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Abstract In this paper, we go on with the study of rational solutions to the Kadomtsev-Petviashvili
equation (KPI). We construct here rational solutions of order 5 as a quotient of 2 polynomials of
degree 60 in z, y and ¢t depending on 8 parameters. The maximum modulus of these solutions at
order 5 is checked as equal to 2(2N + 1)2 = 242. We study their modulus patterns in the plane
(z,y) and their evolution according to time and parameters a1, a2, as, a4, b1, b2, bs, bs. We get
triangle and ring structures as obtained in the case of the NLS equation.
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1 Introduction

We consider the Kadomtsev-Petviashvili equation (KPI) in the following form
(dup — 6Uly + Uggs) s — Uy = 0, (1)

where subscripts z, y and t denote partial derivatives.

Kadomtsev and Petviashvili [1] first proposed this equation in 1970. This equation is a model for example,
for surface and internal water waves [2], and in nonlinear optics [3]. Zakharov extended the inverse
scattering transform (IST) to this KPI equation, and obtained several exact solutions.

The first rational solutions were found in 1977 by Manakov, Zakharov, Bordag and Matveev [4]. Other
researches were led and more general rational solutions to the KPI equation were obtained. We can
mention the following works by Krichever in 1978 [5], [6], Satsuma and Ablowitz in 1979 [7], Matveev
in 1979 [8], Freeman and Nimmo in 1983 [9], [10], Pelinovsky and Stepanyants in 1993 [11], Pelinovsky
in 1994 [12], Ablowitz and Villarroel [13], [14] in 1997-1999, Biondini and Kodama [15], [16], [17] in
2003-2007.

We recall the author’s results about the representations of the solutions to the KPI equation, first in
terms of Fredholm determinants of order 2V depending on 2N — 1 parameters, then in terms of wronskians
of order 2N with 2N — 1 parameters. These representations allow to obtain an infinite hierarchy of
solutions to the KPI equation, depending on 2N — 1 real parameters .

Then we construct the rational solutions of order N depending on 2N — 2 parameters without presence
of a limit which can be written as a ratio of two polynomials of x, y and ¢ of degree 2N (N + 1).

The maximum modulus of these solutions at order IV is equal to 2(2N +1)2. This method gives an infinite
hierarchy of rational solutions of order N depending on 2N — 2 real parameters. We construct here the
explicit rational solutions of order 5, depending on 8 real parameters, and the representations of their
modulus in the plane of the coordinates (z,y) according to the real parameters aq, b1, aa, ba, as, bs, a4,
bs and time ¢.
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2 Rational Solutions to the KPI equation of order N depending on 2N — 2
parameters

2.1 Fredholm Representation

One defines real numbers \; such that —1 < A, <1, v =1,...,2N depending on a parameter e that will
be intended to tend towards 0; they can be written as

Aj=1-2¢%% Anyy=-);, 1<j<N, (2)

The terms s, 6., V», 7 and z,, are functions of A,, 1 < v < 2N; they are defined by the formulas :

1-X; .
ki =24/1=X3, & =rKN;, = \/;Ajw
vy = (DI r=18 7= 12 12 i - 0

— —_ ) A1
EN+4j = Kj;  ON4j = =05, IN+j =75
Tr,N+j = —ZTrj,, TN+; =T; J= 17"'7N'

e, 1 <v < 2N are defined in the following way :

. 1/2M—-1 . k— . 1/2M—-1 . k—
e =2 (AN ey Tt =i M T b (Gt ).
enis =2 (S anGe T S T et ) 1< <, @
a,bp € R, 1<k<N-1.

€,, 1 <v < 2N are real numbers defined by :
ejzl, €N+j:O 1§]§N (5)

Let I be the unit matrix and D, = (djr)1<;k<en the matrix defined by :

dyy = (—1)* H (W) exp(iky T — 20,y + Tyt + Trp + €,). (6)
nu N Tn

Then we recall the following result :

Theorem 2.1 The function v defined by

2

In(z,y,t)|
t)=-2——"— 7
W)= 2 G "
where

n(z,y,t) = det(I + Ds(z,y,t)), (8)
d(z,y,t) = det( + D1(z,y,1)), (9)

and DT = (djk)lgj,kSZN the matriz
dyy = (=) ] (M) exp(iky T — 26,y + Tt + Ty y +€,). (10)

n-Ip

nF#u

is a solution to the KPI equation (1), depending on 2N — 1 parameters ay, by, 1 <k < N —1 and e.
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2.2 Wronskian Representation
We use the following notations :

¢rp =sinB,,, 1<v<N, ¢ p,=cos0,.,, N+1<v<2N, r=1,3, (11)

with the arguments

Orp =5 +idy —i%5 —iZt+yw—i%, 1<v<2N. (12)

W, (w) denotes the wronskian of the functions ¢, 1, ..., ¢, an defined by

Wr(w) = detKag_l(br,u)u, ,ue[l,u.,2N]]- (13)
We consider the matrix D, = (dyu)., uef,....2n] defined in (10). Then we have the following statement :
Theorem 2.2 The function v defined by :
o W95, 85.2m) ()
(Wi(d11,- -, 612n)(0))?

s a solution to the KPI equation depending on 2N — 1 real parameters ax, by 1 < k < N — 1 and €, with
¢!, defined in (11)

v(x,y,t) =

brp(w) = sin( "% +id,y — ZZTQV —iZt+yw—i%), 1<v<N,
br(w) = cos("* +id,y —i—5% —iFt+yw—i%), N+1<v<2N, r=13,

Ky Ous Trws Yo, €y being defined in(3), (2) and (4).

2.3 Rational Solutions

We recall the last result concerning the rational solutions to the KPI equation as a quotient of two
determinants.
We use the following notations :

KyT 3 T, e
X, = ; + 0,y — i 2’)7 —; — 72'/’
Ky . LTy, Tt e
Yo = ; +idvy —i 2V_ ; - 2117

for 1 <v < 2N, with x,, d,, ,, defined in (3) and parameters e, defined by (4).
We define the following functions :

Pajyik = ’Y;ij_.l sin Xp, @412,k = ’Y:j cos Xy, (14)

T ag T a2
Pajrsk = = SInXy,  Qajpar = —7,  cos Xy,

for 1 <k <N, and

2N—4j-3

_ _2N-—-4j-2 X . in X
P4j+1,N+k = Vg COS AN+Ek;s Paj+2,N+k = — Vg S AN+k, 15

o 2N—4j5—4 X _ _2N—4j-5 . X ( )
P4j+3,N+k = — Vg COS AN+k; Paj+4,N+k = Vg SN AN-+k,

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 Yk

_ Ai-1 _ A

Yajr1e =7,  SinYr,  Yujpok =, cosYy, (16)
AR T 4442

Yajrae = =7, sinYi,  Yujpar =7, cosYy,
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for 1 <k <N, and

_ oN-4j—2  oN-—4j-3 .
Yaj11 N+ = cosYNik, WYajt2,N+k = sin Y4, 17

_ UaN—g-a _ N5 oy (17)
Y443, N4k = —Vy coSYn ik, WYajra,N+k ="} sin Yk,

for 1<k <N.
Then we get the following result :

Theorem 2.3 The function v defined by :

B | det((njk)j,ke[l,mv] ) |2
det((d

v(z,y,t) =
jk)j,ke[1,21v])2

is a rational solution to the KPI equation (1).
(dup — 6uty + Upgy)s — SUyy = 0,
where

. 92k—2,.
nj1 = <Pj,1(337y7t,0)a 1 < J < 2N Nk = Wk%(x%:%tvox
. 52k—2,
NjiN+1 :goj,N-‘rl(xvyataO)? 1§] §2N nj}i\fﬂ-k:T;i%(%yat,O)v
2k—2,,
djl = wj,l(xayvta0)7 1 S.? S 2N d]k - 8367%2&(372%7570)7 (19)
2

. 82k =24
djN-‘rl = 1/’j,N+1($ay,t70)7 1 < J < 2N djN+k = T;I/:—év;_‘—l(xay7t70)a
9<K<N,1<j<2N

The functions ¢ and ¢ are defined in (14),(15), (16), (17).

3 Explicit Expression of Rational Solutions of Order 5 Depending on 8
Parameters

In the following, we explicitly construct rational solutions to the KPI equation of order 5 depending on 8
parameters.

Because of the length of the expression, we cannot give it in this text. We only give the expression without
parameters in the appendix.

We give patterns of the modulus of the solutions in the plane (z,y) of coordinates in function of parameters
ai, a2, az, a4, bl, bg, b3, b4 and time t.

When at least one parameter is not equal to 0, we observe the presence of 15 peaks. The maximum
modulus of these solutions is checked in this case N = 5, equal to 2(2N + 1)% = 2 x 112 = 242.

Figure 1. Solution of order 5 to KPI, on the left for ¢ = 0; in the center for ¢ = 0,01; on the right for
t = 0, 1; all parameters equal to O.
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Figure 2. Solution of order 5 to KPI, on the left for ¢ = 0,2; in the center for ¢ = 20; on the right for
t = 50; all parameters equal to 0.
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Figure 3. Solution of order 5 to KPI for ¢t = 0, on the left for a; = 10%; in the center for b; = 10*; on the
right for as = 10°; all other parameters equal to 0.
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Figure 4. Solution of order 5 to KPI for ¢t = 0, on the left for by = 10%; in the center for az = 10%; on the
right for b3 = 108; all other parameters equal to 0.
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Figure 5. Solution of order 5 to KPI for ¢ = 0, on the left for a; = 108; in the center for by = 10%; on the
right for by = 108, sight on top; all other parameters equal to 0.

4 Conclusion

We obtain N-th order rational solutions to the KPI equation depending on 2N — 2 real parameters. These
solutions can be expressed in terms of a ratio of two polynomials of degree 2N (N + 1) in z, y and ¢.
The maximum modulus of these solutions is equal to 2(2N + 1)2. This gives a new approach to find
explicit solutions for higher orders and try to describe the structure of these rational solutions. Here, we
have given a complete description of rational solutions of order 5 with 8 parameters by giving explicit
expressions of polynomials of those solutions.

We construct the modulus of solutions in the (x,y) plane of coordinates; different structures appear. For
a given ¢, when one parameter grows and the other ones are equal to 0 we obtain triangular or rings or
concentric rings. There are four types of patterns. For a; # 0 or b; # 0, and other parameters equal to
zero, we obtain a triangle with 15 peaks. For ay # 0 or by # 0, and other parameters equal to zero, we
obtain three concentric rings of 5 peaks on each of them. For as # 0 or b3 # 0, and other parameters
equal to zero, we obtain two concentric rings of 7 peaks on each of them with a central peak; in the last
case, when a4 # 0 or by # 0, and other parameters equal to zero, we obtain one ring with 9 peaks with
the lump L3 in the center.
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Appendix Because of the length of the complete expression, we only give in this appendix the explicit

expression of the rational solution of order 5 to KPI equation without parameters. They can be check via
: http://www.isaac-scientific.org/images/template/2017053115412040832.pdf
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