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Un gouvernement passe et tombe, un peuple grandit, resplendit, puis
décroit, qu’importe ! les vérités de la science se transmettent, s’accroissent
toujours, font toujours plus de lumiére et plus de certitude. Le recul d’un
siécle ne compte pas, la marche en avant reprend quand méme, ’humanité
va au savoir, malgré les obstacles. Objecter qu’on ne saura jamais tout est
une sottise, il s’agit de savoir le plus possible, pour arriver au plus de
bonheur possible.

Emile Zola, Travail

Governments rise and fall, peoples grow, shine, and decline, none of it
matters ! the truths of science are passed on, ever increased, always
bringing more light and certainty. A delay of a century is inconsequential,
the march forward resumes anyway, humanity strives toward knowledge, in
spite of any obstacle. To say one might not ever know everything is absurd,
the point is to know the most, to achieve the most happiness.

Emile Zola, Work
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Une isométrie de Deligne-Riemann-Roch pour les
fibrés vectoriels plats unitaires sur des courbes
modulaires

Résumé

L’objectif de cette thése est de définir et d’étudier une métrique de Quillen sur une courbe modulaire
ayant des cusps pour la métrique de Poincaré, munie d’un fibré vectoriel holomorphe plat unitaire.
Dans le cas compact, étudié par Bismut-Gillet-Soulé et Deligne, cette métrique de Quillen est
une modification de la métrique L? par le déterminant du laplacien de Dolbeault agissant sur les
sections. Une de ses propriétés fondamentales est qu’elle satisfait une isométrie de type Riemann-
Roch. Sous nos hypothéses, cette construction ne peut étre faite, en raison de la singularité aux
cusps de la métrique de Poincaré sur la courbe modulaire, et de la métrique canonique sur le fibré.
Un premier essai de définition, réalisé par Takhtajan et Zograf pour des fibrés d’endomorphismes
en remplacant le déterminant du laplacien de Dolbeault par la valeur en 1 de la dérivée de la
fonction zeta de Selberg, a mené a une formule de courbure, mais pas a une isométrie. La métrique
de Quillen définie dans ce texte généralise celle donnée par Takhtajan et Zograf aux fibrés plats
unitaires. Elle aura cependant ’avantage crucial de rentrer dans le cadre d’une isométrie, similaire
a celle étudiée par Deligne, et de mener & un théoréme de Riemann-Roch arithmétique.

Afin de contourner les singularités des métriques, nous utiliserons des méthodes dues a Freixas
i Monplet et von Pippich. Ces derniéres sont principalement constituées d’outils de chirurgie
analytique, tels que la troncature des métriques et des formules de recollement de Mayer-Vietoris,
pour réduire I’étude des déterminants de laplaciens & des calculs de type global, pour lequel nous
utiliserons la formule des traces de Selberg, et de type local, qui nécessitera l'introduction de
fonctions spéciales.

Mots-clés

Isométrie de Deligne-Riemann-Roch, métrique de Quillen, torsion analytique holomorphe, théorie
d’Arakelov, théoréme de Riemann-Roch arithmétique, Courbe modulaire, groupe fuchsien, fibré vec-
toriel plat unitaire, chirurgie analytique, formule de Mayer-Vietoris, formule des traces de Selbery,
fonction hypergéométrique, sommation de Ramanujan.
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A Deligne-Riemann-Roch isometry for flat unitary
vector bundles on modular curves

Abstract

The purpose of this thesis is to define and study a Quillen metric on a modular curve with cusps
and the Poincaré metric, endowed with a flat unitary holomorphic vector bundle. In the compact
case studied by Bismut-Gillet-Soulé and Deligne, this is given by a modification of the L?-metric
using the determinant of the Dolbeault Laplacian acting on sections. One of its fundamental
properties is that it fits into a Riemann-Roch type isometry. Under our hypotheses, this definition
cannot be applied, since the Poincaré metric on a modular curve, and the canonical metric on
the vector bundle present singularities at each cusp. A first attempt was made by Takhtajan
and Zograf, for endomorphism bundles, using the first order derivative ar 1 of the Selberg zeta
function. They proved a curvature formula, but not an isometry. The Quillen metric we will define
in this text will generalize the one defined by Takhtajan and Zograf to flat unitary vector bundles,
and will also involve derivatives of the Selberg zeta function. However, it will have the decisive
advantage of satisfying an isometry, similar to the one studied by Deligne, leading to an arithmetic
Riemann-Roch formula.

To circumvent the metric singularities, we will use methods developped by Freixas i Montplet and
von Pipppich. They primarily involve the use of analytic surgery methods, taking the form of
truncation of metrics and Mayer-Vietoris glueing formulae, to reduce the study of determinants
of Laplacians to computations of two natures: global, for which we use the Selberg trace formula,
and local, requiring us to introduce special functions.

Keywords

Deligne-Riemann-Roch isometry, Quillen metric, holomorphic analytic torsion, Arakelov geometry,
arithmetic Riemann-Roch theorem, modular curve, Fuchsian group, flat unitary vector bundle, an-
alytic surgery, Mayer-Vietoris formula, Selberg trace formula, hypergeometric function, Ramanujan
summation.
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Introduction

The main focus of this thesis is to derive a Deligne-Riemann-Roch isometry for arithmetic surfaces,
whose incarnation at every complex place is a modular curve, endowed with particular vector
bundles. Before we dive into this pressentation, let us see a brief history of the various Riemann-
Roch theorems, and their place in complex geometry, differential geometry, and Arakelov geometry.

Theorem 1 (Riemann-Roch). Let X be a compact Riemann surface, and L be a holomorphic
line bundle on X. Denote by wx the holomorphic cotangent bundle on X. We have the following
equality of integers

WO (X,L)—h'(X,L) = h°(X,L)—h° (X,wx®L7) = degL+1—g,

where g is the genus of X, and h' denotes the dimension of a cohomology space.

As written above, this theorem relates a fundamental topological invariant, the genus, to quantities
defined in complex geometry, taking advantage of the fact that Riemann surfaces live in both
worlds. We will often refer to theorems which, as a generalization or in a similar way, link two
domains which are a priori unrelated, as Riemann-Roch type theorems. In the 1950s, two such
results emerged: a complex geometric version, and a relative algebraic geometric version.

Theorem 2 (Hirzebruch-Riemann-Roch). Let X be a compact, complex manifold, and E be a
holomorphic vector bundle on X. Denote by x (X, E) the holomorphic Euler characteristic of E,
i.e. the alternating sum of the dimensions of the coherent cohomology spaces of E. We have

X(X,E) = [y ch(BE)td(X) ,
where ch (E) is the Chern character of E, and td (X)) is the Todd class of the tangent bundle of X.

Theorem 3 (Grothendieck-Riemann-Roch). Let f : X — S be a smooth and projective morphism
of smooth complex quasi-projective algebraic varieties, and E be a vector bundle on X. Denoting
by Ty the relative tangent bundle, we have the equality in the de Rham cohomology of S

ch(R*f.E) = f.(ch(E)td(Ty) .

This last equality in cohomological in nature, though one can introduce a smooth Ké&hler metric g
on X and a smooth hermitian metric A on F to lift

ch (R*f.E) — f. (ch (E) td (Ty))

to a differential form, which must be exact, meaning it has a d-primitive. The dd°-lemma then states
that a dd°-primitive exists, though it does not indicate how to find one. A canonical representative,
in the sense of [21], can be found, using the work of Bismut, Gillet, and Soulé from [9, 10, 11],
as well as that of Bismut and Kohler from [12], though the latter assume that the higher direct
images R'f, F are locally free. This form, well-defined up to Im 0+ Im 0, is called the holomorphic



analytic torsion form. The notion of torsion originated in 1935 from the work of Reidemeister,
and was greatly developped by Ray and Singer, first in the real case as the analytic torsion in [78],
and then in [79] as the holomorphic analytic torsion form in the complex case. It has been studied
extensively. Taking the (1, 1)-part of this lift of the Grothendieck-Riemann-Roch is of particular
importance. On the left-hand side, we find the Knudsen-Mumford determinant line bundle defined
in [64]. It is an algebraic line bundle on S, whose fiber at a point s € S is given by

ANE), = @ (detH' (X, E))

K2

To lift the degree 2 part of the Grothendieck-Riemann-Roch theorem to the level of (1,1)-forms,
we need to define a metric on A (FE) from the metrics g and h. Using Hodge theory, and the
identifications of the Dolbeault cohomology spaces to the appropriate spaces of harmonic forms,
we can define the L?-metric on A (E). However, this metric is not satisfactory, as it does not
vary smoothly in family. This is not surprising, since the L2?-metric only depends on kernels
of Laplacians, and not on their full spectra. To fill this gap, we consider the (0,0)-part of the
holomorphic analytic torsion, given by

logT (g,h) = Y. (~1)%qlogdet’ A(:D

a0 ’

where A(®:9) is the Dolbeault Laplacian acting on (0, ¢)-forms with values in E, and det’ denotes
the modified determinant, which is built from the strictly positive eigenvalues through a zeta
regularization process. The renormalization of the L?-metric, defined as

1/2
g = T(g.m)"? |

produces a metric on the determinant line bundle, called the Quillen metric, which varies smoothly
in family. The study of the curvature of this line bundle equipped with this metric has been of
extreme importance, and is in particular made in [11], leading to the following result.

Theorem 4. We have the equality of (1,1)-forms

et (AX(E),||~IIQ) = f.(ch(E,h) td(Tx,g)"" |

where ch (E,h) and td (Tx, g) are the Chern-Weil representatives.

In order for this result to make sense, it should be stressed that f: X — S must be proper, and
that the metrics g and h have to be smooth. When the metrics are not smooth, nothing can be said
a priori, even when the base is a point, but advances have been made. For instance, Takhtajan
and Zograf defined in [93] a Quillen metric on a modular curve arising from a Fuchsian group of
the first kind I" without torsion with the endomorphism bundle of a stable parabolic vector bundle
coming from a unitary representation p of I'. Their Quillen metric is defined as

o = 2/ (1T,Adp) ™2

where Ad p is the adjoint representation of p, which induces the bundle End F, and Z denotes the
Selberg zeta function. In the process, they derived the following curvature formula, where €2 is the
Kahler form on the moduli space of stable parabolic bundles, and 0 is the cuspidal defect.

Theorem 5. We have the equality of (1, 1)-forms

e (A (EndB),Hllg) = g0+ .
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This result has recently been extended to account for the presence of elliptic points in [94]. Takhta-
jan and Zograf further studied in [93] the moduli space of stable parabolic vector bundles, extending
the work of Mehta and Seshadri from [69]. These curvature formulae are not the only interesting
results to get using Quillen metrics. As a matter of fact, Deligne proved a functorial Riemann-
Roch theorem, in the form of an isomorphism compatible with base change and exact sequences,
for families of compact Riemann surfaces and vector bundles, both endowed with smooth metrics.
Using the work of Bismut, Gillet, and Soulé from [9, 10, 11| and of Bismut and Lebeau from [13],
this isomorphism becomes an isometry up to explicit factor. Furthermore, when Riemann surfaces
are considered, the definition of the Quillen metric can be simplified to

—1/2
g = (det"A) " [fl. »

where A is the Dolbeault Laplacian acting on sections of E. It should be noted that this Laplacian
appears instead of the one acting on (0, 1)-forms because both have the same determinant.

Theorem 6 (Deligne-Riemann-Roch isometry). Let X — S be a proper, smooth scheme mor-
phism of relative dimension 1, with geometrically connected fibers, and € a vector bundle over X
of rank r. There is a functorial isomorphism of line bundles over the base S, canonical up to sign

T 6 —
Aess (E)2 ~ (wx)s,wass) <det5,det5®w;(}s> 1Cy (X/S,6)7'2 .

When both X and £ are endowed with smooth metrics, this isomorphism becomes an isometry, up
to an explicit factor ¢ (g,r) depending on the genus of the fibers of X /S and on the rank of £.

We have used two intersection bundles here, namely the Deligne pairing, and the IC5 bundle. Both
notions represent functorial lifts to the level of line bundles of the integration along the fibers of
polynomials in Chern classes. This is extensively studied by Elkik in [40, 41], and will be further
explained in sections 5.1.2 and 5.1.3. This theorem was obtained with the aim of getting a deeper
understanding of Arakelov geometry, and of the arithmetic Riemann-Roch theorem of Gillet-Soulé,
which had been obtained but not published at that time. This relatively new theory was developped
by Arakelov in [2, 3] from arithmetic intersection theory, which generalizes classical intersection
theory. These fields of study were greatly expanded by Gillet and Soulé in [51], leading to the proof,
in [52], of their Riemann-Roch type theorem. The right setting is that of arithmetic varieties, which
are regular, quasi-projective, flat schemes over SpecZ, although there are slight variations on this
definition according to the reference. We will denote by R the R-genus of Gillet-Soulé.

Theorem 7 (Arithmetic Riemann-Roch). Let f : X — S be a projective, flat morphism of
arithmetic varieties which is generically smooth and £ be a Hermitian vector bundle on X. Consider
a Kdhler metric g on Xc. We have the following equality

Y10, ch (E0) td (E) R )Y € TH' (),

- — ~ o~ \ (
i (Ms@)g) = £ (h(@®)ia(T)))
where &(E,h) the arithmetic Chern character of (£,h), and by td (Tic) is the arithmetic Todd

class of the tangent complex endowed with g.

This type of theorem holds in a more general setting than Deligne’s result, though it is less refined,
as it does not give information on the determinant line bundle itself. In a similar fashion, Kéhler
and Roessler proved an arithmetic Lefshetz fixed point theorem in [65]. This result was one of the
motivations behind this thesis, as will be explained later.

So far, we have only dealt with smooth metrics, with the exception of the curvature formula
obtained by Takhtajan and Zograf. However, arithmetic intersection theory has been extended, so
as to take into account some singularity on the metrics. This was done by Burgos, Kramer, and



Kiihn in [22], and by Bost in [14]. Throughout these works, the question of obtaining Riemann-
Roch type theorems was left unresolved. This was partially answered by Freixas i Montplet, first
alone in [45] and then with von Pippich in [47]. In this last article, whose methods will be followed
in this thesis, the case of the trivial bundle is dealt with. It should also be mentioned that in their
respective theses [29, 56], De Gaetano and Hahn derived close results, using methods, unrelated
to those used here, which find their origin in the work of Jorgenson and Lundelius in [62]. Some
advances for more general surfaces with vector bundles have also been made by Finski, for instance
in [42, 43]. In the following, the Fuchsian groups of the first kind we work with are without torsion.

1 Survey of the thesis

The purpose of this thesis is to prove a Deligne-Riemann-Roch isometry for a particular class of
arithmetic surfaces X over S = Spec Ok, where K is a number field. We assume that the structure
morphism X — S has disjoint sections o1, ..., o, such that for every embedding 7 : K — C,
the non-compact Riemann surface X, \ {01 (7),...,04 (7)} is a modular curve, defined from a
Fuchsian group of the first kind I',. We will further work with a vector bundle £ of rank r defined
by unitary representations p, scalar at the cusps for every 7. This will be detailed below.

Theorem 8. We have an isometry of line bundles over S

2, m—1

Arss )G
~ (ways (D), ways (D) ((det €)™ (D), (det €)™ (D'))*"" 7m(=™)
(et &)™ (D) ways (D)™™ IC, (X, €5™ (D) 2" @ 4, ® e

2, m—1 2T7n

®(Os,clg,r)™ " @O@®)™ ",

where g denotes the genus of any modular curve X, (C), and the metric on Og is ¢(g,r) times the
trivial metric, this last constant being given by c¢(g,r) =r (1 — g) (1 —24¢" (—1)).

1.1 Framework

Let I' be a Fuchsian group of the first kind, which here means a finitely generated discrete subgroup
of PSLs (R), whose action on the upper half-plane has a fundamental domain with finite volume for
the Poincaré metric. We assume that I' has no torsion, and further consider a unitary representation

p : ' — U.(C

of I'. The trivial bundle H x C” of rank r on H is then endowed with an action of I', given by

’Y'(Zav) = (’YZ,p(’Y)’U)
and the quotient £ = T'\ (H x C") is a unitary flat holomorphic vector bundle over the modular
curve I'\H. Let us now describe how we can extend E over the compactified modular curve. We
note that this amounts to extending E over the cusps. Let p be one of them. We can describe an
open neighborhood U, . of p as a quotient (T") \ (R x |a (¢),+o0[), where T is the translation and

ale) = 5loge™?

endowed with the Poincaré metric g. We can also make the identification

~ |dz\2
Upesg) = (D*(0:): paliche)
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where D* (0, ¢) is the punctured disk of radius €. For each cusp p, we denote by 7, a generator of
the stabilizer I'), of p in I'. The matrix p (,) being unitary, it can be diagonalized in an orthonormal
basis. We fix such a basis (ep,j)j and write

i _ 29Ty 5 i
p(1p)ep; = eTWwiey;

with a, ; being defined modulo 1. Choosing lifts of these real numbers, we set

2wy, ; Zo .
5

Spj 2 — € D,j -

We can use a Deligne extension to get a holomorphic vector bundle F over the compactified modular
curve. The canonical hermitian metric on C” then induces a metric on E over U, ., given by

2 20y 4
lspalls = [217

which is not smooth at p unless all o, ; vanish. This extension and the associated metric, which is
called the canonical metric h, depend on the choices of lifts. The singularities of both the Poincaré
metric and the canonical metric prevent us from defining the Quillen metric, and from applying
the Deligne-Riemann-Roch isometry from [32].

1.2 Truncation of the metrics

To circumvent the singularity of the metrics at the cusps, we will take a closer look at the situation.
For every cusp p, under the identification of U, . with the punctured disk of radius €, we note that
every metric considered here depends only on the modulus of the local coordinate z. We can define
the truncated Poincaré metric g. and the truncated canonical metric h. as on the drawing below.

lz| < €

lip.sli2 = 20 ‘
|dz|?
2 (loge)?

Figure 1 — Truncation of the metrics on a modular curve

Outside the open subsets Up, ., the metrics g. and h. are given by g and h respectively. Near the
cusp p, however, we have replaced g and h by the constant metrics described on the drawing. The
metrics thus obtained are only piecewise smooth, and have a global Sobolev H!-regularity. Taking
smooth approximations g and hi of g and h, we have the following isometry

. _ 6 _
A (B)gy = (wxerwxer) <detEs,k7detEs7k®wx,ls,k> ICo (X, Bop) ™
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where the various bundles have been equipped with the appropriate smooth approximations of
the truncated metrics. The limit as k& goes to infinity can be taken on the right-hand side, which
means that an e-truncated Quillen metric can be defined on the determinant line bundle, yielding
the truncated Deligne-Riemann-Roch isometry

6
Ax (E)gs ~ (Wxe wx,e) <det E.,detE. ® w)_(l > 10y (X, EE)_12 )

,E

We now want to let € go to 0%, which requires a lot of care, since we want to get a precise control
on the metrics on either side.

1.3 Regularization of the isomorphism

The first step required to take the limit of the truncated isometry is to regularize it, This amounts
to modifying the isometry so as to extract the singularity as € goes to 0% and set it aside.

The Deligne pairings. We begin by dealing with the Deligne pairings, which are the first two
factors on the right-hand side of the isometry. Denoting by D the divisor given by the sum of the
cusps, and using the metric bimultiplicativity of the Deligne pairing, we get an isometry

xewxed = (ox(D)wx (D)) ® (wxpll,) ®CREI)

p cusp

where || denotes the usual modulus on C, and ||, is the metric on wx,, defined by |dz|, = 1. This
last choice of metric on wy , originated in Wolpert’s work, more precisely in [102], and was named
the Wolpert metric by Freixas i Montplet in [45]. The singular term R, (£) is defined by

log R, () = —hlog2— hloge — 2hlogloge™! ,

with h denoting the number of cusps. The advantage is that the metric on wx (D) induced by
the Poincaré metric on wy and the trivial metric on Ox (D) has an H'-regularity, since wx (D)
is generated around p by dz/z, and we have ||dz/z||, = —log|z|. This manipulation amounts to
allowing some singularity, 7.e. simple poles, in order to remove the same amount of singularity
from the metric. We then have the following convergence

(wx (D). ,wx (D)) —  (wx (D),wx (D)) .

e—=0t

This allows for the regularization of the first Deligne pairing in the isometry, and something similar
can be done for the second one, assuming all o, ; are rational numbers.

The IC5 bundle. We proceed to regulare the factor ICs (X, E.). Since we cannot twist E by
a line bundle to allow different poles in multiple directions, we need to assume that p is scalar
at the cusps, which means that all o, ; are equal and rational, with o, ; = m,/m. Using the
compatibility of the IC5 bundle with tensor products, we have an isometry

2 m-—1

IC, (X, B.)*™"
~ Gy (X, EF™ (D))" (det B)™ (D), , (det B)™ (D'),)" (m=rEr=D

mmpr™ (m(r™—1)+2(1—7))
© @ (detB,|l,) ® (wxpll,

p cusp p cusp

)f@%muw)

®(C, Rrc, (€) ),



where, for each cusp p, we have considered the Wolpert metric on wx j,, and the metric on det £,
is defined by ||sp,1 A -+ A Sp,r”p = 1. Furthermore, the singular factor is given by

logRic, (6) = | X mp | r™(1—r)loge .
p cusp

All other factors converge as € goes to 07, since the metrics on E®™ (D) and on (det E)™ (D’)
induced by the canonical metric on E and the trivial metrics on Ox (D) and on Ox (D”) are
smooth on the compactified modular curve.

1.4 Analytic surgery

The Quillen metric for smooth approximations g and hy, which coincide with g and h except near
the cusps, of the truncated metrics is defined as

_ d /Aglmhk ~1/2
H'”Q,k = et By H'||L2,k’

using the Dolbeault Laplacian for these smooth metrics. The convergence of the right-hand side
of the isometry implies that the Quillen metric converges as k goes to infinity, to the e-truncated
Quillen metric. Since the modular curve has finite volume, the L2-metric also converges, which
means we must have convergence in k of the modified determinants. This limit should be studied
using spectral geometry. We achieve this goal by using two glueing formulae of Mayer-Vietoris
type. The first one, proved by Burghelea, Friedlander, and Kappeler in [20] holds for smooth
metrics, and yields

I Agkhe Vidk ! A7k Pk gkl gie>hie
det AEE = ¢ det NEE,E det A5E7X5 [T det AEE%E ,

p cusp
where X, is the compactified modular curve from which we have removed every U, ., every Lapla-
cian on the right-hand side is with Dirichlet boundary condition, and N is a Dirichlet-to-Neumann
jump operator. The second holds for the singular metrics g ans h, is proved in chapter 2, and reads

va h h
det’ (Ap, Ap cuspe) = e—ﬁdet’N%’ﬁdetA%,Xg )

where the Laplacians are associated to the Chern connection, and the left-hand side is a modified
relative determinant, which can be thought of as “well-defined quotients of ill-defined determinants”,
and are defined by Miiller in [73]|. Proving this last comparison is actually done in several steps:
the first one involves the formula with a parameter u and a constant, the second is the computation
of the constant by using asymptotic expansions as p goes to infinity. In these formulae, we have
denoted by V' the volume of X, and by ¢ the total length of all boundaries U, .. The link between
both results is made by using the flatness of F over X. and relating the Chern and Dolbeault
Laplacians using the Bochner-Kodaira-Nakano identity. The convergence in k, followed by the
divergence in € can then be studied, although they involve a truncation constant which can so far
only be computed when all a, ; vanish. There are leads to fill that gap, using Wentworth’s ideas
from [101], and the extension of some of them by Kokotov in [66].

1.5 Computation of determinants

After using both Mayer-Vietoris formulae, the modified relative determinant of Ag and Ag cusp,e
is left, and be computed asymptotically as € goes to 0, by introducing an auxiliary Laplacian A,.
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On the modular curve

The first relative determinant we can deal with is that of Ag + p and A, + u, using the Selberg
trace formula. We prove that the constant term in the asymptotic expansion as u goes to infinity
vanishes, and compute the modified relative determinant for p = 0. It is given by

logdet’ (Ag, A.)

= L1k(T,p)loga(e) +log Z(D (1) +log (d!) — irhlog2 + 1k (T, p) log 2

g 20 () +glog2m— 3] =5 X X0 logsin (may).
B T

We can observe in this formula that the first order derivative of the Selberg zeta function used by
Takhtajan and Zograf in [93], and by Freixas i Montplet and von Pippich in [47] will be replaced by
the first non-zero derivative of the Selberg zeta function. Every result pertaining to this paragraph
can be generalized to all Fuchsian groups of the first kind, even those with torsion.

Around a cusp

The other relative determinant we must take care of is that of Ag cusp,e + 1 and A, + p for p real
and positive. In chapter 4, we compute the asymptotic expansion as p goes to infinity, and then
the asymptotic expansion for 1 = 0 as € goes to 0" of the logarithm of this determinant. To do
that, we use explicit computations on model cusps, hypergeometric functions, and the Ramanujan
summation process. Rather than presenting computations without context, let us see one of the
difficulties on a toy example. Consider the function

s — Y HevEFa

k>1

for p > 0, which is well-defined and holomorphic on the half-plane Res > 1/2. We will need to
prove that functions of this type have a holomorphic continuation to a neighborhood of 0, and
compute the value of this continuation at 0 as p goes to infinity. The typical method to prove that
such continuations exist is to use a Taylor expansion, and to write

1 _ 1 1 1 w/k _dt
1§1 mavk+p = C(S+§)+§k§1 =+172 Jo VItE -

The Riemann zeta function above can be extended near the origin, and the remainder already
induces a holomorphic function there. However, improving the convergence in k, so as to get an
absolutely convergent remainder increases the divergence in u, and we cannot recover an asymptotic
expansion in g of the continuation evaluated at 0. This can be solved using the Ramanujan
summation process, presented by Candelpergher in [23]. We prove in chapter 4 that we have

Fp#:+oo log det’ (AE,cusp,e + i, Ac+ N) = 0,

where Fp denotes the finite part, meaning the constant term in an asymptotic expansion. We also
prove that we have, as € goes to 0 when p vanishes,

logdet (Agcuspe; D) = 2male) > Y. ap;—2ma(e) X > o+ iwhra(e)

p cusp j=kp,+1 p cusp j=kp+1

+1k (T, p)loga(e) =4 > > logsinmay,; — shrlog2+o(1).
D cuspj:kp+1



1.6 A Deligne-Riemann-Roch isometry

Proving theorem 8 is now simply a matter of putting all previous results together. Indeed, the
isomorphism part of it is given by Deligne’s result, and getting an isometry can be done by studying
the case where S is a point, X is a modular curve, and E is a vector bundle such as described
above. First, we use the regularization of all three factors on the right-hand side of the truncated
isometry. We use the combined singular term, denoted by R (¢) in this introduction, to see that
we can define the singular determinant as

AL _ . 1 I Ageshe
det AaE = sg%l+ I76) det AEE

the determinant on the right-hand side above being the limit of the determinants for the smooth
approximations. It should be understood that this quantity is not the determinant of an operator,
as the Poincaré metric on X and the canonical metric on F are singular, but an ad-hoc definition.
Using the glueing formulae discussed in the paragraph on analytic surgery, we can then restate the
limit more conveniently as

logdet' Az = Cg+ 1k (T, p)log2 +log ZD (1) + log (d!) + % [gr — 1] log2
+orV 20 (<) + Slog2m — 4]+ 5(( 2 X ap) log2,
p cusp j=1

where gr is the genus of X, and Cg is the truncation constant. As a consequence of the isometry,
we can get an arithmetic Riemann-Roch formula. The sections o; have been assumed to be disjoint
for simplification only.

2 Potential applications and future work

Computation of the truncation constant

A part of theorem 8 that still remains to be determined is the truncation constant C'g. So far, it can
only be computed when all o, ; vanish, in which case the metric on E is smooth, by using a direct
generalization of the Polyakov formula presented in [76], and the same type of arguments as those
developped in [47] to deal with the jump operator. It should be noted that the conformal properties
of Dirichlet-to-Neumann operators have been studied in [55] by Guillarmou and Guillopé. However,
due to the absence of Polyakov formulae for vector bundles and Dirichlet boundary conditions, and
due to the complicated nature of the jump operator when the metric on the vector bundle changes,
the constant C'r cannot yet be computed in general. Here are two possible leads towards achieving
that goal.

1. The first one is to use a Mayer-Vietoris formula to regroup the terms appearing in the
truncation constant to obtain a determinant on the whole modular curve, and then use
another such formula proved by Wentworth in [101] to break it apart again, this time with
Alvarez boundary conditions. As explained by Wentworth, these boundary conditions have the
advantage that a Polyakov formula can be found. Using the methods for finding asymptotics
of determinants of jump operators presented by Wentworth in [101] and expanded by Kokotov
in [66], it stands to reason that C'r could be computed in general.

2. The most satisfying way to solve this problem would be to find a Polyakov formula for vector
bundles and Dirichlet boundary conditions. Unfortunately, it does not appear that one can
easily be found. Even if such a formula was obtained, one would still need to use the methods
of Wentworth and Kokotov to deal with the jump operators.
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Elliptic points

In this thesis, all Fuchsian groups of the first kind are assumed to be without torsion, which means
that the modular curve has no elliptic points. The reason for that choice is not very deep. The
computations of relative determinants using the Selberg trace formula have already been made,
though not stated here, even if I' has elliptic elements, but computations similar to the ones made
in chapter 4 would have to be performed around elliptic points. The same methods, in particular
the Ramanujan summation process, are expected to work, but this will require some time.

Curvature formulae and moduli spaces

Following [93], where Takhtajan and Zograf define a Quillen metric on modular curves and certain
endomorphism bundles in order to get a curvature formula, it would be interesting to derive
similar results in the more general setting described in this thesis. This would also lead to a deeper
understanding of the moduli space of parabolic bundles.

Applications in Arakelov geometry and analytic number theory

The first consequence of the Deligne-Riemann-Roch isometry proved in this thesis is an arithmetic
Riemann-Roch theorem. This formula is stated under the assumption that the sections o; are
disjoint, but generalizing that would only be a matter of taking intersections at finite places into
account. As a result, in the same manner as [47, Sec. 10.2|, one could hope to derive an explicit
formula for the first non-zero derivative of the Selberg zeta function in certain cases. It should be
noted that the behavior of the Selberg zeta function and its derivatives at 1 is important in the
work of Jorgenson and Kramer, for instance in [61].

Another interesting consequence in Arakelov geometry would be an arithmetic Lefschetz formula,
of the same type as the one proved by Kohler and Roessler in [65]. The original aim of this thesis
was actually to get this formula. It only evolved into finding an isometry when it was realized that
there were essentially no added difficulty.

Modular forms with Nebentypus

Let N € N be an integer, and consider for T' a congruence subgroup, i.e. a subgroup of SLs (Z)
containing a subgroup

I'(N) = {{Z Z:|€SL2(Z), a=d=1 mod N, b=c=0 modN}.

Both are identified to their image in PSLy (Z). Let x be a character of ', which we assume is non-
trivial. A modular form with Nebentypus x of weight 2k with respect to I' is a function f : HH — C
which is holomorphic, including at the cusps, and such that we have

fFOr-2) = x()(cz+d)* [ (2)

for any element ~ of I". Such a function can be identified to a global section of the line bundle w* L
on X, where w is the holomorphic cotangent bundle, and L is the line bundle induced by x. We
consider the case k = 1. By Serre duality, we can identify this space of global sections H® (X,wL)
to H' (X , Lil)v. Furthermore, since x is non-trivial, the space H° (X , Lil) equals zero. Applying
the arithmetic Riemann-Roch theorem could provide a way to compute the Petersson norm of these
modular forms in terms of special values of Selberg zeta functions.

10



Higher dimensions

A natural question also arises from the considerations made in this thesis: are there generalizations
to higher dimensions? The notion of modular curves would have to be replaced by that of Hilbert
modular varieties. Even the case of Hilbert modular surfaces is vastly more complicated. The aim
would not be to get a Deligne-Riemann-Roch isometry in this case, as such a result does not exist
for smooth metrics in relative dimension 2, but obtaining an arithmetic Riemann-Roch theorem
could be envisioned. Compared to the case of modular curves, there is an added complication right
from the beginning, which is that Hilbert modular surfaces are not smooth objects. One would
first need to resolve the singularities, using the work of Hirzebruch in [59]. The truncation of the
metrics, which we perform here, has no analog for surfaces, and there does not appear to be a
simple way around that. It is still a very interesting open question, and it has been conjectured
by Freixas i Montplet, for instance in [46, 48|, that special values of Shimizu L-functions and their
derivatives should appear.

Relations to other approaches

As we have already mentioned, several results related to the work presented in this thesis have been
obtained, by Hahn, De Gaetano, and Finski, among others. Though the methods they use bear
no link the ones used here, it would be interesting to see if combining these different approaches
could yield better results.
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Chapter 1

Modular curves and unitary
representations of Fuchsian groups

In this first chapter, the aim will be to present the situation we will be dealing with in this text,
i.e. that of modular curves, of Fuchsian groups of the first kind, and of unitary representations of
such groups. The notations defined here will be adopted throughout the rest of this document.

1.1 Fuchsian groups

This section is devoted to introduce the notions of Fuchsian groups of the first kind, and of modular
curves. There are several possible references for a more comprehensive presentation. For instance,
one could follow Venkov’s or Iwaniec’s work, in [60, 97, 98|. Although the context is slightly
different, as it only deals with Fuchsian groups of a stronger arithmetic nature, the reader is also
referred to [34]. As we will see, Fuchsian groups are a particular type of subgroups of PSLs (R),
which will later be divided into two kinds. We will take some time to review these notions.

Definition 1.1.1. The special linear group SLs (R) is defined as

a
SLy(R) = {M [ € M (R), detMadbcl} .
C

The standard topology on SLy (R) is the topology inherited through its canonical inclusion in R*
obtained by sending a matrix as above to (a, b, ¢, d).

Proposition 1.1.2. The center of the special linear group is given by
Z(SLy(R)) = {-IL, L} .
The standard topology on SLo (R) is compatible with the action on it by the center.
Definition 1.1.3. The projective special linear group PSLy (R) is defined as the quotient
PSLy(R) = Sl (R)/{£L} .

of SLy (R) by its center. The standard topology on PSLs (R) is defined as the quotient topology
induced by the standard topology on SLs (R).

Definition 1.1.4. A subgroup I" of PSLy (R) is said to be Fuchsian if it is discrete.
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Example 1.1.5. The projective special linear group PSLs (Z) is Fuchsian.

Definition 1.1.6. A non-trivial element v of PSLy (R) is said to be:
e clliptic if we have 0 < (Trvy)® < 4;
e parabolic if we have (Trv)? = 4;
e hyperbolic if we have 4 < (Tr 7)2.

This classification is also used for any subgroup of PSLs (R), in particular for Fuchsian groups.

Remark 1.1.7. The square trace of any element of PSLy (R) is well-defined, as such elements
can be lifted to the special linear group up to sign.

1.1.1 Action on the Riemann sphere and the upper half-plane

One of the defining aspects of the group PSLs (R) is given by its action on the upper half-plane,
and more generally on P! (C), which is the compactification of C by adjunction of an infinity point.
Unless otherwise specified, we will denote by I' a subgroup of PSLs (R).

Definition 1.1.8. The upper half-plane H is defined as
H = {ze€C, Imz>0} .
It is endowed with the restriction of the canonical topology on C.
Proposition 1.1.9. The Riemann sphere can be partitionned as
P!(C) = HUHUP®),

with P! (R) being R U {co}, and oo denoting the infinity point added to define P* (C).
Proposition 1.1.10. The group PSLy (R) acts on the Riemann sphere by

PSL,(R) — 6&(P'(C))

az+b17 >
cz+d

_abH[H._
T= e d z VA=

with the conventions 1/0 = 0o and 1/oo = 0. This action preserves H, as well as H and P* (R),

and thus induces one on the upper half-plane H.

Proposition 1.1.11. A subgroup T’ of PSLs (R) is Fuchsian if and only if its action on H is
properly discontinuous, i.e. if for any compact K C H, the set {v € T';, yK N K # ()} is finite.

From now on, we consider a Fuchsian group T'.
Definition 1.1.12. A point z € P! (C) is said to be:
e elliptic with respect to I' if it is fixed by an elliptic element of I';
e parabolic with respect to I if it is fixed by a parabolic element of T';

e hyperbolic with respect to I' if it is fixed by a hyperbolic element of T'.

Remark 1.1.13. The mention “with respect to I'” will be dropped when no confusion can arise.
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Remark 1.1.14. Let v € I', which we write, up to sign, as a matrix

B a b
v= c d |-
of determinant 1. A fixed point z € P! (C) is then a solution of the equation

2+ (d—a)z—b = 0.

The solutions of this equation are studied by looking at the discriminant

D = (d—a)’+4bc = (d+a)’+4(bc—ad) = (d+a)*—4 .

The number and location of such solutions are then entirely characterized by the trace of the
element -, which gives the following proposition.

Proposition 1.1.15. An element v € T" is:
e clliptic if and only if it has two fived points in P! (C), one in H and another one in H;
e parabolic if and only if it has exactly one fized point in P! (R);
e hyperbolic if and only if it has exactly two fized points in P! (R).
Example 1.1.16. Let us study the parabolic points for the action of PSLs (Z) on P! (C). For a

parabolic element  of this group, the discriminant D of the equation seen above is

D = (T7)?-4 = 0.
which means that + has a single fixed point in P! (R), given by

a—d
z = 20 € Pl(@) :

Conversely, any point z € P! (Q) can be sent to oo by means of an element g of PSL, (Z). Having

11 B
01| > T %

we see that oo, and thus z, is a parabolic point for the action of PSLy (Z). The set of parabolic
points for this group is therefore P! (Q).

Remark 1.1.17. The result presented above for PSLs (Z) still holds for other Fuchsian groups
of great arithmetic interest, like congruence subgroups. However, the same cannot be said for the
more general groups we study here.

Proposition 1.1.18. A point z € P! (C) is of at most one of the three types described above.
Proposition 1.1.19. Let z € P! (C). The stabilizer T, of z in T is

e finite and cyclic if z is elliptic;

e infinite and cyclic if z is parabolic.

Proposition 1.1.20. The group I' is without torsion if and only if it has no elliptic elements.
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Remark 1.1.21. The stabilizer of co in PSL, (Z) is generated by the translation

Proposition 1.1.22. Let p be a parabolic point for T'. There exists an element g, in PSLy (R)

such that we have g, - 00 = p and
11 _
- l[3 1

Remark 1.1.23. This proposition will be crucial in this document, especially in chapter 4, as it
will allow us to make explicit computations. We will always denote by g, an element of PSL, (R)
such as in this proposition.

Remark 1.1.24. Note that, in proposition 1.1.22, we get exactly the translation T, and not some
power of it. If T is a congruence subgroup, we can require that g, belongs to PSLs (Z) at the cost
of getting only a power of T

1.1.2 Limit sets and the two kinds of Fuchsian groups

As we have already mentioned, Fuchsian groups are divided into two kinds, based on the nature
of their limit sets. The topology considered here is the usual one on P! (C).

Proposition 1.1.25. The set of accumulation points in P* (C) of an orbit T - z with z € H s
included in P! (R), and is independant of z.

Definition 1.1.26. The limit set of the Fuchsian group I' is defined as

AT) = T-z2\T -z,

meaning the set of accumulation points of I" - z.

Definition 1.1.27. The group I is said to be Fuchsian of the first kind if the limit set A (T") is
the whole real projective line P! (R). It is said to be Fuchsian of the second kind otherwise.

Example 1.1.28. The group PSLs (Z) is the most classical example of Fuchsian group of the first
kind. Some of its subgroups are also of the first kind. For instance, principal congruence subgroups

I'(N) = {{(CI Z]ESLQ(Z), a=d=1 modN, b=c=0 modN},

or rather their image in PSLs (Z), are Fuchsian of the first kind, where N € N* is a strictly positive
integer. In the same spirit, the image in PSLy (Z) of the groups

Ty (N) = {[Z Z}eSLg(Z), a=d=1 mod N, c=0 modN},
To(N) = {[‘C‘ HeSLQ(Z), c=0 modN}

are also Fuchsian of the first kind, and are the most important such groups after the principal
congruence subgroups. More generally, every congruence group, i.e. every subgroup I' of PSLs (Z)
containing any I' (N) is Fuchsian of the first kind.

Proposition 1.1.29. Let IV be a normal subgroup of T'. The limit sets of T' and I are equal.
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1.1.3 The Poincaré metric

The aim of this paragraph is to present a way to measure distances and volumes related to the
upper half-plane, called a metric.
Definition 1.1.30. The Poincaré metric on H is given in the canonical coordinates by

da? + dy? |dz|?

a2, = LAY
hyp y? (Im z)2

Remark 1.1.31. This Poincaré metric was defined using a notation which we must make clear.
For any point z = (z,y) of H, we can consider the tangent space of H at z, which is isomorphic
to C. In the canonical basis of this tangent space, given by the derivations 9/9x and 9/dy, we
consider the inner-product given by the matrix

/9> 0
[ 0 1/y? ‘| .

The volume form associated to this metric is given by

dz A dy
y o

Whyp

The measure on H defined by this is thus a density measure with respect to the restriction of the
Lebesgue measure on C.

Proposition 1.1.32. The Poincaré metric is invariant by the action of PSLy (R).

1.1.4 Fundamental domains

As for every group action, the shape and properties of fundamental domains can be studied, and
yields interesting results here, as it allows us to give a more practical separation for Fuchsian groups
of the first and second kind. It will also be the occasion to clear up some misconception.

Definition 1.1.33. A subset F' of H is said to be a fundamental domain for the action of I' on H
if the orbit I' - z of any point z € H intersects F' in one and only one point.

Example 1.1.34. For some explicit Fuchsian groups, a fundamental domain can be computed
explicitely. For instance, here is the usual fundamental domain for the action of PSLg (Z).

-1 -1

Figure 1.1 — A fundamental domain for the action of PSLs (Z) on H
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As we will see shortly, the fact that PSLy (Z) is Fuchsian of the first type made it possible to find a
fundamental domain whose boundary is polygonal, in the sense that its sides are pieces of geodesics
for the Poincaré metric. It should be noted, in this case, that oo is a vertex of said polygon, but
does not belong to the fundamental domain, as it is not a point in H.

Proposition 1.1.35. Two fundamental domains for the action of I' on H have the same volume.

Definition 1.1.36. The covolume of the Fuchsian group I' is defined to be the volume of any of
the fundamental domains for its action on the upper half-plane.

Definition 1.1.37. The extended upper half-plane H* is defined as

H* = H U {p parabolic for I'} .

Remark 1.1.38. It can be seen that I' preserves the set of parabolic points. Thus, its action on
the Riemann sphere induces one on H*. The group I" also preserves the set of elliptic points.

Proposition 1.1.39. If the action of I' on H has a fundamental domain with finite volume for
the Poincaré metric, then I' is Fuchsian of the first kind.

Remark 1.1.40. Using this proposition, we can see once again that PSLs (Z) is Fuchsian of the
first kind. Indeed, denoting by F' the fundamental domain from this example, we have

1/2 +o00 dud 1/2 d
yer z . 11/2 T

VolF — dydr / A o
_1y2 Jyizer YR 12 VI—a2 [ ey 3

The same domain would of course not have finite volume for the Lebesgue measure.

Remark 1.1.41. The converse to the proposition above is false. Let I' be a Fuchsian group of the
first kind without torsion and with finite covolume. We now consider a normal subgroup IV with
infinite index of I". The limit sets of IV and I" being equal, as IV is normal in I, the group I' is
also Fuchsian of the first kind. Since it has infinite index in I', any fundamental domain must have
infinite volume.

Remark 1.1.42. It is often implicitely assumed that Fuchsian groups of the first kind are finitely
generated, as in [60, Prop 2.3 or in [97, Thm 1.2.1]. Even though this is actually not automatic,
it will be in our framework.

Proposition 1.1.43. Assume T is finitely generated. Then T is of the first kind if and only if it
has finite covolume. In this case, there are finitely many orbits of parabolic and elliptic points.

From now on, we will work with a finitely generated Fuchsian group of the first kind I'.

Definition 1.1.44. The group I is said to be cocompact if its action on H has a compact funda-
mental domain.

Example 1.1.45. The group PSLs (Z) is not cocompact, as oo does not belong to the fundamental
domain. It is actually a more general result, which constitutes the next proposition.

Proposition 1.1.46. The group I is cocompact if and only if there are no parabolic elements.

Theorem 1.1.47. The group I is entirely characterized by the datum of a finite set of generators,
comprised of 2s hyperbolic elements Hy; and Hs;, of r parabolic elements Py, and of n elliptic
elements E;. The latter are of finite order, and all these elements are linked by the relation

[Hl,iaHQ,i]~-~[H1757H2,5} PlprElEn = 12 .
Here, we have denoted by [-,-] the commutator of two matrices. Furthermore, one can choose a

Sfundamental domain for the action of I' on H* which is a closed polygon, in the sense that its sides
are pieces of geodesics for the Poincaré metric.
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Remark 1.1.48. This theorem is stated at the beginning of [97, Sec. 1.2], and its first part can
be reformulated to say that I is the quotient of a free group of finite rank by the appropriated
relations between the generators.

1.2 Modular curves

Let I" be a Fuchsian group of the first kind. In the last section, we saw what some fundamental
domains for the action of I' on H* may look like. As for every group action, any fundamental
domain is in bijection with the set of orbits, also called the quotient space. In our case, this last
set will be of a great interest.

Theorem 1.2.1. The quotient space T\H can be endowed with a structure of Riemann surface. It
18 compact if and only if there are no parabolic points.

Remark 1.2.2. As we will see later in this section, this Riemann surface can always be compact-
ified by adjunction of a finite number of points, called the cusps. These play the role of “infinity
points”, in the same spirit as the compactification of the complex plane into the Riemann sphere.

1.2.1 Topology

In order to define a structure of Riemann surface on T'\H, we must first define a topology on it.
Even though the context is slightly more general, we follow the presentation from [34, Sec. 2.1].

Definition 1.2.3. The quotient topology on T'\H is the finest topology making continuous the
canonical projection

T H — D\H
z — Tz
In other words, a subset U of T'\H is open if 7~ (U) is open in H.

Proposition 1.2.4. Let z and w be two points in H. There exist two open neighborhoods U of z
and V' of w such that for any v € T, having yU NV # (0 implies that we have vz = w.

Remark 1.2.5. In particular, for any non-elliptic point z, there exists an open neighborhood U
of z which is disjoint from its image by any v € I'.

Proposition 1.2.6. The space I'\H is Hausdorff.

1.2.2 Charts

The next step which must be taken in order to turn I'\H into a Riemann surface is to define charts
around the image 7 (z) of each point in the upper half-plane. we follow [34, Sec. 2.2| here.

Around the image of points with trivial stabilizers. The easiest type of points to deal with
is the image of non-elliptic points, which have trivial stabilizer in I'. Let z € H be such a point,
and U be an open neighborhood of z in H satisfying the statement made in remark 1.2.5. The
restriction of the canonical projection

™ : U — x(U)

is then a homeomorphism, and its inverse yields a chart around w (2).
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Around the image of elliptic points. Dealing with elliptic points is slightly more complicated.
Let z be such a point. Let U be an open neighborhood of z in H such that for every element v € T',
we have

WUNU#) = ~eT, .
The image of U by the projection 7 is an open neighborhood of 7 (2), given explicitely by
m(U) = T,\U .
We now consider the transformation

5, : P'(C) — P'(C)

w—z >

w—z

which sends z to 0 and its complex conjugate Z to oo, and denote by m the order of the stabilizer
of z in T. Up to reducing U, we assume it is a euclidean disk of radius '/ |Im z|, with ¢ > 0
small enough. We then have, for every w € U,

‘5z (w)‘ _ \w—z| < El/m )

jw —Z|

The open neighborhood 4, (U) of 0 in C is then the open disk D (0,e/™) of radius e'/™. Fur-
thermore, we see that conjugation by 4, transforms the stabilizer I', into the group pu,, generated
by the rotation of the complex plane around the origin, with angle 27/m. Thus §, induces a
homeomorphism
5. + w(U) — pn\D(0,e¥/™) .
The m-th power application
p : P(C) — PLH(C)

z — Z™m

then identifies the quotient p,,\D (0,51/’") to the open disk D (0,¢), thus giving an open chart
around 7 (z).

Remark 1.2.7. By extension, the image of elliptic points in T'\H, which are in finite number, are
also called elliptic points.

Modular curves We have now seen that the quotient space T'\H is a Hausdorff space endowed
with an atlas. This yields the following theorem.

Theorem 1.2.8. The space T\H is a Riemann surface, called a modular curve.

Remark 1.2.9. The term “modular curve” is traditionally reserved for the quotients by Fuchsian
groups of the first kind included in PSLy (Z). For lack of a better term, this is extended to the
more general case studied here of Fuchsian groups of the first kind included in PSLy (R). This
choice is for instance made by Zagier in [103].

Remark 1.2.10. The modular curve is compact if and only if there are no parabolic points.
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1.2.3 Compactification

In general, the modular curve T'\H is not compact, as there may be parabolic points. We will now
see how to add them, so as to get a compact Riemann surface. As was already mentioned, the
action of T on P! (C) preserves the set of parabolic points, and thus acts on it, with a finite number
of orbits, as I' is of the first kind. This results in an action of I' on

H* = H U {p parabolic} ,
We will consider the quotient set
MNH* = (T'\H) u (T'\ {p parabolic}) ,

i.e. the modular curve I'\H to which we have added finitely many points.

Definition 1.2.11. The elements added to T'\H to get T'\H* are called the cusps.

Topology. The first step towards studying I'\H* is to extend the topology already defined on
the modular curve I'\H. We follow [34, Sec. 2.4]. We begin by defining open neighborhoods of
each parabolic point in H*. Let p € P! (R) be a parabolic point for I. We consider g, € PSL (R)
such that we have

p = Ggp o©

11 . .
p gp<l0 1]>9p = gp<T>gp

We will thus only define open neighborhoods of oo in HL {oo}. For any 0 < € < 1, we set

—
I

1
ale) = o loge~!

The topology on H L {oo} is then defined as being generated by the topology on H and sets of the
form R x Ja (¢),4+oo[U {oo}. Therefore, we can define the topology on H* as being generated by
the topology on H and the sets g, (R x Ja (), +oo[ L {o0}).

Proposition 1.2.12. The quotient space T\H*, endowed with the quotient topology, is Hausdorf}.

Remark 1.2.13. The inclusion of H* in the Riemann sphere is not continuous.

Charts. Now that we have made I'\H* a Hausdorff topological space, we need to define an atlas
over it. The one already defined for the modular curve T\H can be used, and we only need to
define charts around each cusp. We will use the last paragraph for that. Up to reducing ¢, we have

™ (g9p R xJa(e),+oc)) = Tp\(gp (R xJa(e),+oc[))
as a homeomorphism. The transformation g, further induces a homeomorphism
gp = (T)\NRxJa(e),+oo]) — Tp\(gp (R xJa(e),+ocl)) -
The action of T on R X Ja (¢) , +00[ is quite simple, and we note that we have a homeomorphism
(T)\([RxJa(e),+oo) =~ S xJa(e),+oo[ ,
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with S! being the unit circle, which is parametrized by = € [0,1[. This set is now homeomorphic
to a punctured open disk of radius ¢, using the application

St xla(e),+o0o] — D*(0,¢)

(337 y) — e?iﬂ'(a:—i—iy)

)

the center of this disk corresponding to the cusp. This provides a chart around the cusp 7 (p).
This open neighborhood of p, or rather its image in I'\H*, is denoted by U, ..

Remark 1.2.14. Depending on the situation, it will be better to see U, . as S* x Ja (¢) , +00[, or

a the punctured disk D (0,e). We will do so without explicit mention of the homeomorphisms.

Compact modular curves. Using the last two paragraphs, the quotient space T'\H* is a Haus-
dorff topological space endowed with an atlas, hence a Riemann surface. There is one crucial
advantage with regard to the modular curve T'\H.

Theorem 1.2.15. The space X = T'\H* is a compact Riemann surface.

Remark 1.2.16. It is common to also call I'\H* a modular curve, with context making clear
whether we consider the compactification, or the quotient I'"\H.

Definition 1.2.17. The punctured modular curve associated to I' is defined to be

Z = (I\H*)\ ({p cusp} U {q elliptic point}) = (T'\H) \ {q elliptic point} ,
i.e. the compactified modular curve X from which we have removed both cusps and elliptic points.

Remark 1.2.18. The reason why this punctured modular curve is an important object will be
made clear shortly, and has to do with the nature of the Poincaré metric near those points.

1.2.4 The Poincaré metric on a modular curve

As mentioned in proposition 1.1.32, the Poincaré metric on H is invariant by the action of the
group PSLy (R), and thus by that of I'. This means that it induces a metric on the punctured
modular curve Z, as metrics may have problems at fixed points.

Around cusps. We have seen that natural open neighborhoods of a cusp p are homeomorphic,
and actually diffeomorphic, to open neighborhoods S' x Ja (¢) , +00][ of 0o in H. Since the Poincaré
metric is invariant by the action of the transformation g,, this homeomorphism between a neigh-
borhood of p and one of co sends the Poincaré metric on itself. This is not the complete picture
of what happens around a cusp, as we can also see U, . as the punctured disk D* (0, ¢), using the
application

St xJa(e),+oc[ — DX (0,¢)
(y) e )
with S* being once again parametrized by = € [0, 1[.
Proposition 1.2.19. The application above induces an isometry
da? 4 dy? dz|?
(Slx}a(e),—i-oo[, x—l—2y) ~ DX, &2 )
y (I2[log |z[)
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Remark 1.2.20. Using the description provided in this proposition, we see that the Poincaré
metric has a singularity at every cusp, since such a point corresponds to the center of the punctured
disk D* (0,¢), and we have

1

lim ————— = 400,
I1=0 (|z[log |z])

This represents a loss of control regarding the way to measure distances when reaching the cusp.

Around elliptic points. Let ¢ € I'\H be an elliptic point. Having previously described canon-
ical open neighborhoods U, . of ¢ which are diffeomorphic, to disk of radii €, we can use these
applications to give the Poincaré metric on this last disk.

Proposition 1.2.21. We have an isometry

41dz|?
2
m2 |Z|2—2/m (1 _ |Z|2/m)

dz? + dy?
2

(vae\ 1), ) = |,

Remark 1.2.22. The integer m, which is the order of the stabilizer of any lift of ¢ to H, being at
least 2, the Poincaré metric also has a singularity at the elliptic points.

Graphic representation of a modular curve. A modular curve such as studied in this doc-
ument can be represented in the following way.

Figure 1.2 — An example of modular curve

The four points at the bottom of this drawing represent the cusps. It should be noted that they are
smooth points, in the sense of differential geometry. They are manifested in this way to emphasize
the singularity of the Poincaré metric at these points.

1.3 Unitary representations of Fuchsian groups

There are a few more crucial notions we must see before diving into the heart of this text, meaning
that of unitary representations of Fuchsian groups of the first kind, their associated flat unitary
holomorphic vector bundles, and their extensions to the compactified modular curve. For simplicity,
we will make an assumption, which will hold in everything that follows: the Fuchsian group I' has
no torsion, though it is expected that most of this text can be extended to this case.
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Definition 1.3.1. A unitary representation of rank r of I" is the datum of a group morphism

p : ' — U (C),
where U, (C) denotes the space r x r complex unitary matrices, i.e. matrices U € M, (C) such
that we have 'UU = I,.

Remark 1.3.2. There is a well-known result in linear algebra which we will use in the following:
any unitary matrix can be diagonalized in an orthonormal basis. The next proposition is a direct
consequence of this fact.

From now on, we consider such a representation p of the fixed Fuchsian group T

Proposition 1.3.3. Let p be a cusp, and 7, be a generator of the stabilizer of p in I'. There exists
an orthonormal basis ep1, ..., ep,r of C" in which the matriz p (7y,) can be written as

2imay 4

P('Yp) ~ e )

where each oy, ; is a real number, well-defined modulo 1.

Definition 1.3.4. The representation p, which is often called the monodromy, is said to satisfy
the “finite monodromy at the cusps” hypothesis if every «, ; is rational.
1.3.1 Flat unitary vector bundles

In this paragraph, we will see that to every representation p as above, we can attach a flat unitary
holomorphic vector bundle F over the punctured modular curve Z.

Proposition 1.3.5. The action of I' on H and the unitary representation p induce an action on
the trivial vector bundle of rank r by

r — 6(MHxC")
v o— [(zv) — (yrze(n)v)]

Proposition 1.3.6. The quotient E = T'\ (H x C") is a flat unitary holomorphic vector bundle
over the punctured modular curve Z.

Proposition 1.3.7. A section of E over Z can be identified to a function f : Z — C" verifying

fly-2) = p(V)f(2)

for every point z of Z. Similarly, a section of E over an open neighborhood U, . of a cusp p can
be identified to a function g : R x ]a (&), +oo[ with

glz+Ly) = plp) f(@y) .

Proof. We will only write the details for the first part of this proposition, as the second one is
completely similar. By definition, a section s of E over Z is a function

s : H — HxC"

2 — (5 f(2)

24



which is compatible with the actions of I' on H and on H x C”. This gives

(Vo2 f(y-2) = s(y-2) = vs(2) = 7 (5f(2) = (vzpf(2),

and completes the proof.
O

Definition 1.3.8. A section s of E over Z is saif to be a constant section if it can be identified,
under the last proposition to a constant vector-valued function

f+ H — C"
which is compatible with the representation p.

Remark 1.3.9. Such a function being constant and compatible with p, its constant value must
belong to the space ((CT)F of fixed vectors. In particular, there can be no constant section if for
every cusp p, no «, ; vanishes modulo 1.

1.3.2 Extension over the cusps

The vector bundle E attached to such a representation p has only been defined over the punctured
modular curve, which here is T'\H, as we assumed there were no elliptic points. It will be important
in what follows to be able to extend these bundles over the whole compactified modular curve.
This extension is not unique, inasmuch as it depends on a choice of branch of logarithm. This
extension is known as Deligne’s canonical extension, for which the reader is referred to [31, 77].

Theorem 1.3.10. For any choice of lift o, ; to Q, where p runs through the cusps of X and j is
an integer between 1 and r, there is a canonical way to extend the flat unitary holomorphic vector
bundle E to X. These extensions are pairwise non-isomorphic.

Proof. The vector bundle E being already defined over Z, we note that it is enough to extend
it from every open neighborhood U, . to the associated cusp. Let p be one, and consider an
orthonormal basis (ep-j);:l of C" such that we have

217ro¢p7je i
>

p(vp)ep; = e p.J

Here, the rational numbers «, ; are only each defined modulo 1. We consider particular lifts, still

denoted the same way. Using the description of Ejy;, _ as a vector bundle over S x ]a (), +ocl,
we have a decomposition

T
E\U = Lp,j
Jj=1

where the line bundle L, ; can be defined as

Ly; = (T\(Rx]a(e),+00[) x Cep5)

Here, T is the translation (x,y) — (z + 1,y), and the action of the group it generates on the
trivial bundle (R x ]a (¢),+o0[) x C is given by the character

ppj = (I) — C

T y  e2imap;
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We can now see L, ; as a free sheaf of rank 1, as it is trivialized by the section

. 2 (i
spj ¢ (wy) — em%’J(IHy)epJ

s

Seeing now U, . as the punctured disk D* (0,¢), we have an isomorphism of sheaves

Lpj =~ Obpxe)8pj
where Opx (o) is the sheaf of holomorphic functions on the punctured disk of radius e. The
extension is then defined as

Lyj = Opoe)sps

and we extend F by taking the direct sum of these free sheaves.

O

Remark 1.3.11. The extension of E defined in the proof above depends on the lifts oy, ; as the
sections s, ; used to trivialize L, ; do. The resulting vector bundle E is in general no longer flat.

Definition 1.3.12. For any extension of the vector bundle E as in theorem 1.3.10, the choices of
lifts oy, ; are called the weights of the vector bundle.

Proposition 1.3.13. Consider an extension E of a vector bundle associated to a unitary repre-
sentation p. We have an isomorphism

HY(X,E) ~ (C")",

where the right-hand side denotes the space of fized vectors, and the one on the left is the 0-th
Dolbeault cohomology space, describing global holomorphic sections.

Proof. This result constitutes proposition 1.2 of [69].

1.3.3 Singular metric on the extensions

In this last part, we will see that any of the previously defined extension has a canonical metric
defined on it, which is in general singular, in a way to be defined. Let E be such an extension,
with weights ;.

Proposition 1.3.14. The canonical hermitian metric on C" induces a hermitian metric on E
over Z, so that the sections s, ; form an orthogonal frame, with

2 2005
lsmsll? = 1
Proof. To prove this reuslt, recall that we have defined s, ; by
spi ¢ (@yy) o eBmansea)
which then gives
2
(59,5 (,)]

= |edintativ) 2ap,j
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Going from the interpretation of U, . as the product S x ]a (), +o0o] to the one as the punctured

disk D* (0, ¢) then yields the result.
O

Remark 1.3.15. We say that this metric is in general singular at the cusps, since we have
0 if ap g > 0

. 2 .
;L{% Ispsll; = 1 if op;=1,

+oo if oy ; <0

though some authors prefer the term degeneration when the limit is zero. We will only use the
term “singularity” to simplify. The only way not to have any singularity is for every weight o, ; to
vanish. This does not necessarily imply that F is the trivial bundle of rank r however.

Definition 1.3.16. This metric on E is called the canonical metric.
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Chapter 2

Analytic surgery

This chapter is devoted to the study of a set of techniques regrouped under the term “analytic
surgery”. The objective is to understand how determinants of certain Laplacians vary when either
the object on which they act, or the metric by which they are defined are themselves variable.

2.1 Background in differential and complex geometry

Before concerning ourselves with the specific situation we are studying in this text, we will first
review some facts about differential and complex geometry. The reader is referred to [6, 7] among
others, for a more detailed introduction to these notions.

2.1.1 Connections on the tangent bundle

Let M be a Riemannian manifold, whose tangent bundle is denoted by T'M. The cotangent bundle
of M, denoted by T* M, is the dual bundle of T M.

Definition 2.1.1. Let U be an open subset of M. A smooth vector field over U is a smooth section
of the tangent bundle TM over U. Namely, it is the datum, for every point z € U, of a tangent
vector X, € TM, of M at x, depending smoothly on the point.

Definition 2.1.2. A smooth metric g on the manifold M is the datum, for every point x € M, of
an inner product g, on the tangent space T'M,, so that the function

g(X)Y) : U — R
r — g (X o Yw)
is smooth for every open subset U of M, as well as every smooth vector fields X and Y over U.

Definition 2.1.3. Let U be an open subset of M. A smooth differential 1-form over U is a smooth
section w of the cotangent bundle T* M. In other words, it is the datum, for every point z € U, of
a linear form w, on the tangent space 1T M,,, varying smoothly with respect to the point.

Remark 2.1.4. Similarly, a smooth differential k-form on U is a smooth section of the k-th
exterior power A*T*M of the cotangent bundle.

Definition 2.1.5. Let U be an open subset of M. For any smooth differential 1-form w on U and
any smooth vector field X on U, we denote by w (X) the smooth function on U defined by

wlX) : U — R

ro— we (X))
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Definition 2.1.6. A connection on M is a collection of linear operators

Vy : C®(UTM) — C®(UT*M®TM)

which are compatible with restrictions, and satisfy Leibniz’s rule, meaning such that we have

Vo (fX) = fVoX+dfeX

for any smooth function f on U, and any smooth vector field X over U.

Remark 2.1.7. Out of convenience, all these operators Vi are denoted by V. Given the re-
quirement that V be compatible with restrictions, it can readily be interpreted as a morphism of
sheaves, with the added condition that it satisfies Leibniz’s rule.

Definition 2.1.8. A connection V on M is said to be compatible with a metric g on M if we have

dg(X,)Y) = ¢g(VX,)Y)+g9(X,VY) ,

for any smooth vector fields X and Y over any open subset U, where the inner-products g, have
been extended so as to have

g(X,a®Y) = ag(X)Y),

for any smooth differential form « € C* (U, T*M).

Definition 2.1.9. Let X be a smooth vector field over an open subset U of M. We define the
contraction operator tx to be

tx @ C¥(U,T*M) — C>(U)
w — w(X)

Definition 2.1.10. Let X be a smooth vector field over U. We define the covariant derivative
with respect to the vector field X to be

Vx = i1xo0V : C®(UTM) — C®(UTM) .

Proposition-Definition 2.1.11. Assume M is endowed with a smooth metric g. There exists a
unique connection V which is:

1. compatible with g;

2. without torsion, i.e. such that we have

vy —viMIx = [x,Y],

where the term on the right-hand side denotes the Lie bracket of any two smooth vector fields.

This connection is called the Levi-Civita connection associated to (M, g), and denoted by v (M.9),
or by V9 if no confusion on the manifold can arise.

Remark 2.1.12. One of the aims of this chapter being the study of operators as the metrics
themselves change, it will be important to keep an explicit mention of them in the notations.
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Definition 2.1.13. For any smooth function ¢ and any smooth metric g on M, we denote by g,
the smooth metric on M defined by

90 = €*¥g.
The metrics g and g, are said to be conformally equivalent, or simply conformal.
Proposition 2.1.14. Let ¢ be a smooth function on M, and g be a smooth metric on M. The

Levi-Clivita connections on M respectively associated to the metrics g, and g are related by

VEY = VY +X ()Y +Y (p) X —g(X,Y)grad(y) .

Proof. This result is a consequence of a computation made using the Koszul formula for the Levi-
Civita connection. The reader is referred to [8, Thm 1.159].
O

2.1.2 Connections on holomorphic vector bundles

From now on, we will assume that M is a complex manifold, above which we consider a holomorphic
vector bundle E of rank 7. The notions presented below, similar in aspect to those presented in
the last section, are presented so as to insist on the differences between the real and complex cases.

Definition 2.1.15. A smooth hermitian metric h on F is the datum, for every point = of M, of
a hermitian product h, on the complex vector space F,, so that the function

hs,t) : U — C
x > hy(Sg,tz)

is smooth for every smooth sections s,t € C* (U, E) of E over U.

Definition 2.1.16. Let U be an open subset of M. A smooth differential 1-form over U with
values in F is a smooth section w of the tensor product 7*M ® E. Similarly, we can define smooth
(1,0)-forms and smooth (0, 1)-forms, both with values in E.

Definition 2.1.17. A connection on E is a collection of linear operators
Vv : C*U,E) — C*UT*M®E)

which are compatible with restrictions, and satisfy Leibniz’s rule, meaning such that we have

Vu(fs) = [fVus+df®s,

for any smooth function f on U, and any smooth section s of E over U.

Remark 2.1.18. Again, mention of the open subset U will be omitted, and such a connection
will be denoted by V. A definition using the language of sheaves could be made.

Definition 2.1.19. Let h be a smooth hermitian metric on E. We say that a connection V on E
is compatible with h if we have

dh (s,t) = h(Vs,t)+ h(s, Vi)
for every smooth sections s and ¢ of E over any open subset U of M.
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Remark 2.1.20. In the definition above, the hermitian products h, have extended, so as to have

h(s,a®t) = ah(s,t) .
The difference between this definition, and the one that was given in the last section is that
hermitian products are sesquilenar, and not bilinear.

Proposition-Definition 2.1.21. Assume E is endowed with a smooth hermitian metric h. There
exists a unique connection V on E such that:

1. it is compatible with the metric h;

2. its (0, 1)-part, meaning its composition with the projection on the space of (0,1)-forms with
values in E, coincides with the Dolbeault operator 0.

This connection is called the Chern connection associated to (E,h) and denoted by VE".
Remark 2.1.22. The (1,0)-part of this connection is denoted by Vibh.

Remark 2.1.23. The reader is referred to [99] for information on the Dolbeault operator dg.

Remark 2.1.24. The fact that the (0,1)-part of the Chern connection is prescribed to be the
Dolbeault operator, which does not depend on the metric h, means that the (1,0)-part bears the
information related to h.

Definition 2.1.25. For any smooth metric h on E, and any smooth section 1 of the endomorphism
bundle End F, we denote by h, the smooth hermitian metric on F defined by

hy (s,t) = h(e¥s,evt)

for any smooth sections s and ¢ of E over U.

Remark 2.1.26. These changes of metric on the holomorphic vector bundle E may at times be
called “conformal” changes, so as to mirror the changes of metric on the tangent bundle. We will
now see how the Chern connection varies under such changes of metrics on F.

Proposition 2.1.27. Let ¢ be a smooth section of the endomorphism bundle End E, and h be a
smooth hermitian metric on E. The Chern connections associated to (E, hy) and (E, h) respectively
are related by

VERe = eV () VI (e¥)" e¥ +0p |

where the adjunction is taken pointwise with respect to the hermitian product hy,.

Proof. Let s and t be smooth sections of F over an open subset U of M. We have
he ((e—w ()" VEP ()" ¥ +5E) s,t) + Iy (57 (e—w (%) VE (V) e +5E) t)

= h (e¢5E8, ewt) +h (Vibh (e"/’)* eVs, t) +h (e"/’s, ewéEt) +h (s, Vfbh (e’/’)* ewt)

h (EEs, (e¥)" ewt) +h (Vﬁbh (e?)” ews,t>

+h ()" e¥s,Dpt) +h (s, VI (¥)" et)
= 0 (s, (") e¥t) +0n ((e¥) e¥s,t)
— dhy (s,1).
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Having obtained the compatibility of the connection we study here with the metric hy, we now
note that its (0,1)-part is given by the Dolbeault operator. The unicity in the definition of the
Chern connection then yields the result.

O

Remark 2.1.28. Considering a metric on the manifold is not needed to define the Chern connec-
tion, which is why we have not considered any conformal change on the tangent bundle. This will
not be the case in the next section, where we consider formal adjoints.

2.1.3 Formal adjoints

We will now investigate the conformal behavior of the formal adjoints of the (1,0) and (0, 1)-parts
of the Chern connection. This time, we also need to take into account a change of metric on the
manifold to get the full picture. The term formal adjoint refers to the adjoint for the L2-hermitian
product on global sections of FE, as explained in [99]. From now on, and unless otherwise specified,
we assume M to be a Riemann surface.

Proposition 2.1.29. Let ¢ be a smooth function on M, and 1 be a smooth section of the endo-
morphism bundle End E. The formal adjoint of the (1,0)-part of the Chern connection, relative to
the metrics g, on M and hy on E, is related to that linked to the metrics g on M and h on E by

E.hy\* _ ER\*
(vmw) = % (Vl o .
’ 9 shy "/ gh

Proof. Let s be a smooth sections of E and ¢ be a smooth differential (1,0)-form with values in E.
Assuming both these sections have compact support in the interior of the manifold. We have

(E;hy) _ (E;hy)
<V1,0 87t T*M®E,g;®hw = ew VI,O S,ewt T*M®E,g*®h
M,g, M,g
_ - (E,h) * _ -2 (B,h)\"
— WVLO (e¢) ews’ﬁﬂ{t>T*M®E,g*®h = <s,e 12 (VLO ) t>E,hw'
M,g M,g,

This completes the proof of the proposition.
O

Proposition 2.1.30. Let ¢ be a smooth function on M, and 1 be a smooth section of the endo-
morphism bundle End E. The formal adjoint of the Dolbeault operator, relative to the metrics g,
on M and hy on E, is related to that linked to the metrics g on M and h on E by

Op)yn, = €2 (7)) (r),, () e .

Proof. Let s be a smooth sections of E and ¢ be a smooth differential (0, 1)-form with values in E.
Assuming both these sections have compact support in the interior of the manifold, we have

<5E3=t>T*M®E,gj;®hw = (¥ 0ps,e¥t)r e gan = <S’(5E)Z<M,g)7(E,h) (e”)” ewt>E,h
M,g, M,g M,g

= (s (@) 08) (apgyimm () ) e,

M,g,

This yields the required formula.

33



2.1.4 Laplacians

Having seen how both the holomorphic and the antiholomorphic parts of the Chern connection
behave under conformal changes of metric on the Riemann surface M and the vector bundle F,
we turn our attention to the Laplacians built from these components.

Chern Laplacian. Among the Laplacians we will define, the most natural is the one correspond-
ing to the usual Laplacian for the trivial bundle. We will call it the Chern Laplacian, as it is built
from the Chern connection. Let g and h be smooth metrics on M and E, respectively.

Definition 2.1.31. The Chern Laplacian is defined by

AZh = (VER)T gER

g:h ’

meaning it is the connection Laplacian associated to the Chern connection, acting on smooth
sections of E, which are compactly supported in the interior of M.

Proposition 2.1.32. As an operator acting on smooth sections of E, whose compact support is
included in M, the Chern Laplacian is a symmetric positive operator, whose L?-adjoint has the
following domain

H2 (M,9), (E,n), A%") = {f € L2((M,g),(B,h), AY"S € L2 ((M,g),(E,h)}

the Laplacian appearing on the right-hand side being considered in the distributional sense. The
Friedrichs extension of the Chern Laplacian yields a definite-positive self-adjoint operator defined
on the intersection of Sobolev spaces

DomAY" = H2((M.g),(E.h),A%") N H ((M,9),(B.R), A%") .

If M is without boundary, this domain is reduced to the appropriate H?-space.

Remark 2.1.33. If the boundary of M is non-empty, the Laplacian defined above is said to be
with Dirichlet boundary conditions, insofar as it acts on functions vanishing on OM.

Remark 2.1.34. The notation used here for the Sobolev spaces is quite cumbersome. This is
due to the fact that we may allow M to be non-compact, which means that every elliptic operator
tends to define a Sobolev space. Under certain assumptions, comparisons can be made between
these spaces. This is the aim of [39, Sec. 1.3].

Holomorphic Laplacian. Instead of considering the full Chern connection in the definition
of the Chern Laplacian, we can define a Laplacian by only taking the (1,0)-part of the Chern
connection, as well as its formal adjoint. Let g and h be smooth metrics on M and E, respectively.

Definition 2.1.35. The holomorphic Laplacian is defined by
h (B g(Eh)
AgE,1,o = (Vl,o )g A v1,0 ,

acting on smooth sections of E, which are compactly supported in the interior of M.

Proposition 2.1.36. As an operator acting on smooth sections of E, whose compact support is
included in M, the holomorphic Laplacian is a symmetric positive operator, whose L?-adjoint has
the following domain

H (M g). (E,h), A%h o) = {Fel?(M.9),(B.0). Aglof € L2((M,9), (E.h)}
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the Laplacian appearing on the right-hand side being considered in the distributional sense. The
Friedrichs extension of the holomorphic Laplacian yields a definite-positive self-adjoint operator
defined on the intersection of Sobolev spaces

Dom &gy, = H?((M.g), (E), A% o) 0 HY ((M,9), (B.h), A%h) -
If M is without boundary, this domain is reduced to the appropriate H?-space.

Dolbeault Laplacian. The third Laplace-type operator we consider here is built from the last
remaining piece of the Chern connection, which coincide by definition with the Dolbeault operator.
Accordingly, it will be called the Dolbeault Laplacian, though it is sometimes referred to as the
anti-holomorphic Laplacian. Let g and h be smooth metrics on M and F, respectively.

Definition 2.1.37. The Dolbeault Laplacian is defined by
Ao _ AN 7|
AZY = OE),, OE

acting on smooth sections of E, which are compactly supported in the interior of M.

Proposition 2.1.38. As an operator acting on smooth sections of E, whose compact support is
included in M, the Dolbeault Laplacian is a symmetric positive operator, whose L*-adjoint has the
following domain

H2 (M,9), (E,n), A3") = {f € 12((M,g),(B,h), AS"S € L*((M,g),(E,h)}

the Laplacian appearing on the right-hand side being considered in the distributional sense. The
Friedrichs extension of the Dolbeault Laplacian yields a definite-positive self-adjoint operator defined
on the intersection of Sobolev spaces

h h h
DOHIA%E = I’I2 ((M7g),(E,h),A%E)ﬁH& ((M7g>7(Eah)7A%E) .
If M is without boundary, this domain is reduced to the appropriate H?-space.

Conformal changes. We will, in this paragraph, see how both holomorphic and the Dolbeault
Laplacians vary under conformal changes of metrics on the Riemann Surface M and the holomor-
phic vector bundle E. Let g and h be smooth metrics on M and FE, respectively.

Proposition 2.1.39. Let ¢ be a smooth function on M, and 1 be a smooth section of End E. The
holomorphic Laplacian associated to the metrics g, on M and hy on E is given by

)

goshy (E,n)\*  _ _\* o (E,h) *
AEVJ,L()/ = e (Vm )ghe w(e w) Vio (ew) ev .

Proof. This formula is obtained bu putting together propositions 2.1.27 and 2.1.29.
O
Proposition 2.1.40. Let ¢ be a smooth function on M, and 1) be a smooth section of End E. The

Dolbeault Laplacian associated to the metrics g, on M and hy on E is given by

At = e e (V) (Dp)), (V) O

Proof. This formula is obtained by putting together propositions 2.1.27 and 2.1.30.
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Remark 2.1.41. When no change of metric has been effected on the vector bundle F, one notes
that these two results agree with the better known formulae related to variations of Laplacians
under conformal changes of metrics on the Riemann surface. Here, as we will later see, the presence
of factors lodged between the formal adjoints and the relevant parts of the Chern connections,
although not surprising, will complicate our study a great deal.

Proposition 2.1.42. The kernel of the Dolbeault Laplacian is invariant under conformal changes
of metrics on M and E.

Proof. Let u be in the kernel of the Dolbeault Laplacian A%‘;’h’”. We have

2 () (Tp), () e Tpu = 0

)

which then gives
(@5);, ()" ¢ pu = 0.

Taking the L2-product of this section with u, we get

- =\ * O\* R _ vH 2
0 = <(8E)g,h (e¥) e 8E“’“>L2((M7g)7(E7h)) = le 8Eu||L2((M,g),(E,h))'

This proves that the section e?¥ Ogu vanishes, and the same must be true of Ogu. The Dolbeault
operator being independant of the metrics, we have the result.
O

Remark 2.1.43. This result depends entirely on how the Dolbeault Laplacian varies under confor-
mal changes of metrics and does not hold, in general, for the holomorphic or the Chern Laplacian.

Relations between these Laplacians. The three Laplace-type operators we have just defined
being built out of the Chern connection, it is natural to wonder what relations might exist between
them. In the case of the trivial bundle, this amounts to using the well-known Kdhler identities.
We will use extensions of the Kéhler identities, as well as the Bochner-Kodaira-Nakano formula.
For more information on this matter, the reader is referred to [33, Sec. 7.1].

Proposition 2.1.44. The Chern, holomorphic, and Dolbeault Laplacians are related by
h N h
ALY = AQE,LLO + A%E .

Proposition 2.1.45 (Bochner-Kodaira-Nakano identity). The holomorphic and Dolbeault Lapla-
cians are related by

Agj = A% +[0(E),A]

)

where A is the formal adjoint of the operator L taking a differential form u to w A, with w being
the Kdihler form, and © (E) is the curvature form of (E,h).

Proof. This is theorem 1.2 and corollary 1.3 of [33, Sec. 7.1].

Corollary 2.1.46. The Chern and Dolbeault Laplacians are related by
202" = A"+ [i0(E),A] .
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In particular, if the hermitian bundle (E, h) is flat, then the formula above becomes
gh g,h
2A5E = ALY

2.1.5 Boundary trace operator

We will now define the boundary trace operator, which is an extension of the notion of restriction
to the boundary of a manifold. In the case of the trivial bundle, this notion is very well-known.
Since it is less common for sections of a vector bundle, we will spend time reviewing it. In this
section, we consider a Riemann surface M, not necessarily compact, with a smooth boundary OM,
and a holomorphic vector bundle E over M.

Definition 2.1.47. We denote by ¢ the inclusion of OM in M. The restriction of the holomorphic
vector bundle F to OM is defined by the pullback

E\BM = 'E .

Remark 2.1.48. Pulling back E to OM has the effect of removing the complex structure from
the vector bundle, as the boundary M is not a complex manifold. Since ¢ is the inclusion, the
restriction of F is the vector bundle over M whose fiber over x € OM is given by FE,.

Definition 2.1.49. The boundary trace operator is defined as

vom i C®(M,E) —s C® (M, Eon)

)
S — SloM

where 5|5, denotes the restriction of a smooth section.

Proposition 2.1.50. The operator ygpr is surjective, and continuous when the norm on C* (M, E)
is the H'-norm, and the norm on C® (8M7 E|3M) is the L?-norm, relatively to smooth metrics g
on M and h on E. It thus extends to a continuous surjective operator

Yom : HY((M,g),(E,h),VEM) — L2((0M,g), (Ejom, h)) -

Proof. The continuity of the boundary trace operator vgs for the norms mentioned in this propo-
sition stems directly from Stokes’ formula.
O

Remark 2.1.51. The notion of Sobolev spaces can be defined using either connections or elliptic
operators. It can be noted that the Sobolev spaces associated to the Chern connection or the
Chern Laplacian are the same.

Remark 2.1.52. We will later need to consider, in some sense, the adjoint operator of y55;. Using
the proposition above, this would yield an operator

You  LP((M.g),(Eh) w— H'((M.g),(E,h),VEM)

which is not to our advantage, as we prefer to work with L2-adjunction. We could consider va,s as
a densely defined operator between the appropriate L2-spaces, whose domain would be the Sobolev
space written above. This construction certainly fits into the definition of the adjoint operator for
a densely defined operator between Hilbert spaces. However, since the boundary trace g, is not
continuous for the L?-norms, we would have no control over the domain of the adjoint.
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Proposition 2.1.53. The kernel of the boundary trace operator yaps is given by
keryorr = Hy ((M,g),(E,h),VEM)
i.e. the H'-closure of the space of smooth, compactly supported in the interior of M, sections.

2.1.6 Poisson operator

The last kind of operator we will need to define in this section is the so-called Poisson operator.
Their aim is to provide a way to extend sections of the restricted bundle F|5y; defined over the
compact boundary dM of a (possibly noncompact) Riemann surface M.

Poisson operator for the Chern Laplacian. The idea behind this first type of Poisson oper-
ator is to take a section s of Ejgy; over M and to solve the following Dirichlet problem

{(A%’h—kz)v =0

YoM U = S

)

for sections v of E over M which are regular enough, where the first equality is to be understood
in a distributional sense. The resolution of this problem will be done in a way similar to the one
presented by Burghelea, Friedlander, and Kappeler in [20, Sec. 2.7].

Definition 2.1.54. Let z be a complex number lying in C\ R_. We define the application ®, by
®. ¢ H2((M,g),(E.h),A%") — L2((M.g),(E,h)® H*?((0M,g), (Ejonh))
v — ((A(M’g)’(E’h) + z) v, YoM v)

As can be gathered from the statement of the Dirichlet problem we aim to solve, the first step will
be to prove that every ®, is bijective.

Proposition 2.1.55. For any complex number z € C\R_, the application ®, is an isomorphism.

Proof. The fact that ®, is linear directly stems from the definition. We now note that &, is
injective, as an H2-section v sent to 0 by ®, solves the problem

{(A%’h—l—z)v = 0
Yom v =0

Such a section then belongs to the intersection of Sobolev spaces
D = HQ((M,g),(E7h)’A%Zh)ﬂHé ((Mag)7(E7h)av(E7h)) )
which is the domain of the Chern Laplacian with Dirichlet boundary conditions. The operator
A" +2 © D — L*((M,q),(E,h))

being invertible, the section v considered above has to be zero, which yields the injectivity of ®..
We now move to prove the surjectivity of this application. To do that, we consider an element

(w,w) € L*((M,g),(E,h))® H*?((0M,g), (Ejam.h)) -
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In order to prove that this pair is reached by ®,, we first need to consider an extension w of w to
the whole Riemann surface M, meaning a section w € H?( (M, g), (E,h), A%h) such that we have

VoMW = w .

This is possible, since the boundary trace operator is surjective. We can then consider the image
of w by A + z, which yields a section

(A+z)w € L*((M,g),(E,h)) .

The distributional Laplacian considered here was denoted by A instead of A%’h so as to differentiate
it from the Chern Laplacian with Dirichlet boundary condition. We can then take the inverse image
of the section written above by A%’h + z, which yields a section

(A" +2)7 (A+2)@ € HX((M,qg),(B,h),A5") N HY ((M,g), (E,h), VED).

We then set

This section satisfies

(A+2)T = (A+2)0—(A+2) (AL +2)7" (A+2) @ = 0,

and its image by the boundary trace operator vsas yields w, which means going from w to v has
not caused the boundary value to be changed. We further note that no loss of regularity has
occured, and that we have actually gained information on the image by A + z, which is relevant
here. However, this element v is not the one whose image ®, will give (u,w). To remedy that
problem, we set

-1

vo= T+ (A% ) u e HA(M,g),(E.h), AL .

This modification of v has still not modified the boundary value, as the inverse image is taken

relatively to the Chern Laplacian with Dirichlet boundary condition, which means that the resulting
section vanishes on M. The difference is that we now have

(At+2)v = (A+2)o+(A+2) (A%h+z>_lu = u.

The image of v by ®. now yields the pair (u,w), which is exactly what remained to be proved.
O

Definition 2.1.56. Let z € C\ R_. The Poisson operator P (z) is defined to be the restriction

of the isomorphism ®;! to the subspace {0} & H3/2 ((0M,g), (Ejon,h)). This yields a linear
operator defined between Sobolev spaces

P(2) © H¥?(0M.g), (B, h)) — H((M.g),(E,h),A%") .

Proposition 2.1.57. The family of Poisson operators P (z), depending on z € C\ R_, is weakly
continuous for the L?-norms.
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Proof. Let f and g be elements of H?3/? ((GM, 9), (E‘BM, h)) and L? (M, g),(E,h)), respectively.
Now, let z be a complex number in C\ R_, and h be another complex number of modulus small
enough so that we have z +h € C\ R_. We have

(A+(z+h) (P(z+h) = P(2) f,9) 12((0,9),(21)
= ((A+(z+h)P(z+h)f, g>L2((M,g),(E7h)) —((A+2)P(2) f, 9>L2((M,g),(E,h))
—h (P (2) [, 9) r2((0,g).(B,1)) -

Taking instead of g the particular function (A + 2) (P (z + h) — P (2)) f, we get

A+ (z+1) (P(z+h) = P(2) fl e qangrezny = REIPE) fliang.em) -

Noting that P (z + h) — P (z) is H? and satisfies the Dirichlet boundary condition, we see that
the image of this section by the distributional Laplacian A + (z + h) is the same as its image by
the Laplacian with Dirichlet boundary condition A“ZE’h + (2 + h). The latter is invertible, and its
bounded inverse induces a holomorphic family of operators, in the sense of [63, Sec. 7.11]. We get
2
(P (2 + h) = P(2) fllz2((a,0),(5,0))
2
< of(@F +e+n)@E+n-PE)

L2((M,g),(E,h))
2 2
C|h| ||P(Z)f||L2((M,g),(E,h))’

IA

where C' > 0 is a constant, independant of h. This completes the proof, as we have

lim [(P(z+h) = P(2) flle2qarg),ny = 0.

Proposition 2.1.58. The family of Poisson operators

P(z) : H*?((0M.g),(Eom. b)) — L*((M,g),(E.h))

depending on z € C\ R_ is holomorphic, with respect to the L?-norms.

Proof. Using the same notations as in the proof of the last proposition, we have

LA +2) (P (2 +h) = P () £,9) 2angn (s
= A+ G+ PE+) £.0) 0 ang )

(P (24 ) £.9) s an gy ) — (B2 P () £ angy o)

—(PEEM LD g mny 3~ PG L) 2ag), )

by a previously shown continuity. Using the fact that we have

%<(A§gh+z) (P(z+h) = P(2) f,(A%" +32)” 9>L2((M’g)’(E’h))
- %<Ag’ +2) (A" +2) (P(z+h) — P(2)) f,g >
w (P (z+h) = P(2) f,9) 12((0.g).(B1)) -
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we now deduce that we have

S
lim 5 (P (2 + h) = P(2)) £,9) 12((v1,9),(2,0))

= Jim £ {(A%"+2) (P+h) - P() [, (A" +2)g)

h—0 L2((M.g),(E,h))

- _ <P(z) £, (A%h +E)_1g>
= — <(A%’h + z)_lP (2) f,g>

L2((M.,g),(E,h))

L2((M.g),(E,h))

This proves the proposition, and further gives the formula

P - —(A%Mz)_lp(z).
O

Remark 2.1.59. Each and every one of the results given above can be extended to complex
numbers z with —z not in the spectrum of the Laplacian with Dirichlet boundary condition A%’h.

Proposition 2.1.60. The Poisson operator P (z) takes a smooth section of E over OM to a smooth
section of E over M.

Proof. This result stems from the elliptic regularity of the Chern Laplacian, and the bijectivity of
the application ®,, which must then induce an application between the spaces of smooth sections.
O

Poisson operator for the Dolbeault Laplacian. We will need another Poisson operator, this
time related to the Dolbeault Laplacian. Every statement made in the last paragraph can be
adapted, using the Dolbeault Laplacian instead of the Chern Laplacian. We get an operator

Ps_(2) + H2(0M,g),(Eanm.h)) — H2*((M.g),(E,h),A5")

which solves the same kind of Dirichlet problem as before, with the Dolbeault Laplacian being
used, and not the Chern Laplacian.

2.2 Application to the case of modular curves

We now aim to apply the constructions detailed in the previous section to the specific case we are
concerned with. This will be the occasion of making notations clear for what will follow. Let X
be a compactified modular curve arising from a Fuchsian group of the first kind I', and E be a flat
unitary holomorphic vector bundle of rank r coming from a unitary representation p.

2.2.1 Laplacians

We will first concern ourselves with the definition of the various Laplacians we need, for the Chern
connection and the Dolbeault operator, and associated to several regions of the modular curve.
When such a part of X has a boundary, we will impose Dirichlet boundary conditions.

On the punctured modular curve. We begin this list of Laplacians with those defined on the
punctured modular curve, meaning the open subset Z = X \ {cusps} built by removing the cusps.
The reason we have to consider Z instead of X is that the metrics we will deal with may have
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singularities at the cusps. Let g be a smooth metric on Z, and h be a smooth Hermitian metric
on the vector bundle E over Z. We attach to the latter the Chern connection V(&)

Definition 2.2.1. The Chern Laplacian on the punctured modular curve Z is defined as the
Laplacian given on Z by definition 2.1.31. It yields a self-adjoint positive operator

A" o H?((Z,9),(E.h),A%")  — L*((Z,g),(E,h)) -

Definition 2.2.2. The Dolbeault Laplacian on the punctured modular curve Z is defined as the
Laplacian given on Z by definition 2.1.37. It yields a self-adjoint positive operator

AZM o H2((Z,9),(B,h),A%")  — L*((Z,g),(E,h) .

Remark 2.2.3. When the metrics g and h are smooth on the whole modular curve X, we can
replace Z by X in the definitions above. In the case where g is the Poincaré metric on Z and h is
the canonical metric on E over Z, meaning the metric induced by the canonical hermitian product
on C", the Chern Laplacian is denoted by Ap and its Dolbeault counterpart by Az .

On the compact part. Recall that we have defined the compact part of the modular curve to
be X from which we have removed a disk of radius € > 0 around each cusp and elliptic point. The
resulting set is denoted by X, and is a compact Riemann surface with smooth boundary.

Definition 2.2.4. The Chern Laplacian on the compact part X. is defined as the Laplacian with
Dirichlet boundary condition on X, given by definition 2.1.31. It is a self-adjoint positive operator

AGlo o H*((Xe,9), (B h), A%") N HG ((Xe,9), (B h),A%")
— L*((X,9),(E,h)).

Definition 2.2.5. The Dolbeault Laplacian on the compact part X. is the Laplacian with Dirichlet
boundary condition on X, given by definition 2.1.37. It is a self-adjoint positive operator

AZh o H (Xeg) (BB, A% A H (X g), (B, h), A%%)

— L7 ((Xsyg) ) (E7 h)) :

Remark 2.2.6. When g is the Poincaré metric on X, and h is the canonical metric on E, the
Chern Laplacian above is denoted by Ag . o, and the Dolbeault Laplacian by A5E c o

Around the cusps. Let p be a cusp. Using previously introduced notations, we denote by U, .
the open neighborhood of p in X which is isometric to a disk of radius e.

Definition 2.2.7. The Chern Laplacian near the cusp p is defined as the Laplacian with Dirichlet
boundary condition given on U, . by definition 2.1.31. It yields a self-adjoint positive operator

ALt o H2((Upe,g), (B h) A9 N HY (Upe,g) (B, h) A%

— L2 ((Up,Eag)v(E7h))'

Definition 2.2.8. The Dolbeault Laplacian near the cusp p X. is the Laplacian with Dirichlet
boundary condition given on U, . by definition 2.1.37. It yields a self-adjoint positive operator

A%g,a,o  H? ((UP,Ea g),(Eh), Agyh) N H& ((Up,syg) ,(E,h) aAg’h)

— I? ((Up,67g) ) (E’ h’)) :
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Remark 2.2.9. In case g is the Poincaré metric on X. and h is the flat metric on F coming from
the canonical hermitian metric on C”, the Chern Laplacian above is denoted by Ag , ., and the
Dolbeault Laplacian by A

Op,p.e’

2.2.2 Boundary trace operators

We will now apply the constructions pertaining to the boundary trace operators to the situation
we are concerned with. To begin, let us note that we have

P,E
Definition 2.2.10. The boundary trace operator on the compact part . ¢ is defined as the operator

given on X, by definition 2.1.49 and proposition 2.1.50. It yields a surjective continuous operator

'75,0 : Hl ((Xeag)7(Eah)7Ag7h) — L2 ((2679)7(E|Es7h)) :

Remark 2.2.11. The partition of Y. considered above then gives an orthogonal decomposition

£ (Seng) . (b)) = ( & L2<<zp,s,g>,<Emp,E,h>>)

p cusp

Thus, the boundary trace +y. o gives a section defined on each connected component of 3., corre-
sponding to each cusp.

Definition 2.2.12. The boundary trace operator near the cusp p, denoted by v, ., is defined as the
operator given on U, . by definition 2.1.49 and proposition 2.1.50. It yields a surjective continuous
linear operator

Tpe Hl ((Up,eag) ’ (E7 h) 7Ag,h) — L2 ((Zp,ag) ’ (E\Ep,57h)) .

Definition 2.2.13. We denote by 7. the glued boundary trace operator, given by the collection of
operators v, o, and e .

2.2.3 Poisson operators

We now turn our attention to clearly defining the various Poisson operators we will later use, as

well as some of the properties that will be required.

On the compact part. The first Poisson operator we will be concerned with is the one defined
on the compact part of the modular curve X.. As before, we will need a version of the Poisson
operators for the Chern Laplacian, and one related to the Dolbeault Laplacian.

Definition 2.2.14. For z € C\ R*, the Poisson operator on the compact part Pg’oh (z) is the
operator on X, given by definition 2.1.56. It yields an operator

PO (z) + HY?((S.,9),(Bs..h) — H?((X.,9),(E,h),A%") .

Similarly, the Poisson operator on X, associated to the Dolbeault operator is an operator

PP @) 5 R ((Sg), (Bl b)) — H((Xeg) (B, h), A07)
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Around the cusps. We now move on to defining the Poisson operators near a cusp p.

Definition 2.2.15. For z € C\ R* , the Poisson operator near the cusp p, denoted by P]%ZZ’E (2),
is the operator on U, . given by definition 2.1.56. It yields an operator

Pyl (2) H3/2 ((Zp,mg) ) (E\E,,,Evh)) — H? ((Up,avg) , (B, h) 7Ag7h) :

p.e

Similarly, the Poisson operator on U, . associated to the Dolbeault operator is an operator

poh () : H?3/2 ((Ep,s,g) , (E\E,,,Eah)) — H? ((Up,g,g) (B, h), Ag’h) .

51-:71775

Glued on the whole modular curve. Finally, we can glue all the Poisson operators defined so
far into a global one, whose aim is to extend a section defined on .. As we will see, there are some
subtleties regarding global regularity, as well as the number of times each connected component of
the hypersurface X, is actually to be considered.

Definition 2.2.16. The glued Poisson operator for the Chern Laplacian is defined as the operator
Pé%h (Z) : H3/2 ((2679)7(E|255h)) S3) @ H3/2 ((2p76a9)7(E\2p,57h))
p cusp
— H?((X.,9).(E,h), A% @ @ H?((Upe,g),(E h),A%")

p cusp

given by Pg ’Oh (2) on the compact part, and Pg;sh (z) near every cusp, for every z € C\ R*.

Remark 2.2.17. As mentioned before, we could define this glued Poisson operator for any complex
number z such that —z is not in the spectrum of any Laplacian with Dirichlet boundary condition
we have considered so far. This is the reason we worked with z € C\ R_. For technical reasons,
we will actually need at some point to use these results for z in a neighborhood of 0. It will not
matter how small that open neighborhood is.

Remark 2.2.18. The Sobolev space, or rather the sum of such spaces, on which P 7 (2) is defined
can actually be understood as

H32((2e,9), (Bjn.,h) @ @ HY?((Zpe,9), (B, .. h))
— (H¥2((Z.,9),(Bx.,n)))™

since the connected component of ¥, are pairwise disjoint. The same cannot be said for the sum
of Sobolev space in which this glued Poisson operator takes values, as H?2-distributions cannot in
general be glued into a global H?2-section, or even into an H! section. Under certain circumstances,
we will be able to get some regularity, which we will see below.

Definition 2.2.19. The glued Poisson operator for the Dolbeault Laplacian is defined as was done
in definition 2.2.16, using the Dolbeault Laplacians instead of their Chern counterparts.

Definition 2.2.20. We define the sum operator as

o H2((3e,9),(Es.h)e @ HY?(Spe9), (Bs,..h))

p cusp

—  H3/2 ((2579) ) (Elzs’h))

(u, (up)p> — (umw + up)p.
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Proposition 2.2.21. The L?-adjoint of the sum operator is the doubling operator

of 1 HY?((Se,9), (Bjs.. b))

—  H3/? ((Es,g), (E|257h)) S2) @ H3/? ((Ep,sag) » (E\prsah))

p cusp

v (u(us,.),)-

Remark 2.2.22. One can note that these operators, for related reasons, are used by Burghelea,
Friedlander, and Kappeler in [20], when the double cover is considered.

Proposition 2.2.23. For any section f of H>/? ((Es,g) , (E‘ze,h)), we have

PIM(z)o*f € H'((Z,g),(Eh),A%") .
Proof. This result is a consequence of the jump formula, or rather its direct generalization to the
sort of distributions we consider here.

O

Remark 2.2.24. The presence of the doubling operator o* means we are actually considering the
most “natural” Poisson operator, which is the one that extends a single section defined on X, to
all sides of the hypersurface. How far this section is from being H? will actually be quantified by
the jump operator, also called the Dirichlet-to-Neumann operator.

2.2.4 Normal derivatives

We will now define the notion of normal derivative along the hypersurface ¥., which intuitively is

Ons = (Vs,n) ,

with n being “the” normal unit vector, relatively to X.. However, the definition of this vector field
is not entirely obvious, and can only be done close to the hypersurface in question. In order to
avoid using notions such as tubular neighborhoods and parallel transport in a general setting, we
will use the fact that the situation we study is explicit.

Around cusps. Let p be a cusp. We will define two normal unit vector fields relatively to the
connected component ¥, . of ¥, pointing to either side of it. For that, we will define the normal
unit vector field on U, o, relatively to either side of ¥, .. As usual, we see the neighborhood U, o,
of p as the product St x Ja (2¢), +00o[, endowed with the Poincaré metric.

Proposition 2.2.25. The normal unit vector field pointing outward on Uy, . relatively to ¥, . is

nt = (0,y)

at the point (z,y) € S* x ]a(g),+oo[. Furthermore, the normal unit vector field pointing inward
on Upa: \ Up e relatively to S, - is, at the point (z,y) € ST x Ja (2¢),a (e)],

Proof. This result stems directly from a computation using the explicit description of the open

neighborhood Up 2c of p in Z.
O
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Using the explicit local description of the Chern connection, we can now define more explicitely
the notion of normal derivative near a cusp. Recall that U, . can also be seen as the quotient of
the product R X Ja (¢),4+o00[ by the action of the stabilizer of co. Sections of E over U, . can be
identified to functions defined on R x ]a (&) , 400 and compatible with said action.

Proposition 2.2.26. Let s be a smooth, compactly supported section of E over U, ., seen as a
vector-valued function s : R x Ja (g),+o0o] — C" compatible with the representation. The normal
derivative of s is given by

671;-8 = Yy %; .
Proposition 2.2.27. The normal derivative operator 3@ extends to a linear operator

Opr + H*((Uperg) (B0, AM)  — H' ((Upe.g), (B.) VED)

Proposition 2.2.28. Let s be a smooth, compactly supported section of I over Uy, ., seen as a
vector-valued function s : R x |a (2¢),a (e)] — C” compatible with the representation. The normal
derivative of s is given by

_ )
Op-8 = —Yoy -
Proposition 2.2.29. The normal derivative operator 8@ extends to a linear operator

a - : H2 ((UILQE \ UP#:‘? g) ) (Ea h) 7Ag,h) — Hl ((UP,ZE \ Up,67g) ) (Ea h) 7V(E’h)) .

p

Remark 2.2.30. Getting an H'-regularity in the normal derivative was important, as we will
later compose the resulting operator with the appropriate boundary traces.

Glued normal derivative. Much like we did for the Poisson operators, we will define a glued
version of the normal derivative operators.

Definition 2.2.31. The glued normal derivative is defined as the operator

On + H?((X.,9),(E,h),A%") & @ H?((Upe,9),(E, h),A%")

p cusp

- @ H2 ((Up,sag) ’ (E7 h) ’ Ag’h) b H2 ((UP,QE \ Up,sag) ’ (Ev h) aAg’h) .

p cusp

(87 (Sp)p) — (an;— 81Up.2e\Up.e» 6n; sp)p

Remark 2.2.32. In the same way as before, this glued normal derivative operator can be composed
with the glued boundary trace operator, and then with the sum operator in a transparent way.

Remark 2.2.33. The notion of normal derivatives has only been definied when ¢ is the Poincaré
metric, and h is the canonical metric on . Only its behavior near the hypersurface ¥, is important,
as it will always be composed with the boundary trace. Thus, the normal derivative operators we
could define for metrics g and h coinciding with the Poincaré metric on X and the canonical metric
on E near Y. coincide with 8n; and (9"5 near ..

2.2.5 Jump operator

In remark 2.2.24, we saw that composing the glued Poisson operator ng’h (z) with the doubling
operator o* yields a global H'-regularity, not an H?-one. It is then natural to quantify this gap.
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Using the jump formula, this is done by looking at the first order derivatives and at the way they
behave when crossing ¥.. The value on X. being prescribed and with sufficient regularity, there
can be no jump in tangential derivatives, which means we need only look at the normal derivatives.
Let g be a smooth metric on Z, and h be a smooth metric on E over Z, which coincide with the
Poincaré metric and the canonical metric on E except possibly on open subsets U, , with n < e.

Definition 2.2.34. The jump operator, also called the Dirichlet-to-Neumann operator, associated
to the Chern Laplacian, is defined for z € C\ R* by
N§t(z) = HY2((3,9),(Bx.,h) — HY2((3:,9),(Es..h))
f > —07: 0, P9 (2) 0" f
Remark 2.2.35. The reason why we used the normal derivative operator 0,,, and not one defined
using the metrics g and h, is that it is composed with the boundary trace operator ..

Remark 2.2.36. The sign convention chosen in the definition above will be justified later, but it
amounts to inverting the direction of the normal unit vector field.

Proposition 2.2.37. For any z € C\ R*, the jump operator induces an operator

Ngf;(z) . C® (8., E) — C®(2.) .

Proof. This is a direct consequence of proposition 2.1.60.
O

Proposition 2.2.38. For any complex number z € C\ R* | the restriction of the jump operator
to smooth sections of E over ¥. induces a holomorphic family of pseudo-differential operators of
order 1 and weight 2 with respect to the parameter z.

Proof. As indicated in [20, Sec. 3.13], this proposition can be seen as resulting from more general
results about Green operators, and more importantly theorem 3.3.2 and corollary 2.7.8 of [54].
O

Definition 2.2.39. The jump operator, also called the Dirichlet-to-Neumann operator, associated

to the Dolbeault Laplacian, is defined for z € C\ R* by

Nfg’h (Z) : H3/2 ((Es»g)a (E|Esah)) — H1/2 ((Esag) ) (E|257h))

aE,E

h *
f L _U’YsanPgEvg(z)U f

Remark 2.2.40. There is an analog of propositions 2.2.37 and 2.2.38 for the jump operator related
to the Dolbeault Laplacian.

Remark 2.2.41. Even though these jump operators are defined on ¥, and the normal derivative
operators were only considered for metrics which coincide with the canonical ones around X, the
fact that they involve the Poisson operators means that they depend on the metrics everywhere.

Proposition 2.2.42. Let f be an element of H3/? ((Eg,g) , (E|EE, h)) We have
P9 (2)o*f € H?((Z.g),(E,h),A%") = NE'(2)f = 0.

Proof. Once again, this is a direct consequence of the jump formula.

We have an analogous result for the jump operator associated to the Dolbeault Laplacian.
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Proposition 2.2.43. Let f be an element of H3/? ((Es,g) , (E|2E, h)) We have

P (2)o"f € H?((Z.g).(E.h), M%) = NZ" (2)f = 0.

BE,E

The main result about jump operators, which will be crucial in what follows, is the following.

Theorem 2.2.44. For any complex number z € C\ R_, we have
NJ%Z ()7 = 107, (A%’h + 2)71/2 (0’}/5 (A%h + 2)71/2) ,

where the adjunction is taken with respect to the inner product of L? ((Z,g), (E,h)).

Remark 2.2.45. In this theorem, we had to restrict ourselves to z € C\R_, which means we had
to exclude 0, since we need Ag + 2z to be invertible.

Definition 2.2.46. For any smooth section u € C* (X, E), we define the distribution u ® dx_ by

u®dy, : C(Z,E) — C
® Sy, he (u(2),9(2) dug (2)

Lemma 2.2.47. For any complex number z € C\ R_, and any u € C>® (2., E) we have the
following equality of distributions on Z, where A9" is the distributional Chern Laplacian,

(Agyh 4 z) PIh(2)o*u = NJgE’Z (2)u® oy, .

Proof. We first note that both distributions in the equality we wish to prove vanish when evaluated
on smooth sections whose compact support stays away from the hypersurface .. Thus, we only
need to work with smooth sections compactly supported in an open neighborhood Up 2. \ Up,, of
the connected component 3, .. We have the following local decomposition

E = Ly,
=1

<

over Uy, 2. \ Uy, which gives an orthogonal decomposition
C6° (Up2e \Up, E) = 691 Co° (UP»QE \ Up.n» Lj) .
=

It is worth recalling that L; is a line bundle related to the diagonalization of p (v,), where 7, is a
generator of the stabilizer of p in I'. We then need to prove that we have

((Ag,h + Z) Tpg,h(z)g*u) (p) = (ngE”,Z (2)u® 525) (p) forany ¢ €Cg° (Upgg \Up.n, Lj)

€

We consider such a ¢, identified with a smooth function on R x Ja (2¢) , a (n)[, compactly supported
in the second variable, which is compatible with the representation p in the following way

pr+1ly) = emrip(r,y) .

Here, we denoted by T a distribution associated to an L2-section, for clarity. We now set

v o= (ng’h(z)o*u)lUp?%\Up's, w = (Pg’}L(z)a*u)‘m\Um,
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and we make the same type of identifications on v and w as we did on ¢. Both functions v and w
are then sections which are smooth up until ¥, .. We get

1h U w
NgE()u = ae) (32 -52)

these functions having been restricted to ¥, .. Hence, the result we need to prove becomes

(A +2) Tow) (0) = a(@)((%-22) @s,.) () .

where (v, w) denotes the function on U, sc \ U, , obtained by glueing v and w. The argument we
use here is slightly adapted from [68, Lem A.1]. We set

¥ : Rxla(2),a(n)] — C
{a”(ﬂc Y) if y<a(e)
—

(2,9) ?;; (z,y) + g; (z,a(e)) — ?;; (r,a(e)) if y>al(e)

We note that U, like v and w, is compatible with p, so it induces a section of L; over Up oc \ Up .
It is further continuous, smooth on R x Ja (2¢) ,a (¢)] and R x [a (¢) ,a (n)[, but not smooth on the
totality of the set on which it is defined. Moving on to the computation at hand, we have

((A‘%h + Z) T(v,w)) ((P) = T(U,w) ((A%h + i) 90)

= _((yQ%_Z)T ) +f0 fa((;s) BZ. dydx+f0 fa(:) %Z)g%dydx

B Joewgl W)

= (P& —2) Tow) (0 = fy [i5) 53¢y dyda
ot ([l + [35], 5) R s

= *((yQ**Z)T(vw) —Jy 55D S ey dyda— [y [0 T8 o (ay) dy da
+Jy (3 @a() - 32 @a(e) o (w,a(@) dz

= Ty 2o (90)+(a(€) (2-2)@ds,.) ().

We will now prove that the first term on the right-hand side above vanishes. For that, we note
that, if the support of ¢ is included in U, 2. \ U, ¢, we have

((Ag’h + Z) T(v,w)) (p) = T (y f—z)(v,w)—yz% (p) + <a (€) <gz - gj) ¥ 521}15) ().

=0

Furthermore, if the support of ¢ is included in U, . \ Uy, we have

(O + 9 Tuw) 0) = T (e ourosege @+ (20 (50— 5 ) 90, ) )

=0
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This means that the function

R xJa(2¢),a(n) — C
(2, 9) — = (P +2) ) 25

which is square-integrable, vansihes almost everywhere. Thus, the associated distribution equals
zero. Therefore, we have

(A% +2) Tia) () = (@) (- 3¢) @ s,

as distributions on Up o \ Up,. This completes the proof of the lemma.
O

Proof of theorem 2.2.44. The first point to note is that, since the punctured modular curve Z is
without boundary, the operator

A4z C°(Z,B) — CP(Z,E)

has a dense image. Let now ¢ be a smooth, compactly supported section of E over Z, which is in
the image of the operator above. We have

(P o) (0) = (800 1 )P0 ()omu) ((85° +2) )

_ g,h 1 g:h | 5\~1
N <N%’5 (2)u, 307 (A" +72) <p>L2(Ze,E)

—1/2

<Nf;’,z (2)u, 307 (A" +2) 7 (Ag" +2) ¢>L2(E E)

_ %<(A%h+z)_l/2 (UVE(A%h+§)—1/2) N (2) u7(p>L2(ZE) .

This gives the following equality of distributions
_ _ *
Pot (2)otu = (A% 42)77 (g% (A%" +72) 1/2) Ng"(2)u
and using the definition of the Poisson operators, we get

_ 1 _ 1 h *
u = zo0'u = 50v.PI"(2)0%u

12,
) Ng’,}; (2) u.

= %(Vys (A%h + 2)71/2 (cr'ys (A%’h + E)
The proof of the theorem is now almost complete. For any complex number z € C\ R_, we set

A, . L2(%,E) — L?(3.,FE)

v (a0 (o (ag +2) )

)

which is a bounded operator, of adjoint given by Asz. When restricted to smooth functions, it
further yields a surjective operator

A, : C®(X,E) — C*(X,FE)
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as it is right-invertible by the computation we have seen earlier in this proof. Going back to A,
seen as an operator between L2-spaces, we see that its image is dense in L? for every complex
number z € C\ R_. We then have

(kerA.)" = TmAz = L*(S.,B),
which means that A, is injective for all considered z, and thus gives the bijectivity of the operator
A, : C®(E,L,E) — C*(X,E) .
The jump operators, restricted to smooth sections, are then invertible, seen as operators
Ngt(z) + C®(S.,E) — C® (5., E) .

Their inverse is then precisely given by A,, which completes the proof of the theorem.
O

Corollary 2.2.48. For any real number p > 0, the operator A, is self-adjoint positive-definite,
seen between L2-spaces.

Proof. Let 1 > 0 be a strictly positive real number. The fact that A, is self-adjoint stems from
the fact that it is bounded and symmetric. We will therefore only prove that it is positive-definite.
Let ¢ be an element of L? (X, E). We have

_ -1/2
<A#Q0, S0>L2(EE,E) = i <0'75 (A%h —+ ,LL) 1/2 (O”'}/g (AQE:h + M) ) @, SD>

* 2
oo )

L3 (3.,E)

L2(Z,E)

O

Remark 2.2.49. Every result stated in this section admits a completely similar counterpart for
the jump operator associated to the Dolbeault Laplacian. The analog of theorem 2.2.44 is stated
below for further reference.

Theorem 2.2.50. For any z € C\R_, and any smooth section u of E over X, we have

NP e = don (A +2) T (a8 +2) )

aE,E

where the adjunction is taken with respect to the inner product of L? ((Z,g), (E,h)).

2.3 Mayer-Vietoris formula in the compact case

This section is devoted to the statement of the first of several analytical formulae we will later
need. Except for the content of the last paragraph, everything here can be found in [20]. The
aim of the formula presented here is to relate the determinants of various Dolbeault Laplacians
defined so far, when the metrics on the modular curve X and the vector bundle FE are assumed to
be smooth. This comparaison will also involve a jump operator.
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2.3.1 Parameter-dependent formula

We will work step by step in this paragraph, presenting first the Mayer- Vietoris formula for the
Dolbeault Laplacian with parameter p > 0. This result will involve a constant, the computation
of which will be taken care of subsequently. In this section, we assume that the metrics g on X
and h on FE are smooth, and coincide with the Poincaré metric on X and the canonical hermitian
metric on F, respectively. We make the following definition in order to shorten the statement of
the main result of this section.

Definition 2.3.1. The Dolbeault Laplacian with Dirichlet boundary condition along >. is the
operator defined by the following glueing

ASh = (A9l ,(Ag’h )
OE,€ 9E,&,0 08,0,/ p cusp

of the various Dolbeault Laplacians with Dirichlet boundary conditions.

Theorem 2.3.2. For every real number p > 0, we have

det (A%’Z + 1)

— 9% 7 = et NZ" () .
det (A%’;EJr,u) BE’E( )

Proof. Using theorem A from [20, Sec. 3.19], there is a constant K > 0 such that we have

det (AZ" +
(ga;f) = Kdet Ng’ha (n) .
det (A57E .t u) B

)

Taking the logarithm of both sides, we now get
B h h
log det (A%E + p) — log det (A%E,E +u) = logK +logdet NégE,a (1)

and the constant K can be computed by looking at the constant terms in the various asymptotic
expansions as {1 goes to infinity. Using the information found in [20, Sec. 3.12], we then note that
we have K = 1, This completes the proof.

O

2.3.2 Coefficient for =0

We now wish to let u go to 07 in theorem 2.3.2. The apparent problem is that the Dolbeault
Laplacian on the whole modular curve and the jump operator may have non-zero kernels, which
means that the limit of both sides of this theorem may vanish. To remedy that, we will once again
take the logarithm of each side of the theorem above, and then compare the constant coefficients
in the asymptotic expansions as p goes to 0, which is how the modified determinant is defined.

Proposition-Definition 2.3.3. As i goes to 07, we have the following asymptotic expansion
h h
log det (A%E +u) = dlogpu+logdet’ A%E +o(1)

where d is the dimension of the kernel of the Dolbeault Laplacian, and det’ is the modified deter-
minant of an operator, i.e. the determinant of its restriction to the orthogonal of the kernel.

Remark 2.3.4. The prime used in the notation of the determinant will always stand for the mod-
ifed determinant, built from the spectral zeta function involving only strictly positive eigenvalues.
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We now need to define a similar notion of modified determinant for the jump operator

N&h = NZM () |

8E,5 aE,E
Proposition 2.3.5. The kernel of the jump operator Ng’hs is of dimension d.
E,

Proof. We will prove that the kernel of this jump operator is isomorphic to that of the Dolbeault
Laplacian. First, recall that we have

fekerNg;:s — Pvho*fe H*(X,E) .

We can then apply the Dolbeault Laplacian to this Poisson extension, and the result vanishes.
This gives an a linear application

ker N9" 5 ker A%"
aE,E 65

f — Peg’ha*f7

which is injective, as one can see by applying the operator o.. Conversely, a section u € H? (X, E)
in the kernel of the Dolbeault Laplacian is a smooth section, by elliptic regularity, and thus is H?2.
Its restriction to Y. then produces a section which is in the kernel of the jump operator. This
completes the proof of the proposition.

O

Proposition 2.3.6. For any real number p > 0, let a1 (@), ..., g1 (1) be the first d + 1
eigenvalues of the jump operator with parameter p in ascending order. These functions o; (i) are
continuous near 01, and we have

lim o (@)

u—0+

= 0 if i<d
> 0 if i=d+1

Proof. This proposition is a consequence of the continuity of the family of jump operators.

Proposition 2.3.7. As pu goes to 0%, we have the following asymptotic expansion

d
log det Ng’h () = Y loga; (i) + logdet’ Ng’h +o(1),
E,€ i=1 E,€

where det’ is the modified determinant.

Remark 2.3.8. Note that the definition of the modified determinant of the jump operator does
not take into account the asymptotic behavior of the eigenvalues that will collapse to 0 as p goes
to 0%. This will be the object of the next proposition.

Proposition 2.3.9. Let ¢, ..., ¥g be an orthonormal basis of the kernel of the Dolbeault Lapla-
cian, which consists of smooth sections of E over X. As u goes to 07, we have the asymptotic
expansion, where the determinant equals 1 by convention if the integer d is 0,

d
1; loga; (1) = dlogp —logdet <<wi7w]'>L2(ZE,E))1Si,de +o(1) .
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Remark 2.3.10. It should be noted that the smoothness of the sections 1; in this proposition
is a consequence of elliptic regularity. This is important, as it allows us to restrict them to the
hypersurface Y. in the most natural way. The argument that follows relies on theorem 2.2.50, and
is related to the proof of theorem B* in [20, Sec. 4.9].

Proof of proposition 2.3.9. Using the fact that the Dolbeault Laplacian is a self-adjoint operator,
which can then be diagonalized, we consider an orthonormal family (wj)j of eigensections of this
operator, whose first d terms are the sections already considered, with 1); associated to the eigen-
value A;. We now recall that, using theorem 2.2.50, we can extend, for any p > 0, the inverse of
the jump operator restricted to smooth section as a bounded operator

NZM )Tt s L2(S.,BE) — L2(S.,E) .

55,6

For any section w € L? (X., E), we now have

(metagr 4m ™) = 2 {(on@gl e 0 ™) v

; L2(X,E)

1

= 22 A e vileean v

Using the formula obtained for the inverse of the jump operator, we get
NN5E7E (1) w = -

; <w7wj>L2(EE,E) ¥j Jr]gd ,\%M <W71/’j>L2(25,E) Vj-

This operator acting on w can be seen as a continuous, bounded perturbation of

P : L2(S.,E) — L2(S.,E)

d .
w — Zl (W, %) 25, ) Vi
]:
Denoting by 31, ..., B4 the non-zero eigenvalues of P, we then have na; (u)*1 =pB;+o(pn) asp

goes to 01, for every integer j € [1,d]. We finally note that we have

d
'21 log8; = logdet (Wiﬂ/)jﬁz(zg,};))
J=

1<ij<d

which completes the proof of the proposition, since we have, as u goes to 0T,

-

1 j = dl — log det i Vg 1) .
] ogaj (k) og pu —logde (W wj>L2(EE’E))1§i7j§d+0()

J

Theorem 2.3.11. We have the following comparison of (modified) determinants

det’ AZ" . .

9 _ b ;

det A%’h = det (<w1’wj>L2(EE’E)>1§i,j§d det’ N5, .
E;€

where the determinant equals 1 by convention if the integer d is 0.
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Proof. We begin by using theorem 2.3.2, which gives, after taking the logarithm of both sides,

log det (AS" + ) —logdet (A" +u) = logdet NI _(u) .

The glued Dolbeault Laplacian with Dirichlet condition along ¥, being invertible, we have

lim logdet (A%ﬁ,a —+ H) = logdet A%’;E

n—0+ ’

and we can then use propositions 2.3.3, 2.3.7, and 2.3.9, to get the following comparison of asymp-
totic expansions, as p goes to 0T,

dlog yu + log det’ AZ" — log det A%"
BE 8E,E

— N oy
= dlogu + logdet N&,e — log det (Wu %)LQ(EE’E))lg,de +o(1).

The divergent terms cancelling each other out, we get the theorem.
O

Using proposition 2.1.42, we can now compute the determinant that appears in the theorem above.

Proposition 2.3.12. The sections 11, ..., g are constant sections of E over Z, meaning that
they can be identified to constant vector-valued functions H — C” which are compatible with the
representation p. In particular, the constant value taken by any of these function is a vector fized
by the representation.

Proof. This result comes from propositions 2.1.42 and 2.1.45, as well as proposition 1.2 of [69].
O

Remark 2.3.13. Let s and t be constant sections of E over Z. Assuming that the metric h
coincides, near every cusp, with the canonical metric in directions corresponding to vanishing
weights, the following function is constant

(W, x)p + Z — C
2 — ho(¥(2).x(2)

Proposition 2.3.14. For any integers j and k between 1 and d, we have

<¢j’wk>L2(EE,E) = Vigéjk s

where 0;; denotes the Kronecker symbol, and Vy, £ denote the volume of Z and the length of 3.
for the metric g, respectively.

Remark 2.3.15. We assumed that the metric g coincided with the Poincaré metric except on
some small open neighborhoods of cusps and elliptic points of radii strictly smaller than e, which
means that the length ¢ of ¥, is independant of g.

Proof of proposition 2.3.14. We first recall that 11, ..., g form an L?-orthonormal basis of the
kernel of the Dolbeault Laplacian, which gives

<¢ja¢k>L2(2€,E) = ({5 r)p = VLgfz (5, k) g, dug (2) = V%‘Sjk-
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Theorem 2.3.16. We have the following comparison of (modified) determinants

det’ AL d

—% = % det/ NO"

det AZ" 14 Om.e
8E,5

2.4 Mayer-Vietoris formula in the singular case

The purpose of this section is to get a singular Mayer-Vietoris formula, relating determinants of
Laplacians, in a way to be defined, associated to the Poincaré metric ¢ on Z and the canonical
metric h on E over Z. The presence of singularities of the metrics prohibits the use of [20]. We
will instead draw inspiration from [25], though the proof below is different in many aspects.

2.4.1 Parameter-dependent formula

As stated above, the Mayer-Vietoris formula we wish to prove aims to relate determinants of
Laplacians for the Poincaré metric on Z and the canonical metric on E. However, such determinants
are not defined, due to the presence of singularities. We will make use of the notion of relative
determinant, presented in [73], which gives meaning to certain well-defined quotients of two ill-
defined determinants. Following the last section, we will first prove the Mayer-Vietoris formula
with parameter p > 0, which will involve a constant. The computation of this constant will again
be done by finding asymptotics expansions as p goes to infinity. The results of [20] cannot be used
for that, and these problems will constitute one of the aims of chapters 3 and 4.

Determinant of the jump operator. Even though this type of determinant has already been
used, let us recall how the determinant of the jump operator is defined. The spectral zeta function
of the jump operator associated to the metrics g and h is defined on Res > 1 by

(Np.o(z) = 8 F— Tr(NEﬁ(z)_s),

where the complex powers are defined on this half-plane by

Np:(2)"" = [o A" (Npe(2) = N1 dr,
and the contour C is associated to the spectral cut ¢ = w. For a more exhaustive review, the reader

is referred to [85, Sec. 1.4.2]. The meromorphic continuation of this spectral zeta function to the
whole complex plane is holomorphic around s = 0, and the determinant is given by

logdet Np e (2) = —Cy, ) (0) .
As a function of z, the spectral zeta function (y, _(z) (s) is holomorphic on C\ R_.

Relative determinant. In this section, we will need to use a relative determinant. This notion
was developped in 73], and can be thought of as a well-defined quotient of two potentially undefined
determinants. We will have to use several results which proved in chapters 3 and 4.

Definition 2.4.1. The Chern Laplacian with Dirichlet boundary condition along 3. is the operator
defined by the following glueing of the various Chern Laplacians with Dirichlet boundary conditions

AE,E = (AE,E,Ov(AEJ%E)pcusp) ’

for the Poincaré metric on Z and the canonical metric on E.
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Proposition 2.4.2. The relative spectral zeta function

Capsdpots + 8 — Tr((Bp+2)" = (Ape+2)7")

is defined and holomorphic on the half-plane Res > 1. It has a meromorphic continuation to a
domain of C which contains 0 and is holomorphic at that point.

Definition 2.4.3. The relative determinant associated to Ag + z and Ag . + z is defined as

logdet (Ap +2,8p,+2) = —Capiznp.+20) .

Mayer-Vietoris formula with parameter. We can now state the Mayer-Vietoris formula for
the Chern Laplacian associated to the Poincaré metric and the canonical metric on E.

Theorem 2.4.4. There exists a constant K > 0 such that, for any z € C\ R*, we have

det (Ap+2,Apc+2) = KdetNg.(z) .

The proof of this result will be done step by step, beginning with the following proposition.

Proposition 2.4.5. For any complex numbers s such that Res > 1 and z € C\ R*, we have

%CNE,E(Z) (S) = —S TI' (NE75 (Z)_s_l (Wﬁizs(z)) .

Proof. By continuity of the trace and the integral, we first note that we have

%CNE,&(Z) (5) = Tr (fC /\55 % (NE,E (Z) _ )\)—1 d/\>

on {s € C, Res > 1}. The derivative of the resolvent of the jump operator is given by

& Ve (@) =N = (Nee(2) =N 52 (Npe (2) -7
We then get, with [, ] being the commutator of two operators,
—8 —2 dN el?
Zvern(8) = Tr(fo A" (Npe () =272 5 an)

+Tr (fc Ay [(NE,E () = AP =B (N (2) —A)’l} d,\),

Since the two operators involved in this commutator are pseudo-differential of order —2 and —1
respectively, we can interchange trace and integral, yielding

Zveen () = Tr(Jo A" (Vpe () =02 Ml )

We can extract the derivative from the integral, and then integrate by parts, which yields

FlNpx) (5) = —sTx [(fc A7 (N (2) = A7 dA) dfvgi(z)]

= _sTr (NE,E () ngz)) .
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Corollary 2.4.6. The determinant of the jump operator is given by

Llogdet N (z) = TT(NE,E(Z)A(W’Q*;(Z)).

Proof. Recall that proposition 2.4.5 yields

Dvpy(5) = —sTr (Npe ()7 esl))

We note that the family in s of operators considered in the trace, without the factor s, is a gauging,
in the sense of [85, Sec. 1.5.6.1], of a pseudo-differential operator of order —2 acting on the compact
manifold Y. of dimension 1, which is trace class. The function

s — Tr (NE,E (,2)7871 Lfi;(z))

is then holomorphic around 0, which means that we have

Belom0 25 Vp(x) () = —Tr (1\713,5(2)71 dN'Z}f(Z)) :

Interchanging the two derivatives then gives the corollary.
O

The following theorem is the most important point of this section, as it allows us to go from an
operator acting on the compact curve X, in which case being of trace class is very well understood,
to an operator acting on the non-compact punctured modular curve Z.

Theorem 2.4.7. For any complex number z € C\ R_, we have

Llogdet Ng o () = Tr [(AE +2) 7 = (Ape + z)—l} .
Proof. Using corollary 2.4.6, we have

_%logdetNE’e(z) = _T‘I‘(NE)E(Z)_ICUVﬁi’;(Z)).

The first step towards deriving the theorem will be to compute the derivative of the jump operator,
using its definition, as well as the formula yielding the derivative of the jump operator. We have

Ng:(2) = —0%0,P.(2)0" ,

where the notation for the glued Poisson operator has been lightened, as we only consider it for
the Poincaré metric on Z and the canonical metric on F, and we then have

dNE,E(Z)

dP,
dz = —07:0,

(fz(z)o'* = 070, (Ape+ )P (2) o .

Since the operator (Ag + z)f1 sends an L2-section to an H?Z-one, which has then no jump in
normal derivative at the hypersurface X, we have 0+, 8, (Ag — 2)” " P. (2) 0* = 0. Thus, we can
add this to the derivative of the jump operator, giving

Weee) = 9.0, [(Ap+2)" = (Ape+2) 7 | P (2)0" .
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The advantage of having added this term is that we can now express this difference of resolvent in
another manner. More precisely, we have

(Ap + 2)71 —(Ape+ 2)71 = P.(2)7(Ap+ 2)71 )

and inserting this in the previous equality yields

Weeld = —oy.0, [P()7 (Ap+2) | P (2) 0"

= 3[-07% 0 P:(2) 0" ] 07 (Ap +2)' P-(2) 0
= INp.(2)07: (Ap+2)"" P.(2) 0.

This computation holds as operators between the appropriate Hilbert spaces. Restricting to smooth
sections, we can now invert the jump operator, thus giving

Npe(2) ' G = Loy (Ap+2) ' P (2) 0",

as operators acting on smooth sections of E over ¥.. Combining the result obtained so far, we get

Llogdet Ngo(z) = L1Tr (a’yE (Ap +2)" ' P (2) U*) .

The idea is now to interchange two groups of operators within the last trace, which will naturally
give rise to an operator acting on smooth sections of F over the punctured modular curve Z.
Unfortunately, the fact that Z is in general non-compact (it would be if and only if there were
no cusps) implies that some care must be taken. Though this operator will not be considered
outside this proof, we will need to consider the Laplacian Ay,_ g associated to the Poincaré metric
restricted to ¥, and the canonical metric h over the restriction of E to .. We have

Llogdet Npe () = 3T ([(As p+ 1Y ore (Ap+2) 7| [P ()0" (As p + 1))

We will now work towards interchanging the two operators appearing in the trace above, which is
delicate, as non-compactness is involved. To that effect, we begin by noting that the operator

(As. g+ 1) oy (Ag+2)"" + L2(Z,E) — L2(S.,E)

is bounded. We will now prove that we have

P.(2)0" (As.p+1)"* € 8 (L*(.,B),L*(Z,E)) ,

where this space denotes the first Schatten class, and the operator considered here is bounded.
The first step towards that goal is to compute the L2-adjoint of this last operator. Let u and v be
two smooth sections of E over X.. Using the proof of theorem 2.2.44, we have

. ~3/4
<PE (2)0" (Anep +1) u’v>L2(z,E)

= 1{(ap+2)7" (ov.(2k +2)71/2)* Npe(2) (Ds.p+1) ", ”>L2<z B)

= 1 <u, (As, 5 +1) " Np. (2) 07 (Ap JFE)711}>L2(z E)
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By density, this proves that we have

(P-)o* A+ 1)) = LAs,p+ 1) Ne.(3)on (Ap+2)7"

To prove that the operator we consider belongs to the first Schatten class, we note that we have

(P20 (s + 1)) (P(2)0" (As.p+ 1))
= 1(As .+ 1)_3/4 Nge ()07 (Ag +?)_1 (U’Ya (Ag +§)_1) Nge(2)(As,. 5+ 1)_3/4
_ d _ _
= 1(As.p+1) % Np. (2) P (NE,s (2) 1) Nee(2) (As g +1)7%",
—_— —— —— aZ | Y —

order —3/2 order 1 order —3 order 1 order —3/2

This operator, restricted to smooth sections of E over Y., then induces a pseudo-differential op-
erator of order —4. Its square root is then of order —2, and acts on (sections of a vector bundle

over) a manifold of dimension 1, so is trace class. The operator P. (z)c* (Ax, g + 1)*/* is then
in the first Schatten class Sy (L? (3., E), L? (Z, E)), showing that the operator

P.(2)o* (Mg, g+ 1) (As. 5+ D) 0v. (Ap+2)"" = P.(2)0%07. (Ap+2)""

= 2P @p+2)7" = 2((Ap+2) 7~ (Ape+2)7)
is also trace class as a linear endomorphism of L? (Z, E). This completes the proof, as we have

Tr ((AE +2) 7 = (Ape + z)_l)

= 1 ([ + )Y o (Ap+2) 7] [P (2o (s p+ 1))

4 logdet N . (z).

Proof of theorem 2.4.4. Using theorem 2.4.7, we have

dlogdet Nps (2) = Tr ((AE+z)_1—(AE,E+z)_1) .

In order to prove the theorem, we will show that the right-hand side above equals the log-derivative
of the appropriate relative determinant. We have

& logdet (Ap +2,Ap:+2) = —Fbyg & & CAptaap.+s ()
= 2y [Captzap= (4D = T((Ap+2)7" = (Ap.+2) 7).

where we have denoted by Fp the finite part at a point of a meromorphic function, i.e. the constant
term in its Laurent expansion at that point. The two equalities stated finally give

%logdet(AE—i—z,AE,E—l-z) = %logdetNE,s(Z)a

and integrating with respect to z yields the full result.
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Computation of the constant K. As we did in the last section, the computation of the
constant K in the Mayer-Vietoris formula will be done by taking the logarithm of both sides and
looking at the constant terms in the asymptotic expansion as the parameter p = z goes to infinity
through strictly positive real values. The difference here is that, although results stated [20] can
be applied to deal with the jump operator and the part of the relative determinant having to do
with the Laplacian with Dirichlet boundary condition on the compact part X., the presence of
cusps brings difficulties. We will also denote by Fp the constant term in the various asymptotic
expansions as p goes to infinity.

Theorem 2.4.8. As p goes to infinity, we have

Fp,_joclogdet Np o (n) = 0.

Proof. Since the jump operator acts on a compact manifold, this theorem is a direct consequence
of the work of Burghelea, Friedlander, and Kappeler, more specifically [20, Sec. A.17].

O
Theorem 2.4.9. As p goes to infinity, we have
Fp,_iologdet (Ap +p,Ap+p) = 0.
Proof. This theorem is a direct consequence of theorems 3.5.6 and 4.9.1.
O

Comparing these asymptotic expansions in theorem 2.4.4, we get the following result, which is
called the Mayer-Vietoris formula with parameter.

Theorem 2.4.10. In theorem 2.4.4, the constant K equals 1, and we have, for every z € C\R_,

det (Ap +2,Ap.+2) = detNg.(2) .

2.4.2 Coefficient for =10

Much like we did for the Mayer-Vietoris formula in the case of smooth metrics and the Dolbeault
operator, we now want to let © = 2z go to 07 in theorem 2.4.10. This will result in considering,
once again, modified determinants. We denote by V the volume of the modular curve, by ¢ the
length of Y., and by d the dimension of the kernel of the Laplacian Ag.

Theorem 2.4.11. We have

det/(AE,AE75) = %;det/NE,g .

Proof. The same argument as the one we used to get theorem 2.3.16 can be applied here.
O

Remark 2.4.12. In theorem 2.3.16, note that the length of 3. did not depend on the metrics,
as it was assumed that they coincided with the Poincaré metric on X and the canonical metric
on F near the hypersurface. This part of the coefficient is thus the same in both Mayer-Vietoris
formulae. However, the volume heavily depends on the metric chosen on the modular curve.
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2.5 Determinants for the truncated metrics

In this last section related to analytic surgery, we will aim to give meaning and derive a formula
yielding the determinant of the Dolbeault Laplacian associated to the truncated metrics g. on
the modular curve and h. on E, which have been defined in the last chapter. Throughout the
following, we will denote by ¢ the Poincaré metric on the punctured modular curve Z and by h
the canonical metric on F, meaning the one built from the canonical hermitian metric on C".

2.5.1 Mayer-Vietoris formula for the truncated metrics

The first step in obtaining the required formula is to define what “the determinant of the Dolbeault
Laplacian associated to the truncated metrics” means, since these metrics are not smooth.

Remark 2.5.1. As previously explained in definition 2.1.13, for any smooth function ¢ on Z, we
denote by g, the metric on Z defined by

9, = €*g.

Furthermore, recalling definition 2.1.25, for any smooth section 1 of End E, we denote by hy the
metric on E over Z given for any smooth sections s and ¢ by

hy (s,t) = h(e¥s,e’t) .

We can extend these definitions to the case where ¢ and 1 only have an H!'-regularity. Such
metrics on the tangent bundle have been extensively studied by Bost in [14], although the Sobolev
space is there denoted by L?.

Remark 2.5.2. From now on, we denote by ¢ and v the function on Z and the section of End E
over Z, respectively, such that we have g. = g, and h. = hy. The metrics g and h being singular,
these sections ¢ and ¢ must be as well at the cusps (unless, for ¢, if every a, ; vanishes).

Definition 2.5.3. We say that a sequence g; of smooth metrics on X converges in H'-norm to
the truncated metric g. if there is a sequence of H'-functions ¢, converging to 0 for that norm
such that we have

20k
9k = esokgs'

Remark 2.5.4. A similar definition can be made for the metrics on the vector bundle E.

For the remainder of this section, we consider sequences (gi), and (hg), of smooth metrics con-
verging to the truncated metrics g. and h., respectively, with gr = g. and hy = h. on the compact
part X, of Z. As a consequence of the Deligne-Riemann-Roch isometry, we have the following
result, which constitutes proposition-definition 5.3.11.

Proposition-Definition 2.5.5. We define the (modified) determinant of the Dolbeault Laplacian
for the truncated metrics to be given by the followilimit

det’ A% P —  lim  det’ A%
65 8E

k—+oo ’

which is well-defined and independant of the sequences gi and hy,.

Definition 2.5.6. The truncation function C (g) is defined by

. h h
C) = lim [ ( [T det Ag’;p’;) - det’ Ng;s’“]

k—+oo p cusp
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Remark 2.5.7. This function is well-defined since, by proposition-definition 2.5.5, the limit does
not depend on the chosen approximations, as long as they coincide with g and h on the compact
part X.. If this last requirement is not assumed, we need to add the determinants on X..

Theorem 2.5.8. We have the following comparison of (modified) determinants

%5
I A Ge,he _ Je g:h .
det AEE = C(e) 7 det AEE@O

2.5.2 Combination of Mayer-Vietoris formulae

It is now time to combine all the Mayer-Vietoris formulae in order to get an expression for the
determinant of the Dolbeault Laplacian associated to the truncated metrics on X and on E. We will
first decompose further the relative determinant we used in the singular Mayer-Vietoris formula.

Remark 2.5.9. The singular Mayer-Vietoris formula can then be restated as

d
det/ (AE, AE7cusp,8) = ‘27 (det' NE75) (det AE,&()) .

Looking at both Mayer-Vietoris formulae, we note that the Laplacians on X, are not the same.
One is attached to the Chern connection, the other to the Dolbeault operator. Fortunately, the
hermitian metric h on E over X is flat, which gives Ap o = 2A7_ _, using proposition 2.1.45.

Proposition 2.5.10. On the compact part X, the determinants of the Dolbeault and Chern
Laplacians with Dirichlet boundary conditions are related by

det Ay, o = 260 T2r = det Ap.o |

where h is the number of cusps and gr is the genus of X.

Proof. We will work directly on the spectral zeta function. Using transparent notations, we have

C(A5E,6,O’ S) = C(%AE@O’ 5) = QSC(AE,E,Oy 3) y

which yields the following equality of determinants

det AEE c0 — 27C(AE'E’O’ 0) det AE,E,O .

Since the spectral zeta function is the Mellin transform of the heat trace, the special value above is
the constant term in the small time asymptotic of the heat trace. Using [50, Thm 3.4.1], we have

((Ape0, 0) = 35 {fx T+2 [ox. k} v

where 7 denotes the scalar curvature of X., and k is the geodesic curvature of 9X.. The scalar
curvature 7 being twice the Gaussian curvature K, we thus get, using the Gauft-Bonnet theorem,

((Age0, 0) = 3= [fX K+faxg k} = §rx(Xo),

where x denotes the Euler characteristic. It can be computed in terms of the genus of the modular
curve, since there are no elliptic points and the genera of X, and Z are the same. We have

X(XE) = 2_291"—}1,
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with h being the number of cusps, which is the same as the number of connected components of
the boundary 0X.. Putting these results together, we get

det Az, .o = 2529 =2 det Ap . .

This completes the proof of the proposition.

Theorem 2.5.11. We have the following equality of determinants

Vv
eshe C T _ -
det’ A%E = oo (1;67355 - 254290 =2 . & - det’ (Ap, Ap cuspe) -

Remark 2.5.12. The behavior of the first factor as € goes to 07 on the right-hand side of the
theorem above is only fully understood when the canonical metric h on F is smooth at the cusps,
which happens if and only if all the weights «, ; vanish. This is because we do not have to change
the metric h in this case, and the conformal behavior of the determinants of Laplacians and of the
jump operators are known. The Deligne-Riemann-Roch isometry will however give the divergence
of this factor.

Theorem 2.5.13. The modified relative determinant of Ag and Ag, cusp.e 15 asymptotically given
by, as € goes to 0T,

logdet’ (Ag, A, cusp,e)

= loge™! > (apj—a?;) —grhloge™ + 3k (I, p)log 2 + log Z@ (1)

p cusp j=kp+1
+log (d!) + =7V [2¢' (1) + S log2m — 1] + 0 (1).
Proof. This is a combination of theorems 3.5.10 and 4.9.2, remembering that we have

ale) = g=loge™! .

O

Corollary 2.5.14. As e goes to 07, the determinant of the Dolbeault Laplacian for the truncated
metrics is given by

! AGeshe C(e) -1 - 2 1 -1
log det A%E = log 3o JffE,E +loge > ' > (apy — apﬁj) — grhloge
p cusp j=kp+1

+1k (T, p)log 2 + log Z(D (1) + log (d!) + dlog Y2

+5rV [2¢' (1) + S log2m — 1] + & [h + 29r — 2]log2 + o (1).

Proof. This is a direct consequence of theorems 2.5.11 and 2.5.13.
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Chapter 3

Determinants on a modular curve:
the Selberg trace formula

The purpose of this chapter is to compute the modified relative determinant

det’ (Ag,AL)

this notion having already been studied, where A, is a one-dimensional Laplacian defined near
each cusp, and trivially extended to X, as was done in [47, Sec. 2.1.3 & §|. As before, we denote
by Ag the Laplacian associated to the Poincaré metric on Z and the canonical metric on E. In
order to deal with the structure of F over X, we will need to use the Selberg trace formula, which
has been studied extensively in literature. The reader is referred to [97, 98], where Venkov presents
everything we need. This chapter will also follow the work of Fischer, which can be found in [44].
Many other references exist, sometimes dealing with a situation that is not general enough for our
purposes, but which may still be of use to the reader, see for example [57, 58, 60].

3.1 Description of the framework

3.1.1 Hyperbolic Laplacian Ag

Identification between Laplacians. As explained in the last chapter, a unitary representation
p : ' — U (C),

where I is the Fuchsian group of the first kind defining the modular curve X, induces a holomorphic

flat vector bundle E of rank r over the punctured modular curve Z, for which we can consider its
Chern connection V¥ and its associated Laplacian

Ag : CF(Z,E) — C(Z,E)

acting on smooth compactly supported sections of E over Z. The Friedrichs extension process
then yields an L?-selfadjoint positive-definite operator

Ap : H?>(Z,E) — L*(Z,E) .

In order to fully apply the results regarding the Selberg trace formula given for instance by Venkov
and Fischer, we will need to interpret this Laplacian differently. The resulting operator, being
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naturally identified with the Laplacian we have considered thus far, will be denoted in the same
way. This shift of definition will be done throughout the rest of this text.

Definition 3.1.1. Let I be a fundamental domain for the action of I' on H. We define C;° (F,C")
to be the space of smooth vector-valued functions f : H — C" which are square-integrable on F’
with respect to the Poincaré metric, and which are compatible with p, that is satisfying

flr-2) = p(NF(z)
for every element v of I' and every point z in H.

Remark 3.1.2. The complex vector space C;° (F,C") can be endowed with the hermitian product

(f,9) = Jp (f(2),9(2)e du(2) ,

where p is associated to the Poincaré metric.

Remark 3.1.3. The Laplacian associated to the Poincaré metric acts on C;° (F,C") by
Af = (L) f

The resulting operator A : C;° (F,C") — C3° (F, C") yields a selfadjoint positive-definite operator,
after Friedrichs extension, whose domain is denoted by D, and is still denoted by A. When acting
on C° (F,C"), both this Laplacian A and Ag, coincide in a natural manner, and we identify them,
even after the extension.

Kernel of the resolvent. Before moving on to the definition of the auxiliary Laplacian, a quick
remark is in order here, regarding the kernel of the resolvent of Ag. Denoting by k (-, -, s) the
kernel of the operator (A — s) ™", the kernel of (Ag — s)™ ', seen as acting Co° (F,CT), is given by

kF,p (szlﬂs) = Z p(’y)k(z772,7s)
yel

)

for z and 2’ in the chosen fundamental domain F. This series is furthermore absolutely convergent
on the half-plane Res > 1.

Remark 3.1.4. In a way, this new kernel is an average of k, though it does not involve any
coefficients, as they are implicitely included in the domain on which the operators act. To see that
more clearly, let us make an informal computation, where I' is temporarily assumed to be finite,
even though that cannot be the case, and r equals 1. We will see that the Laplacian Ag can be
thought of as an average, in a more classical way, of “twisted” Laplacians. We have

((AE — S)_l f) (2) Jp krp(z,2,s) f(2) d2

= gr > Jpkr, (2978 f(v2) 4
yel

= ﬁ Z f'yF kr,l) (szl75)f(z/) dz’
yel’

= ﬁ fH kF’P (Zv 2, S) f (Z/) dz’

= Zr Xelrﬂ(”y) Sk (z72",8) £ (2) 4

(= Zr(@=977)1) ().

yel
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This allows us, at least formally, to make the following identification

Be-97" = £ o) (A-97y)

~yerl

and the operators appearing on the right hand side are resolvent of Laplacians which have been
twisted by the isometry induced by the elements of the group I'. Such twists, in different contexts,
have been studied by Donnelly and Patodi in [35] and [36], and by Koéhler and Roessler in [65].

The assumption that I should be finite cannot hold. However, one can imagine that the kernel
of p is of finite index in T'. As noted by Iwaniec in [60], near the end of section 2.1, a subgroup
of finite index of a fuchsian group of the first kind is itself fuchsian of the first kind, which means
that one can construct a modular curve out of ker p. Similar considerations as those made above
then justify the fact that the Laplacian associated to p on T'\H can be thought of as an average of
twisted Laplacians on the “intermediary” modular curve ker p\H.

Proposition 3.1.5. The kernel of the operator (A — 8)71 on H is given by

—s I'(s)?
k (Z,Z/,S) — o (Z,Z/) . ﬁ . 7FE21)F (8787287 a(z{z’)) 9

where the function o is defined by

712
zZ—z

AImzImz'

o(z,2) =

and F stands for the modified Bessel functions of the second kind.

3.1.2 Auxiliary Laplacian A,

As will be proved in this chapter, the previously constructed Laplacian Ag does not behave well
in general, insofar as it can have an absolutely continuous spectrum. This prohibits the definition
of the determinant through a (-regularization process. For this reason, we will not define the
determinant of Ag, but rather the relative determinant of Ag and of another operator A, yet to be
introduced. The introduction of this operator is based on [47, Sec. 2.1.3], the main difference being
the higher dimension of the vector space we consider, as well as the presence of a representation. In
order to be coherent with the notations used by Venkov in [97, Sec. 1.2], we will first set V = C".
Let p be a cusp, and 7, be a generator of the stabilizer I'y, of p in I'.

Definition 3.1.6. The fixed subspace V, of V is defined as

Vo = {veV,p(n) ) =uv}.
Remark 3.1.7. This subspace does not depend on the choice of the generator ,.

Definition 3.1.8. We define the auxiliary Laplacian A, acting on the space C§° (Ja () , +o00[, V})
of smooth, compactly supported functions in the interval ]a (¢) , +oo[ with values in V}, to be

2 d?
A& = -y W .

Remark 3.1.9. This operator, after having undergone the Friedrichs extension process, yields a
self-adjoint positive-definite operator

A. ¢ H?(Ja(e), 400, Vp) NHg (Ja(e) ,+oo, V) — L*(Ja(e),+o0[,Vp) ,
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where self-adjointness is to be understood in the L?-sense, and the intersection appearing in the
domain of this operator reflects the Dirichlet boundary condition y = a (g).

A

Proposition 3.1.10. The kernel of the heat operator e "¢ on Ja (¢),+oo[* is given by

Ko (yiyat) = e /4 /gy e osln/v)"/G0) e—(logunyz>—log(a(e>2>>2/<4“] .
Remark 3.1.11. When V is of dimension 1 and the representation is trivial, this result is ref-
erenced in [47], near the beginning of section 8.1, as well as in [1], at the start of section 1.5.3,
where Aldana refers the reader to either Carslaw’s and Jaeger’s work in [26], or, for a more detailed
solution that is applicable to the current situation, to Miiller’s computation in [72, Sec. 6]. The
proof is absolutely similar here, as can be noted after having chosen an orthonormal basis of V.

Definition 3.1.12. The operator A, is extended as an operator acting on functions defined on
the product R x Ja (g) , +o00[ with values in V,, by trivial exntesion in the first variable. We further
extend it to functions with values in V' after defining by 0 its image on functions taking values in
the orthogonal VpJ- of V, in V.

Definition 3.1.13. The operator A, is extended over the whole punctured modular curve Z by
requiring it to act as 0 outside the considered open neighborhoods of cusps.

Remark 3.1.14. The kernel of this last Laplacian can be obtained from proposition 3.1.10, and
is in particular zero except when both variables are near a certain cusp.

3.2 The continuous spectrum of the Laplacian Ag

The Laplacian Ag having an absolutely continuous spectrum, we cannot define its determinant.
To remedy that, we will study this part of the spectrum further, using Eisenstein series.

3.2.1 Eisenstein series

Following [97, Sec. 3.1], and definition 1.5.3 of [44], we have the following definition.

Definition 3.2.1. Let p be a cusp, and v be a vector belonging to V,,. We define the Eisenstein
series associated to p and v by

E(z,s,pv) = S TIm(g ') p(y) o
YETH\T

where g, is an element of PSLs (R) sending both the cusp p and its stabilizer to the infinity, and
the subgroup of PSLy (R) generated by the unit translation.

Proposition 3.2.2. For any p and v as above, as well as any z € H, the function

s — FE(z,5,p,0)

which is well-defined and holomorphic on the half-plane Re s > 1, has a meromorphic continuation
to C, whose potential poles’ location and order do not depend on z. Moreover, this function has no
pole of real part 1/2.

Proposition 3.2.3. For any cusp p and any v € V,, the Eisenstein series E (z,s,p,v) is abso-
lutely convergent in the half-plane Res > 1 for any point z of the upper half-plane H, and hence
holomorphic in s there. As a function of z, it satisfies the following properties:

1. for every v € T', we have E (yz,s,p,v) = p(7) E (2, 8,p,v);

68



2. the function E (z,s,p,v) is smooth on a fundamental domain F for the action of T' on H;
3. we have AE (z,8,p,v) = s(1—3s)E (z,8,p,v) as distributions.

Remark 3.2.4. The second condition above does not imply that Eisenstein series are smooth in z
over the whole upper half-plane, as there can be problems at boundary points of F'. As we will later
see, these series are not square-integrable, which means that the third condition above does not
mean that s (1 — s) is an eigenvalue of the Laplacian A, as those must be positive, and s (1 — s)
covers a good portion of the complex plane.

Remark 3.2.5. There is an important point worth noting here. Though the Einstein series are
defined relatively to a cusp, the invariance condition (the second point in the proposition above)
states that they each induce functions on open neighborhoods of the other cusps. This can be
summed up by saying that “cusps have a long range influence”. A similar observation is made by
Bunke, albeit in a different context, in [19], right before theorem 3.6.

Definition 3.2.6. Let p be a cusp. Welet e, 1, ..., e, be a basis of V' which diagonalizes p (7,),
meaning that for every integer j between 1 and r, we have

€p.j for je[1,kp]
pleps) = .

e?mavie, i for j€ [k, +1,7]
where each real number «,, ; belongs to ]0, 1].
Remark 3.2.7. We will now follow closely Fischer’s presentation, detailed in [44, Sec. 1.5].
Definition 3.2.8. For any cusp p, and every integer j between 1 and k,, we set

Ep j ('7 S) : H — C
z — E(z,s,p6p;)

Proposition 3.2.9. Let p and q be two cusps, which may or may not be distinct, and j be an
integer between 1 and k,. The restricted Fisenstein series

R x]a(e),+o0] — C
z — By, (992, 5)

is then 1-periodic in the first variable, and its zeroth order Fourier coefficient is given by

Ppja (8) Y+ 0pqviep; if kp>0
up,qu (y’ 8) = )
0 if k,=0

for any y belonging to ]a (¢),+oo[ and any s a point where E, ; (z,-) is holomorphic.

Proof. This is proposition 1.5.6 of [44], for which Fischer refers the reader to [58].
[

Remark 3.2.10. It should be noted that the Kronecker symbol d, 4 is to be understood as a
condition on whether or not the cusps p and ¢ are the same.
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3.2.2 Scattering matrix

Having defined the Eisenstein series associated to each cusp, we can now turn to the notion of the
scattering matriz, which measures the influence that cusps have on each other. Once again, the
notations and results that follow are taken from Fischer’s work, more precisely from [44, Sec. 1.5],
the only difference being that the notations for cusps and integers are interchanged from Fischer’s.

Definition 3.2.11. For any two cusps p and ¢, and any integers j € [1,k,] and I € [1, k,], we set

Cpiat) (5) = (eqi, Ppjq(s))
where (-, ) denotes the canonical hermitian product on V = C".

Definition 3.2.12. For any point of holomorphy s of every ¢ function from definition 3.2.11, we
define the scattering matriz to be

2(s) = [PEanan]
where (p, j) is the row index, to be read in the lexicographical order, and (g, ) is the column index.
Remark 3.2.13. It is implicitely assumed here that the cusps of the modular curve are ordered.

Proposition 3.2.14. For any s as above, we have

Definition 3.2.15. For any s as above, the determinant of the scattering matriz is denoted by

p(s) = det®(s) .

Proposition 3.2.16. For any z € H, we have the functional equation

kIJ
Ep; (,1=s) = > 12:1 P(p,5).(a:1) (1-s) Eqi (2,8) »
q cusp l=

where s is a point at which each and every one of the terms above is holomorphic.

Corollary 3.2.17. For any s as in the last proposition, we have

P(1—5)P(s) = T,

where I denotes the identity matriz. Furthermore, for every t € R, we have
@ (3+it)] = 1.

3.2.3 Maafi-Selberg relations

To conclude this section on Eisenstein series, we must see how their L?-norms behave. As already
stated, these series are not square-integrable over a fundamental domain F' for the action of T’
on H, and we will therefore need to apply some truncation, in order to give meaning to an integral.
For this section, we will follow Venkov’s work, presented in [97, Sec. 3.2].
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Definition 3.2.18. Let F be a fundamental domain for the action of I' on H. For any € > 0, and
any cusp p € F, we set Fj, (¢) = g, (R x ]a(¢),+00[) N F and write F' as the disjoint union

F = Fy(e) U | Fy(e).

peEF
cusp

Remark 3.2.19. This partition reflects the consideration of a small enough open neighborhood
in F of every cusp belonging to the considered fundamental domain. The part “away from the
cusps”, denoted by Fj (¢) is defined so that we have the decomposition of F stated above.

Definition 3.2.20. For any cusp p, and any j € [1,k,], the truncated Eisenstein series Ep,j is
defined as

B E,;(zs) for z € Fy(e)

EPJ,E (Za S) =
E,;(z,8) —Upjq (Img;lz, s) for ze€ Fy(e)

Remark 3.2.21. As can be seen in the definition of these truncated Eisenstein series, the point
is to remove the zeroth-order Fourier coefficient around each cusp, while doing nothing away from
each cusp of F. The result yields a square-integrable function on F. We further have

s anr = [ B ol dn)

where 11 denotes the measure associated to the Poincaré metric. In order to consider the integral
of an Eisenstein series, truncation has to be performed, either on the domain, which results in
considering Fj (¢) instead of F, or on the series, which means integrating F, ; and not E, ;.

Theorem 3.2.22 (Maaf-Selberg relations). Let p be a cusp and j be an integer between 1 and k.
We have, for any non-real complex number s of real part strictly larger than 1/2,

= 2 s+5— kq 2 —s—3
[ Boscco e = (0@ = S5 e O a@)' ™)
F qeF =1
cusp

725 (00T b (9 =& G )

Remark 3.2.23. The Maaf-Selberg relations can be extended to all complex number s of real
part larger than or equal to 1/2 by noting that problems on the right hand side can be deal with
by interpreting the appropriate terms as difference quotients. We will state these extensions below.

Corollary 3.2.24. For any real number s > 1/2, we have

/F HEPJ,s (2,5)

Corollary 3.2.25. For any non-zero real number r, we have

~ 1
/ B, e (z, 3 + ir)
F

= 2108@E) - ¥ 3 o (3 i) ana (3 )
q =
cusp

2 2s5—1 Fq 2 1-2
W) = (a7 = 5 5 lewaan O a @) + 2108 (0 ()

cusp

dp (z)

3k (4 Pl ) (3 +17) = (&) w iy (3 —i1)).
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Corollary 3.2.26. We have
~ 1
E,ielz =

Jo [Bose (+3)

3.3 The Selberg trace formula

2 kq

du(z) = Aloglale) = 2 2 @y (3 +r) oig, ) (3 =)
q =
cusp

Now that we have stated all preliminary results required in this chapter, we can proceed to the
main ingredient we will use, namely the Selberg trace formula. We will follow [44] here. In order
to be consistent with the situation studied in this text, we will assume that the Fuchsian group of
the first kind I" has no elliptic element.

3.3.1 Spectral expansion for the resolvent

The first step in getting the most general version of the Selberg trace formula we will need here, we
first need to have a spectral expansion theorem for the resolvent associated to the Laplacian Ag.

Theorem 3.3.1. Let s be a complex number whose real part is strictly larger than 1, such that
the spectrum of A does not contain A = s(1 — s). For any function f defined on H which is both
square-integrale over F' and compatible with the representation p, we have

(Ap=N""F = [p ke, (2N f(2) du(z) -

The function kr , (-,-, A) is called the resolvent kernel of Ag assocated to the parameter X.

We will now use this kernel kr ,, also called a Green’s function, to give a slightly more explicit
integral representation, which will separate the influence of the discrete spectrum from that of the
absolutely continuous part, the latter being fully described by the Eisenstein series.

Theorem 3.3.2. Let ()\j)j>0 denote the eigenvalues of Ag belonging to the discrete part of its
spectrum, repeated with multiplicity. We further consider a Hilbert basis ( fj)j>0 associated to this
sequence. Let then s and o be two complex numbers of real part strictly larger than 1. We then
have, for every point z of F,

2
2. (M—sl(l—s) B )\j_al(l—a)) |fj (2)]

j=>0
= (s—a) [ Tr(kr, (z,w,s)kr, (w, 2, ) du(w)

kp . ,
_EF ]; Lo (1/4;2_3 - 1/4+1tz_a) 1B, (=1 +it)|* at,
cusp

where the series on the left hand side is absolutely convergent.

Remark 3.3.3. This theorem can be restated in the following way. For any two points z; and zo
in F', we have

> (st — o) Wi (1), 05 (22))

Jj=0

k,
P + . .
= _pg ng ﬁ f_ooj (i—i—tz—ls(l—s) - %—&-tZ—la(l—a)) <EP»J' (Zl’ % + Zt)  Ep.j (’22’ % + Zt)> dt
cusp

+ (s —a) [ Tr(kr,, (21,w, ) kr,p (W, 22,a)) dp(w).
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It can also be integrated over F', which makes the functions f; disappear. We have

J;O (}\]‘781(175) - )\jfocl(lfoc))
= (s—a)fp [p Tr(kr, (z,w,8) kr, (w, 2, @) du(w) du(z)

kp
+ . 2
_p%:F j;l ﬁ fF f—oo; (i—s—tZ—ls(l—s) - %+t2—{1(1—a)) HE 2J (27 % +Zt)H dt.
cusp

As we can gather from this last formulation of the spectral expansion theorem, the second term can
be computed by using the appropriate Maaf-Selberg relations, after having itnerchanged the two
integrals. The first term will require some more work, and is the object of the next proposition.

Proposition 3.3.4. For any s and « as before, we have
(s —a) [ Tr(kr, (z,w,8) kr, (w, 2, a)) du(w)
= lim Tr(kr, (z,w,s) — kr, (2, w,a)).

w—z

Proof. This result stems from the formulae corresponding to the appropriate resolvents.

Remark 3.3.5. By definition of kr ,, we have

lim (kr,(z,w,s) —kr,(z,w, @) = lim > Trp(v) (k(z,yw,s) — k (z,yw, a))

w—rz w—rz 'YEF

= lim 3 3 p()(k(z9797 w,s) =k (2,979 'w, ),
w—E {'Y}F QGFW\F

where {7} is the conjugacy class of an element v of I', and T, is the centralizer of the element ~.
Corollary 3.3.6. For any o and o' as above, we have
(S - a) fF Tr (kF,P (Z7 w, S) kF,P (w7 2 a)) dp (w)
= lim > > Trp(y) (k(z979 'w,s) — k(2,979 'w,a)).
w—rz
{7}r g€\’
Remark 3.3.7. Using the last corollary, we note that the first sum can be broken into four parts:
one that deals with the (conjugacy class of the) identity, another one with conjugacy classes of
hyperbolic elements, and a third one with those of parabolic elements. Since we assumed I' to be

without torsion, there are elliptic elements.

Proposition 3.3.8. For any element v of I' which is not the identity, the series

p (V) k(2,979 w, a)
(3T geT AT

converges uniformly as a function of w in an open neighborhood of almost (in the sense of the
Poincaré measure) every z.

Remark 3.3.9. The limit in corollary 3.3.6, for any -, can then be computed almost everywhere
term by term. This is enough, as we only require an equality of square-integrable functions.
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3.3.2 Contribution of the identity

We begin the study of the sums appearing in corollary 3.3.6 with the one associated to the identity.
As stated before, the limit cannot be computed term by term.

Theorem 3.3.10. The contribution from the identity in corollary 3.5.6 is given by

i T (k (2,0,8) — k(z0,0)) =~ (1 (s) — ¥ (a) |

w—rz

where 1 denotes the digamma function.

Remark 3.3.11. For reasons that will be clear later, we need to interpret the right hand side in
this computation as a logarithmic derivative, after having integrated over the fundamental domain.

Proposition-Definition 3.3.12. Denote by G the Barnes G-function. The function

C\]-00,0] — C

[1]
~

)

s > exp [T (slog (2m) + 5 (1 — s) +log ' (s) — 2log G (s + 1))]

18 holomorphic, nowhere vanishing, and its logarithmic derivative satisfies

I~ ~

(5) = —(2s—=1)VolF - g=9(s) -

[I]‘ [1]
~

This derivative has a meromorphic continuation to C whose poles are located at negative integers.

Proposition 3.3.13. The function = satisfies the following asymptotic expansion

logZr (v) = " [—12logy + 312+ viogy — Llogv + Slog (2m) — 2¢' (-1)] + O (2)

as v goes to infinity through strictly positive values.

Proof. Going back to the definition of Z;, we have, for every real number v > 1,

log; (v) = 2Y2E [plogtaeT + = 12 + (3log (27) + (v = 3) losv =y + O (1)
~2(¢" (=1) + gulogtzm) + (51° — 35) logv — §1° + O (31))]

= YAE [ 2logy + L2 +vlogy — 2logv + §log (2m) — 2¢ (-1)] + O (2) .

s

Here, we used the asymptotic expansions for the Gamma function and the Barnes G-function.
O

3.3.3 Contribution of hyperbolic elements

We now move to the first non-trivial conjugacy class in I'; which is that of hyperbolic elements.
As we will see, this is the contribution about which we have the least information. This fact wuill
lead to the definition of the so-called Selberg zeta function. As before, the results that follow are
taken rather directly from Fischer’s work. For more details, the reader is therefore refered to [44].

Proposition-Definition 3.3.14. Let {v}. be a hyperbolic conjugacy class in T'. We define N (vy)
to be the only real number strictly larger than 1 such that we have
1/2
_ 4 N () 0
v ~1/2
0 N(v)
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for some matriz A in PSLy (R). We then define No () > 1 to be the only real number such that

Ny (7)1/2 0

Y = A7!
0 No(’Y)_l/2

generates the centralizer of v in I'. We call vy the primitive hyperbolic element associated to ~y.

Remark 3.3.15. It should be noted in the result above that we have N (y9) = Ny (7).

Theorem 3.3.16. The integrated contribution of hyperbolic classes in corollary 3.3.6 is given by
XX Trp() fp (k29797 28) =k (2,979 2, ) dp(2)

{’Y}F)hyp geT\I
= 55 X X Trp(0)"-logN () gt
{'YO}F,hyp m2>1

. JP,
L X Trp()" - logN (v0) - .
{’YO}F,hyp m2>1

Proposition-Definition 3.3.17. The Selberg zeta function

Z : {seC, Res>1} — C

s — I I det (L= p(n)No (7))

{,Y}F,hyp m>0
s holomorphic, and its logarithmic derivative satisfies, on this half-plane,
! m N —ms
Z) = X X Trp(o)" logN () Syt
{’YO}F7hyp m>1

Remark 3.3.18. It is always implicitely assume that g is the primitive hyperbolic element in the
considered conjugacy class. Furthermore, the real number N (7g) can be seen to be the length of
the closed geodesic associated to 7g.

Remark 3.3.19. As a consequence of the Selberg trace formula, we will see that the Selberg zeta
function has a meromorphic continuation to C, for whom 1 is a zero of order the dimension of the
kernel of the hyperbolic Laplacian Ag.

Proposition 3.3.20. The Selberg zeta function satisfies

logZ(v) = o(1)

as v goes to infinity by strictly positive real values.

Proof. This computation is in [44], right before lemma 3.2.6. For any real number v > 1, we have

ogZ(v) = — ¥ X Trply)" 2L e N (30) ™

{’YO}F,hyp m>1

We can bound this logarithm, by writing

< Cm@)™"

)

logZ@) < ¥ X [Tl |25

{’YO}r,hyp m2>1

n
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where C' > 0 is a constant, and we have defined m (I') = min {N (y), v € ' hyperbolic}, which is
strictly larger than 1. This completes the proof.

O

Remark 3.3.21. The crucial point above is to use either Venkov’s lemma 4.4.1 from [97], or
Fischer’s lemma 2.2.2 from [44], which state that the number of primitive hyperbolic conjugacy
classes {yo} with N (79) < z is bounded by Cx with C' > 0 a constant.

3.3.4 Contribution of parabolic elements

Having dealt with the contribution from the identity and the hyperbolic classes, we turn our
attention to the parabolic classes.

Theorem 3.3.22. The integrated contribution of parabolic elements in corollary 3.3.6 is given by

> Y Trp() [p (k(z,9797 2 8) — k(2,979 2, @)) du(z)
{’Y}F)pa'y‘ geT\I

kp
+ . 2
= p;F ng el L ((5_1/2)2“2 - (a_1/12)2+t2) | Epj (2,2 +it)||” dt du(2)
cusp

1 “+oo 1 1 ’ 1 .
+E —00 ((871/2)2+t2 - (a71/2)2+t2) % (5 +Zt) dt

—1-7281_1 ( —nhlog2 —log [] [T sin(ray;)—k(T,p)¢ (8 + %)
zc)gsl;; J=kp+1

it T (I — @ (3)))

_Tzl—l ( —nhlog2 —log [] [ sin(ray,;)—k(@,p)e (04 + %)
15559 J=kp+1

o T (D)~ 2 (3)))

Proposition-Definition 3.3.23. The function

Epar @ C\]-00,3] — C
n
s — 27 [T ] (sin(may, )"
pEF j=k,+1
cusp

(s = ) AU H G p () THO

1s holomorphic, and its logarithmic derivative satisfies, on the appropriate domain

=14

% (s) = -—nhlog2—log [T ]I sin(ray;)—k(T,p)¢ (s+13)
15k s

Fooeg Tr (Iur,p) — @ (3)) -

Remark 3.3.24. One of the main differences between this section and the work of Fischer in [44]
lies in the result above, as the reader will note that the function =, we just defined is simpler
than the one used in corollary 2.4.22 of [44]. The reason for this change is that the need to express

1 [too

1 _ 1
ir J—o0o ((571/2)2+t2 (a71/2)2+t2>

’ 1 .
% (5 + lt) dt
as a logarithmic derivative is not as high. It will still be needed at some point however, and we can
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note from corollary 2.4.22 of [44] that the term above is the logarithmic derivative of a function =5,
defined on a domain D.

Proposition 3.3.25. The function Z,,, satisfies the following asymptotic expansion

T
logZper(v) = —k(T,p)viogr — (nh log2 —k (T, p) + %% , ;_H log sin (wap,j)>z/
P J="rp
cusp

+1 (k(T,p) = Tr (®(3)))logv — Llog (2m) k (T, p) + O (1)
as v goes to infinity by taking strictly positive values.

Proof. By definition, we have, for every real number v > 1,

n

—nhlog (2) v — vlog ( I[I I sin (Wap,j)>
Ban Tt

+3Tr (Iyer,p) — @ (%)) log (v — %) — k (T, p)logT (v + 3)

log Zpar (v)

™

= —(hnlog2 + > > logsin (ﬂ'ap’j)) v+ % (k: (T, p) — Tr ((I> (%))) log v
ik =k

—k(T,p) (3log2r +vlogry —v+ O (1))

T

= —k(,p)vlogy — (hnlogZ —k@,p)+ > > logsin (ﬁap,j)) v
gk sk
+1 (k(T,p) —Tr (®(3)))logr — 2log (2m) k (T, p) + O (2).

Once again, we have here used the asymptotic expansion of the Gamma function.

3.3.5 Resolvent trace formula

Now that we have computed every contribution in the integrated form of corollary 3.3.6, we can
put all these results together to state the following resolvent trace formula. Though it appears to
be only a special case of the more general Selberg trace formula, and as noted by Fischer in [44],
right before theorem 2.5.1, the two results are actually equivalent.

Theorem 3.3.26 (Resolvent trace formula). For any complex numbers s and « of real part strictly
larger than 1, we have

1 1 1 [too 1 1 Y .
j;o ( Xj—s(I=s)  Xj—a(l—a) ) T dm f—oo ((571/2)2“2 - (a71/2)2+t2) % (5 'Ht) dt

_ 1 Epar 1
= 1 { - (S)} T Za-1 {
T

= —VolF: 24 (s)+ 515 Z (s) — 5i5rhlog2 — 325 3 4 Y- logsin (may, ;)
pEF j=kp+1
cusp

mk (00 ¢ (s+3) + omge (R(Thp) —Tr @ (3))

(o) + Z (@) + 22 ()]

Epar

LI]‘ (1]

[H‘[I]
~~
—~
@
SN~—
+
N[N
—
@
S—
_l’_

+ Vol F - 2-4p (o) — 51 - % (a) + 55rhlog2+ 215 Y>> > logsin (may,;)

pEF j=kp+1
cusp

taagk () (@t 3) = oo (KT, p) — Tr@ (3))
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Remark 3.3.27. The statement of the resolvent trace formula above slightly differs from the one
made by Fischer in theorem 2.5.1 of [44], insofar as we chose not to explicitely write the Selberg
zeta function, and the part involving the logarithmic derivative of the determinant of the scattering
matrix has been left intact on the left hand side.

Proposition-Definition 3.3.28. The function

Z : {s€C,Res>1} — C

S — Er(s)-Z(s)Epar () - Epar (5)

satisfies the following functional equation =(s) = E(1 —s). The function 2 thus has a holo-
morphic continuation to the whole complex plane. Consequently, the Selberg zeta function has a
meromorphic continuation to C, which is still denoted by Z.

3.3.6 The Selberg trace formula

The aim now is to state the apparently more general version of the Selberg trace formula, as is
done by Fischer in [44, Chap. 4]. This will require us to use special kinds of functions.

Definition 3.3.29. Let § > 0. We denote by Ds the space of functions

h : {z€C, Imz[<i+6} — C,

which are holomorphic, and satisfy the following two conditions:
1. for every z in the appropriate domain, we have h (—z) = h (2);
2. we have |h(z)] = O(|Re 2\7275) as |Re z| goes to infinity.

Remark 3.3.30. For any such function h, we can consider the Fourier transform

g : R — C

¢ — [T g)e i du

27 J—o0

Remark 3.3.31. As is commonly done when presenting the Selberg trace formula, we will reindex
the eigenvalues A; belonging to the discrete spectrum of the Laplacian Ag as

R § 2
A= 17

Unlike what is done in [97], we will not consider here both real numbers r; giving the same \;,
which is why there is a difference by a factor 2 between this formula and what Venkov presents.

Theorem 3.3.32 (Selberg trace formula). Let 6 > 0 and h be function in Ds. We have

go hrj)— 2 [72 n(r) £ (3 +ir) dr
-

= VolF- 2 [ vh(r)th(r) dr — &=k (T, p) [T h(r)y 1 +ir) dr

Ly S D)™)ot og N ()
rp ’YO N(,YO)’VTL/27N(,YO)7TYIV/2 g Og ’y

{70} pyp M=1

41 (0) (£(T.p) = Te (8 (3)) —9(0) (rhlog2+ £ 5 logsin(ray) ).
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Remark 3.3.33. The resolvent trace formula can be recovered by considering for A the function

1 1
h(r) G-1/272412  (a—1/2)%4r2"

3.4 Relative spectral zeta function

We can now study the relative spectral zeta function associated to the operators Ag and A.. This
is done by taking advantage of the fact that zeta functions are Mellin transforms of heat traces.
We will also adapt an argument presented by Efrat in [37].

3.4.1 Relative trace of heat operators

Theorem 3.4.1. For every t > 0, the difference e *2F — =A< s trace class, and we have

Tr (e 7147 —ete) = Y (i)t Lo oGy (97 (L vir) @ (4 —ir)) dr
Jj>0

+ik (@ p)e /A4 2e /A Tr o (1) + ﬁe‘t/‘lk (T, p)logale).

Proof. In order to prove this result, we would like to begin by writing the following

kp
Tr(ede —etd) = [ [T S T e G B, (i) dp () ar
pEF j=1
cusp

— K. (2,2,t)] du(2) + go e (Gt

However, we would first need to prove that the difference of the heat operators is trace class, i.e.
that what appears in the integral is integrable over F'. We will prove that the following limit

. by oo (1,2 . 2
%13%) fFo(n) [ﬁ DY fjoo Rt )tHEp,j (z, 4 +ir)||" dr — K. (2, 2,t) }d,u(z)
peF j=1
cusp

exists, and actually compute it. For any real number 7 such that we have 0 < 17 < ¢, we have

ks oo _(Lly.2 .
o [ 5, 5 12 Oy (2 4+ i) dr = Ko 22,0 Jan(s)

cusp

i oo (l.2 . 2
> qu(E)\Fq(n) [ﬁ Y fjoo e (it )’5||Ep,j (z,3 +ir)||" dr — K. (z,2,t) ]du(z)
geF pEF j=1

cusp cusp
i [T (b .
tne [ =2 X 1T B, (o d 4 in) [P dr |du ).
£ =

We will now compute each of the integrals appearing in the first term. For any cusp ¢, we have

by oo (L14p2 .
Jrenrym {ﬁp% P S G By (2 4+ i) | dr = Ko (2,2,0) i ()
cusp

kp oo (14,2 . 2
= ﬁp%:F ng f—+oo (it )thq(E)\Fq(n) |Epj (2,5 +ir)|" du(z) dr
cusp

~Jronm i Ke (220 du(z)
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and we can now truncate each Eisenstein series to get

Jovonroim 1o (2% +ir) | dp(2)

~ . 2 kq ‘ ) .
Jrenram HE"J»E (2,3 +ir)| du(z)+ (k; 0@, (3 +i7) )faé?;) L dy

+20p,4 Re [ D(p.5).(p.5) (% - ir) fﬂg) y T dy ] + 0pq f;(g) % dy.

This decomposition works because the truncated Einsenstein series are L2-orthogonal to the zeroth
order coefficient in the Fourier decomposition of the full Eisenstein series. Furthermore, the limit

n—0

- 2
lim [fF (O\E, () HE e (Z,%-‘ri?‘)H dp (2)}

exists. It is also important to be aware that the open neighborhood of any cusp is always thought
of as a product R X ]a, +oo[, where a is associated to either € or 7 in the usual manner, according
to whether we consider Fy (¢) or Fy, (). The remaining integrals can be computed, and we have

k

]

b 2 1 1.
; ewaran G )T = Tr(@(-(3+ir) @ (3 +ir)) = kTp)

J

oQ
@’HM

pe
cu

3

Moving on to the study of the auxiliary Laplacian, we note that we have

_ a(n) Vi
Jeyonmym Ke (220 du (@) = ko mge™ [( 5 ydn (2) = ko 7z Jo” exp (—a?) dz
The first term of the above will be compensated by others, and we have
: 1 : Og(z(@;) 2 1 (too 2 1
71]13%) ke = Jo exp (—a?) dz | = v Jo = exp (—a?) dz = {1k
Hence, we have
1 2 too —(L+r2)t 120102
fFo(U) [E >y D et | Epj (2,5 +ir)||” dr — Ke (2, 2,1) }du (2)
peF j=1
Cubp
2
400 — .
= &2 Z S i) ng(n) H P.je ,%-FZT)H du(z)dr
peEF j=
cusp
i dog (5653 ) K (0 p) /Te /= k(L) e/ log (563
1 a(e) T, —t/4 o—t/4 (VT 77 log(54) 2
+Elog(a n))k(Rp) Ve —|—k(1"7p)r NG exp (—z?) da
kyp ,
4o (1 2 . —2ir
+ﬁ 2 Z S e () ﬁ [‘P(p,j),(p,j) (% - W) a ()
gESFp Jj=1 1, - 2ir
~Cawa) (3 i) a(m)] dr
kyp ,
+ (14,2 . —21ir
SRV D AR (). [wp,j),(p,j) (z—ir)ale)
p J= 2ir
wp P ) (3 Tir) a(e) } dr
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It should be pointed out that the only divergent terms as 7 goes to 0 are those appearing on
the second and third line of the last formula above, which cancel each other. This means that
the auxiliary Laplacian A, has indeed the “same type” of absolutely continuous spectrum as the
hyperbolic Laplacian Ag. We now have

hm re)Y Z f_+oo - +7.2)tho(n) HEJE (Z,%+i7“)H2du(z)dr}

pEF j=
cusp

Ep ~ 2
too (L1492 .
= ﬁ Z Z f—OO e (4+ )t fF HEp’j’E (Z7 % + ZT)“ d,U/ (Z) dr,
e 1=

which we will compute shortly using the appropriate Maafi-Selberg relations, and more precisely
corollary 3.2.25. As has already been pointed out, we have

n—0

o 2
lim [k(f‘ p)r et [VE V7 los(5) exp (—a?) dx] = 1k p)et/t.

We now need to study the following term

kp . .
+ (14,2 . —2ir 2ir
IORD DA G [ eoanon G =) al) i) (5 +ir) a ()] dr
p J=
cusp

as 1 goes to 0, which will require us to use a trick presented by Miiller in [72], p.274. We have

too —(F+r? —2ir . 2ir
S et i oo (3 =) a) " =6, (3 +ir)am?] dr

+ — (L1442 ; ;
= S e G e (0 (3= i) = @y (5 + 7)) cos (2rloga (n)) dr

oo (14,2 . . .
e ) ) (3= 1)+ @y (4 7)) sin (2rloga () dr.

We can now compute the limit of the first term above and show that it vanishes, using the Riemann-
Lebesgue lemma. For the second term, we use results about mollifiers, to get

too  —(L4p? . —2ir 2ir
lim [ 32 Zf_ ' i (3= i) a )7 = 00, (3 +i7) a ()] dr]
=0 LpeF j=
cusp

= 7me /MTre(1).

This proves that the following integral exists and is given by

~p,j75 (z, % + ir) ’ dr — K. (2, 2,t) }d,u (2)

kp, 14,2
fo [ 5 5 ety

peEF j=1
cusp
+oo - l r? o . 2 _
- &z Z S e G | B (5 4+ i) || du 2y ar+ 3k, p) et/
IC)ES}) 7=
k
-~ b 400 _(lup2 . —2ir
2 Ao (1) + 2 n [T eI L o 00 G i) a (o)
peF j=1
cusp

—P(p.4), (m)( +”) (e )Qir} dr.
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As anticipated, we will compute the first term using the relevant Maaf-Selberg relations. We have

Jr HEPJ7E (Z’ % + ir)HQdM (2)

= 2log(a(e)) = X 22 Cupiad (3 +17) a0 (3 i)
qgeF =1
cusp

2 (4™ Gy (5 +7) = a (@) o (3 —ir)).

We now get a more explicit version of the above formula, as we have, after having made the
appropriate cancellation,

2
dr — K. (2, 2,t) }d,u (2)

~p7j»6 (Zv % + iT)

D> zf“” ()

pEF j=
cusp i
+oo — r2 t g 1 .
= —& X Z S ) > 2 Ploiial) (53 1) Pia). ) (3 —ir) dr
pGF j= qeF =1
cusp cusp k
(T, p) e t/t + Let/ATrd (L) + Llog (a(e)) ZF Zl [ o~ (34t g,
pel 5=
cusp

Lt e G T (& (L i) B (L —ir)) dr

4r J—o0

+1k(D,p)e /4 + Le /4 Tr @ (1) + 2=e~t/%k (I, p) logale).

Tt
This completes the proof of the theorem.
O
Lemma 3.4.2. For any real number r, we have
(S 4ir) = Te(®(3+ir)@ (L —ir)) .

Proof. This is a consequence of Jacobi’s formula related to the computation of the derivative of

the determinant of a family of matrices.
O

We note that, in this last theorem 3.4.1, we left a sum uncomputed. Fortunately, this can be
resolved by using the Selberg trace formula (see theorem 3.3.32) for the function defined by

h(r) = ef(%+r2)t
Corollary 3.4.3. For every real number t > 0, we have
Tr (e*tAE — e’mf)

0o — (142
= ﬁe*t/‘*k(l“,p)loga( e)+ Vol F- 2 [T pe G+2)tth () dr

“+oo
Y Y T gt g (mlog N (10))

{v}r Jhyp TV 1

_\/ﬂ _t/4(rhlog2+ > Z log sin (ﬂap’j))

pEF j=kp+1
cusp

Lk (T, p) [T e Gy (1 i) ar
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Proof. This corollary is obtained by plugging the Selberg trace formula (theorem 3.3.32) into
theorem 3.4.1, and by noting that some terms cancel each other out.
O

3.4.2 Relative spectral zeta function

Mellin transform. The first point in this subsection is to recall a few facts about the Mellin
transform, which can also be found in [7, Sec. 9.6], whose notations will be adopted in this
paragraph. This particular tool will help us recover the spectral zeta function from the relative
heat trace, which we have already computed.

Definition 3.4.4. Let f be smooth function on |0, +oo[, which behaves well at both extremities.
The Mellin transform of f is defined as

Mfl(s) = w5 f ™ 7 F (1) dt .

Remark 3.4.5. The definition above was intentionally vague as far as the hypotheses on f are
concerned. We now need to see what conditions at 0 and +o0o we need to impose so that this
definition makes sense. These will be slightly different than those proposed by Berline, Getzler
and Vergne in [7], although the proofs will be very much the same.

Proposition 3.4.6. Assume f satisfies the following asymptotic estimate ast goes to 0F

f#) = A-3+B- %L+ C- 5 +D+0 (Vi) ,

where A, B, C', D are real constants, and satisfies the bound, as t goes to infinity,

i) < Ke ™,

where K and X\ are strictly positive constants. The Mellin transform

s — MIf](s)

is then well-defined and holomorphic on the half-plane Re s > 1. Furthermore, it has a meromorphic
continuation to the half-plane Re s > —1/2, which is holomorphic at 0.

Proof. We first note that the bound at infinity satisfied by f proves that the function

s — my i T ET) A

is entire, that is holomorphic on C. We will now work with an integral between 0 and 1, and we
write the function f on this interval as

f#) = A-3+B- L+ C- L+ D+g(t)
where g is a smooth function on [0, 1] satisfying the bound
lgt)] < K'Vt,
with K’ being a strictly positive constant. We have, for any complex number s with Res > 1,
1 1 s—1 1 logt 1 _ 1 A B C D
ks 0T[4 B B O G D] b = 5 [ - e St B

83



which means that the function

s s ﬁfol ts—l[A%+Blt\)/gzt+C%+D:| dt

is holomorphic on the half-plane Res > 1, and that it has a meromorphic continuation to the

complex plane, which is holomorphic at 0, as the pole induced by the term D/s is canceled by the
pole of T" (s). Finally, on the half-plane Res > —1/2, we have

’ts—lg(t)‘ < tRes—l/Q ,

implying, using the dominated convergence theorem (in its holomorphic version), that the function
1 o,e
s — ﬁfo ts=1g(t) dt

is holomorphic on every half-plane Res > —1/2 + § for any real number § > 0, and thus on the
half-plane Re s > —1/2, which concludes the proof.
O

Example 3.4.7. For any strictly positive real number ), the function ¢ — e~ is indeed smooth
on R, , and satisfies both asymptotic conditions set forth in the proposition we have just seen. For
any complex number s, we further have

PO emMys—l gt = 278 [P emepstldr = AT (s)
0 0

which means that the Mellin transform of this function is given by

s > A% .

This example illustrates why the Mellin transform allows us to recover the spectral zeta function
of an operator (or the relative such function of two operators) from the heat trace (or the relative
heat trace).

Asymptotics of the relative heat trace. Having recalled the definition of the Mellin trans-
form, we now proceed to show that the relative heat trace with parameter u > 0, given by

Tr (6’t(AE+") — eft(Asﬂt)) = e Ty (eftAE — eftAE)

fits into the formalism from proposition 3.4.6. Note that it can be computed using corollary 3.4.3.
The asymptotics as ¢ goes to 07 were modified from those in |7] to actually reflect what we are going
to find here. The versions of theorem 3.4.1 and corollary 3.4.3 using parameters are transparent,
as they only involve multiplication by e~**. This factor will not play any role in the asymptotics
for small time, and will be left untouched for them, as it will be needed later. We will also need to
see what happens when the parameter p equals 0, although the bound at infinity is not in general
satisfied. We will need to slightly modify it, in order for the proper requirements to be met. The
following definition is used so that the study that follows is the same regardless of this.

Definition 3.4.8. For any positive real number p > 0, we set
0, = dimker (Ag+p) .
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Remark 3.4.9. The reader will note that we have §, = 0 except (possibly) when p equals 0. This
definition is made to unify results.

We begin with the asymptotics “for large times”.
Proposition 3.4.10. The relative heat trace with parameters satisfies the following bound as t
goes to infinity

|Tr (e=tApti) — e=t(Aetm)) —5,| < Ce~(B+mt

where B > 0 is a strictly positive constant, independant of .

Proof. Using theorem 3.4.1, we have

r:[‘r (e_t(AEJ"N) — e_t(A6+M)) — (S,LL

= (et e g et 1 () (@ (in) @ (4~ ir)) ar
j=>0

+%k T, p) e~ t(1/4+m) ie—t/4 Tr & (%) + \/%e—t(l/4+u)k (T, p)loga(e).

We first note that each and every one of the terms above, save for the first one, satisfy the required
bound quite directly. Then, we see that we have

e e,
j=0

— e*tu Z e*/\jt
J>6u

N
®
|
£
—
™

ef(xfxm)t)ef,\gut

< e Qsutm)t 3 e—(/\j—/\éu)7
J>0n+1

whenever ¢ is larger than 1, and assuming that the sequence ();) has been put in acsending order,
so that A5, + p is the first non-zero eigenvalue of Ag + p. This completes the proof.
O

We now move to show that the relative heat trace with parameter ;1 > 0 has an asymptotic
expansion as t goes to 07 of the form presented in proposition 3.4.6. Unlike what we did above,
we will not be using theorem 3.4.1 this time, but corollary 3.4.3. We will deal with each term
that appears in this corollary separately, after having multiplied them by e~ . Similar results are
presented by Venkov, but they will need to be (slightly) improved for our purposes.

Remark 3.4.11. In the various asymptotics as t goes to 0" that will follow this remark, we will
leave the factor e~** aside, and actually only perform the expansion on the relative heat trace
without parameter. It must be noted that this is not an issue as far as the formalism regarding the
Mellin transform is concerned. It is then implied that, when they are not explicit, the coefficients
of the asymptotic expansions, as well as the remainders, are independant of .

Proposition 3.4.12. Ast goes to 0T, the first term of corollary 3.4.3 satisfies

—%ﬂe‘t(l/““)k (T,p)loga(e) = et (ﬁk (T, p)loga e) - % +0 (t)) :

Proof. This proposition stems directly from the expansion at 0 of e~*/4.

Proposition 3.4.13. Ast goes to 0T, the second term of corollary 3.4.3 satisfies

VOl F - 2 [T e Gttt () dp = e (VOIF - 22 -1 4 0(1)) -
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Proof. We note that the core of the problem is to understand the behavior as ¢ goes to 07 of

[ re "t th (r) dr .

o0

After having performed the change of variable z = /¢, we get

+oo —r? _ 2 [too —x? T

S ore"tth(r) dr = 2 [77 xze™* th %) da
_ 2 [t —2? d 2 too —z? 1—e2%/VE 1) d
= ) wemdet g fy T we (G 1) de
_ 1 _e_mz 400 4 too xe_IQ e—2e/VE de

t 0 t JO 14+e—22/Vt
_ 1 _ 4 too g% e2/VE
= 1-%) @ o nda
We will now prove that we have

4 (+oo g2 e—2w/VE o
Tl we o dr = O (t)

as t goes to 0. To do that, we note that a function study yields

2 2
‘t%eflr/\/fefz < %6747‘%

- x

on the interval [1, +o0o[. Combined to a bound on [0, 1], this allows us to use Lebesgue’s dominated
convergence theorem, which gives the required asymptotic behavior. This completes the proof.
O

Proposition 3.4.14. Ast goes to 0T, the third term of corollary 3.4.3 satisfies

—tp Tor T my log N (7o) . los N = e thO(t
€ Z Z r(p (’YO) ) N(,YO)WL/27N(,YO)7TYI,/2 g(m Og (’YO)) € ( ) .

{"/O}r‘,hyp m=1

Proof. Recall that the function g is defined as the Fourier transform of the function h, given by

o) = ep(-4-%).

We now note that we have the following bound

exp (—%m2 ((logN (7))* = (logm (F))2>) < exp (—im2 ((logN (7))* = (logm (F))2>)

for t smaller than 1, which then gives

g(mlogN (0)) = exp(—% = fm? (logm (I)?)

-exp (= 4m? ((1og N (10))° — (log m (T)*) )
exp (7% — & (logm (F))Q)

-exp (= 4m? ((1og N (10)) = (log m () ).

IN
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This, in turn, allows us to bound the hyperbolic contribution, and complete the proof, as we have

+oo
m log N
TR 6" s g (mlog N m»‘
0T, hyp VT
—+oo

< ep(-b-dogm@)) T X [Tr(p(0)") gt

{"/U}F,hyp m=1

cexp (—1m? ((log N (30))* = (log m (1))*) ) |

Proposition 3.4.15. Ast goes to 0T, the fourth term of corollary 3.4.3 satisfies

ﬁe*t(l/‘l*“) (rhlog2+ S>3 logsin (wap,j))

pEF j=kp+1
cusp

= et {ﬁ (rh log2+ Y ET: log sin (wap,j)) + 0 (V1) } .

pEF j=kp+1
cusp

Proof. This proposition readily stems from the expansion of e~*/4.

Proposition 3.4.16. Ast goes to 0T, the fifth term of corollary 3.4.3 satisfies

k@)t [72 i) dr = e (4 L+ BB C+O (V) |

for some real constants A, B, and C, which are independant of p.

Proof. We begin by using the asymptotic expansion for the digamma function, for which the reader
is referred to formula 5.11.2 of [75]. We have

Y1 +ir) = log(l+ir)— 5 35 +0 () ,

as r goes to £oo. We then have

fjoo e_(%'”z)tz/}(l—kir) dr = f+°o e_(%+7’2)t (log(1+ir)— % L +a(r)) dr

0o —o00 1+ir

where the function « is smooth on R and equals O (1 / 7"2) as r goes to +oo. We now treat every
part of the above integral separately, starting with the remainder. We have

too —(3+7)t, (r)y dr = e t/* +:O° a(r) dr+e t/4 f_Jr;o (e‘rzt — 1) a(r) dr .

We will now prove that the second integral above vanishes as ¢ goes to 07. We have
fj;j (e_(%“z)t — 1) a(r) dr
= e t/4 fR\]—l,l[ (e”gt — 1) a(r) dr+e t/4 f_ll (e*ﬁt — 1) a(r) dr.
The integral over [—1,1] then satisfies
‘f_ll (e"ﬂt — 1) a(r) dr’ < Qtf_ll a(r) dr,
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Using once again the bound above, this time for the integral over R\ |—1, 1], we get
‘(e‘rzt - 1) a(r)‘ < 2C - %,

where C' > 0 is a strictly positive real constant (without link to the C' in the statement of the
proposition). This proves that we have

I/ e ()i (r) dr = A+0 (Vi)

— 00

as t goes to 0T. We can now move on to studying the integral

+o00 6_(%+T2)t' 1 dr .

2 1+ir

We first note that, by using the change of variable r <+ —r, we have

+<>O e*(iJer)t_ 1 dr +oo ef(%+r2)t.

2 - Ttir = 2 dr ,

_1_
1+1r2

and a similar argument as the one used above proves that we have

2 +00 e—(iwz)t. 14:ir dr = B—i—O(\/f) ,

and the last term to be taken care of is

[t e~ (i1%)t o (1 +4r) dr

— 00

Once again using the change of variable r <+ —r, we see that we have

[t e~ (%)t log (1 +ir) dr = %fjooj e~ (3+7%)t og (1+7%) dr

—0o0

= 3 [fol e tlog (1+7%) dr+ f;roo e tlog (14 %) dr+ 2f1+°° e tlogr dr| .

The first of these integrals can be seen to converge, as t goes to 0T, since the integrand is uniformly
bounded in t. More precisely, we have

lim f e_Ttlog(l—l—r)d = fol log (1+72) dr+0(t) .

t—0+

A similar result holds for the second integral. The last integral requires more care. We perform
the change of variable x = 72¢, which yields

2f1+°° e~ tlogrdr = f e_ (logz —logt) dx

= f 87 — (logz —logt) dx + 2\/f0 f (logz —logt) dw

It remains to find the behavior of the second part of the above as t > 0 vanishes. We have

t oo
z%/ifo = (logz —logt) da

t
= %ﬂfo ﬁ(logm—logt ) do + 5o~ f logt) dz,
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and an integration by parts allows us to compute the first of these two terms, as we have

' t
z%/zfo %(logm—logt) dr = 2%/{([2 x = ogt)]0—2f0 ﬁdx) - 4.

We further have

t o t
‘2%/{ IN \/51 (log x — logt) dx‘ < %ﬁfo vz (logt —logz) dz = 2%/2 A2 = 2t
which then gives

€

t —x
2%/2]0 ﬁ(log:cflogt) dz = A~%+B~h:/g;*4+0(t)

for constants A and B which can be explicitely determined, though it is not needed. It should be
noted that these constants have nothing to do with those bearing the same name which were used
earlier in this proof. Putting all these results together, we have

ity oo —(Llyp2 . —tn o
kT, p)e ™ [T e (i+ )tw(l—l—zr) dr = et (A-%-l—B-l\/g;—i—C—FO(\/i)) ,
with A, B, and C three real constants, independant of u, whose value is not required here. This

completes the proof of the proposition.
O

Proposition 3.4.17. The relative heat trace with parameters satisfies, ast goes to 0%, the following
asymptotic expansion, with A, B, C, and D are real constants which are independant of p,

Tr (e HAetm) — e=tAetn)) = e=tn <A~ 1+B- k\)%t +C- % +D+0 (\/ﬂ) .

Relative spectral zeta function. The asymptotics for the relative heat trace we have proved
in the last paragraph prove that the function

t s Tr(e7tAetn) — emtAAN)

satisfy all hyotheses of proposition 3.4.6, which leads to the following definition.
Definition 3.4.18. The relative spectral zeta function associated to the Laplacians Ag and A, is

defined for every p > 0 on the half-plane Res > 1 as

C(Ag, A, p,8) = ﬁ 0+°O st (Tr (e’t(AEJ”‘) — e*t(Aer“)) — 5#) dt ,

and meromorphically extended to the half-plane Res > —1/2, which is holomorphic at 0.

Remark 3.4.19. It is worth noting here that this zeta function is smooth in p as long as it stays
away from 0. If dg is different from 0, then this function is not even continuous in p at 0.

Proposition 3.4.20. For any complex number s whose real part is strictly larger than 1, we have

_ 1 1 ptoo o (1 dr
C(AE?AE’IL’LVS) - jgo +r)®  4rm ffoo % (5 +ZT) C(A/aFr2Fp)°

'*‘ik T, p) - (1/41#)‘“ + %chp (%) ’ (1/41#)-*

—s+1/2 I(s+1/2
+ﬁk T, p) (% +1) 7(571/2)/11()3) loga(e).
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Proof. This proposition is obtained by plugging theorem 3.4.1 into definition 3.4.18. We will do
explicitely part of the computation as a way to illustrate this. We have

+oo s —
ﬁ AR (\/i?k(F,p)e (1/4+”)t10ga(5)) dt

‘H

+ 55— —
’ F(ls)k(rap) loga(e) [, 0 4s5—3/2,—(1/4+m)t 3y

[~}
9

—541/2 (4o (6-1/2)-1 —a
= . F(ls)k(F,p) loga(e) (4 + p) / f0+ L=/~ 1=z gy

[ )
-

—s+1/2 s
= sk () (3 +m) " i losa e).

3

O

Remark 3.4.21. From now on, we will forget about d,,, which was introduced as a convenient
way to regroup results valid for the cases p > 0 and p = 0. We set

d = dimkerApg |,

which is also, as indicated in remark 3.3.19, the order of 1 as a zero of the Selberg zeta function. The
form taken by the spectral zeta function in proposition 3.4.20 is also reminiscent of the resolvent
trace formula (see theorem 3.3.26), which we will now use, following a technique presented by Efrat
in [37, Sec. 3]. We should point out that the notations used in theorem 3.3.26 will slightly change,
as we replace the s that appears there by v, so s can stand for the variable of the relative spectral
zeta function defined above. We also set u = v (v — 1). The resolvent trace formula then reads

1 1 1 [too 1 - 1 o (1
Jgo ( (v=1/2)%+r2 = (v—1/2)%+r2 ) T dr J-co ((a—1/2)2+t2 (a—1/2)2+t2) © (2 +Zt) d

=

= S5 |[EOWH L0+ 0)] - i [F @+ S (@) + 2 ()

Epar Epar

=/

where v and « are compelx numbers of real part strictly larger than 1.

Theorem 3.4.22. There exist real constants A and B such that we have
0 1 1o @l (1 dr
Os[s=0 <]§0 ((v=1/2)24r2)° 4= f*oo ® (2 —Hr) ((V—1/2)2+r2>s>
= logZ; (v) +log Z (v) +10gEpar (V) + A (20 — 1) + B,
where v is a complex number of real part strictly larger than 1.

Proof. The idea behind the proof of this result is to differentiate with respect to the parameter v.
Since the appropriate functions are smooth, we will be able to interchange the various derivatives,
meaning that we have

_d|_L_ . do S S T T Gy dr
dv |:21/71 dv 9s|s=0 (Jgo ((V*1/2)2+r?)5 ir J0o ¢ (2 +Z7“) ((V71/2)2+’F2)S>1|

9 o) 1 1
= 2 2( L (—@2w-1 S S
0s|s=0 [81/ <2u71 ( ( v >SJ§O ((V—1/2)2+T]2.)5+

H@-DEIT 5 G o))



We can then further compute the derivatives with respect to v, which yields

_dj_1 . d9o I U U b s A U S (N
dv [21/71 dv 9s|s=0 (Z ((V71/2)2+TJ2,)3 47 J—co ¢ (2+ZT) ((V,1/2)2+T2)5)}

j=0
_ o) 1
= Fjemo {5 (s+1)(2v— 1)]§0 (=P
s(s+1 +oo . dr
—(2v-1) 7(477 ) ffoo % (% +“”) ) W}

= — S S Y e S S (N
- (21/ 1) [];0 ((V—1/2)2+7‘?)2 4 ffoo ) (2 + Z’I") ((V—1/2)2+7‘2)2:| :

This last expression can be linked to the left hand side of the resolvent trace formula, as we have

1 _Loptee @l (L sy dr
]%:O ((y—1/2)2+rf)2 4m ffoo ® (2 +ZT) ((y—1/2)2+r2)2

1 d 1 1
2v—1dv [J;O ( (v=1/2)%+r2 = (v—1/2)++2 )

1 [too 1 1 " .
—ar oo ((a—1/2)2+t2 B (a—1/2)2+t2) % (3 +it) dt}

= 21/171% (21/171 [% (v)+ Zf/ (v)+ % (’/)D

Zpar

_df[_ 1 do 1 a el N dr }
dv |:21/71 dv 9s|s=0 (];0 ((V*1/2)2+r92.)5 A f—OO ® (2 + ZT) ((V1/2)2+7’2)S>

= E (= [B0+r 0B 0)

and integrating with respect to v then yields the required result.

Remark 3.4.23. It should be noted in this proof that the parameter « does not really play a role,
as a differentiation with respect to v is considered. We have chosen to explicitely write it so as
to recognize more clearly the resolvent trace formula. Although the constants often changed from
one proposition to the next so far, they will now be fixed.

Corollary 3.4.24. There exist real constants A and B such that we have
_%LS:OC (AEa AEa v (V - 1) ) 8)
= logZ; (v) +log Z (v) +10g e (V) + A(2v —1)> + B
+1 (KT, p)+Tr®(3))log (v — 1) + k (L, p)loga(e) (v —1).

Proof. This statement is a direct consequence of theorem 3.4.22, the only computations to be made
being the derivative at s = 0 of the last three terms from proposition 3.4.20, for which one only
needs to know that the Gamma function has a single pole at 0, with residue 1, and the digamma
function has a single pole at 0, with residue —1.

O

We will now work on determining both constants A and B. The way to do that will be to find the
asymptotic behavior as v goes to infinity of the derivative at s = 0 of the relative spectral zeta
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function in two different ways: the first one will use the corollary above, while the other one will
require us to work with the asymptotics as ¢ goes to 07 and as ¢ goes to infinity of the relative heat
trace, which, after undergoing the Mellin transform, will yield an asymptotic expansion as v goes
to infinity (through strictly positive real values) this time of the same zeta function, which will be
far less explicit than the first one. By unicity, these two asymptotic expansions will tie together
all relevant constants, and allow us to determine them fully.

Proposition 3.4.25. The derivative at s = 0 of the relative spectral zeta function satisfies the
following asymptotic behavior, as v goes to infinity,

_%|S:O< (AE7AE7V(V_ 1)75)

= fiﬂg‘;lFuz logv + [LgF +4A] 2 + [Lg‘;m —k(,p)|viogy

—i—{k‘ (',p) —rhlog2— > > logsin(may ;) +k (T, p)loga(e) —4A|v

pEF j=kp+1
cusp

*[k (Tp) = %} logv — 5 log (2m) k (T, p) — 3k (T, p)log a (¢)
+IVoLE [Log (27) — 2¢' (-1)] + A+ B +0(1).

Proof. This computation is quite cumbersome, although one simply needs to put together results
which have already been proved. As stated in corollary 3.4.24, we have

7%‘S=0<(AE7A&V(V7 1)75)
= logZ; (v) +log Z (v) +logEpar (V) + A(2v —1)> + B
+% (k T,p)+Trd (%)) log (l/ — %) + k (D, p)loga () (l/ — %) .

Every asymptotic expansion in this proof will e as v goes to infinity. Following proposition 3.3.13,
the contribution of the identity satisfies the following asymptotic expansion

logZr (v) = “E [—12logy + $v2 +vilogr — Llogr + Slog (2m) —2¢' (-1)] + O (L) .
The contribution of the Selberg zeta function is stated in proposition 3.3.20, and we have
logZ(v) = o(1) .

We now recall that the contribution from parabolic elements is given by 3.3.25, and yields

logZpar (v) = —k(T,p)viogr — (nh10g2 —k(T,p)+ ; ‘ ;H log sin (ﬂapJ))y
PEF j=kp
cusp

+3 (KT, p) = Tr (®(3)))logv — s log 2m) k (I, p) + O () .

Putting these results together, we get the proposition.
O

As was indicated before this proposition, we will use the bound for large times of the relative heat
trace with parameter p > 0, which is

’Tr (eft(AE+lL) _ e*t(Asﬂt))’ < Qe (Brmt ;
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where C and 3 are strictly positive real constants, and the asymptotics as ¢ goes to 07, which read

Tr (e~ tAr+r(v—1) _ o~tActr(-1)) = —tv(v-1) (D 1ip. 1?;;; ver % +H+§(t)) ’

with D, E, G, H real constants independant of v, and £ is a smooth function on R, which does
not depend on the parameter v, and satisfies

@) < Evt.

around 0. Following Efrat’s observation in [37], proposition 1, we see that the bound at infinity for
the relative heat trace show that £ is bounded at infinity. Thus, we can bound the absolute value
of ¢ (t) by K+/t, with a possibly different constant K, still independant of v, on R.

Proposition 3.4.26. The derivative at s = 0 of the relative spectral zeta function satisfies the
following asymptotic behavior

~ e jsmoC (Bm Ay (v = 1) ,5)
= —2Dv?logv + Dv*+2[D — 2/mE]vlogv + 2y/7 [E (2 — 2log2 —v) + G]v
42 [VFE + H]logy — 1D + V7 [(2l0g2 +7) E — G] + 0(1).

Proof. We note that the relative spectral zeta function can be written as

CApALvv—1),5) = 5 [D [ s 2ot v=) gt 4 B[00 4973/2 (log t) e (1) dt
e f0+°° $5-3/2—tv(v=1) q 1 Hf0+°° ps—lo—tu(v—1) gy
o e g (1) e
We will begin by dealing with the term involving the remainder £. The function
s = mg fy Tl () dt

is holomorphic around s = 0, and its derivative at this point is given by

a@ [ eroo 5= 1le—tr(v—1) dt} _ fo+oo %eftu(ufl)g (t) dt ,

since the Gamma function has a single pole at 0, and we have

A

‘L+OO 1 —tl/(l/ 1) f(t) dV’ < O+OO %e—tu(u—l) |§ (t)| dt

IN

Kf 1 7tu(u 1) dt

PN

Vv(v—1)

This proves that this derivative goes to 0 as v goes to infinity through strictly positive real values.
We can now move on to the other terms of the small time asymptotic expansion of the relative
heat trace, which we will compute explicitely. We have

f+<>o 15— 1 7ty(1/ 1) dt = F(ls) ‘(V (1/—1))75 fo-i-oo .’E57167$ de = (1/(1/— 1))75 )
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This term is then indeed holomorphic around 0, and its derivative at that point equals

oo 45— e~ tv(v—
2w T e e at] = —log(v(v—1)) = —2logw+o(1),

as v goes to infinity. We move on to the next term. We have

+too 45— —tv(v— —Ss too s —x
1“(13) fo $5=3/2p—tr(v=1) §4 — (v(v—1)) +1/2f0 25-3/20-7 dg

= (:/ ) AV 1))_s+1/2 .

Here again, this term is holomorphic around 0, and its derivative there is given by

o | o TR @] =y =TT (<)) = —2F (v 4) +o(1)

Pl

as v goes to infinity. We now deal with the next integral. We have

£5—3/2
(l/(l/ 1 s—1/2

(logz —log (v (v —1))) e * dx

9

eroo 5= 3/2 logt) eftu(ufl) dt = 1"( ) f

after having performed the change of variable + = tv (v — 1). We further note that the integral
representation of the Gamma function can be differentiated, to yield

I"(s—1) = f0+°o 25732 (logz) e™® dx |
which means that we have

w5 Jo T T2 (log ) et

= F(ls) (v(v— 1))_S+1/2 [f0+oo 2573/2 (log ) e™* dx

0
= w1 (5= 5) ~ T (s - 3) log (v (v = )]

— r(ls) (v(v— 1))78+1/2I‘ (s — %) [1/1 (s — %) —log (v (v — 1))] )

_( +oo s—3/2,—a dx) log (v (v — 1))

This term is holomorphic around s = 0, and we have

D5 |s=0 | (s
= wE=1)"T(-3) [¢ (-3) ~log(v (v = 1))]
= 27w (v—1)"*[2-2log2 — v —log (v (v — 1))]
— —oymr(1-1)?[2-210g2 — v — 2log v — log (1 — 1)]

= 2ym[1-1.14+0(L)][2-2log2—~—2logr+1+0(L)]

9 [ 1 fOJrOO £5-3/2 (log t) et (=1 dt]

= —2ynv [(2—210g2—7) —2logy + 8% 4+ (f —f+log2+2)-L+0 (loygz”)}
= =27 [-2wlogr+ (2 —2log2 —y) v +logr +log2 + % + o (1)]
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as v goes to infinity. We finally move on to the last term. We have

+00 ,5—92 _—tu(v— —s+1 ptoo g9 o —s+1
B [ et ey = s (v - 1) [ e de = A (v 1)
This term is then holomorphic, and we have
+oo 452 —tu(v—
%‘SZO |:F(15) fO t 26 tr(v=1) dt:| = v (V - 1) =+ V(V - 1) IOg (V (V - 1))

= 2%logr —v? —2vlogr + 1 +o(1).
Putting these pieces together, we then find that we have

=B jsmoC (B, Ac v (v = 1) 5)
= —2Dv%logv+ Dv? +2[D — 2/7E|viogy + 2¢/7 [E (2 — 2log2 — ) + G| v
+2[ﬁE+H]logy— %D+ﬁ[(210g2+’7)E—G]+0(1)

as v goes to infinity through strictly positive real values, which is exactly what we aimed to prove.
O

Remark 3.4.27. Unlike what we saw for the small time asymptotics of the relative heat trace,
it was important here to express the asymptotic expansion as v goes to infinity in terms of the
previously introduced constants, in order not to introduce any unnecessary constants.

We will now compare the asymptotic expansions for the derivative at s = 0 of the relative spectral
zeta function as v goes to infinity through strictly positive values obtained in propositions 3.4.25
and 3.4.26, which are equal by unicity. This will allow us to determine both constants A and B in
proposition 3.4.25.

Theorem 3.4.28. The derivative at s = 0 of the relative spectral zeta function satisfies

_%‘s:()c (AEvAE) v (V - 1) ,S)

= logZ; (v) +log Z (v) +10g Zpar (v) + 3 (k (T, p) + Tr @ (1)) log (v — 3)

+k (T, p)loga(e) (v — 1) + log (27) k (T, p) + “2E [2¢ (—1) — L log 27]

T
—m¥olE L LSt Y logsin(way,;) + grhlog2.

peF j=kp+1
cusp

Proof. From propositions 3.4.25 and 3.4.26, we infer that we have
fir\g;r]FVQ logv + [Lﬁm +4A] v? + [Lg;m —k(T,p)] viogr

+ [k: (I',p) —rhlog2— > > logsin(mey ;) + k(I p)loga(e) — 4A] v
gk sk

~Llog (2m) k(T p) — 3k (T p) logaa (¢) + "2 [ log (27) — 2" (~1)] + A+ B

= —2Dv%logv + Dv? +2[D — 2\/mE|vlogy + 27 [E (2 —2log2 — ) + G]v
+2[y7TE + H]logv — 1D + /7 [(2log2+v) E — G] + 0 (1),
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which, by unicity of the various coefficients, leads to several equations. The first we will use require
us to identify the coefficients in front of v?logv. It yields

D = r Vol F

- 4m

Using the coefficients associated to v? now gives

D = r Vol F' +4A

4 ’

and the value of D, which we have just determined, gives A = 0. Determining B is slightly
more difficult, as we will need to compute both F and G first. To determine E, we identify the
coefficients in front of v log v, which gives

2D —4/rE = RE (T, p)
and using the value of D, which we have just computed, we get
E = ; fk (T,p) .
We now turn our attention to G, for which we identify the coefficents associated to v, yielding
2TE (2 —2log2 — ) + 2y/7G

= k(,p)—rhlog2— %" > logsin(ray ;) +k (T, p)loga(c) — 4A.
gk =k

Using the values of A and F, we get

G = k(T,p) —rh)log2 — 5== log sin (o, ;
A (k (D) — ) fp;]kzﬂ (mo)
cusp

+12k (T, 0) 7+ 5k (T, p)loga(e).

We can finally compute the most important constant, namely B. Identifying the constant coeffi-
cients above asymptotic expansion, we have

—1D+ /7 [(2log2+v) E — G]

= —3log(2m) k (T, p) — 3k (T, p)loga (¢) + 22 [ log (2m) —2¢' (1) + A+ B

and using the values of the various constants already computed, we get
B = %log 2m) kT, p) + TVO]F [2§’( 1) — %logQﬂ' — i]

T
+i ¥ D log sin (7, ;) + 2 log 2
ik sk

This completes the proof of the proposition.
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3.5 Relative determinant

We now have everything we need to compute the relative determinant (with parameter v > 1)
associated to the operators Ag + v (v — 1) and A, + v (v — 1), defined as

det(Ag+v(v—1),Ac+v(r—1)) = exp _%\s:oc (Ap, A, v(vr—1),s)
Theorem 3.5.1. For any real number v > 1, we have
logdet (Ag+v(v—1),A.+v(v—1))
= logZ;(v) +log Z (v) +logZpar (V) + 2 (K (T, p) + Tr @ (3)) log (v — 3)

+k (T, p)loga(e) (v — 1) + $log (27) k (T, p) + YL [2¢" (—1) — L log 27]

T
—rm¥olE L LSt ) logsin (way,;) + srhlog2.
pEF j=kp+1
cusp

Proof. This result is a restatement of theorem 3.4.28.
O

Asymptotic study. In this paragraph, we give the asymptotic expansion of the relative deter-
minant associated to Ag + p and A. 4+ u, as u > 0 goes to infinity. Although this is close to the
asymptotic study as v goes to infinity we have already seen, the two are not completely the same.

Remark 3.5.2. For any real numbers » > 1 and g > 0, we have

v = 1++/14+4p .

w=v-1) 5

We can then rewrite theorem 3.5.1 in the following way
logdet (Ag + p, Az + 1)

= logZ; (71""/;'74“) + log Z (71""/;'74“) + log Epar (71'“/214'74“)

+3 (k(T,p)+ 3 Tr® (%)) log (5 + 1) +k(T,p)logal(e) /1 +p+ 3log(2m) k (T, p)

T
+2YLE [2¢7 (=1) — L log2n] — ZLE + 1 5™ 3™ Jogsin (may, ;) + 2rhlog2.
peF j=kp+1
cusp

We will now reformulate the asymptotic expansions (as pu goes to infinity) of the Selberg zeta
function and the various Xi functions given in propositions 3.3.13, 3.3.20, 3.3.25.

Proposition 3.5.3. As p goes to infinity, the Selberg zeta function satisfies
log Z (@) = o(1) .
Proposition 3.5.4. The contribution from the identity satisfies
logZ; (7””/;7“) = tYAE T Lylogpu+ pu—2logp+ 3+ Llog2m —2¢' (—1)] + o (1)
as | goes to infinity.
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Proposition 3.5.5. The contribution from parabolic elements satisfies

08 er (L)

= —1k(T,p)/Rlogp— (hr log2 -k, p)+ >. > logsin (wapd-))\/ﬁ
peh sk

—2Tr (®(3))logp— hrlog2—3 > Y logsin(may, ;)
10753117; j=kp+1

—3log (2m) k (T, p) + o (1).

as @ goes to infinity.

Theorem 3.5.6. As p goes to infinity, we have the following asymptotic expansion
logdet (Ag + p, Ac + 1)
= —2REplogp 4+ 22 — Lk (T, p) \/iilog p

—(hr log2 —k(I',p)+ >> > logsin(wey ;) + k(I p)loga(e) )\/ﬁ—i— o(1).
1k sk

Modified relative determinant. The aim of this last paragraph is to compute the modified
relative determinant of the operators Ag and A., defined as

det/ (AEaAE) = €xXp [_%LSZOC (AEaAEvs)} )

where the relative spectral zeta function ¢ (Ag, A., s) is given on the half-plane Re s > 1 by

C(ApAss) = g Jo™ 57 (Tr (e7188 —e7t8e) —d) dt

where d denotes the dimension of the kernel of Ag, and by its holomorphic continuation on a
neighborhood of 0. The formalism of the Mellin transform presented earlier in this section applies
here. We will first relate the derivative at s = 0 of the relative spectral zeta function defined above
to that of the version with parameter v (v — 1).

Proposition 3.5.7. We have

7%|SZOC(AE3A675) = gll)n]. [7%|S:0<(AE7A67V(V71)35)7d10g(1/71)i| :
Proof. For any real number v > 1, we have
—%‘SZOC (Ap,Ac,v(v—1),8) —dlog (v — 1) —dlogv

= _%\s:o {C (Ap,Acv(v=1),s) —d(v(v- 1))_8]

1%} oo 45— - v(v— —t(Ac+v(v— —tv(v—
B [y 5 T (B ) ) g ar

and we can take the limit as v goes to 1, which yields the result. To actually do that, we only need
to note that this limit, on the right hand side, can be interchanged with the derivative at s = 0,

and then with the integral.
O
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Looking at this proposition, we see that the right hand side can be computed precisely using what
we have done so far. We will first need a few preliminary results.

Lemma 3.5.8. The Z-function associated to the identity satisfies

logZr (1) = =og2r .

Lemma 3.5.9. The Z-function associated to the parabolic elements satisfies

r

logZper (1) = —rhlog2— > > logsin(may, ;)
15k s

—5 (E(T,p) —Tr®(3))log2+k (T, p)log2 — 3k (I, p) log .
Theorem 3.5.10. The modified relative determinant associated to Ag and A is given by

logdet’ (A, AL)

= L1k, p)loga(e) +log Z(D (1) +log (d!) — $rhlog2 + 1k (T, p) log 2

T

+% [2¢" (1) + 3 log 21 — i] -3 > Y logsin(may,;).
pEF j=kp+1
cusp

Proof. Using proposition 3.5.7, recall that we have

(Ap,A.,s) = lim [_%lszog(AE,Aa,y@_1),5)_d1og(y_1)},

0
6S|5:OC v—1

and we now note that we have

_%‘Szoc(AE7A67y(V_ 1) 78) - leg(V_ 1)

= logZ; (v) +log Z (v) +log Zpar (v) + 3 (k (T, p) + Tr @ (1)) log (v — 3)

+k (T, p)loga(e) (v — 1) + log (2m) k (T, p) + 2L [2¢" (—1) + L log 27]

T

SIWE LSS logsin (may,) — dlog (v 1).
PEF j=kp+1
cusp

Before taking the limit as v goes to 1, we need to remember that 1 is a zero of order d of the
Selberg zeta function, which means that we have

lim [log Z (v) — dlog (v —1)] = lim log ( Z(V)d) = logZ@ (1) —log(d!) ,
v—1 v—1 (v—1)

which is the logarithm of the first non-zero derivative of the Selberg zeta function at 1. Every
other term of the above has a well-defined limit as v goes to 0, and we can use the lemmas stated
before this theorem to get the full result.

O
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Chapter 4

Determinants around a cusp

In chapter 2, we applied several analytical techniques whose aim was to study the determinant of
the Dolbeault Laplacian on the modular curve, attached to the truncated metrics on the tangent
bundle and on the flat vector bundle, and defined in an ad hoc manner. There were, however, two
results that had to be left for later considerations. The first one required us to know that we had

Fpp:—‘,—oo log det (AE + u, AE‘,cusp,e + :u') = 0,

where Fp stands for the “finite part”, that is the constant term in an asymptotic expansion. The
second one called for the computation of the relative modified determinant

det/ (AE7 AE,cusp,s) i

at least asymptotically, as € goes to 0F. In order to begin both these studies using the Selberg
trace formula, we had to introduce an auxiliary Laplacian A, in chapter 3. Using the fact that
relative determinants, which can be thought of as “well-defined quotients of potentially ill-defined
determinants”, behave nicely with respect to the introduction of an operator, the two problems we
were concerned with were each broken down into two pieces. What remains to be done is therefore
to prove that we have

Fplu:+00 log det (AE,cusp,E +p, Ae + /J') =0
and to (asymptotically) compute the relative modified determinant det’ (Ag cusp,e, Ac). These

problems being of a local nature around cusps, we will take advantage of the explicit description
of the chosen open neighborhood U, . of a cusp p, and of the decomposition

T
E\U = prj
J=1

of the vector bundle over that open subset. More precisely, we have, for any real number p > 0,

log det (AR cusp,e + 1 Ae + 1)

kp T
= Z log det (AL]),jas + M, AE + ILL) + Z log det (AL]),jas + M) ?
p cusp 7j=1 j=kp+1
with Ar . being the Laplacian with Dirichlet boundary condition on U, .. The fact that the

auxiliary Laplacian is only needed for integers j between 1 and k, for each cusp has already been
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seen in the last chapter, and will be adressed again in this one. We need one more observation.
Let p be a cusp and j be an integer between 1 and r. If we have j > k,, then the eigenvalues and
eigenfunctions of Az ;. can be found by solving the following spectral problem

(& + &)y = W

[ 10 < 400

e+ 1y) ey ()
¥ (z,a(e)) =0

where U, . has been identified to S x]a () , +00[ and sections of L,, ; over U, . to functions defined
on R x ]a(¢),+oo[ which are compatible with the representation. When j lies between 1 and k,,
however, the fact that we need to consider the auxiliary Laplacian means we have to work some
more to find the right spectral problem. For that, we note that we have

1
LR xJa(e) +oo) = L3R xJa(e), +oo) @ L2 (Ja(e) ool —4? ) -
where the first term on the right-hand side denotes the L?-space, with the added condition

fsl Y (z,y) dz = 0 for almost every y > a .

The associated Laplacian is called the pseudo-Laplacian, first considered in [27, 28]. Furthermore,
the 1-dimensional Laplacian attached to the second term above is precisely the auxiliary Laplacian.
The appropriate relative determinant can thus be computed through the spectral problem

(& + &)y = W

Je WP < +oo

¥ (z+1,y) = ¢ (z,y)

¥ (,a(e)) = 0

Js1 ¥ (x,y) da =0 for almost every y > a

with the same identifications as before. We will study both these spectral problems simultaneously.

4.1 Spectral problem around cusps

As we saw above, the point of this chapter is to study the following spectral problem

o (et de) v = w

fF |7/’|2 < o0

Y (z+1,y) = ey (z,y)

¥ (z,a) =0

fsl Y (z,y) dz =0 for almost every y > a if w =0
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where a > 0 is a strictly positive real number, and w € [0, 27[ is to be thought of as 27a,, ;. We
first note that, using the change of functions

o(x,y) = e (x,y) ,

solving the spectral problem considered here is equivalent to solving

—y? (38722 + 3%22) e = Ay e+ 2iwy28—ﬁ

Jr Lol < 400

p(z+1,y) = ¢(zy)

¢ (z,a) =0

fsl o (z,y) do = 0 for almost every y > a if w = 0.

By elliptic regularity, solutions to either of these problems will be smooth functions. This last
reformulation is easier to work with, as its solutions are required to be periodic in the first variable.
Writing such a solution as a sum of its Fourier series

ez,y) = X ap(y)e* ™

keZ ’

the partial differential equation defining the spectral problem then becomes

V2 + 12 (2nk +w)2} ax(y) = 0

for every integer k, with the exception of k = 0 should w vanish. This exception comes from the
added condition related to the pseudo-Laplacian. For such integers and parameters, we set

Cor = [2rk+w| .

s

Taking into account the integrability over a fundamental domain, the solutions are given by

ag (y) = y1/2K571/2 (Cw,k:y) )
where the possible values for A = s (1 — s) are determined by the boundary condition
Ks—l/Z (Cw,ka) = 0.

The functions K used here are known as the modified Bessel functions of the second kind. The
reader is referred to [74, 75] for more information on them.

4.2 Zeros of modified Bessel functions of the second kind

In the last section, the spectral problem we considered was solved using modified Bessel functions
of the second kind. However, the possible eigenvalues could not be precisely determined beyond
the fact that they should be compatible with the boundary condition

Ky 1/2(Cuopa) = 0,
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where we have written A = s (1 — s). Before we can get information on the spectral zeta function
associated to these eigenvalues, we need to investigate their distribution across real numbers, which
leads us to studying these Bessel functions in more details.

Proposition 4.2.1. Let x be a strictly positive real number. The modified Bessel function of the

second kind

C — C

v — K (z)

)

seen as a function of its order, has zeros of order at most 1, all of them real (should they exist).

Proof. The argument below is an adaptation of the one given by Saharian in [82]. We begin by
noting that, for real numbers ¢ and w, with w > 0, we have K; (u) € R. The Schwarz reflexion
principle, coupled with known properties of Bessel functions, then states that we have

Ki,, (u) = K_iy (U) = Ki* (U) .

Using the differential equation satisfied by these Bessel functions, we now have

9

uKl; (uw) = (u? = 7%) Kip (u) — v? KL, (u)
uK!, (u) (u? = v?) Ky (u) — w? K[!, (u)
where it should be noted that differentiation of the Bessel functions is taken with respect to the
argument, and not the order. Hence, we have
u[Kiy (u) Ki (u) — Kip (u) K, (u)]
= (v -7%) K (u) Kip (u) — v K,y (u) K5 (u) — (u? — v?) Kip (u) Ky (u)
+u?Kiy (u) K7, (u)
= (V¥ -7?) K (u) Kip (u) + u? [Kip (u) KJl, (u) — Ky, (u) Kim (u)] .

If the complex number v is neither real nor purely imaginary, we have, for any v > 0,

K (0) Kip (v) =~ (K (v) K (v) = Kiz (v) K, (v)]
+oz (K (v) K7, (v) = Kiy (v) Kip (v)] -

vi—v

Integrating for v between 0 and w, and then integrating by parts yields

S LKy () do = [ LK, (0) Kip () do

=~ K (u) Kip (u) — Kip (u) K, ()]
If v was a complex number such that we had 7?> — v? # 0, i.e. not real or purely imaginary,

and such that we had Kj;, (u) = 0, then, using previously mentioned symmetries and the equality
above, we would have

oKL @ dv = s (K (0) KL (1) = Kip () KL ()] = 0
This would be absurd, since the Bessel function, seen as a function of its order, is entire and

non-zero. Hence, the complex number v such that we have K;, (u) = 0 can only be real or purely
imaginary. However, they cannot be purely imaginary, by known properties of the Bessel functions.
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Therefore, we are left with a discrete set of real numbers v such that we have K, (u) = 0. We
now want to prove that these zeros, if they exist, can only be simple. To do that, we go back
to the formula above, which holds away from both axes, and we apply Taylor-Young’s formula to
compute the limit of the right-hand side as v goes to a non-zero real number. We get

fy % Pdo = gt (K () g s KA (0) < KD () 3%, K (1)

If v was a zero of order at least 2, then the right-hand side above would vanish, which would be
absurd by the same argument as before. This completes the proof of the proposition.
O

Remark 4.2.2. In the context provided by the last section, for any integer k, including k£ = 0
unless w vanishes, the function

s — K12 (Cyra)

can only vanish on a discrete subset of {1/2 +ir, r € R*}, and these zeros cannot be more than
simple. This shows that the spectral problem we consider gives rise to a discrete set of eigenvalues
which can be written as

_ 1 2
)‘k,j - Z+Tk:,j7

where 7, ; is a strictly positive real number. However, we lack information on the multiplicities of
these eigenvalues.

4.3 Weyl’s law

Having obtained the first important result regarding the distribution the eigenvalues for the spec-
tral problem we consider, we turn our attention to the second step, which is knowing how these
eigenvalues asymptotically behave with respect to k and j. This will enable us to define the as-
sociated spectral zeta function on a certain half-plane, which is essential before we can properly
study its properties. In the following, we will need to assume that w can be written as

w = 277,
where m and [ are both non-zero integers, and [ is non-zero. This condition will in practice be
satisfied, using the “finite monodromy at the cusps” hypothesis. We will see that the apparently
added condition in the case w = 0 is actually implicitely present in every situation. Consider a
solution 1 to the spectral problem in its first formulation. We have, for almost every y > a,

= S I = B
fo 5y - tgo ft w(xay) d’JJ - tgo (6 l) f() T/’(%ZJ) d$ - O :

The fact that this equals zero is the added condition if w vanishes, and is automatic otherwise.
The eigenvalues associated to the spectral problem we consider are then in particular eigenvalues
of the pseudo-Laplacian with Dirichlet boundary condition on [0,7n] x [a, 400[, with periodicity in
the first variable. Identifying [0,n] with periodicity to S!, we are led to prove that the pseudo-
Laplacian with Dirichlet boundary condition on S! x [a, +00[ has no essential spectrum, and that
the eigenvalue counting function satisfies a Weyl-type bound. For that, we will use a variation of
Colin de Verdiére’s arguments, presented in [27, 28]. We will need to use both the pseudo-Laplacian
with Dirichlet and with Neumann boundary conditions. Let us quickly review how they are defined

105



in this precise situation, using some of the language from [24, Sec. 1.5]. In the following, we denote
by A an interval included in [a, +o0l.

Definition 4.3.1. The pseudo-Laplacian with Neumann boundary condition Hf\V on St x A is
defined as the self-adjoint positive-definite operator associated to the sesquilinear form

Q% : (U,’U) — fleA Vu (xay) Vo (xvy) dx dy

defined on the following domain

DQY) = {feH (S'xA), mf=0}.

Here, we have denoted by 7 : S* x A — A the canonical projection, and by . f the constant
coefficient in the Fourier expansion of f with respect to the first variable.

Definition 4.3.2. The pseudo-Laplacian with Dirichlet boundary condition HY on S' x A is
defined as the self-adjoint positive-definite operator associated to the closure of

Q{l\) : (U,U) — fleA Vu (Z‘,y) Vo (xvy) dx dy

defined on the following domain

D(QY) = {fecCe(S'xA), mf=0}.
Remark 4.3.3. The domain of the closure of this last sesquilinear form is H} (S* x A)n{r.f = 0}.

Remark 4.3.4. Both these constructions can be considered when A is a finite or countable reunion
of disjoint intervals of [a, +oo].

Remark 4.3.5. In the following, we will compare self-adjoint operators using the partial order <
defined by comparing the values and domains of their associated quadratic forms. For more
information on this order relation, the reader is referred to [63, Sec. VI.2.5]. Since the quadratic
forms attached to the pseudo-Laplacian with either Dirichlet or Neumann boundary conditions are
the same, comparing these operators is only a matter of inclusion of domains.

Proposition 4.3.6. Assume we have A = A; UMy, and that the measure of A\ (A1 U As) vanishes,
where A1 and Ay are open. We then have the following comparisons

D D
HA HA1 UA3»

my.

NN

0 <
0 < HY .
Proof. The comparison of pseudo-Laplacians with Dirichlet boundary conditions stems from the
fact two H} functions on A; and Ay respectively can be glued into an H} function on A. For
the Neumann boundary condition, the comparison is reversed, since an H' function on A can be

restricted to two H' functions on A; and As, respectively.
O

Remark 4.3.7. The comparison of pseudo-Laplacians with Neumann boundary conditions still
holds when A is split into a countable number of A; as in the proposition above, since restriction
of H! functions still gives H! functions. However, we canot glue (in general) a countable set of H}
functions into a global H} function, as such a glued function may not even be L?.
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Proposition 4.3.8 (Dirichlet-Neumann bracketing). The pseudo-Laplacians with Dirichlet and
Neumann boundary conditions, respectively, can be compared in the following way

0 < HY < HP.

Proof. This result is a direct consequence of the inclusion of H in H'.
O

We can now apply these tools to get a Weyl bound in our situation. Let § > 0 be a strictly positive
real number. For any integer n € N*, we set

an, = a+nd ,
and we split the intervall [a, +o00[ according to these steps. Using the results above, we then have

0 < Hijg < Hgjaye S Hg)

Qns@ntr| Stx[a,+ool .

Denoting by py the k-th element of the spectrum counted with multiplicity, we get

Kk (ng[a,+w[) > Kk (H;JSVlX[aHroo[) > HE (devslx]a,L,a,,LJrl[) .

By the max-min principle, the sequence (uy), associated to a positive self-adjoint operator stops
at the infimum of the essential spectrum.

Definition 4.3.9. Let H be a positive self-adjoint operator and A > 0 be a positive real number.
The spectrum counting function is defined by

Remark 4.3.10. In the setting of the definition above, we have N (H,\) = 400 for any real
number A which at least equals the infimum of the essential spectrum.

Proposition 4.3.11. There exists a real constant C > 0 such that, for any A > 0, we have
D
N (HE joioeph) < O

Proof. Using the inequalities above, for any A > 0, we have

D N N
N (Hslx[a,-‘roo[’/\) < N (Hslx[a,—f—oo[’/\) < N (HU Slx]an,an+1[’A>
< TN (Hglx]amaw[,A).

We will now compare the terms involved in these inequalities to the ones associated to the Laplacian
on St x [a,+oo[ for the euclidean metric, which can then be precisely evaluated, using lemma 4.1
of [28]. We have

2 2
Js1xganania VS @9 dz dy P st sianannnl 1VF @) dedy
fSlx]a,L,a,L+1[ |f(1’7y)‘2 dZZdy " fslx]aman+1[ |f(1’,y)|2 dz dy
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which gives, for the counting functions

N N A
N (Hslx]a77,7an+1[7 A) g N (Aslx]a7z7an+1[, (173) ’

where AY here denotes the pseudo-Laplacian with Neumann boundary condition for the euclidean
metric. Using Colin de Verdiére’s estimates, we now have

N (A{S‘VI X]an Qnt1[’ %%) < % ’ %% + % it A= 47"2‘1% = 4n? (a+ n5)2
= 0 otherwise.

In particular, we can set an integer M large enough so that the left-hand side above vanishes for
any integer n > M. This proves that, for fixed A and §, we have

M—-1
A
E N (ng]an,an+1[7A> < 20 N (Aglx}an,an+1[’ﬁ)

n
M—-1 M—-1 M-—1

< Z S + v < 9A 1 + VA Z 1

= 4 a2 T N Ar ) (a+nd)? T o (a+nd) "

n= =

n=0

It remains to study both these finite sums. We start with the first one. We have

M_
S\ 1 S\ A [too dy 5 1
4r A (a+nd)? < 4ma? + ir fa y2 [47ra2 + 47ra] A
n=
We can now move on to the second term. We have
M—1 M-1
1 _ 1 an dy 1 v
Zl a+nd - B Zl fan,l a+nd < B log (277(1) .
n= n=

Putting these results together yields the proposition.

4.4 The spectral zeta function and its integral representation

4.4.1 Definition of the zeta function

Unless otherwise specified, we will denote by w a real number lying in [0, 27[, and by u a strictly
positive real number. As previously explained in this chapter, the spectral problem

(&t de)v = X

fF |7/’|2 < 400

Y (z+1,y) = e (x,y)

Y (z,a) = 0

fsl Y (z,y) dr = 0 for almost every y > a if w =0

gives rise to a discrete set of strictly positive real numbers A, temporarily denoted by {\; }j>1.
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Under the finite monodromy at the cusps hypothesis, which was made in the last section, every
real number A; appears m; times in the aforementioned sequence, and the growth of that sequence
is controlled by the Weyl bound. The idea is now to consider the spectral zeta function with
parameter p > 0 associated with this sequence, which we define below.

Proposition-Definition 4.4.1. Let w € [0,27[ and p > 0 be two real numbers. The spectral zeta
function with parameters p and w, defined as

+oo 1

Ll = 2

1s well-defined and holomorphic on the half-plane Res > 1.

Proof. Both parts of the above proposition stem directly from the Weyl type law previously shown.
Rearranging the sequence (/\j)j in ascending order yields, according to the notations of this section,

A= ... = )\ml < )\m1+1 = ... = )\m1+m2 <

the Weyl bound can be expressed as follows

J
B = > myp < O\ foranyac[B—1+1, 5] .
k=1

where the integers o; have been defined thus for convenience. Note that A, is constant when the
integer a is chosen as indicated. The sequence ()\j)j being made of strictly positive real numbers,
the estimate can be restated as

— <

1 C C
” OT] < — for any a € [B;-1 + 1, 5]

We then have, on the half-plane Res > 1,

+oo 1 +oo 1 +oo @ 1
Z ()\A_i_'u)s S Z \Res = Z Z M\Res °
j=1 " j=1 "7 j=1 a=a;_1+1 @
We can now apply the key estimate, which, since the real part of s is strictly positive, gives
+oo 53] 1 +oo Qg C +oo 1
Z Z A\Res < Z Z aRes < CZ chs .
=1 a=aj;_1+1 a =1 a=aj;_1+1 j=1

This last series being absolutely convergent on the half-plane Re s > 1, the result is proved.
O

Remark 4.4.2. Using results pertaining to modified Bessel functions of the second kind, we can
rearrange the set of eigenvalues {A;}; as

N, j>1r = {iwﬁd,kez,j%} :

where, for every integer k € Z, the real numbers 7y, ; are the (simple) zeros of the modified Bessel
function of the second kind v — K;, (C, xa) as a function of its purely imaginary order.
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Proposition 4.4.3. Let w and p be real numbers, with w lying in [0,27[ and u strictly positive.
In the half-plane Re s > 1, we have

ﬁ IgZ fiw (% — 2+ u) o % log K; (C,, xa) dt if w#0
Cw (M,S) = 1

DY fiw (1 -2+ ,u)_s % log K, (Cpupa) dt if w=0
kezZ\{0}

where the contour of integration vy is defined so as to include the set of positive real numebers R .

Remark 4.4.4. The very statement above calls for the definition of some contour vy, and the
consideration of its rotated version ivyy. While the proof works for any contour that includes R,
we will only work with such -y as specified below.

7’7 v

Y9

(a) Integration contour -y

(b) Rotated integration contour ivyy

Figure 4.1 — Integration contours

Proof of proposition 4.4.3. We assume, for simplicity, that w is not zero, keeping in mind that the
only difference in dealing with this case is that we must remove the case k = 0 from consideration.
We now use remark 4.4.2. For every integer k € Z, the zeros of the function v — K, (C,, ra) are
simple, and denoted by 7 ;. The Cauchy formula then states that we have

1 _ 1 1 2 )
X Gy~ wwhe Gt glos Ko (Cuse) dr
Jz ’

b

where s is such that we have Res > 1, and the contour ~y is given by

Yo = [ooew?()}u[o,ooe*w] ,

with 9 being strictly between 0 et /2. The reader is referred to figure 4.1a for more clarity on this.
It is also worth noting that we have implicitely used the last proposition in the equality above,
which implies convergence for the series appearing on the left hand side, and further gives

s = B X Graay — g b () g log K (Cusa) dr

k€Z j>1
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A change of variable ¢ = ir, which in particular rotates the contour of integration (see figure 4.1b)
then gives the required formula, which completes the proof of the proposition.
O

4.4.2 Letting 9 go to 7

In the proposition above, any angle 9 strictly between 0 and 7/2 can be chosen. We now want to
let ¥ go to /2, though some care must be taken, as there are convergence problems.

Definition 4.4.5. For any integer k € Z, and w, it as before, we set

flhk : C — C
a a :
t — g log K (Cy pa) — \/ﬁ Dt lt=/TTn log K (Cy ra)

The introduction of this function, which is similar to the one used in [47, Sec.6.1], will be justfied
shortly. For now, we note that because of the equality

Jo, (Gau=)tat = 0.

which holds for any complex number whose real part is strictly larger than 1, we have

Joy GAp—1)"" Flog Ky (Cop) dt = [ (+p—12)"" funr(t) dt .

It should be surprising that removing an integral which vanishes from an integral we want to study
could prove useful. The idea is that taking the limit as ¢ goes to 7/2 without this manipulation
would involve two integrability conditions requiring us to have both Re < 1 and Res > 1. Using
this function f, 1 serves to move the condition Res < 1 slightly to the right, so that satisfying
both conditions become the same as being in the strip 1 < Res < 2. In order to prepare taking
the limit mentioned above, we note that the main problem lies with the factor

(Grn-1)7 = exp(-slog(l+n—#)

that appears under the integral. Though the complex logarithm, to be understood as the principal
branch thereof, makes perfect sense as long as we stay away from the half-line of negative real
numbers. However, as can be seen below in figure 4.2, letting ¢ go to 7/2 will cause part of the
term appearing within the logarithm to collapse onto negative real numbers.

Yru—t2 teiyw

Figure 4.2 — Variation of ¢ on the contour iy
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In order to solve that problem, we will split the contour ¢y into four parts, according to the values
of 1/4 + p — t? when t runs through the contour. This can be seen in figure 4.3 below.

te iw’f,4)

s

Figure 4.3 — Modification of iy and limit as 9 goes to 5

(1) (4)

Definition 4.4.6. The four paths of integration v, ’, ..., 7,  are defined as follows:
W= ft=reé?eqy,r>t4p), Y = {t=re? ey, r < it}
o= {t=re® eqy, r < Lyu}, AR {t =re? ey, r > L+pu}.

Remark 4.4.7. It is of course readily checked that we have

(1) 2 3) 4
Yo = Uy U "r’/,<9) U 7;) : ) 'Y,(9) )
which means that we have, for any integer k € Z
1 2\~ ! 1 2\~
Jiyy GHu—=12)" fur() dt = J; Jiyo (3 +u—1)" fur@®) dt,
with the exception of k& = 0 should w equal zero.
Going back to figure 4.3, we note that the parts 71(,2> and f):)‘) are easier to deal with, as letting

go to m/2 there is not an issue. Indeed, we have

1 42\
S GAn—1)"" fur(®) dt S - i
—S T — ff lJr (Z+M_t ) flhk (t) dt - 0 9
t e (G+n=1)"" fup() at P7E VAT

where the last equality stems from the oddness of f, . Thus f,,l“ and 75,4> are the most interesting
parts of the integration contour vy are, and we have

(1)

B R R0 R
(en-e™ = {0
(= () on o
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This manipulation is represented on figure 4.3 by two dotted arcs. The point of doing this is that
we can now let ¥ go to w/2 without having to go to the half-line of negative real numbers. It is
also worth noting that the change of sign within the exponential comes from the choice of branch
for the logarithm, and will be essential in what follows. We have

o GHun=13)" fun@ dt = & [ o) (2= (5 +1)"" fun(®) dt
T (B = () )

T —
V=7

for the first part of 7y, and

i GHp=13)"" fur@® dt = 7 [ (2= (F+n) " fur(t) dt
e (P ()T S0

x—
v—=7

for the last one. Putting these results together, and using the fact that the integral

Jiyg GHH=8)" fun (@) dt

is constant in ¢, we get the equality

Jiy GHp—=13)7" fur(t) dt = 2isin(ms) f&% = (5+n)"" fur) dt

One thing must yet be done before we can state the result we have in essence just proved, and that
is saying for which complex numbers s these manipulations actually make sense. This will be the
reason why we have introduced the function f,, 1, as was hinted at earlier. We have

I 10 5
11t 5 log Kt(cw,ka)_m‘t: \/glogKt(cw,ka)

@y s 1) = v

t . 1 1

Vie ) e

We can now recognize in this last factor a difference quotient, and we have

) Vi+ptLlog Ki(Cua)— (y“ \/mlOgKt(Cw,ka)
lim =
t—/ T 4n VERY

10
+p 3108 Ko (Cupa)) -

I
Q)‘QJ
IN|
+
=
/N
L

This means that the function ¢t — (¢ — (1/4 + u))fs fuk (t) is integrable at y/1/4 + p if and only
if we have Res < 2. The integrability condition at +oco has not changed, and is still Res > 1. We
can summarize this discussion as follows.

Proposition 4.4.8. On the strip 1 < Res < 2, the spectral function (, is given by

bm(7rs Z f 4+ ( ( /i))is fu,k(t) dt Zf w#o

keZ
Co(ps8) = sin(ws)

2 (1 —s . _
ke;\:{o} fm (= (G+n)  fur®) d if w=0
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4.5 Splitting the interval of integration

As we saw in the last section, for every real number p > 0 and every w in [0, 27, the spectral zeta
function (, is given by an absolutely convergent sum of integrals on the strip 1 < Res < 2. We
will now carefully study these integrals and their sum.

Definition 4.5.1. Let p and w be as above, and k € Z be an integer, which is not zero if w
vanishes. We define, on the strip 1 < Res < 2, the integral I, ; to be

sin Foo =
Ly = @ / - (tQ— (i+u)> fux () At .
ITH

Our main focus in the remainder of this chapter will be to prove that the sum of the integrals I,,
induces a holomorphic function around s = 0, and also to get a precise idea of the asymptotic
behavior of the derivative at 0 of this continuation as p goes to +00 on the one hand, and as a
goes to +oo for p = 0 on the other. One of the key ingredients we will use is the binomial formula

—s +o0 j
1 (s);, /1 S |
2 _ J
(e-(avn) = 25 (1)
=0

which holds for ¢ > /1/4 + j1, where the so-called Pochhammer symbol (s); is defined by

_ I'(s+7j)
R (O

for any integer 7 > 0 and any complex number s, using the fact that the I" function has a single
pole at every negative integer. However, it is not enough that this inequality is satisfied on the
interval of integration we are dealing with, as we would also like to interchange the sum over j and
the integral itself, which means we need to stay at a certain distance from this singularity before
applying this formula. We will thus split the interval of integration, much in the fashion of [47], end
of paragraph 6.1. Throughout the rest of this chapter, we will denote by § > 0 a strictly positive
real number, for whom we will give bounds. Each of these bounds will be implicitly assumed, and
¢ will then be any stricly positive real number satisfying them all. We have

[+ 2 i+ u] u [21607 4 n +oo] when k #0
}\/%TM, 2\/5[ U [2,/%—}—”, +oo[ when k=0

The fact that we do not need to introduce ¢ in the case k = 0, which is only to be considered if w
is not zero, stems from the fact that we can consider the associated term on its own, outside the
sum over k, so there is no convergence on k to be improved. We can then split the integrals I,
according to this splitting of the interval of integration. This is the purpose of the next definition.

[fion ] -

Definition 4.5.2. For every k € Z, and every complex number s with 1 < Res < 2, we set

. 2[k|y/L+p 1 -

sin (ms) /2m <t2_ <1+M>)S Fur () dt if k=0

g Tt 4 and w # 0
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for the part of the integral that goes near the singularity, and

sin (7‘1’8) +oo 1 —s .
T lelgm <t2 _ (4 +:U’>> fy,k (t) dt if k 75 0

. +00 —s
sin (rs) / (tQ— Cﬁu)) fuk (t) dt if k=0
& 2\ 5+n and w # 0

for the part that stays away from it.

M.k (3) =

Remark 4.5.3. The splitting for the case kK = 0 can actually be performed at any point, since
there is no series involved. It was actually only done as a way to render their study similar to that
of the actual sum.

Remark 4.5.4. The splitting we have performed has been done so as to have

Lk (s) = Luk(s)+ My (s)

in the appropriate strip. The study of I, j is therefore reduced to that of L, ; and M, .

4.6 Study of the integrals L, ;

The first step in the study we must conduct is that of the (sums of) the integrals L, i, which have
been defined above as

sin (7s) 2k°\/ Tt , 1 —s .
B /\/m <t B (4+M>) fur (@) dt if E#0

. 2¢/1 -9
sm(ﬂS)/ e <t2—<1+u>> for@®) At if k=0 and w#0

T T, 4

Litak (S) =

The study will be led in a similar manner as section 6.2 of [47], the main differences being the
parameters p and w, which we must keep, and the asymptotics as p goes to infinity.

4.6.1 Global study

Similarly to what is done in (6.7) of [47], we begin with the following definition.

Definition 4.6.1. For any i and w as above, we define the function F), ;, on C by

t?—(1+
For(t) = logK,;(Cyra)—log K\/%Tu (Cupa) — 2(7\/% %It:m log Ky (Cy ra) .

=] sl

IN

The main point of this section will be to prove the next result, which is done in the exact same
way as that of Corollay 6.4 of [47]. Unlike what is done there, this result will not be sufficient for
us. It is nevertheless a crucial step.

Proposition 4.6.2. For any integer k # 0, we can write

Fun(t) = (= (3 +w)" Run(®) forte [\Jh+pm2lkl’\/3+p
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where the function R, i is analytic in t and satisfies a bound of the type

|RILJ€| < C/L'|k|2—146a

2

on the same interval, where the constant C,, > 0 depends only on u, and not on either t or k.

Proof. We first note that the function F), ;, has been defined so that we have

Fur (55 +0) = E(x/i+n) = 0.

Since F),; is an even and entire function in ¢, it is of the form F), j (t) = hy ), (t?), where hy, is
entire and such that we have

huw (3+1) = W (3+n) = 0.

The Taylor-Lagrange theorem then allows us to write

Fur(®) = b)) = 3 (2 (2 em)” W (€)

where £, ; is some real number with /1/4 4+ p < &, < 2 |l€|‘S V1/4 + p. It is important to note
that we do not know how £, ; depends on p, ¢, or k. By differentiating F), ;,, we get

Fjl/l.,k (t) = 2th;L,k (t2)
Fl () = 2k, (t?) + 4t2hZ’ w (17)

and these two equalities can be combined to yield

hui (82) = 12 Fily () — s Fl ) = o 6t2 = log K, (Copa) = 55 57 log Ky (Cuo )

Therefore, we have

2 2
Fur(®) = (2= (1+0)" [ 92 _c 108K (Copa) = g &), _ 108 K (Cupa)

For any real number £ such that we have

S VT 11Z LV

we denote by D, the disk of the complex plane centered at £ and of radius 1/4. The modified
Bessel function K, (z) being entire in v for any positive real number z, the Cauchy formula gives

w, k@) dv

1
log K¢ (Cy 1) %inKe(Co xa) féDE @ gﬁ

o
dtlt=¢

Using the appropriate asymptotics for the modified Bessel functions of the second kind, we get

K o k@ a1 (v az (v
ag| log K¢ (Co 1) T IZ?CW kI:l ) faD6 15)2 (1 + Ci,(kl + (02( ))2 p2 (v, Cy ka)) dv

_ Ki/3(Cuka) R
B K¢ (Cu ra) (kaa+0(|k|2 15 2))
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For that last point, we have used the explicit expressions of a; and as, as well as the following
estimate for the remainder po

L2 1 L40) k|20
lp2 (v, Cyra)| < Zexp(|cwyki> < 2exp <<46':)ka|> ’
which is uniformly bounded in k, but not in p. Similarly, we have
9?2 _ Kio(Cuka) 1
W‘tzglogKt(C%ka) = W(l‘f’O(W)) 5

which means that we have, still on the same interval,

K Cu.ka
Ry (8) = féﬁ(cw,kiz)) 'O<\k\21*45) ’

with an implicit constant depending only on p, and not on k. Furthermore, the asymptotics for
the modified Bessel functions of the second kind show that the first factor on the right-hand side
above is bounded on the interval we consider, uniformly in k. This concludes the proof.

O
Remark 4.6.3. Note that a similar result holds when £k = 0 and p = 0.

As we have stated before, the binomial formula will be an extremely important tool in the study
of the integrals we are concerned with, and we split every integral into two parts so as to be able
to use it on the one that remains far away from the singularity. Since the integrals L, j involve
a domain that goes up to this problematic point, the binomial formula should a priori be of no
use to us. The next proposition will show that we can, using the previous result, further break
apart L, ; into a part on which the binomial formula can actually be used, and a part which, even
though we hold very little control over it, will not matter, as its derivative at s = 0 vanishes.

Proposition 4.6.4. For any integer k, and u, w as before, we have, on the strip 1 < Res < 2,

Luals) = 22 ()™ (W= 4) " B (20T 0)

+2s f% P = Gm) T B @) dt) ’

if k is different from 0, and

Luo(s) = 20 (L (34p)™ Fuo(2y/4+n)

24/ +u 1 —s—1
+2s [ (= Gtn) T Fuo () dt),
for the case k = 0, should w not equal zero.

Proof. We will only deal with the case k # 0, as the other one is similar. Throughout this proof,
we will assume that s is a complex number such that we have 1 < Res < 2. The idea is to perform
an integration by parts on L, ;. We have

20k|°\/T+n
Vit

5 /1 S
o2 Y () B at)
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so the only thing that remains to be done is to compute the first term above. On the appropriate
interval, we have, using proposition 4.6.2,

(= G+m) @ = (= G+n) TR — 0

+
t—/ 5 +u

since the real part of s is strictly smaller than 2. This completes the proof, as it yields

Luals) = 82 (3 ()™ (K= 4) 7 B (20T 0)
20k)°\/I¥ —s—1
+2s f\/iTL/ﬁ L= (3+n) Fiuk (1) df) :
O

Having broken L, ; into two parts, we will now study them separately. As indicated before this
last proposition, the part that involves an integral will actually not play any role. Before moving
on to these studies, let us name these parts of L, ; for clarity.

Definition 4.6.5. For any integer k, and any w and p as before, we set

sin(ws) 1 (1 -F o 1\ ° s /1 .
I <4 +u> <k| 4> Flk <2k| V1 +u> if k#0

sin(ms) 1 (1 - 1 i
& (i) Fﬂ»°<2\/4+“> e

and w # 0

for the integrated part, and

. 2‘;4;‘5\/@ —s—1
o sin (rs) / T t(tz (1+‘u)> Fop(t)dt ifk+#0
N e

. 2 i.ﬂ,—u 1 —s—1
2SM/ t<t2—<4+,u>> Fuo(t) dt ifk=0
g 1t and w # 0

for the other one. These functions are defined on the strip 1 < Res < 2.

4.6.2 Study of the terms B,
The purpose of this paragraph will be to prove the following result.

Proposition 4.6.6. For any real number p > 0, and any w in the interval [0, 27|, the function

s > Z Bk (s),

|k[=1

which is well-defined and holomorphic on the strip 1 < Res < 2, has a holomorphic continuation
to an open neighborhood of 0, and we have

0
&Is:o Z Bmk(s) = 0.

k[>1
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Remark 4.6.7. The proposition above features an abuse of notation which will be repeated many
times in this chapter. Indeed, the function

has very little chance of being already defined and holomorphic around s = 0, so the expression
0
— B = 0.
0s|s=0 Z pte ()
[k|>1

is to be understood as “the derivative at s = 0 of the continuation of”, rather than “the derivative
at s = 0 of”. This has the advantage of making which term we are talking about, since there will
be many of them.

Proof of proposition 4.6.6. For any non-zero integer k, and any real number

toe |\ i 2T ra]

we can bound the term appearing in the integral defining B,, ; using proposition 4.6.2, as we have

ot — _t . t . 1 .4
(tQ*(%JrH))SH Fu,k (t)‘ - (t27(%+u))571 RIL,]C (t)‘ < C,u (tzi(iJ’»M))Res—l \k|2*45 PER

We now note that the right hand side of this inequality can be bounded uniformly in s on any strip

a < Res < g8 < 2

with o and 8 being fixed, possibly negative, real numbers, using the following inequalities

L i 2t >
L EmeT G+
(=)™ 7 L if 22— (4 <1

For any such « and 3, the dominated convergence theorem proves that the function

5. /1 _s—
s PRI e ()T ) a

is holomorphic on the strip & < Res < [, which means that, due to the randomness of o and S,
it is holomorphic on the half-plane Re s < 2, where we further have

PRYE e () B () a

Vitu
C, 2k’ /T +u 2 1
< ‘k‘27‘46a2 f /%4’71« 4 t(t - (Z

+‘LL))—ReS+1 dt
— Res+2 2|k‘5\/ itn
< gt [k - Ge) ]

)7Res+2 1 1

Cu 1
< 2—Res (Z +u TR Taz (4|k‘2571)1—{0372'
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The dominated convergence theorem then proves that the function

s oy /2%'6@ t <t2 — (i +u>)81 Fx(t) dt

1
k[>1 TV ath

is well-defined and holomorphic on the strip

4—5 < Res < 2,

which contains 0 if we have 0 < ¢ < 1/8, which we may assume. Hence the function

is holomorphic around 0, and we have
0]
T > Buk(s) = 0,
st

because the term B, ; involves the product of a function which we have shown was holomorphic
around 0 with the factor ssin (7s).
O

Remark 4.6.8. In the last proposition, we have written a sum over non-zero integers k as way to
give a uniform result, which holds for every element w of [0,27[. The following proposition deals
with that voluntarily created gap.

Proposition 4.6.9. For any real number > 0, and any w in |0, 27[, the function

s — Buo(s),

which is well-defined and holomorphic on the strip 1 < Res < 2, has a holomorphic continuation
to an open neighborhood of 0, and we have

%lszo B/,L,O (S) = 0.

Proof. This result can be proved using the same methods as those of the last proposition. The
argument is actually simpler, as there are no series involved here, only an integral.
O

Remark 4.6.10. The reader will note that putting propositions 4.6.6 and 4.6.9 together yields a
result for the full sum over & when w does not equal zero. Even though there is no new result, we
summarize that in the following proposition.

Proposition 4.6.11. Let u and w be real numbers satisfying u > 0 andw € [0,27n[. The function

> Bur(s) if w#0

kEZ

> Bur(s) if w=0

K31
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s holomorphic on the strip

4—% < Res < 2,

which contains 0 if we have 0 < 6 < 1/8, and we have

0 .
D515 0 ZB#’]C(S) = 0 if w=0

kEZ

8 .
%\520 Z Bur(s) = 0 if w#0

|k|>1

This concludes the study of B, as defined in defnition 4.6.5. We now move on to A, .

4.6.3 Study of the terms A,

The investigation of the behavior of series involving A,, 1 is, as we will see below, significantly more
complicated. We begin by recalling the definition of A, i, as given in definition 4.6.5. We have

sin(ws) 1 (1 o 25 1\ 7° s /1 )
— (= — =) Eux |28/ f
P <4+u> <k| 4> u,k( kI"y/ 3+ iEEF#O
sin (r5) Si <411+“) Flo (2\/1114—#) it k=0
T and w # 0

Even tough we will be able to use the binomial formula, this advantage will be canceled by the fact
that the derivatives at 0 will not cancel, which means that we will need to precisely understand
their asymptotic behavior, as u goes to infinity for any a, and as a goes to infinity for 4 = 0. Let
us state the first piece of the result we wish to prove.

Theorem 4.6.12. Let p1 and w be real numbers satisfying p > 0 and w € [0,2n[. The function

> Aur(s) if w#0

kEZ

Yo Auk(s) if w=0

kI>1

s well-defined and holomorphic on the strip 1 < Res < 2, and has a holomorphic continuation
to an open neighborhood of 0. Its derivative at s = 0 satisfies, as a goes to infinity for p = 0,

0 1 ,
e XAl = 0(g) i w0,

keZ

0 ) |
s ls=0 Z Ao (s) = O<a2> if w=0.

|k1>1
We will now move on to the proof of theorem 4.6.12. The idea is to use an argument which is

similar to the one used to deal with B,, ;. Before proceeding to that, we need to perform a small
computation, which is the object of the next proposition.
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Proposition 4.6.13. Let p and w be real numbers satisfying p > 0 and w € [0,2x[. For every
integer k, the function s — A, 1 (s) is holomorphic on C, and its derivative satisfies

B A = cosms)d (k)" (W7 =4) " Fuc (206 /1 + 1)
- [ og () (W - 1)) & (Gem)

(= 14) " B (203 0) |

in the case k # 0, and, if w is different from zero, we have

2 () = coslm)k ()" Fuo (2T +0)
~0) Jog (3 (4 410) & (3 4) ™" Fuo (2 0).

Proof. The proof of this result directly stems from definition 4.6.5.
O

Proposition 4.6.14. Let p and w be real numbers satisfying p > 0 andw € [0,2n]. The function

s — Z Ak (s)

|k[>1
induces a holomorphic function on the half-plane

1

2_* 9
Res > I¥;

which contains 0 if we have § < 1/8. On this half-plane, we can further differentiate term by
term, and the derivative at O satisfies, as a goes to infinity,

0 1
% B Z A(),k (S) = O <a2> .
=0 >

Proof. For any non-zero integer k, proposition 4.6.2 yields

AR R R CYTAL ) < O (1 11 k25_12_Res
|| 1 ok \21E[7 /3 + 0 < Culz+h): 160 DR || 1 )

which, by the dominated convergence theorem, proves that the sum of A, ; over |k| > 1 induces a
holomorphic function on the half-plane Res > 2 — 1/(44), and we can further differentiate term
by term. Evaluating the derivative of A, at s = 0 yields

&
Zimo Aur(s) = Fun (2060 1 +0)

and we can now set 4 = 0 to get the asymptotic behavior as a goes to infinity. We have

2
1 1 1 s 1
< ~Ch—s ——(K* == ,
4 7% 1602 g2 <| 4)
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and this gives

2

Co 1 1 26 1

< Toe X prew <|’f| 1
[k|>1

2y T Aokls)
[k|>1

S 2 oAk (s)
[k|>1

Since the series on the right hand side is absolutely convergent, we get

As we did for B, , we will need to deal with the case & = 0 to complete the picture.

Proposition 4.6.15. For any real number pn > 0, and any w lying in the interval |0,2x], the
derivative of the function Ao satisfies

1
%\s:O Ao (s) = O<&2) :

Proof. After evaluating at s = 0 the derivative of Ag o, we get

0 /1
%‘S:OA/L,O (5) - F:U,,O (2 Z + N’) )

which gives, at 4 = 0

a0 OAO,O(S) = Foo(1),

and we can thus complete the proof of the theorem by making use of remark 4.6.3, which states
that we can have a result similar to 4.6.2 in the case k¥ = 0 by using similar methods.
O

Now that we have studied the regularity of the sum of A, ), and the asymptotics as a goes to
infinity for 4 = 0, we turn to the asymptotics as p goes to infinity, for every a > 0. Unlike what
we did with theorem 4.6.12, these asymptotics will be too complicated to fully state right away.
Instead, we will break A, into several pieces, some of which will be too complicated to study
in details. Fortunately, these will cancel other complicated terms that will appear in the next

section. Recalling definition 4.6.5, we see that we need information on the term involving F), ;,
which, according to definition 4.6.1, is given for every non-zero integer k by

5
Fuk (2\k| \/%—i—u) = 10gK2|klém(Cw,ka)—logKm(Cw,ka)

—2\/5+n %n: Neww log K; (Cu ra),

and for £ = 0, assuming we have w # 0, by

F.o (21%—1—#) = longm(wa)—logK\/%(wa)
_2,/i+u%‘t:mlog}ﬁ(wa).
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The main purpose of this section will be to study the difference

1ogK2|k‘5m(Cw,ka) - 10gKm<Cw,ka),

and its analog for the case k = 0, namely

logK2m (wa) — logKm (wa) |

while the other terms, which are essentially going to cancel other terms we have yet to encounter,
will be dealt with at the end of this section. The reader is, from now on, assumed to be familiar
with modified Bessel functions of the second kind, and is referred to [74, 75| to that effect.

Proposition 4.6.16. For every integer k # 0, any real numbers 1 > 0 and w € [0, 27[, we have

1OgK2‘k‘s\/%TH(Cw7ka)
= zlog(§) - \/ Cor@)? + (4 + 1) [k[?° + |k WArgsh(lkl ¢4T+)

log( k)’ + (4 + 1 |k|25) kP mUl( (W‘*CWTQ:T))

»M»—'

wka
+ @ P2 (V4“+ ks i )

where Uy and py are defined as in [74, 75].

Proposition 4.6.17. For any real numbers > 0 and w € |0, 27|, we have

s 2
log K2\/%Tu, (wa) = zlog(5)— \/(wa) + (4p+1)+4p+1 Argsh ( Vﬁ‘;l)

~flog ((@a)® + (4 1) + 7t U (7 (1))

1 ~
ke 2 (VT o),

where Uy and pa are defined as in [74, 75].

Proposition 4.6.18. For every integer k, assuming w not to be zero for the case k = 0, any real
numbers p > 0 and w € [0, 27|, we have

T \/1/44n
logK\/%T#(C’wyka) = %log(g)f\/(C’w,ka)ZJriJru + \/%4’# Argsh< C:ﬁ(ﬁ)

1 241 —t Lt
1og ((Cua)® + 4 +10) + b U (T<¢1/T+u>)

1 ~ /1 Cou,ka
+1/4+l‘4 p2< Z—i_ﬂa m>7

where Uy and py are defined as in [74, 75].
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Because the aim is to study the part of A, ; given by

()™ (M7 =) (lom ooy g (Con) ~log K, g (Cos) i 20

sin(ms)

T2 L (i—i—u)_s (logKQM(wa)—logKm(wa)) ifk=0and w#0

we will split each term according to the expressions given in propositions 4.6.16, 4.6.17, and 4.6.18.
We will then prove that the sum over all integers k, with the exception of k£ = 0 if w vanishes, of
these terms has a holomorphic continuation to an open neighborhood of 0, and give an asymptotic
expansion of all derivatives at s = 0 as p goes to infinity. As forewarned in remark 4.6.7, we will
often mean “derivative of the continuation of” by “derivative of” in order to be able to precisely
keep track of which term we are dealing with. We denote by w a real number in [0, 27[, and by p a
positive real number. As much as possible, we will deal with the case k = 0 separately each time,
and we will always assume that we have w # 0 when doing it.

First part. In this first part of the computation, we are going to prove the following proposition.

Proposition 4.6.19. The function

sin(ms —s—1 26 —F
s o Bl ()T S [(lkl -1)
|kI>1
~ ) Cu . ka
P (VIFTIN' . s )|

s well-defined and holomorphic on the half-plane

and its derivative at s = 0 satisfies, as p goes to infinity,

sin(ws —s—1 1) -
S (202 - ™ 2 (w0 1)

k>1
~ ) Cu.ra
w22 (VEFIIN' . isgis)]) = o).

Proof. The first point to note is that the asymptotic expansions of the modified Bessel functions
of the second kind given in [74, 75] are actually different than those stated here. The difference is
that we need to study the logarithm of such functions, and not the functions themselves. In order
to prove this proposition, we will need to relate the polynomial U; and the remainder ps to the
polynomial u; and the remainder ps used by Olver in [74, 75]. We have

1 ~ é Cy, ka
<4u+1)|k\25p2<v4’”‘+1|k‘ ’ |k|6ﬁ4u+1)
= 1og (1= st (7 (vt )) + o (VIRFTIM, o))
& Vi T\ Vaariee @R P2 (VA * TRPVARTL

gt (- (i)
VAR L VALFIK? ) )

The polynomial u; is given by

u (t) = 55 (3t—5t3) ,
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and 7 is the function z — (1 + x2)_1/2. This function is bounded by 1, and the remainder py is
uniformly bounded, so we can write the logarithm as the sum of its Taylor series, giving

w, k@
(1) \k\%p?(v‘l’” L m)

+oo n
— (=" 1 T kIS Cuia 1 w.ka
- nzz:l n |:(4#+1)‘k|25p2 ( 4ﬂ+1‘k| bl |k“5 /;i,u%»l) - /74,u+1|k\5u1 (T( ru«‘,»klk‘&))}

1 w, k@
T e " ( (m\k\“))

+oo n
_ (=pntt 1 4 Cu k0 1 ., kA
=X {(4u+1)\k|”p2 (V4“+ LI |k\5W+1) = Varakp (T (Ww Wm

1 w, k@
+<4u+1>|f«\"‘5p2<V4“+ kI kP m)

We need to work with the estimate on p, given by Olver, which is

it o2 (VIRFTIR fstis)| < g e [ akerVor (un)] Voo ()

where V), denotes the total variation of a function on the interval

Cu ka
0.7 ()] -
and us is the polynomial
uz (r) = 15 (8127 — 4622 + 3852°) .

We now note that the exponential in the last inequality above is uniformly bounded in x4 and k,
since the function 7 is bounded by 1, giving

\/WVOT(’Ul) < V01 (u1) .

Furthermore, we have

6
w,k@ w, k@ w, k@
() < i (SlT (st )+ a02r (e )+ 385r (it )
2 2
814462385 Cu it Co it |k
< 1152 | <m|k\5> < (\/WW) < (p+l) (Cu ka)®”

This gives the following bound

ot o (VIR TR, e )| < o D
It [P2 (VAR R VAETL) | S (Coka)®
where C' = 2exp [2V).1 (u1)] does not depend on any of the parameter. We also have

o (= ()| < 4 (3 (i) 5 (et )

1 C,.xa 1 |k|®
S 37 (\/4u+1|k|5) < 3 dp+ lcw,ka'
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Combining these estimates, we get

n
C 1
|:(Cw,ka)2 + 3CW,ka:|

3=

—+oo
L _ 5 Cuia c
ey |72 (VIRF T, )| < T T2

3=

C C 1 1
< @ﬂﬁ+;: : +ﬂ.im§m

which holds for integers k large enough in absolute value, independantly of any parameter. For
such integers |k| > Ko, we have

~ § Cu.ka 1 1
pe (VIRFII . etts)| < etarO+d) -

1
(4p+1)[K|?°

Hence the function

1 26 1) % 1 ~ s Co,
T m.\k%l {(“‘“' %) e (VTN Wz%ﬂ

is holomorphic on the half-plane Re s > —1/ (2§), and the inequality above further allows us to use
the dominated convergence theorem to prove that its value at s = 0 vanishes as p goes to infinity,

since po is uniformly bounded. This completes the proof.
O

Second part. We now need to take care of the other term involving a remainder py, which is
the purpose of the following proposition.

Proposition 4.6.20. The function

. —s—1 —s
sin(ws) 1 (1 95 1 _ 1 C,ra
— — (= k™ — = - —_—
s T (4+u> > (I | 4> Pyt —

k| >1 1T H

1s well-defined and holomorphic on the half-plane

and its derivative at s = 0 satisfies

sin(ms —s5—1 26 -S _ Cu.ka
55 je=0 (2 D ) (WP 4) pz(\/}ﬁu, ﬁ>> — o)

as | goes to infinity.

Proof. The proof of this proposition is similar to that of the last one.
O

Third part. Having dealt with the terms involving remainders, we now turn our attention to
the more complicated ones. In this part, we deal with the term indicated in the proposition below.

Proposition 4.6.21. The function

sin(ws) 1 (1 - 25 1\ 7° 2 26
s S (Ca) Y (- ) Vit + e e




is well-defined and holomorphic on the half-plane Res > 1/4, has a holomorphic continuation to a
neighborhood of 0, and the derivative at s = 0 of this continuation satisfies

B0 (—Si“;”) FG+w X (kP-4) \/(Cw,ka)2+(4u+1)kl25>

kI>1

_ 1 S 9 _sin(ms) 1 (1 -5
- Iras M 16mad + 0s|s=0 [ T 45 (4 +'U’)

Y WgM\/(2wk+w)2a2+(4u+1)|k26].
|E[>1

Remark 4.6.22. The last term in the asymptotics above is left uncomputed, because it will be
canceled by another term that will appear in the next section. Since a derivative at s = 0 is
considered, we will still need to prove that the term which is differentiated has a holomorphic
continuation to a neighborhood of 0.

Proof of proposition 4.6.21. We first note that the function

i) (K2 = 1) (@mk + )% a2 + (4 + 1) 4

is well-defined and holomorphic on the half-plane Re s > 1/§. Using the binomial formula, we have

—S

S (B = 1) ek w)Pa + (gt 1) R

[k[=1

(s); 2 2§
= TG X e Ve el @ s e
Jjz >1

the interchanging of both sums being possible as k is not zero, which means that we have

1
4‘k|25j g

=

We can then proceed with the computation. We have, on the appropriate half-plane

S (6 = 1) ek w)?a? + (gt 1) K

[k|>1

- = e /(@ )% a2 + (424 1) [k
>1

(s)j 2 26
+E b e\ (@rk 4 )% a2 + (44 1) K
iz k|>1

We will now expand in 1/ |k| the term involved in both sums above at a high enough order so that
the remainder would induce a holomorphic function around 0. The finitely many other terms will
be deal with using the Riemann zeta function. For every non-zero integer k, we have

2

2 26 w w
\/(27rk+w) a2+ (dp+1)|k*° = 27ra|k|\/1+;~|%|+m~k%+f¢;;2‘w%u

= w 1 4 w2 1 4ptl 1 w 1, 4p+l 1
= 27Ta|k| |:\/1 + - lkl + 2 %2 + An2a2 |k‘2—26 (1 + o ‘k + 8n2a2 ‘k‘2—26>:|




We will now deal with both sums above separately. We have

S e @k )% a2 4 (44 1) (K
[k|>1

— 1 w1 w? 1 dp+l 1 o w 1 4p+1 1
= 27Ta| > [e[2oe—1 |:\/1 + Tkl T Ie e T Doa 22 (1 + o k] + 3r7az \k|2*25>}

1 1 4p+1 1
+2ma ) R[2oeT (1 + 5% - mt ez - W)

- .L CLA I Th 2 R S w 1 4 4p+l 1
= 27Ta| E & |25» T {\/1 + £ k] + In 52 + InZa? R (1 + 27 k] + 872a2 \k|2*25>:|

+2¢ (205 — 1) + 2¢ (20s) + $555C (26 (s — 1) + 1),

where one should remember that we sum over both strictly positive and negative integers, producing
a factor 2 in front of the Riemann zeta function. The function associated to the second part of
the above can then be seen to admit a holomorphic continuation to a neighborhood of 0 (whose
precise description is irrelevant here). For every non-zero integer k, we further have

w 1oy dpdl 1 w, 1 4 w® 1 A4pdl 1
(1+27r Ik\+8w2a2 |k[2— 2é)_‘—\/H—W \kl+4w2 W2 T 1n2a2 [k[2—208

2
1 | 4p+1 1 1 +1 1
N1+ 2t it o — (Lt 52 1y T s e .
7 k| 4 k 472a |k| 27 |k| 872a k|

We now note that the first factor is bounded by 1, and thus will not matter much. The second
factor will involve some explicit cancellations, as we have

2
w1y ow' 1, dApil 1 w 1 Aptl 1
L+ T |k + an2 k2 + 4dn2a?  |g|2—2° (1 + 2 27 | | + 8n2a?  |g|2—2°
w w At Upt)? 1w
1+ ] +ﬂ+ TR -1 - %2( 64r7aT " [EAi-1 %]
_Aptl | Al 1
A2 |k‘2—26 8m3a2 |k|3—25
o ptD? 1 4pdl W —1
- 64mdat |k|4—45 87‘{'3(12 |k‘3—267

and the full sum yields

S ke @k w)? @ 4 (4 1) R
[k|>1

= —27a Z [Ik|265—1 . dpt1 lpw. 14 w2 1, 4ptl
|k|>1 ( +o5 \k\+8w2a2 ®2— 2o)+ R 1 e A e \k\Q 28

(4p+1)? 1 4p+1 1
: ( 6dniad R B =+ 8773 7 W DR

+27a (2¢ (265 — 1) + £¢ (265) + $555¢ (26 (s — 1) + 1)) .
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Since the first term induces an absolutely convergent series for s in a neighborhood of 0, the full
sum induces a holomorphic function around the origing. Its derivative there, after multiplication
by the factor left out at the beginning of the proof is not to be explicitely computed, as it will later
be canceled. Similarly, we have, for the sum involving the integer 7,

S G d S by v 2rk @) a? + (4t 1) [k

: J!
jz1 |k|>1

_ (8); 1 1
= —2ma )] -!JI Z 25<<+J> T
k| 2
k[>1

m 4pt1
J=1 (1+ﬁ'ﬁ+8422 (k2= 25)+\/1+$'\711C\+:7'1%2+471222 \k|2 268
(4p+1)2 1 4pt1 1
( 6driad R0 + 87r3a2 w - k>3

Ui k(2028 (s 7) — 1)+ £C(20 (s + ) + HELC(26 (s + 5 — 1) +1).

j=1

The first term above induce a holomorphic function around 0, whose value at s = 0 vanishes
because of the Pochhammer symbol (s) ;- We need to be a bit more careful with the second term.
To study it precisely, we need, as much as possible, to stay away from the pole of the Riemann
zeta function, which here means we should assume that 26 is not the inverse of an integer, so that
we never have 207 = 1. Once this hypothesis is made, the function

s — 27a 2 Bl 1 (2¢(26 (s + ) — 1) + ¢ (20 (s + 7))

is seen to be holomorphic around 0, and its value at s = 0 vanishes, because of the Pochhammer
symbol (s);. The last part to be studied, namely the function

s

kL (20 (s 4+ — 1) +1)
j=1

also induces a holomorphic function around 0, though its value there does not vanish, as, for j = 1,
the Pochhamer symbol (s); = s can only cancel the pole that arises from the zeta function. The
value at s = 0 for this term is given by

1 L _1 _1
"2 8r%aZ 28— drasH + 16mad °

This concludes the proof of the proposition.
O

Fourth part. We continue the study of the series associated with each term coming from propo-
sition 4.6.16 with the one involving Argsh.
Proposition 4.6.23. The function

i 1 /1 —st3 1\ "* Ny
o I Q) X (- 1) e A ("“' V’”)

T 45—z \4 ko1 4 Co rpa

which is well-defined and holomorphic on the half-plane

Res > %(1-&-%) )
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has a holomorphic continuation to a neighborhood of 0, and the derivative at s = 0 of this contin-
uation satisfies

sin(7s —s+3 8 s ) s
e (4500 o 5, (51 (55

Cw,ka
|k|>1

_ ) sin(ms) 1 1 —s+3 1 |k|® /A1 1 1
—  Os|s=0 ( T 455 (Z +'u’> : Z [k|?85=9 AI‘gSh( 127k+w|a )) + 27ra5/’(‘+ 8mad ”

K[>1

Proof. We first note that the function

s o VITFT S (K1) k7 Avesh (MO

[k|>1

is indeed well-defined and holomorphic on the half-plane Res > 1 (1+ %). Using the binomial
formula, we have

VIFT S (17 = 1) Kl Avgsh (L/EE)

C ka
k] >1 -

S). s
p+1 > %4% > W Argsh(m>,

2mk+w| a
320 |K[>1 kel

the interchanging of sums being possible for similar reasons as in the previous case. On the
appropriate half-plane, we thus have

VIEFT S (6P =) ) Argsh (/T

C kQ
k| >1 “

)
= Vip+1 Y \k|5(+—1) Argsh (%)
[k|>1

(), AT
WITTY 9 b Y oty Avgsh (W)
j=1 |k|>1

We will begin by studying the first term above, which we must show has a holomorphic continuation
to a neighborhood of 0. There will be no need for a computation of its value at s = 0 as u goes to
infinity, since this term will be cancelled by another one later. The computation that follows will

rely on the fundamental theorem of calculus, i.e. a first order Taylor expansion. For any non-zero
integer k, we have

[k|® VARFT
Avosh (VALY kP VERFT I Bahtola z kP VERFT _ ) 4y
2 [2mk4w|a —  2mk+w|a 0 (1422)3/2 \ [27k+wla
k| AT
RV 7 S 7‘]“\27rk+5|a . kP VIRFT Y 4
T 2malk[TT0 [14g] O (1422)%72 \ 2rktwla
k| VALTT
SNV 75 5 SRVZ Taa W Ly _f7‘|2‘7rk+5\a = P VARFT _ 0\
T 2malk'0 T 2malk|' 0\ 1452 | 0 (1+22)372 \ [2rk+wla .

It will be more convenient at this point to separate the sum over k into two sums, bearing respec-

131



tively over strictly positive and negative integers, recalling that we have Cy, j, = |27k + w|. As one
might see in the computation above, we can achieve the same result as changing the sign of & by
changing that of w. For strictly positive integers, we have

h (BEVAEFL) - VST VO (L
Argbh ( 127k+w|a —  2mwakl—?d + 2makl="9 I+52% 1
kS VIEFT
_fm @ ARVE VT S
0 (1+22)372 \ @rk+w)a ’

1 k8 /AT 5
VAap+1 + VAap+l . (/1/7/1/7 w ) - f(27rk+w)a T k°\/4Ap+1 _2) dz
2makl—9 2makl—9 14 2 27k 0 (1+x2)3/2 \ 2mk+w)a :
27k

<1

Taking the sum over strictly positive integers, with s in the appropriate half-plane, we get

k|®/AnF1
+T Y prmen Argsh (%)

k>1
_ VaApT1 1 Vip+l  w 1 1
= VAp+1|550= > EIF25G-1 © " 2ma 2¢ 2 O I B
k>1 E>1 ™
kS VAIRTFT
— Y ke T s (AL ) o
ke@s—1) JO (1422)372 \ 27k+w)a

= b1 4925(s—1)) -l © 1

w 1 . _1
2ma 2ma 27 k2+26(s—1) 1454
=

kS ARTT (

1 Trktw)a k0 /Ap+1
—VAp+1 E : 5o(2s—1) fo = 372 > —x) dw.
k>1 " (1+2%)

27k4w) a

It is now readily seen that the first term above has a holomorphic continuation around 0, using
classical results about the Riemann zeta function. The second and third term also induce holo-
morphic function around the origin, this time because the series involved are absolutely convergent
there. For this, we simply need to note that we have

kS VAIEFT
fi(%rk-f—}w)a z RVt o\ qul < 1. (2T 3
0 (14+22)3/2 \ 2mk+w)a =2 (2mk+w)a

We can deal with the sum over strictly negative integers in a similar fashion, by noticing that this
change of sign amounts to (formally) changing the sign of w. This proves that the function

k|®Ap+1
5 — A+ 1 |k|Z>1 |k|5<+_1) Argsh (%)

has a holomorphic continuation to a neighborhood of 0. A precise control on its value at s = 0,
or, equivalently, a control on the derivative at 0 of the function

. et l
s o Sn(ms) 1 (3 +p) i Y e Argsh(ilklé“l’”l)

T s—1 k|92 2nk+w|a
4772 |k[>1 K| [ ‘
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is not needed, as there will later be a cancellation. We now turn to studying the function

(s); RNz TES )
s o Vip+T1 Y Lo WArgsh(lp‘wkfzﬁ).

j>1 [k[>1

Using similar computations as before, we get, for the sum over strictly positive integers k,

(), k|° ERF1
ViRFT Y g k; T Argsh(%)

j>1

dp+l (s); . 4p+1 (s);
= o X o w @G-+ -T2 Y g kz>:1 T | T

jz1 i=1
S JIETT
(s); 1 (kwk ¥ [Nz TES
—\/4/~‘L+1 Z j!] t 47 Z f02 " (1_,'_;:2)3/2 ((27‘(76-&-’1})@ _1') dz.

j>1 k=1

We now note that the second and third term above induce holomorphic functions around 0, whose
value at s = (0 vanishes because of the Pochhammer symbol. The first series also induces a
holomorphic function around 0, though we will have to be careful in evaluating its value there. For
every integer j > 2, we have

260G -1)+1 > 1

which means that the sum over j > 2 induces a holomorphic function around 0, whose value at this
point vanishes because of the Pochhammer symbol. However, something different occurs when j
equals 1, as we stand too close to the pole of the Riemann zeta function. The corresponding term
is given by

4p+1
L L5 ((20s+1) .
It is still true that this term induces a holomorphic function around 0, though the factor s coming
from the Pochhammer symbol here can only serve to cancel the pole of the Riemann zeta function,
instead of making the whole value at 0 disappear. Using a Laurent expansion at 0, we see that the
value at 0 of this function is given by

4p+1 _ 1 1
Toras — drmad Mt Toras-

We can now deal with the sum over strictly negative integers k in a similar way, or simply by
formally changing the sign of w. This proves that the function

(s); k|° ARFT
s 4M +1 Z jIJ : 4% E |k‘5(251+2j71) AI‘gSh (l\Q‘ﬂk-&-fjral) :

j>1 [k[>1

has a holomorphic continuation to a neighborhood of 0, and that its value at s = 0, or, equivalently,
that the derivative at s = 0 of the function

sin(ms) 1 1 —3+% (s), 1 1 |k\5\/4p+1
§ ™ s—1 (Z + 'u) E ’!] T4 E f|0(2s+25-1) AI‘gSh [2Tk+w|a
4572 i>1 J [k[>1 ||

is given by ﬁ w+ Wlaé' This completes the proof of the proposition.
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Fifth part. We now move on to the next term from proposition 4.6.16.

Proposition 4.6.24. The function

sin (ws) 1 1 - 0 1\ 7° ) .
S A S | (4+u> > (Ikl —4> log((cw,kco + (4p + 1) |k )

k>1

which is well-defined and holomorphic on the half-plane

has a holomorphic continuation to a neighborhood of 0, whose derivative there satisfies

F1s=0 (” e G 2 (WP —1) o ((Cw,ka)2+(4u+1)kl25)>

k31

in(7m -8 )
= &m0 (—S P ()T S log(((27fk+u))a)2+(4u+1)|k2))-
>1

Proof. We begin by noting that the function
s =25 (2= 1) tog ((Cuna)® + 4+ 1) 1)
4 [k|>1 4 ’

is well-defined and holomorphic on the half-plane mentioned in the statement above. After applying
the binomial formula on this open domain, we get

5 2 (W) g ((Cosad® + (s + D IHY)

K31

E

= 21y dhelog ((2nk +w)?a? + (u+ 1K)

(s);
R SR I A o R S ((2wk+w)2a2+(4u+1)|k|25).
=1 |k|>1

We will deal in detail with the first term above, the other one being similar. We have

-1 ‘g: e log ((%k +w)?a?+ (dp+1) \k|25)
>1

1 2 e (2108 (2ma) + 2log [k +1og (1+ 2 - & + 42 - o + 5% - b))

—log (2ma) ¢ (20s) — ¢ (2ds)

_1 _1 w 1 2oL Aptl 1 ) w1
=

‘ €

'S

where it is important to note that the term w/ (7k) introduced in the last sum is not to be
compensated by anything, as we sum over both strictly positive and negative integers, which
produces the appropriate change of sign. We then note that the first two terms above induce
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holomorphic functions around 0, following results pertaining to the Riemann zeta function. The
third term requires more care. We have, for every strictly positive integer k,

w 14 w1 dptl 1 ) w1
log(1+ﬂ k+47r2 k2+4ﬂ'2a2 ‘k|2—2‘s) T k

2 4p+1 1-268
fl/k (:+;:r2t+2:2a2(15)t w) dt
s

0 w w2 42 4ptl 4o 25
1+wt+4w2t +47r2a2t

1/k 1 ( W? o, Autl 1-26
= b4 AL (1 - §) 2 —
W e Eemes Wit -0

<1

w? w3 42 Ap4l 4225
—ﬁt—ﬁt —W(A}t dt.

=

w. Ll w 1 Aptl 1 _w,
’10g(1+7r k+471'2 k2+47r2a2 |k\2’25) p

w? 1 Aptl 1 dptl 11 w1
< 42 k2 + 47202 k220 + 4mw3a2  3—25 k329 + 1273 k3

with a similar estimate for strictly negative integers. This means that the function

)

=

s > —

=

1 w1l w1y 4ptl 1w,
=

is holomorphic around 0. Therefore, the function

A P> e log ((2mk +w)? a2 + (4 + 1) k)
k[>1

has a holomorphic continuation to a neighborhood of 0. A precise control on its value there is
not needed, as there will later be a cancellation. Using similar computations, we have, on the
appropriate half-plane

(s); b
12 S b 5 g log (@mk+w)a® + (4p+ 1) )
j=1 k| >1

= —log(2ra) Y U LC@8(s )~ Y S k¢ 26 (s+ )
j=1 jz1

1 (), 1 1 w 1, w2 1 4p+1 1 w 1
12 5w 2 prew (g1t T rtim mtaee gEw) -5 05)
>
jz1 [k|>1

and, as before, these terms induce holomorphic functions around 0, the only difference being that
their value at this point vanishes, because of the Pochhammer symbol. This concludes the proof

of this proposition.
O

Sixth part. Unlike what we did for the last terms, we will take care of the polynomial terms,
associated to Uy, coming from propositions 4.6.16 and 4.6.18 together.
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Proposition 4.6.25. The function
sin(ms) 1 /(1 -F 1\ ° 1 Cy,ra
2 o) 3 ) e ()
71' k1 |E|” VA +1 k| VA +1

A0 (75)

1s holomorphic on the half-plane

Res > 1-—4

which contains 0 if we have 6 < 1/2.

Remark 4.6.26. There is no need here for any asymptotic expansion as p goes to infinity, since
there will be full compensations later for this term.

Proof of proposition 4.6.25. The proof is similar to that of the last two propositions, keeping in
mind that the polynomial U; is given by

Up(t) = —5 Bt=5t) = —ui(t),

where u; is the polynomial appearing in the asymptotic expansions provided by Olver in [74, 75].
O

Seventh part. Having finished with the terms coming from proposition 4.6.16, we now turn to
the ones associated with proposition 4.6.17, for which we need to assume that w is not zero.

Proposition 4.6.27. The function

T 33

sin(mws) 1 (/1 -
(4 +M) logKQ\/%TM(wa)

18 holomorphic on C, and its derivative at s = 0 satisfies, as p goes to infinity,

o) sin(ms —s
95 [s=0 ( Sr ) 3 (1+n)  logK, /T (wa))
= plogpu+2[2log2 —1—log(wa)] /& — tlogp+ 3logZ +0(1).

Proof. Since no series is involved, the result stems directly from the asymptotic expansions of the
modified Bessel functions.

O

Eighth part. With the exception of what we did in the second and sixth part above, we have
yvet to study the series associated to the terms appearing in proposition 4.6.18. The first one of
them is taken care of in the next proposition.

Proposition 4.6.28. The function

sin(ws) 1 (1 = 2 1 ‘s\/ 2 1
s /= 5 (4+u> > (Ikl 4) (Copa)”+ 7 +n,

k[>1
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which is well-defined and holomorphic on the half-plane

Res >

)

SO

has a holomorphic continuation to a neighborhood of 0, whose derivative there satisfies

B oo (““Eﬁ%(iw)s > (WP -14) wcu,ka)ﬂw)

|k|=1

) in(ws) 1 20(8s)[(3/2—3s) (1 1—(1+4)s 25s—1 1
= Ds|s=0 (s e N (1 +n) (2ma) (25571)(25572))
2
—VE+5-a+o(1)
as @ goes to infinity.

Remark 4.6.29. Even though, in this particular instance, the derivative at 0 left untouched in
the proposition above can be computed precisely as p goes to infinity, we have chosen not to do
S0, as this computation will become significantly simpler when this term is grouped with another
one that will appear in the next section.

Proof of proposition 4.6.28. We begin by noting that the function

s o— > (-1 @k +wa?+i+p
E[>1

is well-defined and holomorphic on the half-plane Re s > 1/§, which never contains the origin. In
order to prove this proposition, we will use a method known as the Ramanujan summation, for
which the reader is referred to [23]. This will allow us not only to extend the function above, which
could be done using a Taylor expansion, but also to get a control of this continuation as p goes to
infinity. Let us first use the binomial formula on the half-plane Re s > 1/, which yields

> (k7 -1) 7 (erk+w)a) + 1+

|k|>1
), :
= L7 AP Wﬁ\/((Qﬂk‘Fw)Q) +1+p

i20 |k[>1
(s); 5
= go jgf-ﬁ[kgl m\/((kaer)a) +i4p
i> >

+3 e/ (@mk — w)a) + 1 4]

The reason for splitting the sum into two parts is that there will be a slight variation in the
argument we will use. We begin by dealing with the series

2. m\/((%’k—kw)a)?—k i + 1
E>1

for any positive integer j. The first step towards using the Ramanujan summation process is to find
a function, regular enough, that interpolates the terms appearing in the series. The only natural
choice is to take, for s fixed in the half-plane mentioned above,

fsj @ 2z +—> Wlsﬂ.)\/((%rz—&—w)af—i—%—i—u,
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which is indeed well-defined and holomorphic on the half-plane Re z > 0, since we have

TH+u+(2rz+ w)la? = 1+ p+4n?a? ((Re 2)? — (Imz)z) + 4rwa? Re z
+w?a? + dima? (27 Re z + w) Im 2.

It should be noted that the definition of the complex power and square root used above is relatively
to the cut along the half-line of negative real numbers. The function f, ; is of moderate growth,
in the sense of [23, Sec. 1.3.2], on the half-plane where it is defined. Furthermore, Carlson’s
theorem, presented in [23, App. B, states that f, ; is the only function of moderate growth which
interpolates the terms considered in the series. There are two hypotheses we need to check if we
want the Ramanujan summation process to behave nicely. The first one is that we should have

lim f,;(k) = 0,

k——+oo

which holds, as we have chosen s to be in the half-plane where the associated series converges
absolutely, which in particular implies that the terms comprising said series go to 0 as k goes to
infinity. The second one is a bit more technical. We need to prove that we have

lim f0+oo fs,(k+it)—fs, (k—it) dt = 0 )

k—+o00 emt—1

This will be done by using both Lebesgue’s dominated convergence theorem, and Taylor’s formula.
For any integer k > 1, and any positive real number ¢, we have

fagk+it) = fo;(k)+ify fl, (k+iz) dz,
fogk—it) = fo;(k)—ify fl,(k—iz) dz.

This gives, after taking the difference,

fog (k+it) — foj(k—it) = ify (fl(k+iz)+ fl, (k—iz)) do .

This manipulation allows us to keep the convergence at ¢ = 0 in the integral we consider, as it
cancels the singularity induced by 1/ (62” - 1). We further have, on the half-plane Rez > 0,

4ma®(2nz+ . 2
s/,j (Z) = 226(15+J') % \/%J:T:J(Q:iﬁ;))zag _25(8+])'m'\/i+ﬂ+(2ﬂz+w) a? .

We need to find precise estimates on the square roots appearing above. We have

T4+ p+ @2 (k+iz) + w)ila? = 1+ p+4n2a? (k? — 2%) + dnwa’k + w?a?
+dima’x (2km + w) ,

which gives

- (i + p + 4m2a? (k‘2 — xz) + drwa?k + w2a2)2
+16m2a%22 (2k7 + w)?

2
H + 4 (27 (k + iz) +w)2a2‘
= (F+n- 47r2a2x2)2 + 8n2a%22 (2km 4+ w)? + (2k7 + w)* at + 2 (2k7 + w)? (f + ) a?
> (2km+w)" .
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This bound then yields

'\/}1+u+(27r(k+ix)+w)2a2

= \/’i+ﬂ+(2ﬂ(k+il‘)+w)2a2’ > (2km+w)a

Note that we also have

‘\/i+u+<27r(k+iw)+w)2a2 Vitnt /P Te +u) e

Finally, we have

(k+i2) 206 = (k4 iz) % (k + i) "2
= (k+iz) * exp (26 (Res + iTms) (3log (k* 4 2?) +iarg (k +ix)))
which allows us to bound this factor, as we have
(k+ iz)_%(sﬂ)‘ = (K + 932)75(j+Res) exp (20 Im s arg (k + iz))

1
< (k2+w2)5(R° s+37)

exp (6 |Im s| 7).

We now have everything that we need to properly bound f; ; (k +iz) + fi ; (k —iz) as we have
estimates similar to those above when replacing k + ix by k — ix. Indeed, we have

|fL (k+ix) + fl; (k —iz)|

1/2
27a? exp(8]Im s|7) 9. 27"(1‘724‘552) / +w + 2(5(|S| + ) . exp(4|Im s|)
X (k2+12)5(Res+j) (2mk+w)a J (k2+x2)5(Rcs+j)+%

< dexp(d|Ims|m) [Wa+5(s| +7J) \/i +p+ (27T\/1+t2—|—w)2a2

This allows us to use the dominated convergence theorem, which yields

lim f+oo jg7(k+7.t)ﬂtjglj(k it) dt
k—+o00 €

Using theorem 2 from [23, Sec. 1.4.3], one then gets

+oo
k; fs,j (k) = Z fs,J f fsj dx’

where the first symbol on the right-hand side stands for the Ramanujan sum. It should be noted, as
is explained in [23], that this “sum” depends on the whole function f;, and not simply its values at
integers, even though, in our case, Carlson’s theorem provides unicity for the interpolating function
with moderate growth. The main difference between the usual sum and this Ramanujan sum is
that, as is mentioned in theorem 9 of [23, Sec. 3.1.1], the function

(R)
s Z fs,j (k)
k>1

is entire, i.e. holomorphic on the complex plane, as it is a Ramanujan sum of entire functions.
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This allows us to say that the function

sin(7s —s (R)
s o BEDL (G4 u) 0 Y fo (k)

k>1

is entire, and that its derivative at s = 0 is given by

14} sin(ws) 1 (1 —s ®) (R)
Siemo | T2 () T X fi B = X fos (k)

E>1 E>1

= 1p,0 _Hf+oo fos (i) —fo;(1=it) g,

e2rt—1

We will now prove that the integral above, whose dependence in y is hidden within the definition
of fs,j, goes to 0 as p goes to infinity. We have

fi+it)— f;(1—it) = \/i+u+(2w(1+it)+w)2a2—\/§+u+(2w(14t)+w)2a2

a?[(2r (14it)+w)? — (27 (1—it)+w)?]
\/%+;L+(27T(1+it)+w)2a2+\/%+u+(27r(1—it)+w)2a2
8ma’t(2m4w)
\/4+,u+(27r(1+7,t)+w a2 /It pt(2n(1—it)+w)?a?

which means we need only find a lower bound for the denominator. We have

\/i+u—|—(27r(1+it)+w)2a2+\/i+u+(27r(1—it)—|—w)2a2

= V2 {((i +p— 4772a2t2)2 +(@2r+w)' +2 (5 +n—47%a?t?) (27 + w)? a2
o\ 1/2 1/2
+1672a*t? (27 + w) ) + 1+ p+4n2a® — An?a®t? + dmwa’® + w2a2}

1
— 4 — 4Ar2a?t?

\/5\4

WV

4

1/2
1
+ = 4 p—4Ar2a®t? + 4n%a® + drwa® + wzaﬂ

(2m+w)?a?
=0

> V221 +w)a

which gives

’\/i et @ (L) +w)Pa? — /3t @ (1) +w)Pa?| < 4v2rat.
This allows us to use the dominated convergence theorem, and gives
R e
Hence, we have
(R)
1;;:1 foi (k) = %\/i +u+@2r+wiat+o(l) = L /ii+o(1)
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as p goes to infinity. What remains to prove is that the function

i - (s); + 2
s o I ()T T G b T e /E et @0’ @ dr
j=0

which is well-defined and holomorphic on the half-plane Re s > 1/4, has a holomorphic continuation
to an open neighborhood of the origin, and get an asymptotic control of its derivative there, as p
goes to infinity. For any integer j > 0, we have, on the appropriate half-plane,

S [T+ G+ @) @ da

—+o0

1 1 1 2 2
[_ 2(s+j)—1  zBGEFD-T \/Z tpt(@2rrtw)a ]
1
+ 1 1 ptoo 1 . 4ma’® (2ma+w)
25(s+5)—-1 2 J1 220+ —1 Vit Cratw)?a?

1/44p
(27rw+w)2a2

_ 1 1 2 2 +o0 1 1
T 20(s+4)-1 \/Z ot (2m w)”a? + 26(8-17-7;)—1 1 220G -1 \/1+ dz.

We will now compute the integral above using hypergeometric functions, for which the reader is
referred to [74, 75]. We have

~1/2
+00 1 itH
L e (1 T Gratw)a dz

1/44p

. VLSS —26(s+7)+1
26(s+5)—1 mrw)Za?
\/i+l‘b.471ra(27r) (H=t [ (at}/Q\/i—’_p’_w) td%\/cl%
28(s+5)—1 —6(s+i)+3
T

1/4+5 : —26(s+j5)+1
. [@r+w)?a 5(34»])72 . 1 _ aw 1/2
Jo t VIFt <1 \/1/4+ut ) dt.

We now note that we have, on the interval of integration,

awt!/? < aw . \/m — w < 1
VAt S \1arn @rtw)a I tw

which allows us to use the binomial formula to expand the complex powers within the integral and
interchange sums and integrals. We thus have

)

+oo
[ e

1 1 2 2 1 26(s+35)—1 /1 —0(s+4)+1
25(s+j)—1 \/Z +p+ (2 +w) e + 55(s15)=1 " Tra (2ma) (3 +n)
R D CICE SIS R f@if% (G2
T(20(s+5)—-1)  n!  (1/44p)"/2 JO VI+t :

The integral remaining above can be computed, using hypergeometric functions and the formula
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provided in the proof of [47, Prop. 6.13]. We get

+ 2
[ m-\/%—ku—l—@wx—kw) a? dzx

_ 1 1 2 1 26(s+j5)—1 1 1 -9
= W'\/Z+H+(2ﬂ'+w) a2+m'(2ﬂ'a) J ‘513

Z |:F(26(s+j)+n 1) 1 aw™ ( 1/4+4 )5(S+j)+n/2—1

(25(S+]) ) n! W (27r+w)2a2
~1/2
1/44p 2 1 . 1/4+p
’ (1 + (27r+w)2a2) ’ 26(s+j)+n—2 F (5’ 1’ 0 (S + ]) + ’I’L/2, (2ﬂ+w)2a2+1/4+p):|
_ 1 1 2 1 26(s+4)—1 L26(s+i)+n=2) 2 (_w \"
= BetrH-1 \/Z +p+ (27 +w)”a? + 3 (27a) ! 'n,2>:0 [ Neriemzy me (27r+w)

—26(s+j)+2 (2r+w)a 1 . 1/4+
(24 w)a) \/1/4+#+(2ﬂ+w)2a2F (5, Lo(s+j)+ 5, (27H~w)2¢12£1/4+/_t):|

nz

>26(s+j)—1 (27 + w)2 2 Y [ L(28(s+j)+n—2)

_ 1 1 2 27
= BerH-1- \/Z +p+ (27 +w) a? + (27r+w 2 T(25(5 7))

(e ) 1 F(1L Nn o YAk
n! (27r+w) \/1/4+u+(27r+w)2a2 F (27 1; 6(S+]) + 2 (27r+w)2a2+1/4+u>:| .

We will deal with both of these terms separately, assuming for simplicity, that 1/(24) is not an
integer, so that no positive integer j could satisfy 205 = 1. After summing over j and multiplying
by the relevant factors,the first term yields

Jj=0

sin(7s —S$ (s); 2
) L (5 +n) <E j!J'éll-j'%(s—i—lj')—l>\/zll+N+(27T+w) a*

which induces a holomorphic function around 0, whose derivative at s = 0 is given by

sin(7s - (s);
%u:o [ gr )4*15(%"‘/‘) ) <Z j!J'ﬁ 25(s+] )\/ +p+ (2 +w)’ QQ]

720

= —ltut@rtw?a = —yEto(l),

as u goes to infinity. We can now study the following term, which is

(), 1 or )20 HI)—1 2 L(28(s+j)+n—2) 1
%:0 T (2”'*““) (2r +w)"a® n2>:0 [ F(25(j8-i-.7')) Tl (2W+W)
. 1 CF(L Nayn o l4tp
e F (2, Lo (s+4)+ 5 Grroparts /w)] .

We will with this term by breaking apart the sum over n.

e For n > 4, we have

S(Res+7)+2-3 > 6(Res+j)+3 .

which means that the hypergeometric function

t — F(3,1,0(s+j)+%, 1)



is bounded on [0, 1], as it is continuous on [0, 1] and has a finite limit at 1, a fact for which the
reader is refered to [75, Sec. 15.4.ii], and this bound is furthermore uniform in j, as well as in s,
assuming it stays in a neighborhood of the origin. This means that the term

sin(7s — (s); - 26(s+j)—1
DL (G+nT D G b (53)

2 4 T(26(s+4)+n—2)
j>0 (Bt w)a nz>:4 [ T(28(s+5)

A (e ", 1 ) 1 Nayn o L4t
n! (27r+w) \/1/4+u+(27r+w)2a2 F (27 1 6(8 +]) + 27 (27T+W)2a2+1/4+ﬂ):|

induces a holomorphic function around 0, whose derivative at s = 0 vanishes because of the
Pochhammer symbol for j # 0, and because of T' (2 (s + j)) for j = 0.

e For n = 3, we consider

26(s+j)—1 2 L(28(s+j)+1) 1 w ’
) 27 + w) a27j"'(M)

(5); 1 o
> ! 'E'<2w+w r'(26(s+j)) 6

: L CF (L DY S VL J S
\/1/4+M+(27r+w)2a2 F (2) ]-7 5 (S +,7) + 29 (27r+w)2a2+1/4+;4) .

For j > 1, we can bound the hypergeometric function above as before, using the continuity on the
interval [0, 1] and the finite limit at 1~ given by [75, Sec. 15.4.ii], uniformly in every parameter,
for s in a neighborhood of 0, which means that the term

2 o T(28(s+4)+1)
(27 +w)” @® a5ty

in(rs) 1 (1 —s s); 1 ar |21
el b)) 2 G E (Zwiw)
Jz

3
N - . 1 . 1 N3 1/4+p
6 (27r+w> V1At (2 tw)?a? F(27 1, 5(5+])+ 29 (27r+w)2a2+1/4+,u>

induces a holomorphic function around 0, whose derivative there vanishes because of (s) j for j # 0,
and because of T' (26 (s + j)) for j = 0.

e For n = 2, we consider

(s); x 20—l 2 w \?
go i '%'(sz) 2 +w)”a? %(m)
.7/
: L CF (L ; I VL VTR
Y Ve a7 F (51,0647 +1, gobtit ).

When the integer j is large enough, we have

§(Res+j)—3 > 0

for s in a neighborhood of the origin, and we can bound the hypergeometric function above uni-
formly in every parameter, for s close enough to 0. This means that the term

sin (s —s (s); - 26(s+j)—1 2 w 2
Er )4%(%"*‘/‘) gl il T (27?4»9.;) @2r+w)ad® -5 (27T+w)
Jz
: L CF (L ; I VS VTR
\/1/4+;L+(27r+w)2a2 F (2; 17 5 (5 +]) + 17 (27T+w)2a2+1/4+p,)
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induces a holomorphic function around 0, and that its derivative at this point vanishes, because of
the Pochhammer symbol. Furthermore, the term associated to 7 = 0, which is given by

sin(ws) 1 (1 —S$ 27 20s—1 9 2 9 1 w 2
p E(z‘i‘/l) It (7T+OJ) a3\ antw

1

. CF(1 _ VAdw
V1/4+p+(27+w)2a? F (2’ 1, os+1, (2ﬂ+w)2a2+1/4+u>

also induces a holomorphic function around s = 0, and its derivative there is

2
21w (97 4 w)?a? - L. (Y . 1 CF(1 1.1 1/4+p _ aw?
2 2 24w V1/4+4 427 +w)2a2 20T (2r4w)?a2+1/4+p T Am
e For n =1, we consider

2mr+w

(), 1 op ) 20(sHi)—1 9 1 "
D i ( ) (@27 +w)"0® g
. L CF (L N4l Lddw
\/l/4+p+(27r+w)2a2 F (27 17 5 (S +J) + 29 (27T+w)2a2+1/4+p,) .

When the integer j is large enough, we have § (Res+ j) —1 > 0 for s close to the origin, where
we can bound the hypergeometric function uniformly in every parameter. The term

in(ms —S (8); 26(s+j)—1 2
s L (5w gl%'ﬁ(sz) @ +w) e g1
]/

1

. CF(L AN SR Ve v N
\/1/4+H+(27r+w)2a2 F (2) ]-7 5 (S +j) + 29 (27‘_+w)2a2+1/4+u) .

thus induces a holomorphic function around 0, as we have assumed that 26j never equals 1,

whose derivative at s = 0 vanishes, because of the Pochhammer symbol. The remaining term,
corresponding to j = 0, is given by

sin(ms) 1 (1 —s 2 2051 2 9 1 w
s
s 45 (Z + ,U,) (27r+w> (27T + w> a 265—1 274w

1

. . 1 1 /4
V1/4+pt(2ntw)?a? F (2’ L ds+ 3, (27r+w)2a2+1/4+u) ’

It also induces a holomorphic function around the origin, and its derivative there equals

—4e - (2r +w)’a?

1

i CF(L DO Vi s v B
2w /144 p(2ntw)a? F (2’ 1, ds + 3, (27r+w)2a’-’+1/4+u>

—%-\/1/4+u+(277+w)2a2 = —5=/u+o(l)
as u goes to infinity.

e For n =0, we consider

1

J! 4 (26(s+7)—1)(20(s+75)—2) \/1/4+u+(27r+w)2a2

47 274w
j=0

1 . 1/44p
F (310640 Grofreitae:)
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For j large enough, we have

§(Res+j)—2 > 0

for s close to the origin, and we can bound the hypergeometric function above uniformly in every
parameter, still for s in a neighborhood of 0, which means that the term

(27r+w)2a2
(26(s+35)—1)(26(s+35)—2)

sin(7s —s (S)j T 25(s+j)—1
mEDL (L) T Sk (2)
jz1

1 CEP(L DY VL o B
. \/1/4+#+(2ﬂ—+w)2a2 F (27 ]-a 6 (5 + ]) b (27r+w)2a2+1/4+u) .

induces a holomorphic function around 0, whose derivative there vanishes because of the Pochham-
mer symbol. The only term left to be studied is the one corresponding to 7 = 0, given by

. 20s—1 2 o
sin(mws) 1 (1 —S 2 (2m4w)“a 1 1 1/44pn
T 45 (Z +M) <2w+w) (26s—1)(265—2) \/1/4+p+(2ﬂ+w)2a2F (57 17 (557 (27'r+w)2a2+1/4+;> .

We now need to simplify the hypergeometric function above. We have

1 1/44p
F (b 105 oot

T'(56s)'(6s—3/2 5 27r+w)2a2
r(s(s—)1/(2)r(5£—)1) F (%’ 1,5 —0s ( )

2 ’ 1/4+,u+(27r+w)2a2
) ) 65—3/2
L LG9C(E/2-55) ( Grtoe’ ) F (5s — 05— 1,05 — §, plmtere )

T(1/2) 1/44p+27+w)’a ’1/4+u+(27r+w)2a2
_ 6s—1 1 5 (2n+w)?a?
—  3s-3/2 F (2’ L3 98, 1/4+pu+(274w)?a?

1 (27 +w)2a2 6s—3/2 1/d4p 1-9s
‘*‘ﬁ (53) r (3/2 - 55) (1/4+M+(2ﬂ'+w)2a2) (1/4+u+(27r+w)2a2>

_ 6s—1 1 5 (27 +w)?a?
- 5573/2F(2’ L3 9s, 1/4+pu+(274w)?a?

+=T (85) T (3/2 — 3s) \/1/4 At 2r+w)a? (27 +w) a)? T (L)

)

which then yields

20s—1
sin(ws) 1 (1 —s 2 (2m4w)?a? 1 1 1/44p
™ 4s (Z + ,U/) (27‘!‘-7‘:&)) (258—1)(268—2) \/1/4+;L+(27r+w)2a2F (27 17 657 (2ﬂ+w)2a2+1/4+u>
__ sin(ws) 1 (l + )_3 ( 27 )25571 (2m4w)?a? . 1
= T wlgTH 27 +w (205=1)(205=2) "\ /1/at jit (27 t)?a2

ds—1 1 5 (27 tw)?a®
: [mF<§ 1,34, m)

+EUIT (3~ 65) /1 + o+ (27 +w)?a2 (27 +w) )P (4 u)l—(‘s]

_ sin(ms) 1 (1 -s 27 20s—1 (2m4w)?a? 1
- s (1) 2m+tw (205=1)(205=2) " \/1/4tp+ (2tw)?a?

L _0s—1 1 5 (2m+w)2a?
0s—3/2 F (2’ 1’ 2 68’ 1/4—i-u—‘,-(2‘/1'—1—0.1)2(12

+sin(7rs) 1 T'(6s)I'(3/2—6s) (i_’_u)l*(lJﬂs)S (27_‘_01)25571 1

™ 45 N (265—1)(265—2) °
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We now note that the second term above, which is to be left untouched, as indicated by the
statement of proposition we aim to prove, induces a holomorphic function around the origin, the
pole induced by the factor T' (§s) being canceled by the factor sin (7s). The first term also induces
a holomorphic function around 0, and its derivative there, which is given by

It 2 5 1. 1 2p(1q B Agggzigﬁgig,>
o (27r—|—w) a” -3 \/1/4+M+(2ﬂ+w)2a2 3F (27 1, 27 1/4+p+(2m+w)?a?

goes to 0 as p goes to infinity. This completes the study of the first part of the considered series,
that arose from the splitting of the sum over k into one bearing on strictly positive integers, and
another on strictly negative ones. To sum, we have proved so far that the function

sin(ms - (S)J 2
s %%&(i‘ﬂi) ;O 7 o ,;;1 W\/((%k‘ﬂ")@ +itn
Jz z

has a holomorphic continuation to a neighborhood of the origin. Its derivative there satisfies

sin(7ws —S (5) 2
Lo | ELG+n)T Y SF 5 S e/ (@rk + ) a)? + 2 4 g
720 k>1

o ) sin(ws) 1 T'(8s)['(3/2—68s) (1 1—(14+9)s 25s—1 1
= Bs|s=0 [ T 40 = (1+4) (2ma) (253—1)(253—2)}

—(3+ ) VAT Tl

as u goes to infinity. We now move on to studying the term

(s);
> G b Tt/ (0nk @)+ u

Jj=20

The method used here is extremely similar to the what is done above, if w switches sign. There
are, however, a few differences, which we will need to highlight in what follows. What can be done
in the same way as before will not be detailed for clarity. The aim is here to use the Ramanujan
summation process on each and every one of the series

> m\/(@ﬁk’—uﬁaf—ki_k# .
k>1

=

We begin by considering the interpolating functions

9sj 1 E WL”\/((Zm—w)a)2+ Ith
which are well-defined and holomorphic on the half-plane Re z > w/ (2), since we have
Lrpu+(@2rz—w)a)? = 14 pu+4an2a? ((Re 2)? — (Im z)2> — 4nwa® Re z
tw?a? + dira® (2r Rez — w) Im 2.

It is important to note here that the half-plane on which g, ; is defined contains 1, since w is strictly
below 27. As before, we have

lim gs;(k) = 0

k—+o0 ’
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since we have chosen s to be such that we have Res > 1/§. We further have

lim f+oo 9s,j (k‘th)*gsnj (k—it) dt = 0

k—+00 0 e2rt—1 )

still by using Taylor’s formula and Lebesgue’s dominated convergence theorem. We then have

+oo (R) too
k; gs,j (k) = k; 9s,j (B) + [17 gs, () dz

and the analyticity theorem for Ramanujan sums implies that the function
sin(ws) 1 (1 -5 ®) k
s — L (14 2 55 (k)

is entire. Its derivative at s = 0 is given by

o sin(ws) 1 (1 —S ®) ®)
im0 | Tr o a (11 0) k; 9s.j (k) k; 90, (k)

= Go0g (1) +i i 2ertiprei=t dy.

e2mt 1

Similarly to what we did before, the dominated convergence theorem proves that we have

. +oo goyj(l"rit)—goyj(l—it) _
#EI_POO fO e27t—1 a = 0.

This yields the following asymptotic behavior of the Ramanujan sum

< 1 1 2 ]
k,2:31 905 (R) = 5\/Z+“+(2”_w) a*+o(1) = syp+o(l)

as 1 goes to infinity. We will now prove that the function

5 Singrm) +a+m ;0 (j’)!j ) 1+oo P e \/% +p+ (2rz - w)?a? do
Jz

)

which is well-defined and holomorphic on the half-plane Re s > 1/4, has a holomorphic continuation
to an open neighborhood of 0, and get an asymptotic control on its derivative at this point, as u
goes to infinity. We will need to remove part of the integral before we can proceed. The function

in(7re —S$ (s); 2
s iy D1 N > S Whj)\/i+u+(2wx—w)2a2dx
Jz

is holomorphic around 0, and its derivative there is given by

o sin(7s —s (s); 2 2
Bs |s=0 Sr )4% (1+m) j;o rin el w26(1s+j) \/% +p+ (21 —w)” a? dx]

= Vi [1+ (1t gt e —1) de]| = yEto).

147



Thus, the function we actually need to study is

o B ) R Gy o T G R
Jz

When s lies in the half-plane where this function is defined, we have

+
f2 * $26<1s+.7‘> \/i +p+ (2rz — W)2 a? dx

1/44p
2rz—w)2a?

_ 1 1 1 2 9 27a +oo 1 1
T 20(s+g)—1220(s )1 \/Z +p+ (47T - w) a” + 25(s+7)—1 J2 220(s+)—1 ° \/l dzx,

and we can once again compute this last integral using hypergeometric functions. We have

400 1 1 o 1 1 20(s+j7)—1 1 —0(s+j)+1/2
T e ik dz = g74/7 T 1(27a) (3 +n)
\/14'722
(2rz—w)“a

T (et 2
— sTJ3)—
’f()(h STt L <1 4w _¢1/2 dt.

V1+t 1/44u

The difference with the previous series appears here, as we have, on the interval of integration

)26(s+j)+1

aw t1/2 < aw Y 1/4+p _ w < 1
/1/44p = \/1/4+# (4r—w)a Am—w ’

Had not removed the integral ranging from 1 to 2, we would have gotten w/ (2w — w), which is not
in general strictly smaller than 1. Fortunately, having done this manipulation allows us to obtain
the required bound, which in turn enables the use of the binomial formula, and the interchange of
sums and integrals. We thus have

+ 2
L m\/%+u+(2ﬂ"£7w> a? dz

2

)26(s+j)—1

2 x 2
= 26(sjj)*1 ’ 226<sl+j>—1 \/i +p+ (dr —w) a® + (4:% dr—w) a

3 L(28(s+4)+n—2)  (=1)" ( w )” 1
T'(20(s+5)) n! dm—w \/1/4+u+(47r—w)2a2

n>0
1 - n 1/4+u
F (5, 1, 6(8+]) + bR —1/4+p,+(47r—w)2a2) :| .

Once again, we assume that 1/(24) is not an integer, so as not to introduce artificial singularities.
After summing over j and multiplying by the relevant factor, the first term above becomes

sin(7s —s (s), 2
e () (5 B b b ) VEra P
Jz

and induces a holomorphic function around 0, whose derivative there is given by

) in(7s) 1 (1 —s (9); 1 1 1 1 2
s |s=0 [Smfs (3 +n (go T T B EEST 35 )=1 ) \/Z +pt (4m - w) “21

- _2\/i+u+(4w—w)2a2 = —2y/u+o(l)
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as p goes to infinity. We can now study the second term, given by

inirs s (s). - 26(s+j)—1
LG D b (3) e

7! 4T —w
j=0

v [ ey o ( o )" .
I'(26(s+5)) n! 4 —w \/1/44»/1,4’(471‘70.))20/2

F (%a 17 6(5+j) + %7 1/4+p1+/éltrliw)2a2) i| .

n>

At this point, the study is very much the same as the one led above, and yields the holomorphic
continuation around 0 of the term presented above, as well as the fact that its derivative at s =0
satisfies the following asymptotic expansion

o |:sin(7rs) 1 D(8s)D(3/2—65)

1 1-(1+0)s 20s—1 1
%‘S:O T 43 Nz (Z + l”') (27‘(’@)

(25571)(25572)} + 9 toavrto(l)

as u goes to infinity. This part of the computation thus proves that the function

sin(7s —s (s); 2
s LG D S d T e/ (Onk -0
720 k=1

has a holomorphic continuation to a neighborhood of the origin, where its derivative satisfies

o sin(ms 1 —s (5),’ 1 1 2 1
s |s=0 l gr )4% (Z +l‘) > P kz>:1 E23(st9) \/((27Tk —w)a) + 3 +p

720
o o sin(ws) 1 I'(6s)I'(3/2—0s) (1 1—(1446)s 26s—1 1
= Bs|s=0 { (o) 1 T0s) \(/?r/ (1+n) (2ma) (255—1)(205—2) }

~(3-32) VE+ % o))

as u goes to infinity. Putting the two parts of the computation, we have proved that the function

s () 3 (K1) im0 e e

has a holomorphic continuation to a neighborhood of 0, and that its derivative there satisfies

3% 50 lsmﬁm)is G 2 (W7 -1) " J@rh+w)e) +1+p

|k|>1
o ) sin(ws) 1 T(8s)T(3/2—3ds) 1—(149)s 26s—1 1
= 29s|s=0 [ e r (3 +n) (2ma) (255—1)(258—2)}
1 w aw? 1 w aw?
—(gtsn) vE+ S — (53— 52) VAT 45 +o(1)
_ ) in(rs) 1 I'(8s)['(3/2—8s) (1 1-(1+6)s 265—1 1
= 2%\5:0 [ e e T 2 (3+n) (2ma) (265—1)(205—2) }

—Vi+Zato(l)

as pu goes to infinity. This completes the proof of this proposition.
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Ninth part. The next term coming from proposition 4.6.18 is dealt with below.
Proposition 4.6.30. The function

s v Smm) % <1+u>s+% > (Ik% - 1>S Argsh <m> :

T 4 4 C,ra
k| >1 wik

which is well-defined and holomorphic on the half-plane

1
Res > 55,

has a holomorphic continuation to a neighborhood of 0, whose derivative there satisfies

) in(rs) 1 (1 —s+3 26 1\ 7% VEits
35 |s=0 <—S = (1+n) > (|k| —1) ArgSh(cf,ka

|k[>1

_d in(rs) 1 (1 1—(146)s 265—1 T(6s5)I'($—6s) 1
T 9s[s=0 (S 3 (1) (2ma) \/;f 551 | — 3VH1logpu

+ {2 f0+°° 7@2,&_1 (arctan (zjiw t) + arctan ( 2r )) dt —log2 + 2

2T —w

+3= log (g;fﬁ) + 3 log ((47% — w?) aQ)} Vit+o(1)

as (i goes to infinity.

Remark 4.6.31. Apart from the term left untouched, which will later be canceled, we note there
is no contribution to the constant term in the asymptotic expansion as p goes to infinity.

Proof of proposition 4.6.30. This result can be proved using, as for proposition 4.6.28, the Ra-
manujan summation process and hypergeometric functions.

O

Tenth part. The next term from proposition 4.6.18 is the one associated to the logarithm.

Proposition 4.6.32. The function

sin (ws) 1 1 o 9 1\ 7° 9 1
N - E _ = 1 -
S T 4S+1 (4 + M) (|k| 4) Og ((C"Jvka) + 4 + ,Lt) )

k[>1

which is well-defined and holomorphic on the half-plane

1
Res > 35

has a holomorphic continuation to a neighborhood of 0, whose derivative at s = 0 satisfies

|k

B4 150 (Sini’”) o G (WP —1) 1o ((Cw,ka)2+i+u)>
1

— Llogp+ fyito(l),

as | goes to infinity.
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Proof. Once again, we can use the same arguments as in the proof of proposition 4.6.28, namely
the Ramanujan summation process and hypergeometric functions.
O

Eleventh part. The only remaining difficult term to deal with is the polynomial term from
proposition 4.6.18.

Proposition 4.6.33. The function

1
sin(ms) 1 (1 e 25 1\ ° Cy.pa
_ - _ k P et Lt
§ FEVE <4+“> D <| | 4> s ’
|k|>1 Vaitw

which is well-defined and holomorphic on the half-plane Res > 0 has a holomorphic continuation
to a neighborhood of 0, whose derivative at s = 0 satisfies

o sin(ws) 1 1 —s—1 26 1 - C, ra
b (22 5 ) o (52)

= 71617”1 (1 + %) log 1 — 7871-1(16 log 2 + ilog(élﬂ'a) - ﬁ +o(1),

8ma

as | goes to infinity.

Proof. The proof is once more conducted as that of proposition 4.6.28, using the Ramanujan
summation process and hypergeometric functions.

O

Twelth part. The last term we need to take care of is the one corresponding to & = 0 in
proposition 4.6.18, for which we need to assume w not to be zero.

Proposition 4.6.34. The function

s > —

™ 35

sin(ws) 1 (1 o
(4 + u) log K\/iTl‘ (wa)

is holomorphic on C, and its derivative at s = 0 satisfies

9 sin(ms —s
Bs|s=0 (* g (b ) logKm(wa))

= —1/nlogu+ (log(wa) —log2+1) /i + tlogp— Llog (%) +o(1),
as | goes to infinity.
Proof. Since there is no series involved, this result is a direct consequence of the asymptotic ex-

pansion of the modified Bessel functions of the second kind.
O
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Thirteenth part. However, as we have stated right before proposition 4.6.16, we have only dealt
with the difference that appears in the expression of F}, ;. It is now time to say a few words about
the rest, namely about the terms associated to

—2 i—"_/j“%\t:mlOgKt(Cw,ka) if K#0

—2\/5 %\t=\/iTﬂ log K (wa) if k=0

Proposition 4.6.35. The function

1 (1 —s 1 2% 1\ 5t 5
S (L R —
S 2 (4"’“) [ 4+U|k|2>:1 || 1 dt)t=+/Ttu 08 t (Cu )

r(8s)0(3—ds) /1 1-6s 265—1 1
+2——2— (;+u) @) grhes—g

4 F(és)F(%fﬁs) (

1-0s 26s—1
T +N') (2ma)™” - )

1
4 20s—1

which is well-defined and holomorphic on the half-plane Re s > 1/0, has a holomorphic continuation
to a neighborhood of 0.

Proof. This result is a direct consequence of theorem 4.6.12 and of the several computations, stated
in propositions 4.6.19, 4.6.20, 4.6.21, 4.6.23, 4.6.24, 4.6.25, 4.6.28, 4.6.30, 4.6.32, 4.6.33.
O

Remark 4.6.36. Note that we have omitted from the last proposition the factor sin (7s). The rea-
son is that the cancellation we hinted at before proposition 4.6.16 will not be perfect, as explained
in remark 4.7.4. However, since there are no series involved, the cancellation of the derivative at 0
for the term corresponding to k = 0 will be complete.

Corollary 4.6.37. The function

sin(ws) 1 1 —s 1 ( 26 l) s o
—_ —t = + -2 + > k|© — = log K; (C,,
§ T 4 (4 “) 1 TH WS || 1 ol)t=+/Ttu 08 ¢ (Co,ka) )

which is well-defined and holomorphic on the half-plane Re s > 1/6, has a holomorphic continuation
to a neighborhood of 0.

This concludes the study of the terms associated to A, 3, and thus that of the integrals L, j, which
was the point of this section.

4.7 Study of the integrals M, ;

Recalling definition 4.5.2, we turn our attention to the integrals M), ;,, which were defined as

sin (7rs) +oo 1 s |
T /2195\/}1? (t2 B (4 . M)) fur(@) dt if kE#0
My (s) = |

- “+o0 -
M/ <t2_<1+ﬂ>> fuo(t) dt if k=0 and w#0
2 +up 4

T 1

4
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where, as indicated in definition 4.4.5, the function f,  is given by

fur + C — C
9 t 9 ’
t — Slog K (Cypa) — Vs Oilt=y/THn log K (Cy,ra)

As always, we have denoted by p > 0 a positive real number, and by w a real number in [0, 27][.
We can then split the integrals M, ; according to the two terms appearing in the definition of f,, 1,
leading to the following definition.

Definition 4.7.1. On the strip 1 < Res < 2, for any real numbers p and w as above, as well as
any integer k, we define the integrals M, , and R, by

A sy (= (54 p) 7 flog Ky (Cupa) dt - if k #0
Mu,k (3) = y

S - () ek ko
and w

for the first part of f, x, and

— % kaF( —(3+p) " tat
d if k#0
Dt |t=y/T1n log K; (Cy,a)
Ruk(s) = 7
S e [ (P (G ) e
if k=0andw#0
Biji=y/Trn 108 K (wa)

for the second part of f, 1.

Remark 4.7.2. This splitting has been performed so as to have M, j (s) = Mmk (s) + Ry (s).
Studying M,, ;, will therefore be reduced to investigating the behavior of both terms above.

4.7.1 Study of the integrals R, ;

We begin this phase of the study with the simplest term, which is the second one in the definition
above. As the reader will notice, it can be computed quite explicitly.

Proposition 4.7.3. For any complex number s with 1 < Res < 2, any integer k, as well as ny p
and w as above, we have

) L (4w

s

1 1 26 1) M
2\ at e (\k| —z)

if K#0
t:m IOgKt (Cw,ka) f ?é

Q
&

Ry, k (s) =
e L G /i

if k=0andw#0

1%}
St i=/TTh log K (wa)
Proof. This proposition can be summed up as the computation of the integral that appears in the

definition of R, k, i.e. in definition 4.7.1.
O
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Remark 4.7.4. The reason for the lack of compensation that was alluded to in remark 4.6.36
is the factor 1/ (s — 1) that appears in the computation of R, ;. When the associated term is
combined with that of proposition 4.6.35, one sees a factor

appear, contributing to the cancellation of the derivative at 0. However, even these two factors
together cannot give a cancellation when multiplied by a meromorphic function with a single pole
at 0. This is the reason why, in proposition 4.6.35, we had to remove some problematic terms.

Proposition 4.7.5. The function

s — > Rui(s)
K>1 ’

which is well-defined and holomorphic on the half-plane Re s > 1/0, has a holomorphic continuation
to a neighborhood of 0, whose derivative at s = 0 satisfies, as p goes to infinity,

2o [ > Ry <s>]

K31

_0
s |s=0

—s+1
sin(ms) 1 (1 S |_9./1 (k%_l) o log K, (C
= (3w [ st 3 (K- & T log Kt (Cuga)

T(6s)T(2—6s 1-4s 27ra)28s—1 T(6s)T'(L—6s 1-8s (27q)20s—1
+2 \/(EQ ) (1+n) (25(5—13(255—2) + \/(52 ) (1+n) ( 261—1 ”

+- (1+ ) plogp+ 55 [—2 —log (4ma) — 3 + log 2]
+—161m (1 + %) log pu + 7871'10,5 log2 — ﬁlog (4ra) — L4 o(1).

8ma

Proof. Using proposition 4.7.3, we note that the function to be considered here is, up to a holomor-
phic factor around 0, the same as the function studied in proposition 4.6.35. Hence, the function

s — > Rur(s),

|k|>1

which is indeed well-defined and holomorphic on the half-plane Res > 1/, has a holomorphic
continuation to a neighborhood of 0. Still using proposition 4.6.35, we see that we have

k31

5 om0 [ > Ruk <s>]

9
Js ‘s:()

: — —s4+1
sin(ms) 1 (1/4+p)"° ) 1 ( k 25 l) 9 loe K, (C
™ 4s s—1 [ 4 + K \k%l | | 4 ot |t= /%+P« og 1\ ( w,ka)

+2

F((Ss)l"(éfés) 1 1-8s  (27a)2%5! F(55)F(l765) 1 1-3s (2ma)?%s1
\/;2 (Z + “) @os—1)(265=2) T \/E2 (Z + H) 265—1

i) in(rs) 1 (1 —-s 1 F(55)F(§—6s) 1 1—6s (2ra)?%~1
" 0s|s=0 |: : T : 45 (Z +M) s—1 (2 \/772 (Z +M) (26576{)(25572)

9 sin(ms) 1 (1 -5 1 r(s)(3—ds) /4 1-8s (27ra)?0s—1
~ 95 ]s=0 [wzls(4+y’) P <\/§ (T+m) 7 T )|
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The first derivative above can be simplified, as the factor 1/ (s — 1) within only induces a change
of sign. The result is precisely the derivative in the formula we wish to prove. Therefore, we only
need to compute the last two derivative in this last equality. This will be achieved by using the
Laurent expansions at 0 of the relevant terms. For simplicity, we will use the notation O (sk) to
mean a holomorphic function around 0 with a zero of order at least k there. We have

sin(ws —s T'(0s)I'(3/2—0ds 1-6s 271a)?%5 1
S () (2R () )

sin(ws —(149)s r(3/2—6s 25s
= ﬁ (3+mn)- S‘r )4% (3 +n) 1%31—‘ (9s) (%/\/; ) (27a) (253—1§(6s—1)

i (4 m) (54 0(2) (1 - 210g(2) 5+ 0 (%))
(1= (1+08)log(3+p)s+0(s?) (1+s+0(s?)) (£ —7+0(s)
(1+46(2log2+~—2)s+ 0 (s?)) (1 + 25log (2ma) s + O (s?))
(1430s+0(s?)) .

Therefore, the derivative at s = 0 of the considered term is given by

o sin(7s —s I'(6s)T(3/2—6s 1-4ds 27a)205 1
Bs |s=0 {* () (2%(?%) WH

471'116( +/’[’)( 210g2_(1+6)10g )’5+2610g2+;f5

=20 + 1+ 20log (2ma) + 30)

= 471'1(16 (i+ﬂ)(1+2510g(477a)+5*210g2)*ﬁ(lJr%) (%+ﬂ)log(%+ﬂ)
= =5 (5 + 1) (14 201og (47a) + 6 — 2log 2)

—12 (14 %) (flogp+ plog p+ ) +0(1)
= —g2 (L4 5)plogp — 15 (14 §) log + g5 (1 + 20 log (47a) + 6 — 2log 2) u

+% log (47a) — 871'(16 log2+o(1)

as i goes to infinity. We can now move to determining the asymptotic behavior of the last derivative
at 0 above as u goes to infinity. We have

sin(7s —s r(6s)T'(1—6s 1—6s (27a)205—1
—e g () oy (O () )

= ke (E ) L (F ) 7 ()T (0s) PR (2m0)

—5ms (1 +1) (5+0 (7)) (1 -210g (2) s+ O (s?)) (1 +5+0 (%))
(1=(1+d)log(5+u)s+0(s?)) (£ —7+0(s))
(146(2log2+7) s+ 0 (s%)) (1+2dlog (2ma) s + O (s?))
(1425540 (%)) .
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The derivative of this term at the origin is thus given by

fé) in(ws) 1 (1 —-s 1 F(és)l"(l—és) 1 1-8s (27a)25s—1
Bslem0 | ~ 7 Gt o (\/7?2 (1 +m) To5sm1

= —5is (3 +p) (—2log2+1— (1+0)log (3 +p) — 16
+26log 2 + 6 + 26 log (2ma) + 25)

= 2= (1+0)plogp+ g2 (1+ %) logp — 52— (1 — 2log 2 + 25 log (4ma) + 26) pu

— g2 (—2log2 4+ 1 + 26log 2 + 26 log (27a) + 20) + g2 (1 +6) + 0 (1)

= s (1+0)plogu+ g0 (14 3)logp — 52— (1 — 2log 2 + 28 log (47a) + 26) p
+ 15 log 2 — o= — 7= log (47ma) + o (1)

8ma 4ma

as 1 goes to infinity. These last two computations then yield

35 ls=0 LZ% Ry k (S)]

sin(ws) 1 (1/4+p)"° | 1 20 1 —s+l 9
™ 45 s—1 [ 2 4 +‘u\k|2>:1 (|k| 4) Ot |t=y/T¥p logKt (Cw,ka)

)1753 (2ma)26s-1 (55)0(4—5s) (l-i-/i)k% (2,,,1)2%1”
4

22— (i+n

+0- (1+ §) plogp + 5= [—55 — log (4ma) — 3 + $log 2|

@os—1)(25—2) NG 255—1

+iora (1+ ) log pu+ g5 l0g 2 — g7 log (4ma) — g + 0 (1)

8ma

as 1 goes to infinity. This concludes the proof of the proposition.
O

This concludes the study of the integrals R,, 1, as v goes to infinity. We now move on to investigating
the behavior of Ry j as a goes to infinity. This will be done by taking advantage of the fact that
the log-derivative of the modified Bessel function has an explicit expression in this case.

Proposition 4.7.6. For every integer k, we have

. —s+1
snirs) 1 Lo <|k|26 - i) E1 (2C, ka) €29+ if k#0

R07k (S) = ,
Sinsrm) 3T (%)_SH Ei (2wa)e* if k=0andw#0

where Ey denotes the exponential integral, for which the reader is referred to [75, Chap. 6]. The
derivative at 0 of (the continuation of) function

s — > Roi(s)
|k|>1 ’

then satisfies



as a goes to infinity. Furthermore, assuming w does not vanish, we have

%IS:O R070 (S) = 0(1)

as a goes to infinity.

Proof. This result can be obtained by using the asymptotic expansion of the exponential integral,
which the reader may find in [75, Sec. 6.12.2].
O

Remark 4.7.7. It should be noted that this sort of asymptotic evaluation would be significantly
more difficult to obtain should we have not assumed p to be zero.

4.7.2 Study of the integrals Mmk (s)

We can now move on to the core of this section, which is the study of the terms associated to

sin(ms +oo —s .
& [ i (P = (5 0) 7 Glog Ky (Cupa) At ik #0
My (s) =

sin(ms) f ( (l +M)>_5Q10gKt(wa) dt ifk=0
2/ +n 4 o and w # 0

Proposition 4.7.8. For any u, w as before, any integer k, and any real number t, we have

¢ 1 t
ot log K (Cu ka) B\ Cona) T2 2y (0 a)

(0 (- (5) 4 (& 7 ().

This computation also holds for k =0, assuming w s non-zero.

Proof. Let p > 0 and w be real numbers, with w € [0,2n[, and k be an integer. Recalling the
asymptotic expansion of modified Bessel functions of the second kind, we have

log K; (C,xa) = %log (g) + t Argsh (ﬁ) —4/t2 + (C,, ka) log (t2 + (Cw,ka)Q)

~1/2 ~3/2
—& (14 F (Cona)?) T+ (14 & (Cune)?)

- C.
+t%P2 (tv ika)

for any real number ¢t. After differentiating, we get

1

2 log K; (Cupa) = Argbh o ka W/ M’c“
wka

1 1 9 1/2
~3 Ere T 8% <t (1+t2(0wka)> )

—-3/2
2 ~ C, ka
vhid (3 (v o)) 1 2 (8 (1 52).

This yields the proposition.
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We will treat every term appearing in proposition 4.7.8, taking care of the p-asymptotic expansion,
and of the a-asymptotic expansion for ; = 0 simultaneously, as computations are the same.

First part. We begin with the term that involves the remainder ps.

Proposition 4.7.9. The function

. +00 —s
s —y Sn(ms) 3 / <t2<1+u)> 0 <12 ﬁz(t O“’*“)) dt
™ 2lk|s\/THn 4 ot t

|k[>1

is well-defined and holomorphic on the half-plane Re s > —i and its derivative at s = 0 satisfies

0 sin (7s) oo 9 1 o /1 Cy 10
_ _ | = I ) — 1
05 |s=0 77 Z /2|k'|5\/iTu (t i ot \ 2 b t at o(1)

k[>1

as | goes to infinity. Furthermore, the same derivative, this time for p = 0, has the following
asymptotic expansion, as a goes to infinity,

0 sin (7s) +oo , 1N o [1 _ Coa -
%\s:o T Z /Ik|5 <t T4 ot \ 2 p2 |t n dt = o(1).

|k[>1

Proof. We will begin by performing an integration by parts. We have
+oo 2 1 s 9 (1 ~ Cu.ka
o yis = GHm) 5 (7 P2 (t’ ] )) d
+oo
= 2 — (1 1 (t Cw~ka)]
(= Grm) " (6 2)], e
+o0 1 s—1 1 ~ Co,
+2s f2\k\5,/%+u t(tZ - (Z +'“)) 2z P2 (t tka> de

—s—1 26 s ~ 5 oy
e ) (1) e (2 e )
78711

+2s f;\f:\i\/ﬁ t(t? = (3+n) & 2 (t, G ’““) dt

for s of real part large enough. We note that, the first term above has actually already been
dealt with in proposition 4.6.19, in which a bound was proved on po, thus yielding the asymptotic
behaviors required. To take care of the second term, we will work in a similar fashion. For any
integer k € Z and any real number

t e [2|k|6\/i+u,+oo[,

we have

1)n,+1

B (n%e) = x UL o (6 @rk+w)a) - o (r (} 2nk 4 w)a))]”

)
—|—%u1( (% 2k + w) a)}

-~

= Y CU L by (1, (2nk 4 w)a) — tur (r (L @nk+w)a))]”
+t% P2 (t’ % (27Tk + W) a) )
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where the terms py and u; are the ones used by Olver in [74]. We now have

1
12

. 1 _ C < C
1+w - t2+(27rk+w)2a2 N 2t 2rk+wla o
t

Q

P2 (t, (27rk;#w)a)‘ <

where C' > 0 is a strictly positive constant. We should note that this estimate on ps can be
obtained in more details as in proposition 4.6.19. Furthermore, we have

3
% ’u1 (7' (% 27k + w) a))‘ < ﬁ (37’ (Lﬂkjwm) + 57 (4(27”’14-@) )

1. 1

NG v 2rk+w|a’

‘ -

< 1. 1

R <
X 3t /1+(‘27rlc-¢f-§))2a2 =03

This allows us to give explicit bounds for p;. We have

S

n
1|~ (; Cona)| « __c IR SIS SR S
= |P2 (t, 7 ) X 2 27ktwla + n§2 |:2t27rk:+w|a + 3vV2 WVt |27rk+w|a:|
=
2
< c L 1 c 1
N 2t2rktwla + ; t7/2  (|12rk4w|a)™/? 2tvEy/[2rk+wla + 3v2
n>2
<z for |k| large enough
C 1 1
S wErktela T arh ol 22 2n
nz
’
<

2t|2mk+w|a

where C’ is a strictly positive real constant. It is worth noting that the fact that this bound is
only valid for |k| large enough is of no consequence, as we have the required asymptotics for any
of the individual terms appearing in the series. Thus, for |k| large enough and any ¢ in the interval
mentioned above, we have

o N o —Res—1 ’
(=G ()] < -G T i

,3/4 /
< (P-(3+w) s

the last inequality being valid for k large enough in absolute value, proving that the function

s e P Gm) T A (5 %) ar

is holomorphic on the half-plane Res > —1/4, at least whenever |k| is large enough, while the
remaining terms can be deal with in a similar fashion. We then have, still for £ far enough from 0,

—s—1 ~ o k@
[ e 0= i)™ & (%)

< c’ f+00 dt
= 2a27k+w]| 2|k|‘5\/1/4+ﬂ (2—(1/4+p))37%
1/4
_c 2 (42 _ (1 1/4 oo +o0 1 2 1
S ( [0 = CGorn) me“fzwm 2 (t (4 te)) o dt
<t1/2
C// 1 71/4 1
< m'(ﬁ#) TR

159



which means that this term, after summation over k, induces a holomorphic function around the
origin. The derivative of the function

sin(ms) +oo 2 (1 —s—1 1~ C, ra
s o 25T |k|z>:1 lek‘é ith t(t2— (5 +n) = P2 (t, : )dt

then vanishes, because of the presence of the factor ssin (7s). The proposition is thus proved.
O

Proposition 4.7.10. The function

sin (7s) /+°° 2 1 n o1 (t wa) it
s g AT S i e
L Weew 1 e\ \" 7
18 holomorphic on the half-plane Re s > —% and its derivative at s = 0 satisfies,

b [ [ (- o)) 5 2 ) o] - o

4

as @ goes to infinity. Furthermore, the same derivative, taken with p = 0, satisfies

b [T ) R G e ] - o

as a goes to infinity.

Proof. The proof can be conducted in a similar way as that of the last proposition, the argument
being simpler, since there are no series involved.
O

Second part. We now move on to the Argsh term.

Proposition 4.7.11. The function

. 400 —s
s s (ms) E / <t2 - (1+#>) Argsh( ! > dt
LR LV 4 Coo gt

which is well-defined and holomorphic on a half-plane of complexr numbers s with large enough real
part, has a holomorphic continuation to a neighborhood of 0, whose derivative there satisfies

B |25 8 0 (2 () dswi (o)

K[>1

_  _ 0 sin(7s) 1 1 —s+1 1 k|® VARTT
- %\s:0< T 45—1/2 (Z—i_'u’) \k|z>l |k|2%5—% ArgSh [2Tk+w|a

sin(ms —S 26 2
+%|3:o< Fa () \k\zl w%\/(‘lwrl)'k' +(2mktw) a2>

—tsplog p+ 5 [1+log (4ma) — +log 2] pu — 16Tr%‘uslog,u
_LQU*;“ + §ra T g l0g (47ma) — g5 10g2 — s +0(1)
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as v goes to infinity. Furthermore, the same derivative, this time taken for p =0, satisfies

1o} sin(7s) 400 1\—5 . W2 .
35 |5=0 - \k|2>:1 f|k\5 (tQ_Z) Argsh(—cwt,ka) dt] = —5-a—Za+o(l)

as a goes to infinity.

Remark 4.7.12. It should be noted that two derivatives were left uncomputed in the proposition
above. The first aims to cancel the one from proposition 4.6.23, while the second one cancels the
derivative from proposition 4.6.21. Since the study of both asymptotic behaviors call for the same
computations, they will be done simultaneously.

Proof of proposition 4.7.11. We begin by using the binomial formula, which holds on the interval
of integration. We have
t
o) at

(s); j
= Z j ( +,U/)] Z f2\k\ \/T t2<+27 ArgSh(‘Qﬂk+w|a) dt

Jj=20 |k|>1

S ey = (54 m) 7" Argsh

|k[>1

as the interchanging of sums and integrals is also permitted. We will now compute the integrals
above using hypergeometric functions, as well as an integration by parts. We have

+oo
J‘Q‘kl /1+ t25+27 ArgSh (\27rk+w|a> dt

—+o0
1 1 t
|:_ 557251 C2st2i—1 ArgSh (|27rk+w\a)j|2‘k‘5\/m
4

1/2
1 +oo t?
+23+2j—1 |27rk+w|a fz‘k| Vitu t25+27 1 (1 + (27rk+w)2a2) d

Cs—j41/2 2|k|%\/1/4+

1 ) 1 (
25+2j—1  228%25-1

2rk+w|a
~1/2

(27rk+ )2a?
+2S+2] 1 f |k7‘ /1+ t2<+2] . (1 —|— —_— w ) dt-

After summation over k and j, we get

S (- () Areh () a

|k[=1

_ (1 —s+1/2 (8); 1 1 1 2[k|°\/1/4+p
= (Z"’“) > G0 2st2;—1  2Es T 1 > [k 25 =5 Argsh 2rktwla

i>0 KI>1

(s); 1 1 j oo ok to)?a? _1/2
tE e ) kz>:1 f%é Vit P (1+(W t;)a> de

1/2
+ Z f M t2q+2j (1+ (2mh— w)z 2) dt‘| .

We will begin by studying the function associated to the first term, that is

sin(mws) (1 —s+1/2 (s); 1 1 1 2|k|é\/ 1/4+p
§ — — (1 +N) > ST 2ey2 =1 | oTAmT > WP GFI=3 Argsh Rrktwla .
§=0 |k[>1
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As we did in the proof of proposition 4.6.23, for any integer j > 0, we split the sum over k into
the following two parts

2|k|°\/1/44p
dp+1 5 WArgsh <|27T\k/;)

[k|>1
2k%\/1/4+p 2k%\/1/4+
= Vip+1 kz>:1 7;625(513')—5 Argsh ( (27rk+w)al ) + g;l k%(si—j),s Argsh ( (27rk—w)au) ]

and we note that the first of these two sums can be written as

289\ /1/4+
In+1 kg = Argsh <W>
>1

. A4p+1 . 4p+1 1 1
= Lo C@(s+j-1)+1) - L5 k; R E TR R pacm
1 F
=
LN rass

I
1 Srktw)a z kS /Ap+1
_,/4//5 + 1 kz>:1 k26(s+35)—8 fO (1+$2)3/2 ((27rk+w)a — x| dux.
=

We then realize that, after multiplication by the appropriate factor, the sum over j > 2 induces a
holomorphic function around 0, whose derivative at this point vanishes because of the Pochhammer
symbol. The term corresponding to j = 1 also induces a holomorphic function around the origin,
and its derivative there is given by the term above involving the Riemann zeta function, which is

9 sin(ws) (1 -s .. _1 1 CAptl . A4p4l 1 1 1
s |s=0 |: T (4 + /J/) s 2s+1 22s+2 2ma C(Q(SS + 1) - 8ra 28 —  dmasM + 16mad

This derivative has been written that way so as to facilitate its consideration in the p-asymptotic
expansion. After having taken pu = 0, the same derivative vanishes as a goes to infinity, which
yields its contribution to the a-asymptotic expansion. The term associated to 7 = 0, i.e.

sin(7ms —s+1/2 21k|%+/1/4
sn(s) (L)L e S o=y Argsh </+M>

s 25—1 2251 S [27k+wl|a
=

induces a holomorphic function around 0. A computation of its derivative there is not necessary
for the asymptotic study as p goes to infinity, as indicated in the statement of this proposition.
However, it has to be done for the study as a goes to infinity, for which we take u to be zero.
Fortunately, the computation that was done above will yield the result quite directly. We have

1 K° _ 1 1 1 1
kz>:1 k205—38 Argsh ((Qﬂk+w)a> - mc (25 (S - 1) + 1) ~ 27a % kz>:1 k28(Gs—D+2 R

)

X

- 1 @rktw)a T k _
k2>:1 52050 fo (1+2)3/2 ((27‘rk‘+w)a :C) dz.
>

We note that the second sum over k can be dealt with by formally switching the sign of w, yielding

[k[=1

o sin(ms) (1 —s+1/2 1 1 Q‘k‘s\/1/4+ﬂ _
as|s=ol (1t m) 51 T D e Arg8h< 2rktwla = o(l)

as a goes to infinity. To sum up what we have proved so far, the function

sin(ms) (1 —s+1/2 (8); 1 1 1 Q‘k‘(;\/ 1/44p
S ? E (Z + /1’) Z T 2s+2j—1 " 2%5F21 Z [k[25GFD =38 ArgSh 2rk+w|a
§>0 |k[>1
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has a holomorphic continuation to a neighborhood of 0, its derivative there is given by

1 1
+ 27ra6'u + 8mad

sin(ms —s+1/2 2|k|%+/1/4+
_a () (14 p1) / i Y |k|2‘%5*5 Argsh( L m>

9s|s=0 I 2mk+w|a
K[>1

and vanishes as a goes to infinity, when p equals zero. We move on to the next term, given by

sin(ms (s); 27rk —1/2
s o Ly T mrT T n)’ Z S VIth t2<+2ﬂ< 14 Gl ) dt .

320

We will first prove that the sum over j > 2 plays no role in what we aim to prove. For any such
integer 7, any strictly positive integer k, and any ¢ in the interval of integration, we have

1 1 1 1 J+3/2 1 1
’t2s+2j‘ < $27—3 " {2Res+3 < (Z + ) T (8(25—3) " t2Res+3
which then yields

—1/2

2 k+ 2q2 —j+3/2
t2s+21 (1 + e W) ) < (@p+D™ 2. k5(21j*3) ) (27rk’]—-&-w)a ' t2R815+2 :

This proves that, for any integer j > 2, the function

—1/2
+o00 1 (27rk+o.))2a2
S — okS T-‘rﬂ 12s+27 (1 + 12 dt

is holomorphic on a neighborhood of 0. For these integers, we further have

—1/2

+o00 27’rk+ )
ka‘s\/iT t2s+2] (1 + ( w) a ) dt‘

—2Res—1
—j+3/2
< (4M+ 1) i+3/ : kd‘(?ﬁ'—S) ' (27rk1+w)a : 1+21Rcs (2k5 \/ % +:u‘) .

This proves that the following function is holomorphic on a neighborhood of the origin

in(rs) = () 1 (1, .\ +00 (2mhkt+w)*a o
s sm?:rs D jlj'm(Z_FM) ké:l f2k5 Vita t25+2] <1+ ™ ) dt.

Its derivative there vanishes because of the Pochhammer symbol. Only the terms corresponding
to j € {0,1} remain. Let us compute the integrals above in the sum over k, using hypergeometric
functions and a change of variables © = (27k + w)2 a?t—2. For any integer k > 1, we have

1/2

2nk4w)?a?)
e b (1 22) ™

_ 1((27rk+w)a)72572j+1 [F(s+j—1/2)l“(—s—j+1)+ 1 (@rk+w)a)> 272
2

r'(1/2) sHj—1  (4p+1)5TI—TE280G+i-1)
~F<%,fsfj+1,fsfj+2,f%)}
= L e e )T e P (L s = 1 s 2, )
+5 (e Rl 5+ = 1/2)T (s —j +1).
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Having this formula, we can now take care of both integers j that have yet to be studied.

e We begin by dealing with the case j = 1. We consider

in(rs) 1 1 1 1 -s 1 1 (4pt+1)k>
s (zﬂ‘)k; [i'm'g(‘lﬂJrl) 'WF(?_&_SJFL_m)

+%-W~ﬁf(s+l/2)l“(—s)} .

We first consider the second term of the above, given by

) o (5 +m) syl (s+1/2)T (=5 )kgl G

which is close to the Hurwitz zeta function (. Namely, we have

Singrﬂ)zsﬂ( + 1) 5 gL (s+1/2) T (=s )k§1W

sin(7s) 2g+1 ( + N) o F'(s+1/2)T(—s) (27Ta)725*1 Cu (25 + 1,1+ %) .

s

Using the fact that (g has a meromorphic continuation to C, whose only pole is at 1 and is simple,
we see that the above induces a holomorphic function around s = 0. We will compute its derivative
at the origin using Laurent expansions, as well as the previously used notation O (sk), which stands
for a holomorphic function around 0 which has a zero of order at least k there. We have

) st (34 ) $EEELED (—5) (2ma) T G (254 1,14 £2)

1
8ma

14+0)s*(1+0(s?) (1-2s+0(s%) (1 —2log (2ma) s + O (s?))

(
(2 =2 1+ £2)+0(s) (1—(2log2+7)s+0(s%)) (2 +v+0(s))
(
(

__1
8ma

1+1) (14+0(s?) (1-254+0(s?)) (1 —2log (2ma) s + O (s?))
1=2¢ (1+£2)s+0(s?)) (1 —(2log2+7)s+ O (s?)) (1 +v5+ 0 (s?)),

where 1) denotes the so-called digamma function, that is the log-derivative of the Gamma function.
This means that we have

in(7re s 1/2 —2s—1 w
2o |2 s (4 + 1) 3FHAT (=) (2ma) P G (254 1,1+ 42)]

= —g= (3+n) (—2—2log (2ma) — 2¢ (1 + £) — 2log2 — 7 + 7))
= &= (3 +p) (1+1og(4ma) + (1+£))

= (141log(4ma) + ¢ (1+ £)) p+ 1o (14 log (dma) + ¢ (1+ £2)) .

47ra

We have elected to write this last line above to clearly see the contribution of this derivative to
the p-asymptotic expansion. Furthermore, this derivative vanishes as a goes to infinity, for 4 = 0.
This yields the full asymptotic study for this term. We now move on to the first term of the
decomposition used to study the case j = 1. We thus consider

sin(7s) é 1 —s+1 1 1 1 (4 +1)k25
T 25+1 8a (4[& + 1) k:z>:1 2rk+w }s/ : szF (5’ =8, —s+ 1’ - (27rl;c+w)2a2) .
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For any integer k£ > 1, we have
1 (4p+1)k*
F (5’—87—8+ 1v—m>

_ (4pt+1)k* \* 1 (4p+1)k?
= (1 + (27rk+w)2a2> F (‘5 + g8 s+ 1, (4/L+1)k25+(27rk+w)2a2> :

It is worth noting that the point of using the last formula was to get a hypergeometric function
whose last parameter lies in the interval [0, 1[. The aim will now be to break down this hypergeo-
metric function, in order to make factors s appear as much as possible, which will tend to simplify
the computation of derivatives at 0. We begin by removing part of the hypergeometric function,
which involves the use of generalized hypergeometric functions, defined in [75, Sec 16.2],

Ia (%,fsvfer L,M)

(2mk+w)Za?
_ (1+ (4p+1)k2% )5[ _ s(s—1/2) (4pt1)k?°
(27k+w)?a2 s—1 (4p+1)k2 +(27k+w)2a?
3 ) ) (Ap+1)k*
F (—s 3 st 118 +2,2 (4M+1)k25+(2ﬂk+w)2a2)} .

Using difference quotients, it can be seen that the generalized hypergeometric function above is
bounded, uniformly in every parameter for s in a neighborhood of 0, since we have

Re(—s+1—-(-s)—%) = 1 > 0.

After multiplication by the appropriate factor and summation over k, the term involving this
generalized hypergeometric function induces a holomorphic function around 0, whose derivative
there vanishes because of the factor s. Hence, we only have to deal with the term associated to

sin(ws) 1 1 —s+1 1 1 (4u+1)k25 s
5T ss (An+ 1) kz>:1 SrhTw | R (1 + m) :
We can further simplify this term, by writting

(4p+1)k28

25 \ 8 s _
(14 Ss)” = s P @

The term involving the integral remainder above behaves nicely, as we have

(4p+1)k20

< f0(27rk+w)2a2 (1+t)Resfl at < (4p+1)k2°

Thtw)2a2 s—1
[ (141) dt ko)’

‘ (4ut1)k28

for instance on the strip —1/2 < Res < 1/2. Thus, the term

(rs) (4p+1)k20
sin(ms) s 1 —s+1 11 [CrktwZad s—1
m  2s+1 8a (4p+1) kz>:1 Irktw = k20s fo (1+1) dt

induces a holomorphic function around 0, whose derivative there vanishes, because of the factor s.
Thus, what remains to study is

sin(mws) 1 1 —s+1 1 1
7w 2s+1 8a (4p+1) k2>:1 rktw | K205 .
=
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This term, which is in some sense is related to both the Riemann zeta function and the Hurwith
zeta function, can be further broken apart by writting

1 1 _ 1 1 1 _ 1 w 1 1
Em'kzas = EZW@ = g((268+1)—ﬂzm~@
k>1 k>1 2m k>1 2m

The term associated to the series above is then given by

sin(ms) —s+1 1 1
I e Ut D) Y e e
k>1

27k )

induces a holomorphic function around s = 0, and its derivative there is

k>1

&) sin(ms) s+1 1 1 _ 1 1 1
Bsomo |~ mertse e (At )T Y e '1+2ka] = gt X e
To complete this step, we therefore only need to evaluate the series above, which we can do using
the fact that it ressembles both the Hurwitz and the Riemann zeta functions. We will use the
notation F'p, which stands for the “finite part” of a meromorphic function at a point, i.e. the
constant term in the Laurent expansion there. We have

27 k§1 k2 1+m k:é:l (k+ﬂ k) Ps=0 [kgl (k“l’ﬁ)\-#l Ts+1
= FpeoCn(1+s1+2)—C(1+s)] = —v—9(1+2).

Therefore, we have

9 _sin(ms) 1 1w s+1 .
9s|s=0 m  2s+1 8a 472 (4,LL + 1) Z k26s+2 1+2 ‘|

=~ GHn) 0+ (+5) = —ma OHe ) e wm 0+ (L4 55)

This provides the contribution of this term to the p-asymptotic expansion. We also note that this
derivative vanishes as a goes to infinity (when u equals zero), which yields the required asymptotic
expansion related to a. The last term related to the case j = 1 we must study is given by

i) T Teer (Ap+ 1) (205 4+ 1)

which induces a holomorphic around 0, whose derivative there can be computed using Laurent
expansions. We have

a1 (4 1) ¢ (285 1)

= T (11 0) (s+0(s7)) (1-210g(2)s + 0 (s%)) (1 =25+ O (s))
(1=log (3 +4) s+ 0 (%) (555 +7+0()

= a1+ 0) (1+0(s7) (1-2log(2) s+ 0 (7)) (1 - 25+ 0 (%))
(L —log (§ + 1) s+ 0 (s?)) (35 75+ 0 (s7)).
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The derivative of this term at s = 0 is thus given by

sin(m —s+1
%Is:o o) 2S{H 161M (4p+1) ¢ (268 + 1)}

s

= i (3 4+p) (—2log2—2—log (L +p) +299).

Before proceeding to the asymptotic study in u, we note that the derivative above vanishes as a
goes to infinity. Finding the contribution to the p-asymptotic expansion is then simply a matter
of performing a Taylor expansion in 1/u. We have

%u:o [Singrm) 5591 Toaw (1 + )77 ¢ (265 + 1>]
= fﬁulogquﬁ(wsflflog?)uf SQTlrﬁlogu
o (70— 1 —10g2) — 55—+ 0(1)
= fwlaéulogqu ﬁ(’ycsflflog?)uf ﬁlogu
Fro=Y — 3 — Tees 10g2+0(1).
This concludes the study of the case j = 1.

e We now turn to the last remaining case, which is j = 0. We consider

sin(ws) 1 1 1 1 —s+1 1 1 (4u+1)k*
qlnﬂ' - 2s5—1 k:2>:1 |:§ ’ (2‘n'k:+w)a T s—1 (4/’(’ + 1) ° ) 28(s—1) F (ia -5+ 17 —s+ 2) - (27:k+w)2a2)

=

+%Wﬁr(571/2)r(75+1):|

Once again, we begin by taking care of the second term above, namely

sin(ws) I'(s—1/2)
T 7T (=s+1) X W .

k>1

This term induces a holomorphic function around 0, since we have

%sin(ﬂ's) 25171 F(s\_/;/Q)I‘ (—8 + 1) Z

1
251
T =1 ((2mk+w)a)

= 5 (ma) Pt i) A DO (s 1) Gy (25— 1,1+ 42)

T 2s5—1

and its derivative there can be computed as follows

sin(7s I'(s—1/2
Er )251—1 ( \/;/ T (=5 +1) k,z>:1

N[

9 D S
95 |s=0 (@mk+w)a)?* !

= -1 27ma-(-2)¢u (-1,1+ )

—ma (145 = (14 52) +

— _w 1 _
= =0 — Zzwa— ga.

It is worth noting that since this computation is exact, and not asymptotic in either p or a, the
associated contribution to either expansion is the same. We then move on to the first term of the
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above, given by

1 sin(ws 1 1 —s+1 4p+1)k>°
2a ‘(n' ) 2s—1)(s-1) kgl Inktw (4p+1) k25(s ord ( —s+1,—s+2 *(éﬁcw))?ﬁ) .

Unlike what happened in the previous case, there is no s alone in the parameters of the hypergeo-
metric function above that would help us to compute the derivative at 0. To remedy that problem,
we will use one of the formulae related to “contiguous functions”, for which the reader is referred
to [75, Sec. 15.5.ii], which here yields

1 Apt 1)k 1 Ap+1)k?
_ (s+ (s—13)- W) F (5,—s+ 1,—s+27—(;ﬂ’2+3)2a2)

Apt1)k20 dut 1)k
(s = 1) (14 SEEDL ) F (=5 41,5, s+ 1, - (ot )

(Ap+1)k? _
+F( 8,2,—S+2—m) = O

We note that the first hypergeometric function above is the one we wish to study, the second one
can be computed precisely since its first and third argument are identical, and the third one has
its argument equal to —s, which means that its derivative at 0 can be computed by successively
breaking it down, as we did for the case j = 1. First of all, we note that we have

1 (4u+1)k* (4u+1)k25
27 (27rk+w)2a2F ( —s+1,-s+2,— (2nk+w)Za?

26 26 26
- s(l—l—%)F(%,—s—&-l,—s-ﬁ-Z—%)—F( 5,1, s+2—%)

7(571) m\/(4ﬂ+1)k25+(2ﬂ'k+w>2a2

The point of this manipulation was to make factors s appear as much as possible. It should be
noted that the hypergeometric function that appears on the left-hand side is also present on the
right-hand side, with a crucial difference, as it has a factor s in front of it. Therefore, we consider

sin(7 —s+1 Apt1)k0
ﬁgmi >) (A4p+1)~° (2571%(571) k2>:1 27rkl+w : k25<15*1> F (%, —s5+1,—s+2, —‘(éﬂ%_ﬂj)zag)

__ sin(ws) —s a omktw 1 (4pt+1)E* 1 (4p+1)k>
= =~ @p+1) (2s—1)(s—1) g:l kzét '5(275@%)%21:(5’75+1’75+2’7(2ﬂi+w)2a2

_ sin(ws) a(4 +1) s 2rk+w (4 -‘rl)k% 1 (4 +1)k:25
- ™ (2s Ml Z k2%s |: § (1 + (27rP]L<:+w)2a2) F (57 —s+1l,—s+2,— (27r‘;c+w)2a2

Ap+1)k2° s— 2
—F ( 83 =8+ 2~ (;71'[;{:-4,3)2@2> - (27rk+1w)a \/(4M + 1) k* + 27k + w)” a? ]

_ sin(ws) as(4p+1)~° 2mk+w (4p+1)k* 1 (4p+1)k>
- (2s— li)(s 1) Z k20 ( + (27ryllc+w)2a2) F (5’ —s+ 1, —s+2,— (27‘::6+u))2a2

™

sin(ms Thktw k20
- ST ) (4M+ 1) (28—1)(5—1)0' kz>:1 2]@]26;; F( %7_5 + 2a _(éiiig)2a2>

) (4 )7y X e (e 1R 2k )2
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We will begin by studying the third term of the above, given by

—EE ) 5 T e @+ 1)k 1 2k +w) a2

Using a Taylor expansion, as in the proof of proposition 4.6.21, we see that the function

s — > k26b\/(4ﬂ+1)k2‘5+(27rk+w)
E>1

has a holomorphic continuation to a neighborhood of 0, whose derivative at this point is given by

Fl

|s=0 [ Sm(m) (4p+1)7° Tl,l D \/(4u + 1) k20 + (2mk + w)2 aQ]

sin(7s 2
= %B:o [ ) (4p+1)"° kgl ﬁ\/(ﬁluﬁ- 1) k20 + 27k + w) a21 )

As indicated in the statement of this proposition, this derivative is not to be evaluated as p goes
to infinity. However, it must be studied, for u = 0, as a goes to infinity. We have

Os ™ 2s—1

o B sin(ws) o1
s |s:0

)? azl = —Za—twa+o(l)

as a goes to infinity. We can then move on to the next term, given by

sm(ﬂ's) s < 2rk+w (4M+1)k 2 1 (4N+1)k25
(dp+1)" m = k295 (1+ (2mk+w)?a? )F(§7_8+1’_s+27_m )

We will first need to work on the hypergeometric function. We have

1 (4pt+1)k?®
F (3 s+ 1 -5+ 2~ (550

_ @ptDR? \TV2 (4p+1)k2
_ (1+(2ﬁk+w)aa2) F (31,542 popatl ).

The term we wish to study therefore becomes

%ﬂm) (4p+1)"° m k2>:1 {kzob \/(4M + 1) k% + (2nk +w)’a

1 (4p+1)k%°
F (5’ L—=s+2, (4;¢+1)k25+(2ﬂ'k+w)2a2>] :

The hypergeometric function we get in this last expression has something which is particularly
nicer than the one that was originally to be considered: its second argument is 1. This allows us
to expand the hypergeometric function as follows

1 (4p+1)k>°
F (271’_ +2, (4,u+1)k25+(27rk+w)2a2>
- 1-_1__. (4pt1)k*
- 2(s—2) (4p,+1)k2‘5+(27rk+w)2a2
3 1 (4p+1)k?* 2 5 (4p+1)k*
T 69 ((4u+1)k2“+(2ﬂk+w)2a2> F (5’ L=s+4 gt orora ) -
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For s in a neighborhood of 0, we have the inequality

Re(-s+4-1-3) = Re(-s+3%) > 0

meaning we can bound the last hypergeometric function above, uniformly in every parameter.
Thus, the function

s b W))W {k21«5s\/(4l‘+1)k26+(27rk+w)2a2

K>1
3 1 (4p+1)k>° 2 5 (4p+1)k?
27 (5—=2)(s—3) ((4p+1)k25+(27\'k+w)2a2) F 27 L—=s+4, (4p+1)k25 +(2mk+w)?a?

is holomorphic in a neighborhood of 0, and its derivative there vanishes, due to the presence of the
factor s. Thus, we only need to deal with

) (4 + 1) oy o {,;65\/(4;; +1) k2 + 27k + w)® a2

k>1

(11 . (4pu+1)k2°
2(s—2) (4p+1)k20+(2mk+w)3a :
The first step towards that is to study the second term of the above, namely

1

__sin(ms) —s+1 s 1 .
(4p+1) 2(2s—1)(s—1)(s=2) k§1 K20 St 1) k20 + 2kt w)?a?

s

For every integer k > 1, we have

1 1 1 1
: = T _
V(@u+ 1)k +(2mk+w)?a? Crktwla T S )k20+ 2rktw)Za2  (2Tktw)a
1 _ 1 . 1 . (4pt1D)k>°
@Grktw)a  Sapt 1)k +(2nktw)?a? TR (onktw)aty/(Ap+1) k20 +(2nk+w)?a2

This proves that the following function is holomorphic around 0

_sin(ms)  s(4pt1) "ot 1 1 _ 1
s T 2(2s—1)(s—1)(s-2) kgl k20(s=1) <\/(4,u+1)k25+(27rk+w)2a2 (2ﬂk+w)a> ’
and its derivative there vanishes, because of the factor s. Thus, we look at

__sin(ms)

—s+1 s 1 1
= (4p+1) 325 1)(s—1)(s—2) k2>:1 KBGD | (@rktw)a’

and we can further write

11 1, ) = o 1w ]
2rk+w)a T 2rak 1452 - 2mak 2mak \ 1+ 5% - 2mwak 2rak 27k 14+ w
27k

——

<1

Thus the function

in(7s) —s+1 1 1 1
s o =SS (dpt+1) 2(25—1)(55—1)(5—2) k2>:1 k25G-1  2mak (1+ﬁ - 1)

170



is holomorphic around the origin, whose derivative there vanishes because of the factor s. We are
then led to study the term

sin(ms) —s+1 s 1 1
—— [p+1) 2(2s—1)(s—1)(s—2) k2>:1 k20G=1) " 2mak

sin(7s) —s+1 s
—— (dp+1) Sy el (120 (s = 1)),

which has a holomorphic continuation to a neighborhood of 0, whose derivative at this point
vanishes. Therefore, we are left with studying

sin(ms —s s 2
) (4 + 1) m—io=p k; ﬁ\/(w +1) k2 + (27k + w)® a2

Using the same computations as those performed in the proof of proposition 4.6.21, we see that the
above function has a holomorphic continuation to a neighborhood of 0, and unlike what happened
in the referenced proposition, the term we are dealing with here has a vanishing derivative at 0,
due to the presence of an extra factor s. The last term we need to take care of is

sin(ms —s ThTw bt I
2 (4 1) e 5 OERE (s d s+ 2 ).

The first step in the study of this term is to slightly modify the hypergeometric function so that
its last argument becomes trapped between 0 and 1. For every integer k£ > 1, we have

1 (4pu+1)k2°
F (—s, los+2, —7(%“@2&2)

_ (4p+1)k* \* 3 (4p+1)k?
= (1 + (27rk+w)2a2) F (_3’ —s+ 5, =5 +2 (4/L+1)k25+(27rk+w)2a2) J

and we can expand this last hypergeometric function, by writting

3 (4p+1)k%°
F (—3, —S + bR —s+ 23 (4;L+1)k2’5+(27rk+w)2a2)
- 1_ s(s=3/2) (4p+1)k2°
- s—2 (4p+1)k25 +(27k+w)Za?
(s=3/2)(s=5/2)(s—1) (4t 1)k 2
25— 5= ((4;¢+1)k25+(2ﬂk+w)2a2>
7 ) ) (4p+1)k*
-F (—S +3,—s+2,1;-s5+4,3; (4u+1)k25+(27rk+w)2a2) )

where a generalized hypergeometric function, as defined in [75, Sec. 16.2], appears. Since we have

Re(fs+4+37(75+%fs+2+1)) = Reer% > 0

for s around 0, the generalized hypergeometric function above can be bounded uniformly in every
parameter, which means that the function

in(ms) —s 2 (s=3/2)(s=5/2)(s—1)
s y =S ()T e 0 e ens)
2kt (4ut1)k? \* (4p+1)k? 2
k2>:1 |: k20s (1+ (27rk+w)2a2) ((4p+1)k25+(27rk+w)2a2>
7 ) ) (Ap+1)k>°
I (_5 Ty st 2 L-s+4.3 (4p+1)k25+(2wk+w)2a2)}
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is holomorphic on a neighborhood of 0, and its derivative there vanishes, because of the presence
of a factor s. We will now take care of the term

sin(ms) —s s(s—3/2) Irhtw (4p+1)k25 \* (4p+1)k25
- Wt ) gy ¢ Z W ( t Grkt)? a) " DR rh o) e

To do that, we will successively break apart the last two factors that appear in the series above.
For every integer k > 1, we have

(4p+1)k2° __(Ap+1)E* 1
(4p+1)k25+(2mk+w)?a2  —  (2mk4w)?a? 1+ (4p+1)k2%
(2mk+w)2a2
(DR (Apa1)’RY 1
(2mk+w)?a? (2mk+w)tat 1+ (4p+1)k28
(27k+w)3a2
<1

This proves that the function

sin(ms) s(s—3/2)(4u+1)"5+! 1 1 (4p+1D)E* \* 1
5 s a(2s—1)(s—1)(s—2) k:z>:1 k26(s—1) 2mk+w (1 + (2mk+w)?a? 1+ (ap+1)k25_ 1

(2rk+w)2a?

is holomorphic on a neighborhood of 0, and its derivative at 0 vanishes. We are left with studying

%ln(ﬂ'S) s+1 s(s—3/2) 1 (4pu+1)k?° 5
A+ e ey . Z T Tk (1+(27:k+w)2a2) :

and we start by breaking down the complex power above. For every integer k > 1, we have

(4p+1)k> \° %% s—1
(1 + 7(2wk+w)2a2> = 1+s [y (14" dt >

and the integral remainder satisfies

(4H+1)k‘;52 . 25
fo(zwk+w) a (1 +t)5— dt < (4p+1)k

(2mk4w)%a2

for s in a neighborhood of 0. This means that the function

(4p+1)k28

sin (s —s+1 s°(s (@rk+w)Za? s—1
s 7§r )(4,u+1) o (25— 1)((5 31/)2(1 2)a Z kzm EBG-1) gﬂk_m f0(2 prene (141t dt

is holomorphic around 0, and its derivative at 0 vanishes. Hence we are led to study

in(ms) —s+1 (s—3/2) 1 1
S Wt )T G e X e Tk

The point is now to link this term to one involving the Riemann zeta function, much in the spirit
of what we have prevously done. For every integer k > 1, we have

1 1 1

1 1 . _1 + 1L (1 1 - 1w 1
2rk4+w T 27k 1452 - 27k 2k \ 14+52¢ 27k 4722 1+ 52

=
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The following function is therefore holomorphic around 0

sm(7rs) s+1 s(s—3/2) 1
5 = (Ap+1)" 2s—1)(s—1)(s—2) 27ra Z k1+2‘5(5 Y (1+ﬁ *1) ,
and its derivative there vanishes. The term we need to study, which is
sin(7ws s+1 s(s—3/2
( ) (4p+1)" (25— 1()(5 {)()s 2) ra Z k1+26<s FA2G-)

= o) (g )T e (1426 (s - 1),

is holomorphic around 0, whose derivative there vanishes. Finally, we have to study

sin(7ms —s k4w 4pt+ 1)K \°
_# (4p’+ 1) (23—1%(8—1)(1 kz>:1 216]29;; (1 + ((Qﬂl;cj-tj)zaQ) :

Once again, we need to work on the complex power above. For any integer k > 1, we have

(4u+1)k25 s (4u+1)k2°
( + (27rk+w) a? ) = 1+ S(Zﬂk+w)2a2
At 2 [ (Aut1)k?
1 (2mk+w)2Za s—
+§S(S_1) fO (]._t) (m _t> dt
We now note that the integral remainder above satisfies
(4p+1)k28
f(Zﬂ'k+w)2a2 (1- t)572 (4p+1)E* £ de (4p+1)k2°
0 (27Tk+cu)2a2 ~ (27k+w)3a2?

for s close enough to 0. This proves that the function

(4p+1)K29

R o— 25
s s bm(ws) (p+1)"° 2o 27,;’55? (2rktw)Za2 (1—1) 2 <% —t) dt

is holomorphic around 0, and its derivative vanishes there. We move on to the next term, i.e.

sin(ms) —s+1 1 1 1
=== (4p+1) mg kglm'm.

Using the same computations as those previously done in this proof, this term is holomorphic
around 0, and its derivative at this point vanishes. The last term to be taken care of is therefore

*Slngrﬂs) (4p+1)7" (25—5(8—1)& Y B
k>1

= 2 (44 1) ey (20€ (265 — 1) + w( (265))-

Using the properties and special values of the Riemann zeta function, this last term induces a
holomorphic function around 0, and its derivative there is given by

Do | (4p 4+ 1) e ¥ B2 = —a(@r¢(=1) +w( (0))

= a(§+aw).
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To sum up what we have proved so far, the function

sin(ms (S)j 2rk+w)’a —1/2
S 75‘_ ) ;0 rink 723—&-51'—1 ( ) Z f 1+¢ t25+2] (1 + ( + )? ) de
j/

has a holomorphic continuation to a neighborhood of 0, and its derivative there is given by

I5) in(ms) (2rk+ )2 2\ —1/2
2o [s s Z ' 25+2j 1( ) Z fké /1Jr t2e+zj (1+ t2w a ) dt

in(7ms —s 2
= %\s:o ls '(n' Lap+1)7 Y o5 \/(4u+ 1) k20 + 27k 4+ w) a21

E>1
_873@5/‘10g“ + 471ra [ + log (4ma) — S — 5 log 2] M= 3271ra5 log p

—4aTt 1617ra 167ra log (4ma) — 167ra6 log2+40(1)

as 1 goes to infinity. Furthermore, the same derivative, taken at p = 0, satisfies

sin(7s (s); 2mk+w 242 71/2
2 [ (rs) S %A=t T S ey (14 Cmbet) T
j/

2

= —Y%a-Za—jwa+o(l)

as a goes to infinity. The same methods also prove that the function

1/2

™ J + 2rk—w)?a?
s sm( s) Z ! 25+2g I (i + /JJ) Z fzk(;o T, t2<+2, ( —+ 4( "-’) ) dt
7>0 E>1 Vit

has a holomorphic continuation to a neighborhood of 0, and its derivative there is given by, as

o sin(7s (3 2k — w 2q? —1/2
<’9s|s=0[ snr) S O (L) z Joo iy (14 Crietet) 2 g

7=0

= %\s:o lsmgrm) (Ap+1)7° 30 ﬁ\/(élu +1) k2 + 27k — w)? a21
k>1

—gasplogpu+ 7 [1 + log (4ma) — 5 — $10g2] pu — 55— log
% a+ Torg T Tomg 108 (47a) — 15 log 2+ 0 (1)

as u goes to infinity. Furthermore, the same derivative, taken at p = 0, satisfies

o sin(7s) (s); (27"k7 "J)Q 2 1/2
&5_0[ - ];O i .2s+2J 14J Z f t23+23 (1+ ) dt

= fﬂaf Ta+ twa+o(l)
as a goes to infinity. It is worth noting that one may get these asymptotics expansions simply by
changing the sign of w in the study that was detailed. Put together, these last two results, as well

as the computations made at the beginning of this proof, yield the full proposition.
O
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We now take care of the remaining term corresponding to k& = 0 assuming that w is not zero.

Proposition 4.7.13. The function

" +oo —s
s — O (ms) / <t2 — <1 -|-,U)> Argsh <t> dt
T o/IT4p 4 wa

4

which is well-defined and holomorphic on a half-plane of complexr numbers s with large enough real
part, has a holomorphic continuation to a neighborhood of 0, whose derivative there satisfies

o)

B [ [ (2 = ()T Avesh () ]
= —\/ﬁlog,u—2[210g2—10g(wa)]\/ﬁ+0(ﬁ)

as v goes to infinity. Furthermore, this derivative, taken for u = 0, satisfies, as a goes to infinity

%ls:o |:sin§:r8) f1+00 <t2 _ i) AI‘gSh( ) dt} = wa-+o (1) i

Third part. We now deal with the term involving a rational fraction in ¢ from proposition 4.7.8.

Proposition 4.7.14. The function

S —1 sin (7T5) /+ (t2 _ (1 + M)>_S ; dt
§ 2 )
2 ko1 Y2kl Frn 4 2+ (Cu,ka)

which is well-defined and holomorphic on a half-plane of complexr numbers s with large enough real
part, has a holomorphic continuation to a neighborhood of 0, whose derivative there satisfies

K3 1 sin(ms) +oo 2 (1 —s t
Bs |s=0 [ P |k%1 f2lk\‘5\/iTu (= G+u) " mresar dt]

= Fio (” i ((+n) " T 1og(<<2wk+w>a>2+<4u+1>|k|2‘5)),

kI>1

as p goes to infinity. Furthermore, this derivative, taken for p =0, satisfies, as a goes to infinity

9 1 bm(‘n’s) —s t
9s|s=0 [ : |k:%1 f' (#=3) 2+4(Cy pa)® dtl

= —lloga—3[logl'(1—£)+1logl (1+ )] +0(1).
Remark 4.7.15. The derivative above cancels a term that appeared in proposition 4.6.24.

Proof of proposition 4.7.14. Using the binomial formula, we have

> Lo sy = GHm) T e @

[k|>1
7 (), 1 dt
= L GG | D ey e mbere
>

1 dt
+kz>:1 f 1+H $2s¥2j—-1 ° 24+ (2nk—w)?a? }
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We will first study the term

sin(7s ( )
_% ’ (T) go j ( ) Z f M t2*+127 T° t2+(27r1§+w)2a2 d :
Jz

We begin by proving that the sum over 57 > 2 does not play any role. For any j > 2, we have

1 . dt < 1 (;+ )Q—j f+oo 1 . dt
ks /%'Hl 125+25—1 t2+(27rk+w)2a2 X 47-2§25G—2) \2 1% ks /%"FM {2Res+3 (27rk+w)2a2

1 (1 —J 1 1 1 1 1 Res—1
< o (Z +,U) T RBGD " 2(Restl)  (2nktw)Za? | AResTIR2(RestD) (1 +,U,)
Hence, we see that the function

_ 1 sin(ms) (s); 1 J +o0 1 . dt
s 2 T Z 7! (4 +M) Zl f2k5«/%+,u t2s+25—1 t2+(27rkr+w)2a2

j>2 k>

is holomorphic around 0, and its derivative there vanishes because of the Pochhammer symbol.
Thus, we only have to deal with the terms corresponding to j = 0 and 57 = 1. We have

eroo 1 . dt — f+oo L ) a4t
26/ Gtu BT B Orktw)Te? 2k0 /S PITRIE 1+(2"kt75)2‘12
(2rk+w)Za? ,
_ 1 1 TApt)k20 gstitl/2 dz
= 5(2wk+w)a-mﬁ) B e Vi3
= 1. 1 1 (2mk+w)a)2s+2i—2
T2 ((2nk4w)a)? T | s+j—1  4sti—1(1/44p)* T TE28(sHi-D)
. Cs— 4l —s— 42 — GurDE?
P‘(l, s—j+1—s—j 42—t
+(s+ ) (=s—j+1)]
- 1. _1 1 1 (lJr )7sfj+1'+
T2 s+j-1 (2mktw)?a?  45FICT \4 TG ED
Fi1 i+ 1 1o _ _(AptDk?
. ,—s—J)+1,—s—7+ S e sy e
_|_(71)j . 1 . us
2 ((2mk+w)a)?st27  sin(ms)

e We begin by dealing with the case j = 1. We consider

sin(ms —5 Ap+1)k2°
—5 - s (5 4 ) = |3 Y e G )7 e P (s —s 1, - (S )

1, 1 LT
2 ((2mk4w)a)?it+2 Sin(ﬂs)] .

We will first take care of the second term above, given by

3 s (G ) T 4 e )

E>1
_ 1 1
= =5 (Z + M) (2ﬂa)2a+2 2;1 (k"'w

is(i—‘ru) (27ra25+2<H(28+21+2ﬂ‘)'

IS

)2s+2
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This term induces a holomorphic function around 0, whose derivative there is given by

TG0 Gl 21+ 35) = o (1+4)Cr (214 52)
= terrarCu (2,14 52) i+ grmrerCu (2,14 52) -

This computation yields the contribution to the p-asymptotic expansion, and since this derivative
vanishes as a goes to infinity, this also yields the contribution to the asymptotic study as a goes
to infinity. We now move on to the first term above, given by

o T A+ )T L Y e

Ap+1)k?0
L. s P (L5, -5 41, - QDY
k>1

1
(2mk+w)? (27k+w)2a2

For any integer k > 1, we have

(4p+1)k?°
F (1, —s5,—s+1, —7(2%%)2@2)

26 \ S 4+ 1) k20
= (1—1—%) Fl|—-s—-5—-5+1, G+ 1) 5 ,
(4dp + 1) k2 + 27k + w)” a?

bounded uniformly for s around 0

Noting that the convergence of the series above is provided by the factor 1/ (2k + w)?, the function

PN _% . singrﬂ's) (4M+ 1)—S+1 . 0%2 Z |: k2155

14 AukDE? )S
k>1

1
(2mk+w)? ( (2mk+w)2a2

(4p+1)k*
-F (—87 —s,—s+1, (4u+1)k25+(2ﬂk+w)2az> }

is holomorphic around 0, and its derivative there is given by

—itn) e m X gray = e T (214 5)

k>1 (k+32)°
~terrarCr (2,14 52) 1 — grmmar Cor (2,1 + 5%) -

In the same way as was noted above, this provides the relevant contribution to both asymptotic
expansions, and these happen to cancel each other.

e We now move on to dealing with the case j = 0. We consider

1 sin(ws) 11 1 —s+1 1 (4pu+1)k2°
_E.Tk%:l §Em(4ﬂl+l) WF<1’_S+17_8+2’_(27:2+W>

1 1 s
+§ ’ ((27rk+w)a)25 ’ Sin(7rs):| .

We will first take care of the second term above, given by

1 sin(ws) 1 1 s _ 1 1 w
20 T 1§1 (§ " (@rktw)a)® sin(ﬂ's)) - 1 WCH (25,14 3%)

This term induces a holomorphic function around 0, and its derivative there is given by
— 2 (=¢u (0,14 ) log (2ma) + iy (0,14 £2))
= —1(3loga+ = log(2ma) +1logT (1+ %)) .
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This computation, being exact, provides the contributions to both asymptotic studies required in
this proof. We now move on to dealing with the first term of the above, namely

S —s+1 Ap+1)k2°
L L e )T B S e P (L L2 - )

The point of what follows is to perform what could be summed up as a “partial evaluation” of the
terms involved in the series above. To be more precise, for every integer k > 1, we have

(4p+1)k?°
F (1,—8+ 17—S+2,—m)

_ (2rk+w)?a? (4p+1)k2°
T (2mktw)?a?+(4p+1)k28 F (1’ L—s+2, (2mk+w)?a2+(4p+1)k2s ) °

and we will relate the last hypergeometric function above to its value at s = 0, using Euler’s
integral formula, for which the reader is referred to 75, Sec. 15.6.1]. We have

(4pu+1)k2°
B (13 —s+ 1) F (17 ]-7 —s+ 27 (27rk+w)2a2+(4/1,+1)k:25)
o —s (4p41)k> -1
= Jo I-2) (1 T @rktw)Za?+ (At 1)k x) dz,

where B denotes the beta function, defined in 75, Sec. 5.18.iii]. It can be computed here as

I'(H)r'(1—s
B(l,-s+1) = (r)(zis) b=

These formulae can furthermore be evaluated at s = 0, which then yields

11 F (1 1, —s+ (4p+1)k?° ) —F(l 1.9 (4pu+1)k2° )
—s s Ly it

2, (2rk+w)Za2+(4p+1)k28 2rk+w)Za2+(4p+1)k2d

S —s (4ut 1)k -1 1 (4u 1)k -1
= L (1-2) (1 ~ G et G x) de — [, (1 ~ G et G x) dz

S s (4pt1)k> -1
= [(1 —a) - 1} (1 - (2wk+w)2a2+(4u+1>k2éx> dz

. 1 x —s—1 (4u+1)k2° -1
= sfo (S5 =07 at) (1- g r)

1 —s—1 1 4p4-1)k28 -1
= s fo (1 o t) < ft (1 B (27rk+a§)5‘a2+)(4y+1)k25 l’) dz ) dtv

this last equality being a consequence of Fubini’s theorem. Now, we note that we have

1 sl 1 (4t 1)k -1
o =1 ( J; (1 - (2wk+w)ga2+(4u+1)k25 x) dx) dt‘

1 —Res—1 [l 4p+1)k2 !
< Jy =1) J; (17 (27rk+u5);a2+)(4ﬂ+1)k25$) do e
1 —Res
< (B a-nan)

I e Zat tan R

1 (4p+1)k?°
S T Res (1 + (27rk+w)2a2) ’
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at least whenever the real part of s stays strictly below 1. Therefore, the function

1 sin(7ws) —s+1 1 1 1 (27rk+w)2a2
s — 3 (ptl) e kz>:1 [ PG " (2rktw)? (2nktw)Zal+ (At 1)k
1 (4pu+1)k2° (4p+1)k2°
’ (EF (1’ L—s+2, (27Tk:+w)2a2+(4p,+1)k25) - (1’ 1,2, (2mk+w)?a2+(4pu+1)k28

is holomorphic around 0, and its derivative there vanishes. Thus, we need to study

1 sin(ws —s+1 1 1 a
£ () '%k; {W“‘*U B G T

(4p+1)k2%
F (1’ 1,2, (2ﬂk+w)2a2+(4lt+1)k25):| '

The advantage is that this hypergeometric function, unlike the previous one, can be computed
much more explicitely. For every integer k > 1, we have

(4p+1)k%° o (2mk+w)?a®+(4p+1)k?’ (2nk+w)?a®
F(1’1’2’ (2wk+w)2a2+(4u+1)k25> - (4p+1)K28 log (2mk+w)?a+(4p+1)k20 )

which then yields

=

sin(7s) —s+1 1 1 (4p+1)k2°
T (4M + 1) kz>:1 k26(s—1) (2rk+w)Za?+(dpt1)k2 - F <]—v ]-v 27 (27rk+w)2a2+(4,u+1)k25)

o 1 sin(ws) —s+1 1 1
= —g " (4‘LL -+ 1) k§1 [ %25(s—1) .W(4H+l)k26
ket @RS | (2mk+w)?a®
(4p+1)k20 0g (2mk+w)?a2+(4pu+1)k28
. 1 sin(ws) —s 1 (2nk+w)?a’®
= —3-—"" (4’[1 —+ 1) kgl e log <(27rk+w)2a2+(4,u+1)k26>
— _%.@.(@L-Fl)_s > = log ((27k + w) a)
E>1

o) gy )T A log ((m +w)?a+ (du+1) k%) .
k>1

One notes that, using the computations performed in the proof of proposition 4.6.24, the second
term above induces a holomorphic function around 0, whose derivative there is not to be computed
for the p-asymptotic expansion. Before moving on to the asymptotic study in a, we need to
complete the study in p of the first term above, given by

_%.Sir’;i”).(zw-»-l)_s > s log (2mk + w)a) |
k>1

In order to avoid any unnecessary computation, we will actually consider this term together with
the other similar term otained by switching the sign of w, which is also to be considered in the
proof of the current proposition. Therefore, we consider

~1. @ (Ap+ 1) Y = log ((21k 4+ w) a) + log ((27k — w) a)]

k>1
= 1.9 g 1) s log (4722 — w?) a?)
E>1
= *%'%:S)'(‘WJFD_SZ ﬁ[210g(27ra)+210gk+10g<17ﬁ)]
k>1
= —1.9mlme) gy 41y [21og(2m)§(25s)_24’(255)+ > s log (1—4:’7)]

k>1
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We see that this term induces a holomorphic function around 0, whose derivative there is given by

%\5:0 -1. w (Ap+ 1) Y s log ((21k 4+ w) a) + log ((2mk — w) a)]]
k>1

= —log(2ma)C(0) + ¢ (0) = § ¥ Tog (1 - 5457 )

E>1
2
= f% > log (1 - —4:%2) .

k>1

We will now compute this last series. We have

2 n
Sy log(l-%m) = ¥ X &) &
k>1 E>1 n>1

|
g
S
—
S
SN—

3
g
B

by Fubini’s theorem

[
\g!
S
—
Sl
N—
3
N
—~
[N}
3
N—

= (),

this last computation being made using known formulae yielding sums whose terms involve the
Riemann zeta function. Having finished the study in p, we turn our attention to the part of the
asymptotic study as a goes to infinity that was left out. We need to study the term

—% . @ k2>:1 kzlés log ((27k +w) a) + % . Smsrim) k:z>:1 kzlas log ((27Tk + w)2 a® + kz&) .

To do that, we will expand its second term. We have

Loontne) 5 log (2rk 4 w) a? + k%)
k=1

in(ms in(7s 26
1) s log (2nk +w)a) + - L S i log <1 + (27rkl-€i-w)2a2) :
E>1 E>1

This yields

—L . s L og ((2mk + w)a) + 1 HREE S L og ((27Tk +w)’a?+ k%)
E>1 E>1
#26
1 sin(mws) 1 k28 _ 1 sin(ws) 1 @rkt+w)2a2  dt
o kz;l e 108 (1 + (27rlc+w)2a2) I k§1 wr Jo T+

We note that this term induces a holomorphic function around 0, whose derivative there vanishes
as a goes to infinity. Finally, one notices that the study of the last remaining term, i.e. of

1 sin(rws) (s); (1 J +oo 1 t
27 ™ Z T’J (Z +'u) k2>:1 fgké /%‘f‘ﬂ t2s+2j -1 ° 24+ (2nk—w)?a? dt s

J=20

is extremely similar to what we have done here, and part of it has actually been done in order to
not compute unnecessary terms. Putting all these evaluations together yields the proposition.
O

We still need to talk about the case k = 0, for which we assume that w itself is not zero.
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Proposition 4.7.16. The function

1 si oo 1 - t
s > —= sin () / <t2 - < +M>> s d
2 T 2/ T5s 4 2 + (wa)

which is well-defined and holomorphic on a half-plane of complex numbers s with large enough real
part, has a holomorphic continuation to a neighborhood of 0, whose derivative there satisfies

9 |: 1 s1n(7rs)

95 |s=0 —(1+m) " mdt} = Ztlogp+ 3log2+0(1),

f\/T(

as | goes to infinity. Furthermore, this derivative, taken for u =0, satisfies, as a goes to infinity,

in(ms +oo -
2 e [—% inlrs) [ (2 1) L dt} = llog(wa)+o(1).

Fourth part. Finally, we can move to the last part of the study of Mu k
Proposition 4.7.17. The function

[ (e ) B (S2)

|k| =1

which is well-defined and holomorphic on a half-plane consisting on complex numbers s of real part
large enough, has a holomorphic continuation to a neighborhood of 0, whose derivative at s = 0

satisfies

B [H S Ly -G8 (0 (r(%))) dt]

[k|>1
o i) sin(ms) 1 1 —s5—3 26 1\ ¢ Cyu.ka
= T 9s|s=0 <7r e (1+m) 2 ‘k%l (Vf‘ ’Z) |1<\<s Ul( (z&/ﬁ)))

+ 16;a6 log/"" 871'11 log (47‘(’@) + 87ra6 IOg 2+ 2471'(1 +o (1) ’

as p goes to infinity. Furthermore, the same derivative, considered for p = 0, satisfies

B5js=0 [n(f) |k|z>1 I Gy 8( Ul( (%))) dt] = o(1)

as a goes to infinity.

Remark 4.7.18. The derivative above that was left untouched is to be canceled by one the terms
coming from proposition 4.6.25. It should be noted that the compensation does not only concern

the derivative at 0, but the whole function.

Proof of proposition 4.7.17. The proof is similar to that of the last propositions.
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We now end this study with the case k = 0, assuming w is not zero.

Proposition 4.7.19. The function

o [ (e (1) ()

4

which is well-defined and holomorphic on a half-plane of complex numbers s with large enough real
part, has a holomorphic continuation to a neighborhood of 0, whose derivative at s = 0 satisfies

K3 sin(7s) +o0 2 (1 -5 9 (1 wa _
B |52 8 I - G R G0 Co) o] - o,
as p goes to infinity. Furthermore, the same derivative, considered for u = 0, satisfies

B [BE2 @ - DTS AU (%) @] = o)
as a goes to infinity.

Proof. This study is similar to the one conducted in the last propositions.

4.8 Evaluation of the spectral zeta function around a cusp

After all these considerations, we can finally state the following theorem, which was the aim of this
entire chapter. We will separate the case w = 0 from the rest, as the formulae take some space.

Theorem 4.8.1. The spectral zeta function with parameters w € 10,27n[ and p, which is well-
defined and holomorphic on the half-plane Res > 1, has a holomorphic continuation to an open
neighborhood of 0, and its derivative at s = 0 satisfies

%L‘}:O Cw (/Iﬁ 8)

= ﬁuloguf Vilog g — 4mu+ [Zf Tl (arctan(zfiwt) +a1r(z‘uar1(22’r t)) dt

+log (wa) — 2log 2 + = log (g;fz) + L log ((47% — w?) a?) + ﬁ} N
+1 (83— 5=)logu+o(1)
as @ goes to infinity. In particular, there is no constant term in this asymptotic expansion.

Theorem 4.8.2. The spectral zeta function with parameters w = 0 and p, which is well-defined and
holomorphic on the half-plane Res > 1, has a holomorphic continuation to an open neighborhood
of 0, and its derivative at s = 0 satisfies

%lszo Cw (:u’7 8)

= splogp— S /mlogp — fop+ [2[ T (arctan (ng_wt) + arctan (23fwt>> dt
—log2+1+log(2ma)+ ] i+ 2 (1— 2-)logu+o(1)

4dma

as | goes to infinity. In particular, there is no constant term in this asymptotic expansion.
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We can now state the theorems pertaining to the study of the derivatives at s = 0 of the spectral
zeta function with parameters as a goes to infinity, when p equals zero.

Theorem 4.8.3. The derivative at s = 0 of the spectral zeta function with parameters w € 10, 27|
and p = 0 satisfies, as a goes to infinity,

0 2 x .

D5 js_o € (0,8) = —2£a—Za+wa+ jlog(sin%g)+ 1log2+o0(1) .

Theorem 4.8.4. The derivative at s = 0 of the spectral zeta function with parameters w and p
set at zero satisfies, as a goes to infinity,

0

%‘5204-0(075) = —%a—%loga—&—o(l).

4.9 Evaluation of the relative determinant around cusps

The aim of this section is to provide reformulations of the four theorems given in the last section
in the context of asymptotic evaluations for relative determinants. The notations used here are
the same as the ones defined in the previous chapters. We briefly recall some of them for clarity.
We consider a compactified modular curve X, arising from the quotient of H by a Fuchsian group
of the first kind I' € PSLs (R) without torsion, as well as a unitary representation

p : I' — U (C).

For any cusp p, the image p (,) of a generator of the stabilizer ', of p in I" can be diagonalized.
Its eigenvalues, being of modulus 1, can be written as e?™®»i, for j between 1 and r, with Op.j
being 0 for j between 1 and k,, and strictly positive for j > k, + 1. We have also defined, for
any strictly positive real number € > 0, an open neighborhood U, . of the cusp p which can be
identified to a product S* x Ja (¢), +oo[, where we have set

ale) = g=loge™' .

From p, we have built a flat unitary holomorphic vector bundle E of rank r, be written as

T
E = Ly,;
j=1

above Up, ., each L, ; being closely related to the eigenvalue e>™®r.i. If we denote, as in chapter 3,
by A, the auxiliary Laplacian, we have, for any real number p > 0,

det (AE,cusp,a + W, AE + ,U,)

T

(Tt (1 a0 )|

p cusp Jj= J=kp+1

Each of the determinant appearing above has been computed in this chapter, as y goes to infinity,
and for p = 0 as ¢ goes to 0.

Theorem 4.9.1. The constant coefficient in the asymptotic expansion as p goes to infinity of the
logarithm of the previous relative determinant is given by

Fp,_ o logdet (AE,cuspe + 1, Ape+p) = 0.
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Proof. This is a direct consequence of the decomposition above, as well as of 4.8.1 and 4.8.2.

Theorem 4.9.2. As e goes to 07, we have the following asymptotic expansion

logdet (Ap cusp.e, Ac) = 2ma(e) Y. Y ap;—2ma(e) Y. Y. op;+swhra(e)

p cusp j=kp+1 p cusp j=kp+1
T
+ik (T, p)loga(e) =1 > Y logsinmay,; — shrlog2+o0(1)

p cusp j=ky+1

where v is the rank of E, and h is the number of cusps.
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Chapter 5

A Deligne-Riemann—Roch isometry

We now come to the core chapter of this text. Everything we have seen so far has been in prepara-
tion of proving an isometry of the same type as the one obtained by Deligne in [32]. We will first
recall what the result we wish to emulate is in the situation considered by Deligne, and only then
go back to the case of modular curves.

5.1 Deligne’s theorem

For the purpose of this section, we will go back to a relatively abstract setting, which is the one
examined in [32]. Let X — & be a proper, smooth scheme morphism of pure relative dimension 1,
and £ be a vector bundle over X of rank r. The full result is the following.

Theorem 5.1.1. Assuming X /S has geometrically connected fibers, we have a functorial isomor-
phism of line bundles over the base S

12 r —1\° —12
AX/S(S) ~ <OJX/5,Wx/5> <det57det5®wx/5> ICQ(X/S,(E') .

When X and £ are both endowed with smooth metrics, this isomorphism becomes an isometry, up
to an explicit factor ¢ (g,r) which only depends on the genus g of the fibers and on the rank r.

Remark 5.1.2. The unspecified constant ¢ (g, ) can be found in [89, Sec. 4.4], and is given by

c(g;r) = exp[-r(l—g)(1-24¢(-1))] .

Remark 5.1.3. The theorem above is comprised of two parts: the functorial isomorphism, and
the isometry. It is necessary to separate the two, as the first one will still hold for models of
modular curves. The isomorphism being functorial, it is compatible with base change, so going
from isomorphism to isometry is done by looking at what happens when the base is a point. Cursive
letters, like X, S, and £ will denote objects satisfying the hypotheses of theorem 5.1.1.

We will now recall the definitions of the various notions involved in this theorem, in the case
of a base reduced to a point, with references being given for the relative versions. For clarity,
we will denote by X a compact Riemann surface, and F a holomorphic vector bundle over X,
corresponding to the data of Deligne’s theorem when S is a point.

5.1.1 The determinant line bundle

In this section, we will recall the definition of the determinant line bundle on the compact Riemann
surface X, related to the holomorphic vector bundle E. For more information on the notions of
complex geometry we use here, the reader is referred to [99] and [100].
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Definition 5.1.4. The determinant line bundle Ax (E) is the complex line

Mx (E) = detH°(X,E)®detH! (X,E)" ,

where “det” of a finite dimensional vector space denotes its determinant, meaning its top exterior
power, and the vector spaces involved are the Dolbeault cohomology spaces.

Remark 5.1.5. Let us say a few words about the relative version of the determinant line bundle
over the base S, denoted by Ay,s (£). Three approaches can be followed.

1. The most general definition is due to Knudsen and Mumford, and is presented in [64].

2. The second one, called the “algebraic approach” in [90, Sec. VI.1] is the one closest to the
definition we saw before this remark. The idea is to replace the Dolbeault cohomology spaces
by the right-derived functors of the pushforward to the base. The main problem is that these
sheaves need not be locally free, which prevents us from taking their determinants. Assuming
that S is smooth, however, one can take locally free resolutions and use them to define the
required determinants. The resulting line bundle can be proved to be independant of these
resolutions.

3. The third way to see the determinant line bundle is due to Bismut, Gillet, and Soulé. It can
be found in [11], and is called the “analytic approach” in [90, Sec. VI.2].

Any two of these definitions, when they make sense, coincide, and provide a line bundle over S
which is compatible with base change. In particular, for any complex point s € S (C), we have

Axss(E)y = Ax (&) s

which coincide with definition 5.1.4.

We now assume that X is endowed with a smooth Riemannian metric g, and E with a smooth
Hermitian metric h. The Dolbeault cohomology spaces are then endowed with the L2-metric
induced by integration of differential forms, through Hodge theory and the identification of H°
and H! with the appropriate kernels of Laplacians.

Remark 5.1.6. It is possible to define the L?-metric without mentionning Hodge theory, by using
the quotient metric. In a more general setting, if (V,||-||) is a normed space and W is a subspace
of V, the quotient norm is defined by

= 1 f
v+ Wiy w Jnf o +wlly

In our setting, this quotient metric coincide with the one provided by Hodge theory, since harmonic
representants are minimal for the L?-norm.

Definition 5.1.7. The L?*-metric ||||;2 on Ax (E) is defined as the metric induced by the L2-
metrics on the Dolbeault cohomology spaces by taking their determinant, dual, and tensor product.

Remark 5.1.8. This definition, coupled with the end of remark 5.1.5, yields an L2-metric on the
relative determinant line bundle Ay ;s (£). However, this metric is not the one we will consider,
because it does not vary smoothly with respect to the base point s € §. The main reason for
that is the possible presence of jumps in dimension for the kernels of the Laplacians needed in the
definition. To regularize this behavior, one needs to twist this L2-metric by a factor, called the
holomorphic analytic torsion. For more information on that, the reader is referred to the work of
Ray, Singer, Bismut, Gillet, Soulé to name but a few, for instance in [9, 10, 11, 79]. When referring
to this notion, the word “holomorphic” will be dropped, as no confusion can arise here. In our
situation, this factor will be greatly simplified.
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Definition 5.1.9. We define the Quillen metric [|-||5 on Ax (E) to be

—1/2
h
g = (det’A%™) s -

Remark 5.1.10. Looking at a more general definition of the analytic torsion, for instance given
by Ray and Singer in [79], it is natural to wonder why the factor that appears in our case involves
the Dolbeault Laplacian acting on sections of E, and not the one acting on 1-forms with values in
E. The reason is that they are equal, and the one acting on sections is easier to work with.

Remark 5.1.11. As mentioned in remark 5.1.8, the idea behind the definition of the Quillen
metric is to modify the L?-metric to get a metric which would vary smoothly in family. The L2-
metric depending only on kernels of Laplacians, meaning only the eigenvalue 0, it is not surprising
to regularize it by taking into account all the other eigenvalues of the Dolbeault Laplacian, which
is done here by using the modified determinant.

5.1.2 Deligne pairing and first Chern classes

Having defined the left-hand side of theorem 5.1.1, we now turn our attention to the first two
factors on the right-hand side, which are Deligne pairings of line bundles over X'. We will first
give the intuition behind this pairing, before defining it properly when the base is a point. The
definition of the relative version is hinted at by Deligne right before section 8.3 of [32], and is
detailed by Elkik in [40].

Remark 5.1.12. What follows is a heuristics for Deligne pairings. We will not be too concerned
with hypotheses for the purpose of this remark. Let f : X — & be a family of schemes as in
theorem 5.1.1. Let £ and M be two line bundles over X. The Picard group Pic(X), which is
the group of line bundles over X modulo isomorphism, and the first Chow group CH! (X) are
isomorphic by the first Chern class. Intersection theory then defines

c1(L)-c1(M) € CH?(X)

and we can pushforward this to the base, yielding

feler (L) cr (M) € CHY(S) .

Using the first Chern class on S, we now know that this element of C H! (S) corresponds to a line
bundle over S, though we do not know much about it. The Deligne pairing provides a concrete
line bundle over the base whose c; is precisely the pushforward of the intersection we consider.

We go back to the case where S is a point, meaning we consider a compact Riemann surface X
of a genus g. The definition of the Deligne pairing we will see below is taken from [4, Sec. 13.5],
though it can also be found in [32, Sec. 1.4].

Definition 5.1.13. Let L and M be two holomorphic line bundles over X. We denote by V the
complex vector space freely generated by symbols (I, m), where [ and m are meromorphic sections
of L and M with disjoint divisors.

Proposition-Definition 5.1.14. The binary relation ~ on V induced by:

(flm) ~  f(divm)(l,m),
(lgm) ~ g(divl){l,m)

for any meromorphic sections I and m of L and M respectively, as well as any meromorphic
functions f and g, is an equivalence relation. The quotient space of V' by ~ is a complex line.
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Proof. This proposition is a direct consequence of the Weil reciprocity law.
O

Definition 5.1.15. The quotient space in the statement above is denoted by (L, M), and called
the Deligne pairing of L and M.

Remark 5.1.16. As explained in [32, 40], there is a relative version of the Deligne pairing. For any
line bundles £ and M over the family X'/S, we get a line bundle (£, M) over S. It is compatible
with base change, which implies that for any complex point s € S (C), we have

<£’M>s = <£S’MS> )

where £, and M, are line bundles over the Riemann surface Xj.

Proposition 5.1.17. The Deligne pairing is bimultiplicative with respect to tensor product, mean-
ing we have canonical isomorphisms, for any line bundles L1, Lo, L3 on X,

<‘C1 ®OX £23£3> =~ <£17£3> ®Os <[-"2) LS> )
(L1,L2 ®0, L3) =~ (L1,L2) ®os (L1,L3) .

2

of line bundles over S. It is also symmetric, meaning we have a canonical isomorphism

(L1,L2) =~ (Lo L1)

for any two line bundles L1 and Ly on X.

We now turn to the definition of a canonical metric on Deligne pairings, a task for which we
may consider the base to be a point. Let L; and Ly be two holomorphic line bundles over X,
respectively endowed with smooth hermitian metrics hy and ho. We denote by ||-||; and |[|-||, the
associated norms. We will define a metric on the Deligne pairing (L1, Lo}, using the star-product
of Green currents, for which the reader is referred to [90, Sec. I1.3]

Definition 5.1.18. The Deligne pairing metric on (L1, Ls) is defined by

10g||<81782>|\72 = fgl * g2

for any two meromorphic sections s; and so of L; and Lo respectively, with disjoint divisors,
where g; is a Green current for the divisor of s;. Here, the dd® has been taken in the distributional
sense and the integral is over X.

Remark 5.1.19. It can be noted that the function log ||s; ||;2 is a Green current for div s;, denoted
by g;. We then have

log||(s1,52)| > = [ (logllsally - dd®log [ls1][; ) + log |lss ]| [div 5] + log || sall; * div ]

where we have set
f {Z aiPi:| = > af(P)

for any meromorphic function f. In case the metrics on L; and Lo are conformally changed by

= e |y, I ev?

-2 »

[P 22,
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for smooth functions ¥; and 12, the Green currents for div s; and div s, respectively change by

Ty = 91— 241, 926y = G2 — 21s.

The integral of the star-product of Green currents then varies in the following way, where w;
denotes the smooth differential form induced by the Poincaré-Lelong equation,

[ G G20, = [ g1%x92—2[ thws —2 [ towy + 2 [ Oy A2 .

This allows us, as was done in [14, Sec. 5.1], to give meaning to the integral of the star-product of
Green currents, and thus to the Deligne pairing metric on (L1, Lo) when the metrics on L; and Loy
only have an H'-regularity, i.e. when they differ from smooth metrics by functions 11 and w9
which are only H!. The Deligne pairing is therefore continuous with respect to the H' norm on
the metrics attached to both line bundles considered.

Proposition 5.1.20. The isomorphisms from proposition 5.1.17 become isometries, where every
factor is endowed with the Deligne pairing metric.

Proposition 5.1.21. Let o be a section of the structural morphism f : X — S, whose image is
denoted by D, and L be a line bundle over X. We have a canonical isomorphism

(£,0x (D))

12

o*L .

Remark 5.1.22. When specialized to the case where S is a point, such a section o becomes a
point P of X, and the isomorphism above becomes

(L,Ox (P)) — Lpp

<l,]].> — lp

Remark 5.1.23. It is worth noting that taking £ = wx /s (D), where wy,s denotes the dualizing
sheaf, in proposition 5.1.21 ans using the adjunction formula yield isomorphisms

(wyys (D), 0x (D)) ~ o*wy;s(D) ~ Os .
It is not, however, necessarily an isometry when Og is endowed with the trivial metric.

5.1.3 Realization of the second Chern class

We finally come to the last factor of the right-hand side of theorem 5.1.1, the ICs-bundle. As we
did for the Deligne pairings, we will first see the motivation behind this bundle, and only then
move on to recall some facts about it.

Remark 5.1.24. Let us see a heuristics for the definition of the ICs-bundle. Consider a scheme
morphism f : X — § as in theorem 5.1.1, and £ a vector bundle of rank r over X. Its second
Chern class is an element

(&) € CH?*(X),
which we can pushforward by f, yielding
fx/s (&) = file2(€)) € CH' (S) .
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The notation of the left-hand side above is commonly used for this pushforward, and called “inte-
gration along the fibers”. This element of CH? (S) is then the ¢! of a line bundle on S, but we do
not have any information on it. The ICs-bundle provides an explicit such line bundle on S.

The following is entirely taken from [32, Sec. 9], to which the reader is referred for more details.

Definition 5.1.25. Let X'/S be a family as in theorem 5.1.1. The abelian Picard category 2y /s
is defined by the following data:

1. the objects are triplets (n, £, M) where n is a locally constant integer on X', and L, respec-
tively M, is a line bundle over X, respectively over S;

2. the maps are the isomorphisms, given by equality of the locally constant integers, and iso-
morphisms of the respective line bundles;

3. the sum of two objects is defined by

(n1, L1, M1)+ (n2, L2, Ma) = (n1+ng, L1 ®o, Loy, M1 ®0s M @0g (L1,L2)) .

Proposition-Definition 5.1.26. There exists, up to unique isomorphism, a unique functor going
from the category of virtual bundles over X to that of line bundles over S, called ICy (X/S,-),
which is compatible with base change, and satisfies the following properties.

1. The functor

T : & — (k& deté&, ICy(X/S, £))

is endowed, for any short exact sequence of vector bundles over X

0 — & — & — & — 0

with an isomorphism T () ~ T (') + T (") in the category Ax /s;
2. For any line bundle L over X, the line bundle ICy (X /S, L) is trivial;

3. For any o be a section of X — S, whose image is denoted by D, and M be a line bundle
over §, we have an isomorphism which depends only on M and o

103 (X/S,0.M) ~ M™'®p,0"Ox(=D) .

Remark 5.1.27. This construction being compatible with base change, we have, for any complex
point s € S (C),

IOQ(X/S75)S =~ 102()(5’65)7

where the right-hand side is what we would get from the definition above if S was a point.

Remark 5.1.28. As hinted at in remark 5.1.24, we indeed have

a(IC(X/S,8)) = fi((€) = [ys ().
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From now on, we will drop the subscript on the tensor product whenever no confusion can arise,
and tensor product of line bundles will simply be denoted by a product.

Proposition 5.1.29. Let £ and &' be two vector bundles over X of respective ranks r and r'. We
have an isomorphism of line bundles over the base S
10y (X/S,E@ &Y =~ ICs(X)S,E) ICs(X)S,EN (det &, det )" (")
(det &, det &)Y (det &, det €12 1)
Remark 5.1.30. We will only give the intuition behind the proof of this result, which may be

done by using Elkik’s formalism, presented in [40]. We have

h(E2E) = rk(5®5’)+cl(5®5’)+%<61(5®5’)27202(5®5’))+...
~—_———

/

)

=rr

the terms omitted on the right-hand side being in Chow groups CH™ (X) with n > 3, which means
they play no role in the study of ¢s. On the other hand, we have

ch(E®E) = ch(€) ch(&)

[r teo (£)+1 (c1 () - 2¢, (5)) + ] : [r' ter (E) 43 <61 (& - 2¢, (5')) + ]

'+ [rey () +r'en (E)] + % [r (cl (5’)2 — 2¢9 (5')) + 7 (cl (5)2 — 2¢y (5))}
+e1 (E)er (EN+ ...

Identifying terms which are in the same Chow groups, we get

a(E®E) = ra(&)+r'c(€)
for terms in CH?! (X), and the terms in CH? (X) yield
2e2 (ERE")
= [rei (&) +7'cr (E) —rer (€) + 2rea (§) — r'er (€)° +1'e2 (€) — 21 (€) 1 (£7)
= r(r=0ca EV+r (" =D (E)+2(r —1)e1 (E) ey (E) 4 2rey (E) + 2 ¢y (£) .

Remark 5.1.31. As a consequence of the definition of the IC5 bundle, we have

ICy (X/S,EBE) = ICy(X/S,E) ICy (X/S,E") (det £, det &)

for any vector bundles £ and £ on X.

We now turn to the task of defining a smooth metric on a bundle IC5 (X/S,E) when one is given
on £. What follows is taken from [32, Sec. 10]. Since defining a metric can be done by looking only
at the case of a base S reduced to a point, we consider a compact Riemann surface X, endowed
with a smooth Riemannian metric g. In this case, we note that IC5 (X, E) is a complex line for
any holomorphic vector bundle E over X.

Proposition 5.1.32. For any holomorphic vector bundle E endowed with a smooth Hermitian
metric h, there is one and only one way to define a metric on the complez line ICs (X, E) satisfying
the following properties.
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1. If E is of rank 1, the line ICy (X, E) is endowed with the trivial metric;

2. Consider a short exact sequence of holomorphic vector bundles

s : 0 — B — FEF — E'" — 0

where each term is endowed with a smooth hermitian metric h', h, h", respectively. We have
a canonical isomorphism

ICy(X,E) ~ ICy(X,E') ICy(X,E') (det E,det E") |

the respective norms an element x on the left-hand side, and its corresponding element y on
the right-hand side are related by

logllzll = Tloglyl + [y c2(¢) ,

where ¢y denotes the secondary Bott-Chern class associated to cs.

Remark 5.1.33. It is worth noting that, although a short exact sequence

s : 0 — B — F — E'" — 0

induces an isomorphism of vector bundles F ~ E'® E”, the isomorphism in the second point of the
last proposition is not in general an isometry, since the metrics on E, E’, and E” are not required
to be compatible. If they are, then the secondary Bott-Chern class ¢3 (&) vanishes.

Remark 5.1.34. We will later need to know that if we take a sequence (hy), of smooth hermitian
metrics on E converging in the H'-sense to an H'-metric, the sequence of metrics on ICy (X, E)
attached to (hy), converges to a well-defined metric on ICs (X, E), which does not depend on the
sequence (hy),. We will give a proof under certain hypotheses in a subsequent section.

Proposition 5.1.35. Let E and E’ be two holomorphic vector bundles over X, endowed with
smooth Hermitian metrics h and h', respectively. When the tensor product E® E' is endowed with
the smooth Hermitian metric h @ h', the isomorphism

IC(X,E® E'}? =~ ICy(X,E)* ICy(X,E)* (det E,det E) ")
(det B/, det E') " (det B, det /)" 1)

induced by proposition 5.1.29 is an isometry, where r and v’ are the ranks of E and E’, respectively.

Proof. This result stems from the fact that the arithmetic first Chern class ¢ is a ring homomor-
phism, as indicated in [90, Sec. 4.1].
O

Remark 5.1.36. When applied to the case where & = L is a line bundle, we have an isometry

ICy (X/S,ER L) ~ ICy(X/S,E)(L, )"V (det&, £)*" "V .
When applied by induction to the case of the m-th tensor power of £, we get an isometry
@m\2 2mrm 1 mrm71(mrmfl—l)—m(m—l)rm72
ICy (X/S,E9™)" ~ 1Cy(X/S,€E) (det E, det E) .
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5.2 Arithmetic surfaces

We now go back to the situation we study in this document: modular curves, and families of
such objects. We will begin by presenting the relative situation we consider, which is close to
the one depicted in [47, Sec. 10.1], and then only consider a single modular curve, as going from
isomorphism to isometry in theorem 5.1.1.

Definition 5.2.1. Let K be a number field, and & = Spec Ok, where Ok denotes the ring of
integers of K. An arithmetic surface X /S is a regular, integral scheme X’ of dimension 2, with a
structural morphism f : X — S which is projective, flat, and with geometrically connected fibers.

Remark 5.2.2. The definition of this notion of arithmetic surface is not universal. For instance,
Soulé gives two slightly different definitions, in [89, Sec. 0.1] and in [90, Sec. III.1.1].

Theorem 5.2.3. We have a functorial isomorphism of line bundles over S

. r _ 6 _
Awss (€)' =~ O00) (ways,was) <det€,det5®wx}5> 105 (XS, )72,

where & is the discriminant of X/S.

Remark 5.2.4. The factor O (§)", which is not present in theorem 5.1.1, has to be inserted
here because X' /S is not smooth. However the regularity assumption means that it is generically
smooth, as K is in particuler a perfect field. Deligne’s theorem could only be applied as written
here over Spec K, which is not enough here. The reader is referred to [89, Sec. 4.2| for this version
of Deligne’s result, and to [70, 83| for more information on the notions of discriminant and Artin’s
conductor. To sum up, we have

6 = Zépp7
P

where d, is the Artin conductor of X at p, the sum bearing over the maximal ideals of Ok.

Remark 5.2.5. The definition of the line bundle ICy (X' /S, ) requires some care, as the process
explicited by Deligne, which was recalled in the last section, only works when the structural
morphism f: X — § is smooth, which it is not here. The reader is referred to [40, Sec. V.3] for
this generalization.

From now on, we will restrict our attention to particular arithmetic surfaces. We assume the
structural morphism f: X — S = Spec Ok has sections o1, ..., o, such that for every complex
embedding 7 : K < C, the non-compact Riemann surface X, (C)\{o1 (7),...,0n (7)} is a modular
curve arising from a Fuchsian group of the first kind I'- without torsion. Furthermore, we consider
a vector bundle £ of rank r over X such that every &, is a flat unitary holomorphic vector bundle
over the modular curve X, (C). The aim of what follows is to get some isometry from this theorem,
with the most natural metrics being chosen on wy,s and £. Unfortunately, this cannot be done
directly, as there are singularities at the cusps. Since metrics are defined above each complex point,
we will work in the case of a single modular curve. In this setting, theorem 5.2.3 can be restated
as the following, with the same notations as in previous chapters.

Theorem 5.2.6. We have an isomorphism of complex lines

Ax (B)? ~ (wx,wx)" {det B, det E @ wy')° ICy (X, E) ™% .
Remark 5.2.7. In the arithmetic setting, the sheaf wy /s is the dualizing sheaf. When specialized
to the case where S is a complex point, it is the holomorphic cotangent bundle.

Remark 5.2.8. Of course, having an isomorphism between two complex lines is not a deep result.
One needs to remember here (and in what follows) that it is canonical, meaning it can be formulated
in family.
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5.3 Smooth and truncated isometries

Even though the whole point of what we are seeing is to obtain an isometry for the Poincaré metric
on a modular curve and the canonical metric on the vector bundle, we can still apply Deligne’s
full result for smooth metrics on X and E. We denote by ¢ the Poincaré metric on X, by g, its
truncated version, by A the canonical metric on E, and by h. its truncated counterpart. We then
choose smooth approximations

g —  Ge, hk — he

in the Sobolev H'! sense, with g; and hj, being equal to g and h respectively on X, and on an open
neighborhood of ¥.. Applying Deligne’s result, we get the following.

Theorem 5.3.1. We have an isometry of complex lines

6
Ax (B), = (wxemwxen) (det By det By @ wile ) 10 (X, Ber) 2 (C,e(grm) ) -

where ¢ (gr,r) is the constant given in remark 5.1.2, and gr is the genus of X.

Remark 5.3.2. The subscripts in the theorem above have been put there so as to remember which
metrics are considered on the tangent bundle and on the vector bundle E. The bundles themselves
do not change.

Using the end of remark 5.1.19, we see that we can take the limit as k goes to infinity of the first
two factors on the right-hand side of this isometry, as the Deligne pairing metric exists when the
line bundles are endowed with Sobolev H!-metrics. It remains to show that we can do the same
for the IC5 bundle. To that effect, we write

he = (ho)wk )

where 1. is a smooth section of the endomorphism bundle End F. By definition of the convergence
of metrics, the sequence (), converges in the H'-sense to an H'-section 1) of End E. Recall that
the metric hg can then be expressed in terms of hg by

hi (s,t) = hg (e¥ks, eVrt)

for any smooth sections s and ¢ of E. Furthermore, the assumption that h; and hg coincide on X,
and on an open neighborhood of 3. means that the sections v all have compact support, with

Suppve € [ Upe

p cusp

We recall once again that, above a cusp p, we have a decomposition

T
E\Up,g = G%prj
j=

of E as an orthogonal sum of line bundles, and that the metrics h and h. are compatible with this
decomposition. Their data over Up, . is then equivalent to that of metrics h, ; and h, ;. on the
line bundles L, ;. We then further assume that all the metrics h;, are likewise compatible with this
decomposition, and induced near a cusp p by metrics hy p ; on L, ;. This means that, still near
a cusp p, every section v is naturally seen as a diagonal endomorphism of F, given by smooth
functions v, ;. The support of such a function is compact, included in the open subset U, .
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Furthermore, we assume that all 1y, , ; is identically zero should L,, ; be metrically trivial. We can
now state and prove the following proposition.

Proposition 5.3.3. The hermitian lines ICy (X, E. 1) converge to a hermitian line ICy (X, E.).
In other words, we can define a sequence of metrics on the complex line ICy (X, E) attached to the
sequence hi, and this sequence converges to a metric on the same line as k goes to infinity.

Proof. The key to proving this result is to compare the metric on ICy (X, E) attached to hy to
the one related to hy using the functions 1y, ; defined above. For that, we use the “trivial” exact
sequence of vector bundles

g : 0 — F — E — 0.

We now consider the metric hy on the first copy of E, and the metric hy on the second one.
We further denote by |||, the metric on ICs (X, E) related to hj. Using the second point of
proposition 5.1.32, we see that we have

log |-, = loglllly+ [x e2(&) = loglllly+ > [, . caf

p cusp

since all metrics coincide on the compact part X., resulting in a vanishing secondary Bott-Chern
class. To compute ¢; (&) near each cusp, we will use the notations of arithmetic intersection theory
adopted in [15, Sec. 2.1.1, 2.1.2]. Using the decomposition of E above Up, ., we have

log|-l, = loglilly+ X [y, . (&

p cusp

log||-lo + > fU 4 ; Yk,p,j dd“Yr,pm — 2 ; Vip.iw (€1 (Lp,m, hop,m))
Jj<m JjFEmM

p cusp

IOgH'Ho Z Z fU &bk,p,j/\éwkm,m

p cusp j<m
-2 3 fU Ukp,w (€1 (Lpms hop,m)) -
p cusp j#m

The limit as k goes to infinity can then be taken in this last expression, since we have assumed
an H'-convergence of metrics. The result does not depend on the particular choice of the smooth
approximation of the truncated metric, and yields a metric on IC5 (X, E) attached to h..

O

Proposition 5.3.4. For each integer k, denote by ||-||, ;, the Quillen metric on Ax (E). Ask goes
to infinity, this sequence of metrics converges to a metric on Ax (E) which does not depend on the
particular approximations of the truncated metrics g. and he.

Proof. This result is a combination of the end of remark 5.1.19, in which we saw that the Deligne
pairing metric makes sense for H'-metrics, of proposition 5.3.3, which gives meaning to the metric
on ICy (X, E) for an H'-metric on E, and of the smooth Deligne-Riemann-Roch isometry presented
in theorem 5.3.1.

O

Definition 5.3.5. The limit metric yielded by the prposition above is called the e-truncated
Quillen metric, and denoted by |||, ..

Taking the limit of theorem 5.3.1 as k goes to infinity, and using the fact that the result does
not depend on the chosen approximations of the truncated metrics, we get the following truncated
Deligne-Riemann-Roch isometry.
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Theorem 5.3.6. We have an isometry of complex lines

. 6 —
Ax (E)12 ~ (wxe wx,e) <detEE,detE5®w;(1> ICy (X, E.) 12 (C,e(gr,r)|-]) -

5 R

Remark 5.3.7. Recall that, for every integer k, the Quillen metric ||-|| o.x is defined by

_ d /Agknhk —1/2
H'HQ,k = et By H'||L2,1c’

where [-]| >, is the L?-metric provided, for instance, by Hodge theory. The smooth Deligne-
Riemann-Roch isometry allows us to define the limit as k& goes to infinity of these metrics, but
we need to know that each of the factors involved in this Quillen metric has a well-defined limit,
independant of any choice. This will be done by studying the L?-metric.

Proposition 5.3.8. As k goes to infinity, the L*-metric [l 12, on Ax (E) attached to the smooth
metrics g, and hy, converges to a well-defined metric, still on the determinant line bundle Ax (E).
This limit metric depends only on the truncated metrics, and not on their smooth approximations.

Proof. We will need to study separately the L?-metrics related to g and hj on both Dolbeault
cohomology spaces H (X, E) and H' (X, E). There are two separate ways in which the metrics
on X and E influence the L?-metrics on these spaces: the first one relates to the inner-product on
differential forms with values in F, while the second one has to do with the identification between
the Dolbeault cohomology spaces and the spaces of harmonic forms. We begin by investigating
how the kernels of the Dolbeault Laplacians acting on sections of E and on (0, 1)-forms depend on
the (smooth) metrics. For the purpose of this argument only, we denote by ¢g and h two smooth
metrics on X and F respectively, and we consider a smooth function ¢ on X, as well as a smooth
section 9 of End E. Let s be a smooth section of E. Using proposition 2.1.40, we have

A = 0 e e () @), () Pes = 0
e HengS’SHi?(X,E) =0
- 2
- H8E575HL2(X,E) = 0
— A%’h’s = 0.
E

This proves that the identification of the Dolbeault cohomology space H° (X, E) with harmonic
forms does not depend on the chosen smooth metrics, even though the Dolbeault Laplacian does.
Unlike what we saw for the Laplacian on sections, the kernel of the Laplacian acting on (0,1)-
forms depends on the metric considered on E. We now go back to previous notations, where g
and h denote the Poincaré metric on X and the canonical metric on E, respectively. We denote
by 4, (X, E) the space of Dolbeault harmonic sections of E for the metrics g and hy. To sum
up the results shown above, we have

. (X, E) = (X, E).

We can now give an expression for the L2-metric on the determinant, meaning the top exterior
power, of the 0-th Dolbeault cohomology space. Let s; ans sa be two elements of HY (X, E), which
we identify to two smooth global harmonic sections §; and s of E. We have

GLa)pEE = Guapl = [y @O hy . (51(2),5(2) dug, (2)
= sz h1/10,z (8~1 (Z) ) 52 (Z)> d:ugo (Z) + Z fUp's €2ka(z) hwk,z (évl (Z) 75~2 (Z)> d/j,go (Z)
p cusp
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using the fact that all ¢ and v vanish on the compact part of the modular curve. We now note
that the sections s and s3, being harmonic, are constant, in the sense that they can be identified
to constant vector-valued functions

s : H — C”

which are compatible with the representation p of I'. It is of course not necessary that such non-zero
sections exist. Restricted to U, ., these sections can in particular be seen as functions

i : RxlJa(e),4o0[ — C"

which are periodic in the first variable. By assumption, every 1, ; corresponding to a metrically
trivial line bundle L,, ; vanish, which means that for every integer k and every point z € U, . , we
have e¥*(3)5; (2) = 5; (z). We then have

(51,595 = Jx. by (51(2), 5 (2)) dpg, (2)

+ Xy @Oy (705 (2), 625 (2)) dug, ()

p cusp

= Jx. hwos (51(2),52(2)) dugy (2) + 3 fyy, - €2 hyy 2 (51(2) 82 (2)) dug, (2)

p cusp
= fX 62"’*’(2)}1%,2 (51(2),52(2)) dpg, (2)-

Using the convergence of the sequence ¢y, we then see that the sequence of real numbers (s7, 52)7% i

converges to a real number which does not depend on the particular apparoximation of the trun-
cated metrics. Considering a basis s1, ..., s4 of the cohomology space H° (X, E), the metric on
the complex line det H° (X, E) is determined by

1/2
grkhe 9k>he
2y ¥m
ls1 A== A sallTs = (det((s Sm) 75 ) ) .
i,m

Using the convergence of each term in the matrix whose determinant is considered, this norm
converges to a real number which does not depend on the approximations of the truncated met-
rics. This strictly positive real number defines the L2-metric on det H® (X, E) associated to the
truncated metrics g. and h.. We now move on to working on det H' (X, E). For that, we use Serre
duality, which gives an antilinear isometry

H' (X,E) =~ (H°(X,wx®E"))"

when both sides are endowed with the L?-metrics attached to metrics on the tangent bundle and
on the vector bundle, with the dual metrics being considered on w and E*. Let s; and ss be two
elements of H® (X,w ® E*), identified to their lifts 57 and $3 to the half-plane. We have

Sy @ (g5, L@ h7, L) (51(2),52(2)) dug, (2)

(51, 52) 95 5

Fe. (93,0 @ 15,.) (51 (), (2)) it (2)

5y (9502 ©05,2) G1(:),5(2)) dag, (2).

p cusp
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Up to working on a smaller open subset included in U, ., we may assume, without loss of generality,
that s,, can be identified to an element e} ; ® wy,, where e; 4, ..., ey . is the dual basis of the
chosen basis diagonalizing p (7,), where v, is a generator of the stabilizer I';, of 7, in I', and w,, is

a holomorphic differential form on U, . such that we have

,y*wi — 62”ra”‘jwm .

Using this description, we now have

S, (550 ®13,..) (1 ()5 (2)) i, (2)

:fU

This last expression can be seen to converge as k goes to infinity. We can then use this result in turn
to show that the L?-metric on det H? (X,wx ® E*), or alternatively on det H' (X, E), attached to
the metrics g and hy, converges to a strictly positive real number, defining the L2-metric associated
to the truncated metrics. This limit metric depends only on the truncated metrics, and not on
their smooth approximations.

eteea@hs (e (2) 655 (2) wi AT

O

Definition 5.3.9. The limit metric obtained in this last proposition is denoted by ||-||;. . and

€
called the e-truncated L?-metric.

Proposition 5.3.10. Assume that we have oy, ; < 1 for all cusps p and all integers j € [1,r].
The L?-metric on Ax (E) associated to the Poincaré metric on X and the canonical metric on E
1s then well-defined, and we have

Tl = e

Proof. We begin by proving that the L2-metric on H° (X, F) associated to the singular metrics g
and h is well-defined, and that we have

ge he g:h
<".>L2,E 8?4_ <'7'>L2,E .
The first of these points amounts to showing that, if s; and s; are constant global sections of F,
then the function

z — hy(s1(2),s2(2))

is integrable on each U, .. Using the definition of constant sections, we identify s; and so to
constant vector-valued functions defined on H and compatible with the representation p. The
inner product h, then becomes the canonical hermitian product on C", and the function above is
then constant. The result we would like to prove is then equivalent to saying that U, . has finite
volume for the Poincaré metric. The convergence that follows can then be restated as saying that
we have

Vol (Upe,9:) —> O,

e—0t

The volume for the truncated metric can be computed explicitely. We have

2 2m
Vol (UP787 gE) €2 (log 5)2 s e — (log 8)2 €—>—0>+ 0 .
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This proves the result for H° (X, E). We now move to proving a similar result for H° (w ® E*),
which will involve the assumption we made on o, ;. Proving that the L?-metric associated to g
and h on HY (w® E*) is well-defiend can be reduced to showing that the L?-product on U, . of
functions

%k
z dz®ep7j

is well-defined. Since the basis (e;’ j)j

involving the same integer j. We have

is orthonormal, we only consider pairs of such functions

* * * * * * * * 2 2 *2‘1p,j
(gz ® hz) (dZ ® ep,j7dz ® epJ) = 9 (dZ,dZ) hz (ep,jﬂ ep,j) = |Z| (lOg |Z|) ’ |Z| :

This function is integrable on U, . for the Poincaré metric if the function

|_20‘p,j

z — |z

is integrable on the disk of radius € for the trivial metric on the disk. We have

1 _ € 1
fUN ey 4z = 27 [y wme,s=r dr

by making a change of variables to polar coordinates. The function appearing above is then

integrable if and only if we have «;, ; < 1. Furthermore, the convergence of the e-truncated metric

to this L2-metric can be obtained by studying

(ggz ® h:,z) (dz ® e;j, dz ® e;’j) = f2(2)gs (dz,dz) b} (e;’j, e;"j) = &2(log 5)2 =20,

Integrating on U, . with respect to the truncated Poincaré metric yields

1 _ 21 _ 220,
fUW s dz = met g = me — 0

having assumed that we have a,, ; < 1. This completes the proof.

Proposition-Definition 5.3.11. As k goes to infinity, the following limit exists

det’ A% " = lim det' AL
OB k——+o0 OB

)
and only depends on the truncated metrics g. and he, not on their smooth approximations. It is
called the determinant of the Dolbeault Laplacian attached to the truncated metric.

Proof. This result is a direct consequence of the definition of the Quillen metric ||-[|¢ ., given for
instance in remark 5.3.7, and of propositions 5.3.4 and 5.3.8.
O

Remark 5.3.12. It is important to note that this determinant is not actually the determinant
of a Laplacian, as such operators cannot be defined for non-smooth metrics. Furthermore, the
existence of this limit is entirely a consequence of the Deligne-Riemann-Roch isometry, and more
precisely of a study of its right-hand side, which is arithmetic in nature. This quantity therefore
lacks any spectral interpretation.
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Remark 5.3.13. This particular result regarding the asymptotic behavior of the (modified) deter-
minants of the Dolbeault Laplacian on the whole modular curve could also be obtained by means
of a generalization of the Polyakov formula, for a vector bundle over a closed Riemann surface.

In order to get a Deligne-Riemann-Roch isometry for the singular metrics g and h, the most natural
idea would be to let € go to 07 in the truncated isometry presented in theorem 5.3.6. On the left-
hand side, this would mean considering the limit of the e-truncated Quillen metrics. Even though
taking such a limit is possible for the L?-metric on the determinant line bundle, the full Quillen
metric diverges, which means a lot of care must be taken. There is also an issue on the right-hand
side of the truncated isometry, because g does not have a Sobolev H'-regularity, and that neither
does h, unless it is smooth at every cusp. The aim of chapters 2, 3, and 4 is to study the left-hand
side. We will now take care of the arithmetic part, before putting everything together.

5.4 Regularization of the isomorphism

This section will be devoted to the regularization of the right-hand side of theorem 5.3.6. The idea
is to modify each factor, in a way that would make sense in family, so as to extract and set aside
the singular behavior as £ goes to 0. Having done so will then allow us to take the required limit
on the “regular” part. Let us recall some of the notations which will be important in this section.
Let us recall that we have the following truncated isometry

€

6
A (B)? ~ (wye wxe) <detE€7detE€®w;{}€> ICy (X, B.)"2(C, e (gr, ) |

1st Deligne pairing 2nd Deligne pairing

5.4.1 Regularization of the Deligne pairings

We begin with the two Deligne pairings involved in the truncated isometry, for which we will use
the same methods as those presented in [47, Sec. 4.2.3].

First Deligne pairing. The first factor we aim to regularize is the first Deligne pairing referenced
above, which involves only the holomorphic cotangent bundle wx.

Definition 5.4.1. The cusp-divisor D is defined to be

D = > p,

p cusp

Definition 5.4.2. The line bundle Ox (—D) on X is defined to be the bundle of holomorphic
functions which vanish at the cusps.

Remark 5.4.3. The typical metric considered on Ox (—D) is the trivial metric. On an open
neighborhood U, . of a cusp p, which we see as an open disk of radius e, this line bundle is
generated by the section z given by the chosen local coordinate centered at p, and the trivial
metric is given by the modulus. This metric degenerates at the cusps.

Definition 5.4.4. The e-truncated trivial metric on Ox (—D) is given by the trivial metric on the
compact part and on U, . by |z|. = e.

Proposition 5.4.5. The e-truncated trivial metric is a Sobolev H'-metric on Ox (D).

Remark 5.4.6. The dual of Ox (—D) is the line bundle, denoted by Ox (D) of meromorphic
functions with a pole of order at most 1 at cusps. It can be endowed with the dual of the trivial
metric, or that of its truncated version. We denote by Ox (D), and Ox (—D), these line bundles
when endowed with the truncated metrics.
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The main problem we faced with the holomorphic cotangent bundle wx was that the (dual of the)
Poincaré metric on it around a cusp p was given by

« 2 2
g9z (dz,dz) = (|z[log|z|)” |d2|
with the usual local coordinated z on Up .. This metric is not Sobolev H 1 as we have
(|Z|10g|2|)2 — 6210g\z\+210g10g\z\’1

and the function z — log |2| is not H! on a disk of radius e. However, the function z — loglog |z|
being H! on such an open disk, we only need to remove the factor |z|2 in the metric wyx to regularize
it. This action of taking away some of the singularity of the metric can be done by transfering it
to singularity of the objects we consider. Here, this means that, instead of taking the line bundle
of holomorphic differential forms, we will work with the bundle of meromorphic differential forms
with poles of order at most 1 at the cusps. More precisely, we consider

wx (D) = wx ®0x (D)

endowed with the tensor product metric of the (dual of the) Poincaré metric on wx together with
the (dual of the) trivial metric on Ox (D).

Proposition 5.4.7. The metric on wx (D) has a Sobolev H'-regularity.

Proof. Around a cusp, this line bundle is generated by the section dz/z, whose norm is

1] = (oglz)?® dzf? = e2loslosl=l™ |z .
As stated above, the function z — loglog |z| being H I on the punctured disk, the result is proved.

O

Remark 5.4.8. Using this proposition, we can define the Deligne pairing metric on the self-
intersection (wx (D) ,wx (D)), for which the reader is referred to definition 5.1.18 and the end of
remark 5.1.19.

Proposition 5.4.9. The e-truncated metric on wx (D) is given around cusps by

12 = 20080)° Jaz=f* -

Remark 5.4.10. In the following, we will write wx (D). when using the e-truncated metric is
considered on the line bundle wyx (D), and reserve the notation wx (D) for the singular H!-metric.
It is important to keep mind that the line bundle does not change for these two cases.

Proposition 5.4.11. As e goes to 0T, we have the following convergence of complex lines

(wx (D). ,wx (D)) —  (wx (D),wx (D)) .

e—0t

Proof. Since the Deligne pairing itself does not depend on ¢, this limit is to be understood as a
convergence of the relevant Deligne pairing metrics. The result is then a consequence of the end
of remark 5.1.19.

O

We now want to replace the first factor on the right-hand side of the truncated isometry (see
theorem 5.3.6) by (wx (D), ,wx (D)_), as this new factor has a well-defined limit as e goes to 0.
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Modifying the theorem in that way requires to add and remove some terms, which we then wish
to express in simple terms. This is what we turn to.

Proposition 5.4.12. We have a canonical isometry of complex lines

(wxe,wxe) ~ (wx (D)., wx (D)) (wx.e,Ox (D)) *(Ox (D). ,0x (D))" .

Proof. This is a direct consequence of the (metric) bimultiplicativity of the Deligne pairing, recalled
in propositions 5.1.17 and 5.1.20.
O

Remark 5.4.13. As always in this chapter, the word “canonical” here means that we would have
such an isometry in families, the objects being in this case line bundles over the base instead of
complex lines. When limiting ourselves to particular arithmetic surfaces whose set of complex
points would yield modular curves, we had to assume the existence of sections o1, ..., o} giving
the cusps to make sense of the line bundle Ox (D) in family.

Looking at proposition 5.4.12, we now wish to compute more explicitely the last two factors of the
right-hand side, in order to understand their behavior as € goes to 0", which must be singular. To
do that, we will proceed as in [47, Sec. 4.1.2], and use [14].

Definition 5.4.14. Let p be a cusp. The current of integration againt the circle OU, ., denoted
by dau, ., is defined by

Sou, . f = [oT f(ee™) v,
for any smooth function f.

Proposition 5.4.15. We have the following equality of currents

! (wX78) = a (wX\{p cusp}) ]lXE o % (1 B log%) Z 68Up,s )
p cusp

where 1x_ is the characteristic function of the compact part X. of the modular curve X.

Proof. Let x be a smooth function, which vanishes on an open neighborhood of each m, and is
constant equal to 1 on an open neighborhood of X5.. We further consider a global meromorphic
differential form w on X, which has neither zeros nor poles on the open subsets Up 2.. The first
Chern current ¢; (wx ) is then represented by

¢ (wxe) = —5=00log |w]? + daive

where |||, denotes the truncated metric on wx. Let f be a smooth function. After applying the
first Chern current to f, we get

<C1 (WX,E) , f> = <Cl (WX,S) ’ Xf> + <01 (wX,a) ’ (1 - X) f>

= {awxe) X =gz X o, loglwlZ® 091 -x) f,
p cusp

using the vanishing of 1 — y on X5.. We will compute each of the integrals appearing above. For
any cusp p, we have

Jo . dog w2000 =) f = fy ,\p . loglw|Z? 90 (1—x) f
+ Jy, . logllwll 2% 90 (1 = x) f.
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The integral over U, . can be computed more easily than the other. For that, we note that the
differential form w can be written as

over Up 2., where u is a holomorphic function on Up 2.. Up to reducing ¢, we may assume that u
does not vanish on Uy o, except possibly at the cusp itself. We have

Ju, . logllwll.* 90 (1=x) f = [y, loglu(2)|* 99(1—x) f
+ fy, . loglldz(|* 99 (1 = x) f.

As we will now see, the first of these integrals does not play any role, while the second one can be
computed quite explicitely. We have

IUW log||dz||;2 55(1 - f = - (log2+2log5 + 210g10g5’1) faUp,E af,

using Stokes’ formula to get the last equality, as well as the vanishing of y. This term will be later
canceled. We now have

fUW log |u(2)] 7 99 (1 — fU log |u (2)| 2 90f
=y, 0 <1og|u(z)|_2 af) — Jy  Dloglu(2) > A Df
= Jou,. Yolu ()" 0 + [y, D(f0loglu ()| ") - Jy, 1D 51N

faUP,E log |u (Z)|72 5]” + faUp,E folog|u (Z)|72 )

using once again Stoke’s formula, and the fact that u is holomorphic, and non-vanishing (except
possibly at the cusp) to cancel the 99 term. Now, we have

Sy s, Tog lwll2* 99 (1 =) f

= Juanw,. 2 (08101720 =X) F) = fy, 0, Dlog w2 AD (1= x) f
= Jou, . VoglletZTT =) f = [, log|wl|l2* F(1—x) f

=1
+ v, 00, O ((1 - x) f9log ||w||§2) —Ju, s, . (1=X) f091og |||
— log w;25f+ 1—x) folog w;2
Jou, . Tog Il Jou, .. (1=X) [[wll

oy (=X I ~ o, 1, (=20 00w
= L Yol B . SOlog el 2= [y . (1 x) fO0l0g 2.
We can now put these last few computations together, which yields
Jy . TogllwlZ* 91— ) f
= —(log2+2loge + 2logloge™") [,  Of + [5, _ log lu(z)|"% af
+ Jou, . FOloglu(2)| % = [y, log|wlZ* Of = [y,  fOlog]lw]|Z?
— o aovw,. (1= x) f01og||w]|Z?
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We now recall that we have 90 = —90, as well as

log||<,u||;2 = —log2—2log|z| — 2loglog|z| ™" + log |u (2)| 2

on Up 2 \ Up <, which gives

g |wl7? = = (L + sk ) 2+ Dloglu ()7 .

z

This gives

Sy, . log w22 93 (1—x)

> -2 1 dz

Sy oo, (=20 f0D10g|lwl|2* + (14 k2 ) [y, F2,
and we finally have
(1 (wxe)s f)
= (e (wxo), XN =2z ¥ Ju ., (1=X) f0dlog]lw]|”
p cusp
_ﬁ ( logE) pczl;sp faUpE fdz

= <C1 (WX,E) ]]-Xga Xf> + <Cl (WX,E) ]]'Xa7 (1 - X) f> - i ( + logs) Z faU f%

p cusp
<Cl (wX’E) ]]'XE’ 'f> B 217r (1 + loga> Z f027l' f (Eeiﬁ) dd

p cusp

<C1 (wx.e)lx, — 5= (1 Toge=T ) > Oou,. f>

p cusp

This completes the proof of the proposition.
O

Remark 5.4.16. The important part of this last proposition is that the first Chern current for
the truncated metric is supported on X, which by convention includes the boundary of the open
neighborhoods of the cusps.

Proposition 5.4.17. For any cusp p, we have a canonical isometry of complex lines

(wxeOx (D)) = @ (wxyp V2eloge'|,)

p cusp
where the norm ||, on wx p is defined by |dz,|, =1 around a cusp p.

Proof. Using the metric bimultiplicativity of the Deligne pairing, we have

(Wxe:Ox (D)) =~ Q& (wxeOx(p).)

p cusp ’

which we can treat each cusp separately. We will thus prove that we have a canonical isometry

(W Ox (0).) = (wxpv2elog="" )
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with || , is defined as in the statement of the proposition. The canonical isomorphism (i.e. coming
from an isomorphism in family) mentioned here results from the version of proposition 5.1.21
described in remark 5.1.22. Proving the proposition is then simply a matter of comparing the
metrics. To do that, we need to consider a particular global meromorphic section of Ox (p), for
instance the one given by the constant function which equals 1, denoted by 1,. We have

divl, = p,

as we can see from writing the constant function 1 in the canonical trivialization of Ox (p) near p.
Denoting by |[|-||. the truncated metric on Ox (p), we have

0 on X\Upe

log L], = :

log% on Up,

where z denotes the usual coordinate on U, . resulting from its description as an open disk of

radius €. Since the first Chern current c; (wx ) is supported in X and log||1,||. is supported in
its complement, we have

Jx log L)% er (wxe) = 0.

We now consider a global meromorphic differential form w which can be written as

above Up ¢, with u holomorphic and satisfying  (0) = 1. We have the isomorphism

<wX,E7OX (p)g> = vap

(w, 1) —  dz,

and we thus only need to compute the Deligne pairing norm of (w,1,). Using the beginning of
remark 5.1.19, we have

log [lew, 1,) | = fy log 1 (wxe) + loglwl > () = —log (2(cloge)?) |

which completes the proof of the proposition, as it gives

e, L) = VZeloge! .

Proposition 5.4.18. Let p be a cusp. We have the following equality of currents

a1 (Ox (p)) = 5000, -
Proof. The method we use here is similar to the one we used in the proof of proposition 5.4.15. We

consider a smooth function x which equals 1 on an open neighborhood of X \ U, 2., and vanishes
on an open neighborhood of Uy, .. The first Chern current ¢; (Ox (p).) is represented by

¢ (0x (p),) = —5=00log|L,]-%+6, .
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Let f be a smooth function on X. Applying the appropriate first Chern current to f yields

(@ (0x (p).). f) = 5 (99logllLll.. f)+f(p) = & [x loglLy]l.90f + f(p).

We can now use the fact that log||1,||_ vanishes everywhere except on U, . to simplify the com-
putation of the integral. We thus have

(1 (Ox (0).). ) = 7 Ju,. logllpll.00f + f (p) .

It is worth noting that the logarithmic singularity of log||1,||. at the cusp p does not prevent
integrability here. However, since we wish to integrate by parts, we need to write

%fUp,g log|[1,].00f = %nl_i)%h v, v, log ||1,]]. 90f |

and work instead with the integral appearing within the limit. We have

fUp,g\Up,n log ||]1p||5 agf = fUp,E\Up,n 0 (log H]lpHggf) - fUpyg\Upm Olog ||]1p||5 A 5f
= faUp.E log||]lp||€5fffaUm 10g||]lp||€5f+fUp,£\Up , 9 (folog||1,.)
’ 0 ’ log 2 7
= —log 2

—Jv, 00, FO0108 1L,
= —log? oy, OF + [oy, . JOLoglILpll. = [or,  fOloglILpll. = Jyy \p,, [OOlog Ll

= g2 [y, OF fyu  fO0g LIl — Sy SOVgIL. + fy, o SOTlog L.

We now note that, on U, \ Up.,,, we have

dlog|[L,ll. = 92,
which then gives
Jou, . F108 L. = [y, fOloglT . = 5[ 7 f (ze?)do = [37 f (ne'”) dv] .
Using this, we get
fUp,s\Up,n log || 1, 00f = —loggf@UM of +% f027r f(ee™) dv — %fo% f (ne™) dv

+Ju, v, FOOlog|Ll. -

Noting that we have 9dlog||1,||. = 0 on the open subset Uy, . \ U, ,,, and taking the limit as  goes
to 0%, we have

L lim fUp,E\UM log || 1, 00f = %fo% f(ee™)dv — f(0).

T n—ot

Here, we need to recall that the local coordinate z on U, . is centered at the cusp p, so that f (0)
is to be understood as f (p). We thus have

(€ (Ox0)),f) = [T fee®)d—fp)+fp) = =& (Gov,..f) -
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thereby proving the proposition.
O

Remark 5.4.19. Here again, the important point is that the first Chern current ¢; (Ox (p).) is
supported on the circle OU,, ., and thus outside the open subset U, .

Proposition 5.4.20. We have a canonical isometry of complex lines

<OX (p)e ’ OX (q)5> = ((C7 H) )
where || denotes the usual complex modulus, for any two distinct cusps p and q.

Proof. We first note that the two canonical sections 1, and 1, of Ox (p) and Ox (g), respectively,
have disjoint divisors, since the cusps p and ¢ are themselves distinct. We now use the canonical
isomorphism provided in proposition 5.1.21

(Ox (p),Ox(q)) =~ C
(1,,14) — 1
Proving the result is then only a matter of computing the Deligne pairing norm of |[(1,, 1,)|.

associated to the truncated metrics. The first Chern current ¢, (Ox (p).) being supported on the
boundary of U, ., we have

Jx logLgll-% 1 (Ox (0).) = 0,

since we assumed ¢ to be small enough so that U, . and U, . are far apart from one another. The
Deligne pairing norm we wish to compute is then given by

-2 -2
log [[(Lp, 1g)[|.~ = log|L,[."(¢) = 0.

This completes the proof.

Proposition 5.4.21. For any cusp p, we have a canonical isometry of complex lines

Ox ()., 0x (). ~ (wxpell,) -

where the norm ||, on wx p is defined by |dzy|, =1 around a cusp p.

Proof. The idea here is to use remark 5.1.23, which gives a canonical isomorphism

(wx (p),0x(p) =~ C

3

(wp, 1p) — 1

where w, is a global meromorphic form on X with a single pole and residue 1 at the cusp p. Up
to reducing e, we assume that w, has no other pole or zero in U, .. The divisor of wp, seen as a
section of wx (p), does not involve p, and is thus disjoint from that of 1,. Using propositions 5.4.15
and 5.4.18, we have the equality of currents

alex @) = alxipam) e - (1-mhs) X dov,. + mpkeron,. |
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which means in particular that the first Chern current of wx (p). is supported outside U, .. This
means that we have

Jx log |1, e1 (wx (p).) = 0

The Deligne pairing norm of {(wy, 1,,) is then given by

|~ b

log | (wp, 1) > = log|w|-*(p) = —log2—2logloge™

This gives a canonical isometry
wx (0)..0x 1)) = (Czt=1) .
with |-| being the usual complex modulus. Combining this with the isometry
(wxe:Ox (0).) = (wxp V2eloget[,)

proved in proposition 5.4.17, and using the metric bimultiplicativity of the Deligne pairing, we get
the required result.

O
These last two results then immediatly yield the following.
Proposition 5.4.22. We have a canonical isometry of complex lines
—1
(Ox (D)., 0x (D)) = @ (wxpmell,)
D cusp
Proof. Recalling that the cusp-divisor D is defined by
D = > »p ’
p cusp
we can use the metric bimultiplicativity of the Deligne pairing to get a canonical isometry
(Ox (D). ,0x (D),) =~ < ® (Ox(p).,0x (P)E>> ® ( ® (Ox(p).,O0x (Q)5>> :
p cusp p#q cusps
Propositions 5.4.20 and 5.4.21 then give a canonical isometry
-1
(Ox (D).,0x (D)) = Q@ (wxpell,) .
p cusp
as was required in the statement of this proposition.
O

We now have all the necessary tools to regularize the first Deligne pairing appearing in the truncated
Deligne-Riemann-Roch isometry. This is summed up in the following theorem.

Theorem 5.4.23. We have a canonical isometry of complex lines

xewxed = (x(D)wx(D))® ® (wxpll,) ©CR M),

p cusp
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where |-| denotes the usual modulus on C, and R, (¢) is defined by

log R, (¢) = —hlog2— hloge — 2hlogloge™! ,

where h is the number of cusps.

Proof. This result is a direct combination of propositions 5.4.12, as well as 5.4.17 and 5.4.22.
O

Second Deligne pairing. We now turn to the second Deligne pairing appearing in the right-
hand side of the truncated Deligne-Riemann-Roch isometry, which involves the determinant of the
vector bundle E. Let us first recall a few facts about E. Around a cuso p, we have a decomposition

T
E|Up,s = @ vaj )
Jj=1

each L, ; being a line bundle over U, ., trivialized by a section s; with

2 2myp,;
Ispllz = |27

with «; ; begin a rational number in [0, 1[. We write

L = Mpg
Oép“] - m )

where m is a strictly positive integer independant of either p or j, and kp; € [0,m — 1] is an
integer. Around the cusp p, the determinant of E is triviliazed by the section sp1 A - A sp ,
whose norm is given by

T

2 _ LA
[spa Ave-Asprll, = 2] 7 .

The presence of denominators will force us to elevate the truncated Deligne-Riemann-Roch isometry
to the power m? in order to regularize the second Deligne pairing.

Definition 5.4.24. We define the vector bundle divisor D’ to be

p cusp j=1

D= X <imp’j>p'

Definition 5.4.25. The line bundle Ox (—D’) on X is defined to be the bundle of holomorphic
functions with a zero at each cusp p of order at least

T
mp = Zl Mpj .
i=

Remark 5.4.26. The most natural metric on Ox (—D’) is the trivial metric, which degenerates
at the cusps, all integers k, ; vanish.

Definition 5.4.27. The e-truncated trivial metric on Ox (—D') is given by the trivial metric on
the compact part X, and on U, . by

|z, = &M .
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Proposition 5.4.28. The e-truncated trivial metric is a Sobolev H'-metric on Ox (—D').

Remark 5.4.29. The dual of Ox (—D’) is the line bundle Ox (D’) of meromorphic functions with
a pole of order at most m, at the cusp p. It can be endowed with the dual of the trivial metric, or
that of its truncated version. We denote these line bundles by Ox (—D’)_ and Ox (—D’)_ when

1> 1>
endowed with the truncated metrics.

Similarly to what happened with the holomorphic cotangent bundle wx, the main problem we face
with the determinant of the vector bundle E is that the determinant of the canonical metric on it
degenerates (in general) at the cusps. To remedy that problem, we will consider the vector bundle

(det EY™(D') = (detE)™ ® Ox (D') ,

endowed with the m-th power of the determinant of the canonical metric on E tensored by the
trivial metric on Ox (D').

Proposition 5.4.30. The metric on the line bundle (det E)™ (D') is smooth.

Proof. Around a cusp, the line bundle is generated by the section (sp1 A--- A spyr)®m®z%p, whose
norm is given by

= llspa A Asprll™ ey = 1

2 |Z|2m,p

e rop®™

O

Remark 5.4.31. Using this last proposition, and the Sobolev H '-regularity of the tensor product
metric on wx (D), we can define the Deligne pairing metric on

((det B)™ (D). (det B)™ (D)) ((det )" (D) ,wox (D))"

Remark 5.4.32. The truncation process we perform on the different metrics we consider commutes
with tensor products, and with taking the determinant, meaning the top exterior power. It should
be noted that the divisors D and D’ are not the same, and that both are involved here.

Proposition 5.4.33. As e goes to 0T, we have the following convergence of complex lines

€

(det B)™ (D), , (det B)™ (D'),) { (det B)™ (D), ,ox (D).*)"

— {(det B)™ (D), (det B)™ (D)) { (det E)™ (') ,wx (D)-1>m

e—0+

Proof. Once again, the line bundles themselves do not depend on &, only the metrics do. This
result is then a convergence of metrics, which is a direct consequence of the end of remark 5.1.19.
O

We now want to replace the second Deligne pairing appearing in the m?-th power of the truncated
Deligne-Riemann-Roch isometry (see theorem 5.3.6) by

((det )" (D), (det B)" (D)) {(det B)" (D), ,ox (D))"

€

since this new factor converges as € goes to 07. Making this modification requires some care, as
we need to carefully remove the terms added this way.
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Proposition 5.4.34. We have a canonical isometry of complex lines

2

<det E.,det B. ® w;(}€>m ~ ((det E)m (D/)E , (det E)m (D/)E> <(d€t E)m (D/)g Wy (D)5>_m
(det E.,Ox (D').)"*" (Ox (D)., Ox (D))"
(det B, Ox (D))" (wx.e, Ox (D))"
(Ox (D). ,0x (D))"
Proof. This is a consequence of the metric bimultiplicativity of the Deligne pairing.
O

Proposition 5.4.35. We have the following equality of currents

T

c1(detE;) = ¢ ((detE)lX\{p Cusp}> 1y, — & 2 ( 1 am) dou,..
j=

p cusp

where 1x_ is the characteristic function of the compact part X..

Proof. This proposition can be obtained with the same type of arguments of those used in propo-
sition 5.4.18.
O

Compared to the canonical isometries obtained in the regularization of the first Deligne pairing,
only one more is required here. It is the object of the next proposition.

Proposition 5.4.36. Let p be a cusp. We have a canonical isometry of complex lines
(et B, Ox (p),) = (det By, em/™ |1 ,) .

where the norm |||, on E, is characterized by ||spy A -+ A spy|l, =1.

Proof. The method used here follows closely the proof of propositions 5.4.17, 5.4.20, and 5.4.21.
Using proposition 5.4.35, the first Chern current ¢; (det E;) is supported outside U, ., which gives

-2
Jx log|1,)|I-"c1(det E.) = 0 .
Furthermore, properties of the Deligne pairing give a canonical isomorphism of complex lines
(det E,0x (p)) =~ detE,
(s, 1,) — Sp

where s is a meromorphic section of det E¥ which equals s, 1 A---Asy » on Uy, .. Proving the required
isometry is now only a matter of computing the Deligne norm of (s, 1,). We have

log (s, 1,)[|* = logllspa A Asprll” () = —2%2loge

which completes the proof of the proposition.

We can now rewrite the last five factors on the right-hand side of proposition 5.4.34.
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Proposition 5.4.37. We have a canonical isometry of complex lines
—om —2mmy,
(et B, Ox (D))" = @ (detByemo/™|],) '
P cusp

Proof. We first recall that the vector bundle divisor D’ is defined by

D = > myp.

p cusp

This means that we have a canonical isometry of complex lines

(det B.,Ox (D)) > ~ & (detE.,Ox (p)) ™"

p cusp

Using proposition 5.4.36 completes the proof.

Proposition 5.4.38. We have a canonical isometry of complex lines
’I’TL2
-1 P
Ox (D)., 0x (D)) = @ (wxpell,)
D cusp

Proof. Using the definition of D’ and the metric bimultiplicativity of the Deligne pairing, we have
a canonical isometry of complex lines

(Ox (D)., 0x (D)) = (@ (Ox 1), 0x @)™ ) ® (Ox @), 0x (@) "™ ).

p
cusp czl)lységs

Using propositions 5.4.20 and 5.4.21, we get the result.

Proposition 5.4.39. We have a canonical isometry of complex lines

2
m2 m m m
(det B.,0x (D))" ~ @ (detEp,s o/ ||.||p)

p cusp

Proof. Proving this result is a matter of using the definition of D, the metric bimultiplicativity of
the Deligne pairing, and proposition 5.4.36.
O

Proposition 5.4.40. We have a canonical isometry of complex lines

mmy
(wxe Ox (D))" = @ (wxpV2eloget|,)" .

p cusp

Proof. Using the definition of the vector bundle divisor D', and the metric bimultiplicativity of
the Deligne pairing, we have a canonical isometry of complex lines

(Wxe,0x (D)) =~ Q@ (wxeOx(p))™

p cusp ’

and proposition 5.4.17 completes the proof.
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Proposition 5.4.41. We have a canonical isometry of complex lines

Ox (D),,0x D))" = @ (wxpell,) .

p cusp

Proof. Using the definitions of the cusp divisor D and the vector bundle divisor D’, as well as the
metric bimultiplicativity of the Deligne pairing, we have a canonical isometry of complex lines

(Ox (D), ,0x (D),) =~ ( Q (Ox (p),0x (p)>mp> Q (Ox (p),0x ()"

p cusp P#q
cusps

Propositions 5.4.20 and 5.4.21 then complete the proof.
O

We can now fully state the regularization of the second Deligne pairing appearing on the right-hand
side of the m2-th power of the truncated Deligne-Riemann-Roch isometry.

Theorem 5.4.42. We have a canonical isometry of complex lines

2

<det E.,det E. ® w;(}6>

~ ((detE)™(D')_,(det E)™ (D’).) {(det B)™ (D’)_ ,wx (D))~ ™

2

©® ® (detEp,||~Hp)m(m72mp)® ® (WX,p,|-|p)mp®(<C,RE(5)I-I>

p cusp p cusp

where Rg (€) is defined by

logRg (e) = g”( > mp> 10g2+< > mp(m—mp)> loga—f—m( > mp> logloge™1.

p cusp p cusp p cusp

Remark 5.4.43. Note that if all the integers m, vanish, meaning if F is trivial at the cusps,
the term Rp (¢) vanishes identically, as no regularization was actually needed. The complex lines
involving F), are canonically trivial, thus not contributing, and no factor wx , is to be considered.

5.4.2 Regularization of the /C; bundle

We now turn our attention to regularizing the last factor on the right-hand side of the truncated
Deligne-Riemann-Roch, meaning the factor ICs (X, E;). The assumption made in the last section
that all oy, ; be rational is still made here and in the rest of this text. As we will see, however, this
regularization cannot be made unless one of two unrelated hypotheses is made. The reason behind
this need is that we need to perform the regularization on the vector bundle F, which is not of
rank 1. If we were to try the methods used in the last section, we would have to tensor E so as to
allow poles of different order in different directions around the cusps. This cannot be done simply.

The monodromy is scalar at the cusps. The first hypothesis under which the regularization
of ICy (X, E.) can be performed is that the representation

p : I' — U (C)

should be scalar at the cusps, which we will assume for the remainder of this paragraph. Let us
define that precisely.
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Definition 5.4.44. The representation p of I' is said to be scalar at the cusps if we have

ap1 = ... = Qpy

for every cusp, which means that the unitary matrix p (y,) is scalar, where +, is a generator of the
stabilizer I',, of the cusp p in I'. In this case, we denote by a,, this common rational number.

Remark 5.4.45. Similarly to what we did in the last section, we write

where m is a strictly positive integer and m,, is an integer between 1 and m — 1.

Remark 5.4.46. This hypothesis on p is interesting, as we can hope to regularize F by allowing
a pole of a single order in all directions for every cusp. Of the two hypotheses we will study, this
one is the most natural.

Definition 5.4.47. We define the scalar cusp divisor D" to be given by

D" = Y yp

p cusp

Proposition 5.4.48. The metric on E®™ (D") arising from the canomnical metric on E and the
trivial metric on Ox (D") is smooth on the compactified modular curve X .

Proof. Tt is enough to prove smoothness around a cusp p. Over the open subset U, ., the vector

bundle E™ is generated by the sections

SpI = Spi; @@ Sp,

Im

where [ is a collection of integers between 1 and r, more specifically

I = {i1,...,im}t € [L,r]™ .
For the tensor product metric on E™, we note that we have
m
hE™ (sprsspr) =TI ha (Spivs Span)
k=1
which is non-zero if and only if we have I = J. In this case, we have
m 2ma 2my,
he™ (sprsspr) =TI hz(pansspa) = |27 = 277
k=1

Over U, ., the vector bundle E™ (D") being generated by the sections sp_l/z’?fp, with I being as
above, the proposition is proved.
O

Proposition 5.4.49. We have a canonical isometry of complex lines

T”Liz(m(l—'r‘”l)—‘r’r‘—l)

10y (X, E)*™ " ~ 10y (X, E®™ (D").)*™ ((det E.)™ , (det E.)™)

mr™ T (1—r™)

[(det B2, Ox (D").)* (Ox (D")..,0x (D").)']
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Proof. Using the first part of remark 5.1.36, we have a canonical isometry of complex lines
1Cy (X, E®m (D//)E)Q ~ IC, (X, E5®m)2 <OX (D//)6 Oy (D//)E>rm(rm71)
(det (EE™), Ox (D))" Y.
We can now combine this with the canonical isometry

det (E€™) =~ (detEs)mrm ;

and the second part of remark 5.1.36, which yields a canonical isometry of complex lines

ICQ (Eé@m)Q ~ ICQ (Es)QmTM71 <det Es,det Es>mrm71(mrm—lil)im(mil)rmf2 .

This completes the proof of the proposition.
O

Remark 5.4.50. Since p is scalar at the cusps, the vector bundle divisor D’, introduced in
definition 5.4.24, and the scalar cusp divisor D”, in definition 5.4.47, are related by

D = rD" .
The first one is used to regularize det E., while the second one concerns F itself.

Proposition 5.4.51. We have a canonical isometry of complex lines

(det B)™  (det E)™) =~ {(det B)™ (rD"), , (det B)" (rD"),) ((det E.)™ , Ox (D))"

(Ox (D)., 0x (D"))™"" .

Proof. This result is a direct consequence of the metric bimultiplicativity of the Deligne pairing.

O
Proposition 5.4.52. We have a canonical isometry of complex lines
10y (X, B>
= 10y (X, B (D))" ((det BY" (D), (det E)" (D))" T
(det B2)™, Ox (D))" 177 (0x (D7), , 0x (D))" 7
€ X € X e VX c .
Proof. This a combination of propositions 5.4.49 and 5.4.51.
O

Remark 5.4.53. As was already mentioned, the divisors D’ and D" are closely related. In the
last proposition, one or the other can be used in the second and third factor on the right-hand
side, with the appropriate modification of the exponent while the fourth term should involve D”
and not D', as the exponent must remain integral.

Proposition 5.4.54. As e goes to 07, we have the following convergence of complex lines

ICy (X, E®™ (D)) — ICy(X,E®™(D")) .

e—0t
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Proof. Tt can be noted that the e-truncated metric on E®™ (D) equals the metric induced by the
canonical metric on E and the trivial metric on Ox (D). The sequence of complex lines being

constant, we have the required result.
O

Proposition 5.4.55. As e goes to 07, we have the following convergence of complex lines

((det E)™ (D), (det E)™ (D').)
—  ((det E)™ (D), (det E)™ (D")) ~

e—0t

Proof. As in the last proposition, we note that the e-truncated metric on (det E)™ (D’) equals the
metric induced by the canonical metric on F and the trivial metric on Ox (D’). The proposition

is thus proved.
O

Proposition 5.4.56. We have a canonical isometry of complex lines

(det E.)™, Ox (D"))> ()
2mmpr™ T (1—r)
~ @ (detByemim,)

p cusp

Proof. This is a consequence of the definition of D", of the metric bimultiplicativity of the Deligne

pairing, and of proposition 5.4.36.
O

Proposition 5.4.57. We have a canonical isometry of complex lines

(11— —m,2r™m(1—r
(Ox (D"),,0x (D))"~ @ (wxpel)™™

p cusp

Proof. This is a consequence of the definition of D", of the metric bimultiplicativity of the Deligne
pairing, and of propositions 5.4.20 and 5.4.21.

O

Theorem 5.4.58. We have a canonical isometry of complex lines

2m2r7n71
I1Cy (X, E.)
= 1Cy (X, B (D), )P ((det E)™ (D), , (det B)™ (D))" (=Y
ma,r™ (m(r™ —1)+2(1—r)) —mp2r™(1—r)
® @ (detB, ) ® ® (wxpll,)
b cusp p cusp
® (C, Ric, () 1),
where Riq, (€) is defined by
log Ric, () = < ) ﬁf,ﬁ) ™ (1 —7r)loge .
p cusp

Proof. This theorem stems from propositions 5.4.52, 5.4.56, and 5.4.57.

O
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The monodromy is finite. This paragraph is intended as a remark to present an idea which
can be envisionned to regularize the ICs bundle. The precise regularization cannot yet be stated,
because of the way Deligne extensions of unitary flat vector bundles behave with respect to tensor
product of representations. This is based on the following classical result.

Theorem 5.4.59 (Fell’s absorption principle). Let G be a discrete group, and

x : G — U.(C

be a unitary representation of G of rank r. Denote by A the left reqular representation of G, and
by 1, the trivial representation of G of rank r. We have a unitary equivalence of representations

AL, ~ Ay .

Proof. The first point to note is that the left regular representation is induced by the action of G
on itself by left-translation. More explicitely, it is given by

A : G — End(I%(Q))
g — [5h — 6gh] .

The tensor product representation A ® x can then be seen as
A®x : G — End (L2 (G, CT’))

g +— [Zdh@)vh — Zégh®x(g)vh].
heG heaG

Similarly, we can view the representation A ® 1, as
A1, : G — End(L*(G,C"))

g +— {Zém@vh — Zégh®vh].
heG heG

We can then consider the endomorphism

U, . I2(G,CT) — I2(G,CT)
D@ Y h@x(h)up
heG heG

of L? (G,C"). This application will be realize the unitary equivalence we require. It can be first
be seen that it is bijective, since we can define its inverse using x (h)f1 instead of x (h). It only
remains to show that it is compatible with the representations, since U, is unitary. We have

0 (0e1)6) (5 aen))

heG

Uy ( > Ogn ®Uh)

heG

> Ogn @ X (gh) v
heG

(A® ) (9) (Ur(z 5h®vh)).

heG
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This result is a classical one, for instance presented in [16, Thm 2.5.5]. We want to apply it to the
case of a Fuchsian group of the first kind I', endowed with a unitary representation p of rank r. In
this setting, Fell’s absorption principle is not satisfactory, because all Fuchsian groups of the first
kind are infinite, yielding left regular representations of infinite rank. Looking closely at the proof
above, we see that the important part is for

U, (E 5h®vh> = > n@x(h)v
heG heG

to be well-defined. Summing over the full group G is unnecessary to achieve that, as we could
restrict ourselves to G/ ker y. We get the following result.

Theorem 5.4.60 (Modified Fell’s absorption principle). Let G be a discrete group, and

x : G — U.(C
be a unitary representation of G of rank r. Denote by A, the representation

A @ G — End(L?*(G/kery))
g9 — [ow — Ogn]

induced by the action of G on G/ker x by left translation, and by 1, the trivial representation of
the group G of rank r. We have a unitary equivalence of representations

AL, ~ A ®x .

Proof. The proof of this result is completely similar to that of theorem 5.4.59, the only difference
being that, instead of U,., we need to define and use the operator

|78 <[] > 5[h]®v[h]> = > O @x(h) oy
h

€G/ ker x [h]€G/ ker x

5.4.3 Singular behavior

We can now sum up the results produced by the regularization of all three factors appearing on
the right-hand side of the truncated Deligne-Riemann-Roch isometry. We will get two slightly
different results, depending on which hypothesis we make to regularize the IC5 bundle.

The monodromy is scalar at the cusps. We begin with the assumption that p be scalar at
the cusps, presented in definition 5.4.44.

Theorem 5.4.61. Assume the representation p is scalar at the cusps. We then have a canonical
isometry of complex lines

2, m—1

/\X (E)12m T

~ (wx (D). ,wx (D))" ((det BY™ (D), , (det B)™ (D))" 7m0

<(det E)’m (D/)E LWy (D)E>—6mrm’1 IC2 (X7 Eom (D//)E)—12m

®ww,s ® wE,s & ((CaRs (5)”)®(C70(9F?T)H)7
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where the complex lines 1, s and Vg s are defined by

)

(6’!77.\;777’7,2)7"7”
Yu,s X (WX,zw Hp)
p cusp
6mr™ ! (m—2m,)

bpe = @ (detEy ) ,

p cusp

and the remainder R (€) under the “scalar at the cusps” hypothesis is given by

logRs (e) = mr™[3% m, —mh]log2+ 6mr™ [ > omy, — }imh] logloge~!
p cusp

1

m2h—6m Y m,+6 Y m,”|loge !,

p cusp p cusp

+r

Proof. This theorem is a concatenation of the truncated Deligne-Riemann-Roch isometry, pre-
sented in theorem 5.3.6, and of the three canonical isometries obtained in theorems 5.4.23, 5.4.42,
and 5.4.58.

O

Remark 5.4.62. The purpose of this last theorem was to isolate the singular behavior as ¢ goes
to 07 on the right-hand side, which manifests itself as the term R (¢). This information will allow
us to define a Quillen metric under the “scalar at the cusps” hypothesis, which we will do in the
next section.

5.5 The Quillen metric on a modular curve

Similarly to the presentation we followed in the last section, we will now define a Quillen metric on
modular curves by treating separately the two types of hypotheses we made in order to regularize
the IC5 bundle. The corresponding Deligne-Riemann-Roch isometry will also depend on which
assumption we make.

The monodromy is scalar at the cusps. The aim of this paragraph is to attach a natural
Quillen metric to the Poincaré metric on X and the canonical metric on E, by looking at the
bahavior as € goes to 07 of the e-truncated Quillen metric, introduced in definition 5.3.5. However,
this truncated metric diverges, which means we cannot simply take its limit. Instead, we rely on
the following proposition. We assume that the representation p is scalar at the cusps.

Proposition-Definition 5.5.1. The singular determinant det’ A5E associated to the singular
metrics g and h is defined as

)

det' Ay = lim R, (e)a7m T det/ AZhs
aE © 8E

e—0+
this limit being well-defined and yielding a strictly positive real number.

Proof. The convergence as ¢ goes to 07 stems from the truncated Deligne-Riemann-Roch isometry
obtained under the “scalar at the cusps” hypothesis, which constitutes theorem 5.4.61.
O

Remark 5.5.2. The function R, (¢) being arithmetic in nature, insofar at it is only defined using
the right-hand side of the truncated Deligne-Riemann-Roch isometry, this naive determinant loses
its spectral interpretation. The purpose of chapters 2, 3, and 4 is to restore it.
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Proposition 5.5.3. As e goes to 07, we have the following asymptotic expansion

log det’ A ohe
E

= —guzeet l0g Ry (e) + (logﬁ (( > Z Ocpj>—%rh)loglog5_1)

p cusp j=

+3k (T, p)log2 +1log Z(D (1) + log (d!) + & [gr — 1] log 2

=1V [2¢/ (-1) + Flog2m — 1] + ( 3 E ozpj)log2+0( ).

p cusp j=

Proof. This is a combination of corollary 2.5.14 and theorem 5.4.61.

Remark 5.5.4. The fact that the limit

: C(e) 1 -1
g (w3, 5 o)~ ostes=)

exists and is finite should be viewed here as a consequence of the truncated Deligne-Riemann-Roch
isometry, as presented in theorem 5.4.61. When the vector bundle F is smooth at the cusps, i.e.
when all weights «, ; vanish, it can be proved independantly, and the limit can be computed exactly,
using spectral geometry tools such as Polyakov formulae, and exact computation of determinants
of Laplacians for trivial metrics, as well as the conformal invariance of the jump operator.

Definition 5.5.5. The truncation constant Cg is defined as

Cp = lim <log det,( (( > Z am> —érh) 1oglog5_1> .
e—0t p cusp j=

Corollary 5.5.6. The singular determinant is given by

logdet' Ay = Cp+ 1k (T, p)log2 +1log ZD (1) + log (d!) + % [gr — 1] log 2
torV [2¢ (<) + log2m — 4]+ 1 £ 3 apy) log2
p cusp j=1

Definition 5.5.7. The Quillen metric ””Q associated to the singular metrics g and h is given by

! Ag,h —1/2
g = (det’ag™) s -

Theorem 5.5.8. Assume the representation p is scalar at the cusps. We have a canonical isometry
of complezx lines

2 m-—1

Ax (B)g™ "
~ (wx (D), wx (D)™ ((det E)™ (D'), (det B)™ (D/))*" (==
(det E)™ (D') ,wx (D)™™ 1Cy (X, E™ (D)) ™ @ thuy ® ¥
Y ((C? c (gF7 T) ||) )
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where the complex lines ¥, and Vg are as in theorem 5.4.61, and the metric on Ax (E) is the
Quillen metric ||-|| defined above.

5.6 An arithmetic Riemann-Roch formula

In what we have seen so far, the word “canonical” was used when talking about isometries of
complex lines to mean an “isometry induced by one that works in family”. We will now state
the version of the Deligne-Riemann-Roch isometry in family. Let us first recall the setting. We
consider an arithmetic surface over the ring of integers O of a number field

f X — S = SpecOg

We assume that f has disjoint sections o1, ..., o such that for every complex embedding of the
number field 7 : K — C, the non-compact Riemann surface

Z. = X(O)\{o1(r),...,on(n)}

is a modular curve, arising from a Fuchsian group of the first kind I'; without torsion. We also
consider a vector bundle £ of rank r over X such that for every complex embedding 7, the vector
bundle &; is a vector bundle over X; (C), which is the extension of a flat unitary vector bundle
over Z, associated to a unitary representation p, of I';. We further assume that the weights of &,
at the cusp o; (7) are rational and independant of 7. At the cusp o; (7), the weights are denoted
by «; ;, and further written as

mi,j
m

Q5

We then denote by m; the sum of the integers m; ;. Here, we will work under the “scalar at the
cusps”, which means that m, ; does not depend on j, and is denoted by m,;. We will now define
the relative versions of the three divisors D, D’, and D" used in the regularizations.

Definition 5.6.1. The cusp divisor in family D, is defined as

h
D = Z g;
i=1
where the sections o1, ..., o of the structural morphism of X' /S define the cusps for each complex

embedding. The vector bundle divisor in family D! is defined as

h r
D = Z msj | 0q -
i=1 j=1

The scalar cusp divisor in family D is defined as
h —_~
D = > mo; .
i=1

Definition 5.6.2. We define the relative deficiency line bundles fflé and w%e}s by

h

6*\7_ 2 m
W= @ (orways ) T e =
i=1 i

h m—1 ~
(o7 det &, |- )" 0m=2m)
=1

221



Theorem 5.6.3. We have an isometry of line bundles over S

2 m-—1

Aass ()5
~ (wxss (D) ways (D)™ ((det €)™ (D), (det €)™ (D)™ =)

((det &)™ (D') ,wxys (D)) ™™ 1Cy (X,€8m (D)™ @ el @ piel

@ (Os,clg,r)™"" @0@E)™"",

where g denotes the genus of any modular curve X, (C), and the metric on Os is c(g,r) times the
trivial metric.

Corollary 5.6.4 (Arithmetic Riemann-Roch theorem). Assuming the sections o; are pairwise
disjoint, we have an equality of real numbers

12m2rm*1d/eTg)\X/5 (€)o
= m*r™ (wy;s (D), wx;s (D)) +6r™2(1—m(1—r™))((det &)™ (D), (det £)™ (D))
—6mr™ ! ((det €)™ (D) ,wx;s (D)) — 12md/eTgIC’2 (X,E%™ (D))
+deg ¥ + deg YL, +m?r™ 3 + m?r™~ log (r (1 — g) (1 — 24¢' (-1))),
where (-,-) denotes the arithmetic intersection pairing.

Proof. This formula is obtained by applying the arithmetic degree d/e\g to the isometry presented
in theorem 5.6.3.
O

Remark 5.6.5. We had to assume that the sections o; are disjoint, so that for every i # j, the
Deligne pairings (O (0;) , O (0;)) are metrically trivial.
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