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Abstract In this research, the general linear evolu-
tion equations (EEs) in (5+1) dimensions are studied.
All the mixed second-order derivatives are included
in this aforementioned model. Using the Hirota bilin-
ear operator and symbolic computation, the localized
solutions—the abundant lump solutions are constructed.
Particularly, it is found that only four groups of lin-
ear (5+1)-dimensional EEs are found that they have
abundant lump solutions, and no interactions between
the lump and other solutions are found via the posi-
tive definite quadratic functions. Finally, four examples
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corresponding to the above-mentioned cases are given
to validate the obtained results, and the corresponding
graphs are presented to show the dynamic behaviors of
the abundant lump solutions of these given examples.
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1 Introduction

Evolution equations (EEs) are a special class of key
partial differential equations containing temporal vari-
able [1-17]. It has been applied to describe states or
processes changing with time in many areas, such as
physics and plasma. Moreover, a lot of complex phe-
nomena have to be desired by spatiotemporal systems
consisting of evolution equations. Based on the above-
mentioned facts, the research on the evolution equa-
tions is attracting more attentions. Particularly, as an
important part, the solitary wave theory refers to some
kind of wave possessing the wave-particle duality and
existing universally in nature. Up to now, the localized
solitary wave theory has got extensive applications in
nonlinear fields, for example, fluid mechanics, optical
fiber communication, life science, and so on.

A lot of researchers have devoted to the study of
exact solutions of EEs. With the help of symbolic com-
putation and software Maple, many useful and inter-
esting localized solutions are studied. For instance,
rational solutions, periodic solutions and double period
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solutions [18] as well as kink and anti-kink wave solu-
tions. With the rapid development of the solitary wave
theory, it is found that many kinds of interesting exact
solutions cannot be derived via the traditional meth-
ods. Then, some effective and approaches are pre-
sented, among which are the Darboux transformation
method [19-21], the Bicklund transformation method
[22-25], the inverse scattering transformation approach
[26,27], the Hirota bilinear method and generalized
bilinear method [28-30]. Among all the aforemen-
tioned approaches, people found that the Hirota bilinear
method is a direct and powerful tool for studying soli-
tary wave solutions, because this method only makes
use of derivatives, and does not need to deal with the
spectral problems of the studied equations.

In the past decades, some kinds of localized solu-
tions and interaction solutions, such as the lump
solution, have been systematically studied by many
researchers [31-38]. It is noted that lump solution is
a particular rational functional solution that attenuates
and remains present in all spatial directions, which is
mainly obtained by using the Hirota bilinear operator
method. The research on lump solutions has attracted
much more attention and has become a hot spot. In
2015, an approach using the Hirota bilinear opera-
tors to construct the lump solution, rationally local-
ized in all spatial directions, of the (2+1)-dimensional
Kadomtsev—Petviashvili equation was proposed. This
shows us the form and existence of the lump solutions
of the EEs [39]. From then on, with the help of Maple,
the lump solutions including multiple lump solutions
of a lot of EEs were derived. In 2017, a positive defi-
nite quadratic method related to bilinear equations was
used in the literature, which gives the lump solutions
of (2+1)-dimensional Sawada—Kotera equation [40]. In
2018, lump and interaction solutions of a class of (3+1)-
dimensional linear EEs were constructed [41].

This research will focus on constructing the lump
solutions of the general linear (5+1)-dimensional EEs
and the dynamic analysis of the corresponding lump
solutions. Using this method, we not only construct the
lump solutions but also found that there is no interaction
among lump solutions and other solutions, which is
completely different from the (3+1)-dimensional case.
As follows is the structure of this work: In Sect. 2,
the main results are derived. Some specific cases are
given in Sect. 3. Moreover, some graphs are plotted to
illustrate the obtained results. Finally, some results and
remarks are given in Sect. 4.
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2 Localized solutions

In this part, we will do some research on the localized
solutions of the general linear (5+1)-dimensional EEs,
which consist of all the second-order derivatives, given
by

O Uy xy + Q2UR x5 + O3UX x, + C4Uy xs

+ O5Uxt + Q6Uxyx3 + ATUxyxy + OgUx, x5 (1)

+ Uy, + 10Ux3x, + 11 U35
+ 12Uy + 13U s + Q14U + Q15U = 0,

where u = u(xy, x2, X3, X4, X5, t), is a function of spa-
tial variables x; (i = 1, 2, 3, 4, 5) and temporal variable
t. Additionally, o; (1 < i < 15) are constants.

As above-mentioned, we are searching localized
solutions of (1) in the following form

u=v(1,86,8&3,84,85,%) ()

with functions &;, 1 <i < 6, determined by

& = aj1x1 + ajpxy + a;3x3 + ajaxy
+aisxs5 + ajet + a7, (3)

where g;j, 1 <i < 6,1 < j < 7 are real constants to
be determined later.
Substituting (2) into (1), we turned (1) into

6 6
2D wiveg =0 @
i=1 j=i

where w;;(1 <i < j < 6) are quadratic functions of
ajj, 1 <1, j < 6.Since (2) is the exact solutions of(1),
(4) should always hold no matter what variables are
selected. Setting w;; = 0,1 <i < j < 6, we obtain a
system of algebraic equations as follows

ai(ai1ai2) + oo (ai1aiz) + as(aiiaia)
+ag(airais) + as(aiaie) + as(ainais)
+a7(airais) + aglaina;is) + ag(ainaie)
+aio(aizaia) + ar1(aiza;s)
+a2(aizaie) + a13(aisa;s) + aia(aiaaie)
+a15(aisaie) =0, 1<i=j<6

ai(airaje +ajiain) +ax(airajz + ajra;s)
+as(airajs + ajraig) + as(ainajs + ajia;s)
+as(airaje + ajiaie) + as(airajz + aja;s)
+az(appajs + ajais) + ag(azajs + ajra;s)
+ag(ainaje + ajaie) + ao(aizajs + ajzag)
+ai1(aizajs + ajza;s) + ap(aizaje + ajzaie)
+a13(aisajs + ajaais) + a1a(aisaje + ajaaie)
+ais(aisaje +ajsaic) =0, 1<i<j<6
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Through Maple symbolic computations, four cate-
gories of solutions of this system ((5)) are determined
as follows

{ei=m=a3 =06 =a7 =aj0=0a15=0,05

o409 agu]2 913
= —,0]]1 = , 014 = )
ag o9 asg

asl = A = ae3 = des = de5 = des = 0,azx  (6)
= a4 =asy =az3 =as3 = ass =0,
odi6

(1 <i<5))

ais = —
og

[ai=w=as=ap3=ai4 =a;5=0,03
o407 04009

= —,05 = —,q]0
ag g
a7¢12 ogo 2
= , X1l = 5
o o 7

ag| = de2 = g3 = A4 = de5 = age = 0, az
=a4q =asy =as3 =as4 =0,

a7di4 + aodie .
ais = -2 2T (1 << 5)
og

=7 =ag=a9 =ai3 =as =a15 =0, 05

1012
= » @10
o

_ Q4012 (8)
as
ag1 = de2 = ae3 = Ae4 = Ags = aes = 0, az
= a4 = asy = as3 = as4 =0,
a1ai2 + o3ai4 + asaie

ajs = — (I1<ix<5)}
oy

{ag =07 =ag =g =10 =011 =2
=3 =a4 =aj5 =0,

agl = agy = ae3 = aes = ags = agc = 0, an

=az =a4 =asy =as3 =as4 =0, ©)
o1ai2 + 02a;3 + a3aiq + asaie
ajs = — o (1
4
<i<5)}

For each set of the above solutions above, the con-
stant parameters are arbitrary based on the fact that
all expressions in the set are well defined. Then, we
apply the positive definite quadratic function approach
to construct the localized solutions, particularly the
abundant lump solutions, of (5+1)-dimensional EEs.
Since the localized solutions are required to be posi-
tive definite, then the constraint parameters in the above

four sets have to satisfy the following conditions: the
first condition is det(a;j)sx5 # 0, and the second is
det(a;j)e6x6 = 0, which implies that we get some class
of nonsingular rational solutions.

It is interesting that we found that the parameters &g
in solutions (6)-(9) are all constants. Therefore, during
the rest of the calculations, we set g(§¢) = &. The cor-
responding cases with specific parameters are given in
the following section to illustrate the above-discussed
method.

3 Specific cases

Case 1: Considering the solution (6), we choose os =
as = oy = a9 = 1] = w12 = «13 = o4 = 1; then
(1) is turned into the following form

Uyixs + Uyt + Uxyxs + Uxyr

T Uxyxs + Uxyr + Usyxs + Uxyr = 0, (10)
which admits the following kind of solution

u=201n fxx, f :";:12+‘§22+‘§32
+ &7+ E2 4 g(&), (In

with arbitrary function g and wave variables &;, 1 <
i < 6, defined by the following constraint conditions

§1 = aj1x; +ajpx2 +a13x3 + ajaxq — ajexs +ajet +ayy,
& = ap1x| + axx + ax3x3 + axaxq — axexs + axet + ary,
§3 = az| x| + azsxs — azexs +azel + asy, (12)
§4 = aq1x1 + a43x3 + asaxs — asexs + aset + a7,

§5 = asy x| — asexs + asel +asy,

&6 = ae7,

Substituting (12) into (11) yields

_p
u = 2(fxx];2 fx )
_ 4("%1 +ad, +ag; +ay + ags (13)
f
_,(and +and +assés + asbs + a55€5)2)

f2

Moreover, if parameters are assigned special values as
in the following table
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i=1 i=2 i=3 i=4 i=5 i=6
a1 1 1 1 1 1 0
app 1 2 0 0 0 0
a3 1 3 0 1 0 0
ais4 1 4 1 0 0 0
ais —1 -5 —1 —1 —1 0
aie 1 5 1 1 1 0
a7 1 6 1 1 1 2

then, we have

Sl=x1+x2+x3+x4—xs5+1+1,

& =x1 +2x3 + 3x3 +4x4 — S5x5+ 5t + 6,
E=x1+x4—x5+1t+1,
&a=x1+x3—x5+1+1,

Es=x1 —x5+1+1,

& =2,

(14)

Finally, one specific solution to (10) is

— _ 2
U= 4(6f 2(2x1+5x2+7x3+29x4 10x5+1014-12) )’

f:(x1+x2+x3+x4{—x5+t+1)2

+(x1 4 2x2 4 3x3 + 4x4 — 5x5 + 5t + 6)2 (15)
+(X1+X4—X5+t+l)2

+(x1 +x3—)CS+t+1)2

+(x1 —xs+14+ D2 +2,

To illustrate the obtained results, the following graphs,
three-dimensional plots, contour plots and density plots
of those solutions with specific parameters are pre-
sented in Fig. 1.

Case 2: Now, we choose parameters o3 = a4 =
o5 =07 =0g = @9 = Hjg = @] = &2 = 1 in the
solution (7), and the equation (1) is transformed into a
linear (5+1)-dimensional PDEs that reads

ux1X4 + uxlxs + uxll + ux2x4 + uxzxs

Uiyt + Uxzxy + Uxzxs + Unyr = 0, (16)
which has a kind of solution as

w=20nf)y, f =& + &5
+£7 + &7 + £2 + g (&), (17)

@ Springer

where the function g is arbitrary and the spatial vari-
ables &, 1 <i < 6, are defined by

&1 = anx1 +apx2 + aizxs + agxy
—(a14 + a16)xs5 + ar6t + ary,

& = az1x1 + axnxy + ax;xs + axxy
—(az4 + aze)xs + axt + azy,

§3 = az1x1 + azzx3 + azxg — (as4

(18)
+ase)xs + azet + asy,
&4 = ag1x1 + ag3x3 + asaxs — (ass
+aqe)xs + aset + as7,
&s = as1x1 — asexs + aset + as7,
&6 = ae7,
Substituting (18) into (17), we might obtain
_ fxxf — fx2
i e
2 2 2 2 2
:4(“11 T ayy + a53 + ayy 1 455 (19)
f
_ylandi + and + a3sds + aaada + 615555)2)
f? .

Particularly, parameters are set to special values as
in the following table

i=1 i=2 i=3 i= i=5 i=6

aiy 1 1 1 1 1 0
apn 1 2 0 0 0 0
a3 1 3 1 2 0 0
aiy4 1 4 1 3 0 0
ais -2 -9 -2 -7 -1 0
aie 1 5 1 4 1 0
a7 1 6 1 5 1 1
and in turn

S =x1+x2+x3+x4—2x5+1+1,

& =x1 +2x3 +3x3 +4x4 — x5+ 5t + 6,
E=x1+x3+x4—2x5+1t+1,

&4 =x1+2x3+3x4 —Txs + 4t + 5,
Es=x1 —x5+1t+1,

& =1,

We can obtain specific solution to the equation (16)

(20)

S 16f72(6x1+5x2+]4x3f+219x4742x5+23t+28)2)’
f=1+x2+x3+xs —2x5 + 1+ 1)
+(x1 4+ 2x2 + 3x3 +4x4 — x5 + 5t + 6)2 Q2
+(x1 +x3+x4 —2x5+1t+ 1)2
+(x1 + 2x3 4 3x4 — Tx5 + 41 + 5)?
+(xp—xs+r4+ 1241,
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Fig. 1 Profiles of the solution u in (15) at different time t = 0, 1, 2 with specific parameters x3 = 3, x4 = 2, x5 = 1. (1) a—¢ 3D plots;

(2) d—f contour plots; (3) g—i density plots

Three-dimensional plots, contour plots and density
plots of this solutions are presented in Fig. 2.

Case 3: Selecting the parameters as oy = a3 =
a4y = a5 = g = A9 = «®1] = o2 = 1 in the
solution (8), the equation (1) becomes the following

linear (5+1)-dimensional EEs

Uxyxy + Uxixy T Uxixs + Uy

FUxyxy + Uxsxy + Uxzxs + Uxyr = 0, (22)

which has a kind of solution

@ Springer
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-10

%
(@)

Fig. 2 Profiles of the solution « in (21) at different time r = 0, 1, 2 with specific parameters x3 = 3, x4 = 2, x5 = 1. (1) a—c 3D plots;
(2) d—f contour plots; (3) g-i density plots
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w=2(nf)oy, f = EF + 3 + &3
+ &2 + 82 + g(&), (23)

where the function g is arbitrary and the wave spatial
variables &;, 1 <i < 6, are defined by

&1 = aynx) +appxz + a13x3 + ajaxy
—(a12 + a14 + ai6)xs + aiet + ary,
& = az1x1 + axnxs + ax3xz + axxy
—(a22 + a4 + aze)xs + axt + az7,
& = az1x; + azzx3 + azaxa
—(azs + aze)xs + azet + azy,
&4 = aq1x1 + as3x3 + agaxy
—(a44 + a46)xs + aget + aqy,
&s = as1x1 — asexs + aset + asy,
&6 = ae,

(24)

Substituting (24) into (23), we have

fxxf - fxz
)

2 2 2 2 2
apy t+ay +az +ay +ass
f
B 2(a11$1 + a0k + az3és + asés + assés)?

f2

u=2(

— 4 (25)

).

Now, we assign specific values to the parameters as
in the following table

i=1 i=2 i=3 i=4 i=5 i=6

ai| 1 1 1 1 1 0
app 1 2 0 0 0 0
a3 1 3 1 1 0 0
aig 1 4 1 1 0 0
ais -3 -8 -2 0 —1 0
aie 1 2 1 -1 1 0
a7 1 1 1 5 3
and then

El=x1+x2+x3+x4—3x5+1+1,

& =x1+2x3 +3x3 +4x4 — 8x5+ 2t + 1,
B =x1+x3+x4—2x5+1t+1,

&y =x1+x3+x4—1t+1,
E&s=x1—xs5+1t+1,

&6 = 3,

(26)

We can obtain specific solution to the equation (22)

U =4 (8f—2(4x1+5x2+9)c3};;1IX4—20xS+4t+4)2 ’
f=@1+x24+x3+xs —3x5+1+1)?
+(x1 4 2x2 4 3x3 + 4x4 — 8x5 + 2t + 1)2 27)
+(x1+x3+x4 —2x5 4+t + 1)2
+x1+x3+x4—t + 1)2
+(xp — x5 +14+1)2+3,

Three-dimensional plots, contour plots and density
plots of that solution are presented in Fig. 3.

Case 4: We consider the parameters oy = oy =
o3 = a4 = a5 = 1 in solution (9); then the equation
(1) is turned into the following EEs

Uxixy T Uxixz + Uxixy + Uxixs T U = 0, (28)

which has a kind of solution

u=20nfex, f =} + &5 + £ + &7
+&2 + g(&6), 29)

where the function g is arbitrary and the wave variables
&,1 <i <6, are defined by

§1 = anxi +apxs + ai3xz + agxq
—(a12 + a3 + a4 + aie)xs + aiet + aiz,

& = anxy + ax3x3 + azx4 — (axn
+az3 + aza + aze)xs + axet + azy,

&3 = az1x1 + azs3x3 + azsxq — (ass
“+asz4 + aze)xs + azet + asz,

&4 = aq1x1 + ag3x3 + agaxy — (aq3
+aqq + as6)xs + aset + aq7,

&s = as1x1 — asexs + aset + asy,

&6 = ae7,

Substituting (30) into (29), we could obtain

fxxf - fxz
I
aj, + a3, + a3y +ag, +azs
f
_5 (a11&1 + ané + az3és + asss + assés)?
f2
Then, the parameters are assigned specific values as
in the following table
and then
El=x1+x2+x3+x4 —4xs+1+1,
S =xy+x3+x4—4xs+1+1,
E=x1+x3+x4—3x5+1t+1,
§o=x1—x3—Xx4+xs5+1+1,
E&s=x1—x5+1t+1,
& =1,

(30)

u=2(

— & (31)

).

(32)
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X 5 X
(@ (h) (i)

Fig. 3 Profiles of the solution u in (27) at different time t = 0, 1, 2 with specific parameters x3 = 3, x4 = 2, x5 = 1. (1) a—¢ 3D plots;
(2) d—f contour plots; (3) g—i density plots

We could get the specific solution to equation (28) Three-dimensional plots, contour plots and density
u = 4(5 f—2(2x2+4x3—|]-:;X4—1lxs+t+1)2 ), plots of this solution are presented in Fig. 4.
f=01+x2+x3+x4 —dxs +1+ 1)

| o+ x40 —dxs 1+ 1)? (33) 4 Conclusions

+(x1+x3+ x4 —3xs+1+1)2 , , ,
F(x] —x3 — x4+ x5 14+ 1?2 It is well known that evolution equations (EEs) have

+xp —xs 14+ D241, been extensively used to describe a lot of complex

@ Springer
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Fig. 4 Profiles of the solution u in (33) at different time t = 0, 1, 2 with specific parameters x3 = 3, x4 = 2, x5 = 1. (1) a—¢ 3D plots;

(2) d—f contour plots; (3) g—i density plots

spatiotemporal integrable systems. In this paper, the
general (5+1)-dimensional linear EEs have been stud-
ied: the exact solutions are constructed successfully
and analyzed. Four specific cases are given and the
corresponding graphs are plotted, which illustrate
the dynamic properties of the solutions with specific
parameters. There is an interesting phenomenon that

there are not any interaction solutions of the (5+1)-
dimensional linear EEs by using the proposed method.
Therefore, as a future work, we will do some research
on the interaction solutions. Moreover, we will apply
the proposed method or its modified versions to study
complex nonlinear EEs.
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i=1 i=2 i=3 i=4 i=5 i=6
a1 1 0 1 1 1 0
a2 1 1 0 0 0 0
a3 1 1 1 -1 0 0
aj4 1 1 1 -1 0 0
ajs —4 —4 -3 1 —1 0
a6 1 1 1 1 1 0
aj7 1 1 1 1 1 1
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