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Abstract

We introduce a (2+1)-dimensional extension of the 1-dimensional Toda lattice hierar-
chy. The hierarchy is given by two different formulations. For the first formulation,
we obtain the bilinear identity for the 7-functions and construct explicit solutions ex-
pressed by Wronski determinants. For the second formulation, we obtain the slightly

different bilinear identity and clarify the relation to the hierarchy arising from the ho-

mogeneous vertex representation of the 2-toroidal Lie algebra s[5’*, obtained by Kakei

et al.

1 Introduction

There has been a great deal of studies on nonlinear integrable equations in higher di-
mensions. The typical example of such equations is a (2+1)-dimensional extension of the
Korteweg de-Vries (KdV) equation

1 1 r
Uz = Uy + uuy + 3 ux/ uydx. (1.1)
This equation was first discovered by Calogero [3] and re-discovered by Bogoyavlensky
[2]. Billig [1] and Iohara et al [6] obtained a hierarchy of Hirota bilinear equations asso-
ciated with this equation from the homogeneous vertex representation of the 2-toroidal
Lie algebra s[5". Recently Ikeda and Takasaki [5] gave a Lax formalism of this hierarchy
on the basis of the 2-reduced KP (KdV) hierarchy and discussed the bilinearlization of
auxiliary linear equations, special solutions, a relation to the toroidal Lie algebra, etc. in
the framework of the Sato theory of the KP hierarchy [10].

On these backgrounds, in [8], Kakei and two authors in [5] developed their previous
work to a hierarchy associated with the (2+1)-dimensional nonlinear Schrodinger (NLS)
equation [2, 11, 12]

WUy + Ugy + 2u/ (Jul®)ydz =0 (1.2)
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on the basis of the two-component KP theory. Their work strongly suggests that the KP
theory provides a powerful tool to analyze such (241)-dimensional soliton equations.

The aim of the present paper, motivated by the work of Ikeda, Takasaki and Kakei,
is to develop the theory of the Toda lattice (TL) hierarchy to treat (241)-dimensional
soliton equations. Namely we consider a (2+1)-dimensional extension of the so-called 1-
dimensional Toda lattice (1-D TL) hierarchy [13] of nonlinear differential-difference equa-
tions associated with the Toda lattice equation

B2 d(s) = = D=9() _ 9(s)=6(s+1), (1.3)

The resulting is a system of nonlinear differential-differential-difference equations, which
we call the (2+1)-dimensional Toda lattice ((2+1)-D TL) hierarchy.

Our formulation of the (2+1)-D TL hierarchy is to add the toroidal-like evolution
equations to the 1-D TL hierarchy. We present two different formulations, according to
two types of reductions to the 1-D TL hierarchy from the TL hierarchy. For the first
formulation, we obtain the bilinear identity for the 7-functions and construct explicit
solutions expressed by Wronski determinants. For the second formulation, we obtain
the bilinear identity slightly different from the previous one. This bilinear identity can
be identified with that of the sli-hierarchy of [8] arising from the homogeneous vertex
representation of s(i".

This paper is organized as follows. In Sec.2, we first review on Lax and Sato formalisms
of the TL hierarchy in the language of formal difference operators. The 1-D TL hierarchy is
formulated as a special reduction from the TL hierarchy, and then we introduce the (2+1)-
D TL hierarchy; this is the first version of our system. In Sec.3, from the linear equations
for the Baker-Akhiezer functions, we obtain the bilinear identity for the 7-functions. In
Sec.4, by using Wronskian technique, we construct explicit Wronskian-type solutions of
the (241)-D TL hierarchy. In Sec.5, we present the second version of the (2+1)-D TL
hierarchy. For this second version, a slightly different bilinear identity is obtained. We then
clarify the relation to the s[{"-hierarchy of Kakei et al. Sec.6 is devoted to a conclusion
and some remarks.

Notation. A (formal) difference operator is a linear combination, A(s;e?) = 3" a,e"%,
of integer powers of a shift operator %, i.e., €% f(s) = f(s+1), with coefficients a,, = a,(s)
that depend on a discrete variable s. The index n ranges over all integers with an upper
bound N or a lower bound M. We call A = ZnM: N ane™s a difference operator of type
[N, M]. It is convenient to use the following notations:

(A)ZO = Z ane”as, (A)<0 = Z ane"as, (A)k = ag.

n>0 n<0

Throughout this paper, we shall use the abbreviations for differentiations

04

A= —.
o ox
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2 (241)-dimensional Toda lattice hierarchy

2.1 Toda lattice hierarchy

In this subsection, we recall basic notions about Lax and Sato formalisms of the Toda
lattice hierarchy following [13] in order to fix our notations used throughout this paper.
We start with two types of difference operators called Lax operators

oo o0
L=e%+ Z Uns1(s)e ™, L =ag(s)e % + Z Tipg1(s)em (2.1)
n=0 n=0

with 1g(s) # 0, where the coefficients of L, L are functions depending on two series of
“time” variables © = (z1,%2,...), ¥ = (y1,¥2,...) along with a discrete variable s. Using
the Lax operators, we define Zakharov-Shabat operators

By, =(L")s0, Bnp=(L")<p, n>1. (2.2)

The Toda lattice hierarchy (TL hierarchy) then arises as the compatibility condition for
the following linear equations for W(\) and W(\):

LU\ = AT(N), LU(\) =110,

- ~ - s (2.3)
02, U(A) = BrU¥(}), 0y, V(A) = By¥(N),

where W(A) = W(A) or ¥()\), and A is a spectral parameter. More explicitly, the TL
hierarchy is a system of evolution equations defined by Lax equations

Oy, L = By, L], 0,,L = [By, L],

I 3 7 B T 2.4
Formal solutions of the linear equations (2.3) of the form
(s, ) = <1 +)° %(s)A‘”) Asf@N WA
i (2.5)

U(s,\) = <i @n(sw> ASE@NHWATY  with  gg(s) 2 0
n=0

are called (formal) Baker-Akhiezer functions. Here &(x, A) denotes a formal power series

E(x, \) = ixn)\".

n=1

If we define difference operators called Sato- Wilson operators

V=1+ ivn(s)efnas, V= i@n(s)em’%, (2.6)

n=1 n=0

then the Baker-Akhiezer functions can be written as

T(s,\) = VASE@NHE@AT) (g \) = TAset@NH@AT), (2.7)
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Note that our definition of V, V is the same as that of “modified” Sato-Wilson operators
in [13]. Substituting the expressions (2.7) into (2.3), we obtain “dressing relations” for the
Lax operators

L=Vedvl L=Ve oyl (2.8)
and evolution equations for the Sato-Wilson operators

0.,V =B,V —Ves 9, V=8B,V-Ve% (2.9)
where we have used the abbreviation V =V or V. Since

By = (Ve VYo, B, = (Ve V1), (2.10)

(2.9) represents a closed system of evolution equations for V' and V, which we call Sato
equations hereafter. The Sato-Wilson operators V and V are uniquely determined from the
dressing relations (2.8) up to arbitrariness of multiplication from the right by operators of
the form 1+ 3" | ¢, % and Y °°  &,€"% respectively, where ¢, (n > 1) and &, (n > 0)
are constants.

2.2 Reduction to 1-dimensional Toda lattice hierarchy

We formulate the 1-dimensional Toda lattice (1-D TL) hierarchy by considering special
type of reduction from the TL hierarchy.
Let t = (t1,t2,...) and t = ({1,12,...) be variables defined by

Tn — YUn — Tn + Yn

tn: 2 9 tn: 2 )

n>1. (2.11)

We impose the following equivalent constraints on the TL hierarchy:

L+L =L+t ¥, (2.12)

O V=0,V=0 n>L (2.13)
Eq.(2.12) implies that £ takes the form
L =e% +uy(s,t) + (s, t)e %,

where the coefficients, (s, t) and (s, t), are functions not depending on ¢, because of
(2.13). The Lax equations (2.4) are now reduced to the Lax representation of the 1-D TL
hierarchy [13]

O, L=[B,— Bn, L], n>1. (2.14)

n

The lowest equation in (2.14) is equivalent to the Toda lattice equation (1.3) where the
#(s) is defined through the relations de(s)/dt; = —2uy(s) and e?5=D=90) = 4q54(s).

Remark 1. If we set B, = (L") and B,, = (L") for each n > 1, then they are related
to the Zakharov-Shabat operators through the linear transformation of the form

(81,82,...) = (Bl,BQ,...)A, (Bl,gg,...) = (Bl,B27...)A



52 Y Ogawa

with A being a certain semi-infinite upper-triangular constant matrix. Define new time
variables T, (n > 1) through

(07,015, ...) = (O, Oy, ... ) A.
Then the Lax equations (2.14) can be converted to a closed system for £

Or, L = [Bn — Bn, L], n>1.

n

2.3 Definition of (241)-dimensional Toda lattice hierarchy

We now introduce the (2+1)-dimensional Toda lattice ((2+1)-D TL) hierarchy by intro-
ducing additional “toroidal-like” evolution equations to the 1-D TL hierarchy.

2.3.1 Toroidal-like part of evolution equations

Let V and V be the Sato-Wilson operators of the 1-D TL hierarchy, i.e., V and V satisfy
(2.13). Introduce a new set of infinite “time” variables 2 = (21, 22,...) and a continuous

“spatial” variable zg. We define evolution equations for V', V' with respect to 2 by
0.,V =Bn+B,) 0,V + (K, +K,)V, n>1, (2.15)
where

Kn=—(Bn0,V -V Kn=—(Bn0,V-V7)_,. (2.16)

>0

These equations together with the Sato equations of the 1-D TL hierarchy

8,V = (Bp— BV -V("P —e ) pn>1 (2.17)

n

define the system of evolution equations for the Sato-Wilson operators in (241)-dimension,
which we call the (2+1)-D TL hierarchy hereafter.

2.3.2 Lax equations

The evolution equations (2.15) induce linear equations for the Baker-Akhiezer functions

0., U(s,\) = (B + Bn)0: U(s, \) + (K, + K,)U(s, ). (2.18)
We now put
M=0,V- V1, M=09,V-V L (2.19)

Then we can express K,, (resp. K,) in terms of L, M (resp. L, M) as follows:
Ky =—(L"M)z, K,=—(L"M)<o. (2.20)
Indeed, since B,, = L™ — (L"), we have

Ky = —(BaM)>0 = —(L"M)>0 + [(L")<oM]>0 = —(L"M)>0
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where in the last equality, the term [(L™)<oM]>o has vanished because the difference
operator (L™)-oM has only negative powers of e. The expression of K, is obtained in
the similar way.

The operators M and M satisfy the following linear equations for the Baker-Akhiezer
functions:

MU(s,)) = 0,,U(s,N), MU(s,)\) = 0,y U(s,\). (2.21)

The compatibility condition for the linear equations (2.3), (2.18) and (2.21), gives rise to
Lax equations of the (241)-D TL hierarchy.

Proposition 1. The operators L, M and M satisfy the Lax equations
Oy, L = [Bn — Bp, L]

0., L = [(Bn + Bp)o:, + Ky + Ky, L]
8, M = [Bn By, M — azo} : (2.22)
9., M = [(B 4 BIM + Ky + Ky M — aZO], n>1,
where M = M or M.
Proof. Straightforward calculation. |

Remark 2. To confirm the closedness of the above system of Lax equations, set IC,, =
—(L"M)>¢ and K,, = —(L" M) for each n > 1. Then they are related to K, and K,
(n>1) as

(K1,Kay...) = (K1, Ko, ... )A,  (K1,Ks,...) = (K1, Ks,...)A

for A being the same matrix as the one discussed in Remark 1. In a similar way as in
Remark 1, if we introduce new time variables Z,, (n > 1) through

(07,,02yy-.) = (04, 0spy - .. A,
then the Lax equations (2.22) can be converted to a closed system for £, M and M

aTz (B, — By, L],
(B, +B 8ZO+IC + K, L],

[
[Bn _B,, M aZO] , (2.23)

07, M = [(Bo + Ba) M+ K+ Ky M= 0sy], m> 1.

n

In what follows, however, we will work with the system for the time variables t,,, z, (n > 1)
rather than T, Z, (n > 1) for avoiding some technical difficulties.

Example. We shall now demonstrate the Lax equation for £ with the first order flow z;.
We can write down K and K in the following form:

K1 =—0,vi(s+1), K= —1p(s)0y logtp(s — 1)6_85
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The coefficients of the Lax equation for £ with z;-flow can be calculated as
0z, u1(8) = u1(s)0zu1(s) + Oxto(s + 1) + (s + 1)y, log vp(s)
— Up(8)0y, logto(s — 1),
0z, Uo(8) = u1(5)0x00(s) + uo(s)0xu1(s — 1) + tg(s)[vi(s) — vi(s — 1)]
+ g (8)[u1(s) — ui(s — 1)]0, log vp(s — 1).
By the relations u1(s) = vi(s) —v1(s+1) and 1g(s) = vo(s)vo(s — 1)~ which are obtained

from the dressing relations, the above equations can be cast into the following (2+1)-
dimensional equation for u;(s) and @g(s):

0z u1(8) = u1(s)0xu1(s) + Ouytio(s + 1) + (s + 1)Q(s) — up(s)Q(s — 1), (2.24)
where Q(s) & 0, log 9 (s) is given by

_ Oz to(s+ 1) —ur(s + 1)0yu0(s + 1) — ag(s + 1)0x [ur(s) + ui(s + 1))
ﬂo(s + 1)[U1 (8 + 1) — ul(s)]

Q(s)

3 Bilinear identity and 7-function

In this section, we present a bilinear formulation of the (241)-D TL hierarchy.

3.1 Dual Baker-Akhiezer functions
We introduce dual Baker-Akhiezer functions

UH(s 4+ 1,0) = (V*) IAs e €@ €A™ (3.1)
where {Ivf*(i, A) = U*(s,A) or U*(s,A\), and V = V or V. Here V* denotes the formal
adjoint of V', which is, in general, defined by

A= Zan(s)enas — A" = Z €% o a,(s).

n

We note that (AB)* = B*A* that holds for two difference operators A and B such that
the product AB is algebraically well-defined. Of particular importance is the following
linear equations for the dual Baker-Akhiezer functions.

Lemma 1. The dual Baker-Akhiezer functions satisfy the linear equations
[0, — (X" £ X702 U (s + 1, A) = (K}, + K3)T*(s + 1, \). (3.2)
Proof. Noticing that B, + B, = V(e"® + ¢ %)V ! we have
0o, (V7Y = =V [(Bu+ B0V + (K + Kn)V| V!
= (" +e )0, (VT — VK, + K,).
Taking the formal adjoint of both sides of this equation, we obtain
0., (V)™ = 01y (V)7 (% 4 ¢7%) — (K + K3) (V)

n

from which the lemma follows immediately. |
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3.2 Bilinear identity

The aim of this subsection is to prove Theorem 1 below. We shall write in what follows
z = (20,2) = (Zo, 21522y .- )
Theorem 1. For any k > 0, we have
dA
%(A + )\—1)]9\1](5/’ ZCI, y,a z+ b)\)\ll*(s’ T,Y,z+ C)\) Py
271 (3.3)

dA
— PO Ay 2 b sz ) 5

where b = (by,ba,...), ¢ = (c1,c2,...) are indeterminates, and we have set by = (—&(b, A)—
(b, A1), b1, bo,...) and similarly for cx. Each of the contour integrals is understood to
be an algebraic operation extracting the coefficient of \™1, i.e., § A"d\/(27i) = 8y, 1.

For the proof, we use the following lemma.

Lemma 2. It holds that

d
Ju ey z N ey ) o
mdA (3.4)
— U 2N T sy ) o
Proof. See Appendix. |

Since £ acts on the Baker-Akhiezer functions by £¥(s,A) = (A + A~1)T(s, \), multi-
plying £F (k > 0) on both sides of the above equation as a difference operator with respect
to s’, we obtain

—1\k P d\
AU @y 2 ) O (s, 2, )
g

o (3.5)

7{()\4-)\ YWeo (s &'y, 2, \) U (s, @, y, 2, )\)2 -
Proof of Theorem 1. Eq.(2.18) is equivalently written as
(02, — (A" + A7)0, (s, A) = [Kyy + Ky — 02 (By + By)] U(s, N). (3.6)
Iteration of the linear equations (3.2) and (3.6), yields higher order evolution equations of
the form
[0z — A+ ATH )P[0 — (N + X720, )% (s, 0) = Ky (s, \),

~ (3.7)
[821 - ()‘ + )‘71)620]61 [822 - (>‘2 + >‘72)620]'62 T \I]*(S’ )‘) Kgl)ﬁ *(S’ )‘)a

where (1, 02,--- > 0, and K,é?)ﬁz ~(n = 1,2) are some difference operators. We now

multiply K; (1) 5,.6,... 0N (3.5) as a difference operator with respect to s'. Then from the first

equation of (3 7), we obtain
d\

21

y{)\—i—)\ kH L — (AP AT, )P0 2y 2, N) - U (s, x,y, 2, ) —

n>1

7{)\+)\ kH L — (AT AT, (s 2y 2 N) - O (s, 2y, 2, ) —

n>1

d\
211



56 Y Ogawa

for By, B2, -+ > 0, which can be cast into a generating function

dA

%(A + A_l)kq}(s,7 :B/?y,? z + b)\)\Ij*(S7 :B?y? Z? )\) 2 2
7

- - dX

= PN Dy 2+ )T (s 20 5
s

where b = (b1, b2, ...) are new indeterminates. Similarly, if we multiply K,(ﬁ?w,___ on this

equation as a difference operator with respect to s, the result can be converted to the
desirous formula. |

3.3 r7-function

We now introduce an important notion of 7-functions. The 7-function can be consistently
defined in the same way as the case of the TL hierarchy [13]:

’T(S,$ - [A_l]ay’ Z) )\seg($7>\)+£(yv)‘71)
’T(S,$,y, Z)

- T(s+ 1,2,y —[A,2) 5 ¢(2 .
@(37537%27)\): ( T(S$yz[)] ))\65( A)+HE(YATH)

~1
\IJ*(S Ty, 2 )\) _ 7(3758 + [)\ ],y,z) )\_56_5(&)\)_5(%)\—1)
S 7(s, .y, 2)
\Tj*(s Ty, 2 )\) _ T(S — 17$7y + [)\]7Z) )\—Se—f(w,k)—f(y,)\fl)
R 7(s, .y, 2)
where [)\] stands for [\] = (\,A2/2,A3/3,...). Note that this definition of the 7-function
is the same as that of the “modified” 7-function 7/ in [13]. From the reduction condition

(2.13), one easily see that derivatives of the logarithm of 7 = 7(s,x,y, z) with respect to
t are independent of s, © and y:

U(s,x,y,2z,\) =

)

)

(3.8)

)

)

O logT =¢p, n>1.
If we set 7 = Texp(— Y, > Cnln), then 7 also gives a 7-function and satisfies
8 7=0, n>1 (3.9)

Hence the 7-function can always be re-taken so that (3.9) is fulfilled. We may thus assume,
without loss of generality, that the 7-function is independent of . (With regards such
“arbitrariness” of the 7-function, see [13].)

If we substitute the expressions (3.8) into (3.3), then the outcome is

7{ FO) T A+ ATH)FAS st -t )£ -tA™)

dA

x 7(s' t — [)\_1]/2, z+by) (s, t+ [)\_1]/2, z+cy) 5

(3.10)
= ]{ F) 7L\ + A1)k —seSE -t A€ —tA™])
dA

X T(S,+ 1at,+ [)\]/2,2 +b)\)7—(8 - 1?t_ P‘]/2,Z +C)\) Q—i,
T
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where the factor F(\) is given as follows:
F()\) — e_g(zl—i7>\)_§(il—i,)\_l)fr(s’ t’ z _|_ b)\)T(S, t’ z _|_ C)\)

which is a power series of A+ A~! by the Taylor expansion. Inside both integrals of (3.10),
the terms F/(\)~! can actually be dropped out. Indeed, according to Theorem 1, one can
insert any power series of A + A~! in both integrals of the bilinear identity. If we insert a
series F'(\) in the integrals of (3.10), then the terms F(A\)~! can be cancelled out.

As a consequence, we obtain the following bilinear identity.

Theorem 2. For any k > 0, the T-function satisfies the bilinear identity

}{()\ + )\—1)k)\s’—sef(t/—t,)\)—g(t’—t,A‘l)

x 1(s',t' —[\7Y/2, 2 4+ b)) T(s, t + [A7Y/2, 2 + ¢y) Qd—:\z
(3.11)
— }{(A+)\1)k>\s’seg(t/t,A)g(t’t,A—l)
’ / dA
x 7(s"+ 1,t' +[N]/2,z+ b)) 7(s —1,t — [\]/2,z + c)) et

We can further rewrite (3.11) into a generating function of an infinite number of Hirota
bilinear equations by applying the standard technique (see for example [5]). The simplest
examples among them are

2)
)

D} 7(s)-7(s) = 87(s + 1)7(s — 1) + 87(s)* = 0, (3.12)

(D}, —2Dy,)r(s — 1) - 7(s) =0, (3.13)

(D, Dy + 2D, )71(s — 1) - 7(s) = 0. (3.14)
(

Eq.(3.12) is known as a bilinear form of the Toda lattice equation. As for others, (3.1
and (3.13) give rise to the nonlinear Schrédinger (NLS) equation, while (3.12) and (3.1
give the (2+1)-dimensional NLS equation (see [8, 9, 11, 12]).

4 Special solutions of the (2+1)-D TL hierarchy

In this section, we construct special solutions of the (2+1)-D TL hierarchy. Our method
for the construction is an application of Date’s construction [4] (see also [5, 8, 13]).

4.1 Construction of special solutions

Let En(s) be an N x N-matrix defined by

En(s) = (F(s), f(s +1)v.., Fls + N = 1))

where f(s) denotes a column vector *(f1(s), f2(s), ..., fn(s)) and is assumed to be subject
to the following “dispersion relations”:

Oz, f(s) = f(s + 1), 0y, f(s) = f(s —n),

4.1
afn.f(s) - Cn.f(s)7 aznf(s) = (enas + e_nas)azof(s), n > 1. ( )
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Here C), (n > 1) are constant diagonal matrices. We furthermore assume that Zx(s) is
nonsingular, i.e., det Zx(s) # 0. Then there exists uniquely a difference operator of type

[_Nv O]

Vn(s) = 1+ Z U (5)e " (4.2)
n=1
such that
Vn(s) f(s+ N)=0. (4.3)

Indeed one can solve (4.3) by using Cramer’s formula to determine each v, (s) as follows

(see [13] for details):

ls,....,s+k—1,s+N,s+k+1,...,s+ N —1]
det Zn(s)

uN-k(s) = — (4.4)

fork=0,1,...,N—1, where |s,s+1,...,s+N—1| o det(f(s), f(s+1),..., f(s+N—-1)).

We set Vi (s) _ Vn(s)eN% | which satisfies
Vn(s)f(s) =0. (4.5)
The main theorem of this section is the following.
Theorem 3. Vy(s) and Vy(s) are Sato-Wilson operators of the (2+1)-D TL hierarchy.
Proof. See Sec.4.2. |
Moreover we have
Corollary 1. 7n(s) = det Zn(s) is a T-function corresponding to Vi (s) and Vi (s).

Proof. It is easy to see that 0, 7y (s) = constant for n > 1. We have to verify

N —
1+ sy = ez A 1.y.2) (4.6)
n=1

TN(Sa Ty, Z)

AV i v (s)AN T = sty - [\, z)‘ (4.7)

— ™ (s, x,y, 2)

Using the dispersion relations (4.1), one finds

fs(x - [Ail]aywz) = fs - Ailfs—l—la fs—l—l(x?y - [)\],Z) = fs+1 - )‘fs

where we have denoted f, = f (@, y,z) = f(s,z,y, z) for simplicity. It then follows that
(s, — [A\7Y], 9, 2) is equal to

det(fs - )\_1f5+1, fs+1 - A_1f5+27 ceey fs+N—1 - )‘_1f5+N)

N
v 2) 4 SN s s TR NN
n=1

where the hat denotes the absence of the corresponding factor. This formula implies (4.6)
(see (4.4)). Eq.(4.7) can be verified in a similar way. [ |
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Let ¢j and pj (j =1,2,...,N) be distinct complex numbers. We take
fi(s) = ¢j 5 explin, ()] + p; * expln.s ;)] (4.8)
for j =1,2,..., N, where we have set

nr(p) = &(x,p) + &(y,p~ ") + 120 + r€(2,p) + r&(Z,p7 ")

for some constant r € C. It is easy to see that these f;(s) indeed satisfy the condition (4.1),
and det Ex(s) # 0. The solution 7n(s) for this functional data represents an N-soliton
solution of the (2+1)-D TL hierarchy.

Corollary 2. 7n(s) for the above functional data can be expressed as
N
mv(s) = [T05" = p ) TT p exp [ (7))

>k j=1
(4.9)

(pj —pi)* 11 <P 1
x Z H (pjpy — 1)2 p2—1 exp [777"1' (pj) — " (pj )]
Jcr | j,5'eq VI jeJ v
i<i’

where the summation is taken over any subset J of I = {1,2,--- ,N}.

4.2 Verification of Theorem 3

This subsection is devoted to the proof of Theorem 3. We first recall the following lemma,
which plays an important role in the proof of the theorem.

Lemma 3 ([13]). Forl > N, we have the following.
1j Let A be a difference operator of type [0, l]. Then A is uniquely expressed as A =
BVN + R for some difference operators B of type [0, | — N] and R of type [0, N —1].

2j Let A be a difference operator of type [—l, 0]. Then A is uniquely expressed as
A = BVx + R for some difference operators B of type [~ + N, 0] and R of type
[-N +1,0].

Proof of Theorem 3. For the proof, it will be helpful to divide it in three steps.
1) First of all, we differentiate (4.5) with respect to x,, and obtain
Or, Viv(s) + Viv(s)e™ | £(5) = 0.

Since the difference operator in parentheses is of [0,n + N ]-type, we can use Lemma 3 to
express it as

Oz, Vi (s) + Vi(s)e"® = B,Vi(s) + Ry

for some difference operators B,, and R,,. Combining this formula with the above equation,
we have R, f(s) = 0, which implies R,, = 0 because R,, is a difference operator of [0, N —1]-
type and det Zn(s) # 0. We can thereby write B,, as

By = 0., Vn(s) - Vv (s) ™t + Vv (s)e"? Vi (s) 7t
= 0y, Vi (s) - Viv(8) "L+ Vv (s)e" Vv (s) L.
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Taking a positive part (-)>o of this equation, we obtain B, = [Viv(s)e"% Vi (s)™!]>0.
By the same argument as above, we can also show that there exists a difference operator
B,, such that

By =9y, Vn(s) - Vv(s) ™ + Vn(s)e ™V (s) ™!, Viv(s) = Vin(s) or Vi(s),

and B, = [V (s)e % Vy(s) ']<o. Hence Vi (s) and Vy(s) satisfy the Sato equations of
the TL hierarchy.

2) Our next task is to show that Vv (s) and Vy(s) satisfy the reduction condition (2.13).
To this end, we differentiate (4.5) with respect to t,, and obtain

0=20;,Vn(s)  f(s)+ CpVn(s)f(s) =0, Vn(s)- f(s).

By the same reason as above, this equation implies 9; Vy(s) = 8, Vi (s) = 0, and conse-
quently Vi (s) and Vy(s) are independent of £, as required.

3) The last step to complete the proof is to show that Viy(s) and Vi (s) satisfy the Sato
equations with z-flows. We differentiate (4.5) with respect to z, and obtain the equation

8., Vn(s) - F(s)+ Vi (s) (e”as + e*nas) 8., f(s) = 0.

Noticing that B, +B,, = Vi (s)(e"? +e7 %)V (s) ™' and Vi (5)0s, f(s) = —0., Vi (s)-F(s),
we can rewrite the above equation into

(02, VN (s) = BpOx, Vn(s)] f(s) — Bn0x VN (s) - f(s) = 0. (4.10)

Since the difference operator appearing in the first term is of [0, N + n — 1]-type, using
Lemma 3, we can express it as

0., VN(8) — Bp0,, VN (s) = K,V (s) + 1y (4.11)
for some difference operators K,, and r,. Plugging this formula into (4.10) gives

rae N _ B9, VN(S)] f(s+N)=0. (4.12)

Note that the difference operator appearing in this formula is of [-N — n, —1]-type. So,
using Lemma 3 again, we can express it as

rne V% — B0, Vn(s) = K,Vy(s) + 1, (4.13)

for some difference operators K,, and r/,. From (4.12) and (4.13), it follows that r/, f(s +
N) = 0, which implies 7/, = 0, so that (4.13) turns to

Ty = f(nVN(s) + Bn8ZOVN(5).
Eliminate r,, in (4.11) by using this expression, then we obtain
Kn+ Ky = 0., Vi(s) - Viv(s) ™t = (Bn + By) 02, Vv (s) - Vv (s) %,

which is identical to the Sato equation with respect to z,-flow, since taking the positive
and negative parts of this equation yields the expressions of K,, and K, as in (2.16). Hence
the proof is completed. |
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5 Another formulation of the (2+1)-D TL hierarchy

In this section, we give another formulation of the (2+1)-D TL hierarchy. We obtain the
bilinear identity slightly different from that of Theorem 2, which enables us to relate our
system to the sl§"-hierarchy of [8].

5.1 Another reduction to the 1-D TL hierarchy

We start with usual Sato-Wilson operators of the TL hierarchy [13]:
W = Vef(y76_6s)’ W — Vef(él:7eas)‘ (51)
We impose the following equivalent constraints on the TL hierarchy:

L=1L, (5.2)
0;, W = aan =0, n>1

The Lax operator L now takes the form
L =e% 4+ uy(s,t) + (s, t)e %,

and satisfies Lax equations

o, L =[B,—Bp, L], n>1. (5.4)
These Lax equations are identical to the Lax equations of the 1-D TL hierarchy discussed
in Remark 1, by the correspondence of the Lax operators L < L and the time variables
tp < T, (n > 1). Note that the Sato equations for W, W have the following expressions:

O, W = (Bn - Bn)W - W€n857 O W = (Bn - Bn)W + We—nas. (5'5)

n n

5.2 The (24+1)-D TL hierarchy

The toroidal-like part of evolution equations is defined in the same way as in the previous
case:

8., W = (Bn + By) 0., W + (K, + Kn)W, n>1, (5.6)

where W = W or W, and

Kn=—(Bn0:,W-Wh_ |, K,=—(Byd,W-W)_, (5.7)
If we set
M= ,W W' M=0,W W (5.8)

then K,, and K, have the expressions

Kp=—(L"M)so, K,=—(L"M). (5.9)
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Lax equations of this system can be derived in the same way as in Sec.2.3.2,

= [Bn — By, L],
(B + Bp)0s + Ky + Ky, L,

BZnL [
[Bn—Bn,M azo},

(5.10)

9, M = [(Bn+Bn)M+Kn+Rn,z\7—aZO], M=MDM, n>1,

which coincide with the Lax equations discussed in Remark 2 by the correspondence of
the Lax operators (L, M, M) « (£, M, M) and the time variables (t,,z,) < (Tn,Zy)
(n > 1). In this sense, the system just considered is equivalent to the (2+1)-D TL
hierarchy previously discussed.

5.3 Bilinear identity

In the present setting of the formulation of the (241)-D TL hierarchy, auxiliary linear
equations take the different form to the previous case. Namely spectral equations for the
Lax operator

T(s,\) = AU(s,\), LU(s,A\) = A"1U(s,N), (5.11)

and evolution equations for the Baker-Akhiezer functions
(02, = A"0:)W(s, A
(0., — AN"0,) U (s, A

(0, — A"04)¥* (s + 1, A
(0, = A "0,) ¥ (s +1,A

= [Ky + Ky — 02 (By + By)] ¥(s, A), (5.12)
[Kn + Ky, — 05 (Bn + By)] ¥(s, ), (5.13)
— (K} + KW (s + 1, ), (5.14)
—(K} + KU (s + 1, ). (5.15)

— — —

These linear equations give rise to the following bilinearlization of the (2+1)-D TL hier-
archy:
dA

j{)\’“\lf(s’, 'y, z+ b))V (s,x,y, 2+ cf) i

(5.16)

_ - dA
= %A‘k\lf(s’,x',y',z + b, )V (s, @y, 2 +c)) P k>0,
i

where we have set bf = (—&(b, \T1), by, by, ...) and similarly for cf.

5.4 Relation to the (2+1)-D NLS hierarchy

The 7-function can be defined by the same formulas as in (3.8). But we use the following
“r-function”:

T(s,x,y, z) —exp< annyn> S, %,Y,Z). (5.17)

The reason for this is that the 7-function can be chosen so that 0; 7(s,z,y,z) = 0
(n > 1) from the reduction condition (5.3), while the ordinary 7-function does not so. We
can verify that for any k > 0, the 7-function satisfies the following bilinear identity:
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%)\k+s/_se§(t’_t,>\)7’:(8/,t/ _ [)\—1]/2,2: + b;\L) ;(S,t + [)\—1]/2’ z+ C;\L) 2d_7i‘2
- 7{A—k+8/—se—f<t’—w‘1>%(s' + 1,8+ [N/2, 2 + b)) F(s — Lt — [\/2,2 + ;) ?.
T
(5.18)

This bilinear identity leads to a remarkable link to the s[5"-hierarchy of [8]. If we compare
(5.18) with that of Proposition 5 of [8], then the both are identified with each other by

the following correspondences of 7-functions and independent variables.

Theorem 4. The following formula gives a correspondence between our T-function and
that of the sl -hierarchy in a homogeneous picture [8]:

T(s,t,2) = (—1)°C D255 o), 2t=2a', z=4y. (5.19)

In particular, if we set F' =7(0,t,2), G = 7(1,¢,2) and G = 7(=1,t,2), then (F,G, é)
gives T-functions of the (2+1)-D NLS hierarchy.

6 Concluding Remarks

We have introduced two versions of the (241)-D TL hierarchy. In each version, the
hierarchy has been introduced by adding toroidal-like evolution equations to the Sato
equations of the 1-D TL hierarchy. The difference has been originated from two different
reductions to the 1-D TL hierarchy from the TL hierarchy; see Sec.2.2 and 5.1.

For the first hierarchy discussed in Sec.2—4, we have obtained the bilinear identity
for the Baker-Akhiezer functions (Theorem 1). This has led to the bilinear identity for
the 7-functions (Theorem 2), which produces infinitely many Hirota bilinear equations,
including the bilinear forms of the (2+1)-D NLS equation ((3.12), (3.14)). By the Wron-
skian technique, we have obtained the explicit solutions that include NN-soliton solutions
(Theorem 3). The solutions constructed here will provide Wronskian-type solutions of the
(2+1)-D NLS equation, which are substantially different from “double” Wronskian-type
solutions of [8].

For the second hierarchy discussed in Sec.5, we have obtained the bilinear identity for
the 7-functions (5.18). This bilinear identity has been identified with that of the s[{-
hierarchy of [8] (Theorem 4). We should remark that the second hierarchy is equivalent to
the first hierarchy in the sense that two Lax equations (2.22) and (5.10) coincide (under
the change of the time variables). However, it is not clear that the bilinear identity (5.18)
for the second hierarchy can be transformed/identical to the first one (3.11) by suitable
transformations. This is a non-trivial and important problem to be solved in the future.
Moreover, the Wronskian technique that we have taken for the first hierarchy, does not
work for the second hierarchy (precisely for the Sato equations (5.5) and (5.6)). It is also
a future problem to construct explicit solutions for the second hierarchy.

Acknowledgments. The author would like to thank Yoshiaki Maeda, Kaoru Ikeda, Saburo
Kakei, and Kanehisa Takasaki for fruitful discussions.
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A Residue formula for difference operators

The bilinear identity for the KP hierarchy was derived by using a residue formula for
the product of two pseudo-differential operators (see for example [5]). Here we derive an
analogous formula for difference operators, and prove Lemma 2.

Lemma 4. Let A and B be difference operators such that the product BA* is algebraically
well-defined. Then the following formula holds:

(BAY), = 7{(6"“8514)\5) - (BA7?) ﬂ (A1)
2miA
Proof. We prove the lemma in the case of A = "2 a,,(s)e™ ™% and B = 3°0°_ by, (s)eM+m)0s

For these, the right hand side of (A.1) can be calculated as

dA
ko, s k—l+N—-M

s A B

f{( AT) - (BAT 2772)\ 7{2 Z an(s + k) bn(s) A 21\

=0 n+m=
n, m>0

= E an(s+ k) bm(s).
n+m=k+N—-M
n,m>0

As for the left hand side, we have

BA* = ib e(M+m)o. Z NI 6 g, (s)

= i ST an(s +1— N+ M)by(s) el =N+ 0

=0 n+m=l
n, m>0

from which it follows that

(BA*), = S an(s+ k) bm(s).

Hence we have proved the lemma. |

We now proceed to verify Lemma 2.

Proof of Lemma 2. Applying Lemma 4 to the case where (A, B) = (W, (W*)~!) and
(W, (W*)~1) gives the equation

dA
211

_ - d\
:%Q(s',m,y,z,)\)@ (s,z,y,2,\) 2—53 s—1-
27

j{\lf(s',a:,y,z,)\) (s, x,Yy,2,\) =—
(A.2)

Iteration of the linear equations for the Baker-Akhiezer functions with respect to x, y-flows
gives rise to higher order evolution equations of the form

921092 .. W(5,\) = Baya. W(s,A), 92102 W(5,\) = By, U(s, ),

xr1 YT Y1 “Y2
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where a1, a9,--- > 0, and By, q,,..., Ba1 as,... are some difference operators. Multiplying
B, as,.. 33, 8,,... on both sides of (A.2) as a difference operator with respect to s', we
obtain

dA
n 9B8m /
H a:?naymlll(sax,yaza)‘)' (5 Ty, z, )‘)27_”
n,m>1
dA
H 8a"8ﬁm\ll (s, 2, y,2,\) - U*(s, 2,9, 2, \) —
2’
n,m>1
which is equivalent to the desirous formula. |
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