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Abstract, We discuss several ways of how one could classify the various
types of soliton solutions related to NLEE that are solvable with the gen-
eralized n v n Zakharov-Shabat system. In doing so we make use of the
fundamental analytic solutions, the dressing procedure and other tools char-
acteristic for the inverse scattering method. We propose to relate to each
subalgebra st(p), 2 < p < n of sl(n), a type of one-soliton solutions which
have p —1 internal degrees of freedom.

1. Introduction

Il is our impression that the question in the title has not been answered satisfacto-
rily even for some of the best known type of soliton equations such as the A'-wave
equations, the multicomponent nonlinear Schrodinger (NLS) equation and oth-
ers.

We are using the term “soliton solution” as a special solution to a given nonlinear
evolution equation (NLEE) which is solvable by the so called inverse scattering
method (ISM) [20, 4], That means that the NLEE allows Lax representation

[L(A), M(A)] = O (1)

where L(A) and M (A) are two linear operators. In what follows we lake them lo
be first order matrix differential operators

Lw(x, t,A) = i&_ + U(x,t,A)vi/(x,t,A) =0 (2)
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dy
Mz, t,\) = id—;f + V{z, t, \yb(z, t, \) = ¥z, t, \)C'(A). 3)

The compatibility condition (1) which must hold true identically with respect to A

takes the form .

9 T U 1,0), Vi, )] = 0
and is valid for any choice of C'(\).
The one-soliton solutions are related to one or a set of several discrete eigenvalues
of the Lax operator L. Therefore one first has to study the different configurations
of discrete eigenvalues of L, see {12]. The next step in classifying the types of
one-soliton solutions is related to the study of their internal degrees of freedom.
In order to make the problem not too difficult we will specify L to be the general-
ized Zakharov-Shabat system

LV, N) =152 + (a(w) ~ ATz, ) = 0 @

where we take the potential ¢z, ¢) to be n X n matrix-valued smooth function of
z tending to zero sufficiently rapid as z — oo, We also restrict J to be a real
constant diagonal matrix with different eigenvalues. Thus, we have

J:diag(Jl,...,Jn}, J1>J2>"'>Jn, trJ =0.

By carrying out a gauge transformation which commutes with J, we can always
take g(z) to be of the form ¢(z) = [J, ¢'(z)], i.e., ¢;; = 0. The linear subspace in
s[(n) of matrix-valued functions ¢(z) = [J, ¢'(z)] are known in the literature to be
the co-adjoint orbit in g passing through J. The co-adjoint orbits can be supplied in
a natural way with non-degenerate symplectic structures which make them natural
choices for the phase spaces My and Hamiltonian structures of the corresponding
NLEE.

We will try to answer the question in the title first for the simplest class of Lax
operators of the type (4) with real-valued J. In doing this we will be using the
dressing method, one of the best known methods for constructing reflectionless
potentials and soliton solutions. The choice of My determines the number of
independent matrix elements in ¢{x) that will satisfy the NLEE.

In Section 2 below we first outline the well known facts about the soliton types
of NLEE solvable by the s{(2) Zakharov—Shabat system. In Section 3 we treat
the different one-soliton solutions for the s{(n) Zakharov—Shabat systems related
to the subalgebras sl(p). Most of our results are illustrated for the s[(5) system,
but it is not difficult to extend them to any s{(n) system. The structure of the
eigenfunctions of L{\) corresponding to the different types of solitons is outlined
in Section 4. In the last Section 5 we discuss possible generalizations to other
Zakharov—Shabat systems having additional symmetry properties.
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2. Zakharov-Shabat System and si(2) Solitons

To each choice of the Lax operator L{\), i.e. for each specific U(z,t, \) one can
relate a class of NLEE. The best known examples of such NLEE are related to the
Zakharov—Shabat system Lg(\) with

g x
Ug(m,i,)\} = 90<m’t> — Aoz, 90(33,?5} = (qo_g:,t} 49 (0 ’t,}) )

The class of NLEE related to Lg are systems of equations for the functions qoi (z,1)
are written in the compact form {2, 17, 10]
9q

1538_5 +2f(Ag)go(x,t) =0 )

where f(\) is the dispersion law of the NLEE and Aq is (anyone of) the recur-
sion operators, acting on the space My of off-diagonal matrix-valued functions as

follows
dX

AosX = 7 lon T+ Sa@) [ dyts atw):fos X))

Choosing f()) to be linear function we get a simple linear system of equations for
& (2,1). For f(\) = —2)? the NLEE (5) reduces to the system

igd + Glne + 2(af (z,))%g5 (z,8) =0

o _ 6)
i — Qe — 2(d0 (=, 1)) %5 (2,8) = 0

and for f()\) = 4)\?, one gets the system
03¢ + Gz + 645 (2, )45 (2, t)gg, = 0 .

Q¢ + Goze + 645 (2, 1)qg (2, 1)qg, = 0.

The main idea of the ISM is based on the possibility to analyze and solve the direct
and the inverse scattering problems for Lg(\). More precisely we introduce the
Jost solutions of Lo(\) as 2 x 2 matrix-valued solutions

Lo(Nybo(z,t,\) = 0, Lo(MNgolz, t,A) =0

defined by their asymptotic behavior for z — oo respectively

?5{}0(33,’5,/)\} = ]?-éﬂ_a?.f}g_]a lim $0<m,t,,)\>ei)ﬂgx -1
T—00 . 8
@0(3,’5,)\} = ]qf)g_,qf)o_], III_II ¢0<m,t,)\>81)‘{73x - 1. ( )

The superscripts =+ in the columns of the Jost solutions refer, as we shall see below,
to their analyticity properties.
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The definitions (8) hold true for all ¢ if we take C'(\) = Cy(\) in equation (3) as
follows

Co(\) = Iirin Viz,t,\) = fo(A)os.

Then one introduces the scattering matrix Tp(\, t) by

Q:+ —h
To(M8) = (2 6, \) Lo (a, b, \) = (bég&)\i} 22_ (& t})

which is z-independent. Its ¢t-dependence can be derived from the Lax representa-

tion to be
4T
g+ oNes, T(\.1)] = 0.

Thus, if ¢ (x, t) satisfy the system of equations (5) we get

dag(N) _ 450
dt ’ dt

The matrix elements of Ty(\, ¢) are not independent. They satisfy the “unitarity”
condition det To(\) = afag + bfb; = 1. Besides, the diagonal elements ag
and a; allow analytic extension with respect to A in the upper and lower complex
A-plane, respectively. In fact the minimal set of scattering data which uniquely de-
termines both the scattering matrix and the corresponding potential go(x) consists
of two types of variables: 1) the reflection coefficients pF (\) = bF /aZ defined for
real A € R and ii) a discrete set of scattering data including the discrete eigenvalues
A\ € C. and the constants C© which determine the norm of the corresponding
Jost solutions [14].

F 2fo(MbE(N) = 0. 9

Along with the Jost solutions we can introduce the fundamental analytic solutions
(FAS) as follows

Xé(m’t’)\}:]@g—’?ﬁ}g—]’ Xg(m’t"x}:]?f}o_’qbﬂ_]'
Indeed, one can prove [22, 2] that x§ (z, )\}eﬂ“”gx are analytic functions of A for
AeCa.
The functions ai (\) = det x=(z, \) are known as the Evans functions [22, 3] of
the system Lg(\). Their importance comes from the fact that they are ¢-indepen-
dent (see equation (9)) and, therefore, they (or rather In aﬁ) can be viewed as

generating functionals of the (local) integrals of motion. In addition it is known
that their zeroes determine the discrete eigenvalues of Lg(\)

ag (Ag) = 0, Agr, € Cos ag (Ag) = 0, Agr, € C—.

As a consequence of their analyticity properties one can also show that a:g (A\) can
be reconstructed from the reflection coefficients, p3 = b /a7, and the bound state
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eigenvalues, )\é, using the dispersion relations (see [14])

Inal(\) = L/OO dp In(1 + pg pg (1)) +§:ln)\_—)\3}
O T om o = A PO =T AN

Another important aspect is the Lie-algebraic nature of the Lax representation.
Indeed, it is natural to view U(x,t,\) and V (2, t, \) as elements of a simple! Lie
algebra g. In what follows for simplicity we assume that g ~ sl(n) which means
that tr U(z, ¢, \) = O and tr V(z, ¢, A) = 0.
After these preliminaries we can define the soliton solutions of the NLEE as the
ones for which poi (A) = 0 for all A € R. Thus, the soliton solutions of the
NLEE (5) are parametrized by the discrete eigenvalues and the constants C{i
whose t-dependence is determined from

DE_, 9%
dt ’ dt
In fact we will analyze the various possible different types of one-soliton solutions
— in our case they are determined by one pair of discrete eigenvalues )\{i € Cyo
and one pair of norming constants C. It is obvious that the Zakharov—Shabat
system Lg()\) is related to the only simple Lie algebra of rank one, s[(2). Thus,
for the generic NLEE (5) we get just one type of one-soliton solutions. One of
the most effective ways to derive its explicit form consists in using the dressing
Zakharov—Shabat method [23]. The main idea consists in introducing the dressing
factor u(x, ¢, A) which trasforms the Jost solutions of Lg(A) into the Jost solutions
of another Zakharov—Shabat system Lg(\) but with different potential ¢j(z, )

?5)6(33, t, )0 = 350(3:’ t, 'X,}?.j}O(ma t, 'X,}(uﬂ—%- ('X,}}_l

¢, t,\) = ug(z, t, \)do(z, t, A) (wg— (\))*
uos(N) = lim_ug(,t, N).

FoECE =0, &= fo(0E).

Obviously the dressing factor must satisfy the linear equation

d
1% + Qé(m, t}%g(ﬁ?, t, A) - Rg(ﬁ?, t, )090(3:’ t) - [’XO—J% 250(3:, t, A)] =0. (10)
The effectiveness of the dressing method comes from the fact that equation (10) al-
lows a solution ug(x, ¢, A), whose A-dependence is provided by an explicit rational

function
250(3:’75,)\} =1 + (Cfl()\} - 1}P1<33,?f}

e g is not simple, then it does not allow non-degenerate bilinear form (the Killing form) and as a
result the inverse scattering problem does not allow unique solution.



16 Viadimir S. Gerdjikov and David J. Kaup

Here c¢1(\) is the Blischke—Potapov factor, which relates the transmission coeffi-
cients of Ly(\) and Lj(\)

+(\) A=A
Qg Cl( ,}G’O ( )a ag Cl(/)\) 5 Cl( } N\ — )\0_1

and P;(z,t) is a projector of rank one. If we denote by |ni(x,t)} and (mq(z,t)]
its right and left eigenvectors

P ) =m0, )= (00)
<m1<m’t>lpl<m’t> = <m1<m’t>]’ <m1<m’t>] = (m%<m’t>’m%<m’t>>

then P; can be written down in the form

In1 (@, 1)) (ma (z, 1)
(mi(z, t)|ni{z, )y
Obviously from equation (11) there follows that Pf = P

The final touch is that in order that ug(x, ¢, \) satisfies (10) the vectors |nq(z, 1)}
and (mq (z, t)| must satisfy

Pi(x,t) = an

idgii> + Up(z, t, )\{ﬁ [ny(z,t)} =0
i% — (mi{z, )|Up{z,t, \g7) =0

or in other words
Ina(z, 6)) = x§ (@, Ag)In),  (malz,6)] = (maol(xg) (2,1, Agy)

where |n19) and (m | are some constant vectors and 7 (, \) are the fundamental
analytic solutions of Lg{\).

In order to determine the corresponding one-soliton solution we need to determine
the potential g;(x, t). This can be done by taking the limit A — oc in equation (10)
with the result

gz, t) — qolx,t) = —(A] — AT )[o3, Pu(z,1)]. (12)

Therefore, if we know explicitly the Jost solutions (or the fundamental analytic
solutions) of the Zakharov—Shabat system for some nontrivial potential go{x,t),
then by applying them to properly chosen constant vectors |nyg) and {(mig| we can
construct the eigenvectors of P (z, ¢) and as a result, obtain P, (z, ¢) explicitly, see
equation (11). It then remains only to insert it into equation (12) in order to obtain
the corresponding potential ¢;(x, t) explicitly. It can be proved that the spectrum of

o(A) will differ from the spectrum of Ly(\) only by an additional pair of discrete
eigenvalues located at ,Xli e C..
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A pure soliton solution is obtained by assuming go{z, t) = 0; as a result we have
Ini{z, t)) = e(_i(mgﬁf&f}%]nl@

(ma(z,t)] = (mag ]ei(w‘o_l +/g1t)Ts

1 oPolz:t) ﬁze—ié(x,t}
— ) ‘ ‘ 13)
Pi(z,t) 2 cosh @o(x, 1) ( 1 i®(zt)  o—Po(zit)
Bo(z,t) = —iAg; — M)z — i{fg1 — for)t — In sy
B(z,t) = (Ao + Aoz + (for + fou)t

where fgil and the constants kg and g are given by

11 1 2
+ _ (Ai> L Mgy N LR
fo1 = fo(Aa1)s K1 =\~ 5 K2 =\l 1 -
N1 Mg N1 Mg

Then the corresponding one-soliton solution takes the form
_52()\31 - 'Xo_l,}e_@(x’t} "72()\{;1 - A{i}e@(x’t}
cosh ®g(z, t) ’ o cosh Polx, t)

K2

Qé+ (m’t.} = QIO_@:J:} =

Remark 1. The eigenvalues )\oil are two independent complex numbers, there-
fore in the denominator in equation (13) we get cosh of complex argument. This
function vanishes whenever its argument becomes equal to i(x/2 + pr) for some
integer p and the generic solitons of (5) may have singularities for finite x and ¢.

One way to avoid these singularities is to impose on the Zakharov—Shabat system
an involution, i.e., if we constrain the potential go{x, t) by

oz, t) = gz, 1), ie, g5 ={g5)" =u(z,1). 14)

Such constraint reduces the generic systems (5) to NLEE for the single function
u(x,t); the second equation of the system becomes consequence of the first one.
As aresult equation (6) becomes the NLS equation

iy + gy + 2)ul?uz,t) =0
while equation (7) goes into the MKdV-type equation
Ug + Ugge + 6lulz, ) ?u, = 0.
This involution imposes constraints on the scattering data — in particular we have
at(A) = (@ (\)), BT = (T ()"

From the first relation we find that the zeroes of the functions a® () which are the
eigenvalues of Lg(\) must satisfy

A= ()" = po +ive,  CF = (Cq)", Pifa,t) = Pl(x,t).
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So now the one-soliton solution corresponds to a pair of eigenvalues which must
be mutually conjugated pairs.

As aresult we find that the expression for P (z,t) and the one for the one-soliton
solution simplify to

1 e@gg(x,t:} e—i@gl (x,t}
Pl(ﬁfa ?5) = m e@m(x,t) e—%o(x,t)
'Rl
{@gg(m, ?f} =212 + 2hgit —In %
Mgy

B (z, 1) = 2p012 + 2go1t — argng, + argng,
where
A5 = por £ v, 15 = go1 £ ko1
Now both functions $gg(x, t) and $g; (x, t) become real valued. The denominator

now becomes cosh of real argument, so this soliton solution is a regular function
for all z and ¢.

One can impose on gg{z, t) a different involution

ol t) = —gge.1),  ie.  gf = —(gg)" = ul.1).
However, it is well known that under this involution the Zakharov—Shabat system
Lo{)\) becomes equivalent to an eigenvalue problem

d
Lo, 1,0) = i35 + o3a0(a D0b(, 1, \) = M2, 8,))

where the operator £ is a self-adjoint one, so its spectrum must be on the real A-
axis. But the continuous spectrum of L fills up the whole real A-axis, which leaves
no room for solitons.

Finally, the Zakharov—Shabat system can be restricted by a third involution, e.g.
90(33,75) = _Qg<mat>a i-e-7 QS_ = _QO_ = _lwx

Such involution is compatible only with those NLEE whose dispersion law is odd
function fg(A) = — fo(—A). Therefore it can not be applied to the NLS equation —
applied to the MKdV equation it gives

Wat + Wagper + 6(&@(3?, t}>2wxx =0
which can be integrated ones with the result v = w;,
Vi + Vezr + 6(v(z, 1)) %0, =0

i.e., we get the MKdAV equation for the real-valued function v{(z,t). It is well
known also that the NLEE with dispersion law f()\) = (2A\)~! can be explicitly
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derived under this reduction and comes out to be the famous sine-Gordon equa-
tion [1]
Wyt + sin(2w(z, t)) = 0.

This second involution can be imposed together with the one in (14). The restric-
tions that it imposes on the scattering data are as follows

N = (g () ag () = (ag (~N).

Now if A7, is an eigenvalue of Ly(\) then (Ag;)*, —Ag; and —(A\J;)* must also be
eigenvalues. This means that we can have two configurations of eigenvalues

1. Pairs of purely imaginary eigenvalues
Ao = vor = —(Ag)7 Agr = —ivgn = —(Aq1)™
2. Quadruplets of complex eigenvalues
Ao = o2 +ivga,  —(A)* = —pe2 + v
Aoz = poz —ivga,  —(Aga)" = —poz — ivge.

Thus, we conclude, that the sine-Gordon and MKdV equations allow fwo fypes of
solitons: type 1 with purely imaginary pairs of eigenvalues and type 2 each corre-
sponding to a quadruplet of eigenvalues. Type 1 solitons are known also as topo-
logical solitons, or kinks (for details see [4]). They are parametrized by two real
parameters 19 and |Cy1|T so they have just one degree of freedom corresponding
to the uniform motion.

Type 2 solitons are known as the breathers and are parametrized by four real pa-
rameters: poo and oo and the real and imaginary parts of CJQ. Therefore they have
two degrees of freedom — one corresponds to the uniform motion and the second
one describes the internal degree of freedom responsible for the “breathing”.

The purpose of presenting the above well-known facts in the above manner, was
simply to make it clear that the structure, as well as the number of related param-
eters which determine what different types of solitons can exist, depend strongly
on the type of, and the number of, different involutions that can be imposed on the
system.

3. Generalized Zakharov—Shabat System and si(n) Solitons

For the sake of simplicity and clarity below, most of our discussions will be re-
stricted to the case n = 5. However, they also could easily be reformulated for
any other chosen value of n. The corresponding Lax operator L(\) which is a
particular case of equation (2) with

Uz, t,\) = [J,Q(z,t)] — A\J, J = diag(Jy, Ja, J3, J4, J5)
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0 Q12 Q13 Qu G5
Qo1 0 Qog Q2q Qos
gz, t) = [, Q(z, t)], Qlz,t) = [ Q3 Q32 0 Q34 Qss
Qu Qa2 Qus 0 Qs
Q51 Qs2 Q53 Q514 0
Furthermore, for definiteness we will assume that
trJ =0, Ji > Jo > Jg > 0, 0> Jy> Js. (15)

The class of NLEE related to L(\) are systems of equations for the functions
Qi (z,t), which may be written in the compact form [19, 16, 11, 6]
8 4
129 123 AMHL, QG 1)] = 0
gt =

where Hy, tr H, = 0 are constant diagonal matrices and f(\) = Y,y \*Hy, is
the dispersion law of the NLEE. Here and below we define
. Xks
T —Js
forall X € My, i.e., Xy = 0. The operator A is (anyone of) the recursion opera-

tors A, acting on the space My of 5 x 5 off-diagonal matrix-valued functions as
follows

(ady X)gs = (11, XDs = (s — T Xps,  (ad3" X))

AsX = adyt (15 + Polato). X ()

#1310, Bl [ dy (@) X Eu)

where - is the projector a,d}1 ady-. Choosing Hy = I = diag(by,...,bs),
so that the dispersion law f(A) = AI is a linear function of A we get a system,
generalizing the well known IV -wave equation

which for n = 5 contains N = n{n—1) = 20 complex-valued functions Q;; (x, ).

The M -operator in the Lax representation for the N-wave equation (16) is given
by

day
Mi{z, t,\) = id_;f + [1,Q(z, )] — AD(x, t,\) = =z, t, \) 1.

Following the idea of the ISM we have to analyze and solve the direct and the
inverse scattering problems for L(\). To this end we again introduce the Jost
solutions of L{\) as 5 x 5 matrix-valued solutions

LGz, t,\) =0,  L(\é(z,t,A) =0
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defined by their asymptotic behavior for x — oo respectively

lim Plz,t, \NeM* =1, lim ¢(x,t, \)e™* = 1. amn

The definitions (17) hold true for all ¢. The scattering matrix T(\, ¢) is introduced
by

T\ 1) = (6, ) ol 1, \).
It is z-independent and its ¢-dependence in the N-wave case, which follows from
the Lax representation is

dr
i— — [NLT(\ )] = 0.
i~ LT 0] =0
Thus, if Q(x, t) satisfies the N-wave system (16) we get
dThr (M) AT () ,
T 0, i »Zit — A(b; — bp)Typ(A, 1) = 0.

The set of matrix elements of T'(\, ¢) must satisfy a number of relations. Indeed,
they are uniquely determined by Q(z,t), i.e., by n{n — 1) complex functions of
x, so it seems natural that there should not be more that n{n — 1) independent
functions among T () for A on the real axis. Of course T'(\, t) must satisfy the
“unitarity” condition det T'(\,¢) = 1. The rest of these relations follow from the
analyticity properties of certain combinations of matrix elements of T'(\, ¢).

These analyticity properties must follow naturally from the definition of the corre-
sponding fundamental analytic solutions (FAS) x=(x,t, \). However establish-
ing the relations between FAS and the Jost solutions is not that so simple. Indeed,
only the first and the last columns of ¢/(z, ¢, \) and ¢(z, ¢, ) allow analytic exten-
sions in A off the real axis — the other columns do not have analyticity properties.
Nevertheless it is again possible to introduce FAS {18, 20] which are defined as
follows

XE (@, \) = oz, NST(N) = (2, )TT(N).

Here the triangular n x n matrices ST(\) and T*()\) are related to the scattering
matrix T(\) by

T =T~ METO) ™ =T E" (W)™

The matrix elements of T*(\) and S*()\) can be expressed in terms of the minors
of T(\), see the Appendix. Here we note that their diagonal elements can be given
by

SEON =mi (N, TN =mi()
TN =my (), S5\ =m ()
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where mE = mE = 1 and by m; (\) (respectively m; (\)) we have denoted the
upper (respectively lower) principal minors of T(\) of order &, e.g.,

M =Tu), w0 ={] 3} =TuOTR0) - Te a0
T

. [123 L [1234

M =T, my)={ ] }mz = T\ T55(\) — Tas (N T5s(\)

SR )

T

_ 345 _ 2345
m3<A>_{34 5}2_0‘}’ m4<)‘>_{2 34 5}2_0‘}'

As a consequence of the analyticity of the FAS, it follows that the minors m‘,: (\)
(respectively m, (\)) are analytic functions for A € C (respectively for A € C_).
One can construct the kernel of the resolvent of L{\) in terms of the FAS [11, 6]
from which it follows that the resolvent has poles for all )\f which happen to be
zeroes of any of the minors mf()\} Therefore, what we have now is that each of
the minors mf()\} may be considered to be an analog of the Evans function, and
thus now, there is more than one Evans function.

In order to understand what is going on we calculate the scattering matrix for the
dressed operator L. This is easy since the Jost solutions of Lg are related to the
ones of L through

?.j},(m’ A) = ulz, A)(z, N (), qb,(m’ A) = uz, \)o(z, Aja—(A)  (18)
us{A) = xll)rinoo w(z, A) =1+ (e1(N) — 1) Py. 19)

The factors @4 () in the right hand sides of equation (18) ensure that

xlingofé(m,A}einx =1, lim oz, N)e =11,

3.1. Generic Rank One One-Soliton Solutions

Here we describe the dressing Zakharov—Shabat method. We start with the Lax
operator L with potential () such that the corresponding FAS x*(z, \) are non-
degenerate matrices in their regions of analyticity. Next we construct the FAS
x'*(x,\) of the Lax operator L'()\) with potential ¢’'(z) whose FAS x'=(x, \)
have zeroes and/or singularities at for prescribed values ,Xli € C4 of A, There-
fore L' will have two additional discrete eigenvalues ,Xli. The two sets of FAS are
related by the dressing factor u{z, \)

Lxy=(z,\) =0, x& =¢(x, NS\ = ¢, NTT)  (0)
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IX*(@,)N) =0,  x==0¢(x, VSEN\) = ¢, VT=() @2

YE(z, A) = ulz, NxE (@, NuZ () (22)
where
A=A
ulz, A) =1+ (e1(X) — 1) Pi(x), ci(A) = L
(2, A) =1+ (a1(N) = 1) Pi(z) 1(\) T
_ (@) (i ()| (N = L (e
P = i) £ = D vl
|71 (@) = x™ (@, AD) 7o), (my(2)] = (Mo X~ (2, A7)
() ,
mm:k:J, (Tio1| = (mgy,miy, .. miy).
ngl

One can check, that the dressing factor defined as above satisfies identically the
equation

idu
dx

where the potential ¢'(z) is given by

+ ¢ (2)ulz, A) — ulz, Ng(z) — A\[J,u{z,\)] =0

¢(x) = lim A (7 = ulz, N Ju @, N) = (A = AD), Pi(a)-

They are parametrized by:
1. the discrete eigenvalues ,Xli = 1 +ivy; ,uli determine the soliton velocity,
and r/li determine the amplitude.

2. the “polarization” vectors, |7ig1), (/g1 | parametrize the internal degrees of
freedom of the soliton. Note that P;(x) is invariant under the scaling of
each of these vectors. Generically each “polarization” has five components,
one of which can be fixed, say to one. So each “polarization” is determined
by four independent complex parameters.

We have several options that will lead to different types of solitons:

1) generic case when all components of |71} are non-vanishing;

2) several special subcases when one (or several) of these components vanish.
The corresponding solitons will have different structures and properties.

For the generic choice of |7y} one finds

lirin Pi(z,t) = Pi, Py, = Eqg, P_ =FE,, (23)
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where the matrix Ej; has only one non-vanishing matrix element equal to 1 at
position k, 7, i.e., (Ex;)mp = Opmd;p. Therefore both the limiting values u+(\)
and their inverse @4 (\) are diagonal matrices

usr () = diag{e1(A), 1,1,...,1), u_(A) =diag(1,1,...,1,c1(\)). (2%

From equations (18) we get

T'(A) = (), e/ (@, ) = ug T(NuZ'(N) (25)
i.e., forn = 5 we have
;00 = ecc(NT (N, §=1,2,3,4
Tis(\) = Tjs(\)/ci(\),  j=2,3,4,5;
T (\) = Ty (\), for all other values of 4, j.

This relation allows us to derive the interrelations between the Gauss factors of
T(A\) and T7(A). In particular we find for the principal minors of 77(\)

m;:r N = (A}mg (A), m;; (A) =mg (A)/ci(N) (26)

where m" (\) (respectively m;_ (\)) are the upper (respectively lower) principal
minors of 77(\). Since x*(x,t,\) are regular solutions of the Riemann—Hilbert
problem then mi(\) have no zeroes at all, but equation (26) means all m/=(\)
have a simple zero at A = AT

The generic one-soliton solution then is obtained by taking that xEx,t,\) =
e MUz - Ag a result we get

1 R
(Pfl(mat}}ks = mnglmgle (AT Re—AT Rs)
" )
p=1

Ri(z,t) = Sz + Ixt,  qis = —(A7 = AT (Pu(2, ))ks

i.e., in all channels we have non-trivial waves. The number of internal degrees of
freedom is 2(n — 1) = 8. Note that the denominator k(z, ¢) is linear combination
of exponentials with complex arguments, so it could vanish for certain values of z
and ¢. Thus, the generic soliton (27) in this case is a singular solution.

Next we impose on U{z, ¢, ) the involution
BoU'(x,t, \"YBy' = U(x,t,)\),  Bo = diag(e1,...,en) (28)
with €; = 1. More specifically this means that
ngf(m,t}Bg_l = q(z,1), Bguf(m,t, )\*}Bo_l =u N, t,\)
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and
AN =D =pm+in, (ol = (Bolio)).
Thus, only |7g1 ) is independent.
Then the one-soliton solution simplifies to
2i (Jy, — Js)
 Freala, )

f?‘ﬁred<ma t,} = z 62?]“}0?11282y13p(x!t}'
p=1

ais(e,) = eanfy (ny)"e1 B+ R (=)

The number of internal degrees of freedom now is n — 1 = 4. If one or more of ¢,
are different, then this reduced soliton may still have singularities. The singularities
are absent only if all €; are equal.

3.2. Non-Generic s[(2) Solitons

From now on we assume that the reduction (28) with €, = 1 holds.

Here |7ig1) has only two non-vanishing components. We consider here three exam-
ples with n = 5 and three different choices for the polarization vectors

nél 0 nél
0 ngl ngl
a) |gyy=| 0 |; B [dy=| 0 |; o lda)=| 0 [. 29
0 ng, 0
ngy 0 0

In all these cases the corresponding one-soliton solutions ¢'(x, t) are given by sim-
ilar analytic expressions, each having only two non-vanishing matrix elements

ij<m’ t,} = <ij<m’ i}}*

() — Jy)eierstng)—ars(nd ) g i (s — i) (z-wet)

cosh[v (J; — Ji){z + w;rt) +1n ]'7%1] —In|nf|]

where we remind that wj, = (I; — Iy)/(J; — Ji), < k. For the case a) we have
=1, k=35;incaseb)j =2, k=4andincasec)yj=1land k = 2.
The s[(2) soliton is very much like the NLS soliton (apart from the ¢-dependence);
the NLS soliton has only one internal degree of freedom.
The different choices for the polarization vector result in different asymptotics for
the projector Pi(x,t):

a) hmx_)oo P1<33, ?f} = Ell: Iimx_)_oo P1<33, ?f} = E55

b) hmx_)oo P1<33, ?f} = EQQ, Iimx_)_oo P1<33,?f} = E44

C) hmx_)oo P1<33, ?f} = Ell: Iimx_)_oo P1<33, ?f} = EQQ.
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In case a) the results for the limits of P;{x,t) and for ui () are the same as for the
generic case, see equations (23), (24). As a consequence, such s{(2) solitons re-
quires the vanishing of all Evans functions m;f (A for A = AT, see equation (26).

In case b) from equation (25) and from the Appendix we get that such s[(2) soliton
provides for the vanishing of m3 (\) and mgi()\}

ms (N = e;(Nm3 (), m';“()\} = cl()\}m; \)
my (A) = my (A)/er(N), m3(A) = mz (A)/c1(A)

whereas m/=(\) = mI(\) and m/Z(\) = mT(\) remain regular and do not have
zeros at A = ,Xli.
Likewise in case ¢) we get that only m["(\) and m/;” (\) acquire zeroes

mim(\) = a(Nmf(\),  ma(N) =mg(N)/ar(N)
and all the other Evans functions mgf (A) with j = 2,3,4, and m; () with p =
1,2, 3 do not have zeroes.
3.3. Non-generic s{(3)-solitons

Here |7ig1) has three non-vanishing components. We consider three examples of
such polarization vectors

ni1 0 01
0 " "
a) |1y =|ng |, b |do)=|ng |, o |Aa}=|n5|. G0
0 ng, 0
ng; 0 0

Therefore the s[(3)-solitons have two internal degrees of freedom.
The asymptotics of the projector P;(z,t) read as follows:

a) lim Pi(z,t) = E, lim Pi(z,t) = Es;
b) lim Pi(z,t) = Epo, lim Pi(z,t) = Eu 31)

¢) lim Py(z,t) = En, lim Pi(z,t) = Es3.

Note that cases a) and b) in equation (31) coincide with the corresponding cases in
equation (29). Therefore, the set of Evans functions that acquire zeroes will be the
same as for the corresponding s[(2) solitons. In case ¢) of equation (31) we have

mi(\) = es(N)my (\), mg (A) = cr(\ymg (\)
my (A) = my (A)/er(N), mg () = mz (\)/er(A)
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whereas the remaining Evans functions m;+ (A) with j = 3,4, and m;;~(\) with
p = 1,2 remain regular.
In case a) the corresponding one-soliton solutions acquire the form

0 0 q3 0 q15 00 0 0O
0 0 0 0 0O 0 0 o3 {24 0
a) q'S(x,t) = g5 0 0 0 gs5 |, b ¢S@t)=|0 g3 0 g34 O
0 0 0 0 O 0 g, 95,0 0 0
7 0 gis 00 00 0 00
0 qi2 g3 00
g2 0 g3 00
¢) ¢"(z,t)=|qi3 ¢33 0 00
0 0 0 00
0 0 0 00

where the matrix elements g;s(z, t) are given by

Qk5<m’ t,} = <95k<ma i}}*

iVl(Jk _ JS>€Seyl(Jk—%-.fs}(x—%—gkst}n§1<n81>*e—im(.];C—Js}(x—%—wlg)t}

1?’3%112@22/1(']1x+‘{1t} _{__ 1?13112821/1(']3x+‘{3t} _{__ 1n811282V1(J5£+.{5t:I
and

_jk-f-js

jg:Jg—<J1+i3+J5}/3, fg:Ig—<Il+L3+I5}/3,

U, —.
’ I kT I s
This soliton has two internal degrees of freedom and is regular.

Obviously it is by now clear how one can write down more complicated solitons
like s{(4) which would be characterized by polarization vectors of the form:

1 1
g1 ngy
a) |1y = | ngy | b) o) = | gy |
ng, 0
0 ny;

The sl(4)-solitons will have three internal degrees of freedom.
We note here that due to our choice of .J in (15), s[{4)-solitons cannot give rise to

generalized eigenfunctions.
4. Eigenfunctions and Eigensubspaces

The structure of these eigensubspaces and the corresponding solitons becomes
more complicated with the growth of n.
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In what follows we start with the generic case and split the “polarization” vector
into two parts

ngy 0
- ng . 0
[Tig1) = |Po1) + |do1), o1} = | néy | » ldo1) = | O (32)
0 nél
0 ng

and, therefore,

iy =15 + 1), 1) = x @ AD B, 1d) = xT (@ 6 A don)-
This splitting is compatible with equation (15) and has the advantage: if
Xz, t,\]) = e~ JT then |p1} increases exponentially for x — oo and de-

creases exponentially for x — —oc; |d1) decreases exponentially for z — oo and
increases exponentially for ¢ — —oo, see also the lemma below.

What we will prove below is that one can take a special linear combination of
the columns of x*(z,t, A\]") which decreases exponentially for both z — oo and
z — —oo. Doing this we will use the fact that

X+<m’t’ 'X;—}]ﬁ:ﬂﬂ = (H - P1<m’t>>x+<m’t"x;>]ﬁﬂl>

~ (33)
= (1l — P (z, )| {z,t)) = 0.
Lemma 1. The eigenfunctions of L provided by
f+<33, t) = X+<ma ta ’X;>]§01> = _X+<ma ta ’Xi%->]cz’01> (34)

decrease exponentially for both x — o and x — —ox.

Proof: From equations (33) and (32) there follows that both expressions for
f(x,t) coincide, so we can use each of them to our advantage, see equation (34).
We will use also the fact that I — P (z, t) is a bounded function of both z and .

We start with
lim £¥(2,6) = lim x* (2, \])|dor)
: —iAF (Jz+It)p— 7
= (1 - Pp3) lim ™™ (e OT=(AF)|doy)

where T~ (\]) is the lower triangular matrix introduced in equation (35). If the
potential is on finite support or is reflectionless then T~ ()\) is rational function
well defined for A = A]. If the potential is generic then T~ ()\) does not allow
analytic continuation off the real axis. Nevertheless T~(A]") can be understood as
lower triangular constant matrix (generalizing the constant Cpj; of the NLS case).
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Being lower triangular T~ (\}) maps |do1) onto |y} = Ty (A )|do1) which is
again of the form (32), i.e., its first three components vanish. Therefore,

0
0
Jim @ (1) = Jim (1 = Prijen 0 =0

e—iAj(J4x+f4t)néif
e—iAi“(.]g)x—H‘g)t)ngif

for any constant a > O such that a + Jy < 0.
Likewise we can calculate the limit forx — —oc
1) = = T X", 6 AD)]dor)

= —(I = Piy) Jim ™ U8 (N o).

The upper triangular matrix ST(\]) is treated analogously as T~(\]). In the
generic case it is just an upper triangular constant matrix which maps |py1) onto
|51y = ST(A)|Po1) whose last two components vanish. Therefore,

e—iAj (Jlx—%—ht}néa

e AT (sz—%-fzt)nga

lim e%f (2, ¢) = lim "% (1 — P|_) | o=t (setLst)y 3 | =0
T——00 ’ T——00 ’ 01

0

0

for any constant b < 0 such that J3 + b > 0.
The lemma is proved. O

For the choices a) and b) of |7lg1} in equation (29) we define the square integrable
discrete eigenfunctions using the splitting (32) and equation (34).

Remark 2. The choice ¢) for |7y} does not allow the splitting (32). In this case
we can introduce only generalized discrete eigenfunctions, fgen(m, t), which are
not square integrable. But upon multiplying by the exponential factor e719%
with ¢; = (J1 + J2)/2, we can obtain square integrable functions f(x,¢) =
foen(, t)e™"191%. See also the discussion in the next subsection.

The generalized eigenfunctions come up in situations when the splitting (32) is not
possible, i.e., when either |5y} or |do;) vanish. Let us construct the generalized
eigenfunction for the polarization vector [ng1} of case ¢) in equation (30). Let
(Ji+Jo+J3)/3=0asthenJ] =J1 —d/, Js =Jo —a and J; = J3 — o’ are
such that J{ > J5 > Jj and J] + J5 + J5 = 0. Let us assume for definiteness that
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Ji > J3 > 0and 0 > J;. Then we can split |ng;) into

ng; 0
2
ng 0
|no1) = 11960 + 15361}, ]P;)ﬁ =10[, ]d;)ﬁ = ngl
0 0
0 0

and define
f_H(m,t} = X+<Z,t,/)\i%_>]p,01> = —X+<33,t,/)\i%_>]d,01>

Obviously f/(x, t) is an eigenfunction of the dressed operator L corresponding to
the eigenvalue A .

Then we can prove the following

Lemma 2. The eigenfunction £+'(x,t) is such that ¥ *£ %/ (x,t) decreases expo-
nentially for both x — +ox.

Proof: The proof is similar to the one of Lemma 1 and we omit it. O

Since the polarization vector |ig;} in case ¢) of equation (30) does not allow
the splitting (32) the corresponding discrete eigenfunction will not be square in-
tegrable, so it will give rise to a generalized eigenfunction.

5. Discussion and Further Studies

Here we shall outline some further topics which could be studied and which could
lead to a deeper understanding of these soliton properties.

The first obvious remark is that s[{n) contains as subalgebras also so{p) and sp(p)
subalgebras. So it will be interesting to specify the conditions under which L(\)
has solitons of type so{p) or sp(p).

Second remark of the same nature is that one can start with L{\) related to so(n)
or sp(n) algebras; such generalized Zakharov—Shabat systems allow one to solve
special types of N-wave systems whose soliton solutions have not yet been classi-
fied. Such systems, due to the additional symmetry, have a richer structure.

The explicit form of the corresponding N-wave system related to these algebras
has been reported in [5, 21, 12], see also [8, 15]. What could be done is to analyze
the structure of its soliton solutions [8, 15] which are more involved due to the
additional orthogonal symmetry involved. However, this symmetry complicates
the construction of the dressing factors. Nevertheless, interesting new types of
integrable cubic interactions could be obtained.
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Also, even more complicated types of solitons will be related to projectors of
higher rank. The projectors P;(z,t), which we used above, were all of rank one.
The rank two projector P> can be defined as

2
Py(z,t) = Z |75 Mys (2, ) (71, M. (2,t) = (7|7, M=M1
ks
Now each soliton will be parametrized by two polarization vectors — the corre-
sponding eigensubspace will be two-dimensional too. Among the various types of
rank two one-soliton solutions, there will be various possible configurations for the
two polarization vectors.

It is known in general how the machinery, well understood for the AKNS sys-
tem such as Wronskian relations, expansions over “squared solutions,” etc. can be
generalized also for these types of systems. The dressing method, after some mod-
ifications, can also be applied, leading to the derivation of their soliton solutions.
An interesting problem is the study of how the different possible reductions (see
e.g. [8]) of these systems will influence the number of one-soliton types.

Soliton interactions for the various different types of solitons of these systems also
present interesting problems. From the results known for the N-wave systems {19,
16] it is known that new effects in soliton interaction, such as soliton decay and
soliton fusion may arise.
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Appendix A. Gauss Decompositions

Here we list the explicit expressions for the matrix elements of the Gauss factors
SE(N), T=()\) in equations (20), (21) as polynomials of the matrix elements of
Tis{A). The results are

1
{ X } 0 0 0 0
2 ’ 0 0
T-()) = ) { 2, 0 0 (35)

O S e e ey
NIt NG b NI QO NI NS

b e e b QY b



32 Viadimir S. Gerdjikov and David J. Kaup

1 _{1} {1,2} _{ 1,2,3} {1,2,3,4}
2 2,3 2,3,4 2,3,4,5

o {1 1,2 1,2,3 1,2,3,4
1 11,3 1,34 11,345

s 1,20 [ 1,23 1,2,3,4
sw=|o o0 {121 (i) o -

1,2,4,5
1,231 [ 1,2,3.4
00 0 {1,2,3} {1230}

,‘,3,4
0 0 0 0 ‘,3,4}

Ny

No N

) “CJ'I “CJ'I
QU

WL o N Gy

L i i ot
LTt

N N e N N,

) “CJ" “CJ'I

e

e e QO R N e
LT L
Dt Y Ve NI N

U WU N QTG TN DT

OSSNV NS S N N —

TH(\) = | 0 0 ; ) 37
0 0 0}
.5
0 0 0 0
2.3,4,5
{2,3,4,5} 0 0 0 0
2,3,4,5 3,4,5
1 1,3,4,5 3,4,5 0 0 0
_ 2,3,4,5 3,45 4,5
57 = {1,2,4,2} _{2,4,2} {4,2} 0 0. G¥
[2,3,4,5 3,45\  [45 51
2,345\ _[3,4,5 157 _[5)
1,2,3,4 2,3,4 3,4 4

Jts--oaJk
and the columns ji, ..., ji. The diagonal elements of the S* and T are given by
the principal minors of T'(A).

By { Ha--nath } above we denote the minor of T(\) formed by the rows i1, ..., i
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