t — toy) — iz /2 +1y), 1 <v <N,

be(y) = COS(KV(:E - 'Z‘OV)/Q +251/<t - tOV) - ixT’,l//Q +%y>, N+1 S v S 2N7
Ky, Oy, Y parameters defined by (4) forv € [1,...,2N]

1—A,
Ry =21 =X, 0, =K\ Y= e, € {0;1},

1+’

where \j = 1 — 6203 is an arbitrary parameter such that 0 < A\; < 1 and
AN+ = —Aj, ¢; an arbitrary real number, for j € [1,..., N],

If we want to recover exact solution of Akhmediev type, we must more
precise in the estimations.

4.2 Examples

For brevity, in the following we choose xo; = 0, t5; = 0 and ¢ = 0 for
1 <¢<2N.

4.2.1 Case N=1

If we consider the case N = 1, from (22), we realize a development at order
1 of W3 and W7 in e. The solution of NLS equation can be written as

(—4a? — 16t* + 164t + 3)

£)=—
vlz,?) 422 1 162 + 1)

exp(2it).

13



Then v takes the form

1+ 44t
1+ 16¢2 + 422

v(z,t)=1—-4 exp(2it).
If we make the following changes of variables t — X/2 and =z — T, we get
exactly first order Akhmediev’s solution (see [1]), solution of iu, + %utt +
ulul? =0,
4(1 + 2ix)

1 + 422 + 4t2

We represent here the modulus of v in function of x € [—5;5] and ¢ €
[—5; 5]; we get the following graphic :

v(z,t) = (1 )exp(iz).

Figure 1: Solution of NLS, M=2.

4.2.2 Case N=2

In the case N = 2, we must realize a development at order 3 in €. From (22),
the solution of NLS equation can be written as

N(x,t)
D(z,t)

v(x,t) =

exp(2it),

with
N(z,t) = 576022t —30722%t* +-1872t* —642° —45—40961°+ 1802 + 144" — 768zt

+768ix t + 8448t* — 1152ix*t + 15363t> — 720it + 12288it° + 61444t32?,

and

D(x,t) = —11522*t*+30722°t*+ 1584 +642°+94+4096t°+ 1082 +482* + 7682t +6912t*.

14



If we make the following changes of variables t — X/2 and x — T, we get

v(z,t) = gig:g exp(iz),

with

Ni(x,t) = 14400 * — 1920t +4682° —64t° — 45— 642°+180t>+144t* — 1922*t* —576it*x
+5282% + 384ix° + 192iz® — 360iz + 384it*w + 768ixt?,

and

Dy (z,t) = —28822 241922t 4-3962? +64°4+-9-+642°+ 10812 +48t* 41922211 +432*.

It can be reduced exactly at the second order Akhmediev’s solution (so-
lution of iu, + fuy + ulu|? = 0) (see [1]).

3/8 — 3t% — 2t* — 922 — 102* — 12222 + iz (15/4 + 6t — 4t* — 222 — 42" — 8t22?)
3/32+9/8t2 4+ 1/2t* + 2/3t6 4 33/8x2 + 9/2x* + 2/325 — 3222 4 2t4x2 + 2¢224

v(z,t) = 1+ exp(ix).

We represent the modulus of v in function of x € [—5;5] and ¢ € [—5;5];
we get the following graphic :

Figure 2: Solution of NLS, M=4.

4.2.3 Case N=3

In the case N = 3, we must realize a development at order 5 in e. If we
make the following changes of variables ¢ — X/2 and x — T, from (22), the
solution of NLS equation in the formulation of Akhmediev iu, + %utt+u|u|2 =

0 can be written as
N(x,1)

v(x,t) = Dz 1) exp(ix),

15



with
N(z,t) = 14175+49152i t'02—737280i t22" +5253120i t225+907200i t*2— 17203204 t023 —184320i t°z

453568002412 —5760002*t* —875520251% —172800t* 22 —460080022+%+-8294402°t? — 245762 2 — 61440251

+460800t32:% —50688022°416588802.%* —4838400i 23t% —8192025¢5+141312024° — 6144025 —2457622¢1°

—52380002* —56700022 —226800t* +238464025+172800t5 4208512025 +1413122'°+57600¢

—113400t*—40962'2 —4096t'2+18432t'° —13824004 t*2° — 10368004 t*2—460800i t°x— 25804804 t*°

+491520i 1525 +4915204 t1274-245760i 323 +245760i t22°+307200i 2.° —475200i 2> —2672640i 274491527 2
—7395840i x° + 226800i =

and
D(z,t) = 2025+50112002*? 345600211 +34560002°t%4-864000t* 2% — 5832002:2% +-27648025t? +245762: 012

+61440234*—92160t3 22 +1382402°t5+61440x5t*+81920x5¢° —1843202* 6 +614402* 8 +24576 52410
42300400z 4 37260022 4 54000t* +9792002° 4 149760t 4 9561602° + 129024210 + 34560¢°
+48600¢% + 4096212 + 4096¢'2 + 6144¢1°.

We get the following graphic for the modulus of v in function of x € [—5; 5]
and t € [—5;5] :

Figure 3: Solution of NLS, M=6.

This method can be extended to get quasi-rational solutions of NLS equa-
tion at any order.

16



5

Conclusion

Here is given a new formulation of solutions of NLS equation that gives as
particular case, Akhmediev’s solutions. These solutions expressed as a quo-
tient of wronskians are similar to a previous result of Eleonski, Krichever
and Kulagin [13]. Their formulation can also be seen as a quotient of two
wronkians but is more complicated because it needs recursion operations.
However, it can be used to get solutions of NLS equation (see [12]).

This new formulation can give explicitly a set of non singular solutions of NLS
equation which can be obtained by a simpler way than with the Krichever
method.
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