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Abstract. The Floquet eigenvalue problem and a generalized form of the Wangerin eigen-
value problem for Lamé’s differential equation are discussed. Results include comparison
theorems for eigenvalues and analytic continuation, zeros and limiting cases of (generalized)
Lamé-Wangerin eigenfunctions. Algebraic Lamé functions and Lamé polynomials appear
as special cases of Lamé-Wangerin functions.
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1 Introduction
The Lamé equation (Arscott [1, Chapter IX]) is

d?w 9 9

@-i- (h —v(v+ 1)k sn?(z, k))w = 0, (1.1)
where sn(z, k) is the Jacobian elliptic function with modulus & € (0,1) (Whittaker and Watson
[22, Chapter XXII]), » € R and h is the eigenvalue parameter. This equation has regular
singularities at the points z = 2mK + i(2n + 1)K’, where m, n are integers and K = K (k)
and K’ = K'(k) denote complete elliptic integrals. Various eigenvalue problems for the Lamé
equation have been treated in the literature.

The Lamé equation is an even Hill’s equation with fundamental period 2K. The theory of
Hill’s equation is well-known; see, e.g., Arscott [1], Eastham [3] and Magnus and Winkler [14].
Results on the periodic eigenvalue problem specific for the Lamé equation with eigenfunctions
satisfying w(z + 2K) = tw(z) can be found in [6, Section 15,5], [9, 10] and [18, Chapter 29].
These functions have many applications; see, e.g., [2]. In Section 2 of this paper we will consider
the more general Floquet eigenvalue problem w(z +2K) = e*™w(z). For the general Hill’s equa-
tion this eigenvalue problem is treated in Eastham [3]. Some results on the Floquet eigenvalue
problem specific for the Lamé equation can be found in Ince [8, Sections 7 and 8].

Wangerin [21] showed that Lamé’s equation appears when Laplace’s equation is separated
in confocal cyclidic coordinates of revolution. Such coordinate systems can be found in Moon
and Spencer [17] and in Miller [16]. They include flat-ring, flat-disk, bi-cyclide and cap-cyclide
coordinates. An outline of Wangerin’s results is given in [6, Section 15.1.3]. In order to obtain
harmonic functions relevant for applications special solutions of the Lamé equation called Lamé—
Wangerin functions were introduced; see Erdélyi [5], [6, p. 88]. The Lamé-Wangerin eigenvalue
problem is obtained when we require that (sn z)/?w(z) stays bounded at the singularities 1K’
and 2K +1K'; see Erdélyi [5] and Erdélyi, Magnus and Oberhettinger [6, Section 15.6]. These
eigenfunctions will be defined on the segment (iK’,2K + iK’) but can then be continued ana-
lytically.
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In Section 3 of this paper we consider a more general eigenvalue problem whose eigenfunc-
tions w(z) have the form

w(z) = (z — iK'V Z qn(z —1K')?"
n=0

at 2 = iK' and a similar condition at z = 2K + iK’. We call these eigenfunctions generalized
Lamé—Wangerin functions. Every classical Lamé-Wangerin function is also a generalized Lamé—
Wangerin function but not vice versa unless v > —%.

The motivation for introducing these functions is as follows. In Section 2 we show that the
eigenvalues of the Floquet eigenvalue problem agree with the eigenvalues of an infinite tridiagonal
matrix F' (considered in the Hilbert sequence space ¢?(Z), Z the set of integers). One is especially
interested in the case that a matrix entry in the diagonal above or below the main diagonal of F'
vanishes because then the eigenvalue problem splits in two problems whose eigenvalues are given
by infinite tridiagonal submatrices of F' that are only infinite in one direction (the underlying
Hilbert space can be taken as £2(Np), Ny the set of non-negative integers). It turns out that this
special case occurs if and only if v+ or v—p is an integer (v is the parameter in Lamé’s equation
and p is the parameter in Floquet’s condition.) Interestingly, if v + p or v — p is an integer
then the eigenvalues of one of the submatrices are identical with the eigenvalues of a classical
Lamé-Wangerin problem. This is a simple observation but as far as I know has not been stated
in the literature. Of course, the obvious question is: If the eigenvalues of one submatrix of F
are those for a classical Lamé-Wangerin problem what is the meaning of the eigenvalues of the
complementary submatrix? As we show in this paper, these are the eigenvalues for a generalized
Lamé-Wangerin problem (non-classical except when v = —%)

A second motivation for introducing the generalized Lamé-Wangerin functions is as follows.
Lamé polynomials and algebraic Lamé functions are not special cases of classical Lamé-Wangerin
functions. However, they are special case of generalized Lamé-Wangerin function. We show in
Sections 6 and 7 how Lamé polynomials and algebraic Lamé functions appear in the notation of
generalized Lamé-Wangerin functions. We should mention that we adopt the name “algebraic
Lamé functions” from [6, p. 68]. These functions are called “Lamé-Wangerin functions” in
Lambe [13] and non-meromorphic Lamé functions in Finkel et al. [7].

In Section 5 we compare the eigenvalues of the Floquet and the Lamé-Wangerin problems.
In Sections 6 and 7 we show that algebraic Lamé functions and Lamé polynomials are special
cases of (generalized) Lamé-Wangerin functions. In Section 8 we investigate the number of zeros
of Lamé-Wangerin eigenfunctions. In Section 9 we find the limit of Lamé-Wangerin functions
as k — 0.

I consider some of the results in this paper as new but not all results are new. The treatment
of the generalized Lamé-Wangerin problem is new. The recursions (3.9) and (3.17) are known
from [6] but the “symmetric” recursions (3.12), (3.19) appear to be new. The latter recursions
are used in some proofs and also in Section 6. The results in Sections 4, 5, 8 and 9 are new. Lamé
polynomials and algebraic Lamé functions are well-known, so I make no claim that Sections 6
and 7 contain new results.

2 Floquet solutions

On the real axis z € R, (1.1) is a Hill equation with fundamental period 2K. Let u € R. We
call h a Floquet eigenvalue if there exists a nontrivial solution w of (1.1) satisfying

w(z 4+ 2K) = ™ w(z), z € R. (2.1)
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w(z) is a corresponding Floquet eigenfunction. It is known [3, p. 31] that the eigenvalues are
real and form a sequence converging to co. We denote the eigenvalues by

ho(, v, k) < ha(p, v, k) < ha(p, v, k) < - -
The eigenvalues are counted according to multiplicity. If p is not an integer then
ho(p, v, k) < hy(p, v, k) < ho(p, v, k) < ---.
Obviously, we have
o (py v, k) = ho (1 + 2,0, k) = hpp(—p, v, k) = by (p, —v — 1, k). (2.2)

Let wy(z, h,v, k) and wa(z, h,v, k) be the solutions of (1.1) satisfying the initial conditions
w1(0) =1, d(;‘;l (0) =0, wa(0) =0, dé“‘f (0) = 1. Then Hill’s discriminant D is given by

d
D(h,v, k) = w, (2K, h,v, k) + %(2}(, h,v, k).
z

The eigenvalues h,, (i, v, k) are the solutions of the equation
D(h,v, k) = 2cos(ur); (2.3)

see [3, equation (2.4.4)]. From (2.3) we easily obtain the following result that will be needed
later.

Theorem 2.1. For every m € Ny = {0,1,2,...}, the function (u,v, k) — hp(u, v, k) is conti-
nuous on R x R x [0,1).

Theorem 2.1 can also be inferred from results on Sturm-Liouville theory [12].
Following [6, p. 65] we transform (1.1) by setting

t =i —am(z,k), (2.4)

where am is Jacobi’s amplitude function. We note that (2.4) establishes a conformal mapping
between the strip |$z| < K’ and the ¢-plane cut along the rays mm +isL, s > 1, m € Z, where

1 1 1+ K
L := arccosh — = = In + K =+/1— k2

ko2 1—Fk"
Then
sn z = cost, cnz = sint.
We obtain
(1 — k? cos? t)c(lfg + k2 Costsint% + (h = v(v + 1)k* cos? t)w = 0. (2.5)

Since am(z + 2K) = am z + 7, condition (2.1) becomes
w(t + ) = e THw(t), teR.

This condition is equivalent to e*!w(t) being periodic with period 7. Therefore, using Fourier
series, eigenfunctions have the form

(e}
w(t) = Z cpe 2t (2.6)

n=—0oo
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By substituting (2.6) in (2.5), we obtain the three-term recursion
PnCn—1 + (Un - h)cn + Tnt1Cnt1 = 0, n € Z, (2'7)
where

Pn = —ik2(2n—l—i—,u—i—y)(2n—2+u—y),
Op = %kju(u +1)+(1- %kQ)(Qn + 1)?,
Th=—2k*(2n +p+v)2n — 1+ p—v).

This recursion is similar to the one given in [8, equation (7.1)] which is based on Fourier cosine
series instead of the complex form of Fourier series we used. The behavior of solutions {c;, }nez
of (2.7) as n — oo is given by Perron’s rule [19]. If & € (0,1) we choose ng so large that p, # 0
and 7,41 # 0 for n > ng. Then the solutions {¢,}n>n, of equations (2.7) for n > ng form
a two-dimensional vector space. There exists a recessive solution which is uniquely determined
up to a constant factor with the property

. Cn+1 1—K
lim = < 1. 2.8
n—)l 00 Cp 1+ K ( )

Every solution which is linearly independent of this solution satisfies

. Cn+1 1 + k,
lim =

W5 e —1_k/>1.

Similar results hold for n — —oo. We obtain the following theorem.

Theorem 2.2. Let pu,v € R and k € (0,1). Then h is one of the eigenvalues hy,(u, v, k) if and
only if the recursion (2.7) has a nontrivial solution {cy}nez such that

a) either there is ng such that ¢,, =0 for n > ng or {c,} is recessive as n — oo; and

b) either there is ng such that ¢, =0 for n < ng or {c,} is recessive as n — —oo.
The expansion (2.6) of a corresponding eigenfunction converges in the strip |t| < L.

Of course, a nontrivial solution {¢,} of (2.7) can be zero for n > ng or n < ng only when one
of the numbers p,, or 7, vanishes. This happens if and only if at least one of the numbers y 4+ v

is an integer. These interesting cases will be discussed in Sections 5, 6 and 7.
Alternatively, we may expand

w(t) = (1- k2 cos2 t) 1/2 Z d,e iut2n)t

n=—oo

Then we obtain the “adjoint” recursion
Tndpn—1 + (O'n — h)dn + pPnt1dnt1 = 0, n € Z. (29)

Theorem 2.2 also holds with (2.9) in place of (2.7).
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3 Generalized Lamé—Wangerin functions

A (classical) Lamé-Wangerin function w(z) is a nontrivial solution of Lamé’s equation (1.1)
with the property that (snz)/?w(z) stays bounded on the segment between the regular singu-
larities K’ and 2K +iK'; see [6, Section 15.6]. Such solutions exist only for specific values of h.
If we substitute z = u + iK' then we obtain the singular Sturm-Liouville problem [23]

d?w 9

@—i—(h—u(u—l—l)sn (u,k))w =0, 0<u<?2K, (3.1)
with the boundary condition that (snu)~'/2w stays bounded on (0,2K).

The eigenvalue problem splits into two problems, one for functions that are even with respect
to K + iK', that is,

w(K +iK' +s) = w(K + iK' — s) for —-K < s < K, (3.2)
and one for functions which are odd with respect to K + iK', that is,

w(K +iK' +s) = —w(K +iK' — s) for —-K <s < K. (3.3)
Without loss of generality, one may assume that v > —%, and since the exponents at iK' and
2K + iK' are {v + 1, —v}, a Lamé-Wangerin function has the form

w(z) = (z —iK")"T Y " gn(z — iK')™" (3.4)

n=0

for z close to iK' with gg # 0.

We generalize these eigenvalue problems as follows. Let v € R, 0 < k < 1. We call h € C an
eigenvalue of the first Lamé-Wangerin problem if (1.1) admits a nontrivial solution w on the
interval (iK’,2K +iK') which close to z = 1K’ has the form (3.4) and satisfies w'(K +1K’) = 0.
The latter property is equivalent to (3.2). The eigenfunction w will be called a Lamé-Wangerin
function of the first kind. Note that we consider this eigenvalue problem for all real v not just
for v > —%. Also note that the condition gg # 0 is not required in (3.4) although ¢y # 0 will
hold if v + % is not a negative integer.

Similarly, we call h an eigenvalue of the second Lamé-Wangerin problem if (1.1) admits
a nontrivial solution w on the interval (iK', 2K +iK') which close to z = iK' has the form (3.4)
and satisfies w(K + iK’) = 0. The latter property is equivalent to (3.3). The eigenfunction w
will be called a Lamé-Wangerin function of the second kind.

Ifv > —% our eigenvalue problems are included in singular Sturm-Liouville theory (see
also [15]) but this theory does not give us results for v < —%. We will treat these eigenvalue
problems by a different method developed below.

We substitute

n=e 2t (3.5)

n (2.5). We obtain the Fuchsian equation

d*w 1/(1 1 1 dw
k*n(n — - [ +5 < + + ) ]
nn=m)n=m)\ gz +5\ ot = T o= an

e U
+<h B+ 1) ) =0, (3.6)
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where

1—-F 14+ %
1+k, (071)7 N2 ‘= 11—k

n o= € (1,00).

The differential equation (3.6) has regular singularities at n = 0,7n1,n2,00 with exponents
{-iv, v+ 1)}, {0,3}, {0,3}, {—3v.3(v+ 1)}, respectlvely If we combine (2.4) with (3.5)
we obtain

n= e~ 2(zT—amz) _ = (snz4icnz) 2= (snz—icnz)? (3.7)

Setting z = u 4+ 1K’ for 0 < u < K this gives

1—dnu

= 1+dnu’

This establishes a bijective increasing map between u € (0,K) and n € (0,71). Taking into
consideration the behavior of n close to u = 0 and u = K we see that a Lamé-Wangerin
function of the first kind expressed in the variable 7 is a solution of (3.6) on (0,7;) which close
to n =0 is of the form

w(n) =@ 2N " e, (3.8)
n=0

and which is analytic at n = ;. This implies that the radius of convergence of the power series
in (3.8) is > n2. For the coefficients ¢,, we find the recursion

(661) — h)co +v1c1 =0,
ancn1+ (BY = h)en +Yng1cns1 =0,  n>1, (3.9)

where

ap = —%kQ(n +v)(2n —1),
B = %k‘QU(l/ + 1)+ (1— %kQ)(2n +v41)2
Yo = —%k:2(2n +2v+ 1)n.

Note that the equations (3.9) for n > 1 agree with (2.7) when we set p = v + 1. The recur-
sion (3.9) is given in [6, Section 15.6(15)].

Using Perron’s rule, we see that h is an eigenvalue of the first Lamé-Wangerin problem if
and only if (3.9) has a nontrivial solution {c,}52, which is either identically zero for large n
or satisfies (2.8). Of course, a nontrivial solution {¢,}5°, of (3.9) can be identically zero for
large n only if one of the numbers «, is zero, that is, if v is a negative integer.

Alternatively, we may expand a Lamé-Wangerin function of the first kind in the form

w(n) = T2(n I/QZa " (3.10)

with the power series having radius > 72. In order to find the recursion for the coefficients a,,
we transform (3.6) by setting

1/27)(

w(n) = (2 — 1) “v(n)
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to
d?v 1 /1 1 3 dv
K2 n(n —m)(n —n [+<+ + )]
( ) ) dn?  2\n n-m n—n/)dn
1 2
+ (h—k%(uﬂ)mﬁk?(zn—m)) v =0. (3.11)
We obtain the recursion
(E((]l) — h)ao + d1a1 = 0,
OnGn_1 + (67(11) — h)an + dpar1ani1 =0, n>1, (3.12)
where
op = —%k‘Qn(Zn +2v+1),

n
) = %kzy(y + 1)+ (1- %k‘Q)(Zn +v4+1)72+ %k2n1(4n +2v +3)
— U2+ 1) =K (2n+3+0) + (1= A+ 2n+ 2 +0)?).
It is a pleasant surprise that, in contrast to (3.9), recursion (3.12) is of self-adjoint form. We

take advantage of this observation and introduce a symmetric operator S = S™M (v, k) in the
Hilbert space ¢?(Ng) with the standard inner product. The domain of definition of S is

D(S) = {{acn}ffoz 277,4|1:n|2 < oo}
n=0

and S is defined on D(S) by

S{x;})o = eizo + d11,
S({x3}>n = 0pTn-1+ 6%1)3% + 5n+1xn+17 n > 1.

So S is represented by an infinite symmetric tridiagonal matrix.
Theorem 3.1. Let v € R and k € [0,1).

(a) SV (v, k) is a self-adjoint operator in £>(Ng) with compact resolvent and bounded below.

(b) If k € (0,1) the eigenvalues of S (v, k) agree with the eigenvalues of the first Lamé-
Wangerin problem.

(¢) If k € (0,1) the eigenvalues of SN (v, k) are simple.

Proof. (a) We abbreviate S = S0 (v, k), and write S = A+ B with A = SM(v,0). So A is
represented by an infinite diagonal matrix with diagonal entries (2n + v + 1)%, n € Ny. It is
clear that A is a positive semi-definite self-adjoint operator with compact resolvent. There are
two constants A > 0 and ¢ € (0, 1) such that

IBz| < ¢l|(A+ Nz|  for all z € D(S). (3.13)

To prove this it is convenient to write B = B+ Bs+ B3 where each B; has a matrix representation
consisting of only one nonzero “diagonal”, and estimate ||Bz|| < ||Biz|| + || Baz|| + ||Bsx||. We
can reach ¢ < 1 because the factor of n? on the main diagonal of A is 4 while the factors of n?
on the three diagonals of B are —k?, —2k? —k2, respectively. From (3.13) we obtain that
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T := B(A+ \)~! is a bounded linear operator with operator norm ||T|| < ¢ < 1. Therefore,
14T is invertible and

S+NP=A+A+B)t=A+ N+

This shows that (S + A\)~! is a compact operator. Since S is symmetric, we find that S is
self-adjoint; compare [11, Chapter V, Theorem 4.3]. From (3.13) we also obtain that S + A is
positive definite [11, Chapter V, Theorem 4.11]. Therefore, (a) follows.

(b) h is an eigenvalue of S if and only if the recursion (3.12) has a nontrivial solution {a,}2,

o0
with the property that Y n#|a,|? < co. By Perron’s rule the latter property is equivalent to
n=0

ap = 0 for large n or {an? is recessive as n — 0o.
(c) If k € (0,1) the eigenvalues of S are simple because the corresponding eigenfunctions of
the first Lamé-Wangerin problem are even with respect to K + iK’. |

Based on Theorem 3.1 we write the eigenvalues of the first Lamé-Wangerin problem with
k € (0,1) in the form

Hél)(u, k) < H{l)(y, k) < Hél)(y, k) <---.

The Lamé-Wangerin function belonging to Hr(r})(y, k) will be denoted by wfn,p(z, v, k). If a nor-
malization is required it will be stated separately. We note that the corresponding eigenvectors
{a,}°°, of S when properly normalized form an orthonormal basis in the Hilbert space ¢2(Np).

The eigenvalues of S()(1,0) are (2n + v + 1)? for n € Ny. If we arrange this sequence in
increasing order repeated according to multiplicity we denote these eigenvalues by Hr(nl)(u7 0).

Explicitly, they are given by the following lemma.

Lemma 3.2. Letp—1 < v <p with p € Z. Then, for all m € Ny,

HY (v,0) = (20 +v +1)%,

where
m ifm+p>0,
l= %(m—p) ifm+p<0, m+p even,
f(-m—p—1) ifm+p<0, m+p odd.

We will need continuity of the eigenvalues H,(,P(Z/, k).

Theorem 3.3. The function (v, k) — HT(,%)(I/, k) is continuous on R x [0,1) for every m € Ny.

Proof. Set S(v,k) = SM (v, k), A(v) = S(v,0) and S(v,k) = A(v) + B(v, k). Let vy > 0
and ko € (0,1) be given, and set Q := [—vp, 9] X [0,kp]. Then we can find A > 0 large
enough and ¢ € (0,1) such that (3.13) holds uniformly for (v, k) € Q. It follows that T'(v, k) :=
B(v,k)(A(v) + A)7! is a bounded linear operator with operator norm ||T(v, k)| < ¢ for all
(v, k) € Q. As before, we have

(SWE)+ N =AW) + N A+ T, k)™ (k) eQ. (3.14)

Suppose we have a sequence (v, ky) € Q which converges to (17, l%) as n — o0o. Then we can
easily show using the definitions of A and T that

[(Awn) + )= (A@)+ M) 7| =0 asn— oo,
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and
|T(vn, kn) — T(0,k)|| -0 asn— oco.

Using (3.14) we then obtain that
(S (Wnskn) + A= (S(2,k) +A) | =0 asn — oc. (3.15)

If K, is a sequence of positive definite compact Hermitian operators converging to a positive
definite compact Hermitian operator K with respect to the operator norm, then the mth largest
eigenvalue of K (counted according to multiplicity) converges to the m largest eigenvalue of K as
n — oo for every m € Ny. This follows directly from the minimum-maximum-principle If we set
Ky = (S(n, kn)+A) 71 K = (S(7, l;:)—i—)\)_l and use (3.15) we obtain H,(T%)(un, kn) — HTQ)(&, l;:)
as n — oo for every m € Ny as desired. |

A Lamé-Wangerin function of the second kind can be written in the form
w(n) =" 2 =) P =)' dun, (3.16)
n=0

where the power series »  d,,n" has radius > 7. If we set

1/2(

w(n) = (n—m)"*(n —n2)"?v(n)

in (3.6), we obtain

v 1/1 3 3 dv
K — ) (n — 02 [+(+ + )]
( ) ) dn?  2\n n—-m n-—mn2/)dny

1 2
+ <§’k2n—1+ék2+h—k2u(u+l)(?‘:;7)> v=0.

This gives the recursion

(857 = h)do +mdi =0,

ani1dn—1 + (8P = h)dy + Yps1dni1 =0, n>1, (3.17)
where o, v, are as in (3.9) and

B =P+ 1)+ (1 - 3K 2n +v+2)%

Note that the equations (3.17) for n > 1 agree with (2.9) when we set u = v + 2. The recur-
sion (3.17) is given in [6, Section 15.6(16)].
Alternatively, a Lamé-Wangerin function of the second kind can be written as

w(n) =" 2 = n)72> b, (3.18)
n=0

where the power series Y b,n"™ has radius > ny. If we set
w(n) = (m —n)"o(n)
in (3.6), we obtain (3.11) with 7, 72 interchanged. This gives the recursion

(e = h)bo + 6161 = 0,
Subn—1 4 (€@ = h)by + 6pi1bpi1 =0,  n>1, (3.19)
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where
Op = f%an@n +2v+41),
) %kgy(y + 1)+ (1- %kQ)@n +v4+1)2+ %k:2172(4n +2v+3)
— U2+ )+ K (2043 +0) + (1= A+ 2n+ 2 +1)?).

For the second Lamé-Wangerin problem we have results parallel to Theorem 3.1, Lem-
ma 3.2 and Theorem 3.3. We denote the eigenvalues of the second Lamé-Wangerin problem

by Hy(,f)(u, k), and the corresponding Lamé-Wangerin eigenfunctions by wg) (z,v, k).

4 Analytic continuation of Lamé-Wangerin functions

In the previous section Lamé-Wangerin functions were defined on the interval (iK', 2K + iK’).
We analytically continue these functions to the strip 0 < Sz < K’ as follows. Using (3.7)
and (3.8) a Lamé-Wangerin function w) of the first kind can be written as

oo
wV(z) = e i) (gT—am2) Z cn(snz —icnz)?". (4.1)

n=0

Since the power series > ¢,n™ has radius larger than 1 and || < 1 for 0 < Sz < K', the
expansion (4.1) converges in the strip 0 < Sz < K'.
If 0 < n < n we have

1 B 1.,
LU V2 1= SR o = )2 = ). (4.2)

If z is on the segment (iK', K +iK') and 7 is given by (3.7) then (4.2) implies
. .
idnz = k™2 — )20 — )2 (4.3)

Therefore, (3.16) implies

w® (2) = 2ik~le i+ (zm—am2) qp, d,(snz —icn 2)?". 4.4
(2) n ) (4.4)

n=0
Again, this expansion is convergent in the strip 0 < 3z < K'.
In order to deal with expansions (3.10) and (3.18) we introduce the function

I1(2) :== (dnz + cn z)'/? (4.5)

also appearing in [8]. This function is analytic in the strip —K’ < Sz < K’ when the branch of
the root is chosen as follows. The function dn z 4+ ¢n z does not assume negative values or zero
in the rectangle —2K < Rz < 2K, —K' < 3z < K’. We choose the principal branch of the root
in (4.5) in this rectangle. We choose positive imaginary roots on the segments (—2K, —2K +iK")
and (2K —iK',2K). For other z, I1(z) is determined by I1(2+4K) = —I;(z). A second function
is defined by

Ir(z) == =11 (24 2K) = —(dn z — cn 2) /2,
For 0 < n < we have the identity

L—n+?+ 1 —n—q)? =221 - &)/ — )%, (4.6)
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where
q=k(m —n)"/*(ny —n)'/?

and all roots denote positive roots of positive numbers. For z between iK' and K +iK’ we have
icnz = 1(17_1/2 — 771/2).
2

Therefore, it follows from (4.3) and (4.6) that the analytic continuation of J; = 5~ /4(ny —n)/?
to the strip —K’ < Sz < K’ is given by

(1= k)2 J0(2) = ei%”h(z) + e*iiﬁfg(z). (4.7)

Therefore, the analytic continuation of the Lamé-Wangerin function w(!) of the first kind given
by (3.10) to the strip 0 < Sz < K’ is

w(z) = e_i("+%)(%”_amz)J1(z) Z an(snz —icn z)?".
n=0

Similarly, for 0 < n < n; we have
(1—n+@)"? =1 —n—g"? =221+ &)"(m -2

It follows that the analytic continuation of the function J, = 5~ Y4(n — 1)'/? to the strip
—K' < 3z < K' is given by

(14 E)2T(2) = 171 (2) — e 117 Iy(2). (4.8)

If a Lamé-Wangerin function w(®) of the second kind is given by (3.18) then its analytic conti-
nuation is

w?(z) = e_i(”+%)(%”_amz)<]2(z) Z bo(snz —icn z)?".
n=0

5 Comparison of eigenvalues

Every Lamé-Wangerin function is also a Floquet eigenfunction.

Lemma 5.1. Let v € R and 0 < k < 1. A Lamé-Wangerin function w™)(2) of the first kind
satisfies

wV(z 4 2K) = D7, (D (),
A Lamé—Wangerin function w(2)(z) of the second kind satisfies
w? (z 4 2K) = " (2).
Proof. This follows from (4.1) and (4.4). [

If 4+ v or p— v is an integer then the Floquet eigenvalues h,,(u,v) can be expressed in

terms of Lamé-Wangerin eigenvalues H,(g)(u). The properties (2.2) show that it is sufficient to
consider the case y = v 4 1. Then we have the following result.

Theorem 5.2. Let 0 <k<1l,veR, peNyandp—1<|v| <p.



12 H. Volkmer

(a) If v >0 then

hm(u+1,u):H(2)(—l/—1), m=0,1,...,p—1,

hpraia(v+1,0) = HEL(—v=1), >0,
hproi(v +1,v) = H (1), i>0.

(b) If v <0 then

hm(y—l—l,y):H(l)(y), m=0,1,....,p—1,

hproina(v+Lv) = HyL(w), i,
hpsoi(v +1,v) = HO (v —1),  i>0.

(¢) If v is an integer then
ho(v+1,v) <hi(v+1,v) <--- < hy(v+1,v),
and, fori >0,

hpi2i(v + 1,v) = hproipai(v + 1,v) < hpioite(v + 1,v) = hproips(v + Lv) < -+

Proof. (a), (b) Suppose first that v is not an integer. Then the eigenvalues fy,(k) := hp, (v +
1,v, k) form a strictly increasing sequence. By Lemma 5.1, each eigenvalue g, (k) := Hi )(u, k)
and G, (k) = HY(,%)(—V — 1,k) is among the f-eigenvalues. This is also true for & = 0. The
sequence { f,(0)}5°_ is given by the sequence {(2n + v + 1)2}n ¢z When arranged in increasing
order, {gm,(0)} is given by {(2n + v + 1)2}22, in increasing order and {G,,(0)} is given by
{(2n +v+ 1)2}:;700 in increasing order. Because of continuity of the functions fy,, gm, Gm
(Theorems 2.1 and 3.3) the order of these eigenvalues is the same for all £ € [0,1). An analysis
of the order at k = 0 proves (a) and (b) for noninteger v. The result extends to integer v by
continuity.

(c) Let v be an integer. Then we apply (a) or (b) to v+e in place of v and take limits ¢ — 0%.
This proves (c). |

We now compare the eigenvalues Hfg)(y) with Hg)(—u —1).
Theorem 5.3. Let p € Ny, 0 < k < 1. Let either H=H® or H = H®,
(a) If—p—%<u< —p—% then

H,(v) < Hy(—v —1) < Hpp1(v) < Hi(—v —1) < Hpyo(v) < ---.

(b) Ifv=—p—3 then
H, 1(v) < Hy(—v—1)=Hy(v) < Hi(—v—1)=Hpp(v) <---

Proof. We consider the eigenvalues H,, = H,(,%). The proof for H,, = 7512) is similar.

(a) Let —p — 2 < v < —p— 1. The eigenvalues H,,(v), m > 0, are pairwise distinct, and the
eigenvalues Hy(—v — 1), £ > 0, are pairwise distinct. The eigenvalues H,,(v) are also distinct
from H;(—v — 1) because the corresponding eigenfunctions are linearly independent. Therefore,
using continuity of the functions k¥ — H,,(v,k) (Theorem 3.3) the order of the eigenvalues
H,,(v,k), H(—v —1, k) must be the same for all k € [0,1). The sequence {H,,(v,0)}7°_, agrees
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with {(2n +v+ 1)2}20:0 after the latter sequence is arranged in increasing order. Similarly, the
sequence {Hp,(—v—1,0)}5°_ agrees with {(2n— V)2}zo:0 arranged in increasing order. Analysis
of this order at k£ = 0 implies (a).

(b) If p = 0 then v = —1 and (b) is trivially true because v = —v—1. For p > 1 statement (b)
follows from continuity of the functions v — H (v, k) and taking one-sided limits as v — —p —

1

2

in (a). [ |
We now compare the eigenvalues Hﬁ)(y) with HT(,%)(Z/).

Theorem 5.4. Let v € R, 0 < k < 1 and HY = HY (v, k).
(a) Ifv>—3 then

HY <HY <HY < B <HY <HY <.
(b) If—p—%<1/<—p—% with p € N then

ay H(l,) 1 2
(0 < < [ < < <ty < <
p—1

where, form=0,1,...,p—1,

H},}) < H,(T%) if m+p is even, H,%) > Hr()f) if m+ p is odd.

(c) Ifl/:—p—% with p € N then

HY =HP <HY =HP <. < HY = H?

1 2
o < HY <HP <

Proof. (a) Let v > —%. Then the eigenfunctions of the two Lamé-Wangerin problems are

constant multiples of solution (3.4) with gg # 0. Therefore, the eigenvalues of the two problems
are mutually distinct. By continuity of the functions k — HT(,{)(I/, k) (Theorem 3.3) the order of
the eigenvalues Hr(ﬁ) must be the same for all k € [0,1). Now

HYw,0)=@m+v+1)?%  HPw,0) = 2m+v+2)2,

which implies (a).

(b) Let —p — % <v< —p-— % with p € N. Again, the eigenvalues of the two Lamé-Wangerin
problems are mutually distinct, and the order of these eigenvalues must be the same for all
k € ]0,1). The sequence {Hg{)(u, O)};ozo is the same as {(2n + v + j)?}°°, but the latter one
has to be ordered increasingly. An analysis of the order leads to the arrangement stated in (b).

(c) Let v = —p— % with p € N. Continuity of the functions v HT(,Z)(V, k) and part (b) show
that H,(ﬁ) = Hﬁf) form=0,1,...,p— 1. We know from Theorem 5.3(b) that

e

) =HD(-v—1),  m>0.

Since —v — 1 > —32 the rest of statement (c) follows from part (a). [
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6 Algebraic Lamé functions

If v+ % is a nonzero integer then Lamé’s differential equation (1.1) has solutions in finite
terms which are usually called algebraic Lamé functions. These solutions were investigated
in [4, 7, 8, 13]. We obtain these functions as follows.

Let v = —p — % with p € N. For j = 1,2 we introduce the symmetric tridiagonal p by p
matrices

e(()j) 00 O
01 egj)
S =19 - 0 |
6&22 Op—1
0 0p—1 e;jzl

where

e =L - D)+ (1)K n+1-p)+ (1 -6 (L + @2n+1-p)?),
6n = K*n(p —n).

The coefficient 6, vanishes in (3.12), (3.19). Therefore, if (ag,a1,...,a,—1)" is an eigenvector
of SI(,j) and a, := 0 for n > p then (3.10), (3.18) are Lamé-Wangerin functions of the first and
second kind, respectively.

We note that S,()l) is the mirror image of S,()Q) with respect to the anti-diagonal, that is, we
have

2

eg) = 61()_)1_n, On = Op—n.-
It follows that SI(,l) and S§,2) have the same eigenvalues and the corresponding eigenvectors are in-
verse to each other, that is, if (ag, a1, . . ., ap—1)" is an eigenvector for SZ(;I) then (ap_1,ap—2,...,ap)"
is an eigenvector for S]()z) belonging to the same eigenvalue. According to Theorem 5.4(c), the

common eigenvalues of SI(,] ) are

H(l)(_p_%):H(Z)(—p—%), m=20,1,...,p—1.

If (ag,ai,...,a,-1)" is a (real) eigenvector of Sz(,l) then
p—1
1,01
w(l) = n_2p+4(n2 _77)1/2Zan77”7 (61)
n=0
p—1
1 1
w® =n72P (g — )2 ey an” (6.2)
n=0

are solutions of (3.11). These are algebraic Lamé functions expressed in the variable 7. We

note that the functions w® and w® are essentially Heun polynomials. For if we set w =
p—1

17_%”“'%(173- —n)/20(s) and 5 = s, then we obtain the Heun equation for v(s) and 3 a,(115)™
n=0

is a Heun polynomial.
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If we substitute (3.7) in (6.1), (6.2) and use the functions J;i(z), J2(z) defined in (4.7), (4.8)

we obtain

p—1

w(l)(z) = Ji(2) Z ap(snz —icn ;;)2n7p+17
n=>0
p—1

w(2) (Z) = JQ(Z) Z an(sn z+icn Z)2n7p+1'

n=0
We know from Lemma 5.1 that
wW(z +2K) = i(=1)PwV(2), w? (2 +2K) = i(=1)PTw®(z).
Moreover, we have

(14 )20 (z) = —i(1 — KNV 2@ (2),

and, for x € R,

w(z) = wV (2K — ), w®(z) = —w? (2K — 1),

which shows that the real part of w(!)(z) is a function even with respect to = K while the
imaginary part of w)(z) is odd with respect to z = K.

One should notice that if v = —p — 3 and h is an eigenvalue of the matrix S,SJ ) then all
(nontrivial) solutions of Lamé’s equation qualify as “algebraic Lamé functions”. We picked the
basis of two solutions, one even and one odd with respect to z = K +1K’. Ince [8] considered
the basis of even and odd solutions (with respect to z = 0) while Erdélyi [4] has the basis of
even or odd solutions with respect to z = K.

In the simplest case v = —% we have

and

2
B (-3) = B (D) = 04 - (- 40
1 (-5) = 1P (5) = H0 ) + (1 )
If we choose ag = —k2, a1 = %kQ + % — %kzm - Hr(n)(—%), m = 0,1, then

)

(D(2) = Ji(2)(ao(snz +icnz) +ai(snz —icnz))
w? (2) = Jo(2)(ap(snz —icnz) + ai(snz +icn z))

7 Lamé polynomials

Let v = —p — 1 with p € Ny. It is well-known [1, Chapter IX] that there are 2p + 1 distinct
values of h for which (1.1) admits nontrivial solutions which are polynomials in c¢n z, sn z, dn z.
In our notation these values of h are

HY(—p—1), m=0,1,...,p (7.1)

m
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and

H?(—p—1), m=0,1,...,p—1. (7.2)

m

Since ap1 = 0 in (3.9), the numbers (7.1) are the eigenvalues of the p+ 1 by p + 1 tridiagonal
matrix

Bo m O
ar B
T;/:E—li—)l =10 0 |>
Bp-1
0 a By

where

an = 3k*(p+1—n)(2n — 1),
B = 5k*p(p +1) + (1 = 3k%) (20 — p)*,
Vo = 2k*(2p+ 1 —2n)n.

If (co,c1,...,cp)t is an eigenvector of 7Y then

p+1
p
W — n—p/2 E :Cnﬁn
n=0

is a solution of (3.6). After substituting (3.7) we obtain

P
w = Z co(snz —icnz)?" P,

n=0

Indeed, since (snz —icnz)~! = snz +icnz, these solutions are polynomials in cn z, snz. The

(1)

matrix 7/, has the symmetries

p+1
On = Vp—n+1, Bn = ﬁpfn-
Therefore, the space of symmetric vectors {c,}r _ (¢n = ¢p—n, n = 0,1,...,p), as well as the

space of antisymmetric vectors is invariant under T[E}r)l. Thus eigenvectors of ngi)l will lie in one
of these invariant subspaces.

If p is even we find %p + 1 Lamé polynomials of the form P(Sm2 z) where P is a poly-
nomial of degree %p if we use symmetric eigenvectors, and %p Lamé polynomials of the form
cn zsn zP( sn? z) where P is a polynomial of degree %p — 1 if we use antisymmetric eigenvectors.
If p is odd we find %(p + 1) Lamé polynomials of the form sn zP(sn2 z) where P is a poly-
nomial of degree %(p — 1) if we use symmetric eigenvectors, and %(p + 1) Lamé polynomials
of the form cn zP(sn2 z) where P is a polynomial of degree %(p — 1) if we use antisymmetric
eigenvectors.

Similarly, Lamé-Wangerin functions of the second kind belonging to the eigenvalues (7.2) are
Lamé polynomials that have the factor dn z.
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8 Zeros of Lamé—-Wangerin functions
We first determine the number of zeros of Lamé-Wangerin functions wq(?{)(z) in the open interval
(iK', K +iK").
Theorem 8.1. Let j =1,2, me Ny, v € R, k€ (0,1).
(a) Ifv>—3 then w$) has exactly m zeros in (iK', K +1iK').
(b) If —p—% <v< —p—%, p €N, then w$ has exactly max{0, m—p} zeros in (iK', K+iK").

Proof. Consider j = 1. The proof for j = 2 similar. Let P be the set of all real numbers
different from —p — % for all p € N. For h € R, v € P, let w(z, h,v) be the solution of (1.1)
given locally at z = iK' by (3.4) with g = 1. Then one can show that (z —iK’") ™"~ lw(z, h,v) is
continuous for z in iK', K4+iK'], h € R, v € P (k fixed). If we set wy,(z,v) = w(z, Hﬁ)(u, k), 1/)
then (z — iK")™""!w,,(z,v) is continuous for z € [iK’, K +iK'] and v € P. This implies that
the number of zeros of wy, (-, v) in (iK', K +1K") is finite and it is locally constant as a function
of v.
(a) follows by considering v = 0:

w(z,0,k) = (1) sin ((2m+ 1)%(2 —iK’)). (8.1)

(b) Suppose —p — % <v<-—p-— % with p € N. Let m = 0,1,...,p. By Theorem 5.3(a), we
have H,,(v) < Ho(—v — 1). By (a), wo(-, —v — 1) has no zeros in (iK', K +1iK’). Therefore, by
Sturm comparison, wy, (-, ) also has no zeros in this interval.

Now consider m > p. If v = —p — L then, by Theorem 5.3(b), Hp,(v) = Hpp(—v — 1).
Therefore, by (a), wp (-, v) has m — p zeros in (iK', K +iK’). If —p — 3 < v < p — 5 then, by
Theorem 5.3(a), Hp,(v) < Hpy—p(—v — 1). Therefore, wy,(-,v) can have at most m — p zeros in
(iK',K+iK'). fv=—p— % we just showed that there are m — p zeros. By continuity, there
are exactly m — p zeros. For the latter step Lamé-Wangerin functions should be normalized by
the initial conditions w(K +iK’) =1, /(K +iK') = 0. [ ]

Now we look for zeros of Lamé-Wangerin functions in the strip 0 < Sz < K.

Lemma 8.2. A Lamé—Wangerin function which is not a Lamé polynomial has no zeros on the
real axis.

Proof. If p is not an integer then a nontrivial Floquet solution w(z), z € R, of (1.1) with
w(z+2K) = e w(z) does not have zeros on the real axis. This is because the conjugate of w(z)
is a Floquet solution with conjugate multiplier e '#™, and e*", e 77 are distinct. So w(z) and
its conjugate function are linearly independent. It follows from Lemma 5.1 that Lamé—Wangerin
functions have no zeros on the real axis if v is not an integer.

Suppose that v is an integer, and w(z) is a Lamé-Wangerin function belonging to the eigen-
value H,(,})(z/). Suppose that w(zg) = 0. with zp € R. Using (3.8) and the substitution (2.4) we
have

oo
w(t) _ Z Cne—it(2n+y+1)
n=0

and this function has a zero at tg € R. The coefficients ¢, are real so the functions

o0
Rw(t) = Z cncos(2n + v + 1)t, teR (8.2)
n=0
(0.9}
Sw(t) = — Z cnsin(2n + v + 1)t, teR (8.3)

n=0
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both vanish at ¢t = to. The functions (8.2), (8.3) are both solutions of the differential equa-
tion (2.5) with the same values for h and v. Since they have a common zero these solutions
must be linearly dependent. Now Rw(t) is an even function and Sw(t) is odd. So one of the
functions Rw(t), Sw(t) must vanish identically. This implies that ¢, = 0 for large enough n and
so w(z) is a Lamé polynomial. The proof is similar for Lamé-Wangerin function of the second
kind. |

According to (3.10) we write a Lamé-Wangerin function of the first kind as
wiy) = 0@y — ) Pul) (. v, k),

where

n,y k) Zann

is given by a power series with radius > 72 > 1. Similarly, we write a Lamé-Wangerin function
of the second kind as

wit) = @2y — )20 (n, v, k).
Theorem 8.3. Let m € Ny, v € R, k € (0,1).

(a) Suppose that —m — v ¢ N, and choose { € Ny such that i )(u, 0) = (20 +v+1)%
see Lemma 3.2. Then vﬁnl)(-,u, k) has exactly ¢ zeros in the unit disk |n| < 1 counted by

multiplicity.
(b) Suppose that —m — v —1 & N, and choose £ € Ng such that H® (v,0) = (20 + v + 2)2.
Then 1)7(”2)(-, v, k) has exactly £ zeros in the unit disk |n| < 1 counted by multiplicity.

Proof. We prove only (a). The proof of (b) is similar. We normalize the Lamé-Wangerin
functions wy,(z) of the first kind by setting wy, (K + iK’) = 1. Then wy,(z, v, k) is the solution
of (1.1) with h = Hr(,%)(u, k) determined by the initial conditions w(K+iK') = 1, w'(K+iK') = 0.
By continuous parameter dependence of solutions of initial value problems of linear differential
equations, and using Theorem 3.3, we obtain that wy,(z, v, k) is a continuous function of (z, v, k)
for z € R, v € R, k € (0,1). Since || = 1 is in correspondence with z € [0,2K), we see that
Um(n, v, k) is a continuous function of [n| = 1, v € R, k € (0,1). We want to apply Rouché’s
theorem to the homotopy s +— v, (n, sv, k) for s € [0,1]. If vy, (n, sv, k) # 0 on the unit circle
In| =1 for all s € [0,1], then vy, (-, sv, k) has the same number of zeros in || < 1 for s € [0, 1].

Suppose that v > —m — 1. By Lemma 8.2, the function v,,(n, sv, k) has no zeros on the
unit circle [n| =1 for 0 < s < 1 and so the number of zeros of vy, (-, v, k) in the open unit disk
agrees with that of vy, (-,0,k). It follows from (8.1) that the number of zeros of vy, (-, v, k) in
the open unit disk is equal to m. Under our assumption on (v, m) we have £ = m, so we obtain
statement (a) for v > —m — 1.

Now we assume that —p — 1 < v < —p with p € N and m < p. We use similar homotopies
to show that the number of zeros of v,,(+, v, k) may depend on p and m but not on v, k € (0,1).

p—1

So we consider v = —p — % Then w is an algebraic Lamé function and v, (n) = > a,n™ is
n=0

a polynomial. Let &, € (0,1) be a sequence converging to 0. Since the vector (ag, a1, ..., a,—1)" is

(1)

an eigenvector of the matrix S’ from Section 6 it is easy to see that when properly normalized
the eigenvectors belonging to k, converge to the vector (ag,...,ap—1)" with all components
equal to 0 except ay = 1. Therefore, under the new normalization v, (17, —p — %, k:n) converges
uniformly to n‘ as n — 0%. By Rouché’s theorem, we obtain the desired statement.

This completes the proof. |
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Using the map (3.7) the unit disk |n| < 1 can be related to a domain in the z-plane. Consider
the rectangle

Q={z€C: 0< Rz <2K,0< Sz < K'}.

The function z +— 7 is a conformal map from @ onto the unit disk || < 1 with a branch cut
along the interval (—1,7;). If z starts at z = 0 and moves clockwise around the boundary of @,
then 7 starts at n = —1 and moves in the mathematically positive direction along the unit circle
returning to 7 = —1 when z = 2K. Then 1 moves from = —1 to n = 0 when z reaches z = iK’.
Then n moves to 71 when z = K + iK'’ and returns to n = 0, then to n = —1. It follows that
the set

Q={20<R2<K 0<3z<K}U{2: K<Rz<2K,0<S32z<K'}

is mapped bijectively onto the open unit disk |n| < 1.

Theorem 8.3(a) can be extended to include Lamé polynomials. If v = —m —1,—m — 2, ...
then let ¢; be the smallest nonnegative integer n satisfying I—L(nl)(u, 0) = (2n + v+ 1)% and £
the largest such integer. Then vy, has ¢; zeros in the open unit disk || < 1 and {3 zeros in the
closed unit disk |n| < 1. This follows from the known location of zeros of Lamé polynomials [1,
Section 9.4]. Similarly, Theorem 8.3(b) can be extended.

9 The limit £k — 0 of Lamé—Wangerin functions

Substituting v = %s in (3.1), we obtain the differential equation
dQ—erﬁ h—v(v+1)sn? 2K =0 0<s< (9.1)
12 - v(v n —s)w=0, s < . .

In (9.1) we set h = Hr(nl)(u, k) and take w = w,(é)(s, v, k) as the corresponding Lamé-Wangerin
eigenfunction normalized by the initial condition

() -1 FE)-e

By Theorem 3.3, H,(,})(V, k) — Hﬁ)(y, 0) = (20 +v+1)? as k — 0", where ¢ € Ny is chosen
according to Lemma 3.2. As k — 0T we see that wr(,}b)(s, v, k) converges to the solution WS)(S, V)
of the differential equation

2w

ds? sin“ s

((2@ +v+1)? - ’W) W = (9.2)

satisfying the initial conditions

(-1 G-

The convergence
w(s,v, k) = W (s,v) as k — 07

is uniform on compact subintervals of (0, 7). Differential equation (9.2) appears in the theory
of Gegenbauer polynomials [20, equation (4.7.11)]. We find that

WAD () = (Sims) (4,40 415 o),
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where F' denotes the hypergeometric function. Equivalently, using Gegenbauer polynomials
el () we have [20, equation (4.7.30)]

-1
W (s,v) = (sins)"“(—nf(f * ) GO (cos ).

The binomial coefficient may vanish but the formula remains valid if we take limits v — vy at
exceptional values v = 1.

Similarly, let w'?) (s, v, k) be the solution of (9.1) with h = H'? (v, k) satisfying the initial
conditions

o(G)-n B

We choose ¢ € Ny such that H,(,%)(y, 0) = (2¢ + v + 2)2. Then we obtain
w? (s,v,k) = W (s,v) = —(sins)" ' cos SE(—€, 0+ v +2;3;cos” 5)

m

as k — 07 uniformly on compact subintervals of (0, 7). In terms of Gegenbauer polynomials we

have
(2) NN | 41 C+v+1\\" (v+1)
Wi (s,v) = (sins)""(—1) 2(v+1) ’ Gy iy (cos s).
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