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Summary

This thesis concerns relative determinants for Laplacians on surfaces with asymptotically cusps
ends and the inverse spectral problem on surfaces with cusps. We consider (M, g), a surface with
cusps, and a metric on the surface that is a conformal transformation of the initial metric h = e2#g.

In the first part we find conditions ¢ that make it possible to define the relative determinant
of the pair (Ap,Ay). We prove Polyakov’s formula for the relative determinant and study the
extremal values of this determinant as a function of unit area metrics inside a conformal class. We
prove that if the maximum exists it has to be attained at the metric of constant curvature. We
discuss necessary conditions for the existence of a maximizer.

In the second part we restrict our attention to hyperbolic surfaces of fixed genus and a fixed
number of cusps. We study the relative determinant as a function on the moduli space for this
kind of surfaces and use the results in [19] to prove that it tends to zero at the boundary of the
moduli space.

In the third part we return to general surfaces with cusps. We prove a splitting formula for
the relative determinant and use it to prove compactness in the C'*°-topology of sets of isospectral
metrics in a given conformal class. We assume that the conformal factors ¢ have support in a fixed
compact set of M.
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Introduction

In this thesis we study the relative (regularized) determinant of the Laplace operator on surfaces
with cusps. Regularized determinants of elliptic operators play an important role in many fields
of mathematics and mathematical physics. They were initially introduced by D. B. Ray and M.
I. Singer in [41] in relation to R-torsion. Let A be a self-adjoint non-negative elliptic pseudo-
differential operator of order m on a compact Riemannian manifold of dimension n. Then A has
pure point spectrum consisting of a sequence of eigenvalues 0 < A\; < Ay < --- of finite multiplicities.
The regularized determinant of A is defined through the zeta function

C(s) = Z A;% Re(s) >n/m.

;70

After Seeley [38] it is well known that the zeta function admits a meromorphic extension to the
complete complex plane that is regular at s = 0. Then the regularized determinant is defined as:

o)

The zeta function can also be expressed in terms of the heat semigroup associated to A:

o0
C(s) = —— / (Te(e ) — dim Ker(A))£*~dt.
I'(s) Jo
This formula is only valid in the half-plane Re(s) > n/m. In section 1.8 we explain in detail how
to derive this formula when A is the Laplacian on a closed manifold.

The regularized determinant of the Laplacian on a compact Riemannian manifold is an impor-
tant spectral invariant. For instance, in the 2-dimensional case, Osgood, Phillips and Sarnak (to
whom we refer as OPS from now on) in [33] showed that the determinant, considered as a functional
on the space of metrics, has very interesting extremal properties. They proved the following result:
let M be a closed surface of genus p. Then in a given conformal class, among all metrics of unit area,
there exists a unique metric of constant curvature at which the regularized determinant attains a
maximum. They also proved a corresponding statement for compact surfaces with boundary and
suitable conditions at the boundary.

This determinant can also be restricted to a function on the moduli space of hyperbolic metrics
on a closed surface of genus p, M,:

det(A) = exp (— %C(s)

det A.: M, — R, [7] — det A,

where 7 is a metric of constant curvature and unit area. Sarnak in [37] made the very interesting
conjecture that the function that assigns to an isometry class g its “height”, given by —logdet Ay,



has a unique global minimum. If this conjecture is true, the global minimum could be taken as a
“distinguished metric” on the surface.

The regularized determinant of the Laplacian can be used to study inverse spectral problems
such as isospectral problems. Isospectral problems go back to 1960 when Leon Green asked if a
Riemannian manifold was determined by its spectrum. The question was rephrased by Kac for
planar domains in the very suggestive way: “Can one hear the shape of a drum?” see [20]. An
important result is the well known existence of non-isometric manifolds that are isospectral, see
[40] and the references therein. We also refer to [46] for a comprehensive survey of inverse spectral
problems in geometry.

The isospectral problem on closed surfaces and simply connected planar domains was studied
by OPS in [34]. In that paper the authors prove compactness of isospectral sets of isometry classes
of metrics in the corresponding C'*°-topology. Two metrics g1 and go are called isospectral if the
spectrum of the Laplacians Ay and Ag4, are the same including multiplicities. In particular the
heat invariants a; for j > 0 and the determinant det A have the same values at g; and go. As the
authors remark in the paper, the use of the regularized determinant of the Laplacian is essential
in order to obtain compactness, since the heat invariants are not enough. On planar domains the
problem has been studied by R. Melrose in [27] and OPS in [35], and for compact surfaces with
boundary by Y. Kim in [22].

The isospectral problem also makes sense for certain non-compact manifolds. There scattering
theory comes into play and we need to deal with inverse scattering theory. For example, on exterior
planar domains the isospectral problem was studied by A. Hassell and S. Zelditch in [18]. There
two exterior planar domains are called isophasal if they have the same scattering phase. Hassell
and Zelditch prove that each class of isophasal exterior planar domains is sequentially compact in
the C*°-topology. In the proof they define a regularized determinant of the Laplacian that plays a
fundamental role.

The goal of this thesis is to study how to extend the results of OPS in [33] and [34] to surfaces
with cusps. As suggested by the work of Hassell and Zelditch, it is important to find a good
definition of the determinant of the Laplace operator.

In the first part we study the definition of the determinant for surfaces with cusps and asymp-
totically cusps ends and its possible extremal values. Let (M, g) be a surface with cusps. This
means that it is a smooth 2-dimensional Riemannian manifold of finite area such that outside a
compact set the metric is hyperbolic. The hyperbolic ends are called cusps. The first thing to do
is to define the determinant of the Laplacian A, on M. It is well known that A, has continuous
spectrum therefore its zeta regularized determinant can not be defined. To solve this problem we
use relative determinants. The relative determinant of a pair of non-negative self-adjoint operators
(A, B) in a Hilbert space was introduced by W. Miiller in [30]. If the operators (A, B) satisfy
certain given conditions the relative determinant can be defined through a zeta function using the
trace of e t4 — =B,

We start by fixing a class of metrics on M that are conformal to g and that satisfy suita-
ble conditions. For any metric h = €?#¢g in the conformal class [g] we obtain a Laplacian which
we denote by Aj. We will consider relative determinants of pairs (Ap,Ay) and also of pairs
(Ap, A@O), where Ag,O is an operator over M that is associated to the cusps. We have to take into
account the following technical detail: the operator Ay, acting on L%(M, dAy) is not self-adjoint. We
therefore consider a unitary map T': L*(M, dA,) — L*(M,dA}) and the corresponding transformed
operators. The map T then appears in all the corresponding statements and proofs.
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For the relative determinant det(Ay, Ay) to make sense, the relative heat operator T le tAnT —
e!®s must be trace class for t > 0 and the trace must have suitable asymptotic expansions for large
and small values of ¢t. This is the case if the conformal factor ¢ has a specific decay at infinity.
Chapters 2 and 3 are devoted to finding these decay conditions and to proving the properties re-
quired above. The first main result is:

Theorem 2.3 Let h = e*?g and let i(z) be a function on M satisfying i(z) = 1 if z € My, and
i(2) = y; if z = (x5,y;) € Zj, for 5 =1,...,m. If p(2) and Ayp(2) are O(i(2)™!) as i(z) — oo,
then T—le "AnT — e=tB9 s q trace class operator for all t > 0.

Theorem 2.3 implies that the continuous spectra of the Laplacians Aj and A, coincide. Since
oc(Ay) = [1/4,00), it follows from [30, Lemma 2.2] that there exists a constant £ > 0 such that
the relative trace has the following asymptotic expansion as t — oc:

Te(T te AT — e~ tA9) = O(e™"). (1)
The second main result is about the asymptotic expansion of the relative heat trace as ¢ — 0:

Theorem 3.4 Let us use the notation of Theorem 1. If the functions p(z) and Agp(z) are
O(i(2)732) as i(z) — oo, then there exists an expansion up to order two in t of Tr(T 'e *ArT —
e7t9) ast — 0.

In the proof of Theorem 3.4 we use mainly classical methods such as parametrices, Duhamel’s
principle, upper bounds of heat kernels and covering spaces.

We are now ready to define det(Ay, Ay) using the relative zeta function. By Theorem 3.4 and
equation (1) we may define:

C(s;Ap, Ag) = ! ] / Te(T te 80T — e~ Ra)s~L dt,
0

I'(s
that converges in the a half plane Re(s) > 1. This formula for ((s; Ay, Ay) is analogous to the
formula in the compact case that expresses the zeta function in terms of the trace of the heat
operator. The asymptotic expansions for the trace described above ensure that the relative zeta
function has a meromorphic continuation to C that is analytic at s = 0. The relative determinant
is then defined by:

s:0> '

Although Theorem 3.4 allows us to define the relative determinant det(Ap, Ay); the result is
not optimal since we would like to obtain a complete asymptotic expansion of the relative heat
trace requiring lower decay. It seems possible to improve the statement using methods borrowed
from Melroses’ b-calculus but that will be part of another project.

In Chapter 4 we define the relative determinant for the pair (Ap, Ajp). We study it as a
functional on the space of metrics of a given fixed area inside the conformal class and look for its
extremal values. The main result of Chapter 4 is a Polyakov-type formula for det(Ap, A1 p):

d
det(Ap, Ay) = exp <— EC(S; Ap, Ag)

Theorem 4.5 Let (M, g) be a surface with cusps and let h = €2#g be a conformal transformation
of g with ¢(z) and Agp(z) being O(i(2)™32?) as y = i(2) — oo. For the corresponding relative

vii



determinants we have the following formula:

1 1
log det(Ap, A1) = ~To- /M V0l dA, — P /M K, ¢ dAy +log Ay, + logdet(Ay, Aqp).

The proof of this formula follows the same lines as the proof in the compact case in [33]. The
formula is the same as the one obtained by R. Lundelius in [26] for heights of pairs of admissible
surfaces. Let us point out however that our methods are different from the ones in [26]. As in [33]
and [26], we see that if there exists a maximum it is attained at the metric of constant curvature.
The equation relating the curvature of the metrics g and h = €*#g is Kj, = e 2?(A,0 + K,). The
study of this differential equation for ¢ together with the conditions of constant curvature in the
cusps for g and constant curvature everywhere for h leads to a precise decay for the function ¢
at infinity. Unfortunately this decay is not included in the conditions required to define the de-
terminant. Therefore the metric of constant curvature will not be in the conformal class that we
consider unless we start with a metric of constant curvature.

In Chapter 5 we study the relative determinant as a function on the moduli space of hyperbolic
surfaces with cusps. We work in My ,,, the moduli space of compact Riemann surfaces of genus p
with m punctures and think of it as a space of complete hyperbolic metrics on a topological surface
of genus p with m punctures. We define the free Laplacian as the Laplacian Aj associated to
the union of m cusps all starting at 1; notice that the Laplacian Al,o is chosen independently of
[g]. Hence the relative determinant defines a function on the moduli space in the same way as in
the compact case: [g] € Mpm — det(Ag, A1) € RT, where g € [g] is hyperbolic. We start by
analyzing the behavior of det(Ay, A; ) as [g] approaches the boundary of My ,. It is well known
that each point of the boundary can be reached through a degenerating family of metrics. The
degeneration arises from closed geodesics whose length converges to zero. Comparing the relative
determinant with the determinant defined in [19] we prove the following theorem:

Theorem 5.4 Let My, be the moduli space of hyperbolic surfaces with cusps. Consider the
relative determinant det(Ay, A1) as a function on M, ,. Then det(Ay, Aq ) tends to zero if [g]
approaches M, p \ Mp,m, the boundary of the moduli space.

This will imply that det(Ay, A1) attains its maximum in the interior of the moduli space.
The determinant as a function of the moduli space of hyperbolic surfaces of finite area was studied
in [26] in terms of the heights of a degenerating family of hyperbolic surfaces and a fixed surface.
There the author proves an asymptotic formula for the degeneration of the height. The regularized
determinant as a function of the moduli space of metrics on surfaces with smooth boundary was
studied by H. H. Khuri in [23] and by Y-H. Kim [22], obtaining different results under different
conditions.

Finally, we study the isospectral problem inside a conformal class of the metric in a surface with
cusps. In this setting, two metrics are isospectral if the resonances are the same for both metrics
including multiplicities. For hyperbolic surfaces of finite area, W. Miiller proved in [29] that the
resonance set associated to the surface determines the surface up to finitely many possibilities. We
restrict our attention to metrics inside a given conformal class. The main result of this part is the
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following theorem:

Theorem 7.5 Let (M, g) be a surface with cusps, K C M be compact and let [g]x = {e*$g | ¢ €
C° (M), supp(p) C K} be the K-compactly supported conformal class of g. Then isospectral sets
in [g]x are compact in the C*°-topology.

In the proof of Theorem 7.5 we use a splitting formula for the relative determinant. This for-
mula relates det(Ag, Agg) (with § big enough) to the determinant of the Dirichlet-to-Neumann
operator acting on a submanifold of A homeomorphic to S'. We prove this formula in Chapter 6.
We finally discuss the possibility of generalizing Theorem 7.5 to conformal classes including metrics
that have asymptotically cusp-ends.

In Chapter 1 we introduce notation and most of the background theory we use throughout the

document. We include two appendices. Appendix A about Sobolev spaces and Appendix B with
an explicit computation of the spectral shift function of the pair of operators (Ay, A1 ).
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Chapter 1

Background theory

In this chapter we introduce the notation, definitions and main results we use throughout this
thesis. We start by defining the spaces over which we work and the operators in which we are
interested. In the second section we state the main known results about spectral theory of surfaces
with cusps. In the other sections we define conformal transformations of metrics, the injectivity
radius of a Riemannian manifold, we state the Gauss-Bonnet formula for surfaces with cusps. We
dedicate a section to summarizing some results we will use about heat kernels and their estimates.
In the last section we give the definition of the regularized determinant of the Laplace operator on
a closed manifold.

1.1 Notation and some definitions

A surface with cusps is a 2-dimensional Riemannian manifold that is complete, non-compact, has
finite volume and is hyperbolic in the complement of a compact set. It admits a decomposition of
the form

M=MyUZ 1 U---UZp,,

where My is a compact surface with smooth boundary and for each ¢ = 1, ..., m we assume that
Zi = [a;,00) x S', glz, = y; 2(dy} + daf), a; >0

The subsets Z; are called cusps. Sometimes we denote Z; by Z,, to indicate the “starting point”
a;. Instances of surfaces with cusps are quotients of the form I'(N)\H, where H is the upper half
plane and I'(N) C SLy(Z) is a congruence subgroup, i.e. I'(N) = {v € SLa(Z)|y = Id (mod N)}.
These quotients play an important role in the theory of automorphic forms.

To any surface with cusps (M, g) we can associate a compact surface M such that (M,g) is
diffeomorphic to the complement of m points in M. Let p denote the genus of the compact surface
M:; then the pair (p,m) is called the conformal type of M. In many of the proofs we set m = 1
and a1 = 1, to simplify the equations.

For any oriented Riemannian manifold (M, g) the Laplace-Beltrami operator on functions is
defined as Af = —divgrad f. It is equal to A = d*d. Note that we consider positive Laplacians.
In local coordinates the Laplacian has the form

1

v/ det(gij)

Af=- 9;(y/det(gi5) 97 0: 1),



Figure 1.1: A surface with cusps

where f € C2°(M). On a cusp Z, the Laplacian is given by

0? 0?
Ay =—?=+-—).
7= <8y2 " 8562)
If (M,g) is complete, A has a unique closed extension that we denote by A,. The gradient in
coordinates is given by grad f = (¢¥/9; f)9; and the Laplacian of the product of two functions f;
and fo is given by
A(frfo) = (Af1)f2 + f1(Af2) — 2(grad fi, grad fa) (1.1)

Definition 1.1. Let a > 0, let A, o denote the self-adjoint extension of the operator

2 &

g i e ((a00) = L*([a,00), y*dy)

obtained after imposing Dirichlet boundary conditions at y = a. The domain of Ay is then given

by Dom(A,0) = Hi([a,00)) N H?([a,0)), where H}([a,0)) = {f € H'([a,0)) : f(a) = 0}.

Let Ago = &7 Ag; 0 be Eleﬁned as the direct sum of the self-adjoint operators operators Ay, o
defined above. The operator A, acts on a subspace of @TilLQ([aj, oo),yj_Qdyj).

Now, let a > 0, let Z, be endowed with the hyperbolic metric g and let Az, p be the self-adjoint
extension of

92 9?2
v <y+> : 0 ((a,00) x S*) = L*(Za,dAy)

obtained after imposing Dirichlet boundary conditions at {a} x S'. The operator Az, p can be
decomposed as follows. Put

Li(Z,) = {f € LQ(Za,dAg)|/ f(y,z)dx =0 for a. e. y > a}. (1.2)
Sl

2



The orthogonal complement of L3(Z,) in L*(Z,,dA,) consists of functions that are independent
of # € S'. Indeed, let f € L%(ZQ)L, then [, f(y,2)i(y, x)dAy(z) = 0 for all ¢ € L§(Za),
in particular for v, (z) = e 2% with n # 0. This implies that in the Fourier decomposition
of f, fly,z) = X ez, anlf, y)e?™ne all the terms but the constant term are zero. Therefore
f(y,x) = ao(f,y) = [ f(y,x)dzx, i.e. fisindependent of 2. The other inclusion is obvious. Then

we can decompose L%(Z,,dA,) as the orthogonal direct sum
L*(Z,,dAg) = L*([a, 00),y~*dy) © L§(Za)-

This decomposition is invariant under Az, p so in terms of this decomposition we can write Az, p =
Ao ® Az, 1, where Az, 1 acts on L3(Z,).

Remark 1.2. The operator Az, 1 has compact resolvent; in particular it has only point spectrum,
see Lemma 7.3 in [32]. In addition, the counting function for Az, 1, Na, (A) = #{\; < A}, where
{\;} are the eigenvalues of Az, 1, satisfies Nay,  (A) ~ ﬁAg. See [12, Thm.6]. This implies that

—tAz,,

the heat operator e 1 4s trace class.

1.2 Spectral theory of surfaces with cusps

For spectral theory for manifolds with cusps we refer to [28], [12], and the references therein. The
results in [28] hold for any dimension. For surfaces in particular we refer to [29]. Here we only
recall the main facts and definitions that we use in this document.

For a surface with cusps (M,g), the spectrum of the Laplacian o(A,) is the union of the
point spectrum o, and the continuous spectrum o.. The point spectrum consist of a sequence of
eigenvalues

O=X< <)<

Each eigenvalue has finite multiplicity, and the counting function N(A) = #{\;|\; < A%} for
A > 0 satisfies limsup N(A)A=2 < Ay(4m)~!, where A, denotes the area of (M, g). Depending on
the metric, the set of eigenvalues may be infinite or not.

The continuous spectrum o, of Ay is the interval [%, o0) with multiplicity equal to the number
of cusps of M. For a proof of this fact, see for example [28, p.206]. The spectral decomposition
of the absolutely continuous part of A, is described by the generalized eigenfunctions Ej(z, s), for
j=1,...,m with z € M, s € C. To each cusp we can associate such generalized eigenfunctions,
also called Fisenstein functions by analogy with the Fisenstein series for hyperbolic surfaces. They
are closely related to the wave operators Wy (Ay, Ayo) and to the scattering matrix S()). For
details, see [28, sec.7].

Each Eisenstein function Ej(z,s) is smooth as a function of z € M and is meromorphic as a
function of s € C. It satisfies:

AgEj(z,s) = s(1 —s)Ej(z,s).

Its poles are contained in the union of the half-plane Re(s) < % and the interval (%, 1]. The

restriction of E;(z, s) to the cusp Z; satisfies
Ej((yir i), 8) = 0555 + Ci(s)y; * +0(e” V), as yi — oo

Let C(s) be the m x m matrix (Cj;(s)). Then C(s) is a meromorphic function of s € C. The
scattering matrix S(A; Ay, Ago) given by the time-dependent approach to scattering theory is



related to C(s) by the equation S(% + A?) = C(3 +i)), for A € R. In this way S(\) has an
extension to the double covering of C defined by A = s(1 — s). This extension is meromorphic
and we have that S(s(1 —s)) = C(s), see [30, p.342]. From now on in this setting we refer to the
matrix-valued function C(s) as the scattering matrix.

Let us summarize the main properties of the Eisenstein functions and the scattering matrix by
recalling Theorem 7.24 in [28].

Theorem 1.3. ([28]) With the notation introduced above we have that the Eisenstein functions and
the scattering matriz associated to the surface with cusps (M, g) satisfy the following properties:

1. (a) C(s) is meromorphic on C with poles contained in the half-plane Re(s) < § and the
interval (3, 1].
(b) The poles so € (3,1] of C(s) are simple.

(¢) C(s) is holomorphic in a neighborhood of the line Re(s) = 3.

(d) The matriz C(s) is symmetric and satisfies the functional equation C(s)C(1 — s) = Id.

2. For every j=1,...m,

1

5.
(b) The poles sy € (%, 1] of Ej(z,s) are simple and if sy is a pole of Ej then sqg is also a
simple pole of Cj;(s).

(a) E;(z,s) is holomorphic in a neighborhood of the line Re(s) =

(¢c) If so is a pole of E;j(zo,5s) of order n then sq is also a pole of Ej(z,s) of order n for all
z € M, and n is the mazimal order of the pole of Ci;(s) at s, i =1,...,m.

(d) The system of Fisenstein functions satisfies the functional equations:

m

Ei(z,5) =Y _ Cij(s)Ej(z,1 - s).

j=1
The scattering matrix also satisfies:
C(s)=C(5) and C(s)" =0C(5).

Let Lfl(M ,dA,) be the subspace of L?(M,dA,) spanned by the eigenfunctions of A,, and let
©0,$1,-.. be a basis of L3(M,dA,) composed of normalized eigenfunctions of A,. Then any
f € C3°(M) has the following Fourier type expansion:

1 — 1 L
10 = lon Dot 323 [ Eeg i [ B - infw) dagw) dx

A quantity of interest is the determinant of the scattering matrix which we denote by ¢(s) =
det C(s). It satisfies the following equations:

$(s)p(1—s) =1, ¢(s) =¢(5), seC.

The concept of resonance is very important in the spectral theory of surfaces with cusps. The
definition of resonance is given in Chapter 7. The mathematical quantity that we use to define
isospectral metrics here is the resonance set of the Laplacian. This set is defined as the union of
the poles of the scattering matrix and the set {s;|s;(1 — s;)is an eigenvalue}.

4



1.3 Conformal transformations

In this section we explain how some geometrical quantities change under a conformal transformation
of the metric, i.e., when we multiply a given metric by a function that is strictly positive in the
complete manifold.

Definition 1.4. A conformal transformation of the metric g on M is a metric h defined by h = e*#g
where p € C°(M).

In this paper we consider conformal factors that are the exponential of smooth functions on M.
These functions are often denoted by (. Depending on the case they may have compact support
or not. If the support is not compact we usually require some decay at infinity of the function
as well as some of its derivatives. In what follows the metric h will always denote a conformal
transformation of g.

Definition 1.5. Two metrics g1, go are quasi-isometric if there exist constants C1,Co > 0 such
that
Ci91(2) < g2(2) < Cag1(2), for all z € M,

in the sense of positive definite forms.

Quasi-isometric metrics have equivalent geodesic distances. The associated L?-spaces coincide
as sets, thought the inner product is not the same.

Remark 1.6. If the function ¢ appearing in the conformal factor is bounded on M we have that
the metrics g and h = e*¢g are quasi-isometric and the geodesic distances dy and dy, are equivalent.
If in addition the metric g is complete, so is the metric h.

Let A, denote the area of (M, g), dA, the volume element, and K,4(z) its Gaussian curvature.
Let Ay, dAp, and Kp, be the quantities corresponding to (M, h), for any conformal transformation h
of g. Let Ay, be the Laplacian associated to h. Then for the metrics g and h we have the following
relations:

dA, = e*dA,
Ky, = e *(Agp+ Ky)
Ay = 6_2§0Ag
The domains of the Laplacians A, and A, lie in different Hilbert spaces. Thus sometimes it
is necessary to consider a unitary map between the spaces L?(M, dA,) and L?(M,dAp). From the
definition of the metrics and the transformation of the area element we have that the unitary map

1S:

T : L*(M,dA,) — L*(M,dAy), f+ e ?f. (1.3)
For the transformed Laplacians we have the following expressions:
T ARTf = Anf + 2Vif, Vie)h — (Ane + [Vieli) f

= e % (Agf +2(Vyf, Vgplg — (Agp + |V9‘P|3)f) (1.4)
TAT ' f =€ (Anf = 2(Vho, Viaf)n + (Ane — [Vieln) f)



To see this notice that Ape™? = —e " ?App — e ?|Vpp|,. Then by equation (1.1)

Ap(e?f) = (Ane™?) f+ e ?(Anf) = 2(Vre ™, Vi [in
= (= PApp — e ?|Vppln) f + e P (Anf) + 27V, Vi fn
T 'NLTf = Apf +2(Vio, Vifin — (Dne + [Vieln) f

As for g we have Age? = e?Ayp — e¥|Vgplg. Then

Ag(e?f) = (Age?) f +e?(Agf) —2(Vye?, Vyf)g
= (e(’DAg@ - e¢’v980|g)f + e@(Agf) - 2€<P<Vg(p’ vgf>g
TAgT_lf = Agf - 2<vg% ng>g + (Ag‘P - ‘Vg¢|g)f

Note that the operators T'A,T and TA,T~! are self-adjoint in the corresponding transformed
domain.

Let us first give a handwaving definition of what we mean by a surface with asymptotically
cusps ends. The reason to do that is that we need flexibility in the conditions on the conformal
factors:

A surface with asymptotically cusp ends is a surface (M, h) where the metric h is a conformal
transformation of the metric on a surface with cusps (M, g) such that the conformal factor as well
as some of its derivatives have a suitable decay in the cusps.

1.4 Injectivity radius

Let (M, g) be a Riemannian manifold. The injectivity radius at a point z € M is defined as the
supremum of the radius of balls centered at 0 € T,M such that the exponential function ezxp,
is defined and injective in such balls. (This is equivalent to defining it as the minimal distance
from the point z to its cut locus). Let us denote the injectivity radius at a point z € M by
inj,(2). The injectivity radius of M is the infimum of the injectivity radius at each point, i.e.
inj (M) = infcprinj,(2).

Let g and h be as above i.e. h = ¢??g. We are particularly interested in the case where for
(y,x) € Z, o(y,z) = O(1/y) as y — oo. In this case, the metrics g and h are quasi-isometric and
the geodesic distances are equivalent.

It is well known that on a surface with cusps (M, g) the injectivity radius is null. For an element
in a cusp, z = (y,z), we have that inj,(2) % If we assume in addition that Agp = O(1) as y — oo
then the surface (M, h) has bounded Gaussian curvature. This implies that there exist constants
¢, > 0 such that

injj,(z) > min{c inj,(2),¢'}, ze M,

see [32, Prop.2.1].

The injectivity radius is a very important quantity in geometry. Many generalizations of results
in geometric analysis for compact manifolds hold for manifolds of bounded geometry, i.e. manifolds
with bounded curvature and injectivity radius bounded away from zero. If the injectivity radius
vanishes these results generally fail in their standard form. For example, the Sobolev embedding
theorems and Rellich’s lemma do not hold for surfaces with cusps.



1.5 Heat kernels and estimates

Heat semigroups and heat kernels are very useful and important tools when working with regula-
rized determinants via zeta function regularization. The heat semigroup associated to a closed self-
adjoint operator can be constructed using the spectral theorem. For the existence and uniqueness
of the heat kernel on a complete open manifold with Ricci curvature bounded from below see [15].
For the main properties of heat kernels see [15] and [9]. On a complete Riemannian manifold of
dimension n with Ricci curvature bounded from below, the heat kernel K(z,y,t) is the smallest
smooth positive fundamental solution of the heat equation on M, ie. K(z,y,t) < p(x,y,t) for
every positive fundamental solution p(x,y,t). The heat kernel is symmetric in the space variables
and satisfies the conservation law [, K(z,y,t)dV(y) = 1, for all t > 0 and € M. Let (M,g)
and h = €*?g be as above, and let e ?2r, e 7?29 ¢7tA10 denote the heat semigroups associated to
the Laplacians Ay, Ay and A g, respectively. Since the Laplacians are positive, the heat equation
is A+ 0y = 0. Let Kp(z,2',t) and Ky(z,2',t) denote the heat kernels corresponding to Ay and
A, respectively. We hope that this will not lead to confusions with the notation for the Gaussian
curvatures and the heat kernels.

Like the Laplacians, the heat semigroups act on different spaces. The operator e **» may act on
L*(M, dA,), but it is not self-adjoint with respect to this inner product. To make e tBh and e~ tB9
act on the same space and preserve self-adjointness we use the unitary map T : L?(M, dA,) —
L*(M,dA},) defined by (1.3). The transformed operators T~ 'e™*A»T and Te *AsT~! are self-
adjoint on the corresponding space. Consider the integral kernel of the transformed operator
T le AT . L2(M,dA,) — L*(M,dA,). If f € L2(M,dA,), then

T le nTf(z)=T! </ Kp(z, 2, t)e &) f(2) dAh(z')>
M
:/ PO Ky (2,2 t)e P f(2)e2 ) dAg(2")
M

_ / POV K (2, 2, 1)) () dA, (),
M

thus K1 —ta,p(2, 2, 1) = e?GV K, (2, 2/, t)e?#). This also follows from the general transformation
law in the product space:

L2(M x M,dAy, x dA) — L*(M x M,dA, x dAy), f(z,2) — f(z,2")e?HefZ)

The kernel of T1e~*ArT restricted to the diagonal is K1, -ta,p(2,2,t) = Ku(z, z,t)e2#).

For the details of the construction of the heat kernel on a compact Riemannian manifold M and
its asymptotic expansion for small ¢, we refer to [9], [6] and the references therein. If the manifold
is closed, there exists a constant ¢ > 0 such that for any fixed 0 < 7 < 0o, the heat kernel satisfies
the following bounds

d(z,y)?

K(z,yt) <t "2 "o, fort< (1.5)

If the manifold has boundary, consider the closed self-adjoint extension of the Laplacian with
Dirichlet boundary conditions. For the Dirichlet heat kernel, and given a compact set K C M and
a T > 0, there exists a positive constant ¢ such that

_d(zw)? d(y,0M)?

Kp(z,y,t) <t P o +e w0 ),
for (z,y,t) € K x M x (0,T], see [9, chapter VII].




1.5.1 The heat kernel on a surface with cusps

The heat kernel on a surface with cusps was constructed by W. Miiller in [28]. Here we give a
brief description of this construction and mention some of the main statements; for details see [28].
In this part we consider (M,g) with only one cusp, M = MoU Z and Z = [1,00) x S'. The
kernel of a parametrix for the heat operator is constructed by gluing together the heat kernel in
the complete cusp RT xS' equipped with the hyperbolic metric and the heat kernel in a suitable
compact manifold.

Let R x S! be the complete cusp with the hyperbolic metric y~2(dy? + dz?). Let A; be the
unique self-adjoint extension of the Laplacian defined on C°(R* x S1). Tt is unique because R x S*
with the hyperbolic metric is a complete Riemannian manifold. The notation for A; is arbitrary.
Since the metric in the cusp Z,, for any a > 0, is also the hyperbolic metric, the Laplacians Az, p
and A coincide when acting on C°((a, o00) x S1).

The heat kernel for A; on R x S may be constructed using separation of variables and equals:

Ky ((y’ l’), (y/7 $l)’ t) - Z Kn(yy y', t)€27rm(x_x,)a
nez

where f(n(y, y',t) is the heat kernel corresponding to the operator

2 07 2,2
D, =—y 8—y2—4ﬂ'n ,

with domain containing C°(R™); see [28, page 218].

Let My = MoU([1,2] x S1), let W be a closed Riemannian manifold containing M isometrically.
Let Ay be the Laplacian on W, e *2W be its corresponding heat operator and Ky(z,2',t) be the
fundamental solution of the heat equation on W restricted to Ma x My x RT.

We define the gluing functions ¢1, ¢2 and 11,19 as follows: let ¢(b,c) denote any increasing
C™ function of real variable u such that ¢ =0 for u < b and ¢ =1 for v > ¢, and let

1 3 5

¢2:1—<P(1+272)7 Yo =1—1.

We consider each of these functions as defined on the cylinder Z = [1,00) x S! and extend them
in the obvious way to M. Then we glue the two heat kernels together:

H(Zv Zlvt) = (bl(Z)Kl(Zv Z/at)¢1(2/) + ¢2(Z)K2(Zv Zlvt)¢2(zl)'

The function H(z,2’,t) is the kernel of a parametrix for the heat operator associated to g.
Let i(z) be the function given by:

1, ifze M\ Z;

i) = { y, if z € Z and z = (y,x). (1.6)

The kernels K7 and K, satisfy the following estimates:



1. For Ki(z,2',t), the heat kernel in the complete cusp, and for arbitrary 7' > 0 there exist
constants C7,co > 0 such that for 0 <t < T, y,y’ > 1, and k,l,m € N one has:

k ) d2 , /
gtk AL I (2, 2, 1)]| < C1(i(2)i(2)) 51 F 1 exp (-W) (1.7)

where dy(z, 2’) is the Riemannian distance in (M, g), that is the hyperbolic distance in the
cusp. The constants depend on 7.

2. For Ky(z,#,t), we have: for T' > 0 there exist C1, cz > 0 such that

t

Ky (2,2, 1) < Cr(i(2)i(2) 2t lexp< W) (1.8)

uniformly for 0 <t < T.

Note that the constants in the previous equations can be different but since we are dealing with
inequalities we can choose the most convenient (the largest one in front of the inequalities and the
smallest one in the exponents).

We also have that for every [ € N and T' > 0 there exist constants Cy, Cs such that

1 Cad?(z, 2’
Kyl 0) = (s #,0)] £ Coli(2)i() el exp (‘W)

uniformly for 0 < ¢t < T'. The constants Cs, C5 depend on [ € N and T'. This follows from equations
(4.9) and (4.10) in [28].

Let us now go back to the metric h = ¢2#g. We can extend it to a metric on the complete cusp
Z =R* xS! in the following way: On Z we have the hyperbolic metric go. The metric 9lz = go-
We start by extending the function ¢|z to a smooth function ¢ on Z that vanishes in a small
neighborhood of 0. Then on (0,00) x S' we define h as h := €2?gy. It is a complete metric and
h = gg close to 0. In this way we can define the Laplacian on (2 , h). Denote its unique self-adjoint
extension by Ajj. Clearly Ay = e 2?A;. The heat kernel associated to Ay, is denoted by
Ky p(z,7,t), for z,2' € Z and t > 0.

1.5.2 Other heat kernels

In this subsection we introduce the other heat operators that we will use throughout this document.
For a > 1 let A, be the operator defined in section 1.1. The heat kernel p,(y,y',t) for Ay
can be computed explicitly, see [8, sec.14.2] or [28, p.258]. It is given by

—t/4
e _ )2 _ n_ 2\\2
pa(y,y t) = = (yy)/? {e (log(y/y"))?/4t _ ,—(log(yy')—log(a®)) /4t}’ (1.9)
for y,y’ > a. This is easy to verify by direct computation. Also note that for 1 < y < a,
pa(y,y',t) = 0.

The operator e **e0 acts on L?([a, o),y 2dy). However, we can regard it as an operator acting
on L?([1,00),y~2dy). In order to do so, let us consider the following linear transformations: Let

Jia t L*([a,00),y~%dy) — L*([1,00),y 2dy)



be the inclusion and
pay  L*([1,00),y~%dy) — L*([a, 00),y 2dy)

be the restriction. If f € L%([1, 00),y 2dy), then e t2e0 f 1= Jj ;e tRa0p, , f.

Conversely, the operator e #2410 can be regarded as acting on L?([a,0),y~2dy) in the following
way: Let f € L%([a,00),y 2dy), e 1210 f i= po1e tA10 ]y, f.

Now, let us assume that M can be decomposed as M = My U Z with Z = [1,00) x S'. Then
we can make the operator e~*2«0 act on L*(M,dA,) in the following way: let T, : L?(M,dA,) —
L?([a, ),y 2dy), be the projection defined by I, f(y) = fsl flz, (y,z)dr, where as before Z,
denotes the cusp [a,00) x S, and let J, : L?([a, 00), y~2dy) — L?(M,dA,) be the inclusion. By an
abuse of notation, for f € L?(M, dAy), we write e tRa0 f = Je tRao]], f. Explicitly,

/

o
_ d
e R0 f(2) = / /S1 pa(y, ', 1) flz, (y',ac’)dac'yfy2 for z = (y,x) € Z,
a
and is zero otherwise. From the symmetry of pq(y,4/,t), is clear that the operator e~*2
on L*(M,dA,) is symmetric.
Recall the operator Az p defined in section 1.1. The kernel of the operator e tAzD i con-
structed by a classical method (see [9, chapter VII]) and it is given by:

KZ,D((yv l’), (ylv .T/), t) = Kl((ya ‘7:)7 (y/a xl)7 t) +p17D((y7 .CU), (ylv x/)v t) (1’10)

where y,y' > 1, 2,2’ € S', t > 0, and p1 p((y,z), (¥, '), t) is a function that decays exponentially
ast — 0 if (y,z) and (y/,2’) are away from the boundary. More precisely, for every T" > 0 there
exist constants C, ¢ > 0 such that:

@0 acting

_ e(dg(2,02)+dg (=’ ,02))?
t

IpLp(z, 2, 1) < Ct7(i(2)i(2)) e (1.11)

for all 2,2’ € Z and 0 < t < T. For manifolds of dimension n, the power of ¢ is —n /2.

For upper estimates of heat kernels on complete Riemannian manifolds, we refer to [11], Theo-
rems 4, 6 and 7. There, the authors work with the heat kernel of a complete Riemannian manifold
with sectional curvature bounded from above and from below by constants C' and —c¢, with C, ¢ > 0.
They state that the derivatives of the heat kernel K (x,y,t) are expected to satisfy similar inequal-
ities as K (z,y,t) itself satisfies, except for the powers of the time variable ¢ which will be different
and the constants will depend on the curvature of M and its covariant derivatives. We state here
some of their results. Let M be a complete Riemannian manifold with bounded curvature. Then
there exists a constant ¢(n, k,T'), with n = dim M, k the lower bound of the curvature, and 7' > 0,
such that for all p,x € M, and for all ¢ € [0, 7], ([11, Thm 4])

a(n)d?(p, x
K (p, 2,t) < (n, K, T)(3(p)) ™" exp (_<>dt<p>>

for some universal constant «(n) > 0, where

6(p) = min {1, (p), 1275/?} ,

and 0(p) is the injectivity radius at p. For the derivatives of K one has, ([11, Thm 6])

IVK|(z,p,t) < c(n, k, T)(3(p)) ="t~ FD/2 exp (“W)
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Finally, under the same hypothesis as above Theorem 7 in [11] states that there exists a constant
C(n, Ag, A1, T) such that for all p,x € M, and for all t € [0, T],

2
| hess K|(p, x,t) < C(n, Ay, Al,T)(S(p))_O‘(’I)t_(’L'FQ)/2 exp (—W),
where Ag is a bound for the curvature tensor and A; is a bound for its covariant derivative.
Now let us go back to the conformal transformation of the metric in a surface with cusps,
h = €*#g. Let us assume that ¢ and Agp decay in the cusp as O(1/y), as y — oco. Remember
that in that case the metrics g and h are quasi-isometric, therefore the corresponding Riemannian
distances are equivalent, i.e., there exist constants C1,Cy > 0 such that

Cidy(z,2") < dp(z,2") < Cady(z, 7).

Transferring the results of [11] to our case we have that for the power of the injectivity radius
o =1/2and for z = (y,z) € Z, 6(z) = inj,(z) ~ y~* ~ inj,(2). Therefore the kernel of the heat
operator for the metric h satisfies the same estimate as the one corresponding to g:

t~Lexp <—W> (1.12)

[NIES
N

cod2 (z, 2
Kn(z,2,t) < (i(2)i(2)))2t L exp (—Odhi’)> < (i(2)i(2)

t

uniformly for 0 < t < T', where ¢; and ¢y are positive constants and the symbol < means < ¢ times
the expression, for some constant ¢ > 0.
For the derivatives of the heat kernel K, where x denotes the metric g or h, we obtain:

IVK,|(z,2,t) < c(n, k,T) (i(2)i(")?t73/? exp (W) and (1.13)
IALK,|(z,2,t) < C(n, Ag, A1, T) (i(2)i())"/*t 2 exp (W) (1.14)

Now let Az} be the self-adjoint extension of the operator
—e 2y (07 + 02) 1 C(Z) — L*(Z,dAy)

obtained after imposing Dirichlet boundary conditions at {1} x S'. Let Kz denote the kernel of
the operator e ¥z As in the case of the heat kernel associated to the operator A 7.D, equation
(1.10), the kernel Kz, is given by:

KZ,h(Za Zlat) = Kl,h(za Zlat) +ph,D(Za zlat)v (115)

for z,2’ € Z and t > 0 where the term pj, p(z,2’,t) is determined by the boundary condition. By
the same argument as above, we infer that py p(z,2’,t) satisfies, up to some constants, the same
estimate as the one given by equation (1.11).

1.6 Duhamel’s Principle

There are several ways to state and use Duhamel’s principle. In this section we refer to [9, VIL.3].
Let  be a regular domain in a fixed Riemannian manifold M and let 02 be its boundary. The
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boundary carries the outward unit normal vector field v. A regular domain is a connected open
subset which has compat closure and whose boundary is smooth.

Let u,v € C%(Q2 x (0,t)) be such that they extend continuously to €2, and their gradients extend
to continuous vector fields on Q. Let [a, 3] C (0,¢). Then

15}
/ dr / (L) (2t — 7)0(z7) — u(zt — 7)(Lo) (2, 7)}A(2)
@ Q

ov
d ,T) — bt —7)—(z, dA
/ T/8Q {aux —71)v(z,7) —u(z T)aux (z T)} (x)
+ / u(z,t — B)v(z,0) —u(z,t — a)v(z,a)dA(z), (1.16)
Q

where L = A — 5. In the notation of [9] the Laplacian is negative. Since we work with positive

Laplacians we need to arrange the signs.
Duhamel’s principle can be applied in the non-compact setting under certain assumptions on the
decay of the functions. This is the case of the heat kernels on surfaces with cusps and asymptotically

cusp ends. Using equation (1.16) and the properties of the heat kernels, we obtain the equations
that we will use throughout this thesis. One of then is the following;:

Kp(z, 2, t)e*?#) —Ky(z,7,t) / d’T/ Ky (z,w,s) @(w)(AgfAh)Kg(w,z',tfs)dAg(w)ds
In terms of the operators, Duhamel’s principle can be written as:

t
T e !8hT — '8 = / T e AT (Ag — T 1ART)e 9% ds.
0

1.7 Gauss-Bonnet formula

For a surface M with m cusps, the Euler characteristic is given by x(M) = (2 — 2p — m), where p
is the genus of the compact surface M defined in section 1.1. A Gauss-Bonnet formula is valid in
this setting:

/ KydAg =2mx (M),
M

where K, denotes the Gaussian curvature of the metric g. The same formula is valid for the metric
h = e?*#g when ¢ and Ay have a suitable decay at infinity, since:

/ Ky, dAp = / e 2 (Agp + Ky)e*? dA, :/ Agp dA, +/ K, dA, :/ K, dA,.
M M M M M

1.8 Regularized determinants on compact manifolds

On a n-dimensional orientable connected closed Riemannian manifold, the determinant of the
Laplace operator is defined by a zeta regularization method. We know that the spectrum of the
Laplacian A consists of a discrete set 0 = Mg < A1 < Ao < --- of eigenvalues and that the
corresponding eigenfunctions {@; };cyy form an orthonormal basis of L2(M). Let N(\) = Y Nl
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it is well known that it satisfies Weyl’s asymptotic formula N(\) ~ %I)(M))\"/ 2 as A\ — oo, where

Wy, = (1322;2/)2 This implies in particular that )\n/ 2 “)(2v+)1(M), for j > 1.

The spectral zeta function associated to A is defined by the series:

= Z A7,

/\j>0

Since for j > 1, A;* ~ (C(n)j)~2/" with C(n) = 27 /w, vol(M), it is clear that the series converges
absolutely on Re(s) > n/2 and that the convergence is uniform on compact subsets of the same
half plane. Using Mellin transform we obtain

1 /OO ad Aitys—1 1 /OO —tA -1
— e NN T At = —— (Tr(e™*7) — 1)t° dt.
s) Jo ]z; I'(s) Jo

Let F(s) = F ® fl i et~ 1dt. Tt converges absolutely and uniformly on compact subsets
of C. On the other hand the heat kernel has an asymptotic expansion at the diagonal as t — 0:

) k
Ze g (x = (4mt) "2 thuj(a:,x) + O(th—2+h),
j=0

j=0

The coefficients are universal polynomials in the curvature and its derivatives; see [16]. The ex-
pansion of the heat kernel induces an asymptotic expansion on the trace of the heat operator as
t—0t:

Tr ( —tA 2(:—71/2 Za t]

The numbers a; are called the heat invariants. We use this asymptotic expansion to obtain:

1 1 N ay,
Tr(e7t) — )5 tdt = —= T
/O(r(e )—1) 5+kz_0k—|-s—g

+0(1),

as t — 0. Thus, we can continue (a(s) to a meromorphic function on C by using

Cals) = == {— Z A _|_ + analytic in s}

The pole at s = 0 in the brackets cancels with the zero of ﬁ =se [, (1+ %)e_%. In this

way we obtain an extension of {a(s) that is analytic at s = 0. The regularized determinant of A
is then defined by:

det A = exp <—§9CA(S)‘SO> . (1.17)

In the same way, one can define a regularized determinant for every self-adjoint non-negative elliptic
operator P on a closed manifold.
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1.9 Relative determinants

The notion of relative determinant was introduced by W. Miiller in [30]. The relative determinant
is defined for two self-adjoint, nonnegative linear operators, Hi and Hj, in a separable Hilbert
space H satisfying the following assumptions:

1. For each t > 0, e "1 — ¢=tHo ig a trace class operator.

2. As t — 0, there is an asymptotic expansion of the relative trace of the form:

oo k(j)
Tr(e 1 — tHo) Z Z a;xt® loght,
=0 k=0

where —oo < ap < a1 < -+ and ay — oo. Moreover, if a; = 0 we assume that a;p = 0 for
k> 0.

3. Tr(e 1 — e=tHo) = h  O(e™), as t — oo, where h = dim Ker H; — dim Ker Hy.

These properties allow us to define the relative zeta function as:

C(s; Hy, Hy) = ! ] /OO(TJr(«s’_tH1 — e tHo) _ p)¢5 Lt
0

I'(s
The relative determinant is then defined as:

C‘I.et(]i'l7 Ho) = 67C,(0§H17H0).

In a more general setting, condition 3) is replaced by an asymptotic expansion as t — oco. Then,
in order to define the relative zeta function, the integral has to be split in two parts, see [30].
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Chapter 2

Trace class property of relative heat
operators

In this chapter we give a proof of Theorem 2.3, which says that the difference of the heat operators
for g and h is trace class. As we know, none of the heat operators e *2r nor e *2s is trace class;
which is the reason why we consider their difference. The trace class property is very important
because it allows us to study the scattering theory of a pair of operators. In addition, it is the first
step to define the relative determinant of the pair.

Let (M, g), My, Z as well as Ay, Az p, and Aq be as in Chapter 1. Here again we consider the
surface (M, g) only with one cusp so that it can be decomposed as M = My U Z with My compact
and Z = [1,00) x S

Recall that the product of a trace class operator with a bounded operator is trace class, the
product of two Hilbert-Schmidt operators is a trace class operator and the product of a Hilbert-
Schmidt operator with a bounded operator is Hilbert-Schmidt.

Let T be a trace class operator and T'= RS with R, S Hilbert-Schmidt. Then

1Tl < [[Rl[2[1S]]2;

where || - ||; denotes the trace norm and || - ||2 denotes the Hilbert-Schmidt norm, see [21] for
the corresponding definitions. For an integral operator R with integral kernel r(z, 2") the Hilbert-
Schmidt norm is giving by:

IR|Z = /N 1 /M (2, ') [2dA(2) dA(2).

In this chapter we need to make many estimates for which we repeatedly use the following
lemmas:

Lemma 2.1. For any a > 0, and b,n,m € R, we have that:

m b2 /4a \/E(er%) b2 /4a
/ e~a@ =bz g, € ’ e dv < \/7?67.
n Va Jjam b Va

Foranyc>0,0<t<T, k>0 withk+{> 2 we have:

o oo 3 /
/1 /1 y Ry e 108w/ quay < \/telR*t/e, (2.1)
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Proof. Both results follow just from a change of variables. For the second part, for 4/ fixed, put
v =1og(y/y'), so y'e’ =y, and since 1 <y < oo, then —oo < —log(y’) < 0, thus

[ ey e e R (—kt1_(1—k)v — o2
/ / Y~ y/— e % og(y/y") dydy/ :/ / y/— — +1e( — )ve—;v d’udy/
1 1 1 —log(y’)
o0

S/ it /OO Q1R =502 gl < iRt
1

0
Note that for a, b, c > 0 the function f(¢) = %" is bounded in (0,00) and lim;—,o f(t) = 0.

Lemma 2.2. Let o € C°(M), ¥ = ¢ 29 — 1 and ¢ = 2 — 1. If |z(y,z), Agolz(y, x) and
Vplglz(y, @) are O(y™*) as y — oo, then so are Y|z(y,x), Agiplz(y,x), [Volglz(y,x) and the
analogues functions corresponding to 1.

Proof. Let z = (y,z) € Z. Since ¢ = O(y~*), as y — oo, there exist constants ¢ > 0 and N > 1
such that |p(y, z)| < cy™F, for y > N. Then there exists a constant ¢; > 0 such that for y > N:

r= REp = ok Rl
=1 ¢ =Y ¢ LR e
< i i (20 ! ‘Nl = (20)6 < —k(Nk QC/Nk)
= Yk L NRERgL T R Nkip =Y
=1 =1

For the other statements, notice that
Voth = Vye 2 = =272V 0
Ay = Age 29 = —2e 2PNy — de 2|V 0|2
O
Later we will also use the fact that the Riemannian distance in the cusp Z satisfies dy(z, 2") >
|log(y/y)|, for z = (y,z), 2/ = (v, 2'), see for example [28].

2.1 Trace class property for relative heat operators of conformal
transformations

Take g as background metric on M. Let h be a conformal transformation of the metric g by
a conformal factor e?#. We assume that on the cusp Z the functions ¢(y, ), |Vye(y,z)| and
Agp(y,x) are O(1/y) as y goes to infinity. Recall that this implies that g and h are quasi-isometric
and h has bounded curvature.

Let e *Ar and e " denote the heat operators corresponding to the Laplacians A; and Ay,
respectively. Let Kj(z,2/,t) and Kg4(z,2',t) denote their kernels. As we explained in Chapter 1
we need to consider the unitary map T : L*(M,dA,) — L*(M,dAp), T(f) = e ®f. Recall the
expression for T-1A,T given by equation (1.4) which implies:

Ay — T AT = (1 - 6_2¢)Ag + 6_2¢(_2<Vg90, Vg g+ Bgp+ |Vg¢|§)a (2.2)
TAT ! = A = (2 = 1Ay, = 2> (Vap, Vi - i+ (Agp — [Vg0l3)- (2.3)
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Note that the functions e™2¥ — 1 and 1 — 2% are O(y~!) as y — oo and that the functions €2 and
e~2% are bounded on M. In this section we use these facts, the decay at infinity of the function ¢
and its derivatives and the estimates for heat kernels and their derivatives given in Chapter 1.

Theorem 2.3. Let h = €2?g, and assume that on the cusp Z the functions o(y,z), |Vge(y, )|
and Agp(y, x) are O(1/y) as y — oo. Then for any t > 0 the operator

T*leftAhT o eftAg
1s trace class.

To prove this statement we follow a procedure similar to that used by Miiller and Salomonsen
in [32]. We use Duhamel’s principle which was stated in Section 1.6. Recall how it is given in terms
of the operators:

t
T le tArT — ¢7ths = / T~ e sAvT(A, — T7IALT)e™ 989 g, (2.4)

0
Let || - || denote the operator norm and || - ||1,4, (|| - [[1,n, resp.), denote the trace norm in

L*(M,dAy), (in L*(M,dAy,), resp.), then:

t/2
Tl Bl < [ e = T AT e s

t
4 / e 3 (T AT — Ap)[n ¢ ds
t/2

t/2 t
< / / (&g = T ART)e™ 798|y 4 ds +/ le™> A (TAGT™ = Ap)ll1,p ds (2.5)
0 t/2
When considering the trace of the operator in the right hand side of equation (2.4) as an integral
using heat kernels and their estimates one has to take two aspects into account. One is related
with the time singularity at ¢ = 0 and the other one is related with the convergence of the space
integral. The idea of breaking up the integral in equation (2.5) comes from the need to avoid the
time singularities coming from the heat kernel Kj(z,2',s) (K4(z,2',t —s)) close to s =0 (t —s = t)
that do not integrate to something finite in a neighborhood of 0 (of t).
Equation (2.5) reduces the proof of the theorem to the following Lemma:

Lemma 2.4. Let 0 < a < b < oo, under the same conditions of theorem 2.3 we have that for each
t € [a,b], the operators

(A, —T'ART)e™™s and e (TA T — Ap)
are trace class and each trace norm is uniformly bounded on t € [a,b].

In the proof we will use a choice of auxiliary function ¢ repeatedly, where ¢ € C°°(M), satisfies

¢ > 0 and
oy, ) =y % (y,2) € Z (2.6)

Let My and ]\4(;1 denote the operators multiplication by ¢ and ¢!, respectively.
The proof of Lemma 2.4 is presented in the following two subsections:
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2.1.1 Trace class property of (A, — T7'A,T)e 4
Let us write
(Ag =TI ART)e 0 = (Ag — T ART)e” W29 M 1) o (Mye™(12)89),

Let us prove that for every ¢t > 0, (A, — T_lAhT)e_tAgMdj1 and Mye *?s are Hilbert-Schmidt

—tA

operators. The reason to include the auxiliary function ¢ is that the heat operator e™*“v itself is

not Hilbert-Schmidt but when composed with M it is.
The operator (A, — T_lAhT)e_tAgM(;1 is Hilbert-Schmidt.
We use equation (2.2) to write the operator as:

(Ay — TflAhT)eftAgM(ﬁ_l =((1- eiQ(p(Z))Ag)eitAgM;l
+ 672@(_2<V9S07 Vg g+ (Dgp+ |vg‘p|52?))€7tAgM¢_l'

We start by proving the Hilbert-Schmidt property for ((1 — e 2#(2))A,)e~tA9 M(;l. In order to
do that we just need to prove that the following integral is finite:

/M /M (1= e 22N ALK (2, 2, ) () 2d A, (2)dA, ().

Let us use the decomposition of M as M = My U Z to split the integral as:

/M/M dAg(Z)dAg(?/):/M0 /Mo o A4 /MO/ (2)d44()
+/Z/MO e dA(s // CdAy(2)dA, () (2.7)

and let us prove that each integral is finite. We use the estimates for the derivatives of heat kernel
K,(z,7',t) given in (1.14), the decay of the function 1 —e~2#(3) at infinity, which by Lemma 2.2 is
the same decay as the one of the function ¢, and the definition of the function i(z) given in (1.6).
To estimate the resulting integrals we use the lemmas given at the beginning of this chapter. For
the sake of simplicity let us just write ¢ instead of 2c¢ for the constant in the exponential factor of
the estimates of the heat kernels.

For the first term in the sum in equation (2.7) which involves z € My and 2’ € My we have:

/ / (1 — e 22GNA, LK, (2,2, 1)6(2) " H2dAy(2)d A, (2)
Mo J My
< / / e TG A, (2) dA, () <t
Mo J My
For the second term in the sum in equation (2.7) which involves 2z’ € My and z € Z we have:

/ / (1= e 20 Ay LKy (2, 2, 1) 6(2) P Ay (2)d Ay ()
My

<<t_4/ / / o(Wa)2) dy de dA, () <t
Mgy J St
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The third term in the sum in equation (2.7) involves variables z € Mj and 2’ € Z. In this case
we use that the Riemannian distance satisfies dgy(z, 2") > dgy(9Z, ') > |log(y')| from which we infer:

//M (1= e 26NA, LK, (2, 2 () PdA, (2)dAy (')

< t4/ / / e G dA(2) do' dy < t4/ ¢ 10" gy
stJ1 Jmy 1

= t_4/ e~ tv et dy < t772et/
0

Finally, the last term in the sum in equation (2.7) in which the variables z, 2’ lie in Z we have:

/Z /Z (1= e 20ONA, LK, (2, 2, () PdA, (2)dAy ()
<t 4/ / ¢ (log(y/y"))? dy dy <t~ 7/20%

Thus we obtain:
H(l - 672¢)AgeftAgM(;1H% < t74 (1 + t1/2€t/c) )

Now we prove that the operators e =29 (Vyip, Vg - ) ge A9 M(;l and e 29 (Ayp+|Vypl2))e 0 M(;l
are Hilbert-Schmidt. Their integral kernels are given by

e NV 20(2), Vg Ko (2,2,8))07 1 (2) and e 22 (Agp(2) + [V g,00(2)[5) Ky (2, 2/, 1) (),
respectively. For which we have respectively the following estimates:

€72 (Vg,20(2), Vg Ky (2,2, 8))g0 ™ ()P < 17%(2)i(2) |V gipl2) Pem 50 g 71 (212

|27 (A gp(2) + [Vge0(2) [ Ky (2,2 1)~ ()2
<2 Agp(2)] + [Vap(2)[3)il2)i(2)e #4971 ()2,

We split the integrals on M x M in the same way as in equation (2.7), and the integrals obtained
are very similar to those carried out in the previous part for the operator (1 — e 2¥)A e~*A9. The
main difference occurs in the power of ¢. For the operator 6*29”<Vgg0, Vg - >ge*’5A91\4¢_1 we use the
estimates in equation (1.13) and the decay of the function |p| at infinity. Let us check the following
two cases:

When 2z € My, 2’ € Z:

/Z /M 62 (Vo 0(2), Vg Ky (2, 2 1)) g6 () Pl Ay (2)d A, (/)
0
< t_s/ y2e i o’ ))Qdy < t75/2et
1

y'?
When z € Z, 2/ € Z:

|10 (000020, BB, 0067 (P ()4,
ZJZ

o0 oo 1 ¢
<t / / yy?yre—;(mg(y/y))? dy dy 43 / / 0B w/1) dy ey’ < 1-5/26%
1 1
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Now for the operator e 2#(Agp + \Vggp\g))e*mqu;l we use the estimate of the heat kernel
given in equation (1.8) and the decay of the functions involving ¢. Let us check only the integral
on Z x Z. For z € Z we have (Agp(z) + |V .0(2)2)? < (y~' +y7?)> <y~ 2. Then

| [ 100000 + 19,0 D 2 067 ()P A ()4, ()
<L t- 2/ / 3¢t (log(y/y))? dydy’ < t3/2¢c.
Thus in the same way as above we obtain:
le72# (Vgip, Vg - )ge T BoMG G < 477 (14 ¢1/2e11°)

le™22(Agtp + [Vgpl2)e™ Ao M F < 72 (14 41/26)

The operator M¢e_tA9 is Hilbert-Schmidt

In order to prove this, we have to prove that the following integral is finite:

/ / 6(2) K, (2, 2, £) 2dA, (2)d Ay ().
M JM

We decompose the integral as in equation (2.7), and prove that each integral is finite. We
use here the estimates for K4(z,2',t) given in (1.8) and the definition of the functions ¢ and i(z).
Again, for the sake of simplicity we just write ¢ instead of 2¢ in the exponential factor of the heat
estimates. The computations are very similar to those in the previous case.

For the first term in which z, 2’ € My we have:

/ / K,y (2,2, )2dA (2)dA, (= <</ /t2 B GA,(2) dAy(2) < 2.
M() MO MO MO
For the second term which involves 2’ € My and z € Z we have:
| [ 165, 0P c)aa,:)
Mo JZ
<<t—2/ / / GW2)) dy do dAy(2') < 72,
My J St
For the third term in the sum in which z € My and 2’ € Z we have:
o0
1 _c /
// (2,2, 1)|PdAy(2)dAy () <<t_2/ —/6_?(103;(3” D dyf
Mo 1Y
= t‘2/ et du < 732,
0

Finally, the last term in which the variables z, 2’ lie in Z satisfies:

o dy d
//|¢(z) (2,2, 1) 2dA, (#)dA, ( <<// Ly Ug(y/y))Zy%ZTZ; (2.8)

_t_2/ /OO 1 1 =< (log(y/y'))? dy dy/ St_3/268t~ (29)
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Therefore
[Myet29||3 < t72 4 ¢73/2et/%,

In this way we have that (A, — T~'ALT)e "9 is a trace class operator and
1Ay =T ART)e o1y < (1(Ag = T ART)e™ 22D | - | Mge™ 250

1/2 N 1/2
< (t’2+t’3+t’4)1/2 (1+t1/26t/c> / <t72+t73/26t/c> /

the last expression is integrable for ¢ in compact subsets of (0, c0).

2.1.2 Trace class property of e "2+ (TA, T~ — A)

The proof is very similar to the proof for (A, — T71A,T)e™*As since the heat kernels satisfy the
same estimates, and the metrics are quasi-isometric. Let us write:

e BT AT — Ap) = (e DB My) o (M e DR (TAT™ — Ay)),

where ¢ € C°°(M) is as above. Then we have to prove that for every ¢ > 0, the operators e tAn M,
and M(;le_mh (TAgT_1 — Ap) are Hilbert-Schmidt, i.e. that their kernels are square integrable.

The operator Mgle’mh (TA,T7 — Ap) is Hilbert-Schmidt

First of all let us consider the kernel of the operator e *~» (TAGT~1—Ay). Let f € C2°(M). Then
we have:

(7T AT™ = An)f)(z) = / Kn(z2,1) - (TAg T = Ay ) f(2)dAW(2)
M
= / ((TAQVZIT*I — Ah,z’)Kh(Zy Z/, t)) - f(Z/)dAh(Z/)

M

since the operators TA, /T~ and A, are symmetric on L?(M, dAy,). Now, use equation (2.3):
My HTAGT ™! = Ap)e™n = My te 2 {(e2 = 1) Ay, =262 (V3o Vi - )+ (Bgi0 = Vgl }-

It follows that Mdjle_mh (TA,T- — Ap) is Hilbert-Schmidt if the following functions
L ¢(2)"H(e*(2) = DA Kn(z, 2, 1),
2. ¢(z) e
3. 0(2) 1 (Agp(2') = [Vgerpls) Kn(2, 2/, 1)

are in L2(M x M,dAdAp).

We split the integral in the same way as in equation (2.7) and use the estimates on the heat
kernel K (z,2',t) and its derivatives given in equations (1.12), (1.13) and (1.14). We also use that
since ¢ is bounded on M and since dAj, = eQ‘PdAg, then for any function f € L'(M,dA},) we have:

[ iflaan< [ 1ida,.
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For the first function listed above, the integrals are almost the same as the ones corresponding
to the operator (1 — e_Q‘P)Age_tAqujl. We obtain:

/ / 6(2) "1 (€27 — 1) Ay K (2, 2, 1) 2d AR (2)d AR (") < t74 + 17 7/2ete
M JM

for some constant ¢ > 0. Similarly for the other two functions we get bounds by ¢=3(1 + t1/2¢t/ )
and t=2(1 4 t1/2e!/¢), respectively. Combining these estimates we obtain:

M e BT AT = Ap)ls < (4 +t73 +472) (1 +¢1/21°).

e_tAhM¢ is Hilbert-Schmidt

The kernel of e *2r My, is Kj,(2, 2',t)¢(2). Since the estimates for the kernel Kj,(z,2',t) are, up to
some constants, the same as the estimates for K, (z, 2’,t), we can use exactly the same proof as for
the operator M¢e*m9 to show that:

le A My||3 < t72(1 + Viee).
Finally, for the operator e~ *A»(TA,T~1 — A}) we obtain:
le™ S (TAGT™ = Ap)|lap < e D30 Myllz - || My e WDA(TAT ™ — Ay)l2

<t Mt 473 )2 (1 + \/iet/c)

This expression is clearly integrable for ¢ on compact subsets of (0, 00).
This finishes the proofs of Lemma 2.4 and Theorem 2.3.

2.2 Operators on the cusp

tA

Proposition 2.5. The operator e '?s — ¢ #1220 s trace class for all t > 0, where e 'AzD s

considered as acting on L*(M,dA).

This is a corollary of Proposition 6.4 in [28]. The statement of that proposition can be rewritten
in our notation as follows:

Assume that M can be decomposed as M = My U Z with Z = [1,00) x S'. Let Py be the
orthogonal projection of L?(M, dA,) onto L?([1, o0),y~2dy). Then for every ¢t > 0, e tRs _etALO Py
is a trace class operator.

To see that Proposition 2.5 follows from this statement, recall what we explained in section 1.1:
the operator Az p can be decomposed as Az p = A1 g ® Az, where the heat operator e tAz1 g
trace class. So we have:

et — eTtAzp| = [le80 — ety 4 fletOm |

Ay _ ptA

Now, let us consider the operator A, for a > 1. To see that e~* @0 ig trace class, we

will proceed by writing the difference as

eftAg _ e*tAa,O — eftAg o eftALo 4 e*tAa,O o eftALo

By the proposition above, the first difference is trace class, so it suffices to show that e t2a.0 —e=tA10

is trace class.
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Proposition 2.6. For anya > 1 andt > 0 the operator e 2«0 —e~*A1.0 qeting on L2([1, 00), y~2dy)
1s trace class and the trace is given by:

Tr(e*m“’O — e*mlﬂo) = —\/Z% e /4 log(a).
As an operator on L*([a, o0),y~2dy) the trace is given by:
Tr(e t2a0 — ¢~tA10) — _ A Erf(log(a)/V'1),
Var

where Erf(s fOS % dy.

Proof. This proof uses a classical method and the explicit expression for each heat kernel, see
Section 1.5.2. Recall equation (1.9):

—t/4

paly:y',1) = (yy)"/? {ef(log(y/ vt _ e*(log(yy’)flog(a%ﬁ/u}

)

D
e~
m
o~

for y,// > a; for 1 <y < a, pa(y,y',t) = 0. First note that e ?*0 — ¢7#A1.0 is a Hilbert Schmidt
operator:

R e dy dy dy’ dy
/ / Pa(y, ¥, t) — p1(y, ¥/, ) ? / / pa(y, Y/, 1) p1(y,y’,t)\2y )2
1 1

d d
// p1(y, v/, tlzyy+/ /!myy !29 Y (2.10)

For the first integral in the right hand side of the previous equation we use that (log(y/a) +
log(y'/a))? > log(y/a)? and a similar expression for ' to obtain:

dy’ dy
/ / Pa(y, v/ t) — 21(y, ¥/ t)|2
—t/2 212
e N1 _ log(yy'/a?) log(yy) 2
— —e 4t 6 d d
o [ - Ydy'dy
—t/2 poo roo (log(y/a) +1og(y’ /a))? log(yy')?
= e47rt / / (yy)He T m e w)dydy

—t/2 12 2 142

e log(y/a) 1 _log(y' /a) 1 _ log(y) 1 _log(¥)

<5 t/ / ylem T E T fyTler a g Tlem i )dy'dy.
7I

All the integrals involved are clearly finite. For the other terms in the right hand side of equation
(2.10), using the symmetry of the kernel pi(y,vy’,t) = p1(v/, y,t) we have that

dy' d d dy' d
// Iply,ytl2yy+/ /!plyyt\Qy < // 1 (y, ' ‘nyy

o—t/2 s
< i / / (yy') e OB 2 gy dy 4 — / / ()L 0B ) 2t gy g
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The second integral in the right hand side of last equation is computed in the same way as above.
For the first integral in the right hand side, we make the usual change of variables: v = log(y/y’)

to obtain:
/ “ / " () e BB 2 gy gy / "y ldy / T w2y < Vi
1 1 1 —00

Therefore the operator e *2a0 — ¢=tA10 is Hilbert-Schmidt, for every ¢ > 0.
The second step is to decompose the difference as the following sum:

€_tAa‘0 _e—tALO — e_t/QAa,O M¢M(;1 (e_t/QAa,O —e_t/2A1’0)+(€_t/2Aa’O —e_t/2A1’O)M(;1 .M¢€_t/2A1y0’

where M, is multiplication by the function ¢ defined in equation (2.6). We shall prove that each
term is Hilbert Schmidt. Let us start with e 7*/22a.0 My and let us set s = t/2:

e5/2 _ log(y/y")? log(yy’ /a?)?
||€—8Aa,oM¢Hg / / 2 e 2

_log(y/y)? _ log(yy'/a?)?
4s

e” &) dydy

The first integral in the right hand side is estimated by C+/, as in equation (2.1). For the other
terms we have:

0 © O, 1 a2 2 O, 2 O, ! a2 2
/ / y/—2y_1(6_1g(w23/ ) 19 lg(zi/sy) . lg(yis/ ) )dy/dy
a a
log( /a R log(y/a)?
<</ / Y2y le dy’dy<</ ylem T dy < oo.
a

For M(;l(e_t/QAa’0 — e7t/2210) et 5 = t/2 then in the same way as above we obtain

3 3 673/2  log( 1/a2)2 o (yy')2
|M (200 — ¢ t/2Alo||2_ 4m/ / PR L e TR ) dydy

2 y dy 9 y dy
\plny\ Iplyy !
_5/2 log(yy /a log(yy )
= (/ / dydy+/ / dy'dy
_|_/ / y/_ 10g<y/y dy dy+/ / 1og(y/y) dyd > (2.11)
1 1

The fact that both integrals in the third line in equation (2.11) are finite follows from:

/ / — log(yy'/a®) /az)2 dy'dy < /OO eflog(is{a)z /Oo y’*le*bg(i’s/aﬁ dy'dy
a a
oo w2 oo w2
= (/ e_4se“du> (/ e‘“du’) < oo. (2.12)
log(a) log(a)

The finiteness of the fourth line of equation (2.11) follows from a similar argument as in equation
(2.12).
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The estimate of the Hilbert Schmidt norm of the other operators follows in the same way. This
finishes the proof of the trace class property. Now, let us compute the trace:

_ _ © dy
Tr(e "0 — ¢ tALO)—/ (pa(y,y,t)—pl(y,y,t))?
1

a d o0 d
——/1 pl(y,y,t)y‘;“r/ (pa(y,y,t)—pl(y,y,t))y*g
% tonEan @ T g osw)tostaan

B Vart J1 Y VAart Jg Y

e t/4 & 2/, dy & 2/, dy e t/4
_ +/ —mm»u_/ 4@@Wﬁ}__ log(a).
s { og(a) e , e ) = og(a)

where the two integrals in the last line cancel after the change of variables v = y/a in the latest
one and noticing that dy/y is invariant under such change. If we consider e =0
operator acting on L?([a,00),y 2dy) we have that

— ¢ tA10 a5 an

B _ o0 dy et/ o 2/, dy
Tr(e tAq 0 e tA1,0\ _ / (Y, y, t) — Ly, t - e (log(y)) /ti.
( ) = . (p (y Y ) pl(y Y ))y2 = it . y

This finishes the proof of the Proposition. O

Remark 2.7. The trace of e 2«0 —e~tA10 g5 an operator on L?([a,00),y~2dy) has an asymptotic
expansion for small values of t. This follows from Proposition 2.6 and the fact that Erf(z) has an

expansion for x > 1. Taking into account only the first term we have that Erf(z) = @ +O0(z71),
as x — oo from which we infer that:

1
Tl"(e_tA’l’O — e_tAl‘O)Lz([a7oo)7y—2dy) = _Z + O(\/TE) ast — 0.

Remark 2.8. Let us study now the case when the manifold M can be decomposed as M = MyU Z,
with a > 1 and we want to compare the operators e~ and e 10, In this case we could consider
the operator e *A10 acting on L*(M, dAy) in the way explained in subsection 1.5.2. However it is
more convenient and accurate to consider the extended space:

L*(M,dAg) ® L*([1,a],y~*dy) = L*(My, dAg) & L§(Zs) ® L*([a,00),y >dy) & L*([1,a],y*dy)
— 12(M, dAg) © L3(Za) & (1, 00), y~dy) (213)

where L2(Z,) is the space defined in equation (1.2). Then the operators e A9 and e 'A10 act on
the extended space by being null where they are not defined. In this way we have that

TI‘(eitAg — eitAl’O)L2(M)@L2([1’aD = Tr(e*tAg — €7tAa’O)L2(M) —i—TI‘(eitAa’o — 67tA1’0)L2([17OO)) (2.14)

where for the sake of simplicity we dropped the densities in the notation of the L? spaces.
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Chapter 3

Expansion of relative heat traces for
small time

In Chapter 2 we proved that under suitable conditions T~ le *A»T —e~*As is a trace class operator.
In this chapter we prove the existence of an expansion in ¢ up to order two of the relative heat trace
Tr(Tfle*tAhT — e*mg) for small time. Our goal was to prove existence of a complete asymptotic
expansion of the relative heat trace as ¢ — 0 under the same conditions of Theorem 2.3; namely
that ¢ and its derivatives up to order two decay as y~! at infinity. We were not able to completely
realize this, but we did identify a condition for the existence of the expansion up to order two which
is enough to define the relative determinant of the pair (Ay, Ay). We give an explicit sufficient rate
of decay, but we expect this could be improved.

3.1 Expansion of the trace of T le AT — ¢t

Let (M, g) be as in Chapter 1. For the sake of simplicity we assume that (M, g) has only one cusp
Z = [1,00) with the hyperbolic metric on it. We take g as the background metric on M. Let h be
a conformal transformation of the metric g by a conformal factor e?#. To start with, let us assume
that for (y,z) € Z, the functions ¢(y,z) and Ayp(y,z) are O(y~!) as y — oo.

Let e *®r and e *®9 denote the heat operators corresponding to the Laplacians Ap and Ay,
respectively. Let Kj(z,2',t) and K,(z, 2/,t) denote their kernels.

As before, for o > 1 let

M, = MQU([l,Oé] XSl)a Z&:[laa] XSI’ Za:[a,OO)XSI.

We start by constructing the kernel of a parametrix Qp(z,w,t) for the heat operator associated
to Ay, by patching together suitable heat kernels over Z4 = M3N Z = [1,3] x S1. The construction
is similar to the one in Section 1.5.1. Let us consider the following kernels:

o Kip(z,w,t): the heat kernel for Ay on the complete cusp Z = R* xS, as was defined at
the end of Section 1.5.1.

o Kzn(z,w,t): the heat kernel for Az, the self-adjoint extension of the Laplacian on (Z,h)
obtained after imposing Dirichlet boundary conditions at {1} x S!. By equation (1.15) the
kernel Kz, is given by K1 j, +pn,p, where the term p;, p comes from the boundary condition.
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e For the compact part we consider a closed manifold W containing M5 isometrically. Let Ay,

be the Laplacian on W and Ky (2, w,t) be the kernel of the corresponding heat operator
—tAw
e .

For any two constants 1 < b < ¢, let ¢, ) be a smooth function on [1,00) x S that is constant
in the second variable, is non-decreasing in the first variable, and satisfies ¢ 0y (y, ) = 0 for y < b,
and ¢ ¢)(y, ) = 1 for y > c. Let g = gb(%g) and 11 = 1 —1)y; then {11,12} is a partition of unity
on [1,2] x S1. Let ¢y = ‘15(1,%) and g1 =1 — qﬁ(%g), so that ¢; = 1 on the support of ¥;, i = 1,2.
Extend these functions to M in the obvious way. Note that |Vp;(2)| < 1 and |App;(2)| < 1, for
1 = 1,2. For this choice of functions we have that:

e supp Vo1 C [%,3] x 81, and, supp v C Mo.
e supp Vo C [1,3] x S, and, supp ey C [3,00) x S
Now, we put:
Qn(z,w,t) = p1(2) Kwp(z, w, t)1(w) + @2(2) K1 (2, w, t)ha(w). (3.1)

From the properties of the heat kernels, Ky, and K 3, and the construction of the gluing functions
it is easy to see that Qp(z,w,t) — dy—_», as t — 0.

Lemma 3.1. There exist constants C > 0 and ¢ > 0 such that

ot

Proof. Here we use the estimates for the heat kernels given in Chapter 1 (see (1.12), (1.13) and
(1.14) as well as Theorem 2.3) and the equivalence of the geodesic distances dg and dj,.

0
(5t

<8 + Ah,z> Qh(z,w,t)‘ < Ce ¢, for 0<t<l1.

+ A 2)Qn(z,w,t) = 801(2)((; +Ap ) Kwp)br (w) + (2(Ver, VoK) + (Aner) Kwn) 1 (w)

0
+2(2)((5; + D) Kin)a(w) + (2(Vip2, VoK p) + (Ane2) Kip)2(w).
Because the kernels satisfy the heat equation it follows that:

‘ <3 ; Ah,z) @h<z,w7t>' < (Vo1 VoEwa) + (Angr) Knw)ibr (w)

ot
+1((Vipa, VoK1 i) + (App2) K1 p)ba(w)].

Note that ’(% + Amz) Qh(z,w,t)‘ has compact support in z. Let us consider the following
terms separately:

S1o= J((Ver, VaKwp) + (Arpr) Kw,p) v (w)),
Sp = |((V2, VoK1 p) + (Anp2) Ki,p)h2(w)].
Notice that S1 # 0 if z € supp Vg, and w € suppey. In this case dy(z, w) > log((5/2)/2)) =
log(5/4) > 0, so that taking ¢| = clog(5/4) we obtain:
St < (Ve (2)] [VaEKwp(z, w, )] + [Ane1 (2)] [Kwin (2, w,)]) Xsupp v (W)
< t—3/26—0d§(3aw)/t + t—le—cdg(z,w)/t
< (t_3/2+t_1)€_cl1/t<<€_c/1/2t,
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since (t73/2 4+t~ 1)e~1/2 is bounded for 0 < ¢ < 1. In the same way as above, note that Sy # 0
if 2 € supp Voo and w = (v,u) € supptps = [2,00) x S’ In this case dgy(z,w) > log(v/(9/8)) >
log(10/9) > 0. Therefore:
S2 < (IVea(2)] VoK1 n(z, w, )] + [Anp2(2))] [K1n (2w, 1)) Xsupp g ()
< (i(z)i(w))1/2t—3/2€—cd3(z,w)/t+(i(z)i(w))1/2t—le—cd§(z,w)/t
< ,01/2670(10g(8v/9))2/2t(t73/2_‘_tfl)efc’z/Zt < \/Eefc(log(Sv/Q))Q/2670’2/4t < 670’2/4&7

where ¢}, = clog(10/9). This finishes the proof of the lemma. O

Remark 3.2. Note that
=0.

w=z

ot

In order that the expression above does not vanish we need that

dg(z, w) > min{log(5/4),log(10/9)} > 0.

< 0 + Ay, Z) Qn(z,w,t)

To see this, consider the following:

0
(57 + B ) @1 0.) = (2T 01061, VoK. + (Ba () K o0, 01w
+ (2(Vea(2), VoK1 n(z,w, 1)) + (Anp2(2)) Kip(z, w, 1)) ¢2(w) = 0
unless the following conditions are satisfied:
e z €supp Ve C [ ,3] x St and w € supp 1 C My. This implies that dg(z,w) > log(5/4).
e z €supp Vs C[1, g] x S1 and w € supp s C Z%. This implies that dy(z, w) > log(10/9).

We now prove that in the expression for the trace we can exchange the heat kernel K} for the
parametrix @, built above.

Lemma 3.3. There exist constants C > 0 and c3 > 0 such that, for any 0 <t < 1:

/ Qi (2, 2,8) — Kn(z 2 8)|dAn(z) < Ce=?.
M

Proof. Applying Duhamel’s principle (see equation (1.16)) to the heat kernel K}, and the parametrix
Qy, we infer:

t 0
Al ) =Kz ) = [ [ K (at " Ah7w> Qnlw, 7,1 — 5) dAy(w) ds.

Using Remark 3.2 we have that:

/ 1Qn (2, 2,1) — K (2, 2, )|dAn(2)

///'K““< +Ahw) Qn(w, z,t = 5)| dAn(w) dAn(2) ds
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For the first integral in the right hand side we have:

/ / / |Kp(z,w,s) (g h,w) Qn(w, z,t — s)| dAp(w) dAp(z) ds
My J[3 3]xS1 t
<</ / / i(z)l/Qs_le_c?Qe_tc—is dAp(w) dAp(z) ds
0 JMy J[2,3]x5?
(/t _eo ></3dv> e
< e 2se t-s ds < te” t<<e ¢
0 2 v?
since 0 <t < 1.
For the second integral, recall that supp s C [5/4,00) x S'. Thus:
t 0
L], e <+Ah,w> Qu(w, 2.t — )| dAn(w) dAy(2) ds
0 Jz5 Jugxs ot
t
<<// / i(2)V2s e 5450 =i g A, (w) dAn(2) ds
0z 1,3]x st
<</ / / 1/26 25€7t75 d'U dy
y?
c2 _671 > 73/2 o0 dU _c3 _ &3
< e 2se t-s (s dy — | <te Tt <e .
2
0 2 1 v

Therefore we obtain that:

ds

/ (On(z2,8) — K (2, 2 8)|dAn(2) < e~ F.
M

O

Thus in the heat trace we can replace Kj(z,w,t) by Qu(z,w,t). Since the function e~2¢ is
bounded, the derivatives of the gluing functions ¢; and @2 with respect to the metric g satisfy
the same bounds as the derivatives with respect to the metric h. Then we can perform the same
construction for the kernel K,(z, w,t) to replace it by Q4(z,w,t). Let us state the main result of
this chapter:

Theorem 3.4. Let ¢|z(2), Agolz(2), and, |Vyplglz(2) with 2 = (y,z), be O(y~32) as y — oo.
Then there is an expansion of the relative heat trace:

Te(T te AT — e7t89) = agt ™! + ay + agt + O(t?), ast — 0. (3.2)

Proof. First of all recall that the kernel of T—le *ArT is given by e‘p(z)Kh(z, 2, t)e“"(z/). Then the
relative heat trace is given by:

Tr(T e tArT — et = /M(Kh(zzt) $) _ K, (2, 2,1) dAy(2).
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Let us start by using Lemma 3.3:

\ [ (Bl 0620 — Ky (2. 00dA(2) = [ (@l 0P = Qa2 )dAy(2)

- ‘/ (Kn(z,2,t) — Qh(z,z,t))e2‘p(2) — Ky(z,2,t) + Qqg(2, 2, t)dAy(2)

/ (@n(z;2,1) = Kn(z, 2, t)|dAn(2) / Qy(2,2,1) — Ky(z,2,t)|dAg(2) < e/t

Therefore in order to prove Theorem 3.4 we can replace the heat kernels by the corresponding
parametrices. Let a > 1 and let us decompose the integral as a sum:

/M Qn(z,2,1)e¥ @) — Qy(z, 2, t)dAy(2) = Ip(t) + L1 (t) + Lx(t),

where
I(t) = / 1 (2) (Kwn(z, 2,0)e27%) — Ky (2, 2,1)) dAy(2), (3.3)
M
L(t) = / Pa(2) (K1 p(z,2,1)e*®) — K 4(2, 2,1)) dAy(z) and, (3.4)
[1,a]x St
bt) = / () (K on(2 2, )29 — K (2, 2,8)) dA(2). (3.5)
Za
For Iy(t) we use the asymptotic expansion of the kernels Ky, and Ky, g4
N N
Kwi(z,2,t) = 1 Z ak(h, z)tk +Ry(h,z,t) and Kwg(z,z,t) = t1 Z ax(g, z)tk +Rn(g,2,1).
k=0 k=0

For any N the remainder terms Ry (h, z,t) and Ry(g, z,t) are uniformly bounded in a compact set
therefore they can be integrated. In this way the integral Iy has a complete asymptotic expansion
in t:

() = [ ) Ew(z 2 070 — King(z,2,1)) dAy(2)

=t! Z )(an(h, 2)e@) — ay(g, 2)t* dA,(2)

+ ¢1(z)(RN(ha 2, t)emp(Z) - RN(97 Zat)) dAg(Z)
Mo

The other two integrals can be rewritten as traces of the operators:
A(t) = szz My, (T—le—tAI,hT _ e—tAl,g) and B(t) = M., My, (T—le—tALhT . e_mw),

respectively. We will prove in Proposition 3.5 that for 0 < ¢ < 1, taking a = t~/? and assuming

that o((y,z)) and Agp((y,x)) are O(y~ 1) as y — oo, Tr(A(t)) = I1(¢) has a complete asymptotic

expansion of the form:
o0
)~y bt
§=0
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For B(t), also taking a = ¢t~/ and under the conditions that ¢((y,z)), |Vy¢((y,z))| and
Agyp((y,r)) are O(y~—32) as y — oo, we will prove in Proposition 3.7 that | Tr(B(t))| < t2. The idea
in this part is to assume that ¢((y,)) decays at infinity as y~* and to use Duhamel’s principle in
a similar way as in the proof of Theorem 2.3 to estimate the trace norm of B(t). The condition
k = 32 comes from requiring that I5(t) = Tr(B(t)) = O(t?).

Proving these two facts will complete the proof of the theorem. O

Proposition 3.5. Under the conditions of Theorem 2.3 we have that there is a complete asymptotic
expansion ast — 0 of the integral I, (t) in equation (3.4), with a = t='/°. The asymptotic expansion
has the following form:

/[1 a]x St wQ(zKKl,h(zaZ?t)eQ wle) — Ky g(z z,t)) d ~t 1Zb .

Proof. In order to deal with the integral
/1 . o (2) (K1 p(2, 2, t)e2“"(z) — Ky 4(z,2,t)) dAy(2),

we first recall what K and K4 are. Recall that h was extended to the complete cusp Z and
that Ky p(z,w,t) denotes the heat kernel for Ay on Z. The idea of the proof of Proposition 3.5 is
to use the local asymptotic expansion of the corresponding heat kernels and find a uniform bound
on the remainder term. N

Let us consider the universal covering of Z: Let Z=R"XR, 7: 2 — Z be the quotient
function, and, I' = Z be the group of deck transformations. The metric h on Z induces a metric
on Z that has the same curvature properties as h. In addition, h=e 2% 4o, where §g is the lift of gg
to Z and is precisely the hyperbolic metric on H, and the function ¢ is a lift of ¢ (¢ the extension
of ¢ to A ), = gom. It follows that h and go are quasi-isometric. Therefore by Proposition
2.1 in [32] it follows that the injectivity radius of h is bounded from below by a positive constant
independent of the point. In this way (Z , il) has bounded geometry. Let k; denote the heat kernel
for A; in Z. Then from the results in [11] we have the following estimate:

cd?(z,)

kn(Z,w,t) <Ct e &,
where Z,@w € Z and 0 < t < 1. Before we continue we need the following lemma:
Lemma 3.6. Ky (z,w,t) =)z kn(Z, W +m,t), where n(2) = z, 7(w) = w.

Proof. Let H(z,w,t) := > 7 kn(Z,w + m,t). In order to prove this lemma, it suffices to prove
that H satisfies the following defining properties of the heat kernel:

1. (% —i—Ah) H(z,w,t) =0
2. H(z,w,t) — 0y—z, as t — 0.

3. H(z,w,t) = H(w, z,t).
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First equation:
N H(z,w,t) = 9 4a, S kn(zwtmit) =Y 6+A kn(z,w +m,t) =0

where we can exchange the series and the derivatives because of the uniform convergence of the
series in C2. Since (Z,h) is complete and with bounded curvature, the heat kernel kj, and its
derivatives satisfy the estimates given in [11]. The uniform convergence in C? follows from these
estimates.

Second equation: Let F' C Z be a fundamental domain for I' = Z, let f e, and let fbe a
lift of f, so that fom = f, then

/ZH(z,w,t)f(w)dAh(w):/FZkh(z,a+m,t)f( Z/F (2., F(B)dA, (@)

meZ meZ

— [ W@ 0F(@)d4(@) — @) = F(2), ast 0.
Z
Third equation: Let z,w € Z be fixed. Then,

H(Z7w7t) = Z kh(z>ﬂ;+m7t) = Z kh(w—l_m?z’t) = Z kh(ﬂjaz—i_m?t) = H(wazat)
meZ meZ meZ

O]

Continuing with the proof of Proposition 3.5, notice that we can perform the above construction
for the kernel K 4. Then the integral I;(t) becomes:

L(t) = /1“ Yo (2) (K1 (2, 2, )€™ — K1 (2, 2,1)) dAg(2)

:/1 ; wg <Zkhzz+mt 2p(z+m) Zk zz—l—lt) dAy(Z),

meZ leZ

because F' = RT x [0,27] is a fundamental domain for I and the domain corresponding to Z! in F
is [1,a] x [0, 27]. Thus

21
/ / > 0o (B)(kn(Z. 2 +m, 1) — ko (2,7 + m, 1)) dAg(2)

meZ

a 2T _ .
_ / [ @ (32040 — ky(2.51) dAy(3)
/ /%JQ (2) S (kn (2,2 4 m, )22EHm) k(2,7 4 m, 1)) dAy(3). (3.6)
m##0

We will start by estimating the second term on the right hand side of (3.6). Note that ¢ = gom
implies that the function €% is bounded. This, the fact that the metrics h and § are quasi-isometric
and the estimate on the heat kernel k; imply that:

s ad?(Z,Z+m
> kn(ZZ 4 m, )P E < 71y " exp <_19<)> (3.7)

m#0 m#0 ¢
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From the explicit expression of the hyperbolic distance in the upper half plane, we have that

m2
d;((,9), (T +m,7)) = cosh™* <1 + 2?72> .

Since for s > 1 we have that cosh™!(s) = log(s + v/s2 — 1), we obtain
0o (E.5), (G + m? |m’ m2+1 >log(1+m2)
i((7,y m,y)) = = > - |-
’ Tty 7
For y = y € [1, a], we have 2a2 < % <1 and log(1 + 2M2) > log(1 + ) Thus
cldg(2,5+m) c1 10g(1+1/2a2)2 c1 10g(1+m2/2'§2)2
e t < e 2t e 2t

For 0 < s < 1, we have that log(1 + s) > s2/2. Applying this to s = (2a?)~!, we obtain

2
cld (z zZ+m) c1 log(l+%§)2 1 10g(1+%)2
E e <e 26 Is; E e = <e a8t E e~ =, (3.8)
m7#0 m#0 m=£0

with ¢y a positive constant. In order to estimate the series, we compare it with an integral using
2
e log(1+15)>
the fact that e™ 5 is a decreasing function of m. We proceed in the following way:

c1 10g(1+ﬁ22)2 oo c1 log(l-t—‘g)2 \/ia 1 10g(1+‘2)2 00 2¢1 log( \/%a)2
Z e 2 <</ e du < / e~ du+/ e t du

oo cqv2
< (V2a—-1)+ a/ e edy < a(l+Vtet) < a, (3.9)

0
where for one integral we used that e™* < 1, for all z > 0, and for the other integral we used the
change of variables v = log(\[ ); in the middle step we used that for z > 1, log(z + 1) > log(z)?.

Now we can use (3.7) and the bounds above to estimate the second term in the right hand side of
equation (3.6):

2
/ / [02(2) Y (kn(Z.Z+m, t)e??FT™) — k(2,7 + m, t)| dAy(2)
m##0

cld (z,z4+m)

<t [ [0 X e e
m#0
c110g1+m )2d e
< tTle /Z : £<t aefa%t.
y?
m#0

_ <2 _c2 .
we get abt = t1/9. Therefore e a5t = ¢  ¢1/9 and we obtain:

Now taking a = ¢t~ 1/9

/ /27r [(Z) Z kn(Z,Z + m, t)e??EH) — ko (7,7 4 m, t)] dAy(2)

m#0

< t—lt—l/Qe*ﬁ < t—lo/ge*ﬁ < 672t12/9 .

33



Let us see now what happens with the first term in the right hand side of equation (3.6):

a 27 .
/1 )35 0 — ky(2.2,0)d45(3)
t— 1/9

/ Do (2) (ke (2,2, )e2?®) — ky(Z,7,1))d Ay (2).

The kernel ky(Z,%,t), as well as ky(Z,z,t), has a uniform local asymptotic expansion as ¢t — 0
of the usual form:

N N
kn(Z,2,1) =t ) ap(h,2)tF + Ry(h,Z,t) and k(Z,Z,6) =t > ap(9,2)t" + Ry (9,71
k=0 k=0

for any N > 0. For the remainder terms there is a constant C' > 0 such that
IRy (h,Z, )| < CtN  and |Rn(§,%,t)] < OtV (3.10)

independent of zZ. Replacing the corresponding expansion in the previous integral we obtain:

t=1/9 2 N R .
/1 i Po(Z)t! (Z ay(h, 2)e*??) — ak(fz,%)) thdA,(3)
k=0

t—1/9 27 . . .
+ / U101 (2) (B (h, Z,1)e**®) — Ry (4,7, t))d A (2).
1 0

The first term can be integrated without any problem to obtain:

J

As for the remainder terms, using equation (3.10) we have:

t—1/9

wg ! (Zak h, 2)e???) — a,(g, N)) t*dAy(Z) =t~ 1Zbktk

—1/9

/ Do) (R (b, 7,020 — Ry (3,7,1))dAg (3)
1 0
t 1/9 2 R . t71/9 dy
<[ [ R0 ¢ R E DG < [ S,
1 0 1
since 0 < t < 1. This finishes the proof of Proposition 3.5. O

Proposition 3.7. Under the conditions of Theorem 3.4, for 0 <t <1, and for a =t/ we have
that:
| Tr(M,y,, My, (T e AT — e7B10))| < 42,

Proof. To prove Proposition 3.7 we want to apply Duhamel’s principle on the cusp Z. However the
heat operators involved in the trace correspond to Laplacians in the complete cusp Z. Therefore
in order to make the computations easier we first replace them by the heat operators e *2Zn and
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e tAzg described at the beginning of this section and apply Duhamel’s principle to e *Azh and
e t279. We have to take into account more terms, but we avoid the problem of the singularity at
y = 0. Using equations (1.10) and (1.15) to replace the respective kernels we obtain:

Tr (MXZa My, (T_le_tAl’hT - e_tAl’g)) = Tr(sza My, (T_le_tAZ,hT — e_tAZ’g))
_/ XZ, (z)¢2(z)(ph,D(Z7Z,t)emp(z) —p1,0(2, 2,t))dAg(2).
M

From equation (1.11) and supp(¥2) = Z5,, it follows that:

] [ om0l 0687 — (. 0)dA,(2)

cdy, (2,072) c/dg(2,02)
<</ tlyle™ T et )dAg(2)
Zs

1 _eles®? dy _erlog(s/4)? [0 cllog(y _c1log(5/4)°
< tTyeT Tt <t lem y e dy < e~ |
5 32 5

4 4

We now continue with the estimation of the trace of the operator M, , My, (T e tAzrT —
e~*A2.9). The kernel of T—le *A21T — e7tA%s as operator on L*(M,dA,) is given by

es"(z)szh(z, w, t)e“"(w) — Kz 4(z,w,1t),

that for z = w takes the form Kz (2, z,t)e???) — K ,(z,z,t). From the usual form of Duhamel’s
principle in equation (1.16) we infer:

Kyp(z,w, 1)eW) — Ky (2, w,t)
/ / Kzn(z,7,s) ‘p(zl)(AZ’g —Agp) Kz 42 w,t — s)dAy(2") ds.

Then taking z = w in the equation above and using the conformal transformation of Laplacians we
obtain:

Tr(My, My, (T e 82nT — e7B29)) = [ aho(2)(Kzp(2, 2,8)e*?) — Ky 4(2, 2,1))dAy(2)
Za

/ Pa(z / / Kzn(z, 7, s)e 20 (1 6_2¢(Z,))szngvg(z',z,t— s)dAg(2') ds dAy(z).

Remember that supp(y2) = Z5,4 and let us first assume that a > 5/4, so 4a/5 > 1. Split the
integral as the sum of the following terms:

LJi= f(f Iz, f[l,%l]xsl - dAg(2)dAy(z)ds.

2. J2= t/2 fza fZTa ' (2')dAg(2)ds.

3. J3 = ft/2fza fZ4a ) (2")dAg(2)ds.
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Let k > 1 and suppose that ¢(y,z) = O(y~%) as y — co. Note that according to Lemma (2.2),
1 =1—e"2% and ¢ = €2 — 1 have the same order as ¢. Then for .J; we have:

J1= / / / 2)(Kip(z,2',s) + prp(z, 2 s))eQ“’(zl)
. J1 4’1]><S1
w(z’)AZy(Kl,g(z’, z,t —8)+p1p(2,2,t —s)) dAg(z') dAy(z) ds.

Note that on this region a <y < ocand 1 <y < %‘1. Thus 1 < § < %, so log(y/y') is bounded
away from 0. Using the

clog(y/y’)? clog(y)? clog(y’)2
\J1]<<// / Yt—s)2yle™ 5 e s e )

_ clog(y/y")? _ clog(y)? clog(y N2 dy' d
y/_k+1(6 e e Z/ yd
?J y

t/2 S clog(b /411)2 clog( )
< at_2/ / sy ~l(e” = fe T )dyds
0 a

t  poo clog(5y/4a)? clog(y)?
—l—at_l/ / (t—s) 2y e +e i )dyds.
t/2

Since y > a > g we have an estimate in s:

_ clog(5y/4a)? _ clog(y)? _clog(5/4)2 _ clog(5y/4a)? _ clog(y)?
e s + e s <e 2s e 2s + e 2s )

_clog(Sy/élu.)2
and [Cy~lem 2 dy = [vTle”

4

c log 'u)

dv < +/s. We get a similar estimate for ¢t — s, and
together these give:

t/2 clog(5/4)2 [° clog(y)?
|J1‘ < at2/ 81625/5 yilei 2 dyds
0 5

4

. t s _clog(s5/4)2  [® . _clog(y)?
+ at (t—s) ‘e 209 y e 209 dyds
t/2 2

c 103;(5/4)2

t/2 clo (5/4) t _
< at_Q/ sT12e " ds + at™? / (t — S)_3/2€ 20t—5) (s
0 /2

clog(5/4)2 t/2 clog(5/4)2 t o
Lat e w / ds+at te™ " / ds < a(t™ + 1)/t < ae™ T,
0 t/2

for some constants ¢1, ¢ > 0, where we also used that for any b > 0 the function f(s) = s7le™s < 1
on R*.
For Jo, let us use that the variable 2/ € Zia to multiply the inside the integral by the charac-
5

teristic function xz,, (2'). Then, denoting again 1 — e2# by 1 we have:
5

t/2 /
JQ = / / ¢2(2)Kz7h(272/78)€2¢(z)
0 a Z4a

XZ 4o (z')w(z')Az,gKZg(z', z,t —s)dA, (z')dAg (z)ds.
10
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Writing this integral in terms of traces of the corresponding operators we infer:

t/2
|J2’ = / Tr(MQ/)Qe*SAz,h Me2eo MXZ4a MwAzyge*(tfs)Az,g)dS
0 5

t/2
<</ 1My, ,, MyDzge™ =582 ds _/ 1Mz, MyAgge=*5%a||1ds.
0 t/2

i3l 5

To obtain a bound, we use a similar method to the one used in Chapter 2 to prove the trace class
property. Let us use the auxiliary function ¢ defined by equation (2.6). Then for the trace norm
of the operator My,,. MwAz,ge_SAZ’g we have that:

5

4a 4a
5 5

1My, MyAzge 8291 < || My, MyDgge™*282a M ||| Mye™*/2523 5.
The terms in the right hand side can be estimated as follows:
My, MyAgge /2820 M3 = / / |XZ4a (2)Az Kz 4(2,7,5/2)6(2) " 2dA,(2")dAy(2)
5

:/Z /Z|w(Z)AZ,gKZ7g(Z7 Y, 5/2)0(2) L 2d Ay (2)d Ay (2)

o

o0 ] . , c , d /d
< /4 / y_%yyls_4(€_4?(1°g(y/y N* 4 o~ = (log(yy ))Z)y/ y’y2 yfg
da Jq
5

—a ([T okt~ (log(y' 9)? N R T e O L
=5 / / Y e~ s VsV dy dy + s /1 / Yy e~ 10sW)™ gy dy.
da  Jq = J1
5 5

For the first integral in the right hand side, let us fix ¥ and let us make the change of variables
v=1og(y'/y), v = ye?, dy’ = ye'dv. Then we obtain:

o [T —2k v, =dcy? —4 = X o [T a2 ~7/2 4~ 2k+1
s Yy Feles U dv dy < s "edcy/s y eV dvdy < s eic.
da —log(y 4?“ —00
For the second integral, we obtain in a similar way:
4 [T ok 4 (log(y'))2 5/ —7/2 £ 2k
s~ / / y e s VORI dy dy <« s etcq” “".
4a

Thus,
|| XZ4 MwAde S/2AZ¢]M ” <s 7/4( fk_i_akarl/Q)'

For the operator Mge™/?2%9  using equation (2.9) we have:

2 :  (log(yy'))22 4V d
[ Mge>/227 |3 <</ / 2Ly (e~ 108 W/v))” | =% (og(yy ))2)2?%;3
<</ / =271y =2 (o= (08(y/y)? | o= Qo)) g/ gy

8—2\/§es/40+8—2 /OO y/—le—%(log(y'))Qdy/ < 5—3/2(1 +es/40).
1
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Since s <t < 1 we have that || Mge™*/?A%s||y < s73/4. Tt follows that:

t

‘J2| < / 377/4(a7k +a*k+1/2) . 873/4d8 < a7k+1/2t,3/2.
t/2

Now, for J3 we have:

t
B / / Va(2) Kz (2.7, 8)e??xz,, ()
t/2 o v Z4a 5

(Azg — AZ7h)Z/KZ7g(z’, z,t— s)dAg(z/)dAg(z)ds.

Remember that Az, — Az = (62“’(2/) -DAz, = @Z(z’)AZh, so the previous equation becomes:

t -
= / / V2(2) Kz (2, 2, 8)X 74, (V) D 2K 74 (2 s 2,1 = 5))e 2P d AL (') dAp(2)ds
t/2 o v Z4a 5
t -
= / / Yo (2)(Az Kz (2, 2 8) ()X Z s (z’)Kzﬂ(z’, z,t— 3)6_2¢(Z)dAh(z’)dAh(z)ds
t/2 J Z, Z4a 5

/ / oz Ky (2,2t — 8)XZ4q (z’)(AZ7h1;(z’)Kz,h(z’, 2,8))dAR (2 )d Ay (2)ds.
t/2J Zq Z4a 5
Writing this in terms of the corresponding operators we obtain:

t
J3 = / TI‘(Md,QMe,z(pe_(t_s)AZ,gM AZ hMN@ sAg, h)ds7
/2 “4g

t
s < / e

We are now working in L?(M, dA;,) therefore to simplify notation we do not write the subindex h
in the trace and the Hilbert-Schmidt norms.

||MXZ4a AZ,hM{/;e_SAZ’h ||1 < ||MXZ4a AthMJG_SAZ’h/2M¢—1 ||2HM¢6—SAZ,h/2”2
4o e

The kernel of the operator My, Az, Mge —sAz, h/2M¢ 118 X2, (2 (z ’)(Azjh(i(z’)Kzﬁ(z’, 2,5))p(2) "L
Using the decay assumptions on o and its derivatives, we have that:
Azn(OKz0)? < [0AZ0Kz0|? + | KznAznth? + 21V, VK z)
< y’*%“y(s”‘-1-5*2-1-5*3)(@*5(10%@/1’)) + ¢~ s (log(yy)? )2.

Since for 0 < s < 1 we have that s7* + 572 + 573 < 5%, we can estimate the Hilbert-Schmidt
norm by:

M, Drgbge ™22/ = / [ Wy B A Kol 2,5/2000) P )d A ()

/ / 2 (o= 2 osu/y)? . =2 on(uy))? 28 Y
y/2 y2
1—-2k—1 ,— 2 (log(y/y"))? 1—2k—1,— % (log(y))? !
/1 ) / +y ) dy dy
<<( —2k;+1 ) —7/2 s/4c<<a 2k+1 /2'
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We finally obtain: N
||M(;l€—s/2Az,thh”2 < a_k+1/25_7/4.
For the operator e*S/ZAZ»hZ\@)7 the proof goes in the same way as for the operator M¢e*5/2AZ»g.
At the end we obtain:

1/2
|!6_SAZ‘hM¢H2=< [ |Kz,h<z,z’,s/2>¢<z’>|2dAh<z’>dAh<z>> vy
ZJZ

In this way:
t
15| <</ a2 T =3/ o ok 1232
t/2

Therefore for 0 < t < 1, we obtain:

‘Tr(MwQ (T_le_tAZ’hT . e_tAZ’g))’ < a—k+1/2t—3/2 +ae—c’/t < a_k+1/2t_3/2.

We know that t73/2 > 1, thus for a = t~/9, the condition a‘k+1/2t_3/2 < to‘ fora > 1, becomes

Ifl1<a< g, then 1 S t~ 1/9 <35 7 and (5) § t<1. Smce Tr(MXZaM¢2(T le—tAinT _ ¢ tAlg)) is

continuous on [(%)9 , 1] the statement of the Proposition also holds when 1 < a < % This finishes

the proof of the Proposition. O

Remark 3.8. In the proof of Proposition 3.5 we took a = t~/2, but what we need is that a®t = t*
for some k > 0. So we could take a = t=° with0 < § < 1/8. This will allow us to weaken the decay
of the function ¢ at infinity in Proposition 3.7. However, the decay still must be greater than 29
for this to work. Also note that we can obtain a higher order expansion if we require higher decay
at infinity of the functions ¢ and Agyp.

To compute the coefficients in the expansion (3.2) remember that the coefficients in the local
expansion of the heat kernels are given by universal functions. Thus we have that:

Te(T te tAnT — e~ tR9) = / Kp(2,2,1)e2?%) — Ky(2, 2,t) dA,(z)

2
= [ e S (b )P — aulg D dA(z) + O(F)
=0

t1 1
= /M V-0 1(2) (M(ezw(z) -1+ E(K(ha 2)e*?) — K(g,2))
2t—1/9

+ taa(h, 2)e*E) — az(g,2))) dAy(z) + O(t2),

where K(g,z) and K (h,z) denote the Gaussian curvatures corresponding to each metric. So, as
t — 0 we have:
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Te(TtetAnT — ¢~tA9)

tt 1
= /M {471_((32@(@ — 1)+ —(K(h, 2)62“0(2) — K(g,z2)) + t(az(h, z)eQW(z) — as(g, z))} dAy(z)

127
+ Ot + e~ 4 el
t=t 5 1
- e(2) _ — 2p(2) _
e e 1 dAy(z) + Tom /M K(h,z)e K(g,z) dAy(2)

+t / ag(h, 2)e*?%) — ay(g, 2) dAy(2) + O(t?).
M

From Gauss-Bonnet’s theorem follows that the constant term in the expansion vanishes. There-
fore we finally obtain:

t_l

yy (Ap, —Ag)+ t </M ag(h, z)dAp(z) — /M ag(g,z)dAg(z)>
+O0(t?), ast — 0, (3.11)

Te(T te AT — ¢7tA9) =

where Ay, and A, denote the area of M with respect to the metrics h and g, respectively.

3.2 Expansion for other relative heat traces.

In this section we consider surfaces with several cusps. Let (M, g) be a Riemannian surface of genus
p with m cusps. So, (M, g) admits a decomposition of the form M = My U Z,, U ---Z,, , where
a; > 1for 1 <i < m, My is a compact surface with boundary and the metric in each cusp Z,, is
hyperbolic. We assume that a; > 1 but this is not really necessary, it can be a; > 0. Let Aa,O be
the direct sum @72, Aq; o of the Dirichlet Laplacians Ag o defined in Chapter 1. Proposition 6.4 in

28] establishes that the operator e ™2 — e840 is trace class. For its trace there is the following
asymptotic expansion as t — 0:

n A i 1 1 M
Tr(e!8r — e~t8n0) = Z0471 4 (12 + 3 log(a;) = + o8(t) | x(M) | THO(VD) (312)
j=1

4m Vart  2v/4xt 6
A close examination of the proof of equation (3.12) in [28] shows that the term 7", logiz ) can

be replaced by e~*/4 i1 1%)'

In Chapter 5 it will be convenient to consider the relative determinant of the pair (A,, Aq ).
—tAg _ e_tALO)

To that purpose we consider the trace Tr(e . Recall that in Remark 2.8 we explained
that the trace is taken in an extended L? space. From equation (2.13) follows that in this case the
extended space is given by

L*(M,dAg) & @2 L*([1,a5),y dy) = L*(Mo,dAg) ® &7 (L§(Za,) ® L*([1,00),y dy)). (3.13)

j
Thus, using Proposition 2.6 and equations (2.14) and (3.12) we obtain the following asymptotic
expansion as t — 0:

Ag, .y ym  mlogt) x(M) m
Zay + L oW, 3.14
A oVart | 2/ant 6 7 ToWY) (3.14)
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Tr(efmg — eftﬁlvo) =




This together with equation (3.11) gives:

A 1 log(t M
Tr(T_le_tAhT — e_ml’o) = %t_l + % o + n;\;)%) + X(G ) + % + O(\/i) (3.15)
Var T

where the transformation 7' is the identity in the space @;”ZIL2([1, ajl,y~2dy).
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Chapter 4

Polyakov’s formula for the relative
determinant, extremals

In [33] the authors proved that on compact surfaces, with and without boundary and under suitable
restrictions, the regularized determinant of the Laplace operator has an extremum. In this chapter
we discuss the generalization of the extremal property of determinants given by OPS to certain
cases of surfaces with asymptotically cusp ends using the relative determinant introduced by W.
Miiller in [30]. We study the relative determinant as a function of the metric inside a conformal
class, considering non-compact deformations with good decay and proof Polyakov’s formula for the
relative determinant. Relative determinants on surfaces with cusps were studied by W. Miiller in
[30], and by R. Lundelius in [26] in terms of “heights”.

4.1 Definition of the relative determinant

For the definition of the relative regularized determinant we borrow the definition from [30], as
it was recalled in Section 1.9. Let (M, g), h := €2>?g where ¢ and its derivatives up to order two
have a suitable decay at infinity. We use the notation introduced in Chapter 1. As before we
consider positive Laplacians. Let us recall how the area element, the Laplace operator and the
Gaussian curvature change under conformal transformations: dA; = 62‘pdAg, A, = e_Q‘PAg, and
Kp = e 2°(Ayp+ K,). Since relative determinants on surfaces with cusps were already studied by
W. Miiller in [30], here we restrict our attention to the definition and the properties of the following
relative determinants:

o det(Ap,Ay), and
° det(Ah,ALo).

In Chapter 2 we proved that the operators, T~ le AT —e 129 e7tRg _e7tA10 and T le~tArT —
e 1210 are trace class, where T : L?(M, dAg) — L*(M,dAy), f+ e ¢f. In Chapter 3 we proved
the corresponding asymptotic expansions of their traces as ¢ — 0. See equations (3.12) to (3.15).

Remember the condition for the existence of the expansion of the trace of T le tArT — ¢=tAg
for small values of ¢: the conformal factor ¢|z(y,z), as well as its derivatives up to second order,
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should decay as y 32, as y — 0o. The expansion for this case is:

Anyryoym 1 mlog(t) | 1
47 2 VArt 24wt 12w

Let us take m = 1 and let us fix the notation:

Tr(T—le—tAhT_e—tALo) — / Ky dAh—|—%+O(\/%) as t — 0.
M

a:& a0 ==, a :—1 a:L(M)—i—l
0= 4 @0=7g N n=y N 2 6 1
For the asymptotic expansion of the relative heat trace for big ¢, the trace class property together
with the fact that o4.(A1,0) = [1/4,00) and Lemma 2.22 in [30] give the existence of a constant
C4 > 0 such that

Tr(TLe 20T — ¢810) = 1 1 O(e™O1Y),  ast — oo, (4.1)

where the value 1 in the right hand side comes from dim Ker Aj, — dimKer Ay = 1 — 0 and the
trace is taken in L2(M, dA,).

Following [30], we see that the conditions of Theorem 3.4 suffice to define the relative determi-
nant of (Ap, A1p). We start by defining the relative zeta function as:

1 [e.@]

C(s; Any Arg) = ——~ / 5 (Te(T e80T — e71810) — 1)dt, (4.2)
L'(s) Jo

for Re(s) > 1. It follows from the asymptotic expansions (3.15) and (4.1) that the function

¢(s; Ap, A1) has a meromorphic continuation to the complex plane, which we denote again by (.
To see that there is a meromorhic extension and that it is regular at s = 0, consider

C(s;An, A1) = C1(s) + Ca(s)

1 /1 ~1 1 A N 1 /Oo 1 1A —iA
= — 5 (Te (T e T — e LOY — 1)dt + —— 5 (Tr(T e T — e LO) — 1)dt
1 1 . . . 1 0o
= — S— - 1 - /2 —_ 1 s—1
) /0 " Haot ™" + (a10 + ar1 log )t /% + ag — 1 + O(Vt))dt + (s /1 T f(t)dt,

where f(t) = O(e™“t), as t — oo, thus the term ﬁffo t>=Lf(t)dt is analytic at s = 0. For
Re(s) > 1, we have that:

1 1
Ci(s) = F(s)/ 5 (aot ™" + (ar0 + arr log )t~ + ay — 1+ 9(¢t))dt
0
B 1 ag aio ail az —1
O <s— 1 s5-12 (-122 s “91(5))

)

where 9(t) = O(\/t)) and ¥1(s) is a function that is analytic at s = 0.
Therefore, we can define the regularized relative determinant of (A, Ag) as:

det(An, Ag) = exp (-jsg(s; Ay, AO)‘S()) . (4.3)
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4.2 Polyakov’s formula

The main tool to study extremal properties of determinants is Polyakov’s formula. This formula
relates the determinant of a given metric to the determinant of a conformal perturbation of it. In
this section we establish a variational formula for {(s; Ap, A1) that implies Polyakov’s formula for
relative determinants. The formula obtained is the same as the one for regularized determinants
on compact surfaces given in [33]. The proof of the variational formula and Polyakov’s formula
follows the main lines of the corresponding proof in [33] but we focus in the technical details that
allow us to perform each step in the main proof.

In order to study the variation of the relative regularized determinant and the variation of the
respective relative zeta function at the metric h we need to consider the following set of functions:

Fag = {1 € C®°(M)| (2) and Ayeh(2) are O(i(2) %) as y = i(z) — oo}.

Remember that if 1(z) = O(i(2)~3?) as y = i(z) — o0, so are 1 — €2¥(*) and 1 — ¢~2¥(*) and their
derivatives up to second order. Now, for 1) € F39 and u € R, let us consider:

hy = 62(<p+uw)g — 2wy,
Ay = Ay, =e 2N, dA, = dA,, = e¥WdA,,
T, : L*(M,dA,) — L*(M,dAp), f — fe*?.

T, is an unitary map, since for f € L*(M,dA,), [,, |Tuf|*dAr = [,;|f|*dA,. Let us consider the
following functional:

F: F3p — C, Fs(o+u) :==((s; Ay, A1)
1

(o0}
- / (T (Tpe ATt — Te Ao =1) — 1)dt,
L'(s) Jo

where the trace is taken in L2(M, dAy). The variation of ¢ at ¢ in the direction of 1 is defined as:

0 0
&i(s; Ap,Arg) == %Fs(@ + u)

Before we proceed with the computation of the derivative in the equation above, we need the
following lemmas:

u=0

Lemma 4.1.

d
— Tr(T,e tBeT b — TemtArop—1)

o = —t Tr(Ape t4),

u=0

where Ay, = % Au’ —29Ay,.

u=0 =

Proof. Let H, = T,A,T,;'. Then H, is a family of self-adjoint operators acting on L?(M,dA}).
Note that e *He = T,etA«T -1 Tt is also clear that:

d A ~ _ d _
2o Tr(Tue Pup il — TemtArop—ly = Ty (due tHu>.

Let uy,us > 0, with uy > us. Let us apply Duhamel’s principle in terms of the operators:
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t
o—tHuy _ p=tHuy _ K <673Hu167(t75)HuQ> ds
0 0s

t
_ / _eszul [{ulef(tfs)Hu2 + eszul Hu2€f(tfs)Hu2 ds.
0

Dividing by u; — ug the previous equation becomes:

—tHy, _ o—tHuy, t _
€ ¢ = _/ 6_5H1L1 <M> 6_(t_s)Hu2 dS,
Up — u2 0 Uup — u2

and letting uo — w1, we obtain:
d t d
— e tHu = —/ esfu | —H,
du — 0 du

> e~ (=) Huy g

u=u1
Therefore we get:

t
di Tr(Tue—tAuTu—l _ Te—tA1,oT—1) _ Tr(e_SH" <dHu> 6_(t_5)Hu) ds
u 0

Let us compute the derivative H,:

d . _(d . d o d .
o Hu = <duTu> AT 4T, (duAu) T 4+ TuA, (duTu )

=T, AT, 4+ T, (jAu> T, - T, AT,
u

Thus we get
Tr (Hue—tHu> = Tr (VTuAye 20T + Tr (TuAue_tA“Tu_l) — T (T, Aygpe 20T )
=Tr (¢Aue_m“) + Tr (Aue_m“) —Tr (AudJe_tA“) .

From the rate of decay assumed for 1) and A41) we have that the operators et and Aype A
are trace class; the proof follows in the same way as the proofs in Chapter 2. Now we use the fact
that for a bounded operator A and a trace class operator B we have Tr(AB) = Tr(BA). Using
that e 2« A,, is bounded for all ¢ > 0 we obtain:

Tr (Azﬂﬁe_m“) =Tr (e_%A“ AudJe—%A“) - Tr (Tf}e_tA“Au) — Ty (@ZJAue_tA“) ]
In this way we get:
Tr <Hue—tHu) = Tr (Aue—tAu> — 9Ty (¢Au€_tA“) )

Taking v = 0 in the previous equation together with equation (4.4) implies the statement of the
lemma. O
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Lemma 4.2. For any t > 0, the operator e t™n is trace class.

Proof. Let us use the semigroup property to decompose the operator e **h as
e A = we_(t/Q)AhM¢71M¢€_(t/2)Ah7

where ¢ is a smooth function on M such that ¢(y,z) = y~'/2, for (y,z) € Z and where M, denotes
the multiplication operator by ¢. Each of the operators e/ 2AhM¢7l and M¢e*t/ 2An is Hilbert-
Schmidt. The proof of the Hilbert-Schmidt property for M¢e_t/ 2An is the same as the proof for
M¢e_t/2A9 in Chapter 2. For the operator we_t/2AhM¢f1 the proof is similar. We just need to

verify that
/ / () K (2, 21 £/2) () [Pd A (2)dAn(2)) < oc.
M JM

The integrals obtained after estimating the heat kernel are of the same kind as those obtained in
Chapter 2. m

In this way we have for the variation of the relative zeta function that:

5g . _ 1 > s—1 d —tAy—1 —tA1,0p—1
5w(s,Ah,A170) = F(s)/o t du(Tr(Tue T, Te T —-1) uzodt
- - / TR ((—2pApe )t = 2 / " 2 Te(getAnyay
I'(s) Jo I'(s) Jo Ot ’

where the last equality follows from:

%(Tr¢e_tAh) = /MWZ);Kh(Z’th)dAh(z)
=— /M V(2) ALK (2, 2, t)dAp(2) = — Tr(pApe™tAr),

Remember that in equation (4.2), the constant 1 stands for dim Ker Aj, —dim Ker A . In this case
we have dim Ker A, — dimKer Ay = 1, i.e. it will be independent of u. Now,

o _ 0 _
& e an = & w(e fAn PKer(Ah))'
Therefore 5 5 % g
@(85 Ap, AI,O) = F(S)/O tsa Tr(¢(e_tAh - PKer(Ah)>)dt' (45)

Before we proceed with the computation of the above integral, we need the following lemmas:

Lemma 4.3. There exists a constant ¢ > 0 such that:

TI‘(w(eitAh - PKer(A;J)) = O(eict)a as t — 0o.
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Proof. Let t > 1 and let us write:

1 1
P(eT B = Prer(a,)) = e 280 (e 728 — Pya),

where we used that eféAhPKer(Ah) = Pker(a,)- Now, by Lemma 4.2 we have that @be*%Ah

class. On the other hand, using the spectral theorem we have for f € L?(M,dAp):

is trace

eitAhf - PKer(Ah)f = eit(AhipKer(Am)f-

[c1,00) for some ¢; € (0,1/4]. Thus He_t(Ah_PKer(Ah))HLz(Mﬁ) < e forany t > 0. Ift>1,
t— % > 0 and for the trace we obtain:

Note that gess(Ap) = [1/4,00) implies that 0 is an isolated eigenvalue of Ay, and 0(Ap — Pker(a,)) €

_ _1 —(t—1L
| Tr((e™* = Pier(an)| < llve™ 280 (e 2% — Poya,)ln
< Hd)e—%AhHl||6*(t*%)(Ah*PKer(Ah))”LQ(M n < e—C1t
This proves Lemma 4.3. O

Lemma 4.4. For 0 < t < 1 the trace of the operator (e t™h — PKer(Ah)) has the following
expPansion:

Tr(w(e_tAh - PKer(Ah))) = /

M

w(z) (;ﬂ + ij;(;) - 1;) dAy + O(t)

ast — 0.

Proof. In order to prove Lemma 4.4 we use a method similar to the one used in Section 3.1 to prove
the existence of the expansion of the relative heat trace Tr(e **r —e~*A9) for small t. We start by
considering the parametrix kernel Qp(z, 2, t) defined by equation (3.1):

Qn(z,w,t) = p1(2) Kwp(z, w, t)1(w) + @2(2) K1 (2, w, t)ha(w),

where the functions ¢; and v¢;, ¢ = 1,2, are defined in Section 3.1. Lemma 3.3 gives a constant
c3 > 0 that allows us to replace the heat kernel Kj(z,2',t) by Qn(z, 2, t):

Te((e ' — Peaa,)) = /sz)(Kh(z, 28) = )AL

1 1
‘ [ @ E ) — D) — [ @0 - 5 )aAE)

< /M | K (2, 2,t) — Qn(z, 2, t)|dAp(z) = O(efcs/t)'

With this we can restrict our attention to [, 1 (2)(Qn(z,2,t) — Aih)dAh(z) and split the integral
as the sum of the following two terms:
1

)AA(2)

Ly(t) = y V()1 (2)(Kwn(z, 2, 1) —

Ly(t) = /Z ¢<z>w2<z><m<z,z,t>;gdAh(z).
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For Li(t) we use the asymptotic expansion of the kernel Ky (z, 2,t) on the compact manifold W
to obtain:

Ly(t) = M Y(2)1(2) (Kwn(z,2,t) — )dAh( )

Ap

1 K 1
N n(z)

- [ v (g + 2 - 1

+ Rl(z,t)> dAn(2). (4.6)

For Ls(t), we consider the same construction as in the proof of Proposition 3.5. Let us summarize
the idea. For the details see the proof of Proposition 3.5. We first extend the metric h to a metric
h on the complete cusp Z = (0, o0) x ST and then we lift h to a metric h on the universal cover
7= R* X R of the complete cusp Z. We also lift the functions ¢ and v3 to functions on Z satisfying
zp w o7 and @bg W om. By Lemma 3.6 we have that

Kip(z,w,t) = Z kn(Z,w 4+ m,t),
meZ

where 7(2) = z and w(w) = w. We also have that F' = R+ x [0,27] is a fundamental domain for
the the group of deck transformations I' = Z. Now, let a > 5/4 and let us split the integral Lo(t)
as the sum Ly = Ji(t) + Ja(t) + J3(t), where the J;, i = 1,2, 3, are given by:

2m
/ D22k (F.5,1) = )dA443),

2
/ D(E)(2) Y kn(Z.Z +m, t)d A (),

m7#0
2w
/ / D(R)2(2) Y kn(Z,Z + m, t)dA; (3).
m##0

For J; we use the local asymptotic expansion of the heat kernel kp(Z, z, t):

2
N N 1 K i (2) 1
— —-—+R t) )| dA; 4.7
0= [ [0 (g + e Ayt a0 a4 (4.7
We know that |R; 1(Z,t)| = O(t), uniformly in Z, see [10].

For Jy(t) we use the same kind of estimates as in the proof of Proposition 3.5. We use namely
that the metric h is quasi-isometric to the hyperbolic metric in the upper half plane. Therefore the
heat kernel kj, satisfies the estimate:

cldg(z,zﬂ)

kn(Z,w,t) <t tem 1,

where dj is the hyperbolic distance. Thus the series can be estimated in the same way as in equation
(3.8). Then using equation (3.9) we obtain:

2
e log(14 5)> dy

a
—392 _:TQ _
Jo(t) <</5 Yy~ o%e abt Z e 3

m#0

yQ

IN|

)2

Cl 10g(1+ d c
Le o / _32/ T2 du %/ < ae” W, (4.8)
Yy
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Now, for J3 we have:

2
/ D) 2(2) D kn(ZZ +m, t)dA,(2)

m#£0

a

g/ Y(2)ha(2) K1 p(2, 2, t)dAp(2) <</ t ly_32yzy —t_l/ Yy Bdy < t7 a7, (4.9)
Za a

As in Chapter 3, let us take a = t~'/9. Then putting equations (4.6) (4.7) (4.8) and (4.9) together
we obtain:

Te((e ™ — Peaga,))) = /M () (En (2 2, 1) — ;gdAh(z)

1 Kp(z) 1

it e G t)) dAp(2)

- [, v (4

00 2w ~ 1 (3 1
4—/451 ; PY(2)12(2) (m + 1}12(7? T A, + Ry 1(Z, t)) dA; () —l—O(tz),

where O(t?) is clearly independent of z. Now we know that |Ry(z,t)| < t and |Ry1(Z,t)] < t
uniformly in z. Therefore we can make the following estimate:

27
RCRCLACUIIE / BE)ba(E)Ris (3, 0dA, (3) < 1.

In this way we conclude that:

Te(0e S~ Praian)) = [ 00 (57 + ok = ) ddn(2) + 000

This finishes the proof of Lemma 4.4. O

Going back to the variation of the relative zeta function, let us apply integration by parts in
equation (4.5) to obtain for Re(s) > 0:

:;i( Ap,Arp) = 25

Let us now split this integral as:

6C 2s
st 2100 = 15

> s—1 —tAp
1“(3)/0 7 Tr((e Pxer(ay)))dt.

1
/ T (e — Prearga))dt
0

+/ 51 Tr(i/J(e’tAh — PKer(Ah)))dt> (4.10)
1
and let us study each term separately.

For the second term on the right hand side in equation (4.10) it follows from Lemma 4.3 that
[t Tre(y (e tAn — Pier(ay)))dt is an entire function of s. Since T'(s)~! ~ s, we infer

d 25 [% 4 —tA
- 22 s=1my h_ P _
ds F(S) /; t f(w(e Ker(Ah)))dt s=0 0
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For the first term on the right hand side of (4.10), we use Lemma 4.4. Thus, for Re(s) > 1 and
taking the corresponding extensions, we have:

6C1 _ 2s ! S— 1 Kh( )
Soantg = o [ [ e (T Ah>dA +0<>}
_ FQs {4773 / W(2)dAp + - / (z 1277 )dAh+ analytic in s}

= { / ¥(z )dAh + analytic in s near 0}
1271‘ Ay

We consider now the derivative with respect to s at s = 0. We first take into account that
ﬁ =5+ O(s?). Then

d o d

cLs(SCq;(s’Ah’Al’o) e T ds ‘(SS < / 29(z )dAh—|— analytic in 3) 0
d 1 (z) ~
= & T0) </ 20(2)(—=—= 19 A—h)dAh +(a15—|—...)> .
B Kn(z)
= /M 29(z) < 19 Ah> dAy,.

Thus,

0 0 d 1
wlogdet(Ah,Al,o) = _@£C( Ah,Ao / 2¢(z < 127r) Ah) dAp,
1 1
= _/ 2¢(z) (12 Qw(Ag‘P + Ky) — Ah) 62¢dAg
1
= “on /M P(2)(Agp + Ky)dA, + Ih /M 2¢€2cpd‘49
1 )

= /Mw(Aggo + K,) dAg + @ log Ap,.

Using that

1 0 9 10
5 u Voot Ayl = SRyt un) dylo )|
1
= (g ) + (0 didg)) = (1, Agg)
0
(%/MKQ (o +uy) dA, o = / Ky ¢ dAg,

for all ¥ in the domain of F' we obtain:

1 1
log det(Ap, Ay ) = _127r/ IVa|? dA, — 67r/ Ky ¢ dAy +log Ay, + C.
M M

Notice that if ¢ = 0 we have A = A, and from the previous equation we obtain C' =
log det(Ag, A1). In this way, we have proved Polyakov’s formula:
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Theorem 4.5. Let (M, g) be a surface with cusps and let h = e*¢g be a conformal transformation
of g with ¢ € Fsa. For the corresponding relative determinants we have the following formula:

1 1
logdet(Ah,Al,o) = _E /M ’v9¢|2 dAg — a /M Kg ) dAg + log Ay + logdet(Ag,Al’o). (411)

4.3 Extremal properties of the relative determinant

Following [33] we choose a functional ® related to det(Ap, A1) that is translation invariant and
such that maximizing log det(Ap, A; o) is the same as minimizing ® for metrics of constant area.
It is convenient to choose the same functional as in [33]:

1
D(p) = 5 /M |Va0|* dA, + /M Ky ¢ dAy —x(M)log (/M eQ@dAg) . (4.12)

It is translation invariant since for any constant a we have:

1
P(p+a) = 3 /M V(o +a)® dAy + /M Ky (p+a) dAg — mx(M)log (62“ /M e2<PdAg>

= ®(p)+a (/M K, dA, — 27rx(M)> = O(p).
From

1
—6mlogdet(Ap, A1) = 2/ IV 460/ dAg+/ Ky ¢ dAgy — 6mlog(Ap)
M M

= P(p) + mx(M)log (/ eQ‘PdAg> — 6mlog(Ay),
M
it follows that
P(p) = —6mlogdet(Ap, A1 o) +7(6 — x(M)) log(Ap).
Then, under the constraint A, = 1 we have
O (p) = —6mlogdet(Ap, A1 ).

Notice that @ is convex, if x(M) < 0. Therefore, ® may attain a minimum.
Let us analyze the functional without requiring the constraint A, = 1. Assume that x(M) <0
and that ¢ minimizes ®. If this happens we have that ‘5‘1)( ) =0, for all ¢ € Fas.

o 0 §log(A
@(so) = 67rwlogdet(Ah,ALo)+7r(6X(M))ngbh)
- /w(AggoJrKg) dAg+_6WM+W(6_X(M))ML(Ah)

1
= / Y(Agp + Kg) dAg — wx(M)A—h /M 20e*?dA,

2
= [ wlAgpt Ky = mx(M) 1A, =0,
h
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By elliptic regularity we have:

2mx (M)

2¢ _
A, e 0,

Agp + Ky —

thus 2y (M)
_ X
K, =e %A K)=+—%5%—.
h=-¢e F(Agp+ Ky) fM€2@dAg
The left hand side in the last equation is independent of € M. Therefore if ¢ minimizes ® it
follows that K} should be constant. If A, = 27(2p + m — 2), it follows that Kj, = —1, where p is
the genus of M and m is the number of cusps.
On the other hand if K} = constant we have that:

5P
o9

(p) = /M YK dAg — foiiw) /M 2pe2PdA,

e2P)
= / (KnAp —2nx(M))dA, = 0,
M An

because of Gauss-Bonnet theorem and the constant value of the Gaussian curvature (KpA, =
S Kn dAy).

Remark 4.6. About the existence of a maximizer of the relative determinant, consider starting
with a metric T on M of negative constant curvature K. = —1, and taking the conformal class

Confy 39(7) = {h|h = e*¥1, with ¢ € Fzg and Aj, = 27(2p +m — 2)}.

Since T itself is the mazimizer and T € Confy 32(7), the maximizer trivially exists inside the con-
formal class. However, if we start with a general metric g on M that is hyperbolic only in the cusp
Z, the differential equation for the curvature on the cusp will be:

—e% = Agp — 1.

This implies that in the cusp the function ¢ should decay as y~', being in this case the function
© outside the conformal class under consideration. Therefore in order to have a maximizer of the
relative determinant inside the conformal class we need to be able to define the determinant for
Laplacians whose metrics have conformal factors e*¥ with ¢ having a decay of y~' at infinity.
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Chapter 5

Boundedness and comparison

In this chapter we specialize to hyperbolic surfaces. We use Selberg’s trace formula and use the work
of L. Bers in [1] and of J. Jorgenson and R. Lundelius in [19] to prove that the relative determinant
tends to zero when one approaches the boundary of the the moduli space of hyperbolic surfaces of
fixed genus ¢ with m cusps, Mg,. This fact implies that the relative determinant is bounded as
a function on the moduli space.

Let (M,7) be a Riemann surface of genus ¢ with m cusps, where 7 is a hyperbolic metric
of constant negative unitary curvature. To each element [r] € Mg, we associate the relative
determinant det(A;, A ). Let us recall the operator Aq o defined in Section 1.1. Let us denote by
A1 the self-adjoint extension of the operator

0? .
—3/28742 1 C((1,00)) — LQ([laOO)ay 2dy)
obtained after imposing Dirichlet boundary conditions at y = 1. Let A1 be the operator defined
as the direct sum @7" ;A1 o. The operator Ay acts on a subspace of @;”:1[/2([1, oo),yj_Qdyj); If
(M, 7) can be decomposed as M = MyUZ,, U- -+ Z,, , with a; > 1; then the difference e 7/A7 —e =510
is taken in the extended L? space given by equation (3.13):

LA(M,dA:) & &7 L*([1,a;],y 2dy) = L*(My,dA;) & &7 (L§(Za,) ® L*([1, 00),y~2dy)).

We want to see how det(A,, A; o) behaves as we let the class [r] approach the ‘boundary’ of the
moduli space, where by ‘boundary’ we mean the set Mg m \ Mg m. We assume surfaces connected,
although the limit M may not be connected. In order to prove our statements we use some of
the results of Jorgenson and Lundelius in [19]. Therein they define a determinant for Laplacians
on hyperbolic Riemann surfaces of finite volume, non-connected in general. We compare both
determinants. Part of the problem is to understand the kind of degenerations under consideration.

Let us start by recalling Selberg’s trace formula [39] as it is presented in [17], applied to the

function h(r) = ¢4+ and its Fourier transform g(u) = \/ﬁefief%.

Let T" be a Fuchsian group of the first kind. Let I' \ H = M be the associated surface, let A be
the Laplacian on M and let /\]2- = % — 7“]2 be the sequence of eigenvalues of A. We do not include
the contribution of the elliptic elements, because we consider groups without elliptic elements. In
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this case Selberg’s trace formula applied to the heat operator takes the form:

Nw

2 1
Ze—t( 14r2) _47r/ —t(% +A)i(2+2)\)d)\+ 1 Tr(<I>(§))

_ 1 [e’e] 2
:‘WW)/et(i“z))\tanh(w)\)d)\—k ‘Y %67%
A R dmt — o 2sinh (=52)
_t
et g i - -
e +iA)dA e 1 —mlog(2 ) 5.1
. /R (1+iX)dr+ 7 s O

where the sum runs over the primitive hyperbolic conjugacy classes v with length £(), m is the
number of inequivalent cusps, ®(s) is the scattering matrix and ¢(s) = det ®(s).

In the notation of [19] the hyperbolic heat trace HTrKj;(¢) and the regularized trace STrK p(t)
are given by

_1 [ee)
i _ (kt(y)?
HTr KM E E (ké ’y))e 4t

k 1 {7 sinh

STrKa(t) = HTr Kps(t) + Area(M)Kg(t, 0),
where

1

Ku(t,0) = / e~ G ) \ tanh (7 \)dA.
78

With the help of these expressions, the authors in [19] define a hyperbolic zeta function and a
hyperbolic determinant:
1 *° 1 /
(Mt hyp(8) = F(S)/O (STrKp(t) —d)t*"dt  and  detnypAr == exp(—(py,(0)), (5.2)

where d is the number of connected components of M as well as the dimension of Ker(A,).

We want to see now how the hyperbolic determinant dety,, A, relates to the relative determinant
(Ar, A1 ). Inorder to do that let us first consider P(¢) be the contribution of the parabolic elements
to the trace formula. We know that P(t) is given by

F/
P(t) = / et G (1 4 4r) dr,
B T

and for which we have the following lemma:

Lemma 5.1. P(t) has the following asymptotic expansions:

log(t —,
P(t) ~ ~ Ogt()JFZ\\f/( Byt —log(4) +m) + 72 Y "0t ast—0,
j=1

where By is the first Berntoulli number and 7y in this case denoted the Euler constant. Ast — oo,
we have that P(t) = O(e™1).
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Proof. The proof of Lemma 5.1 easily follows from the formula

(z+1) 1 </ 11
S oL A ST | _ -
M(z+1) 2z +log(2) /0 <2 u * ev — 1) du,

for Re(z) > 0, and from Stirling’s formula:

1 . )"~'B,
log(T'(2)) = (2 — 5) log(z) — z + flog (2m) + Tz:l 3r(2r — 1)1
for |arg(z)| < § — 6, where B, is the r-th Bernoulli number. O

The relation between the two determinants is given by the following proposition:

Proposition 5.2. For the relative determinant and the hyperbolic determinant we have the follow-
ing relation: B
det(AT, ALO) = Cdethyp(AT),

where C' is a constant that depends only on the number of cusps of M.

Proof. Equation (2.2) in [29] implies the following formula:

—tAr —tAa0) _ —TAg 1 d) 1
Tr(e—tA etA,)_zk:e tAM/Re ¢(2+zr)d
_i 1 _i m
+ o (Ix(@(5) +m Z gla;). (5.3)

where the operator A, was given in Definition 1.1. The equation above differs from equation

(2.2) in [29] by the term e‘im/él that comes from the boundary condition of the operator A, g.
Equation (5.3) and Proposition 2.6 imply that

Aok

Tr(eftAT _ eftﬁl,o) _ Z et 1/ +7"2)<i (2 + ZT) dr + c (Tr(q)(%)) + m)

- 4m 4
J

Combining this equation with Selberg’s trace formula in equation (5.1) gives

Cb‘
e
—~
ot
=~
~—

Tr(e A — eftﬁlvo) — STrKp(t) = — %

Let consider the following auxiliary function:

£(s) = % /OOO {—er(t) te i <; - loifz) } 5=14t. (5.5)

From Lemma 5.1 it follows that the function £(s) has a meromorphic continuation to C that is
analytic at s = 0. In this way we have that ((s; Az, A10) = Cunyp(s) +&(s), thus,

det(Ar, A1) = e ¢ Odetyyp (A,).

The constant C = e~ (9 depends only on the number of cusps of M. O

55



Now let us consider how to approach the “boundary” of the moduli space. For this we refer to
[1]. Let us recall the notation and the main theorem in this paper. Let G = SL(2,R)/{£I}. Every
Fuchsian group I satisfying the condition mes(G/I') < p has a signature o = (p,n;v1,- - ,Vy),
where p and n are integers, the v; are integers or the symbol co, and p > 0,7 >0,2 <1y <--- <
v, < o0o. Let

X(o) ={[I'] : [I'] is a conjugacy class of Fuchsian groups I' with signature o}

The spaces X (o), with their natural topologies, are metrizable. The topology of X (o) can be
derived from the Teichmiiller topology, see [1] for the details. The theorem that is of our interest
is the following:

Theorem 5.3. (L. Bers) The subset of X (o) corresponding to groups I' such that £(y) > 2+€ > 2
for all hyperbolic v € T is compact.

This implies that the only possible deformations are obtained is by pinching smallest geodesics,
i.e., we can approach the boundary of the moduli space by deforming hyperbolic elements in the

group.

1 b
For example if we consider hyperbolic elements of the form < 8_6 1 > they degenerate to
1+e€

10 . .
<0 1) that is parabolic.

Recall now that the goal of this chapter is to prove the following theorem:
Theorem 5.4. det(A,, A1) tends to zero as [t] approaches the ‘boundary’ of the moduli space.

As we said before, we use the results in [19]. Thus let us describe their notation and explain
their results: Let {M;},c Icgy, be a degenerating family of hyperbolic Riemann surfaces of finite
volume (each surface M; is assumed to have m cusps) with p pinching geodesics. This means that
for each I = (I1,--- ,1,) € I the cutoff cylinders Cj, . are embedded in M; for every 0 < e < 1/2. A
fundamental domain for the cutoff cylinder Cj, . inside the fundamental domain for the complete
cylinder Cj, in H would be

{pexp(ia): 1 < p < exp(ly), cot™L(e/(2l)) < a < m — cot ™ (e/(20k))}.

From Gauss-Bonnet follows that the area of the surfaces is kept invariant during the deformation
i.e., A, = Ay, = c, cis a constant. Let DH(I';) C H(I';) be a set of representatives of primitive
non-conjugated hyperbolic classes corresponding to the geodesics that we are pinching. Proposition
2.1 in [19] yields that the degenerating heat trace for ¢t > 0 equals:

Z Z o~ (n(7))? /4t
V16mt sinh( n£ /2)

DH(T)

DTrK ()

Let M be the Riemann surface that is the limit of the degenerating family {A/;} then M is not
necessarily connected and the number of cusps of M is m + 2p. Theorem 2.2 in [19] states that:

lhné(HTrKMl( ) — DTrKy, (t)) = HTr K ().

Their next step is to separate (in the trace) the small eigenvalues of the Laplacian on M; because
some of them may degenerate to 0 (since the limit surface M may not be connected, the eigenvalue
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0 of the Laplacian on M has multiplicity equal to the number of connected components of M). Let
0 < a < 1/4 be such that « is not an eigenvalue of M and consider:

HTI'K]O\ZZ (t) = HTI'KMZ (t) — Z eiAn,lt
A

n,lsa
From this definition we have that:
STrK(y, (t) = HTYK Sy, () + A Kmu(t,0) = STrEy, () — Y e ™4, and
)\j,lga
STKfy(t) = HTxK (1) — Y e ™) + AKy(t,0),
Aj (M) <

where A denotes the area of the limit surface M that satisfies A = A;, for any [ € 1.
Now for the given manifold M,, Jorgenson and Lundelius consider the truncated hyperbolic
zeta function:

1 o —1 1 o —1 —s
Cﬁéyp M. (S) = F(S)/O STI'K?\}* (t)ts dt = ﬁ A (ST‘I'KM* (t) - d*)ts dt — Z )\j,*’
0<Aj «<a
where d, is the dimension of the kernel of A,, and the corresponding determinant is:

[0 8 (0%
].Og dethypAM* = — %Chyp M,

s=0

Let us see now how detﬁypA M, relates to det(Apy,, Al,o)- Notice that the operator Al,o remains
constant through the degeneration and recall that it only has continuous spectrum equal to [i, 00)
with multiplicity m. At the moment we are not yet concerned with the relative determinant
det(Ayy, Al,o) but rather with the behavior of the relative determinant of the degenerating surfaces.
Equation (5.4) applied to M; can be rewritten as:

_ A 1 1 log(2), _¢ iy
Tr(e A — ¢7tA10) _ STYKY, (¢ :m<—P )+ (5 — e 1|+ e~
( )= SRRy ) = m (2P0 + G = 2t ) + 3

Writing this in terms of zeta functions we obtain:

C(sv AM[? ALO) - Cﬁéyp Ml(s) = 6(3) + Z )\_;ls’

where £(s) is as in equation (5.5). Taking the meromorphic continuations and differentiating we
obtain that: )
log dety, Ay, = log det(Apy,, A1) +me — Z log(Aj1), (5.6)

Ajifa
where for £(s) we used again Lemma 5.1 and the fact that from (5.5) is clear that &'(0) = ¢ m,
where ¢ is a constant independent of [. We wanted to use now Corollary 4.3 in [19]. However, there
is a misprint in a sign in their result. For this reason we decided to refer to Theorem 4.1 in [19]
and keep track of the signs. Theorem 4.1 in [19] establishes:

ing (G ) = g | TR (081 = G () = 0 (5.7

[—0 S
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In order to deal with the second term in the left-hand side of equation (5.7) we follow Remark
4.2 in [19]:

DH(F)n 1
(7)

= Z Z mgmh M( 73y Ko12(1/2:m(3) /2),

[e.e]
/ DTr Ky, ()t dt =
0

where K(a,b) := [;° e~a”t=0*/ts=1q¢ is the K-Bessel function. Now, taking into account 1/T(s)
and differentiating we obtain:

d 1 [
—- DTrK (8t dt
dsT'(s) /0 rK (1)

) n
s=0 DHZ(F Z\/1677rs1nh (nl(y )/Q)K—l/Q(l/z’ £(7)/2)

) it
=2 Z\/ﬁsmh(nf( Ty )/, = Z (@Y

DH(T;) n=1 DH(I)n=1 "
where we used that K /(a,b) = V/me~2e /b, This together with equation (5.7) gives:
7n€
1 (log detpypAns, + Z Z ) ———————) = logdetf}, Ay

~EDH(I}) n= 1"

Let us replace log detny, Ay, in the expression above using equation (5.6):

efn‘e(’}')

m— Z log()‘j,l))

0</\j‘l§a

o
lim (log det (A, Arg) +me + >
yEDH(T;) n=1

= log detp,,An. (5.8)

In order to study the behavior of logdet(Apy,, A1) we need to know the behavior of the series
in the left-hand side of equation (5.8) as | — 0. Recall that ¢(y) — 0 as [ — 0. Let us remark here
that the asymptotic expansion for the series given in [19] is wrong. For the correct expression we
refer to [45, page 308]: if Re(s) > 0 we have:

i~ e—nst(v) 2 1 .
- _Z _ st
E S pp—Ic) (66(7) + (s 2) log(1—e )) +0(1),

< i)

. €
LD DR D e Bl

For the sum of the logarithm of the small eigenvalues we have the following: some of the small
eigenvalues of the family {M;} may degenerate. For the eigenvalues of M, 0 = \;(M), that come

o8



from degeneration we know that for any 0 < o < %, « not an eigenvalue of M, there is a [y such
that for all 0 <1 <y, A;; < . This is due to the convergence of any finite number of eigenvalues.
Thus lim;_,g ZO</\j,z§a log()\;;) = —oco. In this way we have:

—nL(y)

hm Z Z ety Z log(Aj1) = oo,

’YEDH Fl n= 1 0<>\j,lSO¢

since the term ¢m and the hyperbolic a-regularized determinant of the limit surface are both finite,
it follows that )
}in% log(det(Ang,, A1) = —00.

This finishes the proof of Theorem 5.4.
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Chapter 6

Splitting formula for the relative
determinant

Splitting formulas for determinants have been widely studied. They have been proved in the setting
of compact manifold by Burghelea, Friedlander and Kappeler in [5], and in other settings by many
other authors. For example, in the setting of manifolds with cylindrical ends they were studied by
Miiller and Miiller in [31] and Loya and Park in [25]. The purpose of this chapter is to use the
Dirichlet-to-Neumann operator for the Laplacian on a manifold with cusps to obtain a splitting
formula for the relative determinant det(Ag4, Agyp).

6.1 Dirichlet-to-Neumann operator for A,

In this section we give the definition of the Dirichlet-to-Neumann operator N (z) and its main
properties. We also study the limit operator as the parameter z goes to zero.

6.1.1 Definition and properties

In this part we decompose the manifold (M, g) as M = M, U Z, where a > 1 and Z,, is isometric
to [, 00) x S with the hyperbolic metric.

As before, let Ay be the self adjoint Laplacian on M, let § > « and Az, p be the self ad-
joint Dirichlet Laplacian on Zg obtained by imposing Dirichlet boundary conditions at {5} x S L
Similarly, let Ay, p be the self adjoint extension of the Laplacian on Mg obtained after impos-
ing Dirichlet boundary conditions at 0Mg = {5} x S1. We will explicitly compute a part of the
Dirichlet-to-Neumann operator A'(2) on X5 ~ {3} x S, for any value of 3. The metric on X5
is given by gs, = B~ 2dx @ dz, the eigenvalues for the Laplacian Ay, are {47%n23?} ez and the
corresponding eigenfunctions are {3 exp (2winx) }nez.

Let z be in the resolvent set of Ay, p(Ay). Then the Dirichlet-to-Neumann operator,

N(z) : C%(25) — C™(Zp),

is defined as follows. Let f € C*°(¥X3) and let f be the unique square integrable solution to the
problem

{ (Ag—2)f=0 in M\
f=f on Xg.
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Let n™ denote the inwards unit normal vector field at X3 on M, and n~ the one on Zg. Then
N (2)f is defined by the following equation

Ve = (5 (Fl) + 5o (F12))

Theorem 2.1 in [7] establishes that for z € C\[0,00), the Dirichlet-to-Neumann operator is
a 1st-order elliptic, invertible, pseudodifferential operator, whose principal symbol is a scalar,
sym,,(N'(2))(x,n) = 2v/gz(n,m), (x,m) € T*M. In addition, the function z +— N (2) is holomorphic
as function of z. In particular, A'(z) has continuous extensions H!(X5) — L?(Z5) — H 1(Zp).
Then we can think of N (z) as an operator N'(z) : HY(X5) C L*(X5) — L*(X3) on L%*(Xp).
Furthermore, for f € C*°(X3) we have that:

N@E) @) = | Gy, 2) f(y)duly), (6.1)

X

where G(z,y, z) is the Schwartz kernel of (A, —z)~! on M, see Theorem 2.1 in [7]. This expression
is equivalent to:

N(Z)_lf = Pxs© (A - Z)_l © iz@(f)a
where ix,(f) = f ® ds,, in the distributional sense, this means f ® ds, (¢ fE @ - f for any

@ € C°(M). For convenience of the reader we reproduce the proof of equatlon (6. 1) as it is given
n [7], but for functions and using our notation. Let f € C*°(X3) and ¢ € C5°(M), then

(Ag—2)" (5% ® e /E / G(z,w,v)f(v)dAg(w)dAs,(v) = (¢, u),
8

where u € L?(M) is defined by u(w fz (2,w,v) f(v)dAs,;(v). Then from the previous equation

it is clear that in the dlstrlbutlonal sense (u, p) = ((Ag — 2) "1 (0x, ® [), ¢), therefore u = (A, —
2) ' (0s, ® f), and, (Ag — z)u = 05, ® f. In particular (Ay—z)u = 0, on M\ ¥3. Now use Green’s
formulas and smoothness of ¢ to obtain:

((Ag = 2)p, u)r2(ary = (@, (Bg = 2)u)p2ar) = ((Bg — 2)u)(p) = / ((Agu)p — (zu)p)dA,

M
— [ a0 - @), + [ (uldge) - (Bguedd,

B Op ou dp ou B ou ou
- /2@ T ~ ant ¥ g T g P)4A%s = /Eﬁ T

Therefore (Ag — 2)u = s, ® (N (uls,)). Then it follows that NV (uls,) = f, thus N 71 f = ulg,.
Now, remember that 0 € o(Ay) is an isolated eigenvalue. Thus the Dirichlet-to-Neumann ope-

rator N'(z) is actually defined for z in a neighborhood of zero and it makes sense to consider its

limit as z approaches zero. Indeed, we show that it exists for z = 0 and that the dependence on

z is continuous. In order to do this, let us split the problem in the classical way: let N (z2) =
N1(2) + Na(z), where for i = 1,2 N;(z) is defined as follows.
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Let f € C*®(Zg), then let ¢ € C®(Mg\ I5) N C°(Mpg) be the unique solution to the problem

{ (A—=2)p1 =0 in Mg\ 3Xg
p1=f on Yg.

Put Mi(2)f = —gqfi. Similarly, let p2 € C*°(Zg) N L*(Z3) be the unique square integrable
solution to the problem:
{ (A—2)p2=0 in Zg
Y2 = f on Eﬁ
Put No(z)f = — 222,
Using the usual method of separation of variables in the cusp we can compute the operator
Na(z) explicitly. This explicit expression of Na(2) is useful to compute the limit of the operator as
z — 0.

Proposition 6.1. Let f € C*°(X3). Write z = s(1 —s). Then for Na(z)f we have

If R LA = —(1-2 A Kory(BVh) 6.2
f Re(s) > 3 2(s(1 = s))f = —(L = 2s)co(f)B — sf + B/ Asx, Ks_;(ﬁ\/gzﬁ)f' (6.2)
a1 (By/A
If Re(s) < 5, MNa(s)f(x) = —sf(x) + 3y /B, Kl B\/j (6.3)
where co(f) is the projection of f on the kernel of Ax,,.
If Re(s) = %, f € Dom(N>(2)) only if it satisfies fzﬂ fdAs, = 0. In this case we have:
No(8)f = 55+ g, VIS (6.4)
2(s)f = —s s K (/A :

where K, is the modified Bessel function of order v.

Proof. On Zg the Laplacian is given by A, = —y? (;—;2 + 8‘%). Therefore the Fourier expansions
of w2(y,x) and f(x) have the following forms:

1
inx —2minx dx
o2(1r0) = 3 ()BT where  an(y) = / o2y ) Be=2mme 2
neL 0 B
2minx h 72m'mv dx
flx) = Zc Be where ¢, = f ik
ne’

Using separation of variables, the problem becomes:

(—0% s + y*4rn?B? — 2)an(y) = 0
an(B) = cp, for n € Z.

Set z = s(1 — s) with s € C. Then for n # 0, two linear independent solutions of the equation
2 & 2,202 2
< y? a —— +4mn 3%y (1—5)> an(y) =0 (6.5)
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are y%KS_;(ZﬂnWy) and y%IS_;(27r|n|ﬂy), where K 1 and I__1 are the modified Bessel func-
2 2

1
2
tions. We discard I,_1 because it is not square integrable on [1,00) for any value of s. Thus,
2

) =) an(y)e”™™ = boay B +bozy' B+ D bay? K1 (2mln|By) e
nez n#0

Le. forn#0, a,(y) =b y%K 1 1 (2m|n|By), where b, and by 1, bg 2 are constants determined by the

boundary and the square integrable conditions.

Case Re(s) > . In this case bp; = 0 and y2K (27r|n|ﬁy) is square integrable on [1, ool

Then we have: 1 |
P2(y, ) = b0,2y1—sﬁ + Z bnngs_% (27| n|By) Be>mn*
n#0
where ag(y) = bo2y' ~* and a,(y) = bny%Ks_;(%T]n]ﬁy). The boundary condition yo(3, ) = f(x)
2
is equivalent to a,(3) = ¢,. Thus b2 = co*~! and
C?’L

B2 K, 1(2m[n|6?)

by =

In this way we obtain:

aly, @) = oLy 0B + B y2 K, 1 (2n|n|By)Be>mn,
’ ;ﬁﬂf L @alnlg?)

9 -1, —s
Yy P2y, ) = (1 — s)yco B 1y *B

cnﬂe%rimc y—
+ty
;}521{ (27T|n|52)< 2

N

1d
K,_1(2n[n|By) + y? dyKS_;(%!nﬁy)) :

Let us use here the following equation:

d 1, _
Gy o2 2nInlBY) = (s = )™ Ky (2lnlBy) — 27|n|BK, (2| ).

Then we have:

d s
Yo, p2(y,x) = (1 — s)ycoB° 'y~

yz ¢, fe2mine (sy_%Ks_l@ﬂnmy) = 27T|n|ﬁy%Ks+l(27r|nWy))
n#0 BiK 77(27T|n|ﬂ2) 2 2

0 —(1 —1 92 K (27r|n|52) 2mine
Vg 0| =0l t 93 e o8 - 2l o )

S

M\»—‘ m\»—-

K
= (1 =2s)coB +sf(x) — 3 AEﬁK 1(5 As,) f(z),
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where we have chosen the positive square root of the eigenvalues to define \/Ay,. Recall that the
term co is the projection of f on the kernel of Ay;. Then we obtain equation (6.2).

Case Re(s) = % This is an interesting case. The computations are the same as in the previous
case but the square integrability condition implies that the zero term in the Fourier expansion of
the solution 9 should be null, thus

1 .
pa(y, ) = z:bnyQKk%(27T\n|f3y)ﬁe2 inz
n#0
and the condition ag = ¢y gives ¢y = 0. This means that only in the case when ¢y = 0 will there

exist a solution to the problem. Hence for f to be in the domain of Na(s(1 — 1)), f should satisfy
co(f) = fzﬁ fdAs, = 0. For such functions f equation (6.4) holds.

Case Re(s) < % In this case bp2 = 0 and by = cof~°. Then:

y2 K 1(2m|n|By),

( ) 675 Sﬂ N Z Cnﬂe%rinx
w2y, r) = Co Yy 1
nz0 B2 K 1(2m|n|5?)

1
2

Kop3 (2rlnl?)
—sf— 2 i A
B DLl

cnﬂe%rinx .

0
Y oy ©2(y, )

[ INSIE

Thus we obtain equation (6.3). O

Remark 6.2. For z < 0 the operator N (z) is positive. This follows from the non-negativity of the
Laplacian A, and from the construction of N'(z). Recall that the Schwartz kernel of N'(2)™! is the
same as the Schwartz kernel of (Ay — z)~1. We have A, > 0. If z < 0, then (Ay, — 2) > 0, and
(Ay —2)"t > 0. Therefore N'(2)~! > 0.

6.1.2 Existence and properties for N/

Lemma 6.3. For every f € C®(Xp) there exists a unique solution f € C*(M \ Xg) N L*(Zs) N
CO(M) to the problem: )

Agf=0 in M\

f=f on Xg.

In addition, using the notation introduced above we have that:

0
Nof = —y—pa(y,x)

By = By/As,f.

y=p

Proof. As in the proof of Lemma 3.1 in [31], the uniqueness of the solution ¢ € C*°(Mpz \ Xg) N
C%(Mg) of the Dirichlet problem on M, 3 follows from the invertibility of Apz, p. The uniqueness of
the solution on Zjz also follows from the invertibility of Az, p. To see the existence and uniqueness
on Zg more explicitly let us follow the same procedure as above taking z = 0. One way to obtain
z =0 is to take s = 1 in equation (6.5). In this case the square integrable condition gives

, . ‘
pa(y,z) = Z an(y)e*™™ = by o + Z by K1 (27| n|By) Be*™n=.
TLEZ n#o
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— Tt - — by, —2m|n|By
We know that K%(T) V37 2e". Then for n # 0 we have a,(y) W e . The

boundary condition p2(3,x) = f(x), which is equivalent to a,(3) = ¢, gives by = ¢p and b, =

cn2+y/n|Be2 1% Then

@2(1/’ .’E) = cof + Z Cne27r|n|ﬂ26—27r|n|6y6627rin1"
n#0

Taking the inward derivative we have:

=8> —2mn|B-cy BT =~ [As, f.

y=p8 n#£0

0
yafywz(y,fr)

The other way to obtain z = 0 is taking s = 0 in equation (6.5). In this case we have:

. ) ‘
pa(y, ) = Z an(y)e*™™ = by 13 + Z bnyﬁK_%(%r\nWy)ﬁeQmm,
nez n#0

As above, and using that K_1 = K1, we obtain:

1,
2

N

@Q(ya l’) =cof+ Z cn627r|n|52e—27r|n|ﬁyﬂ627rina:_
n#0

Thus for s = 0 and for s = 1, we obtain the same solution of the Dirichlet problem on Zg. Since
¢1ls; = ¥2|s,, we have that the solution f is continuous on M. Taking the inward derivative we

have
vayen)| = 83 om0 = =By .
In this way we obtain:
Nof = B/As, f. (6.6)
O

Remark 6.4. For z € p(A,), the resolvent set of Ay, it is well known that Ni(z) is a 1st order
invertible elliptic pseudodifferential operator. The limit, N1, as z — 0, it is well known to be a
1st order elliptic pseudodifferential operator, but it is non-invertible, see for example [5] and [}4,

Section 7.11]. Therefore the operator N = N1 + Na is non-invertible. However it is non-negative
and dim(Ker(N)) = 1.

Lemma 6.5. Let f € C*°(Xg). Then N (z)f depends continuously of z in a small enough neigh-
borhood of z =0, and
lim NQE)f=Nf

Proof. The proof that lim,_gNi(z2)f = Nif is the same as for Lemma 3.3 in [31]. For the conve-
nience of the reader we repeat here the argument with our notation. For f € C°°(Xg), let ¢1(2)
be the unique function in C°°(Mp \ Xp) satisfying (Ay — 2)p1(2) = 0, ¢1(2)|s, = f and

p1(2) = = (A0 — 2) 7 ((Any = 2)(F)),
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where f € C*°(Mp) is any extension of f. Since Ay, p is invertible, the formula also holds for
z = 0. From this representation of ¢1(z), it follows immediately that Ni(z)f converges to N f as
z— 0.

Now let us take the limit of N2(z2) as s — 1. To do that we use equation (6.2) to obtain:

Nas(1 ) Biven)
lim Ma(s(1 —s))f =cof — f+ B4/Ay, ———F——F.
s—1 ’ K%( Asy)
K3 (2m|n|3?)
Using the expression K% (u) = \/gu_:g/ze_”(u + 1), we have that K% Gl = 27;‘;#3'?{1 Thus,
2
lim Ny(s(1 — 5)).f = coff — f + > (@x[n|8* + 1)en B
= n#0
=8> 2m|n|Benfe™™ = B,/ Ax, f = Na(0)f.
n#0
For the limit when s — 0 we have:
lim N (s(1 I 9 Ky Quinlf™) i
L 2(s(1—9))f = s —sf(z) + ﬂg;o W‘”WW cnfBe
= ﬁ22w|n|ﬁ cn 2™ = 3 As, f.
n#0
Thus it follows that
lim A (s(1 — ) = lm Na(s(1 — 5))f = Aa(0)f = By As, f.
O

6.2 Splitting formula for the relative determinant

We want to have a splitting formula for the relative determinant that relates det(Ay, Ago) to the
regularized determinant of the Dirichlet-to-Neumann operator A/(0). We will use this formula in
Chapter 7 to prove compactness of isospectral sets of metrics inside a conformal class with compact
support on surfaces with cusps. For z € p(A) Corollary 4.6 in [7] establishes the following splitting
formula for complete surfaces, which we rewrite using his notation:

det(L — z,Lo.p — z) = det N (2), (6.7)

where £ is the self-adjoint extension of the Laplacian on M and Lo p is the self-adjoint extension
of the Laplacian on M \ ¥ with Dirichlet boundary conditions on ¥. Let A > 0, put z = —\ and
let us denote N'(—A) by R(A). Then R(A) > 0 and it has the same properties as N'(—\). Let us
take ¥ = ¥3. In our case equation (6.7) has the form:

det(Ag + A, Az, , + A)(det(Ang, , + X)) 7" = det R(A) = det N'(—)). (6.8)

We now want to take the limit on both sides of equation (6.8) as A — 0.
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Lemma 6.6. As A — 0" we have the following decomposition:
logdet(Ag+ A, Az, p+A) —logdet(Ans, , +A) = log A-logdet(Ay, Az, p) —logdet Ay, 1, 4-0(1).
Proof. Let us go back to the definition of logdet(Ay + A\, Az, p + A):

d
logdet(Ag,AZﬁ,D) = — £C(S;A9,Azﬁ’p)

s=0

d
logdet(Ay + A\, Az, p+A) = — gg(s; Ag+ XAz D+ )

)

s=0

where ((s; Ay, Az, p) and ((s; Ay + X, Az, p + A) are respectively the meromorphic continuations
of the functions

1 oo _
F()/ (Tr(e™t29 —e tAZﬁ’D) — Dt 'dt  and
s) Jo
[ Ay —tA Aps—1
F()/ Tr(e "9 — e T2 ) M5 1t
s) Jo

We use the same notation for the function and its analytic continuation. Note that the second
integral above converges because of the asymptotic expansions of the relative heat traces for small
and large t. Further,

1

C(s5Ag + A, AZB,D +A) = F(s)/o Tr(e—tAg _ e*tAZ,@,D)e—t)\ts—ldt
1

= / {(Tr(e_mg — ¢ B2s0) _1)etA 4 e_t/\} 5 tdt
0

I'(s
= 1“(13) /Ooo(ﬂ(e—mg — e By e a4+ F(ls)r(s)xs
R A R e T
R T e R

The last integral converges in a half plane. Therefore due to the asymptotic expansions, it has an
analytic continuation that is holomorphic at s = 0. So,

d
£C(3§Ag+)\, Azyp+A) —o(1), as A — 07,
s=0 s=0

—logdet(Ay 4+ X, Az, p+A) = —log A —logdet(Ay, Az, p) —o(1), as A — 07,

d
= —log)\—l— %C(SQAwAZ/@,D)

as desired. Similarly, logdet(Apz, , + A) = logdet(Ans, ) +o(1) as A — 07, follows in the same

way as above from:
1 & _
) / Tr(e tAMﬁ’D)e_t’\tS_ldt.
0

CAM@D +/\(S) = m

This finishes the proof of the lemma. O
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Now let us take care of the middle side of equation (6.8). First of all recall that for A > 0,
R(A) is a 1st order elliptic, invertible, self-adjoint pseudodifferential operator, therefore its zeta
determinant is well defined. Set R = R(0). We saw that R > 0, Ker R = C and limy_o R(\) = R
in the strong sense. Let 0 < p11(A) < pa(A) < ps(A) < ... be the eigenvalues of R(A). Then

pi(A) — 0, as A — 0,
wi(A) > ¢ >0, fori>2, A >0.

The regularized determinant of R, det® R, is defined as usual by the meromorphic continuation of

Crls) =Y mi(0)".

1i>0
Lemma 6.7. As A\ — 07 there is the following asymptotic expansion:
log det R(\) = log p11(A) + log det™ R + o(1). (6.9)

Proof. Let Ker(R) be the kernel of R, H = (Ker(R))* be its orthogonal complement and P :
L*(X5) — Ker(R) and P+ : L?(X5) — M be the corresponding orthogonal projections. By
definition:

d

logdet R(A) := — 7

d

B Croy(8) = — s

1 /°° —tR(\)y -1
_— Tr(e % dt.
s—0 L'(8) Jo ( )

The first thing to do is to separate the first eigenvalue. For that, let v be a contour in C contained
in p(R(A)) and surrounding the spectrum of R(\), for all A > 0 small enough. Then:

s

et — o [ RO - o)
Y
= o [ RO - g+ o [ ROy - o)

2im 7 72

where 7 is a contour surrounding {u1(A), 0} and ~y, surrounds the half line [¢, 00), where ua(A\) > ¢
for all A > 0. From the assumptions is clear that v; and ~2 can be chosen without overlapping and
independently of A. It is also clear that:

1/ (RO ) Hdg = eV P().
71

2w

Therefore

1 o0 1 (o ¢]

There are two ways to approach the proof. One is using the convergence of the resolvent and
it was suggested by R. Mazzeo; the other one is following the argument in [25].

As it was explained above, we know that R(\) is a family of 1st order pseudodifferential opera-
tors. Hence they have bounded extensions to operators from H'(¥3) to L?(33). Since H(Xg) C
L*(X3), R()) is a bounded operator acting on a subspace of L?(X3) into L?(X5) that depends
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continuously on A. The resolvent of R(\) also depends continuously of A. Since R has 0 as
eigenvalue, the resolvent (R — £)~! has a pole at £ = 0 and can be written as:

(R—&7H =P+ A(9),

with A(§) a holomorphic operator in £. On the other hand we have () > 0 for A > 0. Therefore
we have that (R(\)—¢) ™! is continuous in A close to 0 and holomorphic in ¢ far from o(R(\)). When
integrating over 42 we are actually dealing with the operators P(A\)*R(\) or P R()\). From general
results about resolvents we have that (P(A\)*R()\) — &)~ converges continuously to (P+R — &)~}
as A — 07 for £ € p(R()\)). Now:

PR — [ PR - )
72

 2im
—tP+*R _ L —t&/plp 1
e = — e S(P~R—¢) "d¢.
2 Js,
From the preceding expressions it is clear that e ‘" (N)FRO converges to e *f "R Therefore

Tr(e P (’\)LR(’\)) depends continuously on A and so does the zeta function. In this way we ob-
tain:

logdet P(A\)TR(\) = logdet PLR + o(1), as A — 0.

This finishes the proof of equation (6.9).

The other method we have of proving equation (6.9) is using the approach of [25]. We use that
RA) ™ =pn, 0 (Ag+ A)toin,. Let Q(A) := (Ag+ M)~ — 1P and T()) := px, 0 Q(A) oix,, so
that R(A\)~! = P + T(A). The main point is that:

o, on Ker(R)
= {T‘1 on H = (Ker(R))*

with T'= P+T(0)P+. This implies that:

a
ds

Cprpy(s) =logdet™ R+ o(1), as A — ot.
s=0

This also finishes the proof of the Lemma. O
Let us now introduce some notation. Remember that R(\) = AN (z), with A = —z > 0, and
R f =ps, 0 (Ag+ A ois,(f)

Let > 0 and let P, be the spectral projection on [0, u]. Then R(A)~! can be decomposed as
R()\)fl = ps; 0 Pu(Ay + )\)71 oix, +ps, 0 (L — Pu)(Ay + )\)71 oix,

Let Qu()) := px, 0 Pu(Ag+ A) "t oig,. Then the kernel of Q,()) in terms of the spectral decom-
position of Ay on M is given by:

KooV = 3 sei@n® + o [ g Bles g + B, —ind
Q.\T, Y, —/\.< /\j+)\90]x<ﬁyy 27 Jy )\+1/4+r2 $,2 r y,2 ir)ar,
J
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for z,y € Xg. We can write R(\) ™' = Qu(\) + QL (\) with
Qu()‘) =Pz ° (I = Bu)(Ag + )‘>71 0 is,.

Now further decompose @, () as Q,,1(A) + Qu2(X), where @, 1()) is given by:

L1 . 11
Qui(N)f = Xng g f(y)du(y), with K, on(@,y,A) = XA797
and @, 2()) is the operator whose kernel is:
1 1 [H 1 1 1
KQu200 (z,9,A) = Z m@j(x)@j(y) + 27r/0 mE(m, 3 +ir)E(y, 5 ir)dr.

0<>‘j <p
(6.10)
We have the following Lemma:

Lemma 6.8. There is a constant C > 0 such that
HpEﬁ © (I - PH)(AQ + )\)_1 © Z.E[-}”L2(Eﬁ) <C,
for all A > 0.

Proof. The proof goes as in Lemma 3.5 in [31].
We know that iz, : L*(¥3) — H (M) and px, : H' (M) — L*(X) are continuous and dual
to each other. We want to see that (I — P,)(Ay+ A\)~ : H-Y(M) — H'(M) is bounded by a
constant independent of A.
Let us see that (Ay+ )"t : H=Y(M) — H'(M) is bounded: Let A > 0 such that A € p(A,) we
have that (Ag + )~ : dom(Ay + \)~t € L?(M) — H?*(M) is bounded. For f € H~!(M) we have
I = Ba)(Ag + 27l = 12 + DV = Pu)(Bg + A) 7 12
= (8 + )T = Pa)(By + )78y + 172
<Ay + DI = B)(Bg + X Ml2ll(Ag + D72 f g2 < lIf g

The fact that (Ag+1)(I—P,)(Ag+\)~! is bounded by a constant independent of A > 0 follows
from the spectral theorem. For ¢ € L?(M) it is ease to see that:

(Ag+1)(I — Pu) (B + )16 < (1 ; ;) "

for any A > 0. O
Now we study the behavior of log i1 (\) as A — 0. For that we have the following Proposition:

Lemma 6.9. 1
log 11 (A\) = log A + log (/) + o(1), (6.11)
B

as A — 07, where Ay = area(M), and lg = length(Xg).
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Proof. First observe that:
1
—— = [[RN)!.
o =R

Now, let us study |[R(A)7!|| as A — 0T, where the norm is the operator norm in L?(X3). From the
expression for Kg, ,(x) in equation (6.10) we have:

i Ko, (e V) = Y Sei@in@) + oo [ 1Bl g +inE@, 5 —ind
1m xr,T = —@ilx)p;(x — —H(x, = +r x . — —r)dr.
A Qua (T e N FINEE o Jo 1/A+r2 02 "9

i<

Thus [|Q,,2()\)| remains bounded as A — 07. We also have that:

lﬁﬁ
IQua (V] = 22

Q

Since R(\) ™' = Qu1(N) + Qua2(A\) + Qu(N), using Lemma 6.8 it follows that:

_ lg
||R()\) 1” = )\7—‘—0( ), as)\—>0+.

This equation together with 5 = [|[R(\) 7| gives:

r 55 n
L) M, +0(1), asA—0".

Now remember the expansion for the logarithm:

o n+1

1 1
log(a + z) = log(a Z = log(a) + P 2—&2% +.

Then writing ﬁ()\) = /\% + u(N), with u(A) = O(1) as A — 0, we obtain:

s s M, 1 (A4,
log | —2- = log(~2-)+54%u—2 (22
o (/\A +u(/\)> % <>\Ag>+ s 2 ( fﬂ) v

= log <£6) +O(\) as A — 01,
9

>

Then equation (6.11) follows straight from:

log <mtk)> — “log(u(\) = log <ffg> “log A+ O(\) as A — 0.

O]

Putting everything together we obtain the splitting formula, that is the main result of this
chapter:
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Theorem 6.10. For the relative determinant of the Laplace operator on a surface with cusps (M, g),
and the reqularized determinant of the Dirichlet-to-Neumann operator on ¥3 = {3} x St c M, we
have the following splitting formula:

det(Ag,AZﬁ’D) A

= “Zdet*R,
det(AMB,D) fﬁ

where Ay denotes the area of M and {g denoted the length of ¥3.

Proof. We start with the splitting formula for A > 0, and A € p(A,):
logdet(Ay + A\, Az; p + A) — logdet(Apy, , + A) = log det R(A)
From the previous lemmas we have that:
logdet(Ay, Az, p) +log A —logdet(Apr, p + A) + o(1)

A
= log pu1(\) + logdet*R + o(1) = log A + log <£g> — O(X) +logdet™R + o(1)
B
Letting A — 0, we finally obtain:
Ag *
logdet(Ay, Az, p) —logdet(Any, ) = log 7. + logdet™R.
’ B

That is the same as the equation in the statement of the theorem. O

Remark 6.11. If we further decompose the operator Az, p as Ago® Az, , we obtain:

A
logdet(Ay, Ago) — logdet(Az, 1) —logdet(An, ) = log (;) + log det™R. (6.12)
’ B
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Chapter 7

Compactness of isospectral sets of
conformal metrics

In this chapter we consider the isospectral problem for a surface with cusps restricting our attention
to a conformal class of metrics. Moreover we assume that the conformal factors have support in
a fixed compact set. We partially generalize the result of B. Osgood, R. Phillips, and P. Sarnak
in [34] that states that on a closed surface every set of isometry classes of isospectral metrics is
sequentially compact in the C*°-topology. The generalization is partial in the sense that we consider
only a fixed conformal class of metrics. Concerning the variation in the moduli space of surfaces of
constant negative curvature W. Miiller proved that the resonance set o(I') of a hyperbolic surface
of finite area I"\ H determines the surface in the moduli space up to finitely many possibilities [29,
Thm. 8.10]. In particular the resonance set determines the topological type (p,m), (p is the genus
and m is the number of cusps), and the length spectrum of ' \ H. Here we prove that, given a
fixed compact set K C M, inside a “K-compactly supported” conformal class, sets of isospectral
metrics are compact in the C°°-topology.

Let us start by review OPS’s proof of compactness of isospectral sets of metrics on closed
surfaces in the C'*°-topology. In this setting, two metrics ¢g; and go are called isospectral if the
spectra of the Laplacians A, and A, are the same including multiplicities. In particular, the
regularized determinant det A and the heat invariants a; for j > 0 have the same values at g; and
go. Recall that the heat invariants are the coefficients of the asymptotic expansion of the heat trace
for small t.

To define the notion of convergence they fix a background metric gg. Associated to gg, there is
the Levi-Civita connection and the covariant derivative that allow us to differentiate in the whole
tensor algebra. A sequence of metrics {g, }ney converges to a metric g in C¥ if || g, — g|lcx — 0, as
n — 0o. A sequence of isometry classes of metrics §, converges to an isometry class ¢ if there are
representatives h, € gn, h € g, such that h, — h, as n — oco. Now, let {p, }nen be a sequence of
functions in C*(M) and let o be a fixed metric on M. Then p,o — po in C* as metrics if and only
if p, — p in C* as functions. Moreover, if the metrics o, — ¢ in C*°, and the function p,, — p in
C*, then the metrics p,o, — po in CF.

After defining convergence and isospectrality, OPS consider a sequence of isospectral isometry
classes of metrics {g, }neny and pick representatives g,. For each g, there is a metric of constant
curvature 7, such that g, = e?#"7,. In this way, they associate to each §, a hyperbolic isometry
class 7,,. They use that for each n, det Az > det A; = constant > 0 and Mumford’s compactness
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theorem to prove that there exists a subsequence of {7, },en that converges to an element 7 in the
moduli space. To have compactness of the conformal factors {¢y}nen, they prove that for each
k € N the k-th Sobolev norms ||¢,||x are uniformly bounded. Compactness in the C*°-topology
follows then from Rellich’s Lemma and the Sobolev embedding theorems on M. The constant value
of the determinant is used to prove uniform boundedness of the first Sobolev norm. For the higher
Sobolev norms, they use the constant values of the heat invariants.

Now let (M, g) be a surface of fixed genus p and a fixed number of cusps m. We usually take
m = 1 to make the proofs simpler but the statements hold for general m. We take g as the
background Riemannian metric. Let us decompose M as M = My Usx, Z, where My is compact
with boundary ¥, and the metric on Z, = [, 00) x S! is the usual hyperbolic metric.

For s > 0 and f € H*(M, g) recall the definition of the Sobolev norms:

1f e = (A + D>l 2

Now, let K be a compact subset of M. Then there is a 3 > « such that K C Mg and such that
KNXg=0. Fix that § and let us define the “K-compactly supported” conformal class of g as the
set

l9lk = {*g | ¢ € CZ(M), suppy C K}. (7.1)

Then for every metric in h € [g|k, (M,h) is a surface with cusps and the cusp (if m = 1) is
contained in M \ Mpg.

Since we restricted to a conformal class, the notion of convergence of metrics reduces to the
convergence of the conformal factors:

Definition 7.1. A sequence of metrics {gn yney, with g, = €*$7g converges to a metric h in C* if
and only if the sequence of function {p, }nen converges to a function ¢ in C*.

Now we explain what we mean by isospectrality of surfaces with cusps (M, g). Let us start by
defining what are resonances: Let R(s) = (A;—s(1—s))~! be the resolvent of the Laplacian A, for
Re(s) > 1/2 and s # 5. The resolvent R(s) = (A, —s(1 —s)) ! regarded as operator from C2°(M)
to L%OC(M ) admits a meromorphic extension to C. The poles of the meromorphic continuation are
called resonances. For each pole p one can define its multiplicity n(p). If A\; = s;(1 — s;) is an
eigenvalue of Ay, then s; is a resonance. The complement of the set of poles that correspond to

eigenvalues are poles of the scattering matrix, see [29].

Definition 7.2. The resonance set of Ay is the union of the poles of the scattering matriz and of
the set {s;j|s;(1 — s;) is an eigenvalue}.

One reason to consider resonances is that the following trace formula holds ([29, (2.2)]):

Tr(e A — e*tAa,O) = /M(Kg(z,z,t) — Zpaj(z,z,t))dAg(z)

j=1
ot L Cjaaen @ ,
:Ze k ~1 e E(l/2+z/\)d)\
k — o0

— m
ot/4

1 ,
+ e HTr(C(1/2)) +m) + \/m;log(aj), (7.2)
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where the term %e*t/‘l

extension, i.e. the term %(yy’)1/26_(1‘)%(3’9/)_1%(0‘2))2/4t in equation (1.9). Now by Theorem 5.11
in [29] the integral that involves the logarithmic derivative of the scattering matrix can be rewritten
as follows:

comes from the extra term of p,,(2,2,t)) determined by the Dirichlet

1 [ 2y, @
e~ (1/4+2 >t5(1 /2 +iX)dA

- .

log(q) e/ 1 ~tp(1-p) ~tp(1-p) ]
= G vr 1 2l OB (VIVI1/2 = p) PP Erfe(L - )} (73)
p

where p runs over all zeros and poles of ¢(s) in Re(s),1/2, n(p) denotes either the order of the
pole p or the negative of the order of the zero p, g is a well-determined constant and Erfc is the
complementary error function, see [29, (5.13)].

We are ready now to define isospectral metrics:

Definition 7.3. Two cusp metrics g1 and go on M are isospectral if their resonance sets including
multiplicities are the same.

For the definition of isospectrality, the continuous spectra are irrelevant since for two surfaces
with cusps (M, g1) and (M, g2), 0.(Ag,) = 0c(Ag,) = [1/4,00) with multiplicity the number of
cusps.

Remark 7.4. Let (M,g1) and (M,gs) be two surfaces with cusps that are isospectral. Then,
equations (7.2) and (7.3) imply that the corresponding traces of the heat operators coincide. Under
the same hypothesis, the fact that the determinants of the scattering matrices are the same follows
from Theorem 3.31 in [29], which expresses the determinant of the scattering matriz as the following
Weierstrass product:
_ s—1+4+p
s)=o(1/2)g" V2T Z— "L
ol0) = o1/ 2 P IT0F,
where p runs over all poles of ¢(s), counted with the order and q is the same constant of equation
(7.3). It is also clear that the eigenvalues of the Laplacians coincide. In this way, we also have
that the corresponding relative determinants satisfy

det(Ag,, Agp) = det(Ag,, Auo),
for any a = (a1, ..., an) with min{a;,1 < j < m} big enough.
The main theorem in this chapter is:

Theorem 7.5. Let (M, g) be a surface with cusps, let K C M be a fized compact subset of M and
let [g]x = {€*%g | ¢ € C°(M), suppp C K} be the K-compactly supported conformal class of g.
Then isospectral sets in [g]x are compact in the C*°-topology.

Remark 7.6. As in the compact case, the proof of Theorem 7.5 uses Sobolev embedding theorems
and Rellich’s Lemma. We refer the reader to Appendiz A and the references therein for the state-
ments of these theorems. It is well known that due to the nullity of the injectivity radius that neither
Sobolev embedding theorems nor Rellich’s lemma hold on surfaces with cusps in their standard form.
This is one of the reasons why we restrict our attention to transformations of the metric that take
place inside a fized compact set and use the theorems for compact manifolds.
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Figure 7.1: Cusps and the compact set K. K is shown in gray.

Proof. First of all we need to compactify M to a Riemannian manifold that contains K isometrically.
It is convenient at this point to change the coordinates in the cusp by the transformation z — w =
e'*. Then Z, becomes {w € C: 0 < |w| < e~} =: D¥_, and the metric on it becomes

glp-_ = log(lw ™) lul |dul®.

Let us keep the old notation in these new coordinates. Then for b > a, My = MoU(D}_,\D?_,)U%,
and we could also denote D?_, by Z,. Let f € C°*°(M) satisfy

1 if we D* =
fay o [VToB (D] i w € D2y Zp.o)
1 lfw S Mﬁ_;'_]_,

and put
o=f(z)?g

Then take M = M U {0} the one-point compactification of M (m-point compactification if M has
m cusps). The metric o on M extends to a smooth metric on M which we denote again by o. Thus
(M ,0) is a closed manifold that contains Mg isometrically and that has the same genus as M.

Now let {gnnen C [g]x be a sequence of isospectral of metrics on M conformal to g. Notice
that since the metrics in the sequence are isospectral their areas Ay, are the same and by the
Gauss-Bonnet theorem we have that A, = 27(2p+m —2). Since g, € [g]k, there exists a function
¢n € C°(M) such that g, = e**ng and supp ¢, C K, for each n € N. Now put

Gn = €0,

Then the metrics g, are conformal to ¢ on M. The fact that K & Mgy = M\ D 5, and
U|MB+1 = g|Mﬁ+1 imply that the values Ay, — Ay(D%s,,) are constant. Then the areas Az, of

(M , gn) have all the same value; this follows from:
Ag, = Ag, — Ag(Dlsn) + Ay (M \ Mpy).

Therefore we can renormalize the metrics g, such that Az = 1.
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As in the previous paragraph, the definitions of K and o, the condition supp ¢, C K for all
n € N and the locality of the Laplacians A, and A, imply that

N 2 T (7.4)

Notice here that compactness of {¢y, }ney in COO(M, o), together with supp ¢, C K € M, for all
n € N implies compactness of {¢y, }ney in C°(M, g). In order to prove compactness in C°°(M, g)
we therefore need to prove that for each k£ > 1:

HSO’VlHHk(Mﬂ) <C(k) forallné€N,

where C'(k) is a constant that may depend on k. The kth Sobolev norm can also be written as

lonllZe iz oy = Z / V() A,

where for the sake of simplicity V! is denoted just by V.

In Lemmas 7.7 and 7.8 we prove that if {g, }rey is isospectral then det Ay, is constant and the
heat invariants of the metrics g, are the same for all n. The theorem will then follow from the
results of [34]. In Lemma 7.9 we prove the uniform bound in the first Sobolev norm. The proof
follows the same lines as in [34] but we repeat it here for convenience and completeness. O

Lemma 7.7. Given a sequence {gn }nen of isospectral metrics in a conformal class [g]k, let {Gn}nen
be the associated sequence of metrics on M defined above. Then the regqularized determinants
det Az, are constant, i.e. their value is independent of n.

Proof. Let h be any metric in [g]x and let = f2-h. Recall that M = M U {0} was defined above
as the one-point compactification of M. Then for the relative determinant of (A, Ago) and the
determinant of Ay we have the following splitting formulas:

Ap(M
log det(Ap, Agp) — log det Azy,1 — logdet A(Mﬁ’h)’D = log <€(h( )

N7 1 *
Eg,h)) + log det™ Ry,

and

logdet A —~+ — logdet A

(V) —logdet A

~ = - =log ﬂ + log det* R+
(M\Mg,h),D E(Eg,ﬁ) h

where the first formula is the one given by equation (6.12) and follows straight forward from
Theorem 6.10, and the second formula is the well known splitting formula for a closed surface, as
in [5]. Subtracting the equations we obtain:

(Mﬁ 77L)7D

log det A(]TI,E) —logdet(Ap, Agp) + logdet Az, 1 — logdet A(M\M WD
Ay (M) (Ah< ) )
=log [ = | —log [ 2L ) + logdet*R: — log det* Ry,.
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From the definition of f we have that h=hon Mpgyq, and f =1 in a neighborhood of ¥3. So

we have that (X3, h) = ¢(X3,h). On the other hand, the Dirichlet-to-Neumann operators are the
same for both metrics. To see this, notice that given a function v € C°°(X3), the unique solution
to the problem Aju = 0 on M \ ¥ with s, = u will also be a solution of Apu = e A,u =0
on M \ X3 satisfying the same boundary condition. Then we have:

log det A — log det(Ap, Ag) — logdet A AE(]T/[/)) — log(Ap(M)) +c¢ (7.5)

(M ) (31\M;,),0 = 108(
where ¢ is a constant that does not depend on h. Now, let {g,}neny be a sequence of isospec-
tral metrics in [g]x and let {gn}neny be as in the proof of Theorem 7.5. Recall that A, (M),

Therefore

Az (M), det(Ay,,Agp) are constants independent of n. Moreover, g,

det A {7 a15,3.),0
(7.5) we obtain:

— |1\7\Mﬁ :U‘M\MB'
is also constant. Then replacing A and h by g, and g, respectively, in equation

log det(Ag, ) = constant.
This finishes the proof of the lemma. O

Lemma 7.8. The heat invariants corresponding to the metrics of the sequence {gn}nen are the
same for any n € N if we start with an isospectral sequence {gn }nen-

Proof. Let h be any of the metrics g, we are considering. Let us start by constructing the kernel
of a parametrix Hj, for the heat operator e *Ar on the surface with cusps (M, h), as we explained
in chapter 1 and in a similar way as in chapter 3. Namely we use the standard method of gluing
the heat kernel on the complete hyperbolic cusp (0,00) x S!, denoted by K; and independent of
h, with the heat kernel on (M, ﬁ), denoted by Kz,ﬁv restricted to Mpa.o.

Let us recall how we defined the gluing functions: For any two constants 1 < b < ¢, let ¢,
be as defined in Chapter 1, so that ¢, ) (y,z) = 0 for y < b, and @) (y,7) = 1 for y > c. Let
P = ¢(ﬁ+%ﬁ+2)’ and ¥g = 1 —by; then {11,712} is a partition of unity on [+ 1,3 + 2] x S*.
Let ¢1 = ¢p+1) and g2 = 1 — gb(ﬁJrgﬁJrg), so that ¢; = 1 on the support of ¢;, ¢ = 1,2. The
parametrix we are considering is:

Hh('zv Zlv t) =¢ (Z)KI(Z7 Zl? t)¢1(zl) + ¢2(Z)K27ﬁ(za Z,a t)¢2(zl)'

As in Lemma 3.3, we can prove that there exist constants C, ¢ > 0 such that:
/ |Kh(2,2,t) _Hh(z7z7t>‘dAh(Z) < Ce_%
M

for 0 < t < 1. Then for small ¢t we can replace the heat kernel K}, for the parametrix Hy. Let

N1/2
Pl #,8) = Bt

VAart

and pg(z,2',t) := 0 elsewhere. We thereby derive an analog to equation (8.14) in [28, page 283],
exactly as it is done there:

_ (og(y/y")? _ (og(yy'/8%))?
4t 4t

)

[ Bnlevzit) = pp(e ) dAn(e) = [ (3(200) = pate,2,8) dAn()
M Z

B+1

+/ K,5(z,2,t) dAp(z) + O(e™?), ast — 0.
Mgir
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For a metric g, on M the heat invariants are, by definition, the coefficients in the asymptotic
expansion of the trace of the heat kernel as t — 0:

/K29nzzt ) dAg, ~ — Zajgn , ast — 0.

The goal of this lemma is to prove that a;(gn) = a;j(gm) for any n,m € N, and for all j > 0. This
will follow from the equality of the asymptotic expansions for small values of ¢ of the integrals

/Nnggn(z,z,t) dAg, and /~K2;gvm(z,z,t) dAgz,, (7.6)
M M

for any n, m € N. We can split the integral over M as an integral over Mg1 and one over M \Mg41.

Given two metrics g, and g, as in the statement of the lemma, we have that on M\ Mgi1, gn = Gm-
Since relative to any coordinate system, the coefficients of the asymptotic expansion of the heat
kernel are given by universal polynomials in terms of the metric tensor and its covariant derivatives,
we have that a;j(z,9n) = aj(z, gm), for z € M \ Mgy41. On M \ Mp,q we have that dAz, = dAj,,.
Therefore:

/~ Ky 5, (2,2,t) dAg, (2) = /~ Ky, (2, 2,t) dAg, (2).
M\ Mo

M\ M,

By assumption, K and pg(z, 2,t) are independent of g,, and gy,. Therefore:

/ Ky3,(2,2,t) dAg, (2) —/ Ky 3, (2, 2,t) dAg, (2)
Mgiq Mgy

o /M<Kgn<z,z,t> — (2 t)) dAg, (2) - / (K1 (2 2,1) — pp(2, 2,1)) dAg, (2)

Zp+1

_ / (K, (2 208) — py(z, 2, 1)) dAg, (2) + / (K1 (2, 2,) — py(z 2, 0)) dAg, ()
M

Zp+1

- / (Ko (2, 2,1) — pa(2, 2,1)) dAg, (2) — / (K (2, 2,1) — pa(2, 2,1)) dAg, () = 0,
M M

where the last equality follows from the fact that the metrics are isospectral and from equations
(7.2) and (7.3). So, we have proved that the asymptotic expansions as t — 0 for the integrals in
(7.6) are the same. From the definition of the heat invariants it follows that:

a;(gn) = a;(Gm), forall j >0, and n,m € N.
O

Let us prove now the uniform bound on the first Sobolev norms of the metrics {¢p ney in
(M ,0). The proof only requires the constant value of the determinants det Ay, and the constant
value of the areas Ag, . In fact, the proof is exactly the same as in [34], but restricted to a conformal
class. For convenience and completeness we repeat the proof here adapted to the restriction to a
conformal class.

Lemma 7.9. ([3/]) For all n € N we have that HaanHl(Ma) < 1.
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Proof. We take (M ,0) as the background Riemannian manifold. We assume that M admits a
metric of negative curvature, so that it is Euler characteristic is negative. We know that in the
conformal class of the metric o, [0] = {€?*¢0 | p € C*°(M)}, there is a unique hyperbolic metric, 7
of unit area, 7 = e*¥¢. Thus, the metrics g, are conformal to the uniform metric 7:

gn = e2n=¥)r,

Polyakov’s formula for regularized determinants on closed surfaces gives ([34, (1.13)]):

log det(Az,) = — { /|v Y)[2dA, +/ K, z/))dAT}
T
+ log(Ag,) + logdet(A,).

This is equivalent to
—67logdet(Az ) = / |V (on — )|2dA; +27(2 — 2p)/ (on —)dA; — 67 logdet(A;).
M

Let 1, := @, — 1. Since A, = fMdAT =1 and

As = / dAg, = / e*PndA, /~62<@n—w>dAT:1,
M

we can apply Jensen’s inequality to obtain:

1
exp (/N 2, dAT> < /~ exp(2¢y,) dA,, thus = /an dA, < log </~ e2¥n dAT> =0. (7.7)
M M 2 Jar M

In [33], the authors proved that inside a conformal class [0], among all metrics of unit area, the
functional logarithm of the determinant attains its maximum at the metric of constant curvature.
Thus:

log det(A;) > logdet(Ag,).

From Lemma 7.7 we have that logdet(Ag,) is constant. Therefore there exists a constant C' > 0
such that C' > logdet(A,) — logdet(Ag,) > 0. Then,

1
C > 6m(logdet(A;) —logdet(Ag,)) = 3 /N |V rtbn|2d A, 4 270(2 — 2p) /~ p, dA; > 0. (7.8)
M M

We restrict now to surfaces for which p > 1. Then, from equation (7.7) it follows that the term
27(2 — 2p) f]T/f ¥ dA; is positive. Therefore

1
- /~ Vb 2dA, < C —27(2 — 2p) /N Y, dA, < C. (7.9)
2 Jn M

Thus,
/NIVTW2 dA; < 1. (7.10)
M

In order to see that the previous equation implies | v |Vopn|? dA, < 1, notice that there is a
constant Cy » > 0 such that

/,v ‘v0¢n’2 dAU S CJ,T /~|V71/1n|2 dAT < 17
M M

80



and
Hvaspn”p(ﬁ,g) < |IVo(en — ¢)||L2(]\770) + Hvaw”Lz(Mﬂ) <1

The next step is to prove that
/N lon|?dA, < 1.
M

In order to do this, use Trudinger’s inequality and the fact that 7 is a metric of unit area, thus

1= /N e?¥n dA; < Cexp <cl /~ \Vrthn|? dA; + co /~¢n dAT) )
M M M

Then we have = log(C'e1) < [, dA; < 0. Therefore

‘/M% dAs

To show that the L2(]\7 ,0)-norms of the functions ,, are uniformly bounded, use equations (7.10),
(7.11), and the min-max principle in the following way. If ¢, L 1, i.e. [ 77 Yn dA; =0, one has

< 1. (7.11)

fM‘VT¢n‘2 dA;
[T dd, = M)

S0
1

onl? dA, < / Va2 dA, < 1.

If 1, is not orthogonal to the constant functions, thgn decompose it as Y, = szn + c(¢,) with
(1) the projection of v, on the kernel of A,, and v, L 1. Then V4, = V 1, and |1, |3 =
lUnll3 + c(pn)?A2 < 1. Thus, we have

/~|¢ny2 dA; < 1.
M

Now use that dA, = p dA., for a positive function p, to obtain

1
/thn’Q dAs; < — /~ ’1/171’2 dA,; < 1.
M minp J37

Finally, the triangle inequality for the metric o gives

lenll2 < llen = Pll2 + [[¢]la < 1.

Putting everything together we obtain:

H('D"HHl(JTI,U) <1, forallné€eN.
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The uniform estimates for the higher Sobolev norms follow in the same way as in [34]. The idea
of the proof is the following. The constant value of all the heat invariants, a;(g,) = constant for
all n € N, implies uniform bounds for the corresponding curvatures and all their derivatives (the
proof of this implication is tiresome and full of technicalities). Then, using the equation for the
conformal change of the curvature, which in this case is —e*¥n = A1), + Ky,,, one obtains uniform
estimates for all the Sobolev norms of the conformal factors v, therefore for all the Sobolev norms
of the functions ¢,, n € N. This finishes the proof of compactness of isospectral sets of metrics in
this case.

Remark 7.10. To extend Theorem 7.5 to include non compactly supported deformations we need
to solve several problems. The first problem is to find a suitable weighted Sobolev space where the
Sobolev embeddings and the Rellich’s Lemma hold. On the other hand, from equation (7.9) is clear
that we need the existence of a maximizer of det(A., A o) inside the conformal class. As we noticed
in Chapter 4, Remark 4.6 this is only possible if the function ¢ in the conformal factor decays in
the cusps as y~ ', as y — oo. Therefore we should be able to define the relative determinant for
this wider class of metrics. We also need a complete asymptotic expansion of the relative heat
trace for small t since this asymptotic expansion is where the constancy of the heat invariants and
their relation with the higher derivatives of the function ¢ comes from. Those are the necessary
ingredients to obtain uniform boundedness of the Sobolev norms of the functions ¢,. Once we have
all that, we need to improve the bounds such that the weighted Sobolev norms are uniformly bounded.
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Appendix A

Sobolev spaces

Sobolev embedding theorems and Rellich’s Lemma on closed manifolds are a key tool in the proof
of compactness (up to diffeomorphism) of isospectral sets of metrics on closed surfaces, [34]. In
the first part of this appendix we give the statement of these theorems. It is well known that for
Sobolev spaces defined on surfaces with cusps these theorems do not hold any more. In the second
part we give a brief description of the Sobolev spaces defined on surfaces with cusps.

A.1 Closed manifolds

In this part we give a brief description of Sobolev spaces for closed manifolds and state their main
properties that are used in this thesis. We refer the reader to [24] and [43]. In [24] the authors
define Sobolev spaces in the setting of Hermitian vector bundles with connection on a Riemannian
manifold. The following definitions and results are presented as they are stated in [43, Chapter 4].

We assume that the theory of Sobolev spaces in R” is well known to the reader. Let us recall
the definition of the Sobolev space in R™:

H*(R") = {u € S'(R")|(L+ [¢[*)%a(¢) € L*(R™)}

where @ denotes the Fourier transform of u. The sth-Sobolev norm of u is given by
Jul = [ (1 bl

Let M be a compact manifold, and let u € D'(M). We say that u € H*(M) provided that on
any coordinate patch U C M, any ¢ € C§°(U), the element yu € E'(U) belongs to H*(U), if U
is identified with its image in R™. By the invariance under coordinate changes, it suffices to work
with any single coordinate cover of M.

The Sobolev embedding theorems have several parts. Let us state only the part that is of
interest for us:

Theorem Let M be a smooth compact manifold of dimension n, then

1. Sobolev embedding. If u € H*(M), then u € C¥(M), provided s > % + k. The inclusion
H3(M) C C*(M) is continuous.

2. Rellich’s Lemma Given s € R, the inclusion HT7 (M) — H*(M) is compact for all o > 0.
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The theorems above are also valid on complete open manifolds with bounded geometry. However
it is well known that they are not valid in general.

A.2 Surfaces with cusps

In this part we refer to [36] and [32]. There, the authors define and study Sobolev spaces for
Riemannian manifolds with bounded curvature. See these references for the details.

Let M be a Riemannian manifold with bounded curvature. We also assume that M is complete.
Let k € N, then the Sobolev space H?*(M) is defined as:

H? (M) :={f € L*(M)|ALf € L*(M), forall I =1,...,k},

with the norm:

1Fll 2w == (A + D fll 2. (A.1)
The closure of C$°(M) in H?K(M) is denoted by HZ*(M) and C>°(M) N H* (M) is dense in
H?F(M). Let )
O (M) = {f € C=(M)|(Ag + I)*f € L* (M)},
then H?*(M) is the completion of C{°(M) with respect to the norm defined in equation (A.1).
Now for s € R, let (A, 4 I)*/? be defined by the spectral theorem. Let
C(M) = {f € C(M)|(Ag + 1) f € LA (M)},
and define H*(M) as the completion of C°(M) respect to the norm:

1 e = 1(Ag + D)2 f | 2. (A.2)
Lemma 3.2 in [32] establishes that if M is complete, then H?*(M) = H2*(M), for any k € N.

Now let (M, g) be a surface with cusps, as it was described in Chapter 1. Let 0 < s’ < s, for
A > 0 we have that (1 + \)¥ < (1 4+ \)*. Therefore ||f|| o < ||fllzs. In this way we have that
H*(M) c H¥ (M).

For s > 0, we claim that H*(M) = (H{)*(M). First notice that H*(M) C H, *(M). To see
that, let f,¢ € H*(M) and let ¢ be the corresponding element in (H*(A))’. Then for ¢ € C§°(M)
we have that dy(¢) = f, @)y, and [67(9)| < | fllaelpllzs. Now,

(D@ = (Dg +1)7*265, (g + D)7 20) 12 = (b, (Dg + 1) 7°9) 12 = (f, (Ag + 1) *¢) e

(o5, @ <] < [fllmsll(Ag + D) @l = [ fllmsllell -

To see the isomorphism, consider the pairing C5°(M) x C§°(M) — C given by:

(Fo)s= (Lol = [ roaa,
This pairing has a continuous extension to H;* x Hj — C, since for f, p € C§° we have:
(fr9) = (fr9) e = ((Dg + D)2 f, (Dg + 1)) 2.
Let f € Hy® and let ¢ € Cg°(M). Then:

(Fo0) el = (g + D)2, (Dg + 1)*20) 2 < [(Ag + D72 f |12 (Ag + 1) 0]l 2
= [Ifler=sllell s
If s > 0 we have that H* C L? C H~*. The operator A, : H*(M) — L?(M) is naturally continuous.
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Lemma A.1. The operators Ay + I : HY (M) — Hy'(M) and (A, +1)"' - Hy'(M) — H}(M)
are continuous.

Proof. Let us start with Ay + 1. Let f € C5°(M). Then
1Ay + D flla-1 = 1(Ag + 1) 72(Dg + Dfllzz = (A + DY fll2 = I s
Now let f € H}(M). Then there exists {fx} C C5°(M) so that fr — f in H'(M), that is,
1k = Fllany = 1(Qg + D2 (i = 2 = 0, as b — oo,

in particular f; — f in L2

On the other hand, ||(Ag+1)(fe—fi)llg-1 = | fe—fjllzr — 0ask,j — oo therefore {(Ag+1) fi}
it is a Cauchy sequence in H~1(M) and there exists v € H~*(M) so that (A, + I)fr, — ¢ in
H~Y(M), thus [|[(Ay + I)fr. — ¥|lg-1+ — 0. We just have to prove that (Ay+ I)f = in H1(M),
i.e. in the distributional sense. Let ¢ € C3°(M):

(A + Df0) = (£, (8 + D) = Jim (fie (By + 1)) = Jim (A + 1) fi 0) = (,).

Thus, Ay + I : HY (M) — Hy '(M) is continuous.
To prove continuity of (A, + I)™!: Hy (M) — H}(M) we proceed almost in the same way as
in the previous case. Let f € C5°(M). Then

1(Ag + D)7 fllr = 1(Ag + D2 (Ag + D7 fllgz = 1(Ag + )72 f g2 = |1 fll a1
Now let f € Hy '(M). Then there exists {fx} C C§°(M) so that fi, — f in H~'(M). That is,

Ife = flla— = [[(Ay +I)_1/2(fk — llzz — 0, as k — oo.

In the same way as above, we have that {(A, + I)7!f;} is a Cauchy sequence in H'(M) and
there exists 1 € H*(M) so that (A, + I)fr — ¢ in H' (M), thus

1(Ag + D)7 i = Yl = [(Ag + )72 i — (Ag + D) 24[|o — 0.

As before, we have to prove that (Ay+ I)~!f = g in H'(M). To do this, we proceed a little
bit differently from the previous case. Let € > 0. Then there exists NV € N so that for all £ > N

1A+ D7 =dllm = Qg+ D72 = (Ag+ DV 12
< Qg+ DTV = fi)lle + 1(Ag + D72k = (Ag + D)9 2
9 9
< 54‘5 = E.
Thus (A, + )7 f =+ and (A, + 1)~ : Hy Y (M) — H{ (M) is continuous. O
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Appendix B

Spectral shift functions

In this part, we compute the spectral shift function associated to the Laplacian on the surface with
cusps and the Dirichlet Laplacian on the cusps.

The general theory of spectral shift functions associates a function of a real variable to a pair
of operators satisfying certain conditions. Let us mention two important aspects of spectral shift
functions. The first is a trace formula. An important part of the theory is devoted to understanding
what conditions on a pair of operators (A, B) and a function ¢ make the formula

Tr(p(A) — p(B)) = /R o (VEN)A

hold. The second aspect of the theory that we want to mention here is the relationship of spectral
shift functions to the scattering matrix S(\) that is given by the equation:

det S(\) = e 2miER)

for almost every A € R.

For the details, we refer to [3] [4] and [30]. Let H and Hy be two self-adjoint operators acting
on a separable Hilbert space H such that their difference H — H is trace class. For z € p(Hy), the
perturbation determinant is defined as

Asyjao(2) = det(I + (H — Ho)R(H(0))) = det((H — ) (Ho — 2)).
It is analytic in both half planes Im(z) > 0 and Im(z) < 0. The trace class property of
(H — Ho)R.(H(0)) implies that Ag/p,(2) — 1 as [Im(z)] — oo. Let ¢(2) := log Ag/p,(2) =
Je %dt, for Im(z) # 0. The branch of the logarithm is fixed by the condition ¢(z) — 0 as

Im(z) — oo. After analyzing the function ¢(z) close to the real line one obtains that:

EN) =&\ H, Ho) =" lim arg Ay, (A + ie)

e—0t

for almost every A € R. The spectral shift function £()) is real valued, belongs to L'(R) and
satisfies

Te(H — Hy) = /R e, €l < I1H — Holls.
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There is an invariance principle for spectral shift functions (named after the invariance princi-
ple in Scattering theory). This principle relates the spectral shift function associated to a pair
(F(H), F(Hy)), for a suitable function F', with the one associated to a the pair (H, Hy), see [4]:

5(/\; H7 HO) =€ f(F()\),F(H),F(HO)), €= SgnF’,

where the spectral shift function on the left-hand side of the previous equation is obviously inte-
grable only with a suitable weight. To finish this mini introduction let us include Proposition 2.1
in [30]:

Proposition B.1. ([30]) Let H, Hy be two nonnegative self-adjoint operators in ‘H and assume
that et — e=to js q trace class operator for t > 0. Then there exists a unique real valued locally
integrable function £(\) = £(X\; H, Ho) on R such that for each t > 0, e7*¢(N\) € LY(R) and the
following conditions hold:

1. Tr(emtH —e7tHo) = —t [ e E(N)dA.

2. For every o € {f : R — R|f € L' and [ 1F(p)|(1 + |p|)dp < 0o}, @(H) — o(Hyp) is a trace
class operator and

Tr(p(H) — p(Hp)) = / S NENA.

R

3. &(\) =0 for A < 0.

B.1 Spectral shift function for a surface with cusps

Now let (M, g) be a surface with cusps as described in Chapter 1, where Z,, ~ [a;,00) x S' with
aj > 0,7 =1,...,m. Let us consider the pair of self-adjoint operators (A4, Ag p), where A, is
the Laplacian on the surface with cusps and Ay p denotes the operator 69;”:1 Az, p, where Az, p

is the self-adjoint extension of —y]? <§;2. + 32) : O°(Za,) — LQ(Zaj,yJQdy dz), with respect to
J

$2
Dirichlet boundary conditions at {a;} x S'. In what follows we compute &(X\; Ay, Ag p).
Let us start decomposing the spectral shift function into its discrete and continuous parts:

§(A Ay, Ao,p) = &a(A) + &e(A).

For the discrete part, remember that we can decompose the operator Ag p as Ao p = @Tzl(A%g @
A Zj,l) where the operators Az, ; have only point spectrum. Therefore we have that

where Ng(A) = >\ cx1and A\g =0 < A; < Ag < ... are the eigenvalues of Ay and N;(}) is the
counting function corresponding to A Z;1-

Now let us proceed with the continuous part. Let A,. denote the absolute continuous part of
Ay and let Aa,O denote @TzlA%o. We know that for a suitable class of functions; we have that

Tr(p(Aac) — 9(Bap)) = /R S (VEN)dA. (B.1)
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Let Y > max{a;}, let Zjy = [V, 00) and let My := M \ Uj~; Zjy. Then we have

Tr(p(Aue) — (Do) = Ylgr)nOO . K (2,2) dAy(z) — . Ko ,(2,2) dAg(2), (B.2)

where K. ,(z,2") and Ko ,(z,2') are the kernels of the operators p(Aq.) and p(A, ), respectively.
We use equations (B.1) and (B.2) to compute the spectral shift function explicitly. Using the
spectral decomposition of the Laplacian we get:

1 [ 1 | 1
Kep(z,2) = 47?/ 90(1+)\2) ZE](Z,§+i>\)EJ(Z/,§—’i>\)d>\,

]:
/ 1 00 1 ) m i 1 NN 1 .
KO,SD(sz ) = 80(7 + >‘ )Ze (ya 5 + ZA)e (y ) 5 - 7“>‘)d)‘7

= .

where E7 is the Eisenstein series associated with cusp Z, ; and e’ is a function that satisfies the
following equations in the cusp Z,;:

76]'(3/7 S) = 3(1 - 8)€j(y, 3)7
e/(aj,8) = 0,
y.s) = ¥ +u(y,s),
with ¢(y,s) € L*(Za,), for Re(s) > 3. The solution to this problem is:

i _ .5 251
e(y,s) =y —aj” 'y

1—s

Integrating this function over the corresponding truncated cusp we obtain:

Yo 1 2 Y 2, 1—2i\ 2ix, 14+2ixn WY
/ e (y, 5 + 1)) dAg(y):/ (2y — af My TN —a Y TN =
a; 2 a Yy
a2\ a2 Y 21 a2
— 21 J —2iN 77 23\ — 9] Y J Y—Zi)x 7 Y2i>\ —91 .
{ og(y) + 55Y Y og(Y) + 5~ E5% og(aj)

a;j

Now we want to compute the corresponding integral for the Eisenstein series associated to the
cusp Zg;. In order to do this, define EY{ by:

~ EJ if M m 7.
Bilen) ={ Tt o) e L, PRI Zy
EJ(z,5) — 0ijy; — Cij(s)y; if z€ Zy.

(3

From Proposition 7.13 in [28], it follows that for 0 < Re(s) < 1,

y E'(2,8)E’(2,8)dA,(z) = (E'(2,5), F/(2,")) + O(e™)
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as Y — 0o. Now let us use Lemma 7.23 in [28]:

yiA=X) _ y—i(A=X)

(Bi(z, 5 +iN), B (2, 5 +iN) = 3y

iA=N)
) e 1 Cri(3 —iX\) — Cpy (2 — i)
Y—’L()\—)\) . . J\2 J\2
+ ;qk(fm W)
+ ;(yi(/\%\’)c.,(l — i) — Y 2EO-N .(1 +iX)
iA+ ) ) Y2

and let M’ — )\ to obtain

(Fi(z, %HA) i, %—i—z)\)) _ 5,,2108(Y) + (o(; + M)%C(l - M)) |

+ (YZZ)‘CJZ(f—z)\) Yy~ 2MC,]( +i))).

In this way we obtain that:

/My|(zs|dA Z/ |E7(2,5)|2dA, ()

— 2mlog(Y) + Tr (C(; + M)%C(% _ M))

1 , 1 , 1

+ — (YPAT(C(Z — i) = Y 22 Te(C(= +1iN) | +O(e™Y).
2iA 2 2

Put everything together for equation (B.2); we have

/Mwazsz / Ko (2, 2)dA, (2)
/MY 47r/ < +)\2) (iEj(z,;Jri)\)?iej(zé+i)\)2) dA,(2)
= ﬁ /Rso <i + )\2> {2mlog(Y) + Tr (C(; +i)\)d%c(% - M))
1

+ 5 (Ym Tr(C(% —i))) — Y2 Tr(C(% - iA))) —2mlog(Y)

m

1 . _9 —92; i —c
- Z {22)\(&‘?1)\1/ I aj 2 Ay2 )\) _ 210g(a])} —+ O(e Y)}d>\
=1
1 1, 1 d 1 L 2in 1 —2iA
Tar 7 <4 A ) {Tr <C( NGOG A)) 2y (O =X + D ™)

—5; AY ZA(T (C(; +iX) + > ad?) + > 2log(ay) +O(ecy)} d.
j=1 j=1
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Hence we obtain:

Tr(¢(Age) — ‘P(Aa,O))

1 1 1 .d
=1 R<p<4+)\> lgr(l)o{Tr<C(2+z)\)ds —z)\> E 2log(a;)
2iA 2 2t
1 1 1 ..d
- ° (G +iN 2o — § 21
. R(p<4+/\>{ <C(2—|—z)\)ds M)—i— ogaj}

1 1 1 o 1 “ ,
li - 2 ]er)\ T - § : =24\
+ voR 47 /R(P (4 A ) {Qi/\ ( r(C(2 i)+ % )

j=1

s Ly el —an+ 3 Y AT i) + S a2 4 O(ecY)} 0\
j=1 j=1

Lo 1. o
el (Tr(0(2+m))+;aj) d.

Write Y2 = cos(2AlogY) + isin(2\logY). Then the last integral is the difference of the two
following terms

1 1 2 L. L. Loy o sin(2AlogY)
I " Tr(C(; — Tr(C(= i —2i\\ SIEA 08 1 )
e R‘P<4+/\ )( r(C(2 iX)) + r(C(z—i-z/\))—i-jz::la] +a; ") o d\, and
1 1 Tr(C(L + X)) = Tr(C(L —i))) + Q2N _ =2\
i ¢ <4 + )\2) (©G ) Cib ) NF25na % cos(2A1logY) dA.
TJR

Taking the limit as Y — oo we obtain:

THp(Bne) — #(B0) = 1= [ (4 22) {Tr (cG+ingei) -n)+ 3" 2log(a) }

7j=1

o (1) THC(3)) +m

4 4

Now we are ready to compute the spectral shift function. We first consider ¢ € CZ°(R) such
that ¢(1/4) = 0. Then the previous equation becomes:

Tr(p(Age) — 9(Aao)) = ;r/ﬂf (i + )\2) {Tr <C(; +¢A)j Ly ) + ZQlog o }

Now let us use the fact that the functions ¢ (3 + A?), Tr (C(3 + i)\)%C(% —i))) and the constants
are even, thus so it is the integrand. Therefore we obtain:

Tr(p(Aae) — 9(Ba)) = 217r/ooo<p (i 4 /\2> {Tr (C(l +z/\):li Ly i > +Zz1og (a) }
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Let us also call p(\) = Tr (C(5 + Z/\)dSC(* —i\) + > j12log(a;). Then the change of variables
N =1/4+ X\? and integration by parts give:

B 00 T —1 4
o) —o(Ba) = g [ <p()\’)p(\/7\/;:_11//f)d)\': / » \/i/i aXdN,

N p(y/A—1 4 p(\/A'—1/4)
where we used d(i’ f/4 pH \/m

In this way, we have for the spectral shift function that:

Y (Tr(C(3)+m) .
0

A— 1/4
if M <

NN

Now let ¢ € CZ°(R). Then

[Temgenay = g+ [ e I gy

1/4 N=1/4 1/4 N —1/4
(Te(C(z)) +m) 1 /°° nIWAN —1/4) .,
= 1/4 + — N) ———="dN\.
p(1/4)—2 R
In the last integral, make the inverse substitution A = /X — 1/4 to get:
o0 ~ ™(CE)+m) 1 [~
[Teongoa = o TERE LT o000 ax
1/4 4 27 Jo

— Te(plAu) ~ 9(Ba0) = [ FNIEWY) ax.
R
Since £.(N) = 0 for N < 1/4, for any ¢ € C>°(R) we have that
dp ;7
| GE0EN) - eax =0

By ellipticity of )\,, it follows that & — & € O (R) and

AN (éc( ) gc()‘/)) =0,

thus &.(X) — &(N) = ¢, a constant function. Recall that & () is the absolutely continuous part
of the spectral shift function £(A; A, Ag) and 04.(A) = 04c(Ago) = [1/4,00). Tt follows from the
properties of the spectral shift function that £.(\') =0 for A" < 1/4. Since E(N) =0, for N < 1/4
we have that ¢ = 0, therefore £.(\') = &.(\'). Finally we obtain:

VA-1/4 . -\ - r(C(3) +m -
{C(/\):—% i Tr<C(;+z’)\)§SC(;—i)\)> - TG +m) VA 1/4210gaj,

if A > 1, and otherwise & (A) = 0.
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B.2 Spectral shift function for (A, A;y)
Now consider the Laplacian Ay that is the self adjoint extension of the direct sum of

82 oo dy
yjza 2 CO ([1700)) - LQ([LOO)v 7;)

obtained by imposing Dirichlet boundary conditions at y; = 1, for all 1 < j < m. In this case the
kernel of ¢(Aq ) is

. 1 " 1
Kip,(z,2") = o / —|— A2 Z & (y —|— iNé (i 5 T IN)dA,
7j=1

where &/ satisfy the following equations on [1,00):

d? . y
- 2d7y26](y78) = S(l—s)ej(y,s),
é(1,s) = 0,
Ay, s) = y'+oy.s)

Then in the previous proof the only changes are that a; = 1, for 1 < 5 < m, and that the term
involving log(a;) becomes null. Therefore we obtain:

~ ~ ~ Inam

LN A Ar) =
if A<

PN
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