SHRINKING TARGETS PROBLEMS FOR FLOWS ON HOMOGENEOUS
SPACES

DUBI KELMER AND SHUCHENG YU

ABSTRACT. We study shrinking targets problems for discrete time flows on a homogenous
space I'\G with G a semisimple group and I' an irreducible lattice. Our results apply to both
diagonalizable and unipotent flows, and apply to very general families of shrinking targets.
As a special case, we establish logarithm laws for cusp excursions of unipotent flows settling
a problem raised by Athreya and Margulis.

1. INTRODUCTION

Consider an ergodic dynamical system given by the iteration of a measure preserving map
T : X — X on a probability space (X, ). From ergodicity, it follows that generic orbits
become dense, and shrinking target problems are a way to quantify the rate. That is, to
determine how fast we can make a sequence of targets shrink so that a typical orbit will keep
hitting the targets infinitely often.

A natural bound for this rate comes from the easy half of Borel-Cantelli, stating that
for any sequence of sets, {By, }men, if > o (By) < oo then for a.e. x € X from some
point on Tz ¢ B,,. For chaotic dynamical systems, it could be expected that this bound
is sharp, and much work has gone into proving this in various examples of fast mixing
dynamical systems (under some regularity restrictions on the shrinking sets). In particular,
this was done for shrinking cusp neighborhoods of homogenous spaces [Sul82, KM99, GS11,
AMO09, KM12, AM17, Yul7], and more generally for shrinking metric balls in a metric space
[CKO1, Dol04, Gal07, KZ17].

Recently, in [Kell7], the first author introduced a new method for attacking this problem
for discrete time homogenous flows on (the frame bundle of) finite volume hyperbolic man-
ifolds. This method works for any monotone family of shrinking targets in the hyperbolic
manifold, and applies also for unipotent flows with arbitrarily slow polynomial mixing rate.
In this paper we adapt this method to treat the general case of discrete time homogenous
flows on a homogenous space X = I'\G with G a connected semisimple Lie group with finite
center and no compact factors, and I' an irreducible lattice.

1.1. General setup, terminology, and notations. Let G denote a connected semisimple
Lie group with finite center and no compact factors, let I' < G be an irreducible lattice,
and let p denote the G-invariant probability measure on X = I'\G, coming from the Haar
measure of G. We fix once and for all a maximal compact subgroup K < GG and denote by
‘H = G/K the corresponding symmetric space. We say that a subset B C X is spherical if
it is invariant under the right action of K and we identify spherical sets as subsets of the
locally symmetric space I'\'H.
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One-parameter flows on X = I'\G are given by the right action of one-parameter subgroups
of GG. Explicitly, the one-parameter group generated by an element, X, in the Lie algebra,
g = Lie(G), is given by {h; = exp(tXy) : t € R}. The corresponding discrete time flow is
then given by the action of the discrete subgroup H = {h,;, }mez. We will always assume
that the subgroup is unbounded and recall that, by Moore’s ergodicity theorem, the action
of any unbounded subgroup is ergodic and mixing.

We say that a family {B;}~0 is a monotone family of shrinking targets if B, C By when
t > s and pu(B;) — 0, and we say it is a family of spherical shrinking targets if all sets are
spherical. Given an unbounded discrete time one-parameter flow {Ah,, }mez, following [CKO1],
we say that a sequence of sets { B, }men is Borel-Cantelli (BC) for {hp, }mez, if for a.e. z € X
the set {m € N | zh,, € B,,} is unbounded, and we say it is strongly Borel-Cantelli (sBC)
if for a.e. € X

. #{1<j<m:zh; € B;}
lim =
m—+oo zlgjgm 1(B;)

We say that a collection of sets is (strongly) Borel-Cantelli (resp. monotone sBC) if any
sequence (resp. monotone sequence) from this collection with divergent measure is (strongly)
Borel-Cantelli.

In what follows we adopt the notation A(t) < B(t) or A(t) = O(B(t)) to indicate that
there is a constant ¢ > 0 such that A(t) < ¢B(t), and we write A(t) < B(t) to indicate
that A(t) < B(t) < A(t). The implied constants may always depend on the group, G, the
lattice, I', and the flow that we think of as fixed. We will use subscripts to indicate the
dependance of the implied constants on any additional parameters.

(1.1)

1.2. Logarithm laws. Our first result establishes a logarithm law for the first hitting time
function (see [GKO07] for the relation between such logarithm laws and Borel-Cantelli prop-
erties). Given an unbounded discrete time flow and a subset B C X" the first hitting time
function is defined for x € X by

7p(x) = min{m € N : zh,, € B}. (1.2)

Theorem 1.1. Assume that either G has property (T'), or that G is of real rank one. Let
{B:}+>0 denote a monotone family of spherical shrinking targets in X = T'\G. Let {hy}mez
denote an unbounded discrete time flow on X. Then for a.e. x € X

log(7s, (x))
t—o0 — log(pu(By))

Remark 1. Since all simple groups without property (7") are of real rank one, Theorem 1.1
holds for all noncompact connected simple groups with finite center. In fact, the only groups
of higher rank without property (7") are (almost) products G = [ G; with at least one of the
factors a simple rank one group without property (77). In this case, the same result still holds,
unless the flow is a unipotent flow on one of those rank one factors. Even then, according
to the congruence subgroup conjecture (see e.g. [Rap92, Rag04]), for higher rank groups
the only irreducible lattices are congruence lattices. For congruence lattices, if we further
assume the Selberg-Ramanujan Conjecture (see [Sha04, Sar05]), the resulting bounds on
decay of matrix coefficients are sufficient to obtain the same result also in these cases (in fact,

with the exception of G; locally isomorphic to SLy(R) for some ¢ the unconditional bounds
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towards the Selberg-Ramanujan Conjecture obtained in [KS03, BB11, BC13, BC17] are
already sufficient). Hence, conditional on these conjectures our result holds in full generality.

Since spherical sets in the homogenous space, I'\G, can be naturally identified with subsets
of the locally symmetric space, I'\H, our result holds for any monotone sequence of shrinking
targets in I'\H. A special case of such a sequence, that has received much attention, occurs
when T'\H is not compact and the shrinking sets are cusp neighborhoods [Sul82, KM99,
AMO09, KM12, AM17, Yul7]. For these problems, logarithm laws can be expressed in terms
of a distance function measuring how far out a point is in the cusp. Explicitly, given a
continuous distance function on T'\'H that we lift to a K x K-invariant function d(-,-) on
I'\G x I'\G, we can define spherical shrinking cusp neighborhoods of X by

B, ={x € X :d(x,zq) > t},

where xg € X is some fixed base point. We assume that the measure of these cusp neigh-
borhoods decay exponentially with rate sz > 0 in the sense that

lim 1088 _ (1.4)

t—00 t

In particular, this holds when the distance function® is determined by a right G-invariant,
bi K-invariant Riemannian metric on G as in [KM99], or more generally by a norm-like
pseudometric on G as in [AM17]. For any such distance function, a consequence of Theorem
1.1 applied to this family of shrinking targets is the following.

Corollary 1.2. For G a connected semisimple Lie group with finite center and no compact
factors, and I' < G an irreducible lattice, for any unbounded one-parameter flow {h;}ier on
X =T\G, forae v X
lim sup d(zh, zo) = l (1.5)
t—s00 logt »

For diagonalizable flows, the logarithm law for cusp excursions (1.5) was established by
Sullivan [Sul82] for G = SOq(d, 1), and by Kleinbock and Margulis [KM99] in general. For
unipotent flows, Athreya and Margulis [AM17] showed that there is some ¢ € (0, 1] so that
for a.e. x € X, limsup,_, ., d(%é’fo) = 2, and raised the question if it is always the case that
the constant ¢ = 1. This question was previously answered affirmatively in some specific
examples, such as unipotent flows on the space of lattices and on hyperbolic manifolds
[AMO09, KM12, Yul7]. Our result settles this problem completely and gives an affirmative

answer to their question in general.

Remark 2. We emphasized this particular application for logarithm laws for cusp excursions
because this problem has received considerable attention and was completely resolved by
our results. We note, however, that our results apply in a much more general setting. For
example, by taking the shrinking sets to be metric balls in T'\'H we get similar logarithm
laws, generalizing the results of [Mau06, KZ17, Kel17] on hyperbolic manifolds. Alternatively
we can also take our shrinking sets to be shrinking neighborhoods of closed geodesics, or
immersed submanifolds as done in [HP10] for hyperbolic manifolds, or, if one is so inclined,
even take a sequence of cantor like sets (of positive measure) in I'\’H shrinking to a point.

'While these distance function are defined on I'\G and are not necessarily lifts from a distance function on
T'\H, the corresponding cusp neighborhoods can always be approximated by spherical cusp neighborhoods
as shown in Corollary 5.3 below.
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1.3. Summable decay of matrix coefficients. A key ingredient in the proof of Theorem
1.1 is a uniform rate on decay of spherical matrix elements under one-parameter flows. We
say ¢ € L*(I'\G) is spherical if it is invariant under the action of K, and we identify the space
of spherical functions with L*(I'\H) = L*(I'\G/K). Let 7 denote the regular representation
of G on L*(T'\G) and let L3(T'\G) denote the space orthogonal to the constant functions.
For any ¢, ¢ € L*(T'\G) and g € G the corresponding matrix element is given by

(m(g)e, ) = / p(zg)d(x)dp(r).

G
By using the results of Oh [Oh98] on effective property (7'), we show the following uniform
bound on decay of matrix coefficients for one-parameter flows.

Theorem 1.3. Assume that G has property (T') and let {h;}icr denote an unbounded one-
parameter subgroup. For all sufficiently small € > 0, for any spherical ¢, € LE(T\G) and
for all |t| > 1 we have

lell2lll2

| <7T(ht)<)07 ¢> | < |t|1_6

It is remarkable that this uniform rate, which is exactly the rate needed for Theorem 1.1,
can be obtained for all one-parameter flows for all semisimple groups with property (7).
The rate of decay here is € away from being summable, and, while this is good enough to
establish a logarithm law, for other applications it just falls short. In many cases, however,
we can establish a slightly better rate. In order to distinguish these cases we use the following
terminology.

Definition 1.4. We say that a one-parameter flow on I'\G has Summable Decay (or SD) if
there is > 1 such that for any spherical ¢, € LA3(T\G), for all [t| > 1 we have

lell2lll2

| <7T(ht)§07¢> | <<77 |t|’7

For SD flows we can show the stronger result implying that the bound coming from Borel-
Cantelli is sharp.

Theorem 1.5. For any discrete time one-parameter SD flow on T'\G, the collection of
spherical subsets is strongly Borel-Cantelli.

Remark 3. Although we state our results (Theorems 1.1 and 1.5) for the special case of
homogeneous spaces, we note that our argument works in greater generality. Explicitly, given
a dynamical system (X, ) with an ergodic action T" and a family of functions F C L*(X)
such that for some n > 1 and for all ¢, € F and all k > 1

<?/)OT"“7¢>>=L¢(x)du($)L¢(x)du(m)+On(ll¢llll¢llk“"),

then following the same arguments, implies that the collection of sets with indicator functions
in F is strongly Borel-Cantelli. Similarly, if we replace the condition n > 1 by n =1 —¢
for any € > 0, then the same argument shows that any monotone family of shrinking targets

with indicator functions in F satisfies the logarithm law (1.3).
4



Following this result it would be useful to categorize precisely which one-parameter ho-
mogenous flows are SD. For diagonalizable flows, the exponential decay of matrix coefficients
clearly imply summable decay. For unipotent flows, the decay is polynomial and we don’t
always have summable decay. When the group G is a simple Lie group of rank > 2, the
following result gives explicit conditions for when a one-parameter flow has summable decay,
in terms of the restricted root system of G and the adjoint representation of the generator
of the flow (see section 3.1 for more details).

Theorem 1.6. Assume that G is simple with real rank > 2. If the restricted root system
is of type B,(n > 4), D,(n > 4), Eg, Er, Eg or Fy, then all unbounded one-parameter flows
on I'\G are SD. When the restricted root system is not of the above types, any unipotent
one-parameter flow, hy = exp(tXy), with ad(Xy)? # 0 is SD.

[\

Remark 4. For example, on I'\ SL3(R) the unipotent flow given by h; = ( ' 22? ) is SD,

OO
O

while the flow given by h; = (Bl) g (15) is not SD.

Remark 5. For some applications it is useful to know the precise rate of decay for matrix
coefficients along unipotent flows, and we remark that our method gives the following very
explicit rate: When h; = exp(tXj) is unipotent, let [ be the largest positive integer such that
ad(Xp)! # 0. Then our method shows that for any spherical ¢, € LZ(T'\G), the matrix

coefficients (m(h:)p, 1) are bounded by O, (%) when the restricted root system is

Bo(n > 4), Do(n > 4), Eg, Es, Es or Fy and by O, (I%I(l;@g) otherwise.

Remark 6. We can also characterize SD flows when G is semisimple with property (T).
In such a case the flow will be SD unless the flow is essentially trivial except in one of the
factors, with the restriction of the flow to this factor not SD.

1.4. Groups of real rank one. For a group of real rank one with property (T, every
discrete time homogenous flow is SD, and hence the collection of spherical sets is sBC. For
rank one groups without property (7'), the question if all one-parameter flows on I'\G are
SD, depends on the spectral gap of I', that is, the size of the smallest non-trivial eigenvalue
of the Laplacian on L*(T\H). When the spectral gap is sufficiently large all flows are SD
(see Corollary 3.8 below). However, there are also examples with a small spectral gap, for
which unipotent flows may not be SD. Nevertheless, using a spectral decomposition it is
still possible to prove that the collection of spherical sets is monotone Borell-Cantelli. This
was done in [Kell7] for G = SOy (d + 1, 1) with d > 2 and the proof is similar for G locally
isomorphic to SU(d, 1). Explicitly, for these groups we have the following.

Theorem 1.7. Let G be locally isomorphic to SO(d+1,1) or SU(d, 1) with d > 2. Then for
any unbounded discrete time one-parameter flow on I'\G, the collection of spherical subsets
is monotone Borel-Cantelli.

Remark 7. In fact, our proof gives something stronger. For a sequence of spherical sets,
{ By fmen (not necessarily monotone) with ) u(B,,) = oo, if we assume that {mu(B,)},,cn
is bounded then we can show this sequence is strongly Borel-Cantelli. If the sequence is

monotone and {mu(By,)},,cy is unbounded, we can show instead that there is a subsequence
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{m;} such that for a.e. x € X
lim =

1.
J=roo m]':u(ij)

Remark 8. The case when G is locally isomorphic to SO(2, 1) was considered in [Kell7]. In
this case one needs some additional assumptions on the shrinking rate of family {B,, }men
to show that it is BC for a unipotent flow.

1.5. Orbits eventually always hitting. Assume now that our flow is either SD or that G
is of real rank one, so that any monotone sequence of spherical shrinking targets { B, }men
is BC. In such cases we wish to study the subtler point, of whether the finite orbits

cH ={zh;:1<j<m}, (1.6)

eventually always hit or miss the targets B,,. Using the terminology introduced in [Kell7]
we say that an orbit of a point x € X is eventually always hitting if xH> N B,, # 0 for
all sufficiently large m, and eventually always missing if xH N B, = 0 for all sufficiently
large m. We denote by A, and A, the set of points with such orbits respectively. For the
eventually always missing set, we have the dichotomy given by the dynamical Borel-Cantelli
Lemma: if | u(By,) < oo then Ay, is of full measure and otherwise A,y is a null set.
The eventually always hitting set, A.y, is also either a null set or a set of full measure, but
in this case we are not able to establish such an explicit dichotomy. Here we have the following
partial result (extending the result of [Kell7] dealing with the case of G = SOg(d + 1, 1)).

Theorem 1.8. Fiz an unbounded discrete time one-parameter flow on I'\G and assume that
either the flow is SD, or that G is of real rank one, not locally isomorphic to SO(2,1). Let
{Bm}men denote a monotone sequence of spherical shrinking targets. If

— 2111(Bys)

7=0

Then A.y is of full measure. Moreover, if we further assume that p(Bay,) < 1(By), then for
a.e. v € X, for all sufficiently large m

#{1 < j<m:zhj € By} <mu(B,).

Remark 9. In the other direction, it was shown in [Kel17] that for any ergodic one-parameter
flow, for any monotone sequence, {B,, }men, of shrinking targets, if there is ¢ < 1 such that
the set {m : mu(B,,) < ¢} is unbounded then A, is a null set. In particular, if we assume
that p(B,,) decays polynomially in the sense that u(B,,) =< m~" for some fixed 7, then
Theorem 1.8, implies that A, is a set of full measure when n < 1, and a null set when
n > 1. In this case, however, the same result already follows from Theorem 1.1 and hence
holds also for flows that are not SD.

Remark 10. Finally we remark that in a recent work of Kleinbock and Wadleigh [KW17],
they give examples of dynamical systems where they manage to get an explicit dichotomy
for A,y, and the dichotomy depends exactly on the convergence and divergence of the series
of the type (1.7).

Acknowledgements. The authors would like to thank Dmitry Kleinbock, Farrell Brumley,

Jayadev S. Athreya and Yuanqging Cai for helpful conversations.
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2. SHRINKING TARGET PROBLEMS

We start by taking a closer look on shrinking target problems for a general ergodic 7Z-
action given by the action of a group, H = {hy, };mez, on a probability space (X, ). Though
we will later apply these results for the case of X = I'\G, in this section we will not assume
anything about the space X and the flow other than ergodicity.

2.1. The hitting time problem. Fix a positive integer ¢ throughout this subsection. In-
stead of the first hitting time function given in (1.2), we consider the more general ith hitting
time function: For any z € X and any set B C X let

Th(r) ;== min{m € N | |[¢sH N B| =i} (2.1)
measure the time needed for the orbit of = to enter the target B for the ith time (here zH,"

is as in (1.6)). In preparation for Theorem 1.1, our goal in this section is to give sufficient
conditions on a monotone family of shrinking targets, { B;};~0, implying that for a.e. x € X

log 75, ()
— =1 2.2
550 — log 1(By) 22)
For any 0 < § < % we define the sets
. log 7
s ={rxeX| liminfM <1-—20},

t—oo —log yu(By)

: . log 7, ()
Us = {zr € X | limsup ———~
o= 1 | t%oop —log u(B)

and note that the condition pu(U}) =0 for all 0 < § < % implies that for a.e. z € X

> 1420},

_ log 75 ()
limsup —————— <1 2.3
t—>oop —log u(By) — (23)

and similarly the condition that u(L£}) =0 for all 0 < § < 3 implies that for a.c. z € X

1 7
lim inf 98TB ) (z)

>1 24
tooo —log u(By) 24)

Now, for any integer m > 1 and measurable subset B C X, define the hitting set
Hip:={zeX|rp(z) <m} (2.5)
and its complement
M, p={zeX|rh(zx)>m}. (2.6)
Note that = € M}, p (resp. © € M;, z) means the first m steps in the orbit of z hit the set
B at least (resp. strictly less than) ¢ times. For any 0 < § < % and any ¢ > 0 let

1

my (t) = wa

; log 7% (x
If z € L, then there exists an unbounded sequence of ¢ such that 875, (+) < 1—0, or equiva-

. — log p(Bt)

lently, 74 (z) < SET - Since 75, () is integer-valued, this implies that 7 (z) < LWJ

for unbounded values of ¢. Hence, x € L} implies that = € H! ~ 1.8 for unbounded values
m5 s Dt
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of t. Similarly, z € U} implies that z € M? | (£).B: for unbounded values of t. Let A/ denote
mg (1),

the set of integers ¢ > 0 such that {x(B;) | t > 0} N[5, 577) is nonempty. Note that A is
unbounded since tlim w(By) = 0. Thus
—00

oo
i i
e U U Ho 0.5
m=0 EX} St SH(Be)< g

and

U (U U an;(t),Bt'

= 1 1
m Ogg}\nf STFT gu(Bt)<27

For each ¢ € N, let

By = U B, and B,:= ﬂ B;.

1 1 1 1
WSH(Bt)<27 WSM(Bt)<27

Since {B;}¢~0 is monotone,

Moreover, for any ¢ such that u(B;) € [54+, 57),

L2£(1i5)J < mgc(t) < L2(£+1)(1i6)J‘

By construction, for any m < m’ and B C B', H}, 5 C H.,, p and M;, 5 D M., .. Hence
for any ¢ € N, we have

U H:né_(t),Bt - Hiz(ﬂl)(l%”,ﬁg and U M:n;(t),gt - MZLQZ(H-(?)J,QZ'

1 1 1 1
WSN(Bt)<27 WSM(Bt)<27

Combining the above arguments gives the following:

Lemma 2.1. For a monotone family, { B;}i>o, of shrinking targets in X . If for all sufficiently

small 6 >0
ZM (H’L‘LQ([+1)(17(§)J7§£> < 00, (2.7)
LeN

then the lower bound (2.4) holds for a.e. x € X. Similarly, if for all sufficiently small § > 0

Z:u (MiQZ(lJrJ)J,EZ) < 007 (28)
LeN

then the upper bound (2.3) holds for a.e. x € X.

In the following sections we shall show that (2.8) holds for one-parameter flows on ho-
mogenous spaces. The condition (2.7), on the other hand, holds in general without any
extra assumption on the flow or the shrinking targets. Hence, the following lower bound

holds in general.
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Lemma 2.2. Let {B;}i~0 be a monotone family of shrinking targets in X. Then (2.7) holds
forall0 <6 < % In particular, for a.e. x € X

Proof. For any integer m > 1 and any measurable set B C X', we first show the trivial esti-
mate p (M, ) < mu(B). By definition H!, 5 = UL, {x € X | 7h(z) = k} and by minimal-
ity {z € X | 7j(z) = k} C { € X | zhy € B} = Bh_;,. Hence indeed p (M}, 5) < mu(B).

For each ¢ € N applying this estimate to HL“““““LE we get

H (Hi%éﬂ)u—é)]@) <[22V (B < 27,

where for the last inequality we used pu(By) < 2—1£ Hence

Z [l <HT._2(£+1>(175)J7§2> << 2_(% < . |:|
LeN /=0

2.2. Orbits eventually always hitting. Given a monotone sequence of shrinking targets
{Bpn},ens we defined the eventually always hitting set to be

Aan = {z € X | zH,;; N By, # 0 for all sufficiently large m} .

In [Kell7, Proposition 12 and Lemmas 13,14] the first author gave sufficient conditions
implying that A,y is a null or co-null set. For the readers convenience we summarize these
results in the following:
Lemma 2.3. Given a measure preserving ergodic Z-action of a group H on a probability
space (X, i), and a monotone sequence, { By, }men, of shrinking targets.

(1) If along some subsequence, we have that mju(Bn,) < ¢ <1, then u(Aan) = 0.

(2) If 3, /L(Méj,1732j) < 0o then u(Aa) = 1. If in addition also p(By;) < p1(Bagj+1) and

> (M4 5 j) < 0o then for a.e. x € X, for all sufficiently large m
)

#(xH! N B,) < mu(B,,).

The results of [Kell7] were given for a more general setting of Z?-actions. For Z-actions
we also have the following lemma stating that A, is always either null or co-null.

Lemma 2.4. Let H be a measure preserving ergodic Z-action on a probability space (X, )
and let { By }men denote a monotone sequence of shrinking targets. Then A., has measure
either zero or one.

Proof. Suppose p(A.,) > 0, we want to show that p(Aa,) = 1. Define the set
A = {I € -Aah | zhy € Aah for all £ > 1}.

It is clear that A’hy C A’. Hence by ergodicity it suffices to show that u(.A’") > 0. To show
this, we prove that p(Aa.n\A’) = 0. Note that

A \A" = {x € Aup | zhy ¢ Aap for some k > 1} = U{x € Au | xhy & Aan}-

k=1
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Hence, it suffices to show that for any fixed k, the set {z € A.p,| zhy ¢ A.n} has measure zero.
We note that © € A,, means that for all sufficiently large m, there exists some 1 < j(m) < m
such that xhjim) € By,. If for all sufficiently large m we can take j(m) > k, then we have
zhihjmm)—k € By, with 1 < j(m) —k < m, thus zh;, € Aa,. Hence, if z € A, but 2hy, & Aan,
then there exist infinitely many values of m for which there exists some 1 < j(m) < k such
that xhjim) € By, but xh; ¢ By, for all k < i < m. In particular, for such z, there exists
some 1 < j < k such that zh; € B, for infinitely many values of m. Since {By,}men is
monotone, this implies that xh; € () °_, B,,. Hence the set

{w€ A | zhy, ¢ A} C | (ﬁ Bm> h_

j=1 \m=1

is of measure zero. O

2.3. Dynamical Borel-Cantelli and Quasi-independence. The second part of the clas-
sical Borel-Cantelli lemma requires pairwise independence. The following argument, going
back to Schmidt, shows that a weaker condition of quasi-independence is enough. Explicitly,
let F = {fm}men denote a sequence of functions on the probability space (X,pu) taking
values in [0,1]. For m € Nlet EJ, = 37, p(f;) and S7,(z) = 35, i, fi(x). We then
have:

Lemma 2.5. [Spr79, Chapter I, Lemma 10] Assuming that for some constant C' > 0, for all
m,n € N

n n 2 n
/X (Z fiz) — ZN(fz)) du(z) < CZM(]‘}), (2.9)
then for any € > 0 for a.e.l;me X - o
S(@) = E;, + O (\/E_£ 10g3+E(E£)>.
In particular, if {E]}, _ is unbounded, then for a.e. v € X

A

=1.

Given a Z-action of a group H = {h,, }mez on X, and a sequence of targets, { B, }men, let
fi(x) = xg,(xh;) so that S} (x) = #{1 < j < m | xh; € B;}. If the events, xh; € B}, were
pairwise independent, then the left hand side of (2.9) would be zero. This result shows that
the weaker quasi-independence bound (2.9), is enough to show that the sequence {B,, }men
is sBC for the flow.

3. DECAY OF MATRIX COEFFICIENTS

We now collect the needed results on the decay of matrix coefficients for representations
of semisimple Lie groups, and use them to prove Theorem 1.3, giving a uniform bound for
decay of matrix coefficients for all one-parameter flows, as well as Theorem 1.6 classifying
SD flows. We first give some background on semisimple Lie groups, their Lie algebras and

restricted root systems. We then focus on simple groups and treat the cases of simple groups
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of real rank one and simple groups of higher rank separately. Finally, we combine our results
on simple groups to handle the general case of semisimple groups with property (7).

3.1. Preliminaries on Lie groups. Let G be a connected semisimple Lie group with finite
center and no compact factors, and let g denote its Lie algebra. Fix a Cartan involution, 6,
on g and let
g=top

denote the corresponding Cartan decomposition, where £ is the +1 eigenspace and p is the
—1 eigenspace of 0. Let K < G denote the maximal compact subgroup with Lie algebra
t. Let a be a maximal abelian subspace of p, and m the centralizer of a in €. Denote by
® = Pg(a,g) the set of restricted roots with respect to the pair (a,g). Fix a set of simple
roots A = {a; | i € I} and let @+ = ®F(a,g) be the corresponding set of positive roots.
Then g has a root-space decomposition

g=mda @ 15

)\ECIZ'R(G,Q)

and an Iwasawa decomposition

g=ndadt,
where n = @/\E%(a’g) gr. Let G = NAK be the corresponding Iwasawa decomposition of
G. Let at = {X €a]a(X) >0 for all « € A} be the positive Weyl chamber determined
by A, and A" the corresponding positive Weyl chamber in A. The choice of A determines

a partial order on ®f(a,g) in the sense that A > X if and only if A\(X) > N (X) for any
X € a', and we can fix a total order

AL > Ay > 2> AL (3.1)

on @} (a,g) that is compatible with this partial order, where L = |®4(a, g)| (see [Kna02,
p. 155] for an example of such an order). Let d; = dim(g,,) and dy = dim(m & a). The
following lemma gives a nice matrix representation of the adjoint Lie algebra.

Lemma 3.1. (¢f. [Kna02, Lemma 6.45]) There exists a basis of g compatible with the
above root-space decomposition such that the matrices representing ad(g) have the following
properties:

(1) The matrices of ad € are skew symmetric,

(2) the matrices of ad n are upper triangular with 0 on the diagonal.

(3) the matrices of ad a are diagonal with real entries with

)‘1 (X)Idl

)\L(X)]dL
ad(X) = OIdo 3
_)\L(X)]dL

—A1(X) g,
for X € a where 1, is the d; x d; identity matriz.

As an immediate consequence, we have the following description of Ad(G).
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Corollary 3.2. There exists a basis of g such that the matrices representing Ad(G) have the
following properties:

(1) The matrices of Ad(K) are orthogonal,
(2) the matrices of Ad(N) are upper triangular with 1’s on the diagonal,
(3) the matrices of Ad(A) are diagonal with real entries with

M1,

eAL(X) IdL

Ad(exp(X)) = log »
e L ]dL

6_)‘1(X)]d1
for all X € a.

We will fix such a basis once and for all and use it to identify ad(g) and Ad(G) with the
corresponding matrix groups. For future reference, we prove the following short lemma.

Lemma 3.3. For any nonzero X € g we have that (ad(X))? # 0.

Proof. 1t suffices to show that ad(X)oad(X) is nontrivial as an endomorphism of g. If ad(X)
is not nilpotent there is nothing to show. If it is nilpotent, by [Hel78, Theorem 7.4, p. 432]
there exist elements H,Y € g such that

[H, X] =2X, [H,Y] = -2Y, [X,Y]=H.
Applying ad(X) o ad(X) to Y we get
(ad(X) 0 ad(X)) (V) = [X, [X, Y]] = [X, H] = =2X #0,
thus completing the proof. O

3.2. Cartan decomposition of one-parameter subgroups. We now consider the case
where G a simple, that is g is simple as a real Lie algebra, and study the Cartan decomposition
of a one-parameter subgroup {h; = exp(tXy)}, with X, € g.

Fix an order A\; > Ay > ... > Ay on the set of positive roots ®* as in (3.1). Since
G is simple, ® is irreducible and the root \; € ®*, is the highest root, characterized by
the property that A;(X) > A(X) for any A € &+ and X € a'. Recalling the Cartan
decomposition G = KATK, we can write

he = ka(t) exp (X (1)) ka(t) (3.2)

with k;(t) € K and X (t) € a', and note that X (¢) € at is uniquely determined by (3.2).
Now, by the complete additive Jordan decomposition, there exist three pairwise commuting
elements X;, X, and X; in g such that Xy = X, + X, + X, with ad(X,), ad(X,) and ad(X)
Ad(G)-conjugate to elements in ad(n), ad(a) and ad () respectively. We say a one-parameter
subgroup is quasi-diagonalizable if X, # 0, and that is quasi-unipotent if X, = 0 and X, # 0
(note that any unbounded subgroup is either quasi-diagonalizable or quasi-unipotent). We

first prove the following:
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Proposition 3.4. Given an unbounded one-parameter subgroup hy = ki(t) exp (X (t)) k2(t),
if it is quasi-diagonalizable then there exists some constant ¢ > 0 such that

XD s, et

and if it is quasi-unipotent then there exists some integer | > 2 such that

MED) = 1)
Proof. For any g € G, let ||g||* := tr (Ad(g)'Ad(g)). That is, ||g||* is the Hilbert-Schmidt
norm of Ad(g), and equals the sum of squares of entries of Ad(g). By Cauchy-Schwartz,

9192l < llg1llllgz|l for any g1, g2 € G, so in particular, for any fixed gy € G and all h € G
we have

196 hgoll =go [I12]- (3:3)
Now, on one hand, in view of (3.2) and Corollary 3.2,

L
[he|* = tr (Ad (exp(X (1)))?) = Z d; (M) e 2AXW)Y 4 g,
=1

and since X (t) € a™ we have that A\; (X (¢)) > \; (X(¢)) > 0 for all \; € &, hence,

||ht||2 — 62>\1(X(t)).

On the other hand, since X,, X, and X; are pairwise commuting,
1]l = [l exp(tXo)|| = || exp(tXu) exp(t.Xa) exp(tXe)|].

Moreover, since ad(Xe) is Ad(G)-conjugate to some element in ad(), the one-parameter
subgroup {exp(tXs)}ier is compact, and {|| exp(tX¢)||}¢er is uniformly bounded from above
(by constants depending only on the generator Xj). Hence by Cauchy-Schwartz

[[a]] = [ exp(tXn) exp(t X[

If X, is nonzero, then there exists some g € G such that Ad(g)'ad(X,)Ad(g) = ad(X))
with X! € a nonzero. Thus by (3.3),

1hell* =< [lg™" exp(tXa)g exp(tXg)[|*.

Since ad(X,) is nilpotent, the entries of Ad(¢g~!exp(tX,)g) are all polynomials in ¢ and
since it is invertible, each row has at least one nonzero entry. Since X € a, there ex-
ists some root A € ®* such that |A(X])| = ¢ > 0. In view of Corollary 3.2, the matrix
Ad (g exp(tX,)gexp(tX.)) has at least one entry of the form e®P(t), where P(t) is some
nontrivial polynomial in ¢. Hence in this case, for all sufficiently large ¢,

62>\1(X(t)) — ||htH2 > eth.

If X, =0, then X, is nonzero. Let [ be the unique integer such that (ad(Xn))l # 0 and
(ad(X,))™" = 0 and note that { > 2 by Lemma 3.3. In this case, the entries of Ad (exp(tX,))
are all polynomials in ¢ with degree less than or equal to [, and there exists some entry with
degree exactly [. Hence in this case, for all sufficiently large ¢

e XO) 7y |12 < || exp(tX)]|% = 2. O
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3.3. Simple groups of real rank one. We recall that, up to local isomorphism, a rank
one group G is in one of the following four families of groups: SO(d, 1),SU(d, 1), Sp(d, 1),
with d > 2 and F;?. In these cases, the positive restricted root system ®f (a,g) consists of
one or two elements. Let o be the unique element in ®f (a, g) such that o ¢ ®f(a, g). Let
p be the dimension of g,, ¢ be the dimension of gsq and p = 3(p + 2¢)ov be half the sum of
the positive roots with multiplicities. Explicitly we have that p, ¢ and p are as follows:

SO(d,1) | SU(d,1) | Sp(d,1) |F;*
p| d—1 [2(d=1)| 4d—-1) | 8
q 0 1 3 7
p| Hla do (2d+ 1Da | 1la

Let af be the complexified dual of a and fix X; to be the unique element in a such that
a(X;) = 1. We identify af with C via their values at X;. Denote by G the unitary dual of

G and G the spherical unitary dual. The spherical unitary dual can be parameterized by
ai/W where W is the Weyl group. Let py € af be defined by

p g =so(d, 1) or su(d, 1)
po=4q p— 2 g=sp(d, 1)
p — 6a g="f"

Then with the above identification between ai. and C we have the parametrization

éK = {7Ts | s € iRZO U (07/)0)} U {71-/7}7

where the representations 7, s € iR are the (tempered) principal series representations,
the representations 7, s € (0, pg) are the (non-tempered) complementary series (cf. [Kos69]),

and 7, is the trivial representation. We note that in each representation m, € G x there is a
unique (up to scaling) spherical vector.

For any lattice I' < G consider the right regular representation of G' on L*(T'\G). We
denote by L% (T'\G) the subspace that weakly contains only tempered representations.

temp

We then have a spectral decomposition for any spherical f € L*(I'\G)

F={E0+) U on)er + fremps (3.4)
k

With fiemp € Lionp(F\G) and ¢y € 7, with s € (0, po).

After identifying spherical functions in L?(I'\G) with functions in L?(T'\H), the vectors
Y € T, occurring in this decomposition are the exceptional Laplacian eigenfunction in
L*(T'\'H), with corresponding eigenvalues p? — si. In particular, the spectral gap for T, i.e.,
the gap between the trivial eigenvalue and the first non-trivial eigenvalue of the Laplacian

on L*(T\H), is 7(2p — 7) where the parameter 7 = 7(T') is given by

7(T) := mkin(p — Sk). (3.5)
The (spherical) exceptional forms ¢, € m,, above are either cusp forms (vanishing at
all cusps) or residual forms (obtained as residues of Eisenstein series). The exceptional

cusp forms are uniformly bounded, but the residual forms can blow up at the cusps. To
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control their growth we recall the following result from [Kell7, Lemma 7] on the L” norms
of exceptional forms.?

Proposition 3.5. For any spherical exceptional form ¢y, € w5, with s, € (0, py) we have
that ¢, € LP(D\G) for any p < 22

p—sk "

We now turn to estimate the decay of matrix coefficients for flows on L*(I'\G) for G a
rank one group. For each s € iR>o U (0, pg) consider the spherical function defined by

¢8(9) = <7TS(9)U’U>
where v € V. is the unique unit spherical vector. For any € > 0, ¢, decays like
|65 (exp(tX7))| < e (3.6)
if s € iRZO and
64 (exp(tX)))] <, e~ (3.7)
if s € (0,p0). We note that (3.6) follows from the asymptotic behavior of the Harish-
Chandra = function (cf. [How82, section 7]), while for (3.7), we refer to [GV12, (5.1.18)].
Let A\ € ®f(a,g) be the highest root as before, and define x = £(G) to be the unique
integer such that o = § ;. Explicitly, k = 2 if G is locally isomorphic to SO(d, 1) and x = 1

otherwise. Applying (3.6) and (3.7) to the regular representation (m, L3(T'\G)), we get the
following:

Proposition 3.6. Let G be a connected simple Lie group with finite center and real rank
one, and let T' < G be a lattice in G. Let {h;}ier be an unbounded one-parameter subgroup
of G. For any spherical tempered 1, ¢ € L2, (T\G), for all |t| > 1 we have

temp
[©]|2]|9]]2

|<7T(ht>1/}7¢>| <e |t|’$p(1_5) : (38)

For any spherical non-tempered exceptional form ¢ € 7y with s € (0, po), for all [t| > 1 we
have

lll3
[(m(he)p, )] <e m~ (3.9)

Proof. Recall the Cartan decomposition hy = ki (t) exp(X (t))ko(t) with k;(t) € K and X (¢) €
a®. In view of (3.6) and (3.7), it suffices to show that e®X(®) > |¢|*. Recall that & is defined
precisely such that v = £); where A; is the highest root. By Proposition 3.4, eMX®) > ¢2,
hence e*X®) > (12)2 = |¢|~. O

Using Proposition 3.6 together with the spectral decomposition, we see that the rate of
decay is controlled by the spectral gap parameter 7(I') as follows:

Theorem 3.7. For G and I" as in Proposition 3.6, for all sufficiently small € > 0, for any
spherical f1, fo € LET\G) and for all |t| > 1, we have

(m(he) f1, f2)] <e %

2The result in [Kell7] is stated for G = SOg(d, 1) but the proof is identical.
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Proof. For any spherical fi, fo € L3(T'\G), applying the spectral decomposition (3.4) and
Proposition 3.6 we get for any [¢t| > 1

() fis o) < S [ o) Tor o || o)k 9]+ [ () s P

«3 (oo @)| ol o
C L [t |t]re(—0)

P [ L) Rl L B L

— |t’I€T(F)(17€)
< Il foll2
— |t|/£7'(1—‘)(1—e) ’
where for the last inequality we used Cauchy-Schwartz. U

As a direct corollary, we have the following:

Corollary 3.8. For G a connected simple Lie group with finite center and real rank one, not
locally isomorphic to SO(2,1) and I' < G a lattice in G. If 7(T") > ﬁ, then any unbounded
one-parameter flow is SD for T\G. In particular, if G is locally isomorphic to Sp(d, 1) with

d>2 or F;?°, then any unbounded one-parameter flow is SD for T\G for any lattice T.

Remark 11. For G is locally isomorphic to SO(d+1, 1) and I a congruence lattice, the best
known bounds towards the Selberg-Ramanujan conjecture [BS91, KS03, BB11, BC13, BC17]
imply that 7(I') > 2 for d = 1, that 7(I') > 23 for d = 2 and that 7(I') > 1 when d > 3.
Similarly, when G is locally isomorphic to SU(d, 1), we have that 7(I') > £ when d = 2 and
that 7(I') > 2 for d > 3. In particular, it follows that for any rank one group, G, not locally
isomorphic to SLy(R), for any congruence lattice I' < G, we have that x7(I") > 1 and all
unbounded one-parameter flows on I'\G are SD.

3.4. Simple groups of higher rank. Next, we consider the case where G is a connected
simple Lie group with finite center and real rank > 2. Following [Oh98], two roots o and 3
are called strongly orthogonal if neither one of a = is a root. Let S(®) denote the family of
all subsets of ®* whose elements are pairwise strongly orthogonal. We call an element O in
S(®) a strongly orthogonal system. Let o be the function on S(®) given by o(O) = 3" ., .

Proposition 3.9. [Oh98, Proposition 2.3] Let A = {«a; | i € I} be the set of simple roots as
above. There exists a mazimal strongly orthogonal system Q(®) in S(P) in the sense that
for any O € S(®), for each i € I, the coefficient of c; in o(Q(P)) is greater than or equal to
the coefficient of a; in o(O).

Let £ = 10(Q(®)) = %ZQGQ@) «, and consider the K-bi-invariant function, ' : G — R,
defined on A" via

Flexp(X)) = e %), (3.10)
We then have the following result from [Oh98].

Theorem 3.10. For G a connected simple group with finite center and real rank > 2, for
any € > 0 sufficiently small, for any nontrivial o € Gk and K -invariant unit vector v, of o

(0(9)vs, vs)| <e Fg)' ™€ for any g € G. (3.11)
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Proof. When G is a linear group this is [Oh98, Theorem A]. In general, let Z(G) be the
center of G and V,, be the Hilbert space of o, we want to show Z(G) acts trivially on V.
Since o is irreducible and unitary (and hence admissible), Z(G) acts on V, via some central
character w. That is, there is a character w : Z(G) — C* such that o(z2)v = w(z)v for
any z € Z(G) and v € V,. Since G has finite center, the maximal compact subgroup K
contains the center ([Kna02, Theorem 6.31]). In particular, for any z € Z(G) C K we have
0(2)vy = vy, = w(z)v,. Hence w = 1 and Z(G) acts trivially on V,,. Thus o descends to an
irreducible unitary representation of the adjoint group Ad(G). Identifying g with ad(g) and
applying [Oh98, Theorem A] to the linear group Ad(G), we get that for any g € G

(7(9) 0, V)| = (0 (Ad(9)) v, v)| < F (Ad(9))" " = F(g)' ™. [
Applying these results to one-parameter subgroups we get:

Proposition 3.11. Let G denote a connected simple Lie group with finite center and real
rank > 2 and {hi}ier an unbounded one-parameter subgroup. For any € > 0 sufficiently

small, for any nontrivial o € G and It > 1,
|<J(ht)vU7va>| < |t|6_1- (312)

Proof. Since the singleton {\;} constitutes a strongly orthogonal system, Proposition 3.9,
implies that £(X) > 1A (X) for any X € a™, leading to the bound F(exp(X)) < e (/2.
Now using the Cartan decomposition hy = ki (t) exp(X (t))k2(t) and Theorem 3.10 we get
that

() 1) e expl(e — DECX (1)) < exp(SS2A (X (1))).

Now, by Proposition 3.4, we have that e*(X®) > 2 thus concluding the proof. 0]

Remark 12. In [Oh02, p. 187-190] both ¢ and the highest root A; are explicitly given in
terms of linear combinations of simple roots. By comparing £ and A; directly, we note that
when Pg(a, g) is of type B,,(n > 4), D,(n > 4), Es, E7, Eg or Fy, we have that £(X) > A\ (X)
for any X € at. Hence in these cases we have the following summable decay:

(o (he)vg, vo)| e [t (3.13)

for any nontrivial ¢ € G and any |t| > 1. When ®g(a, g) is not of the above types, if the one-
parameter subgroup is quasi-diagonalizable then the matrix coefficients decay exponentially,
and if it is quasi-unipotent with (ad(X,))* # 0, then we can take [ = 3 in Proposition 3.4
leading to the summable decay:

(o (he)vg, vo)| < [t (3.14)
for any nontrivial o € G and any [¢| > 1.

3.5. Semisimple groups. We now consider the general case where G is a connected semisim-
ple Lie group with finite center and no compact factors. Let I' < GG denote an irreducible
lattice, and {h;}ier an unbounded one-parameter subgroup of G as before.

To deal with this case, first, note that there is a surjective homomorphism [, G; — G
with finite kernel such that each G is a noncompact connected simple Lie group with finite
center. Let I' be the preimage of I’ and {h:} be the identity component of the pre-image of
{h:}. By replacing (I'\G, h;) by (T'\ 11, G, h;) we may assume, without loss of generality,
that G =[[;", G; and hy = (hy, ..., h}") is unbounded as a one-parameter subgroup of G.
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Next, our maximal compact subgroup is of the form K = [, K;, with each K; a maximal
compact subgroup of G;. By slightly abusing the terminology in [KM96)%, we say G; is an
essential factor of G if {hi};cr is unbounded in G;. After reordering the factors, we can
assume that Gy, - - - , Gy, are all the essential factors (since {h;} is unbounded, we have k > 1).
Let @p C G be the set of irreducible unitary representations that are weakly contained in
LiT\G) and GKI = CAJF N (/;’\K We first note that for any o € CA?K’F, o is of the form
o = ®", 0; with each o; € é\zKl Since I' < G is irreducible, each o; is nontrivial. Moreover,
a K-invariant unit vector v, of o is of the form v, = ®[*,v,,, where v,, is the K;-invariant
unit vector of g;. Thus

[{o(ht)vg, vo)| = H [{oi(h) Vs, Vo)

First, we consider the case that G (and hence each of its factors) has property (7'), that
is, each Gj is either of real rank > 2 or locally isomorphic to Sp(d, 1) or F;?". In this case,
for 1 < ¢ < k the factor {h!} is unbounded and by Proposition 3.11 and Corollary 3.8,
for any [t| > 1 we have |(0;(h})vy,, Vo, )| <e \tlﬂ;‘” While for £ +1 < i < m, we bound

[{o;(h})v,,, vs,)| < 1. We thus have for any [t| > 1

|<O-(ht>va7va>| < (315)

=)
Proposition 3.12. Let G be a connected semisimple Lie group with finite center and no
compact factors, I' < G an irreducible lattice, and {h;};er an unbounded one-parameter
subgroup of G. If G has property (T), then for any spherical p,v» € L3(T\G) and for any
|t| > 1, we have

r(rdir 0] < LR, (316)

where k > 1 is the number of essential factors of the flow.

Proof. Using the direct integral decomposition of L(T'\G), for any spherical p € L3(T'\G),
© can be written as

o= [ parlo)
oGk r

where ¢, € o is spherical and v is some Borel measure on (AJF. Hence for any spherical
o, € LAT\G), we have

3In [KMY6], G; is called an essential factor if {h},er is quasi-diagonalizable, while here we allow {hi},cr
to be quasi-unipotent.
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By (3.15) for any |t| > 1 we can bound

(wb)o ) < [ [{othi)en, o) dvo)

O'EGK,F

1
< [ ekl lbdv(o)
UGGK,r

< lelall:
= Raa
where for the last inequality we used Cauchy-Schwartz. U

Proof of Theorem 1.3. The result follows from Proposition 3.12 (after noting that for an
unbounded flow we have at least one essential factor so k > 1). We further note that the
only possibility that the flow is not SD is that there is only one essential factor, say G, and
{hl}icr (viewed as a one-parameter flow on T'\G) is not SD. O

Proof of Theorem 1.6. The result follows from the above argument and Remark 12. OJ

Remark 13. For a semisimple group G of real rank > 2 without property (7") our result is
only conditional. In this case, Margulis Arithmeticity Theorem states that any irreducible
lattice I' < @ is arithmetic in the sense that it is commensurable to a congruence lattice
defined over some number field. Moreover, Serre’s congruence subgroup conjecture (which
is settled when I'\G is not compact [Rap92|) states that in fact all irreducible lattices are
congruence lattices. Now, when I is a congruence lattice the generalized Selberg-Ramanujan
conjecture [Sha04, Sar05] gives very precise restrictions on which non-tempered representa-
tions may occur in the decomposition of L?(T'\G), and these representations all have fast
decay of matrix coefficients. In particular, when I' is a congruence lattice, the Selberg-
Ramanujan conjecture implies that (3.16) holds for all flows on I'\G, and moreover, when
G is not locally isomorphic to a product of copies of SLy(R) and SLy(C), this already fol-
lows from the known bounds [KS03, BB11, BC13, BC17] towards the Selberg-Ramanujan
conjecture.

4. EFFECTIVE MEAN ERGODIC THEOREMS AND CONSEQUENCES

Let G be a connected semisimple Lie group with finite center and no compact factors,
[' < G an irreducible lattice, X = I'\G, and H = {h,;, },nez an unbounded discrete time one-
parameter flow on X generated by a one-parameter subgroup as before. For any f € L*(X)
and any integer m > 1, define the averaging operator

BL) = = fahy),

Since H acts ergodically on X', the mean ergodic theorem states that

1B (f) = 1()ll2 = 0,

as m — oo for any f € L*(X), where u(f) := fx fdu. In this section we adapt the method
introduced in [GK17] and [Kell7], to prove two effective mean ergodic theorems using the
explicit rate of decay of matrix coefficients obtained in the previous section. The arguments
are slightly different for rank one groups and for groups with property (7), so we will treat

them separately.
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4.1. Groups with Property (T). When the group G has property (7), we can use the
uniform result on decay of matrix coefficients for one-parameter flows to show the following.

Proposition 4.1. Assume that G has property (T). Then for any unbounded discrete time
one-parameter flow H = {hy, }mez, for any € > 0 and for any spherical f € L*(X) we have

I8 - )l < (1)
If the flow is SD we have the slightly stronger bound
I7) = )l < L2 (4.2)
Proof. Let fo = u(f) € LE(X). Proposition 3.11 and Corollary 3.8 imply that for any
small € > 0 for all ]k] 1
r(tud o, Jo| <. 12

Noting that §5(fo) = B(f) — u(f) we have

185 (fo)ll3 = mi< > whifo, Y W(hj)fo> = mi > (w(hig) fo. fo)

1<i<m 1<j<m I<i,j<m

= S o o) G 0) | 1S i G < myi— = k)

|k|<m

IIfoll3 _ I/15

1e—mle'

<_Z| hkf07f0|<<€ 1+22k15”f”2<<

|k|<m

If the flow is SD the same argument with the stronger bound |(m(hs) fo, fo)| < ”|f,f||7|,§, gives

185(f) — n(f)|3 < Mz, 0

4.2. Groups of real rank one. For groups of real rank one without property (7') we have
to take into account the contribution of the possible exceptional spectrum. The argument
is similar to the one used in [Kell7, Theorem 15] for the orthogonal groups, and we include
the details for the reader’s convenience. Doing this leads to the following.

Proposition 4.2. Let G be locally isomorphic to SO(d+1,1) or SU(d, 1) with d > 2. Then
for any unbounded discrete time one-parameter flow H = {hy, }mez, for any sufficiently small
e > 0 and for any spherical f € L*(X) we have

) - e < Uy 3 LAl

sk‘e[p_évp)
where g are the finitely many spherical exceptional forms. When G 1is locally isomorphic to
SO(2,1) we have the same result with the first term replaced by A1l

mz—o’

Proof. Write f = (f, 1) + >, (f, ¢x)r + fo with fo € L, ,(X). Then
185(F) = (D)l < D1 F o8 ()l + 1855 (fo) -
k
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Using (3.8) and the same argument as in Proposition 4.1, we get
i g=s021)

185 (Folll2 < § (4.3)

||jl|7§ otherwise.

Similarly, for each of the spherical exceptional forms ¢, in 75, we can bound

1 1
poey Sk<p— %

1 = 1
+ 2 = m
Hﬁm((pk)”? <L m<1 + Z kn(ﬂ—é‘k)(l—ﬁ)) < { m Sp=p— L
k=1 m f

Hence
1

1
—_ S < _ =
Hﬂz(mrh«e{ v Pk

1
T Espa-o Sk Zp—

Combining this with (4.3) and using the bound [(f, ¢x)| < || f]l2 for sp < p — L concludes
the proof. 0

4.3. A variance estimate. We now apply the above mean ergodic theorem for a variance
estimate. Following [Kell7], for any integer m > 1 and f € L?(X), we define the set

Cog = {w € X | [BL(N@) = ()] = 4L}

Applying the mean ergodic theorem we obtain the following estimate for the measure of C,, 5
when f is an indicator function of a spherical set.

Proposition 4.3. For any spherical set B C X and f = xp its indicator function:
(1) If the flow is SD then

1(Cg) € ———. 4.4
(Cn) < s (4.4
(2) If G has property (T), then for all sufficiently small e > 0
1
Cm e ——————. 4.5
HCg) e e (4.5
(3) If G is locally isomorphic to SO(d + 1,1) or SU(d, 1) with d > 2, then
1
p(Cmp) < + : (4.6)
: mu(B N\ 2r(0)/3
1(B) (mﬂ(B)§>
(4) If G is locally isomorphic to SO(2,1), then for all sufficiently small € > 0
1 1
Crn,f) <Ke + 4.7
#(Cr.1) m'=<u(B) (ml—e'u(B)l-i-%)QT(F) (4.7)

where for the last two cases, T(I') denotes the spectral gap parameter defined in (3.5).

Proof. Since pu(Cp ) < 1 we may assume that mu(B) > 1 since otherwise the result holds
trivially.
Now, by definition if © € Cp, s, then |8} (f) — u(B)| > @ and hence

I -2 T [ Byt = B (15)
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On the other hand, for SD flows by Proposition 4.1 we have

2 B)
1650 — (B < 102 = 112 (19)
Combining (4.8) and (4.9) we get (4.4).
If G has property (T), then again by Proposition 4.1 we have

2 B
18200 — wB)3 < Wl _ 105) (4.10)
Combining (4.8) and (4.10), we get (4.5).
If G is locally isomorphically to SO(d + 1,1) or SU(d, 1) with d > 2, then by Proposition
4.2 we have

185 (f) — u(B)|)3 <. /113 N Z 1(f, o)

m mrp—sk)(1—€) "
ske[p_%»p)

Recall that by Proposition 3.5, the exceptional forms o, € LP(X) for any 1 < p < —22-. For

p—Sk
e > 0 sufficiently small let p, = m, qr =L ’;;1, and use Holder inequality to bound

[(fs o0 < Ml @llplfllae <e 1 llge = n(B) %
With this bound we get

B
18500 —nB) < M2 s B (@.11)

m 1
sk€lp—7.p)

Combining (4.8) and (4.11) we get

1 1
Cnm « — v § . 4.12
lu’( :f)<< m/,L(B)+ 1+%6 P—Sk ( )
su€lp—5.0) | mr=)p(B) 7

1+%e
kp(l—e)

Note that we always have that kp > 2 so fixing € < 1/3 sufficiently small so that < %

we get
1 1
m;z(B)jL Z 11dc\ Pk
su€lp—5.0) | mP=)y(B)

skElp—1,p) mlu(B) 2rp/3

1 1
= mp(B) + Z ( 1+%E)H(psk)(le)

1 1
>2H(0—8k)/3'

snElp—L.0) (mu(Bﬁ

Finally, note that for all terms in the sum we have that 7(I') < p — 55, < % so that

1 1
Cm <

27(I")/3°
(mu(m)?)
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For SO(2,1) we have that x = 2 and p = 1 and a similar argument gives (4.7) O

5. APPLICATIONS TO SHRINKING TARGET PROBLEMS

We now combine all the ingredients and apply them to the shrinking target problems we
described in the introduction. As before, throughout this section we let G denote a connected
semisimple Lie group with finite center and no compact factors, I' < GG an irreducible lattice
{h¢}1er an unbounded one-parameter subgroup, generating a discrete time flow given by the
action of the discrete group H = {hy, }mez on the homogenous space X = I'\G.

5.1. The hitting time problem. Let {B;}:~¢ be a monotone family of spherical shrinking
targets in X'. We recall that by Lemmas 2.1 and 2.2, in order to prove Theorem 1.1 it is
enough to show that the estimate (2.8) holds. We show this in the following Lemma.

Lemma 5.1. Assume that either G has property (T) or that it is simple of real rank one.
Then (2.8) holds for any 0 < 6 < 3.

Proof. Given a spherical measurable set, B C X, let f = xp denote its indicator function,
and for any m € N let M, 5 be as defined in (2.6). In particular, for any z € M}, 5 we
have that 3, (f)(z) = £ for some 0 < k < i. Thus for any m > %, if z € M, 5 then
B4(F)@) ~ ()] = W(B) ~ = > u(B) ~ L > Zu(B),
so Ml 5 C Crn .
We recall that N is the set of integers ¢ > 0 such that {u(By) | t > 0} N[5, 577) Is
nonempty, and for each ¢ € N, B, = [_s <u(Bi)<Z; By with measure 5+ < pu(B,) < 2

ol+1 ) — 2t
For each ¢ € NV, let f; = x,. Fix0 <0 < % and let j = L%J. Then for any ¢ € N'N[j, 00),
Mi@[(H‘;)LE@ C Clata+s) ) g, Hence to prove (2.8) it is enough to show that

Z ) (CLQZ(H‘”JW) < Q.

LeNN[j,00)

We now use Proposition 4.3 to estimate p (CLZ‘*“"“” I, fé). First, when G has property (T),
Proposition 4.3 with € = ﬁ gives that

1 (Coeirs) 7 < . < 2_(%/2»
( |2 er) |20049) |1=¢;, (B,)

is summable. Next, for G locally isomorphic to SO(d 4 1,1) or SU(d, 1) with d > 2, Propo-
sition 4.3 implies that

1 1
7 (CL25(1+6)JJ£) < +

|26049) | 11, (B,) <L2€(1+5)JM (§£)§>27(r)/3

< 2—5@ 4 2—2T(F)€/9

is also summable. Finally, when G is locally isomorphic to SO(2,1), Proposition 4.3 with
€= ﬁ implies that
I (CL22(1+6)JJ‘Z) <5 970t/2 4 g—or(I)t
is summable. O
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5.2. Logarithm laws. We now apply our results to the special case where I'\G is not com-
pact and the shrinking targets are cusp neighborhoods, to prove Corollary 1.2, establishing
logarithm laws for one-parameter flows. Since I'\G is not compact when G is of higher rank,
we may assume that [" is a congruence group. We also assume here that GG is not locally iso-
morphic to a product of copies of SLy(R) and SLy(C), and note that, in that case, Corollary
1.2 already follows from [KM12].

Now, fix a K x K-invariant function d(-,-) on I'\G x I'\G (coming from a distance function
on I'\'H) satisfying (1.4) as in the introduction. For a fixed reference point zy € & let

By ={z e X |d(z,xg) >t}

be the corresponding spherical cusp neighborhood. We first note that the easy half of
Borel-Cantelli lemma, together with a standard continuity argument, implies that the upper
bound,
lim sup L0 T0) 1
t—00 10gt V4
holds for a.e. z € X'. For the lower bound, note that by Theorem 1.1, when G has property
(T') or is of real rank one the limit (1.3) holds for a.e. * € X. When G is of higher rank
without property (7'), since I' is a congruence subgroup and G is not locally isomorphic to a
product of copies of SLy(R) and SLy(C), there is no factor of G locally isomorphic to SLy(R).
Thus, using the known bounds towards the Selberg-Ramanujan conjecture (see Remarks 1
and 13) the limit (1.1) still holds for a.e. x € X. The proof of Corollary 1.2 now follows
immediately from the following Lemma.

Lemma 5.2. For any x € X satisfying (1.3) we have that

d(xh 1
lim sup Qe T0) S 1
t—00 10gt Vi
Proof. By (1.3) and (1.4), for any small € > 0, there exists ¢, > 0 such that for any ¢ > ty
log 7B, () — log (B log 7, ()
oy < L e and —REHE LEB )« (504 €)(1 + o).

Moreover, by the minimality of 7p, () we have that zh., ) € By, or equivalently that

we have that < 1 + €, hence,

d(zhry, ), o) > t. For any integer £ € Nlet s, = 7p,(x). The condition that z satisfies (1.3),
implies that s, — oo as £ — oo, and for any ¢ > t,, we have
d(xhsé,:co) . d(thBe(a:)ux0> N d(‘rhTBe($)7I0> - 1
log sy log 7, () (x+e)(1+e)l ~ (x+e)(1+e€)
To conclude, for any z satisfying (1.3) and for any € > 0 we can find an unbounded sequence
d(zhs,,x . . . zht,T
{s¢} such that (bg; o) - o +€)1(1 5, implying that limsup,_, % > 1 O

In [KM99, AM17], the cusp neighborhoods are defined by a distance function d(-, -) on T\G
induced from a left G-invariant and bi- K-invariant metric (resp. norm like pseudo metric)
on G, rather than a distance function on I'\H as in our case. More generally, [KM99, Section
1.6], considered cusp neighborhoods defined by a s-distance like function, that is, a function
A X — [0,00), that is uniformly continuous and satisfies that u({z € X | A(x) > t}) < e

uniformly for all ¢ > 0.
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Remark 14. We refer to [KM99] for examples of »-distance like functions, and just point out
here two important examples. First, as implied by the name, the function x — d(z, z¢) for
some fixed zg € X is s-distance like for some 3¢ > 0 [KM99, Section 5|. Another important
example of a d-distance like function is the shortest length function a; defined on the space
of unimodular lattices Xy = SLa(Z)\ SLa(R) by a1 (A) = sup,en oy log <

denote the maximum norm on R? [KM99, Section 7].

s ) where ||+ [lo

For a general k-distance like functions A the shrinking targets B, = {z € X | A(z) > t}
may not be spherical and Corollary 1.2 does not apply directly. Nevertheless by replacing
these non-spherical neighborhoods by spherical ones we get the following general conse-
quence.

Corollary 5.3. For X = I'\G as in Corollary 1.2 and A a k-distance like function on X
we have that for a.e. x € X

i g =
Proof. Replace the non-spherical function A by the spherical function A (z) := infrex A(xk),
for which the corresponding cusp neighborhoods B, := {z € X | Ag(x) > t} are clearly
spherical. From uniform continuity of A, there exists some 6 > 0 such that |A(z)—A(y)| < 1
for any x,y € X with d(x,y) < § where d(-,-) is the distance function on X induced from
a left G-invariant and bi- K-invariant metric on . In particular, since K is compact there
is some C' > 0 such that [A(z) — A(zk)| < C for all x € X and all k € K. Thus the cor-

—ut

responding cusp nelghborhoods satisfy Bt+C C B, C B,. Since by definition p(Bt) = e,

we also have u(B;) <¢ e . Now applying Corollary 1.2 to {B;}~o and using the relation
Ax) = Ag(x) + O(l), we get that for a.e. x € X
A(zh Ak (zh 1
lim sup (zh) = lim sup M = —. U
tsoo  loOgt t—s00 logt »

5.3. Orbits eventually always hitting. We now give the proof of Theorem 1.8. Given a
monotone sequence of spherical shrinking targets { B, }men, let fm, = x5,,. By Proposition
4.3, for SD flows

<C ) < ! !

YE=! . - = - .

M\ ) S S By T u(By)

and if G is locally isomorphic to SO(d + 1,1) or SU(d, 1) with d > 2, then

1 1
Cosr g, ) € 5 +
M( 241 f, 2 1u(Byy) (23'“(32].)%)27@)/3
1 272/9

< - - .
2u(By) | (2 p(By )P

Since Z] o WB) < 00, there exists jy such that for any j > jo, 2/u(By;) > 1. Hence for

all j > jg, we have

1 .
ny,) €2
(211 < 2]M(B2j)+



Thus in both cases, (1.7) implies that > 72 1 (ng:tl’fzj) < 00, and since M, 5 C Cp, s With

f = xB, then Z;’;O,u (Méjil B ) < oo and Theorem 1.8 follows from Lemma 2.3.

»Pog
5.4. Dynamical Borel-Cantelli for SD flows. We now give the proof of Theorem 1.5, by
showing that rate of decay of matrix coefficients for SD flows is sufficient to show that for any

sequence of spherical shrinking targets, { By, }men, the family of functions f,,(z) = xs,, (xhn)
satisfy condition (2.9) of Lemma 2.5.

Proposition 5.4. Let {B,, }men denote any sequence of spherical sets in X and let f,,(x) =
XB,, (Thy). If the flow is SD then there exists some constant C' > 0 such that for all n >
m>1

/X <Z fiz) — ZM(fz)) du(x) < OZM(fz)

Proof. We first note that by direct computation

A(iﬂ(”‘i“f”)zd“(m): > ([ r@nat - uns).

m<i,j<n

To simplify notation, let p; = pu(f;) = p(B;) and pw;; = [, fi(x)f;j(z)dp(x), and note that
pii = p; (since for fi(x) = xp,(zh;), f? = f;). With these notations we have

/){(Zﬁ(@—Zu(ﬁ)) dp(w) =D pit Do mig— D pik

m<iAj<n 1<ij<n
n
<Y it > (g — pany)-
i=m m<iZ£j<n

Thus it suffices to show that
> iy — pang) <
m<i#j<n i=m

Since we assume the flow is SD, there exists some constant n > 1 such that for any spherical
o, € L3(T\G), for all |t| > 1

@ll2lv
x| < LR,
In particular, for any i # j, taking ¢ = xp, — u(B;) and ¢ = xp, — u(B;) we get that
(ki — pipi| = [(m(hi)ep, m(h)¥)| = [(7(hi—j), V)]
lllalleolls /il

i—=gl" = li—=glm

Z ; Mi/.ij < i/v%-

m<i£j<n

<

It now suffices to show that




We rewrite the sum on the left as
Z VHil Z V ikt n Z Vil

. . . . . . 9
I P Akl L S VA 1
Bi Sp Hi> [

m<i#j<n

and using symmetry we can bound

> \/Mi_“j<2z \/m<2z o

m=iFEj<n =i m<iZj<n = m<iZ£j<n g =l
Bi <p pi<pr
2> 3 i L)
= Mg Z — ).
m<j<n ’ m<i<n |j =il

Wi Sy T
We can bound the inner sum by the convergent series 2y 7, Zin thus concluding the proof. [

Proof of Theorem 1.5. Let {B,,}men denote any sequence of spherical sets in X satisfying
that Y~ pu(By,) = co. For f,,(z) = xa,, (¢h,,) we have that

Z file) =#{1 <j<m:zh; € Bj},
1<j<m
and hence, Proposition 5.4 and Lemma 2.5 imply that for a.e. z € X
lim #{1 <j <m:zh; € B;} _

U
meree > 1<jm H(Bj)

5.5. Dynamical Borel-Cantelli for rank one groups. We now turn to the case where
G is locally isomorphic to SO(d 4 1,1) or SU(d, 1) with d > 2 (if G is of real rank one with
property (T), then every unbounded flow is SD and we can apply Theorem 1.5). Combining
bounds coming from the mean ergodic theorem, together with Lemma 2.5 we show that
any monotone sequence of spherical shrinking targets, {B,,}men, is BC. In this case, the
argument is different when the sequence {mu(B,,)}men is bounded or unbounded, and we
treat these cases separately. We first deal with the bounded case by showing the following.

Proposition 5.5. For G locally isomorphic to SO(d + 1,1) or SU(d, 1) with d > 2, let
{Bp}men denote a sequence of spherical sets satisfying that {mu(By,)},,cy i uniformly
bounded. Let f,,(x) = xB,, (xhy), then there exists some constant C' > 0 such that for all
n>m>1

/X <Z filz) — ZM(fz)) du(z) < CZM(fi)-

Proof. As in the proof of Proposition 5.4, denote by p;, = u(fi) = w(B;) and p;; =
[ filz) f;(z)dp(x). Using the spectral decomposition we can write

XBo = 1(Bm) + > (XBor k) Pk + [,
k
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with f, € L., (I'\H). Hence for any i # j,
pig = {fis J3) = (w(hi)xs,, m(hi)xs,) = (m(hi—j) x5, XB;)

= Wity + Z X8 2k} (X8> 0e) (T (hie ) rs or) + (m(hi ) 7 17)-
K

Thus by Proposition 3.6 we have for any small € > 0

| XBH(Pk><XB]aSOk>’ Hilt
‘/’Lzy] :LLZ/J’]‘ < Z jln p—sk)(1—¢) ’7/ _j|l€p(1*6)'

Let n = kp(1 — €) and note that for all 0 < € < 1/4 we have that n > 3/2 (since G is not
locally isomorphic to SO(2,1)). Hence, by the same arguments as in the proof of Proposition
5.4, for any 0 < € < }l we can bound

N
Z |j_l|np1 e)<<Z“’
m<i#j<n
Hence, it suffices to show that for each of the finitely many exceptional forms we have

> |<XBZ;790k.><XBja§0k>| <<62”:m

m<i#j<n [i = gl

Now let 0 < ¢y < + be sufficiently small such that ——22—— < 2 for all 5. For 0 < € < ¢, (to
4 (p+sk)(1—e0)

(HS:% and let n, = K(p — s)(1 — €). Note that 3 1 - < 1.

Recalling that the exceptional form ¢y € 7, is contained in LP(X)

can bound

be determined later) let ¢ =

11
[(XB0s 0k) (X8, x| <Ko i 1"
and hence together with symmetry we can bound

1 1 1 1

9%k ,, 9k
Z |<>§Bia§0k><XB];190k < Z Mi M] Z u_z ,u.] .
— |’l—j|"£p sk)(1—€) |"7k — |j_z|"7k
m<i#Ej<n m<z;£]<n m<i#j<n
g <phi
1 1 2

Slnce o <15 for p1; < p; we can bound p* p* < u,,u;’“ to get that

1 1 2 4
ak ,, 9k K
i — g|me — gl
m<i#j<n |‘7 | m<i#j<n |] |
Mg Spi g Spi

Now using the assumption that {{z}sen is uniformly bounded, (and noting that % > 1) we
2

can bound % < —— so that
j
4o 1
Hifts
Z G S Z“i Z oy
m<i#£j<n m<i<n m<j<n J%% |,] Z|
By <p By <pi,jFi
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For the cases we consider we have that x — % > 1/2 and we can estimate the exponent

2
q——l—f—nk:%—l—i-ﬁ(p—sk)(l—e) >(1—€)(2+73) -1,
k
where 7 = 7(I') is the spectral gap parameter for I'. Taking e = min{3eo, 3751 we get that

q—k—1—|—77k>1+ 27. Hence for any m < i < n, the sum

> — - 2
megen 3% j—im 550 (Jflk T Ii—jl%lﬂzc)

My Spi g7 J#i
1
#0 | i 20
is uniformly bounded and thus concluding the proof. 0

Next, we consider the case where {mu(B,,) } men is unbounded. For this case we use results
of the effective mean ergodic theorem to show the following.

Proposition 5.6. For G locally isomorphic to SO(d + 1,1) or SU(d, 1) with d > 2, let
{Bm}men be a monotone family of spherical shrinking targets in X = I'\G satisfying that
Yoy i(Bp) = 00 and that {mu(By)},,cn i unbounded. Then there is a subsequence m,
with mjpu(By,,) — 0o satisfying that for a.e. v € X

#(xH} N By,)
lim !

=1.
j—oo mjlu(ij)

Proof. For any m € N let f,, = ﬁg% and note that S (fn)(x) = %. Hence it

suffices to show that there is some subsequence {m;} such that £, (fm,)(r) — 1 as j — oo
for a.e. x € X. By Proposition 4.2 we have

1 [(fns >|

m 5 (p—sk)(1—
’M(B ) Ske[P**p
Recall that we can bound |(f, ¢r)| <4 || finllq for any ¢ > p+s . Now for0 <e<1-— —p
for any s € [p — E,p) we have ¢, = 1—g(p—lsk)(1—e) > pi’;k and hence |(frn, ox)| < [|frmllge =

1 = 1 .Thusforany0<e<1—ﬁipwehave

u(Bm)l’i u(Bm)%w—sk)(l—e)

+ . 1
18 (fm) — 12 <e e >+ Z

Since {mu(B)},,cn is unbounded, there is a subsequence satisfying that m;u(B,,,) — oo,
for which [|B, (fim,;) — 1l|2 = 0 as j — oco. Passing to another subsequence, if necessary, we
get that B, (fm,)(xz) — 1 for ae. v € X. O

1
| (mp(B,.)) 7000

sKElp—L.p

We now combine the two cases to complete the proof.
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Proof of Theorem 1.7. Let G be locally isomorphic to SO(d+1, 1) or SU(d, 1) with d > 2, and
let { B, }men denote a monotone family of spherical shrinking targets with ) u(B,,) = co.
Now, if the sequence {mu(B,,)}men is bounded then by Proposition 5.5 we have that for
ae re X,
oy PSS miah; € By
m—roo Zlgjgm 1(B;)

If the sequence {mu(By,) }men is unbounded then by Proposition 5.6 there is a subsequence
m; such that for a.e. v € X

1.

#{1§z§mjth€Bm]}_

lim 1.
j—oo m]:u(Bmg)

In both cases, for a.e. © € X the set {m € N : zh,, € B,,} is unbounded, so { B, } men is BC
for this flow. O
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