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LOCAL RIGIDITY OF MANIFOLDS WITH
HYPERBOLIC CUSPS
I. LINEAR THEORY AND MICROLOCAL TOOLS

by Yannick GUEDES BONTHONNEAU & Thibault
LEFEUVRE (*)

ABSTRACT. — This paper is the first in a series of two articles whose aim is
to extend a recent result of Guillarmou and of the second author on the local
rigidity of the marked length spectrum from the case of compact negatively-curved
Riemannian manifolds to the case of manifolds with hyperbolic cusps. In this first
paper, we deal with the linear (or infinitesimal) version of the problem and prove
that such manifolds are spectrally rigid for compactly supported deformations.
More precisely, we prove that the X-ray transform on symmetric solenoidal 2-
tensors is injective. In order to do so, we expand the microlocal calculus developed
by Bonthonneau and Bonthonneau—Weich to be able to invert pseudo-differential
operators on Sobolev and Hélder—Zygmund spaces modulo compact remainders.
This theory has an interest on its own and will be extensively used in the second
paper in order to deal with the nonlinear problem.

RisuME. — Cet article est le premier d’une série de deux, dont le but est
d’étendre un récent résultat de Guillarmou et du second auteur sur la rigidité
locale du spectre marqué des longueurs, du cas des variétés riemanniennes com-
pactes a courbure négative au cas des variétés a pointes hyperboliques. Dans ce
premier article, nous traitons la version linéaire (ou infinitésimale) du probléeme et
prouvons que de telles variétés sont spectralement rigides pour des déformations &
support compact. Plus précisément, nous prouvons que la transformée en rayons X
sur les 2-tenseurs symétriques solénoidaux est injective. Pour ce faire, nous déve-
loppons un calcul microlocal introduit par Bonthonneau et Bonthonneau—Weich,
nous permettant d’inverser des opérateurs pseudodifférentiels sur des espaces de
Sobolev et de Holder—Zygmund, modulo des restes compacts. Cette théorie, qui
a un intérét en soi, sera utilisée de fagon cruciale dans notre second article pour
traiter le probléme non linéaire.
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1. Introduction
1.1. Spectral rigidity

On a smooth closed (i.e. compact without boundary) Riemannian man-
ifold (M,g), the famous question of Kac “Can one hear the shape of a
drum?” [19] asks whether one can reconstruct the Riemannian structure
from the knowledge of the spectrum of the (non-negative) Laplacian —A,

(11) spec(—Ag):{/\0:0<)\1 <A < }

This question has triggered a lot of work, especially on negatively-curved
manifolds, and is known to be false globally: Vigneras [40] exhibited pairs
of hyperbolic isospectral surfaces which are not isometric. Nevertheless, one
can ask for a weaker statement in the spirit of Guillemin—-Kazhdan [15, 16],
such as the infinitesimal spectral rigidity of the manifold (M,g). We re-
call that (M, g) is said to be infinitesimally spectrally rigid if any smooth
isospectral deformation (ga)xe(—1,1) (i-e. metric deformations with same
spectrum of the Laplacian (1.1)) of the metric g is trivial, namely there
exists an isotopy (¢a)xe(~1,1) such that ¢3gx = g. In this article, we are
interested in the question of infinitesimal spectral rigidity of negatively-
curved manifolds with hyperbolic cusps. In this case, the L2-spectrum of
the Laplacian is no longer discrete. It decomposes into a pure point spec-
trum — eigenvalues — and a continuous spectrum. Associated to the continu-
ous spectrum, one can define some resonances which are complex numbers
quantifying the way energy is lost in the cusps, for example in the heat
equation. Gathering resonances and eigenvalues one obtains the resonant
set — see [26] for more details. We will say that two manifolds with cusps
are isospectral if they have the same resonant set (when counted with mul-
tiplicity).

In the case of a closed manifold, the infinitesimal spectral rigidity usu-
ally boils down to proving that the X-ray transform I§ — that is, the
integration of symmetric 2-tensors along closed geodesics in (M, g) — is
injective on symmetric solenoidal or divergence-free 2-tensors. This will be
called solenoidal injectivity in the rest of the paper. It is now well-known
(at least for closed negatively-curved manifolds) that the solenoidal injec-
tivity of the X-ray transform is a first step in proving the infinitesimal
and local rigidity of the marked length spectrum. Recall that on a closed
negatively-curved manifold (M, g), the set of closed geodesics is in 1-to-1
correspondence with the set C of free homotopy classes: in other words,
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RIGIDITY OF MANIFOLDS WITH HYPERBOLIC CUSPS 337

given ¢ € C, there exists a unique closed geodesic v4(c) € c¢. The marked
length spectrum is then defined as the map

Ly:C—Ry, crLy(v(c)),

where {; denotes the Riemannian length computed with respect to g. Up
to restricting to hyperbolic free homotopy classes (see below), one can still
define the same notion of marked length spectrum on negatively-curved
manifolds with hyperbolic cusps.

Contrary to the case of the Laplace spectrum, it is conjectured that the
marked length spectrum of closed negatively-curved manifolds should de-
termine the metric up to isometries. This is known as the Burns—Katok [6]
conjecture. More precisely, if (M, g1) and (M, g2) are two closed negatively-
curved Riemannian manifolds such that Ly, = L,, it is conjectured that
there exists a smooth diffeomorphism ¢ : M — M, isotopic to the identity,
such that ¢*g; = go. This was proved for surfaces in [7, 28] and in some
other particular cases (see [2, 17, 20]) but the conjecture remains open in
full generality in dimension > 3. The infinitesimal marked length spectrum
rigidity question consists in considering a family of metric (gx)xe(—1,1)
such that Ly, = L, and proving that there exists an isotopy (¢x)x e (-1, 1)
such that ¢3¢, = go. This result is also implied by the solenoidal injec-
tivity of the X-ray transform operator I3, as was shown by Guillemin-
Kazhdan [15]. More recently, Guillarmou and the second author [14] showed
that on closed negatively-curved manifolds, the solenoidal injectivity of the
X-ray transform also implies the local rigidity of the marked length spec-
trum: if two negatively-curved metrics that are close enough share the same
marked length spectrum, then they are isometric. This result locally solves
the Burns—Katok conjecture [6]. The goal of our series of two papers is to
extend this result from the case of closed negatively-curved manifolds to
the case of negatively-curved manifolds with hyperbolic cusps. The main
Theorem, similar to that of [14], will be eventually proved in the second
paper [11]. Hence, just as in the compact case, a first step is to estab-
lish solenoidal injectivity of the X-ray transform, which is the goal of the
present paper.

As far as the solenoidal injectivity of the X-ray transform operator I3
is concerned, it was first obtained for negatively-curved closed surfaces by
Guillemin-Kazhdan in their celebrated paper [15]. More generally, their
proof works for tensors of any order m € N. This result was then extended
by Croke-Sharafutdinov [8] to negatively-curved closed manifolds of arbi-
trary dimension. More recently, [30] obtained the solenoidal injectivity of
I for any Anosov Riemannian surfaces (M, g), namely surfaces for which
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338 Yannick GUEDES BONTHONNEAU & Thibault LEFEUVRE

the geodesic flow is Anosov or uniformly hyperbolic on the unit tangent
bundle SM. Guillarmou [13] then extended the result on Anosov surfaces to
tensors of arbitrary order m € N. More generally, it is conjectured that the
X-ray transform I¢, is solenoidal injective on closed Anosov Riemannian
manifolds but the question remains open in dimension > 3.

In this article, we are interested in the solenoidal injectivity of I§ on
noncompact complete manifolds of negative curvature whose ends are real
hyperbolic cusps and this does not seem to have been considered before
in the literature. More precisely, the case we will consider will be that
of a complete negatively-curved Riemannian manifold (M, g) with a finite
numbers of ends of the form

Zg n = [a,+00[y % (Rd//\)e ,

where a > 0, and A is a crystallographic group (i.e a cocompact discrete
group of isometries of R?) with covolume 1. On this end, we have the metric
g =y~ 2(dy* + df?). The sectional curvature of g is constant equal to —1,
and the volume of Z, 5 is finite. All ends with finite volume and curvature
—1 take this form. In dimension two, all cusps are the same (we must have
A = Z). However, in higher dimensions, if A and A’ are not in the same
orbit of SO(d,Z), Z,, » and Z, as are never isometric. In the following, we
will sometimes call cusp manifolds such manifolds. Up to taking a finite
cover, we can always assume that each A is a lattice in R (i.e only acts by
translations).

Figure 1.1. A surface with three cusps. In red, a closed geodesic in a
hyperbolic free homotopy class. In blue, a curve in a free homotopy
class of loops wrapping once around a cusp: this class does not contain
any closed geodesic.
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In our case, we denote by C the set of hyperbolic free homotopy classes
on M, which is in one-to-one correspondence with the set of hyperbolic
conjugacy classes of 71 (M,-). These are the set of conjugacy classes of
hyperbolic elements of the fundamental group which can be seen as iso-
metric transformations on the universal cover M of M (M is diffeomor-
phic to a ball) with two distinct fixed points on the boundary at infin-
ity. From elementary Riemannian geometry, just as in the closed case, we
know that for each such class ¢ € C of C! curves on M, there is a unique
closed curve ~4(c) which is a geodesic for g. We define the X-ray transform
I C (M, S?T* M) — £°(C) (where £°°(C) denotes bounded sequences

comp

indexed by C) as the following operator: if h € C5,,, (M, S*T*M) then
, 1 £(vg(e)) o
HHO) = 5 / ey (3(0), 5()

where v is a parametrization by arc-length. Of course, it is possible to
define the X-ray transform for a larger class of tensors than those in
C20. (M, S?T*M). The main result of our paper is the following:

comp

THEOREM 1.1. — Let d > 1 and (M%!,g) be a negatively-curved
complete manifold whose ends are real hyperbolic cusps. Let —kg < 0
be the maximum of the sectional curvature. Then, for all « € (0,1) and
B € (0,/ko), the X-ray transform I is injective on

y?C (M, S*T* M) N H' (M, S*T*M) Nker D* .

Here, D* denotes the divergence on 2-tensors: as usual, a tensor f is
declared to be solenoidal if and only if D*f = 0 (see § 5.3 for further
details). It is defined as the formal transpose (for the L2-scalar product)
of the operator D := ¢ o V acting on 1-forms, where V is the Levi-Civita
connection and o is the operator of symetrization of 2-tensors. In turn,
the previous Theorem implies the spectral rigidity for smooth compactly
supported isospectral deformations.

COROLLARY 1.2. — Let d > 1 and (M%*! g) be a negatively-curved
complete manifold whose ends are real hyperbolic cusps. Let (gx)x e (~1,1)
be a smooth isospectral deformation of g = gy with compact support in M.
Then, there exists an isotopy (¢x)x e (~1,1) such that ¢3gx = g.

This is the equivalent for cusp manifolds of the classical Guillemin—
Kazhdan result [16].

As mentioned earlier, Theorem 1.1 is the first step towards proving the
local rigidity of the marked length spectrum on such manifolds, as the X-
ray transform on symmetric 2-tensors turns out to be the differential of the
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marked length spectrum, and this program will be carried out in the follow-
ing paper [11]. We will refer to the local marked length spectrum rigidity
question as the nonlinear problem. In contrast, the linear or infinitesimal
problem will be that of the solenoidal injectivity of the X-ray transform
which is dealt in the present paper.

In order to prove Theorem 1.1, we will need — together with a Livsic-
type theorem which does not really differ from the compact case — to
study the decomposition of symmetric 2-tensors into a potential part and
a solenoidal part (or divergence-free part). Namely, we will need to prove
that any symmetric 2-tensor f can be written as f = Dp + h, where p is
a 1-form and h is solenoidal. The existence of such a decomposition relies
on the analytic properties of the elliptic differential operator D and in
particular on the existence of a parametrix with compact remainder. Since
the manifold M is not compact, this theory is made harder (smoothing
operators are no longer compact) and one has to resort to a careful analysis
of the behaviour of the operator on the infinite ends of the manifold. A large
part of this article is devoted to this study as the next paragraph explains.

1.2. Pseudo-differential calculus on manifolds with hyperbolic
cusps

A careful study of the operators on the infinite ends of the manifolds will
be needed. The relevant techniques are that of Melrose’s b-calculus [25]
which we will adapt to our setting. They will also be used in our second
paper [11]. While the operators D and D*D studied in this first article are
very likely to belong to the “fibered cusp calculus” introduced by Mazzeo—
Melrose [24], we rather chose to expand the microlocal calculus developed
in [5] and [12] and this for two main reasons:

(1) First of all, in order to deal with the nonlinear problem in [11], we
use the resolvent of the generator X of the geodesic flow on the
unit tangent bundle SM, as it was studied in [12]. Since X is not
elliptic, the techniques of Melrose [25] cannot be applied to study its
analytic properties (at least, not in a straightforward manner...)
and to prove, in particular, the meromorphic extension of (X +7)~!
to the whole complex plane. It was the purpose of [12] to expand
the relevant calculus introduced in [5] in order to deal with such a
non-elliptic operator.

(2) Secondly, we will mostly be interested in the analytic behaviour
of the operator D*D on weighted Hélder—Zygmund spaces. On the
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one hand, this type of spaces does not seem to have been considered
so far by the microlocal school working on noncompact manifolds
neither in the general context of Melrose calculi, nor specifically
with cusps and for which we refer to [24, 26, 38]. In particular,
we prove boundedness results of pseudo-differential operators on
such manifolds and show how to construct a parametrix on these
spaces modulo a compact remainder. On the other hand, bound-
edness on this type of spaces for pseudo-differential operators on
manifolds with bounded geometry seems to have been considered
by various authors (see [36, 37] for instance). Roughly speaking,
this assumption asserts that the manifold is uniformly comparable
to R? and that the usual results known on R¢ can be transferred to
such manifolds. However, in our case, since the radius of injectiv-
ity collapses to 0 in the cusps, we are not dealing with a bounded
geometry and we cannot use such results. Hence, combining all the
existing literature on the subject, it seems that our detailed study of
pseudo-differential operators acting on Hélder—Zygmund spaces on
manifolds with cusps is new. We refer to § 2.3 for a more extensive
discussion.

Let us now briefly explain our analysis of pseudo-differential operators

on cusp manifolds. Recall that the cusps are of the form

Zan = [a, +00[y % (Rd/A)e,

where y denotes the height variable and 6 the slice variable, and we will
take advantage of this product decomposition. Given f € Cg5,,,(M), we
can always decompose f|z, , in restriction to Z, A as a sum f = fo + f1,
where fo € Co5,p(Za, a) is independent of the slice variable 6,

fo)= [, 10w,

is called the 0" Fourier mode of f (note that we do not need to divide by the
volume of the slice, since by assumption the volume of R%/A is equal to 1),
and f1 = f — fo € CFnp(Za, a) is called the non-zero Fourier modes of f.
Of course, such a decomposition can be naturally extended to sections of
vector bundles.

In the core of this article, we will be working with admissible pseudo-
differential operators (see Definition 4.6 for a precise statement) acting
on sections of vector bundles over the cusp manifold. Roughly speaking,
these operators are of geometric nature (they will be constructed out of
the metric, just like the Laplace—Beltrami operator acting on functions for
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instance) and, as a consequence of their geometric definition, they will act
diagonally on the decomposition of sections into zero and non-zero Fourier
modes, modulo some compact remainders. As we will see, the construction
of a parametrix for an elliptic operator is made difficult due to the zero
Fourier mode and this is really where the non-compactness of the manifold
comes into play.

The precise study of the operator on the zero Fourier mode is done
through an indicial operator as in Melrose [25] which reveals some indicial
roots, playing a crucial role in the description of the elliptic operator as a
Fredholm operator (i.e. an operator with finite kernel and cokernel). In par-
ticular, according to the weighted spaces considered (these are functional
spaces where the norm includes a weight y” for some p € R), the behaviour
of an operator might be drastically different. As for the introduction, we
state a simpler version of our main theorem of inversion (see Theorem 4.13)
in the case where the fiber over the cusp is trivial (it is a point) and the
operator acts on distributions on M.

THEOREM 1.3. — Let (Mt g) be a complete manifold whose ends
are real hyperbolic cusps. Let P be a differential operator on M. Assume
that it is R-admissible in the sense of Definition 4.6. Also assume that it
is uniformly elliptic in the sense of Definition 2.6. Then there is a discrete
set S(P) C R such that for all s € R, for each connected component
I C R\ S(P), and p € I, P is Fredholm on y*~%2H*(M) and y*C%(M),
with a Fredholm index which only depends on I.

The spaces H®*(M) are the usual Sobolev spaces built from the met-
ric. The spaces C¢(M) are the Holder—Zygmund spaces, introduced in § 3.
They coincide with the usual Holder spaces C*(M) built from the distance
(induced by the metric) for s € Ry \ N (see Proposition 3.9). By a little
more effort, we also obtain a relative Fredholm index Theorem (see For-
mula (4.15)), allowing to describe the jump of the Fredholm index as one
crosses an indicial root (see Propositions 4.24 and 4.25). This also holds in
the Holder-Zygmund category.

1.3. Outline of the paper

In § 2, we introduce the basic functional spaces and the class of pseudo-
differential operators we will be working with. In § 3, we prove boundedness
properties of our class of pseudo-differential operators on Hélder—Zygmund
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spaces. § 4 is dedicated to the notion of indicial operator and to the in-
version of an elliptic pseudo-differential operators on weighted Sobolev and
Holder—Zygmund spaces.

In the last § 5, we show how the previous theory can be applied to
the operators Vg (the gradient of the Sasaki metric on the unit tangent
bundle SM), D and D*D. This will provide the decomposition of tensors
into a potential and a solenoidal part. We also obtain a Livsic Theorem
(see Theorem 5.2) which is rather similar to the compact case. In the end,
gathering all these different pieces together, we will deduce Theorem 1.1
and Corollary 1.2.
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2. Pseudo-differential operators on manifolds with
hyperbolic cusps

2.1. The geometric setup and main result

2.1.1. Admissible bundles

Throughout the article, we will rely on constructions from [12], itself
based on [5]. In the former paper, the techniques from Melrose [25] had to
be adapted to deal with operators that are not elliptic. In § 2.3, we will
compare our setup to that of Mazzeo and Melrose’s fibred cusp calculus.
Since we want to state results in some generality, we will consider in this
whole section the following situation: we are given a non-compact manifold
N with a finite number of ends Ny, which take the form

(2.1) Ze’a X Fg.
Here, Z; o = {2 € Zy | y(2) > a}, and
Zy =10, 400, x (R?/Ay), .
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In all generality, Ay C O(d) x R is a crystallographic group. However,
according to Bieberbach’s Theorem, up to taking a finite cover, we can
assume that A C R is a lattice of translations. We will work with that
case, and check that the results are stable by taking quotients under free
actions of finite groups of isometries. The slice (Fy, gr,) is assumed to be a
closed Riemannian manifold. We will use the variables (y,6,() € Z; x F,
where (y,0) € [a,+00) x RY/A,. We assume that N is endowed with a
metric gy, equal over the cusps to the product metric

 dy* +do?

INlz,, = 7 gF,-

We therefore have a decomposition
N = Ny Uy Ny,

where Ny is a compact submanifold of N with boundary. We will refer to
Ny as the compact part of N and to the N,’s as the cuspidal parts of N. An
example of such a manifold is given by N = SM, the unit tangent bundle
of our manifold (M, g) with hyperbolic cusps.

We will also have a vector bundle L — N, and will assume that for each
£, there is a vector bundle L, — Fy, so that

L\N[ ~ Zg X Lg.

Whenever L is a hermitian vector bundle with metric g, a compatible
connection V% is one that satisfies

Xogr (fi, f2) = 91 (VX fi, f2) + 91 (f1. V5 f)
where f1,2 € C (N, L). Taking advantage of the product structure, we

comp
impose that when X is tangent to Z,
(2.2) ViF(:0,0) = diy, o) f(X) + Ay, 0)(X) - 1,

(since the cylinder Z has a flat structure, the differential d(, ¢y is well
defined). Here the connection form A,(X) is an anti-symmetric endomor-
phism depending linearly on X, and A(yd,), A(ydy) do not depend on y, 6.
In particular, we get that the curvature of V¥ is bounded, as are all its
derivatives.

DEFINITION 2.1. — Such data (L — N,g,95,VY) will be called an
admissible bundle.

Given a cusp manifold (M, g), the bundle of differential forms over M
is an admissible bundle. Since the tangent bundle of a cusp is trivial, any
linearly constructed bundle over M is admissible. For example, the bundle
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of forms over the Grassmann bundle of M, or over the unit cosphere bundle
S*M. The Sasaki metric on SM is not a product metric, however, it is
uniformly equivalent to the natural product metric in the cusps (see [5,
Appendix C]). In particular, it defines the same classes of regularity.

2.1.2. Functional spaces

Let f be a function on N. We define for an integer k> 0:

)

Ifllex vy = sup sup V7 f(=
0< kzeN

where V is the Levi—-Civita connection induced by gn. We write f € C*°(N)

if all the derivatives of f are bounded. If f is infinitely many times differen-

tiable, but its derivatives are not bounded, we simply say that f is smooth.
The Christoffel coefficients of the metric in the cusp in the frame

Xy = yay, Xg = yag, XC = 8§

are independent of (y,6) (see [3, Appendix A.3.2]). As a consequence, in
the cusp, there are uniform constants such that
(2.3) sup HVJf )| = Sup. [ Xaf(2)],

0<y < lel <
for all z = (y,0,¢) € N. Here, « is an ordered multiindex with values in
{y,0. 3"

We now introduce Holder spaces. Let 0 < 8 < 1. We will write f €
CP(N) if:

g ‘ 1f(z) = fED]

Ifllcs = :élljavlf(Z)l LS TaEy [flloe + 11f1ls < o0,
where d(-,-) refers to the Riemannian distance induced by the metric gy.
In particular, a function f may be [-Hoélder continuous, with a uniform
Hoélder constant of continuity (i.e. || f||s < o), but may not be in C#(N) if
| flloe = oo for instance. It also makes sense to define C% for 8 € R, \N by
asking that f € CIPl(N) and that the [8]*" derivatives of f are in C#~[F]
Holder-continuous.

The Lebesgue spaces LP(N), for p > 1, are the usual spaces defined with
respect to the Riemannian measure dp induced by the metric gy. Over
the cusp, it has the particular expression du = y~ % *dydfdvol r,(C), where
dvolf, denotes the Riemannian measure induced by the metric gr,. For
s € R, we define (via the spectral theorem):

(2.4) [l =y = (A +1)* fll 2y »
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and H*(N) is the completion of Cg;,,, (V) with respect to this norm. Here
A is the Laplacian induced by the metric gy .

Let ¥ : N — R4 be a smooth positive function such that y(z) = y,
for z € Zy 4. In the following, we will abuse notations and confuse the
function y defined globally on M with the y coordinate on the cusps. We can
now introduce weighted spaces y?X*(N) (for X = C, H) by the following

formulas:

[ llyezes vy == 11y~ Fll = ()
For the reader to get familiar with these spaces, let us mention here some
embedding lemmas.

LEMMA 2.2.
1) Let 0 < s< s <1land p—d/2 < p'. Then
p p
YO (N) >y HY (V)

is a continuous embedding.
(2) Let k€N, s > 4L + k. Then

y~PH(N) = CH(N)
is a continuous embedding.

The shift by y%/? will appear throughout the article and is due to the
fact that Sobolev spaces are built from the L? space induced by the hy-
perbolic measure dydfdvol(¢)/y¢+!. We will prove (and even refine) these
embedding lemmas in § 3.3.

So far, we have only introduced the functional spaces for functions. When
working with sections of vector bundles, one needs a connection to compute
derivatives. Then one can define the relevant functional spaces in essentially
the same way. For those spaces to behave in a reasonable fashion, one needs
that the connection itself is uniformly C°° with respect to itself. It is in
particular the case when it is the connection of an admissible bundle.

2.2. Pseudo-differential operators on cusps

We now introduce our algebra of pseudo-differential operators. We want
to consider the action of operators on sections of L — N or more generally
from sections of Ly — N to sections of Ly — N where L; 5 are admissi-
ble bundles. In the paper [12], an algebra of semi-classical operators was
described using results from [5]. It consists of families of operators depend-
ing on a small parameter h > 0. In this paper, most of the time, we will

ANNALES DE L’INSTITUT FOURIER



RIGIDITY OF MANIFOLDS WITH HYPERBOLIC CUSPS 347

be using classical operators, which is equivalent to fixing the value of h
to 1. The description of the algebra of operators we are using relies on
two points: first, we need to say which types of smoothing remainders are
allowed; second, we need to describe the quantization we will manipulate.

The

2.2.1. Various types of smoothing operators

non-compactness of the manifold, and the fact that we consider

Sobolev and Holder—Zygmund spaces makes it unavoidable to use several

classes of smoothing operators in the paper. Let us take the time to properly

present them.

(1)

The smallest class of smoothing operators, which we will call
R-residual operators and denote by Wy > comprises the operators
R that are bounded as maps

R:y’H ®(N,L1) =y PH*(N, L),

for any p > 0,k > 0. We will define in § 2.1.2 some Hélder-Zygmund
spaces C¢, and we could replace the spaces H* by the spaces C* in
the definition of R-residual operators, and obtain the same class of
operators, as is stated in Proposition 3.14.

Another class of operators of interest is that of R-smoothing op-
erators, denoted Wy >, which comprises the operators R that are
bounded as maps

R:y?H *(N,L1) — y?H*(N, Ly),

for any p € R,k > 0. If one replaces Sobolev spaces by Holder—
Zygmund spaces, one obtains a notion of R-smoothing operators in
Holder—Zygmund. In this case, it is not clear to us whether both
classes are the same. We will make further comments on this right
after the proof of Proposition 4.8.

Now, it will turn out that the range of p’s that are allowed may have
to be restricted, so that one has to introduce a bit more of notations.
Specifically, given a non-trivial interval I = (p_, p4) C R, we will
say that R is an I-residual operator if for any p,p’ € I, and any
k € R, R is bounded as a map

R: yp_d/2H_k — y”/_d/2Hk.

The —d/2 factor is here to take into account that the measure in
the cusps is y~ % 'dydAd¢. The class of such operators is denoted
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\PI_OO. We will see that it is equivalent to requiring that for the same
range of parameters, R is bounded as a map
R: pr;k — y'DIC,’f.
(4) We also have I-smoothing operators, which are operators R such
that for all p € I, and all £k € R, R is bounded as a map
R:yr~PHF — ypm P HE

The class of these operators is denoted W, *°. Again, if one replaces
Sobolev spaces with Holder—Zygmund spaces, it defines a class of
I-L*>°-smoothing operators. It is not clear to us if this defines the
same class.

The reader familiar with Melrose’s b-calculus will observe that R-residual
here is the equivalent of Melrose’s maximally residual operators.

2.2.2. Hyperbolic quantization

Let us now describe our quantization. In the compact part, we will use
usual pseudo-differential operators with symbols ¢ in the Kohn—Nirenberg
class, satisfying usual estimates in charts of the form

85‘8?0" < Ca 5ley™ 181,

For this, we refer to [41] for instance. As a consequence, it suffices to explain
what we will be calling a pseudo-differential operator in the ends. We will
recall the constructions of [5, 12]. For this, we consider one end, and we
drop the ¢’s. Instead of quantizing Z,, we work with the full cusp Z.

Let us denote by Op"™ the usual Weyl quantization on R4+ x R¥. Given
X € C&mp(R) equal to 1 around 0, and a € S'(R**2¥+2) we denote by
Op"“(a)y the operator (on Rf* x R? x R* now, to avoid y,3" = 0) whose
kernel is

!/

Y

(25) K (yv 97 g; ylv 0/, C/) =X |:y - ]-:| KOp“’(a) (ya 03 Cv ylv 9/7 CI) .

Next, we can associate a € C°(T*(Z x R¥), Hom(R™, R"2)) with its peri-
odic lift

a€C™ (T (R, x Rj x Rf) , Hom (R™,R"?)) .

(supported for y > 0). Given f € C*°(Z x R¥,R™), denoting by fvthe pe-
riodic lift to R¥1 x R* | it follows from the explicit expression of Op" (a), f
that it is again periodic. In particular, Op"(a), defines an operator from
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compactly supported smooth sections of R™ — Z x R* to distributional
sections of R™ — Z x RF.
As a consequence, it makes sense to set

Opgr (a)f = y“@/20p® (a), [y—(dﬂ)/zf} .

Using a partition of unity on Fy, we can globalize this to a Weyl quanti-
zation OpY, 1, 1,, and then on the whole manifold Opy, , _,,, — the
arguments in [41, Section 14.2.3] apply. We will write Op for this Weyl
quantization on the whole manifold. Since F' is compact, one checks that
the resulting operators are uniformly properly supported above each cusp.

Now, we need to say more about the symbol estimates that we will

require. We introduce
(€) = /14+ 95 (&),

the Japanese bracket of £ € T*N with respect to the natural metric gy
on T*N (this is the dual metric to the Sasaki metric). Due to the product
structure of the metric gy on N over the cuspidal part, it is equal to
97, + g, Over the cusps, we denote by (Y, J,n) € R x R¢ x T* F, the dual
variables to (y,0,¢) € [a,+00) x R?/A x F, (such global coordinates are
possible because the (co)tangent bundle of the cusp is trivial). In the case
that F} is a point, we then have:

(€) = VI+ 122 = VI+y2 (Y2 + J2).
Let m : T*N — N be the canonical projection on the base. The vector
bundles L; o — N can be lifted to T*N in order to define vector bundles
7*L1,2 — T*N. In the following, we will consider such lifts (and canonical
vector bundles constructed from it) but we will drop the 7* notation.

DEFINITION 2.3. — A symbol of order m is a smooth section a of
Hom(L, Ly) — T*N, that satisfies the usual estimates over Ny (the com-
pact core of N ), and above each Ny (the cuspidal parts), and in local charts
for Fy, for each a, 8,v,a’, 3, there is a constant C' > 0:

’

(W0,)® (w3e)” (3e)" (v~ '0v)™ (y'9,)" (8,) a

< o=,

Hom(L4, L2)

We write a € S™(T*N,Hom(Ly, Ls)).

Observe that this does not actually depend on the order in which the
derivatives were taken, nor does it depend on the choice of charts on Fj
since it is compact. (Alternatively, one could ask the previous definition to
hold locally uniformly in charts for Fy.)
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2.2.3. Algebra of small pseudo-differential operators

We can now introduce the class of small pseudo-differential operators:

DEFINITION 2.4. — The class of small pseudo-differential operators is
defined as:

smdll (N Ll - L2)
:={Op(a) + R|a € S™ (T*N,Hom (L1, L)) ,R € U=}

The choice of the adjective “small” refers to Melrose’s small calculus [25].
This class of operators satisfies the usual properties that we present now.

PROPOSITION 2.5.

(1) Let m € R. Then A € U2 (N,L; — Lg) is continuous from
y?H*(N, L1) to y?H*>~™(N, L) for all s,p € R.

(2) Let m,m’ € R,a € S™(T*N, Hom(Ll, Ly)) and b € ™ (T*N,Hom
(L2, L3)). Then Op(a) Op(b) € g and

small

Op(a) Op(b) — Op(ad) € c pmtm' =1

small

In particular, ¥* = Upm erV . is an algebra.

small smal

For the proof, we refer to [12, Proposition A.8] and [5, Proposition 1.19].
The only difficulty may be that in [12, Proposition A.8], the boundedness
was only considered on spaces H?, instead of y? H*. However, since Op(o) is
uniformly properly supported (due to the introduction of the cutoff function
X in the quantization (2.5)), we can conjugate it by y”, and observe that
this gives an operator still in the class ¥ .

It will be useful to recall that the proof of the boundedness relies on
building a symbol o, such that H* = Op(c,)L? (so that Op(o,) approxi-
mates (—A + C)~%/2 for some large constant C' > 0). In the following, we
will write A_g = Op(os).

DEFINITION 2.6. — Let a € S™(T*N,Hom(L1, Ly)). We will say that
a Is left (resp. right) uniformly elliptic if there exists C' > 0 and b €
S™™(T*N,Hom(Ls, L1)) such that b is a left (resp. right) inverse for a,
in the sense that b(z,&)a(z,§) = 15, (resp. a(z,&)b(z,§) = 1,) for all
(2,€) € T*N such that g5 (§,§) > C

When L and Ly have the same d1mension, both definitions are equivalent
and we just say that a is uniformly elliptic.
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PROPOSITION 2.7. — Let a € S™(T*N,Hom(L1,Lz2)) be left (resp.
right) uniformly elliptic. Then we can find @ € V_7 (N,Hom(Ly, Ly))
such that

QOp(a) =14+ R (resp. Op(a)Q =1+ R),
with R € U-° (N, Hom(Ly, L,)).

small
Before going on with the proof, observe that the remainder here is not
necessarily a compact operator, contrary to the case of a closed manifold.

Proof. — It suffices to deal with the left elliptic case. Here, we can apply
the usual parametrix construction. By definition of (left/right) ellipticity,
we can choose a ¢o € S™™(T*N,Hom(Lsy, L1)) such that for all (z,¢) €
T*N such that g% (£,€) > C,

qO(zv g)a(z7 6) = ]lLl'
Then
Op(q0) Op(a) = 1, + Op(r1) + Ri.
Here, 71 € S™}(T*N,Hom(Ly)), and R; is small smoothing. Then
Op ((1 —71)g0) Op(a) = 1 + Op(r2) + Ro,

where ro € ST2(T*N, L(L1)) and Rj is again small smoothing. Now, we
can iterate this construction, and find by Borel’s Lemma a symbol ¢ €
S™™(T*N,Hom(Ls, L)) with

+oo
q~q— Y rigo,
i=1
where 7; € STH(T*N,Hom(L1)), in the sense that for all N > 0,

N
q-— <q0 — Zriqo> € S~ N=1(T*N,Hom (L2, 1)),
i=1
and such that
Op(q) Op(a) =1 + R,
with R small smoothing. g

2.3. Comparison to the fibered-cusp calculus
To study Fredholm properties of differential operators on ends of the
type (2.1), the so-called fibered-cusp calculus was introduced by Mazzeo

and Melrose in [24]. We now explain the main difference between their
calculus and ours, and some reasons why using ours is relevant.
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So far, we have presented an algebra of pseudo-differential operators
which is an extension of an algebra of differential operators. The latter is
itself the algebra generated by V,, the Lie algebra of vector fields of the
form

(2.6) ay0y + bydy + X,

where the coefficients a, b are C°°-bounded on Z x F' and X is a smooth and
C*°-bounded vector field tangent to F. Here C°°-bounded is understood
with respect to the Levi-Civita connection, or the local vector fields yd,,
y0p and J¢. A crucial observation is that the Laplacian associated with the
metric of Z x F is in this algebra.

Let us recall on the other hand the setup of the fibred-cusp calculus
developed by Mazzeo—Melrose [24]. Usually, it is presented as a calculus
on a manifold with boundary. However, we can remove the boundary, and
replace the distance to the boundary u by y = 1/u as local coordinates.
After such a change of coordinates, the fibered-cusp algebra \Il?gﬁ is seen
to be the algebra of differential operators generated by the algebra Vi of
vector fields of the form (in local coordinates (y, 8, () near the boundary)

1
(2.7) Z(ayay + bydy + cd),

where a, b, c are C*°-bounded functions of u = 1/y, {, 8 (including at u = 0).
At first glance, it seems that Vi is the same algebra as (1/y)Vy. However,
the regularity required in the Mazzeo—Melrose calculus is quite different.
Indeed, the vector fields measuring the regularity of the coefficients are
now 429, (9, in the u-coordinate), 9y and d; (observe how they are not in
V). As a consequence, the inclusion Vi, C (1/y)V, is strict. For example,
sin(log y)y0, is an element of Vy, but sin(log y)9, is not in Vi.. The reason
is that it oscillates with a wavelength ~ 1 uniformly in the cusp, but in the
fibred-cusp geometry of Mazzeo—Melrose, it oscillates at wavelength | logu|,
where u is the distance to the boundary.

Our algebra of operators is thus a priori larger than the fibred-cusp alge-
bra. However, it can only be defined when working with hyperbolic cusps,
which is not the case of Mazzeo and Melrose’s algebra. To explain this, we
have to expand a bit on the geometric difference behind the definition of
these algebra of vector fields. The very fact that these form an algebra is a
delicate point.

Let us assume for a moment that the 6 variable is not a variable in
a torus, but rather an arbitrary compact manifold W, so that the end
takes the form R x W x F. We want to consider then vector fields of the

ANNALES DE L’INSTITUT FOURIER



RIGIDITY OF MANIFOLDS WITH HYPERBOLIC CUSPS 353

form (2.6), and impose some condition on the coefficients for them to form
an algebra. For this, we consider yX; and yXs, directed along dy. Then
X1 =010y, and X5 = b9y so that

[yX1,yXa] = y* [X1, Xa] .

This has to be of order O(y), so that [X7, X3] = O(1/y). This means that
the vector fields X; 2, on W with parameters y, (, are almost commuting
as y — 4oo. Let us further impose the non-degeneracy condition that
for each point in W we can find vector fields y X1, ..., yXg4 in our putative
algebra which form a bounded frame around that point. Heuristically, when
iterating these brackets, we find that in the region where they are non-
degenerate, they are almost constant as y — +o0o. Eventually, this implies
that they have to be supported on the whole of W, and almost commute.
Declaring them as an orthonormal basis defines then a metric on W whose
curvature goes to 0 as y — +oo. It follows that W is almost flat. Manifolds
that are almost flat are classified, and are all bundles constructions with
torii. As a side remark here, if we considered complex (instead of real)
hyperbolic cusps, we would have a 6 variable describing (instead of a torus)
a torus bundle over a torus. For more insight on this type of question, we
refer to [10] and [1].

On the other hand, the set of vector fields V. forms an algebra with-
out any particular condition on the topology of the manifold W. Another
way of putting this is that the description (2.7) is completely local at the
boundary, while the description (2.6) is semi-local, since it is actually a
global description the 6 variable.

Let us now explain why in our case, it is worthwhile to use our algebra
instead of the fibred-cusp one. The arguments are of different nature.

The purpose of [24] was to analyze whether operators in \Il‘ficiff have para-
metrices modulo compact remainders when acting on L?(N'). This involves
the inversion of an indicial operator, which is a family of operators ]S(C 2 1)s
parametrized by (¢,n) € T*F, acting on the fiber p~1(¢) (here R?/A). To
invert general elliptic operators in our class would certainly involve some-
thing more complicated.

However, we will restrict our attention to operators which respect the
geometry of the cusp. For such operators, we will be able to concentrate
mostly on functions which do not depend on the variable 6. For this reason,
the non-compactness of the manifold will effectively appear to take the form
R* x F. The criterion for being Fredholm is then much simpler. Indeed, we
only need to invert a family of operators I(P,\), with A € iR, each such
operator acting on F' (the base instead of the fiber). One can note here that
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this is very similar to another calculus of Melrose, the b-calculus, which is
adapted to cylindrical ends like RT x F.

Another argument of convenience is that the theory of Mazzeo and Mel-
rose has so far been developped entirely in the framework of Sobolev spaces.
Extending those results to the class of Holder—Zygmund spaces would re-
quire a considerable effort, more so than developping our tools.

The other arguments are a bit less practical, and related to the question
of studying dynamics. If P is a differential operator of order m in our class
satisfying the “geometric condition” yet to be stated, u™P € Ww{iff

&t s0 one
could apply the results in [24]. However

e It is a bit unsatisfying that in the fibred-cusp calculus, the most
natural operator in our setting, i.e the Laplace operator, is not in the
algebra, but can still be dealt with via some trick — multiplication
by u?.

e In the case that P is not differential but pseudo-differential of vary-
ing order, it is not quite obvious what would replace the correspon-
dence P — u™P. This is crucial when dealing with anisotropic
spaces as in [12]. This will also intervene in our second paper [11].

e For the study of propagators and propagation of singularities (which
will be important in the sequel [11]), it is important to consider
the flow of the principal symbol of the relevant operators. In our
framework, such a flow is uniformly smooth with respect to the
geometry, while it is not the case of the fibred-cusp calculus.

3. Pseudo-differential operators for Hélder—Zygmund
spaces on cusps

Holder spaces, with their naive definition, are not very compatible with
the tools of microlocal analysis. The usual solution is to give an alternative
definition of these spaces via a Littlewood—Paley decomposition, defining
thus the so-called Hélder—Zygmund spaces. On R", or on compact mani-
folds, this is a classical subject. However, this has not been investigated so
far for manifolds with cusps.

In this section, we are going to define such spaces C on manifolds with
cusps, and then prove that the class of pseudo-differential operators de-
fined in the previous section acts on them in a reasonnable fashion. On a
compact manifold, this is a well-known fact and we refer to the arguments
before [37, Equation (8.22)] for more details. The subtleties come from the
non-compactness of the manifold.
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At this stage, we insist on the fact that the Euclidean Littlewood—Paley
decomposition is rather remarkable insofar as it only involves Fourier multi-
pliers (and not “really” pseudo-differential operators), which truly simplify
all the computations. This is not the case in the hyperbolic world and some
rather tedious integrals have to be estimated.

Then, we will be able to prove that the previously defined pseudo-
differential operators of order m € R map continuously C5T™ to C¢, just as
in the compact setting. Since we can always split the operator in different
parts that are properly supported in cusps or in a fixed compact subset of
the manifold (modulo a smoothing operator), we can directly restrict our-
selves to operators supported in a cusp as long as we know that smoothing
operators enjoy the boundedness property.

3.1. Definitions and properties

In the paper [5], only Sobolev spaces were considered. So we will have to
prove several basic results of boundedness of the calculus, acting now on
Holder—Zygmund spaces. We will give the proofs in the case of cusps, and
leave the details of extending to products of cusps with compact manifolds
to the reader.

We consider a smooth non-negative function ¢ € Cg5,,,(R) such that
P(s) = 1 for |s|] < 1 and 9(s) = 0 for |s| > 2. We define, for j € N*,
the following function on the cotangent bundle to the hyperbolic space
T*H! ~ HA+ x R

(3.1) pi(z,6) =v (277(8) —v (277718),
where (z,&) € T*H, z = (y,0) € HYH and (€) := /1 + y2|¢|? is the
hyperbolic Japanese bracket with || = |€|cuc being the euclidean norm of

the (co)vector & € R?+L. Observe that
suppy; C {(,€) € HH! x R4+ |2J*1 <€) <2t}

Then, with ¢ = ¥((£)), Zj:og @;(x,&) = 1. Of course, the functions ¢,
are translation invariant and thus descend to a cusp Z =|0, +-00[xR%/A.
We will still denote them by ¢;. We then introduce the

DEFINITION 3.1. — We define the Holder—Zygmund space of order s as:
Ci(Z) = {ue ANL®(Z)+ L®(Z) | |Jullc: < o},

where:

lulle: == sup 27° Op(e,)ull o 5,
JjeN
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and N =0 for s >0 and N > (|s| +d+1)/2 when s < 0.

It will be shown in Lemma 3.3 below that Op(yp;) is indeed bounded
on L, hence proving that this definition is legitimate. One can check
that the definition of these spaces does not depend on the choice of the
initial function ¢ (as long as it satisfies the aforementioned properties),
see Remark 3.6. This mainly follows from Lemma 3.5 below. Note that,
although a cutoff function x around the “diagonal” y = 3’ has been intro-
duced in (2.5) in the quantization Op, we still have 1 = >_. 5 Op(p;).
Thus, given u € CF with s > 0, one has u = >, . y Op(p;)u, with normal
convergence in L*° and

Jullzee <> 10D (95) ull oo < Y 277529 [Op () oo < Il
JEN jEN

Cs-

<llesll

We denote by [z] the floor function, i.e. the integer part of z € R. It can
be checked that the definition of Hélder-Zygmund space locally coincides
with the usual definition on a compact manifold, that is for () s ¢ N,
C? contains the functions that have [s] derivatives which are locally L™
and such that the [s]*" derivatives are s — [s] Holder continuous. Indeed,
if we choose a function f that is localized in a strip y € [a,b], then the
size of the annulus in the Paley—Littlewood decomposition is uniform in y
and can be estimated in terms of a and b, so the definition of the Holder—
Zygmund spaces boils down to that of R4, This will be made precise in
Proposition 3.9.

We have the equivalent of Proposition 2.5:

PROPOSITION 3.2. — Let P = Op(o) with o € S™(T*N,Hom(L4, Ls))
be a pseudo-differential operator in the class U | (N, L; — Lo). Then:

small
P:yPCIT™(N, L) = y?CI(N, La),
is bounded for all s € R. If ' € 8™ (T*N,Hom(Ly, L3)) is another symbol,
Op(c) Op(0’) — Op(oa’) € Wrtm' =1,

small

We make the following important remark. By definition, an arbitrary
small pseudo-differential operator P € W ,(N,L; — Lo) can be writ-
ten as P = Op(o) + R, where ¢ € S™(T*N,Hom(L;,Ls)) and R is R-
smoothing i.e. it maps y?H~* — y?H?® (for any p,s € R). The previous
Proposition 3.2 shows that the first term Op(o) is bounded on the Hélder—
Zygmund spaces y?C:t™ — y?CS. However, for the second term R, this

M For s € N, this does not exactly coincide with the set of functions that have exactly
[s] derivatives in L.
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is not clear. In the following, we will mostly be interested by admissible
operators (see Definition 4.6) and for this restricted class of operators, we
will show that the remainder is indeed bounded on Hélder—Zygmund spaces
(see Proposition 4.9).

As usual, since we added a cutoff function on the kernel of the operator
around the diagonal y = 3/, the statement boils down to p = 0, which we
are going to prove in the next paragraph.

3.2. Basic boundedness

The first step here is to derive a bound on L*°(Z) spaces. We follow the
notations in [5], f denoting the lifting of a function f on Z to A-periodic
functions in H*!. If f is a function on the full cusp Z, then for P = Op(o)
with o € S™(T*Z), one has:

d+1
Y : w s
Pf(x) = / X' /y—1) (,) Ky (y,0,y',6") f (v, 0") dy'dd’,
Hd+1 Y
where the kernel K can be written:
KY(z,2") = / ei(z=2"€) 5 (x Rk ,g) de,
Rd+1
with = (y,0). It P: L>®°(Z) — L°°(Z) is bounded, then:

(3:2) [IPlle(zee, L)

d+1

y\ ® w
< sup / X'y —1) <,> |KY (y.0,y,0") |dy'de’
Hd+1 Y

(y,0) e HIT!

y'=Cy
sup / / Yy, 0,9, 0)|dy' e’
('g 0) e HAtL Jy'=y/C ’ERd

Thus, we will look for bounds on |K¥(y,0,vy’,6)|. A rather immediate
computation shows that:

/
Ty — X
(33) y+y/ZKw KX@O',
173
where * = (29,21, ..., zq) = (y,0) and Xy = y~ 0y, X, = y~19,, for
{=1,...,dand we will iterate many times this equality, denoting X< =
X§© ... X5 for each multiindex o = (o, ..., aq) € NT1. Since

o(”“’”,&)’dé,

K (4,0./,0) | < /
Rd+1
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we also get
r—a |

, / X0 de.
y+y Rd+1

LEMMA 3.3. — Let 0 € S™™(T*Z) with m > d + 1. Then Op(o) is
bounded on L*(Z).

|K2 (y,0,y',0")| <

~

Proof. — Under the assumptions, o is integrable in &, and so are its
derivatives. In particular, we get for all multiindex «,

C y+y'|”
KY (y,0,y,0) ] < e
|U@Hy,HN@+yW4$_W
From this we deduce
1 1

Ky (y,0,9',0") | <
| | (y+y)H ‘9—9/ art

y+y’
and
vo 1 1
@) - - Ssu d do
06w St [y [ a0y
Y 1+ y+y’

yC 1
< sup/ dy’ - < 00
y Jy/C y+y

O

We now use the previous dyadic partition of unity. Given a symbol o €
S™(T*Z), we define o := op; € ST°°. Observe that

+o0 +oo
P = Op(o) :ZOp(Ugoj) = ZPj,
— O~ =
J e j
where P; := Op(c;). We will need the following refined version of the
previous lemma:

LEMMA 3.4. — Assume that o € S™(T*Z). Then, ||Pj|| gz, 1) S 27™

In particular, if u € L>(Z), we find that u € C?(Z) (but the converse is
not true !).
Proof. — The proof is similar to the proof of Lemma 3.3, but we have

to be careful to obtain the right bound in terms of power of 27. Since ¢,
has support in {2771 < (€) < 2/}, the kernel K, of P; satisfies:

2j(m+d+1)

SR

(34)  |KZ (@0)

< / <
{2971 C(g) €29+1}
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Differentiating in &, we get for all multiindex «,

119 i(m—al+d+1)

(y +y)H

y+y
A

(3.5) ‘K},”

J

S

Combining with (3.3) (we iterate the equality &’ times in y and k times in
0 that is in each 6; coordinate), we obtain:

2j(m+d+1)
(3.6) ‘K:;; (z,2")| < .
d+1 k! (Y=Y jk | 0—=0"
(y+vy) (1+2] YTy’ +2 ‘y-&-y )

Then, integrating in (3.2), we obtain:

HPng(Loo L)

y'=Cy
sup / / |KY (y,0,y',0") |dy'd¢’
/GRd

(y,0) e H+1 Jy'=y/C
) y'=Cy
< 2imHd+l)  gup /
(y,0) e Ha+1 Jy'=y/C /€ Rd
dy’de’
1yd+1 o [u=w | ik 001
(y+vy) 1+27 W‘ + 27 Y
'=C1
< 9i(m+d+1) sup o—id /y Yy dy’
~ N 1—d/k
(y,0) €HI+ y'=y/C ) s
) (1429 152
ey [© 1
< 9i(m+
2 /1/0 g\ 1—d/k du,
(14 u) (1+2ﬂk’ st >
where we have done the change of variable u = y//y. We let v = 271 m7 SO
that u = (1 — 277v) /(1 +277v),
—j 213

and we get the bound
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¢ 1
du
/1/0 u_l‘k/)l—d/k

(14 w) (1 + 20K e

27(C-1)/(C+1)
s2 [ ! o
—2i(0-n/(et1) (1+ [olF) T E L+ 27

Let now k = d+ 1 and k¥’ = d + 2. We can bound the term 1/(1+277v) by
(C+1)/2, and we get

. dv i
A < 9im < 2™
WEilleqpe, 1) 52 /R 1+ oty 7D >

Here, it was crucial that the kernel is uniformly properly supported. O

LEMMA 3.5. — Leto € S™(T*Z). For all N € N, there exists a constant
Cn > 0 such that for all integers j, k € N such that |j — k| > 3,

HPj OP(‘Pk)Hg(Loq L) ||Op (‘Pk) Png(Loo,Loo) < CNZ_Nmax(j’ k)’
where P; = Op(og;).
Proof. — This is a rather tedious computation and we only give the key
ingredients. It is actually harmless to assume that ¢ = 1, which we will

assume for the sake of simplicity. We use [5, Proposition 1.19]. We know
that

O (17) Oplipw) £ () = /

r’ € Ha+1

(;JJ/) 2 ngwk(x,m/)f(m’)dx’

where, by definition,

(3.7) K2 o (,2) = /€i<z_z/’£>¢jﬁ%0k (

and

x+
2

,§> dg

(38) jtpn(z,€) = 2722 / (2~ (z=1,6~€1)+(o—72.6—2))

©j(r2,&)pr(r1, &)X (Y, Y1, y2)drrdradé dEs,

where, for fixed y, x(y, -, ) is supported in the rectangle {y/C < y1,2 < yC'}
(C not depending on y). To prove the claimed boundedness estimate, it is
thus sufficient to prove that

d+1

y\ ? - j
w, [ () (K8, (@,2)] da? S Cy2 N,
2/ eHd+1 \Y

x € Hit+1
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and we certainly need bounds on the kernel K gjﬁ%"k' First observe that it
is supported in some region {y/C’ < y' < yC’} so, as before, the term
(y/y )% is harmless in the integral. Then, we follow the same strategy as
in the proof of Lemma 3.4. We deduce that it suffices to obtain bounds of
the form

Kw <c 2—Nmax(j,k)
Sy )

‘Kw ek

*(pjifler) |

for |a| < d+ 2.

For the sake of simplicity, we only deal with the bound on | K oslion |, the
others being similar. To obtain a bound on this kernel, it is sufficient to
prove that | o (z, &) < Cn2~NmaxU: k) (¢)=N (where N has to be chosen

large enough). Indeed, one then obtains:

Kf:jﬂtpk

(SL’,:L'/) §0N27Nmax(j,k)/ d£

Rd+1 , 2 N/2
(14 (5) i)

9-N max(j, k)

SON———37-
S )t

We denote by y1D,, , := %0,, , the operator of derivation and we use
in (3.8) the identity

(39) (1 —+ y% |£ — €1|2)_ (]_ + y2D2 ) ( 2i(x—z1,£—&1) )
=e (16—3?1,5—51)7

where D2 = >, D :v1 ,- In terms of Japanese bracket, this can be rewrit-
ten shortly (¢ — &)72N(D,,)2N (e2/{z=21.6-81)) = ¢2i(z=21,£-&1) We thus
obtain:

pjflon(z,€)
_ 2—2d—2/e%((w—xl,5—51>+<w—x2,5—52>)<5 C ) 2N (e g2

(D) N (De)N (5 (2, €1) 1 (21, E2) X (4, 1, y2) )d1dwad€ Ao,

We also need to use this trick in the x variable (more precisely on the
6 variable) to ensure absolute convergence of this integral. This yields the
formula:
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oton(e, &) = 2—2d—2/ezz‘«z—zl,s—sl>+<z—m2,s—sa>)
(0 —01) 7 (0 — 02) M (D) (D)™
(- eV (€ — &)V (D)

(D2)™™ (05 (2, €1) i (1, &) X (¥, 91, 92) )}

dz1dwed&dée,
where M is chosen large enough. We here need to clarify a few things. First
of all, the notation is a bit hazardous insofar as (§ —6;)? := 1+ o=6" 91' this

time. This comes from the fact that the natural operatlon of dlfferentlatlon
(which preserves the symbol class) is (Dy,)? := 1 + Zezl(y1 Y0y, )% If
ones formally develops the previous formula, one obtains a large number
of terms involving derivatives — coming from the brackets

(D) (D)™™ (Do) (Day) ™

2

— of ; and ¢y,. These derivatives obviously do not change the supports of
these functions and can only better the estimate (there is a 277 that pops
up out of the formula each time one differentiates, stemming from the very
definition of ¢;). As a consequence, it is actually sufficient to bound the
integral if one forget about these brackets of differentiation. We are thus
left to bound

/€2i((m7r17£*§1>+<93*“"275752)) 0 —06,)"*M 19— 0,)2M

(€ =€)V (e~ &) N @) (22,61) wr (21, €2) X (¥, Y1, y2) day daradé dés.

We can now assume without loss of generality that k& > j+3. Then, ¢; and
@ are supported in two distinct annulus whose interdistance is bounded
below by 2k~ —27+1 > 2k=2_ Using this fact, one can bound the integrand
by

(=) e —&) N0 -6 10— 020 X (v, 91, p2)
SON2TVRE TN O - 01) M (0 — 02) M X (3, v2)

where the last bracket is (€) := /1 + y2|£|?. (The estimates actually come
out with a Japanese bracket in terms of y; o but these are uniformly com-
parable to the Japanese bracket in terms of y because y is supported in
the region {y/C < y1,2 < yC'}.) We thus obtain:
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‘ /622‘(<x,$1’§7§1)+(17$2,5752))<0 - 91>72M<9 N 92>72M

(€= &) 7NE = &) N o) (22,&1) en (21, £) X (4, Y1, y2))dw 1 daadE dEs

< CN27Nk<§>74N 2y €RIH

. T2 ERd+1 )
271 () <27
2kt g @< <2+

(0 — 601)72M(0 — 02) M x(y, y1, y2)d&1d&oda Ay

We simply use a volume bound of the annulus (the ball in which it is
contained actually) for the &1, & integrals which provides:

/ dgl 5 2j(d+1)/yf+1
291 < (6r) <29+
As a consequence, the bound in the previous integral becomes:

CNQNk/ . XY, Y1, y2)d&déadr day
@) meEL - 000 — 0
2771 (&) <27
2P (&) < 2R

9—Nk+(j+k)(d+1)
<ON———
~ G = €RIH!

eRIT!

_ _ dxdz
(0 = 01) 7240 — 02) "M x(y, 41, v2) g ot
Y1 Ys

Now, the last integral can be bounded by

_ _ dxldxg
(0 —0,) M0 — 05) M — = < 1,
/yl y/C /91 cRd /yz —y/C /92 cRrd ity

where M is large enough, which eventually yields the estimate
(o ton (@, )] < Oy 2~ NVkQUHR(E+D) gy —4N

Since N was chosen arbitrary, we can always take it large enough so that
it swallows the term 205+ Tn the end, concluding by symmetry of j
and k, we obtain the sought estimate

(3.10) lpitor(,€)] S Cn2 VxR (g) =N
This implies the estimate on the kernel K o and concludes the proof of
Lemma 3.5. O
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Remark 3.6. — Following the same scheme of proof, one can also obtain
the independence of the definition of the Holder—Zygmund spaces with re-
spect to the cutoff function v chosen at the beginning. If {/; € C(R)
is another cutoff function such that 1Z = 1 on [—a,a] and 1; = 0 on
R\ [-b,0] (and 0 < a < b), we denote by Op(@;) the operators built
from 1Z like in (3.1). Then, in order to show the equivalence of the C*-
and 5j—n0rms respectively built from 1 or 12, one has to compute quan-
tities like || Op(;) Op(@r)|lz(zoe, ). If & € N is fixed, then the terms
Op(¢;) Op(@pr) “interact” (in the sense that one will not be able to obtain a
fast decay estimate like (3.10)) for j € [k—14[logy(a)], k+14([log,(b)]+1)].
We can improperly call these terms “diagonal terms”. Note that the number
of such terms is independent of both j and k. The content of Lemma 3.5
can be interpreted by saying that when taking the same cutoff function
(that is ¢ = v), the diagonal terms are {j,k € N | |j — k| < 2}. In the
following, we will use the definition of Holder—Zygmund spaces with the
rescaled cutoff functions Jh := 1 (h-). The diagonal terms are then shifted
by log,(h™1).

A consequence of the previous Lemma 3.5 is the following estimate.
Note that it is not needed for the proof of Proposition 3.2 but will ap-
pear shortly after when comparing the Holder-Zygmund spaces C?¢ with
the usual spaces C*.

LEMMA 3.7. — Let P = Op(o) for some o € S™(T*Z),m € R and let
0 < s < m. Then, there exists a constant C > 0 such that for all j € N:

1P Op(0))ll p(cs, ooy < C27077)

Proof. — This is a straightforward computation using both Lemma 3.5
(to deal with the terms |j — k| > 3 below) and Lemma 3.4 (to deal with
the terms |j — k| < 2):

1P OD (25) fll e S D 1P O () £l

keN
S Y IPOp(e) fllpe + D I1PLOD(95) fll e
k=7l >3 [k—j| <2
S Y Cn2 VeGP e + 27 Op () £ e
k=31 >3
Sl + 27720 27 |Op () f| oo
<Iflles
<2709 fllcs,
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where N > 1 is arbitrary. O
We can now start the proof of Proposition 3.2.

Proof of Proposition 3.2, case s +m > 0, s > 0. — We look at:

10D (¢)) Pull e S Y 10D (9;) Petll o +||OD (95) > Pru
k>3 iob<2 ||

The first term can be bounded using Lemma 3.5 and for N > [s] + 1:

sup 27° Y~ [|Op(;) Prul|
TEN ik >3

<sup2°Cy Yo 27 NmaIR |y || o
Jen i—kl>3
S lullzee S lluflgeem -
Concerning the second term, we use the same trick, writing u; =
Op(spr)u.

Op(e;) Y Pau| S| > Pau

i~k <2 e li—kl<2 .

S DD IRl + Y. > 1Pl

li—kl<2]i=l|=5 li—kl<21j-1<4

The first term can be bounded just like before, using Lemma 3.5. As to
the second term, we use Lemma 3.4, which gives that

sup2° N > | P
JEN k<2<

< sup 27529™ Z 10p (00) ull oo S llulletm -
jeN i~ <4

Combining the previous inequalities, we obtain the desired result. Observe
that the proof above also gives that for P € U™ m € R,

[1Pullgom < llullze- L

Next, we want to deal with the case of negative s. To this end, we need
to have some rough space on which our operators are bounded. Consider
the space of distributions (for some constant i > 0 small enough).

C™(Z) == (-h*A+1)" L™(2).
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equipped with the norm
lullo-2n(z) = inf {[lollze | (<022 +1)" v =u}.

LEMMA 3.8. — Forn > 1 and h small enough, s > 0, and o € S~2"+1=s
(T*Z), Op(0) is bounded on C~2"(Z). Also, for n > n', C~2"(Z) C
c—(Z).

Proof. — First of all, we prove that L™ C C~2". To this effect, we
consider parametrices

(~h*A+1)" Op(gn) = 1+ 1" Op'(ry),
with g, of order —2n, and r,, of order —NN. Taking N larger than d+ 1, by
Lemma 3.3, Op(ry,) is bounded on L* and Op(g,) is bounded from L*° to
C2" C L™ by the previous Lemma. We get that for v € L™,
(—=h?A +1)" Op(gn) (1+ AN Op(r,)) v =,

=P,

the inverse being defined by Neumann series for h small enough and P, is
of order —2n so P,v € C2" C L°°. The inclusion C~2"" < C~2" follows
decomposing (—h2A + 1) = (—h2A + 1) (—h2A + 1)*~".

For f = (=h?A+1)"f € C~?" (with f € L*), observe that

Op(a)f = Op(a) (~h*A+1)" f = Op'(c}) ] + (—=h2A +1)" Op(0)7,
with ¢ € §72"T1=5 — here Op’ is a quantization with cutoffs around
the diagonal with a larger support and o}, € S~°. By the last remark in
the proof of the previous lemma, this is in C% + (—h?A + 1)"C2"+s~1 ¢
L>® + (—h2A 4+ 1)"L%® C O~ 2, O

Proof of Proposition 3.2, general case. — Given p € S™ and n, we can
build parametrices

k
(=h*A +1)" Op(qx) Op(p) = Op(p) + Op(rs),
with ¢, € S72¢ r,, € S72=4=1 With k > n+ (m +d + 1)/2, we get that
for u e C727,
Op(p)u = (~h?A +1)" Op(qr) Op(p)u — Op(ri)u € C~2+M) 4 ¢=2n
_ C’_Q(”'HC).
In particular, Op(p) is continuous from C—2" to C—4n—2[(m=d=1)/2] Next,

inspecting the proof of Lemma 3.5, we find that it also applies to the spaces
C~27, In particular, we obtain that for all n > 0, and every s € R,

(3.11) 10p(p)ulle; < Cllul

Cj+m + C”uHCon .
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So far, we have proved that for n > 0, s € R, m € R, Op(p) is continuous
as a map

{u eC™n

[ull gs+m < oo} — {u e ¢4n—2[(m=d=1)/2] ‘ lullcs < oo}.

We would like to replace —4n — 2[(m — d — 1)/2] by a number that only
depends on s. To this end, we pick v € C—**=2[(m=d=1/2] guch that
|lullcs < oo. First off, if s > 0, then u € L*>. So we assume that s < 0.
Then for all € > 0, using the estimate (3.11),

o (1)«
Using parametrices again, we can find ry € S7°7¢ and ¢ € S°T€ so that

u = Op(gs+e) Op ((6)7°7°) u+ Op(ry)u.

Since Op(ry)u, Op({(§)~*~¢)u € L, we can apply the first part of the
proof and obtain u € C—2[(stetd+1)/2], O

< 00.

c:

3.3. Correspondence between Holder—Zygmund spaces and
usual Ho6lder spaces

We prove that the Holder—Zygmund spaces C?(Z) coincide with the usual
spaces C*(Z) when s € Ry \ N.

PROPOSITION 3.9. — For all s € Ry \ N, C#(Z) = C*(Z). More pre-
cisely, there exists a constant Cs > 1 such that:

1/Cs x || fllesz) < 1 fllesz) < CslIf]

For the sake of simplicity, we prove the previous proposition in the case
s € (0,1), the general case being handled in a similar fashion. This will
require a preliminary

C:(2)-

LEMMA 3.10. — For all N > 0, there exists a constant Cy > 0 such
that for all j € N:
10D () 1| o < Cn277N.

Proof. — Let us start by giving an explicit expression:
Op (¢;)1

AL ! + !
= / / X Jy = D(y/y) T =8, (y Y ,£> dedy'de’.
Hd+1 JRd+1 2
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Since there is no dependence in €, we can remove ¢ and J and get

+oo ,
/ / Xy = D(y/y) F vy Vg, (yJ;yY J= 0) avdy'.
y'= =—00

The first (symplectic) change of variable ' = yu,Y = Z/y yields:

Op (¢;) 1

C “+o00
. 1
:/ (/ x(u—Du= et -u2), ( ;U,Z>dZ>du,
u=1/C Z=—00

where

1
Uj( ;u,Z>

2 2
— |y (27 1+<1;u2> _p | 29 1+<142r“z)

The second change of variable Z' = HT“Z gives:

C +oo
2du d+1 i(1l=u /
Op (o)1= [ [ xtu-putetE)

—ijcltutp—_o
(v(27 (1+2%)"7) = (2777 (14 2%)'7%)) az,

and for the sake of simplicity, we now forget in this expression the term
d+1

u~ "2z (as u is integrates between 1/C and C, this is uniformly bounded
as well as all its derivatives). The third change of variable h := %“ (i.e.
u= 1Jrh) leads to

/]R <¢ (27]'(1 n Z/2)1/2) — ¢ (27j+1 (1+ Z/2)1/2>>

2i(h, Z") —2h '\ 2dh '
(/Re X<1+h>1+h 4

= /*OO (1/1 (27j (1 + Z/2)1/2) _ (2,j+1 (1 n Z,2)1/2)> s(2')az’,

/=—o00

for some Schwartz functions s € S(R) (since h — x(—2h/(1+h)) is smooth
with compact support). Then, given N > 0, there exists Cy > 0 such that
s(Z') < Cn(2"y=N=2920 and thus, using the fact that

7' s 1 (2*]’ (1+ Z’2)1/2> — ¢ (2*1“ (1+ 2’2)1/2)
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is supported on an annulus at height ~ 27, we obtain:

/+oo (1/) (273‘ (1 JrZ/2)1/2> — (2,J~+1 (1 JrZ,2)1/2)> s(7')dZ’

Z!'=—00

N

/ (zy Nz az <2V, O
2j—2<‘Z/|<2j+2w_/ ~
S2mIiN

We can now prove Proposition 3.9:

Proof. — We first prove that there exists C' > 0 such that for all func-
tions f € CF, || fllcs < Cfllcs. For x,2" € Z such that d(z,2’) < 1, we
write:

[f(@) = @) = | > (O (@) f) () = (Op () f) (&)
j€EN
<Y [(Op () f) (2) = (Op () ) ()]

jEN

Let N € N\ {0} be the unique integer such that 2=~ < d(x,2’) < 27N+
We split the previous sum between 5 > N and j < N. First:

> 1 (Op () £) () = (Op (3) £) ()] £ D 10D () Fll e

j=N jEN
S22 f

i>N
27N flles SN

Cs

csd(z, ')

Now, using Lemma 3.7 with P =V (note that 0 < s < m = 1), one has:

> 1(Op (@) ) () = (Op () f) (") |
J<N
<D V0D (@) fll o d (2, 2")
j<N
< 2N 7]

cxd(z,2') S | fllezd (x,2')’

Eventually, using the obvious estimate ||f||r~ < ||f]

[ fllcs S 111

cs, one obtains

Cs-
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Let us now prove the other estimate. We start with:

O () fla) = |

Hd+1

XW =1 wly) T K (a,a') fa)da’

= /Hd+1 Xy =D /)T K (z,2)) (f(2') — f(x))da’

+ f(z)Op(pj) 1.

According to Lemma 3.10 (with N = 1), the last term is bounded by
Sfllz=277 < |1 fllcs277. As to the first term, using the Hélder property

of f:

d+1

Lo W= K2 ) () - fla) d’

d(z,2')" da'| f]

d+1
S [0 |k @) o
Hd+1

Now, following the exact same arguments as the ones developed in Lem-
ma 3.4 and using the crucial fact that on the support of the kernel of the
pseudo-differential operator (namely for ¢’ € [y/C,yC]) one can bound the

distance d(z,2") < |log(y/y')| + \9;9%

, one can prove the estimate

d+1 .
swp [ X =) /) [KY )| oy de’ S 20
Ha+1 ’

x € Ha+t

The sought estimate || f]|

c: SIS

¢s then follows immediately. g

3.4. Embedding estimates

Using the Paley—Littlewood decompositions in the cusps, we are going
to prove the embedding estimates. We can actually strengthen them to the
following two Lemmas:

LEMMA 3.11. — For all s,s' € R such that s’ > s, p,p’ € R such that
pl>p—df2,
y’C% (N, L) < y* H*(N, L)
is a continuous embedding.
LeEMMA 3.12. — For all s,p € R,
yPH*(N, L) — yp+d/2cj—(d+1)/2(N’ L)

is a continuous embeddings.
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Observe that the two lemmas are locally true so that it it is sufficient to
prove them when the function is supported on a single fibered cusp. The
key lemma here is the following

LEMMA 3.13. — For all s € R,
2 is
lall3- 2y = 310D () ull ey 4%

JjEN

Proof. — The proof is done using semiclassical estimates and then con-
cluding by equivalence of norms when h is bounded away from 0. For h > 0,
we start from

lull: vy = 0Py ((€)*) ull72
= (Opy ((€)*¢5) u, Opy, ((§)°px) u)

<.

k
2 {00y ()" 5) w Opy ((€)0) w)

The first term is obviously controlled by 37 || Opy, ((€)*¢;)ull72(z- To
bound the last term we can first use the estimate (3.10) in the proof of
Lemma 3.5 which yields

(Opy, ((€)") Oy, ((6)°p5) s u) < 2N D a3,
where N > |s| is taken arbitrary large and thus

> {00 ((€)°0x) Oy ({€)°5) o) < Jlullfy v )

lj—k|>3
Now, we also have that
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el =[Oy ((©)N) ull .
Z Opy, (<§>7N<Pj) U

S 22 Topn (27466 ) ul

2

S ZQ ’ (I\Oph €)°py) ullza + hlulf,~ ))
SZHOph (&) ) ullza + hllull? .

where the penultimate inequality follows from Garding’s inequality [12,
Lemma A.15] for symbols of order —(2N — 1) since 27(&) N =5(¢)%p; €
S—(2N=1) is controlled by < (€)°¢j. For h small enough, we can swallow
the term h\|u||§{}_ N(z) in the left-hand side and we eventually obtain that

lul: S 3 10ps (€)% ull3s
J

where the constant hidden in the < notation is independent of h. Actually,
since (£)*¢; < 27%¢;, the same arguments involving Gérding’s inequality
also yield
HUHH; N Z ||QJS OPh(‘Pj)UHLz .
J
On the other hand,

S 10ps () 0) ul ) = <Z Oy, ((€)°¢5) uu> .
J

Using expansions for products, we find that this is < (Opy, ((6)** Y- ¢3)u, u).
This itself is controlled by the H} norm. Eventually, we conclude by equiv-
alence of norms when h is bounded away from 0 (see Remark 3.6). O

We will also need the following observation: Op(y;)(y°u) = y” Op'(p;)
(u) for some other quantization Op’ (the cutoff function x(y'/y — 1) in
the quantization Op is changed to (y'/y)?x(y'/y — 1)). In the following
proof, we will denote by Op’ and Op” other quantizations than Op which
are produced by multiplying the cutoff function y by some power of y'/y.
Eventually, one last remark is that Proposition 3.9 implies in particular
that the spaces C¢(N) defined for s € Ry \ N do not depend on the choice
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of the cutoff function x in the quantization (insofar as they can be identified
to the usual Holder spaces C*°(NV)).

Proof of Lemma 3.11. — We fix p < p’ +d/2 and ¢ > 0 small enough
so that p < p' +d/2 — €. Then:

2

lull2, e = > [Op () (") ||, 47
jEN
o, 2
< y~” Op (%)U‘ LY
jEN
/ 2 .
< y~r —d/2+e op’ (2;) UH 498
jEN L=
<3 [lov” (o) (5 =)
JEN L
. /7 ’ 2 s
< Z 4](575 ) Hop// (‘Pj) (y—p —d/2+eu> H 495
jEN L=
2
<l Lo g
S.z ||qup’+d/2fsci’ S Hu”fﬂJCi’/’
since s < §'. O

Proof of Lemma 3.12. — Let us sketch the proof for the embedding
y~ 42 Hd+1+e)/2 y 00 the general case being handled in the same fashion
with a little bit more work. We start by computing a L*(Z) — L°°(Z) norm
for Op(c) when o € S~(@H1+)(T* 7). We find

2 2
10D(0) 13011 s e < supy™™y/™ | > KY (2,9/,0' + 7).
x,x! ~EA

Going through the arguments of proof for equation (3.6), we deduce that

)

k/
6 —6
K2 (2,1/,0)| < N ‘

y+y

d+1 y—y
+ 9/ 1+
(y+y) ( ‘ery,
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As a consequence, we have to estimate:

S IKY (9,0 +7)]

YEA
K’ , B\ 1~
y—y 0—0"+~
< (y +y)H 1+‘ ‘
\E% vty y+y
—1
SN L ‘070'+7‘k
_ s
< <y+y’>d+1<1+\§+§, ) > [
y=y’
1 ~ea 1+’y+y,

Since y + 3’ > a the function in the sum has bounded variation, so we can
apply a series-integral comparison, and replace it by the integral.

, k7t
|2+ 1

< Cly+y)* / Yty
= / K’ ’ k'
— Rd —
(y +y')d+1 <1+‘y+y/ ) RES 1+ §+Z’
yry

o\ —L+d/k
—y )

1 !
< T S
y+y y+y

‘We deduce that

-1
/

k/) 1—d/k

This is bounded for p = —d. We conclude that Op(c) is bounded from
y~?L' to L>=. Now, we recall that for A > 0 small enough,

2 y—y
10D (5)lyo 11— oo <sUD YTy | (y+9) | 1+ ;
x, ! y+y

o\ —(d+1+€)/2
(A +h7?) ( %~ op (Catite) + R,
with R smoothing, and ogy14c € S™417¢. For f € y~dWet1+e 1 writing

e e N M

cy—9dL1

we deduce that y~4Wat1i+tel < OO0 for ¢ > 0. By interpolation, we then
deduce that yfd/2w(d+1+e)/2,2 _ yfd/QH(d*f’l*f’&)/Q < (OO, 0

To close this section, we make the important observation that R-residual
operators defined in terms of Hélder—Zygmund spaces C; are actually the
same as the ones defined in terms of Sobolev spaces. More precisely:
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ProposiTION 3.14. — The set of operators R which are bounded as
R:y?C° -y PC;
for all p € R, s € R is equal to \ilﬂgoo.

Proof. — This follows directly from Lemmas 3.11 and 3.12. g

4. Parametrices modulo compact operators.

In this section, we will consider elliptic parametrices for pseudo-differe-
ntial operators that preserve in a precise sense the geometry of the cusps.
These operators will be called admissible operators. As explained in the
introduction, we will also have to introduce, on top of usual ellipticity,
a concept of ellipticity at infinity, which is related to the inversion of a
model operator induced by a given admissible operator, and called the
indicial operator.

4.1. Decomposition at infinity
4.1.1. Black-box formalism

To start with, we will present a black-box formalism in the sense of [35],
as it was introduced in [12].

Associated with each cusp Zy, we define extension and restriction opera-
tors. For the sake of simplicity, we drop the subscript ¢ and denote the cusp
by Z. The discussion is carried out here as if there were only one cusp, but
the generalization is of course straightforward. First of all, we introduce

the pullback operator
v Coomp (Ja, +oo[xFz,Lz) = C%. (N, L),

comp

defined by +* f|n\ z = 0 and 2" f|z(y,0,¢) = f(y,¢). Consider the restric-
tion operator on the zero Fourier mode:

Pz : DI(N, L) - 7D (]a, +OO[><F2, Lz) R
defined for f € D'(N, L) and ¢ € Cg,,,,(Ja, +o0[xFz, Lz) by:
(4.1) (Pzf.¢) = (f,7"¢).
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Consider the space &)(Ja, +00[xFz,Lz) C D'(Ja,+0o[xFz, Lz) defined in
the following way: f € &£}(Ja, +oo[x Fz, Lz) if and only if there exists A > a
such that supp(f) C]A, +oo[x Fz. We introduce the extension operator

Ez & (Ja,+oo[xFz,Lyz) — D'(N, L),
defined for f € &)(Ja, +00[xFz,Lz) and ¢ € C,,, (N, L) by:
(42) <ng7 ¢> = <.f7 X¢PZ¢>7

where x4 € C™(]a,+00[xFz,R) is a smooth cutoff function defined in
the following way: x4 = 1 on [a + (4 — a)/2,4+00[xFz and x4 = 0 on
la,a + (A —a)/2020] x Fz. It can be checked that (4.2) does not depend
on the choice of x4 due to the support condition on f.

We fix a smooth cutoff function x € C*°(N,R) such that x|z = 1 for
y > 3a and x = 0 for y < 2a (recall that y : N — R is considered to be
a global positive function on N which is the height function in the cusps
and an arbitrary smooth positive function in the compact core). Given f €
D'(N, L), we will often consider the distribution £z xPzf € D'(N, L). This
is a distribution supported in {y > 2a}. Roughly speaking, it corresponds
to the projection on the zero Fourier mode of f on {y > 2a}.

Consider a smooth function ¢ defined on |a, +oo[xFz (and typically
unbounded). We define the multiplication of the zero Fourier mode of a
distribution f € D'(N, L) by ¢ in the following way:

Z(¢)f = (1= EzxPz) f + &z (xdPzf) € D'(N, L).
Of course, if ¢ = 1, then Z(1)f = f. The operators £z, Pz and Z(¢)
together form a black box formalism, as it was introduced by Sjéstrand
and Zworski in [35]. Once again, if there are more than one cusp, all the
previous operations are naturally extended.
DEFINITION 4.1. — For s, pg, p1 € R, we define
HsvaaPJ_(N’ L) -z (gpo—m) (y“HS).
These are weighted Sobolev spaces, with weight y”° on the zero Fourier

mode and weight y”+ on the non-zero Fourier modes. We also introduce
the notations:

Hs’ioo’pL(Nv L) = m/’0 ERHS’pO’pL(N7L)7
Hs,po,foo(]\h L) = mPJ_ G]Rli&pmpL (Nv L)v
H>%7%(N, L) = Npy, p, erH>7" (N, L)

When both weights are equal, namely pg = p1 =: p, we will simply write
HS P — S PP
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Note that we take the same weight on each cusps, this will suffice for
our purposes. To obtain compact remainders in parametrices, the following
observation going back to [22] is essential: for any p; € R,s > s, the
restriction of the injection y?* H*(N, L) < y*+ H* (N, L) to non-constant
Fourier modes is compact. More precisely:

LEMMA 4.2. — For all s > §', for all k € N, the operator
1 - E4xPy : H*PPL(N,L) — H* > ~FP+(N, L)
is compact.

In the following, we will sometimes say by simplicity that
1 —EzxPy : H¥ P PL(N,L) — H® ~°P+(N, L)
is compact, meaning exactly that this operator maps to any H s's =k, p1
(N, L) and that it is compact when mapping on such spaces.

Proof. — The value of pg is inessential here, so we take pg = p, = p.
Since [1 —EzxPz,y”] = 0, the lemma boils down to the case p = 0. For the
sake of simplicity, we assume that there is a single cusp and that L — N
is a trivial bundle, the general case is handled in a similar fashion. Let
Y € C (N) be a smooth cutoff function such that ¢, =1 on y < n

comp
and v, = 0 on y > 2n. The operators of injection

T, = (1 — ExxPy) € L (HS(N), H* (N))
are compact, so it is sufficient to prove that the injection
T:=1-ExxPzeLl (HS(N),HS/(N))

is the norm-limit of the operators T,,. In other words, if we can prove that
for all n € N, there exits a constant C,, > 0 such that: for all f € H*(N)
such that xPzf = 0 (we denote by H§(N) the space of such functions
endowed with the norm || - || g+ ), we have

(L= 4n) fll g < Cull fllazs,

and that C,, =, _ 1o 0, then we are done. Using Wirtinger’s inequality,
one can obtain like in [12, Lemma 4.9] that

1L =Wnll(my, pg) < C/n
for some uniform constant C' > 0 (depending on the lattice A). Since the
(Yn)n>0 can be designed so that [|1 — ¢z, g2y < 1, we obtain by
interpolation that |1 — ¥ |z, mg) < (C/n)'=° for all s € [0,1]. Since
It — wn||L(Hg7H§) < 1 for all k € Z, we can interpolate once again to
conclude. 0
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LEMMA 4.3. — Consider p; € R, py < pp, and s > s'. Then H?® Po:PL
(N,L) < H*Po:PL (N, L) is a compact injection.

Proof. — One can write f = (1 — EzxPz)f + E2xPzf. The first term
is dealt by applying the previous lemma, namely

(1 — EzxPy) : H>P0 P+ (N, L) — H* 7P+ (N, L)

is compact. As to EyxPy : H»P0 P+ (N, L) — H* roPL(N, L), we see it as
the operator:

H® P PL(N L) S f s xPzf € HPoPL (]a,—I—OO[XFZ,LZ)
— xPsf € .H—S/’pa’pl (]a, -‘r-OO[XFz,Lz)
s EgXPzf € HY PoPL(N, L)

and use the fact that the injection in the middle is compact. (Indeed, forget-
ting about the transverse manifold Fz, this boils down to a rather elemen-
tary statement on functions defined on R. By making the change of variable
y = ae”, one can check that this is implied by the following statement: the
injection e?” H*(R}) < /" H¥' (R}) is compact for p < p/;s > s’ (here R
is equipped with the usual Lebesgue measure dr). The latter statement can
be reduced to proving that e=?" H*(R;}) « L?(R:}, dr) is compact. This is
a classical result on R.). g

Most of the time, it will be sufficient to deal with the non-zero Fourier
modes as part of the black box. However, it will prove useful to know that
some regularity can be traded off for decay in those modes; it is the content
of the following lemma:

LEMMA 4.4. — Consider p, , po,s € R,m > 0. Then HS+t™ rPo,PLTmM
H?:Po:-PL js a continuous embedding.
Observe that there is no reason for this embedding to be compact.

Proof. — Decomposing once again in zero and non-zero Fourier modes
and using interpolation estimates, it is sufficient to prove that yH' — L? is
a continuous embedding on functions with vanishing zeroth Fourier mode.
But:

11250 = |y~ f |
=y e + w0y (5 e + llv0s (57 D] + [0 (v 1) |2

Using Wirtinger’s inequality for functions with zero integral, we can con-
trol the term [|ydp(y~'f)||2. = |0 f||22. = ||f||2. and this provides the
sought estimate. O
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If f € D'(N,L), then xPzf € E\(Ja,+o0[xFz,Lz) and this can nat-
urally be seen as an element xPzf € D'(]0,+oo[,xFz,Lz) (here x is
extended by 0 for y < a). Making the change of variable y = €”, where
r € R,., we can see that as an element xPzf € D'(R, X Fz,Lz). We then
have the following correspondence:

LEMMA 4.5. — The following maps are bounded
H%P0PL(N,L) > f = XPzf € ePor /A [ (R x Fy, Ly);
" H* (R x Fz,Lz) 3 f = Ez(x[) € H#~"* (N, L),

where r = logy, and H*(R x Fyz, L) is the usual Sobolev space, built from
the L? space induced by the measure drdvolg, (¢).

The spaces H*(R x Fyz) are the ones induced by the Laplacian obtained
from the product metric dr? 4+ gr. We insist on the fact that there is a shift
of —d/2 due to the fact that we are considering the usual Euclidean measure
when working in the r-variable. The proof of Lemma 4.5 is postponed: we
will prove it below at the end of the next paragraph.

4.1.2. Admissible operators

We can now introduce the general class of R-admissible operators (also
called admissible operators below).

DEFINITION 4.6. — Consider A € V7 (N, L; — Ly). We will say that

small
A is an R-admissible operator if the following holds:

(1) There exists a pseudo-differential operator I;(A) € ¥™(R, x Fgz,
Lyz) (in the usual Kohn—Nirenberg class with p = 1,0 = 0, see [34,
Definition 1.1] for instance) of order m, called the indicial oper-
ator of A, such that [Iz(A),0,] = 0 (in other words, Iz(A) is a
convolution operator ?) in the r-variable),

(2) There exists a smooth cutoff function x4 € C*°(Ja, +o0[) (depend-
ing on A), such that x 4 is supported in {y > 2a} and equal to 1 in
{y > C4a}, where C'4 > 2a is a constant (depending on A),

@) By convolution operator, we mean the following: there exists a Schwartz kernel K €
D'(R, x Fz x Fz) such that:

Iz(A)f (r,¢) = / K (r' = r,¢,¢) F(¢)drdvoly, (€),
RX Fy

for all f € Cogmp(R X Fz).
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(3) We have:
(4.3) xalA, 0ol xa and Ezxa[PzAEz —I7(A)] xaPz,

are R-residual operators (i.e. bounded from y* H=* toy=*H* for all

k € N, or equivalently from y*C_* to y=*C* by Proposition 3.14).
(Here, by abuse of notations, x 4 is identified with a function on N, sup-
ported in the cuspidal parts and only depending on the y variable.)

When p > p/, the unique convolution operator that is bounded from
e?" L2 (dr) to e”'" L2(dr) is the null operator and it follows that the indicial
operator associated with an R-admissible operator is necessarily unique.
Modulo compact remainders, the first condition in (4.3) means that the
operator A preserves the 6-Fourier modes; the second condition implies
that sufficiently high in the cusp®, A is a convolution operator in the
r = logy variable when acting on the 0" Fourier mode. In particular, if
B is a compactly supported pseudo-differential operator, B is admissible,
and Iz(B) =0.

Observe that in general, if ¢ € S™(T*N), then Jpo € y=*°S™(T*N).
Indeed, since dgo has mean value 0 in the @ variable, it is controlled by
oo, and (y9y)No € S™ for each N € N. It follows that if P € ¥™
then in the cusp, x[P,0g]x is in y~ ¥ . Indeed, its symbol can be
expressed with derivatives of the symbol of P, that include at least one
derivative 0g. What we gain with our assumption is that on top of being
decaying the cusp, the operator is smoothing.

An important consequence of the definition is the following;:

LEMMA 4.7. — If A is R-admissible, then
(4.4) EzxaPzA[l —EzxaPz], and [1—EzxaPz] AlzXxaPz
are both R-residual.

Proof. — For the first one, let Ry : C°(R?/A) — C>°(R?/A) be the
inverse of 9y on functions with vanishing 0" Fourier mode, i.e.

{f e L7 (RY/A) ,/Rd/A £(6)d6 = o}

(and Ryl = 0, where 1 denotes the constant function equal to 1). Write
Iy, the orthogonal projection onto the 0" Fourier mode. Then: 9yRy =
Ry0y = 1 — IIy. The operator Ry acts naturally on functions that are

®3) By “sufficiently high in the cusp”, we mean that the behaviour of the pseudo-
differential A can be arbitrary on some compact set {y < C4}, hence the introduction
of the cutoff x 4.
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supported in the cusp. Indeed, if f € Cgy,,, (N, L) is supported in {y > a},
then

(RGf) (y797<) = (Ref(ya 5 C)) (0)

The operator x 4Rgx4 is then bounded on every H® o PL (N, L), s, po, pL
eR.

Now, taking x4 supported in {y > a} such that x/y = 1 on supp(xa),
we obtain:

0=09E2xaPzAReX 4 [1 — E2xaP2]
=EzxaPzA (1 —1p) X4 [1 — EzxaPz]
+E2xaPz (06, A|ReX4 [1 — EzxaP7]
= EzXxaPz AL = EzxaPz)Xa — E2xaPz AL — EzxaPz] X
+ E2XAPz 09, A|RoX'4 [1 — EzxaPz].

Using that [1 —EzxaPz]pf = 0 for any f € C*°(N, L) such that supp(f)
C {y > Ca}, together with the assumption (4.3) on the bracket [9p, Al
we obtain the desired result for the operator EzxaPzA[L — EzxaPz|Xu,
namely it is bounded as an operator y* H~*(N, L) — y~*H¥(N, L) for any
k € N. To get rid of the x/; in front, it suffices to observe that:

EzxaAPzA[L —EzxaPz] (1 = X4)
=Ezxa (1 —x4) Pz AL = EzxaPy]
=0
+E2xaPz [A, (1 =X)L — E2xaPz].

Due to the support property of the kernel of A (more precisely, the intro-
duction of the cutoff function in the hyperbolic quantization, see § 2.2.2),
it is not difficult to check that this operator has compact support. It is
also clearly regularizing (in the sense that it maps any compactly sup-
ported distribution to smooth functions) as x4 and 1 — x’, have disjoint
(micro)support. Hence, it is R-residual. O

Lemma 4.7 says that, up to compact remainders, A acts diagonally on
the decomposition between zero and non-zero Fourier modes. However, we
observe that the sole conditions in (4.4) are not necessarily stable under
products, nor under taking parametrices. If we want to consider a class of
operators enjoying such stability, we need to assume (4.3).

PROPOSITION 4.8. — Consider A = Op(o). Then:
(1) The first boundedness property in (4.3) is satisfied if 9go = 0.
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(2) The second one in (4.3) also does in each cusp if,

g (r,z; A n) — oz (eT79,C;e_T)\, J = 0,77) de,
R4 /A
does not depend on r. In that case, the operator Iz(A) is pseudo-
differential, properly supported, and its principal symbol is . Both
these conditions are satisfied when o is invariant by local isometries
of the cusp.

(3) An operator A is R-admissible if and only if it is of the form
Op(o) + B + R, where o satisfies the conditions above, R is R-
admissible smoothing, and B is a compactly supported pseudo-
differential operator. In particular, the set of R-admissible operators
is stable by composition.

Proof of Proposition 4.8. — Again, it suffices to work in local charts
for I, i.e with with Op;; on Z x U C R¥. First, we observe directly from
formula (2.5) that [0y, Op(c)] = Op(9so), so that when dyo = 0, Opy, (o)
commutes with dg. Reciprocally, if [0, Op(c)] is bounded from y™ H—~
to y~VHY | it implies that Jyo € y~ S~ — expressing o in terms of
the kernel of Op(o). In particular, we can replace o by [odf, and this
only adds a negligible correction. For the second condition, one has to do
a change of variables. For details, we refer to [12, Section 4.1]. O

To apply the machinery on Hélder—Zygmund spaces later on, we need
to make an important observation. In the Definition 4.6 of admissible op-
erators, we consider small operators A € ¥ . (see Definition 2.4) and
in the very definition of this algebra, we allowed for remainders that are
R-smoothing, a notion that is defined in terms of Sobolev spaces: R is

R-smoothing if it bounded as
R:yPH™® -y H?,
for all s,p € R (see § 2.2.1). Let us even say for a moment that such oper-

ators are Sobolev R-smoothing. We have also introduced Hoélder—Zygmund
R-smoothing operators, i.e those R’s that are bounded as

R:y?C % — y°C},

for all p,s € R and considered, similarly to the Definition 2.4 of small
pseudo-differential operators, the algebra of operators of the form

o = {Op(a) + Holder—Zygmund R-smoothing |a € S™}.

As mentioned in § 2.2.1, we insist on the fact that it is not clear to us that

this algebra is the same as the algebra V" . of small pseudo-differential
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operators introduced in Definition 2.4. Nevertheless, it turns out that in
the specific case where the operator is admissible, these two notions agree.

PRrROPOSITION 4.9. — If A € \T!g]nan and A is R-admissible, then A €
wm - Conversely, if A e U and A is R-admissible, then A € ¥

smal small”

As we will only work with admissible operators in the following, we can

m
small*

simply drop the notation ¥
Proof. — We will only prove that if A € ¥, is R-admissible in the

original sense, then A € \T/;’fnan, i.e. it also is in the “Holder-Zygmund”
sense. The other direction is completely similar.

According to Proposition 4.8, we can directly assume that A is R-smoo-
thing, and we have to prove that it is Holder-Zygmund R-smoothing. Ac-
cording to Lemma 4.7, we can always replace A by xa€z1z(A)Pzxa, since
R-residual operators also map y*C % — y~*C¥ for all k € N (see Propo-
sition 3.14). In this way, we reduce our problem completely to a study of
operators on R,. x F', which are convolution operators in the r variable.

As a consequence, we have to prove that Iz(A) is bounded from e’"C*
(RxF) — ef"C5(RxF) for all p € R, s > 0. From the Sobolev embeddings,
we already know that e””C* is mapped to e?" <) C? for all € > 0, but we
need to avoid this loss. Here, the presence of F' is not essential, and we can
assume that F is a point. Indeed, denoting by H := L(C5(F),C:(F)), we
can see Iz (A) as convolution operator on R with values in H (using the
Sobolev embeddings in F).

Let us denote by K (r) the convolution kernel of I (A). If § is the Dirac
at 0, K(r) = [Iz(A)d](r). In particular, since 6 € e H—N for all p € R
and N > 0 large enough, we deduce that K € e?"HY for all p € R, and
N >> 1. In particular, K(r) € e’"CY for all p, N € R, again according to
the Sobolev embeddings. This is sufficient to conclude. O

Let us give some examples of admissible (pseudo)differential operators.
If (L, V%) is an admissible vector bundle in the sense of Definition 2.1,
then from the decomposition (2.2), we deduce that V% is an admissible
(pseudo)differential operator. More generally, all the differential operators
that can be defined completely locally using only the metric structure are
bound to be properly supported admissible differential operators (e.g. the
Laplacian or the Levi—Civita connection). In the following, the operator D
— the symmetric derivative of symmetric tensors, see § 5.3 for a definition
— and D*D will be local differential operators constructed from the metric,
so they will be properly supported admissible differential operators, in the
sense of Definition 4.6.
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To complete this section, we prove the following boundedness result:

LEMMA 4.10. — Let A be an R-admissible pseudo-differential operator
of order m € R. Then A is bounded as an operator between HS$+T™ ro:PL
and H® ro-PL_ for all s, pg,p1 € R.

Proof. — We decompose the operator into four terms:

A=(1-EzxaPz) AL = EzxaPz) [+ EzxaPzA (L — EzxaPz) f
+ (1 —=EzxaPz) Az x APz f + EzxaAPzAEZX APz f

The first term is bounded as a map

H st po,pL 175Z4A7)Z Fstms =00, p1

1-EzxaP
Zi()A zZ

N prHS+m i prHs HS —®PL HS,P07PL7

where we have used the boundedness of A obtained in Proposition 2.5.
By (4.4), the second and third terms are immediately bounded. As to the
last term, it is dealt exactly like the first term. O

We can now complete the proof of Lemma 4.5, asserting that the follow-
ing maps are bounded:

H5P0PL(N,L) S f e XPzf € ePT/IH (R x Fz,Ly),
ePTHS (RX Fy,Ly) 3 f s E7(xf) € HS P42 =°(N L).

Proof of Lemma 4.5. — For this lemma, the presence of the compact part
is inessential, so we can work completely in the cusps. We can decompose
the statement into two parts. The first one is that the map which associates
a section f with its 0*" Fourier mode £Pf is continuous on the weighted
Sobolev spaces.

To prove this, we first observe that the parameter p* is not essential
here, since the differentiated weight for zeroth and non-zeroth Fourier mode
was introduced directly using the Fourier decomposition. In particular, we
can assume that pt = pg. Next, we recall that the spaces H® are equal
to Op(o_s)L?, where o_; is a symbol, and Op(c_;) is a parametrix for
(—=A 4 C)~%/2. Since A is R-admissible, this parametrix construction can
be done also in an admissible fashion. In particular we can apply Lemma 4.7
to Op(o—s), and deduce that the action of Op(o_s) and the taking of the
zeroth Fourier mode commute modulo R-residual operators, hence proving
that the map £P is bounded on the relevant spaces.

Next, the second part of the argument is to prove that y” H® intersected
with the space of functions not depending on 6 can be identified with the

ANNALES DE L’INSTITUT FOURIER



RIGIDITY OF MANIFOLDS WITH HYPERBOLIC CUSPS 385

usual Sobolev spaces e(Po+4/2)" H3(R, x F). For this it suffices to observe
that the d/2 shift is due to the measure y~?dydfdvolr, and then observe
that y0, = O, so that the vector fields one can use to define H* regularity
on the cusp are essentially the same as the ones used to define regularity
on R x F. d

4.1.3. Admissible operators on an interval

When dealing with differential operators, whose kernel is supported ex-
actly on the diagonal, the assumption that one can work with spaces
H# Po:PL for any pg,p1 € R is not very important. However, we will be
dealing with pseudo-differential operators that are not properly supported.
Moreover, we will also be dealing with parametrices of differential opera-
tors, which cannot be R-admissible as some poles appear. As before, we
consider two admissible vector bundles L1, Ly — N.

Our more general class of operator differs only in the behaviour of its
kernel far from the diagonal, i.e its smoothing part. For this reason, we
emphasize the definition of the remainders.

DEFINITION 4.11. — Let py > p_. Given R : C. (N, Ly) — D'(N,

comp
L,), we say that R is (p—, p+ )-smoothing admissible if there exists a smooth

cutoff function xr supported in {y > a}, taking value 1 for y large enough
and such that:

(1) For all pg €]p—,p+[, pL € Rand k € N,
R:H kpomd/200(N L)) — HF P~ /200 (N, Ly),

is bounded, i.e. in light of § 2.2.1 R is (p—, p4)-smoothing,
(2) Forallp, e Randk € N,e >0,

X& 09, R xg : H®P+=d2=6pL (N L) — HFP-—d/2F¢ P (N Ly),

is bounded, i.e. in light of § 2.2.1 the previous operator is (p_, p4)-
residual,
(3) There is a convolution operator Iz(R) such that

Ezxr (PzRE7 — Iz(R)) xrPz,

is an operator bounded from
ka, p+—d/2—e€, p1 (N, Ll) s ch, p——d/2+€,p1 (N, Lg),

for all k € Nje > 0,p, € R, i.e. the previous operator is (p_, py)-
residual.
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We say that an operator A : Cg5, (N, L1) — D'(N, Lz) is (p—, py)-
admissible of order m € R if it can be decomposed as A = Acomp + Acusp +
R, where Acomp Is a compactly supported pseudo-differential operator of
order m, Acusp = Op(o) with o € S™(T*N,Hom(L1, Lo)) satisfying the

conditions of Proposition 4.8 and R is (p—, p+)-smoothing admissible.

The difference between being R-admissible and (p_, p4 )-admissible lies
only in the behaviour on the 0"
asymptotic behaviour is allowed. More specifically, it is only related to the
decay of the kernel far from the diagonal. In the other Fourier modes in 6,
all exponential behaviours are allowed. Each (p_, p;.) admissible operator
A is associated with a convolution operator Iz(A) = Iz(Acusp) + Iz(R) in
each cusp. Note that Iz (Agusp) is well-defined since Acysp is R-admissible.

We have the following equivalent of Lemma 4.7, Propositions 4.8 and 4.9:

Fourier mode in the cusps, where certain

PROPOSITION 4.12. — The set of (p_, p+)-admissible operators is an
algebra of operators. If in Definition 4.11 one replaces the spaces y*~%2H?®
by the spaces y?C; everywhere, the class of admissible operators obtained
is the same. Moreover, if one replaces R by I in Lemma 4.7, the statement
still holds.

The proof is the same as that of Lemma 4.7 and Propositions 4.8 and 4.9.

4.1.4. Main result

We can now state our main Theorem, using the notions introduced in
the previous paragraph:

THEOREM 4.13. — Let L be an admissible bundle in the sense of Defi-
nition 2.1. Assume that L is endowed with an (p_, py)-admissible pseudo-
differential operator P of order m € R, in the sense of Definition 4.11. Also
assume that it is uniformly elliptic in the sense of Definition 2.6. Then there
is a discrete set S(P) C (p—, p4) such that for each connected component
I:=(pl,pl) C (p—,p+)\S(P), there is an I-admissible pseudo-differential
operator Q7 such that

PQ; = ]lmod\ill_oo, QP = ]lmod\i/I_Oo
i.e. both PQ; — 1 and QP — 1 are bounded as operators
HfN,pi_fefd/Z,pL (L) N HN,pI_+€7d/2,pL (L),
(resp. y”i_‘C*_N — y”lf“CiV) for all N > 0 and € > 0 small enough.

In particular, P is Fredholm with same index on each space H® Po—/2:pL
(resp. y*°C?) for s € R,po € I,p) € R.
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4.2. The case of elliptic operators and Sobolev spaces

In this section, we will prove Theorem 4.13 in the case where the opera-
tors act on Sobolev spaces.

4.2.1. Indicial family

We now introduce the notion of indicial family. Recall that if L — N is
an admissible bundle, in the cusps it decomposes as Ly = Z X Lz, Lz
being a bundle over Fz. Given p_ < p,, it will be convenient to introduce
the notation

Cip_py =1AEC, RAE (p—,p4)}-

In this section, we will fix an interval I = (p_, py) C R.

DEFINITION 4.14. — Let A be an I-admissible operator of order m.
We introduce for A € Cj the operator acting as a map C®°(Fz,Ly) —
C>(Fy,Ly) and defined for f € C>(Fy, Ly) by:

(4.5) IZ(AN Q) = eIz (A) [ 1(¢)]
The family (Iz(A,\))xec, is called the indicial family associated with A.

For each A € Cj, Iz(A,\) is well-defined as an operator acting on
C>*(Fz,Lz), due to the fact that Iz(A) is a convolution operator in the
r-variable. Interpreting Iz(A) as a convolution operator on R valued in
operators on F, we see that Iz(A,\) is the Fourier transform of the con-
volution kernel of I;(A).

More precisely, let S(R x Fz) be the space of functions such that f €
S(R x Fy) if and only if for all ¢, j,k € N:

EZ%O"V 102 ()| e, < 00
Given f € e?"S(R x Fz, L), we can write

= A FA)dN,
/ /W_pe ey

where f(A) € C*°(Fz, L) is defined by

fov=5- [ et

s

and we have a Plancherel-type formula

1
(4.6) 122 x oz arac) = 5 Hﬂ

2
L2(Ry; L2(Fz))
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Then:
(4.7) Iz(A)f = / M I(A, N F(N)dA.
R(N)=p

To give an accurate meaning to the previous integral, recall that the
spaces H*(R x Fz) are the ones induced by the Laplacian A := 92 + A,
obtained from the metric dr? + gp,, i.e.

H*(R x Fz) := (1 —A)"%/2L* (R x Fz,drd().

This shows that the previous partial Fourier transform in the r-variable
allows to express the Sobolev norms:

2

2 = ||(1 = A)¥/? ‘
1 Vs (e 7z H( ) L2(Rx Fz)

=[x —ag fo

L2(Fz)

We have a precise description for the indicial family of an admissible
operator. In the following, we denote by Op’ a quantization on Fy.

LEMMA 4.15. — Let A be an I-admissible operator. Then Iz(A,)\) is
(SN\)~L-semi-classical, i.e it can be written as Opy, (75 )+Og - (h>°), where
h = (I\)~1. The estimates are locally uniform in R\ € I.

Proof. — For this, we decompose A = Acomp + Op(0) + R, with Acomp
is a compactly supported pseudo-differential operator, Op(c) is supported
in the cusp satisfying (1) and (2) of Proposition 4.8, and R is I-admissible
smoothing.

Certainly, Acomp does not contribute to Iz(A), and we start by studying
the contribution from Op(o). Let us express the kernel of Iz(Op(o)) (in
local charts in Fz) as

(T+'r‘,)/2 dnd)
i‘i’(r,r’,)\,z,n) _on=(% + 2/ A 2e 7
/RkXRe X(r r )U ( 2 Y ’77 er + erl (27T)1+k :

(¢ was defined in Proposition 4.8) with

r—r

® = (2 —2',n) + 2\ tanh

As a consequence, Iz(Op(o),A) = Op(oy) with

1/ef>\u+2iutanh%M
R2

= — o d d .
o= oo Cosh%a(z,u,n) udp
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This integral is stationary at p = iS\, v = 0, with compact support in wu,
and symbolic estimates in pu. So we get o) € S™, with the refined estimates

m—|B|—7)/2
(4.8) 1020807 0s| < Cau . (14 SN2 + [f2) ™72

with constants C,, g, locally uniform in R®A. We deduce from this that
Iz(Op(0),\) is semi-classical with parameter h = (I\)~1.

Let us turn now to Iz(R, ). We need to prove that its kernel, seen as
a smooth function on C*°(Fz x Fz) is uniformly bounded, as well as all
its derivatives, by O((SA)~°°). Since its kernel is the Fourier transform of
the convolution kernel of Iz(R), this polynomial decay at high frequency
is a direct consequence of the smoothness of the kernel of Iz(R). Indeed,
to obtain our bound, it suffices to prove for all £k > 0 that uniformly in
(1,C2 € F, and locally uniformly in p € I that

(k) (k) T 100
" <5<1 , I2(R)6o(r)8 >F € e’ O,
But this follows from the fact that R is I-smoothing, and usual Sobolev

injections on R. O

We can now prove

LEMMA 4.16. — Let A be an I-admissible operator. Its indicial family
Croad— Iz(A,)\) SAVAL (Fz,Lz)

is holomorphic (as a map taking values in a Fréchet space) and is a homo-
morphism in the sense that for all I-admissible operators P and @, for all
e Cy:

Iz (PQN) =1z (PN Iz(Q,A)  Iz(P+Q,AN)=1z(P,A)+1z(Q,N).

Proof. — That I;(A, \) is defined for A € C; follows from the description
of Iz(A, \) as the “Fourier transform” of Iz(A). This is explained in much
detail in [12, Lemmas 3.16 and 3.17].

We now show that if P, @ are I-admissible, Iz(PQ) = Iz(P)Iz(Q). To
this end, we consider a cutoff function xpg supported on {xp =1} N {xq
= 1} taking constant value 1 as y — 4o00. Then, using Definition 4.11 of
admissible operators, together with Proposition 4.12:
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EzxpePzPQEZzXPQPz
=EzxpQPzPE2xPPzQREZX PPz
+ (E2xPPzP(1 — E2xPPz)) Q€zx PPz
in ¥, by Proposition 4.12
=xro (E2xpPzPEzxpPz) QEzxpqPz mod ¥§°

=&zxplz(P)xpPz mod ¥

= xP@€zxrlz(P)xPPzE2Xx012(Q)XqPzEzxPqPz mod ¥F°
= Ezxralz(P)xprxolz(Q)xpoPz mod V.

We now need to explain how to get rid off the cutoff function x px¢g in the
middle. To that end, it suffices to show that both

Ezxprqlz(P) (1 - xpr)xolz(Q)xproPz

and

Ezxpqlz(P)xp (1 — XQ) IZ(Q)XPQPZ

are I-residual. We deal with the first term for instance. First of all, observe
that due to the support properties of x pg and xp and the pseudo-locality
of I7(P), the operator xpolz(P)(1 — xp) has smooth Schwartz Kernel
and maps
€"PH* (R x Fy) — ¢ H* (R x Fy)

for any k € N, p € R, p/ € I. Moreover, it is immediate that (1 —
xp)xolz(Q)xpoPz : y*H*(N, L) — min(e” ", 1)H*(R, x Fz) is bounded
forall k € N, p € I, p/ € R. Combining these two facts, we obtain that
Ezxprolz(P)(1 — xp)xolz(Q)xpoPz is I-residual. O

It is good to have in mind the following bound:

LEMMA 4.17. — Consider A € W°(N, L), and a < b. Then, there exists
C = C(A) such that for all a < R(\) < b, [[1z(A, Nz, 2) < C.

Proof. — This follows from [12, Lemma 3.16]. O

4.2.2. Indicial resolvent

In this section, we now pick I as before, A an [-admissible operator.
Additionally, we assume that A is uniformly elliptic, and we find an inverse
for Iz(A).
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ProOPOSITION 4.18. — Let A be an I-admissible operator. Then Iz
(A, \) is Fredholm of index 0 on every space H*(Fz,Ly), s € R, and invert-
ible for S\ large enough, locally uniformly in R\ € I. We call indicial roots
of A (at cusp Z) the X’s in Cy such that Iz(A,\) is not invertible. We
also let

(4.9) S(A):={p € I| there exists an indicial root of A in p + iR} C I.
This set is discrete in I.

Proof. — For this we recall that since A is uniformly elliptic, we have
built a parametrix @ such that QA = 1 + R, where R is a I-smoothing.
Since @ is constructed as Op(o), and o is built with symbolic operations
from the symbol of A, we can impose that @ is R-admissible. We deduce
that

HQ,NI(AN) =14 Iz(R).

Since R is I-admissible smoothing, Iz(R) = O((SA\)~>°), and this implies
that I(A, \) is left invertible for S\ large enough, locally uniformly in RA.
Since @ is also a right parametrix, we deduce that I(A, \) is invertible for
S large enough, and

(4.10) IAN T =1(Q,\) + Og—o ((SN) ™).

Using the analytic Fredholm theorem, we deduce that for A\ € Cy, I(A,\)~!
is a meromorphic family of pseudo-differential operators, with poles of finite
rank. The discreteness of S(A) follows from the invertibility of I(A, \) for
S large enough. O

PROPOSITION 4.19. — Let A be an [-admissible elliptic operator of
order m. Then for p € T\ S(A), s € R, Iz(A) is invertible as a map
e’"H*(Rx F,Lp) — e’"H*"™(R x F, Ly). The inverse can be expressed as

Iz(A);l Z/ﬁ)\ 6>\le(A, A)_ld)\
=p

(this is an equality of convolution kernels). It is pseudo-differential, and as
an operator C2(Rx F,Lp) — C>*(R x F, Lg), it does not depend on p,

comp
as long as p varies in a connected component of I\ S(A).

Proof. — For this, we will start by considering the operator in the right-
hand side of the formula (denote it W), and prove that this is a bounded
operator from e”" H*"™(R x F, L) to H*(R x F, Lr). Up to conjugating
by some powers of the Japanese bracket of the Laplacian, the statement
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boils down to s = m = 0 and one can also take p = 0. (¥) Then, we observe
that on the line ®\ = 0, the operator Iz(A,\)~! is uniformly bounded
on L? by Lemma 4.17. We can thus apply Plancherel’s formula (4.6), and
obtain:

2

L2(Fz)

W= [ o)

S o
R(\)=0

d\ = 2,.
oy, = 1

This bound also ensures the validity of the computation
IZz(A)W =Wz (A) = / N I7(A,N) " 2 (A, N)dA = 1.
RA=0
Next, to check that I Z(A);1 is pseudo-differential, we observe that since

Iz(Q)Iz(A) =1 mod ¥~
(Q being the parametrix already defined), we have necessarily

Iz(A),;' =12(Q) mod U™,

Finally, since I7(A),!

Ceomp function (whose Fourier transform in the r variable decay very fast),
we can shift contours as long as we do not encounter a pole of I7(A, \)~ 1,

using Cauchy’s formula. O

is expressed as a contour integral, testing against

4.2.3. Improving Sobolev parametrices

In this section, we will complete the proof of Theorem 4.13 in the case
that the operator A is (p_, p4)-admissible elliptic (except the part about
the Fredholm index (4.15) that we will deal with in the next section). Recall
that A = Acomp + Acusp + R. Both Acysp, R are associated with some cutoff
function xa,,.,, Xz (as it was introduced in Definitions 4.6 and 4.11). In
the following, we will write y 4 for a smooth cutoff function such that y 4
is supported in {xr =1} N {x4,..,} and it takes value 1 near y = +o0.

() Indeed, using the fact that A, ¢ := 02 + A; = Iz(Ag), namely it is the indicial
operator associated to the Laplacian on N, we obtain by a straightforward computation
that the bound

Iz(A)fllgs S I1flgs+m
is equivalent to the bound

|72 (1= 2g)* 2 A@ =2y~ CT™72) £, SFllL2

and this last operator is of order 0.
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According to Proposition 2.7, we have a symbol ¢ such that Op(q)A — 1
is a smoothing operator (but not necessarily compact). From Lemma 4.3,
we deduce that it would suffice to improve Op(g) only with respect to
the action on the 0" Fourier coefficient in the cusps. As we observed in
the previous section, since the symbol ¢ was built using symbolic calculus,
we deduce directly that Op(gq) is R-admissible. Consider an open interval
J which is a connected component of I\ S(A). Denote by Iz(A);" the
corresponding inverse of Iz(A). Then set

Qs =0p(q) + Y Ezxa [I2(A);" — 12 (Op(a))] xaPz,
Z

which is now a J-admissible pseudo-differential operator. Indeed, to prove
this it suffices to prove that the correction we added is J-smoothing. Since
I7(A)7'—17(0Op(q)) € ¥~ is a convolution operator, using the Plancherel
formula, this follows from the fact that the estimate

I7(A, N7 = I2(0p(g), ) = Oy ((SN)7),

is valid locally uniformly for R\ € J.

We now write Q;A = 1 4+ R; and we aim to prove that R; is compact
on H%ro=d/2:p1 for all s € R, pg € J, p1 € R. By stability by composition
of admissible pseudo-differential operators (see Proposition 4.12), we know
that Ry is a smoothing admissible operators. Moreover, the operator Q)
was chosen so that Iz(Ry) = 0 (this can be checked using the calculation
rules of Lemma 4.16). As a consequence, thanks to Lemma 4.3, the proof
of Theorem 4.13 (except the Fredholm properties) now boils down to the
following Lemma:

LEMMA 4.20. — Let A be a (p_, p4)-admissible pseudo-differential op-
erator of order —m such that Iz(A) = 0. Then A is bounded from

HSPo=d/2,01 o prstmipo=d/2,p1 g5 00, Py € (p—,p+),pL €R.
Proof. — We have:

Af =1 —EzxaPz) AL — EzxaPz) [+ EzxaPzA (1 —EzxaPz) f
+ (1 = EzxaPz) Az x APz f + EzxaPzAE2zXx AP f -

By definition of being admissible, the first three terms directly satisfy
the announced bounds. The last one also does since we have assumed that
I7(A)=0. O
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4.2.4. Fredholm index of elliptic operators

We first prove the following identification:

LEMMA 4.21. — For all s, pg, p. € R, one can identify via the L? scalar
product the spaces (H® P0-PL) ~ H~5 ~P0; —PL,

Proof. — We have to prove that the bilinear map
(4.11)  CFnp(N, L) x Cegp (N, L) 2 (u,v) = (u,v)
= / g% (u,v)dvoly (2)
N
extends boundedly as a non-degenerate bilinear map

HS,/JO,PL X H*&*Po’*fu — C

As usual, non-degeneracy is trivial. Up to a smoothing order modification
of As which we denote by A/, we can assume that A_;A, = 1. Then,
for u,v € C°(N,L), one has (u,v) = (A_sAu,v) = (Asu, A’ v). By
Lemma 4.10, since Arg is admissible, Ay : HESrorr — HOropL g
bounded. The boundedness of (4.11) on H®ro:r+ x HY =po: =P+ — C is
immediate (these are L? spaces with weight y”° on the 0*® Fourier mode
and y”+ on the non-zero modes) and thus:

’<AsU7A/—sv>’ S ||Asu||H07ﬂo=u HA/—SUHHO»790v79L

S lullaseo o [[0]| g=s. =00, —o1 -

We then conclude by density of C2 (N, L). O

comp

An immediate computation shows that
(4.12) Iz(P*,\) = Iz (P,d—\)".

As a consequence, \ is an indicial root of P* if and only if d — X is an
indicial root of P.

PROPOSITION 4.22. — Let P be a (p_, p+)-admissible elliptic pseudo-
differential operator of order m € R. Let I be a connected component
in (p—, p+) not containing the real part of any indicial root. Then P is
Fredholm as a bounded operator HSt":ro=d/2.p1 _y [fs:po=d/2,p1 yith
s € Rypg € I, pi. € R. The index does not depend on s, pg,p1 in that
range.

Proof. — We write I = (p”, p). First, from the parametrix construc-
tion, and the compactness of the relevant spaces, we deduce that the kernel
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of P is finite dimensional on each of those spaces (and is actually always
the same). Indeed, we have

QP =1+K,

with K mapping H %P+ —c=d/2.00 _y [k plte=d/2.00 for any k € N, any
€ > 0 small enough and any p; € R, by Lemma 4.20. This can actually be
upgraded to

K g kpi—e=d/2,p0 _ prk.plte—d/2,—c0

is bounded (in the sense that K : Hkph—e=d/2p1 _y prk,plte=d/2,—k i
bounded for all k¥ € N, > 0). Indeed, by Lemma 4.4, we know that

k, pL +e—d/2, k/2, pl +e—d/2,pL—k/2
kP /2,01 . Frk/2:p /2,pL /7

is a continuous embedding and this proves the claim.
As a consequence, if Pu = 0 with v € Hst™ro—d/2.01 for s € R and
po € I,p; € R, then u = —Ku, hence

k, pL +e—d/2,
uemkEN,€>0yPL€RH pte=d/ PL(N’L1)7

that is the kernel of P is independent of the space (as long as the weight
yh on the zeroth Fourier mode is in the window py € I). Moreover, by
compactness of K, the kernel of 1 + K is finite-dimensional, and so is the
kernel of P.

Eventually, using Lemma 4.21, we can consider the same argument for
the adjoint P* (to obtain the codimension of the image of P), and this
closes the proof. O

Remark 4.23. — If on the other hand, p € S(A), then the operator A :
Hetm ey HS P PL is not Fredholm for any values s, p; € R. Although
we do not make a formal statement of this fact, it could be deduced from
the relative Fredholm index Theorem (see (4.15)) obtained in the next
paragraph: indeed, the family pg — yP°Ay~—P° € U™ is continuous and
the relative Fredholm index Theorem indicates that the Fredholm index
jumps when crossing an indicial root. By a mere continuity argument, this
prevents the operator from being Fredholm.

4.2.5. Jumps of Fredholm index

Let A be an elliptic pseudo-differential operator of order m > 0 and
assume that it is R-admissible. We want to investigate what happens when
one crosses an indicial root: the operator may fail to be injective and/or
surjective. For the sake of simplicity, we assume that the operator A has
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no indicial root on R(A\) = d/2 and that it is an isomorphism as a map
H% PPt — He7m™PPL for all s € R,p; € R and p in a neighbourhood
of 0. Let us investigate its kernel: we consider u € H%#o:P+ guch that
Au = 0, where py > 0 and we assume that pg 4+ d/2 is not an indicial root.
By Proposition 4.22, it implies in particular that u € H+°?0 =% and we
recall that this notation means that w € H* ?o-=* for all k € N. Moreover,
we have

Au=0=
(1 —E2xaPz) A(L = EzxaPz)u+EzxaPzA (1 — EzxaPz)u
+ (]l — ngA'Pz) AEzxAPzu+ EzxaPzAEZ X APz
Since A is R-admissible, the first three terms are respectively in

H+oo,7oo,pL H+oo,7c>o,700 HJroo,foo.,foo
In particular, this implies that

EzxaPzAEzXxAPzu
that is Iz (A)xaPzu € Nyecre’ H®(Rx Fyz, L). Since po+d/2 was assumed

not to be an indicial root, Iz(A) is invertible on

P2 (R % Fy L) — eV Y/2H* (R x Fy, L)

)

for all s € R with inverse I Z(A);UlJr 472 and the Schwartz kernel of this
inverse does not depend on a small perturbation of py. By Lemma 4.5, we
have

fi=xaPzuc 6(p0+d/2)THOO.
In particular, we deduce that I (A);01+d/QIZ(A)f = f. We also have that

Iz(A)f € et/ for all p € R. On the other hand, we know by a
classical contour integration argument that

LAY g = T(A)g )y + 2im > IT,.
A indicial root of A
RA€]d/2,d/2+po[
Here, II, is the convolution operator whose kernel is the residue of
NI (AN) T at V=

It is a finite rank operator, whose image is the linear span of sections of
the form

(4.13) Nt f(€),
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(k being at most the order of the pole of Iz(A,\)). This implies, using the

boundedness properties of [ (A);;Q that

F=1(A)35(A)Iz(A)f + > Iz (A)f
A indicial root of A
RA€]d/2, pol

= > Iz (A)f mod ed/2H>.
A indicial root of A
RA€]d/2, pol
Going back to u and writing (note that we put twice the cutoff function
here so that each term below makes sense):
u=(1—EzxaxaPz)u+Ezxaf
:(E_EZXAXAPZ>U+EZXAOed (1)

37 oo
+ > Ezxall\Iz(A)f,
A indicial root of A
RA€]d/2,p0[

we see that the first term is H1°> =%~ and the second term is in
H+°0:0, =% Tn other words, we can write u = ug-+u1, where ug € H+°% 0,1
and

(4.14) u =&z Z xallx (Iz(A)Pzxu),

A indicial root of A
B € 1d/2, pol

which belongs to a finite-dimensional space. On the other hand,
Auq = Au — Aug = —Aug € HTo0 750 =,

By invertibility of A for sections in H*%*+ s € R,p, € R, we obtain that
ug = —A71(Auy) € HT>% =% In other words, any solution to Au =
0, where u € H1o%P0: =% can be written as ©v = wug + u1, where uy €
H+°0.7% and u; has the explicit form (4.14).

Now, the converse is also true. For any element in the range of IIy, where
0 < R(N) < po, we can build a solution to Au = 0. Indeed, first of all observe
that, taking A an indicial root and p > R(A), and considering Iz (A) acting
on the spaces e’” H®, we have Iz(A)II, = 0 by a simple contour integral
argument. As a consequence, defining u; := ya€zu’, where v’ € ran(Il,),
we have by construction Au; € HT° =% = We then look for u = ug-+uy
such that Au = 0, ug € HT°0 = For that, it is sufficient to solve
Aug = —Auy € H1o: 79072 «y [+00,0,= Now, since A is assumed
to be invertible on spaces with weight 4" on the zeroth Fourier mode, we
obtain ug = —A‘l(Aul) € Ht% 072 and u = ug + uq solves Au = 0. To
sum up the discussion, we have proved the
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PROPOSITION 4.24. — Let A be an R-admissible elliptic operator of
order m > 0. Assume that A has no indicial root on {(\) = d/2} and
that it is invertible as a map A : H5T"P0:PL(N L) — H%Po:PL(N L) for
po near 0 (s,p. € R being arbitrary). Assume that Au = 0,u € H? o P+
with p; € R and po + d/2 not being the real part of an indicial root. Then
u = ug + uy with

up = > Ezxallnlz(A)Pzxau
A indicial root of A
R €]d/2,d/2+4po]
and Au; € HT°% 7%= and ug = —A~1(Auy) € H°*% = (in partic-
ular, uw € H®ro =) Conversely, for each indicial root A with ®\ > d/2,
and each element in the range of II, we can build such a solution.

We also have a similar statement for the resolution of the equation Au =
v on smaller spaces than H* 0 Pt

PROPOSITION 4.25. — Let A be an R-admissible elliptic operator of
order m > 0. Assume that A has no indicial root on {R(\) = d/2} and
that it is invertible as a map A : HST™Po:PL(N L) — H%PoPL(N, L)
for po near 0 (s,p,. € R being arbitrary). Let py < 0 and assume that
po + d/2 is not the real part of an indicial root (in particular, there is
no indicial root on (py — €, po + €) for some € > 0). Then, there exists
S € U™ an (py — €, po + €)-L*-admissible operator, a linear mapping
G : HroPL — ef"HT® bhounded on these spaces for all s,p,p,. € R,
such that for allv € H* P PL s € R p, € R, one has:

A7 = Sv+ xEy Z Iy (Pzx + G)v.

A indicial root of A
R €]po, d/24po

Moreover, one has AxEzIly : e"P H® — HT == for all p < R(N).

Proof. — Since A is assumed to be invertible on the spaces H* %P1 s ¢
R,p1 € R, given v € H®*PPL for py < 0, the equation Au = v admits a
solution v € H*T™0:,+ and one needs to prove that u is actually more
decreasing than this. The proof follows the same arguments as the ones
given in the proof of Proposition 4.24, namely one has to solve in the full
cusp the equation Iz (A)u = f, where fe e (Potd/2) 5 and @ is a priori in
6rd/2H5+m. 0

Finally, putting together Propositions 4.24 and 4.25, we deduce that the
Fredholm index of A acting on H*#*+ when p > 0 is not the real part of
an indicial root, is
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(4.15) ind (A, HSPP+) = > rank (II,) .
R €]d/2,d/2+p]

If p < 0, this is minus the sum for N\ €]d/2 + p,d/2|.

4.3. Generalizations

The results of the previous section can be extended in several direc-
tions that we will explore. We will start by considering the case where
the operator is only left or right elliptic. Then, we will consider the ac-
tion on Holder—Zygmund spaces. Throughout the section, A denotes an
I-admissible operator of order m, I being some open interval in R.

4.3.1. The case of left/right-elliptic operators

In this section, we will consider the case of left-elliptic operators, the case
of right-elliptic operators being mostly similar. We obtain the following
extension of Theorem 4.13:

THEOREM 4.26. — Let A be an I-admissible pseudo-differential oper-
ator, uniformly left-elliptic. Then there exists a discrete set S(A, W) C I
(depending on the construction of a tempered inverse W, see below) and
for each connected component J of I\ S(A, W) an operator @, which is
J-extended admissible (in the sense of Definition 4.29) such that

QsA=1 mod ¥;>.

In the constructions of the previous section, a crucial step was to find an
exact inverse for the indicial operator of A. Here, we will have to settle for
a left inverse. However, since the indicial family will only be left-invertible
a priori, there may be several left-inverses of interest. It follows that there
are various ways of constructing the parametrix.

We have identified three different techniques:

(1) We construct a C* parametrix @, and observe that I(Q, A)I(A, \)
=1+ Oy ({IAN) =) as before, so that (I(Q, \)I(A,\)"1I1(Q,\)
is a left inverse for I(A, A). We can then build the associated con-
volution operator.
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(2) Let us assume that d/2 € I. We can consider W := A*A, which is
J-admissible for an interval J containing d/2, and is elliptic. Then,
we can build a parametrix @ for W as in the previous section and
observe that (QA*)A =1 mod ¥, where J' C .J is a subinterval
of J without any (projection on the real axis of) indicial roots for W.

(3) Finally, it may be more convenient to study directly (A, \), and
find an operator W(A) such that W (A)I(A, A) = 1. Then, the ques-
tion is to understand what are the conditions required on W (\)
so that there exists an admissible operator @@ on M such that
I2(Q,\) = W()\) and QA = 1 mod ;.

This suggests important remarks. First of all, the validity of construc-
tions (1) and (2) follows directly from the results in the previous section,
as one recovers the usual elliptic case, so there is nothing to prove, and
the result is an admissible parametrix (instead of extended admissible).
Nevertheless, (1) and (2) are clearly suboptimal insofar as they may create
artificial indicial roots for the operator A (this is exactly what happens
for the symmetric derivative D studied in Lemma 5.6 if one applies con-
struction (2) for instance), and this is due to the fact that there are many
possible choices for a left inverse of Iz(A, A), and some have different poles
than others.

We will concentrate on explaining how (3) can be made to work. We can
already announce that in (3), we will indeed construct such an operator Q
but we are unable to build it so that it is pseudo-differential. This is due to
that fact that we will have to do some surgery on the zeroth Fourier mode
and this operator @ will naturally belong to an extension of small pseudo-
differential operators, denoted by @;n (see Definition 4.29). Nevertheless,
this parametrix operator for A will enjoy all the main properties of pseudo-
differential operators (e.g. boundedness on Sobolev spaces) and this will be
sufficient for our purposes.

We start by investigating the conditions that may be sufficient for a holo-
morphic family of operators on F to be the indicial family of an admissible
operator. For this, we recall the discussion in the proof of Lemma 4.15.

DEFINITION 4.27. — We say that a holomorphic family C; 5 A —
W(X) € U™ (F) is a tempered holomorphic family of pseudo-differential
operators if it can be decomposed into
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where R(A\) = Og-((SA)~>°) is a holomorphic family of O((I\)~>°)-
smoothing operators on F, and W’()\) is a holomorphic family of pseudo-
differential operators on F', supported in a small neighbourhood of the diag-
onal, such that in local charts, their full symbol satisfies the estimates (4.8).

We have already seen that if A is I-admissible, then Iz(A, ) is a tem-
pered holomorphic family of pseudo-differential operators (Lemma 4.15).
We now consider the converse statement

LEMMA 4.28. — Let C; 3 A — W () be a tempered holomorphic family
of pseudo-differential operators on F. Then for p € I,
1
W=_— MW (N)dA
2m RA=p
defines a convolution operator, pseudo-differential on R x F'. We say that
such a W is a I-tempered convolution operator on R x F'.

Proof. — First off, if W is a O((SA\)~°°) smoothing operator, that the
result holds is elementary. We can thus concentrate on the case that W(\)
is uniformly supported in a small neighbourhood of the diagonal. As a
consequence, we can take local charts, and assume that we are working in
R instead of F.

Thus, we can write the kernel of W(\) as

1 i(c—¢'m)
' A,m)dn.
Gt /Rke o (¢, An)dn
The symbol o is holomorphic in the A\ variable, and we have the estimates
0208070 < Ca g (14 [SAP + nf?) " 117772,

The kernel of W is thus

1 i<§7C' 77>+)\(r7r')
w3 e ’ g A n dnd}\
i(27‘)k+1 /§R)\—p (4-7 ’ )

_ (Q);M/ (<)) g () 2 .
u RE+1

We can incorporate exp(p(r — 7’)) in the symbol to find that this is a
pseudo-differential operator in the usual sense on R x F. O

We now introduce the natural extension of admissible pseudo-differential
operators:

DEFINITION 4.29. — We define the extended I-admissible operators of
order m € R as the set ﬁrln of operators P such that there exists a cutoff
function x (withx = 0in{y < a} and x =1 in {y > Cp} for some constant
Cp > 0), a small admissible pseudo-differential operator A € U . and
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a I-tempered convolution operator W of order m on R x F| and finally a
compactly supported pseudo-differential operator W’ of order m on R x F
such that:

P=A+xEW+W')Px.

The operator YEW'Px is actually a compactly supported pseudo-diffe-
rential operator on the zeroth Fourier mode. In the Definition 4.6 of ad-
missible operators, it was assumed that the operator is pseudo-differential.
Extended admissible operators are not pseudo-differential anymore, but
they still satisfy properties (1)-(3) of Definition 4.6, with the indicial op-
erator I(P) = I(A) + W. They also enjoy the boundedness properties of
Lemma 4.10. We can now prove the following:

LEMMA 4.30. — Assume A € W[ . is I-admissible left-elliptic, and
that we have a tempered holomorphic family C; 3 A — W (\) such that
W(MI(A,\) = 1. Then, there exists Q € U, such that I;(Q,\) = W()\)
for all A € C; and

QA=1 mod \II;OO

In practice, given A, an I-admissible left-elliptic operator, we will con-
struct by hand a left indicial inverse W () that is meromorphic on I and
without poles in {|S(A\)| > 1} (see for instance Lemma 5.1 where we deal
with the gradient of the Sasaki metric). As a consequence, we can define
the set

S(A, W) :={p|W(X) has a pole on p + iR},
that is A — W()) is holomorphic in a strip {p_ < A < p1}, where p1 €
S(A, W) are two consecutive points in this set. The set S(A, W) depends
on the choice of left inverse W, and the parametrix construction will only
work on spaces y*~%2H*® with p € I\ S(A,W). ®

Proof. — Let us consider () an R-admissible C*° parametrix for A. We
want to build a left parametrix for A which acts essentially as W on the
zeroth Fourier mode at infinity. For this we start by setting

Q= Q+xEW - I(Q)] Px.

(5) Although this will not be used in the following, one could go further and define a set
S(A) (independent of a choice of W) for the left elliptic operator A as:

S(A) = ﬂ S(A,W).
W left inverse on I
It should be possible to prove that I\ S(A) coincides with the set of all p € I such that
there exists € > 0 such that for all A € C such that R(\) € (p — ¢, p + €), the operators
I(A,N\) € Y™ (F,L1 — L) are injective. As this will not be pursued in the following,
we do not make a formal claim out of this.
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@ is not pseudo-differential, because we modified () by an operator which
only acts on the zeroth Fourier mode in the cusps, so that @ is an extended
admissible operator. If we compute QA, we will obtain

QA=1+xEW —I(Q)]P[x,A] mod ¥>.

Since W — I(Q) is not smoothing, this is not a parametrix modulo
smoothing operators. However, since [x, A] is of order m — 1, and since
A is admissible, we can decompose xE[W — I(Q)]P][x, A] into the sum of
an [-residual operator and an operator acting only on the zeroth Fourier
mode, which is pseudo-differential as such, and of order —1. It further
decomposes into the sum of an I-residual operator and a compactly sup-
ported pseudo-differential operator of order —1 (acting only on the zeroth
Fourier mode). To improve @ to a parametrix modulo compact smooth-
ing remainder, we have to add another modification in the zeroth Fourier
mode, via a parametrix construction similar to the original construction
of @ in the proof of Proposition 2.7. This will add to @ a compactly sup-
ported pseudo-differential operator of order —m — 1 acting only on the
zeroth Fourier mode in the cusps, and we thus obtain as announced an
I-extended admissible operator. O

We end this paragraph with the following important comment. In the
case where A is only left elliptic, Proposition 4.25 can be extended and boils
down to saying the following. Assume that A is left elliptic, and invertible
on L?. Consider v € y~P°L?, and w such that Au = v, with a priori u in
H™, then u is actually of the form u = ug + uy, where ug € y=?°H™ and

uy = x&z > I\ (Pzx + G)v,

A left indicial root of A
RA €]po, d/2[

where G maps into e™ H+ for all p € R.

4.3.2. Action on Holder—Zygmund spaces

In this section, we will explain how one can prove Theorem 4.13 in the
case of operators acting on Holder—Zygmund spaces on cusps.

In the proof of Theorem 4.13 in the case of Sobolev spaces, the main
ingredients were the existence of the inverse of the indicial operator and
the compactness of some injections. Translating the proof to the case of
Holder-Zygmund spaces, we need to check that both ingredient are still
available. We start by the compactness argument. As in § 4.1.1, we consider
a smooth cutoff function x € C*°(N,R) such that x|z = 1 for y > 3a and
x =0 for y < 2a.
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LEMMA 4.31. — For any p € R, s > s, the embedding
1 - E7xPz : y?C*(N, L) — y*C* (N, L)
is compact.

In other words, the restriction of the injection y?C*(N, L) — yPCs (N, L)
to functions with vanishing zeroth Fourier mode is compact.

Proof. — We follow the proof of Lemma 4.2. As in that proof, it is suffi-
cient to prove that ||(1—1,)fllco < C/nl|f||cs0 for some so > 0,C > 0 and
then to conclude by interpolation. Since L>® — C? and C}+¢ < C! (for any
€ > 0), it is therefore sufficient to prove that |[(1 —¢,) fllLe < C/nl fllcr-
By Poincaré-Wirtinger’s inequality, there exists a constant C' > 0 (only
depending on the lattice A) such that for any f such that f fdo = 0,
£ W)l L= (ray < Cl|0a f(y)|| oo (ray, for ally > a. Thus, [|(1—4n) f(y) | Lo~ (ra)
< C/nllyds f(y)|l o= (rey and passing to the supremum in y, we obtain the
result we yearned for. a

Next, we turn to the fact that the indicial operator has a bounded inverse.
This is a bit more subtle. For simplicity, assume there are no indicial roots
in {NX € I'} DR, and consider the action of

(4.16) Iz(A)~ = /R AT (I5(A,0) 1 d),

on C¢(R x Fz). While the action of convolution operators on L? spaces is
very convenient to analyze, it is not so easy for Holder—Zygmund spaces.
First, from the computations in the proof of Lemma 4.5, we deduce that the
C: spaces of L — N, correspond with the usual C} spaces of Ly — R x Fz.

Next, we recall that according to Lemma 4.15, I7(A, \)~! is a tempered
family of holomorphic operators in C;. In particular, we can decompose it
into the sum of a smoothing family, and a pseudo-differential family sup-
ported in a small neighbourhood of the diagonal. We denote by S}l) the
contribution of the pseudo-differential family, and 552) that of the smooth-
ing family.

Choosing local patches in Fz, we can write

SV F(r, ) = / A= G, 2,00 f (7, ) dr'd(ardn,
RxR"™

and this is a classical pseudo-differential operator of order —m on R x Fz
which is bounded as a map C$(R X Fyz) — C3T™(R X Fy).

It remains to study S}Q). For the sake of simplicity, we will identify in
our notations the operator and its kernel. We pick 2,2’ € Fz and r > 1.
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When |p| < e,

5P (r, 2, 2) :/emRit(z,z')dt:e’””/emRin(z,z')dt7
R R

where Ry, is O((t)”>°) in C°(Fz x Fyz), for |p| < e. We deduce that
552)(7“,2,%) is O(e~I"l) in C*°(R x Fz x Fyz). In particular, S}Q) acts
boundedly as a map C$(R x Fz) — CST™(R x Fz). Now that we have
checked that I7(A)~! is bounded on the appropriate spaces, the proof of
§ 4.2.3 applies.

At this point, we also observe that our arguments can be combined di-
rectly with the arguments of § 4.3.1 to deal with the case of left/right
elliptic operators on Hoélder-Zygmund spaces.

To finish the proof of Theorem 4.13, we consider the Fredholm index of
elliptic operators acting on Holder-Zygmund spaces. It is similar to Propo-
sition 4.22.

PROPOSITION 4.32. — Let P be a (p_, p4)-admissible elliptic pseudo-
differential operator of order m € R. Let I be a connected component
in (p—, p+) not containing any indicial root. Then, the Fredholm index of
the bounded operator P : y?CsT™ — yPC? is independent of s € R,p €
I. Moreover, the Fredholm index coincides with that of Proposition 4.22,
that is of P acting on Sobolev spaces H*t™ p=d/2.p1 _ Fs:p=d/2:p1  for
s,p1L €R.

Proof. — This is a rather straightforward consequence of Proposition
4.22 combined with the embedding estimates of Lemma 3.11 and Lem-
ma 3.12. g

5. X-ray transform and symmetric tensors

In this Section, we apply the previous theory of inversion of elliptic
pseudo-differential operators to the three operators Vg, D and D*D and
prove that the X-ray transform is solenoidal injective on 2-tensors.

5.1. Gradient of the Sasaki metric

A first step towards the Livsic Theorem 5.2 is the analytic study of the
gradient Vg induced by the Sasaki metric gg (itself induced by g) on the
unit tangent bundle SM of (M,g). Let # : SM — M be the projection.
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We recall (see [29] for further details) that the tangent bundle to SM can
be decomposed according to the splitting

T(SM) =V e Ho'RX,

where V = kerdr is the vertical bundle, H = ker K N (RX)* is the hor-
izontal bundle ()| KC : T(SM) — TM is the connection map defined as
follows: consider (z,v) € SM,w € T(,, ,)(SM) and a curve (—¢,g) > t
z(t) € SM such that z(0) = (z,v), 2(0) = w; write z(t) = (z(t),v(t)); then
K(z,v)(w) := Viuyv(t)|t=o. Note that dr : V. — TM,K : HORX — TM
are both isometries. We denote by gg the Sasaki metric on SM defined by:

gs(w,w') = g (dn(w), dr(w)) + g (K(w), K(w')).

Let Vg be the Levi-Civita connection induced by the Sasaki metric gg on
SM. Given u € C*(SM), one can decompose its gradient according to:

(5.1) Vsu = V%u+ V' + Xu- X,

where V"" are the respective vertical and horizontal gradients (the or-
thogonal projection of the gradient on the vertical and horizontal bundles),
that is VVu € C*(SM,V) and Vhu € C=(SM,H).

LEMMA 5.1. — The gradient Vg : C®(SM) — C*(SM,T(SM)) is a
left-elliptic R-admissible differential operator of order 1. Its only indicial
root is 0. Moreover, there exists a |0, +o0o[-extended admissible operator @
of order —1 and R a ]0; +-oo[-residual operator such that:

QVs=1+R

Proof. — As before, we let Z := [a, +0o[xR%/A be (one of) the cuspidal
part of the manifold (M, g). The fact that Vg is an elliptic admissible dif-
ferential operator of order 1 is immediate. Observe that, if f € C*°(SM),
then f can be extended as a function f in C°°(T'M\{0}) by 0-homogeneity.
Then, writing VE for the gradient on TM (induced by the Sasaki met-
ric), we have Vgf = (VIM f)|sas. As a consequence, it is equivalent to
study the action of VLM : C(TM) — C>(T(TM)) on 0-homogeneous
functions, which we are going to do from now on. Taking advantage of the
global trivialization over the cusp, we can write TZ ~ Z x R%*!; we use
coordinates (y, 6, vy, vg).

We now compute the indicial operator of the gradient, following the tech-
niques of the previous sections. In order to do so, we let f € C(R%*1) be
a function depending on the variables (vy,vs) which is 0-homogeneous. In

(6) We use the convention that H := (Vo RX)L, and not V1 as usual. In particular, if
M is (d + 1)-dimensional, then H is d-dimensional.
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other words, f is a smooth function on the quotient F; := R4+1/ R’ which
is a smooth compact manifold diffeomorphic to the d-dimensional sphere.
Therefore, we are really in the setting of the previous two sections. We intro-
duce the vector fields U := dr(ydy), Vs := dn = (ydp,) for £ =1, ..., d.
They belong to the space H®RX. An elementary (although tedious) com-
putation using Christoffel symbols in coordinates (see [3, Appendix A.3.2])
allows to show that:

U o< y0, + vy0,, +Zv98v9 =y0, + &,
¢

(modulo normalization), where £ is the Euler vector field and
VZ 0.8 yaeg + Uyavgz - vega’uy)

(modulo normalization). Then, writing V%, for the (total) vertical gra-
dient on TM, and using the formula dn=*(Y) - 7*h = 7#*(Y - h) for Y €
C*®(M,TM),h € C*(M), we obtain:

y A AVEM (fy?)

= Viuf+y (U (f*) U+ > V(£ - Ve)

4
= Vi + UF+y 0y () U+ Y (Vef +y  fyda, (V) - Ve
¢

=Viuf+ AU+ Vif -V,
0

because Uf = 0 (note that the O-homogeneity condition is used here
in £f = 0). We then set W(\)(w) := A lgs(w,U), for w € C°(R x
R T(R x R4*H1)). Then:

WNI(Vs, A f = f

The only indicial root of Vg is thus A = 0. As a consequence, Theorem 4.26
applies immediately (using construction (3), presented after Theorem 4.26)
and yields the results of Lemma 5.1. O

5.2. Exact Livsic theorem

We recall that C is the set of hyperbolic free homotopy classes on M
and that for each such class ¢ € C of C! curves on M, there is a unique
representative representant -y, (c) which is a geodesic for g.
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In this section, we prove an exact Livsic theorem asserting that a function
whose integrals over closed geodesics vanish is a coboundary, namely a
derivative in the flow direction. For f € C°(SM), we can define

@ == [ w0
PHO = s [ 100w
(vg(c)) Jo
for c € C.
TuEOREM 5.2 (Livsic theorem). — Let (M9t1 g) be a negatively-cur-

ved complete manifold whose ends are real hyperbolic cusps. Denote by —kg
the maximum of the sectional curvature. Let 0 < o < 1 and 0 < 8 < /Ko
Let f € y?C*(SM) N H'(SM) such that I9f = 0. Then there exists
u € yPC*(SM)NH'(SM) such that f = Xu. Moreover, V¥ Xu,V xV'u €
L?(SM,V) and u thus satisfies the Pestov identity (Lemma 5.3).

We will denote by N, the subbundle of 7*TM — SM (where 7 :
SM — M denotes the projection) whose fiber at (z,v) € SM is given by
N} (z,v) := {v}*. The picture to have in mind is the following: above each
point (z,v) € SM, we glue the fiber (R-v)*. Using the maps dr and K, the
vectors V¥ "u can be identified with elements of N , i.e. K(VVu), dr(V"u)
€ N . For the sake of simplicity, we will drop the notation of these projec-
tion maps in the following and consider V" as elements of N, . We have
a natural L2-scalar product on L?(SM,N ) given by:

(w,w') := /SM g (w(z,v),w' (z,v))dp(z,v),

where p stands for the Liouville measure. We refer to [31, Section 2] for
further details. Before starting with the proof of the Livsic Theorem 5.2,
we recall the celebrated Pestov identity:

LEMMA 5.3 (Pestov identity). — Let (M9, g) be a cusp manifold. Let
u € H?>(SM). Then

v 2 v 2
IV'Xullz2snny ) = IVXVoull2sn,n, )
v v, 112
= [ RV ) 190l due ) + Xl sy,
SM
where k is the sectional curvature.

In the compact case, the proof is based on the integration of local com-
mutator formulas and clever integration by parts (see [31, Proposition 2.2]).
Since the manifold has finite volume and no boundary, the proof is iden-
tical and we do not reproduce it here. By a density argument and using
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the fact that the sectional curvature is pinched negative, assuming only
V?Xu € L3(SM), we deduce that VxV'u, V’u € L?(SM) and

IVx V2l [Vl S [V Xull.

Proof of Theorem 5.2. — In this proof, we will first build u, and then
determine its exact regularity. For the construction, we follow the usual
tactics, but we give the details since we want to let the Holder constant
grow at infinity. For the sake of simplicity, we will denote by y : M — R,
a smooth extension of the height function (initially defined in the cusps) to
the whole unit tangent of the manifold, such that 0 < ¢ < y is uniformly
bounded from below and y < a on M \ UyZ,. The case of uniformly Holder
functions was dealt with in [32, Remark 3.1]. Since the flow is transitive,
we pick a point with dense orbit g, and define

u (pt(0)) :/o f (ps(xo)) ds.

Obviously, we have Xu = f, so it remains to prove that it is locally uni-
formly Holder to consider the extension of u to SM. Pick z1 = ¢¢(z¢) and
o = @y (o), with ¢/ > t. Pick € > 0, and assume that d(zq,2z2) = €. By
the Shadowing Lemma, there is a periodic point 2’ with d(x1,2") < € and
period T < |t — t| 4+ Ce, for some uniform constant C > 0 depending on
the dynamics, which shadows the segment (¢,(70))s e ¢, ++]- Moreover, there
exists a time 7 < Ce such that we have the following estimate:

(5.2) d(‘Ps (pr (1)), <Ps($/)) < Cee™ VFHo min(s,[t'~t|—s)

This is a classical bound in hyperbolic dynamics (see [18, Proposition 6.2.4]
for instance). The constant ,/kg follows from the fact the maximum of
the curvature is related to the lowest expansion rate of the flow (see [21,
Theorem 3.9.1] for instance).

Then, using the assumption that fOT flps(x'))ds = 0, we write:

u(xs) —u(zy) = /0 ) f (ps(z1))ds
:/0 7 7Tf(<ps (907—(551))) — f((ps(;l;’)) ds
_/t f(‘Ps(ﬂC/))dS+/OTf(<Ps(x1))d3

f—t—T

The last two terms are immediately bounded by < ey(z;)? because 7
< Ceand T—(t—t') < Ce. As to the first one, using (5.2), it is controlled by

TOME 73 (2023), FASCICULE 1



410 Yannick GUEDES BONTHONNEAU & Thibault LEFEUVRE

/0 o f((ps (@T(xl))) — fps(a’))ds

< / (@)’ d (el a(a)” ds,

thanks to the assumption on f (namely it is y?C*(SM)). (Note that chang-

ing y(ps(2'))? by y(ps(x1))? or y(¢s(pr(21)))? does not change anything
in the previous integral on the right-hand side as the ratios

y (0s(2) [y (s(x1))  y (0s(2) [y (s(r (1))

are uniformly contained in an interval [1/C, C] for some constant C' > 0).
Let us find an upper bound on y(¢s(z')). Of course, when a segment of the
trajectory (ys(7'))seo, 77 is included in a compact part of the manifold
(say of height y < a), y(¢s(z')) is uniformly bounded by a, so the only
interesting part is when the trajectory is contained in the cusps. In time
[t" — t|, the segment (p4(z))seo,7) has started and returned at height
y(z1). Thus, it can only go up to a height

(5.3) y(ps(@)) < e =t=5) (),

Combining (5.2) and (5.3), this leads to:

/0  ypu(@))Pd (ps (@), oue)°

t'—t
< / ()PP (s 1 =01=5) gy )= avmmmin(s. (¢1)=s) g
0

t'—t
< y(xl)ﬁd(m,xz)a/ e(B—av/mo) min(s, [¢'~t|—s) 4 ¢

0

As long as /Koo > f3, this is uniformly bounded as [t —t| — 4o00. In
particular, we conclude that u is y?C®, and we can thus extend it to a
global 4#C® function on SM.

We now have to prove that u € H*(SM) and to this end, we will use a
kind of bootstrap argument. Since f € H*(SM) and f = Xu, we obtain
that V¥ Xu € L?(SM). Moreover, as discussed after the Pestov identity,
we obtain directly that VxV°u, V'u € L2(SM).

By using the commutator identity [X, V] = —V" (see [31, Lemma 2.1]),
we deduce V'u € L2(SM). Thus, Vsu € L?. By Lemma 5.1, we deduce
that u € H*(SM) O
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5.3. X-ray transform and symmetric tensors

Although we will mostly use 1- and 2-tensors, it is convenient to introduce
notations for general symmetric tensors. We will be using the injection

Tm 10 € C¥(M,SM) - v®---®@v e C™(M,SM®™) .

Given a symmetric m-tensor h € C°(M, S™(T*M)), we can define a func-
tion on SM by pulling it back via m,,:

mh o (x,0) = h,(V® - ®0).

DEFINITION 5.4. — The X-ray transform on symmetric m-tensors is
defined in the same way as for CV functions on SM: if h is a symmetric
m-tensor,

£(vg(c))
m / (3 ().5(1)) .

where t — v(t) is a parametrization by arc-length, ¢ € C.

19 h(c) =

m

Given a symmetric m-tensor h, we can consider its covariant derivative
Vh, which is a section of

T*M @ S™(T*M) — M.

If S denotes the symmetrization operator from @™ 1T M to S™+1(T* M),
we define the symmetric derivative as

Dh = 8(Vh) € C™ (M, S™ (T*M)) .

Given x € M, the pointwise scalar product for tensors in @7y M is defined
by

m

(Wi @ @u,wi @ @), =[] g,w),
=1

where v;, w; € T, M and v}, w; denotes the dual vector given by the musical
isomorphism. We can then endow the spaces C*°(M, S™(T*M)) with the
scalar product

(5.4) (h1,he) = / (hi(z), ha(x))_dvol(x)
M
We obtain a global scalar product on &, > C*°(M, S™(T*M)) by declar-

ing that whenever m # m/, C°° (M, S™(T*M)) is orthogonal to C°° (M, S™
(T*M)). Following conventions we denote by —D* the adjoint of D with
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respect to this scalar product. One can compute that for a tensor 7', for
any orthogonal frame ey, ..., eg+1,

D*T(-) = Te(VT)( ZVQT eir-)

The operator D* is called the divergence, and one can check that it maps
symmetric tensors to symmetric tensors.

DEFINITION 5.5. — Let f be a tensor so that D*f = 0. Then we say
that f is solenoidal.

We can also define 7,,., which is the formal adjoint of 7, — with respect
to the usual scalar product on L?(SM). Moreover, one can check (7)

* _ *
M1 D = Xy,

see [23, Lemma B.1.4] for instance. Through 7, we obtain another scalar
product on symmetric tensors:

[u,v] = / T UTTE, V.
SM

Representing [u,v] = (Au,v), one can check that there are universal con-
stants Cp, > 0 such that ||A| < Gy, [|[A7Y| < C,, when restricted to
m-tensors. (This simply follows from the fact that this is a statement point-
wise in x € M; as a consequence, the constant C,, > 0 is universal and
does not depend on the geometry.) In the following, we will restrict our
study to the map

D:C™(M,T*M) — C> (M, S*(T*M))

but it is very likely that most of the results still hold for tensors of general
order m € N. As in the compact case, we obtain:

LEMMA 5.6. — The symmetric derivative of 1-forms
D:C>® (M, T*M)— C>® (M, S*(T*M))

is R-admissible and left uniformly elliptic. Its only indicial root is —1.
Additionally, it is injective on y?H?® and yPC? for all p,s € R. Moreover,

there is a | — 1, +oo[-extended admissible pseudo-differential operators Q
of order —1 and R, a ] — 1, +ool-residual operator such that:
QD=1+ R.

(") The fastest way to check this is the following: first of all, observe that 7rm+1D =

m+1V (all the antisymmetric parts vanish); then consider at a pomt p € M local
normal coordinates (x1, ..., 441); in these coordinates at p, V f(p Z Oz, fdx; and
X|TPM = Zl v;0z, which is now sufficient the claim.

ANNALES DE L’INSTITUT FOURIER



RIGIDITY OF MANIFOLDS WITH HYPERBOLIC CUSPS 413

In particular, the image of D(H**1(M,T*M)) C H*(M,S*(T*M)) is
closed, for all s € R.

Proof. — For the moment, we deal with the general case
D:C>(M,S™(T*M)) — C> (M, S™ (T*M)) .

Since D is a differential operator, it makes no difference to work with
Sobolev or Hoélder-Zygmund spaces. The first step is to prove that D is
uniformly elliptic. By taking local coordinates around a point (z,£) €
T*M \ {0} for instance, one can compute the principal symbol of the oper-
ator D which is o(D)(z,§) : u— S(§ ® u), where u € S™ (T M) (see [33,
Theorem 3.3.2]). Then, using the fact that the antisymmetric part of £ @ u
vanishes in the integral:

lo(Dyul® = €3t / (&, )2 (0)do
sd

= CEP [ (€160} mia(o)do > 0
unless u = 0. Since S™ (T M) is finite dimensional, the map

(u, &/1€]) = llo(D) (2, &/1€]) ull,

defined on the compact set {u € S™,|u|? = 1} x S¢ is bounded and attains
its lower bound C? > 0 (which is independent of z). Thus |lo(z,&)ul >
Cl¢||Jul|. Tt is then not hard to check from this lower bound that the op-
erator is uniformly left elliptic in the sense of Definition 2.6 (actually, this
could have been taken as an equivalent definition of left ellipticity).

We now assume m = 1 and consider

D:C> (M, T*M) — C* (M,S5* (T*M)).

Let us give a word on the injectivity of this operator. Consider a 1-form
f such that Df = 0, and f is either in some y?H® or some y?C;. Then
f is smooth by the elliptic regularity Theorem. As a consequence 77 f is
a smooth function on SM. Recall that X7} f = n3Df = 0. Additionally,
the geodesic flow admits a dense orbit; we deduce that 7] f is a constant.
However, since f is a 1-form, 7} f(z, —v) = —n7 f(z,v) for all (z,v) € SM,
thus f = 0.

Now, we recall the results from Sections § 4 and § 3. Since D is a differen-
tial operator that is invariant under local isometries, it is an R-admissible
(left elliptic) operator. In particular, it suffices to determine whether its
associated indicial family Iz(D, A) has a left inverse. In the present case,
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since D is an operator on sections of a bundle over M, the indicial operator
is just a matrix. We consider a 1-form « in the cusp in the form

dy db;
A i
v la=—=+) b, ]
[ Y Y

where a,b; € R. Then we find that

dy? do? db;dy + dydb;
Da =y {a ()\yy2 —Z y;> +Zbi()\+l)%

The matrix Iz(D, A) is thus the transpose of

A -1 -1 ... -1 0 0 0
0 0 0 0 0 2A+1) 0 0
0O 0 0 0 O 0 20 +1) ... 0
0 0 0 0 O 0 0 2(A +1)

In particular, with

JN) =
A+t -+t 0 ... 0 0
0 0 0 0 (A+1)"t ... 0
0 00 00 ety
we get

JNIZ(D,A) =1; [[JN)|=0 (A" as SA — +oo.

We deduce that D has —1 for sole indicial root. As a consequence, we can
apply Theorem 4.26 (using again construction (3)):

(5.5) QD =1+R,

with R bounded from H*? to HY> ~4/2=1+¢ and from C5” to C% ~¢, for
alld/2>e>0,s€R, p>—d/2+1.

Let us now prove that the image of D is closed (for the Sobolev spaces,
the case of Holder-Zygmund spaces is similar). This is a rather classical ar-
gument once one has an inverse for the operator modulo a compact remain-
der, but we reproduce it here for the reader’s convenience. For a sequence
(uy) of elements of H'** such that Du, — f € H®, QDu,, = u, + Ru,
also converges since @ is continuous. By extraction, since R is compact we
can assume that R(uy/|un,||) converges also, to some v. Then, we have

Uun + [[un|[(v+o(1)) = Qf + o(1).
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Assume that ||u,]|| is bounded. Then we obtain that w,, itself converges in
H', to some u, and Du = f. Otherwise, we can decompose u,, = A\,v +

Wy, With w, L v, w, bounded and A, — oco. We deduce that Rv = —wv,
and QDu, = QDw,, so that we can extract w, to make it converge to
some w, and Dw = f. a

Since the image of D is closed, it is the orthogonal of the kernel of D*,
and each f € H*(M,S?(T*M)) can be written as

f=1°+Du,

with D*f* =0, and f* € H*(M,S*(T*M)), uw € H'T$(M,S*(T*M)). The
tensor f* is called the divergence-free part or the solenoidal part of f,
and Du the exact part or the potential part of f. This can be naturally
generalized to tensors of any order and Hélder-Zygmund spaces, following
the same scheme of proof.

To close this section, remark that the X-ray transform satisfies X =0
and thus 0 = I X}, = In;,,D = I, D. Thus in general it is impossible to
recover the exact part Dp of a tensor f from the knowledge of I,,, f. We will
say that the X-ray is solenoidal injective on smooth symmetric m-tensors
if it is injective when restricted to ker D*.

5.4. Projection on solenoidal tensors

In this section, we will study the symmetric Laplacian on 1-forms, that
is the operator A := D*D acting on sections of S1(T*M) — M. We will
denote by A\ = d/2 + \/d + d2/4. Observe that A\; < 0 (this will be used
later).

LEMMA 5.7. — For all s € R,p e]/\g,)\j[,/u € R, the operator A
is invertible on the spaces H® P~%2% L (M, SY(T*M)) and on y?C%(M, S*
(T*M)). Its inverse A~ is a pseudo-differential operator of order —2.

Proof. — The operator A = D*D is elliptic since D is elliptic, and it
is also invariant under local isometries, and differential. In particular, it is
R-admissible, so we can apply Theorem 4.13. Let us compute its indicial
operator: we find

A, A) (adyy> = ()‘2 —Ad — d) a%
e (l” dg) = SO+ DO @+ D) dgi
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I(A, )) is a diagonal matrix which is invertible for

A —1,d+1,d/2+\/d+d2/4

£
,)\d

The interval JA;, )\j[ does not contain other any root, so we can apply
directly Theorem 4.13, and get a pseudo-differential operator @} of order
—2, bounded on the relevant Sobolev and Holder—Zygmund spaces such
that

(5.6) QA=1+K,

with K bounded from y?H N to y P HN  yr+d/2CN to y¥/2=rCN for all
p € [0,\} — d/2[. We can also do this on the other side:

(5.7) AQ=1+K,

K’ satisfying the same bounds. We deduce that A is Fredholm. Addition-
ally, from the parametrix equation, we find that any element of its kernel
(on any Sobolev or Holder—Zygmund space we are considering) has to lie in
L?(SM). However, on L%, Au = 0 implies Du = 0, and v = 0. Additionally,
on L?, A is self-adjoint, so it is invertible and its Fredholm index is 0. We

then conclude using Propositions 4.22 and 4.32. g

As a consequence, we obtain the

LEMMA 5.8. — Tger p» = 1 — DA™1D* is the orthogonal projection on
solenoidal tensors. It is a ]\, , A} [-admissible pseudo-differential operator
of order 0.

We also observe that if we had used the construction (2) (see Sec-
tion 4.3.1) to find a parametrix for D, we would obtain a set of indicial
roots strictly larger than necessary, since it would include the roots of A,
and not only —1.

5.5. Solenoidal injectivity of the X-ray transform

We now prove Theorem 1.1. As usual, the proof relies on the Pestov
identity combined with the LivSic theorem. It follows exactly that of [8];
nevertheless, we thought it was wiser to include it insofar as we only work in
H! regularity on a noncompact manifold (where as [8] is written in smooth
regularity on a compact manifold).
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We recall that there exists a canonical splitting
T(ac,v) (TM) = V(Lv) @J— H(Lv)y

where (z,v) € TM which is orthogonal for the Sasaki metric. We insist on
the fact that we now work on the whole tangent bundle T M and no longer
on the unit tangent bundle SM. As a consequence, the horizontal space
H is the same but the vertical space V sees its dimension increased by 1.
These two spaces are identified to the tangent vector space T,M via the
maps dr and K.

Given u € O®(TM), we can write Vgu = V%u + Vu, where V'u €
V, Vhu € H. We denote by div®" " the formal adjoints of the operators \% h
(see [31, Section 2] for further details).

Proof. — We first start with an elementary inequality. Let u € C°°(SM).
We extend u to TM \ {0} by 1-homogeneity. The local Pestov identity [8,
Equation (2.14)] at (z,v) € TM reads:

2(Vhu, VP (Xu)) = | V7| + div" Y + div® Z — (R (v, V'u) v, V"u)
where

Y = (V"u, V'u)v — (0, V") V'u  Z := (v,V"u) V"u

Moreover, (v,Z) = |Xul?. Integrating over SM and using the Green—
Ostrogradskii formula [33, Theorem 3.6.3] together with the assumption
that the curvature is nonpositive, we obtain:

h, (|2 h v . v
(5.8) /SMHV ul| du<2/5M (V'"u, V" (Xu)) du (3+d)/SMi|),(Z|>2du

Note that by a density argument, the previous formula extends to functions
u € H*(SM) such that V¥ (Xu) € L*(SM).

We now consider the case where 7, f = Xu with f € H! (and thus
u € H' and VY(Xu) € L? by the arguments given in the proof of Livsic
theorem). Following [8, Equation (2.18)], one obtains the following equality
almost-everywhere in T'M:

2(V" V" (Xu)) = div" W — 4 x ur}, (D" f),

with W(z,v) = 4u(z,v)(fu(,v, ..., v))* (where § : T*M — TM is the
musical isomorphism). In (5.8), this yields

(5.9) / (19"l + (3 + @) xuf?) du < —4/ wr' (D) dps
SM SM
We now assume that f is a symmetric m-tensor in

yPC (M, S™ (T*M)) N H' (M, S™ (T*M)),
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such that D* f = 0 and I,,(f) = 0. By the Livsic Theorem 5.2, there exists
u € yPC*(SM) N HY(SM) such that 7}, f = Xu. By (5.9), we obtain
Xu =0, thus f =0. d

5.6. Proof of the spectral rigidity

This section is devoted to the proof of Corollary 1.2. We consider thus
as in the statement a family (gx)x e [=1,1] of cusp metrics on a given cusp
manifold (M, go). We assume that the resonant set of g) does not depend
on A. The standard argument in the compact case (see [15, 16] for the
original reference) is to say that the trace of the wave-group (eV=2),cp
is exactly singular at the length of the periodic orbits (this follows from the
trace formula of Duistermaat-Guillemin [9] or also by earlier work of Colin
de Verdiere [39]), and determined by the spectrum, so that the lengths of
the periodic orbits do not change when A varies.

In this non-compact case, the same argument applies, once the suitable
modifications have been made. We explain this without entering into much
detail, as it would require to rewrite the content of other articles.

The first point is that the trace of the wave-group is not well defined; it
has to be replaced by the 0-trace of the wave-group, a sort of Hadamard
regularization in the cusp. In [4, Section 2.1], it is explained how this reg-
ularized trace can be expressed in terms of the discrete spectrum and the
scattering determinant. The latter is a meromorphic function which is al-
most entirely determined by the resonances, as explained in [27, Theo-
rem 3.32] for surfaces. The same facts also holds for higher dimension with
a similar proof (see [3, Proposition 1.1.3]). In any case, the part of the scat-
tering determinant which is not determined by the resonances contributes
only to a Dirac mass (or derivative of a Dirac mass) at 0 in the O-trace of
the wave group.

On the other hand, the regularization at infinity introduced by the
O-trace does not introduce some exotic singularities (as explained in
[4, Section 2.4.2]), so that the arguments of Duistermaat—Guillemin [9],
which can certainly be carried out in any compact part of the manifold,
imply that the singularities of the O-trace take place exactly at the algebraic
lengths of the periodic orbits of the geodesic flow.

From these considerations, we conclude that the marked length spectrum
is constant as A varies. However, as we have seen, for any free hyperbolic
homotopy class ¢ € C:
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d
Lo (c) = / Ongr = 1/2 x Ly, ()15 [0rgx] (c).
REN (c)

Now, since 0y g, is assumed to have compact support, it certainly is an ele-
ment of y~°C} for any N € R. Writing the L?-orthogonal decomposition

Oagr = fx + Dy un,

where Dy, is the symmetric derivative induced by the metric g (see § 5.3),
uy is a 1-form and f*° € ker Dy is the solenoidal part of the symmetric
2-tensor Oxgx, we can apply the Lemma 5.8 to deduce that f{ and uy
are in y~¢CN for some € > 0, and every N > 0 (using here that Ay
< 0). In particular, we can now use the injectivity of the X-ray transform
Theorem 1.1 to deduce that f§ = 0.

Identifying the 1-form uy with a vector field X, we deduce that d g, =
Lx, gx (where £ stands for the Lie derivative), so that defining the isotopy
(#x)ae[-1,1) such that ¢ is the identity and

O@x = X 0 ¢y,

we have ¢3gn = go. It may be worthwhile to observe here that a priori,
¢ is not compactly supported, even though we only allowed a compactly
supported deformation in the first place. This is somehow a linear version
of the solenoidal reduction which will be a key object in our second article.
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