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Abstract

®
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Based on a soliton hierarchy associated with so(3, R), we construct two integrable nonlocal PT-
symmetric generalized mKdV equations. The key step is to formulate two nonlocal reverse-
spacetime similarity transformations for the involved spectral matrix, and therefore, integrable
nonlocal complex and real reverse-spacetime generalized so(3, R)-mKdV equations of fifth-
order are presented. The resulting reduced nonlocal integrable equations inherit infinitely many

commuting symmetries and conservation laws.

Keywords: integrable equation, lax pair, nonlocal reduction, PT-symmetry, zero curvature

equation

1. Introduction

Matrix spectral problems associated with matrix Lie algebras are
used to study integrable equations [1, 2], whose Hamiltonian
structures are often furnished by the trace identity [3, 4], and
whose Riemann—Hilbert problems can be formulated to establish
inverse scattering transforms [5]. The well-known integrable
equations associated with simple Lie algebras include the KdV
equation [6], the NLS equation [7], the derivative NLS equation
[8], higher-order NLS and mKdV equations [9, 10], the nonlocal
NLS equation [11] and the nonlocal mKdV equation [12].

If we build matrix spectral problems by using non-semi-
simple matrix Lie algebras, the so-called integrable couplings,
both continuous and discrete, can be generated, and the varia-
tional identity [13] helps furnish their Hamiltonian structures,
which lead to novel hereditary recursion operators in block
matrix form [14]. Darboux transformations are also presented to
solve integrable couplings [15].

We will apply the special orthogonal Lie algebra
g = so(3, R). This Lie algebra can be realized by all 3 x 3
trace-free, skew-symmetric real matrices. Thus, a basis can be
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taken as
00 -1 00 0
h=[00 0] mh=(00 —1|
100 01 0
0 —10
hh=]1 0 0] @)
0 0 0
with the corresponding structure equations being given by

(A1, ha] = b, [ha, h3] = hy, [hs, by = ho. ()

We can take other representations of so(3, R) to start to study
integrable equations. The Lie algebra so(3, R) 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 sl(2, R), which has been widely used to study integrable
equations [2]. It is worth noting that the two complex Lie
algebras, sl(2, C) and so(3, C), are isomorphic to each other
over the complex field. The following matrix loop algebra

§ = S0(3, R) = {A € s0(3, R)| entries of A
—Laurent series in \}, 3)

) being a spectral parameter, will be used in our construction.
This matrix loop algebra has already been used to construct
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integrable equations [16]. Based on the perturbation-type loop
algebras of $0(3, R), we can also construct integrable cou-
plings [14].

In this paper, starting from matrix spectral problems, we
would first like to revisit an application of so(3, R) to
integrable equations [16], with a slightly modified spectral
matrix. We will then make two pairs of nonlocal integrable
reductions for the spectral matrix to generate two fifth-order
scalar nonlocal reverse-spacetime equations, which are
Liouville integrable, i.e. possess infinitely many commuting
symmetries and conservation laws. The presented scalar
nonlocal integrable equations are a nonlocal complex reverse-
spacetime generalzied so(3, R)-mKdV equation:

= R =) P, D)
=+ £r4rx — ir;
8 2

— Srer¥(—x, —t)ri(—x, —t) — 10r5 1y

5« 2
— =I(ry (—x, —1
5 (e ( )
- %I’X)ﬂ(i’*(*x, 71‘))2 + erxr*
* 5 2
X (_x, —t)rx(—x, _t) - Er Txxx + I'5x,

where r* denotes the complex conjugate of r, and a nonlocal
real reverse-spacetime generalzied so(3, R)-mKdV equation:

n= Er,c(r(f)c, —0)* + %rzrx(r(fx, —1))?

8

+ Er“rx - érf
8 2

=5 (=x, =D (=x, —=1) — 10rrry,
5

- Erx(rx(_'xv _t))z

- %rm(r(—x, S0P 4 Srar(—x —0)r,

5
X (—x, —1) — Erzrm + 750

It is easy to see that both nonlocal integrable equations are
PT-symmetric. Namely, they are invariant under the parity-
time transformation: x — — x, t — — £, i — — 1.

2. A fifth-order integrable system

2.1. Matrix spectral problems

Let i denote the unit imaginary number. We consider a Lax
pair of matrix spectral problems:

—ip, = Mo = M, Mg, — ip, = Np = Nu, )¢,
“

with

0 —s =\
M=Mu,N)=[|s 0 —r| )
A r O

and

5 0 —& —e
N=Nu,N=> g 0 —f|N (6)
=0 e fl 0

In the above spectral problems, A is a spectral parameter,
u=(r,s)' is a potential, ¢ = (¢, ¢,, ¢;)! is a column
eigenfunction, and e, fj, g; are determined by

f(‘) = gOZO’e():_l;

= —r.g=-s¢=0;
. . 1
fho= s, g = —in, 62:5(r2+s2);
1, 1,
f3 = _rxx"_zr +Ers > 83 = — S

1 1
+ =%+ =53, e3 = i(res — rsy);
2 2 : ( )

. 3, 3, )
= i Spe — =725 — =828 |,
fo= i g3
3 3
=i — o + _r2rx + _rxsz)’
84 ( > 5
es = Fhy + SSo — lrf — ls2 — i(r2 + 52)2;
2 8
fé =

5 5 3
~ oo 5"2’3@ + Ei’l’f + EVMSZ + 3rssy

+ 1SSy

o R
2 8

8 = —Suuw + §s2sxx + zssf + érzsxx + 3r8,
2 2 2

+ rhes — % 25 — %s(r2 + 522,

3rxs3);
2

es = 1(rws — FSux — xSy + IeSex

- érzrxs + érszsx + §r3sx -
2 2 2

§(15s4sx + 30r2s2s,

+ 155, 7% — 2052550 — 8058y Sy
— 208¢, 72 — 408,75 — 40877 — 208,72
— 2057 + 8s5,),

g = gl(—IS;’Xs4 — 3072s%r, — 157%, + 2013(3

+ 407, 58 + 8055, Sy
+ 207,57 + 207052 + 40758, + 20727
- 875x)’

ec = Iy + SS4x —

IxPoxx — Sy Saxx

+lrfx + lsfx
2 2

- g(ﬂ b 52 + s520) — %(rz N

— Srsrse + i(r2 + 52)3.
16
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The coefficients ¢, f;, g; are defined by
Jre1 = —ig, + rey,

81 = ifix + s,

€l41x = i(rg[+1 - Sfi+1)7

[ >0. @)
under the integration conditions
ellu=o = 0,121,
i.e. take the constant of integration as zero, which implies that
ﬁlu:O = g[lu:O = 0, l > 1.

Such a matrix

|0 —& —a
W=eh +fh, +ghs=> g 0 —fi|X! (8)
=0l f 0
solves the stationary zero curvature equation
W, = i[M, W]. ©))

More examples can be found in the literature (see,
e.g. [17, 18]).
Now, the zero curvature equation

M, — Ni +i[M, N =0, (10)

leads to a fifth-order integrable system u, = X:

15 15 15 5
n=X = ?rxs4 + Trzrxs2 + ?r‘lrx — Er;

— 51 ¢SSy

5 5 5
—10rnry — Erxsx — Er)ws2 — S5rySS, — Erzrxxx + sy,

s =X, = ?s sy + %rzszsx + %r“sx — %szsm — 1055, 5,

5 5 5
2 2 3
_Er Syxx T Srr)'(xsx - Srr.'vsxx - Erx Sy — Esx + S5x5

(11

where X = (X, Xp)T.

2.2. An application of the trace identity

We apply the trace identity [3] with our spectral matrix i M:

i tr(W%) dx = XW’L)O/ tr(W%), (12)
ou o\ o\ Ou

where the constant 7 is given by

Ad

Y > n[(W, W) 13)

Then, we obtain the following bi-Hamiltonian structure [19]
for the integrable system (11):

OH, OHy
u =J—==Jh—, 14
' "o bu (1
where the Hamiltonian pair, J; and J, is given by
0 —1 |0+ s07 s —s07r
Ji = ,h =1 . (15
: [1 0 ] 2 [ 7,-8718 -0+ raflr ( )

and the Hamiltonian functionals, H; and H,, are determined

by
7_(l = _éf[rncxxx T+ SSvox — Txloor — SxSvox
1 2 1 2
+5rxx + Esxx
—%r(r2 + )1y — %s(r2 + )8y
—5rsr sy
—202 =D+ 207 = s
+or(r? + ) dx, (16)
and

1 1 1 1
HZ = f{gerx - grSSX - gsxrxxxx + grxsxxxx

—l—%(stx — 5512 — 58 oy — é(2rxx — 513 — 57 Sy

+55 15372 = $2)s, — 20755 ]

—%[5(3s2 — O, — 20758, ] Sk
F (e — S0 + 5D — (2 + )]} dx.
(17)

The Hamiltonian formulation leads to infinitely many sym-
metries and conservation laws for the integrable system (11),
which can often be generated through symbolic computation
by computer algebra systems (see, e.g. [20, 21]). The operator

s0~'r -0+ s@"s] 0

s a - >
0—ro v —rols

. (18)

) :Jlelzi[

is a hereditary recursion operator [22, 23] for the integrable
system (11).

3. Nonlocal generalized so(3, R)-mKdV equations

3.1. Integrable complex reverse-spacetime reductions

Firstly, we consider a pair of specific complex reverse-
spacetime similarity transformations for the spectral matrix:

Mi(=x, —t, = X) = —OM(x, t, \)O ],

00 o
©=]|01 0[0==1, (19)

c 00

where 7 and * stand for the Hermitian transpose and the
complex conjugate, respectively. They lead to the potential
reductions

r*(=x, —t) = —os(x, t), o0 = £1. (20)
Under these potential reduction, one has
e (=x, —1) = (=D'ey(x, 1), £ (=x, =1)
:(—l)lag,(x, 1,1 >1. 21)

We can prove these results by the mathematical induction.
Actually, under the induction assumption for / = n and using
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the recursion relation (7), we can compute

fr:k+](—x, —t) = —ig:fx(—x, —1) 4 r¥(—x, —t)e,"(—x, —1)
= (=1)"to] ify () + s(x, Den(x, )]
=(=D"tog,, (x, 1),

e (—x, —1) = —i[r¥(—x, =g, (—x, —1)

—5*(—x, =0)fF  (—x, —1)]
=i(=D)"r(x, 08,1 (x, 1) — sCx, Df, 4 (1, )]
= (=" ey (x, 1)

Therefore, one obtains

Ni(=x, —t, = X)) = —ON(x, t, )OO, (22)
and then
(M, — Ny + iM, N (—x, —1, = X))
=M, — Ny +i[M, ND(x, t, O~ L (23)

This tells that the potential reductions defined by (20) are
compatible with the zero curvature equation of the integrable
system (11). Then, one obtains two reduced scalar nonlocal
integrable equations associated with so(3, R):

= Xl|s(x,t):70r*(fx,7t)’ (24)

where X = (X;, X,)' is defined as in (11). The infinitely many
symmetries and conservation laws for the integrable system
(11) will be reduced to infinitely many ones for the above
nonlocal integrable equations in (24), under (20).

With o=1, the third-order nonlinear reduced scalar
integrable equation presents a nonlocal complex reverse-
spacetime PT-symmetric generalized so(3, R)-mKdV
equation of fifth-order:

= SR 0+ P )
+£r4rx — Erf
8 2

=5rer¥(—x, —0)ri(—x, —1) — 105

5 k 2
— =1 (e (—x, —t

> (e ( )
7§rxxx(r*(*xs 71‘))2 erxr*

X (—x, =) (—x, —t) — %rzrxxx + Fsy, (25)
where r* denotes the complex conjugate of r. Note that the
first component of X is even with respect to s and odd with
respect to r. Therefore, the fifth-order reduced scalar nonlocal
integrable equation with 0 = —1 in (24) is exactly the same as
the complex nonlocal reverse-space generalized so(3,
R)-mKdV equation (25).
Let us define

Yyl — (yl["l’ Y2["])T
= (‘bni]X)ls(x,t)zfa'r*(fx,ft)a nz=l,

where X = (X;, X,)' and ® are defined by (11) and (18),
respectively. Then, through applying the hierarchy of sym-
metries Yl["], n > 1, a kind of specific solutions to the

nonlocal integrable equation (25) can be determined by
r = exp(g Yl[”)exp(ez Ylm)---
exp(en Y™ro, m > 1,

where exp is the exponential map, ¢ 1 <j<m, are small
parameters, and r is an arbitrarily given solution. In part-
icular, we can take ry = ae'’x, where a is an arbitrary constant
and 6 is a constant angle determined by e+ 1=0.

3.2. Integrable real reverse-spacetime reductions

Secondly, we consider another pair of specific real reverse-
spacetime similarity transformations for the spectral matrix:

MT(—x, —t, \) = OM(x, t, O,
00 ¢

©=101 0l,0==+1, (26)
c 00

where T means taking the matrix transpose as before. They
generate the potential reductions

r(—x, —t) = os(x, t), o = £1. 27
Under these potential reductions, one can have
e(—x, —t) = e/(x, 1), fi(—x, =) = og(x, 1), [ > 1. (28)

These results can be verified by the mathematical induction.
A direct computation can be made as follows. Under the
induction assumption for /=n and applying the recursion
relation (7), we can have

Sop1(=x, =) = ig, (—=x, —=1) + r(—x, —)e,(—x, —1)
=olif,,(x, 1) + s(x, Dey(x, 1)]
=0g,.1(x, 1),
Cpix(—x, —t) = — i[r(—x, —1)g,, | (—x, —1)
—s(=x, =)f;, 1 (=x, —1)]
=1i[r(x, )g, . (x, 1) — s(x, )f, 1 (x, D]

= en+1,x(-x, t)-

Then, we arrive at

NT(—x, —t, \) = ON(, t, \)O L, (29)
and therefore, we obtain
((Mt - -/V;( + I[Ma N])(_x’ _t7 )\))T
=—0OWM, — N, + i[M, ND(x, t, V)OO 30)

This guarantees that the potential reductions in (27) are
compatible with the zero curvature equation of the integrable
system (11).

In this way, one obtains two reduced scalar nonlocal
integrable equations associated with so(3, R):

€1y

e = Xilsee,n=or(—x,—1)

where X = (X;, Xo)! is given as in (11). Moreover, the infi-
nitely many symmetries and conservation laws for the
integrable system (11) are reduced to infinitely many ones for
the above nonlocal integrable equations in (31), under (27).
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With o=1, the fifth-order nonlinear reduced scalar
integrable equation presents a nonlocal real reverse-spacetime
PT-symmetric generalized so(3, R)-mKdV equation:

= e~ (e, — )2
8 4
+£r4rx — érf
8 2

—5Srer(—x, = rg(—x, —t) — 10rrry

5 2
T L IxUxUT A —t

% (re(—x, —1))

5 2
_Er)ocx(r(_x’ —1))" + erxr

X(—=x, =)ry(—x, —t) — %rzrm + rsy. (32)
It is easy to see that even and odd properties with respect to r
and s in the two components of X implies that the fifth-order
nonlinear reduced scalar integrable equation with 0 = —1 in
(31) is exactly the same as the nonlocal real reverse-spacetime
generalized so(3, R)-mKdV equation (32).

Similarly, define

Z[n] = (len]7 Zzln])T = (CI)H_IX) |s(x,t):ar(7x,ft), nz 1,

where again, X = (X;, Xo)' and ® are defined by (11) and
(18), respectively. Then, by using the hierarchy of symmetries
Zl["], n > 1, a kind of specific solutions to the nonlocal
integrable equation (32) can be presented as follows:

r = exp(aZ{"Nexp(e2Z*) -+ exp(enZ{™)ro, m > 1,

where again, exp is the exponential map, ¢, 1 <j<m, are
small parameters, and ry is an arbitrarily given solution.
Particularly, we can take ry = asin(cx + df) + b cos(cx + di),
where a, b, ¢, d are constants satisfying a*=b*
and d = %b“c + 10b%c3 + 3.

4. Conclusion and remarks

We have presented two fifth-order nonlocal integrable
equations from a pair of matrix spectral problems associated
with the special orthogonal Lie algebra so(3, R). The pre-
sented nonlocal integrable equations inherit the common
integrable characteristic: the existence of infinitely many
symmetries and conservation laws.

Each pair of nonlocal integrable reductions generates the
two same reduced nonlocal integrable equations. This
phenomenon for integrable equations associated with
so(3, R) is different from the one for integrable equations
associated with sI(2, R). In the case of sl(2, R), there are two
inequivalent focusing and defocusing integrable reductions,
both local and nonlocal.

For integrable equations associated with the special
orthogonal Lie algebra so(3, R), there are still many inter-
esting questions. Particularly, we would like to know how to
formulate Riemann—Hilbert problems so that the associated
inverse scattering transforms [11] could be presented and N-
soliton solutions [24, 25] could be worked out, which might

lead to lump wave solutions [26-28] or rogue wave solutions
[29, 30] to their higher-dimensional counterparts.

We remark that in general, establishing the global exis-
tence of solutions for nonlocal differential equations can be
very challenging compared to local existence results. It is
important to note that the global existence of solutions is not
guaranteed for general Cauchy problems of nonlocal differ-
ential equations. Soliton solutions are explicitly presented
only for particular integrable equations in the nonlocal case
(see, e.g. [11, 12, 31, 32]). Analyzing mathematical properties
of nonlocal differential equations, even nonlocal linear
ordinary differential equations, and establishing their global
existence results often requires careful analysis and applica-
tions of specialized techniques. Very little is known so far
about integrable equations generated from matrix spectral
problems associated with so(3, R), in both local and nonlocal
cases.

To summarize, nonlocal integrable equations are a chal-
lenging and actively researched field. While progress has
been made in understanding specific classes of nonlocal
integrable equations, there is still much to learn about their
dynamical behavior, mathematical properties, and solution
techniques. Continued research and exploration are necessary
to advance our knowledge in this area.
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