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A counterpart of the Wadati—-Konno-Ichikawa (WKI) soliton hierarchy, associated with so(3,R),
is presented through the zero curvature formulation. Its spectral matrix is defined by the same lin-
ear combination of basis vectors as the WKI one, and its Hamiltonian structures yielding Liouville

integrability are furnished by the trace identity.
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1. Introduction

Soliton hierarchies consist of commuting nonlinear
partial differential equations with Hamiltonian struc-
tures, and they are usually generated from given spec-
tral problems associated with matrix Lie algebras (see,
e. g., [1-3]). Typical examples include the Korteweg-
de Vries hierarchy [4], the Ablowitz—Kaup—Newell—
Segur hierarchy [5], the Kaup—Newell hierarchy [6],
and the Wadati—Konno—-Ichikawa (WKI) hierarchy [7].

When associated matrix Lie algebras are semisim-
ple, the trace identity can be used to construct Hamil-
tonian structures of soliton hierarchies [8]. When asso-
ciated matrix Lie algebras are non-semisimple, we ob-
tain integrable couplings [10, 11], and the variational
identity provides a basic technique to generate their
Hamiltonian structures [12, 13]. Usually, the existence
of bi-Hamiltonian structures [14] implies Liouville in-
tegrability, often generating hereditary recursion oper-
ators (see, €. g., [15—17]). The most widely used three-
dimensional simple Lie algebra in soliton theory is the
special linear Lie algebra sl(2,R). We would like to
use the other three-dimensional simple Lie algebra, the
special orthogonal Lie algebra so(3,R). Those two Lie
algebras are only the two real three-dimensional Lie al-
gebras, whose derived algebras are three-dimensional,
too.

Let us briefly outline the steps of our procedure to
construct soliton hierarchies by the zero curvature for-
mulation (see, e. g., [8] for details).

Step 1 - Introducing a Spatial Spectral Problem

Take a matrix loop algebra g, associated with a given
matrix Lie algebra g, often being semisimple. Then,
introduce a spatial spectral problem

¢x:U¢? U:U(M,}/)Eg, (1)

where u denotes a column dependent variable, and A is
the spectral parameter.

Step 2 — Computing Zero Curvature Equations

We search for a solution of the form

W=W@uA)=Y WoA™", Wo, €9, i>0,  (2)

i>0
to the stationary zero curvature equation
W, =[U,W]. 3)
Then, use this solution W to introduce the Lax matrices

vt =y A) = (AW, +An€d, m>0, (4)
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where P, denotes the polynomial part of P in A, and
formulate the temporal spectral problems

&, = VMo =V 1), m>o0. (5)

The crucial point is to input the modification terms,
Ay, € §, m > 0, which aims to guarantee that the com-
patibility conditions of (1) and (5), i. e., the zero curva-
ture equations

U, —V" 4 U v =0, m>o0, (6)

will generate soliton equations. We write the resulting
hierarchy of soliton equations of evolution type as fol-
lows:

g, = Kn(u), m>0. @)
Step 3 — Constructing Hamiltonian Structures

Compute Hamiltonian functionals 7, by applying
the trace identity [8]:

0 U d U
il 7= A v e 22
5u/tr<8/l W>dx A (9/1/l tr(&u W)’ )

A d
V: _Ealn‘tr(Wz)

or more generally, the variational identity [12, 18]:

5 /U PREY:
_ ~_ Y
5u/<a/1’W>d’“ e <au’W>’

A d
y= -5 ml(W.W)l,

b

©)

where (-,-) is a non-degenerate, symmetric, and ad-
invariant bilinear form on the underlying matrix loop
algebra g. Then, construct Hamiltonian structures for
the whole hierarchy (7):

SH,,
w,, = Kn(u) =7 H’, m>0. (10)
Su
The generating functional [ tr(g—g{W)dx or

/ (%,Wﬂx will be used to generate the Hamil-
tonian functionals {,,}7 in the above Hamiltonian
structures. Usually, the recursion structure of a soliton
hierarchy leads to its bi-Hamiltonian structures and
Liouville integrability.

In this paper, starting from the three-dimensional
special orthogonal Lie algebra so(3,R), we would like
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to present a counterpart of the WKI soliton hierarchy.
The counterpart soliton hierarchy consists of commut-
ing bi-Hamiltonian evolution equations, which are of
differential function type but not of differential poly-
nomial type, and its corresponding Hamiltonian struc-
tures will be furnished by the trace identity. There-
fore, all equations in the counterpart soliton hierar-
chy provide a new example of soliton hierarchies as-
sociated with so(3,R) (see [19, 20] for two examples
of Ablowitz—Kaup—Newell-Segur and Kaup—Newell
types). A few concluding remarks will be given in the
final section.

2. A Counterpart of the WKI Soliton Hierarchy
2.1. The WKI Hierarchy

Let us recall the WKI soliton hierarchy [7, 21] for
comparison’s sake. Its corresponding special matrix
reads

U=U(u,A)=Aei +Aper+ Ages, an

where ey, e, and e3, forming a basis of the special lin-
ear Lie algebra s1(2,R), are defined as follows:

elz[(l) _01},62:[3 é},egz[ﬁ) 8] (12)

whose commutator relations are
le1,e2] =2e2, [e1,e3]) = —2e3, [er,e3] =e;.

A solution of the form

W =aU + byes + cre3

13
= Aae; + (Apa+by)es+ (Aga+cy)e3 (13)

to the stationary zero curvature equation (3) is deter-
mined by

ay = pcy — gby, l(pa)x“"bxx =2Ab,, (14)
A(ga)y + cxx = —2Acy .
Upon setting
a=Yar ™', b=y bA",
>0 >0
= . = 15
c=Y A", i>0, (13)
i>0

and choosing the initial values
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1 p
= b(): N 3
Vpg+1 2v/pg+1 (16)
q
= —F7-—,
0 2v/pg+1

the system (14) recursively defines the infinite se-
quence of {a;,b;,c;|i > 1} as follows:

—Ci+1 —Cj
= 17
[bm } [bi } ’ {17
—Lto+1g0-150%> —1go—'Go?
p— | 29799 P 440 40" | >0,
{ %pa 15o? %8—}‘;78 130? =
and
i1y = PCit1x —qbiv1x, 120, (18)
with p and g being given by
_ p _ q
P=—F——, 4= F— (19)
Vpg+1 Vpq+1

We impose the conditions on constants of integration,

ai|u:0:bi|u:0:6i|u:0:07 lZ 17 (20)

which guarantee the uniqueness of the infinite se-
quence of {a;,b;,c;li > 1}. So, the first two sets can
be computed as follows:

_ P4x—4qDx b Px
a) = 3 9 1= 3 9
4(pg+1)2 4(pg+1)2
qx
co=—"",
4(pq+1)2
ay=—— [qup)zc + (14pg +4) pgx +5p° ¢
32(pg+1)2
—4q(pq+1)pr —4p(pg+ 1)%«4 ,
1
by=———— [q(7pq +12)p;—2p(pqg —4) g
64(pg+1)2
—5p°q2 —4(pg+1)(pg+2)pe +4p*(pg + 1 )%cx} :
1
Q=7 [5q3p§+2q(pq —4)pxgx—p(Tpq

64(pg+1)2
+12)qs —4¢* (pg+ 1) pxe +4(pg + 1)(pq+2)qxx} :

Finally, upon taking

VI = A [(A7a) U + (A"b) o2 + (A7e) s
m>0,

2L

the corresponding zero curvature equations
Uy, = V"4 [P =0, m >0, (22)

present the WKI hierarchy of commuting Hamiltonian
equations,

o . bn1,xx o —Cm| _ OHm
uy, = Ky = |:Cm,xx:| =J |: by, :| =J 5u ,m >0, (23)

with the Hamiltonian operator J being defined by

0 02

J{_az 0], (24)
and the Hamiltonian functionals H,, by

Ho= [2V/pg+Tdx,

M, = qapx — P4x " (25)

4v/pa+1(Vpg+1+1)
and
Moy = / [_ 2(pg+ 1)am+12+pcn,7x + b x dx.
m
mz>1. (26)

The above Hamiltonian functionals H,,, m # 1, can be
worked out by the trace identity (8) with

tr(W?Z) =2A(pg+1)a+ pcx+qby,
U\ . 2
tr<W8p> =A(Aga+cy) = —2A%c,

tr(W%Z) = A(Apa+by) =2A%D,

and H; can be computed directly from (—cy,b;)T.

We point out that a generalized WKI soliton hierar-
chy was presented in [22] and its binary nonlineariza-
tion was carried out in [23]. A multi-component WKI
hierarchy and a multi-component generalized WKI hi-
erarchy and their integrable couplings were also ana-
lyzed in [24] and [25], respectively.

2.2. A Counterpart of the WKI Hierarchy

We will make use of the three-dimensional special
orthogonal Lie algebra so(3,R), consisting of 3 x 3
skew-symmetric real matrices. This Lie algebra is sim-
ple and has the basis
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[0 0 —1] 00 0
e;=10 0 0],e=10 0 —1],
1 0 0 01 0
L - (27)
0 -1 0
es=11 0 0],
0 0 O]

whose commutator relations are

le1,e2] =3, [er,e3] =e1, [e3,e1] =er.

Its derived algebra is itself, and so, three-dimensional,
too. The corresponding matrix loop algebra we will use
is

s0(3,R) = { > M;A"|\M; € s0(3,R),
i>0,ne Z} .

The loop algebra so(3,R) contains matrices of the
form

Ale+Aes + ),163

with arbitrary integers m, n, [, and it provides a good
starting point to generate soliton equations.
Let us now introduce a spectral matrix

U=U(u,A) = Arey +Aper+ Ages

0 —-Aqg —A4
=|Aa¢g 0 —Ap|esOB,R), u= m &
A Ap O 4

to formulate a matrix spatial spectral problem

be=Uo=U(u,A)p, ¢=(1,02,¢3)".

The spectral matrix above is defined by the same linear
combination of basis vectors as the WKI one [7], but
its underlying loop algebra is so(3,R), not isomorphic
to sl(2,R). The other two examples associated with
s0(3,R), as counterpart hierarchies of the Ablowitz—
Kaup—Newell-Segur hierarchy and the Kaup—Newell
hierarchy, were previously presented in [19] and [20],
respectively.

Then, we solve the stationary zero curvature equa-
tion (3), and it becomes

(30)

ay = pcy — qby, 2'(1751))c"|'b)or =—Acy,

A(ga)y+ cxx = Aby Gh

W.X. Maetal. - A Counterpart of the Wadati—Konno—Ichikawa Soliton Hierarchy Associated with so(3,R)

if W is chosen as

W =aU + byey + cye3
= Aae; + (Apa+by)es+ (Aga+cy)es

0 —(Aga+cy) —Aa (32)
=|Aga+cy 0 —(Apa+by) | €s0(3,R).
Aa Apa+ by 0

Further, we set

a= Zail_i, b= Zbil_i,

i>0 i>0

- . = 33
c:z‘cilf’, i>0, 33)

i>0

and take the initial values
1 q
ap = 5 bO = )
VPPt +1 VPPt +1
co= ———P—,
VP +g 1
(34

which are required by
aox = pcox —qbox, pao=—co, gao=Dby.

The system (31) then leads to the following two recur-
sion relations:

Cit+1 Ci
|:_bi+1:| I:_bi:|

v { pa-1g? —ﬁ&1ﬁ82] Y
—94Go"'go* —go~'pa* |1 T
and
Ait1x = PCir1x—qbiy1x, 120, (36)
with p and g being defined by
p q (37)

p= , §= .
VPP g+ VPP g+

We will show in the next section that all vectors
(ci,—b))T, i > 0, are gradient and the adjoint oper-
ator of ¥ is hereditary. To determine the sequence
of {a;,b;,c;|i > 1} uniquely, we impose the following
conditions on constants of integration:

ai‘u:O = bilu:O = Cilu:O =0, i>1. (38)

This way, the first two sets can be computed as follows:
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_ 4DPx — Pqx by — Px
ag=——————————=, 0=,
(P*+q*+1)2 (P +q*+1)2
x
=
P+ + 1)}
1 2 1 2 1 2
= (317 +q +f)px+5pqpqu
(P*+q*+1)2 22
1 1
+(§p2+3q2+E)qﬁfp(p%rqzﬂ)pxx
—q(p*+q*+ 1)%} ,
1 1
b= [~ a6p + P + )P+ (3
(P*+4¢*+1)2
5
— 2% +3)prgi + Eq(p2 +1)qi+pq(p*+q*+1)
-pxx—(p2+1)(192+q2+1)qxx},
1 5
¢ = —>p(¢* +1)pi —q(34* —2p*

(P+P+1)it 2

1
+3)pxd+ 5 p(P* +647 +1)a; + (47 +1)

PP+ @+ D)p— pa(p* + @7+ 1) | -

Let us explain how to derive the recursion relations
in (35). First from (31), we have

ajx = pCix—qbix
= pl—(pai)x — bi—1 ) — q[(qai)x + ci—1 ]
= —(p*+¢")aix— % (P> + ¢*)stti — phi-1 xx
—qCi1xx, P> 1.
This is equivalent to
\/p2+q2+1<\/p2+q2+ lai)x -

_pbi—l,xx_qci—l,XX7 i>1,

which leads to

1 —1x92 —1~92
a=——+——(d 0°bi_1+0 d°ci_1),
/7[)2 n 6]2 1 ( 14 i qo Ci )
i>1. (39)
Then again by (31) and using (38), we see that
Civ1 = —pai1—bix, by =qai1+ciy, i>0. (40)

Now the recursion relations in (35) follows from the
above recursion relation (39) for a;.
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Note that the first three sets of {a;,b;,c;|i > 1} are
of differential function type. This is actually true for
all sets. We prove here that the whole sequence of
{a;,bj,ci|i > 1} is of differential function type. First
from the stationary zero curvature equation (3), we can
compute

%tr(Wz) = 2tr(WW,) = 2t(W[U,W]) =0.
Thus, by (38), we obtain an equality
(P*+ " +1)a* A% +2a(pbx + qex) A +b7 +c; = A%,
since for W defined by (32), we have

1
5tr(Wz) =—(pP*+q@ +1)a*A?

—2a(phy +qe)A — b2 — 2.
This equality gives a formula to define a;; by using

the previous sets {a;,b;,c;|j < i}:

1

- D ma+ —————
2ag { k=it Lk >1 PPta*+1

ks

k=i k>0

ajy1 =

ar(pbix+qcix)

A

(bk,xbl,x + Ck,xcl,x):| ) i > 1.
k+1=i—1,k,[>0

Combined with (40), a mathematical induction then
shows that the whole sequence of {a;,b;,c;|i > 1} is
of differential function type.

Now, based on both the recursion relations in (35)
and (36) and the structure of the spectral matrix U
in (29), we introduce

Vi = A [(Aa) U+ (A"by) 2 + (A7) s

m>0,

(41)

and see that the corresponding zero curvature equa-
tions

Uy, = V" U,V =0, m>0, 42)
generate a hierarchy of soliton equations,
iy = K = {b’”] L m>0, 43)
mxx

where are all local. In the next section, we are going
to show that all those soliton equations are Liouville
integrable.
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3. Bi-Hamiltonian Structures
3.1. Hamiltonian Structures

To construct Hamiltonian structures, we apply the
trace identity (8) (or more generally the variational

identity (9)). From the definition of U and W in (29)
and (32), it is direct to see that

0 —q -1 00 0
Wlg o . %=lo 0 2|,
1 p 0 Plo a2 o
[0 -2 0
%fooo,
2 1o 0 o0

Now, in this case, the trace identity (8), i. e.,

g [ = (o) =[]

presents

6 2 2 _
5/{—1(17 +q +1)a—pbx—qcx}dx—

_, d A
v 9 v
At [—/1219]'

Balancing coefficients of all powers of A4 in the equal-
ity tells

€0

%/ (= (PP + a2+ D] dr = (y+2) [_bo] (44)
and

1)
a/ {_ (P2+C]2+ l)am _pbmfl,x_qcmfl,x:| dx =

Cm

(y—m+2) [—b ] , m>1. (45)

Checking a particular case in (44) yields y = —1, and
thus we obtain
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o
;Zm _ [_Cl’?"m] , m>0, (46)
where
Ho= [(—V/P+ @+ Ddx,
Hy = / qPx — P4x 47)
VPP +1+1)
and
. / (P*+ ¢+ Daps —|—pbm,x—i—qcmxdx7
m
m>1. (48)

Here H; was directly computed, since when m = 1,
the coefficient on the right hand side of (45) is zero. It
then follows that the soliton hierarchy (43) has the first
Hamiltonian structures

_ _ bm,xx _ Cm
o=k = [ =15

(49)
OHm
6 ) — )
where the Hamiltonian operator is defined by
0 —9?
J= [ 2 0 ] (50)

and the Hamiltonian functionals by (47) and (48).

The obtained functionals {7, }; generate an infi-
nite sequence of conservation laws, not being of differ-
ential polynomial type, for each member in the coun-
terpart hierarchy (43). We point out that conservation
laws of differential polynomial type can be computed
systematically through Bécklund transformations (see,
e. g., [26, 27]), from a Riccati equation generated from
the underlying spectral problems (see, e.g., [17, 28])
or by using computer algebra systems (see, e. g., [29]).

3.2. Bi-Hamiltonian Structures

It is now a direct but lengthy computation to show
by computer algebra systems that J defined by (50) and

M=J¥Y =¥
_ [9%—09%Go1g§o? 22§01 po? (51
| 9%pa1gad? 93 —0%pd~1po?

constitute a Hamiltonian pair (see [14, 15] for exam-
ples), where ¥ is defined as in (35) and ¥ denotes
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the conjugate operator of ¥. Consequently, any linear
combination N of J and M satisfies

/ KN (u)[NS|T dx + cycle(K,S,T) =0 (52)

for all vector fields K, S, and T. This implies that the
operator @ = ¥ is hereditary (see [30] for definition),
i.e., it satisfies

@' (u)[DK]S — D' (u)[K]S =

@' (u)[DS]K — 0D’ (u)[S]K (53)

for all vector fields K and S. The condition (53) for the
hereditariness is equivalent to
Lox® = PLgD, (54)

where K is an arbitrary vector field. The Lie derivative
Lk @ here is defined by

(L ®@)S = ®K,S] - K, DS],
with [-, -] being the Lie bracket of vector fields,
[K,S] = K'(u)[S] = ' (w)[K],

where K’ and S’ denotes their Gateaux derivatives.

Note that an autonomous operator @ = @ (u, u,---)
is arecursion operator of a given evolution equation
u; = K = K(u) if and only if @ needs to satisfy

Lx® =0. (55)

It is easy to see that the operator @ = ¥ satisfies

(75=)
Lg,® =0, where Ko = p2+zz+l o, (56)
B VP*+q*+1/ xx
and thus
Lkm @ = L@Kmfl @ = ¢l‘Kmfl @

:-~~:‘DmLKO‘D:O7 mzla

where the K, are defined by (43). This implies that
the operator @ = ¥ is a common hereditary recursion
operator for the counterpart soliton hierarchy (43). We
point out that there are also a few direct symbolic algo-
rithms for computing recursion operators of nonlinear
partial differential equations by computer algebra sys-
tems (see, e. g., [31]).
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It now follows that all members, except the first
one, in the counterpart soliton hierarchy (43) are bi-
Hamiltonian,

" :JSHm :MSHmfl

Su Su ’

where J, M, and H,, are defined by (50), (51), (47),
and (48). Therefore, the counterpart hierarchy (43) is
Liouville integrable, i.e., it possesses infinitely many
commuting symmetries and conservation laws. Partic-
ularly, we have the Abelian symmetry algebra,

m>1, (57)

U, =

Ky, Ki] = Ki () [Ki] — K (u)[Ki] = 0, k,[>0, (58)

and the two Abelian algebras of conserved functionals,

T
{Hk,Hz}J=/<6,Hk) J%Clxzo7

ou ou 59)
k.1>0,
and
. " OHy T 5H1 _
{H"’HZ}M_./ (au> M5 =0 60y
k,1>0.

The first nonlinear bi-Hamiltonian integrable sys-
tem in the counterpart soliton hierarchy (43) is as fol-
lows:

( Px 3)
q 9x
1 (p2+q2+1)% . (61)
OH, OHo
/ ou ou

This is a different system from the WKI system of non-
linear soliton equations presented in [7].

4. Concluding Remarks

Based on the real matrix loop algebra so(3,R), we
formulated a spectral problem by the same linear com-
bination of basis vectors as the WKI one and intro-
duced a counterpart of the WKI soliton hierarchy by
the zero curvature formulation, whose soliton equa-
tions are of differential function type but not of dif-
ferential polynomial type. By the trace identity, the re-
sulting counterpart soliton hierarchy has been shown
to be bi-Hamiltonian and so Liouville integrable.
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The real Lie algebra of the special orthogonal group,
so(3,R), is not isomorphic to the real Lie algebra
sl(2,R) over R, and thus the newly presented soliton
hierarchy (43) and the WKI soliton hierarchy [7] are
not gauge equivalent over R. The main difference be-
tween the WKI soliton hierarchy and the counterpart
soliton hierarchy is that the second Hamiltonian oper-
ators are different, which are

102p0~1po?

193 1732-9-1-92
M_|:1 3 1732=-7-15232 5(9 718 pa qa:|

10°G0'3o?
and
M= 83—8263_1682 8268_1[5(92
82ﬁ8—1q82 33782[78_1;732 ’
where
P S
Vpg+1’ Vpg+1’
and

P S S
VPHEHT T PP g

They constitute two Hamiltonian pairs with the first

Hamiltonian operators

0 o? 0 —9?
]“{—az 0}’ J“[a2 0]’
and generate two different hereditary recursion opera-
tors,

o[t e ]
L 47 ¢ q 2 47 g P
and
215-11 21511
*= _—aiaqflaﬁl; aazigaqal; q] ’
respectively.

We remark that for a bi-Hamiltonian soliton hierar-
chy, one can make a kind of non-holonomic constraint
M |:f:| =Ky
8

by using the first vector field Ky and the second Hamil-
tonian operator M. Starting with such functions f and
g, normally being non-local, and applying the first
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Hamiltonian operator J, one can introduce a so-called
negative system of soliton equations

]
8

and step by step, the whole negative hierarchy, which
still has zero curvature representations similar to the
ones for a given soliton hierarchy. However, in our case
associated with so(3,R), the non-holonomic constraint
itself defines an integro-differential system for f and g,
which goes beyond our focused scope.

We also point out that there has recently been
a growing interest in soliton hierarchies generated from
spectral problems associated with non-semisimple Lie
algebras. Various examples of bi-integrable couplings
and tri-integrable couplings offer inspiring insights
into the role they play in classifying multi-component
integrable systems [32]. Multi-integrable couplings do
bring diverse structures on recursion operators in block
matrix form [18, 32]. It is significantly important in
helping to understand essential properties of integrable
systems to explore more mathematical structures be-
hind integrable couplings.

It is known that there exist Hamiltonian structures
for the perturbation equations [33, 34], but it is not
clear how one can generate Hamiltonian structures
for general integrable couplings [35, 36]. There is no
guarantee that there will exist non-degenerate bilinear
forms required in the variational identity on the under-
lying non-semisimple matrix Lie algebras. It is partic-
ularly interesting to see when Hamiltonian structures
can exist for bi- or tri-integrable couplings [37—39],
based on algebraic structures of non-semisimple ma-
trix loop algebras. A basic question in the Hamiltonian
theory of integrable couplings is whether there is any
Hamiltonian structure for the bi-integrable coupling

w=Ku), v=K'(u)p], w,=K'(u)[w],

where K’ is the Gateaux derivative.
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