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Abstract. We study the Bécklund transformation of the Gel'fand-Dickey
equations, and in particular how the factorization of n'™ order differential
operators leads to Lax type equations for first order operators, generalizing
work of Adler and Moser [1]. In a similar fashion we study the Toda
equations.

1. Introduction

In the study of the Korteweg-deVries (KdV) equation,
0, =340, ~ 3 (1.1)

a Bicklund transformation for (1.1) can be made to play an important role, as in
[1]. As is well known, (1.1) can be rewritten in the Lax form

dL
5 =[PL],  L=Lg)=-D+g,
(1.2)

P=P(g)=D'~3@D+Dg), D= .
Factoring
L=ATA, A=D—-v, AT=-D—v,
we find g=g(v)=v,_+v? and the Bécklund transformation for (1.1), g(v)>q(—v),
corresponds to reordering the factors of L, ie.,
L=ATA—L=AA", qv)—q(—v). (1.3)

The crucial point is that the transformation g(v)—q(— v) preserves (1.1). The best
way to see that for our purposes is to observe that if v satisfies the so-called
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modified Korteweg-deVries equation
U= _%vzl)x-i_ivxxx’ (14)

then g(v) satisfies (1.1), and in fact (1.4) may be rewritten (see [1])
dA

£ —Bla(~v)- A~ 4-Blg(), (19)
hence
dAT
S = Plg(e)- AT — AT-P(g(~ ),

which upon differentiating L= AT 4 immediately implies (1.2). On the other hand,
if we differentiate L=AAT we get (1.2) with L(g(v))—~L(g(—v)), P(q(v))—P(g(—v)),
and so equivalently g(—v) satisfies (1.1). Note that the fact that (1.4) is invariant
under v——v reflects itself in the invariance of Eq.(1.1) under the Bécklund
transformation g(v)—q(—v). On the level of operators (at least formally speaking),
as A moves in the equivalence class defined by

A-UTAU,, UUT=I, i=1,2,
L, L move in their similarity class according to
L=A"A—U;'LU,, L=AA"—UI'LU,.

At this point it is good to note that formally L is similar to L ; however, rigorously
this may not be the case, and this transformation may be used to change the
spectrum of L (see [2]).

The above considerations were proven and used in [ 1] to very effectively study
rational solutions of the KdV, and in [2] to construct soliton solutions for the
KdV. The relation between (1.1) and (1.4) was first proven in [3], and the
factorization of L and its relation to (1.1) and (1.4) was first observed in [2].

Now Gel'fand-Dickey [4] have generalizations of (1.1), where ¢ is replaced by
0=(40,41> ---»4,-,), and we have instead of (1.1), a system of partial differential
equations for A, and more to the point, (1.2) is maintained, only now with an L of
the form L=D"+¢""2D""?+ ... +4,, and P=P(Q). Kuperschmidt and Wilson in
a recent paper [5], have observed that there is a factorization of the general L,
analogous to the one for L= — D?+ ¢, namely

n—1

L=A, A, ... -Ay, A;=D+ Y vo",

ji=1
with o a primitive n'® root of unity. They also observed that there is a system of
partial differential equations analogous to (1.4) satisfied by V=(v,,v,, ...,0,_,), in
the sense that if V' satisfies these equations then Q=Q(V) will satisfy the
appropriate generalization of (1.1). We show in this note that all the above
discussed considerations of [1] generalize to the present situation, and in fact the
proofs to be given here throw light on some of the mysterious proofs of that paper.
In the last section we discuss the Bicklund transformation of the Toda equations
as Eq. (1.3) occurs in an unusual way in this situation which has not been reported,
to the best of our knowledge, in the literature.
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Finally, this note was motivated by some observations [6] of Ehlers and
Kndrrer. They showed that if one worked with a finite-zone potential in the
Korteweg-deVries equation, i.e., if L commutes with some differential operator K
of degree 2j+ 1 and hence satisfies an equation of the form Q(L, K)=0, Q(x, y) = y2
—f(x), fx)=x¥"14cx*+ .. +c¢,, then the process of adding a soliton to ¢
changes the hyperelliptic curve y?— f(x)=0 to a singular curve of the form
y*=(x—s)2f(x). Here s is the soliton parameter. The considerations in this paper
and [6] show that in the general finite zone potential case where L=D"
+¢" " 2D"" %+ ... +q,, if the relevant curve is written Q(x, ) =0, i.e., Q(L, K)=0, it
will be replaced in the soliton addition process by a curve of the form
Q(x, y/x—s)=0, which in this context necessarily will be singular if Q(x, y)=0 is
nonsingular. Finally I'd like to thank J. Moser for a useful discussion concerning
this work.

2. The General Biacklund Transformation

Before stating the results of this section we need some preliminaries. Given an n'®
order differential operator of the form

L=L(Q)=D"+q,_,D" *+...+4,,

0
0=0,q1>--u_12)> D=a> (2.1)

Q a C* function of the variable x, if we assign D a degree of 1, g; a degree n—j, then
L is homogeneous of degree n. Let s be a positive integer relatively prime to n, and
set P=P(Q)=(L""), =D*+b,_ D" '+ ...+b,, the differential operator part of
the pseudo-differential operator L¥" (see [7] for amplification). Then, as observed
by Gel'fand-Dickey [4],

degree [P, L]=n—2. (2.2)

They used this observation to define the Lax equations

dL
o =[P.L], (2.3)

which are thus partial differential equations, the generalized Korteweg-deVries
equation, for @, of the form

. dg,
0,=X(0Q), ic., %=Ki(Q,DQ,...,D”‘*Q), i=0,..,n—2,

(2.4)

K, a polynomial in its arguments. In fact much more is true of (2.4) as is reported in

[4,7].
We now factorize L according to [5], where the theory of matrix circulants is
used, but first we need some definitions. Given the function V=7V(x)=(v,(x),
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Uy .0, ), for j an integer, w a primitive n'™ root of unity, set

Q- V=(wv,w*v,, 0, .., 0" v,_,),
V= V=071 (Q-v)=(vy, ..., 070, .., "),
n—1

A=A(V)=D+ Y v, A;=AV),
i=1

Li=A; Ay Ao Ay Ay A,

J

j=0,1,..,n—1, (2.5)

and so L; is an n'™ order differential operator of the form (2.1), as the coefficient of
n—1

Dt Zv ', vanishes since Z w¥=0. In [5] it is shown that given L(Q) in the

form (2 1) there exists (at least formally) a V such that in the notation (2.5), we
have
LQ)=Lo=A, A, . A.
Since the A;’s are functions of ¥, we think of the above as a partial differential
equation for V, Q=0Q(V), and by solvmg it, we have factored the operator L. For
! ov,

n=2,0=0(V)=v,+v> We now define the degree of v; to be one, that of ;9% to be
two, etc., and this is consistent with the degree of Q. Note that by (2.5),
L;=Ly(Q(V)). We define P;=P(Q(V)), j an integer and we now record

Li=LoQ(V}), P;=PQ(V)). (2.6)
We need also define the operator
P ,-A;—A;P;=B(V)=By(V)), j=01,..,n-1. (2.7

Note the definition 4, P}, L; really makes sense for all integers j, and in fact since
w"=1, they are all n periodic functions of j. Let us also define
n—1

L= Y (A;_ A,y oAy Bo Ay A). (2.8)

J
s=0
We then have the following results.
Lemma 1.
Li=[P, L], (2.9)
and hence degree ([P}, L;])=n—2.

Lemma 2. By(V), hence B(V) (see (2.7)), is a multiplication operator and so may
be interpreted as a function of V and its derivatives, and shall be. In addition we have

n—1
Y B(V)=0. (2.10)
Jj=0

We define the modified generalized Korteweg-deVries equations as follows:

Set

dA.

=B(V)=Pj, A= ApPy j=01,.n—1. 2.11)

J J o
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n—1

Since % =) a)ﬁ% =B(V), we can only require (2.11) at first for
i=1

j=0,1,...,n—2, which since det[w],_, ,_,+0, defines uniquely the modified

KdV equations j=0,...,n=2
= ; 2.1
=Y (2.12)
n—1 n—1

this is indeed equivalent to (2.11), for )’ A;=nD, and (2.10), ), B(V)=0, yields
j=0 j=0
dA. _ n—2 dAJ n—2
o n=1 = — —_— = — B V =B V 5
- LG = L B=B)
and thus (2.11) for j=n—1 follows automatically from the cases 0<j<n—2.
We can now state the main result:

Theorem 1. The generalized modified Korteweg-deVries equations (2.12) are equiva-
lent to the deformations

dAQ)-V . . . .
“(—dt—) =P(QQ"" V) AQ-V)— AQ-V)-P(Q(Q'-V)),

0<j=n—1, (2.13)
which moreover imply the Lax-equations

ALQQ'-V))

i =[P(Q(Q"- V), LQ&- V)], j=0,1,...,n—1,

and hence setting j=0, (2.12) implies the generalized Korteweg-deVries equations

aQ _
dr

In addition, the Eq. (2.12) is invariant under the action
V—Q-V (and hence V—Q/. V),
ie., {diag(w,w?, ...,0" " M} 1Y(Q-V)=Y(V).

X(Q). 2.4

Remark. Given the operator L and any factorization
L=D,_,-D,_,...D,
as (D,_,, ...,D,) evolves through the equivalence class

diag(D,_,,D,_5,...,Dy)

n—1""n
—diag(U,,U,_,,...,U,)-diag(D,_,..,Dy)-(diag(U,_,, U,_5, ... U, Uy) ™!
=diag(U,D,_,U; ..., U, DU %,..,U,D,U Y, U,=U,,

n“n—1%n—15"" ivi

L evolves through its similarity class, L—U,LUg ' ; and if we define L, with regard
to the above factorization in the obvious fashion L;—U;U;'. Now our
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theorem is an instance of this situation, where formally U is defined by

au
Uﬂt=0)=1, :ﬁ—==va.
This theorem generalizes the situation for the case n=2, as promised in the
introduction.
All the proofs are straightforward computations.

Proof of Lemma 1. By (2.7) and (2.8) we get the telescoping sum
=(P;Li—A;_P;_1A;_1A;_5...A4¢4,...4)
(A PjoyA; A5 Ag Aj— A A 5P A 5. Ay A

+

(Aj_y...Ag...Ajy {P; A= LiP))
=Pij—Lij—[Pj,Lj].
Proof of Lemma 2. Write By(V)=b(V)D*+ ..., s=0. Then by (2.8) and (2.5),
Ly= Y D""*~'b(V,)D*D’ +

n—1
= ( > b(V{)) D"~ 1*s+ lower order terms.
£=0

But Lj is an n—2 order operator by Lemma 1, and since s=0, we must have
n—1

Y b(V,)=0. If s=1, B(V)=b(V)D*+b(V)D*"* +...,, and the coefficient of the
=0

D"~ 2*s term in L}, which must be zero, is

n—

n—1

Y (n—f—l (V)+ Z b(V,) + Y. b(V,)(4,,—D)=0,

£=0 m¥4
and if we consider L; instead of L, that amounts to substituting V'V, and so we
get the general identity

n—

Z (n— /—1) (V/+k)+ Z b(V&’+k)+ Z b(I/£’+k)(Am+k D)=0, (2.14)

where we have used (V,),=V,,,, as follows from (2.5). Note that the last two terms
n—1

on the left hand side of (2.14) are actually k independent, while since Y b(V,)=
n—1 n—1 ﬁb n—1 f 0
Y bV, )=0,(n—1) > T (V,,+,)=0. We may conclude that Z / (VH,C) is k
£=0 £=0

n— 1
independent, and thus by homogeneity considerations, so is ). #b(V,,,), and in

particular we have ¢=0
b(Vy)+2b(V,)+ ...+ (mn—1)b(V,_,)
=b(V,)+2b(V5)+ ...+ (n—1)b(V).
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n—1
This equation yields, upon subtraction and making use of )  b(V,)=0,
i=0

0=b(V,)+b(V;)+...+b(V,_,)—(n— 1)b(V,)

n—1

= Y b(V)+nb(Vo)=nb(V,),

i=0
and so b(V,)=0, hence b=0 if s=1. This proves Lemma 2.

Proof of Theorem 1. We have the equivalence of (2.12) and (2.13) by definition,
given Lemma 2, which made all the definitions meaningful. Note that (2.12) and
equivalently (2.13) imply the Lax equations of the theorem, and hence (2.4) follows
. L .. dL;

from (2.9) and the identification of L} with ditj as a consequence of (2.11). Observe
that (2.11) by periodicity is the same as (2.11) for all j, which is obviously
equivalent, due to periodicity, with the same statement with Q- V substituted for V.
Since (2.11) is equivalent to (2.12) the same statement can be made for (2.12). This
concludes the proof of Theorem 1.

3. The Bécklund Transformation for the Toda Equations

We first study the periodic equations [10], where the theory is most analogous to
the previous section, i.e., we study differential equations of the form

da, db,

ar =ayb;y 1 —b), ' =2a}—a’_,), a,=a

Equivalent to (3.1) is a Lax equation for infinite n-periodic matrices. Namely let T
stand for the shift operator on infinite vectors y, x=(...,x_;, Xq, X;,...)JER®,

(Tx);=x%;4 4, (3.2)

and define the multiplication operator y by

bio,=b. (1)

i

(y-x)=yx; and y*=y-y, (3.3)

and so for example (y*- T¥(x));=y?x,, ;. Then if a, b are the infinite n-periodic
vectors

(a),=a;, (b),=b;, (3.4
and if L, P are the infinite n-periodic matrix operators
L=T'a-+b-+a-T, P=-T 'a +aT, (3.5)
we find the n-periodic Toda equations (3.1) to be equivalent to the Lax equations
dL
s [P, L]. (3.6)
To verify this observe
dL _,da db da 1 “1
g =T ra + i + E-T—(— T 'a-+a-T(T 'a-+b-+a-T)

—(T “'a-+b-+a-T)(—T 'a-+a-T)
=T Ya -T(h)—a-b)- +2(a*—~ T~ Ya?)- +(a-T(h)—a-b)- T,
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d .
and upon equating similar terms we have d—‘;=a- T(b)—a-b, b=2a?>— T~ a?),

which is just Eq.(3.1) in vector notation. We could, by the Kac-Moody isomor-
phism of n-periodic infinite matrices with n x n matrices over an indeterminate, use
finite matrices, as was done in [8], but we shall prefer to use the notation of infinite
matrices, and the reader can consult [8] for the recipe to turn all the infinite
matrices into finite ones.

The N =2n-periodic Kac-van Moerbeke [13] equations, as is known, play
the role of the “modified-Toda equations”. These differential equations are of
the form ”
d—;=°‘i(°‘i2+1_°‘i2—1), %=y (3.7)
and if « is the infinite vector such that («),=a;, we may, as is well-known [9], write
(3.7) in the Lax form

d<

e =[2,%], =T 'a-+oT, P=-—T *o T(®) +( T() T?,
3.8
and from (3.7) we certainly have G8)
ds*?
— (2,2, (39)

L=T2 (o T@)+ @+ T~ e2) + (o T(2)- T?.

As Moser observed [9] in the nonperiodic case, (3.8) leads to the Toda
equations, and in fact it yields two Toda equations. If we reorder the ordered basis
of R®, {(€);=0;}icr>{[€2:)icr [€2i+1]ics}> and interpret this as a permutation
transformation of R*, this just amounts to acting on operators, and hence on (3.8),
by conjugation with a permutation matrix S. We find that (3.8) then block
diagonalizes, in fact if we define the infinite N=2n periodic vectors f, y by

(.B)anzj—p (V)jEO‘zj,

then one easily computes

S¥*S ‘=L, ®L,, SPS™'=P,@®P,,
Li=T ') +B*+T7'¢*) +(B) T,
Pi=—T7B-y)+(B-»)T, (3.10)
Ly=T"'(y-T(B)- +(*+p*)-+( T(B) T,
Py=—T (- TB)+O-T(P)- T,

and so (3.9) is equivalent to

dL dL
d—tl =[P,,L,], T.Ez =[P, L,]. (3.11)

Note L,, L,, P,, P, are n-periodic infinite matrix operators. Observe that (3.11) is
obviously a pair of equations of the form (3.6), (3.5), i.e., it is two Toda equations
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with the b’s and a’s of (3.5) being respectively
PV=p2+ Ty, aV=py;
PO—y2+ B2, aD =y T(H).

We view the b =bD(x), a® =a"a), L;=L(x), P=Pa), i=1,2, as functions of o,
and in fact

(3.12)

BT(@)=bPw),  a"(T(2)=a?(a),
hence (3.13)
L(Te)=Ly), P(T@)=P,x).

Thus the N =2n-periodic Kac-Moerbeke equations (3.7) for o imply the n-periodic
Toda equation for the b, a;, i=1,2, of (3.12). Now define the n-periodic matrix

A=p-+y-T, (3.14)
then one verifies immediately from (3.10) that
L,=ATA, L,=A4A™* (3.15)

We remark that this type of factorization of a Jacobi matrix is standard in
numerical analysis.
It is now clear that we should interpret the map

bW, aV, L)—~b*,a?,L,), ie, a—>T(x),

as a Bicklund transformation of the n-periodic Toda equations. This map is
effected by the involution (up to basepoint) on L,,L, achieved by the map
arT(«), which obviously preserves the Kac-Moerbeke equations (3.7). The map
arT(a) plays the role of the map v— —v in (1.4), the modified Korteweg-deVries
equation. The factorization (3.15), and the relation between L,, L, is the precise
analog of (1.3), the Bidcklund transformation on the operator level for the
Korteweg-deVries equation.

Finally we show that, as one would expect from the last section, the pair of
Toda Lax equations (3.11) is equivalent to

A=P,A—AP,, (3.16)

which thus must be equivalent to (3.7) and (3.8). To see this, observe that since
Pl=—P,, Pl=—P,, (3.16) is equivalent to

At=pP At —4tP,, (3.17)

but clearly by (3.15), (3.16) and (3.17) imply (3.11). Now given (3.11), (3.14), we must
have

AtA+ATA=[P,,L,], AA'+AA'=[P,, L,], (3.18)

which may be regard as a linear system for the unknown A. Since omit (3.16) is
a solution to the inhomogeneous linear system (3.18), to show it is the only

* 1 means transpose
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solution, we must verify the related homogeneous system has only the trivial
solution, i.e., we must show that

STA+AT6=0, SAT+A45T=0 (3.19)

implies § =0. Thinking of « as an indeterminate, we may formally compute 4~ 1,
hence Eq. (3.19) implies respectively 6= —(A%) 71674, 6= —467(AT)~!, and so
AYA6T=6TA4A%. Set 6T=eA ™! in the last equation, yielding

ATAeA 1=¢eA", so [eATA]=0.

This implies, remembering the correspondence between the infinite and finite
matrices which enables us to use the spectral theory of finite matrices, that
£=p(A' A), with p(x) a real algebraic function. In the above we are still thinking of
o, hence 4, as an indeterminate. Substituting 6" =e4 ™! into 64T+ 461 =0, and
using [e, AT4]=0, yields:

(A~ YHYteTAt+ 4eA71=0, so O=e"+(AT4)e(ATA) L =¢" +&.

Since £ =p(ATA) and &'+ =0, we have 2p(4T4)=0, thus £=0.
We have thus proven:

Theorem 2. The N =2n-periodic Kac-van Moerbeke equations

e R ) P ()
dd;g:=[9’,$], F=T 'a-+a-T, (3.8)

imply the n-periodic Toda equations
O s —b), D=2 a), au=a, b,=hy | GO
Z—I;=[P,L], L=T"'a-+b-+a-T, (3.6)

with the respective pair of (b,a)s being given by
bV=bD)=p2+T7'0%), aV=py;

(3.12)
By +p2, aP =y T(H),
and the respective L= L(x) being
L,=A%4, L,=AA", A=B.-+y-T. (3.15)

Moreover, the Lax-equations for the L,, i=1,2, are equivalent to the deformation
equation

A=P,A—AP,. (3.17)
We thus may interpret the map

(b, a, L))~ (0P, a'?, L))
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as the Bicklund transformation for (3.1), effected by the map
o> T(x).

Remark 1. An analogous statement can be made for the nonperiodic Toda matrix,
except here the Bicklund transformation is not effected by so simple a map as
aT(x). In addition, all the maps now become birational in «?, b, a?, instead of
just uni-rational and can be explicitly computed.

Remark 2. It would be interesting to see what the analogous factorization and
hence Bicklund theory would be for the m-band matrices of Mumford-van
Moerbeke [11].

Remark 3. We note that the only really new facts in Theorem 2 are the statements
concerning (3.15), (3.17), and even these may be known to some specialists;
however, we feel that the close analogies in the cases of Sect. 2 and 3 warrant the
insertion of Sect. 3.
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