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Kimio Ueno and Kanehisa Takasaki

Introduction

In the last decade the theory of completely integrable non linear
systems, the so called “soliton theory”, has made remarkable progress,
in which intensive researches have been done by many physicists and
mathematicians. Among them the Toda lattice [36] has always been, to-
gether with the Korteweg-de Vries (KdV) equation, one of the most classi-
cal and important objects to be investigated from various points of view,
both physical and mathematical.

Several varieties of methods have been developed to reveal the pro-
found mathematical structure in the Toda lattice: Inverse scattering
method, spectral theory, Bécklund transform [5, 7, 9, 18, 27, 37], algebro-
geometric method [3, 5, 6, 7, 8, 13, 28, 29, 30], Hirota’s method [10, 11, 19],
orbit method, group representation theory [2, 3, 4, 14, 15, 16, 17, 30, 31,
32, 35].

In the present paper, inspired by the recent developments in the study
on the Kadomtsev-Petviashvili (KP) hierarchies [20-25, 34], a hierarchy (a
series of mutually commutative higher evolutions) for the two dimensional
infinite Toda lattice is introduced. Its algebraic structure, the lineariza- -
tion, the bilinearization in terms of the ¢ function, the reductions and the
special solutions are investigated in detail. Also its analogues of the B
and C types and the multi-component type are considered. Our method,
which is closely related with those used in [12, 20-26, 33, 34], has the ad-
vantage of making the treatment of the infinite lattice extremely clear and
algebraic.

Our investigation in the present paper is motivated by the following
observations:

The two dimensional infinite Toda lattice (hereafter we shall call it
simply the “Toda lattice” (TL)) is, by definition, the non linear wave
equation

©.1) 0, 0,,u(s) =e 8D guisth=n),
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where u(s) = u(s; x;, y,), 0, =0/dx;, 3, =0/0y, and s runs over Z, the
totality of integers. Notice that (0.1) is subholonomic in the sense that the
general solutions depend on arbitrary functions of two variables.

(0.1) is represented in the form

(0.2) ay,Bl - az1C1 + [Bb Cl] = 0,

where the symbol [, ] denotes the commutator and B,, C, are the matrices
(of size ZX Z)

Bi=(01,-1)1,1e2T0,,u(0)d; )i, 1¢2

9,u(—1y | 1

_ 3,u(0) 1

2,,u(1)

C1=(eu(s)-u(s—l)5i,1+1)i,jez

- B

= eu(O)—u(—l) 0

PUORLIONENG

.

If a = function z(s)=1(s; x;, ;) is introduced by

8,,u(s)=3,, log st D) er-ueey - T+ Dels—1)

2

z(s) z(s)’ ’
(0.1) is transformed into the bilinear equation of the Hirota type
0.3) D, D, (s)-t(s)+z(s+ 1)z(s — 1)=0,

where D, D, is one of Hirota’s D-operators [10] which are defined for
linear dlﬂ‘erentlal operators F(3,) by

©0.4) F(D)f(1)-g(t)=F@,)f(t+1)8(t—1")]s =

Introducing another = function ¢/(s)=e""z(s), we can rewrite (0.3) into
Hirota’s original form [11]
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(0.5) 1D, D, 7/(s)-7/(s)+ /(s + 1)e/(s— 1) — f'(s)?:o.

The N soliton solution to (0.5) was obtained in [11]. A parametrization
of 7/(s) in terms of the Clifford operators was discussed in [19].

Starting from these observations, we shall develope our consider-
ation.

The plan of the present paper is as follows.

In Chapter 1 a hierarchy for (0.1) is investigated. In Section 1 our
hierarchy is defined by the equations of the Lax type

aan= [Bm L]: ayan [Cna L]:

(0.6)
az,.M:’[Bm M]: ayuMz[Cna M]’ n:l’ 29 Tty

or equivalently by the equations of the Zakharov-Shabat type

aman—axmBn+[Bms B,]=0,
0.7 3y,Cn—0,,C,+[Cn, C,]1=0,
ayan'—azmcn"l_[Bm, Cn]=0a m,n= 1, 2, tte

which contain (0.2) as a special one. Here x=(x, x,, ---) and y=
(¥ Vs - - +) are independent variables, while L, M, B, and C, are matrices
of infinite size in certain algebraic relations stated in Section 1, and serve
as unknown dependent variables. In Section 2 the linearization is
achieved by the linear equations

LW=W4, MW=WA™", A*=0;:)se2

0.8)
89,,W=B,W, 0, W=C,W, n=1,2,--.

Two types of matrix-solutions W and W of infinite size are con-
structed and called “wave matrices” as analogues of the wave functions
in the classical inverse scattering theory. They are characterized by the
bilinear equation

0.9 WK, YIW D (x, )7 = WO, Y)W O(x, y) .

In Section 3 the ¢ functions z(s; x, ¥) and 7'(s; x, y) are consistently intro-
duced, and the hierarchy is transformed into an infinite number of bilinear
equations of the Hirota type. Also a close relation with the two com-
ponent KP hierarchy is revealed. Finally in Section 4 the reductions to
the periodic lattice and the hierarchy in the one dimensional sector are
discussed.

In Chapter 2 the hierarchies of the B and C types are investigated.
In Section 1 the Lie algebras o(c0), 3p(c0) and their subalgebras o(co),,
8p(00),;, which were introduced in [23] in the study of the KP hierarchies
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of the B and C types, are reviewed. In Section 2 and Section 3 the Toda
lattice hierarchies of the B and C types are introduced in the “odd sector”
{X3n=Y2,=0,n=1,2, - - -} by imposing the conditions B,, C, € o(o0) for
n=1,3,5, ... (Btype), B,, C, € 3p(c0) for n=1,3,5, --- (Ctype) re-
spectively. Also the linearization, the = functions and the periodic reduc-
tions associated with 0(c0), and 8p(c0), are discussed. In Section 4
another definition of the ¢ functions is remarked.

In Chapter 3 the multi-component hierarchy is considered. In Sec-
tion 1 the hierarchy is formulated as an analogue of the multicomponent
KP hierarchy [22,34]. The non abelian Toda lattice is recovered in a special
sector of the dependent and independent variables. In Section 2 the
linearization, the characterization of wave matrices and a close connection
with the multicomponent KP hierarchy are discussed. In Section 3 a
generalization of the AKNS hierarchy [1] is derived as a reduction.

In Chapter 4 special solutions are constructed by two algebraic
methods.  In Section 1 the aspect of the Riemann-Hilbert problem is
applied to the Toda lattice hierachies. Actually (0.7) implies

(0.10) WO, N=W(x, )4,  AeGL(),

which is regarded as an analogue of the Riemann-Hilbert problem. In
this way the soliton solutions are recovered. Also a class of the poly-
nomial z functions of the KP hierarchy is constructed in the same way.
In Section 2 another algebraic method is discussed, which originates in the
construction of rational solutions [33] to the KP hierarchy.

In Appendix the recent results [12, 20-25, 33, 34] in the study of the
KP hierarchies are briefly summarized for the reader’s convenience.

In the recent preprint [40] we announced the results of Chapter 1. In
the present paper we shall discuss more fully the derivations and further
developments of these results.

The authors express their thanks to Professors M. Sato, K. Kashi-
wara, E. Date and Doctors T. Miwa, M. Jimbo for useful discussions and
encouragement. Also one of the authors (K. T.) thanks Professor H.
Komatsu for hearty care and encouragement, and the staff of RIMS for
hospitarity.

1. The Toda Lattice Hierarchy

1.1. Notations and preliminaries

First of all we fix notations to be used throughout this chapter, and
explain some elementary facts about the formal Lie algebra gl((c0)).
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Let A’ be the j-th shift matrix, 47=(0,.,,).,.cz and E;; be the (i, j)-
matrix unit, E;;=(0,:0,)),,,ez- Let gl((c0)) be the formal Lie algebra
consisting of all Z X Z matrices; ‘

Q[((OO))—_—{i ;:Z a;;Eyla; e Cl.
A matfix A e gl((o0)) is written in a convenient form as
(1.1.1) A= diag[a,(s)]4’
JjEZ

where diag [a,(s)] denotes a diagonal matrix diag(- -'~aj(—1); a,(0),a,(1),
-+), and diag[a,(s)]4’ is defined as the usual product of matrices.
Namely the expression (1.1.1) indicates

.
Cal(—1) a(=1)

A=] a0 a0 a®© .

a(D) afl)
L

We call diag[a,(s)] the j-th coefficient of A4.

A matrix 4 e gl((o0)) is said to be a (strictly) lower triangular matrix
if a,(s)=0 for j=0 (resp. j >0), while it is said to be a (strictly) upper
triangular matrix if a,(s)=0 for j <0 (resp. j<0). We define the (%)
part of a matrix 4 by P

L1 ().= 3 diagla ()4, 4). = %, diagla(s)14’

gl((e0)) is equipped with two gradations with respect to the order of
A I A=3_ ojcn diagla,(s)]47, it is said to be of order less than m,
it being denoted by ord A<m. On the other hand, if A=, <ic.
diag[a,(s)]4’, it is said to be of order larger than m, and it being denoted
by ord A =m. In particular, if A=>",-,., diag[a,(s)]4’, it is called
bounded.

‘When matrices 4 and B are of order less (or larger) than m, the product
AB is well-defined. We remark further that A=3_._;., diag[a;(s)]4’
(resp. A=3 <<+ diagla,(s)]4Y) with non-zero leading entries (i.e.
a,(s)70 for any s) has an inverse matrix of a form such as >|_..;,<_n
diag[b,(s)]4’ (tesp. - nj<. . diag[b,()]4%).

A matrix 4 (1.1.1) naturally corresponds to a difference operator
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(1.1.3) HL(s; )= a,(s)e’®,
4

where the action of the operator e’?s is defined by

e f(5)=f(s+)) for any s.

The (+) part of (s, €%) is defined in a similar fashion as (1.1.2).
Throughout this article, the differentiation will be denoted by 4, ,
etc., namely, 9, B=03B/dx,, and so on.

1.2. Definition of the Toda lattice hierarchy

Set two copies of time flows x=(x;, x5, - - +), y=(¥1, Vs, - - -). Let
L= 3>, diag[b,(s)]4’ with b,(s)=1 for any s,
—olf=1

(1.2.1) M= 3 diag[c(s)]47 with ¢_,(s)=0 for any s,

—1Z <+

B,=(L",, C,=(M"._.

Each entry of L, M is a function in x, y ie. b,(s)=b(s; x, ), ¢;,(s)=
¢,(s; x, »), and plays the role of unknown functions to be solved in our
scheme. Since L and M are assumed to have non-zero leading entries,
they are invertible.

The Toda lattice (hereafter we will abbreviate it to 7L) hierarchy is
formulated as a system of infinitely many equations of the Lax-type

0z, L=[B,, L], 8,,M=[B,, M],

(1.2.2)
3,,L=I[C,, L), 38, M=[C,, M] n=1,2, ---.

Since B,, C, are bounded, and ord L1, ord M = —1, the Lie brackets
above are well-defined.

The following theorem states that our system (1.2.2) is consistent,
namely, that the flows induced by this system mutually commute.

Theorem 1.1 (cf. [12, 20, 33]). The TL hierarchy (1.2.2) is equivalent
to a system of equations of the Zakharov-Shabat type,

9,,By— 04, B+ [Br, B,]=0,
(1.2.3) 8,.Cn—38,,Co+[Cp, C,]=0,
8,,Bn—0:.Co+[Bn, C]=0, m,n=1,2, ..

Proof. First we show that (1.2.2) reduces to (1.2.3). Let us intro-



Toda Lattice Hierarchy 7

duce 1-forms w, &, 2, &, etc., by

w=Y, L*dx,, £=>,M"dy,
n=1 n=1
‘Qz(w)-n 'Qc= —((D)_, E: —(€)+’ Ec=($)-°
Note that
0,,L?=[B,, L]

follows from (1.2.2) for any positive integer p. Hence the first equations
in (1.2.2) are encapsulated into the Pfaffian system,

do=[2,0]* (=2,0+w,8),

where d, (resp. d,) stands for the exterior differentiation with respect to x
(resp. ). (Henceforth we will abbreviate the symbol of the exterior pro-
duct.) Since [w, L?]=0 for any p, the above equation reduces to

d,09—d Q=202

Since d, 2, 2° are upper triangular while d,0., 22 are strictly lower trian-
gular, the above equation breaks up into

d,0=80° d.0,=92.

The former equation yields the first one in (1.2.3).
Likewise one obtains

il 9 fud s
p— 5 — 5
dyu—u 5 dy‘—’c*“—’c-

The latter yields the second equation in (1.2.3).
Next we deduce the third equation in (1.2.3) from (1.2.2). The
second and third ones among (1.2.2) are rewritten as

do=I5, ol*, dE=0,&"*

which further leads to

(1'2’4) dyg_[Ec’ ‘Q]+=dygc_[‘gcs ‘Qc]+=
(1.2.5) d.8,—[0, 8] =d & —[Q, 8.

Using these equations, one sees that

dy‘Q+dzEc—[Ec’ ‘Q]+ = z‘Ec—'—dy‘QC_[Ec’ ‘Qc]+ (by (1'2'4))
——dQ—dE—[5, 0. (by(1.2.5).
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All the matrices in the second line above are strictly lower triangular, while
those in the third line are upper triangular. Hence

dyﬁQ+dec_[Ec’ ‘Q]+:O:

from which the third equation in (1.2.3) is derived.
Now we show the converse way. Note that the first equation in
(1.2.3) reads

9, L™ —[B,, L"|=08, (L™)_+d,, B, —[B., (L™)_].

Since all the matrices in the right-hand side are of order less than n—1,
the order of the left-hand side should be bounded for fixed n;

(1.2.6) ord(9,,L™—[B,, L")<n—1 for any m=0.
Suppose 8,,L—[B,, L]#0. Then it is easy to see that

lim ord(d,,L™—[B,, L™=+ oo,
which contradicts (1.2.6). Thus we have proved the first equation in
(1.2.2). Other ones among (1.2.2) can be obtained in the same manner
as above. Q.E.D.

The third equation with m=n=1 in (1.2.3) is the two-dimensional
Toda lattice, and this is the reason why we call (1.2.2) (or (1.2.3)) the TL
hierarchy.

Equations (1.2.2) and (1.2.3) arise as the compatibility condition for
the linear problem

(127)  LW®(x, y)=Wx, 4, MWOO(x, p)=W(x, 4,
(1.28) 8, W(x, )=B.W(x,y), 8, W »)=CW(xy) n=1,2,---,

where W(x, y)=W®)(x, y) and WO(x, y). (Hereafter we will often use

0

an abbreviated notation, W("")(x, y) instead of W(x,y).) This linear
system may be regarded as an analogue of the simultaneous eigenvalue
problem in the KP theory [20, 22, 23, 34] (see also the appendix in this
article).

We have the following theorem on an explicit expression of solution
matrices to the linear problem. The method of our proof is based upon
the ideas explored in Kashiwara’s lecture note [12].

Theorem 1.2, Suppose that L, M (1.2.1) are solutions to the TL
hierarchy. Then there exist solution matrices W (x, y), WO(x, y) to the



Toda Lattice Hierarchy 9

linear problem (1.2.7), (1.2.8) such that
‘ W (x, y)=W (x, y) exp &, 4),

(1.2.9) A
W(O)(x, y) = W(O)(x: y) €Xp $(y5 A_l);
and
W, ) =3 diagns; x, )14~
(1.2.10) =0

W) x, y)-1= 37 4+ diaglo{ s+ 1; x, )]

Jj=0

with w§™)(s; x, Y)=w§=*(s; x, y)=1 and w{"(s; x, y) 0 for any s. Here we
have set &(x, A=) 7 | x,A*".
The solution matrix of such forms will be called wave matrices.
Wave matrices are uniquely determined up to arbitrariness

1.2.11) W(‘g)(x, »nr—> W(B")(x, nf (g)(/l),

0 0
where f @) D=220f; ”)2*’ are formal power series in 4 with constant
scalar coefficients.

Proof. We proceed in steps. First of all we prepare the following
lemma. ‘

Lemma 1.3. The TL hierarchy (1.2.3) is equivalent to

05a(L™) - —0,,(L") -+ (L"), (L™)-]=0,
(1212) =0, (M™)_+0,,(M")_+[(M")_, (M™)_]=0,
0z(M™) 40, (L") -+ [(L")-, (M™)_]=0
or
=05, (L™)+ 0., (L") + (L"), (L™).]=0,
(1.2.13) 0ya(M™) . =3, (M") . +[(M"), (M™),]=0,
85, (M™) . 408,,(LY). — (L"), (M™),]=0.

Proof. We only show that the first equation in (1.2.12) is derived
from the TL hierarchy. Since the first equation in (1.2.2) reads as [3,,+
(L™ _, L™=0, the first one in (1.2.3) implies

0=[0,,—L"+(L")-, 05 — L™ +(L™)-]
=[0;,+(L")-, 05+ (L") 1= 05, + (L"), L™ —[L", 8y, + (L™)-]
=[0;,+(L")-, 05, +(L™)-].
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Thus the first equation in (1.2.12) is obtained. Other equations among
(1.2.12) or (1.2.13) can be similarly verified. Q.E.D.

Applying this lemma we deduce the following proposition.

Proposition 1.4. Let L, M (1.2.1) be solutions to the TL hierarchy.
Then there exist matrices W ) (x, y), WO(x, y) of the form (1.2.10) satisfy-
ing the following equations;

(12.14) L=W®(x, AW (x,3)” M=WO(x, )4~ W O(x, y),

and
a21s T OGNFE) IO =0,

o aIInW(w)(xﬁ y)_(Mn)-W(w)(xa y)=0, n=1’ 2, tecy,
12 1‘6) 35 W O(x, ) — (L") . W O(x, y) =0,

8, W O(x, )+ (M™) ,WO(x, ») =0, n=1,2,---.

Proof. Thanks to Lemma 1.3, both (1.2.15) and (1.2.16) are com-
patible systems. Hence the Cauchy problems for them have unique

A (0
solutions. We observe that there exist Wo(“’)(x, y) of the form (1.2.10)
satisfying

L=W§(x, WAWE(x, y)7  M=WO(x, A WO (x, )

Let us consider ‘Ehe Cauchy problems for (1.2.15) arad (1.2.16) with
initial conditions W (x, ) |,—y=o= W™ (X, ¥)|z=y=0 and WO(x, ¥)|,y0=
W{(x, ¥)|s=y-o- The previous remark assures that these problems have
unique solutions of the form (1.2.10). Then, by making use of (1.2.2)
and (1.2.15), one sees that
8, (LW —W ) /)
=[B,, LW — L(L")_ W 4 (L") _ W)/
=—[(L")., LW —L(L"). W + (L") W4
=— (L") LW~ 1),
and also that
8, (LW — W 1)
=[(M™)_, LIW ™ + L3, W —3, WA
=L@, W™ —(M")_W) (M) _ LW
_(a“pf/o») WY Y
=(M")_(LW® — W /),
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Hence one finds LW — W™/ to solve the Cauchy problem (1.2.15)
with the initial condition

(LVAV(N) - W(w)A) ]z:y:():(LWO(m) - I/f/()(w)‘/l) lz=y=0=0‘

The uniqueness of solutions shows it toAbe a n}lll solution, i.e. LW —
W 4=0. Likewise one can prove MW® — WO [4-1=0. Q.E.D.

We proceed to the proof of Theorem 1.2.

~ {0
Proof of Theorem 1.2. Let W(”)(x, ») be the solutions to (1.2.14-16)

0
in Proposition 1.4. For them, we set W(‘”)(x, y) as (1.2.9). Since 4 and
&(x, A*) mutvally commute, (1.2.7) obviously holds. Moreover, by
making use of (1.2.7) and (1.2.15), one has

aI"W(w) = —(L”')_ W) + W(oo)/ln
=B, W — [P 4 W g
=B, W (since L"=W™A*"W -1,

The other equations are proved by the same argument. . Q.E.D.

Now we deduce a bilinear relation which characterizes wave matrices
of the TL hierarchy.
Let W& (x, y), W®(x, y) be wave matrices. Since

0z W (x, p) WX, )71 =0, WOx, ) WO(x, )™ (=B.),
and

0y W, 1) W, p) 71 =0, WO (x, »)- WO(x, )" (=C),
one can show by induction that
(1.2.17) 9205 W ) (x, p)- W (x, p)~ =005 W O (x, »)- WO(x, »)~*

holds for any multi-indices a=(a;, @, * - -), B=(B1 B2 - - -), Where 5=
051032+ - -. Furthermore the infinitely many equations in (1.2.17) are
encapsulated into a single expression

W x, 3)- WX, y) = WO(x, 3)- WO, y)™!

(1.2.18)
for any x, x’ and y, y'.

In fact, considering the Taylor expansion of (1.2.18), one easily finds
(1.2.18) to be a generating functional expression of (1.2.17). This bilinear
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relation will play the crucial role in our scheme.
The following theorem says that (1.2.18) completely characterizes
wave matrices.

Theorem 1.5. Let W®(x,y), WO(x, y) be matrices of the forms
(1.2.9), (1.2.10), and suppose them to satisfy the bilinear relation (1.2.18)
Jorany x, x’ and 'y, y'. Then they are wave matrices of the TL hierarchy.
That is, setting

L=WS(x, AW SAx, 9)7Y, M=WO(x, A WO(x, 3)~,

and B,=(L"),, C,=(M")_, we then have aon( )(x y)=21B, W( )(x s
3, W9, y)=C W, 3).

(3

Proof. Using (1.2.17) with «=(0, ---, 1,0, - --), =0, one see that
a, W(oo) W=t L grpfre-1=g_ W<°> Wo-1,

Since W is a lower triangular matrix with unit diagonal entries, 8, W
SWe-1 s strictly lower triangular. Note also that aI”W“”-W(")‘I is
upper triangular. Consequently, taking the (4) part of the above equa-
tion, one has

@, Wo .o -9, =aznpf/(0) @1
: =(I/f/(“)/l”I/f/(w)—1)+
=(L"), (since L=W ™AW -1,

Thus 9, W - W) -1=5, WO.WO-1=B,
Now setting a=0, =(0, - - -, 1,0, - - -) in (1.2.17), one sees that
8, W W -i=g, WO WO o Lo,
The (—) part above yields
d, W(w) W -t=(WOA- "W O-1_=C,.
Thus 3, W - W -1=3, WO . WO-1=C,. Q.E.D.

Remark. If matrices W™ (x, y)*!, WO(x,y)*! such as (1.2.10)
A (0
satisfy the bilinear relation (1.2.18), then W("")(x, y)~! are automatically

A (0
inverse matrices of W(“)(x, ). This fact can be proved as follows:
Setting x=x’, y=3’ in (1.2.18), one has
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W ), W (x, 3) =W Ox, Y)W O(x, 3).

But the left-hand side above is a lower triangular matrix all of whose
diagonal entries are 1, while the right-hand side is a upper triangular
matrix. Consequently the both sides should be the unit matrix.

The bilinear relation (1.2.18) can be considered as an analogue of the
residue formula for the wave function of the KP hierarchy [22] (sce also
the appendix in this paper). To see this claim, let us define wave func-
tions by

W s; x, y; H=Ww(s; x, y; H2° exp §(x, 2),

W (55 x, 5 D=WDH(s; x, y; DA77 exp §(—x, 2),
wO(s; x, y; )=w(s; x, y; DA exp §(y, 277),
wOk(s; x, y; )=wO*(s; x, y; DAE(—y, 27N

(1.2.19)

Here w®)(s; x, ¥; 2), etc. are introduced through the entries of the wave
matrices as follows;

)

#=)s; %, y; D=2, s x, pa,
(1.2.20) =

)

w(g)*(s;x’y7 Z ()% (S x, V)=,

&(x, A) is defined by &(x, D)= 7, x, 2"
By a direct calculation, we obtain the following formula.

Proposition 1.6. The bilinear relation (1.2.18) is equivalent to the
Jollowing residue formulae,

Wi (s; x, y; YW s X7, ¥ ) ﬁ
2ri

1.2.21
( ) 272

2ri

for any x, x’', ¥, y' and any integers s, s'.

—fiuw(‘”(s X, Y3 AYWOX(  x!, Y A7) ==

Here the integration contours are taken to be a small circle around A= 0.

At the end of this section, we give a brief comment concering a link
between the linear problem of the 7L hierarchy and that of the KP hier-
archy. For the purpose, we rewrite our linear problem (1.2.7), (1.2.8) in
terms of difference operators (§ 1.1).

It is easy to see that the first equation in (1.2.7) reads as
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(1221 L(s; 2w (s; x, y; )=2w(s; x, y; A),

where the difference operator L(s; ¢®) is introduced through the entries
b,(s) of L (1.2.1) as follows;

L(s; €)= 3. bys)e’.

~sZgs1

Set B,(s; €’)=(L(s; €*)"),. The first equation in (1.2.8) now reduces to

(1.2.22) a,,nw(‘g’)(s; X, ¥5 )= B,(s; e""’)w(i)(s; X, ¥; A).

There also exist difference operators M(s; %), C,(s; €°*), which correspond
to M and C,, such that

1223)  M(s; wO(s; x, y3 H=2"wOs; x, y; 2),
0° 0
224 0,05 x,y3 D=Colss @ is; x, 93 2.

Equations (1.2.21-24) constitute a difference operator version of the linear
problem of the TL hierarchy.
By the way, (1.2.22) with n=1,

0, W55 x, y; D)= (4 b(sHW(s; x, y; A)

means that the action of the operator e/?: on w(s; x, y; ) is identified
with (8, —by(s+j—1))- - - (@,,—by(s)). Thus we find a differential opera-
tor B,(s; d,,) of order n such that

amnw(w)(‘y; X, ¥ 2):B'n(s: axl)w("")(s; X, Vs 2)9 n=2> 33 Tt

This is just the linear problem for the KP hierarchy [20, 34], so the com-
patibility condition for this gives the KP hierarchy.

The relationship between the TL hierarchy and the KP hierarchy can
be also described as follows: Let y=3" and s=s’in (1.2.21). Then we
have

ff wE(s; x, y; Yw*(s; X7, y; A) d—z.=0,
2ri

which is nothing but the residué formula in the KP theory. Hence each
wé)(s; x, y; A) (resp. w*(s; x, y; 1)) is, viewed as a function in x, a wave
function (resp. a dual wave function) of the KP hierarchy [20] (see also
the appendix 1 in this article).
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1.3. ¢ functions and Hirota’s bilinear equations

As was seen in the introduction, z functions of the Toda lattice satisfy
the Hirota’s bilinear equations (0.3). In this section we will formulate
functions for the hierarchy, and show the hierarchy to be bi-linearized by
means of = functions. The existence of ¢ functions for the KP hierarchy
(or the multi-component KP hierarchy) was formulated in {20, 22],
however any algebraic proof for this has not been presented.

Let w(s; x, ¥; 4), etc. be the formal power series defined by (1.2.20)
for the wave matrices. The main theorem in this section is the following.

Theorem 1.7. 7 functions =(s)=<(s; x,y) of the TL hierarchy are
uniquely determined up to a constant multiple factor so that

z(s; x—e(2177), y),

W (s; x, y; D)=

o(s; x, y)
Wk x, 3 A)= z(s; x+&(27Y), ») ,
(s; X, ¥)
(1.3.1)
WO(s; x, y; )= (s+1; x, y—e(2) ,
(s; X, ¥)
WO(s: x, y; )= (s—1; x, y+e(2)) ,
z(s5 X, y)

where ()=, 12, 1 %, - - -).

The proof will proceed in steps. By virtue of the bilinear relation
(1.2.18) and the identities
(1.3.2)  expé&@2™, H=1—-2"D,
(1.3.3) (1—1;1/1)-1(1~z;1/1)-1=2_“27{(1—z;1/1)-1—(1—22-1/1)—1}/1-1,
A

2

we deduce the following proposition.
Lemma 1.8. For any x, v, 21, 4,, we have

W x, p; AWK (s+ 15 x—e(A7Y), y—e(2); Ay)

(1349 ) .
=WO(s; %, y; WPO¥(s+1; x—e(A7), y—e(4); 1),

W s; X, y; AW* (55 x—e(AT) —e(47), v 4)

1.3.5
(1.3.5) =W(s; x, ¥; RIWEH(s; x—e(A7) —e(A57), ¥; A),
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(13.6) WO(s; x, y; AWO*(s+2; x, y—e(2) —2(2;); 41)
o =WwO(s; X, y; WO (s+2; x, y—e(A) —e(4;); A)-
Proof. Letting x"=x—e(A7"), y'=y—e(4,) in (1.2.18), one has
L3 W (x, y) exp £EQA), HW O (x—e(A?), y—e(2) ™
27 =W (x, y) exp &(e(k), AW O(x—e(A7), y—e(A)) .
Applying (1.3.2), one sees that

the 1.h.s. of (1.3.7)
=W (x, YY1 — 27 4) W (x— (A7), y—e(A)
=3 diag[#(s; x, YA~ S (A
=0 k=0
X3 A diag [ *(s+1; x— (A7), y—e(2)]
=0
={ > (25 a7*diag[w{(s; x, YDA"

—w<in<l n=k—j
Frk20

S (X A diagldg(s; x, DAY

0£n<+ o ?=Ic—]
X 37 A diag[We*(s+ 15 x—e(AT), y—e(A)]
m=0
={ X (> *diag[#{(s; x, y)D4"

—oln0 n=k-~j
Jkz0

+ Ew A" diag[w™(s; x, y; )14}
n=0

X > A™ diag[#C(s+1; x— (i), y— ().
m=0

Hence
the 0-th coefficient of the 1.h.s. of (1.3.7)
=WAs; x, y; WD* (s 415 x— (A7), y—e(2y); 2)-
Likewise one has
the 0-th coefficient of the r.h.s. of (1.3.7)
=WO(s; x, y; WO*(s+1; x—e(A77), y—e(); ).

Thus we have proved (1.3.4).
Next we set X' =x—e(A7)—e(47"), =y in (1.2.18). Then
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gy V70 D U, A el )
- =W O, )W OCe—e() —e(27), )
By means of (1.3.3), one has
the Lh.s. of (1 3.8)

=_"172 2 2 j};‘ diag[W{=(s; x, y)]4~ fZ {@r A — (A )%}

XY A7 diag[9=%(s; x—e(Ar) —e(7), y)] A
1=0

Consequently
the (— 1)-th coefficient of the 1.h.s. of (1.3.8)

= ,12_12 {95 x, y5 AWWE*(s; x—e(Ar) —e(5), ¥; A1)

— W (s; X, Y5 BIW*(s; x—e(AT) — (A5, ¥; )}

On the other hand, the (—1)-th coefficient of the r.h.s. of (1.3.8)=0.

Thus we conclude (1.3.5). Equation (1.3.6) can be similarly verified.
Q.E.D.

Corollary 1.9. For any x, y, 2, A, A, we have

W(s; x, y; DW*(s+ 15 x—e(27Y), y; A)
=Ww(s; x, PP+ 1; x—e(27Y), ),

(1.3.10)  W,ss x, y; HW*(s; x—e(27), y; =1,

(1.3.9)

(1.3.11)  WO(ss x, y; YW *(s+15 x, y—e(2); D=1,

D54 1; x4, DIH(s; x, 75 1)
XWEH(s+1; x50, y; A)

(1.3.12)
=WO*(s+1; x4-e(25"), YP*(s5 %, ¥; A1)
XWEH(s4-1; x+e(A7), ¥; A),
(1.3.13) WOX(s; x, y+e(r); IO (415 x, y; 1)

=WO*(s; x, p+e(R); WWO*(s+1; X, 35 2,).

Proof. Equations (1.3.9) and (1.3.11) follow from (1.3.4) with 4,= oo
and 4,=0, respectively. (1.3.10) is deduced from (1.3.5) with 2,=0. By
making use of (1.3.5) and (1.3.9), one sees that
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WEOH(s+ 15 x—e(A7), YW (s; x—e(A7) —e(45), ¥ 20
XwH(s+1; x—e(A7), y; )
=WP*(s+1; x—e(A7Y), W*(s; x—e(AT) —e(A7), 3 2p)
XWEE(s4-1; x—e(A7D), v ).

Replacing x —e(47Y) —e(A;") by x in the above, one obtains (1.3.11). One
can show (1.3.12) in the same way. Q.E.D.

Set

log W¥(s; x, y; D=3 1§,
J=1

log w®*(s; x, y; 2):% tPH.
7=0

_ We note that the action of the nonlocal operator exp (@0, 27Y)
(0,=(0,,, +9,,, 30, * - -)) is given by

exp (6@, 27NSX)=fx+e(@7).
Let p,(x) (j=0, 1, - - -) be a polynomial introduced through

(1.3.14) @D =37 p ()X,
=0
More explicitly,
p(x)= XXy
v+ tere+jvy=7 yI! . .vj !

Now we are in position to prove Theorem 1.7.

Proof of Theorem 1.7. (1) First we show
(1.3.15)  p @ )t0(s)=t{(s—1)—1t=(s)  for j=1,
(1.3.16)  py(@)t(s)=pu(@)157(s) for j, k=1,
(1.3.17) 8, log we*(s; x, y; D)=(exp (6(3,, ")) — D)t{=(s).
Taking the logarithm of the both sides of (1.3.12), one gets

exp (£(0,, 47Y)) log W¥*(s+1; x, y)+log w=*(s; x, u; 4;)
+exp (£(0., 47Y) log W *(s41; x, y; 4)
=exp (60, A7) log WP *(s+1; x, ) +log we*(s; x, y; 4)
+exp (§(0., 4) log W¥(s+1; x, y; 2,).
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Expanding the both sides into power series in 4, and 2,, one sees that

iﬂ PO+ D)+ fjl £ s+ 1257
i= j=

(1.3.18) )
=10+ 1)+ £9(5)257,
7=1
and
MR OVRES DI ICAT SRRV
Jj= =1 k=

(1.3.19)

I XCAULCRVRES YD NCAT R
Je= j=1 k=

Equations (1.3.15) and (1.3.16) are derived from (1.3.18) and (1.3.19),
respectively. Equation (1.3.17) is a generating functional expression for
the special case of (1.3.16), 3,,57(s) =p,(3,)t{(s) (j =1).

(2) A similar consideration for (1.3.13) as (1) enables us to obtain

(13200 pG)PE)=tP()—tP(s+1)  for j= 1,
1321)  pG)rP)=pE)Pes) for j, k=1,

(1.3.22) 8,,1<10g %) — (exp (6G,, ) — Dr(s).

(3) We wish to prove
(1323) @)@ =pG)Ps+D)  for j k=1
Notice that (1.3.4) leads to '

W (s; x+e(ATD), y+e(Ay); AW * (s +1; x, y; Ay)

(1.3.24) i
=wO(s; x+e(4), y+e(4), WO (s+1; %, y; 2).

On the other hand, replacing x, y by x—e(A;"), y+e(4,) in (1.3.10) (resp.
by x+¢e(A7Y), y—e(4,) in (1.3.11)), one gets

W (s; x+e(A7), y+e(R); ) =w*(s; x, y+e(4;); 2) 7,

WO(s; x+e(ArD), y+e(2); 2)=WwO*(s+1; x+e(A)y; )"
Substituting these into (1.3.24) and taking the logarithm of the both sides,
one sees that

—exp (£(0,, ) log W*(s; x, y; A)+1og W *(s+1; x, y; )
= —exp (§(0,, A7) log WO*(s+1; x, y; ) +1log WO*(s+1; x, y; 2).



20 K. Ueno and K. Takasaki

Compairing the coefficients of A77/2% (j, k=1) in the Laurent expansions
of the both sides, we conclude (1.3.23).
(4) Consider the following equations;

log B*(s; x, y; D)= (exp (£(0,, 2~))—1) log =(s; x, ),

P05 D) —(exp (607, D) —1) log els— 15 x, ),
WEE(s; x, ¥)

DO*(s; x, y)='f(i(; lx J;)y) ez

Equations (1.3.15-17) and (1.3.20-23) constitute the compatibility condi-
tion for the above equations to be solved. (We should observe that p,(3,),
p2,3,) (j=1,2, ---) form generators of the ring of differential operators,
Cl0y, 04y * * + 0y 0yps - - -1)  Consequently the solutions {z(s; X, })}scz
are uniquely determined up to a constant multiple factor. Then we have

PE*(s: x, 3 )= o(s; x+e(277), »)

B ws3x,)

=% y+eR)
z(s; X, ¥)

WO*(s; x, y;

Substituting these into (1.3.10) and (1.3.11), we obtain the rest of equations
among (1.3.1). This completes the proof. Q.E.D.

Remark 1. Theorem 1.7 can be also proved by means of the residue
formula (1.2.21).

Remark 2. The arbitrariness (1.2.11) of the wave matrices corre-
sponds to modifying = functions as

T(S; X, y)]__>as exXp (b+§1 (cnxn—’"dnyn))r(sa X y)7

where a, b, ¢, and d, are constants independent of s.

Now let us discuss the bilinear equations of the Hirota-type satisfied
by z functions of the TL hierarchy. We prepare a lemma.

Lemma 1.10. Let a=(a,, a,, - - ) be indeterminates, and p,(x) be as in
(1.3.14). Then

(1325) 3 pi@Iu(x—a)-po I+ =PI UG — v +)}
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holds for any integer k=0.

Proof. One sees that

the 1.h.s.=§l’“‘lu(x—a—e(l"’))v(x-{—a-f-e(l"l))“zél—
Tl

=§ 2 exp €6, 2N ulr—ae(-+ )}

=§ 271 3 pBx {ule—ayole+-a)} 2
i=o 2z
=the r.h.s.
Here the integration contour is a small circle around 1= co. Q.E.D.

Theorem 1.11. Leta=(ay, as, « - +), b=(bs, b,, - - -) be indeterminates.
¢ functions of TL hierarchy solve the following Hirota’s bilinear equations

gﬂpmu(—Za)pj(ﬁx) exp ({a, D,y + (b, D,Me(s+m~+1)-7(s)

oo

(1.3.26) =Zop-m+j(—2b)Pj(5y) exp ({a, D) +<b, D,p)e(s+m)-z(s+1)

for s, me Z,

where D,=(D,,, iD,,, - - ) are Hirota’s operators, and

<a; D.z‘> = i anDzn'
n=1

Proof. Letting x—~>x—a, x'—x+a, y—y—>b, y'—>y-+b in the bi-
linear relation (1.2.18), it reduces to
W (x—a, y—bYW = (x+a, y+b)*

1.3.27
A ) =WO(x—a, y—b)WO(x+a, y+b)~*

Substituting (1.3.1) into the above, one has

the 1.h.s. of (1.3.27)
=W ) (x—a, y—b) exp (§(—2a, W “(x+a, y+b)~!
< pi(au)z-(s X—a,y— b) -1 2 i
; [ o(s; x—a, y—D>) ]A XZPJ( a4

S -k di [pk(aa)f(S+1,x+a,y+b)]
2 e z(s+1; x+a,y+b)
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= > diag [l’f(“z") -2i0)r(s; x—a, y—b)- p,(3)c(s+j—i—k+ 1)}
b k20 o(s; x—a, y—b)e(s+j—i—k+1; x+a, y+b)
X A1-4F,

Set
(x)={e(s; x—a, y—b)e(s+m—+1, x+a, y+b)} .
Then, applying (1.3.25), one gets
the m-th coefficient of the 1.h.s. of (1.3.27)
=% I P —20p0)e(s3 x—a y—b)-2,(5)
Xr(s+m-+1; x+a, y+b)
=(9- 3, Proi —20P0){e(s: x—a, y—Byels+m-+1; x-+a, y+5))

= () 35 (= 200p00) exp (s 3. +b, 94))
X{ze(s; x—c, y—d)e(s+m+1; x+¢, y+d)}Hemaoo
=93 Pnes(—20)p,(D.) exp (@, D.Y+<b, D,)
Xt(s+m+1;x, ) 2(s; %, y),

Similarly one has

the m-th coefficient of the r.h.s. of (1.3.27)

=3

—()-3 3 Poner(=2D0)es+1; x—a, y—b)p,G)
Xt(s+m; x+a, y+b)
=(9- 5, P-ni(—20)pD,) exp ((a, D;>++<b, D)
Xt(s+m; x, y)ye(s+1; x, ).
This concludes the desirous result. Q.E.D.

Equation (1.3.26) means a generating functional expression of the
bilinear equations of the Hirota-type satisfied by ¢ functions. For in-
stance, non-trivial equations among (1.3.26) are
(1.3.28) D, D, z(s) -o(s)+2z(s—1)-z(s+ 1) =0,

L2 e )

p(Dye(s—k+1)-2(s)=0,  puD)e(s-+k—1)-7(s)=0

1.3.29
( ) for k=2,3, .-,
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INE:

p{(—2a)p,.(D,) exp ({a, D,))e(s)-7(s)=0,
(13300

PA—2b)p;.(D,) exp ((b, D, ))e(s)-2(s)=0.

Me

0

s,
Il

Equation (1.3.28) is nothing but the Hirota equation for the Toda lattice,
0
and (1.3.29) means the condition for W(‘”)(x, ¥»)~! to be the inverse matri-

ces of W(‘g’)(x, ¥) (see Remark after Theorem 1.5). Equation (1.3.30)
shows that our ¢ functions become those of the KP hierarchy (see the
discussion after Proposition 1.6) [22].

We give a decisive result concering a relationship between the TL
hierarchy and the 2-components KP hierarchy. Let z, _,(x®, x®) be the
z functions of the 2-component KP hierarchy introduced in [22]. Then
we deduce;

Theorem 1.12. Our t function ©(s; x, y) given in Theorem 1.7 coin-
cides with t,,_ (x", x®) except for a simple factor;

(1.3.31)  z(s; x, »)=(=)¢", _(xD, x®) with x=x®, y=y®,

Proof. Hirota’s bilinear equations satisfied by z, _(x", x®) [22]
coincide with (1.3.26) by the above correspondence. Q.E.D.

This theorem asserts that the 7L hierarchy can be embedded into the
2-components KP hierarchy. However we should observe that the
totality of = functions of the 7L hierarchy does not exhaust that of = func-
tions of the 2-components KP hierarchy because a null ¢ function
7(s; x, y)=0 should be excluded in our theory.

Finally we give another remark on z functions.

As was mentioned in the introduction, we can slightly modify =
functions as follows;

(1.3.32) (53 x, y)=1(s; X, ¥) exp (f‘_, nxny,,).
n=1
This modification changes the expression of the wave matrices to
() 7(2) "
(1.3.33) W= (x, y)=V"="(x, y) exp (§(x, DH)+&(y, 47Y),
where

(1.3.34) P&, )= jj:;o diag[6)(s; x, »)]A*.
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Set :
6 )(s X, y; 4 =i s x, y)as.

Then they are represented by the new ¢ functions as

D= T x—e(@” %)
7'(s; %, %)
’(s+1; x, y—e())

7(s;x,9)

D(s; x, 3
(1.3.35)

00(s; x, y; )=

1.4 Periodic reduction of the Toda lattice hierarchy

Let [ be a positive integer. The /-periodic Toda lattice (TL),) is a
subfamily of the Toda lattice with the constraint u(s)=u(s-+/) for any s
(or it is obtained from the Zakharov-Shabat equation (0.2) by imposing
therein the constraint b(s)=>5b(s+1), c(s)=c(s+!) for any s). That is,
(TL), is a system of differential equations given by

axlamu(s)zeu(s)—u(s-l)_eu(s+1)-—u(s)’ S=0, ceey, l___l

(1.4.1) with u(—1)=u(l).

We can impose a further constraint > :=j u(s)=0 without loss of gener-

ality.
The one-dimensional Toda lattice is defined as

(1.4.2) _i__a%lu(s) =M -u-l) _puGsh-u) g e 7

where u(s)=u(s; t,). These subfamilies are subholonomic systems in the
sense that their general solutions have arbitrariness of one-variable func-
tions.

In this section we will study the hierarchies attached to these sub-
families. Our main interest is how the hierarchies are reduced from the
original one.

To describe the (TL), hierarchy, we need some preliminaries about
Lie algebras.

Let us denote by gl(co) the Lie algebra defined by

' gleo)={ 33 ayEylay=0  for |i—j|>0).

Let gl(o0), (resp. gl((c0)),) be the subalgebra (resp. formal subalgebra) of
gl(oo) (resp. gl((0))) given by
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gf((OO))L={i ;/_::Z ai;Eqy; € gl((00))| @y =ay4,,4+, for any 7, j},

gl(c0),=gl((=0)), N gl(0).

It is well known that the map,

gl(Z, CIIE, T ID—>gl(=0))

w
A, 4,
AQ=3 AL —> A, A4, 45
A, A, -

v J

defines the Lie algebra isomorphisms gl(/, C[[Z, '] = gl((e0)), and
gl(/, C[C, L") = gl(o0);. This isomorphisms can be interpreted also in
the following manner: Set

0 1

4©=] . L | €8 cre e,

Then (1.4.3) reads as
AQ)= 3, diag(@0), -+, a0~ DALY

(1.4.4)
A=Y diag(a,0), - - -, a(I—1) 4!
fez
where diag (aj(O),‘ -+, a,(I—1))® stands for an /-periodic diagonal matrix
diag(' ¢ 'aj(o), s aj(l_'l)a aj(0)7 MRS aj(l_l)’ v ) € g[(oo)
Now we define the (TL), hierarchy. We impose on the T'L hierarchy
the additional constraint

(1.4.5) L'=/A"  M'=A"

The system of nonlinear differential equations (1.2.2) with this ‘constraint
constitutes a subfamily of the TL hierarchy, and is said to be the I-periodic
TL ((TL),) hierarchy. This is a subholonomic hierarchy.
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The [-periodic condition (1.4.5) may be regarded as an analogue of
the [reduced condition of the KP hierarchy [25]. In fact we have the
following proposition.

Proposition 1.13. Let L, M be solutions to the (TL), hierarchy, and
W(x, y), WO(x, ) be the corresponding wave matrices given in Theorem

1.2, Then L, M, W*(x, y) e gl((c0)),, and

14 Own=0wO0n, 8, W =1, y)
for n=0 mod /,

and
147 0,,L=0,,M=0, 9, L=4d, M=0 Jor n=0 mod /.

Hence the (TL), hierarchy involves the l-periodic Toda lattice, and its
solutions are independent of the variables x,, y,(n=0 mod /).

Proof. Since L=W AW -1 M =W OA- W -1 the [-periodic
condition (1.4.5) implies

[A7, W]=[4", W®]=0  for n=0 mod /,
0
so that W(""), L, M e g{((c0)),. Thus the first assertion is proved. By the

definition of B,, C, and (1.4.5), one sees that B,=A4", C,=4"" for n=0
mod /, from which (1.4.6), (1.4.7) follows at once. Q.E.D.

Let us interpret the periodic condition (1.4.5) in terms of = functions.
Let 7(s; x, y) be z functions as in (1.3.32). Taking into account the
arbitrariness of the wave matrices (1.2.11), we deduce the following corol-
lary to Proposition 1.13.

Corollary 1.14 (cf. [25]). Suppose L, M to be solutions to the (TL),
hierarchy. Then there exist a suitable wave matrices such that the corre-
sponding t functions are subject to the following conditions;

(1.4.8) (5 %, ) =7'(s+1; x, y),
(1.4.9) 0.,2'(8; x, ¥)=0,,7'(s; X, ) for n=0 mod /.

Conversely, if T functions satisfy the above conditions, the corresponding L,
M solve the (TL), hierarchy.

Proof. First of all recall Remark 2 before Lemma 1.10. From the



Toda Lattice Hierarchy 27

periodic condition, it follows that

50.) log (z(s)/z(s+ D))= p,(©,) log (z(s)/z(s+ 1)) =0

for any s. Hence an appropriate modification such as z'(s)—a’z'{c)
makes ¢ functions satisfy (1.4.8). Thus we may assume (1.4.8) without
loss of generality. Set

WD =7 exp (6x, A)+2(r, A7) (see (13.33)).

From (1.4.6) one obtains 8MI7(°2)=8WI7(°?’)= 0 for n=0mod /. There-
fore

9, log ’(s)=Cte. (=c,),

9,,log 7/(s)=Cte. (=d,) for n=0 mod /L

Since the constants c,, d, are independent of s, the modified ¢ functions

eXP ('—' nZE:(] CpXp + dnyn)f’(s)

mod I

satisfy the both conditions. Q.E.D.

We investigate more explicitly the linear problem for the (7L),
hierarchy. Proposition 1.13 allows us to identify L, M, W(‘g’)(x, y) with
L), M), W(g‘)(x, y; §) under the isomorphism (1.4.4). They take the
following form;

(14.10) LO=W(x, y; DALW < x, ;7
M@O=WOx, y; QAL WO, ;O

and
WAx, y; =W (x, y; £) exp &(x, (L)),
(1.4.11) WO, y; =W O(x, y; 0) exp &, 4,(0)"Y),
W, s =37 diagld (), - - -, 9, P —1)]0 4,0,
i=0
where exp &(x, 4(0)=> 71 x,4,(8)", and W(s)=w{"(s; x, y) are the

entries of wave matrices.
We have the following proposition.

Proposition 1.15. (1) W®(x, y; ) and WO(x, y; &) solve the
linear problem
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(14.12) 0., W Q=B OW®), 3, W(O=C.OW(O),

where B, (0)=LQ)")., C.(Q=WM(&)").. The symbols (-),. stand for the
nonnegative power part and the strictly negative power part with respect to
A,).  The compatibility condition for (1.4.12),

aymcﬂ(c) - ayncm(C) + [Cn(Oa Cm(c)] = 03
gives the (TL), hierarchy.
@ B.0), C.(O sl CIL L.

Proof. (1) The assertion is clear because B,(), C,({) are identified
with B,=(L").,, C,=(M™)_ under the isomorphism (1.4.4).
(2) From (1.4.10) and trace 4,()*'=0, we obtain (2). Q.E.D.

In particular, the proposition gives us the Zakharov-Shabat repre-
sentation for the [-periodic Toda lattice (1.4.1) [17];

azuB I(C) - a,xC,(C) + [Bx(C), C1(C)] = O,
where
(b(0) 1 0 Z-1¢(0)

T . c(lj'
BQ)= L =

L b(I—1) L =1 0

The one-dimensional Toda lattice (7L) hierarchy is defined as the
TL hierarchy with the additional constraint

(1.4.13) LA+L'=M+M-*,
First we show the following lemma.

Lemma 1.16. The condition (1.4.13) is equivalent to

@at0, )W D, )= WSt 477,

Proof. Suppose (1.4.13). Then L"+L"=M"+M-" holds for
n=1. Considering the (4) part of the both sides, one easily gets B, C,
=L"+L"=M"+M"". Hence one sees that
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(axn + avn) W(w) = (Bn + Cn) W(M)
=(L"+ LW
=WeA+ 47",
and also that (3,,+0, YW@ =W A"+ A-"). Thus (1.4.14) is proved.

Next we verify the converse. By making use of (1.4.14) with n=1, one
derives

@u 0, )W =W A+ A7)
=(L+LYW,

which yields B,+C,=L+L"'. Likewise one has B,+C,=M-+M",
This completes the proof. Q.E.D.

To show that the one-dimensional 7L hierarchy actually contains
the one-dimensional 7L, we investigate the linear problem for the
hierarchy.

0
Let us express W' *)(x, ) as (1.3.33). Then from (1.4.14) it follows
that

(1.4.15) @.49,)7 e )=0  for n=1,

(0
so that 7=)(x, 3) depend on only 1=(t, £, -- )=} (i1, $ (a2,
-+-). Namely, V*©(x, y)=V(t). We set

V)=V (t) exp (&(t, A +&(—t, 47Y).

Proposition 1.17. (1) If L and M solve the one-dimensional TL
hierarchy, then they depend on only t.

(2) Under the same assumption as above, V(t) solves the linear
problem

Bi+CIV(O)=V (1) A+ 47,

(1.4.16)
0, V(t)=B,—CHV(t), n=1,2, ---.

The compatibility condition of this system amounts to the one-dimensional
TL hierarchy
(1.4.17) 0,,(Bi+C)=[B,—C,, Bi+Cy], n=12, ...

_ Proof. (1) From (1.4.15) and L= Ve (x, YAV ) (x, p)Y, M=
VO(x, A~V O(x, y)-', the statement is evident.
(2) It is sufficient to prove the second equation in (1.4.16). Since
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V@)= W) exp (65 o, 4)+e( S, 47),

and 9,,=4d,,—4,,, we have

az"V(r):;(a,,,—ayn)W<°°>(x, »}
xexp ({510, 4)+¢( e, 47))
= (B,— COV(0). QED.

The Lax representation [9, 27] of the one-dimensional TL is derived
from (1.4.17) with n=1;

atl(Bl+ Cl) = [Bl - Cu Bl+ C:]’

where
S .
'.:.b(—l) 1
B+ Ci— £c0) b0) 1
te() B(1) "

The entries of B;+C, are related to the unknown functions in (1.4.2)
through b(s)=1%09,,u(s), c(s)=e*®~26-1,

Finally we remark that the condition (1.4.13) are interpreted in terms
of ¢ functions as follows: Let 7’(s; x, ») be as in (1.3.32). The condition
(1.4.13) is true if and only if 7/(s; x, ) can be chosen so that they satisfy

(1.4.18) @,,+9,)7(s; x, »)=0 for n=>1.

2. The Toda Lattice Hierarchies of B-type and C-type

2.1. Generalized Toda lattices and orthogonal Lie algebra o(co) and
symplectic Lie algebra 3p(co)

First of all we will give a brief account of the generalized periodic
Toda lattices studied by Bogoyavlensky [4] and Mikhailov, Olshanetsky

and Perelomov [17].
Let {a;, - - -, o)} (@py=(af, - - -, @) € R) be a simple root system



Toda Lattice Hierarchy 31

attached to the extended Dynkin diagram of Euclidean Lie algebras of
the types B{", C{", AP, D®,, A®,, etc. For the simple root system of
AP, {e;—e, (i=1, -+, 1), e,—e,,,} should be taken, where {e;},<;<, is
the standard basis of R**'.

Let u(s)=u(s; x,, y) (s=1, ---, ), and set {ay, up=>_, aPu(s).
The generalized periodic Toda lattice associated with the Euclidean Lie
algebras are defined by

@.1.1) 8.,0,u(5)=3" a® exp {a, u.
k=1

and will be denoted by (TL)zw, and so on. The [-periodic Toda lattice
(TL), is just (TL) g, in this notation.

Table
Lie algebra Dynkin diagram simple root vectors
251 253 o1 oy o;=€e;—€;,1 (l=1, e, l—l)
o | oo —>0
B;
a;=€r, « =-—€1—¢€
e l Iy ®l+1 1 2
Q=e;—ey i=1,.-.,1—1
o a1 o g oy 2 i i+l ( > > )
Cl C—0—— 0000 s —OE—D
ay=2e;, oy =—2e
@y oy Kg-g Op-1 A;=€;—€541 (l=1, . ',l—l)
D
o o ay=er-1te;, Ap=—e—e
(25 W 3 [ R/ @=e;—e;n (=1,---,1-1)
ce e s s s —OE—D v ’ ’
AD
21-1
ay=2e;, aiai1=—e1—es
.1 4 1y 1+1
a;=e;—e i=1,..-,1—1
) A1 oy a1 o i i 1+1 ( ’ > )
A;l) =0+ s s s s o —O—20
ap=e;, ap=-—2e
) a=e;—ein (i=1,---,1-1)
@ [+ 7% B2 o1 o
D, OL——0— ¢ s ¢ ¢ o » —(T——>0
ap=e;, 0 =—~€
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For instance, (TL)p,, (TL)sg, (TL)oe are as follows:

azlaylu(l)ze“(l)-u(z)_e-u(l)’
(212) (TL)D;‘QI amamu(s)z _eu(s-l)-u(s)+eu(3)_u(3+,) (2§S§l—- 1)’

axlaylu(l) —_— eu(l—l) —u(l) + eu(l)’

3,13y1u(1) — et -u@ __ 26—2u(1),
(2.1.3) (TL)AQJ azlaylu(s)= — e -u® § pu-ut+d (2L g< [ 1),

0,,0,u(l)= — e t-D-ut) L guh,
0,,0,,u(1) = *® =@ _2e-2u,
(2.1.4)  (TL)og 0,0,u(s)= —e"C D70 pen@-nterh Q<5< 1),
05,0, u(l) = — e*¢-D-2® 4 22,
In particular, (TL) 4
0,0, u=e"—2e""

is referred to as the Bullough-Dodd equation [17].

Now we will explain the Lie algebras 0(c0), 3p(c0), and their /-reduced
subalgebras 0(c0);, 8p(o0);, which were discussed in {23, 25].

0(co) is the orthogonal Lie algebra on CZ={f(A)=> fix* € C[2, 27"}
equipped with the symmetric inner product

(. 905= 33 (—)ig,= Fe(—2d2

(ranemec?, aa=22).

2xi

Namely it is defined by

0(c0)={4 & gl(c0) | JA+ 4T =0}

2.1.5) e o
={i 'Ze:z aiJEU € gr(oo)lazj=(—) o a_j—q for any l:.]},
2 J

where J=((—)"0;,_;)1,;cz is @ symmetric matrix. The generators for o(co)
are given by

Z'lj=(_)jE’l, —j_(’_)iEj, —1e

Clearly A" € o(c0) for odd n. We observe that if 4 e o(co), then J4"+4
(=)"*1t4"J=0, and (4), € o(co). o
The I-reduced subalgebra o(co), is defined as
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0(00),=0(o0) N gl(c0),
2.1.6) ={i jze;z a;,E;; € gl(o0)|ay;=(—)"**a_,, ~i= g1 541
for any 7, j}.

The formal Lie algebra o((o0)) is defined by replacing gl(co) by gl((co)y
in (2.1.5), and 9((0)),=0((=0)) N gl((0));.

For the I-reduced subalgebra, we have the following Lie algebra
isomorphism.

Lemma 3.1 [25].
0(00), ={4(Q) € gl, C[E, &~D | T(DAQ) +°A(— )T () =0}

@.1.7) for odd 1,
o ~{A(©) € 81, C[C, LD | DA+ AT (£ =0}
for even I,

where

1

(=)
J l(C)= K )
C-:
-t

Proof. Define a bilinear form { , »,; CZXC?—C[¢, Y] by
(8=, U F 000

=3 [ @e(—pdac.

0(c0), is the invariant Lie algebra for the bilinear form. In fact, 4 ¢
gl(o0) leaves it invariant if and only if

PANNT + AN TA=0

holds for any ve Z. Letting v=0, 1, we see *AJ+JA4=0, and [4, A"}
=0. Hence 4 ¢ 0(c0),. The converse assertion is evident.

It is easy to see that {f, g)>(0)=<g, fH({) for even /, and that
(S5 8200 =X8g /(=) for odd L.

Note that CZ are identifiable with C'®CIE, ¢ ={f(Q)=>_,fL’;

fi=(f,.00 -+ » f1.1-1) € C'} by the correspondence
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.18 fO=578—% 3 ittt =)
For f(©), g(0) ¢ C'®CIE, £, we introduce a bilinear form by
FOI(Dg () for even 1/,

YOT(0g(—¢) forodd L

The left-hand side of (2.1.7) defines an invariant Lie algebra for this
bilinear form. Therefore, in order to prove the lemma, it is sufficient to
show that

(2.1.9) S NQ=LF P20,

holds under the isomorphism (2.1.8). Let / be even, and set f({) =f§f
(‘f= (fo» -+, fi-). Then one sees that

(f g)z(C)={

D=1+ ()" ufiat ),

and that

FPUO=Tft [ #1d3E+ 5 (=) fufica 3 [200-0 128

=(f, /N®.
Thus (2.1.9) is proved for even /. For odd /, the proof can be done in a
similar way as above. Q.E.D.

3p(oo) is the symplectic Lie algebra on CZ equipped with the skew-
symmetric inner product

(f9do=, T (—)figi=| #e(—d2
That is to say, v

3p(c0)={4 & gl(c0)| KA+‘AK =0}

2.1.10) ia et
={i§z a;E;; € gl(oo) |ay;=(—)"+7* a-j—l,-—i—l}’

where K = AJ is skew symmetric. The generators for 8p(co) are given by
Zij:(—‘)jEz,—J—l"‘(")“lEj,—i—x-

A" e 3p(o0) for odd 7 as in the case of the orthogonal algebra. - We note
also that if 4 € 3p(o0), KA"+(—)"*'4"K =0, and (4),. € 3p(c0).
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The I-reduced subalgebra 3(co), is defined as

8p(00),=2p(c0) N gl(c0),

(2.1.11)
={i§ZaHEij € gr(oo)laij=(-‘)i+j“a—j—1,—i—1=ai+z,1+z}-

The formal Lie algebra 3p((c0)) and 3p((o0)), are defined as in the ortho-
gonal case. The following is an analogue of Lemma 2.1.

Lemma 2.2. We have the following isomorphism;

8p(00), 5{A(0) € glZ, C[E, £D | KuD)AQ) + A= DKL) =0}

2.1.12) Sfor odd I,
o S{AQ) € 3, CIE, T | KD AE) +A)K() =0}

for even I,

where
-1
1
(_)l—lc—l
KL(C)= K . .
g
C—l

The orthogonal “group” O(oo) and the symplectic “group” Sp(co)
are defined as

(2.1.13) 0(c0)={W € GL(c0); J 'WJ =W "1,
(2.1.14) Sp(c0)={W € GL(c0); K~ ‘WK =W~1).

Remark 1. The odd-reduced subalgebra o(co),;,; and 3p(co),; ., are
isomorphic to each other under the outer automorphism of gl(2/+1,

CI&, L,
AQ——T (A=) AC ) o (=L,

1
where 4,,,,(¢) was given in §1.4, and J =( o ) This fact is proved as
1

follows: Let A({) € 0(00)y;.; i.e. ‘A(—C)JZM(C)-}-‘Jm,(C)A(C):O. Set

izz (@)= (tAzz + 1(5))’ szz + 1(@(/121 a(— C))l -,
A=Ay (= 0) " AQN A= 0))
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Then it is seen that ‘A(—OJy . 1(Q)+T5 (DA =0. Notice that
jtfztn(C)j: (—)‘C"sz(C)-
Hence one has
LA(— DKy — L)+ K — 7 HAQ) =0,
where A(Q)=JA(—¢)J. Thus A(—&") e 8p(c0)y 41 Q.E.D.
Remark 2 ([25, 42]). Set
02142, CIE, &'
={4(0) € 3l2I+2, C[, LD [ Ver+D)4(Q) + A8z +(0) =0},
sul+1,C[5, ¢
={A(©) e 812/ +1, C[L, "D | o1 QAR+ A(— ). () =0},

gp(l, CIE, 7D
={4(D e 8l(2L, CIE, £'D | Ku(DA(Q) +A(OK, () =0}

The Euclidean Lie algebras attached to the extended Dynkin diagrams
D@ AP, CM are realized as the one-dimensional central extension of
the Lie algebras o(2/+2, C[Z, 7], 3u2l+1, C[C, £, 3p(l, CIE, L)),
respectively.

2.2. The Toda lattices of B-type and C-type

In the Zakharov-Shabat equétion (0.2) for the Toda lattice, we
impose the following constraint on B,, C,; B,, C; € 0(c0), or equivalently,

2.2.1) b(s)=—b(—s), c(s)=c(—s-+1) for any s.

The resulting equation is referred to as the Toda lattice of the B-type
(BTL). Namely BTL amounts to the difference-differential equations

0z, (D) =c(Db(1), 8:,c(s)=c(s)(b(s)—b(s—1)) (s=2),

222 9,.b(s)=c(s)—c(s+1) (s=1).

The Toda lattice of the C-type (CTL) is now defined by imposing
the following constraint; B,, C, € 3p(c0), or

2.2.3) b(s)=—b(—s—1), c(s)=c(—s) for any s.

Hence it becomes the difference-differential equations
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0,,c(0)=2¢(05(0), 9.,c(s)=c(s)(B(s)—b(s—1) (s=1),
9, b(8)=c(s)—c(s+1) (s=0).

Both BTL and CTL are sub-subholonomic in the sense of the introduc-
tion.
For BTL, introducing = functions z(s)=z(s; x,, »,) (s=1) through

by(s)=0,,log (z(s+1)/z(s)),  c_i(s)=z(s+ De(s—1)/z(s)’,
with z(1)=1z(0),
we obtain Hirota’s bilinear equations

2.2.5) D,D,z(s)-z(s)+2z(s+ De(s—1)=0, (s=1, z(1)=12(0)).

(2.2.4)

The 7 functions z(s) (s=0) of CTL are introduced through

| bils)=0,, log (els+1)/e(s)), i) =2(s+ De(s— /(s
with z(1)=7(—1),

and CTL is transformed into

(22.6) D,D,z(s)-z(s)+2z(s+1)-z(s—1)=0, (=0, z(1)=17(—1)).

‘We remark that the Hirota equations of the Toda lattice reduces to (2.2.5)
and (2.2.6) by imposing on the z functions the following symmetries with
respect to the discrete parameter s;

2.2.7) t(s+1; xy, y)=1(—s; x5, )  for BTL,

(2.2.8) 7(s; X1, y)=1(—5; X1, 1) for CTL.

2.3. The Toda lattice hierarchies of B-type and C-type and their /-periodic
reduction

Let us recall the fundamentals about the 7L hierarchy: The TL
hierarchy arises as the compatibility condition of the linear problem

L= W& AW ), M= WO DA WO, ),
@3.1) © © © @, |
02, W (6, =B, W>*(x,3), 0, W (%, p)=C. W (x, y),
where B,=(L"),, C,(M™")_. The wave matrices take the form
W x, ) =W )(x, y) exp &(x, 4),

W (x, y)=3 diag[$(s; x, )A~!  with w§(s; x, Y)=1,
7=0
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W(O)(x7 J’)=W(°)(Xa y) exp E(J’, A_l)a
Wo(x, y)=> diag [AP(s; x, IA? - with Wi(s; x, y) Z0.
7=0

They are not uniquely determined, but have the arbitrariness

WAx, y)——> W (x, ) f (D,

(2.3.2) WO(x, )—>WO(x, 1) fO(A).

0 o 0 )
Here f (“)(2)=Z f,E“)Z*" (=1, f®0) are formal Laurent series with
n=0

constant scalar coefficients. v
We fix the notations to be used throughout this and the subsequent
sections.

Set £=(x1, Xy, - - +), =1, ¥, - - -). We abbreviate x,=x,=--- =y,
=y4:=- --:0 to xezyezo. Let
L~=L|Ie:1/e:0’ M=M|$e:7!e=0’
En:Bn |Z‘e=ye=0’ én:CnIIe=ye=0’

and let
(% T (2) ez i@
/4 )(xa y)=W (xa y)lze=1!e=05 Wi )(xa y)"_“W (x’ y)l:ve=1le=0'
Note that the wave matrices W (%, 7) take the form,

W AR, 5) =W O(%, 7) exp &%, 4),
WK, ) =W 4%, 7) exp &(F, 479,

23.3)
where &%, 4)=>.0aa X.4". Furthermore we set
s %, 55 2) =3 W53 % HI,
=
DN, F3 D=2 05 % I,
where the coefficients are given by
W, 5)=3, diagld(s; % A,

W (E, ) =3 4 diag[#*(s+1; %, 7).

j=0

The Toda lattice hierarchy of the B-type (the BTL hierarchy) is a
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specialization of the 7L hierarchy in the sense that we impose the con-
straints

(2.3.4) L, M e o((c0))

on (2.3.1) at the expense of freezing the even time flows. Note that (2.3.4)
implies L", M™ e o((o0)) for odd n, so that B,, C, € (o) for odd n. Thus
the BTL hierarchy is a set of nonlinear differential equations given by
azmgn‘i‘[ﬁm, En]=05 ayném_aymén_l_[éma én]zo;

(2.3.5) L 7
aa:mc‘n"l_[Bma Cn]:()’ n, m; odd.

azng m
aw§ mT
The third equation above with n=m=1 is nothing but the BTL.

We will further deduce the following proposition on the wave
matrices, which is analogous to Proposition 1 in [23].

Proposition 2.4, Assume (2.3.4). Then WX, ) e O(o0) under a
suitable choice of f(2), f(2) in (2.3.2).

Proof. We will only show W (%, $) € O(o0).
Since B,, C, e 0(0), it follows that

0, (J VI WIW N =03, (JHWIW)=0
for odd #n. On the other hand, [4, J - *W ) JW (]1=0 because
E=WO AW O ¢ o((c0)).
Combining these facts, one sees that
(2.3.6) JHWOIWO =S g4 with go=1,

where g, is a constant scalar. Taking into account *J=J, one has also
TWOIW T =3= g, A" Since J'A"J=(—)"4"", one further sees
that ,

(2.3.7) T WOIW O =3 (=g, A"
n=0

Comparing (2.3.6) with (2.3.7), one concludes that g,=0 for odd x.
Moreover let us modify W to W f<)(A4), then

J ‘W(“>JW(‘>=(20(~)"f75“)/1'">_]( 2, gnA_n)@of"(M_n)d'

n:even
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It is evident that a suitable choice of f(A) makes the left-hand side be 1.
Thus W) e O(c0). Q.E.D.

The Toda lattice hierarchy of C-type (the CTL hierarchy) is also
defined as a specialization of the 7L hierarchy with the constraints

(2.3.8) L, M e 3p((0))

in (2.3.1) for which the even time flows are freezed. Then B,, C, € 8p(c0)
for odd », and the CTL hierarchy is a set of nonlinear differential equa-
tions such as (2.3.5). As in the orthogonal case, wave matrices W *)(%, 7)

belong to Sp(co) under an appropriate choice of f @) .

Now we will describe the orthogonal or symplectic conditions in
terms of ¢ functions. Though such conditions has been considered in
[26], the authors have also obtained an algebraic proof for them, inde-
pendently of [26].

0
Theorem 2.5. Suppose that W("")(x, W lzo=ye=0 € O(00). Then the cor-
responding t functions satisfy

2.3.9) (s+1; x, y)=1(—s; «(x), ()

Sor any s, where we have set «(x)= (X1, — Xy, X3, —Xy, - ++). Conversely, if
T functions are subject to (2.3.9), the corresponding hierarchy is of the
B-type.

For the proof, we start with the following proposition.

Proposition 2.6. The symmetry (2. 3. 9) is equivalent to that of wave
matrices such as

(2.3.10) JHw (g)(a(x), 162)Y =W(3°)(x, »

Proof. First we show (2.3.9) to be deduced from (2.3.10). In view
of J=' A~ =(—) A4, from (2.3.10) one obtains

T ), ) = T, (=) A diag D357 (—s3 o), €D

which further leads to
(2.3.11) (=)W (—=s; dx), (1) =Wi*(s+1; x, ).

One has similarly
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(23.12) (=)YRP(—s5; o(x), ((M)=WP*(s+1; x, y).
By the way, notice that
(2.3.13) (=P =0 f(e(x)) = p,(0.)/(x)

holds for any j. This follows from
€xXp S(_gaw —Z)f(X) lz—u(m) =¢€Xp S(ém z)f(x)
Applying (2.3.13) to (2.3.11) and (2.3.12), one finds

2,0, log (z(—s; «(x), c(M)/e(s+1; x, y))

(2.3.14) ¥
=p,(0,) log (z(—s; dx), c(M)/z(s+1; x, y))=0 for j=1,
and
@315 SEstLid0, 0N _dosidx, )]
7(s; X, ) Te=ye=0 t(s+1;x,9)  lee=ve=0

(2.3.14) implies that
Cte. X z(s+1; x, y)=1(—s; (%), (),

and (2.3.15) assures that the above constant factor is independent of s.
Setting s=1 in (2.3.15), one sees that (z(0; ¢(x), ((¥)/z(1; %, YD) lsp=y.=0=1.
Hence one obtains (2.3.9).

The converse statement is evident. Q.E.D.

By virtue of Proposition 2.6, the proof of Theorem 2.5 reduces to
that of (2.3.10). To show this symmetry, some lemmata are required.

Lemma 2.7. va JPT=(—)"'P, J'QJ=(—)"'Q (m, ne Z), then
J P, QU =(—)"+"*[P, Q.

Proof. Straightforward. Q.E.D.

Set |a|=2 5 @y, llall=2151 (+ De; for a multi-index a (a; =0, a;=0
for 7> 0), and define f* for a function 1 by f*(x, ¥)=f(e(x), «(¥)).

Lemma 2.8. For any multi-indices a, f, we have
(2.3.16) I 7 H0505 By Lz, ye=o)d = (=) VIV EGDIB, s e om0

(23.17) 030Bielsemysmo=(=)""""0200 By |,y -0
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The equations which is obtained by replacing B, by C, in the above also
hold.

Proof. By induction for |@), we will show (2.3.16) in the case of
B=0;
@3.16y T @3By 4y gy = (=N 505By oy

Since J ' (L*|,, -y, =(—)*L*|,,-,,~0» OnE sees, considering the ()
part of the both sides, that (2.3.16) holds for @¢=0. Next assume

(2.3.16) to be true for |¢|<M. Let 9;=0,, -0 Since 9,L*=
[B,, L], it follows that

Ziyia®

a;Lk: [azil' ‘ 'aa:gMBiM_Hs igraq® [Biaa Lk]]

Lk]_l_f [aml' . .a“MB
a=1 &
+ e +[BiM+1’ [Bhp [' '[Bila Lk]]' ']'

(2.3.18)

Here @, - - - -0,,, indicates excluding d,,, from 4,, - --d,,,. Thanks to
@

Lemma 2.7 and the assumption of induction, the right-hand side of (2.3.18)
restricted to x,=y,=0 satisfies an identity such as J~!'*‘PJ=(—)ll+*P,
Hence

VAR 7 2 Y YA G L Y A WY §

Considering the (+) part above, one finds (2.3.16) to persist for |a|=
M+1. Thus it is proved.

(2.3.16) in a general case can be verified in the same fashion as
above. The second identity (2.3.17) is obvious. Q.E.D.

Proof of Theorem 2.5. Set ¥ =J~"*W *)(x, y)~'J, and
Z=W (), ()
We wish to show Y=Z. For this purpose, we prove
23.19) 02 Lapmyes= 922 |y

by induction on |« (2.3.19) is obviously true for «=0. Next assume
(2.3.19) to be true for [¢|<M. Let|a|=M. Since Y, Z solve the equa-
tions

9., Y =(=)"{(=)"(J" B J)Y — Y A"},
9,,Z =(=)""{BiZ —Z A"},

they also satisfy
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0,05V =(—)"H(=)" T I B)-0LY —03Y - A7),

B+r=a

02,052 =(—)"*{ > 04B;-0.Z—0,Z- A"},

B+r=a

Therefore the assumption of induction and (2.3.16) in Lemma 2.8 yield
02,05Y |ryey,=0=02,052Z |1,=y,=0- Thus (2.3.19) holds for any multi-index «a.
More generally one can show

a;az Y |xc=1/e=0= agagzlxe=1le=0

for any mu}ti—indice§ a, B. One can also obtain the equation obtained by
replacing W by W® in the above. Therefore one concludes (2.3.10).
Q.E.D.

We can deduce a similar statement as in Theorem 2.5 also for the
symplectic case.

0
Theorem 2.9. (1) Suppose that W'(x, y)|u,_y,0 € Sp(c0). Then
the corresponding t functions satisfy

(2.3.20) z(s; x, y)=1(—s; t(x), «(¥))

for any s. Conversely, if © functions are subject to (2.3.20), the correspond-
ing hierarchy is of the C-type.
(2) The symmetry (2.3.20) is equivalent to that of wave matrices as

2.3.21) K ), Nk =, ).

Remark. Itis worthy to note that « functions with the symmetry
(2.3.9) (resp. (2.3.20)) are those of the 2-components BKP (resp. CKP)
hierarchy [23]. In particular, when the time evolution of y is freezed,
our 7 functions belong to the (one-component) BKP (resp. CKP) hierarchy.

- Now let us discuss the /-periodic BTL, CTL hierarchies. We will
denote them by (BTL),, (CTL),. They are subfamilies of the BTL, CTL
hierarchies with the /-periodic constraint

(2.3.22) L=/, M'=A",

besides (2.3.4), (2.3.8). As was considered in Proposition 1.13, (2.3.22)

means L, M e o((c0)), for the (BTL), hlerarchy (resp. L, M e 3p((c0)), for
the (CTL), hierarchy). Consequently B,, C, e 0(c0), for odd n (resp. B,,
C, e 8p(0), for odd n). Furthermore

,,L=d, M=0, 3,L=03,M=0 foroddn=0mod /.



44 K. Ueno and K. Takasaki

Namely, the unknown functions of the I-periodic hierarchies are inde-
pendent of the variables x,, ¥, for odd #=0 mod /.

Denote the images of B,, €, under the isomorphisms (2.1.7), (2.1.12)
by B,(2), C.(¢), which turn out to be tracefree by the same argument as
in Proposition 1.14. Then the (BTL), and (CTL), hierarchies amount to
a system of the Zakharov-Shabat equations,

020 Bn(0) = 0., B0(©)+[Bn(©), B(0)]=0,
(23.23) 83,Cn(©) =0, Co©)+IC(), Cu(D]=0,
04, Bn(©) =05, Co(D) +1Bn(©), C.OI=0,
for odd n, m=£0 mod L
Now we will describe the characterization of ¢ functions for the (BTL),,
(CTL), hierarchies. 7 functions must be [-periodic with respect to the

discrete parameter s (see § 1.4). Thus, combining this fact with Theorems
2.5, 2.9, we lead to the following characterization:

7(—s; o(x), (V) =c(s+1; x, »),

(2.3.24) (BTL),;
o(s+1; x, y)=1(s; x, ), for any s,

7(—s; «x), (W) =7(s5; X, ),

(2.3.25) (CTL),; {
(s+1; x, y)=1(s; x, y) for any s.

(If we consider 7’(s; x, ) instead of z(s; x, y), we may assume further
9,,7'(s; x, ¥)=0,,7'(s; x, »)=0 for n=0 mod /, besides (2.3.24), (2.3.25)
(see § 1.4).

We obtain the following claim (cf. [26]).

Proposition 2.10. If' ] is odd, (BTL), is identifiable with (CTL), (see
also Remark 1 in § 2.1).

Proof. We will show this proposition by considering an example.
Let I=5. By virtue of the periodicity, a set of ¢ functions {«(1), - - -,
7(5)} completely prescribes the (B7'L); hierarchy. From (2.3.24) it follows
that this set reduces to
{z(1), 2(2), z3)=7'(})=7"(2), ="(1)}
(z(s; x, ¥)=1(s; d(x), «())). On the other hand, (2.3.25) shows that a set
of = functions

{z(=2), 2(=1), 2O =7"(0), z(— 1), z/(—2)}

perfectly characterizes the (CTL), hierarchy. Comparing these two sets
enables us to obtain the claim. Q.E.D.
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As was remarked in the previous section, 0(00)y .5 0(00)y .=

8p(00)y.15 8p(c0),, relate to the Euclidean Lie algebras D,

(2)
i+1

2 1
Aél)s C;, )9

respectively. We will show that (BTL)y; g, (BTL)y; 44, (CTL),, give (TL) D
(TL) PN (TL)C;”, by writing down the Zakharov-Shabat equation [17]

(2.3.26) - 9,,B(0)—3.,C(O)+[B,0), C(O)]=0.
0 1
(TL)g, b, 1
N " b,
BI(C) = 0 )
—b,
¢
0 ey
¢ O
C~1(C) = .cz+1
Cz+1. :
C, 0
Then (2.3.26) reads as
aylbs=cs—cs+19 (1és__£_l),

(2.3.27)

az1cl+1= _Cl+1bl'

azlcl=c1b1, axlcs=cs(bs_bs—l)a (2§S§l— 1);

Introducing u(s) through b,=3a,u(s) 1=sx1), ="M, =g -u=D,

Q=s<I-1), ¢;yy=e7"", (2.3.27) turns out to be (TL)pgy,.

(TL).g

0

1
b, 1

.bl ...
_bl .
- 1
__bI
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0 —& e,

¢ O

~ .Cl

Cl(C)= c
1+1

¢

Then we obtain

0,0, =c;—coy (1S5,
(2.3.28) 0,,00=¢:by, 0,,0,=c(b,—b,_y), Q=s=l),
04,C1+1=—2¢141Dy.

Setting b,=0,u(s), (1<s<I), ;=e"®, ¢,=e*® 200, 2<s<]), €phy=
2e~®, (2.3.28) becomes (TL) s

—b, 1
(TL)c;D b, 1
b,
Boy=| L.
1(© b )
b, .
o1
4 —b,
0 —L e
¢ O
¢
C(O= Cr-a1
a
cl-l' :
Co 0

Then we obtain
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aylbs:cs—cs+b (].éSél—l),
(2329)  B.co=2eby Bnci=cy(b—b,.), (1<s<I—1),
05,.00=—2¢,b;_;.

Setting b,=4a,,u(s), (0=s<1—1), ¢g=e"®, ¢,=e*® 26D (151 1),
€;=2e7"¢"", (2.3.29) becomes (TL)y.

2.4. Remarks on z fanctions of the BTL, CTL hierarchies

In this section we will briefly describe another definition of ¢ func-
tions of the BTL, CTL hierarchies. We will keep the notations in the
preceding section.

For the BTL, CTL hierarchies, the bilinear relation (1.2.18) reads as

(2.4.1) WA(E, W O, ) =W E HWOEF, 7))

for any %, &/, 7, 7/. From this we deduce the following proposition valid

for both the BTL and the CTL hierarchies.

Proposition 2.11. For the wave matrices W)X, 7)), ¢ functions
#(s; %, §) are uniquely determined up to a constant multiple factor so that

(s; x~—5~(2_1), .)7)

(s; £, J)
WEVK(s; &, 3 )= (s f+552:1), b))
' #(s; %, 7)
WOk(s: %, 51 )= t(s+1; % J—&(2) ;

#(s; %, J)

(s 5, 5; =20 LD THER)
‘ z(s; %, 7)

WO(s; 7, 53 ="

b

b

(2.4.2)

where 8(A)= (22, 22, 2%, - --). Furthermore they have the following sym-
metries;

(2.4.3) #(—s8; %, P)=%s+1; %, ) for the BTL hierarchy,

(24.4) #H—s8; %, P)=2%(s; %, ) for the CTL hierarchy.

Proof. We will only give a rough sketch of the proof. First of all,
note that the following equalities hold;

(2.4.5) exp EGQTY, H=A+27 DA =27 4)7,
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exp §E(A) +6(2), 4)

=i(;ziji{(1_zflA)-l—(l—zz"A)“}A*-

Let ¥ =X —2(A7Y), /=5 —2&(27") in (2.4.1). Applying (2.4.5), one gets the
bilinear equation

(2.4.6)

W s; &, 73 AW O¥(s+1; =24, §—2(2); )
=WHs; £, §; LW (s+1; X—E(7), F—8(4); 4).
Next we set &/ =% —A7)—&(47), ' =F (resp. ¥ =%, J' =7 —&(A) — ().
By making use of (2.4.6), one derives the following bilinear equations;
W (s; X, 3 2% (s; X—2r) — (&), 75 )
=WNs; &, J5 IV OH(s; £ ) — (A7), F5 ),
W(s; X, §3 W (s+2; X, §—8(2) —&(2,); 4)
=WH(s; X, J; WO*(s+2; X, §—8(A) —E(4,); A).
Considering these equations, one can achieve the existence proof of the ¢
functions defined by (2.4.2), by the same discussion as in Theorem 1.7.

A similar consideration as the proof of Proposition 2.6 leads us to (2.4.3),
2.4.4). Q.E.D.

Substituting (2.4.2) into (2.4.1), the BTL and CTL hierarchies are
transformed into the infinitely many bilinear equations of the Hirota type,

3 B (—=2805,2D.) exp (&, D.y+B, D, YYels+m+1)-2(5)

47 = ,Zo Poms(—20)5,2D,) exp (4@, D,>+<b, D,)e(s+m)-#(s),
s,meZ.

Here d=(ay, ay, - --) is arbitrary, and D,=(D,,4D,,, ---), {4 D,>=

D neoda @D, while §,(x) is defined by exp &(%, )= 5., F,(x)X.

Let us restrict our attention on the BTL hierarchy. Set m=s=0in
(2.4.7). Taking #(1)=%(0) into account, we obtain

> (5(—25,2D.) 5~ 26)5,2D,)}
Xexp ((& D,y+<b, D,»)#(0)-#(0)=0,

which is just the same as the equation to be satisfied by = function of the
2-components BKP hierarchy [24]. That is to say, #(0; %, ) may be
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thought of to be embedded into the 2-components BKP hierarchy.

Remark. In the reference [24], z function for the BKP hierarchy,
Tax (%), was introduced through

TBKP(x~)2 = T(x) 'x,=o

where z(x) is the corresponding = function of the KP hierarchy. From
the above discussion, it turns out that #(0; %; 0) corresponds to #,.(%).

3. Multi-Component Theory

3.1. Formulation of the multi-component hierarchy

The multi-component theory of the KP hierarchy is established in
[23, 34] (see Appendix 1). The multi-component theory is indispensable
in the treatment of many concrete soliton equations as its specializations.
In this sense it is desirable to generalize our theory developed in Chapter
1 to a multi-component analogue.

The so called non abelian Toda lattice [18, 31] is regarded as a multi-
component version of the original Toda lattice. However, compared
with the formalism of the multi-component KP hierarchy, the non abelian
Toda lattice seems to be insufficient in the sense that its evolution is
restricted to a special sector of the fully possible evolution (see Remark
3.2).

We shall proceed in the same way as the KP hierarchy was generali-
zed to the multi-component case.

Remember that the r component KP hierarchy is formulated by use
of matrix-(micro) differential operators of size r Xr, instead of scalar ones
used in the one component hierarchy (see Appendix 1). On the other
hand, as we noticed at the ends of Section 1.1 and Section 1.2, our hier-
archy of the Toda lattice can be reformulated in terms of scalar difference
operators. Hence the » component hierarchy of the Toda lattice must be
realized by use of matrix-difference operators of size r X r or, equivalently,
matrices of infinite size which consist of the blocks of size rXr indexed
by Z X Z.

According to the above observations, let us prepare some notations
of matrices of infinite size. In the r component theory we need the
matrices of infinite size acting on the tensor product CZ @ C”. We shall
often use the Kronecker product P® Q of a matrix P of size Z X Z and a
matrix Q of size r Xr.

A matrix A4 acting on CZ® C" is expressed in the form
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A= ZZ diag [@/(s)] A7

a(—1) | a(=1) .
G.11) = , A=4R1,

a0 | a0 a0)
a_(l) a(D)

where a,(s) is a matrix of size r Xr and diag[a,(s)] denotes the block-
diagonal matrix diag (- - -a,(—1), a,(0), a,(1), - - -). 1, is the unit matrix
of size r Xr. We define (4). by

AD.= E] diag [a,(s)]4’,
D-= ];; diag [a,(s)]4’.

(3.1.2)

The following notations are often used throughout this chapter.

(=

(3.13) E,=1,QE, E,= 1 @ a=1,---,r

0
Here 1, denotes the unit matrix of size ZX Z. Wenotice thatE,, -- -, E,

and 4 commute each other, and that E, (¢=1, - - -, r) give partition of
the unity

(314) i Eazlzxr’ EaEﬁ=5aﬁEﬂ’
a=1

where 1, is the unit matrix in the whole space CZ@Q C".

Now let us introduce a discrete variable s, independent variables
Xx=(x®, + o, xD), y=(p®, - . ., p®) with x@ =(x®, X{2, + - +), Y@ =(p{®,
¥, - . .) and the matrices L, M, U,, V, of infinite size of the form

L= >, diag[b(s)]4!, b(s)=1,
—ooj<1

G615 (M=_2 diagleld, c(&)=PEw -1

—1<j <o
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ch = Z diag [uj, d(s)]AJ’ uO, a(S) = Ea>
—lj<0
Vo= 3 _diag[v, O, 0, 8) =00 EEROE),
j<oo

where by(s), c;(s), u;,.(5), V;,.(s) and W{"(s) are matrix-valued functions
of (s, x,y) of rXrsize, by(s)=b,(s; x, ), - - -, W(s) =wP(s; x, ¥), and
serve as unknown functions. W{ is assumed to be invertible. Further-
more we assume the following algebraic conditions.

[La Ua] = 0, [Ua> Uﬁ] = Os

) Ua=lz><7" UaUﬂ=5txﬁUﬁ’

a

@.1.6) M, V,]=0, [V, V;]=0,

aﬁ_lVFlm, Vo Vi=0,5Vs a B=1,--,r.
We set
(B.1.7 B =(L"U)., C@=M"V,)..

Then the hierarchy of the r-component Toda lattice is defined by the fol-
lowing system of the Lax-type equations.
ax,‘,""L:[B;La): L]> az},""Uﬂ=[B;za): Uﬁ]:
0, L=[C{?, L], 0,U,=[C{, Uy,
(3.1.8) O, M=[B{?, M1, 0,0V,=[B{, V],
ay;.a)Mz [Cga)’ M], ay'(‘a) ﬂ_:[C?(Za), Vﬂ],
a, p=1,---,r, n=1,2,.-..
Theorem 3.1. (3.1.8) is equivalent to the system of the Zakharov-
Shabat type equations
(0:0B — 0.0 BP +B, BE1=0,
8,49 C9— 8,4 CP +[CEY, CP]=0,
0y p B — 0,0 CP+[BR, CP1=0,

a, =1, .--,r, ' myn=12, ...,

(3.1.9)

Remark. It is obvious that in the case r=1 we recover the hierarchy
discussed in Chapter 1

We can prove Theorem in the same way as in the one component
case: :
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First we notice, in view of the algebraic conditions (3.1.6), that (3.1.8)
is equivalent to

9,(LU)=[B®, LU,], 0,w(LUy)=[C, LU,
(B.1.8)  {8,(MV)=[B®, MV,], 0,(MV)=[CP, MV,
a, B=1, -1, n=1,2,---.

On the other hand the equivalence of (3.1.8”) and (3.1.9) can be proved
just in the same way as the proof of Theorem 1.1. We omit the detail.

Remark 3.2, The so called non abelian Toda lattice [18, 31] is
recovered, together with its hierarchy, in the sector of independent
variables

(3.1.10) V= =x0 (=x), yP=-..-=y? (=),

as follows: Let us set
B,=>, B, C,=>.C¥®
a=1 a=1

and consider the restriction of L, M, B, and C, to the sector (3.1.10).
Then they satisfy, with respect to x and y, the systems of the Lax type
and the Zakharov-Shabat type which are of the same form as (1.2.2) and
(1.2.3). They give a hierarchy of the non abelian Toda lattice.

3.2. Linearization and characterization of wave matrices

Now we shall investigate the linearization of the r component hie-
rarchy: Let us consider the following linear problem.

LW =W, MWO=WOL,
(32-1) {Ua W(w) — W(co)Ea’ Va W(O) — W(O)Ea,
(3.2.2) 3, W=BOW, 8,0W=COW

for W=W®(x,»), WO(x, ), a=1, ---,rand n=1,2, - - -.
The following theorem implies that (3.2.1) and (3.2.2) serve as a
suitable linearization of the r component hierarchy.

Theorem 3.3. (i) Suppose that L, M, U and V are solutions to the r
component hierarchy. Then there exist two solutions W™ (x, y) and
WO(x, y) to (3.2.1) and (3.2.2) of the form
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W (x, =W (x, 3) exp 3 £, AE,,
a=1
{ WO(x, y)=W O(x, y) exp Z (@, A7)E,
a=1

(3.2.3)
s, =5 dig 19 3, 1A

with w§=(s; x, y)=1,.
W) and W are unique up to the arbitrariness
W > WF, WO sWOG

where F==3 5 A7 Qf;, G=2 7., 'R g;, f; and g, are constant matrices
of size r Xr, fy=1 and g, is invertible.

(i) Conversely if there are two solutions W and W® to (3.2.2) of
the form (3.2.3) for certain matrices B and C$, then the matrices L, M,
U, and V, defined by (3.1.11), or equivalently by

{L= W AW =1, M=WO A~ O-1,

(3.2.4) o o
U=WSEW @, V,=WOEWO-,

solve (3.1.8), and also satisfy (3.1.7).

Remark. Of course in the case =1 we obtain the corresponding
results for the hierarchy discussed in Chapter 1.

Proof. Let us prove (ii). (3.2.2) is equivalent to
aI;‘aJ/AV(”) ___B;a)pf/(m ——W(‘”)A"Ea,
3,0 W @ = COW ™,

aw)pf/«» :B;a)y,f/«»’

aympf/(m — C;a)pf/«» — W(")A‘"Ea.

(3.2.5)

By a direct calculation (3.1.8) follows immediately from (3.2.5). On the
other hand (3.2.5) leads to the following two expressions of B{¥.

BP =0, W ®. WO, BO=5 oW WL W frE W -1,

The first one implies that B{ is upper triangular relative to r Xr blocks.
Hence, if we take the (), part of the second one and remember that the
diagonal blocks of W are constant, we have

B = (W<°°)A"E“W(m) - 1) + = (Ln Ua) +
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Similarly we can prove the second equality in (3.1.7).
Next, let us prove (i). (3.2.2) is rewritten in the form
oW (LU W =0,
By W —(M™V,) W =0,
pW O —(L"U,), W@ =0,
Dy WO LMV, WO=0, n=1,2,---.

(3.2.6)

The integrability conditions of (3.2.6) are guaranteed by (3.1.8) and
(3.1.9), as one can easily show in the same way as in the one component
case (cf. the proof of Lemma 1.3). Hence the remaining problem is the
choice of initial values (cf. the proof of Theorem 1.2). Thus we have
only to prove that there exist some matrices W§= and W of the same
form as W) and W such that

L=W&AW -, M=WPOA WP,
U, =W{PEW S, Ve=WPEWP-.
In the following we shall show only the existence of WO, W§ can
be treated just in the same way.

At first let us choose a matrix W® =3%_; diag [w{"(s; x, ¥)]477 such
that

M=WOATWO, wd(s; x, y)=wP(s; X, ¥).

We can- actually construct such a W®, solving the linear equations for
w® which are derived by comparing the both sides of MW® =W A1,
Now we set VO=WO-V W (e=1, ---,r). Then, from (3.1.6),

[fol)a A] =0, [Vil)’ V,(Bl)] = O,

(3.2.7) v
S VO lge VOVP=0,VP, @ p=ler
a=1

From the first equality V¢’ takes the form
vo=3 4@ v,
vfxl,)o:Ea; 0(:1, e,

where v{" is a matrix valued function of size rxr.

Now we claim that, for the matrices ¥'® as above, there ex1st a
matrix W®=3% 7., A7 Q@ w® with w® =1, and w® being a matrix-valued
function of size r X r such that
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(3.2.8) VO=W®EW®-' for a=1,.-.,r.

If such a W® exists, then we have only to set W =WOW®,

Let us construct such a W® by induction on r. The case r=11is
trivial. Suppose r>1: As we constructed W® for M, we can choose a
matrix W®=3 7,4’ ®w® with w{® being a matrix of size rXr such
that

VO=WOEW®, wP=1,

If we set VO=WO-YOWS (=1, ---,r), then V® (a=1, .-,7)
satisfy (3.2.7) in place of V. In particular,

VOE,=VOV®=0, EVO®=VOV®=0 for a=1, --.,r—L.

Hence the r-th row and the r-th column of V' vanish. Extracting the
remaining (r—1) X (r—1) part of V® for =1, - .-, r—1, we can reduce
the problem to the case of size (r—1) X (r—1) instead of size r Xr.
Thus we have proved the existence of W, and hence that of W{.
The last statement of (ii) can be easily verified. This proves Theorem
3.3.

In the following, as in Section 1.2, we shall call W and W the
wave matrices of the r component Toda lattice hierarchy.

A similar argument as we developed in Section 1.2 leads to a set of
bilinear equations which characterize the wave matrices W and W®:

Theorem 3.4. The wave matrices W and W® of the r component
hierarchy satisfy the bilinear equation

(B29) AW, 3)- W, ) =00 W O, 3)- WO(x, )"

for any multi-indices e« and B. Conversely if some matrices W and W®
of the form (3.2.3) satisfy (3.2.9) for any o and B, then they are wave matri-
ces of the r component hierarchy, i.e., they solve (3.2.2).

Of course the bilinear equations (3.2.9) for all & and j can be rewrit-
ten into the generating functional form,
W x, YW, y) = WO (x, )W O, y)

3.2.10
( ) for any x and x’.

Now we proceed to investigate the relation between our theory of the
multi-component Toda lattice and the multi-component KP hierarchy.
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We introduce the following matrices of formal Laurent series in 1 of
size rXr, which we call the wave functions of the » component Toda
lattice.

wN(s; x, y; H=wSs; x, y; DA exp §(x, 2),
wO(s; x, y; )=wO(s; x, y; DA’ exp &(y, 27,
w¥N(s; x, y; H=w¥(s; x, y; DA exp &§(—x, 2),
(G.211)  { WHO(ss x, y; =WFO(s; x, y; A" exp §(—y, 27,

#Oss 3, 33 D=3 ws; x, 907,

0 oo 0
| s 23 D=3 05 s pas,
7=0
0 0
where w§°°) was defined in (3.2.3) and w;!‘(‘”) is defined by

G212 W x, 9 =37 A4 diag 955 +1; x, ).

j=0

Then the bilinear equations (3.2.9) and (3.2.10) are rewritten respec-
tively in the following integral forms.

§ @:0iw (53 x, y; YW, x, 3 D
(3.2.13)
= @i (s: x, y; TPWRO('s 3, 33 2790,
Y

fﬁ w5 %, y; Yw* s ¥, y'5 Hda
(3.2.14)
= § wO(s; x, y; -Ww*O(s’; X7, ¥'5 A7) dA.

They are analogous to the bilinear equations for the wave functions
of the multi-component KP theory [22] (cf. Appendix). A direct com-
parison with them yields

Theorem 3.5. Let us denote by
Wix®, -+, x50 and  WE®, -+, x5 2)
with 1=(,, - -+, L), 2.5.11;=0, the wave functions for the 2r component

KP hierarchy introduced in [22] (¢f. Appendix, (A. 44)), and define wi=), w®,
WE, WO by
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WX, « oy X0, & ooy )
Wi S5 X, Y5 A)g, g2 for 1<B<r,

{wﬁ‘”(s; X, Y3 A Vg, -, A0 for r+1<p<L2r,
Wiko(x®, « ooy x0, y®, oy )

WU s; X, Y35 Ao, g7 for 1<B<Lr,

{WL*“”(S; X, Y3 A7 a5 A7 for r+1<8<L2r,

(3.2.15)

I

where I(s)=I1+(s, -+, 8, —S, - - -, —8) (s for the first r components, and
—&8 for the second ones), and the subindices (a, B) and (a, f—r) indicate
the matrix-components. Then, for each I, w™, w®, w¥ and w}® satisfy
(3.2.13), (3.2.14). Hence they are wave functions of the r component Toda
lattice.

Remark 3.6. Theorem 3.5 provides a class of solutions to the r
component Toda lattice hierarchy parametrized by the vacuum expecta-
tion values z,, I=(l}, - - -, L,), D2, 1,=0][22] (see Appendix 1). However,
to make the statements of Theorem 3.5 more precise, we must add the
following remark: It may happen that the w{= and w{® do not make
sense for some s € Z. As far as we consider the infinite lattice they must
be excluded as the wave functions of the Toda lattice hierarchy. For this
reason the rational solutions and a class of soliton solutions to the multi-
component KP hierarchy do not induce solutions to the infinite Toda
lattice hierarchy.

At the end of this section we shall briefly comment on the linear
equations for the wave functions w'> and w®:
Let us express B{® and C{* in the form

B =£] diag [6(s, x, »]A™,

(3.2.16) -

Cor =3 diag [e(s, x, I
=0

Then (3.2.2) is equivalent to the following classical formulation of lineari-
zation
0gW(s, X, V3 D=3 b5, x, Ywls+n—j, x, ; ),
7=0

n-1
G217 Byww(s, X, y; D=2, c{ (s, x, Yw(s+j—n, x, y; D),
n 7=0

for w=w, w® and n=1,2,---.
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Hence Theorem 3.3, (ii), implies that, if there are two solutions w‘? and
w©® of the form as indicated in (3.2.11), then the matrices B{® and C{?
defined by (3.2.16) solve (3.1.9), while the matrices L, M, U, and V,
defined by (3.2.4) solve (3.1.8). ~ Of course in the case r=1 we obtain the
corresponding result for the hierarchy discussed in' Chapter 1.

In the construction of special solutions (e.g., soliton solutions, quasi-
periodic solutions, etc.) the linearization (3.2.17) is often effectively used.

3.3. Reduction to a system of the Zakharov-Mikhailov type

- Zakharov-Mikhailov [41] investigated the zero-curvature equation
0:A(&, 75 —09,B(&, n; D+[A4(E, 1; 2), B, 75 V]=0
and its linearization
0:0=AE, 7; DD, 9,0=B(&, 7; )P,

in which 4 and B depend on 2 rationally. In Chapters 1 and 2 we
encountered some examples of the systems of this type in the periodic
reductions. Among them the sine-Gordon equation is one of the most
typical examples, and can be obtained, together with its hierarchy, as the
2-periodic reduction as in Section 1.4.

In this section we shall derive another type of examples in a reduc-
tion of the multi-component hierarchy. One of the typical examples is
the Pohlmeyer-Lund-Regge equation.

Throughout this section we assume the reduction conditions

3.3.1) (W, A]=0, [WO, A]=0.

Proposition 3.7. Each of the following conditions (i), (ii) and (iii) is
equivalent to (3.3.1).

(i) L=d4, M=4" :
(i) wis; x, 3 D=2w(0; X, p; D) for w=w, w®,
(i) 3 Oy W=WA", 3 0,0W=WA"

a=1 . a=1

Jor W=W®, WO andn=1,2, - - -.

This is an immediate consequence of (3.1.7), (3.2.1) and (3.2.2).
In the expression (3.1.1) of a matrix 4, we notice that

[4, A]=0&a,(s)  is independent of s for any J.

In this case 4 is expressed in the form 4=3;., A’ ® a;, where a, is a
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constant matrix of size 7 Xr. Also we notice that the correspondence

(3.3.2) A= N ® a,> AN =3 a,’
JjezZ i€Z

je

preserves sums, products and commutators. Here 1 is used as a formal
indeterminate.

Under (3.3.1) the matrices W, W®, U,, V,, B and C commute
with A, as one can show easily from (3.1.7), (3.2.4). Hence let us denote
the matrices of size r X r corresponding to them through (3.3.2) by W (),
WOQ), UL, V), B&(2) and C(R) (or, more precisely, by W(x, y;
A) ete., - - -, if we indicate the (x, y) dependence explicitly.) Also denote
w®(0; x, y; ) and w90; x, y; 1) by O (x,»; 1) and @“(x,y; ). In
other words,

O(x, y; D= 0=(0; x, y; ) diag (e, -+, e ),

3.3.3
(333 {@<°>(x, ¥: D=000; x, p; 2) diag (0, .., 0,

Then we obtain a system of the Zakharov-Mikhailov type together
with the Lax representation, the zero-curvature representation and the
linearization as follows.

Theorem 3.8. (1) (3.1.8) and (3.1.4) reduce to the following equations

0.0 Us(D=[B;(2), UsD)], 8,0 UgD)=[C:(2), Up(A)],

3.3.4
639 {a$;a>Vp(2)=[Bif)(l), Vi, 0, V(D)=[C:(2), Vi(D)],

0, B5H(A) — 040 BO(D+[BS(A), BL(D]=0,
(33.5)  {0,0CORN)—,wCPRN)+ICPM, CLRI=0,
8, B5(2) — 0,0 CLA)+[BS(), CPA)]=0,

for a, p=1,---,r and m,n=1,2, -+,

(3.3.4) serves as the Lax representation, while (3.3.5) as the zero curvature

representation.
Furthermore if we expand U, (2) and V (4) in the form

UD=3 boy2~'  with b,,=E,,
(3.3.6) =
VA= oy With ¢, o=wPE WP,
7=0 ‘ v

then we have
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n n=1
(37 BO@W=2b. A, CRD=2 ca®
j=0 j=
(38  U@W=WQEW @), V.)=WOQEW D™,

UQU@)=0.,U@), > Ud)=1,
(3.3.9) ﬂjl
VAV (A)=0,5V5(2), Z=1 V.)=1, a,B=1,---,r

(ii) (3.2.2) reduces to the linear system
(3.3.10) 9,Ww@=BPN)D, 0,P=CP@N)D for =0, OO,
which serves as a linearization of (3.3.4) and (3.3.5).

(iif) éa#, Uy(2)=0, Z 8,0 Us2)=0

Jora,f=1, -+, r,n=1,2, ---. Also the same equalities hold for V(2),
BP(2), CL().

This theorem is an immediate consequence of the contents of Section
3.1 and Section 3.2, Proposition 3.7 and the fact that (3.3.2) preserves
sums, product and commutators. Hence we omit the proof.

Remark 3.9. We can develope, for the system of the Zakharov-
Mikhailov type indicated above, similar arguments as we did in Section
3.1 and Section 3.2 for the r component Toda lattice hierarchy. For
example; (3.3.4) and (3.3.5) are equivalent to each other under (3.3.6),
(3.3.7) and (3.3.9); if (3.3.4) and (3.3.5) are satisfied, we can construct the
solutions @ and @ to (3.3.10); etc. We omit the detail.

The system obtained in Theorem 3.8 can be regarded as a generaliza-
tion of the so called AKNS systems [1]. In the rest of this section we
shall investigate its structure a little bit further.

At first let us consider the case r=2. This is nothing but the AKNS
case:

As we know (cf. Theorem 3.8, (iii)), the matrices U,(2), ¥.(1), B&(A)
and C{®(2) depend only on the differences x® —x® and y® —p®, Hence
we restrict the independent variables to the sector

3311 X0 = —xO(=x), YO =—yO(=y),
and set
B,(D=BPA)—BPQ), C.D=CPR)—CPW),
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Then (3.3.4) and (3.3.5) reduce to

9,V =[B.(, UQ)L 9,,UQD)=[C.(), UQ)],

(3.3.13) {
00,V () =[B,(2), V(A], 9,,V(D=[C.(2), V2],

(3.3.14) 0y, Cn(D)—0,,,Co(D+[Cr(D), C,(D]=0,

for m,n=1,2, -.-. Furthermore if we express U(1) and V(1) in the
form

UN=3.b27, V)= c,2,
j=0 =0
then

b0=J=[1 _1], Cy=BPTHO 1,

n n—1
(33.15) Bn(z)zz bjzn—]" Cn(z):Z lej"”' for n:l, 2, e,
=0

=0

trace b;=0, trace ¢;=0 for j=0,1, - - -.

(3.3.14) is nothing but the AKNS hierarchy [1]. (3.3.13) serves as its
Lax representation in terms of the formal power series U(1) and V(1)
which are connected with B,(2) and C,(2) by (3.3.15). The last state-
ments in (3.3.15) follows from

UQ)=W S QDIW ), VQ)=WOQJW O

The following result, essentially stated in [1], is then recovered in our
formulation. The proof given here is due to M. Sato:

Theorem 3.10. For any j (=1) b, are differential polynomials of b,
with respect to x,, and c, differential polynomials of c, with respect to y,.
In particular (3.3.14) are regarded as non linear differential equations for
the unknown functions b, and c,.

Proof. We shall prove the statement only for b,. ¢; can be treated
just in the same way.
At first, from U(2)*=1,, we have

-1
bobj+bjbo+iz_lbkbj_k=o for j>O0.
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On the other hand, from 4,,U(2)—[B,(2), U(A)]=0 in (3.3.14),
abj_l/axl—[bo, bj]—[bl’ bj_1]=0 fOI’ j>0.
Hence we have

(.3.16)  2byb,—db,_Jox,+1by by ]+ bb, =0 for j>O0.
k=1

Since b, (=J) is invertible, b, are recursively determined by (3.3.10) as
differential polynomial of b, with respect to x;. This proves Theorem

3.10.
Now let us consider the general case (r >>2): (3.3.9) implies

i i
;0 ba,ibs,j-1=0usbs, ;5 kZ_:o CaykCp,5-1=04pCp, 55
(3.3.17) ; B} B
21ba;=0;0, 25 Cai=050
a=1 a=1

while the equations 9.0 UP(A)—[UP(2), UP(Q]=0 and Vo[V () —
[ViP@), V(D=0 yield

{aba,j—l/ax{ﬂ) - [bﬂ,O’ ba,j] — [bﬂ, 1 ba,j -4]=0,

(3.3.18)
0C,,1-1/0 V(P — [cs,05 €a,s1=0.

Hence b,,; and ¢, ; (j=>1) are recursively determined by (3.3.17) and
(3.3.18), and the components of b,,; and ¢, ; are differential polynomials
(with respect to x{", - - -, x{", ¥{", - - -, (") of the components of b, ; and
¢po, f=1, - -+, r. This is a generalization of Theorem 3.10 to the general
case (r >2).

Theorem 3.8, (iii), implies that the evolution is trivial in a direction.
In the case r =2, we have extracted the essential evolution by introducing
new independent and dependent variables as indicated in (3.3.11) and
(3.3.12).

In the general case let us consider an example of the choise of new
variables:

Let t@ =", ¢, --.) and ¥ =(F®, £, -..), a=1, - - -, r, be the
reduced independent variables, and take the sector of the independent
variables

XO= @D @ (g=2, ..., r—1), xO=t® "= _70-

(3.3.19)

y(a)__._.i(a—l)_l_t"(a) (0(=2, cee, r—-l), y("=t'(‘>, y(r)= —fr=n,

Let us introduce the following dependent variables,
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B, (D=BPQ)—BEO@), C,()=CPR)—CroQ),
(33.20) (4) @ @s  ConD)=C@) @

a=1, .~-,r.
Notice that B, (1) and C, (1) are trace free.
(3.3.21) trace B, ,(2)=0, trace C, ,(2)=0.
The zero-curvature representation (3.3.5) reduces to

048 B, m(2) — 0,30 B, (D) + [ B, m(2), By, ()] =0,
05 Co,m(D) — 030 C, (D) +[Coy m(2), Cp, (D]=0,
018 Ba, m(2) — 01300 Cp, n(A) +[ B, m(2); Cp,o(D]=0,
a, =1, ---,r—1, mn=1,2,---.

(3.3.22)

4. Examples of Exact Solutions

4.1. Applications of an infinite dimensional analogue of the Riemann-
Hilbert problem

As is well known, the Riemann-Hilbert problem plays an important
role to analyse the two-dimensional (or subholonomic) soliton equations.
By means of this problem, the exact solutions of many classes have been
constructed, and the infinitesimal transformation groups acting on the
solution spaces have been discovered [18, 38, 39, 41].

We will briefly explain how to apply the problem to the soliton
equations. For example, let us consider the SU(n) chiral field [38, 40],

9:(g"'0,8)+0,(g'0,2)=0,

where g=g(&, ) € SU(n), and &, 7 are the light cone coordinates. Let

Q)= A4 de AB

- d
1—2 1427

be a one-form with 3u(n)-coefficients 4, B. Then the equation is represen-
ted as the O-curvature condition, d2=0°. Hence the linear problem,

dY()= LAY ),
has a fundamental solution matrix Y(1)= Y(x, y; 1), such that
det Y(D)=1, YQA'YQ)=1, Y(0)=1.

Here 7 is the complex conjugate variable of 2, and 1 indicates the hermi-
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tian conjugate matrix. Let C be a circle with the centre at 2=0, and
C.(C.) be the inside (outside) of C. We assume that Y(2) is holomorphic
in CUC,. Letu(l) be an nXn matrix-valued function, which is inde-
pendent of &, », analytic on C, such that u(2)'u(2)=1, det u(2)=1. Then,
setting

HQ)=Y@u@)Y(2)™,

A0
we consider the Riemann-Hilbert problem to find matrices V("")(Z) such
that

4.1.1) VEQ)=VORH), 2e¢C.

(0
Here we assume V("")(Z) to be holomorphic in 2 and invertible on C U C,
(resp. CUC.), and satisfy the normalization condition Vo@)=1. For
the solution to the problem, we define Y (1) and £(2) as follows;

YQO=7O@Y®) in C,, =VOQRQYQRu@)" in C_,
2 4. 2B
1—2 142
A=A4403.V®0), B=B—3,V0).

A= dy, where

The dot denotes the differentiation with respect to 4. Then we find;

(1) A4, B are su(n)-matrices.

(@) () is a fundamental solution matrix of the equation d¥=27,
and satisfies the same condition that Y (1) does.

These facts imply that (1) provides a new solution to the SU(n)
chiral field. In other words, the Riemann-Hilbert problem induces a
transformation on the solution space.

As far as the authors know, there has not been any systematic ap-
proach to the construction of the exact solutions of the three dimensional
(or, sub-subholonomic) soliton equations such as the KP equation in the
framework of the Riemann-Hilbert problem.

The Riemann-Hilbert problem may be thought of to correspond to
the Bruhat decomposition of Fuclidean Lie groups. So generalizing the
Bruhat decomposition to the category of GL(co), we wish to construct
the exact solutions, namely, the rational or soliton solutions to the KP or
the TL hierarchy, etc.

To state our viewpoint more clearly, rewrite the bilinear relation
(1.2.8) in a little formal fashion as follows;

W x, )t WO(x, y)= WS, y) WO, ).
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This equation must hold for any x, x” and y, )/, so that the both sides do
not depend on these variables. Thus there exists a constant matrix A4 e
GL(o0) such that

WO(x, y)=WO(x, y)A.

This may be interpreted as the Bruhat decomposition of

H(x, y)= exp (§(x, A)+&(y, A7) A exp (§(—x, A)+&(—y, 47Y),

or an analogue of the Riemann-Hilbert problem. Of course, such a de-
composition may be meaningless in a general case. However we adopt it
as a fundamental setup. In other words, our strategy is to consider the
decomposition

4.1.2) VO(x, )=V (x, YH(x, y).

(0
Further we assume that V(”)(x, y) satisfy the following condition:

V©(x, ) is an upper triangular, invertible
(4.1.3) matrix, and V)(x, ) is a lower triangular

matrix with unit diagonal entries.

We will call (4.1.2) (with (4.1.3)) the RH decomposition. It should be
noticed that the wave matrices are recovered as

@1 e =Pk, ) exp (Ex, A)+E(, 47Y),

(as for P*)(x, ), see Section 1.3 (1.3.30)~(1.3.33)).

As was remarked above, the RH decomposition may fail to make a
sense in a general situation. But, specifying the matrix 4 in various ways,
we will actually carry out this decomposition.

The following theorem describes how the matrix A4 characterizes the
wave matrices (4.1.4).

Theorem 4.1. Suppose that the RH decomposition (4.1.2) with (4.1.3)
is achieved;
(1) Then the decomposition is unique.
) If [4, A1=0, the resulting wave matrices solve the (TL), hierar-
chy.
() If [4, A+A"11=0, the resulting wave matrices solve the one-
dimensional TL hierarchy.
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A (0
(@) I A e O(co), then W(x, )-y-o € O(c0).
W (x, )=V (x, y) exp &y, 47, WO(x, )=V O(x, y) exp &(x, 4).)
Therefore the resulting hierarchy is of the B-type.
. (0
(5) If A e Sp(eo), then W (x, y)].,-ypmo € Sp(c0).
Therefore the resulting hierarchy is of the C-type.

A(0
Proof. (1) Let Vi("")(z'_—-l,Z) be two pairs of matrices to achieve
the same decomposition. Then one sees that

17§°) Véo) -1 I}{w) I}éoo) -1
‘The right-hand side is a upper triangular matrix, while the left-hand side
is a lower triangular matrix with unit diagonal entries. Hence the both
A (0 A (0
sides must be the unit matrix, so that Vl(“’)= V, ("").
(0
(2) By the assumption, A"‘V(‘”)Al also give the RH decomposition.

)

A(0 A0
The uniqueness of the decomposition yields A‘ZV(“)/I’:V(‘” , So that

[W(g’), A1=0. Hence we have the desirous result (see Proposition 1.13).
(3) Let L=W™IAW -t M=WOA'W©-! It is easy to see that
the assumption implies L+ L-'=M+M-*. Thus the resulting hierarchy
falls into the one-dimensional sector (see (1.4.13)).
(4) First we observe that, if the RH decomposition is achieved by

(0
V(‘”)(x, ), then the decomposition problem
(4.1.5) X%, 7)=X %, HHX, ) |sg=ye-o

o~ 0 .
(X=(0x;, Xy, -+ +),and X () are assumed to be matrices of such form as

A(0
(4.1.3)) has a unique pair of solutions, V(“)(x, Wls,=y,—o- From the as-
sumption of (4), it follows that H(x, ¥)|,,-y,-0 € O(c0), i.c.

JCH X, Y) =y = H (X, ¥) " Hapmyemor
The uniqueness of the decomposition yields
A0 A(0
TP, ) ey =P D)o

from which one obtains the desirous result.
(5) The proof goes in the same manner as above. Q.E.D.

Let y=0 in the RH decomposition. Then the resulting wave ma-
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trices correspond to the KP hierarchy (see § 1.2). Furthermore, if
A e O(o0) (resp. A e Sp(e0)), they correspond to the BKP (resp. CKP)
hierarchy because of the above theorem (4) (resp. (5)) and the remark in
Section 2.3.

Motivated by this observation, we will construct polynomial z functions
of the KP, BKP, CKP hierarchies. Before proceeding to the construction,
we state two lemmata, which are well-known, however fundamental in
the following discussion. The first of them is concerned with linear

algebra.

Lemma 4.2. (1) Let ‘a,=(ay, a4y, -+ +), by=(by, by, ---) e C¥
(i=1, - - -, r) (N denotes the totality of natural numbers), and assume *b,a,
converges for any i,j. Set

Ad=det (0;;+bit))sz0,15r
and assume A+0. Then the N XN matrix (I4+27_, a,'b,) has the inver-

tible matrix;

@4.1.6) (1+j a ‘bi) 1+ 3 xia

i,j=1
where x,; is given by
“.1.7) Xip)igi, jen=—{(0:; +‘tbz‘aj)1si,j§r}—l'
(2) Then the following expansion formula holds:

1=011< oo <ig J1seesd

N foee e, i
“4.1.8) 4=>, >, > sgn ( 1.1, > l‘l)(tbhah - (bay).
7 Jv t sy

Here sgn(ll’ o l) 0 unless (l" T l) is a permutation.
Ji s Jis t s

Proof. The formula (4.1.6), (4.1.7) is easily verified by considering

the Neumann expansion of (/4> 7., a,’,)~". We omit the details.
Q.E.D.

Remark. Let X=(x;;) be a matrix of infinite size. Suppose that

|xy;|<La,b,M, and K=3ab;<+oco. Then

det(l—l—X)_l—l—— ) xu—i———Zdet < xif)

Xz Xijj

1 xn xij xik
3— Z det{x;; x5 Xxp|+---
1,75k

Xei  Xkj X
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is well-defined, and is absolutely convergent (See [33]). Note that

A=det <1+ Sa, ”bz)
i=1
in this sense.

Lemma 4.3 [33, 34]. Let x,(x) be the Schur function corresponding to
the Young tableau Y, and let Y* be the conjugate tableau of Y, which is
defined by converting Y with respect to the diagonal line. Then we have

Xyul() = (=)t ¥ Yy (—x).
In particular
(419) an(_x)z(—)"_mx—n—l,—m-l(x)s

where X (x)=(—)" 220 Pvon(—X)Pn_(x) (m<OZLn) is the Schur func-
tion for the hook

-—m

Remark. If we further set

Xnn(x)=1 for any m,
Xon(*)=0 for n=0, m<0 or, n, m=0, n£m, or n, m>0, n+=m,

(4.1.9) persists for any integers n, m.
Let us consider the following RH decomposition

4.1.11) VO@x)=V ™ (x)H(x),

where
H(x)=exp &(x, /1)(1—}—; aiEmm) exp &(—x, A)

(a; is a scalor constant), and V( )(x) are subject to the condition (4.1.3),
ie., (V“”(x)) =0, V' =[+Z, Z= (Zi3)1,5¢z With z;;=0 for i<j. This
decomposmon is carried out as follows: Taking the (~) part of (4.1.10),
we get
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[Z {I—|—ZZ:1 a; exp &(x, A)Emm exp &(—x, /1)}] i
= —g ai[exp E(x, A)Emin,; exXp E(_x’ A)]—'
Define

plm, 5)=p(m; $; X)=(Pn-i()pcs= :
Pr-sr(X)
DPness1(X)
P 5)="p*(n; 5; X)="(Pp-n— s =(" * * Po-zon(—%); Ps_1-n—X)),
2(8) =", s = (" * *Zy 5225 Z5,5-1)5

where we set p,(x)=0 for j<<0. Then the above equation reads
@11D) G{I+3 apnes ) PH0is )| = =3 @i, 09 P03 ).
Let us apply Lemma 4.2 (1) to this equation. Set

{I +,i a;p(ms; s) ‘p*(n;; S)}‘1
(4.1.13) =1

=1+ 'Zl ax;(s)p(m;: s) ‘p*(ny; s).
iy j=
By (4.1.7) together with Cramér’s formula, x,,(s) is given by
Xo(s) = — ()~

L@ (3 5)p(ms3 ) -+ - - a, p*(m; )P, 5)
% det () ....... 1 ... () <~(j)
@119 g )plms ) - -(T_-)- o $)pm, 3 5)
1
where

o(s)=1(s; x)=det (3;;+a; ‘p*(n:; )p(m;; $)igi,ssr
=det (0;;+ (=) """ 'aXsms-t,5-ni-1(— X4, 55r
(4.1.15) ' (by (4.1.10))
=det (3;;+(—)""™a;X;5,m;- D1, 550
(by (4.1.9))
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(In the last equation above we should set X, ,(x)=1 form< —1, X,.(x)

=0 for m=0.) We observe that if a; are very small, then z(s; x)70 for

[x]&1, so that the linear problem can be solved simulataneously for all s.
Set '

(4.1.16) W s x; =143 z,,,2-.

i=1
w)(s; x; )=w(s; x; DA exp &(x, 1) becomes the wave function for the
KP hierarchy. Furthermore we obtain the following.

Proposition 4.4. Let ¢ (s; x) and W(s; x; A) be as in (4.\1.15),(4.1.16),
respectively. Then we have

o(s; x—e(27Y)

4.1.17) W (s; x5 )=
z(s; X)

where ()=, 2%, %2, - - -). Hence ©(s; x) (4.1.15) is a ¢ function of the
KP hierarchy.
For the proof, the following lemma is needed.

Lemma 4.4. We have

(4.L18) P o) = Py(x) =17y,
(4.1.19) PA—x+e@ ) =5 pys(— 01",

p*(n; s; x—e(AN))p(m; 55 x—e(27Y)

(4.1.20)
='p*(n; 5; X)p(m; 53 X) =27 Pn_ (X)Ds-1-n(— X +e(27).

Proof. (4.1.18), (4.1.19) follow from
‘ee(ix:e(z-l),xl)____(1_21/2):1ee(iz,11),
respectively. (4.1.20) is deduced from the former equalities. Q.E.D.
Proof of Proposition 4.4. From (4.1.12), (4.1.13), one sees that

‘2(s)=— :;1 P -o(X) P*(ns; S){I +jZ,:£1 agxy(s)p(my; s)p* (e s)}
== 35 apa,- DBt 3 0, P03 D03 )5} ¥ ).

Since the definition of x;,(s) reads as
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6ji+kZ=1 a; tp*(nj; S)p(my; 8)x,4(8)= '—xji(s):
one finds
tz(s)=i§=:1 ajp7nj-s(x)xj’l(s) p*(n;; 5).

Hence, by the definitions (4.1.14), (4.1.16) together with the above results,
one sees that

we(s; x; A)

ROREOED) G S P R))

1,j=1
=T(s)-1{z(s)— 3Tt
i=1
1+4a,'p*(n,; s)p(my; s) - - - - a, 'p*(n;; s)p(m,; s)
(4.1.21) : :
Xdet alpml-s(x) """""" arpmy—-s(x) N (l)
a,'p*(n,; $)pmy; 5) - - - - 1+a, 'p*(n,; 5)p(m,; 5)

><p8-x-n¢(—x+6(l“))}-
Oﬁ the other hand, applying (4.1.20) to (4.1.15), one easily finds
t(s; x—e(A™))=det (9;;+a; P*(ns; s)p(m;; 5)
=27 Py (P10 (— X +e(27)).
Compairing (4.1.21) and (4.1.22), one concludes (4.1.17) Q.E.D.

Corollary 4.6 [20, 33, 34]. Let n,<---<n<0m,<-.-<m,.
Then

(4.1.22)

T(x) = det (xnimj(x))lé LJisr

is a t function of the KP hierarchy. This is the Schur function for the
Young tableau,

r ml—r-l-l

—n—r L"""—l
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Proof. Since the ¢ function has constant multiple arbitrariness,
(I1 a7 )o(0: 0 =det (=)~ ™a7"30y+ aum Dt

is also the = function of the KP hierarchy. Letting a;— oo, we obtain the
corollary. Q.E.D.

Next we consider the BKP, CKP hierarchy. Recall that the gener-
ators of 0(c0), 8p(o0) are given respectively by (§ 2.1)

ZB,mnz(_)nEm,—n_(_)mEn,-m:
Zc,mn=(_)nEm,n—1_('—)m+1En,-m—l-

If we assume m+n=+0, m, n0 (resp. m+n=£0), exp (aZp . )=1+aZ; .,

€ O(co) (resp. exp (aZ, my)=14+aZ;, ., € Sp(e0)). Then applying The-
orem 4.1 (4), (5) and Proposition 4.4 to this case, we obtain examples of
the = function of the BKP, CKP hierarchies;

1+ - max—-n—s m-s - m+1ax—n—:f,n—s
rx(s)=det (=) ’ (=) ),
(4 1 23) ("_)nax—m—s,m—s 1+(—)n+lax—m—s,n-—s
a ( ) det 1‘+(—)m+lax—n-l—s,m—s (_)m+1ax—n-1—s,n—s >
S )=da¢ .
Tc’ ("_)n+lax—m—l—s,m-s 1+(_)n+lx—m—l—s,n—s

To construct an N-soliton solution of the 7L hierarchy, let us con-
sider the following RH decomposition;

VO(x, )=V (x, NH(, 3),
@120 Henp)=exp € D+ AN (1435 X,)
Xexp (§(—x, H+E&(—y, 47Y),
where a, >0, and 0<{qy<<. - - <gq;<p,<-.-.-<py, and X, is defined

4.1.25) Xpo= >, p™q "E,,.

mneZ
A0
7(2)(x, 1) should satisfy the condition (4.1.3), that is,

VO=@9) Q=0fori>j), V&=I+Z,
Z=(zy) (z;,=0for i<j).

Define
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e(p;s)=e(p;s; x, y)=(p*e"™), .,

te*(q; s)="e*(q; 5; x, Y)="(q "e"7?), ,,

where p(p)=§(x, p)+£(, p~"). Set ‘2(s)=(z,,)ic,- By the same argu-
ment as the preceding one, it turns out that (4.1.24) reduces to

N N
LZ(S)<I+Z ae(p;; s) 'e*(q,; S)>= — 2, a;pien® te¥(g,; 5),
= in1

which further leads to

N

(4.1.26) 2(s)= 2. a;p5e’®Px,(s) ‘e*(q;; $),

i,7=1
where x;,(s) is defined by

x;(s)=—('(s))~*
14-a,e*(qi; s)e(pi;8) -+ v+ - ay 'e*(qs; $)e(pys; s)

4.1.27) : :
‘ % det 0 cennn. 1 e, 0 <)

. 4 .

a,'e*(qn; s)e(ps; 5) - - (I) - 14-aye*(qy; s)e(pys 5)
1

and

(4.1.28)  (s)=1(s; x, y)=det (0;;+a, ‘¢*(q:; )e(p;5 5)izu,sn-

We will show below that the - functions (4.1.28) are expressed as
(4.1.35). From the assumption on a; and p;, g;, it follows that ¢;;<<0 for
i<Jj, and a,(s)<0. Hence the ¢ functions are positive for real x, y, so
that the above linear equations can be solved simultaneously for real x, y.
(Of course, the z functions (4.1.35) themselves is well-defined for mutually
distinct p,, q,).

The following equalities will be useful later.

(4.1.29) te¥(q; s)e(p; )= -l/g__(p/q)sen(p) -7,
' 1—glp ,
'€*(g; 55 x—e(27"), Y)e(p; 55 x—e(277), ¥)
(4.1.30) 7
=te*(q; $e(p; s)—-__q__(p/q)sen(p) -7,

1—g/2
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te*(q; s; x, y—e(D)e(p; 55 x, y—e(2)

(4.1.31)
=‘e*(q; e(p; s)+ I _12/(] (p/q)er®-1@,

Set

i‘)(m)(s; x’ y; 2)= 1 +les,s—jz—j’
j=
0O (s; x, y; =2 O 54"
Jj=0

Then we 'get the following proposition.

Proposition 4.7. We have

(4.1.32) 5(s; x, y; )= /(s; x—e(27), ) ,
: (85 %, ¥)

(4.1.33) HO(s; x, y; )= /(s+1; x, y—-e(Z)),
(85 %, %)

which means, by the remarks in Section 1.3 ((1.3.32)-(1.3.35)) “together
with (4.1.4), that

(4.1.34) o(s; X, y)=2'(s; X, ) exp (—fl nxny,,)
n=1

is a t function for the TL hierarchy. Furthermore it is expressed as

N
TS X0)=20 21 Cong@u(8) - -au(s)
(4.1.35) e
xexp (35 1P, —1(a.,)
yem
where
az(s)=ai(1’¢/‘h)’ 9.
i Y
(P:—p)(9:—q))
Cpyeniy= Ciyie Ciyy= .
freriy léﬂl;l;él e Y (Pi—a)@:—py)

Proof. From the definition of 0¢(s; x, y; 2) and (4.1.26), (4.1.28),
it follows that

5e(s; x, ; z)=r'(s>-*{r'(s)
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1+a,*e*(q,; $)e(ps;8) + - - - ay ‘e*(qy; s)e(py; 5)
N . .
— > det| alp,/g,)erPr-1@a Ll ay(palq.)er®m -t
i=1 . .
a,'e*(qy; s)e(pi;s) - oo 1+ay tg*(ézv? s)e(py;s)
>< qi/z }.
- l—gy2

On the other hand, applying (4.1.30) to (4.1.28), one finds
o/(s; x—e(277), y)=det (5ij+aj ‘e*(qy; S)e(P/§ 5)

oA B
—a JL_(p]/qi) e'](Z’J’) 0(111))15{1]21\,.

(4.1.36)
"1—g./

Compairing these identities leads us to (4.1.32).

Next we wish to prove (4.1.33). For the purpose, we prepare the
following notation: Let M be a matrix. By M®, we mean a matrix
obtained from M by setting the (k, ), (j, k) (j#k) entries to be 0, and
leaving the other entries.

By the way, it is easy to see

0O(s; %, ¥5 )
1

4.1.37)
1—2/q; '

N
=1 +Z ak(pk/qk)seﬂ(pw-vz(Qk)l’)‘(w)(S; X, V; pk)
k=1

Using the notation prepared above, one finds 0¢(s; x, y; p,;) to be given by

(s X, Y5 py)

_ Q)
@138 _ )t det (5“_ ta, ! PP 4lp, (pj/qi)se,;(pj)-q(m) )
1—aq./p, 1—aqp,

On the other hand, applying (4.1.31) one sees that

(5415 %, y—e(D) =¢/(s) + 3 det
%=1

k
{
1+a,’e*(q:5)e(pss) - - --—QI/—quI‘*e’“““ - ay ‘e*(qys)e(pys)
: 1—q./ps :
X alpieﬂ(m) ....... 1 ............ aNpﬁveﬂ(pN) -k
a,e*(qus)e(ps) -+ _nlPe_gosgran 1t ay ¥ (gys)e(pas)

1—qx/p:
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4.1.39) 1

Xa S pn(PE) = n(qk)
% =7z (Pelq0)

In the above determinants, let us perform the following fundamental
operations: Multiply the k-th line by ((¢./p.)/(1 —4q./p))g; e 7% and
subtract it from the i-th (is£k) line so that the (k,{) entries becomes O.
After these operations, further perform fundamental operations to let the
(i, k) entries (i%k) be 0. Substitute (4.1.38) into (4.1.37), and compare
(4.1.37) with (4.1.39). Noting that (1—p/D/(1—q/d)-(g/p)/{(1—q/p)=

(a/p)/(1—q/p)—(a/D/(1—q/3), we conclude (4.1.33).
The expansion formula (4.1.35) is easily verified by applying Lemma

42 (2) to (4.1.27). Q.E.D.

The ¢ function (4.1.35) coincides with the N-soliton 7 function
discussed in [19]. We denote the = function (4.1.34) by

14 )
(3.1.40) : T<S’P1Q1‘ cPndN %Y
Next we consider a N-soliton solutions of the (7L), hierarchy, the

one-dimensional TL hierarchy, and so on.
The (TL), hierarchy: In (4.1.35), we set [21, 25]

(4.1.41) q;,=wp; (@'=1,0#1,1<j<N).
It is evident that the resulting = functions ¢/(s; x, y) satisfy
8,,7/(s)=0,'(s)=0 for j=0 mod/, /(s+1)=17'(s).

Hence they belong to the l-periodic hierarchy. We remark that if we
set ¢;=wp; in (4.1.24), then the infinite series ‘e*(g;; s)e(p;; s) diverges.
Namely the RH decomposition cannot be directly solved under this con-
straint,

The one-dimensional TZ hierarchy. In the RH decomposition
{4.1.24), we impose the following constraint compatible with the assump-
tion on p,, g, (see (4.1.24));

4.1.42) p,q;=1 for 1<j<N.

After a liftle computation, we find [X,,-:, 4+ 47']=0. Thus Theorem
4.1 (3) assures that the resulting wave matrices fall into the one-dimen-
sional sector. The ¢ function (4.1.35) takes the form

N

P(s;)=2 23 Cuidi(s)- - -d,(s) exp (I‘Z::j)(l’i,,))

1=0 1< <y
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where t=(t,, t, - - -)=GFx;—»), F(x;—y), - - -), and

b

- 25
f](p):ZZ (p*—p="t,, aNi(S)=aiTL‘
n=1 pi—1

o o o (Pi—p%);
b = H C, . C,,= -t i
ety 1=p<v=l K 4 (pi pj—- 1)2

The BTL, CTL hierarchies: Define

. . 4 —a -+ A4y —dy .
83X, Y)=1{8; » Xy 9
783 %, 3) T( Dy —q1 qi, —DP1***Pyy —qn Gn>» —Px y)

—qi'a, —pra - —qy¥ay —Pyay . v)_
Py —qy qu —DPi c Py —qy s =Py’ "

(4.1.45)
{85 X, ¥)= r(s;
Then we have

Proposition 4.8. The ¢ functions t4s; x, y), t(s; x, y) have the sym-
metries,

(4.1.46) ta(—585 %, Y)=15(s+1; e(x), «(»)),
(4.1.47) te(—53 X, Y)=1(s; o(x), «(¥)).
Proof. Note that there are more general symmetries,

L4y e ay
T(S’plql- N >

— . a, e ay . _
r(s, L =), ,(y))

(4.1.48)

4.1.49 2ges iy, o ) o(yr; @ O )
R T(S’ pai - pagx )T T b pug Y

A /5
T<S’P1q1 quN,x,y)

(4.1.50)
= z-(——s—}—l

LT —Ay .
2V 2R 5 2 o y)'

It is an easy task to verify these symmetries. Applying these to our case,
we see that

Ta(s+1; dx), «(3)

_ R 1 a4y -,
T<S+1’pl, g g —py - OO )))
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_ .o —ay e 4
r(s—{—l, L s, y) (by (4.1.48))
—(—s; TH Gy by (4.1.50
(=5 g gl x) (by (4.1.50))
=75(—s5; X, )).
Likewise we can show the symmetry of the C-type (4.1.47). Q.E.D.

The = function (4.1.45) are N-soliton z functions of the BTL, CTL
hierarchies [23, 26]. These = functions may be thought of to come from
the following RH decomposition (however, it is impossible to achieve it in
a rigorous sense):

We set

XB,qu'm;QZ {(—')nEm,—n"‘(_)mEn,—m}pmq_n

=X, -q—Xq,-p € 0((0)),
XC’ZMI:m;&Z {(—)nEm,~n-1}_(_)m+1En,—m—l}pmq-n

=—q7'X,,_—P"' Xy, -, € 3p((0)).

We apply the RH decomposition to the matrices

H,(x, y)=exp (E0x, 4)+ 0. 47143 4 X,
X exp (§(—x, A)+&(—y, 47),

H, p)=exp (65 A+E00 AT+ 0, ,)
xexp (§(—x, A)+&(—y, 47).

Then Proposition 4.7 suggests that the resulting z functions should be
given by (4.1.45).

At the end of this section, we give some remarks.

Remark 1. Though we have not considered here, it is possible to
generalize the RH decomposition to the multi-components. In the -
reduced KP or TL hierarchy, the RH decomposition reduces to the ordinary
Riemann-Hilbert problem. These topics will be investigated in detail in
a future paper.

Remark 2. Taking into account the remark after Lemma 4.2, the ¢
functions in Propositions 4.4, 4.7 take the form
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z(s)=det (45 exp &(x, D)4 exp §(—x, 4)4,)

where A is the matrix that appeared in (4.1.11) or (4.1.24). The rect-
angular matrices A¥, A, are defined by

A;k:(amn)m<s7 Asz(amn)meZ'
nezZ

n<s

In fact, it is known [33, 34, 22] that the ¢ functions of the KP hierarchy
are expressed in the above form (see also the Appendix 1 in this paper).

Remark 3. Let X(p, g) be the vertex operator [22]

X(p, q)zes(z,p)—ew,q) e-¢@p D +e@gm Y

By a simple calculation we see

N eb;X(pz,qw,eXp (_i nx,y >=r<0' ay e ay y)

i=1 , = > Pigr s Paqn’

where b,=((¢,/p))/(1—q,/p,))a,. Expanding X(p, ¢) into a formal Laurent
series in p, ¢, ' o

(4.1.51) glp X(p,9)= 25 Zyp'q7,
1—g/p ez

then we see that the coeflicients Z,; satisfy the same commutation relations

that the matrix units E,; do [22]. Hence X,, (4.1.25) can be identified

with (4.1.51).

4.2. Special solutions of the Wronskian type

In this section we shall show a direct method for the construction of
special solutions of the Wronskian type, which is a modification of the
construction in [33] of rational solutions to the KP equation (see Appendix
1) and in a special case coincides with Date’s method [6] for the soliton
solutions.

In the following we shall mainly consider the one component case.

Consider the following functions

“.2.1 Px, y)zjépnj(x)l’j(J’) (ie ).

p«x) and p,(y) are polynomials, while p,(x, ¥) is an infinite series of x and
y with the generating function

“422) % pix, )3 =exp [§(x, D)+&(p, 1)
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As the data for the solution we give constant vectors f;=(f; )iecz
j=1, -- -, N, of infinite size, and set .

(4.2.3) Jis: %, )= 20 pi-o% Doy
Furthermore we assume the following condition

@249 det [fy(s+i—1; %, )i j-1,...s 0, s€Z

Then we can define the functions wi(s; x, »), - - -, wx(s; x, ¥) such that

N-1
4.2.5)  fi(s+N; x,y)+:=£a wy_ds; X, Nfis+i;x,»)=0, j=1,---,N.

Using Cramer’s formula we have

, =1, .-,k
f,(s—l—z——l;x,y) (;-:1, . -,N)

..........................

(4.2.6) Wy-=—det|fi(s+N;x,») (=1, ---,N)

..........................

. kD .
fis+i—1;x,%) (]l-=]1€:l?,’,,N’N)

/det [fi(s+i—1; %, i je1,eew
for k=1, - .-, N. In particular

wy=—det [f;(s+7; X, M]i,jo1,m

4.2.7)
[det[fi(s+i—1; x, Vi, j-1,..., v EO

for any s e Z.
Now we set

N
(428) WN(x’ y)=Zo dlag [WJ(S; X, y)]AN_j9 Wo(s§ X, J’)= l’
7=

W (x, y)=Wy(x, y) A~ exp [§(x, H)+&(y, A7),
WO(x, y)=Wy(x, y) exp [6(x, )+&(y, 4]

Then we have

(4.2.9) {

Theorem 4.8. W and W® solve the linear problem (1.2.8) for
certain suitable matrices B, and C,, so that they solve the Toda lattice
hierarchy. The corresponding t function t'(s; x, ) is given by

(4.2.10) o(s; x, y)=det [fi(s+i—1; %, V] jo1,... 3
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It is remarkable that the z function is obtained in the Wronskian form
(cf. Lemma 4.11). Therefore we call the solution obtained above a
special solution of the Wronskian type.

Example 4.9. Suppose that f; ; takes the form

M
(4.2.11) fuy=2, ki,

where &k, and g, ; (=1, ---, M, j=1, - - -, N) are constants. Then

(4212)  flss %)= Ky, exp [60x k) +E0 k)

and we obtain a soliton-type solution.
Furthermore if M =2N and

01,5 (I1=<I<N), {qz (I=I<N),
a, ;=— —
"G ne; (NH1ZIZ2N), Doy (N+1<ZI<2N),

1=

then we recover the classical soliton solution of the Gram determinant type
(up to simple exponential factors)

N
s; %, 9)=I1 e"*?qi- [1 (2:—4))

X det [5ij+cjev<w>-v<w(l’f—)

s (pi—ap) ] (pj—qz)]
L(#J5)
q; Dyf=1,eee,

(p;—44) l(];[i) 9:—q) ~

Applying the expansion formula for det (1 + X), remarked in the previous
section, to the last determinant, we get

N
o(s; %, )= ]:[1 e g 11 (:—qy)
(4.2.13) = =7

N

X35 T o cauls): -auls) exp 2 (r(p) (0.

120 61<a e <y

Here the notations are the same as in (4.1.35) and
¢ 11 (pi—q)
a,= — LD
l_[ (9:—q)
L(+#1)

Thus we get the soliton solution (4.1.35) up to the trivial multiplier
12, er@9gs. [ >, (9. —¢,) which can be absorbed in the trivial arbitra-
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riness of wave matrices indicated in Theorem 1.2.

Remark 4.10. In the expression of the solution there appeared
infinite series of the form 3,7 ¢, p.(x, »), where c,(n e z) are constants.
Using the integral representation

— 1 —j=1 -1
Ps D=5 A DTG D0, 1,

we can estimate | p;(x, y)|, where the integration contour is chosen to be
in the convergence domain of the Laurent series &(x, D)+&(y, 27Y). In
this way we can easily prove, under the condition lim. sup,,....|¢, /"< co,
that the series D,z ¢, P.(X, ¥) converges absolutely in the domain

lim. sup. [x, [ lim. sup. |c,[/"<1,

lim. sup. |y, [/*-lim. sup. |¢,| /"1,

lim. sup. |x, [/ lim. sup. |y, ['*<1.

T~ 00 n—

Now we proceed to the proof of Theorem 4.8.
We prepare two lemmas.

Lemma 4.11. We have the following formulas.

04;04(%, V) =Ds- (X, ¥), 3,,0x, Y)=Pps. (X, ),
0,085 %, V)=F8+75 %, ¥),  0,,1u(55 %, »)=1uls—J; x, V).

This is an immediate consequence of (4.2.2) and (4.2.3).

Lemma 4.12. For any matrix U=>,., diag [u,(s)]4’ there exist two
matrices Q and R uniquely such that

{U:QWN+R,

(4.2.14) Nt
0 =J4E0diag [g,()] 4, R=JZ=0 diag [r,(s)] 4.

Similarly, for any matrix U’'=73,, diag [uj(s)]4’ there exist two matrices
Q' and R’ uniquely such that

U'=0'Wyd " +R,
(4.2.14)

0= ]?'E,Odiag [g5()]4°, R =j =$N diag [r}(s)]4’.

Proof. Equating the coefficient matrices of 4’ in the equalities
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U=QWy+R, U'=Q'WyA"+R,

we get a series of linear equations for g;, r;, g5, r}. Since w,=1 and wy
is invertible (cf. (2.2.7)) we can solve them recursively and uniquely. This
proves Lemma 4.12. Q.E.D.

Let us prove, by use of these lemmas, that there exist an upper
triangular matrix B, and a lower triangular one C, of infinite size such
that the following equations are satisfied for n=1,2, - - ..

(4.2.15) 0, Wy+Wyd*=B, Wy,
(4.2.16) 0y W+ Wyd"=C,Wy.
Rewrite (4.2.5) in the form

(4.2.17) Wyfix,»)=0 (j=1,---,N),

where we set f,(x, ») =(fj(i; x, ¥):cz. Differentiating (4.2.17) with respect
to x, and using Lemma 4.11, we have

(aonN'*' WNAn)fi(x’ y)=0 (.]=19 i 9N)

On the other hand the former half of Lemma 4.12 implies that there exist
certain matrices B, and R, of the form

B,— 3 diag b,.,(5: %, DA, R,= 2 ding [r (55 %, )1
such that
00, Wy+ Wyd"=B,Wy=+R,.
Hence
R.fix,»)=0 (j=1,---,N),
or equivalently,

(o == =5 Py-)(f5 (8415 %, V)i, j=1,0., v =0.

In view of (4.2.4) we conclude R, =0, and hence (4.2.15).
Similarly, from the equalities

@pu(Wad )+ (Wyd )AL f(x, )=0  (j=1, -+, N),

we can show (4.2.16), using the latter half of Lemma 4.12.
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(4.2.15) and (4.2.16) implies that W and W® defined by (4.2.9)
solve the linear equations (1.2.8). Hence B, and C, solve the Toda lattice
hierarchy (cf. (ii) of Theorem3.3).

For the proof of (4.2.10) it suffices to prove the following.

X1 . oy det [fi(s+i—15 x—e@™, Wasoseew
14+ DT wy (s x, A= i _ =1y
&, Wr-isi %) det [f(s+i—15%, M)so1,....n
=t . det [f-(S+i; X, y—e(z))]i =1,vee, N
A wy_is; x, A= ] ] FEIRIN 2
= det [f(s+i—1; % Mo oon

If we notice the formula

fi(s; x—eQ@7Y), )= fi(s; x, ) =2 fi(s+15 x, p),
Sis5 x, y—e(D)=fi(s; x, ) — 2fi(s—1; x, y),

we can show (4.2.18) by a simple calculation of linear algebra, comparing
(4.2.6) with the right hand side of (4.2.18). (4.2.19) is an immediate
consequence of the formulas

{pj(x—e(l‘l), »)=p;(x, »)—27p;_«x, ),
Pi(x, y—e(D)=px, ) —2Ap;.(x, ¥),

b4

(4.2.18)

(4.2.19) {

Which are derived from (4.2.2) and the formula
exp &(—e(Q), )=1—22".

Thus we have proved Theorem 4.8.
Next, let us consider a condition for the l-periodicity, i.e. a condition
under which we have

(4.2.20) [, 41=0, [WO, A41=0.
Theorem 4.13. Suppose that for the ZXN matrix f=(f,)icz,
7=,

wee,

there exists a constant N X N matrix C such that

(4.2.21) A{f=fc'
Then (4.2.20) holds. Moreover we have
W ) AZ =0,
4.2.22) {[ w> 4]
00 Wy=0, 9, ,Wy=0, n=1,2,--..

Proof. Set f(x,»)=(fi; %, Wiez, - (2.2.21) implies
j=1,0e0,N
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A f(x, y)=Ff(x, y)C,
and in view of (4.2.17) it leads to
Wy A f(x, y)=0.

Then we can show, as we derived (4.2.15), that there exists a matrix Q=
>k, diag[g,(s; x, ¥)]4? such that

(4.2.23) WA =0W,.
Hence we have two expressions for Q in terms of L=W AW -1 and
M=W oL WO,
Q=W A @=L Qe WO - ro-1— 1,
which immediately imply the following.
4.2.24) L'=M-t=4, Q=A4.

From (4.2.23), (4.2.24), (4.2.15) and (4.2.16) we have (4.2.21) and
(4.2.22). 'This proves Theorem 4.13.

At the end of this section we shall briefly comment on the multi-
component case. Also in this case special solutions of the Wronskian
type are constructed in the same way as we have just discussed. We shall
show only the results:

In the r component case f; ; and w, are replaced by matrices of size
r Xr, and we set

(4.2.25) fis; 0= 2, 2, Pi-sx, Y)E Sy

w; (i=1, - - -, N) are defined by (4.2.5) under the condition (4.2.4).
Since Lemma 4.12 is also valid in the multi-component case under the
condition that wy is invertible, we can derive

a_,(mW W AnEazB;a)W )
(4.2.26) { o Wor k- W »

8y Wi+ Wyd"E,=C© Wy,

for the matrix Wy=>_7_, diag[w,(s; x, ¥)] 4"~ with w,=1,. Hence W
and W defined by

W =Wy A~ exp (Z §0, DB+ 3 80, 4DE. ),
a=1 a=

W=, exp (3 67, DEA+ 3 60, 4E,),
a=1 a=1
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solve the linearized equation of the r component theory.

Similar argument as in the proof of Theorem 4.13 leads to a con-
dition for the reduction to the system of the Zakharov-Mikhailov type:
If there exists a constant matrix C of size Nr X Nr such that

(4.2.27) Af=fC for f=(fidiez, -

then we have

(4.2.28) (W, A|l=[WO, A]=[Wy, A]=0.

Appendix. A Brief Summary of the KP Theory.

In this appendix, for the reader’s convenience, we shall briefly sum-
marize the recent results [12], [20-25], [33], [34] in the study of the KP
hierarchy.

1.1. Microdifferential operators.

Let O be a differential algebra with a derivation 9. A microdifferential
(or pseudodifferential) operator with coefficients in @ is, by definition, a
formal sum ;.5 a,6’ with a; € @ and a,=0 for any sufficiently large j
(the integer m=max {j; a;70} is called the order of } ;. a;0’), and the
sum and the product of two microdifferential operators are defined by the
following.
; “1314‘; b;o'=>7 (a;+b,)%’,

J

A. 1 2.a;0"-2 b0" =37 ¢;0° where
J J 7
o= 2 (1 )a oo,
BieZazo \ &

We denote by & (resp. 2, £°") the totality of microdifferential
operators (resp. differential operators, microdifferential operators of order
<0). Then 9 is a subalgebra of &, and there is a direct sum decomposi-
tion

= -1
(A.2) {é’ DDED,

JjeZ Jj20 J<0

We denote by (). the projections to £ and £¢Y;
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A3 (5 ad). =X a, (3 ap).=3 ap.
jez jz0 jez FA

The formal adjoint P* of a microdifferential operator P is defined by

(A. 4 (L ad) =2 (= a,,

J

which induces an anti-isomorphism of &.

1.2. One component theory

In this case @ is a suitable differential algebra consisting of functions
in the independent variables x=(x;, x,, - - -) with the derivation

(A.5) 8=2,,.

As the dependent variable we introduce a microdifferential operator
L of the form

(A.6) L=0+4u_ 0 '"+u_ @+, wu;=ux)ed.
We set
(A.7) B,=(L",, n=1,2,---.

Then the one component hierarchy is defined by the system of the Lax-
type equations

(A 8) aL/aznz[Bna L]9 T’l:l, 2> Y

where /3., denotes the differentiation of the coefficients of L with respect
to x,.

(A. 8) is equivalent to the system of the Zakharov-Shabat type
(A.9) 9B,,[d,,—3B,3,,+[By, B,]J=0, m,n=1,2,--.

The equation 9B,/d,,—0B,/0,,+[B,, B]]=0 is nothing but the KP
(Kadomtsev-Petviashvili) equation

(A. 10) 3u,,+(—4u,+u,,+6uu,), =0,

where u=u_, and (x, y, t)=(x;, x5, x;). Thus (A.8) and (A.9) give a
hierarchy for the KP equation.
The linearization is achieved by the system

(A. 11) ' Lw= 2w,
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(A.12) d,w=Bw, n=1,2, .-,

where w=w(x; ) is a formal Laurent series of 1 of the form

oo

w(x; )= (Z wj(x)Z’j) exp &(x, 2),

j=0

{A. 13) .
wj(x) € @a Wo(x)': 15 E(xa 2) = Z_ xnzna

or equivalently, given by

{w(x; =W (x; d) exp &(x, 2),

A. 14 . o
{ ) W(x;d)=> w,(x)3~ e &.

J=0

Remark. Here we used the convention that the action of microdif-
ferential operators on exp &(x; ), or on a series of the form

Zj: b2 exp &(x, 2) (; b3’ e &),
is defined by the formulas
(; a,;0%) exp &(x, 2) = Z,: a;A’ exp &(x, 2),
{(; ajaf)(; b, exp &(x, 1))=; ¢, A7 exp &(x, 2),

(A. 15)

where c; is the element defined in (A.1). Thus exp &(x, 2) generates a
free £-module of rank one.

We notice that in terms of W, (A. 11) and (A. 12) are rewritten in
the form

(A. 16) L=WoWw-,
(A.17) oWw/e, =BW —Was, n=1,2,---.

The equivalence of three systems (A. 8), (A. 9) and (A. 11)4(A. 12)
are established in the same way as we did in the case of the Toda lattice.
We call a solution to (A. 11)+(A. 12) a wave function of the KP hierarchy.

The wave function w(x; 2) is characterized by the following bilinear
equation

(A. 18) fﬁ w(x; YIw*(x’; )dA=0 for any x and x’,

where the integration contour is a small circle around A== oo, while
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(A.19) wH(x; D= (x, 8)*)" exp &(—x, 2),

and W* is the formal adjoint operator of W. (A. 18) is a generating
functional expression of infinitely many equations with the indeterminate
x—x'. )

The 7 function = (x) is consistently introduced by the formula

. _T(X—E(Z"))CXPE(XJ) oy fq-1 A2 278
(A.20) w(x; )= o . )_(3 A )

Then the original hierarchy for the dependent variable L is transformed
into the bilinear equation for the z function of the form

A.21) 3 pA—2up, . D) Pz . c=0, 5z=(1),1, D,, D, )
=0

2

which is a generating functional expression, with the indeterminate u=
(us, Uy, + - ), of infinitely many bilinear equations of the Hirota type.
The first one is .

(A.22) D:,+3D%,—4D, D, )c-7=0,
which is equivalent to (A. 10) with u=d*(log 7)/dx3.

Remark. The wave functions of the BKP and CKP hierarchies [23-
25] are characterized by the following bilinear equations
(A. 23) ff wCx, Dw(x’, —DA"da=8,, for any x, X',
(n=0 for BKP, n=1 for CKP), where the evolution is restricted to the
odd sector {x,=x,=---=0}

Sato [34] discovered a remarkable fact that the structure of the ¢
functions is completely discribed in terms of the (infinite-dimensional)
Grassmann manifold as follows:

o(x)=det (:f; exp (x, A+ x4 - - ) f)
= 2. Xy(X) Sy,

Y:Young diagram

(A. 24)

where f and f, are constant matrices of size Z XN®, f=(fi)iez » Jo=
JENe
0:)iez » N°={—1,—2,.--}.  fy is the Pliicker coordinate of the
jEne

“frame” f corresponding to the Young diagram Y. y(x) is the character
polynomial (the Schur function) which we encountered in Section 4.1.
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We omit the precise definitions of these concepts (cf. [34]).

The rational solutions, i.e. the solutions with polynomial ¢ functions,
are constructed and parametrized as follows [33]: As the data we give'a
constant matrix f=(/)ic—mi-m.....u1 Of size (m-+n)Xm (m and n are

1

F=—myl=myeen, -

positive integers), and set

(A.25) f(x)=(fzj(x))};:z,l_m,...,,i_ll=exp (i d+x, 24 ),

JLmmyeen,

where A=(8;_;.1)1,j=—m,1-m,...,n-1- INOtice that we have the Wronskian
structure

(A. 26) [ (X)=0""f_p x), i=—m,1—m, -, n—1.
We assume the condition
(A.27) rank f=m.

Then det (3, ;,(X))z, j= - m,1-m, ..., -1 7Z=0. Hence the functions w,(x), - - -, wn(x)
are uniquely determined by

(A 28) (am+wlam—1+ Lot +Wm)f—m,j(x)=03j=_m, Tty —1.

Furthermore in the same way as we discussed in Section 4.2, using a
division theorem for differential operators instead of that for matrices of
infinite size, we can conclude that the microdifferential operator W=1+
w4 - - +w,d"™ solves (A. 7). Hence the L defined by (A. 16) solves
the hierarchy. The corresponding = function is given by

o) =det (y exp (vl + x4+ -+ )8)
= 2. ) SRR €3 ST

—MEl e <o <l-1<n

(A. 29)

where

So= (aij)]zji M=l X e () =det (P, - 5(X))s, 5= —m,eery -1
and fi_,..i,=det (f1, 6,52 —m,ee,1-

The transformation f+ fC(C e GL(m)) changes ¢ into z det C. Thus
the polynomial = functions are parametrized, up to constant multipliers,
by the equivalence classes of “frames” f (i.e. (m-+n) X n-matrices with
(A. 27)) with respect to the equivalence relation f~ fC(C e GL(m)),
namely by the Grassmann manifold GM (m, n).

We note here that the method stated above is also valid in the case
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n=oco, m<oo. Then we obtain the special solutions of the Wronskian
type to the KP hierarchy (cf. § 4.2).

The formula (A. 24) is established in a suitable limit procedure as
m, n—co.

An alternative expression of the ¢ functions is given in terms of the
vacuum expectation values of Clifford operators [20, 22].

1.3. Multi-component theory

In the r component theory we introduce the independent variables
x=(x", .., xM), xO=(x®, x{?, --.) (=1, - -+, r), and O is a suitable
dlﬁ'erentlal algebra consisting of matrlx-valued functlons of x of size r Xr
with the derivation

(A. 30) 0=3" 8,0
a=1

As the dependent variables we consider microdifferential operators L
and U, (a=1, - - -, r) of the form (cf. § 3.1)

1
L= w9’ with u;e0, u,=1,, u,=0,
j=—eo

(A.31)

0
U,= >, u;,0/ withu;,e0,u,,;=E,,

j=—oo

(our notations are slightly different from those used in [34]), and assume
the following algebraic conditions

[L7 Ua] =0: [Uaa Uﬁ] = O,

A. 32 -
( ) Z: Uazl»,-g UaUﬁ=6aﬁUﬂ> a, ‘le’ ceey r
a=1
We set
(A. 33) B&=(L"U),, a=1, - -, r,n=1,2, -

Then the r component hierarchy is defined by the system of the Lax type

OL[3u=[B", L], 3U4d.0=[BS, Uy,

A. 34
( ) C{,‘B=1,"',r,n=l,2,"',

which is equivalent to the system of the Zakharov-Shabat type

9B[3,4 — B340+ [BL, BY]=0,

A.3
( 2 a, p=1, ---,r, mn=1,2,-..
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The linearization is achieved by
(A. 36) LW=w, UW=WE, a=1,---,r,
(A 37) a,;.szB;IwW’ C(=1, ceer, n_——_l’ 2’...’

where W= W(x; 2) is a matrix-valued formal Laurent series of 2 of the
form

(A.38)  Wix; D=3 #,(x)2~7-exp (}: E(x, z)Ea), W, €0, wy=1,.
7=0 a=1
Using the microdifferential operator
(A.39) W(x;8)=3 w,x)o~,
Jj=0

we can rewrite (A. 36) and (A. 37) into

(A. 40) L=WoWw-, U,=WEW-,
(A. 41) W3 0 = BOW —WE, o,

In the r component case we need several ¢ functions ¢(x) and z,4(x)
(== B) which are consistently introduced by

(x—e, (A7) exp §(x©, 2) .
T(X) (C(— 18)3

Tap(Xx—e4(271) exp §(x?, 2) (@=B),
7(x)

(A. 42) W(x; 2),,=

where e,A")=(0, - -, 0, é(2-), 0, - - -, 0), and the subindex (a, §) indi-
cates the (a, f) component of a matrix of size r Xr.

The = functions have a parametrization like (A. 24) in terms of the
(infinite-dimensional) Grassmann manifolds. Also in terms of the vacuum
expectation values z,(x) (=, - -+, 1,) e Z" with > 7_, [,=0) introduced
in [22] they are parametrized as follows.

(A. 43) {T(x) =(a signature factor)-z,...,(x)

7,.4(x)=(a signature factor)-z,...1..._s...o(X)
@

The wave functions Wi (x; 2) and W¥(x; A) are introduced by the
formula
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(A. 44)
| W(x; l)a,s‘: o'aﬂ(l)rlx--ola+1~--l,9~1---lr(x_€ﬂ('2—1))1l‘a+§aﬁ_l exp &(x®, 2)

Wzk(x; 1)4,9= O'ap(l)fll..‘la_l...lﬁ+1.,,l,r(x+Eﬂ(l_l))l_lﬁ""’“ﬁ'l exp 5(—x(‘8), 2)

(%)

t4

7(x)

and satisfy the bilinear equation

(A. 45) ff Wi(x; )'W#(x'; 2)dai=0 for any [, I’, x and x’,

where ¢, 4(I)=(—1D'*"(a<p), 1 (a=p), (—1)#+**(a>p), and
(L1 -1, 1- - -1) is replaced by (/;- - -1,) when a=p. (Here our
normalization of wave functions is slightly different from the original one
used in [22].)
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