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Abstract: We present three reduced integrable hierarchies of nonlocal integrable nonlinear Schrödinger-
type equations, starting from a given vector integrable hierarchy generated from a matrix Lie algebra of
B type. The basic tool is the zero curvature formulation. Three similarity transformations are taken to
keep the invariance of the involved zero curvature equations. The key is to formulate a matrix solution
to a reduced stationary zero curvature equation such that the zero curvature formulation works for a
reduced case.
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1. Introduction

Lax pairs of linear eigenvalue problems are primary objects in the study of nonlinear
integrable partial differential equations. It is important to formulate a linear eigenvalue
problem from a given matrix Lie algebra [1]. Many integrable hierarchies of nonlinear
partial differential equations have been engendered, beginning with the special linear
algebras [2–4], and the special orthogonal algebras (see, e.g., [5]). Hamiltonian formulations
are normally generated, which is done by applying the trace identity when the underlying
matrix Lie algebra is semisimple and the variational identity when the underlying matrix
Lie algebra is non-seimsimple. In combination with the recursion structures possessed by
the integrable hierarchies, bi-Hamiltonian formulations can often be established, thereby
guaranteeing their Liouville integrability.

Motivated by recent studies on nonlocal integrable equations (see, e.g., [6]), we look
for similarity transformations and use them to construct integrable reductions from given
integrable hierarchies. Such transformations keep the original zero curvature equations
invariant. Many local and nonlocal reduced integrable nonlinear Schrödinger (NLS) and
modified Korteweg–de Vries (mKdV) equations have been constructed from the Ablowitz–
Kaup–Newell–Segur (AKNS) eigenvalue problems (see, e.g., [7–9] and [10–13] for local and
nonlocal reduced examples, respectively). Recently, it has been verified that when taking
pairs of similarity transformations, it is possible to present novel kinds of both local and
nonlocal reduced integrable partial differential equations [14,15]. Such studies have given
rise to many new interesting problems in the theory of equations of mathematical physics.
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This paper aims to present an application of similarity transformations to generate
reduced nonlocal integrable NLS-type equations. In Section 2, we restate a multi-component
integrable Hamiltonian hierarchy [16]. In Section 3, we build three types of similarity
transformations for the adopted spectral matrix and compute three reduced nonlocal
integrable hierarchies. The first two representative examples of reduced nonlocal integrable
NLS type equations out of the resultant reduced integrable hierarchies are

irt = rxx − 2rγδrT(−x,−t)r + rγrTr(−x,−t)δ,

and
irt = rxx + 2rγδrT(x,−t)r− rγrTr(x,−t)δ,

with γ and δ being two constant symmetric and orthogonal matrices which commute and
rT denoting the matrix transpose of the potential matrix r. The third is

irt = rxx + 2rγδr†(−x, t)r− rγrTr∗(−x, t)δ,

with γ and δ being two real constant symmetric and orthogonal matrices, which again
commute, and r† and r∗ denoting the Hermitian transpose and the complex conjugate of
the potential matrix r, respectively. Lastly, in the final section, a conclusion and several
remarks are presented.

2. A Vector-Integrable Hamiltonian Hierarchy

In the forthcoming analysis, we recall the multi-component integrable Hamiltonian
hierarchy recently computed in [16]. The local integrable hierarchy is constructed from a
linear eigenvalue problem, associated with a non-special linear algebra [16]. Let n ∈ N be a
given number, γ be a given nth-order orthogonal and symmetric matrix, and λ denote the
eigenvalue parameter. Supposing that we have the potential vector

u = u(x, t) = (r, sT)T = (r(x, t), sT(x, t))T , (1)

where
r(x, t) = (r1(x, t), · · · , rn(x, t)), s(x, t) = (s1(x, t), · · · , sn(x, t))T , (2)

then, starting from the spatial linear eigenvalue problem below

−iφx = Mφ = M(u, λ)φ, M =


−λ r 0

s 0 γTrT

0 sTγT λ

, (3)

which is a counterpart of the AKNS eigenvalue problem [2], we can find a matrix solution
to the associated stationary zero curvature equation

−iZx = [M, Z], (4)

by assuming the solution to be of Laurent form:

Z =


−e f 0

g h γT f T

0 gTγT e

 = ∑
l≥0

λ−lZ[l], (5)
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with the coefficient matrices formulated similarly:

Z[l] =


−e[l] f [l] 0

g[l] h[l] γT f [l]T

0 g[l]TγT e[l]

, l ≥ 0. (6)

Obviously, the corresponding stationary zero curvature equation with such a matrix solu-
tion determines a recursive way of computing the matrix solution Z:

e[0]x = 0, f [0] = 0, g[0] = 0, h[0]x = 0,

f [l+1] = i f [l]x + e[l]r + rh[l], g[l+1] = −ig[l]x + se[l] + h[l]s,

e[l+1]
x = i( f [l+1]s− rg[l+1]) = − f [l]x s− rg[l]x ,

h[l+1]
x = i(s f [l+1] − g[l+1]r + γTrT g[l+1]TγT − γT f [l+1]TsTγT),

(7)

in which l ≥ 0. When choosing
e[0] = 1, h[0] = 0 (8)

and taking the integration constants to be zero,

h[l]|u=0 = 0, e[l]|u=0 = 0, l ≥ 1, (9)

a series of differential polynomials {el], f l], gl], hl]| l ≥ 1} can be computed explicitly.
Upon taking the temporal linear eigenvalue problems

−iφt = N[k]φ = N[k](u, λ)φ, N[k] = (λkZ)+ =
k

∑
l=0

λlZ[k−l], k ≥ 0, (10)

it can be seen that the compatibility conditions of the two linear eigenvalue problems in (3)
and (10), namely, the corresponding zero curvature equations

Nt − N[k]
x + i[M, N[k]] = 0, k ≥ 0, (11)

yield the vector integrable hierarchy

ut =

[
rT

t
st

]
= X[k] =

[
i f [k+1]T

−ig[k+1]

]
, k ≥ 0. (12)

The first example consists of the generalized multi-component integrable nonlinear Schrödinger
equations {

irt = rxx + 2rsr− rγrTsTγ,

ist = −sxx − 2srs + γrTsTγs,
(13)

with γ being an arbitrary orthogonal and symmetric matrix.
The Hamiltonian structure for the integrable hierarchy (12), established by the trace

identity, is provided by

ut = Xk = J
δH[k]

δu
, k ≥ 1, (14)

where the Hamiltonian operator J reads

J = i

[
0 In

−In 0

]
, (15)
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with In being the nth-order identity matrix, and the Hamiltonian functionals H[k] are
provided by

H[l] = −
∫ e[l+1]

l
dx, l ≥ 1, (16)

with e[l] being defined by the corresponding stationary zero curvature equation. The
above Hamiltonian formulation presents a relation between symmetries and conserved
quantities [17,18]. It is known that infinitely many symmetries commute with each other:

[[Xk, Xl ]] =
d
dε

∣∣∣
ε=0

[
(Xk(u + εXl)− Xl(u + εXk)

]
= 0, k, l ≥ 0, (17)

which follows from a Lax operator algebra:

[[V[k], V[l]]] =
d
dε

∣∣∣
ε=0

[
(V[k](u + εXl)−V[l](u + εXk)

]
+ [V[k], V[l]] = 0, k, l ≥ 0. (18)

Furthermore (see, e.g., [19,20]), the Hamiltonian formulation in (14) guarantees that in-
finitely many conserved functionals commute under the following Poisson bracket:

{H[k],H[l]}J =
∫ ( δH[k]

δu
)T J

δH[l]

δu
dx = 0, k, l ≥ 0, (19)

which is associated with the previous Hamiltonian operator J.

3. Novel Nonlocal Integrable NLS-Type Equations

Let us take a new nth-order orthogonal and symmetric matrix δ which commutes
with the previous orthogonal and symmetric matrix γ, and then introduce a higher-order
orthogonal matrix Θ by

Θ =


0 0 1

0 δ 0

1 0 0

. (20)

From this, we can see that the transformed matrix reads

ΘM(λ)Θ−1 =


λ sTγδ 0

γδrT 0 δs

0 rδ −λ

. (21)

3.1. Similarity Transformation 1

We first conduct the similarity transformation

ΘM(x, t, λ)Θ−1 = −M(−x,−t, λ) (22)

for the spectral matrix M. Based on the result in (21), the above transformation equiva-
lently yields

s = −γδrT(−x,−t) or r = −sT(−x,−t)δγ. (23)

Further, it can be directly determined that

ΘZ(x, t, λ)Θ−1 = −Z(−x,−t, λ). (24)

This is a consequence of the uniqueness property of the Cauchy problem for the station-
ary zero-curvature Equation (4). In our case, we have the two Laurent series solutions,
ΘZ(x, t, λ)Θ−1 and Z(−x,−t, λ) of λ, which solve the corresponding stationary zero-
curvature Equation (4), where the spectral matrix M(x, t, λ) is replaced with−M(−x,−t, λ)
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and we have the opposite initial values at λ = ∞. Thus, noting that N[k] = (λkZ)+, we can
have

ΘN[k](x, t, λ)Θ−1 = −N[k](−x,−t, λ), k ≥ 0. (25)

This tells us the relation

Θ
(

Mt(x, t, λ)− N[k]
x (x, t, λ) + i[M(x, t, λ), N[k](x, t, λ)]

)
Θ−1

= Mt(−x,−t, λ)− N[k]
x (−x,−t, λ) + i[M(−x,−t, λ), N[k](−x,−t, λ)], k ≥ 0,

(26)

between the reduced and unreduced zero curvature equations. A consequence of this is a
reduced nonlocal integrable hierarchy

rt = i f [k+1]|s=−γδrT(−x,−t), or st = −ig[k+1]|r=−sT(−x,−t)δγ, k ≥ 0. (27)

Each equation in this reduced integrable hierarchy possesses all characteristic integrable
properties that integrable equations exhibit; in particular, the existence of infinitely many
symmetries and conserved functionals in the reduced case is guaranteed by the unreduced
case. The nonlocal reduced integrable NLS type equation in the resultant hierarchy is
provided by

irt = rxx − 2rγδrT(−x,−t)r + rγrTr(−x,−t)δ, (28)

with γ and δ being two orthogonal and symmetric matrices which commute with each
other.

3.2. Similarity Transformation 2

Second, we conduct the similarity transformation:

ΘM(x, t, λ)Θ−1 = M(x,−t,−λ), (29)

for the spectral matrix M, where Θ is determined by (20).
Upon observing (21), the above similarity transformation generates

s(x, t) = γδrT(x,−t) or r(x, t) = sT(x,−t)γδ. (30)

Under either of the two potential reductions, we can obtain

ΘZ(x, t, λ)Θ−1 = −Z(x,−t,−λ). (31)

The reason is similar, that is, it follows from the uniqueness property of the corresponding
Cauchy problem. Clearly, the two Laurent series solutions ΘZ(x, t, λ)Θ−1 and Z(x,−t,−λ)
of λ of the corresponding stationary zero curvature Equation (4), where M(x, t, λ) is re-
placed with M(x,−t,−λ), have the opposite initial values at λ = ∞.

The relation (30) guarantees that

θN[2l](x, t, λ)Θ−1 = −N[2l](x,−t,−λ), l ≥ 0, (32)

and it then follows that

Θ
(

Mt(x, t, λ)− N[2l]
x (x, t, λ) + i[M(x, t, λ), N[2l](x, t, λ)]

)
Θ−1

= −
(

Mt(x,−t,−λ)− N[2l]
x (x,−t,−λ) + i[M(x,−t,−λ), N[2l](x,−t,−λ)]

)
, l ≥ 0.

(33)

Therefore, the reduced zero curvature equations lead to an integrable hierarchy of nonlocal
reduced NLS-type equations:

rt = i f [2l+1]|s=γδrT(x,−t), or st = −ig[2l+1]|r=sT(x,−t)δγ, l ≥ 0. (34)
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Under the potential reduction (30), the original infinitely many symmetries and conserved
functionals become the reduced ones for this reduced hierarchy. In the reduced hierarchy,
the nonlocal reduced integrable NLS-type equation reads

irt = rxx + 2rγδrT(x,−t)r− rγrTr(x,−t)δ, (35)

with γ and δ being two constant orthogonal and symmetric matrices which commute.

3.3. Similarity Transformation 3

We now conduct a third similarity transformation

ΘM(x, t, λ)Θ−1 = M∗(−x, t,−λ∗), (36)

for the spectral matrix M, where Θ is again determined by (20) and ∗ denotes the complex
conjugate.

Upon recognizing the result in (21), the above similarity transformation precisely
engenders

s(x, t) = γδr†(−x, t) or r(x, t) = s†(−x, t)γδ, (37)

where we suppose γ and δ to be real and † stands for the Hermitian transpose. Under
either of these potential reductions, we can obtain

ΘZ(x, t, λ)Θ−1 = −Z∗(−x, t,−λ∗), (38)

as the two Laurent series solutions ΘZ(x, t, λ)Θ−1 and Z∗(−x, t,−λ∗) of the corresponding
stationary zero curvature Equation (4), where M(x, t, λ) is replaced with M∗(−x, t,−λ∗),
take the opposite initial values at λ = ∞. This further ensures that

ΘN[2l](x, t, λ)Θ−1 = −N[2l]∗(x,−t,−λ∗), l ≥ 0. (39)

Then, it follows that

θ
(

Mt(x, t, λ)− N[2l]
x (x, t, λ) + i[M(x, t, λ), N[2l](x, t, λ)]

)
Θ−1

=
(

Mt(−x, t,−λ∗)− N[2l]
x (−x, t,−λ∗) + i[M(−x, t,−λ∗), N[2l](−x, t,−λ∗)]

)∗, l ≥ 0;
(40)

consequently we obtain the following integrable hierarchy of nonlocal reduced NLS-type
equations:

rt = i f [2l+1]|s=γδr†(−x,t), or st = −ig[2l+1]|r=s†(−x,t)δγ, l ≥ 0. (41)

Their infinitely many symmetries and conserved functionals are similarly guaranteed
by reducing the originals through the potential reduction (37). In the resulting reduced
hierarchy, the first integrable equation is the nonlocal reduced integrable NLS-type equation

irt = rxx + 2rγδr†(−x, t)r− rγrTr∗(−x, t)δ, (42)

with γ and δ being two real constant orthogonal and symmetric matrices, which again
commute, and with r† and r∗ standing for the Hermitian transpose and the complex
conjugate of the potential matrix r, respectively.

All three nonlocal reduced integrable hierarchies of NLS-type equations presented
above are distinct from those that have been presented previously, starting from the multi-
component AKNS hierarchy (see, e.g., [6,14]). As counterparts of linear examples of
differential equations (see, e.g., [21,22]), those provide new nonlinear extensions (see also,
[23,24]) to mathematical theories of integrable differential equations.

4. Concluding Remarks

Under the specific spectral matrix reductions, three reduced integrable hierarchies of
nonlocal multi-component NLS type equations have been computed from a new vector
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integrable Hamiltonian hierarchy. The three similarity transformations presented here are
key to the formulation of nonlocal reduced integrable equations.

It would be of interest to look for new nonlocal integrable equations under similarity
transformations from other linear eigenvalue problems. A further question is whether
soliton solutions to reduced integrable equations could be guaranteed by Darboux trans-
formations [25] or the Riemann–Hilbert technique [6]. Other interesting solutions include
lump wave solutions [26,27], complexiton solutions [28], rogue wave solutions [29], Gram-
mian solutions [30], and algebro-geometric solutions [31,32]. Reduced Lax pairs of linear
eigenvalue problems and the Hirota bilinear method should be helpful in this regard.

Author Contributions: Conceptualization, W.X.M. and L.C.; methodology, W.X.M; validation, formal
analysis, investigation, resources, data curation, writing—original draft preparation, writing—review
and editing, visualization, W.X.M., and L.C.; supervision, W.X.M.; project administration, L.C.;
funding acquisition, W.X.M and L.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by the Jinhua Polytechnic Key Laboratory of Crop Harvest-
ing Equipment Technology of Zhejiang Province, the NSFC under grants 12271488, 11975145 and
11972291, and the Ministry of Science and Technology of China under the grant G2021016032L.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article.

Conflicts of Interest: The authors declare that there are no known competing interests that could
have appeared to influence this work.

References
1. Novikov, S.P.; Manakov, S.V.; Pitaevskii, L.P.; Zakharov, V.E. Theory of Solitons: the Inverse Scattering Method; Consultants Bureau:

New York, NY, USA, 1984.
2. Ablowitz, M.J.; Kaup, D.J.; Newell, A.C.; Segur, H. The inverse scattering transform-Fourier analysis for nonlinear problems.

Stud. Appl. Math. 1974, 53, 249–315.
3. Antonowicz, M.; Fordy, A.P. Coupled KdV equations with multi-Hamiltonian structures. Physical D 1987, 28, 345–357.
4. Manukure, S. Finite-dimensional Liouville integrable Hamiltonian systems generated from Lax pairs of a bi-Hamiltonian soliton

hierarchy by symmetry constraints. Commun. Nonlinear Sci. Numer. Simul. 2018, 57, 125–135.
5. Ma, W.X. A Hamiltonian structure associated with a matrix spectral problem of arbitrary-order. Phys. Lett. A 2007, 367, 473–477.
6. Ma, W.X. Nonlocal PT-symmetric integrable equations and related Riemann-Hilbert problems. Partial Differ. Equ. Appl. Math.

2021, 4, 100190.
7. Mikhailov, A.V. The reduction problem and the inverse scattering method. Physical D 1981, 3, 73–117.
8. Gerdjikov, V.S.; Grahovski, G.G.; Kostov, N.A. Reductions of N-wave interactions related to low-rank simple Lie algebras: I.

Z2-reductions. J. Phys. A Math. Gen. 2001, 34, 9425–9461.
9. Ma, W.X. Application of the Riemann-Hilbert approach to the multicomponent AKNS integrable hierarchies. Nonlinear Anal. Real

World Appl. 2019, 47, 1–17.
10. Ablowitz, M.J.; Musslimani, Z.H. Integrable nonlocal nonlinear equations. Stud. Appl. Math. 2017, 139, 7–59.
11. Song, C.Q.; Xiao, D.M.; Zhu, Z.N. Solitons and dynamics for a general integrable nonlocal coupled nonlinear Schrödinger

equation. Commun. Nonlinear Sci. Numer. Simul. 2017, 45, 13–28.
12. Gürses, M.; Pekcan, A. Nonlocal nonlinear Schrödinger equations and their soliton solutions. J. Math. Phys. 2018, 59, 051501.
13. Yang, J. General N-solitons and their dynamics in several nonlocal nonlinear Schrödinger equations. Phys. Lett. A 2019, 383,

328–337.
14. Ma, W.X. Soliton solutions to constrained nonlocal integrable nonlinear Schrödinger hierarchies of type (-λ, λ). Int. J. Geom.

Methods Mod. Phys. 2023, 20, 2350098.
15. Ma, W.X. Integrable non-local nonlinear Schrödinger hierarchies of type (-λ∗, λ) and soliton solutions. Rep. Math. Phys. 2023, 92,

19–36.
16. Ma, W.X. A multi-component integrable hierarchy and its integrable reductions. Phys. Lett. A 2023, 457, 128575.
17. Magri, F. A simple model of the integrable Hamiltonian equation. J. Math. Phys. 1978, 19, 1156–1162.
18. Fuchssteiner, B.; Fokas, A.S. Symplectic structures, their Bäcklund transformations and hereditary symmetries. Physical D 1981, 4,

47–66.
19. Ma, W.X. A Liouville integrable hierarchy with four potentials and its bi-Hamiltonian structure. Rom. Rep. Phys. 2023, 75, 115.
20. Ma, W.X. A six-component integrable hierarchy and its Hamiltonian formulation. Mod. Phys. Lett. B 2023, 37, 2350143.



Mathematics 2023, 11, 4110 8 of 8

21. Yang, X.H; Wu, L.J.; Zhang, H.X. A space-time spectral order sinc-collocation method for the fourth-order nonlocal heat model
arising in viscoelasticity. Appl. Math. Comput. 2023, 457, 128192.

22. Wang, S.; Liu, J.; Zhang, X.D. Properties of solutions for fractional-order linear system with differential equations. AIMS Math.
2022, 7, 15704–15713.

23. Ma, W.X. AKNS type reduced integrable bi-Hamiltonian hierarchies with four potentials. Appl. Math. Lett. 2023, 145, 108775.
24. Ma, W.X. Four-component integrable hierarchies of Hamiltonian equations with (m + n + 2)th-order Lax pairs. Theor. Math. Phys.

2023, 216, 1180–1188.
25. Geng, X.G.; Li, R.M.; Xue, B. A vector general nonlinear Schrödinger equation with (m + n) components. J. Nonlinear Sci. 2020, 30,

991–1013.
26. Cheng, L.; Zhang, Y.; Lin, M.J. Lax pair and lump solutions for the (2+1)-dimensional DJKM equation associated with bilinear

Bäcklund transformations. Anal. Math. Phys. 2019, 9, 1741–1752.
27. Sulaiman, T.A.; Yusuf, A.; Abdeljabbar, A.; Alquran, M. Dynamics of lump collision phenomena to the (3+1)-dimensional

nonlinear evolution equation. J. Geom. Phys. 2021, 169, 104347.
28. Manukure, S.; Chowdhury, A.; Zhou, Y. Complexiton solutions to the asymmetric Nizhnik-Novikov-Veselov equation. Int. J. Mod.

Phys. B 2019, 33, 1950098.
29. Zhou, Y.; Manukure, S.; McAnally, M. Lump and rogue wave solutions to a (2+1)-dimensional Boussinesq type equation. J. Geom.

Phys. 2021, 167, 104275.
30. Cheng, L.; Zhang, Y. Grammian-type determinant solutions to generalized KP and BKP equations. Comput. Math. Appl. 2017, 74,

727–735.
31. Gesztesy, F.; Holden, H. Soliton Equations and Their Algebro-Geometric Solutions: (1 + 1)-Dimensional Continuous Models; Cambridge

University Press: Cambridge, UK, 2003.
32. Geng, X.G.; Liu, W.; Xue, B. Finite genus solutions to the coupled Burgers hierarchy. Results Math. 2019, 74, 11.

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


	 Introduction
	 A Vector-Integrable Hamiltonian Hierarchy
	Novel Nonlocal Integrable NLS-Type Equations
	Similarity Transformation 1
	Similarity Transformation 2
	Similarity Transformation 3

	Concluding Remarks
	References

