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Chapter 0.

Introduction

Why should a Riemannian geometer be interested in the study of the Laplacian?

We shortly try to answer this question. Firstly, the Laplacian A := —div grad is

a canonical elliptic differential operator of second order, which is easy to define

on any Riemannian manifold. Secondly, the Laplacian, on a Riemannian manifold

it is also called Laplace-Beltrami operator, appears in2SIlCh important equations
) o

as the heat equation 5,u = —Au, the wave equation 5zu = —Au, as well as the

Schraodinger equation z’h%u = %Au of a free particle with mass m.
This dissertation is devoted to the LP-spectral theory of the Laplace-Beltrami
operator on non-compact locally symmetric spaces whose curvature is non-positive.

0.1. Heat Diffusion and Heat Equation

In chemistry or physics one type of transport phenomena is called diffusion. It
describes the movement of particles or a substance such as heat due to concentra-
tion differences and creates a flow from regions of higher concentration to regions
of lower concentration. The process of diffusion in the simplest case is modeled
by the heat equation, which is a parabolic evolution equation we are now going to
derive.

In 1822 Jean Baptiste Joseph Fourier stated in [34] his famous law of heat conduc-
tion:

q = —k gradu,

where ¢ is the rate of heat flow, k > 0 is called conductivity and u(t,x) is the
temperature at time ¢ in the point . This law forms the basis for the derivation of
the heat equation (cf. for example [13]): We consider a region 2 in some perfectly
isolated material and assume that there are neither heat sources nor heat sinks.
Therefore, the total change of internal energy @ (in the absence of work) in €2 results
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from the heat flow across the boundary 0€2. The change of internal energy @) can
be related to the change of the temperature u, i.e. Q(t1)—Q(t2) = cp(u(ty) —u(ts))
with the capacity ¢ and the mass density p. After the choice of a certain zero-point
on the temperature scale we obtain the formula

Q = cpu.

Hence, the total change of internal energy in € is

0
c —udz.
P /Q ot

On the other hand, using Fourier’s law and the divergence theorem, the heat flow
across 0f) into € is given by

k/ (gradu, v) dA = k:/ —Audz,
o0 Q

with an outward unit normal vector field v on 0¢2 and the Laplacian A = —div grad.
This leads first to the equation cp%u = —kAu and after a change of the time scale
to the so called heat equation:

0= A

= ~Au

The fundamental solution K(¢,z,y) to this equation is called heat kernel, i.e.
K(t,-,y) is a solution of the heat equation with lim, .o K(¢,-,y) = ¢,, where J,
denotes Dirac’s delta (see also Chapter 2). Physically, K (¢, z,y) can be interpreted
as the temperature in the point y at time ¢ if the initial temperature distribution
was concentrated in x with total temperature 1.

0.2. LP-Spectral Theory

The Laplace-Beltrami operator Ay, on a Riemannian manifold M is a positive
self-adjoint operator on the Hilbert space L?*(M) and —Aj; generates therefore
an analytic semigroup e ** on L?(M). Hence, for any initial heat disribution
u(0, ) = up(z) on M with ug € L*(M) a solution to the heat equation is given by
u(t,x) = e *AMyg(z). It can be shown (cf. Section 2) that for any p € [1,00) there
is a strongly continuous semigroup T,(¢) on LP(M) with Ty(t) = e~**M such that
T,(t)|Lrare = Ty(t)|LenLa, i.e. the semigroups T),(t) are consistent.

On the one hand, the natural space to describe (heat) diffusion is L*(M). If

T1(t)uo = U(t, ) M — RZO

denotes the heat distribution at time ¢ > 0 with respect to some initial heat
distribution ug € L'(M), the total amount of heat in some region Q C M is given
by

utt, el = /Qu(t,x) dvol(x),
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i.e. the L'-norm has a physical meaning.
On the other hand, the L!-spaces turn out to be more difficult to handle than the
reflexive LP-spaces. One example for this is the question whether the semigroup
Ty(t) is analytic or not, whereas for p € (1,00) the semigroups 7),(t) are always
analytic.
We denote by —Aj, the generator of the semigroup 7,(¢) and call Ay, the
Laplace-Beltrami operator on LP(M). It is actually possible that the LP-spectrum
o(Aprp) depends on p. This may happen because, in spite of the consistency of
the semigroups 7T),(t), the resolvents (A — Ajs,) ™" need not be consistent for some
A

For the LP-spectral theory of more general (elliptic) operators on LP(2), where
Q2 denotes an open subset of R", we refer to [3, 21, 43, 44, 46, 52, 53, 54].

0.2.1. Volume Growth and LP-Spectrum

K.-T. Sturm related in [72] the question whether the spectrum o(Aj,) depends
on p or not to the volume growth of the Riemannian manifold M. He actually
considered not only the Laplace-Beltrami operator on M but also uniformly elliptic
operators in divergence form. In terms of the Laplace-Beltrami operator A, his
main results can be stated as follows.

Theorem 0.1. (p-Independence). Let M denote a Riemannian manifold with
Ricci curvature bounded from below. If the volume of M grows uniformly subexpo-
nentially, i.e. for any ¢ > 0 there is some constant C' > 0 such that for all x € M
and r > 0 the following inequality for the volume of balls B(x,r) with center x and
radius r holds:

vol B(z,r) < Cevol B(x, 1),

then we have for p € [1,00):
O'(AMJ,) = U(AM’Q).

We conclude that the LP-spectrum of a Riemannian manifold M does not depend
on p if M is compact or if the Ricci curvature of M is non-negative. In particular,
the LP-spectrum of the Laplacian on Euclidean space R™ does not depend on p
(and coincides with the interval [0, 00)).

To state the next theorem we need the following definition. Let us denote by S, M
the unit sphere in the tangent space T, M of M in x and by 1/g(r,{), 7 > 0 and { €
S M, the volume density of the Riemannian manifold M with respect to geodesic
normal coordinates. We say that the volume density of M grows exponentially in
every direction if there is some point x € M with empty cut locus and constants

g,C > 0 such that
Vg(r,¢) = Ce,
for any r > 0 and ( € S, M.
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Theorem 0.2. (p-Dependence). Let M denote a Riemannian manifold with
Ricci curvature bounded from below. If the volume density of M grows exponen-
tially in every direction, it follows

inf Reo(Apr1) =0 and inf o(Ap2) > 0.
In particular, the LP-spectrum depends on p.

Notice, that all simply connected manifolds with constant negative curvature sat-
isfy the conditions in Theorem 0.2. In particular, the LP-spectrum of the Laplace-
Beltrami operator on the n-dimensional hyperbolic space H" (n > 2) depends on
p. However, it is not at all clear how the LP-spectrum precisely looks like. Another
point to mention is that Theorem 0.2 can not be applied to non-trivial quotient
manifolds, say e.g. I'\H" where I" C Isom(H") denotes a discrete subgroup of the
isometry group which acts freely on H", since there is no point in I'\H" with empty
cut locus.

In the case of non-compact quotients M = I'\H" where I" denotes a geometrically
finite subgroup, E. B. Davies, B. Simon, and M. E. Taylor explicitly determined
the LP-spectrum of the respective Laplace-Beltrami operator ([24]). They prove
that the LP-spectrum o(Aj;,) is the union of a (possibly empty) discrete set of
eigenvalues of Aj/o and a parabolic region P, that degenerates to the interval
[(n —1)%/4,00) for p = 2:

7(Anrp) = oo An} UP,,

For quotients M = I'\H" with infinite volume the authors needed also to assume
that M has no cusps.

AR
\\\\\\\\\\\\\\\\\\\

Figure 0.1.: LP-Spectrum of H".

M. E. Taylor generalized the mentioned results from [24] to symmetric spaces of
non-compact type (cf. [75]). He also showed that the methods from [24] can be used
to prove that the LP-spectrum of certain locally symmetric spaces M is contained
in the union of some discrete set of eigenvalues for Aj;» and some parabolic region.
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We conclude this section with a result due to E. B. Davies (cf. [20]), that in
some points could be regarded as a generalization of Theorem 0.1. Davies considers,
more generally, a locally compact, second countable metric space M but assumes
the somewhat stronger condition of polynomial volume growth instead of uniform
subexponential volume growth. If A denotes a non-negative self-adjoint operator on
L?(M) (defined with respect to some Borel measure on M) such that the semigroup
e 4 L2(M) — L?*(M) has an integral kernel with a Gaussian upper bound, he
shows that there is a consistent family of strongly continuous semigroups 7),(¢) on
LP(M), p € [1,00), with Ty(t) = e~*4. Furthermore, if —A, denotes the generator
of T,(t), the spectrum o(A,) does not depend on p.

0.3. Locally Symmetric Spaces

Why do we restrict ourselves to the Laplace-Beltrami operator on locally symmetric
spaces with non-positive curvature?

A substantial part of this dissertation was inspired by the already cited paper

[24]. T was wondering to what extent these results could be generalized to mani-
folds with variable curvature. In order to obtain precise results the manifolds in
our considerations should not be too general.
Locally symmetric spaces are characterized by VR = 0, i.e. the covariant deriva-
tive of the Riemannian curvature tensor R vanishes or, equivalently, the sectional
curvature is invariant under parallel translations (cf. Chapter 8, Proposition 10 in
[63]).

Hence, the class of locally symmetric spaces includes all manifolds with constant
curvature and in particular quotients I'\H" of the n-dimensional hyperbolic space
by a discrete subgroup I' of the isometry group, that acts freely on H"™, which
were considered in [24]. On the other hand, locally symmetric spaces have enough
structure in order to make precise statements. Actually, a complete classification
of (globally) symmetric spaces due to Elie Cartan is available (see e.g. [41]).
Note also, that the L?-spectral theory of locally symmetric spaces plays a major
role in fields like harmonic analysis, representation theory, and number theory.

0.4. Outline of Chapter 1 — Chapter 6

The first two chapters have an introductory character. Our main results are con-
tained in the Chapters 3 — 5.

Chapter 1.

We introduce locally symmetric spaces and present some decomposition theorems
needed in the following.
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Chapter 2.

Basic properties of the heat kernel on Riemannian manifolds are stated in the first
section. We define the heat semigroup on LP-spaces for p € [1,00) as well as the
Laplace-Beltrami operator on LP. In Section 2.3 we prove that the LP-spectrum of
a Riemannian product M; x M, is nothing else than the set theoretic sum of the
LP-spectra of My and My, p € (1,00). This result enables us to restrict ourselves to
irreducible Riemannian manifolds if we are interested in the LP-spectrum. Optimal
bounds for the heat kernel on globally symmetric spaces of non-positive curvature
are discussed in Section 2.4. These results, in their final form, are due to J.-P.
Anker and P. Ostellari (cf. [2, 64]). In the last section of Chapter 2 we prove a
formula connecting the heat kernel K of a Cartan-Hadamard manifold X with the
heat kernel k of a quotient M = I'\ X of X by a discrete subgroup I' C Isom(X) of
the isometry group that acts freely on X. More precisely, we show for all x,y € X:

k(t,m(x ZK (t,z,vy), (0.1)

where 7 : X — I'\ X denotes the covering map. In case of X = R and M = S! =
R/Z formula (0.1) reads

k(t, e, e") = Z K(t,x,y + 2mn),

nez

where x,y € R. Physically, we expect this formula to be true as heat starting in
e € St can arrive at ¥ € S! by flowing around the circle in any direction any
number of times.

Chapter 3.

In this chapter we derive (Gaussian) upper bounds for the heat kernel on locally
symmetric spaces M = ['\X and lower bounds for the bottom A(M) of the L*-
spectrum o(Ajz2). Our main results are stated in Theorem 3.15, Corollary 3.22,
and Corollary 3.24. This generalizes results from [23] and gives a new proof for
Leuzinger’s lower bounds of \g(M) (see [57]).

We begin with a brief discussion of the Laplace-Beltrami operator on a general
compact Riemannian manifold. Since such general statements as in the first section
can not be expected in the non-compact case we restrict ourselves to non-compact
locally symmetric spaces in the remaining part.

A major role in the derived upper bounds for the heat kernel plays the so-called

Poincaré series
P(s;z,y) E e sd@),

vel

with s € (0,00) and =,y € X. Therefore, we are concerned with estimates of the
Poincaré series in Section 3.2. In Section 3.3 we derive upper bounds for the heat
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kernel k£ on I'\ X by estimating each term on the right hand side of formula (0.1)
using Anker’s and Ostellari’s upper bound for the heat kernel K on X (Theorem
2.12). In the upper bounds of k(t,n(z),n(y)) obtained in this way appears the
Poincaré series P(s;z,y) (see e.g. Theorem 3.6). Unfortunately, our estimates
from Section 3.2 do only apply to Poincaré series of the form P(s;z,z). On the
other hand, the results can be used to derive lower bounds for \g(M) (Section 3.4),
and these bounds in turn, together with a result due to Davies and Mandouvalos
(Theorem 3.19), yield new heat kernel bounds (Corollary 3.22 and Corollary 3.24)
containing the functions P(s;x,z) instead of P(s;z,vy).

Chapter 4.

Our main result in this chapter is Theorem 4.2, in which we completely determine
the LP-spectrum of the Laplace-Beltrami operator on certain locally symmetric
spaces M = I'\X. More precisely, our theorem states that o(Ajy,) coincides with
a parabolic region P, depending on p:

Theorem 4.2. Let X = G/K denote a symmetric space of non-compact type with
rank(X) = 1 and dim(X) > 3. Assume, that the locally symmetric space M = '\ X
has bounded geometry and that I is small. Then we have for p € [1,00):

U(AM,p) =P, = J(AX,p)-

In the proof of this theorem we use the heat kernel estimates and the lower bounds
for A\o(M) derived in Chapter 3.
If p = 2, the statement of Theorem 4.2 reads as follows:

o(Anrz) = [llpll*, 00) = o(Ax2).

For a definition of p see Chapter 1. Even in this case the result seems to be new.
Theorem 4.2 is a rigidity theorem for the LP-spectra of locally symmetric spaces
[\ X with respect to small subgroups I', where the size of a discrete subgoup I is
measured by the critical exponent 6(I") of the Poincaré series (cf. Section 3.2): If
I' is as in Theorem 4.2, the LP-spectrum o(Ays,) of M = I'\X coincides always
with the LP-spectrum of the universal cover X of M.

Note, that the locally symmetric spaces from above all have infinite volume (The-
orem 4.19). A class of non-compact locally symmetric spaces with finite volume
will be treated in Chapter 5.

Chapter 5.

We examine the LP-spectrum of a locally symmetric space M = I'\X where T
denotes an arithmetic lattice with Q-rank 1 that acts freely on a symmetric space
X of non-compact type.



Chapter 0. Introduction

If X is a rank one symmetric space, we again are able to determine the LP-spectrum
of the Laplace-Beltrami operator Ay, ,. In this case we have for p € (1, 00)

0-<AM7P) = {)\0,...,/\m}UPp,

where 0 = Xo,..., A\ € [0,]|p||?) are eigenvalues of Ay and P, is the same
parabolic region as in Chapter 4, i.e. P, = 0(Ax,). This result is stated in
Corollary 5.15. Consequently, the continuous spectrum of the Laplace-Beltrami
operator on LP(I'\ X) is, for fixed X with rank one, for all considered non-compact
locally symmetric spaces I'\ X the same.

In the case where X denotes a higher rank symmetric space we are able to prove
that a certain parabolic region is contained in the LP-spectrum. But now, the
parabolic region coincides in general not with o(Ax,). Nevertheless, it seems to
be likely that the LP-spectrum of M in this case is the union of some finite set
{Ao, - -, A} and this (different) parabolic region.

Chapter 6.

The proofs in Chapter 5 show that the cusps of a locally symmetric space I'\ X
are responsible for the parabolic region contained in the LP-spectrum. Hence, the
results of the preceding chapter generalize immediately to manifolds with cusps of
rank one. This generalization is briefly discussed in this chapter.
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Locally Symmetric Spaces

A connected Riemannian manifold X is called symmetric space if for all x € X
there is an isometry s, € Isom(X) such that

(1) so(2) = 2,

(11) de’$ = —idex.
The isometry s, is called geodesic symmetry at the point x € X. Since isometries
preserve geodesics, we obtain immediately that for any geodesic ¢(t) with ¢(0) =

the formula s,(c(t)) = c¢(—t) holds. As a first consequence symmetric spaces are
always complete and homogeneous. Furthermore, we have for all x € X:

Szt X — X, exp,(v) — exp,(—v),

where exp, : T, X — X denotes the Riemannian exponential map. In the following,
we will only consider simply connected symmetric spaces X with non-positive
sectional curvature. Then we have the decomposition X = X_ x X, where X_
denotes a symmetric space of non-compact type and X, a Euclidean space (cf.
Proposition 4.2 in [41]).

1.1. Algebraic Description of Symmetric Spaces

As symmetric spaces are homogeneous, there is a description as coset manifolds
X = G/K where G and K are certain Lie groups with K being compact in G. In
the subsequent sections we will need more information about the structure of the
Lie group G, and therefore we summarize several important properties:

Since X is a product X_ x X, the identity component Isom’(X) of the isometry
group Isom(X) also splits (cf. Theorem VI.3.5 in [51]):

Isom”(X) = Isom’(X_) x Isom’(Xj).
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Then G := Isom’(X_) x R™ C Isom(X) is a connected real reductive Lie group
in the Harish-Chandra class and still acts transitively on our symmetric space X.
Recall, that the attribute Harish-Chandra class means the following: If we denote
by g the Lie algebra of G then the semi-simple Lie group with Lie algebra [g, g]
has finite center.

Furthermore, the isotropy subgroup K := {g € G : g - 9 = xo} of an arbitrary
basepoint x( is a maximal compact subgroup of G and X is diffeomorphic to the
quotient G/ K.

If we consider on the other hand a connected real reductive non-compact Lie

group G in the Harish-Chandra class and a maximal compact subgroup K C G,
the coset manifold G/K admits a G-invariant Riemannian metric relative to which
G/K is a symmetric space with non-positive curvature (this is actually true for
any G-invariant metric). In the following, we give a short outline of the proof of
this statement to point out the differences from the semi-simple setting. Our main
references are Part II of [76] and [35, 49].
With regard to Proposition IV.3.4 in [41] it is sufficient to find, besides a G-
invariant metric, an analytic involution ¢ of GG such that the set of fixed points of
the involution ¢ coincides with K. But this is the content of Theorem 13 in Part
IT of [76]. This involution induces further a Cartan involution 6 := do of the Lie
algebra g of G and therefore a decomposition of g — the Cartan decomposition —
into the respective eigenspaces of 6:

Theorem 1.1. Let g denote the Lie algebra of a real reductive Lie group G in the
Harish-Chandra class. We have

g=kodp,

where k :={Z €g:0Z =27} andp :={Z € g:0Z = —Z}. Furthermore, k is
the Lie algebra of the maximal compact subgroup K.

Proof. The decomposition follows immediately from 62 = id and the assertion that
the Lie algebra of K is given by k is analogously proven as Theorem IV.3.3 in
[41]. O

The fact that 6 is a Lie algebra automorphism implies
kX ck [kplcp, [pp]Ck (1.1)
Since the Lie algebra g is reductive, we also have the decomposition

g=01DZ(9),

where g1 := [g,g] is a semi-simple Lie algebra and Z(g) := {H € g : [H,Y] =
0 for all Y € g} denotes the center of g. The Lie subgroup G; of G with Lie algebra

10
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g1 has finite center because G lies in the Harish-Chandra class. The intersection
K; := G; N K is a maximal compact subgroup in ;. This induces a Cartan
decomposition g; = k; @ p; of the semi-simple Lie algebra g;. Because of Z(g) =
(kNZ(g))® (pNZ(g)) (use (1.1)), we can conclude

k = ki@ (knZ(g)),
P = P1@(PNZ(9)).

The definition of a G-invariant metric on G/K is equivalent to the definition of
an Ad(K)-invariant inner product on p = T,k (G/K). The next theorem ensures
the existence of such an inner product.

Theorem 1.2 (cf. Theorem 16 in Part II of [76]). Let g denote the Lie algebra
of a real reductive Lie group G in the Harish-Chandra class. Then there exists a
non-degenerate symmetric bilinear form B on g such that

(i) B is invariant under Ad(G) and 0,
(ii) B is negative definite on k and positive definite on p,
(iii) B(k,p) = B(91,4(9)) = {0}.
In particular, if we define for' Y and Z € g
(Y, Z) = —B(Y,02),
then (-,-) is an Ad(K)-invariant inner product on g.

Proof. We define
B = Bl D Bg,

where B; denotes the Killing form on g; and B, an arbitrary symmetric non-
degenerate bilinear form on Z(g) which is negative definite on kN Z(g), positive
definite on p N Z(g), and for which the subspaces k N Z(g) and p N Z(g) are
orthogonal. Then (ii), (iii) and the f-invariance are evident. To show the Ad(G)-
invariance of B, we first claim that Ad(G) acts trivially on Z(g). More precisely,
we want to show for all Y € Z(g) and g € G the identity

Ad(g)Y =Y.

To see this, we first mention that for Y € Z(g) the image exp(tY) lies in the center
Z(@G) of G: One checks easily exp(tY)g = gexp(tY) for g = exp(Y’) € U where
U is a neighborhood of e in G such that the exponential map exp : V. — U is
a diffeomorphism for a certain neighborhood V' of 0 in g. Since U generates the
connected group G the same is true for arbitrary g € G. The claim now follows
from

exp(tAd(g)Y) = gexp(tY)g ' = exp(tY).

11
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To complete the proof we choose open neighborhoods V = V; & V5 of 0 in
g=91®Z(g) and U of e in G such that the map ¢ : V :=V, &V, — U, (Y1,Y3) —
exp(Y7) exp(Y3) is a diffeomorphism. For g € U we therefore have a unique decom-
position g = g192 with g1 € G; and go € Z(G). For all Y € g; we can conclude

Ad(9)Y = Ad(g1)Y,

where the equality holds because the center Z(G) of G equals the kernel of the
adjoint representation Ad : G — GL(g). Now the Ad(G)-invariance of B follows
from the Ad(G))-invariance of the Killing form B; of the semi-simple Lie group
G1. O

In conclusion we obtain a decomposition of our symmetric space X = G/K
as a product of the symmetric space X; := G1/K; of non-compact type and the
Euclidean space X5 = (p N Z(g)).

1.2. The Metric of Irreducible Symmetric Spaces

In the preceding theorem we constructed — by using the Killing form — a Rieman-
nian metric that turns G/ K into a symmetric space of non-positive curvature. Now
it is natural to ask how many other metrics possibly exist. Because of de Rahm’s
decomposition theorem it suffices to answer this question for irreducible symmetric
spaces G/ K of non-compact type only. Notice that in this case G is a simple Lie
group. Then we have the following result.

Theorem 1.3. Assume G is a non-compact simple Lie group, K C G a maximal
compact subgroup and g a Riemannian metric that turns G/K into a symmet-
ric space of non-compact type. Then the restriction of g to p = T.x(G/K) is a
(positive) multiple of the Killing form B on g, i.e.

9ex (Y, Z) = AB(Y, Z)
for some A >0 and all Y, Z € p.

Proof. The assertion is equivalent to the analogous statement about orthogonal

involutive simple Lie algebras. The proof therefore follows directly from Theorem
8.2.9 in [80]. O

1.3. Locally Symmetric Spaces

A Riemannian manifold M is called a locally symmetric space if for any point
p € M there exists a neighborhood U of p such that the local geodesic symmetry
sp at p, defined by

sp: U — U, exp,(v) — exp,(—v),

12
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is an isometry.

If G denotes a non-compact real reductive Lie group in Harish-Chandra’s class,
K C G a maximal compact subgroup, and I' C G a discrete subgroup of isometries
which acts freely on X = G/K, the orbit space M := I'\ X is a complete locally
symmetric space. The canonical projection 7 : X — M, x — I'z is a Riemannian
covering and I' is isomorphic to the fundamental group m (M) of M. The metric
dyr on M is given by dp(I'z, I'y) = min,er d(z, vy) and is just the distance of the
respective orbits in X.

1.4. Decomposition Theorems

Let g denote the Lie algebra of a real reductive Lie group G in the Harish-Chandra
class. We already became acquainted with the Cartan decomposition

g=kop

of the Lie algebra g into eigenspaces with respect to a Cartan involution 6 of g.
Below we will need other decompositions of both the reductive Lie algebra g and
the reductive Lie group G. Our main references are again [35], Part II of [76] or
[49].

Let us fix a Cartan decomposition g = k @ p and choose a maximal abelian
subalgebra a C p. Recall that all such maximal abelian subalgebras are conjugate
under K. The dimension of such an algebra does therefore not depend on our
choice and we define the rank of the symmetric space G/K by

rank(G/K) := dim a.
We further denote by a* the dual space of a and put for any o € a*
o ={Y €g:ad(H)(Y)=a(H)Y forall H € a}.

Then o € a* \ {0} is called a (restricted) root of (g, a) if g, # {0}. Let us denote
by ¥ = (g, a) the set of all (restricted) roots. If «v is a root, the only multiples
of v that can also be roots are :I:%Oz,:i:a, +2a, and —« is always a root with
dim g, = dimg_,. In contrast to the semi-simple case there can be a non-trivial
subspace of a on which all the roots vanish: we have a(H) = 0 for all @ € ¥ if and
only if H € Z(g) Np.

One easily checks that the family {ad(H) : H € a} consists of commuting and
symmetric operators with respect to the non-degenerate bilinear form (-, -) defined
in Theorem 1.2. As a consequence of this we obtain the following.

Theorem 1.4. (Root space decomposition). The reductive Lie algebra g is
the direct sum of root spaces:
9=90%EP ga-

aeX

13
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Notice that we have go = m @ a where m := Z4(a) Nk is the intersection of the
centralizer Z,4(a) of a in g with the Lie subalgebra k.

We call an H € a regular if a(H) # 0 for all @ € X, otherwise singular. The
subset of regular elements

Qg ={H €a : a(H)#0forall a € X}

is the complement of a union of finitely many hyperplanes and the connected
components of a,., are called Weyl chambers. Let us fix a Weyl chamber a*.
With respect to this Weyl chamber a root « is said to be positive if a(H) > 0
for all H € a™. We denote by X7 the set of positive roots and by 3 the set of
indivisible positive roots, where a positive root « is called indivisible if %a is not a

root. Then
n= @ o,

aext

is a nilpotent subalgebra of g. We further denote by N := expn the analytic
subgroup of G defined by n.

Theorem 1.5. (Iwasawa decomposition of g and G).

(a) We have the following direct sum decompostion of g:

g=k®adn
(b) The map
K xAxN—G, (kya,n) — kan

1s a diffeomorphism.

We will write log : A — a for the inverse of the diffeomorphism exp : a — A.
Notice that for a given K the Iwasawa decomposition depends on the choice of a
maximal abelian subalgebra a in p and on the choice of a Weyl chamber a™ in a.

Let us denote by m,, := dim g, the multiplicity of a root a. We further define
=P
pi=73 M
aext

as half the sum of the positive roots counted according to their multiplicity.

The Cartan decomposition g = k @ p induces a decomposition G = K P with
P := expp. Since all maximal abelian subalgebras a C p are conjugate under
K, we clearly have p = J,cx Ad(k)a and therefore P C KAK. This proves the
following proposition.

14
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Proposition 1.6. For a non-compact real reductive Lie group G in the Harish-
Chandra class we have the decomposition

G = KAK.

In the following, we want to give a refinement of this proposition. For this, we
first define the Weyl group
W= M'/M
of the pair (g, a) with the normalizer M’ := {k € K : Ad(k)a C a} and the
centralizer M := {k € K : Ad(k)H = H for all H € a} of a in K. It is known
that W acts simply transitively on the set of Weyl chambers. Given two Weyl
chambers af and aj we can therefore find a k¥ € K such that Ad(k)a] = aj.

Together with Proposition 1.6 this proves the first part of the following Theorem.
For the uniqueness we refer to Lemma 2.2.3 in [35].

Theorem 1.7. (Cartan decomposition of G). Let G denote a non-compact real
reductive Lie group in the Harish-Chandra class and at the closure of the Weyl
chamber at. Then we have the decomposition

G = KexpatK.

More precisely, this means that each g € G can be written as g = ky exp(H )k with
ki,ky € K and H € at. Moreover, H = H(g) is unique.

15



Chapter 1. Locally Symmetric Spaces

16



Chapter 2.

Heat Kernels on Riemannian
Manifolds and Spectral Theory

In this Chapter we give a short introduction to the theory of heat kernels, the
Laplace-Beltrami operator on LP-spaces, and we derive a formula for the heat
kernel on quotients of Cartan-Hadamard manifolds which will be of importance in
Chapter 3.

2.1. The Heat Kernel on a Riemannian Manifold

Let us denote by (M, g) an arbitrary Riemannian manifold and by
Ay = —div grad

the corresponding Laplace-Beltrami operator on C?(M). In local coordinates we

have the formula
Ay = E 8 \/det i) O 2.1
M —et gw g g) ) ( )

where the metric g is represented by the matrix (g;;) in these coordinates and the
inverse matrix is denoted by (¢”). The principal symbol of Ay is € = — 37, - g7€:€;
and Ay is an elliptic operator (of order 2).

The heat kernel K(t,x,y) on M is defined as the smallest positive fundamental
solution to the heat equation on (0,00) x M. This means that for a bounded and
continuous function ug : M — R a solution to the Cauchy problem

0
au(t7x) = —AMu(t,ac), (22)

w(0,2) = wup(x)

17
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is given by
u(t, x) :/ K(t,z,y)uo(y) dvol(y).
M

We say that w : [0,T) x M — R is a solution of the Cauchy problem (2.2) with
initial data wug, if

(i) the function u is continuous,

(i) wis C'in ¢ for t € (0,7) and C? in the space component,
(iil) u(0,-) = uo,
(iv) u satisfies the heat equation: 2u(t,z) = —Ayu(t,z).

There exists always a heat kernel K on a Riemannian manifold (cf. [14]). We
summarize several important properties in the next lemma.

Lemma 2.1. For the heat kernel K on a Riemannian manifold M the following
holds:

(a) K is a strictly positive C*-function on (0,00) x M x M,
(b) K is symmetric in the space components,

¢) [y Ktz y)dvol(y) <1,
d) [y, K(s,z,y)K(t,y,z)dvol(y) = K(s+t,x,2) (semigroup property).

The proof of these properties is contained in Chapter VIII of [14].
We also have the following uniqueness theorem (c.f. Theorem 2.2 in [26]):

Theorem 2.2. If M is a complete Riemannian manifold with Ricci curvature
bounded from below, then bounded solutions to the Cauchy problem (2.2) are
uniquely determined by their initial data ug.

That some curvature condition in this theorem is necessary is a consequence
of [4], Proposition 7.9: R. Azencott proved that for complete, simply connected
Riemannian manifolds with negative sectional curvature which tends to —oo suf-
ficiently fast, there exists a non-constant solution u of the Cauchy problem with
initial data ug = 1.

From the uniqueness theorem we obtain immediately that there is exactly one
fundamental solution to the heat equation if the manifold is complete and the
Ricci curvature is bounded from below. It follows also that these manifolds are
stochastically complete:

18
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Lemma 2.3. Let M denote a complete Riemannian manifold with Ricci curvature
bounded from below. Then the heat kernel K satisfies

/MK(t,x,y) dvol(y) = 1.

Recall that locally symmetric spaces are complete Riemannian manifolds with
Ricci curvature bounded from below since their universal covering spaces are ho-
mogeneous. Thus, the above results apply to these spaces.

Example 2.4. In the Euclidean case M = R™ the heat kernel is given by the

well known formula
1 d*(z, y)
K(t7$ay): (47Tt>n/2 exXp <_ 4t ) .

If M = H? is the 3-dimensional real hyperbolic space one has

1 d(z,y) (2,y)
K(t,z,y) = T
( y Ly y) (47Tt)3/2 Sinh d(CC, y) P ( 4t |

(cf. Section 3 in [23]).
Further information about heat kernels is contained in [14, 26] and in the survey
article [37].

2.2. The Heat Semigroup on LP-Spaces

In this section we denote by M an arbitrary complete Riemannian manifold with
heat kernel K. Our aim is to give a definition of the Laplace-Beltrami operator
Aprp, on the complex LP(M)-spaces, p € [1,00), where we construct the LP(M)-
spaces with respect to the Riemannian measure of our manifold M.

The Laplace-Beltrami operator acting on the Hilbert space L?(M) with domain
C(M) (the set of differentiable functions with compact support) is, for complete
manifolds M, essentially self-adjoint. That is to say, the closure of the Laplace-
Beltrami operator, we call it also Ay, is self-adjoint. Furthermore, A, is a positive
operator, i.e. (Ayf, f) > 0 for f € dom(Ay), and therefore —A,,; generates a
bounded analytic semigroup e~ on L?(M), which can be defined by the spectral
theorem for unbounded self-adjoint operators. One can prove the equality

e—tAMuo(x):/MK(t7$,y)u0(y) dvol(y),

for all initial data uy € L*(M), where K denotes the corresponding heat kernel.
Details for this can be found in [71].
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Lemma 2.5. The semigroup e "™ on L*(M) is a symmetric Markov semigroup,
1.e.

(1) Aps is positive and self-adjoint,
(i) e~*AM s positive, which means e "M f >0 for all f € L*(M) with f > 0,
(iii) e™*A™ 4s a contraction on L>(M).

Proof. Tt remains to prove (ii) and (iii). But these properties follow immediately
from the positivity of the heat kernel K and the fact

/MK(t,x,y) dvol(y) < 1.

O

The terminology for these semigroups is not unique. Another widely used
term is submarkovian semigroup reflecting better that these semigroups are L°°-
contractions. I would prefer to include the condition e **1 = 1 in the definition
of symmetric Markov semigroups, which is in our case equivalent to stochastic
completeness and therefore satisfied for the heat semigroups on locally symmetric
spaces.

For a proof of the next theorem we refer to Theorem 1.4.1 and Theorem 1.4.2 in

[19].
Theorem 2.6. (a) The semigroup e "M leaves the set
LYM)N L®(M) C L*(M)

invariant and e **M may be extended to a positive contraction semigroup
T,(t) on LP(M) for all p € [1,00].

(b) These semigroups are consistent, i.e.

Tp(t)f = Tq(t)f
if f e LP(M)NLY(M), and they are strongly continuous if p € [1,00).

(c) Ifp € (1,00), the semigroup T,(t) is a bounded analytic semigroup with angle
of analyticity 0, > % <1 — % — 1|)

The proof of part (c¢) in [19] relies on the Stein interpolation theorem. Another
approach, which yields a better estimate of the angle 6,, can be found in [59]:
V.A. Liskevich and M.A. Perelmuter proved for the angle of analyticity 6, of any
submarkovian semigroup:

-2
— arctan p—2 p € (1,00). (2.3)

m
0, > = L
P=29 2/p—1
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Notice that in general a symmetric Markov semigroup on L'(M) needs not be
analytic. For an example where this happens cf. Section 4.3 in [19]. However, if M
is a complete Riemannian manifold with bounded geometry, the heat semigroup
Ti(t) = e7 ™ : LY{(M) — L'(M) is analytic in some sector (cf. [77, 18]).

Definition 2.7. The Laplace-Beltrami operator Ay, on LP(M), p € [1,00) is the
negative of the generator of the strongly continuous contraction semigroup T,(t) on
L7(M).

In the subsequent sections we write Ay instead of Ay for the Laplace-Beltrami
operator on L?(M) and e~**M» instead of T),(t).

Lemma 2.8. Ifp,q € [1,00), the operators Ay, and Ay, are consistent, i.e.
Apipf = Anigf for any f € dom(Ayr,) Ndom(Apyy,).

Proof. Since the semigroups e **¥» and e **Ma are consistent, we have for f €
dom(Ajs,) Ndom(Apy,):

1, e
% (e tAM,pf _ f) L —AM,pf (t l 0)
and 1 1
z (e—tAM,pf _ f) — z (e—tAM,qf _ f) M —AM7qf (t l 0).
Furthermore,

Appf —Apgf € LP(M) + LY(M)
and LP(M) + L%(M) is a Banach space for the norm
gl Lptra :=

inf{||h1||Lp + ||h2||Lq chy € LP(M),h/Q € Lq(M) with g = hy —f-hg}

In particular, we obtain

||AM,pf - AM,qf||LP+L‘1 <
1, 1,
15 (220 f = £) 4+ Bagp Il + 115 (724 F = £) + gl

t
—0 (t10).

If we identify as usual the dual space of LP(M), p < oo, with LP' (M), %—l—}% =1,
we obtain the following lemma.

Lemma 2.9. The adjoint (or dual) operator of Ay, equals Appy:

(AMJ?), - AMJ?/ .
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Proof. This follows from the facts that both operators are closed and coincide on
C(M): Since the adjoint of a closed operator is always closed, we only need to
show the last claim. For this we take fi, fo € C2°(M). Using Stokes’ theorem and
the formula div(fZ) = g(gradf, Z) + fdivZ we obtain Greens formula

/ fil s fo dvol(z) :/ g(grad fi, gradfy) dvol(x),

where g denotes the Riemannian metric on M. Denoting by (-, ) the duality
bracket we obtain

<(AM,p)/f1;f2> = <f1=AM,pf2>
= /flAM,pfgdvol(x):/ (Aprp f1) f2 dvol(x)
M M
= (A f1, f2)-

Now the lemma follows from the Hahn-Banach theorem or by constructing certain
cut-off functions fs. O

Definition 2.10. The LP-spectrum o(Ayr,) of a Riemannian manifold is the spec-
trum of Aprp, p € [1,00).

The theory of analytic semigroups and (2.3) imply that o(Au,), p € (1,00), is
contained in the sector

{ze@\{O}:|arg(z)|§g—9p}U{O}C
{z e C\ {0} : |arg(z)| < arctan%} u {0},

which degenerates in the case p = 2 to the set of non-negative real numbers. Our
considerations in Chapter 4 yield the result that the angle (2.3) is optimal with
respect to the class of symmetric markov semigroups. Other proofs for this can be
found in [53, 54, 78], where the argument in [54] even shows that the angle (2.3)
is optimal for the class of Neumann Laplacians on domains in Euclidean space.

2.3. LP-Spectrum of a Product Manifold

In this section we want to prove the following theorem.

Theorem 2.11. Let M = M; x My be a (Riemannian) product of Riemannian
manifolds My and M. Furthermore, we denote by Anrp, Anr, p, and Apy,, the
Laplace-Beltramu operators on the respective LP-spaces. Then the LP-spectrum for
p € (1,00) of Apry is the set-theoretic sum of the spectra of Ay, and Ay, -

U(AM,p) = O(AM1,p) + U(AMz,p) = {w tziwe U(AM1,p)> z € U(AMM))}-
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Proof. We obtain for all f € C(M; x Ms) as a consequence of representation
(2.1) the formula

AM,pf<1717 Iz) = AMl,pf('7$2)|:c1 + AMQ,pf<x17 )|a:2 (2'4)

The statement of the theorem follows easily for p = 2 if the manifolds M; and M,
are compact. Note that the spectrum of compact manifolds is discrete and consists
only of eigenvalues, cf. Section 3.1 below. In this case we can find complete
orthonormal systems {®; : ¢ € I} of L*(M;) and {¥; : j € J} of L*(M>) consisting
of eigenfunctions for Ay;, and Ap,. Then the set {®;V; : i € [,j € J} is a
complete orthonormal system of L*(M) consisting of eigenfunctions for Ay, and
the claim follows. For p € (1,00) the result follows since the LP-spectrum of a
compact Riemannian manifold does not depend on p. This is a consequence of a
result due to K.-T. Sturm, cf. [72].

If the manifold is non-compact, the spectrum needs not be discrete and may depend
on p. To prove the theorem in full generality we need deeper results from the theory
of tensor products. For more details we refer to the Appendix A and the book [25].
The Banach space LP(M; x Ms) is isometrically isomorphic to the tensor product
LP(M7)®@n, LP(My). Thus, we obtain in view of formula (2.4)

App =08 p @1+ 1R A, p.

It is known, that there is a uniform cross norm (or tensor norm) g, which coincides
with the norm A, on LP(M;) ® LP(M,). Recall also that the semigroups e "1
and e~**M2» are analytic. Therefore, our theorem is a special case of Theorem 5
in [68] and the proof is complete. O

2.4. The Heat Kernel on a
Symmetric Space of non-positive Curvature

The asymptotic behavior of the heat kernel for ¢ — co on symmetric spaces X was
investigated in a series of papers (cf. [1] and the references therein):

E.B. Davies and N. Mandouvalos determined the asymptotic behavior for all real
hyperbolic spaces X = H"! with n > 1:

n+1 1 1 d2
K(t,x,y) < t_%(l +d+t)"*"11 +d) exp <_z_1n2t ——nd — —) : (2.5)

for all t > 0 and z,y € X such that d = d(z,y).!

J.-P. Anker and L. Ji generalized this result to all symmetric spaces of non-
positive curvature for those ¢ > 0 and x,y € X such that the time variable ¢ is
large compared to the distance d(z,y) between the points x and y (cf. [1]).

'We write f = h for functions f and h if there is a positive constant ¢ such that %h < f<ch.
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Finally, in [2] or rather [64] J.-P. Anker and P. Ostellari were able to give a proof
without this additional assumption. Before we can state this result, we need some
preparation.

We again identify the symmetric space X with /K and use the terminology
of Chapter 1. Notice first that G acts by isometries on X and that therefore the
Laplace-Beltrami operator is G-invariant: Ax(fog) = (Ax f)og forall f € C*(X)
and g € G. The uniqueness of the fundamental solution of the heat equation (c.f.
Theorem 2.2) then implies the G-invariance of the heat kernel, i.e. K(¢,gz,gy) =
K(t,z,y) for all g € G and z,y € X. If we denote again by z( the base point of
X and if we choose points z,y in the homogeneous space X, there are isometries
g,h € G such that z = gxg and y = hxy. Because of the Cartan decomposition
G = KexpatK of the Lie group G (cf. Theorem 1.7) there are k, k' € K and
H = H(g~'h) € at with g7'h = kexp H(g~'h)k’. We can therefore write the heat
kernel as follows:

K(t> Zz, y) = K<t7 9o, th) = K<t7 Lo, gilth)
K(t,zo, kexp H(g  h)k'zg) = K(t,x0, exp Hzy).

Of course, the isometries g and h are not necessarily uniquely determined. But
H € a* is uniquely determined by = and y € X: assuming the isometries ¢
and h' € G satisfy also x = ¢'xg and y = h'zg, we clearly have ¢’ = gk; and
h' = hky with ki, ky € K. On the other hand, this implies ¢'"'h’ = k; ‘g 'hky =
ki 'kexp H(g 'h)k'ky and the claim is proven because the H € at in the Cartan
decomposition is unique. For the distance between = and y € X we obtain by an
analogous calculation the formula

d(x,y) = d(xo,exp Hzxo) = ||H|)|.
J.-P. Anker and P. Ostellari proved the following theorem.

Theorem 2.12. For all H € at and all t > 0 we have

ma+moq 1

K(t,zg,exp Hrg) = t2 [ T[] A+ (e, H)(1+t+ (o, H)) >
aesy

H||12
cellolPt=to, =155

where X§ denotes the set of indivisible positive roots and p half the sum of the
positive roots (counted according to their multiplicity).
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We conclude this section by explaining how we can recover the heat kernel es-
timate (2.5) due to E.B. Davies and N. Mandouvalos for the hyperbolic plane H?
from the preceding theorem. We first remind the reader of the fact

H? = SL(2,R)/SO(2,R).

The Lie algebra sl(2,R) = {Z € R?*?: tr(Z) = 0} has dimension 3, and we choose

the Cartan subalgebra
A0
o {(} 0)res).

Let us denote by E;; the 2 x 2 matrix that has a 1 in the position (4, j) and zeros

elsewhere. Because of ad(H)(Z) = HZ — ZH, we obtain for H := (i\)l )(\)) €a
2

the following:

ad(H)(Ey) = (N —=MN)E; (i #7),
ad(H)(EH—EQQ) = 0.

A0
0 A

corresponding root spaces are one dimensional, more precisely

The only roots are therefore o and —a with a(( )) = A\ — Ay, and the

ga = span(Li) and g—o = span(Ly).

If we choose the Weyl chamber

a+={(3 _OA):A>0},

we have 7 = £ = {a} and p = $a. The inner product on s1(2, R) induced from
the Killing form is just twice the Euclidean inner product on R?*?:

(Z1,2y) =2tx(Zy - Z3).

Therefore H; := % <1 0 ) is the vector in a™ with norm 1. We obtain

0 —1

1 1

1ol = p(Hh) = a(H) = 5.

After these comments, the right hand side in Theorem 2.12 reads for general H €
at as follows:
L2

4t

4 [|H|) L+t |[HI|) 2o 1t

Because of ||H|| = d(z,y) this is just the right hand side of (2.5) in the case n = 1.
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2.5. The Heat Kernel on Quotients of
Cartan-Hadamard Manifolds

In this section we want to determine the heat kernel £ on a quotient M = T'\ X of
a Cartan-Hadamard manifold X by a discrete subgroup I' of the isometry group
that acts freely on X if the heat kernel K on the universal covering space X is
given. Using Theorem 2.12 we will be able to estimate k in the next section if M
is a locally symmetric space.

Recall, that a Cartan-Hadamard manifold is a connected, simply connected, com-
plete Riemannian manifold with non-positive sectional curvature.

Theorem 2.13. Let X denote an n-dimensional Cartan-Hadamard manifold. As-
sume, that the Ricci curvature is bounded from below by the constant (n— 1)k < 0.
Furthermore, we take a discrete subgroup I' C Isom(X) of the isometry group which
acts freely on X. If we denote by K the heat kernel on X and by k the heat kernel
on the quotient space I'\X, we have for all x,y € X:

k(t,m(@),m(y) = > K(t2,7y)

vel
with the covering map m: X — M.

In the case of X = H" there is a proof in [12]. If the quotient manifold M
is compact and if the heat kernel K on X and the first derivatives of K satisfy
certain estimates, this result can already be found in [27]. In [16] there is a proof
for symmetric spaces of non-compact type.

In the remaining part of this section X and I' are always assumed to satisfy the
conditions of Theorem 2.13. But before we can give a proof of this theorem, we
need to prove two lemmas.

Let f € C(X) be a I'-invariant function, i.e. f(yx) = f(x) for all v € T" and
x € X. We define the projection Pf of f to C(M) by (Pf)(m(x)) := f(x). Because
of the I'-invariance of f the projection Pf is well-defined.

Lemma 2.14. If f € C(X) is ['-invariant and if the restriction of f to a funda-
mental domain F' C X for I' has compact support (f|r € C.(F)), we have:

12 (Pf) = Pe ¥ )

Proof. This lemma will follow from the uniqueness theorem 2.2. We first consider
the following two Cauchy problems on M or X respectively:

Vi) = —Dyrin(d),

ot
uo(z) = (Pf)(%),

=2
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and

upla) = fa). (2.6)

The solutions are

and

w(x) = (e7AX f)(x / K(t,z,y)f(y) dvol(y).

Because of the observation
wie) = [ Kt ) ) dvolly) = [ K(ta.) ) dvolly)
X

the solution u,(z) is also I'-invariant. Now it suffices to show the equality u; = @07
since uy(7) = P(e X f)(n(z)). For this we check whether 7, o 7 is also a solution
of the Cauchy problem (2.6):

N . 0 0, .
—Ax(tgom) = —(Aply) om = (atut) om = a(ut o),

where we used in the first step that the covering map 7 : X — M is a local
isometry. Furthermore, we have:

g o m(z) = (Pf)(m(x)) = f(z).

Because of [ K(t,x,y)dvol(y) = 1 (cf. Lemma 2.3) the boundedness of the
solution w;(z) follows from the boundedness of f. An analogous argument implies

also that @; o7 (z) is bounded. But since bounded solutions to (2.6) are unique (cf.
Theorem 2.2), the claim follows. O

Lemma 2.15. Let N(s;z,y) := #{y € I' : d(x,vy) < s} denote the orbit counting
function. Then there exists a constant C7 > 0, only depending on I', the dimension
n of X and k, such that

N(s;z,y) < Cre=DV=rs,

Proof. Choose z,y € X and a ball B(y,¢) with center y and radius ¢ = ¢(I') > 0
such that B(y,e) N B(yy,e) = 0 for all v # id. It follows

N(s;x,y)vol B(y,e) < vol B(x,s +¢).

If we compare the volume of a ball in X with the volume of a comparison ball in
the simply connected space form M with constant sectional curvature x < 0 or
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with the volume in the Euclidean space R™ respectively, we obtain the estimate
(cf. Chapter 3.4 in [15]):

VolB(x7 S+ 5) < Cnﬁe(n—l)\/jﬁ(s-ﬁ?)
vol B(y,e) — ¢ em

n

N(s;z,y) < = CyenDV=rs,

]

For symmetric spaces of non-compact type a sharper estimate is possible, c.f. for
example [56]. The estimate therein is based on a sharper estimate of the volume

of balls (cf. [50]).

Proof of Theorem 2.13. We first remark that

F(t (@), m(y) = 3 K (ta,7y)

yel

is a well-defined function & on (0,00) x M x M with values in [0, oc].

In the next step we show that the series converges uniformly on [a,b] x B x B
for all 0 < a < b < oo and any non-empty compact subset B C X. Therefore,
> ver K(t, x,7y) is continuous on (0,00) x X x X.

We first claim that for any R > 0 the set

I'(B,R):={yeTl:d(B,vB) < R}

is finite. To see this, we observe that B := {x € X : d(B,z) < R + diam(B)} is
a compact subset of X. Furthermore, we have B C By and for each v € I'( B, R)
also yB C Bpr. We conclude yBr N By # ). Since the subgroup T is discrete, the
set I'(B, R) has to be finite.

Our aim is to prove that » .  ppp g K(¢,2,vy) converges uniformly on [a,b] x
B x B to zero if R — oo. For this, it suffices to use the following upper bound of
the heat kernel on X:

d*(x,
Ktor) < Cot e (-2, (27)

for all t > 0, D > 2 and a constant Cy = Cy(D) > 0 that depends only on D. Such
an estimate holds in all Cartan-Hadamard manifolds and a proof can be found in
Section 7.4 of [37]. Combining this with the fact that the orbit counting function
N(s;z,y) .= #{y € T': d(x,vy) < s} grows at most exponentially in s (cf. Lemma
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2.5. Quotients of Cartan-Hadamard Manifolds

2.15) we obtain:

2
Z K(tafﬁy) < C’ga_"/z Z exp (_%’ézy)>

~eT\I['(B,R) ~€eT\I'(B,R)

< Cya? i #{y e '\I'(B,R) : mR < d(xz,vy) < (m+ 1)R}

m=1
m?R?
e (<55

- m?R?
< 0,0 afn/2 Z e(nfl)\/jn(erl)R exp (_ Dl ) .

m=1
The last series is uniformly convergent (with respect to R > 1), independent of

(t,z,y) € |a,b] x B x B and converges to zero if R — oc.

Now, the theorem is a consequence of Lemma 2.14: On the one hand, we have
for all positive, I'-invariant, and continuous functions f with f|r € C.(F)

P(e7™xf) (r(z) = e "Xf(x) / K(t,z,y)f(y) dvol(y)
:Z Kt:cy()dvol(y)

= Z/Ktxvy y) dvol(y)
= /(ZKtx’yy> f(y) dvol(y).

Note, that we used the monotone convergence theorem due to B. Levi for inter-
changing summation and integration. On the other hand we have

(72 (Pf)) (n(x)) = /F Kt w(z), 7(1)) /() dvol(y),

where k denotes the heat kernel on M. This concludes the proof since the mapping
> er K(t, @, vy) is continuous. O
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Remark 2.16. The proof above shows that Theorem 2.13 holds for more general
Riemannian manifolds if we have

(i) a rough heat kernel estimate like (2.7) and

(ii) an upper bound for the orbit counting function that grows at most exponen-
tially, c.f. Lemma 2.15.
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Chapter 3.

Heat Kernel Estimates and
L2-Spectrum

In this chapter we first give an upper bound for the heat kernel on general compact
Riemannian manifolds. After that, we use the results from Sections 2.4 and 2.5
to prove (upper) Gaussian bounds of the heat kernel k£ on non-compact locally
symmetric spaces M := ['\X. This generalizes results obtained by E.B. Davies
and N. Mandouvalos in [23] for non-compact hyperbolic manifolds.

3.1. General Compact Riemannian Manifolds

In this section we denote by M always a compact, connected Riemannian manifold
(without boundary). For details to the results below consult for example [14] or
[70].

The resolvent (A + 1)7' ¢ L*(M) — L*(M) of the Laplace-Beltrami op-
erator Ay, := —divgrad has the integral kernel (Green function) G_i(z,y) =
Jo e tK(t, x,y) dt where K : (0,00) x M x M — R denotes the fundamental
solution of the heat equation on M. Since we assume M to be compact, we
have G_; € L*(M x M) and the resolvent (A + 1)7! is therefore a Hilbert-
Schmidt operator, in particular compact. Because of the spectral mapping theo-
rem (for resolvents) we obtain: The L2-spectrum of the Laplace-Beltrami operator
Ay = —divgrad on M is discrete and consists only of an infinite series of eigen-
values

O0=X <A <Ay <o — 00,

where each eigenvalue appears according to its (finite) multiplicity.
Since the manifold M is compact, all the constant functions (# 0) are L*-eigen-
functions and therefore Ay has to be zero. These are actually all the possible

31



Chapter 3. Heat Kernel Estimates and L*-Spectrum

eigenfunctions for the eigenvalue 0 since any harmonic function on a compact and
connected Riemannian manifold is a constant function.

Furthermore, we can find a complete orthonormal system of the Hilbert space
L?*(M) consisting of eigenfunctions for Ay,. Elliptic regularity implies that every
eigenfunction ® is differentiable: ® € C*(M).

If K:(0,00) x M x M — R denotes again the heat kernel on M and {®; : j €
N} a complete orthonormal system of L*(M) consisting of eigenfunctions for the
eigenvalues \;, Ay ®; = \;®;, we have

K(t.7,y) = Ze“@ %) = s e @6, (B

with uniform convergence on subsets of the form [a,00) X M x M, a > 0.

The next theorem shows that the heat kernel K on a compact Riemannian
manifold converges for t — oo exponentially in ¢t and uniformly in z,y € M to the
limit oI (AT Because of the physical interpretation of the heat equation and the
heat kernef this is plausible: The heat tries to diminish differences of temperature
in M by flowing from regions of high temperature to regions of low temperature.

Since M is compact, this will end up in a stationary state.

Theorem 3.1. There is a constant C' = C(M) > 0, only depending on M, such
that for all x,y € M and t > 1 the following holds:

1

K(t — | < Ce ™M,
K(ta) - o] < O
Proof. The manifold is compact. Therefore, the claim is an easy consequence of

the observation

1 (o]
K(t — = 2P (1) D
(29~ g S0,
= MY e W (1) Dy(y)
7j=1

IN

(Ze A=, (), (y)|

> O, @),

j=N+1

) |

Because of uniform convergence of the series (3.1) on [1,00) x M x M, we can find
an N € N such that the second term in parentheses is less than 1. Since M is
compact, the first term is bounded and the claim follows. O
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Gaussian (upper) bounds on compact Riemannian manifolds are not of major

2
interest since the Gaussian factor exp(—%) is bounded away from zero for fixed
t. Hence, we will turn to (Gaussian) heat kernel estimates on non-compact locally

symmetric spaces.

3.2. Poincaré Series and the Critical Exponent

Let us denote by X = G/K as before a symmetric space of non-positive sectional

curvature and by I' C G a discrete subgroup of the isometry group which acts

freely on X. The resulting locally symmetric space is again denoted by M = T'\ X.
A major role in our estimates and upper bounds plays the Poincaré series

P(ssa,y) im 3 etem

vel’

with s € (0,00),z,y € X and its critical exponent
O(T) :=inf{s € (0,00) : P(s;x,y) < co}.

Since all v € I" are isometries, an application of the triangle inequality implies that
the definition of the critical exponent §(I') does not depend on the choice of the
points z and y € X. We further remark, that because of P(s;v1z,7y) = P(s;z,y)
for all 71,72 € I', the Poincaré series P(s;-,-) can be considered as a function on
M x M.

Recall the orbit counting function N(R;x,y) := #{y € I : d(z,vy) < R}. One
can prove the equality

O(T") = lim sup —log Nz, y)

n S (3.2)

cf. [62] or [73]. The critical exponent §(I") is therefore a measure for the exponential
growth rate of I' orbits in X.

Before we begin with estimating the Poincaré series, we give an upper bound for
the critical exponent §(I").

Lemma 3.2. If p denotes (as above) half the sum of the positive roots, we have
o(I") < 2[pll.

Proof. We consider the symmetric space X = X_ x R™ with non-positive sectional
curvature where X_ denotes a symmetric space of non-compact type. Then the
following holds for the volume of a ball in X with center x € X and radius R > 0:

(rankX_)—1

vol B(z,R) < R"R~— 2  ¢llPlIR, (3.3)
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cf. [50]. As in the proof of Lemma 2.15 we obtain the estimate

(rankX _)—1

N(R’x’y)SVOIB($7R+€) SC R+¢ R+e 2 GZHPHR'
vol B(y, €) € 3
The claim now follows from formula (3.2). O

3.2.1. Estimates of the Poincaré Series

Since the Poincaré series appears in our heat kernel estimates, we prove in this
subsection certain upper bounds for this series. These bounds are important if one
is not only interested in the asymptotic behavior of the heat kernels k(¢,z,7) if
t — oo (for fixed points Z and § € M) but also if the space variables Z and g vary.

In the following lemma we denote by inj(Z) the injectivity radius of & € M =
"\ X. Recall the formula

inj(z) = %min {d(z,vzx):v e T\ {id}},

which is true for all z € X projecting to Z, i.e. n(z) = & where 7 : X — I'\X
denotes the canonical projection. For such points z, we therefore define inj(z) :=
inj(z).

It turns out, that under the assumption s > 2||p|| it is easier to obtain upper
bounds of the Poincaré series P(s;z,y).

Lemma 3.3. Let s > 2||p|| and choose 0 < 2¢ < s—2||p||. Then there is a constant
C =C(s,e) >0, such that

(rankX _)—1
mt

1< P(s;z,2) <14+C (;) . oCllpl|—s+2e)inj(z)
inj(z)

Proof. The lower bound is trivial since id € I". The upper bound follows essentially
from (3.3). In fact, we have

P(s;z,x) <
1+ Z #{y eI :inj(z) + n < d(z,yz) < inj(z) +n + 1} - e(-s0i@+n),
n=0
Since the open balls B(vx,inj(z)) are pairwise disjoint, we obtain the following
estimate for S, (z) := #{y € I" : inj(z) + n < d(z,yx) < inj(z) + n+ 1}:

Sy (z)vol B(x,inj(z)) < vol B(z, 2inj(z) + n + 1).

34



3.2. Poincaré Series and the Critical Exponent

For all ¢ > 0 we have vol B(z, R) < c.e@lPlT9)R with a constant c. > 0 that
depends on the choice of €. Using (3.3) we can conclude

vol B(z, 2inj(z) +n + 1)
vol B(z,inj(x))
(rankX _)—1
/R . .
C - o@llpl+2)@ini(z)+n-+1) o2l |plfimi(z)
inj(x)

Su()

This implies the following upper bound of the Poincaré series:

(rankX _)—1
_’_7
P(siz,z) < 1+C. L @lell-st2e)ini(a) 2ol +e .
T inj(z)
[e.o]
3 e@lbli-sten,
n=0
Because of our choice of s and € we have in particular 2||p|| — s +e < 0 and
the geometric series Y o eCllAll=s+em equals (1 — e2lPll=s+€)=1 Now the proof is
complete. O]

Of course, it would suffice for the proof of the lemma above that ¢ satisfies the
inequality 2||p|| —s+¢ < 0. But this (weaker) assumption does not guarantee that
the term e(lPll=s+2e)ni(=) converges (exponentially) to zero as inj(z) — oo.

Recall, that a Riemannian Manifold M is said to have bounded geometry if its
injectivity radius inj(M) := inf,cpsinj(z) is bounded from below by a strictly
positive constant and if its Ricci curvature is bounded from below. The second
condition is always fulfilled if M is a locally symmetric space.

Corollary 3.4. Let M =T\ X be a locally symmetric space and choose s > 2||p|]|.

(a) Assume, that M has bounded geometry. Then the Poincaré series P(s;x,x)
is (for fized s) bounded from above.

(b) If z, € X is a sequence with inj(z,) — oo, it follows P(s;xy,x,) — 1.

For the following estimates of the Poincaré series we choose an arbitrary (but
fixed) point 2’ € X.

Lemma 3.5. Choose s > 2||p|| and 2" € X. Then the following holds:

(a) There is a positive constant C' = C(z',s) (only depending on x' and s) such
that
P(s;z,2') < C

forallz e X.

35



Chapter 3. Heat Kernel Estimates and L*-Spectrum

(b) There is a positive constant C = C(2',s) (only depending on x' and s) such
that
P(s;z,x) < Cetdum(@).m()

forallz € X.

Proof. (a) The proof is similar to the preceding one:

P(s;z,a) < Y #{yel:n—1<d(z,ya') <n} e
n=1

- ZVolB(:zc,n+inj($/)) —s(n-1)
~ 4 wvol B(«/,inj(2"))

(rankX _)—1

m+-——s——
<o (L T e 2lellinie)
= = \ini@)

. Z o Cllpll+e)(ntinj(z")) | n—s(n-1)
n=1

oo
= C.ps Z ellpll+e—s)n
n=1
If we choose ¢ sufficiently small, the last series converges and the claim fol-

lows.

(b) Using the triangle inequality d(x,vx) + d(x,~'z") > d(yz,v'x") we can con-
clude for all v € I':

_ 1o ;.
P(s;z,z) < E e—sdlyzy/a’) | gsd(@y'a")
~ver

_ P(S; iL‘,’y/xl)GSd(x”y/xl)

P(s;x, x')e* @7 ™),
We choose an isometry 7/ € I with the property
d(z,~'2") = min d(z,vx') = dy(7(z), 7(2)).
vE

Now part (b) follows immediately from part (a).

3.3. Gaussian Bounds — Part 1
First of all we define

pmin =min {(p, H) : H € at,[|H||=1} >0.
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In the following we study the cases §(I') < ppin and §(I') > pn separately. In
the first case we obtain a Gaussian bound directly while we need in the second
case a result due to A. Grigor’yan to obtain Gaussian bounds at least in certain
situations.

Theorem 3.6. Assume §(I') < ppin. Then there is for any s € (§(I'), pmin) @
constant C' = C(s) > 0 such that for allt > 0 and T,5 € M =T\ X the estimate

&2 ,(7,§
kit 2,3) < O ey (<Pt - A0 s

holds. Here, m > 0 is defined by m := Zaezg (matmas 1) > 0.

Proof. We use Theorem 2.12 to estimate k(t, Z,7) = Zwer K(t,z,vy), where x,y €
X are chosen such that 7(z) = & and 7(y) = §. For this we denote by H(v) the
unique element in at with

K(t,x,vy) = K(t,zo, exp H(7)xo)

and
d(z,vy) = |[H()]
(cf. Section 2.4). First, we obtain:

k(t,7,5) < Cit7™*(1+t)™-

ST 0+ G B 55 | et =162

Y€l \aesnd
Because of d(Z,9) = min,er d(x, vy) it further follows:

z,7)

d2 (
k(t,7,5) < C’lt_n/Q(l+t>me_||p”2t_7M4t

ST a+ (a, H(y))) "7 | o~ let )

~erl aeﬁg

a2, (z,9)
4t

< Oyt "1+ t)melelPt=

ma+ma
STTT @+ llall - HH)[) 22 | empmnliHO,

~erl aEEg

Now we have a closer look at the last sum. Since the term

T @+ llall - HE)) 7

aEEg
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is the square root of a polynomial in ||H ()|, we can find for every s € (6(T), pmin)
a constant Cy = Cy(s) > 0, such that

ma+maogq

H (14l - |HYI) ™ 2 e PrnllHOI < CLe=sIHMII = CLe=sd=Y)

aGZJ

This concludes the proof. O

The condition s < p,.;, prevents an application of the results from Subsection
3.2.1: Using the triangle inequality, we can conclude P(s;x,y) < P(s;z, x)e’d @),
But for the proof of the estimates of the Poincaré series P(s;x,x) in the mentioned
subsection we made the assumption s > 2||p||. Therefore, we give in Section 3.5
further heat kernel estimates where this problem does not occur.

In the following we give an estimate of the heat kernel on quotients M = I'\ X
for larger subgroups T, i.e. §(I') > ppmin. The statement of the next theorem is
also true for subgroups with §(I') < pin, but the estimate is weaker than the one
obtained in Theorem 3.6.

Theorem 3.7. Assume §(I') > pmin. Then there is for all € > 0 a constant
C = C(g) > 0 such that the following estimate for the heat kernel k on M holds:
k(t,7,5) < Ct™2(1 + t)me (IPIF-0O)—pmintel)t . p(5(T) + £/2; 7, §),

where m > 0 is defined as in Theorem 3.6.
Proof. In order to estimate
k(2 §) =Y K(t,z,vy),
~vel
we use again Theorem 2.12. First of all, we concentrate on the term

H||? H|?
o lleliPt=(o, ) == Il 2t—ppinl | HI| - L=

A straightforward calculation shows that for any § € R the right hand side of this
inequality coincides with the left hand side of the next inequality:

o~ (omin+B)H||=lplPt = (G =BVE? 5%~ (omin+B)IHI—lpl|2t 5%

Choose € > 0 and define § := f(¢) := (') — pmin + €.
We obtain the estimate (cf. the proof of Theorem 3.6)

k(t,7,9) < clt—n/2(1 + t)me—(\|p||2—(5(F)—pmn+a)2)t .

> H(1+<Q,H(7)>)% o~ (O@)+2)[HH))|

~erl aGEg
< Ct 21+ t)meUPIP=CW—pminte) . p(§(T) 4 /2; 2, y).

In the last step we again used (o, H(7)) < ||a|| - [|H(7)|| and ||H (7)|| = d(z,vy).
[

38



3.3. Gaussian Bounds — Part 1

Remark 3.8. Because of k — 0 (if ¢ — 00) this estimate of the heat kernel k is
only interesting if there is an € > 0 such that ||p||* — (§(T") — pmin + €)? is positive.
But this is equivalent to ||p|| + pmin > (') > pmin.

For symmetric spaces X = G/K of rank 1 the Lie subalgebra a has dimension one
and we therefore have pp;, = ||p||- The condition from above reads in this case
|p|] < o(T) < 2||p||- If the Lie group G has additionally Kazhdan’s property (T)
this condition is satisfied by a discrete subgroup I' if and only if ||p|| < §(I") and
the co-volume vol (I'\ X) is infinite (cf. Theorem 4.4 in [16]).

If we apply the following result due to A. Grigory’an, we obtain for all subgroups
I' with pmin < 0(I") < ||pl| + pmin & Gaussian estimate.

Theorem 3.9 (cf. [36] or [37]). Choose two points x and y on a connected Rie-
mannian manifold M and denote by k the heat kernel on M. Assume, we have for
allt € (0,T) (with T being a positive real number or infinity)

1
k(t,x,a}) S TN

f(t)
and

1
k(t,y,y) < ol

with regular functions f and g (compare the definition below). Then there is for

all D > 4 a constant p = pu(D) > 0 such that the following estimate holds for any
t€(0,7) and all x,y € M:

const. d*(z,y)
k(t, x ——————exp | ——— | .
o0 = e (<o)

Definition 3.10. We call a function f : (0,00) — R regular if it satisfies the
conditions (i) and (ii):

(i) The function f is positive and monotone increasing.

(ii) There are constants A > 1 and a > 1, such that the following inequality holds
forall 0 <ty < ts:

flaty) flaty)
i) = im)
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By using the estimates from Theorem 3.7 and Theorem 3.9 we obtain the corol-
lary announced above:

Corollary 3.11. Assume ppin < 6(I') < pmin + ||p||. Then we have for the heat
kernel k on M =T\X the Gaussian estimate

k(t,%,9) < Ct2(1 + t)me UPIP =00 =pminte)ut
a3, (&.9)
o= M VP(O(T) +¢/2; % &)\/P((L) +¢/2:9,9),

with constants D > 4, u = p(D) > 0,C = C(e, D) > 0 and a constant € > 0 small
enough, such that the term ||p||?> — (6(T) — pmin + €)? is positive.

Proof. We define for each & € M a function f : (0,00) — R by (cf. Theorem 3.7):

f (1t) = Ot 2 (1 + t)me (WP=OO—pmnt9*)t . p(§(T) 4+ £/2; 7, 7).
Now, the corollary is a direct consequence of Theorem 3.9 if f is a regular function.
If we choose € as mentioned in the corollary we see immediately that condition (i)

is fulfilled. To check property (ii), we first prove the existence of a T" > 0 such that

for t > T the quotient ];((‘?3) is monotone increasing. For ¢ < T" we can show that
there is a constant A > 1 with f(at) < Af(t). The regularity of f now follows as

in [36], p.38. O

In this case we also have the problem that (') + /2 is smaller than 2||p||
and therefore, we cannot apply the estimates of the Poincaré series obtained in the
previous section. This problem will be remedied in Section 3.5 under the additional
assumption dim(X) > 3, too.

3.4. Heat Kernels and L?-Spectrum

The results of the preceding section can be applied in order to give a lower bound
for the bottom of the L*-spectrum

)\0(M) = mf{)\ AE O'(AM)} Z 0

for locally symmetric spaces M := '\ X. If M is a Riemannian manifold with finite
volume, we always have \g(M) = 0 since the constant functions are contained in
L?(M). The basis for our estimates is the following lemma.

Lemma 3.12. Let M be a non-compact, connected Riemannian manifold with
Laplace-Beltrami operator Ay, and heat kernel K. Assume, there areb > 0, E € R
and x € M with

K(t,z,2) < be P

73:7
for allt > 1. Then it follows \og(M) > E.
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A similar result can be found in [23] (Lemma 5.3) for hyperbolic manifolds with
stronger assumptions: The authors require such an estimate of the heat kernel
for all points (x,y) € M x M. In the proof they use the spectral theorem for
unbounded self-adjoint operators. We give a more elementary proof by recalling
the construction of heat kernels on Riemannian manifolds.

Definition 3.13. With 0 CC M we denote connected open subsets of M whose
closure € is compact and whose boundary 0S) is a differentiable submanifold.

We consider for @ CC M the Dirichlet eigenvalue problem Aqu = Au, ulsq = 0
in L?(Q). Since the subsets §2 are pre-compact, the spectrum of the Laplace-
Beltrami operator Ag is discrete: 0(Aq) = {A\(2) : n € N} with 0 < \(Q) <
A1 () < ... — oo. The associated heat kernel K¢ is given by

a(t, z,y) Ze 1D o(2)Dj0(y),

where the ®; o form an orthonormal basis consisting of eigenfunctions of Ag with
eigenvalues A;(€2). The maximum principle implies that for subsets Q,Q CC
M with Q C @ the respective heat kernels satisfy the inequality Kq(t,x,y) <
Koy (tv Z, y) :

For the remaining part of this section we denote by (€ )ren a sequence of pre-
compact subsets 2, CC M with Q, C Qgt1 and U2, = M. One can prove that
the heat kernel K on M is the limit of the heat kernels Ko, :

K(t,l’,y) = kll_%loKQk(tvxvy)a

and the convergence is uniform on compact subsets of (0,00) x M x M. Details
for this can be found in [14],[26] or [37].

Lemma 3.14. For a Riemannian manifold M the following holds:

M(M) = inf{(Aumf, ez 2 f € CZ(M) with || f]|2an) = 1}
= inf{\(R): Q CC M}

Proof. The first equality follows as in [45] since the spectrum of self-adjoint oper-
ators coincides always with the approximate point spectrum and since C°(M) is
dense in the domain of the Laplace-Beltrami operator.

The second and third equality are consequences of the first one: On the one hand
we have

since C2°(€)) is dense in the domain of the Dirichlet-Laplace operator Ag, .
Choose on the other hand € > 0 and f € C(M),||f||r2m) = 1 with (Apf, f) <
Xo(M)+e. If we choose k € N with suppf C €2, we obtain Ag(2) < Ag(M)+e. O
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Now we are ready to give a proof of Lemma 3.12:

Proof of Lemma 3.12. We have K (t,z,z) < be Pt for all t > 1. First we deduce
Ze 5 (%) @?Qk z) = Kq, (t,z,z) < be !

for all £ € N. This is equivalent to
ZQ(E*AJ(Qk))t(I)iQk (z) < 0.
§=0

We choose ky € N such that x € €, for all £ > ky. For these k we have the in-
equality Ao(€2) > E since @g g, (r) # 0 (cf. [70], Lemma VI1.3.10). An application
of Lemma 3.14 concludes the proof. n

3.4.1. L2-Spectrum of Locally Symmetric Spaces

Theorem 3.15. Let T\X be a non-compact locally symmetric space. Then we
have the following lower bounds for the bottom \o(T\X) of the L*-spectrum:

(a) Ao(M\X) = [[pl* i O(I') < pmin,
(b) Mo(T\X) >[Il = (6(T) = pmin)? if pimin < O(T) < Ipl| + piin-

Proof. The assertions follow from Lemma 3.12 if we recall Theorem 3.6 and The-
orem 3.7: The function A : [1,00) — R, ¢t — t~™2(1 +#)™ is monotone decreasing
since m < n/2. Therefore, we obtain in the first case the estimate

k(t, &, &) < b(i)e IIPI%

for all ¢t > 1 with a positive function b on I'\XX. In the second case, analogous
considerations lead for any € > 0 to

k(t, %, %) < ba(i)e_(um|2_(5(F)_pmin+5)2)t

forallt > 1. O]

In case of 6(T') > ||p|| + pmin the term ||p|[* — (8(T) — pmin)? is negative. Thus,
we still have zero as lower bound for A\o(I"\X) in this case.

Remark 3.16. As in [23] (“note” after Theorem 5.1) we obtain also an upper
bound for all locally symmetric spaces '\ X: \o(T'\X) < ||p|[*.

With this remark we can conclude:
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Corollary 3.17. If T\ X is a locally symmetric space with §(I') < ppmin, we have
Mo(T\X) = lplI*.

The lower bounds for the bottom of the L2-spectrum from above generalize
numerous former achievements: If I' is a Fuchsian group, the results can already
be found in [31], [32], [33] and [65]. For hyperbolic spaces X = H" with n > 3 these
results are contained in [74]. K. Corlette proved these results for rank-1 symmetric
spaces X of non-compact type (cf. [16]). A generalization to symmetric spaces of
non-compact type with arbitrary rank is due to E. Leuzinger (cf. [57]). A closer
look at the last paper shows that the proof therein also works in our case, i.e. for
symmetric spaces X = G/K with non-positive curvature and discrete subgroups
I' C G of the reductive Lie group G which act freely on X. But the methods in the
cited paper are different: The author uses Green function estimates due to J.-P.
Anker and L. Ji, and these are also valid in our (more general) situation (cf. [1]).

We summarize all the results from above:

Theorem 3.18. Let X = G/K be a symmetric space of non-positive sectional
curvature and I' C G a discrete subgroup of the reductive Lie group G that acts
freely on X. Then the following holds:

(a) Mo(M\X) = [lpll* i 0<0(T) < puin.
(b) [oll* = (0(I') = pmin)* < Xo(M\X) < lpl* i pmin < 0(T') < [lpl],

(¢) max{0, [[pl[* = (6(I') = pmin)*} < Ao(I\X) < [lp||* = (6(I") — [Ipl])*
if lpll < () < 2flpl].

3.5. Gaussian Bounds — Part 2

In this section we want to apply a theorem due to E.B. Davies and N. Mandou-
valos in order to obtain Gaussian bounds for a larger class of locally symmetric
spaces. Furthermore, we also give new upper bounds of the heat kernel on T'\ X for
subgroups I' C G with 6(I') < ppi, which are suitable for applying the estimates
of the Poincaré series of Section 3.2.1.

Theorem 3.19 (E.B. Davies & N. Mandouvalos, cf. [22]). Let M denote a non-
compact Riemannian manifold with dimension n > 3. We further denote by o :
M — (0,00) a C* function and by F' € R a constant such that

AMO'

o

> F.

Assume that for all t € (0,1] and x € M the following (on-diagonal) estimate for
the heat kernel K on M holds:

K(t,z,z) < Ct™%c%(z).
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Then we have for all € (0,1),t >0, and z,y € M the Gaussian estimate

K(t,z,y) < Cut ™o (z)o(y) exp ((ZM — (M)t — 4651% zit) '

We begin with the definition of a function ¢ on our symmetric space X = G/K
which descends to a suitable function on the quotient space M = I'\ X for a discrete
subgroup I' C G that acts freely on X.

Definition 3.20. Choose a non-negative function f € C°([0,00)) with f(0) # 0
and put h: X x X — [0,00), (x,y) — f(d*(z,y)). For s > §(T) we define

0:X —(0,00), z— /Xh(:zc,y)\/P(s;y,y) dvol(y).

To show that this function has the properties we need (in view of Theorem 3.19)
we prove the next lemma.

Lemma 3.21. The function o is differentiable, I'-invariant, and defines therefore
a function on the quotient space I'\X . Furthermore, we have:

(a) There is a constant ¢ > 1 such that

1
—v/P(s;z,x) < o(x) < ey P(s;z,x).
c

(b) There is a constant F with
|Axo(z)| < Fo(x).

In particular, we have —Af;” > —F.

Proof. The differentiability of o and the ['-invariance are evidently clear. For the
proof of the remaining assertions we first remark that the triangle inequality implies

P(siy,y) < e P(s; 2, 2).
(a) The definition of the function ¢ implies the existence of a constant 3 > 0,

such that h(z,y) = 0 for all points =,y € X with d(x,y) > 3. We therefore
obtain

o(z) = / Wz, y)v/Pls: g, y) duol(y)
d(z,y)<B

| gt/ Plsiaz) duolly)
d(z,y)<p
< (maxh)e®\/P(s;x, z)vol B(z,3) < c1(s, h)\/P(s;z, x),

IN
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with a constant ¢; > 0 that depends only on s and the function h. Notice,
that we used in the last step the fact that the volume of a ball B(z,3) in X
is smaller than the volume of a comparison ball in some hyperbolic space H"
of constant curvature.

We choose 0 < a < oo with f(s) > 0 for all s € [0,a?]. It follows:

o(x) > / h(zx,y)e @Y\ /P(s; x, x) dvol(y)
d(z,y)<a
> e **/P sx:p/ h(z,y) dvol(y)

d(z,y)<a

> e %/P(s;x,r) min f(s )/ dvol(y)
d(z,y)

s€[0,a?]
> o/ P(s;z,x),

with a positive constant c,. In the last step we applied again a volume
comparison theorem in order to find a positive lower bound of the integral.
More precisely, we compared the volume of the ball B(z,a) C X with the
volume of a Euclidean comparison ball.

(b) Using (a), we obtain

|Axo(z)| = /( | (Axh)(z,y)\/ P(s;y,y) dvol(y)
d(z,y)<pB
< o P(s;x,x) max(|Axh|) = 3/ P(s; 2, 1)
< Fo(x),
and in particular £ > |A§(‘; ()x” > A;{(ﬁ;()x).

This yields the

Corollary 3.22. Let dim X > 3 and p € (0,1). Then we obtain the following
upper bounds for the heat kernel k on M =T\ X:

(a) If 0(I') < pmin and s > §(T'):
k6, 5.5) < Cutexp <(2u lplP)e -

-/ P(s; &, &)/ P(s; 7, )

4(1+ p)t

k(t,2,9) < Ceut™ "/Qexp<2u No( M)t — M)
+

4(1 4 p)t
WV PO(T) +&2,2)v/POT) + &9, 9),

for all e > 0.
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Proof. The assertions follow from Theorem 3.19 and Lemma 3.21 since the results
in Section 3.3 imply in both cases a heat kernel estimate of the form

k(t,#,%) < Ct™%c%(x),  te(0,1],

with some = € X such that 7(z) = 7.
We provide some details in case (b): Using Theorem 3.7 and Lemma 3.21 we
conclude for ¢ € (0, 1]:

k(t,&,%) < C.t7™2P(0(D) 4+ ¢/2; 7, %) < C't 726 (z),

where we put s := §(I") + £/2 in the definition of 0. The claim follows since
o?(x) < cP(§(T) +¢/2;x, ). O

Remark 3.23. These bounds contain also in case of §(I') < pin the functions
P(s;x,x) instead of P(s;x,y) and s can be chosen as large as one wishes. Since
there is also no restriction on the choice of € > 0 in part (b), and since we estimated
the functions P(s;z,z) in Section 3.2.1 for s > 2||p||, we now have “complete”
upper bounds for the heat kernels.

Using the estimate A\g(M) > ||p||* = (6(T") — pmin)? (cf. Theorem 3.15), we obtain
a slight improvement of Corollary 3.11:

Corollary 3.24. Let pmin < 6(I') < pmin + ||pl|- Then there is for all e > 0 and
p € (0,1) a constant C. ,,, such that

k(t,2,5) < Coput™"?exp ((QM = (I1pl* = (8(T) = pumin)*))t —

VPO(T) +&2,2)/PO(T) + 9. 9).

3y (2,9) )
4(1+ p)t

For the remaining part of this section we assume that X = G/K is a symmetric
space of non-compact type. Note, that the Lie group G is therefore semi-simple.
If we assume that G possesses moreover Kazhdan’s property (T), we can find a
constant ¢(G) > 0 (only depending on G), such that for all locally symmetric
spaces M = I'\ X the following holds (cf.[56]):

lpl* = Xo(M) = &(G) > 0.

Together with Corollary 3.22 we obtain
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Corollary 3.25. Assume X = G/K is a symmetric space of non-compact type and
G has Kazhdan’s property (T). Then there are universal constants ¢(G), u(G) > 0,
such that the following estimate holds for the heat kernel on all locally symmetric
spaces T\ X :

k(t,2,9) < Ct™exp (_C(G)t_%)'

/P(O(T) +¢,2,2)\/P(6(T) +¢,4, ),

for all £ > 0.

Proof. We define p(G) := min{3 C/(A‘G)} € (0,1) and ¢(G) = —2u(G) + ¢(G) >

29

0. [l

3.6. Lower Bounds

In this section we determine lower bounds for the heat kernel k£ on locally symmetric
spaces I'\ X. Note, that these bounds hold only pointwise on the diagonal.

Lemma 3.26. Let M denote an arbitrary Riemannian manifold. Then, for any
e >0 and x € M, there is a constant C, > 0 such that for allt > 0 the estimate

K(t,z,x) > Crexp (—(No(M) + e)t)
holds.

Proof. We choose a pre-compact subset Q@ CC M with z € Q and A\o(Q2) < A\o(M)+
e. We conclude

K(t7 T, I) > KQ(t7 Z, .CL’) = Z eiAj(Q)tq)?,Q(x) = ei)\O(Q)t(I)?),Q(x)'
j=0

As @g o(z) # 0 (cf. [70], Lemma VI.3.10) the claim follows. O
Together with Theorem 3.18 we obtain the next corollary.

Corollary 3.27. Assume M :=T\X is a locally symmetric space. Then we have
the following lower bounds for the heat kernel k on M :

(a) Let 0 < o(T") < ||p||. For any e >0 and & € M there is a constant Cz such
that the estimate

k(t, @, &) > Czexp (—(|[pl|* + e)t)

holds.
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(b) If ||p|| < 6(T) < 2||pl|, there is for any e >0 and T € M a constant Cz such
that the estimate

k(t,7,%) > Czexp (—(||pl]* = (3(T) = [|pl])* + €)t)
holds.

Let us compare these lower bounds with the upper bounds obtained in Theorem
3.6 and in Theorem 3.7:
For subgroups I" with 6(I") < pyi, in both cases the term eIl is dominant if one
is interested in the asymptotic behavior for ¢t — oo (pointwise on the diagonal).
If 5(I') > pumin, the lower bound and the upper bound differ more and more the
larger the difference ||p|| — pmin becomes. Since for rank-1 symmetric spaces X we
have ||p|| = pmin, the dominant terms (for ¢ — oo) coincide also in the rank-1 case
for subgroups with 6(I") > ||pl|.

3.7. L2-Eigenfunctions of the Laplace-Beltrami
operator

We apply some of the previous results in this chapter to prove that every L2-
eigenfunction of the Laplace-Beltrami operator on a locally symmetric space with
bounded geometry is bounded. Note that a locally symmetric space M = I'\ X has
bounded geometry if and only if the injectivity radius inj(M) of M is bounded away
from zero. If M has bounded geometry and in addition finite volume, the manifold
M is necessarily compact since no cusps can occur. Therefore the theorem below
is interesting only if the volume of M is infinite.

Theorem 3.28. Let M := I'\X denote a locally symmetric space with bounded
geometry and dim M > 3. Then every eigenfunction ¢ € L*(M) of Ay is bounded.

The proof of Theorem 3.28 is an easy consequence of the next lemma.
Lemma 3.29. Assume, the locally symmetric space M := T'\X has bounded ge-

ometry and n := dim M > 3. Then there exists a positive function t — C(t) such
that

le™" 2 fllz= < C@)II fIle

for all f € L*>(M). More precisely, we can choose
C(t) = ct "/ 4emt

for certain positive constants ¢ and p.
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Proof. We first remind the reader of the heat kernel estimate (cf. Corollary 3.22)

k(t,#,7) < Cit ™2\ /P(s; %, 2)\/P(s;7,7),

where s > 0(I"). If we choose s > 2||p||, the Poincaré series is (for fixed s) bounded
(cf. Corollary 3.4). We obtain

k(t,&,5) < Cot™™2e2t = O(t).
This yields for any f € L'(M) the estimate

e f]] e < COIIS |22

Therefore, e "2 : L'(M) — L>(M) is bounded and the operator norm is bounded
by C(t).
Because of [, k(t,Z,7) dvol(y) < 1, we have for all f € L>®(M):

™3 fl[ o < I1fl]zoe-

Applying the Riesz-Thorin interpolation theorem we obtain the boundedness of
the operators e A : L2(M) — L>(M) and further

||e_tAM | |L2_)Loo S é(t)1/2

Now, we are prepared for the proof of Theorem 3.28.

Proof of Theorem 3.28. We first remark that the self-adjoint operator Ay, is uni-
tarily equivalent to a multiplication operator 7t by the spectral theorem for un-
bounded self-adjoint operators:

UAyU* =Ty

For the semigroup e *2¥ it follows Ue ™ *AMU* = T, ;. If the function ¢ € L*(M)
is an eigenfunction of Aj, with eigenvalue A\, we can conclude that ¢ is also an
eigenfunction of e 7**™ with eigenvalue e=**. We therefore obtain:

EAVY;

e Mol = lle™ @l = lle™ || < &[]z,

where we used in the last step the preceding lemma. As ¢ lies in L?*(M) the claim
follows. [
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The last proof implies immediately
Corollary 3.30. Let M := I'\X denote a locally symmetric space with bounded
geometry and dim M > 3. If ¢y is an L*-eigenfunction of Ay with eigenvalue \
and |||z = 1, the following holds:

lloallLe < e,
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Chapter 4.

Locally Symmetric Spaces with
Small Fundamental Group

In [75] M. E. Taylor showed that the LP-spectrum of the Laplace-Beltrami operator
on a symmetric space of non-compact type coincides with a certain parabolic region
P, which degenerates in the case p = 2 to the interval P, = [||p||?, 00).

He also proved that the LP-spectrum of certain locally symmetric spaces M = '\ X
is — except for a finite subset of R — contained in the parabolic region F,. More
precisely, we have:

Proposition 4.1 (cf. [75], Proposition 3.3). Let X denote a symmetric space
of non-compact type and M = T'\X a locally symmetric space with either finite
volume or bounded injectivity radius, i.e. inj(M) > ¢ > 0. If

o(An2) C {Aos- - A} U [l]pl]% 00), (4.1)

where \; € [0,]|p||?) are eigenvalues of finite multiplicity, then we have for p €
[1,00):
d(Aprrp) CH{ Aoy, A} U Py

However, the L?-spectrum of locally symmetric spaces (with infinite volume) is
in general unknown. Moreover, for finite volume locally symmetric spaces the as-
sumption (4.1) is in general false (cf. Chapter 5).

Our main concern in this chapter is to prove that for certain locally symmetric
spaces M = I'\ X (with infinite volume) the LP-spectrum of the respective Laplace-
Beltrami operator coincides with the parabolic region P, and therefore with the
LP-spectrum of the universal cover X of M:
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Chapter 4. Locally Symmetric Spaces with Small Fundamental Group

Theorem 4.2. Let X = G/K denote a symmetric space of non-compact type with
rank(X) = 1 and dim(X) > 3. Assume, that the locally symmetric space M = I'\ X
has bounded geometry and that I is small. Then we have for p € [1,00):

U(AM,p) =F,= J(AXJD)-

The precise definitions of a small subgroup and the parabolic region P, will be
given in Definition 4.22 and Definition 4.24. In the case p = 3 the parabolic region
P, is indicated in Figure 4.1 as the hatched area. The dashed rays in this figure
are tangent to the parabolic region P, and are the boundary of the sector

{z € C\ {0} : |arg(z)| < arctan 2|\/_’} u{0}

from Section 2.2. Since the LP-spectrum has to be contained in the sector from
above, this proves that the estimate of V.A. Liskevich and M.A. Perelmuter for
the angle of analyticity 6, for submarkovian semigroups, cf. (2.3), is optimal.

Figure 4.1.: The parabolic region P, if p = 3.

Proposition 4.26 below implies that we can omit the assumption “M = T'\ X has
bounded geometry” in the case p = 2. Thus, the L?-spectrum in this situation is
given by

o(Anz2) = [[lpl[*, 00) = o(Ax2)
and coincides with the L?-spectrum of the universal covering space X. This gen-
eralizes a result due to K. Corlette (cf. Theorem 4.2 in [16] or Theorem 3.18) who
proved that the bottom of the L%-spectrum ) is in both cases given by ||p||?.

Usually, one proves such a result by the use of a Fourier type transform that
turns the Laplace-Beltrami operator into a multiplication operator. In the universal
covering space X for example, we have the Helgason-Fourier transform (cf. [42]),
and for arithmetic non-uniform lattices I' the theory of Eisenstein series can be
used in order to determine the L2-spectrum of the Laplace-Beltrami operator on
I\ X (cf. Chapter 5 and the references given there). In the general case however,
we have no Fourier transform.
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4.1. Preliminaries

4.1.1. Horocyclic Coordinates

Let X = G/K denote a rank-1 symmetric space of non-compact type. Recall, that
in this case G := Isom’(X) is a semi-simple Lie group. We further assume that the
Riemannian metric (-,-) of X in eK coincides with the restriction of the Killing
form B to p = T.xG/K, which is not a great restriction (cf. Section 1.2).

We denote by g the Lie algebra of GG, by g = k & p the Cartan decomposition,
and by a C p a maximal abelian subalgebra.
The choice of a Weyl chamber a® determines an Iwasawa decomposition G =
NAK. This yields a diffeomorphism

pw:NxA— X, (n,a)— na-x.

We remind the reader of the fact N = exp <z sex+ 9 5), where Y7 denotes the set

of positive (restricted) roots of the pair (g, a) with respect to the Weyl chamber
a’. Note also, that the root spaces g, and gg for a # 5 € T are orthogonal with
respect to the scalar product (-,-). We choose for each o € X an orthonormal
basis of g, and the union { Ny, ..., N,,_1} of these bases yields an orthonormal basis
of the subspace n. Furthermore, we take a unit vector H from the 1-dimensional
subalgebra a. This leads to a global coordinate map

¢ : X=NA -2y —R",

n—1
€xXp (Z$1Nz> exp (yH) "Ly = (xla s wxnflay) = (Qf,y)
i=1

We call these coordinates horocyclic coordinates since the orbits N - x are usually
called horocycles in X. In the rank-1 case, the orbits under N are horospheres
but for higher rank symmetric spaces this is not true as horospheres always have
codimension one (for more details cf. [47]).

4.1.2. The Metric in Horocyclic Coordinates

For all & € ¥ we define a left invariant bilinear form h,, on the nilpotent subgroup
N =exp (Zﬁez+ 9[3) by

ha ::{ <'7'>> on gq,

0, else,

where (-, -) denotes again the scalar product defined by means of the Killing form.
Then we have the following formula for the pullback p*g of the metric g on X to
N x A.

23



Chapter 4. Locally Symmetric Spaces with Small Fundamental Group

Proposition 4.3. Denoting by log a the unique H € a with exp H = a, the pullback

W g 1s given by
1
ds(ya) = (5 2. e_2a(log“)ha> @ da®.

aeXt

Proof. The proof follows directly from Proposition 1.6 in [6] or Proposition 4.3 in
[7] respectively. O

We immediately obtain the following three important corollaries.

Corollary 4.4. The representation of the metric g with respect to horocyclic co-
ordinates is given by

2—16—2a1(10g a)

(9i)i,j(na - z9) = g l-2an-1(loga) )

0 |1

where the roots a; € X1 appear in the matriz above according to their multiplicity
and the indices are chosen in a way such that

(Z eQa(lOga)ha> (N“ Nz) _ ef2ai(loga).

aext

Corollary 4.5. Let X denote a rank-1 symmetric space of non-compact type. The
volume form of X with repect to horocyclic coordinates is

N
\/det(gij)(na - xo) dxdy = (§> e~20108 %) ddy

1\ (n=1/2
= (5) e~ 20 ) dady,

where loga = yH .

Corollary 4.6. Let X denote a rank-1 symmetric space of non-compact type. If
we choose in the definition of horocyclic coordinates H € a™ with ||H|| = 1, the
Laplace-Beltrami operator in these coordinates is given by

n—1
0? 0 0?
Ax =-2 e 49 Pll=— — ==,
; dx? ] Hay oy?
2ya; (H)

where e** is short hand for the function (x,y) — e .
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Proof. Remember the formula

1 g
= T (g¥ /29,
Ax = det(gi;) /2 izj@z(g det(gi;)"?0;)
and notice that p(H) = ||p||. Then a straightforward calculation shows the asser-
tion. -

4.1.3. Geodesic Compactification and Limit sets

Let X denote in this subsection always a symmetric space of non-compact type.
Our main references are [29, 30].

Geodesic Compactification

Definition 4.7. Two unit speed geodesics ¢; and co of X are called asymptotic if
there exists a positive constant C' such that

d(ci(t),ea(t)) <C forall t>0.

This clearly defines an equivalence relation on the unit speed geodesics of X. The
set of equivalence classes is called the geodesic boundary of X and denoted by
X(o0). We further put

X = X UX(c0).

If ¢ is a unit speed geodesic in X, the respective equivalence class is denoted by
c(00).

For the proof of the next proposition we refer to Proposition 1.2 in [30].

Proposition 4.8. Let ¢y denote a unit speed geodesic in X. Then for any point
x € X there exists a unique unit speed geodesic ¢ in the equivalence class of cq with
c(0) = x.

Because of this proposition, the geodesic boundary X (co) can be identified with
the unit sphere S, X in any tangent space T, X, in particular with the unit sphere
inp=T7,X.

Example. If we represent the hyperbolic plane H? as the open unit disc in R?

with metric
4

(1—a%— y2)2(
the unparameterized geodesics are the Euclidean circles orthogonal to the unit cir-

cle S', and the diameters of the unit disc. Two geodesics are asymptotic if and
only if they meet S' in the same point. Therefore, H?(co) = S*.

ds® = da® + d?JQ)a
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Notation. (1) By ¢,, we denote the unit speed geodesic connecting = and y with
Coy(0) = .

(2) For v € S, X we denote by ¢, the unit speed geodesic with ¢,(0) = z and
c(0) =wv.

v

(3) For z € X and £ € X(00) we denote by ¢, the unique unit speed geodesic in
the equivalence class & with c,¢(0) = .

(4) Let ¢ denote a unit speed geodesic with ¢(0) = zg. For any ¢ > 0 and r > 0 we
define the truncated cone (with vertex xg, axis ¢, and angle €) by

Cle,e,r) i={x € X : <14y (¢(0), ¢, ,(0)) < e} \{z € X : d(x0,7) <1}

? Y xox

Proposition 4.9 (cf. Proposition 2.3 in [30]). There is a unique topology T on
X = X UX(oc0) such that:

(1) Givenx € X and & € X(00) the truncated cones C(cye,€,7) withe > 0,7 >0
form a neighborhood basis for the topology at &.

(2) The topology of X induced from T coincides with the original topology of X
and X is a dense open subset of X.

This topology T is called cone topology.

The following theorem indicates an analogy with the Poincaré ball model for the
hyperbolic space.

Theorem 4.10 (cf. Theorem 2.10 in [30]). Choose x € X and denote by B(x)
the closed unit ball with boundary sphere S, X in the tangent space T, X. Let
f:]0,1] — [0, 00] be a homeomorphism. Then the map

¢ B(x) = X, v exp (f(|[v])v)
is a homeomorphism with ¢(S,X) = X (00).

Since asymptotic geodesics are mapped onto asymptotic geodesics by isometries,
we also have the following result.

Lemma 4.11. Any isometry of X extends to a homeomorphism of X.

Limit Sets

Definition 4.12. Let I' C Isom(X) denote an arbitrary subgroup of the isometry
group. The limit set A(T") of T is defined as

AT) =T 2N X(c0),

where T - x is the closure of the orbit T -z in X.
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4.1. Preliminaries

Note, that the limit set A(T") does not depend on the choice of x € X (cf. [29],
p.33).

Lemma 4.13. (1) The limit set A(I") is a closed subset of X (00).

(2) If T’ C Isom(X), I # {id}, is a discrete, freely acting subgroup, the limit set
A(T) is always non-empty.

Proof. The first assertion follows directly from the definition. For a proof of the
second assertion we refer to [29], p.33. O

In accordance with the theory of discrete subgroups in hyperbolic geometry we
make the following definition (see e.g. [67], p.577).

Definition 4.14. A discrete, freely acting subgroup I' C Isom(X) is called a sub-
group of the first kind if A(T') = X (o0) and of the second kind otherwise.

For a subgroup of the second kind, the ordinary set
QD) := X(o0) \ A(T")

is always a non-empty open subset of the geodesic boundary X (00).
If rank(X) = 1, Q") is often called region of discontinuity. The following
proposition justifies this.

Proposition 4.15 (cf. Proposition 8.5 in [30]). Let X denote a symmetric space
of non-compact type with rank(X) = 1 and I' C Isom(X) a discrete, freely acting
subgroup of isometries. Then the set of points of X at which the action of T' is
properly discontinuous is X U Q(T).

Example 4.16. Let X = G/K denote a rank one symmetric space of non-compact
type and G = NAK an Iwasawa decomposition of the semi-simple Lie group
G = Isom’(X). A discrete subgroup I' = (a), a # id of the one dimensional Lie
group A is always a second kind subgroup. This can be seen as follows:

If zg € X denotes the basepoint for the Iwasawa decomposition and if H = log(a) €
a is the unique element in the Lie algebra of A with exp(H) = a, the unparameter-
ized geodesic A-x is given by the image of the curve ¢(t) = exp(tH)-xo. The equiv-
alence class of the geodesic ¢(t) (resp. ¢(—t)) is denoted by c¢(o0) (resp. ¢(—00)).
Hence, the limit set A(T") consists only of the two points ¢(o0) and ¢(—o0) € X (00).

Since we want to work with Dirichlet fundamental domains in the next section,
we present some results here.

Recall, that for a discrete, freely acting subgroup of isometries I' and zy € X
the set

F=F(zg) ={x € X :d(z,z9) < d(yx,x0) for all y € '\ {id}}

is called Dirichlet fundamental domain (with respect to o € X). An easy calcu-
lation shows that F' is star-shaped with respect to xg.
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Chapter 4. Locally Symmetric Spaces with Small Fundamental Group

Lemma 4.17 (cf. Corollary 3.3.2 in [11]). Let X denote a symmetric space of
non-compact type with rank(X) = 1 and I' C Isom(X) a discrete, freely acting
subgroup of isometries. If F' = F(xq) is a Dirichlet fundamental domain, the set

r-r
is locally finite on X U Q(T).

The following two theorems have their analogues in hyperbolic geometry (see
e.g. Theorem 12.1.13 and Theorem 12.1.15 in [67]). For the lack of knowledge of
a reference in the general rank 1 case, we give proofs here.

Theorem 4.18. Let X denote a symmetric space of non-compact type with
rank(X) = 1 and F = F(x¢) a Dirichlet fundamental domain for a discrete, freely
acting subgroup I' C Isom(X) of isometries. Then

QT) =y (Fnor),

vyerl
where F denotes the closure of F in X.

Proof. Since the ordinary set Q(I") is I-invariant, it is clear that the right hand
side is contained in the left hand side. In order to prove the other inclusion, we
choose £ € Q(I"). Then there exists a sequence (x;);ey in X converging to £. For
any ¢ € N we can find an isometry v; € I' such that z; € v, F'. Since I"- F' is locally
finite on X U Q(T"), only finitely many isometries of the sequence (v;); are distinct.
Hence, there is a j € N such that

x; € ) F
for infinitely many ¢ € N. Therefore, we have £ € vjf and in conclusion
EevuFNQT) =~ (FNnQI)).
O

Theorem 4.19. Let X denote a symmetric space of non-compact type with
rank(X) = 1 and I C Isom°(X) a subgroup of the second kind. Then

vol (T'\ X) = oc.

Proof. Let F' = F(xy) be a Dirichlet fundamental domain for I'. It clearly suffices
to prove vol (F') = oc.

The ordinary set ©(I') is non-empty and homeomorphic to an open subset of
the unit sphere in any tangent space. In particular, the ordinary set is a Baire
space. As a discrete subgroup, I' is countable and therefore one of the closed
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subsets v (F N Q(T)) of Q(I') must have non-empty interior. Thus, the interior of
F N Q) is non-empty.

Choose an interior point ¢ of F'NQ(T). Since F is star-shaped with respect to
o, the geodesic ray ¢y @ [0,00) — X, t — c¢(t) is completely contained in F'. If
U c FN Q) is an open neighborhood of ¢, every geodesic ray starting at z( in
the equivalence class of some 1 € U is contained in F' for the same reason. Hence,
there are ¢ > 0 and r > 0 such that the truncated cone C(c,¢,€,r) is contained in
F. Let us take an Iwasawa decomposition

GE2NxAxK

of G = Isom’(X) where K is the isotropy subgroup of G with respect to o,
A -y = cpe(R), and if H € a (the Lie algebra of A) is defined by the equation

exp(tH) - ko = cpoe(—t),
the positive Weyl chamber of a is
at:={tH :t > 0}.

Furthermore, we choose a compact neighborhood Ny of the identity in N such that
for all ng € Ny and t > r + 1 the geodesic

£ 1 o)
is contained in the truncated cone C(cyp¢, €, 7). We claim that the “box”

No - Croe(R>p11)

has infinite volume. Since this box is completely contained in the fundamental
domain F'(zg), this proves

vol (I"\X) = vol (F') = oc.

We use horocyclic coordinates (cf. Section 4.1.1 and 4.1.2) and obtain

1 (n—1)/2
vol (No . Cxoé(R2r+1)> = (5) /(N ® ) 672yp(H) di[)dy
PUNO Crpe(R>rt1

N e
_ (5) / dr / o2l g
@(No-zo) —oo

= OQ.
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Chapter 4. Locally Symmetric Spaces with Small Fundamental Group

Definition 4.20. Let X denote a symmetric space of mon-compact type with
rank(X) = 1. A discrete subgroup I' C Isom®(X) that acts without fized points
on X is called geometrically cocompact if the Kleinian manifold

Mr = (XuQ))/T
18 compact.
In [16], Theorem 5.2, K. Corlette proved the following result.

Theorem 4.21. Let X denote a symmetric space of non-compact type with
rank(X) = 1 and I' C Isom°(X) a geometrically cocompact subgroup. Then, the
Hausdorff dimension of the limit set A(I") is bounded from above by the critical
exponent 0(L).

We can conclude for geometrically cocompact subgroups I' with 6(I") < ||p|| that
the (closed) limit set A(I") does not have full Hausdorff dimension. Consequently,
I' is a subgroup of the second kind.

Definition 4.22. Let X be a symmetric space of non-compact type with rank(X) =
1. A subgroup T C Isom®(X) of the second kind is called small if §(T') < ||p||, where
d(T") denotes the critical exponent of T.

Example 4.23. The subgroup I' = (a) in Example 4.16 is small. To see this,
it only remains to check whether its critical exponent is small. Recall, that the
critical exponent of I' can be defined as follows:

() :=inf{s >0: Ze_Sd(m’“%O) < 0o},

ne”L

where xy € X denotes the basepoint that corresponds to the maximal compact
subgroup K. If H € a is the unique element in the Lie algebra a of A such that
a = exp H, we obtain

d(xo, a" o) = d(xo, exp(nH)xe) = |n| - || H]|

and therefore for any s > 0

—s||H]|
Ze_Sd(xo’anxO) _ Ze—S\n|~\|HH — 1_’_6—5H| < 00.
J— e_

neL nez

In particular, we may conclude §(I") = 0.
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4.2. LP-Spectrum

4.2. LP-Spectrum

In this section we denote by X = G/K a symmetric space of non-compact type
with rank(X) = 1. We further assume as above that the restriction of the metric
to the tangent space T,,,X = p of the basepoint zy equals the restriction of the
Killing form to p.

Definition 4.24. For p € [1,00) we put

| 4||p||2( 1> 2
Po=Lz=z+iyeCiz>——(1->- |4+ "
’ { P p) " AplP(1 -2

p
if p# 2 and Py = [||p|[?, 00).
Notice, that the boundary 0F, of the parabolic region P, is given by the curve

4| pl|? 1 2
R—C, s+ M(l——)—l—sZ—l—ZinHs(l——)
p D

p

2 2
p p

One part of the proof of Theorem 4.2 is a consequence of Proposition 3.3 in [75]
(cf. Proposition 4.1). The constraint on the dimension of X and that the subgroup
I is of the second kind will not be important in this part:

Proposition 4.25. Let X = G/K denote a symmetric space of non-compact type
with rank(X) = 1, I' C G a discrete, freely acting subgroup of G such that M =
[\X has bounded geometry and 6(T') < ||p||. Then we have for p € [1,00):

O'(AMJ)) C Pp.

Proof. Recall, that
a(Axrz)  [[lpl*, 00)

(cf. Theorem 3.18), and that we have the following estimate for the volume of a
ball B(r) C X with radius r > 0:

vol B(r) < Ce2lelir
(cf. [50]). In view of Proposition 3.3 in [75] this is enough to prove the assertion. [

The following proposition is a crucial step towards the proof of the reverse in-
clusion in Theorem 4.2.

Proposition 4.26. Let X = G/K denote a symmetric space of non-compact type
with rank(X) = 1, I' C G a subgroup of the second kind, and M = T'\X the
respective locally symmetric space. Then, for any p € [1,00), the boundary 0P, of
the parabolic region P, is contained in the approximate point spectrum of Ay y:

0P, C 0app(Anip)-
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Chapter 4. Locally Symmetric Spaces with Small Fundamental Group

Remark 4.27. We know that e '2m1 : L}(M) — L'(M) is an analytic semi-
group if the manifold M has bounded geometry (cf. [77, 18]). A consequence
of Proposition 4.26 is that the semigroup e **m.1 for M as in Theorem 4.2 is not
a bounded analytic semigroup — in contrast to the semigroups e *2» for p € (1, c0).

Since compact perturbations of any complete non-compact Riemannian manifold
M do not change the continuous L?-spectrum of Aj; if considered as a subset
of R, the continuous spectrum depends only on the geometry at infinity of M.
This follows from the so-called decomposition principle (cf. [28]): If My C M is a
compact manifold with boundary of the same dimension as M and A’ the Laplacian
on M\ M, (with Dirichlet boundary conditions), then A,; and A" have the same
continuous spectrum. That is why the supports supp(f,) of our sequence f,, in the
proof of Proposition 4.26 will leave every compact subset of M at some time.

Proof of Proposition 4.26. To prove this proposition, we will construct for each
z € 0P, a sequence of differentiable functions f,, € LP(X) with support in an open
Dirichlet fundamental domain for I" such that

||AX,pfn - anHLP
| ful e

Such a sequence (f,) descends to a sequence of differentiable functions in LP(M)
and consequently, we are done as soon as we have shown (4.2). Our proof is subdi-
vided into two steps. First, we construct a box completely contained in a Dirichlet
fundamental domain for I', that can be easily described by using horocyclic coor-
dinates. This box will be the same as the box constructed in the proof of Theorem
4.19 but we need a finer description here. Secondly, we use horocyclic coordinates
to construct for any z € 0P, a sequence of differentiable functions f,, with support
in the constructed box satisfying (4.2).

— 0 if n— oo. (4.2)

We choose the basepoint x5 € X corresponding to the maximal compact sub-
group K of G. By F = F(xy) we denote the Dirichlet fundamental domain with
respect to 7o and by F we denote the closure of Fin X = X U X(o0). Since I'
is a second kind subgroup, the region of discontinuity Q(I") is a non-empty open
subset of X (0o) and consequently, we can find an interior point & in F N X (co0).
Let us denote by ¢;,¢ the unique unit-speed geodesic in the equivalence class £ with
Czoe(0) = zo. Note, that the ray ¢, ¢(R>) is contained in F as the Dirichlet funda-
mental domain F' is star-shaped with respect to its center xy. Since the truncated
cones

Cleppe, €,1) i ={x € X, (& r) <ep\{r e X d(z,z) <1}

form a neighborhood basis for the cone topology at £ € X(00), we can find € > 0
and r > 0 such that
Clegpe,e,m)NX C F.
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If we choose the maximal abelian subgroup A := {exp(tH) : t € R} in G such that
Czoe(t) = exp(—tH) - zp, and the positive Weyl chamber a®t = {tH : t > 0} of the
one dimensional Lie algebra a of A, we obtain an Iwasawa decomposition

G=ZNxAXK,

with a nilpotent subgroup N of G. Note, that we have ||H|| = 1. We finally choose
a neighborhood Ny C N of the identity such that for any ny € Ny the geodesic

t — ngexp(—tH) - xg
is contained in the truncated cone C(cyy¢,€,7) if t > r 4 1. Hence, the box
No{exp(tH) :t < —(r+1)} -z

is contained in the fundamental domain F.
We proceed with the second step. Choose

z=2z(s) = (@ —I—is) (2||p|| — @ - is) € 0P,

With respect to horocyclic coordinates (cf. Section 4.1.1)
¢ : X=NA -2y —R",

n—1
exXp <Z $1Ni> exp (yH) - zo = (z1,...,Tp1,y) = (T, Y)

we define the sequence

folz,y) = b(x)cn(y)e(wpp‘l”s)y’

with an arbitrary function b € C2°(p(Ny - x0)) and a (so far arbitrary) sequence
Cn € CX((—00, —(r 4+ 1)]). Since the supports of f,, are clearly contained in the
Dirichlet fundamental domain F' for I', this sequence descends to a differentiable
sequence with compact supports in M. For this reason, it suffices to perform all
the calculations below in the universal covering space X of M.

We begin with the calculation of Ay f,, using the formula for the Laplace-Beltrami
operator in horocyclic coordinates derived in Corollary 4.6:

n—1 9 . |
Axhalzy) = =2 (Z GQQi(H)ya—b(x)> cal(y)e Ul yisyy

2
— Ox;

+2llelipte) (%(y) + (% + is>cn(y)) o(elrisyy

—b(x) (CZ(Z/) + 2(% +1is)c (y) + (% + i8)2cn(y)> e(z";”ﬂ's)y_
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This leads to

n—1
iy O 2ol
Axfalz,y) = =2 (Z ey Mb(x)) en(y)el v HOW
=1 v

b(a) (seuly) + @loll =22 i) 1) = ) 55

Therefore, we obtain

n—1
iy 0 2ol ;5
Axfolz,y) — z2fulzy) = =2 ( E QQ%(H)y@b(IB)> Cn(y>e( p i)Y
i=1 i

+ b(x) ((2||p|| - @ — 2is))c (y) _c;;(y)) o2l tis)y

Recall the volume form (cf. Corollary 4.5)

1 (n—1)/2
<§) e 2llelly dxdy

of the rank-1 symmetric space X. In the subsequent lines we estimate the L norm

of Aan - an:

Axf—hille < G (/X

=1

2 p
20 (H)y 0

0x2 b(z)

€

1
ea(w)l? dxdy>

+ 0o ([ poriempasay)

L ( / 1b<x>|p!c;;<y>v’dmdy)
X
V4 % 00 %
o) ([ e, ay)

re(f |b<x>|ﬂ’dx)‘l’ (/[ |c;<y>|pdy)’l’
e f |b<x>|pdx)’l’ (/[ rc;;<y>|pdy)‘l’

for some positive constants C1,Cy and C3 (only depending on z and p). We also
have

_ 012 </‘§;b(x)

Il = ( / w(z)\pdz); (J ycn<y>|pdy)'1’
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We need to construct a sequence of functions ¢, such that for increasing n these
functions become flatter and flatter, and the supports tend to negative infinity (be-
cause of the term e?P*()¥) More precisely, we choose a function ¢ € C2°(R), ) #
0, with supp(¥) C (=2, —1) and a sequence of positive real numbers r, such that
rn — o0 (for n — 00). We define

Since supp(c,,) is a subset of (—2r,,—r,), we have ¢, € C°((—o0, —(r + 1)]) for
sufficiently large n. We claim that for any choice of b € C2°(p(Ny - o)) it follows
HAan - anHLP

[l o

— 0 (n — 00).

To see this, we compute

oo -1
[ ety = [ e pp

— 0 )
-1

-2
max WJ(U) |p e—2pai(H)'rn

2pa; (H) ’
and
o] —1
R o
—00 —2
o) —1
[ iatray = v [ wtop e
o —2
[o'e) -1
| ewrdy = i [ rwpn
—00 —2
In conclusion
n—1
||Aan _ an||Lp e—20¢i(H)7"n 1 1
A D P
with positive constants ¢;, ¢; and ¢ (depending only on p, z, and the function b).
Since the right hand side converges to 0 if n — oo, the proof is complete. [

Corollary 4.28. Let X = G/K denote a symmetric space of non-compact type
with rank(X) = 1. Assume that I' C G is a small subgroup. Then the following
holds for the L*-spectrum of the locally symmetric space M = T\ X :

o(An2) = [lIpl]?, 00).
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Proof. The inclusion [||p||?, 00) C o(Ajs2) is a special case of the previous proposi-
tion. Since the bottom of the L2-spectrum \o(M) equals ||p||*> (cf. Theorem 3.18),
the assertion follows. ]

Lemma 4.29. Let X = G/K denote a symmetric space of non-compact type with
dimX > 3, I' C G a discrete, freely acting subgroup of G, and M = I'\X the
respective locally symmetric space. Assume further, that M has bounded geometry.
If 1 <p<q< oo, we have

e IAMN L, C App e BN
Proof. We first claim that
e tAM . LP(M) — LY(M)

are bounded linear operators. To see this, we notice that the general fact
[ kit dvol(@) < 1

implies the boundedness of e *A : L>®°(M) — L>*(M) as well as the boundedness
of =AM : LY(M) — L*(M). From Corollary 3.4 it follows that the Poincaré series
P(s;x,x) is bounded if s > 2||p|| since M has bounded geometry. In view of the
heat kernel estimates in Corollary 3.22 we can conclude that (for fixed t) the heat
kernel k(t,,7) is bounded. Therefore, the operators e *A» : LY(M) — L>®(M)
are bounded. An application of the Riesz-Thorin interpolation theorem finishes
the proof of our first claim.

To proof the lemma, we choose an f € dom(Ajy,) = dom(e ™Ay, ). We obtain

L _ _ _
|- (e smer o f — et ) — S Ayl <

CI ™ f — ) = Aupfllsr = 0 (s 0%,

Therefore, the function e ' f is contained in the domain of Ay, and we also
have the equality
eftAM AM,pf — AM,q eftAM f

]

Proposition 4.30. Let X = G/K denote a symmetric space of non-compact type
with dim X > 3, I' C G a discrete, freely acting subgroup of G, and M = T'\X the
respective locally symmetric space. Assume further, that M has bounded geometry.
If 1 <p <q <2, we have the inclusion

O'(AMg) C O'(AMJ,).
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Proof. The statement of the proposition is obviously equivalent to the reverse in-
clusion for the respective resolvent sets:

p(Anrp) C p(Anrg)-

Recall Lemma 4.29:
e_tAMAMJJ C AM,q e tAM

The proof now follows as in Proposition 3.1 in [44] or Proposition 2.1 in [43]. For
the sake of completeness we work out the details.

We are going to show that for A € p(Anr,) N p(Anr,) the resolvents coincide on
LP(M) N LY(M). From Lemma 4.29 above, we conclude for these A

(A— AM,q>71 et = (A— AM,q)71 eitAM()‘ - AM,p)O‘ - AM,p)il
= (A — AM,q)_l()‘ - AM,q) e_tAMO‘ - AM,]D)_1
= e_tAM()\ — AMJ))_I, (43)

where the equality is meant between bounded operators from LP(M) to LY(M). If
t — 0, we obtain

()‘ - AM,q)_1|LPﬂLq = ()‘ - AM,p)_1|LPmL£1-

For % + 1% =1and X € p(Ap,p) = p(Apry) we have by the preceding calculation

()‘ - AM,p’)illeLP’ = O‘ - AM,p)il‘LmLp’-

The Riesz-Thorin interpolation theorem implies that (A — Ayz,) ™" is bounded if
considered as an operator Ry on LI(M).

In the remainder of the proof we show that R, coincides with (A — Ays,)~" and
hence p(Anrp,) C p(Anrg). Notice, that (4.3) implies

(N = Appg)e ™M\ — Ay )l f = e B f,

for all f € LY(M)N LP(M). Since Ay, is a closed operator, we obtain for t — 0
the limit

(A= Apg)Brf = f.

As LY(M)NLP(M) is dense in L4(M) and Ay, is closed, it follows (A—Aps )Ry f =
fforall f € L9(M). Therefore, (A—Aps,) is onto. If we assume that (A — Ay ,) is
not one-to-one, A would be an eigenvalue of Ays,. But since the semigroup e~*4m
is strongly continuous (on any LP(M)) it would follow from Lemma 4.29 that there
is at > 0 such that e "M f £ 0 is an eigenfunction with eigenvalue A of Ay, and

this contradicts A € p(Anrp) = p(Anry). We finally obtain Ry = (A—Ay,)" "t O
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We are now prepared to prove Theorem 4.2:

Proof of Theorem 4.2. In view of Proposition 4.25 we need only show the inclusion
P, C o(Awnyp), p € [1,00).

But this follows for p € [1,2] from Proposition 4.26 and Proposition 4.30 by ob-

serving
p,=|J or,
q€lp,2]
The remaining cases p > 2 follow by duality as the parabolic regions P, and P,
coincide if % + z% = 1. O

68



Chapter 5.

Locally Symmetric Spaces with
Q-Rank 1

5.1. Preliminaries

In Section 5.2 below we examine the LP-spectrum of a locally symmetric space
MNX =T'\G/K where I' denotes an arithmetic, non-uniform lattice with Q-rank 1
that acts freely on a symmetric space X of non-compact type.

In this section we provide a short introduction (without proofs) into the theory of
arithmetic groups, the notions of Q-Rank and R-Rank of algebraic groups, Siegel
sets and reduction theory. Our main references (for the proofs) are [5, 8, 81] and
the unpublished notes [79]. A nice introduction and overview to these topics can
also be found in the paper [48] and the book [9].

5.1.1. Arithmethic Groups, Q-Rank and R-Rank

Notation. Suppose G C GL(n,C) is an algebraic group and S C C is any subring
with unit. We define

GL(n,S) :={g € GL(n,C): g€ S™" and detg € S™}.

Furthermore, we denote by G(S) := G N GL(n,S) the S-points of the algebraic
group G and by G(S)° the connected component of G(S) that contains the identity.

Let G = Isom”(X) denote the connected component containing the identity of
the isometry group of a symmetric space X of non-compact type. Then G is a non-
compact semi-simple Lie group with trivial center (cf. [29], Proposition 2.1.1), and
we can find a connected, semi-simple algebraic group G C GL(n,C) defined over
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Chapter 5. Locally Symmetric Spaces with Q-Rank 1

Q such that the groups G' and G(R)? are isomorphic as Lie groups (cf. Proposition
1.14.6 in [29]).

Let us denote by Tx € G (K = R or K = Q) a maximal K-split algebraic
torus. Remember that we call a closed, connected subgroup T of G a torus if T
is diagonalizable over C, or equivalently if T is abelian and every element of T
is semi-simple. Such a torus T is called R-split if T is diagonalizable over R and
Q-split if T is defined over Q and diagonalizable over Q.

All maximal K-split tori in G are conjugate under G(K), and we call their
common dimension K-rank of G. This definition can be used to define the R-rank
of the Lie group G and it turns out that the R-rank of G coincides with the rank
of the symmetric space X, i.e. the dimension of a maximal flat subspace in X.
However, it is impossible to define in this way the Q-rank of a semi-simple Lie
group G since different embeddings of G in GL(n,R) may indeed yield different
values for the Q-rank. This problem does not occur if we fix an arithmetic lattice in
(. Since we are only interested in non-uniform lattices I', we may define arithmetic
lattices in the following way (cf. Corollary 6.1.10 in [81] and its proof):

Definition 5.1. A lattice I' C G in a connected semi-simple Lie group G with
trivial center and no compact factors is called arithmetic if there are

(i) a semi-simple algebraic group G C GL(n,C) defined over Q and

(ii) an isomorphism
v:G(R) — G

such that o(G(Z) N G(R)®) and T are commensurable, i.e. o(G(Z)NG(R)°)NT
has finite index in both o(G(Z) N G(R)°) and T.

For the general definition of arithmetic lattices see [81], Definition 6.1.1.
A well-known and fundamental result due to G. A. Margulis ensures that this is
usually the only way to obtain a lattice (for a proof see [60] or [81]):

Theorem 5.2. (Margulis’ Arithmeticity Theorem). Let G be a connected,
semi-simple Lie group with trivial center, no compact factors and R-rank(G) > 2.
If ' C G is an irreducible lattice then I' is arithmetic.

Further results due to K. Corlette (cf. [17]) and M. Gromov & R. Schoen (cf.
[39]) extended this result to all connected semi-simple Lie groups with trivial center
except SO(1,n) and SU(1,n). In SO(1,n) (for all n € N) and in SU(1,n) (for
n = 2,3) actually non-arithmetic lattices are known to exist (cf. for example [38]
and [60]).

Definition 5.3. (Q-rank of an arithmetic lattice). Suppose I' C G is an
arithmetic lattice in a connected semi-simple Lie group G with trivial center and
no compact factors. Then Q-rank(T") is by definition the Q-rank of G, where G is
an algebraic group as in Definition 5.1.
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= -

Figure 5.1.: Tangent Cone at Infinity of a Compact Space.

The theory of algebraic groups shows that the definition of the Q-rank of an
arithmetic lattice does not depend on the choice of the algebraic group G in Def-
inition 5.1. A proof of this fact can be found in Chapter 9 of [79] (cf. Corollary
9.12).

We already mentioned a geometric characterization of the R-rank: The R-rank

of a semi-simple Lie group G with trivial center coincides with the rank of the
corresponding symmetric space X = G/ K. For the Q-rank of an arithmetic lattice
[' there is also a geometric interpretation in terms of the large scale geometry of
the corresponding locally symmetric space I'\G/K:
Let us fix an arbitrary point p € M = I'\X. The tangent cone at infinity of
M is the (pointed) Gromov-Hausdorff limit of the sequence (M, p, %d wr) of pointed
metric spaces. Heuristically speaking, this means that we are looking at the locally
symmetric space M from farther and farther away. The precise definition can be
found in Chapter 10 of [66]. We have the following geometric characterization of
Q-rank(I"). For a proof see [40, 58] or [79].

Theorem 5.4. Let X = G/K denote a symmetric space of non-compact type and
[' C G an arithmetic lattice. The tangent cone at infinity of I\ X is isometric to a
FEuclidean cone over a finite simplicial complex whose dimension is Q-rank(I").

An immediate consequence of this theorem is that Q-rank(I') = 0 if and only if
the locally symmetric space I'\ X is compact.

Figure 5.2.: Tangent Cone at Infinity of a Q-Rank One Space.
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5.1.2. Siegel Sets and Reduction Theory

Let us denote in this subsection by G again a connected, semi-simple algebraic
group defined over Q with trivial center and by X the corresponding symmetric
space of maximal compact subgroups of G = G(R).

Langlands Decomposition of Rational Parabolic Subgroups

Definition 5.5. A closed subgroup P C G defined over Q is called rational
parabolic subgroup if one of the following equivalent conditions holds:

(1) G/P is a projective variety.

(2) P contains a mazximal, connected solvable subgroup of G. (These subgroups
are called Borel subgroups of G.)

(3) G/P is compact.

For any rational parabolic subgroup P of G we denote by Np the unipotent
radical of P, i.e. the largest unipotent normal subgroup of P and by Np := Np(R)
the real points of Np. The Levi quotient Lp := P /Np is reductive and both Np
and Lp are defined over Q. If we denote by Sp the maximal Q-split torus in the
center of Lp and by Ap := Sp(R)° the connected component of Sp(R) containing
the identity, we obtain the decomposition of Lp(R) into Ap and the real points
Mp of a reductive algebraic group Mp defined over Q:

LP(R) = APMP = AP X Mp.

After fixing a certain basepoint o € X, we can lift the groups Lp, Sp and Mp
into P such that their images Lp ;,, Sp 2, and Mp ,, are algebraic groups defined
over Q (this is in general not true for every choice of a basepoint () and give rise
to the rational Langlands decomposition of P := P(R):

P Np X Ap,mo X Mp’mo.
More precisely, this means that the map
P— NP X AP,:EO X MP,:BQ? g <n<g)7a(g>7m(g))

is a real analytic diffeomorphism.
Denoting by Xp ,, the boundary symmetric space

XP,mo = MP,xO/K N MP,xO

we obtain, since the subgroup P acts transitively on the symmetric space X = G/K
(we actually have G = PK), the following rational horocyclic decomposition of X:

X = Np X Ap7z0 X XP,zo~
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More precisely, if we denote by 7 : Mp,, — Xp,, the canonical projection, we
have an analytic diffeomorphism
p: Np X Ap o X Xp oy — X, (n,a,7(m)) — nam - . (5.1)

Note, that the boundary symmetric space Xp ;, is a Riemannian product of a
symmetric space of non-compact type by a Euclidean space.
For minimal rational parabolic subgroups, i.e. Borel subgroups P, we have

dim Ap ,, = Q-rank(G).

In the following we omit the reference to the chosen basepoint xy in the subscripts.

Q-Roots

For the results in this subsection we refer also to [10] and [6].

Let us fix some minimal rational parabolic subgroup P of G. We denote in the
following by g, ap, and np the Lie algebras of the (real) Lie groups G, Ap, and Np
defined above. Associated with the pair (g, ap) there is — similar to Section 1.4 — a
system ®(g, ap) of so-called Q-roots. If we define for o« € ®(g, ap) the root spaces

o ={Z€g:adH)(Y)=a(H)Y) forall H € ap},
we have the root space decomposition
g = 9o S @ Jas
acd(g,ap)

where g is the Lie algebra of Z(Sp(R)). Furthermore, the minimal rational
parabolic subgroup P defines an ordering of ®(g, ap) such that

np = @ Ja-

a€®t(g,ap)
The root spaces gq, gg to distinct positive roots a, 5 € ®*(g, ap) are orthogonal
with respect to the Killing form:

B(ga, 95) = {0}.
In analogy to Section 1.4 we define
pp = Z ma,
a€dt(g,ap)

where m,, is the multiplicity of the positive root «, i.e. the dimension of the
respective root space.

The elements of ®(g, ap) are differentials of characters of the maximal Q-split
torus Sp. For convenience, we identify the Q-roots with characters. If restricted
to Ap we denote therefore the values of these characters by a(a),(a € Ap,a €
®(g, ap)) which is defined by

ala) :=exp a(loga).
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Siegel Sets

Since we will consider in the succeeding section only (non-uniform) arithmetic
lattices I' with Q-rank(I') = 1, we restrict ourselves from now on to the case

Q-rank(G) = 1.
For these groups we summarize several facts in the next lemma.
Lemma 5.6. Assume Q-rank(G) = 1. Then the following holds:
(1) For any proper rational parabolic subgroup P of G, we have dim Ap = 1.
(2) All proper rational parabolic subgroups are minimal.

(3) The set (g, ap) of simple positive Q-roots contains only a single element:
ot (g, ap) = {a}.
For any rational parabolic subgroup P of G and any ¢ > 1, we define
Ap; = {a € Ap : a(a) > t},

where « denotes the unique root in ®**(g, ap).
If we choose ay € Ap with the property a(ag) = t, the set Ap, is just a shift of the
positive Weyl chamber Ap ; by ao:

AP,t = AP,1CL0-

Before we define Siegel sets, we recall the horocyclic decomposition of the sym-
metric space X = G/K:
X = Np X AP X XP.

Definition 5.7. Let P denote a rational parabolic subgroup of the algebraic group
G with Q-rank(G) = 1. For any bounded set w C Np x Xp and any t > 1, the set

Spuwii=wxAp, C X

15 called Siegel set.

Precise Reduction Theory

We fix an arithmetic lattice ' € G = G(R) in the algebraic group G with
Q-rank(G) = 1. Recall, that by a well known result due to A. Borel and Harish-
Chandra there are only finitely many I'-conjugacy classes of minimal parabolic
subgroups (see e.g. [5]). Using the Siegel sets defined above, we can state the
precise reduction theory in the Q-rank one case as follows:

74



5.1. Preliminaries

Theorem 5.8. Let G denote a semi-simple algebraic group defined over Q with
Q-rank(G) =1 and I' an arithmetic lattice in G. We further denote by Py, ..., Py
representatives of the I'-conjugacy classes of all rational proper (i.e. minimal)
parabolic subgroups of G. Then there exist a bounded set Qg C X and Siegel sets
wj X Ap, . (7 =1,...,k) such that the following holds:

(1) Under the canonical projection © : X — T'\X each Siegel set w; x Ap,, is
mapped injectively into T\X (i =1,..., k).

(2) The image of w; in (I' N P;j)\Np, x Xp, is compact (j =1,...,k).
(3) We have the following disjoint decomposition of T\ X :

T\X = 7(Q) U [ 7(w; x Ap, 1)

j=1

In particular, the subset QOUHfZI wj X Ap, ¢, 1s an exact fundamental domain

forT.

Geometrically this means that each set 7(w; x Ap, ;) corresponds to one cusp of
the locally symmetric space I'\ X and the numbers ¢; are chosen large enough such
that these sets do not overlap. Then the bounded set 7(£2) is just the complement

of H?:l W(Wj X APj,tj)-
!
\ \

Figure 5.3.: Disjoint Decomposition of a Q-rank-1 Space.

A~

Since in the case Q-rank(G) = 1 all rational proper parabolic subgroups are mini-
mal, these subgroups are conjugate under G(Q) (cf. [5], Theorem 11.4). Therefore,
the root systems ®(g, ap,) with respect to the rational proper parabolic subgroups
P;, j = 1...k, are canonically isomorphic (cf. [5], 11.9) and moreover, we can
conclude [|pp, | = ... = [|op, .

5.1.3. Rational Horocyclic Coordinates

For all a € ®*(g,ap) we define on np = @a€¢+( g.ap) 9o @ left invariant bilinear

form h,, by
i <'7 '>7 on gq
o= { 0, else,

5



Chapter 5. Locally Symmetric Spaces with Q-Rank 1

where (-,-) denotes the scalar product defined by means of the Killing form. We
then have (cf. Proposition 1.6 in [6] and Proposition 4.3 in [7]):

Proposition 5.9. (a) For any © = (n,7(m),a) € X = Np X Xp X Ap the
tangent spaces at x to the submanifolds {n} x Xp x {a},{n} x {r(m)} x Ap,
and Np x {1(m)} x {a} are mutually orthogonal.

(b) The pullback p*g of the metric g on X to Np x Xp X Ap is given by
1
2 _ = —2a(log a) 2 2
dS (. ar(m)) = 5 Z e D he @ d(T(m))* @ da”.
acdt(g,ap)

If we choose (as in the preceding chapter) orthonormal bases {Ny,..., N, } of
np, {Y1,...,Y;} of some tangent space Ty Xp and H € ap with |[H|| = 1, we
obtain rational horocyclic coordinates

Qo prprApeRerlxR

<eXp ij ,exp wa , exp yH)> = (21, T, Y).

In the following, we will abbrev1ate (x1,...,2r41,9) as (x,y). The representation
of the metric ds? with respect to these coordinates is given by the matrix

%e—2a1(log a)

%e—QaT(log a)

(gij)i,j<n7 T(m),a) =

where the positive roots a; € @ (g, ap) appear according to their multiplicity and
the (I x [)-submatrix (Agm )}, represents the metric d(7(m))* on the boundary
symmetric space Xp.

Corollary 5.10. The volume form of Np x Xp X Ap with respect to rational
horocyclic coordinates is given by

1 r/2
\/det(gij)(n,T(m), a)dxdy = <§> Vdet (hgm (1(m)) e~ 22189 dydy

r/2
1
- <§> Vdet (R (7(m)) e~ 2PPH) dady

r/2
_ <%> \/det(hkm(T(m)) e—2y\|p1>Hdgmgy7

where loga = yH.
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A straightforward calculation yields:

Corollary 5.11. The Laplacian on Np x Xp X Ap in rational horocyclic coordinates
18
r4l 82 82
- —22 2% Z +2||pP||—+Axp, (5.2)

]7’1

where Ax,, denotes the Laplacian on the boundary symmetric space Xp.

5.2. LP-Spectrum

In this section X = G/K denotes a symmetric space of non-compact type whose
metric coincides on T.x(G/K) = p with the Killing form on the Lie algebra g of
G. Furthermore, I' C G is an arithmetic, non-uniform lattice with Q-rank(I") = 1.

The corresponding locally symmetric space M = I'\ X has finitely many cusps
and each cusp corresponds to a I'-conjugacy class of a minimal rational parabolic
subgroup P C G. Let Py, ..., P, denote representatives of the I'-conjugacy classes.
Since these subgroups are conjugate under G(Q) and the respective root systems
are isomorphic (cf. Section 5.1.2), we consider in the following only the rational
parabolic subgroup P := P;. We denote by pp as in the preceding section half the
sum of the positive roots (counted according to their multiplicity) with respect to
the pair (P, Ap).

In analogy with Definition 4.24, we define for any p € [1, 00) the parabolic region

. 4||pPH2< 1) y?
P,=qz=ao+iyecC:2 > L—— |+
’ { y p) " AlloplE(1 - 27

if p# 2 and Py = [||pp]|[?, 00).
The boundary 0P, of P, is parametrized by the curve

4 2 1 2
R—-C, s— M(l——) + s + 2i||pp||s (1——)
p p

D

p p

Our main result in this chapter reads as follows:

Theorem 5.12. Let X = G/K denote a symmetric space of non-compact type
and I' C G an arithmetic lattice with Q-rank(I") = 1. If we denote by M =T\ X
the corresponding locally symmetric space, the parabolic region P, is contained in
the spectrum of Aprp, p € (1,00):

Pp C O'(AMJ,).

7



Chapter 5. Locally Symmetric Spaces with Q-Rank 1

The picture is quite similar to the one of Chapter 4 (see e.g. Figure 4.1).

Lemma 5.13. Let M denote a Riemannian manifold with finite volume. For
2 < p < g < oo, we have the inclusion

O'(AM,p) C U(AM,q)-

Proof. Since the volume of M is finite, it follows for 1 < p < g < oo (by Holder’s
inequality)
LY(M) — LP(M),

i.e. LI(M) is continuously embedded in LP(M). Therefore, we obtain the bound-
edness of the operators

et s (M) — LX(M), p<aq
It now follows as in Lemma 4.29
e TIAMA L C Ay e BN (1<p<gqg<o0).

With this result at hand we can argue as in the proof of Proposition 4.30 to prove
the claim. O]

Proposition 5.14. For 1 < p < oo the boundary 0P, of the parabolic region P, is
contained in the approrimate point spectrum of Ay y:

OF, C 0app(Bnrp)-

Proof. Choose some

2 2
z=2z(s) = (@4—2’5) (2\|pp|| - @—is) € 0P,

The subsequent proof uses the same ideas as the proof of Proposition 4.26, i.e.
we construct a sequence f,, of differentiable functions in LP(X) with support in a
fundamental domain for I' such that

HAan - anHLP
|[.fnllr

A fundamental domain for I' is given by a subset of the form

— 0 (n — o0).

k
Q(] U Hwi X Aszti cX

i=1

(cf. Theorem 5.8), and each Siegel set w; X Ap, 4, is mapped injectively into I'\ X.
Furthermore, the closure of 7(w; x Ap, ;) fully covers an end of I'\)X (for any

ie{1,... k).
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We take the Siegel set w x Ap; := wy X Ap, 4, where Ap; = {a € Ap : a(a) > t},
and define a sequence f,, of smooth functions with support in w x Ap ; with respect
to rational horocyclic coordinates by

folz,y) = Cn(y)e(%HPPH-HS)y’

where ¢, € C° ((logt oo)) Since w is bounded, each f,, is clearly contained in

[l 7
LP(X). Furthermore, the condition supp(c,) C (%ﬁ, 00) ensures that the supports

of the sequence f,, are contained in the Siegel set w x Ap.
Using formula (5.2) for the Laplacian in rational horocyclic coordinates, we ob-
tain after a straightforward calculation

Aan(x,y) - an(l‘,y) =

2 , 2llepll ;.
= (_C;;(y) + <2||PP|| - 2(Z—9||,01:~|| —1—28)) c;(y)) A )97

and therefore

||Aan_an||ip = / |Aan—an|de0lX
wXAp’t

1

r/2
= (5) / , \Ax fula,y) — zfu(z, y)|Pr/det (B ((m)) e 21PP 1 dady

p

= [" et + (atoell - 222k i)

where C := (%)T/2 [, v/ det(hy,(1(m)) dz < 0o because w C Np x Xp is bounded.
This yields after an application of the triangle inequality

1) 1/p 00 1/p
|Mﬁrwmmsc(/|www@ +@(/|wmw@ |
0 0

By an analogous calculation we obtain

oo 1/p
Hmmza{A\mmw@ |

We choose a function ¢ € C°(R), not identically zero, with supp(¢) C (1,2), a
sequence 1, > 0 with r, — oo (if n — 00), and we eventually define
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For large enough n, we have supp(c,) C (%ﬁ, o0). As in the preceding chapter, we

obtain
o 2
[ tetwrdy = v [ ot de
0

[ewran = o [
0

[iwpan = i [
0 1

In the end, this leads to the inequality
HAan_anHP < 04 05

< +— — 0 (n — 00),
[ fnllp no Th
where Cy4, C's > 0 denote positive constants, and the proof is complete. n
Proof of Theorem 5.12. The inclusion
Pp C O_(AM,p)

for p € [2, 00) follows as in the proof of Theorem 4.2. But now we use Lemma 5.13,
Proposition 5.14, and note
= | or.

q€(2,p]

The inclusion for all p € (1, 00) follows again by duality. O

Up to now, we considered non-uniform arithmetic lattices I' C G with Q-rank
one. We made no assumption concerning the rank of the respective symmetric
space X = G/K of non-compact type. However, if rank(X) = 1, we are able
to sharpen the result of Theorem 5.12 considerably. In the case Q-rank(I') =
rank(X) = 1, the one dimensional abelian subgroup Ap of G (with respect to
some rational minimal parabolic subgroup) defines a maximal flat subspace, i.e.
a geodesic, Ap - xo of X. Hence, the Q-roots coincide with the roots defined in
Chapter 1 and for any rational minimal parabolic subgroup P we have in particular

[lpell = llo]-
This proves one part of the following corollary.

Corollary 5.15. Let X = G/K denote a symmetric space of non-compact type
with rank(X) = 1. Furthermore, I' C G denotes a non-uniform arithmetic lattice,
and M = T\ X is the corresponding locally symmetric space. Then, we have for all
p € (1,00) the equality

o(Anrp) ={ Ao, s Am} UPB,
where 0 = Xg, ..., A € [0,]|p|[?) are eigenvalues of Apo.
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Proof. Langlands’ theory of Eisenstein series implies (see e.g. [55] or the surveys
in [48] or [9])
O'(AMQ) = {)\0, ey )\m} U |:Hp||2, OO)

Thus, we can apply Proposition 3.3 from [75] and obtain
d(Aprp) CH{ Aoy, A} U Py

As in the proof of Lemma 6 in [24] one sees that the discrete part of the L*-
spectrum { Ao, ..., Ay} is also contained in o(Ay;,) for any p € (1,00). Together
with Theorem 5.12 and the remark above this concludes the proof. [

Recall, that the critical exponent 6(I") attains for lattices I' the maximal possible
value: (') = 2||p||. In Theorem 4.2 we proved a similar result in the rank one case
if the critical exponent is small, i.e. §(T") < ||p||. In the case §(T") € (||pll,2]|p||) it
is still not clear what the LP-spectrum is but it is quite natural to conjecture that
an analogous result to Corollary 5.15 holds.
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Chapter 6.
Manifolds with Cusps of Rank 1

In this chapter we consider a class of Riemannian manifolds that is larger than
the class of Q-rank one locally symmetric spaces but contains all of them. This
larger class consists of those manifolds which are isometric — after the removal of a
compact set — to a disjoint union of rank one cusps. Manifolds with cusps of rank
one were probably first introduced and studied by W. Miiller (see e.g. [61]).

6.1. Definition

Recall, that we denoted by w x Ap, C X Siegel sets of a symmetric space X =
G/ K of non-compact type. The projection m(w x Ap;) of certain Siegel sets to a
corresponding Q-rank one locally symmetric space I'\ X is a cusp and every cusp
of '\ X is of this form (cf. Section 5.1.2).

Definition 6.1. A Riemannian manifold is called cusp of rank one if it is isometric
to a cusp m(w x Ap;) of a Q-rank one locally symmetric space.

Definition 6.2. A complete Riemannian manifold M is called manifold with cusps
of rank one if it has a decomposition

k
M= Myu| )M,

j=1
such that the following holds:
(i) My is a compact manifold with boundary.
(7) The subsets M;, j €{0,...,k}, are pairwise disjoint.

(71) For each j € {1,...,k} there exists a cusp of rank one isometric to M.
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Such manifolds certainly have finite volume as there is only a finite number of
cusps possible and every cusp of rank one has finite volume.

From Theorem 5.8 it follows that any Q-rank one locally symmetric space is
a manifold with cusps of rank one. But since we can perturb the metric on the
compact manifold M, without leaving the class of manifolds with cusps of rank one,
not every such manifold is locally symmetric. Of course, they are locally symmetric
on each cusp and we can say that they are locally symmetric near infinity.

6.2. LP-Spectrum and Geometry

Precisely as in Proposition 5.14 one sees that we can find for every cusp M;, j €
{1,. k} of a manifold M = M, U Uk Mj with cusps of rank one a parabolic

region P such that the boundary 8P is contained in the approximate point
spectrum of A,y,. Here, the parabolic regions are defined as the parabolic regions
in the two preceding chapters (cf. for example Definition 4.24), where the constant
||p|| or rather ||pp|| is replaced by an analogous quantity, say ||pp,||, coming from
the respective cusp M;. That is to say, we have the following lemma:

Lemma 6.3. Let M denote a manifold with cusps of rank one. Then we have for
p € [1,00): A
OPY) C Gapp(Anryp).

Since the volume of a manifold with cusps of rank one is finite, we can ap-
ply Lemma 5.13 in order to prove (cf. the proof of Theorem 5.12) the following
Theorem:

Theorem 6.4. Let M = My U Uk M; denote a manifold with cusps of rank

one. Then, for p € (1,00), every cusp M; defines a parabolic region P that is
contained in the LP-spectrum:

C o AMp)

”C?’

Of course, the compact submanifold M, contributes some discrete set to the
LP-spectrum, and 0 is always an eigenvalue as the volume of M is finite. It seems
to be very likely that besides some discrete spectrum the union of the parabolic
regions in Theorem 6.4 is already the complete spectrum. But at present, I do not
know how to prove this result. The methods used in [24] or [75] to prove a similar
result need either that the manifold is homogeneous or that the injectivity radius is
bounded from below, and it is not clear how one could adapt the methods therein
to our case.

Nevertheless, given the LP-spectrum for some p # 2, we have the following
geometric consequences:
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Figure 6.1.: The union of two parabolic regions PISI) and P,SQ) if p # 2.

Corollary 6.5. Let M = MyU U;?:l M; denote a manifold with cusps of rank one
such that
o(Anrp) ={ Mo, s A J U By,

for some p # 2 and some parabolic region P,. Then every cusp M, is of the form
m(wj X Ap, ;) with volume form

1 T‘]'/2
(5) e 2 dady,

where ¢ is a positive constant.

Proof. Since all parabolic regions Pp(j ) induced by the cusps M; coincide, the quan-
tities ||pp, || coincide. Therefore, we can take c := ||pp, ||. O

This result generalizes to the case where the continuous spectrum consists of a
finite number of parabolic regions in an obvious manner.
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Appendix A.

Tensor Products

We adopt the terminology used in the book [25] which serves also as our main
reference in this chapter. The field K denotes in this part always the real numbers
R or the complex numbers C.

Let us first recall the definition of a tensor product of vector spaces and some
basic properties.

Definition A.1. Let E and F' denote K-vector spaces. A pair (H, Vq) consisting of
a K-vector space H and a bilinear map Vo : X F' — H 1is called tensor product of
the pair (E, F) if for each K-vector space G and each bilinear map ® : ExX F — G
there exists a unique linear map T : H — G with ® =T o Uy:

One can prove that up to isomorphisms there i 1s a unique tensor product of the
vector spaces F and F: If (Hy, ¥ 1 ) and (Ha, \Il )) are two tensor products, we
can find an isomorphism S : H; — HQ such that S o \I!(()l) = \Il(()Q). We write £/ @ F
for the (unique) tensor product and x ® y for the image Wo(x,y). Note, that we
have

E®QF =span{x ®@y:x € E,y € F}.

If E and F are normed spaces, there are in general many possibilities to define
a norm on the tensor product £ ® F. Given a norm « on F ® F', we denote by
E®4F the completion of the normed space (F ® F,«).
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In the proof of Theorem 2.11 we claimed

Lp(Ml X Mg) = LP(M1)®APLP(M2) (1 <p< OO),

~Y

where = means isometrically isomorphic. The norm A, on the tensor product
LP(M;) ® LP(Ms) is defined as follows: Given ). | fi ® g; € LP(M;) ® LP(M5), we

put
n p 1/p
A, (;fiéégi) = (/M /M dxgdasl) .

Using Fubini’s theorem, we can conclude that the inclusion

> filwn)gil2)

=1

L Lp(Ml) ®AP LP(MQ) — Lp(Ml X Mg),
Yo fi®gi = Yo figi

is isometric. Since the image of ¢ is dense in LP(M; x M,) (it containes the tensor
product of the step functions in LP(M;) and LP(M;)), the claim follows. For a
more general treatment cf. Section 7 in [25].

To prove Theorem 2.11, we want to apply Theorem 5 in [68] where an appropriate
spectral mapping theorem for operators of the form A; ® I + I ® A, on the tensor
product E®.F of two Banach spaces £ and F' is proven. The norm o« can be an
arbitrary uniform cross norm (or tensor norm). For a definition cf. 12.1 in [25].
Unfortunately, A, is not a uniform cross norm (cf. also 12.1 in [25]). But we are
lucky, because there is a uniform cross norm g,, which coincides with A, on the
tensor product LP(M7) ® LP(Ms). This is the content of Corollary 2 in 15.10 in
[25]. For the definition of g, see 12.7 therein.
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