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Abstract We construct a scalar fourth-order integrable equation reduced from an integrable system associated with the special
orthogonal Lie algebra so(3, R). The resulting reduced fourth-order integrable equation inherits a bi-Hamiltonian structure, which
leads to infinitely many commuting symmetries and conservation laws.

1 Introduction

Zero curvature equations associated with matrix Lie algebras are used to generate integrable equations [1,2], whose Hamiltonian
structures could be furnished by the trace identity [3,4]. Among the well-known integrable equations associated with simple Lie
algbras are the Korteweg-de Vries equation, the nonlinear Schrodinger equation and the derivative nonlinear Schrodinger equation
[5-T7].

More generally, zero curvature equations associated with non-simple Lie algebras yield so-called integrable couplings [8], and
the variational identity [9] provides a basic tool for determining their Hamiltonian structures, which often lead to abundant hereditary
recursion operators in block matrix form [10].

We will use the special orthogonal Lie algebra g = so(3, R), and it could be presented by all 3 x 3 trace-free, skew-symmetric
real matrices. A basis can be chosen as follows:

0 0 -1 0 0 O 0 -1 0
er=10 0 0 |,e2=(0 0 —-1],e3=|1 0 O, (1.1)
1 0 O 01 0 0 0 0
and the corresponding structure equations read
ler, e2] = e3, [e2, e3] = e1, [e3,e1] = ea. (1.2)

This is one of the only two three-dimensional real Lie algebras, whose derived algebra is equal to itself. The other such Lie algebra
is the special linear algebra sI(2, R), which has been frequently used in studying integrable equations [2].
The following matrix loop algebra

g =503, R) = {M € s0(3, R) |entries of M — Laurent series in A}, (1.3)

where A is a spectral parameter and will be used in our construction. This loop algebra includes matrices of the form A™'e; +
AM2ey + A3 ez with arbitrary integers m;, 1 < i < 3. This matrix loop algebra has been used in constructing integrable equations
[11,12]. Based on the perturbation-type loop algebras of $0(3, R), we can also construct integrable couplings [13].

In this paper, starting from zero curvature equations, we would like to recall an application of so(3, R) to integrable equations [11],
with a slightly modified spectral matrix. We will then make an integrable reduction for an associated integrable system to present
a fourth-order scalar integrable equation, which possesses the Liouville integrability, i.e., possesses infinitely many commuting
symmetries and conservation laws. The presented scalar integrable equation reads

, 5 5 3
ipr = —phix + E(p*)zp;*x + Ep*(p;*)z + Epzpj?x

1 3 2
+3ppepy + ppaxp” = S pip" = gp [P+ (]

2
where p* denotes the complex conjugate of p.
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2 Lax pair and Hamiltonian structure

2.1 Lax pair

Let us consider a Lax pair of matrix spectral problems:

with

and

igr =Up=Uu, )¢, =iy =V =Vu, o,

[0 —q —A
U=Uw,MN=1q9 0 -—p|,
A P 0

4 |0 —a —a
V=V@.n=Y [a 0 —b|)
=0 lar b 0

@2.1)

(2.2)

(2.3)

In the above spectral problems, i is the unit imaginary number, X is a spectral parameter, u = (p, q)T is apotential, ¢ = (¢1, P2, ¢3)T
is a column eigenfunction, and a;, by, ¢; are defined by

ap
by

by

by =

3=

as

by

c4

as

bs

c5

as

= —1, bg =cy =0;

1
=iqy, 2 = —ipx, a3 = 3 (P2 +612):

IR T
Pxx 21’ qu’

]2 13
_qu+§p q+5qa

= i(pxq — pqx);

. 3 3
=i (qxxx —~ ipqu - 592%c> ,

. 3, 3.2
=1 _pxxx‘i‘ip Px'FEthI ,

1 1 3
= PPxx + qqxx — Epﬁ —~ qu - g(p2 +¢H%

5 2 5 2 3 2
= —Pxxxx Ep Pxx + EPPX =+ prxq +3pxqqx

r 5, 3 5 N2

spax =P (P +a’)"

5 2 5 2 3 2
:_Qxxxx+§q Qxx+§qqx+§p qxx +3pPxqx

+DPqqxx —

1 3 2
+PPaxq — Epiq - 54 (P* +4%)".

=1 (pxqu — Pqxxx — Pxxqx + Pxqxx

2[7 Pxq 2pq qx Zp qx 2Px61 .

The original spectral matrix in [11] is just U, but here the spectral matrix is i U with a factor difference i. This brings us convenience
in determining integrable reductions. The coefficients a;, b;, ¢; are determined by

@ Springer

bi+1 = —icix + pay,
ci41 =ibx +qa, 1>0.

ar1,x = i(pei+1 — qbiy),

(2.4)
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under the integration conditions
ailu=0 =0, I > 1,
i.e., take the constant of integration as zero. Such a matrix

o |0 —a -—a

W =ae; + bey + ce3 = Z c 0 —b; At
=01 q b 0
solves the stationary zero curvature equation
Wy =i[U, W].
Now, the zero curvature equation
U —Vy+ilU,V]=0,

generates a fourth-order integrable system:

2.2 Hamiltonian structure

We apply the trace identity [3] with our spectral matrix iU:
8 oUu A oU
—/tr W—)dx=1"7"—Xtu|(W—),
Su oA aA au

where the constant y is determined by [10]

= )Ld1|(WW)|
V=g b

and then, we can obtain the following bi-Hamiltonian structure [14] for the integrable system (2.8):

where the Hamiltonian pair, J and M, is given by

and
—0 + qa_lq —qa_lp
M=i s
—pdlqg —9+pdlp
and the Hamiltonian functionals, H; and H;, are determined by
1

Hl = Z/ (pxqu — Pqxxx — Pxxqx + PxYqxx

3 3 3 3
—Epszq + ququ + §p3qx - prcf) dx,

. 5 2 5 2 3 2
Pt = =l | —qQxxxx + 59 °qxx + 299y + P Gxx + 3ppxqx

2 2 2
1 3 7
+PPxxq — Epﬁq - gq(p2 +45?].
qr =1 | —Pxxxx + Ep Pxx + EPPX + prxq + 3Px616]x
1 3 1
+Pqqxr — quf - gp(p2 +¢%?

(2.5)

(2.6)

2.7

2.8)

(2.9)

(2.10)

@2.11)

2.12)

(2.13)

(2.14)

@ Springer



337 Page4of5 Eur. Phys. J. Plus (2022) 137:337

and
i 1, 1,
Hy = —g PPxxxx T qqxxxx — PxPxxx — qxqxxx + prx + qux
5 2 2 5 2 2
—519(19 +q7)pxx — 5‘1(” +q7)Gxx — SPqPxqx
5 5 202 D, o 22, 5 5 2,3
—Z(p —q7)py+ Z(p —47)q; +E(p +4°)° | dx. (2.15)

This leads to infinitely many symmetries and conservation laws for the integrable system (2.8), which can often be generated
through symbolic computation by computer algebra systems (see, e.g., [15,16]). The operator

[ a'p —d+qa'q 9
d=MJ =i ,0=—, (2.16)
d—pd~lp —pd~lg dx
is a hereditary [17] recursion operator [18] for the integrable system (2.8).
3 A scalar integrable equation by reduction
Let us consider a specific reduction for the spectral matrix
0 0 1
wont=cupec, c=10 1 0], 3.1)
1 00
where 7 denotes the Hermitian transpose. This leads to the potential reduction
p=q" (3.2)
Under this potential reduction, one has
af =a, bf =¢;, 1> 1. (3.3)

We can prove this statement by the mathematical induction. Actually, under the induction assumption for / = n and the recursion
relation (2.4), one can compute

b;:+l = ic::,x + p*a: = ibn,x +qan = cn+1,

Ay, =—i(p*cy —q"by ) = i(pCnt1 — qbpt1) = Apti x-
Therefore, one obtains
Vo' =cvie, (3.4)
and further
((U; = Ve +ilU, VD) =CWU, — v, +i[U, V)W) CL. (3.5)

This implies that the potential reduction (3.2) is compatible with the zero curvature representation (2.7) of the integrable system
(2.8).

Obviously, the reduced fourth-order integrable equation is given by
. 5 5 3
ipe = =Pl + 3PP+ SPPD+ PP
1 3 2
+3ppy ki + ppaxp* — Epip* S [P*+ (p"?]. (3.6)
This is a new integrable equation associated with Lax pairs from the Lie algebra so(3,R). It inherits a Hamiltonian structure from
the integrable system (2.8). The infinitely many symmetries and conservation laws for the integrable system (2.8) are reduced to

infinitely many ones for the above scalar integrable equation (3.6).
We can take another specific reduction for the spectral matrix

0 0 -1
oxy=cuvmec,c={ 0 1 0 [, 3.7
-1 0 O
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where { denotes the Hermitian transpose again. This leads to another potential reduction
p=-q" (3.8)
With this potential reduction, one has
af =a, bf = —¢;, 1 > 1. (3.9)

Note that the differential polynomial on the left-hand side of the first equation in the integrable system (2.8) is odd with respect
to ¢ and even with respect to p, and the differential polynomial on the left-hand side of the second equation in the integrable system
(2.8) is odd with respect to p and even with respect to ¢. Therefore, the reduced fourth-order equation under (3.8) has just a different
sign from the above integrable equation (3.6).

This feature for soliton equations associated with so(3, R) is different from the one for soliton equations associated with s1(2, R).
In the case of sl(2,R), there are two unequivalent integrable reductions: focusing and defocusing.

4 Conclusion and remarks

We have constrcuted a scalar fourth-order integrable equation from a zero curvature equation associated with the special orthogonal
Lie algebraso(3, R). The presented integrable equation is shown to possess a bi-Hamiltonian structure and infinitely many symmetries
and conservation laws.

It is known that the nonlinear Schrodinger (NLS) equation is used as a master envelop equation for information transfer in optical
fibers [6]. This model equation is generated under the assumption that we take the second-order Taylor expansion of the wave
number around the carrier frequency and the electric field intensity. A third-order Taylor expansion of the wave number leads to
a third-order integrable perturbed NLS equation, which determines nonlinear optical solitons efficiently [19,20]. Such solitons are
formulated, basically due to the existence of high-order conservation laws. Our integrable equation of fourth-order could provide
an effective model equation for exploring nonlinear dispersive waves under the fourth-order Taylor expansion of the wave number.

There are many other interesting problems for integrable equations associated with the special orthogonal Lie algebra so(3, R).
For exmaple, what are general structures of Darboux transformations? How can one formulate Riemann-Hilbert problems and
inverse scattering transforms?
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