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HIGHLIGHTS

The explicit formulas for soliton solutions of arbitrary rank are derived.
A new class of exact solutions corresponding to wave fronts is presented.

Soliton solutions similar to breathers resemble soliton webs in the KP theory.
The full classification is associated with the Schubert decomposition of the Grassmannians.
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In the paper we develop the dressing method for the solution of the two-dimensional periodic Volterra
system with a period N. We derive soliton solutions of arbitrary rank k and give a full classification of rank
1 solutions. We have found a new class of exact solutions corresponding to wave fronts which represent
smooth interfaces between two nonlinear periodic waves or a periodic wave and a trivial (zero) solution.
The wave fronts are non-stationary and they propagate with a constant average velocity. The system also
has soliton solutions similar to breathers, which resembles soliton webs in the KP theory. We associate
the classification of soliton solutions with the Schubert decomposition of the Grassmannians Gry (k, N)

© 2017 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Constructing explicit exact solutions for integrable systems is
an important and well developed area of research. Various meth-
ods have been designed to tackle this problem and many studies
have considered soliton solutions of rank one. In the present study,
we propose a dressing method for application to a periodic two-
dimensional Volterra system and we derive explicit soliton solu-
tions of arbitrary rank. We find solutions that resemble breathers
(in the theory of the sine-Gordon equation), nonlinear periodic
waves, and new types of exact solutions for integrable systems,
which comprise smooth interfaces between two nonlinear periodic
waves, or a periodic wave and a trivial (zero) solution.

The dressing method for Lax integrable systems was originally
formulated and developed by [1,2]. Its predecessor was proposed

* Corresponding author.
E-mail address: j.wang@kent.ac.uk (J.P. Wang).

http://dx.doi.org/10.1016/j.physd.2017.01.003

by Bargmann (1949) [3], who performed dressings of the
Schrédinger operator and discovered potentials, which we now
associate with the profiles of one and two soliton solutions for the
Korteweg de-Vries (KdV) equation. The connection between the
potentials of the Schrodinger operators and solutions of the KdV
equation was established much later by Gardner, Greene, Kruskal,
and Miura, who discovered the inverse spectral transform [4]. A
year later, an elegant interpretation of their results was given by
Lax in [5], where the concept of a Lax pair was first proposed.

In this study, we propose a dressing method and consider exact
solutions for the two-dimensional generalization of the periodic
Volterra lattice [6,7]
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System (1) can be regarded as an integrable discretization of the
Kadomtsev-Petviashvili (KP) equation (see Section 3.3). The KP
equation was originally derived for ion-acoustic waves of small
amplitude in plasma [8] and it is a 2 4+ 1-dimensional integrable
generalization of the KdV equation. Its mathematical theory had
a major impact on the theory of integrable equations and led to
useful notions such as the t function and Sato Grassmannian [9].
The KP equation has a rich set of exact solutions, the classification
of which require advanced techniques from cluster algebra,
tropical geometry, and combinatorics, as developed by [10-12].
Eq. (1) was first derived in 1979 based on the reduction group
theory for Lax representation [6]. For a fixed period N, the variables
0 can be eliminated, and thus (1) can be rewritten as a system of
(N — 1)-component second order evolutionary equations. In the
simplest nontrivial case where N = 3, system (1) becomes

30" = o0 + 2000 + 200097 + 9"
+ 3ez¢(2) _ 36_24,(1)_24,(2)

@) 1 2 1@ 2)2
3017 = —201) — o — 209" — 9"
—3e* 4 3e720 20

and after a point transformation it takes the form of a nonlinear
Schrédinger type equation (system “u4” in [13])

(2)

* ,—2wu—2w*u*

+ w'e

27
w=e3,

iur = uxx + (u)*()2 4k

—2w*u—2wu*
+ we s

where » denotes complex conjugation. In this case, the system
is bi-Hamiltonian. A recursion operator and bi-Hamiltonian
structure for system (2) were explicitly constructed from its Lax
representation by [ 14]. A certain class of Darboux transformations
for arbitrary fixed period N was constructed recently by [15].

For infinite N, Eq. (1) is an integrable differential-difference
equation in 2 4+ 1 dimensions, which was described by [16], who
classified a family of equations with non-locality of intermediate
long wave type. This equation’s infinitely many symmetries and
conserved densities were constructed using its master symmetry
by [17]. This case was studied using the inverse scattering
transform by [ 18] who obtained some special solutions.

Bargmann’s potentials correspond to a rational (in the wave
number) factor relative to the Jost function [3]. In our dressing
method, we also start with a rational in the spectral parameter A
matrix factor @ (1), which modifies the fundamental solution of
the “undressed” Lax pair. In the case of system (1), the Lax oper-
ators contain N x N matrices and are invariant with respect to a
reduction group isomorphic to Z, x Dy. We construct the reduction
group invariant dressing factors & (1), which have N or 2N simple
poles that belong to the orbits generated by the transformations
A o), A~ A*, wherew = exp(2).The case of N simple poles
leads to a new class of solutions, which we call kink solutions, and
solutions corresponding to the orbits with 2N poles are referred to
as breathers. This terminology is borrowed from the sine-Gordon
theory, where a kink solution corresponds to a dressing factor with
one pole and two poles factor leads to a breather solution [19,20].
We could also construct (n, m) multisoliton solutions with n kinks
and m breathers, but this generalization is rather straightforward,
and thus we focus on solutions corresponding to a single orbit
(i.e., one kink and one breather solutions) in the present study.

A kink solution can be parameterized by a real number v ¢
{#1, 0} and a point on a real Grassmannian Grg(k, N), whereas
a breather solution can be uniquely parameterized by a complex
number u € C such that || ¢ {1,0}, Imu" # 0 and a point
on a complex Grassmannian Grg(k, N). The number k in Gr(k, N)
is the rank of the soliton solution. There is a difference between the
cases with even and odd N. When N is even, there are two different

o o 1 . .
orbits with N points, i.e., {vo*}l_; and {v&*"2 }}_ . This results in

two different kink solutions. A fine classification of wave interfaces
(in the kink case) and soliton interactions (in the breather case)
can be obtained naturally in terms of the invariant Schubert cell
decomposition of the Grassmannian. In particular, elementary
line breathers and periodic kink solutions correspond to the one-
dimensional invariant Schubert cells of the Grassmannians.

Kink solutions represent regions filled by nonlinear periodic
waves with moving interfaces between the regions (Fig. 1). Thus,
we also call them wave fronts. Breathers correspond to a cascade of
soliton decays and fusions. The density plots of a breather solution
in the (x, t)-plane resemble soliton webs of the KP equations in
the (x, y)-plane for a fixed moment in time (Fig. 2). In this study,
we give explicit and detailed derivations for these two types of
soliton solutions of arbitrary rank for the two-dimensional Volterra
system (1) as well as giving a complete classification of the rank 1
kink and breather solutions.

The remainder of this paper is organized as follows. In Section 2,
we recall the Lax representation for Eq. (1) and its reduction group.
In Section 3, we discuss the dressing method in the presence of
the reduction group. We explicitly derive both kink and breather
solutions for Eq. (1) in a trivial background using the dressing
method. The solutions obtained are all regular, which is proved
in the Appendix. All exact solutions emerging from the dressing
method can be written in the form
Ti 1T

i 121+1. (3)

T

: 1
O = _In
¢ 2

Under a certain continuous limit N — o0, Eq. (1) converges
to the well known KP equation. In this limit, 7; in (3) can be
related to the Hirota t-function for the bilinear form of the KP
equation [21]. In Section 4, we classify both kink and breather
solutions of rank 1 according to the eigenspaces of the constant
matrix A in the Lax operators of Eq. (1). For rank 1 kink solutions,
we start with a description of all possible rank 1 kink solutions in
the cases where N = 3, 4 and we also prove the general results
for arbitrary dimensions. For rank 1 breather solutions, we present
some typical configurations and the general result based on the
number of possible distinct configurations. Our definition soliton
graphs based on tropicalization were motivated by [10], although
we do not have the structure associated with the Wronskian of
solutions. In the Conclusion, we summarize our results and discuss
the feasibility of a full classification of higher rank solutions.

2. Lax representation and the dihedral reduction group

Let us consider general matrix operators of the form

L(L) =Dy + X(x,t,A), M@Q) =D, +T(xt, 1), (4)

where D, and D; are the total derivatives in x and t respectively,
A € Cis a spectral parameter, X and T are real N x N traceless
matrices

X(x,t,A) = Xo+ AU+ AU

T(x,t, 1) = To+ A 'A+ LA+ A7?B + A?B,

and the matrices Xo, U, U, To, A, A, B and B are functions of x and
t. The compatibility condition [L, M] = 0, i.e.,

T.— X+ [X,T] =0, (5)

gives 7(N? — 1) partial differential equations (coefficients of
A73, ..., A%) for 7N? matrix entries.

We define a group of automorphisms generated by the follow-
ing two transformations for an operator d(1), where the first is

cod(r) > —df ), (6)
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Fig. 2. Density plots of ¢V (x, t) for N = 5 of rank 1 and rank 2 breather solutions.

where d is the adjoint operator of the operator d; and the second is

s:d() = Qd(w 'A)Q ",
(7)

2mi
w = exp T

These two non-commuting transformations satisfy

Q = diag (o),

Z=sN=id, st=s"1,

and thus they generate the dihedral group denoted by Dy. We re-
fer to the group generated by transformations (6) and (7) as the
reduction group [6,7,22-25]. Note that transformation ¢ (6) is an
outer automorphism of the Lie algebra sl(n) over the Laurent poly-
nomial ring C[A, A7 1].

Proposition 1. If the linear operators (4) are invariant with respect
to the reduction group Dy, then they can be written in the following
form

+21wa —24a"a
M =D, + A 'aA —rA'a+ 2 72bA% — A2A~

I = D, (8)
’b, 9)

where u, a, b are diagonal matrices and A is the shift operator given
by

0 1 0 0
0 0 1 0
a=|i oo (10)
0 0 O 1
0 0 0

Proof. From the invariance under the transformation ¢ (6), i.e.,

Lo, Mk = (-, =Mt ),

23
10
8
6
4
2
0
-
-4
8
-8
_10_
it follows that
ﬁ — _Utr K — _Atr E — _Btr
9 b 9 (]])
Xo = —X;, To=-Tj,
where " denotes matrix transposition. The invariance under the

transformation s implies that Xg, To are diagonal and that the
matrices U, A and B have the form of

U=uAdA, A=aA, B=haA?

where u, a and b are diagonal matrices and A is given by (10). By
combining with (11), we obtain Xo = Ty = 0 as well as expressions
(8)and (9) in the statement. O

Letu = diag (u?),a = diag (a®”) and b = diag (b?). Then,
the compatibility condition of Lax operators (8) and (9) leads to 3N
equations

u®Opitd _ phy(+2) _ o , (12)
Dx(b(i)) 4+ uDgD _ g+ — g , (13)
D[(u(i)) — Dx(a(i)) — yU=Dpl=1 4 piy,+2) (14)

in 3N variables u®, a® and b®, where i = 1, ..., N. In this study,
we assume that all the upper indices, which take values from 1 to
N, are counted modulo N, unless stated otherwise. Take

u = diag (exp(¢"), ..., exp(™)),

15
a = diag 0V exp(@™), ..., 0™ exp(p™)). (1)

From (12)-(14), it follows that we can set b = exp (¢ + ¢ 1)
and Y1, ¢® = >y, Q(i) = 0 without any loss of generality. In
the variables ¢ and 6@, the system of equations (12)-(14) leads
to the two-dimensional generalization of the Volterra system (1).
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The corresponding operators (8) and (9) can be expressed as the
invariant operators under the reduction group Dy, i.e.,

L=Dy+U, U=ir"ua—-xra"lu,

M=D;,+V, (16)
V =21"%uduA + 1 'aa —rAa"la— A2A lua ,

where u and a are defined by (15), and the matrix A is given by
(10). The condition of the commutativity of these operators

[£, M] = Dy(V) — D,(U) +[U,V]=0 (17)

leads to the two-dimensional generalization of the Volterra lattice
(1)[6,7]. This is often called a zero curvature representation or Lax
representation of Eq. (1). These two operators, .£ and M, are usually
called the Lax pair.

If we assume that the functions ¢®, 0% in (15) are real,
then the Lax operators £, M are also invariant with respect to
transformation

L) LAY, MO) > ML), (18)

where * denotes its complex conjugate. This transformation
extends the dihedral group. The group generated by s,(,r is
isomorphic to Z, x Dy.

3. Rational dressing method for the generalized Volterra lattice

In this section, we use the rational dressing method [1,2,7]
to construct new exact solutions of (1) starting from a known
exact solution. The regularity of all these solutions is proved in the
Appendix.

Let us denote Uy, V as the matrices U, V where ¢ are replaced

by the known exact solution ¢(()i), i=1,...,Nof(1)ie,

Uy = A7 lugA — A A7 Mg,

Vo = A 2ugAugA + A lagA — AATlag — A2 AT lug AT .

The corresponding overdetermined linear system

Lo = (Dx + Ug)¥o = 0, MW = (Dr + Vo)W =0 (19)

has a common fundamental solution ¥, (A, X, t). Following [1,2],
we assume that the fundamental solution ¥ (A, x, t) for the new
(“dressed”) linear problems

= (Dy+U)¥ =0, =D +V)¥ =0 (20)
is of the form
¥ =o(M¥, detd #£0, (21)

where the dressing matrix @ (1) is assumed to be rational in the
spectral parameter A and invariant with respect to the symmetries

AT =0 () (22)
Q2 (@ M T=o0W). (23)

Conditions (22) and (23) guarantee that the corresponding Lax
operators J£ and M are invariant under transformations (6) and (7).

We now derive real solutions for the real equation. Thus, we
also require

D*(M*) = D(M). (24)
From (19), (20), and (21), it follows that

@ (D, + Up)d~ ! =U; (25)
(D, +Vo)o l=V. (26)

These equations allow us to specify the form of the dressing ma-
trix @ and construct the corresponding “dressed” solution ¢@ of
Eq. (1).

Let us consider the most trivial case where the dressing matrix
@ does not depend on the spectral parameter A. In this case, the
dressing matrix does not result in any new solutions.

Proposition 2. Assume that @ is a A independent dressing matrix for
the two-dimensional generalization of the Volterra lattice (1) and </>(()')
is a real solution. If it satisfies (22)-(24), then the matrix is ® = =*lIy,
where Iy is the N x N identity matrix and the real solutions on the

background ¢\ are @ = ¢

Proof. Under the assumption that the dressing matrix & is
independent of the spectral parameter A, from (25) and (26), it

follows that
Dy® =0; D;® = 0; PugA = uAP; PA 'uy = A" 'ud;

DagA = aAD; AT ao Aag.

(27)

It is obvious that the matrix @ is independent of x and t. @ satisfies
(22)-(24), so we deduce that matrix @ is real, ®®" = Iy, and @ is
diagonal. Thus, the constant matrix @ has +1 on the diagonal. By

substituting this @ into (27), we obtain @ = +Iy and @ = ¢
because both ¢ and ¢ are real. [

A A-dependent dressing matrix & (A), which is invariant with
respect to the symmetries (22)-(24), has poles at the orbits of the
reduction group. The simplest “one soliton” dressing corresponds
to the cases where the matrix @(1) has only simple poles
belonging to a single orbit.

Note that if @ (1) is invariant under the reduction group, then
so is @~ 1()). Instead of specifying the poles for @ (1), we first
specify the poles for @', and then determine @ from the relation
(22). If @~ 1(A) has a pole at the point u, then by the second
relation (23) (for @ 1), it must also have poles at the points v~ !,
w2, ..., 0 NV Due to (24), there are two non-trivial cases.
(1) The matrix @ ~1(A) has N poles

(i) for arbitrary N poles atw*u, k=0,...,N—1, u #
0, w#£1, p=p~
(ii) when N is even, i.e, N = 2m, poles at o *u, k =
0,....,N—1, u=vexp(F),veR, v ¢&{£l,0}
(2) The matrix @ ~'(A) has 2N complex poles at o % and ¥ pu*,
wherek =0,...,N — 1and

weC, |ul#1, p#ou*, k=1,...,N.

Note that when N = 2m + 1 in case (ii), then ®"u = —v €
R. Hence, this case is included in case (i) for odd N. The extra
conditions on w aim to ensure that the poles are distinct for @
and @', These cases correspond to the “kink” and “breather”
solutions, respectively.

The explicit forms of the matrix @ ~!()) corresponding to the
two cases above as well as being invariant with respect to the
symmetries (23) and (24) are

N—-1 k k
1py Q"AQ e
M) G o' = ”lek—u A=A,
w=pt w#0, p#F £l
2m—1 ~—k k
(i) &~ (x)_c+ZQ 4Q N =2m,

Ak —

11 _ mi .

A'=w 'Q 'AQ, n=vexp >m ,VER, v &{£1,0};
m

< Q kAQk

Q*kA*Qk
)\.Cl)k _ M* ’

] # 1, ,u#a)u ,k=1,... N,
where C and A are A-independent matrices of size N x N. Moreover,

to satisfy (23) and (24), we have C = QCQ ~!, which implies that C
is diagonal and C = C*. Hence, we assume that

s CNDs (28)
wherec;,i =1, ..., N are real functions of x and t.

) @~ (A)—C+Z

C = diag (cq, ...
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We now derive the conditions on the matrices A and C such thgt
®~'(1) satisfies (22). In this case, we have ® (%) = (#~'(A71))".
Thus, it follows that

katrn —k
1N o) = C+Z QA Q A=A", p=p* or

i _
N =2m, ,u_vexp<N> A* =0 'Q7'AQ; (29)
QkAtrQ —k QkA*trQ—k
@ <z>(x>—c+z(A e +A_]wk_w>. (30)

Proposition 3. Let Iy denote the N x N identity matrix. The dressing
matrix satisfies (22) if and only if matrix A and the real diagonal matrix
C satisfy the relations:
lim () =C"Y%  d(wA=0. (31)
L—00
Proof. We verify that @ (1) above is indeed the inverse matrix
of ®~1(1) by checking that ®(1)®~'(L) = Iy. The product is a
rational matrix function of A. By taking the limit at A = oo we
obtain limy_, o, @ (A)C = Iy, which implies the first equation in
(31). Under the assumptions on /i, the poles of both & and @ !
are simple and distinct. Therefore, & (1)@ ~!()) has simple poles.
By requiring the vanishing of the residue at A = u, we obtain
the second equation in (31). The residues at all other points of the
reduction group orbit will vanish due to the manifest invariants of
the expression with respect to the reduction group. O

We now investigate the conditions (25) and (26) for @(A),
which follow from the fact that it is a dressing matrix. Note that
@, Uy and @~ ! have distinct simple poles. Thus, the left-hand side
of (25) only has simple poles. First, we compare the residues at the
pole w. It follows that

xlif}t()‘ — 1@ (Dx + Up(1) @~ = & (1) (Dx + Up(1)A = 0. (32)

Thus, (Dy + Up())A € ker @ (). In a similar manner, from
condition (26), it follows that
® (1) (D; + Vo(1))A = 0,

thatis, (D; 4+ Vo(u))A € ker @ (). (33)
We compute the residue at A = oo on both sides of (25) and we
have

1

lim —® ) (Dx + Up(2) @' (3)
A—>00 A

= — lim @MW) A lugC = —A"'u.

A—00

Using (31), we have
C A '€ = A7 (34)

This formula provides the relation between uy and u. However, it
is necessary to determine the diagonal matrix C in the dressing
matrix @, which depends on the choice of the form of @ (). We
determine this when we compute the kink and breather solutions.

In the following two sections, we construct the exact solutions

starting with the trivial solution ¢(') 0,i=1,...,NforEq.(1).
In this case, ug = Iy and ag = 0. Thus, we have
Lo=Dy+1TA-2A"" My=D;+1724% —12A72

In this case, it is easy to see that the fundamental solution for (19)
is
Wo(x, t, 1) = exp((—A7TA + 147 Hx

—(A2A%7 = X247 H). (35)

Obviously, the matrix Yy(x, t, A) satisfies the reduction group
symmetry conditions (22)-(24).

On the trivial background, (34) becomes C~1A~IC = A7 'u. It
follows that

exp(¢”) = —- (36)
Cj+1

We use this later to construct solutions for (1) on the trivial

background.

3.1. Kink solutions

In this section, we derive the explicit formulae for kink solutions
of arbitrary ranks. As discussed earlier, a kink solution for Eq. (1)
corresponds to the invariant dressing matrix with N simple poles,
which has the form of (29). There is a difference when the
dimension of N is even or odd. If N is odd, there is only one case
where A = A*, u € Rand u & {£1, 0}. If N is even, there is an
extra case where . = v exp(%}) withv € Rand A* = 0~ 'Q 7 'AQ.
This difference is caused by the real requirement (24). Hence, we
first derive the expressions for 2 and A, and then add the conditions
for them.

For all cases, the matrix C defined by (28) is diagonal with
real functions ¢;,i = 1,..., N on the diagonal. Moreover, from
Proposition 3, it follows that

.l N—1
lim (1) = C — — § QkarQ*
A—00 72 —o

= C— MilNAdjag = Cil; (37)
N-1 k ptr
QA Q
D A=|C+ — |A=0. 38
() ( E M) (38)

In (37), we use the identity Y p o Q“A"Q ¥ = NA g, which
can be proved by directly computmg its entries (see Lemma 1 in
Appendix of [15]).

Proposition 4. If matrix A is nondegenerate in the dressing ma-
trix (29), then the real solutions for (1) are @ = 0 on the trivial

background d)é” =0, wherei=1,...,N.
Proof. If detA 5 0, then from (38), we obtain

k ptr k
A
- Z Q Q o
which implies that matrix A is diagonal since C is diagonal, and thus

N-1 QkAtrQ—k N-1 1 NMZN_l
C:_Z 1k _ :_“Z A= 2N_]A
e e —o @ T M "

We use Lemma 2, which was proved in the appendix of [15], and
we state that for x¥ # 1and w = exp(Z),

rf Wl B Ny(— 1D modN (39)
—x —  xN—1
j=0
By substituting this into (37), we obtain

N 1
(P ——AC=—C =1y, ie, C=p™ly.

g g
Thus, we have ¢; = #+u" when u € R, or ¢ = vV when

w = vexp(Z) with v € R. From (36), it follows that
. Ci
exp(¢p?) = — =1
Cit1

since e R. Thus, we obtain the trivial solutions for ¢, as given
in the statement. [
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In order to construct solutions that depend on x and t, we consider
the case where matrix A is of rank r < N — 1, and thus it can be
represented in the form of

A =nm",

where n and m are both N x r matrices of rank r. We define the
rank of the kink solutions as the rank of matrix A in the dressing
matrix. In this case, Eq. (38) becomes

N—=1 ~k try —k
mn
(c+ Q1j2>n=o (40)
[ R
since m is the N x r matrix of rank r. We can use this to solve for

m in terms of n. Furthermore, we can determine matrix C in terms
of A by using (37).

Remark 1. The dressing matrix @ (A) (29) is parameterized by a
matrix n lying on a Grassmannian. Indeed, it is assumed that we
obtain m = F(n) from (40). If we make a change i = nW, where
W is an invertible r x r matrix, then the corresponding solution is
m=FmW™ )T = m(W~")". Therefore, the matrix is

~

A=nmm" = nWW 'm" = nm" = A.
From (40), it follows that n € ker @ (u). From (32), we obtain
0 = @(11)(Dy + Up(p))nm"

= @(W) (D + Up(w))(mm" + & (1) (nmy),

which implies that (D, + Up(wt))(n) € ker @ (). Thus, a scalar
function y (x, t) exists such that

(Dx + Up(w))(m) = y (x, t)n. (41)
Similarly, we can show that a scalar function § (x, t) exists such that
(Dr + Vo(u))(m) = (x, t)n. (42)

The compatibility of the operators Dy + Uy and D; + V,, implies that
¥ = 0. Thus, we let y = n, and § = n;, where 7 is a potential
function, so we can deduce that

n = exp(n)¥(x, t, u)ng,

where ng is a constant N x r matrix and Y¥y(x, t, ) is the
fundamental solution of the linear differential equations defined
by £Lo()¥ = 0 and My()¥ = 0. According to Remark 1, the
dressing matrix @ is invariant under a rescaling of the matrix n, so
we can simply take

n = Y(x, t, u)ng. (43)

In the following, we explicitly construct kink solutions of arbitrary
ranks.

3.1.1. Rank 1 kink solutions
We consider the matrix A = nm", where n and m are vectors.
As discussed earlier, we first solve for m using Eq. (40), i.e.,

N-1 ~k tr —k
mn
k=0 M @" T H

We then determine the diagonal matrix C and write the rank 1
solutions as follows.

Lemma 1. Let matrix A be a bi-vector and A = nm". If the dressing
matrix given by (29) satisfies (22), then the entries of the diagonal
matrix C are given by

an 2{(i—1I) modN], (45)

where n; are the components of the vector n.

Proof. Under the assumption, we find that n"Q *n is a scalar
function. Thus, the matrix

N-1 antrQ—kn N-1 ntrQ—ank

I R
-1,k —1,,,k
= A~

is diagonal and the entries on the diagonal are

N-1 N ik N N-1 _ (i-Dk
_ 2 Ik w w
Wii = njw T r_ =M n w2
=0 =1 nowt = =1 k=0 ¢

N 2{(i—1-1 d N
[ wN —1

where we use (39). Thus, W is invertible because © # 0 and
|;| # 1. By substituting this into (44), we obtain the vector m with
components

)

N _1 cin;
m =2 = : (46)

uN nIZMZ{(z’—I—l) mod N}

M=

Il
-

The matrix C can be determined using Eq. (37), which is equivalent
to

- 1 N —1 Ci”i2
G—¢ =pu Nmn =

2 N .
H Z nIZIuZ((i—I—l) mod N}

=1
This leads to

N
MZ Z HIZMZ{(HF]) mod N} .
2 =1 2 li—1
=0 —

tl\J
M=

nIZMZ{(i—I—l)mod N} (u2N — 1)”1'2

Il
-

where t; is defined by (45). O

We now use (36) to derive the real solution for ¢®. For the case
where © = pu* = vand A = A*, we only need to choose ng as a
real valued constant vector. Using (43) and (35), we can determine
the real vector n, which leads to c,-2 > 0. According to (36), the
solutions are

69 =1In Ci zlln TH?‘H '
Cit1 2 T

Thus, we have the following result.

Proposition 5. Let ng be a constant real vector and v € R, v #
0, v # =£1. Arank 1 kink solution of the system (1) on a trivial
background ¢ = 0,i=1, ..., N, is given by

i 1 Ti_1Ti 1 N i
 — _1p i—1ti+1 T = 2 2{(i—I) mod N} 47
¢ 2 < ‘['.2 ’ 1 UZN _ _l - 1 ’ ( )

where n; are the components of the vector

n=exp((A™! — v 1A)x — (v 242 — 2 A H))n.
For the case where = vexp(%) with v € R and A* =

»~'Q7'AQ, we use the following statement to obtain the real
solutions.

Proposition 6. Let ng be a constant vector that satisfies ng = Qng,
For u = vexp(fl‘), wherev € Randv # 0, v # +£1,arank 1
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kink solution of the system (1) on a trivial background ¢® = 0,i =
1, ..., N, is given by

. 1 Ti—1Ti
(i) — —In i—1ti4+1
0= ( ,
an 2{(i— l)modN],

where n; are the components of the vector

T AX — (WA — pP AT,

(48)

n=exp((na~' -

Proof. To prove the statement, we only need to show that ¢; given
by (45) are real. First, we note that

uw=wu, AQ = wQA, ATIQ =l
Using these identities, we can show that
(A = ™' Ax — (u2A% = ? A7) Q
=Q ((va)‘%A_1 v e A — (v 2wA? — vza)_lA_z)t)

— Q ((M*A—] _ /,L*_lA)X— (/,L*_ZAZ _ M*ZA—Z)t) ,
which leads to Yy (x, t, ©)Q = QW¥(x, t, u*). Using (43), we have
Yo (x, t, w)Qng = QW (x, £, u*)ng = Qn’,

ie,n = w’n,’. By substituting these into (46), we obtain

n =Y (x,t, u)ny =

2N —i
v —1 Ciw N i
* = N =o' 1mi, (49)

1 -1
MHw o o
w 21+2§ HIZMZ{(l 1—1) mod N}
=1

m

which implies that m = »Q ~'m*. Thus, A = nm" = wQA*Q .
Finally, we show that c; are real. Indeed,

Z n*Z *2{(i—I) mod N)

Therefore, we have ¢}* = /L*Z S = prit

i - *2N

= c . Using (36), we
derive the real solution for ¢®, as given in the statement. 0O
Note that this Proposition is valid for arbitrary dimension N.

However, it only leads to new solutions that differ from those
obtained in Proposition 5 when N is even.

3.1.2. Rankr > 1 kink solutions

In this case, the rank r matrix A = nm", where n and m are
N x r matrices of rank r. As discussed earlier, we first solve m in
terms of n using (40). From (37), it follows that

N—-1
C = C71 4 /’L71 Z kanterk. (50)

k=0

By substituting this into (40), we obtain

1 1 o*0*mnT0 —*n
c—‘n+—22%:o. (51)
= e
Let m = Cm. Then, (50) and (51) become

C* = Iy + N (D) giag

1 =1 okQkmnQ ~*n (52)
) Z k, —1 =n
p? = —oku

We denote the jth rows of n and m as n; and my, respectively. From
the second identity in (52), it follows that

1 N-1 w(H—l)kntrQ—kn 1 o N-1 a)(/'+1)kQ—k
n; = m;— — okl =m;—n — ok -
= =1
= mlﬁjnt‘sq)n, (53)

where 5(j) is an N x N diagonal matrix and the ith diagonal entry
is equal to p2{0—) mod N} ‘Wwe can determine m as well as as matrix
C in the dressing matrix as follows.

Lemma 2. Let rank r matrix A = nm", where n and mare N x r
matrices of rank r. If the dressing matrix given by (29) satisfies (22),
then the entries for diagonal matrix C are given by

Tj—1
2 2r %
C: = M _,

Ki

;n"S(j)n (54)
l/LZN -1 ’
where S(j) is an N x N diagonal matrix and the ith diagonal entry is
equal to p?(0—D mod N}

Proof. Using the notations given in the statement, from (53), it
follows that

- M o —
m; = Nn]R(l) l.

We substitute this into the first equation in (52) and determine that
the jth diagonal entry of the diagonal matrix C satisfies

G =1+ Y 0RO Yapmjp. (55)
o, p=1

The explicit formula for the entries at («, 8) in R(j) is equal to

1 N .
7 - 2{(j—k) mod N}
R(ep = P ki] Nie N A )

It is easy to show the identity between the entries in matrices R(j)
and R(G — 1):

RG)ap = WR( — Dayp
which implies that

R() = u’RG — 1) — nj'n;.

— Nja Mg,

Using Sylvester’s determinant theorem, this leads to
p*" detR(j — 1) = detR()(1 4+ nR()~'nj").

By comparing this with (55), we obtain

2 w? detR(G— 1) u T
J detR(j) T

which is (54) in the statement. O

)

Using (36), we obtain the solutions in the statement, where n is
determined by (43) and (35). In the case where © = u* = v and
A = A*, we only need to choose ng as a real valued constant matrix
of size N x r in order to guarantee that the solutions are real. We
state the result as follows.

Proposition 7. Let ng be a rank r constant real matrix of size N x r
and u = u* =v € R, v # 0, v # 1. Arankr kink solution of the
system (1) on a trivial background ¢ = 0,i =1, ..., N, is given by

. ‘l . )
90 =2n (“?“) . 7 = detR(),
i (56)

RG) = n“s(n,
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where S(j) is an N x N diagonal matrix and the ith diagonal entry is
equal to pA =D mod N} gpnq

n=exp((vA™ — v 1A)x — (v 242 — v2 A7) t)n.
Note that by taking r = 1 in Proposition 7, we obtain the results in
Proposition 5. )

In the case where © = vexp(”ﬁ‘) with v > 0and A* =
®~'Q'AQ, we use a similar result to Proposition 6 to obtain kink

solutions of rank r.

Proposition 8. Let ny be a rank r constant matrix of size N x r
that satisfies my = Qng. For u = vexp(¥), where v # 0 and
v # 1, a rank r kink solution of system (1) on a trivial background
¢® =0,i=1,...,N,isgiven by

. 1 1T
¢V = n (“?“) 7 = detR(j),

i

(57)
R() = ——nS()n

MZN -1 ?
where S(j) is an N x N diagonal matrix and the ith diagonal entry is
equal to p20=D med N} gpd

n=exp(uA~" — p ' A)x — (W 2A% — > A7))ng.

Proof. Similar to the proof of Proposition 6, under the assumption,
we have n = Qn*, which leads to

nttrs(j)*nt>

= det szn“su)n =
- MZN 1 - It

* N 1

*21’]1

Tj—
Therefore, we have cj* = = prri=t

Ej

= /. Using (36), we
J
can derive the real solution for ¢ as given in the statement. O

Similar to Proposition 6, although this Proposition is valid for
arbitrary dimension N, it only leads to new solutions that differ
from those obtained in Proposition 7 when N is even.

3.2. Breather solutions

A breather solution corresponds to the simple poles at the
points of a generic orbit of the reduction group. The corresponding
dressing matrix has the form where A is a A-independent matrix
of size N x N and the matrix C defined by (28) is diagonal with
real functions ¢;,i = 1,..., N on the diagonal. Moreover, from
Proposition 3, it follows that

1Nz 1 A=
li d(\) = C— — kAtr -k _ " kA*tr —k
A, o™ ,X_:Q ¢ W ZQ ¢
k=0 k=0
1 1 _
=C— ;NAdiag ~ —NAG,, =C75 (58)
N—1 katry—k N-1 k axtr o —k
Q"A"Q™ Q"A™Q
P(WA = C+Z 1k Z . A
P A i
=0 (59)
If matrix A is invertible, then in a similar manner to Proposition 4
for the kink case, we can find the real solutions for > = 0 on

the trivial background. Hence, we assume that the rank of A is
r<N-1.

In the same manner as the case for kinks in Section 3.1, we
present A = nm", where n and m are both N x r matrices of

rank r. It is obvious that the dressing matrix & (1) (30) is again
parameterized by a matrix n lying on a Grassmannian, and we also
have

n = Yy(x, t, u)ng, (60)

where ng is an N x r matrix of rank r.

3.2.1. Rank 1 breather solutions
In a similar manner to the case of the rank 1 kink, we consider

the matrix A = nm", where n and m are vectors. Then, (59)
becomes
k tr k N—=1 Ak xoxtr—k
mn m'n
C+ E 0 ¢ Q'm'n™Q " n=0. (61)
T = T

First, we use this to determine m in terms of n. Then, we use (36)
to compute the solutions ¢ for Eq. (1).

Proposition 9. Let ng be a constant vector and u € C, |u| #
1, u # ofpr, k = .» N. A rank 1 breather solution of the
system (1) on a trivial background ¢ = 0,i =1, ..., N, is given by

. 1 Ti_1Ti
p0 = 5m( ‘ ‘2‘“), = p()? — o (), (62)
T
where
O'(l) _ Z n2 2{(i—I) mod N)

N (63)

. 1 i

pli) = i D Im |0 Mot
I/“Ll -1 =1

and n; are the components of the vector

(n2a4%

n=exp((uA~" —pu 'A)x — — A7)0,

Proof. Under the assumption, we find that n"Q ~*n and n*"Q ~*n
are scalar functions. Thus, we define

b Z:l nterank . c 1 n*terank
= M—lwk_u’ — M—lwk_ut’
which are diagonal and the entries on the diagonal are

N—1 N N—1
2k
Dy =3 Y o
wlw

XN: N/,Lz{(' [—1) mod N}
= — n————""m3.
H 1 wN —1
—1

ik @
7—u2|m| Z i

5 N|M|2{(17171) mod N}

a)(z Dk

—“Z"lZﬁ

k=0

Dk

— |ul?

-1 7

where we use (39). Using the notations defined by (63), we rewrite

them as

Dij=—uNo(i—1);  Ei=-—uNp@i-1). (64)
By writing the entries of (61), we have

cin; + Dym; + Egm; = 0.

We solve this for m; and it follows that

D ‘n; — Egn;

m; =
|Eu|2 |Dii|2
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The matrix C can be determined using Eq. (58), which is equivalent
to

-1 1 1 * ok

CG—¢ N Em,-n,- + Emi n;
NC,' < 1 D 2 +

= — n;

|Ell| - |Dn|2 i

1 1
— | —Ei+ ** ii [n 1|
0 5

This leads to
2 |Eii|* — |Di|*

Ci =
]2 12 2 _ N p.p*2 1E.
|Eii|* — Dyl MD; i N*Dun? +N(MEH

*2
Dll

EEDIm2

By substituting (64) into this, we obtain
4pi— 17— o= 1
p()? — |o(i)?

where o (i) and p(i) are defined in (63). We use the identities
between o (i — 1) and o (i), and p(i — 1) and p (i) as follows:

G = [l

’

proli—1)—n=o@); |uPpl—1—n=p@.

From (36), it follows that

¢? =1In G\ _ lln T1717251+1 ,
Cit1 2 T;

where t; is defined by (62
and (35). O

). The vector n is determined using (60)

3.2.2. Rankr > 1 breather solutions
In this case, the rank r matrix A = nm", where n and m are
N x r matrices. From (58), it follows that

1 N—-1 1 N-1
C = C—l 4 — Z kantrQ—k + — Z ka* *trq— (65)
=i K=o
By substituting this into (59), we obtain
1 —1 I{kantrQ—kn

c™ n—}——
w? ,ZO: okt —

*tr
Z—m“ Qg (66)

*2 a)"*l—pb

Let m = Cm. Then, (65) and (66) become

2 1 = tr 1 =~k *tT
C=Iy+ ;N(mn )diag + EN(m n )diag; (67)

1 N—-1 a)kamntrQ n 1 N-1 a)kaﬁltn*trQ—kn
u Z w— akp1 2 o — k1 =n. (68)
k=0 k=0

We denote the jth rows of n and m by n; and my, respectively. From
(68), it follows that

1 N1 w(i+l)kntrQ—kn 1 N1 w(/'+1)kn*terkn

n=m— ) e
J Jﬂz = - wkM—1 J w2 ; w— wkut—l
N-1 j+ 1k —k
B m.lntr witkQ
- 2 — ok —1
1% k= M — "
1 N-1  G+Dkg—k
+m —n* 7Qn. (69)

M*Z P "w— a)"u*_l

Let us introduce the following notations for the r x r matrices
where the entry at («, ) is

N—1 j+1)k ) —k
Ry = 2 (Lary @O,
o N \ p2 el —a)kpbfl ;
— o,

1 N .
= F 1 D Mianyppt0 meaN; (70)
=1
* 1 N—1 w(i+])k —k
Py = L (Lar 22 4
N A" - otu
wp
1 N -
= T 2 MmO e, (71)
=1

Note that R(j) = R()™ and P()! = P(j)*™ = P(j), where the 1
notation denotes the Hermitian transpose of a matrix. It is easy to
show the identity between the entries in R(j) and R(j — 1), and in
P()and P(j — 1):

R()a.p = WRG — Da,p — NiaMjp;

P()ap = |*PG — Dap — 17,0,

which imply that

RG) = u?RG—1) — l‘l;rnj; Pj) =
From (69), it follows that

|ul’PG— 1) —nln.  (72)

N_ . N _, . e s
n; = ;m,R(}) + 7* jP(]) = m,R(]) +ij(]),

N

where m = Lm and thus we obtain the solution for m, which

leads to
iy = (mP() " — mRG') (RGPG) ™" = PGRG™)

We substitute this into (67) and determine that the jth diagonal
entry in the diagonal matrix C satisfies

G =14 (Maniy + M, n},) = 1+ mynf" + f'n/
= 1+ (R() - P(i)*R(i)*‘lP(i))_l n

+n! (PG)* —RGPG'RG?) ' "

+nf (RG)* — PGRG) PG
+n; (PG) — RG)*PG)*'RG)) ™

[=g

—r—g.=~,_\.

(73)

Lemma 3. The matrices R(j) and P(j) defined by (70) and (71),
respectively, and the scalar ¢; given by (73) satisfy the identity

51 = |l 5, (74)

7 = det (P)P()* — PGORGP(G)~'R()*) -

Proof. First, we apply Sylvester’s determinant theorem to (72),
which leads to

|1|* detP(j — 1) = det P(j)(1 +an(;')*1an). (75)

Using the Sherman-Morrison formula, we find that

PG — 17" = ul’PG)! (1 nfan(i)-l) ,

1+«
a =mnP{) 'n!
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Using o, we rewrite (75) as

detP(j—1) = detP(j)(1 + «). (76)

[ pe]?r

Using (72), we now compute
PG —1)*—RG—DPG— 1 'RG— D"

1
=P <P(j)* +n'n’ — (R() + n"ny)P) "

1
x (1 -1 an}njp(j)l) (R(G)* + n/ nj*)>

1
=— <P(i)‘ — RGPG)'R(G)*
[l

+ M — RGPG 'n)(n: — an(i)‘lR(i)*)> .

1+«

Let W(j) = P(j)* — R()P(j)~'R(j)*. Using Sylvester’s determinant
theorem, we obtain
1

|l
: .
X(1+1+anﬁ—nwmfwmvwm”0¢—prmqﬁg'

detW(j— 1) =

det W (j)

By combining this with (76) and using the notation in (74), we have

Tj_1 = detP( — 1) detW(—1)
1
1

x WG~ @ = RGPG) "))

det P(j) det W (j) (1 +a+ @ — PG 'RG

We compare the scalar expression inside the bracket with cj2 given
by (73), and use the identity

PG)~" 4+ PG)T'RG*W () T'RGPG) !
= (PG) — RG*PG)*'R(G)) ™

to obtain the formula (74) in the statement. O

Note that
_ PG) O\ (I P()'RG)"
7; = det ((R(]) Ir) (O PG)* — R(j)P(j)‘”Q(j)*))
= detH(j), 77

o _ (PG RO”
”@—<M)P@J’
where the r x r matrices R(j) and P(j) are defined by (70) and (71),

respectively. We can now write the rank r breather solutions as
follows.

Proposition 10. Let ng be a rank r constant matrix of size N x r and
weC, |u #1, u# o*u*, k = 1,...,N. Arank r breather
solution of the system (1) on a trivial background (¢® = 0,i =
1,...,N)is given by

. ‘l - .
$9 = —In Emlisil 7 = det H(j), (78)
2 sz

where the 2r x 2r matrices H(j) are given by (77) and

n=exp(uA~" — u ' A)x — (W24 — > A7)0)ng.

Proof. From Lemma 3, it follows that

Ti_
¢ = lul

Tj

By using (36), we obtain the solutions in the statement, where n is
determined by (60) and (35). O

Note that by taking r = 1 in Proposition 10, we obtain the
results in Proposition 9.

3.3. The t-function and continuous limits

In the previous two sections, we showed that both kink and
breather solutions can be expressed in the form

: G 1. 747
i _ i i i+1
¢V =In— = —In 5

Cit1 2 T

(79)

according to Propositions 5-10. In this section, we derive the
equations for ¢; and ;. To simplify the notations, we drop the index
i and introduce the shift operator $ for mapping the indexitoi+1,
ie, ¢ = c, cp1 = 8¢, cio; = 47 'c, and the same for 7;. The shift
operator satisfies 8Vt = v and §V¢ = c.

Let c = e* and T = e*. From (79), it follows that

d=(1-8u=38"18— 17, (80)
which leads to
0=—8—1D"1S+ Doy = (5 + Du,. (81)
By substituting (80) and (81) into (1), we obtain
(1=8)ur = (8 + D + (5 + Duy) (1 = $)uy)

+ (82 — 1)eX$

Thus, we have
U= B+ D=8 g+ 12— S+ 1) (em”*”“ - 1) . (82)

where we select the integration constant as 1 such thatu = O is a
solution of (82). u = Inc, so we obtain the following equation for
function c:

C c c? c?
S =EHDA-HT (T - F )+ 5
c c c? c?

— 8+ 1) (ew”*”l“f - 1) . (83)

We now derive the equation for v. From (80), we have u =
(8~ — 1)v. Note that

ur = (14871 (v — vedvy) + (1 — 87 Hveu,.
By substituting these into (82), we obtain
ve =B+ —4)" (vxx +v2 — v 8y — Q232457 hy | 1)
— VxS Vy. (84)

Now, the r-function is related to v by v = %ln t. From (84), it
follows that

1 (1} 3
%: (5+1)(]_5)—1 (%_7(7’—){ +t)( Tx)

2\ 72 T4T
1 187,
2 w8t

-1
_2929—9+Q (85)

2

Thus, we have proved the following statement.
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Proposition 11. If the function c satisfies (83), then ¢ = In i

satisfies the two-dimensional Volterra equation (1). If the function T
-1

satisfies (85), then ¢ = In “”(Z%i’) satisfies the two-dimensional

Volterra equation (1).

We know that the continuous limit of system (1) goes to the KP
equation. Indeed, for the continuous limitasN — ooandh = N7,
we set

T=h%, X=ih+4ht, Y =h%x, (86)
which implies that

9 9 9 9 9

— =h*— +4h — =h—. (87)

at aT X’ ox Yy
Letp® (x, t) = h2w(X, Y, T).In the new variables, system (1) takes
the form of
2
wr = §UJXXX + 8wwy — ZD;IU)W +0(h?),

and it goes to the KP equation in the limit h — 0. We can compute
the continuous limits of Eqs. (82) and (84) by setting

u(x, t) = hil(X, Y, T), v(x,t)=0(X,Y,T) (88)
respectively. Note that

>, h" 9™ 9
Su=aX+hY T =Y —-— =elxi.

= n! oxX"

9
Hence, we replace the shift operator $ by e"ax , which leads to

0 2 32
h—1+8(1—-8)"1=-2—- —— +00h". 89
8X(+)( ) 68X2+() (89)
By substituting (87), (88), and (89) into (82), we obtain
h? 32
iy + 4h3lyy = (—2 - 68X2> Ry + 4h3 Ty

2 5 5n 6
+ gh Uxxxx — 8h UxUxx + O(h ),
which implies that
N . 2, A
Uxt + ZUYY — gllxxxx + SUXUXX = O(h)

In the same manner, we substitute (87), (88), and (89) into (84),
and obtain its continuous limit

Uxr + 20yy — gam — 4%, = O(h).

In the variable T = e’ and in the limit h — 0, this becomes
3(FTxr — T Tr) + 6(TTyy — Tp) — 2TTax + 8TxTax — 674 = 0,
which is the standard bilinear form for the KP equation, thereby
providing a link between the Hirota t-function for the bilinear

form and the functions t; defined in Propositions 5-10 in the
continuous limit 7; = 72.

4. Classification of rank 1 solutions

In this section, we describe and analyze the kink and breather
solutions given in Propositions 5 and 6, and 9. The solutions are
characterized completely by the choice of the poles for the dressing
matrix @ (1) and a constant matrix ny. In the case of kink solutions,
the invariant dressing matrix has N poles, whereas in the case of
breather solutions, the dressing matrix has 2N poles.

It is convenient to use the basis

e = (0, %, .., o™V VK DT k=1,...,N (90)

of the eigenvectors Ae, = wXey, for the matrix A to represent the
vector

N
no =Y ae (91)
k=1

In this basis, we have

lIIO(Xa ta lu')ek
— exp ((wak _ Mflwk)x + (uzafz" _ M—szk)t) e
and thus

n = Yy(x, t, u)mg
N

= Zak exp ((no™ — p'oYx + (WP — n20™)i) €.
k=1

Obviously, o, = N‘le‘jk ng in (91). The vector ng in this basis is
given by a matrix @ = (aq, ..., ay).

4.1. Classification of rank 1 kink solutions

In this section, we classify the kink solutions of rank 1 given by
Propositions 5 and 6. First, we describe the possible kink solutions
in the cases where N = 3, 4 and then provide an overview of the
general case. We note that the properties of the solutions for even
and odd values of N are slightly different. In particular, in the case
of an even N, there is an obvious solution

¢ = (—1Yf (%),

of the system (1), where f (x) is an arbitrary differentiable function
of x. Moreover, Proposition 6 gives new solutions only when N is
even.

In the case of the kink solutions obtained in Proposition 5 when
uw=pu*=veRandv ¢ {£]1, 0}, the vector ny is real, and thus
we require that

6;=0, j=1,...,2N (92)

* *
ay = o, ay-k=op, k=1,...,N—1.

In the case of the kink solutions obtained in Proposition 6 when
uw=vexp(§),v € Randv ¢ {£1, 0}, the vector ny = Qng. Note
that Qnj = ajey +ajey_i + - - - + ey and thus we require that

=0y 41, k=1,...,N.

In particular, when N = 2m, this reduces to

=0, 1, k=1,...,m. (93)

4.1.1. Classification of rank 1 kink solutions in the case where N = 3
In this section, we set N = 3 for Eq. (1), i.e., Eq. (2). In this case,
it is sufficient to study the rank 1 solutions because Grg(1, 3) >~
Grg(2, 3).
We classify the possible solutions in terms of the constant
matrix « = (a1, oz, or3), which represents the real vector ng. In
the variables

E=@—v -2 =)t

3
n= gav v x— (0 D)),
we have

_& _E
Yo(x, t,v)e; =e 2 "e;; Wp(x,t,v)e; =e 27 ey;
ll’o(X, t, \))E3 = efeg.
To obtain real solutions, it is required that n and v are real. Hence,
there are three cases:
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N w
1

Fig. 3. Density plot of ¢V (x, t) and a snapshot of ¢V att = 0 (a = (1,1, 1), v = 0.4).

1. @3 # 0 € R, o1 = o = 0. Thus, we have
n= Ol3€§63 = 0(365(1, 1, l)tr,

whichleads to 7; = a2e* (1+v24v*)/(v®—1) in Proposition 5.
From (47), it follows that the solution is trivial, i.e., 9@ = 0.
When we consider the classification of solutions later, we do
not consider this case further.

2. a3 = 0, ay = a] # 0. Without any loss of generality, we take
a7 = e, where 8 € R is constant. Then, we take oy = e~
such that n is real. Indeed,

_t 2 2
n = 2e 3 | cos 7)—,3—? , cos n—ﬂ—i—? )

tr
cos(n — ﬁ)) .

Using (47), we obtain the solution

R R
O _1nlZ 10j+1
¢ =3 (—tl2 ,
)
2 .
1, = cos’ (77 - ?> L2(G=1) mod 3}

2m ;
+ COSZ n— }3 + ? v2{()—2) mod 3}

+ COSZ(n _ ﬂ)VZ{ijd 3}'

In this case, the solutions are periodic functions of the variable

n. )
3. ajpa3 # 0. Let oy = e‘ﬁﬂ’, where 8, y are constants. We take
a3 = e® € Rand oy = e #17 in order n as real.

2 £
2 cos (77 -p- ?) T
2 %158
2cos|n—pB+ 3 +e2

¢
2cos(n — B) + e3P

n=e 25t/

Using (47), we can write the solutions for ¢®. We omit the
tedious formula and only show the density plot. Note that when
& — 4oo, the solutions ¢® — 0; and when £ — —o0,
the contributions of «; and «, are dominant, which leads to
periodic solutions. A line on the (x, t)-plane given by e%”‘ﬂ =
2 corresponds to the wave front propagation, which has a slope
equal to —v/(1 + v2).

We now choose v = 0.4 and «; = o = a3 = 1. On the left
in Fig. 3, we show a density plot of ¢V in the (x, t)-plane and a
snapshot of the solution ¢(» att = 0is shown on the right. Note
that the solution is a periodic oscillating wave, which oscillates

in half of the space (the x-axis) only and it moves to the left as
time progresses. Furthermore, the frontier of the wave does not
have a stationary profile and it oscillates in a rather complicated
manner.

Therefore, in the case where N = 3, we only have two types of kink
solutions. To the best of our knowledge, the wave front solutions
(Fig. 3) represent a new class of exact solutions for integrable
models.

4.1.2. Classification of rank 1 kink solutions in the case where N = 4
For N = 4, Eq. (1) can be rewritten in the form
2¢t(l) — ¢;(oi<+1) _ g{+3) +¢)El)(¢§l+1) _ ¢)£i+3))
1202000 _pe28V (94)
where ¢+9 = ¢® and Y1, @ = 0. We now classify its all
possible rank 1 kink solutions.

First, we consider the case when & = u* = v and the constant
real vector

Ny = 1€ + o€ + 3e3 + ey,

where o = (a1, @z, @3,a4), a3 = o] € C, oy, a4 € R.In the
variables, £ = (v — v )x,{ = W+ v Hx,and n = (v — V),
we have

Wo(x, t,v)e; = e ey;
Wo(x, t, v)es = e ey

Wo(x, t,v)ey = e " Tey;
Yo(x, t, v)ey = e ey,
There are four cases (excluding the trivial solutions):

1. o, and a4 are both non-zero real numbers, and oy = a3 = 0.
We can take o4 = 1, and thus

n— (eé—n _ ozze_é_", 5N 1 aze—é—n, et aze_g_”,
5 4 azeféfn)tr
=1 —oe 14+ me ™, 1 — e, 14 ae*)",
which leads to
T = o25—2n ((1 — e )2 (p2I=Dmod 4} | ,2(G=3) mod 4))
+ (14 age %) (p2G=2 mod4) L ,2(j mod 4})) /08— 1)
— %2 (ﬂ - (_1)i2a2e_2§) )
2 —1 V2 4+ 1
Using (47), we obtain the solution

: 1 Ti—1Tj+1
0 — =1
oYV = 3 In ( sz )

(1+aZe ) (V2 + 1) + 206 % (= 1Y (v? — 1)
(1+a2e %) (12 + 1) — 2002 (= 1) (12 = 1) |’
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Fig. 4. Graph of ¢V (x, t) for kink solutions with v = 0.3: & = (0, 1, 0, 1) on the left and « = (1, 0, 1, 0) on the right.

which is independent of time t (see the plot on the left in Fig. 4).
This solution is of type (92).

2. 0 = ag = 0,13 # 0. Without any loss of generality, we
take oy = e/ = o3, where 8 € Ris a real constant. Then,

n = 2e"(sin(¢ — B), —cos(¢ — B), —sin(¢ — B),
cos(¢ — B)™.

Using (47), we obtain the solution

: 1 Ti_1T;
G _ - j—144+1
¢ _2ln(tj2 )

T = Sil’lz(§ _ ﬁ)(vz{(j—l) mod 4} 1)2[()'—3) mod 4})

+ COSZ({ _ /3)(1)2” mod 4} 1)2{(;'—2) mod 4])7
where we obtain periodic solutions (see the plot on the right in
Fig. 4). This is also a solution of type (92).

3. Only one of o, and a4 is nonzero, and a7 = e'f, a3 = e7#,
where 8 € R is constant. Using Proposition 5, we can write the
solutions for ¢¥. We ignore the tedious formula and only show
their plots (see the first two density plots in Fig. 5).

4. ooz # 0. Letag = e a3 = e where B € Ris
constant. We take a5, @4 € R. The plot on the right in Fig. 5
is its density plot.

For an even dimension, we also need to consider the case stated in
Proposition 6. Let u = v exp(%) and the constant vector

Ny = 1€ + ae; + a3es; + ogey,
where «; € C. Note that
HS = Ol;e;), + oz;ez + OI§E1 + 01234, Qe,— = €i+1.

The requirement that np = Qnj = ajes + ajes; + aje; + aye;
implies that oy = ) and ot = 3.
In the variables, £ = ‘/75(1) —v hx ¢ = %(u + v~ Dx and
n = (V2 4+ v?)t, we have
Wo(x, t, pyey = e Miey;
Wo(x, t, p)eq = e€+({+77)ie4.

Wo(x, t, e, = e~ tie;
Wo(x, t, p)e; = e FHE iy,

There are three cases:

1. @y = a4 = 0. Without any loss of generality, we take a; =
e = a3, where B € R. Then,

(1+1)(sin(¢ —n — ) —cos(¢ —n — P))
ok —2isin(¢ —n — B)
(=141 (sin(¢ —n— B) +cos(¢ —n—B))
2cos(¢ —n—pB)

Let® = 2(¢ — n — B). Using (48), we obtain
1 = 2ie™ ((1 = cosO)v° + (1 + sinO)v* + (14 cos O)v?

+ 1—sinf);
7, = —2¢ % ((145sin0)°® + (1 + cosO)v* + (1 — sinO)v?
+ 1—cosf);

13 = —2ie” % ((1 — cos)v> + 1+ sin@ + (1 + cos O)v°
+ (1—sino)n?);

74 = 2% (1 +sin@)v? + 1+ cos6 + (1 — sinO)°
+ (1 —cosO)?).

Hence, we obtain periodic solutions. The plot on the left in Fig. 6
is its density plot.

2. @y = a3 = 0. Without any loss of generality, we take oy =
e = o, where B € R. In this case, we also obtain a periodic
solution in a similar manner to the case above. The middle plot
in Fig. 6 is its density plot.

3. aqa0n04 # 0. Let g = elf = oy and oy = pe’r = aj, p#0,
where 8, y, p € R. We ignore the tedious formula and only
show the density plots (see the plot on the right in Fig. 6).

Therefore, in the case where N = 4, we have eight different rank 1
kink solutions.

4.1.3. Classification of rank 1 kink solutions for arbitrary dimensions

In this section, we classify all the possible rank 1 kink solutions
for arbitrary dimension N. We have already explored the solutions
for lower dimensions where N = 3, 4. There is a difference
between the dimensions when N is even or odd.

For arbitrary N, according to Proposition 5, our kink solution
depends only onng € RV andv € R,v ¢ {#1,0}. We can
decompose RN as a direct sum of the invariant subspaces of A as
follows:

m—1

N 1 2.

N=2m—-1, R =EO@E :
p=1

N=2m, RV=E] @E,},@EZ,
p=1

where
Ey = spang(ey), E,, = spang(ey), E> = spang(Re (e,), Im (e,)).

We define “elementary waves” as solutions corresponding to
the case where ng is simply a combination of two eigenvectors.
There are m elementary waves when N = 2m: one pair of real
eigenvalues and m — 1 pairs of complex conjugate eigenvalues.
There are m — 1 elementary wave solutions when N = 2m — 1
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Fig. 5. Density plot ofqb(“ (x, t) for kink solutions where v = 0.7 and « equals (1, 1, 1, 0) in the left plot, (1, 0, 1, 1) in the middle plot, and (1, 1, 1, 1) in the right plot.

-2 -2r

AR

2+

AN
//
Z

2 4 -4 -2 0 2 4

Fig. 6. Density plot of¢“>(x, t) for kink solutions where u = %e"fi and « equals (0, 1, 1, 0) in the left plot, (1, 0, 0, 1) in the middle plot, and (1, 1, 1, 1) in the right plot.

because there is only one real eigenvalue, which leads to trivial
solutions and thus it is excluded. The other solutions can be built
from these elementary wave solutions together with the trivial
solutions.

We can write the elementary wave solutions for arbitrary N
where we use the following identity. For fixed p € Nand o™ = 1,
by direct computation, we obtain

N 2N 1

prl'uz{(j—l) modNy _ M T 0
= woP—1" "

n € C. (95)

Theorem 1. For any given nonzero constants B,v € R, N € N,

v2#£1, N> 2andp e {1,... LNT”J},system(1)hasanelementa1y

periodic wave solution of rank 1 given by

Ti—1Tj+1

2 9
Ei

o — g v2 cos(2b — W) — cos(2b — 4”%) N 1

|v2w2p _ -1|2 ’

, 1
(O
¢ 5 In

where

_(,_1 2T a_ 1 4
a_<u v>C05<N> +<v v2>COS<N>t’
B 1\ . (27 2, LY. (4pm
b_(v—i—v)sm(—N >x+<v +v2>51n(—N )t B.(96)

Foreven N = 2m, there is also a time independent rank 1 elementary
kink solution of the form

60 — 1| E D02+ 28 (1Y~ 1)
(B e (v + 1) —2Be X (=1 (v — 1)

e=(v—1
v

’

X.

N———"

Proof. Let us take ny = e’e, +e~#ey_,, then the kth component
of the vector n = ¥y (x, t, v)ng can be written as follows:

n, =e

— ea (e—biwkp + ebiw—kp) ,

where a and b are defined by (96). From (47), it follows that

N
1 —hi . _ 2 i
T = ezaZ ((e bigghp 4 obi, kp) )UZ{(; k) mod N}
V2N 1
k=1
2pj —2pj
_ 2a [ ,—2bi w 2bi @ 2
=e e +e
V2w~ — 1 V2w —1 w2 -1

4p(i+1 4pj
s v? cos(2b — 2EDT) _ cos(2p — ) N 1
V202 — 1)2 w—1)’
which leads to the periodic solutions for ¢’ givenin the statement.
Similarly, in the case where N = 2m, we compute the solution
corresponding to ny = e;; + Se,,. Now, we have

1

oy = gl DB, (g2 )e
_ (b h ) (,s + <_1)ke—2(v—z>x) ,

wherek = 1, ..., N = 2m, which leads to

g = el il )

2 e—4(v—%)x .
X (ﬁ—i_— + (_1)1+1

vz —1

Zﬁe—z(u—%)x
v2 41 ’
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and this yields the solutions ¢ independent of time ¢ given in the
statement. O

When N = 2m, according to Proposition 6, to obtain the kink
solutions, we take u = veam and ng = Qng. From (93), it
follows there are also m elementary waves. Similar to Theorem 1,
we explicitly derive the elementary solutions in this case.

Theorem 2. Let N = 2m, where the integer m > 2. For any given
nonzero constants 8,v € Randp € {1, ..., m}, system (1) has an
elementary periodic wave solution of rank 1 given by

§9 = B
2 2
j
v2 cos (2b - W) — cos (2b _ W) )
U= (V221 — 1|2 +v2—1’
where
1 2p—1
b= <U+7>Sin<u>x
1% 2m
1 2p— Drm
P (= T o)
v m

Proof. For u = vexp(Zl), we take g = ee, + e Peyy_py
following (93), and thus the kth component of the vector n =
Yy (x, t, v)ng can be written as follows:

1
p—5 2 2p—1
%*wvz X+ 2"71pr2 t+pi
l"j WP v
ng =e\o (ep)k

1
1 3o
vl 222 " et (21 LN g
n v 21,2
e

— ¢ (e—blwkp + eblw—k(p—l)) ,

(€2m—p+1)k

where
a=(v——)cos| —— | x
v 2m
v m

and b is defined by (97). From (48), it follows that

1 N . . ) .
L 2a —bi_ kp bi —k(p—1) 2{(j—k) mod N}
5= ¢ Z((e o + e’'w )),u
k=1
Y O N i i @ 20/
=e e 2,,—2 te 2,,2p—2 2,,—1
nerwP —1 nwrwP<—-—1 pot!t-1

2 ZQa)j (1)2 COS(Zb— W) _COS(Zb— (ZP—%)
e

(V221 — 12
Lo
v2—-1)’

which leads to the periodic solutions for ¢¥ given in the
statement. O

The elementary rank 1 kink solutions correspond to the two-
dimensional A-invariant subspaces of RN. The other rank 1 solu-
tions correspond to invariant subspaces of dimension 3, 4, ..., N.
The number of all possible A-invariant subspaces gives us the
number of all rank 1 solutions.

Theorem 3. Eq. (1) withodd N = 2m — 1 has 2™ — 2 different rank
1 kink solutions. In the case of even N = 2m, it has 3 - 2™ — 4 different
rank 1 kink solutions.

Proof. When N = 2m — 1, there are m — 1 elementary solutions
fromng € E; foreachp = 1,2,...,m — 1, and one constant
solution from ny € E(}. We can build other solutions by taking any
combination of them. For example, there are C3 = @ different

solutions if we take any two combinations. Thus, the total number
of different rank 1 kink solutions is

m
m—1+) Ch=2"-2.
k=2

When N = 2mand ©4 = v € R, there are m — 1 elementary
solutions from ny € Eg foreachp = 1,2,...,m — 1, one

elementary solution from ny € Ej@E], and two constant
solutions fromng € E(} orng € E,}r We can build other solutions by
taking any combinations of the m — 1 elementary solutions alone,
or with either one real or both real eigenvectors. Thus, the total
number of different rank 1 kink solutions in this case is

m
14+4) ¢ =4™ =1 +1=2""_3
k=1

WhenN = 2mand u = ve%, v € R, there are also m elementary
solutions. In this case, the total number of different rank 1 kink
solutions is

m
dock=2m-1.
k=1

Hence, when N = 2m, the total number of different rank 1 kink
solutions is 3 - 2™ — 4, Thus, we have completed the proof. O

Note that the statement is consistent with the actual results for
N = 3and N = 4. We plot some density plots of ¢ and show
snapshots for N = 5 when v = 0.4 and « in Figs. 7 and 8.

4.1.4. Tropicalization and wave front trajectories

In the general case of rank 1 “kink” solutions, the trajectories
of the wave fronts can be understood geometrically. According to
Proposition 5, the (x, t) dependence of the solution is determined
by the vector n, which can be presented in the form

N
n=y) e%*e,
k=1

where
Orlx. 1) = (Vo —
m

The imaginary part (9,‘< (x, t) is responsible for the oscillations of
the solution, whereas the real part

2k 4k
O (x,t) = (v—v~ ") cos (n) x+ (V2 —v7?) cos (n) ¢
N N
+ 10g|(¥k|

v oMx + (Vo™ — v 20t + log a.

indicates the term in the sum that is dominant at a given point
(x, t). In a region where only one term in the sum is dominant,
we can ignore other terms and the solution is close to the trivial
(zero) solution. In regions where two terms have the same real
exponent (Of¢(x, t) = O (x, t)), we observe elementary waves.
The boundaries of these regions correspond to the wave fronts.
Thus, the wave fronts can be described as follows. We consider
a set of linear functions (~),‘}e(x, t), k = 1,...,N and define a
continuous piecewise linear function

Ox, t) = max(OF(x, t), ..., O (x, 1)). (98)
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Fig. 8. Density plot of ¢V (x, t) and a snapshot of ¥ at t = 0.7 (¢ = (1,1,1,1, 1), v = 0.4).
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Fig. 9. Density and three-dimensional plots for & (x, t),N = 5, = (1, 1, 1, 1, 1), v = 0.4 (compare with Fig. 8).

The locus where the function © (x, t) is not smooth corresponds
to the wave fronts. To compare the numerical result for wave
fronts with the locus described above, we can compare Figs. 8 and
9. This construction is similar to tropicalization and the soliton
graphs proposed by Kodama and Williams in the case of KP
solitons [12], although there is a slight difference because we do
not use rescaling in our definition and we retain the logarithmic
term log |« |, which disappears in the scaling limit.

4.2. Classification of rank 1 breather solutions for arbitrary dimen-
sions

In this section, we classify all possible rank 1 breather solutions
for arbitrary dimension N. According to Proposition 9, our soliton

solution depends onlyonmng € CV, u € C, and || ¢ {0, 1}.
In a similar manner to the kinks, a natural way of classifying the
possible solutions in terms of ng is to first consider the eigenvectors
and eigenvalues of the constant matrix A. We decompose CN as a
direct sum of the invariant subspaces of A, as follows:

N
cN = @E1, E, = spanc(ep).
p=1
The vector ng in this basis

N
n = Zapep, ap €C (99)
p=1

is given by a matrix @ = («q, .
following result.

.., ay). We immediately obtain the
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lyl =

() oo 5 o2

(\m ) sin(6— R ) sin 5P Gvpat )

))x+<|m27%)(cos(Z(Sf%—q)fcos(Z(Sf‘l,’;—p))tHn Ig—gl

Box 1.

Proposition 12. For a constant complex vector ng in the form
of (99), if only one «, is nonzero, then the solutions for (1) are trivial,

ie, o0 =0.
Proof. From (95), it follows that
WP+

Zprl 2{(i—1) mod N} :
MZ _ w2p

1
2{(i—1) mod N} __
E el T

|M|2N ] —

Thus, we can compute t; in (62) as follows:

o _oP X+<£7ﬁ>[
1 = lappel P )

1 1
X - s
(ul>=1*  |u* — o

which is independent of i. According to Proposition 9, we obtain
the solutions ¢ = 0, as stated above. O

Now, we consider the case where there are only two nonzero
components, e.g., ap and og, among all o, i =1,..., N, ie,

apag # 0, q>p. (100)
It follows that the k-component of vector n is

L wb W2 2P Lol 2 o2
(505 ) oy o505
— A(wkp + J/wkq)’

where we introduce notations for A,y € C to shorten the
expressions for o (j) and p(j) defined by (63). We have

ny = ape, + wgey,

20D PHOGHD 26+
a0 =4 (,LL2 — w? +2yuz — Pta + yzuz — w2€1> ;
p) = IAP ((1 B e
> =1 Iul?> — wP=a

w@=p G+
+v

lul? — i
According to Proposition 9, the breather solutions depend on y
and u because A is cancelled when we compute the solutions. Let
w = ||e®. The breather trajectory is determined by the condition
that |y | = 1, where (see equation in Box I).

This reflects the balance between the exponents. Thus, the
speed of the breather is given by

1 _
Upg = —4 (|M| + |M|) cos (8 — n(pN+ q)> cos (ﬂ(qN p))

and it is shifted to the right along the x-axis by
In Iaf"l
ng = :
2(|pl — ) sin(8 — BHDT) sin 4PT

Itis localized in x and has a size of L,

1 e (s @t@my . (@—p)n
Lq_2(|u| |l )sm((S N )sm N .

The rank 1 breather solutions can be obtained in the following
manner.

e There are G} possible choices of two-dimensional A-invariant
subspaces in CV, and thus there are C,%, elementary breathers.
e Solutions corresponding to three-dimensional invariant sub-
spaces, i.e.,
ny = o€, + agey + arey, apoga, # 0
represent the decays or fusions of breathers (“Y” shape), and
there are Cy of these solutions.

e Solutions corresponding to four-dimensional invariant sub-
spaces, i.e.,

Ny = ape, + ogeq + are + oses, apagayos 7 0

represent solutions combining two “Y” shapes (“2Y” shape
solutions). There are Cy of these solutions, etc.

Examples of “Y”, “2Y”, and “3Y” configurations in the case where
N = 5 are presented in Fig. 10.

The total number of possible distinct configurations for a
breather solution given by Proposition 9 is

N
dYoah=2"-N-1.
k=2

The type of breather solution depends on the choice of the
matrix « = («q, ..., ay). The explicit expression for the solution
is given in Proposition 9 and it is quite complicated, but the
tropicalization method, which we used in Section 4.1.4, allows us
to give a simple description of the soliton graph. We consider the
observation that the vector

N
n= E e®r*le,
k=1

where

WP 2 w?P
o0 = (4= 2 )x+ (25 - 25 )
wP w wP "

+ logap, 1= |ule’

completely determines the (x, t) dependence of the solution. In
the regions where only one term is dominant, the solution is
exponentially small. We can define the tropical graph of the
breather as a locus where two or more terms are in balance. In
particular, let us consider the real part of ®,(x, t), i.e.,

) 2mp
R _ —1
O, (x,t) = (lul = |ul™") cos (5 N )x

2 -2 4rp
+ (wl” — | ™) cos | 28 — N t + log|ap
and a piecewise linear continuous function of variables (x, t):
O (x, t) = max @;}e(x, t).
p

Definition 1. For rank one breather solutions, the tropical soliton
graph is defined as a locus of points where the function @ (x, t) is
not smooth.
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Fig. 10. Density plots of«p(])(x, t) for breather solutions where N = 5 with © = 0.7 4+ 0.15i, « = (1,0, 1,0, 1),and © = 0.5 + 0.15i, @ = (1,0.01, 1, 0, 0.0001), and

w=0.3+0.15i, & = (0.01, 1, 10, 10, 0.1).
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Fig. 11. Tropical plots of ¢V (x, t) for breather solutions where N = 5 with parameters  and « corresponding to the plots in Fig. 10.

In order to visualize the tropical plot, we show the density plot
for the piecewise constant function 9,® (x, t) in Fig. 11, where the
plots correspond to the solutions plotted in Fig. 10.

This definition does not reflect the fact that we are dealing with
a system of equations, and thus the graphs corresponding to the
variables ¢ (x, t), i = 1,..., N are slightly different (they may
depend on the index i). Thus, this can be considered as a first
approximation that captures the trajectories of the solitons well
(breathers).

The general approach for visualizing the rank r solutions is
similar to the case of rank one. We use the fact that arank r solution
is a function of the point

n(x, t) = exp((uA~" — u ' Ax — (W2 A% — WP A7)t)mg

on the Grassmannian Gr(r, N), where n(x, t) isa N x r full rank

matrix (because this follows from Proposition 10). In the basis ey

(90), the matrix n(x, t) can be represented as

nx, t) = (eq,...,ey)a"(x, 1),

where a(x, t) isan r x N matrix of full rank and
(0} - -1

(Ol(X, t))pq - Olpq EXP((MCU 17— 122

— (U2 — o),

Let

whx

1<p=<r,1<q=N.

I={ii<ip<---<i}CI1,...,N]

and let A;(x, t) denote the minor of «(x, t) with columnsiy, ..., i,
(a Pliicker coordinate on the Grassmannian Gr(r, N)). Let us define
O;(x,t) = log|A/(x,t)] if Aj(x,t) # 0, and for I such that
Aj(x,t) = 0, we set O;(x,t) = —oo. The function O;(x, t) is a
linear function of the coordinates (x, t). If there is only one nonzero
minor Aj(x, t), then it is easy to show that the corresponding
solutionis ¢®(x,t) =0, i =1, ..., N (similar to Proposition 12).

The solution is concentrated near the points where two or more
Pliicker coordinates are in balance and we can give the following
definition of the tropical soliton graph in the case of rank r breather
solutions.

Definition 2. For rank r breather solutions, the tropical soliton
graph is defined as a locus of points where the function @ (x, t) =
max; @ (x, t) is not smooth.

Using the definition, we plot the tropical soliton graph for

N =5, n = 0.5740.2i,

w1 10 10* 10° 1
“\10®° 1 10° 10* 99.9

and compare it with the actual density plot for ¢V (x, t) in Fig. 12.
The definition of a tropical soliton graph given above is not perfect
(it does not reflect the dependence of the graph on the index i
for different components ¢ (x, t)), but it reflects the breather
interactions well. It also allows the classification of possible
configurations in the multi-soliton solutions of arbitrary rank.

5. Conclusion

In this study, we proposed a dressing method for the two-
dimensional Volterra system (1). We constructed two types of
exact solutions for the system. The first type is rather unusual
because it represents the propagation of wave fronts. To the best of
our knowledge, this is a new class of solutions in integrable models.
The second type resembles breathers in the sine-Gordon equation.
Nonlinear wave (“kink”) solutions are parameterized by a real
parameter v and a point on a real Grassmannian Grg (1, N). In the
case of breathers, the parameters u and Grassmannian Gre(r, N)
are complex. The integer r is the rank of the solution. We show that
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Fig. 12. Tropical and density plots of ¢V (x, t) for rank 2 breather solutions N = 5.

all of these solutions are regular in the Appendix. We also studied
the detailed properties and configurations of rank 1 solutions,
where the Grassmannians are real and complex projective spaces,
respectively. The classification of rank r solutions was linked with
the classification of A-invariant Schubert decompositions of the
Grassmannians, where A is the cyclic shift matrix from the Lax
representation of the two-dimensional Volterra system (1).

In this study, we did not provide a classification of higher
rank solutions, but we claim that their properties are quite
different from those of the solutions of rank one. For example,
the nonlinear wave (“kink”) solutions of rank 2 may represent
nonlinear interference of waves (see Fig. 1, right), which is
impossible in the case of rank one solutions. In the case where
N = 4, we presented all the possible rank 1 kink solutions in
Section 4.1.2. We show density plots for two kink solutions of rank
2 when N = 4 in Fig. 13 and some snapshots in Fig. 14, which do
not resemble any rank 1 solutions. Breather solutions of rank 1 do
not have closed loops, but instead rank 2 loops exist (see Fig. 2).

To study the structure and classifications of higher rank wave
front and breather solutions as well as multi-soliton solutions
(with a finite number of orbits of the poles in the dressing matrix
@ (1)), we need to develop methods similar to those proposed
by Kodama et al. for the KP equation [10-12]. There is also
an interesting and as yet unsolved problem regarding finding
the solutions of (1), which approximate the solutions of the KP
equation for large N.
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Appendix. The regularity of solutions

In Section 3, we derived rank r (r > 1) solutions for both kinks
and breathers, which are all expressed as

Ti—1Ti+1
2

T

o
o0 = 51n (101)

according to Propositions 5-10. In this section, we show that
—”j;’“ > 0 for all of the solutions obtained, which guarantees

i
that there are no singularities for the solutions, i.e., the solutions
are regular.

We only prove this for 7; in Propositions 7, 8 and 10 associated
with the rank r solutions. The rank 1 solutions are special cases. For
completeness, we first write the Cauchy-Binet formula from [26]
(on page 9). We also introduce some notations.

For an m x n matrix A and an n x m matrix B, the Cauchy-Binet
formula is

det(AB) = ) _ det(A(m;) det(By,im).
JeX

(102)

where X = <[:1]) denotes the set of m-combinations of the set

{1,..., n} denoted by [n]. For ] € X, Ay is the m x m matrix
where the columns are the columns of A at indices from J, and By jm)
is the m x m matrix where the rows are the rows of Bat indices from
J. We use this to prove the regularity of solutions (101).

Proposition 13. Let n be a rank r real matrix of size N x r and
v eR, v#0, v+l Then,

det (n"S(j)n) > 0,

where S(j) isan N x N diagonal matrix and the ith diagonal entry is
equal to p2{(—) mod N},

Proof. We compute the determinant using the Cauchy-Binet
formula (102):

det (n"S(j)n) = Z det(nj}, ) det(S(j);,) det(ny ()

Jex

= Z det(S(); ) det(nj,[r])z»

JeX

where S(j);; is a diagonal matrix with diagonal entries at indices
from J. Note that all the diagonal entries of matrix S(j) are positive,
which implies that det(S(j);;) > 0. Hence, we have proved the
statement. O

For the solutions obtained in Proposition 8, we know that

. i
vexp| — |,
pN

n = diag (0?)i,

" /’sz_i) mod N} — a){(j—i) mod N}VZ{(j—i) mod N}’

where w = exp(ZT’”) and n is a rank r real matrix of size N x r.
Thus, we have

1 troes
T = det (mn S(])l‘l)

Wl B o B '
= ———— det (0" diag (107" ™ V) =

— 7,
(2N =1y (2 =1y
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Fig. 13. Density plot of ¢ (x, t) for a kink solution of rank 2 where N = 4: v =

-4 -2 0 2 4

0.8,np = (ie; — 2e, — ie3 + e4, 2e; + e, + 2es3 + e4) in the left plot, and

n= 2e% ,ng = (e; + (1+ 100i)e; + e; + (1 — 100i)e4, 10ie; + 5ie; — 10ie; — 5iey) in the right plot.
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Fig. 14. Snapshots of ¢V (x, t) for the rank 2 kink solution of the plot on the right in Fig. 13: t = 0.0945 for the left plot, t = —0.09075 for the middle plot, and t = —0.276

for the right plot.

where 7; > 0 according to Proposition 13. Hence, we obtain

Ti—1Tj+1 %',1%' 1
j—1%+ j—15+ -0
2 72
] ]

to complete the proof for the regularity of the solutions in
Proposition 8.

Finally, we show the regularity for the breather solutions
obtained in Proposition 10.

Proposition 14. Let n be a rank r constant matrix of size N x r and
weC, |ul #1, p#ofur, k= 1,...,N.Then, 7; > 0 defined
by (77)forallj =1, ..., N.

Proof. Recall that 7; = detH(j), and the r x r matrices R(j) and
P(j) are defined as

|2 260 mod N}

N = 1]

2{(j—i) mod N}
) n=n"g(n,

P(j) = n'diag ( ) n = nfaGn:

R(j) = n"diag (M

ILZN_I

where «(j) and B(j) are the corresponding diagonal matrices. We
substitute P(j) and R(j) into the matrix H(j), which then becomes

HGy = (PO ROTY (' 0 (e() g (0
RG) PG 0 n"/)\BG «@ J\0O n)-
We introduce the following notations.
0 n")’ BG  a() )’
Note that the matrix B is Hermitian. Thus, a unitary matrix U exists
such that B = Uty U, where y is a diagonal matrix and its real

eigenvalues are

|/'L|2{(i_i) mod N} |M|2{(]'—i) mod N}
[P =1 = N =]
L 1 1
— 2{(j—i) mod N} + > 0.
i (Ilulz”—ll WN—H)

We now use the Cauchy-Binet formula to compute

7, = det(ATUTyUA) = Zdet((UA)Er”) det(y;) det((UA); 12r7)
Jex

=) det(y;)| det((UA);.12r) %,
Jex

where X = ([22’;”) for the set of 2r-combinations of [2N],and y; ; is

a diagonal matrix with diagonal entries at indices from J. Note that
the rank of U is N, the rank of A is 2r, and all the diagonal entries
of matrix y are positive, which implies that det(y;;) > 0. Hence,
7; > 0 and thus we have proved the statement. O
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