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On the Lebesgue component of semiclassical measures
for abelian quantum actions

Gabriel Riviere and Lasse L. Wolf

Abstract. For a large class of symplectic integer matrices, the action on the torus extends to
a symplectic Z” -action with r > 2. We apply this to the study of semiclassical measures for
joint eigenfunctions of the quantization of the symplectic matrices of the Z”-action. In the
irreducible setting, we prove that the resulting probability measures are convex combinations
of the Lebesgue measure with weight > 1/2 and a zero entropy measure. We also provide a
general theorem in the reducible case showing that the Lebesgue components along isotropic
and symplectic invariant subtori must have total weight > 1/2.

1. Introduction

The quantum ergodicity theorem is a classical result in mathematical quantum chaos
describing the equidistribution properties of stationary quantum states in the semi-
classical limit [11,47,49]. More precisely, given an orthonormal basis of Laplace
eigenfunctions on a compact Riemannian manifold with ergodic geodesic flow, it
states that most of the eigenfunctions become equidistributed in phase space in the
large eigenvalue limit. In [43], Rudnick and Sarnak conjectured that, on compact neg-
atively curved manifolds, a/l (and not only most) eigenfunctions must equidistribute
in configuration space. Over the last twenty years, this conjecture led to many devel-
opments, and we refer to [, 14] for recent reviews with many details and references
on these results.

One way to get insights into this conjecture is to consider a basis of eigenfunctions
having extra symmetries as in the seminal work [43]. Indeed, if there is an (or a family
of) operator(s) commuting with the Laplacian, one can consider joint orthonormal
basis of eigenfunctions and expect that the resulting basis has better equidistribution
properties. In certain arithmetic cases, one can, for instance, show equidistribution of
all eigenfunctions which are also eigenfunctions of the Hecke operators [7,10,34,46].
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Without the Hecke symmetry, Anantharaman and Silberman considered this prob-
lem on general compact locally symmetric spaces [3]. In that case, they proved entropic
bounds for (accumulation points of) joint eigenfunctions of the entire algebra of
translation-invariant differential operators. From this result, they deduced that, on
compact quotients of SL(3,R), joint eigenfunctions have a Haar component of weight
> 1/4 (thus, exhibit some equidistribution) and they also extended this property to
certain compact quotients of SL(n, R) for n > 4 (with a weight in (0, 1/2] depend-
ing on the situation). Motivated by the recent developments on the support proper-
ties of semiclassical measures for higher-dimensional quantum maps by Dyatlov—
Jézéquel [15] and Kim [27], the goal of this article is to show how the results from [3]
can be extended in the setting of unitary matrices quantizing symplectic linear maps
of the torus T?2¢ := R24 /724,

1.1. Quantum maps

Linear symplectic automorphisms Sp(2d, Z) of the torus T24 provide a family of
classical dynamical systems for which the above questions can be raised in a simple
functional framework. The quantization of these classical systems in view of under-
standing questions from quantum chaos was introduced for d = 1 by Hannay and
Berry in [24]. Namely, given any N € N, one can define a natural Hilbert space'
Hn =~ 02((Z/2NZ)?) respecting the periodic structure of the torus and on which
the metaplectic representation Mx(A) of A € Sp(2d, Z) acts unitarly. See Section 2
for a brief reminder or [15, Section 2] for a detailed construction. Given a sequence
(Vi )k>1 of normalized states in J, with Ny — oo, one can define their Wigner
distributions by

Wy 2 a € €(T>?) 1> (O x )1 (@ Vi, Vi) e, -

where Op;’(a) is the Weyl quantization of a. Any accumulation point (as k — 00) of
this sequence of distributions defines a probability measure on T24 and the resulting
measures are referred to as the semiclassical measures of the sequence (Vi )r>1. We
denote this set by & ((¥x)x>1). If we suppose in addition that the sequence is made
of eigenvectors of My, (A), then the limit measures are invariant under A. Again, we
refer to Section 2 below or to [15, Section 2] for more details.

The analog of the quantum ergodicity theorem holds true for this model [8]. More
precisely, if, for every N > 1, we are given an orthonormal basis (WJN)lS j<@Nyd of
eigenfunctions of My(A), then most of the corresponding Wigner distributions con-
verge to the Lebesgue measure on T24 as soon as this measure is ergodic’ for A.

'Note that even values appear in view of the first remark of Section 2.1.
2This is equivalent to 4 not having roots of unity as eigenvalues.
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1.2. Main results

We need to introduce a few conventions in order to state our main results. First, given
A € Sp(2d, Z), one can associate its characteristic polynomial and we will assume
irreducibility over Q for our first result. We define for A € Sp(2d, R) the integers

m(A) = %#(O(A) NR) and [(4) = %#(G(A) N(C\ (RUSY)),

where 0(A) = {11,..., Ay4} is the spectrum of A and where eigenvalues are counted
with their multiplicity. Our first result reads as follows.

Theorem 1.1. Let d > 2 and A € Sp(2d, Z) with irreducible characteristic poly-
nomial over QQ such that no ratio of eigenvalues i—;, i # J, is a root of unity. Fur-
thermore, assume m(A) + [(A) > 2. Then, there exists an abelian subgroup A <
Sp(2d, Z) of rank m(A) + I(A) containing A. Moreover, for every € > 0, one can

find B, € A such that
VN> 1, MnN(Be)Mn(A) = MN(A)Mn(Be).
and such that, for any sequence (Vi )x>1 satisfying
Vi =1, Mx (A = P Dy My, (Boyyr = eP Oy, [yl =1,
one has that, for every u € P((Vi)k>1),
n = oLebras +(1 —a)v

with |
o> - —g,
2

and hxs(v, B) = 0 forany B € (A, B.) < Sp(2d, Z).

Here, hgs(v, B) is the Kolmogorov—Sinai entropy of the measure v with respect
to B [48, Chapter 4]. It is a nonnegative number which measures how much of the
complexity of B is captured by v. For instance, if v is supported on a closed orbit,
then the entropy vanishes while it is maximal for the Lebesgue measure.

The assumption of irreducibility and that no ratio of eigenvalues is a root of unity
can be captured by the Galois group of the characteristic polynomial. In fact, this is
equivalent to having y 4« irreducible for all k& € N. It turns out that these are generic
among symplectic matrices [27] and we will explain how to construct explicitly matri-
ces with this property and the additional assumption m(A4) + [(A) > 2 (see Section 5).
This assumption on the eigenvalues is made to ensure the existence of an abelian
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subgroup A < Sp(2d, Z) of rank m(A) + [(A) containing A in the first part of The-
orem 1.1 and the matrix B, will be picked in a convenient way inside this subgroup.
In fact, we can choose A in such a way that

VBi,By e A, YN>1, Mn(B1)Mn(B2) = Mn(B2)Mn(B1),

and we could also consider joint eigenfunctions for all MN(B), B € A. In that case,
our arguments will show that @ > 1/2 (see Theorem 4.14). In particular, if m(A) +
[(A) = 2, we can pick ¢ = 0 in Theorem 1.1. For m(A) + [(A) > 2, if we pick an
arbitrary matrix B in A \ (A) rather than B,, we will only get a lower bound o >
c(A, B) > 0 on the Lebesgue component with c(A4, B) depending on the Lyapunov
exponents of A and B.

When v is only an eigenfunction of My, (A4), Kim recently proved that, under
the same irreducibility condition and the assumption that m(A4) 4 [(A) > 1, any limit
measure & € P ((Vk)k>1) has full support [27]. See also [15,44] for earlier contri-
butions of Schwartz when d = 1 and of Dyatlov and Jézéquel under more restrictive
assumptions than in [27] when d > 1. Theorem 1.1 shows that under one extra sym-
metry, there is a Lebesgue component with almost 1/2 weight. Kurlberg, Ostafe,
Rudnick, and Shparlinski also proved that, for a density 1 of integers (Ng)x>1, one
must have o« = 1 in Theorem 1.1 under some related assumptions on the matrix
A [31]. Here, we do not make any assumption on the sequence of integers N at the
expense of considering joint eigenfunctions and of having only o > 1/2 — o(1). Ear-
lier works of the first author also show that any element € & ((Y¥x)x>1) has positive
entropy without any restriction on A or on the sequence of integers (Ng)x>1 [40].
This quantitative statement will in fact be one of the key ingredients of our proof. See
also [2,6,9, 19,20, 23] for earlier related results.

In Section 1.3, we will also discuss in more details results by Kelmer for joint
eigenmodes of the Hecke operators [26]. Roughly speaking, he picked joint eigen-
states for all the generators of the Hecke group of A while we are using only two
elements in this group. Let us just mention at this point that, under the assumption
of Theorem 1.1, he proved that such joint arithmetic eigenmodes yield « = 1 in the
above statement. This property is referred to as arithmetic quantum unique ergodic-
ity for quantum maps. He also showed that if A has an invariant isotropic subspace,
then such a property fails even for the Hecke eigenmodes. For instance, when A is
of the form Diag(A, (A~1)T) with A € GL(d, Z), then one can construct a sequence
of eigenmodes whose limit measure is of the form Lebya ®5(1)1‘ ¢ [22, Appendix B].
Motivated by this example, we can state a second application of the dynamical meth-
ods used in our work.

Theorem 1.2. Let d > 3 and A € GL(d, Z) with irreducible characteristic polyno-
mial. Suppose also that m(A) + [(A) > 3 and that no ratio of the eigenvalues of
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A= Dlag(A (AT e Sp(2d, Z) is a root of unity. Then, for every & > 0, one can
find By € GL(d, Z) commuting with A such that, letting B, = Diag(Bs, (B N, one
has

VN =1, Mn(B:)Mn(A) = Mn(A)Mn(Be).

and such that, for any sequence (Vx)k>1 satisfying
Vi =1, Mx (A = P Dy Mx, (Bo)yr = POy, [yl =1,
one has that, for every u € P((Vi)k>1),

n = o Lebyas +a1v1 @ Lebpa +o Lebpa ®va + (1 —a —op — 02)vg

with
2004+ +oy > 1—e,

and hgs(v1, B1) = hgs(v2, Ba) = hs(vo, B) = 0 for any By € (A, Be) < GL(d, Z),
B, € (AT, BT) < GL(d.Z) and B € (A, B;) < Sp(2d. 7).

When A is a general element in Sp(2d, Z) such that no ratio of eigenvalues is a
root of unity, our method still allows us to prove some similar regularity statement and
we refer to Theorem 4.14 for a precise formulation of our general and main regularity
result. Roughly speaking, it will state that any semiclassical measure can be decom-
posed as a sum of a zero entropy measure with weight < 1/2 and a measure whose
projection along invariant isotropic and symplectic subtori is the Lebesgue measure.
Under the present form, Theorem 1.2 already illustrates the kind of regularity property
one can expect in a simplified setting. In particular, observe that if « = 0 (i.e., the mea-
sure i has no Lebesgue component), then the zero entropy part v of the measure has
weight at most e. Again, if we consider joint eigenmodes for the full quantum action,
we can pick € = 0 (see Theorem 4.14). Finally, the examples from [26, Theorem 1]
ensure the existence of semiclassical measures with o = 0.

1.3. Comparison with Hecke operators for quantum maps

Looking at joint eigenmodes associated with two commuting symplectic matrices is
related to the notion of Hecke operators for quantum maps as it was introduced by
Kurlberg and Rudnick in [32] for d = 1. This concept was extended to the case
d > 1 by Kelmer [26] and, using the conventions from this reference, we briefly
review this construction for the sake of comparison. For simplicity, we suppose that
A is irreducible and we refer to [26] for the general separable case. The ring D :=
Z[X]/(xa), where x4 is the characteristic polynomial of A4, can be naturally embed-
ded in M(2d, Z) by letting ¢ : p — p(A). Recall that, if B € GL(2d, Z) commutes
with A, then B is a rational polynomial in A (see, e.g., Lemma 4.4). Given p € D, one
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can define p* in such a way that ((p*) = p(4~!). Recall from [26, Corollary 2.2]
that ((p) € Sp(2d, Z) if and only if the “norm” N (p) := pp* is equal to 1. In
Theorem 1.1, the matrix B, is picked inside a fixed abelian subgroup A depending
only on A and having rank m(A) + [(A) > 2. With the above conventions, one has
(A, Bs) < A <KerN.

According to [26, Section 1.1.3], Mn(B) depends only B modulo 4N. Hence, one
can introduce the map ty : D/4ND — M(2d, Z /4NZ) and the corresponding norm
M :D/AND > p > pp* € D/AND. The Hecke group C4(N) is then defined as a cer-
tain finite index subgroup of (x(Ker Vy) with the index being bounded independently
of N. See [26, Section 2] for more details. Kelmer then considered joint eigenfunc-
tions for all the Mn(B) with B lying in the Hecke group. Thanks to [26, Lemma 2.7],
the number of elements in C4(N) is bounded from below by ceN?~¢ and from above
by CN4%€ and the lower bound plays an instrumental role in his proof of arithmetic
quantum unique ergodicity. See, for instance, Propositions 3.6 and 3.7 in this refer-
ence.

In Theorem 1.1, the number of (implicitly) involved unitary matrices Mn(B) is
given by flin({A4, Be¢)), and one has

IN({A, Be)) < in(A) < in(Ker N) < in(Ker M).

Hence, there are at most @(N¢1€) unitary matrices in that subgroup. However, the
cardinality could be a priori much smaller in general and it is not clear if we could
derive a good lower bound on this cardinality (that would allow to apply the arith-
metic methods from [26]) without further assumptions. Equivalently, we are picking
only one (good) element B, mod 4N in the Hecke group (on top of A mod 4N) and
there is a priori no reason that these two elements generate’ enough elements to apply
the arithmetic averaging arguments from [26, Section 3]. Despite that, Theorem 1.1
shows that one can already derive some equidistribution properties with only requir-
ing to be a joint eigenmodes for 2 elements. Moreover, the dynamical argument we
develop allows to deal with more general symplectic matrices as in Theorem 1.2 (see
also Theorem 4.14). Finally, we refer to [39] for numerics on the order of symplectic
matrices modulo N when d = 2 and to [31] for lower bounds on this order along
typical sequences of integers.

1.4. Organization of the article

In Section 2, we briefly review the construction of semiclassical measures for sym-
plectic linear automorphisms of the torus following [15] and we recall what is known

3Recall, for instance, that, for d = 1, there exist subsequences of integers (Nx)x>1 for
which the number of elements generated by A is of order log Ni [33].
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on the entropy of semiclassical measures in that setting. Then, in Section 3, we
describe the centralizer of matrices in Sp(2d, Z). We gather these elements with
rigidity results of Einsiedler and Lindenstrauss in Section 4 in order to derive the
main theorem of this article, namely, Theorem 4.14. Section 5 discusses the gener-
icity of the assumption made on the matrix A in Theorem 1.1 and provides concrete
examples of such matrices. Finally, Appendix A is a brief reminder on the metaplectic
representation behind the construction of Mx(A).

2. Semiclassical measures for abelian actions

In this section, we briefly review the quantization procedure used to look at the quan-
tum counterpart of a symplectic linear map acting on T24, We closely follow the
conventions from [15] to which we refer for more details. We also recall the entropic
results from [40] that will be used in the subsequent sections.

Remark. Compared with [15], the semiclassical parameter N lies here in N due to
the fact that we deal with higher-rank actions while [15] allows for the more general
case where N € %N. Yet, as they picked the convention N € N (and not N € %N)
there is a factor 2 that differs from their convention in this brief exposition part.

2.1. Quantum mechanics on T 24
Let N > 1 be a positive integer. One can set
Hn = {u € S'(R?) : Upyu = uforallw = (¢, p) € sz},
where
Vu € S(RY), Uy pu(x) = e*™N&P) f(x —g).

One can verify that this defines a finite-dimensional space of dimension (2N)¢ and
this space is naturally endowed with a Hilbert structure. See [15, Lemma 2.5] for more
details on this construction.

Remark. We note that the general construction of these Hilbert spaces also involves
a Floquet parameter # € T2¢ (which is fixed depending on 4 and N) and that it can
be carried out for N € %N. Here, as we aim at dealing with quantum actions, we fix
0 = 0 and N € N so that the quantization conditions [15, equation (2.57)] on (8, N)
required to quantize a symplectic matrix are satisfied for any A.

Recall that a matrix B in M(2d, R) is said to be symplectic if BT JB = J, where

[ 0 1dg
J'_<—Idd o)’
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where Id; is the d x d identity matrix. The subgroup of symplectic matrices is
denoted by Sp(2d, R). To any symplectic matrix B on R, one can associate its
metaplectic representation My (B) of parameter N > 0 which acts naturally on 8’ (R¢)
and which verifies, for every A; and A4, in Sp(2d, R),

My(A1Az) = £MN(A1)MN(A2) (D

(see [21, Chapter 4]). Note that this representation is projective, in the sense that it
is defined up to a complex number of modulus 1. Yet, as explained in [21, Theo-
rem 4.37], this number can be chosen so that (1) holds true. See also Appendix A for
a brief reminder.

When N is a positive integer and when A € Sp(2d,Z) = Sp(2d,R) N GL(2d,Z),
one can look at the action of these matrices on the spaces #x defined above and verify
that

MN(A) @ Hn — Hn.

See [15, Section 2.2.4] for more details. Similarly, one has that

Va € €(T?>?), Opf, -1(a) : Jx — i,

where Op;(a) is the Weyl quantization of the symbol a on R24 [50, Chapter 4]. In
order to emphasize the fact that one works with the restriction, we can set

Opn(a) = Op'(‘jml\l)_1 (a)|J€N.
A key property of this quantization procedure is the so-called Egorov property

Mn(A)~! Opy(a)Mn(A) = Opy(a o A). (2)

2.2. Semiclassical measures

With these tools at hand and given { € Jx which is normalized, one can define the
so-called Wigner distribution of y:

Wy :a € €°(T*?) > (Opx(@)¥, ¥).
From the Calderén—Vaillancourt theorem on R? [50, Chapter 5] combined with [15,
equation (2.45)], one has
_lof
10pN@ 2oy < Ca Y N72 [[0%leo.
le|<Ng

where Cy, N; > 0 are constants depending only on the dimension. Hence, given a
sequence
Vi € Hng. Vllses, =1, lim Ng = oo, 3)
k—o00
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the sequence (Wy, )x>1 defines a bounded sequence in O'(T 2dy and we denote by
P (V) k—o0) the corresponding set of accumulation points as k — oo. Thanks to the
Garding inequality [15, equation (2.48)], any accumulation point is in fact a probabil-
ity measure on T24 . If we suppose that, in addition to (3), the sequence ;. verifies

My, ()Y = ePry  for some By € R, 4)

then any measure i in P ((Vx)r—oo) Verifies Axp = w thanks to the Egorov prop-
erty (2).
The set of semiclassical measures for A € Sp(2d, Z) is then defined as

Pic(A) = {i 1 3(Wr)x= verifying (3) and (4) such that 1t € P ((Vi)k—oo)-

This defines a subset of the convex and compact” set #(A4) made of A-invariant prob-
ability measure on T2¢. The following holds true.

Theorem 2.1 ([40, Theorem 1.1]). Let A € Sp(2d, Z) and set
x+(A) := max{log|A| : A € 0(A4)}.

Then, for every p € Ps.(A),

X+(A4)
hgs(p, A) > Z max {log A — T’O}’
A€o (4)

where eigenvalues are counted with multiplicity and where hxs(u, A) is Kolmogorov—
Sinai entropy of the measure |1 with respect to A.

We also refer to [3] for analogs of this result in the context of compact locally
symmetric spaces. See Section 2.3 for a reminder on the Kolmogorov—Sinai entropy.

Remark. Note that the theorem in [40] is formulated for so-called quantizable matri-
ces. This is to ensure that one can also pick any N € %N (and thus, a Floquet parameter
6 € T2¢ adapted to A). As we only deal with N € N, we can always pick § = 0 for
any choice of symplectic matrix A.

Finally, the set of semiclassical measures for an abelian subgroup A < Sp(2d, Z)
is defined as follows. The subgroup A is said to be higher-rank quantizable if, for
every N € N and for every A, B € A,

Mn(A)MN(B) = Mn(B)MN(A).

“Recall that it is endowed with the weak-* topology induced by €°(T24) on its dual.
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Remark. If A < Sp(2d, Z) is abelian, then it is finitely generated by [45, Corol-
lary 2.1]. Let By, ..., B be generators of A. Then, the finite index subgroup gener-
ated by B, ..., B is higher-rank quantizable thanks to (1). Moreover, if A € A, then
(A, Bf,..., B}) is also a higher-rank quantizable finite index subgroup of A contain-
ing A. In particular, if A < Sp(2d, Z) is abelian (and contains some element A), then
there is a higher rank quantizable finite index subgroup of A (containing A).

Suppose now that, in addition to (3), the sequence (V¢ )x>1 verifies

VAeA, My, (A)yr = ePcDyy for some fr(A4) € R, (5)

where A < Sp(2d, Z) is a higher-rank quantizable subgroup. We can then define the
set of semiclassical measures for the abelian group A as

Pic(A) 1= {1 : 3(Wr)x=1 verifying (3) and (5) such that 1t € P ((Vi)k—oo) -

From the Egorov theorem, one has P (A) C Pic(A) C P(A) for every A € A. In
particular, a measure u € Py (A) is invariant under the action of A.

2.3. A reminder on Ergodic decomposition and Kolmogorov-Sinai entropy

Let i be an element in & (A). From the Birkhoff-Ergodic theorem, one knows that
there exists a subset  of T2 such that «(2) = 1 and such that, for every f €
€%(T24 ), one can find f* € L'(x) such that

T—1
. 1 k *
Vx e Q, Tll_t:;o? E (f oA")(x) = f*(x).
k=0
One can verify that the map

iy o f e fX(x),  f ee’(T?),

defines an element in & (A) which is ergodic for y-almost every x € T2¢. This gives
rise to the so-called ergodic decomposition of the measure u [18, Section 6.1]:

Q :/ px dp(x).
T2d

Fix now a partition 8 = (Bj)j=1,.. .k of T24 and denote by B the refined

.....

partition made of elements of the form
Byo N A (By)N---N A_T+1(BaT_l), o = (g, a1,...,ar—1) €{1,....K}T.

Given T > 1, one can associate to every point x € T2¢ a single element Bz (x) in
BT such that x € By (x). The Shannon—McMillan—Breiman theorem ensures that,
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for f1-almost every x € T2¢, the limit —% In (Bt (x)) exists and it is equal to the
Kolmogorov—Sinai entropy of the measure p, with respect to the partition B; i.e.,

1
his(x, A, 8) = lim ——Inju(Br (x))

(see [36, Chapter 3] or [37, Sections 5-6]). Moreover, the Kolmogorov—Sinai entropy
of the measure u (relative to 8B) is given by

s A B) = [ s, 4, B,

Recall that the Kolmogorov—Sinai entropy hgs(u, A) of u is then defined as the
supremum over all the finite partitions 8. For other definitions of entropy, see [48,
Chapter 4]. One can show [48, Theorem 8.4] that

hgs(u, A) = /TM hxs(px, A)dp(x).

Recall that these quantities are all nonnegative and that, for y-almost every x € T 24,

hks(px, A) < Z max{log [A], 0},
Aca(A)

where 0(A) is the set of eigenvalues of A (counted with multiplicity) [48, Theo-
rem 8.15]. In particular, as a corollary of Theorem 2.1, one has the following.

Corollary 2.2. Let A € Sp(2d, Z) and suppose that
x+(4) = max {log|A| : 1 € 6(4)} > 0.

Then, for every p € Ps.(A),
A
> reo(a) max{log [A| — X+2( ),O}

> reo(4) maxilog [A], 0}

where eigenvalues are counted with multiplicity.

p({x @ hgs(px, A) > 0}) >

’

3. Centralizers of symplectic matrices

In this section, we analyze the structure of the centralizer of a symplectic matrix with
separable characteristic polynomial. The main result here is Theorem 3.12 describing
the group structure of this centralizer. Before that, we also discuss two important
cases that are used in the proof: the case of the linear group (Theorem 3.4) and the
case where the characteristic polynomial is irreducible (Theorem 3.6).
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Definition 3.1. A polynomial f € Q[X]is called separable if it has no multiple roots
in its splitting field (equivalently in C).

Remark. If f € Q[X] is irreducible, then f is separable. Indeed, if A was a root of
f of order > 2, then f(A) = f’(1) = 0, which would contradict Bézout’s identity.

More generally, if f = p;--- pr with p; € Q[X] irreducible, then f is separable
if and only if all p;’s are distinct. Clearly, if p? | f for some non-constant irreducible
p € Q[X] then f has multiple roots. Conversely, if f has a zero A of order > 2, then
there is p; such that p; (A1) = 0. Since p; is irreducible, p; has no multiple zeros, and
hence, p; (A1) = 0 for some j # i. By Bézout’s identity, there are r, s € Q[X] such
that rp; + sp; = 1. This gives a contradiction when evaluating at A.

3.1. Preliminary conventions
We recall the following classical lemma in linear algebra.

Lemma 3.2. Let A € GL(m, Q). Then, the following statements hold.

(1) If the characteristic polynomial y4 of A is separable, then the minimal poly-
nomial my of A coincides with its characteristic polynomial y 4.

2) If B € M(m, Q) commutes with A and myq = x4, then B is a rational poly-
nomial in A. In particular, the centralizer of A in GL(m, Q) is abelian.

Proof. Since mg| y4|m’y, m4 and y 4 have the same irreducible factors. By the assump-
tion of separability, each factor occurs exactly once so that both polynomials must be
equal. For item (ii), we use the structure theorem for finitely generated modules over
principal ideal domains. We find that, for the Q[X]-module Q™ (where X - v = Av),
Q™ ~ @, Q[X]/(p!"") for pairwise distinct irreducible polynomials p; € Q[X] with
x4 =my =[]; pi"". The vector v with all components equal to 1 € Q[X]/(p:")
is cyclic, i.e., v, Av, ..., A™ v is a basis of Q™. Write then Bv = Z;”Z_Ol a;Atv,
a; € Q, and it follows that B = Y7 ' a; A’ n

For a semigroup G and x € G, we denote by G the centralizer G, = {g € G |
gx = xg}. In order to make notation more natural, we now work over a general finite-
dimensional Q-vector space V instead of Q™. The matrices with integer coefficients
will be replaced by the following.

Definition 3.3. A lattice in a finite-dimensional Q-vector space V is a free abelian
subgroup I' of (V, +) of rank dim V, ie., ' = Zv, & --- & Zvgim v for a basis (v;)
of V. We write End(T") for the endomorphisms B of V with B(I") € I" and

GL(I') := {B e GL(V) | B(T') =T}.
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Note that GL(I") are the units in the ring End(I"). Moreover, if we take a basis
of T, then the matrix of B € GL(I") and of B~! with respect to this basis has inte-
ger entries. In particular, GL(Z™) = GL(m, Z). We also note that GL(I") = {B €
End(T") | det B = £1}. Indeed, if B € GL(I"), then we saw that suitable matrices rep-
resenting B and B~! have integer entries so that det B = £1. Conversely, if B(I') C T"
anddet B = +1,theng = (1 —(=1)"det Byp)/X € Z[X] and B~! = gq(B) € Z|[B].
Therefore, B~'(I") = ¢(B)(I") € I" and B € GL(I).

3.2. The irreducible general linear case

We begin with the following statement, which is a consequence of Dirichlet’s unit
theorem.

Theorem 3.4. Let A € GL(I") with characteristic polynomial x4 which is irreducible
over Q. Suppose that A has r(A) real eigenvalues and 2¢(A) eigenvalues in C \ R.
Then, GL(I")4 is an abelian group of rank r(A) + c(A) — 1, i.e, GL(I')4 >~ F X
77D FeM=1 o1 4 finite group F.

Proof. We saw in Lemma 3.2 that End(V')4 = Q[A]. We have Q[A]~Q[X]/(x4) via
p(A) < p + (x4) and we also verified after Definition 3.3 that Q(A) = Q[A]. This
defines an algebraic number field as y 4 is irreducible. Moreover, Z[A] € End(I')4 C
Q[A] =: K. Since Z[A] is a free abelian group of rank deg y4 = [K: Q], End(I")4 =: O
is an order in K [35, Section 1.12]. Its units @™ are those elements of End(I")4 whose
inverses are also in End(I")4: this means precisely @ = GL(I")4. By Dirichlet’s
unit theorem (see, e.g., [35, Theorem 7.4, Section I]) for the maximal order Ok, one
knows that O is isomorphic to F’ x Z"M+e¢(=1 'where F is a finite cyclic group
consisting of roots of unity. Then, it follows from [35, Theorem 12.12, Section I] that
O ~ F x 77A+cA=1 where F is a finite group. n

Corollary 3.5. Let ¢ > 0 and suppose that the assumptions of Theorem 3.4 are satis-
fied. Then, there is B € GL(I") 4 such that
| log |A||

VA € a(B), max{|log |u||: & € o(B)}

€[0,e]U[l —e, 1],

with the convention 0/0 = 0.

This corollary is in fact a consequence of the construction behind Dirichlet’s unit
theorem and we will explain it at the end of this paragraph. Besides proving this
corollary, we also aim at deriving the analogues of these results in the symplectic
setting. To that aim, the arguments used to show Dirichlet’s unit theorem need to be
discussed (and used) to take into account the symplectic structure. Hence, we briefly
recall the main lines to prove Dirichlet’s unit theorem in the case where the algebraic
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number field K is constructed from an element A € GL(I") (with y4 irreducible). We
follow [35, Section 1.7] and refer to it for more details.

Recalling that K = Q(A) and letting Wg = R") x C¢“) | we define the (multi-
plicative) group morphism

J iKX= Wy, p(A) = (p(A1), ..., p(A), p(a). .. .. p(pe)),

where (11,...,A,) are the real eigenvalues of A and (w1, X1, ..., e, [c) are the ones
in C \ R. Note that this defines an injective map. We also set the surjective morphism

0 (Wg.) = R™F, +),
s urzn, e ze) e (log fugl, .. log uy | log z1 |3, . . L log |ze|?).
For B € K*, we denote by Nk ,o(B) € Q* the determinant of the map K > C

BC € K viewed as a QQ-linear map. This is the field norm on K/Q and one has
Nk/@ = N o j, where

Ny, ... Up, 21, ..., 2¢) == ul---ur|21|2---|zc|2.

Recall now that Dirichlet’s unit theorem is about the group structure of the multiplica-
tive subgroup
O* = {B € O : Nx/o(B) € {£1}}.

To study this question, one sets

r+c
M=o € Him {X €RTCY X —0f SR,
Jj=1

and one proves that this is a (full-rank) lattice in that vector space [35, Theorem 7.3]°.
Letting (vq,...,Vr+c—1) be a Z-basis for this lattice, its preimage (g1, ..., gr+c—1) €
O by the map £ o j allows to define an abelian subgroup Go = (g1, ..., &r+c—1)
which induces a surjective morphism onto (A, +). Then, letting F’ be the roots of
unity lying in @, one can prove that

loj
1> F 0L A0
is an exact sequence [35, Lemma 7.2], from which we deduce that

O* = {fgnl g:l—ri-ic_c—_ll fe F, (1, ppet) € Zr-i—c—l} ~ F'x grte-1

With these conventions at hand, we are ready to verify Corollary 3.5.

>We note that in this reference they work with the maximal order @ g but everything works
equally well with any other order ©.
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Proof of Corollary 3.5. For B = p(A) € GL(I")4, the eigenvalues of B are exactly
given by
(P(A1). ..., p(Ap), p(a), p(IL1). - .., p(e), P(fc))-

Hence, for every A € o(B), log|A| (or 21log |A]) is a coordinate of £ o j(B). Recall
now that GL(I")4 = End(I"); with End(I")4 being an order in K. Hence, there exists
a compact set C in H sothat H = C + (£ o j)(GL(I')4). For M € N, we now set
Xy =(M,—M,0,...,0)tobe an element in H . Thanks to the above decomposition,
X can be written as xps + zp with xpr € C and zps € £ o j(GL(I')4). As C is
a compact subset of H, it is contained inside [~ Ry, Ro]" ¢ for some large enough
Ry > 0 (depending only on the lattice £ o j(GL(I")4)). In particular,

zym €M — Ro, M + Ro]l X [-M — Ry, —M + Ry] % [_RO,RO]r+c—2'

By construction, there exists Bys € GL(I")4 such that £ o j(Bps) = zas and Bys has
the expected property if we pick M large enough (depending on ¢). |

3.3. The irreducible symplectic case

In this paragraph, we let (V, w) be a finite-dimensional symplectic vector space over
Q and we let A € Sp(I') := GL(I") N Sp(V, ) whose characteristic polynomial will
be irreducible in the present Section 3.3. We aim at proving the following symplectic
analog of the result in the previous paragraph.

Theorem 3.6. Let A € Sp(I') with irreducible characteristic polynomial. Suppose
that A have 2m(A) real eigenvalues and 41(A) eigenvalues in C \ (R U S1). Then,
Sp(I)4 is an abelian group of rank m(A) + [(A); i.e., Sp(T)4 ~ F x ZmA+A4)
where F is a finite group.

Remark. We note that if y4 € Z[X] is the characteristic polynomial of A € Sp(I"),
then x4 is palindromic of degree 2d = dim V (i.e., y4(X 1) X2¢ = y4(X)). Then,
Xy =2dX%4 7y (X7 — X242/ (X~1). In particular, y/, (£1) = £2d x4 (£1) —
X4(£1). This implies that if y4(£1) = 0, then y/;(£1) = 0. Hence, %1 is not an
eigenvalue of A4 if y4 is separable.

Clearly, Sp(I")4 < GL(T")4, and hence, Sp(T")4 ~ F’ x Z* with F' = F N Sp(I")
and s < r(A) + c(A) — 1. It remains to find s. In order to prove this theorem, we will
let Q[A] =: K.

Recall that, thanks to our irreducibility assumption, =1 do not belong to o (A).
Let us order the eigenvalues of A as follows: )Ll,/ll_l, e A, /\;11 e R, m = m(A),
01,07 = 01..... 0.0 €SY k =k(A)and oy g pr L e T g
e C\ (RUSY, ! =I(A). With the conventions of Section 3.2, one has
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k + 21 = cand 2m = r as well as Wg = R2” x C* x C? and we define j accord-
ingly. From Section 3.2, £ o j(GL(I")4) is lattice of rank r + ¢ — 1in H ~ R’ ¢~
We now define Wy := R™ x RF x C! and

Wr — Wy
(U1, ..., Udsm—1U2m,
(Ul e e U V1se e s Vg W e W) = U1 )2, |02,
wiwo, ..., le_le]).

One has the following characterization of symplectic matrices in K.

Lemma 3.7. We have
Sp(M4 = {B € GL(I)4 | 4(j(B)) = (1..... D}.

Proof. For B € End(V), denote by B* the unique endomorphism of V' such that
w(Bv,w) = w(v, B*w) forallv,w € V.

If B= p(A) € End(V)4 = K, then B* = p(4*) = p(A~!) = p®(A), where®
p® = p( XX) € Q[X]. Therefore, 1 = B*B if and only if y4 | p®p — 1. This is
equivalent to the fact that p(s~!)p(s) = 1 for every eigenvalue s of A. These are
precisely the coordinates of § o j(B). By observing that p(@i_l) = p(;) = p6),
we infer Sp(V, w)4 = ker & o j. We finish the proof by intersecting with GL(I')4. m

Proof of Theorem 3.6. Let
G = {weWg | gw) =(,....1)} < (.

One has that £ o j(G) is a subgroup of (R2™+*+2/ 1) By construction, one has that

0G) < {(x.—x) | x € RY™ x {0} x {(y.—y) | y e R}

By putting Upjy1 = er, Upjyo = e, vj = 1, Wojt1 = €Y/2, Wojtn = e_y/z, we
see that equality holds. Hence, £(G) ~ R™*! as additive groups. Set now U := G N
(O = j(Sp(T)4), G := N~1({x1}) < Wg and U =G N j(O0%). By construction,
G is a subgroup of G and U = U N G. Hence, G/ U embeds into G /U .

It follows from the discussion on Dirichlet’s unit theorem in Section 3.2 that
0G) /L) is compact, in the fact that ¢(U) is discrete and that ker L] is finite.
Hence, £(G)/£(U) is compact and, as £(U) is discrete, we find that £(U) is a full-
rank lattice in £(G) ~ R™*!. Therefore,

Sp(M)4 ~ U ~ kerl|y x Z™+. .

®In [26], p® is denoted by p*. In contrast to this notation, we use p* = X%€? p(X 1),
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As for GL(I")4, one has the following property as a consequence of the above
construction.

Corollary 3.8 (of proof of Theorem 3.6). Let ¢ > 0. Then, there is B € Sp(I") 4 such

that
max{log |A|, 0}

max{log |u| : u € o(B)}
forall A € o(B) (with the convention 0/0 = 0).

€0,e] Ul —e, 1]

Proof. For this, we observe that if B = p(A) € Sp(I')4, then the eigenvalues of B
are

p(ai), pA), p(6:), p(6i), p(wi), p(ui), p(ui ), p(ui).
Therefore, one has again that log |A| or 21log |A| (with A € o(B)) corresponds to the
coordinates of £(j(B)). We saw above that £(U) is a lattice of full rank in £(G).
Hence, there is a compact set C in £(G) such that C 4+ £(U) = £(G). We infer that
foreach M € N thereis j(Bp) =up € U and xps € C suchthat £(j(Bar)) + xp =
(M,—M,0,...,0) € £(G) in the case m > 1. We have

€(j(Bm)) €[M — R, M + R] x [-M — R,—M + R] x [-R, R]>™+k+21=2,

The claim follows by picking M large enough. The case m = 0 works similarly by
picking the last coordinates. If m = [ = 0, then all eigenvalues are of modulus 1, so
we have 0/0. ]

3.4. The general symplectic case

We will now discuss the case of a general symplectic matrix in Sp(2d, Z) with sep-
arable characteristic polynomial. To that aim, we first collect a few statements taken
from [26, Section 2.2]. Given p € Z[X], we set p*(X) = X%*eP p(X~1) € Z[X]. We

can write
r N
xa=[]r[1rir}
i=1 j=1

with p; = pf. pj € Z[X] irreducible, pairwise distinct and p; # p;. Then, according
to [26, Proposition 2.4 and Remark 2.4], one has

Q% = @ker pi(A) & @(ker pj (A) & ker p; (A)), (6)
j=1

i=1
where

« foreveryi, j,ker p;(A) and ker p; (4) @ ker ,o;-‘ (A) are orthogonal with respect to
the symplectic form,
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o fori #i’,ker p;(A) and ker p;s(A) are orthogonal with respect to the symplectic
form,

» for j # j’, ker pj(A) & ker p; (A) and ker p;/(A) @ ker ,oj’.‘,(A) are orthogonal
with respect to the symplectic form,

» forevery 1 < j <s,kerp;j(A4), and ker p}‘ (A) are isotropic spaces,

» foreveryi, j,ker p;(A), and ker p; (A) & ker p;'.‘ (A) are symplectic subspaces,

» forevery i, j, ker p;(A), ker p; (4), and ker ,oj’-k (A) are irreducible subspaces for
the action of A.

Remark. If we denote by VOL“’ the symplectic orthogonal of a linear subspace Vj,
recall that Vj is Lagrangian when VOL‘” = Vy. When V C VOL‘” (resp., VOL‘” C ),
we say that Vj is isotropic (resp., coisotropic). When Vol“’ N Vo = {0}, the subspace
is symplectic for w|y,.

In the following, we shall use the following convention, for every 1 <i < r and
forevery 1 < j <s,

Vi:=ker pi(A), W;:=kerp;(A)@kerp;(A4), W; =ker p; (A), I/T/j* :=ker p; (A)

(N

By taking sums of the subspaces appearing in (7), we have a description of all the
A-invariant subspaces of Q2¢. We introduce the following sublattices:

. d . d T — W d T* . 1 d
Ai=VinzZ?*, T;:=W;nZ*, T =W,nz** T;=WnZz*>.

Their ranks are given by the dimension of V;, W, W] and VT/]* re_spectiv_ely. Indeed, if
we start with a basis vy, ..., v, of one of the subspaces V;, W;, W;, or W]* then there
is an integer N such that, for any i, Nv; is in the sublattice. This shows that A;, I';,
T;,and 1:;‘ are lattices in the respective subspaces. In particular, I :== P, A; & P, I';
has finite index inside Z2¢. One has the following lemma.

Lemma 3.9. Let G be a subgroup of GL(2d,R). Then, G N GL(2d, Z) has finite
index in G N GL(T).

Proof. Since the property of having finite index is stable under intersection with G,
we can without loss of generality assume that G = GL(2d, R). There is N € N such
that NZ?? C T'. Let g € GL(I") then g*!(I") C T'. Therefore, g acts on the finite
space I'/NT so that there is M € N such that g*M is the identity on I'/ NT. Hence,
g™ =T + NXi with XL (') C T. It follows that

(=M —1)(2%) c X4 () T C 74,

This implies g™ € GL(Z??). Since GL(T") is finitely generated (as it is isomorphic
to GL(2d, Z) by choosing a basis), the lemma follows. ]
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In particular, this lemma shows that Sp(2d, Z)4 has finite index in

Sp(D)a = [ [ Sp(Anai, x [ [ Sp(Tiap, - ®

i=1 j=1

The group structure of Sp(A;) Aly, Was already described in Theorem 3.6 as the char-
acteristic polynomial of Ay, is p; = p; which is irreducible. Hence, it remains to
describe the group structure of Sp(I';) Alw, - To that aim, observe first that the same
argument as in the proof of Lemma 3.9 shows that Sp(I';) Alw; has finite index in

Sp(T; @ T ;‘) Alw, - Then, it remains to use the following two lemmas.

Lemma 3.10. Let us assume that A € Sp(W, w) with characteristic polynomial y 7 =
pp*, where peQ[X | irreducible and p# p*. Then, there is an A-invariant Lagrangian
subspace W < W such that W ~ W x W* (with W* the dual space to W) and
w((v, 1), (w, n)) = A(w) — n(v). Moreover,

Sp(W, ) 7 =~ { diag(B, (B~")T) | B € GL(W) A'lw} ~ GL(W) Ay

Remark. Under the assumption of this lemma, A has no eigenvalues of modulus 1.
Indeed, if p(f) = 0 for |#] = 1, then p(8) = 0 = p*(6~1), which would contradict
the separability as § = 67!,

Proof. We write 1 = rp + sp*. Let v, v’ € W =: ker p(A). Then, v = sp*(A)v and
w(v,v) = a)(sp (A),v") = w(v,s* p(A)v) = 0. Hence, W € WL _ Since dim W =
dim ker p* (A) = ; dim W, we have W = We_ Letting W’/ = ker p* (A), we have
W'te =W and W = W @ W'. It follows that w’ — w(w’, -) defines an isomorphism
J:W'— W* Forwe W and A € W*, we have w(J ~1(1), w) = A(w). Hence, (W, w)
is W x W' with the standard symplectic form. Then, clearly, B € Sp(W, w) g if and
only if B is of the form diag(B, (B~")T) for B € GL(VT/);{lW. [

Lemma 3.11. In the situation of Lemma 3.10 if T is a lattice in W and T* is a
lattice in W* and A € Sp(T@®T'*), then Sp(T" ® f*)g is a finite index subgroup of
GL(f)fTIW under the isomorphism Sp(W, ) 7 ~ GL(W)Z\W

Proof. As the isomorphism R: Sp(W, w) 7 ~ GL(W) Al is given by restriction to
W, Sp(I' @ I'*) 7 is mapped into GL(I") Ay Let us define the so-called colattice
co(T):= {1 e W* | A(T') C Z}. Then, for B = diag(B, B~T) € Sp(W, w) 7 with Be
GL(T) we have (B~)T (A)(y) =A(B~'y) € Z for A eco(I') and y € T'. Hence, B €
Sp(I" @ co(I")). It follows R(Sp(I" & I'*) 7) < GL(F);‘W C R(Sp(I" @ co(T)) 7).
By applying again Lemma 3.9, we find that Sp(I" @ I'*) 7 has finite index in Sp(I" &
CO(I'))A This implies that R(Sp(T @ T'* ) 7) has finite index in GL(l")A| ]
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As a consequence of this lemma and of the decomposition (8), we can deduce that
Sp(2d, Z) 4 has finite index in a subgroup isomorphic to

r S
[Ispana, x[] GL(fi)A|Wj-
j=1

i=1

Combined with Theorems 3.4 and 3.6 and the fact that A|W/, has no eigenvalue of
modulus 1, we infer the following structure theorem. ‘

Theorem 3.12. Let A € Sp(2d, Z) with separable characteristic polynomial and sup-
pose that A has 2m(A) real eigenvalues and 41(A) eigenvalues in C \ (R U S?). Then,
one has

Sp(2d,Z)4 ~ F x 7mAFIA=IA4)

where F is a finite abelian group (consisting of matrices B with B¥l =1)and 21(A)
is the number of irreducible isotropic invariant subspaces of A in de.

4. Reducibility and rigidity of actions on tori

In this section, we combine the constructions from the previous sections with a rigidity
result of Einsiedler and Lindenstrauss [16, 17] in view of describing the regularity of
semiclassical measures. Along the way, we also review some material from rigidity of
Z" -actions on tori and describe criteria on the matrix A4 we started with where these
results apply. This allows us to prove Theorems 1.1 and 1.2 from the introduction and
to state and prove our main Theorem (Theorem 4.14) on semiclassical measures for
joint eigenmodes.

4.1. Preliminary conventions

Let m € N. We consider the action of GL(m, Z) on T™. The following notion will
be used in Theorem 4.2 below.

Definition 4.1 ([16]). (1) The action of a subgroup A € GL(m, Z) on T™ is called
irreducible if every infinite A-invariant subgroup of T is dense.

(2) The action is called fotally irreducible if the action restricted to every finite
index subgroup is irreducible.

(3) The action is called virtually cyclic if there exists gg € A and A’ < A with
finite index such that, for every g € A’, one can find k € Z such that g = glg.

Observe that if A is abelian and if the rank of A is > 2, then there is an injective
group morphism p : Z? — A, and the action of A is not virtually cyclic. Indeed,
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otherwise, there would exist go € A and A’ < A of finite index such that, for all
g € AN onehas g’ = g’g for some k. Finite index would then ensure the existence of
p € Z such that g? € A’ and h? € A’ (where g = p(1,0) and & = p(0, 1) are given by
the group morphism). One would have then g? = g’g and h? = gé for some k, [ € Z.
Hence, p(pl, —pk) = gP'h—P* = Id,,, which would contradict the injectivity of p.

4.2. The irreducible case

The following theorem by Einsiedler and Lindenstrauss is the key ingredient in our
classification of semiclassical measures in the irreducible case.

Theorem 4.2 ([16,17]). Let A < GL(m,Z) be a totally irreducible abelian subgroup’
of rank > 2. Let | be an ergodic measure on T™ for the action of A. Then, either |
is the Lebesgue measure or hxs(iu, B) = 0 forall B € A.

Remark. We remark that the original version is more general since it allows solenoids
instead of T, non-faithful actions of Z", as well as non-irreducible actions (see
below). In these references, the authors made the “not virtually cyclic” assumption.
Here, this is automatically satisfied as we supposed that the abelian subgroup A has
rank > 2 and we consider the natural action of GL(m, Z) on T™ which is faithful.

When applied to semiclassical measures, this theorem combined with Corollary 2.2
directly yields the following corollary.

Corollary 4.3. Let A < Sp(2d, Z) be an abelian subgroup which is quantizable and
totally irreducible with rank > 2. Then, for any 1 € Ps.(N\), one has

u = o Lebyaa +(1 —a)v,

where hxs(v,y) = 0 for every y € A and where

3 sco(ay maxilog |A| — X2 o }
> reo(y) max{log [A], 0} ’

with eigenvalues counted with multiplicity.

o> max {
YEA: x4+ (¥)>0

Proof. We write the ergodic decomposition of  with respect to the action of A, i.e.,
p = [g edt(e), where e runs over the set & of A-ergodic measures. From Theo-
rem 4.2, e is either the Lebesgue measure or has zero entropy for every y in A. So
that we can decompose it = o Lebp24 +(1 — a)v, where v has zero entropy for every
y € A. Applying Corollary 2.2 concludes the proof. ]

"We note that A is finitely generated by [45, Corollary 2.1].
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We are now left with finding conditions ensuring that a quantizable action is totally
irreducible with rank > 2. To that aim, we state the following lemma.

Lemma 4.4. (1) Let A € GL(m, Z). The closed connected A-invariant subgroups of
T™ are in one to one correspondence with the A-invariant subspaces of Q™. The
correspondence is as follows: given a closed connected A-invariant subgroup T of
T™, its tangent space is V(T) @ R, where V(T) is the corresponding A-invariant
subspace of Q™.

(2) For A € GL(m, Z), the only A-invariant subspaces of Q™ are {0} and Q™ if
and only if A has irreducible characteristic polynomial over Q.

(3) If A € GL(m, Z) has separable characteristic polynomial and A < GL(m,7Z)
is an abelian subgroup containing A, then A is irreducible if and only if A has irre-
ducible characteristic polynomial.

We note that in (iii) the possible A are subgroups of GL(m, Z) 4. More precisely, if
A <GL(m,Z) is abelian and A € A, then A € GL(m, Z)4. Hence, (iii) can be applied
to any abelian A < GL(m, Z) that contains some matrix with separable characteristic
polynomial.

Remark. The case of invariant subsets instead of subgroups of T™ is characterized
in [5]. In this case, one needs two more conditions for the absence of infinite invariant
closed subsets. In particular, one has to make assumptions on the eigenvalues and one
needs higher rank.

Proof. The arguments we give are similar to [15, Lemma 4.3] (also [27, Appendix B]).
For (i), let T < T™ be a connected closed A-invariant subgroup of T™. Then, T
is a Lie subgroup with Lie algebra t < R which is A-invariant. The exponential
map of T is just the quotient map 7: x € R™  x mod Z™. The exponential map
for T is its restriction and is surjective since 7 is connected and abelian. Hence,
T=r(t)=0C+2Z")/Z™ ~t/(tNZ™). Since T is compact, t N Z™ is a cocompact
lattice in t. As T (and thus, t) is A-invariant, we obtain that V' := t N Q™ is an A-
invariant subspace of Q™.

Conversely, if V' < Q™ is an A-invariant subspace, then 7 (V' ® R) is a connected
A-invariant subgroup of T™. It is also closed as V is contained in Q™. Indeed, by
Lemma 4.5 below, we choose a complement W of V' in Q™ such that Z™ = (V' N
™y + (W NZ™). If now n(xg) = 7(x) with (x4)g>1 € V ® R and x € R™, then
there are (z4)g>1 € Z™ suchthatxy +z;, > x.Butx =v+we (VOR)® (W ®R)
and zy = vy + wy € (VNZ™) 4+ (W NZ™). Therefore, wy — w € Z™ and w(x) =
w(v) € 7(V ® R). The two constructions are clearly inverse to each other.

We now turn to the proof of the next items and we regard Q™ as Q[X]-module
where X - v = Av. Then, by the structure theorem for finitely generated modules over
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principal ideal domains and the Chinese remainder theorem, one has

) m;

Q" = Paixl/(p;").

i=1 j=1

where p; are irreducible and pairwise distinct and v; 1 < v;» <+ < Vj ;. One has

1 mi
>l vij
XA=1_[p,' /=t J,

i=1

where y 4 is the characteristic polynomial of A. The A-invariant subspaces of Q™ are
precisely Q[X]-submodules. By Bézout’s identity, one finds

Vi = P QIX)/(p) = {v e Q™| p;"" (A =0}
j=1

Moreover, using again Bézout’s identity, each Q[ X ]-submodule is a direct sum of sub-
modules of V;. For an irreducible p, the submodules of Q[X]/(p") are precisely the
ones generated by 1, p, p2, ..., p*. Hence, in order to have no submodules at all we
musthave! =1,m; = 1,and v; ; = 1;i.e.,, Q" = Q[X]/(p) with p irreducible. This
is equivalent to saying that y4 is irreducible over QQ and (ii) is proved. For (iii), we
observe that by Lemma 3.2 the A-invariant subspaces and the A-invariant subspaces
coincide. The claim follows by (ii). ]

Lemma 4.5. Let V < Q™ be a subspace. Then, there exists a complement W of V' in
Q™ such that 2™ = (V N Z™) + (W N Z™).

Proof. The sublattice V' N Z™ is a subgroup of the free abelian group Z™. Hence,
there is a basis vq,...,v, of Z™, k € N,and dq,...,d; € Z such that dyvq,...,d vk
is a basis of VN Z™ (see, e.g., [4, Theorem 4.11]), and thus, vy, ..., vg is a basis of
V NZ™. Indeed, fori =1,...,k,d;v; € V implies v; € V N Z™. 1t follows that there
are a; ; € 7 such that v; = Zle a;j,jd;jv;. This implies a; ;d; = 1, and therefore,
d; = +1.

We also observe that V' = (vy,...,vx)q as for every v € V there is N € Z with
Nv € Z™. The subspace W := (Vk41, ..., Un)q is then a complement of V' and we
find that Z™ = (V. N Z™) + (W N Z™). [

In order to deal with finite index subgroups, we formulate the following lemma.

Lemma 4.6. Let A € GL(m, Q) with separable characteristic polynomial y 4. Then,
Xk is separable for all k € N if and only if no quotient of eigenvalues is a root of
unity, If A/ i for two eigenvalues A, i of A is a root of unity, then (A/p)N =1 for
some N € N with o(N) < m?, where ¢ is Euler’s totient function.
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Here and after, eigenvalues are considered with their multiplicity. In particular, if
no quotient of eigenvalues is a root of unity, all eigenvalues of A are distinct (which
is exactly asking the characteristic polynomial to be separable).

Remark. If y4 is irreducible and no ratio of eigenvalues of A is a root of unity, then
Xk 1s irreducible for all k € N. Using Lemma 3.2, one has that 4 is of the form
P(A¥) with P € Q[X]. So, each A*-invariant subspace is A-invariant and we can use
Lemma 4.4.

Proof. Let x4 = [1(X — A;) with A; € C. Then, y4 = [[(X — A¥) € Q[X]. By
assumption A; # A; for i # j and we have to show that /\f % Aj.‘ fori # j, ie.,
(Ai/A j)k = 1. This is the assumption of the lemma.

If A, u are eigenvalues and A/ is a primitive N th root of unity, then

¢(N) = [Q[A/p]: Q] = [Q[A, p1]: Q] = [Q[AL: Q] - [Q[u]: Q] = m?. u

Remark. (1) Ifo(4) € R4, then A/ € Ry for all eigenvalues A and w. Hence, this
ratio cannot be a nontrivial root of unity.

2) ¢(N) — oo for N — oo. Therefore, we only have to check finitely many
powers to apply the above lemma. More precisely, ¢(N) > % for N > 2. We
refer to [38, Chapter 4.1.C] and [42, Theorem 15] for this and more explicit lower

bounds.
As a corollary of Lemma 4.4, we directly obtain the following statement.

Corollary 4.7. Let A € GL(m, Z) such that no ratio of eigenvalues is a root of unity.
An abelian subgroup A < GL(m, Z) containing A is totally irreducible if and only if
XA is irreducible.

Proof. If A is totally irreducible, then A must be irreducible so that by Lemma 4.4
x4 1s irreducible.

Conversely, let y4 be irreducible and, using Lemma 4.4, let V' be subspace of Q™
invariant under some finite index subgroup A’ of A. There is some k € N such that
AF € A’. By Lemma 4.6, y 4« is separable, and thus, y 4 is the minimal polynomial
of A¥. It follows from Lemma 3.2 that A is a rational polynomial in A¥. Therefore,
V is A-invariant. By Lemma 4.4, V is {0} or Q™. ]

We are now ready to prove Theorem 1.1 from the introduction.

Proof of Theorem 1.1. We assumed that y4 is irreducible and no ratio of eigenvalues
is root of unity. Hence, by Corollary 4.7, any abelian subgroup of Sp(2d, Z) contain-
ing A is totally irreducible. We also assumed that m(A4) + [(A) > 2. By Theorem 3.6
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and Corollary 3.8, there is, for any ¢ > 0, B, € Sp(2d, Z) 4 such that

max{log |A|, 0}

VA € o(B,), €0,e] Ul —e, 1]

X +(Bs)
and (A, B.) has rank 2. We now apply Corollary 3.8 to a quantizable finite index
subgroup of (A, B.) to obtain Theorem 1.1. ]

4.3. The general case

In case the irreducibility of the characteristic polynomial does not hold, we saw that
the abelian subgroup is not irreducible. Yet, Einsiedler and Lindenstrauss showed that
one can still describe A-ergodic measures in that case. To state this result in a concise
form, we introduce the following definition.

Definition 4.8. Let A < GL(m, Z) be an abelian subgroup. Let T < T be a closed
and connected A-invariant subgroup®. We say that a A-invariant probability measure
wis an (T, A)-admissible measure if it is also T-invariant” and if the induced measure
on T™/T has zero Kolmogorov—Sinai entropy for every B € A.

Note that, for T = {0}, (T, A)-admissible measures are just A-invariant measures
with zero entropy, whereas for 7 = T"™, the only (7, A)-admissible measure is the
Lebesgue measure on T ™. With this convention at hand, we can formulate the rigidity
theorem as follows.

Theorem 4.9 ([16,17]). Let A be an abelian subgroup of GL(m, Z) (of rank r > 2)
that has no virtually cyclic factors. Let (@ be a A-ergodic measure on T™. Then, there
exist ' < A of finite index and N'-invariant closed connected subgroups Ty, . .., Ty <
T™ such that

1
= — + -+ ,
mo= g7 Km)
where each |j is a N'-ergodic measure which is (Tj, A")-admissible and where
Yy eA, yiuj =pni, and y(T;) =1, forsomei.

Given A < GL(m,Z) and T < T™ a connected closed A-invariant subgroup dis-
tinct from T ™, recall that a factor of A is the induced action of A on T /T.

Remark. The formulation in [17] does not assume connectedness for the (7;)1<;<m.
Yet, we can assume all the 7 to be connected in this theorem. Indeed, if not all the

8Recall from Lemma 4.4 that this corresponds to a A-invariant subspace of Q.
9Hence, the induced measure on 7 is the Haar measure.
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T; were connected, we could proceed as follows. Since y(7;) = T;, we must have
)/(Tj°) C T? for all y € A, where we denote by 7° the connected component of
the neutral element. It follows that y(77") = T;°. Moreover, u; is T} -invariant, and
Tjo is a A’-invariant closed and connected subgroup. Observe now that T].° has finite
index in 7} so that T™ /T2 — T™/Tj is a finite cover. Therefore, s (/LTm/ij, y) =

hxs(urm/7;,y) = Oforall y € A’ In other words, 11 is (77, A’)-admissible.

When combined with Theorem 2.1, this theorem provides conditions on semiclas-
sical measures for quantizable actions with no virtually cyclic factors. Recall indeed
from the proof of Lemma 4.4 that, for a closed and connected A’-invariant subgroup
T < T™, one can find a A’-invariant subspace V(T') of Q™ such that the tangent
space to T is given by V(T') ® R. One has also [48, Theorem 8.15]

Yy enN. hgs(mr.y)= ) max{log|a
Aeo(vlv(r))

70},

where m7 is the Haar measure on 7. Thanks to the fact that ks (i, y) =hks (mr;, )
and that the Kolmogorov—Sinai entropy is an affine function, one finds that the entropy
of the measure p in the above theorem is given by

M
1
vy e A, hgs(u,y) = 7 > ) max{log|A].0}.
J=1 AeSp(vlv(r;))

Hence, as A’ has finite index, one has that, for every y € A, one has )/[A:A/] € A’. The
previous equality translates into

h ’ [A:A] 1 M
Vyen, hgs(uy)= % == 3 max{log ||, 0}.
) Jj=1 AGU(V[A:A/”V(Tj))

Together with Theorem 2.1, this provides constraints on the allowed semiclassical
measures as any A-invariant measure can be decomposed as a convex sum of A-

szgedr(e),

where & is the set of A-ergodic measures. The fact that entropy is affine implies that,
forall y € A,

ergodic measures

1 X
s (1. 7) = /8 ks (e.7)d T () = /8 =YY max{loglAlL0Ndr(e),

Jj=1 AEU()’[A:Aelll/(Tj))
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which can be compared with the lower bound in Theorem 2.1. Observe that these
constraints are not so easy to exploit in general due to the fact that they involve a
finite index subgroup A. that depends on the ergodic componente € &.

Motivated by the previous discussion, we can make the following definition that
will provide simple settings to apply this theorem. We will give in Section 4.4 below
two simple (and nontrivial) examples with this property.

Definition 4.10. We call a subgroup A < GL(m, Z) tame if there are at most finitely
many closed connected A-invariant subgroups of T and each closed connected sub-
group of T™ invariant by a finite index subgroup of A is already invariant by A.

Remark. When A € Sp(2d, Z), recall from the decomposition (6) that, as soon as y4
is separable, T 2d pas finitely many closed connected A-invariant subgroups thanks to
Lemma 4.4.

Theorem 4.9 now reads as follows for tame subgroups.

Corollary 4.11. Let A < GL(m, Z) be a tame abelian subgroup with closed con-
nected invariant subgroups Ty, ..., Ty < T™ and with no virtually cyclic factors.
Then, for any A-ergodic measure i, one can find 1 <1 < { such that  is (T;, A)-
admissible.

Proof. Using Theorem 4.9, there is a finite index subgroup A’ < A and A’-invariant
closed connected subgroups 71, ..., Tyr < T™ such that pu = ﬁ(ul + - um),
where, for each j = 1,..., M, u; is A’-ergodic, (7;, A’)-admissible and for any
y € A thereis i such that y,u; = u; as well as )/(T}') = T;. Each T} is A-invariant as
itis A’-invariant and A is tame. Hence, each T} is some 7}. Let nr, = % Zi:ﬁ:T, Wi
with n; == #{i | T; = T;}. Then, pr, is a A-invariant probability measure as y € A
permutes the summands of ji7,. Moreover, ju7, is (77, A’)-admissible as a sum of
(T7, A')-admissible measures. Since A’ has finite index in A and 7; is A-invariant,
wr, is (Ty, A)-admissible. Moreover, i = ) ; "ﬁl,uTl. Since p is A-ergodic and 7,
is A-invariant, we infer that 4 = p7, for some /. ]

In the setting of Corollary 4.11, any A-invariant measure p can be decomposed as

¢
n= Zazuz,
I=1

where Zle oy = 1 and where each p; is an (77, A)-admissible measure. The entropy
can then be written as

L
hs(pay) =) jor ), max{log[A.0}, y €A, ©)

=1 Aeo(ylv(ry))
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which can be more easily compared with the lower bound in Theorem 2.1. Recall that
one of the 7} is reduced to {0} in view of allowing zero entropy measures (like the
one carried by the neutral element of T ™).

Regarding semiclassical measures, we obtain the following analog of Corollary 4.3
as a direct consequence of Theorem 2.1 and (9).

Corollary 4.12. Let A < Sp(2d,7Z) be an abelian subgroup which is quantizable and
tame and which has no virtually cyclic factors. Let Ty, . . ., Ty be the closed connected
invariant subgroups of T2¢. Then, for any p € Py.(A), one has

L 1
n= Za;,ul with Zal =1,
=1 =1

where each ; is (Ty, A)-admissible and where, for any y € A,

Zal( Z max{log ||, 0}) >

I=1 Aeo(vlv(r)))

Z max{log|)&| — )(+()/)’0}'

2
Aea(y)

Observe that if without loss of generality 7y = {0} (0 is always a closed con-
nected invariant subgroup), then vy + - -+ 4+ og—; > 0. The following lemma ensuring
tameness can be viewed as the analog of Corollary 4.7 for the reducible case.

Lemma 4.13. Let A € GL(m, Z) such that no ratio of eigenvalues is a root of unity.
Then, any abelian subgroup A < GL(m,Z) containing some power of A is tame. More
precisely, the closed connected A-invariant subgroups correspond to direct sums of
ker p; (A), where p; € Z[X] are the irreducible factors of xa.

Proof. As in the proof of Corollary 4.7, each subspace invariant under a finite index
subgroup of A is already A" -invariant for some power N. But, as y,~ is separa-
ble, by Lemma 4.6, such a subspace is A-invariant by Lemma 3.2. Hence, we only
have to determine the A-invariant subspaces in Q™. We use again the structure the-
orem for the Q[X]-module Q™ to see that Q™ ~ @, Q[X]/(pi), where p; € Z[X]
are the irreducible factors of y4. The invariant submodules are direct sums of the
Q[X]/(pi) ~ ker p; (A). Hence, there are only finitely many. =

We are now ready to state our main theorem in the reducible case.

Theorem 4.14. Let A € Sp(2d,Z) such that no ratio of eigenvalues is a root of unity.
Let ya=T[1i_, pi Hj:l PJ'P;, Vi, Wj, VT/j as in (7). Assume that, for every 1 <i <r
and1 < j <s,

m(Aly,) + I(Aly,) =2 and m(Alw,) + [(Alw,) = 3. (10)



On the Lebesgue component of semiclassical measures for abelian quantum actions 1501

Then, for any i € Py (N), with A < Sp(2d, Z) 4 quantizable and of finite index, one

has
n= Z orpy  with Z oy =1,
1<{V; W W7} 1<V, W; Wiy

where each g is (Tr, Sp(2d, Z) a)-admissible where T :== @y<; U @ R/(Z%% N
Dy U ®R) and where

Yazip Y a1+%( Y oq)—l—%( 3 oq)z%

Viel W; . Wirel Wiel,W ¢l Wi e LW} el

for any choice of V; and VT/]

Note also that, for a given j, the assumption m(A|w,) + [(Alw,) > 3 is satisfied
as soon as dim W; > 5 (recall that separability implies that p; does not cancel on S').

Proof. Using Corollary 4.12 and Lemma 4.13, we only have to justify the assumption
of having no virtually cyclic factors and the resulting bounds on «. For both, we can
without loss of generality assume that A = Sp(2d,Z) 4.

For the prior, we consider the induced action pp2a 7 of Sp(2d, Z)4 on the factor
T24/T. Let V < Q2?? the A-invariant subspace corresponding to 7 and W an A-
invariant complement of V. Such a complement exists as V is the direct sum of some
Vi, VT/j WJ* and W is chosen as the sum of the remaining ones. Let cl(W) denote
the smallest A-invariant symplectic subspace of Q2¢ containing W, i.e., cl(W) is
obtained from W by adding all I/T/'J* if W; € W and W if I/T/;* C W. We then consider
the action pr2a  restricted to the subgroup Sp(cl(W) N sz)A|C](W) of Sp(2d,7Z) 4.
If p2a  restricted to this subgroup is injective, then we can combine the eigenvalue
assumption (10) together with Theorem 3.12. This implies that pp2a 7 (Sp(cl(W) N
ZZd) Alaw) has rank > 2 and is, therefore, not virtually cyclic.

In order to prove injectivity, we start by observing T2¢/T = R??/(V @ R +
72%). By Lemma 4.5, we can choose a complement W’ in Q24 of V such that Z?? =
(VNZ*)ad (W NZ*). Then, VR + 22 =V @R+ W NZ* and V ®
R N W' NZ?* = {0}. Assume now that one has B € Sp(cl(W) N Z2?) 4, with
pr2d,7(B) =1d2a 7. Then, h:x € R4 > Bx — x € R?" s linear and it has values
inV @ R + (W' N Z24). Therefore, if we denote by pr the projection R?¢ = (V ®
R)® (W @ R) - W ® R, then proh: R2¢ — W’ @ R is linear and has values
in W' N Z2¢ and we infer that it must vanish. Consequently, 7(R2¢) € V ® R and
also h(Q24) C V. This implies B|y = Id and since B is symplectic we also have
B|aw) = 1 by Lemma 3.10. This proves injectivity and the above discussion shows
that the action has no virtually cyclic factors.
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For the bounds on «, recall that Sp(2d, Z)4 has finite index in

[T8p(@a, x [TGLT)ary, - (11)

i=1 j=1
with the conventions of Section 3.4. In particular, recall that here ]_[jzl Sp(T i @
fjﬁ*) Alw, is identified with a subgroup of ]_[;=1 GL(T) Alyy, though the map B
(B.(B™HT).
We first deal with the case of an invariant symplectic subspace V;. Let0 <e < 1/2.
By Corollary 3.8, there is B; € Sp(Ai)Ah,i such that, for every A € o(B;),

max{log ||, 0}

x+(Bi)
For all the factors in (11) different from V;, we pick the matrix to be the identity. This
yields a matrix B on the product space and, thanks to finite index, we can find some

N > 1 such that BY belongs to A. Applying the bound on « from Corollary 4.12 (for
y = BY) turns into

( Z oq)( Z max{log|)&|,0}) > Z max {10g|/\| — X+;Bi),0}.

V,’GI /\.EO’(B,‘) AEO’(BZ')

€0,e]U[l —e1].

It follows that ZV, e 1 > % — Ce, where C depends only on dim V;. As this is valid
for any ¢ > 0, we get the expected lower bound.

For the other bound, consider W; < W;. Applying Corollary 3.5 instead of Corol-
lary 3.8, we find some B € A acting trivially on all other V; and W, and such that

| log |A]]
max{x+(Bly,). 1+ (Bli+)}

VA e 0(B|Wj), €0,e] Ul —e,1]. (12)

We also observe that o(B|p+) = {A7!1 1 A € 0(B|W/_)}, and thus,
J p

1
3 Z max{log|A|,0} = Z max{log|A|,0} = Z max{log |A],0}.

)LGO’(B|Wj) AEO’(BI‘,VJ) /lGO’(B|W;<)

We also remark that y1(Blw,) = max{)(+(B|Wj), X+(B|z*)}. The lower bound
from Corollary 4.12 yields ’

( Z ar + % Z or + % Z oq) Z max{log |A|, 0}

Wi Wiel W el W} ¢l Wi ¢LW el A€o (Blw;)

Blw.
> Z max{logl)tl — MO}

reo(Blw,)
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Combined with (12), this yields a lower bound of size % — Ce, where C > 0 depends
only on the dimension of W;. As this is valid for any & > 0, we obtain the expected
lower bound. n

Remark. As in the irreducible case (Theorem 1.1), we could have picked in each
symplectic factor one matrix B, and considered the subgroup generated by them to
obtain a version similar to Theorem 1.1. See, for instance, Theorem 1.2 for such a
formulation in the case where r = O and s = 1.

4.4. Examples in the reducible case
Let us give two examples to illustrate the use of Theorem 4.14.

4.4.1. Example with Lagrangian invariant subspaces. Suppose that A € Sp(2d, Z)
with characteristic polynomial y4 = pp*, p € Z[X] irreducible and p # p*. By
Lemma 3.10 and without loss of generality, A = diag(A4’, A’~T) with y4 = p. The
assumption p # p* means that A’ is not itself symplectic with respect to some sym-
plectic form on Q¢. Let us also assume that ker p(4) N Z2¢ + ker p*(4) N Z?? =
724 5o that A’ € GL(d, Z). In general, this holds up to finite index. The assumption
that no ratio of eigenvalues of A is a root of unity transforms to no ratio and no product
of eigenvalues of A’ is a root of unity. The invariant subtori are 0, T" x 0,0 x T",T?2".
If we assume m(A) + [(4) > 3; i.e., #(Sp(A’) N R) + 1#(Sp(4’) N (C \ R)) > 3,
we obtain that for every u € Ps.(A), where A < Sp(2d, Z) 4 is quantizable and has
finite index, we have

= aLlebyp2s +az Lebpas ®va + vy @ Lebpa +aovo

with o +0as +a1 +a9=1 and, for any B’ € GL(d, Z) 47, hxs(v2, BT) = hgs(v1, B) =
hys(vo, diag(B’, B'~T)) = 0. The bound on « rephrases to
. 1 n 1 - 1
o+ —o —o —.
27120
From [26, Theorem 1], one can have semiclassical measures with & = 0 (built from
Hecke eigenmodes) for any choice of A’ € GL(d, Z).

4.4.2. Example with symplectic invariant subspaces. In this second example, we
consider the product situation. We consider the symplectic form w on R2411+242
given by the symplectic product structure. Fori = 1,2, we let A; € Sp(2d;, Z) with
irreducible distinct characteristic polynomial. Then, A := diag(A4;, A2) € Sp(2d; +
2d,, Z) has separable characteristic polynomial x4, y4,. The closed connected A-
invariant subgroups are 0,0 x T?242 T241 x 0, T241+242 Again, we assume that

no ratio of eigenvalues of A4 is a root of unity. In addition to that we assume that
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m(A;) + [(A;) = 2 for both i = 1, 2. Then, we obtain that, for every u € Ps.(A),
where A < Sp(2d; + 2d», Z) 4 is quantizable and has finite index, we have

1 = aLebg2a; 424, +az Lebgpa; ®va + ajvy ® Lebga, +agvg

with o +os +a1+ao=1and, forany B; € Sp(2d;,Z)4; , hks(v2, B2) =hks(vi, B1) =
hks(ve, diag(B1, B2)) = 0. The bound on « rephrases to

—_

oa+a >— fori =1,2.

[\

From [27, Theorem 1.4], one can construct semiclassical measures with o; = oy = %
when A := Diag(A4;, A1) with A1 € SL(2, Z) a hyperbolic matrix.

5. The Galois condition in Sp(2d, Z) and some examples

In this section, we recall a criterion for the irreducibility of the characteristic poly-
nomials in Sp(2d, Z) due to Anderson and Oliver [27, Appendix B], which will also
imply that no ratio of eigenvalues is a root of unity.

5.1. A criterion for irreducibility and separability

If y is the characteristic polynomial of some element in Sp(2d, Z), then y is palin-
dromic or reciprocal, i.e., the coefficients of y = Zizio a; X' satisfy a; = aq_; for
all i. As a consequence, the roots are of the form Aq1,..., A4, /\1_1, e, Ad_l. Every
field automorphism o € Gal(yy) must send A;! to o(4;)~". This shows that the Galois
group preserves the set of unordered pairs {11, A7}, ..., {1q, )&;1 }. The wreath prod-
uct S, ¢ Sy is defined as the subgroup of S, 4 preserving this set of unordered pairs so
that Gal(y) < S ¢ S;. Hence, the largest possible Galois group is S, ¢ S; meaning
| Gal(y)| < |S22Sg| = 2%d!. We say that A € Sp(2d, Z) or y satisfies the Galois
condition if

| Gal(y)| = 2¢4d. (G)

Remark. If (G) holds for a palindromic polynomial y with coefficients in Z, then y
is irreducible over Q (thus, over Z if ag = 1). Indeed, let AF!, ... ,)&jl be the roots
of y. Then, [Q(X;): Q] < 2d since x is a polynomial over QQ such that y(4;) = 0.
But then % € Q(A;)[X] is of degree 2(d — 1) and annihilates A;,7 # j.
Therefore, [Q(A;, A;): Q(A;)] < 2(d — 1). Inductively,

[Q(As(1)s-- -+ Ao(): QAo1)s -+ -2 Agr—1))] = 2(d — 1 + 1)
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for 0 € S;. In particular, since for Z := Q(A1,...,44),

[Z:Q] =

Q1. 2a): Qs Ag—)] -+ [QA1, A2): QA1) - [Q(A1): Q] < 27d!.
Hence, under the assumptions of the lemma, all estimates are actually equalities. In
particular, [Q[A;]: Q] = 2d for every 1 <i < d so that y is irreducible. Yet, it is

worth noticing that y may be irreducible without (G) being satisfied. For instance,
¥ =X*+ X3+ X2 + X + 1is irreducible with Galois group equal to (Z/5Z)>.

The following lemma guarantees the applicability of Theorem 1.1 if additionally
m(A) + [(A) > 2 holds.

Lemma 5.1 ([27, Lemma B.2]). Letd > 2. If A € Sp(2d, Z) satisfies (G), then x4 is
irreducible and no ratio of eigenvalues of A is a root of unity.

Proof. The latter statement is equivalent to x4« being separable for all k € N by
Lemma 4.6. In [27, Lemma B.2] it is shown that if 4 satisfies (G) then y 4« is not only
separable but even irreducible for all k € N. ]

Remark. We note that (G) does not imply /(A4) + m(A) > 2. The matrix

o

)
—_—0 O =
N = = O

has characteristic polynomial x* — 2x3 + x2 — 2x + 1 which has two real roots
and two roots on the unit circle and has Galois group S, ¢ S, [15, Appendix A].
We also note that, inside the set of all palindromic polynomials, this is quite com-
mon. More precisely, if f(x) = ag + -+ + a2, x>" withay = a»,_r € R and |ay| >
|an| cos([n%k%) forsome k =0,...,n — 1, then f has aroot on the unit circle [30].

In view of Example 4.4.1, we also formulate the following lemma.
Lemma 5.2. If A’ € GL(d, Z), d > 3, satisfies Gal(ya’) = Sy, then

A = diag(4’, A" T) e Sp(2d, Z)

has separable characteristic polynomial x4y, with both factors being irreducible
and no ratio of eigenvalues of A is a root of unity. If d = 2 and in addition y4 is
neither X2 + 1, X2+ X + 1, nor X2 — X + 1, then the same conclusion holds.
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Proof. The arguments are similar to the one of [27, Lemma B.2]. Let A; be the roots
of y4 and Z := Q[A4, ..., A4] be the splitting field of y4/. One has

d d
d!'=1[Z:Q] = l—[[@[/\l,...,)Li]:Q[)Ll,...,)ti_l] < l_[d —i+1=4d!
i=1 i=1
by the same argument as for (G). In particular, Q[A;] has degree d over Q. This
implies that x4 is irreducible. It follows easily that x%, = yq—-1 = yq-r is irre-
ducible as well.

The lemma will be proved if A; # )Lj_l for any i, j (separability property) and
)tfv % )L;V fori # j forany N (notroot of unity property). If ,; = A;'!, then AZ = 1,
and therefore, y4/ | X2 — 1 by irreducibility. Then, Z = Q contradicting [Z : Q] =
|Sq] =d

Let us, therefore, assume that )LlN € Q[A;] for some j # i. Then, AlN e QM N
Q[A;]. By the Galois correspondence Q[A;] = Z% = {x € Z | o(x) = x Vo € G;}
with G; = {0 € Sg | 0(A;) = A;}. The field Q[A;] N Q[A,] is the fixed field of the
subgroup generated by G; and G;. Since G; >~ S;z_; and G; contains some element
not fixing A; we have Q[A;] N Q[A;] = Z5¢ = Q. Hence, )th € Q. Moreover, /\lN is
aroot of yy~ € Z[X] which is monic forcing AIN € Z. Indeed, if AIN = p/q (with p
and ¢ coprime), then ¢ divides p2¢, and thus, ¢ = £1. The same holds true for /\i_N
so that AZN = #+1 and /\?N = 1. As before, as A; is a root of unity, y4 is a cyclotomic
polynomial and Gal(jy4-) is abelian. This is a contradiction if d > 3. The cyclotomic
polynomials of degree 2 are the three listed ones. ]

5.2. Finding examples satisfying (G) and the eigenvalue condition

We now describe a method of generating A € Sp(2d, Z) with the required properties
for Theorem 1.1. By Lemma 5.1, (G) and m(A) + [(A) > 2 is sufficient. We start with
the following result.

Theorem 5.3 ([27, Theorem B.1]). For any d > 2 the matrices in Sp(2d, Z) with (G)
have density one in Sp(2d, 7)) (when ordered by some norm on M(2d, R)).

Below we will present a method to produce a matrix in Sp(2d, Z) with (G)
and m(A) + [(A) > 2 out of a matrix of Sp(2d, Z) satisfying (only) (G). Since
both assumptions only depend on the characteristic polynomial, the following result
reduces the problem to finding suitable polynomials thanks to the next result.

Theorem 5.4 ([28,41, Theorem A.1]). Let f € Z[X] be a monic palindromic poly-
nomial. Then, there is A € Sp(2d, Z) with characteristic polynomial f.

The following two statements can be used to ensure (G). The first one is a classical
method to determine the Galois group.
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Lemma 5.5 ([25, Theorem 28.23)]). Let f € Z[X] be monic irreducible over Q. For
dy,...,d; € N, the following two statements are equivalent.

(1) Gal(f) contains a permutation (of the zeros of f) which is a disjoint product
of cycles of length dq, ..., d.

(2) There is a prime p such that f = fi --- f; for some irreducible f; € Fp[X], 7
is separable and deg f; = d;, where f denotes the reduction of f modulo p.

Lemma 5.6 ([12, Lemma 2]). If f € Z[X] is monic and palindromic, and Gal( f")
contains a 2-cycle, a 4-cycle, a (2d — 2)-cycle, and a 2d-cycle, then f satisfies (G).

With these lemmas at hand, we assume d > 4 so that 2d # 4 # 2d — 2 (the
adjustments for d = 2, 3 are obvious). If f is the characteristic polynomial of some
matrix satisfying (G) (which have density one by Theorem 5.3), then Gal( /) contains
a 2-cycle, a 4-cycle, a (2d — 2)-cycle and a 2d -cycle and we can take the primes p»,
P4, P2d—> and pp4 given by Lemma 5.5 and corresponding, respectively, to these
cycles in Gal( f). We observe that any polynomial f that agrees with f modulo the
primes pa, p4, Poa—», and p,4 also satisfies (G) by Lemma 5.5 and Lemma 5.6.
By the Chinese remainder theorem such f is unique mod p; P4 prg—2 Pra. We will
choose a suitable f to ensure the eigenvalue condition.

To obtain a polynomial satisfying (G) and the eigenvalue condition, we now set

foi=f +kpapapra—apraX®, ke,

which is still monic and palindromic. As explained above, f; satisfies (G). We now
define g € Z[X] by X9g(X + X~1) = f. Obviously, gx := g + kp2papPrd—2P2d
satisfies X9 g (X + X 1) = f;. Pairs of roots {o, @™} of f correspond to roots
of gr via {o, ™'} = o + ™. Moreover, pairs of roots of f; on S! correspond to
roots of gi in the interval [—2, 2] (see [30, Lemma 1]). Since g([—2, 2]) is a bounded
set, gk = & + kpapapra—o p2q has no roots in [-2, 2] for |k| > 1. Hence, f; has no
roots in S! for |k| > 1. If d = 2, then gy is a quadratic polynomial which has two
real roots outside [—2, 2] for k < —1. Hence, f; has 4 real roots for k < —1.

We conclude that A € Sp(2d, Z) with characteristic polynomial f for |k| > 1
(resp., k < —1 if d = 2) satisfies (G) and m(A) + 2/(A) = d (resp., m(A) = 2 if
d = 2). Inboth cases m(A) + [(A) > 2. The existence of A with such a characteristic
polynomial is finally provided by Theorem 5.4.

Remark. In the above construction, instead of starting with a characteristic poly-
nomial satisfying (G) we could also choose the reductions of f modulo the primes
directly. More precisely, suppose that 7% (IFp, (i)) is the set of monic palindromic
polynomials of degree 2d over [, consisting of polynomials factoring as an irre-
ducible polynomial of degree i times a product of 2d — i distinct linear polynomials



G. Riviere and L. L. Wolf 1508

(see [27, Appendix B]). By [27, Lemma B.4], for any integer 1 < k < n, we have
1

d d—1
2k g —p? T

#Py (Fp: (2k)) =

so that 7 5¢ (IFp; (2k)) is non-empty for almost all primes p.

Let us now pick distinct primes p2, pa, paa—2, P24, and g; € P35 (Fp,; (i)) for
i€{2,4,2d —2,2d}.Let f € Z[X] be monic and palindromic such that the reduction
modulo the primes p; gives ¢g;. We are now in the same situation as if f was the
characteristic polynomial of a matrix in Sp(2d, Z) satisfying (G).

Example 5.7. The matrix

0O o0 1 O
0 0 o0 1
A= -1 0 -3 3
0 -1 3 4

has characteristic polynomial y4 = X% — X> — 19X2 — X + 1 and eigenvalues
4.9059... and —3.850... as well as their inverses. In particular, m(A) = 2. The
polynomial g = X2 — X — 21 satisfies g(X + 1/X)X? = x4 and has two real roots
%ﬁ lying outside [—2, 2]. y4 is irreducible mod 2 and splits into (X — 3)(X —
5)(X? + 1) mod 7. Hence, | Gal(y4)| = 8 by Lemmas 5.5 and 5.6, i.e., A satisfies
(G). By Theorem 3.6, Sp(4,Z)4 = {£1} x Z>. Let

1 —27 45 114
—-27 —62 114 311

B = =943 +294% — 214 + 31.
—45 —114 208 564 A" +29 +3

—114 311 564 1524

Clearly, AB = BA and one checks B € Sp(4,Z) and B has characteristic poly-
nomial yp = X* — 1671X3 + 17191X2 — 1671X + 1. We observe y4 = yp =
X*+ X3+ X2+ X +1mod2but yq%# yp=X*+2X3+6X2+2X +1=
(X —3)(X —5)(X? +3X + 1) mod 7 so they define the same cycle type mod 2 and
mod 7. Diagonalizing A with a matrix S € Sp(4, R) gives

ST1AS = diag(—3.8500...,4.9059...,(—3.8500...)"', (4.9059)71)
and

ST'BS = diag(0.0975...,1660.6486...,(0.0975...)~ 1, (1660.6486...)~1).

From the moduli of the first two entries it now follows easily that AX B! = I, k.l € Z,
can only hold for k =/ = 0;ie., A := {AkBl | k,I € Z} is free abelian of rank 2.
We conclude that A has finite index in Sp(4, Z) 4. Hence, we can apply Theorem 1.1
to find B, € A.
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A. A brief reminder on the metaplectic group

In this section, we review the metaplectic transformations and we refer to [13] for
more details. See also [21, Chapter 4].

The metaplectic Mp(2d, R) is the unique double covering group of Sp(2d, R).
More precisely, Sp(2d, R) has a Cartan decomposition Sp(2d, R) >~ K x p, where
K >~ U(d) and p is a vector space [29, Theorem 6.31, page 575]. This shows that
the fundamental group 1 (Sp(2d, R)) = 71 (K) as p is a vector space. In our case,
K ~ U(d) has fundamental group Z. Let for the moment G be the universal cover
of Sp(2d, R) with covering map §. Then, Sp(2d,R) ~ G /ker§ and ker§ ~ 7 is
contained in the center of G. All other coverings of Sp(2d, R) factor through this
universal covering. This means they are given by subgroups nZ, n € Ny, of Z. In par-
ticular, we have G — G /2Z — G /Z = Sp(2d, R) and the middle group G /27 is the
metaplectic group Mp(2d, R). It is the unique connected double cover of Sp(2d, R).
Let g denote the covering map. By construction, the map g is 2 : 1, i.e., there is Z in
the center of Mp(2d, R) such that kerg = {1, Z}. It is worth noting that Mp(2d, R)
has no finite-dimensional faithful representation, i.e., it cannot be described as a group
of matrices. However, there is a faithful representation 7;, on L2(R?) which is unique
with the property

V(w,t) € Hy, JTh(g)T(w,t)ﬂh(g)_l = T(q(g)w,t)a g € Mp(2d,R), (13)

where H is the Heisenberg group and the representation 7 of the Heisenberg group
Hy is the unique unitary irreducible representation such that Tg ;) = et (i.e., has

central character e ) by the Stone—von Neumann theorem.

Remark. Recall from [15, Section 2] that T is the representation used to define the
Weyl quantization.

The construction of 7y, (g) works as follows. For g € Sp(2d, R), the map (w,?) —
T(gw,r) defines another unitary irreducible representation of H; with the same central
character. Hence, they are unitarily equivalent and there exists an isometry M of
L2(R?) such that Mg o T(y 4 © Mg_1 = T(gw,d)- By Schur’s lemma, M, is unique up
scalar. One can check that g — [M,] defines a projective representation of Sp(2d, R);
i.e., a group homomorphism Sp(2d, R) — U(L?(R?))/(S* - 1d). This representation
does not come from an ordinary representation of Sp(2d, R) but it can be lifted to a
representation of Mp(2d, R), where “lifted” means precisely equation (13). One then
gets 1, (Z) = —1, since Z2 = 1 € Mp(2d, R) and 7,(Z) must be scalar by Schur’s
Lemma and # 1 since otherwise it would be a representation of Sp(2d, R).

This allows to define the metaplectic representation Mh (A) of A as my, (/T) for
any h > 0, where we picked Atobea metaplectic lift of 4 (which is unique up to
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Ker(g) = {1, Z}). This defines an operator on L2(R?) that can be restricted to the
Schwartz class. Hence, by duality, it can be extended to tempered distributions, and
thus, to the spaces Hn from Section 2. This corresponds to the operators My(A)
considered in this article.

Hence, if we are glven two symplectic matrices A and B, we can choose two
metaplectic lifts Aand B in Mp(2d,R) which are unique up to Ker(g) = {1, Z}. One
has then

My(A) My (B) = ny(A)mp(B) = m4(AB) = £My(AB).

In particular, if A and B commute, one finds that My (A)My(B) = My(B)My(A)
or My(A)My(B)? = My (B)?>My(A). In that last case, this yields the commuting
relation M}, (A)M;,(B?) = M (B?)M;,(A).
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