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Abstract: We derive a new system of integrable derivative non-linear Schrodinger equations with
an L operator, quadratic in the spectral parameter with coefficients belonging to the Kac-Moody
algebra A21 . The construction of the fundamental analytic solutions of L is outlined and they are
used to introduce the scattering data, thus formulating the scattering problem for the Lax pair L, M.
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1. Introduction

Since the seminal papers [1,2], nonlinear PDEs solvable by the inverse scattering
transform (IST) became of interest for both physicists and mathematicians. One such equa-
tion is the non-linear Schrodinger equation (NLS) [3,4] which admits multi-component
generalizations, the most famous being the Manakov model [5]. All such generalizations
can be associated with an L, M pair, such that the L operator is linear in the spectral param-
eter A. In fact, most of the efforts went into studying systems with such linear L operators.
This is in part due to the fact that such operators are zero-curvature representations (ZCR)
of scalar Lax pairs. Another reason is the fact that the study of L operators, polynomial in
the spectral parameter (often called polynomial bundles or polynomial pencils), presents
numerous challenges.

The first known example of an equation related to a Lax operator with quadratic
dependence on the spectral parameter is a variation in the NLS equation known as the
derivative non-linear Schrodinger (ANLS) equation. In fact, there are three equivalent
models that fall under that name:

*  The Kaup-Newell Equation [6], also known as dNLS-I:
01 + aiq + 10, (q|q|2> =0. (1)
®  The Chen-Lee-Liu Equation [7], also known as dNLS-II:
1017 + 029 — |q|*0x9 = 0. )
*  The Gerdjikov-Ivanov Equation [8], also known as dNLS-III:
09 + 939 — |/%0x4" + %Iql‘*q =0, ©)

where * denotes complex conjugation.

They are equivalent in the sense that they can be related to one another with a suitable
gauge transformation.
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Most integrable equations with one component usually allow multi-component gen-
eralizations by considering Lax pairs with potentials in some semisimple Lie algebra g. In
general, without imposing additional conditions on the form of the Lax pair, the result-
ing equations will contain a large number of independent functions, which limits their
applicability. One way out of this difficulty is to impose an additional condition, called
a reduction, using a finite order automorphism ¢. The reduction, that gives the lowest
number of components, is a Coxeter reduction; i.e., ¢ is a Coxeter automorphism of the
corresponding Lie algebra g. Reductions form a group, called the reduction group. For
the case of a Coxeter reduction, this group is simply Zj, (cyclic group of order &), where
h is the Coxeter number of the corresponding algebra. Reductions of Lax pairs and their
theory were studied extensively by Mikhailov, and the reader is encouraged to read his
original article where the subject is thoroughly examined [9].

Some multi-component generalizations of the dNLS equation can be derived by con-
sidering an L, M pair with potentials in the simple Lie algebra A, ~ sI(r + 1), such that L is
linear and M is quadratic in the spectral parameter A. Additionally, in order to reduce the
number of components, usually a Z, reduction is imposed. Such models were considered
in [10].

Formally, the potentials of L, M pairs with a Coxeter reduction can be viewed as ele-
ments of Kac-Moody algebras. Such an approach was chosen by Drinfeld and
Sokolov [11,12] where integrable models, related to low-rank Kac-Moody algebras were
studied (again, only for L operators linear in the spectral parameter A). The cases for

Agl) and D&k) can be found in [13,14]. There are, however, no known models related to
Kac-Moody algebras with L being polynomial in A.

Formulating the scattering problem for the linear Lax operator was treated with math-
ematical rigor for the general case by Beals and Coifman [15], and for the case of potentials
in semisimple Lie algebras (which includes the case of a Coxeter reduction) by Gerdjikov
and Yanovski [16,17].

Studying exactly solvable models related to the polynomial case presents some diffi-
culties. First, there is the question of the parametrization of the Lax operators. The second
is the formulation of the scattering problem, starting with the introduction of the funda-
mental analytic solutions (FAS). Note that there have been some advances in the study of
polynomial Lax operators. A significant contribution can be found in [18], where a gen-
eral approach for parametrizing the Lax operators is formulated. The main idea is to start
from a multiplicative Riemann-Hilbert problem (RHP), with everything else following
from there. The article also contains examples of N-wave equations with a Z, reduction
group and dNLS-type equations related to symmetric spaces.

The aim of this paper is to outline the general methodology in solving the mentioned
difficulties for the case of the quadratic Lax operator related to Kac-Moody algebra Aél),
which results in a set of dNLS equations, for which the scattering problem is formulated.
This can be considered as a natural continuation of the work performed in [18]. The chosen
approach is slightly different: we will start with a Lax representation, then formulate the
FAS for the relevant pair of Lax operators, show that they satisfy a multiplicative RHP,
and then formulate the scattering problem and find a minimal set of scattering data.

A word on terminology—formally, a Lax pair is a pair of scalar operators and not their
matrix analogs, but we will not make this distinction here and will refer to any L, M pair
as a Lax pair and the L operator as a Lax operator. The reader is assumed to have some
familiarity with the history and basic theory of integrable systems—for an introduction,
see [19].

This paper is structured as follows: Section 1 is this introduction; Section 2 con-
tains the necessary preliminaries from the theory of simple Lie algebras; Section 3 is de-
voted to the recursion relations resulting from the compatibility condition of the L, M pair;
Section 4 presents the resulting dNLS-type equations; Section 5 introduces the FAS and
formulates the scattering problem; Section 6 studies the time evolution of the scatter-
ing matrix; and Section 7 contains some concluding remarks. The Appendix is divided
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as follows: Appendix A introduces the Cartan—-Weyl basis for the simple lie algebra Ay;
Appendix B contains the basis for the Kac-Moody algebra Aél) ; and Appendix C derives

the expression for the inverse of ad; (which is frequently used throughout the text).

2. Preliminaries

The reader is assumed to have basic knowledge of the theory of simple Lie algebras.
Some classical textbooks on the theory of Lie algebras, both finite and infinite dimensional,
are [20-22].

Assume that g is a finite-dimensional simple Lie algebra over the field of complex
numbers C. Let adx denote the linear operator defined by

adx(Y) = [X, Y], XYeq, ()

where [, | denotes the Lie bracket in g. This operator has a kernel and can only be inverted
on its image. We denote that inverse by ad;(l. If X is diagonalizable then ac&1 can be
expressed as a polynomial of adx. We will also need the Killing—Cartan form on g, usually
denoted ( , ), which is defined by

(X,Y) = tr(adx ady), )

where tr denotes the trace. Note that for any simple Lie algebras, any invariant symmetric
bilinear form on g is proportional to this Killing form. This simplifies things, since in any
representation of g, we can use the form (ignoring the proportionality constant)

(X,Y) = tr(XY). (6)
Now , assume that ¢ is an automorphism of g of finite order. If ¢ can be represented as

p(X) =ef Xe™F @)

for some generator F, then it is an inner automorphism. An outer automorphism is one
which is not inner. The set of outer automorphisms of g is equivalent (up to a conjugation
with an inner automorphism) to the symmetries of the Dynkin diagram of g.

An automorphism is said to be a Coxeter automorphism if its invariant eigenspace
is Abelian and the automorphism is of minimal order &, with h being called the Coxeter
number of the algebra.

Any finite order automorphism ¢ introduces a grading in g by the condition

s—1
k=0
such that
(g0, g10] c gD, o(X) = *X, w= exp<25m>, vX e g, )

where s is the order of ¢ and k + [ is taken modulo s. Let us define

m .
alA, A = {Zvi)\l (i €g,n,mE Z},
i=n

. (10)
f(A) = {Zfi/\i (fi€gme Z}.
iz0
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There is a natural Lie algebraic structure on g[A, A~!]. Let ¢ be an automorphism of g of
order s. Then

Lag) = {f e alta s otra) = f(rewp () ) . a
L(g, ¢) is a Lie subalgebra of g[A, A1].

If g is simple and ¢ is a Coxeter automorphism then L(g, ¢) is called a Kac-Moody
algebra.

Note that when considering finite-dimensional Lie algebras, a Coxeter automorphism
is an inner automorphism. When dealing with Kac-Moody algebras, the Coxeter automor-
phism can be an outer automorphism of the underlying simple Lie algebra g. This usually
means that we have two types of Kac-Moody algebras—twisted and untwisted (there ex-
ists one notable exception, the algebra D f)). When the Coxeter automorphism is an outer
automorphism of g, then the corresponding Kac-Moody algebra is called twisted; other-
wise it is untwisted. Untwisted Kac-Moody algebras are usually denoted by an upper
index (1), while the twisted type is denoted by an upper index (2), with this number
being called the height of the Kac-Moody algebra. To make this more precise, consider
that every automorphism ¢ can be uniquely written as ¢ = ¥ o ¢ where ¢ is an inner
automorphism and ¢ is given by

q)T(Eﬂéi) = Er(a,») (12)

with T being a permutation of the simple roots that preserves the symmetry of the Dynkin
diagram of g; i.e., it is an automorphism of the Dynkin diagram. Then the order of ¢
is the height of L(g, ¢). It is obvious that Kac-Moody algebras are graded algebras.Note
that commonly the central extension of L(g, ¢) is called a Kac-Moody algebra, with the
definitions given above being the ones used in [11,12].

In this paper, we will consider the equations related to L(Aj, C), usually denoted by

Agl). The Coxeter number of Aél) is 3, its rank is 2, and its exponents are 1,2 [11,20]. We
will use the typical representation (defining module) of A, =~ sI(3), i.e., 3 x 3 matrices
with zero trace. The Lie bracket is then the commutator [X,Y] = XY — YX. The Coxeter
automorphism C can be represented as

C(X) =cXc !, (13)

00 1
c=[1 0 0]. (14)
010

It introduces a grading in A; via (9). The basis is (the explicit form is given in the
Appendix A):

where the matrix c is given by

K 1 X h—1
&Y =Y (B, MY =Y wFC(Hy),

s=0 s=0 (15)
27

SDE") e g, ”H](.k) egh, w=¢7.

Note that H](k) is non-vanishing only if k is an exponent, i.e 7—[](-0) = 0. Here, H; are the
Cartan basis elements and E, are the Weyl generators of Aj.

A note on notations—we will omit writing explicit dependence on x, f or A when it is
convenient and when there is no risk of confusion. Also, in order to avoid visual clutter,
when needed, we will denote matrix inverse by “hat”; i.e., if F is an invertible matrix, then
£ = F~1. Partial derivatives in x and t will be denoted by 0y and 9y, respectively, and 1

denotes the unity matrix.
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3. Lax Pair and Recursion Relations

Consider a Lax pair given by

L =iy + Up(x, t) + AUy (x, t) — A?],

(16)
M = i0; + Vo(x,t) + AV (x, 1) + A2Va(x, t) + A3V3(x, ) + A*K,

where | and K are diagonal constant matrices with complex coefficients. Note that while
in many cases L operators that are linear in the spectral parameter can be viewed as
zero-curvature representations of scalar Lax operators, for the polynomial case there is
no such analogy.

The parametrization of the coefficients of such Lax pair comes down to imposing
the symmetry conditions, i.e., the Coxeter reduction and solving the recursion relations
resulting from the ZCC. This can be summarized as follows:

*  The potentials are elements of the corresponding eigenspaces of C

Up(x,t) €99, Ui(x,t) € gV, Vi(xt) e glhmodd)

17

We will also assume that the potentials vanish at spatial infinity, i.e.,

lim U(x,t) =0, xgrilw Vi(x,t) =0.

x—+oo

Usually, an ever more restrictive condition on the asymptotic behavior of the poten-
tials is required. For the purposes of this paper, we will assume them to be Schwartz
functions, but this might be too restrictive. This, of course, needs to be studied more
rigorously and this will be accomplished in future works.

*  The explicit form of the elements of L is:

1 w 0 0 0 q1 ¢ 0 w3 Wy
]ZHg): 0 w?* 0, U= g 0 q1|, U =|wg 0 gaw

0 0 1 71 g2 0 3 44 0

*  The choice of | determines the inverse of ad; to be (see Appendix C)

ad; ! = 1

5
j= - gad). (18)

e  The elements of M are:

w? 0 0
k=®= [0 w o), Vol el +olE,, oM,
0 0 1

where in the index k is taken as modulo 3.
e The zero-curvature condition [L, M] = 0 leads to the following set of recursion rela-
tions with N = 4:
)LN-&-Z . U, K} _
ANFL [J,Vn-1] = [K, U] =0
AN [J, Vn-2] = [K, Uo] — [U1, V1] =0, 19)
AoV [Uo, Vi + (U, Vi) =[], Veea] =0,
AL —i9¢Uy +i9x V1 + [Uo, V] + [U1, Vo] =0
A0 —idUy + i9x Vo + [Up, Vo] =0
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¢ Therecursion relations can be solved by noting that each X € g can be decomposed as

X=xt+xI, adq;xl=15,xl =0, (20)
ie., Xl is “parallel” to ] while X' is “orthogonal” to J.
¢  This leads to the following solutions:
V-1 =ad; ' [K, 1],
V-2 = ad; ([K, Up] + [Uy, VN-1]),
Vity = ady (i0:Vs + [Uo, Vit] + [Uo, W] + [h, Vi + [, v ], @D

e l I
vl = zaxl([uo, Vj} + [ul,vﬁ_l} )
where by 9; ! we denote the operator

I f(x) = /f xoof (y)dy.

Note that for any function vanishing at —oo, this is equivalent to integrating and set-
ting any constant of integration to zero. The above solutions to the recursion relations
can be formalized with the help of recursion operators A; see, for example [14,17].
However, calculating their explicit form in the case of polynomial Lax operators is
more involved and writing their explicit form presents considerable difficulties.

The explicit form of the coefficients of Vj is given by

0,0 = —aw’qs, 0, = —aw?q) — awqs,
0,3 = —awdqy, 0, = —awqy — awzqﬁ,
03 =0, 032 = aqsqa.

1
01 = aw?quqy — —=adsqs, 0,V = awqgagr +

V3

2 2
= —awqaq1 — 4w g3qe — gaqg - g”‘ﬁ-

LaE)
\/g xq4/

25V

1 2 2 1
0 =a ( ~ 3% - %wzqz@m — 3@ — 20003 + 393042071 + 691) — q%>,

1 2 2 1
0,0 =aq (\ﬁaxqz 50N - 3wt — 20 Q1% — 39342043 + 602) — q%>,

273(0) =0.

4. Derivative NLS Equations
The A! and A° terms in (19) result in the following equations:
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d1q1 = ad —ia q —iwzq 9xq —%w2q4—2wq q2+1q q (2w2q2+6q )—qz
t41 X \/g xY1 \/g 49xH4 3 3 243 3 344 4 1 21
1 2 2 1
01z = ads (\/gax‘h T 5ws0xs — 3wt — 2004 — 3430a(20q5 + 6q2) q%)
. 1 1 8
013 = a < — %aiq;.; — w4952 + 24304923 — Zﬁqi — %wqwi
(22)

2 1 1
- 073(142;<\@(307§ - qz) 3qz> —2V3w a4 +2q1q3\@<<6q% +qz) - 2q§)>,

1 1 8
914 = a| —=0%g4 — w?q39q1 + 2 0xqa + 2——=03 + —waag3
tq4 (\@ xq4 q39xq1 q3949x44 \/3‘73 /3 9293

2 1 1
q4q§<\@(3qi - ch) +3q1> +2v3wi3g +2qzq4\/§(<6qi +fh) + 2&73))-

They form a system of dNLS type equations for the complex functions g;(x, t). Here, a is a

complex parameter, and w = exp (%) .

5. Fundamental Analytic Solutions of L and Scattering Data
This section formulates the scattering problem for L quadratic in A by following and
generalizing the ideas contained in [13-17]. Let us analyze the FAS of L and use them to
introduce a minimal set of scattering data. The first step in this analysis is the definition
of the Jost solutions:
lim ¢_(x, t,)\)ei]’\zx =1, lim ¢4 (x, t,)\)eil)‘zx =1. (23)

X—r—00 X—r00

They allow the definition of the scattering matrix

T(At) = ¢ (x,t,A)p—(x,t,A). (24)

A reminder, here and below, “hat” denotes matrix inverse. Formally the Jost solutions
must satisfy Volterra type integral equations. Let

Er(x,t,A) = s (x, 1, M), (25)

Using the Lax representation (16), it is not hard to see that the matrices ¢+ (x,t,A) must
satisfy

G+(x b A) =1+ i/x dy e~ TG0 (Ug (y, ) + AU (y, )84 (3, £, M) TEY),
R . | (26)
et A) =1 [ dy e I (U (y, 1) + AU (g, )2 (g, 1, A)e T,

However, since | is complex valued, the above construction does not exist in general
and the scattering problem needs to be formulated more precisely. Following the general
ideas of Beals and Coifman [15] and generalizing the results of [16,17] for quadratic Lax
operators in A, we have:
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The continuous spectrum of L fills up the set of rays [, v = 0,...11 in the complex
A-plane for which (see Figure 1)

ImA%a(]) =0, (27)

where « is any root of Ay where «(J) = (tx, f), with (j); = J;; and (, ) denoting the
standard scalar product. Solving (27) leads to the rays being defined by

I, =argA = v=20,...11. (28)

Each ray is related to a subalgebra g, with root systems J, whose roots satisfy
oy={aes, <+ ImA%())=0 Vrel} (29)
More specifically, for this particular case we have

50 = {i(el — 63)},
51 = {:I:(e1 — 6’2)}, (30)
02 = {£(e2 —e3)},

and 6,13 = Jy.

A
I3 I
0y ]
4 03 Ql 1
Oy o
I5 lo
OF Oqq
I 1
Q6 Oy
l Q7 Qo Ny
7 Qg
8 lo

Figure 1. The continuous spectrum of L fills up the rays I, v = 0,...,11. Here, ), denotes the
sectors of analyticity of the FAS &, (x,t, A).

2.

The regions of analyticity of the FAS ¢, (x,t, A) are the sectors

1 141
QVE{WSaTg/\SW ) (31)
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The FAS are introduced as the solutions of the following set of integral equations
(written component-wise)

X

Cojk(x, t,A) = jk+i/

S

dy e~ M Ui C=Y) (Up(y, £) + AU (y, )80 (v, £, M) (32)
k0

where A € (), and Sik take the values 1, which are specific for each of the sectors
), see Table 1.

Table 1. The signs sj in (32). The table contains the values of sy for j < k because s; = —sj.
Also, the signs for (0,43 and (), 9 are opposite to the signs for 0y, v = 0,...,2, while the signs
for Q) ;¢ are the same. The signs are chosen in a way that ensures that the integral Equation (32) is
correctly defined.

(1,2) (1,3) (2,3)
O - + +
O + + +
@) + + -

3. Ineachsector (},, the roots are ordered as follows: the root « is called v-positive (resp.
v-negative) if Im A2x(J) > 0 (resp. Im A%a(]) < 0) for A € Q,. For example, the sets
of positive roots of the subalgebras g, are

58_ = {(61 —63)},
5 ={(e1 —e2)}, (33)
(52+E —(62—63)}.

Note that the root systems ¢, are isomorphic to the root system of sI(2).

4. The scattering data is obtained by the limits of the FAS along both sides of the rays
1,e*0:

lim e ArE, (x,t, A)eN X = ST(t,A), ‘
e - VA € I,et, (34)
lim et ]xgv(x, t,)t)el)‘ Jx — T, (t,A)D; (M),

X—r00

. _iA2 12 _
Hm_ e 5, (x,t, A)e™ ¥ =S (1 M),

X—r—00

lim e*"/\zf"év(x, t,)\)ei’\zfx =T/ (t,A)D, 1 (7),

X—»00

YA €110, (35)

where S, T and D are elements of the subgroup G, (corresponding to the algebra
gv) of the form

Svi(t,)t) = exp Z sf{v(t,/\)Eia ,

aEsf

TE(LA) =exp| Y w5, (L A)Esa |, (36)

aESf

(V) =exp| L 45, (M H, |,

aEs
satisfying
T, DfS) =T D;S, =T, (t,A), A€l (37)
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Equation (37) is the Gauss decomposition of the scattering matrix T, (¢, A). Note that
the functions D;f and D, ; are analytic in the sector (), .

It can be shown, that the fundamental analytic solutions ¢, (x, t, A) satisfy a (multi-
plicative) Riemann-Hilbert problem (RHP):

':1/—4—1 (x, £ )‘) = Cv(x/ £ A) Gy (x/ t, /\)/

Al a2 (38)
Gu(x,t,A) = VS (1, A)S] (1 A)e T,
which allows canonical normalization:
)}Lr)r;o Cu(x,t,A) = 1. (39)

It follows from the generalization of Zakharov-Shabat theorem for an L operator,
quadratic in the spectral parameter [18], that the solution of the RHP (38) with canon-
ical normalization is an FAS of the system

.0
z% + (U + AU )& (x,8,A) — A2[], & (x,£,A)] =0, (40)
To make this more precise, since &, (x, t, A) is canonically normalized, it has an asymp-

totic form given by

Cu(x,t,A) = exp(Q(x,t,A)), 41)
where, in general,
Qx,t,A) = Y A7°Qs(x,1). (42)
s=1

Following the idea of Gel’fand and Dikii [23], it can be shown [18] that for quadratic
Lax operators only the first two terms are needed

_ Ql(x/ t) + QZ(xl t)

Q(x,t,1) = =5 TR (43)

with higher terms expressed as functions of Qi(x,t) and Qx(x,t) and their deriva-
tives. Then, the potentials of L can be expressed as

Uy = ad;Qq,

1 (44)
Up =ad Q2 — ad J.
The above can be inverted, allowing us to express Q1(x,t) and Q(x,t) in terms of
the potentials
Qi =ad; Uy,

45
Qz:ad]_1 (Uoi{lh,ad]_llh})/ )

which shows that &, (x, t, A) is a solution of (40). Then, the FAS of the Lax operator L
is given by xy(x,t,A) = &u(x, t,/\)ei)‘zfx.

Note that some of the scattering data defined above is redundant; i.e., there is a min-

imal set of scattering data. In fact, it can be shown that this set is determined entirely by
the functions S (t, A).
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Theorem 1. Let the solutions &, (x,t, ) of the RHP (38) be regular; that is they have no zeros or
singularities in their regions of analyticity. Then, a minimal set of scattering data that uniquely
determines the scattering matrices T, (t, A) and the potentials Uy(x,t), Uy (x, t) is given by

T={s (A, aedf, s (LA),acdl, sy (tA),aedf, s5,(tA),acdy}. (46)

Proof. The proof consists of four steps:

Looking at the first equation from (36), the set of scattering data 7 uniquely deter-
mines the matrices ST(tA) for A € 110, S5 (t,A) for A € Le*™ and S5 (t,A) for
A € l3¢*0. The Coxeter reduction implies that

Si(t,)&) = cvsg(t,w*”)\)c*”, A€ Let™,

S: (LA) =SE(Lw AT, A€ Lpqe?, (47)
S3i1/+2<t/ A) = Cvsét(t,wiv)\)civl = lv+2€:ti0‘

This determines S;f (1) on the rest of the rays.

D;f(A) are determined uniquely by S (¢, A). The regularity of &,(x,t,A) implies that
the functions D (1) are also regular, i.e., have no zeros or singularities. This also
means that the functions d,,jf,v (A) from the last equation in (36) are analytical. We will
use the regularity of D;"(A) along with (37). In what follows, the reader is assumed
to have some familiarity with the representation theory of simple Lie algebras.

Let wzj be the j-th fundamental weight of the subalgebra g, evaluated (with respect
to the index j) with the ordering in (),.. Let |wvi,].> (here, we are using standard Bra—ket
notation) be the corresponding weight vector in the fundamental representation of g,
that has highest weight wj, j (respectively, w - jis the lowest weight). Then, consider-
ing that for all « € §;7

Ea|w;tj> =0, E*tx’w;ﬁ =0, <WI]'|E70¢ =0, <W;,]'|Erx =0, (48)
we have
+C— — (ot T — et — T
<w1//]'|sl/ - <w1//]'|T1/ - <w1//]'" <w1//]'|sl/ - <w1//]'|T1/ - <w1/,]' ’ (49)
Silwys) =T wy ) = lwy),  Sylw, ) =T, |w, ;) = lw, )
and
+ + d;r‘,v + — — _d;,v — 50
Dylw,;) = e |w, ), Dy|w,;) =e "|w, ). (50)

Analogous relations can also be derived for the inverses. Note that we can rewrite
(37) in the form of

Dy S, SiDf =TT, A€l (51)

+

il |wE.) we obtain that

v,j

Then, by squeezing (51) between (w

dfy —dey = In{w, |5, 5w, )

a (52)
= —ln(wiﬂTij |aJV+]>
The functions d}/,v can be recovered uniquely from their analyticity properties and

from the jumps (52) along the rays /,. This in turn determines D (A). The exact
details are essentially the same as for linear Lax operators and can be found in [16]).
The matrices T;" (f, 1) are recovered as the Gauss factors of the right hand side of (51).
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¢  Finally, the corresponding potentials are reconstructed from the regular solutions of
the RHP (38) by taking the limit A — coin

(a‘:”(x, t,)\))ifv(x, tA) + Up(x, t) + AU (x, t) = A2 (] — & (x, t, A)JEu (x, 8, 4)).

dx
(53)
O

6. Time Dependence of the Scattering Data

The ZCR ensures that the operators L and M have the same set of FAS. In general, we
have that
Lxv(x,t,A) =0, My (x,t,A) — xu(x, £, A)T(A) =0, (54)

with x,(x,£,A) = &y (x, ¢, A)ei’\zf Yand I'(A) is a constant matrix. The idea is to choose T'(A)
in such a way so that the scattering data satisfy a linear evolution equation.
Assuming A € 1,0 let us calculate the following limit:

lim e*i’\zfoXV(x, tA) =

x—=—c0

— lim e iNJx ii + i APV, — A*K (x,6,A) — xv(x, £, A)T(A)

T x5l ot =0 b Xvix v\ (55)
S,/ dpc+ + +i0

=1 5 A*KST (], A) — Sy (¢, AM)T(A) =0, A€l e™,

where we have used the fact that limy_;+o Vi(x,t) = 0. From the diagonal part of (55),
considering that from (36) it follows that S, (¢, A) are unitriangular matrices, and we obtain

MK +T(A) =0, (56)
which means that T (1) = —A*K. Then, the last line of (55) becomes

35

i — MK, SHEHA)] =0,  Aclet (57)

A similar limit can be calculated for x — oo:

lim e*i)‘zfoXV(x, t,A) =

X—r 00
= lim ¢ V)% i2 + i APV, — MK xu(x,t,A) — xu(x, 8, A)T(A) 58
X—00 ot =0 b T T (58)
-D+
— iaTvatDV — MK, T, (t,A)D (A)] = 0.

Again, considering the diagonal part and (36), we have

.0D;}
= 59
i 5 0, (59)

i.e., the matrix elements of D; (1) are generating functionals of the integrals of motion of
the corresponding system of dNLS-type equations.

Note that we could have used as a minimal set of scattering data the functions
T (t,A)—they form an equivalent set. We can derive a similiar evolution for T;"(t, )
by considering the lower triangular part of (58)

AT,

- MK, T, ()] =0,  Aelet. (60)
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Doing an analogous procedure for A € I,e~* and evaluating the limits for x — 4-o0
results in
+ - 4
ia§" — MK, S (t,A)] =0, iagv — MK T, (t,A)] =0, Acle™,
t f (61)
95y 4 - IT) 4 + —i0
i 5 — MK, S, (t,A)] =0, i o — MK T, (t,A)] =0, A€le
with the diagonal factors Djf (1) being t-independent.
The solution of the above equations is given by (written component-wise)
Car Car
Syt 2) = RIS 00), T (08) = TR0, (6)

Solving the corresponding system of a non-linear evolution equation (NLEE) reduces to
solving the direct and the inverse scattering problem for the Lax operator L.

7. Concluding Remarks

When dealing with exactly solvable non-linear models, there are two points to con-
sider. The first is the purely mathematical interest in the subject. In that regard, the results
of this paper will mainly be of interest to specialists in exactly solvable non-linear models,
especially soliton theory, as the derived equation form a system of PDE’s which possess
soliton solutions. The other aspect is the practical application. The truth is that only a
small number of all known exactly solvable non-linear models have found application in
practice—KdV, NLS, dNLS, etc. However, this does not mean that there is no value in find-
ing generalizations—for example, the Manakov model is a multi-component generaliza-
tion of the NLS equation, and it finds applications in optics. In general, one cannot know a
priori which exactly solvable model will find application in a given practical context. The
best strategy, then, is to create a list of all possible exactly solvable models. Considering
1 + 1 variables, for L linear in A, this list seems to be almost exhausted (at least for practical
number of components). What is left is either to consider polynomial dependence on A
or some entirely new approach not based on the Lax representation. The article considers
the first possibility and focuses on Lax operators related to Kac-Moody algebras.

There are, however, some details that need further study:

e  Thefirstis a rigorous study of the mapping between potential (U, U; ) and scattering
matrix T,. In defining the FAS, we assumed that Equation (32) has a solution which is
obviously not true for all classes of potentials (it is true for potentials on compact sup-
port and for Schwartz functions). The first step is a mathematically rigorous defini-
tion of the class of admissible potentials, such that the mapping (U, U;) — T, and its
inverse are correctly defined. This problem in the case of linear L operators [16,17,23]
is rather involved and the same is expected to be true for the quadratic case.

®  There is a hierarchy of integrable systems of equations related to a single L operator.
This can be derived with the help of the recursion operators. Finding their explicit
form is somewhat difficult. One can infer from the solution of the recursion relations,
i.e., Equation (36), that for an L operator of order m in A, the recursion operator will
have m arguments (i.e., a tensor of rank m + 1).

*  The hierarchy of integrable equations admits a Hamiltonian formulation. Since the
factors D;f generate the integrals of motion for the system, they can be used to find
the Hamiltonian. In the general case, the Hamiltonian can also be found by using the
recursion operators [14].

. Finding the multi-soliton solutions of the corresponding equations. This can be done,
for example, by using the dressing method, with the procedure being more involved
for polynomial L operators [18].

»  If the soliton solutions are found by the dressing method, then the soliton dynam-
ics and interactions can be studied by considering the asymptotic behavior of the
dressing factor.
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The algebra Aél) was chosen since it is the simplest non-trivial case for which a system
of exactly solvable NLEEs can be derived with a L operator quadratic in A. The methods
presented in this article can be used to derive other exactly solvable models, for example,
by considering Lax pairs related to other Kac-Moody algebras.
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Appendix A. The Simple Lie Algebra A,

Let g be a simple Lie algebra. A Cartan-Weyl basis in g is a system of generators
H;, Ey,, E_,,1 < i <rsuchthat

[Hi, Hj] =

[Eq; E- } dijH;,

[Hi By ] = z/Hu "o
[Hi E-o] = —CiiH

The matrix (C;;) is non-degenerate and is called the Cartan matrix of g. The number
r is the rank of the algebra. The generators H; form an Abelian subalgebra § called the
Cartan subalgebra. Every simple Lie algebra is uniquely determined by its Cartan matrix
and can also be represented by a Dynkin diagram [20].

The Cartan-Weyl basis of A, ~ sl(3) is given by

Hi=ej—eit1i41, 1<i<2,
ElX]' = ej,j-i—l 1 S ] S 2/

(A2)

where with e;; we denote a matrix that has a one at the i-th row and j-th column and is
zero everywhere else. In addition to the simple roots, we also have a1 4 ay. Its generator
is given by Ey, 44, = [Eay, E,]. Explicitly, in the typical representation (defining module),
we have

010 0 0O 0 01
Ey, =10 0 0], Ey,=|(0 0 1|, Egy4a,=1(0 0 0},
000 0 00 0 00
(A3)
1 0 0 00 O
H =10 -1 0|, Ho=(0 1 0
0 0 O 0 0 -1
Note that E_, = E[.
Appendix B. Basis in Agl)
Every element of Agl) can be represented as
m
X=Y xWak nmez, (A4)
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References

where X(¥) ¢ g(km0d 3) The elements X(¥) are given by

x®) = x’;aﬁ’f) + xég(k) + x’é?—l(k), (A5)

w1 +ap

with x = 0. The explicit form of the basis elements X (k) is given by

0 )
xXO=( 8 o o |, (A6)

WNoox 0

w?x} w?x] w?x)

(1) 5w WX
XY= wx wxl wxl |, (A7)

S R

wx wx? wxl
X@ = w?x} wx3 Wik |. (A8)

qox% 3

Appendix C. The Inverse of adj

Consider | € h, where | is the Cartan subalgebra of g = A,. Then, the eigenvalues of
the operator ad; are given by

adIEtx = U: Eac] = "‘(I)Em (A9)

where the root « € A. The root system A of A; splits into positive and negative roots
A =A"UA,suchthatifa € A" then —a € A™. The positive roots are given by

At ={ei—e;, ij=1.3i<]j}.
The eigenvalues of ad ; can be represented as
af]) =(a]), w€A, (A10)

where Tis the vector in the root space of A, dual to the Cartan element J, i.e., T = wej +
w?e; + e3. The characteristic polynomial of ad ; can be written as:

P(A) =T —a(D) = TT (A* = (@())?). (A11)

x€EA xeAt

Considering the explicit form of ] and A*, and the fact that w = exp(27i/3), after
some simplifications we obtain

P(A) = A® +27, (A12)
which in turn leads to 1
-1 _ 5
ad/r =% ad]. (A13)

Note that ad j has an inverse only on its image; i.e., ad I_l is defined on Ay\b 4, .

1. Gardner, C.S.; Greene, ].M.; Kruskal, M.D.; Miura, R.M. Method for solving the Korteweg-de Vries equation. Phys. Rev. Lett.

1967, 19, 1095-1097. [CrossRef]
2. Lax, PD. Integrals of nonlinear equations of evolution and solitary waves. Commun. Pure Appl. Math. 1968, 21, 467-490.

[CrossRef]

3.  Zakharov, V.E.; Shabat, A.B. A scheme for integrating the nonlinear equations of mathematical physics by the method of the
inverse scattering problem. I Funct. Anal. Appl. 1974, 8, 226-235. [CrossRef]

4. Zakharov, V.E.; Shabat, A.B. Integration of nonlinear equations of mathematical physics by the method of inverse scattering. II.
Funct. Anal. Appl. 1979, 13, 166-174. [CrossRef]


http://doi.org/10.1103/PhysRevLett.19.1095
http://dx.doi.org/10.1002/cpa.3160210503
http://dx.doi.org/10.1007/BF01075696
http://dx.doi.org/10.1007/BF01077483

Dynamics 2024, 4 96

10.
11.
12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Manakov, S.V. On the theory of two-dimensional stationary self-focusing of electromagnetic waves. Sov. Phys. JETP 1974, 38,
248-253.

Kaup, D.J.; Newell, A.C. An exact solution for a derivative nonlinear Schrodinger equation. |. Math. Phys. 1978, 19, 798-801.
[CrossRef]

Chen, H-H.; Lee, Y.C.; Liu, C.S. Integrability of Nonlinear Hamiltonian Systems by Inverse Scattering Method. Phys. Scr. 1979,
20, 490. [CrossRef]

Gerdjikov, V.S.; Ivanov, M.I. The quadratic bundle of general form and the nonlinear evolution equations: Expansions over the
“squared” solutions-generalized Fourier transform. Bulg. |. Phys. 1983, 10, 130.

Mikhailov, A.V. The reduction problem and the inverse scattering method. Phys. Nonlinear Phenom. 1981, 3, 73-117. [CrossRef]
Gerdjikov, V.S. Derivative Nonlinear Schrodinger Equations with Zy and Dy-Reductions. Rom. J. Phys. 2013, 58, 573-582.
Drinfeld, V.G.; Sokolov, V.V. Equations of KdV type and simple Lie algebras. Sov. Math. Dokl. 1981, 23, 457—462.

Drinfel’d, V.G.; Sokolov, V.V. Lie algebras and equations of Korteweg-de Vries type. Sov. |. Math. 1985, 30, 1975-2036. [CrossRef]
Gerdjikov, V.S.; Mladenov, D.M.; Stefanov, A.A.; Varbev, S.K. Integrable equations and recursion operators related to the affine

Lie algebras A'"). J. Math. Phys. 2015, 56, 052702. [CrossRef]

Gerdjikov, V.S,; Stefanov, A.A ; Iliev, 1.D.; Boyadjiev, G.P.; Smirnov, A.O.; Matveev, V.B.; Pavlov, M.V. Recursion operators and
hierarchies of mKdV equations related to the KacMoody algebras D?l) ,D‘(12) ,and D‘(ls). Theor. Math. Phys. 2020, 204, 1110-1129.
[CrossRef]

Beals, R.; Coifman, R.R. Scattering and inverse scattering for first order systems. Commun. Pure Appl. Math. 1984, 37, 39-90.
[CrossRef]

Gerdjikov, V.S.; Yanovski, A.B. Completeness of the eigenfunctions for the Caudrey-Beals-Coifman system. J. Math. Phys. 1994,
35, 3687-3725. [CrossRef]

Gerdjikov, V.S.; Yanovski, A.B. CBC systems with Mikhailov reductions by Coxeter Automorphism: I. Spectral Theory of the
Recursion Operators. Stud. Appl. Math. 2015, 134, 145-180. [CrossRef]

Gerdjikov, V.S.; Stefanov, A.A. Riemann-Hilbert problems, polynomial Lax pairs, integrable equations and their soliton solutions.
Symmetry 2023, 15, 1933. [CrossRef]

Krishnaswami, G.S.; Vishnu, T.R. An introduction to Lax pairs and the zero curvature representation. arXiv 2020,
arXiv:2004.05791v1.

Carter, R. Lie Algebras of Finite and Affine Type; Cambridge University Press: Cambridge, UK, 2005.

Kac, V. Infinite Dimensional Lie Algebras; Cambridge University Press: Cambridge, UK, 1995.

Helgasson, S. Differential Geometry, Lie Groups and Symmetric Spaces; Graduate Studies in Mathematics 34; AMS: Providence, RI,
USA, 2012.

Gel’fand, .M., Dikii, L.A., The calculus of jets and nonlinear Hamiltonian systems. Furnct. Anal. Appl. 1978, 12, 81-94. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury
to people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1063/1.523737
http://dx.doi.org/10.1088/0031-8949/20/3-4/026
http://dx.doi.org/10.1016/0167-2789(81)90120-2
http://dx.doi.org/10.1007/BF02105860
http://dx.doi.org/10.1063/1.4919672
http://dx.doi.org/10.1134/S0040577920090020
http://dx.doi.org/10.1002/cpa.3160370105
http://dx.doi.org/10.1063/1.530441
http://dx.doi.org/10.1111/sapm.12065
http://dx.doi.org/10.3390/sym15101933
http://dx.doi.org/10.1007/BF01076250

	Introduction
	Preliminaries
	Lax Pair and Recursion Relations
	Derivative NLS Equations
	Fundamental Analytic Solutions of L and Scattering Data
	Time Dependence of the Scattering Data
	Concluding Remarks
	Appendix A
	Appendix B
	Appendix C
	References

