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Abstract

We present a new spectral problem, a generalization of the D-Kaup-Newell spectral problem,
associated with the Lie algebra sl(2,R). Zero curvature equations furnish the soliton hierarchy.
The trace identity produces the Hamiltonian structure for the hierarchy. Lastly, a reduction of the
spectral problem is shown to have a different soliton hierarchy with a bi-Hamiltonian structure.
The first major motivation of this dissertation is to present spectral problems that generate two
soliton hierarchies with infinitely many commuting conservation laws and high-order symmetries,
i.e., they are Liouville integrable.

We use the soliton hierarchies and a non-seimisimple matrix loop Lie algebra in order to con-
struct integrable couplings. An enlarged spectral problem is presented starting from a general-
ization of the D-Kaup-Newell spectral problem. Then the enlarged zero curvature equations are
solved from a series of Lax pairs producing the desired integrable couplings. A reduction is made
of the original enlarged spectral problem generating a second integrable coupling system. Next, we
discuss how to compute bilinear forms that are symmetric, ad-invariant, and non-degenerate on the
given non-semisimple matrix Lie algebra to employ the variational identity. The variational identity
is applied to the original integrable couplings of a generalized D-Kaup-Newell soliton hierarchy to
furnish its Hamiltonian structures. Then we apply the variational identity to the reduced integrable
couplings. The reduced coupling system has a bi-Hamiltonian structure. Both integrable coupling
systems retain the properties of infinitely many commuting high-order symmetries and conserved
densities of their original subsystems and, again, are Liouville integrable.

In order to find solutions to a generalized D-Kaup-Newell integrable coupling system, a theory

iii



of Darboux transformations on integrable couplings is formulated. The theory pertains to a spectral
problem where the spectral matrix is a polynomial in A of any order. An application to a generalized
D-Kaup-Newell integrable couplings system is worked out, along with an explicit formula for the
associated Backlund transformation. Precise one-soliton-like solutions are given for the m-th order

generalized D-Kaup-Newell integrable coupling system.

v



1 Introduction

1.1 Background

The theory of integrable systems has vastly contributed to nonlinear science and modern mathe-
matical physics. One major contributor is the branch of nonlinear science known as soliton theory.
This theory describes various types of stable movements occurring in nature, such as a solitary
water wave, solitary signals in optical fiber, etc., and has many applications in science and tech-
nology such as optical signal communication. Soliton research has furthered understanding of tidal
bores, cyclones, and massive ocean waves like tsunamis. Mathematically speaking, it also gives
many effective methods for getting explicit solutions for nonlinear partial differential equations.
In general, this is not an easy task. However, for a special class of equations known as soliton
equations, various methods have been found to get solutions.

Many important discoveries in the theory of integrable systems came from a simple observation
of a soliton. In 1834, J. S. Russell reported his first observation of a soliton wave stating that
it “rolled forward with great velocity, assuming the form of a large solitary elevation, a rounded,
smooth and well-defined heap of water, which continued its course along the channel apparently
without change of form or diminution of speed” [1,2]. A half century later in 1895, D. Korteweg
and G. de Vries [3] studied traveling shallow water waves created in a channel and found a (1 + 1)

dimensional, nonlinear equation describing the wave motion. This equation,

U — 6uly + Ugze = 0, (1)



famously became known as the KdV equation. They found a single-soliton solution [3] to the KdV
(1) as

u(z,t) = —g sech? %ﬁ(w —ct —xp)| - (2)

More generally, the KdV equation is referred to as
U + ,B’U/U,a; + Qugzr =0, (3)

where «,  are non-zero constants. Although the first soliton was observed in the 1830’s, soliton
theory was not given much attention until the 1960’s.

In 1965, N. J. Zabusky and M. D. Kruskal [4] analyzed the nonlinear interacting process of the
collision between solitary waves in plasma. Using computer simulations, they found that if two
solitary waves traveling at different speeds collided, they would keep their original shape, energy,
momentum, and direction. They named these waves “solitons” because this type of stability was
usually observed in elastic particles. Zabusky and Kruskal also discovered numerical computations
of solutions to the KdV equation (1). Formally, a solitary wave solution or soliton is a solution to

any nonlinear equation that satisfies the following three properties [10]:

(i) represents a wave of permanent form;
(ii) is localized (asymptotically constant at oo or obeys a periodicity conditions imposed on the
original equation);

(iii) can interact strongly with other solitons and retain its size and shape.

Two years later, C. S. Gardner, J. M. Greene, M. D. Kruskal, and R. M. Miura determined a
method for finding soliton solutions for the KdV equation famously known as the Inverse Scatter-
ing Transform (IST) [5]. The next year, P. D. Lax [6-8] generalized the IST and revealed more
remarkable properties of the KdV. Lax discovered two linear operators, named a Lax pair, generate

the KdV equation through a compatibility condition. In 1974, M. J. Ablowitz, D. J. Kaup, A. C.
2



Newel, and H. Segur [9] showed an infinite number of integrable equations can be found using the
IST on nonlinear evolution equations. These contributions have provided the groundwork for the
tools used for problems presented in this work.

This dissertation is organized by four chapters. The first chapter provides some preliminary
material necessary for the chapters to follow. In the second chapter, the necessary information
for integrable systems is presented to show the construction of two integrable soliton hiearchies
associated with a generalized D-Kaup-Newell spectral problem. Chapter three is dedicated to the
development and presentation of integrable couplings for the integrable soliton hierachies in chapter
two. The fourth chapter formulates a theory for Darboux transformations of integrable couplings
where the associated spectral matrix is a polynomial in A of any degree. This theory is applied to
the integrable couplings presented in chapter three where the spectral matrix is a polynomial in A
of degree two. We conclude the dissertation with a discussion of interesting problems for further

research.
1.2 Preliminaries

1.2.1 Integrable systems

We now present some basic notation, assumptions, definitions, theorems, and corollaries for the
integrable systems necessary for this dissertation. Let z,t € R be independent variables in space

and time, respectively.

DEFINITION 1.1. The Schwartz space, S(R), is the space of rapidly decreasing functions on R

defined as

S(R) ={f € CMR) : ||f|la,p < 00,Va, B € Zy}, wherel||f|lap = supx€R|xaf)ﬁf(:c)|. (4)



The operator 0 = 8% introduces an equivalence relation among elements of .5,

f~g<3heS suchthat f—g=O0h.

The equivalence class that contains f is denoted by f fdz,

/fdx — {f+0nlh e S).
For our purposes, let u; = u;(z,t),1 < i < ¢, be dependent variables in the Schwartz space on R
for any fixed ¢t € R and S9(R,R) be the set of all vectors u = (uy,uz, ..., uq)’ [28].
DEFINITION 1.2. An evolution equation is a partial differential equation of the form
up = K(u) = K(u, ug, Ugg, Uggzs - ) (5)

where u(z,t) is a dependent variable, and K (u) is a function on u and its derivatives with respect
to x. If K is a nonlinear, it is called a nonlinear evolution equation.

Clearly, the KAV (1) is an example of a nonlinear evolution equation where K (u) = 6ut, — tpys-
DEFINITION 1.3. For any real-valued function P(xz,t,u), its Gateaux derivative with respect to u

in the direction of v = (vy,...,un)T € S9(R,R) is defined by

0 0
P'lv] = P'(u)[v] = EP(u + €v)]e=0 = EP(ul + €vi, ..., uN + €UN)|e=0.

We denote B the space of all real-valued functions P(z,t,u) which are C*°-differentiable with
respect to z and ¢ and C*°-Gateaux differentiable with respect to v = u(x,t) as functions of z.
Then set B = {(P, ..., P))T|P; € B,1 < i < ¢} [45]. We consider evolution equations (5) with

K ¢ 51,



DEFINITION 1.4. For any two vector fields K, S € B4, define the product vector field to be

(K, 5] = K'[S] - S'[K], (6)

which has been shown to be a commutator operation of BY.
(B9, [-,-]) forms a Lie algebra over the real field.

DEFINITION 1.5. Let u be a solution to an evolution equation (5). A vector field S € BY is said to

be a symmetry of (5) if the infinitesimal transformation

u(t) — u(t) + eS(u(t))

leaves (5) form invariant.

S is a symmetry of (5) if and only if S is a solution of the perturbation equation [13],

S = K'(u)[S],

where u solves (5). For a solution u of (5), and a vector field S € B9, we have

ds 0S o, 0S i OS ,
from the definition of [-,:]. Naturally, for symmetries of (5), we have the following theorem and

corollary:
THEOREM 1.1. [11] S € BY is a symmetry of (5) if and only if S satisfies

% — [K,9]. (1)



COROLLARY 1.1. If a vector field S does not depend on t explicitly, i.e., % = 0, then S is a

symmetry of (5) if and only if [K,S] = 0.
A symmetry is a tool to map one solution to another. We can see this in the following example.

EXAMPLE 1.1. Let K(u) = —uggs + 6uu, and S(u) = —u,. Now,

0 0
K'(u)[S] :aK(u +€9)|e=0 = a[—(uxm + €Spaz) + 6(u+ €5)(uy + €Sz)]|e=0
= — Spzz +6uS; + 6SUur = Uppps — OUULE — 6u326
9 P (8)
S’ (u)[K] :&S(u +€K)|e=o = a(—um —eKy)|e=o = — K,

2
=Uggre — OUUL, — OUL,.

We can clearly see that [K,S] = 0 and, by the previous Corollary 1.1, S = —u, is a symmetry
of the KdV equation (1). We may also see that if we substitute S(u) = —uy into the perturbation

equation Sy = K'(u)[S] = —Szax + 6uSy + 6Su,, a linear equation of S, we have

(_uér)t = _(_u$)ﬂ€$l‘ + 6“(_Uac)z + 6U$(—U$), (9)

which is the derivative of the KdV equation (1) with respect to x. It is widely known that the KdV

equation has infinitely many of these symmetries.

DEFINITION 1.6. Let V' denote the space of linear operators from B? to B9. A linear operator
® €V 1is called a recursion operator for uy = K, K € B4, if for any symmetry S € B9 of uy = K,

®S is again a symmetry of uy = K.
EXAMPLE 1.2. The recursion operator for the KdV equation (3), where a« =1 and =1, is

¢:82+§u+%uma_1, 9= 51, 00 =97 lo=1. (10)



If we apply ® to a symmetry S(u) = u,, we get

2 1 2 1
dS =du, = (62 + -u+ *Uxa_l)uz = Uggy T 5UUy + S ULU
373 3 3 (11)

=Ugppr + Ulg.

P(u) = ®S = ugpy + uuy is a new symmetry of the KdV equation. S corresponds to invariance

under x-translation while P under t-translation.

DEFINITION 1.7. Let ® € V : B1 — BY be a linear operator and K € B be a vector field. The Lie

derivative Lx® € V of the operator ® with respect to K is defined by
(Lk®)S = ®[K,S] — [K,®S], S e B (12)

DEFINITION 1.8. For a linear operator ® € V, its Gateaux derivative operator @ : B — B9 is
defined through
0
P'[K]S = a—@(u +€eK)S|e=o, K eB? SeBi
€

We use the Gateaux derivative of @ in the following theorem:

THEOREM 1.2. [12] A linear operator ® € V is a recursion operator for K € B if and only if

Li® = ®'[K] - [K',®] =0, (13)

i.e., ® is invariant under K, when %—‘f =0.

We will show in the chapters that follow that each of the spectral problems presented generate

infinitely many commuting symmetries.



1.2.2 Hamiltonian structures

We present next some definitions, propositions, theorems, corollaries, and a lemma on Hamiltonian
structures. Let F denote the space of functionals H = [ f(u)dz where the function f is in the

space B. Then we have that [ 0f(u)dz = 0.

LEMMA 1.1. For any H € F, say H = [ f(u)dz, f € B, we have

d d
%”H = /dtf(u)d:v. (14)

DEFINITION 1.9. [1/] The variational derivative 4= of a functional P € F with respect to u is

determined by

[(Z) ete= 2wt tin, ceme (15)
PROPOSITION 1.1. For anyH € F, say H = [ f(u)dz, f € B, its time derivative can be represented
as
%7—[ = /ni:%(—l)";:n <8i{;‘)> dz, where u™ = gzz, (16)
and it hold that .
=0 (k) (7)

where f is local and does not depend on t explicitly.

DEFINITION 1.10. The adjoint operator JI : B9 — B¢ of a linear operator J : B9 — BI is

determined by
/gTJTndx = /nTjgdx, £,m e B

If JT = —J, then J is called skew-adjoint.

DEFINITION 1.11. Let J : 89 — B9 be a linear differential operator. We define a bracket {-,-} :



F x F as

[ (sP\" 50

DEFINITION 1.12. A linear operator J : B? — B is called Hamiltonian if

{(P.Q}={P,Q},; = / (?:)T J%d:p, P,Q€ F, (19)
satisfies the skew-symmetry condition,
{P.Q} =—-{Q,P}, (20)
and the Jacobi identity,
{{P. 2}, R} + {{Q. R}, P+ {{R, P}, Q} = 0. (21)

If the operator J is Hamiltonian, then (18) is called a Poisson bracket.

LEMMA 1.2. [46] Let P,Q,R be functionals with variational derivatives %—7: = P32 — Q, %—75 =

) du

R € B1. Then the Jacobi identity (21) is equivalent to the expression
/(P-J’[JR]Q+R- J'JQIP+ Q- J[JP|R) dx = 0, (22)

or more commonly,

<P, J[JRIQ >+ <R, J[JQIP >+ <Q,J'[JPIR >= 3)
23
< P,J'[JR]Q > + cycle(P,Q, R) = 0.

PROPOSITION 1.2. [46] Let J be a q x q matriz differential operator with bracket (18) on the space of

functionals. Then the bracket is skew-symmetric, i.e., (20) holds, if and only if J is skew-adjoint:

9



Jh=—1J.

PROPOSITION 1.3. [46] Let J be a skew-adjoint q x q matriz differential operator. Then the bracket

(21) satisfies the Jacobi identity if and only if (23) vanishes for all P,Q, R € B1.

COROLLARY 1.2. [46] If J is a skew-adjoint q X q matrixz differential operator whose coefficients do

not depend on u or its derivatives, then J is automatically a Hamiltonian operator.

DEFINITION 1.13. [15] A pair of Hamiltonian operators J, M : 81 — B is called a Hamiltonian

pair if aJ + BM, for all o, B € R, is also a Hamiltonian operator.

DEFINITION 1.14. A system of evolution equations u; = K, K € 89 is called o Hamiltonian system

if there is a Hamiltonian operator J : BY — B9 and a functional H € F such that

up = K(u) :J%. (24)

The functional H is called a Hamiltonian functional of the system, and we say that the system

possesses a Hamiltonian structure if it can be written in the form (24).
To obtain Hamiltonian structure means to transform u; = K (u) into the form of (24).

EXAMPLE 1.3. The KdV equation (3), with o = 3 = —1, can be written into Hamiltonian form in

two different ways. We may write

up = O(Ugy + iu )=J S0 (25)

with the Hamiltonian operator and the Hamiltonian functional,

1 1
J = 8, Hl = /[—21//:25 + éug]dw, (26)

10



respectively. We can clearly see this using the definition of the variational derivative (17). We may
also write
1 0Ho

2
up = (0% + U0+ gua)u = M=2"2, (27)

where the Hamiltonian operator and Hamiltonian functional are

2 1 1
M =d°+ §u8 + 3 e Ho = / §u2da:, (28)

respectively.

DEFINITION 1.15. [46] Any functional P(t,u) € F is a conserved quantity if along any solution u
of (5) we have

d
ﬁp(t,u) = 0. (29)

EXAMPLE 1.4. Assume the solution to the KdV equation (3), where o =1 and 8 =6, is in S. Let

the “mass” and “energy” be

1
M::/u(x,t)dx, and E::/u2($,t)d$, (30)
R R 2

respectively. We may see that they are independent of time, i.e., conserved quantities. Differenti-

ating both with respect to time variable t, gives

dM dE
e (ug)dx T (uug)dz
—/(—Guux — Uggy )T = /(—6u2um — Ulgyy )T
1
:/8(—3u2 — Ugg)dz = 0, = /8(—2u3 — Uy + —u2)dz = 0.

It is widely known that the KdV equation has infinitely many of these conservation laws.

11



For any solution u of (24), and for any functional P = P(z,t,u) € F, we have

d oP op <5P>T oP <5P)T5H oP
= up dx = 5

— _ 4 _ N - —_— = —
@l = o TPl=7 Su o 5u 0= TP

THEOREM 1.3. For any functional P € F,P is a conserved quantity of (24) if and only if

%7; ={H,P},. (31)

PROPOSITION 1.4. A functional P € F, which does not depend on t explicitly, is called a conserved
quantity or conserved functional of the Hamiltonian system (24) if the Poisson bracket {H,P}; = 0.

We say H and P are in involution when their Poisson bracket is zero.

DEFINITION 1.16. [80] A Hamiltonian system is called to be Liouville integrable, if there exists a

sequence of conserved functionals, {H,}, which are in involution with respect to their corresponding

Poisson bracket:

{Hna /Hm}J = Oa
and the characteristics of whose associated Hamiltonian vector fields

5%7},
ou’

K,:=J n >0,

are independent.

PROPOSITION 1.5. [28] Let J and ¥ be two linear operators mapping B9 to itself. Suppose that

(i) both J and JV are skew-adjoint, i.e.,

J=—J, JU =0y

12



(ii) there exists a series of functionals {Hy} for which it holds that

OHn,
Su ’

" f(u) =

for some f(u) € BL. Then {H,} is a common series of conserved densities for the whole
hierarchy of equations,

up = JU" f(u)

and we have

{Hn, %m}J == O.

DEFINITION 1.17. [15] A system of evolution equations uy = K, K € B, is called a bi-Hamiltonian

system if there exists a Hamiltonian pair J, M : 289 — B9 and functionals H,P € F, such that

w=K@u) =J—=M—. (32)

We say that the evolution system (5) possesses a bi-Hamiltonian structure if it can be written in

the form (32).
To obtain bi-Hamiltonian structure means to transform u; = K (u) in (32).

THEOREM 1.4. [12,15] Let

be a bi-Hamiltonian system of evolution equations. Assume that the Hamiltonian operator J is

invertible, and the linear operator ® is defined by

&= MJ L

13



Next assume that for each n =0,1,2, ..., we can recursively define

Kn:(I)anly n = 17

which implies for n > 1, K,,_1 lies in the image of J. Then there exists a sequence of Hamiltonian

functionals, {Hy}, such that

(i) for each n > 1, the evolution equation

0Hnp OHn—1
— Ky (u) = J — m 33
up, = Kofu) = 1200 — TP (33)
is a bi-Hamiltonian system;
(ii) the vector fields {K,} commute with each other, i.e. we have
[Kpm, K] =0, n,m >0; (34)

(11i) the Hamiltonian functionals {Hy} are in involution with respect to both Poisson brackets
{anHm}J = {HnaHm}M = 07 n,m > 07 (35)

which implies there exists a sequence of infinitely many conserved quantities for each of the

bi-Hamiltonian systems (33).

ExXaAMPLE 1.5. In Exzample 1.3, we showed that the KdV has two Hamiltonian operators, i.e.,

2 1
J=90, and M =0+ gua + 3 U (36)

14



and it is bi-Hamiltonian

— wr + = — Z U )U = J—= = M——.
up = O(ugy + 5 U )= (0" + 3u8+ U Ju=J Su Su (37)
It was mentioned in Example 1.2 that
-1 3, 2 1 —1 2, 2 1 —1

is a recursion operator for the KdV. It is known the we can recursively define

Kp,=®K, 1, n>1. (39)

Therefore, there is a sequence of Hamiltonian functionals {Hy} such that (i), (ii), and (iit) from

Theorem 1.4 hold.

We will present two hierarchies in chapter two that possess infinitely many conserved quantities.
One hierarchy will be shown to have bi-Hamiltonian structures. In chapter three, we enlarge the
systems of evolution equations from chapter two to find two enlarged hierarchies again with infinitely
many conserved densities. Each of the four hierarchies presented in this dissertation are shown to
have infinitely many commuting high-order symmetries and conserved densities. Thus, the two
soliton hierarchies from chapter two and their corresponding coupling systems in chapter three are
Liouville integrable. The next chapter is entirely devoted to the development of two integrable

systems that generalize the D-Kaup-Newell soliton hierarchy.
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2 Infinite-dimensional integrable systems

2.1 Introduction

The study of soliton equations has been of considerable importance to the understanding of non-
linear phenomenon over the past few decades. In recent years, soliton theory has enriched the
understanding of the nature of integrability in partial and ordinary differential equations (see [17]);
one way is through the existence of infinitely many conservation laws and symmetries. Constructed
from spectral problems associated with matrix Lie algebras, systems of solitons equations often give
rise to soliton hierarchies [18]- [21], [28,29]. Frequently, these hierarchies possess infinitely many
symmetries and conserved functionals. Some of the most celebrated hierarchies of this particular
type include the Ablowitz-Kaup-Newell-Segur [9], the Kaup-Newell [22], the D-Kaup-Newell [23],
the KdV [6], and the Dirac hierarchies [24]. This chapter presents two spectral problems that
generate different soliton hierarchies; both hierarchies have infinitely many high-order symmetries
and conservation laws implying Liouville integrability [21,30].

In this chapter, we will begin with a description of the tools used for a general method of soliton
hierarchy construction. Next, we introduce a new spectral matrix and explain why it generalizes the
D-Kaup-Newell spectral matrix. We then generate its soliton hierarchy and see its infinitely many
commuting symmetries. We apply the trace identity to engender its Hamiltonian structures and
discuss why it is Liouville integrable, i.e., the hierarchy has infinitely many commuting conserved
functionals and high-order symmetries. We proceed with a presentation of a reduced spectral matrix

which produces a completely different integrable soliton hierarchy with bi-Hamiltonian structures.
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2.2 A method for soliton hierarchy construction
2.2.1 Lax pairs

As mentioned previously, P. D. Lax discovered what is known as a Lax pair in 1968 [6]. He found
soliton solutions to nonlinear differential equations by relating the original differential equations to
two linear operators through a compatibility condition. Lax discovered that some nonlinear partial

differential equations

up = K(u) (40)

have an equivalent formulation through linear partial differential equations

where £ and A are linear differential operators and 1) is an eigenfunction of £ corresponding to
the eigenvalue A. The linear differential operators £ and A are said to be a Lax pair for (40). By

simple calculation using (41), we have

d Ll ac
L) = o+ Ly = o+ LAY (42)
and
d e
S0L0) = T2 O0) = Ay = MAY) = AOW) = ALY, (13)
Thus, (40) is equivalent to
ac

where [A, £] = AL — LA is the operator commutator.
We refer to an eigenvalue problem where the eigenvalue is independent of time as an isospec-

tral eigenvalue problem. Throughout this dissertation, the eigenvalue problems presented will be
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isospectral eigenvalue problems. Let’s look at an example of a Lax pair for a general KdV equation

(3) seen in chapter one where a = 3 = 1.

ExAMPLE 2.1. The KdV equation,
Up + Uy + Uggy = 0, (45)
has a Lax pair of linear differential operators

L=0d+ %u A=—48% —ud — %uw (46)

where the differential operator 0 = % acting on a smooth function v(z) is Ov = vy + v0. A brief

calculation reveals to arbitrary 1 that
1
(Le+ [L, Ay = é(ut + Uy + Ugzg )Y = 0. (47)

This shows that the linear Lax equation (44) is equivalent to the nonlinear KdV equation (45) given

the Lax pair of linear differential operators (46).

The discovery of Lax pairs leads naturally into our next topic of zero curvature equations and

soliton equations.

2.3 Zero curvature equations and soliton equations

To begin the discussion on zero curvature equations, let’s introduce two linear first order spectral

problems

¢ac = U()\a u)¢7
b =V (A u)o,

(48)
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where U(A) and V() are matrix valued functions of  and ¢ depending on the auxiliary variable

A, called the spectral parameter, ¢ is a column vector whose components depend on (z,t, \), and

u, a potential. After differentiating the spacial spectral problem with respect to t,

d)xt = U()‘7 U)t¢ + U()\7 u)d)ta

and the temporal problem with respect to =,

¢t:r = V(>\a U)IQS + V()‘7 U)¢x,

the consistency condition of ¢,+ = ¢¢, shows, for all smooth enough ¢,

0

P wnue) - L (vinue) = (aw,u) =)+ U ), v<A,u>]) =0,

ot ox ot ox

or, equivalently,

Uy —V, +[U,V] =0,

known as the zero curvature equation.

THEOREM 2.1. [26] The solution of

G = U()\,U)gb,
¢t = V(A u)o,

exists uniquely for any given initial data ¢(xo,to) = ¢o if and only if

U — Ve, +[U,V] =0,

holds. (54) is known as the integrability condition, or compatibility condition, of (53).

19
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EXAMPLE 2.2. [26,35] The KdV equation (3) with o« =1 and =6,

up + 6uUy + Upypr = 0,

18 the integrability condition of the linear system

_¢1‘x - u¢ = )‘¢7

Ot = —4Prrpr — 6UD, — Uz,

(55)

(56)

which is called the Lax pair of the KdV. If we let ¢1 = ¢, oo = ¢, ® = (¢1, ¢2)T, then the Lax pair

(56) can be written in matriz form as

0 1

P, = D,

-A—u 0
Ugs 4\ — 2u

d, = D.

—AXN? = 2)\u + Ugy + 20 —uy
Here is it clear to see that the Lax matrices are
0 1 Uy
U= and V =
“A—u 0 —4A% — 2)\u + Ugy + 2u?

When we compute the zero curvature equation (54), we have

0 0 00

—Up — Uggy — OUU, O 0 O
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Now, U; = U'[ug] + MUy. We see that the zero curvature equation is true if and only if

U'K|+ MUy~ Vo +[UV]=0,

when u solves uy = K(u). As mentioned previously, we assume Ay = 0. Under this assumption, we

have the following theorem.

THEOREM 2.2. [27] Assume that the spectral matriz U of (53) has an injective Gateauz derivative

operator U'[-]. For groups (V, K) and (W, S) satisfying the zero curvature equations,

we have the equality
UK S]] = (V. We + [U [V, W]]] = 0, (61)
where
[V, W] := V'[S] = W[K] + [V, W]. (62)

2.3.1 Trace identity

The trace identity has proven to be a powerful tool for formulating Hamiltonian structures of
hierarchies of differential equations and showing their integrability. G. Z. Tu discovered the well-
known trace identity in 1986. A few years later, Tu showed that a hierarchy and its Hamiltonians

can be constructed starting from what is known as the stationary zero curvature equation [31], i.e.,

W, = [U, W], (63)

via the trace identity. Later, he realized the Liouville integrability of zero curvature equations and

the explicit formula using the trace identity.
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We now introduce a formal definition of the trace identity. Let g be a matrix semisimple Lie

algebra. Let U = U(\,u) be an element of g, the corresponding loop algebra of g, i.e.,

§=9> AN"TAicg nely. (64)
>0

Let < x,y > be the Killing-Cartan form. Under the supposition that the solution W of (63), which
is of given homogeneous rank, is unique up to a constant multiplier, it is proven [28] that for any
solution W of (63) of homogeneous rank, there exists a constant ~ such that for W = AW, which

is again a solution of (63), it holds that

) _oU 0 /- oU

By a simple substitution W = MW, we get

£ (e () 2.

It is well known that the Killing form for a semisimple Lie algebra is proportional to the trace, i.e.,

< x,y >= atr(xy), for all z,y € g, € R. Therefore, assuming o = 1, we have

) ou 0 ou

il - — (72

5u/tr (Wa)\)dx (A o >tr <Wau). (67)
The formula (67) is known as the trace identity.

2.3.2 A general scheme to construct a soliton hierarchy

A soliton hierarchy is an infinite sequence of soliton equations. For deeper understanding, we begin

with a definition of a soliton equation.
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DEFINITION 2.1. [25, 29, 31] If an evolution equation,

u = K(u) = K(u, ug, gy, -..), (68)

can be presented by a zero curvature equation,

U — Vo + U, V] =0, (69)

we call it a soliton equation, and U and V its Lax pair.

The following method may be used to construct an infinite sequence of soliton equations using
a series of Lax pairs. It is commonly used as a general scheme for soliton hierarchy construction

[29,31]. A spectral problem is introduced

¢x = U¢ = U(u, )‘)¢ € §1, (70)

where g is a matrix loop algebra based on a given matrix Lie algebra g, u, the dependent variable,

and A, the spectral parameter. We then assume the solution to the stationary zero curvature

equation,
W, = [U, W], (71)
is of the form
W =W =Y W\"", Wieg, i>0, (72)
i>0
and further introduce the Lax matrices,
vl = vl ) = OmW) L+ A ed, m >0, (73)

where (A™W), denotes the polynomial part of AW and A,, € g is a modification term, to
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engender the temporal spectral problems,
Ot = VMo =V (u,N)g, m>o0. (74)

The temporal spectral problems (74) with the spacial spectral problem (70) formulate the zero
curvature equations,

U, — Vm[m] + [U’ V[m]] =0, m>0. (75)

For each m, the Lax pair U and V™ are equivalent to the hierarchy of evolution equations,
ut,, = Ky (u), m>0. (76)

We call this a soliton hierarchy since each evolution equation (76) is a soliton equation. After the
soliton hierarchy is found, the Hamiltonian structure of (76) is calculated by the trace identity

[29,31,64] (in [64], the formal for v is given),

1) oU 0 oU Ad
_ - S N iy - -2 2
5 /tr <8)\ W) dr = \ 8)\)\ tr <8u W) Y 5 d}\ln]tr(W ), (77)

producing a hierarchy of Hamiltonian equations,

0t
ut,, = Km(u) = Ji m > 0. (78)

" du
2.4 Two integrable soliton hierachies and their Hamiltonian structures

2.4.1 A simple matrix loop algebra

We must begin by introducting a simple matrix loop algebra. The two spectral matrices in this

section are associated with sl(2,R), a three-dimensional special linear Lie algebra consisting of
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trace-free 2 X 2 matrices. The basis for this simple Lie algebra is

1 0 01 00
€1 = , 62 = , €3 = ) (79)
0 -1 00 1 0
with commutator properties
[61, 62} = 262, [61, 63] = —263, [62, 63] =e€1. (80)

To generate the hierarchy, we use the following matrix loop algebra:

sI(2,R) = ¢ > ANT|A; €812, R),nEZ . (81)
>0

In particular, the matrix loop algebra STI(Z,R) contains elements of the form A™e; + Mey + A\Pes
with arbitrary integers m, [, p. Many well-known soliton hierarchies are generated from the matrix
loop algebra sl(2,R) (see, e.g., [6], [9], [22]- [24]).

2.4.2 A generalized D-Kaup-Newell spectral problem

Let us introduce a spectral matrix [21]:

9 A2 — Ap + s
U=U(u,\) =N —r)e1 + (A\p+s)ea + (A\g + v)es = , (82)
AN +v =N 47
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and consider the following isospectral problem:

p
q
X —r Ap+s - 1
¢:E:U¢: ¢7U€Sl(2vR)7u: r 7¢: ) (83)
A+v =A% 4 o2
s
_U_
where p, g, 7, s, and v are potentials.
The D-Kaup-Newell spectral problem is known [23,49] to be
p
Nt Ap ~ ot
G =U¢ = ¢, Ucsl(2,R), u=|q|, o= , (84)
Ag N ¢2
r

which depends on three potentials: p,q, and r. The new spectral problem (83) is a generalization
of the D-Kaup-Newell spectral problem adding two new potentials s and v. Previously, the cases
r = « and r = apq, where « a constant, have been shown to generate integrable hierarchies [32,33]

for the D-Kaup-Newell spectral problem (84).

2.4.3 The soliton hierarchy

We assume a solution to the stationary zero curvature equation, W, = [U, W], to be of the form
a b ~
W = aeq + bea + cez = €sl(2,R), (85)
c —a
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and we get the equations

Gy = —qbX\ + pcA — vb + sc,

by = —2paX + 2bA% — 2sa — 2rb,

ce = 2qaX — 2cA? + 2va + 2rc.

Next, we assume that a, b, and ¢ have Laurent expansions

a="ax, b= bAT, e= A,

i>0 i>0 i>0

which gives us the following recursive relations:

b;—
biv1 = sz + pa; + saj—1 +rbi_1,
Ci—1,z .
Cit1 :_T+qai+vai71+7"ci71a 1> 1,
bi,:v Cix
Qitlz = —(q 5 —-Dp 5 + (pv — gs)a; — qrb; + pre; + sciy1 — vbiy.

Now, we take the initial values of

ap=ca, by=co=0, a1 =0, by=ap, c =ag,

and impose the conditions for integration

@ilu=0 = bilu=0 = Cilu=0 =0, i>1,

to determine the sequence of {a;,b;, c;|i > 1} uniquely. For ¢ = 2,3, we have the following:

bo=as, co=av, ay= —a%pq
by = az(—p*q +2pr + 1), 3= —a%(¢’p — 247 + q2),

a3 = fa%(pv +qs).
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We can see the localness of {a;,b;,¢;|0 < i < 3}. This result can be proven for all i > 0 as

follows:

PROPOSITION 2.1. Let {ag, by, co, a1, b1,c1} be given by equation (89). Then all functions {a;,b;, c;,i >
2} determined by equation (88) with the conditions in (90) are differential polynomials in u with

respect to x, and thus, are local.

Proof. We compute from the stationary zero curvature equation, W, = [U, W],
d
d—tr(WQ) = 2tr(WW,) = 2tr(W[U, W]) = 2(tr(W2U) — tr(W?U)) = 0, (91)
x

and seeing that the tr(W?) = 2(a® + bc), we have
a® +be = (a® + be)|u=o = o2, (92)
following from the initial data (89). Now, we use (87), the Laurent expansions of a,b, ¢, to give

a; =

1 1 4
— % Z ara; — % Z bkcl, 1 Z 1. (93)

ktl=ik,i>1 k-+l=i,k,I>0

| Q

Finally, based on the recursion relations (88) and (93), we use mathematical induction to see that
all functions {a;, b;, ¢;,7 > 0} are differential polynomials in u with respect to x, and therefore, are

local. This completes the proof. O

Now, we need to solve the zero curvature equations,

U, —viM 4o vim=o0, m>o, (94)

m
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which is equivalent to (83) together with the temporal problems,
b1, = VMo = VI (u, g, m >0, (95)
In order to solve these, we introduce a series of Lax operators,
viml = W), + A, €812, R), (96)

where (A"W). denotes the polynomial part of AW and A,, is a modification term. Let
Ay, = . (97)

For ease of calculation, let’s drop the m’s in the matrix entries of A,, and simplify V, — [U, VI™]:
viml — U, vim) =
i N Qi z bi,x n 6a,x 5b,z
i=0

Cix —Qjx cx _5a,x

)\2—7“ )\]?‘FS i a; bi 5[1 51,

A +v =M+ ¢ —a; de —0q

1=0 Cix —Qix cx _5a,x
m

_ E :Am—i
=0

—qb; A + pc; A — vb; + sc; —2pa;\ + 2b;\% — 2sa; — 2rb;
2qai\ — 2¢;\% + 2ua; + 2r¢; qbiA — pc; A + vb; — sc;
— @O\ + PO — U0y + 86, —2pOa\ + 20,2 — 258, — 210y

240\ — 200\ + 206, + 216, qOpA — PO + Vo, — SO
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Plugging in (94) in (98), we get three equations, namely,
m

Tt = Z Amii(_aivx) — @b AT e pe AT b AT e N
=0

— a2 — QO + PO — vy + Sd¢,
m
Apr,, + St = Z AT 2pa N T 2p AT 950, N 4 2 AT
i=0
+ Opz + 200\ — 20,02 + 258, + 215y,

m
Aqt,, + v, = Z /\m_icm — 2qa; N T 4 26, X2 9pq NPT — 2pe N
i=0

+ 50,1 - 2(]6(1)\ + 250)\2 — 200, — 279,
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We plug the recursion relations (86) and (88) into (99) and get

m
Tt = Z A" (=aiz) — qbi AT 4 pe AT — b AT 4 s A
=0

- 5a,$ - qéb)\ + péc)\ — 1)(517 + 550
- Z A (b — peipy + vby — s¢;) — g A™ T pe XL
i=0

— 0B N s NPT — da,2 — qOpA + PO — vy, + 56,

= A" (gbisr — peiyr) — Y AT (gby — pey)
i=0 i=0

— Oa,e — GO\ + PO — vy + S0,

m+1 m

= Z )\m_iﬂ(qbz’ - pCi) - Z )‘m_i+1(qbi - pci) - 5a,:r — qOpA
=1 =0

+ pdeA — vy, + S0,
= qu+1 — PCm+1 — )\m+1(qb0 - pCO) - 5a,x - Q(Sb)\ + p(sc>\ - Udb + 3507

= qbm+1 — PCm+1 — Oa,x — @OpA + PIcA — vy + SO,
m
Apty, + St = D AT Tb g+ 2pa T — 2 XTI 4 250, AT 4 2pb AT
=0

+ Opz + 200\ — 20502 + 258, + 216
m
= Z )\m_i(—2pai+1 + 2b¢+2 — 2sa; — 21"()@) + 2pai)\m_i+1 — QbiAm_H—Z
i=0
+ 28@; N4 20BN 4 5+ 2P0 — 2002 + 280, + 216
m m m m
— Z Am_i2pai+1 + Z )\m_i2bi+2 + Z 2paiAm_i+1 o Z Qbi)\m_i+2
i=0 i=0 i=0 i=0

+ Opz + 2p0a X — 20,02 + 258, + 216

m+1 ' m—+2 . m m
- _ Z )\m72+12pai + Z )\m72+22bi + Z 2pai)\m72+1 . Z 2bi)\mfl+2
=1 =2 1=0 1=0

+ Opz + 200\ — 20,02 + 258,34k 216,
= )\m+12pa0 — 2pGma1 — )\m+2260 — A"y, 4 A2b,41 + 2042
+ Opz + 2p0a A — 20502 + 258, + 215,

= A2y 11 — 2PAmi1 + 2bmaa + Opp + 2p0a X\ — 20507 + 258, + 26y,



m
Agt,, + vt, = Z )\mficiyx — 2qa; N T £ 26, X2 9pa N — 2 N
=0

+ 0w — 20\ + 2007 — 208, — 210,

m
= Z )\m_i(QqaiH — 2¢i42 + 2va; + 2r¢;) — 2qa; N 4 2 N2
=0

— 20a N = 2re AT

+ O — 20\ + 2002 — 208, — 210,
_ Z )\m—12qai+1 _ Z )\m_ZQCi+2 _ Z 2qai)\m—z+1 + Z 2bi)\m—z+2
=0 =0 =0 =0

+ 0w — 26 + 200 — 208, — 270,

m+1 m+2 m m
— Z Am71+1 26](11 o Z )\m71+226i _ Z 2qai)\m*l+l + Z 2Ci)\m77‘+2
i=1 =2 i=0 =0

+ 0w — 26 + 2007 — 208, — 210,
= —2qap\" + 2qam 1 — A" ?2c0 + X261 — A2¢41 — 2042
+ 50,90 - 2(]5@)\ + 250/\2 - 2U5a — 27‘60

= —A2¢m+1 + 2qam41 — 2¢m42 + Ocx — 20N\ + 2002 — 208, — 216,
Comparing coefficients for powers of A, we find &, = . = 0 and the following five equations:

Pt,, = 2bm—',—l + 2pdg,
Aty = —2Cm41 — 2q6aa
(100)

Tty = qu+1 — PCm+1 — 5(1,:107

St,, = —2PAm+1 + 2bpm42 + 2804,

Uty = 2qAmy1 — 2Cm42 — 200,.

m
\
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For simplicity, assume &, = 0 to generate a hierarchy of soliton equations

Dt

qt,,

Uty = | T,

St

m

Ut

m

2bm-i—l
—2¢m41
qbm+1 — PCmt1

—2pam+1 + 20m 42

L 2qam+1 — 2Cmy2 i

® is a recursion operator determined by (88) and given by

(pv —qs)0~

—p0~ v — 507 1q

g0 v +v01q

1

N[

30+1r—s0"v

—pro~lq — 8p8_1g

—pd~ts — 50 1p

q0 s +v0~1p

_ —1P
(pv—g5)07"5

—s07ls —pro~1p
_1b
—0po—1L

Pe 9
—10+r+v071s

+qro~1p — 8q8_1§

2b,
—2cm
=o qbm — pem ;o m=0
—2pam, + 2by 11
i 2qam — 2¢m41 ]
25071 1—pd0~tq —po~lp
—2007 ! g0 1q 14+ q0~'p
_ q p
— —aqs)07 ! 2 £
(pv — gs) 5 5
2pro~! —s07lq —s071p
+0po~t
—2qro—! v0~ g v0~lp
+0q0~!

0
with 0 = = and 07! as the inverse operator of 9.

ox

PROPOSITION 2.2. All {K,,}, as defined by (101), are commuting symmetries, i.e.,

(K, K] = K (u)[K)] — K (u)[K] =0,
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Proof. The Gateaux derivative of U defined by (82) along any direction S = (St, Sa, S3, Sy, S5)7 is

U’[S] _ —S53 AS1T+ 5y
ASy + S5 S5

This shows U’[S] = 0 if and only if S = 0 and U’[S] is injective. According to the results in [27],

for the evolution equations defined by

utm = Km (u)7

represented by a zero curvature formulation

Uy, — V™ 4 U, vim] = o,
we have the following:
U'([Ko, K] = [V, VIR, + [0, (v, vir]) = o, (104)
where [[VI™, V["]] is defined by
(v vl = vl ) K, - VIV ) [K] + VL VI mn > 0. (105)

We will first show that
(v vil— = 0. (106)

By inspection, we see by (88) and (101) that
Kply=0 =0, for m >0,
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and, therefore,

/

VI () [1,) = VI () [ Jumo = 0, for m,n > 0.

Also, restricting the temporal spectral matrices to the case when v = 0 for all m, we have

a\™ 0
Vi, = . (107)
0 —a\™

Thus, it is easy to see that
[V[m]7 V["]Hu:o =0,

and (106) is proved.

We have the uniqueness property of the spectral problem presented: If a matrix solution W &€
sl(2,R) to the equation U'[K] — W, + [U,W] = 0 with some vector-valued function K satisfies
Wlu=o = 0, then W = 0 [43]. By the uniqueness property of the spectral problem, we have
[[vIml vIr]) = 0. This leaves

U'l[Km, Kp)] = 0. (108)

Recall, U'[-] is injective. Therefore, (108) implies
[Kpm, Kn] =0, m,n>0, (109)

and the proposition is proved. ]

Let’s look at some of the reductions of this system. First, when m = 6, we may let r,p,q =
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0,v=—1,s =u and @ = —4 to find the KdV equation [3]
U = —6UUL — Upyy-

Also for m =6, we let r,p,¢g =0,v = —u,s = u and @ = —4 to find the mKdV [34, 35]
U = —6u2um — Uppz-

We may see the NLSE [22] by letting r,p,q = 0,v = —,s = u and @ = —2i when m = 4
Uy = 2|u\2u + Upg-

Lastly, when m = 4, we can see the Gerdjikov-Ivanov (G-I) equations [36,37]

@ = 2% — ¢*ry — Qua

— 1,32 2
Ty = —57°¢" — 717Gy + Ty,

(110)

(111)

(112)

(113)

if we let r = —2¢qr,p = ¢q,q =r,s =v =0 and « = —2. The G-I equation is the third derivative

nonlinear Schrodinger equation (DNLSIII) [37], or equivalently,

i 1 4. Lo
iq = —§q3q2 +i¢* Qs — Q-
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2.4.4 Hamiltonian structure

The Hamiltonian structure for the hierarchy (101) is found using the trace identity [29,31]. We

compute ) } _
U 0 A oU 0 0| s -1 0
" i o ’
Poodooof ™ x o] 7 oo
. I (115)
6U_01 0U_00 U 2\ p
s v TN
00 10 q —2A
The following traces are generated:
tr (W2Y) = da + bq + cp, tr (W%) — A tr (W%—g) — b, "
tr (W%—g) = —2a,tr (W%—g) =c,tr (W%—g) =0,
and applying the trace identity (77), we have
9 /(4&)\ + bg + cp)dx = )\_Vg)ﬂ[c)\ b\, —2a, ¢, b]” (117)
5u 8)\ ) 9 ) ) *
After balancing the coefficients of all powers of A,
0 T
5u | (4am+2 +bmr1g + cm+1p)dx = (v — m)[em+1, bt 1, =20, Cm, b, m > 0.
Considering the case where m = 1, we see v = 0, and we have the following:
4 m m m
;u/ Am+2 +b TZM+C P gy — [Cm+1, bmt1, f2am,cm,bm]T, m > 1. (118)
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A cumbersome calculation involving the recursion relations (88) show that

where

and

Cm+2 Cm+1
b2 bm+1
OHma1 OHm

su —2ami1| =¥ | —2a,| = ou (119)

Cm+1 Cm
L bm+1 | L bm i

Ui Wi Wiz Wiy Yys
Vo1 Woo Woz Woy Wos

v =9l = W31 W3 W33 W3y W (120)

Wy Wy Wyz Wy Pys
W51 W5 W53 W5y Wss

Uy =00 'p+qd s, Ui = —vd g — g0 v, U3 = *%8_1(17@ —qs),

Wiy = —%8 +r+v0 s+ qd pr — %8’1178, Ui = —0d v —qd tqr — gaflq(‘),
Uy = sO p+ pdts, Ugy = —s071q — pd~ v, Ueg = —gﬁ_l(pv —qs),

Uoy = s0 Ls 4+ pd tpr — ga—lpa, Wos = %8 +7r—s0 v —pdtgr — gﬁ_lq&
Ug = —207 s, Ugy = 20710, Ugs = 8_1(pv —qs),

Way = —20"1pr + 07 1pd, Uss = 207 1qr + 07140,

Ui =140 'p, Uap = —q0 ', Wag = L, Wyy = g0, Wy = —q0 o,

2
U5y =pd 'p, Usg =1 —pd 'q, Us3 = g, sy = pd s, Us5 = —pd~to.
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Note, ® is from (102). Before we show the Hamiltonian structure for the soliton hierarchy (101),

we must prove the following proposition.

PRrROPOSITION 2.3. The operator J defined by

(0 2 0 0 0 |
20 0 0 0
J=10 0 %8 s —v (121)
0 0 —s 0 9+2r
|0 0 v 9-2r 0 |

1s a Hamiltonian operator.

Proof. We can easily see by inspection that J = —.J, where J' is the adjoint of J, and J is
skew-adjoint. Therefore, we must only prove that J satisfies the equivalent formulation Jacobi

condition

< Z,J' (w)[JX]Y > + cycle(X,Y, Z) = 0 (mod 9), (122)

for all vector fields X,Y, and Z, where J'(u)[X] denotes the Gateaux derivative of J with respect

to u in the direction of X and < -,- >, the standard inner product. Assume

X = (X1, X0, X3, X4, X5)T, Y =(V1,Y2, Y3, Y0, V5)',  Z = (21,204,723, %4, Z5)",

W = (Wy, Wa, Ws, Wy, Ws)7,
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are five-dimensional vector functions. By (121), we immediately have

2X, Wi (X)]
—2X, W (X)
JX = | IX5, 4+ sXy—vX5 | = |Wi(X)| =W.
—5X3 4+ X5, 4 2rX; W (X)
| v X3+ Xy —2rXy | W (X)_

Using the definition of the Gateaux derivative, we compute J'[W] and, then, J'[W]Y as:

0 0 0 0 0 |
00 0 0 0
JWi=1lo 0 0 Wy —Ws|,
00 W, 0 2W;
00 W -2y 0 |

and

0
0
JWY = | W,Y, - WsYs |
—W,Ys + 2W3Ys

| W5Y3 —2W3Yy |
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Now, we see that

< Z,J WY > = 2Wa(ZaYs — ZsYa) + Wa(ZsYa — ZaYs) + Ws(ZsYs — Z5Y3)
- 2(%)(371, + 5X4 — vX5)(ZaYs — Z5V2)
b (—5X3 1 Xso + 20 X5)(Z3Ya — ZaYs)
+(0X3 + Xaw — 20 X4)(Z5Ys — Z3Y5)
= [X32(Z24Ys — Z5Ys) + Xu0(Z5Y3 — Z3Y5) + X5.0(Z3Ys — Z4Y3)]
+ [2(s Xy — vX5)(Z4Ys — Z5Ys) + (—sX3 + 2rX5)(Z3Yy — Z4Y3)

+ (vX3 — 2rXy)(Z5Ys — Z3Y35)].
We may make the following decomposition:
< Z,J W)Y >= R(X,Y,Z)+ S(X,Y, Z), (123)
where

R(X,Y,Z) = X34(Z4Ys — Z5Ys) + Xu 5(Z5Y3 — Z3Ys) + X5 2 (Z3Ys — Z4Y3),
S(X, Y, Z) = 2(3X4 - ’UX5)(Z4Y5 - Z5Y21) + (—SX3 + 27‘X5)(23Y4 — Z4YE>))

+ (’UX3 — 27‘X4)(Z5YE)) — Z3Y5).
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For the functions R and S, we may make the following computation:

R(X,Y,Z) + cycle(X,Y, Z)
=0(X324Ys — X3Y1Z5) + cycle(X, Y, Z),

S(X,Y,Z) + cycle(X,Y, Z) (124)
=0{0 ' [2(s Xy — ¢X5)(Z4Y5 — Z5Y4) + (—sX3 + 2rXs5)(ZsYs — Z4Y3)

+ (UXg — 2TX4)(Z5§/3 — Z3Y5)]} + Cycle(X, }/, Z).

Therefore, they are both total derivatives. Using (124), we see that J satisfies the Jacobi identity,

< Z,J'(u)[JX]Y > + cycle(X,Y, Z) = 0 (mod 9),

and J is a Hamiltonian operator. O

Thus, we arrive at the Hamiltonian structure for a generalized D-Kaup-Newell soliton hierarchy

(101) [21]
2bm1 Cm+1
—20m+1 bm+1
OHm
Uty = Km = | —amg = Vb + sem | = | =20, | =T = m 20, (125)
b,z + 25am + 2rby, Cm,
| Cm,z — 20am — 2rCm | i bm, ]
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with the Hamiltonian operator

0 2 0 0 0
-2 0 0 0 0
J=10 0 30 s -v |, (126)
0 0 -s 0 0+ 2r
|0 0 w 0 —2r 0 |
and the Hamiltonian functionals
4 m bm m
Ho = /(—2047"4'0410@(11& Hm = /— Gmt2 T 7:;1q+c iz, m>1, (127)

where Ho can be found directly from the vector [c1, by, —2aq, co, bo]”

The above functionals (127) correspond to common conservation laws for each soliton system in
the soliton hierarchy (101). Differential polynomial conservation laws can be generated either from
some Riccati equation obtained from the underlying matrix spectral problem [39]- [41] or directly
by a computer algebra system [42].

As a direct result of the Hamiltonian structures (125), the recursion structures (119) and (101),
and the property J¥U = WlJ we can say that the soliton hierarchy (101) has infinitely many
conserved functions in involution, i.e.,

T
{Hk,Hi} g = / % J@dx =0, k,1>0. (128)
du ou

and commutating symmetries,

Ky, K)] = K (u)[K)) — Kj(u)[Kg] =0, k,1>0. (129)
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Thus, the soliton hierarchy (101) is integrable in the Liouville sense. We would like to note that
the commuting relations of the conserved functionals and symmetries are also consequences of the
Virasoro algebra of Lax operators. For further reference on the algebraic structures of Lax operators
and zero curvature equations, see [43]- [45].

We have an infinite set of functionals {#,,} which are involution in pairs, i.e., {H,, Hm}s = 0.

d

Therefore, for the m-th system u,, = J gi", similar to an analysis in [64], we may compute

dHn:/(SHnUtmdm‘
ou

dtm,
OHy OHm
- ou J ou

- {Hn,%m}] - 0, n 2 0.

Clearly, the soliton hierarchy (101) has infinitely many conserved quantities.

2.4.5 A bi-Hamiltonian reduced integrable hierarchy

Let’s introduce a reduction of the spectral problem (82) [21]:

p
AN —F Ap+s - q 1
¢x = U(U, )‘)¢ = ¢a Ue SI(Q,R), u = 5 ¢ = ) (130)
AN+v =N +7F S b2
v

where 7 = %pq. We would like to construct its associated integrable soliton hierarchy possessing a
bi-Hamiltonian structure. We will see that this spectral problem will generate a different soliton

hierarchy than (101).
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Assume a solution to stationary zero curvature equation to be of the same form,

a b ~
W = aeq + bea + cez = € sl(2,R), (131)
c —a
and we produce
ay = —qbX\ + pch — vb + sc,
(132)

by = —2pa) + 2bA\? — 2sa — pgb,

ce = 2qaX — 2eA? + 2ub + pqc.
\

Taking the same Laurent expansions as before (87), the recursion relations are

bi

bip1 = —=- 5 2+ pa; + sa;—1 + 3pgbi_1,
Ci— .

Cip1 = ——=% + qa; + va;_1 + 3P4Ci1, > 1, (133)

2
_ biw Cix 1,9 1.2
| Git1e = —a— P+ (pv — gs)a; — 3pq°b; + 5p°qc; + sciy1 — vbiy1.

We note that we have a different set of recursion relations than those found in (88). In order to

determine the sequence of {a;, b;, ¢;|i > 1} uniquely, we take the same initial values of

ag=«a, by=c=0, a1=0, b =ap, c =ag, (134)

and conditions for integration

ailu=0 = bilu=0 = Cilu=0 =0, i>1. (135)

Again, for all i > 0, {a;, b;, ¢;} are differential polynomials in u with respect to .
PROPOSITION 2.4. Let {ag, by, co, a1, b1, c1} be given by equation (89). Then all functions {a;, b;, c; i >
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2} determined by equation (133) with the conditions in (90) are differential polynomials in u with

respect to x, and thus, are local.

Proof. We omit the proof as it is almost exactly the same as Proposition 2.1 but we use the recursion

relations (133) instead of (88).

O]

After solving the zero curvature equation (94) and again taking the modification terms A, to

be zero, we generate a completely new soliton hierarchy

2bima1 2bp,
—26m+1 —26m
utm — Km = = (P
—2pam 1 + 2012 =2pam, + 2bm 11
| 2qamy1 — 2¢my2 | | 2qam — 2¢my1 |
with recursion operator
—p0~ 1w —p0~1s 1—po~1q
o g0 v g0 s q0 g
30+ 3pg — s~ v —s5071s —s07 g
v0~ M —%8—{— %pq—i—vﬁ_ls v0~ g

—pd~'p
14+¢0 1p
)

v~ p

(136)

(137)

We may construct a Hamiltonian structure from the trace identity [29,31] for the above soliton

hierarchy (136). We calculate
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ou oU ou

and note —, —, and —— are as the same as in (115). The new traces are found:
ds’ Ov oA
tr Wa—U = —aq+c\, tr Wa—U = —ap + b\, (139)
dp dq

while tr (W%—g) ,tr (W%—g) , and tr (W%—g) are as before in (116).

Plugging these into the trace identity (77), we have

% /(4(1)\ + bg + cp)dx = A‘V%)\V[—aq + e\, —ap + b, ¢, b]T. (140)

After balancing the coefficients of all powers of A and then considering the case where m = 1, we

see v = 0. We then have the following for m > 1:

) 4a +0b +c
/ B o 1 m+1pd$ — [_amq + Cm+1, —GmpP + bm+17 Cm, bWJT (141)

ou m

Therefore, we formulate the Hamiltonian structure for the reduced soliton hierarchy (136),

2bm+1 —Um+19 + Cm+2
—2c —a +b 5
wp, = K = m S ) 7?"“,m >0, (142)
—2pami1 + 2042 Crmt1 v
L 2qamy1 — 2¢my2 i i bin+1 i
with the Hamiltonian operator,
0 0 0 2
0 0 -2 0
J= ) (143)
0 2 0 0
-2 0 0 O
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and the Hamiltonian functionals,

m > 1. (144)

N = /4am+z + bmg1g + Cnt1P o
m

Obviously, J is skew-symmetric. The proof that J is Hamiltonian is simple as J doesn’t depend on
the potential v and the Gateaux derivative of J in any direction S with respect to w is J'[S](u) = 0.

A similar calculation as before but now involving the recursion relations (133) shows that

—am+19 + Cm42 —amq + Cm41
) —Am+1P + bm+2 —amp + bm11 )
Lf;;“ | TR g | T 2 \IJ—ZLW (145)
Cm+1 Cm
L bm+1 ] L bm i
where
v0~ p —v07 g —10+ ipg+vols —v0 1w
s0 1p —s071q s07Ls 10+ 1pg—s0~ v
=0 = S : (146)
14+q07p —q0 g g0 s —q0~ 1
pO~1p 1—po~1q pO~1s —p0~ 1w

where ® is from (137).
It can be computed that all members in the soliton hierarchy (136) are bi-Hamiltonian (see

[11,13,15,46] for bi-Hamiltonian theory), i.e.,

= >
L = M m> (147)

Ut :Km:J

m
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where the second Hamiltonian operator is

200 1p 2 — 2p0~1q 200 s —2p0~ 1w
—2 —2¢0~! 2¢0~1q —2¢q0~ s 2¢0~ 1w
M=dJ= @y . (148)
250" 1p —25071q 2507 1s 0+ pq— 250" 1w
—2007p 2007 ¢ 0 —pq— 200~ s 200~ 1w

This means that J and M constitute a Hamiltonian pair, or, J, M, and N = oJ + M, for any
a, B € R, are all Hamiltonian operators. As a direct result of the bi-Hamiltonian structure (147),

we can say that the soliton hierarchy (136) is integrable in the Liouville sense:

T
{Hi. Hitvm = | 07tk M@dx =0,
— gtk i 4.
{Hk7Hl}J—f< o ) J=5mdr =0,
and
(K, Ki] = Kp,(u)[K)] — K[ (u)[K] =0, k,1>0. (150)

2.5 Summary

Starting with the matrix loop algebra 81(2, R), we introduced a generalized D-Kaup-Newell spectral
problem by adding two potentials s and v. Each system of equations in the soliton hierarchy has
infinitely many commuting high-order symmetries and conserved functionals, and so, is Liouville
integrable. Then we presented a reduction to the new spectral problem generating a different soliton
hierarchy with a bi-Hamiltonian structure.

We would like to note that the soliton hierarchy (101) is different from the hierarchies presented
n [9], [22], and [23]. The AKNS, Kaup-Newell, and D-Kaup-Newell hierarchies are found from the
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following spectral matrices, respectively:

A p A2\ A4y Ap
U= U = U = : (151)

qg —A Ag —\? AN =N —r
Recall, the spectral matrix for the soliton hierarchy (101) is

N —r Ap+s
U= . (152)

M +v =N+

It is clear that (152) is a generalization of the Kaup-Newell and D-Kaup-Newell spectral matrices.

We will note that AKNS hierarchy [9] may be found from (152) by letting p = g = r = 0.
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3 Integrable couplings

3.1 Introduction

Originally, integrable couplings were found in the study of centerless Virasoro symmetry algebras
of integrable systems [64]. The problem of integrable couplings can be expressed as: “For a given
integrable system, how can we construct a non-trivial system of differential equations which is
still integrable and includes the original system as a subsystem? [59]” The quest for finding new
integrable couplings has produced many ideas and become an important area of research in math-
ematical physics [14], [51]- [76]. Studying integrable couplings will facilitate with the complete
classification of multiple component integrable systems.

Given an integrable system u; = K (u), an integrable coupling is a triangular system of the form

w = Kw), (153)

UV = T(uv U)7

where potentials v and v are scalar functions or vector functions with dependent variables & =
(t,z1,x2,...). The non-triviality condition is % # 0, where [u] denotes a vector consisting of
all derivatives of u with respect to the space variable. This condition guarantees that the new
differential equations in the bigger system (153) involve the dependent variables of the original

system. Integrable couplings were first constructed through perturbations [14,51,52] taking the
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form

e = K, (154)

v = K'(u)[v],

where K'(u)[v] = %K(u—kev, Uy + €Uy, ...)|e=0 is the Gateaux derivative. Then the spectral matrices
were enlarged [53,55]. In 2006, the connection between integrable couplings and semi-direct sums
of Lie algebras was realized [59,60]. Since then, bi-integrable and tri-integrable couplings have been
developed with examples associated with sl(2,R) and so(3,R) [61-63]. Very recently, a novel kind
of AKNS integrable couplings were analyzed [75]; the enlarged spectral problem had an additional
matrix block depending on the spectral parameter A\. The last section shows the construction of
two examples which uses the same technique on generalized D-Kaup-Newell soliton hierarchies to
enlarge the spectral problem producing integrable couplings for each.

This chapter has ends with two major sections: integrable couplings and Hamiltonian structures.
In the integrable couplings section, we begin by enlarging the spectral problem (83) and solving the
corresponding enlarged zero curvature equations. We prove its localness and show the structures
of the integrable couplings. Next, we reduce the enlarged spectral matrix and follow the same
procedure. This produces different integrable couplings for the reduced system. The section of
Hamiltonian structures follows. Here, we find a non-degenerate, ad-invariant, symmetric bilinear
form. The bilinear form is used in the variational identity to formulate Hamiltonian structures
of a generalized D-Kaup-Newell integrable coupling system and then in the reduced integrable
couplings. We find that the reduced integrable couplings have bi-Hamiltonian structures. Both
hierarchies of integrable couplings retain the property of infinitely many high-order symmetries
and conserved functionals from their subsystems. Before we begin the construction of integrable
couplings, let’s discuss: semi-direct sums and non-semisimple Lie algebras, the variational identity,

and a general algorithm for formulating integrable couplings.
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3.2 A method for constructing integrable couplings
3.2.1 Semi-direct sums and non-semisimple Lie algebras

Integrable couplings are directly related to semi-direct sums of Lie algebras [59,60]. We construct
integrable couplings for a soliton hierarchy by using a loop matrix Lie algebra. Define a triangular

block matrix as follows:

A A
M(ALA) = | 7 (155)
0 A

It can easily be shown that matrices of this form are closed under matrix multiplication, i.e.,
constitute a Lie algebra. The associated matrix loop algebra g(A) is formed by all block matrices

of the type:

g(\) ={M (A, A2)|M defined by (155),entries of A; are Laurent series in \}. (156)

Since g is a Lie algebra, it has a semi-direct sum decomposition [77] of the form:

g=9¢€ g (157)

where

g = {M(A1,0)|M as in (155), entries of A; are Laurent series in A }

is semisimple and

gc = {M (0, A2)| M as in (155), entries of A are Laurent series in A }
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is solvable. This means that g, g. C g have the property

(9, 9c] € ge. (158)

where [-, -] is the Lie bracket of g. The subscript ¢ indicates the connection with the construction
of coupling systems.
We assume that (153) has a pair of Lax matrices U and V in a matrix loop Lie algebra g

associated with a spectral problems

b =Uo, ¢ =Vo. (159)

Lax pairs of the enlarged system (153) must be of the form:

O, ) — Ulu,A) Ui(a, ) () V(u,\) Vi(a, ) (160)
’ 0 U(u, A) ’ ’ 0 V(u, A) ’

where U and V are block matrices in a non-semisimple Lie algebra, §. In summary, integrable
couplings are integrable systems associated with non-semisimple Lie algebras, or semi-direct sums

of Lie algebras [59,60], which enlarge an original integrable system.

3.2.2 Variational identity

If a Lie algebra g is semisimple, then all bilinear forms on g that are non-degenerate, symmetric,
and invariant under both the Lie bracket and Lie isomorphisms are equivalent to the Killing form
up to a constant multiplier [68,69]. The Killing form on a Lie algebra is non-degenerate if and only
if g is semisimple. When g is non-semisimple, the trace identity no longer is useful for calculating
Hamiltonian structures. As seen in the last section, integrable couplings are formed from semi-direct
sums of Lie algebras. When g. from (157) is not zero, we have a non-semisimple Lie algebra.
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To remedy this issue, Ma and Chen [64] developed the variational identity under a general
bilinear form. The general bilinear form has to be non-degenerate, symmetric, and invariant under
Lie product. A bilinear form (-, -) is said to be non-degenerate if (A, B) = 0 for all vectors A, then
B =0, and if (A, B) = 0 for all vectors B, then A = 0. The symmetric property and invariance
under Lie product are as follows:

<A7 B> = <B7A> (161)

and

<A7 [B’ C]) = <[A’ B]v C>7 (162)

respectively. Ma and Chen found that removing the requirement of the bilinear form in the proof

of the trace identity [28] that

(p(A), p(B)) = (A, B) (163)

under an isomorphism p of the Lie algebra would allow for a more general bilinear form in the

variational identity.

THEOREM 3.1. [64] (the variational identity under general bilinear forms). Let g be a matriz loop
algebra, U = U(u,\) € § be homogeneous in rank and {-,-) denote a non-degenerate, symmetric,
bilinear form invariant under the matrixz Lie product. Assume that the stationary zero curvature
equation W, = [U, W] has a unique solution W € g of a fized rank up to a constant multiplier.
Then for any solution W € g of W, = [U, W], being homogeneous in rank, we have the following

variational identity:
L /(W, D) = X7 SN, O,y = — ol (W, ). (164)

3.2.3 A general algorithm for integrable couplings

A soliton hierarchy is usually associated with an enlarged spectral problem,
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¢ = U, U= U(’L_L, )‘) € ga (165)

where A is a spectral parameter and g is a matrix loop algebra associated with a matrix Lie agebra

g, non-semisimple. Suppose that the corresponding stationary zero curvature equation,

W, = [U,W], (166)
has a solution of the form
W =W(@\) =) Wor™, (167)
i>0

where Wy ; € §. We now introduce a sequence of enlarged temporal spectral problems,

Bt = VIMG = VI (@, 04, m >0, (168)

involving the Lax matrices defined by

VI = AW+ An€d, m >0, (169)

where ), denotes the polynomial part of Q in A and the modification terms A,, to ensure that

the zero curvature equations,

U, —viml 4o, vim)j=0, m>o, (170)

generate a soliton hierarchy with Hamiltonian structures,

(@)=J—5-= m=20 (171)

Ut
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The Hamiltonian functionals are generally found by applying the variational identity (164) [64, 68,

69]. The soliton hierarchy (171) often has the communativity properties:

(Ko, K] = Ky (@) [Kn] = K, (@)[ K] = 0, (172)
o
{Hum, Hn J—/(éz;z”) j(;;éndw:O, (173)

where m,n > 0. These properties imply that the hierarchy (171) possseses infinitely many com-
muting symmetries {K,,}°°, and conserved functionals {H,}2.
4 Two integrable couplings and their Hamiltonian structures

4.1 An enlarged non-semisimple matrix loop algebra

We begin the construction of integrable couplings of a generalized D-Kaup-Newell soliton hierarchy

by introducing an enlarged matrix loop algebra. Let sl(2, R) be triangular block matrices such that

sl(2,R) = {M (A1, A2)|A1, Az € s1(2,R), M defined by (155)}. (174)

The associated enlarged matrix loop algebra 51(2, R)(A) is formed by all block matrices of the type:

SI2,R)(A) = § S M| M esl2,R),neZy . (175)
i>0

Throughout this section, we will conveniently refer to sﬁ(Z,R)(A) as g(A).
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4.2 Generalized D-Kaup-Newell integrable couplings

A spectral matrix is chosen [76] from g(\):

N—r Aprtsi | A2—r2 Apa+ 82

_ _ U U Aq1 + 11 -2+ 1| Ag2 + v . 9
U =0(a\) = H o= , (176)

0 U 0 0 XN —r Apr+s1

0 0 A +v1 =M+

where {p;, ¢i, 74, 5, vi,i = 1,2} are potentials and @ = (u,v)”,u = (p1,q1,71,51,v1)",v = (p2, g2, 72, 52, v2)7 .

The isospectral problem is

AN =7y Apr+si | A2 =12 Ap2+ 8o
_ _ Aq1 + v N4+ Ags + v R P
Gz =Ugp = ONOES ; (177)
0 0 )\2 — 7 /\])1 + 81 (Z)
i 0 0 Aq1 + 11 —)\2 + 7 1

where ¢ = (Y1,192)7 and ¢ = (¢1,¢2)7. Note that U is the same matrix as (83) with renamed

variables (p, q,r,s,v) — (p1,q1,71, $1,1)-

Assume that the solution to the stationary zero curvature equation, W, = [U, W], is of the form

a b le f

- w Wy c —al|lg —e _
0o w 0 0 |a b
0 0 |c —a
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then we get the following matrix formulas:

W, = UW — WU,

(179)
Wl’z =U4W-WU, +UW; — W,U.
Solving these two formulas, we get the differential equations:
ay = —q1b\ 4+ precA — v1b + s1c,
by = —2p1aX + 2bA? — 2s1a — 21 b,
Cz = 2q1a\ — 2cA\? + 2v1a + 2r1c,
(180)
€z = P1gA + P2cA — @2bA — i fA + s19 + s2c — vi f — vab,
fr = 2022 4+ 2f A% — 2preX — 2poa) — 2r1 f — 2rob — 2s1€ — 2s9a,
e = —2eX? — 29)2% + 2q1e) + 2gaa) + 2r1g + 2rac + 2uie + 2vaa.
\
By assuming a, b, ¢, e, f, g, have the following Laurent series expansions:
a= > a\", b= > biA7", c= ) A,
=0 =0 =0 (181)
€= Z ei)\_z7 f = Z fi)‘_z7 g = Z gi>‘_za
i=0 i=0 i=0
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and substituting (181) into (180), we have the recursion relations

bi* x
bivi = "5 +pra; + s1ai-1 + by,
Cit1 = =+ qua; + 141+ T1ci-1,
bi x Ci,x
Qitle = —qi—5 — P13 + (P1v1 — q181)a;i — ir1bi + piric; + s1¢i41 — vibiga,
fi+1 = fﬁ% = bit1 + pea; + pre; + s2a;-1 + s1€i-1 +1robi—1 + 11 fioq,
gi+1 = —gi_$ — Ci+1 T q20; + q1€; +V2ai—1 + V1€;—1 + T2Ci—1 + T1Gi-1, (182)
X _ _Yiz - fi,z _ _ Cmyx
Citle = —"5p1— 5oq1 + (P2 — p1)[— 7" + viam + ricm]
bm T

+(q1 — @2)[T5= + s1am + 110m] + 1541 + s2¢it1 — v1fig1 — vabiya

+(p1ve — q152)a; + (p1v1 — qis1)e; + piraci — qirab;

+p1ir19i — @i fi

for all 7 > 1 with initial values

ap=a, by=cop=0, a3 =0, b1 = apq, c1 = aqy,
(183)
eo=0, fo=90=0, e1=0, fi=(B—-a)pr+pa, g1 =(B—a)n+qao
and the conditions for integration
ailu=0 = bilu=0 = Cilu=0 =0, i>1,
(184)

€ilu=0 = filu=0 = Gilu=0 =0, i>1,

which determine the sequence of {a;,b;, c;, €, fi,gi|t > 0} uniquely. For i = 2,3,4, we have the
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following:

by = sy, c2 = i, ag = —azpiq,

1 1 1
fo=(B—a)s1 + asa, ez = (aq1 + 55(11 - 5(12)191 — 30P2a1, g2 = (B — a)v1 + awve;

1 1
by = ai(—p%(h +2p17r1 + p1a), c3 = —ai(q%m = 2q1m1 + 1),

1

az = —ai(pm + q181),

fs = 315~ 20)pr + apa + (8 + Ba)pdar + (26 — da)ripn

— a(paqip1 — 2rap1 + @p?) + 2apar],

1
g3 = —5[(5 —20)q12 + Aoz — (=B + 3a)gipra — (26 — 4a)riqr
+ a(@pig1 — 2raqq —I-pQQ%) — 2aqam1],
1 1 1 1 1 1
e3 = (v1a — 5015 - 5112&)]?1 + (s1a0 — 5515 - 58204)(11 — ghuia — S@sia

1 1
by = a§(—pfv1 —2p1q181 + 21181 + S14), €4 = —ai(q%ﬁ + 2q1p1v1 — 21101 + V1),

1
a4 = —ag(—?»q%p? + 8qup1r1 + 4vis1 + 2q1p1e — 2P1q1),s

1
fi= 5[(5 — 20814 + aszy — apive + (=B + 3a)vipt + (((—28 + 6a)g1 — 2ag2)s1

—2a(q182 + pov1))p1 + (—2apeq1 + (—4a + 26)r1 + 2roa) sy + 2ar; sal,

g1 = —=[(B —2a)vi 5 + ava gy + agisy — (=B + 3a)s1qt — (((=28 + 6a)py — 2aps)vy

N =

—

—2a(gas1 + p1v2))q1 — (—2aqep1 + (—4a + 26)r1 + 2rea)vy — 2arive],

1
eq = g[(—Zﬁ +6a)q1 — 2aq2)p1,z + ((28 — 6)p1 + 2ap2)q1 o + 2a(—qip2,z + P12.2)
+3q1((8 — 4a)q1 + 2aq2)p? + (6apagi + (=8B + 24a)r1 — 8ara)q:

— 8aqar1)p1 — 8aqipary + ((—48 + 8a)vy — dawg)s — dasovy].
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All {a;, b;, c;,e;, fi, gi|i > 0} can be proven as differential polynomials of @ with respect to x.

PROPOSITION 4.1. Let {a;, b;,ci,e;, fi,gili = 0,1} be given by equations (183). Then all functions
{ai, bi, ci, e, fi, gilt > 0} determined by equation (182) with the conditions (184) are differential
polynomials in u with respect to x, and thus, are local.

Proof. We compute from the enlarged stationary zero curvature equation, W, = [U, W],

%tr(ﬁﬂ) = 2tr(WW,,) = 2tr(W[U, W]) = 2(tr(W?3U) — tr(W?U)) = 0, (185)

and seeing that the tr(W?) = 4(a® + be), we have
a® +be = (a* + be)|u=o = o2, (186)

following from the initial data (183). Now, we use (181), the Laurent expansions of a, b, ¢, to give

1 1
ai:g*T > akar — 5 Yo bpeni> 1 (187)

2 o o
k=i kI>1 k+l=i,k,1>0

Based on the recursion relation above (187) and the previous (182), we use mathematical induction
to see that all functions {a;,b;,c;,7 > 0} are differential polynomials in u with respect to x, and

therefore, are local.
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Now, we have

%(2&6 + fc+ gb) =2aze + 2ae, + fyc+ fer + gub+ gby

=2e(—q1bA + p1cA — v1b + s1¢) + 2a(p1gA + pacA
— q2b\ — 1 f A+ s19 + sac — v1 f — vab) + c(2b)\2
4+ 2FA% — 2preX — paaX — 251 f — 2rob — 2516 — 2s9a)
+ f(2q1aX — 2e\? + 2v1a + 2r1¢) + b(—2cA? — 2g\?
+ 2q1e\ + qaa\ + 2r1g + 2rac + 2v1€ + 2v2a)

+ g(—2p1aX + 2002 — 2514 — 2r1b) = 0.

Similarly, we get

2ae + fc+ gb = (2ae + fc+ gb)|a=0 = af.

Therefore, using the Laurent expansions of a,b, ¢, e, f, and g in (181), we have

B 1 1 1
¢ =F-—ai— 5 > feer = 5~ > L > e,

k-l=i,k,1>0 k-+l=i,k,1>0 ktl=ik,i>1

(188)

for all 4+ > 1. Using the localness of {a;, b;, ¢;|i > 0} and the recursive relations (182) and (188),

we may see through mathematical induction that all functions {e;, fi, g;[i > 0} are differential

polynomials in w with respect to . This completes the proof.

Now, we need to solve the zero curvature equations,

U, — Vim0, v =0, m>o0,
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which are the compatibility conditions between (177) and the temporal problems,

o, = VMg =vM@ g, m>o. (190)

In order to do this, we introduce a series of Lax operators,

VIl @, \) = WmW) 4. (191)

Similar to the analysis in chapter two, we may show that we can take A,, = 0 from (169).

After solving (189), we generate a hierarchy of soliton equations, for all m > 0,

Wit
—2¢m+1
@1bm+1 — P1Cm41
—2p1am41 + 2bpmyo

2q1am+1 — 2Cm42

Uy, = Km = (192)
2fm+1 + 2bmy1
—20m+1 — 2Cm1
@1 fm+1 + @2bmt1 — P1gm+1 — P2Cm+1
—2p1my1 — 2P2amy1 + 2bmyo + 2fmi2
i 2q1em+1 + 2¢2am41 — 2Cm42 — 2Gm42 ]
We have
Ky =®K,,_ 1 =®"Ky, m >0, (193)
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where @ is a recursion operator determined from (182) and given by

) 0

=il
Il

(194)
b, -

® is the same as (102) with renamed variables (p, q,r, s,v) = (p1,41,71, $1,v1) and

[@1]11 [@1]iz [®1]is [®1]ia [®1]is
[@1]21 [P1]o2 [P1]os [Pi]oa  [P1]2s
Q1= |[@1]31 [Pi]z2 [Pi]sz [Pi]za [P35 | o (195)
[@1]a1 [P1]az [P1]as [P1]as [P1]ss
[@1]51 [Pils2 [Pilss [P1]sa [Pi]ss ]

with

[@1]11 = — p10~ v — P20~ o1 — 5207 L — 510 g,

[@1]12 = — P10 8o — P20~ sy — 520 'p1 — 510 o,

[@1]13 =25207" + 251071, [@1]1a = 1 — p10 g2 — p20~ a1, [@1]15 = —p10~ P2 — p20~ 'y,
[@1]21 =10 tvg + 0 tv1 1107 ge + 120 g,

[@1]20 =10 189 + 20 s1 + 010 pa + 120 Iy,

[@1]23 = — 20107 — 202071, [®1]24 = 10 g2 + @20 1, [P1]as = 1 + 10" p2 + 20 'y,
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v — S Vo — s v — s
[@1]31 :Ma—lql + wa—lql _ wa—lql

2 2 5

L as) g

2
[@1]32 :Ma—1pl + wa—lm _ Ma—lm
2 9 B

N Wgwﬂalp%
- - 2
[@1]33 = — (P12 — q152)0 ™" — (201 — @251)0 ™", [@1]34 = %2’ [®1]35 = %,

[@1]41 =Tr9 — 810_11}2 — 528_1111 — OW8_IQ1 — (
—r1p10 tge — 3%6—1%

[@1]42 = — 8167182 — 8287181 — 8(p2 ;

— @10 py = 05107 ps,
(@143 =0(p2 — p1)0 ™" + 2(r1p2 + p1712)0~ ' + Op10~ Y,

[®1]as = — 510 'qa — 520 ' qu, [®1]as = —510 ' pa — 520 'p1,

(@1 —q2)

2 O g1+ (naz + qr2)0 ' — 0~ g,

[®1]51 =010 tvg + 120 Loy + O

_ q1 H—
+7rq10 1Q2—355 g,

(@1 —q2)

[(131]52 =r9 + 1)18_152 + 7)28_151 +0 5

+ 11010 "p2 = 050 o,
[@1]53 = — O(q1 — ¢2)0 " — 2(r1g2 + qur2)0 ™' + 0qu 0,

[@1]54 =010 g2 + 120" L q1, [®1]55 = 110 ' pa + v20 1y,

with 0 = = and 07! as the inverse operator of 9.

ox

PROPOSITION 4.2. All {K,,}, as defined by (192), are commuting symmetries, i.c.,

Ky, K] = K}(0)[K)] — K)(@)[Kx] =0, k,1>0.
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r1pe + p172)0 "t + pird”

1) A _ N
7’”5 'p1 = (rip2 + p172)0 " tp1 + p1r10” py,

O p1 + (r1ge + qur2)0 'p1 — im0 'y
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Proof. The Gateaux derivative of U along any direction S = (Si, S2)7, where
Si == (Sl,ia 52’1', 5371', S4,i, 5571') fOI" 1= 1, 2, is

—9531 AS11+ 541 —53.2 AS12+ 54,2_
(5] = AS2.1+ 851 S3.1 AS22 + Ss5.2 S3.2
0 0 —531 AS11+ 541
0 0 AS21+ S51 S3.1

)

This shows U’[S] = 0 if and only if S = 0 and U’[S] is injective. Thus for the enlarged system, we

still have the following [43]- [45]:

0" [[E, K] = [V, VI, ([0, [V, V] = o,

where [[VI™, V["]] is defined by

[V 7)) = T (@) (K] — VI (@) [Ron] + [V, V0], myn > 0.

The method of proof is similar to Chapter 2. We begin proving
[V, vl lazo = 0.

By inspection, we see by (192) and (182) that
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and, therefore,

v (@)K, — VI (@)[Kp)la=o = 0, for m,n > 0.
We notice next that ) }
a™ 0 BT 0
_ 0 —aXN™ 0 —pA™
yiml lamo = ) (200)
0 0 a\™ 0
0 0 0 —a\™

Thus, it is easy to see that
[f/[m], f/[n]”ﬂ:O =0,

and (199) is proved. By the uniqueness property of the enlarged spectral problem [43], we have
[V V)] = 0. This leaves

U'[[Km, Kn]] = 0. (201)

U'[-] is injective so (201) implies
[Km, Kn] =0, m,n >0, (202)
and the proposition is proved. ]
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4.3 A specific reduction with two less potentials

A spectral matrix, U, chosen from g(}), is of the form [76]:

AN =71 Apr4st | M2—r Apy+ s
Aqu+vr =N+ A tve —AT T
0 0 XN =7 ApL+ st
0 0 A +v1 =N+

(203)

where 1 = $p1g1,72 = 2(P1g2 + P21 — P1@1), {Pi, @iy Si, Vi, i = 1,2} are potentials, and @ = (u, )T,

u = (p1,q1, s1, vl)T, v = (p2, g2, S2, vg)T. The corresponding spacial spectral problem is

(204)

where 1) = (11, 12)T and ¢ = (¢, ¢2)7.

Again, we assume that the solution to the stationary zero curvature equation, W, = [U, W], is

of the form

a b le f
, W Wi c —alg —e ~
= = €a() (205)
0o w 0 0 |a b
0 0 |c —a
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Solving the stationary zero curvature equation (189), we have the following differential equations:

ay = —q1bA + prch —v1b + sic,
by = —2piaX + 2bA* — 2s1a — p1gub,
ce = 2qia\ — 2cA\? + 2uia + prqic,
€x = P1gA + pacA — @b — q1 fA + 519 + s2c — v1 f — vab,
(206)
fo =2bA2 + 2% — 2p1eX — 2paa) — prqa f — (P1g2 + p2qi — p1q)b

—2s1e — 2ssa,

gr = —2c\? —29)\% + 2q1eA + 2q2a\ + p1q1g + (p1g2 + p2qi — p1qa)e

+2v1e + 2vqa.
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By assuming a, b, ¢, e, f, g, have the Laurent expansions (181), we have the recursion relations

.

bit+1
Cit+1

i1,z

fz'—i—l

9i+1

Cit+l,x

bi—1,¢

= —5— +pia; +si1a;-1 + %qulbi—h

e

= 5 1+ q1a; +v1a;-1 + %plfhcz‘—ly

bi T 1,
= —q1 75" — p1%E + (P11 — qus1)ai — 5p1aibs
+3piqici + siciy1 — vibig,

fi—1,
= =525 — bit1 + p2ai + pre; + s2a,-1 + s1€,1

+3(prg2 + P21 — pra1)bi—1 + 5p1qufict,

g‘,l,,.
—S57F — Cit1 T Q20 + que; + V201 + Vi€

+3(p1g2 + P2 — P1q1)Ci1 + 3P1G1Gi-1,

— e Gie 4 (p) )[4 viay, + Spigics)
bmx
+(q1 — 2)) %= + s1am + 3P1¢1bn)]

+519i41 + 5241 — V1 fig1 — vabip1 + (P12 — q152)a;
+(p1v1 — q151)€i + 3p1(P1g2 + P2t — P1g1)ci

—2q1(p1g2 + P21 — P1@1)bi + 3PT19i — SRS

(207)

for all 4 > 1 with the same initial values (183) and conditions for integration (184) which deter-

mine the sequence of {a;,b;,c;,e;, fi,gi[i > 0} uniquely. All {a;,b;,c;, e, fi, gi} can be proven as

differential polynomials of u with respect to x.

PROPOSITION 4.3. Let {a;, b;, ¢, e, fi, gili = 0,1} be given by equation (183). Then all functions

{ai, bi, ci, e, fi, gilt > 0} determined by equations (207) with the conditions (184) are differential

polynomaials in u with respect to x, and thus, are local.

Proof. For brevity, we leave the proof out. It is similar to Proposition 4.1.
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We solve the zero curvature equations (189) with the Lax matrices (191) to generate a hierarchy

of soliton equations for all m > 0,

W1
—2Cm+41
—2p1am+1 + 2bym4o
2q1am+1 — 2Cm+42

2fm+1 + 2bm41

Il
§I
Il

s, (208)

—20m+1 — 2Cm+1

—2p1em41 — 2p2am+1 + 2bpp2 + 240

2q1em+1 + 2q2am+1 — 2Cma2 — 2Gm42

We have

Km = @Km_l = (i)mK(), m Z 0, (209)

where ® is a recursion operator determined from (207) and given by

) 0

KA
|

(210)
P -0

The matrix blocks of ® are defined by ® from (137) with renamed variables (p,q,7,s,v) —
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(p1,q1,71,51,v1) and

—p10~ 1wy —p1071tss  1-p10~lge  —p1071pe
—p20~ g —p2071s; —p20~tq —p20~py
@10ty 10 sy @0 g 1+ qd 'ps

+q20" vy +q207 s +q07 g +q207py

o) = , (211)
r2 — 810 vy —s51071sg —51071¢qo —51071py
—826_11)1 —828_181 —328‘1q1 —828_1])1
010~ vy r2+v0 sy 1107 gy v107 1y

+ve0 g +v107 sy +v207 1y +v207 Iy

where 75 = 3(p1g2 + p2qi — P1g1).
A specific example can be found from the reduced hierarchy of integrable couplings (208) when
m = 6 by setting the eight potentials and o and 3 to be the following: {p1 = ¢ = 0,51 = u,v; =

—u,p2 = @2 = v,82 = w,vg = r,a = —4,5 = —8}. We find a coupled mKdV [34, 35] system of

equations:
(
Ut = —Uggx — 6u2ua:7
Vp = —Vpze — duvuy — 200, + (4r — 4w)u?,
(212)
Wy = —Wegz + Ugee + (6u% + (4v — dw)u)u, — dulv, — 20wy,
Tt = —Tezz — Ugge + (—6u? + (—4r + 4v)u)u, — 2ur, — 2uv,.
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4.3.1 Constructing bilinear forms over a non-semisimple Lie algebra

There is a systematic approach for generating Hamiltonian structures for the integrable couplings in
(192) and (208) using the variational identity over the enlarged matrix loop algebra g(\) [64,68,69].
As seen in [64], there is a convenient method to constructing non-degenerate, symmetric, and ad-
invariant bilinear forms on g(\) by rewriting g(A) into a vector form. The following four steps have
been suggested in [64] to produce the required bilinear forms on g(\):
(1) Construct an isomorphism between the loop algebra g(A) and a vector Lie algebra;
(2) Derive the commutator on the vector Lie algebra;
(3) Compute the required non-degenerate, symmetric, and ad-invariant bilinear forms on the vector
Lie algebra;
(4) Establish the corresponding bilinear forms on the original Lie algebra g(\).

The isomorphism

o:3(\) = R A (a1, ...,a6)7T, (213)

where

A:M(A17A2) Eg()‘)a A= i =1,2, (214)

and a constant symmetric matrix,

2, 0 0 25 0 0
0 0 7 0 0 mn
0 m 0

, (215)
27’]2 0 0

0
0

0 0 nmn 0 0 O

0 7 0 0
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with arbitrary constants 71 and 7y furnish the bilinear forms on g(\) defined as

(A, B)gn) =(0(A),0(B))rs
:(al, ceny aG)F(bl, ceny bG)T
(216)
:(2a1b1 + agbs + agbg)T]l + (2a1b4 + aobg + asbs

+ 2a4b1 + asbz + agh2)ns.

The bilinear forms (216) are symmetric and ad-invariant due to the isomorphism o. The bilinear

forms, defined by (216), are non-degenerate iff the determinant of F is not zero, i.e.,
det(F) = —4nS # 0. (217)

Therefore, we choose 72 # 0 to obtain the required non-degenerate, symmetric, and ad-invariant

bilinear forms over the enlarged matrix loop algebra g(\). For simplicity, we choose n; = 0 and

772:1.

4.3.2 Hamiltonian structures of generalized D-Kaup-Newell integrable couplings

Now, we begin with the enlarged spectral matrix of the generalized D-Kaup-Newell hierarchy (177)
and compute

(W, U\)a00 = (4a+4e)X + fq1 + bga + cpa + gp: (218)

and

(W, w)in = (9N fA —2e, 9, f, e, bA, —2a,c, bt (219)
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Substituting the Laurent series and comparing powers of A, and considering the case where m =1

to see v = 0, we have

0 [ (dami2 +4demia) + fmr1q1 + bt 192 + Cma1P2 + gmy1D1 dr —
ou m (220)

T
[gm-l-lafm—i-h_26m7gmafmacm+17bm+17_2amacm7bm] , Z 1.

Before we show the Hamiltonian structure for the soliton hierarchy (192), we must prove the

following proposition.

PROPOSITION 4.4. The operator J is a Hamiltonian operator defined by

_ 0 J
J= (221)
Ji Js
where
[0 2 0 0 0 | (002 0 0 0]
-2 0 0 0 0 -2 0 0 0 0
Ji=10 0 10 s —v1 |, =0 0 0 s —uvgf- (222)
0 0 —s 0 0+ 2r 0 0 —s9 0 2r9
L 0 0 V1 8 — 27"1 0 i L 0 0 () *27‘2 0 i

Proof. We can easily see by inspection that JI = —J, where J' is the adjoint of J, and J is skew-
adjoint. Note, we have proven that J; is a Hamiltonian operator in Chapter 2. We will use this

fact to prove that J satisfies the Jacobi condition

< Z,J' (@)[JX]Y >+ cycle(X,Y,Z) =0 (mod 9), (223)

for all vector fields X,Y, and Z, where J'()[X] denotes the Gateaux derivative of J with respect
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to @ in the direction of X and < -,- > denotes the standard inner product. Assume

X=(X1,X)", Y=WM V), Z=(Z1,2)", W=, W),

and

Xi = (X1, X0, X33, Xa3, X54), Yi= Y1,4,Y24,Y34,Ya:,Y5,),

Zi = (Z1,is Z2,is Z3,is Zaiy Z5), Wi= (Wi, Wa i, Wa i, Wy, Ws ), i=1,2,

are ten-dimensional vector functions. By (221), we immediately have

_ 0 Jl Xl J1X2 Wl
JX = _ -
J1 Jo| [ X2 J1 X1+ J2Xo Wo

Using the definition of the Gateaux derivative, we compute J'[W] and, then, J'[W]Y as:

o 0 JIW] 0 g
JW] = . = :
JIW] S5 [W] JiWa] - Jo[Wr]
and
FIVY = 0 AW Y| _ Ji[Wh]Ys |

JiWa] Jy[Wal| | Ya JIWA]YL + J5[Wa]Y,
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Now, we see that

o 7 J{[W1]Ya
< Z,J WY >=< , >

Zy| | J1[W1]Y1 + J5[Wa]Ys
=< Z1, J{[W]Ya > + < Zo, J{[Wh]Y1 + J5[Wa]Ys >

=< Z1, J1[Wh]Ys > + < Za, J{[Wl]yl >+ < Zy, Jé[WQ]}/Q > .

Now, we may substitute W7 = J; X9 and use the fact that J; is a Hamiltonian operator to see that

< Zy, Ji[J1X3]Ys > + cycle(Xa, Yo, Z1) = 0 (mod ),

and

< Zo, Ji[J1 X2]Y1 > + cycle(X2, Y1, Z9) = 0 (mod 9).

Therefore, we only have to show that

< Zo, J5[Wa]Ya > + cycle(X,Y, Z) = 0 (mod 9). (224)

Let’s begin with computing J5[W5] and J5[Ws]Ys. First,

00 o0 0 0 |
00 0 0 0
JWal=10 0 0 Wio  —Wsaf
00 —Wao 0  2Wss
0 0 Wiy —2Wss 0
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and

0
0
Jo[Wa]Ya = Wy oYy — Ws52Y59

—Wy2Y39 + 2W39Y5 9

| Ws,2Y32 —2W32Ya9 |

Now, we see that

< Zo, Joy|WalYs > = 2Ws 9(Z42Y52 — Zs52Ya2) + Wao(Z32Yao — Zs2Y32)

+ Ws2(Z52Y39 — Z32Y52).

Recall,
_ Wi J1Xo
W p— pr— 5
Wo J1X1 4+ J2 Xo
where _ -
2X21 +2X2
—2X171 — 2X172
W2 = Jle + J2X2 = %XB,l,x + 81X471 — UlX571 + 82X472 — U2X572

—51X31 + X510 +2r1 X571 — 52X30 4+ 2r2 X5

| v X310+ Xa10 — 2r1Xy1 +veXs0 — 2re Xy o |
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Therefore, we see from (225) and (226) that

1
< Zo, J5[WolYs >= 2(§X3,1,x + 51 X471 —v1 X5 + 52 X2 — v2X592)(Za2Y592 — Z52Y42)

+ (=51 X371 + X510 +2r X510 — 52 X320 +2r0X52)(Z32Ya2 — Z42Y32)
+ (X371 + X0 —2rXa1 +v2X39 — 2r0 Xy 2)(Z52Y32 — Z32Y52)
= [(X31,2)(Z42Y52 — Z52Ya2) + (Xu,1,2)(Z52Y32 — Z32Y5.2)

+ (X5,1,0)(Z32Ya2 — Z42Y32)]
+ [(s1 X471 — 01 X51 + 52Xu2 —v2X52)(Za2Y52 — Z52Y42)
+ (=51 X371 +2r1 X5 1 — 52 X392+ 210 X52)(Z32Ya2 — Z42Y39)

+ (1 X31 — 2 Xy +v2 X392 — 2r9X42)(Z52Y320 — Z32Y52)].

We may make the following decomposition:

< Zo, TWalYa >= R(X,Y, Z) + S(X,Y, 2),

where

R(X,Y,Z) = (X312)(Z12Ys2 — Z52Ya2) + (Xa1.0)(Z52Y32 — Z32Y52)
+ (X5,1,0)(Z32Y42 — Z42Y32),

S(X,Y,Z) = (s1Xu41 — 01 X51+ 52Xu2 — v2X52)(Z42Y52 — Z52Y12)
+ (=51 X31 +2rXs51 — 52 X352+ 210 X52)(Z32Ya0 — Z42Y32)

+ (11 X31 — 2r1 X1 +v2X39 — 219Xy 2)(Z52Y32 — Z32Y52).
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For the functions R and S, we may make the following computation:

R(X,Y,Z)+cycle(X,Y, Z)

= R(X,Y,Z) + cycle(X1, Ya, Z3)

= 0{X31Z42Y52 — X31Ya2252} + cycle(X1, Yo, Zo),
S(X,Y,Z)+cycle(X,Y, Z)

= S(X,Y,Z) + cycle(X1, Yo, Z3) + cycle(Xa, Ya, Zo) (228)

= 0{0 (51 Xa1 — v1X51 + 52 X420 — v2X52)(Z42Ys0 — Z52Ya2)

+ (=51 X351 +2r1Xs51 — 52X39 4+ 2r0X59)(Z32Ya2 — Z42Y32)

+ (11 X31 — 2r Xy +v2 X390 — 210Xy 2)(Z52Y30 — Z32Y52)]}

+cycle(X,Y, 7).

Therefore, they are both total derivatives. Using (228), we see that .J satisfies the Jacobi identity,

< Z,J' (@)[JX]Y >+ cycle(X,Y,Z) =0 (mod 9),

and J is a Hamiltonian operator. O
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A long calculation involving the recursion relations (182) shows that

| Im+2 ] _9m+1_
Sm2 fm+1
—2em+1 —2em
Im+1 Im
Hmir | it | g I | g 0 (229)
ou Cmt2 e ou
bim+2 b1
—2m+1 —2am,
Cm+1 Cm
L bim+1 i L b i
where
U =df = o (B - ®)f : (230)
0 ol

with ® and ®; from (102) and (195), respectively.
We consequently obtain Hamiltonian structures for the hierarchy of integrable couplings (192)
[76], i.e.,

ﬂtm = Ji_, m Z 0, (231)
u

with the Hamiltonian functionals

- / (damro +4emyo) + fmr1q1 + bmi1G2 + Cmr1p2 + gmr1p1
=

d 232
* v, (232)

for m > 1, and

o = 105 - aJpiar + alpraz + pom) — 251 — 2arslds (233)
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calculated directly from [g1, f1, —2e0, go, fo, c1, b1, —2a0, co, bo]*. The Hamiltonian operator in (231)

is of the form:

0 0 O 0 0 0 2 0 0 0
0 0 O 0 0 -2 0 0 0 0
0 0 0 0 0 0 0 30 s —vy
0 0 O 0 0 0 0 —sp 0 0+ 2r;
g 0 0 O 0 0 0 0 vy 0-2r 0 (234)
0 2 0 0 0 0 2 0 0 0
-2 0 0 0 0 -2 0 0 0 0
0 %8 s1 -1 0O O S9 —U9
0 0 —s 0 O0+2r1 0 0 —s9 0 219
i 0 0 v, 0O0-2r 0 0 0 v —2r9 0 |

As a direct result of the Hamiltonian structures (231), the recursion structure (193) and (229), and

the property JU = Wi.J, the hierarchy (192) has the following commutativity of flows:

o 0H\ " -OH,
o oy, 2
(Fi F) /< L ) 7 = (235)
and the commutativity of symmetries for {K,}, i.e.,
[f_{k,f_ﬁ] = I_{Ig(ﬂ)[f_{l] - K;(@)[Kk] =0, k/I1>0. (236)

Therefore, the hierarchy (192) is Liouville integrable, as expected.
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4.3.3 Bi-Hamiltonian structures of the reduced integrable couplings

Next, we focus on the reduced spectral matrix (204) and compute
(W, Ux)gn) = (4a +4e)X + fq1 + bgz + cp2 + gp1, (237)

and

(W, Ua)g0 = (@ —e)q1 — agz + g\, (a — €)p1 — ap2 + fA, g, f, — agi + cA, —apy + bA, ¢, b]”.

(238)
Again, we compare powers of A after substituting the Laurent series for a, b, c, e, f, g to get
K / (dami2 +4em+2) + 191 + bnt1d2 + Cmi1p2 + gmaapr ;-
ou m
[(@m — em)q1 — am@2 + gm+1, (@m — em)P1 — amP2 + fint1, G fn (239)
—m @1 + Cmt1s —AmP1 + b1, Coy b, M > 1.
Now using the recursion relations (207), we have 5%”5“ = \Tl%, ie.,
(@m+1 = em+1)@1 — Am+192 + G2 (@m — em)q1 — amq2 + gmt1
(@m+1 = em+1)P1 — Gmr1P2 + frma2 (am — em)p1 — amp2 + fm
Im+1 9m
Jm+1 _ J
" = " , (240)
—Am+141 T Cm+2 —0m{q1 + Cm+1
—Am+1P1 + b2 —amp1 + bm1
Cm+1 Cm
bm—i—l b
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where

U= = , (241)

with ® and ®; from (137) and (211), respectively.

We finally obtain the bi-Hamiltonian structure for the hierarchy of integrable couplings (208),

=M m >0, (242)

with the Hamiltonian functionals

ST / (4amy2 +4emi2) + frmr1q1 + bt 192 + Cmg1D2 + Gmy1P1
=
m

da, (243)

for m > 1, and the Hamiltonian operators,

o 0 0 0 0 0 0 2
0 0 0 0 O -2 0
0o 0 0 0 0 2 0 O
T 0o 0 0 0 -20 0 O (244)
o 0 0 2 0 0 0 2
0o 0 -20 0 0 =20
0 2 0 0 0 2 0 O
-2 0 0 0 -2 0 0 O

and M = ®.J where J is above (244) and ® is the recursion operator (210) for the reduced integrable
couplings (208). Recall, a bi-Hamiltonian property means that .J and M constitute a Hamiltonian
pair, or, N = aJ + M, for any «, 3 € R, is a Hamiltonian operator. As a direct result of the
bi-Hamiltonian structure (242), we can say that the soliton hierarchy (208) is integrable in the
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Liouville sense:

o SH\ T -oH
{Hi, Hi} 7 = f <Hk> J@dm:O,
ou ou
SHE\" - 6H (245)
R k SO,
{Hi, Hitsis = f ((51_1, ) MT’H, dx =0,
and
Ry, K] = K@Kl - Ki(@)[Ky] =0, k120, (246)

4.4 Summary

We enlarged the original generalization of a D-Kaup-Newell spectral problem from chapter two and
generated its integrable couplings by solving the corresponding enlarged zero curvature equations.
We then enlarged the previous chapters reduced spectral matrix and found its integrable couplings.
Using the variational identity, the Hamiltonian structures for both a generalized D-Kaup-Newell
integrable couplings and the reduced couplings were constructed. The reduced hierarchy of inte-
grable couplings was found to have bi-Hamiltonian structures. Both hierarchies were shown to be

Liouville integrable and possess infinitely many commuting symmetries and conserved densities.
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5 Darboux Transformations

5.1 Introduction

A Darboux transformation is a powerful tool to generate new solutions from known solutions [26],
[79]- [87]. Since the middle of the 1960’s, Darboux transformations have been implemented in
soliton theory [26], [79]- [82]. These transformations have mostly been used on integrable systems
associated with semisimple matrix Lie algebras. Recently, the question of how to construct a
Darboux transformation for integrable couplings associated with non-semisimple Lie algebras was
addressed [86]. Darboux transformations were formulated for integrable couplings of an AKNS
type, where the spacial spectral matrix is a degree one polynomial. In this chapter, we construct
Darboux transformations for integrable couplings where the spectral matrix is any polynomial in
A

We begin this chapter with a brief historical background of a Darboux transformation. Then
the theory of Darboux transformations for integrable systems is reviewed. Built off of this theory,
we develop the Darboux transformations for integrable couplings where the integrable system in
the previous section is a subsystem. The chapter is finished with an application to a generalized
D-Kaup-Newell integrable coupling system. An explicit solution set to the m-th order coupling

system is constructed and presented.
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5.2 Background

The original result, in 1882 by G. Darboux [88], was related to the theory of the one-dimensional
Schrédinger equation,

— ¢z — u(T)P = Ao, (247)

where u(z), the potential, is given and A is the spectral parameter. The discovery of Darboux can
be summarized in the following theorem.
THEOREM 5.1. [88] If u(x) and ¢(x, \) are two functions satisfying (247) and f(x) = ¢(x, No) is a

solution of (247) for X = o, where \g is a fized constant, then the functions u' and ¢' defined by

Jfa

v =u+2(Inf)ew, ¢(2, ) = du(x,\) — 7(f)(IL‘, A)s (248)
satisfy
— @y — U P = A, (249)
which is of the same form as (247).
The transformation
(u,¢) = (', ¢') (250)

is the original Darboux transformation, which is valid for f # 0.
The result of Theorem 5.1 was applied to soliton theory in the middle of the 1960’s when the

KdV equation was found to be closely related to the Schrodinger equation [35].

EXAMPLE 5.1. [26] Recall, the KdV equation (3) with o =1, = 6, is

up + 6uty + Uprr = 0. (251)

We have seen that the KdV equation is the integrability condition (compatibility condition) of the
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system of linear equations

— (2, t) g — ud(z,t) = Ap(2, 1),
(252)

d(x,t)y = —4P(2,t) pow — 6uP(x, 1)y — Buzp(x,t)

which is called the Laz pair of the KdV equation. By integrability condition, we mean (251) is the
necessary and sufficient for (¢zz)t = (Pt)za being true for all .

Recognizing the first equation in (252) is just the Schrédinger equation (247), the Darboux
transformation in Theorem 5.1 can be applied to the KAV equation. The transformation (u,p) —

(v, @') is invariant on the Lax pair of the KdV, i.e.,

— ¢ (2, t) gy — U/ P (x,t) = NP/ (2, 1),
(253)

¢ (x,t) = —4¢ () pog — 6U' P (2, 1)y — 3uld (,1).

Therefore, u' is a solution to the KdV equation.

If u is a known solution to the KdV equation (251), the problem of finding another solution
simplifies to finding a solution ¢ to the linear system (252). Once ¢ is found, take A = Ao and let
fz,t) = ¢p(x,t, Ng). Then v’ = u+2(In f),y is a new solution to the KAV equation and ¢' given
by Theorem 5.1 is a solution of the Lax pair of the KdV equation corresponding to u'. This process
may be repeated successively. Notice, given a solution u, we only need to solve a linear system ¢.

After that, each new solution in the chain

(u, @) — (u',¢') = (W, ¢") — ... (254)

1s giwen algebraically by Theorem 5.1.
In the 1880’s, Béacklund transformations were developed for use in theories of differential equa-
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tions and differential geometry. Later, there was found to be a close relationship between the inverse
scattering transform (IST) mentioned in chapter one and a Backlund transformation, namely, every
evolution equation solvable by IST has a corresponding Bécklund transformation [10]. Let’s define

a Backlund transformation.

DEFINITION 5.1. [10] Suppose that we have two uncoupled partial differential equations, in two

independent variables x and t, for two functions u and v; the two equations are expressed as

P(u) =0, and Q(v)=0, (255)

where P and Q) are two operators, which are in general nonlinear. Let R; = 0 be a pair of relations

Ri(u, v, Uy, Vg, ug, v, ..., t) =0, 1=1,2, (256)

between the two functions u and v. Then R; = 0 is a Backlund transformation if it is integrable
for v when P(u) = 0 and if the resulting v is a solution of Q(v) =0, and vice versa. If P = @, so

that u and v satisfy the same equation, then R; = 0 is called an auto-Béacklund transformation.

EXAMPLE 5.2. [10] There is a transformation from the KdV to the mKdV (111) [34] known as the
Miura transformation [35]. If we have the KdV from (251) and the mKdV as

v — 6020y + Vgge = 0, (257)

then the Miura transformation is

u = v* 4 v,. (258)

It is known that if v solves the (257), then u from (258) solves the KdV (1). We may eliminate
higher derivatives from the mKdV and regard the Miura transformation (258) and the mKdV (257)

as a Bdcklund transformation of the KdV (1).
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Similar to the example of a Darboux transformation on the Lax pair of the KdV equation, there
is a theory of Darboux transformations for integrable systems. We will see that these transforma-

tions generate Béacklund transformations for solutions of certain integrable systems.

5.3 Darboux transformations of integrable systems

Let

up = K(u, ug, Ugy, -..) (259)

be an integrable system of partial differential equations where u is a function or a vector valued

function. Suppose (259) is equivalent to the zero curvature equation

U -V, +[UV]=0, (260)

where two square matrices U and V', a Lax pair of (259), belong to a matrix loop algebra [20,59,60].

As stated before, the zero curvature equation is the compatibility condition of the spectral problems

be =Udp=U(u,N)§, & =Vo=V(u,A), (261)

where A is the spectral parameter and ¢ is the vector eigenfunction. One way to find explicit solu-
tions to the integrable system (259) is through Darboux transformations on the spectral problems
(261).

We begin with a definition of a Darboux transformation for spectral problems (261).

DEFINITION 5.2. A Darboux transformation of the spectral problems (261) is a transformation
¢' = D¢, with a square matriz D = D(u, \), where ¢ and u' satisfy spectral problems of the same
form as (261), i.e.,

¢, =U'¢' =U' (', \)¢, ¢, =V'¢=V(, N\, (262)
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and U and V' are of the same form as U and V', respectively. The matriz D is called the Darboux

matrix of the spectral problem (261).

For this section, we will be discussing spectral problems of this form:

$o =Udp=Uu,No =Y UA"To, ¢y =VImg=vI(urg=> varie (263)

j=0 7=0

Note, the spacial spectral matrix is a polynomial in A of any order n. Any constant matrix K,
independent of A, is a Darboux matrix of degree 0. This case is considered trivial and not for the
purposes of our discussion.
Assume that U and V' are N x N matrices. Let a Darboux matrix, linear and of the first order
in A, be
D(\) =X+ S, (264)

where [ is an N X N identity matrix and S is an N x N matrix independent of \. We may derive
differential equations of S. Let’s substitute D from (264) and ¢’ = D¢ into the first equation in

(263). Then

STUNTAL = 8)p = (AT = S)$)a = (A — ) UA" ¢ — S,¢. (265)
j=0 Jj=0

Comparing the coefficients of powers of A gives the following equalities:

Uy=U, Uiy =Uj1+U;S—-8U;, 0<j<n-—1, (266)

and

Sy =U.S — SU,. (267)
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These equalities produce

J
Up=Uo, Uj=Uj+ > [Ujpp,SIS", 1<j<n,
k=1
and

Se +1[5,) _U;S" 7] =0.
j=0

Similarly, we substitute D and ¢’ = D¢ into the second equation in (263) giving

D VAT = 8)d = (A = 8)@)r,, = (A = 5) D ViA" 76— 5,,0.

J=0 J=0

Again, we compare the coefficients of powers of A gives the following equalities:

Vi=Vo, Vo =Vin+V/S—8V;, 0<j<m-—1,

and

S, =V.S— SV,

Then, we have the following:

J
Vi=Vo, V/=V;+) [Vi,S]SF !, 1<j<m,
k=1

and

Stm + [S7 Z%Smi]] =0.
7=0

The analysis above may be summarized by the following theorem.
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THEOREM 5.2. [26] D = A\ — S is a Darboux matriz for (263) if and only if S satisfies
Se+ (9> U] =0, S, +1[5,)_V;8™ ] =0. (275)
j=0 §=0
Additionally, the Darbouz transformation generates a Backlund transformation of (263) as

J
Uy=Uo, Uj=U;j+> [Ujip,S]S*!, 1<j<n. (276)
k=1

Let’s introduce N distinct eigenvalues A1, Ao, ..., Ay with their corresponding eigenfunctions:
o) = U Ao, 67 =V(w Ao, 1<s<N, (277)
where u is a given solution to (259). If det(H) # 0, then suppose
S=HAH™!, (278)

where

H=(¢W, 6@ . oM A=diag(A, Aa, ..., AN). (279)

THEOREM 5.3. [26] The matriz D = X — S, where S is defined by (278), is a Darboux matriz for
(263).

A proof of the theorem shows that Theorem 5.2 is true for the given Darboux matrix D = A\[—S.

The key strategy is to take ¢(®),1 < s < N, to be eigenfunctions of (261) for A = \;, then

o0 =S UN TR, ¢ = Vi, (280)
j=0 J=0

94



This implies the following:

n n
H, =) UHA", H =Y V;HA™ .
j=0 j=0

(281)

We expand on this idea in the next section when we formulate a Darboux and Béacklund transfor-

mations for integrable couplings where the enlarged spacial spectral matrix is a polynomial of A

with degree n.

5.4 Darboux transformations of integrable couplings

Recall, an integrable coupling system is an extension of a given integrable system to a larger

integrable system containing the original system as a subsystem of the form (153), where u; = K (u)

is the original system. We may write (153) compactly as:
uy = K(u),

where the enlarged dependent variable is @ = (u”,v?)7.

Let’s start with a few assumptions. Assume a hierarchy of enlarged spectral problems,
6o =U(w,Ng, = VI"(a,\)9,
is associated with integrable couplings,
Ut,, = K() = (Kp,(w), T (w,0))', a= (o), m>0,
through the enlarged zero curvature equations,

0y, — Vim0, vim) = o,
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where the enlarged Lax pairs are upper triangular block matrices,

U, \) = Ulw, ) (@) . VIl = VIl 3) V@) . (286)
0 U(u, \) 0 VIl (u, \)

In general, we may write

no o o\n— n U] Ulj e
U= =UiA"7 =2 A",
0 Uj
(287)
i/ [m] m.ooy7. \m— ‘/J Vlj m—
Vi = ijo ViAT"Tl = Z]_o 7
0V
where
Ulu, ) =30 U;N, Ur(a, A) = Y0 UpjAn,
7=0"2 7=0 J (288)
VIRl (u, A) = ST V=i T @, N) = S Vg, m > 0,
are N x N matrices. Then the enlarged spectral problem may be viewed as:
be=Ud=>Y UN"6, ¢, =VImMe=>"TVx""g. (289)
§=0 §=0

We will discuss a class of Darboux matrices for the Lax pairs above without reductions, i.e., the
entries of Uj;, Uy, V; and Vi, are independent except for the partial differential equations (285).

Let D = D(x,t,)\) be a 2N x 2N matrix. If ¢’ = D¢ satisfies a spectral problem of the same
form as (289), i.e.,

NI g =V, =D VAT m >0, (290)
7=0
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then we have the Darboux transformation of the enlarged spectral problem (289) as
(U, V™, ¢) — (U, v, ) (291)

where D is the Darboux matrix of (289).

We focus on a class of Darboux matrices of degree one that are linear in A. Thus, the Darboux
matrices are of the form D = A — S where I = diag(I,I), I an N x N identity matrix, and S
a 2N x 2N matrix function. We have the same analysis of the first order Darboux matrix for
the enlarged spectral problem as seen in the previous section 5.3 and may be summarized by the

following theorem:

THEOREM 5.4. [86,87] D = A\ — S is a Darbouxr matriz of degree one for (289) if and only if S
satisfies

Se + 8, U;S" 7] =0, 8, +[5,> V;§" (292)
j=0 §=0
Additionally, the Darbouz transformation generates a Backlund transformation of (284) as
Up=Uo, Uj=U;+> [Uj—,SIS"", 1<j<n. (293)
k=1
Let’s introduce N enlarged eigenfunctions ¢ with associated eigenvalues \y:
o) = U@, )0, o) = VM@, 2)¢", 1<s<N, (294)

where @ is a given solution to (284). For the presentation of a Darboux transformation for integrable

couplings, we further denote
6 = (¢, 69T, 1<s <N, (295)
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where ¢(®) and gbgs) are N dimensional column vector functions and

_ H H
i = HLoH=10W, 60, oM™ Hy = (e, 6P, 6™ (296)
0 H

From (294), we clearly have

Hy=)» U;HA" Y, Hy=>» UHA"7 +U;HA", (297)
j=0 j=0
and
Hy=> V;HAN™, Hy=Y V;HIA™ +Vi;HA™, (298)
7=0 7=0

where A is defined (279) and, for convience, set t,,, = t. The above notation provides a means for

explicit calculation of a Darboux transformation for an integrable coupling (284).

THEOREM 5.5. [87] Let H be defined by (296) and A = diag(A, A), where A is defined by (279).
Then H is invertible if and only if H is invertible. When H is invertible, D = A — S is a Darbouz
matriz of the unreduced enlarged spectral problem (289) where S = HAH ™' and may be represented

as

_ S 5 L L )
S = , S=HAH ", S=-SH{H "+ HAH™". (299)
0o S

Moreover, the Backlund transformation for the integrable coupling (284) is

U(/) = UOa U]/ - Uj + Eizl[Ujfkas]Skila U{() - Ul(]a 1 S] S n, (300)

U{j =Uy; + Zi:l[Ulj—kv S]Sk_l + (Uj_kg — SUj_k)gk_l - SUj_kSk_l,
where S* = —S*HIH=' + H{AFH™" is the (1,2)-th matriz block of S raised to the k-th power.
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Proof. H is an upper triangular matrix with diagonal blocks H. Therefore, H is invertible if and
only if H is invertible.

Assume H is invertible. By direct calculation, we easily see H™! as:

H' —H'HH!
0 a1

where H~! depends on H~! and H;. Then, we work out S:

HA HA| |H' —H'HH!
0 HA 0 H!

HAH™' —HAH 'HH '+ HAH™!
0 HAH!

HAH' —SHH '+ HAH!

0 HAH™!
S S5

0 S

This shows the representation of S and S in (299).

In order to show that D = Al — S is a Darboux matrix of the enlarged spectral problem (289)
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where S = HAH !, we need to show
+[9,) U8 =0, S, +1[5,> V;S5" (301)
j= §=0

from Theorem 5.4. Before we begin analyzing the first equation, let’s observe that

HA*H-Y —HAHYH,H '+ HAH!
0 HAFH-L

Sk —_SkH H' + HAFH!

0 Sk

For simplicity, we name the (1, 2)-th block of S* to be S* and see that ¥ = —S*H, H- '+ H A*H~1.

The commutator in the first equation of (301) may be expanded to:

n—j
o S S Ui Uyl |S S
ZUS 1 ’Z?ZO j 15 1
7=0

0 S o u|lo s
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S 5 n Uj Ulj ST S'n—j
— Dy
0 S 0 U 0 S
"|S S| |U; Uy| | S S
=0 |0 S||0 U; 0o 8"
n Uj Uy gn—j+1 Srn—j-i-l
=0 | 0 U 0 Sn—i+l
" |SU; SUy; + SiU;| | Sn S
j=0 0 SU]‘ 0 S

n Ujsn—j-i—l Ujgn—j+l+U1jsn—j+l

§j=0 0

n | sujsn

n UjsnfjJrl

j=0 0
B i _[S, U;Sm=7]
- §j=0 0
B i _[S, U;S™7]
N j=0 0

as 51 = S = [5’]12.

UjsnfjJrl

SU ;8™ + S1U; 8™ + SU; 8™

SUan_j

UjS’”“jJrl + U1jS”*j+1
Ujsn—j—i—l

1S, U1;8" 9] 4 $1U;S™ 7 + (SU; — U;8) 5"
[Sa Uj]Sn_j

[S, Uljsnfj] + SUanij + (SUJ — Ujé’)gnfj
[S, Uj]S”_j
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Therefore, in order to prove the first equation of (301), we need to show

i Sz + [Sa Ujsn_j] Sl,x =+ [Sv Ulan_j] + SUan_j + (SUJ - U].S’)S’n—j

=0 0 Se + (S, U;]15"
(302)

First, using (297), we have

S, =(HAH™),

=H,AH '~ HAH 'H,H™!
=) _UHA"AH ' — HAH ' () UHA™ ) H ™!
j=0 j=0

=Y UHA" IV HT - HAH'U;HA" T H !

Jj=0

=) U;SvIt — SU; St
3=0

= —[5,U;8"7).
j=0

This shows that each block of the diagonal of the matrix on the left side of equation (302) is 0.

We will now show that the (1, 2)-th block on the left side of equation (302) is 0. Again, by (297)
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and S, = Z?:o —[S,U;5™77], we have

Sip =(—SH H '+ HIAH™'),
=S, HiH '—SH;,H '+ SH,H 'H,H "

+ H ,AH Y — HIAH'H, H!

=> ([S,U;8" ) H H™ — S(U;Hi A" + Uy HA™ ) H
j=0

+ SHIH YU;HA)H ™ + (U Hi A" + Uy HA" ) AH

— HyAH N U; HAV ) H !
= [S,U;S" | HyH™ — SU;Hi A" H ™ — SUy; 8™
=0

+SH H'U;S" ™ 4 U;H A" H 4 U877+
— HyAH'U;8" 7

= [U1;8", 8]+ SU;S" TH\H ' — U;S" T H H !
j=0

_ SUjHlAn—jH—l + SHlH_lUan_j + UjHlAn_j+1H_1
— HyAH'U; 8™

= [U1;8", 8] = SU; (=S" VH\H™' + H{A" TH )
j=0 ~

g

+U; (=S" I g g+ AP I gL
J

Sn—j+1
— (=SH\H '+ HiIAH Y U; 8"

s

=) —15.U1;8" 7] = 8U;8" T — (SU; — U;5)8" .
j=0
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Thus, (302) is proved.

Now, let’s have a look at the second equation in (301),
— m — —
St +15,) _V; 8™
§=0

Similar to the reasoning before, we have

(5, ) _V;5m ) =
=0
$h [ISV5S™ IVaST SV (89 - )57
j=0 0 (S, V3]s

Therefore, we need to show

Sy +[S,V;8™I] Sy + [S, V4,8 9] + SV;8™ T 4 (SV; — V;.8)§m I

m
J=0

0 S + [S, Vﬂsm—j

(303)
00
0 0

Note, we use t,,, = t for ease in notation. Again, we can prove this equality block by block using
(298). We omit the proof as it is almost identical to the proof of (302). In conclusion of the above
results, the enlarged matrix S = HAH ™! satisfies the two conditions in Theorem 5.4, namely the
conditions (301), and thus, D = A — S is a Darboux matrix of the enlarged spectral problem (289).

Lastly, we recall equation (293). A brief calculation of the equation U. J/ = Uj
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+ Zi:ﬂﬁj—k’ S}gk_l gives:

U Uyl U Uy

0 Ul 0 U

>

J [Uj_k, S]Sk_l [Ul,j—k, S}Sk_l + (Uj_kg — SUj_k)Sk_l — S‘Uj_kSk‘l
k=1 0 [Uj,k, S]Skil

Looking at each block, we see clearly the Backlund tranformations (300) as stated in the theorem.

This completes the proof. ]

In the next section, we provide an example of the Darboux tranformations on integrable coupling
where the spacial spectral matrix U is a polynomial in A of degree 2. The integrable couplings are

of a generalized D-Kaup-Newell soliton hierarchy presented in the previous chapter.
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5.5 An application to integrable couplings of a generalized D-Kaup-Newell hi-

erarchy

5.5.1 Integrable couplings of a generalized D-Kaup-Newell hierarchy

In Chapter 3, we constructed integrable couplings for a generalized D-Kaup-Newell soliton hierarchy

(192) [76]. The first four integrable couplings in (192), i.e., i, = K;(),i = 0,1,2,3, are

b1

q1

™

S1

U1

D2

q2

T2

S2

V2

106

2ap
—2aq,
0
2081
—2av,
2Bp1 + 2ap2
—2Bq1 — 2042
0

2851 + 2aso

—2Bv1 — 29

: (304)



Ugy =

Uty =

b1

q1

1

S1

U1

D2

q2

T2

52

V2

b1

q1

™

S1

U1

D2

q2

T2

52

U2

2081
—2av1

a(s1q1 — vip1)

a(piy + 2rip1)

—a(—q12 +2r1q1)
251 + 2asg
—2Bv1 — 2aws
((a = B)vr — av2)p1 + 1 (B — a)s1 + as2) — a(vips — s1¢2)

(B —a)pre + apae + p1((28 — 2a)r1 + 2ars) + 2apary

(B—a)qrz + aqzz — q1((26 — 2a)r1 + 2ars) — 20271

a(pre — piq + 2r1p1)
a(qe + p1gi — 2r1q1)
%O‘(pl(h)x
a(siz +2ris1 — sip1qu)
a(viz +vigipr — 2r1v1)
(B = @)p1z + apag + (8 + 20)q1 — aga)p}
+p1((28 — 20)r1 — (2p2g1 — 272)) + 200par1)
(8= a)qre + agze — (=8 + 2a)p1 — aps)q?
+q1((—=28 + 2a)r1 + a(2g2p1 — 2r2)) — 22g2r1)

(B —2a)(p1a1)s + al@apie + P2q12) + (D122 + 1P2,2)]

9

(B—a)s1e +asyy +71((28 — 2a)s1 + 2as2) — asaqipr + 28172

+51((—=8 + 2a)q1 — ag2)p1 — apaqr)

+v1((=B + 20)q1 — ag2)p1 — ap2qi)
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(B — a)vi g + ava g +11((—28 + 20)v1 — 2av2) + avaqipr — 200172

9

(305)

(306)



and

p1
q1
T1
51
U1

P2

q2

T2

52

V2

t3

1
2

a(—vip} — 2s1p1q1 + 2r151 + 51,2)
a(2uip1qr + 514 — 2r1v1 + 01 )
sa(s10q1 + v12p1 + (Pro1 — q151)(@ip1 — 271))
a(—2s1v1p1 — 21P1P1a — 285q1 — 2p3qur1 — PIqi e + Ap1rd 4 2pir . + AT1pi g + P1as)
sa(25101q1 — 21p1G10 + 203p1 + 2¢3p171 — GBp1e — A 4 21T 2 + AT + Qas)
(B = a)siz + asze — PI((B = 20)v1 + awa) + p1(((—28 + 4a)q1 — 2q2)s1
—2a(s2q1 +p2v1)) + ((28 — 20)11 + 2ar2 — 2p2qia) sy + 2as2my
(B — a)vie + avaa + qf (B — 2a)s1 + asz) + (((28 — 4a)p1 + 2ap2)v1
+2a(s1g2 + vap1))q1 + (=28 + 2a)r1 — 2ars + 2aqap1 )v1 — 2091
3((B=2a)q1 + aq2)s15 + 3((B — 2a)p1 + ap2))v1 e + 501522 + F02 2P
+5(((B = 3a)v1 + awa)q1 + agav1)p? + 5(((—B + 3a)s1 — as2)q} — 2a(—povy
+q251)q1 + ((—28 + 4a)vr — 2v0a)71 — 2r2v10)p1 — SAS1P2q]
+3(((28 — 4a)s1 + 2s20)r1 + 2ras10)q1 + r1a(—pavy + g251)
18— 20)p1,20 + 3222 + L(((—28 + 6a)q1 — 20q2)p1 — 2paqicx + (48 — 8a)ry
+4r20))p1,z + 5((28 — 4a)p1 + 2pec))r1 5 — a(prqr — 2r1)p2x — sp1((B — 3a)p1
+2ap2)q1 e + p1r2ge + 5 (=28 4 6a)r1 — 2ars)qr — 2r1g20)p? + 3(—dapaqir
+(48 — 8a)r? + 8arary + ((—28 + 4a)vy — %ozp%qgw — 2aw2)81 — 2001 82)p1
—51((8 — 20)s1 4 2as2)q1 — a(—2par? + s1(s1g2 + pav1))
—2(B = 20)q1 52 — 502,00 + 3(((—28 + 6a)p1 — 2p2cr) g1 — 2goprax + (48 — 8a)ry
+4r20))q1e — 561((8 = 3)q1 + 2¢20)p12 + 5((28 — 4a)q1 + 2¢a)71 o
—a(p1gr — 2r) 2.0 — 304ip2.0 + Girzea — $(((28 — 6a)r1 + 2ars)p1 + 2r1pea)qi
+5(4apiriga 4+ (—48 4 8a)r — Barary + ((28 — 4a)sy + 2s20)v1

+2as102)q1 + (B — 2a)v1 + 2av)vipr + o —2qer? + v1(s192 + pav1)) ]
(307)
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where 4, = K3 is nonlinear in four potentials of u, namely, p1, q1, $1,v1

5.5.2 Darboux transformations of generalized D-Kaup-Newell integrable couplings

We will apply Theorem 5.5 to get Darboux transformations for the integrable couplings (192) [87].

We may write the spectral matrix (176) as the following:

Assume two different eigenvalues A\; and A and let

ik = ¢i( M), Vi =i(\), 4,k =1,2,

where ¢;, 1y, are eigenfunctions. In order to compute

S=HAH™' S =-SHH '+ HAH?,

we identify

A A0 - o111 P12 CoH - P11

0 A P21 P22 a1

109

U=U(u,\) = U+ \U; + Uz, Uy =Uj(a,\) = NUi+ AUn1 + Usz
1 0 0 p T 81
Up=Uio = ;o U= , U=
0 -1 q1 0 vy —TI
0 po ro 82
Uil = , U=
@2 0 v2  —T9

P12
Y22

—~

308)

(309)

(310)

(311)



Theorem 5.5 presents a Darboux matrix of the first order in A as

ol _ |5 s
D=X-5, I= 5=
01 0 S

)

where [ is a 2 x 2 identity matrix. The corresponding Darboux transformation is

(b/:Dq;, 06:[70, U{ :U1+[Uo,g], UéZUQ—"[Ul,S]‘i’[ﬁO,S]S,

which provides the Béacklund transformations:

U[/):Uo, U{ =U1—|—[U(),S], UéZUQ—i-[Ul,S]—F[Uo,S]S,

Ulg =Ui, Uiy = Ui+ [Uo, S] + [Uo, Si] — SUy,

U{Q = U12 + [Ull; S] + [U1,51] - SUl + [Ulo,S]S + (U()Sl — SUO)Sl — SlUOS7

(312)

(313)

(314)

where we note S| = S as seen in Theorem 5.5. Let’s label an initial solution (Uy,Us,U11,Ur2) and

eigenfunction ¢ as

U:wzozﬂ7U:@:@J$
qEO] 0 v[l(]] 774[10]
b
T L R L R
@' 0 vy =y 61
_¢2_
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and the new solution (Uj, U, Ui, Uj,) and eigenfunction ¢’ obtained from the Darboux transfor-

mation (313) as
(1] [1] 1]
0 p T s
Uy = Ul S /O B L
qgl] 0 U[ll] T[ll]
1
(1] (1] (1] 7
0 py Ty _ o
Un = Ul[ll} = , U= Ul[é] = , =0l = )
& o MU 5
2

(316)

Therefore, we state the Béacklund transformation taking the initial solution to the new solution:

U;

U

U= vl 4wy, 8, vl =vl + 0, 81+ [0, S]8,

Ulm = Ul[o} + [Uro, S] + [Uo, S1] — SUp,

1 1

ol )+ 0, 84) = SUN + [, S]S + (UpSy — STY) S,y — S1U0S,

1
1[2} = U, + [U;
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which defines each new solution from the initial solution as

;

1] _ [ | | 2(A2—A1)o11¢
Py = + ¢>11¢22 : ¢1121¢2112 ’
1] _ [0} 2(A2—A1)$21¢22

il + ¢11¢22 d12¢21

1] _ [0] | 2(A1—X2)2h11012021 P22
=t (p11d22—P12¢p21)2

8[1] _ S[O] + 2(A1—=A2)p11012( M1 12021 —A2d11012)
17" (P11P22—P12¢21)2 ’

[1} [O] + 2(A2—A1) P21 922 (A 1911022 —A2p12021)
(P11P22—P12021)2 ’

(1] [0}_’_ 2(A2— A1) ((p12¢22— 12922 +1P12022) d34 — (P21 11— ¢21¢11+w11¢21)¢12)

by = D3 (p11¢22— ¢12¢21)2

[1] [0}_‘_ 2(A2—A1)((—p21 P22 +p12¢22 —P12922) P2, + (P21 11— ¢211Z111+¢>111/121)¢22)

43" = 45 (p11922—P12021)?

2 (P11P22—P12021)3

T[l} _ Tgo] + 2(X2=X1)% o2 (((p22—v22) P21 +v2122) P12+ d21P22912)$1,12  2(A2—A1)%h122h21%d2ovb11 (318)

(P11P22—P126021)3

_ 2(A2—A1)? (((¢22+¢22)¢21*1#21¢22)¢>12*¢2,1¢22¢12+¢222¢11)¢>21¢12¢>11

(p11¢22—d12¢21)3

i

(1] _ 8[20] _ 2(A2—A1)da0 A2 (a2 —1p22)d12+d20th12)d11° 4+ A1 123 2129011

89 (p11022—P12621)3

_ 2(X2=A1) (A +A2)poz+1ha2 (A2 =2 \1))b21—2 poothor (Aa— 3 A1) ) dra—d2,19209012(Na—2 \1) ) p12p11 2

(Pr1022—P1221)3

_ 2(A2—A1)2 d21 (*% A1 (@21 —v2,1) P12+ P22911 (/\2*% )\1))¢122¢11
(Pp11P22—P12021)3 ’

1 _ Ug)] + 2(A2=A1) ((¢12—12) 22+ d12022) A2 d12621*+ A1 011 2 h22° thos

V2 (P11P22—P12021)3

_ 2(X2—A1) b2 (M +A2)pra+v12(Aa—2 M) d11—211 (Aa— 3 A1 ) p12 ) doo— 11612020 (A2—2 A1) ) po1

(P11022—12¢21)3

+2(>\2—)\1)¢22 (M(p11—911)pa2— 2¢21(A2—7A1)¢12)¢11¢21
\ (p11¢22—012¢21)3

This above process can be repeated to get a Darboux transformations of higher order in A. For

(2] 2] [21 [2] 2]

(2] 2] [21 [2] 2]

instance, we may find a new solution (py,q; 7 ",5; ,v; D5 +q5 ,T5 S5 ,Vs ) associated with

([

two new eigenvalues A1 and X2 from the solution (pi' a5 s
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compute

2 1
U1[2} = U1[2] +[U

75] + [Ulm,gl] — S’Ulm + [Ul()7 S]S + (Uogl — SU())S'1 — §1U0§,

where S and 51 are defined as

through the matrices

S=HAH,
N0 ~

~ H =
0 Mo

U1[21} = U1[11] + [U10, S] + [Uo, S1] — SUQ,

UR =0+ 0,8, U = U+ 00,8+

b1 P12
P21 dao

where ¢, = ¢;(Ar) and 1jp = 1;(Ae), j, k = 1, 2.

For the example following, we will denote the time variable ¢,, by only ¢ for simplicity.

)

Example - A solution to the m-th order system

318,

1

P11 P1a
Yo oo

(319)

(320)

(321)

We will be considering the m-th order integrable coupling system u; = K, defined by (192). From

(178) and (191), we have

[ glml il | lm] plm]
el _glml | gl _cfm)

N 0 0 alm  plm]
0 0 cml  _glml

where {a;, b;, ci, e, fi,gi|1 <i<m} are given by (182).
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@
Il
o

a; b |e [
Ci —Q; | gi —€
0 0 |a b
0 0 ¢ —a;

m—i
AT,

(322)



Let’s look at the spectral problems (177) and (190) when u = 0, i.e.,

(I M0 A0 P
_ Yoz 0 =22 0 =X |4 _ _
¢CL‘ _= = = U‘ﬂ:0¢)
D10 0 0 A 0 o1
2,2 0 0 0 =X ¢
| P2e] | iRl (323)

Yie| |aA™ 0 BAT 0 P
_ Yoy 0 —aX™ 0 =BA"| |

1t 0 0 aA™ 0 o1

P2t 0 0 0 —a\”| | ¢

Solving (323), we get the zero seed solution of (177) and (190) and generate the following eigen-

functions associated with the eigenvalue \:

(

1 = x1(A) = (BA™puat + N2pup + pg)eeX" AT

Py = x2(A) = —(BA gt 4+ N2pug — pug)e 0NN
(324)

¢1 — X3(A) — /Llea)‘mt+)‘2x,

—a\"t— N2z
)

P2 = xa(\) = pze

where p;, 1 < ¢ < 4 are arbitrary constants. In order to obtain analytic solutions by the Darboux
and Backlund transformations in Theorem 5.5, we choose the following vectors of eigenfunctions

to be linearly independent:

P1(A1) = x1(A1),  Y2(M) =x2(A1),  d1(A1) = x3(M),  d2(M1) = xa(A), (325)
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and

P1(A2) = —x1(A2), ¥2(X2) = x2(A2), @1(A2) = —x3(A2), @2(A2) = xa(N2), (326)

associated with two different eigenvalues A\; and Az, respectively. Then we use the Bécklund
transformation (317) to obtain a one-soliton-like solution to the m-th order generalized D-Kaup-

Newell integrable coupling system [87]:

p1 =t (A — A2)em T2 sech §,

g =22\ — Xy)e ™ 2 sech,

r= —%()\1 —Xo)? sech? €,

s1= 4L (A1 — A2) (2™ A + €™ A1) sech? €,

v1 = —£2 (A1 — A2)(e722 A + 72 \g) sech? &,

(327)
P = % sech? €,

= 2 sech? &,

ro = =2 (A1 — A2)%sech’ ¢,

Sy = —27774%@1 — Ag)sech3 ¢,

vg = 2’775%()\1 —2) sech? ¢,
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where

§= (_/\21+n6 tpapig + A" BtAi g + (()‘2295“2 + 52— %/M) 1+ 5 paps) (A — Ag)) €27
+e* (M Bt pn — M B thapipz + (M = A2) (MPapz + 5 pa — 5 ) i + 5 papss))

Mo = (=08 tuagia + A" BN gz + (Mol = § a4+ pa) 2 = §aunps) = Na)) €20
+ (M Btmpe — M Btdapipe + (MPam — 5+ g i) e — 5 papa) (A = Ag)) €727,
3= (M"BE= A" Bt + § +a (WP = X)) e

—(MBt=N"Bt— 5+ 3 (M — A2?)) e,

= (=M ppe — M((MPape + 5 g — 5 pa) i+ 5 papg))e” T

H(=X B g — No(No g + § pa — & pa)pn + 3 popz))e” 2T

FALTTEB g + Ao MTEB p g — 2 oAy ™t puapra — 2 M Xt B a1 pao

(M2 = 3Mdar + Az — Dpa + & pa)pn — § piapis) (O + Ao))em 72,

ms = (M8 s+ M ((MPap = 5z — 5 pa) + 5 pzps))en

B i+ Ao ((NoPxpn — o — L ) + L popsz))e Pt

— (MM g + M B g — 2 MM B g — 2 M\ At B i o

+((MrPz = 3 X dox + Ao’ + 3 o + 5 pa)pin — 5 pap) (A1 + Ag))e ™72,

\

(328)
Note, 71 is a one-soliton solution. Specifically, we may let m = 0,1,2,3, in order to solve the
corresponding integrable coupling systems (304), (305), (?7?), and (?7?), respectively.
5.6 Summary

Darboux transformations for integrable couplings were formulated from the algebraic structure of

non-semisimple matrix Lie algebras. The spectral matrix of the integrable couplings may be a
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polynomial of arbitrary order in A. The resulting transformations were applied to generalized D-
Kaup-Newell integrable couplings and solutions to the m-th coupling system were found. Explicit
formulas of soliton-like solutions were presented. The example of solutions to the m-th coupling
system shows that a set of solutions to each coupling system has been worked out. It is expected that

these transformations may be used to find explicit solutions for a number of integrable couplings.
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6 Concluding Remarks

We constructed two soliton hierarchies in chapter two. Each hierarchy has infinitely many high-
order symmetries and conserved densities. Both hierarchies were formulated from spectral matrices

based in sl(2,R). Recently, the matrix Lie loop algebra $o(3,R) defined by

S0(3,R) = ¢ > AN A; € 50(3,R),n € Z (329)
i>0
with basis elements
0 0 -1 00 O 0 -1 0
e1r=10 0 0 |,e2=10 0 —1|,e3=1{1 0 0}, (330)
1 0 O 01 0 0O 0 O
and commutator relations
[ela 62] = €3, [627 63] = €1, [€3a 61] = €2, (331)
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have been studied [32], [47]- [50]. Mostly, spectral matrices with two dependent variables have been

discussed:

U(uv )‘) =M\ej + pes + ges,
U(u, \) =X%e; + Apes + Ages,
U(U, )\) :)\61 + )\p62 + >\q63)

Ulu, \) =Ager + (A2 + Ap)ea + (—A? + Ap)es.
A spectral matrix with three dependent variables has been analyzed [49] of the following form:
U(u, \) =A% 4+ 7)er + Apes + Ages.

We hope to see more soliton hierarchies using three or more dependent variables. For instance,
what kind of beautiful structure is possible for a spectral matrix similar to (152) associated with
so(3,R)?

The third chapter uses a relatively new idea of having % # 0 in the enlarged spectral matrix
U. This idea helped generate two integrable couplings for a generalized D-Kaup-Newell soliton
hierarchy and for a special reduction. Although the calculations are more difficult, many new ap-
plications may arise from integrable couplings starting from enlarged spectral matrices of this form.
One application is the Darboux transformation method for the construction of soliton solutions to
integrable couplings. Such a new process of construction creates new integrable systems associ-
ated with non-semisimple Lie algebras and brings us new insightful thoughts to classify integrable
systems from an algebraic point of view.

The last chapter formulated Darboux transformations for integrable couplings from a spectral
matrix which is a polynomial of order n in A, i.e., U(u, \) = Z?:o U;N~". The Darboux transfor-
mations were applied to the integrable couplings found in chapter three. It is expected that many
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other integrable couplings can be solved using this method. In particular, based on the structure of
the spectral matrix, we predict the transformations may be applied to an integrable coupling sys-
tem where the subsystem is of AKNS type and we find integrable couplings through perturbations,

i.e., a spectral matrix given as

A p |0 s
_ _ U U qg —X|lv 0
U=U(u,\) = = . (332)
0 U 0 0 |X »p
i 0 0 |qg =X |

We also imagine that solutions may be found for a spectral matrix that generates integrable cou-

plings of the Kaup-Newell type,

_ U U ANg XX 0
U=U(u,\) = = , (333)
0 U 0 0 | X X

0 0 |A —\?

through the Darboux and Béacklund transformations formulated in chapter four.
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