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A new six-component super soliton hierarchy is obtained based on matrix Lie super algebras. Super trace identity is
used to furnish the super Hamiltonian structures for the resulting nonlinear super integrable hierarchy. After that, the self-
consistent sources of the new six-component super soliton hierarchy are presented. Furthermore, we establish the infinitely
many conservation laws for the integrable super soliton hierarchy.
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1. Introduction

In recent years, with the development of integrable sys-
tems, super integrable systems have attracted a great deal of
attention. Since 1986, Chowdhury and Roy have already con-
sidered the super trace identity.[!l Hu presented the super trace
identity in 1997, but he did not give its rigorous proof.!?! Later,
Ma gave a systematic proof of the super trace identity and
the expression of its constant .13 For application, the super
Hamiltonian structures of the super AKNS hierarchy and the
super Dirac hierarchy have been obtained. Afterwards, su-
per C-KdV hierarchy* and super Boussinesq hierarchy>! as
well as their super Hamiltonian structures are presented. The
Bargmann symmetry constraint and binary nonlinearization of
the super Dirac systems were given in Ref. [6].

Soliton equations with self-consistent sources have been
paid considerable attention in recent years. The study on
this topic has important physical applications. For exam-
ple, the nonlinear Schrodinger equation with self-consistent
sources is relevant to some problems of plasma physics and
solid state physics. There are many methods to obtain ex-
act solutions of soliton equations with self-consistent sources,
such as the Darboux transformation method!”! and the inverse
scattering transform method.!® There are also some results

s.[9:10] Very

to consider hierarchies with self-consistent source
recently, self-consistent sources for the super Broer—Kaup—
Kupershmidt equation hierarchy was presented in Ref. [11].
The conservation laws play an important role in dis-
cussing the integrability for soliton hierarchy. An infinite num-
ber of conservation laws for the KdV equation was first dis-

covered by Miura, Gardner, and Kruscal in 1968,[!?! then lots
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of methods have been developed to find them. This may be
mainly due to the contributions of Wadati ef al.!'3! Many pa-
pers dealing with symmetries and conservation laws were pre-
sented. The direct construction method of multipliers for the
conservation laws was presented in Ref. [14].

In this paper, starting from a Lie super algebra, a 3 x 3
matrix super spectral problem is designed. With the help of
variational identity, we get a new six-component super soli-
ton hierarchy and its super Hamiltonian structures. In Sec-
tion 4, the self-consistent sources of the new six-component
super soliton hierarchy are obtained. In Section 5, we present

the conservation laws for the new super soliton hierarchy.

2. A new six-component super soliton hierarchy

A soliton hierarchy is based on the spectral problem!!3!

e\ _ 1A wtw o] )
P ), 2\ ur—up . (073 ’

and a super extension of the soliton hierarchy can be con-

structed by the matrix super spectral ']
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where u3, us, and @3 are fermion fields. It reduces to the sys-
tem (1) as uz3 = uq =0.
Based on the Lie super algebra G,
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where e1, e, e3 are even and ey, e5 are odd, that is along with
the communicative operation

[e1,e2] =2es, [e1,e3] = —2e3,

[e2,e3] =e1, [e1,e4] = [e2,e5] = eq,
e1,e5] = [ea,e3] = —e5, [ea,es]+ = ey,
[ea,ea]+ = —2es, [es,es]+ = 2es.

We will derive a generalized super soliton hierarchy. To
this end, we take a 3 x 3 matrix super spectral problem

:U’
Px ¢ @)
(pl:V(pv
where
1 A1 uy+uy; u3
U=-— Uy —uyp . Ug ,
2
Ug us 0
A+G B+C o
Vzl B-C —-A+G p |,
2
£ T G

and A = Y a,A", B= Y b,A", C= Y c,A", G =
m>0 m>0 m>0
Yy gniA",0=Y 6uA", p= Y puA", e= Y g,A", and
m>0 m>0 m>0 m>0
T= Y T,A™. Asus, ug, us, and ug are Fermi variables, they
m>0
constitute Grassmann algebra.

Starting from the stationary zero curvature equation
Ve =[U,V],
we have

1 1 1 1
Ay = Upby — uyCpy + Zu3£m - Zu4fm - Zu5pm + ZM66ma

1 1 1 1
binx = Cuy1 — u2ay, + Zu3Tm + Z”4€m + ZMSSm + Zuépmy

1 1 1 1
Conx = b1 —uram + 1M3Tm - Z”48m + ZMS(Sm - Zu()pma
1 1 1 1
8mx = Eu3gm + §u4Tm + EMSPm + 5”66m7
1 1 1 1
6mx = 76m+1 + 5(“1 'Hiz)Pm - §u3am - Eu4(bm +Cm)7

1 1 I 1
Pmx = _Epm—o—l + 5(“1 —u2) 8 — E’/B(bm —cm)+ 5“461’"7
1

T, T, 1( +us)§ ! + ! (b +cm)

=3 -3 m — S Usd Y Cm),

mx ) m+1 ) Uy T—uz)em 2”5 m 2'46 'm m
1

1 1 1
Emx = *Engrl - E(ul *u2)Tm+ EMS(bm *Cm) + Euﬁam-

Choose the initial data

by = co = 0y = po = To = &0,

go = —Q = constant. 6)

ap=1,

From the recursion relations in Eqgs. (5), the first few results
can be obtained

a; =0, by=uy, ci=uy, & =u3,
p1=u4, T =us, & =us g =0,
agzu%—u%—u3u6—u4u5, by = uoy,
2=y, O =2uz, P2=—2usy,

Ty = 2u5x7 & = —2u6x, g2 = UqUs — U3lg, ...

Next, we consider the auxiliary spectral problem

¢, =V"Wo=(2"V) o, )
where
n an+8m  bmtcm  Om
V(n) = Z E bm —Cp  —Adpy +gm Pm a{,ner.
m=0 Em Tn Sm

Substituting Eq. (7) into the zero curvature equation
U, — V" + U,V =0, ®

we obtain a new six-component super soliton hierarchy

7 0O -1 0 O 0 O
U 1 0 0 O 0 O
- us | 0 0 O 0 1
T Uy 10 0 O O -1 0
uUs O 0 0 -1 0 o0
us /, 0O 0 1 0 0O O
bn1 byt
—Cp+1 —Cn+1
1 1
_§£n+1 —5&n+1
1 — 1
x _57n+1 =7 _57n+1 ’ ®)
1 1
Eanrl Epn+l
1 1
§n+1 §n+1

(5) When n = 2, the hierarchy (9) can be reduced to the second-
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order super nonlinear integrable couplings equations

Uy, = Euzxeru% — uzu% — UpU3 UG — UpUAUS
1 1 1
- §M3M5x+ 5 Uatloy = S UsU3x + 5 Uoltax,
1 3 2
Uy, = Euux — Uy +uUju; — UjU3ie — U U4ls
1 1 1 1
- 5”3”5)6 - §M4M6x - 5”5”3)6 - 5”6”4)(,
Uzp, = 2u3xx+ (I/l] +M2)M4x+ §u3l/l% — 51431/{%
1 L n 1
— —uUslqls + —uqlt —UgqUlpy,
) 3U4US ) 4U1x ) 4U2x (10)
1
Usry = —2Ugxy — (Ml - Mz)u3x + 5”4“3”6
s )~ i+ Sund
—uz(uy — up)y — =—ugqus + - uguy,
sy = up)x = Suquy + Suguty
=2 _ l 2 - 2
Usp, = 2Usxx (“l +u2)u6x+ 2M51/l2 2u5u1
1 1 (11 + 1)
— —usuzg — —ug(uy +up)y,
) S5U3U6 ) 6\U] 2)x
1 5 1 )
Uer, = —2Uexx + (U1 — U2 )utsy — 76ty + S Ul
+ 1 1 ( )
—ugligus — —us(Uy —up)y.
) 6U4Us ) 5\41 2)x

By choosing u3 = —us and us = ug, equations (10) can be re-

duced to the second-order super soliton equations!'®!

1
3 2
Uipy = 5 Uoee 1y — UpUy + U3U3 + Ualhix — 2upuzuy,
1 3 2
Uoty = S Uier — U] + uu5 + uzuzy — Ugtay — 2u1U3U4,
1 2 2
Uz, = Uz + §u3(u2 —uy)
1 (11)
+ §M4(M1 +up)y + (11 + u2)ugy,
1 )
Uar, = —2Uaxe + —ua (U] — u3)

2

1
- 5”3(’“ —up)x —

(U1 — u2)uzy.

3. Super Hamiltonian structures of the new six-
component super soliton hierarchy

In this section, we will establish super Hamiltonian struc-
tures of the new six-component super soliton hierarchy by su-

per trace identity >3]

oU
Y 7
/St( >dx—7t M)LSt( > > (12)

where the constant Y is determined by

A d
v=—% gz mISu(VV)|. (13)

According to super trace identity on Lie super algebras, a di-
rect calculation reads

Str( ‘;Z) :—%)FzA, Str < 3Ul> = %B,
Str( 3U) = —%C, Str(VjZ) = —%8,
(r3t)—te se(vit) -t

Str( 356) = 15' (14)

Substituting the above formula into the super trace identity
(12) yields

o A
- d
5u/( 212> *
) L1 11 1\"
= AT —=C,——¢,—-1,-p,=6 ] . (15
Comparing the coefficients of 2”2 on both sides of Eq. (15)

gives rise to
o [ an+2
— — d
Su / ( 2 *

1
= (’)/+n+ 1) <2bn+]7

1 1
_Ecn+1a _ZSVH-]’

1 1 1 T
_ZTn-ﬁ—laZPn+l726n+l . (16)

By employing the computing formula (13) on the constant 7,
we obtain Y = 0. Therefore, we conclude that

5Hn 1

T
1 1 1
= | bus1,—Cny1,— 28n+1,—51n+17§Pn+1ﬁ5+1 ;

2n
H/

From the recursion relations in Eq. (5), we can obtain the

an+2

n>0. (17)

hereditary recursion operator L which satisfies that

O0H, 0H, |
=L , 18
ou Su (18)
where
Ly Ly Ls
L= Ly Ls Le |,
Ly Lg Lo
I3 ula_luz —&+u18‘1u1
' —0 —u28‘1u2 —u28_1u1 ’
1 1 1 1
L f§u4f§u18’lu3 §u3+§u18 Lyy
2 = )
1 Jr1 9-1 1 1 91
2u4 zuz us3 2143 2u2 Uy
1 1 1 1
L Euﬁ—iulc?*]us —§u5+§u18*1u6
3 = )
1 Jr1 9-1 1 1 9-1
—Uu — U u —Uus — <-Uu U,
2 6 2 2 5 2 5 2 2 6
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1 1 1 1
L —§u5f§u68_1u2 f§u5f§u68_lu1
4 LI B Lol o ’
—ug— — U u ——ug— =i u
) 6 ) 5 2 ) 6 ) 5 1
- I
—28—|—1u68 us  up—up — —ugd iy

Ls= 4

1 1 ’
up +us + ~usd " lus 20 — ~us0luy
4 4
1 1
7u68*1u5 —7u6871u6
L — 4 4
6 — 1 1 )
Zu5871u5 —Zu58*1u6
1 1 1 1
L —§u3+§u48*1u2 —§u3+§u4871u1
7 L L L L ’
~us+=u u —-us+-u u
) 4 ) 3 2 ) 4 ) 3 1
1 1
—7u48 1u3 7u4(9_1u4
L8: 411- 411- )
—Zu38*'u3 Zu33*lu4
1 . 1 1
—20 — —u4d " us Uy —up + —us0 g
Lo = 4 4

1 1
—ul—u2—1u38‘1u5 28+Zu3&_1u6

Therefore, the new super soliton hierarchy (9) possesses the
following super Hamiltonian structures

6H,
= Kulu) = Su’

Uy nZO

19)

n

4. Self-consistent sources of the new six-
component super soliton hierarchy

Consider the linear system

1) 01 1 01

®»j | =U| ¢ |, ®j | =V ¢ |- Q20
P /), 03 P/, P3;

Based on the result in Ref. [17], we can show that the
following equation:

SHe X 61
674';@/5—07

holds true, where o; are constants, determines a finite-

21

dimensional invariant set for the flows

8H, SH,_ i OH)
= =...=["— =1,2,...
Su Su ou’ " ey
8 5 5 \"
[ i 22
Su <3u1’ ’5u6> @2)
From Eq. (21), we may know that
OA; U (u,Aj) .
Sul gs <lflj6ul s l—1,2,...767 (23)
where Str denotes the trace of a matrix and
PPy —0L P
Pi=| 0 —0ue; 0203 |, j=12,....N. 24)
®2j93j —Pi1j@3; O

Based on Eq. (21), for system (9), we set

8H,
ou

_ v
_;E,

and obtain the following 6A;/du

™=
=%
=

where &;

=2
>

~.

Z((pil,...

~.
I

7§0iN)T,

i=1,2,3.

(25)

Therefore, the new six-component integrable super soli-

ton hierarchy with self-consistent sources is proposed

bn+l
—Cn+1
up 1
75 N _Een+1
i = Ug =J ou; +JZ Ou; =7 —5 Tn+1
j=1 2
us 1
us ) . §Pn+1
1
5 n+1
a1 L)
2 1, %1 2 2y *2
1 1
— (D, P — (D,
2< 1, l>+2< 2a(p2>
1
—5<4’27¢3>
+J | (26)
— (D, P
2( 1, P3)
1
— (D, P
S (@, @)
1
— (D, P
2< s 3>
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For n = 2, we obtain the super soliton equation with self-
consistent sources

1
3 2
Uly, = ZUdxx + Uy — UpUT — UDU3UG — UDUAUS

2
! +
) Uzusy ) U4Uex ) UsU3y
1 1y, )

+ Sugiay — 5 Z(‘PU +3;),
2 2 4

Upty = 5o = Uy ULU) — U U3UG — ULU4US — SU3USy

1 1 1 1 ¥

— SUatlex — Susitze — Stgiax— 5 3 (91— 93)),

=1

| 1
U3y = 2u3c + (U1 + 12 gy + 5”3“% - Euzu%

1 n 1 N 1 N 1 i
— —U3U4U —Uqll —Uql — D
o UsUas + Sulallx + 5 Ualing 2j:1(p1](p3], 27
1
Udyy = —2Ugyx — (Ml - Mz)u3x—|- §u4u3u6
1 1 1 1N
+ §u3(u1 —U)y— EMM% + 5”4'4% — Ej; 0203,

1 1
Usp, = 2usce — (U1 + 12 Uey + Eusu% — EMSM%

1 1 1L
T Ustizie iué(ul +up)x — Ej:Zl Q1035
1 2 1 2
Uor, = —2ugyx + (“l - MZ)MSX — §u6u2 + §u6u1
1 1 1 &
+ S uguaus — sus(ur —u2)y — 5 le P03,

where @; = (@i1,..., o))", i = 1,2,3 satisfy

1, 1 1
Prjx = 5 A7 @1+ 5 (ur +u2) @2 + Sus s,
1

1 1
5(”1 —u2) Q1 — 5171 P2+ 5“4‘!’3/‘,

1 1 .
Q3jx = 5“6(P1j+§”5fp2j7 Jj=1,---,N.

Orjx = (28)

5. Conservation laws of the new six-component
super soliton hierarchy

In the following, we will construct conservation laws of
the new six-component super soliton hierarchy. We introduce
the variables

k=9 (29)
From Eq. (4), we have

1 _ 1
E, = E(ul—uz)—l 1E—|—§u4K

1 1
—i(ul +up)E? — §u3EK,

1 1 1
K, = 7u6+7u5E751_1K

2 2
1 1,
— 5+ u)KE + SusK>. (30)
Expand E, K in the power of A
(31

EZiEj}Lj, K= ikjlj.
j=1 j=1

Substituting Egs. (31) into Egs. (30) and comparing the coef-
ficients of the same power of A, we obtain

1 1 1
el = E(Ml_MZ)a ki = us, €2=5(M2—M1)x+§”4”6a
1
ky = —2M6x+5M5(M1—M2)7
1 1
e3 = _E(u2_ul)xx_§u4x”6_§u4u6x

1
+Z(M1 — U )u4us,

3
ks = dugy + 3 (up —uy)xus

1
—(uy — up)usy + S Ustalts,

. (32)
and a recursion formula for e; and k;
1 =
ejr] = —ejx+5u4kj—§(u1—|—u2)Zelej,l
=1
J
— U3 Y eki,
=1
j—1
kj+1 = —2ij+u5ej— (ul —|—u2) Zklej—l
=1
j—1
+uz Y kikj—,  j>2. (33)
=1
Because of
01 1 1
— Atz E+ -u3K
8;{2 +2(u1+uz) +3u3 ]
= 0 1(A+G)+1(B+C)E+15K (34)
T dx|2 2 2 ’
we assume that
1, , 1 1
= A += E+ —uzK
] 21 +2(M1+M2) +2M37
1 1 1
v=-(A+G)+ =(B+C)E + =6K.
S(A+G)+ 3 (B+OE+

Then equation (34) can be written as 6; = V,, which is the right
form of conservation laws. With regard to Eq. (10), we have
A=21"2 —|—u% - u% — Uzl — Uglls,
B=wuA"" +uy,
C=uwl"+uy,
G = —aA % + uqus — usue,

8 =A™ 4 2uz,. (35)
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We expand 6 and v as a series in powers of A with the
coefficients

1 > ;
9 - Eﬂvi] + Zl ejl],
j=

1 2 by s S j
VZE(]_OCM +E(u2—u1—2u3u6)+j;vjl/, (36)

the first two conserved densities and currents of Egs. (10) read

1 1
0, = Z(ul +up)* + 5Usls,

1 1
v = Z(ul +up)(ur —ur)x+ Z(m +u2)usue

1 1
+ Z(m +u)(ur —up) + Z(m — un)uzlts
+ usxug — Usley,

1 1
6, = Z(Ml +ur)(up —uy )+ Z(ul +u2)usuts

1
+ Z(ul — Up)U3Us5 — U3y,

1
V) = Z(ul +un) x (unx — w1y + usite)

1 1
+ U3y (2u1u5 — s — 2M6x>
1
+ 7 (ur +u2)[(u1 — u2)xx

1
— Ugyll — Suqitey + E(ul — U2 )uqus)

1 1
+ —u3 [4u6xx + —UsUqUg

2 2
3
JFE“S(”Z*MI))C*(M] —Up)usy | . 37

The recursion relations for 6; and v; are

1 1
9]' = E(ul —|—u2)ej+ §M3kj,

1 1
Vi = 5(ul —|—u2)e]'+] + 5(”1 +u2)xej

1
—|—§u3kj+1 +uskj, (38)

where ¢; and k; can be calculated from Eq. (33). We can dis-
play the first two conservation laws of Eq. (10) as

01, = Vix, 6y = Vay, (39)

where 61, vi, 6,, and v, are defined in Eq. (37). Then, the
infinitely many conservation laws of Eq. (9) can be easily ob-
tained from Eqgs. (30)—(39), respectively.

6. Conclusions

Starting from Lie super algebras, we obtain a new
With the help of
variational identity, the Hamiltonian structures of the six-

six-component super soliton hierarchy.

component super soliton hierarchy can be presented. Mean-
while, the super soliton hierarchy with self-consistent sources
is established. Finally, we also derive the conservation laws of
the six-component super soliton hierarchy. It is worth noting
that the coupling terms of super integrable hierarchies involve
Fermi variables, they satisfy the Grassmann algebra which is
different from the ordinary one. Sometime we call super in-
tegrable system Eq. (9) as super Fermi extension. In fact, in
Refs. [18]-[20], the authors gave many Lie algebras which
have more complex mathematical structures, which deserves
more meaningful work in the near future.
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