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Abstract: The method of linear determining equations is constructed to study conditional
Lie-Backlund symmetry and the differential constraint of a two-component second-order evolution
system, which generalize the determining equations used in the search for classical Lie symmetry.
As an application of the approach, the two-component reaction-diffusion system with power
diffusivities is considered. The conditional Lie-Backlund symmetries and differential constraints
admitted by the reaction-diffusion system are identified. Consequently, the reductions of the resulting
system are established due to the compatibility of the corresponding invariant surface conditions and
the original system.
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1. Introduction

The method of differential constraint (DC) is pretty old, dating back at least to the time of Lagrange.
Lagrange used DC to find the total integral of a first-order nonlinear equation. Darboux applied DC to
integrate the partial differential equation (PDE) of second-order. Yanenko proposed the key idea of DC
in [1]. The survey of this method was presented by Sidorvo, Shapeev and Yanenko in [2], where the
method of DC was successfully introduced into practice on gas dynamics.

The general formulation of the method of DC requires that the original system of PDEs

FD =90 F@ =9, ... Em =9 1)
be enlarged by appending additional equations
hi=0,hy=0,--- ,hy=0 ()

such that the over-determined system (1), (2) is compatible. The differential equations in (2) are called
DCs. The requirements for the compatibility of system (1), (2) are so general that the method of DC
does not allow us to find all the forms of DCs for the system of PDEs in question. A number of different
names for the parent notions of DC (2) leads to many methods for finding exact particular solutions of
PDEs can be unified within the general framework of the method of DC.

The “side condition” is proposed to unify different methods for constructing particular solutions
of PDEs by Olver and Rosenau in [3], where it is stated that appending of a suitable “side condition” is
responsible for different kinds of methods for obtaining explicit solutions, including Lie’s classical
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method [4,5], Bluman and Cole’s nonclassical method [6] and Ovsiannikov’s partial invariance
method [7]. “The invariant surface condition” is used as a unifying theme for finding special solutions
to PDEs by Pucci and Saccomandi in [8], where it is shown that “the invariant surface condition” and
“its general integral” are the key to understanding the link between the so-called direct method [9],
separation method [10,11], nonclassical symmetry [6] and weak symmetry [12,13]. The “additional
generating condition” first raised by Cherniha [14,15] is exactly the linear case of DC, which is very
effective to study reductions of variant forms of diffusion equations and diffusion systems [15-17].
The method of invariant subspace initially presented by Galaktionov and his collaborators [18] can
also be understood within the framework of DC due to certain linear DC. The DCs that are responsible
for Clarkson and Kruskal’s first-order direct reduction [9] and Galaktionov’s higher-order direct
reduction [11] are discussed by Olver in [19]. The equivalence relationship between weak symmetry
and DC is studied by Olver and Rosenau in [13].

The method of conditional Lie-Backlund symmetry (CLBS) provides an appropriate symmetry
background for the method of DC. The base of symmetry reduction for CLBS is the fact that the
corresponding invariant surface condition is formally compatible with the governing system, which
is extensively discussed in [20,21], where it is shown that the problem of discussing the DC of the
evolution system is equivalent to studying the CLBS of this system.

CLBS for the scalar evolution equation is introduced by Zhdanov [22], and another term for
CLBS is used by Fokas and Liu [23,24]. A family of physically important exact solutions including
the multi-shock solution and multi-soliton solution is constructed for a large class of non-integrable
evolution equations by using the method of CLBS [23-26]. The CLBS for the evolution system is
studied by Sergyeyev in [27] and independently by Qu et al. in [28].

The procedure for determining whether or not a given DC is compatible with the original
equations is straightforward. However, for a given system of differential equations, one can never
know in full detail the entire range of possible DCs since the associated determining equations are
an over-determined nonlinear system. Nevertheless, as is known, even finding particular DCs can
lead to new explicit solutions of the considered system. In practice, the principal direction of such
research is to content oneself with finding DCs in some classes, and these classes must be chosen using
additional considerations. From the symmetry point of view, CLBSs related to sign-invariants [29-33],
separation of variables [34] and invariant subspaces [35-37] are proved to be very effective to study
the classifications and reductions of second-order nonlinear diffusion equations. These particular
subclasses related to sign-invariants [29-33] and invariant subspaces [35-37] are also extended to
consider CLBSs of nonlinear diffusion systems in [21] and [28,38,39].

The purpose of this paper is to construct a practical way for finding the general form of DCs

771:1/1?1 +g(t/x1ur”1/”2/"'lun—l) :Or (3)
M2 =00 +h(t,x,0,u1,02, ,05-1) =0
compatible with a two-component second-order evolution system
Uy = P(t,x,u,v, ulrvlruZ/UZ)r (4)
vr = G(t,x,u,0,u1,01,U2,02),

which is equivalent to presenting an effective method to find the general form of CLBS with the
characteristics

=un+ t/x/u/u JU2,° - ,Up—1),
{771 ntg( 1, U2 n-1) )

o =vu+h(t,x,0,u1,02, - ,0p_1)

admitted by evolution system (4). It is noted that uy = oFu/9x* and vy = ofv/9x* withk =1,2,--- ,n
in (3)-(5) and hereafter.
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The constructive method of the additional generating condition is presented by Cherniha in [14],
where exact solutions of the variant form of the system (4) are derived by appending an additional
condition in the form of a linear system of ordinary differential equations to the original system.
Here, we will present the linear determining equations to identify DC (3) and CLBS (5) in the general
form of second-order evolution system (4), which is exactly the extension of the results for the scalar
evolution equation in [40-42].

The method of linear determining equations is proposed for finding the general form of DC

N =un+g(t,x,u,uy,up, - ,uy_1) =0 (6)
to evolution equation
ut:F(t,x,u,ul,MQ,"',uN) (7)

by Kaptsov in [40]. The linear determining equation

N i , ,
Dinp =Y ) baDy *(Fuy_)DY ™ (i) ®)
i=0k=0

presented there generalizes the classical determining equations within the framework of Lie’s classical
symmetry. It is clear that it is workable to find the DC with the general form (6) of evolution Equation (7)
by solving linear determining equation (8) about 7.

The principal direction of the research on applying the method to second-order nonlinear diffusion
equations [40-42] gains an appreciation of its usefulness. The two-component reaction-diffusion (RD)
system with power law diffusivities

)

ur = (ukuy)x + P(u,0),
v = (0'vy)x + Q(u,v)

will be considered here to demonstrate the applicability of this method for a two-component
second-order evolution system.

The RD system (9) generalizes many well-known nonlinear second-order models and is used
to describe various processes in physics, chemistry and biology. A complete description of Lie
symmetries of the system is presented in [16]. The conditional symmetries for (9) are studied in [43-46].
The second-order CLBS (DC) admitted by the system (9) is discussed in [21]. Once the symmetries
of the considered system (9) have been identified, one can algorithmically implement the reduction
procedure and thereby determine all solutions that are invariant under the resulting symmetries.
In [16,21,43-46], a wide range of exact solutions has been established due to various symmetry
reductions therein.

The structure of this paper is organized as follows. The necessary definitions and notations about
CLBS and DC of evolution system are displayed in Section 2. In Section 3, the linear determining
equations to second-order evolution system (4) are constructed. The DCs (3) and CLBSs (5) of the
system (9) are identified by solving the linear determining equation for the RD system (9) in Section 4.
The exact solutions of the resulting RD system (9) are constructed due to the compatibility of the
DC (3) and the governing system (9) in Section 5. The last section is devoted to the final discussions
and conclusions.
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2. Preliminaries

Let us review some theoretical elements of the tools about CLBS method and DC method of
evolution system. Set

0

2 m (1) (2
V:i; {hi (2,0, u®, ), ) )""'”gm)"”)m

+ Dk (t, xu®,u®, om0 @ m ) ?

duy
+Dthl (t/x’u(l),u(z)/... /u(m)/ugl),ugz),. . ’ugm),. . ) a (10)
au(l)
t
D2 (1,0, 0, )V, a
au(l)
2
b }
to be a certain smooth Lie-Backlund vector field (LBVF) and
u;i) = F(Z) (t, xlu(l),u(z), e ,u(m),u-il),T/l§2), e ,ugm), .. ) , i = 1,2, cee,m (11)

to be a nonlinear evolution system, where u]((i) =0 ul) /oxk withi=1,2,--- ,mandk=1,2,---.

Definition 1. [4,5] The evolutionary vector field (10) is said to be a Lie—Bicklund symmetry of the evolution
system (11) if

% (ugi) _p(i)> s5=0, i=1,2---,m,
where S denotes the set of all differential consequences of the system (11).
Definition 2. [27,28] The evolutionary vector field (10) is said to be a CLBS of (11) if
V(4 = FOY s, =0, i=1,2, 0, m, (12)
where Hy denotes the set of all differential consequences of the invariant surface condition
h; (t,x,u(l),u(z),- .. ,u(’”),ugl),ugz),- .. ,ugm), ) ) =0(i=1,2 -, m) (13)
with respect to x.

A direct computation will yield that the conditional invariant criterion (12) can be reduced
to [27,28]

thi|SﬂHx =0,i=12,---,m. (14)

The fact that LBVF (10) is a CLBS of system (11) leads to the compatibility of the invariant surface
condition (13) and the governing system (11).

Definition 3. [47] The differential constraints (13) and the evolution system (11) satisfy the compatibility
condition if

Dthl“sxﬁHx = Or i= 1121' ce,m, (15)
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where Sy denotes the set of all differential consequences of the system (11) with respect to x.

The compatibility condition (15) is nothing but the conditional invariance criterion (14).

3. Linear Determining Equations for the DC (3) and CLBS (5) of Two-Component Second-Order
Evolution System (4)

In this section, we discuss the method of linear determining equations to construct the DC (3) and
CLBS (5) for second-order evolution system (4). The compatibility condition (15) can be reformulated
as nonlinear equations. We now prove this result for DC (3) of the system (4), which is a natural
generalization of what was the case for scalar evolution equation (7) in [40,41]. Let Ex be the union of
all differential consequences of the second-order evolution system (4) with respect to x and My be the
union of all differential consequences of DC (3) with respect to x.

Theorem 1. The DC (3) with n > 4 is compatible with two-component second-order evolution system (4) if
and only if 1 and 11, satisfy the following equations

Dy e, =Fu, D31 + Fo, D312 + (Fuy + nDyFuy) Dy
+ [Fvl + ”Dxpvz + ('71”14—1 - ’720,1,1) sz] Dx772
n(n—1)

+ Fu+anFlll+ >

D%Fuz - Ulun,lDXFuz

- <2Dx171un—1 - 171171”;1—1”71—1) Fu2:| 171 + |:FU + anFvl (16)

n(n—1)
2
- Tll”n—leFUZ + (’7114,,,2 - ’727)7/172) FUZ - Uzvn—l <T]1”n—1

+ D%Fm + (1711!11—1 - 1720;171) (Fvl + ansz)

- levn—l )FUZ - (2Dx172vn—l - 172’727}71—1'0;1—1) F02:| 172

and

Ditja| e, =Go, D312 + Guy D31 + (Go, + nDxGoy) D
+ [Gul +nDxGy, + (7721;”,1 - 7711:,,,]) Guz] Dym
nn—1)

+ |Gy +nDy Gy, + >

Dychvz — 20,4 Dvaz

- (ZDXWZUnA - 772772%71%71) szjl 2+ |:GM + nDx Gy, (17)

n(n—1)
2

- ’72071—1 DxG”Z + (1727)1172 - ’71”7172) G”Z - 171“1171 (;72'0;171

+ DiGMZ + (17201171 - 17174;1—1) (Gul + nDXG”Z)

- Ulun,l)Guz - (ZDxﬂlun,l - 771771u,,,1un,1) Guz] 1.

Proof. Assume that #; and 7, satisfy (16) and (17). It is easy to see that all terms on the right-hand
side of (16) and (17) vanish on M,. Hence

Dimlgenm, =0 (18)

and

Dina|Em, = 0,
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that is, the DC (3) is compatible with the second-order evolution system (4). We now prove the converse
result. Let « ~ § indicate that there are no terms containing 1, vy, 41, Uyt1, Un+2 and v, in the

difference @ — B. Then, we can derive that
Dy |g, ~ DYF + 1, Dy 'F + 1y, , DY °F.
Since

D!2F ~ uyFy, + v Fy,,
D 'F ~ uy [Fy, + (n — 1)DyFu,] + 1 Fy
+ 0y [Fo; + (1 — 1)DyFo, ] + 0541 Fs,,
n(n—1)
2

+ un+1<Ful =+ anFuz) + upi2Fy,

nn—1

+ Uni1 (Fv1 + ”Dvaz) + 'Un+2F02

D'F ~ u, [Fu +nDyFy, + DﬁPuz]

+ vy {Fv +nDyFy, +

holds naturally for n > 4, (19) can be written as

Dt’71|EX ~upyoFuy + Uy (Fu1 +nDxFy, + Ulun,lFuz) + Mn{Pu + nDyFy,

n(n—1)

L

+ ny2Fy, + Vny1 (Fo, + nDxFo, + 114, Fo,) + Un {Fv + nDyFy,

nn—1)

L

It is easy to see that

Dy = tyy1 + Untu, 4,

2.~
Dym =~ uyq2 + Up4+1M1u, 4 T Un (771un_2 + 2Dx’71un,1 - un’?lun,lun,l) ’

D112 > U1 + Ontfoo, 4,

D312 = Uny2 + On 41720, + On (120, +2Dx120, , = Onlf20, 10,_,) -

Consequently, a direct calculation will yield

Dy |g, — Fuy D3 — Foy D32 — (Fuy + nDxFuy) Dy
- [Fvl + anFU2 + (171”71—1 - 11207171) FUZ] DXT]Z
n(n—1)

— | Fu - nDsFuy + ==

D;chuZ — Mu,_1 DyFy,

— 2Dx1711/l",1 - Ulﬂlun,lun,l) FM2:| 171 - |:FU + ”Dval

(
Ul”nfl - ;720;171) (Fvl + anFUZ) - 1711/!",1 DJCFUQ
(1711471—2 - 772%72) FUZ - 1727111—1 (’71”‘1171 - ’727}71—1) FUZ
(

+ o+

— (2Dx1120, |, — M2120,, 10, 1) sz} 12
~ Q.

D%Fuz + M1u,_4 [Ful + (” - 1)DXF142] + 771un2F142}

D%sz + M1u, 4 [Fvl + (” - 1)Dvaz} + Ullzn,zpvz }

(19)

(20)

(21)
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Equation (18) holds since DC (3) is compatible with the system (4). Let y denote the left-hand side
of (21); it is easy to see that

Y E.nm, =0,

which is equivalent to

YIm, =0 (22)

since <y is independent of uy,vt, Uy, Vty,---. As shown above, ¢ depends only on u,_1,7v,_1,
Up_2,Uy—2 - - -. On the other hand, 1 depends on u,, and 7, depends on v,,. Hence, (22) holds only for
v = 0, which yields nonlinear determining equation (16). In analogy with the discussion above, we can
derive another nonlinear determining equation (17) if DC (3) is compatible with the system (4). O

In fact, the problem of solving nonlinear determining equations (16) and (17) is a very difficult, if
not an impossible, problem. A practical way to identify DC (3) of the system (4) is to keep the linear
part of (16) and (17). A general form of the corresponding linear determining equations will finally
lead to the following definition.

Definition 4. The linear determining equations for DCs (3) of the two-component second-order evolution
system (4) are the linear equations

D |g, =F, D21 + (b11Fu, + b12D<Fyy) Diipy
+ (ElsFu + biaDyEy, + 515D§Fu2) m

s @)
+ Fy,Ditpp + (b16FZJ1 + b17Dvaz) Dy11p
+ (Elst + bigDyFy, + ElODJZCsz) 12
and
DH/I2|E,\‘ :GUZDJ%WZ + (EzlGU] + l~722Dva2) DXUZ
+ (E23G7] + EZ4DxG7)1 + EQ5DJZCGUZ> 12
(24)

+ Guszchl + (EZ6Gu1 + EZ7DxGu2) Dymy
+ (EZSGu + EZ9DxGul + EZOD)%GLQ) 1.

Linear determining equations (23) and (24) are the sufficient condition to justify whether DC (3) is
compatible with the second-order evolution system (4). This family of linear determining equations is
also effective to construct CLBS (5) of evolution system (4).

4. DCs (3) and CLBSs (5) of RD system (9)

Substituting F = u*uy + ku*~1u2 + P(u,v) and G = v'vp + [v' 102 + Q(u,v) into linear
determining equations (23) and (24), we can derive the sufficient condition to identify DCs (3) and
CLBSs (5) of RD system (9)

Dini|g, =u*D2mpy + k (2b11 + b1a) uF " tus Dypy + {k (b13 + 2b1a + by5) uFluy
(25)
+k(k —1) (by3 + 2b14 + bys) u*2ud + El3pu:| 1 + bigPorpa
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and
Dt7’12|Ex :UlDiﬂz +1 (21;21 + Bzz) Ul_llexiyz + {l (1323 + 21;24 + 1325) Ul_lvz
(26)
+1(1 = 1) (b + 2By + bo5) o' 20% + 1323Qv] 112 + bagQuir.
Here, we use the general form of (25) and (26)
Dy |g, =u*D2ipy + byyu* " uy Dy
k1 k2,2 (27)
+ (blzu YUy 4 bizu” uj + b14pu) m+ b15pvi72
and
_In2 -1
Dyipa|g, =0 Dyt2 + bp10' 01 Dyipn
(28)

+ (522017102 + bogv! 202 + b24Qv) 12 + basQuin

to construct DCs (3) and CLBSs (5) of the RD system (9).

It would be quite enlightening to give the order estimate for DCs (3) and CLBSs (5) admitted by
the considered system (4). However, this is another problem, which we leave to future research. Here,
we restrict our considerationto2 < n < 5.

Firstly, we consider the case of n = 3. A direct computation will give

D |k, :uku5 + (Skuk_lul + ukguz) Uy + {4kuk_1u1gu2 + ukgul + P,

+ 10ku* Yy + 10k (k — 1)u“uﬂ us + Pyog + {M%PW + 02 Py
+ 2uqv1 Pyy + s Py + 02 Py + 3kuk_1u% + 6k(k — 1)uk_2u2u%
+k(k—1)(k— Z)ukg’uﬂ Quy + 1Py + 01 Py + 3k upuy
+ k(k — 1)uk_2u:1)’]gul + (ukuz + kuf 12 4 P)gu+ 13 Py
+ U%vav + 3u%vlpuuv -+ 3uq U%Puvv + 3uqup Py + 30102 Py
+ 3(u10y + 1p01) Pup + k(k — 1) (k — 2) (k — 3)uf 413
+ 10k (k — 1) (k — 2)u*3upud + 15k (k — 1)t 2u3u; + g
and
ukD2yy + by ug Dy + (blzuk717«12 + bysuf Ut + b14Pu) 1 + bi5Pyip2
:uku5 + (bnuk_lul + ukgu2> Uy + ukguzuzug + (Zukuzguluz + Zukulgm,2
+ 2uF gy 4+ b1at" Yy gy + 0¥ guy + braPy + bio* "ty + byzut2ud ) us
+ bi5Pyu3 + uku%gulul + uku%guu + Zuku1u28uu1 + zukulgxu + ukgxx
+ 20 U Gy + b1 N uqunguy + b ud gy + uFungy + b lug gy

+ (buuk_luz + b13uk_2u% + b14pu) g+ bis5Poh.
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Since the left-hand side and right-hand side of (27) are both polynomials about us, 14, us, v3,
equating the coefficients of similar terms will give by; = 5k, bj5 = 1 and

gu2u2 = 0/
Zukuzgu1u2 + 2MkM1guuz + Zukgxu2 + (bll - 4k) kilulguz + (bl4 - 1)Pu
+ (byp — 10k)u*Yuy + [by3 — 10k(k — 1)]u*2u3 =0,

k, 2 k, 2 k k
WUy + U U guu + 2u U U2 uu; T 2u* U18xu + U gxx +2u Uz 8xuy

- M%Puu + U%me + 2uy 01 Py + U Py + 0o Py + 6k (k — 1)uk*2u2u%

+ 3k 13 + k(k — 1) (k — 2)u*~ 3uﬂ Quy — [(3k — byy)uFuguy

(29)
+k(k — 1) 2ud + uy Py + 01 Py) guy — [(k — bin)u* 13 + P g
+ bnukflulgx — g+ (blzu T Uy + blgukfzu% + b14pu) g+ b15pvh
- M?Puuu + U?me + 3u%vlpuuv + 3“17]%Puvv + 3(”102 =+ uZUl)Puv
+ Buyy Puy + 30109 Py + k(k — 1) (k — 2) (k — 3)u* 413
+ 10k (k — 1) (k — 2)u*3upud + 15k (k — 1)u*~ 2u%u1} =0.
Similar discussion about (28) will yield by; = 5, bys = 1 and
h()z?}z = 0/
ZUZUZhvlvz + zvlvlhvvz + zvlhxvz (b21 - 41) l_lvlhvz + (b24 - 1)Qv
+ (bya — 101)0' Yoy + [bo3 — 101(1 — 1)]0'~20% = 0,
v vzhvlyl +v vlhw + 20! 0102Myp, + 20! U1l + 0 My + 20! Uohxo,
- U]QUU + u1Quu + 2u101Quo + u2Qy +1v2Qy + 6l(l - 1) z)2771
+ 3107103 +1(1 = 1)(1 — 2)v!~ %ﬂ hoy — [(31 = ba1)0' vp0; (30)

+l(l - ) =2 3+“1Qu +01Qv]hv1 - [(l 7b21) - 2+Q}hv
+ by o' Yorhy — Iy + (bzzv Loy + byv' 202 +- b24Qz;) h+bsQug

- ”%Quuu + U?viv + 3”%01 Quuw + Bulv%quv + 3(”1'02 + UZUl)qu
+ Buyur Quu + 30102Quo + 1(1 = 1)(1 = 2)(1 — 3)0' 07
+101(1 — 1) (I — 2)0' 30205 +151(1 — 1)u'~ 20201] =0.

It is easy to know that ¢ and & can be represented as

g(t,x,u,uq,up) = g1 (¢, x, u,u1)up + g2(t, x,u,u7)

and

h(t,x,v,v1,02) = hy(t,x,0,01)v2 + ha(t, x,0,01).
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Substituting ¢ into the second one of (29), we will derive that

[2ug1y, + (b1p — 10k)] u Ly + [(2ugy + kg1)ug + 2ugiy] uf =1
+ [b13 — 10k(k — 1)] 423 + (b1s — 1) P, = 0.

The vanishing of the coefficient of u, will yield

10k — b1p

5y + g3(t, x,u).

g1(t,x,u,u1) =

As a consequence, (29) can be simplified as
1
(b13 —5k% — Ekb]z + bu) = Zu% + (Zug3u + kgg) uk_lul + Zukg3x + (b14 — 1)Pu =0,

which is a polynomial about u1. Thus, bz = 5k + %kblz —byp and g3(t, x,u) = g4(t,x)u_§ can be
derived by equating the coefficients of this polynomial to be zero. Subsequently, (29) finally becomes

2u% gy, + (b — 1)Py = 0.

Since P(u,v) must depend on v, we will arrive at g4(t, x) = ¢5(t) and by4 = 1 or P(u,v) = P;(v) from
the above equality.
A similar computational procedure for the first one and second one of (30) will give

h(t,x,,v,01,v2) = hy(t,x,0,01)v2 + ha(t, x,0,01),
101 — bzz
20
ha(t,x,0) = ha(t, x)o 2, ha(t,x) = hs(t),

hy(t,x,0,01) = vy + hs(t, x,0),

1
bos = 512 + Elbzz — by
and

boys = 1or Q(u,v) = Qq(u).
We will consider four different cases, including

((Yba=1,by=1

(it) bia = 1, Q(u,0) = Qu(u);

(iti) P(u,v) = P1(v), by = 1;

(iv) P(u,v) = P1(v), Q(u,0) = Q1 (u)

to further study. Further research about the last ones of (29) and (30) will finally identify DCs (3) and
CLBSs (5) of RD system (9). The comprehensive computational procedure is omitted here, and the
obtained results are listed in Table 1. The procedure to identify DCs (3) and CLBSs (5) of RD system (4)
forn =2,n =4 and n = 5 is almost the same as that for the case of n = 3. We just list the obtained
results in Table 1. It is noted that the results for n = 2 are all presented in [21], so we will not list these
cases in Table 1.
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Table 1. conditional Lie-Backlund symmetry (CLBS) (5) of reaction-diffusion (RD) System (9).

No. RD System (9) CLBS (5)
Uy = (u Su ) —§b1u—|—a1u% +b1u207% _ 15 35 .3 3
1 ) r . . 3/ 171_u3—ﬁu1u2+42u1+né,
v = (v 5vx> — £byv + 02 +byviu2 Wy = U3 — %—gvlvz + f{?zv% + sv2
4 * 5 3, 1 5 2
up = (u §ux> +aqu+bjus — Fu"3 +cusv s — a5 40 3
2 ) x . 34 ., M = u3 gu1uz+2ozusl+su1,
v = (v §vx> + a0 +byvs — Fu~ 5 +cvsuT3 N2 =03 — 50102 + 5,207 + 501
X
4 36, 1 5
3 ut:(u sux) +a1u+b1u371 3 4 cqusdl, 771:u3—5u1u2+9402u?+su1,
_2 -2
v = (vlvx> + a0 + byl ! 4 wzﬂ“ + el lu3 o =v3+ ( 30 g0, + le + 501
X
k+1)s _
A ut:<ukux>x+a1u+b1u1 k+(+) ulth 4 cqul=kol, mo=us+ ( )uu 4 U= )(k*2) 3+su1,
4 -2
v = (vzvx> T a0 + byot (1+1)s ol 4 eyl —lyk =03+ ( )v 0y +¢Ul+501
X
_3 5 5 3
5 = (u zux)x+a1u+b1uz+c1uw 2, m:urgulug,fggug %(?M%uz—%?“%r
_3 5 5 3 _ 10 B2y 1 3
v = (v zvx> + a,v + byv2 + cpv2u 2 M2 = U4 — 570103 — 5,05 + 2U2017’2 ~ 8 Y1
X
_ 35 700, 2
M = u5—3uu1u4+< M2+9u2u1+5>u
350 7s 9100,,3 14560 5
4 7 1 7 4 taat u2 <7u1 t e ul) 2 g
up = (u 3u a4 byus — BuT3 4 cqusvTs 70s
6 t ( . x)x+ (L , 20 + 17 . +9uzu1+ 25u1’
v = (0750x> + 20 + byv3 — 350 —3 4 cuiuTs =05 — 320104 + < Doy + 2002 —|—s> U3
X

_|_
Jr

350 7 9100 14560
SP0103 — (?svl T 270 U?) v2 + o
705 3 4 4s?

9,291 T 2501,
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5. Reductions of RD System (9)

The compatibility of the RD system (9) and the invariant surface condition (DC) (3) is the basic
reduction idea of CLBS. Therefore, the evolution system (9) and the admitted DC (3) share a common
manifold of solutions. We first solve the DC (3) to identify the form of # and v and then substitute the
obtained results into (9) to finally determine the solutions. Here, we will construct the reductions of
the resulting systems (9) in Table 1.

Example 1. RD system

_3 s 5 5 3

{ up = (u"2uy ) —3ibyu+aju2 +bju2v 2,
X

( 3

_3 ’ 5 5 _3
vt = (07 20y ) — $hov+a02 + byo2u 2
X

admits CLBS

15 35 .3

_ 15 2
M =usz— 53Ul + I 2”1 +ru2
=03 — Bojoy + 503 + s03.

The solutions of this system are listed as

WIN

u(x, ) = [gxi*‘ +cW )2+ (t)x+ c§”(t)] -,
o(x,t) = [53 + CP (12 + P (hx + cP )] 7,

[N]

where Cp (1), Cél) (1), Cél) (1), C§ >(t), Céz) (t) and Céz) (t) satisfy the six-dimensional dynamical system

CF)/ _ —%C§l) + 3sb C( ) rc( ) %b C§ ),
Cél) — —%C§1)C(l) 3sb C(l) 3rc( ) %b éZ)/
c{V' = 2y Zc( ) %b c( ) 3, — 3ay,

C§2)/ — C(Z) + 3rb C( ) (2) 3b2C( )
!/
N )
!/
' =2cPc) —2¢" 4 3y, e — 3p,Cl) — 24,

Example 2. RD system

2

_4 5 35 _1 5 2
{ up= (U 3uy ) +aqu+bus —Fu 3 +cqudv 3,
X

_4 5 3 _2
v = (v va) + a0+ bv3 — Fo~ 5 —i—czvSu 3
X
admits CLBS
_ 5 40 .3
M = Uz — ;Ui + Su 9.2 M1 + suq,
_ 5 40 .3
2 = U3 — 50102 + 5707 + 501

The solutions of this system are given as below.
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° Fors >0,

u(x, t) = [CP (t) + CSV(#) sin (v/x) + C{V(£) cos (\/gx)] 2,

u(x,t) = [CF)(t) + Céz)(t) sin (v/sx) + Céz)(t) cos (\/Ex)} ,

N

NIw

where Cil) (1), Cél) (1), Cgl) (1), ng) (1), Céz) (t) and ng) (t) satisfy the six-dimensional dynamical system

1)2

2 2
i = gef? (- o - i) gl ~ Gl 3,

e = 5l (e - " - ) - gl - 2,
e 5 (e - e - )~ g - 3,
e 50 (- 7 - )~ 3 3l ~ 31,
e 5 (- 7 - ) - g - 3t

1 2 2 2
= 50 (- - ) ~ fc? s

° Fors =0,

NI

u(x,t) = [V (2 + VxS ]

N

o(x,t) = [P () + P (x+ 1) 7,
where C{l) (1), Cél) (1), Cél) (1), C;z) (1), Céz) (t) and Céz) (t) satisfy the six-dimensional dynamical system

! 2 2

eV’ =27l — %c?)cgl; —2a,cY — 26,2,
!

D oI 3 3l fack,

! 2 2
a4 3 ec -,
!
c? —oc? c) - %cf)cf; — 24,cY — 26,1V,
)

!
¥ ~acPcPe 1 el - Jecl
!
P = 2cPc?” —1cP°c) — 24, — 26,V — 20,

. Fors <0,

NI

~

u(x, t) = [c§1>(t) + 8V (#) sinh (v=sx) + C{V(t) cosh (ﬁx)}
o(x,t) = [CP (1) + CP(#) sinh (v=5¥) + CY () cosh (v=sx) | 7,

NIw
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where C%l) (1), Cél) (1), Cél) (1), ng) (1), Céz) (t) and Ce(=2) (t) satisfy the six-dimensional dynamical system

=5 (el cf" - ) gl ~feicl? - i,

= 50 (7 + ) ~act! - dack

" = 50 (cf " - )~ fmct? ~feucf?,

= 5 (e P - ) gl ~fescl) - i
(7 ) fracf? el

/ 2 2 2
P =5l (P 4¢P —cP7) — 20, — 2oV,

Example 3. RD system

_4 5 35, —1 N
ur = (U 3uy +a1u+b1u3—zu 3 4+ cqusvt,

vy = (Ul’l)x) +6120+b o=l 4 (l+1)s o1t Yo ol lu_%

admits CLBS

I— 1)(1 2)

m—ua—iuluerguzu +suy,
72 = v3 + ( )?JU +(

v? + sv1.
The solutions of this system are given as below.

° Fors >0,

3
2

u(x, t) = [q” () + Y (#) sin (v/sx) + CSV(¢) cos (ﬁx)} )
u(x,t) = [Cf)(t) + C£2)(t) sin (v/sx) + Céz)(t) cos (\/Ex)} ,

—

where C%l) (1), Cél) (1), Cgl) (1), ng) (1), Céz) (t) and ng) (t) satisfy the six-dimensional dynamical system

2 2 2
e = sc (e — e — V) ~ 2 — 3ec? - 3n,
! 2 2 2
o) =5 (V- - ) - dac) - decy?,

/ 2 2 2
" =50 (- - ) et~ rct
(

/ 2 2 2
c® = Wl c@ (Cf) +cy >+lazc§2)+lczc§”+lb2,

c' = W2 4 1, 4 16,clY,
c?' = W2scdcl @ 1a2C2) + IeaClV.

° Fors =0,

NI

u(x,t) = [V (2 + M mx+ ] 7,

o(x,t) = [P ()2 + P (x+ P ()],

—
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where C%l) (1), Cél) (1), Cél) (1), ng) (1), Céz) (t) and Ce(=2) (t) satisfy the six-dimensional dynamical system

3
R S W )
A =acle” 4 el dmc) ~jac ~n,
C?’ = 22 @ |1, 4 gy,
c' = RN + e 4 Iy,
e = 1P +2C§2)c§ ) 1,2 + 16,0V + 1y,

eV =2’ %q”cg” 2tV — 2¢,CP?,

. Fors <0,

3
2

u(x,t) = [C{V (1) + 3 (1) sinh (v=sx) + CJV(#) cosh (v/=5) |7,

1
1

o(x,t) = [c@(t) + ) (#) sinh (v/=sx) + C? (t) cosh Wfsx)} )

where Cgl) (1), Cél) (1), Cgl) (1), ng) (1), Céz) (t) and Céz) (t) satisfy the six-dimensional dynamical system

= 5 (- ) gl - 3l -
o' = 50 (e 4 o - ™) gt - 3ac,
o' = 50 (e 4.~ ™) gt - 3act,
c®' = (H:c@? 4 s <c§2>2 - c(2>2> +1a,C? 1 16,CY 1 1y,

Céz)/ (l+2) (2>C( )+1a2c(2) +lczC§ ),
li
C2 = 231 | 1) 4 1yl

w
|

Example 4. RD system

Uy = (ukux) +ayu + byul 7k 4 (kH)s ul ™k eyl ko,
v = (vlvx) + a0 + byo! 7! + UH)S ol 4 ol Tk
admits CLBS

m = us+ (k Uu 1y 4 *=DE=2) 2)u3+su1,
M2 = U3 + ( )vv + (= 1?1 2014—50

The solutions of this system are given as below.

e Fors>0,

[

u(x, t) = [c§1>(t) + MV (#) sin (v/5x) + CSV(#) cos (ﬁx)] )
v(x,t) = {C{Z) (t) + Céz) (t) sin (y/sx) + C:gz)(t) cos (\/Ex)} ,

—
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where C%l) (1), Cél) (1), Cél) (1), ng) (1), Céz) (t) and Ce(=2) (t) satisfy the six-dimensional dynamical system

/ 2 2 2
c = s | s (Cél) +cyl ) +kay CY 4 key €7 + kb,

e’ = &2V 4 kanC}) +ker €,
cg”/ = (250 2c§” + kalczg“ +key c?,
c? = llsc@” 4 o (cf) +c >+1a2c§2>+lc2c{”+1b2,

c)' = W2 4 1, 4 16,V
!
e = W2l 4 1a,c) 4 1epcl.

° Fors =0,

1

u(x, t) = [CP(t)xz +cM(t)x+clV (t)] 5,

—i

o(x,t) = [P () + P (x+ P ()],
where C{l) (1), Cél) (1), Cél) (1), ng) (1), Céz) (t) and CéZ) (t) satisfy the six-dimensional dynamical system

cV' = 202 ¢ g, e 4 e ¢,

eV = 202 M e D 4 key e,

V" = 1% 4 2cMelM 4 kayCV + ke € + kb,
C?' = 22 2?4150 gy,

c) = 22 DR 1 1a)c) 4 eyl

c?' = 1P 4 2¢PC?) 410, 4 16,CL) + b,

° Fors <0,

1

u(x,t) = [C{V (1) + 3 (1) sinh (v=sx) + C§V () cosh (v/=5) |,

1
1

o(x,t) = [c@(t) + ) (t) sinh (v/=sx) + C? (t) cosh Wfsx)} )

>

where Cgl) (1), Cél) (1), Cgl) (1), ng) (1), Céz) (t) and Céz) (t) satisfy the six-dimensional dynamical system

/ 2 2 2
cl = s s (c§1> —c{V )+ka1c{1)+kclc§2)+kb1,

eV = &2V | g, V) 1 key ),
!
ey = k2l cMell) 4 gy eV 4 ke,
/ 2 2 2
c? = Wl <c§2> —c >+la2c§2) +1c,CY 410y,

c)' = 2@ 4 1, 4 16,V
2 = 2@ el g, 16,05V

Example 5. RD system

_3 5 5 3
= (u 2ux) 4+ aqu + byu2 + cqu2v”2,
X

_3 5 3 5
v = (v zvx) + a0 + brv2 + couT 202
X

—_——
g
|



Symmetry 2016, 8, 157 17 of 21

admits CLBS
_ 10 15,2 , 105,72 315, 4
= 10 il 2 2 +1%%2u1u2 _351353141,
2 2 4
2 =04 — 50103 — 3,05 F 2029192 7~ g,301-

The solutions of this system are given by

_2
cM () + V(1) + iV (Hx + (t)] !
(

@I

where C%l)(t),Cél)(t),Cél)(t),Cil)(t),ng)(t),CéZ)(t),Céz)(t) and Cf)(t) satisfy the eight-dimensional
dynamical system

cM' = —3a,¢lV — 3¢,c?),

eV = —2¢("* 1 2cel) 3 — 3y,

V' — _2ce® 1 gl 3 3~ 300,
eV = _2¢(? +2c§ )cg )30V — 3e,c? - 3by,
c?' = —34,c® — 36,01,

c®' = —2cP” 4 2c?c?) — 3a,cR) — 3epclV,

c?' = —2¢Pc® 4 6cPc? — 3a,c? — ZerclV,
c®' = 2c@* 4 2cPc?) — 34, — 3e,Cl) — 3,

Example 6. RD system
4 7 4
{ Uy = (u’éux> +a1u+b1u§—20u 3—|—c1u3v 3,

4

Uy = (v_%vx) +azv+b2v3 — ﬁv 3 +czvsu 3
admits CLBS

M= s — Duquy + ( Duy —I—gogu%+s) uz + 329u1u3
9100 14560 70
— (B + 3903 ) up + 156003 + P05 + S,

u
5 700.,2 350 2

M = U5 — 30017144—( 300 +9zvl—|—s) v3+3zvlvz

91003 145605 | 70s 452
_< 1+ 7301) + Bt 01 T 5501 + 3501

The solutions of this system are given as below.

e Fors>0,

u(x, t) = [ql)(t) +cV(#)sin (@x) + M (t) cos
+Ci (1) sin (242 x) + 4 (1) cos (24%x)

o(x ) = {c@ (5) + C5 (1) sin (¥&x) + € (1) cos

+C£2)(t) sin (%ﬂx) + C§2)(t) cos (%ﬂx)
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where CV (1), ¢V (1), ¢V (1), P (), ¢V (1), €2 (1), P (), (P (1), CP) (t) and CIP(t) satisfy the
ten-dimensional dynamical system

— s gV’ - s - gV’ - 2 - da eV - dec? - b,
— el - 5cfct 1 sclel — dacl! — ferc?,
:ﬁg C3 —gcl C — 30 C §c1C4 ,

1 2
) — BSc( ) + Z’%Cél) 2sc( ) ( ) 1cél) _ %C1Cé2),

c’
(1)
2 /

cV
ciV

c!!

2 2

2:_ C(()) (ggcéz) (;> 25(53(') _(i;)C%z; _%SC%) i S(? %Czc§l)_%b2’

el — s sl — da,cl — ey

2)/ 3sc( )C(Z) o %Céz)céz) 4 %ng)céz) o %azcé ) _ §C2C§, )/

)

¢l
ct
(

s s ~(2) ~(2 2 1
CE )/_3OC( )(C)()—%((:§);C£)—(§;12(C%)—§C2%%), (1)
5 2 2) (2 2 1
) =50 + 5 - 2Pl — 4ol - decyl.

/

° Fors =0,

u(xt) = [V ()t + (0 + V(2 -V (x+clVp)] ,

_3
1

0

o(x,t) = [P ()2t + P () + P (2 + P (x + P (0]

where C\V (1), SV (1), P (1), ¢V (1), SV (1), P (), ¢ (1), P (1), €2 (£) and ) (t) satisfy the

ten-dimensional dynamical system

eV = 2cMefh 3¢V 44,00 40,2,
eV = —cWel ecVell) — dayclV) — e, c?,

e = 3cVe + 12cMe® - cV” — 4a,c ! ) de,c?,
cV' =eccll — Vel — a0V — de,c?),

eV =2cMel) 3¢V 4,0l —40,c?  dp,,

c®' = 2c@c?) 3¢ 44,0 fc2c(1)

c?' = —cPc? +6cPc® — 4a,cl?) - te,cl,

c?' =3¢ 1 12cPc?) — P~ 34,c?) — de,cV,
c?' = 6cPcl?) — P — ta,c? —depc,

' 2 3! el gt gh,

° Fors <0,
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where CV (1), ¢V (1), ¢V (1), P (), ¢V (1), €2 (1), P (), (P (1), CP) (t) and CIP(t) satisfy the
ten-dimensional dynamical system

/ 2 2 2 2 2
Cgl) — %Cgl) 4 ics)c(l) 35 C(l) 3sc(1) % él) _ %alcil) _ %C1C§2) _ %bl/

!/
Cél)/ — %Cél)cél) 3SC( )C<1) + C(l)c( ) % g ) %Clcéz)’
C%f%@%ﬂ—%@ky+;wd>g o
1

eV = el - %C(”C(” da ) — 4o,

! 2
Cél) — %Céﬂ + Z%Cfgl) ZSc(l)C(l) _ 1cé1) _ §C1Cé2),

4
2 2

e & oS

Y P P 4 1P 4niC — ),

C:E’z; — %Céz)Ciz) o 35—SC§2)C§)2) + sc(z)c(z) o ‘31' C(Z) _ %Czcél)’

s ~(2) ~(2) 25 A(2
= el FcPcl — dmcf -

3
% )
/ 2 2
e = el + 5O - B — gmcl? — geact)

6. Conclusions

The method of linear determining equations to construct DC (3) and CLBS (5) of two-component
second-order evolution system (4) is provided. The linear determining equations (23) and (24)
generalize the classical determining equations within the framework of Lie’s operator. The general
form of CLBS (5) and DC (3) admitted by the system (4) can be identified by solving the resulting linear
determining equations.

As an application of this approach, the general form of DC (3) and CLBS (5) with n = 3,4,5 of RD
system (9) is established in this paper. The reductions of the resulting equations are also constructed due
to the compatibility of the admitted DC (3) and the governing system (9). These reductions cannot be
obtained within the framework of Lie’s classical symmetry method and conditional symmetry method.

All examples except Example 4 in Section 5 involve the power diffusivities with the exponent
either —4/3 or —2/3. Exact solutions of the nonlinear diffusion equations u; = (u_4/ Su X)x
and u; = (u=?/3uy), are firstly studied by using local and non-local symmetries by King [48].
The polynomial solutions like the ones in the examples of Section 5 for scalar nonlinear diffusion
equations are also constructed by King [49,50]. Moreover, a range of more complicated exact solutions
for scalar nonlinear diffusion equations are derived by Cherniha [15] due to the method of the
additional generating condition. In addition, the results of Examples 4, 5 and the case of s = 0
for Example 6 in Section 5 have been given by Cherniha and King [16] by using the method of the
additional generating condition. All of the reductions of the obtained RD system (9) constructed in
Section 5, involving either a polynomial, trigonometric or hyperbolic function, are used in [14] for the
first time within the framework of the method of the additional generating condition.

The method of linear determining equations can be extended to consider DCs and CLBSs of other
types of evolution systems, including a multi-component diffusion system and a high-order evolution
system. The discussion about the linear determining equation for evolution system (4) to identify
CLBS and DC with #; and #; possessing different orders is another interesting problem. All of these
problems will be involved in our future research.
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