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Abstract

This thesis is about the spectra of the Laplacian and of the Dirichlet-to-Neumann operators
on a compact Riemannian manifold. Both problems have physical interpretations that can be
found in [Eva98] and [Ban80]. We focused on finding upper bounds for the eigenvalues, based
on the geometry of the manifold. More precisely, we consider if it is possible to obtain upper
bounds in which the geometrical term can be separated from the asymptotical term, and if the
latter grows optimally regarding the Weyl law.

The first result is dedicated to the construction of a counterexample of a question that follows
from a work by B. Colbois, A. El Soufi and A. Girouard [CEG13], where they bound the
Laplacian eigenvalues of a hypersurface X of dimension n > 2 using its isoperimetric ratio /(2):

L) - [EF < ym)IE) ik,

I show the bound they obtain is actually optimal, in the sense that one cannot have a bound of
the form y,(n)I(X) + yz(n)k%. In this context, it also means that a “Kroger type” inequality is
not possible, even after a certain index.

The second theme is a joint work with S. Kouzayha [KP]. Given a Riemannian manifold
(M, g) of dimension n, we are interested in a generalisation of the Laplace problem, that is, we
are focused on the variations of the densities o and p of the following problem:

—div(cVu) =Adpu inM
ou =0 on OM.

There are a priori a lot of parameters, so the metric will be fixed, and the densities will vary
following some restrictions. Here o will be taken as a power of p, that is, o = p%, @ € (0, 1).
This choice is motivated by considerations of the conformal spectrum. Indeed, the study of
conformal metrics can be linked with a particular case of densities given by o = p¥. We bring
a definitive answer to the boundedness of the eigenvalues when a < "n;z

The third topic is about the Steklov problem:

Au =0 in M
O,u =ou ondM.

That means we search for real values such that there is a corresponding function u# which is
harmonic in M and proportional to its normal derivative on dM.

The interest for Steklov problem has grown only recently, and mathematicians are discov-
ering, with the knowledge of what was done for the Laplace equation, how these two problems
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intersect with one another. In the case of domains, Steklov eigenvalues can be seen as the so-
lutions of the weighted Laplacian that is discussed in part 3, where the density is concentrated
only on the boundary. In my work, I focused on eigenvalues of a manifold M embedded in the
hyperbolic space. The first bound we obtain is in a very general context; the only assumption
is that M is embedded in the hyperbolic space of dimension m > n. In the last two results, we
impose m = n + 1 and the fact that M is the boundary of some connected domain of R" or H".

Keywords: Riemannian geometry, Laplacian, isoperimetric ratio, hypersurface, density,
hyperbolic space
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Chapter 1

Introduction

This introduction will define the tools necessary to understand the problems that will arise
in this thesis, and how they are linked together. We will see the motivation behind these spectral
problems, some important attempts, techniques and results that have led my research. What is
presented in this introduction is inspired by the books of Chavel [Cha84] and Bandle [Ban80],
and the reader may refer to them for more details.

1.1 Notation

1.1.1 The Laplace and Steklov problems

In the following, (M, g) will denote a smooth compact connected Riemannian manifold.
When M has a boundary dM, we will usually impose that it is of class €. We call €*(M) the
set of functions which are smooth on M, and €.°(M) the set of functions which are smooth on
M, and having compact support in M \ M. For u € € (M), we denote by Vu the gradient of u,
and the divergence of any vector field X will be denoted div(X). Let us also call dV, the volume
element associated to the manifold (M, g). We define the norm || - ||; as

llull} = / IVul*dV, + / u*dv,.
M M

Then, we define respectively the sets H'(M) and Hé (M) as the completion for the norm || - ||; of
the sets (M) and €.°(M). As a consequence H (M) and Hé (M) are Hilbert spaces. We write
L*(M) for the space of measurable functions for the measure induced by the metric g, that is,

L*(M) = {u : M — Rs.t. / u*dv, < oo} .
M
The space L*(M) is a Hilbert space when equipped with the inner product

(u-v):/uvdVg.
M

Finally, we define the Laplacian or Laplace operator as

A=-divo V.
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In local coordinates and applied to a function u € (M), the Laplacian reads:

u=- ! Z@i (gl-_jl \/det(g)ﬁju) ,
ij=1

Vdet(g)

where gi‘j1 denotes the coordinate (i, j) of the inverse metric tensor. In this thesis, we consider
four equations. Let u € € (M). We separate the cases when M has a boundary or not.
If (M, g) 1s a manifold without boundary,

e We consider the closed problem:

Au = Auin M. (1.1.1)

If (M, g) 1s a manifold with boundary,

e We define the Dirichlet problem as:

Au =Adu inM
{ u =0 onoM. (1.1.2)
o We define the Neumann problem as:
Au =Adu inM
{ du =0 ondM. (1.1.3)
e When dim(M) > 2, we define the Steklov problem as:
Au =0 in M
{ O,u =ou ondM, (1.1.4)

where 0,u is the exterior normal derivative of u.

1.1.2 The eigenvalues, a variational characterisation

The following theorem is a classic in spectral geometry (see [B€86, Chapter III] for the first
part and [GP17] for the second part).

Theorem 1.1.1 (Spectral theorem).

Let M be a smooth compact Riemannian manifold, possibly with a smooth boundary. For the
closed, Dirichlet, and Neumann problems considered above, the set of eigenvalues constitute a
non-negative and discrete spectrum, and the corresponding eigenfunctions can be chosen such
that they realise an orthogonal basis of L*(M).

For the Steklov problem, the set of eigenvalues is also a non-negative and discrete sequence,
and the restriction of the eigenfunctions to the boundary realises an orthogonal basis of L>(OM).
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Remark 1.1.2.

The number 0 is always an eigenvalue of the closed, the Neumann, and the Steklov prob-
lems. Its multiplicity for the closed, the Neumann and the Steklov problems is equal to the
number of connected components of M. On the other hand, 0 is never an eigenvalue of the
Dirichlet problem. Usually, we will consider a connected manifold. In that case we will use
the following notation: first, the notation “Sp” denotes the spectrum of the problem considered,
and

e For the closed problem:

Sp(M) = {0 = 2)(M,Cl) < ,;(M,Cl) < 1,(M,Cl) <--- < 4(M,Cl) < -+ / 40o0}.

e For the Dirichlet problem:

Sp(M) = {0 < 4;(M,Di) < 1,(M,D1) < --- < 4(M,Di1) < --- / +o0}.

e For the Neumann problem:

Sp(M) = {0 = Ao(M,Ne) < 1;(M,Ne) < L(M,Ne) < -+ < A(M,Ne) < -+ +o0}.

e For the Steklov problem:

Sp(M) ={0=0o(M) <o (M) <or(M) <--- <0 (M) < -+ / +oo}.

When the context is clear, and in order to avoid heavy notation, we may intentionally omit to
write Cl, Di, or Ne for an eigenvalue.

The following theorem is also fundamental:

Theorem 1.1.3 (Green formula).
Let u,v be two real valued functions of class €* defined on a smooth compact Riemannian
manifold (M, g) with boundary. We call £ the boundary of M, and dX its induced volume

element. Then
/ vAu dV, = / <Vu,Vv >dV, - /v@nu dx.
M M )

The Green formula is especially useful because if we consider any of the four problems
above, a Rayleigh quotient will appear, and the eigenvalue can be characterised by a min-max
property. This is what the following proposition emphasises:

Proposition 1.1.4 (Min-max principle).
In what follows, the notation E. designates a linear subspace of dimension k.
If M is a smooth compact manifold with no boundary,

o The eigenvalues for the closed problem can be written:

. fM IVul*dV,
A(M,Cl) = min max —————. (1.1.5)
Er i cHY (M) MGME;EI(()H fM udeg
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If M is a smooth compact manifold with boundary X,

o The eigenvalues for the Neumann problem can be written:

) fM |Vu|2dVg
A(M,Ne) = min max e (1.1.6)
Era CHY (M) ueuE#/(\;f] fM u dVg

o The eigenvalues for the Dirichlet problem can be written:

[, IVul*dv,

A(M,Di) = min max . 1.1.7
9 ) EcHY(M) U€Ex [, u*dV, ( )
o The eigenvalues for the Steklov problem can be written:
Vu|*dV,
c(M)= min  max JuVuFdVe (1.1.8)

Egp CH (M) u€Es) fz u?dx
u#0

In particular, the first non-zero eigenvalues are characterised by:

Vul>dV,
(M) = min {fM|—Z|g’
fMu dv,

ueH' (M)
u#0

/ udV, = 0} for the closed and Neumann problems,
M

Vul?dV,
A,(M,Di) = min JulVurdvy

ueHL (M) fM u*dv,
u#0

for the Dirichlet problem,

. f Iy IVul*dV,
o1(M) = min e udX = 0 » for the Steklov problem.
ueH! (M) fz u*dx s

Remark 1.1.5.

Have in mind that H)(M) = H'(M) N {Tr(u) = 0} (see [Dav95, chapter 6]), where Tr :
H'(M) — L*(X) is the trace operator. Also, the fact that the appropriate Hilbert space for the
problems (1.1.1), (1.1.3), and (1.1.4) is H'(M), and that the Hilbert space associated to (1.1.2)
is Hj(M), is not obvious, and a good explanation can be found in [Dav95, chapters 6&7]. It is
also worth noticing that the Dirichlet condition is “imposed”. Thus some people refer to it as
an essential boundary condition, while the Neumann condition appears as a natural boundary
condition, or free boundary condition.

Thanks to the min-max characterisation, the following two propositions follow:

Proposition 1.1.6 (Monotonicity of Dirichlet eigenvalues).
Let Q; and €, be two compact connected domains of a Riemannian manifold such that
Qy C Q. Then forall k € N,

(€2, Di) < (€2, Di).
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Proof. We use the min-max characterisation. To every function u; € H}(Q;) we associate a
function u, € H} () as:
) wmx) ifxeQy
MZ(X)‘{ 0 ifxe,\Q.
We can also see H}(Q;) as a more restrictive space. Because both Rayleigh quotients verify
R(u;) = R(uy), we have the inequality. O

Proposition 1.1.7 (Comparison between the Neumann and the Dirichlet spectra).
Let Q be a bounded domain of a Riemannian manifold. One has, for every k € N,

/lk(Q’ Ne) < /lk+l (Q9 Dl)

Proof. The idea is the same as in the proof of the monotonicity of the Dirichlet spectrum: we
compare the respective Hilbert spaces associated to the Neumann and Dirichlet problems. As
H)(Q) c H'(Q), the result follows. m]

Remark 1.1.8.

Even though we only know how to calculate the spectrum in a few cases, we have some
useful methods to bound A from above. Using the min-max formula for the Dirichlet problem
(1.1.7), we get that for every subspace E; C H}(M) of dimension k,

A (M, Di) < max R(u).
uckEy

u#0

In particular, let Vi, ..., V; be k disjoint subsets of M, and take E; generated by u, ..., u,
some disjointly supported functions of H}(M) defined on the V;’s. Now, let u be a function in
E,, that is, we write u = Zij a;u; (; € R). We also take m defined as m := max R(u;). In

particular, [, IVu,[? dV, <m [,, u?dV,. We have, for all u € Ey,

_ fMlVMFdVg _ fM |Zz a’iV”i|2dVg _ fM > Vu|® dve > fM Vuil? dv,

R(u) = = = =
Sy u?dVe Ju (Zl a,-u,-)z dv, Ju 2o @iuidv, >} [y uidvy
Thus, it is also true for the maximum over all u € E;, and we get:
A < 'rflla)i R(u,). (1.1.9)

Figure 1.1: Illustration of the construction
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The inequality (1.1.9) gives a powerful method to bound any A; from above, and it will
be used throughout the next chapters. Usually the idea is, for any fixed k, to construct k test
functions such that their Rayleigh quotient is easy to bound from above. A classical way of
doing this is by defining test functions to be 1 on some disjoint subsets V; (see Figure 1.1), and
let them decrease linearly to O on the neighbourhoods of V;, in such a way that the norm of their
gradient is constant.

To that effect we will often consider the distance function, which has a gradient of con-
stant norm 1. More precisely, let K be a closed subset of a smooth and complete Riemannian
manifold M without boundary. For x € M \ K, define d¥ : x — ;1611’[; disty(x,y). Then d¥ is

differentiable almost everywhere and
|Va¥| = 1.

This result can be found in [MMO3, Theorem 3.1], see also [EG92, Section 3.1]. Of course,
it is not always easy to find enough “space” that we can use as a support set, as it can also be
difficult to bound the Rayleigh quotient of the functions themselves. But some theorems will
help us in the next section. Notice that the construction above can obviously be applied for the
Neumann, the closed, and the Steklov problems, the only difference is we have to take k£ + 1
disjoint subsets instead of k.

1.2 Discussion around the Bishop-Gromov Theorem

This section is dedicated to explaining in more details what will be used in Chapters 3 and 4.
As we have seen at the end of Remark 1.1.8, and given a manifold M, a difficulty is to exhibit
disjoint and “heavy” domains of M. To state the lemmas we will use, let us introduce some
notation.

For H € R, let BY(r) denote a generic ball of radius r in the complete Riemannian and
simply connected manifold of constant curvature H. For a Riemannian manifold (M, g), we
denote by By (x, r) the ball centred in x and of radius r in M.

Theorem 1.2.1 (Bishop-Gromov comparison Theorem).
Let (M, g) be a complete Riemannian manifold of dimension n, Ric(g) > (n — 1)H. Then for
any x € M, forO <r <R,

|Bu(x, )| < |B7(r)

, (1.2.10)

|Bu(x.R)| _ |B"(R)|

< ) 1.2.11
Buenl S B (1210

Remark 1.2.2. The volume of any ball of radius r in the hyperbolic space H" of constant
curvature H = —1 can be expressed (see [Cha06, Chapter VI, Section 5]) as follows:

|B"(r)| = |s"| / r sinh(z)"~"dr.
0
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In particular for r < 1, this implies the existence of @, such that ]BH (r)‘ < @,r". Thus, using
the Bishop-Gromov Theorem, for any complete Riemannian manifold (M, g) of dimension n,
Ric(g) > —(n — 1)g, we have that, for r < 1,

|By(x,r)| < @,r".

In other words, as long as we can control the Ricci curvature, that is, bound it from below,
we can also control the weight of small balls.

But the main consequence of the Bishop-Gromov comparison Theorem that will be inter-
esting for us is the following result, known as the Packing Lemma (see [Zhu97, Lemma 3.6]).
It gives an upper bound on the number of balls of radius € necessary to cover a ball of radius r,
and a bound on the multiplicity of the covering, that is the quantity

multiplicity = rré?x)card {x;s.t. y € B(x;,&)}.
yeB(x,r

Theorem 1.2.3 (Packing Lemma).
Let (M, g) be a complete Riemannian manifold of dimension n such that Ric(g) > (n—1)Hg.

Given ¢ > 0, r > £, and x € M, there is a covering of By(x,r) by balls By(x;, &), where

. BA(2 T
X; € By(x,r), such that the number of balls satisfies N < %, and the multiplicity of the
. |B"(52)|
covering is bounded by 187/

Proof. The proof can also be found in the article [Zhu97, Lemma 3.6] cited above. First, take
a maximal set of points x; € By, (x, r— %), such that dist(x;, x;) > £ for i # j. The construction
implies that the balls By, (xi, ;—‘i) are disjoint, but also that the union of the balls By, (x;, €) covers
the ball By;(x, r). We thus have:

N < |BM(~X7 r)l
i By ()

4

= M for some x
|Bur (%0, 3) |
|Bs(x0, 27)|
By (%0, 5)|
|BY(2r)

S BE(9)]

since By (x,r) C By (xg,2r)

For the bound on the multiplicity, let us take a y € By (x, r) realising the maximum. Now
take a ball of the covering containing y. Without loss of generality, we can suppose this ball is
Bui(xg, ). But for all x; such that By (xg, €) N By(x;, &) # @, we have dist(xg, x;) < 2&. This
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implies the ball B,;(xy, 3€) contains these (disjoint) balls By, (xi, i) It follows:

|Bp(x0,38)|

min By (x. )]

_ | Bp(x0, 3€)
|Bu (1, %) ]
|By(x1,5¢)|
|Bur (x1,5)]|
|B"(5¢e))|

< ——.
B (3)]

multiplicity <

for some x;

since BM(X(), 38) C BM()C], 58)

Remark 1.2.4. We now imitate the idea of [CMOS, Section 2], to introduce the function

Cn,H,r)=max | 1+ |BH(2I)‘
n, H, r) = max .
2\ )

This “packing constant” is an upper bound on the number of balls necessary to cover any ball
of radius r by balls of radius 5, and only depends on the dimension of M, on a bound on its
Ricci curvature, and on the radius ». Moreover, the function r — C(n, H, r) is increasing. The
following basic examples will be used in chapter 4.

If M = R", then H = 0, and a calculation gives us that C does not depend on r. In fact, it is
sufficient to take C(n) = 16".

If M = H", the hyperbolic space of constant curvature —1, then C depends on r. But by
taking r < 1, and thanks to the increasing character of the function r — C(r), then it can also
be bounded by some constant C(n).

Now, everything is set up for two important lemmas. The critical idea is that the following
results are stated in an abstract metric measured space, that is, a triplet (X, d, u), where X is a set
of points, d : X X X — R, is a distance, and u is a measure defined on the Borel algebra of X.
A first trivial example is to consider R” (resp. H"), the distance and the measure being defined
with respect to the canonical metric of R” (resp. H"). We give richer examples once the lemmas
are stated.

The next result can be found in [CEG13, Lemma 2.1] or [CGG18, Lemma 4.1], and is a
slight reformulation of a result in [CMOS8, Corollary 2.3]. It will be used repeatedly in the
proofs of Chapter 4. We recall that a measure u is non-atomic if for any measurable set %
such that u (%)) > 0, there exists a measurable set %5 C %, such that 0 < u (%) < u(2).

Lemma 1.2.5. Let (X, d, u) be a metric measured space, complete and locally compact, where
W is a non-atomic measure. Suppose that for all r > 0, there exists C(r) € N such that each ball
of radius r can be covered by C(r) balls of radius 5. Let K > 0. If there exists a radius ry > 0
such that for all x € X,

uX)

u(B(x,rp)) < W(’
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then there exist K u-measurable sets Ay, . ..,Ag of X such that for all i < K,

p(X)
2C(rg)K
The following lemma was first introduced by Asma Hassannezhad in [Has11, Theorem 2.1]
and will be used in chapter 3. It is based on two important technical results of Grigor’yan,
Netrusov, Yau (see [GNY04, section 3]) and Colbois, Maerten [CMO08, Corollary 2.3]. We say
that a metric measured space (X, d, i) satisfies the (2, N; 1)-covering property if every ball of
radius r < 1 can be covered by N balls of radius 3.

u(A;) > and for i # j, d(A;,A;j) > 3r.

Lemma 1.2.6. Let (X, d, 1) be a complete and locally compact metric measured space, where
U is a non-atomic measure. Suppose X satisfies the (2, N; 1)-covering property. Then for every
k € N, there exists a family of 4(k + 1) measurable sets F ;, G ; with the following properties:

1. FJ'CGJ'.

2. The G;’s are mutually disjoint.

3. u(Fj) > % with ¢ = ¢(N) a constant which depends only on N.

4. The (F;,G))’s are of the following two types:

e Forall j, Fjisanannulus A = {r < d(x,a) <R}, and G; = 2A = {% <d(x,a) < 2R}
withO<r<Rand?2R < 1, or:

e Forall j, Fjis an open set F C M and G; = F™ = {x € M;d(x,F) < ro} with
1

"o = T600°

Remark 1.2.7. The (2, N; 1)-covering property is only a metric notion, that is, the fact for
a metric measured space (X, d,u) to verify the (2, N; 1)-covering property does not depend
on u. Let us consider a complete Riemannian manifold (M, go) that contains a bounded do-
main (M, g;) with a boundary X of class €', and g is the restriction of g, on M. We also
assume Ric(gy) > —(n — 1)go, and we consider the metric measured space (]\71, do, ,Eto) where d,
and fiy are defined with respect to g,. Thanks to the Packing Lemma 1.2.3, the metric measured
space (1\7[, do, ,ao) satisfies the (2, N; 1)-covering property where N only depends on n. Thus, for
any non-atomic measure u, we can apply Lemma 1.2.5 to the space (M, do, /1). As we are free
to choose any measure p, this opens multiple interesting options, such as:

w( W) = / dz,
wUNT

We will use this in Chapter 4, Sections 2 & 3, by considering M as the Euclidean space,
or the hyperbolic space.

e For any Borel set % of M,

e Define a smooth function p : M — R, such that f w AV, = |[M|. We can define a measure
u = pdV,, or in other words, for any Borel set % of M,

W) = / pdV,.
UM

This consideration will be used in Chapter 3, Section 1.



10 1. Introduction

1.3 The Weyl law

1.3.1 The Weyl law for the Laplacian

The spectrum of the Laplacian is not known for a general manifold. But in 1912, Weyl
[Wey12] proved the following fundamental result, now known as the Weyl law, which gives the
asymptotic behaviour of the eigenvalues, whether the problem considered is the closed one, or
with Dirichlet or Neumann condition if M has a boundary. This result, however, does not give
any information on the beginning of the spectrum. On the other hand, one can ask if knowing
something on the eigenvalues helps to understand the geometry of the manifold. In 1966, M.
Kac [Kac66] popularised the question “Can one hear the shape of a drum?”, that is, if the
spectrum of a manifold M is entirely known, can one recover the “shape” of M from it? In other
words, can one find two isospectral manifolds that are not isometric? Actually, an answer to this
question was already known. Indeed, in 1964, J. Milnor [Mil64] had already discovered two
non-isometric isospectral flat tori of dimension 16. In the following years, several results were
found about isospectrality. We shall give some counter-examples, but as the following list is not
exhaustive, the reader may refer to [Bro88], [BT90], [Bus88]. In 1980, M.F. Vignéras [Vig80]
exhibited compact hyperbolic non isometric surfaces, that have the same spectrum. In 1986, P.
Buser [Bus86] also found two non-isometric compact Riemann surfaces that answer negatively
Kac’s question. It was in 1992 that a counter-example was constructed for planar domains with
Dirichlet boundary conditions (see [GWW92]). The authors exhibited two piecewise smooth
isospectral domains of R?, but not isometric. Even so, it is still an open question in the case of
smooth domains of R2,

But if one cannot hear the shape of a drum, then what can we hear? Thanks to the Weyl law,
this typical inverse problem is already partially answered.

Theorem 1.3.1 (The Weyl law).

Let (M, g) be a compact Riemannian manifold of dimension n as in Theorem 1.1.1. Define
the counting function N(A) = card{j s.t. 4; < A}, and w, as the volume of the n-Euclidean ball
of radius 1. Then

NQ) =

(2 )n IM| 2% + 0 (22).

(2”) . Then the following asymptotic be-

Corollary 1.3.2. Let us define the constant W(n) =

haviour of the eigenvalues holds, and will be the one we ‘use in this thesis.
2 2
(M) | M| o Wmn)kr.

As a consequence, the Weyl law enables us to recover the volume and the dimension of the
manifold. If the reader is interested in the proof on Euclidean domains for Dirichlet boundary
conditions, see [Cha84, pp. 31-33], and for the proof in the Neumann case, see [CH&9, pp.
436-443]. For a general proof on any Riemanniann manifold, the reader can refer to [Bé86, p.
149]. A more precise approximation of the remainder R(1) = N(A1) — (2”),1 |M| A2 is delicate, and
usually leads to look at the geometry of the manifold. For example, in the case of manifolds

) (see [BETT)).

nl

with non-positive sectional curvature, the remainder can be expressed as O (1 oD
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1.3.2 The Weyl law for the Steklov problem

This spectrum also has an analogue for the Weyl law (see [GP17]). Let M be a smooth
compact Riemannian manifold of dimension n with a smooth boundary. Then

or(M) |5M|ﬁ O W(n - 1)kﬁ. (1.3.12)

Notice that the formula (1.3.12) is slightly different from the classical law for the spectrum
of the Laplacian. First the normalisation does not depend on the volume of M, but on the volume
of its boundary. Moreover, the power of k is nlj which can be interpreted as an asymptotically
slower growth than the growth of the Laplace spectrum.

1.4 Uniform bounds

As we have seen in the previous section, the Weyl laws show how the spectrum behaves
asymptotically, in the closed, Dirichlet and Neumann problems (resp. Steklov problem). Now,
take a Riemannian manifold (M, g) of dimension n. It is well-known that if we fix M, and we
allow any deformation of the metric g, it is easy to create arbitrarily small or large eigenvalues,
simply by applying a homothety to the metric:

1 1
/lk(M’ Cg) = E/lk(M’ g) and O-k(M’ Cg) = _Co-k(M’ g)a (1413)

NG
where c is a positive constant. In this context, we will often consider the homothetic invariant
normalised eigenvalues A, (M) |M |% (resp. o (M) |OM |ﬁ). The above also holds in the case of
Euclidean domains.

So a natural question is: for a manifold M, can we uniformly bound the normalised eigen-
values with respect to the geometry of M, preferably with the optimal power in k? In other
words, can we find a bound of the type C(n)k% for the Laplace problems (resp. C(n)ki for the
Steklov problem) where C(n) depends only on n, and not on M? We investigate this question in
the following pages.

1.4.1 Uniform bounds of Laplace eigenvalues

Let us focus on the Laplace problems. We have seen that applying a homothety on M
produces arbitrarily small or large eigenvalues, so we consider the homothetic-invariant quantity

(M) IM |%. For the Dirichlet spectrum on plane-covering domains, Pdlya [P661] proved that
the eigenvalues are bounded as follows:

A4(Q, D) |Q] > W(2)k.
He also proved a similar result for the Neumann spectrum on regularly plane-covering domains:

(2, Ne) [Q < W(2)k,
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which has been improved a few years later on plane-covering domains in [Kel66]. In fact, the
following conjecture is named after him: given any bounded domain Q c R” with smooth
boundary,

L(Q,Ne) Q" < W(n)k» < A,(Q,Di)|Q]" .

The figure 1.2 is an illustration of both the Weyl constant (the dash line) and Pdlya’s conjecture,
that is, the red dots are above the dashed line, and the blue ones are below.

2
n

) (242)

W) - '.__°___°___°___'___0___o__:__9__

k

Figure 1.2: In red, conjecture for Dirichlet condition. In blue, for Neumann condition

For the Neumann case, the best result known to date has been answered by Kroger in
[Kro92]. He proved the following result:

n+2

Ar(€2, Ne) |Q|% < ( ) W(n)k%. (1.4.14)

The same question could be asked for a general Riemannian manifold M, that is, can one
bound the eigenvalues of M in the following way:

(M) M+ < Cn)kr, (14.15)

where C(n) is a quantity only depending on n? It was shown in [CD94] that the answer is no.
Given a manifold M of dimension n > 3, one can always find a sequence of metrics of volume 1
making the first eigenvalue as large as we want. The idea the authors use is to modify via surgery
a small set of M, on which they put a metric having a large 4; and a large volume. The union will
have its first eigenvalue bounded from below, and a large volume. Using the rescaling (1.4.13),
they indeed obtain a manifold of volume 1 having a large first eigenvalue. This result follows
the work of Bleecker [Ble83], in which he proved that the sphere S$">* admits a metric with
arbitrarily large A; and large volume (see also [Mut80] for an older proof on even-dimensional
spheres).

It is important to notice that the result of Colbois and Dodziuk applies in a Riemannian
context. This result also holds in the Euclidean space (see [CDE10, Theorem 1.4]), that is,
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given a compact smooth submanifold M of dimension n > 3 of R"*!, there exists a sequence M,
of smooth submanifolds embedded in R"*! all diffeomorphic to M such that

2
A1 (M) |M|» t_)_:o ©o.

The proof heavily relies on the fundamental works of Nash and Kuiper on the embedding of
manifolds into Euclidean space, and the reader can refer to [CDE10, Section 5] for more details.

One may ask if the same result holds in dimension 2. It was shown in [Kor93] that there
exists C > 0 such that for any compact orientable surface X,

A(E) 2] < C (genus(T) + 1) k, (1.4.16)

which means that if the genus of X is fixed, the normalised eigenvalues are in fact bounded,
and that the result which holds in dimension n > 3 does not hold in dimension 2. However,
it is possible to find a sequence of surfaces whose first normalised eigenvalue increases to +oo
(see [BBD88] and [CDE10]). Of course from the last remark, the genus is increasing for such a
sequence of surfaces.

In conclusion, given any compact Riemannian manifold M, we know we cannot bound
its eigenvalues from above like Kroger did for a Euclidean domain with Neumann boundary
conditions. But by imposing geometrical restrictions on M, a lot of authors managed to obtain
the following kind of bound for the Laplace eigenvalues:

(M) M+ < geom(M)k. (1.4.17)

Here, the term geom(M) is defined in a very general way. What we mean by that is it
can designate any relevant geometrical term depending on (M, g), like the Ricci curvature of
M or its boundary, the number of connected components of M, the conformal class of g, the
isoperimetric ratio, etc. Examples follow in the next pages.

1.4.2 Uniform bounds of Steklov eigenvalues

The last chapter is dedicated to another problem. Over the past few years, this problem
has gained a lot of interest and visibility in spectral theory. Take (M, g) a compact Riemannian
manifold of dimension n with a > boundary dM. The equation of interest is the following:

Au =0 inM
{ o,u =ou onoM.

Introduced by Vladimir Steklov in 1902 [Ste02], this equation describes the stationary heat
distribution in a domain whose flux passing through the boundary is proportional to the temper-
ature on the boundary. If we add some other boundary conditions, it is useful in hydrodynamics
for modeling the waves of a liquid in a closed container, like a glass. In dimension 2, it can
also be interpreted as a vibrating membrane having all its mass concentrated on the boundary
(see [Ban80, chapter III]). For more detailed interpretations of the problem, the reader can refer
to [Pay67].
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Similarly to the eigenvalues of the Laplacian, one can ask if we have a Kroger inequality on
Euclidean domains, with respect to its associated Weyl law. In [HPS75] it was shown that given
a simply connected Euclidean domain Q c R?,

0 (Q) 09| < 2rk. (1.4.18)

Notice that this inequality is sharp for k = 1; indeed the disk maximises the first non-zero eigen-
value (see the Weinstock inequality in [Wei54]). However, the fact that the ball is a maximiser
among the simply connected Euclidean domains, is not true in dimension n > 3 (see [FS17, The-
orem 1.1]).

Another important result in the case of domains was found in [CEG11, Theorem 1.2]. The
authors proved that there exists a constant C(n) such that for any bounded domain € in R", H",
or in an hemisphere of 5",

() [6Q)7 < C(n)ks.

Notice the power of k, contrary to the inequality (1.4.18), is not optimal with respect to the Weyl
law for the Steklov problem when n > 3.

For people trying to find the best asymptotic bounds for the Steklov eigenvalues o, find-
ing bounds whose dependence on k is of the form kit is perhaps one of the biggest cur-
rent challenges. Although difficult, a few articles have been published in this context. In
2016, Provenzano and Stubbe [PS17, Theorem 1.7] proved that for a Euclidean domain Q,
}O'k(Q) - \//lk(HQ)‘ < cq, where 0Q is of class €2, and has only one connected component,
and cq depends on several geometric properties of €. Notice their result implies that

V A(0Q) — cq < 01 (Q) < / A(0Q) + co.

Thanks to the numerous upper bounds obtained on the eigenvalues of the Laplace operator of
the form 4;(0Q2) < geom(aQ)k%, their inequality allowed hope in finding more bounds of the
following type for a Riemannian manifold M:

(M) < geom(M)kiT. (1.4.19)

The reader may refer to [CGH18] for a more recent result in the same vein.

In the article [CEG11], other links between these spectra were found. The authors showed
that if ¥ is a closed Riemannian manifold of volume 1, then the Steklov eigenvalues of the
cylinder [-L, L]XX can be expressed with the help of the Laplace eigenvalues of X; the spectrum
can be written as:

Sp = {o, % V) tanh( L) ) V) coth( (2 )}
)
| /

2L
Figure 1.3: The cylinder [-L, L] X X
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This comparison, combined with the results of [CD94], is actually useful to find manifolds
with very large 0. However, the boundary is not fixed. More recently in [CEG17], the authors
take a manifold (M, g) and construct a sequence of metrics g., all conformal to g, and equal to
g on the fixed boundary dM, such that o1 (M, g,) is as large as desired. These results emphasise
the importance of geometrical restrictions; if one wants to find upper bounds, not only are they
needed on the boundary, but also on M.

Because it is not possible to bound the eigenvalues of the Steklov problem uniformly rela-
tively to variations of the metric, a geometrical term is often needed. Unsurprisingly, this term
brings the same questions as in the Laplace equations.

1.5 Motivation and results for Laplace spectrum

1.5.1 Motivation

The second chapter of this thesis provides an answer to a particular case of the following
question. Given a compact manifold of dimension n, can we bound the k-th normalised Laplace
eigenvalue of M from above as follows:

(M) M| < geom(M) + C(n)k+? (1.5.20)

Before going further, we need to define what we mean by a “Kroger type inequality”, or
“inequality of type Kroger”.

Definition 1.5.1.

o We will write .Z («) to designate a family of manifolds with parameter . In what follows,
this set will usually be a family of manifolds verifying geometrical constraints.

e Fixn > 1. An .# -inequality of type Kroger is said to be true if there exists C = C(n) > 0
such that for all «, there exists ky € N such that for all k > ky and for any M € .Z («),

L(M)|M|" < Ckr.

This notion will be important throughout all the chapters of this thesis. Notice that a
typical way to get a Kroger type inequality is to obtain an inequality (1.5.20) presented
above, and we will see why with some examples presented below.

e On the contrary, an .# -inequality of type Kroger is said to be false if for all C > 0, there
exists a such that for any ky € N, there exists k > k) and M € .# («) such that

(M) [M|» > Ckr.

To illustrate these definitions, let us study some results that motivated my research. As we
have seen on page 13, in 1993, N. Korevaar [Kor93] managed to bound the eigenvalues of a
compact orientable surface of R with the help of its genus:

A(Z) [Z] < C (genus(T) + 1) k. (1.5.21)
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Eighteen years later, Hassannezhad [Has11] showed the existence of two positive constants C
and C, such that for all compact surfaces £ we have:

LX) 2] < Cy genus(X) + Cok.

Let us define C = C + C,, A#(G) = {Z compact surface s.t. genus(X) < G}, and ky = G.
It is now easy to see that for all £ € .#(G), and for all k > kj, we have

L) |Z| < Ck.

Consequently, this “enhanced” result is a Kroger type inequality for the eigenvalues of a com-
pact surface. It is crucial to understand that this last result is really an improvement, because
one cannot deduce this inequality from Korevaar’s inequality.

In the same paper, A. Hassannezhad found another inequality of this kind, in the context of
conformal class of metrics. Given a Riemannian manifold (M, g), we will denote by

(8] = {f8.f e €™ (M), f >0}

the conformal class of g. She proved the existence of two constants A(n), B(n) such that for each
compact Riemannian manifold (M, g) of dimension n,

L(M) M7 < Am)V([g) + B(n)k, (1.5.22)
where V([g]) is the min-conformal volume of (M, g). That is,
V([g]) =inf {IMl,,, go€lgl. Ricci(gy) >—-(n—1)go}.

This is also an improvement of Korevaar’s upper bound on a compact Riemannian manifold
(M, g): 2 2
(M) M| < c(n, [gDk", (1.5.23)

where c(n, [g]) only depends on n and the conformal class of g.
The inequality (1.5.22) of A. Hassannezhad gives a Kroger type inequality. Indeed, take
C(n) = A(n) + B(n), and define for all W the family

M (W) = {(M, g) compact Riemannian manifold s.t. V([g]) < W},
and ko = W. Then again we obtain, for all k > k,

(M) M7 < C(nkr

1.5.2 Results

Let Q be a Euclidean domain of R"*!, and let X be the compact hypersurface of dimension 7
such that ¥ = 9Q. Another natural and interesting quantity related to X is its isoperimetric ratio

2|
(o=

I(Z) =

Similar to the result of Korevaar on conformal class (1.5.23), the result in [CEG13, Theorem
1.1] is an inequality involving the isoperimetric ratio of X.
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Theorem 1.5.2. There exists an explicit constant y(n) such that, for all bounded domains CQ in
R with a €*-boundary ¥ = 0Q, and for all k > 1,

LE) [EF < ymIE) ik (1.5.24)

1
210n+18+8/n 1
n+1 n+1*

with y(n) =

Notice the term /(X) is multiplied by the asymptotic term k. Again, the goal was to find an
inequality where the geometric and asymptotic terms were separated, that is, does there exist a
constant A = A(n) > 0 and a continuous function f : [0, +c0) — R such that for any connected
hypersurface X and for all &,

L) EF < fUE)) + Akn? (1.5.25)

If true, this would mean that an .Z -inequality of type Kroger is true, where

M) = {E connected hypersurface of R™! s.t. I(Z) < J } )

n
2

Indeed, it would be sufficient to take C = A + 1 and for all J, to define ky = (n%gli(] f (t))
te(0,
Then, inequality (1.5.25) would become, for all X in .Z (J):

2
L) E < max f(r) + Ak =k + Ak < k+ + Aki = (A + k.
te(0,

In this case however, we actually proved that this .# -inequality of type Kroger is false.

Theorem 1.5.3 (see Theorem 2.1.2).
Letn > 2. For all A > 0, there exists J > 0 and ky € N such that for all k > ko, there exists
Y e M (J) verifying:
L) [E]" > 24k
Moreover in dimension n > 3, the hypersurface £ can be chosen to be diffeomorphic to a

given hypersurface.

Let us remark that it is not immediate whether or not one can ‘“separate” the geometric
term from the asymptotic one. For example, let us call i(X) the intersection index, that is,
for a hypersurface, the maximal number of points you can get on a line intersecting X. Let us
consider the following result [CDE10]:

L) [Z)F < B)i() ik, (1.5.26)

where B(n) is an explicit constant depending only on the dimension n. Then it is still an open
problem to know whether or not we can bound the eigenvalues in the following way:

L(E) 2] < F(i(Z)) + Ba(n)kr,

where B;(n) is a constant depending only on n and F' is a continuous function.
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This problem does not have an obvious solution, and conversely, for the moment it seems
that obtaining a result of the same type as in Theorem 1.5.3 is not easy. Indeed the hope would be
to find an inequality linking the intersection index and the isoperimetric ratio of a hypersurface
in the following way:

i(2) < CI), (1.5.27)

where C is a positive constant. This would in particular imply that a Kroger type inequality
in the context of hypersurfaces having their intersection index bounded, is false. However,
inequality (1.5.27) is not possible. To see this impossibility, the reader can observe the following
figure:

/\\/A\/A\/A\/Avf\v[\v[\v/\v[\

Q

Figure 1.4: A very large intersection index

This illustrates a hypersurface X having a bounded isoperimetric ratio but a very large inter-
section index, thus contradicting inequality (1.5.27).

1.6 Motivation and results for the Laplacian with density

1.6.1 Motivation

In chapter 3, we study a very general equation (see [Hen06, chapters 9&10]):

{ —div(cVu) = Adpu in M,

ou =0 on M, (1.6.28)

where M is a smooth Riemannian manifold and o and p are two positive ¢! functions defined
on M. The spectrum of (1.6.28) is discrete, and can be ordered in a positive nondecreasing
sequence that tends to infinity. We denote the k-th eigenvalue of this problem as A; (o, ). In
[CES15] they study the particular case o = p. The authors proved that on a compact orientable
surface X of dimension 2,

llolleo

(o, o)< C
llorll

(genus(Z) + 1) k,

where C is a universal constant, and || - ||, designates the usual p-norm. The authors also proved
that on a compact Riemannian manifold (M, g) of dimension n > 3,

lotle;

(o, o) < C([gD) )
llorlls

where C([g]) is a constant depending only on the conformal class of g.
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Note that the problem (1.6.28) contains more parameters than the classical Neumann equa-
tion, so in this thesis, we will simply fix the metric and look at variations of the densities o
and p. One can ask the same questions for the Laplace equations in general. That is, can one
uniformly bound the eigenvalues relatively to the variation of the densities? If so, can we get a
Kroger type bound? As we will explain in chapter 3, these questions have already been studied
in some particular cases by B. Colbois, A. El Soufi, A. Savo and A. Hassannezhad. Namely,
when o = 1 (see [CE18, Corollary 4.1]), or o = p%(see [Has11, Theorem 1.1]), the eigenval-
ues are indeed bounded for n > 2. But when o = p, we have a counter-example of manifold
where the first non-zero eigenvalue can become very large (see [CES15, Theorem 5.2]).

It is worth noticing that B. Colbois and A. El Soufi managed in [CE18, Theorem 4.2], to
obtain an inequality with geometric and asymptotic terms separated. Let (M, g) be a bounded
domain with a smooth boundary of a complete Riemannian manifold (M, g) of dimension n > 2
such that g = g and Ricci(g) > —(n — 1)ricy g for any ricy > 0. Under the condition that
[, cdV, = |M|,, then:

2 2
(1, )Mz < Ayk* + ByricolMl; .

1.6.2 Results

We were interested in the particular case o = p®. The resulting variational characterisa-
tion is:
fM |Vu|2p“dVg

A, p¥) = min max ~"“————. 1.6.29
«(0:p") ExicH! (M) u€Ej1 ., u*pdV, ( )

The two following results were found in collaboration with S. Kouzayha. The first one is
an inequality where the bound does not depend on the density p, thus bringing a definitive and
positive answer to the boundedness of the eigenvalues when « € (O, ”;—2) The second theorem
is a counter-example to this boundedness when M is a manifold of revolution.

Theorem 1.6.1 (see Theorem 3.1.1).

Let n > 2. There exist A,, B, two positive constants such that, for all bounded domains M
with boundary of class €" of a complete Riemannian manifold (M, 8,) of dimension n, verifying
Ricci(gy) > —(n— 1)go, we have, for every metric g conformal to go := £o,,, for all @ € (0, ”n;z)
and every density p such that fM pdV, = |M|,:

2 2 2
Ao, pN)IM|g < Ak + B, Mlg,.

Corollary 1.6.2 (see Corollary 3.1.3).

Let M be a bounded domain with boundary of class €' of a complete Riemannian manifold
(M, g) of dimension n > 2 such that Ricci(§) > —(n — 1)ricod, and let g = §,,,. For every density
p such that f wPdVe = M|y, we have:

2 2
Ao, pHIMI: < Ak + Byricol M2,

where o € (O, ";—2) and ricy > 0.
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Definition 1.6.3. We take the same definition of a manifold of revolution with boundary as
in [CES15, Section 5], where the authors define it as a Riemannian manifold with boundary,
having a distinct point N such that (M \ {N}, g) is isometric to ((0,R] X S""',dr* + 6(r)*gs1).
Here gq-1 designates the standard metric on the sphere, and r +— 6(r) is a smooth positive
function on (0, R] that vanishes at 0. We also impose ¢'(0) = 1 and §”(0) = 0. Notice that M is
compact, connected, and has a smooth boundary M = {R}xS""!, isometric to the (n—1)-sphere
of radius 6(R).

Theorem 1.6.4 (see Theorem 3.3.1).
Let Q be a manifold of revolution with boundary of dimensionn > 2. If @ € (’1’1;2, 1), then

2
sup A;(p, pM)IQls = +oo.
el

Remark 1.6.5. A natural question emerges: what happens when @ > 1? We believe the supre-
mum is not uniformly bounded and can be infinite for some manifolds. However, our attempts
in that direction remained fruitless. For example, the method used in proposition 3.3.3 page 39
gives, after some calculations, a negative density. Another difficulty lies in the fact that when
a > 1, and with the usual densities we consider, the minoration of the first eigenvalue is not
trivial.

1.7 Motivation and results for Steklov spectrum

1.7.1 Motivation

As described previously, we are interested in works that separate geometrical and asymp-
totical terms. First of all, let us present what happens in the case of a smooth and compact
orientable surface M. In [GP12], the authors proved that

oK (M) 10M| < 27 (genus(M) + b) k, (1.7.30)

where b is the number of boundary components of M.
An analog of this inequality can be found in [CEG11, Theorem 1.5]: there exists C such
that for any compact orientable surface,

o (M) |0M]| < C {MJ .

2

The reader will notice that, because the right-hand side does not depend on the number of
components b of the boundary, this inequality is actually an improvement of (1.7.30) for b large
enough. In this case, A. Hassannezhad [Has11] also found a Kroger type bound. She proved
that given a compact surface M and Q2 a domain of M, then the eigenvalues of Q are bounded
in the following way:

o1 (Q) |0Q] < A genus(M) + Bk.

The geometrical restrictions such as the genus, the isoperimetric ratio, or the intersection
index are not the only useful quantities to bound the eigenvalues. In the article [IM11, Theorem
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1.2], the authors managed to bound the first Steklov eigenvalue of a domain relatively to the
mean curvatures of its boundary. Let Q be a compact domain of R”, and let H, denote the r-th
mean curvature of 9Q in R” (see [Rei73]). Then their theorem states that forall » € {0...n— 1},

2
T1(Q) ( / H,ldVg) <nlQ ( / Hfdvg),
0Q 0Q

and equality holds if and only if € is the Euclidean ball. They also obtain a very similar bound
in the case of submanifolds of dimension » immersed in R™, for some m > n.

This type of bound on the first eigenvalue of the Laplacian had already been obtained by
Reilly in [Rei77]. He proved that, given a compact hypersurface (X, g) without boundary of
dimension n in R™*!, then for all r € {0, ..., n},

2
(M) < / H,_ldVg> < n|M| ( / H,ZdVg).
M M

The equality holds if and only if M is isometric to S". He also obtained a similar bound in the
case of submanifolds of dimension n immersed in R”, for m > n + 1. It is important to know
that this result for 4, has been generalised in the hyperbolic space in [EI92] (see also [EI00] and
the work of Grosjean [Gro02], [Gro04]). However it is not known if the same generalisation in
the hyperbolic space can be made for the Steklov eigenvalue 0.

1.7.2 Results

In chapter 4, we will generalise results from Euclidean space, obtained in [CGG18], to
hyperbolic space. We don’t get a “clean” separation of the asymptotical and geometrical terms
in the first result, but the latter two are simpler, as we make more assumptions on the boundary
of M. Let H" be the hyperbolic space of dimension m. We use the representation
dx? + -+ dx?

m

H™ = {(x1,..., X, € R™, x,, > 0} where the metric reads ds* =

2
X

The first inequality is presented in a general context. We have the following bound:

Theorem 1.7.1 (see Theorem 4.2.1).

Let X be a smooth and compact submanifold of dimension n — 1 in H", and let M C H" be
a smooth manifold with boundary X. Then for all k > 1,

M
TW(M) < % (Aot m) + A @) k)

where Ayg(n,m) only depends on the dimensions n and m, and A(X) depends on n, on m, on a
lower bound for the Ricci curvature of X, on its volume |Z|, on its maximal distortion vy (see
definition 4.2.2), and on its number b of connected components.

In the following, the notation R" x {1} ¢ H"*! means we consider the set {(xi, ..., X,, 1)} C
H™'. The induced metric on this space is the Euclidean one, hence we refer to it as R” X {1}, or
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R” for convenience. In a similar way, the notation {0} x H* ¢ H""! means we consider the set
{(0,x2, ..., X,e1)} with induced metric ds* = (dx3 + -+~ + dxZ, ) /xZ,,. As it is isometric to the
hyperbolic space of dimension n, we refer to it as {0} X H", or H" for convenience. The last two
theorems impose more restrictions on the boundary oM.

Theorem 1.7.2 (see Theorem 4.3.1).

Let X be an (n — 1)-dimensional, connected, smooth hypersurface in R" x {1} ¢ H*"*' and
let Q C R" denote a domain with boundary 0Q) = X. Then, for every manifold M such that
oM =%, foreachk > 1,

C = n n— n+ ’

where v(n) is a constant that only depends on n.

Theorem 1.7.3 (see Theorem 4.4.1).

Let X be an (n — 1)-dimensional, connected, smooth hypersurface in {0} x H* ¢ H**! and let
Q c {0} x H" denote a domain with boundary 0Q) = X. Then, for every manifold M such that
oM =%, foreachk > 1,

o <y | — v L
g, < vn — + — 1 |
¢ s o

where V(n) is a constant that only depends on n.
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Chapter 2

Counter-example to a Kroger type spectral
inequality

2.1 Introduction

In this chapter, we will consider smooth and compact hypersurfaces of R"*!, namely sub-
manifolds of dimension n in R"*! equipped with the induced metric. The associated spectrum
of the Laplace operator A = —div o V, is discrete, positive, and denoted

O:/loé/llg/l2<"'/'+00.

As we have seen in the introduction, B. Colbois, E. Dryden et A. El Soufi showed that
an inequality of Kroger type is not possible in the context of compact hypersurfaces without
boundary. More precisely they showed in [CDE10, Theorem 1.4] that if X is a hypersurface of
R™! with n > 3,

sup 4i(X(2) X = oo, (2.1.1)

where the supremum is taken over the set of embeddings of ¥ into R"*!.
In dimension 2 we have the result:

sup 41 (Z) [Z)7 = oo, (2.1.2)
z

where the supremum is taken over the set of compact orientable surfaces T C R>.

Therefore we have to impose geometric restrictions on X in order to bound the eigenvalues
from above. For example in the same paper the authors proved that if 2 is a convex hypersurface
of dimension »n, then

L) [EF < c(nks

where c(n) is a constant depending only on the dimension.
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For compact orientable surfaces X of R3, a natural restriction is the genus. A. Hassannezhad
[Has11] showed the existence of two constants C; and C, such that for all compact orientable
surfaces = of R? we have:

A(2) 2] < Cy genus(X) + Cak.

Let us now focus on the main result of the article [CEG13] from B. Colbois, A. El Soufi and
A. Girouard in which they link the eigenvalues of a compact hypersurface to the isoperimetric
ratio:

Theorem 2.1.1. For all bounded domains Q of R™! with a €*-boundary ¥ = 0Q, and for all

k>1,
2 1422
A(Z) - 2" < y(mIZ) ke
2 n+18+8/n L
with I(Z) = L the isoperimetric ratio and y(n) = zlonigl i W,

| n+1

Thus the question is whether there is a Kroger type inequality for large k in dimension n > 2.
If there exists a constant A > 0 and a continuous function f : (0,+oc0) — R such that for all
hypersurfaces X and for all &,

A(X) |Z|% < fUZ)) + Ak, (2.1.3)

we have seen in the introduction that it would imply an inequality of type Kroger. We will show
that this is actually not possible by constructing a family of counter-examples. To that effect,
we first define the following set:

M (J) = {Z connected hypersurface of R"*' s.t. I(Z) < J}

Theorem 2.1.2.
Letn > 2. For all A > 0, there exists J > 0 and ky € N such that for all k > ko, there exists
Y e #(J) verifying:
L) [Z)7 > 24k+

Moreover in dimension n > 3, the hypersurface ¥ can be chosen to be diffeomorphic to a
given hypersurface.

The idea of the construction is as follows and will be done in sections 2.2 and 2.3. First we
take a submanifold of R™"! and modify it to get its first eigenvalue as large as desired. Then
we consider the disjoint union of this hypersurface with the sphere S”, whose spectrum is well-
known. This way we can compare the spectrum of the union with the one of the sphere.

We then connect them by gluing a tube, thin enough not to alter the behaviour of the spec-
trum, and making the union diffeomorphic to the first submanifold. To that effect we use the
results of C. Anné (see [Ann87], and also [Ann84, Sections A and C]). Her work mainly con-
sisted in defining the correct settings for the description of the spectrum of a limit of manifolds.
The following theorem shows how to “glue” the two connected components of a disconnected
manifold, and how its spectrum behaves. Let us be more precise.



2.1. Introduction 25

Theorem 2.1.3 (Colette Anné [Ann87]).

Let X, and X, be two submanifolds of R, and X, is compact, without boundary of di-
mension n. We also impose that dim(X,) = g < n, 0X, C Xi, X, is transverse to X, and
X\, N X, = 30X, =Y. There exist piecewise € manifolds M., that converge to X, U X, for the
Hausdorff distance. There exists a natural way to define a Laplacian on M, and its spectrum
converges to the union of the spectrum of X| and the Dirichlet spectrum of X,, which also allow
to define a natural Laplacian on X, U X;.

Figure 2.1: On top, illustration of M,. On the bottom, smoothing of the manifold

In our case, we wanted to work with smooth hypersurfaces. To that effect, we referred
to [Ann84, Section A], where the author presents quasi-isometries. In particular, she uses the
following lemma:

Lemma 2.1.4. Let g, and g, be two metrics defined on the same compact manifold X of di-
mension n, and let A,B > 0 such that (X, g,) is (A, B)-quasi-isometric to (X, g,), that is,
Agy < g < Bgy. Then for all k € N,

A% B

mﬂk(}(’gl) < (X, g2) < mﬂk(X,éH)

This result is interesting for us because we can approach M, by a sequence (Xﬁ) 450 of
smooth hypersurfaces, such that Xz is (1 — S, 1 + 8)-quasi-isometric to M, (see figure 2.1 for an
illustration). The lemma makes sure their spectra are arbitrarily close to each other. It will be
used at the end of Section 2.3.

In the end we obtain a connected hypersurface having an important property; the beginning
of its spectrum is the same as that of the sphere, but its area is sufficiently large. We thus
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show that even with a controlled isoperimetric ratio, it is possible to find a hypersurface with a
sufficiently large spectrum to contradict the inequality (2.1.3). The next section covers the tools
required for this construction.

2.2 Non-connected case

Let A .(J) = {Z disconnected hypersurface of R™*! s.t. I(Z) < J } In this first part we
will prove the following result:

Theorem 2.2.1.
Letn > 2. For all A > 0, there exists J > 0 and ky € N such that for all k > ko, there exists
i = ik € %disc(*]) verifying:
Y m (2
LG S| > 24k,

First of all, let us take a look at these two cases:

e Recall result (2.1.1) and let M be a manifold of dimension n > 3 which can be embgdded
in R"*!. Then there exists a sequence of embeddings X such that A,(X(M)) |[X(M)|" is as
large as desired. If we call £ = X(M) the image of this embedding, it is equivalent to say:

VL> 0,3 s.t. L, |2 > L. (2.2.4)

e Recall result (2.1.2). We know that for all L > 0, there exists a compact orientable surface
¥ c R3 such that i
L) Z|" = L. (2.2.5)

Then for any dimension n > 2, for all k, there exists X; such that

S|
W)

() 7 > 4A (A(S™) + 1)

Moreover in dimension n > 3, the hypersurface %; can be chosen diffeomorphic to a given
2 . . . . .
hypersurface. As A;(Z) |Z|" 1s a homothetic invariant quantity, we can assume that

na
S|

el = 44,
Q)

A(Zx) = 4(S") + 1.

We will denote by € the domain of dimension n + 1 such that 9, = X;. The notation
“M L N” will designate the disjoint union of two manifolds M and N. To this union we can
associate its spectrum, which is the union of the two spectra of M and N. The notation ¥; =
%, L S" will refer to the union of 2; with the sphere S".

Lemma 2.2.2.
We have: _ .
{ Ao(Z) = 41(Z) =0

4E) = (V=2 k+1 (2.2.6)
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Proof. We know that Sp(Z; U S") = Sp(Zx) U Sp(S") and also that 4;(Z;) > 4(S") + 1. As a
consequence the beginning of the spectrum of the union of S" with X; can be represented as
follows:

Ao(S") A (S™) A>(S") | ﬂkl(S") /lll(zk) > /lk(S")‘+ 1
=G0 G () '- Gy

= LX)

= Ao(Zp)

Figure 2.2: The eigenvalues are shifted
We can now prove the following lemma:

Lemma 2.2.3. There exists ky > 0 such that Yk > ky we have

2

L [5i]” > 24k,

Proof. By the choice of the volume of %; as above, we get:

Sl > 5 = 4a Sl
k|" 2 12k W)
Therefore , ,
= ~ 12 ~ 2 2
AE) S| (S | A1 (S") [S"]"
2 = 2 > 4A 2
kn kn W(n)kn»

But we know Weyl’s asymptotic law for the spectrum of S” gives:
2
i A1 (S") IS
im———— =1
k—o0 W(n)k;

So there exists ky > O such that Yk > ko,

2
n

A1 (S™) |S"]
_ >
W(n)ks 2

| —

so it is quite clear that for k > k),

2

- e 1
LED & > E4Ak% = 2Akn,

Lemma 2.2.4. The isoperimetric ratio of ¥y is bounded as follows:

- . 4A \? 1
160 < (+ 1) ((W) + 1) S

Note that the bounds do not depend on k.
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Proof. Let us call € the interior of ;. Then the interior of % is O LI B!
Consequently ’Qk L B”“‘ > ‘B”+1| = -L|s7,

n+l1

and [Sy] =[50 + 1571 = (34) 151 +187] = ((%) + 1) &)

Then
~ A4 %+1 |S”
5

I(ik) = o= T
‘Qk Ll Bn+l n+l }Qk Ll Bn+] n+l
%
<(%> * 1) |Sn| n 4A % 1
< = =+ 1)m ((—) + 1) [S"|mT .
(i 1s7) ™ W)

O

We call J the quantity in the right-hand side of Lemma 2.2.4. This implies I(X;) < J, that
is, Xy € Myis(J). Now we can prove Theorem 2.2.1 for non-connected hypersurfaces.

Proof. For all A > 0, Lemmas 2.2.3 and 2.2.4 give the existence of J and k such that for all
k > ko, the hypersurface &, € .#;,.(J) verifies

0 |5 > 24k

2.3 Tubular attachment

We just discussed an example where the hypersurface was disconnected. We can obtain the
same result for a connected hypersurface, simply by joining the two components of ¥;. This is
possible while keeping control on the spectrum and on the isoperimetric ratio, and we are going
to show that in the following proposition. The construction of X being simple but technical, the
reader may refer to the figure 2.3 for a visual intuition.

Proposition 2.3.1.
Let Xy and X, be two compact and connected hypersurfaces of R™'. For all € > 0 and for
all N € N*, there exists a hypersurface X = X,y such that

E.n) - IE UD)| <&

andVk < N
|4Een) — WE I U )| <&



2.3. Tubular attachment 29

Proof.

Let 4 > 0. Without loss of generality we can assume that £, C {x,,; > h} and X, C {x,4; <
—h} and that the points (0,...,0,4) and (0, ...,0,—h) belong to X; and X, respectively. We
denote p = (0,...,0,h) and g = (O, ..., 0, —h).

A hypersurface can be locally represented by a graph. As a consequence, for all 6 > 0 small
enough, there exists a function f : B"(0,40) ¢ R* — R such that the set V; = {(x, f(x)),x €
B"(0,40)} is an open set containing p in X;.

Note that it naturally implies f(0,...,0) = h and Yx € B"(0, 46), f(x) > h.

Now let f; € €°(B"(0,46),R) such that f; > h and

[ f@) if x € B(0,46) \ B"(0,20)
it = { h o if x € B'(0,0).

Let us call V? = {(x, fi(x)), x € B"(0,46)} the graph of this new function f;. It will generate a
new hypersurface X{ equal to (£; \ V1) U V¥, flat on the open set B"(0,6) X {h}.

We modify ¥, around ¢ on an open set V; in the same way, in order to create an open set V5.
Thus we form a hypersurface X5 = (, \ V,) U V3, flat on the open set B"(0, §) X {—h}.

For the following we will use the notation B{ = B"(0, §)x{h} c X¢ and B = B"(0,6)X{—h} C
¥5. We now just have to glue the two parts together.

For this purpose we call R*" the surface of revolution defined by

h 2 2 2
R" ={(xi,. .o, x) i X7+ + 3, = @ (Xe1) and — 7 < xq < B}

where ¢ : (—h, h) — R is an even function that is increasing and bounded from above by ¢ on
[0, 1] and such that ¢ ([—%,2]) = 4. We also choose ¢ such that the connected hypersurface
=¥ URMUES

is €* in the neighbourhood of AR*". The results of Colette Anné will allow us to conclude.
When ¢ tends to 0, the spectrum of >9" tends to the spectrum of the disjoint union of X, %,, and
the segment [—A, 4] with Dirichlet boundary conditions.

The first eigenvalue A,(h) of the segment [—A, h] for these conditions is equal to %. As a
consequence, if we take an integer N > 0, there exists 4 > 0 small enough such that 4,(h) >
An(Z) U X,). Finally, for all &, N > 0, there exist 6 > 0 and ~ > 0 small enough such that

|AE -4 (E u)|<e  k=0,...,N.

It is also clear that the volume of £% converges, when ¢ tends to 0, to the volume of X, LI Z,.
Likewise the volume of the interior of X% converges to the volume of the interior of ; LI X,
when ¢ tends to 0. This shows that / (25’h) tends to 7 (£; Ll X,) when ¢ tends to 0. O

Theorem 2.1.2 in the connected case follows immediately.
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2. Counter-example to a Kroger type spectral inequality

\ A A
2
ﬁ( Zé,h
25
Vl I A -
> Vs > >
— 5/2
kz/\ / (;\/\ 5/

Figure 2.3: Gluing the hypersurfaces
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Chapter 3

Laplacian with density

Let (M, g) be a compact Riemannian manifold with a boundary of class €!. We are in-
terested in the spectrum of the weighted Laplacian on M with Neumann boundary conditions.
More precisely, given p and o two positive functions on M, we study the eigenvalues of the
equation —div(o-Vu) = Apu. Inspired by a recent work of B. Colbois and A. El Soufi [CE18],
we investigate upper bounds for the eigenvalues in the case where o = p®, @ > 0. We show that
a = ”n;z plays a critical role in the estimation of the spectrum when the total mass of p is fixed.

3.1 Introduction

Let (M, g) be a compact Riemannian manifold of dimension n > 2 with a boundary of class
¢'. Let p and o be two positive continuous functions defined on M. For all u € H'(M),
we denote by Vu the gradient of u with respect to the metric g and we consider the Rayleigh
quotient
Jyy IVulPordV,

JuuwrpdVy
Its corresponding eigenvalues are given, for k € N, by

Blp,o)y= inf  sup  Rigep)(u),
Ek+1CHl(M) ueE+1\{0}

Rigop)(u) = (3.1.1)

where Ej,, runs through the (k + 1)-dimensional vector subspaces of H'(M) and dV, is the
volume element induced by the metric g.
Under some regularity conditions on p and o, A5(p, ) is the k-th eigenvalue of the problem

—div(cVu) = dlpu in M, (3.1.2)

with Neumann conditions on the boundary. When there is no risk of confusion, we use A;(po, o)
instead of A5(p, o). We said in the introduction that the spectrum of (3.1.2) is discrete, and can
be ordered in a positive nondecreasing sequence that tends to infinity. Also, A¢(p,0) = 0, the
constant functions being eigenfunctions for 4,. Although we can’t find the eigenvalues explic-
itly in general, we can estimate them when we fix the total mass of p to get some interesting
inequalities.
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What we do here is a continuation of several works that aimed to find a good choice of
geometric restriction such that the supremum of the eigenvalues is bounded from above. The
conformal spectrum is an important one and has been widely studied. Indeed, let us introduce
the quantity

(M, [g]) = sup (M, &),
g'€lgl

then an upper bound on this quantity was found by Korevaar [Kor93, Theorem 0.4]. A lower
bound was later found by B. Colbois, A. El Soufi in [CE03, Corollary 1]. Together, these results
read: ) .

nwikn < (M, [g]) < C([gDkr (3.1.3)

where w, is the volume of the unit ball in dimension n and C([g]) is a constant depending only
on n and on the conformal class of g. The lower bound is actually a corollary of an interesting
result concerning the gap between two extremal eigenvalues, which states that

A (M, [g]) = A(M, [g]) > nw,.

As the problem of the Laplacian with densities is very general, we chose to restrict ourselves
to some particular class of densities. In this chapter, we are interested in the problem (3.1.2)
when o = p?, and @ € [0, 1]. The results we obtain on the spectrum A{(p, p®) are supported by
the three following important theorems, that led our motivation and intuition:

e When a = 0, A. El Soufi and B. Colbois proved in [CE18, Corollary 4.1] that, for any
compact Riemannian manifold (M, go) with density p, and for any metric g conformal to
go such that [, pdV, = [M|,, one has

2 2 2
Ao, DIM|g < Cokr + DMy,
where C, and D, are constants depending only on 7.

e Another important problem is when @ = 1, that is, o = p. The associated operator is
called the Witten Laplacian and was treated by B. Colbois, A. El Soufi and A. Savo.
In their work [CES15, Theorem 5.2], they proved that, contrary to the previous cases,
one cannot bound the eigenvalues from above on all manifolds. Indeed, on a compact
manifold of revolution endowed with the Gaussian radial density p,, = e""'x|2, one has for
m large enough,

/ll(pm’pm) = m.

e A further important case is when a = ”n;z and actually comes from several works on
the conformal spectrum. We get an upper bound thanks to the work of A. Hassannezhad
[Has11, Theorem 1.1], where she finds an inequality for the classical Laplace equation:

2
AL, DIMI; < Aks + B,V([g])

where A, and B, are two constants which only depend on n, and V ([g]) is the geometric
quantity defined by:

V([g]) = inf {|M|g/ : ¢ is conformal to g and Ricci(g’) > —(n — l)g'} .
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If we now take p a positive continuous function on M satisfying |, w AV, = [M|g, one can
2 _
easily check that M| ;= [, pdV, = M|, and A"*(1,1) = A (p, 0""). Since g and pr g
are conformal, then V([p% g]) = V([g]). Thus we obtain
n=2 2 2 2 2 2
2 (pp'™ ) IMIg = 75 DIMI, < A+ B, V(gD

png
. . g T\ ¢ . n—2
which gives us an upper bound for 4; (o, o) in the case where « is equal to *=-

For the following we will denote by A; ,(M, g) the supremum of A;(p, p®) on the set of all
densities p satisfying || wPdV, = |M|,, that is,

/l/t,a’(M’ g) = Sup {Ai(pva)a/ pdvg = |M|g} °
P M

We believe that a uniform lower bound of the same type as in equation (3.1.3) does not exist for
this supremum if @ € [0, %} Indeed, when @ = 0, we can always find a 1-parameter family
of metrics of volume 1 making it very small. The construction of these metrics can be found
in [CE18, Theorem 5.1], and should be generalised for a € (O, %] . More generally, it is still an
open question to know if there exists a non-negative bound for the spectral gap with densities,
that is:
Api1.0M, 8) — A (M, g) > K(g)

where K(g) > 0 is a constant depending only on the metric.

An interesting question is to study the behaviour of the spectrum for different values of a.
In fact, through the theorems 3.1.1 and 3.3.1, we will see that @ = % plays a significant role.
To highlight this, we first show A; ,(M, g) is bounded when a runs over the interval (0, %)

Theorem 3.1.1. Let n > 2. Then there exist A,, B, two positive constants such that, for any
bounded domain M with boundary of class €' of a complete Riemannian manifold (M, g)
of dimension n, verifying Ricci(8,) > —(n — 1)go, we have, for every metric g conformal to
8o = (8o),,,, forall a € (0, %), and every density p such that fMpdVg = |M|,:

2 2 2
Ao, POIM|; < Ak + ByM|3,.

Remark 3.1.2.

Let g be a metric defined on M such that gy = ricyg, for some ricy > 0. Then if Ricci (gg) >
—(n — 1)go, we have Ricci(g) > —(n — Dricog and |M|,, = ric}|M|,. The following corollary
follows:

Corollary 3.1.3.

Let M be a bounded domain with boundary of class 6" of a complete Riemannian manifold
(M, g) of dimension n > 2 such that Ricci(g) > —(n — 1)ricog and let g = §,,,. For every density
p such that [\, pdV, = M|, we have:

2 2
Ao pO)MI; < Akt + Byricol M
where a € (O, ”;—2) and ricy > 0.

In the last section we show that A; ,(M, g) is infinite when @ belongs to (% 1).
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3.2 Bounding the eigenvalues from above

In this section, we suppose that € (0,%2). We define M as a bounded submanifold of
dimension n of a complete Riemannian manifold (M, g,) with Ricci curvature bounded from
below and p as a positive continuous function on M. Using the same argument of A. El Soufi
and B. Colbois [CE18, Theorem 4.1], we are able to maximise the eigenvalues A;(p, p*) on the
class of metrics conformal to go = go|,, under the preservation of the total mass of p.

Proof of Theorem 3.1.1. To prove Theorem 3.1.1, we construct k£ + 1 test functions on M with
disjoint supports and controlled Rayleigh quotients. The idea is to use the covering property
that was applied by A. Hassannezhad in [Has11, Theorem 2.1] to find k£ + 1 functions defined
on M with disjoint supports and controlled Rayleigh quotients. Let u be the measure defined
by its volume element u = pdV,. Since Ric(gy) > —(n — 1)go, the metric measured space
(M, d,, W) satisfies the (2;N;1)-covering property for some fixed N (see [Has11]), and we can
apply Lemma 1.2.6. Define the distance d, as the restriction on M of the distance d;, induced by
8o. We are going to treat two cases separately:

First case: F; is a generic annulus A and G; = 2A.

Figure 3.1: Behaviour of uy

Define the function u, supported in G; = 2A by:
%do(x, a)—1 if 5 <dy(x,a)<r
us(x) = 1 if r<dyx,a) <R
2 - tdo(x,a) if R <dy(x,a)<2R.

Since u = 1 on A, then we have

M)
2dV>/2dV:/dV:A>L. 324
/M”AP g A”AP g AP g IJ() cz(k+1) ( )

On the other hand, using Holder’s inequality repeatedly on the integral |, w Ve us|>p*dV, and the
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fact that the generalised Dirichlet energy f2 4 [VEuul"dV, is a conformal invariant, we get

n=2

2 n=2
/ IVSus*p"dV, = / IVSuap"dV, < ( / IVguAI”dVg> ( / pn”—"zdvg>
M 2A 2A 2A
2 a %—0{
([ e ([ o) ([ 1av,)
2A 2A 2A

n L_z—(l
= ( IVgouAl"dVgo> HQRA)2Al" .
2A

Since
% if 5 <dy(x,a)<r
[V&uul =< 0 if r<dy(x,a) <R
% if R <dy(x,a) < 2R,
we obtain:
2\" 1\"
g [VEus"dV,, < (;) |B(a, r)lg, + (I_€> |B(a, 2R)|,, - (3.2.5)

But as r < 2R < 1 and Ric(gg) > —(n — 1)go, we know thanks to the remark 1.2.2 presented

page 6, that the right-hand side of inequality (3.2.5) is bounded from above by a quantity A,
depending only on n.
Hence

N2 =2,
/ IVSu,*p*dV, < (A,)" p(RA) 124l . (3.2.6)
M
From (3.2.4) and (3.2.6), we deduce that the Rayleigh quotient is bounded as follows:

=2 _4
I, |Vgu2A|2p"dVg < () GHCARAY
Jyy uipdV, u(M)

Rigppmy(Ua) = (k+1). (3.2.7)

Second case: F; is a generic subset V of M and G; = V'°, the set at distance r( from V.

A uy
\%4L 1
%/_/I 1o
W

Figure 3.2: Behavior of uy
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We define the function uy supported in V' by:

1 if xeV
uy(x) = 1- %do(x, V) if xeVo\V
0 if xeM\VnP

Here we have: an
2 uM

dv, > dVv, =ulV) > ———

/Muvp g /Vp g u(V) 2k + 1)

and we also use Holder as in the previous case:

n—

2 n=2
/ |VEuy*p"dV, = / [VEuy*p*dV, < ( / IVguvlndVg) ( / pn"-”zdvg>
M Vo Vo Vo
2 a %—a
<( / IVguvlndVg> ( / pdVg) ( / 1dvg)
Vo Vo Vo

_ ( / IVg"uvl"dVgO) p(V) ol
Vo

Since
0 if xeV
80 —
V2 uy (ol —{ Loif xevo\v
we get
1 1
/ [VEuy|"dVy, = —[VO\V]g, < 5 IV"lgys
Vo o g
and then 5 5
Vro n Vr() (03 Vr() n @
M "o

We conclude that

2 n=2_,
[Vl (V) IVle"

R ,,"(MV)<Bn
(&.0:07) /.I(M)

(k+1), (3.2.8)

where B, = ;—; depends only on n. Thus we were able to bound the two Rayleigh quotients
by some quani)ities. We are going to show that these quantities can actually be bounded in the
following way.

We use the next lemma, whose proof is given at the end of this section.

Lemma 3.2.1. Let M be a Riemannian manifold and let vy, v,, v; be any measures on M. Take
a collection of K disjoint open subsets (U;); in M. If K > 4k + 1 for some k € N*, then there
exist k + 1 open subsets in this collection such that they satisfy the three conditions below:




3.2. Bounding the eigenvalues from above 37

As the 4k + 4 sets G; are disjoint, we deduce there exist k + 1 sets among them satisfying
the following three inequalities:

|M|go |M|g

u(M)
, Gi, <
k+1 Gl k+1

and u(Gj)) <——.

Gl < k+1

Using the previous estimates of the Rayleigh quotients (3.2.7) and (3.2.8), we obtain k + 1
disjointly supported functions u;, j = 1,...,k + 1, with Rayleigh quotients satisfying either

n=2_4
2 GG "
Rgppm(u)) < (A,)" ¢ (k+ 1)
(8p-p\H ) ( ) u(M)
";2—01
P o MMM

(k + Dtk + 1)"% ~u(M)

2

.\ 2 k+1\"
- An n 2

(A)" e (|M|g>

2

<An (L)n’
M|,

2 n2_,
|G jlg,(G )IG "
(M)
2 n=2_,
| Mg (M) | M|,

n > = (k+1)
(k+ Dk + Dk + 1) (M)

2
=B (—|M|g°> By
M,

Consequently A{(p, p*) is bounded above and

k+1)

or

R(g,p,p")(uj) < Bn (k + 1)

<B

2 2 2
Lo, pOIM|g < Aykr + B, | M.

Proof. of Lemma 3.2.1

First, notice that at most k subsets are such that v{(U,) > % Indeed, assume there exist
(M)

k + 1 subsets verifying v{(U;) > =-~. Then the volume for v, of these (disjoint) subsets would

be greater than the volume of M, which is a contradiction.

Now we know we can work on a collection of K — k sets U; satisfying v(U;) < V,‘(ﬂff).
We repeat the idea to take K — 2k sets from this collection that satisfy v;(U;) < % and

v2(U;) < %Af) We repeat again, and finally extract from these the K — 3k smallest sets for the

measure v3. As K > 4k + 1, we have K — 3k > k + 1, which finishes the proof.
O
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3.3 Construction of densities with large 1,

Now that we have seen we can bound /li(p, p%) for a € (0, "n;z) , we are going to show that
for a € (”;—2, 1), the supremum A7 ,(M, g) can be equal to +oo for a certain type of manifold.
The reader can refer to the definition 1.6.3 of a manifold of revolution.

Theorem 3.3.1. Let Q be a manifold of revolution of dimensionn > 2. If a € (”n;z, 1), then
A o(Q) = +oo0.

Proof. Without loss of generality, we assume 0 € Q. For all m > 1, we define the radial density
function p,, by

—mlx|?

Pm(x) = e

Asp, < 1and a < 1, we get pj;, > p,. Then

/ll(pmapi) > ﬁl(pm’pm)'

According to A. Savo, A. El Soufi, and B. Colbois (see [CES15, Theorem 5.2]), we know that
in dimension larger than 2, there exists an m such that for all m > my, 4,(o,, o) = m. Thus
for m > my,

1O, py,) = M. (3.3.9)

Letp,, = %~ It is clear that p,, is a continuous bounded function on Q with fQ Pmdx = [Q.

Thanks to the variational characterisation (3.1.1), we get

[, IVuf? ( pm|ﬂ|x>“dx . I
NG = inf Q Jopmd = 1 (Om» Py) (— /pmdx> . (3.3.10)
uek fg u2 < Pml€| ) dx |Q| Q

Jopmdx

Using (3.3.9) and (3.3.10), we get

1 l-a
A ~m, ~;:1) = m (_/ md-x> .
1(Oms P 1) QP

It remains to estimate ( [, 0,,dx) e

Lemma 3.3.2. For m large enough,

n

—_— h_n
/e " dx > e "m 2.
Q

Proof. As 01is in Q, there exists L > 0 such that Q) contains the n-square (—L, L)".

Therefore,
L n
/e—mlxlzdx > (/ e—mt2dt) )
Q -L
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Notice that 7 > e is a decreasing function on (0, L). Moreover this function takes the
. 1
value e~ if t = m™2. We deduce that
L 2 1
/ e dt > e 'm 2,

L

and the lemma is proved. One can refer to the figure 3.3 for a visual intuition.

—L t

Figure 3.3: Minoration of the integral by the area of the rectangle

Thanks to this lemma, we finally obtain

-n(l-a)

1-2(1-a)

APy Pry) 2
1(p pm) |Q|1_a

Since a > ”n;z, then I — 5(1 — @) > 0 which means that 4,(5,,, p;;,) — oo and the proof is

complete. O

In the proposition below, we will show that in dimension 1, the previous result (Theo-
rem 3.3.1) holds true for a € (0, 1).

Proposition 3.3.3. Let us take M = (=1, 1). Then for all @ € (0, 1),
Af o(M) = +oo.
Proof. The above equation
—div(p*Vu) = Adpu
with Neumann boundary conditions on (-1, 1) becomes

a—1_ 1 a=2

P U +ap” P’ + Au=0

P + % (0" w + Au=0.

We can differentiate to obtain

p(l—lulll + (p(l—l)’uu + @ (pa—l)’uu +

a-1\"" . r_
po— a/—l(p )u+/1u—0.
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Now we define y = u’ and the equation (3.1.2) becomes

20— 1
a-—1

RN o R

a—1,,7
y

Jo,

ya1 = y-=1 =0

Remark that if we multiply by p* we get
24 a— ’r.J/ a a— ’” (07
Py + Qa - 1)p? 2py+<a_1(/0 ) +ﬂ)py=0,

ie.

(pZa—lyr)' + (/l _ % (p“_])”> %y =0. (3.3.11)

Now let m be a positive integer. We want to choose p = p,, such that A, (pm, pm) m. To do
this we first solve the equation %~ (p" ‘) = m which admits (at least) one positive solution on
(=1, 1). We choose the density such that p,,(x)*~! = 1 = (1 + mx ), that is,

1
20\ 1
() = (1 ¢ ) -
-a (1+mx2) -

Now we multiply the equation (3.3.11) by y and integrate it by parts to get

1
/ (o2™"y) ydx + (A= m) / pay’dx =0,

1

1
[y, / w0 dx+ (A= m) / ppy'dx =0.

1
But we know that y = &’ vanishes at —1 and 1. We obtain the following

11— m)/ o de—/ 20=1(1/)2dx > 0.

Sol=2 (pm,p;) >m

Again, we use the idea of Lemma 3.3.2 to see that the normalised eigenvalue is not bounded:

1 1
-~ ~a NI
A Pm, Py,) Zm-m"2 =m?2,

The number m being arbitrarily large, this concludes the proof. |
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Chapter 4

Bounding the Steklov eigenvalues in H"**!

4.1 Introduction

Let M be a compact connected Riemannian manifold with a smooth boundary, and consider
the following Steklov problem:

{ Au =0 in M @.1.1)

O,u =ou ondM.

As we have seen in the introduction, the spectrum of M is non-negative, discrete, and tends to
infinity as k goes to infinity.

O=0coM)<oM)<-- <oy (M) < -+ / +o0.

This spectrum matches with the set of eigenvalues of a pseudo-differential operator, called the
Dirichlet-to-Neumann map. For any function u defined on M, this map associates the normal
derivative of its harmonic extension. See [GP17] or [Ban80, p. 95] for details.

In the preliminaries, we saw that obtaining bounds of the form o (M) < geom(M)kﬁ, is
difficult, and only a few results have been found in this direction. This chapter is more modest,
as we will find bounds of the form o (M) < geom(M )k%. We will focus on generalising some
results of an article by Colbois, Girouard and Gittins [CGG18], but instead of embedding M
into R™*!, we embed it into H""!. We will use three different techniques, although the main
ingredient is the use of Lemma 1.2.5 page 8, that enables us to find sets “heavy enough” but
also “far enough” from each other.

The work we present here carries some inherent difficulties coming from the hyperbolic
space. Namely, problems of volume growth, and distances. Indeed, because we want to build
domains in which we define test functions, we will have to make sure the balls are not “too big”.
We will also have to check that these domains are disjoint. This can be achieved by controlling
the distortion (see first section), or by using the properties of the space in which the boundary
1s embedded (see second and third sections).

In the last two sections, and contrary to the result cited above, we will make an assumption
on the boundary of M, that also has to be the boundary of a domain of H" or R”. This will enable
us to use isoperimetric inequalities, that will automatically ensure we have enough “space” on
the boundary to work with.
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The section 4.2 is dedicated to a general result, that adapts the proof of a theorem in the
article cited above in the hyperbolic space. The proof can be easily adapted to a manifold
embedded in a complete space whose Ricci curvature is non-positive and bounded from below.
If the curvature of the space is positive, and as the proof needs a control on the isoperimetric
ratio of the space, the result will be true, for instance, when M is embedded in the hemisphere.

The sections 4.3 and 4.4 concentrate on more specific problems. We will suppose that
the boundary of M is a connected submanifold of H"*!, which also realises the boundary of a
domain of {0} x H" or R" x {1}.

Remark 4.1.1. The same questions could be asked in a more general context, for example
in the case of minimal submanifolds: given X, a submanifold of dimension m — 1 of R", and
a submanifold Q of dimension m of R”", realising the minimal volume inside £. Consider a
submanifold manifold M of R" such that M = X. Can we bound the eigenvalues of M with
the help of Q? If so, can we obtain a Kroger type result, and what geometrical quantities are
involved in the inequality? However, this question is still open and will not be treated.

4.2 A general case

In this section we embed X in H™. Notice that the proof of this theorem gives the main tools
that will be important in the last two sections. The theorem can be formulated as follows:

Theorem 4.2.1.
Let X be a smooth and compact submanifold of dimension n — 1 in H", and let M C H" be
a smooth manifold with boundary X. Then for all k > 1,

M )
(M) < % (Ao(n, m) +A(2)km) ,

where Ayg(n,m) only depends on the dimensions n and m, and A(X) depends on n, on m, on a
lower bound for the Ricci curvature of X, on its volume |X|, on its maximal distortion vy (see
definition 4.2.2), and on its number b of connected components.

Definition 4.2.2. The distortion of a connected submanifold £ ¢ H" is defined by:

dists(x,
disto(X) := sup M
veyes distgn (X, y)

Proof of Theorem 4.2.1. The beginning of this proof is very similar to the one of [CGG18,
Theorem 1.1]. Let Z4,...,%, be the connected components of £. As X is compact, the number

v := max disto(X;)

1<i<h

is well defined. Now let us define a measure u supported on X: for any Borel set %7 c H", we

define u as:
UNZ

We now claim the following lemma:
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Lemma 4.2.3. There exists 6 > 0 such that for all r < 1,
(B (x, 1)) < 61",
and 6 depends on n, b, vy, and on a lower bound for the Ricci curvature of X.

Proof. For all x € H™, there exists x; € X; such that for all » > 0,

b
Byn(x,r) N E C | By, (x;, 2ym). (4.2.2)

i=1
To see that, we first define for all i, a point x; in X; realising the distance from x to X;:
distgn(x, x;) = distg»(x, Z;).

Remark that if Byn(x,r) N X = @, inclusion (4.2.2) is trivially true. If Bgn(x,r) N X # @, let us
take y € Byn(x,r) N X. By definition, there exists j such that y € ;. We have:

dlStz/(y, .x]) < ’y diSth (y, x]) < 7 (diSth(y, x) + diSth (.x, x])) < 271’,

from which we deduce y € By (x;,2yr) C Uf’: | Bs,(x;,2yr), and inclusion (4.2.2) is true for all
r > 0. The volume of the balls Byn(x, r) for the measure y is thus bounded in the following
way:

U (Bym(x,r)) = u(Bgn(x,r) NX) < bmax u (Bzi(x,-, Zyr)) = b max ‘BE,-(xi’ 2)/1"){ .

As X is compact, it has its Ricci curvature bounded, so there exists some 1 > 0 such that
each ball of Z of radius R < 2y is bounded from below in the following way:

|Bs(R)| < nR""", (4.2.3)

where 77 depends on n, on the maximal distortion y, and on a lower bound for the Ricci curvature
of 2.

BH’"(xa r)

Figure 4.1: In red: intersection of Byn(x, r) with X
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From that we deduce that the volume of the balls of H” for the measure u is also bounded.
More precisely we say there exists 6 > 0 such that for all r > 0,

(B (x, 1)) < 617",
where ¢ depends on n, b, y, and on a lower bound for the Ricci curvature of X. O

The hyperbolic space H” has constant sectional curvature —1. We know, thanks to the
Packing Lemma 1.2.3, that there exists a quantity C(m, r) such that any ball of radius r can be
covered by C(m, r) balls of radius 7, and r — C(m, r) is increasing. For simplicity, we will just
designate this quantity by C(r) in the following steps.

Let us define the quantity

o )
TAscark+ns)

X
8C(1)%5°

1
k() + 1\t
< < 1.
"k ( k+ 1 )
By definition, |X| = u(H™). Moreover, r — C(r) is an increasing function, so for all x € H™,

o HE) (")
B 6 I) SO = G ek +2) S 4CG0A2k+2)

All the ingredients are there to apply Lemma 1.2.5 , which ensures the existence of 2k + 2 sets
Ay, ..., Ao of H" verifying

X
8C(1)%6

and kg = L J . Consequently we have ky + 1 > thus for k > ko,

)
u(A;) > m and for i # j, distgn(A;,A;) > 3ry.
k

In particular, let us remark that by definition of the measure u, the A;’s intersect X and M.

Now, we define the “r;-neighbourhood” of A; as

Al = {x e H" s.t. distygn(x,A;) < ri} € H™.

Figure 4.2: Construction of the domains on M
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The (M N Af")fﬁz being disjoint, we pick the k + 1 smallest, which verify for all i < k + 1,

M N AF < M.
! k+1

Now we build the test functions g; with support in A’*, defined for all x € A}* by

distgm(x, A;)
1y ’

gi(x) =1-

In H", we have |V distgn |[g» = 1. Thus in M we have |Vg;|y = ilV distgn|y < % The
energy will then be bounded in the following way:
|M N A |M|
VgilydViy = Vel dVu < =< :
/Ml gilydVu /MmAf"l 8ilydVu ”1% (k+1)r,%

Finally, the Rayleigh quotient is bounded as follows:

Ju IVeil3,dViy < |M| 1

R i) = I
(&) g2V  (k+ D u(A)
|M| (8C(1)2(k + 1)6) = 4C(r)k+ 1)

S k+ 1) | Iz

\M| [ 8C(12(k + 1)5) =
<= —— 4C(1
<5 ( 5 2

2 T

M (M) 4c(D).

12 12

The previous estimate is true for k > ko, and in particular for k = k;. But we know that by

)y
bl We deduce

definition, kg < m

2
n—1

2
M| 16C(1)26k0 =T | M| 16C(1)25 || |M|
M<L— | —— 4C(1) € — 4C(1) = Agp(n,m)—.
Ti(M) <5y ( B D<5\ " m scaps (1) = Aol m) 5,
For all £ > 1, we thus obtain:
M
(M) < % (Ao(n, m) + A (2)/%) :

where A(n, m) only depends on the dimensions n and m, and

16C(1)*bn(2y)"!
x|

2
n—1
AQR) = ( ) 4C(1)
depends on n, on m, on a lower bound for the Ricci curvature of X, on its volume ||, on its
maximal distortion y, and on its number b of connected components.
O
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4.3 Embedding the Euclidean space R" horizontally into H"*!

We generalise Theorem 1.5 of [CGG18] to the following setting. We first study a case when
the domain Q is embedded “horizontally” in H"*!, that is, Q C R" x {1}. We prove the following
result:

Theorem 4.3.1.

Let X be an (n — 1)-dimensional, connected, smooth hypersurface in R* x {1} ¢ H**' and
let Q c R" denote a domain with boundary 0QQ = XZ. Then, for every manifold M such that
OM =%, for each k > 1,

o < Mvin | -1+ £
O-k < vin n— + n+l 2
Qs QI

where v(n) is a constant that only depends on n.
The next propositions will be useful:

Proposition 4.3.2.
For every ball of R" of center x and radius r,

|B(x,7)| = w,r" 10B(x, r)| = p,r"!
with ., .
2 212
Wn = S Pn= Sy
r(s+1) r(3)

The well known isoperimetric inequality in R” can be found in [Bar03]:

Proposition 4.3.3. Isoperimetric inequality in R".
For any domain Q of R",
Q5
ooy > B
I(n)

1
where [(n) = (nwf,) )

Proposition 4.3.4.
For all points x,y € R" ¢ H*!,

1
distyn(x,y) =2 sinh™! <§ distra(x, y)) .

Proof.

The geodesic joining two points x and y in the horizontal hyperplane R” x {1} c H"*! is
a circular arc. Without loss of generality, we can assume that this geodesic is in the plane
x; = -+ = x,.1 = 0, and that the circle has its centre situated at 0. We will denote the points
asx=(0,...,—e,1)and y = (0,...,e, 1) (the number e is equal to % distgs(x, y)). Consequently
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the equation of the geodesic is x,+; = /1 + €> — x2, thus dx,4; = — mdxn and dx?,, =
)2"% dx2. The integration over the geodesic gives:
n+1
1+ %
, dx2 +d VIite
d]StHn+1(_x, y) _ / X, xn+1 / n+1 d.Xn
Xn+1 Xn+1
/ \/x2+xn+1 / V1+€2
n+1 —e 1+ 62 - x2
= 2tanh’ ¢ = 2sinh™(e) = 2sinh™ L gist (X, )
Vite 2T
O
Proof of Theorem 4.3.1.
First step.

We first want to build domains where the test functions will be defined. To that effect we
define the following quantities:

et sinh(5) Q%
P = nI 4 n " D = 1 k
(n) = p,I(n) + (4wy,) 5 > 0= LP(”)
and the radii:
1 Q" ! P 19 ;
==\ 7= an e=—\| = -
74D \ 42k + 2)P(n) T 4D \ 202k + 2)w,

Remark 4.3.5.

1

Q'

e Wehaveky+ 1> and as D > 1, then for all k > ko,
4P(n)

Iy < 1.
e Notice also that for all k € N,

re_ [20k+ 2w, _ o
T [42k+2)P(m)]=T P

37
i
™
g
]
S
N
[

Thus for all k > 0,

In what follows, we consider k > k.
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The idea is now to make sure we have enough “space” in Q to define a sufficient number of
disjoint domains on which we can define suitable test functions. Once this is done, the work is
not over yet, because we will need to “transport” these functions on the corresponding sets in
M. As we will see, the construction of this transportation is not as canonical as in [CGG18].

Let (xj ) 322 be some collection of 2k +2 points of Q. Let Qy and X, be the following subsets
of R™:

2%k+2 2%k+2
Q) =Q\ | J BG,4Dry) %o =2\ | B(x/.4Dr)

J=1 J=1

B(x/,4Dry)

Figure 4.3: Illustration of the balls of radius 4Dr;,

The purpose of what follows is to show that, due to volume considerations, there is no union

of (2k + 2) balls of radius 4Dr; that can either cover € or X. Because of proposition 4.3.2, we
have

2k+2

U B(xj ,4Dry)

=1

< (2k+2) |B(x/,4Dr)| = (2k + 2)w, (4Dry)"

Q
< 2k +2)w, (4D7r)" = %
That is, |Qg| > %IQI: the union of the balls does not cover 2. We now want to show it cannot

cover X. Again, thanks to proposition 4.3.2, and because % < ﬁ,

2k+2

U OB(x’, 4Dr,)

=

< (2k +2)|0B(x',4Dry)| = (2k + 2)p, (4Dr)"!

=l =l -1
_ka o, [T\ el 0l
42k + 2)P(n) 4P(n)  41(n)

As the inclusion Q C ZoU (Uﬁf AB(x/, 4Drk)> holds, |0Q0| < [Zol+ ‘Uﬁﬁz OB(x/,4Dry)|.
Thus, using the isoperimetric inequality 4.3.3,

2k+2 nl pel
. Qol 7 Q|
| | 0B(x’,4Dry) Kol 7 _ K

e I(n) 41(n)
" mW_MT(l U>MT

Ty 4 1) \25 4) 7 4w

ol > 10€] — >

> 0.
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Second step.
Let us now define the measure u as, for any Borelian set %7 c R”,

W) = (% NT) = / dx.

wUNT

We pick the 2k + 2 biggest balls of radius Dr; for the measure yu, taken in a decreasing order.

The construction of these disjoint balls is of course possible because of the previous step. More

precisely, let us define the points (x; lszz such that:

u(B(xy, Dry)) = sup u(B(x, Dry)),

and forall j =2,...,2k + 2,

-1
u(B(x;, Dr)) = sup (ﬂ(B(x, Dri);x e @\ | Blx, 4Drk>>
i=1
With this construction, the properties below are satisfied:

e The balls of radius 2Dr; are all disjoint,

o u(B(xi,Dry)) = -+ 2 u(B(xoks2, Dry)),

e Forall x € Q) = Q\ U2 B(x;,4Dr),

j=1
u(B(x, Dry)) < p(B(x2k42, Dr)).

In the last two steps we separate two cases, as shown qualitatively in figure 4.4, where we

say that u(B(xyr42, Dry)) 1s “large” or “small” if it is larger or smaller than some value given
below.

u(B(xox42, Dry)) large 1(B(xap42, Dry)) small

by z

Figure 4.4: The two cases

Third step. We first need the following lemma, that ensures the fact that if two points are
“far enough” from one another in R”, then they also are far from each other in H"*!,

Lemma 4.3.6.
For all x,y € R" c H*,

if distga(x,y) > 2Dry, then distg1(x,y) > 2r.

This lemma is proved on page 53.
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Let us first assume the volume of the ball B(xy», Dry) is “large” for the measure y; more
precisely

QU 1

41(n) 4C(n2Q2k +2)
Then we build our test functions on M. To do so, we first need adequate support sets on M.

We define the following 2k + 2 sets E;:

H(B(x24+2, Dry)) > (4.3.4)

E;={xe Ms.t disty (x,B(x;, Dr) NZ) < re .

It is important to notice that, as the balls in R" are sufficiently far apart, then

Vl;t], E,'mEjZQ.

Indeed, take x € B(x;, Dry) N X and y € B(xj, Dr;) N X,i # j. Then by construction of the
balls in Q, we have distg:(x, y) > 2Dr;. Thanks to Lemma 4.3.6, we get:

disty(x,y) > distg(x,y) > 2r;.
M +1

cH"

M Hn+1

== T
R” L i) Xpe1 = 1

/ Xpe1 =0

Figure 4.5: Illustration of the balls of 2 C R" and the sets E£; ¢ M

The figure 4.5 helps to understand the construction. The balls of R" are coloured in red,
and have a red intersection with Q. The sets E; C M are the points at distance r; from this
intersection. Now it is easy to see that disty(E;, E;) > 0: the 2k + 2 sets E; are disjoint in M.
Consequently, the k£ + 1 smallest of them verify

|M|

E|l<——.
IEj] k+1

On these k + 1 sets we now define the functions f; as follows:

fi(x) = min {1, L disty (x, B(x;, re) N ) } :

Tk
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1
so that on each E;, we have [V}, = —. The numerator of the Rayleigh quotient is bounded:

IEI IMI

From our assumption 4.3.4 we have, for all j=1,...,k+1,

Q] 1
41(n) 4C(n)2Q2k +2)’

u(B(xj, Dry)) >

which leads to

Q'+ 1
2dy >/ dX = u(B(x;, Dry)) > | : )
/zfj B(x;,Dr)NT a pe 41(n) 4C(n)*(2k +2)

The Rayleigh quotient can thus be bounded as follows:

JulVEdVe _ M

J ez (1 I
k+Drel G1o0 aCmrak+2)

M|

k+1 Q% & Q% 1
16D2 \ 4(2k + 2)P(n) 41(n) 4C(n)32(2k +2)
|M| e
|

l
with a(n) a constant depending only on n.

R(f)) =

< a(n)

)Hl

Fourth step. For this last step we suppose that

Q" 1
H(B(x2k12, Dry)) < 40 ACHPCkT D) 4.3.5)

This time, the ball B(xy2, Dry) is not “heavy” enough for the measure u. By construction,
for all x € Q,

n-1
|| 1 < [Zol

HBCG Dro) < pBCok, DI S e 4eip@k +2) S 40Pk +2)

‘We now consider (R”, distgn, ,uo) where p is the measure such that for any Borel set %, we
have uy(%) = po(Z N Zy) = f@mio dZ. In particular, yo(R") = |Zy|. The last inequality thus
implies:

p®)
4C(n)*(2k +2)

We use Lemma 1.2.5 in order to have the existence of domains of R” verifying:

Ho(B(x, Dry)) < u(B(x, Dr)) <
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Ho(R™)

* KA > e 2k 1)

o distr:(A;,A;) > 3Dri fori # j.
Then we define the domains of M as follows:
{xeMst disty, (x A; OZ) rk}

Comparably to the third step, we have to check that the sets F'; are all disjoint in M. Indeed,
take x€e A;NXandy € A;NZX, i # j. Thanks to Lemma 4.3.6, we get:

disty(x,y) > distge(x,y) > 2ry,
MCH”H

which implies disty(F;, F;) > 0, and the 2k + 2 sets F'; are disjoint in M. Thus there exist

k + 1 of them such that:
|M|

Il k+1
On these k + 1 sets we define the functions f; as follows:

1
Mm:mm%ﬂ——&mﬂm@ﬂﬁ}.
Tk

1
On each F;, we have that [V fi[3, = Integratmg over M gives

M|
VR, = / V2 _ M
/ ™ =50 S G
On X we also have
/ﬁ& / &:/ dZo = uo (A))
A_,ﬂZO
p®) %l el 1

202k +2)  2C(m)Q2k+2) T 4l(n) 2C()(2k +2)°
Finally, the Rayleigh quotient is bounded as follows:

M| 2
R )
(fj) < ﬁ(n)m'n;.

and S(n) is a constant depending only on the dimension.

Thus we have Yk > ko,
M | 2

n+1 ’

(M) < 6(n )|

with 6(n) = max (a(n), 8(n)). Now all we have to do is to bound o (M) for k < k.
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Q| _
As ko = < ,weh
2o {4P00 4Py

2
M| > M (1 " M| M|
orM) < 6(n)——7ky” <0()—r7 | 5= =e()—p 5 =) —-
: QY Q5 \ 4P(n) Q- QU

Finally, define v(n) = max(e(n), d(n)), so that the eigenvalues are bounded as follows, for
all k > 0:

|M| +6(n) |M|

) 1 T
O-k(M) < 8(”’) n—1 n+l kﬁ = |M|V(n) n—1 + n+l *
Q" Q% <|Q|n |Q|,,)

Proof of Lemma 4.3.6.

The idea is to look at two cases: if two points are really far apart in R”, they can’t be
close in the hyperbolic space, and if they are close in R”, then the distances in R” and H"*! are
comparable.

sinh™ ()
t

e If distr«(x, y) < 2 sinh(5), notice the function ¢ — is decreasing on R .

As a consequence we can write

distgn1 (x,y) 2 sinh-! distgs(x, y)
distpe(x,y)  distge(x, y) 2

> —.2 sinh™! 25inh(5) = — > = l,

2 sinh(5) 2 sinh(5) D

Thus we can bound the distance in H"*! like this:

. distga(x, 2Dr
distg1(x,y) > RD( Y) > D L 2ry.

e If distg«(x,y) > 2 sinh(5), then as the function ¢ — sinh™ (¢) increases, and because of the
remark 4.3.5,

distgn 2 sinh
diStH71+1(x, y) = 2sinh'1 (ISRT(X’)))) > 2Sinh_l ( SH; (5))

=10 > 10r, > 2r,.
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4.4 Embedding the hyperbolic space H" vertically into H"*!

Let Q be a domain in {0} x H" ¢ H"*!. This result is very similar, and the main difference will
be on how we “transfer” the test functions from Q to M. We will obtain the following result:

Theorem 4.4.1.

Let X be an (n — 1)-dimensional, connected, smooth hypersurface in {0} x H* ¢ H*"*! and
Q c {0} x H" denote a domain with boundary 0Q) = X. Then, for every manifold M such that
oM =%, foreachk > 1,

a(M) < |M|v(n) (; + k—ZIl> ;
Q7 1Q
where ¥(n) is a constant that only depends on n.
To prove the theorem, we need the following statement:

Proposition 4.4.2. Isoperimetric inequality in H" (see [Sch48] and [Cro84]);
There exists a constant J(n) such that for any domain € of H",

n=1
Q[
>

|0Q| > T (4.4.6)

We define the measure u similarly as in the previous sections. For any Borelian set %7 ¢ H",
%) =% NZ) = [, 5d=

Proof of Theorem 4.4.1. We separate the proof into four steps.

First step.

Like in the last section the first step is to build domains that will support the test functions.
We define the following quantities:

w1 Q"
= Pudn dw,) " ko =
On) = ppd, + (4wy) 0 LQM)J
And the radii:
1
1 o T T Q
=4\ 42+ 200) =4\ 202k 1 2w,

Remark 4.4.3. For the same reasons as in the last section, we have, for all £ > kg,

n<l and r <7

Proposition 4.4.4. We recall the volume of the balls and spheres of radius r in the hyperbolic
space [Cha06, Chapter VI, Section 5]:

Bz ()] =[S / sinh(#)"~"dr, 0B (r)| = [$"~!| sinh(r)"~".
0
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In particular for r < 1, this implies the existence of constants @,, p,, such that
|Bye (r)| < 1", 0By (r)| < par™".

Again, we want to verify that no union of 2k + 2 balls of radius 4r; can cover either Q or
¥. Thanks to Propositions 4.4.2 and 4.4.4, we already have the material necessary to prove this,
thus we spare the reader from the same calculations as in the last section. Let us define the
following sets:

2k+2 2k+2
Q) =Q\ | JB(x;.4r)  and o =2\ | B(x;. 4n).

J=1 J=1

Then, because the radius ry is well chosen, the balls of radius 4r; are not too big, and cannot
cover all Q:

1
€21 > 1.

Moreover, because of the isoperimetric inequality in H" 4.4.2, these balls cannot cover all of Z,
and ]
Q"

Yol > .
%ol 4J(n)

Second step.

This step is also very similar as we pick the 2k + 2 biggest balls of radius r; for the measure

u, taken in a decreasing order. The points (x;)71* are chosen such that:

p(B(x1, 1)) = sup M(B(x, i),

and forall j =2...2k + 2,

j-1
p(B(x. 7)) = sup (u(B(x, r:xe @\ | B, 4rk>>

i=1

Third step.
Let us first assume the volume of the ball B(xy42, 1) is “big” for the measure u; more
precisely

n=1

Q" 1
4J(n) 4C(1)22k +2)’

H(B(Xas2, 1)) 2 4.4.7)

We have to build the domains on M. To that effect, let us define the geodesic ¢ passing
through x;, and following the unit vector normal to H" in H"*'. Then we build our test functions
on M. First we need adequate support sets on M. We define the following 2k + 2 sets E:

E;=Mn {x s.t. distgn+1(x, 6)) < 4rk}
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Figure 4.6: Construction of the transfer from € to M

Let us observe Figure 4.6, and the dashed lines €; and €. In the hyperbolic space, we know
that two geodesics passing perpendicularly through H" follow circular arcs whose centers are in
{x1 = x,41 = 0}. In particular, the tubes E; at distance 4r; from their respective geodesic cannot
intersect each other. Thus, the 2k + 2 sets E; are disjoint in M. Consequently, the k + 1 smallest
verify

|E;| < il

Let us now define the functions f; : H"*! — R, as follows:

fi(x) = min {1, 2 — l disty (x, ‘Kj) } .

Tk

1 . 1
In H"*', we have |V f;[5,... < =, s0|Vfjlj, is also bounded by . As a consequence we have:
r

k Iy
£ M
Vv, = [ whave <<
/]\'4 JIMEY g £ JIM=r g r]% (k n 1)}"]%
From our assumption (4.4.7) we have, forall j =1,...,k+ 1,
i 1

,U(B(Xj, 1) =2 u(B(Xo42, 11)) = 4J(n) ’ AC(1)2(2k + 2)’

which leads to

n—1

Q' 1
4J(n) 4C(12Q2k+2)

/ 25 > / 4T = p(B(xj, 1) > p(Bsion, 1) >
z B()Cj,rk)ﬂz
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The Rayleigh quotient can thus be bounded as follows:
2
gy = LB e
Jx f7dz e (197 1
K\ 4J(n) 4C(1)2Q2k +2)
_ M|
k+1 Q' e 1
16D% \ 42k + 2)Q(n) 4J(n) 4C(1)2(2k +2)
M
< -k,
Q"
with @(n) a constant depending only on n.
Fourth step.
If on the contrary, the volume of the ball of center xy;., is too small, that is,
Q" 1
B , < . , 448
U(B(X2x+2, 1)) 2 ARk +2) (4.4.8)
which implies that for all x € €,
Q" 1 s
u(Bx, ) < < Pl (4.4.9)

4J(n) . 4C(1)2(2k +2) ~ 4C(12(2k +2)

We then apply Lemma 1.2.5 to the space (H", distgs, 9), where pg is the restriction of u
to Xy. By using the same arguments as in the last section, we get the existence of sets that are
big enough for the measure p, but also sufficiently far apart in H". Similarly to the last step,
we define &; as the union of geodesics passing through these sets, following the unit vector
normal to H". We then define for each j, the set at distance smaller than r; from ¥;, and take

the intersection with M:

Fij=Mn {xs.t disty(x,2) <re}.

The sets F; are disjoint, and we can now imitate what we did in the third step by picking the
k + 1 smallest. Then by constructing test functions, equal to 1 on Z;, and decreasing linearly to
0 on F';. From all that, we can finally bound (M) for k > ko; there exists 5(n) such that

M| -

(M) < 6(n) =

n+l

|| ™

Now what we want to do is to bound o (M) for k < k.

Qs Qs
As ky = P | J<| | we have

40(m) | ~ 40(n)’

n+l

Q" Q"

n+l 2

||~

(M) < 30 ML it < 5y Y] <|Q|"> N | Ep o

40(n)

|M|

Q"
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Finally, define #(n) = max(&(n), 5(n)), so that the eigenvalues are bounded as follows, for
all k > 0:

o M s M) 2 - 1 kT
O'k(M)<s(n)W+6(n) kT = |Ml#(n) +—0 |-

Q" Qi
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