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DEGENERATE FOUR-VIRTUAL-SOLITON RESONANCE FOR THE
KP-11
O. K. Pashaev* and M. L. Y. Francisco*

We propose a method for solving the (2+1)-dimensional Kadomtsev—Petviashvili equation with negative
dispersion (KP-II) using the second and third members of the disipative version of the AKNS hierarchy.
We show that dissipative solitons (dissipatons) of those members yield the planar solitons of the KP-II.
From the Hirota bilinear form of the SL(2,R) AKNS flows, we formulate a new bilinear representation for
the KP-II, by which we construct one- and two-soliton solutions and study the resonance character of their
mutual interactions. Using our bilinear form, for the first time, we create a four-virtual-soliton resonance
solution of the KP-1I, and we show that it can be obtained as a reduction of a four-soliton solution in the
Hirota—Satsuma bilinear form for the KP-II.

Keywords: dissipative soliton, Ablowitz—Kaup—Newell-Segur hierarchy, Kadomtsev—Petviashvili equation,
Hirota method, soliton resonance, reaction—diffusion system

1. Introduction

A dissipative version of the AKNS hierarchy [1] was recently considered in connection with (1+1)-
dimensional (lineal) gravity models [2]. It was found that the second flow described by the dissipative
version of the nonlinear Schrodinger (NLS) equation, the so-called reaction—diffusion system, admits new
soliton-type solutions called dissipatons. Dissipatons have exponentially growing and decaying amplitudes
with a perfect soliton shape for their bilinear product and a resonance interaction behavior.

In the present paper, we study resonance dissipative solitons (dissipatons) in the AKNS hierarchy and
show that they yield the planar solitons of the (2+1)-dimensional Kadomtsev—Petviashvili equation with
negative dispersion (KP-II). Our approach is based on a method for generating solutions of the (2+1)-
dimensional KP equation: we show that if a simultaneous solution of the second and third flows of the
AKNS hierarchy is considered, then the product eTe™ satisfies the KP-II (see the proposition in Sec. 4).
Using these results, we construct a new bilinear representation of the KP-II with one- and two-soliton
solutions. We show that our two-soliton solution corresponds to the degenerate four-soliton solution in the
standard Hirota form of the KP and displays a four-virtual-soliton resonance.

2. The SL(2,R) AKNS hierarchy

The dissipative SL(2,R) AKNS hierarchy of evolution equations

+ +
1, e_ — jN+I e_ , (1)
2 (& . (&

*Department of Mathematics, Izmir Institute of Technology, Urla-Izmir, 35430 Turkey, e-mail: oktaypashaev@iyte.edu.tr.

Translated from Teoreticheskaya i Matematicheskaya Fizika, Vol. 144, No. 1, pp. 162-170, July, 2005.

1022 0040-5779/05/1441-1022 © 2005 Springer Science+Business Media, Inc.



where N =0,1,2,..., A <0, is generated by the recursion operator R,
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The second and third members of AKNS hierarchy are then
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System (3), the dissipative version of the NLS equation, is called the reaction—diffusion (RD) system [2].
It is connected with the gauge theoretical formulation of (1+1)-dimensional gravity, constant-curvature
surfaces in pseudo-Euclidean space [2], and the NLS soliton problem in the quantum potential [2], [3].

3. Resonance dissipatons in the AKNS hierarchy

3.1. Dissipatons of the RD system. The second member of the AKNS hierarchy, RD system (3),

by the substitution
+
t
ej: _ 8 G (ﬁ, ) (5)
V —A F(z,t)

admits the Hirota bilinear representation, t = t1,

(+D; — D3)(G* - F)=0, DX(F-F)=-2G"G". (6)

Any solution of this system then determines a solution of RD system (3). The simplest solution of bilinear
system (6) has the form [3]

(i +n7)

+ e

G* = +e F=14+——, (7)
(k" + k)

where 7 = kx4 ()%t + nli(o). This solution determines a soliton-type solution of the RD system with

exponentially growing and decaying amplitudes, called the dissipaton [2]. But for the product eTe™, we
have the perfect one-soliton shape

5 - 8k?
e” = 5
A cosh® [k(z — vt — x0)]

e

(8)

with the amplitude k = (k" + k7 )/2, propagating with the velocity v = — (k" — ki), where the initial
position is zg = — log(k; + ky )2 + T]Ir(o) + 771_(0).
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The RD system has a geometric interpretation in the language of constant-curvature surfaces [2]. It
follows that when e® satisfy RD equations (3), the Riemannian metric describes a two-dimensional pseudo-
Riemannian space-time with the constant curvature A: R = g"”R,, = A. If we calculate the metric for
one-dissipaton solution (7), it shows a singularity (sign change) at tanh k(x — vt) = +v/2k. This singularity
(called the causal singularity) has a physical interpretation in terms of black-hole physics and relates to the
resonance properties of solitons. In fact, constructing a two-dissipaton solution, we find that it describes a
collision of two dissipatons creating a resonance (metastable) bound state [3].

3.2. Dissipatons for the third flow. For the third flow of the AKNS hierarchy, we have cubic
dispersion system (4). The bilinear representation of this system for the functions e*(z,t) in terms of three
real functions G* and F, as in (5), is

(D; + D3)(G*-F)=0, D2(F-F)=-2G"G". (9)

From the last equation, we have the expression for the product

8 GTG~ 4 D2(F - F) 8 92
©C TTATEF TA B2 Aoz2 OB (10)
The simplest solution of this system,
(nf +n7)
+ e\ 1
G* = +er | F=1+4+——, 11
(ki + &y )? )

where nf = kfz — (k)3 + nli(o), defines a one-dissipaton solution of system (4),

_ -
- i |kir1 et —n)/2 (12)
V—A 2 cosh|(ki +ky)(z— vt —x0)/2)
where v = kf‘Q — ki ky —|—k1_2, o = (nfr(o) +ny (0))/kf'k1_, and ¢11 = —2log k{;”. The resonance interaction

from three to two dissipatons for system (4) is illustrated in Fig. 1.
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System (4) admits the symmetric reduction e™ = e~ = u, leading to the MKdV equation

Uty = Upzz + 3quugg. (13)

Under this reduction, ki = k] = k, and dissipaton (12) becomes a one-soliton solution of the MKdV

B 8 ||
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e e u(z, 1) \/: cosh k(z — k2t — x¢) "

We can thus see that the dissipaton is a more general object reducible to the real soliton of the MKdV

equation,

equation. Similarly, the two-dissipaton solution of system (4) under the reduction k)" = ki, ki = ky is
reducible to the two-soliton solution of the MKdV equation. The natural problem is to find an evolution
equation for the dissipaton product eTe™. As we show below, it is the KP-IL.

4. The KP-II resonance solitons

4.1. The KP-II and the AKNS hierarchy. The AKNS hierarchy also allows developing a new
method for finding a solution of the (2+41)-dimensional KP equation. Depending on the sign of the disper-
sion, two types of the KP equations are known. The minus sign in the right-hand side of the KP corresponds
to the case of negative dispersion and is called the KP-II. To relate the KP-II to the AKNS hierarchy, we
consider the pair of functions e (z,y, t) and e~ (x, y, t) satisfying the second and third members of the dissi-
pative AKNS hierarchy. Here, we rename the time variables t; = y and t5 = t. Respectively differentiating
Egs. (3) and (4) with respect to ¢ and y, we can see that they are compatible.

Proposition. Let the functions e (x,y,t) and e™ (x,y,t) be simultaneous solutions of Egs. (3) and (4).
Then the function U(xz,y,t) = ete™ satisfies the KP-IT

A

Proof. We take the derivative of U with respect to y and use Eq. (3). Hence, U, = (efe™ — e e™),,

x

A

Uyy = (€200€” + €zaae” = (€f€5)0) + UV, (16)
Similarly for U, we have
Uy = — <ejme + %Uefe; +e e+ %UereJr), (17)
Upt = — (ejme +e et + %UUO : (18)
Combining these formulas,
AUy 4 3Uyy = [—e;'me_ — e e — %UUI - 3(€$€;)w:| , (19)

and using Uy, = el 6™ + e e™ + el er + 3ele,,, we obtain KP-II (15).1

1As Konopelchenko recently mentioned to us, similar results are also known in the literature as symmetry reductions of
the KP (see, e.g., [4]).
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4.2. Bilinear representation of the KP-II by AKNS flows. Using bilinear representations for
systems (3) and (4) and the proposition, we can find a bilinear representation for the KP-II. The bilinear
form is given by (6) for RD system (3) and by Eqs. (9) for the third flow, system (4).

We now consider G* and F' as functions of three variables, G* = G*(x,y,t) and F = F(z,y,t), and
require that these functions be a simultaneous solution of bilinear systems (6) and (9). Because the second
equation in both systems is the same, it suffices to consider the next bilinear system

(£Dy — D3)(G* - F) =0,
(D¢ + D3)(G* - F) =0, (20)
D2(F-F) = —2G+G~.

According to the proposition, any solution of this system then generates a solution of the KP-II. From the
last equation, we can derive U directly in terms of only function F,

8 G*G~ 4DXF-F) 8 07

The simplest solution of this system,

GE=te, F=1+ (22)
where nif = kfz+ (kF)2y — (kli)3t+771i(0), defines a one-soliton solution of the KP-IT according to Eq. (21),

_ 2(ky +ky )?
Acosh®[((k + K)o + (k" =k )y — (6 + k")t +9) /2]

(23)

where v = — log(lcfr +ky)2+ nf(o) + 771_(0). This soliton is a planar wave barrier traveling in an arbitrary
direction and is called the planar soliton.

4.3. Two-soliton solution. Continuing Hirota’s expansion, we find a two-soliton solution in the

form
+ + + 4= 4t +,—,
Gt = 4(eM + e 4 afe™ Tt 4 gFen: Tty (24)
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+ Bel I (25)

+

where nii = klix + (kf)zy — (k;t)3t +n; ©) and k;‘jb =k + k?, ,j=1,2,a,b =+, —,

aiﬁ: _ (k% — k§)2 aéﬁ: _ (kli — k;)z 5 _
(ki kaiT)? (kdy kis')?

(ki — kg )2 (ky — Ky )?
(ki k5 kg kdy )

It provides a two-soliton solution of the KP-II regular everywhere according to Eq. (21).

4.4. Degenerate four-soliton solution. Another bilinear form in terms of only the function F is
known for the KP-II [5],

(Dy Dy + Dy + D) (F - F) =0. (26)
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It is therefore natural to compare the soliton solutions of our bilinear equations (20) with the ones given
by this equation. To solve Eq. (26), we consider F' = 1+ eF; + ¢2Fy + .... The solution F; = e™,
where 11 = kix + Q1y + wit + 1Y, the dispersion is kjw; + ki + Q2 = 0, and F,, = 0, n = 2,3,..., under
identifications k; = k" + k', Q1 = V3 (k' — k%), and w; = —4(k® + k;®) and with the rescaling
4t — t and v/3y — y determines a one-soliton solution of KP-II (15). We realize that it coincides with our
one-soliton solution (23). But the two-soliton solution of Eq. (26) [6] does not correspond to our two-soliton
solution (24), (25). The appearance of four different terms e i in Eq. (25) suggests that our two-soliton
solution should correspond to some degenerate case of the four-soliton solution of Eq. (26).2 To construct
a four-soliton solution, we first find the solutions of bilinear equations (26),

F1 = 6171, F2 = 6”2, F4 = 6773, (27)

where 7; = k;x + Q;y + wit + 17?, 1 = 1,2, 3, the dispersion relations are

kw; +EF+Q2 =0, (28)

and
_ + _ + _ +
F3 = 04126771 772’ F5 — a13e771 7737 FG — 04236771 7737 (29)

where

(ki — kj)(wi —wj) + (ki — k) + (2 —)*
R i, =1,2,3. 30
N T it k) @i+ @) + k) (@20 Y (30)

We then parameterize our solution in the form

ki =Kk, wr =4k R, Qi =V3 (KT -k,

ke =ky +ky,  wo= A0 HEY), Q= V3T k),

(31)

ks=k +ky,  ws=—AkT R, Q=V3EZ k),

kya =k +ky,  wi=—-4kTPHE), QU=V3(kT k),

satisfying dispersion relations (28). Substituting these parameterizations in the above solutions, we find
that

aiz3=0 = F5=0, a3 =0 = Fz=0. (32)

Continuing Hirota’s expansion with the solution F; = e, where 1y = kyx + 4y + wat + 19, we find that
Fy = aj4e™ ™™ where

cn — (kl — k4)(w1 — LU4) + (kl — k4)4 + (Ql - 94)2 (33)
YT T ey + k) (w1 + wa) + (k1 ka)® o+ (Q1 + Q)2

and after parameterization (31), it also vanishes:

ay =0 = Fg=0. (34)

20ne of the authors (O. K. P.) thanks Professor J. Hietarinta for this suggestion.
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The next solution Fy = apse™ T, where

(kz — k4)(w2 — UJ4) + (kz — k4)4 + (QQ — 94)2

Qo4 — — ) PRI (35)
(k2 + ka)(wo +wa) + (k2 + ka)” + (2 + Q)
is also zero:
a9y =0 = Fy=0. (36)
We then have Fig = 0 and Fi1 = asse™ T, where
Qag = — (kg — k4)(w3 — UJ4) + (kg — k4)4 + (Qg — 94)2 (37)
(ks + k1) (ws + wi) + (ks + ko) + (Q3 + Q)
When we check it for higher-order terms, we find that Fj5 = Fi3 = - -- = 0. Therefore, we have a degenerate
four-soliton solution of Egs. (26) in the form
F=1+ em + e'2 + e'3 + el + a126771+772 + a34e’73+"4. (38)

Comparing this solution with the one in Eq. (25) and taking into account that n; + 72 = 73 + m
according to parameterization (31), we find that they coincide. The above consideration shows that our
two-soliton solution of the KP-II can be obtained by reducing the four-soliton solution in canonical Hirota
form (26). Moreover, it allows finding a new four-virtual-soliton resonance for the KP-II.

4.5. Resonance interaction of planar solitons. Choosing different values of parameters for our
two-soliton solution, we find the resonance character of the soliton—soliton interaction. For the parameter
choice k{7 =2, k7 =1, kj =1, and k; = 0.3 and a zero value of the position-shift constants, we obtain
a two-soliton solution moving in the plane with a constant velocity with the creation of the four so-called
virtual solitons, i.e., solitons without asymptotic states at infinity (Fig. 2).

The resonance character of the interactions of our planar solitons is related to the resonance nature
of the dissipatons considered in Sec. 3. It has also been reported for several systems, but the four-virtual-
soliton resonance does not seem to have been obtained for the KP-II [7] prior to our work. At the workshop
“Nonlinear Physics: Theory and Experiment III,” we realized that Biondini and Kodama, using Sato’s
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theory, also very recently constructed resonance solitons for the KP-II [8]. A comparison shows that our
bilinear constraint plays the same role as the Toda lattice in their paper.

5. Conclusions

The idea to use a couple of equations from the AKNS hierarchy to generate a solution of the KP can
also be applied to multidimensional systems with a zero-curvature structure, such as the Chern—Simons
gauge theory. Our three-dimensional zero-curvature representation of the KP-II gives a flat non-Abelian
connection for SL(2,R) and corresponds to a sector of the three-dimensional gravity theory. We recently
showed that an idea similar to the one presented here can also be applied to the Kaup—Newell hierarchy. In
this case, combining the second and third flows of the dissipative version of the derivative NLS equation,
we found resonance soliton dynamics for a modified KP-II [9].
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