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Multi-place nonlocal systems have attracted attention from many scientists. In this paper, we
mainly review the recent progresses on two-place nonlocal systems (Alice-Bob systems) and
four-place nonlocal models. Multi-place systems can firstly be derived from many physical
problems by using a multiple scaling method with a discrete symmetry group including parity,
time reversal, charge conjugates, rotations, field reversal and exchange transformations. Multi-
place nonlocal systems can also be derived from the symmetry reductions of coupled nonlinear

systems via discrete symmetry reductions. On the other hand, to solve multi-place nonlocal
systems, one can use the symmetry-antisymmetry separation approach related to a suitable
discrete symmetry group, such that the separated systems are coupled local ones. By using the
separation method, all the known powerful methods used in local systems can be applied to
nonlocal cases. In this review article, we take two-place and four-place nonlocal nonlinear
Schrodinger (NLS) systems and Kadomtsev-Petviashvili (KP) equations as simple examples to
explain how to derive and solve them. Some types of novel physical and mathematical points

related to the nonlocal systems are especially emphasized.

Keywords: multi-place physics, multi-place nonlocal systems, symmetries, integrable systems,

parity and time reversal, soliton theory, classical prohibitions

1. Introduction

The first paper on systems with discrete nonlocal places, the
nonlinear Schrodinger (NLS) equation

iA; + A, = A’B=0,

B=fA = PCA = A*(—x, 1), (1)
where the operators £ and C are the usual parity and charge
conjugation, is proposed by Ablowitz and Musslimani in [1].
In literature, the nonlocal nonlinear Schrodinger equation (1)
is also called parity-time reversal (PT) symmetric (more
precisely, (1) should be called PC symmetric because the
‘potential’ AB is time-dependent and PC is equivalent to PT
only for the potential in quantum physics is time indepen-
dent). P-C—T' symmetries play important roles in the quantum
physics [2] and many other areas of physics, such as the
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quantum chromodynamics [3], electric circuits [4], optics
[5, 6], Bose—Einstein condensates [7], and so on.

Equation (1) has been studied by many authors via var-
ious traditional methods such as the inverse scattering trans-
formation, the Riemann-Chilbert approach, the Hirota’s
bilinear method, the Darboux transformations and so on
[8-20]. For instance, by the Darboux transformation, [21-23]
revealed that the defocusing nonlocal NLS (NNLS) equation
admits the exponential soliton solutions, rational soliton
solutions, and mixed exponential-and-rational soliton solu-
tions over the same nonzero background. Three such types of
soliton solutions can display a rich variety of elastic interac-
tions, in which each asymptotic soliton could be of either the
dark or antidark type. In addition to these types of soliton
solutions, with the stationary solution assumption, [24] the
general Jacobi elliptic-function and hyperbolic-function
solutions were obtained for equation (1), in which the
bounded cases obey either the PT- or anti-PT-symmetric
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relation. It turns out that the focusing NNLS equation pos-
sesses four types of bounded Jacobi elliptic-function solu-
tions, as well as the bright- and dark-soliton solutions,
whereas the defocusing NNLS equation has just two types of
bounded Jacobi elliptic-function solutions but admits no
single-soliton solution.

Notice that the model equation (1) includes two different
places {x, t} and {x’ = —x, ' = 1}, thus, we call all the models
including two places {x, ¢} and {x’, ¢’} two-place systems or
Alice-Bob systems [25]. Two-place systems may be developed
to describe various two-place physics, which is the physical
theory to explain the correlated/entangled natural phenomena
happened at two different spaces and/or times [26].

In addition to the nonlocal NLS system (1), there are
many other types of two-place nonlocal models, such as the
NLS equations with different non-localities [27], the nonlocal
KdV systems [25, 26, 28, 29], nonlocal modified KdV
(MKdV) systems [25, 30-35], nonlocal discrete NLS systems
[36-38], nonlocal coupled NLS systems [39—45], nonlocal
derivative NLS equation [46], nonlocal Davey-Stewartson
systems [47-50], generalized nonlocal NLS equation [51],
nonlocal nonautonomous KdV equation [52], nonlocal pea-
kon systems [53], nonlocal KP systems, nonlocal sine Gordon
systems, nonlocal Toda systems [25, 26], nonlocal Sawada-
Kortera equations [54], nonlocal Kaup-Kupershmidt
equations [54] and many others [55-65].

Motivated by the AM’s work, Yan [18] first introduced
two parameters {¢, = +1, ¢, = 1} in the vector NLS
equations such that a new unified two-parameter (e, ¢)
vector NLS equations (simply called the Q(fi)fl model), con-
taining integrable/non-integrable local/nonlocal vector NLS
equations. Particularly, he first established a one-to-one con-
nection between four points (e, ¢,) = (1, 1), (—1, 1), (1, —1),
(=1, —1) (or complex numbers €, + ie;) with {Z, P, T, PT}
symmetries. The two-parameter idea [19] could also be
extended to many other nonlinear wave equations including
the nonlocal general vector NLS equations [43] and the mixed
local and nonlocal NLS equations [44]. Yan et. al gave the
bi- and tri-linear forms of the Qﬁ’:}a model, solitons, double-
periodic solutions [19, 20] and rational solitons of the non-
local NLS equation. The multi-rational and semi-rational
solitons and interactions were also found for the nonlocal
two-component NLS equations [45]. It is found that the
nonlocal NLS equation with P7 -symmetric potentials could
support the stable solitons. By using a systematical inverse
scattering transformation and solving the corresponding
matrix Riemann-Hilbert problems for the focusing and defo-
cusing nonlocal mKdV equations with non-zero boundary
conditions at infinity, the solitons and breathers of the non-
local mKdV are obtained [66].

Motivated by the idea of Ablowitz and Musslimani for
nonlocal NLS and Yan’s two-parameter idea [18], Ji and Zhu
[67] firstly introduced a reverse space-time nonlocal modified
KdV (mKdV) equation,

q,(x, 1) + 6q(x, Ng(—=x, =0)q,(x, 1) + g, (x, 1) =0 (2)

which can also be found in other references [27, 30, 68]. The
soliton solutions of (2) are studied by the Darboux

transformation [27, 67] and the inverse scattering transfor-
mation [69]. A complex form of (2), which is gauge
equivalent to a spin-like model, is studied by Ma, Shen and
Zhu [70]. From the gauge equivalence, it is found that a
significant difference exists between the nonlocal complex
mKdV equation and the classical complex mKdV equation.
Through Darboux transformation, a variety of exact solutions
for the nonlocal complex mKdV equation including dark
soliton, W-type soliton, M-type soliton, and periodic solu-
tions are derived [70]. By using a systematical inverse scat-
tering transformation and solving the corresponding matrix
Riemann-Hilbert problems for the focusing and defocusing
nonlocal mKdV equations with non-zero boundary conditions
at infinity, the solitons and breathers of the nonlocal mKdV
are first obtained [66].

Two-place nonlocal discrete models, especially the dis-
crete version of (1)

iqn,t = dpi1 + 9n—1— 2q’1 + qann(anf] + qnfl)’ (3)

have also attracted the attention of researcher. N-soliton solutions,
spatial periodic solutions and singular solutions for this discrete
nonlocal NLS equation are given by Ma and Zhu [71]. It is
shown that [72], under the gauge transformations, the nonlocal
focusing NLS equation and nonlocal defocusing NLS equation
are, respectively, gauge equivalent to a Heisenberg-like equation
and a modified Heisenberg-like equation. Similarly, the discrete
nonlocal NLS equation for the focusing and defocusing case
relates to a discrete Heisenberg-like equation and a discrete
modified Heisenberg-like equation. This fact significantly
impacts the possible physical applications of the nonlocal NLS
equation [73].

Two-place nonlocal NLS equations have also been
extended to some different coupled versions by many authors
[25, 39, 45]. The higher order versions of the NLS systems
such as the Sasa-Satsuma equation [74, 75], the Hirota system
and the full AKNS hierarchy [76] have also been extended to
two-place nonlocal ones.

The Davey-Stewartson (DS) equation is a well-known
(24+1)-dimensional NLS equation. Two-place nonlocal versions
of DS equation are introduced and studied by many authors
including Ablowitz and Musslimani [30], Fokas [49], Zhou [77],
Rao-Cheng-He [78], Rao-Zhang-Fokas-He [79], Rao-Cheng-
Porsezian-Mihalache-He [80], Yang-Yang [81] and Yang-Chen
[82, 83]. In [81], Yang and Yang pointed out that the solutions
of nonlocal equations including nonlocal NLS, DS, derivative
NLS, mKdV, short pulse equations, nonlinear diffusion
equations, nonlocal Sasa-Satsuma equations and many others
can be converted to local integrable equations through simple
variable transformations. In [82, 83], Yang and Chen have stu-
died the interactions among several rogue waves and the dark
and anti-dark rational traveling waves for the nonlocal DS
systems.

It is known that both the nonlocal NLS equation (1) and
the nonlocal mKdV (2) can be considered as the discrete
symmetry reductions of the usual local AKNS hierarchy. In
fact, all the nonlocal systems can be considered as discrete
symmetry reductions of multi-component local systems [25].
Thus, it is natural that the solutions of the nonlocal systems
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can also be obtained from the related multi-component local
systems via reduction method. In [76, 84], the authors
developed a reduction technique of double Wronskians to
obtain solutions to the reduced bilinear equations from those
of unreduced ones. This technique is simple and valid to both
classical and nonlocal integrable systems that allow bilinear
forms and double Wronskian solutions. In this method, one
can make use of the solutions (most of them are known) of the
unreduced bilinear equations, and obtain N-soliton solutions
for the whole hierarchy, rather than implementing reductions
solution by solution and equation by equation. This method
proves general and has applied to many nonlocal systems
(e.g. [85-88]), and the reduction idea has been generalized to
the Cauchy matrix approach [89].

In natural sciences, more than two events occurred at
different places may be correlated or entangled. To describe
multi-place problems, it is natural and important to establish
some possible multi-place nonlocal models [25, 90].

In section 2, we review two methods, the discrete sym-
metry reduction method and the consistent correlated bang
(CCB) approach, to derive some multi-place nonlocal sys-
tems. In section 3, we focus on multi-place nonlocal integr-
able systems, especially for the two-place and four-place
nonlocal NLS equations and KP equations. Section 4 is
devoted to investigating special solutions of two special two-
place and four-place KP systems. The last section is a sum-
mary with some discussions.

2. Generalized aspect to find multi-place nonlocal
systems

It is known that most of physically important local integrable
nonlinear systems such as the KdV equation, the mKdV
equation, the NLS equation and the KP equation are all
derived from real physical systems via the multiple scaling
approach (MSA). Thus, by means of MSA, we derived the
first two-place nonlocal KdV system [26] from a two-vortex
model [91] which is a special form of the (2+1)-dimensional
rotating fluid model, the Euler equation with rotation effect,
or named the nonlinear inviscid dissipative and equivalent
barotropic vorticity equation in a J-plane channel [92].
Similarly, two-place nonlocal KdV systems can also be
derived from two-layer fluid system [93]. Laterly, some other
scientists [28, 51, 52, 94] derived many other nonlocal sys-
tems like the nonlocal NLS and generalized NLS equations,
the nonlocal mKdV equation and the variable coefficient KdV
equation.

It is also known that the nonlocal NLS equation (1) and
the nonlocal mKdV (2) can be obtained from the two-
component local systems, the second and the third AKNS
hierarchy. Thus one can believe that all this types of multi-
place nonlocal systems can be derived from local multiple
component systems. In this section we focus on two simplest
methods. The first method is to find a possible discrete
symmetry group with n elements for an m component coupled

system such that the discrete symmetry reductions can be
found. The second one is to apply the so-called consistent
correlated bang (CCB) for a lower component system to get a
higher component system so that the first method can be used.

2.1. Multi-place nonlocal systems from multi-component
systems

For the m-component system
Ki(”l? u27"'sum):()7i: l’ 29"'am3 (4)

where K;, i = 1, 2,...,m are functions of u;, j = 1, 2,..., m
and their derivatives with respect to the space and time
variables X = {xi, x5,..., x4, t}, if we can find an nth-order
discrete group

G = {§, = I = identity, §,..., &,_}, 5)
then one may find a suitable transformation
u[ = l]i(Vl, V2,~~9Vm)a l = 13 2a"~3 ms (6)

which transforms the original equation system (4) to a new
one

IN{i(Vl’ V2,~~~9Vm) = 03 l = 19 2""9m’ (7)

thereafter, the G-symmetry reductions can be directly
obtained with some v, i = 1, 2,..., m related to others by
suitable group elements g, j=1,2,...,n. Usually, the
G-symmetry reductions are inulti—place nonlocal systems if
g X = X for some j.

Here is a simple special example. It is clear that the
following integrable coupling KP system

(uz + 6””)( + Mxxx)x + Uzuyy = O’
[Vt + 6(Vu)x + Vxxx]x + Uzvyy = 07

[ + 6(Wi)y + Welx + 02wy, = 0, ®
[zr + 6(zu)y + 6(VW)y + Zywrlx + 0%y = 0,
possesses an eighth-order discrete symmetry group
G=GU CG. Gi=(1PT.P TP}, (9

where the operators P*, P, T and € are the parity for the
space variables x and y, time reversal and charge conjugate
(complex conjugate in mathematics) defined by

P'x=—-x, Py=—y, Tt=-1, Cu=u* (10

respectively.
Using the symmetry group G, one can directly obtain the
following eight discrete symmetry reductions

Pu + {py + 6ad(p + pH)[2d(r — 1)
+p — p#] + 6pule + 307p,, =0,

ra + {rxx —3a(p + pH[2d(r — r®) + p — p8]

— iu(u — 4r) } + 30°r, =0,
2 . :
pg =gp, £€G,j=0,1,..7, (11)
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where p and r are related to u, v, w and z by the symmetry
reduction transformation

u=p+pé+r+rt
v="( — ad + ad)(p + ph),

w=>b(pé — p) — 2bd(r — ré),

z=ap + oapé + co(r — ré). (12)

For ¢ = {1, C}, the reductions (11) are two local
integrable coupled KP systems. For § = {1, C}, the reduc-
tions (11) are integrable coupled two-place nonlocal KP
systems.

2.2. Multi-place nonlocal systems from single-component
systems via CCB

To find multi-place nonlocal systems, we can also use the so-
called CCB approach proposed in [95] from lower-component
systems, say, single-component systems. There are three basic
steps for the CCB approach: (I) banging a single component
equation to a multi-component system, (II) making the
banged components correlated, and (III) requiring the corre-
lations are consistent.
For simplicity, we just take the KP equation

(u; + 6utty + tyee)x + 02Uy, =0 (13)

as a simple example to show the CCB approach.

(D Bang. To bang the single-component KP equation to
an m-component coupled KP system, one can make a trans-
formation u = F (ug, uy, uy,..., Up,_1), say,

u=> u. (14)
i=0
Substituting (14) into (13), we have
m—1 m—1
Z Ujr =+ 6u,~ Z ij + Ujxxx + quiyy = 0 (15)

i=0 j=0 .
It is clear that (15) can be banged to an m component coupled
KP system

(Miz + U Yy + Mixxx)x + 0%y, + Gi = 0,

i=0,1,2,...m— 1, (16)

with m arbitrary functionals G; under only one condition

m—1

S Gi=o0.
i=0

7)

(II) Correlation. To get some nontrivial models, we
assume that the banged fields u; are correlated each other, say,
we can write the correlation relations as

ujp = Guo,j=0,1,2,....m— 1. (18)

(III) Consistency. It is natural that the correlation (18)
and the banged system (16) should be consistent. Applying g,
on (16) for all k = 0, 1, 2,...,m — 1, it is straightforward to
prove that the set of the correlated operators g

19)

consists of an m order finite group. Furthermore, the condition
(17) becomes

G =12 8> &> 8}

m—1
S 8Go=0.
i=0

(20)

It is clear that if take the discrete symmetry group as
shown in (9) for m = 8, then we get a four-place nonlocal
complex KP equation (1) = p)

7
[pr + 6pXZp§j —|—pm_] + Uzpyy + Go=0 21
j=0 .

g €G={1.CPT P CPT,

AAAAA (22)
with G, being a solution of (20) including Gy = 0 as a special
trivial example.

Multi-place nonlocal systems can also be obtained from real
physical systems via multiple scaling approximations. The
detailed procedures can be found in [25, 26, 28, 51, 52, 93, 94].

3. Two-place and four-place nonlocal integrable
systems

In this section, we apply the general theory of the last section
to obtain some multi-place nonlocal extensions for several
important physical models such as the NLS and KP equations.

3.1. Two-place and four-place nonlocal NLS systems

It is known that one of the most famous NLS equation

ig, + q,, + 20lgl*’q =0, 0 = £1, (23)
is only a simple reduction of the AKNS system
iq, + q,, + 20¢*r =0,
—ir; + re + 20r%g =0, 24)

by using the reduction relation r = g* because the AKNS
system (24) is invariant under the transformation C‘Eq,r where
Cr = r* and Eq,,{r, q} = {q, r}.

In fact, the AKNS system (24) possesses a sixteenth-
order discrete symmetry group

Oakns = S1 U Sa,

with four second-order generators, {ﬁ s 13, C‘Equ, fﬁq,r}, where
P is the parity, 7" is the time reversal, C is the charge conjugate,
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F is the field reflection and E, , is the exchange of the fields ¢
and r. F and EAq,, are defined by

)= (2) £l (0)

From the definition (28), we know that there are two types
of discrete symmetries. The first type of symmetries (S;)
exchanges the fields ¢ and r. However, the second type of
symmetries (S,) does not exchange the field variables, and thus
it cannot be used to obtain nontrivial reductions. Consequently,
the AKNS system (24) possesses the following eight nontrivial
discrete symmetry reductions

(28)

ig, + ¢, + 20¢°¢* = 0,

g€ (C,FC, CP,FCP, T, FT, TP, FTP). (29)
Obviously, the reductions (29) include two local reductions for
¢ = {C, FC} and six two-place nonlocal reductions for g =
{C, FC).

To get four-place NLS type nonlocal systems, one has to
study the discrete symmetry reductions for some higher
component AKNS systems. Here are two special four-
component AKNS systems

ig, + 4y + 30(p + @)[2qr + s(g — )] = 0,
ip, + P + 50 + QR2ps + r(p — 91 =0,

3 ] (30)
i — re — 20(s + N[2gr + p(r — 9] =0,

18, — Spe — %o(s + r[2ps + q(s — r)] =0,

\

and

ig, + q,. + 20(qr + ps)qg = 0,
ip, + py + 20(gqr + ps)p =0, 31)
iry — rye — 20(gr + ps)r =0,

is; — S — 20(qr + ps)s = 0.

It is clear that the coupled AKNS systems (30) and (31)
will be reduced back to the standard AKNS (23) if p = ¢
and s = r.

It is straightforward to find that the coupled AKNS sys-
tems (30) and (31) possess an common sixteenth-order dis-
crete symmetry group

Geakns =G1 U E,:f] GiuJ E“q’irgz U Eq’isgz,

G =1{1,CT, P, PCT}, G, = CG, (32)

ATS

where the field exchange operators E Eq’;r and EAq[;S are

Pq°
defined by
p q p r
sslgl | p arr| g - S
Epg rl s » By rl — |PT
s r s q
p s p
arsl g | r o srs aprl g
ES T =g = Enkas|?] (33)
s p s

In the discrete symmetry group (32), we have not con-
sidered the field reflection operator F, because the sign
change of the fields has been included in the model para-
meter o.

Four types of nontrivial and nonequivalent local or
nonlocal AKNS systems can be obtained from the reductions
of the discrete symmetry group (32).

The first type of reductions can be written from (30) as

iq, + g + 30(q + D2gr + 17 (g — ¢/ =0, -
in = ra — 300 + N2gr + ¢/ — /)1 =0,

feGi={1,TC, B, PTC}, (p.s)=f(g.r). (35

The reduction (34) is local for f = 1, while the other three
reductions of (34) with f = 1 are two-place nonlocal AKNS
systems.

The second type of AKNS systems obtained from (31)
reads

ig, + q, + 20q(qr + qurAf) =0, (36)
iy — 1y — 20r(qr + qfrf) =0,
feG=1{1,TC P, PTCY, (p.s)=f(g, . 37

As in the first type of reductions (34), the reduction (36) with
f =1 is the local AKNS while the others are two-place
nonlocal AKNS systems.

The third type of discrete symmetry reductions from (30)

possesses the forms

iq, + 4. + 50(p + 9)[299¢ + p*(q — p)] = 0,

(38)
ip, + P + 50(p + @)[29q° + p*(q — p)] =0,

§€G=(CT,CPPT), (r.9)=28(.p). (9
In this case, the local AKNS system is related to § = ¢ , while
the two-place nonlocal AKNS reductions are corresponding
tog = C.

The fourth type of discrete symmetry reductions

ig, + g, + 20q(qq® + pp?) = 0, “0)
ip, + P + 20p(qq® + ppt) =0,
§€G=1{C, T, CPPT), (r.5)=28p), )

can be obtained from (31). When ¢ = C, the reduction (40) is
just the well-known local Manakov system

ig, + g, + 20q9(qq™ + pp*) =0, @
ip, + p + 20p(qq* + pp*) = 0.

When g = {T, CP, PT}, the reductions of (40) are two-place
nonlocal Manakov models.

The integrability of the coupled AKNS system (30), the
nonlocal AKNS systems (34) and (38) can be guaranteed by
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the following common Lax pair

A %(p + 9 0 0
Lt A 0 0
' 0 @ —p) A (@ +p)
S =1 0 =S+ =
43)
u Op + ) 0 0
—o)(s + 1) —u 0
Y= —v Olg —p) u O +9) v
Qs — 1) v Qs+ 1) —u
(44)
where
u= i["“ + 1P+ q) + 8¥1,

l\)lv-

v a(sp —qr), O = %(2)\ + 0.

The integrability of the coupled AKNS system (31), the
nonlocal AKNS systems (36) and (40) can be ensured by the
Lax pair of the two component vector AKNS system,

MN—A g p
be=| —ar —X 0 |¥ (45)
—os 0 =X

oA — eX + qr+ps o(q, + Mg) o(p, + Aip)
e — N7
Sy — A1S

Y, =io —pr P,
—cX — ps

(46)

—cN — gr
—gs

where ¢, A and ), are arbitrary constants.

It is interesting that some known integrable nonlocal
NLS (or named ABNLS) systems are just the special reduc-
tions of the nonlocal AKNS systems (34), (36) (38) and (40).
For instance, takingp = g = A, s = r = Bin (38), we get the
known nonlocal NLS systems (29) and some others such as
those in [1, 25, 96] and [76],

iA, + A + 20A2B =0, A7)

B=gA, §e (T, CP, PT). (48)
In addition to the known nonlocal NLS reductions (47), one
can also obtain some types of novel local and nonlocal two-
place and four-place NLS type systems from the AKNS
systems (34), (36), (38) and (40).

It is clear that (34) allows
r = g* = A* and then

a special reduction

1A, + Ay + %O’(B + A)[2AA* + B¥(A — B)] =0, (49)

=fA, f e({P,CT, PCT}. (50)

In fact, from the coupled AKNS systems (30) and (31),
we can get 32 different types of NLS reductions. Applying the
symmetry group G to (30), we have

. 1 . s :
ig, + q,, + Ea(qf + @)[299°% + q78(q — q7))
—0,(p, 1, 8) = (¢7, ¢¢, ¢79), 51
§€Gi=1{C T, CP, PT},
feG =1{1,P, CT, PCT) (52)

The full P~T-C symmetry reductions of (31) possess the
form

iq, + q, + 209(qq® + ¢/q7% =0, (53)
(p.r)=(fqg=q’, 8g=q¢% féqg=q’%,
§€gi=(C T, CP, PTY,
feg=1{1,CT, P, CPT}. (54)

For the sixteen reductions (51), there are one local case
f =1, g_ C), nine two- place cases (38) (f =1,¢
—{T PC, PT}) (34) (g =C, f —{P TC, PTC}) and the

cases related to ¢ = Cf f (P, TC, PTC},
. 1
19, + g + EU(P + @)2qr +s(g —p)1 =0, (55
(p.r.9) = (fa.fq* ¢%. [ € (P, CT. PCT).  (56)

All other six cases, ({(f = P, § = (T, PT)}, {f =TC, g =
(CP, PT)}, {f = PTC, § =T, PC)})are four-place non-
local NLS equations which have not yet appeared in litera-
ture. For instance, for § = CP and f = C‘f‘, the related four-
place nonlocal NLS equation (51) becomes

. 1
ig, + g, + Ea(q*(x, - + @2qq*(—x, 1)

+q(—x, —1)(q — ¢*(x, —1))] = 0. (37

Systems (55) and (57) are called four-place nonlocal NLS
equation because four places (x, t), (x, —t), (—x, t) and
(—x, —t) are included.

Similarly, for the sixteen reductions (53), there are one
local case, nine two-place nonlocal cases and six four-place
nonlocal cases,

ig, + g, + 20q(qq® + g’ 4’ %)

=0, (p,r,$) =(fq, &q. &9, (58)
@&, f)=(T, P{1, CT}), (CP, CT {1, P}),
(PT, {CT, P}). (59)

In fact, there are many other coupled (and decoupled)
integrable AKNS systems, say, the vector and matrix AKNS
systems. Starting from every coupled (and decoupled) AKNS
systems, one may obtain some possible multi-place integrable
discrete symmetry reductions.
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Here, we just list another two sets of integrable local and
nonlocal NLS type systems

iq, + qu + [a(qg? + 778 + B(q/qt + q¢7Hlq =0,

feG. g€,
(60)
and
ig, + a(q + g ) +7(q — ¢ )
+[B(g + ¢ )* + 6(qg — ¢/ )*1q’¢

+[B(q + q/)* — 6(qg — q/)*1q® =0,

f€g, §e€g, (61)
with free parameters o, 3, v and 8, where G, and G, are given
by (32).

It is clear that when 3 = 0, the models (60) will be
degenerated to (53). For convenience, we rewrite (60) as

iq, +q,+Viq=0, (62)

Vie=alqt +a/a’® + Balef + qq’d,  (©63)
where V; ; is clearly gm invariant,

GiaVie=Vie (64)

Gre=11.1.8.728). (65)

For concreteness, we list all the independent NLS systems
included in (60) (i.e., (62)) below.

Ge = G ¢ invariant local NLS equation,

Vie =2(a + Baq*. (66)

Gpe = G pe invariant two-place nonlocal NLS system,

Vise = 2(a + Bgq*(—x, 1). (67)
Gpp = Gy pp invariant two-place nonlocal NLS system,
Vi.pi = 2(a + B)gq(—x, —1). (68)
G# = G, 7 invariant two-place nonlocal NLS system,
Vii = 2(a + B)gq(x, —1). (69)
Gp ¢ invariant two-place nonlocal NLS system,
Vpe =algq™ + q(—x, g (—x, 1)]
+ Blg(=x, " + qq*(—x, D). (70)

Gp pc invariant two-place nonlocal NLS system is equiva-
lent to (70) with the exchange of the constants « and (.
Gpfe e invariant two-place nonlocal NLS system,
Vitee =algq* + q(—x, —0g*(—x, —1)]
+ Bla*q* (—x, =) + qq(—x, —=0]. (1)

to (71) by a « (.

Gje,¢ invariant two-place nonlocal NLS system,
Viee = algqg* + q(x, —1)g*(x, —1)]

Gie.7 invariant two-place nonlocal NLS system possesses
the same form of (72) after using the exchange of « and f.
Gie pe invariant four-place nonlocal NLS system,

(72)

Viepe = alqgg*(—x, 1) + g(—x, —1)q*(x, —1)]

+ Blgg(—x, —t) + ¢*(—x, Hg*(x, —)].  (73)

Giepi invariant four-place nonlocal NLS system is
equivalent to (73) because the constants « and (3 are
arbitrary.

Viiepe = algg™(—x, 1) + q(—x, —0)g*(x, —1)]

+ Blag(—x, =) + ¢*(—x, Hg*(x, =] (74)

Gpfe  invariant four-place nonlocal NLS system possesses
the same form of (74) with o < (.
Gp ¢ invariant four-place nonlocal NLS system,
Ve =algqlx, —1) + q(—x, )g(—x, —1)]
+ Blg(—x, Hq(x, —1) + qq(—x, —1)].

Gp p7 invariant four-place nonlocal NLS system can also be
written as (75) by using a < (.

(75)

All sixteen cases of (53) can be obtained from the above
cases by setting 5 =0 or a = 0.

The first four cases are just known results of the discrete
symmetry reductions from the usual AKNS system.

The integrability of (60) (i.e., (62)) is trivial because it is
only a special discrete symmetry reduction of the so-called (N
+M)-component integrable AKNS system (equations (104),
(105) of [97] with {vy, ;/;’]'f, v} = Aqw p;» it)

gy = =G + ZnN:IZ%:l Anm Yy Pm i

k=1,2,...N, (76)
1D = Dje — Zr]l\,:lzn]:lzl AnmGpPmPj >
j=1,2,..M, a7)

for M = N = 2 and special selections of constants a,,,. The
integrability of (76)—(77) is guaranteed because it is only a
symmetry reduction of the KP equation [97, 98].

It is also interesting to mention that using the P—7'—C
symmetry group, one can find more discrete symmetry
reductions from all the above reduced model equations. For
instance, starting from the well-known Manakov systems
(42), one can find not only the two-place physically sig-
nificant nonlocal complex systems listed in [99], but also the
following two-place and four-place physically significant
nonlocal real nonlinear systems, we omit the details on the
similar derivation of these reductions

P+ pl 4 20p 1P + (P12 + (P92 + (pTE1 =0,
f el PTy, g € {1, T, P, PT).
(78)
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Especially, if § = 1, two-place models of (78)
P, + P (x, —1) + dop(x, —1)[p* + p(x, —1)’1 =0, (79)
Pr + P (—x, —1) + dop(—x, —1)
X [[72 + p(—x, —t)z] =0, (80)

can also be derived from the usual local NLS equation. Only
two independent four-place nonlocal systems exist, included
in (78),

P + P (x, —1) + 20p(x, —0)[p? + p(x, —1)*

+p(=x, 1) + p(—x, —1)?] = 0, (81)
and
P + P (—x, —1) + 20p(—x, —D)[p* + p(x, —1)
+ p(—x, 1 + p(—x, —1)*] = 0. (82)

3.2. Two-place and four-place nonlocal KP systems

To find multi-place nonlocal KP systems, we have to get
some multi-component coupled KP equations. To guarantee
the integrability, we start from the matrix Lax pairs for matrix
KP equations

Vo + U + 01py, = 0, (83)

i+ e+ 60+ 3(U - [ Uydx)w —0, (84

where 1) is an m component vector and U is an m X m matrix.
The compatibility condition )y, = 1), of the Lax pair
reads
(U + Unx + 3(GU + UUy)
+ 30U, W) + 302Uy, = 0,

[U, W] =UW — WU,

(85)
W, = U, (86)

For the non-Abelian complex matrix KP system (85) with
o=1i=+—1, its PTC symmetry group is constructed by
the generator operators P*T" and CP”,

G, = {1, P'T, CP’, CP’P'T). (87)

For the Abelian matrix KP system, [U, W] = 0, the PTC
symmetry group is the same as given in (9) with three gen-
erators P*T, C and P°.

Here, we just list some special examples and the related
PTC symmetry reductions.

Example 1. The Abelian matrix KP system (85) with

U =

ISERCEE
oT O
NN}
(= ele)

vV W U
u=1+H+p, v=>1—-HU + &p,

w=[(1+H)1-&p,z=010—-Fd - §p (88)

possesses a single component PTC symmetry reduction
3u? 3 A
Py T+ {Pxx — 2 " 6pu + 5[(17 - p/&y

+ 302pyy =0,

XX

—(pf - pg”>2]} (89)

7. & €Gn (90)

Example 2. From the Abelian matrix KP system (85) with

o s O
N el e)
S OO

u
U: w

1%

z 00 u
u=1+H1+p.v=~=10~-F{1+ §p,

w=1+HU~-dHp.z=0-HU-Hp, O

we can find a PTC symmetry reduction
3 1 6 30 =0 92
Py + pxx—T—&- pu e+ 3op, =0. (92)

Example 3. From the non-Abelian matrix KP system (85)
with

2—r q—2
U:(”+‘1 4 r“), 93)

p—2g+r s+2r—gq
we can find a ¢f symmetry reduction
Py +30°p,, +30[Q2q, — n)p — 2 — 1)
xpp+spy =21+ 1) —(p =29+ r)sile
+ [P +3(p =29 +1)s +3p(p + 29 — Nl = 0,

94
(P1> qp» 11 SDx = (Ps @, 15 5y, 95)
g=plr=pls=plt " =g =1, (96)
where
f.eeG=1{1,PT,CP, PTCP) (97)
for KPI system (0 =i = +v—1) and
f.geGu=1{1,PT,C,PTC) (98)

for KPII system (o = 1).

For the KPI case, the reduction (94) contains one usual
local KPI reduction,

Pu = 3Py + (Do + 007 = 0.7 = &, (99)
six two-place nonlocal Abel KPI reductions
px[ - 3p_\'y + [pxx + 6p2 + 3(p - pg)z]xx = 09
f=1,35e{PT PC, PTPC), (100)
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and

Pu — 3Py + [Py + 6p’ 2p — p/ )l = 0,

A Ay A

g=1,f e (P'T, P°C, P'TPC}, (101)
and six four-place non-Abelian nonlocal systems,
Pu = 3py + 3il2p) — pp — @7 — pPp,
+ sty = 200 +pH) — (0 = 2p7 + piip Al
+ [P +3(p = 2p7 + pyp/e
+3p(p + 2p7 — POl = 0. py, = py.
(f,8) e (P'T, P’C, P'TP'C), f = 3. (102)

For the KPII system, we only write down two special Abelian
real two-place nonlocal reductions from (94),

pxt + 3pyy + [pxx + 6p2

+3(p — p(—x,5, =)l = 0, (103)
and
Py +3py + [Py + 6p(—x,y, —1)
X (2p — p(=x,y, =D))]w = 0. (104)

To end this section, we write down a general vector form
of a special local and nonlocal KP system

Py +30°p, + [p, + 6(PIUIP)], =0,

(PIUIP) = ¥}, Usp,p;» Uj = 0, Vi > j,

p=p.p, =p’.ps =pé p =p’¢,
f.ge{l, P'T, P’, PPT). (105)

The model equation (105) is a generalization of examples
given by (89) and (92).

4. Exact solutions of multi-place nonlocal KP
systems

4.1. Symmetry-antisymmetry separation approach to solve
nonlocal systems

For a second-order operator, g,
(106)

one can always separate an arbitrary function, A, as a sum-
mation of g-symmetric and g-antisymmetric parts in the fol-
lowing way,

g=1,

A %(A AR+ %(A A =u + v, (107
w=taanv="La - (108)

It is clear that u and v defined in (108) are symmetric and anti-

symmetric, respectively, with respect to g, i.e.,
Su=u,gv=—w (109)

Thus, a two-place nonlocal system

F(A,B)=0, B=A% g>=1, (110)

can be transformed to a coupled local system
F(u,v)=0, F=F+gF, 11D
FKEw,vy=0, F,=F—gF, (112)
by wusing (107). Therefore, to solve the nonlocal

equation (110) is equivalent to solving the local system (111)
and (112) with (108).
Similarly, a four-place nonlocal system

F(p,q,1r,9=0, q=p/,
r:p(é’S:pfg’f‘z :gAzzl’ (113)
can be changed to a coupled local system
FGu,v,w,2) =0, F=F+§F+fF+f§F, (114
B, v,w,2) =0, FB=F+fF—§F—fgF, (115)
Fyu,v,w,2) =0, Fy=F+§F —fF—fgF, (116)
Fiu,v,w,2) =0, FE=F+fgF—gF—fF (117)
by using the symmetric-antisymmetric separation
p=u-+v+w+z (118)
such that
! Fypt 4 ple
uzz(p +pl 4 pf+plE,
| 5 5 .
v:z(p+pf —pt = plY), (119)
1 R ; 2
w=(p +pf —pl —p'®),
1 . R N
z=—(p +p/t —ps —pl). (120)

4

From the definitions (119) and (120), it is not difficult to find
that u is group

G=1(1,F,8,f8)

invariant, v is f invariant and g antisymmetric, w is §
invariant and f antisymmetric, while z is both f and g anti-
symmetric. To sum up, we have

v=—8gv=—fgv=v,
dw=—fw=—féw=w,
foz=—82=—fz=12 (121)

Hence, to solve the nonlocal equation (113) is equivalent to
solving the local system (114)—(117) with the condi-
tions (121).
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4.2. Exact multiple soliton solutions of a two-place nonlocal KP
equation

For concreteness, we study the exact solutions of the special
two-place nonlocal KP equation

3
Axr + Axxxx + E[(A + B)(3A + B)x]x + 302Ayy
=0,B=A% g e {PT, P, PPT). (122)

Using the symmetry-antisymmetry separation procedure,

A=u+v, gu=u, gv=—v. (123)

(122) is separated to
Uy + Uy + 6UP)y + 302Uy, = 0, (124)
(Ve + Ve + 6uv), + 3021y, = 0. (125)

The multiple soliton solutions of the KP equation (124)
can be simply obtained by using the well-known Hirots’s
bilinear approach. The bilinear form of (124) can be written as

(D:D; + D} + 30°D}¢ - ¢ = 0, (126)
by means of the transformation
u= (ln w)xx» (127)

where the bilinear operators Dy, D; and D, are defined by
DI"D'Df f - g = (Ox — Ox)"(0; — Op)"
X (Oy — O)Pf (x, y, DG, Y, 1) [vmryrmyr=i-
It is interesting that for the equation (125) with (127), we have
a special solution
v =a(lny),

with a being an arbitrary constant.

Though {(127), (128)} solves (124) and (125), however, to
get the solution of the two-place nonlocal KP equation (122), we
have to check the nonlocal conditions (109) for § = P°P*T, P*T
and P’ respectively.

Case 1. $ = P’P*T. In this case, the multi-soliton solu-
tions of the two-place KP equation (122) can be written as

A=u+v=(0+ ad,)ny,
1
w = Z{”} K{I,} COSh(EZ?]:IV.inj)’

(128)

K{V} = Hll\;] \/3]{[2](/2(](, — V,'ijj)z — Uz(likj’ - ljk[)z s

my = kix + Ly = (G + 0% D,
(129)

where the summation on {v} = {vy, v»,..., U;,...,/y} should be
done for all possible permutations v; = {1, —1},i =1, 2,...,N.

Case 2. § = P'T. In this case, the multiple soliton
solution of the two-place nonlocal KP equation (122) still
possesses the form (129). However, the paired condition has
to be satisfied,

N = 2]’1, kn+i = :l:ki, ln+i

I, (130)

The condition (130) implies that the odd numbers of soliton
solutions in the form (129) are prohibited for the partially
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inverse nonlocal system KP system (122) with ¢ = P*T. This
kind of prohibition phenomena is first found for the two-place
nonlocal Boussinesq equation [93]. Under the condition
(130), we have paired traveling wave variables
n={n = kix + Ly — (&} + o%; 'Ot n,,,;
=dkix F Ly F (&} + o%; ', i
=1,2,...,n} (131)
with the property
Py =Tn. (132)

Thus, the nonlocal condition (109) is naturally satisfied
for § = P'T.

For n=1 (N =2), the solution (129) with (130)
becomes

A= (0% + ad)hn B, (133)
F, = 2kilyo cosh(2ly) + 2k11/(72112 — 4k14 cosh
X [2(kx — 4kt — 3k 120, (134)

For n = 2 (N = 4), the solution (129) with (130) pos-
sesses the form

A = (0 + ad)InF,,

Fy = K{1,1,1,—1y[cosh(&) + cosh(g¢)]
+ K{1,1,—1,13[cosh(n) + cosh(gn)]
+ Kj11,1,1ycosh(T) + K{1,—1,1,—1)cosh()
+ K{1,1,—1,—1ycosh[2(}; + bL)y]
+ Kj1,—1,—1,1ycosh[2(4 — L)y],
€ =2kx + 2Ly — 2(4k{ + 3k 2o,
n=2kyx + 2Ly — 2(4k5 + 3k, 1} o)t
T =2k + ko)x — 24k} + 30%;'17)
Xt — 2(dks + 30%k, IP)t.

(135)

(136)

Case 3. § = P’. In this case, the multiple soliton solution
form (129) is correct only for the conditions (130) and

a=0 (137)

being satisfied for the two-place nonlocal KP equation with
¢ = P’. In other words, for the third kind of two-place
nonlocal KP equation (122), we have not yet found
P’ -symmetry breaking multiple soliton solutions.

4.3. Exact multiple soliton solutions of a four-place nonlocal KP
equation

In this subsection, we study the possible multiple soliton
solutions for the four-place nonlocal KP equation (105). By
using the symmetric-antisymmetric separation relations
(118)—(120), the four-place nonlocal KP equation (105) can
be equivalent to

Uy + (e + 1 + 22 4+ e V2 4+ e_w?)y

+ 30%uy, = 0, (138)

Vi + (Ve + dyuv + d_w2)y + 307y, = 0, (139)
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Wy + Wy + bouw + b_vz)y + 302wy, = 0, (140)

Zar + (2o + azwv + a_uz), + 3ozzw =0 (141)

with the symmetric-antisymmetric conditions (121) and the
constant relations

et =Upn £ Upp £ Uiz + Uy + Unpy

+ Uxz &= Upg + Usz = Uzy + Uy,
ex=UyF Uy £ Usz— Uy + Uxp

— Uz &= Uy + Usz F Uss + U,
di =2(Un £ U3 — Uny F Uay + Usz — Uypa),
by =2(Un & Uy + Uy — Usz F Usg — Ugpa),
ay+ =2(Uy F Uiy — Uy &= Upz — Usz + Uyp).

The system of equations (138)—(141) is not integrable for
arbitrary constants {a4, by, cy, d+, e+}. For some special
fixed parameters, for instance,

c,=3,c.=e,=e_.=d_=b_
:0,d+:b+:a+:a,:6, (142)
the four-place nonlocal equation (105) becomes
Py +307py, + [Pxx — 3u® + 6pu
3 P 3 A N
+ = —p? = —(p! —pg)z] =0,
8 8 xx
1 5 5 2s Ara A oA
u=2(p+pl +pt+plh), f=PT.8=P,
(143)

while the related symmetric-antisymmetric system (138)—
(141) becomes an integrable coupling system

Uy + (U + 3u?)ye + 307Uy, = 0, (144)

Vi + (Ve + 6uv)ye + 302y, =0, (145)
Wy + War + 6uw)ye + 302wy, = 0, (146)
Zu + (2w + WV + 6u2)y + 307z, = 0. (147)

Because (145) and (146) is just the symmetry equations of
(144) and the system of equations (146) and (147) is also a
symmetry system of (144) and (145), it is not difficult to find
some special solutions of (144)—(147) and then the solutions
of the four-place nonlocal KP equation (143). A special
multiple soliton solutions of (143) can be written as

P = 2(1 + ﬁlay + ﬁZax + ﬁlﬁZaxay)(lnw)xm

where 1 is given in (129) with the paired condition (130)
satisfying the symmetric-antisymmetric conditions (121).
1 = F, with (134) and ¢ = F, with (136) are two simplest
two-soliton and four-soliton examples. The condition (130)
implies that the odd number of soliton solutions in the form
(148) are prohibited for the four-place nonlocal KP
equation (143). This kind of classical prohibition property is
firstly found for the Boussinesq system [93] and it may be
universal for partially reversal nonlocal systems. A partially
reversal nonlocal system is defined as a multi-place system
possessing at least one of the places is not fully space-time
reversal.

(148)
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5. Summary and discussions

In summary, to describe multi-events happened at different
places and times, multi-place nonlocal integrable (and non-
integrable) nonlinear models have been systematically
derived by means of the discrete symmetry reductions of the
coupled local systems. Especially, various two-place and
four-place nonlocal integrable models are obtained.

Starting from every multi-component AKNS system, one
may derive some local and nonlocal multi-place AKNS, NLS
and Manakov systems. For instance, from the two-component
AKNS system (31), one can obtain the usual local AKNS
system (34) with f =1, local NLS equation (34) with
{(f =1, r = ¢*}, local Manakov system (40) with § = C,
three types of two-place nonlocal AKNS systems (34) with
f = 1, three types of two-place nonlocal Manakov models
(40) with g = C, nine types of two-place nonlocal NLS
equations (62) with (67)—(72) and {«, 8} = {«, 0} or {q,
6} = {0, «}, and six types of four-place nonlocal NLS sys-
tems (62) with (73)—(74) and {«, B} = {a, 0} or{aq,
B} = {0, a}.

In fact, starting from every coupled nonlinear systems,
one may also find some types of multi-place nonlocal systems
via discrete symmetry reductions. In addition to the NLS
equation, the (2+1)-dimensional KP equation is another
important physically applicable model. To find some types of
multi-place extensions of the KP equation, the matrix KP
equations are best candidates. In this paper, some types of
multi-place nonlocal KP equations are obtained from the PTC
symmetry reductions from some special Abelian and non-
Abelian matrix KP equations.

Because many nonlocal nonlinear systems can be derived
from the PTC symmetry reductions, the nonlocal systems
may be solved via P-T-C symmetric-antisymmetric separa-
tion approach (SASA). Using SASA, the two-place nonlocal
KP equation (122) and four-place nonlocal KP system (143)
are explicitly solved for special types of multiple soliton
solutions. Similar to the two-place nonlocal Boussinesq
equation with partially space-time reversal nonlocalities [93],
the odd numbers of soliton solutions are prohibited for the
four-place nonlocal KP equation (143).

Because all the known multi-place nonlocal systems (and
their solutions) mentioned in all the references of this paper
can be considered as discrete symmetry reductions of multiple
component coupled local ones, it is natural to ask the fol-
lowing important question:

What is physically and/or mathematically new for these
kinds of nonlocal systems?

To answer this question, by summarizing all the known
results, we list some significant novel points to end this paper.

(1). Multi-place correlations. As pointed out in the title
and the introduction section, the multi-place systems
describes the correlations and or entanglements among mul-
tiple events happened at different space-times [25, 26]. Some
of two-place nonlocal systems can be used to approximately
solve the real physical problems [26, 28, 51, 52, 93, 94].
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(ii). Classical prohibitions. It is well known in the
quantum case, there are some kinds of quantum prohibitions
which have not yet found in classical physics. For partially
reversal multi-place systems, one can find that there are
classical prohibitions as mentioned in the last section for the
four-place nonlocal KP equations. For the usual local Bous-
sinesq system, there are N solitons for arbitrary positive
integer numbers and the soliton interactions may be both
pursuit interactions and head on interactions with arbitrary
wave numbers and velocities. However, for the two-place
nonlocal Boussinesq equation, the odd numbers of solitons
are prohibited, the pursuit interactions are not allowed and
only the head-on interactions with the same velocities are
permitted [93, 100, 101].

(iii). Transitions caused by nonlocality. In nonlinear
optics, it is well known that there are two different types of
materials, normal and abnormal dispersion materials. The
bright solitons can only be found in abnormal dispersion
material while the dark solitons can only be found in normal
dispersion materials. However, for the multi-place nonlocal
systems, one can find that there are possible transformations
such that the bright solitons can be changed to dark solitons
under the soliton interactions [27, 32]. Similar transitions can
also be caused by other types of nonlocalities [102, 103].

(iv). Structure modifications. Rogue waves /instantons
and lumps (more generally rational solutions) are recent
important topics [104-107]. It is known that the usual lowest
order rogue waves (lumps) possess four-leaf structure.
However, because of the introduce of the multi-place non-
localities in the model, the structure of the rogue waves and
lumps may be changed from four leaves to five leaves and six
leaves as parameter or time changes [93, 100, 101].

(V). Nonlinear excitations with special reversal symme-
tries of initial and/or boundary conditions. In [99], a nonlocal
NLS equation is obtained from a special reduction of the
Manakov system which governs wave propagation in a wide
variety of physical systems. Thus, this kind of nonlocal sys-
tems possess clear physical meanings. In fact, the general
coupled local NLS system (76) and (77) is obtained from the
well-known physically significant KP equation [97], its
reductions (62) with (66)—(75) have clear physical meanings.
If the initial conditions and/or boundary conditions possess
some types of full or partial reversal symmetries then the
related of nonlinear excitations of the original local physical
models satisfy their related reversal symmetric nonlocal
reductions.

(vi). Weaken the Hirota’s integrable sense. Usually, if a
model possesses n-soliton solutions with arbitrary n, one may
call it Hirota integrable. Almost all the integrable systems in
other senses, say, Lax integrable, are also Hirota integrable.
However, there are some special Hirota integrable examples
are not integrable under other senses. After introducing the
multi-place nonlocalities, one can find that there are infinitely
many nonintegrable systems possess n-solitons [26].

(vii). Integrable systems without n-solitons for arbitrary
n. Because of the classical prohibition property for the multi-
place nonlocal systems [93, 100, 101], we known that an

12

integrable (in any sense) nonlocal system may not possess 7-
solitons for arbitrary n.

(viil) Mixing of linear and nonlinear waves. It is known
that the linear superposition theorem is not valid for nonlinear
systems. It is also interesting that some types of linear waves
and nonlinear waves may be linearly mixed if some kinds of
nonlocalities are introduced [93].

(ix) Existences of many first and second order integrable
systems. It is known that in local case, there are very few
integrable systems for the first- and second-order nonlinear
partial differential equations. However, if the multiple place
non-localities are considered, one can find various first- and
second-order integrable systems.

(x) New methods to solve nonlinear systems. In the study of
nonlinear multi-place nonlocal systems, in addition to the well-
known traditional powerful approaches, some new types of
methods to solve nonlinear systems have been established. For
instance, the symmetric-antisymmetric separation approach with
respect to the discrete symmetry operators can be successfully
applied to solve nonlocal systems. The full reversal invariance
method [25, 26, 108, 109] can be used to find invariant solutions
for numerous types of multi-place nonlocal systems.
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