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1. Introduction

The purpose of the present paper is to clarify how the spectrum of the second order
ordinary differential operator

H(u)=-0*+u(z), z€D

undergoes changes by the Darboux transformation, where u(z) is a meromorphic func-
tion defined in the complex domain D, and 0 = ' = d/dz denotes the differentia-
tion with respect to the complex variable z. The Darboux transformation of the op-
erator H(u) with the spectral parameter A is defined as follows: Suppose f(z,A) €
ker(H(u) — A) \ {0} and put g(z,\) = dlog f(z,A) = fo(z,\)/f(z,\) and AL =
+0 + q(z, \), then the factorization

H(u)=Ay - A+

follows, where A - B denotes the product of the operators A and B. Interchanging the
factors A, we obtain the another operator

H(u)=A_- A, + A
One immediately verifies
H(u) = H(a) = —0% + a(x),
where

a(x) = u(z) — 2¢.(z, \) = u(z) — 26° log f(z, \).

We call the operator H(u) and the coefficient @(z) the Darboux transformations of
H(u) and u(z) with the spectral parameter \ by the solution f(x, )).
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The method of Darboux transformation, which was originated more than 110 years
ago by J. G. Darboux [2], was used by M. M. Crum [1] as an algorithm for adding or
removing eigenvalues of the selfadjoint Sturm-Liouville operator considered in L?(a, b).
For instance, the procedure of removing an eigenvalue is as follows: Suppose u(z),
—00 < z < 00, be the real valued measurable potential such that

/oo (1 + |o)u(z)|dz < oo,

then the selfadjoint operator H(u) considered in L?(—o00,00) has purely absolutely
continuous spectrum [0, c0) and a finite number of the discrete spectrum o, (H (u)) =
{-B%2 < -B2_, <--- < —=B%} C (—00, 0). Let H(a) be the Darboux transformation
by the Jost solution f(z,i8,), i.e., 4(z) = u(z) — 20%log f(,iB,), then o, (H (1)) =
op(H(u)) \ {—B2}. Thus, the minimum discrete eigenvalue —(32 of H(u) is removed
by the Darboux transformation by f(x,i8,). See also [4] and [19]. Therefore, if one
apply successively this procedure n times to the operator with the Bargmann potential
such that the reflection coefficient identically vanishes and fo,(H (u)) = n (cf. [9] and
[16]), then H(u) is reduced to the simple operator H(0) = —&2. These procedures
are clearly described in [13]. On the other hand, one can see easily that if u(z) =
2p(z+w), —0o < & < oo then none of simple discrete eigenvalues of H(u) considered
in the class of functions of period 27 are removed by the Darboux transformation,
where p(z), z € C is the Weierstrass elliptic function with the real primitive period
7 and the imaginary primitive period 2w. Thus, there are two kinds of eigenvalues,
namely, the one can be removed by the Darboux transformation, and the other can not
be. The purpose of the present paper is to establish the algebraic criteria to distinguish
them. Of course, it is quite difficult to obtain such criteria for the operator with the
potential of general type. Therefore we treat of only the operator with the potential
which satisfies the higher order stationary KdV equation. The Bargmann potentials
[11], the finite-zone potentials [5], and certain kind of rational potentials [17] belong
to this class. In this case, it is appropriate to consider the problem for the differential
operator in the complex domain with the meromorphic potential, since we can treat
the problem in the unified way by this approach different from the method of the real
analysis.
In our approach, the integro-differential operator

m Aw) =07 (Gu' () + ula)d - 70°),

which is usually called the A-operator, plays crucial role. First of all, we regard
the A-operator as the generator of the infinite sequence of the differential polynomi-
als Zp(u(z)),n € Z = N U {0}, which are defined by the recurrence relation
Zy(u) = A(uw)Z,—1(u), v € N with Zg(u) = 1, and called the KdV polynomi-
als. Let V(u) be the vector space over the complex number field C' spanned by
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Z,(u(z)), v € Z. Then A(u) can be regarded as the linear operator in V (u). Since
the potential u(z) satisfies the higher order stationary KdV equation if and only if
V(u) is the finite dimensional vector space, the methods of elementary linear algebra
are quite effective for our investigation. Some preliminary studies in this direction have
been done in [18] and [20]. By the way, the notion of the A-operator has a quite long
history. Particularly, the A-operator played the essential role from the very start of
the inverse scattering method for the KdV equation [7]. See [6] for more information
about the another use of the A-operator together with the historical remark, in which
the A-operator for the NLS model was extensively used for the study of the hierarchy
of Poisson structure.

In [18], two kinds of spectra I'(u) and Ip(u) are introduced. The outlines of their
definitions are as follows : Suppose n = dim V(u) — 1 < oo then there uniquely exist
the polynomials a,(X\;u), v =0,1,---,n in the spectral parameter A\ such that

Zn+l(u($) - )‘) = Z at/(}‘; U)ZV(U(ﬂ?) - )‘)
v=0

n

F(z, 1) = Zn(u(z) = A) = Y ay(X0) Zy 1 (u(z) — N)

v=1

and define the A-spectral discriminant A(\;u) by
AN u) = Fy(z, M u)? — 2F (2, A u) Fuz (2, A 1) + 4(u(z) — N F(z, \;u)?,

which is the polynomial of degree 2n+ 1 in A with constant coefficients. Moreover put
n
Qp;u) = p™t — Zau(O;u)u".
=0

Then the spectra I'(u) and I'o(u) are defined by

D) = {AARKu) =0},
Dow) = {n|Quw) =0}.

More precise definitions and meanings of A(\;u) and I'(u) are stated in the body of
the paper. On the other hand, I'(u) is nothing but the spectrum of A(u) € End V(u)
[18, p.427, Corollary 16], and plays only auxiliary role in our method. The main pur-
pose of the present paper is to clarify how the spectrum I"(u) undergoes changes by the
Darboux transformation. More precisely, we prove that the multiplicity of A, € I'(u)
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can be reduced by the Darboux transformation by the specific eigenfunction if A = ),
is the multiple root of the A-spectral discriminant A(\;u). Moreover, in that case, the
multiplicity of \, as the root of A(A;u) decreases by 2.

The contents of the present paper are as follows. §2 is devoted to the preliminar-
ies such as the KdV polynomials, the notion of A-rank, the spectra I'(u), Io(u), the
fundamental equality of the Darboux transformation, and the Kuperschmidt-Wilson fac-
torization of A(u). At the end of §2, we state Theorem, which is the main result of
this paper. In §3, we prove some lemmas which are necessary for the proof of the main
theorem. In §4, Theorem is proved. In §5, the illustrative examples are investigated.

The present author would like to express his sincere thanks to Dr. Y. P. Mishev
and Dr. R. Weikard for their helpful comments and advice.

2. Preliminaries and Main Theorem

In this section the necessary materials are summarized mainly from [18] and [20].

Since the A-operator A(u) includes the indefinite integral 9~ as its factor, the ex-
pression (1) is somewhat formal one. Hence, first of all, it is necessary for our purpose
to define A(u) strictly in order to avoid the ambiguity of the integration constant.

Let A be a differential algebra over the complex number field C of polynomi-
als in infinite formal symbols w,,v € Z, = N U {0} with the derivation § =
3 o Uv+10/0u,. We denote its subalgebra of polynomials without free term by Aj.
Put Aj = dAp and let §, be the restriction of § to Ay, then &, : Ay — A is the
bijection. Hence there exists the inverse mapping 6, ' : A% — Ag. On the other hand,
put

N 1 1
K = E’U,l +U0(5 - 163,

then, by the complete parallel discussion to [17, p.621 Lemma 3.1] (see also [22]), one
can show that K - (671 K)"~! P, is uniquely defined and belong to A% for all n € N,
where Py = 1 € A. Hence /i"Po are the polynomials in wug, u1,- -, Uspn—2, ® € N,
where A = o7t - K. We denote them by Pp(ug,u1,"-,Uzn—2), n € N;

APy = Pr(uo,u1,- -+, U2n—2).

On the other hand, let u(z) be a meromorphic function of the one complex variable x
defined in the domain D C C. Put Zy(u(z)) = Py =1 and

Zn(u(z)) = Po(u(z), v (z),---,u® D (z)), neN,

where u(®)(z) is the k-th derivative of u(z). We call Z,(u(z)) the KdV polynomials
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in u(z). Let V(u) be the vector space over C spanned by Z, (u(z)), v € Z;

V() = |J CZ.(u(x)),

where Cv denotes the 1-dimensional vector space generated by the single vector v
over C. Moreover let A(u) be the endomorphism of V' (u) defined by

2) Zn(u(z)) = A(u)Zn—1(u(z)), ne€N.
Let K (u) be the 3rd order ordinary differential operator defined by
K(u) = %u'(m‘)‘—k u(z)d — 383.
Then, by the definition, one verifies
3) 07, (u(x)) = K(h)Zn_l(u(x)), n € N.
Thus, we can formally express A(u) as (1), i.e., A(u) = 8~! - K(u). Note that the

operator A(u — \) does not coincide with the operator A(u) — A in general, while
K(u—\) = K(u) — Ad. In fact one has

Al = X) Zo(ul@)) = 21 (u(z) = X) = 3 (u(z) - ),

(A(w) ~ X) Zo(u(a)) = 21 (u(e)) ~ MZo(u(@)) = 5u(z) = X
because Zo(u(z)) = Zo(u(z) — A) = 1.

By the way, the ordinary differential operator K (u) has the following significant
property [21, p.23, Theorem 7]: if f(z),g(z) € ker H(u), then f(z)g(z) € ker K (u).
According to the historical remark of [23, p.298], we call this fact Appell’s lemma.

For u(zx) such that dimV(u) =n+ 1, n € Z, the A-rank of u(z) is defined by

rank qu(z) = n.

If n = rankqu(z) < oo, then Zo(u(z)), Z1(u(x)), -, Zn(u(z)) are the basis of the
vector space V' (u) [18, p.416, lemma 5];

V(v) = P CZ, (u()).
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Hence there uniquely exist the constants p,, v = 0,1,---,n such that
n
Znpa(w(@)) = Y pu 2 (u(@)).
v=0

We call p,, v = 0,1, -, n the A-characteristic coefficients of u(z). On the other hand,

define the coefficients O"(/n)’ v=0,1,---,n by the recurrence relation
y
1 forv=n
4 (n) af,n_]l) +alr Y forv=1,2---,n—-1
Qa, ' =
(2n)! B
22n(n!)2 for v =0,

then we have the expansion formula [18, p.414, Theorem 3]

5) Zm(u(x) = X) =) (1) o™ Z, (u(a) A
v=0
This implies that
Vw)=V(u—2A)

and
rank qu(z) = ranky (u(z) — N)

hold for dny A € C. Hence if n = ranku(z) < oo then there exist the A-characteristic

coefficients a, (\;u), v =0,1,---,n of u(x) — A such that
(6) Znpr(u(z) = N) =D a,(Mu) 2, (u(x) — A)
v=0

for any A € C. Of course p, = a,(0;u), v = 0,1,---,n follow. More generally,
a,(A\;u), v = 0,1,---,n are the polynomials of degree n — v + 1 in A [18, p.417,
lemma 7];

@) ay(\ju) = —a{PH vt 4 Z a,(,“)pHA“_".
p=v
On the other hand, put

n

F(z,\u) = Zp(u(z) = A) — Z ay, (N u)Zy_1(u(z) — A)

v=1
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then F(z, A;u) does not identically vanish as a function of z for any A\ € C, and, by

3),
K(u)F(z, \;u) = AF,(z, \;u)
follows. Hence, by Appell’s lemma mentioned above, it turns out that F(z, \;u) can

be expressed as the quadratic form of fi(x, \) and f2(z, \), which are the fundamental
system of solutions of the eigenvalue problem

8) H)f(z,\) = —f"(x,A) + u(z) f(z,\) = Af(z, \).
Suppose that F'(z, A; u) is expressed as
F(z, X u) = AN fi(z, A)? + BA) f1(z, N) fa(2, A) + C(N) fa(z, A)*.

Then the discriminant A(\;u) = B(\)2 —4A(X\)C()) of the quadratic form F(z, \; )
is expressed as

9) Au) = Fp(z, A\ u)? — 2F (z, A u) Fpp (2, A u) + 4(u(z) — N)F(z, A; u)?,
which is the polynomial of degree 2n+1 in A\ with the constant coefficients [18, p.419-
420, lemma 8 and Corollary 10]. We call the polynomial A()\;u) the A-spectral dis-
criminant. If A, is the root of the algebraic equation

(10) A\ u) =0,

then the function /F(z, A«;u) solves the eigenvalue problem (8) for A = A, [18,
p.420, Theorem 11]. Put

I'(u) ={\ € C|A()u) =0},
then I'(u) corresponds to the set of simple periodic eigenvalues in the case of periodic
potentials [14, p 236], or the set of discrete eigenvalues in the case of Bargmann po-
tentials [16, p 67]. Moreover, let I"(u) be the collection of all complex roots of the

A-spectral discriminant A(\;u) arranged same times as its multiplicity, i.e.,

() = {Xoy A1y -5 Aon}

for

2n
Axu) = —-4[Jr=x).
j=0
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On the other hand, put

(1) QA u) = XM=Y " p, N
v=0

then

(12) A(W)F(z, \;u) = AF(z, \;u) — QA u)

follows [18, p.425, Theorem 15]. Since

0o o0 --- 1 Pn

is the matrix of A(u) € EndV (u) relative to the basis Zo(u), Z1(u),- -, Zn(u) of the
vector space V (u), one has

det(A — A(u)) = Q(A\;u).

In other words, Q();u) is the characteristic polynomial of A(u) € EndV (u).

Here we define the Darboux transformation with spectral parameter for a general
meromorphic potential u(z) not assuming rank su(z) < oo : Let f(z, A,) be a nontriv-
ial solution of the eigenvalue problem (8) for A = A.. Then

g(z, M) = 7(::—)\*)(8+t/f(a:,/\*)2dm), s, teC

is the general solution of
H(ﬁ)g(:c, /\*) = —g”(za )‘*) + ﬁ'(z)g(x, )‘*) = /\*g(z, )‘*)’

where i(x) = u(z) — 20%log f(x, A,). This implies that u(z) — A, itself is also the

1
Darboux transformation of %(z) — A, by the solution f—(x—/\—) These facts are follow

immediately from Darboux’s lemma [21, p.88, lemma 1].

Particularly, suppose that rank u(z) < oo and A\, € I'(u), then, by [18, p.420,
Theorem 11], we can define ff (z,A&), j = 1,2, the fundamental system of solutions
of the eigenvalue problem (8) for A = A, by

(13) (@, ) = VF(z, A ),
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14) z M) = VF(z, A u) /F(z )\*,u)

where the integration constant of the above is arbitralily fixed. In what follows, we fix
these fundamental system of solutions f](.’ (z, ), 3 =1,2. Note

W[f?(fl,‘, /\*)a fg(w, /\*)] =1,

where W([f,g] = fg’ — f’g is the Wronskian. For & € P; = C U {o0}, put

Oz, A\y) + afd(z, \s), eC
" RN B CESESY; RS
Az, M), a =00
and
(16) u}, o = v (T, ;) = u(z) — 202 log f(z, As; @).

Moreover, put
q(x, M\v; @) = Olog f(z, \s; @)

then we have immediately

17 a(, A; @)% + go (7, A @) = u(x) — As,
and

q(z, A\s; a)2 —qu(Z, A50) = u(z) — 2¢x(z, A @) — A
(18) = u*(z, A;a) — A

by (16). The relations (17) and (18) imply
H(u) — M = Ay (A, @) - A_(As, @)
and
H(u3, o) = M = A-(A, ) - A1 (A, @)

respectively, where A4 ()., ) are the first order differential operators defined by

Ar(A, @) = £0 + q(z, A\s; ).
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As briefly mentioned in the introduction, the operator
H(u, o) = —0% + u*(z,\; @)

is the Darboux transformation of H(u) by the solution f(z, \,; c).
Moreover let us introduce another first order ordinary differential operators

Bi(A, @) = £0 +2¢(z, \;0), « € Pj.

The Kupershmidt-Wilson (K-W) factorization [10]

(19) Au—2) = ic’)‘l-B+()\*,a)'6-B_()\*,a),
20) A, o —A) = ia‘l-B_(/\*,a)~6-B+(/\*,a),

and the fundamental equality of the Darboux transformation [20, p 6, Theorem 2]
@1 B (A, ) Zm(u™ (2, A @) = As) = B (As, @) Zm (u(z) — As)

play the essential roles in this paper. The fundamental equality (21) was firstly obtained
in [17, p.623, Theorem 3.2]. An alternative simple proof was given in [20, p.20, The-
orem 2]. On the other hand, the operators By (A4, ) can be regarded as the Fréchet
derivatives of the Miura transformations (17) and (18). Recently, the study from this
viewpoint is developed in [15]. As the application of the fundamental equality (21),
one has

(22) n—1 < rank u*(z, \;a) <n+1

(see [20, p 13, Theorem 10])."

Now, fix the fundamental system of the solutions f{(x, \,) and f3(x,\.) defined
by (13) and (14). As mentioned in the introduction, the purpose of the present work is
to understand how the structure of the spectrum of the operator H(u) is simplified by
the Darboux transformation. On the other hand, the A-rank of u(zx) is closely related
to the complexity of the spectrum of the operator H(u). In fact, we have immediately

#%(u) = 2rank qu(z) + 1.

Thus, for our purpose, it is the most essential problem to clarify the condition for
A« € I'(u) such that

rankqu*(z, \;a) =n —1
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for some a € P;. In other words, we obtain the necessary and sufficient condition for
A« € I'(u) such that X' (u; \,) # 0, where

Y_(u; M) = {a € Py |ranksu”(z, A\;a) =n — 1}

for A, € I'(u).
Now we can state the main theorem of this paper.

Theorem. Assume n = rankju(z) < oco. Then, X_(u;\.) # 0 for A\ € I'(u),
if and only if A = A is the multiple root of the A-spectral discriminant A(X;u).
Moreover, if X_(u;\,) # 0 then X¥_(u; A\s) = {0}, and we have

A\ u)

In other words, if \. ia the multiple root of A(\;u), we have
rank 4 (u(z) — 8% log F(z, A\;u)) =n — 1.

Before proving this theorem, we consider the meaning of this results. First of all,
the spectral theoretical meaning of the above theorem is that if A = A, is the multiple
root of the discriminant A(\;u), i.e., {\s, A} C I'(u), then

Ti(u3, o) = I (u) \ {A, A}

In particular, if the eigenvalue A, is the double root of the discriminant A(\;u), then
A« is removed from the spectrum I'(u) by the Darboux transformation by the solution

VF(z, A u), ie., I'(u}, o) = I'(u) \ {A}. This fact corresponds to Crum’s algo-
rithm for the reflectionless (Bargmann) potentials. Therefore, we call the procedure
constructing the Darboux transformation

u*(z, \y; 0) = u(z) — 8% log F(x, \; w)

from u(z) for the multiple root A, € I'(u) of A(\;w) Darboux’s removing algorithm at
A«. Moreover, we define the repeated Darboux’s removing algorithm at A, as follows:
Suppose that the multiplicity of A\, € I'(u) is m > 4 and let k € N be k <[], where
.[a] denotes the greatest integer not exceeding . Put

“Z = U;(.’L‘, A*) = u;—l(x;/\*) - 82 IOgF(xa/\*;UZ—ﬂ,

where u$(z; \s) = u(z), and

n—k
F(z, A\ up) = Zn—k(uf(z; M) — As) — Z ay (N uf) Zy—1 (ug (23 M) — As)

v=1
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for the A-characteristic coefficients a, (A; uj) of uj(x; ). Here, note that we have
rankqug(z; M) =n — k

by Theorem. We call uj (x; ) the k-th repeated Darboux transformation of u(z) at
A = A, and the procedure constructing uj(x; A«) from u(z) the k-times repeated Dar-
boux’s removing algorithm at A,.

In what follows, by applying the repeated Darboux’s removing algorithm at each
multiple roots of A(A;u), we show that the differential operator H(u) such that
rank u(z) < oo can be transformed to the most reduced one such that all of its re-
movable roots of A(A;u) are completely removed by Darboux transformation.

We say that the root A\, € I'(u) is odd or even according as the multiplicity of
A« as the root of the discriminant A(X;u) is an odd number or an even number. Let
Iyqdq(w)(C I'(u)) be the set of all odd roots of A(A;u) and Ieven(u)(C I'(u)) be the
set of all even roots of A(\;u). Since the cardinality #77%(u) is an odd number, one
can see immediately that §I°,34(w) is also an odd number. Suppose that

ﬁpodd(u) = 2g - 1, g e N

and

Fodd(u) = {)‘0> )‘19 ey )‘29—2},

where A; # \; for i # j.

Firstly, by Theorem, it turns out that if the multiplicity of A« € I'even(u) is 2I,1 €
N, then )\, can be removed by the [ times repeated Darboux’s removing algorithm at
A« Therefore, by applying this procedure at each A\, € I'even(u), all of A\, € Ieven(u)
can be completely removed.

Secondly, by Theorem, one can see easily that if the multiplicity of A, € I'o4q(u),
is 21 + 1,1 € N then, by the [ times repeated Darboux’s removing algorithm at ),
the operotor H(u) is reduced to the operator H(u;) such that A, is the simple root
of A(X;uf). Therefore, applying succesively this procedure at each \; € I',qq(u)
(j=0,1,---,2g — 2), all of \; € I',qq(u) can be reduced to the simple roots. Thus
we have the following.

Corollary.  Suppose that rank yu(z) < co and
Toad@) = {Xo, A, -+, Agg—2}

then, by applying the repeated Darboux’s removing algorithm at each multiple roots of
A(A;u), the operator H(u) can be reduced to the operator H(u*) such that

rank u*(z) = %(ﬁl’odd(u) -1)=g-1,
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29g—2
Axur)=-4 [[ (A=A,
j=0
ie, I'(u*) = I',3q(u) and all of the roots of the discriminant A(\;u*) are simple.

REMARK. It is well known that the discrete spectrum does not determine the
potential u(z) itself even in the case of the Bargmann potential and the finite-zone
potential. See e.g. [9], [14] [22]. Therefore we cannot conclude the uniqueness of
such a reduced potential u*(z) as in Corollary. The potential u*(z) resulting from the
repeated Darboux’s removing algorithm seems to depend on the order of the roots as
the removing object. We will treat this problem in the forthcoming paper.

3. Lemmas

For the proof of the main theorem stated in the preceding section, it is necessary
to prove some lemmas.

First we prove the following formulae concerned with the binomial coefficients
ozl(,") defined by the recurrence relation (4).

Lemmal. If 0 <j <n then we have

Z(—l)”"j_la,g")a§u_1) = 1,

v=3+1
n .
Z(-—l)”‘ﬂ_laf,")aﬁu) = 0.
v=j

Proof. These formulae have been already proved for j = 0 in [18, p.415 Propo-
sition 4]. Now suppose j < n and put

n

A;n) _ Z(_l)u—j—laﬁn)a;l/—l)’
v=j+1
n .

B = Y (-1)r-i-taMal”.
v=j

By the recurrence relation (4), one immediately verifies

Bﬁn) — (‘l)u_j_la,(,n)(a;-li_ll) + a-gu—l)) _ a§n)a;j)

v 1

M= L

+

(-1 aMal Y + 3 (~1)r I laal Y — a{Mal

7j—1
v 1 v=j+1

J
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Il

(n) Al
—AM, 4+ A",

@ _ (J 1)

a;_;’ = 1. Hence the recurrence relation

Here we used a;

follows. On the other hand, similarly to the above, one has

n
A§n) _Bj(n) — Z (—l)u_j_l(al(,") +a’(}n_)1)a§u—1) +(_1)n—ja£"n)a§n)
v=j+1
n .
_ Z (_l)u—g—lal(jn—kl)a;_l’*l)+(_1)n—1a§lﬂ:il)a(")
v=j+1
= AlY,

Thus we have

(n) (n) _ p(n+1)
(25) A _ B < A,

By (24) and (25), we have

AT =AW =01, n— 1L

On the other hand, since A(n) 1 [18, Proposition 4], A(" 1 follows. Hence,
BJ(") = 0 follows immediately from (24). J

By lemma 1, we can extremely simplify the expression of F'(z, \;u) as follows.
This simplification is not only essential for our consideration but also useful for the
explicit construction of certain kind of solutions to the evolution equations of KdV
type (cf. [20, p.14 Theorem 11]).

Lemma 2. Suppose that n = rankju(z), n € N and p,, v=0,1,---,n are the
A-characteristic coefficients of u(x) ;

Znt1 u(z Z pvZ .’L‘))
Put

P = A = 3 A,

v=j+1
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then we have

n—1
F(z, \u) = Zn(u(@)) + Y _ pi(Xu) Z;(u(2)).
j=0

Proof. By the expansion formula (5), one easily verifies

F(z, A\ u)

= Zn(u(e) = N) = 3 (5 u) 2y (u(a) ~ A)

n n
— Z(_l)n_']a;'n)zj (u(z)))\n—J _ Z(_a£n+1)/\n—u+1
3=0 v=1
n v—1
—v v—j— v—1 v—j—
+3 alp ) Y ()Y el Y 2, (ul@)) A
pn=v 7=0
= > ()" Z;(ula)) A"
=0
_1 n . .
+ Z { u J—lal(/n+1)a§l’—1))\n—g
Jj=0v=j+1

=3 (-1 aal Y p 1Y 25 (u())

=v

u(@) + 3_{((=1)"afV + 7 (~1)7 I el Vag A
j v=j+1

= Y Y-l Y o e 1 25 (u()).

v=j+1p=v

Let j < n and put

pj(/\;u) — ((_1)n—ja§n)+ Z (__l)u—j—lal(/n+1)a§u—1)))\n—j
v=j+1

_ZZ VJIM)(”l)p/\#]l
v=j+1p=v

Note ag’fl'l) =1, then, by lemma 1, we have

n+1
pixu) = D (-1t hal A

v=j+1
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n W
= 2 (X Cur T eal per

p=i+1 v=j+1

n
= N7 _ Z p#)\#—]’-l‘

p=j+1

This completes the proof. O

4. Proof of Theorem
In this section we prove Theorem stated in §2. Throughout this section, we assume

that n = rankqu(z), n € N and A, € I'(u).
By the definition, we have

Znpa(u(@) = (k+ X)) = Y _ay(k+ Nu)Z,(u(z) — (k+ X)) =0
v=0

and

Zna((w(@) — k) = X) = Y ay(Xu—k)Z,((u(x) — k) — A) = 0.

v=0

Hence, by the uniqueness of the A-characteristic coefficients, we have
a,(Mu—k)=a,(A+ku), v=0,1,---,n
for any A, k € C. This also implies
F(z,\;u—k)=F(z,\ + k;u)
and
(26) ANu—k) = AN+ k;u).

Hence if A\, € I'(u) then 0 € I'(u — A.) follows.
By lemma 2, one can express F(z, A\;u — \,) as

F(z,Aju—A) = Zn:Gu(x))\”.

v=0



DARBOUX TRANSFORMATION 965

Now let us compute the first two coefficients G, (z), v = 0, 1. Firstly, by lemma 2,
one verifies

n—1
F(z,\u— M) = Zn(u(@) = M) + Y pi(Au— A)Zi(ule) - )

j=0
n n—1 n
= Z Zj(u(x) — M)AV — Z Z ap(Ae;w) Zj(u(x) — A)AH—I7
=0 =0 p=j+1
Hence one has immediately
n—1
27 GO(x) = Zn(u(m) - )‘*) - Z aj+1()‘*;u)Zj(u(m) - )‘*) = F(ZE, /\*;u)
j=0
and
n—2
(28) Gi(z) = Zpn—1(u(z) — As) — z aj+2(As;u) Zj(u(z) — Ay).
§=0

Since A(X;u—\,) is the polynomial of degree 2n+1 in A with the constant coefficients
[18, p.420 Corollary 10], put

2n+1 )
AXu—A) =) AN
j=0

Then, by direct calculation, one verifies

Ay = Gy(z)? - 2Go(z)Gy(z) + 4(u(x) — A\)Go(x)?,

29 A

Il

2Go(2)G1(x) — 2Go(2)G1 (x)
— 2G{(2)G1(z) + 8(u(z) — A)Go(z)G1(z) — 4Go(z)?.

By (19),(26) and (27), we have
Ag = A0;u — M) = A(As;u) = 0.

Now let us assume that A = ), is the multiple root of the A-spectral discriminant
A(A;u). Then, by (26), A = 0 is the multiple root of

AN u—A) =0.
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Hence A; = 0 follows.

Put
n—1
J(z,a) = Zn(u*(z, A; ) — Ay) — Z ay+1(As; u) 2y (u* (2, A @) — Ay)
v=0

for (z,a) € D x P;. Then we have the following.

Lemma 3. If A\ = )\, is the multiple root of the A-spectral discriminant A(\; u),
then J(z,0) does not depend on z.

Proof. By the fundamental equality (21) and the expression (28) of G1(z), we
have

B_ ()\*, O)Gl (.’E)

n—2
= B+ (M, 0)(Zn—1(u (2, A5 0) = M) = D ausz(As u) Z (w0 (2, As; 0) — As)).
=0

1
Operate with ZB—()‘*’ 0) - O on the both sides of the above, then, by the K-W factor-
ization (20) and the recurrence relation (2), the right hand side becomes

(0 A(u3, 0 = M) (Zn-1(u" (2, A3 0) — AL)

n—2
=3 appa(Aiu) Z, (u* (2, Ax; 0) = ML)
v=0
n—1
= (Zn(u(2,A+;0) = \) = Y app1 (A w) Zy (u™ (2, A5 0) — A))
v=1
= 9(J(z,0) + a1(\s;w))
= Jg(z,0).

On the other hand, by the definition, one immediately verifies

F; (CL‘ s As u)
Bi(\.,0) = i R R

:t(>\ 0)=+0+ F(z,)\*;u)
Moreover, by the definition of the operators By (A, ) and the K-W factorization (19),
the left hand side becomes

3(3_()\*,0) -8+ B_(\.,0))G1(z)
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Fz((t, )\*; u)
m) 8- B_(\s,0))G1(x)

1 Fy(z, A u)
2 F(z,\;u)

= (B (0,0) 2

= (0 Alu—\))G1(z) + @ B_(\,0))G1(2).

By the recurrence relation (2), one verifies

n—2

Zn(u(®@) = M) = Y ajia(Ae; w) Zja (u(@) — A)
j=0

F(z, A;u) + a1 (A ).

Au — \)Gi(x)

Hence, by straightforward calculation, one obtains

Jo(2,0) = —Fp(z, A\eju) + %%(—Go(z)zgﬂﬂ
—Go(2)Gg(2)G1(x) + Go(x)Go ()G () + 4(u(z) — M) Go(z)?G ().
On the other hand, by (29), we have
3Gol@)A1 = Go(#)Gy(x)G (z) - Go@)G ()G (2
—Go(2)*GY(z) + 4(u(z) — M\)Go(2)2G1(x) — 2Go(z)? = 0,

where we used A; = 0. Hence, by (27), one has immediately

Jo(@,0) = —Fy(z, A\ u) + 1 Fy(z, Assu)

QW(%GO(QZ)Al + 200(;1:)3) =0.

This completes the proof. O
Next we have the following.

Lemmad4. We have
Y_(u;\) ={a € Py|J(z,a) =0 for all x € D}.
Proof. Put

Y ={a€ P,|J(z,a) =0 for all z € D}.
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Firstly, suppose @ € X_(u; A.). Then, there uniquely exist the A-characteristic coeffi-
cients p;, v =0,1,---,n—1of u} , — A such that

Zn(u*(x7 /\*;a) - z pu .T? ’\*7a) /\*) =0.

By the fundamental equality (21), we have
B_ (A, @)(Zn(u(z) — Z P52 (u(z) — ML)

= B4(A, @) (Zn(u" (@, M) = A }_‘,pu (@, M @) = ML) = 0.

1
Operate with Za—l - B4 (A4, @) - @ on the both sides of the above, then, by the K-W

factorization (19) and the recurrence relation (2), one verifies that there is a constant
such that

n—1

Zint1(u(z) — Z PrZu+1(u(T) — M) =

v=0

By (6) and the uniqueness of the A-characteristic coefficients, we have

. _ p;—l’ 1 S v S n

This implies that J(z,a) = 0 for @ € X_(u; A«). Thus we have
2 _(wA) CY.
Conversely, if ¢ € Y then
rank u*(z, Ay @) =n — 1,
ie. Y C X_(u;As). Therefore

Y_(u;\) =Y
follows. O



DARBOUX TRANSFORMATION 969

By the fundamental equality (21), one can see immediately

n—1
Bi (A, ) (Zn(u* (2, Ay @) — M) — Z a1 (As; ) Zy (U (T, As; @) — As))
=0
n—1
= B_ (A, a)(Zn(u(z) — As) — Z au+1(As ) Zy (u(z) — Ai)).

v=0

Hence, by the definitions of J(z, ) and F(z, \;u), we have
31 By (A, a)J(z,a) = B_ (A, @) F(z, A\ u).

The relation (31) can be regarded as the 1-st order nonhomogeneous ordinary differen-
tial equation for J(z, o). Therefore, by integrating (31), we have

32) J(z,a) = F(z, A;u) — m /f(.'L', A; @) Fp(x, Ay u)dz,

where f(z, A«; @) is defined by (15) and the integration constant is appropriately cho-
sen. Now suppose a € X_(u; A,), i.e., J(z,a) = 0. Moreover, multiply the both sides
of (32) by f(z, M\«;@)?, and differentiate the both sides of it with respect to z, then we
have

2F (z, A; u) f(z, As; @) fo(z, As; @)
+Fp(z, My w) f (2, A @)% = 2F, (2, Ay u) f(z, Ay; )2 = 0.

Thus

Fo(z, Au) 2fz-(l', As; @)
F(z,A;u) f(z, M)

follows. If a3, ag € X'_(u;\) and a;, as # oo then, since the left hand side of the
above does not depend on «, one verifies

fo(@ A1) fa(m, Ass a2)
f(@, A1) flz, A a2)
(a1 — a2)W[fP (@, A), 3z, Ad)]
(@, A 1) fz, As; az)
) — Q2

f(‘rv )\*;al)f(l',)\*;QQ) )

This implies o; = . Similarly to the above, one can show that a; = a2 holds even
in the case a; = 0o. Thus we have the following.
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Lemma5. If X_(u;\) # 0 and a € X_(u; A\) then X_(u; A.) = {a} follows.
On the other hand, by (31), we have

B+(/\*,0)J(.’13,0) = B_(/\*,O)F(:L', )‘*§u)'

Since
Fi(z, As;
B_ (A, 0)F(z, Ai ) = —Fy (2, has ) + F—((Hp(x,x*;u) —0,
we have
Fp(z, A u) B

On the other hand, it is easy to see that F(z,\.;u) is a constant if and only if
rank u(z) = 0, i.e., u(x) is the constant function. Hence, by lemma 3, J(z,0) = 0
follows. This implies that if we choose fO(x,\.) and f9(z,\.) defined by (13) and
(14) as the fundamental system of solutions of the eigenvalue problem (8) for A = A,,
then 0 € X'_(u; \.) follows. Hence, by lemma 5, X_ (u; A\.) = {0} also follows. Thus,
we have proved that if A\ = ), is the multiple root of the discriminant A();u) then
I (u; A) = {0} #0.

Conversely, now assume that X'_(u; \,) # @, and let us compute the polynomial
A(Nuy, ) for @ € X (u; A.). However, the computation is very complicated. Hence
we must devise a method to arrange the expressions of A(X;u) and A(X;uj, ). For
this purpose, firstly we prove the following.

Lemma6. [f X_(u;A) = {0} then we have
B_(As,0)F(z, \;u — M) = AB4 (A, 0)F(z, Ay ul, o — As)
for any \ € C.
Proof. By lemma 4, we have
n—1
J(z,0) = Zp(u*(z, As;0) — Ay) — Z ay+1(Ae;u)Z, (u* (2, As; 0) — A) = 0.
v=0

This implies

n—1
Qp; u;*,o — ) =p" - Z ay1(As; u)p”,
v=0
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where Q(); u) is defined by (11). On the other hand, by(11), one has

(33) Quwu—A) = p" = a(A;u)p
v=0

B, o = Av) = ao(hei ).

]

Moreover, since rank su*(z, A«;0) = n — 1 by the assumption, lemma 2 implies

F(z, \u}, 0 — )

n—2
= Zn-1(u" (2, A4 0) = M) + D> pi(Nud, 0 — ) Z;(u" (2, A; 0) — ).
=0
By (30) and lemma 2, one verifies
n—1 )
PiXul, o= A) = ATTTI= YT At
v=j+1
. n_l .
(34) = A= N (A u) AT
v=j+1
= A\n—U+Y) _ Z ay (A u)A =02
v=j+2

= pin(Nu—A)

for j =0,1,---,n — 2. Moreover, by (33), we have

po(hu—A) = A"=) a(AguX
v=1

(35) = (M u—A) +ao(Assu))

1
A
Q(}\, 'U,R*’O —_ )\*)

By (12) and (35), we have

A(“K.,o = A)F(z, N Ui.,o — ) AF(z, A?“f\.,o — ) = QN “3‘\,,0 - )
(36) = AF(z,\u}, o0 — M) —Po(Au — ).

On the other hand, by (34), we have

AUy, 0 — M)F (2, A ul 0 — M)
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n—2
37) = Zn(u*(z, A;0) — X)) + ij()\; uy, 0 — M) Zjp (U (T, A5 0) — ML)
Jj=0
n—2
= Zn(u (2, 2;0) = ) + D pis1 (A u— M) Zipa (w* (2, A 0) = M)
=0
Comparing the right hand sides of (36) and (37), we have

(38)  AF(x,\uj, o — A«)

= Zn(u* (2,23 0) — A, +Zp3 M) Z; (u* (2, Ae; 0) — ).

Hence, by the fundamental equality (21) and (38), we have finally
B_ (A, 0)F(z, \;u — A)

B_(A;0)(2n )+ ZPJ ) Z;(u(z) — M)

= B (Ar, 0)(Zn (u* (z, As; 0) — +Zp3(/\ w— A Zj (u* (2, A 0) — ML)
= AB4 (A, 0)F(z, A uj, o — As)
This completes the proof. O
Now put

¢(:1“7)‘) = F(IL',)\,U - A"‘) - AF‘("L")‘;’l‘tf\.,o - A"‘)

and
(39) W(@, ) = Fz, A — Ay) %d)(x, A).

Then we have the following lemma, which extremely simplifies the computation of
AN ul o)

Lemma7. If X_(u;\.) = {0}, then we have

(40) B+()\*,0)¢(ZIJ,A) = 2F$(x’/\;u_ )‘*)a
(@1) B_(A,0)g(z,\) = 2AFy(z,Auf, o — Ab),

) YN = AF@ N0~ M) + 56 )
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for any X € C.

Proof. By lemma 6, one verifies

B (A, 0)4(x, A)
= B (A, 0)F(z, A\ju — Ak) — AB4 (A, 0)F(, A u3, o — As)
= Bi (A, 0)F(z,A\;u — Ax) — Bo( Ay, 0)F(z, A;u — Ay)
= 2F;(z, A u— Ay).

Thus, (40) is proved. Similarly to the above, one can prove (41). On the other hand,
(42) follows immediately by (40) and (41). O

Now let us rewrite the discriminants A(A;u — Ax) and A(A;u}, o — As) in terms
of ¢(x, ) and ¢(z, ). By the definitions of A(A\;u — Ai) and A(X;u} o — A.) and
lemma 7, we have

AN u—Ay)
= 3B 0, 09(z, ) ~ (56(2,X) +8(z, )3 B+ (A, 0)6(z, )
T 4u@) ~ M = N(50(@ A) + %(z, X)?

2
and

A2AN U5 o — M)

= 2B (0, 006z V))? — (~59(3, ) + $(@, )3+ B_(0s,0)6(z, )

1
+ 4(“(:1:) - 2qw($7 A O) — A — A)(_E(b(wv )‘) + ’([)(ZIJ, )‘))2’
where we used (18). Hence, by straightforward calculation, one verifies

Ayu—A) = A2AN U o — M)
= 8(qa (5, A3 0)(2, A) — (@, A3 0)(3, M)
F (@) =~ A = N)9(@ V) 3heal@ V(2. 3)
= (4(9 - B_ (M, 0))F(z, A1 — Ay) — 8A6(z, A))v(z, ).

g(z) = 4(0 - B- (s, 0))F(z, \;u — Ay) — 8A¢(x, A),
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then, by (19), (12) and (40), we have

1B+, 09(0)
=4(0- A(u — \))F(z, A u — M) — 2AB4 (A, 0)¢(z, A) = 0.

This implies that g(z) solves the homogeneous 1-st order ordinary differential equation

g (x) +2q(x, \;0)g(z) =0

Since
1 Fp(z, As; u)
Mi0) = z =2 m
a(@, ) 2 F(z, A\ u)
one can easily see
1 ckerBi(A,0)\ {0}
F(z, M\u) e '

Hence there exists the rational function c;(\) of A such that

C1 (A)

9(z) = F(z,\ju)

Hence we have

Asu= ) = VAR, o~ 2) = SOHED

Note that the left hand side of the above does not depend on z. Hence, if c;()\)
does not identically vanish, then there exists the rational function cp(A) of A, which
is independent of x, such that

Y(z, A) = ca(A)F(z, A; ).
Therefore, by lemma 6,

B_ (A, 0)0(z,A) = 0

follows. On the other hand, by (39) and (42), we have

1
Y(z, ) = §(F(a:, Au—A) +AF(z, A u), o — As))
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Hence, by lemma 6, one verifies
0 = B_(A\:,0)¢(z, N)
1
= EB_()\*,O)(F(Z, Au—A) +AF(z, A ul, o — A))

1
= 5(/\B+()\*,0)F(w, Aul, 0 = Ax) + AB_ (A, 0)F(z, A u3, o — A4))
= 2Xq(x, \s; 0)F (2, A; u}, o — Ax)-

This is contradiction. Hence ¢;(A) = 0 follows. Thus we have proved
AXu— ) = /\2A(A;uf\*,0 - ).
By (26), we have
A u) = (A = X)2AN U3, o)
Hence, (23) in Theorem is proved. Moreover, this formula implies simultaneously that

if X_(u;As) # 0 then A = )\, is the multiple root of the A-spectral discriminant
A(X;u). This completes the proof of Theorem.

5. Illustrative Examples

In this section let us investigate some illustrative examples. Throughout this sec-
tion, we make extensive use of the computer algebra system Mathematica 2.2 [24].
Several computations appeared in this section are impossible to do without such com-
puter algebra system.

First we investigate the elliptic function. Let p(x) be the Weierstrass elliptic func-
tion with the invariants g> and g3. Then p(x) satisfies the following two differential
equations [12];

(43) P () = 4p()® - gop(z) — g3,
(44) p'(z) = 6p(z)?— =g

Put u(z) = 2p(z) then, by [18, p.424 Corollary 14], rank u(z) = 1 follows. In fact,
by (44), one can see

1 1
(45) §(3U(ZE)2 — UH(CL')) — ggz =0.
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Since
1 1
Zo(u(x)) =1, Zi(u(2)) = gulz), Zx(u(z)) = g(?’U(ﬂﬂ)2 —u’(z)),
(45) implies
1
Z2(u(z)) — g92Z0(u(z)) =0.
Thus the A-characteristic coefficients of u(z) are
1
== =0.
Po 892’ 1
Hence, by (7), one verifies
3
a1(Au) = —a?)/\ + agl)pl = —§A,
3 1
ao(Au) = —aPA2 + oV pi A + oV po = —-gAz + =go.

8

Therefore one has immediately

F(z,\;u) = Zi(u(z) — ) —a1(Au)Zo(u(z) — A)
- %(u(w) N+ gx
= %u(m) + A

Hence, using (43); one verifies
AN u) = —4X3 4+ go) — gs.

Since 16(g3 — 27g%) # 0 is the discriminant of the equation A(\;u) = 0, this cubic
polynomial has no multiple roots. Therefore, by Theorem, we have

rankqu*(z, \y; @) > 1

for any A\, € I'(u) and o € P;.
Actually, we can show this fact directly as follows: Assume

rank u*(z, A\s; ) =0
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for some A\, € I'(u) and a € P;. Then, one can see immediately that u*(z, A\.;a) =c
holds for some constant ¢ € C. Hence we have

u*(z, A @) + 20%log gz, \v; @)
= c+20%logg(z, \s; ).

u(z)

On the other hand, by Darboux’s lemma [21, pp 88-91],

1
g(x) - g(x, As a)

solves the differential equation

H(c)g(z) = —g"(z) + cg(z) = Mg ().
Hence, if ¢ = )\, then g(x) = sz + t, and if ¢ # )\, then g(x) = se?® + te™"*, where
s, t € C and v = v/c — A,. This is obviously contradiction.

Next we investigate the Bargmann potential(cf. [9], see also [11] and [16]). Put

8622

e =y

then we have
Z(u(x)) + Z1(u(z)) =0,
that is to say, rank4u(z) = 1 and the A-characteristic coefficients of u(z) are
po=0, p1=-1
Hence, by (7), we have
a; (N u) = —a?’x + agl)pl = —g)\ -1,

3 1
ap(A;u) = -—a(()z))\2 + ozc(,l)pl)\ + a(()O)po = —g)\Z — 5)\

and

F(z, A u) Zy(u(z) — A) — a1(X;u) Zo(u(z) — A)

1
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Therefore we have
ANu) = 423 — 802 —4) = —4(\ +1)%

Hence I'(u) = {0, —1} and I'%(u) = {0, —1,~1} follow. Now let us calculate the
Darboux transformations u*(z, As; &) for A. = 0, —1. Since

1 4%
F —1' = — - —_——
(.’13, 7u) 2U(.’L’) (1 +€2I)27
1 1—e2=
F M = — 1 = |— 2
(z,0;u) 2u(x) + (1 n 621) ,

one obtains

320e?% (1 + e2*)((az + a + 2) — (az — a + 2)e2®)

* _1 —
(@, L) (0 — (0 + 8)e2= — aete)?

a? + (4a%z? + 8(a? + a)z + 602 + 8a + 4)e?® + a2e®
((az +2a+ 1) — (az + 1)e2%)2

u(z,0,0) = 2

Particularly, u*(z, —1;0) = 0 follows. Thus we have 0 € X'_(u;—1). On the other
hand, we have immediately X_ (u;0) = @ from the above expression.
Finally we investigate the rational potential

u(z) = a:_22

One easily verifies that u(z) solves the differential equations
u'(z)? —2u(z)® =0

and
u”(x) — 3u(z)® = 0.

This implies

namely, rank su(z) = 1 and the A-characteristic coefficients of u(z) are

po=p1=0.
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Hence, by (7), we have
3 3
ar(Au) = —5)\, ao(A;u) = —§A2
and
1
F(z,\u) = §u(a:) + A
Therefore
AN u) = —4)13

follows. This implies rank qu*(z, 0;0) = 0. Actually, since

1
F(z,0;u) = ey
we have immediately
ozt — 6oz o # o0
3 20
u(z,0i0)={ (T3
6

F, o = OQ.

Hence X'_(u;0) = {0} follows. This example was investigated by the present author
[17] from the viwpoint of the monodromy presearving deformation of Fuchsian differ-
ential equation.
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