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LENS SPACES, ISOSPECTRAL ON FORMS
BUT NOT ON FUNCTIONS

RUTH GORNET anp JEFFREY MCGOWAN

Abstract

We study the p-form spectrum of the Laplace-Beltrami operator
acting on lens spaces as considered by Ikeda [Geometry of mani-
folds (Academic Press, Boston, MA, 1989) 383-417]. Ikeda gave
examples of such spaces that are non-isometric but isospectral for all
p < po- In this paper we exhibit examples of such spaces that are
not isometric, and are isospectral for various, but not for all, values
of p. In particular, examples are given of non-isometric lens spaces
that are isospectral for some values of p but not for the case p = 0.

1. Introduction

The purpose of this paper is to study the p-form spectrum of the Laplacian A, acting on
lens spaces. Examples of non-isometric lens spaces that are isospectral for all p < po and
not for p > po (up to duality) were given by lkeda in [16]. Here we consider the opposite
situation: Can there exist non-isometric pairs of lens spaces that are isospectral for some
po > 0, and not for any p < po? We affirmatively answer this question by presenting
examples of such pairs that have been found computationally. We discuss the approach to
these computations, results of the computations and applications to representation theory,
as well as the representation theory underlying the problem.

The Laplace spectrum of a closed Riemannian manifold is the set of eigenvalues of the
Laplace—Beltrami operator A, counted with multiplicity. Two manifolds are isospectral on
functions if they share the same Laplace spectrum. The operator A may be extended to act
on smooth p-forms by A, = dé + dd, where § is the (metric) adjoint of d. Two manifolds
are p-isospectral if they share the same spectrum of A . Of interest is determining to what
extent the p-spectrum of a manifold determines the geometry of the manifold.

Until the 1990s, almost all examples of isospectral manifolds were also strongly iso-
spectral, that is, isospectral for any natural, elliptic differential operator; see [8]. This
relation between the function and form spectrum on early examples was due to the purely
representation-theoretic nature of early constructions of isospectral manifolds. As such, ex-

amples of manifolds isospectral on functions were also p-isospectral, for p = 1, ..., dim.
The notable exceptions were examples of Ikeda, who showed that for any py > O there
exist examples of pairs of lens spaces that are isospectral on p-forms for p = 0, ..., po

and not isospectral for (po + 1)-forms. A lens space is a manifold of the type S /G, where
G is a cyclic subgroup of isometries acting freely on S”.
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Lens spaces, isospectral on forms but not on functions

Since the 1990s, there has been a growth of methods for producing isospectral manifolds,
almost all of which involve bundles and submersions of some kind. See for example [7, 8,
9,10, 13, 14, 15,17, 22, 23, 24, 25, 26, 27]. These more recent methods of Szabo, Gordon,
and Schueth are for functions only; that is, the methods employed do not extend to the
spectrum on forms. In fact, Schueth [21] shows the non-isometry of some of the examples
by showing that the 1-form heat invariants cannot be equal, that is, by showing that they
are not isospectral on forms. For other examples of manifolds with different p-spectra, see
[6,9, 10, 11]. In particular, [12] exhibits examples of manifolds of even dimension n that
are isospectral on (n/2)-forms but not on functions.

Most notably, in 2001, R. Miatello and J. P. Rossetti [18] methodically studied the
function and p-form spectrum of compact flat manifolds. They produced beautiful examples
of pairs of compact flat manifolds that are isospectral on forms, not isospectral on functions,
and with different lengths in the length spectrum.

In this paper, we methodically study the function and p-form spectrum of lens spaces in
a way that allows us to study just a single p-spectrum. We produce conditions under which
we may have examples of lens spaces that are isospectral on po-forms for some pg, and not
p-isospectral for p < po. We show computationally that such examples exist. (For basics
on the p-form spectrum, see, for example, [4, Appendix] or [19].)

This paper is organized as follows. In Section 2, we give background information for lens
spaces and their generating functions. In Section 3 we present the computational results.
In Section 4, we present applications of the existence of these examples to representation
theory (see Corollary 2), and we present the representation theory behind the construction
of p-isospectral lens spaces. In Appendix A we include the MATHEMATICA code used to
find our examples. Notebooks containing this code are given in Appendix B; PDF files of
the code are in Appendix C, and the original MAPLE code is in Appendix D.

2. Lens spaces

Ikeda [16] considered lens spaces, defined as follows. Let ¢ be a positive integer, and let
P1, --., py be integers prime to g. Given

cos2mw6  sin2mw6
—sin276 cos2mb )’

R(O) = (

define the matrix

R 0 0 0 0
0 R 0 0 0
g§= 0 0 0 0 (D
0 0 0 R(ZLH 0
0 0 0 0 R(2)

Let G C O(2)) be the cyclic group generated by g, and recall that O (21) acts isometrically
on the canonical sphere S**~!. We define a lens space

L=S""1G.

We generate known non-isometric pairs of lens spaces in a manner similar to Ikeda’s.
Choose k € N, k < ¢(g)/2 = qo, and define n = gy — k. Here ¢ denotes the Euler
phi-function, so that ¢ (i) is the number of integers between 1 and m (inclusive) that are
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prime to m, which is always even when m > 2. Consider the set
RP={%ilieN i<$ G.o=1].

Here N = {1, 2, ...}. Note that the elements of R P form a representative set for the units
in the ring Z, so that the order of RP is ¢(q) = 2qo = 2n + 2k.

For a given g and k, we consider pairs of disjoint subsets R of order 2n and S of order 2k
of R P, under the condition that: if « € R, then —a € R, and if ¢ € S, then —«a € S. Note
that a choice of R determines a choice of S, and vice versa. We refer to the pairs (R, S) for
convenience in what follows; it is enough just to consider the sets R or the sets .

By viewing elements of RP as equivalence classes of Z,, we define an equivalence
relation on subsets {z1, ..., t;} of RP as follows: forall j € RP,

{t1,....tn} ~{xjt1, ..., £jtn} (mod gq), 2)

where the choices of & are independent; that is, some may be plus and others minus. For a
given ¢ and k, we then define an equivalence relation on the set of all pairs (R, S) by

(R, S) ~ (R, S if and only if R ~ R’ and/or § ~ §’

where R C RP has order 2n and S C R P has order 2k.

Let G(q, k) be a set of representative elements of equivalence classes of pairs (R, S),
and denote the order of G (g, k) by |G (g, k)]|.

Now define a lens space L s using as the p; of matrix (1) above, the elements of R. It
is well known that Lg, s, and L, s, are isometric if and only if R; ~ R». (See references
in [16].) Thus, distinct elements of G (g, k) produce nonisometric associated lens spaces.

Our goal is to find distinct elements of G (g, k) with associated lens spaces that are
isospectral for isolated values of p.

We continue to follow the approach of Ikeda, who used a generating function in order
to compare the p-form spectrum of pairs of lens spaces constructed as above. The primary
difference between the work here and that of Ikeda is that Ikeda required that ¢ be prime,
which permitted a systematic analysis of the p-isospectrality behavior. We do not require
that ¢ be prime in what follows. The interested reader is encouraged to read Ikeda’s paper,
where the motivation and computation of the generating function are given in detail.

Given a pair (R, S) representative of an equivalence class, the generating function for
the p-form spectrum of the Laplacian on a lens space Lg g is given by

2k p
n(pR’S) (Z) — Z Z(_l)l+a (Zaft _ Z(l+l+2> C(al’e{?s_)t (3)
a=0 t=0
where

cils) :qH(A,B) ACR, BCS, |Al=2n-8,

|B| = 2k —a, Za—i—Zb:O(modq)}

acA beB

, “)

where by |A| we mean the cardinality of A, and so on. Note that |A|] = 2n — 8 and
|B| = 2k — @, and that C?&ﬂs) is just

g * Number of pairs (A, B) with the sum of elements in (A, B) = 0 mod(g),

so computing values for C requires only determining the number of such pairs of subsets
that add correctly.

https://doi.org/10.1112/51461157000001273 Published online by C2&tidge University Press


https://doi.org/10.1112/S1461157000001273

Lens spaces, isospectral on forms but not on functions

THEOREM 1 (see [16], Proposition 2.1). The lens spaces L, s;) and Lg,. s,y are p-
isospectral if and only if

p _.D p—1 _ p-1
Niry.51) (@) = N(ry5,) (@) and g, 5)(2) = g, 5,)(2)-

The reason that we need two generating functions has to do with closed and exact forms.
In particular, for lens spaces the p-form spectrum splits as Exact @ Closed, and for full
isospectrality we need both to match. Again, see [16] for more details. Notice that if two
lens spaces are 1-isospectral, they must also be 0-isospectral, that is, isospectral on functions.
We are left with the following problem.

ProBLEM 1. For what values of g and k is it possible to find non-equivalent pairs (Ry, S1)
and (R3, S2) in G(g, k) with

- -1 -1
) 1k, 5@ = M{ry.5,) @ > N(g,.5,)(Z) = N(g,.5,)> for some p > 0 and
(i1) 77?;31,51)(2) #* n&zysz)(z), forallm < p?

3. Computational results

Our approach is to check the equivalence of all possible nf R.S) for various choices of g
and k.

Checking the equivalence of the nf’ R.s) reduces to checking the coefficients of the powers
of z, which are given by

p
coefficient of z” = (—1)" Y~ (CPHr=t — cb=1=207h), (5)
t=0

These computations are related to the known problem of subset sums. Specifically, here
we are computing double subset sums (see [2, 3] for information on multiple subset sums),
and we could find no general results in the literature.

Our hope was that relatively low-dimensional examples would be found computationally,
and then verified by hand. The simplest examples are for relatively large values of ¢, and thus
are computable only using computers. Computations have been done using MAPLE, MUPAD
and MATHEMATICA, with both integer and floating-point algorithms (see Appendix A for
code in MATHEMATICA, which is most efficient and does not involve the use of floating-point
numbers).

We have run computations for all ¢ < 100 with £ = 2, 3, and for all ¢ < 50 with
k = 4. What we know from these numerical computations is that there are many examples
of p-isospectral lens spaces that are not isospectral for m < p (see Table 1 for some
examples when k = 2). No examples of spaces which are not isospectral on functions, but
are isospectral for higher-degree forms, have been found when k& = 2 or k = 3; however
examples exist when k = 4 (see Table 3).

Also of interest are examples of ‘half-isospectral’ lens spaces; that is, examples where
the lens spaces are isospectral on (say) closed 2-forms and nothing else. We know of no
obvious application for this property, but mention it here for completeness; we discuss
the representation theory behind these ‘half-isospectral’ examples in the next section. (See
Remark 5).

Examples of this sort of behavior seem to exist in essentially any possible combination
(as even a quick check using the MATHEMATICA code in Appendix A will demonstrate). In
Table 2 we show the case with k = 2 and ¢ = 56, where the rows are the equivalence
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classes of lens spaces and the columns are the values of p. The entries in the array track the
nP equivalence classes for each row, so if two rows have the same entry then the given lens
spaces are isospectral for co-exact forms of that degree. In the example shown, the spaces
represented by rows two and three are isospectral for forms of degree zero, one, and two,
and also eight, nine, and ten, while the spaces for rows six and seven are also isospectral
for forms of degree zero, one, and two, but then only ‘half-isospectral’ for degree six.

Table 1: Isospectralities for k = 2. For larger g, there are multiple isospectral pairs with
varying p values.

q Lens Space Dim Isospectral for p =

43 37 0-5,14

44 15 0-1,6-8
47 41 0-5,14

49 37 0-2,13

53 47 0-7,18

56 19 0-3,8-10
58 23 0-3,9-11
62 25 0-5,10-13
64 27 0-5,12-14

Table 2: Various isospectralities for ¢ = 56 and k = 2, lens spaces of dimension 21.
Each row represents an equivalence class of lens spaces, and the entries track the matching
generating functions.

p= 0 1 2 3 4 5 6 7 8 9 10
(1) (1) (1) (3) (2) (4) (2) (3) (2) (5) (2)
(1) (1) (3) (1) (4) (3) (4) (1) (5) (2) (5)
(1) (1) (3) (1) (5) (2) (5) (1) (5) (2) (5)
(1) (1) (1) (3) (2) (4) (1) (4) (1) (5) (1)
(1) (1) (2) (2) (3) (4) (3) (2) (4) (3) (4)
(1) (1) (r) (3) (2) (4) (1) (4) (1) (5) (1)
(1) (1) (1) (3) (1) (5) (1) (3) (3) (4) (3)
(1) (1) (3) (1) (6) (1) (6) (1) (6) (1) (6)

Table 3: Some examples of spaces isospectral for p > 0 but not for p = 0.

k g Isospectral for p =  Dimension Defining sets ()

4 39 2 17 {£1, £2, 4, £10} {£1, £2, £14, £17}
4 44 2 15 {£1, £3, £7, £13} {£1, £3, £17, £19}
4 49 6,13 37 {£1, £6, £8, £13} {£1, £6, +8, +22}
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We note that the first two examples in Table 3 are in some sense the ‘best’ possible, since
itis not possible to have lens spaces isospectral on forms of degree one, and not on functions.
Given the seemingly random behavior of the isospectrality exhibited, an obvious question
that was formulated by Miatello and Rossetti in [17] is whether any possible combination
of isospectrality is possible with the right choice of ¢ and k?

To illustrate the techniques described above, and implemented in the code, we now
present a typical calculation using k = 2, 3 and low values of g. The lens spaces involved
do not yield any of the new examples, but as mentioned earlier, the new examples have such
large values of ¢, that the computations must be done mechanically.

Forq =28,k = 2theset RP = {£1, £3, £5, 49, £11, +13}. Since k = 2and g9 = 6,
we have n = 4. We seek a list of inequivalent pairs (R, S) with |R| = 8 and | S| = 4 with
the condition thatif « € R then —« € R, and likewise for S. Because the set R P comprises
the units of Z,, using the equivalence relation (2) we may assume that one element of §
is 1. After using (2) again, we see that a complete list of possible § sets is S35 = {41, £3},

= {£1, £5} and S13 = {£1, £13}, and we compute the corresponding R = RP — §.

Note that because k = 2, the maximum p-value that we consider is p = 3, due to
symmetries in the table of C values. For S3 = {£1, +3}, we carefully compute C%# :=
C( R S) for 0 < o < 4and 0 < B < 3. We merely state the C-values for the other two
p0551ble S-sets.

First note that if « is odd and 8 is even, then C'", (R S) = 0, since in this case there is no
way to take (8 — ) odd elements of R and (4 — «) odd elements of S and add them to 0
mod 28: that is, an even number. Now C%0/4 = 1 since there is only one way to take eight
elements of R3 and four elements of S3, which must add to O mod 28. Likewise, co:2 /q =4
since there are only four ways to take 6 elements of R, and four elements of S3, and still
add to 0 mod ¢. In particular, A = {£5, 9, £11}, {£5, 9, £13}, {5, £11, +13} or
{£9, £11, £13} and B = S3 when using (4).

The value C1'! = 0, as there is no way to add seven elements of R3 and three elements of
$3t0 0. The value C'3 /g = 12. We list six (A, B) pairs that satisfy the necessary conditions
for (4). The other six pairs are obtained by negating all elements of A and of B:

A={5,9,11,£13} and B = {£1, 3};

A={549,11,13}and B = {—1, £3};

A ={5,9,£11,13} and B = {1, £3};

=1{5,9, %11, —13}and B = {—1, £3};
=1{5,9,—11,+13}and B = {£1, —3};

A={5%9,11,—13} and B = {£1, —3}.

The value C>© = 2, since there are only two ways to take eight elements of R3, which
must add to 0, and two elements of S3 and still add to 0. In particular, A = R3 and either
B = {£1} or B = {£3}. The value Cz*z/q = 18. We obtain eight of the (A, B) pairs by
removing an arbitrary element of R3 and its inverse, and an arbitrary element of S3 and its
inverse. We list five of the remaining (A, B) pairs, with the other five obtained by negating
all A and B elements:

= {45, -9, £11, 13} and B = {1, —3};
A={=5,9%11,+13}and B = {—1, —3};
— (45,9, 11, £13} and B = {1, —3};
— (45,49, —11, 13} and B = {1, —3};

A = {£5,49, 11, 13} and B = {1, 3}.
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The value C3! = 0, as there is no way to add seven elements of R3 and one element of S3
to have them add to 0. Using the definition of C, one easily checks that C33 = C13 = 12g4.
Likewise, one easily checks that C*? = ¢ and C*? = €02 = 44.

We thus have the following values of Cc*P for S5 = {#1,+3} witha =0, ...,4 and
B=0,...,3:

g 0 4 O
0 0 0 12
c*P =129 0 18¢ 0
0 0 0 12
g 0 4 O

A similar calculation shows that for S5 = {£1, £5}, we have

g 0 4q 0
0 0 0 16g
c*P=12¢ 0 16g 0 |,
0 0 0 1l6g
g 0 4q 0
and for Sj3 = {&1, +13},
qg 0 4 O
0 0 0 8
cP =129 0 204 0
0 0 0 8¢
qg 0 49 O

Applying equation (3) to these C-values, we obtain

0 0 0
M(Rs.53)(2) = T(Rs.55)(2) = T(Ry5.5,5) (D)
and
1 1 .1
M(Rs,53)(2) = N(Rs.55)(2) = N(Ry3.5,5) (@)

and hence the resulting three lens spaces are isospectral on functions and on 1-forms.
However, there are no remaining n” equalities for any pair of lens spaces; that is, no pair
of lens spaces is isospectral (or half-isospectral) on 2-forms or 3-forms.

We now give two particular C-values for the case ¢ = 17, and k = 3. In this case,
the set RP = {1, £2, £3, +4, +5, £6, £7, +8}. Two inequivalent choices for S are
S ={+1,42,+4}and §' = {£1, £3, +4}.

We compute the following values of Cc%P for § = {£1, 2, +4} witha =0, ..., 6 and
p=0,...,5:

17 0 8 68 272 170
0 0 340 578 1462 1360
51 136 833 1598 3366 3434
c*P =] 0 102 986 2176 4522 4828
51 136 833 1598 3366 3434
0 0 340 578 1462 1360
17 0 8 68 272 170
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For §' = {+£1, £3, +4}, we have

17 0 85 102 238 238
0 0 306 646 1292 1462
51 102 799 1700 3230 3706
C*P =1 34 102 1020 2278 4318 4964
51 102 799 1700 3230 3706
0 0 306 646 1292 1462
17 0 85 102 238 238

Using the computer to apply equation (3) to these C-values, we obtain

1 1
n(R,S) (z) = n(R’,S’) (2),
with no other n-polynomials equal. Hence the resulting lens spaces are isospectral on co-
exact 1-forms (and hence also on exact 2-forms), and are not isospectral on functions. See the
following section for a discussion of the representation theory behind these half-isospectral
examples.

4. Representation theory and the examples

In this section we explain the behavior of the examples in Section 3 in terms of represen-
tation theory; that is, there is a representation-theoretic explanation as to why the examples
in Section 3 behave the way they do. Most of the results below can be found in [20]; we
include a summary and some proofs not found in [20], for expository purposes.

Let G be a unimodular Lie group, and let K be a compact subgroup of G. Recall that
there are two basic procedures in representation theory that relate representations of G to
representations of K.

DEFINITION 1 (RESTRICTION AND INDUCTION). The restriction of a unitary representation
(p, V) of G to K is is denoted Resg (p). Let (z, W) be a finite-dimensional unitary repre-
sentation of K on the Hilbert space W with inner product ( , ). Define

XT::{f:G—)W:fismeasurable;f (f, f) dx < oo;
K\G

fkg) =1t(k)f(g) Vk € K, Vg € G}- (6)

The space X is a Hilbert space. Define an action p of G on X; by
(p(8) [ x) = f(xg)

forall x, g € G and all f € X,. One may check that this is a unitary group representation,
denoted Indg (7); it is called the representation of G induced from the representation t
of K. See [20] for details.

DEFINITION 2 (SUBREPRESENTATION OF p RELATIVE TO T, DENOTED p;). Let G be a uni-
modular Lie group, and let (p, V) be a unitary representation of G. Let K be a compact
subgroup of G, and let (r, W) be an irreducible unitary representation of K. We define V; to
be the smallest closed G-invariant subspace of V' that contains all K-invariant subspaces of
(Res¢ X (,0) V) that are 1somorph1c to . That is, if (Res¢ % (0), V) is a K-invariant subspace
of (ResK (p), V) and (ResK (p), V) is unitarily equivalent to 7, then VC V;, and V; is the
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smallest closed G-invariant subspace with this property. If 7 is not an irreducible represen-
tation of K, then we let V; be the closure of the sum of the V), where u is an irreducible
component of 7. Let p; denote the representation (p, V;) of G.

REMARK 1. Note that if (Resg (p), V) has no irreducible components that are equivalent
to 7, then V; = {0} and p; = 0.

DEFINITION 3 (T-EQUIVALENCE, K -EQUIVALENCE). Let p and 7 be unitary representations
of G, and let T be a unitary representation of K. The representations p and 7 are t-equivalent
if p; and 7, are unitarily equivalent representations of G. The representations p and w are
K -equivalent if they are 1k -equivalent. That is, they are t-equivalent in the special case
where T = 1k, the trivial representation of K.

DEFINITION 4 (STABILIZER). Let G acton the left on amanifold X. Letx € X. The stabilizer
of x is defined as

Gy ={geG:g -x=x}.

If G acts properly and smoothly, then G, is a compact subgroup of G. Note that G acts
properly if and only if the mapping G x X — X x X defined by (g, x) — (gx, x) for all
g € G and all x € X is a proper map.

The following is a basic property; see [1].

PROPOSITION 1 (GENERIC STABILIZER). Let G act properly and smoothly on the left on the
manifold X. There exists a compact subgroup K of G such that the following properties
hold.

(i) Forallx € X, K is conjugate to a subgroup of G.

(ii) There exists an open dense subset U C X such that if x € U, then K and G, are
conjugate.

DEFINITION 5. Let ﬂg denote the induced representation on G arising from the trivial
representation on [';; that is, fori =1, 2,

nlgi = Indlgi (Ir,).
Theorems 2 and 3 are the main theorems of [20].

THEOREM 2 (ISOSPECTRALITY ON FUNCTIONS [20]). Let (X, m) be a Riemannian manifold.
Let G be a closed subgroup of isometries of (X, m), and K the generic stabilizer of the
action of G on X. Let I'1 and Ty be discrete subgroups of G such that I'1\ X and ')\ X are
compact manifolds. Ifnlg1 and nlgl are K-equivalent, then (I''\X, my) and (I'2\ X, m3)
are isospectral on functions.

REMARK 2. Pesce proved Theorem 2 using three different methods: one proof uses the
method of transplantation developed by Berard; a second proof uses the Selberg trace
formula; the last proof uses Frobenius reciprocity, which is valid only in the case where X
is compact. Each proof has its advantages; for example, the transplantation proof extends
to orbifolds. See [20] for more details.
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THEOREM 3 (NECESSITY AND SUFFICIENCY ON FUNCTIONS [20]). Let (X, m) be a com-
pact Riemannian manifold, G a group of isometries of (X, m), K the generic stabilizer
of the action of G on X, and I'1 and Ty discrete subgroups such that (I''\X, m1) and
(T\ X, my) are compact. If the real eigenspaces of (X, m) are irreducible under the action
of G, then (I'1\X, m1) and (I'2\ X, m2) are isospectral on functions if and only if they are
K -equivalent.

REMARK 3. Actually, Pesce proves that Theorem 3 is necessary and sufficient in two addi-
tional cases:

(i) (X, m) is arank one symmetric space of noncompact type, and
(i1) (X, m) is Euclidean space with the canonical metric.

THEOREM 4 (ISOSPECTRALITY ON FORMS [20]). Let E be a natural fiber bundle over (X, m),
and let D be a natural, self-adjoint, elliptic differential operator on E. Let G be a group
of isometries of (X, m) and K the generic stabilizer of the action of G on X. Let T be the
representation of K on the fiber E, over x € X, where Gy, the stabilizer of x, is isomorphic
to K. Let Ty and T'» be discrete subgroups of G such that I'\\X and T2\ X are compact
manifolds. If nlgl and ng are equivalent relative to t, then D1 and D, are isospectral.

DEFINITION 6 (REPRESENTATION T,,). We denote by 7, the representation of K on the fibre
E, over x € X where G is isomorphic to K for the special case where D is A}, and E is
the bundle of differential p-forms over X.

THEOREM 5 (NECESSITY AND SUFFICIENCY ON FORMS [20]). Let (X, m) be a compact
Riemannian manifold, G a group of isometries of (X, m) and I'1 and ' discrete subgroups
such that (I'1\X, m1) and (I';\X, my) are compact. If the real p-eigenspaces of (X, m)
are irreducible under the action of G, then (I'1\ X, m1) and (I'2\ X, my) are isospectral on
p-forms if and only if they are T,-equivalent.

CoRrOLLARY 1. The examples described in Section 3, Table 3, are T,-equivalent for the
given value of p but not t,-equivalent for g # p.

Proof. The p-form eigenspaces of the canonical sphere are irreducible [16]. Thus, by the
previous theorem, since they are isospectral on p-forms, the bundle of differential p-forms
must be 7,-equivalent. Note that 77 is equivalent to the natural representation of K = O (m)
on APC™, where m is the dimension of the lens space. [

REMARK 4. The proof of sufficiency is given in [20], using transplantation. We include
the proof using Frobenius reciprocity, which was mentioned in [20]. The necessity of the
condition is likewise mentioned in the last remark in [20]; thus the proof given below is due
to Pesce, and we provide more details here for completeness of the literature.

REMARK 5. In the case of lens spaces, T, = T)c @ Tpe, Where 1) is 1), restricted to closed
forms, and 7, is 7, restricted to exact forms. The examples in Section 3 that are half-p-
isospectral are 7, -equivalent but not 7,.-equivalent.

The following is an application of the examples of Section 3 to representation theory.

COROLLARY 2. There exist (X, m) a compact Riemannian manifold and T'1, I'> discrete
groups of isometries acting on X that, with definitions as in Theorem 4, are T,.-equivalent
but not tye-equivalent.
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Proof of Theorems 4 and S using Frobenius reciprocity. Assume that (X, m) is a compact
Riemannian manifold, G a group of isometries of (X, m), and K the generic stabilizer of
the action of G on X. Let I} and I'; be discrete subgroups of G such that (I';\ X, m1) and
(I'2\ X, my) are compact.

Since A” on (X, m) has discrete spectrum, let spec?” denote the spectrum of A” without
multiplicity. If A € spec?, then let Vkp denote the eigenspace of A. The multiplicity of the
eigenvalue 1 is the dimension of V”; that is, dimc V;” = mult(%).

Any closed group of isometries H of (X, m) acts on Vkp by

i (o = (W H*e

forallw € V) andall h € H.

The p-eigenforms of (I';\ X, m;) correspond to eigenforms of (X, m) thatare I';-invariant
with the same eigenvalue, i = 1, 2. Thus, (I'1\ X, m) and (I'2\ X, m») are isospectral on
p-forms if and only if for all A € spec”, we have

[lrl :n)l:‘] = [lr2 :n{l];
that is, an eigenform w is left I';-invariant if and only if forall y € T';, ¥y - @ = w if and

only if spanc{w} is an invariant subspace of JT{ Li=1,2.
Now

[11*,» : n{"] = [11‘,- : Reslqi (nf)]

|1 ;Resg<z[p;nf]p)

peG

= Z [,o : n/\G] [11"’. : Reslgi (,0)] .

peG
Using Frobenius reciprocity, we have

[11~i :71)1:"] = Z [,0 : nf] [Indﬁ_(lr,) : ,o]

peC

Now, let
Gp=1{peG:py, #0).
By Theorem 6 below, the value [,0 : nf ] # Oifand only if p € G p- We thus have
[1r,- :n{"] = Z [,0 : nf] [ng :p].
0eG,

Now, note that [p : JT;\G ] is independent of I';. Clearly, if nlgl and nFGZ are tp-equivalent,
then (I'{\ X, m) and (I'>\ X, m>) are isospectral on p-forms.

To see the converse using the hypothesis of the theorem, note that if i is areal, irreducible
representation of G, then its complexification m¢ satisfies exactly one of the following
conditions:
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(i) mc is an irreducible complex representation, (7 is real type), or

(il) ¢ = o do*, where o* is the contragredient representation of o (7 is complex type),
or

(ili) m¢c = o @ o (7 is quaternionic type).

Assume that the eigenspaces (rrf , Vkp ) are real and irreducible. If nf is real or quater-

nionic, then nf =0 or nf =0 ® o for some o € Gp. Thus

[1F,« :n{"] = Z [,o : nf] [ : o]
= [a :nf] [7r, : o).

If (I'1\X, m1) and (I';\ X, my) are isospectral on p-forms, then [z, : 0] = [np, : 0]. If
nf is complex, then nf =0 do*, so

[lpl, :n{i] = Z [,0 : nAG] [7r; = o]

0eG,,

= [0 :nf] [7r; 1 o] + [a* :nf] [7r; 1 0*].

Now note that a subspace W, C VA” is equivalent to o if and only if W; C V/\p is equivalent
to o*. That is, Aw = Aw if and only if Aw = Aw. We thus have [o : rcf] =[o*: nf]
and [0 : JTFG’,] =[o*: 7119’,]. Therefore, if (I'1\X, m1) and (I'2\ X, my) are isospectral on
p-forms, then [nr, : o] =t[nT, : O]. O

THEOREM 6. An irreducible representation p of G appears as an eigenspace of A, if and
only if Resg (p) is composed of irreducible representations isomorphic to tp.

Proof. The proposition is proved carefully and completely in the case of functions in [5].

We briefly comment on the extension of this proof to the Laplace operator on differential

forms, and note that the idea extends naturally to any natural fiber bundle, as stated in [20].
With notation as in [5],

1 _
)4 )\‘ —tA — —tA / 4 d
EA n’(x, ple EA € oG le (@) xp(g)dg

1 — [
B XA: vol G fge " trace(81) X0 (8) dg.

Here, g, is the action of g on the Eigenspace of A; that is,

g-0=(g .
Now, by the definition of trace,

mult(})

trace(g:) = ) /M(w,» (x), & - (@) (x)) dx
i=1

where this is a finite sum over a basis of eigenforms of A.
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Thus

_ 1 —
;nl’(}\, ple ™ = ol G /GXp(g) /M ;(wm (g-w)x)dxdg

1 -
= —/ xp(g)/ trace(K (t, x, gx) o g)dx dg.
vol G G M

Now we may plug in the asymptotics (see [S]) and obtain as a leading term, just as in [5],
ap = volM[pK D Tpl,

as desired.
The rest of the argument follows from [5] without comment. O

Acknowledgement. The authors wish to thank the referee for a very careful reading of the
manuscript.

Appendix A. MATHEMATICA code

Below is the MATHEMATICA code for generating all examples when k = 2. The code is
identical for other values of k, except for the initialization. We note that a simple modification
of this code allows one to print the subsets R and S that give the generating functions, which
would allow one (if one had the time) to check the calculations by hand.

Links to MATHEMATICA notebooks with code to generate the examples cited above can
be found in Appendix B. For people without MATHEMATICA, PDF files with the code and
computations can be found in Appendix C. Finally, for historical comparison, our original
MAPLE code can be found in Appendix D.

[* This portion computes the
generating functions */

For[g = 1, g <= 100, q++,

Prinf'g= ", qJ;
glist = Table[i, {i, 1, q - 1}];
g0 = EulerPhi[q]/2 i k=2, n=490 -k pmax = n - 1; relprime =

{}; For[i = 2, i <= Floor[g/2], i++,
IffGCDIi, q] == 1, relprime = Append[relprime, i]]
I;
schoices = {}; subsetlist = Subsets[relprime, {k - 1}]; For[i = 1,
i <= Length[subsetlist], i++,
schoices = Append|
schoices, Join[subsetlist[[i]], q - subsetlist[[il], {1}, {a - 1}]I;
valid = Table[i, {i, Length[schoices]}]; numgoodtups =
Length[schoices]; For[sx = 1, sx <= Length[schoices], sx++,
IffMemberQJvalid, sx],
For[mult = 2, mult <= g0, mult++,
tset = Mod[mult*schoices[[sx]], q];
m = 1;
dn = False;
While[dn True && m <= Length[schoices],
IffMemberQ[valid, m],
tset2 = schoices[[m]];
If[Sort[tset2] == Sort[tset],
dn = True;
valid = Complement[valid, {m}];
numgoodtups--;
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m++;
]
]
]
I;
complete = Union[relprime, q - relprime, {1}, {q - 1}];
ReducePower = Function[mono,
Coefficientfmono, x, Exponent[mono, x]]*x"Mod[Exponent[mono, x], q]];
Q = Table[q, {k}]; eta = ZeroMatrix[Length[valid], n + 1]; For[m =
1, m <= Length[valid], m++,
s = schoices[[valid[[m]]]];
r = Complement[complete, s];
sizes = 2*k;
sizer = 2*n;
sumofs = Plus @@ s;
sumofr = Plus @@ r;
S = ZeroMatrix[sizes + 1, q];
R = ZeroMatrix[g, sizer + 1];

Gs = Expand[Product[(1 + Xxs[[i]]*y), {i, sizes}]];
Gr = Expand[Product[(1 + Xr[[i]]*y), {i, sizer}]];
Gs = Map[ReducePower, Gs];
Gr = Map[ReducePower, Gr];

For[pick = 0, pick <= sizes, pick++,
p = Coefficient[Gs, vy, pick];
For[sidx = 1, sidx <= q, sidx++,
S[[pick + 1, sidx]] = Coefficient[p, x, (sidx - 1)];
I
I;
For[pick = 0, pick <= sizer, pick++,
p = Coefficient[Gr, vy, pick];
For[ridx = 1, ridx <= q, ridx++,
R[[g - Mod[ridx - 2, q], pick + 1]] = Coefficient[p, x, (ridx - 1)];
I;

I

Cs = g*(S.R);

For[p = 0, p <= n, pt++,
eta[[m, p + 1]] =

Sum[Sum[(-1)"(t + a)*(x"(a - t) - x( a+t+ 2)Cs[la +1, p - t + 1]],
: {t. 0, p}l, {a, O, 2*k}];

I

/* Now we look for examples by comparing the generating functions */

rows = Dimensions[eta][[1]]; eta = Simplify[eta];
PositionsOfRunsZero[x_List] :=
{First[#], Last[#]} & /@ DeleteCases[Map[Last, SplitfTranspose[
{x,Range[Length[x]]}], First[#1] === First[#2] && First[#1] == 0 &], {2}],
U

matchsets = ZeroMatrix[Length[valid], n + 1]; For[pidx = 1, pidx
<= n + 1, pidx++,
matchpolys = Union[eta[[All, pidx]]]; Print[Length[matchpolys]];
For[rowidx = 1, rowidx <= Length[valid],
rowidx++,matchsets[[rowidx, pidx]] =
Position[matchpolys, eta[[rowidx, pidx]]];

]

Printfmatchsets // MatrixForm]; For[i = 1, i <= rows, i++,
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For[j =i + 1, j <= rows, j++,
diffs = etal[il]] - eta[[j];
zeroruns = PositionsOfRunsZero[diffs];
IffLength[zeroruns] > 1,
If[diffs[[1]] == 0, Print["Match on Functions"]];
Print["i= ", i, "j =", j, " ", zeroruns];,
IfflLength[zeroruns] == 1,
Iflzeroruns[[1, 1]] > 1,
If[diffs[[1]] == O, Print["Match on Functions"]];
Print["i= ", i, "j = ", j, " ", zeroruns]

Appendix B. Links to MATHEMATICA notebooks

Links to MATHEMATICA notebooks with code to generate the examples cited above can
be found at:

http://mww.lms.ac.uk/jcm/9/Ims2006-001/appendix-b.

Appendix C. Links to PDF files of the code

For people without MATHEMATICA, PDF files with the code and computations can be
found at:

http://www.Ims.ac.uk/jcm/9/Ims2006-001/appendix-c.

Appendix D. Link to the original MAPLE code
Finally, for historical comparison, our original MAPLE code can be found at:

http://www.Ims.ac.uk/jcm/9/Ims2006-001/appendix-d.
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