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The N = 1 supersymmetric extensions of two integrable systems, a special negative Kadomtsev—Petviashvili (NKP)
system and a (2+1)-dimensional modified Korteweg—de Vries (MKdV) system, are constructed from the Hirota formalism
in the superspace. The integrability of both systems in the sense of possessing infinitely many generalized symmetries
are confirmed by extending the formal series symmetry approach to the supersymmetric framework. It is found that both
systems admit a generalization of W., type algebra and a Kac-Moody—Virasoro type subalgebra. Interestingly, the first one of
the positive flow of the supersymmetric NKP system is another A" = 1 supersymmetric extension of the (2+1)-dimensional
MKAdV system. Based on our work, a hypothesis is put forward on a series of (2+1)-dimensional supersymmetric integrable
systems. It is hoped that our work may develop a straightforward way to obtain supersymmetric integrable systems in high

dimensions.

Keywords: formal series symmetry approach, generalized symmetry, supersymmetric NKP system, super-
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1. Introduction

Supersymmetry is one of the most significant ideas in
theoretical physics, combining bosonic and fermionic fields
in a unified way. The mathematical formulation of this idea
is based on the introduction of the anticommuting fermionic
variables along with the bosonic ones. During the past
decades, studies of supersymmetric integrable systems and
their possible applications in physics have been a subject of
considerable interest, and a number of well-known integrable
systems, such as the sine-Gordon equation,!!! the Korteweg—
de Vries (KdV) equation,m and Kadomtsev—Petviashvili (KP)
hierarchies,?! have been embedded into their supersymmetric
counterparts. It turns out that these supersymmetric integrable
systems possess similar remarkable properties. However, most
studies on the supersymmetric integrable systems are in (1+1)
dimensions. To our knowledge, the KP hierarchy and (2+1)-
dimensional KdV equation (also named as the Boiti—-Leon—
Manna-Pempinelli (BLMP) equation)!*] are the very few ex-
ceptions that have been extended in the supersymmetric frame-
work. In the viewpoint of physics, the (2+1)-dimensional field
theory is particularly interesting since the theory is simple yet
possesses a rich asymptotic symmetry and provides us with
a deeper insight in general.[®! Consequently, it is within the
scope of the integrable systems higher than (1+1) dimensions,
such as the KP!”! and supersymmetric KP hierarchies,!®! that
the W.. algebras were identified. Therefore, it is significant
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if one can construct supersymmetric extensions of the (2+1)-
dimensional integrable systems, especially those related to the
W..-type algebra.

In addition, the realizations of the W., algebra in
the (2+1)-dimensional supersymmetric integrable system are
mostly based on the extensions of the bosonic Lax pair to super
one. In the classical integrable system context, Lou has estab-
lished the formal series symmetry approach for the realization
of W.., which has been utilized to demonstrate that some fa-
mous (2+1)-dimensional models, such as the KP hierarchy,”!
the 3D Toda field theory,!! and the integrable dispersive long
wave equations,''%) admit one or more sets of infinitely many
generalized symmetries and the corresponding symmetry al-
gebras are the generalizations of the W.. algebra.

In this paper, we consider the N' = 1 supersymmetric ex-
tensions of two bilinear integrable systems, the bilinear nega-
tive KP (NKP) system!!!-1?]

(D;+D*)F-G =0, (1a)
Dy(D, +D2)F -G =0, (1b)

and the (2+1)-dimensional modified KdV (MKdV) system

(D;+D)F-G=0, (2a)
Dy(D,+D})F-G=0. (2b)

The bilinear NKP system (1) can also be named as
the (2+1)-dimensional (1+1)-component Ablowitz—Kaup—
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Newell-Segur (AKNS) system, the (2+1)-dimensional Broer—
Kaup (BK) system!!3! and the (2+1)-dimensional sinh-Gordon
equation.!'*] The bilinear MKdV system (2) has been redis-
covered several times by Tto, !> Hietarinta,!'®! Lou and Li,!!”]
respectively. Many remarkable properties of the system (2)
have been established. For instance, its /N-soliton solutions,
Béklund transformation, and Lax representation were obtained
in Ref. [18], and its integrability in the sense of possess-
ing infinitely many generalized symmetries was confirmed in
Ref. [17].

This paper is organized as follows. In the next section,
the supersymmetric extension of the bilinear NKP system (1)
and its nonlinear version are proposed. Then, by extending
the formal series symmetry approach to the supersymmetric
framework, it is confirmed that the supersymmetric NKP sys-
tem admits a set of infinitely many generalized symmetries
with an arbitrary function f(z). Finally, symmetry algebras
of the supersymmetric NKP system are presented, including

P d o\" [ 9
SyDz DXFG: (Del 7D92) (8[1 - 31‘2) (

and Dy = dg + 09, is the usual super derivative.

It is obvious that we extend the bilinear NKP system
to its supersymmetric counterpart only by changing one of
the Hirota operators. However, this seemingly simple ex-
tension is not trivial and worth further considerations, as the
Hirota bilinear method is powerful and effective not only
for finding soliton solutions but also for searching new inte-
grable systems in the classic!!®1°2!] and supersymmetric!*?!
contexts. The coupled system (3) can also be viewed as a
(2+1)-dimensional generalization of the bilinear supersym-
metric two-boson system,!1323-26] since it reduces to the su-
persymmetric two-boson system when y = x.

Before proceeding further, let us first introduce the trans-

formations
F :exp{;[(v—u)+9(¢— ‘V)]},

Gexp{;[(v+u)+9(¢+vl)}} “4)

with super even (bosonic) functions u and v, and super odd
(fermionic) functions Y and ¢ being functions of (x,y,?). Un-
der the transformations (4), equation (3) can be expressed in
the nonlinear version through the direct calculations (a more
convenient way to derive the nonlinear version is given in Ap-
pendix A),

Uy —u,zc—vxx =0, (5a)

W — 2u Yy — @y = 0, (5b)

ox;  dx

a limit case f(r) = 1 which implies the commutativity of the
positive flow. In Section 3, similar study is conducted on the
MKAGdV system (2). The last section gives a short summary and
discussion.

2. Symmetries and symmetry algebras of the su-
persymmetric NKP system

2.1. Supersymmetric extension of the bilinear NKP system
and its nonlinear version

Our candidate for the supersymmetric extension of the bi-
linear NKP system (1) is

(D;+D*F-G =0, (3a)
Sy(D; +D2)F -G =0, (3b)
where F' andG are bosonic functions of the super spacetime

(x,y,¢,0), and 6 is a Grassmann odd variable satisfying 82 =
0. The superversion of the Hirota derivative is defined as

a n
> F(xlaylatlael)'G(-x27y23t2;92) Q1=92 )

¢t - 2“x¢x — Y = 0, (5¢)
Vyr — 2UxVyy — Upry — 2Wx P = 0. (5d)

In the fermionic limit ¥ = ¢ = 0, equation (5) reduces to a
(2+1)-dimensional coupled Burgers system!?’]

U —u2 — vy =0, (62)

Vyr — 2UxVyy — Uyxy = 0, (6b)

which can be reformed to the bilinear NKP system (1) under
the bi-logarithmic transformations

F

u=In (G) v=In(FG). 7

Thus, the coupled system (5) deserves the name of the super-
symmetric NKP (SNKP) system.

2.2. Infinitely many generalized symmetries of the SNKP
system

A symmetry ¢ = (U,&,1,V)T of the SNKP system is de-
fined as a solution of its linearized equations by assuming that
Eq. (5) is form-invariant under the infinitesimal transforma-
tions

u—sut+el, wv—y+ek,
O —0¢+en, v—ov+eV, ®)

where € is an infinitesimal parameter, £ and 7 are fermionic
functions of (¢,x,y, ¥, ¢, u,v), while U and V are bosonic func-
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tions of (¢,x,y, ¥, ,u,v). Inserting the infinitesimal transfor-
mations (8) into Eq. (5) and picking up the coefficients of €, we
directly obtain the linearized system that the symmetry should

satisfy
U —2uU,— V=0, (9a)
él - zuxéx - ZWxe —MNxx = 0, (9b)
N — zuxnx - 2¢xe - éxx =0, (9¢)
Vyt - 2nyUx - zuxvxy xx) 2§x¢x 2y =0.  (9d)

Extending the formal series symmetry approach!”-*-1% to
the supersymmetric framework, the components of the sym-
metry should be reformed as

U=Y f" 00,k v=Y v, (10a)
k=0 k=0

n= if(nikJrl)nn[k]v &= ifwikJrl)én[k]» (10b)
k=0 k=0

where f is an arbitrary function of 7, f*~%) denotes the (n—k)-
th derivative of f with respect to ¢, U, [k], &,[k], 1 [k], and V,,[k]
are functions of (x,y,u, ¥, ®,v) and their arbitrary derivatives,
U, lk] and V,[k] are bosonic
functions, while &,[k] and 1, [k] are fermionic functions.

but not 7-dependent explicitly,

Substituting Eq. (10) into the symmetry definition equa-
tion (9) and collecting the terms of the same derivative order
of f yield

Y £ (U] = Vi K) + £ 4D (U K] — 200,Ue K]) = 0, (11a)
k=0
Z FUEDE K]+ D (& K] — 20, K] — 20U [K] = Nase [K]) = 0, (11b)
k=0
Y DK A D (0 K]~ 2000(K] — 20,0 K] — G K]) =0, (1)
k=0
Y I K]+ O (Vi (k] = 20V [K]) — £ (20 U K] + Upeay [k] + 2Enn [K] b + 29 [K]) = 0. (1)
k=0
| k—1
Since f is an arbitrary function of ¢, equation (11) must hold ai; 0 O 3X2 -
at any derivative order of f. Therefore, by setting to zero all _ | 2yds axn axz 0 (13)

of the coefficients of the different derivative orders of f, we
obtain the following overdetermined system

Viy[0] =0, V,[0]=g(x) =g, (12a)
Un[0] = Vi [0],  Va[1] = &,[0] = 1, [0] =0, (12b)
Unlk — 1] = —Up [k — 2] + 2u,Ups [k — 2] + Vi [k — 1], (12¢)
Snlk — 1] = —=&ulk — 2] + 2uxr [k — 2]

+ 29U [k = 2] + N [k — 2], (12d)
Mnlk — 1] = =1 [k — 2] + 203N [k — 2]

+ 20 Une[k — 2] + Epn [k — 2], (12e)
Viy k] = —Viye [k — 1] + 20, Vypry [k — 1]

+ 20 Upelk — 2] + Upry [k — 2]

+ 2Enc[k — 2] + 29 N [k — 2] (12f)

for k = 2,3,...
ooy = 1.
It is obvious from Eq. (12) that U,[k —

,n+ 1, where we have defined 8y8y’1 =

1], &ulk — 1,

Nulk — 1], and V,[k] can be solved recursively for any given
g. We can write the result in a more compact manner
Uplk—1] ag 0 0 0? Uplk—2]
Ek—1] | | 2yndi am 92 0 Eilk—2]
M [k - 1] o 2¢x8x 83 a3z 0 MNn [k - 2]
VaulK] a41 Q42 43 A4 Valk—1]

2(}5)‘8)( 8)(2 ass 0
a4q1  a42 443 agqq

cocof

with k =2,3,...,n+2, and the operators in the matrix defined
as
an = ay = a3 =—0,+2udy, a4 =0; +20; vy,
as = —2(9),71 00y, as3 = 28 l//xax,
ags = —8l + 28y71ux8x8y.

Essentially, the recursion formula (13) should be truncated
to guarantee the existence of the formal series symmetries.
For the SNKP system, we find (Uy[n+ 1],&[n + 1], [n +
1],V,[n+2])T satisfy the truncated condition

an 0 0 97\ [Un+1]
290y ay 97 0 Eiln+1] _0
20,0, 92 az; 0 Man+1] |
as1 a4 a43 Q44 Valn+2]

w410, Ex[n+1], & [n+1],Vu[n+2))T also
satisfies the symmetry definition equation (9).

In other words, (U,

It is noted from Eq. (13) that one can deduce the explicit
generalized symmetries by inserting the exact expression of
g. Here, we present the first four generalized symmetries in
detail, obtained by choosing g = x> /12, x4 /96, x /960, and
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x% /11520, respectively,

1
Efterf”x
Az
oo(f) = ) (14)
fox
1
EftIXS +fvx
1f 2_~_1
3 X Eft-xux"_fut
1
Eflex +fw
alf)=| 3 Cas)
S0+ 9,
1
%ffttx4 =+ %ftx"x + fv
U,
o2 (f) = f,z (16)
%3
with
Ur = 3o + g et 208 v+
2= 48 11t X 8 X Ux 2 XUy T Vxx Vy
3 3.
+f|:uxxx + Euxvxx + Lti + an l(uxvxy + WX(PX)X ,

1 1
& = gfnlelfx + 1 [2X(2ux Wy + Prx) + O]
3 3
+f {‘Vxxx + 5(214}2( + V) Wi + 31y P + Euxx‘l)x} )
1 1
M= gfnxz(bx + 1 2x(2ux @y + Wix) + W]

3 3
+f {@cxx + 5(2%2( + Vxx)(Px + 3ux'~l/xx + Euxxl//x} ;

1 1
Vo= %fzmxs + gf,,xzvx
1 _
+ 5 {21020, Nty + Wads) + ] + 12}
3.
+ Ve + 58}, Y202y 4 2ttty 4 Viavay
+ Unxllyy AU WO + Wi Wi — ¢x¢xx)} )
and
Us
&
3(f) 3 )
V3
with

1 1 1 1 _
Us = @fz‘mx4 + 7-"73”)( + gﬁt [xz(u,% + Vxx) +XVX} + Z {x[zuxxx + 38} : (Mxny + Wx‘px)x + Uy Vi + 2’/‘;2] 42Uy + UyVyx

48

+ 28;1 (uxvxy + ‘I/x(Px)} + f{ux [4uxxx + 28;1 (uxny + l//xq)x)x] + a;l [4(ux V[xq)x)x + YV Woxx — ¢x¢xxx + VxxxVxy — UxxxUxy

— Ay (U Vy — V)| + ui —|—4u)2¢vxx + 214)2“ + v)zcx + Vixrx 1

1 1 1
&= @ffttx3 Yy + gflt [x2(2uxl[/x + Our) + X0 + Zfl{x[?’uxx‘Px + 2 + 6”;% Vi + 6P + 3V W] + 31x P + VWi + 2P b

+f{ Wx[zay_l (”xvxy + Wx¢x)x + 4”):(“)2; + Vxx) + Sum} + 4(“xWxx)x + 2Vxx¢xx + Vxxx¢x + 6“x(“x¢x)x + ¢xxxx};

1 1 1
N3 = @fm)é(px + gﬁt [XZ (zux(Px + Wxx) +x‘I/x] + Zﬁ{x[?’uxxl”x + 2¢xxx + 6ugzc¢x + 6“xWxx + 3Vxx¢x] + 3“)6‘/’)6 + Vx‘Px + 2¢xx}

+f{¢x [Zay_l (uxvxy + lI/x(px)x + 4”x(u)2( + Vxx) + 3uxxx] + 4(ux¢xx)x + ZV)CXW)CX + Vi W + 6ux(uxllfx)x + llfxx)cx}a

1 1 1 _
Vs = ———— fuux® + &fn,xS vy + gfn {5 [tte + 20, (uxviy + Yy )] + XU}

11520

1
+ Zf,{ [Sx(uxxuxy + VaxViy + ittty + ZM)ZCVXy + Wy Wix

1 3 _ _
— Y Yy +4uxWx¢x)} + 2XVypx + 7V)25 + 7”,% + zvxx} + f{zvxay 1(uxvxy + Wx(Px)x + 8y ! [4(uxvxxy)x

2 2

+4(3u)25 + Vxx) qu)x + 4uxny(u,% + Vxx) + 6ux(l//xl//xx - ¢x¢xx - uxuxxuxy) + 3(Wx¢xxx + l//xx)c‘Px + uxxxvxy)
- 2Vx(”xvxy + V[xq)x)x + 2Wxx¢xx + 2uxxyvxx + uxnyxx] + 6u§uxx + uxxxx}-

In the derivation of the symmetries (14)—(17), we have
used two tips to avoid the confusion caused by the anti-
commuting fermionic functions. First, the x-derivatives of
v should be placed in front of the x-derivatives of ¢, for in-
stances, the term ¢, Y., should be reformed as — ;. ¢,. Sec-

ond, the lower order of the x-derivatives of y or ¢ should be

placed in front of their higher orders, for instances, the term

Oy @y should be rewritten as — @, @y

Actually, the arbitrary function g in the general symmetry
formula can be further determined with the help of the dimen-
sional analysis. Due to the linearity of the symmetry definition

equation, the arbitrary function g can be expanded as a Lau-
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rent series. Assume the variable x has the dimension [L]', then
from Eq. (5), we find that y, ¢, u, v, ¥, and ¢ have the dimen-
sions [L]°, [L]?, [L]°, [L]°, [L]°, and [L]°, respectively. There-
after, we know from Egs. (14)—(17) that Vo(f)/f, Vi(f)/f,
Va(£)/f> - Vu(f)/f have the dimensions [L] ', [L] 2, [L] 3,
.. [L]~ 1), correspondingly. That is to say, f"+?)g/f, one
term of V,(f)/f, must have the dimension [L]~**!), which
means g must have the dimension [L] n+3 Consequently, g can
be determined as
113
EZ i 3y

Substituting Eq. (18) into Eq. (10), the symmetries of the
SNKP system can be summarized as

(18)

f(n+l)x11+l n+l1 I
s T T UnlK]
2ntl (p+1)! kg’l
n+l1

n—k+1 [k
. k;f Snlk]
on(f) = (19)

n+1

Z fﬂ*kﬁ’l T [k]
k=1

f(n+2)xn+3 rf a2
s TS Valk]
2l (n+3)! & "

forn=0,1,2,..., with

Unlk—1] ag 0 0 92
él’l[k_ 1] 1 2'1‘/)(8)( ann axz O

k=1 | ~ 27+ D! | 260 92 az3 0
Valk] as1 a4 a43 a44
xn+1
0
o |- k=L2ene2
0

2.3. Symmetry algebras of the SNKP system

The detailed calculations show that the generalized sym-
metries 0, (f) constitute a closed infinite dimensional Lie al-
gebra due to the presence of the arbitrary function f()

1
[Gn(fl)v Gm(f2)] = 756n+mfl
((m+Dfifo—(n+1)fif2), (20)
where the dot over a function denotes the derivative of the

function with respect to its variable, and the Lie product [ , ]
is defined as

[A(u),B(u)] = A'B— BA'

- % [A(u+ eB(u)) — B(u+€A(u))] R

In the following, we would like to list some interesting
subalgebras of Eq. (20), while skipping the tedious concrete
verifications.

(i) Commutative algebra In the limit case of f; = f> =
1, the generalized symmetries given by Eq. (19) degenerate to
the t-independent symmetries

aip 0 0 92\" [/x!

o — 1 wa8x ann 8)'2 0 0
T (n4- 1) | 2900y 97 azz O 0 |’
a4) Q42 G43 Q44 0

which constitute a commutative algebra
[On, Om] = 0.

Such an algebra implies the commutativity of the positive flow.
Thus, it is confirmed that the SNKP system is integrable in the
sense of possessing infinitely many generalized symmetries.

(i) Virasoro algebra Taking f =t, the generalized sym-
metries degenerate to the so-called T symmetries, 0, (¢) = T,,
which constitute a centerless Virasoro algebra

(n—m)

[Tnv Tm] = Tfn-ﬁ-m—l-

(iii) W. algebra Tt is remarkable that by restricting the
arbitrary function f to be a Laurent polynomial (f =¢" and
0,(t") = 6}, r # 1), the general algebra (20) reduces to the W,
algebra

[0/, 05] = f%[r(m+ 1) —s(n+1)or s, 1)

Although o) represents a generator of the conformal spin #, it
is still difficult to obtain higher spin generators in other types
of the representations of the W,, algebra. Fortunately, in our
case, generators for any higher conformal spins can be easily
obtained from Eq. (21).

It is also noted that in addition to the symmetries o, (f)
in Eq. (19), there may be other types of symmetries for the
SNKP system. In a similar way, one can obtain a special sim-
ple symmetry with an arbitrary function p = p(y)

pity
1
PYy T 5pvY
Yo(p) = 1 . (22)
poy+ Epyd)
pPvy
The commutation relation between o,(f) and Yy(p) is

[0a(f), Yo(p)] =0,

From Eqgs. (14), (15), and (22), it is obvious that the SNKP
admits the following Lie point symmetries

T(f)=0o1(f),
with f = f(¢), h = h(t), and p = p(y). The nonzero commu-

n=0,1,2,....

X (h) = oo(h), Y (p) =Yo(—p),

tation relations between these symmetries read

[T(f1), T(S)]=T(fifa— fif2). (23a)
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70, X0 =X (fh— 37,

[Y(p1), Y(p2)] =Y (p1P2 — P1p2),

(23b)
(23¢)

which constitute an infinite dimensional Kac—Moody—
Virasoro-type algebra typical for the integrable systems.

3. Symmetries and symmetry algebras of the
(2+1)-dimensional supersymmetric MKdV
system

3.1. Supersymmetric extension of the bilinear MKdV sys-
tem and its nonlinear version

The supersymmetric extension of the MKdV system can
be taken as
(D, +D)F-G=0,
Sy(D; +D3)F -G =0.

(24a)
(24b)

By using the transformations (4), we can write Eq. (24) in its
nonlinear version

U + 12 4 Uy + 31tV = 0, (25a)

Uy + 312Uy + Uiy + 3vie Uy + 31,V = 0,

ét + gxxx + 3’/‘)25&)5 + 6uxll/xe + 3Vxx§x + 3ll/xvxx + 3¢xxe + 3uxnxx =0,
n:+ éxxx + 3“)2577)5 + 6Mx¢xe + 3Vxxnx + 3¢xvxx + 3'~I/xxe + 3“x§xx =0,

Wi+ Ve + 305 W+ 3V Wi+ 3ux @ = 0, (25b)
O + Oree + 312 0 + 3V + 3 W =0, (25¢)
Vyr + Vary + 3VicVay 4 3U2Vay + Sttty

+ 06U YO + 3Ya Yoy — 3010 = 0. (25d)

In the fermionic limit y = ¢ = 0, equation (25) becomes

(26a)
(26b)

ur + M?c + Uy + Suxvxx = 07

2
Vyr 4+ 3VaVay + Vioy + 33U Viy + 3yt = 0,

which is an interesting couple of the MKdV equation and
the potential BLMP equation.[?8! By using the bi-logarithmic
transformations (7), one can convert the coupled system (26)
into the bilinear MKdV system (2). Thus, this system (25)
deserves the name of the supersymmetric MKdV (SMKdV)
system.

3.2. Infinitely many generalized symmetries of the
SMKdYV system

A symmetry 6 = (U,&,n,V)T of the SMKdV system is
the solution of its linearized system of equations

Vit + 3viy Vix + 3viVay + Viey + SM%VX}, + 6u Vi, Uy + 3ty Uy + 31, Uryy + 60, Ux + 61, O 1)

- 6”x¢x€x + 3Wx€xx - 3Wxx§x + 3¢xxnx - 3¢xnxx =0.

where U and V are bosonic functions, while & and 71 are fermionic functions.
Analogous to the SNKP case, U, &, 1, and V should be expanded in the form of

=

U=Y " Uk,
k=0

n= Z f<"*k>11n[k]»
k=0

(27a)

(27b)

(27¢)

(27d)

E=Y fHE K, (28a)
k=0

V=Y fr iy k). (28b)
k=0

Substituting Eq. (28) into the symmetry definition equation (27) and collecting the coefficients of the different derivative orders

of f, we obtain the overdetermined equations

Viy[0] =0,  V,[0] =g(x) =g, (292)
Un[0] = —3uxVi 0], 8u[0] = =39V [0], (29b)
Ma[0] = =3¢ Viuux[0],  Va[1] = —3v, Vi [0], (29¢)
Unlk = 1] = —{Up [k — 2] + 362U [k — 2] + Uy [k — 2] + 3viecUp [k — 2] + 3u Vi [k — 1]}, (29d)
Enlk—1] = —{Eulk = 2] + Enper + 312 E e[k — 2] + 61 WU [k — 2] + 3vinEpe [k — 2]

+ 3Y Vi [k — 1] + 30 Upi [k — 2] + 3uc N [k — 2]}, (29¢)
Malk — 1] = —{ N [k = 2] + M + 30 e[k — 2] + 6y Upe [k — 2] + v [k — 2]

+ 30 Vi [k — 1] 4 3WeUne [k — 2] + 3ux & [k — 2]}, (29f)
Mk — 1] = —{Ne [k — 2] + Ny + 30 N[k — 2] + 61t Uy [k — 2] + 3vie N [k — 2]

+ 3 OV [k — 1]+ 3WeUp [k — 2] + 3u G [k — 2]}, (29g2)
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Vi lk] = —{Viye [k — 1]+ 3viy Vi [k — 1]+ 30 Vi [k — 1]+ Vi [k — 1]
+ 312 Vy [k — 1] 4 614,y Upe [k — 2] + Bttay Up [k — 2] + 33Uy [k — 2]
+ 6Y O Uni [k — 2] — 6120l — 2] + 61 Yl [k — 2] = 3Yex e[k — 2]
+ 3Wne [k — 2] 4 3¢ N[k — 2] — 39N [k — 2]} (29h)

fork=2,3,...,n+1.
From Eq. (29), it is clear that U, [k — 2], &,[k — 2], N4 [k — 2], and V},[k — 1] can be solved recursively for any given g, namely,

Unlk—1] Ay 0 0 3u.d? Uk —2]
Eulk—1]1 | _ | An Au 3ud7 307 Enlk—2]
Malk—1] | A3y 3ud? Ay 36,92 Nalk —2]
Vi k] Ayl Ap Ay Ay Valk—1]
An 0 0 3ua?\*! ”
5 Ay An 3ud? 3y,0? . W, 30)
Az 3u0? Ay 39,02 e |7
Ag1 A Agz Ay Vx

fork=1,2,...,n+2, and the operators A1, A21, A31, Aa1, Aap, Aaz, and Ayq are defined as

Al = at + aj + 3“)258)6 + 3Vxx8x, Ay = 6“x‘l’xax + 3¢xxam Az = 6”x¢xax + 3Wxxax7
Agt =30, (2uvayOs + oy O + 107 Oy + 2 9e0y),  Agy = =30 (2020 + Wi — 3Y507),
Agz =30, (Qu W0 + 90 — 30,97),  Agg = 0y + 05 + 39, (vay0F + vix0iy + 3uZx)).

Essentially, to guarantee the existence of the formal series Sux
symmetries, we need the truncated condition Ko(f) = — F¥s 32)
B foo |
An 0 0 3u,d? Unln] —/ix® + fv
2 2
Az An 3uxd; 3yi0; &nln] —0 31) Sixux +3fu,
Az 3udf A 39,07 Maln] ’ Ki(f) =L fixwe+ 31y, 33
Ay Ap Ap  Au Van+1] ! 3 JixOx+3f ¢ ’
—Se fux® + fixve +3fv;
which means (U,[n],&,[n],&,[n],Va[n+ 1])T also satisfies the U,
symmetry definition equation (27). K (f) = & (34)
With the recursion relation (30), we can deduce the first 32
three generalized symmetries by choosing g = x?/6, x3/54, ?
and x*/648, respectively, with

1 1
U= — ﬁfttxzux + gft [x(ui + Upxx + 3uxvxx) + U+ uxvx]
- f{suxayl [z(uxWx¢x)x + (M)%ny)x + Y W — ¢x¢xxx + UxUxxxy
3
+ VaxxViy| + Sux {2 (u)%x + vfx) + e (U Viex + Ure) + vxxxx] + 5 (U Vix )x + u)sc + Uporer } ,
1 2 1 2
&= _ﬁfttx Wy + gft (X (30, W + Wire 4 3V W + 313 Ox) + Yo + Vi W + 1020

- f{SWxgyl [2(ux ll’x(z)x)x + (u)zcvxy)x + Y Wiex — ¢x¢xxx + UxUxxxy + Vxxxvxy}

3
+5y, {2 (u)zcx + v?cx) + 3M)2¢vxx + ui 4 U Uy + v)mx]
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+5 [(“xx‘Pxx + Vxxlllxx)x + 3ux(Vxx¢xx + uxxWxx) + 2“;%(‘[’)@\: + ux¢x)x + ux(¢xxxx + Vxqu)x)] + Wxxxxx};

1 1
m = _Efttxzq)x + gft [x(?’u,%(px + (Pxxx + 3Vxx¢x + 3uxlllxx) + ‘pxx + Vx¢x

+ MXWX] - f{5¢x8yl [2(ux¢xllfx)x + (M)%vxy)x + Y Wirx — ¢x¢xxx

3
+ Uxlyxxy + Vxxxvxy} +5¢ |:2 (u)zcx + Vyzcx) + 3“)25Vxx + Mi + Uty + Vi

+5 [(uxxll/xx + Vxx(Pxx)x + 3ux(uxx¢xx + Vxxlllxx) + 2”;%(¢xx + uxllfx)x + ux(ll/xxxx + Vxxxll/x)] + ¢xxm}a

1 1 1 _
V= @fmx4 - ﬁfnxzvx + gft |:xvxxx + 3x8y 1(Vxxny + “)zc"xy + Usllxxy

1
+ 2uy Wx(bx + Y Wi — ¢x¢xx) + E(u)zc + V;%) + Vxx:|

- f{svxay_l [z(ux¢x IVx)x + (u)%vxy)x + Ve Wirx — OxOrxx + Uy Uxxxy Vxxxvxy}

_ 3
+50, 1 [2u)2((uxuxy)x — Ve (txlhery + VixxVay) + vay(uix +v2)

+ 3”xx(lllx¢x)x + Sux(lljxqu)x + lllxq)xxx) - Vx(‘l’x‘l’xxx - (qu)xxx)a
+ (4”)2( + 3Vxx)(‘lfx Yix — ¢x¢xx) + Unlyxxxy T Voo Vay + 3ux(uxxvxx)y

+ (uf; + 20U ) Viy + 2(214; + ter + 3UpVix) Wi Oy + u,%(3vxxvx), —

- ux(3uxyvxx + 2uxxVxVxxy) —2u, Wx(ux(Px)x = 2Uy vy Wxx(Px:l

+5 (”xx Uxxx + VixVirx + 214)25 Vxxx) + Vixoor } .

Similarly, with the help of the dimensional analysis, the
only possibility of g is identified as

xn+2

§ = I ) &

Then the substitution of Eq. (35) into Eq. (28) leads to the
symmetries of the SMKdV system

0=
=
S
=
=
=

=~
Il
o

FURE K]

Ku(f) = (36)
=0, k]

M: IM:
~

T
(=)

n+1 xn+2 n+1
f )‘ + Zf(nkarl)Vn[k]
: k=1

3n+1(n+2

forn=0,1,2,..., with

Unlk—1] A 0 0 3ua?\ !
Elke—1] 1 | Aa Ay 3u,0? 3y,0?
Malk—1] | = 3! | Asi 3ud2 Ay 3602
VK] Ay Ap Az Amy

vaxxy)
\
Uy
x| W L k=1,2,....n+2.
Ox
Vx

3.3. Symmetry algebras of the SMKdV system

Detailed calculations show that the generalized symme-
tries K,,(f) constitute a closed infinite dimensional Lie algebra

1
[Kn(fl)7 Km(fZ)] = gKnerfl
J@m+1)fifa—2n+1)fif2]. 37
Now, we list some interesting subalgebras of Eq. (37) to
see the commutation relation clearly.

(i) Commutative algebra In the limit case fj = f» =1,
we have the -independent symmetries

Ay 0 0 3ud?\" Uy
1 | Ax Al 3ud? 3y,0?
K, - 21 112 kO Wy ; o Yy . (38)
3l | Az 3udy Al 3¢.0; Ox
Ayl Ap Az Au 125
which constitute a commutative algebra
[Ky, Kin] = 0. (39)
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Therefore, it is confirmed that the SMKdV system is integrable
in the sense of possessing infinitely many generalized symme-
tries.

(i) Virasoro algebra In this case, we take f =t and thus
K(t) = 1,, which constitute a centerless Virasoro algebra
_HmI ). (40)

(iii) W., algebra Inthecaseof f =t" (r# 1), K,(t") = K],
constitutes the W, algebra

(K K] =

K, =K, (1").

[r(2m+1) —s(2n+ 1)K !

n+m—1’

Q| =

(41)

Remarkably, the SMKdV system share the same special
simple symmetry with an arbitrary function p = p(y) as the
SNKP system

puy
1
PYy+ El’yw

Yo(p) = (42)

1
p (py + Epy‘P
Pvy
Direct calculations show that the commutation relation be-

tween K, (f) and Yy(g) is

K.(f), Yo(p)]=0, n=0,1,2,.... (43)

Interestingly, there also exists an infinite dimensional Kac-
Moody-Virasora type subalgebra obtained from Egs. (32),
(33), and (34) as

X(h)=Ko(=f), T(f)=Ki(=f), Y(p)=Yo(-p), (44)

where f = f(¢), h = h(t), p = p(y), and the nonzero commu-
tation relations read

T, TG =T (2~ i)
(). X0 =X (7= 30 )
Y (p1), Y(p2)] =Y (p172— P1p2).

4. Summary and discussion

In this paper, we have presented the supersymmetric ex-
tensions of two integrable systems, the NKP system and the

FG—-2F.G,+FGy+FG—-FG; =0,

FooG — FixGo —2F 9 Gy +2F,Gg + Fo Gy — FGo + F1G — F,Gg — FgG; + F G, =
+2F.Gyy + F G« — FG,+ F,G— F,G, — F,G;, + FGyy).

(2+1)-dimensional MKdV system, from the Hirota formalism
in the superspace. By extending the formal series symmetry
theory to the supersymmetric framework, it is confirmed that
both models admit a set of infinitely many generalized sym-
metries with an arbitrary function f(¢). Due to the presence
of the arbitrary function, the generalized symmetries of both
models constitute a generalization of the W, algebra.

Interestingly, it is found that the first one of the posi-
tive flows of the SNKP system (taking f = 1 in Eq. (16)) is
another (2+1)-dimensional supersymmetric extension of the
MKdV equation in the potential form

3 3.
U = Uxxx + M;SC + Euxvxx + gay ! (uxvxy + WX(PX)X?

3 3
Vi = Yaxx + 5(2’4)% + Var) Wi + U P + Euqu)xa

3 3
¢t1 = Py + 5(214,% + Vxx)‘Px + 3u Y + Euxxl//xa

3.
Vi, = Voo + 58y ! (VixVay + 2u)2(vxy + 20 Ury
+ UxxUxy +4uxllfx¢x + YWy — ¢x¢xx)~

Together with our previous work, 293!

we are quite sure that
the symmetry algebras of this new (2+1)-dimensional super-
symmetric MKdV system is isomorphic to the SMKdV sys-
tem (25).

Based on our work, we would like to put forward a novel
hypothesis on a series of (2+1)-dimensional supersymmetric

integrable systems

(D, +D")F-G=0,
S,(D,+D!)F-G=0

with an integer n > 2. It is noted that n = 2 and n = 3 corre-
spond to the SNKP system (3) and the SMKdAV system (24),
respectively. Nonetheless, it is difficult to prove the integrable
property in the symmetry sense for n > 3, due to the diffi-
culty in determining the function of integration. Therefore,
the integrability should be proved via other means, such as the
criteria that the existence of three super-soliton solutions. It is
hoped that this hypothesis may establish a straightforward way
for the supersymmetric extensions of the integrable systems in
high dimensions.

Appendix A: Derivation of Eq. (5) and Eq. (25)
Let us expand Eq. (3) as

—0(FuyG — FuGy — 2F,, Gy,
(AD)
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It is noted that as F' and G are both bosonic fields, there are no
anti-commutation relations in Eq. (A1). Introducing F and G
in the following exponential forms

F=¢e 92 G=¢Pta/2 (A2)

with p and g being bosonic functions of (x,y,7,0), we can
readily obtain

Qt—%zc—PxeQ

P16 —2qxPx6 — qxxo + e(pyt - 261xpxy - %axy) =0. (A3

By substituting p = v+ 0¢ and ¢ = u+ 0y into Eq. (A3) and
then collecting the coefficients of 8, equation (5) is derived.
Following the same procedure, one can also obtain the (2+1)-
dimensional supersymmetric MKdV system (25).
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