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ENTROPY OF SEMICLASSICAL MEASURES FOR NONPOSITIVELY
CURVED SURFACES

GABRIEL RIVIERE

ABSTRACT. We study the asymptotic properties of eigenfunctions of the Laplacian in the case of
a compact Riemannian surface of nonpositive sectional curvature. We show that the Kolmogorov-
Sinai entropy of a semiclassical measure u for the geodesic flow g* is bounded from below by
half of the Ruelle upper bound, i.e.

haes(n9) > 5 [ 3 (duo).

We follow the same main strategy as in [@ and refer the reader to it for the details of several
lemmas.

1. INTRODUCTION

Let M be a compact C*° Riemannian manifold. For all x € M, T M is endowed with a norm
||l.|lz given by the metric over M. The geodesic flow g* over T*M is defined as the Hamiltonian

flow corresponding to the Hamiltonian H(x,&) := % This last quantity corresponds to the
classical kinetic energy in the case of the absence of potential. As any observable, this quantity
can be quantized via pseudodifferential calculus and the quantum operator corresponding to H
is —EQTA where £ is proportional to the Planck constant and A is the Laplace Beltrami operator
acting on L2(M). Our main concern in this note will be to study the asymptotic behavior, as h

tends to 0, of the following sequence of distributions:

Vo € CHI M), ) = [ alo.€dne,6) 1= (. Opa(a)in) ar

where Opy,(a) is a h-pseudodifferential operator of symbol a [ and 1 satisfies
—h? Ay, = n.

An accumulation point of such a sequence of distribution uy is called a semiclassical measure.
Moreover, one knows that a semiclassical measure is a probability measure on S*M := {||¢||2 = 1}
which is invariant under the geodesic flow g* on S*M. For manifolds of negative curvature,
the geodesic flow on S*M satisfies strong chaotic properties (Anosov property, ergodicity of the
Liouville measure) and as a consequence, it can be shown that almost all the uy converge to the
Liouville measure on S*M [@], [@], @] This phenomenon is known as the quantum ergodicity
property. A main challenge concerning this result would be to answer the Quantum Unique
Ergodicity Conjecture [@], i.e. determine whether the Liouville measure is the only semiclassical
measure or not (at least for manifolds of negative curvature).

In [E], Anantharaman used the Kolmogorov-Sinai entropy to study the properties of semiclassical
measures on manifolds of negative curvatureﬂ. In particular, she showed that the Kolmogorov-
Sinai entropy of any semiclassical measure is positive. This result implies that the support of a
semiclassical measure cannot be restricted to a closed geodesic, i.e. eigenfunctions of the Laplacian
cannot concentrate only on a closed geodesic in the high energy limit. In subsequent works, with
Nonnenmacher and Koch, more quantitative lower bounds on the entropy of semiclassical measures

were given [[l], [.

I fact, her result was about manifolds with Anosov geodesic flow, for instance manifolds of negative curvature.
1



2 G. RIVIERE

1.1. Kolmogorov-Sinai entropy. Let us recall a few facts about the Kolmogorov-Sinai (also
called metric) entropy (see [R4] or appendix [H for more details and definitions). It is a nonnegative
number associated to a flow g and a g-invariant measure u, that estimates the complexity of u
with respect to this flow. For example, a measure carried by a closed geodesic will have entropy
zero. Recall also that a standard theorem of dynamical systems due to Ruelle [@] asserts that,
for any invariant measure p under the geodesic flow:

(1) his(u,g) < /*M Z X} (p)dp(p)

with equality if and only if 1 is the Liouville measure in the case of an Anosov flow [E} In the
previous inequality, the X;— denoted the positive Lyapunov exponents of (S*M, gt, 1) [A].
Regarding these properties, the main result of Anantharaman-Koch-Nonnenmacher was to show
that, for a semiclassical measure p on an Anosov manifold, one has

d—1
hics(p.g) = /*szj(p)du(p) _ %'

where Amax = limy_ 440 %1og SUP e 5+ M |d,g"| is the maximal expansion rate of the geodesic flow
and the X;”s are the positive Lyapunov exponents [ﬂ] Compared with the original result from [ﬂ]7
this inequality gives a precise lower bound on the entropy of a semiclassical measure. For instance,
for manifolds of constant negative curvature, this lower bound can be rewritten as %. However,
it can turn out that Anax is a very large quantity and in this case, the previous lower bound can
be negative (which would imply that it is an empty result). Combining these two observations [H]7

they were lead to formulate the conjecture that, for any semiclassical measure p, one has

st > 5 [ St
KS\Hs g =3 S*Mj:1Xj p)ap(p).

They also ask about the extension of this conjecture to manifolds without conjugate points @]
In recent work [E]7 we were able to prove that their conjecture holds for any surface with an
Anosov geodesic flow (for instance surfaces of negative curvature). Regarding our proof and the
nice properties of surfaces of nonpositive curvature [@], [IE], it became clear that our result can
be adapted in the following way:

Theorem 1.1. Let M be a C* Riemannian surface of nonpositive sectional curvature and p a
semiclassical measure. Then,

1
(2) hics(,9) 2 5 / X" (p)du(p),
S*M
where his(u,g) is the Kolmogorov-Sinai entropy and x*(p) is the upper Lyapunov exponent at
point p.

In particular, this result shows that the support of a semiclassical measure cannot be reduced to
a closed unstable geodesic. We underline that our inequality is also coherent with the quasimodes
constructed by Donnelly [E] In fact, his quasimodes are supported on closed stable geodesics
(included in flat parts of a surface of nonpositive curvature) and have zero entropy. We can make
a last observation on the assumptions on the manifold: it is not known whether the geodesic flow
is ergodic or not for the Liouville measure on a surface of nonpositive curvature. The best result
in this direction is that there exists an open invariant subset U of positive Liouville measure such
that the restriction gy is ergodic with respect to Liouville @] The extension of this result on
the entropy of semiclassical measures raises the question of knowing whether one could obtain an
analogue of this result for weakly chaotic systems. For instance, regarding the counterexamples
constructed in [@]7 it would be interesting to have a lower bound for ergodic billiards.
Our purpose in this note is to prove theorem @ Our strategy will be the same as in [@] So we
will focus on the main differences and refer the reader to [@] and [H] for the details of several lem-
mas. The crucial observation is that as in the Anosov case, surfaces of nonpositive curvature have
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continuous stable and unstable foliations and no conjugate points. This property was at the heart
of the proofs in [], [[f] and [1§] and we will verify that even if the properties of these stable/unstable
directions are weaker for surfaces of nonpositive curvature, they are sufficient to prove the con-
jecture of Anantharaman-Nonnenmacher in this weakly chaotic setting. In [[f], [f], [L, there was
a dynamical quantity which was crucially used: the unstable Jacobian of the geodesic flow. In
the case of surfaces of nonpositive curvature, one can introduce an analogue of it. This quantity
comes from the study of Jacobi fields and is called the unstable Riccati solution U“(p) [@] In
this setting, it has been shown that the Ruelle inequality can be rewritten as follows [:

his(p,g) < /S*M U“(p)du(p)-

So, the lower bound of theorem [L.] can be rewritten as

3) hics(p,g) > %/ U (p)dpu(p)-

S*M
The main adavantage of this new formulation is that the function in the integral of the lower
bound is defined everywhere (and not almost everywhere).

Remark. One could also ask whether it would be possible to extend this result to surfaces without
conjugate points. In fact, these surfaces also have a stable and unstable foliations (and of course
no conjugate points). Moreover, according to Green [l4] and Eberlein [[LT]}, the Jacobi fields also
satisfy a property of uniform divergence (at least in dimension 2). The main difficulty is that the
continuity of U“(p) is not true anymore [E] and at this point, we do not see any way of escaping
this difficulty.

1.2. Organization of the article. In section , we will give a precise surveyﬂ on surfaces of
nonpositive curvature and highlight the properties we will need to make the proof work. Then,
in section E, we will draw a precise outline of the proof and we will refer to [B] for the details of
some lemmas. In section ﬁ, we will explain how the main result from ] can be adapted in the
setting of surfaces of nonpositive curvature. In section E, we follow the same strategy as in [@]
to derive a crucial estimate on the quantum pressures. Finally, in the appendix, we recall some
results on quantum pressure from [@]

Acknowledgements. I would like to sincerely thank my advisor Nalini Anantharaman for intro-
ducing me to this question and for encouraging me to extend the result from [@] to nonpositively
curved surfaces. I also thank her for many helpful discussions about this subject.

2. CLASSICAL SETTING OF THE ARTICLE

2.1. Surfaces of nonpositive curvature. In this first section, we recall some facts about non-
positively curved manifolds [T, [1F.

2.1.1. Stable and unstable Jacobi fields. We define 7 : S*M — M the canonical projection
m(x,§) := x. The vertical subspace V, at the point p = («,&) is the kernel of the application
d,m. We underline that it is in fact the tangent space in p of the 1-dimensional submanifold
SxM. In the case of a surface, it has dimension 1. We can also define the horizontal subspace
in p. Precisely, for Z € T,5"M, we consider a smooth curve ¢(t) = (a(t),b(t)), t € (—¢€,¢€), in
S*M such that ¢(0) = p and ¢/(0) = Z. Then, we define the horizontal space H, as the kernel of
the application K,(Z) = Vg (0)b(0) = Vg, (2)b(0), where V is the Levi-Civita connection. This
subspace contains Xy (p) the vector field tangent to the Hamiltonian flow. For a surface, this
subspace is of dimension 2. We know that we can use these two subspaces to split the tangent
space T,S*M = H, @V, (it is the usual way to split the tangent space in order to define the Sasaki
metric on S*M [ﬁ) Using this decomposition, we would like to recall an important link between
the linearization of the geodesic flow and the Jacobi fields on M. To do this, we underline that to

2We refer the reader to [@] or [@] for more details.



4 G. RIVIERE

each point p in S*M corresponds a unique unit speed geodesic 7,. Then we define a Jacobi field
in p (or along 7,) as a solution of the differential equation:

I7 () + Ry, (1), I(#)7,(t) =0,

where R(X,Y)Z is the curvature tensor applied to the vector fields X, Y and Z and J'(¢) =
Vo wyd (t). We recall that we can interpret Jacobi fields as geodesic variation vector fields [[L2].
Precisely, consider a C* family of curves ¢, : [a,b] — M, s in (—¢,¢). We say that it is a C*°
variation of ¢ = ¢y. It defines a corresponding variation vector field Y (t) = %(Cs (t))|s=0 that gives
the initial velocity of s — c,(t). If we suppose now that c is a geodesic of M, then a C? vector field
Y (t) on c is a Jacobi vector field if and only if Y (¢) is the the variation vector field of a geodesic
variation of ¢ (i.e. Vs € (—¢,¢€), cs is a geodesic of M). For instance, v, (t) and tv,(t) are Jacobi
vector fields along ,.

Consider now a vector (V, W) in T,5*M given in the coordinates H, @ V,. Using the canonical
identification given by d,m and K,, there exists a unique Jacobi field Jy,w (t) in p whose initial
conditions are Jy,w (0) = V" and J, y,(0) = W, such that

dog"(V,W) = (Jv,w (t), Iy w (1))

in coordinates Hy:, & Vye, B1] (lemma 1.4). We define N, the subspace of T,S*M of vectors
orthogonal to Xg(p) and H, the intersection of this subspace with H,. Using the previous
property about Jacobi fields, we know that the subbundle N perpendicular to the Hamiltonian
vector field is invariant by ¢g* and that we have the following splitting [@] (lemma 1.5):

T,S*M =RXy(p) & H, &V,

Obviously, these properties can be extended to any energy layer £(\) for any positive A. Fol-
lowing [P1] (lemma 3.1), we can make the following construction of two particular Jacobi fields
along 7,. We denote (v,(t),e(t)) an orthonormal basis defined along 7,(t). Given a positive T
and because there are no conjugate points on the manifold M, there exists a unique Jacobi field
Jr(t) such that J7(0) = e(0) and J7(T') = 0. Moreover, J7(t) is perpendicular to 7,(t) for all ¢
in R [PI] (page 50). As a consequence, J7(t) can be identified with its coordinate along e(t) (as
T, )M is of dimension 2). A result due to Hopf (lemma 3.1 in [RT]) tells us that the limits

i Ir(0)wndlim,_Ir(0

exist. They are denoted J5(¢) and Jj;(t) (respectively the stable and the unstable Jacobi field).
They satisfy the simplified one dimensional Jacobi equation:

() + K@®)I(t) =0,

where K(t) = K(v,(t)) is the sectional curvature at v,(t). They are never vanishing Jacobi
fields with J%(0) = e(0) and for all ¢ in R, they are perpendicular to v, (t). Moreover, we have

||J;/ )l < VEol|J5(t)|| for every t in R (where — Ky is some negative lower bound on the curvature).
Using the previous link between geodesic flow and Jacobi fields, we can lift these subspaces to
invariant subspaces E°(p) and E"(p) called the Green stable and unstable subspaces. These
subspaces have dimension 1 (in the case of surfaces) and are included in N,. A basis of E%(¢g'p)
is given by (J;(t),ﬂf; (t)) in coordinates Hg:, ® Vyt,. We can underline that both subspaces are
uniformly transverse to V, and that it can happen that they are equal to each other (which was
not the case in the Anosov setting). In the case of nonpositive curvature, these subspaces depend
continuously in p and are integrable as in the Anosov case [@]

2.1.2. Riccati equation. In the case where the Green subspaces attached to p are linearly inde-
pendent, a splitting of N, is given by E*(p) @ E*(p) and the splitting holds for all the trajectory.
For the opposite case, we know that the Green subspaces attached to p (and hence to a geodesic
~p) are linearly dependent if and only if the sectional curvature is vanishing at every point of the
geodesic v, [ As a consequence, we cannot use the same kind of splitting. However, there exists
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a splitting of N, that we can use in both cases, precisely E*(p) @ V,. We would like to mention
that the one dimensional Jacobi equation defined earlier gives rise to the Riccati equation:

U'(t) +U?(t) + K(t) = 0,
where U(t) = J'(¢)J(t)~! for non vanishing J. Then we define the corresponding unstable Riccati

solution associated to the unstable Jacobi field as U (t) := Jg/ (t)(Ju(t))~". Tt is a nonnegative
quantity and it describes the growth of the unstable Jacobi field (in dimension 2) as follows:

T2 = [1T4(0)|eo U (912,

The same works for the stable Jacobi field. Both quantities are continuousﬂ with respect to
p.  We underline that, we can use the previous results to obtain the bound ||dpg‘tEu(p)H <

Vv1+ Koeftf Uy (s)ds Qo the unstable Riccati solution describe the infinitesimal growth of the geo-
desic flow along the unstable direction, whereas J%(p)~! used in the previous sections described
the growth at time 1. More precisely, as for the unstable Jacobian, Freire and Mané showed that
the unstable Riccati solutions are related to the Lyapunov exponents. In fact, they proved that
the Ruelle bound for the entropy of a g-invariant measure y in the case of nonpositive curvature
(precisely for manifolds without conjugate points) [E] is:

hics (1 9) < / U™ (p)du(p).
5*M

2.1.3. Divergence of vanishing Jacobi fields. A last point we would like to recall is a result due to
Green [[14] and to Eberlein in the general case [@] It asserts that for any positive ¢ there exists
a positive T = T'(c) such that for any p in S*M and for any nontrivial Jacobi field J(¢) along
v, such that J(0) = 0 and ||J’(0)|| > 1, for all ¢ larger than T, we have ||J(¢)|| > ¢ (proposition
3.1 [@]) This property of uniform divergence only holds in dimension 2 and as it is crucially used
in the following, our proof only works for surfaces of nonpositive curvature. In larger dimensions,
the same result holds but without any uniformity in p. Finally, all these properties allow to prove
the following lemma:

Lemma 2.1. Let v = (0,V) be a unit vertical vector at p. Then for any ¢ > 0, there exists
T =T(c) > 0 (independent of p and of v) such that for any t > T, ||d,g"'v| > c.

We underline that, for ¢ > T, the angle between E%(g'p) and d,g'v is bounded by some r(c)
with k(c) arbitrarly small as ¢ tends to infinity.

2.2. Discretization of the unstable Riccati solution. For 6 small positive number (6 will be
fixed all along the paper), one defines

E=H1(1/2-6,1/2+6)).
From previous section, we know that there exists a constant by such that
Vpe &% 0<U(p) < bo.

This function will replace the logarithm of the unstable Jacobian log J* in the proof from [[L§].
The situation is slightly different from the case of an Anosov flow as we do not have that U" is
uniformly bounded from below by some positive constant, a property that was crucially to prove
theorem 1.2 in [@] We solve this problem by introducing a small positive parameter ¢, and
defining an auxiliary function
Ug'(p) := sup{U"(p), €0}
We also fix € and n two small positive constants lower than the injectivity radius of the manifold
(that we suppose to be larger than 2). We choose 1 small enough to have (2 + g—g)bon < 5 (as
in [E], this property is only used in the proof of lemma EI) We underline that there exists ¢ > 0
such that if
V (p,p) €€ x E% d(p,p') <e=|U(p) = U"(p')] < eoe.

3The continuity in p is a crucial property that we will use in our proof. We underline that it is not true if we
only suppose the surface to be without conjugate points [E]



6 G. RIVIERE

We make the extra assumption that the small parameter € used for the continuity is smaller than
€.

Discretization of the manifold. As in the case of Anosov surfaces, our strategy to prove theorem Ell
will be to introduce a discrete reparametrization of the geodesic flow. Regarding this goal, we cut
the manifold M and precisely, we consider a partition M = |_|ZK:1 O; of diameter smaller than some

positive 6. Let (€;)X, be a finite open cover of M such that for all 1 < i < K, O; € ;. For
v €{1,---,K}?, define an open subset of T*M:

V., o= (T*Q,, N g "T*Q,, ) N EY.
We choose the partition (0;)X; and the open cover (€)X, of M such that (V3 ) eq1,... k)2 is a

finite open cover of diameter smallerﬂ than e of £%. For 7 := (79,71), we define f(7) and fo(7) as
in the case of an Anosov flow i.e.

fo(v) :=ninf{Ug(p) : p € V5 } and f(7) :==ninf{U"(p) : p € V4}.
Compared with the Anosov case, we will have slightly different properties for the function f(v),
ie.

(4) Vp eV,

n
/ U;j(s)ds — f(7)| < nege.
0
We also underline that the function fy satisfies the following bounds, for v € {1,---, K},
eon < fo() < bon.

Finally, let o = (ag, a1, -+) be a sequence (finite or infinite) of elements of {1,---, K} whose
length is larger than 1 and define:

€ €
(5) Fi(a) = fo(ao, ) < 5 and f(a) := f(ag, a1) < 3,
where the upper bounds follow from the previous hypothesis. In the following, we will also have
to consider negative times. To do this, we define the analogous functions, for 3 := (--- ,5_1, 5o)

of finite (or infinite) length,
f-(B) == fo(B-1,P0) and f(B) := f(B-1,50)-

Remark. We underline that the functions f} and f_ are defined from U{ while f is defined from
U". This distinction will be important in the following.

3. PROOF OF THEOREM [1.1

Let (¢n,) be a sequence of orthonormal eigenfunctions of the Laplacian corresponding to the

eigenvalues —1/ h,;z such that the corresponding sequence of distributions p, on T*M converges
as k tends to infinity to the semiclassical measure p. For simplicity of notations and to fit semi-
classical analysis notations, we will denote /& tends to 0 the fact that k tends to infinity and ¢y and
k2 the corresponding eigenvector and eigenvalue. To prove the inequality of theorem m, we will
again give a symbolic interpretation of a semiclassical measure and apply results on suspension
flows to this measure [fl].
Let ¢ > 4e be a positive number, where ¢ was defined in section @ As in the Anosov setting,
the link between the two quantities € and €' is only used to obtain theorem on product of pseu-
dodifferential operators from sections 6 and 7 in [[[§] (here theorem B.2). In the following of the
note, the Ehrenfest time ng(h) will be the quantity:

(6) np(h) = [(1 = ¢)[loghl].

We underline that it is an integer time and that, compared with usual definitions of the Ehrenfest
time, there is no dependence on the Lyapunov exponent. We also consider a smaller non integer
time:

(7) TE(h) = (1 — E)HE(h)

4n particular, the diameter of the partition § depends on 6 and e.
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We draw now a precise outline of the proof of theorem and refer the reader to [E] for the
proof of several lemmas. The main differences with the Anosov case is that we have to indroduce
a thermodynamical formalism to treat the problem.

3.1. Quantum partitions of identity. In order to find a lower bound on the metric entropy of
the semiclassical measure u, we would like to apply the uncertainty principle for quantum pressure
(see appendix @) and see what informations it will give (when % tends to 0) on the metric entropy
of the semiclassical measure p. To do this, we define quantum partitions of identity corresponding
to a given partition of the manifold. We recall the notations from [@]

3.1.1. Partitions of identity. In paragraph @, we considered a partition of small diameter (0;)X
of M. We also defined (£2;)X, a corresponding finite open cover of small diameter of M. By
convolution of the characteristic functions 1o,, we obtain P = (F;),_; ; a smooth partition of
unity on M i.e. for all x € M:

K
ZPf(m) =1
i=1

We assume that for all 1 < 4 < K, P, is an element of C°(€2;). To this classical partition
corresponds a quantum partition of identity of L?(M). In fact, if P; denotes the multiplication
operator by P;(z) on L?(M), then one has:

K

(8) > PP =T1dper).
i=1

3.1.2. Refinement of the quantum partition under the Schridinger flow. Like in the classical setting
of entropy, we would like to make a refinement of the quantum partition. To do this refinement,
we use the Schrédinger propagation operator U! = e"2° . We define A(t) := U~'AU", where A is
an operator on L?(M). To fit as much as possible with the metric entropy, we define the following

operators:

9) Ta = Pay (k1) -+ Pay (1) Pag

and

(10) 73 = Pa_,.(=kn) - Ps_,(—=2n)Ps, Pp_, (—n),

where o = (v, - -+ , o) and 8 = (B_g, - - - , fo) are finite sequences of symbols such that a; € [1, K]

and f_; € [1,K]. We can remark that the definition of w3 is the analogue for negative times of
the definition of 7,. The only difference is that we switch the two first terms By and G_;. The
reason of this choice relies again in the application of the quantum uncertainty principle. One can
see that for fixed k, using the Egorov property:

(1) ([ Pa (k) -+ Py () Pagnl|* — p(P3, 0 g™ x -+ P30 g" x P3,) as h tends to 0.

This last quantity is the one used to compute hxgs(p, g") (with the notable difference that the
P; are here smooth functions instead of characteristic functions). As in 1§, we will have to
understand for which range of times kn, the Egorov property can be be applied. In particular,
we will study for which range of times, the operator 7, is a pseudodifferential operator of symbol
P,y 0g*" x -+ Py, 0 g" x Py, (see (L1])). In [ and [f], they only considered kn < |logh|/Amax
where A\pax = limy 4o %log SUP pe 5+ M |dpgt|. This choice was not optimal and in the following,
we try to define sequences a for which we can say that 7, is a pseudodifferential operator.

3.1.3. Index family adapted to the variation of the unstable Jacobian. Let a = (ag, 1, ) be a
sequence (finite or infinite) of elements of {1,---, K} whose length is larger than 1. We define a
natural shift on these sequences

0+((O‘07O‘17 T )) = (alv T )
For negative times and for 8 := (--- , 8_1, o), we define the backward shift
U*((' o 56*1760)) = ( o 7671)'
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In the following, we will mostly use the symbol = for infinite sequences and reserve o and g for
finite ones. Then, using notations of section Ell and as described in section 4 of ], index families
depending on the value of the unstable Jacobian can be defined as follows:

k—2

k—1
(12)  I'(h) := I"(Tg(h)) = {(Oéo, s ag) k>3, Zf+ (Uia) <Tg(h) < Zf+ (oia)} ,
i=1

=1

k—2 k—1
(13) K"(h) = K"(Tp(h)) = {m, B k=3 (0L 8) < Te(h) < S f- (aw)} .
i=1 i=1
We underline that fy, f- > €7 ensures that we consider finite sequences. These sets define the
maximal sequences for which we can expect to have Egorov property for the corresponding 7.
The sums used to define these sets were already used in [[§]. We can again think of the time ||y
as a stopping time for which property (@) will hold (for a symbol 7, corresponding to «).
A good way of thinking of these families of words is by introducing the sets

2+ = {17 7K}N and X := {17 7K}7N'

Once more, the sets I"(h) (resp. K"(h)) lead to natural partitions of ¥ (resp. X_). Families of
operators can be associated to these families of index: (74)aecrn(n) and (75)gexn(n).- One can show
that these partitions form quantum partitions of identity (lemma 5.1 in [[L]):

Z TaTa = Idg2(ar) and Z msms = Idpe -
a€ln(h) BEKM(h)

3.2. Symbolic interpretation of semiclassical measures. Now that we have defined these
partitions of variable size, we want to show that they are adapted to compute the pressure of a
certain measure with respect to some reparametrized flow associated to the geodesic flow. To do
this, we proceed as in [@] and provide a symbolic interpretation of the quantum partitions. We
denote ¥4 := {1,---, K}N. We also denote C; the subset of sequences (,,)nen such that zg = 1.
Define also:
[, ,ag] :=Cqp N+ ﬁa;kcak,

where o is the shift o4 ((25)nen) = (Zn+1)nen (it fits the notations of the previous section). The
set 34 is then endowed with the probability measure (not necessarily o-invariant):

/L§+ ([040, co 7ak]) = /L§+ (Cao n---N U;kcak) = HPOUC (kn) T Paowﬁ|‘2-

Using the property of partition of identity, it is clear that this definition assures the compatibility
conditions to define a probability measure:

STt (oo, s aws]) =yt (oo, or]).

Then, we can define the suspension flow, in the sense of Abramov, associated to this probability
measure. To do this, the suspension set is defined as:

(14) §+ = {(I,S) S 2+ X R+ 10 <s< f+ (.I)}
Recall that the roof function fy is defined as f (z) := f4 (2o, 21). We define a probability measure

ﬁ?* on Xy:
b dt b3} dt
(15) 7" =pyt x =py X :
Do iy2 f+(@) [ Pathnl|? et sy @)yt ([o])
The suspension semi-flow associated to oy is for time s:
n—2 )
(16) 75 (z,t) = | o (2), s+t — Z f+ (afi_:zr) ,

J=0
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n—2 n—1
where n is the only integer such that Z f+ (O’i:t) <s+t< Z f+ (Jix).
j=0 j=0

Remark. We underline that we used the fact that f; > 0 to define the suspension flow. If we had
considered f, we would not have been able to construct the suspension flow as f could be equal
to 0.

A notable difference with the Anosov setting is that we will not consider time 1 of the suspension
of the flow. Instead of it, we fix a large integer Ny (such thatf] ¢ < 1/Ny < €o) and consider time
1/Ny of the flow and its iterates.

Remark. It can be underlined that the same procedure holds for the partition (7g). The only
differences are that we have to consider X_ := {1,--- , K} ™ 0_((zn)n<0) = (n—1)n<o and that
the corresponding measure is, for k£ > 1:

= > I
123 ([ﬁ—ku 760]) = My (Ufkcﬁfk ﬂ---ﬁCBO) = ”Pﬁfk(_kn)"'Pﬁopﬁfl(_n)wﬁ”?
For k = 0, one should take the only possibility to assure the compatibility condition:

K
- ([Bol) =D iy~ (181, Bo)) -
j=1

The definition is quite different from the positive case but in the semiclassical limit, it will not
change anything as Pg, and Pg_1(—n) commute. Finally, the ”past” suspension set can be defined
as

Soi={(r,9) €T_ xR, :0<s< f (7))

Now let a be an element of I"(%). Define:
(17) Cl:=Cay N -'-ﬂa_:kcak.

This new family of subsets forms a partition of ¥. Then, a partition @:{ of ¥, can be defined
starting from the partition C and [0, f+(a)[. An atom of this suspension partition is an element
of the form é;r =C+ x [0, fr(a)[. For &~ (the suspension set corresponding to ¥_), we define an
analogous partition C,, = ([3] x [0, f—(B)[)gexn(n). As in the case of the Anosov geodesic flows,
we now have to apply the uncertainty principle to these partitions of variable size. The main
difference with [@] is that we will apply it for quantum pressures (see section @) We introduce
the weights

k—1 k—1
1 ; _ 1 )
W= exp 3 E flo%a) | and Wy = exp 3 g f(e’B)
j=1 j=1

We underline that the weights depends on f and not fi or f_. It cames from the fact that f is
the function that appears in theorem @ We introduce the associated quantum pressureﬁ:

(18) p(m.cn)=H(m ) - 2%;@ A (R

and B B B

(19) p (g?,@,;) =H (ﬁ?,ﬁg) -2 Y m (@g) log Wj .
BEKM(h)

We follow then the procedure of section 5 in ] to apply the entropic uncertainty principle (i.e.
apply it K2 times and not 1 time as in [ﬂ]) and we use the main estimate on the norms of the
quantum partitions (see theorem [i.1]) to derive that

(20) P (ﬁ%*,@;{) +p (ﬁ§7,6;> > —logC — (1 + € + 4e)ng(h),

5To summarize the relations between the different parameters, we have i << NLO < €9. Moreover 1 depends

on € and €g and tends to 0 when € tends to 0 and ¢q is fixed.
6We refer the reader to appendix E for the definition of H.
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where C' is a constant that does not depend on .

Remark. This last inequality is a crucial step to prove theorem EI We will recall how one can
get such a lower bound in section E This inequality corresponds to proposition 5.3 in [@] The
strategy of the proof is exactly the same except that we have to deal with quantum pressures and
not quantum entropies (see section ﬂ) However, we can follow the same lines as in section 5.3.2
in 1] (i.e. apply K2 times the uncertainty principle) and obtain a lower bound that depends on
the bound from theorem @ At this point, there is a difference because theorem was proved
in [[f] for Anosov manifolds. In section [, we will show that the proof of theorem from [[f can
be adapted in the setting of nonpositively curved surfaces.

The problem of expression (R() is that it is not exactly the pressure of a refined partition. As
in ], one can prove the following lemma:

Lemma 3.1. Let Ny be a positive integer defined as previously. There exists an explicit partition
5;0 of ¥, independent of h such that \/?:EO(E)NO*IE;NTEF is a refinement of the partition a:br.

Moreover, let n be a fixed positive integer. Then, an atom of the refined partition \/?:_()1EJ:JT°€_|r
is of the form [a] x B(a), where o = (g, -+ , ) s a k + 1-uple such that (o, -+, ax) verifies

—1
x(l—e) < jgoer (ai_a) < Fo(l + €) and B(a) is a subinterval of [0, f+ ().

This lemma is the exact analogue of lemma 4.1 in [E] and its proof is the same: the only
difference is that we consider times 1/Ny instead of time 1. In particular, in the proof, the
partition @;0 is constructed fromf] I7(1/Np) and not from I(1). As in the Anosov case, we
would like to use this lemma to rewrite the quantum pressure in terms of the pressure of a refined

partition. To do this, we use basic properties of the classical entropy (see appendix ) to find
that:

3. 5+ T =

g
Consider now an atom A of the partition \/"E (h)NWIE i o C;D. To this atom, it corresponds an
unique family (yo, -+, Yngr)No—1) iD I”(l/NO)NO”E(h) and we define the corresponding weight as
N[)HE h) 1
+ . +
Wy = H Wi,
With these notations, we introduce the refined pressure at times n:
S — + Sy o~ + )
Pn (uh* of“,CNO> = H, (uh* of°,CNO> -2 > i, (A)log W
j

n—1=""TNH ~1
AE\/].:OU UCN0

One can then write the following inequality

. = b
-2 >0 (G tog Wi < -2 ) Ain (A)log Wi +2bonNons (h).
. €0
a€ln(h) AEV;Y:(J:EW)*E*TVLUE;D

The correction term in the last expression comes from the fact that, for each atom A in the

NonE(ﬁ) 1_—

partition V2 No C, one has an unique o’ in I"(h) and the corresponding W, is not

exactly equal to Wi 4 - Finally, the previous inequalities can be summarized as follows:
(21)

boNong(h ST e S ——
_47()6_10% C—(1+€'+4enp(h) < pupmng (574" Cng ) +Pnpmng | Fn 172" 5C, | -
This estimate is crucial in our proof as we have derived from a quantum relation a lower bound
on the classical pressure of a dynamical system associated to the geodesic flow.

"We recall that I7(t) was defined as the set of words {a = (g, - ,ak): k>3, Zf;f f+ (Uia) <t< Z?;ll f+ (Uia) }
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3.3. Subadditivity of the quantum pressure. As in [@], we would like to let & tends to 0 in
inequality (@) The main difficulty to do this is that everything depends on 4. So, once more, we
have to prove a subadditivity property for the quantum pressure:

Theorem 3.2. Let 5;0 be the partition of lemma @ There exists a function R(ng, k) on Nx (0, 1]
and R(Ny) independent of ng such that

Vno € N, limsup |R(ng, )| = R(No).
h—0

Moreover, for any i € (0,1] and any ng,m € N such that no + m < Nong(h), one has:
3, L 5+ >y, L =+ 3. 1 =+
pno-i-m (/Lh+7 g No 7CN0) S pno (/thJru a No 7CN0> + Pm (Mﬁ+7 aNo 7CN0) + R(”Ou h)
Proof. To prove this subadditivity property, we will prove subadditivity of the quantum entropy

and subadditivity of the pressure term. As in section 6 from [, we write for the entropy part
that:

ST R 1
Hoyom (77, 0%5,Ch, ) < H (5204, V30 5 56T, ) + Hyn (7 575,C, )
So, as in [@], we have to show that the measure of the atoms of the partition are almost invariant
1

under EF for the range of times we have considered (proposition 6.1 in ]) Consider now the
pressure term in the quantum pressure. Using the multiplicative structure of the WZ, one has

> Tin " (A)log W} = Yoo (A)legWi
Aevj’?g[f’"’lﬁff\’ioézf,o Aev;’”‘:;lE*NLOEX,O
Y T Wl W+ Y o am (A log WY

o ot
Aeviote  Moek, A€y,

So, once more, the additivity property of the pressure term derives from the almost invariance of
the measure for the range of times we considerﬁ. Precisely, according to the last two inequalities,

we only need to verify that proposition 6.1 in [[L§] remains true for the partition 5;0 in the setting
of surfaces of nonpositive curvature. We will not reproduce the proof here: it is the same one.
We recall that this proposition relied on a theorem for products of pseudodifferential operators
(theorem 7.1 in [L]) and we need to verify that the proof we gave still works in the case of surfaces
of nonpositive curvature. The key point of the proof of this theorem is that in the allowed range
of times |d,g"| is bounded by some A~ (with v < 1/2) (see section 7.2 in [Ld)). We know that
to each p we can associate a word « of length k. The range of times we will consider will be
0 <t < kn. To prove previous property in the case of surfaces of nonpositive curvature, we use
the splitting of T,S*M given by RXg(p) & E*(p) @ V,. These three subspaces are uniformly
transverse so we only have to give an estimate of ||dp9§3—>T*t a || when E is one of them. In the
gtp

case where E = RX u(p), it is bounded by 1 and in the case where E = E“(p), it is bounded

by 1+ Koefo »(9)4s Tn the last case, lemma @ tells us that the spaces d,g'V, and E*(g'p)

become uniformly close (in direction) to each other. Then, we consider ey a unit vector in V,, and

ngTI

W ‘We can write:

for 0 < p < k — 1, we define the e,, as the unit vector

Idpg™"eoll = [(dpg""e0, exn)| = |{dgex-11n,9" e(k—l)mekn> ~(dpgeo, en)l.

; u dpg®"
%09 € _
We also define the corresponding sequence €pn = dpgpneu”

of unit unstable vectors, where e :=
(75(0),73 (0))
(75 (0), 75" ()]

to an error term of order Ce* (with C uniform in p and ¢ arbitrarly small), we have:

From lemma R.1|, we know that e,, becomes uniformly close (in p) to €y S0, UD

S
||dpgkn60H < Oekn€06|<dg(k*1)”pgne7(lk—l)n’ezn> <dpg 60’ n>| = Oekn ||dpg|Eu(p)||

8We underline that R(Np) will be equal to SUp 4 ot log WX which only depends on Np.
No
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Finally, taking § = €ge, we have that |d,g""| is bounded by Cetneocels™ U (94 (with C' uniform
in p). For the allowed words, e¥"€0¢ is of order A€ (as kney < 1/2ng(h)). To conclude, we can
estimate:

k—1

kn k—1
/0 U(s)ds — 3 floda)| <
J Jj=0

0

(G+1)n ]
/ Uy (s)ds — f(o?a)]|.

Jn

To bound this sum, we can use the continuity of U* (see inequality () to show that this quantity is
bounded by €| log k|. By definition of the allowed words «, we know that Z;:é floia) < 1/2ng(h).

This allows to conclude that |d,g'| is bounded by some Ch~" (with C independent of p and
v<1/2).0

Remark. We underline that here we need to use the specific properties of surfaces of nonpositive
curvature to prove this theorem. It is not really surprising that theorem 7.1 from can be
extended in our setting as the situation can only be less ‘chaotic’. We also mention that we have
to use the continuity of U%(p) which is for instance false for surfaces without conjugate points [f.

3.4. The conclusion.

3.4.1. Applying the Abramov theorem. Thanks to the subadditivity property of the quantum pres-
sure, we can proceed as in and write, for a fixed ng, the euclidean division Nong(h) = gno+ 7.
Using the same method, we find, after applying the subadditivity property and letting A tends to
0,

b R(N, 1 1 5.~ = S -

_4_06_Q__(1+6/+46)§_ Png ﬁEJrvEJ]rVOaC; =+ Pno ﬁ2776i\’07cN .

€0 no No no ’ 0
As in [B], we can replace the smooth partitions by true partitions of the manifold in the previous
inequality. We would like now to transform the previous inequality on the metric pressure into an
inequality on the Kolmogorov-Sinai entropy. To do this, we write the multiplicative property of
W4 to write:

n()—l
5+ T 5+ __mo-t N
Z o (A)logWy = Z o= (AgN---Na Mo A, _1) Z log W .
— + =0
Aevioy's TV%+51+VO Aoy Ang—1€CN, /

After simplification and using the fact 5;0 is a partition of §+, we find that this last inequality
can be rewritten as follows

. -
> I (A)logWi =ng > 7= (A)log W}
Aev?25137ﬁ+5§0 A€Cy,

The same property holds for the backward side. After letting ng tends to infinity, we find that:

bo L ! 7= + =~ -
—456—F0(1+6 +4e) + 2 Z o= (A)log W, + Z a~ (A)logW,

Aety, AeCy,

1 5. > S
< = (hKS (/L +,UJr) + hks (M ’,U—)) :
No

We now underline that, by construction (see the proof of lemma 4.1 in [[I§]) and by invariance of
the measure p*+, one has:

S (AlogWi+ Y T (A)logWy = > R S fo()uE([]) log Wy
Aez;(} Aeﬁgfo 716{1)...)[(}2 0 ’Y :u’ ’Y WGI"(l/NO)

We use this last property and combine it with the Abramov theorem [m] We find then

bo N 1
> A (-2 Ja kv a9 )4 T R g, < nhks(ing)
Vel K2 0 €I (1/No)
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3.4.2. The different small parameters tend to 0. We have obtained a lower bound on the Kolmogorv-
Sinai entropy of the measure p. This lower bound depend on several small parameters that are
linked to each other in the following way:

<ad < L«
€ < 4de — < €.

Ny °
Moreover the small parameter 1 depends on € and €y. For a fixed €, it tends to 0 when € tends to
0. We have now to be careful to transform our lower bound on the entropy of x4 into the expected
lower bound. To do this, we use the notations of section @ and introduce, for p € S*M, the
application

Folp):= >, fo(m)logW,lo, (p)--- 1o, ©g""(p).
~y€IM(1/No)
We underline that for each p in S* M, there exists an unique 7 in 1"(1/Np) such that 1o, (p) - 1o,, ©
g""(p) is non zero (it is then equal to 1). With this new function, the lower bound on the
Kolmogorov-Sinai entropy can be rewritten as follows:
boNo 1
S fo(ER() (—2 e—g(+e+ 46)) + 2N0/ Fo(p)du(p) < nhis(p, g).
v E{L K} s

We define then

€0

1
Xo:= {p €S*M V0 <t < —— U%g"p) > 260} .
Noeo

We can verify that Fo(p) > (1/No) -, ., fo(v)1x,(p)1lo,,(p)Lo,, ©g"(p) for all p in &9, In fact,
one has, for p € X (otherwise the inequality is trivial), log W., = % Zf;ll f(o77), where p belongs
to O, N--- g~ 10, and v satisfies

N

-2

4 T, 4
1 fo(o?v) < Fo < ;fo(UW)-

<.
Il

In particular, one has (k — 2)neg < 1/Np. Using the relation of continuity ([f) and the fact that
Ud(gtp) = U%(g'p) on X, one find that, for p € XoN O N---g~*10,,,

% 12 1 1
logW,, > -9 1 = E Iy > (2 — 2 | —.
Og = NO + 2 ~ fO(O' ’Y) - <2 €0> NO

We use this function 1x,(p) in our lower bound on the entropy of . We let the diameter of the
partition tends to 0 and we divide by 7. This gives us

(_2b0N06_3(1+6/+46)>/ Ug(p)du(p)+(1—4eo)/ U5 ()1, (p)dp(p) < hucs(p, 9)-
€0 S*M S*M

Finally, we let € and € tend to 0 (in this order). We find the following bound on the entropy of p:

1 U u

5 [ U n) + (1= o) [ UR (o)L, (0)dn(p) < hics ).
5*M 5 M

We let now Ny tend to infinity and then € tend to 0 (in this order). We find finally the expected

lower bound:

1

5 /S*M U“(p)du(p) < hixs(p, g).0

4. PROOF OF THE MAIN ESTIMATE FROM [H]

In the previous section, we have been able to apply the method we used for Anosov surfaces in
order to prove theorem EI Asin 7 the strategy relied on a careful adaptation of an uncertainty
principle. In particular, to derive inequality (@), we had to use the following equivalent of
theorem 3.1 from [{:
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Theorem 4.1. Let M be a surface of nonpositive sectional curvature and €, €y and 1 be small
positive parameters as in section 4. For every K >0 (K < Cs, ), there ezists hxc and Cx(€, 1, €o)
such that uniformly for all h < hic, for all k < K|log hl|, for all a = (cvg, -+ , o),
(22)

k—1

—1_c €o€ j
||PakUnPak—1 e UnPOto Oph(X(k))||L2(M) < O/C(evna EO)h 2 60€2kn o exp _5 Z f(O'iOé) )

j=0

where ¢ depends only on the riemannian manifold M.

Remark. We underline two facts about this theorem. The first one is that Opy,(x®)) is a cutoff
operator that was already defined in [[§] (section 5.3) and in the appendix of [[f]. We describe
briefly its construction in section EI The second one is that it is function f and not f; that
appears in the upper bound.

This theorem is the analogue for surfaces of nonpositive of a theorem from [E] As the geometric
situation is slightly different from [E], we will recall the main lines of the proof where the geometric
properties appear and focus on the differences. We refer the reader to [[f] for the detailsfl On ],
the proof of the analogue of theorem @ (section 3 and more precisely corollary 3.5) relies on a
study of the action of P, U"P,, ,---U"P,, on a particular family of Lagrangian states. This
reduction was possible because of the introduction of the cutoffs operators Op,,(x*)) (see section
3 in [[f] for the details).

4.1. Evolution of a WKB state. Consider up(0,z) = ax(0,z)e#5(%%) a Lagrangian state, where
an(0,e) and S(0,e) are smooth functions on a subset Q in M and az(0,8) ~ >, h*a;(0, ).
This represents a Lagrangian state which is supported on the Lagrangian manifold £(0) :=
{(x,d,S(0,z) : € Q}. According to [, if we are able to understand the action of Po,U" Py, , - --U" Py,
on Lagrangian states (with specific initial Lagrangian manifolds: see next paragraph), then we
can derive our main theorem. A strategy to estimate this action is to use a WKB Ansatz. Recall
that if we note @(t) := U'U(0), then, for any integer N, the state @(t) can be approximated to
order N by a Lagrangian state u(t) of the form

N-1

u(t, z) = em G0 gy (¢, 1) = RS Z W ay(t, ).
K=0

As u is supposed to solve zh%u = Jyu (up to an error term of order N), we know that S(t,x)
and the ay (¢, z) satisfy several partial differential equations. In particular, S(¢,z) must solve the
Hamilton-Jacobi equation

oS

E "FH(,T,de) =0.
Assume that, on a certain time interval (for instance s € [0, 7]), the above equations have a well
defined smooth solution S(s, z), meaning that the transported Lagrangian manifold £(s) = g*£(0)
is of the form L(s) = {(z,d;S(s,x))}, where S(s) is a smooth function on the open set wL(s).
As in [E], we shall say that a Lagrangian manifold £ is "projectible” if the projection 7 : L — M
is a diffeomorphism onto its image. If the projection of £ to M is simply connected, this implies
L is the graph of dS for some function S: we say that £ is generated by S.
Suppose now that, for s € [0,7n], the Lagrangian £(s) is ”projectible”. Then, this family of
Lagrangian manifolds define an induced flow on M, i.e.

gts(s) s € TL(s) — gt (z,d.S(s, 7)) € 7L(s + 1).

This flow satifies a property of semi-group as follows: gg(s 47 © gg(s) = g?(';) Using this flow, we
define an operator that sends functions on w£(s) into functions on 7L£(s + t):

1

2

Tl (@)(@) = a0 g5l (@) (T (@)

9We assume the reader is familiar with the proof of [H]
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where Jg () is the Jacobian of the map gg,) at point z (w.r.t. the riemannian volume). This
operator allows to give an explicit expression for all the ag(t) [E], ie.

t—s ((18ak-1(s)
i (120

Regarding the details of the proof in [@], we know that there are two main points where the
dynamical properties of the manifold are used:

t
ag(t) := Tg(o)ao(O) and ag(t) := Tg(o)ak(O) —|—/
0

o the evolution of the Lagrangian manifold under the action of P,, U"P,
tion 3.4.1 in [{]);
e the value of Jf;(o) for large ¢ (section 3.4.2 in [[).

-U"P,, (sec-

P

We will discuss these two points in the two following paragraphs. We will recall what was proved
for these two questions in section 3.4 of [E] and see how it can be translated in the setting of
surfaces of nonpositive curvature.

4.2. Evolution of the Lagrangian manifolds. The first thing we need to understand is how the
Lagrangian manifolds evolve under the action of the operator P,, U"P,, , ---U"P,,. According
to [[f], we know that the introduction of the cutoff operator Opy,(x) implies that we can restrict our
selves to a particular family of Lagrangian states. Precisely, we fix some small parameter n; and
we know that they must be localized on a piece of Lagrangian manifold £°(0) which is included
in the set Uj;<,g"S% , M (where S, M :={(z,€) : [|£]|2 = 1+ 2m}). If we follow the method
developped in @], we are given a sequence of Lagrangian manifolds £7(0) as follows:

vt € [0,7], V4, £°(t) == ¢"L°(0) and L7 (t) := g' (L7 () NT*Qa, ) -

The manifold £7(0) is obtained after performing Po,U"P,,_, ---U"P,, on the initial Lagrangian
state. To show that the procedure from [[] is consistent (i.e. performing several WKB Ansatz),
we need to verify that the Lagrangian manifold £7(¢) does not develop caustics and remains
?projectible”. The only geometric properties which were used to derive these two properties were:

e M has no conjugate points (to derive that S7 will not develop caustics);
e the injectivity radius is larger than 2 (to ensure the ”projectible” property).

In our setting, these two properties remain true (in particular, a surface of nonpositive curvature
has no conjugate points [@]) Finally, we undeline that, thanks to the construction of the strong
unstable foliation for surfaces of nonpositive curvature, any vector in S7, M becomes uniformly
close to the unstable subspace under the action of d,g* (see lemma E) As a consequence, under
the geodesic flow, a piece of sphere becomes uniformly close to the unstable foliation as j tends to
infinity. This point is the main difference with [H] In fact, if we consider an Anosov geodesic flow,
we have the stronger property that a piece of sphere becomes exponentially close to the unstable
foliation, as j tends to infinity. However, we will check that this property is sufficient for our
needs.

Remark. At this point of the proof, we can ask about an extension of these results to mani-
folds without conjugate points. According to [@], the ‘uniform divergence’ property (given by
lemma @) is true for surfaces without conjugate points. We mention that this property fails in
higher dimension for manifolds without conjugate points.

4.3. Estimates on the induced Jacobian. As was already mentioned, the Jacobian Jgj of
the map g‘;j appears in the WKB expansion of a Lagrangian state evolved under the operator
Po,U"P,,_, ---U"Py,. Precisely, by iterating the WKB Ansatz, we have to estimate the following
quantity (see equation 3.22 in [{f)):

(23) Je(@) = (Tgl (@) Tl 2 (g5l (@) -+ T (g5 @) )

This Jacobian appears in each term of the WKB expansion of a Lagrangian state evolved under
the operator P, U"P,, ,---U"P,, (see the formulas for the a,). It is necessary to provide a way
to bound this quantity as it will appear in the control of every derivatives of the WKB expansion.
According to the proof in [{], if we are able to bound uniformly this quantity, the bound we will

1
2
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obtain is the one that will appear in theorem @ This point of the proof is the main difference
with the proof in the Anosov case. So, our goal in this paragraph is to provide an upper bound
on (R3). This last quantity can be rewritten

Tu(x) = exp <% (10g JgiL (&) +10g T (g5l (@) -+ + log J 5" (95" )))).

As the Lagrangian £7 become uniformly close to the unstable foliation when j tends to infinity,
we know that, for every &’ > 0, there exists some integer j(n,¢’) such that

Vi > j(n,€), Vp = (z,€) € £(0), |log Jg,"(x) —log J . 4 ( )| <€,

where S*(p) generates the local unstable manifold at point p (which is a Lagrangian submanifold).
Therefore, we find that there exists a constant C'(¢’,7) (depending only on & and ) such that,
uniformly with respect to k and to p in £¥(0),

k)n
Ju(z) < O m)e* H ot sy (957 (@) = C( et TG ) ().

The Jacobian J_, gu(p) Measures the contraction of g~ along the unstable direction. From the con-
struction of the unstable Riccati solution U}/ (s), we know that U}/ (s) also measures the contraction
of g~ along E“(p). In fact, according to section - one has

ldpg el < V/1+ Koelo " Vs ()
As a consequence, there exists an uniform constant C' (depending only on the manifold) such that:

1—k)n A=F)n rruyds
TS @) < Celo™ " Up (s,

Using then relation (E) between the discrete Riccati solution f and the continuous one, we find

that there exists a constant C'(e, 7, €p) such that, uniformly in £,

k—1

1 .
sup  Jp(z) < C(e,n,€0)e” " “Vexp | =5 f(o7a)
zeTLE(0) 2 j=0

Finally, this last inequality gives us a bound on the quantity (@) This estimate is not as sharp
as the one derived in [E] (equation 3.23 for instance) however it is sufficient as the correction term
is not too large: it is of order A™°.

Remark. We underline that we used the continuity of U* to go from the continuous representation
of the upper bound of Jj to the one in terms of the discrete Riccati solution. We underline again
that this property fails for surfaces without conjugate points [E]

5. APPLYING THE UNCERTAINTY PRINCIPLE FOR QUANTUM PRESSURES

In this section, we would like to prove inequality (E) which was a crucial step of our proof. To
do this, we follow the same lines as in [@] (section 5.3) and prove the following proposition:

Proposition 5.1. With the notations of section B, one has:
(24) D (ﬁ?*,@;{) +p (ﬁ§7,6;> > —logC — (1 + € + 4e)ng(h),

where p is defined by @) and where C € RY. does not depend on h (but depends on the other
parameters (e, €y, 1) ).

To prove this result, we will proceed in three steps. First, we will introduce an energy cutoff in
order to get the sharpest bound as possible in our application of the uncertainty prlnClple Then,
we will apply the uncertainty principle and derive a lower bound on p (,uh C h) ( Iy, -,C, )
Finally, we will use sharp estimates of theorem {l.1] to conclude.
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5.1. Energy cutoff. Before applying the uncertainty principle, we proceed to sharp energy cutoffs
so as to get precise lower bounds on the quantum pressure (as it was done in [ff], ] and [f]). These
cutoffs are made in our microlocal analysis in order to get as good exponential decrease as possible
of the norm of the refined quantum partition. This cutoff in energy is possible because even if the
distributions pp are defined on T M, they concentrate on the energy layer S*M. The following
energy localization is made in a way to compactify the phase space and in order to preserve the
semiclassical measure.

Let §p be a positive number less than 1 and xs,(¢) in C*(R,[0,1]). Moreover, xs,(t) = 1 for
|t| < e7%/2 and x5, (t) = 0 for [t| > 1. As in [ff], the sharp h-dependent cutoffs are then defined
in the following way:

Vhe (0,1), YneN, Vpe T*M, x™(p,h) := xs,(e "R~ 1% (H(p) — 1/2)).

For n fixed, the cutoff x(™ is localized in an energy interval of length 2e% k=% centered around
the energy layer £. In this paper, indices n will satisfy 2e™% i1 =% << 1. It implies that the widest
cutoff is supported in an energy interval of microscopic length and that n < Kj,|log |, where
Ksy <0y !, Using then a non standard pseudodifferential calculus (see [E] for a brief reminder of
the procedure from [R3]), one can quantize these cutoffs into pseudodifferential operators. We will
denote Op(x(")) the quantization of x("). The main properties of this quantization are recalled in
the appendix of [@] In particular, the quantization of these cutoffs preserves the eigenfunctions
of the Laplacian:

Proposition 5.2. [@] For any fired L > 0, there exists hy such that for any h < hr, any
n < Ks|logh| and any sequence 3 of length n, the Laplacian eigenstate verify

| (1= 00 (X)) movn| < Bllunl.

5.2. Applying theorem @ Let ||¢r]| = 1 be a fixed element of the sequence of eigenfunctions
of the Laplacian defined earlier, associated to the eigenvalue —#.
To get bound on the pressure of the suspension measure, the uncertainty principle should not be
applied to the eigenvectors ¥ directly but it will be applied several times. Precisely, we will apply
it to each Pyt := Py, Py (—n)bn where v = (y9,71) varies in {1,---, K}2. In order to apply the
uncertainty principle to Py, we introduce new families of quantum partitions corresponding to
each ~.
Let v = (70,71) be an element of {1,---, K}2. We define v.a/ = (y0,71,’). Introduce the
following families of indices:

In(y) ={(@) 1 v.a’ € I"(W)},

Kn(v) :={(8) : 8’y € K"(h)}.
We underline that each sequence « of I"(%) can be written under the form v.a/ where o € Iy (7).
The same works for K7(%). The following partitions of identity can be associated to these new
families, for o € I () and 8’ € Kx(7),

Tar = Pay, (nm) -+ Py, (2n),
Ty = Pgr (=nm)--- Py, (=2n).
The families (7o' )arer, (v) and (7pr)grer, () form quantum partitions of identity L.

Given these new quantum partitions of identity, the unceratinty principle should be applied for
given initial conditions v = (v9,7v1) in times 0 and 1. We underline that for o/ € Ij(y) and

B e Kn(v):

(25) %Q,U_WP’Y = T’y.a’U_n and ﬁB’PV = T8 ~,

where v.o/ € I"(h) and 8.y € K"(h) by definition. In equality (R§) appears the fact that the
definitions of 7 and 7 are slightly different (see (f]) and ([I0])). It is due to the fact that we want
to compose 7 and 7 with the same operator P,.

Suppose now that || P,y is not equal to 0. We apply the quantum uncertainty principle @
using that

o (Ta')arern(y) and (7pr)grek, () are partitions of identity;
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e the cardinal of I,(y) and K (7) is bounded by N ~ h=%¢ where K| is some fixed positive
number (depending on the cardinality of the partition K, on ag, on by and 7);
e Op(x*)) is a family of bounded bounded operators Opg (where k' is the length of §');

b
e the constants W,:' o and Wy , are bounded by h_%;

b
e the parameter ¢’ can be taken equal to || Pyt|| 1AL where L is such that Rz «
e2knecop=1/2=cdo for every k < %Hog hi| (see proposition .94 and the upper bound in

theorem [4.1));

e U7" is an isometry;
- P. . .
o Yy = La¥n_is o normalized vector.
1Py nll

Applying the uncertainty principle @ for quantum pressures, one gets:
Corollary 5.3. Suppose that || Pyiy]| is not equal to 0. Then, one has

Pl ™)

where (U™ = max (W+ W |Fr U575, Op(x ) )
U= (W Wl 5 Op®))|

7 7 b
pz(U™"Ys) + px(¥n) > —2log (cl(U—n) + pL—Ko—z&

Under this form, the quantity || Pyyp||~! appears several times and we would like to get rid of
it. First, remark that the quantity c;(U ~™) can be easily replaced by

(26) e (U= (Wit W |7 U5, 0p () )

max max
vE{Ll, - K}2 &’€IR(v),8' €Kn(Y)

which is independent of 7. Then, one has the following lower bound:
b
(27) = 2log (LU + KEK0 | Py ) 2 —2log (e (U) + K075 ) + 210g | Pyl

as || Pyyp|| < 1. Now that we have given an alternative lower bound, we rewrite the entropy term
hz(U~"y,) of the quantum pressure pz(U~"1y) as follows:

he(U™n) = = > Far U "nl* log |70 U Pybnll® + Y 170U "nl| log || Py¢onl>.
a’ €I, (v) o’ €Iy ()
Using the fact that 5 is an eigenvector of U" and that (7a/)aser, () is @ partition of identity, one

has:
1

he(U™"p) = — TEonl?

S 2o 17t + log | Py
o’ €In ()

The same holds for the entropy term hz (155) of the quantum pressure pﬁ—('l;h) (using here equal-

ity (3)):

~ 1
ha(n) =~ > 7 tnl|* log sy nl® + log | Pyl .
||P'Y¢h|| B'eK
n(7)
Combining these last two equalities with (7), we find that
(28) = Y lmatnlPloglm.aal® =2 3 Imy.avnl®log Wi,
o' €I (7) a’€In(y)

b,
= S msenlPloglimaatalP=2 3 lmesunl*log Wy, > ~20 Pyynl2log (e (U + BETROTE )
B'EKR(7) B'EKR(7)
This expression is very similar to the definition of the quantum pressure. We also underline that
this lower bound is trivial in the case where || Py13]| is equal to 0. Using the following numbers:

C 5 = Cﬁ/ = C~ = f(ﬁ)/)
B T etk FOOIPyYn]?

one can derive, as in ], the following property:

(29)
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Corollary 5.4. One has:
(30) P (ﬁ?*,?;{) +p (ﬁg’,ég) > —2log (CX(U_") + hL_KU_;TOO> — log (mvax Cv) .
As expected, by a careful use of the entropic uncertainty principle, we have been able to obtain

) 3
a lower bound on the pressures of the measures fi,* and 7, .

5.3. The conclusion. To conclude the proof of proposition @, we use theorem @ to give an

b,
upper bound on ¢, (U~7). From our assumption on L, we know that pEHKomzg « e (U™M). As
kn < ng(h)/eo, we also have that

ex(U™") < Cic(e,m, co)h~ 3 =0 tens (i),

For §y small enough, we find the expected property.[]

APPENDIX A. UNCERTAINTY PRINCIPLE FOR THE QUANTUM PRESSURE

In [@], generalizations of the entropic uncertainty principle were derived for quantum pressures.
We saw that the use of this thermodynamic formalism was crucial in our proof and we recall in
this section the main results from [@] (section 6) on quantum pressures. Consider two partitions
of identity (71, )2_, and (;), on L?(M), i.e.

j=1

N M

Z?T;;Trk = IdLZ(M) and ZT;Tj = Isz(M)-
k=1 J=1

We also introduce two families of positive numbers: (V3 )Y, and (WJ)JJ\Q1 We denote A :=

maxy, Vi and B := max; W;. One can then introduce the quantum pressures associated to these
families, for a normalized vector 1 in L?(M),

N N
(1)) = — Z ||7Tk1/1||%2(M) log H7rk¢||2Lz(M) -2 Z ||7Tk'¢/1||%2(M) log Vi
k=0 k=0
and
M M
pr(¥) == =Y T ll7zan log 5% 172 (ary — 2D 7531172 ar log W
j=0 7=0

The main result on these quantities that was derived in [@] was theorem 6.5:

Theorem A.l. Under the previous setting, suppose U is an isometry of L*(M) and suppose
(Ok){cvzl is a family of bounded operators. Let §' be a positive number and ¥ be a vector in H of
norm 1 such that
[(Id — Ow)mrtp| 2ary <9
Then, one has
pe(U) + pr(v) = ~210g (5" U) + NABS')

where cg’ﬁ(Z/{) i= sup; p { Vi Wj || Umi Ok }-
APPENDIX B. KOLMOGOROV-SINAI ENTROPY

Let us recall a few facts about Kolmogorov-Sinai (or metric) entropy that can be found for
example in 4]. Let (X, B, 1) be a measurable probability space, I a finite set and P := (Py)aer
a finite measurable partition of X, i.e. a finite collection of measurable subsets that forms a
partition. Each P, is called an atom of the partition. Assuming 0log0 = 0, one defines the
entropy of the partition as:

(31) H(u, P) := = u(Pa)log t(Pa) > 0.
a€cl

Given two measurable partitions P := (Py)acr and Q := (Q)gek, one says that P is a refinement
of @ if every element of () can be written as the union of elements of P and it can be shown that
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H(p, Q) < H(p, P). Otherwise, one denotes PV Q := (Py N Qg)acr,gek their join (which is still
a partition) and one has H(u, PV Q) < H(u, P) + H(u, Q) (subadditivity property). Let T be a
measure preserving transformation of X. The n-refined partition v?;olT_iP of P with respect to
T is then the partition made of the atoms (Py, N---NT~(""VP, ),crm. We define the entropy
with respect to this refined partition:

(32)  Ho(u,T,P)=— > p(PayN---NT VP, Ylogu(Pa,N---NT- " VP, ).
|a]=n
Using the subadditivity property of entropy, we have for any integers n and m:

For the last equality, it is important to underline that we really use the T-invariance of the measure
1. A classical argument for subadditive sequences allows us to define the following quantity:

H, (u,T,P
(34) hics(u T, P) = lim T P)

n—oo n
It is called the Kolmogorov Sinai entropy of (T, u) with respect to the partition P. The Kol-
mogorov Sinai entropy hxs(p, T) of (i, T') is then defined as the supremum of hxs(pu, T, P) over
all partitions P of X.
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