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SPECTRAL THEORY OF DAMPED QUANTUM CHAOTIC
SYSTEMS

STEPHANE NONNENMACHER

ABSTRACT. We investigate the spectral distribution of the damped wave equation
on a compact Riemannian manifold, especially in the case of a metric of negative
curvature, for which the geodesic flow is Anosov. The main application is to
obtain conditions (in terms of the geodesic flow on X and the damping function)
for which the energy of the waves decays exponentially fast, at least for smooth
enough initial data. We review various estimates for the high frequency spectrum
in terms of dynamically defined quantities, like the value distribution of the time-
averaged damping. We also present a new condition for a spectral gap, depending
on the set of minimally damped trajectories.

1. INTRODUCTION

1.1. Spectrum of the damped wave equation. Given a Riemannian manifold
(X, g) and a damping function a € C*(X,R, ), we are interested in the solutions of
the damped wave equation (DWE)

(1.1) (0} — A+ 2a(x)0)v(x,t) =0, v(x,0) = vy, dv(x,0) =1y .

The natural setting is to take intial data (vg, v1) in the space H o HY(X) x L*(X).
This equation is equivalent with the system

(1.2) (i0,+ Av(t)=0, AL ( _OA _gw ) . v(0) €A,

with the correspondence v(t) = (v(t),i0v(t)). A generates a strongly continuous
semigroup on H, so the solution to (1.1,1.2) reads

(1.3) v(t) = e v(0).

We will always assume that the damping is nontrivial, a # 0. Apart from the
constant solution v(t) = (1, 0), all solutions then decay. Physically, this is expressed
by the fact that the energy of the waves,

(1.4 B(®) = 5 (176 + 1800

will decay to zero when ¢ — oo for any v(0) € H. In some sense, the waves are
stabilized by the damping.

To analyze this decay, it it natural to try to expand the solution in terms of the
spectrum of A. This spectrum is discrete, consisting of countably many complex
eigenvalues {7,} with Rer, — £oo. It can be obtained by solving the generalized
eigenvalue equation

(1.5) (—A =77 = 2iat) u = 0.
This work has been partially supported by the grant ANR-09-JCJC-0099-01 of the Agence

Nationale de la Recherche.
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FIGURE 1.1. A damped geodesic.

The following properties are easily shown (@i, o minge y a(z), similarly for apay).
Proposition 1. [Leb93]|All eigenvalues except 19 = 0 satisfy Im 7, < 0.

If Ret, # 0 then —Im T, € [amin, Gmax) -

The spectrum is symmetric w.r.to the imaginary aris.

To each eigenvalue 7,, corresponds a quasi-stationary mode u,(x), an eigenstate
U, = (Up, Tou,) of A reads, and a solution v, (t, z) = e #™y,(x) of the DWE. Hence
Im 7,, represents the quantum decay rate of the mode wu,,.

If @min > 0, then the energy decays exponentially, uniformly for initial data v(0) €
‘H. Precisely, there exists v > 0, C' > 0 such that

(1.6) E(w(t)) <Ce " E(w(0), Vou(0)eH, Vt>O0.

1.2. The Geometric Control Condition. The condition a.;, > 0 is not neces-
sary to ensure such a uniform exponential decay. Since all eigenvalues except 75 = 0
satisfy Im7,, < 0, for any C' > 0 the subspace Ho C H spanned by the eigenstates
{u,, |ReT,| < C} is finite dimensional, and for any initial data v(0) C H¢ the en-
ergy will decay exponentially. Hence, the failure of exponential decay can only come
from the behaviour of waves at high frequency. In this high frequency limit, a natu-
ral connection can be made with the classical ray dynamics on X, equivalently the
geodesic flow @' on the unit cotangent bundle S*X (see §1.4). Using this connection,
Rauch and Taylor [RauTay75] showed that the uniform exponential decay (1.6) is
equivalent with the Geometric Control Condition (GCC), which states that every
geodesic meets the damping region {x € X, a(z) > 0} (due to the compactness of
S*X each geodesic does it within some time Ty > 0).

This condition can be expressed in terms of the time averages of the damping,
namely the functions

(1.7) (abil) = 7 /Ota o ®*(p)ds, peT"X, t>0.

GCC is equivalent to the fact that, for ¢ > 0 large enough (say, t > 27}), the function
(a), is strictly positive on S*X. Lebeau [Leb93] generalized this result to the case of
manifolds with boundaries. He also showed that the optimal decay rate v is given
by min (G,a_), where G = inf {—Im,, 7, # 0} is the spectral gap, while
def ;. .

(1.8) = tlg& ISQI)I<1<a>t
is the minimal asymptotic damping. We will explain the relevance of a_ in §2.2.

Koch and Tataru [KoTa94] studied the same question in a more general context

(case of manifolds with boundaries, and of a damping taking place both in the
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“bulk” and on the boundary). They showed that the averages (a); govern the decay
of the semigroup, up to a compact subspace.

Theorem 2. [KoTa94, Thm 2| For each € > 0 and each t > 0 there exists a subspace
Her CH of finite codimension such that

e~

Howst < €XD {—t Ib%i)l(l<a>t} + €.

For any subspace Hy C H of finite codimension,

exp {~tmin(o) f < e, -

A consequence of this result is the characterization of the Fredholm spectrum of
the semigroup. In the present situation of damped waves on a compact X withough
boundary, their result states® that this Fredholm spectrum is given by the annulus
{z€C, et < |z| <efe-}.

Notice that it is possible to have a positive gap G > 0 and at the same time a_ = 0
(failure of the GCC), see e.g. an example in [Ren94|. This reflects the fact that the
spectrum of the semigroup e~ is not controlled by the spectrum of generator A,
a frequent problem for nonnormal generators like A.

1.3. Beyond Geometric control: a few cases of uniform energy decay for
regular data. If GCC fails, one can construct initial data v(0) € H such that
E(v(t)) decays arbitrarily slowly [Leb93]. Yet, it is possible to show that more
regular data, say in some Sobolev space H*® = H*™ x H* s > 0, decay in some
uniform way. In the most general situation, Lebeau showed a logarithmic decay of
the energy [Leb93, Thm 1],

log [3 4 log(3 + t)]
log(3 +t)®

The proof uses Carleman estimates, which imply some control of the resolvent
(tr—A)"" in a strip {Rer > C, |Im7| < f(Re7)} for some function f(rr) which
decays exponentially as r — co. By interpolation, proving such an estimate for
some sp > 0 implies a similar estimate for all s > 0.

In specific dynamical situations, one can show resolvent estimates in a larger strip,
e.g. for some function f(r) decaying algebraically: one then gets an algebraic decay
O(t™ ||v||;) for the energy of regular data. Burq and Hitrik showed that this is
the case for damped waves in the (chaotic) stadium billiard, if the damping function
vanishes only in some part of the central rectangle, so that the set of undamped
trajectories,

E(v(t))Y? < C,

vl , Vo =wv(0) € H®, ¥t > 0.

(1.9) K% {peSX, VteR, a(®(p) =0},

consists in a collection of (neutrally stable) “bouncing ball” trajectories [BuHi07].
Christianson studied the case where the set K consists in a single hyperbolic closed

geodesic: the energy decay is bounded by a stretched exponential O(e™*!"” ||v]|,.)

[Chris07, Thm 5’][Chrisll]. The hyperbolicity of the geodesic induces a strong

dispersion of the waves, responsible for this fast decay.

Lunder the condition that, for any T > 0, the set of T-periodic geodesics has measure zero.
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In §3.3 and 3.4 we will present situations, with (X, ¢) a manifold of negative
curvature, for which the energy of regular data decays exponentially:

(1.10) E(®)? < Cye ! |jv|l,,., Vv H, Vt>0.

The proof proceeds by controlling the resolvent (7 — .A) " in astrip {Rer > C, [Im7| < ¢},
and then uses standard arguments [Chris09]. Here as well, the resolvent bounds are

based on certain hyperbolic dispersion estimates. See the Corollaries 16 and 19 for

the precise dynamical conditions, which involve the interplay between the flow and

the damping function.

1.4. High frequency limit — semiclassical formulation and generalization.
As explained above, the decay of the energy is mainly governed by the high fre-
quencies ReT > 1. A semiclassical formulation of the problem was used in [Sjo00],
allowing to use h-pseudodifferential techniques. Take an effective Planck’s “con-
stant” 0 < i < 1. In order to study the frequencies ReT = ™! + O(1), we perform
the rescaling

2
(1.11) T = % with z in the disk D(1/2, Ch).

The equation (1.5) becomes

2 2
(1.12) (P(h,z)—=2)u =0, P(h,z) = —% —ihV2za = —% —iha+ O(h?).

More generally, we consider operators of the type
2

h*A

where the symbol?® ¢, € S°(T*X) is now a function on the phase space T*X, and
depends holomorphically on z € D(1/2,Ch), with . = q1/» + O(h) [Sjo00]. With a
slight abuse, will call ¢ = ¢1/2(x,§) “the damping function” (a damping effectively
occurs only at phase space points where ¢(z, &) < 0, while positive values of ¢ rather
correspond to a “gain” or “pumping”).

In this framework, we are interested in the semiclassical distribution of the gen-
eralized eigenvalues z,(h) of the operator P(h, z) in the disk D(1/2,Ch). Because
we will specify this spectrum at the scale A, we may for convenience drop the term
O(R?) in (1.13), and rather study the spectrum of the z-independent operator

(1.1 P(R) = Rat) +ihOpyfa),  Fu(n) < "2

The principal symbol of this operator is pg(z, &) = %, it generates the geodesic flow
®t = exp(tH,,) on T*X, with unit speed on the energy shell py'(1/2) = S*X.

2For any k € R, the symbol class S*(T*X) denotes the functions a(z, ¢; i) satisfying the follow-
ing bounds: for any multi-indices o, § € N9,

8;‘3€Ba(z,§; )| < Cup (1+]€))F~181 uniformly for 7 € (0,1),

By Opy,(q) we refer to a semiclassical quantization on X, with the property that Opj(g) is sym-
metric if ¢ is real (see e.g [EvZw, App. E|). The operators Op,(g) form the class W*(X) of
pseudodifferential operators (PDO).
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2. SEMICLASSICAL SPECTRAL DISTRIBUTION OF P(f). GENERAL RESULTS

The results we present in this section hold for arbitrary Riemannian manifolds
(X, g). We skip the proofs.

2.1. Weyl law for the real parts. In the semiclassical limit, the number of

eigenvalues of the selfadjoint operator Py(h) = —’?TA in the interval |4 + €] o

[% — €, % + e] is approximately given by Weyl’s law. When applying the perturba-
tion ih Op,(q) = O(h), it seems natural to expect that most eigenvalues of Fy(h)
in this interval will remain inside a (complex) neighbourhood [§ + €] + O(h). One
can indeed show that the “macroscopic” spectral distribution is given by the same

Weyl’s law as in the undamped case.

Theorem 3. [MarMat84, Sjo00] For any € > 0 small enough (possibly depening on
k), the number of eigenvalues of P(h) in the strip S, = {% —e<Rez< % + e} is
semaclassically given by

#{Spec P(h) NS} = (2rh) Vol {p € T*X, |po(p) — 1/2| < €} + O (=" .

Here Vol corresponds to the symplectic volume in T*X . This estimate implies that,
for C' > 0 large enough,

(2.1) # {Spec P(h) N D(1/2,Ch)} < h=4*1,

This result is actually not so easy to prove. It uses some subtle analytic Fredholm
theory in order to relate the spectrum of P(h) with that of a simpler “comparison
operator”.

2.2. Restrictions for the imaginary parts (quantum decay rates). Even-
though the operator P(h) was inspired by the wave equation, it is convenient for us
to consider it instead as the generator of a Schrdodinger equation

(2.2) ihdyw — P(h)v = 0.

Any eigenvalue/vector (z,,u,) of P(h) is thus associated with a solution v, (z,t) =
e~nt/hy,, () of this equation, and we will also call Im 2, /A the quantum decay rate®
associated with u,,.

First we remark that an eigenmode u,, associated to an eigenvalue z, € D(1/2, Ch)
is semiclassically microlocalized on py*(1/2) = S*X. To state this property we need
to introduce energy cutoffs.

Definition 4. An energy cutoff will be function x € C2° ([1/2 £ 4], [0, 1]) for some
0 > 0, and satisfies x(s) = 1 near s = 1/2. The cutoff yj is said to be embedded in
X1, and we note y1 > Xo, iff x1 = 1 near supp xo. From the cutoff y we construct
the (pseudodifferential) cutoff operator x(FPy(h)) € ¥=°(X).

Proposition 5. Take an energy cutoff x. Let u = u(h) be an eigenstate of P(h)
with eigenvalue z(h) € D(1/2,Ch). Then,
I(1 = x(Fo)) ull = O) [|u] -
This localization property explains why only the neighbourhood of S*X will be
important for us.

3From (1.11) we have Im z,, /A = Im 7,,+O(}), so this denomination is (approximately) consistent
with the one of §1.1.
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2.2.1. A factorization of the Schrodinger propagator. An easy way to realize how
the skew-adjoint subprincipal term % Op;(¢) implies a “damping” is to analyze the
propagator for the Schrédinger equation (2.2). The following Proposition adapts a
more general result due to Rauch and Taylor [RauTay75].

Proposition 6. Assume q € C°(T*X), and take P(h) as in (1.14). For any fized
t € R, decompose the Schrédinger propagator Vt = e~ /" into

(2.3) Vi =U'B(t), where Ut = e~ """/ is the undamped propagator.

The operator B(t) is a PDO in W°(X) of principal symbol

t
.0 = exp { [ a0 @(0)dsp = exp e ().
0
where the time averaged damping {(q); generalizes (1.7).

The factor b(t, p) is the accumulated damping along the orbit {®*(p), 0 < s < t}.
If one starts from a Gaussian wavepacket uo microlocalized at a point p, then the
state V'ug is a wavepacket microlocalized at ®'(p), and the above statement shows
that the L? norms are related through this factor:

[uel] = lluoll (b(Z, p) + O(h)) .

Applying an energy cutoff allows to extend the factorization (2.3) damping functions
q € S°(T*X) of noncompact support.
Lemma 7. Consider P(h) with a damping function ¢ € S°(T*X). Take two embed-
ded cutoffs x1 > Xo supported in [1/2 £ 4], and the truncated damping § aef X1(po) q-

Then, for any t > 0 fized, one has
(2.4) Vixo(Po) = V' x0(Po) + Oraoyr2(h),
where V* is the propagator corresponding to P = Py + ih Op;(q).

This identity uses the fact that the propagation V' does not modify the energy
localization properties.

2.2.2. From propagator factorization to a resolvent bound. We can now easily obtain
a first constraint on the quantum decay rates. Applying Proposition 6 to the function
G = x1(po)q of Lemma 7, we get for any fixed ¢ > 0:

HV Xo(Fo) HL2~>L2 - Hé (t)xo PO)H 12,2 + O(h™)
(2.5) = max b(t)xo(po) + Oy(h)

< exp {t max <(j>t} + O(h).
SUpp X00po
On the second line we used the sharp Garding (in)equality for the operator B(t) €
UY(X). The maximum max 71([1/&5])( j); decreases when t — oo or when § — 0,
and converges to the asymptotic maximum on S*X

(2.6) g = tlgn max {q)(p)-

One similarly defines an asymptotic minimum ¢_. We then get the following norm

bounds for the propagator.
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Proposition 8. Fiz e > 0. If the energy cutoff xo has a small enough support, and
T. > 0 is large enough, then for any (fixred) t > T, and any small enough h > 0, the
following bounds holds:

(2.7) |V x0(Po) < ela-tot

< elartol HL2—>L2 =

HL2—>L2 — ’

V=" x0(Py)
From there one easily obtains the following resolvent and spectral bounds.

Theorem 9. [Leb93, Sjo00] Take any € > 0. Then, there exists he, C. > 0 such that
for b < he, the following resolvent estimate holds:

C.
(28) V2 € D1/2.CM)\ (=, Imz/he o —eqetd),  [(P)—2)"] < &
As a consequence, for h < he all eigenvalues z, € D(1/2,Ch) of P(h) satisfy

Im z,
FL G[q—_€7Q++€]’

In the case of the damped wave equation (g(x,&) = —a(z)) and in a situation of
geometric control (a_ = —q, > 0), the resolvent estimate (2.8) can be used to show
the uniform exponential energy decay (1.6) [Hit03].

2.3. Questions on the spectral distribution. So far we showed that the quan-
tum decay rates are bounded by the asymptotic extrema of the time-averaged damp-
ing. The following questions were raised in [Sjo00, AschLeb, Ananl0] concerning
their semiclassical distribution.

(1) What are the possible accumulation points of the quantum decay rates when
h — 07 In particular, are there sequences of decay rates (Imz(h)/h)n—0
converging to the extremal values q+?

(2) Do the quantum decay rates admit an asymptotic distribution when & — 07
Namely, for a given interval I C [¢_,qy] and 1> ¢(h) > h, does the ratio

#{z € Spec P(h), |[Rez—1/2| <e, 2 €T}
#{z € Spec P(h), |Rez —1/2| <€}

have a limit when i — 07 Is this limit distribution related with the value
distributions of the averages (g);?

3. SPECTRAL ESTIMATES ON ANOSOV MANIFOLDS

The above questions are open in general. In order to get more precise informations
on the spectrum of P(h), one needs to make specific assumptions on the geodesic
flow on X. For instance, the case of a completely integrable dynamics has been con-
sidered by Hitrik-Sjostrand in a sequence of papers (see e.g. [HitSjo08]and reference
therein). The case of nearly-integrable dynamics including KAM invariant tori has
been studied by Hitrik-Sjostrand-Vu Ngoc [HSVNO7]. In these cases, one can trans-
form the Hamiltonian flow into a normal form near each invariant torus, which leads
to a precise description of the spectrum “generated” by this torus. A Weyl law for
the quantum decay rates was recently obtained in [HitSjo11] (for skew-adjoint per-
turbations i0(h) Op,(q), with (k) < k). On the other hand, Asch-Lebeau [AschLeb]
addressed Question 1 for the case of the 2-dimensional standard sphere. They show

that, if the damping function ¢ has real analytic real and imaginary parts, there is
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FIGURE 3.1. Structure of the Anosov flow near an orbit ®*(p)

generically a spectral gap v > 0: for h small enough, all eigenvalues z,, € D(1/2,Ch)
have quantum decay rates

Imz,/h € [qg- +7v.q+ —7].

The proof proceeds by applying a complex canonical transformation, such that the
real part of the pulled-back damping function takes values in the above interval. In
this case, the range of the quantum decay rates is strictly smaller than the range of
classical decay rates.

We will see below that such a spectral gap may also occur in the case of Anosov
geodesic flows, thanks to a different mechanism, namely a hyperbolic dispersion
property due to the instability of the classical flow (see Thms 15 and 18 below).

In the next section we recall the definition and properties of Anosov manifolds.

3.1. A short reminder on Anosov manifolds [KatHas95]. At the “antipode”
of the completely integrable case, one finds the “strongly chaotic” flows, namely the
Anosov (or uniformly hyperbolic) flows. Uniform hyperbolicity means that at each
point p € S*X there exists a splitting of the tangent space,

T,5"X =RH,(p) ® E*(p) @ E™(p),

where H,(p) is the Hamiltonian vector field, E*(p) are the unstable and stable
subspaces at the point p; they both have dimension d — 1, and are uniformly trans-
verse to e.o.. The families { E*(p), p € S*X} form the unstable/stable distributions,
they are invariant w.r.to the flow, Holder continuous, and are characterized by the
following property: there exists C; A > 0 such that

(3.1) Vpe S*X, Vv e ET(p), Vt >0, |[[do;"v|| <Ce™ [jv].

As was shown by Hadamard, such a geodesic flow is obtained if the manifold (X, g)
has a negative sectional curvature. The long time properties of such a strongly
chaotic flow are well understood. In particular, Hopf proved that this geodesic flow
is ergodic w.r.to the Liouville measure on S*X.

Definition 10. Call p, the normalized Liouville measure on S*X. Then, the ge-
odesic flow ®' on S*X is ergodic (w.r.to ur) iff, for any continuous function ¢ on

S*X,
for pup — almost every p € S*X, lim (q)¢(p) = ¢ = nr(q).

t—o00
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The following quantities provide quantitative measures of the hyperbolicity:

. . def . 1 ¢
(3.2) the maximal expansion rate Ap.x = lim sup - log qu)p
t—o0 pES*X t

the unstable Jacobian J*(p,t) = det (dCIDt [E+(p)) , t>0,

Y

of d
T(0) & = log J*(p, 1) o,

(3.3) and its infinitesimal version ¢ pn
qer 1

1
lim min ~log J*(p,t).

(3 ) e minimal expansion rate Vpin d — 1 é—o0peS X ¢

The Jacobian depends on the choice of norms on the spaces 7,S*X. However, its
long time asymptotics is independent of this choice. In variable curvature these
rates are related by Apax = Vmin > A > 0. In particular, if the positive Lyapunov
exponents are not all equal, one has v, < Anax-

A particular class of Anosov manifolds consists in quotients of the d-dimensional
hyperbolic space H¢ by co-compact subgroups of its isometry group. These manifolds
have a constant curvature! —A2. Using the natural norms on T,5* X, one then has

J+(p, t) = et(d—l)A’ §0+(p) = A(d - 1)7 )\max = Vmin = A

In this case the contraction/expansion are both homogeneous (independent of the
point p) and isotropic (independent in the direction).

Let us finally notice that the study of the operator P(h) on an Anosov manifold
belongs to the field of “quantum chaos”. The methods we will use below occur in
various problems of this field, e.g. the study of eigenstates of the Laplacian Py(h)
on such manifolds [Zel09].

3.2. Fractal Weyl upper bounds for the quantum decay rates. In this section
we address Question 2, that is the asymptotic distribution of the quantum decay
rates, for the case of Anosov manifolds.

3.2.1. Typical quantum decay rates for ergodic flows. A basic property of the geo-
desic flow on any Anosov manifold is ergodicity. Sjostrand has studied the asymp-
totic disribution of the quantum decay rates for any ergodic geodesic flow [Sjo00],
and obtained the following result.

Theorem 11. [Sjo00] Assume the geodesic flow on S*X is ergodic w.r.to the Liou-
ville measure. Then, For any C' > 0, € > 0, one has as h — 0,

# {z € Spec P(h) N D(1/2,Ch), ImTz Zlqg—eq+ e]} = o(h~*).

Comparing this bound with the Weyl law (2.1) shows that, in the semiclassical
limit, almost all the quantum decay rates are close to the phase space average q.
The latter could be called the typical value for quantum decay rates, while values at
finite distance from ¢ are atypical. The asymptotic distribution is simply the delta
measure dg.

Remark 12. As was noticed in [Ananl0], this concentration result could be seen
as a ‘nonperturbative version” of quantum ergodicity. The latter property states

4Usually one normalizes the metrics on H¢ so that the curvature is —1. We prefer to keep track
of the curvature in our notations.
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that almost all the eigenstates u® of Py(h) with eigenvalues 20 € D(1/2,Ch) sat-
isfy (u®, Op,(q)ul) = q + op0(1). A mnaive perturbation theory argument would
predict that, when switching on ih Op,(q), the eigenvalues 2% move to z, = 20 +
ih{(ul, Op, (q)ul)+O(h?), so that the quantum decay rates Im z,,/h = (u®, Op;, (q)ul)+
O(h), the RHS being equal to ¢ + o(1) for almost all n. Of course, this argument
does not apply because the perturbation ih Opj(g) is much stronger than the mean

spacing between successive eigenvalues.

To prove the above theorem one relates the counting of quantum decay rates with
the value distribution of the quantum averages (q); on S*X, that is the volumes

(3.5) pri{p € S*X, (¢)i(p) > a}, a€eR, t>0.
Indeed, the main intermediate result in the proof is the bound
(3.6)

I
4 {z e Spec P(h) N D(1/2, Ch), % > a} < O™y {p € S*X, (Q)u(p) > a — 6},

which holds for any fixed ¢ > 0 and § > 0 (this bound holds independently of the
ergodicity assumption). Ergodicity then implies that the value distribution of (g);
converges to d; when ¢ — oo; in particular, for any o > ¢ the volume (3.5) decays
to zero when t — co. We have then obtained the bound o(h~¢*1) for the quantum
decay rates > a > ¢. The case of values < o < ¢ is treated analogously. 0

3.2.2. Large deviation estimates for Anosov flows. For an Anosov flow, one has more
precise estimates for the volumes (3.5), which can then induce sharper bounds on
the number of the atypical quantum decay rates. These volume estimate take the
form of large deviation estimates. Let us introduce some notations. We call M
the set of ®'-invariant probability measures on S*X. For each such measure p, we
denote by hx () its Kolmogorov-Sinai entropy: this is a nonnegative number, which
measures the complexity of a u-typical trajectory [KatHas95]. Then, we define the
rate function H : R — R as follows:

(87)  VseR,  H(s)= sup {hxs(p) — pu(e*), p€ M, pla) = s},

where we recall that ¢ is the infinitesimal unstable Jacobian (3.3). We are now
ready to state our large deviation result.

Theorem 13. [Kif90]Assume the geodesic flow on S*X is Anosov. Then, for any
closed interval I C R and for any q € C*(S*X), the time averages (q); satisfy

1 .
(3.8) lim sup 7 log ur {p € S*X, (q):(p) € I} <sup H(s).
t—o0 sel
The rate function H is continuous on [q9-,q+], smooth and strictly concave on
(q-,q+), negative except at the point H(g) = 0, satisfies H(s) > —sup,c (")
for s € [¢q_, q4], and is equal to —oo outside [g_,qy]. As a consequence of (3.8), for
any o > ¢ and € > 0 arbitrary small, there exists T, > 0 such that

(3.9) V> Toe, pn{p € 57X, (qh(p) > a} < A+,

Due to the negativity of H(a) for a # ¢, we see that the probability of (¢), taking

atypical values decays exponentially when ¢t — oo.
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3.2.3. Fractal Weyl upper bounds on Anosov manifolds. Using these large deviation
estimates, Anantharaman [Anan10] improved Thm 11 by letting the averaging time
grow with & in a controlled way. The optimal time is the Ehrenfest time

log1/h

)\max

(3.10) T = Tin = (1 — 2¢)

where A,y is the largest expansion rate (3.2) and € > 0 arbitrary small. What is the
signification of this time? For any f € S™°°(T*X) supported in an e-neighbourhood
of S*X, the classically evolved observable fo®* remains in the “good” symbol class®

S1/a-(T"X) uniformly for times [¢| < Ty, /2. In turn, the symmetric averages

1 t/2

(3.11) (ftsym = n " fod®ds

belong to S 5° (T*X) for [t| < Tigpr, and this time is sharp.

Let us insist on the fact that controlling the time evolution up to times t <
log 1/h is a crucial ingredient in order to obtain refined spectral estimates on Anosov
manifolds. This will also be the case in Sections 3.3 and 3.4 when proving hyperbolic
dispersion estimates and spectral gaps.

The pseudodifferential calculus on W2 /2—5(X ) allows to extend the validity of the
bound (3.6) up to the Ehrenfest time. The large deviation estimate (3.9) then leads
to the following fractal Weyl upper bound for the number of atypical quantum decay
rates.

Theorem 14. [Ananl0]Assume the geodesic flow on S*X is Anosov. Then, for any
a > q and € > 0, one has for h small enough

I A (c)
(3.12) # {z € Spec P(h) N D(1/2,Ch), % > a} < h*imﬂlfd)fe’
where H is the rate function (8.7). A similar expression holds when counting quan-
tum decay rates smaller than o/ < q.

Since —ﬁ(a) > ( for all & > g, this upper bound improves the bound o(h~4*1) of
Thm. 11 by a fractional power of / (the name “fractal Weyl upper bound” takes its
origin in the counting of resonances of chaotic scattering systems [SjoZwo07]). For
any « € [, q.] one has H(a) > — sup,, (1(¢") > —Amax(d — 1), so the exponent of 7
in (3.12) is negative, allowing the presence of (many) quantum decay rates arbitrary
close to q..

These fractal upper bounds are not expected to be sharp in general [Anan10]. In
the next sections we will be able, under certain conditions, to exclude the possibility

of quantum decay rates near ¢, (or near q_).

SFor any k € R, § € [0,1/2), the symbol class S¥(T*X) consists of functions g(z,&; h) which
may become more and more singular when & — 0, but in a controlled way:

Va,B € N Vp e T*X,

3:35g(p)‘ < O, hoUal+I8D) (1+ |§|)k7|ﬁ\.

In this class one can still use pseudodifferential calculus, and the expansions in powers of A make
sense [EvZw, Sec. 4.3].
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3.3. A pressure criterium for a spectral gap. The result of Thm 9, namely
the fact that all quantum decay rates belong to the interval [¢_ — o(1), ¢+ + o(1)],
was obtained by studying the norm of the propagator V! = e=*"/" for times |t| > 1
independent of &. Indeed, the sequence of equalities (2.5) directly leads to the upper
bound

(3.13) Imz,/h<qy+e

The crucial semiclassical ingredient in (2.5) is the second equality connecting the L?
norm of the PDO B(t)x(P,) with the supremum of its (principal) symbol. Hence,
one cannot hope to improve the bound (3.13) as long as B(t)x(P,) remains a “good”
PDO, which is the case if the time ¢ < Tgy,./2. To improve on (3.13) we will
investigate the propagator V' for “large logarithmic times”, namely

(3.14) t ~Klogl/h, with K >0 large (but independent of h).

For such times, the function b(t)x(po) oscillates on scales much smaller than A, so
it cannot belong to any decent symbol class. As a result, the norm of B(t)x(Pp) is
a priori unrelated with that function. However, using the hyperbolicity of the flow
one can prove an upper bound for the propagator V* in terms of a certain topolog-
ical pressure depending on the damping and the hyperbolicity, and then obtain a
constraint on the quantum decay rates.

Before stating our bound, let us first introduce the notion of topological pressure
associated with the flow ®* on S*X. For any observable f € C'(S*X), the pressure
P(f) =P(f, " |s-x) can be defined by
(3.15) P(f) < sup {hxs () + p(f), 1€ M}.

Notice that the definition (3.7) of the rate function H(s) is very similar. The pressure
is also given by the growth rate of weighted sums over long closed geodesics®:

P(f)zlimilog Z b

T—oo T
T<p|<T+1

The pressure appearing in the next theorem is associated with the function f =
q— @1 /2, where ¢ is the infinitesimal unstable Jacobian (3.3), it thus mixes the
damping and hyperbolicity.

Theorem 15. [SchelO]Let X be an Anosov manifold, and q € S°(T*X) a damping
function.
Assume the following (purely classical) inequality holds:

(3.16) Plg—¢"/2) < gy

Then, for any € > 0, there exists N > 0 such that, for h small enough, the following
resolvent bounds:
(3.17)

Vz € D(1/2,Ch)N{Imz/h > P(qg— " /2) + €}, |(P(R) — 2)7H|| < 7.

6The sum over long closed geodesics is analogous to a partition function in statistical mechanics,
with the time T corresponding to the volume of the system. This explains why the growth rate is
called a “pressure”.
12
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FIGURE 3.2. Spectral gap in case the pressure P(q¢ — ¢*/2) < q..

As a consequence, all quantum decay rates for z,(h) € D(1/2,Ch) satisfy
Im z, (k)
h
in particular we have a spectral gap.

(3.18) <Plg—¢"/2) +e

In the next subsection we present situations for which the inequality (3.16) is
satisfied. The proof of this theorem was inspired by a similar result in the case of
resonances in chaotic scattering [NZ2, NZ3]. We give some hints of the proof in
§3.3.2.

Let us now apply this bound to the damped wave equation, that is take g(x, &) =
—a(x).

Corollary 16. [SchelO] Consider the DWE on X with nontrivial damping a > 0.
Assume that the GCC fails (a— = 0), but that the condition P(—a—¢™*/2) < 0 holds
true.

Then the DWE has a spectral gap, and the energy decays exponentially for regular
initial data, as in (1.10).

3.3.1. Conditions for a spectral gap. The inequality (3.16) can hold only if the damp-
ing function ¢ varies “sufficiently” around its average value ¢. Indeed, one always
has P(—¢™/2) > 0 for an Anosov flow, so by adding a constant dampint ¢ = ¢ one
gets

P@—¢"/2)=q+P(=¢"/2) > 7= qs.
The pressure depends continuously of ¢ (in the C° topology), so if ¢ = g + dq with
10¢|| oo small, the inequality (3.16) will not be satisfied.

Let us consider the case of the DWE as in Corollary 16. The failure of the GCC
is equivalent to the fact that the set of undamped trajectories K (1.9) is nonempty.
This set is flow-invariant and closed, so one can define the pressure P(—p* /2, @' [x)
associated with the flow @' restricted on K. It was shown in [Schell] that if we
multiply the damping a(x) by a large constant C' > 0 (this does not modify the set
K), then

Jim P(=Ca —¢"/2) = P(=¢"/2,9" ).

If the set K is thin enough, the pressure P(—p™* /2, @' [x) is negative (for instance, if
K consists in a single closed geodesic, the pressure is equal to the average of —p™ /2
along the geodesic, which is negative). In that case, the above limit shows that the

pressure P(—Ca — ¢*/2) is also negative if C' > 1.
13



3.3.2. Proof of the pressure bound: decomposing into “symbolic paths”. In this sec-
tion we explain the strategy of proof of Thm 15. As mentioned before, we want to
bound the norm of the propagator for large logarithmic times. We will prove the
following

Lemma 17. Choose € > 0. Then, for an energy cutoff xo of small enough support,
and a large enough constant K > 0, for h < he one has the bound

(3.19) [Vixo(Ro)|| < e'(Pa=e7/2%e) 4~ Klog1/h.
From there, obtaining the resolvent estimate (3.17) is relatively straightforward.

Proof. Our aim is to bound the norm ||V ug|| for a normalized state ug microlocalized
inpy* ([1/2 4 6]), and a time t ~ K log 1/h. We may assume that ug is microlocalized
in an open subset W of diameter < §. We will first decompose ug in an adapted
basis of local “momentum” modes {en, neR |n| <6 } Here the parameter 7 is
the “momentum coordinate” in a Darboux coordinate frame {(y,n), |y| < 0, |n| < d}
in W, chosen such that ; = py — 1/2 represents the energy, y; the time, and the
“momentum” Lagrangian leaves A,, = {(y, o)} are close the unstable foliation. The
momentum states e, are Lagrangian states supported by the leaves A,, of norms
O(1). The decomposition of u, in this “basis” reads

_ : dr %
(3.20) Uy = /n|g5 Uo(n) ey ()2 + O(h™),

where the factor (27h)~%? ensures that ||iol/,» = O(1). The reason for this de-
composition is that we are able to precisely control the evolution of each individ-
ual state e,, up to times t ~ Klogl/h. The state V'e, is a Lagrangian state
supported on the Lagrangian leaf ®'(A,). Due to the hyperbolicity of the flow,
when ¢ grows the leaf ®'(A,) expands exponentially fast along the unstable direc-
tions, and converges to the unstable foliation. To analyze the state V'e,, we can
view as the combination of many local Lagrangian states associated with bounded
pieces of ®*(A,). A convenient bookkeeping consists in using a partition of unity
in py* ([1/2£6]). One first covers this region by a finite family of open subsets
{W;,j=1,...,J} of diameters < ¢, and then constructs a smooth partition of

unity {m; € C*(W,;,[0,1]), j =1,...,J} adapted to this cover: Z}]:1 m; = 1 near
Py ([1/2 £ 6]). This partition is quantized into {Hj = Opy(m;), 5=1,..., J}, such
that, for any energy cutoff x any supported in [1/2 + 4],

R

J
(3.21) D I x(Py) = x(Po) + Orasy2 ().
j=1
We use this quantum partition to split the propagator V" into “symbolic paths”:

J
(322) V'ey= > Vipasey+ O(N®), Viya, =o, VI, _, -+ VI, V.
a0 =1
For each symbolic sequence o = a - - - vy, the state Ve, is a Lagrangian state sup-
ported on the Lagrangian leaf A obtained from A, by a sequence of n evolutions by
P! and truncations on W,,. The full evolved leaf is given by ®'(A,) = Ujag=n AT
If Ay is empty Ve, = O(h>). Otherwise (o “admissible”), A7 is a leaf of di-
ameter < 4, close to the unstable foliation. One can compute the amplitude of
14



the Lagrangian state Ve, to any order in h. It is governed by both the accumu-
lated damping and accumulated instability along the “path” a, leading to the norm
estimate

(3.23) [Vaey |l < Cb(ex) T ()12, where

peEW;

(3.24) bla)=[[blax),  b(j) =maxb(l,p),  and similarly for (J*) /%
k=1

Applying the triangular inequality to (3.22), we obtain a bound on the norm of Ve,
which can be related with the topological pressure:

J
(325) Vel <C Y] ba) @) M2 <exp {n (Pl - o*/2) + O(0))}
aadmis.
Inserting this bound in the expansion (3.20) we get the same bound for V"ug with an
extra factor 2~%2; however, this factor is smaller than €™ if we take n ~ Klog1/h
and K large enough, in which case the bound (3.25) also applies to ||V"™ug||. This
ends the proof of the norm bound (3.19). O

Had we inserted (3.23) in the expansion (3.20) before summing over o, we would
have obtained the following hyperbolic dispersion estimate:

[Vall < min (b(ax), C A ?b(a) Jt(a)"1?), la| < Klog1/h.

This type of estimate was first proved in the case of the undamped operator Py(h)
on an Anosov manifold [Anan08, AN1]. The adaptation to the case of the damped
wave equation was written in [Schel0O]. A similar estimate was also shown in [NZ2]
in the case of chaotic scattering.

3.4. A “thickness” condition for a spectral gap. In this section we present a
spectral gap condition expressed only in terms of the set of undamped trajectories
(1.9), but independently of the strength of the variations of the damping (as op-
posed to the “pressure condition” (3.16)). A proof of this result will appear in a
forthcoming publication.

To state our result in the context of a damping function ¢(x, ), we introduce the
set of “least damped trajectories”

(3.26) K =|J{suppp, p € M, p(q) = ¢+ },

which generalizes” the set (1.9). Our condition for a spectral gap depends on a
topological pressure associated with the flow ®' ;. We use quantities defined in

§3.1.

Theorem 18. Let X be an Anosov manifold, and q € S°(T*X) a damping function.
Assume the following condition holds:

(3.27) P(—p", @ 1) < (d = 1) (P22 = M)

Then, there exists v > 0 (“the gap”), C > 0 and N > 0 such that, for h > 0 small
enough, the following resolvent bound holds:

(3.28) Vze D(1/2,Ch)N{Imz/h > q, — 7}, |(P(R) —2)7!|| < R,

"The two definitions are not strictly equal [Schell], but this subtlety will be irrelevant here.
15



As a consequence, all eigenvalues of P(h) in D(1/2,Ch) satisfy
Imzn/h < q+ — 7,
so we have a spectral gap.

In the framework of the damped wave equation with (nontrivial) damping function
a(x) > 0, this gives the following

Corollary 19. Assume that the set of undamped trajectories (1.9) is such that the
condition (3.27) holds. Then, there exists v > 0, C' > 0 and N > 0 such that

H(T—A)_lHLQ_wQSCTN, Vre{|Rer| >C, Im7 > —v}.

As a consequence, the energy decays exponentially for regular initial data, as in

(1.10).

On a manifold of constant negative curvature —A?, the condition (3.27) takes the
form

(3.29) hiop (@ 1) < (d = 1)A/2,

where Ry, is the topological entropy of the flow on K. It is usually interpreted as a
measure of the “complexity” of the flow on K; we rather see it as a measure of the
“thickness” of K. This bound reminds us of the lower bound obtained by Anan-
tharaman when describing the localization of eigenstates of the Laplacian on Anosov
manifolds [Anan08]: in constant curvature, she shows the semiclassical measures as-
sociated with any sequence of eigenstates cannot be supported on a set of entropy
smaller than (d — 1)A/2, thus forbidding the eigenstates from being too localized.
Following the thread of Remark 12, the spectral gap condition (3.29) could be seen
as a “nonperturbative analogue” of this delocalization result.

Remark 20. For certain Anosov manifolds of dimension d > 3, the condition (3.27)
can never be satisfied. Indeed, the variational formula (3.15) shows that, for any
closed invariant set K’ C S*X, the pressure
P(=¢", @ [x) = = sup pu(¢") = —(d = 1)Amax-
HEM
If the instability along E7 is very anistropic (meaning that the largest and smallest

positive Lyapunov exponents are very different), then (d — 1) Amax — sup e (™)

(d* 1)Vmin

5%, in which case

can be strictly larger than

P(—ot,®" 1) > (d—1) <Vr;in — )\max> for any closed invariant set K'.

This remark hints at the fact that the condition (3.27) is probably not sharp
(even in 2 dimensions), except maybe on manifolds of constant curvature. Riviere
has recently improved Anantharaman’s lower bound on the support of semiclassical
measures in variable curvature [Rivl1]: he shows that any such support S must
satisfy P(—pt/2,®" |g) > 0. If we follow the above analogy (and also following the
results of §3.3.1), it seems natural to expect the following

Conjecture 21. If the set K of least damped trajectories satisfies

then there is a spectral gap in the spectrum of P(h), in the sense of Thm 18.
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In constant curvature the condition (3.30) is equivalent with (3.29). In variable
curvature, it is weaker than (3.27). A Proof of (3.30) should make use of local
expansion rates, instead of the globally defined rates A\ and vy, like in Riviere’s
work on 2-dimensional Anosov manifolds [Riv10].

In the next subsection we sketch the proof of Thm 18.

3.4.1. Sketch of proof for Thm 18. As was the case for Thm 15, the proof proceeds by
bounding the norm of the propagator V*xq(F,) for some logarithmic time (now the
double of the Ehrenfest time, see (3.38)). In the course of the proof we will also need
to control the evolution of a certain type of “microscopic” Lagrangian states. The
novelty compared to the proof of Thm 15 is that we will now distinguish between two
types of phase space points, the “weakly damped” vs. “strongly damped” points.
Without loss of generality®, we may assume that the damping function g(z, £) is
compactly supported inside p,* ([1/2 % €]). From now on we denote the Ehrenfest

time by T def Tghn . We fix some level a € (g, g, ), and consider the set of “weakly
damped points”
def *
QJr,cv = {p €T X7 <Q>T,sym<Q) > Oé}
(remember that (¢)¢ sym is the symmetric time average (3.11)). The large deviation
estimate (3.9) provides a bound on the volume of 2, , N S*X:

(3.31) p(Qpa NS X) < B Fmax 90,

From the definition (3.7), H(q+) is equal to the pressure P(—p*,d! [k) appearing
in (3.27). If we assume (3.27), then, by continuity of H(s) on [¢_, ¢.], we may choose
a € (q,qy) large enough such that

(3.32) Bla) ¥ (d—1) (”“211“ - )\max> — H(a) > 0.

We will now associate a quantum projector to the set €2, ,. We first symmetrize the
factorization (2.3), by writing
(3.33)

Vi =U"2B,(t)U"?, where B,(t) has principal symbol by(t) = e!@tsvm.

Although this symbol is positive, the operator B,(t) may not be selfadjoint; we then
take its polar decomposition

= (B,(t)*B,(t))"* is definite positive,

B A(t)
B,(t) = W(t)A(t), where { W (t) is unitary.

For the same reasons as in §3.2.3 (and due to the support assumption on ¢),
the operators Bs(T'), A(T), W(T) remain “good” PDO up to the Ehrenfest time:
By(T), A(T) € h_C\I/?/Q_E(X), and W(T) € \If?/z_e(X).
The operators A(T) and B,(T) have the same leading symbol by(T) = eZ{@7.sum
Hence, to the set €2y , = {bs(T, p) > eaT} we associate the spectral projector
My =10, 0 © Tygyseer,  and call T =1 —TI,.

8Lemma 7 can be extended to logarithmic times.
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We use these projectors to decompose the propagator at time 27" for some energy
cutoff yo we write

(3.34) V¥xo(Po) = UT/QW(T) AT)UTW(T) A(T) UT/2X0<PO)
= UTPW(T) A(T) (Il + T_) UTW(T) (IL. + TI_) A(T) UTx0(Pp).

The RHS splits into four terms. Three terms contain at least one factor 1I_: for
them we use the obvious bound

(3.35) JA(T) TL|| = I A(T)]| < .

The remaining term contains the factor

UT, E L UTW(T) 1L,
The norm of this operator will be bounded by the following hyperbolic dispersion
estimate, the proof of which is sketched in §3.4.2.

Proposition 22. Assume that for some a € (g, q+) the condition (3.32) holds. Fix
some € > 0. Then, if the energy cutoff x1 has small enough support, for h > 0 small
enough one has

(3.36) U7 31 ()| oo < T O,

Since propagation does not modify the energy localization, if choose in (3.34) a
cutoff xo < x1, we then have
A(T) UTPxo(Po) = x1(Po) A(T) U xo(Po) + O(5).
Inserting this identity and the bounds (2.7), (3.35) and (3.36) in the identity (3.34),
we get

(3.37) HVQTXO(PO)H < 2T (a++0(e) (B—Tﬁ(a) 4 ella—as) | 62T(a—q+)) ]

We may optimize this upper bound over the level a: the optimal value of the
exponent is reached for the (unique) parameter a, € (g, qy) solving

Bla) =g —a.
For any v > 0 satisfying ¢, — v > q*—;mc, we get (for A > 0 small enough) the
following norm bound for the propagator:

(3.38) [V xo(Po)|| < €T+
The proof of the resolvent estimate (3.28) is then rather straightforward.

3.4.2. Proof of the norm bound for UL, . In this last subsection we sketch the proof
of Proposition 22, that is obtain an upper bound for

(3.39) (UL xa(Po)|| ooy o = [[HLUTW (DI xa(Ro)|| . T = Tenr

We recall that II, is the projector associated with the region €2 ,. Let us indicate
that a similar type of dispersion estimate was used by S. Brooks, when studying
the delocalization of the eigenstates of quantized hyperbolic automorphisms of the
2-dimensional torus (the so-called “quantum cat maps”) [Bro10].

To estimate this norm, it will be useful to replace this projector by a smoothed
microlocal projector obtained by quantizing a symbol x4 = x4+ € SDZO_E(T*X),
such that Opy(x;) “dominates” T1,:

I, x1(Fo) = Oph(X+1)8H+X1(PO) + O(R*).




The norm (3.39) can then be bounded by:
[T a@)]| < sup  [{Opy(xr Juz, UTW(T) Opy (x4 Jur)| + O(F).

llul|=[luz|=1
The symbol x4 can be chosen supported inside a set of the form Q. ,_c.Npy Y([1/2+
€]). This set is quite irregular, and the main information we have on it is an estimate
on its volume (using large deviation estimates like (3.31)). It is then convenient to
use an anti- Wick quantization scheme for Op,(x ), that is use a family of coherent
states (Gaussian wavepackets) {e,, p € T*X}", to define
e d
Opp(x+) = / 7(27T%)d X+(p) (ep, @) €,

Each coherent state e, is normalized, and is microlocalized in a “microscopic ellipse”
around p. This ellipse is chosen to be “adapted” to the flow. Let us describe it
using the local Darboux coordinates {(y,7n)} as in §3.3.2. The ellipse is “short” in
the energy direction, An, ~ A'~/2 and “long” in the time direction, Ay, ~ h9/2.
The spread along the transverse directions is chosen isotropic: Ay; = An; ~ hY/2,
j=2,...,d.

The scalar product (Op™ (x4 )ug, UTW,(T) Op™ (x4 )u1) can now be expressed as
a double phase space integral

dpy dp _
T e ot ) () Xl X ()0 U () ),
Po €

The state W (T)e,, is approximately identical to e,,. We can then precisely describe
the (undamped) evolutions of the coherent states e,, up to the times +7'/2. The
state UT/2¢,, (resp. U~T/?%¢,,) is a (microscopic) Lagrangian state along a leaf of
the weak unstable manifold of volume ~ A{4=1+9/ 2T )5(p1) centered at T2 (py),

(resp. a leaf of the weak stable manifold of volume ~ R=I/2JE (H=T/2(p,))

centered at ®~7/2(p,)). Using the sharp energy localization of these states and the
fact that stable and unstable manifolds intersect transversely to each other, one gets
the following bound:

hl—e€

9 (m(pl)*m(m))

‘ <U7T/2 €P27 UT/2 W<T> eP1> ‘ S
I (01) T2 (p2)

for some 6 € C®([-1,1]). The denominator is bounded below by eVmin(d=1T/2,
Inserting this bound in the above double integral and using large deviation estimates
similar with (3.31) for the support of x4, one finally gets (after some manipulations)

the bound (3.36). O

+ O(h™),
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