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Non-commutative harmonic oscillators and

Fuchsian ordinary differential operators

Hiroyuxki OCHIAI ( ?%%)?gz >

Department of Mathematics, Kyushu University

ABSTRACT. The spectral problem for non-commutative harmonic oscillators is shown to
be equivalent to solve Fuchsian ordinary differential equations with four regular points in
a complex domain.

~1. INTRODUCTION

We study the spectral problem of the (2 x 2) matrix-valued (ordinary) differential
operator

92 x? 1 011(—8—34"@1) 0112(_§‘*'i)—b(37‘9 +3)
A(-Z+5)+B(@d+3) = 2, ) o 1 P e ey
alg(——z£ + 7) + b(ZL'a;,; + 5) 022(——2*’- + 7)

2 2
where A, B € Maty(R), A = A is positive definite, and B = —!B. An eigenfunction
u € L?(R?,C?) is a C2-valued L2-function on R, and p € C represents the spec-
trum. The eigenvalue problem for this operator was first introduced and studied by
Parmeggiani and Wakayama [PW]. We assume that det A > det B > 0. In such a case,
as is seen below, the eigenvalues are all positive and form a discrete set with finite
multiplicity.

The operator above possesses two kinds of non-commutativity, non-commutativity
with respect to multiplication of the matrices and that with respect to differential op-
erators. The interaction of these two results in a non-trivial relation to the ‘connection
problem’ concerning an ordinary differential operator in a complex domain.

J

Theorem 1. The eigenvalue problem

02  z? 1 |
1s equivalent to the problem
(1.2) P(z,D,)U(z) =0

for holomorphic functions U(z) on the unit disk.

Here, P(z,D,) is a third-order linear ordinary differential operator defined in terms
of A, B and p. The definition of P(z,D,) is given in Section 3.2.

We note that every solution u(z) of the equation (1.1) is the sum of an even function
solution u®(z) and an odd function solution u°(z) since the differential operator is
invariant under changing of the variable x — —z. We can make stronger statement
regarding the eigenvalue problem for even/odd functions.
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Theorem 2. The eigenvalue problem (1.1) for an odd function is equivalent to the
problem

H(w,Dy)f(w) =0,  feO(),

while that for an even function is equivalent to the problem
P¢(w, Dy) f(w) =0,  feO(Q).

Here H(w, D,,) is Heun’s differential operator (3.4), that is, a Fuchsian second-order
differential operator with four regular singularities. The operator P¢(w, D,,) is also a
Fuchsian differential operator with four regular singularities (of third-order) and has
an expression (4.1) in terms of Heun’s operator.

In [PW], they construct the eigenfunctions and eigenvalues in terms of continued
fractions determined by some three-term recurrence relation. Then this expression is
a limit in some Hilbert space and is functional-analytic. Our expression given above is
more complex-analytic, or even topological in the sense that the eigenvalues and eigen-
functions are determined by the monodromy representations of the Heun’s operator.

Notice that the non-commutative harmonic oscillator introduced here gives a coun-
terexample to the naive impression that an eigenfunction of the operator naturally
arising in representation theory can be expressed in terms of hypergeometric functions.
In fact, the Heun’s operator for general parameters is far from ‘hypergeometric’. For ex-
ample, its solution is not of hypergeometric type, and the structure of the monodromy
representation is different from that of hypergeometric equations.

This paper is organized as follows. In Section 2.1, we define coordinates in C?
appropriate for the investigation. This step is fairly easy, but the transformation in
Lemma 4(ii) is a key to the analysis. In Section 2.2, we introduce several representa-
tions of the three dimensional simple Lie algebra sl;. We explain the transformation Tg
in detail, though these seem standard in representation theory of semisimple Lie alge-
bra, in order to give a formula for the inner product, which plays an important role in
determining the eigenfunction. Section 2.3 represents the standard process of obtaining
a single equation from a system of differential equations. In the final subsection, we
transform the third-order operator into a second-order operator. In the context of clas-
sical analysis, this transformation can be expressed in terms of the (modified) Laplace
transformation. In terms of the representations of sl,, the third-order operator exists
in the harmonic oscillator representation, while the second-order operator exists in the
flat picture of the principal series representation. This fancy terminology is explained
in Section 2.4.

In Section 3.1, we introduce Heun’s operator and its relation to the differential oper-
ator under consideration. In Section 3.2, the inhomogeneous second-order differential
equation (2.12) is proved to be equivalent to the third-order homogeneous equation
(1.2). In Section 3.3, which is central in this paper, we translate the L?-condition of an
eigenfunction u into a holomorphicity condition of its Laplace transform 4. The idea
here is fairly simple, and the task is to obtain a precise formulation. We next complete
the proof of Theorem 1. In the last subsection, we calculate the index of the operator.

In Section 4, we study the ordinary differential equation (1.2). We can state this
problem in several (equivalent) forms, but here we choose a formulation using Heun’s
operator. In Section 4.1, we summarize the properties of the operator P°(w, D,,), and
prove Theorem 2 for even eigenfunctions. In Section 4.2, we prove the equivalence of
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the eigenvalue problem and the connection problem. In particular, we find that the
spectrum is given by the zeros of the special connection coefficient 7;;(u) of the ordinary
differential equation P¢(w, D,,)f(w) = 0. In Section 4.3, we give a proof of Theorem 2
for odd eigenfunctions. In Section 4.4, we introduce a monodromy representation and
prove that the eigenvalue problem is equivalent to the problem of determining the set of
invariants of the restricted monodromy representation. This description of a spectrum
depends only on the topological data, the monodromy, of the ordinary differential
equations.

The author thanks Professor Masato Wakayama for fruitful discussions and helpful
comments.

2. SEVERAL EQUIVALENT FORMS OF THE PROBLEM

2.1. Parmeggiani and Wakayama’s trick. We begin with the eigenvalue problem

[A(—% + %) + B(z0; + -;—) - I/I] u(z) = 0.

We denote the standard generators of the simple Lie algebra sly by

ST N i
These satisfy the commutation relations
[H, X*]=2X",[H,X ]=-2X",[X*,X ] =H.

Next we define the oscillator representation 7 of sly by
(2.1) m(H) =20, +1/2, n(XT)=2/2, =(X~)=-082/2.
We also denote the algebra homomorphism from the universal enveloping algebra U (sl)
to the ring C[r,d,] of differential operators by the same character 7. Using this
representation, the problem (1.1) can be stated as
(2.2) [An(X* + X)) + Br(H) — pI] u(z) = 0.
Remark 3. Let us define the matriz

=11 %)
Since B is a skew symmetric matriz of order two, it is a multiple of J :

B = pf(B)J,

where the Pfaffian pf(B) is the lower-left entry of the skew symmetric matrizx B. We
note pf(gBtg) = (det g) pf(B).
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Lemma 4.

(i) Diagonalization of A. There is an orthogonal matriz g1 € SO(2) such that
glAgl_1 is a diagonal matriz. Then we see that 91391_1 = B. ‘
(ii) Parmeggiani and Wakayama'’s trick [PW, Corollary 4.2]. Let g; = (91497 Hr/z =

{\/— 0 ] for g1 Ag7t = [32] Then

1
—1 -1 -1 -1 -1 —1 —1 —1\—1
A — l’ B — ______B, [ p— Ag
g2 g1 gl g2 92 92 /—i t ! g2 A.gQ (gl 1 )

(iii) Cayley transformation. Define a unitary matriz

g3 := —% [i _ZZ] cU(2).

Then
_ . - €
g3Jg3! = —iH, g3g1A g7 g3 1—(5[ 1].
-1
Here we define 6 := £ Tr(A™!) = Zﬁdef—zl, and € := —W.

Now, since Tr(g; Agy ' H)? = Tr(A)? —4det A, we have the relations e2 = 1 — ——%&%‘3,
and (1 —e2)6%det A = 1.

Corollary 5. Let us define

(B
S:t = X+—|—X— ﬂ:iMH€5[2.

vdet A
Then the problem (2.2) is equivalent to
(2.3) m(5-) — po eno u® (z) = 0.

epd m(S4) — pué

Here u® = g3g,91u.

As a corollary of this proposition, we prove the positivity of the eigenvalue, p > 0,
in Section 4.5.

2.2. Inner automorphisms of sl;. We change the representation 7w of the Lie
algebra sly into another representation appropriate for the purpose. Let us introduce

the parameter « defined by the relation pf(B)/vdet A = tanhk. In other words,

Vet A )
k= %10g(—\/:%£—§g). We consider

.pf(B)

(2.4) Se=XT+X +i oAl = Xt 4+ X~ +i(tanh k) H € sl,.
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Lemma 6. We define

_[izsimhe 91 [1 1]  [1 isinhk] _ [coshk O
g7_ 0 1 )gﬁ_ _1 1 795_ 0 1 7g4_ 0 1 .

Then, for g = grgegsga, we have
-1 _ -1 _ cosh2x —sinh2k
gS_g7" = (sechk)H, ¢S+g~" = (sechk) [sinh 9%  —cosh2k |-

Proof. This can be obtained easily by using the relations

sinhk —coshk

. -1 _
wHg ™ = coshk —sinhk

+ —v.—1_ |coshk —sinhk
» 9(XT+XT)g _[sinhn ——coshﬁ;]' =

We define the representations of sls by

ma(?) := 794795 "),

m5(?) := m(g594%95 ‘95 )-
Then, we define the linear transformations Ty, Ts : L2(R) — L%(R) by

(Tyf)(z) := (cosh k)/*f(Vcosh kz),
(Tsf)(l') — ei(sinh m)mz/zf-(x).

The map T} corresponds to the matrix g4 € GL(2,R), and represents the dilation of
the variable. The map T corresponds to the matrix g5 = exp(isinhxkX,) € GL(2,C),
and is equivalent to multiplication by the function e!¢ih#)2*/2 The maps T, and T
preserve the standard inner product on L?(R). We see that the map T} intertwines
the action of sl with m and m4. Similarly, 75 does that with 74 and 75. Graphically,
we have the commutative diagram

L2R) % I2(R) 5 IL?(R)
m(?7) 4 m()d - ws(M

L*R) % I2(R) = L’R).

Next, we consider the transformation Tg that corresponds to the matrix gg €
SL(2,R). In the space L?(R), we have the inner product (f,g) = [ f(z)g(z)dz.
We define the annihilation operator v = (z + 8,)/v/2, and creation operator ¥+ =
(z — 8;)/V2. Then we have [1,9F] = 1. The function ¢o(z) := e~ /2 is the ground
state, and by definition, 1o = 0. In general, we define ¢, = (¥ 7)"po. Then the set
{¢n | n € Z,} constitutes an orthogonal basis with inner product (¢, ¢,) = /@n!.
We denote the set of all finite linear combinations of the ¢, by L%(R;)a.. We also
denote the set of all polynomials in one variable y by Cly].
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The transformation Tg mentioned above is a linear map
Ts : L>(R)gn — Cly]

and we defined it by Ts(ps) = 3. We see that Ts(¢+¢) = yTs(p) and Te(yyp) =

9y Te(¢)-
Recall the definition (2.1) of the representation 7 of the Lie algebra sl; on L?(R)fin

w(H) = 20, + %,w(xﬂ _ 22/2,7(X") = —%/2.

We define the representation of sl on C[y] b
1
(2.5) me(H) = y0y + 3 ,me(X 1) = y?/2, (X ™) = —03/2.
Then, we calculate
m(g5 ' Hge) = m(X¥ +X7) = (a® - 8})/2 =T ¥ + 3,
m(gs ' X*ge) =m(3(-H+ Xt — X)) = (¥+)?/2,
(95 ' X gs) =m(3(-H-XT+X7)) = —p? /2.
This proves that
' (96796 1) Te = Tem(?),
which implies that
L*R)an —> C[y]
m(7) | 17 (96%96 ")

L*R)am —> Clyl.

Next, we introduce an inner product on C[y] such that the map Ts is an isometry
with respect to this inner product. To be more explicit, the inner product should be
(y™,y™) = dmny/mn!. This can be realized as

(f,9) = (f(3y)3(¥))ly=0,  f,9 € Cly].

If we denote the completion of C[y] with respect to this inner product by Cly], then
the map T can be extended to the isometry between the Hilbert spaces L%(R) and

Cly]-
Finally, we define the representation of sly on Cly] by
m6(?) 1= 7' (969594795 ‘95 95 )
m(?) ==7'(97¢™"), recall g = g7g6959a,
and the intertwiner 77 : Cly] — C[y] by

(T2 ) (v) = F(y/ S2piky).

The map T, corresponds to the matrix g; € GL(2, C) and preserves the inner product
on C[y]. We thus obtain the commutative diagram

L*R)aa -5 Cly] 5 Cly

ms(?) m6(?) 4 m7(?)
L*R)am = Cly] = Chl



Corollary 7. With the notation above, we have the erpression

{777(5_) = (sech k)’ (H),

(2.6) m7(S4) = (sech )7’ ((cosh 2k)H — (sinh 2x) (Xt —-X7)).

The equation (2.3) is equivalent to

2.7) [M(Sgg(s— po 7T7(Siu)5_ #5] w(z) =0,

where w7 = Ty TeTsTyul®.

'~ 2.3. Reduction of a system of equations to a single equation. This is a
standard argument.

Lemma 8. Suppose ey # 0. Then the system of differential equatzons (2.7),

[ sl [220] - 6]

is equivalent to the single differential equation

(2.8) [(77(S4) — b) (me(S_) — b — (en)?] u () = 0.

Proof. uy = —(m7(S-) — po)(u-)/(epd). O

Corollary 9. Let us define an element R of the universal enveloping algebra as
— (2(X+ — X™) — 2(coth 2k)H + 522 )(H — pb cosh k) + (eud)? coth k € U(slz).
Then, (m7(S*) — pb)(w7(S-) — pd)) — (end)® = —(tanh k)7’ (R).

We define v := ud cosh k, for simplicity. Then the operator R can be written as

YH - v) + 22 ¢ U(shy).

sinh 2k

(2.9) R=(2(X*t — X7) — 2(coth2s)H +

smh 2K

For convenience, we next give an expression for the coefficients of R in terms of the
matrices A and B and the eigenvalue u:

2(1—¢?) _ 4(det A—det B)vdet A 2 coth 2K = det A4det B U= Tr(A)
sinh 2k Tr(A)Z pf(B) ’ Vdet Apf(B)’ 2,/(det A—det B) det Al

2.4. Laplace transform. We recall the realization given in (2.5):

m'(H)  =y0y+1/2,
m'(X*) =y*/2,

m(X7) =-02/2.
We now introduce a second realization (representation) of the slp-triple:
w(H) =20,+1/2=0,+1/2,
(2.10) w(Xt) =22(320, +1) =2%(30. + 1),
w(X7) :—z—lzaz+5§7=—5};(92—1).

Here, 0, = 20, denotes Euler’s degree operator. The relation between these two real-
izations is given by the following.

117
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Proposition 10. We define the (modified) Laplace transform

oo zZ200
u(z) == / u(yz)e_yz/zydy = z“z/ u(y)e‘yz/(zzz)ydy.
0 0

This is a linear map from y-space to z-space with the following properties:
(i) It gives y™ — T(2 + 1)(v/22)" for any n € Z. In particular, 1 — 1.
(ii) Suppose the ezpansion u = Y 2 (uny™ € Cly], then 4(2) = Yoo junl'(2 +
1)(v22)".
(ili) The Laplace transform almost intertwines the action of sly:
(w'(H)u) = w(H)(@)
(2.11) (T"( X)) =w(XT)(a)
(m"(X7)uf =w(X7)(4) — 2u(0)22
(iv) If we define the inner product in z-space such that {z™ | n € Z,} forms an or-
thogonal basis and (2™, 2™) = I'(241) /T(2+1), then the Laplace transformation
18 an isometry.

Proof. (iii) This is proved by the calculation

* 1 _ 1 oo .2
(' (X~ u(z) = / —Suly2)e ™V Pydy = /O ! (y2) (=Y 2y) dy,

0

1 ~ 1 ° ! —y2/2, 2

—gazU(Z)=—2—z- ; u'(yz)e y“dy,

1 1 o0 2

— i(2) = —— ¥ /2y g

570 = —57 [ ulwa)e 2y ay

]. 2 — o0 2
= —— =y /2)y=00 _ ! -y /2d .
5,7 ([u(yz)e ly=o /0 zu' (yz)e y)

(iv) Since (y™,y") = v/7n!, we have
VAL T+ (e

— - - . O
T(2+1)2 2°T(2+1)7 T(Z2+1)

Note that I'(2£L)/T(2 + 1) = % f0"/2 sin” zdz. Since I'(z + a)/T'(z + b) ~ 2%7Y,

asymptotically for large n, we have (2", z"*) ~ /2/n.

The property (iii) means that the representations 7’ and w do not intertwine, but
almost. The precise relation is given as follows. In fact, the Casimir operator 4Xt X+
H? —2H € U(sl,) takes the value —3/4 in both representations. Let us denote the set
of all Laurent polynomials (finite linear combinations of {2z | n € Z}) by Clz,271].
The subspace C[22, 22| consists of the set of all even functions in Clz,27!]. The set of
even polynomials is written C[2z?], while the set of odd polynomials is written 2C[22].

By the definition of w, (2.10), we see that the representation (w,Clz,271]) has
a subrepresentation (w,272C[z7?]). The representation (', C[y2]) is isomorphic to
the quotient representation (w, C[22,272]/272C[272]). In other words, the even part
(', C[y?)) is the Langlands quotient of the representation (w, C[22, 2~2]). On the other
hand, (@, 2C[2?]) is a subrepresentation of (@, C[22,22]). This subrepresentation is
isomorphic to the odd part (7, yC[y?)).
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Corollary 11. The operator n'(R) satisfies the relation

(' (R)u) = w(R)(8) + (5 — 1)i0)=~

It follows from this corollary that equation (2.8) is equivalent to
. v
(2.12) w(R)(4) + (5 —v)a(0)z72 =

Remark. Parmeggiani and Wakayama [PW] have already obtained a part of the results
in this section, and stated in the different terminology. For example, their recurrence
equations (13) in [PW] corresponds to the differential equation (2.12). However, the
Laplace transformation seems new.

3. LAPLACE TRANSFORM OF AN EIGENFUNCTION

3.1. Heun’s differential operator.
Substituting the realization (2.10) into (2.9), we obtain the realization

(3.1) :
w(R) = ( 20, +2)+27%0, — 1) — 2(coth 2x)(0, + 2) + smh%) 6, + 2 -v)+ ﬁ%
(3.2)

) (0. +3-v)+ 5

sinh 2k °

@(R) = ((z2 + 272 — 2coth2k) (0, + 3) + 3(22 — 272) +

mnh2m

Conjugating by z, we have

@w(R)z = ((z2 + 272 — 2coth 2k)(8, + %) + %(2:2 z72) + ) 6, +§_V)_|_ (ev)?

mnh2n sinh 2k *

Since the operators w(H), w(X™*) and w(X~) are invariant under the symmetry
z — —z, the operator w(R) is invariant under the same symmetry. This can be seen
in expression (3.1) or (3 2). This implies that the operator w(R) can be written in
terms of the variable 22. Now let us introduce the new variable w := 22 coth k. Then,
factoring by the leadmg coefficient, from the above expression, we obtain

(3.3) 27 'w(R)z = 4(tanh k)w(w — 1)(w — coth® k) H (w, Dy,),
where, H(w, D,,) is Heun’s differential operator [H, (1.1.1)],

' 5 ¢ o' Bw—q
3.4 H(w,Dy) = 82 + (L y
(34) (w, Dw) a"’—i_(wJl_w—l_’_w—a’)a +w(w—1)(w—a’)"

with the parameters

7—2v 3 —2v 3+ 2v
l: (5,: /= l:
fy 4 b 4 36 4 7a

v
,a' = coth?

and
, Wr(1-€?) - 121/(:0sh2 K+ 9cosh2/<;

7= 16 sinh?
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Recall that

_ 4det A
T Tr(A)?’

det A Tr(A)

th’k = ——, v= .
O Get B 2v/([dot A _det B)det A

1-—¢€2

In particular, H(w, D,,) is a second-order linear differential operator with four regular
singular points on the Riemannian sphere. In terms of the Riemann schema (a P-
symbol), the list of the exponents [H, (1.1.3)] is given as

0 1 a' o0 0 1 coth? k 00

0 0 0 o w ¢dl=] 0 0 0 3w ¢
Y, . _ ' 2v—-3 2w+l  —2v+41  —2v43
1-4 1-¢ 1-€¢ B = rd v v

In particular, the parameter x designates the locations of the singular points, the
parameter v designates the exponents, and the parameter ¢ is an accessory parameter.
The above discussion gives the following: '

Proposition 12. The operator w(R) has the following properties:

(i) It is a second-order linear ordinary differential operator and has rational coef-
ficients in z.
(ii) It has siz singular points z = 0, ++/tanh k, ++v/coth 5, co.
(iii) All singularities are regular singularities.
(iv) The ezponents at z = 0 are 1 and (2v — 1)/2. Those at z = oo are 2 and
—(2v —1)/2. Those at the points z = ++/tanh k are 0 and (2v + 1)/4. Those
at the points z = £v/cothk are 0 and (—2v +1)/4.

Proof. By the conjugation of w!/2, the operator w(R) has the P-symbol

0 tanhk cothk 00

3 0 0 1 22
2v—1 2v+1 —-2v+1 —2v+1

4 1 4 4

By unfolding 22 — 2z, this P-symbol is equal to

0 +tanhsk —Vvtanhk +cothk —+cothk 00

1 0 0 0 0 2 z
2v—1 2v+1 2v+1 —2v+1 —2v+1 —2v+1
2 4 4 1 4 2

This proves the assertion (iv). O

3.2. The differential equation.
We define the third-order differential operator P(z, D) := (20, +2)w(R) = w((H +
3)R). This is the operator in Theorem 1 in the Introduction.

Lemma 13. The following conditions for a holomorphic function 4(z) € Op at the
origin are equivalent:
(i) w(R)(4) + (53 — v)@(0)z=2 = 0 (that is, the condition (2.12)).
(i) (22=w(R))d+ (3 — v)a(0) = 0.
(iii) 8,22w(R)a = 0.
(iv) P(z,D;)u = 0.
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Proof. The relations (i) < (ii) = (iii) < (iv) are clear. Since the constant term on
the left-hand side of (ii) vanishes for an arbitrary holomorphic function i(z) € Oy, the
condition (iii) implies (ii). O

Now we summarize the properties of the operator P(z, D,). We see that the operator
P(z,D,) is holomorphic on C. This follows from (3.1) and the formula (8, +2)z~2%(6, —
1) = 82. Also, the coefficient of 83 of P(z,D,) is 23(2%2 + 272 — 2coth 2k) = z(2% —
tanh k)(22 — coth k). The order of the zeros of this coefficient at the singular points

z =0, £vtanh k and v/ cothk is 1.

3.3. L2-conditions and analytic continuation. We now consider the holomorphic
solution 4(z) € Oy satisfying the equation P(z,D,)4 = 0 (see Lemma 13). The
solution can be analytically continued along a path avoiding the singular points of
the differential equation. In particular, the solution is holomorphic on the (open)
disk of radius /|tanhx|. We consider the behavior of the solution near the points
z = +v/'tanh k. There are two possibilities:

e If a solution 4(z) is holomorphic near the points 2z = ++/tanhk, then it is
continued to a (single-valued) holomorphic function on the disk {z € C | |z| <
V/|cothk|} centered at the origin. In this case, the Taylor expansion 4(z) =
o0

Z a, 2" satisfies the following asymptotic property:

n=0
Ve1 > 0,3N such that Vn > N, lag| < (| tanh k| 4 1)/

e If a solution 4(z) cannot be holomorphically continued to at least one point z=

++v/tanh k, then the radius of convergence of the Taylor series 4(z Z an 2"

is 4/|tanh k|. In this case,

Ve; > 0 and VN, 3n > N such that |an] > (| coth k| — £1)™/2.

o0
Proposition 14. Consider a formal power series solution u(y) = Z uny® € Cl[[y]] of
n=0
the equation ' (R)u = 0. Its Laplace transform is written as 4(z) € C[[z]]. Then, we
have the following:

(i) Since the operator is regular singular at the origin, any formal power series
solution 4(z) € C[[z]] of the equation P(z,D,)td = 0 converges to a holomorphic
function near the origin.

(ii) The following conditions are equivalent:

(a) u(y) converges in the Hilbert space Cly].
(b) @(z) converges to a holomorphic function on the unit disk.
(c) Both the even part 4°(z) and the odd part 4°(z) of 4(z) can be holomor-
phically continued to a neighbourhood of the closed interval [0, v/tanh &].
(iii) The following conditions are equivalent:
(a) u(y) does not converge in the Hilbert space Cly].
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(b) @(z) cannot be continued to a holomorphic function on the unit disk.
(c) Either the even part i°(z) or the odd part 4°(z) of 4(z) cannot be holomor-
phically continued to a neighbourhood of the closed interval [0, vtanh k).

Proof. We set an, = u,I'(5 + 1)27/2. Then the condition (ii-b) and (iii-b) imply

n D(2E ..
lan|2y/mn! | < (|tanh k| + €1) F((%QTl)) for case (ii),

I(3 +)%2" e

(35)  |unl*(y"y") = )
> (|coth | — 1) NCEE)) for case (iii).

This proves the equivalences (ii-a) < (ii-b) and (iii-a) < (iii-b). Then, (ii-b) implies
(ii-c) by the relations 4°(2) = (4(z) +4(—2))/2, @°(z) = (4(z) — 4(—2))/2. Conversely,
the condition (iii-c) implies that the even function 4°(z) is also holomorphic at z =
—+v/tanh k. Since this function is a solution of the differential equation, it can be
holomorphically continued to regular points. Thus, it is holomorphic on the unit disk.
The same holds for the odd part 4°(z). This proves (ii-c) for & = a¢ +4°. O

Remark 15. If we replace the Hilbert space L?(R) by some Sobolev-type space, then
the estimate (3.5) requires some additional factors such as (1 + n?)?. This change
affects neither the statement nor the proof of the proposition.

Remark 16. The unit disk can be replaced by a connected and simply-connected open
subset Q' of C which contains the three points 0, £v/tanh k and which contains neither
of the points +=+v/coth k. In fact, Proposition 1/ remains valid if we replace the unit
disk by such a domain in the statements of conditions (ii-b) and (iii-b).

We denote the set of holomoprhic functions on Q' by O(Q’). The germ of holomor-
phic functions at the origin is denoted by Op.

To summarize the above discussion, the spectral problem (1.1) is equivalent to that
of finding all the holomorphic solutions U(z) € O(£Y) of the differential equation
P(z,D,)U(z) = 0.

3.4. Index of the operator.
Lemma 17. The indez of the map

(3.6) P(z,D,) : O(Q) = O()

18 zero.

Proof. The index is, by definition, the difference of the dimensions of the kernel and
cokernel. It is known (e.g., see [K]) that the map (3.6) is continuous, it has a closed
range, the dimensions of its kernel and cokernel are both finite, and its index is equal
to the difference of the order of the operator P(z,D,) and the number of zeros with
multiplicity in the domain €2’. Thus the index of the map in questionis 3—1x3 =0. O

Corollary 18. The following conditions are equivalent:
(i) The map (3.6) is injective.
(i) The map (3.6) is surjective.
(iii) The map (3.6) is bijective.
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If one takes a monomial basis {z" | n € Z,} of C[[z]], the condition (iii) of Corol-
lary 18 can be expressed in terms of the ‘determinant’ of a tridiagonal, by (3.1), matrix
of infinite size. This determinant should coincide with the function f introduced in
[PW], where this function is constructed with the limit of some continued fractions. If
the determinant is zero, then we have an infinite series solution in C[[z]] = Qp. Since
the operator P(z, D,) has regular singularity at the origin (Proposition 14(i)), such a
formal solution converges to a holomorphic solution at the origin.

4. CONNECTION PROBLEM

In this section, we discuss the relation between our problem and the connection
problem of a linear ordinary differential equation in a complex domain. It is instructive
to relate our work with Heun’s operator, and therefore we work in the variable w in
this section. We set ' = {z € C| |2] < 1}, @ = {w € C | |w| < | coth k|}.

4.1. Expression. Every solution f € O(Q') of P(z,D,)f = 0 is the sum of an even
solution f¢(z) and an odd solution f°(z). By the map w = 22 coth k, the set of even
functions in O(£Y’) is isomorphic to O(2). The set of odd functions in O(£') is identified
with v/ wO(2). We denote the differential operator P(z, D,) written in terms of w by
P¢(w, Dy). This operator acts on O(Q) and wO(Q) as

P¢(w, Dy) : O(Q) — O(), P¢(w, Dy) : VwO(Q) = VwO(Q).
Using the variable w, we have

@(R) = (2w(tanh k) (6, + 1) + w™ ' (coth £) (26, — 1) — 2(coth 2k)(260,, + ) + 2-) x
(200 + 3 —v) + 2Aer)” |

sinh 2K

where 6, = wd,, = 30,. By this expression ww(R) is holomorphic on w € C. We
see that P¢(w, Dy,) = (8, + 2)w(R) = 2(6,, + 1)w(R) = 20, ww(R). In other words,
P¢(w, D,,) can be factorized into a product of the two differential operators 8,, and
www(R) holomorphic on C in the variable w. By (3.3), we have

(41)  P°(w,D,) = 8(tanh k)d,, - w?(w — 1)(w — coth? k) - VwH(w, D)V .

Thus the exponents of P¢(w, D,,) are given by the P-symbol

0 1 coth? k 0o

0 1 1 2

% 0 0 1 w
v 1 1 1 v 1
371 sty —5+t5 —5+3

The new exponent is 2—2=0at w =0, itis 2—1 =1 at w = 1,coth®x, and it is
—(2—-4) =2 at w = oco.

4.2. Connection problem. We illustrate the corresponding connection problem

briefly. For simplicity, we assume in this section that the parameter v satisfies v + % ¢
Z,. '
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First, consider the differential equation ww(R)U(w) = 0. Choose a basis { fo1, foz}
of solutions near w = 0 such that the exponent of fo; is 1/2 and that of fo2 is (2v—1)/4.
Then \/E_lfm is holomorphic and foz is not. If (2v — 1)/4 ¢ % — Z,, then foo is
ambiguous, but this is irrelevant to the present discussion.

Now, choose a basis {f11, fi2} of solutions near w = 1 such that the expoent of fi;
is 0 and that of fi2 is (2v + 1)/4. Then f11 is holomorphic and f;2 is not.

Next we select a basis of the solution of the differential equation P¢(w, D,,)U(w) = 0.
Let foo be a solution with exponent 0 near w = 0. This solution is holomorphic. Then,
let fio be a solution with exponent 1 near w = 1. This is also holomorphic.

The space ker(P¢,Op) of holomorphic solutions at the origin is spanned by foo.
Similarly, the space ker(P¢,/wQy) is spanned by fo1. For the point w = 1, the space
ker(P¢,0,) is spanned by fio and fi;.

Now we consider the connection matrix along the open interval (0, 1):

2
foj =Y fumij, 3=0,1,2.
i=0

By definition, the function 7;; = 1;;(v, k,€) does not depend on w, but it may depend
on the parameters v, , and €. Since {f; | j = 1,2} forms a basis of solutions of the
equation ww(R)U(w) = 0, we have 791 = g2 = 0.

The restriction map from 2 to the origin gives a natural map ker(P¢,O(Q2)) —
ker(P¢,Op). We characterize the image of this map by the connection coeflicient.
Proposition 19.

(i) The (even) function foo € ker(P¢,Og) comes from a function in ker(P¢, O(£2))
if and only if nyg = 0.
(ii) The (odd) function fo1 € ker(P¢,/wOy) comes from a function in ker(P¢, /wO(Q))
if and only if n21 = 0.

In other words, provided that v is “non-integral”, then v is an eigenvalue of the
eigenvalue problem if and only if 7207721 = 0. An expression for the connection coeffi-
cients is given in [SS1] and [SS2].

4.3. Odd case. For the odd case, the connection to Heun’s operator is more direct.
Let us consider

P2, D,) : VBO(Q) = VwO().

Lemma 20. We have the isomorphism

ker(P?, /wO(Q)) = vw ker(H (w, Dy), O()).
Proof. First, we see that v/wf € ker(P®, /wO(Q)) if and only if
f € ker(vw P*(w, Dy)vw, O()).
Then, by (4.1), we have
V™ P*(w, Dyy)v/w = 8(tanh k)W 8y v/ - w?(w — 1)(w — coth® &) H(w, Dy).

Finally, since v/w ™ " - 8, - /0 is bijective on O(£2), the kernel of the operator is given
by the kernel of H(w, D,,). O
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Remark 21. The operator
w(l — w)H(w,D,,) : O(Q) = O(Q).

has indez zero.

The exponents of this operator are, as is in Section 3.1, given by

0 1 coth? k %)
0 0 0 % w
3 1 1 3
371 3t3 —5+z —5+;

Then if (2v + 1)/4 ¢ Z., the eigenvalue problem remains equivalent to 727 = 0. In
particular, this is the case for (2v — 1)/4 € Z., which was excluded in Section 4.2.

4.4. Monodromy representation. In this subsection, we assume that —(v + 2) ¢
Z, . Since all the eigenvalues v satisfy v > 0, as seen in Section 4.A, this assumption
is harmless. We choose a base point wy such that 0 < wg < 1 and fix a basis of
ker(P, Oy,) = C*. Then the monodromy defines the representation of the fundamental
group

71(C\ {0,1,coth® k}) — GL(3,C).

Now, we consider the subgroup F» = m;(Q \ {0,1}), which is isomorphic to the free
group of two generators. Restricting the above representation to the subgroup F;, we
have a representation,

p:Fy - GL(3,C),
which is called a restricted monodromy representation.

Proposition 22. The set of invariants of the restmcted monodromy representatzon p
18 tsomorphic to the solutions

ker(P : O(R) — 0O(Q)) 5 (C3)PF2),

We take two loops o, 71 € m1(22\ {0,1}) around 0, 1, respectively, and consider
the corresponding local monodromy matrices p(vo), p(71) € GL(3,C). Then the set of
invariants is equivalent to the common kernel of these two matrices:

(C*PF) = {f € C*| p(v0)f = f,p(m)f = F}-

Example 23. For a non-generic parameter v, we have the following properties for
local monodromy matrices:

(i) The case (2v —1)/4 € Z,. The matriz p(v1) is semisimple with eigenvalues
1,1 and —1, while the matriz p(vy) has eigenvalues 1,1 and —1. Then the
dimension of the common kernel is 0, 1, or 2.

(ii) The case (2v + 1)/4 € Z,. The matriz p(vyo) has eigenvalues 1,—1 and —1.
The eigenspace for the eigenvalue 1 is one-dimensional. The matriz p(v1) has
eigenvalues 1,1 and 1. The dimension of the common kernel is 0 or 1.
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(iii) The case of odd functions with (2v + 1)/4 € Z,.. We can define the restricted
monodromy representation for the operator appearing in Section 4.3:

p°: Fy - GL(2,0).
We have a relation similar to that appearing in Proposition 22,
ker(H (w, Dy), 0(R)) = (C*)P"") = {f € C*| p°(v0)f = p*(m)f = f}-

Both the matrices p°(vo) and p°(y1) are unipotent (with eigenvalues 1,1). The
dimension of the kernel is 0, 1, or 2.

4.A. Positivity of eigenvalues. Assume equation (2.3) holds. 't'hen for u = (u_,u4),
G_m(S_)u_ + dym(Sy)uy = po(jut? + Ju_|? — e*(Tyu- + a-uy).
The right-hand side of this expression is
u8((1 = ) (us P+ u—?) + e2fus +u_[?).

On the other hand,

1
[ansoyus 4 an(Sius = 5 [ (0 +lous )
This proves the relations ué > 0 and v = pd cosh k > 0.
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