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As far as linear integrable couplings are concerned, one has obtained some rich and interesting results. In the paper, we will deduce
two kinds of expanding integrable models of the Geng-Cao (GC) hierarchy by constructing different 6-dimensional Lie algebras.
One expanding integrable model (actually, it is a nonlinear integrable coupling) reduces to a generalized Burgers equation and
further reduces to the heat equation whose expanding nonlinear integrable model is generated. Another one is an expanding
integrable model which is different from the first one. Finally, the Hamiltonian structures of the two expanding integrable models
are obtained by employing the variational identity and the trace identity, respectively.

1. Introduction

Integrable couplings are a kind of expanding integrable
models of some known integrable hierarchies of equations.
Based on this theory, one has obtained some integrable
couplings of the known integrable hierarchies [1-8]. These
integrable couplings are all linear with respect to the coupled
variables. That is, if we introduce an evolution equation U, =
K(u), the coupled variable V satistying V, = S(u, v) is linear
in V. The reason for this may be given by special Lie algebras.
That is, such a Lie algebra G can be decomposed into a sum
of the two subalgebras G, and G,, which meets
G=G,0G, [G,G,]cG,. (1)
If the subalgebra G, is not simple, then the integrable
coupling

U, =K(u),
(2)
V,=Su,v)

is linear with respect to the variable V, which is obtained by
introducing Lax pairs through the Lie algebra G. However,
it is more interesting to seek for nonlinear integrable cou-
plings because most of the coupled dynamics from physics,
mechanics, and so forth are nonlinear. Recently, Ma and
Zhu [9] introduced a kind of Lie algebra to deduce the

nonlinear integrable couplings of the nonlinear Schrodinger
equation and so forth, where the Lie subalgebras are simple
and are different from the above. Based on this, Zhang
[10] proposed a simple and efficient method for generating
nonlinear integrable couplings and obtained the nonlinear
integrable couplings of the Giachetti-Johnson (GJ) hierarchy
and the Yang hierarchy, respectively. In addition, Zhang and
Hon [11] proposed another Lie algebra which is different from
those in [9, 10] to deduce nonlinear integrable couplings.
Wei and Xia [12] also obtained some nonlinear integrable
couplings of the known integrable hierarchies.

In the paper, we want to start from a spectral problem
proposed by Geng and Cao [13] to deduce an integrable
hierarchy (called the GC hierarchy) under the frame of zero
curvature equations by the Tu scheme [14] and obtain its new
Hamiltonian structure. Then with the help of a 6-dimensional
Lie algebra, a nonlinear expanding integrable model of the
GC hierarchy is obtained, whose Hamiltonian structure is
generated by the variational identity presented in [15]. The
expanding integrable model can reduce to a generalized
Burgers equation and further reduce to the heat equation.
Another new 6-dimensional Lie algebra is constructed for
which the second expanding integrable model is produced by
using the Tu scheme whose Hamiltonian structure is derived
from the trace identity proposed by Tu [14]. We shall find
the two expanding integrable models of the GC hierarchy are
different.
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2. The GC Integrable Hierarchy and Its
Hamiltonian Structure
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It is well known that span{h,e, f} = A, is a Lie algebra. A
loop algebra of A, is given by

We have known that

10
=0 %)

then one gets

[h,e] = 2e,

A, =span{h(n),e(n), f ()}, ©)
where
h(m)=h(O)X",  e(n) =e(0)N,
h(n) =h(0) A", (6)

necz.

By using the loop algebra A, introduce an isospectral
problem [13]:

U=(‘)L a”>=—h(1)+ue(1)+vf(0). 7)

v
Set
V = V,h(0) + Ve (0) + V5 £ (0), (8)
where
Vi= Y Vih(-m), i=1,23 9)
m=0

The stationary equation V.. = [U, V] admits that a solution
for the V is as follows:

(Vlm)x = uV3m - VVZm’
(Vam)y = =2V = 26V s (10)
(V3m)x = 2‘\/3>,m+1 + 21)Vvl,m+1’

which gives rise to

1 1
(Vl,m+1)x = Eu(v_%m)x - EV(VZM);C' (11)
Set
Vip=Va0=Vsp =0, Vii=a (12)
from (10) and (11) we have
fo4
Vo1 = —au, Vi1 = —av, Vip = S
N N (13)
2
sz—z(ux+uv), V3)2:5(—vx+uv),...
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denote by

v = Zn: (Viph(n—m) + Vy,e (n—m) + Vs, f (n—m)).
m=0

(14)
We have

- V}E") + [U’ V(n)] = (2V2,n+1 + ZuVI,nH) e (1) (15)

=2 (Va1 +2Vi0) £ (0).
The compatibility of the following Lax pair

U=-h(1)+ue(l)+vf(0)

n

VD = N (Vih (n=m) + Ve (n—m) + Vs, f (n—m))

m=0
(16)
gives rise to
(u) _ <_2V2,n+1 - 2”V1,n+1> _ ((VZn)x>
v/, 2V3 001 + 20V (V3n)x
17)

_Oa V3n_ V3n
(o o)y, )7\, )

] = (g 3) 18)

is a Hamiltonian operator.
By the trace identity presented in [14], we have

oUu oUu
‘/‘)_ =AV) ‘/)_ :AV)
< au> ’ < 81/> 2

where

(19)
<V, (—;L/{ = =2AV, + uV;.
Substituting the above results to the trace identity yields
8 Oy (AVs
e (2AV, +uVy) = A a)& <W2 , (20)
where
so(L2Y o
Sw \du'dv/)’

Comparing the coefficients of A™" of both sides in (20) gives

5 AV,
2 (=2Vy oy + V1) = (-1 +147) (AV;:) (22)

It is easy to see y = —1. Thus, we have

</\V3n> é <2V1,n+1 - uV3,n+1 > _ %

= , 23
AV, n ou 2)

" du
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where
2V —UVs

n

H, = (24)

are Hamiltonian conserved densities of the Lax integrable
hierarchy (17). Therefore, we get a Hamiltonian form of the
hierarchy (17) as follows:

u 6H,
() o

Let us consider the reduced cases of (17). When n = 1, we get
that

(25)

Uy = -y, Vv = v (26)
Taking n = 2, one gets a generalized Burgers equation:
[0 X 5
Upy = S lhex +auu, v + sS4 Vo
(27)
(04 [0 2
Vi, = 75 Vax + P +auvv,.

Remark 1. The Hamiltonian structure (23) is different from
that in [14]. We call (17) the GC hierarchy.

3. The First Expanding Integrable Model of the
GC Hierarchy

Zhang and Tam [16] proposed a few kinds of Lie algebras to
deduce nonlinear integrable couplings. In the section we will
choose one of them to investigate the nonlinear integrable
coupling of the hierarchy (17).

Consider the following Lie algebra:

F =span{f,.... f¢} (28)

e; 0
0 e)’
0 e
0 e)’
00
10/

where

50 Y s

~
w

I
/N
o O
QO 0
[38] [3%]
N————
5

I

01
“=\oo) &

(29)
Define
[a,b] =ab—-ba, Va,beF. (30)
It is easy to compute that
[fi- 2] =210 [fi- fs] = =21 (for 5] = frr
[fi- ful =0, [ fs] = 2fs
[fi> fe] = —2f6 [fo fal = =215 [for fs] =0,
[fz’fe] = fo [f3’f4] =2fe
[fs)fs] =—fo [fs’fs] =0, [f4’f5] =2fs
[f4’f6] =2 [f5>f6] = fa
(31)

Set

F, = span {fpfz»f3}’

we have

F, = span {f4’f5’f6}; (32)

F,=F, &F, [F,F]cCFy; (33)
F, and F, are all simple Lie-subalgebras of the Lie algebra F.
The corresponding symmetric constant matrix M appearing
in the variational identity is that

2, 0 0 2, O O
0 0n 0 0 n
0 7 0 0 n O

21, 0 0 21, O O
0 0#n, 0 0 1
0 7, 0 0 7, O

(34)

A loop algebra corresponding to the Lie algebra F is
defined by

F=span{fi(n),....fsm},  fi(m=fiA",

[fim), £ )] = [fu f;] A", 1<i, j<6,mneZ
(35)

We use the loop algebra F to introduce a Lax pair:
U=-f)+uf,(1)+vf500) +u, f5 (1) +u,fe (0),

V= Z (Vi i A =m) + V. /5 (1 =m) + Vs, f5 (—m)

m=0

Vi fa (L =m) + Vi, fs (1 = m) + Vi, fs (-m)) .
(36)

The stationary equation V,, = [U, V] is equivalent to
(Vim), = 4Vap = W
(VZm)x = =2Vo i1 = 24V s
(Vam)x = 2Vmer + 20V s
(Vi) = 41 Vam = Vo = (v + 1) Vi + (1 + 11) Vi,
(Vam)x = =2Vs i = 200 Viger = 2 (U + 1) Vi

(V6m)x =2V i1 T 2U5 Vi +2 (v+uy) Vime

(37)
from which we have
1 1
(Vl,m+1)x = E”(Vam)x - EV(VZm)x’
1 1
(V4,m+1) = Eul(v3m)x + EMZ(VZM)x (38)

b2 ) (Vi) + 5 (1) (Vi)



4
Set
Vl,o = Vz,o = V3,0 = V4,0 = Vs,o = Ve,o =0, V1,1 =
(39)
we obtain from (37)
Vi1 =—av, Vo1 = —au, Vi1 =0,
Vi1 = —auy, Ve1 = —au,,
o o
Vi, = —5 v Vis = - (v + uvy + uyuy),

Vs, = % (w2 + wquv + (u+uy) (uyv + vy + uyu,)),

Voo = % (—thyx + tyuv + (v + 1) (g v + vty + uju,)), . ..
(40)

Note

v = zn: (Vimfi A+ n=m) + Vy, o (1 +n—m)

m=0
(41)
+ Vi, f3(-m)+V,, f, (1 +n—m)

+Viufs (L+n—m) + Vg, fo (n—m));

a direct calculation yields

-V + [u,v?)
= 2(Vapar + Wii1) f3(0)
+ 2V + 20V ) £ (1)
=2((v+ 1) Vi1 + 1) Vs + Vo f6 (0) (42)
+2((u+ ) Vigor + 14y) Vir + Vo in f5 (1)
= ~(Van) S5 (0) = (V) 2 (1)
= (Von) o f5 (0) = (Vs,) . f5 (1) -

Therefore, zero curvature equation

U -Vi+ [ v®] =0 (43)
admits that
u (V2n)x
Voo W (44)
ul 5n/x
u2 6n/x

Set u; = u, = 0, (44) reduces to the integrable hierarchy
(17). When we take n = 2, we get an expanding nonlinear
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integrable model of the generalized Burgers equation (27) as
follows:

[0 (L)
I/itz = Euxx +aouu, v+ EM Vs

[0 [0 2
Vi, = —EVXX + EMXV + auUvY,,

[04
Uy, = E (ulxx T U uv+ MI(MV)X

+ (u+uy), (v + uuy +uuy) (45)

+ (w4 uy) (v + uuy +uyuy) ),
o
Uy, = 5 (“Uypr + tp v + 1y ()

+(v+uy), (v +uu, +ujuy)

+(v+uy) (v + uuy +uyuy) ).

Obviously, the coupled equations are nonlinear with respect
to the coupled variables u; and u,. Therefore, the hierar-
chy (44) is a nonlinear expanding integrable model of the
integrable system (17); actually, it is a nonlinear integrable
coupling.

The nonlinear expanding integrable model (45) can be
written as two parts, one is just right (27); another one is
the latter two equations in (45), which can be regarded as
a coupled nonlinear equation with variable coefficients u, v,
and their derivatives in the variable x, where the functions u,
v satisfy (27). In particular, we take a trivial solution of (27)
to be u = v = 0; then (45) reduces to the following equations:

Uy, = % [ul,xx + (”%“2),‘] >
(46)

Ua, = 5 [Thaer + (1hth), |-

When we set u, = 0, the above equations reduce to the well-
known heat equation.

In order to deduce Hamiltonian structure of the nonlinear
integrable coupling (44), we define a linear functional [11]:

{a,b} = a" Mb, (47)

wherea = (a,,...,a5) b= (b,...,b)".
It is easy to see that the Lie algebra F is isomorphic to the
Lie algebra R® if equipped with a commutator as follows:
[a,b]" = (a,b; — asby, 2a,b, — 2a,by, 2a;b, — 2a,b,, a,bg
—agb, + asb; — a;b; + asb, — agbs, 2a, by
- 2asb, + 2a,b, — 2a,b, + 2a,b;
- 2asby, 2a;b, — 2a,b; + 2ab,

—2a,bs + 2agb, — 2a,by) .
(48)
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Thus, under the Lie algebra R,
written as

the Lax pair (36) can be

= (=L ud, v, 0,15, L)

(49)
V = (Vi VA Vs, VAL VA V)
In terms of (48) and (49) we obtain that
oUu
{V’ E} = (1 Vs +1,Ve) As
oUu
{V’ E]’ = (mVy +1,Vs) A
oUu
{V’ B_} = (1,3 + 1,Vs) As
“ (50)

ou
{V’ a_uz} = (mVy +myVs) A,

oUu
{V’ a]’ = =2mVy + (mu + nu,) Vs

=21,V + (mpu + myuy) V.

Substituting the above results into the variational identity
yields

8 X
oo | C2m Vit G ) Vi oy (a0, V)

(mVs +n,Ve) A (51)
_/\Va)y (mVy +n,Vs) A :
oA (n,Vs + ’72V6) A
(12Vs +1,V5) A
where
T
i%iﬁ)i)i) , (52)
dw Su 8v Su, Ou,

Comparing the coefficients of A™" on both sides in (51) gives

6 b
Sw J (_2’11V1,n+1 + (mu +nu,) Vi1

21, Va1 + 12 (u+u) V6,n+1) dx
(53)
M Van + 1, Ven
’71V2n + ’12V5n
Vs + 1, Ve,
Vo + 1, Vs,

From (37) we have y = —1. Thus, we get that

=(-n+1+y)

M Van + 1 Ven SH
MV +1,Vs, n+l

= —, 54
Vs + 1:Vey du (54)

1 Vau + 1,Vsy,
where
X
Hyy = J (2’71V1,n+1 = (mu +nyu,) Vs 1
1n (55)

21,V — 1 (u+u) V6,n+1) dx.

Therefore, we obtain the Hamiltonian structure of the non-
linear integrable coupling (44) as follows:

6 X
Sw J (_2’11V1,n+1 + (mu+nu,) Vs i1

=21,V + 1 (u+u) V6,n+1) dx,

u
y
W, = "
u /),
0 -0 0
N =1 M =1
-9 0 9 0
M =1 M=
= d 7,0
0 0
M =1 (’71 - ’72) p
0 1,0
0 _ 0
L) (Th - ’72) Uy

M Vs + 1 Ve
M Van + 1:V5,
Vs + 1 Ve
1 Vou + 1:V5,

MV + 1V,
-7 MVon +1Vsn | _ ]8Hn+1
1 Van + 1Ven Su
1, Vo + 1,Vsy,
(56)

where ] is obviously Hamiltonian.

4. The Second Expanding Integrable Model of
the GC Hierarchy

In this section we construct a new 6-dimensional Lie algebra
to discuss the second integrable coupling of the GC hierarchy.
Set

h, :f1> h, :fz’ ha :f3’
— j-3 T
hj—<ej_3 0 >, j=4,5,6.
It is easy to see that
[hl’hz] = 2h2> [hl’h3] h3’ [h2>h3] = hl’
[y, 1] = 0, [y, hs] = 2hs, [y he] = —2he,
[hzrh ] hs’ [hz)hs] =0, [hz)l’%] = h4
[h3’h4] = 2h6’ [h3’h5] = _h4, [hs)hs] =0,
[h4, hs] = 2h,, [thh ] h3’ [hS’hé] = hy.
(58)



IfwesetG = span{h,, ..., hs}, G, = span{h,, h,, h;},and G, =
span{hy, hs, hg}, then we have that

G=G,;+G,, [G,,G,] notin G,. (59)

Hence, the integrable couplings of the GC hierarchy cannot
be generated by the Lie algebra G as above under the frame
of the Tu scheme. In what follows, we will deduce a nonlinear
expanding integrable model of the GC hierarchy.

Set

U = -h; (1) + uh, (1) + vh; (0) + w, hs (1) + w,he (0),

V= Z (Vihy (1 = m) + Vb, (1 = m) + Vs, by (=m)

m=0
+ Vyhy 1 —m) + Vs, hs (1 —m)

+Vguhe (1 —m)),

(60)
where h;(m) = A", i=1,2,3,4,5,6.
Solving the stationary zero curvature equation
V. =10, V] (61)
gives rise to
(Vim), = WWap = Way = w, Vs, + wi Ve,
(VZm)x = =2V i1 = 20V g = 200V g
(Vam)x = 2Vamer + 20V gt + 205V e (62)
(Vam), = Ve = Wi + w0, Vi — w3 Vs,
(VSm)x = =2Vs i1 = 2V = 201V g
(Vom)x = 2Vemer + 20V a1 + 205 V) oy
LetV,, = —au, V3, = —av, V5| = —awy, and Vi, = aw,;

then one gets from (62) that

o o
Vip=—Zu, Vis=+— (ux + uzv) R
2 2
o 2
Vi, = 5 (—vx +uv ) V41 =0,
(04 (04 2
Vio = 5 (uw, —w,v), Vs, = 2 (wl’x -uw, + wluv),

_ 2
Voo = (wz,x+v wl),....

DR

(63)

Noting V™ = 3" _ (Vb (1 + 1 —m) + Vo hy (1 + 1 —m) +
Viuhs(n—-m)+V,, h,(1+n—m)+ Vs, hs(1+n-m)+ Vg, he(n—
m)) = A"V -V one infers that —Vifz +[U, VJE")] =2Vt
2uV) 1 +2w0 Vi )y (D) =2(V3 0 49V w0, VB3 (0)+
(Vs iy + 22UV + 2wV )Dhs(1) = 2(V gy + Wi +
W,V 1) (0).

Set V™ = vV by employing the zero curvature equation

U, -V +[u,v™] =0 (64)
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we have
u “2Vy 1 — 2uVy g — 2wV
U = v _ | 2Vape1 T 20V 205V
" w, “2Vs i1 — 2uV, g — 200V g
W/, Wi + 2V, + 20,V 0
(65)
When n = 2, a = 2, (65) reduces to
2 2
Uy, = Uy, + (u v)x, Vy, = “Vae (uv )x,
2
Wiy, = Wy — (u wz)x + (wuv) , (66)

2
Wy = Wy + (v wl)x.

It is remarkable that (66) is linear with respect to the variables
wy, W,; however, it is nonlinear.
Equation (60) can be written as

-A uA 0 wA
v A w, O
U=l 0 wAr -2 ur |
w, 0 v A
(67)
ViA VA VA VA
Vo Vs -ViA Vg VA
VA Vi VIA VA
Vo -V,A V3 -VjA
By computing that
0A00 0000
a_U_ 0000 a_U_ 1000
ou 000 A |’ o {0000 )
0000 0010
000A
U _[o0000
ow, {0Ar00 )
0000
0000 -1 u 0 w
U (o010 U [0 1 0 0
ow, (0000 ) oo \ 0 w -1 u |’
1000 0 0 0 1
(68)
thus, we have
(Y, (n ) -,
ou ov
oUu oUu
V,— ) =2AV,, V,— ) =2AV,, 69
aw1> 6 < 8w2> 5 (69)

<v, %J> = —4\V, +2uV, + 2w, V.
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Substituting the above consequences into the trace iden-
tity proposed by Tu [14] yields that

20V,
S _, 0 2AV.
Z (- vy 2
55 (T +2uVs £ 2w V) = AT AT | 9302 | (70)
20V,
Comparing the coefficients of 1™ gives
0
Su (—4Vi +2uVs 0y + 2w, V)
2“;3,1 (71)
—(_ 2 2n
=(-n+1+y) e
2Vs,

Inserting the initial values in (62) gives y = —1. Therefore,
we obtain that

2V,
2V,, | _ 6 <4V1n —2uV3, ;= 2w, Vg, ) _0H,
Ve, | ou n T ou’
2Vs,

(72)

where H,, = (1/n)(4V,, —2uV;, | —2w,V;,, ) are conserved
densities of the expanding integrable model (65). Thus, (65)
can be written as the Hamiltonian structure

u
_ v 0H,
u = = N
n wy J ou (73)
W,

00
where J = (1/2)(28
00

operator.

0
g), 0 = 0/0x, is a Hamiltonian
0
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