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Abstract. We consider a simple model of an open partially expanding map. Its trapped
set KC in phase space is a fractal set. We first show that there is a well-defined discrete
spectrum of Ruelle resonances which describes the asymptotic of correlation functions for
large time and which is parametrized by the Fourier component v in the neutral direction
of the dynamics. We introduce a specific hypothesis on the dynamics that we call ‘minimal
captivity’. This hypothesis is stable under perturbations and means that the dynamics is
univalued in a neighborhood of /C. Under this hypothesis we show the existence of an
asymptotic spectral gap and a fractal Weyl law for the upper bound of density of Ruelle
resonances in the semiclassical limit v — co. Some numerical computations with the
truncated Gauss map and Bowen—Series maps illustrate these results.
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1. Introduction

The study of ‘Ruelle resonances’ was initiated in the 1970s by D. Ruelle and R. Bowen in
order to study the decay of correlations in dynamical systems. In a modern approach these
Ruelle resonances show up as the discrete spectrum of transfer operators in suitable Banach
spaces. While, for analytic expanding maps, such function spaces were already known in
the early works of Ruelle [48] for hyperbolic systems, they were constructed much later
by the work of Kitaev [34], Blank, Keller and Liverani [6], Baladi and Tsujii [3, 4] and
Gouézel and Liverani [28]. In a series of papers by the second author together with Roy and
Sjostrand, it has been shown that semiclassical techniques provide a natural approach for
the construction of such suitable function spaces. Up to now this semiclassical approach
to the transfer operators has been established for expanding [22] and partially expanding
maps [21], Anosov diffeomorphisms [23], and Anosov flows [24]. All these systems have
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in common that they are closed dynamical systems, i.e. systems where the non-wandering
set equals the full manifold.

The purpose of this work is to establish the semiclassical approach to ‘iterated function
schemes’ (IFSs) [19, 33]. In these dynamical systems the non-wandering set consists of a
fractal subset of the whole system and they can thus be considered as a simple model of
an open dynamical system with a trapped set (i.e. non-closed). Beside being a toy-model
for such an open system they also appear naturally in various contexts, for example in
the reduction of the geodesic flow on convex co-compact hyperbolic surfaces via Bowen—
Series maps [7, 33] or in complex dynamics in the analysis of Julia sets [33]. We will
study the spectral behavior of a certain family of transfer operators that are associated to
these IFSs and, using semiclassical techniques, we are able to prove the existence of a
discrete spectrum in Sobolev spaces as well as a spectral gap and a fractal Weyl law in a
certain semiclassical limit. The concrete form of the transfer operators which we study, as
well as the semiclassical limit which we consider, is again motivated from two directions.
First of all, these families of transfer operators naturally arise from a decomposition of an
open partially expanding map, which has a neutral direction. The existence of a discrete
spectrum together with the result on the spectral gap enables us to prove exponential
decay of correlations for these systems. Secondly, these transfer operators appear in
the dynamical approach for Selberg zeta functions on convex co-compact surfaces and
a famous result of Patterson and Perry connects the spectrum of these transfer operators to
the resonances of the Laplace operator on these surfaces.

The article is organized as follows. In §2 we will introduce some basic definitions, state
the main theorems and discuss their relation to previously known results in the literature.
We also show how these transfer operators arise from open partially expanding maps and
we obtain a result on the decay of correlations in such systems. Section 3 is dedicated to
the semiclassical construction of the Sobolev spaces as well as to the proof of the existence
of the discrete spectrum in these spaces. In §4 we provide a detailed study of the dynamics
on the cotangent space that appears in our semiclassical approach and we are led to an
important assumption on this dynamics which we call minimal captivity. In particular in
§4.3 we show that this ‘minimally captive assumption’ implies the ‘non-local integrability
assumption’ of Dolgopyat [16] and Naud [40]. Sections 5 and 6 are then dedicated to the
proof of the spectral gap estimate and the fractal Weyl law. Finally, in §7 we provide two
important examples, show that they fulfill the minimally captive assumption and compare
numerical results with the predictions of our theorems.

2. Basic definitions and statement of the main results

2.1. Iterated function scheme. The transfer operator studied in this paper is constructed
from a simple model of chaotic dynamics called ‘an iterated function scheme, IFS’ [20,
Ch. 9]. We give the definition below and refer to §7 where several standard examples are
presented.

Definition 2.1. (An iterated function scheme (IFS)) Let Ne N, N > 1. Let I1, ..., Iy C
R be a finite collection of disjoint bounded and closed intervals. Let A be aN N x N
matrix, called the adjacency matrix, with A; ; € {0, 1}. We will use the notation i ~ j
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if A;j=1. Assume that for each pair i, j € {1, ..., N} such that i ~» j, we have a
smooth invertible map ¢; ; : I; — ¢; j(I;) CInt(I;). Assume that the map ¢; ; is a strict
contraction, i.e. there exists 0 < 6 < 1 such that, for every x € [;,

|97 ()] < 6. 2.1
We suppose that different images of the maps ¢; ; do not intersect (this is the ‘strong
separation condition’ in [19, p. 35]):
¢ ) Vi) £P=i=k and j=I. (2.2)
Note that in general the derivatives qblf’ ;(x) may be negative. Notice also that we assume
smoothness of the maps for our results (see Remark 2.7).

As a first illustration we will give the following example of a truncated Gauss map.
Further examples will be given in §7.

Example 2.2. The Gauss map is

10, 11— 10, 11,
G: { 1 } (2.3)
y—=>31—1¢
y

where {a} :=a — [a] € [0, 1[ denotes the fractional part of a € R. Let j € N\{0}, and
y €R such that 1/(j +1) <y <1/j, then G(y) =G(y):=(1/y) — j. Notice that
dG/dy < 0. The inverse map is y = G;l(x) =1/(x+j).

Let N > 1. We will consider only the first N ‘branches’ (G ;) j=1,...,n. In order to have
a well-defined IFS according to Definition 2.1, for 1 <i < N, let o; := G;l (1/(N + 1)),
ai =1/(1 4+1i), b; such that o; < b; < 1/1i, and intervals [I; := [a;, b;]. On these intervals
(1;)i=1...N, we define the maps

¢ij(x) =G (x) = j=1,...,N. (2.4)

x+j’
See Figure 1. The adjacency matrix is A = (A; ;);, j, the full N x N matrix with all entries
A; j =1. The values of a;, b; are somewhat arbitrary but satisfy hypothesis (2.2). We
will show below that the spectral results are independent of the intervals I; = [a;, b;] and
depend only on the set of branches, here {1, ..., N}, as soon as the intervals /; are large
enough to contain the trapped set K defined below. See Remark 2.7(3). So we call this
model the truncated Gauss map with N branches.

In order to shorten the notation we write

[:= U I; (2.5)

i=1

and introduce the multivalued map
¢p:1—>1, ¢=(ijj-

The map ¢ can be iterated and generates a multivalued{ map ¢" : I — I for n > 1. From
hypothesis (2.2) the inverse map

o i) > 1

+ For any x € I, we have #{¢" (x)} < N".
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FIGURE 1. The IFS defined from the truncated Gauss map (2.3). Here we have N = 3 branches. The maps ¢:

Gijili—> 1,0 j=1,..., N are contracting and given by ¢; ;j(x) =1/(x + j). The trapped set K defined

in (2.7) is an N-adic Cantor set. It is obtained as the limit of the sets Ko = ([ Ul U--- U Iy) D K1 =¢(Kp) D
K)=¢(K;)D---DK.

is univalued. If we define Ky := I and

K,=¢"(I)CI (2.6)
for all n € N then we have K, 1| C K,, and we can define the limit set
K :=(") K. 2.7
neN

called the frapped set. On this set the map
6\ K> K (2.8)

is well defined and univalued.

2.2. Model of dynamics and transfer operators. From the IFS defined above we first
define a dynamical map f that is partially expanding and introduce the transfer operator
F associated to it. We first recall the following notation: we denote by C{°(R) the space
of smooth functions on R with compact support. If B C R is a compact set, we denote
Cy°(B) C Cy°(R) the space of smooth functions on R with compact support included in
B. If not further specified, we will consider complex-valued functions. If we want to
specify the values we write, e.g., C3°(B; R) for real-valued functions.

2.2.1. Partially expanding maps and transfer operators. Let ¢ be an iterated function
scheme as defined in Definition 2.1. Recall that the map ¢! : ¢ (1) — I is univalued and
expanding. Let T € C*°(¢(1); R) be a smooth, real-valued function called a roof function.
We define the map

d() x S' > 1 x 81,
f: » (2.9)
(x, y) = (@7 (%), y + (x)),

with S! :=R/Z. Notice that the map f is expanding in the x variable whereas it is
neutral in the y variable in the sense that df/dy = 1. This is called a partially expanding
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map and may serve as a very simple model for the general study of partially hyperbolic
dynamics [44] such as Axiom A flows. Let V € C*°(¢(I); C), which we call a potential
function.

Definition 2.3. The transfer operator of the map f with potential V is
. |CFUx S — C3(p (1) x Sh,
Y, y) e e Oy (fx, ).

Notice that ¥ (x, y) can be decomposed into Fourier modes in the y direction. For
v € Z, a Fourier mode is

(2.10)

Yo (x, y) = p(x)e >
and we have
(Fy)(x, y) = eV Oy, (F(x, y) =" (o™ (1)) 27O
= (F1/@nn@)(x)e! ™

with a reduced transfer operator ﬁl/(zm) 1G5 — CP (¢ (1)) given by

(F1j @) (x) i= eV @270 g1 (1)), 2.11)

So the operator F is the direct sum of operators P, 7 £ /@nv)- In this paper we are
interested in the spectral properties of the operators F|/2zy) in the limit of high Fourier
modes v — 0o, which corresponds to strong oscillations in the neutral direction y.

2.2.2. Reduced transfer operators.  Let us consider a direct definition for those reduced
transfer operators like (2.11) which does not restrict v to integers.

Definition 2.4. Let 1 € C*°(¢p(I); R) and V € C*(¢(1); C) be smooth functions called
the roof function and potential function, respectively. Let i > 0. We define the transfer

operator:
CR() — CR (),
F eVl /MT@ =1 (x)) ifx e p(l), (2.12)
Q>
0 otherwise.
See Figure 2.
Remark 2.5.

° To be more precise, we consider (2.12) as a family of transfer operators depending
on the parameter i > 0. We will be interested in the spectrum of these operators in
the ‘semiclassical limit" 2 — 0.

° For any ¢ € C;°(1), n > 0 we have

supp(ﬁg(p) C K, (2.13)

with K, defined in (2.6).

e In the definition (2.12) we can write e”®e/(/MT™) — exp(i(1/R)V(x)) with
V(x) :=t(x) + h(—iV(x)). More generally, we may consider a finite series V(x) =
Z';:O h V;(x) with leading term Vp(x) = 7(x) and complex-valued sub-leading
terms V;: I - C, j > 1.
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FIGURE 2. Action of the transfer operator F) 7 on a function ¢ as defined in (2.12). In this schematic figure
we have V =0 and 7 = 0. In general the factor ¢V ") changes the amplitude and ¢/(1/M7() creates some fast
oscillations if 7 < 1.

2.3. Discrete spectrum.  The transfer operator F, has been defined on smooth functions
Cgo(l ) in (2.12). For the proof of the discrete spectrum we will need to extend it to the
space of distributions (in §3.1) and it will turn out for technical reasons that we need to
compose Fy, with a cutoff function. We thus introduce a cutoff function x € C3°(I) such
that  (x) = 1 forevery x € K1 = ¢(I),i.e. x(¢;, j(x)) = 1 forevery x € I; and j such that
i ~ j. We denote as x the multiplication operator by the function x and define

Fp=Fpnox. (2.14)

The first main Theorem 2.6 below states that the transfer operator I:"h, x (for any h) has
a discrete spectrum called ‘Ruelle resonances’ in ordinary Sobolev spaces with negative
order and that the spectrum does not depend on the choice of x. Recall that, for m € R,
the Sobolev space H™"(R) C D’'(R) is defined by [52, p. 271]

H™™(R) := (£)"(L*(R)), (2.15)

with the differential operatoré‘ := —i(d/dx) and the notation (x) := (1 + x2)172. We also
recall that a compact operator K has a discrete spectrum on C\{0} (i.e. isolated generalized
eigenvalues with finite multiplicities) and, if R is an operator with norm ||I€’|| <€, then
(1% + Ié) still has a discrete spectrum on the domain |z| > €, because the essential spectrum
is invariant under compact perturbations.

THEOREM 2.6. (Discrete spectrum of resonances) For any fixed h, any m € R, the transfer
operator ﬁh, x in (2.14) can be extended to a bounded operator on the Sobolev space
H™™(R) and can be written as

Frn,=K+R, (2.16)

where K is a compact operator and R is such that
RN g-mgy <rm  Withry :=c(® + €)™, (2.17)

where 0 <0 < 1 is given in (2.1), with any € > 0 (taken so that 6 + € < 1) and c that
does not depend on m. This implies that the operator Fy , has a discrete spectrum
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on the domain |z| > ry, and that r,, — 0 as m — 400. These eigenvalues of I:“ﬁ,x and
their eigenspace do not depend on m nor on x. The support of the eigendistributions is
contained in the trapped set K. These discrete eigenvalues are denoted

Res(Fp) == (A}, c C* (2.18)
and are called Ruelle resonances. (See Figure 5 later.)

Remark 2.7.

(1) In this paper we assume for simplicity that the maps ¢; ; are C*°. This assumption
allows us to consider the limit m — oo in Theorem 2.6. It may be possible to assume
weaker regularity, say C¥. Then Theorem 2.6 would be valid only for m <k — 1.

(2) In the case of an IFS with analytic branches and with analytic potential and roof
function, it has even been shown that these transfer operators are trace class in
Banach spaces of analytic functions [33, 48]. However, we will prove this result
with completely different techniques (microlocal or semiclassical analysis) by the
construction of an escape function in the cotangent bundle 7*7. In §7 we will show
on different examples that these techniques are also useful for concrete numerical
calculations of the spectrum for Ruelle resonances.

(3) The independence of the spectrum of x implies that the spectral properties of
the truncated Gauss map in Example 2.2 do not depend on the explicit choice of
boundary points [a;, b;].

2.4. Asymptotic spectral radius. Next we want to state a result on an asymptotic

bound for the spectral radius rS(I:" h,x) of the operators ja h,x in the limit 4 — oo. A well-
known general bound on the spectral radius of transfer operators is given in terms of the
topological pressure that we recall now [49]. The topological pressure can be defined from
the periodic points, which are points x € K such that x = ¢~"*(x), as follows.

Definition 2.8. [19, p. 72] The topological pressure of a continuous function ¢ € C([) is

1
Pr(p) := lim —1og< Z e%<x>), (2.19)
n—-oon x:¢7n(x)

where @, (x) is the Birkhoff sum of ¢ along the periodic orbit:

n—1

on(x) =Y p(¢™ ().

k=0

It is particularly interesting to consider the topological pressure of the unstable Jacobian
Sfunction which is defined by

de~!
J(x):=log (x) (2.20)
dx
for x € ¢ (I). From (2.1) we obtain
1
forallx, J(x)>log g > 0. (2.21)
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One has the general bound, for every i > 0 [49],
10g(rs (Fp, ) < Ymax :=Pr(Re(V) = J). (222)

In order to give the asymptotic bound (for 7 — 0) below let us first introduce the so-called
damping function: D € C*®(¢ (1))

D:=Re(V) - 3J. (2.23)

(This function appears naturally in different models [25, 26].) We can then give the
following result on the spectral radius of the operator Fy, , in the limit i — oo.

THEOREM 2.9. (Asymptotic spectral gap) If the roof function t is ‘minimally captive’
(see Assumption 4.7 for a precise definition) and if m is sufficiently large so that ry, (2.17)
Sfulfills log(ry,) < v4, then the spectral radius rs(ﬁh,x) of the operators FA‘h’X cH™(R) -
H™™(R) satisfies, in the semiclassical limit h — 0,

Yasympt := log (lim sup(ry (Fp, X))) < V4 (2.24)
h—0
with
1 n
y4 = lim < sup — Y D(¢—k(x))), (2.25)
n—o0 xep() n =1

that corresponds to the worst Birkhoff average of the damping function D along the
dynamics of the IFS. Moreover, the norm of the resolvent is controlled uniformly with
respect to h: for any p > e+, there exists C, > 0, h, > 0 such that, for all h < hy,, for all
|z| > p we have

Iz = F) " la-n) < Cp (2.26)

Remark 2.10.

(1) The limit on the right-hand side of (2.25) exists: the sequence a, :=
SUPyegn (1) ZLI D(¢_k(x)) is subadditive (i.e. a, + a; > a,4+,) and Fekete’s
lemma guarantees existence of the limit y4 = lim,—, 0 a,/n.

(2) From the general bound (2.22) valid every & we have Yasympt < Vmax := Pr(Re(V) —
J) and we may define precisely gasympt := Vmax — Yasympt = 0 to be the asymptotic
spectral gap. In many cases (but not always), see the concrete examples in §7, we
have ¥ < Ymax. In particular, for closed systems treated in [21] and for V = 0, one
has always ymax =0and D = —%J < 0, hence y4 < Vmax-

(3) Naud obtained in [40] (using techniques of Dolgopyat), an asymptotic bound on
the spectral radius under a so-called ‘non-local integrability’ condition, weaker than
the ‘minimally captive assumption’ and which is discussed below. Translated to
our setting he showed the existence of € > 0 such that Yasympt < Ymax — € < Ymax»
i.e. that gasympt > 0. For systems where ¥T < Ymax the result (2.24) improves this
bound as it gives an explicit estimate gasympt. > Ymax — ¥+ > 0. However, for a
general system one may have y* > ynax and the result (2.24) gives no asymptotic
spectral gap, whereas Naud’s result always gives one.

https://doi.org/10.1017/etds.2015.34 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2015.34

10 J. E. Arnoldi et al

(4) Notice that Theorem 2.9 depends on the roof function t only implicitly through
Assumption 4.7. The value of the upper bound (2.25) does not depend on t. It
is, however, known that such results cannot hold for a general roof function t (for
example it does not hold for roof functions that are cohomologous to a constant,
see [21, Appendix A]).

(5) Dolgopyat [16, 17] and Naud [40] used the so-called ‘non-local integrability’ (NLI)
condition and we will see in §4.3 that our minimally captive assumption implies
this non-local integrability condition. The ‘minimally captivity’ condition which we
use arises naturally in the semiclassical approach used in the proof (see §4 for a
detailed introduction and definition). It is a similar, but stronger assumption than
the condition which appeared in [21, 54] and which was coined ‘partially captive’
in the latter reference. With only moderate effort Theorem 2.9 could be proven also
under the weaker assumption of ‘partial captivity’ but it will turn out that minimal
captivity makes the phase space dynamics on 7*I particularly easy and is essential
in the proof of the fractal Weyl law. This is why we decided to put this condition at
the center of attention in this article.

(6) 1In §7 we will illustrate with numerical results on the example of the truncated Gauss
map, that the bound (2.24) does not seem to be optimal. Also, other related numerical
and physical experiments [5] have supported the conjecture that the rigorously known
spectral gap estimates are not sharp. The question of finding sharp estimates of
asymptotic spectral gaps is an important open question (see e.g. [41] for an overview
and further references).

2.5. Expansion of correlations for partially expanding maps.  In this section we present
a quite immediate consequence of the existence of an asymptotic spectral radius e’*
obtained in Theorem 2.9: we obtain a finite expansion for correlation functions (v|]:""u)
of the extended transfer operator F defined in (2.10).

We first introduce some notation: for a given v € Z, we have seen in Theorem 2.6 that
the transfer operator F /@nv),x has a discrete spectrum of resonances. For p > 0 such
that there is no eigenvalue on the circle |z] = p, and for any v € Z, we denote by I, ,
the spectral projector of the operator ﬁ] /@nv),x on the domain {z € C, |z| > p}. These
projection operators have obviously finite rank and each commutes with F /Qrv),x -

THEOREM 2.11. (Expansion of correlations) For any p > e¥*+, m large enough (such that
rm < e¥* in Theorem 2.6), there exists vo € N and C, > 0 such that foranyu € H™" (1) ®
L2(SY, ve H™(I) ® L*(S'), in the limit n — oo,

. r 2 2
WIF ) = Y Wl (1, o) ) | < Cop" 113251, 10 W3 mg 251y
[v[=vo

2.27)
Here u, € H=™(I), v, € H™(I) stand for the Fourier components in the S' direction of
u, vand (viu) = flel v(x)u(x) dx (extended to distributions).
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Remark 2.12.

° The second term in equation (2.27) is a finite sum and each operator F 1/@rv),x Hp,v
has finite rank. Using the spectral decomposition of F, we get an expansion of the
correlation function (v |.7:" "u) with a finite number of terms which involve the leading
Ruelle resonances (i.e. those with modulus greater than p) and an error term that is
O(p™).

) The novelty of this Theorem is that the correlations can be expanded up to this error
term O(p") for any p > e’+. As discussed in Remark 2.10, previous results are
restricted to error terms (eP*®e(V)=/)=&)" with some non-explicit &€ > 0 and more
restrictive function spaces for u, v.

Proof. Let p > e¥+. Recall that h = 1/27v and that |[v| — oo corresponds to 7 — 0. In
Theorem 2.6 we have, for A — 0, that rs(ﬁ1/(2m),x) <e’ +o0(1). Let the value of vy
be such that rs(ﬁl/(zm),x) < p for every |v| > vg. Then, for any u € H="(I) ® Lz(Sl),
ve H™(I)® L*(Sh),

WIF" ) = Y (Wl (Fiymv).x Mp) )

[v|<vo

+ Y Wl (Fij@r. , (Id = T, ) uy)

[v[<vo

+ Z WL ) ey, 0)- (2.28)

[v]>vp
We have | (0| B 0 00)] < 0wl il | = | Ff) oy, llrr=n. For [v] < v we have

||(f71/(2m),x(1d —I,,)" [ < Cyp",

where C,,, depends on vp; hence,

D ol (Frj@mv).x (1d — T 1)) )

[v|<vo

<Copp" D Nl sl gn.

[v|<vo

On the one hand, as a sequence with respect to veZ, one has

(vl m)v, (vwllg-m)v € 2(Z) and Y, ez luvlm = Il g g1y Additionally,

the resolvent bound (2.26) gives us the existence of a constant C,, such that

Iz = Fijam)  lan < Cp
uniformly in |z| > p and |v| > vg. From the Cauchy formula

F _ L "z—F yld
1/@rv)x = 5 ” 7z 1/Q2mv), x 25

where y is the circle of radius p, one deduces that ||ﬁf’/(2nv) 5 | g-m < Cpp". So

< Cop" Y lvullamllu |l gn

[v[>vo

Y Ol Efy o, o)

[v[>vo

< Cop" lullzgmgracsy 1V mgrasty:
Then (2.28) gives (2.27). O
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2.6. Upper bound for the density of resonances (fractal Weyl law). We will, finally,
formulate a fractal Weyl law on the number of Ruelle resonances and therefore introduce
the following definition of fractal dimension.

Definition 2.13. ([38, p. 76], [19, p. 20]) If B C R¢ is a non-empty bounded set, its upper
Minkowski dimension (or box dimension) is

dimy; B :=d — codimy, B, (2.29)
with
codimy B := sup{s e R |limsup§* - Leb(Bs) < +oo}, (2.30)
810

where Bs := {x € R?, dist(x, B) <8} and Leb(") is the Lebesgue measure.
Remark 2.14. In general,

lim sup §<°4imu B . [ eb(Bs) < +00 (2.31)
540
does not hold, but if it does, B is said to be of pure dimensionT. It is known that the trapped
set K defined in (2.7) has pure dimension and that the above definition of Minkowski
dimension coincides with the more usual Hausdorff dimension of K [19, p. 68]:

dimy K = dimy K € [0, 1[. (2.32)

Using the following lemma, the topological pressure defined in (2.19) provides an
efficient way to calculate the Hausdorff dimension of the trapped set numerically (see
Figure 3 for an illustration for the example of the truncated Gauss map).

LEMMA 2.15. [19, p. 77] If B > 0 is a real parameter and J the unstable Jacobian defined
in (2.20), then Pr(—BJ) is continuous and strictly decreasing as a function of B and its
unique zero is given by = dimy K.

We can finally formulate the following theorem.

THEOREM 2.16. (Fractal Weyl upper bound) Suppose that the Assumption 4.7 of minimal
captivity holds and that the adjacency matrix A is symmetric. For any € > 0, any n > 0,
we have, for h — 0,

8{A" € Res(Fp) | |AL'] = e} = O(h~ imu K=y, (2.33)

The first result of a fractal Weyl law upper bound has been obtained by Sjostrand [51]
for a wide class of semiclassical operators with analytic coefficients. This pioneering work
has also triggered theoretical and experimental studies in physics [35, 36, 46, 50] as well as
an extension of this theorem to various other settings like convex co-compact surfaces [30,
56], manifolds with hyperbolic ends [14] and the scattering at several convex bodies [42].
To our knowledge there are not yet any rigorous results of a fractal Weyl law upper bound
for classical Ruelle resonances; however, in the physics literature the existence of such
laws has been observed [18]. The minimal captivity assumption, however, allows us to

+ See [51] for comments and further references.
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FIGURE 3. Pry(—pBJ) is the topological pressure (2.19) for the truncated Gauss map (Example 2.2), with

N =1,2,3... being the number of branches. The black points mark the zero of Pry(—pJ) =0 giving the

fractal dimension of the trapped set K for each value of N: dimy K1 =0,dimyg K, =0.531...,dimy K3 =
0.705...,anddimyg Ky > N—o00 1.

interpret the transfer operator as a quantization of a bijective map (see [25] for discussions
about this interpretation) and it should also be possible to obtain this result using the recent
work of Nonnenmacher et al [42]. We will, however, provide an independent proof which
is directly based on the semiclassical approach for the transfer operators, by further refining
the escape function that appears in the proofs of Theorems 2.6 and 2.9.

The upper bound on the exponent in terms of the Hausdorff dimension is conjectured
to be sharp [36], meaning that it is also a lower bound (see also [41] for an overview and
further references). This conjecture has been supported by several numerical experiments,
for example for quantum n-disk systems [36] or convex co-compact surfaces [8]. Also
in the case of iterated function schemes, the bound seems to be also a lower bound as
suggested by the numerical results shown in Figure 6 later.

3. Proof of Theorem 2.6 about the discrete spectrum

For this proof we follow closely the prooff of Theorem 2 in [21], which uses semiclassical
analysis. However, we have to deal with an additional difficulty associated with the
‘openness’ of the system. This will be taken into account by the introduction of the cutoff
function x (cf. (2.14)). In this section, §3, the parameter 7 is fixed.

Here is the strategy. We first show in §3.1 that the transfer operator I:"h, x has a well-
defined and unique extension to distributions on R. Then in §3.2 we explain that the
transfer operator is a Fourier integral operator and compute its associated symplectic map
on the cotangent space § : T*1 — T*I. We observe that under this map 7§, the trajectory
of a point (x, &) € T*I escape towards infinity if |£| > 0. In §3.3 we construct an escape
function (or Lyapounov function) A, (x, £) that decreases strictly along the trajectories.

T See also Theorem 4 in [23] which concerns hyperbolic maps and anisotropic Sobolev spaces.
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We consider the corresponding pseudodlfferentlal operator Ay = Op(A;,) and in §3.4 we
show that the conjugated operator Am ) Fﬁ x © A ! has a discrete spectrum in L2(R).
Equivalently the transfer operator Fﬁ, x has a dlscrete spectrum in the Sobolev space
A-L(L2(R)) = H™(R).

3.1. Extension of the transfer operator to distributions on R.  Recall that in (2.14) we
introduced the cutoff function x € Cgo(l ), with x(x) =1 for every x € K1 =¢ (1), as
well as the truncated transfer operators

Fp,y = Fp oX.

Note that for any ¢ € C§°(K1) we have x¢ = ¢, hence (ﬁhi)go = I:"mp. One has y :
C°(R) — C3°(1), hence ﬁh,x is defined on C3°(R).
The formal adjoint operator F 4 X Co°(R) — C§°(R) is defined by

(| Ff W) = (Fpyoly) forallp e CPR), ¥ € CP(R), 3.1)

with the LZ-scalar product (u|v) : f u(x)v(x) dx. Note that for any test function
¢ € Cg°(R) with supp(p) N I = we have F, x¢ =0, which directly implies that F*
CER) — CF(I).

LEMMA 3.1. Let ¥ € C°(R) and y € I;. Then the adjoint operator ﬁg X C(R) —
C°°(1) is given by

Fr ) =x0) Y 19 j0)le" @OV UWT@iDy g ;(v).  (3.2)

Jjs.ti~~j

Proof. Using the definition (3.2), we calculate
By ) = /, FOIEL () dy
=> /I BONE; ) () dy

=> > / PO XMNG] (e" @iON =M@ Dy (g, (y)) dy.

i Js.ti~=j Ii

Now we can perform a change of variables x = ¢; ;(y) in each of the integrals and obtain

(QlEf ) =>" > / V@ 1TMT® (¢ =1(x)) x (= 1(x)) ¥ (x) dx

i jsti~sj i, (1)

- /] Finy 00OV () dx

= (Fnx o). O
PROPOSITION 3.2. By duality the transfer operator, (2.14) extends to distributions
Fr,:D'(R) - D'(R), (3.3)
Fr  :D'R) > D (R).
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Similarly to (2.13) we have that, for any n > 1, any a € D' (R),
supp(Fj. ) C Ky, (3.4)
with K, defined in (2.6).

Proof. As F 4 X is continuous on the space of test functions C3°(R) the extension can

directly be defined by
Fry@@) =a(f; ¥), aeDR), ¥ ecCR). (3.5)

If (¢ j(y)) =0 for all i ~ j and all y € I;, then (3.2) shows that ﬁ;yxw =0. More
generally, let V € CSO(R) with supp(¥) N K, =@ with n > 1 and K,, defined in (2.6).

Then

(Fp )"y =0. (3.6)
For any o € D'(R), we deduce that (F" L) = a((F; )" %) =0. By definition, this
means that supp(ﬁg Xa) C K,. O
Remark 3.3.

. Without the cutoff function x the image of ﬁg may not be continuous on the
boundary of / and the extension to distribution space in Proposition 3.2 would not
have been possible.

. Another more general possibility would have been to consider x € C;°(/) such that
0 < x(x) for x € Int(/) (without the assumption that y = 1 on K1) and define

Fry=5""Fnfl : G (R) > CP(B), 37
which is well defined since supp(ﬁh x@) C Int(I) where x does not vanish. This
more general definition (3.7) may be more useful in some cases, e.g. we use it in

numerical computation. We recover the previous definition (2.14) if we make the
additional assumption that x =1 on K.

3.2. Dynamics on the cotangent space T*I. The remark of fundamental importance
given in Proposition 3.4 below is that each operator F h,x» although it is a simple
composition operator, can be considered as a ‘Fourier integral operator’ whose associate
canonical map § is the map ¢ : I — I lifted on the cotangent space T*I. The definition
of a Fourier integral operator and its associated canonical map will be given in a more
general context at the beginning of §4 and the following proposition can be considered as
a particular case of Lemma 4.2. Then, according to the ‘semiclassical approach’ we know
that in order to study the spectral properties of the transfer operator F h,x We have first
to study the dynamics of its canonical map § : T*I — T*I. It is not necessary to known
what a Fourier integral operator is to read the main part of this paper.

PROPOSITION 3.4. Considering h > 0 fixed, the transfer operator ﬁh,x restricted to
C°(R) is a Fourier integral operator (FIO). Its canonical transform is a multivalued
symplectic map § : T*I — T*I on the cotangent space T*I = I x R given by

B E S
L E) s (Fi i, &) withi, st x € 1, i~ ),
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with
x' =g j(x),

Sij: £ =

(3.8)

1 §
oL@
Remarks.

° For the proof we refer to the proof of Lemma 4.2 with the following remark. Here
h is fixed (it is not a semiclassical parameter), hence the term ¢/(1/M7() in (2.12)
contributes to the amplitude and not to the phase function. That explains why the
canonical map § differs from the canonical map F which will be introduced in (4.5).

° In [21, §3.2] we explain the action of the FIO Ia h,x in terms of wave packets and the
clear relation with the symplectic map .

° For short, we can write

T*I — T*1I,
S 1 (3.9)
(x, &) > (¢(x), ¢,(x)s>.

. Observe from (3.9) that the dynamics of the map § on 7*/ has a quite simple
property: the zero section {(x, §) € I x R, & = 0} is globally invariant and any other
point (x, &) with & # 0 escapes towards infinity (§ — £00) in a controlled manner,
because |¢lf’j(x)| < 60 < 1, with 0 given in (2.1), hence

1
€' > L (3.10)

. Due to hypothesis (2.2) the map ¢, jl is univalued (when it is defined). Therefore,
the map F ! is also univalued and one has

Tl oF =1dr+,. 3.11)

3.3. The escape function.

Definition 3.5. [53, p. 2] For m € R, the class of symbols S~ (T*R), with order m, is the
set of functions on the cotangent space A € C*°(T*R) such that, for any «, 8 € N, there
exists Cq, g > 0 such that

forall (x, &) € T*R, 920 A(x, £)] < Cap(&) ™ P with (£) = (1 + &%)/,

(3.12)
LEMMA 3.6. Let m > 0 and let
Ap(x, &)= (&) e ST™(T*R).
We have
forall R >0, forall || > R, foralli ~ j, forall x € I;, % <Ccm,
(.13)

with C = \/(R2 + 1)/(R?/02% + 1) < 1. Equation (3.13) shows that A,, decreases strictly
along the trajectories of § outside the zero section. We say that A, is an escape function.
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Proof. From equations (3.8) and (3.10) we have
An@ij( §) _ (A +EHY"2 (€2 ( 1+ R? )’"/2 _m
An(x, &) (L+EHH™2 ~ (1+82/6%)m2 = \ 1+ R?/6? '
The last inequality is because the function decreases with |£|. O

Using the standard quantization rule [53, p. 2] the symbol A,, can be quantized into a
pseudodifferential operator (PDO) A, which is self-adjoint and invertible on C§°(R):

i _ ! i)k
(Ame)(x) = e Ap(x, §)e @(y) dy d§. (3.14)

Conversely, A,, is called the symbol of the PDO Ay In our simple case, this is very
explicit: in Fourier space, A,, is simply the multiplication by (£)"™. Its inverse A,;l is the
multiplication by (&)™,

3.4. Use of the Egorov theorem. Let

Om = AmFn Ayl LA(R) — LA(R),
which is unitarily equivalent to F By - HT"(R) — H™™(R) (from the definition of
H™™(R), equation (2.15)). This is expressed by the following commutative diagram:

L2(R) O L2(R)

LA’”I lﬁal (3.15)
_ £ h.x _
H" Ry —~H m (R)
We will therefore study the operator Qm on L%(R). Notice that Qm is defined a priori on
a dense domain C;°(R). Define

Pi= 0} 0n= A, F; AL Fn A, ' =A'BA,", (3.16)
with
P Px A2 P _sp XA s
B .= Fh,XAmFﬁ,X_XFﬁ AL Frx. (3.17)

Now, the crucial step in the proof is to use the Egorov theorem.

LEMMA 3.7. (Egorov theorem) B defined in (3.17) is a pseudodifferential operator with
symbol in S~ (T*R) given by

B(x,$)=(x2(x) > |¢;,j(x)|e2Re<V<"’f’f<x>”A51(s,-,,-(x,s»)+R, (3.18)

js.tinej
where R € S‘z’"_l(T*R) has a lower order, x € I;, £ € R.

Proof. Fpand F » are FIOs whose canonical maps are respectively § and § ~1. The PDO
A, can also be considered as an FIO whose canonical map is the identity. By composition
we deduce that B = )213 o Ai Fp % is an FIO whose canonical map is the identity since
§ 'oF=1 from (3.11). Therefore B is a PDO. Using the precise expressions for Fp
(equation (2.12)) and F ;_bk (equation (3.2)), as well as the behavior of PDOs undAer a change
of variables (see [29, Theorem 3.9]), we obtain that the principal symbol of B is the first
term of (3.18). O
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Remark. Contrary to (3.17), ﬁhﬁm I:";{ is not a PDO, but an FIO whose canonical map
o ! is multivalued.

Now by the theorem of composition of PDOs [53, p. 11], equations (3.16) and (3.18)
imply that P is a PDO with symbol in S°(R) and for x € I;, £ € R the principal symbol is
given by

B(x £) e(V(n 0o Am i) (x, §))
P(x,é)— 22 (x, 6) (x (x) Z 1] (x)|2ReV B )))W). (3.19)

Js.tii~~j

The estimate (3.13) gives the following upper bound for any R > 0, x € I and |§| > R:

1P &)< xP@CH Y 19 (0RO < 2NV,
Jii>j

with Vipax = max,cyRe(V (x)).
We apply the L2-continuity theorem for a PDO to P as givent in [29, Theorem 4.5
p- 42]. The result is that, for any € > 0,

ﬁ = ]28 + ﬁé‘
with k; a smoothing operator (hence compact) and || p, || < C*" NOe?Vmax 4 ¢

If Qm =0 | le is the polar decomposition of Qm with U unitary, then from (3.16),

= |Qm|2, hence |Qm| = \/F and the spectral theorem [53, p. 75] gives that |Qm| has a
similar decomposition

| Qm | = ]2; + ‘}e ,
with k. compact and ||g¢ || < v/C?"NOe2Vmax 4 g, with any & > 0. Since |U| =1 we
deduce a similar decomposition for O, = U| Q| : L2(I) — L2(I), i.e. O =k! 4 GL.
We also use the fact that C — 6 as R — oo in (3.13) to get that [|§,|| < ry :=c(@ + €)™,
with ¢ 1ndependent of m and any € > 0. Equlvalently, from the dlagram (3 15), this
gives that Fh x t HT"(R) — H™™(R) can be written Fh y = =K + R, with K compact
and ||R|| <rm. We have obtained (2.16) and (2.17).

The fact that the eigenvalues A; and their generalized eigenspaces do not depend on the
choice of space H™"(IR) is due to density of C;°(R) in Sobolev spaces. We refer to the
argument given in the proof of corollary 1 in [23].

Finally, if ¢ is an eigendistribution of ﬁh,x, ie. ﬁﬁ7X¢ = A with A # 0, we deduce
that ¢ = (I/A")ﬁg’xw for any n > 1, and (3.4) implies that supp(¢) C K =(),cy K»n. On
the trapped set we have x = 1, hence the eigendistribution and eigenvalues of F h,x do not
depend on yx. This finishes the proof of Theorem 2.6.

T Actually, we cannot apply directly the L2 -continuity theorem [29, Theorem 4.5, p. 42] for a PDO to P because
P does no t have a compactly supported Schwartz kernel. However, B obviously has a compactly supported

Schwartz kernel due to the presence of x in equation (3.17). The trlck is to approximate Aml by a properly
supported operator A, as it is done in [29, p. 45] and then apply the L? -continuity theorem to AmBAn.
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4. Dynamics of the canonical map F : T*I — T*I
In Theorem 2.6 the operator I:"h, x 1s considered for a fixed h. On the contrary, in
Theorems 2.9 and 2.16 they are considered as a family of A-FIOs and we give partial
results on the distribution of their Ruelle resonances in the semiclassical limit & — 0. As
a consequence, the oscillations of the phase multiplication by ¢/™™) are not uniformly
bounded anymore and contrary to Proposition 3.4 this multiplication operator is not a
pseudodifferential operator anymore but contributes to the phase space dynamics of the
canonical map. In this section we will introduce this canonical map and study its dynamics
in phase space, which becomes significantly more complicated compared to the map §
which appeared in Proposition 3.4. In §4.1 we will introduce the trapped set in phase
space and will naturally be led to the minimally captive property. Then we will introduce
the symbolic dynamics in §4.2, which nicely describes the dynamics in the cotangent space
and which is a central technical ingredient in the proofs of Theorems 2.9 and 2.16. Finally,
in §4.4 we will see that under the assumption of minimal captivity, the trapped set in
phase space also has a fractal structure and that its Hausdorff dimension equals twice the
Hausdorff dimension of the trapped set K of the underlying IFS

We first recall that, on R", an A-FIO is a linear operator F:S R™) — S(R™) of the
form [57, Theorem 10.4]

A 1
(Fo)(x') =

(/@ E)—xE)p I &

2 h)n /n /n el VST (', & h)e(x) dx d&, 4.1)

where ®(x’, £) is real-valued and called the ‘phase function’ and b(x', £; h) is the
p

amplitude. The Fourier integral operator F has an associated canonical map, which is
the symplectic map F : R?* — R?", (x', &) = F(x, &) given by [57, Lemma 10.5]

=@, ), x=(@0P)(x,8&). (4.2)
Remark 4.1. As explained in [12] one interpretation of the canonical map is the following.
Since we are interested in the situation of high frequencies we write £/h for the
frequency with i < 1. In particular, the h-Fourier transform of a function u is (F¢)(€) :=
(1/QrR)"?) [gn e /M3 p(x) dx. If an h-family of functions gy, is micro-localized
at point x € R” and its h-Fourier transform is micro-localized at point & € TFR", which
means that these functions decay fast outside these points as 5 — 0, then the operator F
transforms these functions ¢y to functions F @ micro-localized at another point (x/, &) =
F(x, &) € T*R", where F is the associated canonical map.

According to this previous definition, we give now the canonical map F' for the family
of h-FIOs (Fpy)p that concern us and that were defined in (2.12).

LEMMA 4.2. The family of operators (ﬁh)h restricted to C3° (1) is an h-FIO. Its canonical
map is a multivalued symplectic map F : T*I — T*I (with T*I = I x R) given by

T*I — T*I,
: 4.3)
:(x, E)=> {F; j(x, &) withi, j st x €l;, i~ j},
with
x' = ¢ j(x),
Fijiye_ 1 dr (4.4)
§ = —¢f,j(x)€ T ().
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Proof. From (2.12),
(Fp jp) (') = " VMt gl (x')) = (Fy 0 Frg) (v))

that we have decomposed into a first operator (we will use §(x)=
(1/@h)) [p /¥ dt)

(Flo)(x') = o} () = /R 8(¢; | (&) — X)g(x) dx
1

. -1,
— (2 h) e(’/m(‘b['_/ (x )f*xf)w(x) dx dé,
T R2

which shows from (4.1) that Fy is an FIO with amplitude b =1 and phase function
D', E) = ¢i_j1 (x") - &. Tts canonical map is then (x/, &) = Fi(x, &), given from (4.2)
by
1 _
§= e ) = Sk r= % 6) = ¢ (x).
iJ

Similarly, for the second operator we write

(Fag)(x') 1= eV el T gy = / VWl TES (e — )p(x) dx
R

1

= 5% /M TGN V() () gy dE,
s R2

which shows from (4.1) that 1:"2 is an FIO with amplitude b(x’, &; h) = V@) and phase
function ®(x’, §) =x’- & + t(x’). Its canonical map is then (x’, ") = F>(x, &), given
from (4.2) by

=@, ) =E+ (), x=@P)(, 8§ =x"

By composition [29, Theorem 11.12] we deduce that 1:",-, ji= ﬁz o 13"1 is an FIO with
canonical map F; ; = F, o Fy given by (4.4). O

Remark 4.3. For short, we can write
T*I — T*1I,

1 / (4.5)
(x,8) — (¢(X), mé +7 (¢(X))>-

We will study the dynamics of F in detail in later sections, but we can already make
some remarks. The term (dt/dx)(x’) in the expression of &, equation (4.4), complicates
significantly the dynamics near the zero section £ = 0. However, the next lemma shows
that a trajectory from an initial point (x, §), with |£| large enough, escapes towards infinity.

LEMMA 4.4. Forany 1 <k < 1/0, with 0 defined in (2.1), there exists R > 0 such that for
any (x, &), with || > R, and any i ~~ j, with x € I;, we have

&) > K|&], (4.6)
where (x', &') = Fj j(x, £).
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Proof. From (4.4), one has £’ = (1/¢£’j(x))$ + 7/(x"). Also |1/¢{’j(x)| > 0~1 hence

1

’ _ rod 1 1ot
€] —«l&| = ’(Ib{,j(X)é + ()| —«lé] = ¢£,j(X)S‘ — 77D = «|§]
> (é —K>|$| —max |t/ (x)| > 0.
The last inequality holds true if |£] > R := ((1/60) — x)~! max, |7/|. O

4.1. The trapped set K in phase space.
Definition 4.5. The trapped set in phase space T*1 is defined as
K={(x,& eT*I,3C € T*I compact, Vn € Z, F"(x, £&) N C # #}. 4.7)

Remark 4.6. Since the map F : T*I — T*I is alift of the map ¢, we have K C (K x R).
We can make this more precise: for any R given from Lemma 4.4,

K C (K x[—R, R]).
For ¢ > 0, let IC; denote an e-neighborhood of the trapped set XC, namely
’CS = {(xs é) € T*I9 H(XO, ‘50) € ’Cv max(lx - x0|1 |§ - %-OD =< 8}'

Recall that the canonical map F is multivalued. The definition of the trapped set
requires that at least one of the future trajectories of points in /C stays bounded. The
following assumption on the map basically demands that exactly one trajectory stays
bounded.

Assumption 4.7. We assume the following property called minimal captivity:
there exists & > 0, for all (x, £) € K, jj{F(x, 5N /ce} <1. 4.8)

This means that the dynamics of F is univalued on the trapped set /C.

Remarks.

° In the paper [21] the second author introduced the property of partial captivity
which is weaker than minimal captivity: partial captivity roughly states that most
trajectories escape from the trapped set C, whereas minimal captivity states that
every trajectory, except one, escapes from the trapped set /C.

) Note that the complexity of the dynamics of the map F in (4.5) is due to the term
7' (¢;, j(x)), so the minimally captive property can also be considered as a condition
on the behavior of the roof function along the trajectories of the IFS. In particular, for
trivial (i.e. constant) roof functions the condition cannot be fulfilled. In this case, the
canonical map F equals the simpler map § of Proposition 3.4. Then the trapped set
is given by KL = K x {0} and all trajectories in the trapped set stay on the trapped set.
The same holds for all roof functions, that are cohomologous to a constant (cf. [21,
Appendix Al]).
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We will give now a more precise description of the trapped set K. Recall that the inverse
maps ¢! and F~! are univalued. For any integer m > 0, let

Km = F_m(Km X [_Ra R])a

where K, = ¢™ (1) has been defined in (2.6) and R is given by Lemma 4.4. In particular
Ko=1 x[—R, R]. Letm : (x,&) € T*I — x € I be the projection map. From (4.5) we

have
T(Km) =1,
and a short computationf gives
K1 C K. (4.9)
Let us define
K := ﬂ K. (4.10)
m

Now we combine the sets K, defined in (2.6) with the sets K,, and define, for any
integers a, b > 0,

Kap=7""(Ka) (") K- 4.11)
We have
Kat1.6 CKap,  Kab+1 CTKap (4.12)
and
F™' (Kap) = Kaet pt1- (4.13)

Remark 4.8. We can interpret the trapped set K C I with respect to the lifted map F :
T*I — T*I, as follows. The trapped set 7 ! (K) C T*1 is characterized by

7 YK)={(x, &) e T*I, Icompact C € T*I,Vn >0, F"(x, £) € C},

i.e. 77 1(K) can be considered as the ‘trapped set of the map F in the past’. Similarly,
K C T*I can be interpreted as the ‘trapped set of the map F in the future’ and X C T*/
as the full trapped set (past and future) since they are characterized by

K ={(x, ) € T*I,3 compact C € T*I,Vn >0, F"(x, £) N C # @)},
K={(x,€) eT*I, Icompact C € T*I,Vn € Z, F'(x, ) NC £ 0}  (4.14)
=7z NK)NK.

From this previous remark, we have the following expression for the trapped set
equivalent to (4.7).

PROPOSITION 4.9. The trapped set K C T*I of the map F is

00
K= Kaa- (4.15)
a=0

+ From Lemma 4.4 we have
(Km+1 X [-R, R) C F(Km x [—R, R]),
hence
Kps1=F " (F ' (Kpi1 x [=R. R]) € F™(Kp x [—R. R]) = K.
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The hypothesis of minimal captivity has been defined in Assumption 4.7. The following
proposition gives an equivalent and a slightly weaker definition of minimal captivity that
will be used in §5.2.

PROPOSITION 4.10.
(1) The map F is minimally captive (i.e. equation (4.8) holds true) if and only if the map
F satisfies

there exists a, forall (x, &) € Ko q, H{F(x, ) NKea}<1. (4.16)
(2) Ifmap F is minimally captive then

there exists a, there exists C, such that for all (x, &) € Kg.0, for all n,
#H{F"(x, £) N K40} <C, (4.17)

where Kg,0 := ("' (K,) N[—R, R)) has been defined in (4.11).

Proof. The fact that (4.16) is equivalent to (4.8) is because

for all € > 0, there exists a, such that X, , C g,
for all a, there exists ¢ > 0, such that I, C ICy 4.

Now we prove (4.17). Let a > 0 be an even integer. Let (x, &) € K, 0 and n > a/2.
We write F"(x, £) = F/2(F"~%2(x, £)). Let (x', &') € F*~%/?(x, &). From (4.13), we
have F~%2(K4,0) = Kaj2,a72, hence if (x', &) ¢ Ku/2.0/2 then FY/2(x', £') ¢ Ka0. On
the contrary, for (x", &') € ICq/2,4/2, then the set F%2(x', €') has cardinal less than N%/2,
so we obtain

BF™(x, £) N Ka o} < N2 - g{F"%(x, &) N Kaj2,a/2)-

So if #{F"~%%(x, £) N Kaj2,a/2} =9 we have finished the proof. Suppose, on the
contrary, that §{F"~%2(x, &) N Ka2,as2} # 9. From (4.13) we have (x, &) € Ko, N
Ka,0 C Kay2,a2- Finally, we suppose that assumption that (4.16) is fulfilled for a/2. This
gives that

BF" 2 (x, §) N Kaypap2} < 1

and #{F" (x, &) N K40} < N%/2. We have obtained (4.17) with the bound C = N%/2. O

4.2. Symbolic dynamics. The purpose of this section is to describe precisely the
dynamics of ¢ and F using ‘symbolic dynamics’. This is very standard for expanding
maps [11]. This description refines the structure of the sets /C, 5 introduced before. We
would like to emphasize that the use of symbolic dynamics in this paper is related to the
fact that the initial IFS model in Definition 2.1 is a multivalued map ¢ defined on a union
of intervals (/;);=1,.. n. This is not a ‘discontinuous Markov partition of a continuous
dynamics’ [11, p. 134].
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4.2.1. Symbolic dynamics on the trapped set K C I. Let

W_ i={(...,w_, w_i, wo) €{l, ..., N} 7N, wy_j ~ wy, VI <0} (4.18)
be the set of admissible left semi-infinite sequences. For w € W_ and i < j we write
w;,j = (w;, Wiy1, ..., w;) for an extracted sequence. For simplicity, we will use the
notation

¢w,;.,~ = ¢wj,1,w_,~ ©---0 d’wi,w,-ﬂ : Iw,' - Iw_/ (419)
for the composition of maps. For n > 0, let
Ly, = Puw_, oTw_,) C L. (4.20)

For any 0 < m < n we have the strict inclusions
Ly_,o Clw_,o C Lug-
From (2.1), the size of I,_, , is bounded by
w0l < 6" [Tyl

hence the sequence of sets (/y,_, o)n>1 is a sequence of non-empty and decreasing closed
intervals and (1,2, I _, , is a point in K. We define the following.

Definition 4.11. The symbolic coding map is

W_ — K,

W S(w) = ﬂ Ly, (4.21)

n=1

In some sense we have decomposed the sets K,, equation (2.6), into individual

components:
Ki= |J 1luo (4.22)
w,n’()GW_
K= J Sw).
weWw_

Let us introduce the left shift, a multivalued map, defined by

I W_ —-W_,
G woa wo we) e e won, wog, wo, W),
with wy € {1, ..., N} such that wo ~» wy. Let the right shift be the univalued map defined
by
W_ —-W_,
R:
(oo, wo,wog,we) > (Lo, wop, wWop).
PROPOSITION 4.12. The following diagram is commutative:
W_ S, K
RHL o H¢ (4.23)
W_ S, K
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and the map S : W_ — K is one to one. This means that the dynamics of points on the
trapped set K under the maps ¢, ¢ is equivalent to the symbolic dynamics of the shift
maps R, L on the set of admissible words W_. Notice that the maps R and ¢~ are
univalued, whereas the maps L and ¢ are (in general) multivalued.

Proof. From the definition of S we have
Dwow, (SC .., w2, w_1, wp)) =8 .., w2, w_1, Wo, W1) (4.24)
and

-1
w_1wo

SC..,w_p, w_1,wy)=SC..,w_p, w_q), 4.25)

which gives the diagram (4.23). The map S : W_ — K is surjective by construction. Let
us show that the hypothesis (2.2) implies that it is also injective. Let w, w’ € W_ and
suppose that w # w’, i.e. there exists k > 0 such that w_; # w/_k. From (2.2) we have
Dw_gw_grs Tw_ ) N ¢w/—k’w,—k+1(1w/—k) ={. We deduce recursively that ¢y,_, ,(1,_,) N
¢w’,k,0(lw’,k) ={. Since S(w) € ¢pu_, ,(Iw_,) and Sw') e ¢w/7k‘0(lw/7k) we deduce that
S(w) # S(w’). Hence S is one to one. O

4.2.2. The ‘future trapped set’ K in phase space T*I. Let
Wi = {(wo, wi, wa..) € {1, ..., N}, wy~ wip1, VI > 0}

be the set of admissible right semi-infinite sequences. We still use the notation w; ; :=
(w;, Wi41, - .., w;) for an extracted sequence. For any n > 0 let

Ly, = F™"(Iy,, < [-R, R]) (4.26)

be the image of the rectangle under the univalued map F~". Notice that JT(iwo,,,) = Iy,
where 7 (x, £) = x is the canonical projection map. The map F~! contracts strictly in the
&-variable by the factor 6 < 1, thus (iwoiy,,)nEN is a sequence of decreasing sets: iwo,n 4 C
Ly, ,,» and we can define the limit

S:weWy - Sw) = () Lu,, CK. 4.27)
n>0
PROPOSITION 4.13. For every w € Wy, the set S(w) is a smooth curve given by
S(w) = {(x, &w(x)), x € Ly, w € W4},

with

G ==Y By, () - T (g, (). (4.28)

k>1

We have an estimate of regularity, uniform in w: for all « € N, there exists Co > 0 such
that, for all w € Wy, for all x € Iy,

1% Cw)(X)| < Cq. (4.29)

Moreover, with the Assumption 4.7 of minimal captivity there exists a > 1 such that these
branches do not intersect on w1~ (K,),

forallw,w' e Wy, w#w =7 (K NSw)NSw')=0a. (4.30)
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The set (4.10) can be expressed as
K= ) Sw).
weW+
Proof. From (4.4) we get

Fl (@00, 8) = (x, ] ;(0)(E — T/ (@i (). (431)

Iterating this equation we get that

Cwn(®) == Pl () - T (Gug, ()

k=1
fulfills
(X, Cw.n (X)) = F 7" (Puy,, (x), 0),
thus (x, &y.n(x)) € iwo,n’ for all n € N, and we get (4.28).

In order to prove (4.29) we can check, that the series of £y, , (x) and 9% £, » (x) converge
with uniform bounds in w which follows after some calculations from (2.1) and the fact
that |¢l/1)0, L] < 6% independent of w.

In order to see (4.30) let w, w' € Wy, with w # w’ and n € N such that wy , #
w(’)yn, and suppose that there exist x € K, and & € R such that (x, &) e Sw) N

S(w’). Then by the definition of S, (x, &) € Ly pe N Iw(’) W C K, 4. Consequently,
there are (x1, &1) € Ly o X [-R, R] and (x2, &) € Iw(’) + x [—R, R] with (x, &) =
F~"=9(x1, &) = F7"%(x2, &) and we have

F™%(x1, &1), F7(x2, &) F" € (x, &).
But as F9(xy, &) en ' (Iy,) and F%(x, &) € n’l(lwé ) we clearly have
F~%(x1, &) # F~%(x2, &) because wo , # wé)’ .- And additionyally we have chosen
(x,8)€Kynta and from the definition of (x1,&) and (x2,&) we get

F~%(x1, &), F7%(x2, &) € Kyytaa- Thus we have found (x,£&)eK,, with
#{F"(x, &) N Ky 4} = 2, which contradicts Assumption 4.7. O

4.2.3. Symbolic dynamics on the trapped set K in phase space T*1.  Recall from (4.14)
that K =7~ (K) N K. Let
W:={(_..w_p, w_q, wy, wy,...)e{l, ..., N}Z, wy ~> w41, VI € Z}
be the set of bi-infinite admissible sequences. For a given w € W and a, b € N, let
Tw_powop =T "(w_y ) N ug,) € Kaps
where IC, » has been defined in (4.11).
Definition 4.14. The symbolic coding map is

W — K,

= - 432
w s S@) 1= () Tuyouns = (1 (Sw_) 0 5wy, *32)

n=1

withw_ = (... w_1, wo) € W_, wy = (wp, wy, ...) € Wy.
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More precisely, we can express the point S(w) € K as

Sw) = (xu_, §w)y  xuw_ =Sw-),  §u = w, (S(w-)), (4.33)

with ¢, given in (4.28). We also have

Kap= U Iw_a‘o,um,b'
weW

PROPOSITION 4.15. The following diagram is commutative:

w—-k

R”L F—“F (4.34)

w—-k

If Assumption 4.7 of minimal captivity holds true then the map S : W — K is one to one.
This means that the univalued dynamics of points on the trapped set K under the maps
F~Y, F is equivalent to the symbolic dynamics of the full shift maps R, L on the set of
words W.

Proof. Commutativity of the diagram comes from the construction of S. Also, S is
surjective. Let us show that S is injective. Let w, w’ € W, with w # w’. There
exists n > 0 such that (L" (w))_ # (L"(w’))_. So S((L" (w))_) # S((L" (w’))_) because
S:W_ — K is one to one from Lemma 4.12. Hence S(L"(w)) # S(L"(w’)) and
F"(S(w)) # F"(S(w")) from commutativity of the diagram. We apply F~" and deduce
that S(w) # S(w’) because F~! and F~" are injective on X from Assumption 4.7. O

4.3. Relation to the non-local integrability condition of Dolgopyat. ~ We can now discuss
the relation between the minimally captive assumption and the non-local integrability
(NLI) condition used by Naud and Dolgopyat [16, 40] in order to obtain exponential decay
of correlation. For the discussion we use the version of the NLI condition introduced
in [40] where Naud first introduces, for a symbolic sequence w € W, and u, v € I, the
quantity

0]

Ay (u, v) = Z T(Pug (1)) = T(Puy , (v)), (4.35)

k=1
as well as the temporal distance function for w, w’ € Wy with wo = wy:
(pw,w’(uv v) = Ay (U, v) — Ay (u, v).

According to [40, Definition 2.1] the roof function t fulfills the NLI condition if there
exists w, w’ with wg = w’O and ug, vy € Iy, N K such that

0 /
P (uo, vo) # 0.
ou
Note that (4.35) implies that
= (10, v0) = —&uw (1),
ou
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where ¢, are exactly the functions defined in (4.28). Thus, translated into the language
of our article, the NLI condition is the existence of two words w, w’ € Wy, with wo =
w(’), and a point in the trapped set ug € I, N K such that &, (o) # &y (o) (i.e. the two
branches &y, (1o), ¢y (1p) above the point ug € K are disjoint). In Proposition 4.15 we
have, however, shown that, under the condition of minimal captivity, this is true for all
ug € K and for all w # w’ we have &y, (o) # &y (o). The minimal captivity assumption
thus implies NLI and is much stronger. It also has, however, stronger implications, for
example for the fractal structure of the trapped set X as shown in the following section.

4.4. Dimension of the trapped set K.  We will now show that the assumption of minimal
captivity allows us to characterize the fractal structure of the trapped set K.

PROPOSITION 4.16. If Assumption 4.7 holds true and if the adjacency matrix A is
symmetric, then
dimy C =2 dimy K, (4.36)

where dimy B stands for the Minkowski dimension of a set B as defined in equation (2.29).

Recall from (2.32) that dimy K = dimy/ K.
For w = (wy)rez € W, we note that w_ = (..., w_p, w_1, wp) € W_ and wy =
(wo, wi, ...) € Wy. Let

Inv(wy) = (..., w2, wy, wo)

be the reversed word. Since the adjacency matrix A is supposed to be symmetric, we have
that Inv(w) € W_. Then, let us consider the following one to one map:

W= W x W)y,

w— (w—, Inv(wy)),

D
where
W_ x Wo) = {(w, w') e W x W_, wp = w;} (4.37)
is a subset of W_ x W_. The index [ stands for ‘linked’. Let
®:=(S®S)oDoS K- K xK,

where S : W — K has been defined in (4.32) and is shown in Proposition 4.15 to be one to
one under Assumption 4.7. The map S : YW — K has been defined in (4.21) and is also
one to one. Consider

(K x K):=(S®S)H(W- x W) CK x K (4.38)

the image of (4.37) under the map S ® S. From the previous remarks, the map © : L —
(K x K); is one to one.

LEMMA 4.17. The map @ : K — (K x K); is bi-Lipschitz.

This lemma is illustrated in Figure 4 which shows clearly that the trapped set K
has a product structure. Before proving Lemma 4.17, let us show how to deduce
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Proposition 4.16 from it. Since the Hausdorff and Minkowski dimension are invariant
under bi-Lipschitz maps [19, p. 24], we deduce from this lemma that

dimy, (K) = dimy (K x K);. (4.39)
Let us temporarily write K; := K N [;. From (4.38) we have that

(K x Ky = Ki x Ki,

1

hence
dimy (K x K); = l111;:1);1(2 dimy; K;) =2 dimy K. (4.40)
<i<

Equations (4.39) and (4.40) give Proposition 4.16.

Proof of Lemma 4.17. Let weW. We write w= (w_, w4) as before and x,_:=
S(w-) €K, p=(xy_, &) =S(w) € K. Similarly, for another w’ € W we get another
point p" = (x,, , &) € K. We have that

P (p) = (S(w-), SInv(wy))) = (Xw_, Xmv(w,)) € K X K.
That the map @ is bi-Lipschitz means that
|®(0) = PP < lp— Pl
uniformlyt over p, o’. Equivalently, this is

[xy_ — xwL| + |xIr1v(w+) - xInv(w;)| = |xy_ — xw’J + 1Ew — &ul (4.41)

uniformly over w, w’ € W. Let us show (4.41). Let w, w' € W, and let n >0 be
the integer such that (w4); = (w/); for 0 < j <n but (wy)u41 # (W) )p41. From the
definition (4.20) of the intervals I,,_, ,, we see that the two points Xiay(w,), Xlny(w'y) both
belong to the interval /(ny(w,))_, o, but inside it they belong to the disjoint sub-intervals
T(nv(wy))—y_1 o and [(Inv(w;)),n,l,o» respectively. Hence
[XInv(wy) — xlnv(w@_)' = |I(Inv(w+)),n,0|

uniformly over w, w’ € W, where || is the length of the interval I. From the definition
(4.26) of the sets I,,, we observe that the points p = (x,_, &) and p’ = (x,/ , &)

belong, respectively, to the sets iw(),n and iwf) .Let @ := (w’_, wy). We have

lp =o'l = [(rw_, §uw) = (xyr, &)l (4.42)
= (w_s §w) = (w_s )| + [ Gw_s &) — (7 Eur) (4.43)
= | = xyy [+ 18w — &l

The points &,,, &; belong to the same set in,n' However, if the assumption of ‘minimal
captivity” holds, they belong to disjoint sub-sets I, ., and 1w6 W respectively. Hence

1w — &' | < [Jw,nl, (4.44)

+ The notation |®(p) — ®(p’)| < |p — p’| means precisely that there exists C > 0 such that, for every p, p’,
o =0/l <19(p) = (o)) = Clp = .
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with the interval Jy, , := in,n N7~ 1(xy, ). From the bounded distortion principle [19]
we have that

forallx, y € Iy_, o, [(Ddu_, o)) X |(Dw_, o) M| =X [Luw_,,l

uniformly with respect to w, n, x, y. From the expression of the canonical map F in (4.4)
and the bounded distortion principle, we have that

[Jw.nl < 1(Dgw_, o) (x)| forall x € Iy,
uniformly with respect to w, n, x. Using the previous results we get
| x0w_ _xw’J + 18w — &y | X |xw_ _xw’J + 16w — &l
=[xy — )Cw/_| + [Jw,nl
X |xw_ — Xy |+ (Duy,,)(x)  forall x € Iy,
= Xy — xw’,' + |IInv(w0,,,)|
< Xy — xwL' + |x1ﬂV(w+) - xlnv(w;)|'

We have obtained (4.41) and finished the proof of Lemma 4.17 and Proposition 4.16.

5. Proof of Theorem 2.9 for the spectral gap in the semiclassical limit
For the proof of Theorem 2.9, we will follow step by step the same analysis as in §3 (and
also follow closely the proof of Theorem 2 in [21]). The main difference now is that 7 < 1
is a semiclassical parameter (not fixed anymore). In other words, we just perform a linear
rescaling in cotangent space: &, := h&. Our quantization rule for a symbol A(x, &) €
ST (R), equation (3.14) is now written (see [37] p. 22), for ¢ € S(R),
A 1 iy
(Ap) () == o— [ Ax, &)e' 9 (y) dy dg. (5.1
For simplicity we will still write & instead of &, below.

5.1. The escape function. Letl <k < 1/6 and R > 0 given in Lemma 4.4. Let m > 0,
n > 0 (small) and consider a C* function A, (x, &) on T*R so that

(§)~" for|&| > R+,

An(x, §) = :1 for & <R,

where (£) := (1 +&£2)1/2. A, belongs to the symbol class S~ (R) defined in (3.12).
From equation (4.6) we can deduce, similarly to equation (3.13) and if n is small
enough, that

forall x € I, for all |§| > R, foralli ~~ j,

Am(Fi i(x, | R2+1
MSC’”<1 with C = %<1. (5.2)
Ap(x, &) K2R2 4+ 1

This means that the function A,, is an escape function since it decreases strictly along the
trajectories of F outside the zone Zj := I x [—R, R]. For any point (x, &) € T*I we have
the more general bound

Am(Fi,j(x’ §)) <

1. 5.3
Am(x, §) )

forall x € I, forall £ € R, foralli ~ j,
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Let i > 0. Using the quantization rule (5.1), the symbol A,, can be quantized, giving a
h-pseudodifferential operator A,, which is self-adjoint and invertible on C°°(I). In our
case A, is simply a multiplication operator by A, (&) in A-Fourier space.

5.2. Using the Egorov theorem. Let us consider the Sobolev space
H™"®) =4, (L*®),
which is the usual Sobolev space, as a linear space, except for the norm which depends on
h. Then F : H™™(R) — H™"(R) is unitary equivalent to
0 :=AnFn Al LX(R) — L2(R).
Let n € N* be a fixed time, which will be made large at the end of the proof, and define
PW = 0 Q" = A Eyt AL F AL (5.4)
From the Egorov theorem, as in Lemma 3.7, we have that B = I:";L‘ xAi }:"h, x is a PDO
with principal symbol
B(x, &) = x*(x) Y I¢f ;)[R GIOMAL(F j(x, 8),  (x, &) e T,
Jsti~sj
=x'@) Y eP@MAL(F j(x. 8)),
st~
where we have used the ‘damping function’ D(x):=Re(V(x)) — % 10g(|(¢>_1)’(x)|)
already defined in (2.23). [Iteratively for every n > 1, Egorov’s theorem gives that
(1’:“;1k X)"Afn ﬁg X is a PDO with principal symbol
2Dy
Bu(x, &)= x2(x) Y. &P WAZ(F,  (x. 6)),
w,,,’()EW_
where W, is the set of admissible sequences defined in (4.18), with the Birkhoff sum
Dy, o(x) := 3"}y D($u_, ,(x)) and

Fw7’1_0 = qu,wo o-:--0 FUL,I,ULV,H-

With the theorem of composition of a PDO [57, Ch. 4] we obtain that P® is a PDO of
order O with principal symbol given by

A2 (F X,
PG = (20 T Ao AnTunol 8D (55)
A2 (x, &)
w,,,yoeV\L
We define |
Yin) ‘= sup —Dy_, ((x),
xel,w_,oeW_ 1
hence e?Pv-n0™) < 2,

From Theorem 2.6, the spectrum of F 1, x does not depend on the choice of x. Here we
take a > 0 as given in Assumption 4.7 and we choose x such that x =1 on K,41, x =0
on R\K,. We have P(x, &) =0if x e R\K,.

Now we will bound the positive symbol P (x, &) from above, considering x € K, and
the following different possibilities for the trajectory Fy,_, ,(x, §).
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(1) If|&] > R, equation (5.2) gives

An (B g6, 8)  AL(Ey (6, 6) AL(Fy, (6, 8)  AX(Fy, (%, §))
A7 (x. §) AR (B (0, 8) A (B, (x.6)) A2(x, £)

(5.6)
S (C2m)l’l’ (57)
therefore
PO (x, &) < (BWn)e? ™ (C?™)" < (NeP 0 C¥My",

We have used that #)V, < N”. Notice that C?" can be made arbitrarily small if m is
large.

(2) If|€] < R, we have from the hypothesis of minimal captivity (Assumption 4.7) and
Proposition 4.10 that, at time (n — 1), every point (x/, £&’) of the set F"~!(x, &),
except finitely many points, satisfies |£’| > R. Using (5.3) and (5.2), for all these
points one has A,zn (Fu_,o(x, 8))/ Ai (x, &) < C?™ and for the exceptional point one
can only write A2, (F,_, ,(x, §))/A2 (x, &) < 1. This gives

P (x, £) < ¥ (W, — DC?™ + ') < B,

with the bound
B:= XY (N"CH + C). (5.8)

With the L2-continuity theorem for pseudodifferential operators [15, 37] this implies that,
in the limit A — 0,
1Pl 2 < B+ O (h). (5.9)

Polar decomposition of Q" gives

10" 2 < MQ™Ml 2 =\ IP@l 2 < (B+ On(h))!/2. (5.10)

Let y4 =limsup,_, o, ¥@). If we let A — O first, and m — +o0 giving C* — 0, and
n — oo, we obtain (B + O, (h))!/?" — ¥+, Therefore for any p > e?+, there exists
ng € N, hg > 0, mg > 0 such that, for any i < hg, m > my,

IIF"O lzm = 10"l 2 < p™ (5.11)

Also, there exists ¢ > 0 independent of /& < Ry such that, for any r such that 0 < r < ny,
we have ||Q" |2 <cp”. As a consequence, for any n € N we write n = kng 4+ r with
0 <r <ngand

IIQ IIL2
1B M-n =102 < 10™ 15110712 < p" <cp".

This estimate implies as well as the bound on the spectral radlus (2.24) the bound on the
resolvent (2.26), as follows.
For any n, the spectral radius of Q satisfies [47, p. 192]

rs(Q) < 10" < Mmp.
So we get that, for A — 0,
rs(Fry) =rs(Q) < e’ +o(1). (5.12)
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In order to obtain the bound (2.26) on the resolvent, let |z| > p2» > p. The relation
(z—Fpy) '=z7" > w=0(Fh,x/2)" gives that

L . IFg e ) ol
1z = Fr) " g < Izl ZTS'Z' cmZW

n>0

C C
— L1 S P1 —- sz
|zl — o1~ p2— p1

which finishes the proof of Theorem 2.9.

6. Proof of Theorem 2.16 about the fractal Weyl law

We will prove this result once more by conjugating the transfer operator by an escape
function as in the previous section, §5. However, we need first to improve the properties
of the escape function. The fractal Weyl estimate will then follow from general trace
estimates of PDOs and general lemmas on singular values of compact operators, which we
recall in the Appendices.

6.1. A refined escape function.

6.1.1. Distance function. The escape function A will be constructed from a distance
function 8. For x € I, let
Kx):=KnN{x} xR), (6.1)

where K has been defined in (4.10). With this notation we can define the following
distance function.

Definition 6.1. Let x € I, and & € R. We define the distance of (x, &) to the set K given
in (4.10) by
3(x, &) :=dist(§, K(x)) = min [§ — y(x)]. (6.2)
weW+

We will show that the distance function §(x, &) decreases along the trajectories of F'.
First, the next lemma shows how the branches ¢, are transformed under the canonical map
F. This formula follows from straightforward calculations.

LEMMA 6.2. For every wy = (wg, wi, ...) € Wy, x € I, we have

Fug,w, (X, S, (1)) = (X, SLawy) (X)), (6.3)
with L(wy) := (w1, wa, .. .) and X' = ¢y, (¥).

LEMMA 6.3. Foralli, j,i ~ j, forall x € I;, for all § € R,

1
8(Fij(x,8)) = 55(&5),

where 6 < 1 is given by (2.1).
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Proof. Leti =wo~ j =wi, x € Iy, Let (x', §) := Fyyw, (x, &) with x” € I,,. We use
(6.3) and also that F,, ., is expansive in & by a factor larger than | (equation (4.4)),
and get

1
18" = CLwy) D = [(Fug,uw; (6, §) = Fug,uw; (6, Gy (0)))el = g8 = fw I

Thus
8(Fugw (x,6) = min [ — ¢, ()= min & — ¢y ()]
weW+ w+eW+
1 ) 1
> g Lo 1§ = Lw, ()] = Z3(x, £). O

6.1.2. Escape function. The aim of this section is to prove the existence of an escape
function with the following properties.

PROPOSITION 6.4. Forall 1 <k <07}, there exists Co > 0, such that forall u, 0 < . <
%, for all m > O, there exists an h-dependent order function A, , € OF"((§)™™) (as
defined in Definition B.3) which fulfills the following ‘decay condition’:

for all i, j, suchthati ~ j and for all (x, &) € I; x R such that §(x, &) > Coh** the
following estimate holds:

<Am,,4 oF;
Am

)(x,é)ffc_m. 6.4)

In order to prove the above proposition we first remark that the distance function (6.2)
is not differentiable; however, it is Lipschitz.

LEMMA 6.5. Let Cy:= SUPyer wew, |(0x8w)(X)|. Then &: T*I — RT is a Lipschitz
function with constant C1 + 1.

Proof. Let x, y € I;, then from the fact that [(0,¢,)(x)| is uniformly bounded by C; we
have

18(x, &) = 8(y, &) = Cilx —y|.

On the other hand, clearly

16(y, &) =d(y, O = 1§ =&l

thus

8(x, &) = 8(y, O = Cilx =yl +1§ = ¢| = (C1 + Ddist((x, §), (v, ). O

Next we choose 0 < u < 1/2 and regularize the function § at the scale /#*. For this
we choose x € Cf)’o (R?) with support in the unit ball B1(0) of R? and x(x, &) >0 for
|[(x, &)|| < 1. This function can be rescaled to

(x,8) = —— x &
Xhe(x, = h2“||X||L1 X W
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such that suppyxs« C Bpu(0) and f Xre(x) dx = 1. Now we can define the regularized
distance function by

S, 6= [ 86 & = w6 — ) ' e’
T*I
This smoothed distance function § differs only at order /* from the original one because

15(x, &) — 8(x, )| = ’/RZ(S()C, £) = 8(x —x', & =&y (', ) dx" dE’

< sup |G, E) -8 —x, & —&)
(x' )€ By (0)

< (Ci + DHnrH. (6.5)
Furthermore, we get the following estimates for its derivatives.
LEMMA 6.6. Forall «, B € N the estimate
02008 (x, )| < Caph P (8(x, &) + CI)
holds.

Proof. From the definition of yz« we have [|9Y 85 Xhtlloo < Cq, ,gh_z_(‘”ﬁ)“ and thus

a8, e = [ 80 €aal gt — ' & — € ' e

< B |81l oo, Bypy, o, Car ph™ FHETAI

.8
< wCqph™ “TPH(G(x, &) + (C1 + DAY,
where we have used the Lipschitz property of § (Lemma 6.5) in the last inequality. O

As |8(x, &) < |&] + C, the above lemma gives us directly that Se S}L(T*I). Now we
define the escape function as

A (x, &) 1= B (P 4 (5 (x, £))%) /2. (6.6)

This is obviously a smooth function and it fulfills the conditions of an A-dependent order
function (cf. Definition B.3)

LEMMA 6.7. The function Ay, defined in (6.6) is an h-dependent order function Ap, ,, €
OF ™ ((EY™™) as defined in Definition B.3.

Proof. As K Cc I x[—R, R], we obtain min(0, E] — R) < S(x, &) <|&|+ R. This
implies that A, ,(x, £) < C(£)™™ and that A, ,(x, £) > C'F"™*(£)™™. It remains thus
to show that, for arbitrary «, 8 € N, one has

020 Ay (5, §)] = Carph P Ay 1, 6), 6.7)
where C, g depends only on « and f. First, consider the case = 1, 8 = 0:

m (38 (x, £))8(x, &) _
|8XAm,/A(x7 &)=k Hm (fLZM n (S(x, E))2)(m+2)/2 <Ch MAm,,u(x, &),
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where we have used § </ h2* + 82 and 10,8 < Ch—y B2 + 8~2, which follows from

Lemma 6.6 together with (6.5). Inductively, one obtains the estimate for arbitrary o, € N
by repeated use of Lemma 6.6 and (6.5). O

Finally, it remains to show the decay estimates for (A, o Fij/Amu)(x,§).
Combining (6.5) with Lemma 6.3 we then get

3 1
8(F;j(x, &) =8(F j(x,8)—(Ci+ D" = 53(96, &) — (C1+ Hr*
3(x, &) — (% + 1)(C1 + Rk

and thus

A (F (6, §) (1 +((1/0) - B(x, &)/h) — é)2>’"/2 68)

Am,ﬂ(-xv E) 1 + (g(xa S)/hu)2

where C = ((1/6) + 1)(Cy + 1). Clearly the right side of (6.8) converges to (1/6)~"™ for
8(x, &)/R* — oo, which proves the existence of a desired Cqy and finishes the proof of
Proposition 6.4.

6.1.3. Truncation in x. Here we choose a similar truncation operator x as in
equation (2.14) but in a finer vicinity of the trapped set K. First, notice that K €
¢~ '(Kpi) where Kpu has been defined in Definition 2.13. For 4 small enough we have

¢ W(Kp) €l Let x C;?I(K;u) such that y (x) = 1 for x € Ku«. x can be considered

as a function x (x, §) := x (x) (independent of £) and we have that x, € SS(T*R). As in
equation (2.14) we define X := Opj(x), which is the multiplication operator by x and

Fp = Frx.

6.2. Weyl law. The Weyl law will give an upper bound on the number of eigenvalues
of F 5,y in the Sobolev spaces H™. These estimates will be obtained by conjugating F T, x
with Opy’ (A, ;) in the same way as for the discrete spectrum or the spectral gap. Note
that we use the Weyl quantization (see Definition B.2) in this section, because we want
to obtain self-adjoint operators. In order to be able to conjugate we have to show that
Opp (Amp): HT" — L? is an isomorphism. We already know that Opp ({&E)™) L> -
H™" is an isomorphism, thus it suffices to show that B:= Opy (Am,u)Opy ((E)™M) : L? -
L? is invertible. From the A-local symbol calculus (Theorem B.7) it follows that B is
an elliptic operator in the A-local symbol class S, (A, . (&)™) and thus the invertibility
follows from Proposition B.10. Note that it is necessary to work in the A-local symbol
classes as B would not be an elliptic operator in S, (1). Proposition B.10 also gives us the
leading order of our inverse B~!, which is A, ,lu (§)™™. So the inverse of Op} (Ap, ) is
again a PDO with leading symbol A,;}M.

With the isomorphism Op}y' (A, ) : H™" — L? we can thus define a different scalar
product on the Sobolev spaces which turns Op}’ (A, ) into a unitary operator. The

—m

Sobolev space equipped with this scalar product will be denoted by H, M and the study

of Fy is thus unitary equivalent to the study of O, defined by the following commutative
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diagram (where we have noted Am,u = Op% (Am, 1))

L3*(R) —=~ L%(R)
lA;r i lA;r i (69)

FfL X
Hh n > Hh n
In the next lemma, Cy and « are as in Lemma 6.4.

LEMMA 6.8. Let Cq be as in Lemma 6.4. Then for every € > 0and 0 < u < % there exist
mqo > 0 and Cy, Cy > 0 such that, for all m > mq and in the limit h — 0, we have

~ 1 ~ ~
BA" €0 (Fhylagy ) 1A' = €} = o—(CiLeb{Kgyme} + Cah). (6.10)

Before proving Lemma 6.8, let us show that it implies Theorem 2.16. From Theorem
2.6, the discrete spectrum of Fh X |H’” is the Ruelle spectrum of resonances Res(ﬁ %),
independent of w and m. With Assumptlon 4.7 we can use equation (4.36) and that
K has pure dimension, thus equation (2.31) gives Leb{/Cc 1} = O((Rycodimu (K)y - A
codimy, () <2 and u < % equation (6.10) gives

#{AP € Res(Fp) | A > e} = O (t)eodimm (0))

for any fixed 0 < u < 1/2. This gives Theorem 2.16 with n = (1 — 2u)(1 — dimg(K)).
Proof of Lemma 6.8. From (6.9), F; By - Hg’/'i — H;L’Z is unitary equivalent to

O,y = OPY (A1) FnROPE (A1)~ i LA(R) — L*(R).
Consider
Pyi= 0 Omu = Opp (Amy) "' R EODPY (Am)* F R Op} (Am) ™

By the composition Theorem B.7 and the Egorov Theorem B.11 for A-local symbols, ISM
is a PDO with leading symbol P, (x, &) € 52. For x € I;, & € R, the leading symbol is
given by the same expression as in (3.19)7:

A (Fij (. £))
= 42 ! 2Re(V (i, (x)) ZZmap 27 LI 1-2p ¢—1
Pulx, §) = x*(0) Z 18] (et Ot o mednl s, (T*R).
JS.ti~>g N
(6.11)
Now using the definition of x, equation (6.4) and Lemma 6.4, the operator P, can be

decomposed into self-adjoint operators:

A

=ky + 1y,

+ Also for this calculation it is crucial to work with the A-local calculus in order to obtain sufficient remainder
estimates.
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where IQM is a PDO with symbol k,, € S;OO supported on K¢, sr for Co being the constant

from Lemma 6.4. Hence IQM is a trace-class operator. The operator 7, is a PDO with
symbol r,, € Sg such that

7 lloo < B2 IREWlloe e =2m 1 (p1=21)

hence |7, || < Ck=2" + O(h!=2#). Here k < 1 is the constant from Lemma 6.4.
Using Lemma C.1 in Appendix C we have that, for every € > 0, in the limit 2~ — O,

t{ul € o (k) | 1ul) = €} < @ah) ™ (CLeb{K gy} + Cah). (6.12)

By a standard perturbation argument the same estimate holds for the operator 13M (for m
sufficiently large): for every € > 0, in the limit 2 — 0,

tul e o (P |1l = € + 11711} < @)~ (CiLeb{Kcyp} + Cah). (6.13)

From the definition ISM = Q;’} #Qm w> the ,/Mh are singular values of Qm u- Then
Corollary A.2 from Appendlx A shows that the same estimate holds true for the
eigenvalues of Qm w» hence of Fh x> yielding the result (6.10).

7. Numerical results for the truncated Gauss map and Bowen—Series maps

In this section we will present numerical results for two important classes of IFS: the
truncated Gauss map and the Bowen—Series maps for convex co-compact hyperbolic
surfaces. We will show that both examples satisfy the partially captive property. We
will then give some numerical illustrations of the main theorems presented in this paper
and finally discuss the connection between the spectrum of these transfer operators and the
resonance spectrum of the Laplacian on hyperbolic surfaces.

7.1. The truncated Gauss map. In this section we consider the IFS defined from the
truncated Gauss map with N intervals presented in Example 2.2. We choose the roof
function t and the potential function V, which enter in the definition of the transfer
operator (2.12), to be

tx)=—J&x), Vx)=0-a)J(x), ackR, (7.1)

where J(x) = 10g(|(¢_1)’(x)|) =log(|G'(x)]) = —2 log(x) has been defined in (2.20).
Let us write

1
s=a+ibeC, b:ﬁ>0'
Then, for every s € C, the transfer operator F given in (2.12) will be written L s = F and

is given by

V(@) i (1/h)T(x) (1—s)J

pog L. (7.2)

As explained in §7.1.1 below, this choice is interesting due its relation with the dynamics
on the modular surface. The (adjoint of the) transfer operator F constructed in this way
is usually called the Gauss—Kuzmin—Wirsing transfer operator or ‘Dieter—Mayer transfer
operator’ for the truncated Gauss map [39, 55].

iﬂp:ﬁ(p:é‘ q)o(l)_l:e
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FIGURE 4. The trapped set Ky := K for the truncated Gauss map with functions (7.1), for the cases of N =3

and N = 10 branches. This corresponds to the Gauss—Kuzmin—-Wirsing transfer operator (7.2). We have ICp C

Kn+1 and, for N — oo, the limit trapped set Koo = Jpy=0 Ky ={(x, £), x €10, 1[, =2/(1 4+ x) <& <0} is

the band between the marked black lines. (More precisely, we have represented the periodic points with period
n = 6. That explains the sparse aspect of the trapped set.)

PROPOSITION 7.1. For every N > 1, the minimal captivity Assumption 4.7 holds true for
the truncated Gauss transfer operator defined by (7.2).

The proof is given in §7.3 below. In this proof we explain the structure of the trapped
set IC with more details.

Consequently, we can apply Theorem 2.9 and deduce that there is an asymptotic spectral
gap. In Figure 5 we present the numerical Ruelle resonances of the truncated Gauss map
with three branches for different values of 7 and compare them with the prediction of the
spectral gap. For the numerical calculation we directly use the conjugated transfer operator
O, that appears in the proofs of the main theorems and develop it in a Fourier basis
(see [23, §7] for more details on the numerical calculation of Ruelle resonances via the
semiclassical approach). One observes on Figure 5 that the asymptotic spectral gap given
by y4+ is smaller than the general topological pressure bound Pr(—J), equation (2.22). The
numerical results indicate, however, that this gap y is still not optimal.

We can also apply Theorem 2.16 and deduce a fractal Weyl upper bound for the density
of resonances. In Figure 6 we determine the behavior of the counting function in relation
to the semiclassical parameter in a double logarithmic plot. In these numerical results we
do indeed observe an algebraic dependence and the exponent agrees very well with the
upper bound of the Hausdorff dimension from Theorem 2.16. Note that this is particularly
interesting because it is an important open conjecture that the fractal Weyl upper bounds
are sharp (see e.g. [41, §6] for a review and further references). This conjecture has
been supported by numerical experiments in different contexts, like quantum n-disk
systems [36] or convex co-compact hyperbolic surfaces [8]. The data presented in Figure 6
provides more support for the general validity of the fractal Weyl law.

7.1.1.  Relation with the zeros of the Selberg zeta function.  For the geodesic flow on the
modular surface SL,Z\SL,R it is possible to define the Selberg zeta function (see §7.2.1
below for more comments and references):

Tseberg() = [ [ (1 =™+, sec,

Y m>0
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FIGURE 5. The discrete spectrum of Ruelle resonances  ; (in log scale, writing log A = x + i) for the truncated

Gauss—Kuzmin—Wirsing transfer operator (7.2) associated to the Gauss map, for N = 3 branches and parameters

a=1,b=1/h=0, 100, 1000. The full vertical line is at x = Pr(—J) >~ —0.4. For b = 0 there is the eigenvalue

A= ePr=9 plotted at (x, y) = (Pr(—J), —), corresponding to the ‘equilibrium measure’. The dashed vertical

line is at x = y4, which is shown in (2.24) to be an asymptotic upper bound for b = 1/h — oo. In this example
it seems to be not optimal.

log N'(b)
4t
35
3t

25¢F

4 45 5 55 6 6.5 7 7.5
log(b) =log(1/h)
FIGURE 6. This is the Weyl law for the model of Gauss map with N = 3 branches. The points represent the
number of resonances A'(b) = #{A j€ Res(i s), log |A ;| > —3.5} computed numerically, as a function of the
semiclassical parameter b = 1/ in log scale. The linear fit gives log N (b) = —0.70 - log b — 0.96, which has
to be compared to the fractal Weyl law (2.33) giving log N (b) < — dimg (K) - log b + cste. From (3) we have

dimg K3 = 0.705, giving an excellent agreement with the numerical results and suggesting that the upper bound
is in fact optimal.

where the product is over the primitive periodic orbits y of the geodesic flow and |y|
denotes the length of the orbit. This zeta function is absolutely convergent for Re(s) > 1.
Using the Gauss map and continued fractions, Bowen and Series [10]1 have shown that
a periodic orbit y is in one to one correspondence with a periodic sequence (w;);ez €
(N\{O})Z where w; € N\{0} is the index of the branch of the Gauss map G;} in (2.4).
Given N > 1, we can restrict the product ]_[V over periodic orbits above to orbits for which
w; < N, forall j € Z, and define a truncated Selberg zeta function as follows:

{Selberg,N(S) = 1_[ 1_[ (1 — €_<S+m)|yl), seC.

y,wj<N.forall j m>0

T For the special case of the modular surface and the Gauss map such a correspondence has indeed been known
for a long time, see e.g. [1].
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On the other hand, for fixed s € C, we have from Theorem 2.6 that the operator is has a
discrete spectrum of Ruelle resonances. It is possible to define the dynamical determinant
of Ly by

d(z,s) :=Det(l — zLy) := exp(— > Z—Trb(ig)>, z€C,
n

n>1

where Trb(l:g’) stands for the flat trace of Atiyah—Bott. The sum is convergent for |z| small
enough. It is known that, for fixed s, the zeros of d(z, s) (as a function of z) coincide with
multiplicities with the Ruelle resonances of L s [2]. In the case z = 1, we also have that
d(1, s) coincides with the truncated Selberg zeta function [7, 45]:

Det(1 — Ly) = Lselberg, N (5), (7.3)

which means that the zeros of {selperg, v (s) are given (with multiplicity) by the event that
1 is a Ruelle resonance of the transfer operator L. This also shows that sejperg, v () has a
holomorphic extension to the complex plane s € C.

Remark 7.2. In [45], [7, p. 306] they consider the adjoint operator i’;‘, called the Perron—
Frobenius operator.

7.2. Bowen—Series maps for Schottky surfaces. The second class of examples that we
consider in this section are Bowen—Series maps for Schottky surfaces [10]. We will follow
the notation of Borthwick’s book [7, Ch. 15] and recall the definition of a Schottky group
given there. Recall that an element S = (‘Cz Z) € SLy(R) acts on H? = SL,(R)/SO, and
R = 3H? by S(x) := (ax + b)/(cx + d).

Definition 7.3. Let Dy, ..., Dy, be disjoint closed half discs in the Poincare half plane
H? = SL,(R)/SO, with center in R = dH?\{oo}. There exist elements S; € SLoR, i =
1,...,r,such that S;(dD;) = dD;y, and S;(Int(D;)) = C\ Djy,. The group generated

by the S; is called a Schottky group I’ = (S1, ..., S;).

Remark 7.4. For convenience we will use a cyclic notation for the indices i =1, ..., 2r.
Then one can also define S; fori =r + 1, ..., 2r as in the definition above and obtain
Siyr =S

Let [; := D; N 0H. Then (I;);j=1... 2 are N =2r disjoint closed intervals. One has
S;(Int(/;)) = 0H\/;, and we assume that S; is expanding on /; (this can always be
obtained by taking iterations if necessary and localizing further to the trapped set, see [7,
Proposition 15.4]). The maps §; are usually called the Bowen—Series maps. Considering
the inverse maps, one obtains an IFS according to Definition 2.1 associated to this Schottky
group in the following way. Forany j =1,..., Nandi # j +r let

¢ij = Sj—1 =Sjsr I — Sj_l(li) C Int(Z)).

The adjacency matrix A; ; has all entries equal to one except A; ;1 = 0 (see Figure 7).
As in (7.1) we make the following choice for the potential and the roof function for
x€lj:
tx)=—Jx), Vx)=0-a)J(x), a€eR, (7.4)
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D,
Re(z)

b

(b)

FIGURE 7. In this (arbitrary) example, we have r =2 hyperbolic matrices of SLpR: S| = ( ;‘/g :f?) and

Sy = ( —_«1@ ‘f) that generate a Schottky group I' = (S7, S»). (a) The Dirichlet fundamental domain Hz\(Dl U

Dy U D3 U Dy) with the intervals [;, i =1, 2, 3, 4, on which the IFS is defined. (b) The resulting Schottky
surface F\IHIZ. It has three funnels. (c) The graph of the generating functions ¢; j = g; =S4, : [; > I of the
associated iterated function system.

where J(x) = log(l(qb;jl)/(x)D = log(lS} (x)]) has been defined in (2.20). Let us write
1
s=a-+ibeC, b=i_i>0'

Then, for every s € C, the transfer operator F given in (2.12) will be written Ly=F and
is given by
Pog = Fp=eV@e/Mr@ 6 =1 = g1=9)] 5 o g1, (15)

The adjoint of our transfer operator L} = F*is exactly the Ruelle transfer operator defined
in [7, p. 304] and, as we will discuss below, its spectrum is closely connected to the
spectrum of the Laplace operator on the Schottky surface.

PROPOSITION 7.5. The minimal captivity Assumption 4.7 holds true for the Bowen—Series
transfer operator defined by (7.5).

The proof is given in §7.3 below. Consequently, we can apply Theorem 2.9 and deduce
that there is an asymptotic spectral gap. We can also apply Theorem 2.16 and deduce a
fractal Weyl upper bound for the density of resonances.

Remark 7.6. We recall from §4.3 that minimal captivity implies the NLI condition. Naud
in [40] has already shown that this weaker NLI condition holds true for Schottky surfaces.
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7.2.1. Selberg zeta function and resonances of the Laplacian.  For the geodesic flow on
a hyperbolic surface it is possible to define the Selberg zeta function:

LSelberg () = 1_[ 1_[ (1 — e~ Gtmlvly

Y m=>0

where the product is over primitive periodic orbits y of the geodesic flow and |y | denotes
the length of the orbit. This zeta function is absolutely convergent for Re(s) > 1 and
has a meromorphic continuation to the whole complex plane. This continuation is
particularly interesting as its zeros are either ‘topological zeros’ located on the real axis
or resonances of the Laplace operator A on the corresponding hyperbolic surface I'\H?Z.
These resonances s € Res(A) are defined as the poles of the meromorphic extension of the
resolvent [7]:

R(s):=(A—-s(1—-s)"", seC. (7.6)

This correspondence follows from the Selberg trace formula for finite-area surfaces, and
has been shown by Patterson and Perry [43] for infinite volume surfaces without cusps and
Borthwick et al [9] for infinite volume surfaces with cusps (see also [7] for an overview).
For the transfer operators as defined above, one can define a dynamical zeta function by
[7, p. 305]
d(z, s) :=Det(l — zLy).

The dynamical and the Selberg zeta functions are equal, {selperg(s) =d(1, s) (see [7,
Theorem 15.8]). This implies immediately that if s € C is a resonance of the Laplacian on
the Schottky surface, then 1 has to be an eigenvalue of Lj:

s € Res(A) < 1 € Spec(Ly). (7.7)

Remark 7.7. For the full Gauss map (i.e. with infinitely many branches) the same
correspondence between the resonances of the Laplacian on the modular surface SL,Z\H?
and the Dieter—-Mayer transfer operator Ly is true and has been developed by Dieter
Mayer [39]. For the truncated Gauss map considered in §7.1, to our knowledge, no such
corresponding surfaces are known.

Using the relation (7.7) between the Ruelle spectrum of the transfer operator Ly and the
resonances of the Laplacian, it is possible to deduce from Theorem 2.9 some estimate of
the ‘asymptotic spectral gap’ for the resonances of the Laplacian as follows.

Definition 7.8. The asymptotic spectral gap of resonances of the Laplacian A is defined
by
@asymp := lim sup{Re(s) s.t. s € Res(A), [Im(s)| > b}.
b—o00

The setting (7.4) gives D(x) =V — %J = (% —a)J(x), hence our estimate (2.25)
gives that aasympt < % However, this result concerning the resonances of the hyperbolic
Laplacian is not new: from the self-adjoint properties of the Laplacian A in L* space we
have that Im(s(1 — s)) < 0 and this gives that

<1 (7.8)
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Remark 7.9. If § denotes the dimension of the limit set (equal to the dimension of the
trapped set K) a result from Naud gives [40]: there exists ¢ > 0 such that
Qasymp = (I—¢)s

which improves (7.8) if § < 1/2.

7.3. Proof of minimal captivity for both models. We give now the proof of
Propositions 7.1 and 7.5. Note first that in both models the contracting maps are Moebius
maps, i.e. of the form x} =¢ij(x)=(ajx +bj)/(cjx +d;)=gj(x) with 2 x 2 matrices

by .
gji= (fi d; ) with D; := detg; = 1. For the truncated Gauss map these matrices are

8= (‘1) ;) —G7", 19)
with j=1,..., N and D := D; = —1. For the Bowen-Series maps we have
gj=S;"eShR, (7.10)
withj=1,...,2rand D :=D; = +1.

The following proposition shows that there exists coordinates (x, ) on phase space
such that the canonical map F = (F;)j=1,...,n is decoupled in a product of identical maps.

LEMMA 7.10. The canonical map F defined in (4.3) is the union of the following maps

Fj, withj=1,...,N:
(. &) = Fix, §) = (g;(). (g7 ())E +7'(x))) (7.11)
=(gj(x), Dj - (cjx +dj)*€ — 2cj(cix +d))). (7.12)
Using the change of variables (x, n) = ®(x, &) € R x RwithR :=R U {00} and
2D
ni=x——, (7.13)
3
the map F; gets the simpler ‘decoupled expression’
(xj,nj)) =(PoFjo DN (x, ) = (g (x). g (). (7.14)

Remark 7.11. Geometrically, these new variables (x, ) can be interpreted as the limit
points (x, n) € 9H of a geodesic. The map (x’, n') = (® o F o ®~1)(x, 1) is simply the
Poincare map of the geodesic flow [13].

Proof. One has

-1 dj b -1 djy —bj
g; j <—c,~ aj ) (g; ) sy
and
&Y =Dj-(aj—c;)) 7 =Dj-(cjx+d))” if y=g;x).
The roof function is given by (7.1):
(y) = —J () = —log(I(¢; ) () = —log(I(g; ) M)

=2log(a; —c;jy).
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So 7/(y) = —2cj(a; — cjy)~' = —2cj(cjx +d;) and
(W E) = Fy(. ) = (800, D+ (ejx +d))%6 = 2ej(ejx+ ), (19)

giving (7.12). Now we use the change of variable

2D
£ = . (7.16)
X =
So
E}ZD-(ij—}-dj)z%—ZCj(ij—‘rdj)
2D
:D-(c-x—}—d-)2 —2ci(cix +dj)
J J x —1) J\Cj J
2ex +dj)
I T . d:).
Gop GmHaD
Then
J J %‘; ij—l-dj (CjX-}-dj)(Cjﬁ-Fdj)
(ajx +bj)(cjn+d;)—(ajdj —bjc;)(x —n) ajn+b;
_ jINC J i4j jCi _4j ]Zgj(fl)- 0

(cjx +dj)(cjn+dj) S cintd;

Recall that the multivalued map ¢ = (¢; ; = g;); has a trapped set K defined in (2.7)
as K =, ¢"(). The basin of K on Ris B(K) :={x €R, 3 >0, ¢"(x) e [} CR.

LEMMA 7.12. The trapped set in phase space K defined in (4.7) is contained in the
following set:

Kc{x, &),xel, n¢B(K)with (x,n) =®(x, &)}, (7.17)

Proof. Let (x, &) € I x R, which does not belong to the set defined on the right-hand
side of (7.17). Then n € B(K). Hence, for every admissible word w € W, we have that
| Py, (X) — uy,, (M| < C 0" =, 400 0. From the change of variable (7.16) and the
expression (7.14) with the new variables, this gives that (x,, §,) 1= Fy, , (x, &) satisfies

2

nl = =t C/ 07" s
e P e B —es T e

hence (x, &) ¢ IC. We deduce (7.17). O

Finally, we show minimal captivity of the canonical map F. According to (4.8),
we have to show that there exists a neighborhood B of K such that, for all (x, £) € B,

8{F(x, &) N B} < 1. This is true if B; := Fj_l(B), j=1,..., N are disjoint sets. Using
the coordinates (x, ) which decouple the map F;, in (7.14), it is equivalent to show that
there exists a neighborhood B of K in R such that Bj = gj_l(B) CR,j=1,...,Nare

disjoint sets. For this we consider both cases as follows.
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FIGURE 8. This figure illustrates the choice of the bounding functions in the proof of the minimally captive
property for the example of a Schottky surface shown in Figure 7. The light shaded regions indicate the set

B(jy == BN (Ij x R) while the darker shaded regions indicate the different pre-images By; j) := Fl.;l(B N
(Ij x R)) C By, i # j +2 mod 4. For example, the dark shaded regions B(3 3), B4, 3), B(2,3) show the three
pre-images of the light region B(3). The trapped set K is contained in the union of these B(;_j).

Minimal captivity of the truncated Gauss map.  For this map, let B := ]—o0, —1[. Then
the sets gj_l(]—oo, —1D=1-j—1, j[,with j =1, ..., N, are mutually disjoint. From
the argument above this implies that the truncated Gauss map is minimally captive,
i.e. Proposition 7.1 holds. Notice that, from (7.16), in variables (x, §) € T*[0, 1] we have

B={xel0,1],n€e]l-00, —1[} = {(x, £), x €0, 1], % <& <o}.

This set B contains the trapped set Ky and is depicted in Figure 4.

Minimal captivity of the Bowen—Series map.  For this case, let B:=1 = U?r: 1 Ij. Then
B = g;l(B) = gj+r(I) C Ij4,. Since the sets /;, are mutually disjoint, the sets 13, are
also disjoint. From the argument above this implies that the Bowen—Series map on phase
space is minimally captive, i.e. Proposition 7.5 holds.
Figure 8 shows the sets B; = Fj_l(B) with B:={x €I, n e B} and
Bj={xel, nebBj)

that we have used in the proof of minimal captivity.
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A. Appendix. General lemmas on singular values of compact operators

Let (Py)nen be a family of compact operators on some Hilbert space. For every n € N, let
(Ajn) jen € C be the sequence of eigenvalues of P, counted with multiplicity (i.e. repeated
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according to the dimension of the eigenspace) and ordered decreasingly:

1A0.nl = A1l = - -

In the same manner, define (14 ) jen € R™, the decreasing sequence of singular values of
Py, i.e. the eigenvalues of \/ P P, .

LEMMA A.l. Suppose there exits a map N :N — N such that N(n) —,— o0 00 and
UN(n)n —n—oo 0, then, for all C > 1, |Ac.Nm).nl = n—so0o O Where [-] stands for the
integer part.

COROLLARY A.2. Suppose there exits a map N : N — N such that for all ¢ > 0, there
exists Ag > 0 such that for alln > A,

#HjeNst wj,>el <N(n,
then, for all C > 1, for all ¢ > 0, there exists Bc . > 0 such that for all n > B¢ g,
#HjeNst [Ajul>e}<C-N@n). (A.1)
Proof of Corollary A.2. Suppose that for any ¢ > 0, there exists A, such that for all

n>Ag, #jeNstuj,>¢e} <N@m). Then un@p),n —~n-sc0 0 and from Lemma A.1,
for all C > 1, |A[c.N(n)],n| = n—oc 0, Which can be directly restated as (A.1).

Proof of Lemma A.l. Let mj,:=—logu;, and [j,:=—1log|A;j.l, My,:=
Zl;zo mj, and Ly, := Zl;:o ljn. Weyl inequalities relate singular values and
eigenvalues by (see [27, p. 50] for a proof)

k k
[T1m=]] %l forailk=1. (A2)
j=1 j=1
This can be rewrittin as
My, < Lg, forallk,n. (A3)

The sequence (/) j>0 is increasing in j so, for all n, for all k, we have
k-lin>Lin. (A4)
Suppose that ux),,» — 0 as n — 0o, hence
MN (n),n njoo 0. (A.S5)

Let C > 1. The sequence (m; ;) j>0 is increasing in j, hence

Mic.ngn = ([C - N(n)] = N(n)) - my@y,n, (A.6)
hence
I} > ! L > M
CNwln = = Licnwin = ——————=Mic.Nw),
R e T T e v N (RN T R
[C-N@m)]— N(n) . s
= N (), .
ho  LC-Nm) 1 (x3)
Thus ljc.nn)1,n = n—so00 00 and [A[c.N@m)],n] —>n—s00 0. O
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B. Appendix. Symbol classes of local h-order

In this appendix we will first repeat the definitions of the standard symbol classes which are
used in this article, as well as their well-known quantization rules. Then we will introduce
a new symbol class which allows fi-dependent order functions and will prove some of the
classical results which are known in the usual case for these new symbol classes.

B.1. Standard semiclassical symbol classes and their quantization. The standard
symbol classes (see e.g. [57, Ch. 4] or [15, Ch. 7]) of A-PDOs are defined with respect to
an order function f(x, &). This order function is required to be a smooth positive-valued
function on R?" such that there are constants Co and Ny fulfilling

f(x, &) < Col(x, &) — (&, ENNF(, &1, (B.1)

where we have used the notation (y) :=+/1 + |y|2 for y € R¥. An important example of
such an order function is given by f(x, &) = (£)™ withm € R.

Definition B.1. For0 < pu < % and k € R, the symbol classes Rk S, (f) contain all families
of functions ap,(x, &) € C®(R*") parametrized by a parameter 7 € ]0, fg] such that

090  ap(x, )| < CRA=HUIaTHIBD (gym
where C depends only on «, 8 € N".

Unless we want to emphasize the dependence of the symbol ap on & we will drop the
index in the following. For the special case of the order function f(x, &) = ()™ we also
write S = S, ((§)"); if n = 0 we write S(f) := So(f).

As quantization we use two different quantization rules in this article, which are called
respectively standard quantization and Weyl quantization.

Definition B.2. Let ap, € S;,(f). The Weyl quantization is a family of operators Op}. (a) :
S[R") - S(R"), defined by

: , +
(Op” (an)¢)(x) = Qxh)™" f e“/"”“x—”an(%,sy(y) dydé, ¢eSERY,

(B.2)
while the standard quantization Opy,(a) : S(R") — S(R") is given by

(Opp(an)p)(x) = Qi) ™" / WMECV gy (x, )p(y) dy dE, ¢ € S(R").  (B.3)

Both quantizations extend continuously to operators on S’'(R"). While the standard
quantization is slightly easier to define, the Weyl quantization has the advantage that real
symbols are mapped to formally self-adjoint operators.

B.2. Definition of the symbol classes S, (Ap). In the standard A-PDO calculus the
symbols are ordered by their asymptotic behavior for 7 — 0. If we take, for example,
asymbol a € hk S, (f) then a(x, &) is of order ¥ for all (x, £€) € R?*. The symbol classes
that we will now introduce will also allow an i-dependent order function, which will allow
control of the h-order of a symbol locally, i.e. dependent on (x, &). First we define these
h-dependent order functions as follows.
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Definition B.3. Let f be an order function on R?” and 0 < u < % Let A € S,(f) bea
(possibly A-dependent) positive symbol such that, for some ¢ > 0, there is a constant C
that fulfills

Ap(x, &) = CR f(x, &) (B.4)
and that for all multi-indices «, € N”,
1020L Ap(x, £)] < Coph™ 11D 4y 2, &) (B.5)
holds. Then we call Aj an hi-dependent order function and say Ay € OF°(f).

Definition B.4. Let0 < p < % and Aj, be an h-dependent order function. The symbol class
S, (Ap) is then defined to be the space of smooth functions ay (x, &) defined on R?" and
parametrized by a parameter / € ]0, fip] such that

1050 an(x, )] < Co ph AV AR (x, ©), (B.6)
As usual, we will denote by /%S, (A) the symbols ay, for which h=*ay, € S, (Ap).

The set S, (Ap) only depends on the h-dependent order function Ay and the real
parameter 0 < pu < % From the Definition B.3 of ~-dependent order function we conclude,
however, that there is an order function f such that Ay, € OF°(f).

As Ap(x, &) < Cof(x, &), and from (B.5), it is obvious that

Su(An) C Su(f) (B.7)

and via this inclusion for ap € S, (Ap) the standard quantization Opp(a) and the
Weyl quantization Op}’(ap) are well defined and give continuous operators on S(R"),
respectively on S’ (R") (see e.g. [57, Theorem 4.16]). Furthermore, equation (B.4) gives
us a second inclusion

Su(f) C i Su(An); (B.8)

thus, combining these two inclusions we have
RESu(f) C Sp(AR) C Su(f).
As for standard ~A-PDO symbols we can define asymptotic expansions as follows.

Definition B.5. Let aj € S, (Ap) for j =0,1, ... then we call Zj h/a; an asymptotic
expansion of a € S, (Ap) (writing a ~ Zj hjaj) if and only if, for all k € N,
a—_hlaj € NS, (Ap).
j<k

As for the standard 7-PDOs we have some sort of Borel’s theorem for symbols in
S, (Ap) also.

PROPOSITION B.6. Leta; € S, (Ap) for j =0, 1, ..., then thereis a symbol a € S, (Ap)
such that, for all k € N,
a—Y_ hlaj € hES,(Ap). (B.9)
j<k
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Proof. Once more we can use the inclusion (B.7) into the standard 7#-PDO classes and
obtain the existence of a symbol a € S, (f) such that (see [57, Theorem 4.15])

a—ZhjajehkSﬂ(f), (B.10)
Jj<k

and we will show that this symbol belongs to S, (Ap) and that (B.9) holds. For the first

statement we write
a:a—Zh]aj —|—Zh’aj

j<c j<c
—_—— —_——
ehe S, (f) €S, (An)

and use the inverse inclusion (B.8).

In order to prove (B.9) we write

k+c—1
a—Zh/ajza— Z hWaj+ Z ha;
Jj<k Jj<k+c Jj=k
eheth S, (f) Rk Su(Ap)

and use once more (B.8). O

The advantage of this new symbol class is that the order function Ap(x, &) itself can
depend on £ and thus the control in / can be localized. A simple example for such an order
function would be Ay = A"H (& /RH)™ € OF ™ ((€)™). For & # 0 this function is of order
1O, whereas for & = 0 it is of order A”*. Thus also all symbols in S, (Ap) have to show
this behavior.

B.3. Composition of symbols. By using the inclusion (B.7) we will show a result for
the composition of symbols absolutely analogous to the one in the standard case [57,
Theorem 4.18]. We first note that, for Ay € OFA(f 4) and By, € OF“B(fp), the product
formula for the derivative yields that Ay B, € OFATE(f4 fp) and can now formulate the
following theorem.

THEOREM B.7. Let Ap € OFA(fa) and By € OF°B(fp) be two h-dependent order
functions and a € S, (Ap) and b € S, (Bp) two h-local symbols. Then there is a symbol

a#b e S, (AL Bp)

such that
Opy (a)Opy, (b) = Opy (atth) (B.11)

as operators on S, and at first order we have
a#b — ab € h' 72" S, (ApBp). (B.12)

Proof. The standard theorem of composition of A-PDOs (see e.g. Theorem 4.18
in [57]) together with the inclusion of symbol classes (B.7) provides us with a symbol
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a#b C S, (fa - fp) that fulfills equation (B.11). Furthermore, it provides us with a
complete asymptotic expansion for a#b:

N-—1 . k
1[ih({Dy, D,) — (D, D
a#b—Z(E[l (e D) = D f”} ax, £)b(y. n))
k=0 ’

e WNU=20g (fa - fB). (B.13)

[y=x,n=§

In order to prove our theorem it thus is only left to show that a#b € S, (A Bp) and that
equation (B.12) holds. We start with the second one. First, let N € N be such that
(N — 1) —2u) = cp + cp, then equation (B.13) and inclusion (B.8) ensure that the
remainder term in (B.13) is in hl’zl‘SM(AhBh). For 0 <k <N — 1, each term in (B.13)
can be written as a sum of finitely many terms of the form

(n*

2k k!
where «, B, v, 8 € N' are multi-indices fulfilling |«| 4+ |8] + |y| 4+ |8| =2k. Via the
product formula one easily checks that these terms are all in AA1=21§ (A By), which
proves that a#b € S, (Ap Bp). O

(D2Dfa(x, &) - (DY Db(x. £)),

B.4. Ellipticity and inverses. In this section we will define ellipticity for our new
symbol classes and will prove a result on L2-invertibility.

Definition B.8. We call a symbol a € S, (Ap,) elliptic if there is a constant C such that
la(x, §)] = CAn(x, §). (B.14)

For an hi-dependent order function Ay € OF°(f), from (B.5) and (B.4) it follows that
FL"A%1 € OF°(f~") is again an h-dependent order function and we can formulate the
following proposition.

PROPOSITION B.9. Ifa € S, (Ap) is elliptic then ale h=cS, (h"Agl).
Proof. We have to show that |8§‘8ﬂa_1(x, &l < Ch_l‘(""""'ﬁ')Agl(x, &) uniformly in A, x

and £. For some first derivative (i.e. for o € N2, |o| = 1) we have
|3ff,ga| - h™HAp

-1, _ o a—p a1

|8§"§a | = 2] <C A% =Ch “Ah ,
where the inequality is obtained by (B.5) and (B.14). The estimates of higher order
derivatives can be obtained by induction. O

As for standard A-PDOs this notion of ellipticity implies that the corresponding
operators are invertible for sufficiently small £.

PROPOSITION B.10. Let Ap € OF°(1) and a € S, (Ap) be an elliptic symbol, then
Opy'(a): L2(R") — L2(R") is a bounded operator. Furthermore, there exists hy > 0
such that Opy(a) is invertible for all h € 10, hol. Its inverse is again bounded and a
pseudodifferential operator Opy’ (b) with symbol b € h™ S, (hCA,TLl). At leading order its
symbol is given by

b—a' e WTHTES, (CALY).
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Proof. As ae€ S, (Ap) C S,(1) the boundedness of Op%’ (a) follows from [57,
Theorem 4.23]. By Theorem B.7 we calculate

Op¥(a)Op¥(a') =1d + R,

where R=Op¥(r) is a PDO with symbol reh!=25,(1). Again from [57,
Theorem 4.23] we obtain || R]|;2 < Ch!=2*, thus there exists /iy such that IR|l;2 <1 for
h €10, hp]. According to [57, Theorem C.3] we can conclude that Op}’(a) is invertible
and that the inverse is given by Op}’ (@ H(Id+ R)~'. The semiclassical version of
Beal’s theorem allows us to conclude that (Id + R)~! = Z,fio(—R)k is a PDO with
symbol in S, (1) (cf. Theorem 8.3 and the following remarks in [57]). The representation
of (Id—R)™!' as a series finally gives us the symbol of the inverse operator at
leading order. O

B.5. Egorov’s theorem for diffeomorphisms. In this section we will study the behavior
of symbols a € S, (Ap) under variable changes. Let y : R” — R" be a diffeomorphism
that equals identity outside some bounded set, then the pullback with this coordinate
change acts as a continuous operator on S(R") by

( u)(x) = u(y (x)),

which can be extended by its adjoint to a continuous operator y* : S'(R") — S’ (R"). By a
variable change of an operator we understand its conjugation by y and we are interested in
for which a € S, (Ap) the conjugated operator (y*)~'Opp(a)y* is again an :-PDO with
symbol a, . At leading order this symbol will be the composition of the original symbol
with the so-called canonical transformation

T:R¥ > R¥™, (x, &) > (y ' (x), @y ))T8)

and the symbol class of a, will be S, (ApoT). For the Ap € OF°(f) defined in
Definition B.3 the composition Ay o T will in general, however, not be an h-dependent
order function itself because the derivatives in x create a supplementary & factor which has
to be compensated (cf. discussion in [57, Ch. 9.3]). We therefore demand in this section
that our order function Ay satisfies

18997 Ap(x, £)] < Caph" 118D (6) P AL (x, &), (B.15)

A straightforward calculation shows then that Ay o T € OF°(f o T) is again an h-
dependent order function. The same condition has to be fulfilled by the symbol of the
conjugated operator:

9%0f ax, )| < K= 0HED () =IAl 4 (v, £). (B.16)

THEOREM B.11. Let Ap be an h-dependent order function that fulfills (B.15).
Let ae S, (Ap) be a symbol which fulfills (B.16) and has compact support
in x (ie. {xeR" 3R :a(x,&)#0} is compact) and let y :R" — R" be a
diffeomorphism. Then there is a symbol a, € S,,(Ap o T) such that

(Opn(ay)u)(y(x)) = (Oppla)(u o y))(x) (B.17)
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forallu € S8'(R™). Furthermore, a,, has the following asymptotic expansion.:

k—n v

1/ h ;

ay(y(x),m~>_ ;<zm0y, Dg> MM &) o ecoyanry  (B.18)
n=0

where py(y) =y (y +x) — y(x) —y'(x)y. The terms of the series are in h’1=20/2

Su((n)*2Ap o T(y (x). m).

We will prove this theorem similarly to [31, Theorem 18.1.17] by using a parameter
dependent stationary phase approximation [32, Theorem 7.7.7] as well as the following
proposition, which forms the analog to [31, Proposition 18.1.4] for our symbol classes and
which we will prove first.

PROPOSITION B.12. Let a(x, &; i) € C®(R>") be a family of smooth functions that

Sfulfills
920 a(x, §)| < Ch(E) £ (x, ©), (B.19)

where C and | may depend on o and B. Let aj € S, (Ap), j =0, 1, ..., be a sequence of
symbols such that

< ChkE) T f(x, 8), (B.20)

a(x, £) =) hWaj(x, &)

j<k

where T > 0. Thena € S,,(Ap) anda ~ ) hjaj.

Proof. We have to show that, for all k > 0 and g¢(x, &) :=a(x, &) — Zj<k hjaj(x, &),

we have [0Y 8E'ng| < CRF=1#UeI+1BD Ay This result can be obtained by iterating the
following argument for the first derivative in x;.

Let e; € R” be the first eigenvector and 0 < ¢ < 1. For arbitrary j € N we can write, by
Taylor’s formula,

18 (x + ge1, &) — gj(x, &) — 3y, gj(x, )e)| < Ce? sup 102 g (x + ter, ).
tel0,e

From (B.19) and the property that all a; are in S, (Ap) we get
sup 02 g;(x +ter, &) < ChHE) f(x, )

u
tel0,e
for some / € R, and get

lgj(x +eer, &) —gj(x, &)l
. .

which turns, for j > (2k + 2¢ + 1)/t and & = FFHiHe (g)=k++0) Jinto

|9y, 85 (x, &) < CRE(E) ™0 f(x, &) < CHF AR(x, £),

|0y, 8 (x, £)] < Ceh™ (&) m(x, £) +

where we have used (B.8) in the second equation. Thus

J
Y W 9ai(x, §)| < CH T Ap(x, §),

i=k

|9y, gk (x, £)] < CHFAp(x, £) +

which finishes the proof. O
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After having proven this proposition we can start with the proof of Theorem B.11.
Proof. If we define
a, (y (x), 1) 1= e~ BTN ()@Y O (B.21)

then equation (B.17) holds for all e/ R)xn wwhich form a dense subset of S’(R"). We thus
have to show that a,, defined in (B.21) is in S, (A) and that (B.18) holds.

We will first write a,, as an oscillating integral in order to apply the stationary phase
theorem. By definition of Opp(a) one obtains

! // alx, BeliME=HE+G Gy M g5 4F |

ay(y(x), n= W

which we can transform by a variable transformation €= (n)€ and § = y + x into

1 ih 5
(271?1)" // a(x, (n)z;»)e(!/h)(—yH(y(y+x)—y(x))(n/<n))) dy dE,

ay(y(x), n) =

where /i = (1i/(n)).
The critical points of the phase function are given by

y=0 and &= (@) .
(m)

Let x € C°([—2, 2]") such that x =1 on [—1, 1]?, then we can write
ay (y (x), n) = Li(h) + Ly(h),

with

~ 1 n
I (h) = —— - T—)
1(R) Ry f/x(ﬁx(é @y (x)) =

x a(x, (n)€)et/MEE+G O+ N@/D) gy g

~ 1 n
L(h) = — 1- — @@ T—))
b= | (1= o (e - @ren L

« a(x, (n)&)elDEEE ORIy @0/ ) gy, ge.

and

While 7; (7) still contains critical points, for /() there are no critical points in the support
of the integrand anymore.

I is of the form studied in [32, Theorem 7.7.7]. Here the role of x and y is interchanged
and there is an additional parameter 1/(n). We thus get from this stationary phase theorem

k—n

- 1 . O
N(R) = Y S RDy, De)* e MO0, &, 3, m)y—.6— oy )7 o)
v=0
< ChIHM2 S 7 sup [ DY culx. &y, 1), (B.22)

laf<2k Y8
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where u(x, &, y, 1) = x(Mx & — @y )T (n/m))a(x, (n)€). Because of (B.16) and
(B.1) we can estimate

sup DS cu(x, &y, )| < Ch7M f(x, @y (x)) ) = Ch™1 f o T (y (x), ).
Y

Thus, transforming the expansion (B.22) back to an expansion in & we get

k—n

1/ h v

Y i /) (ox ().m)

hw = E<l m D DE> MM, &, 3, 1))y=0,6=0y )™ (/)
v=0

< CREImHIER =R f o T (y (), ).

As the stationary points for I, are not contained in the support of the integrand, we get by
the non-stationary phase theorem

I3 N
|2 (h)] < C(@) foT(y),n

for all N € N. Thus we finally get

k—n v

1/ h .

ay(y(x), n) -y ;<t(—n)Dy, Ds> MNPr My (x, &, 3, 1) y=0.£=(oy ()T (ny )
v=0

< CREI=204m/2 ) =®4M2 £ 4 T (3 (x), ). (B.23)

If we show that the elements of the series are in h"(1=20/2S,, ((n)"/2 A, o T (y (x), 1)) then
this equation is of the form (B.20). The terms of order v in the series are of the form

. v
(%) 3% M1 (32 a) (x, (Y () M) ()=
where o« € N with |o¢|=v. The second factor (aga)(x, @y NIy @)Y is in
S, (Ap o T(y(x), n)) as we demanded the condition (B.16) on our symbol a. Thus,
it remains to show that the other factor is of order (%/(n))"/?> on the support of a.
This is the case because p,(y) vanishes at second order in y = 0. Each derivative of
/M (px(y).n) produces a factor (i/h)(dy, px(0), n). But as 9y, 0,(0) vanishes we need a
second derivative, now acting on dy, ox(y), in order to get a contribution. Thus, in the
worst case 8ge(i/h)<px(y)’"> is of order (%/(n))~"/2. Thus, we have shown that (B.23) is of
the form (B.20).

The last thing that we have to show is, thus, that a, fulfills (B.19). If we consider the
definition (B.21) of a, we see that 8;‘8551), (y(x), n) can be written as a sum of terms
of the form (P (n)/RK)e= (/WY Qpy (b)e /MY where b € S, (Ar(£)7) and P(n) is
a polynomial in 7. The constants j, k and the degree of P(n) depend on « and . Thus
writing these terms as oscillating integrals and applying the same arguments as above one
gets (B.19).

We have thus shown that all the conditions for Proposition B.12 are fulfilled and can
conclude that a,, belongs to S, (A) and that (B.23) is also an asymptotic expansion with
respect to the order function Ap. O
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C. Appendix. Adapted Weyl type estimates
LEMMA C.1. Let aj € Su((x)_z(é)_z) with 0 < pu < % be a real compactly supported

symbol as Definition B.4. For all h > 0, A= Opy, (ap) is self-adjoint and trace class on
Lz(R) and, for any € > 0, as h — 0,

Qri3{Al € o (A) | |A| = €} < CiLeb{(x, §); lan(x, £)| > 0} + Cah, (C.1)
where C| and C; are independent of h.

Proof. As ay, is compactly supported A is trace class for every h (see [57, Theorem C.17]).
Consequently, (1/€2)A? is also trace class and its trace is given by Lidskii’s theorem by
Tr((1/€2)A%) = Zi(k?/e)z. As A is self-adjoint all )»lﬁ are real and one clearly has

n 1 .
20l co(A) 1IN =€) < Tr<—2A2>,
€

If we denote by by (x, &) the complete symbol of A2 we can calculate the trace by the
following exact formula:

. 1
Tr(Az)zﬁ/bh(x,é)dx dg.

For any p < % let N, € N be such that N, (1 —2ux) > 1. Then using the asymptotic
expansion (B.13) for composition of PDOs up to order N, bp can be written as
bp = by + ibyY, where suppb'’ = suppay, and by € S, ((x)~*(£)~*). Note that this
decomposition depends on p via the choice of the order N,. Thus

(f bV (x, £) dx ds+hfb§>(x,g)dx dg)

1
< =—(C1Leb(supp(ap)) + C2h).
2h

Ly (A?)
T —
€? 27 he?

The estimate of the first term is obtained because bg) € SM((x)_4(§)_4) implies that

bg) is bounded uniformly in /. Furthermore, as stated above, bg) is compactly supported
in supp(ap). The estimate of the second term follows from the integrable upper bound
|b;12) |<C (x)_4(§ )74, Finally, note that the € dependence can be absorbed in the constants
Cy and C,. O
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