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With the aid of symbolic computation by Maple, a class of third-order nonlinear evolution equations admitting
invariant subspaces generated by solutions of linear ordinary differential equations of order less than seven is
analyzed. The presented equations are either solved exactly or reduced to finite-dimensional dynamical sys-
tems. A number of concrete examples admitting invariant subspaces generated by power, trigonometric and
exponential functions are computed to illustrate the resulting theory.
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1. Introduction

In this paper, we analyze a class of third-order nonlinear evolution equations (NLEEs) with the
following form

= f (W) trr + g (1)t + h(“)”?c +q1(x)q2(u) + q3(u), (1.1)

which admit invariant subspaces defined by linear ordinary differential equations (ODEs). For the
sake of convenience, we set

O(x,u) = q1(x)g2(u) + g3 (u). (1.2)

The class of equations (1.1) includes some important equations of mathematical physics. For exam-
ple, if we take
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Eq.(1.1) becomes the famous Harry Dym equation:

().

whose extended hierarchy of soliton flows, including the Harry Dym hierarchy with self-consistent
sources and the k-constrained Harry Dym hierarchy, was presented in [11].

Many researchers engaged in the development of the invariant subspace method, a very effective
approach for constructing various types of exact solutions [2,4—7]. Kamran, Milson and Olver have
provided the rigorous foundations for the invariant subspace method and the fundamental problem
of maximal dimension of invariant subspaces is established first by Galaktionov and Svirshchevskii
for the scalar case. Various invariant subspaces to NLEEs of the form

U = f(u,ux)uxx+g(uaux)

with certain functions f and g have been obtained, which yield a number of interesting exact solu-
tions of the corresponding equations. For example, an exact solution of the quasi-linear heat equa-

tion
4 _1
Uy = (u 3ux) —u 3
X
can be constructed based on the 5-dimensional trigonometric invariant subspace
3{1, sin(2/v/3x), cos(2/v/3x), sin(4/f3x),cos(4/\/§x)} :

The fast diffusion equation

_3
U = (u Zux>
X

has an exact solution which belongs to the 4-dimensional polynomial invariant subspace
< {1,x,x2,x3} .

It is also shown that multi-soliton solutions of integrable equations derived by Hirota’s bilinear
method belong to invariant subspaces of exponential functions in the sense of change of variables.
So many different types of exact solutions to NLEEs can be obtained through the invariant subspace
method.

The invariant subspace method can also be used to construct exact solutions to systems of
NLEE:s (see, e.g, [8]). In Ref. [16], authors have provided a classification to systems with two-
component nonlinear diffusion equations based on the invariant subspaces defined by linear ODEs.
In Refs. [17, 18, 21], authors have generalized the estimation of maximal dimension of invariant
subspaces to the vector operators. Noting that a solution to an nth-order linear ODE may not satisfy
another linear ODE of order less than n, the invariant subspace method has been refined for the
unity and diversity of invariant subspaces and exact solutions in [9]. The refined invariant subspace
method has been used to classify a class of systems of nonlinear dispersive evolution equations
and determine their invariant subspaces and exact solutions [10]. In addition, the invariant subspace
method has also been modified to deal with fractional order differential equations in Ref. [3]. It
allows one to reduce a fractional order partial differential equation to a fractional order dynamical
system.
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Let us give a brief account of the invariant subspace method. We consider a kth-order NLEE of
the form

u = F (X, U, Uy, Uge) = Flul, (1.3)

where F'[u] is a given sufficiently smooth function of the indicated variables. Let { f;(x), i=1,--- ,n}
be a finite set of n (> 1) linearly independent functions, and W, denote their linear span

W, = g{fl(x)v' " afn(x)} = {lel(x) 4 +Cnfn(x)‘vci S R} . (1.4)

The given operator F' (or the given evolution equation (1.3)) admits an invariant space W, i.e., the
subspace W, is said an invariant subspace of the given operator F, if the invariance condition

FIW,) C W, (15)

holds. Concretely speaking, this invariance condition means

F

icifi(x)] = i‘Pi(q,--- y¢n) fi(x) forany (ci,--,ca) €RY, (1.6)
i=1 i=1

where the expansion coefficients {W;} of F[u] € W, in the basis {f;} are a set of functions of
c1,¢2,- -+ ,Cy. Now it is obvious that if a linear subspace W, is invariant under F', then Eq. (1.3) has
solutions of the form

N

u(xvt) = Ci(t)fi(x)v (L.7)

i=1

where the coefficients {c;(7)} satisfy an n-dimensional dynamical system
ci(t) =i(er(t), - ,en(t)), 1 <i<n. (1.8)

Assume that an invariant subspace W, is determined by the space of solutions of an nth-order linear
ODE

Ly =y 4+ a1 (x)y" ) 4+ a1 (x)y + an(x)y = 0. (1.9)

If the operator F [u] admits the invariant subspace defined by the linear ODE (1.9), then the invari-
ance condition with respect to F' becomes

L[F[u]]|,, =0, (1.10)

[H]

where [H] denotes the equation L[u] = 0 and its differential consequences with respect to x. The
invariance condition (1.10) implies that the invariant subspace method is closely related to the con-
ditional Lie-Bicklund symmetry method and the differential constraint method [1, 6, 15,20].

It has been known that the estimate of the dimension of invariant subspaces for differential oper-
ators plays an important role in the corresponding theory. Once the maximal dimension of invariant
subspaces is identified, we can determine a complete classification of invariant subspaces for the
equations under consideration. For the scalar case, the maximal dimension of invariant subspaces is
not greater than 2k + 1, where £ is the differential order of the operator F [u] with respect to x. This
makes it possible to search for a complete list of invariant subspaces. Consequently, we only need
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to consider invariant subspaces determined by linear ODEs (1.9) of order less than seven for Eq.
(1.1).

The remainder of this paper is organized as follows. In section 2, equations of the form (1.1)
admitting invariant subspaces generated by Eq.(1.9) are obtained by means of symbolic computation
(Maple). Reductions and exact solutions of some concrete examples are used to illustrate the method
in section 3. The last section is devoted to conclusions and discussions.

2. Symbolic computation for invariant subspaces

We first consider the case of W, generated by

Lyl =y"+a1(x)y +az(x)y =0, 2.1

where a; and a; are assumed to be real elementary functions. A direct computation by using the
symbolic computation software, Maple, from the invariance condition (1.10) yields

L[F[u]] ‘[H] = 1"} — (§" +6h)ayul + [(4g’+f” +6h)at — (2h+ f" +2¢ + &"u+Thu)ay

—(f"+3h+ 2g’>a’1] 0, + { —2(f' +g)ai +[(f"+7¢ + 12h)u+3g+4fara

X

—[Bh+2¢ + fu+4f +2gla; + (5g + 6 )ard, + Quu — (2f + g)a/{}uz

+ [— (3f + 4g)a%agu —3(aydy —d) far + Bgu+2f u+3f)aid,
+3(g+2hu+ '+ g'u)uas + (5gu+5f'u+3f)aya — (2f u+ gu+3f)as
+3d7 f 4200 — fa |ux— [(28 + )’ a5 + 3 fd)ayu— Qs ay

+[(3g+ f)aois® + (3fas +3fd} — Qu)u+ Q] ar — fayu+3fd\ahu+ Qu

where the prime and the subscript denote the derivative and the partial derivative with respect to the
indicated variables respectively. To vanish all the coefficients of the above equation, we obtain the
following overdetermined system,

0’ =0,
(8" +6h)a; =0,
(4g'+ f" +6h)at — (2h+ f" +2¢ +&"u+Th'u)a — (f" +3h+2¢')a} =0,
[(f" +7¢ + 12h)u+3g+4f arar — 2(f' +g)aj — [(3h+2¢ + f")u~+4f +2gd)

+ (5¢+6/")ardy + Quu — (2f +g)d| =0, (2.2)
(Bgu+2f u+3f)aas+3(g+2hu+ f + guyual + (Sgu+5fu+3f)d a

— 2f'u+gu+3f)dy +3al f — Bf +4g)alau—3(ard) — ) fay + 20 — fd =0,
[(3g+f’)a’2u2 + (3fay+3fd] — Q,)u+ Q] a, — [(Zg—i-f’)uza% +3fdyaru— Qx] ai

+3fdidyu— fay u+ Qe = 0.
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From the first equation of the above system (2.2), it is apparent that (u) = au+ b. And the solution
can be divided into two cases a; (x) = 0 and a; (x) # 0.
Case 1: a)(x) =0.

Substituting i(u«) and a; (x) into system (2.2), then the third equation becomes

—ar(f" + §"u+2g¢ +9au+2b) = 0. (2.3)

Subcase 1.1: ar = 0.

Substituting all these into Eq.(2.2), the corresponding solution can be easily obtained and listed
as the first entry in Table 1 with arbitrary functions f(u) and g(u).
Subcase 1.2: ay # 0.

From Eq. (2.3), it is apparent f(u) = —ug(u) — 37“143 — bu® + cu +d. Substituting f(u) into
system (2.2), comparing the forth and fifth equations in (2.2) and using the compatibility condition

Quux = Qxuu» We have
15a

Tuz (a5 +3a3) — 3¢ (ay +a3) =0.

o If @) +3a3 = dj + a3 = 0, ay should be zero, which leads to a contradiction.
o If d +3a} #0, d) +a3 # 0, a = c =0, from the forth equation, we can derive

Q(x,u) = dy (g(u)u2 - %u3b+ ;du> + pu.

Substituting Q(x, u) into the last equation of Eq.(2.2), we obtain
1 1
—gb(a/zﬁ + 16dhay)u® + Ed(ag/ +6daz)u = 0.

If b = d = 0, the corresponding solution is listed as the second entry in Table 1 with arbitrary a,(x).
If @) + 16d5a, = a) + 6d5a; = 0, we have a; = s and the corresponding solution is listed as the
third entry in Table 1. If @}’ + 16aba, = d = 0, d5' + 6d5a; # 0, consequently we can have one

special choose of a, = —& with the corresponding solution listed as the forth entry in Table 1. If
ay + 16dsay # 0, dy + 6aba; = 0, one choose is ay = —)%, which contradicts to a5 + 3a3 # 0.
elfdj+a3=a=0,d;+3a3 #0, we obtain a, = —x%. Furthermore, we derive

O(x,u) = % (—12g(u)u2 — 14°b 4 24cu? +eu) + pu
from the forth equation. Substituting Q(x, u) into the last equation of (2.2), we derive b=d =e =0
with the corresponding solutions listed as the fifth entry in Table 1.
e By the similar calculation, if dj +3a3 = ¢ = 0, aj + a3 # 0, we have a special choose of
ay = —x% and the further solution listed as the sixth entry in Table 1.
Case 2: a;(x) #0.
It is apparent that g(u) = —3au® 4 cu + d. Consequently, the third equation can be simplified to

(a% —ay—a) f"+9a(a, — 243 +ay)u+ (6b+4c)al —2(b+c)ay — (2¢+3b)a) = 0. (2.4)

The possibility should be divided into two subcases.

Subcase 2.1: ay = a3 — d.
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Substituting a; into Eq.(2.4), it arrives at
—9aalu+ (4b+2c¢)a? — ba) =0,

which yieldsa=0,b#0ora=b=c=0.
e When b # 0, 4b+ 2¢ # 0, we obtain a special choose of a; = —

2 ..
ap =2 XJ{S , from (2.2) it is easy to see that

b : _ s
(SRS Renaming a; = 7,

1
O(x,u) = ;qz(u) + pu+q.

Substituting it into the fifth equation, we can find the relation between g»(u) and f(u). Furthermore,
substituting ¢» (u) into Eq.(2.2), taking account of the assumption b # 0, we can single out nonzero
§= -2, —% with the corresponding results presented as the 7-8th entries of Table 1.

e When b # 0, 4b+2¢ =0, we derive a; = s, ay = s2. Substituting these into Eq.(2.2), we can
derive b = d = 0 from the fifth equation, which contradicts with the assumption b # 0.

e When a = b = ¢ = 0, using the compatibility condition Q,y = Qxuu, We obtain d = 0 or
d#0,a; = % Howeverif d #0, a; = %, it leads to d = 0. When d = 0, by similar calculation, it is
interesting to solve

O(x,v) = (3dia1 —ai —af) f(w)u+ pu,

with arbitrary function a;(x) and f(u), which is represented as the 9th entry in Table 1.
Subcase 2.2: ay # a3 — d.
From Eq. (2.4), we derive

(3a —3a} + 3d)) au’® N [—(b+c)ar+ (3b+2c)at — (3b+c)a)] u?
ag—a%—i-a’l ag—a%—i-a’l

fu) = + i+ o,

which implies

3 3
<2a2—3a%—|—2a'1) a=M(ay—al+d)),

3
—(b+c)ay+ (3b+2¢)a} — (2b+c> dy = Xo(ay —a? +dy),

where A; and A, are two constants. Solving this system, it is easy to see that a; and a, have special
chooses: a; = 51, ap =sp ora; = S;‘ a, = ;—% By similar calculation, we have listed these results in
Table 1 in sequence.

The unknown functions in Table 1 are given as follows:

91(1)(x) =1, 92(1)()6) =, s=0,
6V (x) =sin(v/sx),  0{V(x)=cos(vsx),  s>0,
91(1>(x) =exp (v/—sx), 62(1)(x) =exp (—v/—sx), s < 0;
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9(3)()6) _ 9- fﬂ/so ~170 92(3) (x) :x97\/ﬁ—\/30\/ﬁ717o, ) = 77+\/ﬁ

1
0 (x) _ e < 307374170 ) , 69 (x) — x* o (x/%o THT0 |
ar = 7’7}‘@;
91(4) (x) =23, 92( )(x) =¥’ Inx, s=—5,
o ()=, oY) =xF, s£-5
91(5)()6) = x2, 92(5) xX) = X2 Inx, §s=-2,
91(5)()6) —x 7, 92(5>(x =x atl s # =2,
91(6) (x) = x2, 92(6) (x) =x21Inx, s=73,
6](6) (x) =x2, 92(6) X)=x7, s# 3
91(7) (x) = x2, 62( )(x) = x2 Inx, s=73,
91(7) (x) = x3 sin ( A Inx), 92(7) (x) = x2 cos ( B9 lnx> , s> 35
91(7) (x) :x3+ 29743-’ 92(7) (x) :xzf zsuu7 5 < %;

Moreover, 91(0) (x) and 92(0) (x) listed as the second entry satisfy the equation y” 4 axy = 0, which

can not be solved for arbitrary function a; = a(x). It is the same with {91(2) (x), 92(2) (x)} and

9 9 9
{61 (0),68(x),61" () }.

By similar calculation, we obtain equations with invariant subspaces W,,, (n = 3,4,5,6) listed in
Table 2. And the unknown functions are given as follows:

- +42+/89 +398
01(10)(x) =5 sin( \/4»9+ 2 lnx) ,

- +42+/89 4398
92(10) (x)=x 22 os ( ?+ 2 lnx) ;

62<11)(x) =X, 93(11)()6) =% s=0,

92(11)(x) = sin (y/sx), Q,S“)(x) = cos (v/sx), s> 0,

92(11)()6) = exp (v/—sx), 93(“)(x) =exp (—v/—sx), s <0.
For W7, we find that the determining system is inconsistent so that there exists no invariant subspace
generated by linear ODEs (1.9) for Eq.(1.1).
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3. Reductions and exact solutions of concrete examples

In this section, we present several concrete examples to illustrate our classifications resulted from
the invariant subspace method.
Example 1. The equation

ol (135 +28) 4(13s+28) 3,8 s (25 4+ 17s* + 485+ 48) o 3,
u=0oduu — ————————Uuu u u u
’ e M B+ 4) 8(35 +4):3 P

95412

with s # —2, —% admits the invariant subspace W, = % {x*% x il } generated by the linear ODE

2
y S, 3s7—12s
Y +xy+ 1622 °

The corresponding exact solution is given by

where ¢; = ¢1(¢) and ¢, = ¢,(¢) satisfy the dynamical system

, ac (13 4+53 . 220 +112 N
Ci = ——— S C
17 3514 \54° 727 TSty ) TR

= pcr.

When p =0, we have

aClt <13 . 535
c] =

+555 re+ 0 12) e
3s+4\ 54 27° " 27 b
c = Cy;

and when p # 0, we have

aC3e® (13 , 53 5 5, 220 112
= —— _ JR— 6 - - C pt
O pBsta) \5a° To7t Oty ) Tae

cr = Cre?,

where C; and C; are two arbitrary constants.
Example 2. The equation

2la 2a ,
11 —— Ullyxy + QU Uy —

Uur =
admits the invariant subspace W, = . {x3 X lnx} generated by the linear ODE

7

5 9
Y'==y'+5y=0.
X X
The corresponding exact solution is given by
u(x,t) = c1(2)x° +c2(¢)x° Inx,
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where ¢; = ¢;(¢) and ¢; = ¢;(¢) satisfy the dynamical system

¢} = 5ac3 + pey,

¢ = pca.
When p =0, we have

cl = 5aC§t+Cl,

=,
and when p # 0, we have
50C3e%"
cl = e’ +Cye? t,
p
cr = Cre,
where C| and C, are two arbitrary constants.
Example 3. The equation
4au?

U = OUUxx e — OlUx Uy + XT + pu

admits the invariant subspace W3 = . {x3, %,x} generated by the linear ODE

3 3
" /
2y 2y =o.
Yoy

The corresponding exact solution is given by
3 1
u(x,t) =ci(t)x” +ca(t) N +c3(1)x,
where ¢ (t), c2(t) and c3(¢) satisfy the dynamical system

¢y = —8act + pey,
c’z =8uacicr —f—4ac% + pca,

c’3 =8acic3 + pes.
Example 4. The equation
uy = (0?4 Bu+ Yt — (20 + Bugie + Otui +pu+gq

admits the invariant subspace Wi = Z{l,sin(y/sx),cos(/sx)}
Z { 1,exp (\/—sx) ,eXp (—\/ —sx) } or & { l,x,xz} generated by the linear ODE

y/// +sy=0.
When s > 0, the corresponding exact solution has the form
u(x,t) = c1(r) + c2(1) sin (V/sx) + e3(¢) cos (v/sx) ,
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where ¢ (1), c2(t) and c3(¢) satisfy the dynamical system
¢y =pei+gq,
¢ =stes [a(cf =3 =) +Ber +7] + per,
dy=sic) [a(—ct+c3+c3) — Ber — 7] + pes.
When s < 0, the corresponding exact solution has the form
u(x,t) = c1(r) + c2(r) exp (V—sx) + c3(t) exp (—v/—sx) ,
where ¢ (2), c2(t) and c3(¢) satisfy the dynamical system
¢y =pei+gq,
ch = (—s)%cz [a(cf —4cacs) + Ber +7] + pea,
¢y = (—S)%C3 [(x(—c% +4cye3) — Bey — y] + pcs.
When s = 0, the corresponding exact solution has the form
u(x,t) = c1(t) + ca(t)x+ c3(1)x?,
where ¢ (t), c2(t) and c3(¢) satisfy the dynamical system
¢} = —2Bcacs —4acicacs + acs + pey + ¢,
ch = —4Bc% —8acic} +2acscs + pea,
¢ = pcs.
Example 5. The equation

50 30u(otu+2
U = (au+ﬁ)uxxx—6uxuxx+(x3ﬁ)+pu+q

admits the invariant subspace Wy = . { 1,x3,x6,x*3} generated by the linear ODE

@) 20y// _o

y 2

The corresponding exact solution has the form
u(x,1) = 1 (1) + e2(0)x° + 3 (1)x + ca(t)x ™,
where ¢; = ¢;(t),(i = 1,--- ,4) satisfy the dynamical system

¢ = 660cicr + 135ac3¢4 +66Bcr + pei +q,
b =21act +1800cic3 4 18083 + pea,

c’3 =8lacyc3 + pes,

¢} = 300act —9acacy 4+ 60Bcy + pey.

Example 6. The equation

3
ur = (ou~+ Bty — gauxuxx+pu+q
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admits the invariant subspace W = . { l,x,xz,x3,x4,x5} generated by the linear ODE
y(6) =0.

The corresponding exact solution has the form

u(x,t) = c1(t) + c2(t)x+ c3(6)x% + c4(1)x> + e5(0)x* 4 c6(1)x°,

where ¢; = ¢;(t), (i = 1,--- ,6) satisfy the dynamical system

6
) = —gocc2(:3 +60cics+6Bcs+ per+q,
12 12
)= _?acg +240cies + - aecy +24fcs + pea,

24 84
= —?(XC3C4 +600¢cice + ?(XCQCS +60Bce + pc3,

o
w~

, 24, 24
cy= —?ac4 +48ccrce + ?0603(:5 + pcy,
c5 = —60tcycs + 300c3c6 + pes,

24
c’6 = —?acg +120ac4c6 + pcs-

4. Conclusions and discussions

In this paper, we have applied the invariant subspace method to the study of exact solutions to
Eq.(1.1). A class of evolution equations admitting invariant subspaces W, = Z{ f1(x), -, fu(x)}
generated by linear ODEs (1.9) of order n less than seven are computed and listed in Table 1 and
Table 2. The resulting exact solutions of the corresponding equations have the forms of generalized
separation of variables u = Y! ; ¢;(1) fi(x) where the coefficient functions ¢;(¢), (i = 1, , n) satisfy
n-dimensional dynamical systems. Generally speaking, such exact solutions can not be obtained
within the frameworks of the Lie point symmetry method and the nonclassical symmetry method.

Although the invariant subspace method is effective, we would like to point out that the refined
invariant subspace method produces wider invariant subspaces of exact solutions defined by finite-
dimensional dynamical systems [9]. There are also many other interesting problems of applying the
invariant subspace method method or the refine invariant subspace method. For example, how to
determine higher-order NLEEs and systems of higher-order NLEEs? How to deal with the initial
value problems? How to present resonant solutions with generalized separation of variables for
generalized bilinear and trilinear differential equations [12—-14]?
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