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AN EXPLICIT FORMULA FOR THE DIRAC MULTIPLICITIES ON LENS
SPACES

SEBASTIAN BOLDT, EMILIO A. LAURET

ABSTRACT. We present a new description of the spectrum of the (spin-) Dirac operator D on
lens spaces. Viewing a spin lens space L as a locally symmetric space I'\ Spin(2m)/ Spin(2m—1)
and exploiting the representation theory of the Spin groups, we obtain explicit formulas for
the multiplicities of the eigenvalues of D in terms of finitely many integer operations. As a
consequence, we present conditions for lens spaces to be Dirac isospectral. Tackling classic
questions of spectral geometry, we prove with the tools developed that neither spin structures
nor isometry classes of lens spaces are spectrally determined by giving infinite families of Dirac
isospectral lens spaces. These results are complemented by examples found with the help of a

computer.
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1. INTRODUCTION

Let M be a compact spin Riemannian manifold and fix spin structure on it. The then canon-
ically given (spin-) Dirac operator is an elliptic, essentially self adjoint first order differential
operator. Its spectrum is therefore real, consists only of eigenvalues with finite multiplicities
and has oo as the only accumulation points.

The determination of Dirac spectra of compact spin Riemannian manifolds is usually only
possible in the presence of enough symmetries. As such there are only few explicit computations
of Dirac spectra (cf. [B406, §1.1.2], [Gi, §2]). The aim of this paper is to contribute to this
problem in the class of lens spaces, which are spherical space forms with cyclic fundamental

group.
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2 SEBASTIAN BOLDT, EMILIO A. LAURET

On the sphere, Hitchin [Hi74] was the first to determine the Dirac spectrum in dimension 3,
S. Sulanke computed it in her Ph.D. thesis [Su79] in all dimensions, C. Bér gave an alternative
proof in his Ph.D. thesis [B&91] (see also [B&96]). The Dirac spectrum on S™ consists of the
eigenvalues + (k‘ + g) with corresponding multiplicities 212/ (’ﬁﬁl), k> 0.

We now consider a spherical space form, that is, Mpr := I'\S™ with I' € SO(n + 1) acting
freely on S™. We restrict our attention to the case n = 2m — 1 since the only manifold properly
covered by an even dimensional sphere is the real projective space. Spin structures on Mr are
in 1-1 correspondence with homomorphisms 7 : I' — Spin(2m) satisfying © o 7 = Idr, where
© : Spin(2m) — SO(2m) is the universal covering homomorphism. The Dirac spectrum of My
endowed with 7 is contained in the Dirac spectrum of the sphere, though its multiplicities are
in general smaller than the corresponding ones of the sphere. More precisely, the multiplicity
mult (a7 () of the eigenvalue £\, (A : =k + 5 =k +m — %) satisfies

0< mUIt(MF,T)(:t/\k) < 2m71 (k;;-irzgg)

Béar [BA96], inspired by Ikeda’s extensive work on the Laplace spectrum of spherical space
forms, approached the spectrum of Mr endowed with 7 by giving closed formulas for the
generating functions F(EF (2) = > ko Mult (a7 (FA,) 2 which read

L) = 2 ()
(1.1) Fien(?) = 7| ; det(lom —27)

where x* denote the half spin characters. Formula (1.1) can be used to compute the Dirac
spectrum in particular cases (see for instance [MPT11, §7] and [Teh13, §9-10]). In general,
however, it does not suit the task.

Our goal is to give an alternative and explicit description of the Dirac spectrum on lens spaces.
The approach is representation theoretic in nature, essentially using Frobenius reciprocity. In
fact it is the same as the one used in [LMRI13]|, where R. Miatello, J.P. Rossetti and the
second named author treated the Laplace operator case, obtaining an explicit description of
the spectrum in terms of one-norm lengths of certain associated congruence lattices and also a
geometric characterization of isospectrality.

To each (2m—1)-dimensional lens space L := L(q; $1, - . ., Sm) (see Subsection 2.2 for notation)
admitting a spin structure 7, we associate an affine congruence lattice L (see Lemma 4.1) inside
the affine lattice E™ := (3,...,3) + Z™. For example, when the order ¢ of the fundamental
group is odd, L admits only one spin structure 7 and its associated affine congruence lattice is

(1.2) L={%ar,...,an) EE™ a1+ -+ ans, =0 (mod q)}.

The main result, Theorem 4.3, states that

WE

(1.3) mult(z ) (—Ax) (TjnTSQ) Ne(ryk —r),

r=0

k
multr - (+Ae) = Y (T )Ne(r+ 1,k — 1),

r=0
where N,(r, k) denotes the number of tuples p = %(al, ..., a,) € L whose one-norm equals
k+2 (e |lul =35> |aj| = k+ %) and whose number of negative entries is congruent to r
modulo 2.

As a consequence of this formula, we obtain a characterization of Dirac isospectrality in the
class of lens spaces (Corollary 4.5). Namely, two lens spaces with fixed spin structures have
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the same Dirac spectra if and only if their associated affine congruence lattices £ and £ are
oriented ||-||1-isospectral, that is, Ny(e, k) = Ny (€, k) for every k > 0 and every € = 0, 1.

This characterization allows us to find families of Dirac isospectral lens spaces. We present
in Theorem 5.2 an infinite sequence of growing families of lens spaces which are pairwise non-
isometric and Dirac isospectral. Theorem 5.6 gives an infinite sequence of pairs of 7-dimensional
non-isometric lens spaces which are Dirac isospectral. When ¢ and m are even, lens spaces have
two inequivalent spin structures and Theorem 5.4 gives an infinite sequence of 7-dimensional
lens spaces such that their two spin structures produce the same Dirac spectra.

We also prove a finiteness result (Proposition 6.1) that allows for the previous characteri-
zations to be implemented in a computer program. We associate to each lens space endowed
with a spin structure finitely many numbers in such a way they determine its Dirac spec-
trum. In particular, one has to check only finitely many equations to decide whether two lens
spaces are Dirac isospectral. As a consequence, Corollary 6.2 ensures that two spin lens spaces
(L,7) and (L',7') are Dirac isospectral if and only if their multiplicities mult(,, (&) and
mult(z -y (£A;) coincide for all £ < mg, where ¢ is the order of the fundamental groups and
2m — 1 is the dimension of L and L'.

Note that, for a given dimension and a given order of the fundamental group, both obstruc-
tions for isospectrality, there are only finitely many isometry classes of (oriented) lens spaces
(with a fixed spin structure). Together with the finiteness result mentioned above, one can
therefore systematically search for Dirac isospectral lens spaces with the help of a computer,
as we have done. The corresponding results (see Table 6) can be found in Section 6 together
with a discussion of some phenomena that occur. The most important one is that we have not
found any pair of non-isometric Dirac isospectral lens spaces in dimensions n = 1 (mod 4). The
authors believe that this is always the case (see Conjecture 6.3). Furthermore, in dimension 7,
most of the Dirac isospectral pairs are also p-isospectral for all p, though there are exceptions,
which Remark 6.4 points out.

There are examples of Dirac isospectral spin Riemannian manifolds in the literature, but
not in the class of lens spaces. Actually, to our best knowledge, the following list contains all
of the non-trivial examples: [B&96], [AB98|, [MP06] (cf. [Gi, §6.1] and [P06]). Bér pointed
out in [B496, Cor. 2] that the usual construction of Laplace isospectral manifolds by using
almost conjugate subgroups (known as “generalized Sunada method”) also works for Dirac
operators on spherical space forms admitting spin structures. This method cannot be applied
for non-isometric lens spaces since cyclic almost conjugate subgroups are necessarily conjugate,
thus the associated manifolds are isometric (cf. [Ba496, p. 79]). Moreover, our examples are
fundamentally different from the ones produced by this method since its resulting manifolds
are always strongly isospectral (isospectral for every natural differential operator on natural
bundles) while it is well known that strongly isospectral lens spaces are necessarily isometric
(see for instance [LMR13, Prop. 7.2]).

The paper is organized as follows. In Section 2 we recall two well known facts on spin
geometry, namely, the Dirac spectrum of spherical space forms and the spin structures admitted
by lens spaces. We then introduce the notion of an affine congruence lattice associated to a
lens space in Section 3, showing that there is an isometry between lens spaces that relates their
spin structures if and only if there is an one-norm preserving isometry between the associated
affine congruence lattices. In Section 4 we describe the Dirac spectrum of a spin lens space
and give a characterization of Dirac isospectrality in terms of one-norm isospectrality of affine
congruence lattices. By using the previous characterization, we give in Section 5 two infinite
sequences of pairs of Dirac isospectral lens spaces. We end in Section 6 with a computational
approach to isospectral Dirac lens spaces and some remarks about the results obtained.
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2. PRELIMINARIES

In this section we review well known facts about the Dirac operator on spherical space forms.
We give a description of the Dirac spectrum of an arbitrary spin spherical space. We use
the same representation theoretic technique already used by Sulanke [Su79]. Note that this
approach is different from the one in [B&96] which uses Killing spinors. We end the section
introducing lens spaces and the classification of their spin structures.

The Dirac operator is different from the usual natural differential operators. It depends on a
spin structure which need not exist, nor need it be unique. This dependence is non-trivial, i.e.
in general the spectrum changes with a change of the spin structure, see for example [B400].
If, however, a manifold carries an orientation preserving isometry that takes one spin structure
to another, the spectra of the associated Dirac operators are the same. Therefore, if one is
looking for a manifold which is Dirac isospectral to itself when equipped with two inequivalent
spin structures, one has to check the non-existence of such an isometry for the isospectrality to
be non-trivial. We therefore present a “spin version” of the well-known isometry classification
of lens spaces (see Proposition 2.2) in Proposition 2.5.

In addition to the dependence on a spin structure, the Dirac operator also depends on an
orientation. A change of orientation results in the Dirac operator becoming its own negative
and hence flipping its spectrum around zero. When in search of Dirac isospectral manifolds,
one therefore has to compare spectra modulo orientations, i.e. modulo reflection. We thus also
state conditions for an isometry between lens spaces to be orientation preserving (respectively
reversing) in Proposition 2.5.

2.1. Dirac spectrum of spherical spaces forms. We denote by S™ the n-dimensional sphere
of constant curvature one. A spherical space form is a manifold of the form I'\S™ where T is
a finite group of isometries that acts freely. For the convenience of the reader we briefly
recall the computation of the Dirac spectrum on spherical space forms (see Sulanke [Su79] and
Bér [Ba96]). We will restrict to the odd dimensional case n = 2m — 1 since the only manifold
properly covered by S?™ is PR?*™, which is not orientable and so in particular not spin.

The sphere S?"~! has a symmetric space structure as G/K with G = Spin(2m) and K =
{9 € G:g-eyn = ean} ~ Spin(2m — 1). The SO(2m — 1)-bundle of oriented orthonormal
frames of S?™~! is given by SO(2m) with projection onto the last column and multiplication by
the structure group from the right on the remaining 2m — 1 columns. A spin structure is thus
given by © : Spin(2m) — SO(2m), the universal covering homomorphism, and since S*™! is
simply connected, it is also the unique spin structure of the sphere up to equivalence.

Let p: K — GL(2s,,_1) be the spinor representation. Here Y, 1 is a 2™ '-dimensional com-
plex vector space. The group Spin(2m) acts from the left on the Hilbert space L?(S?™ 1 3y, 1)
of L?-sections of the spinor bundle over S*™~! by (g- f)(x) = f(¢~'x). By Frobenius reciprocity,
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this representation decomposes into the direct sum

(2.1) L2(S*™ ! Sapmon) = Y Ve @ Homge Vi, Samo1),

ﬂEé

where G denotes the class of irreducible representations of G = Spin(2m), g € G acts on each
Ve @Hompg (Vi, Xom-1) by g- (0@ A) =7(9)v @ A, and v® A € V; @ Homg (Vy, Xay,—1) induces
the section gK — Aonm(g7')(v) (see for instance [Ba92, Thm. 2]).

We now turn to spherical space forms, quotients I'\S?"~! of the sphere by a finite group
of isometries acting freely. Consider the induced action of T' on SO(S?*™™1) ~ SO(2m). If
this action lifts to the spin structure Spin(2m) of S*™~!  then the quotient by this action is a
spin structure of I'\S?*™~! (see [Gi, Prop. 1.4.2]). Furthermore, every spin structure is of this
form by [Fr, Ch. 2.2]. Since the bundle of positively oriented orthonormal frames as well as
the spin structure of S*™~1 are groups themselves, group actions of I" on Spin(2m) are in 1-1
correspondence with group homomorphisms 7 : I' — Spin(2m) such that © o 7 = Idr.

The L?-spinor bundle on '\ S?"~! corresponds to 7(T')-invariant elements in L*(S?™!, 3y, 1),
thus

(2.2) LA(T\S*" " Sop1) = > V7T @ Homp (Vi Somot),

e

where Vi) = {v eV, : (ro7)(y)v=v V¥yeTl}

Odd dimensional spherical space forms are always orientable since any discrete subgroup I'
of the isometry group O(2m) of S?™~! acting without fixed points is already a subgroup of
SO(2m). On T'\S?"~ !, we will always consider the inherited orientation from the previously
chosen orientation on S2™1.

Let g = spin(2m) and € ~ spin(2m — 1), the Lie algebras of G and K respectively. It is
well known that g =32, iy, Reiej and € =3, ., | Re;e; as subspaces of the Clifford
algebra €I(R®*™), where {ey,...,e,} denotes the canonical basis of R*™. We consider the
Cartan decomposition g = ¢ @ p and the inner product (-,-) on g given by a multiple of the
Killing form in such a way that its restriction to p induces the round metric on S?*™~! with
constant curvature one. It turns out that {Xj := %erzm :1 <k <2m — 1} is an orthonormal

basis of p.

We fix the standard maximal torus in G,
(2.3) T = {g = Z;"zl (cosej + sin6; 62]-,1623-) €eG:0y,...,0,, € R} )
Its Lie algebra is
(2.4) = {X = " Ojea;-1695 € SpIN(2m) < 01, ..., O € R} .
Note that g = exp(X) and
2.5) 0(g) = diag ([ Sain) b ] [ i) ]) € sozm)

if g€ T and X € t are as above.

The Cartan subalgebra b := t ®g C of g¢c := g ®g C ~ s0(2m,C) is given as in (2.4) with
61,...,0, € C and, in this case, we let ¢; € h* be given by ¢;(X) = 2i0; for 1 < j < m. The
weight lattice of G is

(2.6) P(G) = {Z;’;l ajeja; € LNj or aj€ %+ZV]}.

We fix the standard system of positive roots, thus a weight > ™" aje; € P(G) is dominant if
and only if a; > -+- > a;,—1 > |ap,|. We consider in K the maximal torus 7' N K, thus the
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associated Cartan subalgebra is included in h. Under this convention, the weight lattice of K
is

(2.7) P(K) = {Z?Zl ajgj a; €LY] or a;€L+Z Vj}

and Z;n:_ll aje; € P(K) is dominant if and only if a; > -+ > a,,,—1 > 0. By the highest weight
theorem, since G = Spin(2m) and K ~ Spin(2m — 1) are simply connected compact Lie groups,
the irreducible unitary representations of G and K are in correspondence with the dominant
elements in P(G) and P(K) respectively. For example, the spinor representation p of K has
highest weight %(51 + -+ éep_1). For A € P(G) dominant, we denote by m, the associated

representations in G.
Proposition 2.1. Let My := I'\S?*™~1 be a spherical space form with spin structure induced
by 7 : T' — Spin(2m). For each non-negative integer k, let 7T]:€t be the irreducible representations
of Spin(2m) with highest weights

Ay =3(2k+Der+ea4 - +eEm1 £ em).
Then, the eigenvalues of the Dirac operator D on the spinor bundle of My are £\, with Ay :=

k + 27”2_1, with multiplicity

mult p ) () = dim VTE).
Tk

Proof. Let A = 37" aje; € P(G) dominant. By the classical branching law from Spin(2m)
to Spin(2m — 1) (see for instance [GW, Thm. 8.1.4]), Homg (V;,, Xom-1) # 0 if and only if
aj; € %+Z for all 7 and

> 5>a> > e 2 5 > ag.
Moreover Homg (V;, ¥9,,—1) has dimension one. Hence, the sum in (2.2) can be restricted to
{7k >0}

The Dirac operator D commutes with the action of G, thus D leaves invariant V; T
Homg (Vy, ¥ap—1) in (2.2) for each m. Moreover, from [B&92, Prop. 1], D restricted to A
Hompg (Vi, 3opm—1) is equal to Id ® D, where

2m—1
(2.8) DA(A) == e;-Aodn(X;).
j=1
Since Homg (V;, ¥9,,_1) is one-dimensional for m € {7‘(‘2: . k> 0}, Dﬂki acts by a scalar )\f

whose multiplicity is dim (VTE) ® HomK(Vﬁ, ng_l)) = dim VZEF). It remains to show that
7'I')c 7Tk
A = F(k+ 22,
Denote by A € Homg (Vﬂki, Egm,l)) the projection onto >, 1 along the other isotypical
summands of Vﬂ,;c. By the above, HOHIK(Vﬂ_ki, ng,l)) = CA. Tt is thus enough to show that

2m—1

(2.9) Z e; - Aodrit(X;)(u) = £(k + 221) A(u)

for a vector u that is not in the kernel of A.

The representation 7T]:€t has highest weight Af = ke, + AZ, thus it is contained in the tensor
product g, ® 7r5—L. Here, 7k, is the representation of traceless symmetric degree k tensors in
€1,...,eay, and 7r0i are the positive and negative half-spinor representations of Spin(2m).

Define

u = (egmfl + ’i€2m)k KU E Vﬂ—kil (029 Vﬂgz
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where v is a highest weight vector for 73. The element u lies in the weight space with weight
:I:k‘Em—l—ASE and spans this weight space since it is conjugate under the Weyl group to the weight
space with highest weight Af.

The element X,,, ;1 is in the Cartan subalgebra b of spin(2m) and A(u) is a highest weight
vector of Yom_1, 50 d7j; (Xom—1)(w) = (£kem + AF)(Xom—1) u = £(k + )i u. Hence,

(eammt - A 0 A (Xom1))(u) = ik + L)ezm_1 - A(u) = £(k + 1) A(w)
since multiplication by es,,_1 is —¢ by the usual choice of Clifford multiplication.

For the remaining terms (1 < j < 2m — 2) one can check that ¢; - A(dn(X;)(u)) = £5A(u)
by writing X; as a suitable linear combination of root vectors of so(2m — 1) =~ spin(2m — 1)
and so(2m) ~ spin(2m).

Combining the terms we obtain

2m—1
> e Avdr(X))(u) = (£(2m—2)3 £ (k+3))A(u)
j=1
= +(k+m—3)Au),
which establishes (2.9) and concludes the proof. O

2.2. Spin structures on lens spaces. The manifolds covered by S?™~! with cyclic funda-
mental group are called lens spaces. They can be described as follows. We associate to ¢ € N

and sq,..., s, € Z such that s; is coprime to ¢ for all 1 < j < m, the lens space
(2.10) L(q; 81, 8m) == (7)\S*™!
where
T cos(2mws1/q) —sin(2ws1/q) cos(2msm /q) —sin(2msm/q)
(211) T = dlag <|:sin(27rsi/q) cos(2ms1/q) :| LA [sin(27rsm/q) cos(2msm /q) :|> € SO(Zm)

The element v generates a cyclic group of order ¢ in SO(2m) that acts freely on S?*™~!. The
next result is well known (see for instance [Co, Ch. V]).

Proposition 2.2. Let L = L(q; $1,...,5m) and L' = L(g; s},...,5s.,) be lens spaces. Then the
following assertions are equivalent.
(1) L is isometric to L'.
(2) L is diffeomorphic to L.
(3) L is homeomorphic to L.
(4) There ezist £ € Z coprime to q, €1,...,6n € {£1} and o a permutation of {1,...,m}
such that lejs; = s, ;) (mod q).

We next describe the spin structures admitted by the lens space L = L(q; $1,...,5m) =
\S?m=1 If ¢ is odd, let 7 : ' — Spin(2m) be given by

(2.12) T(v*) = H (cos (%) + sin (W) ezj,162j> :

One can check that © o 7 = Idr, thus 7 defines a spin structure on L. We next assume ¢ and
m even. Sometimes we will abbreviate s = (s1,...,8p). Let hgs =3, L%J For h € Z, we let

7, : I' — Spin(2m) be given by

(2.13) T(7*) = (~1)F+he) T (cos(’“i;“) + sin(k2) egj_legj) .
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Again we have that © o 7, = Idr, thus 73, defines a spin structure on L. Clearly 75, depends
only on the parity of h.

Remark 2.3. We include the term (—1)"= in (2.13) since we want to associate the spin
structure to a lens space independently of its parameters. To be more precise, suppose that
we define the spin structure as in (2.13) without the term (—1)hss. Then, the lens spaces
L = L(g;s1,.--,8n) and L' = L(q;s1 + q,S2,...,58m) coincide by definition, but the spin
structures are switched, that is, 7o = 7 and 7, = 7.

The following result due to Franc [Fra87] classifies the spin structures on lens spaces.

Theorem 2.4. Let L = L(q;$1,...,5m). If q is odd, L admits (up to equivalence) only one
spin structure which is induced by (2.12). If q is even, L does not admit a spin structure when
m 1s odd, and admits two inequivalent spin structures when m is even, which are induced by T
and T as in (2.13).

From now on, unless otherwise stated, we assume that the spin structures on L(gq; s1, ..., Sm)
are induced by 7 as in (2.12) or (2.13) depending on the parity of q. Moreover, for simplicity,
we shall simply indicate the spin structure by 7, in place of writing “the spin structure induced
by 77.

For the convenience of the next sections, we will give a more explicit version of Proposi-
tion 2.2, giving a particular isometry and what it does to the spin structures. We will use the
identification

STt = Lz, 2m) €C™ |z P 2P = 1),

cos(61) —sin(61) ] |: cos(0ym) —sin(Om)

sin(61) cos(01) sin(0n) cos(O) D in the maximal torus T of

thus an element g = diag <[
SO(2m) acts by

g (21, zm) = (€% 21, ez,
Hence, the lens space L = L(g; sy, ..., 5y) is defined by S?™~! under the relation
(21, s 2m) ~ (€285 e2mism/ay .
We usually write 7 : 2™~ — L for the projection.
For o a permutation of {1,...,m} and €, ... ¢, € {1}, we associate the function

. 2m—1 2m—1 o qfes =1

(2.14) v — 5 where w,(;) = i DA
(217"'72771) — (w17"'7wm)7 Zj lijI—l.

Clearly W is an isometry of S?"~!. Furthermore, we can see that each conjugate coordinate in
Wy(;) changes the orientation, thus ¥ will preserve or reverse one fixed orientation on S2m=1

depending on € = 1 or € = —1 respectively, where € := € ... ¢€,,.

Proposition 2.5. Let L = L(q;s1,...,8y) and L' = L(q;sy,...,s.,) be lens spaces and 7 :
S?m=l — L and ' : S*™=Y — L/ their projections. Let o be a permutation of {1,...,m}, let
€1, 6m € {£1} and let U be the associated isometry of S*™~! as above. Then, there is an
isometry ¢ : L — L' such that 7’ o W =1 o xw if and only if there exists { € Z such that

(2.15) lejsi = sy (mod g) for all j.

In this case the isometry 1 preserves or reverses the orientation according to e =1 ore = —1,

where € = €1 ... €y,
Moreover, when this happens and q is even, we have that ¢ : L — L' takes 1, to 1},, where
pj = (lejs; — sy))/a and
B =h+ hgs + hes + Zj Pj-
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Proof. Set ¢ = €2™/9. We first suppose that such v exists, thus ' o W(£%1zy, ..., E%m2,) =
Vo m(E%z,. .., Emz2,) = Yom(z,...,2m) = T o W(z,...,2,) for every (z1,...,2,) €
S2m=1 We write U(zy,...,2m,) = (wy,...,w,), thus one can check that W(£%zy,...,&m2,) =
(o W% Wy, ... Lo e gy, ). Hence, there exists ¢ € Z such that
(gfsllwh s ’stgnwm) = (560_1(1)50_1(1)21]1’ s 7660_1(m)80_1(m)wm)7

then €;s; = {s] ;) (mod g) for all j.
We next prove the converse. Condition (2.15) above is equivalent to

(2.16) =0t oy oW

This implies that the function ¢ : L — L' given by ¢([p|;) = [¥(p)],, is a well defined isometric
bijection.

Each conjugate coordinate in (2.14) changes the orientation, thus ¢ will preserve or reverse
the orientation according to the parity of the number of conjugate coordinates.

Finally, relation (2.16) lifts to the spin level as

70 =) - @

where ¢ € Pin(2m) is one of the lifts of ¢» € O(2m) which proves the claim on the behavior of
the spin structures under . 0

3. AFFINE CONGRUENCE LATTICES

In this section we will associate to each lens space with a fixed spin structure an affine
congruence lattice. We will prove a close relation between isometries of lens spaces and linear
bijections of affine congruence lattices that preserve the one-norm.

We first fix some notation. Write

(3.1) E" = (L +2)" = {(ar,...,am) €Q":2a; €2Z+1 Y1<j<m},

the translation of Z™ by (%, c %) We will usually write the elements in E™ as %(al, cey )
with aq,...,a, odd integer numbers. For ¢ € N and s = (s1,...,5s,) € Z™ such that s; is
coprime to ¢ for every j, we set

(3.2) L(g;s) ={5(ar,...,am) €E™: 3 a;5; =0 (mod ¢)}.

Furthermore, if ¢ is even, we set

(3.3) L(g;s;h) ={3(ar,...,an,) EE™: >_;a;8; = hq (mod 2q)}

for h € Z. Note that L(qg; s; h) depends only on the parity of h and L(g; s) = L£(q; s;0)UL(g; s; 1)
as a disjoint union.

Let us denote by ||u||1 the one-norm of p = 1(ay,...,ay), that is, ||ul = %Z;nzl la;|. We
recall that ¢ : E™ — E™ is an isometry that preserves the one-norm (i.e. a ||-||;-isometry) if
and only if it is a composition of a permutation and multiplication by 41 in each coordinate
(see for instance [LMR13, Prop. 3.3]). More precisely,

(3.4) go(%(al, ce ,CLm)) = %(60—1(1)610—1(1), ceey Eo-—l(m)ao-—l(m)),

where ¢ is a permutation of {1,...,m} and €,... ¢, € {£1}. We will say that ¢ preserves
orientation if € := H;n:l €; = 1, or reverses orientation if € = —1.

Define R(p) = #{1 < j < m:a; <0} for p = 3(a1,...,an,) € E™. For any subset L of E™
and € € Z, we denote L, = {p € L: R(u) =€ (mod 2)}, thus £ = Lo U L; as a disjoint union.

Note that

R(p(n)) — R(p) = S5+ (mod 2),
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that is, R(¢(n)) and R(p) have the same parity if and only if € = 1. Hence, a ||-||;-isometry ¢
preserves orientation if and only if (E[*) = Ef* and p(ET*) = E* .

The next two propositions will illuminate the relation between isometries of lens spaces with
given spin structures and ||-||;-isometries of affine congruence lattices. This relation is explained
in Corollary 3.3.

Proposition 3.1. Let g be a positive odd integer and let s and s’ be in Z™ with all coordinates
coprime to q. Let o be a permutation of {1,...,m}, €1,...,6, € {£1} and let p be as in (3.4).
Then, p(L(q;s)) = L(q; s") if and only if there exists { € Z coprime to q such that

lejsj = sy(;)  (mod q) for every j.

Proof. Let us first prove the converse. We assume that there exists such ¢ € Z. Let p =
(a1, .. am) € L(g; s), thus 37 ajs; =0 (mod ¢). We have that o(u) € L(g; ') since

Zag_l Yeo1()5) _Z%GJ Zaj&?sj (mod q)

J

= EZajsJ =0 (mod q).

This proves that ¢(L(g;s)) C L(g;s). The other inclusion is very similar.

We now suppose that o(L(q;s)) = E(q, ’). We can assume that s; is odd for every j, since
if not, we replace it by s; + ¢. Let p; = (sz,q, ey qy,—581,4, ..., q) for 2 < i < m, where the
coordlnate —s7 is in the ith entry. One can easﬂy check that u; € L(q; s). Hence o(u;) € L(q; §')
and

0 = si€18,,(1) — 5168,y + ¢ Z €50 (j) = Si€155(1) — S16iS,() (mod q).
i#Li
We let £ € Z such that s10 = €154y (mod g), thus le;s; = s);) (mod ¢) forall 1 <i<m. 0
Proposition 3.2. Let q be a positive even integer and let s and s' be in Z™ with all coordinates
coprime to q. Let o be a permutation of {1,...,m}, €1,..., e, € {£1}, p € {0,1} and let ¢
be as in (3.4). Then ¢(L(q;s;h)) = L(q;s';h+ p) for all h € {0,1} if and only if there exists
{ € 7 coprime to q such that
. = Lejsi — sy
lejsj = s, (mod q) foralljand p= Z T(j) (mod 2).
j=1

Proof. Suppose that such an ¢ exists. Note that E is odd since it is coprime to g. Let p; =
(Cejsj — si(;))/a, thus s ) = lejs; — pjq. Let p= (a1, ..., an) € L(g; s; h), thus > a;8; = hq
(mod 2¢q). Then

Z aj€jS, ) = Z aje;(lejsj — piq)  (mod 2q)
J J
= ﬁz a;js; —q Z ajejp; (mod 2q)
J J

= (h+p)g (mod 2q).

In the last step we used that ¢, a; and ¢; are odd integers. We have proved that p(u) €
L(q;s'; h + p), while the reversed inclusion is very similar.
We now assume that o(L(q; s;h)) = L(q; s'; h + p) for h =0, 1. Define

77 = %(_827 81, —54,83,..., _Sm7sm_1)’
i = 77+<_Si707"'a078170""70) forall 1 <i<m.
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Clearly, n € L(q; s;0) and p; € £(gq;s;0), then
8165,y — Si€15,() =0 (mod g).
Let ¢ € Z be such that {s; = €15, (mod g). By the above, ls; = €5/, (mod g) for all

ls; —Eis;(i)

1 < i < m. It remains to show that this ¢ fulfills the condition on p. For this, let p; = 7

Since p(n) € L(q;s’; p), we have
—852€18,(1) + 51€2552) F -+ = Sm€m- 15, (m-1) T Sm-1€6mSy(m) = pg  (mod q).
Multiplying both sides by ¢ and substituting /s; by qp; + eis;(i) gives p =Y . p; (mod 2¢). O

In the next result, e-oriented means that it preserves orientation if € = 1 and it reverses
orientation if e = —1.

Corollary 3.3. Let g be a positive integer and let s and s’ be in Z™ with all coordinates
coprime to q. Then, if q is odd, there is an e-oriented isometry ¢ between L(q;s) and L(q; ')
if and only if there is an e-oriented ||-||1-isometry ¢ between L(q;s) and L(q;s"). If q is even
and p € {0,1}, there is an e-oriented isometry ¢ between L(q;s) and L(q;s') taking the spin
structures T, to 7y, for h = 0,1 if and only if there is an e-oriented |-||\-isometry ¢ with

p(L(q;s:h)) = L(q; s;h + p) for h=0,1.

Proof. Let g be an odd integer. The claim follows from Proposition 2.5 and Proposition 3.1 since

both conditions are equivalent to the existence of a permutation o of {1,...,m}, €1,..., €, €
{£1} and £ € Z such that le;s; = s, ;) (mod g) for all j. If ¢ is even, the claim follows similarly
from Proposition 2.5 and Proposition 3.2. U

4. DIRAC SPECTRA OF LENS SPACES

In this section we will give a geometric characterization of lens spaces that are Dirac isospec-
tral in terms of the ||-||;-lengths of their associated affine congruence lattices.

We will identify an element )", a;e; € b* (see (2.4)) with (ai,...,a,) € C™. Hence, the
weight lattice P(G) for G = Spin(2m) is the disjoint union of Z™ and E™ = (3,...,3) + Z™
(see (3.1)). We recall that 7;- denotes the irreducible representation of G with highest weight
Ay =L@k +1ei +e2+ -+ emo1 £&m). As usual, my(p) == dim Vy(u), the multiplicity of
@ in .

Lemma 4.1. Let L(q;s1,...,8y,) = D\S?*"! be lens space with spin structure 7. Then
. (I
dim Vﬁ( ) = Z M, ()
HGLF;T
where
- L(q;s) if q is odd,
e L(q;8;h+ hgs) if q is even and T = T,.

We call Lr - the affine congruence lattice associated to L and .

Proof. For any representation 7 of G one has the decomposition V; = @ cpe)Vx(1t) in weight
spaces, that is, an element g € T acts on each V(i) by g" := e*X), where X € b satisfies
exp(X) = g. Since 7(I') C T, we have that

VTFT(F): @ Vw(p)T(F).

REP(G)
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Moreover, I' is cyclically generated by 7 as in (2.11), thus a nonzero element v € V,(u) is
[-invariant if and only if 7(y)* = 1. Hence

dim V7™ Z dim V, (u Z M (1

where p runs through P(G) satisfying 7'(7)" =1.
In the case at hand, 7 = 7 for some integer k > 0, we have that mwzt(,u) = 0 for every

p € Z™ (see Lemma 4.2). It remains to show that {u € E™ : 7(y)* = 1} is equal to L(g; s) if ¢
is odd or equal to L(q; s; h) if ¢ is even and 7 = 73,.

We first assume ¢ odd. Recall that 7 is as in (2.12) We let X.(,) = >0, (q+? e 169,
thus exp(X,(,)) = 7(7). Then 7(y)* = e"¥+@) with

(g+1)
(X)) = 2mi 2% ZGJSJ
=1

for = 557" aje; € E™. Hence, 7(7)* = 1 if and only if ol >
integer coprime to ¢ and Z;nzl a;s; € Z, the assertion in this case follows.
We next assume ¢ even, thus m is even and 7 = 73, for some h € {0,1} as in (2.13). Then

1 -
a;s; € qZ. Since L2 is an

-1

() = (cos( 15) 4 sin(*7) eg;- 162]> : (cos(w+hq”)q ) + sin(w ) €2m_162m> :
=1

Similarly as above, we let X, () = > 7" 11 % Wegj 16234—@%627%_162"“ thus exp (X5, () =

7h(7), Th(7)* = "X and

1 & h+ hy.s
M(XTh('Y)) = 2mi (2_61 Zaij + 9 = am)

Jj=1

for pu = %Z;”zl aje; € E™. Hence, 7,(7)* = 1 if and only if 37", a;s; + am(h + hys)q € 2¢Z.
Since a,, is an odd integer and Y a;s; € Z, the assertion follows. 0
J
We next compute the multiplicities M (1) to obtain a closed formula for dim V" We recall
Tk
from Section 3 that ||u||; = %Z;n:l lajland R(p) = #{1 < j<m:a; <0}ifp = 3(ar,...,anm).

Lemma 4.2. Let k be a non-negative integer, p € P(G) and r = |Ai |y — ||\pli- If p € Z™
then m, .+ () =0 and, if p € E™ then

(1) = {(TWZL ) ifr>0and R(n)=r (mod 2),

m_+ ,
0 otherwise,

T

W)= {(”;”5) ifr>0and Rp)=r+1 (mod 2),

0 otherwise.

Proof. We have that Mt (1) = 0 for every pu € Z™ since a weight p of Tp* satisfies that A —
is a sum of positive roots. We now let € E™. We shall prove this case by induction on k.
Note that the assertion is clear for k& = 0 since the set of weights of 7y is

(4.1) Pf={v= %Zj biej : |bj| =1Vj and R(v) = =2 (mod 2)}
and m,x(v) =1 for those weights.
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We assume now that £ € N. By Steinberg’s formula, one can prove that 7., ®7TSE decomposes
into irreducible components as 7 @ m;_,. Then

(4.2) Mot (1) = Mo, ooz () —mez (1)
= > e, () Mt () =z ()
p1tpe=p
- Z M., (p—v)— mﬂlil(u).
1/67’6‘L

Furthermore, one has that

m—2

(4.3) My, (1) = {(m“) if ||nlly = k — 21 with [ € N,
’ Tkeq -

0 otherwise,

for every n € Z™ (see for instance [LMR13, Lem. 3.5]).

We write p = %Zl a;e; € E™ as p = ng + vy where vy = %ZZ sen(a;)e; € Pl U Py
(sgn(a;) == 05) and no = p — 1y = 5 >.(a; —sgn(a;))e; € Z™. Note that all the coordinates
of  and 1y have the same sign, ||ulli = [|[volli + Inollh = % + |Inollx and, vy is in Py or Py
according to the parity of R(u) = R(vp).

Let r = ||Af]l1 — ||ull1 € Z, thus 7 = k — ||no]|1. For v € P UP,, we have that

(4.4) I —=vli = lInolls + [vo — vl =k =7+ [[vo — v

If r < 0 then || — v||y > k, which implies that my, (4 —v) = 0 for every v € P UP; by
(4.3). Furthermore, mﬂlil(,u) = 0 by hypothesis. Hence, mﬁ(u) =0by (4.2)if r <0.

Suppose r > 0. By (4.4) and (4.3), the sum at the right hand side of (4.2) is reduced to the
elements v € P;" such that

(4.5) r — ||vo — v||1 is nonnegative and even.

We next prove the assertion in the case when r and R(u) are both even. The other cases are
very similar. Note that ||y — v||; is the number of coordinates in which vy and v differ. Then
|lvo — v||1 and r — ||vg — v||; are odd for any v € Py since R(v) and R(vy) have different parity.
Furthermore, mwlj_l(u) = 0 by hypothesis. Hence m, - () =0.

For 0 <1 < r/2, there are (Z}) elements in 736“ coinciding in 2/ coordinates with 1. For such
v we have that mr, (u—v) = (T/Z;ff;"*z) by (4.3). Furthermore, mﬂ];—l(u) = ("7 by

hypothesis. Hence, by (4.2), we obtain that

r/2

o maw=> () () ()

1=0
To prove m,+ (1) = ("™2?), from (4.7), it is sufficient to show the identity
r/2
r+m—2 r—14+m-—2 m\ (r/2—1+m—2
4.7 = .
(47) ( m — 2 >+< m — 2 ) ;(2[)( m— 2 )

One can check that the left hand side is the r-th term of the series Fy(z) := (1+z)/(1—z)™ L.
Moreover, since we are assuming that r is even, it is also the r-th term of the even part of
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Fy(z), namely, Fy(z) := 1(Fo(z) + Fo(—z)). We have that

A = ((1 ii)g;—l e i;):f"”)

(a4 (1 —a)" 1
B 2 (1 — a2)m-1

— L:”g/j (Z;) o (hzzo (h ;T;2> x2h>
v Lmzm (;,;)(h/z—mlj;n—2) o

h>0 1=0

h even

This implies (4.7), which completes the proof. O

We are now in a condition to state the main theorem in this paper, namely, the description
of the Dirac spectrum of a lens space endowed with a spin structure.

We recall from Section 3 that, for any € € Z, L. denotes the subset of £ given by elements g
satisfying R(u) = € (mod 2). To facilitate the reading, we introduce more notation. For r > 0
and € € Z, we let

(4'8) ‘CE,T = {VJ €L.: H#Hl =71+ %}7
NE(QT) = #ﬁe,r-
Theorem 4.3. Let L = T\S?"! be a lens space with spin structure T and let L = Ly, be its

associated affine congruence lattice. For k >0, let A\, = k+ 2’" L. Then, the eigenvalues of the
Dirac operator on L are £\, with multiplicity

k
mlt ) (M) = D (7057) Ne(r k=),

r=0

= |l

mult(LJ)(%—)\k) = (r+m 2) Ng(T’ + 1 k— T)
r=0

Proof. From Proposition 2.1 and Lemma 4.1 we have that
_ 1 (™) _
mult(z ) (FAx) = dim V”zf = 2; M (1)
ne

By Lemma 4.2, every weight y of 77" (i.e. mﬂki(,u) > 0) is in E™ and satisfies ||u||; = [|Af]|,—7 =
(k — 1) + % for some non-negative integer r < k. Hence,

ko1
mult(z ) (=) = ZZ Z m, Z Z T+m2

r=0 e=0 .U‘E‘CT*FE,IC*T r=0 ;uel:rk T
which establishes the formulas. The case mult(; -)(+A) is very similar. O

Definition 4.4. Two subsets £ and L' of E™ are oriented ||-||1-isospectral if N (e, k) = Ny (e, k)
for every non-negative integer k and every e = 0, 1. Similarly, we say they are |-||;-isospectral
if NE(O, k’) + N[,(l, ]{?) = N[/(O, ]{?) + Nﬁ/(l, k’) for every k > 0.
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Corollary 4.5. Let L and L' be lens spaces with spin structures 7,7 and associated affine
congruence lattices L and L' respectively. Then, L and L' are Dirac isospectral if and only if
L and L' are oriented ||-||1-isospectral.

Proof. Proposition 2.1 and Theorem 4.3 imply immediately that L and L' are Dirac isospectral
if £ and L' are oriented H ||1—isospectral. We now assume that L and L’ are Dirac isospectral,
thus dlmV = dim V" i ) for every non-negative integer k. Write ¢ = 0 and e~ = 1. We

shall prove by 1nduct10n on k that
(4.9) Ne(€5,k) = No(€5, k)
for every k > 0. Theorem 4.3 implies that N.(e*,0) = dim VT(F = dim V. () = = Ng(e+,0),

thus the case k = 0 is proved. Suppose that (4.9) holds for every k < ko. By Theorem 4.3 we
have that

ko kO

SIS Ne(r+ S k—r) =3 (75" No(r+ 5k — ).

r=0 r=0
All the terms with » > 0 on both sides are equal by assumption, hence this equality implies
that Nz(e*, k) = Ny (e, k), which completes the proof. O

Corollary 4.6. Under the same assumptions as in Corollary 4.5, when m is odd (thus q is
odd), L and L' are Dirac isospectral if and only if L and L' are ||-||1-isospectral.

Proof. Since m is odd, we have that R(u) = R(—u) + 1 (mod 2) for every u € E™. Hence
mﬂg(—,u) =M, (1) by Lemma 4.2. This implies that N;(0,7) = N.(1,r) since u € L, if and
only if —p € Lcy1,. Hence, oriented ||-||1-isospectrality coincides with ||-||;-isospectrality. [

Remark 4.7. Tt is also reasonable to define reversed ||-||1-isospectrality as Np(e, k) = Ng/(e +
1,k) for every € = 0,1. Then, under the same hypotheses as in Corollary 4.5, £ and L' are
reversed oriented ||-||;-isospectral if and only if L and L' are inverse Dirac isospectral, that is,
F(iL,T)(z) = F(qEL/’T,)(z) (see [Boll, Prop. 2.15]). However, we can change the (fixed) orientation
in one of the lens spaces to obtain the usual Dirac isospectrality.

Here is another option which works with the already fixed orientation on a lens space. We
multiply exactly one parameter of L’ by —1, obtaining an isometric new lens space L” (note
that the isometry between L' and L” reverses orientations). Then, we have that F(iL H(2) =

F (iL,, - (2). Hence, L and L” are Dirac isospectral.

5. INFINITE FAMILIES OF DIRAC ISOSPECTRAL LENS SPACES

The goal of this section is to construct examples of Dirac isospectral lens spaces by using
Corollary 4.5. More precisely, we present three infinite families of Dirac isospectral lens spaces
and thereby show that neither spin structures nor isometry classes of lens spaces are spectrally
determined.

Remark 5.1. There are some “trivial” occurrences of Dirac isospectrality given by lens spaces
with two different spin structures related by an isometry. Let us have a look at an example. Let
L := L(16;1,3,5,7), which admits two different spin structures 7o and 7 by Proposition 2.4.
The function ¥ : S — ST, (21, 29, 23, 24) — (23, Z1, Z4, 22) induces an isometry on L that takes 7
to 7. Indeed, this follows from Proposition 2.5 by choosing the permutation o = (13)(34)(42),
signs €5 = €3 = —€; = —¢4 = 1 and £ = 11.

We start by giving a sequence of families of Dirac isospectral lens spaces with increasing
cardinality and dimension and a fixed order of the fundamental group.



16 SEBASTIAN BOLDT, EMILIO A. LAURET

Theorem 5.2. Let ¢ = 40. For each r > 1 we set m = 4r + 2 and, for each 0 < p < mT_2 =r
we let

s = (1,11,...,1,11,21,31,...,21,31).

.

mr?p 5;
Then, the lens spaces in the family {L(q, s®) : 0 < p < r} are pairwise non-isometric and, when

each is endowed with the spin structure Tép) (see (2.13)), they are pairwise Dirac isospectral.
The dimension of the lens spaces is 8r + 3 and the cardinality of the family is r + 1.

Proof. Throughout the proof, we fix the positive integer 7. We will show that (L(gq, s®), Téo))

and (L(q,s(p)),TO(p )) are Dirac isospectral for each 1 < p < r. From Corollary 4.5, this is
equivalent to proving that the associated affine congruence lattices £y := L(g;s?;0) and

L, = L(q; s?);0) are oriented ||-||;-isospectral.
Let = (al,bl, ...,am,bm) € E™ Then
2’ 2

m/2
e Ly = Z(aj +11b;) =0 (mod 80),
j=1
p m/2
peL, — 20 > (aj+b)+ > (a;+11b) =0 (mod 80).
=5 —p+l 7=t
We consider the map
( P
2(@17 1, 7a7’ 7) 1 Z (a] + ]) 0 (mo )7
%(&1,[)1,...,&%,6%) — . 2p_p+1
5(bar, . bmoam) if > (a;+0b;)=2 (mod4)
\ j="5—p+1

It follows that this map gives a bijection between Ly and £,. The second row in the map works
as follows. If 1(ay,by, ..., am, bm) € Ly, then 0 = 11 Zm,/z(aj + 11b5) = Zm/Q(b + 1la;) +

40(2’."/2 bj) = Zm/2(b + 11a]) +40 (mod 80) since m/2 is odd, hence % (b, ay, ..., b%,a%) €

j=1

L, since 20 Z?,m (b +ag) + Zm/z(b + 1la;) = 40 +40 = 0 (mod 80). This proves that
=7

Ly and L, are oriented ||-||1-isospectral since the bijection preserves ||-||; and R(-).
The non-isometry between the lens spaces follows from Proposition 2.2. U

Remark 5.3. It is curious that for every 0 < p < mT_Q, one can check that £(40;s0) =
L£(40; 5®)) (see (3.2)) though the lens spaces L(40;s®) and L(40; s?) are not isometric. Fur-

thermore, 6(40 s):0) and L£(40; s); 1) are ||-||;-isometric thus there is an isometry of the lens

space L(40;s®)) that switches the spin structures Té and Tl(p ).

We continue with a family of pairs of Dirac isospectral lens spaces that have the same
underlying manifold but different spin structures (see Subsection 2.2).

Theorem 5.4. For any r > 1, we consider the lens space

L=L(32r;1,1+4r,1+ 167, 1 + 28r).
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Then, L does not carry an isometry which takes the spin structure 19 to 71, but is Dirac isospec-
tral to itself when equipped with the two different spin structures.

Proof. By Proposition 2.5, to check that there is no isometry relating the two spin structures,
it is sufficient to show that multiplying the parameter tuple s := (1,1 + 4r,1 + 167, 1 + 28r)
by the inverses modulo ¢ := 32r of its entries does not produce, up to sign in each entry, a
permutation of the parameter tuple s. This is easily seen to be the case since the inverses of
I, 1+4r, 1+ 16r, 1 +28r are 1, 1 + 4r(2%4 — 1), 1 + 167, 1 + 4r(2%4 + 1) respectively, where
r = 2% with r; odd.

We now prove Dirac isospectrality by showing that the affine congruence lattices £ :=
L(q;5;0) and LY := L(g; s; 1) are oriented ||-||;-isospectral, which is sufficient by Corollary 4.5.
By definition (see (3.3)), u = %(a, b,c,d) € LM if and only if a,b, c,d are odd integer numbers
such that

a+b(1+4r) 4+ ¢(1 + 16r) + d(1 + 28r) = 32rh  (mod 64r),
or equivalently,

(a+b+c+d)+8r (# + 20) = 32rh (mod 64r).
Note that if 4 = 1(a,b,c,d) € L:=LOULWY thena+b+c+d=0 (mod 8r). For p € E*
we let v, = (a + b+ c+d)/8r. Now, € E*is in L™ if and only if 7, € Z and

b—d
(5.1) %4—74—20—1—454]1 (mod 8)

We will prove that
(5.2) #ne D) v =7y =#ueLl) v =7

for every ¥ € Z, k > 0 and € = 0,1. The next lemma is elementary and will be used many
times in the sequel.

Lemma 5.5. Let p = 3(a,b,c,d) € L. Then, b—d =2 (mod 4) <= b+d =0 (mod 4)
< a+c=0 (mod 4) <= a—c=2 (mod 4), and alsob—d =0 (mod 4) < b+d=2
(mod 4) <= a+c=2 (mod 4) <= a—c=0 (mod 4).

Proof. We have that a + b+ ¢+ d =0 (mod 4) since p € L. The claim follows immediately
since a, b, ¢, d are odd integers. 0

We proceed with the proof of (5.2) and split it into three cases. First assume 7 =0 (mod 4).

Define
U, : E* — E4, %(a,b, c,d) —» %(c, d,a,b).

We will show that ¥; induces a bijection between the sets in (5.2). Clearly, ¥y preserves the
functions ||-||1, R(-) and 7., thus it is sufficient to show that u € £ if and only if ¥y (u) € LY
for any p € E* satisfying v, = 7.

Let p/ = $(a/,¥,c,d’) = ¥y(p), where p € LV with v, =7 divisible by 4. We check that
1 € LY by using the condition (5.1). We have that

'y,/—l—¥+2c’+4zfyu+%+2a+4 (mod 8),
57M+¥+26+4+(d—b)+2(a_c) (mod 8),
=(d—0b)+2(a—c) (mod 8).

On the other hand, since p € £, (5.1) implies that %5¢ = 2 (mod 4) because v, is divisible
by 4, thus d — b =4 (mod 8). In particular b — d is divisible by 4, then a — ¢ =0 (mod 4) by
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Lemma 5.5. Hence 7, + Y5% +2¢ + 4 = 4 (mod 8), that is, ¥1(u) € LY. The converse is
very similar.
We now consider the case ¥ =1 (mod 2). We define

U, : E* — E4, %(a,b, c,d) —> %(c, b,a,d).

Again, U, preserves |-, R(-) and (). Let u = 3(a,b,¢,d) € L such that v, =7, and write
p =21V, c,d)=VUs(u). One can check that

Yo+ 55 +2d +4=2(a—c) (mod 8).
By (5.1), (b—d)/2 = —v, =1 (mod 2), then b —d = 2 (mod 4), thus a — ¢ = 2 (mod 4) by
Lemma 5.5. Hence p/ € £,

We now assume 7 = 2 (mod 4). This case is the most involved since there is no ||-||:-
preserving bijection between the sets in (5.2). We will check (5.2) in each of the 16 orthants of
E*. Actually, since u € L™ if and only if —u € £ it is sufficient to check half of the orthants.
We will refer to orthants by the signs of the coordinates of their elements. For example, +—+—
refers to the orthant of E* given by elements %(a, b,c,d) € E* satisfying a,c > 0 and b,d < 0.

We start with the orthant 4+-+++ of E*, that is, the orthant where all the coordinates are
positive. Every element in this orthant with one-norm k can be written as

(5.3) p=1abed=32k-2-2)+12x—y)+1,20y—2)+1, 2:+1),
with 0 < z <y < 2z < k — 2 integer numbers. Note that v, = 2||u|/1/8r, thus we will assume
k= 4r75. By (5.1), p € £L" if and only if
¥+6+x+3y—52=4h (mod 8).
We assume that 7 = 2 (mod 8), while the case ¥ = 6 (mod 8) is analogous. Set ¢ = e>™/8,
a primitive 8-th root of unity. In the following we often use the fact that 2?:1 w’ is equal to
CUASES ST # 1 and equal to n if w = 1. In partlcular 217:0 &lis equal to 0 if j £ 0 (mod 8)

w—

and equal to 1if 7 =0 (mod 8).
Clearly, the number NZ(;[)JFJF(k;) of elements p € L™ in the orthant ++++ with 7, = 7 and

|||y = K is equal to

k-2 =z 7 k—2 x
(O ICE 9 9 3 SR ST 910 9D o5s
=0 y=0 z= 0 =0 =0 =0 y=0 z=0

Our goal is to prove that NZJJ“JF(I{) NZQTJH“(kJ), or equivalently, that NZQTFJ“(k) does not

depend on h. It is clear that for every even ¢ the terms in (5.4) for h = 0 and for h = 1 coincide.
It is thus sufficient to show that any term with [ odd vanishes. We suppose [ € {1,3,5,7}, then

53[ y+1 1

(_1)lh k—2 T Yy
_ < Z glcp Z €3ly Z £3lz _ Z é-lz Z é-SZy 53[
x=0 y=0 z=0

Note that we have used that &3 # 1 in the last step. By stralghtforward computations we
obtain that

( ) 531 — 6l ¢Tlx lm ]' " — 3l (E lx
A= (&3 —1)(¢8 — 255 N _(gz 225 &)
= =0

Since k = 417 is divisible by 8, it follows that S2%_2 (0™ — ¢glv) = —¢ble=™ + ¢ = 0 and
Z’;;g ({31(—1)9” - flz) = ¢ 4+ ¢ = 0. Hence A; = 0. This concludes the proof for the case
+H++.
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The same method we used for the orthant ++4++ can be applied in the remaining cases.
These are even simpler than in ++4+ since one obtains two free parameters instead of three
free parameters. As an example, we consider the orthant ++——.

Any element in the orthant ++—— whose one-norm equals k is of the form

(5.5) p=1i(abcd=%42k-2-2)+12x—y)+1, 20y —2)—1, -2z —1),

with 0 < z <y <z < k—2. Since a+b+c+d = 2(k—2) — 4y, we have that 87y = 2(k—2—2y)
if v, = 7, thus k is even and y = k/2 — 1 — 2r7. This fact explains that this case has one
parameter less than the previous one. We will assume that 0 < y < k — 2, otherwise there are
no elements g in the orthant ++—— such that ||| = k and v, = 7.

By (5.1), we obtain that u € £ if and only if

¥+3+x—5y+5z=4h (mod ).

Hence
k-2 vy 1 7 1 7 k—2 Yy
Nz_(—ft)_w_(k‘l _ g Z fl(7+3+x—5y+5z—4h) _ g Z(_l)hlfl(ﬂ/—l—i’»—&y) Z fla: Z €5lz‘
=0 z=0 =0 =0 =y z=0

Similarly to the previous case, we want to show that NZJ;"(/@) does not depend on h, thus it
suffices to prove that the sum over [ = 1, 3,5, 7 vanishes. N amely

7 2y—+4ry

B = % Z( hl 1(7+3-5y) Z glw Z £5lz

h 1(7+3
_ (_1) 3 (7+3) (€6l y+1) +1— 51(y+1) _ €5l(y+1)>.

8 — 621

! odd

Now, if y is odd then B = 0 since the terms for [ and [ 4 4 have opposite signs. One can check
that B = 0 for any even y by considering the cases y = 1,3,5,7 (mod 8) separately. This
finishes the proof for the case ++——. The remaining cases are very similar. O

We next present an infinite family of pairs of non-isometric lens spaces that are Dirac isospec-
tral. In this case, the order ¢ of the fundamental group is odd and thus the lens spaces admit
exactly one spin structure. The next proof was inspired by that one in [LMR13, Thm. 6.3]. Tt
gives formulas for Ny (e, k) and N/ (e, k) showing that they coincide.

Theorem 5.6. For any odd positive integer r > 7, we consider the lens spaces
L = LOr*1, 14714201+ 4r),
L' = L(r*1,1—r1—2r1—4r),

2

endowed with their unique spin structure (q := r* is odd). Then, L and L' are non-isometric

and Dirac isospectral.

Proof. One can check by using Proposition 2.2 that L and L’ are not isometric. We will prove
Dirac isospectrality by showing that the congruence sets £ := £(r*; 1,1 +r,1+ 2r,1+4r) and
L= L(r*;1,1—r,1—2r1—4r) are oriented ||-||;-isospectral by Corollary 4.5. To do this, we
will check for fixed k that there are the same number of elements in £ and in £’ with one-norm
equal to k in each orthant. By definition, for u = %(a, b,c,d) € E* we have that

(5.6) peEL <= a+(1+7)b+(1+2r)c+ (1+4r)d=0 (mod r?),
pel = a+(1—rb+(1-2r)c+(1—4r)d=0 (modr?),
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or equivalently,

(5.7) pel <= (a+b+c+d +r(b+2c+4d) =0 (modr?),
pel < (a+b+ct+d —r(b+2c+4d)=0 (mod r?),

thus a + b+ c+d =0 (mod r) in both cases.

Let us first examine the orthant +-+++. Any element of E* in this orthant with one-norm
equal to k can be written as

(5.8) p=1i(abcd)=3(2k-2-2)+1,2@x—-y)+1,20y—2)+1,2z+1),
with 0 <2<y <z <k-—2 From (5.7), if pisin Lorin £, then a+b+c+d=2k=0
(mod r), thus k is divisible by 7 since r is odd. From now on we assume k = wr with w > 0.
Now, (5.7) implies that p as in (5.8) is in £ (resp. £') if and only if
(5.9) 20 +2y+424+7+2w=0 (modr)

(resp. 20 4+2y+424+7—2w=0 (mod r)).

Set ¢ = ¥™/". The number NF 7 (k) of elements u € £ contained in ++++ satisfying
||ie]]1 = K is equal to

k-2 =z Y r—1
1
1 ++++ — - (7T+2w+22+2y+42)
(5.10) NEF (k) PDEDIN
=0 y=0 z=0 =0
1 k-2 =z Y 1 r—1 k—2 T Y
_ 14+ = 1(7T42w) 2lx 2ly 4lz'

! LS o Sy

=0 y=0 2=0 =1 =0 y=0 z=0

Since &% #£ 1 for any 1 <[ < r — 1, we obtain that

(5.11) N (k) = (k + 1) Zé (T+2w) Zgzlx ngy
k (7+2w) k=2
_ %( ;— 1) L1 Z 241 Zgﬂx Z £4l€6ly B 52@)'

Since k = rw is divisible by r, it follows that

gfm i&zlﬂ _ §621x52;$+1_ 1 _gledl g g Ly

20
=0 y=0 =0 1 5 1

€4l y+1) -1

for every 1 <[ <r — 1. Therefore

( W k—2
(5.12) N2‘+++(k> _ %(k —3F 1) n - Z 51 7+2 §4l ng Zgﬁly
I=1

From (5.9), the same formula holds for N/***(k) by replacing w by —w.

Clearly
- €6l(a:+1) -1 '
Z gGly — —661 1 if 31 7_é 0 (mod 7”),

xr+1 if 3l =0 (mod r).
Then, one can check that 37572 ¢ >0 &% =0 for any [ with 31 # 0 (mod r). Hence

1/k+1 1 1
513 Nprw =g m = () = 2(UT) 20 meds,
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We now assume 7 = 0 (mod 3). Set v = £/3 which is a primitive root of unity of order 3.
From the second to last equation and (5.12) we see that

(7T4+2w) FT
(5.14) NZ***(k:):%(k;—l)nL% > 1 : ?41252”'3 +1)

le{5.5
L1\ 1 il (2 |
SRR =T 5 op AT
j=1
1/k+1 1 v 3059 ,
:;( 3 )+F o (07 ) —en)
j=1
1/k+1 w yw — plte
—— o, —(14w) 1+w
7’( 3 )+3(U ) - v—1
Similarly,
1/k+1 w v —pltmw
++++ (1) — = 2y~ (1—w) —wy o —— =
(5.15) NS (k) r( 3 >+3(V +v17) —w T

By a straightforward computation we obtain that

1 1\ 2
—(m; >+?w ifw=0 (mod3),
.

(5.16) NI (rw) = N (rw) =
Lo s 29 20 (mod 3)
, 3 3 I W mo .

We next proceed with the orthants with an odd number of negative signs, namely +-++—,
++—+, +—++ and —+++. Note that p € £ if and only if —p € £, thus it is not necessary
to check the opposite orthants. We will often use the notation |z] = max{a € Z : a < z} and
[z] =min{a € Z:a >z} for x € R.

Lemma 5.7. Let r be an odd positive integer and let k = wr + ko such that 0 < kg < r and
w > 0. Then, the number of element p in L in the orthant +++—, ++—+, +—++ or —+++
with ||ply = k + 2 is equal to

ko—z20 ko— yoJ

w+| Jpo1 wtl

(5.17) Z D (w=B+1+|2m20a]y | Zwazme)),

0 2
Yyo= B 'Y+[ ory01

where zg is the only integer that satisfies 0 < zo < 1 and 2z = k + 1 (mod r) and x,, ., is the
only integer such that 0 < ., <1 and

20y = 1= 20+ 1220 — 20 — 27 + B225) (unod 1 for b4
(5.18) 2Ty = —3 — 6yo + 1220 — 2(w — 2y + —"“0+1T—2zo.) (mod ) for ++4+—+,
| Ay = =5 = dyo + 107 — 2(w — 29 + =) - (mod 7) for +—++,

2y = =T — Ao+ 820 — 2k — 2 = 29+ S5 (mod 1) for —+++
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Formula (5.17) also holds for L' replacing x,, by x,, ., where x, _ is the only integer such
that 0 < QJLM <7r and

2y, = 1= 20+ 1220 + 2(w — 2y + BEZE0) (mod 7) for +++-—,
(5.19) 2y = —3 — byo + 1229 + 2(w — 2y + Fotl=220)  (;od 1) for ++4—+,
| Ay, = =5 = dyo + 102 +2(w — 29 + BE=2) - (mod 1) for +—t+,

2y, n = —T — dyo + 820 — 2k + 2(w — 2y + 212220} (mod r) for —+++.

Proof. Any element in E* in the orthant +-++— with one-norm equal to k + 2 can be written
as

p=1i(abc,d)=312k-2)+1,2(x—y)+1,2(y — 2) + 1, -2z — 1),
with 0 < z <y < x < k integer numbers. From (5.7), if g isin £ orin £, then a+b+c+d =

2k +2—4z=0 (mod r), thus 2z = ky + 1 (mod r) since 7 is odd. We write z = yr + zy with
0 < z9 < r. The condition 0 < z < k is equivalent to

0 < yr+2z0 < wr+ko,
(5.20) —# < ~y < o bm
0=[-2] < 7 < wslBzm)

Note that in (5.17), v runs in the same interval.
From (5.7), we have that u € £ if and only if

b+2c+4d = —M (mod )
(5.21) 20 + 2y — 1229 — 1 = —2(w — 2y + Kotl=220)  (;mod 7).
Similarly, 4 € £’ if and only if
(5.22) 20 + 2y — 1229 — 1 = 2(w — 2y + FoH=220)  (mod 7).

Let y = Br + yo with 0 < gy < 7 such that z <y < k, that is, v + [*2] < f <w + L@J,
which is the same interval as in (5.17). From (5.21) and (5.22), we have that y, determines x
modulo 7 if p is in £ or in L.

Suppose v and yo as above are fixed. Let zy,, (resp. z ) be the only integer such that
0 <@y, <7 (resp. 0 <z, < r) and satisfies (5. 21) (resp (5. 22)). Hence, any other solution
of (5.21) (resp. (5.22)) 1s :v = ar + x,,, (resp. 2’ = a'r + 2! One can check that the
condition y < x < k (resp. y < 2/ < k) is equivalent to

worr):

ﬁ‘i‘ "yo_:yo,’y" <a<w+ Lko—wyo,wJ (resp ﬁ‘i_[ yo 7“ <o <w+ |_k0 ‘Tyo ’YJ)

r

thus we have w+1— 5+ Lko_fyo’”J — [#=02] (resp. w+1— 4+ Lko ut 2] — [yoffg’o’”}) choices.
By adding over 7, yo, # the number of choices for o and o/ respectlvely, we obtain the asserted
formulas.

The other cases follow in the same manner. One has to write the elements in the correspond-
ing orthants as follows:

(2k—2)+1, 2(w—y)+1, —22-1 ,2y—z)+1) for++—+,
(2k—2)+1, —22-1 ,2@x-y)+1,2y—2+1) for +—++,
(0 -22-1 ,2k-2)+1,2@x—-y)+1,20y—2)+1) for —+++,

for0<:z<y<zxz<k. OJ
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We next prove that the formulas for £ and £’ in the previous lemma coincide in each orthant.
We restrict our attention to the case ++4— since the other cases are very similar to this one.
From Lemma 5.7, the difference of (5.17) for £ and £’ is equal to

ko—=z ko—vy
\_OT.OJT_l W+LOTOJ

(523) D(l{?) = Z <Lk0_fyowJ + nyo,z—yoj o Lko iyovj _ L%O':_yOJ)

D DI e R R e e e (e R )

r—1
DI I e R e e e N (e e )}
~v=0 yo=0
We now divide the problem into three cases, namely, ky odd, kg # r — 1 even, and kg = r — 1.
We first assume that ko is odd, thus zy = . From (5.18) and (5.19) we have that z,, .
and z;, . are the smallest non-negative integer numbers such that

(5.24) 2Ly =1 — 2yo + 1229 — 2(w — 27)  (mod 7),

2a),  =1—2yy+ 122+ 2(w —2y) (mod r).

This implies that for every 0 < v < w and every 7. By (5.23), we have that

Yo,w— 'y_xyo’}’

9= 3 5 (o L Lo - [aza) (| e ¢ )

- i Z (7414 [fogn ] — [racan) (| P | 4 | en )
_f: -2 S (1B 4 maam).

yo=0
Now, since yy +— @y, is a bijection of {x € Z : 0 < = < r} by (5.24), we have that

r—1 k()*l'yo,'y _ r—1 ko—yo _ . . .
Yool == =0 ol ] = ko + 1 — 7. Moreover, yo — Ty, , — Yo is also a bijection of

{reZ:0<z<r}by(524),50 3 _OLMO’:—_Z/OJ = 13- Hence
D(k) :Z(w—zy)(kﬁl—w%):o.
v=0
We next assume kg is even and different from r — 1, thus zy = ﬁ# > 1. Similar to the
previous case, by (5.18) and (5.19) we have that 2! = Xy, for every 0 <y <w—1 and
every Yo, and by (5.23) one obtains that

yo,w—1—y

Dk) = Z (w=1-2y) Z ([fompma ) 4 2oz ).

Analysis similar to the case kg odd shows that the second sum does not depend on +, thus
D(k) = 0.

Finally, we assume kg = r — 1, thus zp = 0. In this case we obtain z; ., . = . for all
0 < v < w+1, but the sum over v in (5.23) runs over [0,w]. By a similar argument as the
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one used in the two previous cases, all the terms in (5.23) cancel in the sum over v except for

v = 0. Hence
r—1
D(k‘) = Z (w + 1+ Lko:yoJ — [ZO:%—I) (LkO_:ymOJ + nyoy(;—yOJ _ Lkoffyo,oj _ nyoyifyOJ>
yo=0
r—1 ,
= (1) Y (|ma) — T )
Yo=0

In the last step we computed many floors by using the fact that kg = r — 1 and 2y = 0. We
r—1 x — r—1 z —Y —r :
already know that Y37~ | =ei= | = 37 |~002 | = == thus D(k) = 0. This completes
the proof in the orthant +++4—. Very similar arguments work in the orthants ++—+, +—++
and —4+++.
We now consider the orthants with an even number of negative entries. We leave the case

++++ to the end.

Lemma 5.8. Let r be an odd positive integer and let k = wr + ko such that 0 < ky < r and
w > 0. Then, the number of element u in L in the orthant ++——, +—+— or +——+ with
|l =k + 2 is equal to

w-&-LkO;yOJ 1 5+Lyg;z0J
(525) Z Z Z <UJ _ /8 4 1 + Lko—fzo,ﬁj 4 szo,i_yOJ> ,
B8=0 z0=0 =0

where yo is the only integer that satisfies 0 < yo < r and 2y = k (mod r) and x., g is the only
integer such that 0 <z, 3 <1 and
2l‘zo,ﬁ =5+ 6yo + 429 — 2((,0 - 26+ —k0+1;2y0) (HlOd T) for 44——,
(5.26) 4.5 = 34 6yo + 629 — 2(w — 28 + H=20)  (mod 1) for +—+-—,
8T4,8 = —1 + 10y + 220 — Q(W — 2B+ M) (mod 7") for +——+.

Formula (5.25) also holds for L' when replacing x., 5 by @', 5, where x, 5 is the only integer
such that 0 < x’ZOﬁ <r and

2020, = 5+ Oyo + 429 +2(w — 28+ 2E20) - (mod 1) for +4+——,

(5.27) dr,, 5 = 3+ 6yo + 620 + 2(w — 268+ ’€0+1+2240) (mod ) for +—4—
87,05 = —1 + 10y + 229 + 2(w — 28 + 2H=20)  (mod ) for +——+.

Proof. The proof of this lemma is very similar to that one of Lemma 5.7. One has to write the
elements with one-norm equal to k + 2 in the orthants follows:

s(2k—2)+1, 2w—y)+1 , 2y—2)—1, —2z-1 )  for +4+——,

2k—z)+1, 2(y—2)—1, 2@x—y)+1 , —2z-1 )  for +—+—,

(2k-2)+1, 2(y—2)—-1, —22-1 ,2@-y)+1) for+——+
for0<z<y<ax<k. OJ

Moreover, the equality between the number of elements in £ and in £ with one-norm k + 2
in the orthants ++——, +—+— and +——+ follows as before. This concludes the proof. O

Remark 5.9. The proof of Theorem 5.6 is quite involved since it gives formulas for N, (r, k)
for every k and r. This allows us to compute the Dirac spectrum explicitly by Theorem 4.3.
The skeptical reader can, by using a computer, check that the formulas are right for low values
of r and k.
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Remark 5.10. The computations included in the next section hint at Theorem 5.6 being
generalizable to the pairs L = L(r*t; 1,1+ rt,1 + 2rt,1 + 4rt) and L' = L(r*;1,1 — rt, 1 —
2rt,1 — 4rt) where r is again an odd positive integer and ¢ is an arbitrary positive integer.
When t is even, the order of the fundamental group ¢ = 7%t is even, thus L and L’ have two
different spin structures, namely, 7, 71 and 7, 71 respectively. Then, L with 75 and L' with 7
are Dirac isospectral and so are L with 7y and L’ with 7.

6. COMPUTATIONAL EXAMPLES

Besides the infinite families in Theorems 5.2, 5.4 and 5.6, there are many more examples of
Dirac isospectrality in the class of lens spaces. To make a characterization of Dirac isospectrality
presented herein accessible by computer computations, we first present a finiteness result.

Let g be a positive integer. We let

Clg) = {2an, ... an) €E: %] < q Vi
We call g-reduced to the elements in C(q) and for any subset £ of E™ we let
Nele k) =#{pe LnC(q) : |uly =k + %, R(p) =€ (mod 2)}.

Note that Nd(e, k) = 0 for every k > mq — %, so there are only finitely many non-zero of
these numbers.

Proposition 6.1. Let L be an affine congruence lattice of a spin lens space of dimension 2m—1
with fundamental group of order q. Then

Lk/q]
(6.1) Nelek) = 37 (P5m1) Ni(e, k — o).
B=0

Proof. We recall that Ng(e,k) = #{p € L : |pp = b+ %5, R(p) = € (mod 2)}. Write
k= aq+ ko with 0 < kg < ¢, thus |k/q| = a. If a =0, (6.1) reduces to N (e, ko) = N=(e, ko),
which is true since every p € E™ with ||u||, = ko + 7§ < ¢+ & is g-reduced. We now assume
a > 0. Note that p+ ¢Z™ C L for every u € L by (3.2) and (3.3). On the one hand, for every
p € E™ there is exactly one element 1y € C(g) in the same orthant such that u € pg + gZ™.
Clearly, ||poll1 = (v = B)r + ko + % for some 0 < 8 < a if ||p||1 = ag + ko + 5.

On the other hand, each g-reduced element pg = 3 (a1, ..., an) € £ with [|uo1 = (o — B)g+
ko + 2 is related to exactly (7 ") elements y with ||u|i = ag + ko + % in the same orthant

m—1

of E™ as . Indeed, o = o + n for each

n:(ﬁhlqa"w‘z_Z‘hmq)

laz]

with hj > 0 and 8 = hy +- - - + hy,. The number of choices for 7 is the number of ways to write
[ as the ordered sum of m non-negative integers (ordered partitions), namely (’B ;:ﬁ;l) This

establishes (6.1). O

Corollary 6.2. Two 2m — 1-dimensional spin lens spaces (L,T) and (L', 7") with fundamen-
tal group of order q are Dirac isospectral if and only if the multiplicities mult(z, -y(£\;) and
mult ;. (£A) of the Dirac eigenvalues £\, = £(k + 221 for (L, 7) and (L', 7') respectively
coincide for all 0 < k < mgq.

Proof. By Proposition 6.1, the numbers N*4(e, k) for every k < gm determine N (e, k) for every

k. One can check that the converse also holds. Then, the assertion follows by Corollary 4.5. [J
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Now Corollary 4.5 together with Proposition 6.1 allows us to find all Dirac isospectral lens
spaces for small values of m and ¢ with the help of a computer. The algorithm that we used to
find Dirac isospectral lens spaces is straightforward. For given m > 2, ¢ € N, generate a com-
plete list of representations of isometry classes of lens spaces with a chosen orientation and spin
structure of dimension 2m — 1 whose fundamental group is of order ¢ by using Proposition 2.2.
Next, calculate for all 0 < k < mgq and € € {0, 1} the numbers N2*4(e, k) for all previously iden-
tified lens spaces. The last step is to partition the set of lens spaces into isospectral families by
comparing all the numbers N4 (e, k) for every pair of lens spaces.

We have found examples of Dirac isospectral lens spaces using the above procedure. In
Table 6 we show all of the examples for n = 7,¢ < 100, for n = 11, ¢ < 50, for n = 15,9 < 60
and for n = 19, ¢ < 40.

Surprisingly, we have found no example of Dirac isospectral lens spaces in dimensions n = 1
(mod 4). Note that the order ¢ of the fundamental group of a lens space which is spin and of
dimension n = 1 (mod 4) is necessarily odd. We have checked the non-existence for ¢ < 1001
in dimension n = 5, for ¢ < 501 in dimension n = 9, for ¢ < 251 in dimension n = 13, and
for ¢ < 125 in dimension n = 17. It is thus reasonable to conjecture the non-existence of such
examples in general.

Conjecture 6.3. Two Dirac isospectral spin lens spaces of dimension n = 1 (mod 4) are
necessarily isometric.

The non-existence of such examples contrasts with the large number of known examples in
the case of flat manifolds. Miatello and Podestd showed in [MP06, §4] a rich number of examples
in any dimension n > 4. In particular, they show a family of pairwise non-homeomorphic even
dimensional Dirac isospectral compact flat manifolds with cardinality depending exponentially
on the dimension.

We end this paper with a couple of remarks on the computational examples in dimensions
congruent to 3 modulo 4.

Remark 6.4. There seems to be a relation between Dirac isospectrality and p-isospectrality for
all p among 7-dimensional lens spaces. Most of the examples of Dirac isospectral lens spaces
in dimension 7 are also p-isospectral for all p. For example, the pairs of lens spaces in the
family given in Theorem 5.6 are p-isospectral for all p. Indeed, one can check that (0,1,2,4) is
hereditarily good mod any odd r in the sense of [DD14, Def. 1], thus by [DD14, Thm. 1], the
lens spaces L(r*t;1,1+rt, 14 2rt,1+4rt) and L(r*t;1,1—rt,1—2rt,1 —4rt) are p-isospectral
for all p, for every odd r and every ¢t > 1.
However, we have found the following exceptions:

L(75;1,4,14,16)  L(150;1,11,29,31)  L(300;1,19,4
300:1,19,5

,79)
L(75;1,4,11,19)  L(150;1,11,19,41)  L(300; 61

1
y Y 97 )

L(75;1,4,11,34)  L(150;1,11,31,59)  L(300;1,19,41,139)
L(75;1,4,14,31)  L(150;1,11,19,71)  L(300;1,19,59,121).

These are pairs of Dirac isospectral lens spaces which are not p-isospectral for any p. Here,
when ¢ is even, the lens spaces in each pair are Dirac isospectral if they are both equipped with
To Or T1 respectively.

In the inverse direction there are exceptions as well. The lens spaces L(100;1,9,11,29)
and L(100;1,9,11,31) are p-isospectral for all p, but not Dirac isospectral for any choice of
combination of spin structures. The same applies to the lens spaces L(100;1,9,21,39) and
L(100;1,9,29,31).
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TABLE 1. Examples of Dirac isospectral spin lens spaces in dimensions n =
7,11,15,19 for low values of q.

Dimension n =7

L(32;1, 3, 515),,  L(49;1, 6, 822) L(64; 1, 7, 9,31),,
L(32;1, 3, 515),  L(49;1, 6, 8,20) L(64;1, 7, 9,31),,
L(75; 1, 4,14,16) L(75; 1, 4,11,34) L(80; 1, 3, 9,27),,
L(75; 1, 4,11,19) L(75; 1, 4,14,31) L(80; 1, 9,13,37),,
L(81; 1, 8,19,37) L(81; 1, 8,10,28) L(81; 1, 8,10,37)

L(81; 1, 8 26,37) L(81; 1, 8,10,26) L(81; 1, 8,10,35)

L(96; 1,11,1347),,  L(98;1,13,15,43),,  L(98; 1,13 15,41),,
L(96;1,11,1347),,  L(98;1,13,15,41),,  L(98; 1,13,15,43),,

Dimension n = 11

40; 1,1, 11,11,13,17).,, L(44;1,3,5,7, 9,19),,
40; 1,1, 3, 7,11,11),, L(44; 1,3,5,7,13,15),,
40; 1,3, 7, 9,11,19),,
)
)
)

L(40; 1,1,1,11,11,11),,
L(40; 1,1,9,11,11,19) .,

L(44;13,5, 7, 9.19),
L(44;1,3,5, 7,13,15),,

A8 1.1, 5, 7, 7,13),,  L(48; 1,1,7,7,17,23),.
48,15, 7,11,13,19),,  L(48 1,1,1,7, 7, T)r,

L(
L(
L(
L(
L(
L(48; 1,1, 7, 7,11,19),,

Dimension n = 15
39; 1,2,4,5, 7,10,14,16) L(52;1,3,5,7, 9,11,17,25),
39;1,2,4,7, 8,10,16,17 L(52;1,3,5,7, 9,15,23,25),
52;1,3,5,7, 9,11,19,21).,

L(

L(

L( L(52;:1,3,5,7, 9,11,19,.21),,
L(52;1,3,5,7, 9,11,17,23),, L

L( L

L( L

L(

L(

1

1

56; 1,3,5,9,11,13,19,23) .

0

56; 1,3,5,9,11,13,15,27)..

0

0
0
52; 1,3,5,7, 9,11,17,25).,
56; 1,3,5,9,11,13,15,27).,
56; 1,3,5,9,11,13,19,23).,

)

) ( )

) ( )

) (52; 1,3,5,7, 9,11,17,23).,

52; 1,3,5,7, 9,15,23,25), ( )
; ( )

Dimension n = 19

L(24;11,1,1, 1, 5, 5, 5, 5, )0 L(40; 1,1,1, 9, 9,11,11,11,19,19),,
L(24;11,1,5, 5, 5, 7, 7,11,11),,  L(40;1,1,1, 1, 1,11,11,11,11,11),,
L(24: 11,11, 5, 5, 5, 5, TA1)m  L(40: 1,1, 1, 9.1111.11.11.19),,
L(40;1,1,1,3, 7, 9,11,11,11,19),,  L(40; 1,1,3, 3, 7, 7, 9,11,11,19),,
L(40;1,1,1,1, 3, 7,11,11,11,11),,  L(40;1,1,3, 7, 9,11,11,13,17,19),,
L(40;1,1,3,7, 9, 9,11,11,19,19),,  L(40;1,1,3, 3, 7, 7,11,11,13,17)s,
L(40;1,1,1,9,11,11,11,13,17,19),,  L(40; 1,1,1, 3, 3, 7, 7,11,11,11),,
L(40:1,1,1,1,11,11,11,11,13,17),,  L(40; 1,1,1, 3, 7,11,11,11,13,17),,

L(40; 1,1,1,11,11,11,13,13,17,17),,

Remark 6.5. In [LMR13] there are the first examples of non-isometric compact Riemannian
manifolds which are isospectral with respect to the Hodge-Laplace operator acting on p-forms
for every p, but are not strongly isospectral (isospectral for every natural differential operator
on a natural bundle). These examples show that all p-spectra together do not determine the
spectra of all natural operators.

The pairs of non-isometric Dirac isospectral lens spaces in Theorem 5.6 are also p-isospectral
for every p. Hence, this example shows that the Laplace spectra over all fundamental vector
bundles do not determine the spectra of all natural operators. In other words and in the notation
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of [LMR13, §2,88], these lens spaces are 7-isospectral for every fundamental representation 7
of K ~ Spin(2m — 1) but are not strongly isospectral. The fundamental representations of
Spin(2m — 1) are 7y,...,Tm—1. If 1 <p < m — 2, then 7, has highest weight &y +--- + ¢, and
induces the vector bundle of p-forms and 7,,_; has highest weight %(51 +-+-+e,-1) and induces
the spinor bundle.

Remark 6.6. In [DD14] the examples of [LMR13] were extended and simplified. In particular,
the authors gave a sufficient condition on the parameters of two lens spaces in order for them
to be p-isospectral for all p. During the work on this paper the authors wondered whether
something similar as in [DD14] can be done in the Dirac case.

Remark 6.7. All the examples of Dirac isospectral lens spaces we have found are homotopy-
equivalent. Note that this is very different from the Laplace-Beltrami case, where Tkeda [Tk80]
found isospectral non-homotopy equivalent lens spaces in dimension seven with ¢ = 13. How-
ever, the reasons for this phenomenon remain still obscure to the authors.
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