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Abstract: In this article we investigate when the set of primitive geodesic lengths on
a Riemannian manifold have arbitrarily long arithmetic progressions. We prove that
in the space of negatively curved metrics, a metric having such arithmetic progres-
sions is quite rare. We introduce almost arithmetic progressions, a coarsification of
arithmetic progressions, and prove that every negatively curved, closed Riemannian
manifold has arbitrarily long almost arithmetic progressions in its primitive length
spectrum. Concerning genuine arithmetic progressions, we prove that every non-
compact, locally symmetric, arithmetic manifold has arbitrarily long arithmetic pro-
gressions in its primitive length spectrum. We end with a conjectural characterization
of arithmeticity in terms of arithmetic progressions in the primitive length spectrum.
We also suggest an approach to a well known spectral rigidity problem based on the
scarcity of manifolds with arithmetic progressions.
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1. Introduction

Given a Riemannian manifold M, the associated geodesic length spec-
trum is an invariant of central importance. When the manifold M is
closed and equipped with a negatively curved metric, there are sev-
eral results that show primitive, closed geodesics on M play the role
of primes in Z (or prime ideals in Ok). Prime geodesic theorems like
Huber [17], Margulis [24], and Sarnak [35] on growth rates of closed
geodesics of length at most ¢ are strong analogs of the prime number
theorem (see, for instance, also [7], [29], [38], and [39]). Sunada’s con-
struction of length isospectral manifolds [40] was inspired by a similar
construction of non-isomorphic number fields with identical Dedekind
¢-functions (see [28]). The Cebotarev density theorem has also been
extended in various directions to lifting behavior of closed geodesics on
finite covers (see [41]). There are a myriad of additional results, and
this article continues to delve deeper into this important theme. Let us
start by introducing some basic terminology:
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Definition. Let (M, g) be a Riemannian orbifold, and [g] a conjugacy
class inside the orbifold fundamental group 71 (M). We let L, C [0, 00)
consist of the lengths of all closed orbifold geodesics in M which represent
the conjugacy class [g]. This could be empty if M is non-compact, and
if M is a compact manifold (rather than orbifold), then Ly takes values
in RT := (0,00). The length spectrum of (M, g) is the multiset £(M, g)
obtained by taking the union of all the sets Ly, where [g] ranges over
all conjugacy classes in M.

We say a conjugacy class [g] is primitive if the element g is not a
proper power of some other element (in particular g must have infinite
order). The primitive length spectrum of (M, g) is the multiset £,(M, g)
obtained by taking the union of all the sets Ly, where [g] ranges over
all primitive conjugacy classes in M.

1.1. Arithmetic progressions. Partially inspired by the analogy with
primes, we are interested in understanding, for a closed Riemannian man-
ifold (M, g), the structure of the primitive length spectrum L£,(M,g).
Specifically, we would like to analyze whether or not the multiset of
positive real numbers £, (M, g) contains arbitrarily long arithmetic pro-
gressions.

Definition. We say that a multiset S contains a k-term arithmetic pro-
gression if it contains a sequence of numbers 1 < zo < -+ < zp with
the property that, for some suitable a, b, we have x; = aj + b.

We will say a (multi)-set S has arithmetic progressions if it contains
k-term arithmetic progressions for all k > 3. We will say that a (multi)-
set of positive numbers has no arithmetic progressions if it contains no
3-term arithmetic progressions (and hence, no k-term arithmetic pro-
gression with k£ > 3). Note that we do not allow for constant arithmetic
progressions — so that multiplicity of entries in S are not detected by, and
do not influence, our arithmetic progressions. Our first result indicates
that generically, the primitive length spectrum of a negatively curved
manifold has no arithmetic progression.

Theorem 1.1. Let M be a closed, smooth manifold and let M(M)
denote the space of all negatively curved Riemannian metrics on M,
equipped with the Lipschitz topology. If X (M) C M(M) is the set of neg-
atively curved metrics g whose primitive length spectrum L,(M,g) has
no arithmetic progression, then X (M) is a dense Gs set inside M(M).

Recall that any two Riemannian metrics g, h on the manifold M are
automatically bi-Lipschitz equivalent to each other. Let 1 < Ay denote
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the infimum of the set of real numbers A such that there exists a A-bi-
Lipschitz map fy: (M,g) — (M,g¢’) homotopic to the identity map.
The Lipschitz distance between g, ¢’ is defined to be log()g), and the
Lipschitz topology on the space of metrics is the topology induced by this
metric. The key to establishing Theorem 1.1 lies in showing that any
negatively curved metric can be slightly perturbed to have no arithmetic
progression:

Theorem 1.2. Let (M,qg) be a negatively curved closed Riemannian
manifold. For any € > 0, there exists a new Riemannian metric (M, g)
with the property that:
e (M,g) is negatively curved (hence g € M(M)).
e For any v € TM, we have the estimate (1 —¢)||v|lg < [Jv|lz < ||v]lg-
o The corresponding length spectrum L, (M, g) has no arithmetic pro-
gression.

In particular, the metric g lies in the subset X (M).

The proof of Theorem 1.2 will be carried out in Section 2. Let us
deduce Theorem 1.1 from Theorem 1.2.

Proof of Theorem 1.1: To begin, note that the second condition in The-
orem 1.2 ensures that the identity map is a (1 — €)~!-bi-Lipschitz map
from (M,g) to (M,g). Hence, by choosing e small enough, we can
arrange for the Lipschitz distance between g, g to be as small as we
want. In particular, we can immediately conclude that X' (M) is dense
inside M(M). Since M is compact, the set [S', M] of free homotopy
classes of loops in M is countable (it corresponds to conjugacy classes
of elements in the finitely generated group 71 (M)). Let Tri(M) de-
note the set of ordered triples of distinct elements in [S1, M], which
is still a countable set. Fix a triple ¢ := (y1,72,73) € Tri(M) of ele-
ments in [S*, M]. For any g € M(M), we can measure the length of
the g-geodesic in the free homotopy class represented by each ;. This
yields a continuous function L;: M(M) — R? when M(M) is equipped
with the Lipschitz metric. Consider the subset A C R? consisting of
all points whose three coordinates form a 3-term arithmetic progression.
Note that A is a closed subset in R?, as it is just the union of the three
hyperplanes z +y = 2z, * + 2z = 2y, and y + 2z = 2x. Since R?\ A4 is
open, so is L; '(R3?\ A) € M(M). However, we have by definition that
X (M) = ﬁteT(M)Lt_l(R3 \ A) establishing that X (M) is a G set. O

Our proof of Theorem 1.1 is actually quite general, and can be used
to show that, for any continuous finitary relation on the reals, one can
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find a dense Gy set of negatively curved metrics whose primitive length
spectrum avoids the relation (see the remark in Subsection 2.2). As a
special case, one obtains a well-known result of Abraham [1] that there
is a dense G5 set of negatively curved metrics whose primitive length
spectrum is multiplicity free.

Now Theorem 1.1 tells us that, for negatively curved metrics, the
property of having arithmetic progressions in the primitive length spec-
trum is quite rare. There are two different ways to interpret this result:

(1) Arithmetic progressions are the wrong structures to look for in the
primitive length spectrum.

(2) Negatively curved metrics whose primitive length spectrum have
arithmetic progressions should be very special.

The rest of our results attempt to explore these two viewpoints.

1.2. Almost arithmetic progressions. Let us start with the first
point of view (1). Since the property of having arbitrarily long arithmetic
progressions is easily lost under small perturbations of the metric (e.g.
our Theorem 1.2), we next consider a coarsification of this notion.

Definition. A finite sequence x; < - -+ < xy is a k-term e-almost arith-
metic progression (k > 2, € > 0) provided we have |% - 1’ < ¢ for
all 1,5 € {2,...,k}.

Definition. A multiset of real numbers S C R is said to have almost
arithmetic progressions if, for every ¢ > 0 and k € N, the set .S contains
a k-term e-almost arithmetic progression.

We provide a large class of examples of Riemannian manifolds (M, g)
whose primitive length spectra £,(M, g) have almost arithmetic progres-
sions.

Theorem 1.3. If (M, g) is a closed Riemannian manifold with strictly
negative sectional curvature, then L,(M,g) has almost arithmetic pro-
gressions.

We will give two different proofs of Theorem 1.3 in Section 3. The
first proof is geometric/dynamical, and uses the fact that the geodesic
flow on the unit tangent bundle, being Anosov, satisfies the specification
property. The second proof actually shows a more general result. Specif-
ically, any set of real numbers that is asymptotically “dense enough” will
contain almost arithmetic progressions. Theorem 1.3 is then obtained
from an application of Margulis’ work on the growth rate of the primitive
geodesics [24]. The second approach is based on the spirit of Szemerédi’s
theorem [42] (or more broadly the spirit of the Erdés—Turan conjecture)
that large sets should have arithmetic progressions.
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1.3. Arithmetic manifolds and progressions. Now we move to
viewpoint (2) — a manifold whose primitive length spectrum has arith-
metic progressions should be special. We show that several arithmetic
manifolds have primitive length spectra that have arithmetic progres-
sions. In the moduli space of constant (—1)-curvature metrics on a closed
surface, the arithmetic structures make up a finite set. One reason to
believe that such manifolds would be singled out by this condition is,
vaguely, that one expects solutions to extremal problems on surfaces to
be arithmetic. For example, the Hurwitz surfaces, which maximize the
size of the isometry group as a function of the genus, are always arith-
metic; it is a consequence of the Riemann-Hurwitz formula that such
surfaces are covers of the (2,3, 7)-orbifold and consequently are arith-
metic.

Note that a 3-term arithmetic progression x < y < z is a solution to
the equation = 4+ z = 2y, and similarly, a k-term arithmetic progression
can be described as a solution to a set of linear equations in k variables.
Given a “generic” discrete subset of R*, one would not expect to find
any solutions to this linear equation within the set, and hence would
expect no arithmetic progressions. Requiring the primitive length spec-
trum to have arithmetic progressions forces it to contain infinitely many
solutions to a linear system that generically has none. Of course, con-
stant (—1)-curvature is already a rather special class of negatively curved
metrics. Even within this special class of metrics, a 3-term progression
in the length spectrum is still a non-trivial condition on the space of
(—1)-curvature metrics. Our first result shows that non-compact arith-
metic manifolds have arithmetic progressions.

Theorem 1.4. If X is an irreducible, non-compact, locally symmetric,
arithmetic orbifold such that X is of non-compact type, then L,(X) has
arithmetic progressions.

In Section 4, we prove Theorem 1.4, as well as some stronger results.
For example, the following result shows that non-compact, arithmetic,
hyperbolic 2-manifolds have an especially rich supply of arithmetic pro-
gression.

Theorem 1.5. If (M, g) is a non-compact, arithmetic, hyperbolic 2-man-
ifold, then given any £ € L,(M,g) and k € N, we can find k-term arith-
metic progression in L,(M, g) such that each term is an integer multiple

of €.

The same result also holds for non-compact, arithmetic, hyperbolic
3-orbifolds.
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Theorem 1.6. If (M, g) is a non-compact, arithmetic, hyperbolic 3-man-
ifold, then given any £ € L,(M,g) and k € N, we can find k-term arith-
metic progression in L,(M, g) such that each term is an integer multiple

of €.

Theorem 1.5 also holds for other commensurability classes of non-
compact, locally symmetric, arithmetic orbifolds (see Corollary 4.15).
The non-compactness condition helps avoid some difficulties that could
be overcome. Recently Miller [26] extended Theorem 1.4 to compact
manifolds, and proved that all arithmetic manifolds satisfy the stronger
conclusions of Theorem 1.5. These geometric properties suggest an ap-
proach to proving the primitive length spectrum determines a locally
symmetric metric either locally or globally in the space of Riemannian
metrics. This determination or rigidity result would also require an up-
grade of Theorem 1.1. We also provide a conjectural characterization of
arithmeticity and discuss a few existing conjectural characterizations in
Section 5.
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2. Arithmetic progressions are non-generic

In this section, we prove Theorem 1.2. Starting with a negatively
curved closed Riemannian manifold (M, g), we want to construct a per-
turbation g of the metric so that the primitive length spectrum £,(M, g)
contains no arithmetic progressions. The basic idea of the proof is to
enumerate the geodesics in (M, g) according to their length. One then
goes through the geodesics in order, and each time we see a geodesic
whose length forms the third term of an arithmetic progression, we per-
turb the metric along the geodesic to destroy the corresponding 3-term
arithmetic progression. The perturbations are chosen to have smaller
and smaller support and amplitude, so that they converge to a limiting
Riemannian metric. The limiting metric will then have no arithmetic
progressions. We now proceed to make this heuristic precise.
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2.1. Perturbing to kill a single arithmetic progression. Given
a negatively curved Riemannian manifold (M, g), we index the set of
primitive geodesic loops {71, 72, ...} according to the lengths. We now
establish the basic building block for our metric perturbations.

Proposition 2.1. Let (M, g) be a negatively curved closed Riemannian
manifold, vy, a primitive geodesic in (M,g) of length £(yvx) = L, and
€ > 0 a given constant. Then one can construct a negatively curved
Riemannian metric (M, g) satisfying the following properties. Given a
loop n, we denote by 77 the unique g-geodesic loop freely homotopic to n,
and { (or {) denotes the g-length (or g-length) of any curve in M. The
properties we require are:

(a) For any vector v € TM, we have (1—e€)||v|ly < ||v]lg < ||vllg. More-
over, all derivatives of the metric g are e-close to the corresponding
derivatives of the metric g.

(b) For an appropriate point p, the metric § coincides with g on the
complement of the e-ball centered at p.

(c) We have L —e < {() < L.

(d) Ifi # k with £(v;) < L, then £(7;) = £(7;).

e) If €(y;) > L, then £(7;) > L.

—~

Proof: To lighten the notation, we will denote by v := v, the geodesic
whose length we want to slightly decrease. Let S := {v; : i # k, £(v;) <
L} denote the finite collection of closed geodesics who are shorter than ~
(whose lengths should be left unchanged). Note that any n € S is distinct
from ~, hence v N7 is a finite set of points. Now choose p € v which
does not lie on any of the n € S, and let & be smaller than the distance
from p to all of the n € S, smaller than €/2, and smaller than the
injectivity radius of (M,g). We will modify the metric g within the
g-metric ball B(p;d) centered at p of radius §. This will immediately
ensure that property (b) is satisfied. Since the g-geodesics n € S lie in
the complement of B(p;d), they will also be g-geodesics. This verifies
property (d).

For (e), since the length spectrum of a closed negatively curved Rie-
mannian manifold is discrete, there is a ¢’ > 0 with the property that for
any 1 with £(n) > L, we actually have (1 — 6")¢(n) > L. By shrinking ¢’
if need be, we can assume that 6’ < e. We modify the metric on B(p; )
so that, for any v € T B(p;d), we have

(1) (L=l < llvllg < vlly-
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Since ¢’ < e, the first statement in property (a) will follow. Moreover, if
7 is any closed g-geodesic, and 7] is the g-geodesic freely homotopic to 7,
then we have the inequalities:

2 (W= [ 1@lar> =) [ 170l

(3) = (1—¢8)7n) = (1 - "))

Inequality (2) follows by applying (1) point-wise, while inequality (3)
comes from the fact that n is the g-geodesic freely homotopic to the
loop 7. Hence, by the choice of &, £(77) > (1 — §')¢(n) > L, confirming
property (e). Note that this exact same argument, applied to =y, also
establishes property (c).

To complete the proof, we are left with explaining how to modify
the metric on B(p;d) in order to ensure property (a), and in particular
equation (1). We start by choosing a very small §” < §/2, which is also
smaller than the normal injectivity radius of v. We will focus on an
exponential normal §”-neighborhood of the geodesic v near the point p
(we can reparametrize so that y(0) = p). Choose an orthonormal ba-
sis {e1,...,e,} at the point v(0), with e; = 4/(0), and parallel trans-
port along v to obtain an orthonormal family of vector fields F1, ..., E,
along 7. The vector fields FEs, ..., E, provides us with a diffeomorphism
between the normal bundle N, of v |(_s 5y and (—0”,6") x R"~*. Let
D c R"! denote the open ball of radius §”, and using the exponential
map, we obtain a neighborhood N of the point p which is diffeomorphic
to (—d”,46"”) x D. We use this identification to parametrize N via pairs
(t,z) € (—8",8"”) x D. First, observe that this neighborhood N comes
equipped with a natural foliation, given by the individual slices {t} x D.
This is a smooth foliation by smooth codimension one submanifolds, and
assigning to each point ¢ € N the unit normal vector (in the positive
t-direction) to the leaf through ¢, we obtain a smooth vector field V
defined on N. We can (locally) integrate this vector field near any
point ¢ = (to,20) € N to obtain a well-defined function 7: N — R,
defined in a neighborhood of ¢ (with initial condition given by 7 =0 on
the leaf through ¢). Observe that, along the geodesic v, we have that
7(t,0) = t, but that in general, 7(¢, z) might not equal ¢. In this (local)
parametrization near any point ¢ € N, our g-metric takes the form
(4) g =dr® + hy,
where h; is a Riemannian metric on the leaf {t} x D. We now change this

metric on N. Pick a monotone smooth function f: [0,6”] — [1 —d',1],
which is identically 1 in a neighborhood of §”, and is identically 1 — ¢ in
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a neighborhood of 0. Recall that we had the freedom of choosing ¢’ as
small as we want. By further shrinking ¢’ if need be, we can also arrange
for the smooth function f to have all order derivatives very close to O.
There is a continuous function r: N — [0,d”) given by sending a point
to its distance from the geodesic 7. We define a new metric in the
neighborhood N which is given in local coordinates by:

() g=f(r)f(t)dr’ + he,

where r denotes the distance to the geodesic 7 (i.e. the distance to the
origin in the D parameter).

Let us briefly describe in words this new metric. We are shrinking our
original metric g in the directions given by the 7 parameter. In a small
neighborhood of the point p, the 7 parameter vector (which coincides
with 4/ along «) is shrunk by a factor of 1 — §’. As you move away
from p in the ¢t and r directions, the 7 parameter vector is shrunk by
a smaller and smaller amount (f gets closer to 1), until you are far
enough, at which point the metric coincides with the g-metric. By the
choice of ¢”, this neighborhood N is entirely contained in B(p;d), hence
our new metric g coincides with the original one outside of B(p, ). The
fact that equation (1) holds is easy to see. At any point z = (¢,2) € N
we can decompose any given tangent vector ¥ € T, M as ¥ = UT% + v,
with v, € R and ¢, € T;,({t} x D). The original g-length of ¥/ is
given by [|7]|2 = vZ + ||0.]|7,, while the new g-length of ¥ is given by
1012 = f(t)f(r)v + ||0.]]},,. Now the fact that the function f takes
values in the interval [1 — §’, 1] yields equation (1) (which gives the first
statement in property (a)).

We note that the curvature operator can be expressed as a continu-
ous function of the Riemannian metric and its derivatives. The metrics g
and g only differ on N, where they are given by equations (4) and (5)
respectively. However, the function f was chosen to have all derivatives
very close to 0. It follows that the metrics g and g are close, as are all
their derivatives (giving the second statement in property (a)). Hence
their curvature operators (as well as their sectional curvatures) will cor-
respondingly be close. Since g is negatively curved and M is compact, by
choosing the parameters small enough, we can ensure that g is negatively
curved. This concludes the proof of Proposition 2.1. O

Remark. The reader might find it instructive to think through Proposi-
tion 2.1 in the special case where (M, g) is a closed hyperbolic manifold.
Our perturbation is length non-increasing, and shortens at least one
geodesic, so Vol(M,g) < Vol(M, g). Since the volume is a topological
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invariant for hyperbolic manifolds, we note that g is no longer hyperbolic
— the curvatures in the perturbed region must change, while the curva-
tures outside remain identically —1. By choosing our constants small,
we can nevertheless arrange for the curvatures and the volume of (M, g)
to be as close as we want to those of the original hyperbolic metric.

2.2. Perturbations with no arithmetic progressions. Finally, we
have the necessary ingredients to prove Theorem 1.2.

Proof of Theorem 1.2: Given our negatively curved closed Riemannian
manifold (M, g), we will inductively construct a sequence of negatively
curved Riemannian metrics g;, starting with g9 = g. We will denote
by 7,(;) the k' shortest primitive geodesic in the g;-metric. To alleviate
notation, let us denote by L£; the primitive length spectrum of (M, g;),
which we think of as a non-decreasing function £;: N — R¥. In particu-
lar, £;(k) = ¢; (%gz))’ the length of ’y,(;) in the g;-metric. We will be given
an arbitrary sequence {e,}nen satisfying lime, = 0. For each n € N,
the sequence of metrics g; will then be chosen to satisfy the following
properties:

(1) For all ¢ > n, the functions £; coincide on {1,...,n}.

(2) Each subset £, ({1,...,n}) C R" contains no 3-term arithmetic
progressions.

(3) Each ¢gn,+1 = gn on the complement of a closed set B,, where
each B, is a (contractible) metric ball in the g-metric of radius
strictly smaller than €,, and the sets B,, are pairwise disjoint.

(4) On the balls B,, we have that for all vectors v € TB,, (1—
en)[vllg, < Nvllgnss < [vllg,- Moreover, for each n € N, all deriva-
tives of the metric g,41 are close to the corresponding derivatives
of the metric g,,.

(5) For each ¢ > n, we have that ’yi(n) \Uj_,B; # 0.

(6) The sectional curvatures of the metrics g, are uniformly bounded
away from zero, and uniformly bounded from below.

Assertion. There is a sequence of metrics g, (n € N) satisfying prop-
erties (1)—(6).

Let us for the time being assume the assertion, and explain how to
deduce Theorem 1.2. The assertion provides us with a sequence of neg-
atively curved Riemannian metrics on the manifold M. By choosing a
sequence {e, }nen which decays to zero fast enough, it is easy to verify
(using (3) and (4)) that these metrics converge uniformly to a limiting
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Riemannian metric go, on M. Moreover, this metric is negatively curved
(see (6)), and has the property that £,(M, g) has no arithmetic pro-
gression. To see that there are no arithmetic progressions, we just need
the following:

Claim. Choose any homotopically non-trivial loop v on M. Then there
exists a k such that the representative of v in the g,-metric is the
k*h shortest geodesic (for all sufficiently large n).

Assuming the claim, we show that £,(M, go) has no arithmetic pro-
gression. Given any three free homotopy classes of loops, the claim
implies that for sufficiently large n, the g, geodesics representing these
classes are the ™", j** and k' shortest geodesics, where i, j, k are in-
dependent of n. Property (2) ensures that the three real numbers £, (7),
L,(7), Ln (k) do not form a 3-term arithmetic progression. Property (1)
ensures this property for the metrics g,,, for all m > n, and hence for
the limiting metric goo. It follows that L£,(M, go) has no arithmetic
progression.

Proof of the Claim: We proceed by contradiction. Note that, in our se-
quence of metrics g, properties (3) and (4) ensure that the length of
the g,,-geodesic in the given homotopy class can only decrease as n goes
to infinity. Let L denote the length of the gg-geodesic in the homotopy
class. If the claim fails, then for each k, we can find a corresponding
metric in our sequence, in which there are at least k geodesics of length
shorter than the geodesic in our given homotopy class — and hence shorter
than L. This implies that for the g.,-metric on M, we have infinitely
many geometrically distinct primitive geodesics whose lengths are uni-
formly bounded above by L. On the other hand, property (5) implies
that goo has strictly negative curvature, so £,(M, goo) must be a discrete
multiset in R. This contradiction establishes the claim. O

Proof of the Assertion: By induction, let us assume that g, is given, and
let us construct g,41. In order to lighten the notation, we will suppress
the superscripts on the geodesics %(n) — all geodesics in the rest of this
proof will be with respect to the g,-metric.

We consider the set £,({1,...,n + 1}) € R*, and check whether
or not it contains any arithmetic progression. If it does not, we set
In+1 = Gn, Bny1 = 0, and we are done. If it does contain an arithmetic
progression, then from the induction hypothesis we know that it is neces-
sarily a 3-term arithmetic progression with last term given by £, (n+1),
the length of the g,,-geodesic y,41. From property (5), the complement
Yn+1 \ Uj_; B; is a non-empty set and can be viewed as a collection of
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open subgeodesics of y,41. As each of the sets 7,41 Ny; (j # n) is finite,
we can choose a point p on vy,41 \ U7_, B; which does not lie on any of
the geodesics v; for j < n. We choose a parameter € < ¢, small enough
so that the ¢'-ball centered at p is disjoint from (U7_; B;) U (UF_;7;).
Note that, in view of property (3), on the complement of Uj_; B;, we
have that g, = g,_1 = -+ = go. In particular, for ¢ small, the metric
ball centered at p will be independent of the metric used. Shrinking €’
further if need be, we can apply Proposition 2.1 (with a parameter € < ¢’
to be determined below), obtaining a metric g,+1 which differs from g,
solely in the €'-ball centered at p. We define B,,11 to be the ¢’-ball cen-
tered at p, and now proceed to verify properties (1)—(6) for the resulting
metric.

Property (1): We need to check that the resulting length function £,
satisfies L,41(i) = L,(¢) when ¢ < n. However, this equality follows
from statement (d) in Proposition 2.1.

Property (2): In view of property (1), we have an equality of sets
Lni1({1,...,n}) = L,({1,...,n}). By the inductive hypothesis, we
know that there is no 3-term arithmetic progression in this subset. Since
the set L,41({1,...,n}) is finite, there are only finitely many real num-
bers which can occur as the third term in a 3-term arithmetic progression
whose first two terms lie in £,,11({1,...,n}); let T denote this finite set
of real numbers, and observe that by hypothesis, L := £,(n+ 1) € T.
Since T is finite, we can choose € < ¢’ small enough so that we also have
[L —¢,L)NT = (. Then it follows from statements (c) and (e) in our
Proposition 2.1 that L—e < £, 11(n+1) < L and hence £, 1 (n+1) € T.
Since Ly4+1(n + 1) cannot be the third term of an arithmetic progres-
sion, we conclude that the set £,,+1({1,...,n + 1}) contains no 3-term
arithmetic progressions, verifying property (2).

Property (3): This follows from our choice of ¢ < ¢, and point p, and
property (b) in Proposition 2.1.

Property (4): This follows from the corresponding property (a) in Propo-
sition 2.1 (recall that € < €,).

Property (5): This follows readily from property (3), which implies that
the individual B; are the path connected components of the set Ui_, B;.
So if the closed geodesic v; was entirely contained in U?_; B;, it would
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have to be contained entirely inside a single B;. However, such a con-
tainment is impossible, as v; is homotopically non-trivial in M, while
each B; is a contractible subspace of M.

Property (6): This is a consequence of property (4), as the curvature
operator varies continuously with respect to changes in the metric and
its derivatives. By choosing the sequence {¢, },en to decay to zero fast
enough, we can ensure that the change in sectional curvatures between
successive g,-metrics is slow enough to be uniformly bounded above and
below by a pair of negative constants.

This completes the inductive construction required to verify the as-
sertion. O

Now that we’ve proven the assertion, the proof of Theorem 1.2 is
complete. O

Remark. Let R be an r-ary relation (r > 2) on the reals R, having the
property that if (z1,29,...,2,) in R, then z; < zo < --- < z,.. Assume
the relation R also has the property that, given any z; < 29 < --- <
Zp_1, the set {z : (x1,...,2,-1,2) € R} is finite. Then the reader can
easily see that the proof given above for Theorem 1.1 also shows that
there is a dense set of negatively curved metrics g with the property that
the primitive length spectrum £, (M, g) contains no r-tuple satisfying the
relation R. In the special case where there exists a continuous function
F: R" — R with the property that (z1,...,2,) is in R if and only if
21 < @9 < --- < m, satisfies F(xy,...,2,) = 0, one also has that this
dense set of negatively curved metrics is a Gs set. Our Theorem 1.1
corresponds to the 3-ary relation given by zeroes of the linear equation
F(z,y,z) = ¢ —2y+ z. For another example, consider the 2-ary relation
corresponding to the zeroes of the linear equation F(z,y) = z —y. In
this setting, we recover a well-known result of Abraham [1] — that there
is a dense Gs set of negatively curved metrics on M which have no
multiplicities in the primitive length spectrum.

3. Almost arithmetic progressions are generic

In this section, we give two proofs that almost arithmetic progres-
sions can always be found in the primitive length spectrum of negatively
curved Riemannian manifolds.

3.1. Almost arithmetic progression - the dynamical argument.
The first approach relies on the dynamics of the geodesic flow. Recall
that closed geodesics in M correspond to periodic orbits of the geodesic
flow ¢ defined on the unit tangent bundle 7' M. In the case where M is
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a closed negatively curved Riemannian manifold, it is well known that
the geodesic flow is Anosov (see for instance [19, §17.6]). Our result is
then a direct consequence of the following:

Proposition 3.1. Let X be a closed manifold supporting an Anosov
flow ¢. Then for any € > 0 and natural number k > 3, there exists a
k-term e-almost arithmetic progression 171 < --- < T, and corresponding
periodic points z1, - . ., zx in X with the property that each z; has minimal
period T;.

Before establishing this result, we recall that the Anosov flow on X
has the specification property (see [19, Section 18.3] for a thorough dis-
cussion of this notion). This means that, given any § > 0, there exists
a real number d > 0 with the following property. Given the following
specification data:

e any two intervals [0, b;] and [b;+d, bs] in R (here by, by are arbitrary

positive real numbers satisfying by + d < bs),

e amap P: [0, bl] @] [bl +d, bg] — X such that ¢t27t1 (P(tl)) = P(tg)

holds whenever ¢1,t; € [0,b1] and whenever t1,t2 € [by + d, bo]

(so that P restricted to each of the two intervals defines a pair of

¢-orbits),
one can find a periodic point z, of period s, having the property that
for all ¢ € [0,b1] U [b1 + d, ba] we have d(¢'(z), P(t)) < § (so the periodic
orbit d-shadows the two given pairs of orbits). Moreover, the period s
satisfies |s — (b2 + d)| < 0 (though s might not be the minimal period
of the point ). We now use this specification property to establish the
proposition.

Proof: We start by choosing a pair of distinct periodic orbits Op, Oq
for the flow ¢, with minimal periods A, B respectively (existence of
distinct periodic orbits is a consequence of the Anosov property). Since
the closed orbits are distinct, there is a § with the property that the
0-neighborhoods of the two orbits are disjoint. Corresponding to this d,
we let d > 0 be the real number provided by the specification property.
We fix a pair of points p; € O;, and now explain how to produce some
new periodic points.

Given an n € N, we consider the two intervals [0, A] and [A+d,nB +
A +d] in R. We define a map

P:[0,AJUA+dnB+A+d — X
by

o) tepa]
P(t) = {¢tAd(p2) te[A+d,nB+ A+d).
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From the specification property, there exists z,€X and s,, with ¢*~(z,,)=
xp, and |s, — (nB+A+2d)| < § such that d(¢*(z,,), P(t)) < d holds for all
tin [0, AJU[A+d,nB+ A+d]. We claim that if n > (A+2d+0)/B, then
Sp, 18 the minimal period of the point x,. Indeed, under this hypothesis,
the subinterval [A + d,nB + A + d] is at least half the length of the
period s,. So if s, were not minimal, one could find ¢; € [0, 4] and t5 €
[A+d, nB+ A+d] with the property that y := ¢ (z) = ¢'2(x). However,
the shadowing property implies that d(y, P(t;)) = d(¢' (z), P(t;)) <
&, which tells us that y lies in the §-neighborhood of both sets O; =
P([0,A]) and Oy = P([A+ d,nB + A + d]). This containment plainly
contradicts the choice of §. We conclude that s,, is indeed the minimal
period of the point x,. Now that we have found a sequence {z,} of
periodic points, with minimal periods {s,} (when n is sufficiently large),
it is easy to find a k-term e-almost arithmetic progression. First, pick the
integer N to satisfy the inequality N > max {40520 A2 Qetting
zi = x;n and 7; := s;n, we claim that the real numbers 74, ..., 7 forms
the desired almost arithmetic progression. Indeed, the condition N >
A+2TW ensures that 7; is the minimal period of the corresponding x;.
From the specification property, each 7; satisfies the inequality |r; —
(iNB+ A+2d)| < 6. An elementary calculation shows that the ratio of
any successive difference satisfies

46 Ti+1 — Ty 40
l—e<1— <14+ ———=<1+e¢
‘ NB+2 |1 7| S TNB_2s €
where the outer inequalities follow from N > %. O

Remark. There exist examples of Anosov flows that are distinct from the
geodesic flow on the unit tangent bundle of a negatively curved manifold.
For example, Eberlein [9] has constructed an example of a closed non-
positively curved Riemannian manifolds whose geodesic flow is Anosov,
and which contain “large” open sets where the sectional curvature is
identically zero. There are also examples of Anosov flows that do not
come from geodesic flows, e.g. the suspension of an Anosov diffeomor-
phism on an odd dimensional manifold.

Remark. The proof of Proposition 3.1 only used the fact that Anosov
flows on a compact manifold satisfy the specification property. The
argument in the proof also works in a slightly more general setting, for
flows that satisfy the weak specification property. In the specification
property, the constant d is the transition time for the orbit to move
from shadowing the first orbit segment to shadowing the second orbit
segment. The crucial point is that d depends on ¢, but not on the choice
of the orbit segments to be shadowed. In the weak specification property,
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one lets the transition times depend on the choice of orbit segments, but
constrain them to be bounded above by a constant D (which depends
on €). It is easy to adapt the proof of Proposition 3.1 to see that,
if X is a compact space with a flow satisfying the weak specification
property, then for any k and e, one can find k periodic points whose
orbit lengths form a k-term e-almost arithmetic progression. In [5],
Constantine, Lafont, and Thompson show that the geodesic flow on a
compact locally CAT(—1) space satisfies the weak specification property
(it is unknown whether these spaces satisfy the specification property).
It follows that the primitive length spectrum for these spaces also have
arbitrarily long e-almost arithmetic progressions for all € > 0.

3.2. Almost arithmetic progression - the density argument. An
alternate route for showing that the primitive length spectrum £, (M, g)
of a negatively curved Riemannian manifold has arbitrarily long almost
arithmetic progressions is to exploit Margulis’ work on the growth rate
of this sequence. For a multiset S C R* which is discrete, in that any
bounded interval contains only finitely many elements of S, we define
the associated counting function to be S(n) :=|{z € S:z <n}|.
Proposition 3.2. If S(x) has the property that there is some t > 0
such that lim,_, o ng;)t) exists and is not equal to 1, then S has almost
arithmetic progressions.

Proof: Given an € > 0, we want to find an e-almost arithmetic progres-
sion of some given length N. Let us decompose RT = Upen((k—1)t, kt],
and form a subset A C N via A := {k : SN ((k — 1)t,kt] # 0}. We
now argue that the set A C N is the complement of a finite sub-
set of N. If not, we could find an infinite sequence k; C N with
k; ¢ A. From the definition of A, we have that for each of these k;,
the set S N ((k; — 1)t, k;t] is empty. In terms of the counting function,
this gives S((k; — 1)t) = S(k;t). Now we divide by S(k;t) and take the
limit, giving lim; . Sék()j:;)t) = 1. However, this contradicts the fact

that the limit limg,_, o ng;)t) exists and is not equal to 1. So N\ 4 is

a finite set, as desired. Next we choose an m sufficiently large so that
all integers greater than or equal to m lie in the set A, and moreover
1+% < m. Consider the sequence of natural numbers {m, 2m, ..., Nm}.
Since each of these natural numbers lies in the set A, we can choose
numbers z; € SN ((jm — 1)t, (jm)t], giving us a sequence of numbers
1 < T9 < --- < xpy in the set S. We claim that this sequence forms an
e-almost arithmetic progression of length N. It suffices to estimate the
ratio of the successive differences. Note that for any index j, we have
the obvious estimate on the difference (m —1)t < |z;41 — ;| < (m+1)t.
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Looking at the ratio between any two such successive differences, we
obtain 1 — e < m=l < [Bima=ail o mil gy €, where the two outer

m—+1 |wj+1—wj| m—1
inequalities follow from the fact that 1 + % < m. This completes the
proof of the proposition. O

A celebrated result of Margulis [24] establishes that, for a closed neg-
atively curved manifold, the counting function for the primitive length
spectrum has asymptotic growth rate S(z) ~ %, where A > 0 is the
topological entropy of the geodesic flow on the unit tangent bundle. It is

S(z—t) _ eh(@—=t)p

clear that, for any ¢ > 0, we have lim,_, o) limy, oo RG] =

e~ which is clearly not equal to 1 since both h > 0, t > 0. In par-
ticular, Margulis’ work in tandem with Proposition 3.2 yields a second
proof of Theorem 1.3.

Remark. Margulis’ thesis actually establishes the asymptotics for the
number of periodic orbits of Anosov flows. Hence, appealing to Mar-
gulis, one can recover Proposition 3.1 as a special case of Proposition 3.2.
We chose to still include our proof of Proposition 3.1 for three reasons.
First, it is relatively elementary, using only the specification property for
Anosov flows, rather than the sophisticated result in Margulis’ thesis.
Secondly, it is constructive, allowing us to concretely “see” the sequence
of periodic orbits whose lengths form the desired almost arithmetic pro-
gression. Thirdly, Margulis’ asymptotics are not known to follow directly
from the specification (or weak specification) property, so the method of
proof of Proposition 3.1 could cover examples not addressed by Propo-
sition 3.2.

4. Arithmetic orbifolds

In this section, we study the property of having genuine arithmetic
progressions in the primitive length spectrum. We first show that this
property is invariant under covering maps. Next, we prove that cer-
tain arithmetic manifolds have arithmetic progressions in their primitive
length spectrum.

4.1. Commensurability invariance.

Proposition 4.1. Given a finite orbifold cover (M, ) of an orbifold (M, g)
with covering map p: M — M, the following two statements are equiva-
lent:
(a) The primitive length spectrum L,(M,g) has arithmetic progres-
St0NSs.
(b) The primitive length spectrum L,(M,g) has arithmetic progres-
sions.
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Proof: We start by making a simple observation. For a closed curve
~v: S — M, we call a curve 7: S' — M a lift of v if there is a stan-
dard covering map ¢: S' — S! (given by z — 2") with the property
that yoq = po7. If v is a primitive geodesic in M, we observe that
all of its lifts ¥ to M are also primitive geodesics. If d is the degree
of the cover p: M — M, then the lift ¥ will always have length that
is an integral multiple of v. Moreover, 1 < £(7)/4(y) < d, for any ge-
odesic ¥ on M and any lift 7 of v to M. For the direct implication
that (a) implies (b), we assume that £,(M, g) contains arithmetic pro-
gressions. Fixing some k > 3, our goal is to find a k-term arithmetic
progression in the set £,(M,g). From van der Waerden’s theorem (see
for instance [43] or [15]), there is an integer N := N(d, k), so that if the
set {1,..., N} is d-colored, it contains a k-term monochromatic arith-
metic progression. Since £,(M, g) contains arithmetic progressions, we
can find a collection of primitive closed geodesics 71, . .., yn such that the
corresponding real numbers (1), ..., £(yn) form an N-term arithmetic
progression. For each 7;, choose a lift #; inside M, and color the inte-
ger i by the color (7;)/¢(~;). Looking at the monochromatic indices that
form an arithmetic progression, we see that the corresponding £(~;) form
a k-term arithmetic progression. Moreover, by construction, the corre-
sponding lifts 7; are primitive geodesics whose lengths ¢(7;) = m - £(7;).
Here m is a fixed integer which we view as the color of the monochro-
matic sequence. This gives the desired k-term arithmetic progression in
the set £,(M, g).

For the converse implication, we assume (b), that £,(M, g) has arith-
metic progressions. Given a primitive closed geodesic % in M, one
can look at the image geodesic p o % in M, and ask whether or not
this geodesic is primitive. Since 7 is primitive, the only way p o 7%
could fail to be primitive is if the map p induced a non-trivial cover-
ing from % to the image curve p o%. Of course, the degree dx of this
covering is smaller than or equal to d, and the quotient curve will be
a primitive geodesic 7 of length ((7)/ds. Now as before, to produce
a k-term arithmetic progression in £,(M,g), we let N be the van der
Waerden number N(d, k), and choose a sequence of primitive closed
geodesics 7y,...,¥y in M whose lengths form an arithmetic progres-
sion. For each of these, we consider the corresponding primitive closed
geodesic y; in M of length ¢(7;)/d~;. We color the index 7 according
to the color dy,. Then from van der Waerden’s theorem, there is a
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monochromatic arithmetic subprogression S C {1,...,N}. The corre-
sponding family of primitive geodesics {7; }ies have lengths which form
a k-term arithmetic progression inside £,(M, g), as required. O

Remark. The argument in the proof of Proposition 4.1 applies almost
verbatim in the setting of almost arithmetic progressions, and shows that
the following two statements are also equivalent:

(a) The primitive length spectrum £, (M, g) has almost arithmetic pro-
gressions.

(b) The primitive length spectrum £, (M, g) has almost arithmetic pro-
gressions.

As we will not need this result, we leave the details to the interested
reader.

We record the following direct consequence of Proposition 4.1.

Corollary 4.2. If My, Ms be commensurable, Riemannian orbifolds,
then My has arithmetic progression if and only if Ms has arithmetic
Progressions.

To prove Theorem 1.4, we require a slightly more technical result than
Proposition 4.1. We say that a primitive length ¢ € £,(M,g) occurs
i arithmetic progressions, if for any k, there exists an integer k-term
arithmetic progression {a + bs}*_; C N such that {¢(a + bs)}F_, C
£P(M7 g)'

Proposition 4.3. For commensurable Riemannian orbifolds (M, g),
(M’,q"), the following are equivalent:

(a) Every primitive length in L,(M,g) occurs in arithmetic progres-
sions.

(b) Every primitive length in L,(M',g") occurs in arithmetic progres-
sLons.

Proof: As both directions are logically equivalent, we will prove that
(b) implies (a). We will assume that every primitive length in £,(M’, ¢’)
occurs in arithmetic progressions. For each ¢ € £,(M) and for each k €
N, we must provide {¢(a+bs)}*_; C L,(M) with a,b € N. To that end,
we will make two coloring arguments similar to that made in the proof
of Proposition 4.1. As M, M’ are commensurable, there is a common,
finite Riemannian covering My — M, M’. Set dys, dp to be the degree
of the covers My — M, M’, respectively and for any natural number s,
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let 7(s) be the number of positive divisors of s (e.g. 7(p) = 2 if p is a

prime). Set
D:( 11 d)( 11 d).
1<d<dy 1<d<dy

By van der Waerden’s theorem, there is an integer N7 with the property

that any 7(dps) coloring of the set {1,..., N7} contains a monochro-
matic k-term arithmetic progression, and there is an integer N5 such
that any 7(dps) coloring of the set {1,..., Na} contains a monochro-

matic Ni-term arithmetic progression.

Fix a closed lift to My of the geodesic associated to £, which gives us
a primitive geodesic in My of length j¢ for some divisor j of dj;. This
will descend to a (cover of a) primitive geodesic on M’ of length (j/i)¢
where 7 is a divisor of dps. Since ¢/ = (j/i)¢ is the length of a primitive
geodesic in M’, by assumption there is a constant C' := Cp py, € N
such that

{CDnt'})2 | c {Cnl'}P27 C £,(M).

For each integer 1 < n < N, we take a primitive geodesic in M’ of
length CDnf’, and look at a lift in My. The length of this lift will be
in -CDnt', for some divisor i, of dy;/, and we can color each integer n in
the set {1,..., No} by the corresponding 4,,. This gives a coloring of the
set {1,...,Na} by 7(das) colors, so from van der Waerden’s theorem,
we can now extract a monochromatic /Vi-term subsequence

{a +br}N c{1,..., No},

corresponding to some fixed color ig. Notice that this gives a sequence
of Ny primitive geodesics in My with lengths

{(CDig)(a’ +b'r)'},.
For each r, the corresponding primitive geodesic in M, projects back
down to a (cover of a) primitive geodesic in M of length
((CDig)(a" +V'r)t")
Jr
for some divisor j, of dps. So we can color the set of indices {1,..., Ny}
by the corresponding divisor j,., giving us a coloring with 7(ds) col-
ors. By van der Waerden’s theorem, there exists a k-term monochro-
matic subsequence {a” +b"s}*_, of indices, corresponding to some fixed

color jo. Looking at the corresponding primitive geodesics in M, we see
that they have lengths given in terms of s by the formula

(CDiO
Jo

> (@' +V(a" +b"s))l.
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Since ¢ = (j/i)¢, we can substitute in and simplify the expression to

obtain
. k
{ (CP W) (a +Va") + b’b”s))z} C £,(M).
Jo? s=1
Notice that all the constants appearing in the above expression are inte-
gers, and that moreover, the product jgi is a divisor of D. In particular,
the following numbers
_ (CDZO]) (a/ + b’a"), b= (CDZ&?) (b/b//)
Jo? Jo?
are integers and therefore we obtain a k-term arithmetic progression
{€(a+bs)}r_, C L,(M). O

4.2. The modular surface has arithmetic progressions.

4.2.1. Preliminaries. The closed geodesics ¢, on X are in bijection
with the conjugacy classes [y] where v € PSL(2,Z) is hyperbolic. The
length of the geodesic £(c,) and trace Tr(y) are related via the formula

(see [22, p. 384]) ,
2 cosh ((;ﬂ’)> = |Tr ()]

The geodesic ¢, is primitive precisely when v is primitive in PSL(2, Z).
Up to the sign of the trace, the characteristic polynomial of v will be of
the form P, (t) = t*—|Tr (y)[t+1. As |Tr (7)] > 2 (see [22, p. 51]), we see
that A, is a real and Q(\,) = K,/Q is a real quadratic extension by the
quadratic formula. Moreover, A, € O}(v is a unit and AJ! is the Galois
conjugate of \,. By Dirichlet’s Unit theorem (see [23, p. 142]), the group
of units OK of Og, is isomorphic to {1} x Z, where Z is generated
by a fundamental unit. We will say that v is absolutely primitive if A,
is a fundamental unit in O} K,

Lemma 4.4. For any real quadratic extension K/Q, there exists an
absolutely primitive, hyperbolic v € PSL(2,Z) with K, = K.

Proof: Let K/Q be a real quadratic extension with Z[ai,as] = Ok.
For o € K, left multiplication on K by « is a Q-linear map. Using the
Q-basis {ay,as} for K, we obtain an injective Q-algebra homomorphism
K — M(2,Q) and injective group homomorphisms K* — GL(2,Q),
Oy — GL(2,Z). The group O} maps into SL(2,Z) and the image of a
fundamental unit is absolutely primitive and hyperbolic. O

Lemma 4.5. If v,n € PSL(2,Z) are hyperbolic with K, = K, = K,
then there exist j., jn € Z such that Tr(y77) = Tr(n’n).
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Proof: Each of v, n is conjugate to a diagonal matrix of the form

A0 Ay 0
0o At \o oAt )

We know /Lt[} = Ay and utlg = )\, for some t.,t, € Z where ux € Oj

is a fundamental unit. Setting L = LCM(t,,t,), we take j, = %,
. L
]7] = E D

As a consequence of Lemma 4.4 and Lemma 4.5, we have the following
result.

Corollary 4.6. Ifv € PSL(2,Z) is absolutely primitive, then v is primi-
tive. Moreover, if v is primitive, then there exists an absolutely primitive
n € PSL(2,Z) such that Tr(y) = Tr(n?) for some j € N.

4.2.2. Producing long progressions. Taking I' = PSL(2,Z), for
each n € PGL(2,Q), I', = (nI'p~*) N T is a finite index subgroup of I'
and nI'n~?! (see [31, Chapter 10]). We define

P:TxPGL(2,Q) — N

by

(6) P(y,n) =min{j € N: (pyn~ ') €T}

and note that P(vy,n) < [I': T',]. For a fixed v € I', we define
(7) P(v) ={P(v,n) :n € PGL(2,Q)} C N.

We set

(8) Oryn = 77'71:)(%77)77_l er

and note that £(cq, ) = P(v,1){(cy).

Theorem 4.7. If v € PSL(2,Z) is primitive and hyperbolic with associ-
ated geodesic length £ = {(cy) and k € N, then there exists an arithmetic
progression {C, 1 n}k_, C L,(X) where Cy € Q. Moreover, there
exists D, € N such that Cy 1D, € N for all k.

We will see that the failure of C\, 1 to be an integer is controlled by
the failure of v to be absolutely primitive. Specifically, Theorem 4.7 is
a consequence of the following result in combination with Corollary 4.6.

Theorem 4.8. If v € PSL(2,Z) is absolutely primitive and hyperbolic
with associated geodesic length ¢ and k € N, then there exists an arith-
metic progression {Cy pfn}k_, C L,(X) where C, ) € N.
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Before proving Theorem 4.8, we make a comment about finding arith-
metic progressions in PSL(2,Z).

Remark. For each a € N with a > 2, we have v, = (_‘11 51) € I' and
every hyperbolic v € T is conjugate in PGL(2, Q) to 7,. The eigenvalues

for v, are

a*t+va2+4

5 .

To obtain arithmetic progressions from the ,, one needs to prove that
e is primitive in I'. For small values of a, the eigenvalues of ~, are
fundamental units and so v, is primitive by Corollary 4.6. For a = 11,
the splitting field of the characteristic polynomial of 1 is K = Q(V/5).
We have in this case that

A=

11 +5v5 1+5
T g 0 HET T

In particular, \,,, = u% and it could be the case that v, =7’ for j =5
from some 1 € I'. Checking that 17 is primitive using the multinomial
equations coming from the matrix entries from the equality 11 = 1 for

a variable matrix
_ (% ¥
T=\w 2

is not straightforward. For point of illustration, we can express the
equality v11 = n° instead as n72y1; = 1° and obtain five equations
in z, y, z, w (including det(n) = 1):

/\’)’11 =

3 + 2wzy + wry = 1wy + zy + 1122 4+ yz,
wy2 + :z:2y + y22 +xyz = —wy — 22,
—wz? 4+ wly + w2 + wrz = —2? — 1wz — wy — wz,
wzy + 2° + 2wyz = wr + wz,
rz —yw = 1.

Varying a, the eigenvalues of 7, can be arbitrarily large powers of the
fundamental unit and so one must verify that there are no solutions to
the equation , = 7/ for arbitrarily large j. One might instead use
hyperbolic geometry. The geodesic axis stabilized by 7, must also be
stabilized by 1. Using the eigenvalues for v,, we can determine the two
fixed points #_,r, € OH? for v, and then determine precisely which
elements of I' also x_, 4. This also entails solving equations. We then
must verify from these solutions that =, generates the full stabilizer of
this axis in I'.  Another geometric approach was suggested to us by
Lakeland. The 7, have isometric circles (i.e. the set of points z € H?
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such that |7/(z)| = 1) with maximal radii. If 7, = 7/ for j > 1 and
n € I, then the radius for the isometric circle for n would be strictly
larger than 1. To make this rigorous, one would need to prove that
the 7y, satisfy this extremal property with regard to the radii of their
isometric circles. Assuming one has established that 7, is primitive, one
can produce arithmetic progressions in the primitive length spectrum of
the modular surface. Explicitly, for each a > 2, we have the infinite
arithmetic progression

{06), e, ) g U )) - } € Lpl(X).

In combination with Corollary 4.2, we conclude that all non-compact,
arithmetic hyperbolic 2-orbifolds have arithmetic progressions. More-
over, for any primitive hyperbolic v € T', we have Tr(v) = 4 Tr(y,) for
some a > 2, and so every primitive length arises in arithmetic progres-
sions also.

Rather than attempt to check 7, is primitive, we give an alternative
approach. Our method is elementary, using only linear algebra, modular
arithmetic, and number theory. We replace the set of v, with the set
of absolutely primitive elements. Instead of establishing primitivity of
the v,, we must find suitable conjugating elements for each absolutely
primitive elements to produce k-term arithmetic sequences in P(v). The
conjugating elements we use are directly related to Hecke operators for
the modular surface; they also do not depend on the specific absolutely
primitive element. We note that both the set of 7, and the set of ab-
solutely primitive elements satisfy a universal property. Every element
of PSL(2,Z) is conjugate in PGL(2,Q) to a v, while it is also conju-
gate in PGL(2,Q) to a power of an absolutely primitive element; both
Y. and the absolutely primitive element are also unique as Q has class
number one. Our method also explicitly illustrates the underlying rea-
son for why such progressions exist; the action of the commensurator
PGL(2,Q). That reason is the motivation for Conjecture A in Section 5
and the spectral isolation problem for locally symmetric metrics. Our
method also has clear generalizations to other settings; Miller’s subse-
quent work [26] verifies that Theorem 4.7 holds for all arithmetic lattices
(in the setting of Conjecture A), and utilizes this approach.

In order to produce arbitrarily long arithmetic progressions in £,(X),
we proceed in two steps.

Step 1. For a hyperbolic v € T, we use the fixed collection {n,, =
(599} € PGL(2,Q) to show that the set P(~) contains arbitrarily long
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arithmetic progressions; see (7) above. The hyperbolic elements are
given by 0., = 1,y =L see (6) and (8) above.

Step 2. We prove that when v € T is hyperbolic and absolutely primitive,
0., primitive for all m € N.

Step 1 breaks up into three sub-steps, starting first with the case when
m is prime and then proceeding to more intricate cases with respect to
the prime factorization of m. The Chinese Remainder theorem allows
us to reduce to the case of prime powers. In the case of prime powers,
the key fact in the production of arithmetic progressions is that the ker-
nel of the homomorphism PSL(2,Z/p'*1Z) — PSL(2,Z/p’Z) induced
by the ring homomorphism Z/p'*'Z — Z/p'Z is a p-group of expo-
nent p. Step 2 is relatively straightforward and highlights the relevance
of absolutely primitive, hyperbolic elements.

Proof of Theorem 4.8: For a € R, we define 1, = (} %) and note that
Na-1 = 15", Given y = (24) and m € N, we see that

4 {1 0\ {fa b\(1 0\ _ [(a m'b
TV = \o m)\ec d)\o m1) ™ \me d

and P(v,n,) = min{j € N:m | b;} where 47 = (a? Zj) Set

Cj

B, (Z/mZ) = {<‘c‘ 2) ta,c,d € Z/mZ} < PSL(2,Z/mZ).

We have the homomorphism 7, : I' = PSL(2,Z/mZ) given by reducing
the matrix coefficients modulo m and P(v,nm) is the smallest integer j
such that r,,,(77) € B (Z/mZ). Note that since v is hyperbolic, we have
both b,c # 0 and for all j > 1, b;,¢; # 0. Indeed, if this were not the
case, then some power 77 would have either the form (Z]’ doj ) or (%7 Zj_ ) .
Being an element of PSL(2,Z) forces a;,d; = £1 and thus v would be
virtually unipotent, which is impossible since «y is hyperbolic.

Step 1: Produce arithmetic progressions in P(vy) using 0, for m € N.
Step 1.1: m = p is prime.

As noted above, P(v,n,) is the smallest power j such that r,(v7) €
B (F,). We have

p—1)

~p(
) |BL(FP)| - 2

_plp—Dp+1)
[PSL (2,Fy)| = =

and so P(v,n,) <p+1.
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Step 1.2: m = p® is a prime power.

As noted above, P(7, n,) is the smallest j so that 7, (v/) € B(Z/p*Z).
We have the short exact sequence (see [2, Corollary 9.3], [8, Chapter 9],
or [20, Lemma 16.4.5])

9 1—V, — PSL(2,Z/p*Z) — PSL(2,Z/p"'Z) — 1
where V, = (F;;, +). We also have an exact sequence
1— W, — BL(Z/p*Z) — BL(Z/p"'Z) — 1

where W, = (Ff,, +). Since (F%,—i—) is an abelian group of exponent p
for any j > 0, we have

P(y,mpr) = p** Py, npe-1),

where s = 0,1. Thus, for

we see that P(vy,n,:) = p" P(v,1,), where P(v,n,) < p+ 1. We require
the following lemma.

Lemma 4.9. If 7 €PSL(2,Z) satisfies rx (1) €BL(Z/p*Z) for allkeN,
then 7 € BL(Z).

Proof: If 7 = (%) € PSL(2,2) is such that r,(7) € BL(Z/p"Z) for
all k, then b = 0. O

As v is hyperbolic, P(7y,n,») =ji is an unbounded sequence by Lem-
ma 4.9. Since jj is unbounded, there exists a subsequence n; such that
P(y,mpne) = p*P(y,m,), where t ranges over N. In particular, we have

{P(y,mp), PP (v, 1mp), D> P (7, 1p), ° P (7, 10p), - - - } € P().

Step 1.3: m = p{'py? ...plv is a product of primes to powers.

For distinct primes pq,...,p, and r1,...,7, € N, set

v
=]
u=1
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By the Chinese Remainder theorem, there are isomorphisms

PSL(2,Z/mZ) = H PSL(2,Z/p'Z),

(Z/mZ) = ﬁ L(Z/piZ).

Thus,
P(v,mm) = LCM{P(v, Nyrt )s ey Py, mpre )}

Since for each prime p;, the sequence P(, 7, ) is of the form pﬁ’cP(fy, Mp; )
we see that

P(y,1m) = (Hp )LCM{P(%%I),--~7P(%npv)}-

For
(10) Cyprpe = LOM{P (Y, 70p, ), - -5 P(7,70p, )}
we see that {Cy ,, . . 07" .. P b, >0 C P(7), where wy, ..., w, range

independently over all possible non-negative integers. From this fact,
it is now a simple matter to produce arithmetic progressions in P(7).
Let k € N and let py,...,py, to be all the prime divisors of the num-
bers {1,...,k}. Using these primes and setting Cj := C, 5, . the
discussion in the previous paragraph yields

{Ck, QCk, R ka} C {Ck .p11u1 .. p:f:k }wq‘,ZO C P('y)

Now, for each 1 < r < k, we have associated to the number Cir €
P(v) an element

csPuy )

O, = 0yt € PSL(2,Z).

The associated geodesic for 6., has length £(cg,, ) = Cprl(cy). In
particular, as r ranges over 1 < r < k, we have a k-term arithmetic pro-
gression involving an integral multiple of the length of v, where each of
these lengths arises as the length of some closed geodesic. This completes
the first step.

Step 2: Prove 0., is primitive when y is absolutely primitive and n €

PGL(2,Q).

To this end, let ne PGL(2, Q) and let j=P(vy,n) with 6, ,=nyin~".
By way of contradiction, assume there exists u € PSL(2,Z) with ,uj/ =
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6. . Diagonalizing via some D € PGL(2,R), we see that
D/’ D' = DO, D' = Dy 'D!

—1 = Y = s .
0 A, 0 A7 0 A

Since v is absolutely primitive, A, = /\AL{ for some L € N and so
Ay O Ao

DuD™! = ( o _1> = ( y —L> = Diy"n~ D™
0 A, 0 A7

Consequently, we have ny“n~! = € PSL(2,Z). As j is the smallest
power of v whose n-conjugate lands in PSL(2, Z), we conclude that L > j.
On the other hand, the fact that p/" = 0., immediately tells us that
j'L = j, which gives us L < j since j,L > 0. Hence L = j and j' = 1,
and so 0, is primitive. O

and

Since every non-compact, arithmetic, hyperbolic 2-orbifold is com-
mensurable with the modular surface (see [22, Theorem 8.2.7]), our work
above in tandem with Corollary 4.2 yields:

Corollary 4.10. If M is a non-compact, arithmetic, hyperbolic 2-orb-
ifold, then L,(M) contains arithmetic progressions.

Remark. The constant C., j, is given by (10), where the primes p; are all
the possible prime divisors of {1,...,k}. Since P(v,n,,) < p; +1, we see
that

Cyx = LCM{P(v,p) : pis prime, p< k} < [ (p+1).
p<k,
p prime
4.3. Proof of Theorem 1.5. Theorem 1.5 follows from Proposition 4.3
and the following result.

Corollary 4.11. FEvery primitive length for the modular surface occurs
in arithmetic progressions.

Proof: Let ¢/ = £/Dy be the length of the associated absolutely primi-
tive geodesic for the primitive length £. Set S = {Dy,2Dy,...,kD;} and
let Ps be the set of distinct prime factors for the elements of S. Us-
ing our construction above, we can find a constant Cp ¢ € N such that
{Cp sDenl'}r_ C £,(X). For that, note that we can simply replace S
with the larger set {1,...,kD;} to produce the desired progression us-
ing the length ¢ as in the proof of Theorem 4.8. Hence, we see that
Cg/’sDengl = Cgl)sné and so {Cg/,s’nﬁ} C EP(X) O
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4.4. Proof of Theorem 1.4. We begin with the following straightfor-
ward lemma.

Lemma 4.12. If M, N are a pair of non-positively curved orbifolds
and N — M is a locally isometric orbifold embedding, then we have an
induced inclusion L,(N) — L,(M).

The following is a direct consequence of Lemma 4.12 and Corol-
lary 4.10.

Corollary 4.13. Let M be a non-positively curved manifold. If M con-
tains an embedded, totally geodesic submanifold commensurable with the
modular surface, then L£,(M) has arithmetic progressions.

We also need the following consequence of the Jacobson-Morosov
lemma:

Lemma 4.14. If M is an irreducible, non-compact, locally symmetric,
arithmetic orbifold, then M contains a totally geodesic suborbifold that
18 commensurable with the modular surface.

Proof: The hypotheses on M imply that the orbifold fundamental group
m (M) = A is a lattice in a semisimple Lie group G and A is com-
mensurable with G(Z), where G is a Q-defined semisimple Lie group
isogenous to G (see also [27, 5.27]). As M is non-compact, A con-
tains a non-trivial unipotent element by Godement’s compactness cri-
terion [13] (see also [27, 5.26]). By Jacobson—Morosov lemma, G has
a Q-defined subgroup Gg that contains this non-trivial unipotent ele-
ment and is isogenous to SLy (see [18, Lemma 4]). The group Go(Z) =
GoNG(Z) is an arithmetic lattice in Go(R) by Borel-Harish-Chandra [3]
and is non-cocompact by Godement’s compactness criterion. The sub-
group Gg N A < A gives rise to a totally geodesic suborbifold that is
commensurable with the modular surface. O

Remark. In general, the group Gy is not the stabilizer under the action
of G of the totally geodesic hyperbolic plane associated to Gg in the
symmetric space associated to G. The full stabilizer Stabg, in G can
also have a compact factor. In particular, the group Stabg, NA contains
Gy N A as a finite index subgroup.

Proof of Theorem 1.4: In order to prove Theorem 1.4 with the above
results, we require one additional step as the above submanifold is not
necessarily embedded. The subgroup Gy N A gives rise to an immersed,
totally geodesic suborbifold of the locally symmetric orbifold associated
to A. This suborbifold is commensurable with the modular surface and so
by Corollary 4.2 contains arithmetic progressions. As GoNA is separable
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in A (see [25, Proposition 3.8] and the references therein), there exists
a finite index subgroup Ay < A such that Gy N A < Ay and the induced
isometric inclusion of the orbifold associated to Gg N A embeds in the
locally symmetric orbifold associated to Ag. By Lemma 4.12, the orbifold
associated to Ag has arithmetic progressions and by Proposition 4.1, the
orbifold associated to A has arithmetic progressions. O

4.5. Proof of Theorem 1.6. For a number field K/Q, we can consider
the groups PSL(2,Ok). If K has r; real places and ro complex places,
up to conjugation, then we define Xx = ((H?)™ x (H?)™2)/PSL(2, Ok).
The spaces Xk are non-compact, locally symmetric, arithmetic orb-
ifolds. When K is a real quadratic field, these orbifolds X are called
Hilbert modular surfaces. When K is an imaginary quadratic field, the
groups PSL(2,Ok) are called Bianchi groups and the associated orb-
ifolds Xk are non-compact, arithmetic, hyperbolic 3-orbifolds.

Corollary 4.11 holds for the non-compact, locally symmetric, arith-
metic orbifolds Xg. We again have a function

P: PSL(2,0k) x PGL(2, K) — N
given by
P(v,m) = min{j € N : nyin~! € PSL(2, Ok)}.

The general methods used for PSL(2,Z) can then be used in this setting
to prove the strong form that every primitive length arises in arbitrarily
long arithmetic progressions. Important here is that we still have the
exact sequence (9). To be explicit, taking a prime ideal p in O, we
have the exact sequence

1 — V, — PSL(2, Ok /p’*") — PSL(2, 0k /p?) — 1,

where (Vj,,+) is a 3-dimensional (O /p)-vector space; note (Vj,,+) has
exponent p where p is the characteristic of the finite field Ok /p. We
can also conjugate by elements of the form 7, for « € K*. Since every
non-compact, arithmetic orbifold modeled on ((H?)™ x (H?)"2) is com-
mensurable with X for some number field K with ry real places and
ro complex places, the above in tandem with Corollary 4.2 proves all of
these orbifolds satisfy the strong form for arithmetic progressions.

Corollary 4.15. If M is a non-compact, arithmetic orbifold modeled
on (H%)™ x (H?)™2), then every primitive length occurs in arithmetic
progressions.

When r; = 0 and 7o = 1, we obtain Theorem 1.6. When r; + 75 > 1,
the arithmeticity assumption is unnecessary by Margulis’ arithmeticity
theorem.
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5. Final remarks

5.1. Conjectural characterization of arithmeticity. In this article,
we have shown that for negatively curved metrics, despite the fact that
almost arithmetic progressions are abundant, genuine arithmetic pro-
gressions are rare. We have provided several examples of arithmetic neg-
atively curved (and non-positively curved) manifolds which have arith-
metic progressions. It is tempting to conjecture that all arithmetic man-
ifolds have arithmetic progressions. In fact, we have little doubt that this
holds. It is tempting to conjecture that the presence of arithmetic pro-
gressions in the primitive length spectrum can be used to characterize
arithmetic manifolds. However, one should be a bit careful. Using Corol-
lary 4.13, one can easily produce examples of non-arithmetic, negatively
curved manifolds whose length spectrum has arithmetic progressions.
Start with a high-dimensional hyperbolic manifold M which contains
a non-compact arithmetic hyperbolic surface as a totally geodesic sub-
manifold N; every non-compact, arithmetic hyperbolic n-manifold has
such a surface (see, for instance, Theorem 5.1 in [25] for a description
of the non-compact arithmetic lattices in Isom(H")). Pick an arbitrary
point p € M \ N, and slightly perturb the metric in a small enough
neighborhood of p. If the perturbation is small enough, the resulting
Riemannian manifold (M, g) will still be negatively curved, though no
longer hyperbolic. Since the perturbation is performed away from the
submanifold N, the latter will still be totally geodesic inside (M, g). So
Corollary 4.13 ensures that the resulting £,(M, ¢g) has arithmetic pro-
gressions, even though (M, g) is not arithmetic (in fact, not even locally
symmetric). One simple result of this discussion is the following:

Corollary 5.1. The set of metrics whose primitive length spectrum have
arithmetic progressions is not discrete.

Note that the non-arithmetic examples of Gromov—Piatetski-Shapi-
ro [16] are built by gluing together two arithmetic manifolds along a
common totally geodesic hypersurface. Being arithmetic, this hyper-
surface contains arithmetic progressions, and from our Lemma 4.12, the
hybrid non-arithmetic manifold would then also have arithmetic progres-
sions. Reid [32, Theorem 3] constructed infinitely many commensura-
bility classes of non-arithmetic hyperbolic 3-manifolds, which are hyper-
bolic knot complements in S® with a unique commensurability class of
immersed totally geodesic surfaces. All of these surfaces cover the modu-
lar surface and hence by Corollary 4.13, these non-arithmetic hyperbolic
3-manifolds have arithmetic progressions.

However, recall that our constructions actually show that the arith-
metic manifolds we consider satisfy a much stronger condition than just
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having arithmetic progressions. Namely, every primitive geodesic length
occurs in arithmetic progressions. The hybrid manifolds of Gromov—
Piatetski-Shapiro are unlikely to satisfy this much stronger condition, as
a generic primitive geodesic is unlikely to reside on an arithmetic sub-
manifold. Indeed recent work of Fisher-Lafont—Miller—Stover [11] shows
such n-manifolds contain only finitely many closed totally geodesic sub-
manifolds of dimension 2 < k < n — 1 that are maximal (in terms of
containment). In particular, it is unclear where one might find infin-
itely many primitive geodesics that have the same length (up to rational
multiples) as our given primitive geodesic.

Conjecture A. Let (M,g) be a closed or finite volume, complete Rie-
mannian manifold. If L,(M,g) has every primitive length occurring in
arithmetic progressions (in the sense of Subsection 4.3), then (M,g) is
arithmetic.

A much weaker version of Conjecture A, where we restrict the topo-
logical type of the manifold M, would already be of considerable interest:

Conjecture B. Let M be a closed manifold that admits a locally sym-
metric metric, and assume that the universal cover of M has no compact
factors and M is irreducible. Given a metric (M, g) on M, assume that
L,(M, g) has every primitive length occurring in arithmetic progressions
(in the sense of Subsection 4.3). Then g is a locally symmetric metric,
and is arithmetic.

At present, it is still an open problem as to whether higher rank,
locally symmetric manifolds (M, gsym) are determined in the space of
Riemannian metrics by their primitive length spectrum. The local ver-
sion of this type of rigidity is often referred to as spectral isolation. The
spectral isolation of symmetric or locally symmetric metrics seems to be
a folklore conjecture that has been around for some time; see [14] for
some recent work and history on this problem. Conjecture B implies
the stronger global spectral rigidity conjecture immediately for locally
symmetric metrics; one might say the locally symmetric metric is spec-
trally isolated globally in that case. Our last conjecture is weaker than
Conjectures A and B.

Conjecture C. Let M be a closed manifold that admits a negatively
curved metric and let M(M) denote the space of negatively curved met-
rics with the Lipschitz topology. Consider the metrics with the property
that £,(M,g) has every primitive length occurring in arithmetic pro-
gressions (in the sense of Subsection 4.3). Then the set of such metrics
forms a discrete (or even better, finite) subset of M(M).
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We do not know whether Conjecture C holds when M is a closed
surface of genus at least two. Higher genus closed surfaces are a test
case for this conjecture.

5.2. Other proposed characterizations of arithmeticity. Sar-
nak [36] proposed a characterization for arithmetic surfaces that is also
of a geometric nature. For a Fuchsian group I' < PSL(2, R), set Tr(I") =
{|Tr (7)| : v € T'}. A Fuchsian group satisfies the bounded clustering
property if there exists a constant Cr such that, for all integers n, we have
T (T) N [n,n+1]| < Cp. It was verified by Luo—Sarnak [21] that arith-
metic surfaces satisfy the bounded clustering property. Schmutz [37]
proposed a characterization of arithmeticity based on the function F(z) =
|Tr (T') N [0, z]|. Specifically, I' is arithmetic if and only if F'(z) grows at
most linearly in . Geninska—Leuzinger [12] verified Sarnak’s conjecture
in the case where I' contains a non-trivial parabolic isometry. In [12],
they also point out a gap in [37] that verified the linear growth character-
ization for lattices with a non-trivial parabolic isometry. At present, this
verification seems to still be open. These characterizations of arithmetic-
ity are based on the fact that arithmetic manifolds have unusually high
multiplicities in the primitive geodesic length spectrum, a phenomenon
first observed by Selberg. One explanation for the high multiplicities
can be seen from our proof that arithmetic, non-compact surfaces have
arithmetic progressions. Specifically, from one primitive length ¢, via the
commensurator, we can produce infinitely many primitive lengths of the
form (%)E, where m ranges over an infinite set of integers and d ranges
over a finite set of integers. When £ is the associated length of an abso-
lutely primitive element, we obtain lengths of the form m¢ as m ranges
over an infinite set of integers. Given the freedom on the production of
these lengths, it is impossible to imagine that huge multiplicities will not
arise. Other characterizations of arithmeticity given by Cooper—Long—
Reid [6] (see also Reid [34]) and Farb—Weinberger [10] exploit the abun-
dant presence of symmetries, and thus are still in the realm of Margulis’
characterization via commensurators. Reid [33], Chinburg-Hamilton—
Long—Reid [4], and Prasad—Rapinchuk [30] also recover arithmeticity
using spectral invariants, and so we feel our proposed characterization
sits somewhere between the commensurator and spectral sides.

References

[1] R. ABRAHAM, Bumpy metrics, in: “Global Analysis” (Proc. Sympos. Pure
Math. XIV, Berkeley, Calif., 1968), Amer. Math. Soc., Providence, R.I., 1970,
pp. 1-3.



216

2]
(3]

(4]

(5]

(6]

[7]

(8]

(9]

(10]
(11]
(12]
(13]

(14]

(15]

(16]

(17]

(18]

(19]

20]

J.-F. LAronT, D. B. MCREYNOLDS

H. Bass, “Algebraic K-Theory”, W. A. Benjamin, Inc., New York-Amsterdam,
1968.

A. BOREL AND HARISH-CHANDRA, Arithmetic subgroups of algebraic groups,
Ann. of Math. (2) 75(3) (1962), 485-535. DOI: 10.2307/1970210.

T. CHINBURG, E. Hamitton, D. D. LonG, AND A. W. REID, Geodesics and
commensurability classes of arithmetic hyperbolic 3-manifolds, Duke Math. J.
145(1) (2008), 25-44. DOI: 10.1215/00127094-2008-045.

D. CONSTANTINE, J.-F. LAFONT, AND D. J. THOMPSON, The weak specification
property for geodesic flows on CAT(—1) spaces, Groups Geom. Dyn. (to appear).
arXiv:1606.06253.

D. CooPER, D. D. LonG, AND A. W. REID, On the virtual Betti numbers of
arithmetic hyperbolic 3-manifolds, Geom. Topol. 11 (2007), 2265—2276. DOI:
10.2140/gt.2007.11.2265.

A. DEITMAR, A prime geodesic theorem for higher rank spaces, Geom. Funct.
Anal. 14(6) (2004), 1238-1266. DOI: 10.1007/s00039-004-0490-7.

J. D. DixoN, M. P. F. bu SAuTOY, A. MANN, AND D. SEGAL, “Analytic Pro-
p Groups”, Second edition, Cambridge Studies in Advanced Mathematics 61,
Cambridge University Press, Cambridge, 1999. D0I: 10.1017/CB09780511470882.
P. EBERLEIN, When is a geodesic flow of Anosov type? I, II, J. Differential
Geometry 8(3) (1973), 437-463. DOI: 10.4310/jdg/1214431801; 8(4) (1973),
565-577. DOI: 10.4310/jdg/1214431959.

B. FARB AND S. WEINBERGER, Isometries, rigidity and universal covers, Ann. of
Math. (2) 168(3) (2008), 915-940. DOI: 10.4007/annals.2008.168.915.

D. FISHER, J.-F. LAFONT, N. MILLER, AND M. STOVER, Finiteness of maximal
geodesic submanifolds in hyperbolic hybrids, Preprint (2018). arXiv:1802.04619.
S. GENINSKA AND E. LEUZINGER, A geometric characterization of arithmetic
Fuchsian groups, Duke Math. J. 142(1) (2008), 111-125.

R. GODEMENT, Domaines fondamentaux des groupes arithmétiques, in: “Sémi-
naire Bourbaki, Vol. 8”, Soc. Math. France, Paris, 1995, Exp. No. 257, 201-225.
C. S. GORDON, D. SCHUETH, AND C. J. SUTTON, Spectral isolation of bi-invariant
metrics on compact Lie groups, Ann. Inst. Fourier (Grenoble) 60(5) (2010),
1617-1628. DOI: 10.5802/aif .2567.

R. L. GRAHAM AND B. L. ROTHSCHILD, A short proof of van der Waerden’s theo-
rem on arithmetic progressions, Proc. Amer. Math. Soc. 42(2) (1974), 385-386.
DOI: 10.2307/2039512.

M. GROMOV AND I. PIATETSKI-SHAPIRO, Nonarithmetic groups in Lobachevsky
spaces, Inst. Hautes Etudes Sci. Publ. Math. 66 (1988), 93-103.

H. HUBER, Zur analytischen Theorie hyperbolischer Raumformen und Be-
wegungsgruppen. II, Math. Ann. 143(5) (1961), 463-464. DOI: 10.1007/
BF01470758.

N. JAcoBSON, Completely reducible Lie algebras of linear transformations, Proc.
Amer. Math. Soc. 2 (1951), 105-113. DOI: 10.2307/2032629.

A. KATOK AND B. HASSELBLATT, “Introduction to the Modern Theory of Dy-
namical Systems”, With a supplementary chapter by Katok and L. Mendoza,
Encyclopedia of Mathematics and its Applications 54, Cambridge University
Press, Cambridge, 1995. DOI: 10.1017/CB09780511809187.

A. LUBOTZKY AND D. SEGAL, “Subgroup Growth”, Progress in Mathematics 212,
Birkhauser Verlag, Basel, 2003. DOI: 10.1007/978-3-0348-8965-0.


http://dx.doi.org/10.2307/1970210
http://dx.doi.org/10.1215/00127094-2008-045
https://arxiv.org/abs/1606.06253
http://dx.doi.org/10.2140/gt.2007.11.2265
http://dx.doi.org/10.1007/s00039-004-0490-7
http://dx.doi.org/10.1017/CBO9780511470882
http://dx.doi.org/10.4310/jdg/1214431801
http://dx.doi.org/10.4310/jdg/1214431959
http://dx.doi.org/10.4007/annals.2008.168.915
https://arxiv.org/abs/1802.04619
http://dx.doi.org/10.5802/aif.2567
http://dx.doi.org/10.2307/2039512
https://doi.org/10.1007/BF01470758
https://doi.org/10.1007/BF01470758
http://dx.doi.org/10.2307/2032629
http://dx.doi.org/10.1017/CBO9780511809187
http://dx.doi.org/10.1007/978-3-0348-8965-0

(21]

(22]

23]

(24]

25]

[26]

27]
(28]

29]

(30]

(31]
(32]

(33]

(34]

(35]
(36]
(37]
(38]
(39]

[40]

PRIMITIVE GEODESIC LENGTHS AND (ALMOST) ARITHMETIC PROGRESSIONS 217

W. Luo AND P. SARNAK, Number variance for arithmetic hyperbolic surfaces,
Comm. Math. Phys. 161(2) (1994), 419-432.

C. MACLACHLAN AND A. W. REID, “The Arithmetic of Hyperbolic 3-Manifolds”,
Graduate Texts in Mathematics 219, Springer-Verlag, New York, 2003. DOI:
10.1007/978-1-4757-6720-9.

D. A. Marcus, “Number Fields”, Universitext, Springer-Verlag, New York-
Heidelberg, 1977. DOI: 10.1007/978-1-4684-9356-6.

G. A. MARGULIS, Applications of ergodic theory to the investigation of mani-
folds of negative curvature, (Russian), Funkcional. Anal. i PriloZen 3(4) (1969),
89-90; English translation: Functional Anal. Appl. 3(4) (1969), 335-336. DOI:
10.1007/BF01076325.

D. B. McCREYNOLDS, Peripheral separability and cusps of arithmetic hyperbolic
orbifolds, Algebr. Geom. Topol. 4 (2004), 721-755. DOI: 10.2140/agt.2004.4.
721.

N. MILLER, Arithmetic progressions in the primitive length spectrum, Preprint
(2016). arXiv:1602.01869.

D. W. MoRRIS, “Introduction to Arithmetic Groups”, Deductive Press, 2015.
R. PERLIS, On the equation Cx(s) = (k- (s), J. Number Theory 9(3) (1977),
342-360. DOI: 10.1016/0022-314X(77)90070-1.

M. PorrLicoTT AND R. SHARP, Exponential error terms for growth functions
on negatively curved surfaces, Amer. J. Math. 120(5) (1998), 1019-1042. DOI:
10.1353/ajm.1998.0041.

G. PrAsAD AND A. S. RAPINCHUK, Weakly commensurable arithmetic groups
and isospectral locally symmetric spaces, Publ. Math. Inst. Hautes Etudes Sci.
109(1) (2009), 113-184. DOI: 10.1007/510240-009-0019-6.

M. S. RAGHUNATHAN, “Discrete Subgroups of Lie Groups”, Ergebnisse der Math-
ematik und ihrer Grenzgebiete 68, Springer-Verlag, New York-Heidelberg, 1972.
A. W. REID, Totally geodesic surfaces in hyperbolic 3-manifolds, Proc. Edinburgh
Math. Soc. (2) 34(1) (1991), 77-88. DOI: 10.1017/80013091500005010.

A. W. REID, Isospectrality and commensurability of arithmetic hyperbolic 2-
and 3-manifolds, Duke Math. J. 65(2) (1992), 215-228. DOI: 10.1215/S0012-
7094-92-06508-2.

A. W. REID, The geometry and topology of arithmetic hyperbolic 3-manifolds,
in: “Topology, Complex Analysis and Arithmetic of Hyperbolic Spaces”, RIMS
Kokytroku 1571, RIMS Kyoto University, Kyoto, 2007, pp. 31-58.

P. C. SARNAK, Prime geodesic theorems, Thesis (Ph.D.), Stanford University
(1980).

P. C. SARNAK, Arithmetic quantum chaos, in: “The Schur Lectures (1992)”,
Israel Math. Conf. Proc. 8, Bar-Ilan Univ., Ramat Gan, 1995, pp. 183-236.

P. ScamuTz, Arithmetic groups and the length spectrum of Riemann surfaces,
Duke Math. J. 84(1) (1996), 199-215. DOI: 10.1215/S0012-7094-96-08407-0.
K. SOUNDARARAJAN AND M. P. YOUNG, The prime geodesic theorem, J. Reine
Angew. Math. 676 (2013), 105-120. DOI: 10.1515/crelle.2012.002.

J. STOPPLE, A reciprocity law for prime geodesics, J. Number Theory 29(2)
(1988), 224-230. DOI: 10.1016/0022-314X(88)90101-1.

T. SUNADA, Riemannian coverings and isospectral manifolds, Ann. of Math. (2)
121(1) (1985), 169-186. DOI: 10.2307/1971195.


http://dx.doi.org/10.1007/978-1-4757-6720-9
http://dx.doi.org/10.1007/978-1-4684-9356-6
http://dx.doi.org/10.1007/BF01076325
https://doi.org/10.2140/agt.2004.4.721
https://doi.org/10.2140/agt.2004.4.721
https://arxiv.org/abs/1602.01869
http://dx.doi.org/10.1016/0022-314X(77)90070-1
http://dx.doi.org/10.1353/ajm.1998.0041
http://dx.doi.org/10.1007/s10240-009-0019-6
http://dx.doi.org/10.1017/S0013091500005010
https://doi.org/10.1215/S0012-7094-92-06508-2
https://doi.org/10.1215/S0012-7094-92-06508-2
http://dx.doi.org/10.1215/S0012-7094-96-08407-0
http://dx.doi.org/10.1515/crelle.2012.002
http://dx.doi.org/10.1016/0022-314X(88)90101-1
http://dx.doi.org/10.2307/1971195

218 J.-F. LAronT, D. B. MCREYNOLDS

[41] T. SunaDA, Number theoretic analogues in spectral geometry, in: “Differen-
tial Geometry and Differential Fquations” (Shanghai, 1985), Lecture Notes in
Math. 1255, Springer, Berlin, 1987, pp. 96-108. DOI: 10.1007/BFb0077685.

[42] E. SzEMEREDI, On sets of integers containing no k elements in arithmetic pro-
gression, Collection of articles in memory of Jurii Vladimirovi¢ Linnik, Acta
Arith. 27 (1975), 199-245. DOI: 10.4064/aa-27-1-199-245.

[43] B. L. vAN DER WAERDEN, Beweis einer Baudetschen Vermutung, Nieuw. Arch.
Wisk. (2) 15 (1927), 212-216.

J.-F. Lafont
The Ohio State University, Columbus, OH
E-mail address: jlafont@math.ohio-state.edu

D. B. McReynolds
Purdue University, West Lafayette, IN
E-mail address: dmcreyno@math.purdue.edu

Primera versié rebuda el 7 d’abril de 2017,

darrera versié rebuda el 18 de maig de 2018.


http://dx.doi.org/10.1007/BFb0077685
http://dx.doi.org/10.4064/aa-27-1-199-245

	1. Introduction
	1.1. Arithmetic progressions
	1.2. Almost arithmetic progressions
	1.3. Arithmetic manifolds and progressions
	Acknowledgements

	2. Arithmetic progressions are non-generic
	2.1. Perturbing to kill a single arithmetic progression
	2.2. Perturbations with no arithmetic progressions

	3. Almost arithmetic progressions are generic
	3.1. Almost arithmetic progression - the dynamical argument
	3.2. Almost arithmetic progression - the density argument

	4. Arithmetic orbifolds
	4.1. Commensurability invariance
	4.2. The modular surface has arithmetic progressions
	4.3. Proof of Theorem 1.5
	4.4. Proof of Theorem 1.4
	4.5. Proof of Theorem 1.6

	5. Final remarks
	5.1. Conjectural characterization of arithmeticity
	5.2. Other proposed characterizations of arithmeticity

	References

