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Abstract. We determine all the potentials V(x) for the Schrodinger equation
(—02+V(x))p=k*p such that some family of eigenfunctions ¢ satisfies a
differential equation in the spectral parameter k of the form B(k, 0,)¢ = @(x)¢.
For each such V(x) we determine the algebra of all possible operators Band the
corresponding functions @(x).
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0. Introduction
In this paper we study the following question: For which linear ordinary

0Y. .
differential operators L= Z Lj(x)- (—) is there a non-zero family of eigenfunc-
tions ¢(x, A),

(L) (x, =4 ¢(x, 1), (0.1)

depending smoothly on the eigenfunction parameter A, which is also an

oA
(49)(x, 1) = O(x) - $(x, 2) 0.2)

for an eigenvalue @ which is a function of x?

eigenfunction of a linear ordinary differential operator 4= Z A,(2)- ( g >
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One of us was led to this question in an attempt to analyze some problems in
“limited angle tomography,” see [11].

The quantitative study of the relation between “amount of data” and “picture
quality” rests on the possibility of a detailed analysis of the spectral properties of a
specific integral operator. This is made possible, in very simple cases, by the
miraculous existence of a commuting second-order differential operator: the same
one that enters in the study of the problem of concentrating a function both in time
and frequency, see Slepian and its references [24], or in the study of the eigenvalue
distribution for infinite matrices with Gaussian entries, see Mehta [18].

Both for practical as well as for purely mathematical reasons it is desirable to
look at the corresponding integral operator in more complicated situations than
the real line, or equivalently in the case when Fourier analysis is replaced by the
decomposition in terms of eigenfunctions of a general second order differential
operator on the line. In [12, 13] several cases are considered in detail, and the
observation is made that there is a relation between the existence of a commuting
differential operator and the validity of property (0.2). How strict this relation is,
remains an open problem.

Another motivation was that one frequently sees families of eigenfunctions
#(x, A) for which the asymptotics as A— oo has a formal resemblance to the
asymptotics for x—oo. The asymptotics for x— oo follows from the differential
equation (0.1) in the variable x. A differential equation (0.2) in the variable 4 could
then be the explanation of the similarity of the asymptotics.

We will give a detailed answer to the case that L has order 2, when it can be
taken in the standard Schrédinger form

a 2
L=— (b?) +V(x), 0.3)

with some potential V(x). The answer will be described in terms of a construction
introduced in 1882 by Darboux [6, Livre IV, Chap. IX, No. 408], and which we
now recall for the convenience of the reader.

One can always factorize

- 0 ¢ox) 0 ¢o(x)
L=P-Q with P=——— , = — , 0.4
R NO R
where ¢, is a non-zero eigenfunction for the eigenvalue 0:
Lpo=0. (0.5)
Interchanging the factors one obtains another Schrédinger operator
- a\? -
L: o = — | — .
QoP < 6x) +V(x) (0.6)
with
5 ¢6(X)>’
V(x)=V(x)—2 0.7
(x)=V(0) ( e ©7)

as the new potential. The point is that if L = A¢, then LQ¢=QPQ¢p=QL¢ = 109,
so if one knows the eigenfunctions for L, then one obtains the eigenfunctions for L
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by applying Q to them. (This explanation, in terms of interchanging the factors, is
due to Burchnall and Chaundy [5], who call it “transference.”) We shall call Vi— ¥
a rational Darboux transformation if ¢o(x)/d(x) is rational. With such a
transformation, ¥ remains rational if V is rational. Our answer to the question
posed above can now be formulated as follows.

Theorem 0.1. The potentials V' for which (0.1), (0.2) hold ( for non-zero ¢ and A of
positive order) are V(x)=ax+pf, o, feC, a0 (Airy) or V(x)= (x—;a)z +b,
a,b,ceC (Bessel) or, modulo a translation in x and adding a constant to V, those

11
which can be obtained from V=0o0r V= — 132 by finitely many rational Darboux
transformations. x

With the Darboux transformations starting from ¥ =0, one can, at every step,
take an arbitrary non-zero ¢, € Ker L. Because a non-zero factor in ¢, leads to the
same new potential, at every step this introduces one new complex parameter in
the family of potentials; this parameter runs over the Riemann sphere of complex
lines in the complex two-dimensional vector space KerL. The potentials thus
obtained have been identified by Adler and Moser [2] as the potentials which stay
rational under the Korteweg-de Vries flow, as found in the paper of Airault,
McKean, Moser [3]. An equivalent characterization of these potentials is given by
the condition that V' (o0) is finite and that all the eigenfunctions are meromorphic
in €, see Theorem 3.4.

For the Darboux transformations starting at —%x?, the rationality of ¢,/¢, at
the various steps is no longer automatic; see Proposition 4.3 and the remarks
thereafter for more details. This case is characterized by the property that, after
conjugating A by a suitable function of 4, the common eigenspace Ker(L—A)
nKer(4—6(x)) is 2-dimensional, whereas it is always 1-dimensional for the
rational KdV potentials which are not Bessel. Moreover, if dim[Ker(L— 1)
nKer(A—O(x))]1=2, then V and © are necessarily even functions of x, which is
why we call this the “even case.” A natural question would be to find evolution
equations analogous to the KdV hierarchy in the even case.

Equivalent descriptions of the rational KdV potentials, respectively the
potentials in the even case, can be given in terms of the properties of their poles in
the complex plane, see (3.31). (3.32), respectively (4.45), (4.46). The operators
appearing in (0.2) form an algebra (corresponding to a singular curve) isomorphic
to the algebra of functions @ in (0.2). These turn out to be polynomials,
characterized by the vanishing of the first v, derivatives of odd order of © at the
poles p (p #01n the even case) of the potential V' (see Theorems 3.5 and 5.4). A fringe
benefit is the relative ease with which we can produce examples of such algebras of
differential operators.

The first step in our proofs is the observation that ® must be a polynomial and
V must be rational. The argument is related to, again, a basic observation in
Burchnall and Chaundy [5]. Then all other results are obtained from an analysis of
the asymptotic behavior of the eigenfunctions ¢(x, 1) as x converges to co, or to a
pole of V, or as A— 0. In this we follow the strategy of Flaschka and Newell [8].
For instance, the somewhat mysterious equation (3.32), (4.46) simply express that
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the eigenfunctions are single-valued around these poles p of V for all ; see
Proposition 3.3. In Sect. 7 we discuss some special cases in more detail, in order to
illustrate some aspects which have received only marginal attention in the general
theory.

After unearthing the final answer (in the process of which we got our hands very
dirty), we are still left with feelings of bewilderment. For instance, the rational KdV
potentials, respectively, the ones in the even case, bifurcate from the Bessel

potentials % at c=v(v+1), respectively ¢=L*—%=(L—%)(L+3) with v, Le Z.

Reading x=(x}+...+x2)'?, the eigenfunctions at these “bifurcation Bessel
n—1

potentials” are, up to a factor x 2 , the spherical symmetric eigenfunctions for
the Laplace operator in IR”, with n=2v + 3, respectively, n=2L+ 2. Does this mean
that there is a geometric explanation for our answer?

1. (adL)"*'(@)=0
Consider a linear ordinary differential operator

0

X axS

of order I, with complex valued coefficients L;(x), depending smoothly on the
independent variable x. Let ¢ = ¢(x, ) be a non-zero family of eigenfunctions of L,

L=L(x,0,)= ._io L(x)dl, o (1.1)

(L) (x, )= 24~ g(x, 4), 1.2)
depending smoothly on x and A, which satisfies another differential equation of the
form

(A9)(x, ) =(O9)(x, 4). (1.3)
Here A is a linear differential operator with respect to 4,

A=AGL2)= 5 AN, 0= 5 (14)
r=0 oA
with coefficients depending only on 4, and
0=0(x.0)= 5 0,0, (19)
s=0

is a linear differential operator with respect to x, with coefficients depending
(smoothly) on x.

The assumptions are made only locally, that is, for x, respectively /4, in a
neighborhood of x,, respectively 4,, on the real axis. “Smooth” means C? for
sufficiently large p. p=I(m+1) is safe, it is a separate game to find minimal
smoothness conditions for ¢ and the coefficients of L and © in order that the
conclusions in this section remain valid.

Write

(adP)(Q)=[P,Q]=PQ—QP, (1.6)
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for the commutator of two linear operators P, Q. One obtains immediately from
(1.2) and (1.3) that

[L,@lg=[—4 Al4, (1.7

using that 4= A(4, d,) and L= L(x, d,), respectively 4 and @ =6(x, 0,), commute
with each other. Replacing O, respectively 4, in (1.7) by (ad L)~ *(®), respectively
(—ad )~ 1(A), one obtains by induction on r that

(@dLy(@)p=(—adAy(A)¢ forall reZ>0. (1.8)

Here the zero order differential operator “multiplication by A” has been denoted by
Aas well. Because each ad 4 decreases the order of a linear differential operator in A,
we get from (1.8) with r=m+1:

(adL)"* 1(@)$=0. (1.9)

On the other hand, ad Lincreases the order of a linear differential operator in x
by at most [—1, so (adL)"*!(®) is a linear differential operator in x, with
coefficients depending only on x, of order at most a=order @ +(m+ 1)(I—1).

Now let (ad L)"* (@) 0, order (ad L)"* (@) =d<a. In a neighborhood of a
point X, where the coefficient of the highest order term does not vanish, the null
space of (ad L)"* (@) is a vector space of functions of x of finite dimension, equal to
d. However, non-zero eigenvectors for any linear operator L, corresponding to
different eigenvalues A, ..., 4,, are automatically linearly independent. So taking
t>ad, ¢=¢(-,A), s=1,...,t in (1.9), we arrive at a contradiction with the
assumption that (ad L)™* (@) = 0. (This is the argument with which Burchnall and
Chaundy [5] proved that two commuting ordinary differential operators satisfy
an algebraic equation between them.) We have proved that necessarily

(adL)"* () =0. (1.10)

Equation (1.10) can be given another, equivalent formulation, using the
following infinitesimal version of the linear independence of the eigenfunctions
é(-, A) for different A’s.

Lemma 1.1. Let (¢]( Sy )'))J= 1
smoothly on A. Then

1 be a basis of Ker(L—AI), each ¢ -, 1) depending

.....

(0% (-, AFZL (1.11)
forms a basis of Ker(L—AI™*?.
Proof. For any ¢(x, ) depending smoothly on x, 4:
(L—AD%g=p- %" 1¢. (1.12)
The proofis by induction on p, the induction step is made by differentiating (1.12)
with respect to 1. Applying powers of L—AI to (1.12) yields

|
(L) t= T 0875 for q=p, (113

(L—AIY*1-38=0 if $eKer(L—Al). (1.14)



182 J. J. Duistermaat and F. A. Griinbaum

So the elements in (1.11) all belong to Ker (L—AI)"**. Suppose now that c;, are
constants such that

I m
> > cjp059;=0.

j=1p=0

Applying (L—AI)™ we get, using (1.13), (1.14) that
1
2 Cim* 9;=0,
j=1

which, in view of the linear independence of the ¢;, means that c;,, =0 for all j. By
induction on mit follows that c;, =0 for all j, p and we have proved that the 0%¢; are
linearly independent. Because

dim Ker(L— AIy"* ' = order (L— AIy"* ' = (m+ 1)1,
the 0%¢; form a basis of Ker(L—AI)"" 1.

Proposition 1.2. The following conditions a)-c) are equivalent:

a) There is a non-zero family ¢(-, A) e Ker(L— Al), depending smoothly on A,
such that (0¢)(-, A)eKer(L—A)™*! for all A.

b) (adL)"*1(@)=0.

¢) © maps Ker(L— Al) into Ker(L—AD™** for all A.

Proof. If ¢ € Ker(L— Al) then, by induction on m:
(L=AD)""Y(©) ¢=((@dL)" "' (@))¢. (1.15)

So, if ¢ is as in a), then (ad L)" " *(@))¢( -, A)=0 for all A. But (1.9) = (1.10) above
then gives b). b) = c¢) follows directly from (1.15) and ¢) = a) is obvious.

We will apply Proposition 1.2 and Lemma 1.1 in the next sections in the
following way. Let 2 be a linear subspace of the space of functions of x,
characterized for instance by certain asymptotic behavior, such that

dim(2nKer (L— A" Y<m+1. (1.16)

Let §( -, 4) be a non-zero family of functions of x, depending smoothly on 4, such
that

#(-, HeKer(L—AN2, (O (-,)e2 and &g, ))e2 forall 0<p<m.
(1.17)

Inequality (1.16) and the last statement in (1.17) imply, in view of Lemma 1.1, that
the d24( -, A), 0< p <m, form a basis of 2nKer(L— AI)"** [and the equality holds
in (1.16)]. From Proposition 1.2 we now read off:

Lemma 1.3. If (adL)i"* 1(©)=0 and (1.16), (1.17) hold, then (O@)(-, A) is a linear
combination of the 03¢( -, 1), 0= p <m, with coefficients depending only on 4. That is,
¢ satisfies an equation of the form (1.3), replacing A by a suitable operator

A=A4(4,0)).

This leads to equivalence between the equation (adL)"*!(©)=0 and the
existence of a non-zero family ¢ =¢(x, 1) and an operator 4= A(4, 0,) satisfying
(1.2), (1.3). See Sects. 2 and 6, where the subspace 2 is defined by the asymptotic
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behaviour for x— 0. From the existence of a non-zero family ¢=¢(x, 1) and
operator A = A(4, 0,) satisfying (1.2), (1.3) we will use Lemma 1.3 again in Lemma
2.1 in order to see that the special family ¢ = ¢( -, A) € 2 satisfies (1.2), (1.3) as well,
with A replaced by a suitable operator A= A(4,4,).

From now on let us assume that

0=06(x) (1.18)

is of zero order — so it plays the role of an eigenvalue parameter for the operator
A=A(4,0d,)in(1.3).(One has to allow @ to depend on x in order to get a non-trivial
problem.)

Assuming also that L,(x), the highest order coefficient of Lis real, or that L has
analytic coefficients and therefore is defined in a complex neighborhood of x,, we
can arrange by a substitution of variables in x that

L,(x) is a non-zero constant. (1.19)

The coefficient of 3¢"* V¢~ 1 in (ad L)"**(©) now is equal to (—[- L))"*1. " *1@,
so (adL)"*1(®) =0 implies that

O(x) is a polynomial in x of degree <m. (1.20)
Conjugating L with a suitable function of x we can also arrange that
L;,_,(x)=0 (Liouville). (1.21)

Restricting ourselves to second order operators L, as we will from now on, we may
therefore take it in the conventional (Schrédinger) form:

L(x,0,)=—02+V(x), (1.22)
where the zero order term V(x) is called the potential. Writing
(@d@-v)"*(@= Y ..o(add?)-(—adV)2.(adod)(®), (1.23)

the part which is homogeneous in V of degree d is equal to the sum on the right-
handside overall [y, ..., 1, such that 3" [ .., =d. Because ad V decreases the order of
a linear differential operator in x and ad 62 increases it by at most one, this part has

order at most equal to 3 lyqg =2 leyen= 2. 1; =23 leyen=m+ 1 —2d. In particular,

J
we see that the coefficient of 07 in (ad L)"* (@) does not involve V yet.
Using that

[02, c(x)]=2c¢/(x)0, 4" (x), (1.24)
it follows by induction over j that
[ P ptj . ] i
@day| X ()0 )= X X 27757 ) eV 0% (1.25)
q=0 r=0 s=0 S
sZj—r

The part of (—adL)"*'(®) which does not involve V is obtained by putting
j=m+1, p=0, ¢cq=0, s=j—r=m+1—r, hence j+s=2(m+1)—r=m+1 in
(1.25), and we conclude that it vanishes if (1.20) holds. In particular, (ad L)"* (@) is
already of order <m—1 if (1.20) holds.
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The coefficient of 07! in (—ad L)"* (@) is now linear in V, and equal to the
highest order coefficient in

3 (@dod i (~adV)-(ad22y(O). (1.26)
=
Now using that
i (g lower
(—adV)oi= r; (r) V.51 =g V- 0471+ order, (1.27)
terms

the coefficient of ¢™ ! in (—ad L)™* (@) comes out as

3 (. V20 @)D
1
—om J Z_ (m J) Pty @m-n

=2mmz_: ( )V(l+1) @(m 1))
m+1

=m
1;0(l+2

=2"[([ V- @)™V —(m+1)- V- @D [V. @ +2)]
—m.(fV-@)m*V if @m*h=0.

)(j V)(l+2) . (@/)(m+ - (1+2)

Here we have used, in the second equality, the binomial identity

2] ( J) (’;‘:;) (proof by induction on m). (1.28)

So (adL)"* (@) is of order <m—1 if and only if (1.20) holds and [ V-©’ is a
polynomial of degree <m, that is,

V= <§) for some polynomial P of degree m. (1.29)

This implies, in particular, that V is rational, with at most m—1 poles, at the

zeros of @'. At each pole p the coefficient of

in the Laurent expansion for x—p

. . . 1. .
has to vanish, and the same is true for the coefficient of el the Laurent expansion

of V(x) for x— co. These properties express the fact that the primitive [ V of V is
rational as well.

The rationality of ¥ makes the differential equation (1.2) holomorphic on the
entire Riemann sphere Cu{ o0}, having only finitely many singular points, each of
which is of finite order. The further determination of V, in the next sections, will be
carried out by studying the asymptotic behavior of the solutions at the singular
points, starting at co, which is always an irregular singular point [unless V(o0) is
finite and A= V(c0)].
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However, before doing this, we conclude this section by mentioning some
further partial results which can be obtained directly from the equation
(adL)"*'(@)=0. Some of the lengthier proofs are only indicated, the later
developments will not depend on them. These results, however, served as an
indication for us as to which way to go. The equation (adL)"**(@)=0 is
equivalent to a system of polynomial equations in the coefficients of ® and of the
polynomial P in (1.29). To solve this directly for arbitrary m seems to be a hopeless
task, because the complexity increases very rapidly with increasing m. See Sect. 7
for more comments on this.

Continuing the calculations of (ad L)"* (@) in the way we obtained (1.29), one
can prove that

(adL)"* (@) is already of order <m—3 if (1.20), (1.29) hold.  (1.30)
Moreover, its coefficient of 073 is equal to zero if and only if

1o . fv-3(J(v?»)-0+E( V)*- @) is a polynomial of degree <m.
(1.31)
A consequence of (1.31) is that

{(V?), like | V, is rational. (1.32)

Form=1,(1.20), (1.29) imply that V is a constant, which after a translation in 4
can be taken equal to zero. One verifies easily that the common solution space of
(1.2),(1.3), where 4 = A(4, 0,) is of first order and ® = ax + b is one-dimensional and
consists of the multiples of

as(Ke™,  k*=), (1.33)

where a, (k) is a function of k which determines A.
For m=2, (1.20), (1.29) imply that, if deg®@=2:

C .
V(x)= Gt +b (Bessel potential) (1.34)

c . . .

or V(x)= =3 after a translation in x, respectively A, over a, respectively b. If
a=b=0 then x  (kx) is an eigenfunction for the eigenvalue A= k? if and only if
p is an eigenfunction for the eigenvalue 1, so it is obvious that we can interchange

the role of x and k:

c .
( —0F + F> dx, k)=x*d(x, k) if P(x, k)=p(kx). (1.35)
If, on the other hand, deg® =1, then
V(x)=a-x+f (Airy potential). (1.36)

. A . . .
Here a translation in x by . transforms an eigenfunction for the eigenvalue 0 to an

eigenfunction for the eigenvalue 4, so again it is obvious that there is a second order
equation (1.3) with ©(x) = x. In fact, the Airy potential can be obtained as the limit
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of the Bessel potential by taking
c=%a®-a, b=p—%ax andletting a— 0. (1.37)

Both for the Bessel and the Airy potential, A= A(4, d,) therefore can be chosen
such that the common solution space of (1.2) and (1.3) is two-dimensional.

For m=3 it turns out that the equation (ad L)"* (@) =0 does not allow any
new potentials beyond the Bessel and Airy ones. This can be seen for instance from

(1.32) (which is not too hard to verify ifm=3):if V= —1— + — 2 then I'?
—2¢.c (x—ay) (x—ay)
ﬁ-(—a——_—ﬁ, so necessarily ¢; =0 or ¢,=0 if you want the

1 1 2
primitive of V2 to be rational.

For a while we thought that the Bessel and Airy potentials might be the only
ones, but then a lengthy calculation showed that for m=4 two new cases appear
(normalized by translations in x, respectively A):

has a term

Case A:
2 2 2
V)= (x+t11%)2 + (x+w-t13)? + (x+ w?t1/3)?
=—20%log(x*+1), w=e*™3, (1.38)

with the eigenfunction

x3—3x?/ik—3x/k* +t

— ikx k2=
¢(x, ) =e T ) As (1.39)
satisfying the differential equation
2
[(—6,f+ :—2) ——4ti6k:| d=(x*+4tx)p, (1.40)

the common solution space of (1.40) and (1.2) being one-dimensional.

Case B:
11

2 2
V(x)=_ZF+(x+i]/Z)2+(x—i]/2)2’ (1.41)
with the eigenfunctions
, 3x2—t 2
o(x, A)=vy'(kx)— m ~pkx), k*=A4, (1.42)
where 1 is any solution of the Bessel equation
( — 05+ % %) () =w(). (1.43)

@(x, 2) satisfies the differential equation

[(—-5,%-&-%]{1—2)2+2t(—6,f—%;—2)]¢=(x4+2tx2)~¢, (1.44)

and the common solution space of (1.44) and (1.2) is two-dimensional.
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Recognizing (1.38) as the first of the families of rational solutions of the KdV
equation, as described in Airault et al. [3] and Adler and Moser [2], put us on the
right track. Especially, when the next few families turned out to allow equations of
the form (1.3), too, we became convinced that this could not be just a coincidence.

On the other hand, (1.41) certainly does not satisfy the KdV equations, which
showed us in an early stage that “rational KdV” is not the full answer to the
problem.

The potential (1.38) already appears in the paper of Bargmann [4] on
reflectionless potentials. The existence of differential equations in k, however, is
new even in this case.

2. V(o) is Finite

Assume that L= —082+V(x) and the non-constant @=0O(x) satisfies
(adL)"*(@)=0. As we have seen in Sect. 1, this equation follows from the
existence of a non-zero family of eigenfunctions ¢(x, 4) of L satisfying (1.3) for a
suitable m'™® order linear differential operator 4 = A(4, 0,). In (1.20), (1.29) we have

seen that O is a polynomial of degree <m and V is rational, of the form V= ,>
for a polynomial P of degree <m.

We assume now also that V(o0) is finite, which certainly is true if deg @ =m. By
a translation in A we can arrange that V(c0)=0, which implies that actually

V(x)=0<xiz> as x—o0, 2.1)

because [ V is rational. Writing
i=k*, keC, k=*0, (2.2)

the classical theory of irregular singular points applied to x=o0 leads to the
following results (see for instance Olver [19, Chap. 7]). Define the sectors

Stk)={xeC; |x| large, e<argk+argx<m—e}, 23
So(k)={xeC; |x| large, —n+e<argk+argx< —¢}, '

where ¢ >0, but arbitrarily small. Then there are unique solutions x — ¢ (x, k) of
(L—k*)¢ =0 with the asymptotic expansion
P, k)~e™™ ™ 3 aFf(k)x™/ as |x|-oo in SE(k), agk)=1. (24)
j=0
This expansion, due to Poincaré [20], can be termwise differentiated with respect
to x. Expanding
Vix)~ X V;-x7! as x—o0, (2.5)
=2

(which is even a convergent power series in 1/x for large |x| because V is rational)
one can determine the a;f recurrently by

ay (k)=

1 pt1
Tﬂcp[(”‘”""“f’*',§2Vl‘“3-<'"“]’ pel- @9
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. Lo 1 .
Sofor each p=1, a; (k) is a polynomial in A of degree < p, without a constant term.

p
The coefficient of (i) is equal to

= 11 G0=D=V2/(p! (+207). )

The asymptotic expansion (2.4) can now be termwise differentiated with respect to
both variables (x,k), and is actually valid for the analytic continuations of
x — ¢Z(x, k) in the larger sectors,

St(k)={xeC; |x| large, —n+e<argk+argx <2n—s}, 29)
S-(k)={xeC; |x| large, —2n+e<argk-+argx<m—e}. '

One of the confusing facts here is that S (k) overlap themselves and the analytic
continuation of ¢ (x, k) for a growing argument of x does not necessarily coincide
with the analytic continuation for decreasing argument. (Another confusing fact
being that the sectors move along as k turns around the origin.)

Now one can choose to continue x — ¢} (x, k) analytically for decreasing
argument of x and x+ ¢_(x, k) for increasing argument to the single valued
analytic functions

x %71 (x,k), respectively x> %9 (x, k), (2.9)
both defined in the sector
S0 (k)={xeC; |x| large, —n+e<argk+argx<m—e}. (2.10)

Because %@ (x, k) is exponentially increasing as |x|—o0 in S, and °¢_(x, k) is
exponentially decreasing there, °¢) and °¢. are linearly independent and
therefore form a basis of solutions of (L—k?)¢ =0.

Continuing x — ¢ 7 (x, k), respectively x — ¢_(x, k) analytically for increasing,
respectively decreasing, argument of X, one obtains single valued analytic
functions

x> "¢ (x, k), respectively x> "d (x, k), (2.11)

defined in
ST (k)y={xeC; |x| large, e<argk+argx<2mt—e¢}. (2.12)

Clearly, S% (k)uS™ (k) is a full (punctured) neighborhood of co on the Riemann
sphere CuU{oo}. On the other hand, S (k)nS™ (k) has two connected components,
the S (k), respectively S, (k) of (2.3). Using that °¢ ¥, %4 and "¢, "¢, are a basis
of Ker(L—k?), and using the validity of (2.4) in the larger sectors S=(k), it follows
that there are constants ¢ (k) e C such that

Pux, k) ="4 (. k) + o5 (k) - p(x. k) in S5(k),
o6 k)= (x, k) + 0, (k) - do(x.k) in Sg(k).

o (k) are the so-called Stokes multipliers for the irregular singular point co. There
is a partial relationship with the monodromy M =analytic continuation of

(2.13)
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solutions as x turns around clockwise with large |x|. Indeed, on the basis of
9x (-, k), % (-, k) in S%(k), the second relation in (2.13) gives

o [ 1 c(k)
2=, i) e

for some c(k), d(k) € C. Because the Wronski determinant is constant, det M =1,
so we also know that

d(k)=1+c(k) - o (k). (2.15)

Now let 2% be the space of functions of x which are bounded in the sector
S (k), keeping k close to a fixed k, = 0. The termwise differentiability of (2.4) with
respect to k shows that

01%%(-, k)e2* forall j=0. (2.16)

The analogous asymptotics for the differential operator (L—k?)"*! of order
2(m+1) yields that

dim(Ker(L—k*"*1n2%)=m+1. (2.17)

Because @ is a polynomial, @ %Z(-,k)e 2%, we can apply Lemma 1.3 to
conclude that

Lemma 2.1. There are unique linear differential operators B=(k, d,) of order <m in
k, with coefficients depending on k, such that

B*(k, 0)) °$5(x, k)= O(x) - °¢ 5 (x. k), (2.18)
and a similar conclusion holds with °¢= replaced by "¢Z=.

Corollary 2.2. Let x — ¢(x, k) be a non-zero family of solutions of (L—k*)¢ =0 and
B=B(k, 0,) a linear differential operator of order <m such that
B(k, 0)¢(x, k)= O(x) - ¢(x, k). (2.19)

Then Bis conjugate to either B or B~ by means of a non-zero functionof k.If B* is
not conjugate to B~ by means of a non-zero function of k, then ¢ is necessarily of the
form c(k)-°pk(x, k) or c(k)-°p_(x,k) for some function c of k. In this case, the
space of common local solutions of (2.19) and (L— k*)¢ =0 is one-dimensional. If B*
is conjugate to B~ by means of a function of k then the space of common local
solutions is two-dimensional.

Proof. Because °¢}(-, k), °¢ (-, k) is a basis of Ker(L—k?), we have
Px, K)=c (k) - °p5(x, k) +c_(k) - °p o (x, k)

for suitable functions ¢, c_ of k. Now write
Bc,¢"+Bc_¢ =Bp=0¢=0c. ¢* +Oc_¢~
=c,0¢ " +c_Op =c B*¢"+c_B ¢ .
Now

Be,¢* —c,BY¢* eKer(L—k*)"*'n2%, ¢_B ¢ —Bc_¢~
eKer(L—k*""'n2",
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and these latter spaces are complementary; we conclude from Bc,¢* —c, B*¢™*
=c_B ¢ —Bc_¢~, that Bc,¢* =c, B ¢*,c_B ¢ =Bc_¢ .

Because the eigenvalue parameter @(x)in (2.18) is not constant as function of x,
the space of functions of k, spanned by the functions k—°¢ = (x, k), with varying x, is
infinite-dimensional. So in the same way as we proved (1.9) = (1.10) it follows that
B-c,=c,-BTandc_-B~ =B-c_.Becausec,,c_ arenot both equal to zero, the
first conclusion in the corollary follows. If ¢,,c_ are both non-zero, then
Bt=c;'-B-c,=(c;*-c_)-B” -(c_'-c,), proving the second statement. Now
let §=¢,(k)¢*+¢_(k)p~ +0 be any other common local solution. If B is
conjugate to B* by a function, but not to B~,thené_=0,¢, +0,B-¢, =¢, -B*.
Together with B-c, =c, - B* we get that B¥ commutes with ¢, /¢, . Because the
order of B™ is positive, this implies that ¢, /¢, is a constant, as is well-known. If B*
is conjugate to B~ by a function, then B is conjugate to both B* and B~ by some
functions. In this caseitis allowed that ¢, +£0and é_ %0, but the same argument as
above gives that ¢, respectively ¢_ is a constant multiple of ¢, respectively ¢ _.
This proves the last two statements.

Now, writing

B¥(k,3)= 3 BE(k)Y, (2.20)
o) =73 0, X, 221)
r=0

the substitution of (2.4) in (2.18) yields, collecting the coefficients of x?:

S Bi k) (q *e +J> () BaF k)= ¥ at (k) 6,. (222)
jz0,0=<s=m =0

Because a; (k)=1, Egs. (2.22) from g=m, m—1, downwards to g=0, determine

BI,BZ_,,...,BZ successively. For g=m we get

Bi(k)=(+i)™™"-0,,. (2.23)

Assuming that B(k, 0,) is truly of order m, that is, B, (k)=0, it follows that
0,,+0. In other words, the finiteness of V(00) is equivalent to the property that the
order of B is equal to the degree of ©.

Furthermore, B is a (non-zero) constant and recalling that a ji is a polynomial

.1 . .
In of degree <j, one gets by downward induction on p:

B (k) is a polynomial in % of degree <m—p. (2.24)

It follows that Eq. (2.18) also extends with respect to k to the Riemann sphere
Cu{oo} with singular points only at k=0 and k = oo, both of finite order. At k=0
the singular point is regular and, for the generic value of x, the singularity at k= oo
is irregular.

The common solutions ¢ of (2.18) for B*, say, and (L—k?*)¢ =0 have a unique
analytic continuation along any curve y in the complex two-dimensional domain

D={(x,k)eCxC; x is not a pole of V and k+0}. (2.25)
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For (x, k) € D, let 4, ;, be the space of germs at (x, k) of common solutions of (2.18)
and (L—k?)¢=0. Then Corollary 2.2 can be phrased differently, saying that the
S ix, 1 (X, k) € D form a holomorphic vector bundle & over D of complex dimension
1 or 2, the analytic continuation of solutions defining a flat holomorphic
connection in &%. A priori the system of differential equations (L—k?)¢=0,
(B—0O(x))p=0 makes that ¢ is uniquely determined by the vector w(x,k)
=(0L0i¢(x, k), i=0,1, j=0,1,...,m—1 at any point (x,k) in D. It satisfies two
differential equations of the form d,w = R(x, k)w, 0,w = S(x, k)w. The compatibility
conditions (of curvature type) apparently cut down the dimension of the solution
space from 2m to one or two.

The last generalities of this section concern the asymptotics for k— co. Writing

at (k)= éo at, ko, (2.26)
B:(k)=% BE, k™, 227)

1, .
we can compare the powers of z (2.22). The constant term yields

Bfy(£i)'=0, forall g, thatis Y BI,(£ix)?=0(x). (2.28)
q=0

Comparing the coefficients of k™!, using that k~*

integer [ (unless s=0, [=1), we get

never occurs as djk ! for an

m
Zqu+jy0l(ii)q+jaj,l+Bc;l:1'(ii)q: Zoar—q,i'@r7
i V=

which, using (2.28), simply amounts to
B =0 forallg. (2.29)
This means that (2.18) is a perturbation of a constant coefficient equation by

1
terms of order O(P) If t=0(x) is a regular value of O, that is

O(x;)=t for m different x;eC, (2.30)

then (2.28) gives that the unperturbed equation has a basis of solutions (considered
as functions of k) given by

etk i1 m. (2.31)

Choosing [x| so large that x becomes extremal among the x;, the aforementioned
theory of irregular singular points applied to (2.18) yields that ¢* also has an
asymptotic expansion of the form

FEC )~ et S gkl as koo, (2.32)
1=0

in a direction in which e*™** decreases fastest among the e***, Comparing (2.4)
and (2.32) yields .
% (x)= X aj,-x"7, (2.33)
jz
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the convergence of which, for |x| sufficiently large, can be obtained from (2.6). The
result is absolute convergence if |x| > |p| for all poles p of V.

An expansion of the form (2.32) is called a Bloch function, Baker function, or
WKB-approximation, depending on the background of the author. Because the
expansion can be differentiated termwise with respect to x, the equation
(L—k*)¢ =0 leads to

+2i0,0 (%)= af () + V(x)aE (x). (2.34)
Because also
at (x)=0 for x—o0, forall =0, af(x)=1, (2.35)

the o can be recursively determined by simple integrations. The first few are

(9= 55 (1), (2.36)
a0y =5V—s( V), (2.37)
+2iaf =4V +4[ V- V=K V) +4{ V2. (2.38)

On the other hand, Eq. (2.18) yields
O() o (=T B (£ o)+ 3 B,a_L_J-(j)uix)i-’
j

os1diEm Lz
)J(L-{-J D!
(L-1)!

for all = 0. The equation for I=0 is just (2.28). This makes the terms on the right-
hand side of (2.39) for J =0, L=1 drop out against the left-hand side. Introducing

the notation
By (x)= Y. Bf,-(£ixY, (2.40)
j

caf(x)-(— (2.39)

(2.39) can be written in a somewhat more compact form:

B+ T X (DT PBEG) 4 (0 ( :1)=0. (241)

uzl 0spsyp
Because i =0 by (2.29) we see that (2.41) determine the F successively because
the coefficient of a;f ;(x) in (2.41) is +i-0,85(x)-(I—1)=+i-(I—1)-O(x). By
induction we get
P (x)
(@)
In particular, each ., r = 1, is rational with poles at most at the zeros of . From

(2.36) we recover that [ V is rational, and then from (2.38) that | V2 is rational as
well; compare (1.32).

af(x)= for some polynomial P . (2.42)

3. The Rational KdV Potentials

Let L= — 0%+ V(x) and O = @(x) satisfy (ad L)"* }(®) =0. As in Sect. 2 we assume
that deg®=m, so we may assume that V(c0)=0. However, we will restrict
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ourselves now to the case that the operators B* and B~ in (2.18) are not conjugate
to each other by a non-zero function of k.

Lemma 3.1. The finite singular points of the equation (L—k*)¢ =0 are regular, that

I}
)

V(x)~ m)—z as x—p for each pole peC of V. (3.1)
Proof. Suppose that peC is a higher order pole of V:
V(x)= > c(x—p), with ¢,#0, pu<-2. (3.2)
r2u

The theory of irregular singular points (cf. Olver [19, Chap. 7]) this time looks as
follows. Choose a square root ¢}/ of c,. For each integer j define the sectors

S,i= {xe(E;|x—p| small,
e+2mj <arge,? + <1+g—>arg(x—p)<n—8+27zj},

Sp,i= {XEC;IX——pI small, (3.3)

—n+e+42mj<argey*+ <1 + %) arg(x—p)< —s+2nj}.

Then there are unique solutions x - ¢ (x, k) of (L—k?)¢ =0, with the asymptotic
expansion

¢,;+‘,,-(x,k)~eXp{i Y Al~<x—p)f“”}-<x—p)w*

0=i< ~(%+1)

<Y dE (kY- (x—p)’* as x—p in S;L‘,j. (3.4)
r=0
Here Ay =c)/? / <g— + 1) , the other 4, depend neither on A= k? nor on the choice of
the sign. w* does not depend on k%, w* +w ™ = — %; if u is odd then in fact
ot=0"= —T,u Finally, dy=1 (normalization convention) and the d, for

r<—pu+2 do not depend on k?, the others are polynomials in k? of degree
<r/(—u+2). Again, the expansion (3.4) actually remains valid for the analytic
continuation of x — ¢ (x, k) to the larger sectors,

Shi= {xe(]:;lx—pl small,

—n+e+2mj<arge,* + (1 + g) arg(x—p)<2n—8+2nj},

- 3.5)
S, ;=<xeC;|x—p| small,

—2n+e+2mj<arge,*+ <1 + g) arg(x—p)<n—s+27rj},

and in the overlaps the two solutions form a basis of Ker(L—k?). Also the
expansion (3.4) can be termwise differentiated with respect to x and k.
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Now let 2 ; be the space of functions of x which converge to 0 as x—p in the
sector ST ;. Then
dimKer(L—k*)" " 'n2F ;=m+1. (3.6)

»
To see this, write ¢(x, k)=1(t, k) with t=cL/*(x—p)? +1/<g + 1>. Then

L—k*=c,(x—py[—02+0(t 1o, +1+0(™ V)], (3.7)

so (3.6) follows from a classical perturbation argument for t—oco. Because

obviously .
ody (- k)e2*,  O-4;( ke2®, (38)

we can apply Lemma 1.3 to conclude that there are linear differential operators
B i(k, d;) such that
B, ik, 00, {(x, k) = O(x) - §; {(x. k) . (3.9)

The assumption that B}, and B are not conjugate to each other now implies
(Corollary 2.2) that ¢ ; is a multiple of (the analytic continuation of) either ¢ or
¢ - By a suitable choice of the square root of ¢, we can arrange that

. (X, k)= (k) 5 (x, k) (3.10)
for some function ¢ of k.

Now let y(t) = (x(t), k(t)), t running from 0 to 1, be a curve in the domain D of
(2.25), such that |x(t)| remains large and argk(t) + arg x(t) = %, so that x(t) € S £ (k(t))
[see (2.3)], for all t. If k(0)=k, k(1)= —k, then the analytic continuation of ¢
along y arrives at another solution of (L — k?), which apparently is ¢, and which is
a solution of (B, — @)¢=0. Now y is homotopic to é =keeping x constant and
letting k in turn around the origin to —k, followed by ¢=keeping —k fixed and
letting x turn in the opposite direction. Since analytic continuation along ¢ keeps
us in Ker(L—k*)nKer(B_ — )¢, the conclusion is that analytic continuation
along 6 maps

Ker(L—k?>)nKer(Bf — @) into Ker(L—k*)nKer(B,—0).

However, the sectors S, ; do not depend on k and it is easily seen that ¢, ; is
invariant under analytic continuation along J. Because (3.10) is preserved under
analytic continuation, we arrive at a contradiction.

Lemma 3.2. Around each finite pole p of V, all eigenfunctions of L are single-valued.

Proof. Ataregular singular point p, that is, when (3.2) holds with =2, one has the
following possibilities.
(A) If c_,=1*—% with 21¢Z, then (L—k*)¢=0 has a basis of solutions

B R=(x=p) ¥ T ) (=) s do=1, G.11)

where the power series has a positive radius of convergence. The coefficients d, are
determined by the recurrent relations [obtained from the equation

(L—k?)pF =0]: B
rrt2Ddf = ¥ &edi,o,, 21, (3.12)*
s=-1
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where we have written & =c, if s+0, &, =co—k?=c,— A. It follows by induction
that d,;is a polynomial in 1=k? of degree <j,aswell asd,;, ;,forjeZ,(d; =0).
The series (3.11) can be termwise differentiated, also with respect to k.

Now let 25 be the space of multi-valued holomorphic functions of x in a
punctured neighborhood of p, the analytic continuation of which, after turning
around p once, gets multiplied by e>™**Y, Clearly,

9,(- ke2y, O-¢;(-,kelr, (3.13)
so, in particular,

dim(Ker(L—A)"*'n2/)z2m+1, dimKer(L—A)""'n2,)=2m+1.
(3.14)
Now 2, N2, =0 (e*™* "D 2" 7D because 2/ ¢ Z) implies that equality has to
hold in (3.14). So we can apply Lemma 1.3 to conclude that there are linear
differential operators B; (k,d,) such that

B (k, 0)¢7 (x, k)=0(x) - ¢ (x, k). (3.15)

Now as in the last part of the proof of Lemma 3.1 we get a contradiction once again
because ¢ (x, k) remains unchanged if k is moved to —k.

(B) Now assume that c_,=1*—% with 21€Z,,. In this case ¢, of (3.11)
survives as a solution, called the recessive solution. However, ¢, has to be replaced
by

#y (x, k)=(x—p)%_’§0 d,; (k*)-(x—p)"+c(k) - log(x—p)- ¢, (x, k). (3.16)

Here the d,” for 1 £r<2[ are determined as before by (3.12). Furthermore,
21-2
20-clky= Y &-dy_p - (3.17)
s=—1
d5, can be chosen arbitrarily (reflecting the fact that one can add an arbitrary
multiple of ¢, to J; ), and d,” for r>2I are then determined by
r—2
rr—=20d = 3 &-do_,_—c(k)-2(14+7)-d} . (3.18)
s=~—1

If ¢(x, k) is any non-zero solution of (L— k2)¢ 0, (B(k, 0,)— ©(x))¢ =0, then
either ¢(x, k)= o(k) - ¢p (x, k) or ¢(x, k)= p(k) - ¢p (x, k) foragzﬁ,J as described above.
In the second case, going with x around p and using that @ is single-valued around
p, we get, apart from the equation (B—0)- B(/ﬁp =0, also the equation (B— @)

- B(e*™EEG - 4 ric(k)g, ) =0. Multiplying the first one with 2™ %) and sub-
tracting it from the second one, we see that (B— 0) - ag, =0 with o(k) = (k) - c(k).
So if ¢(k)=£0 then there is always a non-zero multiple ¢ of ¢, which satisfies
(B—©)¢=0. Again, turning k to —k leaves ¢, invariant, and we arrive at a
contradiction if we take B=B.. So c¢(k)=0.

However, from (3.12)” we see that dy; for j <! is a polynomial in 4 of degree j,
with a positive coefficient in front of 2. Considering the term in (3.17) with s =0 we
get that, if [e Z, ¢(4) is a polynomial in A of degree I, with a non-zero coefficient in
front of 2. So c =0implies that =3 +v,, v, € Z.. o, excluding the possibility that the
eigenfunctions are double valued around p.
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Remark. The last argument also shows that no non-zero multiple ¢ of the recessive
solution at p satisfies an equation of the form (B— @)¢=0.

Proposition 3.3. Let V be an arbitrary meromorphic function in a neighborhood of
peC, with Laurent expansion

V(x)= >Z_Zcr-(x—p)’. (3.19)
Then all eigenfunctions of L= — 02+ V(x) are single-valued around p if and only if
o=V, (v,+1) for some v,el.,, (3.20)

and
C2j-1=0 for all integers j such that 0=<j=<v,. (3.21)

Finally, if this is the case, then every eigenfunction ¢ has a Laurent expansion of the
form

px)=(x—p)~'r- 120 d,- (x—pY, (322
with
dyj—1=0 for all integers j such that 1Zj=<v,. (3.23)

Proof. The proof of Lemma 3.2 has already shown us that /=3+v, for some
Vp€Zs o, 80 c_p=1*—%=v,(v,+1). Also that d;, for 0<j<v,, is a polynomial in 4
of degree j, with positive leading coefficient.

Let j, be the smallest integer j such that 0<j<v, and c,;_, 0. On the right-
hand side of (3.12) ™ for r=2j— 1 there appear only terms with s odd =2j,—1, so
r—2—s even =2(j—j,—1), or with s even =20, r—s—2 odd =<2j—3. By
introduction over j it follows that d,;_, =0 for 1<j<j, and that d;;_, is a
polynomial in 4 of degree <j—j,—1 for j,<j=<v, The only terms containing
Mo b are ¢y; oy -dyj-jo—1) and (co—A) - dy; 5. It follows, again by induction
over j, that the leading coefficientind,; _, isequal to ¢, — , times a strictly negative
number, using that the coefficient in front of the left-hand side of (3.12) ™ is negative
ifr=2—1,15j=v,

Now the right-hand side of (3.17) for I=3+v, contains terms for s odd
22jy— 1, the leading one being ¢,, 1 - d3(y, - j,)» and for s even 20, for which the
leading one is (¢, —4) - d,,, - - We see that ¢ is a polynomial of degree v,—j, in 4,
with a leading coefficient equal to a positive multiple of ¢,;, 1. Ifjo=v,, d5,, 1 =0,
but still ¢ is a non-zero constant. The conclusion is that ¢ =0 implies (3.21), which in
turn implies (3.23).

If finally (3.21), and thus (3.23), holds, then on the right-hand side of (3.17) for
l=%+vp, cither s is odd <2v,—1, or 2I-2—sis odd =2v,—1. In both cases
C+dy_5-s=0,50 c=0.

Theorem 3.4. Let V be a rational function with V(o0)=0. Then the following
properties are equivalent.

a) All eigenfunctions of — 02+ V(x) are meromorphic in C.

b) All eigenfunctions of —0:+V(x) are of the form e**.-a*(x,k)
+e *q™(x, k) with x — a*(x, k) rational and bounded at infinity.

¢) At each pole p of V, (3.19)-(3.21) hold.

d) Vs obtained from V =0 by finitely many rational Darboux transformations.

e) The potentials in the KdV-flow starting at V remain rational.
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1 .
f) Visobtained from \ 12 )v’ with v an integer 20, by applying the flows in the

KdV hierarchy.

Proof. a) < c¢) is Proposition 3.3. If a) holds then the analytic continuation of
x > e~ FRgE(x k) to SE(k)in (2.8) is bounded at 0o. Because it is single-valued it
follows that ¢Z(x, k)=e*™* - a*(x, k) with x > a*(x, k) rational and bounded at
co. This proves a) <> b). d) = a) follows from the description of Ker(L— 1) as the
Q-image of Ker(L—A), if L is obtained from L by a rational Darboux transfor-
mation. See (0.4)—0.7). We now prove a) = d).

Because x = oo is a regular singular point for (—02+V)¢=0 [use that V(x)

=0 (iz) because of c)} , the solutions ¢, which are meromorphic in €, now also
X

have finite order at oo, so they are rational. Using their single-valuedness it follows

that .
V(x)~ v(vxt ) a5 x-rc0 , forsome veZ,,. (3.24)

Comparison with (3.19) shows that
v+ = X (v, +1). (3.25)
C

pe
p pole of V'

Now let ¢, e Ker(—02+ V) be recessive at oo, that is, ¢o(x)~x " for x—c0.
]

’ ! _ 7’ 2
Then —2<¢—°> ~ —2(%) = — x—z as x—o0. So the potential
0

¢6(X)>/’ (3.26)

Pol(x)

obtained from V¥ by means of the Darboux transformation with the solution ¢,
will satisfy

V(x)=V(x)—-2 (

V(x)~”(v;; D as xom, (327)

with ¥(7+ 1) =v(v+ 1) —2v=(v— 1)y, that is,
V=y—1. (3.28)

Because ¥ is rational, ¥(c0)=0, and ¥ satisfies a) again, the procedure can be
repeated, and after v Darboux transformations with eigenfunctions for the
eigenvalue 0 which are recessive at oo, we end up with a potential such that v=0.
However, because v,(v,+ 1) >0 for each pole p of V" on the right-hand side of (3.25),
it follows that now V has no poles anymore: it is a polynomial and because
V(00)=0, V=0.

Because in the above notation, ¢, = 1/, is an eigenfunction for — 0% + ¥ for the
eigenvalue 0 and the Darboux transformation applied to ¥ with ¢, gives V back,
we see that V is obtained from V=0 by applying v Darboux transformations,
each time using an eigenfunction for the eigenvalue 0 which is dominant at co.

Finally, the equivalence among d), e), and f) is one of the main results in Adler
and Moser [2] and Airault, McKean, Moser [3].
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A different proof can be obtained from Segal and Wilson [23], starting from the
simple behavior of the eigenfunctions as a function of k (rather than of x).In fact, we

have:
Po(x, k) =(Fik) ™ (0, —v,(x)) ... o (O, —v(x))e ™™, (3.28y

with v,(x), ..., v,(x) rational functions of x. This follows from the description of the
new eigenfunctions after a Darboux transformation, preceding Theorem 0.1. In
particular, the amplitudes aZ(x,k)=¢Z(x,k)/e*™* are polynomials in k~! of
degree <v.

Remarks. Because of the property f), we got into the habit of calling the potentials
V described in Theorem 3.4 as the rational KdV potentials and the number v in
(3.24) could be called the order of V.

Now let V be such a potential, ¢, an arbitrary non-zero eigenfunction of
— 02+ V for the eigenvalue 0 and ¥ as in (3.26). Then ¥(x) ~ v(vx-iz- D as x— o0 with
v=v+1if @, is dominant at x = co and V=v — 1 if @, is recessive at x = c0. A special
case occurs for v=0, because then the Darboux transformation leaves V=0
invariant if we take ¢, recessive at co. For the general ¢,, the parameter in ¥
represents a translation. Letting ¢, approximate the solution which is recessive at
o0, the translation parameter goes to oo and ¥ converges to 0. Later Darboux
transformations transfer this to the statement that every potential of order v—1
can be approximated by potentials of order v, which will be denoted by v—v—1.
See Sect. 7.7 for an alternative proof. Denoting the relation of being related by a
Darboux transformation by a dashed double arrow «—», we get the following

diagram o~ N

Q- @ —— > QP -——m> QP e—-— > Q@ ———> P —— > @ ——
v=0 1 2 3 4 5 6
Diagram 3-1

The number v here is also equal to the number of parameters in the family of
potentials of order v. For refinements of this diagram (see Sect. 7.7).

If Vis obtained from ¥ asin (3.26), define the V;, fa pole of ¥ in the same way as
the v, are defined for V. New poles of V, that is, poles p which are regular points of
V, appear at the zeros of ¢,. These zeros are simple: a solution ¢ of a second order
differential equation such that ¢(x)=¢"(x)=0 at a regular point x is identically
zero. It follows that v; =1 at each new pole p. If p is also a pole of V, then ;=v,+1
if g, is recessive at p, and V;=v,— 1 otherwise. Because the generic element ¢, of
Ker(—0%+ V) is not recessive at any pole p of V, we see that after the generic
sequence of rational Darboux transformations, v, =1 for all poles p, and with each
transformation, all poles of V are eliminated and replaced by new ones at the zeros
of ¢o. So among the rational KdV potentials of order v, those of the form

Vix)= Y, %, 2 a subset of € with $v(v+ 1) elements,  (3.29)
pe? (X—p)
form an open dense subset. The conditions (3.19)—3.21) now read
1
———=0 forall peZ. 3.30
Z a7 P 30

q*p
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In Airault-McKean-Moser [3] the set of configurations £ of points p in C
satisfying (3.30) is called the locus. It is proved there that the closure (in the space of
rational functions) of the set of potentials ¥ in (3.29) with £ in the locus, is equal to
the set of potentials satisfying e) in Theorem 3.4. It is also shown there that for each
V in e), after flowing it out with KdV, it immediately becomes of the form (3.29),
with £ in the locus. This proves that the latter potentials form a dense subset in a
quite different way.

Note that (3.19)+3.21) means that in general

v, (v,+1)
V(x)= AN A 3.31
0= 56 030
with 2 a finite subset of C, and v,eZ , for pe 2 being such that
1
Yq(Vy + 1) =0 for 1=<j<v, andeach peZ. (3.32)

qe? (‘J—P)ZJ.Jr !
q%p

This gives a description of the closure of the locus, implicitly asked for in [3].
In Adler and Moser [ 2], the rational KdV potentials of order v are described as

Y AUCINY
V(x)= 2<9(X)>, (3.33)

where 0(x) =0,(x) is a polynomial defined by a recursive formula in v, cf. (7.1). If V
is as in (3.32), then we can take

009 =TT (v~ p)Ertrt ) (3.33y

In Sect. 7.1 another description of 0(x) found by Sato will be used.

Theorem 3.5. Let V satisfy any of the equivalent conditions a)—f) in Theorem 3.4. The
eigenfunction ¢=(x, k) in (2.4) satisfies an equation of the form B=(k,d,)¢=(x, k)
=0O(x)¢pZ(x, k) if and only if the polynomial @ has the property that

0% " Np)=0 forall 1=<j<v,, foreachpole peC of V. (3.34)
Proof. From Proposition 3.3 we know that
¥ M (x=p)7 - pa(x, k)12, =0 for 1Zj<v,. (3.35)

This remains true if ¢ is replaced by B¥¢Z, by applying B(k, d,) to (3.35). So, if
B¢ =04¢%, then also

O Mx =P O(x) 9(x, k)]y=0=0 for 1=<j<v
Expanding

(3.36)

p*

(c—p)7-pa(x, k)= Z Sar02 (=P +0((x—p)** "), (3.37)

(2 )!
(3.36) can be written as
j=1

2j—1 .
> ( T )-@‘h*‘k)(p)ﬁzﬁo, 152, (3.38)

s=0
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In view of the remark following Lemma 3.2, §,%0 and (3.34) now follows by
induction on j.
Conversely, now assume that (3.34) holds, which implies (3.36) in view of (3.38).
Let B* =B*(k,d,) be the unique differential operator satisfying (2.22) for
g=m,m—1,...,0. In view of b) of Theorem 3.4, this means that

(B*(k, ) — O(x))p 5 (x, k) = e ***R*(x, k),
with x> R¥(x,k) rational and R*(c0,k)=0. (3.39)

Because ¢ (x, k), and therefore also RZ(x, k), only has poles at p of order < Vs WE
can write

vp—1

R*(x,k)= Z Z Ry (k) (x—p) ™. (3.40)

Expandmg e*™ at p, we get that the coefficient of (x — p)*/~ ! ~*» in the expansion

of e***R*(x, k) at p is equal to e**? times

2j—1 _|_-k21~1-r
(£ik) RE(k) if 2j—1<v,,

o 2i—1-n!
ol (k)P L TP . (3.41)
= m&,r(kHO((izk) ) times R k), q+p,

it 2j—12v,.

Now (3.35), (3.36), (3.39) imply that the expressions in (3.41) have to be equal to 0
for all integers j such that 1<j<v,.
Dividing the equations by (+zk)2J *» and using

(£iky» ' 7"'Rr, =S5, (3.42)

as the new unknowns (notice that v,—1—r20, so R;, is a non-positive power of
+ik times S3,), we get

LI S Y i>1
R
vp—1 1 (3.43)

£ +0(k™") timesthe S, q#*p,

if2j—1zv,, j=v,.

2 G—1—nier

Consider the v, x v, matrix

1 1
m ol 0O 0 0 o
1 1 1 1
3 7 om0
Av,)= 1 1 1 1 1 , (3.44)
51 & 3 210
1 1 1

@~ @2v,—2)! v
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and let 4 be the (3] v,) X (3 v,)-matrix obtained by putting the A(v,) as blocks along

the diagonal, the rest being zero. If we write S* for the vector of all S¥,, then (3.43)
is an equation of the form
(A+B*(k))S* =0, Bi(k)=0<%> as k—oo. (3.45)

So, if A is invertible, then A + B*(k) is invertible for large |k| and we conclude that
S* =0, implying that (B*(k, 9,) — ©(x))¢(x, k) =0 for large |k|; but then for all k
because of the analytic dependence on k.

Ais invertible if and only if A(v,) in (3.44) is invertible for each p. On the matrix
for v, = oo we perform the following column operations. Remove the last non-zero
entry of each row, which is to the right of the diagonal element, by subtracting a
suitable multiple of the column immediately to the left of it. Repeating this

1 1

procedure one ends up with a lower triangular matrix, with 1, 33.5°3.5.7 etc.,

on the diagonal. So,
detA(v,)=17"%-3"""%.527%. _.(2j—1y"17". . Q2v,—1)"'>0. (3.46)
This completes the proof of Theorem 3.5.

Remark. det A(v) >0, for all v= 1, are the Hurwitz inequalities for the coefficients of

= %x" which, if e* would be a polynomial, would express that all its
k=0 R.

zeros have negative real part. These inequalities would follow from Hurewitz’s

theorem [15] if, for each n, all zeros of kZO %x" have negative real part. This,
however, is already false for n=5. Asymptotically for n— oo, about <—1~ b nof
the zeros have positive real part, cf. Szegé [25]. 2 mee

The space # = %, of polynomials @ such that (ad L)"**(©)=0 for some m=0
form an algebra. For the proof, use that (ad L)(P - Q)=(ad L)(P)- Q@+ P - (ad L)(Q).
If L= — 62 + V with V(o) finite, then this can be phrased as follows: the space #*
of operators B* = B*(k, d,) such that B*(k, 0,)¢=(x, k)= O(x)pZ(x, k) for some
© = O(x) obviously forms an algebra, the mapping B* —@ is a homomorphism:
A% %, which, as we have seen, is bijective, so the algebras #* and % are
isomorphic. In particular, Z* is commutative. More precisely:

Proposition 3.6. If Bye #* has positive degree, then % is equal to the space of all
operators B= B(k, 0,) which commute with B,.

Proof. We have Byp=0,(x)-¢% with deg®@,>0. From the asymptotics for
x,k—00 we see that the large eigenvalues ¢ of B, are simple. But B leaves
Ker(B,— 0,(x)) invariant, so BpZ(x, -)=0(x)- #Z(x, -) for some O(x), for large
x. But this proves that Be #*.

It has been proved by Schur [22], using fractional powers of ordinary
differential operators as in Gelfand and Dikii [9], that in general the algebra of
differential operators which commute with a given B, of positive degree is
commutative. It is also finitely generated, cf. Giertz et al. [10].
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If V is a rational KdV potential, then the algebra #* apparently is isomorphic
to the algebra 4, of polynomials @ satisfying (3.34). That these form an algebra
can be checked directly.

Writing m, = { fe C[x]; f(a)=0}, ar> B,m, is a bijection from € onto the
space of non-zero prime ideals in %, exhibiting the latter as a rational curve €.
For any set of generators @,...,0, of %4, the map x> (0(x),...,0,x))
represents %), as an algebraic curve in €". The curve €, is singular exactly at the
points coming from 2; it therefore seems that we are not quite in the framework of
Krichever [17]. It is also not too hard to prove that 4, is isomorphic to %, (as
algebras) if and only if there are a,be C, a=+0, such that v, ,=v, for all pe 2.

With a modification of the proof in Hartshorne [ 14, p. 310], one can show that
the minimal number of generators is <3.
v(v+1)

In the most degenerate case V(x)= ———,
X

veZ. ,, By has two generators

[O(x)=x?and O(x)=x>""1] in contrast with all other Bessel cases where %, has
only one generator. (See the last remarks at the end of Sect. 5.)

Let V be a rational KdV potential of order v. As discussed in the remarks
following Theorem 3.4, V can be approximated by rational KdV potentials ¥ of
the same order but such that v;=1 for all poles j of V. In the limit 3v »(v,+1)of the
poles p of V come together at the pole p of V. Now

By =1{0; @' (p)=0 for all poles p of V'}, (3.47)
and a “confluent Vandermonde matrix” argument yields that
lim #;={0; @Y (p)=0 for 1 <j<3v,(v,+1) for all poles p of V}. (3.48)

VoV
A simple continuity argument shows that in general
lim %y C Ay, (3.49)

V-V
so the inclusion is strict as soon as v,>1 for some pole p of V. In fact, the
codimension is equal to 3. 3v,(v,—1).

p

In particular, the minimal degree of a nonconstant ® in %, is smaller than in
%y, which means that if we search for V as a solution to (ad Ly"*!(@)=0 with
increasing m, then the “degenerate” V will turn up earlier in the process. (In fact, the
minimal degree is <3 v, +1, but is not a function of the v, only, see Sect. 7.6.) In
terms of the Adler-Moser polynomial 8 in (3.33), the V are characterized by the
property that their § have simple zeros. So in the space of rational KdV potentials
V of order v the ones with v,> 1 for some p form a hypersurface determined by a
discriminant equation (=the complement of the “locus” of Airault, McKean,
Moser [3]). This hypersurface usually has singularities, in particular, at the Bessel

vv+1)

potential 2 from which they branch off. In terms of the equations

(adL)"*(@)=0 for increasing m, the effect is that at a certain stage singular
families of B appear which are then later “smoothed out” by embedding them in
higher dimensional families. This is one of the confusing phenomena if one tries to
solve (ad L)™* (@) =0 for increasing values of m, which also occurs in the “even
case.”
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In Sect. 4 it will be proved that if V is a rational KdV potential and if there is a
differential operator B(k,d,) of positive order and a @(x) such that
Ker(— 0%+ V(x)—A)nKer(B(k,0,)—O(x)) is two-dimensional, then V(x)

v(v+ )

, the Bessel potential. So the rational KdV potentials, except the Bessel

ones among them, are precisely the potentials V' such that there is a one-
dimensional (but no two-dimensional) common eigenspace. [In Sect. 5 it will also
be proved that if V(c0) =00, then V is the Airy potential with a two-dimensional
common eigenspace.]

4. The Even Case

Again, let L= — 8%+ V(x) with V(c0) =0 and @ = @(x) with deg ® = m satisfying
(adL)"*1(®) =0, but this time we assume that there is a function ¢ = c(k) such that
the operators B* of order m in (2.18) satisfy

B (k,0)=c(k)"to B*(k, ) c(k). (@.1)

Lemma 4.1. After a suitable translation in the x-variable, @ and V are even
functions of x, B* =B~ and c is a constant. Conversely, if V is an even function and
m is even, then there is an even @ with deg @ =m such that (ad L)"* }(@)=0 and the
corresponding operators B* satisfy B* =B~.

Proof. By induction over p one gets that the polynomials a; (k) in 1 , defined
recurrently by (2.6) with a3 (k)= 1, satisfy

a, (k)y=a, (—k). 4.2)

It follows that &, (k)=(—1)(da,)(—k), so from Egs. (222) for
g=m,m—1,...,0, which determine the coefficients Bj (k) of B*(k, d,), we get

B; (k)=(—1YB/ (—k). 4.3)

Using that &oc= 3" (:) (@c)o 37, (4.1) and (4.3) give

(= 1)B} (—k)=c(k)~* z BJ+,(k)-(j ‘:r> re(k) for all j. (4.4)

Reading this equation for j=m, we get
(=1)"B,(—k)=B,(k), (4.5)

which implies that m is even because BX(k)=(+i)"™ ©,,is a constant, see (2.23).
Reading (4.4) for j=m—1:

(=" 'By_(k)=By_(k)+ck)"t-i"™-©,,-m-dc(k). (4.6)

Now (2.22) for g=m—1, using that BZ(k)-(+i)"=8,, yields that BX_ (k)
=(+i)' ™. @,,_ isaconstantas well. Combining this with the evenness of m, (4.6)
now reads

2i O,

Guely=—"- =8

(k). (4.7)

m
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This means that c(k) depends exponentially on k. By a translation in the x-variable,
we can arrange that

0,_.=0, (4.8)

a normalization which immediately leads to
cis a constant, B~ (k,0,)=B*(k,dy), 4.9)
Bf (ky=(—1YBf(—k) forall j=mm—1,...,0. (4.10)

m—p
In view of the notation B, (k)= 3. B, -k * [see (2.27)], this means that
s=0
B, ;=0 for p+s odd, or

ﬁ:(X)iZBf,s'(iX)’:(—1)S'ﬁs+(—X)- (4.11)
ef j
Because B4 (x)=0O(x), (4.11) for s=0 just means

© is an even function of x: O(x)=0(—x). 4.12)

Now the coefficients o;"(x) in the asymptotic expansion (2.32) for ¢ (x, k) as
k— oo, were determined recurrently from the ;" (x) by the formula (2.41). Inserting
(4.11) one obtains by induction over [:

o (x)=(—=1)} o (—x) forall x. (4.13)

In view of V(x)=2i- d,a] (x) [see (2.34)], we have proved that V is an even function
of x as well.

For the last statement, take @(x)=31(0(x)+ @(—x)). B* =B~ now follows
because a, (k)=(— l)pa;’ (k) [use (2.6)], 50 a, (—k)=(—1)?a, (k). Now (4.3) can be
read off from (2.22).

Remark. Another aspect of (4.10) is that B*(k,d,) actually is equal to a linear
differential operator A(4, d,) in 4= k?, with coefficients that are rational functions
in J, that is, have no square root behavior in A. In order to see this, note that

. L2l s e
O= 3 w70, (4.14)

where the «; ; are universal coefficients, determined recurrently by
aj’izz'o(j_l,i"}‘(j‘f'1"'21.)'0(]_1,1-_1, O(O,0=1’ OCj’<0=0. (415)

Now we can write

[j/21 PP
B* (ko)=Y .ZOB;S.ocj,i-k"s“_z'-&{‘, (4.16)
Jss =
Jjtseven

which proves the statement because —s-+j—2i is even where j+s is even.

From now on we assume that B* =B~ (=B).

From Corollary 2.2 we see that the local solutions of (L—k?)¢=0,
(B—0O(x))¢ =0 form a two-dimensional complex vector space. In the description
following (2.25), & is a holomorphic two-dimensional vector bundle; the analytic
continuation of solutions defines a flat holomorphic connection in &. Since & is
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spanned by the analytic continuation of °4}, %4 and these functions, for k fixed,
form a basis of solutions of (L—k*)¢ =0, ¥, ,, can be parametrized by the vector

_( 9(x.k) 2
(. k)= < pooen) T BT, 4.17)
for which we have the first order linear differential equation
0 1
0066, k)= P(c. ) o(x.K),  P(x.k) < Voo -k O) (@.18)

Having a connection means that we also have a first order linear differential
equation in the k-direction

(4.19)

dw(x, k)=0(x, k) - v(x, k), Q(x,k)= <a(x, k) b(x, k)) ’

c(x, k) d(x, k)

for a suitable a, b, ¢, d; the flatness condition, equivalent to the two-dimensionality
of the common solution space of (4.18), (4.19), is expressed by the compatibility
condition

0P +PO=0.0+0P. (4.20)

Following the method of Flaschka and Newell [8, pp. 87, 88], we shall first
prove that (4.19) holds with a, b, ¢, d being rational functions of x. Defining the
fundamental solution

o YPa(x k) %h(xk)
0= (5 150 o) 420
[see (2.9)], it is obvious that

0(x, k)= 0,°®,(x,k) o °®_(x,k) "' in the sector S° (k). (4.22)

Because the operators L(x,d,)—k* and B(k,d,)—O(x) are single-valued for
(x, k) € D, meaning that % is a holomorphic vector bundle over D (that is, there is
no need to pass to some covering of D), it is a priori clear that Q is single-valued on
D. In particular, in (4.21) we could have also replaced °$= by "¢ and gotten a
representation like (4.22) in S7(k). We will now investigate the asymptotic
behavior of the right-hand side of (4.22) for x— oo in §2 (k), respectively S* (k) (with
%@_ replaced by "@,_). Because S (k)uS™ (k) is a full punctured neighborhood of
oo, this will then provide the asymptotic behavior of Q(x, k) as x— co.

Because the trace of P in (4.18) is equal to zero, the determinant of °®_ (x, k) is
constant as a function of x. Because °®Z (x, k)~ e*™, 0 %% (x, k)~ + ik - e*™ as
x— o0 in 8§ (k), it follows that

det®®_(x, k)= —2ik . (4.23)
Simplifying the notation somewhat, we get
Q(x k)__ 1 . ak¢+.ax¢_—ak¢_'ax¢+ _ak¢+'¢_+ak¢_.¢+
T —2ik akax¢+'ax¢__akax¢_ 'ax¢+ _akax¢+'¢‘+akax¢_'¢+ .
(4.24)
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In view of (2.6) for p=1 we get, for x— o0 in S9 (k), respectively S (k),
| V. 1
+ _ ,kikx _ 2
97 =e _1 +2ikx +0 <x2>} ’

. V. 1
+ __  tikx . _ 2
09" =e _ilk(l i2ikx> +O<——x2)],
| V; 1
+ __ tikx : _ 2 -
0P~ =e _-i_—zx(l i—2ikx>+0<x>]’

. V. 1
+ __ ,Fikx| _ 2 ; —
0,0.0% =e ] xk(l +2ikx> iz+0<x>:|,

and inserting this into (4.24) it follows that

0
Q(x, k)= +0 (é) as x—0o0. (4.25)

—xk

= ==

Now let p be an irregular singular point for (— 02+ V(x)—k*)¢=0, that is
assume that V satisfies (3.2). The same argument as in the proof of Lemma 3.1
shows that ¢, ; satisfy differential equations of the form (B, j(k, 0,) — ©(x))¢,. ;=0.
Corollary 22 now gives the existence of functions ¢, (k) and constants
t; + 65, -, such that

J;jdffc;,j(k)'¢1-Jl:j=tpi,j,+0¢o_;+t;j,—0¢o‘o' (4.26)

On the larger sector

S, = {xe(E; |x —pl| small, e+ 2mj <argc,/* + <1 +%>-arg(x—p)<2n—e+2nj},

4.27)
the analytic continuations of ¢ ; still satisfy the asymptotic expansion (3.4). Now,
writing

S (F b )
o =7 pJ, (4.28)
P <6x¢;,1 ax¢p,j

the relations (4.26) mean that

°p, (x, k)=, (x,k)- T, (4.29)
for a_“transfer” matrix T which is independent of x and k. Hence 00D,
=0,9, ;o T, and so

0(x, ) =0,°®, - ;' =0,8, ;o B, 1, (4.30)

sJ

which is a matrix like (4.24), but with ¢ replaced by 4= ; and some function of k as
a factor in front. Because the exponential factors from the asymptotic expansion
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(3.4) cancel each other, it follows immediately that Q(x, k)= O(|x — p[*) for x—p in
S, for some xelR. Using that the union of S, ; cover a full punctured
neighborhood of p, the conclusion is that x +— Q(x, k) is meromorphic at p.
[Actually, x — b(x, k) is regular at p, using that ™+~ = —p/2>0.]

Because at a regular singular point p all solutions ¢ (and therefore the analytic
continuations of °¢ %, too) satisfy estimates of the form ¢(x, k) = O(|x —p|*) as x—p
in any sector, one concludes immediately that x — Q(x, k) is meromorphic at the
regular singular points as well. Summarizing, we have proved the rationality of
x +— Q(x, k), announced after (4.20).

Next we analyze the compatibility condition of (4.20):

d.a=c—(V—Ikd)b,
ob=d—a,
0,c=—2k+(V—k*(a—d),
0. d=(V—Ikdb—c.

(4.31)

Summing the first and the last equation we see that a+d does not depend on x.
More precisely, because

TrQ(x, k) =0,(det°®_ (x, k)) - (det°®, (x, k)) ' =0, (—2ik) - (—2ik) '=k™ 1,
using (4.22), (4.23), we even have
at+d=k*. 4.32)

Now (4.31) leads to a=—%10,b+1k™', d=30.b+3k™", c=(V—k*)b—102b,
showing that the whole matrix Q(x, k) can be expressed in terms of the function
b(x, k), which in turn satisfies the differential equation

L1034+ 2(V—k?)-0,b+0,V-b+2k=0. (4.33)

From this equation it is obvious that x > b(x, k) can only have poles at the
poles p of V. Writing

V(x)~c, (x—=p), blx,k)~b,(k)-(x —p)f for x—p, (4.34)
with u< —2 (f V is rational!), f <0, ¢, *0, b,(k)=%0, the leading term on the left-
hand side of (4.33) is

Q2B+ c,-byk)- (x—py Pt it p<—2
and (4.35)
(k) (=3B(B—D(B—2)+(2F~2)c,) - (x—p) > if pu=-2.

So the conclusion is that
u=—2 and cuzi/}(ﬁ—2)=lz—i with [=L(1-p)>1. (4.36)

In other words, x — b(x, k) can only have poles at regular singular points p for
(= 02+ V(x)—k*)¢ =0, the monodromy around which has an eigenvalue + 1, of
algebraic multiplicity 2.

Furthermore, all eigenfunctions of — 02+ V(x) are single-valued around the
poles of b. The generic ¢ € Ker(L—k?)nKer(B—©(x)) can be written as ¢(x, k)
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=v(k)- 5; (x, k), where y(k) 0 and 5; (x, k)isasin (3.16). Now turning x around p,
¢(x, k) is changed into ¢(x, k)+y(k)- c(k)-2mi- ¢, (x, k). So if c(k)+0 (which is
always the case for large |k| if [€Z), it follows that y-c-¢,; €Ker(L—k?)
nKer(B— O(x)) is linearly independent of ¢.

If we replace the common eigenfunctions °¢), respectively °4_ in (4.21) by
y-c- ¢, respectively g=7- @, , we get a fundamental solution @,(x, k), °®,,(x, k)
=®,(x,k)o T for a transfer matrix T which does not depend on x and k, so that
Q(x, k)= 6k ®,(x, k) o D,(x, k)", as in (4.30). Replacing the functions ¢+ respec-
tively ¢, in the upper right corner of (4.24) by yc¢,, respectively 7 - ¢ we see
immedlately that b(x, k)=0(x—p|-|log(x—p)|), so x — b(x,k) has no pole at
x=p.Thatl=3+v,,v,€Z. ,now follows in the same way as in the last part of the
proof of Lemma 3.2.

Remark. A similar argument also says that at the poles p of x — b(x, k) there is no
(k) =0 such that y- ¢, € Ker(L—k*)nKer(B—O(x)).

We now turn to the asymptotics as x—co for b. Using (4.25) we may write
(using that b and V are rational):

b(x,k)=%+ Y bk) x5, V()= V-x. 4.37)
s21 r=2

Substituting this in (4.33) and collecting the coefficients of x 57 !:

-1
2k2-s~bs=ST'VS+1+ S Viob,-(r 20 —3(5—2)(s—s-b,_,, (4.38)
riics |
which determines the b recurrently. We read off that b, =0, b2=~k—3V3=O

V,, etc. By induction one gets that by =0 for s even, by(k)
x _A(x, k)
k- B(x)

where A( -, k)and B are polynomials with B independent of k because the poles of b
are all poles of V, which do not depend on k. From A(x, k)= B(x)- Z by(k)-x7*,

one sees that the coefficients of A(-, k) are linear expressions in only fmltely many
of the by(k), so we may conclude that

b(x, k)= % L0k as k—oo. (4.39)

because Viseven, by = 3 k3

is an odd function of k for s odd, by(k) = O(k ) for s = 3. Now b(x, k) —

. . . L1
By induction we also get that b, is a polynomial in % of degree <s, and the same

N |
argument as above shows that b is a polynomial in o

| . . .
But then the degrees of b, <as polynomials in %> cannot increase indefinitely.
Because the coefficient ff; of k™° in b, satisfies

25 =(Va- 2 +2(s—=2)—3(s—2)(s— 1)s) - Bs-2, (4.40)
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we see that necessarily

V,=%(s—2)s for some odd s>1, 4.41)
unless b,=0 for all s, that is,
b(x, k)= % V(x)= % the Bessel potential . (4.42)

From now on let us exclude the Bessel case. From (4.39) it follows that the only
zero of x +— b(x, k) which does not move as k varies is x=0. Because 0,b(x, k)

= % + O(k~3) for k— co, this is a simple zero. Because the poles of ¥ do not move

with k, it follows that V has, except at x =0, only poles at the poles of b. From (4.33)
one then reads off that if x=0 is the pole for V, then it is a pole of order 2:
c_

V(x)~ xj for x—0. (4.43)

Now (— 82+ V(x))¢ =0, the equation for eigenvalue 0, has a regular singular
point at x= 00, and from (4.41) we see that the monodromy around oo (that is,
going around a circle enclosing all the poles of V) has — 1 asits eigenvalue. Because
all the eigenfunctions (and therefore those for k=0, too) are single-valued around
all poles p+0 of ¥, the monodromy around 0 is the same. Necessarily therefore

c_,=P—% forsome IeZ,. (4.44)
We can now summarize the conclusions in

Proposition 4.2. After a suitable translation in the x-variable either V(x)= %
(Bessel) or X

-1 v, (v,+1)
V = 4 LA 2 h l Z> 5 Z> 5 -p=
(x) e + p‘::@ =2’ where el v,€Z., Vo=,
and P is a finite subset of C\{0}, symmetric around 0. (4.45)

Furthermore, all eigenfunctions of — 02+ V(x) are single-valued around all the poles
p=+0 of V. Given (4.45), this last property is equivalent to

-1 v, +1)

P e (-
Remark. The last argument in the proof of Lemma 3.2 gave that around x =0 the
eigenfunction is a multiple of ¢, (x, k) [in (3.16)] with p=0, with c(k) a polynomial
in A=k? of true degree I, so the monodromy around x=0 (and therefore also
-1 k)
0 -1
Proposition 4.3. If V is a potential as in (4.45), (4.46), then it can be obtained from

I+ 1)*—3% .
('i# by u Darboux transformations, using at each step an eigenfunction for the

=0 for 1Z£j=<v,, al pe?. (4.46)

around x = o0) is of the form < > on a suitable basis of eigenfunctions.
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eigenvalue 0 which is dominant at x =0. The potentials obtained in this way form a

1+2u)*—%

smooth y-dimensional family having (—i—f—z)——i
2_1

potential obtained from 2 2 for some Lels, by finitely many rational

Darboux transformations, is of the form (4.45), (4.46).

Proof. Assume (4.45), (4.46). The equation (— 0% + V(x))¢ =0 has a regular singular
point at x = c0. The monodromy around co is the same as the monodromy around
0, and therefore has eigenvalue — 1. It follows that

(lz—%)‘F > Vp(vp"'l):Lz’“% for some LEZEO’ (4.47)
pe?

in its closure. Conversely, every

obviously L>1 if #4¢. Let ¢, be the solution which is recessive at x=o00:
Bo(x)~x* "L as x—c0. ¢, is an eigenvector for the monodromy around co, and
therefore also for the monodromy around 0. That is, it has no logarithm terms as
x—0, and it is a multiple of a function of the form (3.11) for p=0. Because ¢, is
meromorphic at the other poles p € 2 of V, the conclusion is that 0,¢,(x)/¢(x) is
meromorphic at all poles of ¥V and has finite order of growth for x— co, so it is
rational. The potential

V(x) = V(x) —20,[0.80(x)/do(x)], (4.48)

obtained by applying the Darboux transformation using ¢,, is again rational.
Because L —%+42(3—L)=(L—1)*—4%, we get

_— i
I7(x)~Lx24 for x—oo with L=L—1, (4.49)
and because *—++23+D)=(+1)*-%:
. i
V(x)~ XZ‘* for x—0 with [=I+1. (4.50)

Noting that V is even, the function ¢,(x) obtained from ¢,(x) by analytically
continuing ¢, as x walks around 0 to —x, and then reflecting back, is again a
solution which is recessive at co. So d, is a constant multiple (in fact, + i times) of ¢,
and the Darboux transformation with @, instead of ¢, leads to the same result. It
follows that ¥(x) is an even function of x again.

Finally, the eigenfunctions for — 82+ V(x) (for the eigenvalue k?) are given by
(05— do/do)d(x, k) if H(x,k) are the eigenfunctions for —02+ V(x), so they are
single-valued around all the poles =0 of V. Therefore, ¥ is again a potential
satisfying (4.45), (4.46).

Now

S5 O )= D0y 0+ D=2 =D - (L2 =]~ [P~ — -]
p p
= —2(L— +1)<0,
so after finitely many applications of this procedure we arrive at a potential ¥
satisfying > v;(v;+1)<0, which, in view of v3(v;+1)>0 for all p, just means that
p
72

1 .
P =¢, that is V(x)= ! - % for some [eZ,,
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Because 1/¢, is a solution of (— 82 + ¥(x))¢ =0 and the Darboux transforma-

tion applied to ¥ using 1/¢, gives V back, we have proved that ¥ is obtained from
2_1
= % for some & €Z;, by finitely many rational Darboux transformations.

Conversely, that any rational Darboux transformation leaves the set of potentials
satisfying (4.45), (4.46) invariant is now quite clear in the light of the above
arguments: for a Darboux transformation to be rational it is necessary to take an
eigenfunction which at the same time is an eigenvector for the monodromy, that is,
it does not have logarithmic terms.

We now prove that if we apply 4 Darboux transformations, with u < %, to ¥(x)
2 1

= 2_ 4 taking at each step any eigenfunction for the eigenvalue 0 which is
X

dominant at x=0, then we arrive at a potential ¥ such that
2 1

i) V(x)~ l x‘f as x—0, [=% —y, and
ii) The solutions of (— a2+ V(x))¢ =0 have no logarithmic terms and have the
asymptotic expansion

dx)~t-xF 4y xET L O3 as x—0. (4.51)

The proof is by induction on p. Note that if ¥ is the potential obtained from V
by means of the Darboux transformation using ¢, then the image of 0, — ¢’/¢:
Ker(—d2+4V)—Ker(—0%+ V) is one-dimensional because (0,—¢’/¢)p=0. So
(only) for the eigenvalue 0 it is not true that all eigenfunctions of —d%+ ¥ are
obtained by applying 0, — ¢'/¢ to the eigenfunctions of — 02+ V. In this case one
proceeds somewhat differently: one checks that §=1/¢ is a solution of
(—0%24+V)$p=0, and a linearly independent one 1 is obtained by solving the
Wronskian equation ¢ -0, — 0,4 - =1. The result is

~ 1 x 2
P0= 5 1902y

=(tx* 'u-xF L O(xET) !

S ueyE 0 ) dy
=(x* ' u-xE o) 7!

S @y 2 4 2tu - y+ 0(y*))dy

2
=(x* T u-xE 4 O(xE ) ! -(ﬁx2"21+v+0(x2))

_ t
T 2-21
which shows at the same time that no logarithmic terms appear and that (4.51)
holds with other constants instead of ¢, u, and with [ replaced by /—1.
However, the formula also shows that approximating the recessive solution at
x=0 of (— 82+ V)$ =0 amounts to letting t—0, thereby choosing v of order t. But

this is the same as approximating the recessive solution at x =0 of (6% + V)¢ =0. So
2_ 1

any sequence of rational Darboux transformations starting at 5 % can be
X

3 - v — 1
x? '+;x L0t as x—0,
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replaced, with the same final result, by first performing a sequence of Darboux
transformations using only recessive solutions at x =0, and then a sequence using
only dominant solutions at x=0. Because the recessive solutions of

$?-1 N . .
(—8§+ o 4>¢ are equal to ¢(x)=const-x**¥, it leads again to a Bessel

. L% .
potential V(x)= 2 * with ¥ =% +1. This proves the first two statements of
the proposition.

Remark. In terms of (4.47), the potentials V described in the first two sentences of
Proposition 4.3 satisfy L=1+2u, where u denotes the number of parameters in the
family.

Starting at the Bessel potentials (L=1), the solution of (82 + V)¢ =0 which is
recessive at x =0 is dominant at x =00. Performing the Darboux transformation
with this solution leads to (L, L) ---> (L+ 1, L+ 1). The solution which is recessive
at oo, is dominant at 0: (L, L)---» (L—1, L—1). All other solutions (the generic
ones) are dominant at both x=00 and at x=0: (L,L)---> (L+1,L—1).

Because each of the recessive solutions (at x=0 or at x=o00) can be
approximated with dominant ones, it follows that both (L+1,L+1) and
(L—1,L—1) can be approximated by the (L+1,L—1) potentials. This will be
denoted by the arrows (L+1,L—-1)— (L+1,L+1) and
(L+1,L—1)— (L—1,L-1).

Atan (L, [)-potential which is obtained by applying a Darboux transformation
with a solution ¢, of the previous equation, which is dominant at both x = co and
at x=0, we get that ¢ ! is a solution of the equation at hand, which is recessive at
both x=0c0 and at x=0. So from such (L,l) we have only the Darboux
transformations (L, l) ---» (L—1, [+ 1) if one uses the doubly recessive solution, or
(L,l)---» (L+1,I—1) in all other cases, because all other solutions are doubly
dominant.

Because (L,l)— (L,l1+2), respectively (L,l)— (L—2,]) transfers under
L,h---> (L+1,1-1) to (L+1,I-1)— (L+1,1+1), respectively
(L+1,I-1)— (L—1,1—1), we get the following diagram:

2 9
(V(x)~2_z/L for x—=0) //
X 6,6 @
71N
s ~\
55 ol Mo p=
el “\
] L4 e Ne ® =2
4 \\ AN AN
33 o’ o ~o N =3
//T\\ N N 1\\
22 @ ° ° ° =
AT R < < AN
1,1 O o o o o i Mo =5
AN RN N ~ ! =6
° ° e . e Ne °
0,0 2,0 4,0 6,0 8,0 10,0 12,0
-Y
L (Vix) ~ le‘for X— o)

Diagram 4-1
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The limiting relations — give two connected components: the (L, ) with Land

Iboth even, connected with — % . ;15 ,and the (L, ) with Land [ both odd, connected

with % . xii These are denoted by closed, respectively open, dots in the diagram. A

rational Darboux transformation interchanges the two components. Note that if
we allow translations in the x-variables, then the limiting relations are enriched. If
the pole of ¥, around which the eigenfunctions are not single-valued, runs to oo,
one arrives at limiting potentials ¥ for which all eigenfunctions are meromorphic
and the common eigenspace Ker(—02+ V—A)nKer(B— 0) is two-dimensional,
s0 V(x)=v(v+1)/(x—a)* for some veZ, aeC. In order to actually get these,
one can make a translation which shifts one of the p e £ to the origin and then let
all the other poles run to oo by applying a homothety x — & - x. This leads to V(x)
=v,(v,+1)/x*. In the procedure of (4.51), v, becomes maximal if, after the first step,
we take ¢ to be recessive at p at each next step leading to v, = . So v(v + 1)/x? can be
obtained as a limit of translated potentials of Diagram 4.1 with L=2vor L=2v+ 1.
For another refinement of Diagram 4.1, see Sect. 7.5.

5. The Even Potentials Work Too

We now turn to the question of whether the non-zero eigenfunctions ¢(x, k) of
— 024 V(x), with V as in (4.45), (4.46), actually do satisfy a differential equation
(B(k, 0,) — ©(x))¢p =0 of positive order.
According to Proposition 4.3 we may assume that V is obtained from
2_1
Q"_‘/‘)Z_‘t_ by u Darboux transformations, at each step using an eigenfunction for

(I+p)?—%

the eigenvalue 0 which is dominant at x =0. It will be convenient to view >
X

2_ 1

. PP—z . . .
as obtained from 2 * by u Darboux transformations, defined by eigenfunctions

for the eigenvalue O which are recessive at x=0. Therefore, we can write
P(x, k) =k™ (0, —v3,(x)) o ... 0 (0, —1(x)) - w(kx), (5.1)

where each v,(x) is rational in x, independent of k [ actually of the form
Zvj,(x—xj,)”l] and v is a non-zero solution of

2 12_%
—0y+ )7 —1]-p(»=0. (5.2)

[See (1.35) for the appearance of kx in p.]

This time, in contrast to the rational KdV case, e~ **¢(x, k) is not a rational
function of x. Instead, at each step working away a second order derivative acting
on y in (5.1), using (5.2), we get that ¢ is a linear combination of p(kx) and y’(kx):

Plx, k)=a(x, k) - p(kx) + B°(x, k) - y'(kx), (5.3)

where the coefficients «°(x, k), B°(x, k) are rational functions of x (and polynomials

1 Lo . . .
in §> . The coefficients in such a representation are uniquely determined because of
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Lemma 5.1. y(y) and 0,y(y) are linearly independent over the field of rational
functions of y.

Yy
Proof. If 0,p(y)=R(y)y(y) for a rational function R, then y(y)=exp | R(z)dz,
combined with the asymptotics for y—oo as treated in Sect. 3, gives us p(y)
~c,-e?oryp(y)~c_-e ¥ as y—oo in suitable sectors (c, constants). It follows
that R(y)~ +i+ Y ¢,y *as y— oo, which in turn implies that vy is single-valued.
k=2

But for (5.2) the monodromy has — 1 as its only eigenvalue. This is a contradiction.
As we have seen in the proof of Proposition 4.3, v,(x) = 0,4;(x)/¢,(x) is an odd
function of x. Here (—d3+ Vj(x))$;=0, V; is an intermediate potential in the
sequence of Darboux transformations. Since a°(x, k), respectively B°(x, k), arise
from the terms with an even, respectively odd, number of d,’s in (5.1), we get

«? is an even function of x and k, o°(x,k)=1+0(x"%) as x—o0, 54
B° is an odd function of x and k, B°(x,k)=0(x"1) as x—oo0.

Our next step is to write
AHAB(x, ky=o(x, k) - p(kx) + B(x, k) - w'(kx), (5.5)

where the o/, p/ are recursively determined by

2

_'l . . . .
°‘j+l=ak°‘j_x'ﬂj+lk2x4 B, ﬁJH:akﬁJ‘{‘x'“J, jz0, (5.6)

By induction onj it follows that «/(x, k), f/(x, k) are rational in x and polynomial in
k. Furthermore, x > a/(x, k) is even and x > p(x, k) is odd. [Also: o/(x, —k)

=(—=DolCx, k), pi(x, —k)=(— 1" p(x, k).]

Lemma 5.2. For every even polynomial © of degree m there are unique Bk),
j=m,m—1,...,0, such that

E‘,Bj(k)-ocj(x,k)-—@(x).oco(x,k)—)O as x—o, (5.7)
j=o

and
iBj(k)-Bj(x,k)—@(x)-ﬁo(x,k)—»o as x—o. (5.8)
=0

1
The B(k) are polynomials in % of degree <m—j.

Proof. From (5.6), (5.4) we see by induction over j that
¥ (x, k)~ (=1 -x¥, o Yx,k)=0(x*"%) as x—o00, (5.9)

B k)~ (=1 X BT, k)=0(x*"%) as x—o0.(5.10)
Assumed that the B; for j>2r have been determined such that the left-hand
sides of (5.7), (5.8) are both O(x?") as x— c0. Then in view of (5.9), the condition that
(5.7)is O(x* ™) is a linear inhomogeneous equation for B,,, involving the B; only
for j>2r, and with the coefficient in front of B,, equal to (—1)". On the other hand,
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(5.8) is automatically O(x* ~!) since it is an odd function of x; §/ and 8 being odd
and O being even.

Next assume that the B; for j>2r— 1 have been determined such that the left-
hand sides of (5.7), (5.8) are both O(x* ') as x— 0. Now (5.10) shows that the
condition that (5.8) is O(x*"~2) is a linear inhomogeneous equation for B,,_,
involving the B; only for j>2r—1 and with coefficient in front of B,,_; equal to
(=1)~1. On the other hand, (5.7) is automatically O(x* ~2), since it is an even
function of x: o, &, and @ all being even.

We now investigate the poles on the left-hand side of (5.7), (5.8).

Lemma 5.3. The x — o/(x, k), x — B(x, k) for j =0 can only have poles at the poles
p+0of V.

Proof. Writing 0=(— 02+ V(x)—k?*)¢ as a linear combination of y and v’ with
rational coefficients, and using (5.3), (5.2), we get

)oc +2k- 0.8+ = (12 —)(ﬁ—o— xlf()):o, (5.11)

—02B°+ <V——

From this second order system for <;0
poles at the poles of V. We now have to show that they are regular at x =0 in spite
2 1

2
— 0200+ (V— r-
x?

1
24>ﬁ°—2k-6xo<°=0. (5.12)

0
) it is obvious that «°, f° can only have

. . [ .
of the singularity of the system there. Note, however, that V— —2 is regular at

2 _ 1

x=0 <this is the reason for viewing V as obtained from —= as in the beginning of

0 xﬁo

this section), so the only problem is the term — —
X

in (5.11). Write

a®(x, k)= ¥ af(x)k~%, ocg(x)zl, (5.13)
jz0
Box, k)= X Bk~ 1, (5.14)
jz0

Then (5.11), respectively (5.12), read

2_ 1

0
—aia;?+<V—l >oc +20,B% +2(7— 1)<ﬂf 1-%) =0, (5.15)

Keeping in mind that o}, ;(0) =0, $, ,(c0) =0, (5.15) determines ﬂﬁ , given o
and /3} 1» whereas (5.16) determines o, glven B;- So startmg with ad =1, these
equations can be used to determine all the of, 9 and thereby «°, °. If now f_, is
regular at x=0 then, because it is odd as a function of x, it can be written as

¢+ x+ 0(x*). Because cx_3x — (cx)

1
: 24>/3§’—2axaj?+1=0. (5.16)

=0, we read off from (5.15) that 7, , is regular

at x=01if o and B7_, are regular at x=0. Because it is obvious from (5.16) that
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o), is regular at x =0 if f7 is regular at x 0, by induction we get that a?, 9 are
regular at x=0 for all j, proving that «°, ° are regular at x=0.

That o/, B can only have poles at the poles p#0 of ¥V now follows from the
inductive formulae in (5.6). Observe that x ~ !/ is regular at x =0 if 5/ is regular at
x=0, because B is odd in x, so necessarily has a zero at x=0 then.

Theorem 5.4. Let V be as in (4.45), (4.46). The non-zero eigenfunctions ¢(x, k) in
(5.1) satisfy an equation of the form B(k, 0,)d(x, k)= O(x)¢(x, k), if and only if the
polynomial @ is even and satisfies

O™ Y(p)=0 forall 1<j<v,, foreachpole peC\{0} of V. (5.17)

Proof. The necessity is proved in the same way as the necessity of (3.34) in Theorem
3.5. Also the sufficiency can be proved along the same pattern as in the proof of
Theorem 3.5, but for this more explanation is needed.

Let a(x, k), respectively B(x, k), be the left-hand side of (5.7), respectively (5.8).
From (5.11), (5.12) it follows that «°, 8° have poles of order < v, at the poles p=+0 of
V, and from (5.6) we see that the same is true for o/, # for all j>0. Now (5.7), (5.8)
and Lemma 5.3 can be combined into the statement that

(v )= £ F o, 00 (=0 7, (5.18)
Bxki= 55 B0+ (xpy . (5.19)

From Proposition 3.3 we know that
0¥ [(x—p)? - P(x,k)],=,=0 for 15j<v,, pe?. (5.20)
This remains true if ¢ is replaced by (B(k, d,) — ©(x))¢, assuming that @ satisfies
(5.17). Here we take B(k, 0,) = io B,(k)d], with B,(k) as in Lemma 5.2. It follows
i=

that )
aij— 1 [(X _p)Vp . {a(x, k) . w(kx) + ﬁ(x, k) : w/(kx)}]x=p =0

for 15j<v,, pe?. (5.21)
Expanding v, respectively y’, at x=p, and inserting (5.18), (5.19), we get
2j—1 21 1-r .
Z otp, (k) - ﬁ'wm_l_')(kp)
2j—1-r .
+Bp.r(k) 'm'w(zf")(kp)=0 if 2j—1<v,, j=1, (522
and
2j—1-r
0= Z o, (K) - Gi—1=ni 1 kp)
k2i-t-r ; )
+ Bp,r(k) . mw(ZJ_r)(kp) + O(kzj— 1= VP) times

o, #(K) - wO(kp) or By (k) - pO(kp),
with g,g+p, if 2j—12v,, Jj<v,. (5.23)
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Now one gets by induction over ¢, from (5.2):
w2(y)= (( —1y+0 (55)) p()+0 (;—3> v, (5:24)
o2 0=0(1) o+ (rvo(L)Jwor. 29
where the order symbols represent polynomials in % and the asymptotics is for

y— 0. Inserting this in (5.22), (5.23), which we multiply by k*»~%/.(—1)/, and
where we substitute

Uy 5 KPP TITH(=1)T =y, } (5.26)
ﬁp,?,t—l'kvp——l—(m_l)(-I)Utz'yp,Zt—l
and
ap’%_l.kvpﬂ—(zt—l)(_1)*’=5p,2,_1} (527)
Bpae k7= 1) =8, ) '
to get

vp—1 1 1 . ,
( 2 G—iont 0+ (E) ‘ ( 5)) v'(kp)
vp—1 1 l y
i < 2 @—1=n1 o0 +0: <%> : ( 5)) p(kp)=0 (5.28)

. 1 .
for 1 £j<v,, pe 2. Here we have used the convention that i =01ifu<0, and by

».j Where

k) \o
0<j=<v,—1 and p runs through 2, with coefficients which are polynomials in %
without constant term.

The point now is that if we apply Lemma 5.1 to the left-hand side of (5.28) as a
function of k, the fact that y, ,,d, , are rational functions of k implies that (5.28)
gives twice the number of original equations:

vp—l 1 l y B
,;, 2j—1—r)! VP"(k)J“Ol(E) (5) =0,

1—
vp_ ! 1 VAR
2 j=1=n 0T 0 (E) (a) =0

for 15jsv, pe?.
There are now as many equations as unknowns, y,, ,, 6, ,, which can be written
in the form .

(o +Bk)e=0, Hk)=0 <~> as k—oo. (5.30)

1 S .
0<—>-(y) we mean an expression which is linear in the y, ;0

(5.29)

k

. A . . .
Here ¢ is the vector of all y,, ,, 0, ,. &/ = < 0 3) with A4 as in (3.45). Because 4 is
invertible [cf. (3.44), (3.46)], « is invertible, o/ + (k) is invertible for large |k|, so
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e¢=0for large |k|. But this implies that (B(k, 0,) — ©(x))#(k, x) =0 for large |k|, hence
for all k by analytic continuation.

The same observations that follow Theorem 3.5 apply here. For a given non-
zero family ¢(x, k) of eigenfunctions of L= — 02 + V(x), the operators B(k, 0,) such
that B(k, 0,)¢ = O(x)¢ for some O form a commutative algebra %, isomorphic
to the algebra 4, of even polynomials © satisfying (5.17) by the map B+ ©. % is
also equal to the space of all B= B(k, 0,) which commute with a given B, € %, of
positive degree.

Furthermore, every potential V asin (4.45)-(4.46) with v, > 1 for some p € # can
be approximated by a potential ¥ of the same class but w1th v, = 1forallpoles p+0
of V. The limit of #; as V-V is equal to the set of even polynomlals O such that
0Y(p)=0for 1<j<3v,(v,+1) for all poles p+0 of ¥ and is strictly smaller than
ABy. In particular, 4, has elements of smaller positive degree than the % or

lim %y. Introducing the analogue of the Adler-Moser polynomial [see (7.2.2)]:
7-v

0(x)= TT (x—p)**etr*? (5.31)
peP
or, using that 0 is even, the simpler one
n(y)={ H} (y=p*)F et 00x)=n(x?), (5.32)
p, —ps»
pe?

the potentials V for which v, > 1 for some p € 2 form a hypersurface, determined by
reading the discriminant equation for the polynomial #.

If v,=1 for all pe 2, then, writing L=14 2y, there are 2u(l+ y) poles. This
makes the minimal degree of a non-constant @ equal to 2u(l+p)+2
=3L*>—31*+2.1f v,>1 for some p e 2, then this minimal degree is smaller; see
Sects. 7.2 and 7.5 for examples.

. . c
Finally, we make some remarks on the Bessel potentials V(x)= —. Because
X

x? € By, By contains all the even polynomials. The only cases when %y, is larger,
that is, for which there exist B*(k, ), © such that B*(k, 0,)¢= = O(x)$% and B~ is
not conjugate to B* by a function of k, occur when ¢ =v(v+ 1) for some ve Z ;. In
this case %y, ={0; @?~Y(0)=0 for 1<j<v}. The larger v, the higher degree
© € By, must be in order that it not be an even polynomial. ©(x)=x*"*1 is the
lowest possible case. For the operator B see (7.4.14).

6. V(o0)= oo is the Airy Case

Now assume that (ad L)"*1(©)=0 for a non-constant @, and that V(o0)=

Lemma 6.1. V(x)~a-x+p as x—oo for some o, f€C, a+0.

Proof. The coefficient of ¢ in (ad(02—V))"*}(®) is a sum of terms of the form
Ov TT(VW)-, 6.1)

with non-negative integer coefficients, where

k=2 k;=degree in V disregarding derivatives <(m+1—})/2 (6.2)
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and

A=I+ 3 k;l;=total number of derivatives on 6,V

=2(m+1)—j—2x. (6.3)

The proof is obtained by observing that (ad (62— V))"* ! =(add2—ad V)"*!, and
can be written as a sum of compositions

...o(—ad V)"0 (ad02)™ o (—ad V)™ o (ad 02)™. 6.4
Then use the rules
[02, a(x)dL]=2a'(x)0S ' +a"(x)0], (6.5)
—[V, a(x)0}]=a(x)- ZJZ (Jl) VO (6.6)
i=1

Because ad 02 increases the order by <1and —ad V lowers it, we need, in order to
get a non-zero contribution, that m, <my, m, Sm; —m, +ms, mg<m,; —m,+my
—my +ms, etc. More precisely, (6.4) applied to © is a sum of terms of order (in d,)
Jé Z Moga — Z Meyen- NOtlng that

Zmodd + Z Meyen =M + 1 s Z Meyen =K, (67)

(6.2) follows.
To see (6.3), note that (6.5) implies that if ad 92 is applied (increasing m by 1) then
k does not change, whereas A is increased by 2 if j stays the same, and increased by
1if jisincreased by 1. On the other hand, applying —ad V (again increasing m by 1)
increases k by 1, A by i if j is decreased by i. In both cases (6.3) is preserved.
Next observe that @ is a polynomial, so (6.1) can only be non-zero if /< deg®.
Furthermore, the rationality of ¥ allows us to write

V)~ Vou(x)+ X c_,x" for x—oco with ¥, a polynomial,
rz1
which we assume to be of degree = 2. (6.8)

Using that the derivative of a constant is zero (and not a function of order x ~ 1) we
get that (6.1) has growth order (for x— o0) equal to

t=degO+x-degV,,—4
iff I<deg®, [;<degl,, foralli, 6.9)
and lower order in all other cases. Moreover, the coefficient of x° in the expansion
for x— oo is equal to a positive integer times the highest order coefficient of @ times
the k™ power of the highest order coefficient of V. By making a substitution of
variables x=const-X, A=const-4, one can arrange that the highest order

coefficient of V is equal to 1. Using (6.3) we see that t=deg® —2(m+1)+j
+ K- (degV,, +2), so if degV,,;>2, then 7 is maximal if we choose x maximal.

. m
If m is even, we take j=1, k= 5 and we see that

add?o(—adV)o...oadd?o(—adV)oado¥(@) (6.10)
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gives a term @’- (V)2 in front of 4, in (ad(8?— V))"*(®) which has leading
growth order as x—oo and is not compensated by other terms, so we get a
contradiction with (ad L)"*(©)=0.

. 1
If m is odd, we take j=0, k= m and we see that

2
(—adV)o...oadd%o(—adV)oadX(6) (6.11)

m—1
gives a term @'-(V®) 2 V', which is not compensated and again we get a
contradiction. The lemma is proved. N
By a substitution of variables x =const - X + const, A =const - 4, we can arrange
that
Vx)~x+ X V.-x™" as x—o00. (6.12)
r=2
(That V,x~* does not occur follows from the rationality of | V.) x=o00 is an
irregular singular point for (— 02+ V(x) — A)¢ =0, this time with the leading term
independent of 1. Define the sectors
ST ={xeC; |x| large, e<3argx<m—e¢},
{ |x| large, ¢ <3arg } 6.13)
S~ ={xeC; |x| large, —n+e<3argx< —¢}.

Then there are unique solutions x — ¢*(x, 1) of (L— A)¢ =0 with the asymptotic
expansion

¢i(x, /'L)Nei(gxl*/l—lxlﬂ)‘x—l/:t Z d,i(i)x*’/z

rz0

as x—oo inS*, df=I1, (6.14)

the expansion actually being valid in larger overlapping sectors in the usual way.
A by now familiar application of Lemma 1.3 leads to the existence of unique
AZ(A), s=0,...,m such that

AF(,0)6%(x,2) =, éo AF(D034* (x, )= 0(x) - $*(x, 4). (6.15)

It follows immediately from (6.14), (6.15) that m is even and deg® =m/2.
Lemma 6.2. A*(1,0,)=A4"(4,0,).

Proof. Indeed, for one choice of the square root of x in the asymptotic ex-
pansion (6.14) the coefficients are uniquely determined from the equation
(— 024 V(x)— A)¢ =0. Then the single-valuedness of V shows that substituting the
other square root one again obtains a formal expansion which satisfies the same
equation. This shows that

d; (A=(=1ydS(A). (6.16)
On the other hand, (6.14), (6.15) lead to

+s+j
> Aqam(z)(q 7
JsS

S
0
0=s=m

. m/2
) (FIP-BdF D= X 6, dh (). (617)
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These equations for g=m,m—1,...,0 determine the AJ-J—r for j=m,m—1,...,0
successively.

Now changing the sign in + amounts to multiplication by (— 1)? on the right-
hand side and the same is true for each coefficient following the A, ;. ; on the left-
hand side. So it follows by downward induction that A =A4; for
j=m,m—1,...,0.

From now on write A(4,0,)=A4%(4,0,). A somewhat closer look at the
recurrent relations for the coefficients d*(4) in (6.14), which come from
(— 02+ V(x)— A)$;=0, shows that the d;*(1) are polynomials in A (of degree <2r).
It then follows from (6.17) that the coefficients of A are polynomials in 4 as well. So
this time the spaces &, of germs at (x, ) of common solution ¢ of (L—A)¢=0,
(A—0(x))¢ =0 define a holomorphic complex two-dimensional vector bundle &
over (C\{poles of V}) x C. The analytic continuation of solutions defines a flat
holomorphic connection in &. As in the even case, (4.18)4.33), we get for
peKer(L—21)nKer(4—0):

B(x, A) _ #(x, 4) B a(x,2) b(x, 1)
a*(axqﬁ(x,x))"Q("’”(axqs(x,z))’ Q(x’”“(cu,z) d(x,»)’ @18)

where a, b, ¢, d are rational functions of x, satisfying the compatibility equations.

0,P+PQ=0.0+QP, P(x,x)=<v(x())_)~ é) (6.19)

Writing these out, we get this time
oa=c—(V—-2A)b, ob=d—a,
0,c=—14+V—-AN)(a—-d), 0d,d=V—-Ab—c.

One can write Q(x, A)=0,P(x,A)o B(x, )" !, where ®(x, 1) is the fundamental
solution

(6.20)

(6.21)

o0 ,1):( 4 (2) g (D) >

085 (x,4) 085 (x,2)

From (6.14) we see that det &(x, A)— —2 as x— o0, and because x > det P(x, 1)
is constant (trace P=0):

detd(x, )= —2. (6.22)

So a+d=TrQ(x,)=0,detP(x, 1)/detP(x, A)=0. Inserting this in (6.20) then
leads to the differential equation

—303b+2(V(x)—2)-8,b+0,V-b+1=0. (6.23)
From Q(x, A)=0,®(x, A)o &(x,A)”* one also sees that
b(x, )= —3(—0,4] -¢; +0,0; -¢;)>—1 as x—o0, (6.24)
again using (6.14). So we can write

b(x, )~ —14+ > b(A)x™* as x—o0, (6.25)
s21
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the series actually being convergent because of the rationality of x > b(x, A).
Substituting (6.25), (6.12) in (6.23) and collecting the coefficients of x ™!, we get
(2o—1)-b,=24-b,_(6—1)+3(c—3)(c—2)(c—1)b,_;
— > Vb, QRQo—r=2)+(@—1V,_, forall o=1. (6.26)
rz2

Now suppose that V, =0 for some r =2, let r, be the smallest such r. It follows
that b,=0 for 6 <r,, and b, ., ,; is a polynomial in 4 of degree j with non-zero
coefficient in front of A/,

Now from (6.23) we see that b can only have poles at the poles of V, which do
not depend on A. So the rational function x — b(x, 1) can be written as b(x, )+ 1
= A(x, A)/B(x), where x> A(x,4) is a polynomial and B is a polynomial not
dependent on A. However, A(x,2)=B(x)- Z by(A)x~* shows that the (finitely

many) coefficients of the polynomial x A(x A) are linearly dependent on only
finitely many of the b(4), so the coefficients of x > A(x, 4) are polynomials in A,
with a finite maximal degree. This is in contradiction with the appearance of
arbitrary high powers of A in the coefficients of the expansion of A(x, A)/B(x) for
x— 00. The conclusion is that ¥,=0 for all »>2, and we have proved:

Theorem 6.3. If (adLY"*Y(@)=0 for a non-constant @, V(c0)=co, then V(x)
=oax+f for some constants o, (the Airy potential ).

Because we have seen that in the Airy case there is a second order equation
A(4, 3,)¢ = O(x) - ¢ with O(x) =x, cf. (1.36), we get that in this case the algebra %,
of allowed @’s consists of all polynomials @. The operator 4 corresponding to @ is

then equal to @ <oc6§ + g -ﬁcx).

7. Some Illustrative Examples

The purpose of this section is to display a number of examples of the theory
presented so far, as well as to illuminate some points that have received only
limited attention in the general treatment.

Most of these computations have been carried out with the assistance of
Vaxima — a symbol manipulator at Berkeley. The help of the computer in this
regard has been significant: both in providing an independent check on some of
the results obtained by pure thought, as well as in producing a mass of
“experimental data” which motivated and guided the development of the theory.

It is important to realize that, even for the computer, most computations are
impossible. For example, with Vaxima we were able to solve for all the solutions of
adL"*1(©)=0 for m=4. This provided a good start only because we could
recognize the KdV equation lurking in the background. The same direct approach
for m=6 would be impossible for the computer; however, we present here a
complete analysis of m=6 which uses a very small part of the theory developed
above plus the power of the computer (see Subsect. 7.3).

The examples given below are important because we do not have a general
expression for B(k, 0,) even when the v,=1 for pe Z. In this case the possible &
were given explicitly. An infinite sequence of operators B(k, ;) is given in Sect. 7.4.
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See (7.4.7),(7.4.12),(7.4.13),and (7.4.14). When v, > 1 for some p € # we do not have
a very useful description of all possible @ — except for (3.34) and (5.17) — and we
certainly do not have an explicit expression for the corresponding B(k, d,).

7.1. The KdV Case

7.1.1. The 0 Functions and the Potentials. In Adler and Moser [ 2] the potentials V
obtained from V=0 by v rational Darboux transformations are given by taking
V,= —20%(logh,), and solving 0, from a recursive system of first order differential
equations; see Sect. 7.2 for more details. At each step one integration constant is
added as a parameter in the 0,. Then they prove that the V, are the same (modulo a

translation in x) as the flow-outs of V{%(x)= v(vx-lz— D by the KdV hierarchy, and

that the time variables of these KAV flows are related to the integration constants
in 6, by some birational transformation.

An explicit formula expressing 6, directly in terms of the time variables of the
KdV-flows has been found by Sato, see Date et al. [7], Segal and Wilson [23], or
Kac [16, Chap. 14, exercises]. The recipe is to consider the character

_ det((ej)zf_1)1 <i, j=v
det((¢)' D1 <i j<v

of the irreducible representation of GL(v,C) characterized by the partition
[1,2,...,v] of $v(v+1), as a function of the

x(9)

(7.1.1)

p;=trace (gi) = '21 (Sj)i .
j=

Here ¢4, ..., ¢, denote the eigenvalues of g € GL(v, €). It turns out that y depends
only on the p,;_,; with 1 £j<v.Itis a weighted homogeneous polynomial of degree
$v(v+1)in these variables if we give p,;_, the weight 2j — 1. Putting p; = x one gets
0, and p,;_, is the time variable for the (j—1)* KdV-flow, 2<j<v. (One may
consider translation in x as the 0"t KdV-flow; this has to be added to get the full
family of rational KdV potentials.)

The first few 8’s are given by (up to a multiplicative constant):

0o=1, 0;=x (x=p;), 0,=x"—ps,
03 =x%~5p3x>+9psx—5p3,
0,=x—15p3x7 +63psx® —225p,x> +315p3psx* — 175p3x +225p,p, — 189p2,
Os=x"—35p3x'%2+252psx*° +175p2x° —2025p,x8 +945p,psx”
+11025pgx® —1225p3x° — 14175p,p,x° — 11907p2x>
+33075p3psx* —55125p3pox> +42525psp,x> — 12250p%x>
+70875p3p,x* —59535p;3p2x* +99225pspox —91125p2x
—11025p3psx — 55125p2po +85050ppsp, — 35721 p3 +6125p3.

The difference between this function and the one that would be obtained from the
Adler and Moser [2] method, as slightly modified in Ablowitz and Airault [1], is
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given by
—1225p30,.

Applying the Adler-Moser recipe to obtain the potentials from the “theta-
functions,” i.e., the expression

6
V(x)=— a ~—logh,
one obtains

Vo(x)=0,

2
Vi(x)= X2’

6x*+12p;x  6x*+12p,x
Vo(x)= = ’

2( ) (x3 _p3)2 9%()6)

12x10 —324psx® +450p3x* —300p3x + 1623

Vi(x)= 62
3(x)

We stop here since the numerator in V,(x) would already take seven lines.

7.1.2. The Operators B* (k, 0,) and the Functions ©(x), ¢*(x, k). We will exhibit

here the results of picking @(x) according to the recipe [cf. (3.34)]
®’'(x)=const - 0(x),

and computing the operator B*(k,d,) corresponding to ¢ (x, k) according to

Lemma 2.1. This recipe gives the minimal positive degree for B(k, ) if every zero of

6(x) is simple, i.e., v,=1, and this happens for generic values of the parameters.
In all these examples we have

9<x— %, P3— ﬁ, --whdﬂ“%ﬁdﬁ)
¢+(X, k)zeixk G(X) ’

an exact expression which was useful in our computations, see Date et al. [7] and
Segal and Wilson [23]. Compare also (3.28)".

2
(a) From 0,=x%—p; we get @,(x)=x*—4p;x,and B* (k, 0,) = <—6,f + k6—2>

+4ip,0, [compare (1.40)].
(b) From 05 we get

(7.1.2)

63 35
O;(x)=x"+ ~2‘!’5362 —35p3x— z‘psx4 )

and B*(k,d,) is

L
X A A )
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Notice that in these two cases we can associate to each term in ® a monomial in
B*(k, d,). This gets more complicated in the next example.
(c) From 6, we get

165 231 2475
@4=x“—7p3x8+7p5x6~ 2 p7x* 4+ 1155p;psx?

1925

5 P3X” = (2079p5 —2475p3p7)x,

and the operator B*(k, d,) is given by

(= a-)a-ga-i)(amg)aloey)
(o) (eer ) (e 1) (23)

165

56 336 840 7560 25200 3528
g p3(6k kza +?63—F8j“+ 5 c?,f—— & 0k+ 8 >
231 30 120 270 360
— > —Ds <5k — 4+ 7(76,? 6k k5 6k>
2475 24 6 6
- P (6? 20 62 —0 > +1 155p3p51<6k 2 O+ k3>

2 1925 2
+17325ip3 (—— k—“ak + F) - Tpg ( -+ F) +(2079p3 —2475p,3p-)id, .

In contrast with the examples given earlier, the term in B* with coefficient p3
cannot be paired to any term in O,.

7.2. The Even Case
We present the first few examples in this family.

7.2.1. The 0 Functions and the Potentials. The Darboux transformation from one
potential to a new family of potentials requires the introduction, at stage k, of an
eigenfunction ¢, with eigenvalue equal to zero.

Adler and Moser noticed that setting

9k+ 1
¢k_ Qk s
the desired recursion relation among the successive ¢, can then be written as
O+ 10k 1— Ok 10k =2k + 1)91%- (7.2.1)

They further noticed that the rational solutions of KdV are obtained if one starts
with 0,=1, 0,(x)=x, and then puts V(x)= —2(log6,)”. We have found that the
same idea can be applied in the even case. If one puts 6, = 1, 0, (x) = x'/?, and makes
one more change [see (7.2.2) below], we get 0, =1, 0, =x'/?, 0, =x?+t,. Another
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application of the recursion relation (7.2.1) with t,40 would produce a
logarithmic term which in turn would produce [see (7.2.2)], a nonrational
potential V(x). Therefore, we restrict ¢, to be zero and pick a new integration
constant ¢,:

3
03 = nglz + tle/z 5

15 ¢ 15,
b=+
Now setting both t; =t,=0, we get

| 525x252 350,x132 x0Tk

5
x*+itaxr— <63,

2

Os= 03t 3 4 3
and finally
g 33075x'° N 198456,x'2  9456,x'°  15t5x%  22053x°
57 262144 2048 256 32 32
63t3t,x* , 9x* 493
- 4 + t3t5x - 5 — T .

Setting some ;=0 amounts to taking a step of the Darboux transformation
with a recessive solution, while allowing ¢;#0 makes use of a dominant one.

Thus the method here is exactly the same as that described in Sect. 4.

Once the “theta functions” are obtained, one can adapt the Adler-Moser recipe
to produce the corresponding potentials, with only one modification: the addition

1
of the term — —. More explicitly, the potentials will be computed by

4x*’
V(x)—-—i—2a—210 0 (7.2.2)
T T g o O o
The first few examples follow:
1 3 1 4(x*—1)
Vo(x)= — 4x2’ Vi(x)= 4x2’ Va(x)=— ax2 m,
1 72x*(x*—4t,)
A A

1
Vo)== g3 +16(225x" —~9000,x"* —~ 156015x" + 1560013 +9601,13x*
+25613x2 4 1440063x2 + 64013t 3)/(15x8 + 1201 ,x* + 32t ,x2 — 80¢3)?,
1 1
Va()= = g + 27 +72x°(826875x7° ~21168000t3x"* ~96768001,x'

203212800628 + 20643840151, x5 -+ 23592961 2x* + 3211264003 x
+22020096121,)/(1575x "2 + 268801 ,x° + 46081, x* — 14336¢2)?2.
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7.2.2. The Operators B(k,0,) and the Functions ©(x). Here we use the s
described above to exhibit one of the differential operators B(k, ;) predicted by the
general theory. The recipe for @ is, except for a multiplicative constant [cf. (5.17)],

O'(x)=TT(x*—x?)x with x; zeros of 6, x;%0.

This gives, as in Sect. 7.1.2, the minimal positive degree for B(k, d,) if every zero of
0(x) is simple.

Since this time around we do not have a nice exact expression for the
eigenfunctions ¢*(x, k) but, on the other hand, we do have a two-dimensional
common eigenspace, we have used for ¢(x, k) the solution of (— 0%+ V—k*)¢=0
that is recessive at x =0. The computation of B was then carried out with Vaxima
using the readily available Taylor expansion of x ™ /2¢(x, k) (at x =0) up to a high
enough order. More precisely, ¢ can be expressed in terms of Bessel functions and
their derivatives, and then these formulas are used to obtain the Taylor
expansions.

(a) From 0,=x>+1,, we get @,=x*+2t,x*, and

RS , 1
B2(k ak) 4k2 +2t1 _ak“m .

(b) From 0, we get @, =x°+4t,x?, and

Bukoy=( -2+ war,( —a2+
33UV Ug)— k 4k2 2 k 4k2 :

(c) From 6,, we get

0. —x194 40t ,x° N 16t,x*  80t3x>
4 - 5

3 3 3

and for B(k, d,)

63\ 80 1\ 16 15\2
( Ok + 4k2> —3h ( o~ 4k2>+3 <_85+W>

40 [ o 93 93 3861 1629 19575]
k .

+30 G R 0 0+

427k TR T ekt T 4k TR T e
(d) From 05, we get

14336 512 448
Os=x1"— 5 ¥+ ot + ot

and for B(k, d,)

62-{- 99 7 14336 a 3 _’5-1—%t _aZ_l_ﬁ 3 +ﬁ’_8~t
Crae) T s B\ Tt g) s e T g 50
[58__ oot 306 55 7965, 1845, 1395, 70335 3856545]

4 3_ 2
2 Ok Ok = g O+ 5 Ok 1gpe O~ g Ot 508
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7.3. The Cases m<6 (V(0)=0)

Here we give an account of a computer assisted approach to determine those V(x)
such that B(k, d,)@(x, k) = O(x)¢(x, k) with m=order B<6.

The cases m=1, 2, 3 have been handled in Sect. 1, so we only look at m=4, 5,6
here.

We use the notation of (2.4), (2.5), (2.20), (2.21), (2.22), so that

Vix)= Y Vx™, 0= % 6x,
122 +=0
and

B(k,o)= 3 B,k)L.

p=-o

We consider solving (2.22) for all values of g <m, including negative values, and the
sum for B is only formal. Using the relation

P/
V=<@,>, degp<4, degO=6,

one rules out ¥, =0and concludes that once 8,, 1 £r < 6,and V},2 <[ < 6, are found,
then P(x) and thus V(x) are determined.
The bulk of the work consists of exploiting the equations resulting from

B,(k)=0,p=—1, —-2,..., =5, needed to make B into a differential operator.
For an illustration, from B_,(k)=0 we get
0. V,+0,Vs+ ... +04V,=0, (7.3.1)
60,(V,Vs—5Vs+ ViV,)+05(6V,V,—20V, +3V5)
+3(V,—2)(260,V;—0,V,)=0, (7.3.2)
V,—6)(V,—2)(3V306+ V,05)=0. (7.3.3)

The equations from B_,(k)=0 are already too messy to give here. They can be
used to prove the following:

Lemma 7.3.1. The linear homogeneous equations in 64, ..., 04 arising from B_ (k)
=B _,(k)=0 have a non-trivial solution if and only if

@V =3V (=) (V,—6)(V, =) (V. —3)=0. (7.3.4)

This shows that there are five cases to consider. In each case we use B_ ,(k),
p=23,4,5. The summary below ignores the instances V(x)=a/(x —b)?, i.e. a Bessel
potential.

I. Only the first factor in (7.3.4) vanishes: this leads to the potential V;(x)
in Sect. 7.1.1 with p;=s>, ps=s°.
II. V,=2: gives nothing (i.c. only a Bessel potential).
III. V,=6: leads to V,(x) in Sect. 7.1.1.
IV. V,=12: leads to V,(x) in Sect. 7.2.1.
V. V,=3%: leads to V;(x) in Sect. 7.2.1.
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7.4. One Step from Bessel

In this section we will exhibit, for each meZ.,, m=6, a potential ¥ and a
corresponding differential equation B(k, 0,)¢ = O(x)¢ of minimal positive order

(1)

equal to m. Let Vy(x)= be the Bessel potential. The eigenfunctions for the

eigenvalue 0 of —02+ 7, are, up to a constant factor, given by
do(x)=t-x'""+x", respectively Po(x)=x'"". (7.4.1)

(For v=% this has to be replaced by ¢-x'/?logx+x'/2, respectively x'/*logx.)
Because
loggo(x)=(1—v)-logx-+log(t+x*""1), (7.42)

we see that ¢o(x)/do(x) is rational if and only if 2v e Z (and ¢ =0 if v=14), which we
assume from now on. Of the two v’s giving rise to the same (v — 1)y, we will choose
the positive one.

Applying the Darboux transformation we get the new potential

V(= Vo)~ 2oggo()y = V20 =D

—2(log(t+x*"1y. (7.4.3)
In the examples in 7.1 and 7.2 we recognize these as the families where all the
parameters, except the one with the highest index, are equal to zero. Assume from
now on that v>3, t40. Then V(x) has 2v— 1 non-zero poles, at the (2v— 1) roots
of —t, and each of them has v,=1, i.e. the coefficient is equal to 2.

Now @, according to Theorem 3.5, respectively 5.4, must have zeros at the

poles, that is,

O'(x)=(t+x*"1) R(x) (7.4.4)
for some polynomial R(x). Furthermore, if v € Z, the derivatives at x=0 of @ of
order 2j—2, 1<j<v—2, all have to vanish, whereas for v¢ Z we have to add the
condition that @ is even. In both cases the R of minimal degree with these
properties is R(x)=const - x, that is, the ©® of minimal degree and with leading
coefficient equal to 1, is equal to

Ox)=x>* 1+ (v+3) -1 x2. (7.4.5)

Note that in the KdV case the order 2v + 1 is lower than one would expect from just
counting the number of equations in (3.34). There are 2v—1+v—2=3v-3
equations for @', so one would expect 3v—2 as the minimal order.
The eigenfunction ¢ (x, k) in (2.4) is given by
Qv—1)x?v~2
t+x*1

(V)

proh= (0" ;” - ), 49

where (y) is the eigenfunction of — for the eigenvalue 1 such that

y?
p(y)~e” as y—»oo, y=kx, xe S;(k) [cf. the remark preceding (1.35).]
From the proof of Lemma 2.1 it is obvious that the unique differential operator
B,(k,8,) such that B¢ =0,4% depends smoothly on ¢, so that we can expand

B(k,0)= 3 BO(k,3,)- 1. (7.4.7)
j=0
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Multiplying the equation Bd=O¢ by t+x>*"! in order to get rid of ¢ in
the denominator, and collecting equal powers of ¢, we get [using that

(1—v)+(2v—1)=v]:
BU~ 1>k< <6x—£)1p(kx)=0 for j>2,
(7.4.8)

(- o5 o e

(7.4.9)

[(B(O)_x2v+ 1);,;<5x— 1x;v> + (B(l)_ <v+ %) x2> xz:k— (a — —)] w(kx)=0,

(7.4.10)

2v—1

v) w(kx)+ B9~

© _— xlv—l y
(B —x )T<8x—;>zp(kx)=0. (74.11)

Observing the asymptotics for x— oo in (7.4.11), we get that B has order
2v+ 1. Then from (7.4.10) that B‘*) has order 2, from (7.4.9) that B*® =0 and finally
from (7.4.8) by induction on j that BY =0 for j>2.

1 1—- . . .
Recognizing * xv> w(kx) as the eigenfunction for the potential

(v—2)(v—1)/x?, obtained from ¥, by using ¢,(x)=x'"", we see from (1.35) that

necessarily
BY(k, 0,) = <v—— %) : (-a,% + %#) (7.4.12)

1 .
On the other hand, %<6x— %) w(kx) is the eigenfunction for the potential

v(v+ 1)/x?, obtained from V, by using ¢o(x) =x2 Soifve$+Z. o, that is, we are in
the even case, 2v+1 is even and we conclude:

v(iv+1
BO(k, 3)= (—a,%+ (kz )

IfveZ. ,, the rational KdV case, we get

BOXk, ak)=i"‘2”+”'<8k—£>°”'°<ak—%>°9k°<8k+%)"“‘O(aw %)

v+
) if vel+Z.,. (7.4.13)

(7.4.14)
For the proof, divide (7.4.11) by x>** 1. x2¥~1 and observing that, with kx =y, one
has ! 6k~ 0,= p 6x, we have to prove that l 0,— ;) w(y) is an eigenfunction, for

the elgenvalue 1, of the operator

. (2v v 1 1 v
1 @ +1)<ay—;)0...‘3(6),—3}‘)06),0(6},"‘"J;)O...O<ay+;>.
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N o _ Yoo (a2 L_ﬁ> __ -
Now <0y+ y> <0y y)w(y) <5y+y2 2 ()= —u(y). Using that y(y)

=% 0,— v;l 1(»), where y is the eigenfunction, for the eigenvalue 1, of
-2)(v—1
-2+ (~v-~y)¥-—), the result follows by induction on v.

Now Theorems 3.5 and 5.4 show that the © in (7.4.5) and B=B +¢-B®"
according to (7.4.12), (7.4.13), (7.4.14), satisfy (B—O)¢* =¢=, so (7.4.10) has to
hold. Conversely, one can give a direct proof of (7.4.10) by induction on v, which
then yields an independent check on Theorem 3.5, respectively 5.4.

7.5. Two Steps from Bessel: The Cusps

Let V be as in 7.4.3. Applying the recipe following (4.51), the generic element of
Ker(— 0%+ V), modulo a constant factor, is given by

- 2
Po(x)=(t-x*"V+x")"1! -<Ex3_zv+tx2+ 2—\)1_;-1«362”“ +s>, (7.5.1)

where s is the integration constant. The potential obtained from V by the Darboux
transformation defined by ¢, is equal to

700=""2"D slog ey (1.52)
with
E)=x" "2+ Qv+ 1) £ x4 Qv—1) 5 x2 3+ ?{%H. (7.5.3)

We recognize all the families in 7.1, 7.2, with at least two parameters, all of which
except the last two are equal to zero, as being of this form.
Solving &(p)=0, &'(p) =0, we find that & has a multiple zero at x if and only if

2v-1 v—1) 2y+1

T3+t (7:54)

and

p=¢ if veZ., (KdV case),

, . (1.5.5)
respectively p=+4¢ if vei+Z., (even case).

These multiple zeros p can only be triple zeros because they are obtained from
applying a Darboux transformation with a ¢, which is recessive at a pole p==0 of V.
There we had v,=1, so 7,<2. It follows that for the minimal order m of the
differential equation in k we get, if <0,

m<dv—1, respectively m=4v, off the cusp (7.54),

. . 7.5.6
if veZ.,, respectively veidZ.,, (7.56)

m<4v—2 on the cusp (7.5.4), both in the KdV case and in the even case.
(7.5.7)
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We do not have a general formula for the @ and B of minimal order either on or off
the cusps.

But in the cases v=2, v=24% we give these minimal ® and B below. The case
v=2 corresponds to 65 in 7.1 with the parameters p,, ps. The cusp condition reads
in these parameters: p3 = p2. Writing p, =53, ps=s°, the triple pole is situated at
x=s. The corresponding @ and B(k, d,) are:

O(x)=x°—3s2x*— 14s>x> - 95*x2 + 60s°x , (7.5.8)

1
=t BY ol B 8]

— 14is3 [53 78]:2 B+ 7—8]:3] —9s4<—a,%+ %) —60is%3,.  (7.5.9)

The case v=1+ 2 corresponds to ¥, in 7.2 with the parameters t,, t5. The cusp
appears at t,= —3-t2, t;=30-t>. Then

V()= —

1 2 2 6 6
a2 (x+i)/6-1)? " (x—i]/6-1)? " (x+]/2-1)? - (x—)/2-1)*

(7.5.10)
The @ and B of minimal order are:

0 =x® — 562x* + 192132, (7.5.11)

~ 63 L[ . 249 249 2385
_< a"+4/<2> 56t< O = 52 O +7k3a"+112k4>

3 2 1
+192¢ ( Of — 4k2> (7.5.12)

Because of their different behavior, the cusps should be distinguished from the
vertices with 4=2 in Diagram 4-1 in the even case. Adding the cusps leads to a
refined diagram as below. For clarity we only have drawn the potentials obtained
from Bessel by at most two rational Darboux transformations, and we have
deleted the dashed arrows, keeping, however, the arrows which indicate
approximation.

A similar diagram can be drawn in the rational KdV case. In 7.7 the situation is
described for the potentials obtained in <4 steps from V'=0.

.:LLO

Diagram 7.5-1 e8¢
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7.6. The KAV Case with Parameters ps, s, D7

In this section we return to the potential V(x) arising from

0,(x)=x1%—5p,x" +63psx>—225p,x> +315pspsx* —175p3x +225p,p, — 189p3.

In 7.1 we have given, for any value of the parameters (ps, ps, p,) an explicit formula
for an operator B(k, d,) of order eleven such that By = @¢. We now investigate for
which p,, ps, p; one can find an operator of lower order.

Most of the computations up to (7.6.14) were carried out using Vaxima. Most
of those from (7.6.15) on were done directly by hand.

We use the eigenfunction ¢ *(x, k) [see (7.1.2)] and we consider the equation

k“‘( g Ep(k)0£> k™ (x, k)= < E @,x’> ¢*(x,k) (7.6.1)
p=0 r=0

for the unknowns @, and B(k).

The advantage in conjugating B(k,d,) by the function k* is that (7.6.1) is
equivalent to a finite number of conditions: if one multiplies the difference
between both sides of (7.6.1) by e ~** one obtains a polynomial in x of degree 21. The
vanishing of the coefficients of the powers running down from 21 to 10 determine
the operator B(k, d,) and the vanishing of the remaining ten coefficients imposes
relations among the @,. For example, from the coefficient of x° one gets the

relations
0;=-200,0p;,

05=1380,p5s—6600,,p3 —3204p;,
O3=—7000,,p;+(92400 ,p; +2240)ps— 7800 4p3 —300¢p,, (7.6.2)

0, =[—((693000,,ps +25200)p, +478176, , p

+(—181440,p, —378@¢)ps + 45000, op3 + 360 ,p,)/2] .

The analysis of the remaining relations (those from x%, 0<s<7, since x® gives
redundant information) among the @, depends on the possible vanishing of pj.
We first dispose of the case

p3=0 (“two steps from Bessel”). (7.6.3)
Assume first that p5 4 0. Then one can solve all the “remaining relations” to obtain
—200,,p3
@ — 1017 ,
ot
_ 50 0p;
Os= 4ps
_ 2310,,p3— 100, ,p3
6 2 s
2p3 (1.6.3)
6210,ps—24750 ,p3p;— 1500 op3
@4= 4 3 )
Ps
15750 4p5
2= >
Ps

@10(3P3_PZ)=0~
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0,,=0,,=0implies ®,=0 for r= 1, that is, @ is a constant. So the order of the
operator is at least 10. For order 10 we get [see (7.6.3')] the necessary condition

3p5—pi=0 (the “cusp in two steps from Bessel”). (7.6.4)
If we take ps=0, i.c. consider
p3=ps=0, p;+0 (“one step from Bessel”),

then the “remaining relations” give

2475 2025
O(x)=0,, <x“ - —47—p7x4> +0, <x9— OTp7x2> , (7.6.5)

and the order is at least 9. An operator of order 9 is given in Sect. 7.4.

From now on assume that p;=0.

From the coefficient of x” one gets to solve for @, ©,, ®, in terms of the O,,
8 <r=11. Combining with (7.6.2) we get, for example,

0,=—200,0p;,

05=330,,p5+56 027 ~210,p,— 40,2,
D3 D3

@52 _660@11p§+ 138@10p5_—32@8p3 .

The remaining expressions are too long to report here. Since they all give ©,,
1<r<7 as linear combinations of ®,, 8 <r <11, we conclude that the degree of a
nonconstant @ is at least 8. Under the assumption of order 8, that is, @4=0,
=0,,=0, the remaining relations (those from x%, 0<s<5, since x% gives
redundant information) simplify considerably and turn out to force

p;=t/, j=3,5,7, forsome teC. (7.6.6)
J

Conversely, if (7.6.6) holds then all equations can be solved and an operator of
order 8 exists. This confirms Theorem 3.5 neatly: in this case 6 has a 6-fold zero at
x=t:v,=3,and the remaining zeros are simple. So (3.34) represents 3 +4 =7 linear
relations for @', so Theorem 3.5 predicts the existence of a non-constant ©® of
degree 8. When (7.6.6) holds one can also produce operators B(k, d,) of order
higher than eight. We ignore the case (7.6.6) from now on.

We proceed to identify the cases when we have operators of order ten and nine,
with p;#0. Set @,, =0 in the “remaining relations” (from x*, 0<s<5) and
consider first the case

p3=p: (p;=t,j=3,5). (7.6.7)

This gives Og, @4 in terms of @, , and shows that if ® is nonconstant the order is 10.
Moreover, we are forced to choose

p,=pt’ (7.6.8)
with § a solution of
2583 + 5442+ 1928 +104=0. (7.6.9)

This equation has one real root (=~ —0.618).
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When p3 = p3 one can use the first of the “remaining equations” to solve for @y,
and then one sees that all the “remaining equations” reduce to a pair of linear
homogeneous equations for @4, @, namely m;;0,,+m,0,=0, m,,0,,
+m,,0,=0, with

my; = 10(5p3p3 —14p2p3 — 15p3psp3 + 53p3pip, — p3p; —20p3p3 —8pipd).,
my,=9(10p3p3 —48p3p3p3 +48pspip, + 18pSpsp, — Tpé —24p3pi + 3p3°),
myy = 10(14psp3 + 10p3p3 —42p3p3p7 +2p3pip,
—4p3psp,+3paps +16p3pins ),
My, =9(28p3psp3 —41psp3p7 + Sp3p3 + Tp3p, — 19p3p3ps +26p3pt —6p3ps).
For a non-trivial solution of this pair of equations we need
A=(25p3p§—21p3p3 + 105p3psp7 —350p3p3p3 + 15p3p3
+315p3p3p7 — 105pip3p7 —90psp3p, +210p3psp,
+7p2—105p3p8 —Tpi°p3 +p3%)=0. (7.6.10)
Notice that for p; =0 we get 4 =7p%(pl —3p3), and that for py =13, ps=t>, p, = ft’,
we get that 4 =0is equivalent to f=1 or (7.6.9). It is also clear that a solution with

0,,=0 requires
10 Moy =y, =0. (7.6.11)

At this moment we use the weighted homogeneity of 6 in x=p,, p3, ps, p; t0 see
that the equations for ® are equivalent along each complex curve

s (p35°,pss® pss”),  seC\{0}. (7.6.12)

(This corresponds to the homothety x + x - s and therefore is equivalent to the
algebras of ©’s being isomorphic. See the remarks following Proposition 3.6.)

Because we have already disposed of the case p; =0, we may therefore take
p;=1. Then the resultant of Egs. (7.6.11) for p, is given by

(p2— 1)*(p2 +ps + 1)(16807p2 +2855193pS + 166233p2 — 625) =0, (7.6.13)

and for each solution ps of (7.6.13) there is a unique solution p, of (7.6.11) (with
p3=1).

Multiplying p5 with w such that w*®=1 leads to another solution on the same
curve (7.6.12). Equation (7.6.13) turns out to have four real roots for p2 and p3 =1
corresponds to (7.6.6). So apart from p; =ps =0, p;+0 and (7.6.6), there are three
more curves (7.6.12) along which there is an operator of order 9, and each of these
contains a point with p;=1 and ps, p, real.

The real solutions of (7.6.8), with p;=1 and p2=+1 are given by the pairs

(ps, p7)=(—0.395,0.777),
(ps, D7) =(—5.538,5.265), (7.6.14)
(ps, p7) =(0.152, —0.500).

Summary 1. B(k, d,) of order 10 requires (7.6.10). For order 9 one needs (7.6.11)
(this includes p; =ps=0) and (7.6.6) is necessary for order 8.
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We now turn to an interpretation of Egs. (7.6.10), (7.6.11) in terms of the
geometry of the roots of ,. The first point is that the equation 4=0 is also the
resultant of 0,(x)=0 and 0,(x)=0, as can be checked directly. It can also be
concluded from Theorem 3.5: if 6, has ten simple zeros p (v,=1 for all p) then &',
having the same zeros, is of degree = 10, deg® = 11. Conversely, multiple zeros of
0, lead to the existence of ® of lower degree, as observed at the end of Sect. 3.

Any multiple zero of 0, has at least multiplicity three. This fact, discovered for
all 0’s by Airault-McKean-Moser [3], see also (3.33), may be checked directly by
showing that the resultant of 6, and 0}, divides the resultant of 0, and 0. Now let 0,
have a triple zero at ¢.

Itiseasy to see that t =0if and only if p; = ps =0. This is the case of an operator
B of order 9, characterized geometrically by the fact that the poles of V form a
regular heptagon around the origin, where we have a pole with coefficient = 6. But
there is more: this is the only case where the remaining seven zeros of 0, are simple
and we nevertheless have an operator of order 9. For the proof, divide 6, by (x—1)*:

0,00 =(x—1°- 0,(x), (7.6.15)

where we assume that Q, has seven simple zeros. If deg® =9, then ®’(x) must be a
constant multiple of (x—1f)-Q,(x) and the condition @"”(t)=0 [cf. (3.34)] is

equivalent to —a% Q,(X)|x=;=0. Combining this equation with 04(¢) =0, 6,(t) =0 one

readily obtains ¢ =0 or (7.6.6), where the last case is ruled out by the condition that
Q, has only simple zeros.
Assuming from now on that t =0, p5 # 0, we may restrict to p; = 1, and then the

equations 0,(t)=0, 0,(t)=0 can be combined to give the following parametri-
zation of 4=0:

ps(t)=é<—t5+5t2+§>,
. teC\{0}. (7.6.16)

— | 47 _
p7(t)-—27< t+21t+t2),

Writing y(¢) = (ps(2), p4(t)), we get y'(£) 0 unless ¢t =1, which is the point of 4=0
corresponding to (7.6.6), for which 6, had a sixfold zero. At this point the
hypersurface 4 =0 (restricted to the transversal section p;=1) has a singularity
which is locally diffeomorphic to the cusp &3*=#>, a singularity of type Eg in
Arnol’d’s classification.

We get that A =0 is smooth at ps, p, if there is only one t € €\{0} such that y(z)
=(ps, ;). Now each ¢ such that y(t) = (ps, p,) is a triple zero of 6, with coefficients
ps=1, ps, p;. Three of such t would, in view of Theorem 3.5, imply the existence of a
O of degree 8, which we know can only occur if (7.6.6) holds — which is another
configuration of one sixfold zero and four simple ones. Two such ¢ imply the
existence of a @ of degree 9, which brings us to the case (7.6.11). We know that there
are three curves of the form (7.6.12), each of which intersects p; =1, ps and p, real.
Now ps(t)eR, p,(t) e R can occur in two ways: either te R or,

ps(O=ps(t), p()=p,(1), tt. (7.6.17)
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In the last case we have a complex conjugate pair of triple zeros for 6,. This turns
out to occur in two cases:

1=~ —0.965+1.479]/ —1, respectively ¢=0.532+1951]/—1, (7.6.18)
corresponding to the isolated points
ps=—0.393, p,=0.777, respectively ps=~—5.538, p,=5.265

in the locus 4=0, p;=1, ps and p-, real. (7.6.19)
On the other hand, there is one self-intersection of the curve y(¢), t € IR\{0}, the

images for
t=t;=—1.019 and t=t,~1.762 (7.6.20)

are equal to
(ps, p7)=(0.15, —0.50). (7.6.21)

At all these points 4 =0 has an ordinary double point in the complex domain: it is
locally equal to the union of two smooth hypersurfaces with transversal tangent
spaces.

The locus 4=0 in p;=1, p5 and p, real is sketched in Diagram 7.6-1 below.

Since (7.6.11), except from the case (7.6.6), has only three cases, these must
coincide with the double points described above. This is neatly checked by the
numerical values reported in (7.6.14), (7.6.19), (7.6.21). Noting also that 4=0 is
smooth at py=ps=0, p,+0, we get a further

Summary 2. B(k,0,) of order <10 is equivalent to 6, having multiple zeros.
Minimal order 9 occurs at (i) p; =ps =0, p,+0, where 0, has one triple zero and
seven simple zeros and the discriminant locus 4 =0 of 6, is smooth; (ii) three curves
(7.6.12), where 6, has two triple zeros and four simple zeros and along which 4 =0
has ordinary double points. Minimal order 8 occurs at p;=1¢3, ps=t>, p;=t’
(t+0), where 6, has a sixfold zero and four simple zeros, and 4 =0 has a singularity
of type Eg in a transversal section. At all other points of 4 =0 the minimal order is
equal to 10; there is one triple zero and seven simple ones and 4 =0 is smooth.
\ o 70
t<0

|
4\2x3
o ® 10x1 (1)

1x3
7x1

10x1 (1) o

t—>+c7

Diagram 7.6-1. 4=0 for p;=1, ps and p, real
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Remarks. i) p;=ps=0, p,=+0 is the exceptional case where a decrease in the
minimal order of B does not correspond to a change in the multiplicities of the
zeros of 8,, or to a singularity in the discriminant locus of 6,,.

ii) (4=0)\(p3=ps=0) can also be parametrized by p;=A{ + 4}, j=3,5,7 and
A1, A, € €. This is inspired by the interpretation in 7.1 of the p; as the power sums of
eigenvalues of matrices. However, the equations, for instance for the double points,
do not look more manageable in these coordinates.

iii) If one wants to follow which configurations are met by a real potential
during the KdV-flow (p; running, p, and p, fixed) then, in view of (7.6.12), one has
to follow the curves t < (ps-t~>,p;-t~7) in Diagram 7.6-1 and see where they
meet 4=0.

7.7. Limiting Relations Among the KdV Potentials
If, in the definition of the 6, via (7.1.1) we write

v—1
pi=q;+t, q= -21 (&), t=e,, (7.7.1)
i=
then we see immediately that

det((aj)Zi_ 1)1§i, jsv= >t (det((sj)Zi— 1)i,j§v— 1

+lower order in ¢,

det((gj)i_ 1)1§i, jsv-1= A I(det((gj)Zi_ l)i,jgv— 1
+lower order in t.

Therefore

tllfg £ 0+ 6, p3+t3, Py HT ) =0, 4(x, g5, 0 G2y -3)s (7172)
showing in an explicit way that each potential of order v—1 can be approximated
by potentials of order v, as expressed in Diagram 3-1.

Let us now consider in more detail the limiting relations between the various
configurations which are possible for potentials of order <4. We know that the
corresponding 0 has, in general position, one, three, six, or ten simple zeros. We
denote such configurations by 1x1, 3x1, 6x1, 10x 1. When we have two
parameters we can also have (p} = p2) one triple zero and three simple zeros: we
denote this by

Ix3

3x1’

Finally, for the case of three parameters (see 7.6), we can have the configurations
denoted by

1x3 1x6 nd 2x3
TIx17 4x1” M oaxr

Using arrows to denote the approximation of potentials by motion of the
parameters as in Sect. 3, we get the following refinement of Diagram 3-1. The
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numbers in the circles denote the minimal positive degree of B(k, d,) and @. Like in
Diagram 4-1 the diagonal elements are the Bessel potentials.

@

® 1x10

1x6
@ z Lx1

7x1 O.. Zx?
//GD.\\\
° 1x3

3 7x1
X
3x1 ﬁ

[ ] ®.

V=0 1x1 3x1 6x1 10x1

Diagram 7.8-1
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