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1. Introduction

Zero curvature equations are the staring point to study nonlinear integrable
equations. Based on matrix eigenvalue problems, with which zero curvature equations
are associated, the inverse scattering transform serves an efficient method to solve
Cauchy problems of integrable equations. Conducting group constraints for matrix
eigenvalue problems, which keep the zero curvature equations invariant, one can
obtain reduced integrable equations, either local or nonlocal. There is only one kind
of local group constraints resulting in reduced hierarchies of integrable nonlinear
Schrodinger (NLS) equations, but there are two kinds of local group constraints
resulting in reduced hierarchies of integrable modified Korteweg—de Vries (mKdV)
equations, based on the Ablowitz—Kaup—Newell-Segur (AKNS) matrix eigenvalue
problems. Nonlocal groups constraints have recently attracted much attention from
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soliton researchers and nonlocal integrable equations represent an area of research that
has seen a significant growth acceleration in recent publications, supplementing the
classical theory of partial differential equations. Three types of nonlocal integrable
NLS equations and two types of nonlocal integrable mKdV equations can be
constructed via the AKNS matrix eigenvalue problems by taking one nonlocal group
constraint [1, 2].

The traditional inverse scattering transform has been successfully applied to non-
local integrable equations (see, e.g. [3—6]). There are some other efficient approaches
in the nonlocal case, including the Hirota bilinear method, Darboux transformation,
Bicklund transforms and the Riemann-Hilbert technique, in constructing soliton
solutions (see, for example, [7-10]). Particularly, the Riemann—Hilbert problems are
systematically used to deal with nonlocal integrable NLS and mKdV equations
[2, 11-14]. In this paper, we would like to propose novel mixed-type reduced nonlo-
cal integrable NLS equations of even order by introducing two simultaneous nonlocal
group constraints, and construct their soliton solutions by solving the corresponding
reflectionless generalized Riemann—Hilbert problems.

The other sections of the paper are arranged as follows. In the next section,
we first recall the AKNS hierarchies of matrix integrable equations and their
matrix eigenvalue problems to make the subsequent discussion smoothly, and then
we consider two simultaneous nonlocal group constraints for the AKNS matrix
eigenvalue problems and generate reduced nonlocal integrable NLS hierarchies of
type (—4%,1), in which A is the eigenvalue parameter and * denotes the complex
conjugate. Two scalar paradigmatic examples of the presented nonlocal integrable
equations read

ﬂ . % %
T = —El[rl,xx =20 (rir{(=x,t) +ri(=x,=t)r|(x,=t))r],

and 5
r,e = _Zi[rl,xx + 26(r1r1(_x’ _t) +r>1k(_x$t)r]k(-x’ _t))rl]’

where i stands for the imaginary unit, @, € R are arbitrary nonzero constants,
o ==+1 and 6 = £1. In Section 3, on the basis of the scrutinized distribution
of eigenvalues and adjoint eigenvalues, we manage the associated reflectionless
generalized Riemann-Hilbert problems, where eigenvalues and adjoint eigenvalues
could be equal, and work out soliton solutions to the presented novel reduced
nonlocal integrable NLS equations of all even orders. In the last section, we give
rise to a conclusion and some concluding remarks.

2. Reduced integrable nonlocal NLS hierarchies of type (-1%,2)
2.1. The AKNS matrix integrable equations revisited

In order to facilitate the subsequent exposition, we first state the matrix hierarchies
of AKNS integrable equations and their matrix eigenvalue problems.
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First, let us denote two matrix potentials by r and s:

r= r(x, t) = (rjk)pxq’ § = S(x’t) = (Skj)qxpa (D

where p and ¢ are two arbitrarily given natural numbers. It is known that the
matrix AKNS eigenvalue problems are given by

—i¢gy=U¢ =U(u,A)¢p = (AA+ R)¢,
)
~ig, = V"¢ = VIl (u, )¢ = ("Q+ SU")g, m >0,

where A is an eigenvalue parameter and ¢ is a column eigenfunction. The pair of
square matrices of order (p +¢), A and Q, is determined by

A =diag(ail,, a21,), Q=diag(Bil,,B:1,), (3)

where aj,a; and (1,83, are two pairs of arbitrarily given real distinct constants,
and [, stands for the identity matrix of order n. The other pair of square matrices
of order (p+g¢), R and SU"1, is given by

0 r
R=R(u) = , 4)
s 0
called the potential matrix, and
m_1 glm-nl  plm-n]
stml= % an : (5)
~ clm-nl  glm-n]
in which the entries al”! bl"! ¢"] and d!"! are defined recursively by
bl =0, =0, a=p1, Jd=ps1, (62)
1
pr) = —(—ipt™ — a4 "), n o0, (6b)
a
1o
el = Z el g sqlnd — glnlgy >0, (6¢)
@
a™ =i(re —plilg), @M = spt — My, > 1, (6d)
where zero constants of integration are selected. To illustrate, one can compute that
sii=Pr so1-FBip_ EZIM(R2 +iR,),
a o a

and
s =L er - Bar, (R +iR) - BGIR R+ Rey +2RY).
04 a (07

where @ = a1 —as, B=61—-p6> and I, , = diag(I,,, —1,). From the recursive relations
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in (6), we also see that

W:Z/l‘"

n>0

alnl plnl
, (7

clnl gl

in which al™! plnl cln] and @) are formulated by (6), determines a Laurent series
solution to the corresponding stationary zero curvature equation

W, =i[U, W]. ®)
It now follows that all zero curvature equations
U, -vi" i, vimM =0, m>o0, )
generate one AKNS matrix integrable hierarchy (see, e.g. [15, 16] for details),
rp = iab M s, = —iac™MN ) m >0, (10)

in which r and s are the previous matrix potentials given by (1). The zero curvature
equations in (9) are exactly the compatibility conditions of the two matrix eigenvalue
problems in (2).

Moreover, through the trace identity [17] and a Lax operator algebra theory
[18, 19] we can directly verify that the hierarchy (10) gives infinitely many
commuting iso-spectral flows, each of which has a bi-Hamiltonian formulation and
thus a hierarchy of commuting conserved quantities as well. It is easy to see that
the first nonlinear (i.e. m =2) member in the hierarchy presents the AKNS matrix
NLS equations:

T =—ﬁ2i(rxx+2rsr), S; = %i(sxx+2srs), (11)
a a
which includes the standard NLS equation and the multi-component NLS equations.

2.2. New type reduced nonlocal NLS hierarchies

Let us now assume that X; and X, are two constant invertible Hermitian matrices
of orders p and ¢, respectively, A; and A, are other two constant invertible symmetric
matrices of orders p and ¢, respectively, and form the two bigger invertible constant
matrices of order p +g:

> 0 Ay O
X = , = . (12)
0 % 0 A
For the spectral matrix U, we propose a pair of nonlocal group constraints
Ut(=x,t,-1") = (U(=x,t,-2%)) = =2U(x,1, )", (13)
and T T |
U' (—x,-t,1) = (U(-x,-t,2))" = AU(x,t,)A™", (14)

in which f and T means the Hermitian transpose and the matrix transpose, respectively.
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Equivalently, we see that these two group constraints lead to
R'(=x,1) = (R(-x.0))" = ~ZR(x,)x™", (15)

and
RT(=x,-1) = (R(=x,-1))T = AR(x,1)A™", (16)

respectively. These actually require the following corresponding constraints for the
two matrix potentials » and s:

s(x,1) = =25 ' (=x, )2, (17
and
s(x,1) = AT (=x, —1)A. (18)
Consequently, the first matrix potential r needs to satisfy
2 (=, 1) = AT (=, —1) A, (19)
or the second matrix potential s needs to satisfy
=27 (—x, )% = AT'sT (=x, —1) Ay, (20)

to ensure that both nonlocal group constraints in (13) and (14) hold.
Moreover, following the two group constraints in (13) and (14), one can obtain

W (=x,1,-2) = (W(=x,1,-2")) = TW(x,1, )27, 1)
W (=x,=1,2) = (W(=x,~1,0))T = AW (x,1, )A™",
where W is defined by (7). These relations imply that
V[Zn]T(_x’ t, =A%) = (V[2n] (=x,1, —ﬂ.*))T = yyl2nl (x,t, /1)271’ )
VT (—x, =1, 2) = (VP (=x, =1, )" = AV (1, 1)A7,
and
QM (—x, 1,-2%) = (QP")(=x,1,-17)) T = Q") (x,1, )27,
(23)
Q[Zn]T(_x, —t,1) = (Q[Zn](_x’ —l‘,/l))T = AQ[Zn](x,t’ /l)A_l,

where n > 0.

Now, as a consequence of the potential constraints (17) and (18), we see that the
matrix AKNS integrable equations in (10) with m =2n, n > 0, become a hierarchy
of reduced nonlocal integrable NLS type equations

re = iab| n>0, 24)

Sl (=) 2 =AT 1T (- x,-1) Ay =

in which r is a reduced p X ¢ matrix potential satisfying (19), ¥; and X, are two
arbitrary invertible constant Hermitian matrices of orders p and ¢, respectively, and
Ay and A, are the other two arbitrary invertible constant symmetric matrices of
orders p and g, respectively. Moreover, every member in the reduced hierarchy (24)
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has a Lax pair consisting of the reduced matrix eigenvalue problems in (2) with
m=2n, n >0, and possesses a hierarchy of commuting symmetries and conserved
densities, which are reduced from those for the matrix integrable AKNS equations
in (10) with m =2n, n > 0.

2.3. Illustrative examples in the nonlocal NLS case

If we take n =1, namely m =2, then the resulting reduced nonlocal integrable
NLS type equations defined in (24) with n =1 present a type of reduced integrable
nonlocal NLS equations

Ty = —ﬁzi(rwC - ZrZz_er(—x, HXr)
a

= —%i(rxx +2rA2‘1rT(—x, —t)Ar), (25)

in which the p X g matrix potential r needs to satisfy the constraint (19).

Let us below illustrate the above reduced integrable nonlocal NLS equations,
with a few concrete examples associated with selected choices for X, A and small
integer values for p,q.

First, we would like to consider the case of p =1 and g =2. We choose

L |os
’ Al = 13 Az = ’
6 0

o 0

=1, 22—1=[0
(o

in which o and ¢ are the plus or minus sign, i.e. two real constants satisfying
o2 = 6% = 1. Obviously, the potential constraint (19) just requires

ry = —oory(x,—t),

where r = (ry,r2), and consequently, the corresponding reduced potential matrix R
becomes

0 ri —oorj(x,—t)
R=|-ori(=x,1) 0 0 ) (26)
ori(=x,—-t) 0 0

Further, the corresponding resulting integrable nonlocal NLS equations read

o= —gi[rl,” 20 (mrt(=x ) + 1 (=3 =) (5, D)1 ], @7

in which r{ is the complex conjugate of r; and o = +1. We point out that three
pairs of nonlocal points are involved simultaneously.
Similarly, we choose

. 0 o 4 6 0
=1, Z; = . Ar=1, Ay = ,
2 2
o 0 0 ¢
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in which o and ¢ are the plus or minus sign, i.e. two real constants which meet
0% =6%=1 so that there are four choices. Evidently, the potential constraint (19)
also just requires

ry = —oori(x,—t),

where r = (r1,r;2), and accordingly, the corresponding potential matrix R is reduced
to

0 r —0'6rf(x, —1)
R=|0ri(-x,-1) 0 0 . (28)
—ori(=x,t) 0 0

Further, the corresponding resulting new reduced integrable nonlocal NLS equations
become

ry, = _gi[rl,xx +25(r1r1(—x, _t) + rT(_)C, t)rf(x’ _t))r1]9 (29)
in which r] denotes the complex conjugate of r; again and ¢ = +1. This pair of

equations involves a different nonlocality pattern from the one in (27).
Second, we consider the case of p =1 and g = 4. Using analogous arguments

as above with )
(04 0
’ 0 0-2 | 2

(0 &[0 6
A =1, Az‘lzdiag( 1][ ?

—0'1 0

=1, %! =diag(
g1

(01 O 0, O
and ) -
0 o 0 o
Sy =1, %' =diag ', dif
_0'1 0 (o)) 0
0 |ls o] fs o
Ay =1, A =diag , ,
| 0 01 0 6

in which o; and 6;, j = 1,2, are real constants which satisfy o-} = 6% =1,
j =1,2, we obtain two classes of two-component mixed-type integrable nonlocal
NLS equations:

B .
rie = —;l[rl,xx =20 (rir{(=x,t) + ri(=x, =)r}(x, —1))r|

=0 (r3ry(=x, 1) + r3(=x, =)rj(x, —t))r1, 30)

B . .
r3; = —;l[ﬁ,xx =20 (r1r{(=x,t) + ri(=x, =)rj(x, —1))r3

—0a(r3ry(=x, 1) + r3(=x, =0)r3(x, =1))r3,
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+202(r3r3(=x, —t) + r3(=x, )r;(x, =1))r1,

+205(r3r3(=x, =1) + r3(=x, 0)r3(x, =1))r3,

respectively, where we have adopted r = (ry, 72, r3,74).
Third, we consider the more general case of p = 2 and ¢ = 2. Analogous

arguments with

[ 0
Y =
_o-l
[ 0
T =
,O-l
[0
Y =
,O—l
and
g
s=|"
K

in which o; and ¢;, j =1,2, are real constants which satisfy 0'12 = 65 =1,

0'1—
O_
0'1—
O_

a1

0

(o]

[\d!
SN
Il

0
SN
Il

3!

02

02

02

[ 0

(%]

.
. A

0'2_

o

Z,Al

0,

o

Z,Al

0,

o

Z,Al

0_

o &
5 0]
Je o]
0 6|
_’o 5 |
5 0]
_'o 51 |
5 0]

[71,xx + 201 (r1r1(=x, =t) + 1] (=x, )] (x, —1))r

ﬁ . £ *
I3 = _;l[rlxx +261(riri(=x,-t) + rl(_x’ l’)}"l (x,=1))r3

o s
Ay = ?
,62 O_
0 &)
Ay = g
,62 O,
(5, 0
A =0
0 6|
0 o)
Al = g
,62 0_

lead respectively to the corresponding reduced matrix potentials:

r =
1
r =
*
| —oor], (x, —1)
r =
and
r
r =
*
| —oory, (x,-1)

X —oory, (x, 1) ]

| 121 —oor3, (x, 1)

ri2

“ , s )
—oory,(x, 1)

ri1 —aérfl(x,—t)]

| 21 —06rs, (x, —1)

T2 ]
9 ’ S
—00ry,(x,—1)

[ o7y, (=x,1)
| 6r21(—x, 1)
[ 6712(=x, ~1)
| or11(—x, —1)
[ 6r21(_x5 _t)
| —o75,(=x,1)

[—O'ri‘z(—x, 1)

—ory (=x,1)

—ory (=x,1)
srin(=x, 1) |

—or],(=x,1) ‘
—ory (=x,1)

ory(=x,—t) —

—orj(=x,1) |

Sria(=x, 1) |
ori(=x, 1) |

€19

1,2,

(32)

(33)

(34)

(35)
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where o = 0103 and ¢ = 0,0,. These enable us to present four classes of two-

component mixed-type integrable nonlocal NLS equations:
ﬁ . * *

Flie = _;l[rll,xx =20 (ry (x, =0)ra1 (=x, =1) + riury (=x, 1))
=20 (ryy (x, =O)ri (=x, =) + rury (=x, 1)) ra ],

B .
i = —;l[rzl,xx =20 (r5 (x, =)r21 (=x, =) + ror5, (=x, 1)) i

=20 (r5, (x, =t)ri1(=x, =t) + royry, (=x, 1)) ra],
B .
Tl = —;l[rll,xx +20(riria(=x, =t) + rigri (=x, =) riy
+26(riry,(=x,t) + riory, (=x, 1) ri; (x, =],

B .
oy = _El[rllxx +26(riria(=x, =t) + ripri (=x, =t)) ri2

+28(riiry, (=x, 1) + riory; (=x, 1)) 1, (x, =1)],
I = _gi[rll,xx +20(rirar (=x, —t) +ry; (x, =t)ry; (=x, 1)) 11
+20(riri(=x, =t) + 7 (x, =t)r} (=x, 1)) a1 ],

B .
1, = _EZ[FZI,X)C +26(ra1r21(=x, =) + 13, (x, =1)ry, (=x, 1))

+20(rar (=x, —t) + 15, (x, =t)r}; (=x, 1)) ra1],

and B
I = _;i[rll,xx =20 (riry(=x,t) + riory, (=x, 1)) ri

=20 (riri(=x, =t) + riory (=x, =t)) ri, (x, 1)1,

B .
o, = _El[rllxx =20 (riri, (=x,t) + riory, (=x, 1)) ri2

=20 (riirin(=x, =t) + ripri(=x, —t)) ri, (x, -t)],

respectively, where o = 003 = +1 and 6 = 6,6, = £1.

3. Formulating soliton solutions

3.1. Properties of eigenvalues and associated eigenfunctions

(36)

(37)

(38)

(39)

On one hand, taking the group constraint in (13) (or (14)) into consideration,
one can easily find a relation between eigenvalues and adjoint eigenvalues. This is,
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one can guarantee that A presents an eigenvalue of the matrix eigenvalue problems
defined in (2) provided that 4 = —A* (or A = 1) presents an adjoint eigenvalue, that
is to say, the adjoint matrix eigenvalue problems hold:

i$y = QU = U(u,d), i, = gV = gvI2l(u, ), (40)

where n > 0. Consequently, we can make the assumption that there are eigenvalues
A: u, —u*, and the corresponding adjoint eigenvalues A : —u*, g, in which u € C.

On the other hand, taking the group constraints in (13) and (14) into account,
one can show that both of

¢ (=x,t,-1)% and @7 (—x, -1, DA, (41)

solve the above adjoint matrix eigenvalue problems with the originally given eigen-
value A, once ¢(A1) solves the matrix eigenvalue problems defined in (2) with an
arbitrarily given eigenvalue A.

3.2. Soliton solutions via the Riemann—Hilbert technique

This subsection aims to establish a skeleton frame of soliton solutions for
the relevant mixed-type nonlocal integrable NLS type equations by considering
the associated reflectionless generalized Riemann—Hilbert problems. Let us fix two
integers Ny, N, > 0 such that N :=2N;+ N, > 1.

First, we begin with the following N eigenvalues A; and N adjoint eigenvalues A :

{/119 /129 ceey /IN}Z{/J], ceey #Nl’_ﬂT’ ceey _#*Nl’ Vi, ««+» VNz}a (42)
and
{/il, /iz, ceey /iN}z{—/ff, cees —,Ll*Nl,,ul, cees MNp TV el _VNZ}’ (43)

where px ¢ iR, 1<k < Nj, and v € R, 1<k < N,, and suppose that associated
with those eigenvalues and adjoint eigenvalues, the relevant eigenfunctions and adjoint
eigenfunctions are denoted by

{U], Uy, ...,UN} and {ﬁl, ﬁz,..., lA)N}, (44)
respectively. Obviously, in this nonlocal case, one does not keep the following
ropert A oA N
PTOPETLY (U, Ao oA {d, Ao, An) =0, (45)

as in the traditional local case.
Let us next introduce a pair of square matrices of order p + ¢,

N 1N A N -1y, =~
v (M)l - vk (M ™)y
G*(A) =14y — —, (G D) =1, g+ _, 46
(D) = Ipeg k; a7 W= k;l T 40
in which M is a square matrix of order N, whose entries are defined by
T A
my =13 At — Ak where 1 <k,I <N. 47)

0, if ;= Ay,
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This pair of square matrices of order p+¢g, G*(1) and G~ (A1), solves the associated
reflectionless generalized Riemann—Hilbert problem [12], namely, they satisfy

(G)'(DG*(A) = 1,44, where 1€R, (48)
as long as an orthogonal condition between eigenfunctions and adjoint eigenfunctions
oy =0 if A =g, (49)

is satisfied for all pairs of 1 <k, [ < N.
To use the original matrix spectral problems to determine soliton solutions, let
us now take account of an asymptotic expansion

1 1
G*(1) :1,,+q+zcl++o(ﬁ), (50)
as A — oo, and then, we acquire
N
Gi=- > (M )b 51)
k,I=1

Obviously, a substitution of this expression into the spatial eigenvalue problems
in (2) engenders R=-[AG!] = Alirn A[G*(1), A]. (52)

Noting (4), we see that this formula allows us to arrive at soliton solutions for the
AKNS matrix integrable equations (10):

N N
r=a Z U,i(M_l)klﬁ[z, s =—a Z vi(M_l)klf)}, (53)
k,I=1 k,I=1

where for each 1 < k < N, we have made the splitting vx = ((v)7, (v7)")” and
O = (f)}{,f)i), in which v,lc and f)}{ are column and row vectors of dimension p,
respectively, and vi and ﬁi are column and row vectors of dimension ¢, respectively.
If we take zero matrix potentials, namely, set r =0 and s = 0, then the associated
matrix eigenvalue problems defined in (2) tell the corresponding N eigenfunctions:

. 2
l/lkAX+l/lsttwk’ IS k S N, (54)
where the constant column vectors wy, 1 < k < N, are arbitrary. Taking the preceding
analysis in Subsection 3.1 into account, one can assume that the relevant adjoint
eigenfunctions are taken as

v = vp(x, 1, ) = e

b = 0 (. 1, ) = 0] (=, 1, A0S = e WM <k <N, (55)

in which by =wE, 1<k<N. (56)
In this way, the orthogonal condition (49) becomes

wiXw; =0 when A=A, (57)

for pairs of 1 < k,/ < N.
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Lastly, to guarantee that the above formulation gives soliton solutions to the
resulting nonlocal matrix integrable even-order NLS equations (24), the matrix G7
determined by (51) needs to satisfy the two corresponding involution properties:

(G (=x,1) =2GT(x, )7, (GHT(=x,~t) = =AGT (x,1)A™". (58)

When those requirements are met, the resulting potential matrix R defined by (52)
satisfies both of the two nonlocal group constraint conditions in (15) and (16).
Consequently, we arrive at the following soliton solutions,

N
g=a ) o (M )i}, (59)
k=1
for the resulting mixed-type nonlocal matrix integrable even-order NLS equations
(24). These solutions are, obviously, constraints of the soliton solutions, determined
by (53), to the matrix AKNS integrable equations (10).

3.3. Realization of the involution properties

In what follows, we would like to establish a theoretical formulation for checking
the involution properties in (58).

First, taking the previous analyses into account, one can compute the adjoint
eigenfunctions ¢, 1<k <N, by

i)k = i)k(x7 z, /ik) = UZ(—)C, Z, /11()Z = UIT\;'1+k(_xa _t’/lN1+k)A’ 1< k < N17 (60)

i)N1+k = ﬁNl+k(xat’/iN1+k) = Uj\[l.'_k(_x’ta /"'Nl+k)Z = UI{(_X’ _ta/lk)A’ 1< k < le
(61)
and
b = 0 (x, 1, k) = v} (—x, 1, A)Z = vf (—x,~1, 4)A, 2N +1 <k <N. (62)

To achieve these selections in (60), (61) and (62), we need the following conditions
for wy, 1<k <N:

wi (ZFA -AZ ) =0, 1<k<N,
wp = AT wg . Ni+ 1<k <2N, (63)
wZ=wlA, 2Ni+1<k<N,
in which A* stands for the complex matrix of a matrix A. The aim of making
these conditions is to ensure that the constraint conditions in (15) and (16) will be
satisfied.
Next, observe that once we determine solutions of the reflectionless generalized

Riemann—Hilbert problems through (46) and (47), and meet the following involution
requirements

(GH'(=21) =2(G)' T, (GHTW) =AG) (AT, (64)
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the associated resulting matrix G| possesses the previous involution properties in (58).
Those two conditions in (58) come from the nonlocal group constraints in (13)
and (14). In this way, as long as the preceding constraints in (63) and the required
orthogonal property in (57) on wi, 1 < k < N, are satisfied, the formula (59),
along with (46), (47), (54) and (55), provides a kind of soliton solutions to the
newly presented mixed-type reduced integrable nonlocal matrix NLS equations of
even order in (24).

3.4. Illustrative examples of one-soliton solutions

In the remainder of this section, we present a few examples of one-soliton
solutions to some resultant integrable nonlocal NLS equations, following the basic
solution procedure above.

First, in the case where p =1 and ¢ =2, we can work out two classes of one-
soliton (N = 1) solutions to the mixed-type integrable nonlocal NLS equations in (27)
and (29). Let us choose 4, =v;, A;=-v;, v €R, and set w; = (wl,l,wl,z,w1,3)T,
where w1, w; 2, w13 € R. This choice yields a class of one-breather solutions

20 (a) - 61’2)V1w1,1w1,2€i(al_az)le+i(ﬁl -Br)vit

" wlz’leZi("l‘%)"lx + (J‘(wi2 + w%3) (63)
It solves the mixed-type nonlocal integrable NLS equation (27) when
w%,z = w%,3’ w%,l = 2wi3, (66)
and the mixed-type nonlocal integrable NLS equation (29) when
wiz = wi3, wil = —26w%’3. 67)

The two required conditions are generated from the involution properties in (58).
The class of solutions has singularity when e%(®1~)"1* y & =0 for (27) and when
eHl@=anx _ 55 =0 for (29).

Second, in the case where p =1 and g =4, we can compute two classes of
one-soliton (N = 1) solutions for the mixed-type integrable nonlocal NLS equations
in (30) and (31). Let us similarly take 4; = vy, A = -vi, vi €R, and set
wy; = (wl,l,wl,z,wm,w1,4,w1,5)T, where w;x € R, 1 < k < 5. Such a choice
generates a class of candidate one-soliton solutions:

S ca 2
20 (a —az)Vlwl,lwl,zel(al @) vix+i(B1-B)vit

ry =
2 2i(aj—an)vix 2 2 2 2y’
wy e (a1-az)v| +o(wy, +wi5) +0'2(w1’4+w1’5)

i(ay—a)vix+ (B —Bo)vit

(68)
200(a1 — @) viw, 1wy g€

2 L2i(aj—ap)vix 2 2 2 2y’
wy e e +0'1(w1’2+w1,3)+0'2(w1’4+w1’5)

r3

for the mixed-type nonlocal integrable NLS equation (30), and a class of candidate
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one-soliton solutions:

261 (a1 — a2)viw W zei(al_QZ)le"'i(ﬁl—BZ)Vlzt

rl = R b
2 L2i(aj—ar)vix 2 2 2 2
wy e +61(w1’2+w1’3) +62(w1’4+w1’5)

i(@) =) vy x+i(B1—B2)vit

(69)
207 (a1 — az)viwy 1wy 4

2 2i(aj—an)vix 2 2 2 23’
wi e (a1-a)v +61(w]’2+w]’3)+62(w1,4+w1’5)

r3 =

for the mixed-type nonlocal integrable NLS equation (31). The functions defined by
(68) solve the mixed-type nonlocal integrable NLS equation (30), when we require
wiz = wi3, wi4 = w%,s’ wil = 27’1“’%,3’ w%,1 = 272“’%,5’ (70)
where the two real constants y; and y, need to satisfy

(021 + 01¥2)173 — (02y] + 013) = 3(a1y1 + 022)y172 = 0. (71)

Similarly, the functions determined by (69) present solutions to the mixed-type
nonlocal integrable NLS equation (31), when we impose
w%,z = w12,3> w%’4 = w%,S’ w%,l = 2K1w%,3’ wlz,l = 2’(2“}%,5’ (72)
where the two real constants x; and x, need to fulfill

6152(K% + K%) + (81k1 + O2k2 +2)Kk1kp = 0. (73)

The above two sets of required conditions are generated from the involution properties
in (58).
The condition (71) for y; and 7y, is satisfied if we select

Y1 = 01,00, Y2 = Fou, FOU, (74)

respectively, and similarly the condition (73) for «; and «, is fulfilled if we take

K| = £01,x03, Ky = F0»,F01, (75)
respectively. The above classes of one-soliton solutions possess singularity, when
Gitm—avix L 91 92 _ (76)
YL "2
for (30), and when PR
plilar—an)vix | O1 L T2 a7
K1 K2

for (31). Clearly, the singularity happens at the values of x determined by
e?l@-a)vix — 41 However, for the above four simple selections in (74) (or

(75)), we have ;r—ll + ‘;—22 =0 (or f—ll + f—; =0) and so the corresponding one-soliton
solutions are analytical in the whole (x,?)-plane.

Fig. 1 and Fig. 2 show parts of the solutions given by (65) in the case of
parameters:

= 1, = 1, = = 2, = = 1’
{Vl o a) =B a =B (78)

wig=-2V2, wiy=2, ws=-2,
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Fig. 1. An x-curve (# = 1) and a contour plot of the real part (top), and a z-curve (x = 1) and a contour plot
of the imaginary part (bottom) of r; with (79).
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Fig. 2. An x-curve (¢ = 1) and a contour plot of the real part (top), and a ¢-curve (x = 1) and a contour plot
of the imaginary part (bottom) of r; with (79).
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for Eq. (27), and in the case of parameters:

{Vlzl’ 6:0’:—1’ (1/1:,81:2, azzﬁzzl,

(79)
wig =2V2, wip=-2, wsz=-2,

for Eq. (29), respectively. Each figure displays an x-curve and a contour plot of the
real part and a t-curve and a contour plot of the imaginary part of the corrresponding
solution. The other two presented one-soliton solutions in (68) and (69) possess
similar properties.

4. Conclusion and remarks

Reduced integrable nonlocal NLS equations of type (—1%,1) have been presented
and their soliton solutions have been formulated via the associated reflectionless
generalized Riemann—Hilbert problems, in which eigenvalues and adjoint eigenvalues
could be equal. The starting point is the AKNS matrix eigenvalue problems and the
key is to take into account two nonlocal group constraints for the original AKNS
matrix eigenvalue problems at the same time. The obtained integrable nonlocal NLS
equations of even order are mixed-type, involving reverse-space, reverse-time and
reverse-spacetime nonlocalities.

It will be of particular importance to look for soliton type solutions through
different approaches, for example, the Darboux transformation, the Hirota bilinear
tool, Bécklund transforms and the Wronskian determinant technique. It will also be
very important to investigate dynamical properties of different kinds of exact and
explicit solutions in the nonlocal case, such as soliton, lump wave and breather wave
solutions [20-23], algebro-geometric solutions [24, 25], optical solitons [26, 27],
and solitonless solutions [28], based on Riemann—Hilbert’s approach. Moreover, the
basic idea of similarity transformations could be applied to nonlocal deformations
of Lax reprentations for ordinary differential systems [29, 30]. The nonlocalities
involved create big challenges even for establishing global existence of solutions,
but infinitely many explicit symmetries and conserved densities may help. Another
interesting problem is to explore more reduced nonlocal integrable equations from
matrix eigenvalue problems formulated with other matrix loop algebras, including
the special orthogonal Lie algebras (see, e.g. [31, 32] for examples).
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