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1 Introduction

Since the first N = 1 supersymmetric generallzatlon of the bosonic KP hi-
erarchy —the Manin-Radul N = 1 supersymmetric KP hierarchy [1]— and
its reduction —the Manin-Radul N =1 supersymmetric KdV hierarchy—
appeared this subject has attracted permanent attention both for purely
academic reasons and because of various applications. Let us mention, for
example, the problem of finding a supersymmetric hierarchy relevant for
the longstanding yet unsolved problem of constructing supermatrix mod-
els which differ non-trivially from bosonic ones. During past years several
generalizations of the Manin-Radul supersymmetric KP hierarchy were
proposed. They possess a new type of fermionic flows [2, 3], an enlarged
number of bosonic and fermionic flows [4], or additional supersymmetries
(see, e.g. the recent paper [5] and references therein)., Recently, a large
class of new reductions of the Manin-Radul N = 1 KP hierarchy was
discussed in the important work [6] where bosonic and fermionic flows
respecting the;joriginal algebraic structure were constructed. Even more
recently [5],.an N = 4 supersymmetric KP hierarchy was proposed and a
wide class of its reductions was described in the Lax-pair framework: It
is remarkable that the supersymmetric KP hierarchy in./N = 2 superspace
actually displays an N = 4 supersymmetry. This doubling of supersym-
metry also occurs in N = 1 superspace where the supersymmetric KP
hierarchy is actually N = 2 supersymmetric [4]. It is an interesting ques-
tion to find different reductions of the latter hierarchy which -preserve its
N. = 2 algebraic structure. This is the main goal of the present paper..
Usmg a dressing formalism, we descrlbe a wide class of N = 2 reduc--
tions of the supersymmetric KP hierarchy in N = 1 superspace. One,such.‘
reduction is considered in considerable detail: we derive its bosonic and
fermionic flows, Hamiltonians, Hamiltonian structures, recursion operator,
finite and 1nﬁn1te discrete symmetries and its reduction to a new N = 2
supersymmetric modified KdV hierarchy. As a byproduct we obtain a new
version of the N = 2 supersymmetric Toda chain equation which is related
with the infinite discrete symmetries of the reduced N = 2 KP hierarchy.
We point out:that, our.construction .of a new class of N.= 2 supersym-
metric integrable. hierarchies in. N = 1 superspace builds upon some recent”
results on supersymmetric hierarchies 4, 7, 6, 8, 5].. Let. us-describe the
content of this paper. In section 2 we review the supersymmetrlc KP hier--
archy in N = 1 superspace within the framework of the dressing approach
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and demonstrate that it is N = 2 supersymmetric. In section 3 we discuss a
consistent reduction of the N = 2 supersymmetric KP hierarchy preserving
its algebraic structure. We find its finite and infinite discrete symmetries
and use them to obtain the new Lax operators. Finally, we construct its
local and nonlocal Hamiltonians, first two Hamiltonian structures and re-
cursion operator. Section 4 then describes its secondary reduction to a new
version of the N = 2 supersymmetric modified KdV hierarchy. Section 5
presents generalizations of the reduced N = 2 KP hierarchy to the matrix
case and closes with some open questions. An appendix contains the new
version of the N = 2 supersymmetric Toda chain equation, includes its
zero-curvature representation and explains the origin of the Lax operators
of section 3.

2 N=2 supersymmetric KP hierarchy

In this section we discuss the hierarchy which is usually called the Manin-
Radul N = 1 supersymmetric KP hierarchy and focus on the remarkable
fact that it actually possesses an N = 2 supersymmetry. This section is
essentially based on the results obtained in [4].

Our starting object is the N = 1 supersymmetric dressing operator W

00
W=1+> (w® +wD)o™, ' (1)
n=1
where the all functions w, = w,(Z) involved into the W are the N =
1 superfields depending on coordinates Z = (z,6). Further, D is the
fermionic covariant derivative which, together with the supersymmetry
generator (@, form the algebral

{D,D} =+20, {Q,Q}=-20 (2)
with the standard superspace realization:
0 v _ 0
=%+08, Q=3§~08. (3)

Our aim now is to construct a maximal set of consistent Sato equations
for the dressing operator W which represent the flows of the extended
supersymmetric KP hierarchy in N = 1 superspace.

1We explicitly present only non-zero brackets in this paper.

We begin by choosing a basis {D, Q, [0, D], 8} of first-order differegtial
operators which are point-wise (z) linearly independent. We then consider
arbitrary powers of these and dress them by the dressing operator w,

obtaining the operators
1 -
L=WDW™, M=w@W™, N EWE[B, Djo'w! (4)
with the obvious properties: .
Li= (L), M=), Ly=(-1)My=Woew™ (5)

(
Using the operators (4) we construct consistent Sato equations for W,

a%W = —(Ly)-W, UW = —(Ni)-W,
DW = —(Ly_)-W, QW = —(My_1)-W, (6)

where the subscript — ( + ) denotes the purely pseudo-differential (di\f.fer-
ential) part of an operator. The bosonic (fermionic) evolution deltivatlves
{6%, U} ({Di, Q:}) generating bosonic (fermionic) f!ows of the hierarchy
under consideration have the following length dimensions:

[2l=l=—l DI=lQl=-1+7. (7

We would like to recall that the subset of flows {5‘27, D,} by itself
forms a hierarchy which is usually called the Manin-Radul N = 1 super-
symmetric KP hierarchy [1]. The extra flows {U;,- Qi}, when added t9 the
N = 1 KP hierarchy, produce an extended hierarchy possessing a richer
algebraic structure. This extended supersymmetric hierarchy was called
the maximal SKP hierarchy in [4].

In order to calculate the flow algebra of the extended hierarchy, one can
use a supersymmetric generalization [9, 4] of the Radul map [10] which is a
homomorphism between the flow algebra we are looking for and the algebra
of the operators L;, M; and N; (4). The resulting nonzero brackets are

8 o 8
{Dk, Dt} = —2 T {Qk: Qz} = +2 s (8)
- [Uk, Dz] - Qk+l, [Uk, Qz] = Dgy1. 9)



The algebra (8-9) may be realized in the superspace {tx, 0k, px, hr},

7] e 7] 0 > d
Di=-2 ~38 L Qi= =
T Pt $ Ot L Opx +§platk+t-1’
0 X 0 0
Up=5—-) (0 +

where ti, hy (0, px) are bosonic (fermionic) abelian evolution times with
length dimensions '

=T =k, (8] =[pe) =k~ 5. (1)

A simple inspection of the superalgebra (8-9) shows that the flows -2-,
Uy, D, and @, form a finite-dimensional subalgebra which is isomorp(i;ic
to the well-known N = 2 supersymmetry algebra including its u(1) auto-
morphism. For this reason the maximal SKP hierarchy may also be called
the N = 2 supersymmetric KP hierarchy.

It is instructive to introduce a new basis,

{Da Qa Dh Ql} = {Dvﬁleh@—lL (12)
D=-(@Q+D), D=-
= \/5 ) = 2(Q - D)r

-3

De= Z=(-)7'Q+ Dy, D= (1)@= Dy) (13)

S

in which the algebras (2) and (8-9) read

— = 3}
(D, D} =-20, {Dy,D)}=+2 ,
’ { l} Otk
[Uk, Dl] = Diyi [Uk ; Dl] = —Diy. (14)
In this basis the flows (6) take the form
_ 3}
=W =—(Waw_w, UW = —(Wob—éa’W‘l)_W,

DW = —(WD&''W)_W, DW =—(WDa"'w™)_W, (15)

and one can easily recognize that the subflows {5%, D,} form the Mulase-
Rabin N = 1 supersymmetric KP hierarchy [2,-3]. As we have already
seen earlier, the maximal SKP hierarchy includes the Manin-Radul N =1
supersymmetric hierarchy as well. Therefore, we come to the conclusion
that it actually comprises both the Manin-Radul and Mulase-Rabin N = 1
supersymmetric KKP hierarchies.

It is easy to sce that the flows (15) are form-invariant with respect
to the U(1) automorphism transformation of the N = 2 supersymmetry
algebra (14),

0 0
(6_151’ Ul) = (a;a Ul)a
(D, D) = exp(+ig) (D, D)),
(D, 5,)‘ = exp(—i¢) (D, D), (16)

where ¢ is an arbitrary parameter. Nevertheless, it is a very non-trivial
task to find a realization of these transformations for the superfunctions wi
and w? involved in the dressing operator W (1). We will return to discuss
this point for the case of the rediced N = 2 KP hierarchy (see paragraph
after eqs. (76)). Let us finally emphasize that the U(1) covariance of the
flows was hidden in the basis (3), (10), while it becomes manifest in the

new basis (13).
b

3 Reduction of the N=2 KP hierarchy

3.1 Bosonic and fermionic flows

In this subsection we consider a reduction of the N = 2 supersymmetric
KP hierarchy which preserves its flow algebra (8-9).
Let us introduce the following constraint on the operator M; (4):

My=M=Q+vD (17)

(its nature is explained in the appendix). The operator M possesses the



following important property?:

(MY = 3 (ML) D (MF)Tw), 1=0,1,2..

k=0

, (18)

which can be proved by induction similarly to analogous formula in the
bosonic case [11]. Equation (18) coincides with formula of ref. [6] where
other reductions of the Manin-Radul supersymmetric hierarchy [1] were
discussed.

Substituting the expression (4) for M, in terms of the dressing operator
W (1) into the constraint (17), the latter becomes

WQW™! =Q+vD 'y (19)

and gives an equation for W which can be solved iterativ%iy. The unique™

solution W (1) is determined by

wff) = ——Q”l(uv), wgb) = —Q"l(vDu —F‘qu‘l(uv)), &1
wf = QY (wu ' + wwDQ ™ (uv))
+(Q H(w))Q ! (vDu + wo @ (wv)), ... (20)

Replacing W by W in egs. (4) one can obtain the reduced opera%’ors Ly and

N, as well. As an example, we present a few terms of the D! expansion

of El, - *

£ =WDW™ = D + 20 — (Du)D! — (Dw?) — 20"
+w§f)Dw§f) + 2w§f)w§b))D‘2
~((D(ws? — wPul) = (Du)))D + ., (21)
where the functions w(®) and w{/) are defined in egs. (205'.
The most complicated task now is to construct a consistent set of Sato

equations fqr the reduced W, generalizing the unreduced equations.(6)
and preserving their algebraic structure (8-9). " Recently,%a similar task

2Let us recall the operator conjugation rules: DT = ~D, (OP)T = (—1)dedr pPTQT
v:/ihere O (P) is an a..rbitrary operator with the Grassmann parity do (dp), and dp = 6
(do = 1) for bosonic (fermionic) operators O. All other rules can be derived using

these. Hereafter, we use the notation (Of) f
ese. or an operator O acti i
f inside the brackets. g e only on & function

was carried out in [6] for some reductions of the Manin-Radul N = 1
supersymmetric KP hierarchy [1] as well as in [5] for the reduced N = 4 KP
hierarchy, and we essentially use the ideas developed there. We succeeded
in this construction only for the reduced 5671’ D,, and @, flows. Nevertheless,
as will be clear in what follows, the remaining U, flows can be restored using
the zero flow U (28) and the recurrence relations (71) (see the paragraph

after egs. (74)).
The resulting Sato equations have the following form:

AW = —(La)-W, DW=—(La1)-W,

oty
QW = —((Ma-1)- — Ma-1)W, (22)
where a new operator le_l has been introduced,
-2 '
Mooy =23 (MPD=3) D= (M) ), (23)
k=0

which is necessary for the consistency of the equations. The flows can
easily be rewritten in Lax-pair form,
!

ZM = —[(La)-, M] = [(L21)+, M],
DM = —{(La-1)-, M} = {(La-1)+, M},
QM = —{(Ma_1)- — Ma_y, M} ~
= {(M21—1)+ + -’qzl—l, M} - 2M2[a (24)
and, with the help of equation (18), lead to the following flow equations
for the superfields v and u:
Zu=((La)+v), gpu= —((Lar)u),
Dw = ((La-1)+v), D= ~((La-1)ju),
Qu = ((Ma—1)+ + Moy — 2Ma1)v),
Quu = —((Mai—1)% + May — 2Mg1) ). (25)
Using eqs. (25) for the bosonic and fermionic flows, we present the first
few of them, for illustration®,

s(0)-(n) #(2)-2(2)

3We have rescaled some evolution derivatives to simplify the presentation of some
formulae.




s =+v " — 2uv(DQu) +

a—‘?;u = —u" — 2uv(DQu) +

(DQv*u) + v3(DQu) — 2v(uv)?,
(DQuv) + w*(DQu) + 2u(uv)?, (26)

Dy = —Dv+ 2vQ ™" (wv), Diu= —Du~ 2uQ " (uv),

Qv =—Qu - 20D (w), Q,u=—Qu+2uD (uwv),
Dy =—Dv'+2v'Q7 (wv) + (Dv)Q ' D(uv) + vQ ' {uv ' + (Dv)(Du)
Dou=+Du'+ 2u'Q ™ (wv) +
Qv =—Qu' — 2v'D™(uv) +
Qou = +Qu ' — 2u'D™ Y (uwv) +

UO(Z)=0D<Z), (28)

where the zero flow U, was constructed by hand so that it satisfies the
algebra (8-9).

We wquld like to close this subsection with a few remarks.

First, observing eqs. (25) we learn that the reduced N = 2 KP flows
(except for 5) are nonlocal in general (for an example, see eqs. (27) ).
This property of flows is just the result of the reduction.

Second, the flows {5‘?—1, Uo, D1, @1} forming the N = 2 supersymmetry
algebra are non-locally and non-linearly realized in terms of the initial

superfields v and u. However, there exists another superfield basis {%, i},
defined as

Qu)D~'Q(uv) —
(Qu)D™'Q(uv)

vD ™ [uv "~ (Qu)(
—uD M ou " — (Qu)(Qu)

v =vexp{+[0, D' |(wv)}, @ =uexp{-[0, D" (uv)}, (29)

which localizes and linearizes the N = 2 supersymmetry realization into

a-=0, Di=-D, Q1=Q, Uy=0D. (30)
However, in this basis even the flows az for [ > 2 are nonlocal.

Let us finally stress that, in distinction to all known Lax operators
used before in the supersymmetric literature, the Lax operators proposed
in this subsection do not respect supersymmetry because they contain both
the fermionic covariant derivative D and the supersymmetry generator Q.
Nevertheless, the resulting hierarchy is N = 2 supersymmetric.

(Dw)Q™'D(uv) + uQ vu ' + (Du)(Dv)
(

3.2 Discrete symmetries, Darboux-Bécklund trans-
formations and solutions
In this subsection we discuss finite and infinite discrete symmetries of the

reduced hierarchy, and use them to construct its solutions and new Lax

operators.
Direct verification shows that the flows (26-28) admit the two involu-

tions:

i(u,v), (z,0)" =(z90),
“(tp, —Up, Dy, Qp), (31)

('U’u)T = (U 'U) (‘2’0)T = (—2,0),
(e Up’.Dme) = (~tp, Up, Qp, Dp), (32)

which are consistent with their algebra (2), (8-9). A third involution can

easily be derived by multiplying these two.

It is a simple exercise to check that all the flows (24) (or (25) ) also
possess the involution (31), using the following involution property of the
dressing operator W:

w =W’ (33)
which results from eq. (19) and its consequences

(L) = (~)*FHL)T, (M) = (D)7 (M),
(M2l—l)* = (_1)I(M21—1)T’ (34)

for the operators entering eqs. (24). As regards to the involution (32), w
do not have a direct proof for it due to the very complicated transformatlon
property of the dressing operator. However, a simple proof can be given
using the recurrence relations (71), to be derived later.

Besides the involutions (31-32) the flows (26-28) possess an infinite-
dimensional group of discrete Darboux transformations (see eq. (A.14) of
appendix)

(v, w)t = (v(QDInv— uv), % ),
(2, 0)t = (2,0), (tpUp, Diinv)i = (tp, Up, =Dy, —=Qp),  (35)



M= —TMT™', T=vDvL (36)

Let us remark that formula (36) represents the Darboux-Backlund
transformation® of the Lax operator M (17).

Applying involutions (31-32) and the discrete group (35) to the Lax
operator M (17) one can derive other consistent Lax operators

M =Q-uDv=-MT,  M'=D+uQly, (37)

. . _ . _ . . oy —1
MG — p 4 U((J+1)I)D+lu((1+1)t) = —TUDAUDTED T
TUY = DD, D™ (38)

which generate isomorphic flows. MU¥ s obtained from M by applying
j times the discrete transformation (36), e.g. M©®H = (MH)HE MO =
M. '

Generalizing results obtained in [8, 5] one can construct an infinite
class of solutions for the reduced hierarchy under consideration. We briefly
present this construction and refer to [8, 5] for details.

The simplest solution of the hierarchy corresponds to

u =0, (39)

in which case the bosonic and fermionic flows for the remaining superfield

= —7p are linear and have the following form:

6%70 =081, Dyro=-D0'1, Qiro = QI 'ry. Uprp = 0D 7. (40)

To derive these equations it suffices to take into account the length dimen-
sions (7) of the evolution derivatives, their algebra (8-9) and the invariance
of all flows (24) with respect to the U(1) transformations

(v,u) = (exp(+if) v, exp(—if) u) (41)

which is obvious due to the invariance of the reduction constraint (19).

“For the reduced Manin-Radul N = 1 supersymmetric KP hierarchy the Darboux-
Bécklund transformations were discussed in [6] (see also references therein).
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For technical reasons, we restrict the analysis of the hierAarchy'to.the
case when only the flows ;’Tk, Dy and Qi (but not Uy) are considered.
Then, using the realization (10), the solution of egs. (40) is

i

To

Jaxdn 0 m) exp{er=ng+3- [t4n(0k = PN +000: + pr)
' k=1 ’

- Gkio:pn/\""l]/\k}, : : (42)
n=1 .

where ¢ is an arbitrary fermionic function of the bosonic ()) and fermionic
(1) spectral parameters with length dimensions

1
N=-1, [=-3 (43)
Applying the discrete group (35) to the solution constructed {u =0, v =
—7o}, an infinite class of new solutions of the hierarchy is generated through

an obvious iterative procedure [8]

@D = (1) LRGN = (1) 2UHD
T25+1 T25+1
u((zj+i)t) = (-1 w@GID = (1)L (4
T25 . T25
where the 7; are® |
—1)96P*97, (—1)"‘6P+"‘QTO )OSMSJ‘

T2 - Sdet( (_1)q6k+qD7-0 (—.1)"‘6k+mDQTO

?
0<k,m<j—1

_1)qap+q70 (——1)"‘6”+"‘er0 )OSMSJ’ 45
T2j+1 = ~Sdet( (—1)‘16’°+qu0 (_l)mak+mDQT0 . (45)

0<k,m<;j

3.3 Hamiltonian structure

In this subsection we construct local and nonlocal Hamiltonians, first two
Hamiltonian structures and the recursion operator of :the reduced hlera.r-

chy..

: : . - o (A B\ - _ o
5The superdeterminant is defined as sdet( c D ) = det(A —
BD™'C)(det D)~ ‘ B

11



Let us first present our notations for the N = 1 superspace measure
and delta function

dZ = dzdo, 6V=1(Z) = 08(2), (46)

as well as the realization of the inverse derivatives

D'=Da, Q'=-Q57', a'= %/ doe(z — 7),

e(z—2)=—€(r—2)=1, if z>z (47)
which we use in what follows. We also use the correspondence:
s = (U D,Q} & Hp={H,H 1P W) (48)

a
ar?

. . {
consequently, the latter ones have the length dimensions

between the evolution derivatives

and Hamiltonian densities H}, and,

(] = () = —1, [HP)= [MR) =~ + 2. (49)
Let us remark that the length dimensions of the Hamiltonian Hf,
Hf = / dZH?, (50)
and its density #H} are different. They are related as
(H) = [ + 5 (51)
because the length dimension of the N = 1 superspace measure is not

equal to zero, [dZ] = % Moreover, their Grassmann parities, dye and dys,
are opposite,

dHa = d‘){ﬂ + 1, (52)

due to the fermionic nature of the N = 1 superspace measure (46).
We define the residue of a pseudo-differential operator ¥ with respect
to the fermionic covariant derivative D, according to the rule:

U=+ (Qres(¥))D! + ... (53)

12

which will be justified a posteriori. Then, bosonic Hamiltonian densities®
can be defined as o

H; = res(La). | : - (54)

Using these formulae and the relation (18) one can derive the general
formulae for the Hamiltonians Hj in terms of the Lax operator M (17)

21—-3

Hey = [azD7 Y (—)H M) (MY ). (55)

We pi‘esent, for example, the explicit expressions for the first few bosonic
Hamiltonians’,

H = [ dzw, Hi= [ dZuv’,

Hy = [ 4z 0"~ wufilDQw) = o(DQu)) = Sv)" ], (50

HY = / dZ uéDw, (57)
and the first few fermionic ones,

HP = HO = / dZD (wv), (58)

HP = /dZ [ vDu + uv@ " (uv) ], HY = /dZ [ vQu — wvD ™ (uv) ],
HP = /dZ [vDu '+ 2vu'Q ' (uv) + v(Du)[H, D](uv) },
HY = /dZ [ vQu ' + 2vu "D} (uv) + v(Qu)[6, D](uwv) . (59)

i g
The Hamiltonians (57-59) were found manually by requiring that they are
conserved with respect to the ﬂow§‘5‘9t—l (26).

6LLet us recall that Hamiltonian densities are defined up to terms which are fermionic
or bosonic total derivatives of an arbitrary functionat f(Z) of the initial superfields
subjected to the constraint: f(+o0,68) — f(—00,6) =0.

TWhen deriving eqs. (55-59) we integrated by parts and made essential use of
realizations (47) for the inverse derivatives and of the relationship Q=D-260. We
also used the following definition of the superspace integral: [dZ f(Z) = J dz(Df)(z,0).

13



We should add that the Hamiltonians in egs. (54) fo
conjectured to be conserved under the bosonic flows 3‘2 (2
ture was checked explicitly for a few of them.

It is well known that a bi-Hamiltonian system of evolution equations
can be represented as:

9 (v _ 0fov \ o d/év a
orf ( u ) = ( 8/6u ) Hin = ( §/6u A, (60)
where J; and J; are the first and second Hamiltonian structures. In terms

of these the Poisson brackets of the superﬁelds v and u are given by the
formula:

’U(Zl) ®
An important remark 1s in order. In N = 1 superspace the varia-
tlonal derivatives 3 and £ 3. are Grassmann odd because of the definition
le v(Z2) = 6V=Y(Z, — Z;) and the fermionic nature of the N = 1 delta
function (46).

Using flows (26-28) and Hamiltonians (56-59), we have found the
Hamiltonian structures to be : ‘

or [ > 4 are only
4). This conjec-

Z5) Vb= Ji(Z1)6"=N(Z) - Z). (61)

_ 0 1 _ [ Jll 'J12
J1—<_1 0) and J2—<J21 J22> (62)

with
Ju = +vDQ - (Qu)D™'v — 20D 'uww Dl

+vQ! vD (Dv)@Q~ v+2vQ Luv@ v,
Jr2 = —uQ'uD + (Du)Q 'u 4 2uQ " 'uvQ "y

—uD” lu@ + (Qu)D"lu —2uD 'uy D™, ‘

Jiz = -0+ {Q,vD'u} +2uD! uvD* u+ {D,vQ7! u} - 20Q7! qu u,

Ju = —0- {D u@~ v}——2uQ luw@™ v—{Q,uD v}+2uD 'wyD ™My,
i | (63)

We would like to note that, other than for the N = 4 Toda chain hierarchy
5], the Hamiltonian structures (61-63) are Grassmann odd due to the
bosonic character of the matrices,J; and J, (62~ 63) -and the fermionic

P
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nature of the N = 1 delta function (46). Odd Hamiltonian structures
were also used earlier in the description of some supersymmetric integrable
systems (for recent papers, see {12, 13, 14, 15, 16] and references therein).

The second Hamiltonian structure J, (63) is rather complicated, non-
linear and nonlocal. It becomes linear and local in terms of the original
Toda-chain superfields b and f (see eq. (A.13) of appendix)

b=wv, f=Dlnv. (64)

The corresponding Hamiltonian structures J(IJ D and Jéb’f ) can be ex-
pressed via J) and J, (62-63) by the following standard relation:

I = FJFT, F= ( 51 ’6 )_, (65)

where F is the matrix of Frechet derivatives corresponding to the trans-
formation {b, f} = {v,u} (64). One finds:

‘ b
| Jgen_( 0 D J(bf) Jip!) J( o
; 1 =\ D o/ - J(bf) J(bf)

JED = _ab—ba,

J%" = 8D+ Qb+ Dbjs, D] - (Df)D,

9P = —8D +bQ - (6, DIbD — D(DF),

J = -20D +2b-2(Qf) - [(Df), 18, D)) + 218, Dp(9, D). (66)

Using equations (58), (60) and (62), we obtain, for example, the 0-th
fermionic flow,
Qov =00, Qou = —ub. (67)

Knowledge of the first and second Hamiltonian structures allows us to
construct the recursion operator of the hlerarchy,

-1 = Jiz, —=Ju 0 (w0 (v
R= JZJ (Jzz,f—le o, \ -_’RE)T,“ u )’ (68)

v v :
oy ( u ) R's: ( u ) . Jin =Ry (69)

e T e
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The Hamiltonian structures J® and J () (66) (and, consequently, the
original Hamiltonian structures J; and Jp (62-63) ) are obviously mutu-
ally compatible: a deformation of the superﬁeld f to f+ 70, where v is
an arbitrary parameter “transforms J2 (0.1 1nto the Hamiltonian structure
defined by the algebralc sum

J(bme) J(bf) Lgd®D (70)

Therefore, the recursion operator R (68) is hereditary as the operator
obtained from the compatible pair of the Hamiltonian structures (17].

Applying formulae (68) we obtain the following recurrence relations for
the flows:

BT?HU = +37’ "+ (-1)%wD7! 33 'HQ [(Qv) + v(D™'uv)]D ’}-L‘
+ (1% 0Q7 ZHT — [(Dv) = v(Q wv)]Q” I;:au

e =—gpe’ = (DY Q- 2HE — [(Dw) + u(@ uo)|Q ! M
— ( )fauD—l a [(Qu) — (D lu’U)]D_l a HE
+ 2u[0,D]5T—l;’H1, ' (71)

where d,. is the Grassmann parity of the evolution derivative a?a and
. ’ .

H =uv, HP =vDu+wQ ' (uv), HY = vQu — uwvD H(uv) (72)

are the densities of the Hamiltonians H} (56) as well as Hy and HZ (59),
respectively.
Taking into account the involution properties

() = (M) =7,

(HY) = —QHUi+HT, (HD)' = —DH+Hy,

(M) =DHL -H, (M) =QH -7 (73)
of the Hamiltonian densities (72), one can verify that the recurrence re-
lations (71) possess the involutions (31-32). Together with the already
verified fact that the first flows (26-28) also admit these involutions one

concludes that the all other flows of the hierarchy under consideration

admit them as well.
Using egs. (71) and (27), we obtain, for example, the third bosonic

flow
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0‘;’31) = v "+ 3(Dv) "(Quv) — 3(Qu) '(Duv) + 3v '(Du)(Qv)
—3v (Qu)(Dv) + 6vv '(DQu) — 6(uv)?v '
%u = u" +3(Qu) '(Duv) — 3(Du) '(Quv) + 3u '(Qv)(Du)
—3u "(Dv)(Qu) + 6uu '(QDv) — 6(uv)2u ! (74)
which coincides with the corresponding flow that can be derived from the

Lax-pair representation (24). Let us underline that all U, flows for [ > 1

can also be derived in thls way starting from the zero flow U, (28) as an
input.

Finally, let us transform the first bosonic and fermionic flows from egs.
(26-28) and recurrence relations (71) to the basis (12), where they become

e [ v _ v vy 'z v
£(1)-2(2): w(i)--7(2)

Dy = —Dv — 200" 'D(uv), Dyu= —Du+ 2ud 'D(uv),

Div = —Dv + 200 'D(wv), Dyu= —Du— 2ud"D(wv), (75)

31’? 1v—+arﬂv "4 (=1)4 v~ "D (v’Du—uv6 "Duv)
~v8™ ' D5 (vDu+uv6 1Duv]—[’Dv ) +v (0~ 1Duv )0~ 1’D(,Tu( v)

+[(’DU)—U( I’Duv)]a D2 2= (w),

3 a
Bt = ~apu — (FD* 012

(u’Dv — wwd ' Duv)
~ud™ ' D .,(u,’DU + wwd " Duv)] + [(’Du) + u(0” ' Duv)|8 D2
—[(Du) — w(0~"Duv)]o~'D

)
s (o). 1)

These equations are obviously invariant under the U(1) transformation
(16). Consequently, all higher flows admit this automorphism as well.
Despite of this, the Lax operator M (17) is not invariant with respect
to the U(1) transformation. Hence, applying it to M one can derive a
one-parameter family of consistent Lax operators,

M = M®=cos¢ M+sing (MHT (77)

wi?h M defined in eq. (37). The flows generated in this way are all isomor-
phic. We remark that the superfields v and u have trivial transformation

17



properties under the U(1) transformation (16), while the superfunctiqns w]
and w® (20) expressed in terms of these transform in a rather complicated
n

manner.

4 Second‘ar'y reduction: a new N=2 super-
syminetric |
modified KdV hierarchy

In this section we derive.a new N = 2 supersymmetric modified KdV
hierarchy by means of the secondary reduction. . .

Let us investigate the secondary reduction of the hierarchy con51de.re(§
in the preceding sections. We impose the following secondary constraint
on the Lax operator £ (17):

- MT=DMD' (78)
which can easily be resolved in terms of the superfield v entering M,
| v=1. : (79)
Thén, the redu;:ed Lax operator M™¢ becomes
M™ =D_ + Dilu. (80)
Condition (78) by means of eq. (19) induces the secondary constraint
wT = pwD™! ‘ (81)

on the dressing operator' W (20) which in turn induces the following sec-
ondary constraints on the operators L, (4): :

(L) =‘(—1v)lD£2tD—‘l, (1521;1)T = (-1)'DLy D7 . (82,5

which are identically satisfied if constraint (78) (or (81)) is imposed. Im-
portantly, eqs. (82) imply that - S
(Lopr-1))o = (Lagry=1)o =0, k=1,2..., 0 (83)

8See also refs. [18, 19, 20], where a similar reduction of the Manin-Radul [1] and
Mulase-Rabin [2, 3] N = 1 supersymmetric KP and KdV hierarchies has been discussed.
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where the subscript 0 refers to the constant part of the operators. Conse-
quently, the equations:

((Logr-1)+1) = ((Lorae-1)1+1) = 0 (84)

are identically satisfied as well. Using these relations, the involution (32),
and the algebraic structure (8-9) we are led to the conclusion that only
half of the flows (25) are consistent with the reduction (78-79), namely

{ 5&2__1’ Uzk, Dog, Qo }. (85)

In order to understand better what kind of reduced hierarchy we have in
fact derived, one might analyze its Hamiltonian structure via Hamiltonian
reduction of the first and second Hamiltonian structures (62-63) we started
with. However, it is easier.to reduce the less complicated expressions (66).
In this basis, the constraint (79) becomes

f=0, ~ (86)

and the superfield b coincides with the superfield u on the constraint sur-
face. ’ :

Let us start with the first Hamiltonian structure Jl(b’f ) (66). In this
case, the constraint (86) is a gauge constraint, and a gauge can be fixed
by the condition & = 0. As the result, the trivial reduced Hamiltonian
structure is generated.

In the case of the second Hamiltonian structure Jéb’f ) (66), the con-
straint (86) is second class, and we can use Dirac brackets in order to

obtain the second Hamiltonian structure for the reduced system. The re-
sult is

. u woy-1
Jl(lDz ac)  _ J{I’O) _ 1(121,0)J'§2,0) J2(111,0)

il

%(3DQ + Qu@ — DuD + 20u + 2ud), (87)

where we have exploited the relations

1
157Q = 5Q7°Q = QI = —0DQ - QbQ + DbD (88)

which can easily be read off egs. (66).
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From eqs. (87) we see that the second Hamiltonian structure of the
secondary reduced hierarchy displays the reduced N =2 superconforn}al
structure, and its flows (85) possess a global N = 2 supersymmetry with
an unusual length dimensions of its generators,

3

=-L. (89)

[3_?;] = -3, [Uo] =0, (Do) = (973
Substituting the constraint (79) into the third flow equations (74) of the
reduced hierarchy, they become

Z?%u = (u"—-3(Du)(Qu) + 2u?) (90)

and one can easily recognize that this equation reprgduces the mo.dlﬁed
KdV equation in the bosonic limit when the fermior-nc component is put
equal to zero. Equation (90) does not coincide with any of the three
known N = 2 extensions [21] of the modified KdV equation. Therefore,
we summarize that the secondary reduced hierarchy gives a new type of
N = 2 supersymmetric generalization of the modified KdV hierarchy.

5 Generalizations, Conclusion and Outlook

In this section we discuss possible generalizations of the reduced N = 2
KP hierarchy to the matrix case and some open problems. '

The hierarchies discussed in the preceding sections admit a natural
generalization to the non-abelian case. One may consid.er the N = 2 su-
persymmetric matrix KP hierarchy generated by a matrlx—valued dressing

operator W in N = 1 superspace,
o0
w=I+Y (w®+w)D)o™, (91)
n=1

which can be treated as a reduction of the analogous operator in .N =2
superspace considered in [5]. Its consistent reductions are characterized by

the reduced operator
M, =IQ +vD u. (92)
Here, W, = (wn)aB(Z), v = v4a(Z) and u = uaa(Z) (A,B = 1,...,k;

a,b=1,...,n+m) are rectangular matrix-valued superfields, and I is the
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identity matrix, I = 4. In (92) the matrix product is understood, for
example (vu)ap = Y03 v4auep. The matrix entries are bosonic super-
fields for @ = 1,...,n and fermionic superfields fora =n+1,...,n + m,
ie., vaatpp = (—1)%buygv,,, where d, and d, are the Grassmann pari-
ties of the matrix elements v4, and uyg, respectively, d, = 1 (d, = 0) for
fermionic (bosonic) entries. The grading choosen guarantees that the Lax
operator M, is Grassmann odd [22].

A detailed analysis of the emerging hierarchies is, however, beyond the
scope of the present paper. Without going into more details, let us only
present a few non-trivial bosonic and fermionic flows in this noncommuta-
tive case (compare with the abelian flows (26-27) ):

5%1) =+v" - 2{Q,vDu}v — 2v(uv)?,

%u =-u"+ 2{_D, uQu}u + 2(uv)’y,

Dyv = —Dv +2(Q 'wIu)v, Dyu= —Du— 2uQ ™ (vu),

@Q1v = —Qu —2vD7 Nuv), Qu =—Qu+2I(D'uwv)u  (93)

which are derived using Lax-pair representations (24) with M, (92) and
(£2)+ = ID — 2(Q (vTu)), (94)

and the matrix 7 is defined as
T = (~1)%6,. (95)

It is crucial that the existence of these two different fermionic first flows, D,
and @, (93), guarantees the N = 2 supersymmetry of the corresponding
hierarchies.

For the particular case when the index A takes only the value 4 = 1,
the matrix reduced Lax operator (92) becomes a scalar operator generating
a reduced hierarchy with n + m pairs of scalar superfields v,, u,. In the
more special case 4 = 1,a =1 and n = 1,m = 0, the Lax operator (92)
reproduces the Lax operator (17).

The results described in the previous sections can also be generalized
to the case of some other known reductions of the supersymmetric KP

hierarchy in N = 1 superspace. For example, a wide class of the following
reductions

Li=L=D+> v,D'u, meN (96)

a=1
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was proposed in [6]. It is quite obvious that one can generalize them by
replacing the superfunctions v, and u, by supermatrices with the above-
described grading. A less obvious fact is that one can consistently extend
in an N = 2 supersymmetric fashion the number of bosonic and fermionic
flows of the reduced hierarchies obtained in [6]. To simplify the consider-
ation let us concentrate on the simplest example of the reduced hierarchy,
characterized by the Lax operator (96) at m = 1. Then, as it was shown in
[6] the Lax operator £ (96) satisfies an equation which can be read from
q. (18) by replacing the operator M by L there, and the flows

3‘3[W = (EQ[)_W, D[W = —((521_1)_ b E21_1)W (97)
can consistently be introduced. Here, the operator Ly can be read off
eq. (23) by replacing the operators My_; and M there by the operators
Lo—, and L, respectively. Now, one can easily observe that the operators
£ (97) and M (17) possess the same properties in spite of their different
appearance, and for this reason one can construct the same set of consistent
Sato equations (22) for each of them. Comparing equations (97) with (22)
shows that at least one more series of fermionic flows, namely

QW= —(Mu)-W (98)

can consistently be added to the Sato equations (97) and, consequently,
the extended hierarchy of the flows are indeed N = 2 supersymmetric.
The hierarchies proposed in this paper may appear to have come out
of the blue. It is time to explain how we were lead to their construction by
relating them to previously known hierarchies. Forerunners of the present
paper are refs. [4, 7, 8] and especially refs. [6, 5]. As one might suspect,
there is a correspondence between the N = 2 supersymmetric hierarchies
defined above and the N = 4 supersymmetric hierarchies proposed in (5],
but this correspondence is rather non-trivial and indirect. The heuristic
analysis of the N = 4 flows constructed in [5] shows that among them
exist flows which contain only the operators D, and D_ (and not Q4
and Q_) and which are in some sense N = 2 like. Restricting the whole
hierarchy to only these flows, one can consistently reduce them by the
constraint 6, = 0_ = 6 which leads to the correspondence Dy = D and
D_ = iQ with the fermionic derivatives of the present paper, where 1
is the imaginary unity and 0, are the Grassmann coordinates of N = 2
superspace. This constraint is consistent for the algebra of the fermionic
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derivatives D, but it is surely inconsistent for the algebra extended by
any of the two fermionic derivatives Q1. Without going into details we
would like to stress that this reduction is a rather nontrivial one, and the
whole construction given in [5] must properly be adjusted. For illustrative
purposes consider the product D, DZ! which appears when constructing
the consistent Sato equations. This product has no differential piece before
the reduction, but it becomes a purely differential(!) operator by virtue of
the reduction constraint, drastically changing the construction. Moreover,
our U, flows cannot be derived by reducing the N = 4 flows, so they must be
added by hand in order to complete the hierarchy. To close this discussion
let us state two unsolved questions whose answering should yield a deeper
understanding of the proposed hierarchies:

1. What is the consistent Lax-pair representation of the U; flows?

2. What are proper general formulae for the Hamiltonians HY, HP
and H7 analogous to formula (54) for the Hamiltonian H}?

We hope to return to this questions elsewhere.

Finally, we would like to briefly comment on some unusual properties
of our hierarchy. ’

1. Our hierarchy flows in V = 1 superspace contain both the N =1
fermionic derivative D and the N = 1 supersymmetry generator (), never-
theless they are N = 2 supersymmetric. The resolution of this sophism is
hidden in the nonlocal character of the N = 2 transformations.

2. The equations for the bosonic components of our bosonic flows
;9%— do not contain the fermionic components at all. Nevertheless, the
supersymmetrization of these equations is non-trivial® because it involves
the fermionic operators D and Q.

3. The residue (53) we used for pseudo-differential operators in N =1
superspace is not the usual N = 1 residue which is the coeflicient of the
operator D~!. We obtained this unusual definition for the residue by the
above-explained reduction of the residue introduced in [5].

4. Grassmann-odd Hamiltonian structures appear at the Hamiltonian
description of our supersymmetric hierarchy. To our knowledge, this is
the first example of a non-trivial supersymmetrized hierarchy with odd
bi-Hamiltonian structure. It is interesting to speculate whether an even

9By trivial supersymmetrization of bosonic equations we mean just replacing func-
tions by superfunctions. In this case the resulting equations are N = 2 supersymimetric
as well, but they do not contain the fermionic derivatives at all.
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bi-Hamiltonian structure exists as well.

5. The secondary reduced hierarchy is a new N = 2 supersymmetric
modified KdV hierarchy with unusual length dimensions of the N = 2
supersymmetry generators (see, eqs. (89)).

All these peculiarities once more demonstrate the rich structure en-

coded in supersymmetry.
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Appendix. A new N=2 supersymmetric Toda
chain

In this appendix we present a new version of the supersymmetric Toda
chain equation and derive its zero-curvature representation which lies at
the origin of the reduction constraint (17).

Let us introduce the new equation

QD In bi = bi+1 - bi——l (A].)

written in terms of the bosonic N = 1 superfields b; = b;(2,0) defined
on the chain, 7 € Z. This equation represents a one-dimensional N =
1 generalization of the two-dimensional N = (1{1) superconformal Toda
lattice equation. It can be rewritten as a system of two equations

Qfi=bi+by, Dlnb=fi— fi (A.2)
which admits the zero-curvature representation
(D- 4, Q- AL} =0 (A.3)
with the fermionic connections
(AD)i; = fibi; +6ijo1,  (AD)ij = —bibijun, (A.4)
24

where f; = fi(2,0) are fermionic N = 1 chain superfields. One can define
the bosonic connections A,+ by

0+ A, = (D - A9)?, 0+ Ag = ——(Q—A”Q)z. (A.5)
More explicitly, they read
(A3)ij = = Qb ju1 + bibi10; j42,
(Ab)ij = =D4fibij + (fi = fir1)dijo1 — bij—2 (A.6)
an,d due to (A.3), obviously satisfy the zero-curvature condition
[0+A5, 8+A35)=0 (A7)
which is a consistency cohdipion for the linear system |

(8+ AH)¥ = AT, (A.8)

B+ AT =0, (A.9)

where ¥ = ¥, is the.chain wave function and ) is a spectral parameter.
Taking into account the first relation of eqs. (A.5), equation (A.9) can
equivalently be rewritten in the form

(D — AL)¥ =0. (A.10)

The linear system (A.8), (A.10) is a key object in our consideration.

In order to derive the Lax operator we are looking for, we follow a trick
proposed in [23] and express each chain function entering the spectral
equation (A.8) in terms of chain functions defined at the single chain point
7, usir}g egs. (A.2) and (A.10). In this manner we obtain the new spectral
equation

1 2
For ez.zch ﬁxed value of ¢, it represents the spectral equation of the dif-
ferential hierarchy, i.e. of the hierarchy of equations involving only the
superfields b;, f; at a single lattice point. Applying the discrete chain shift

(i.e., the system of eqs. (A.2)) to the differential hierarchy gencrates the
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discrete hierarchy. Thus, the discrete hierarchy appears as a collection of
an infinite number of isomorphic differential hierarchies [23].

It is well known that a spectral equation is just an equation for a Lax
operator. For a fixed value of ¢ one can cdmpletely omit the chain index
in the spectral equation (A.11), and it is obvious that the operator

1

- f
is just the Lax operator which is responsible for the bosonic flows of the
differential hierarchy. In the new superfield basis {v;, u;} defined by

b)* (A.12)

=@+5

bi = Uy, fi =DlIn Vi, (A13)
in which the system (A.2) becomes an N = 1 supersymmetric generaliza-
tion of the Darboux transformation (35)
1
Uil = QD Inv; = ujpViq + Ui, (A.14)
;
the Lax operator (A.12) simplifies to
=(Q+vD )2 (A.15)

Let us remark that the operator M (17) is just the square root of the
operator M (A.15). This Lax operator has been used in section 3 for
constructing a consistent reduction of all other flows of the N = 2 super-

symmetric KP hierarchy.
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