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Nonlinear integrable couplings of super classical-Boussinesq hierarchy based upon an enlarged matrix Lie super algebra were
constructed. Then, its super Hamiltonian structures were established by using super trace identity. As its reduction, nonlinear
integrable couplings of the classical integrable hierarchy were obtained.

1. Introduction

With the development of soliton theory, super integrable
systems associated with Lie super algebra have aroused
growing attentions by many mathematicians and physicists.
It was known that super integrable systems contained the
odd variables, which would provide more prolific fields for
mathematical researchers and physical ones. Several super
integrable systems including super AKNS hierarchy, super
KdV hierarchy, super C-KdV hierarchy, and super classical-
Boussinesq hierarchy have been studied [1-4]. There are
some interesting results on the super integrable systems,
such as Darboux transformation [5], super Hamiltonian
structures [6, 7], binary nonlinearization [8], and reciprocal
transformation [9].

The research of integrable couplings of the well-known
integrable hierarchy has received considerable attentions
[10-15]. A few approaches to construct linear integrable
couplings of the classical soliton equation are presented by
permutation, enlarging spectral problem, using matrix Lie
algebra constructing new loop Lie algebra [16], and creating
semidirect sums of Lie algebra. Recently, Ma and Zhu [17, 18]
presented a scheme for constructing nonlinear continuous
and discrete integrable couplings using the block type matrix
algebra. However, there is one interesting question for us
which is how to generate nonlinear super integrable couplings
for the super integrable hierarchy.

In this paper, we would like to construct nonlinear super
integrable couplings of the super soliton equations through
enlarging matrix Lie super algebra. We take the Lie algebra
sl(2,1) as an example to illustrate the approach for extending
Lie super algebra. Based on the enlarged Lie super algebra
sl(4, 1), we work out nonlinear super integrable Hamiltonian
couplings of the super classical-Boussinesq hierarchy. Finally,
we will reduce the nonlinear super classical-Boussinesq
integrable Hamiltonian couplings to some special cases.

2. Enlargement of Lie Superalgebra

Consider the Lie superalgebra sl(2, 1). Its basis is
1 00 010
E,=[0-10]), E=[(000],
0 0 0 000
000 0 01
E;=(100), E=(00 0], )
000 0-10
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where E,, E,, E; are even elements and E,, E; are odd ones.
Their nonzero (anti)commutation relations are

[E,, E,| = 2E,, [E,, E;] = —2E;,
[E,, E5] = E,, [E,,E,] = [Ey, Es| = E,, -
[Ey» Es] = [Ey» Es] = -Es, [Es. Es] = Ey,

[E,, E,] = —2E,, [Es, Es] = 2E;.

Let us enlarge the Lie superalgebra sl(2,1) to the Lie
superalgebra sl(4, 1) with a basis

10000 01000
0-100 0 00000
ee=| 001 00|, e=[00010],
000-10 00000
00000 00000
00000 001 00
10000 000 -10
;= 00000 |, e=[00100 |,
00100 000 -10
00000 000 0 0
00010 00000
00000 00100
es=| 00010 |, e=[00000 |,
00000 00100
00000 00000
00001 000 00
00000 000 01
;= 00000 |, e=[00000],
00000 000 00
0-1010 10-100

(3)

where e, e,, €5, €4, €5, €¢ are even and e,, eg are odd. The
generators of the Lie superalgebrasl(4, 1), e;, 0 < i < 8, satisfy
the following (anti)commutation relations:

[e1,e,] = 2e,, [e), e5] = —2e5,
[e;,es] = 2es, [e,e5] = —2e6, (e, e;] = e,
[e1,e5] = —e5, [ez.e5] =ey,
[ey,e4] = —2es, [ey,e6] = ey [ey,e5] = €5,

[es e4] = 2eg, es,e5] = —es,

[33’67] = €g> [64’65] = 2es,
[64’66] = —2eg, [es’es] =€y

[e7aes] =€ — €y [67’67] = 2e5 — 2e,,
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[eg. 5] = 2¢; — 2e,
lereq] = [eres5] = [es.¢5] = [e3,€6] = [e5, 5] = 0,
[es €] = [es, e5] = [es,e7] = [es, €]

= [66’67] = [66,68] =0.

(4)

Define a loop superalgebra corresponding to the Lie superal-
gebra sl(4, 1), denoted by

31(4,1)
=sl(4,1) @117

={eA" e €sl1(4,1),i=1,2,...,8m=0,+1,%2,...}.
(5)

The corresponding (anti)commutative relations are given as
[ei/\m,ej)t"] = [ei,ej] AT Ve esl(4,1).  (6)

3. Nonlinear Super Integrable Couplings of
the Super Classical-Boussinesq Hierarchy

Let us start from an enlarged spectral problem associated with
sl(4,1)

¢, =Uop, 7)
where

U
=-e (1) - éel (0) + re, (0) —e5 (0) — ue4 (0)

+ uye5 (0) + e, (0) + Seg (0)

1
-A- yC R —u, u, «
1
-1 A+-—¢g 0 u, B
4
- 1
B 0 0 -A- yE r+u, o |’
1
0 -1 A+ yURRD 0
B - -B o 0
(8)

where 1, s, u;, and u, are even potentials but o and 3 are odd
ones. In order to obtain super integrable couplings of super
integrable hierarchy, we first solve the adjoint representation

(8)

V, = [U,V] ©))
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V = Ae, (0) + Be, (0) + Ce; (0) + Ee, (0) + Fes (0)
+ Geg (0) + pe; (0) + Jeg (0)

A B E F »p
C-A G -E ¢

= 0 0 A+E B+F 0 ,
0 0 C+G -A-E O
6 —p -0 p 0

(10)

where A, B, C, E, F, and G are commuting fields, p and ¢ are
anticommuting fields, and «, f3 are anticommuting fields.
Substituting

A=YA,A"  B=YB,A",

m=>0 m=>0
c=YC,A",  F=YFA™",

m=0 m=>0

(11)

G= ZGm)L*m, p= mex\fm,

m=>0 m=>0

o= Z g A"
m=0

into the above equation gives the following recursive formu-
las:

A, . =B,+rC, - Bp,+ab,,
1
B, . =-2rA,-2B,,, - qum - 20p,,,
1
Chpx =—2A,+2C, + Equ +246,,,
E,. =u,C, +F, +rG, +u,G, —ab,, - Bp,.
Fm)x =-2u,A,, - 2u,B,, - 2rE, - 2u,E,, - 2F,

1
- Equ =2u,F,, +2ap,,,
1
G =2u,C,, —2E, +2G, ; + Equ +2u,G,, — 235,
1
pm,x = _“Am - [))Bm = Pm+1 — qum + T(Sm,

1
8m,x = ﬁAm - (XCm ~Pm Tt 8m+1 + Zq(Sm
(12)

From these equations, we can successively deduce

Ay =-1, By =Cy=Fy=Gy=p, =98 =0,
E, = ¢ = const, A, =0,
B, =r, C, =-1,
F =u, —re—u,e, E =0,
G=e p=a 8 =B
1 1 1
A =—=—r+ap, B=——r——r,
2 5 B 2 2744
1
C,=-q
2= 41
1 1 1 1 1 1
F2 =—5u2x+zsrx+zsu2x—‘—lqu2+zqsu2+£—1qr8

— Uy T — U Uy + EUU, + ETUY,

1 1 1
E, =——u, + —¢er+ —eu, —afs,
2 275 5t B

1 1
Gy=u = ge—whe,  p=-a, -~ qa

1
62 = ﬁx - Zqﬁ’

1 1 1
A3 = 5 xt qu— Eq(xﬁ_ﬁo‘x-"a/jx’

1 1 1 1, ) Y
By =1+ -q,ur+—qr,+ -r" —raf+ —qr+aa,,
3 4 *x qu 4qx 2 ﬁ 16q X

1 1 1,
Cy=-q,—=r+af-—q - ,
s = g T+ aB - "~ BB,
1 1

E;=(1-¢) [uluz + U+ —quy + — Uy,
4 4
1 1 1

-, + o + g0 - ar - e

1 1 1 1
F3 = (1 - 8) [Zu2xx + gqxu2 + unZx + Eulxr T Uty

1 1, 1
+ —uU Uy + U U, + —g U, + —qu,T

5 Hixth 1Uox 16‘1 2 2‘11

1 1, 2 2
+ Equluz + Euz +ruy + ruy +uju,

1 1 1,
g T g8t~ 8t raf3 — e
1 3
- 1—6£q r—ox,,

1 1 1 1 1 1 1
“Up — —Q €~ TUE— QU — ZUy + —TE+ —UE

G, = -
2 8 2 2 2272772

1 1
+ 1—6qu + 5@”18 -aff- uf + ufs + BB

1 1 1 1
P3 = Oy t qu“ + Eq(xx + E(Xr + Eﬁrx



1 1,
+ = - +—q «,
zﬁqr By 17

1 1
_qﬁx + 3

1
83=ﬁxx_zquﬁ_2 2

1
Br+—oq'B- o
(13)

Equations (12) can be written as

Lo 1age rroi —0 w0
2 4
1 151 0
2 2 4
0 0 Ly,
L=
1
0 0 —
2
-B 20 B
a+ 30 -2pr —a-po

1 1._ -
Ly =-50- 0 'g0 - 07'u,0,

Then, let us consider the spectral problem (8) with the
following auxiliary problem:

o, =V7 (16)
with
Aj B E; F; Pj
. Ci -4; G -E; 9,
(n) _ n—
vW=%=| 0 0 A;+E; B;j+F 0 |\
j=0
0 0 Cj+G; -A;-E; 0
o -pj 9 Pj 0
+ Cn+lel (0) + Gn+1e4 (0) .
(17)

From the compatible condition ¢, = ¢, , according to (8)
and (17), we get the zero equation:

U, -V +[u,v?] =0, (18)
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4A,,,, +2E,,, 4A, +2E,,
2Cm+1 + Gm+1 2Cm + Gm
2A,,., +2E, -1 2A,, +2E, )
Cm+1 + Gm+1 Cm * Gm
26m+1 2‘(‘)\m
~2Pmi1 2P
where
U+ 1,0 9+ 2000 ~B+0! o
2 o272 2
1
-u -= 0
1 2B
Ls, 0 0
1 1 ’
—0—u —— 0 0 15
20T (15
1
20 0- 29 -1
1
2pr —aff-r -0 - 11
Ly =r+u,+0 'rd+0 'u,d.
which gives a nonlinear Lax super integrable hierarchy
q
r
u
u, = u;
o
B/
_4Cn+l,x (19)
2Bn+1 + 27"Cn+l
_Gn+1,x

2F,. +2u,C,,, +2rG,,; +2u,G,

“Pn+1 ~ “Cn+1
8n+1 + ﬁcn+1

The super integrable hierarchy (19) is a nonlinear super inte-
grable coupling for the super classical-Boussinesq hierarchy

-4C

q n+l,x
ﬁt _ r _ ZBm—l + 27‘Cn+1 . (20)
! o “Pnt1 ~ aCpyy
ﬁ ty 6n+1 + ﬁcn+l
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4. Super Hamiltonian Structures

A direct calculation reads

1
Str(U,,V) =-4A-2E,  str(U,V)=-A- B

Str(U,,V)=2C+G,  Str(U,,V)=-2A-2E,

21)

str(U,,V)=C+G,  Str(U,V) =23,

Str (Up, V) = -2p.

Substituting the above results into the super trace identity in
(6, 7]

9 J Str <8—UV> dx = A_V%)LVSU (8—UV> (22)

Su oA ou
yields that
_A-lp
2
2C+G
9 j (-4A - 2E)dx = A" Oy| -24-2E | (23)
81/1 aA C+G
20

Comparing the coefficients of A7 on both sides of (23),

1
-A, - EE
2C, +G,
-2A, - 2E,
C,+G,
26,

_2Pn

n=0.
(24)

n

1) _, 0
g J (_4An+1 - 2En+1)dx =A Va/\)/

From the initial values in (12), we obtain y = 0. Thus, we have

n+1 (25)

It then follows that the nonlinear super integrable couplings
(22) possess the following super Hamiltonian form:

0H,
ut,, = K‘rl (u) = ] 6u N (26)
where
0 40 0 40 0 0
-40 0 0 0 —a p
0 0 0 -20 0 O
] — 40 0 -20 0 -« ﬁ (27)
0 o 0 —-a O l
) 2
0o - 0 - 0
B o B 3

is a super Hamiltonian operator and H, (n > 0) are

Hamiltonian functions.

5. Reductions

Taking « = 8 = 0, the hierarchy (26) reduces to a nonlinear
integrable coupling of the super classical-Boussinesq hierar-
chy.

When #n = 2 in (26), we obtain the nonlinear super inte-
grable couplings of the second-order super classical-Boussi-
nesq equations

1 1 2
qi, = _qux +2r, = 4axﬁ - 40‘/3)( + qux + 4:3ﬁxx + 4ﬁx’

1

1 1
T, = —te + =g + =qr, + 200, — 2rf3f,,
2 2 2 2

1
Uy, = 5 (1= &) |ty + Gty + Quiyy + 203Uy, — Uy,

1 1 1 1
T - qux-" qux _E x+gqxx

1
- gqqx + “xﬁ + (Xﬁx - ﬁﬁxx’

1
U, = (1 =€) | 2uy,r + 2u Uy + 20Uy, + EuZxx

1 1 1
+ quuZ + Equ2x + Eqrx

1 1
+ qur + Er’”‘ + 21, uy

1 1 1
+ ZT‘B,BX - qur - Eqrx - Erxx - 2(X06x06t2

1 3 1
594% = 59X — zﬁrx + a/j/jx’

TQyex — 2 s

1
_qﬁx - Oy

1
:8t2 - ﬁxx - gqx/s - )

(28)



Taking « = 8 = 0 in (28), we obtain the nonlinear super
integrable couplings of the second-order super classical-
Boussinesq equation

1 1

1 1 1
q:, = _qux + 27’x + qux’ Ty, = Erxx + qur + Eqrx’

1
Uy, = 5 (1 =€) |ty + quty + quiy, + 2031,

1

1
T Ui T qux + qux

1 1 1
- Erx + gqxx - gqqx’
1 1
Uy, = (1 =€) | 2uy,r + 2uyuy + 2uyUy, + Euhx + quuz

1 1 1 1
+ EquZx + Eqrx + qur + zrxx + 21, u,

1 1 1

- qui’ - Eqrx - Erxx'

(29)

Letting &€ = 0 in (28), we have

1 1 2
q, = _qux +2r, - 4‘xxﬁ - 40‘/3)6 + qux + 4ﬁ18xx + 4:Bx’

1

1 1
T, = STt 247+ Sqre + 200, — 2rPBB,s
2 2 2

1
Uy, = 5 [tha + Gty + quiy, + 20y, — Uy ]

+ ‘Xxﬁ + “ﬁx - /S/Sxx’

1
Uy, = | 20,7 + 20Uy + 2U Uy, + EuZxx
1 1
+ quuz + zquu +2ru, |+ 2rBf, — 204,

1 3 1
O, = ~%x — Eq“x - gqx“ - Eﬁrx + “ﬁ/‘gx’

1

_qxﬁ -

1
3 _qﬁx - Ky

ﬁtz = ﬁxx - P

(30)

When setting ¢ = 1, u; = —(1/4)g, u, = r in (28), we
obtain the second-order super classical-Boussinesq equations

1 1 2
qtz = _qux + er - 4(Xxﬂ - 4(XBx + qux + 4ﬁﬁxx + 4ﬁx’
1 1 1
O Y A 2000, - 2rf3B,,
1 3 1
5% ~ gqx“ - Eﬁrx +afp,

Qp = ~®yx —

1 1
Btz = ﬁxx - gqxﬁ - Eqﬁx = O
(31)
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