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DISPERSION AND CONTROLLABILITY FOR THE SCHRODINGER EQUATION
ON NEGATIVELY CURVED MANIFOLDS

NALINI ANANTHARAMAN AND GABRIEL RIVIERE

We study the time-dependent Schrédinger equation 3—”,‘ =— % Au, on a compact Riemannian manifold on

which the geodesic flow has the Anosov property. Using the notion of semiclassical measures, we prove
various results related to the dispersive properties of the Schrédinger propagator, and to controllability.

1. Introduction

Let M be a smooth compact Riemannian manifold of dimension d (without boundary). We denote by A
the Laplacian on M. We are interested in understanding the regularizing properties of the Schrédinger

equation
ou 1 2
1 5 = 2Au, where ul;—g € L°(M).
More precisely, given a sequence of initial conditions u, € L?(M), we investigate the asymptotic behavior
of the family

T
v, (dx) = (fo |e”A/2un(x)|2dt> dVol(x) (1)

of measures (where Vol denotes the Riemannian volume measure on M).

We want to relate this question to the behavior of the geodesic flow, using results on propagation of
singularities. For that purpose, we reformulate the question using the semiclassical formalism, and more
specifically the notion of semiclassical measures. We consider a sequence of states (u);_.o+ normalized
in L?(M) (indexed by a parameter /i > 0 going to 0, which plays the role of Planck’s constant in quantum
mechanics), and for every ¢t € R we define the following family of distributions on the cotangent bundle
T*M:

i ()(a) = / a(x, &) dun(x, §) = ("> up|Opy(@)|e"* up) 2y forall a € €X(T*M), (2)
T*M

where Op,, (a) is a i-pseudodifferential operator of principal symbol a (see [Dimassi and Sjostrand 1999],

or Appendix A for a brief reminder). This construction gives a description of a state in terms of position

1tA/2

and impulsion variables. Throughout the paper, we will denote by U’ :=e the quantum propagator.
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By standard estimates on the norm of Op;,(a) (the Calderén—Vaillancourt theorem), the map ¢ +— ()
belongs to L¥(R; @' (T*M)), and is uniformly bounded in that space as i — 0. Thus, one can extract
subsequences that converge in the weak-x topology of L (R; @’ (T*M)). In other words, after possibly
extracting a subsequence, we have

mn(0 ®a)1=/R@(t)a(x,é‘)uh(t)(dx,dé‘)dth—_)g[R@(t)a(x,é)u(t)(dx,dé)dt 3)

forall # € L'(R) and a € €°(T*M). The main example to keep in mind is the case when 6 is the
characteristic function of some interval [0, T']. In that case we can write

T T/h
1n(0 ®a) = f (€22 up|Opy(a)|e' ™ up) dt = h / ("2 2up|Opy (@) €' ™" 2 Pup) d.
0 0

In the last term we used the change of variable ¢ = At to express everything in terms of the flow ¢'7"4/2,

which solves the equation —/i>Av/2 = 1hdv/dt with the time-parametrization of quantum mechanics.
Thus, in the time-scale of quantum mechanics, we are averaging over time intervals of order A~!.
It follows from standard properties of Op, (a) that the limit x4 has the following properties:

e For almost all #, w(¢) is a positive measure on T*M.

o The unitarity of U’ implies that fT* y () (dx, d&) does not depend on 7; from the normalization
of up, we have f ey B (dx, d§) < 1, the inequality coming from the fact that T*M is not compact,
and that there may be an escape of mass to infinity.

e Define the geodesic flow g* : T*M — T*M as the Hamiltonian flow associated with the energy
px, &) =& ||)2C/2. From the Egorov theorem, we have

e ThA20p, (a)e’ ™22 = Op, (a0 g¥) 4 Or u(h) forall T eR

and for a € €°(T*M). At the limit # — 07, this implies that . (¢) is invariant under g* for almost
all r and all 7.

These sequences of distributions were already studied by Macia [2009]; we refer to that paper for
details about the facts mentioned above. Macia was mostly interested in describing the properties of the
measures w(¢) in the case where the geodesic flow on the manifold M was not chaotic (Zoll manifolds
for instance, or the flat torus [Macia 2010; Anantharaman and Macia 2011]).

In this paper, we are interested in a completely different situation where the geodesic flow has the
Anosov property (manifolds of negative curvature are the main example). In this setting, the case where
the initial states u are eigenfunctions of the Laplacian, satisfying —#%Aup, = us, has been much studied;
in this particular situation u(¢) does not depend on ¢. The Shnirelman theorem (also called quantum
ergodicity theorem) says that for a “typical” sequence of eigenfunctions up, the limit p is the Liouville
measure on the unit cotangent bundle S*M; see [Shnirelman 1974; Zelditch 1987; Colin de Verdiere
1985] for the precise statement. It is also known, by the work of Anantharaman and Nonnenmacher, that
for any sequence of eigenfunctions the limit i has positive entropy [Anantharaman 2008; Anantharaman
and Nonnenmacher 2007; Anantharaman et al. 2009]. The aim of this paper is twofold: extend the
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Shnirelman theorem to the setting of the time dependent equation and prove lower bounds on the metric
entropy of the measures u(t). We shall also show how these results apply to the controllability problem
for the Schrodinger equation.

2. Statement of the results

2a. Semiclassical large deviations. Our first result is a generalization (and a reinforcement in the case
of Anosov geodesic flows) of the quantum ergodicity theorem. Recall that the Shnirelman theorem
is originally a result on orthonormal bases of eigenfunctions of the Laplacian. In order to state an
analogue for solutions of the time dependent Schrédinger equation, we introduce a notion of generalized
orthonormal families.

2al. Generalized orthonormal family. We fix @ > 0 and a sequence [ (%) :=[a (%), b(h)] of subintervals
that are of length at least 2ac/i for every /i > 0. We also assume that lim,_, o+ a(i) = limy_ o+ b(h) = 1.
We denote by N (I (%)) the number of eigenvalues )»? of A (counted with their multiplicities) satisfying
h2k§ € I (h). We assume that

Vol(M)
Q2mh)d

(where Vol(M) is the Riemannian volume of M, and Vol(B,;(0, 1)) is the volume of the unit ball in R?).
According to [Duistermaat and Guillemin 1975], we know that the Weyl law (4) holds in the case where

N(I(h) =

Vol(B4(0, 1)) (b(h) —a(h))(1+ o(1)) “4)

b(h) —a(h) = 2k if we suppose that the set of closed geodesics is of zero Liouville measure on S*M
(this is the case for Anosov geodesic flows).
We introduce the notion of generalized orthonormal family localized in the “energy window” I (f):

Definition 2.1. For # > 0, let (225, P) be a probability space and uy : Q5 — L*(M) a measurable map.
We say that (us(@))we@,,P,) 15 @ generalized orthonormal family (GOF) in the spectral window I (%) if

o lup(@) L2y = 1+ 0(1) as 7 tends to O (uniformly for w in €25);
o Idz2ear —ﬂ_[(ﬁ)(—th))Mﬁ((j))”LZ(M) =0(1) as & tends to O (uniformly for w in 2p);
o for every B in $(L*(M)),

/Q (up ()| Blup(@)) 2my dPr(w) = Tr(B1;ny (—h*A)). &)

1
N(I ()

We stress the fact that if (un(®))we(,.p,) is @ GOF, then (U'up(w))we(,.p,) is also one for every ¢. This
is a strong requirement which is crucial in the sequel. In Section 4, we will provide two examples of
GOF.

We will denote by up ., (¢) the (time-dependent) distribution associated to uj(w) by formula (2).

2a2. Semiclassical large deviations. The quantum ergodicity theorem says that, for a given orthonormal
basis of eigenvectors of A, “most of” the associated distributions on 7*M converge to the Liouville
measure on the unit cotangent bundle $*M :={p = 1/2} (we recall that p(x, §) = ||& ”)2( /2 is the classical
energy). This holds under the assumption that the geodesic flow acts ergodically on S*M endowed with
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the Liouville measure. Here we aim for a more precise statement, and will assume that the geodesic flow
has the Anosov property. Our result will, in particular, imply a reinforced version of the usual Shnirelman
theorem.

We recall that the Liouville measure on 7*M is the measure given by d¥ = dxd£ in local coordinates.
In a region where the Hamiltonian p has no critical point, one can find local symplectic coordinates
(X1, ..., Xq,&1,...,&g) such that x; = p, and the Liouville measure can be decomposed into d¥ =
dxidLy, (x, &), where L,, is a smooth positive measure carried by the energy layer {p = x1}. We shall
restrict our attention to the unit cotangent bundle, S*M = {p = %}, and will denote L = Ly >. This is the
Liouville measure on S*M.

Given a GOF (uj())we(@y, Py, our result says that for “most”  (in the sense of P) the distributions
Uno(t) are close to the Liouville measure L. We will use a large deviations result due to Kifer [1992]
to give an estimate on the proportion of @ for which up ,(¢) is far away from L. To state our result, we
need to introduce two dynamical quantities. First, we define the maximal expansion rate of the geodesic
flow on S*M as

L1
= lim -1 dpg"|l.
Xmax :=_lim ngzlsllel 8|

This quantity gives an upper bound on the Lyapunov exponents over S*M and it is linked to the range
of validity of the semiclassical approximation in the Egorov theorem [Bouzouina and Robert 2002]. We
also introduce, for every § in R and every a in €)°(T*M, R) such that L(a) =0,

H($) = inﬂl;;{—sé + P (sa+¢")},
NS

where f +— P(f) is the topological pressure of the continuous map f and ¢* is the infinitesimal unstable
Jacobian (see Section 3 for details). The map 6 — — H (8) is the Legendre transform of s — P (sa + ¢"),
which is a smooth and convex function on R. In particular, —H is a convex map on R and it satisfies
H(0) =0and H(5) <0 for all § # 0 (see Section 3c).

Theorem 2.2. Suppose (S*M, (g")) has the Anosov property. We fix a sequence of generalized orthonor-
mal families (up(w))we(y, Py With i — 0T). We fix two observables,

e an element 6 in L' (R, R.) such that f 0()dt =1, and
o an element a in 6°(T*M, R) such that fS*M adlL =0.

Then, we have, for any 6 > 0,

! logPr({w € Q4 : upw(@ ®a) >38})  H(S)
im sup < .
=0 llog | Xmax

From this theorem and the properties of H (§), one can deduce the following corollary:

Corollary 2.3. Suppose (S*M, (g")) has the Anosov property. Fix a sequence of GOF (up(®))we(Qy.Ph)
(with i — O%). Then, for every § > 0, for every a € €°(T*M, C) and for every function 0 in L' (R, R,),
we have

Ph<{a) € Qp: ‘,uh,w(@@a) —/

adL/ 0(r) dt( > 5}) = Og5.0(h7®), (6)
S*M R
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where I:I((S) > 0 depends on a, 6 and 6.

2a3. Comments. As already mentioned, this result reinforces the Shnirelman theorem in the case of
Anosov geodesic flows. The Shnirelman theorem (suitably adapted to the time-dependent Schrodinger
equation) would simply assert that for an ergodic geodesic flow, and for every é > 0,

Pr({oeon: uno@oa —fs

adL/ H(I)dt‘ > 5}) — 0456 (1).

M R

The algebraic rate of Corollary 2.3 can be compared with a classical conjecture in quantum chaos, known
as the quantum variance conjecture [Feingold and Peres 1986; Eckhardt et al. 1995]. This conjecture
is usually formulated for eigenfunctions of the Laplacian and states that the quantum variance behaves
(modulo a prefactor related to a classical variance) like 1/ Ty (h), where Ty (h) is the Heisenberg time.
Recall that the Heisenberg time is defined as 7o (%), where p(%) is the mean density of states (which is

proportional to 7~ in our case). Translated in our context, it would predict that

).

where V (a, 8) would be a classical dynamical variance. If this conjecture is true, it implies

*MadL/R@(z)dt‘ za}) =0(r'"),

Pho@ ®a) — /

2
adL/ 9(;)dz‘ AP (w) ~ V(a, 0)he",
S*M R

Po({we Qo ®a)—f

S

which is stronger than our result.
Related to this kind of question, Zelditch [1994] proved that

J.

for all p > 1; see also [Schubert 2006]. Again, his proof is written for the eigenfunction problem, but

Mh,w (0 ®a) _/

p o
adL 9(t)dt‘ APy (w) = O(llog A|~7/?)
S*M R

could easily be transposed to the time-dependent Schrodinger equation (see [Riviere 2009] — and note
that we have to make the extra assumption |up(w)|l;2 =1+ 0(| loghl_l) uniformly in w). Using the
Bienaymé—Chebyshev inequality, Zelditch’s result implies that

Ph({a) € Q- ‘/Lh,w(e ®a) —/ adL/ e(t)dr( > 5}) — 0(log h|~).
S*M R
Our theorem — although it does not say anything about the quantum variance — improves this aspect of

Zelditch’s result, as we can replace O(|log /1| ~*°) by @(hﬁ @)y,

2b. Entropy of semiclassical measures. Our second result is a lower bound on the Kolmogorov—Sinai
entropy of the measures (). We will consider a sequence of normalized states (up)p_o+ in L>(M).
We fix two energy levels 0 < E| < E; and we suppose that the family of states is localized in the energy
window [E|, E»]. Precisely, we make the assumption that

hli%{r H (IdLZ(M) _ﬂ[El,Ez](_th))”ﬁ ||L2(M) =0. )



318 NALINI ANANTHARAMAN AND GABRIEL RIVIERE

This assumption implies that each w(¢) is a probability measure carried by the set {E£; < || ||,26 < E»}
(it prevents escape of mass in the fibers of T*M). In addition, we recall that w(¢) is invariant under the
geodesic flow. Using the invariance of the energy under the geodesic flow, we see that for Lebesgue
almost every t, u(t)(dx, d§€) is of the form f ur e(dx,d§)v(dE), where v is a positive measure on the
interval [E;, E>] and u, g is a probability measure on {||& ||§ = E} invariant under the geodesic flow.

Remark 1. The measure v is independent of ¢. It is the weak limit (after extraction of a subsequence)
of the measures vy, defined on R by v;([E, E']) = || 1j£, g1 (—h*A) us .

In the following theorem, hgs(u, (g7)) denotes the entropy of the invariant probability measure u for
the geodesic flow g* (its definition is recalled in Section 3).

Theorem 2.4. Let M be a compact Riemannian manifold of dimension d and constant curvature = —1.

We fix two energy levels 0 < E| < E, and we consider a sequence (Up)p— o+ in L*(M) that satisfies
o the energy localization limy ol (Id 2 (p) _]]-[El,Ez](_th))uh L2y = 0 and
o limjollunllpzn = 1.

Consider u(t)(dx,d&) = f e g(dx, d&)v(dE) a weak-x limit in L (R; 9" (T*M)) of the sequence of
distributions |1y (t) defined in (2). Then, one has, Leb ®v almost everywhere,

d—1
hks (e, (87) = 5=V,
where hxs(u: g, (87)) is the Kolmogorov—Sinai entropy of ;.

Remark 2. For the sake of simplicity, we only state and prove the results in the case of constant curvature.
In principle the methods from [Anantharaman and Nonnenmacher 2007; Anantharaman et al. 2009] for
general Anosov manifolds or from [Riviere 2010] for Anosov surfaces could be adapted in this setting.
However, one step requires a nontrivial adaptation: see Remark 8. Modulo this extra work, the result in
variable curvature would read

hxs(ue g, (8%)) > (/Iw”l di g — d%lxmax(E))

where ¢" is the unstable Jacobian and ymax (E) is the maximal expansion rate of the geodesic flow on
the energy layer {p = E/2}; see Section 3. This lower bound may be negative (and thus trivial) if xmax
is too large compared to the average of ¢“. For surfaces, the adaptation of the ideas of [Riviere 2010]
would lead to the better result

1 "
hxs (e, (87)) > 5 f|§0 ldu: e > 0.

Remark 3. We note that /E is the speed of trajectories of g* on the energy layer {p = E/2}. It is also
natural to consider the geodesic flow ¢7 = g%/ vE parametrized to have speed 1 on any energy layer, and
our result then reads hxs(ur g, (97)) > (d —1)/2.

If one wants, one can avoid assumption (7) and deal with the issue of escape of mass in a different
manner: Consider the space ¥ of smooth functions @ on 7*M that are 0-homogeneous outside a compact
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set. The distributions wp(¢) are bounded in L (R, Ef’{)), and one can consider convergent subsequences
in the corresponding weak-* topology. The corresponding limits i € L*(R, ¥;)) are actually positive
for almost all ¢, and each w(¢) defines a probability measure on 7{*1\\/1, the cotangent bundle compactified
by spheres at infinity. We note that the flow ¢’ can be extended to the spheres at infinity. We can then
write (1) = f e g(dx, d§)v(dE), where now v is a probability measure on [0, +o00]. Our result reads
his (e g, (87)) = VE(d —1)/2 for 0 < E < 400, and hgs (s £, (¢7)) > (d — 1)/2 for 0 < E < +o00.

Remark 4 (uy versus u,). Let (u,) be a normalized sequence in L*(M), and suppose we want to study
the sequence of probability measures (1). No scale %, is given a priori. We can always choose /i, such
that (7) is satisfied, and apply Theorem 2.4. However, the statement of the theorem is trivial for the part
of the limit measure carried on {§ = 0}: It just says that hxs(us0, g°) = 0. Thus, it is preferable to
choose 7, such that none of the limit mass goes to {£€ = 0}. If u,, converges weakly to 0 in L2, this is
also possible but in general (7) will no longer be satisfied (some of the mass will escape to infinity) and
one must in this case use the version of the theorem stated in Remark 3. If u, converges weakly to 0
in L? and if one is ready to have all the mass escape to infinity (thus losing some information about the
rate of escape), one can even let /i, = 1. This means that one considers the “distribution”

[ () (B) = (uy | €272 0py (B)e' ™ uy) 121y,

defined for all b € ¥y. This is the analogue of (2) in the microlocal setting [Gérard 1991]. The map
t — (1) belongs to L (R, 9’/0). Thus, there exists a subsequence (u,, ) and p in L= (R, 51’6) such that

/ @b (x, &)y () (dx, dE)dt —> __0@b(x, E)u(t)(dx, d&) dt
RxT*M k=400 JRrxT*M

for all @ € L'(R) and b € ¥y. Besides, as above, () is a probability measure on the compactified
cotangent bundle 7{*;[, and is invariant under the normalized geodesic flow. As u,(t) = ¢''*/%u,
converges weakly to O for every ¢ in R, each wu(¢) is actually supported at infinity, and may thus be
identified with a probability measure on the unit sphere bundle S*M, invariant under the geodesic flow.

Theorem 2.4 adapted to this setting says that hgs(u(t), (g7)) > (d — 1)/2 for every ¢ in R.

2c¢. Application to controllability. Theorem 2.4, in the form given in Remark 4, implies the following
observability inequality:

Theorem 2.5. Let M be a compact Riemannian manifold of dimension d and constant curvature iden-
tically equal to —1. Let a be a smooth function on M, and define a closed g*-invariant subset of S*M
by

K,={peS*M,a*(g"(p)) =0 forall T € R}.

Assume that the topological entropy of K, is less than (d —1) /2. Then, for all T > 0, there exists Ct 4 >0
such that, for all u in LZ(M),

T
2 A2 12
||M”LZ(M) = CT,a/ lae'®/ M”LZ(M) dr. (8)
0
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Remark 5. The topological entropy of a (g*)-invariant compact subset K of S*M is related to the
Kolmogorov—Sinai entropy by the variational principle [Walters 1982]

hop(K, () := sup  {hxs(i, (g7)) : w(K) =1},
neM(S*M,gv)
where M(S*M, g7) is the set of probability measures on $*M invariant under the geodesic flow. Thanks
to [Barreira and Wolf 2007, Corollary 4], our assumption on the topological entropy of K, is satisfied
when the Hausdorff dimension of K, is less than d. The converse is also true if K, is a locally maximal
subset [Pesin and Sadovskaya 2001, Theorem 4.1], that is, there exists an open neighborhood AU of K,
such that K, =), cg 87U.

The proof that Theorem 2.4 implies Theorem 2.5 is given in Section 7. This follows a classical
argument due to Lebeau [1992], who used it to prove that if M is an arbitrary Riemannian manifold, and
if K, = & (the “geometric control condition”), then (8) holds.

We can give an example where our assumption on the topological entropy of K, is satisfied. Consider
a closed geodesic y and a small tubular neighborhood of this geodesic in M that does not contain another
complete geodesic. We take a to be nonzero on the complement of this neighborhood and O near the
closed geodesic. In this case, one has K, = y so that our condition holds. Another example, in dimension
d =2, goes as follows: Take a decomposition of the hyperbolic surface M into “hyperbolic pairs of pants”
(there are 2g — 2 pairs of pants if M has genus g). The boundary of each pair of pants consists of 3
simple closed geodesics. Take a function a supported in a neighborhood of the union of these 3g — 3
simple closed geodesics, and assume that a does not vanish on the union of these curves. Thus, any
geodesic that avoids the support of @ must stay inside one of the pairs of pants. If the length of each
of the 3g — 3 boundary components is large enough, this will imply that K, has dimension less than d,
and our condition will be satisfied. The existence of a hyperbolic pants decomposition with boundary
components of arbitrary large lengths follows, for instance, from [Rees 1981, Proposition 2.2]. It would
be interesting to find a larger variety of geometric situations in which our assumption on K, holds.

Following the Hilbert uniqueness method, one knows that inequality (8) implies that for any ug, ur €
L*(M) and any T > 0, there exists f (¢, x) € L?([0, T] x M) such that the solutions of

u , A
l§+§u:a(x)f(t,x)

with initial condition u|;—o = ug satisfy u|,—7 = uy. This is called the controllability problem.

Remark 6. As already mentioned, this application to the controllability problem relies on the entropic
estimate of Theorem 2.4, which is proved for manifolds of constant negative curvature. In Remark 2, we
indicated what should be (modulo extra work) the extension of Theorem 2.4 in the case of manifolds of
variable negative curvature. Let us mention what would then be the consequences for controllability. In
the case of manifolds of variable negative curvature, controllability would hold under the condition that

d—1
Ptop(Ka, (g7, ¢") < _TXmax,
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where Py, (Kg, (87), ¢") is the topological pressure of K, with respect to ¢* [Pesin 1997, Appendix II].
If M is of variable curvature, there is no precise relation between such a condition and the Hausdorff
dimension of K. In the case of surfaces of variable negative curvature, the entropic estimate of Remark 2
would imply that controllability holds under the more general condition

Ptop(Ka, (gr), %QOM) < 0.

This condition is satisfied when the Hausdorff dimension of K, is less than 2 [Barreira and Wolf 2007,
Corollary 4].

Organization of the paper. In Section 3, we describe some background in dynamical systems that we
will need at different points of the article. In Section 4, we give two examples of GOF and apply
Theorem 2.2 to them. In Sections 5 and 6, we prove Theorems 2.2 and 2.4. Finally, in Section 7, we
show how to derive an observability result from Theorem 2.4. In the appendix, we give a brief review of
semiclassical calculus on a manifold.

3. Dynamical systems background

3a. Anosov property. In this paper, we suppose that M is a smooth, compact, Riemannian manifold of
dimension d (without boundary). The geodesic flow (g¥) on T*M is the Hamiltonian flow associated to
the Hamiltonian p(x, &) = || ||)2C /2. We also assume that, for any E > 0, the geodesic flow g* is Anosov
on the energy layer p~Y({E/2}) C T*M: Forall p € p~'({E/2}), we have a decomposition

T,p~ ({E/2}) = E“(0) ® E*(0) ®RX ,(p),

with X, is the Hamiltonian vector field associated to p, E" the unstable space and E* the stable space
[Katok and Hasselblatt 1995]. We can introduce the infinitesimal unstable Jacobian as follows [Bowen
and Ruelle 1975]:

u d
' (p) = _E(det(dpgtlE“(p)))rzo'

3b. Kolmogorov-Sinai entropy. Let us recall a few facts about Kolmogorov—Sinai (or metric) entropy,
which can be found for example in [Walters 1982]. Let (X, %, T, u) be a measurable dynamical system,
and P := (Py)qe; a finite measurable partition of X, that is, a finite collection of measurable subsets
that forms a partition. Each P, is called an atom of the partition. With the convention 0log 0 = 0, one
defines

Hy(u, T, P) ==Y u(PoyN---NT~ "D Py )log u(Pay N+ NT~ VP, ). 9)

la|=n

This quantity satisfies a subadditivity property
Hyom (0, T, P) < Hy(u, T, P) + Hp (10, T, T7"P) = H,(u, T,P)+ Hy(u, T, P). (10)

The first inequality is true even if the probability measure p is not T-invariant, while the last equality
holds for T-invariant measures. A classical argument for subadditive sequences allows to define the
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quantity
H, ,T,9P
s, T, @) = lim 2129

n—00 n

(1)

the Kolmogorov—Sinai entropy of (T, u) with respect to the partition . The Kolmogorov—Sinai en-
tropy hgs(u, T) of (u, T') is then defined as the supremum of hgs(u, T, ) over all finite partitions P
of X. In the case of a flow (for instance the dynamical system (S*M, g%, n)), we define the entropy
hxs(i, (g7)) := hxs(u, g'). Entropy can a priori be infinite. However, for a smooth flow on a compact
finite dimensional manifold, entropy is bounded thanks to the Ruelle inequality [1978]. In the case of
the geodesic flow on a negatively curved manifold, it reads

hks(u, (7)) 5—/ ©“(p)du(p),
S*M

and equality holds if and only if p is the disintegration L of the Liouville measure on S*M (defined in
Section 2a2) [Pesin 1977; Ledrappier and Young 1985].

Notation. In the rest of this paper, we will write hgs(u) for hxs(u, (g7)), unless we want to consider a
flow different from (g7).

3c. Topological pressure. To conclude this section, we introduce the topological pressure of the dy-
namical system (S*M, g¥) as the Legendre transform of the Kolmogorov—Sinai entropy [Walters 1982;
Parry and Pollicott 1990; Pesin 1997]: for all f € CGO(S*M ,R),

P(f)=P(S™M, (g%), f) :=sup {th(,u) +/S

fdu:p e MS™M, g’)} :

*M

where M(S*M, g7) is the set of probability measures on $*M invariant under the geodesic flow. This
defines a continuous and convex function on 6°(S*M, R) [Walters 1982].

We shall be particularly interested in the behavior of P(f) near f = ¢“. By the Ruelle inequality, we
have P (¢") =0 (the sup defining P (¢") is achieved at u = L; see Section 3b). Moreover, it can be proved
that for any real-valued Holder function f on S$*M, the function s — P(¢" + sf) is real analytic on R
[Bowen and Ruelle 1975; Ruelle 1976] and its derivatives of order 1 and 2 can be computed explicitly
[Parry and Pollicott 1990].

We have %(P((p“ +5f))|s=0 = fS*M fdL. If fS*M fdL =0, the convex function s — P (¢" + sf)
achieves its minimum at 0. Moreover, if f S M fdL =0, then we have

2
L (P@" 5P|,y =),
where

T—+o0 T

T 2
o2(f)i= lim + f (/ fog"(pdr) dL(p)
S*M 0

is called the dynamical variance of the function f. It is known that o>( f) vanishes if and only if f is of
the form f = d%(h 0 g"%)|r=o for some function 4. In this case, one says that f is a coboundary.
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3d. Kifer’s large deviation upper bound. We shall use the following result, due to Kifer [1992], and
valid for more general Anosov flows:

T
lim %log/ exp(f aogf(p)dr> dL(p) = P(a + ¢"), (12)
S*M 0

T—o0

for all continuous a. In fact, we will only use that the lim sup is uniform for a running over compact sets
in the €' topology (this property can be derived from the proof of [Kifer 1992, Theorem 3.2]).

Remark 7. This result implies the following strengthened version of the Birkhoff ergodic theorem. Fix
a such that [, adL =0, and fix § > 0. Then

T
limsup%logL({p €S*M : %./0 aog'(p)dt > 8}) < Sir>1£{—s8+ P(sa+¢")}
= inug{—S(S + P(sa+¢")} = H(J).
se

Similarly, for § < 0, one has
1 1"
lim sup TlogL({,o €S*M: 7/ aog'(p)dt <8}) < H($).
0

The function — H, which is the Legendre transform of s +— P(¢" + sa), satisfies H(§) = 0, is convex
and is positive for § 7~ O (it is infinite for § #~ O if a is a coboundary).

4. Examples of generalized orthonormal families

In this section, we provide two examples of GOF and show how Theorem 2.2 applies to them. Our
examples are of distinct types: basis of eigenvectors of A and truncated Dirac distributions. In the first
example, Theorem 2.2 provides a strengthened version of Shnirelman’s theorem for Anosov flows.

4a. Orthonormal basis of eigenvectors. Consider (Y,),cn, an orthonormal basis of L?(M) made of
eigenfunctions of A, that is, there exists a sequence 0 =Ag < A} <--- <X, <-.-. such that for every n
in N,

A = =M.

For i > 0, we take Q5 :={n e N : hz)»% € [1 —ah, 1 + ah]}, where o is some fixed positive number.

In this case, the probability measure is given by Py := @ > 3, and the measurable map is given

VZEQH
by up(n) := v¥,. Applying Corollary 2.3 to this example, we find that for every a in €;°(T*M), and for
every é > 0, there exists H (8) > 0 such that

{n €Qp: ]un,n(a) —/ adL( Za” = 0,.5(h1®).

il
|25 s M

Shnirelman’s theorem provides a o, 5(1), and using the results from [Zelditch 1994] on eigenfunctions
of A, one can obtain a O, s ,(|log 72|~?) for arbitrarily large p.
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4b. Truncated Dirac distributions. The second class of examples we will consider is given by families
of vectors constructed from the Dirac distributions. For y in M, we denote by §, the Dirac distribution
given by (8,, f) := f(y) (where f is in €°°(M)). To construct our GOF, we will project §, on L*(M).
To do this, recall that we have defined I (%) := [a(#), b(h)], where b(h) — a(h) > 2ah, and that we
have defined N(I(h)) := |{n : hzkﬁ € I(h)}|. Using this notation, we can introduce a truncated Dirac

distribution by
Vol (M) /2
(Sh = OM—() ]l[(h) (—th) (Sy.
Y N(I(h))
According to (global and local) Weyl laws from [Duistermaat and Guillemin 1975] and from [Sogge and
Zelditch 2002, Theorem 1.2]), we know that in the Anosov case,

VOIM A . . .
M, ———, 87 | is a GOF in the spectral window I (#).
Voly (M)’

Applying Corollary 2.3 to this example, we find that for every a in €;°(T*M, C), for every 6 in
L'(R, R,) and for every 8 > 0, there exists H (8) > 0 such that

VolM({y EM: ‘Mﬁ,y(e ®a) —/

| adL /R 0(1) dr( > 3}) = Oy g (RO,

Thus, if we choose y randomly on M according to the volume measure, and consider the solution of the

= 3 fon Ut A/25h
Schrodinger equation e 8y

, our result says that we have convergence of the associated semiclassical
measure to the uniform measure, for most y (in the probability sense, and with an explicit bound) as
i tends to 0. Taking a subsequence (), that tends to O fast enough, we can apply the Borel-Cantelli
lemma and derive convergence for almost every y [Riviere 2009]. An interesting question would be to

understand more precisely for which subsequences (#,) we have convergence for almost every y.

4c. Coherent states. Similar results could, in principle, apply to bases of coherent states (e.g., gaussian
states). Such bases can be constructed easily in euclidean situations; see [Riviere 2009] for an application
of Theorem 2.2 to the “cat map” toy model. However, on an arbitrary manifold, it seems difficult to
construct bases of coherent states meeting all the requirements of the definition of a GOF, which are
actually quite strong.

5. Proof of Theorem 2.2

The proof has two steps. To begin with, we combine the Bienaymé—Chebyshev inequality and the
Egorov theorem to obtain a first bound (Section 5b). Then we apply a large deviations estimate due
to Kifer [1992] to obtain a bound in terms of the topological pressure. This proof follows the steps of
Zelditch [1994], the new input being

« the use of the exponential function x — e* in Section 5b instead of the power functions x > x7;

« the use of Kifer’s large deviation result for the geodesic flow instead of the central-limit theorem;!

]Rigorously speaking, one cannot say that the LDP is stronger than the CLT. When the large deviation principle holds with
a rate function that is C2 and strictly convex, one usually expects to have a central limit theorem; the variance of the limiting
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» amore careful treatment of the trace asymptotics (Lemma 5.3) to make sure that the remainder term
is not larger than the leading term for the symbols we consider.

We fix 0 an element of L' (R, R.) such that f O(t)dt = 1. Let a be an element in ‘€;°(T*M, R) that
satisfies f gy @dL =0. Recall that we defined

L1
= lim —1 dyg"|l.
Xmax :=_lim = ngZI;PM” 8

Since the states up (w) are uniformly microlocalized in a thin neighborhood of S*M, we can assume that
a is compactly supported in a tubular neighborhood p~! ([% -, % +n]) of S*M (with n > 0 arbitrarily
small). Letting ), = Xmax+/1 + 21, we have, for all T € R, for all p € T*M and for all «,

18%(@o g7 ()| < Ca gl

Sa. Long-time Egorov theorem. We fix c such that cx, < % The positive quantization Op,;r procedure
described in Appendix A satisfies the following “long time Egorov property”:

10" Opy (@ U™ = Opy (@0 )l 212y = Oah ") forall |z] < clloghl, — (13)
where v := cx,; see [Anantharaman and Nonnenmacher 2007].

Lemma 5.1. For every &g > 0, there exists hig (depending on a, 0 and 8y) such that for every h < h,

<68y forevery |T| <c|logh]|.

T
er(t)Uf(op;(a) —i/ op;;(aogf)dr)Uf dt
2T -T L2(M)—L2(M)

Proof. The proof of this lemma relies on the application of the Egorov property (13). For T a real number
such that |T'| < c|log i|, we have

T T
/e(z)Uf(i/ op;(aogf)dr)uf d;:i/ /G(t)U’m Op; (@)U dtdr +0,(h"/>).
2T |, 2T |,

We make the change of variables t' = ¢+ t/ and use the fact that |6 (-) —6(- — 1)) 11 —()) 0 to conclude.
T—>

g

5b. Bienaymé—Chebyshev and Jensen’s inequality. For simplicity of notation, we will denote the quan-
tity we want to bound as follows:

Pr@ ®a,d) :=Pr({w € Qp: pno® a) > 8}).

The first step is to combine the previous lemma with the Bienaymé-Chebyshev inequality to obtain a
bound on P (0 ® a, §).

gaussian being the second derivative of the rate function at its minimum. Formally, one makes a Taylor expansion of order 2 of
the LDP near the minimum of the rate function to derive a gaussian behavior. However, the implementation of this idea requires
a very precise and strong version of the LDP, and in practice one prefers to prove the CLT independently.
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Lemma 5.2. Let §, 8o > 0 be arbitrary positive numbers. For s € R, let

T (h)

a,(T(h), p) :=exp(s / aog’(p)dr),

T(h)

where T (h) = c|log fi| (and c is such that cx, < 1/2). Then, given s > 0 and for h small enough, one has

6(725+450)ST(}'1)

Ph(@ ®a, 8) < 2W

TrlL;(n) (=h*A) Opy (as (T (), -))1. (14)
Proof. Let s > 0. A direct application of the Bienaymé—Chebyshev inequality allows us to write

Pa(0 ®a,8) :=Pr({w € Qn : pin.o@ ®a) > 8)) <e >TH / exp(2sT (W) fin.0 (0 ® a)) dPj (o).
Qp

We can now use Lemma 5.1 and deduce that, for # small enough,

Pr(O ®@a,s) <e 2$TM f exp(spvh,w<9 ® (/
Q -

Using the fact that [|us ()] = 1 4 o(1) uniformly for o in 2, the quantity e2%7 ®lur@I* i yniformly

T (h) )
aog’ dt)) +2580T () ||t (@) | ) APy ().
T (h)

bounded by e3*%7™ for i small enough. The map x > ¢** is convex and we can use Jensen’s inequality
to write

Pr(6 ®a, ) < T2H30TM / uh,w(exp(sun,w<e®1>( /
Qn =T (h)

T (h)

. P4 (o)
aog dT)) ®9>m

Using again that ||lus(w)|| = 1+ o(1) uniformly for @ in €2; and that 6 is nonnegative and [ 0(r) dr = 1,
one has

Pheo@®1) =14+0(1),

uniformly in w for /i small enough. All this can be summarized as follows:

Pr(6 ®a, ) < 25 2HH0TM / Hho O @as(T (1), -)) dPs(w),
Qp
Note that the function as (7 (%), -) belongs to the class of symbols SS”“’(T*M), where v :=cx, < 1/2
and kg :=2cs||alleo (Appendix A); moreover as (7 (%), -) is constant in a neighborhood of infinity. The
previous inequality can be rewritten as

Pr(6 ®a, 8) < 2eHHH0TR) / 0(1) | (un(@)|U™" Opf (as(T(h), - )U' |up(@)) dPp () dt.
Qp

We recall that if (un(w))pe,.py) 1S @ GOF then for every 7 in R, (U'up(w))we@,.py) 18 also a GOF

Using point 3 of the definition of a GOF, we get for # small enough the bound

Ze(—28+450)sT(h)

Pr(0 ®a,d) < NI )

Tr{L; ) (—h*A) Opyf (a5 (T (h), -))]. O
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5c. Trace asymptotics. We now have to estimate (from above) the trace
Trl Ly (—h*A) Opy (as(T(R), ). (15)

We first underline that, for every /i > 0, there exist energy levels E| < --- < Ep (depending on /) such
that

P
1(h) = la(h), b)) C |_|(E, —ah, E, +ah) C [a(h) —ah, b(h) +ah],
p=1

for some fixed positive «. Note that P = O((b(h) —a(h))/h). We decompose (15) into

P
> TrlAiE, -an £, +any (—h>A) Op; (a;(T (h), -))].
p=1

We shall bound each term of the previous sum (uniformly with respect to p), using standard trace esti-
mates, and then sum over p. We consider for instance the interval [1 — /4, 1 4+ «f), and recall how to
determine the asymptotic behavior of

Tr[L[1—ah.1+an) (—H>A) Opyf (as (T (B), -))].

Introduce a function f that is €°°, compactly supported in a small neighborhood of 1, equal to 1 in a
neighborhood of 1 and taking values in [0, 1]. We shall also use a function x in $(R?) whose Fourier
transform is compactly supported in a small neighborhood of 0, containing no period of the closed
geodesics of (g¥) on S*M. We assume that x > 0 and that it is greater than 1 on [—«, «]. Using the fact
that the quantization is positive, we can bound the previous quantity as

—h*A—1

S=1) opf (@, (7). )] (16)

TL1 a4 (—h28) Op (s (T(h), )] = Te| £ (—n2a)x

The study of this last quantity now follows well-known lines. We use the Fourier inversion formula,

2nx(—E;1)=/[Re’(E_1)T/h)2(r)dt.

As a consequence, the right hand side of (16) can be written as

1

5= | "M TH(Opy (a5 (T (h), -HU™ f(=h*A) R (7) dr.
21 R

The asymptotic behavior of the trace comes from an asymptotic expansion of the kernel of the operator
Op}iF (ag(T (h), - ))U*" f(—h%>A). This expansion is given by the theory of Fourier integral operators
[Dimassi and Sjostrand 1999, Chapter 11; Zworski 2012, Chapter 10]. The trace is then expressed as the
integral of the kernel over the diagonal, and the asymptotic behavior of this integral is determined by the
method of stationary phase [Dimassi and Sjostrand 1999, Chapter11].
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Lemma 5.3. For every integer N > 1, we have

Tr[f(—th)X (%) Op; (as(T (h), -))]

N-1
1 n n ) — By
:W(E h /S*M D? lls(T(h),,O)dL(P)+@a,x,0,N(hN(l 2v)=pv ko)),
n=0

where B > 0 depends only on the dimension of M, and where D" is a differential operator of order 2n
on T*M (depending on the cutoff functions and on the choice of the quantization Op;.f).

There are many references for these kind of estimates. For instance, a very similar calculation is done
by Schubert [2006, Proposition 1] (he stops at N = 1 but the stationary phase method actually provides
asymptotic expansions at any order).

Recall that v =cy, < % It is important here to note that a; (7 (%), -) belongs to the class SS’kO(T*M),
and that the observable a; (T (h), x, &) satisfies the particular property that D ay(T (h), p) is of the form
as (T (h), x, )by, (x, &), with ||by]lcc = O(ls|*h=>") as i — 0 and s — oo. If s stays in a bounded
interval, and if we choose N large enough accordingly, this implies that

—h*A—1

o f - ar (2L opy @iy, )< o]

= W(/S*M as(T (), p) dL(p))(l_i_@(hl—Zv)).

Combing this with Lemma 5.2 and using the Weyl law (4), we finally have, for every N > 1 and 4
small enough,

Pr(0 ®a, §) < Cel~20+430)sT (h) (/

as(T (h), p) dL(p))(l +0(h'™)), (17)
S*M

for some constant C that does not depend on 7.

5d. A large deviations bound. To conclude, we use Kifer’s large deviations result (12). For our proof,
we only need an upper bound on the quantity

T
/ exp(s/ aog’(p)dr) dL(p).
S*M -T

Compared with (12), there is a parameter s in the exponential that stays in a bounded interval /. Following
the proof of the upper bound (12) in [Kifer 1992, Section 3], one can say that for every 8’ > 0 and any
bounded interval I in R, there exists ¢y > 0 and n(8’, I) € N such that for every T > n(§’, I') and every
sin 1,
T
/ exp<s / aog'(p) d‘L’) dL(p) < cyel® 2T Plsate"), (18)
S*M -T

This last bound will allow us to conclude. In fact, combining this inequality to the bound (17) on
Pr(0 ® a, §), we find that

l]:Dh (9 ®a’ 8) S Ce(—28+480)5T(h)eT(h)yezT(Fl)P(Sa"'(ﬂu),
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where the constant C depends on the various parameters but not on /. This implies

. log (P4 (6 ®a, 3))
lim sup
h—0 C|10gh|

<8 + (=28 +480)s +2P(sa+¢").

This last inequality holds for any 8y > 0 and any 8’ > 0. It implies that for every s > 0 in the interval I,

, log (Px (0 ®a, §))
lim sup
h—0 c|log |

< —2s6+2P(sa+ ¢") forallce(O, ! )

2 Xmax

In particular, we find that

log(Pr(0 ®a, s .
lim sup gPr® ®a, 9)) <2 inf {—s8+ P (sa+¢")} forall 5 eR.
rs0  [logh|/(2Xmax) seRy

Since 6 > 0, we have infieg, {—56 + P (sa +¢")} = infycr{—s8 + P (sa + ¢")}. This concludes the
proof of Theorem 2.2.

6. Proof of Theorem 2.4

In this section, we assume that M has constant sectional curvature —1, and we fix two energy levels
0 < E| < E; and consider a sequence (up);_s0+ in L?(M) that satisfies

%i_I)I})H(IdLZ(M) — 1, ) (—h* A)upll 21y = O

Moreover, we suppose that [[us| 723y = 1. The proof follows essentially the same lines as the one in
[Anantharaman and Nonnenmacher 2007], and we refer the reader to that paper for a detailed account.

6a. Quantum partitions. As usual when computing the Kolmogorov—Sinai entropy, we start by decom-
posing the manifold M into finitely many pieces (of small diameter). Let (Py)r=1
smooth real functions on M such that

kx be a family of

.....

K
Z Pl(x)=1 forall xeM. (19)
k=1
Later on we will assume that the diameters of the supports of the P; are small enough. We shall denote
by Py the operator of multiplication by Py (x) on the Hilbert space L>(M). We denote the Schrodinger
flow by U’ = exp(1t A /2). With no loss of generality, we will assume that the injectivity radius of M is
greater than 2, and work with this propagator at time 7, that is, U”". This unitary operator is a Fourier
integral operator associated with the geodesic flow g! taken at time T = 1. As one does to compute
the Kolmogorov—Sinai entropy of an invariant measure, we define a new quantum partition of unity by
evolving and refining the initial partition under the quantum evolution. For each time n € N and any
sequence of symbols o = («p, ..., ®,—1), where o; € [1, K] (we say that the sequence « is of length
|| = n), we define the operators

Mg =Py (n—1)Py ,(n—2)-- Py, (20)
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Throughout the paper we use the notation A(r) = U™ AU™ for the quantum evolution of an operator
A. From (19) and the unitarity of U’, the family of operators {7, : |x| = n} obviously satisfies the
resolution of identity _, _, 7oy =Id;2(y). We also have ., 7a7e = 1d;2 sy

6b. Quantum entropy, and entropic uncertainty principle. For each time n and each normalized ¢ in
L?(M), we define two quantities that are noncommutative analogues of the entropy (9):

hy (@) ==Y _ miel* log(lmi ). 1)
||=n

hi@) ==Y Imadl log(lmad ). (22)
||=n

In all that follows, the integer n is of order ¢|log 7| (with ¢ > 0 to be chosen later), and thus the number
of terms in the sum Zm:n is of order 7~ X0 for some K¢ > 0. The following is proved in [Anantharaman
and Nonnenmacher 2007], using the entropic uncertainty principle of [Maassen and Uffink 1988].

Proposition 6.1. Let x be real-valued, smooth, compactly supported function on R. Define

c(x,n) = max n(llﬂa/(n)ﬂax(—th)ll)- (23)

lor|=le|=

Then for any h > 0 and L > 0, and for any normalized state ¢ satisfying

sup [|(I — x (=h*A) ke < ht, (24)

|or|=n

we have

hyy (U™ ) +hy, (¢) = —2log(c(x, n) +h" =50,
Finally everything boils down to the main estimate:

Theorem 6.2 [ Anantharaman 2008; 2011; Anantharaman and Nonnenmacher 2007]. If the diameters of
the supports of the functions Py are small enough (compared with the injectivity radius), the following
holds.

For E > 0and 0 < ¢ < E, choose x smooth, compactly supported in [E — ¢, E + €], and such that
I xlloo < 1. For any ¢ > 0, there exists hz > 0 such that, for all h < hg, for n < ¢|logfi|, and for any pair

a, o' of sequences of length n,
|7 ()77 x (=A% A)|| < CA™TD2 gmnd=IVE=2, (25)
(The constant C is an absolute constant).

Remark 8. This result is an improvement of the estimate of [Anantharaman 2008] (where the prefactor
was only i~%/?) and [Anantharaman and Nonnenmacher 2007] (where the support of x was assumed
to shrink with #). Proving Theorem 2.4 using the weaker results of these papers turned out to be more
painful than reproving Theorem 6.2 directly. This proof is provided in [Anantharaman 2011, Section 5].
Unfortunately, the arguments of there are specific to constant curvature, although we believe the result
should also hold in variable negative curvature (parts of the proof rely on the fact that the stable and
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unstable foliations of the geodesic flow are smooth). Thus, if we wanted to extend Theorem 2.4 so as
to get the results claimed in Remark 2, we would have to use the hyperbolic dispersive estimate in the
form used in [Anantharaman and Nonnenmacher 2007], which would need a rather different, and more
technical, presentation.

In what follows, the integer n will always be taken equal to |c¢|log#|], where ¢ will be fixed in
the next section. We assume that L is large enough so that iZ~X0 is negligible in comparison with
p=(@=D/2 g=nd=DVE=¢ " Ag a corollary of Theorem 6.2 and Proposition 6.1, we have this:

Corollary 6.3. Let (¢n)n—0 be a sequence of normalized states satisfying the assumptions of 6.1, with
L large enough that h*~%0 is negligible in comparison with h~@=D/2 ¢=nd=DVE=¢ for. j — Lc|log fil].

Then, in the semiclassical limit, the entropies of ¢y at time n = | c|log ii|] satisfy

+ nh - -

6c. Subadditivity until the Ehrenfest time. In this section, we fix a sequence of normalized states
(¢n)n—o satisfying (24) (x is always assumed to be supported in [E — ¢, E + ¢]). We fix some arbitrary
§ > 0, and introduce the Ehrenfest time,

27)

nEhr(h, E, 8) = LMJ .

VE+¢

Remark 9. The Ehrenfest time is the largest time on which the (noncommutative) dynamical system
formed by the flow (U") acting on pseudodifferential operators (supported in {||£||> € [E — ¢, E +£]})
is commutative, up to small errors going to 0 with /4.

We take 1 = ngp (%1, E, ¢) (in other words, we take ¢ = (1 — 8)/+/E + ¢), and we use a subadditivity
property of the entropies 4, and k,, to go from (26) for n = ngn (%1, E, €) to a fixed, arbitrary, integer
ng. The proof of the next proposition is given in [Anantharaman and Nonnenmacher 2007] in the case
when ¢y, is an eigenfunction of A. It can easily be adapted to the case of an arbitrary ¢y and yields this:

Proposition 6.4 (subadditivity). Let E > 0 and ¢ > 0. For § > 0 arbitrary, define the Ehrenfest time
nene(f, E, €) as in (27). Let (¢pn)n—o be a normalized family satisfying (24), where x is supported in
[E —¢, E+e¢l,and L is chosen large enough.

For any ny € N, there exists a positive Ry, (), with R,,(A) — 0 as i — 0, such that for any h € (0, 1]
and any ng, m € N with no +m < ngn(h), we have

b (@) < h%(dn) + Byt (U™ dn) + Ry (),
B (1) < iy (&) + Ty (U™ d1) + Ry ().
Let ng € N be fixed and n = ngy(f, E, €). Using the Euclidean division n = gng + r, with r < ny,

Proposition 6.4 implies that for / small enough,

—1
hi (@) _ o it (UF™ ) N R (U gy ) N Ry ()
n - qgng n ng
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and
— g—1 4 — r+kno)h — 77N
B @) _ 2o My U 0) (U ) | Ry ()

n - gng n no

Note that 2 (U9 ¢pp) + h- (U™ ¢p) stays uniformly bounded (by log ng) when  — 0. Combining the
subadditivity property with Corollary 6.3, we find that

Z Uknoh Unh¢h) + h (U(r+kn0)h¢h))
2qn0

- VETE = DVE+e  Ru(h)

2(1—96) g T Om(1/m)(28)

for n = ngne (A, E, €).

6d. The conclusion. The interval [E|, E;] is fixed. Consider E in [E, E;] and a sequence of normal-
ized states (up)r—0 that satisfies (7). We may assume without loss of generality that 1z, Ez](—th)uh =
uy (since the semiclassical limits associated with u; and ]l[El,Ez](—th)uh will be the same). We fix a
function x € €3°(R), supported in [—1, 1] such that ) , _, x2(x —k)= 1. For N € N, we write

Ez—El )C—El—jé‘ .
&= N and Xj(x)=x(f) for j =0,...,N.

We have up = 0o x3(—=h*A)up and thus [lus|?> = Y7 ollx; (—=A*A)unl>. We will write u; =
Xj(—th)uh and it; =uj/|luj|. Fort € R, we apply (28) to ¢ = U'ii; and obtain

ZZ;(I) (h;z)(Uknoh UnhUtﬁj) + //l;O(U(r—HmO)h Utﬂj))
2gno

> (d=WE+( =De— )\/E1+(]+

2(1

ny(1/[log 7). (29)

If we multiply by 6(¢) (satisfying # € L'(R, Ry) and [ 6 =1), integrate with respect to ¢, and take into
account the fact that (kng +r)h — 0 and nfi — 0, we find that

Wt WaH)+h- (Uln
/em () R0 T8 >(d—1)VE +(j— De— )\/E1+(J+ 1) +04,(1). (30)

2ny 2(1

This yields that

By U') + g, (U'E)

N
n2 o(t no
;””’” [ow —
>Z||u,|| (@~ OVE+G—De -

) JE+ G+ 1)5] Fon (D). (31)

2(1 —5)
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We define the averaged entropy

0.0 == 3 ([ 0wlmv giar) og( [ 6wiinu glPar). (32)
la|=n

1.0 == 3 ([ 0wim v glPar) og( [ 6im v Par). (33)
|a|=n

Using the concavity of x — —x log x, (31) implies

Z” 2 oy i, 0) + hy (i, 0)
uj

2710

>Z||u,|| [@—DVE+(G—De-

D VE G De| +ou(). (%)

2(1 )

We can now take the limit 7 — 0. If the semiclassical measure associated with the family (U’up)
decomposes as 1 = [ g dv(E), then [lu;||* converges to [ x7(E)dv(E). On the left side of (34),
hy (ii;,0) and h;,, (ii, 0) both converge to

1 2 1\ p2
n(— / OO X (E)pre((Py, 08" ") -+ (Py 0g")Pa)dv(E) dt>,
2 @ | OO 080
where 1(x) = —x log x.

Then, we let ng — +o00, which allows to go from the previous quantity to the Kolmogorov—Sinai en-
tropy hks; for this step, details can be found in [Anantharaman and Nonnenmacher 2007, Section 2.2.8].
This gives us the inequality

2
Z / X; (E)dv(E)th( I Z(E) i) / 9(r)x,-(E)m,Edv<E)dz)

N

=Y [@-DVE+G—De-

j=0

SVEC G| [ e os)

2(1

At this stage, we use the fact that hkg is affine and derive that

/9(l)<h1<s i) ZX](E)[(d—l)\/El-i-(]— - \/E1+<j+1)e]>dv(E>drzo.

2(1 —6)
Finally, we can take the limit N — +o00, to obtain

/ 9(¢)(th (e E) — %«/E) dv(E)dt > 0.
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If we use the same argument, replacing uy by f (—th)uh (where f is a smooth function on [E{, E>]
such that f f 2(E)dv(E) = 1), we obtain by the same argument

f e(z)fz(E)(th(ut E)— —f ) dv(E)dt > 0;

this holds for all # in L!(R, R,.) such that f@ =1and f in €5°(R, R) such that f f2(E)dv(E) = 1.
As a consequence, one has for Leb ®v-almost every (¢, E),

his (e g) > —f O

Remark 10. If one wants to consider the microlocal setting (see Remark 4) where one uses Op; instead
of Op;, one introduces a partition of unity based on the Paley—Littlewood decomposition. For a fixed
€ > 0, arbitrarily small, one introduces a smooth function v on R satisfying ¢.(E)=1for0<E <27¢
and Y (E) =0 for E > 1. Then, one can define ¢.(E) = ¥ (E/2°) — ¥ (E) and verify that

I=Ye(E)+) ¢ 27°E).
Jj=0
We stress that for every j > 0, the cutoff function ¢, (27/€ E) is compactly supported in [2¢ =D 2¢G+D7],
On the energy window E € [2€U~D 2¢U+D] one can adapt the proof above, doing the change of vari-
able £ ~» 279 &, and using the relation Op, (a(x, 27€E)) = Op,—(a(x, &)). One then copies the steps
of Section 6, using /i; = 27¢ as the effective Planck constant, and taking x J(E) = goel/ 2(2‘jEE) in
Section 6d.

7. From entropy estimates to observability

In this section, we explain how we can go from the entropy estimates of Theorem 2.4 to the observ-
ability estimate of Theorem 2.5. According to Lebeau [1992], it suffices to prove the following weak
observability result to deduce Theorem 2.5:

Theorem 7.1. Under the assumptions of Theorem 2.5, for all T > 0, there exists Cr 4 > 0 such that

T
200, = Cra( / lae" 2l gy i+l ) for ail win LAM). (36)
0

For the sake of completeness, we briefly recall the argument of Lebeau to deduce observability from a
weak observability estimate at time 7. First, for 7’ > T, we introduce the subspace

N(T'y:={p e L>(M) : a(x)(¢"*¢)(x) =0 forall 0 <t < T'}.

From weak observability and the compactness of the injection L? C H~!, we can deduce that for 7’ > T,
this subspace is finite-dimensional. One can also verify that Ag belongs to N(T") forevery T <T" < T’
and every ¢ in N(T’) (by taking the limit of the sequence (e'“¢ — @) /e, which belongs to N(T") for €
small enough, and is bounded in H —2(M)).

This implies that A is an operator from the finite-dimensional subspace N (T’) into itself. As a is
nontrivial, one can deduce the existence of an eigenfunction of the Laplacian that is equal to 0 on a
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nonempty open set. By the Aronszajn—Cordes theorem [Hérmander 1985, Section 17.2], this eigenfunc-
tion is necessarily 0 and the subspace N (T") is reduced to {0}. By contradiction, we can finally deduce
that observability holds for 7/ > T.

To prove Theorem 7.1, we proceed by contradiction and make the assumption that there exists a
sequence of normalized vectors (#,),en in L?>(M) and T > 0 such that

T
i ([ e 2,y 4 iy ) =0 @)

n—-+o0o
This implies that u,, converges to 0, weakly in L2. For every ¢ in R, we introduce the “distribution”
(D)) = (uy | €742 Op ()€ 2up) 12

defined for all b € ¥y. The map ¢ — u,(¢) belongs to L>°(R, 9”6). Thus, there exists a subsequence
(un )k and p in L*(R, ¥)) such that

f __0@)b(x, &) pun, (1)(dx, d§) dt —> __0@b(x, &)u()(dx,d§) dt
RxT*M k=400 JRrxT*M

for all @ € L'(R) and b € %y. As u,, converges weakly to 0, each u(¢) is actually supported at infinity,
and may thus be identified with a probability measure on the unit sphere bundle $*M, invariant under
the geodesic flow (see Remark 4).

From Theorem 2.4 and Remark 4, we know that hgs(u(t)) > %(d — 1) for almost every ¢ in R. We
will now use the fact that the topological entropy of K, is less than %(d — 1), that is,

hiop(Ka, (89) := sup  {hxs(p) 1 u(Ky) =1} < 5(d —1).
HEM(S*M,g")

Using property (37), we know that fS*Mx[O T a’(x, E)u () (dx, dg)dt = 0. In particular, this implies
that pu(¢)(S*M\K,) = 0 for almost every ¢ in [0, T'] (as u(z) is g*-invariant), leading to a contradiction.
O

Appendix A. Pseudodifferential calculus on a manifold

In this section, we recall some facts of pseudodifferential calculus; details can be found in [Zworski
2012]. We define on R% the following class of (semiclassical) symbols:

S™H(RM) := {a = ap € C®(R*) : |00 a| < Co.ph ™ (g)" 1P

for all K c R? compact, «, B, some C, g, and all (x,§) € K x [R{d}.
Let M be a smooth compact Riemannian d-manifold without boundary. Consider a finite smooth atlas
(fi, Vi) of M, where each f; is a smooth diffeomorphism from the open subset V; C M to a bounded

open set W; C R¢. To each fi corresponds a pull-back f;* : C*°(W;) — C°°(V}) and a canonical map fl
from T*V; to T*W;:

fii (x,8) > (fitx), (DAx)"HTE).
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Consider now a smooth locally finite partition of identity (¢;) adapted to the previous atlas (fi, V;).
That means ), ¢; = 1 and ¢; € 6°(V;). Then, any observable a in C*°(T*M) can be decomposed
as a = ) _;a;, where a; = a¢;. Each a; belongs to C*°(T*V;) and can be pushed to a function a; =
( fl_l Y*a; € C*°(T*W;). As in [Zworski 2012], define a class of symbols of order m and index k by

S™K(T*M) :={a=ap € C°(T*M) : |a;ja§‘a| < Cophi ()" P! for all o, B and some C,5}. (38)

Then, for a € S™*(T*M) and for each [, one can associate to the symbol g; € Sk (R2?) the standard
Weyl quantization:

_.l_
xzy,é;h)u(y)dydé,

w _ 1 @/h)ix=y.6) 5 (
Opj; (@nu(x) := iy /dee a
where u € %EO(R‘Z). Consider now a smooth cutoff y; € 62°(V;) such that ¥; = 1 close to the support
of ¢;. A quantization of a € S™*(T*M) is then defined by

Opp (@) (u) := Z Y1 x (fi Opy @) (f; )W x ), (39)
]

where u € 6°°(M). According to the appendix of [Zworski 2012], the quantization procedure Op; sends
Sk (T*M) onto the space of pseudodifferential operators of order m and of index k, denoted W (M).
It can be shown that the dependence in the cutoffs ¢; and v; only appears at order 2 in 7 and the principal
symbol map og : WK(M) — §™*/§mk=1(T*M) is then intrinsically defined.

At various places in this paper, a larger class of symbols should be considered, as in [Dimassi and
Sjostrand 1999] or [Zworski 2012]. For 0 <v < 1/2,

SIE(T*M) = {a = ap € €°(T*M) : 390 a| < Caph™ 141 (£)"~ 1Pl for all @, B and some Cop}.

Results of [Dimassi and Sjostrand 1999] can be applied to this new class of symbols. For example, if M
is compact, a symbol of S* gives a bounded operator on L?(M) (with norm independent of # < 1).

Even if the Weyl procedure is a natural choice to quantize an observable a on R??, it is sometimes
preferable to use a quantization that also satisfies the property that Op, (a) >0 if a > 0 (such a quantization
procedure is said to be positive). This can be achieved using to the anti-Wick procedure; see [Helffer
et al. 1987]. For a in SS’O(IRZ‘Z) that coincides with a function on R? outside a compact subset of T*RY,
one has

10p} (@) — Op; Y (@)l 2 <€ Y~ K1V |18%] |, (40)
le|<D

where C and D are some positive constants that depend only on the dimension d. To get a positive
procedure of quantization on a manifold, one replaces in definition (39) the Weyl quantization by the
anti-Wick one. We will denote by Op;iIr (a) this new choice of quantization, which is well defined for
every element in SS’O(T*M) of the form b(x) + c(x, &), where b belongs to SB’O(T*M) and ¢ belongs
to €5°(T*M) N SO%(T*M). We underline the fact that Op; (1) =Id;2 ).
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