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INTRODUCTION

This Habilitation a diriger des recherches is an overview of some of
the works that I have been doing over the years 2020-2022 in the field
of (partially) hyperbolic dynamical systems and geometry.

Chapters 1-3 deal with frame flow ergodicity and related topics. The
main achievement is Theorem 3.2 and shows that, on even-dimensional
negatively-curved Riemannian manifolds with quasi 1/4-pinched nega-
tive sectional curvature, the frame flow is ergodic. This almost answers
a long-standing conjecture of Brin from the 70s-80s. Generalizations
of this result are discussed: first, to the case of Kdhler manifolds (see
Theorem 3.6), second to general frame flows (see Theorem 3.10). In
particular, we establish an important connection between algebraic ge-
ometry (namely, the classification of algebraic maps between spheres)
and the study of certain partially hyperbolic dynamical systems ob-
tained as frame flow extensions of the geodesic flow over a negatively-
curved Riemannian manifold. We also study and prove the injectivity
of the geodesic Wilson loop operator under a low-rank assumption in
Theorem 2.3 — this operator is the analogue of the marked length spec-
trum, where metrics are replaced by connections. In turn, under the
same low-rank assumption, this solves Kac’s isospectral problem Can
one hear the shape of a drum? for connections: the spectrum of the
Bochner Laplacian does determine the connection up to gauge on a
negatively-curved Riemannian manifold for vector bundles of low rank,
see Theorem 2.8.

Chapters 4-5 are concerned with applications of microlocal tech-
niques to two specific problems in geometry and probability. Chapter
4 deals with lens rigidity of Riemannian manifolds, that is, to what
extent does the scattering map and the length of geodesics between
pair of points on the boundary determine a Riemannian manifold with
boundary? We give a positive answer to this rigidity problem in Theo-
rem 4.8 in a neighborhood of a metric with negative sectional curvature
and strictly convex boundary. In Chapter 5, we investigate the nar-
row capture problem for Lévy flights. These stochastic processes are
quite similar to the Brownian motion but are generated by the frac-
tional Laplacian and (roughly speaking) tend to “jump” more along
geodesics. We compute the asymptotics of the expected time to find
a small target the size of a geodesic ball of radius € as ¢ — 0 under a
pure Lévy jump process, see Theorem 5.7. This is a well-known topic
in the field of biology as such processes model predators hunting preys
and is known as the Lévy flight foraging hypothesis.



An important tool that is consistently applied throughout the man-
uscript (although hidden sometimes ...) is microlocal analysis. Hence,
this monograph is at the crossroad of many fields: microlocal analy-
sis and PDEs, (partially) hyperbolic dynamical systems, Riemannian
manifolds, algebraic topology and geometry, stochastic processes. The
proofs of the main results are usually skipped but the main ingredients
are given. When the arguments are not too long nor technical, they
are written with full details. By this, we hope to make this monograph
more pleasant to read.
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1. ISOMETRIC EXTENSIONS OF ANOSOV FLOWS

1.1. Ergodicity in dynamical systems. The theory of dynamical
systems originates from the study of classical mechanics and the de-
scription of solutions to differential equations governing the evolution
of points in phase space. A well-known historical example pioneered
by Kepler and Newton in the XVII century and later enriched with a
modern mathematical language by Poincaré in the late XIX century is
our solar system, where planets are identified with points and their mo-
tion is governed by the law of gravitation. These mechanical systems,
in the absence of a dissipative correction, share the property that they
preserve a natural volume form on the phase space.

While it is usually impossible to predict the evolution of a single tra-
jectory due to an inherent sensitivity to initial conditions, it is tempting
to adopt a statistical approach and describe the long-time behaviour of
almost all points, measured with respect to this natural flow-invariant
form. This is the slant of ergodic theory. From this perspective, a
natural property one may investigate on a given dynamical system is
the equidistribution of a generic point in phase space, namely, whether
it will spend in each region of the phase space an average time pro-
portional to its volume. Phrased in mathematical language, ergodicity
is the property that any measurable subset that is invariant by the
dynamical transformation must have zero or full measure.

These physical considerations paved the way for a more systematic
search of ergodic dynamical systems in mathematics. In a seminal ar-
ticle [Hop36], using what is now known as the classical Hopf argument,
Hopf proved that geodesic flows on closed negatively-curved surfaces
are ergodic with respect to a natural smooth measure called the Liou-
ville measure, providing one of the first rigorous examples of chaotic
systems of geometric flavour. Later, Anosov [Ano67] introduced in his
thesis the notion of uniformly hyperbolic flows (also known as Anosov
flows nowadays) and showed that they are ergodic whenever they pre-
serve a smooth measure. Moreover, he proved that all geodesic flows
on negatively-curved Riemannian manifolds are uniformly hyperbolic
and thus ergodic. From a statistical perspective, these flows are now
well understood and finer properties such as mizing or even exponen-
tial mizing are (almost) completely settled, see Liverani |Liv04]| and
Tsujii-Zhang [T7Z], among other references on this question.

Shortly after Anosov’s work, Brin-Pesin [BP74], Pugh-Shub [PS00],
and others, investigated more general systems exhibiting a weaker form
of hyperbolic behaviour, known as partially hyperbolic systems. While
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these dynamics still preserve some expanding and contracting direc-
tions, they also come with other neutral or central directions, in which
the map/flow may behave infinitesimally as an isometry for instance.
Historical examples of partially hyperbolic dynamics are provided by
frame flows over closed negatively-curved Riemannian manifolds, and
they will be extensively discussed in §3.

1.2. Isometric extensions of Anosov flows. Let M be a smooth
closed manifold. We recall that a vector field X € C*°(M, T M) gener-
ates an Anosov flow (¢¢)ier if there exists a continuous flow-invariant
splitting of the tangent bundle TM = RX & E}, ® E}, into flow-
direction, stable and unstable bundles, and uniform constants C, A > 0
such that for all ¢ > 0:

|dpsv| < Ce™||vl|, Yo € By, |do_w| < Ce™||v||, Yv € EY,,

(1.1)
where || o || is the norm induced by an arbitrary Riemannian metric on
M. In the following, we will further assume that X preserves a smooth
measure . In particular, by a standard result of Anosov [Ano67],
this implies that (¢)er is ergodic with respect to p. The goal of this
paragraph is to study the ergodic properties of some specific extensions
of (¢¢)ter which we now describe.

We let (F, gr) be a smooth closed Riemannian manifold. A fiber bun-
dle P — M is said to be a Riemannian fiber bundle with fiber (F, gr)
is P — M is a F-fiber bundle over M which admits a reduction of its
structure group Diff(F') to Isom(F, gr). In particular, every fiber of P
is a smooth Riemannian manifold which is isometric to (F, gr). Note,
however, that the total space P does not carry a priori a global metric
whose restriction to the fibers is isometric to gp. Given a Riemannian
fiber bundle p : P — M over M, we say that a flow (®;);cg on P is
an extension of (p;)er on M if the following holds:

vVt € R, po®;, =, 0p. (1.2)
We will further say that it is an isometric extension if the maps
Blp, : Pr— P,
are isometries for all v € M, t € R.

Example 1.1. The two main examples are provided by principal bun-
dles and (the unit sphere of) vector bundles over M. Indeed, if P is a
principal G-bundle, where G is a compact Lie group, then every fiber is
naturally isomorphic to G and thus any choice of a bi-invariant metric
on G provides a metric on the fibers of P. Similarly, if £ — M is a
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Euclidean or Hermitian vector bundle over M (with metric h), then
the unit sphere bundle

SE ={(x,f)e&E|xe M,h(f, f)=1}

is a Riemannian fiber bundle whose fiber is isometric to S"~! equipped
with the round metric, where r denotes the real rank of £.

If (®4)ier is an isometric extension, then P carries a natural flow-
invariant smooth measure w obtained locally as the product of (the
pullback of) p wedged with the smooth Riemannian measure in the
fibers (isometric to (F,gr)). Understanding the ergodicity of (®;)icr
with respect to w is a very natural question in order to describe the
long-time statistical properties of the extended flow. As mentioned in
§1.1, an archetypal example fitting in this framework is the frame flow
over a negatively-curved Riemannian manifold (M, g), which will be
further discussed in §3 (in this case P = F'M is the frame bundle and
M = SM).

[sometric extensions of Anosov flows are intrinsically more compli-
cated to study due to their lack of uniform hyperbolicity. Indeed, the
vertical direction V := ker dp (where p : P — M is the projection) now
becomes a neutral or central direction, in the sense that the differen-
tial of the flow (®;)icr acts as a linear isometry on V and the tangent
bundle to P then splits as

TP=RXpB E, @ Ep BV, (1.3)

where Xp is the vector field generating (®;):cr and E3" satisfy an
expanding/contracting property similar to (1.1). Note that the sub-
bundles E3" also integrate to produce a (Holder-continuous) foliation
on P by strong stable and unstable manifolds 2", see Pesin [Pes04]
or Hasselblatt-Pesin [HP06] for the related diffeomorphism case.

The study of (®;);cr fits into the theory of partially hyperbolic dy-
namical systems, which is still a very active field of research within
the theory of dynamical systems. Such systems are usually defined as
those admitting a similar splitting to (1.3) with expanding, contract-
ing and neutral directions, although it is not necessarily required that
the flow acts as an isometry on the central bundle but rather that its
expansion (resp. contraction) rate is weaker than that of the unstable
(resp. stable) bundle. We refer to [HP06]| for an overview.

1.3. Structural results. We now detail some important results de-
scribing the ergodic components of the flow (®y)ser-
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1.3.1. Transitivity group. Parry’s free monoid. Following Hopf’s argu-
ment in the Anosov case, it is natural to expect (at least heuristically)
that the ergodic component of an arbitrary point z € P consists of all
the other points 2’ € P that one can reach from z by following a con-
catenation of flow- and so-called us-paths, namely, paths that are either
fully contained in a flowline of (®;);cr or in a strong stable/unstable
leaf Wp5". The full accessibility of a flow is the property that any other
point z’ € P can be reached from z by such a concatenation of paths
and it is expected that volume-preserving partially hyperbolic dynam-
ical systems are ergodic whenever they are accessible’: this is known
as the Pugh-Shub conjecture [PS00]. Under a certain additional center
bunching assumption, the Pugh-Shub conjecture was proved by Burns-
Wilkinson [BW10]. Taking advantage of the very algebraic structure
of principal G-bundle extensions of Anosov flows, Brin [Bri75b] trans-
lated the accessibility property into a key algebraic notion, called the
transitivity group: this is a subgroup H < G (well-defined up to conju-
gacy in the structure group ) describing all the points in a fiber that
are reachable by flow- and us-paths. We will now introduce this notion
in the slightly more general context of isometric extensions of Anosov
flows, as discussed in §1.2.

It will be convenient to fix an arbitrary periodic point x, € M for
the flow (¢;)ier, generating a periodic orbit 7, C M of period T..
Denote by H the set of orbits of (¢;)er that are homoclinic to 7,
namely, which accumulate in the past and in the future to ~,. Volume
preserving (and more generally, transitive) Anosov flows satisfy that
‘H is dense in M: this can be easily proved by using the shadowing
lemma and the density of periodic orbits in M. Given v € H and a
point w in the fiber P, := P,, over z,, there is a natural way to “parallel
transport” w along v (even though ~ has infinite length!) in order to
produce another point, denoted by p(7)w. This construction goes as
follows (see Figure 1, and [CLb] for more details):

(1) One picks an arbitrary point z_ € v N W¢,(z,) (i.e. such that
Adpm(p_txe, o—yx—) — 0 as t — 400, and this convergence is
exponentially fast); then, in the fiber P,_ over x_, there exists
a unique point w_ € Wh(w) such that dp(P_yw,P_yw_) — 0
ast — +o0o. The map P, — P,_,w — w_ is called the unstable
holonomy.

2A refinement of this notion is the essential accessiblity, that is, accessibility up
to measure zero, but this will not be needed here.
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(2) One then “pushes” w_ by the flow (®;);cr until it reaches a
point wy = Op(w_) over x € v N W3 (z,), where T > 0 is
the unique time such that =, = pp(z_);

(3) Eventually, applying a similar (but stable this time) holonomy
to (1), one can produce an element p(vy)w € P;.

Wiy (2y)

FIGURE 1. Bottom: black lines represent flowlines of (¢¢)icr on
M; red lines represent strong unstable leaves. Top: black lines
represent flowlines of (®;);cg on P; blue and red parallelograms
represent fibers of P.

For the sake of clarity, it is important to have in mind that the above-
mentioned holonomies are actually parallel transports in strong stable,
unstable, flow leaves of (¢;)icr With respect to a dynamical Ehresmann
connection on the Riemannian fiber bundle P — M induced by the
lifted flow (®;);cg. We do not properly introduce this connection as
it will not be used in what follows. The element p(7) is intrinsically
defined as an element in Isom(P,). If we identify’ isometrically the
fiber P, ~ F'| then p(v) can be identified with left multiplication by an
element of the group Isom(F) itself, that is, p() € Isom(F). Hence,
introducing Parry’s free monoid® G as the formal set of words

G:={3"y |peNk eNy €M j=1,..p},

we see that the above-mentioned construction produces a natural rep-
resentation

p: G — Isom(F), (1.4)

3This requires a certain choice at this stage but what follows we only depend on
this choice up to conjugacy within Isom(F).

4A monoid is a set endowed with an associative product, a neutral element, but
no inverse.
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whose image H := p(G) < Isom(F) is called the transitivity group.
Note that this subgroup is only well-defined up to conjugacy as it re-
quires to choose a (non-canonical) identification P, ~ Isom(F). More-
over, it can be checked that H is nothing but the holonomy group of
the dynamical Ehresmann connection on P.

The group Isom(F') is a closed Lie group [MS39] and thus the closure
of the image of the representation H := p(G) is a closed Lie subgroup
[HelO1, Theorem 2.3| (well-defined up to conjugacy in Isom(F")). Since
P may not be a principal bundle, the orbit space H\P may not be a
smooth manifold but it is still a Hausdorff topological space endowed
with a natural measure v := pr up, where pr : ' — H\F is the
projection and pp is the Riemannian measure on F' induced by the
metric g.

1.3.2. Structural result in the general case. For the sake of simplicity,
we now assume that the flow-invariant measure @ on M is a probability
measure. The transitivity group turns out to be crucial in understand-
ing the ergodicity of the flow (®;);cr as illustrated by the following
result we obtained in [Lef]:

Theorem 1.2 (L. ’21). Under the above assumptions, the followings
holds:

(i) Ergodicity: There exists an open H-invariant subset Foy C F' of
full measure (with respect to pp) such that for all x € H\Fy,
there exists an associated flow-invariant smooth submanifold
Q(x) C P which is a smooth Riemannian fiber bundle over M
with fiber diffeomorphic to a closed manifold Qo (independent
of x) and such that the restriction of (®;)ier to Q(x) is ergodic
(with respect to the flow-invariant smooth measure induced by
ug on Q(x)). Moreover, there exists a natural isometry

U L*(H\F,v) — kerj2(Xp). (1.5)

In particular, H acts transitively on the fiber F if and only if
the flow (®y)ier is ergodic on P.

(ii) Mixing: If the fiber of Q(x) is not the total space of a Riemann-
ian submersion over the circle and (¢¢)ier 1S mizing, then the
restriction of (Py)ier to Q(x) is also mizing. In particular, if
H acts transitively on the fiber F' and F' is not the total space

of a fiber bundle over the circle, then the flow (®;)er is mizing
on P.
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The extension isomorphism V¥ in (1.5) is simply defined by “pushing”
an H-invariant L?-function, defined on a certain fiber E,, ~ F, by
the flow (®;);er in order to obtain a well-defined invariant function in
kerLz (XE) .

The manifold (g is obtained as a principal orbit for the H-action
on the fiber F, in the sense of isometric actions on Riemannian man-
ifolds (see [Lef, Section 2.3] and [DKO00| for the standard terminology
in Riemann group actions). The condition that )y does not fiber over
the circle is sufficient but obviously not necessary for mixing as the
frame flow over a 3-dimensional hyperbolic manifold (the frame bundle
is then an S'-bundle over the 5-dimensional unit tangent bundle of the
manifold) has fiber isometric to the circle and is nevertheless mixing,
and even exponentially mixing [HM79, Moo87, GK21|. Yet, it is simple
to construct an example of an extension to a trivial S'-bundle that is
ergodic and not mixing: this is satisfied by the flow

Oy(x,0) := (py(x), 0 + t mod 27),

on P := M x S! for instance, see Lemma 1.3 below for a proof. This
condition can be refined a lot: for instance, if the fiber is isometric to
U(r) (which obviously fibers over S! via the determinant map), a much
more precise sufficient condition can be given, see [CLMS22, Section
5.3].

Observe that, when a manifold is connected, a necessary condition
for it to fiber over the circle is that its fundamental group surjects
onto Z. Compact semisimple Lie groups have finite fundamental group
(see [DKO00, Corollary 3.9.4]) so they never fiber over S, which easily
implies that the extension of a mixing volume-preserving Anosov flow
to a principal G-bundle, where G is a compact semisimple compact Lie
group, is ergodic if and only if it is mixing, see the next paragraph
§1.3.3 for further details.

Let us eventually mention that some of the results of Theorem 1.2
are already contained in the literature. For instance, Brin showed that
ergodicity is equivalent to H = G in the case of principal G-bundles
[BP74, Bri7bb, Bri7ba] and Dolgopyat [Dol02, Corollary 4.8] had al-
ready noticed (in the case of Anosov diffeomorphisms extensions) that
semisimplicity of G implies that ergodicity is equivalent to mixing.
However, the precise structure of kery: Xp described in (1.5) seems to
be new. More generally, results on ergodicity for isometric extensions
of hyperbolic dynamics are spread out in the literature, hard to locate,
and usually not written in a modern way.

Theorem 1.2 is also quite far from recent considerations on partially
hyperbolic dynamics [HP0G, Wil10], where dynamical systems may not
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arise from such a geometric framework. Let us also stress that, since
our description of the transitivity group via Parry’s free monoid has
a more representation-theoretic flavour, it makes it also clearer that
the (non-)ergodicity of the extended flow on principal bundles is inti-
mately connected to the (non-)existence of reductions of the structure
group of the bundle, or to flow-invariant sections on certain associated
vector bundles. This will be extensively discussed in §1.4 when de-
veloping the non-Abelian Livsic theory, see Theorem 1.5 for instance.
These questions (of (non-)existence of flow-invariant sections) may then
be addressed by means of geometric identities such as the twisted
Pestov/Weitzenbock identities, and this will play a crucial role later
in our study of the ergodicity of the frame flow, see §3.

We will not attempt to prove Theorem 1.2 here and refer the inter-
ested reader to [Lef]. The proof heavily relies on microlocal analysis
and the theory of anisotropic Sobolev spaces.

We end this paragraph with the following Lemma showing the im-
portance of the condition that )y does not fiber over the circle:

Lemma 1.3. Let P := M xS equipped with the product flow (P;)icr :=
(pr)ier @ (Ry)ier, where (Ry)ier denotes the rotation in the circle.
Then, (P;)ier is ergodic on P and, in this case, all these sets are equal:
F =S!'=Q, = H. However, (®;)icr is not mizing.

Proof. First of all, the flow (®;);er cannot be mixing since the smooth
function f(z,0) := € satisfies Xpf = if, (f,1p)z2 = 0 and thus the
correlation

Ce(f, f) = /Pfoq’t - f dup = || fIIZ2,

does not converge to 0. Let us now show ergodicity. Let H < S!
be the transitivity group. Then H is either equal to S', in which
case the flow is ergodic, or H is finite. Let us show that the latter is
impossible. Indeed, if it were the case, then by the first part of Theorem
1.2 we would get a Zj-bundle over M for some integer k € Z>( and the
holonomy along every closed orbit v in M would be given by ™ /% for
some p, € {0,...,k — 1}. Now, if T" is the period of a closed orbit, the
holonomy is given by e so it suffices to find a closed orbit with length
T such that T' ¢ (2n/k)Z. By [PP90], the number of closed orbits in
the window [27n + 1/(3k), 2mn + 2/(3k)] grows exponentially in n, so
there is a ng large enough such that there exists at least one closed orbit
whose length is contained in that interval. This is a contradiction. [J
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1.3.3. Structural result for principal bundles. We now discuss the par-
ticular case where P is a principal G-bundle over M, with G being
a compact Lie group. We will say that a flow (®;)icr is a principal
extension of (¢;)ier to the bundle P if it satisfies the following two
conditions:

prop=po Py, Ryo®, = ®,0 Ry, VteR, Vge G, (1.6)

where R, : P — P denotes the fiberwise right-action of the group.
This is a particular case of isometric extensions. Such a flow then
preserves a natural smooth measure w which can be locally written as
the (pullback of) measure on M wedged with the Haar measure on the
group.

We let P, := P,, be the fiber over an arbitrary periodic point z, used
to define homoclinic orbits. By definition, the transitivity group H is a
subgroup of the isometry group Isom(P,) of the fiber P,. Nevertheless,
it is easier in practice to identify the fiber P, with the group G itself:
for that, we fix an arbitrary element w, € P, and then consider the map
U : G — P,,g+— Ryw,. By this identification, for v € H, ¥~ !p(y)¥
acts as an isometry of G and commutes with the right action on G (by
itself) so it is a left action on G (by itself) and can thus be identified
with an element of the group G, namely U~'p(y)¥V = L, for some
g € G. We then define

H, ={9€G|IveG,L,=T"1py) U}

In other words, the groups H,, < G and H < Isom(P,) are simply
conjugate by the map V. The group H,, is a closed subgroup of the
compact Lie group G, hence a Lie group. Note that changing the point
w, € P, by another point w/, one gets another subgroup H,, that is
conjugate to H,, in GG. In order to simplify notations, we will simply
write H, := H,,, < G. Also note that, in the case of a principal bundle,
the set of non-principal (or singular) points is empty and the quotient
space H,\G is a smooth manifold.

Corollary 1.4. Under the above assumptions, there exists a smooth
principal H,-bundle ) — M such that w, € Q, Q C P is a flow-
invariant subbundle and the restriction of ($y)er to Q is ergodic. More
generally, one has:

kerr2 Xp = L*(H\G).
In particular, the principal bundle P admits a reduction of the structure

group to H,. If H, = G, then the flow (®y)icr is ergodic. If (¢¢)ier 18
mizing and G is semisimple, then (®;);cr is also mizing.
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Proof. The proof is a straightforward consequence of Theorem 1.2. For
the last part of the statement relative to mixing, it suffices to observe
that G cannot fiber over S! when G is semisimple. Indeed, since G
is connected, this would imply by the exact homotopy sequence that
m1(G) surjects onto Z but compacntess and semisimplicity implies that
its fundamental group is finite [DK00, Corollary 3.9.4]. O

Following Corollary 1.4, a sound strategy to prove ergodicity is there-
fore to assume that H < G is a strict subgroup and to seek a contradic-
tion. There is obviously a first topological constraint provided by the
fact that P must admit a reduction of its structure group to H. Recall
that, a principal can be seen as the data of a (homotopy class of) map
F: M — BG, where GG denotes the classifying space of G. Then P is
obtained as P = F*(EG), where EG is the weakly contractible space
endowed with a proper free action of G such that BG = EG/G. The
functor B being covariant, there is a natural map ¢ : BH — BG and a
reduction of the structure group is then simply a factorization of F' by
¢ according to the following diagram:

7
? l
VZ L

This strategy was successfully used by Brin-Gromov [BG80] in order
to show that the frame flow is ergodic on all odd-dimensional (with
dimension # 7) negatively-curved Riemannian manifolds.

However, this topological argument is not always sufficient. The key
idea then is to show that whenever H # G, one can produce additional
flow-invariant geometric structures (sections of certain associated bun-
dles) over M using representation theory and to prove by means of
geometric arguments that such structures cannot actually exist.

1.4. Non-Abelian LivS8ic theory. Throughout this paragraph, M is
a smooth closed manifold endowed with a flow (¢;)er with infinitesi-
mal generator X € C°(M,TM). We assume that the flow is Anosov
and that it is transitive, namely, it admits a dense orbit but we do
not make any volume-preserving assumption. Let (€, V¥) be a smooth
Hermitian (or Euclidean) vector bundle of rank r equipped with a uni-
tary connection V¢ and let F€ — M be the orthonormal frame bundle
of £ over M. As before, we let x, € M be an arbitrary periodic point
and set &, := &,,. Parallel transport of sections of £ along flowlines of
(1)ier yields a partially hyperbolic flow of orthonormal frames (®;);cr
on FE&. Hence, by the previous paragraphs, we obtain a transitivity
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group H < U(&,) ~ U(r) (or H < SO(r) in the real case) describing
completely the dynamics of (®;);er. Since the transitivity group H
acts on &, ~ F" (with F = R or C), we can define the set of vectors
that are H-invariant, namely:

(F" = {veF |Vhe H h=uv}.

The following non-Abelian Livsic Theorem relates H-invariant objects
to flow-invariant objects:

Theorem 1.5 (Non-Abelian Livsic Theorem, Ceki¢-L. '21). The eval-
uation map

ev: C%(SM,E) Nker X — (F")7, ev(f) = f(z) € F"
s an isomorphism.

Remark 1.6. More generally, if 0 : Vect — Vect is one of the natural op-
erations on the category of finite-dimensional vector spaces (symmetric,
exterior power, tensor product, dual), one gets an induced representa-
tion p, : G — End(o(F")) and the same result holds, that is,

ev: C®(SM,0(E)) Nker X — (o(F"))"
is an isomorphism.

Idea of proof. 1t is straightforward to check that the map is well-defined.
Injectivity is also easy to obtain since, if u € ker XNC*(M, &), one has
Xar|ul?* = 0 and thus |u| is constant by ergodicity of the flow (¢;)ser.
Hence, if ev,(u) = u(z,) = 0, we deduce that u = 0. Surjectivity is less
easy to obtain and we refer to [CLb, Lemma 3.6] for a detailed proof.
The idea is that, given u, € £ , one can construct by hand a Lipschitz-
continuous section v on M such that u(z,) = u, (by “pushing” u, by
the flow along homoclinic orbits). Using our regularity result with Bon-
thonneau [GL20, Theorem 1.4], we can then bootstrap this Lipschitz
section to a smooth section. U

We now further assume that F = C in order to simplify the discus-
sion. It applies to the real case F = R with the obvious modifications
and also probably, more generally, to all vector bundles over a field of
characteristic 0. The representation p : G — U(&,) ~ U(r) can be
decomposed into a sum of irreducible representations

E, =k gom (1.7)

*,0 )
where &,; C &, and n; > 1, each factor &, ; is G-invariant and the

induced representation on each factor is irreducible, and for ¢ # j, the
induced representations on &, ; and &, ; are not isomorphic.
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We let C[G] be the formal algebra generated by G over C and let
R := p(C[G]). By Burnside’s Theorem (see [Lan02, Corollary 3.3] for
instance), one has that:

R = @X A, End(&),

where A,,u = u @ ... ® u for v € End(&;), the sum being repeated
n;-times. We introduce the commutant R’ of R, defined as:

R :={ue€End(&,) | Vv e R, v 'uv =u}.
We then have:
Corollary 1.7. The evaluation map
ev: C®(SM,End(€)) Nker X — R/

s an isomorphism. In particular these spaces have same dimension,
that is

K
dim (ker Vind(g)‘coo(M7End(5))) = dlm(Rl) = Z nZZ
i=1

Moreover, the vector bundle £ breaks up as a direct sum
g — @filgi@ni,

where (&;)z, = Exi as in (1.7) and each & is a flow-invariant vector

bundle.

*

Proof. 1t suffices to observe that R’ is precisely the set of H-invariant
endomorphisms on C”, where the H-action is by conjugacy (the natural
induced action on endomorphisms), and to apply Theorem 1.5 with

Remark 1.6 and the functor o : £ — E ® E* = End(FE). O

A connection V¥ is said to be opaque with respect to the flow (¢;)icr
if it does not preserve any non-trivial subbundle F C & by parallel
transport along the flowlines of (¢;);cr. We then obtain the following
equivalent statements, whose proof is immediate:

Corollary 1.8. The following statements are equivalent:
(i) The connection V¢ is opaque;
(ii) keI‘(Vind(g)|Coo(M7End(5))) = (C . 15,‘
(iii) The representation p : G — U(E,) is irreducible.

Parallel transport with respect to V¢ along flowlines of (;);er gen-
erates a cocycle C' over M such that

C(l’,t) : Sx — gcpt(oc)v (18)
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is the parallel transport along the segment (¢s(2))scio,q- In a more
general setting, we may consider &£;,& — M, two Hermitian vector
bundles, equipped with two respective unitary connections V' and
V&, Recall that if V& = p*V& are gauge-equivalent, for some unitary
map p € C®(M,U(&,, 1))’ then the two induced cocycles (1.8) satisfy
the commutation relation:

Ve e M,VteR C(z,t) = plpsx)Cy(x, t)p(z) .

We say that such cocycles are cohomologous. In particular, given a
closed orbit v = (¢4 )sejo,r) of the flow, one has

Ci(z0, T) = p(x0)Ca(z0, T)p(z0) ",

i.e. the parallel transport maps are conjugate.

Definition 1.9. We say that the connections V&2 are trace-equivalent
if for all primitive closed orbits v € G, we have:

Tr(Ci(xy, €(7))) = Tr(Ca(zy, £(7))), (1.9)
where x., € «y is arbitrary and ¢(vy) is the primitive period of 7.

This condition could be a priori obtained with rank(&;) # rank(&,).
The following result we obtained in |[CLb] asserts that it is not the
case and that trace-equivalence actually implies that the cocycles are

cohomologous. It improves known results in Liv8ic cocycle theory (in
particular [Par99, Sch99]).

Theorem 1.10 (Cekié¢-L., '21). Assume M is endowed with a smooth
transitive Anosov flow. Let £1,E — M be two Hermitian vector bun-
dles over M equipped with respective unitary connections V' and V2.
If the connections are trace-equivalent in the sense of Definition 1.9,
then there ezists a fiberwise isometry p € C*°(M,U(&Ey, E1)) such that:

Ve e M,Vt e R, Ci(z,t) = p(oww)Co(z, t)p(z) !, (1.10)

i.e. the cocycles induced by parallel transport are cohomologous. More-
over, £y >~ &, are isomorphic.

Actually, for any given L > 0, it suffices to assume that the trace-
equivalent holonomy condition (1.9) holds for all primitive periodic
orbits of length > L in order to get the conclusion of the theorem.
Surprisingly, the rather weak condition (1.9) implies in particular that
the bundles are isomorphic and the trace of the holonomy of unitary
connections along closed orbits should allow one in practice to classify

®Here, we denote by U(&;, &) — M the bundle of unitary maps from & — &;.
Of course, it may be empty if the bundles are not isomorphic.
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vector bundles over manifolds carrying Anosov flows. Even more sur-
prisingly, the rank of £ and & might be a prior: different and Theorem
1.10 actually shows that the ranks have to coincide.

Theorem 1.10 has an interesting straightforward corollary. A unitary
connection is said to be transparent if the holonomy along all closed
orbits is trivial.

Corollary 1.11. Assume M is endowed with a smooth transitive Anosov
flow. Let &€ — M be a Hermitian vector bundle over M of rank r
equipped with a unitary connection V€. Then, the following statements
are equivalent:

(i) V¢ is transparent.
(ii) Tlur(C'(arv,ﬁ(yﬁ))) = rank(€) for all primitive closed orbits +* €
G-
(iii) & is trivial and trivialized by a smooth orthonormal family ey, ...,

e, € C°(M, E) such that Vie; = 0.
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2. ISOSPECTRAL CONNECTIONS, GEODESIC WILSON LOOP
OPERATOR

2.1. Geodesic Wilson loop operator. Throughout this paragraph,
(M, g) is a closed Riemannian manifold with negative sectional curva-
ture (or whose geodesic flow on its unit tangent bundle is Anosov).

2.1.1. Definition. General result. For F = R or C, we let A denote
the moduli space of connections on finite-dimensional Euclidean (resp.
Hermitian) vector bundles over M. In other words, a point @ € A is a
pair a = ([E], [V¥]), where [E] — M is an isomorphism class of vector
bundles and [V] is a class of connections up to gauge. A point a will
be called a virtual connection. Let us also recall that the gauge group
for unitary connections on a vector bundle E is C°°(M,U(FE)) and an
element p € C°°(M,U(E)) acts by pullback p*V¥ := pV¥(p~le). As
usual, the connection p*V¥ and V¥ are said to be gauge-equivalent.

Under the negatively-curved assumption, the set of (primitive) free
homotopy classes C* = {c;, ¢y, ...} is in 1-to-1 correspondance with the
set of (primitive) closed geodesics. Given a = ([E], [V¥]) and ¢ € C*,
we introduce the notation:

We(a) := Tr(Clzy, £(7))), (2.1)

where 7 is the unique (primitive) closed geodesic in the class ¢, z, € 7y
is arbitrary, £(y) is the length of v and, following (1.8), C(z,,¢(7))
denotes the holonomy of the connection V¥ along . Note that (2.1)
does not depend on the choice of representative in the class a, nor does
it depend on the choice of point z, on ~.

Definition 2.1 (Geodesic Wilson Loop operator). The operator
W AF = (Ch), a— (W (a), We(a),...), (2.2)
is called the Geodesic Wilson Loop operator (GWL operator in short)

This operator is very similar to the marked length spectrum in the
metric case, which assigns to a class ¢ € C* the length of the unique
closed geodesic in this class. In the metric case, the marked length
spectrum map is conjectured to be injective on all Anosov manifolds:
this is known as the Burns-Katok conjecture [BK85| and was partially
solved in some cases [Cro90, Ota90a, Ham99, GL19].

However, as we shall see below in Proposition 2.22, the GWL opera-
tor is never injective on even-dimensional manifolds. For surfaces, this
is quite elementary as one can take a; := (C, d), the trivial line bundle
equipped with the flat connection, and ay := (k, V*©), the canonical
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line bundle equipped with the Levi-Civita connection. It is then im-
mediate to check that W (a;) = W(ay) = 1 but a; # ag since k is not
trivial. Nevertheless, we expect the following to be true:

Conjecture 2.2 (Cekic¢-L. 21). The Geodesic Wilson loop operator is
ingjective on odd-dimensional negatively-curved Riemannian manifolds.

We are still very far from a complete understanding of Conjecture 2.2.
However, we are able to show that the geodesic Wilson loop operator
is injective under a low-rank assumption on the vector bundle. We
proved the following result in [CLa]:

Theorem 2.3 (Ceki¢-L. 22). There exists a integer qr(n) (with qr(n)
even) satisfying

w2)=2", 2P <qr(n)<n<2 qe(n) =qr(n)/2, (2.3)

such that for all smooth closed connected negatively-curved Riemannian
manifolds (M™, g), the geodesic Wilson loop operator
18 1njective.

The fact that gc(n) = gr(n)/2 simply means that complex vector
bundles of rank r should be considered as real vector bundles of rank
2r. The precise definition of gr(n) is postponed to §2.3.1 but for now,
let us mention that its exact value is unknown for n > 48, unless n = 2P.
For n < 47, one has qg(n) = 27, where p is defined by (2.3), that is:

q(2) =q(3)=2,q(4) = ...=q(7) =4, ...,q(32) = ... = q(47) = 32.

We note that the gauge class of a connection is uniquely determined
from the holonomies along all closed loops [Bar91, Kob54| and that in
mathematical physics our operator W is indeed known as the Wilson
loop operator [Beal3, Gil81, Lol94, Wil74]. In stark contrast, Theorem
2.3 says that the restriction to closed geodesics of this operator already
determines the gauge class of the connection. The ideas of proof of
Theorem 2.3 will be explained in §2.5.1.

2.1.2. Generic local injectivity. There are also some particular cases for
which we know that the GWL operator is injective. The following result
shows the local injectivity in a neighborhood of a generic connection
and was obtained in [CLb]:

Theorem 2.4 (Ceki¢-L. '21). Let (M, g) be a smooth Anosov Riemann-
ian manifold of dimension > 3 and let E — M be a smooth Hermitian
vector bundle. Let ag € Ap be a generic point. Then, the geodesic
Wilson loop operator (2.2) is locally injective near ay.
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By local injectivity, we mean the following: there exists N € N
(independent of ag) such that W is locally injective in the CV-quotient
topology on Ag. In other words, for any element V¥ € ag, there exists
e > 0 such that the following holds; if VfQ are two smooth unitary

connections such that ||p;VE—-V¥| o~ < e for some p; € C*(M, U(E)),
and W (V) = W(VY), then V¥ and V£ are gauge-equivalent.
We say that a point a is generic if it enjoys the following two features:

(A) a is opaque. Following the terminology of §1.4, this means
that for all V¥ € a, the parallel transport map along geodesics
does not preserve any non-trivial subbundle F' C E (i.e. F'is
preserved by parallel transport along geodesics if and only if
F = {0} or F = E). This was proved in Corollary 1.8 to be

equivalent to the fact that X := W*V];:(nd(E) has 1-dimensional
kernel C - 1 (on smooth sections). Here 7 : SM — M is the
projection, V() ig the induced connection on the endomor-
phism bundle.

(B) a has solenoidally injective generalized X-ray transform
) on twisted 1-forms with values in End(E). This last
assumption is less easy to describe in simple geometric terms:
roughly speaking, the X-ray transform is an operator of integra-
tion of symmetric m-tensors along closed geodesics. For vector-
valued symmetric m-tensors, this might not be well-defined,
and one needs a more general (hence, more abstract) definition
involving the residue at z = 0 of the meromorphic extension of
the family C 3 z +— (=X — 2)7!, see §2.4.

We proved in [CL21a, CL21b] that in dimension n > 3, properties (A)
and (B) are satisfied on an open dense subset w C A with respect to
the CN-quotient topology.’.

The ideas of proof of Theorem 2.4 will be explained in §2.5.3. Al-
though we do not explain it, we also proved in the same article [CLDb]

6More precisely, there exists N € N and a subset Q C Ag of the (affine) Fréchet
space of smooth affine connections on E such that w = 7g(Q) (where 75 : Ap —
A is the projection) and
e () is invariant by the action of the gauge-group, namely p*Q = € for all
p € C*(M,U(E));
e () is open, namely for all V¥ € €, there exists ¢ > 0 such that if V¥ € Ag
and [|[VF — V¥ on < e, then VE € O;
e () is dense, namely for all V& € Ag, for all € > 0, there exists VZ € Q
such that |[VE — VE|| v < ¢
e Connections in ) satisfy properties (A) and (B).
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that the Geodesic Wilson loop Operator is injective on almost-flat con-
nections, that is, connections whose curvature tensor is small compared
to the minimum of the absolute value of the sectional curvature on the
Riemannian manifold.

2.1.3. Sums of line bundles. Let W be the restriction of the Geodesic
Wilson loop operator to line bundles. The moduli space A; of all
connections on line bundles carries a natural Abelian group structure
using the tensor product. Recall that the topology of a line bundle is
determined by its first Chern class that is

Vecty (M) > [L] — ¢ ([L]) € H*(M,Z)

is a bijection, where [L] stands for a class of isomorphic line bundles, see
[Bry93, Theorems 2.2.14 and 2.2.15]. When restricted to line bundles,
the GWL operator W takes value in ¢(C*, U(1)), namely the set of
sequences indexed by primitive free homotopy classes and it is clear
that

W1 : Al — goo(cﬂ’U(l))

is a multiplicative group homomorphism. We have the following result,
mainly due to Paternain [Pat09]:

Proposition 2.5 (Paternain). Let (M, g) be a smooth n-dimensional
Anosov Riemannian manifold. If n > 3, then the restriction of the
GWL operator to line bundles

W, A — (>(CY), (2.4)
s globally injective. Moreover, if n = 2 then:

ker W, = {([n®k], [VECEH)) ) € Z} ,

where k — M denotes the canonical line bundle and VY€ is connection
induced on k by the Levi-Civita connection.

Proof. We start with a preliminary observation. Let (M, g) be a smooth
closed Riemannian manifold of dimension > 3 and let 7 : SM — M
be the projection. Let Ly — M and L, — M be two Hermitian line
bundles. If 7*L; ~ 7* Ly are isomorphic, then L; ~ Ly are isomorphic.
Indeed, the topology of line bundles is determined by their first Chern
class. As a consequence, it suffices to show that ¢;(L;) = ¢1(L2). By
assumption, we have ¢;(7*Ly) = m*c1(Ly) = ¢1(7*Le) = 7*¢1(Lo) and
thus it suffices to show that 7* : H*(M,Z) — H?(SM,Z) is injective
when dim(M) > 3. But this is then a mere consequence of the Gysin
exact sequence [BT82, Proposition 14.33|.
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Now, assume that Wi(a;) = Wj(az), where a; € Ap, and ay €
A;, are two classes of connections defined on two (classes of) line
bundles. By Theorem 1.10, we obtain that the pullback bundles 7* L
and 7* Ly are isomorphic, hence Ly ~ Ly are isomorphic by the previous
observation. Up to composing by a first bundle (unitary) isomorphism,
we can therefore assume that L1 = Ly =: L. Let VlL € a; and V% € as
be two representatives of these classes. They satisfy W(VE) = W (V).
Combing Theorem 1.10 with [Pat09, Theorem 3.2], the GWL operator
W is known to be globally injective for connections on the same fixed
bundle. Hence V¥ and V¥ are gauge-equivalent.

For the second claim, x = ([L],a). If W(x) = (1,1,...) (i.e. the
connection is transparent), then by Theorem 1.10, one has that 7*L —
SM is trivial. By the Gysin sequence [BT82, Proposition 14.33|, this
implies that ¢;(L) is divisible by 2g — 2, where g is the genus of M (see
[Pat09, Theorem 3.1]), hence [L] = [£®*] for some k € Z. Moreover,
the Levi-Civita connection on x®* is transparent and by uniqueness

(see [Pat09, Theorem 3.2]), this implies that a = ([+®¥], [VEC®*)). O

Remark 2.6. The target space in (2.4) is actually £°°(C* U(1)) (se-
quences indexed by C* and taking values in U(1)) which can be seen
as a subset of U(£>°(C%)), the group of unitary operators of the Ba-
nach space ¢>°(C*) (equipped with the sup norm). Then W is a group
homomorphism and Proposition 2.5 asserts that

W1 : A1 — U(EOO(Cﬁ>)
is a faithful unitary representation of the Abelian group Aj.

We end this paragraph with a generalization of Proposition 2.5.
There is a natural submonoid A’ C A which is obtained by consid-
ering sums of lines bundles equipped with unitary connections, that
is:

Al={a®..Da, | keNaq € A}.
We then have the following:
Theorem 2.7 (Ceki¢-L., 21). Let (M,g) be a smooth Anosov Rie-

mannian manifold of dimension > 3. Then the restriction of the prim-
itive trace map to A':

WA — (>(C%)
1s globally injective.

The proof is a combination of the non-Abelian Lisic theory (see The-
orem 1.5) and Proposition 2.5.
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2.2. Application to isospectral connections. Theorem 2.3 has an
important corollary which we now state. Given a € AF, we can form
the Bochner Laplacian (or connection Laplacian) Ag == ViV’ Ttisa
self-adjoint operator on L?(M, E) with discrete non-negative spectrum.
We define the spectrum map as

S:Af >4 spec2(Ag) C R?O. (2.5)

Note that this is a well-defined map on the moduli space, that is, it
does not depend on a choice of gauge for the connection. Following the
celebrated paper of Kac [Kac66], Can one hear the shape of a drum?
one can ask the following question: is the spectrum map (2.5) injective?
In other words, does the spectrum of the Bochner Laplacian determine
the connection up to gauge-equivalence?

This is the analogous question to the standard inverse spectral prob-
lem of recovering a metric g from the knowledge of the spectrum of
the usual Hodge Laplacian A, acting on functions. Among hyper-
bolic surfaces, it is known that the spectrum of the Hodge Laplacian
does not determine the metric up to isometries by a result of Vigneras
[Vig80]. Nevertheless, Sharafutdinov [Sha09] proved that the spec-
trum map is locally injective in a neighbourhood of a locally symmet-
ric Riemannian space of negative curvature. Apart from negatively-
curved spaces, other counterexamples were provided (earlier) by Mil-
nor [Mil64], Sunada [Sun85| using covering spaces, and counterexam-
ples to Kac’s isospectral question also exist for piecewise smooth pla-
nar domains [GWWO92| (for the Dirichlet Laplacian). The infinitesi-
mal isospectral problem was also studied by various authors and turns
out to be injective in negative curvature [GK80, CS98, PSUl4a|. It is
deeply connected to the marked length spectrum conjecture (also known
as the Burns-Katok [BK85] conjecture), see [Cro90, Ota90a, GL.19]. We
refer to [ZelO4, Zell4] for further details about Kac’s standard isospec-
tral problem for metrics.

Recall that a metric is said to have simple length spectrum if all
closed geodesics have different lengths. This is a generic condition with
respect to the metric, see [Abr70, Ano82|. We will derive an injectivity
result for the spectrum map (2.5) on low-rank vector bundles whenever
the underlying metric has simple length spectrum.

Theorem 2.8 (Cekic¢-L. 22). For all smooth closed connected negatively-
curved Riemannian manifold (M™, g) with simple length spectrum,

7Formally, this operator is only well-defined up to conjugacy if a € AF is a virtual
connection.
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the spectrum map
S:AL ., R
18 1njective.

Theorem 2.8 seems to be the first result where Kac’s inverse spectral
problem can be fully solved with such an infinite-dimensional moduli
space of geometric objects (here, connections on low-rank vector bun-
dles). In particular, the situation seems to be very different from the
metric case, where counterexamples are known to exist as discussed
above. Also note that, in the general case, counter-examples to the
injectivity of the spectrum map (2.5) were constructed by Kuwabara
[Kuw90] using the Sunada method [Sun85| but on coverings of a given
Riemannian manifold (the simple length spectrum condition is thus vi-
olated). As we shall see, it is natural to conjecture that the map (2.5) is
injective on odd-dimensional manifolds, whenever the length spectrum
of (M, g) is simple.

Similarly to Theorem 2.4, the injectivity of the spectrum maps (2.5)
also holds near a generic point ay € A in the moduli space, for sums
of line bundles, and for almost-flat connections.

Proof of Theorem 2.8. Let (M™! g) be a smooth closed connected
Riemannian manifold with Anosov geodesic flow and simple length
spectrum. Consider a1, as € A, two connections with same spectrum
S(ay) = S(ay) (note that we do not require that the vector bundles are
the same; they could have different ranks a priori). The trace formula
of Duistermaat-Guillemin [DG75a, Gui73| applied to the connection
Laplacian A,, reads (when the length spectrum is simple):

) @, 0(v4(*))W(a;)
lim (¢t —4(vy,(c g e~ WA (@)t 9 , (2.6
t%@(’yg(C))( (Vg( ))) i 27T| det(IL — Pfyg(c)>|1/2 ( )
where

° )\gl) are the eigenvalues of the connection Laplacian A,

e C is the set of free homotopy classes of M (in negative curvature,
this set is in one-to-one correspondance with the set of closed
geodesics, that is, there exists exactly one closed geodesic 7,(c)
in each free homotopy class ¢ € C),

e C* is the set of primitive orbits (i.e. going twice around the
same geodesic orbit is excluded),

e #:C — C¥is the operator giving the primitive orbit associated
to an orbit,

e P, is the Poincaré map associated to the orbit v and ¢(7) its
length.
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As a consequence, when the connection Laplacians are isospectral, the
left-hand side of (2.6) is the same for both connections a; and as, and
one obtains that

W(a;) = W(ay).
It then suffices to conclude by Theorem 2.3. U

2.3. Fiberwise algebraic sections. The key tool in the proof of The-
orem 2.3 is the study of the (fiberwise) algebraicity of flow-invariant
sections.

2.3.1. Polynomial structures over spheres. Let n > 1. We call polyno-
mial structure on the sphere S™ an algebraic map S™ — G(r), where
G(r) is a real algebraic variety depending on some parameter r € Zsq.
The terminology will be justified later as these maps will naturally
appear in the context of vector bundles over the sphere. We will be
interested in the cases where G = S", SO(r), U(r), SU(r) or Grp(k,r),
the Grassmannian of k-planes in F” with F = R or C. By algebraic
(or polynomial), we mean that the coordinates of F' : S* — G(r) are
polynomials in the v-variable for v € R""! that is, the map is the
restriction of a finite collection of polynomials (not necessarily homo-
geneous) on R"™ to the sphere S". For instance, a map S™ — SO(r) is
algebraic if all the entries of the matrices defined over S™ are polyno-
mials. Note that the Grassmannian can always be identified with the
subset of End(F") given by orthogonal projectors of rank k. We define
qi(n) as the least integer r € Z>q for which there exists a non-constant
algebraic map S™ — G(r).

When r is large, it is not difficult to construct non-constant polyno-
mial mappings. For instance, the identity map S™ — S™ is an algebraic
map of polynomial degree 1. Thus, the (non-)existence of such alge-
braic maps only becomes interesting when r is smaller than n. We
shall see below, that the general notation gg(n) is actually irrelevant
and that theses integers can be determined in terms of the single num-
ber g(n) := gs(n). Computing the precise value of ¢(n) is still an open
question but an important result was obtained by Wood [Woo68|:

Theorem 2.9 (Wood ’68). Letn € Zso, 0 <r <n—1. Assume that
there exists a power of 2 among {r +1,...,n}. Then, there exists no
non-constant polynomial mapping S™ — S'.

From Theorem 2.9, we have the following bounds:
n/2 < q(n) <n, q(2F) = 2F. (2.7)

We point out that the classification of quadratic polynomial mappings
was completely settled by Yiu [Yiu94]. In particular, this provides an
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explicit upper bound ¢(n) < go(n), where gz(n) is the least integer
such that there exists a quadratic polynomial mapping S" — S" (see
[Yiu94, Theorem 4| for the precise value of ¢a2(n)). But the general
explicit determination of g(n) seems out of reach for the moment. Using
the three Hopf fibrations S* — §?,S7 — S* and S'® — S® (which
are quadratic polynomial maps), the first values of ¢(n) can be easily
computed and one gets

q(2) =q(3) =2, q(4)=..=4q(7) =4, q(8)=..=¢(15) =15
Although less obvious, it can also be proved that
q(16) = ... = q(31) = 16, q(47) = ... = q(32) = 32. (2.8)

The proof relies on the Hopf construction which is defined as follows:
given a bilinear map F : R” x R® — R? such that |F(z,y)> = |z|*|y|?,
one defines H : R” x R* — R by H(z,y) = (|z]*> — |y|?, 2F (z,y))
which yields a natural quadratic map S"*5~! — S as |H(z,y)| =1 for
|z|>+|y|* = 1. Given n, a fixed odd integer, the Radon-Hurwitz number
p(n + 1) — 1 determines the maximal number of linearly independent
vector fields on S”. We can thus construct a Hopf map S"H°(»+1) —
S™*t! by taking F : R*H x Re D) 5 R**1 guch that

F(z,y) = yor + iz + ... + Yptni1)-1p(n+1)-12;

where Jy, ..., J,n+1)—1 are orthogonal almost-complex structures on R+
(this corresponds to the representation of the Clifford algebra Cl,, 1)1
on R™1). Of course, taking n = 1, 3,7, one recovers the usual three
Hopf fibrations S? — S2,S” — S* and S* — S8.

From the Hopf construction, one can easily cook up a quadratic map
S — §?* and another quadratic map S** — S'6, thus giving a map
S3! — S of polynomial degree 4, hence proving (2.8). The same
construction works up to n = 47 but the first unknown value seems
to be ¢(48), that is, it is not known whether there exists a polynomial
mapping S*® — S*7 (necessarily of degree > 3 by [Yiu94]), see |Tot07,
Top of page 6] where this is discussed. We now derive some elementary
properties on the numbers gg(n), ¢(n). The following holds:

Lemma 2.10. n ~ ¢(n) is non-decreasing.

Proof. Let n < m and assume that g(n) > g(m). Denote by F': S™ —
S2™) the non-constant polynomial mapping. As F' is non-constant, we
can find v € S%™ such that Z := F~'({v}) C S™ is non-empty and
not equal to S™. The set Z is a real affine variety so we can find a
non-singular point xg € Z. Then, there exists a geodesic circle C C S™
passing through xy and locally (near () not contained in Z. We can



34

then take a linear embedding ¢ : S* — S™ such that C C «(S™). The
map Fou:S* — S is non-constant algebraic so this contradicts the
definition of g(n). O

Lemma 2.11. g(n) is even.

Proof. The Hopf construction always provides a quadratic mapping
S+l S?* by taking r = 2k, s = 2,t = 2k, J € A?R%, an almost-
complex structure and by setting for x € R* y € R? F(x,y) =
1z + yoJx. By construction, |F(z,y)|* = |z|*|y|?, and we thus get
a quadratic map S?+2-1 = S+l 5 §2F,

Now, we claim that if there is a non-constant algebraic mapping
F :S™ — S?+1 then the composition with the Hopf construction still
provides a non-constant algebraic mapping S” — S?**1 — S?*. There
are two cases: if F(S") C S?**! is contained in a great sphere of S**1,
then we actually have a non-constant algebraic map F : S — S?. If
not, it suffices to use that the preimage of a point v € S?* under the
Hopf mapping H : S**! — S% is the intersection of S***! with a linear
subspace of R%*2 (in particular, it is contained in a great sphere), see
[Yiu86, Theorem 1.4| for instance. O

Lemma 2.12. Assume that n > 2. Then, one has:
gso(n) = g (n) = 1+ q(n),
qu(n) = gsu(n) = qarery(n) = 1+ q(n)/2.

Proof. We start with the following observation: for all n > 2, there are
natural algebraic (quadratic) mappings

St — SO(n), S*=1 — SU(n), (2.9)
obtained by taking the symmetry with respect to the R-span or C-
span of v, that is 2w, — 1., where m, := (v, e)v is the orthogonal

projection onto the real (resp. complex) line spanned by v, (e, e) is
the standard Euclidean or Hermitian metric on F”. (Note that there
is also a quadratic map S"~! — Sp(n) in the quaternionic case). (In
the real case, the symmetry maps to O(n) instead of SO(n) when n is
even but then it suffices to multiply by a constant coefficient matrix
g(n) € O(n) with determinant —1 to get an element in SO(n). When
n is odd, we just write (n) = 1.)

We first deal with the real case. Assume that we have a non-constant
algebraic map F : S" — S™. Then, we can use (2.9) to produce
an algebraic map S" — SO(n) given by v = £(n)(27p@) — Lrn).
We claim that this is non-constant: indeed, if it were constant, then
Trw) = (8, F(v))F(v) would be constant which is absurd. This gives
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gso(n) < q(n) + 1. On the other hand, assume that we have a non-
constant algebraic map F' : S — SO(gso(n)). Then, we can cook up an
algebraic map S™ — SO(gso(n)) — S%°(M~1 where the second arrow is
obtained by taking one of the columns of the matrix. (This map is non-
constant either, otherwise the whole matrix would be constant, which
contradicts the assumption.) This gives gso(n) — 1 > ¢(n), and thus
gso(n) = 14+q(n). More generally, the same argument works for Grg (k)
since there are natural maps SO(r) — Grg(k,r) and Grg(k,r) — SO(r)
obtained by taking respectively the projection onto the linear span of
the first k-th columns of the matrix, and the orthogonal symmetry with
respect to the k-plane.

We now deal with the complex case. Observe that, given an algebraic
map p : S* — U(r), detp : S" — U(1) ~ S! is also algebraic, hence
constant since n > 2. Thus, up to rescaling by a constant factor, an
algebraic map S™ — U(r) is the same as an algebraic map S™ — SU(r),
which gives qu(n) = gsu(n). Asin the complex case, the same argument
also gives the equality with gg..)(n) by taking orthogonal projectors.
Eventually, we observe that there are algebraic mappings

S" — U(qu(n)) = SO(2qu(n)) — S2v™—1

giving 2qy(n) — 1 > 2qu(n) — 2 > q(n) since ¢(n) is even by Lemma
2.11. Moreover, we also have

S" = $1 = U1 + q(n)/2),

where the second arrow is given by the natural mapping (2.9) sending
v to the orthogonal symmetry with respect to the C-span of v. This
gives q(n) = 2qu(n) — 2. O

As we shall see below in §2.5, polynomial maps S* — G(r) will
naturally appear as maps all of whose coordinates are finite sums of
spherical harmonics. Recall that the space of L? functions on S™ breaks
up as

L*(S™) = @0 W(S™),  Q(S") := ker(Agn — k(k+n—1)), (2.10)

where Agn is the Laplacian induced by the round metric on the sphere.
Writing Hy(R™™!) for the space of homogeneous harmonic polynomials
of degree ¢ > 0 in R"*!, the restriction map

r: CPR™) 3 f flsn € C(SM),
yields an isomorphism

r o Hy(R™) — Qu(S™). (2.11)
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Hence, there is a natural identification
@izo Qk<Sn) ~ @iZOHk(Rn-H) C Rg[’l}], (212)

where R,[v] denotes the space of polynomials in the v € R"*! variable
of degree < ¢. We will say that a function f € C°(S") has finite
Fourier content if its L?-decomposition (2.10) is a finite sum of spher-
ical harmonics. By (2.12), a map S™ — G(r) whose coordinates have
finite Fourier content is in particular a polynomial map.

2.3.2. Fourier degree of sections. The decomposition (2.10) of smooth
functions over S™ as a sum of spherical harmonics also applies to func-
tions defined on the sphere bundle SM of a Riemannian manifold
(M, g), or more generally to sections of the pull-back to SM of vector
bundles over M.

More precisely, if £ := 7*E denotes the pull-back to SM of a vector
bundle E over M, its restriction to any fiber S, M ~ S"! is trivial, so
the restriction of any section f € C*°(SM, &) to S, M can be identified
with a vector-valued function f|g,a : S"! — E,. The vertical Lapla-
cian Ay acts on sections of £ and satisfies (Av f)|s,m = A(f|s, ) for
every x € M (where A is the Laplacian of the round sphere). Corre-
spondingly, setting for x € M,

(&) i={f € CC(S,M,E) | Avf =k(n+k—2)f},

we get a vector bundle Q(€) — M and the decomposition of any
section f € C®(SM,E) as f =) .. fj, with f; € C®(M,Q;(€)). If
the above sum is finite, i.e. f = Z?:o f; with fi # 0, we say that f
has finite degree k. If the above sum only contains even (resp. odd)
spherical harmonics, i.e. f =3, fo; (vesp. f =35, foj41), we say
that f is even (resp. odd).

From the description of €2 as the set of harmonic homogeneous poly-
nomials on R™ of degree k, it easily follows that (), can be identified
with S§(Tr M) @ E, (trace-free symmetric tensors) by the tautological
map

T SETIM) @ Ep — Q(E).
defined as follows: if K € SF(T;M) is a trace-free symmetric tensor of
degree k and s € E,, one defines

(K ® 8) (@) = K(v,...,0)s,, Vv e S; M. (2.13)

More generally, (2.13) identifies S*(T*M) ® E with @&;50Q_9;(€) with
the convention that Q;(€) = {0} for j < 0.

Whenever F is equipped with a metric connection V¥, we can con-
sider the pull-back connection 7*V¥ on £ = 7*E. We set X :=
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(7*VE) x, where X is the geodesic vector field on SM, which is nothing
but the generator of the parallel transport of sections of E with respect
to V¥ along geodesics. This operator may be seen to have the mapping

property
X 1 C°(M, (&) = C(M, Q1 (E)) & CZ(M, 1 (E))  (2.14)

and can thus be decomposed as a sum X = X_ + X, onto each sum-
mand of (2.14). The operator X, is elliptic and has finite-dimensional
kernel (when M is compact) whose elements are called twisted confor-
mal Killing tensors (in short, twisted CKTs). Moreover, the mapping
property (2.14) ensures that X maps even (resp. odd) sections to odd
(resp. even) sections. Elements in the kernel of X are flow-invariant;
equivalently, they have the property of invariance under parallel trans-
port along geodesic flowlines.

2.3.3. Twisted symmetric tensors. Given a section u € C°(M, S™T*M®
E), the connection V¥ produces an element

VPu e C®(M, T"M @ S"T*M ® E).

In coordinates, if (ey,...,e,) is a local orthonormal frame for £ and
VE = d+T, for some one-form with values in skew-Hermitian matrices
[, such that VFe, = >0 S T dr; ® e, we have:

r

VE(Z U @ ek) = Z (Vuk R e, +up VEek)
k=1

k=1

= Z (Vuk + Z Z Iy ® d-Ti) ® e,
k=1

=1 =1

(2.15)

where uy, € C*°(M, S™T*M) and V is the Levi-Civita connection. The
symmetrization operator

SEO®(M,@"T*M ® E) — C=(M,S™T*M ® E)
is defined by:

SE (Z U X ek) = ZS(uk) X €y,
k=1

k=1

where uy € C°(M,S™T*M) and in coordinates, writing

81 5eesbm=1



38

we have

Sldry, ®...®dx;,) = p- Z AT () @ ... @ dTr(,)

’ ﬂ'EGm

where G,,, denotes the group of permutations of order m. For the sake
of simplicity, we will write S instead of S¥. We can symmetrize (2.15)
to produce an element D¥ := SVFu € C°(M,S™ ' T*M ® E) given
in coordinates by:

DF (Zuk@)ek) :Z (Duk—l-ZZFlla (u; ® dz;) ) R ey,

k=1 =1 i=1
(2.16)
where D := SV is the usual symmetric derivative of symmetric tensors.
Elements of the form Du € C*(M,S™"T*M) are called potential
tensors. By comparison, we will call elements of the form D¥f &
C>®(M,S™MT*M @ E) twisted potential tensors. The operator D is
a first order differential operator and the expression of its principal
symbol can be read off from (2.16), namely:

Uprlnc DE .I‘ 5 (Z uk ®ek’ )

r

(@prine (D) (2, €) - ur(2)) © e (x)

k=1
r

=iy o(@up(r)) @ ex(x),
k=1

where eg(z) € &, ux(x) € S™T:M and the basis (e1(x),...,e.(z)) is
assumed to be orthonormal for the metric A~ on E. One can check that
this is an injective map, which means that D¥ is a left-elliptic operator
and can be inverted on the left modulo a smoothing remainder. Its
kernel is finite-dimensional and consists of smooth elements.

We recall the notation (7*V¥)yx := X. The following remarkable
commutation property holds (see |[CL21a, Section 2]|):

Vm € Zsg, DY =Xk (2.17)

The vector bundle S™T* M ® E is naturally endowed with a canonical
fiberwise metric induced by the metrics g and h which allows to define
a natural L? scalar product. The L? formal adjoint (DF)* of D¥ is
of divergence type (in the sense that its principal symbol is surjective
for every (z,&) € T*M \ {0}, see [CL21a, Definition 3.1| for further
details). We call twisted solenoidal tensors the elements in its kernel.
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By ellipticity of D¥, for any twisted m-tensor f there exists a unique
p € (ker DEYENC>(M, S™ ' T*MQE),h € C*(M,S™T*M ® E) such
that:

f=Dp+hn, (DF)*h=0. (2.18)

This decomposition bears resemblance with the Hodge decomposition
of differential forms; we also note that (2.18) could be extended to other
regularities. We define 7y, (pey«f := h as the L?-orthogonal projection
on twisted solenoidal tensors. This can be expressed as:

Tepey = 1 — DP[(DF)* D) (DP)", (2.19)

where [(DF)*D¥]7! is the resolvent of the operator (D¥)*D¥ (defined
as follows: [(D®)*DF]™* = 0 on ker(D¥)*D¥ and on the L*-orthogonal
of ker(D¥)*D¥ it is genuinely given by the inverse of (DF)*D¥  well
defined by Fredholm theory of elliptic operators).

2.3.4. Tunsted Pestov identity. Finiteness of the Fourier degree of flow-
inwvariant sections. The key identity for that is the twisted Pestov iden-
tity: it is a twisted version of an energy identity on the unit tan-
gent bundle, first introduced by Mukhometov [Muk75, Muk81| and
Amirov [Ami86|, then in its classical form by Pestov and Sharafutdi-
nov [PS88, Sha94| and finally stated in full generality by Guillarmou-
Paternain-Salo-Uhlmann |[GPSUI16]. This identity has found several
applications in the past twenty years, be it in the study of inverse
spectral problems, see Croke-Sharafutdinov [CS98], or in tensor to-
mography [PSU13].

If (E,VE) is a vector bundle with an orthogonal connection (over
M), we write Endg (FE) for skew-symmetric endomorphisms of £ and

Fy = Fgr = (VF)? € C®(M, \*T*M ® Endg(E)),

for the curvature. Following |[GPSU16, Section 3|, we define V — SM
by Vizw) = v. Let F¥ € C*(SM,V ® Endg(F)) be defined by the
identity:

(FE(z, v)e,w @ ) i= {(Fe), (v,w)e, €', (2.20)
where (z,v) € SM,e,e¢’ € E,,w € Vi;,) = v*, and the metric on the
right-hand side is the tensor product metric on V(;,) ® E,. Similarly,

we will view the Riemannian curvature tensor as an operator on V® F,
defined by the relation:

R(z,v)(w®e) = (Ry(w,v)v)®e, weV(r,v),e€ E,.
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Lemma 2.13. We have, for any orthonormal basis eq, ... ,e, € T, M,
and v € S, M:

F(x,0) =) e ® Fo(v,e). (2.21)

i=1

All the norms below are the L?-norms. In order to avoid repeti-
tions, we suppress the subscript L2. We call the following identity, the
twisted Pestov identity. It is slightly different from what [GPSU16] call
a twisted identity but the following lemma can be easily recovered from
[GPSU16, Proposition 3.5|.

Lemma 2.14 (Localized Pestov identity). Let (M, g) be a Riemannian
manifold of dimension n. The following identity holds: for all k € Z>,
u € COO(M, Qp ® g),

(n+k—2)(n+2k—4) 5 k(n+2k) ) )
X_ - ——7|IX A
A= - S g 4z )
= (RVEu, VEu) + (FPu, Viu),
(2.22)

where Z is a first order differential operator which we do not make
explicit.

We set
QF (u,u) := (RV§u, Viu) + (FFu, Viu). (2.23)
The following inequality holds:

Lemma 2.15. Assume that (M,qg) has sectional curvature bounded
from above by —0 < 0. Then:

Qr (u, u) < (=K + kq(E))|lullZ, (2.24)

where q(E) only depends on the curvature tensor of VE. In particular,
there exists an integer ko such that QF (u,u) <0 for every k > ky.

Proof. The proof is based on the Cauchy-Schwarz inequality. Given
u € C®(M,Q ® E), one has:

(RVEu, VEu) < —5(Viu, Viu)
< —0(Afu,u) < —0k(n + k — 2)]ul/?
O

Now, if f € C*(SM, &) satisfies X f = 0, we write f = >, fi with
fr € C®(M,Q,(E)) which satisfy ||fx|]|lz: — 0 as k — oo. Moreover,
by (2.14) writing X = X, + X_ gives

Xife+ X fraa=0, for every k > 0. (2.25)
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Applying (2.22) to u = f; we get for every k > ko:

(n+k—2)(n+2k—4)
n+k—3

k(n + 2k)

X_fill?s <

IX_ fisallZ:-

In particular, this implies |X_fi[|2, < [|[X_friol/3. for every k >
ko. On the other hand, | X_fi||3. tends to 0 as k — oo because
1X_ fellze < IIXfellZ2 < || fell3 — 0 by smoothness of f, so X_f =0
for k > ko. By (2.25) we then also have X f = 0 for k > 2 + ko, so
using (2.22) and (2.24) for u := f; shows that f, = 0 for k > 2 + k.
This gives the following result, originally proved in [GPSU16, Theorem
4.1]:

Corollary 2.16. Every f € C®(SM,E) with Xf = 0 has finite degree.

This finiteness result on the Fourier degree will play an important
role in what follows. In particular, in every fiber S, M (for all x € M),
such a flow invariant section f yields a fiberwise polynomial structure.

2.4. Generalized twisted X-ray transform. We explain the link
between the widely studied notion of Pollicott-Ruelle resonances (see
for instance [Liv04, GL0O6, BLO7, FRS08, FS11, FT13, DZ16]) and the
notion of (twisted) Conformal Killing Tensors introduced in the last
paragraph. We also refer to [CL21a] for an extensive discussion about
this.

2.4.1. Definition of the resolvents. Let M be a smooth manifold en-
dowed with a vector field X € C*(M,TM) generating an Anosov
flow in the sense of (1.1). Throughout this paragraph, we will always
assume that the flow is volume-preserving. It will be important to
consider the dual decomposition to (1.1), namely

T"(M)=RE;® E; ® E,

where Ej(E; & E,) = 0, EX(E; ® RX) = 0, EX(F, ® RX) = 0. As
before, we consider a vector bundle & — M equipped with a unitary
connection V¢ and set X := V4. Since X preserves a smooth measure
dp and V¢ is unitary, the operator X is skew-adjoint on L2(M, &;du),
with dense domain

Dpe:={u € L*(M,E;dp) | Xu € L*(M,E;dp)}. (2.26)
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Its L?-spectrum consists of absolutely continuous spectrum on iR and
of embedded eigenvalues. We introduce the resolvents

+00
R.(2):=(-X—-2)'= _/ e e Xdt,
00 (2.27)
R (2):=(X—2)'= _/ e

—00

initially defined for (z) > 0. (Let us stress on the conventions here:
—X is associated to the positive resolvent R, (z) whereas X is asso-
ciated to the negative one R_(z).) Here e7'¥ denotes the propagator
of X, namely the parallel transport by V¢ along the flowlines of X.
If X = X is simply the vector field acting on functions (i.e. & is
the trivial line bundle), then e f(z) = f(¢_¢(2)) is nothing but the
composition with the flow.

There exists a family H7 of Hilbert spaces called anisotropic Sobolev
spaces, indexed by s > 0, such that the resolvents can be meromor-
phically extended to the whole complex plane by making X act on
H%. The poles of the resolvents are called the Pollicott-Ruelle reso-
nances and have been widely studied in the aforementioned literature
[Liv04, GLO6, BLO7, FRS08, FS11, F'T13, DZ16]. Note that the reso-
nances and the resonant states associated to them are intrinsic to the
flow and do not depend on any choice of construction of the anisotropic
Sobolev spaces. More precisely, there exists a constant ¢ > 0 such that
R.(z) € L(H5.) are meromorphic in {R(z) > —cs}. For Ry (z) (resp.
R_(2)), the space H3 (resp. H*) consists of distributions which are
microlocally H® in a neighborhood of E? (resp. microlocally H*® in a
neighborhood of E¥) and microlocally H* in a neighborhood of E?
(resp. microlocally H* in a neighborhood of E?), see [F'S11, DZ16].
These spaces also satisfy (H? )" = H® (where one identifies the spaces
using the L%-pairing).

From now on, we will assume that s is fixed and small enough, and

set Hy := H3. We have
H°*CHyC H™. (2.28)

and there is a certain strip {R(z) > —egpip} (for some egyp > 0) on
which z — Rui(z) € L(H4) is meromorphic (and the same holds for
small perturbations of X).

These resolvents satisfy the following equalities on H,., for z not a
resonance:

R.(2)(FX — 2) = (FX — 2)Ra(2) = Le. (2.29)
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Given z € C which not a resonance, we have:
R,(:) = R_(3), (2.30)

where this is understood in the following way: given f1, fo € C*°(M,E),
we have

(Ry(2)f1, f2)r2 = (f1,R=(Z) fa) 12

We will always use this convention for the definition of the adjoint.
Since the connections are unitary and the flow preserves a smooth
measure, the propagators e ¥ preserve the norm in L?(M, &;du). As
a consequence, the formulas (2.27) converge when R(z) > 0 and thus
we obtain the following statement that we record for future purposes:

the resonance spectrum of 4 X is contained in {z € C | R(2) < 0}.
(2.31)
A point 2z € C is a resonance for —X (resp. X) i.e. is a pole of
2z +— Ry (2) (resp. R_(%)) if and only if there exists a non-zero u € H?.
(resp. H*®) for some s > 0 such that —Xu = zpu (resp. Xu = zu).
If v is a small counter clock-wise oriented circle around zy, then the
spectral projector onto the resonant states is

1 1
I = —— [ Ry(z)dz = — + X)7d
= 2mi ., +(2)dz 2mi ,Y(Z )7 dz,
where we use the abuse of notation that —(X + 2)™! (resp. (X —2)71)
to denote the meromorphic extension of Ry (2) (resp. R_(2)).

We now briefly describe the resonances at z = 0. We can write in
a neighborhood of z = 0 the following Laurent expansion (beware the
conventions):

1y

R, (z) = —R§ — — O(z).

(Or in other words, using our abuse of notations, (X + 2)7! = R{ +
Iy /2 + O(z).) And:

1
z
(Or in other words, (z—X)™' = Ry +1I; /2+O(z).) As a consequence,

these equalities define the two operators R as the holomorphic part
(at z = 0) of the resolvents —R4(z). We introduce:

ITI:=RJ +Ry. (2.32)

R (z)=-Ry — + O(2).

We have:
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Lemma 2.17. We have (R$)* = Ry, (II)* = [y =1IJ. Thus II is
formally self-adjoint. Moreover, it is nonnegative in the sense that for
all f € C%(M, &), {TLf, )12 = (f,T1f) 2 > 0. Also, {ILf, f) = 0 if and
only if ILf = 0 if and only if f = Xu+wv, for some u € C°(M,E),v €
ker(X|.).

Proof. See [CL21a, Lemma 5.1]. O
We also record here for the sake of clarity the following identities:
GRS = R{I; = 0,IIgRy; =Ry Ily =0,
XIF =TEX =0,XR{ = RIX =1 I, (2.33)
- XR, =R, X=1-1I.

2.4.2. Generalized X-ray transform. The discussion is carried out here
in the closed case, but could also be generalized to the case of a manifold
with boundary. We introduce the operator

II1:=RJ + Ry,

where Ry (resp. Ry ) denotes the holomorphic part at 0 of —R.(2)
(resp. —R_(2)) and I1{ is the L?-orthogonal projection on the (smooth)
resonant states at 0. Such an operator was first introduced in the non-
twisted case by Guillarmou [Guil7a]. The operator II + I is the
derivative of the (total) L?-spectral measure at 0 of the skew-adjoint
operator X.

Definition 2.18 (Generalized X-ray transform of twisted symmetric
tensors). We define the generalized X-ray transform of twisted sym-
metric tensors as the operator:

I, := T (H + HE{) ..

In what follows, we will mostly use this operator with m = 1. In this
case, the operator II; takes a one-form valued in some bundle &, pulls
it back on the unit tangent bundle to a spherical harmonic of degree
1 twisted by some bundle (7j-operator), then “averages” this spherical
harmonic along the geodesic flowlines ((IT + II{ )-operator) and then
selects the first spherical harmonic of this distribution in order to give
a twisted one-form on the base manifold M (m,-operator). When we
want to emphasize the dependence of II,, on a connection V¥, we will
write IIV"

Remark 2.19. This also allows to define a generalized (twisted) X-ray
transform II,, for an arbitrary unitary connection V¥ on E. Indeed,
it is not clear a priori if one sticks to the usual definition of the X-
ray transform that one can find a “natural” candidate for the X-ray
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transform on twisted tensors. For instance, one could consider the
map

C 97|—>]VEf(7) = L/em(e_txf)(x 0 )dt € E,_,
m 5(7) 0 el kl

where v € C is a closed geodesic and (z,,v,) € . However, this
definition does depend on the choice of base point (z,,v,) € 7 and it
would no longer be true that IY"(DFp)(v) = 0 unless the connection
is transparent.

By (2.17) and (2.33), we have the equalities:
(DF)*11,, = 0 = I1,,,D*, (2.34)

showing that II,, maps the set of twisted solenoidal tensors to itself.
We say that the generalised X-ray transform is solenoidally injec-
tive (s-injective) on m-tensors, if for all u € C*(SM,€) and f €
C®(M,S™T*M ® F)
Xu=nhf = JpcC®M,S" 'T*M ® E) such that f = DFp.
(2.35)
We have the following:

Lemma 2.20. The generalised X -ray transform is s-injective on m-
tensors if and only if I1,, is injective on solenoidal tensors (if this holds,
we say 11, is s-injective).

Proof. Assume that II,,f = 0 and f is a twisted solenoidal m-tensor.
Then

(W f, fre = (U fomk e + (U f, 7k £z = 0.
Both terms on the right hand side are non-negative by Lemma 2.17,
hence both of them vanish, and the same Lemma implies that Iz}, f =
0 and TIj 7}, f = 0. Thus Xu = 77, f for some smooth u, so by the
s-injectivity of generalised X-ray transform we obtain f is potential,

which implies f = 0. The other direction is obvious by (2.33). U
Next, we show II,, enjoys good analytical properties:

Lemma 2.21. The operator
I, : C*(M,S™"T*M @ E) — C*(M,S™T*"M ® E)
18:
(i) A pseudodifferential operator of order —1,
(i1) Formally self-adjoint and elliptic on twisted solenoidal tensors

(its Fredholm indez is thus equal to 0 and its kernel/cokernel
are finite-dimensional),
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(iii) Under the assumption that I1,, is s-injective, the following sta-
bility estimates hold:

Vs € R, \V/f S HS(M, S™T* M X E), ||7Tker(DE)*f| Hs S Cs||]:[mf| Hs+1,
for some Cs > 0 and for some C' > 0:
Vfe HYAM,S™T*M @ E), (Inf, [z > C||Tuexpey fII%-1se-

In particular, these estimates hold if (M, g) has negative curva-
ture and V¥ has no twisted CKTs.

Point (3) is a quantitative improvement of the statement: II,f =
0, f € ker(D¥)* = f =0, i.e. it provides a stability estimate for the
X-ray transform (see Lemma 2.20 for the relation between II,, and the
X-ray transform).

Proof. The proof of the first two points follows from a rather straight-
forward adaptation of the proof of [Lef19b, Theorem 2.5.1] (see also
|Guil7a] for the original arguments); we omit it. It remains to prove
the third point.

The first estimate follows from (2), the elliptic estimate and the fact
that I1,, is s-injective. The last estimate in the non-twisted case follows
from |[GKL19, Lemma 2.1] (or [Lef19b, Theorem 2.5.6]) and subsequent
remarks; the twisted case follows by minor adaptations.

If (M, g) has negative curvature and V¥ has no twisted CKTs, using
Lemma 2.20 and by [GPSUILG6, Sections 4, 5| we get that II,, is s-
injective, proving the claim. U

2.5. Strategy of proof. In this paragraph, we explain Theorems 2.3,
2.4 and 2.7.

2.5.1. Proof under low-rank assumption. We first prove Theorem 2.3.
Now that we have all the tools at our disposal, the proof is more a
recollection of previous results.

Proof of Theorem 2.5. Given a = ([E],[V¥]) € AF over M, we can
consider the lift ([£],[V¢]) = 7*([E],[VF]) to SM and the induced

representation of Parry’s free monoid
p: G — End(F")

given by parallel transport of sections along homoclinic orbits (for the
geodesic flow on SM) with respect to V¢. Recall that the character
of a representation is defined as x, := Tr(p(e)). The key point is that
equality of the Wilson loop operator W (a;) = W(az) implies that
the representations (1.4) of Parry’s free monoid p; : G — SO(r;) ~
SO(&;,,) (or U(r;) in the complex case) have the same character, see
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|CLb, Proposition 3.18]. This is due to the fact that periodic orbits are
dense and thus by the shadowing lemma for hyperbolic flows [FH19,
Chapter 5|, one can approximate homoclinic orbits by periodic ones.
Hence, by standard algebra, these representations are isomorphic, see
[Lan02, Chapter XVII, Corollary 3.8].

In other words, there is an isometry p, : &, — &, such that

p1 = D5 paps. (2.36)

This implies that the two bundles £ and & have same rank r and that
both transitivity groups H; and H, are the same (up to conjugacy
within SO(r) or U(r)).

We can then apply the non-Abelian LivSic Theorem 1.5 with the
bundle & ® &£ equipped with V& ® V¢ : indeed, using Remark 1.6,
the induced representation

peseer + G — End (Hom(E.,, &)

given by pe,aer(9)p = p2(9) 'pp1(g) admits p, as a fixed point by
(2.36). Hence, by Theorem 1.5, one obtains a well-defined flow-invariant
isometry p € C®°(SM,Hom(&,Ey)) such that p(z,) = ps, that is,
Xp = 0 where X = (V% ® V¥ )y. In particular, this implies that
& = n'Ey ~ n*Ey = & are isomorphic over SM. If we further
assume that (M, g) has negative sectional curvature, we can apply
Corollary 2.16, to deduce that p has finite Fourier degree. Now, spec-
ifying to a point x € M, the bundles & and &, over S, M are trivial
and can thus be identified with F". Hence p defines an algebraic map
p: S" — SO(r) (or SU(r) in the complex case) so this map has de-
gree 0 by assumption on r < gp(n) and thus p descends to a smooth
isometry in C*°(M,Hom(&;, &;)), parallel with respect to the induced
connection on the homomorphism bundle, that is, VF2®Fip = 0. In
turn, this is the same as the gauge-equivalence of the connections. [J

2.5.2. Counter-ezample on even-dimensional manifolds. We now show
that the Geodesic Wilson loop operator (2.2) is never injective on even-
dimensional Riemannian manifolds. We denote by * the Hodge star
operator on a Riemannian manifold (M?", g), and introduce A* :=
{a € A"T*M | xa = +a} (if n is even) and A* := {a € A"TEM |
*xa = +ia} (if n is odd), the vector bundles of self-dual and anti self-
dual n-forms equipped with the natural Levi-Civita connections V=,
respectively. Set ay := (AT, V*t)and a_ := (A7, V™).

Proposition 2.22. Let (M?",g) be a negatively-curved Riemannian
manifold. Then, the pairs ay and a_ are trace-equivalent along closed
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geodesics, that 1s,
Wia,) = W(a),
but ay # a_.

Proof. We start by proving that a, and a_ are trace-equivalent along
closed geodesics. We argue for n even: the proof for n odd is similar up
to minor modifications. By Theorem 1.5, the equality W (AT, V1) =
W(A~, V™) is equivalent to the existence of an orthogonal map

p € C°(SM,Hom(m*A*, 7*A7))
that intertwines the operators 7*V% and 7*Vy, i.e.
Yu € C®°(SM,7*AY), 7*Viu=p '7*Vy(pu), (2.37)

so it suffices to exhibit this map. (Equivalently, (2.37) says that p
is invariant with respect to the tensor product connection induced by
7*V* on Hom(m*AT, 7*A~) in the X-direction.) Introduce the com-
muting orthogonal projections II* := 9% onto A*, ie. (II*)? = II¥,
I~ = II"II* = 0, and A* = IIFA". We claim that the map p

defined as follows:
p(z,v)a = 201" (z) (v Ax(a Av)), a€A], (2.38)

is flow-invariant and that for every (x,v) € SM, p(z,v) : Af — A} is
an isometry. (Note that in (2.38), we have implicitly identified v with
a 1-form using the metric.)

In order to check the flow-invariance (2.37), it suffices to take a
geodesic segment v C M tangent to vy, ve at the points z1,20 € M,
respectively, and observe that the parallel transport P, along v satisfies
for an arbitrary o € A :

p(2, v2) Py = 21T () (va A *( Py A vp))
= 2P, 11" (z1) (v1 A*(a Avy)) = Pyp(a1,v1)cn.

Here in the second equality we used that P, commutes with %, II™, that
it distributes over the wedge product, and that it satisfies P,v; = v,.
This completes the proof of the claim.

The isometry property follows from the following observation: take
an orthonormal basis (e;)?", of T,, M such that v = e;. For an increasing
(n—1)-tuple I = (1,49, ... ,in_1) C {2,...,2n}, define a7 := v/2[1Fe; A
es; it is straightforward to check that (a7); is an orthonormal basis of
AE. Moreover, a simple computation shows that

p(z,e))af = V2IT () (eiAx(x(e1Aer)Aer)) = V2IT (z)(einer) = ay,
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where in the second equality we used *( * (e ANer) A el) =er, s0pis
an isometry. This completes the proof that W(a;) = W(a_).

We now show that a; # a_. Actually, when dim M = 4, [A1] # [A7],
that is, the bundles are not isomorphic: this follows from the fact that
their first Pontryagin classes p* € H*(M,Z) satisfy the formula p* —
p~ = de, where 0 # e € H*(M, Z) is the Euler class [Wal04, Chapter 6,
Proposition 5.4(2)|, which is strictly positive by the generalised Gauss-
Bonnet theorem, see [Che55, Theorem 5].

However, we can always show that a, # a_, that is, the connections
are not gauge-equivalent. Indeed, the equality a;, = a_ would en-
tail the existence of an isometry p € C°(M, Hom(A™, A7)) such that
p*V~(e) = V*(e) = p~'V~(pe). In particular, restricting to an arbi-
trary point zy € M, we would obtain that the holonomy representations
p+ of the loop space QM (based at ) in SO(AZ) are conjugate, that
is pi(7) = pHxo)p—(7)p(zo) for every loop v € QM based at zy. In
particular, this holds for all v € (M), that is, v € QM such that
[v] = 0 € m(M,xp). In order to conclude, we then argue distinctly
for each possible holonomy groups arising in negative curvature (see
Berger’s classification® [Ber53]):

(i) Generic case, Holy(M) = SO(2n): in this case, the morphisms
p+ factor surjectively through SO(7T,,M) ~ SO(2n), which is
impossible since AT are irreducible non-isomorphic representa-
tions of SO(2n), see [BtD85, Chapter 6, Section 5.5]:

SO(A,)

e

(QM)o —— SO(2n)

Ry

SO(AZ,)-

(ii) K&hler case, Holp(M) = U(n) < SO(2n): as in (1), it suf-
fices to show that the restricted representations of U(n) on A*
are not isomorphic and we will actually show that the restricted
representations to the center U(1) of U(n) on A* are not isomor-
phic. Let p: U(1) — SO(2) be the standard representation; the
standard representation U(1) — End(R?") is given by p®...®p

8Berger’s classification applies to simply connected manifolds, so we need to pass
to the universal cover of (M, g), hence the restriction to the homotopically trivial
loops (M ).
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(n times). Recall that Rt (G, R), the real representation semir-
ing of a group G, is equipped with a (semi)ring homomorphism
A : RY(G,R) — R(G,R)[[t]] given by (see [BtD85, Chapter 7])

M(p) =1+ pt + (A*p)t* + ...

such that A(p1 @ pa) = Me(p1) - Me(p2). Hence, in our case, for
p:U(1) — SO(2) as above, we get

M(p@ ... ® p) = M(p)"

=(+pt+t)" =1+ ...+, (p)t" + ... + 2,
(2.39)

where ¢,(p) is a polynomial in the representation p such that
cn(p) = p®" + lower order terms. (2.40)

The representation of U(1) on A"R?" is precisely given by the
coefficient ¢,(p) in the expansion (2.39) and (2.40) shows that
this representation admits a weight n of multiplicity 1. As a
consequence, when 7 is even, the two real representations A*
cannot be isomorphic.

When n is odd, this argument needs to be slightly adapted
since we need to complexify A"R?" in order to obtain the de-
composition A"R?" @ C = AT @& A~. Hence, complexifying
(2.40), we see that A"R*" @ C is given by p®" ®r C + l.o.t. =
pe™ +L.o.t., where pc stands for the complexification of p. Note
that p : U(1) — SO(2) can already be seen as a 1-dimensional
complex representation which we denote by 7 (in order to avoid
confusion) and thus pc = n © 7 (as complex representations),
which yields:

PP @r C = (n®N)*" = n®" + terms involving 7].

(Here n®™ is the 1-dimensional complex representation associ-
ated to the character z — 2".) Since n®" appears with multi-
plicity 1, it implies that AT # A~ in this case too.

(i) Quaternion Kihler case, Holy(M) = Sp(n).Sp(1) < SO(4n):
same argument as in (2) (case n even) by restricting to U(1).

(iv) Octonionic (or Cayley) hyperbolic plane, that is, Holg(M)
= Spin(9) < SO(16): the faithful representation Spin(9) —
SO(16) is given by the spinor representation Ag but by [Fri0l,
Theorem 1], it is known that the induced representations A?Ag
are multiplicity-free”, so p; # p_.

This completes the proof. U

9This can also be checked using the LiE program.
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Remark 2.23. Set Aodd/even .— Aodd/even N f the bundle of odd/even
differential forms, and consider doqd/even = (AOdd/e"en,VLC) € AR,
where V¢ is the Levi-Civita connection. Similarly to Proposition
2.22 it is straightforward to see W (aoaqa) = W (aeyen). If n = 2, then
A°odd oL Aeven gince A°dd = ALT*M and A®* ~ R? have distinct Euler
classes; if n > 2, then A°d4/*ven are in the ‘stable regime’ (they have
rank 2”71 > n) so they are isomorphic if and only if stably isomor-
phic. Calculations indicate (private communication with O. Randal-
Williams) that A°d4/ev™ are equal in K-theory and are hence isomorphic
for n > 2. However, by a similar argument to Proposition 2.22, we ex-
pect that doqq # deven. Also, guided by the case of A°d9/e¥e"  we may
expect that AT ~ A~ in higher dimensions.

The 4-dimensional case is enlightening and we detail here some com-
putations. The two trace-equivalent pairs (AT, VT), (A~, V™) provide
a non-trivial example of a polynomial structure over S* which turns
out the be the usual Hopf fibration S* — S?.

Example 2.24. Assume that dim M = 4. When restricted to the
sphere S, M over some z € M and identifying AT ~ R3  the map
p defined by (2.38) provides a non-constant polynomial mapping p :
S* — SO(3) which, when restricted to a column, then gives a quadratic
polynomial map S* — S%. We claim that, in local coordinates, it is
given by the standard Hopf fibration S* — S* (as described in §2.3.1
for instance). Indeed, taking (ei,es, e3,€4), an orthonormal basis of
T,M, we can use the following orthonormal basis of A (we freely
identify vectors and 1-forms via the metric):

+ ei Nes ez Ney i‘_el/\egiFez/\ezl + et NegtesNes

a7 = , Oy 1= ,Qn 1=
' V2 ? V2 ’ V2

(2.41)
We are looking for an expression of p(v) (%) in the basis

(a7, 5 ,5). A quick computation shows:

p<v) <e1/\eg\—/{-§ey,/\e4 )

=211~ (v/\*(%/\v))

=210~ ((v% +v3)ey A e + (vavs — vivg)e; A es + (vivs + vavy)er A ey
—(’U103 + U2U4)82 A €3 + (UQU?) — U1U4)82 A ey + (Ug + vi)eg A 64)
= (v] +v5 — (v +v7)) of + 2 (v203 — v10s) Ay + 2 (V1U3 + Vavy) 5 .

Writing zg := v; +ive € C, 2y = v3 + ivy € C, we thus get

p(v) (hexpeater) — (z0f - |21, 22021),
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which is the usual expression for the Hopf fibration S* — S%.

2.5.3. Proof under generic assumption. We now explain the ideas be-
hind the proof of Theorem 2.4.

Ideas of proof of Theorem 2./. We assume that ay € Ag is a generic
point, that is, it is opaque and a has solenoidally injective generalized
X-ray transform H]fnd(E). We let a be a class of virtual connections
close enough to ag. The (virtual) connections ag and a on E induce a
connection a @ af (the mized connection) on End(E) ~ E ® E* such
that, if a = ap, then ag ® af is the usual connection induced by ay on
End(E).

We let X, be (a representative of) the operator induced on the bun-
dle 7*End(E) — SM by taking X, := W*Vind(E), where VEM(E) ig
a representative of a ® aj. Observe that for a = ag, the opacity as-
sumption implies that X, has a unique simple Pollicott-Ruelle reso-
nant states at z = 0 given by the span of the identity map C - 1¢
(where & = m*E — SM). Hence, by smoothness of simples resonances
[Bon20], there is a well-defined map (for a close to ag) a — A,, map-
ping a virtual connection a to the unique Pollicott-Ruelle resonance
near z = 0 of X,. By construction, A\,, = 0 and A\, < 0 by (2.31)
(because the connection is unitary).

The key idea behind the proof of Theorem 2.4 is then to show the
following: the map a — A, is strictly concave near a = ag. The proof
of this fact relies on the following: by construction, 9,As|a=q, = 0, and
a computation shows that

P Xalacay (B, h) = — (TP p b)Y 1o,

for all tangent vectors h € T,,Ag (similarly to the metric case, these
tangent vectors can be obtained as some divergence-free vectors). (The
moduli space A can be shown to be a smooth Fréchet manifold near
generic points.) Now, using the assumption that HlEnd(E) is solenoidal

injective for the connection ag, we obtain by elliptic estimates that
ag)‘a‘a=ao<ha h) < _CHth—l/%

for some uniform constant C' > 0. This is what proves the local strict
concavity of the functional a — \,, and thus, we have a bound of the
form |ja — ag|]* < C\,, for some C' > 0.

Then, the conclusion of the proof is immediate: if a is close to ag and
is such that W (ag) = W(a), we know by the Livsic cocycle Theorem
1.10 that there exists a map p € C*°(SM,U(E)) (where & = 7*E) such
that

Vz e SM,Vt € R, Co(z,t) = p(pix)C(z, t)p(z)
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where Cy and C denote the respective parallel transport along geodesic
flowlines with respect to ag and a. But equivalently, this means that
p is in the kernel of X, and since p is smooth, it is a Pollicott-Ruelle
resonant state for X,. Hence, A\, = 0 and the above discussion involving
the concavity argument yields a = ag. This concludes the proof. U
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3. FRAME FLOW ERGODICITY

3.1. Statement of the problem. Main result. Let (M", g) be
a closed connected oriented n-dimensional Riemannian manifold with
negative sectional curvature. Let SM = {(z,v) € TM | |v|, = 1} be
the unit tangent bundle over M and let

FM :={(x,v,ey,...,e,) | (x,v) € SM,

(v, €y, ..., €,) oriented orthonormal basis of T, M}

be the principal SO(n)-bundle (over M) of oriented orthonormal frames.

We can also consider 7 : FM — SM,(z,v,es,...,e,) — (z,0)
as a principal SO(n — 1)-bundle over SM, that is, a point w € FM
over (z,v) = 7(w) corresponds to an orthonormal frame (e, ... ,e,) of
the orthogonal complement v+ C T, M. Denoting by V the Levi-Civita
connection on M, the geodesic flow (;)icr is defined on SM by setting
fort e R, (z,v) € SM, ¢i(x,v) = (Yo (t), Yun(t)), where t — 7, ., () is
the unit-speed curve on M solving the geodesic equation Vs, ., =0
with initial conditions v, ,(0) = x, ¥, ,(0) = v.

The frame flow (®;)er on F'M is then defined as follows:

Oy (z,v, e, ....€,) = (r(x,0), Tuu(t)es, ..., Tw o (t)en),

where 7, ,,(t) denotes the parallel transport along the segment .., ([0, t])
of geodesic with respect to the Levi-Civita connection V. Note that
(®)ser is a typical exemple of an isometric extension over the geodesic
flow as introduced in §1.2, so it is in particular a partially hyperbolic
dynamical system.

Moreover, since the geodesic flow (¢;)er preserves the Liouville mea-
sure p on SM, the frame flow (®;);cr preserves a smooth measure w
on P induced by p and the Haar measure on SO(n — 1). It is therefore
natural to study the ergodicity of the frame flow with respect to the
smooth measure w.

It was first shown by Brin [Bri75b| (for n = 3) and later by Brin-
Gromov [BG80] (for n odd and different from 7) that negatively-curved
n-dimensional manifolds have an ergodic frame flow. As already men-
tioned at the end of §1.3.3, once the dynamical framework is settled,
the proof boils down to a (non-trivial) statement in algebraic topology
on the classification of topological structures over even dimensional
spheres. It is however hopeless to expect all negatively-curved man-
ifolds to have an ergodic frame flow: indeed, it can be checked that
Kahler manifolds of real dimension n = 2m > 4 such as compact quo-
tients I'\CH™ of the complex hyperbolic space (where I' < Isom(CH™)
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is a lattice) do not have an ergodic frame flow'’ due to the reduction of
their holonomy group from SO(n) to U(m). This is discussed at length
in §3.4.

Denoting by r,(uAv) the sectional curvature of the 2-plane spanned
by u,v € TM, we will say that (M, g) has §-pinched negative curvature
for some § € (0,1] if there exists a constant C' > 0 such that the
following inequalities hold:

—C < ky(unv) < =C4.

Note that, up to rescaling the metric, one can always assume that
C = 1. Since Kéhler manifolds are at most 0.25-pinched by a result of
Berger [Ber60], Brin [Bri82] stated the following natural conjecture:

Conjecture 3.1 (Brin '82). If (M, g) is d-pinched for some § > 0.25,
then the frame flow is ergodic.

More generally, Brin conjectures in the same article (see [Bri82, Con-
jecture 2.9|) that the frame flow should be ergodic as long as there is
no reduction of the holonomy group of the manifold. However, up
to now, ergodicity of the frame flow in dimension 7 and on even-
dimensional manifolds was only known for nearly-hyperbolic manifolds,
that is, manifolds with a pinching ¢ very close to 1: strictly greater
than 0.8649... in even dimensions different from 8, due to Brin-Karcher
[BK8&4], and strictly greater than 0.9805... in dimensions 7 and 8, due
to Burns-Pollicott [BP03|. There has been no progress on Conjecture
3.1 in the past twenty years, until our result in [CLMS|. We introduce
the number 6(n) given by:

5(4) =0.2928..., 6(6) = 0.2823..., 4(7) = 0.4962...,
§(8) = 0.6212..., §(134) = 0.6716...,

and for n > 10,n # 134,n = 2 mod 4:
(S(TL): \/3n2 1)+

and for n > 12, n = 0 mod 4:
5(n) n+5+3,/ n—1)(n+2)+ 5 () Zﬁ) Zié; (n+3+% 3(n271)>
n)=

2 2 4 :
3(n+1)+ 5 /(n— 1)(n+2)+%(5n+3+% 3(n2—1))
10 s may be seen as follows: the complex structure J of a

Kéhler manifold commutes with parallel transport 7, ,(t), so the set
{(z,v,eq,...,e,) € FM | g.(Jv,e2) > 0} is invariant and has positive, but not full
measure. In the even-dimensional case, the situation therefore requires additional
care.
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Asymptotically, §(4¢ + 2) — o 0.2779... and 0(40) —¢o0 0.5572....
Moreover, the sequence (§(4€+2)),>2 is increasing and 6(10) = 0.2725...,
while (6(4¢))s>3 is decreasing and §(12) = 0.5948....

Theorem 3.2 (Ceki¢-L.-Moroianu-Semmelmann, '21). Let (M™, g) be
a closed n-dimensional negatively-curved oriented Riemannian mani-
fold with §-pinched curvature and n > 3. Then the frame flow is ergodic
if:

(i) n is odd and n # 7 |[BG8O],

(ii) n is even orn =7 and 6 > 6(n).

The numerical value of §(n) is depicted in Figure 3 for n € {4, ..., 150}.

5(n)
1.0F
0.8
0.6
0.4

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

0.2r

L L L L L I I I
0 20 40 60 80 100 120 140

FIGURE 2. In green: the bounds existing in the literature [BG80,
BK84, BP03|. In orange: the bounds provided by Theorem 3.2. In
blue: the conjectural 0.25 threshold.

While former attempts to prove Conjecture 3.1 were mostly based
on algebraic topology or on the geometry of the universal cover of the
manifold, the strategy of proof for Theorem 3.2 is different and relies
on the introduction of new ideas from Riemannian geometry. More
precisely, we make systematic use of the twisted Pestov identity (2.22).
Our argument consists of three distinct parts, each of them belonging
to a different area of mathematics:

(i) Hyperbolic dynamical systems: the frame bundle 7 : F'M —
SM is a principal SO(n — 1)-bundle; by Theorem 1.2, using the
hyperbolic structure of the geodesic flow, the non-ergodicity
of the frame flow entails the existence of a transitivity group
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H < SO(n—1) and an H-principal subbundle FM > Q — SM
which is an ergodic component of the frame flow, see §1.

(ii) Algebraic topology: in particular, restricting to an arbitrary
point xy € M, one obtains an H-subbundle Q,, — S,, M ~
S"~! of the frame bundle of S*~!; this is already a strong topo-
logical constraint, called reduction of the structure group of the
sphere, which rules out most possible cases for the subgroup H,
see Corollary 1.4.

(iii) Riemannian geometry: when topology is not sufficient to
rule out the existence of a structure group reduction, we show
that, using the non-Abelian Livsic Theorem 1.5, and according
to the possible values of H, one can produce a smooth flow-
invariant section f € C*°(SM,E), where & = 7*APTM (with
p=123)or & =7*S?TM, and 7 : SM — M is the pro-
jection. In turn, the existence of such object can be ruled out
by means of the twisted Pestov identity (2.22) whenever the
pinching ¢ is sufficiently large, see §3.3.2.

Three exotic dimensions appear in this setting: n = 7,8, and 134.
They correspond to special topological structures possibly carried by
the spheres S®,S7, and S'33, respectively. The induced flow-invariant
sections obtained in point (3) above then take values in 7*APT'M for
p = 2,3. It is more difficult to rule out the existence of such objects and
our method requires a larger pinching than in other cases, see Figure 3
(for instance, the orange dot on the right-hand side corresponds to the
case n = 134).

On the other hand, when n = 2 mod 4, the maximal number of lin-
early independent vector fields on the sphere S*~! is 1, which simplifies
our analysis and eventually yields a flow-invariant section of 7*T M,
whereas in the case n = 0 mod 4, it is at least 3 and we get a flow-
invariant orthogonal projector which is a section of 7*S?T M.

3.2. Topological reduction. Assuming that the frame flow is not
ergodic, the transitivity group H is a strict subgroup of SO(n — 1)
and by Theorem 1.2 (and Corollary 1.4), there exists an H-principal
bundle Q C FM over SM. Restricting @ to the fiber S,M ~ S*!
over some r € M defines an H-principal bundle Q, C F(S"™!) over
Sz M, i.e. a structure group reduction of the orthonormal frame bundle
of the round sphere to H. We already described briefly reduction of
structure groups in §1.3.3.

Alternatively, this can be seen as follows: since the two hemispheres
of S"~1 are contractible (hence, any bundle over these is trivial), an
SO(n — 1)-principal bundle over S"! is simply given by the data of
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a clutching function c at the equator ¢ : S*"2 — SO(n — 1), taking
values in SO(n — 1), and defined up to homotopy (equivalently, ¢ is an
element of the homotopy group m,_2(SO(n — 1))). The bundle admits
a reduction of its structure group to H < SO(n—1) if ¢ can be factored
through H (here ¢ : H — SO(n — 1) is the embedding):

S"2 ——~ SO(n — 1)

This fact alone has already strong topological consequences. Indeed,
using the work of Adams [Ada62], Leonard [Leo71], and Cadek-Crabb
[CCO6], one can prove:

Proposition 3.3. The following holds:

(i) If n > 3 is odd and n # 7, there is no reduction of the structure
group of S*™1 to a strict subgroup of SO(n — 1).

(ii) For all other n > 4, if there exists a reduction of the structure
group of S*7! to a strict subgroup H of SO(n — 1), then up to
conjugation, H s contained in one of the following subgroups
K of SO(n —1):

e Ifn=17 K=U(3) CSO(6);

e Ifn=8, K =Gy or K=S0(p) xSO(7—p) C SO(7) with
p=12.3;

e Ifn =134, K = E; C SO(133) or K = SO(132) C
SO(133);

e [fn=2 mod4, n#134, K =S0(n—2) C SO(n —1);

e [fn=0 mod4, n#8, K =2S0(p) xSO(n—-1-p) C
SO(n —1) with 1 <p < (n—2)/2.

Note that the Brin—Gromov result [BG80] about the ergodicity of
the frame flow on negatively curved compact Riemannian manifolds in
odd dimensions different from 7 is a direct consequence of Corollary
1.4 and Proposition 3.3 (1) (which was proved by Leonard [Leo71]).

Remark 3.4. Let us also point out that, unlike other topological re-
ductions which do appear, we actually do not know whether the E,-
structure on S'3 exists or not. This is still an open question.

We will now use the discussion of §1.4 in order to produce new flow-
invariant geometric objects whenever the flow is not ergodic, that is,
whenever the transitivity group H is strictly contained in SO(n — 1).
There is a natural associated vector bundle V = FM x,R"! — SM,
given by the canonical representation p : SO(n — 1) — Aut(R"1),
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called the normal bundle. This bundle is also isomorphic to the vertical
bundle of the spherical fibration SM — M, that is, the vector bundle
whose fiber at (x,v) € SM is the (n — 1)-dimensional space v+ C T, M.
There is a natural way to parallel transport sections of this bundle
along geodesic flowlines with respect to the (lift of the) Levi-Civita
connection and, therefore, it makes sense to talk about flow-invariant
sections.

The key point is then that for each group K occurring in Proposition
3.3 (2), one can find non-zero K-invariant vectors in some tensorial
representations. More precisely:

e U(3) C SO(6) preserves a non-zero 2-form in A?RS;

e (G, preserves a non-zero 3-form in A3R";

e E; C SO(133) preserves a non-zero 3-form'' in A3R!33;

e SO(n —2) C SO(n — 1) preserves a unit vector in R"~!;

e For 1 <p < (n-2)/2, SO(p) x SO(n —1—p) C SO(n — 1)
preserves the orthogonal projection of R"~! onto RP.

Following §1.4 and applying the non-Abelian Livsic Theorem 1.5, this
implies in turn that in all these cases, one can produce a smooth par-
allel (with respect to the dynamical connection) object over SM. In
particular, this object is flow-invariant:

Theorem 3.5. If the frame flow of M is not ergodic, there exists a
non-vanishing flow-invariant section f € C*(SM,E), where £ is one
of the following bundles:

(1) E=V, (2) E =NV forn =T,
(3) E = A3V forn=28 orn =134, (4) €& = S?*V.

For instance, if n = 7, H < U(3) and thus H fixes a an element A*R®
which is an almost complex structure, namely, a skew-symmetric endo-
morphism squaring to —Ige. In turn, this gives rise to the existence of
a flow-invariant section f € C*°(SM, A?V) of constant algebraic type,
that is, such that for every (z,v) € SM, f(z,v) is a skew-symmetric
endomorphism on v* squaring to —1,.. Our aim is now to show that,
under some pinching condition, one can rule out the existence of such
a flow-invariant geometric structure on the unit tangent bundle SM.

3.3. Degree of flow-invariant sections. The existence of flow in-
variant structures provided by Theorem 3.5 is not enough to obtain

HIndeed, the embedding of E; in SO(133) is obtained via the adjoint represen-
tation of E; on its Lie algebra ¢; = R133, so E; preserves the canonical 3-form of
¢7.
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a contradiction. Indeed, such objects do actually exist in some set-
tings as we shall see below in §3.3.1. However, under some pinching
condition and using Fourier analysis on SM, one can actually describe
very accurately the analytic properties of flow-invariant objects. This
is eventually what will give us the contradiction we are seeking.

3.3.1. Examples. Link with Killing forms. We describe some examples
of flow-invariant sections of finite degree.

(1)

Tautological section. The tautological section, defined by
s(x,v) := v, is a flow-invariant section of the pull-back bun-
dle 7*T'M over SM of Fourier degree 1. Flow-invariance is
understood as above in the sense that Xs = 0, where X =
(7*V)x and V = VI™ is the Levi-Civita connection on T'M.
Equivalently, s corresponds to the identity endomorphism idzy;,
viewed as a section of S*(T*M) ® T M, via the mapping (2.13),
namely, 7*(idrar)(ze) = idr,m(v) = v. We use the notation
SYT*M) to insist on the fact that one could consider more
general objects ¢ in SP(T*M) ® TM as in (2.13), and then
the mapping to the unit tangent bundle would yield a section
(x,v) = ¢z(v,...,v) € T*TM.

Normal bundle. The normal bundle V on SM is naturally
identified with a subbundle of 7#*(T'M) of codimension 1: as
already mentioned, it is in fact the subbundle s* orthogonal to
the tautological section s. Any section f € C*°(SM,V) which
has Fourier degree 1 as a section of 7*(T'M) corresponds to an
endomorphism ¢ of T'M via the above identification f, .,y =
() (20) = ¢2(v), which further satisfies g(¢(v),v) = 0 for ev-
ery v € SM, i.e. it is skew-symmetric.

Exterior forms. More generally, if w is a (p + 1)-form on M,
it can be viewed as a p-form on SM taking values in the normal
bundle V by defining 7*w € C*(SM,APYV) as T wW(g) = Vi,
(interior product with v). Conversely, a section of Fourier de-
gree 1 of 7*(AP(T*M)) which takes values in the subbundle
APY of 7*(AP(T*M)), corresponds to a (p + 1)-form on M. In-
deed, if w € C®(M,SYT*M) @ AP(T*M)) has the property
that (7*w) ) € AP(V) for every v € SM, this just means that
w is totally skew-symmetric as a covariant (p 4 1)-tensor.
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(4) Flow-invariance and Killing forms. It can be easily checked
that the flow-invariance condition X7*w = 0 translates into

VIM (v, e, ... 0) =0,

for every v € T M, that is, the covariant derivative of w is totally
skew-symmetric. Such a form is called a Killing form on M.
A typical example where such a situation occurs with p = 1
is the case of a Kihler manifold (M, g, J), where J? = 11y
is the almost-complex structure satisfying VIM.J = 0. Since J
is skew-symmetric, it defines an element of A*(T*M). Setting
f@w) = T(J) (@) = J2v, the above discussion shows that f &
C>*(SM,V) is flow-invariant. In turn, by §1.4, this shows that
the transitivity group H cannot be equal to SO(n — 1) since it
has to fix at least one invariant vector, that is, H < SO(n — 2),
hence showing that the frame flow is not ergodic.

3.3.2. Bounding the degree via the Pestov identity. We will now explain
the last steps in the proof of Theorem 3.2. Assuming that the frame
flow is not ergodic, Theorem 1.2 (and Corollary 1.4) implies that the
transitivity group H is a strict subgroup of SO(n — 1), so by Theorem
3.5 there exists a non-vanishing section f € C*(SM,E), where £ =
APV C 7 (AP(T*M)) (with p = 1,2,3) or € = S*V C «*(S*(T*M)),
satisfying X f = 0. The ultimate goal is to prove that f is of degree 1
under some pinching condition.

Corollary 2.16 shows that if the frame flow of (M, g) is not ergodic,
the non-vanishing flow-invariant section f € C*(SM, E) given by The-
orem 3.5 has finite degree. The idea is that under a suitable pinching
hypothesis, one can show that the section f has degree 1. By §3.3.1, it
defines a Killing form on M, the existence of which is obstructed either
by negative curvature, or by its algebraic properties. We now explain
the remaining arguments leading to Theorem 3.2 in cases (1)—(3)'* of
Theorem 3.5.

End of the proof of Theorem 3.2. The proof is divided into three steps.

Step 1. We first show by topological arguments that the section
f given by Theorem 3.5 is odd. For instance, in case (1), if non-
zero, the restriction of the even part of f to a fiber of SM defines a
constant length vector field on S"~! of even degree, thus a polynomial
map & : St — S*! satisfying £(v) = £(—v) for every v € S, In
particular, the topological degree of £ is even. On the other hand ¢ is

12Case (4) is slightly more technical and we refer to [CLMS, Section 4] for further
details.
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homotopic to the identity via [0, Z] 2 ¢ — &(v) := cos(t)&(v) +sin(t)v,
so its topological degree is 1, which is a contradiction.

In cases (2) and (3), since the space of K-invariant elements in
APR™ 1 is 1-dimensional for (K, p,n) in the list (U(3),2,7), (G2, 3,8),
and (E7, 3,134), we deduce that f is either even or odd from the begin-
ning. Assuming that it is even, we can again restrict the flow-invariant
section f to a fiber of SM: this yields a p-form w on S"~! (with p = 2
for n =7 and p = 3 for n = 8 or n = 134), satisfying w(v) = w(—v)
for every v € S*1. However, the tangent spaces T,,S"! and T_,S"!
at antipodal points are equal as vector spaces, but have opposite ori-
entations, so for every v € S"7!, the stabilizer of w(v) would contain
elements in O(vt) \ SO(vt), which contradicts the last statement in
Theorem 3.5.

Step 2. Under some curvature pinching assumption, we then show
that the degree of f must be strictly smaller than 3, hence precisely
equal to 1 by the first step. This is the key point of the proof, and is
based on subtle estimates in the curvature term Q¥ appearing in the
right-hand side of the twisted Pestov identity (2.22). In order to keep
the discussion simple, we will only give the main idea. Decomposing
the flow-invariant section f = fp+ fx_o+...+ f1, where fi # 0 and k is
odd, and setting u := f # 0, we see by (2.14) that the flow-invariance
Xf = 0 implies X, u = 0, that is, u is a twisted conformal Killing
tensor. Applying (2.22), we thus obtain:

0 < =D X% y)2 4[| Zul? = QF (u,u) < F(k,6)|ul)?, (3.1)

where F(k,d) is the maximum of the symmetric bilinear form Q¥ on
the unit sphere of Q4 (E). As (2.24) indicates, it can be shown that for
fixed §, the sequence k — F'(k,J) decreases to —oo. Hence, there is a
k(0) such that for all & > k(5), F(k,0) < 0. In turn, this implies by
(3.1) that v = 0 which contradicts the assumption that u # 0. Now, it
can be checked that the function § — k(0) is a decreasing function, and
that there exists 6(n) < 1 such that for § > §(n) sufficiently close to 1,
k(0) < 3. Hence, we conclude that whenever 6 > d(n), if the twisted
conformal Killing tensor w in (3.1) is of degree > 3, it must vanish iden-
tically. This is a contradiction and thus u is of degree 1 by the first step.

Step 3. Once we have established that the Fourier degree of the
flow-invariant section f € C*°(SM, APV) is 1, following §3.3.1, we know
that f defines a Killing (p + 1)-form on M, with p € {1, 2,3}, that is a
(p+ 1)-form w such that VI™u(v, e, ..., @) = 0. The first two cases are
ruled out by [BMS20], while we use some ad-hoc arguments in order to
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show that such special Killing 4-forms vanish identically (see [CLMS,
Lemma 3.13]). O

3.4. Unitary frame flows. We now discuss the case of complex man-
ifolds. Let (M?*™ g) be a smooth closed (compact, without bound-
ary) Kéhler manifold with negative sectional curvature and real di-
mension 2m > 4. In this case, the holonomy group of M is given by
Hol(M) = U(m) < SO(2m) and the transitivity group is always a sub-
group H < U(m — 1) < SO(2m — 1). As a consequence, the usual
frame flow is never ergodic. However, one can consider the reduced
frame flow of complex unitary frames and ask about its ergodicity.
This is the content of the present paragraph.

We let FcM — M be the principal U(m)-bundle of unitary bases
over M. A point w € FcM over x € M is the data of an orthonormal
basis (v, €a, ..., €m ), of (T M, h,), where h,(e,0) = g,(o,®)+ig, (e, J,@)
is the canonical Hermitian inner product on the fibres of TM, and J is
the integrable almost-complex structure on T'M. Equivalently, we will
see FcM as a principal U(m — 1)-bundle over SM by the projection
map p: FecM — SM defined as p(v, es, ..., em-1) = (z,v).

The unitary frame flow on FcM is then defined as

Qy(x,v, €9, ...,€m) = (0e(,0), Py, )€25 s Py, (t)€m) (3.2)

where P, ) : T,M — T, )M is the parallel transport along -,
with respect to the Levi-Civita connection.

While the geodesic flow (¢;)ier is well-known to be ergodic [Hop36,
Ano67] with respect to the Liouville measure on SM, the ergodicity
of the frame flow (®;);cg with respect to the natural flow-invariant
smooth measure w, that is, the Liouville measure wedged with the Haar
measure on the group U(m — 1), is still an open question (similarly to
the real case). It was proved by Brin-Gromov [BG80] that this flow
is ergodic whenever dim¢ M is odd but the even-dimensional case has
remained open so far. We bring here a first positive answer when
dimc M is even.

Recall that the holomorphic curvature of (M, g) is defined as

H(X):=R(X,JX,JX, X), (3.3)
for all unitary vectors X € T'M, where R is the Riemann curvature

tensor of (M, g). The manifold is said to be holomorphically \-pinched
if there exists a constant C' > 0 such that

~C<H<-C\ (3.4)

The manifold is said to be strictly A-pinched if the inequalities in (3.4)
are strict.
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In order to state our main result, we need to introduce a specific
function m — A\(m), defined for even numbers m > 4 by

_ 33440V7
A4) = a0V 0.9391...,

and for m > 6,
A(m) =
6tk + 328k + 6 + Y (6 k1 + 16Bm k1 + % + 36mk—1) + 30mk

9 e + 328k — 6+ Yk (90m k-1 + 16Bmp—1 — 2 — 20mk-1) — 30m
(3.5)

where

Qi = k(2m + k — 2),

Bk = (k(2m + k — 2)(2m — 1))1/2,

 (2m+k—2)(m+k=2)k

Tmk = @mtk—3)(mk—1)(k—1)°

5m,k = Q(TTL + k— 2)
It can be checked that the function m — A(m) is decreasing for m > 4
and A(m) —m—eo 0.9166... (see Figure 3 below for a plot of the function
m +— A(m)). The following holds:

Theorem 3.6 (Ceki¢-L.-Moroianu-Semmelmann, ’22). Let (M, g) be
a closed connected Kdhler manifold with negative sectional curvature
and dime¢ M = m > 2. The unitary frame flow (®;)er is ergodic and
mixing on FcM with respect to the smooth measure w if:

(i) The complex dimension m is odd or m = 2 [BGS80)],
(ii) The complex dimension m is even, m # 28, and the manifold
is strictly holomorphically A(m)-pinched.
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FIGURE 3. The threshold A(m) (vertical axis) computed with
respect to the complex dimension m (horizontal axis) for m €
{4,6,..., 36}
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We actually show that the unitary frame flow is ergodic if and only
if it is mixing. We believe that ergodicity should hold without any
pinching condition but it is clear from the proofs that our method only
works with a pinching condition close to 1. Besides [BG80| in odd
complex dimensions, Theorem 3.6 seems to be the first result proving
ergodicity of unitary frame flows on negatively-curved Kéahler manifolds
of even complex dimensions, and even the case of constant holomorphic
curvature H = —1 (that is, compact quotients I'\CH™ of the complex
hyperbolic space) still seemed to be open.

As indicated in Theorem 3.6, it also seems that our technique does
not apply in complex dimension m = 28. As in the real case, this open
case is connected to an open problem in algebraic topology which is to
classify reductions of the structure group of the unitary frame bundle
FcS% over the sphere S°°. More precisely, we are unable to rule out the
possible existence of a special Eg-structure on S% and this eventually
turns out to be problematic in order to run our argument.

The structure of the argument is similar to the real case and follows
the three steps described in §3.1. The curvature term in the twisted
Pestov identity are slightly more involved but it can still be understood
using the complex structure of the manifold.

Eventually, let us mention that, similarly to the real case where er-
godicity of the frame flow was shown to determine the high-energy
behaviour of eigenfunctions of Dirac-type operators [JS07], the ergod-
icity of the unitary frame flow on Ké&hler manifolds determines the
high-energy behaviour of eigenfunctions of Dolbeault Laplacians and
Spin® Dirac operators [JSZ08|.

3.5. General frame flows. We now investigate a generalization of
the geodesic frame flow to arbitrary vector bundles. We assume that
(M, g) is a Riemannian manifold with Anosov geodesic flow.

Definition 3.7. Given a pair (E,V¥) € AR over M, we say that it
admits a holonomy reduction if the full holonomy group Hol(E, VF) <
SO(r) is strictly contained in SO(r), where r := rank(F). We say
that it is irreducible if there exists no non-trivial splitting (E, VF) =
(E1, VE)®(E,, VE2) over M. The same definitions hold in the complex
case with the obvious modifications.

Given a = ([E], [V¥]), we consider as before the pullback pair
o = ([r"El, [«"V"]) = ([€],[V°])
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of a vector bundle and a connection over SM, where 7 : SM — M
is the footpoint projection. Define X := V% to be the first order
differential operator of covariant differentiation along X, also the gen-
erator of parallel transport along the geodesic flowlines, and let FE
be the principal G-bundle (with G = SO(r) or U(r)) of orthonormal
frames of £. The connection V¢ provides a natural parallel transport
of frames of £ along geodesic flowlines and we thus obtain the frame
flow &, : FE — FE& of V¢ which extends the geodesic flow in the sense
that ¢; o = T o &, where 7 : FE — SM is the projection. Moreover,
this flow commutes with right-action of the group G. The geodesic flow
preserves a natural smooth measure called the Liouville measure, and
(®;)ier thus preserves a canonical measure w on FE obtained locally
as the product of the Liouville measure with the Haar measure on the
group G. This fits into the framework discussed in §1.

Our aim in this paragraph is to study the ergodicity of (®;);cr with
respect to w. It will be the main result of this section, Theorem 3.10,
that under some low-rank assumption on F, the flow (®;)cr is ergodic
whenever V¥ admits no holonomy reduction. To encompass both cases
(real and complex bundles), introduce the notation gr(n), where

qr(n) = q(n) =gso(n) =1, ge(n) :=q(n)/2=qu(n) =1, (3.6)

where the numbers g(n) were introduced in §2.3.1. By standard alge-
bra, the representation p of Parry’s free monoid G as introduced in
(1.4) admits a splitting

£, ~F =af o, VY, (3.7)

where V;(j ) ¢ F", n; > 1, each V;(j )~ V; is H-invariant and irreducible,
and the representations V; and V}, are isomorphic if and only if i = k,
see e.g. [Lan02, Chapter XVII|. In particular, if p is irreducible, then
Vl(l) =TF", ny = 1, and we will say that the splitting (3.7) is trivial.

Lemma 3.8. Let (M™ g) be a closed negatively-curved Riemannian
manifold. Let a € Aqup(n) and assume that the induced representation

of G admits the splitting (3.7). Then

(B.V7) = of @, (F7,.V7),
where €& = @ZJ- @;%:1 W*F’i(j), V;U) - (7T*Fi(j)>z*, and ([F’i(j)]’ [VFi(j)]) _
([F3], [V*9]) is irreducible. In particular, if a € AEq]F(n) is irreducible,

then the transitivity group H acts irreducibly on F" and the splitting
(3.7) is trivial.
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Proof. By the non-Abelian Livsic Theorem 1.5 and Remark 1.6 applied
with 0 = S? (symmetric endomorphisms), the splitting (3.7) yields a
flow-invariant smooth splitting of £ over SM as:

E=af e, FY, 15:227@5]-),
i j=1

where 7 is the orthogonal projection onto the vector bundle ]-"i(j ),

Let 7 be the orthogonal projector onto E(]) =: F. Note that by as-
sumption, F does not split further, that is, there is no non-trivial
flow-invariant subbundle of F. By Corollary 2.16, 7 has finite Fourier
content. By fixing a point x € M and identifying S, M ~ S", we get
a polynomial map 7, : S" — Grg(k,7), where k = rank(F) < gr(n).
Hence, by Lemma 2.12, we deduce that 7, is constant, that is, 7 has
zero Fourier degree and thus descends to a parallel orthogonal projector
7 € C®(M, S?E) on a parallel subbundle F' C F such that 7*F = F.
Note that (F, V¥|r) is irreducible, otherwise any reduction of it would
yield a reduction of F upstairs, which is excluded by assumption. This
proves the claim. O

Lemma 3.9. Let (M™ g) be a closed negatively-curved Riemannian
manifold with n > 2. Assume that (E,VF) € AzqF(n) does not have a
finite holonomy group. Then, the transitivity group H is not finite.

Proof. If H is finite, then () — SM is a finite covering (where the bun-
dle Q C FE& is given by Corollary 1.4). Since n > 2, m(S™) = 0 and
thus the long exact sequence of the spherical fibration S — SM — M
yields (M) ~ m(SM). It implies that that there exists a finite cover
p : M — M such that SM ~ ¢ and SM — SM is the induced
covering map. Lift the bundle (E,V¥) — M to (p*E,p*VE) — M.
Set F := p*E and consider the induced frame flow on the frames of
£ :=7E — SM (where 7 : SM — M is the projection). By con-
struction, the transitivity group of this frame flow is trivial (see [Lef,
Lemma 3.12] for more details). Hence, by Theorem 1.5 we can find a
global flow-invariant orthonormal basis e, ...,e, € C*(SM, g) Now,
by evaluating the frame e := (eq,...,e,) at a point x € M, we get
a map e, : S" — SO(r) (real case) or e, : S" — SU(r) (complex
case). Since r < gp(n), by Lemma 2.12 this map is constant, and thus
the sections e; have degree 0. In turn, this implies that they define

parallel sections e; € C*°(M, E) over the base M. As a consequence,
([p*E], [p*VE]) = ([FT], [d]) is the trivial flat bundle equipped with the
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trivial flat connection. In turn, it implies that (E, V) is flat with finite
holonomy group. This contradicts the assumption.
O

From the discussion above, we can derive a result on ergodicity of
certain isometric extensions in low rank. For that purpose, define

me(n) = [3(L+V1+8g(n)],  mc(n):=[Vaa(n)],

where gr(n) was defined in (3.6). The following holds:

Theorem 3.10 (Ceki¢-L., 22). Let (M™ g) be a closed negatively-
curved Riemannian manifold with n > 2. Assume that (E,VF) €
AEmF(n) has no holonomy reduction. Then the frame flow (P;)er on
FE is ergodic.

The case dim(M) = 2 will be discussed afterwards in Corollary 3.12.
It can be easily seen that the absence of holonomy reduction is a generic
property among connections. We also formulate an important remark
relating Theorem 3.10 to the study of the ergodicity of the geodesic
frame flow. In [Bri&2, Conjecture 2.9|, Brin conjectured that the frame
flow over negatively-curved manifolds should be ergodic whenever the
Riemannian manifold (M, ¢) admits no holonomy reduction (see the
proof of Proposition 2.22 for the classification of possible holonomy
reductions in negative curvature). Theorem 3.10 therefore proves a
general version of Brin’s conjecture for arbitrary flows of frames (on
pullback vector bundles) but under a low-rank assumption on the bun-
dle. Unfortunately, the usual geodesic frame flow fails to satisfy the
assumptions of Theorem 3.10 because the rank of the tangent bundle
is too high.

Proof. We first deal with the complex case. By construction, the
transitivity group H < U(r) provides an H-invariant Lie subalgebra
h < u(r) of real rank k£ > 0. Note that h # 0 by Lemma 3.9, that
is, k > 1. By the non-Abelian Liv§ic Theorem 1.5, we may consider
7 € C*(SM,7*S*Endg,(F)), the flow-invariant orthogonal projection
whose value at z, is given by the orthogonal projection onto b (here
Endg, denote the skew-Hermitian endomorphisms). By Corollary 2.16,
7 has finite Fourier content, that is, it is a fiberwise polynomial section.
Arguing as in the proof of Lemma 3.8, and using that the real rank of
u(r) is 7%, we get by restricting 7 to an arbitrary sphere S, M ~ S"
(for some 1y € M) a polynomial map S® — Grg(k,r?). This map
needs to be constant by Lemma 2.12 as the condition r < mg¢(n)
implies r? < qg(n). Hence, 7 € C*(M, S?Endy(F)) defines a par-
allel section on M. Since the holonomy group of (F,V¥) is equal to
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U(r) (by assumption) and its adjoint representation splits irreducibly
as u(r) = su(r) ®iRI,, we obtain that 7(z.) # 0 is either 7y (), Mz, or
1. Observe that the last possibility 7(z,) = 1 implies that H = U(r),
that is, (®;)er is ergodic on FE by Corollary 1.4. As a consequence,
it suffices to rule out the first two cases.

If 7(2) = Teu(r), then H is a finite disjoint union of copies of SU(r),
and the effective action of H on det C" = A"C" is that of a finite Abelian
group Z, (for some p > 1) and thus H acts trivially on (det C")®?. In
turn, by the non-Abelian Liv§ic Theorem 1.5 and Remark 1.6 (applied
with o(F) := (det E)®P), the line bundle 7*(det E)®? is transparent
over SM (in the terminology of Paternain [Pat09]), that is, there exists
a flow-invariant section s € C*°(SM, 7*(det £)®P) and this has finite
Fourier content by Corollary 2.16. Restricting to a point zy € M, we
thus a get a polynomial map S® — S! (where S! is the unit circle of
(det E,,)®P) and this map needs to be constant since n > 2. Hence
s € C®(M,(det E)®P) defines a parallel section on the base M, that
is, (det £)®? is the trivial flat line bundle and (E, VF) thus admits a
holonomy reduction, which contradicts the assumptions.

If 7(2.) = mry,, we can consider a finite cover p: M — M as in the
proof of Lemma 3.9, equipped with the pullback bundle (p*E, p*VE),
so that the associated transitivity group H is connected (see also |Lef,
Lemma 3.12]), and thus H = U(1). The induced representation of H on
C" splits as a sum of irreducible representations C" = C @ ... ® C and
thus by the non-Abelian LivSic Theorem 1.5, there exists r smooth
flow-invariant complex line bundles Ly, ..., £, such that 7 (p*E) =
Ly ®...® L, (recall 7 : SM — M is the projection). The orthog-
onal projection m,, € C®(SM,7*(S*p*FE)) onto each factor is flow-
invariant so it is fiberwise polynomial by Corollary 2.16 and thus we
obtain a polynomial map S” — Gre(1,7). The assumption r < m¢(n)
implies r? < gg(n) and using that gg(n) is even, this also implies that
r < gr(n)/2 (arguing separately for the cases n = 2,3 and n > 4).
By Lemma 2.12; the inequality r < ¢(n)/2 then implies that these
algebraic maps are constant, that is, mp, € C(M,S*p*E) is a par-
allel section on the base M and p*E = L, & ... & L, splits as a sum
a parallel complex line bundles. Hence, (p*E,p*V¥) admits a holo-
nomy reduction to U(1) x ... x U(1) € U(r). In turn, this implies
that (£, V) admits a holonomy reduction, which contradicts the as-
sumption if » > 2 (if r = 1 there is nothing to prove since su(1) = {0}).

Let us now deal with the real case. Further assume that r # 1,2, 4;
we will deal with the remaining cases afterwards. As in the complex
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case, the transitivity subgroup H < SO(r) provides an H-invariant Lie
algebra 0 # h < so(r). By the non-Abelian Livsic Theorem 1.5 and
Remark 1.6 applied with 0 = S?A?, we get a flow-invariant projector
7 € C®(SM,n*S?A?E) onto a smooth flow-invariant subbundle of
7*A?E of rank k > 1 (whose restriction to z, is identified with h). As
before, using that the rank of A?E is $r(r — 1), we get by restriction of
T to a sphere S, M ~ S" an algebraic map 7 : S — Grg(k, 37(r — 1)).
By assumption 7 < mg(n) implies that 1r(r — 1) < gr(n) = ¢(n) and
thus this map is constant by definition of ¢(n) and Lemma 2.12. As
a consequence, 7 # 0 is of degree zero and descends on the base to
an orthogonal parallel projector 7 € C*(M, S?A%E) onto a rank k
subbundle. But (F,V¥) has no holonomy reduction by assumption,
so its holonomy group is SO(r) and since SO(r) acts irreducibly on
A’R" (since SO(r) is simple if r # 1,2,4 and A’R" is isomorphic to
the adjoint representation), we obtain that 7 = 1 is the identity, that
is, h = so(r) and H = SO(r). By Corollary 1.4, we conclude that the
frame flow (®;)ser is ergodic on FE.

For r = 4, we need to slightly adapt the argument. First of all, ob-
serve that the assumption r = 4 < mg(n) yields ¢(n) > 6 > ¢(4) = 4,
that is, n > 4 as n — ¢(n) is non-decreasing by Lemma 2.10. As be-
fore, up to taking a finite cover, we can also directly assume that H is
connected. Now, A?R* splits as A2R* = ATR*@A~R?, the space of self-
dual and anti self-dual 2-forms, which give non-isomorphic irreducible
representations of SO(4) (see Proposition 2.22 below where this is fur-
ther discussed). Hence, the section 7 # 0 is either 1 (in which case, the
frame flow is ergodic) or mp+gs, one of the two orthogonal projections
onto ATR?*. In both cases, since H is connected, we obtain that H is
equal to one of the two SU(2) factors of SO(4) ~ SU(2) x SU(2)/Zs.
Hence, H acts trivially on either ATR* or A~R* and, without loss of
generality, we can assume that it acts trivially on A~R*. Applying
once again Theorem 1.5, we deduce that, in particular, 7*A~ F admits
a flow-invariant section s € C*°(SM,n*A~FE). This yields a polyno-
mial mapping S — S? which is necessarily constant since n > 4 (by
the preliminary remark) so s € C>°(M, A~ E) is a parallel section. But
then, this contradicts the assumption that (E,V¥) has no holonomy
reduction.

For r = 2, either H = SO(2) (ergodicity) or H is a finite Abelian
group, in which case we can directly assume (up to taking a finite cover
of M) that H = {0}. But then, there exists by Theorem 1.5 a flow-
invariant section s € C*°(SM,n*FE) which must be of degree 0 by the
same arguments as before, that is, s € C*°(M, E) is parallel. In turn,
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this implies that (E,V¥) = (R2,d) is the trivial flat bundle, which
contradicts the holonomy assumption. Eventually, the case » = 1 is
empty. This concludes the proof. 0

Note that, in the complex case, further assuming that the connec-
tion (E,V¥) € AC preserves the determinant, one can replace U(r)
by SU(r) in the argument and mc(n) is then replaced by mg(n) :=
V/IT ().

If € is a real vector bundle over SM, one can also consider the lift
(®y)ier of the geodesic flow to SE, the unit sphere bundle of £ over SM,
given by parallel transport of sections of £ along geodesic flowlines.

Corollary 3.11. Let (M™, g) be a closed negatively-curved Riemann-
ian manifold and n > 4. Let (E,V¥) € AR, be an orthogonal connec-
tion on a real vector bundle E — M such that r := rank(E) < 4.
Further assume that it is irreducible and that it does not have a finite
holonomy group. Then (®y)er is ergodic on SE.

Proof. We deal with the case r = 4, the other cases being similar.
Observe that gg(n) > qr(4) = 4 by Lemma 2.10 and (2.23). Using
Lemmas 3.9 and 3.8, the transitivity group H < SO(4) acts irreducibly
on R* and is not finite. The only possibility is that H contains SU(2).
But then, since SU(2) acts transitively on S* ~ SU(2), we can conclude
by Theorem 1.2 that the flow (®;):cr is ergodic on SE. O

For surfaces, the situation is slightly different but it involves studying
the limiting case where the rank has the dimension of the base. If
(M?,g) is a (closed oriented) Riemannian surface, let (TgEM)M0 ==k —
M be the canonical line bundle. Using the Gysin exact sequence, it
can be checked that £ := m*k — SM is trivial. Moreover, letting V¢
be the Levi-Civita connection on &, the induced frame flow (®;)cg on
FE& — SM is trivial in the sense that it has trivial transitivity group
and is thus conjugate to the flow (¢, Ly))ier on SM x U(1) ~ FE ~
SE. In the terminology of Paternain [Pat09], the pair

k= (k, V) € AT

defines a transparent connection, that is, its holonomy along every
closed geodesic is trivial. The following is actually just a reformula-
tion of Proposition 2.5.

Corollary 3.12. Let (M?,g), be a closed Anosov Riemannian surface.
Let a := (E,V¥) € AS be a unitary connection on a complex line
bundle E — M. Then the frame flow (®y)ier on FE — SM s ergodic,
unless there exists p € Z>o,m € Z such that a®? = k®™.
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Equivalently, the last equality can be written
a = ((H®m)®1/p7 (vgén)(@l/p)’

where the index ®1/p stands for the p-th unit root. Topologically, the
p-th unit root of the line bundle kK®™ — M, when it exists, is always
unique. Actually, it exists if and only if the first Chern class of k®™ is
divisible by p, that is, mc; (k) = m(2g — 2) is divisible by p (where g is
the genus of M), and it is then given by the unique complex line bundle
over M whose first Chern class is m(2g — 2)/p. However, (V&a)®1/p
is not unique and the choice of such an p-th root of the connection is
parametrized by H'(M,Z/pZ) = (Z/pZ)* (see |[For81, Section 21]).

Proof. The proof follows from the above description and earlier ob-
servations due to Paternain, see [Pat09, Theorems 3.1 and 3.2|. In-
deed, assume that the frame flow (®;);cr is not ergodic. Then the
transitivity group H < SO(2) is finite, that is, H = Z/pZ for some
p € Z>,. But then the frame flow (®7?);cr induced by a®? has trivial
transitivity group. This is equivalent to saying that a®? is transparent
(the holonomy is trivial along every closed geodesic loop). Now, Pa-
ternain [Pat09] classified all transparent connections on complex line

bundles over Anosov surfaces and found that they are precisely given
by {k®™ | m € Z}. O






75

4. LENS RIGIDITY OF ANOSOV MANIFOLDS

4.1. Statement of the problem. Main results. The result of this
paragraph can be found in [CGL22]|.

4.1.1. Lens data of Riemannian manifolds. Let (M,g) be a smooth
connected Riemannian manifold with strictly convex boundary (i.e. the
second fundamental form is positive on OM). Let M := SM be the
unit tangent bundle of (M, ¢g) and define the incoming (-) and outgoing
(+) boundary of M as:

OM :={(x,v) e M | x € OM, +g,(v,v(zx)) > 0},

where v is the unit outward pointing normal vector to the boundary.
For any (z,v) € 0-M, the maximally extended geodesic 7., with
initial condition ¥(z,.,)(0) = @, Y2y = v is defined on a time interval
[0, €,(z,v)] where £,(z,v) € Ry U{oo}. When {,(x,v) < 0o, we define

Sg(:IZ, U) = (7(90,1)) (£g<x7 U))7 ;Y(m,v) (Eg(x7 U)))
to be the outgoing tangent vector at 0, M, see Figure 4.

Definition 4.1 (Lens data). The map S, : O-M\{{, = 0o} — 0, M is
called the scattering map and the function ¢, : O_M\ {{, = 0o} — Ry
the length map. The pair (¢4, S,) is the lens data of the Riemannian
manifold (M, g).

The lens data encodes the boundary data one can measure on the
geodesic flow from “outside of the manifold”. A natural inverse prob-
lem that arises from tomography consists in determining the geometry,
namely, the Riemannian metric g inside M, from the measurement of
the lens data (¢,,5,). In geophysics, this is related to recovering the
speed of propagation of waves inside a domain such as the Earth, for
instance, see [PSU14b|. When two metrics g and ¢’ agree on M, it
makes sense to say that they have the same lens data as there is a
natural identification between the boundary of their respective unit
tangent bundles via the unit disk bundle of the boundary. The lens
rigidity problem is concerned with the following question:

Question 4.2. Assume that (M,g) and (M',¢') are two Riemannian
metrics with strictly convex boundary such that there exists an isome-
try I € Diff(OM,0M’) with I*(¢'|ronr) = glren- Does the following
implication

(ly,Sy) =I*(Ly,Sy) = I € Diffeo(M, M"), Y|ops =1, ¢ =g
hold true?
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We say that a manifold (M, g) is lens rigid if there is no other
Riemannian manifold (up to isometry) having the same lens data as
(€g,S,). In the following, in order to simplify the notation, we will
assume that M = M’, I = id.

Sg(ma v)

FIGURE 4. A surface with strictly convex boundary which is not
lens rigid. Example taken from [CH16].

There are simple counter-examples of manifolds for which lens rigid-
ity does not hold: considering certain perturbations of the flat cylinder
S x [0, 1] (see Figure 4 and [CH16] where this is further discussed), one
can easily obtain non-isometric metrics with same lens data. Such cases
have trapped geodesics, that is some maximally extended geodesics with
infinite length, or equivalently ¢,(z,v) = oo for some (z,v) € 0_M.
It turns out that all existing counter-examples to lens rigidity have
trapped geodesics.

4.1.2. Lens rigidity for non-trapping manifolds. Even among manifolds
without a trapped set, the lens rigidity problem is still widely open.
The recent breakthrough of Stefanov-Uhlmann-Vasy [SUV21]| is the
closest result in this direction, showing lens rigidity in dimension n > 3
under the additional assumption that the manifold (M, g) is foliated
by strictly convex hypersurfaces. This includes all simply connected
non-positively curved manifolds with strictly convex boundary. In the
class of real analytic metrics such that from each x € OM there is a
maximal geodesic free of conjugate points, the lens rigidity was proved
by Vargo [Var09]. A local lens rigidity result was also proved near an-
alytic metrics by Stefanov-Uhlmann [SU09| under certain assumptions
on the conjugate points.

There is also a subclass of metrics that have attracted a lot of atten-
tion since the work of Michel [Mic82|, namely the class of simple man-
ifolds, which are manifolds with strictly convex boundary that have no
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trapped geodesics and no conjugate points. These manifolds are dif-
feomorphic to the unit ball in R™. In this case, knowing the lens data
is equivalent to knowing the restriction dgy|onrxonm of the Riemannian
distance function d, € C°(M x M) to the boundary, also called the
boundary distance. The lens rigidity problem for this subclass of met-
rics is also called the boundary rigidity problem. In dimension n = 2,
it was proved by Otal [Ota90b] (in negative curvature), Croke [Cro91]
(in non-positive curvature), and Pestov-Uhlmann [PUO05] (in general)
that simple surfaces are boundary rigid, and thus lens rigid. We also
mention the results by Croke-Dairbekov-Sharafutdinov [CDS00] and
Stefanov—-Uhlmann [SU04| for local boundary rigidity results, the work
by Gromov [Gro83] and Burago-Ivanov [BI10] for rigidity results of flat
and close to flat simple manifolds, and we finally refer more generally to
the review article by Croke [Cro04] and the recent book of Paternain—
Salo-Uhlmann [PSU22| for an overview of the boundary rigidity prob-
lem.

4.1.3. Lens rigidity for manifolds with non-empty trapped set. In most
situations, trapped geodesics appear since all Riemannian manifolds
(M, g) with strictly convex boundary and non-trivial topology, i.e. non-
trivial fundamental group, always have trapped geodesics (and they
even have closed geodesics in the interior M°). As far as manifolds
with trapped geodesics are concerned, very little is known on the lens
rigidity problem. It is not even clear what would be the most general
class of manifolds for which lens rigidity could hold and the example
above in Figure 4 shows that it seems hopeless to consider general
manifolds with both trapped geodesics and conjugate points.

The only result considering cases with both trapped geodesics and
conjugate points seems to be the local rigidity result of Stefanov-
Uhlmann [SU09]. In dimension n > 3, under a certain topological
assumption, it is proved that if (M, go) is real analytic'®, with strictly
convex boundary, and for each (x,v) € SM there is w € v* such that
the maximally extended geodesic tangent to w at z has finite length
(it is not trapped) and is free of conjugate points, then the follow-
ing holds: if g is another metric with ||g — go||c~ small enough for
some N > 1 and ({,, S;) = ({y,, Sy, ), then g and g, are isometric via a
boundary-preserving diffeomorphism. On the other hand, it is not clear
(geometrically speaking) what type of manifolds are contained in this
class and there are many interesting geometric cases not contained in
it. For example, there exist convex co-compact hyperbolic 3-manifolds
M :=T\H? (with constant sectional curvature —1) whose convex core

130r more generally if a certain localized X-ray transform is injective.
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C has positive measure and totally geodesic boundary. Thus, cutting
the ends of such examples at a finite positive distance of C, one obtains
a metric not satisfying the assumptions of [SU09| due to the totally
geodesic surfaces bounding C.

From our point of view, there is a very natural class of metrics with
non-trivial trapped set where the lens ridigity problem seems well-posed
and interesting from a geometrical point of view. We call elements of
this class manifolds of Anosov type; it contains as a strict subclass the
set of negatively-curved metrics with strictly convex boundary.

Definition 4.3. A Riemannian manifold (M, g) with boundary is of
Anosov type if:
(i) it has strictly convex boundary,
(ii) no conjugate points,
(iii) the trapped set for the geodesic flow (¢f)ier on M = SM,
defined by
K9 .= ﬂgof(MO) C M°,
teR
is hyperbolic in the following sense. There exists a continuous
flow-invariant splitting

Vye K9, T,M=RX,(y)® E_(y) ® E(y),

where X, is the geodesic vector field, and constants v,C > 0

such that
V20, Vye K YoeEx(y), [|def(y)oll < CeMv], (4.1)
for an arbitrary choice of metric || - || on M.

Example 4.4. The main two examples of manifolds of Anosov type
are:

(i) Riemannian manifolds with negative sectional curvature and
strictly convex boundary (see [K1i95, Theorem 3.2.17 and Sec-
tion 3.9]),

(ii) strictly convex subdomains of closed Riemannian manifolds with
Anosov geodesic flows.

Manifolds of Anosov type have a trapped set with fractal structure
and zero Lebesgue measure. It implies that almost-every point in M
is reachable from geodesics with endpoints on d M. This case can be
interpreted as an intermediate rigidity problem between the length spec-
trum rigidity of manifolds with Anosov geodesic flows, where one asks
if the lengths of closed geodesics determine the metric up to isometry,
and the boundary rigidity problem of simple manifolds. In the closed
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case, Vignéras [Vig80| exhibited counter-examples to the length spec-
trum rigidity: in constant negative curvature, there are non-isometric
metrics on surfaces with the same length spectrum. The well-posed
rigidity problem is rather that of the marked length spectrum prob-
lem, also known as the Burns-Katok conjecture [BK85]. Similarly, for
manifolds with boundary and non-trivial topology, the same problem
of “marking" of geodesics is a serious difficulty. The first natural ques-
tion one may consider is the following, known as marked lens rigidity or
marked boundary rigidity problem for Riemannian manifolds of Anosov

type.

Definition 4.5 (Marked lens data). Let g1, go be two metrics of Anosov
type on M. We say that ¢g; and g, have the same marked lens data
if for each (z,v) € _-M \ {{, = oo} one has ({4, (x,v), S, (z,v)) =
(€g,(x,v), Sy, (x,v)) and the g;- and go-geodesics with initial conditions
(x,v) are homotopic via a homotopy fixing the endpoints.

Technically, having same marked lens data is the same as having
same boundary distance function on the universal cover M (which is
now a non-compact space). It is important to observe that the absence
of conjugate points is necessary in order to even define the notion of
marked lens rigidity as one needs uniqueness of geodesics with fixed
endpoints x, 2’ on dM in each homotopy class of curves with fixed
extremities z,2’. The following conjecture is somehow similar to the
Burns-Katok conjecture in the closed case and to the boundary rigidity
problem of negatively curved simple metrics:

Conjecture 4.6 (Marked lens rigidity of manifolds of Anosov type).
Let M be a smooth manifold with boundary and assume that gy, gs are
two smooth metrics of Anosov type on M in the sense of Definition
4.3, such that gi|romy = G2lremy. If g1 and go have same marked
lens data, then there exists a smooth diffeomorphism 1, homotopic to
the identity and equal to the identity on the boundary OM, such that

Vg2 = g1.

In dimension 2, Conjecture 4.6 was proved by Guillarmou-Mazzuchelli
in [GM18] using the method of Otal [Ota90a], and in higher dimensio,
we proved it in [Lef18] for pairs of metrics g1, g2 that are close enough in
C* norm for k > 1 large enough (local marked lens rigidity). However,
it is still open in general. The fact that there is no smooth 1-parameter
family (gs)se(—1,1) of non-isometric negatively curved metrics with the
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same marked lens data'? is called infinitesimal rigidity and was proved
by Guillarmou [Guil7h].

Here, we consider the more difficult problem of lens rigidity in the
class of manifolds of Anosov type. Since, contrary to the closed case,
there are still no counter-examples to lens rigidity, we make the follow-
ing conjecture of lens rigidity in the class of metrics of Anosov type:

Conjecture 4.7 (Lens rigidity of manifolds of Anosov type). We let
(M, q1), (Ma, g2) be two smooth Riemannian manifolds of Anosov type
such that (8M1791|3M1) = <8M2a92|8M1)' If (6917 591) = (fgm ng): then
there exists a smooth diffeomorphism 1, equal to the identity on the
boundary, such that V*gs = g1.

There are already partial answers to Conjecture 4.7:

(i) In dimension 2, Croke and Herreros [CH16] proved that cylin-
ders with negative curvature and strictly convex boundary are
lens rigid,

(ii) In dimension 2, Guillarmou shows in [Guil7b]| that the scatter-
ing map S, determines (A, g) up to conformal diffeomorphism
fixing the boundary. Recovering the conformal factor of the
metric is still an open question.

(iii) In dimension n > 3, Stefanov-Uhlmann-Vasy [SUV21| proved
that for general metrics with strictly convex boundary, the lens
data determines the metric in a neighborhood of OM; applying
this result in the setting of negatively curved manifold, one
can recover the metric outside the convex core of the manifold
(which contains the projection of the trapped set).

(iv) In [GGJ22], Bonthonneau-Guillarmou-Jézéquel recently proved
Conjecture 4.7 under the extra assumption that (M, g1), (Ma, g2)
are real analytic, but only using the equality S, = Sy, of the
scattering maps.

Our first result is the following local rigidity result answering Con-
jecture 4.7 for metrics close to each other.

Theorem 4.8 (Ceki¢-Guillarmou-L., '22). Let (M, go) be a Riemann-
ian manifold of Anosov type. Assume that either dim M = 2 or that
the curvature of go is non-positive. Then there exists N > 1,0 > 0
such that the following holds: for any smooth metric g on M such that
lg — goller < 0, if (g, Sy) = (Lgy,Sy,), then there exists a smooth
diffeomorphism ¢ : M — M such that ¥|gy = id and ¥*g = go.

1410 this case, having the same marked lens data is equivalent to having the same
lens data.
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More generally, Theorem 4.8 holds under the general assumption
that go is of Anosov type and that its X-ray transform operator I3* on
divergence-free symmetric 2-tensors is injective, see (4.2) for a defini-
tion of I§°. The fact that I3° is injective on divergence-free tensors was
proved in [Guil7b] in non-positive curvature and in general on Anosov
surfaces by |Lefl9a| (without any assumption on the curvature). It
was also proved in [GGJ22| that I3° is injective for real-analytic met-
rics go which implies that generic smooth metrics of Anosov type have
an injective X-ray transform operator I3°; generic injectivity of I§° fol-
lows from [CL21b| as well, admitting also Theorem 4.10 below. As a
corollary of Theorem 4.8, we obtain:

Corollary 4.9. Let (M, gy) be a negatively-curved Riemannian man-
ifold with strictly convex boundary. Then, there exists N > 1,0 > 0
such that the following holds: for any smooth metric g on M such that
lg — goller < 0, if (g, Sy) = (Lyy,Sy,), then there exists a smooth
diffeomorphism 1 : M — M such that ¥|spy = id and ¥*g = go.

We observe that Corollary 4.9 and Theorem 4.8 are not a consequence
of [SU09| (nor of [SUV21]) mentioned above since: 1) our result con-
tains the case of surfaces (dimension n = 2); 2) the assumption on the
trapped set in [SU09] does not cover all hyperbolic trapped sets (typ-
ically, the example M = T\ H?® mentioned above is not covered when
the boundary of the convex core C is totally geodesic), whereas we do
not make any specific assumption on the topology, and neither do we
assume that gy is analytic or that it has an injective localized X-ray
transform. Theorem 4.8 is also clearly stronger than the marked local
rigidity result we obtained in [Lef18], since we are now able to remove
the marking assumption on the lens data.

4.2. Proof ideas. The removal of the marking assumption is not sim-
ply a technical artefact but a crucial aspect of Theorem 4.8. Indeed,
without the marking assumption, one can no longer use the fact that
the geodesic flows of g and gy are conjugate with a conjugacy preserv-
ing the Liouville measure. This conjugacy was a fundamental aspect
of both proofs of |[GMI18, Lefl8|. In the proof of Theorem 4.8, one
has to rely on a completely different argument, which is the linearisa-
tion of the pair (¢,,S,). Nevertheless, since g has a big set of trapped
geodesics (typically a fractal set), this creates many singularities for
(¢4,5,) and its linearization. The analysis one has to perform is then
quite involved. Omne needs to combine several different key tools, in
particular:
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(i) the proof of the C%-regularity with respect to ¢ of the operator
Sy 1 C®(04M) — D'(0_-M) defined by S,f = f o Sy, see
§4.2.1:

(ii) the exponential decay in ¢ — oo of the volume of points (z,v) €
M = SM that remain trapped for time t;

(iii) an elliptic estimate for the normal operator Ily := I51,, see
§4.2.9.

4.2.1. Smoothness of the resolvent. The first item is obtained by re-
proving certain results of [DG16] on the resolvent of an Axiom A vec-
tor field X, but now with an explicit control of the dependence with
respect to the vector field X. In particular, as a byproduct of this
analysis we show the following result that could prove useful for other
applications such as Fried’s conjecture for manifolds with boundary, in
the spirit of [DGRS20]:

Theorem 4.10. Let M be a smooth manifold with boundary and let
Xo be a smooth vector field so that OM is strictly convex for the flow
of Xo. Assume that the trapped set KX0 := Myepi®(M°) of the flow
(@i(o)tE]R of Xo 1s hyperbolic. Then, there exist 6 > 0, N > 1, such
that for all X € C®(M,TM) with || X — Xo|lcv < 6, the following
holds:

(i) the resolvent RX(z) := (=X +2)~": L2 (M) — L*(M), initially
defined in the half-plane {z € C | R(z) > 1}, extends meromor-
phically to C as a bounded operator R*(z) : Cg5, (M°) —
DI(M?),

(ii) if z9 € C is not a pole of RX°(z), then the map
C®(M, TM) > X — R*(2) € L(CZ, (M°),D'(M°)),

comp
is C?-reqular’ with respect to X.

Here, we denote by L(A, B) the space of continuous linear maps
between functional spaces A and B. In fact, we prove the result in
anisotropic Sobolev spaces, but only need it in the distributional sense.
We show that the scattering operator S, has a Schwartz kernel that
can be written as a restriction of the Schwartz kernel of R¥s(0) on
- M x 9, M, implying that the map g — S, is C*-regular as operators
acting on some appropriate Sobolev spaces.

5Even though we only need C2, our proof actually shows it is C* for all k € N.
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4.2.2. Elliptic estimate. We let
I : C°°(M, S*T*M) — L (0_-M\ {{,, = })

be the X-ray transform on symmetric 2-tensors with respect to gy,

defined as
Lgg (z,v)
R R CTORTO (12)
0

if p¥°(z,v) = (y(t),74(t)) € M. This operator appears as the differen-
tial of the length map g — ¢,(z,v) with respect to the metric g (at go)
and therefore plays a fundamental role in the study of the lens rigidity
problem.

Obviously, the operator I3° has a big kernel which contains at least
the tangent space to the orbit of the metric gy under the action of the
group of diffeomorphisms equal to the identity on the boundary 0M.
One can actually show that the space of symmetric 2-tensors on M
splits as

C>(M,S*T* M) = ker D} |coo(ar,527- 31y ® Do (C5° (M, T*M)), (4.3)

where Dy, is the symmetric derivative and Dy its adjoint, see §2.3.3
where these operators were introduced, and C5°(M,T*M) denotes 1-
forms vanishing to first order on the boundary dM. The tensors Dy, p in
(4.3) are called potential tensors and are equal to Dy p = Ly go, where
V := p* is the vector field identified to p via the metric. In other words,
potential tensors give the tangent space at gy to the orbit O(gy) =
{¢*g0 | ¢ € Diffeo”(M)}. The tensors in ker D} are called divergence-
free or solenoidal tensors and correspond to a genuine variation of the
Riemannian structure. It is immediate to check that

Dy, (C3(M,T*M)) C ker I, (4.4)

and the question is: how bigger is this kernel? It is conjectured
that generically (4.4) should be an equality, and that it should al-
ways be an equality for Anosov manifolds. This is known for instance
on all negatively-curved manifolds with strictly convex boundary, see
[Guil7b].

An important operator to consider is the normal operator 113° :=
(I8°)*I5° which enjoys good analytic properties. Roughly speaking,
this is a pseudodifferential operator of order —1, elliptic on solenoidal
tensors , but the presence of the boundary M creates some difficulties
to understand its precise behaviour. As a consequence, it is usually
easier to embed artificially (M, go) in (M., goe) D (M, go), a Riemannian
extension of the manifold (M, gy) which is also of Anosov type in the
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sense of Definition 4.3. We will denote by
Ey: L*(M,S™T*M) — L*(M,, S™T*M,)
the operator of extension by 0.

Proposition 4.11. Let (M, gog) be a manifold of Anosov type, and
further assume that IS° is solenoidal injective. Let (M, goe) be an ex-
tension of Anosov type of (M, q). Then, there exists C > 0 such that
forall f € L*(M, S*T*M) Nker D} :

£l z2any < CITE Eo f |l 12 (ase-

Proposition 4.11 is based on the study of the geodesic flow resolvent
a la Dyatlov-Guillarmou [DG16] on anisotropic Sobolev spaces and also
relies on the injectivity of 15°.

4.2.3. Ending the proof. The strategy of the proof then goes as follows.
First of all, we put the metric g in solenoidal gauge (with respect to go),
namely we find a first diffeomorphism « € Diff (M) such that |5y, = id
and ¢’ = 1¢*g is divergence-free with respect to go.

We then show the following key estimate: there are C,p > 0 such
that, if (y,,S,,) = ({4,5,) and ||¢’ — gollcv < ¢ for some small § > 0,

then

1
15°(9" = go)llzr-s(0-r1) < Cllg’ = goll ¥ {as g2 nry: (4.5)

The proof of this estimate is involved. It is based on some com-
plex interpolation argument using the holomorphic map C > z —
e~ [§°(¢' — go) and the C?-smoothness of the scattering map g — S,
as a continuous map from C*(9; M) to H %(0_M). It also relies on
some volume estimates on the set of geodesics trapped for time ¢ — oo
that follow from [Guil7bh].

Finally, slightly extending (M, go) to some (M., goe), using the map-
ping properties of the adjoint (I3°°)*, interpolation arguments, and
(4.5), one obtains for h := ¢’ — go:

1Rl z2 < CIIIS" Eohllm < C|AllGH:, (4.6)

where Ej is the zero extension operator to M., T13* = (I5°)* I3 is the
normal operator, and the estimate on the left is an elliptic estimate of
Proposition 4.11. Tt is left to interpolate CV between L? and CV in
(4.6), where N’ > N, to get for some 0 < ' < p:

12llz2 < Cl[h||2]|RlIEy < CllA2Mlg = gollf-
For ||g — go||cv small enough, this readily implies that ¢' = ¢*g = go,
concluding the proof.
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5. GEODESIC LEVY FLIGHTS AND EXPECTED STOPPING TIME FOR
RANDOM SEARCHES

5.1. Lévy flight foraging hypothesis. The Lévy flight foraging hy-
pothesis is a well-known hypothesis in the field of biology asserting
that animals foraging behaviours should be modelled by Lévy flights
insofar as they may optimize search efficiencies. While this hypothesis
has been around for more than twenty years, it is still controversial
and subject to many research articles investigating whether Brownian
motion or Lévy flights are optimal search strategies [PCM14, SK&6,
VDLRSI1, BN13, BLMV11, DGV22]. The purpose of this chapter is
to shed a new theoretical light on this question by means of a precise
mathematical study.

More precisely, we will investigate the narrow capture problem which
consists in finding a small target in space for a motion whose law is
that of a Lévy flight. The interesting quantity to understand then is
the expected capture time, namely, the expected time that a process
starting at a given point p will eventually find the target. This small
target typically models a prey hunted by a predator whose foraging
behaviour is modelled by the Lévy process. The Lévy flight foraging
hypothesis can then be phrased as follows: is the expected capture time
significantly lower if one uses a search based on Lévy flights rather than
on Brownian motion?

For bounded domains in the Euclidian space, there are various search
strategies based on Brownian motion and in this case an important set
of literatures already investigated the expected time of finding small
targets [SSHO8, SSH06, GC15, CWS10, CF11, AKKL12]. However,
while the background geometry of many animal foraging behaviours
and constraint optimization searches are naturally curved, we have
only recently started addressing the question of expected stopping time
for Brownian motions on Riemannian manifolds [NTTT22, NTT21b,
NTT21a]. Thus far, nothing has been done for stopping time for Lévy
flight based searches even in flat geometry. We address this question
here for a class of isotropic pure jump Lévy processes introduced by
Applebaum-Estrade [AE00]. In particular, we investigate the asymp-
totics of the expected stopping time for a Lévy flight based random
search to find a target the size of a small geodesic ball whose radius
converges to zero.

5.2. Statement of the problem. Main results. The results of
this paragraph can be found in [CGLT22]. We assume throughout
that (M, g) is a smooth closed (that is, compact without boundary)
connected n-dimensional Riemannian manifold with n > 2. We let
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(X1)i=0 be a cadlag semi-martingale on M which is an isotropic Lévy
process in the sense of [AE00], induced by the isostropic Lévy measure
AT, (v)

A |fU|Z+20{’

vp(4) = C(n,q)

ACT,M, aec(0,1) (5.1)

on each tanget space. Here T, is the volume form on 7),M induced by
the metric g|7,» and C(n, ) is the constant'®

4°T'(n/2 + «)

2l (—a)|
Fix pp € M and let B.(py) be the open geodesic ball of radius € > 0
centered at pg. We define the expected stopping time as:

7. = inf {t >0 X, € Be(po)} and wu.(q) =E (7. | Xo=4¢q), (5.3)

for each ¢ € M.

Below, we will denote by S™ the Riemannian n-dimensional sphere
equipped with the round metric and by T" := R"/Z" the n-dimensional
torus with the flat metric. We say that a manifold is Anosov if its
geodesic flow is Anosov on its unit tangent bundle. In particular, this
includes all negatively-curved manifolds.

We will prove the following result.

Theorem 5.1 (Chaubet-Guedes Bonthonneau-L.-Tzou, '22). Assume
that M = S™, T™ or is Anosov. Then the following holds.

(i) There is c¢(n,a) > 0 such that the average of u. has the expan-

s10n
M
|M|/ usdvoly ~ | !’S(ZL 04)7 e — 0.

C(n,a) = (5.2)

(ii) For each p # py € M (and p # —pg if M =S"),
1
ua(p) - _/ uEdVOIQ — |M|G27<p7p0)7 € — 07
| M Ja

where G is the Green’s function of the generator of (X;)i=o
(see Theorem 5.5 and Corollary 5.6).

(ii) If M = S", n > 1+ 4a and 1 > (n — 4)a then for some
&(n,a) #0,

1
ue(—po) — i uadvolg

16This constant is chosen to be consistent with the definition of the fractional
Laplacian on R™, which is the infinitesmial generator of 2a-stable isotropic Lévy
processes in Euclidean space.

[Mlé(n, a)

5n7174a ?

e — 0.
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We will state below more precise results (Theorems 5.7 and 5.9)
giving an explicit expression of the constants and the size of the re-
mainders. While such results exist for Brownian motions in Euclidean
domains [SSHO8, SSHO6, GC15, CWS10, CF11, AKKLI12] and on gen-
eral manifolds [NTTT22, NTT21b, NTT21a|, this is the first such de-
tailed analytical calculation for Lévy flights for such a broad class of
geometries.

We emphasize that Theorem 5.1 shows that the asymptotics of the
deviation of the expected stopping time from its average heavily de-
pends on the underlying geometry. In particular on the sphere, antipo-
dal points are conjugate'’, and this leads to a singular behavior of the
expected stopping time at those points. Nevertheless, we expect that
point (i) of Theorem 5.1 should remain valid for general Riemannian
manifolds, regardless of the geometry. Theorem 5.1 follows from a de-
tailed study of the analytic properties of the generator 7 of the Lévy
process, see Theorems 5.5 and 5.4 below.

We finally observe that in the physical dimensions n = 2, the ex-
pected stopping time for the Brownian motion was shown to be of
size O(]loge|) in [NTTT22] whereas it is here of size O(e~(272%)) by
Theorem 5.1.

5.2.1. Results on the generator. While it is well understood that the in-
finitesimal generator for 2a-stable jump processes on Euclidean spaces
are precisely the fractional powers of the Laplacian, the same may not
hold for Lévy processes on closed compact Riemannian manifolds. In
fact it was shown in [AE0O] that if (X;):>0 is a cadlag semi-martingale
valued in a Riemannian manifold (M, g), then it is an isotropic Lévy
process iff it is a Feller process with infinitesimal generator aA, + 27
for some constant a > 0 and for u € C*(M),

u(p) = p.v. / (u(exp,(v)) — u(p)) vp(dv). (5.4)
veETR M\0

Here p.v. means that we take the principal value of the integral, {v},},en

is a field of measures on T, M induced from an isotropic Lévy measure

v on R™ by v,(A) = v(r~'(A)) whenever 7(r) = p and r € FM is an

element of the orthonormal frame bundle over M. Alternatively, one

can re-write the principal value of the integral (5.4) as

%/veTpM\o (u(exp,(v)) + u(exp,(—v)) — 2u(p)) vp(dv).

170n the sphere, conjugate points correspond to pair of points that may be
connected by a non-trivial continuous one-parameter family of geodesic paths.
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Note that thanks to the isotropic assumption on v, this definition is
independent of the choice of frame r € F'M.

When the leading term in the generator is aA, (i.e. a > 0), some
mapping properties were analyzed in [AB21]. However, not much is
known about the case when a = 0 (i.e. the process is "pure jump").
This is due to the fact that (5.4) is now the dominant driver of the pro-
cess and integrating the exponential map is difficult to control beyond
the injectivity radius on a general Riemannian manifold. We address
this challenge for a broad class of Riemannian manifolds.

Throughout the chapter, we make the choice

V(A) = C(n, a) /A W%dv, ae(0,1), (5.5)

for the Lévy measure, which is motivated by the fact that such pro-
cesses on R™ are generated by the fractional Laplacian on the Euclidean
space. Note that after pulling back by an element of the fiber of the
orthonormal frame bundle F'M over p € M, this measure becomes the
Lévy measure on T,,M described earlier in (5.1).

We will prove:

Theorem 5.2 (Chaubet-Guedes Bonthonneau-L.-Tzou, '22). We let
(X¢)i=0 be a cadlag semi-martingale valued on a Riemannian manifold
(M, g) which is either S™,T" or Anosov. If it is an isotropic Lévy
process with pure jump induced by the Lévy measure (5.1), then its
infinitesimal generator <7 is a mon-positive Fredholm operator

o WM — WE2em(Af),

for all s € R,m € (1,00), that has discrete spectrum with one dimen-
stonal null-space and co-kernel.

We now give more details on our results on the generator on this
Lévy process. The explicit presence of the exponential map in (5.4)
suggests that the behaviour of ./ depends more on the geometry and
the dynamics of geodesics than the fractional Laplacian. If M = T" =
R™/Z™ is the flat torus, the operator &/ happens (not surprisingly) to
be the fractional Laplacian:

Theorem 5.3. If (M, g) is the torus T", the infinitesimal generator
given by (5.4) is
—a = (_A)a7

where A is the non-positive Laplace operator on T™. In particular, <f
1s an elliptic, classical, pseudo-differential operator of order 2c.
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This result is a byproduct of [AH14, Example 1| but can also be
obtained by a simple explicit computation. Obviously, for general Rie-
mannian manifolds, such an explicit computation will not be available.
It turns out that in the case of the round unit sphere, &7 does not in
fact resemble the fractional powers of the Laplacian and is actually a
Fourier Integral Operator. On the unit sphere with round metric, we
denote by _# : D'(S") — D'(S™) the pullback by the antipodal map.
We will prove that the following result holds.

Theorem 5.4. If (M, g) is the sphere S, the infinitesimal generator
given by (5.4) can be written

A = oo+ ly+ Ay F

where for each £ = 2a,0,—1, < € V(M) is a classical formally
selfadjoint pseudodifferential operator of order £. The operators ot
and </, have principal symbols 0., (z,n) = —n2* and o, (z,7) =
c(n)|nl;t, for some constant c(n) > 0. All operators commute with the

operator ¢ .

We shall see that since the integral kernel of &7 has singularities at
both p = g and p = —¢ (antipodal point), it cannot be the fractional
Laplacian. It is natural to deduce that the complications arising on the
sphere are due to geodesics focusing at a single point (i.e. conjugate
points). If we make assumptions about the manifold (M, g) as to rule
out such behaviour, we should expect @ to have a simpler expression.
This is indeed the case if we assume that (M, g) is Anosov. We will
prove the following result.

Theorem 5.5. If (M,qg) is a closed connected Anosov Riemannian
manifold, the infinitesimal generator given by (5.4) can be written

A = aho +

where for each { = 2a,0, o, € W4 (M) is a classical formally selfadjoint
pseudodifferential operator of order (.

More precisely, for each x € C°(R,[0,1]) such that x(t) =1 fort
near 0 and supp(x) C [0,73./2], where ry,; is the injectivity radius of
(M, g), the operator (5.4) writes

inj

Fu(p) = C(n,«) p.v./ x (dist, (p, q)%%]@, q)dvol,(q)

+ w(p)u(p) + y K(p, q)u(q)dvoly(q)

(5.6)
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for some smooth functions w € C*°(M) and K € C*°(M x M). Here
we set J(p, q) = det dgexp, ™.

An immediate observation is that when (M, g) is Anosov, the result
of Theorem 5.5 implies that the operator 7 is an elliptic pseudodif-
ferential operator with principal symbol o, (x,§) = —|n[2* if o > 1/2
and 0(z,&) = —|n|2* + 0o (2,€) if @ < 1/2. Also remark that, when
(M, g) is Anosov, the trace formula of Duistermaat-Guillemin [DG75b]
implies that the spectrum of &7 determines uniquely the lengths of pe-
riodic geodesics.

Theorems 5.3, 5.4 and 5.5 imply the following:

Corollary 5.6. If (M, g) is S",T" or Anosov, the following holds.
(i) —o/ extends to a formally selfadjoint Fredholm operator

—of W™ (M) — WE2*™ (M),

for all s € R,m € (1,00), with non-negative discrete spectrum
and smooth eigenfunctions for all s € R. The null-space con-
sists of only constant functions.

(i) There exists &/ : W™(M) — WeT2em( M) with Ker(o/™) =
C-1 and Ran(o/*) L C- 1 such that

AV =d gt =1—-P

where P is the L? orthonormal projection to the space of con-
stant functions. The Schwartz kernel of o+, G (p,q), which
we will call the Green’s function, satisfies, for each p € M and
u€ C®(M),

/ G (p, ) udvol, = u(p) — ]M|1/ udvoly
M M

The heat kernel e’ has bounded integral kernel for all ¢ > 0 and is
therefore trace class. Since the spectrum is discrete and the operator is
semidefinite, the solutions of the heat equation converge exponentially
in L?(M) to the constant function because Ker(«/) = C - 1. This is
an important remark because the heat kernel is precisely what governs
the probability of finding X; at a point g if Xq = p. At last, we have
the Poincaré inequality on the sphere, torus, and Anosov case:

—/ u o/ udvol, > cf|ull7e. (5.7)
M

forallu L C-1.
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5.2.2. Applications to random searches. As in §5.2) let (X;);>0 be a
cadlag semi-martingale that is an isotropic Lévy process with infinites-
imal generator .o/ defined by (5.4). Let B.(pg) be the open geodesic
ball of radius € > 0 centred at py. We define 7. and u. by (5.3). Let
¢(n,a) be the constant given by

2721 — a)I(1 — «)?
2
217297 (n/2 — a)T'(n/2 — a + 1)
72(n —2)'(n/2 — 1) ’
Then we have the following result, which is a more precise version of
Theorem 5.1, involving remainder terms.

, if n =2,
(5.8)

c(n,a) =
if n > 3.

Theorem 5.7. If (M,g) is a closed connected Anosov Riemannian
manifold, then:

(i) Ase — 0, the average of u. over M has expansion
1
o / wedvol, = 22277 Mle(n, a) (1 + O(E(a, ))),
M

where the error term E(«,€) is given by

g if a < 1/2,
E(a,e) = < ¢|loge], if o =1/2, (5.9)
max(e, g2, if a>1/2.

(ii) For alle >0, u. € C°(M \ 0B:(poy)) N L>®(M). Moreover, for
all p # po, we have as e — 0

1
)~ /M wadvol, = |M|Gu(p, po) + O(E(a,))  (5.10)

where Gy/(p,q) is the Green’s function of </ given by (iii) of
Theorem 5.5.

For the torus, the same result holds, up to changing the error term:

Theorem 5.8. If (M,g) is T", then the conclusions of Theorem 5.7
hold if we replace the error term (5.9) by
E(a) {max(a,e”_%‘), if a #1/2,

5.11
e|loge|, if o =1/2. (5.11)

These asymptotics are similar to the ones computed in [NTT21b,
NTTT22] for the Brownian motion. When « > 0 is small the situation
on the sphere is quite different from that of Anosov manifolds. Due to
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the singularity structure of .« when M = S™, a propagation phenomena
occurs from py to —pg to create, as € — 0, a blowup of the quantity

us(—po) — ]M|_1/ usdvol,
M

We will prove that the following holds:
Theorem 5.9. If (M, g) is S™, then:

(i) The average value of u. over M is the same as in Theorem 5.7.
(i) For all e > 0, we have

Ue € c> (M \ (8Ba(p0) U aBE(_pO))) N LOO(M)

and (5.10) holds whenever p & {po, —po} where G is given by
Corollary 5.6.
(i) If n > 14+ 4a and 1 > (n — 4)«, then at p = —py we have

1 c(a,n)| M
Ua(—po)—W/MUadVOlg (o, )| M]

S St A A il B 0(€—n+1+4a) (5‘12)
for some ¢(a,n) > 0, which we do not make explicit.

8n7174a

Following Theorem 5.9, it would be interesting to understand the
generator .o/ and the narrow capture problem in other settings than the
sphere where conjugate points appear, like Zoll manifolds for instance.
This is left for future investigation.

5.3. Proof ideas. We now briefly explain the ideas behind the proof
of Theorems 5.7, 5.8 and 5.9.

5.3.1. Pseudodifferential behaviour. The first step is to prove Theorems
5.3, 5.4 and 5.5, namely that the generator of the Lévy process is an
elliptic pseudodifferential operator (or FIO in the sphere case) of order
2a.. For the sphere and the torus, the proof relies on an explicit com-
putation. However, when the manifold is Anosov, the proof relies on
the hyperbolic behaviour of the geodesic flow: the generator is shown
to be a kind of generalized X-ray transform, quite similar to the one
introduced in §2.4 (with the flat trivial line bundle), and the formalism
of anisotropic Sobolev spaces can be applied. The key lemma in the
proof is the propagation of singularities for pseudodifferential operators
of real principal type, see §A.3 where this is further discussed. Then,
Corollary 5.6 is an immediate consequence of the theory of pseudodif-
ferential operators, see (A.4).
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5.3.2. Key lemmas. Recall that, if 2 C R" is a bounded smooth do-
main, (X;);>o denotes the Brownian motion and 7 denotes the exit time
of Q2 for this process, then the expected exit time

u(p) == E(7 [ Xo = p)
solves the equation Au = —1 in € with Dirichlet boundary condition
ulgo = 0, see [Tay13, Chapter 11| for instance. We claim that the
expected stopping time for our Lévy flight satisfies similar properties
as the ones connecting the exit time of the Brownian motion to the
Dirichlet Laplacian.

Proposition 5.10. If (M, g) is the round sphere, the flat torus, or
Anosv, the expected stopping time satisfies the following properties (1 <
m<1l/a):
(i) In the Anosov and flat torus case,
us € L%(M) N C%(M \ 9B:(po)) N W™ (Qe),
while in the sphere case
u. € L®(M) N C>®(M \ 0B.(£po)) N W?*™(Q,),

for all e > 0.
(ii) One has the fundamental relation:

Hu. = —1, on Q. := M\ B:(po), ue =0, on B:(pg). (5.13)

This is very similar to the equation satisfied by the expected exit
time for the Brownian motion. Note, however, that due to the non-
locality of the generator 7, the boundary condition u = 0 on 0f2 in
the Laplacian case has to be replaced here by u. = 0 on B.(pp). This
will actually create a lot of troubles in the proofs and showing (5.13)
actually requires some effort.

Using (5.13), we can introduce F. € D'(M) such that
u. = F. — 1q.. (5.14)

By construction, F is a distribution supported in B.(py). An important
idea will be to study the properties of F. (and not that of u. directly),
and then to deduce properties from (5.14) properties for the expected
stopping time u..

Before stating the result, we need to introduce some notation. First,
we introduce rescaled geodesic coordinates centred at pg: let (e, ..., e,) €
Ty, M be a orthonormal basis and define 1. : B* — B.(po) by

V(1) := exp,, (ex1€1 + - - + cTp€y). (5.15)
The following holds:
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Proposition 5.11. The distribution F. € D'(M) satisfies:

(i) Supp(Fg) - Be<p0) and Fe € COO(M \ aBe(pO));
(ii) ue = A 1(F. — 1q.) + C. where

C.= M| /M uc(p)dvoly(p)
= 2" M|c(n, ) (1 4+ O(E(a, €))),

(5.16)

and c(n,a) is given by (5.8) and the error term E(«,¢) is

g2 if a < 1/2,
E(a,e) = ¢ ¢|loge], if a=1/2, (5.17)
max(e, "), if > 1/2.

(ili) Fr € L"™(B:(po)) N C*®(B:(po)) for all m € (1,1/a) and in the
coordinate system (5.15), F. has expansion
o |M‘ dx - 1
Fe@) = =20\ | meme <(1—\x|2)°‘ +OLM(BT>(E(O"E))> -
(5.18)

Remark 5.12. If (M, g) is T™, then the error term (5.17) can be replaced
by (5.11).

Although the statements may sound natural, the proof of Proposi-
tions 5.10 and 5.11 is actually involved, due to the nonlocality of the
generator ./ which causes trouble understanding the analytic proper-
ties of u., F. on 0B.(py). We mainly follow the strategy of [Get(1]
which deals with a similar problem in a simpler setting where .7 is the
fractional Laplacian in R"™.

5.3.3. Structure of the argument. Propositions 5.10 and 5.11 do not
reflect the structure of the argument: basically, the main issue is that
we cannot show directly that o/u. = —1 on .. The idea, somehow,
is to revert the logic of the argument. First, let us make some quick
observations. Assuming that the fundamental equation @/u. = —1

holds on . = M \ B.(po) and u. = 0 on B(py), that is, (5.14) holds,
we get by applying &/ to both sides of (5.14) that

AT, = u, — |M|™ / ue(p)dvol,(p) = ™+ (F. — 1q_),
M

that is @1 (F. — 1g.) = u. — C.. Since u. vanishes on B.(pg), we thus
get:

AHNF. —1q,) = —C,, on B.(pp). (5.19)
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Moreover, integrating (5.14) with respect to dvol,, we get
(F.,dvol,) = || (5.20)

The pair of equations (5.19) - (5.20) with unknowns (F;, C.) will be
called the integral equation. The argument then goes as follows:

Step 1: Existence and uniqueness to the integral equation. First,
we construct a pair of solution (FL, C.) to the integral equation (5.19) -
(5.20) such that F. has support in B.(po) and control precisely its ana-
lytic properties, that is, show that it satisfies the content of Proposition
5.11. More precisely, we show:

Proposition 5.13 (Existence and uniqueness of regular solutions to
the integral equation). Let (M, g) be either Anosov, the flat torus, or
the round sphere. For € > 0 small enough, there exists a unique fg €
L™(B(po)) N C*(B:(po)) with m € (1,1/a) and constant C. solving
(5.19) - (5.20). Moreover, C. satisfies the expansion (5.16) and F.
satisfies the expansion (5.18) in Proposition 5.11.

Step 2: Uniqueness of solutions to the fundamental equation. We
then set
U= o/ (F. —1q.) + C.. (5.21)
By construction, the distribution w, satisfies @/u, = —1 on Q,, u, =0
on B.(po). Moreover, as a consequence of Proposition 5.13, u. lies in
some Sobolev space of positive regularity, that is, 7. € W2*™(Q,),
where:

W2em(Q,) = {ueW?»™(M) | supp(u) C Q.}.
We then show that the following uniqueness result holds:

Proposition 5.14 (Uniqueness of regular solutions to the fundamental
equation). Let (M,g) be the round sphere, the torus, or Anosov. Let

w € W2*™(Q.), 1 < m < oco. Assume that /w = —1 on Q.. Then
W = Ue.

This uniqueness result should be compared with [Get61, Corollary
5.1]. Proposition 5.14 will therefore imply that u. = @, € WQC””(Q_E)
satisfies the fundamental equation .@7u. = —1 on €).. The idea behind
Proposition 5.14 is to use an integral representation formula relating
u. to the generator of a bounded semi-group on ()..

The proofs of Propositions 5.10 and 5.11 are then straightforward,
combining both Propositions 5.13 and 5.14.
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Proof of Proposition 5.10. By the previous Propositions, we have that
U, = . € W2*™(Q),) and u, satisfies the fundamental relation (5.13).
Moreover, in the case of Anosov manifolds or the torus, u. € C*(M \
0B.(py)) follows from standard elliptic regularity since u. = 0in B.(py),
du, = —1 on . and & is pseudodifferential elliptic. In the sphere
case, we get similarly that u. € C°(M\0B:(%py)) by elliptic regularity
of &7 (up to antipodal points). O

Proof of Proposition 5.11. It suffices to prove that ﬁs = F_, where F,
is defined by (5.14) and F. solves the integral equation (5.19) - (5.20),
and similarly that C. = C.. But by definition of u. in (5.21), and by
(5.14), one has using Proposition 5.14:

U=t (F.—19)+C. =u. = 71 (F. — 1g.) + C..

Integrating the previous equation over M yields C; = CN’E. Hitting the
previous equation with .o/ then yields F. = F.. This concludes the
proof. O

5.3.4. Proof of the stopping time asymptotics. We show how Theorems
5.7, 5.8 and 5.9 can be deduced from Propositions 5.10 and 5.11. We
only deal with the Anosov case in order to simplify the exposition.

Proof of Theorem 5.7. First of all, observe that, using Proposition 5.11,
the following holds: let G € D'(M) be smooth in a neighourhood of
po, then for all € > 0 sufficiently small,

/B( )Fs(Q)G(Q)dvolg(Q)=IM!G(Po)JrO(E(Oé,ﬁ))y (5.22)

where E(a, ) is given by (5.17).
We now fix p # pg assume that € > 0 is sufficiently small such that
p & B:(po). Since u. — C. = o/ (F. — 1q_), we have:

w(p) = Co = (g ) () + / G (p, @) Fe()dvol, (q).

Be(po)

_ 0@E + /B  Gulp ) a)dvolo)

Since &% is a pseudodifferential operator, G (p, ¢) is smooth away
from the the set {p = ¢}. Since we have taken ¢ > 0 so that p ¢ B.(py),
F.(q) is integrated against a smooth function of ¢. We now use the
expansion produced in (5.22) to get

Us(p) - Ca = |M|G<9i(p7p0) + O(E(Oz,&)).
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Recalling now that Q. = M \ B.(py) and C. = |M|™" [}, u.(q)dvoly(q)
has expansion given in Proposition 5.11 concludes the proof of Theorem
5.7. O
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APPENDIX A. A HITCHHIKER GUIDE TO MICROLOCAL ANALYSIS

We refer to [H03, HO7, Shu01, GS94| for an extensive treatment of
pseudodifferential operators on closed manifolds.

A.1. Definitions. First properties. Ellipticity. Let M be a closed
n-dimensional manifold. For k € R, we define S¥(T*M) C C*°(T*M),
the space of symbols of order k, as the set of smooth functions a sat-
isfying the following bounds, in any coordinate chart U C R"™: for all
a, f € N there exists C' := C(U, «, 5) > 0 such that

V(z,€) € T*U ~ R" x R, 0¢00a(z,&)] < (O (A1)

It can be checked that (A.1) is invariant by diffeomorphism, which
implies that S*(7*M) is intrinsically defined on M.

We define W~°(M), the set of smoothing operators, as the space
of linear operators on M with smooth Schwartz Kernel. Denote by
Op a quantization procedure on M, given in a local coordinate patch
U C R" by:

Ob(@)f(e) = sz [ [ el ) )l

where a € S¥(T*U) and f € C,,,(U). The set of pseudodifferential
operators of order k € R is then defined as

(M) := {Op(a) + R | a € S*(T"M), R € U~=(M)}.

It can be checked that W*(M) is intrinsically defined and independent
on the choice of quantization Op.

There exists a well-defined principal symbol map o : V(M) —
Sk(T* M) /S*=1(T* M) such that we have the following exact sequence:

0 — VM) — U¥(M) — SHT*M)/SFH(T* M) — 0.

The elliptic set ell(A) € T*M \ {0} of an operator A € V*(T*M) is
defined as the (open) conic set of points (xg, &) € T* M\ {0} such that
there exists a constant C' > 0 such that the following holds:

€] > C and ds-m ((,/1€]), (20, &0/160])) < 1/C
= |oa(z,9)] > (§)F/C.

Here dg«p is any metric on the cosphere bundle S*M := T* M /R,
where the R -action is given by radial dilation in the fibers of T M.
An operator is said to be elliptic if ell(A) = T*M \ {0}. The charac-
teristic set 3(A) of an operator is the closed conic subset defined as
the complement of the elliptic set in T* M.

(A.2)
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Example A.1. Let X € C*°(M,TM) be a vector field on M, seen
as a differential operator of order 1. Then, its principal symbol is
ox(z,§) = i(&, X(z)) and thus, using (A.2), it is immediate to check
that (X)) = {({, X(z)) =0} and ell(A) = (T*M \ {0}) \ 2(X).

The important property of elliptic operators is that they are invert-
ible modulo smoothing remainders:

Lemma A.2. Let A € WK(M) and further assume that (x¢,&) €
ell(A). Then, there exists x € S°(T*M), supported on a small conic
neighborhood of (xo,&) and equal to 1 on a smaller conic neighborhood

of (z0,&), and B € W"*(T*M), Ry, Rg € V(M) such that
BA=O0p(x)+ Ry,  AB=O0p(x)+ Rk

In particular, if ell(A) = T* M\ {0}, one can take x =1 and Op(1) =
1.

The wavefront set WF(A) (or the microsupport) of an operator A €
W*(M) is the (closed) conic subset of T* M\ {0} satisfying the following
property: (z9,&) ¢ WF(A) if and only if for all m € R, for all b €
S™(T* M) supported in a small conic neighborhood of (zg, &), one has
AOp(b) € U=°(M). In other words, the complement of the wavefront
set of A is the set of codirections where A behaves as a smoothing
operator.

The wavefront set WF(u) of a distribution v € D'(SM) is the
(closed) conic subset of T*M \ {0} satisfying the following property:
(x0,&) ¢ WF(u) if and only if there exists a small open conic neigh-
borhood V' of (zg, &) such that for all & € R, for all A € ¥*(M) with
wavefront set contained in V', one has Au € C'*°(M). The wavefront set
captures the set of (co)directions in which the distribution is irregular.

A.2. Sobolev spaces. Elliptic estimate. Let g be an arbitrary met-

ric on M and denote by A, > 0 the nonnegative Hodge Laplacian

acting on functions. For all s € R, the operator (1 + A)* defined

using the spectral theorem (applied to the selfadjoint operator A, on

L*(M,vol,)) is an invertible pseudodifferential operator of order 2s.
For s € R, u € C®°(M), we set

e = 12+ )2l 2, (A-3)
and define H*(M) to be the completion of C*°(M) with respect to
the norm (A.3). Note that H*(M) is intrinsically defined, that is,

it is independent of the choice of metric g, and changing the metric

only changes the norm (A.3) by an equivalent norm. A distribution
u € D'(SM) is said to microlocally H® near (xq,&) € T*M \ {0} if
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the following holds: there exists a small open conic neighborhood V'
of (z9,&) such that for all A € UO(M) with WF(A) C V, one has
Au € H*(M).

The following boundedness result for pseudodifferential operators
holds: for all k € R, A € U¥(M) and s € R,

A HY (M) — HS (M) (A.4)

is bounded. In particular, combining the parametrix construction of
Lemma A.2 for elliptic operators and the boundedness (A.4), one ob-
tains the following:

Lemma A.3. Let A € U¥(M) be an elliptic pseudodifferential opera-
tor. Then, for all s € R, N > 0, there exists a constant C > 0 such
that: for all u € C*°(M),

eon < C ([ Aulle + Jull ). (A5)

Moreover, if u € D'(M) is merely a distribution, uw € H (M) and
Au € H5(M), then u € H**(M) and (A.5) holds.

]

We now describe a similar bound to (A.5) in the case where A is not
elliptic but of real principal type. This is known as the propagation of
singularities for pseudodifferential operators.

A.3. Propagation of singularities. Let P € U (M) be a pseudo-
differential operator. We will say that P is of real principal type if its
principal symbol is real-valued and homogeneous (of order m). For such
an operator, we denote by Hp € C*(T*M,T(T*M)) the Hamilton-
ian vector field on 7* M (equipped with the standard Liouville 2-form)
generated by the principal symbol op, and by (®;)cr the Hamiltonian
flow it generates.

Lemma A.4. Let P € V™(M) be a pseudodifferential operator of
real principal type. Let A, B, By € W°(M) such that the following
holds: for every (x,&) € WF(A), there exists a time T > 0 such that
O_r(z,&) € ell(B) and for allt € [0,T], ®_i(x,&) € ell(By). Then,
for all s € R, N > 0, there exists a constant C > 0 such that: for all
u € C®(M),

A gesm-s < O (| Bul|grosm—s + | BoPull e + lullr—~) . (A6)

Moreover, if u € D'(M) is merely a distribution, u € HN(M) |
Bu € H*™™ (M) and ByPu € H*(M), then u € H* ™ (M) and
(A.6) holds.

An important case where this propagation result is used is with P :=
—iX € UH(M), where X is a smooth vector field on M: this appears in
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§2.4 for the study of the (generalized) X-ray transform and in §5.3.1 in
order to show the pseudodifferential behaviour of the generator of Lévy
flights on Anosov manifolds. By Example A.1, the principal symbol of
Pis op(z,€) = (¢, X(z)) and the Hamiltonian flow generated by Hp
is simply given by ®,(x,&) = (¢y(x),de; " (x)€), the symplectic lift
of the flow (¢¢)ier generated by X. (Here, ' stands for the inverse
transpose. )
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