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Abstract: We consider the spectrum of the Fibonacci Hamiltonian for small values of
the coupling constant. It is known that this set is a Cantor set of zero Lebesgue measure.
Here we study the limit, as the value of the coupling constant approaches zero, of its
thickness and its Hausdorff dimension. We prove that the thickness tends to infinity
and, consequently, the Hausdorff dimension of the spectrum tends to one. We also show
that at small coupling, all gaps allowed by the gap labeling theorem are open and the
length of every gap tends to zero linearly. Moreover, for a sufficiently small coupling,
the sum of the spectrum with itself is an interval. This last result provides a rigorous
explanation of a phenomenon for the Fibonacci square lattice discovered numerically
by Even-Dar Mandel and Lifshitz. Finally, we provide explicit upper and lower bounds
for the solutions to the difference equation and use them to study the spectral measures
and the transport exponents.
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1. Introduction

1.1. Background and motivation. It is always exciting to obtain a new connection
between two different areas of mathematics. Here we prove several new results concern-
ing the spectral properties of the discrete Schrodinger operator with Fibonacci potential,
the so-called Fibonacci Hamiltonian, using methods from the modern theory of dynam-
ical systems (uniformly hyperbolic and normally hyperbolic dynamics).

The Fibonacci Hamiltonian is a central model in the study of electronic properties of
one—zdimensional quasicrystals. Itis given by the following bounded self-adjoint operator
in £-(Z):

(Hyo¥l(n) =Y+ 1)+ — 1)+ Vxi-a1 e +eo mod D (n),

where V > 0,0 = ‘/gfl,andw e T =R/Z.

This operator family has been studied in many papers since the early 1980’s and
numerous fundamental results are known. Let us recall some of them and refer the
reader to the survey articles [D00,D07a,S95] for additional information.

The spectrum is easily seen to be independent of @ and may therefore be denoted
by Xy. Thatis, o (Hy ) = Xy for every w € T. Indeed, this follows quickly from the
minimality of the irrational rotation by « and strong operator convergence. It was shown
by Siit6 that £y has zero Lebesgue measure for every V > 0; see [S89]. Moreover,
it is compact (since it is the spectrum of a bounded operator) and perfect (because the
irrational rotation by « is ergodic). Thus, Xy is a zero-measure Cantor set. This result
was recently strengthened by Cantat [Can] who showed that the Hausdorff dimension
of Xy lies strictly between zero and one.
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Naturally, one is interested in fractal properties of Xy, such as its dimension, thick-
ness, and denseness. While such a study is well-motivated from a purely mathemat-
ical perspective, we want to point out that there is significant additional interest in
these quantities. In particular, it has recently been realized that the fractal dimension
of the spectrum is intimately related with the long-time asymptotics of the solution
to the associated time-dependent Schrodinger equation, that is, id,¢p = Hy ,¢; see
[DEGT].

Fractal properties of ¥y are by now well understood for large values of V. Work
of Casdagli [Cas] and Siit6 [S87] shows that for V > 16, Xy is a dynamically defined
Cantor set. It follows from this result that the Hausdorff dimension and the upper and
lower box counting dimension of Xy all coincide; let us denote this common value by
dim Xy . Using this result, Damanik, Embree, Gorodetski, and Tcheremchantsev have
shown upper and lower bounds for the dimension; see [DEGT]. A particular consequence
of these bounds is the identification of the asymptotic behavior of the dimension as V
tends to infinity:

lim dim Xy -logV = log(l + V2).

V—oo
The paper [DEGT] also discusses some of the implications for the dynamics of the
Schrodinger equation; let us mention [DT07,DT08] for further recent advances in this
direction for the strongly coupled Fibonacci Hamiltonian.

By contrast, hardly anything about Xy (beyond it having Hausdorff dimension strictly
between zero and one) is known for small values of V. The largeness of V enters the
proofs of the existing results in critical ways. Consequently, these proofs indeed break
down once the largeness assumption is dropped. The purpose of this paper is to fill out
this gap by completely different methods.

We would like to emphasize that quantitative properties of regular Cantor sets such as
thickness and denseness are widely used in dynamical systems (see [N79,N70,PT,Me])
and they have found an application in number theory (see [As00,As01,As02,Cus,Ha,
HI]), but to the best of our knowledge, these kinds of techniques have never been used
before in the context of mathematical physics.

1.2. Statement of the main results. In this subsection we describe our results for small
coupling V. Clearly, as V approaches zero, Hy ,, approaches the free Schrodinger oper-
ator

[Hoyl(n) =y (n+ D +y(n—1),

which is a well-studied object whose spectral properties are completely understood. In
particular, the spectrum of Hy is given by the interval [—2, 2]. It is natural to ask which
spectral features of Hy ,, approach those of Hy. It follows from Siit6’s 1989 result [S89]
that the Lebesgue measure of the spectrum does not extend continuously to the case
V = 0. Given this situation, one would at least hope that the dimension of the spectrum
is continuous at V = 0.

It was shown by us in [DG09a] (and independently by Cantat [Can]) that Xy is a
dynamically defined Cantor set for V > 0 sufficiently small (i.e., the small coupling
counterpart to Casdagli’s result at large coupling). A consequence of this is the equality
of Hausdorff dimension and upper and lower box counting dimensions of Xy in this
coupling constant regime. Our first result shows that the dimension of the spectrum
indeed extends continuously to V = 0.
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Theorem 1.1. We have

lim dim Xy = 1.
V—0

More precisely, there are constants C1, Cy > 0 such that
1-C1V <dimXy <1-CV
for V. > 0 sufficiently small.

We get Theorem 1.1 as a consequence of a connection between the Hausdorff dimen-
sion of a Cantor set and its denseness and thickness, along with estimates for the latter
quantities. Since these notions and connections may be less familiar to at least a part
of our intended audience, let us recall the definitions and some of the main results; an
excellent general reference in this context is [PT].

Let C C R bea Cantor set and denote by / its convex hull. Any connected component
of I\C is called a gap of C. A presentation of C is given by an ordering U = {U,},>1
of the gaps of C. If u € C is a boundary point of a gap U of C, we denote by K the
connected component of 7\(U; U U, U ... U Uy,) (with n chosen so that U, = U) that
contains u and write

K|

r(C,U, l/l) = m

With this notation, the thickness t(C) and the denseness 0(C) of C are given by

7(C) = supinf 7(C, U, u), 0(C) =infsupt(C,U, u),
u U U u

and they are related to the Hausdorff dimension of C by the following inequalities
(cf. [PT, Sect. 4.2)),

log2 . log?2
——— =dimyC < ————.
10g(2 + m)

log2+ &)

Due to these inequalities, Theorem 1.1 is a consequence of the following result:
Theorem 1.2. We have

‘}111)10 T(Zy) = 0.

More precisely, there are constants C3, C4 > 0 such that
GV = 2(Zy) 0(By) = GV
for V. > 0 sufficiently small.

Bovier and Ghez described in their 1995 paper [BG] the then-state of the art concern-
ing mathematically rigorous results for Schrodinger operators in £2(Z) with potentials
generated by primitive substitutions. The Fibonacci Hamiltonian belongs to this class;
more precisely, it is in many ways the most important example within this class of mod-
els. One of the most spectacular discoveries is that, in this class of models, the spectrum
jumps from being an interval for coupling V = 0 to being a zero-measure Cantor set
for coupling V > 0. That is, as the potential is turned on, a dense set of gaps opens
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Fig. 1. Theset {(E,V): E € Xy, 0 <V <2}

immediately (and the complement of these gaps has zero Lebesgue measure). It is natu-
ral to ask about the size of these gaps, which can in fact be parametrized by a canonical
countable set of gap labels; see [BBG92]. These gap openings were studied in [B] for a
Thue-Morse potential and in [BBG91] for period doubling potential. However, for the
important Fibonacci case, the problem remained open. In fact, Bovier and Ghez write
on p. 2321 of [BG]: It is a quite perplexing feature that even in the simplest case of all,
the golden Fibonacci sequence, the opening of the gaps at small coupling is not known!"

Our next result resolves this issue completely and shows that, in the Fibonacci case,
all gaps open linearly:

Theorem 1.3. For V > 0 sufficiently small, the boundary points of a gap in the spectrum
Yy depend smoothly on the coupling constant V. Moreover, given any one-parameter
continuous family {Uy }v~o of gaps of Ly, we have that

Uy|
im —
v—0 |V|
exists and belongs to (0, 00).

Figure 1 shows a plot of the spectrum for small coupling:

The plot illustrates the results contained in Theorems 1.1-1.3. It also suggests that
the limit limy_, ¢ % depends on the chosen family of gaps. We have more to say about
the value of the limit in Theorem 1.6 below. It will turn out that its size is related to the
label assigned to it by the gap labeling theorem.

Our next result concerns the sum set
Yy+Xy ={E|+Ey: E{,Ey € Zy}.

This set is equal to the spectrum of the so-called square Fibonacci Hamiltonian. Here,
one considers the Schrodinger operator

[HPW10m,n) = 9 Om+ 1)+ (m — L) + Y (m,n+ 1) + 9 (mn = 1)
+V (X[1-a,1)(ma mod 1) + x[1—a,1)(ne mod 1)) ¥ (m, n)

1 There is a perturbative approach to this problem for a class of models that includes the Fibonacci Ham-
iltonian by Sire and Mosseri; see [SM89] and [OK,Si89,SM90,SMS] for related work. While their work
is non-rigorous, it gives quite convincing arguments in favor of linear gap opening; see especially [SM8&9,
Sect. 5]. It would be interesting to make their approach mathematically rigorous.
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in ¢2(Z?). The theory of tensor products of Hilbert spaces and operators then implies

that o (H \(,2)) = Xy + Xy, see Sect. 6. This operator and its spectrum have been studied
numerically and heuristically by Even-Dar Mandel and Lifshitz in a series of papers
[EL06,EL07,ELO08] (a similar model was studied by Sire in [Si89]). Their study sug-
gested that at small coupling, the spectrum of Xy + Xy is not a Cantor set; quite on the
contrary, it has no gaps at all.

Our next theorem confirms this observation:

Theorem 1.4. For V > 0 sufficiently small, we have that O’(H‘(/Z)) =Xy + Xy isan
interval.

Certainly, the same statement holds for the cubic Fibonacci Hamiltonian (i.e., the
analogously defined Schrédinger operator in £2(Z3) with spectrum Sy + Xy + Zy).

Notice that Theorem 1.4 is a consequence of Theorem 1.2 and the famous Gap
Lemma, which was used by Newhouse to construct persistent tangencies and generic
diffeomorphisms with an infinite number of attractors (the so-called “Newhouse phe-
nomenon”), see Subsect. 6.2 for details:

Gap Lemma (Newhouse [N79,N70]). If C{, C>» C R! are Cantor sets such that
(C1) - t(C2) > 1,
then either one of these sets is contained entirely in a gap* of the other set, or C{NCy # V.

Let us turn to the formulation of results involving the integrated density of states,
which is a quantity of fundamental importance associated with an ergodic family of
Schrodinger operators. We first recall the definition of the integrated density of states.
Denote the restriction of Hy ,, to some finite interval A C Z with Dirichlet boundary
conditions by H;, A . We denote by N(E, w, V, A) the number of eigenvalues of Hy; A
that are less than or equal E. The integrated density of states is given by

N(E,V)= lim lN(E, w,V,[1,n]). (1)
n—oon

We will comment on the existence of the limit and some of its basic properties in Sect. 4.
One of the most important applications of the integrated density of states is the so-called
gap labeling. That is, one can identify a canonical set of gap labels, that is only associ-
ated with the underlying dynamics (in this case, an irrational rotation of the circle or the
shift-transformation on a substitution-generated subshift over two symbols), in such a
way that the value of N(E, V) for E € R\ Xy must belong to this canonical set. In the
Fibonacci case, this set is well-known (see, e.g., [BBG92, Eq. (6.7)]) and the general
gap labeling theorem specializes to the following statement:

[N(E,V): E e R\Zy} C {{ma}:m e Z} U {1} )

for every V # 0. Here {ma} denotes the fractional part of me, that is, {ma} = ma —
Lmea . Notice that the set of gap labels is indeed V -independent and only depends on the
value of o from the underlying circle rotation. Since « is irrational, the set of gap labels
is dense. In general, a dense set of gap labels is indicative of a Cantor spectrum and hence

2 For the purpose of this lemma, we also consider the two unbounded gaps in addition to the bounded gaps
considered above, that is, the connected components of the complement of the convex hull of the Cantor set
in question.
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a common (and attractive) stronger version of proving Cantor spectrum is to show that
the operator “has all its gaps open.” For example, the Ten Martini Problem for the almost
Mathieu operator is to show Cantor spectrum, while the Dry Ten Martini Problem is to
show that all labels correspond to gaps in the spectrum. The former problem has been
completely solved [AJ], while the latter has not yet been completely settled. Indeed, it
is in general a hard problem to show that all labels given by the gap labeling theorem
correspond to gaps and there are only few results of this kind. Here we show the stronger
(or “dry”) form of Cantor spectrum for the weakly coupled Fibonacci Hamiltonian and
establish complete gap labeling:

Theorem 1.5. There is Vo > 0 such that for every V € (0, Vo], all gaps allowed by the
gap labeling theorem are open. That is,

[N(E,V): E e R\Sy} = {{ma} : m € Z} U{1}. 3)

Complete gap labeling for the strongly coupled Fibonacci Hamiltonian was shown
by Raymond in [Ra], where he proves (3) for V > 4. We conjecture that (3) holds for
every V > 0.

Let us return to the existence of the limit in Theorem 1.3. As was pointed out there,
the value of the limit will depend on the family of gaps chosen. Now that the gap labeling
has been introduced, we can refine the statement. For m € Z\{0}, denote by U,, (V) the
gap of Xy where the integrated density of states takes the value {mao}.

Theorem 1.6. There is a finite constant C* such that for every m € Z\{0}, we have

. NUn ] Cin
lim —— = —
v—>0 |V| |m|

for a suitable C,, € (0, C*).

Our final set of results concerns the spectral measures and transport exponents asso-
ciated with the operator family. We will give precise definitions and statements of our
results in Sect. 5 and limit ourselves to a brief description here. The ultimate goal of
any analysis of a given Schrodinger operator is always an understanding of the associ-
ated unitary group, which then allows one to understand the dynamics of the associated
time-dependent Schrodinger equation. The standard transport exponents capture the
spreading of the quantum state in space. Most approaches to a study of these transport
exponents proceed via (time-independent) spectral theory and link continuity properties
of the spectral measure, associated to the initial state of the time evolution via the spec-
tral theorem, to lower bounds for the transport exponents. In one space dimension, these
continuity properties can in turn be investigated via an analysis of the solutions of the
time-independent Schrodinger equation. Our goal is to carry this out for the weakly cou-
pled Fibonacci Hamiltonian. Indeed, results of this kind are known, but the dependence
of the quantities entering the estimates on the coupling constant had not been optimized.
We revisit these approaches here and improve them to yield the best possible quanti-
tative estimates at small coupling that can be obtained with current technology. Our
results in Sect. 5 are likely not optimal and in particular do not approach the (known)
zero-coupling values. We regard it as an interesting open problem to either prove or
disprove that the dimension estimates for the spectral measures and the lower bounds
for the transport exponents approach the values in the free (zero coupling) case as the
coupling approaches zero.

Some of the results of this paper were announced in [DGO9b].
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1.3. Overview of the paper. Let us outline the remaining parts of this paper. In Sect. 2
we give some necessary background information and recall how the trace map arises in
the context of the Fibonacci Hamiltonian and some of its basic properties. Moreover,
since our aim is an understanding of weak coupling phenomena, we discuss the case
of zero coupling. Section 3 is the heart of the paper. Here we regard the weak coupling
scenario as a perturbation of zero coupling and study the dynamics of the trace map and
consequences thereof for the structure of the spectrum as a set. Section 4 considers the
integrated density of states and proves complete gap labeling at weak coupling and our
quantitative version of the linear gap opening result. Spectral measures and transport
exponents are studied by means of solution estimates in Sect. 5. Higher-dimensional
models generated by a product construction are discussed in Sect. 6, where we con-
firm some predictions of Even-Dar Mandel and Lifshitz. Since their model is based on
the off-diagonal Fibonacci Hamiltonian and the main body of this paper (and most of
the other mathematical works on the Fibonacci Hamiltonian) considers the diagonal
Fibonacci Hamiltonian, we develop all the basic results for the off-diagonal model in
Appendix A and explain there how our work indeed confirms the predictions for the
original Even-Dar Mandel-Lifshitz product model.

To assist the reader in locating the proofs of the theorems from the previous sub-
section, here is where they may be found: We prove Theorem 1.2 (which implies The-
orem 1.1) in Subsect. 3.4, Theorem 1.3 in Subsect. 3.1, Theorem 1.4 in Subsect. 6.3,
Theorem 1.5 in Subsect. 4.2, and finally Theorem 1.6 in Subsect. 4.3.

2. Preliminaries

2.1. Description of the trace map and previous results. The main tool that we are using
here is the so-called trace map. It was originally introduced in [Ka, KKT]; further use-
ful references include [BGJ,BR,HM,Ro]. Let us quickly recall how it arises from the
substitution invariance of the Fibonacci potential; see [S87] for detailed proofs of some
of the statements below.

The one step transfer matrices associated with the difference equation Hy ,u = Eu
are given by

TV,a)(WZ, E) = (E a VX[I—a,l)(lma +o mod 1) _1) .

0

Denote the Fibonacci numbers by {Fy}, thatis, Fo = F| = | and Fyy; = Fy + Fy— for
k > 1. Then, one can show that the matrices

M_I(E):((l) _1V)’ MO(E)z(f _01)

Mi(E) = Ty o(Fi, E) x --- x Ty o(1, E) fork >1

and

obey the recursive relations
My (E) = My—1 (E)My(E)

for k > 0. Passing to the variables

1
xi(E) = ETI‘Mk(E),
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Fig. 2. The surface Sp o1

this in turn implies
X1 (E) = 2x (E)xg—1 (E) — xp—2(E).

These recursion relations exhibit a conserved quantity; namely, we have

V2
Xps1 (E)? + X1 (E)? + xp—1 (E)? — 2x341 (E)xx (E)x3—1 (E) — 1 = T

for every k > 0.
Given these observations, it is then convenient to introduce the frace map

T:R =R’ T(x,y,2) = Qxy—z,x,).
The following function?
Gx,y,2) =x>+y*+z2> —2xyz — 1

is invariant under the action of T, and hence T preserves the family of cubic surfaces*

V2
SV=I(x,y,Z)€R32x2+y2+z2—2xyz=1+T],

Plots of the surfaces Sg o1 and Sp 5 are given in Figs. 2 and 3, respectively.

3 The function G (x, v, z) is called the Fricke character, or sometimes the Fricke-Vogt invariant.
4 The surface So is called the Cayley cubic.
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Fig. 3. The surface S 5

It is of course natural to consider the restriction Ty of the trace map 7 to the invariant
surface Sy. Thatis, Ty : Sy — Sy, Ty = Tls, . Denote by Qy the set of points in Sy
whose full orbits under Ty are bounded. A priori the set of bounded orbits of Ty could
be different from the non-wandering set® of Ty, but our construction of the Markov par-
tition and our analysis of the behavior of 7y near singularities show that here these two
sets do coincide. Notice that this is parallel to the construction of the symbolic coding
in [Cas].

Let us recall that an invariant closed set A of a diffeomorphism f : M — M is
hyperbolic if there exists a splitting of the tangent space 7xM = E¥ @ E¥ at every point
x € A such that this splitting is invariant under Df, the differential Df exponentially
contracts vectors from the stable subspaces {E}}, and the differential of the inverse,
Df !, exponentially contracts vectors from the unstable subspaces {E “}. A hyperbolic
set A of adiffeomorphism f : M — M is locally maximal if there exists a neighborhood
U of A such that

A= ﬂ FHU).

nez

We want to recall the following central result.

Theorem 2.1 ([Cas,DG09a,Can]). For V # 0, the set Qv is a locally maximal hyper-
bolic set of Ty : Sy — Sy. It is homeomorphic to a Cantor set.

SA point p € M of adiffeomorphism f : M — M is wandering if there exists a neighborhood O (p) C M
such that f k(oyn o = v for any k € Z\0. The non-wandering set of f is the set of points that are not
wandering.
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Denote by £y the line

E-V E
ty=1{—=—.=.1): EcR}.
=)

It is easy to check that £y C Sy.
The second central result about the trace map we wish to recall was proven by Siitd
in [S87].

Theorem 2.2 (Siit 1987). An energy E belongs to the spectrum of Hy ., if and only

if the positive semiorbit of the point (%, %, 1) under iterates of the trace map T is
bounded.

In fact, as also shown by Siitd in [S87], the trace map can be used to generate canonical
approximations of the spectrum, Xy . Namely, consider the following sets:

Ty =1{E € R: for (v, yu, za) = T"(E3Y, 5, 1), we have min{|x, |, [yal} < 1).

Then, we have Eg') - 28'“) — Ty, that is,

v =)=V

nels

Figure 4 shows a plot of the sets {(E, V) : E € E("), 0<V< %} for values of n
up to 20.° These plots illustrate nicely both the linear gap opening and the fact that the
size of a gap depends on its label; compare Theorems 1.3 and 1.6. To further document
linear gap opening through numerics, Fig. 5 zooms into a portion of Fig. 4 near a point
(E, 0) for an energy E where a gap opens; we have chosen E ~ 0.7248.

2.2. Properties of the trace map for V.= 0. We will regard the case of small V as a
small perturbation of the case V = 0. This subsection is devoted to the study of this
“unperturbed case.”

Denote by S the part of the surface Sy inside the cube {|x| < 1,|y| < 1,]|z] < 1}.
The surface S is homeomorphic to S 2 invariant, smooth everywhere except at the four
points P = (1,1,1), P, = (—1,—-1,1), 3 = (1, —1,—1), and P4y = (—1,1, —1),
where S has conic singularities, and the trace map T restricted to S is a factor of the
hyperbolic automorphism of T? = R?/Z? given by

A@, ¢) = (0 +¢,0) (mod 1).
The semiconjugacy is given by the map

F: (0, ¢)— (cos2m (6 +¢),cos2mh, cos2m¢).

The map A is hyperbolic, and is given by the matrix A = ( } (1) ) , which has eigenvalues

L 1=+5

and —u 5

u

_1+«/§
)

6 This is also how the plot in Fig. 1 was obtained. In fact, what is shown there is the set {(E, V) : E €
=3 0<v <)
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o

Fig. 4. The sets {(E, V) : E € £, 0 <V < 3} through n = 20

Let us denote by v*, v* € R? the unstable and stable eigenvectors of A:

AV = v, AV = —pTIYS IV = v = 1.

Fix some small ¢ > 0 and define the stable (resp., unstable) cone fields on R? in the
following way:

K[S) ={ve TPR2 cv = v'vH SV, 08| > e ),

KY={veT,R:v=0"v"+0'v', | > ¢ ']},
These cone fields are invariant:
u u
Vve Kp Av € KA(p),

s —1 K
Vvek, A veKA,l(p).
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x 107

0 0
0724 0725 0726 0727 0728 0729 o073 0724 0725 0726 0727 0728 0729 073

x10°

0 0
0724 0725 0726 0727 0728 0729 073 0724 0725 0726 0727 0728 0729 073
Fig. 5. The sets {(E, V) : E € Eg')} near (0.7248, 0) for n = 15, 20, 25, 30

Also, the iterates of the map A expand vectors from the unstable cones, and the iterates
of the map A~! expand vectors from the stable cones:

1

1+¢2
1

Wyl
VI1I+¢2

The families of cones {K*} and {K*} invariant under A can be also considered on T2.

The differential of the semiconjugacy F sends these cone families to stable and
unstable cone families on S\{Py, P2, P3, P4}. Let us denote these images by {/C°} and
{IC"}.

VVGKZ VneN |A"V| > W],

Vveks VneN [AT"|>

Lemma 2.3 (Lemma 3.1 from [DGO09a]). The differential of the semiconjugacy DF
induces a map of the unit bundle of T? to the unit bundle of S\{ Py, P>, P3, P4}. The



234 D. Damanik, A. Gorodetski

(0,1) (1,1)
1 1
5
3 6 4
5
2 2
5
4 6 3
5
1 1
(0,0) (1,0)

Fig. 6. The Markov partition for the map A

derivatives of the restrictions of this map to fibers are uniformly bounded. In particular
the sizes of the cones in the families {K*} and {K"} are uniformly bounded away from
zero.

Finally, consider the Markov partition for the map A : T2 — T? that is shown in
Fig. 6 (and which had already appeared in [Cas]; for more details on Markov parti-
tions for two-dimensional hyperbolic maps see [PT, App. 2]). Its image under the map
F : T? — Sis a Markov partition for the pseudo-Anosov map 7 : S — S.

3. The Spectrum as a Set

It is not hard to see that the line £y is transversal to the stable manifolds of the hyperbolic
set Qy for small values of V (see, e.g., [DG09a, Lemma 5.5]). Therefore the intersec-
tion of £y and W*(Q2y) (and, hence, Xy) is a dynamically defined Cantor set (see,
for example, [T]). In this section we study the properties of this one-parameter family
of Cantor sets. Namely, in Subsect. 3.1 we prove that the size of a given gap in the
Cantor set tends to zero linearly as the coupling constant (the parameter) tends to zero.
In Subsect. 3.2 we use normally hyperbolic theory to introduce a normalizing coordinate
system in a neighborhood of a singularity. Then in Subsect. 3.3 the order of the gaps that
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Fig. 7. So.1 and Perp(T) near (1,1, 1)

is related to the dynamics is chosen. Roughly speaking, the longer it takes for a gap to
leave the union of the elements of the Markov partition, the higher is the order of the gap.
Next, in Subsect. 3.5 this normalizing coordinate system is used to study the distortion
properties of the transitions through a neighborhood of a singularity. Finally, in the last
three subsections we bring all the pieces together and prove the distortion property that
immediately implies Theorem 1.2.

3.1. Linear gap opening as the potential is turned on. Here we prove Theorem 1.3.

Consider the dynamics of T in a neighborhood of P; = (1, 1, 1). Due to the symme-
tries of the trace map this will also provide information on the dynamics near the other
singularities. Take ro > 0 small and let O,,(P1) be an ro-neighborhood of the point
Py = (1,1, 1) in R3. Let us consider the set Perp(T) of periodic points of T of period
2; compare Figs. 7 and 8.

Lemma 3.1. We have

1 1 X
Pery(T) = : —00, =) U (z,00), y = ,Z=x1}.
ery(T) [(x,y,z) x € (—o0 2) (2 o0), y 1 z x]

Proof. Direct calculation. O

Notice that in a neighborhood U of Py, the intersection I = Per>(T)NUj is smooth
curve thatis normally hyperbolic with respectto T (see, e.g., App. 1 in [PT] for the formal
definition of normal hyperbolicity). Therefore, the local center-stable manifold W (1)
and the local center-unstable manifold W (1) defined by

Wi (I) = {p € Or(P1) : T"(p) € Oy, (Py) forall n € N},

loc

Wik (l) = {p € Oy (P)) : T"(p) € Oyy(Py) foralln € N}

loc
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Fig. 8. So2 and Perp(T) near (1,1, 1)

are smooth two-dimensional surfaces. Also, the local strong stable manifold WZS(fC(Pl)
and the local strong unstable manifold Wi/ (Py) of the fixed point Py, defined by

Win(P1) = {p € Wi.(I) : T"(p) — Py as n — oo},

loc loc
W (P = {pe W) : T™"(p) > Piasn — oo},

are smooth curves.

The Markov partition for the pseudo-Anosov map 7 : S — S can be extended to
a Markov partition for the map 7y : Sy — Sy for small values of V. Namely, there
are four singular points P = (1,1,1), P, = (—1,—-1,1), 3 = (1,—1,—1), and
Py = (—1,1,—1) of S. The point P; is a fixed point of 7, and the points P>, P3, Ps
form a periodic orbit of period 3. For small V, on the surface Sy near P; there is a
hyperbolic orbit of the map Ty = T'|s,, of period 2, and near the orbit { P,, P3, P4} there
is a hyperbolic periodic orbit of period 6. Pieces of stable and unstable manifolds of these
8 periodic points form a Markov partition for Ty : Sy — Sy. For V # 0, the elements
of this Markov partition are disjoint. Let us denote these six rectangles (the elements of
the Markov partition) by RL, R%,, el R?,. Let us also denote Ry = U,'621R§/-

It is convenient now to consider TS : Sy — Sy since for T8, each of the eight
periodic points that were born from singularities becomes a fixed point. Due to the sym-
metries of the trace map, the dynamics of 7'° is the same in a neighborhood of each of
the singularities Py, P, P3, and Py.

The set of fixed points of T° in a neighborhood U; of Pj is a smooth curve
Fix(T°, Oy, (P1)) = Peray(T) N Oy (P1); see Lemma 3.1 above. Each of the fixed
points has one of the eigenvalues equal to 1, one greater than 1, and one smaller than 1
in absolute value. Therefore the curve Fix(T°, Oy, (Py)) is a normally hyperbolic mani-
fold, and its stable set W* (Fix(T°, O,,(Py))) is a smooth two dimensional surface; see
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[HPS]. The strong stable manifolds form a Cl-foliation of W* (Fix(T®, O,,(P1))); see
[PSW, Theorem B].
If py and qy are two fixed points of T\é in Oy, (P1), then these points form the

intersection of the curve Fix(T°, Oy, (Py)) with Sy and can be found from the system
Y= 3T
=X

2
x24y? 4 —2xyz =1+

If we parameterize Fix(7°, Op(P))as{x=t+1l,z=t+1,y = %}, we get

PP | PR IC P YA L Y
2t + 1 2041 4’
or
At 100 +9% + 40+l V2
(2t +1)2 - 4

Since for the function f (1) = % wehave £(0)=1, f/(0)=0, £”(0) > 0,

the distance between the points py and qy is of order | V| for small values of V.

Lemma 3.2. Let W C R? be a smooth surface with a C'-foliation on it. Let ¢ C W be a
smooth curve transversal to the foliation. Fix a leaf L C W of the foliation, and denote
P = LNE&. Take a point Q # P, Q € L, and a line £y C R3, Q € Lo, tangent to W
at Q, but not tangent to the leaf L. Suppose that a family of lines {Lv}ve(o,v,) is given
such that £y — Lo asV — 0, each line Ly, V > 0, intersects W at two points py and
qv,and py — Q,qy — QasV — 0.

Denote by L, and Ly, the leaves of the foliation that contain py and qy, respec-
tively. Denote py = Ly, N& and qv = Ly, N&. Then there exists a finite non-zero
limit

dist(pv, qv)
im ——.
V-0 dist(pv, qv)

Proof. Since £ is not tangent to the leaf L, there exists a curve ECW tangent to £,
transversal to the foliation, and such that Q € &.
Setp = L,, N&, q = Ly, N&. Since the foliation is C ! there exists a finite non-zero
limit
dist(pv, qv)

im ———— ()
V—0 dlSt(pv, qv)

Let us consider a plane IT tangent to W at O, and let # : W — II be an orthogonal
projection (well defined and smooth in a neighborhood of Q). It is clear that

dist(w (py), 7(qy)) _

—— 1. 6
V—0 dist(pv, qv) ©
Also, since £y — £g as V — 0, we have
dist ,
m &8 (@(pv), 7(qv)) _ L )

v—0  dist(py, qv)
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Finally, since 7 sends the C!-foliation of W to a C!-foliation on IT, the projection along
this foliation from 7 (£y) to £ is C'-close to isometry. In particular,

dist(7(pv), n(qv)) _ |

im — L v (8
v—0 dist(zw (py), 7(qy))

The statement of Lemma 3.2 follows now from (5)—(8). O

Proof of Theorem 1.3. Pick any bounded gap in the spectrum and the corresponding
gap O in £y \W?(Qy). The boundary points py and gy of O belong to stable mani-
folds of two fixed points near one of the singularities P;, P>, P3, or P4. Without loss
of generality assume that those fixed points are py and qy in a neighborhood of P;.
The surface W = W* (Fix(T°, O,,(P1)))is C L_foliated by strong stable manifolds of
fixed points from Fix(T6, Oy, (P1)), and the curve § = Fix(Tﬁ, O,,(Py)) is transversal
to this foliation. Therefore Lemma 3.2 implies that there exists a finite non-zero limit

limy 0 %, and, since dist(py, qy) is of order |V| for small values of V, this

implies Theorem 1.3. O

3.2. Choice of a coordinate system in a neighborhood of a singular point. Due to the
smoothness of the invariant manifolds of the curve of periodic points of period two
described in Sect. 3.1, there exists a smooth change of coordinates ® : O,,(P;) — R3
such that ®(P;) = (0, 0, 0) and

e &(J])is apart of the line {x = 0, z = 0};

o O (W (1)) is a part of the plane {z = 0};

o O(W (1)) is a part of the plane {x = 0};

o &(W;> (Pr)) is a part of the line {y = 0, z = 0};
[ )

O (Wi (Py)) is a part of the line {x =0, y = 0}.

Denote f = ®oT o d~ 1.
In this case,

Ao o
A=Df0,0,00=D(@®oTo® H0,0,00={0 -1 0],
0 0 2

where A is the largest eigenvalue of the differential DT (Py) : Tp, R3 — Tp, R3,

1 )\_3+«/§_ 5

DT (Py) = 2 K

S =N

2
0
1

oo |

Let us denote Gy = ®(Sy). Then, away from (0, 0, 0), the family {Sy} is a smooth
family of surfaces, &y is diffeomorphic to a cone, contains the lines {y = 0, z = 0} and
{x = 0,y = 0}, and at each non-zero point on these lines, it has a quadratic tangency
with a horizontal or vertical plane.

Due to the symmetries of the trace map, similar changes of coordinates exist in a
neighborhood of each of the other singularities. Denote O,, = O,,(P1) U O,,(P>) U
O (P3) U Oy (Py).
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Fix a small constant C > 0 and introduce the following cone fields in R>:

Ki = (ve TR, v=vy+v.:|v:| > C/lzpllvayl}. )
Ki = {(ve TR, v=vi+vy 1 |v:| > C vy I}, (10)
K = {veT,R, v=v,+vy:[vi| > C/lx,[lvy:}. (11)
KS = {ve )R, v=v.+ve:[ve| > C'lvyc}. (12)

Lemma 3.3. There are r1 € (0, rg) and mg € N such that the following holds.

1. T™ (o) N O,, is a union 0]: two connected curves y1 and y», and ®(y;),i = 1,2,
is tangent to the cone field K“;
2. F~N(T™0 Ly N'S)) is tangent to the cone field K* (defined by (4)).

Definition 3.4. We will call the rectangle R (the element of the Markov partition) the
opposite to singularities Py and P3, and we will call the rectangle R’ the opposite to
singularities P> and Py

Notice that 70 (£y N S) consists of a curve that connects P; with a stable boundary
of Rg, a finite number of curves &; that connect two stable sides of an element of the
Markov partition and such that F~1 (&) is tangent to the cone field K*, and a curve that
connects some other singularity with a stable boundary of its opposite rectangle.

Now let us take rp € (0, r1) so small that U§:73 T'(0y,) C Oy,.

For small V, denote by SV,OQ the bounded component of Sy\O,,. The family
{Sv, O, }vepo,vy) of surfaces with boundary depends smoothly on the parameter and has
uniformly bounded curvature. For small V, a projection 7y : Sy,0,, — S is defined.
The map 7y is smooth, and if p € S, g € Sv,grz, and wy(q) = p, then T,S and T, Sy
are close. Denote by Kj, (resp., Ky,) the image of the cone K* (resp., K*) under the
differential of 7y, I

Denote Fy = n;l oF, Fy: F_I(S\Orz) — Sy. Denote also ¥y = ® o Fy.
Compactness and Mean Value Theorem type arguments imply the following statement.

Lemma 3.5. There are Vo > 0 and C > 0 such that the following holds. Suppose that
a,b e TI’Z\F_1 (0r,),vq € T, T2, vy € TpT2. Then the following inequalities hold for
all vV € [0, Vol:

dist(Fy (a), Fy (b)) < C dist(a, b),
dist(a, b) < C dist(Fy (a), Fy (b)),
Z(DFy(va), DFy (vp)) < C(£(vg, vp) +dist(a, b)),
Z(va, vp) < C(L(DFy (va), DFy (vp)) +dist(Fy (a), Fy (b))).

Moreover, if Wy (a) and Vy (b) are defined, then

dist(Wy (a), Wy (b)) < Cdist(a, b),
dist(a, b) < C dist(¥y (a), Yy (b)),
Z(DWy (vg), DWy (vp)) < C(£(va, vp) +dist(a, b)),
ZL(va, vp) < C(L(DWy (v5), DWy (vp)) +dist(¥y (@), Wy (b))).
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Finally, notice that if C and V; are taken sufficiently small, then the cone fields K* on
T? and K*, K" respect each other in the following sense. Suppose thata € T?\ F~!(0,,)
is such that Wy (a) is defined for V € [0, V], and v, € K. Lemma 2.3 implies that

DWy(v,) €KY ().

On the other hand, if b € T?\ F~'(0,,) is such that Wy (b) is defined and DWy (vp) €

K then

u
Wy (b)’

vbeK,’;.

3.3. Ordering of the gaps. To estimate the thickness of a Cantor set from below (or the
denseness from above), it is enough to consider one particular ordering of its gaps. Here
we choose a convenient ordering of gaps in £y N W*¥(Qy) (which is affine equivalent
to Zy).

The trace map Ty, V # 0, has two periodic points of period 2, denote them by P; (V)
and Pl’ (V), and six periodic points of period 6, denote them by P»(V), Pz’(V), P3(V),
Pi(V), P4(V),and P,(V).In Sect. 3.1 we showed that the distance between P;(V) and
P/(V) is of order |V|.

We can choose the notation (swapping the notation for Py(V) and P{(V), and/or for
P>(V) and Pz’( V) if necessary) in such a way that the following lemma holds.

Lemma 3.6. If'V is small enough, the line Ly contains points B1 (V) € £y NW*S(P1(V))
and By(V) € Ly N W (Py(V)) such that every point of the line which is not between
B1(V) and B> (V) tends to infinity under iterates of Ty .

Denote by ly the closed interval on £y between the points B (V) and By (V). It is
known that the set of points on ly with bounded positive semiorbits is a dynamically
defined Cantor set; see [DG09a,Can]. We would like to estimate the thickness of this
Cantor set.

Lemma 3.7. There are mg € N,0 < C{ < Cp and Vi > 0 such that for all V € [0, V]
the following holds:

1. T"/"O (y) N Oy, is a union of two connected curves y\(V) and y>(V), and
Dy (V)),i = 1,2, is tangent to the cone field IN(“;

2. F‘;l (T (Ay)\Oy,) is tangent to the cone field K*;

3. T"/n (ly) consists of a curve that connects W;'s.(Py) with a stable boundary of RS a
finite number of curves &; (V'), each of which connects two stable sides of an element
of the Markov partition and is such that F,, ! (&) is tangent to the cone field K", a
curve that connects Wls(fC(P,-), i € {2, 3,4}, with a stable boundary of an opposite
rectangle to P;, and some “gaps” between the curves mentioned above. The length
of these “gaps” is between C1V and C,V for all small enough V.

Proof. The statement holds for V = 0 (see Lemma 3.3). For V positive but small enough
Properties 1 and 2 hold by continuity, and Property 3 follows from the fact that the dis-
tances between finite pieces of strong stable manifolds of points py and qy is of order
V, and these strong stable manifolds form the stable parts of boundary of the Markov
partition for 7y. O
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We will call the preimages (under T"/" %) of the gaps defined in Lemma 3.7 the gaps
of order 1.

Definition 3.8. A smooth curve y C Sy is tangent to an unstable cone field if
F;l (Y\Oy,) is tangent to K", and ®(y N O,,) is tangent to K".

Definition 3.9. A curve is of type one if it is tangent to the unstable cone field and
connects opposite sides of stable boundaries of some R'.

A curve is of type two if it is tangent to the unstable cone field and connects a point
from Wi> (P;),i € {1,2,3,4}, with a stable boundary of an opposite element of the
Markov partition.

In this terminology, Lemma 3.7 claims that T‘T ®(ly) consists of two curves of type
two, some curves of type one, and some gaps between them of size of order V.

Lemma 3.10. An image of a curve of type one under T® is a union of a finite number of
curves of type one, and of a finite number of gaps of length between C1V and CoV. An
image of a curve of type two under T® is a union of a curve of type two, a finite number
of curves of type one, and a finite number of gaps of length between C1V and C, V.

Proof. The first part follows from the properties of the Markov partition and the fact
that the distance between strong stable (strong unstable) manifolds that form the Mar-
kov partition is of order V, see Subsect. 3.1. An image of a curve tangent to an unstable
cone field is a curve tangent to an unstable cone field. Also, TG(WIS;C(P,-)) C Wi.(P).
Therefore the image of a curve of type two under T is a curve which is close to a finite
piece of a strong unstable manifold of P;, so the second part follows. O

Suppose that the gaps of order k have already been defined. Consider the comple-
ment of all gaps of order not greater than k on ly. It consists of a finite number of
closed intervals. Let J be one of them. Consider the curve T;“’"Lé(k*l)(J ). By con-
struction, it is either a curve of type one, or of type two. In either case, the image

T\é (T(," 0+6(k=1) J)) = Ty °+6k(] ) consists of some curves of type one or two, and some

gaps of size ~ V. Let us say that the preimages of these gaps (under T(," 0+6k) are gaps

of order k + 1. It is clear that every gap in 1y N W*(Q2y) has some finite order. Therefore
we have ordered all the gaps.

3.4. Distortion property: estimate of the gap sizes. Let us consider ly and some gap
vy C ly of order n. A bridge that corresponds to this gap is a connected component of
the complement of the union of all gaps of order < n next to the gap. There are two bridges
that correspond to the chosen gap; take one of them, and denote it by yp. Denote also
¥ = ¥ U yp. Now let us consider I'g = T31°+6("71)(y(;) and I'p = T(,"O+6("71)(y3).
By definition of the order n of the gap we know that

¥l

C3V < —— < 4V
Tl

for some constants C3 and C4 independent of V.

Proposition 3.11. There is a constant K > 1 independent of the choice of the gap and
of V such that

K7]|VG|S|FG|SK|)/G|.
lyel = Il lvB|
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Notice that Theorem 1.2 immediately follows from Proposition 3.11.
The rest of this section is devoted to the proof of Proposition 3.11, which is completed
in Subsect. 3.7.

3.5. Dynamics near singularities. Here we prove several technical propositions on the
properties of the trace map in the coordinate system constructed in Subsect. 3.2. The
first two propositions are reformulations of [DG09a, Prop. 1]. The first one claims that
a certain unstable cone field is invariant.

We will use the variables (x, y, z) for coordinates in R3. Fora point p € R3, we will
denote its coordinates by (xp, yp, 2p).

Proposition 3.12. Given C; > 0, C, > 0, X > 1, there exists 59 = 80(Cy, Ca, X) such
that for any § € (0, 8o), the following holds.
Let f : R? — R3 be a C%-diffeomorphism such that

@ Nflic2 = Cus
(i) The plane {z = 0} is invariant under iterates of f;

(i) [|Df(p) — A| < 8 for every p € R3, where

A hoo
A= 0 10
0 0 x
is a constant matrix.
Introduce the following cone field in R3:
K ={ve TR, v=yy+v.:|v| = Co/Izpllvayl}. (13)

Then for any point p = (xp, Yp, 2p), |zp| < 1 we have
Df(Kp) S K§ (-

Notice that the choice of the cone field K ; here (in (13)) and below (in (18)) corre-
sponds to the choice of the cone field K% in (9).

The next proposition establishes expansion of vectors from the introduced unstable
cones under the differential of the map.

Proposition 3.13. Given C; > 0,C, > 0,A > 1, € (0, 41'1)’ n > 0 there exists
8o = 60(Cy, Ca, A,e), No € N, Ng = No(Cy, Cp, 1, ¢,680), and C = C(n) > 0 such
that for any § € (0, 8p), the following holds:

Under the conditions of and with the notation from Proposition 3.12, suppose that
for the points p = (xp, Yp, 2p) and g = (xg, g4, 2¢), the following holds:

I. O0<zp<land0 <z4 <1,

2. For some N > Ng both fV(p) and f"(q) have z-coordinates larger than 1, and
both fN=Y(p) and fN~'(q) have z-coordinates not greater than 1;

3. There is a smooth curve y : [0, 1] — R3 such that y (0) = p, y(1) = ¢, and for

eacht € [0, 1] we have y'(t) € K} ,);
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If N > Ny (i.e., if zp is small enough), then
IDFY W) = 224N forany v e KV, (14)

and if DfN (v) = u = uyy +u, then

luyy| < 28" |u,|. (15)
Moreover, if [V, > 1|Vyyl, then
IDFE W) = CA2U=*)|y| foreach k=1,2,...,N. (16)
In particular,
length(f™ (1)) = 17174 length(y). (17)

In order to establish the distortion property we need better control over the expansion
rates. In Proposition 3.15 we improve the estimates given by (14) and (17). As a first
step we show that, roughly speaking, if a point stays for N iterates in a neighborhood
where normalizing coordinates are defined then it must be A =" -close to the center-stable
manifold of a curve of fixed points.

Proposition 3.14. Given C1 > 0, C2 > 0, A > 1, there exist 5o = 80(C1, Ca, L), Ng =
No(Cq, Ca, X, 80) € N, and C** > C* > 0 such that for any § € (0, &), the following
holds.

Let f : R3 — R3 be a C?-diffeomorphism such that

@ flle2 = Crs

(i1) The planes {z = 0} and {x = 0} are invariant under iterates of f;
(iii) Every point of the line {z = 0, x = 0} is a fixed point of f;
(iv) Atapoint Q € {z =0, x = 0} we have

A1 oo
Df(@)=1 0 10
0 0 2
V) IDf(p) — Al < 8 for every p € R3, where
A1 oo
A=Df(Q) = 0 10
0 0 x

Introduce the following cone fields in R:

K = (Ve T,R}, v=vy +v,:|v.| > C2/IzpIViyl}, (18)

Ky ={ve T,,R3, V=Vet Vv < 0.0lk_llvyzl}, (19)

Ky ={ve TR, v =vy +Vy, 1 |[Ve| = Co/xp][Vyell, (20)

KS ={(veT,R, v=v.+vy:|v:| <0.010 " |vyyl}. 1)
Suppose that for a finite orbit po, p1, p3, - .., PN we have

(po)x =1, (px <1, (pN)z =1, (pN-1)z <1,



244 D. Damanik, A. Gorodetski

and there are curves yo and yy such that yo connects po with W% (Q) and is tangent to
both cone fields K" and K, and yy connects py with W"**(Q) and is tangent to both
cone fields K* and K*“°.

Then

AN <1(po).l < C*A7N, and
AN < |(pn)al < €AV,

Proof. Consider an orthogonal from py to the plane {z = 0}, and denote its base by p;.
There is a unique point Qg on the line {z = 0, x = 0} such that p; € W**(Qg). Denote
the line segment connecting po and p("; by op and set 0; = fi(ao), i=1,2,...,N.
Similarly, consider an orthogonal from py to the plane {x = 0}, and denote its base
by p} . There is a unique point Q y on the line {z = 0, x = 0} such that p}, € W**(Qy).
Denote the line segment connecting px and p}"v by pn,and set p; = f N+ (pN), i =
0,1,2,...,N—1.
We have
0 <logl <loil < <lon-1l <lonl, 1=lon|=A(l+9),
0 <lpnl <lon—1l <--- <lp1l <lpol, 1 =1pol =A(l+3).

Denote by = dist(pr, Q). Then we have

07— min(s, Cio)lok| < lok—1] < A" +min(8, C1bp)lokl, k=1,2,..., N,
(L —min(s, Cib) x| < lps1] < T +min(s, Crbp))|oxl, k=0,1,2,..., N—1.

Now we have

by = dist(pk, Q)
=< dist(Q, Qo) + [px| +dist(Q, On) + |ok|

< lokl + |kl + C3C2 (V| pn| + /lool),

where C3 does notdepend on N. Indeed, the distance between pf)‘ and W** (Q) is bounded
above by the length of the curve yy, and since yy is tangent to the cone fields K and K*,
its length is not greater than C» +/|og|. On the other hand, dist(Q, Q) is of the same order
as that distance since the strong stable manifolds of fixed points form a C!-foliation of
the plane {z = 0}. In the same way one gets an estimate dist(Q, On) < C3C2+/|ponN]|-

Since we have the a priori estimates |ox| < (1+8)(A — 8)_N+k and |pr| < (1+8)(A—
8)_1‘, we also have

b < log] + o] +2C2(1 +8) (1 — 8) /2.
Ifk < N/2, then

b < (A — 5)—k(1 +(h— 3)—N+2k +2C00 — 8)—N/2+k)
<C'n—87"

Ifk > N/2, then

e R e O
< C'G.— 8~V
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Therefore we have

N
ool < low| [~ +min(3. C11))
k=1
[N/2] N
<aa+op N JTa+aco-6"- J] a+aca-6"%h
k=1 k=[N/2]+1
< PV,

Also,

N
lool = low| [ J(A™" = min(s, C1bx))

k=1
[N/2] N

=V Jla-ace-9". [ a-aco-8"
k=1 k=[N /2]+1

> cfN.

In the same way we get estimates for py. 0O

Proposition 3.15. Given C1 > 0, C, > 0, A > 1, there exist o = 60(C1, C2, 1), No €
N, Ng = No(C1, Ca2, A, 80) € N, and C > 0 such that for any § € (0, &), the following
holds:

Under the conditions of and with the notation from Proposition 3.14, suppose that
Ve TpR3, v e K4 Then |DfN )| = CAN|vl.

Proof. We will use the notation from Proposition 3.14 and its proof.

Let us denote vy = Df¥(v),k =0,1,..., N, and Dy = |(Vp).|, dx = [(Vi)xyl. Let
us normalize v in such a way that dyp = 1. Since v € KZO and |og| > C*A™N, we have
Dy > C5A_N/2, where Cs is independent of N.

Denote

v(ip) mi(p) t(p)

Df(p) = | ma(p) e(p) n(p)

s1(p)  s2(p)  A(p)

‘We have

v(p) mi(p) t(p) Vi v(p)Vy +mi(p)vy + 11(p)V;
Df(p)(v) = | ma(p) e(p) t(p) vy | = | ma(p)ve +e(p)vy +t2(p)v,
si(p)  s2(p) A(p) v, s1(pP)Vx +52(p)Vy + A(p)V;

Since || fllc2 < Ci,wealsohave |v(p)| < A~'+C1dist(Q. p). Im1(p). Ima(p)I. [t1(p)I.
t(p)| < Cidist(Q, p), and [A(p)| = A — C1dist(Q, p). Furthermore, if p belongs to
the plane {z = 0}, then s1(p) = s2(p) = 0. Therefore, for arbitrary p, we have
[s1(p)], Is2(p)| < C1zp. This implies that we have the following estimates:
H di+1 < (1 +min(8, C1by))dy +min(8, Cyby) Dy (22)

Di+1 = (A — min(8, C1bg)) Dy — min(8, Cyloy|)dy



246 D. Damanik, A. Gorodetski

Lemma 3.16. There exists k* such that dy > Dy for all k < k*, and di < Dy for all
k > k*.

Proof. Indeed, if Dy > dy, then
diy1 < (1 +8)dy +8Dy < (1 +28)Dy
and
Dy = (A —8) Dy — ddy = (A — 28) Dy.

Since A — 28 > 1+ 26, we have Dyy1 > diyy. O

We have the following preliminary estimates. If k < N/2, then by < C'(A — 8)%; if
k > N/2,thenby < C'(L—8)"N*k_ Also, |ox| < (A —8)"N*Kforeachk =0, 1,..., N.
Notice that this implies that H,N: 1 (1+C1b;) is bounded by a constant that is independent
of N. And, finally, Dy > CsA~N/2 () — §)X; see [DG09a, Lemma 6.1].

If D <dj (i.e., k < k™), then

diy1 = (1 + Cibp)di + C1by Dy
(1 +2C1by)dy

k
[Ha + 2Clbk)} do

i=1
< Ce,

IA

IA

where Cg does not depend on k or N. Moreover, we have

D1 = (A — C1by) Dy — Cyloy|dy
> (= C1be) Dg — C1Co(n — )N
CiCs (A —8) Nk
A= Cib Dy, )
C1Cs (. — )N+
A —Ciby CsA—N2(0 — 5)k)

> (A — C1by) Dy (1 - (L) 02— 5)‘1)’\’)

> (A — C1by) Dy (1

> (A = C1by) Dy, (1

Cs(h — Ciby)
= 11D ﬁ(l — (€17 Hb) |- (1 - (L) @2 8)—1)N)k
- Pl Cs(h — Ciby)
> 21D ﬁ(l — (€12 Hbyy | - (1— (L) A2 8)‘1)N)N
=0 7l ’ Cs(. = Ciby)
> CA1 Dy,

since for any C > 0 and £ € (0, 1), one has limy (1 — CEM)N = 1.
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Ifdy < Dy (i.e., k > k™), then

Diy1 = (A — C1by) Dy — Chlo|dy
> (A — C1by — Cilok]) D
> ADy(1 —A7'C1by — 271 Cylor))
k
> 1 erpy [T =7 Cibe — 27! o)
i=k*
> CsA**' Dy,

where Cg does not depend on N or k. _
Finally, |DfN (V)| = Dy = CsA¥ Do = CAN2|v|. O

Below (in the proof of Proposition 3.18) we will also need an estimate on k* provided
by Lemma 3.16. Namely, we claim that k* cannot be much larger than N /2. The formal
statement is the following.

Lemma 3.17. There is a constant Cy independent of N such that
A< a2,

Proof. We know that Dy+_1 < dj+_1 < Cg. Therefore Cq > Djx_1 > C7A¥" Dy >
C7aK" - Csa™N/2, 50 0K < (CoC5 ' HAN2. b

Now we are ready to formulate the statement that will be used to check the distortion
property of the trace map.

Proposition 3.18. Given C; > 0,C; > 0,C3 > 0,A > 1, there exist 59 =
80(C1, Co, C3, 1), Ng = No(C1,C2,C3,1,80) € N, and C > 0 such that for any
8 € (0, 80) and any A > 0, the following holds:

Under the conditions of and with the notation from Proposition 3.14, suppose that
the curve yo has a curvature bounded by Cs. Suppose also that for the points p =
(xXp, yp,zp) and q = (x4, y4, 24), the following holds:

L. p,q ey
2. For some N > Ny both fN(p) and " (q) have z-coordinates larger than 1, and
both fN=V(p) and fN~'(q) have z-coordinates not greater than I;

3. dist(fV(p), ¥ (@) = A.

Denote py = f*(p), qx = f*(¢), k=0,..., N.

Letv e T[,R3 andw € TqR3 be vectors tangent to yy.

Denote vy = ka(v) and wy = ka(w), k=0,...,N.Letay be the angle between
Vi and Wy.

Then

N N

Dl <CA, and D dist(pr, qi) < CA. (23)
k=0 k=0



248 D. Damanik, A. Gorodetski

Proof. First of all, notice that it is enough to prove Proposition 3.18 in the case when
the points p and ¢ are arbitrarily close to each other. Indeed, otherwise split the piece of
the curve yp between the points p and ¢ into a large number of extremely small pieces.
If for each of them the statement of Proposition 3.18 holds, then by subadditivity of the
inequalities (23) it holds in general.

Denote by I' the piece of the curve yy between the points pg and gg, and set [y, =

fk ), k=0,1,2,..., N. Denote ux = |T'x|. Due to the remark above we can assume
that for any vector tangent to I', the value of k* is the same. From the proof of Prop-
osition 3.15 we see that for k = 0, 1, ..., k", we have u;y < Cgup, and A ~ uy >

CoNP g = CANPCG e, s0 ppr < (CT' APy < Clia V2A.
On the other hand, if k > k*, then

1
A~ puy > Dy > CAN Dy > C7)»N7k§lik,

where we denote by Dy, the length of the projection of I'y to the z-axis (slightly abusing
the notation). Therefore, iy < (2C; DA=N+A .
It follows that we have

N N
> dist(pr, q) < Dk
k=0 k=0

< k* - Cepo + Z Qc;Ha A
k=k*+1

<k*-C'ATN2CeA +CpA

< CA.

Notice that for any two vectors v, w € K,

)»71

Z(Av, Aw) < AZ(v,w), where A = 0
0

S = O
> O O

and if a linear operator B is £-close to A, then

Z(BV,Bw) < (A+&)(1 +&)Z(v,w)
=A+EQA+1+E)ZL(v,w)
< M1 +28)2(v, w).

Therefore we have
ag < C3u0
and

apel < A1 +2C1b)ag + Crug, k=0,1,..., k"
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Since Hiio(l +2C1by) < Cy3 for some Cy3 that is independent of k* and N, we have
ar < 4+ 4124 1) - (C13C1C6Ca) o < Cradt o,
where C4 is also independent of k and N. In particular,
o < Crart g < (CraCo)r"2C~ 1 N2A < CisA

and

Zak < ZCMKkMo < Cier* 1o < C17A.
k=0 k=0

Now denote

KU ={veT,R: [v.| > 100A|vyy[}.

If v,w € K" then Z(Av, Aw) < A~1/2/(v, w), and the same holds for any linear
operator B which is §-close to A.

There exists m € Nindependent of N such that if for a vector v we have [v,| > [v,y],
then Df™(v) € K"*.

Also

okrem = Z(Df" (0er), Df™ (wix)) < Crs5(2 +28)" A = Ci6A,

and for k > k* + m, we have ayy; < A71/2
Denote v = A~1/3 — A~1/2,

If Ciux < vay, then

ap + Cy k.

l/zak +va; = (}\—1/2 + V) = A_1/3ak.

sl <A
If Ciux > vag, then
kel < AP+ Cpe < V207 H DOy

Since 0 i ik < D pram RCT DAV A < Cpp A, this implies that

N
> a<CigA
k=k*+m
and
N k" N
Zak < Zolk + (Qprgy + -+ Q1) + Z ap < CA,
k=0 k=0 k=k*+m

concluding the proof. 0O
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3.6. Distortion property: preliminary estimates. The main result of this subsection is
the following statement:

Lemma 3.19. There are constants R > 0, Vo > 0, and « > 0 such that for any V €
(0, Vo) and N € N, the following holds: Suppose that y C TN (1y)\ Oy, is a connected
curve of length not greater than k. Let the points p,q € ly be such that T‘;V (p) ey
and Tév (q) € y, and v, and v, be unit vectors tangent to y at points p and q. Then

N

> (4(DT¢'(UP), DT} (vy)) +dist(T{, (p), T‘i,(q))) <R.
i=0

Notice that F~! (S\ Oy,) is a torus without small neighborhoods of the preimages of
the singularities, and we can define the following map:

Tv:F7'(S\0,) - T2, Tv=F 'lonyoTyon,' o F=F, ' oTyoFy. (24)
If V is small, Ty is C2-close to the linear automorphism A on its domain.

Lemma 3.20. For Vo > 0 small enough, there exists t € (0, 1) such that for V €
[0, Vol, p,q € TZ\F_l(Orz) and unit vectors v, € KZ, vy € K(’;, we have

Z(DTy p(vp), DTy 4(vg)) < tZL(vp, vg) + 2| Tv || c2dist(p, q).

Proof. If Vj is small, then Ty is C2-close to the linear automorphism A. In particular,
for any point p € T?\ F~!(0,,) and any vectors vy, v; € K%,

Z(DTy.p(v1), DTy, ,(12)) < tZ(v1, v2),

where t € (0, 1) can be chosen uniformly for all V € [0, Vy] and p € ']I‘Z\F’l (Opy).
Therefore we have

(DT p(wp), DTy 4 (vg)) < £(DTv,p(vp), DTv,p(0)+Z(D Ty, p(vg), DTy 4 (v))
< 12(vp, vg) + 2| DT, p(vg) — DTy,4(vy)|
< 12(vp, vg) + 2| Ty [l cadist(p. 9),

as claimed. O

Definition 3.21. For any points p, g and any vectors vy, v, define

Z(vp, vg)

dist(p, q)

Lemma 3.22. For p,q € ’]I‘Z\F_I(Orz), p # q, and vectors v, € Kz, vy € KZ]‘, con-
sider the function §(p, q, vp, vg) defined by (25). Suppose that p and q belong to a
curve that is tangent to the unstable cone field. Then

3(Tv(p), Ty (q), DTy »(vy), DTy 4(v9)) < t5(p, q, vp, vy) + 2| Ty || c2.

. . 417
In particular, if §(p, q, vp, vg) > %, then

S(p,q,vp,vg) = (25)

~ ~ ~ ~ 1
§(Tv(p), Tv(q), DTy, p(vp), DTy 4(vg)) = %S(P, q.Vp, Vg)-
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Proof. We have
A(va,p(v,,), va,q(vq))
dist(Ty (p), Tv (q))
1£(vp, vg) + 2| Ty Il c2dist(p, ¢)
dist(p, q)
= 13(p. 4. Vp, vg) + 2/ Ty || 2.

3(Tv(p), Tv(q), DTy p(v,), DTy 4(v,)) =

If we also have §(p, g, vy, vy) > %, then

1—1
2

15(p, q, vp, vg) + 20Ty llc2 < t5(P, q, vy, vg) +

1+1¢
Tg(p9 q, vpv Uq)-

S(p.q,vp, vg)

Lemma 3.5 immediately implies the following statement.

Lemma 3.23. Fix a small V > 0. Suppose that a,b € TZ\F’I(OQ) are such that
Wy (a) and Wy (b) are defined, and v, € T,T*\F~'(0,,), vy € TyT*\F~'(0,,). Then

S(a, b, va, vy) < CHE Wy (a), Yy (b), DWy (va), DWy (vp)) + 1)
and
F(Wy (), Wy (b), D¥y (v,), DWy (vp) < CX(F(a, b, va, vp) + 1).

Since Ty is C2-close to the linear automorphism .4 on its domain for small V > 0,
we can assume that for all V € [0, V], we have || Ty ||~ < 10.

Let C be the constant from Proposition 3.18, where C3 = (% + 1)6 2 was taken.
Fix a small t > 0. Take n* € N such that

1+2\" ~ 40 . et
(T) cz(c+1)§:, and C*p" > pt -3, (26)

Now we are going to choose a neighborhood U of the set of singularities
{P1, P>, P3, P4} in such a way that if an orbit of a point leaves U, then it does not
enter U for the next n* iterates. Also, we will choose a smaller neighborhood U* C U
such that if a small curve is tangent to an unstable cone field (see Definition 3.8) and
intersects U™, then either it is entirely inside of U, or its iterates will continue to intersect
U until they reach the opposite rectangle. Here is how we do that.

Forsmallr; € (0, rp), wedenote O, = Oy, O}, = T(0,5)NO,,, 0L, = T(0}7HN
Oy, foreachi > 1, 0}, = T~1(0") N O, foreachi < 0,and U = U2 __ (O}). We
will take 3 so small that the following property holds. If p € Sy issuchthat T~!(p) € U
but p € U, then T"(p) & U for every n € N with n < n*.

Forsmallry € (0, r3), wedenote O = O,,, 0} =T (0,)NO,,, 0}, =T (0} Hn

Oy, foreachi > 1, 0£4 =T7'(0[*"Y N 0, foreachi < 0, and

r4

U= J 0}). @7

i=—00
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We will take r4 so small that the following property holds. Suppose y is a curve on
T? such that Wy (y) is defined, Fy(y) C Oy, y is tangent to the unstable cone field,
Fy(y)N O, \U # @,and Fy(y)NU* # @. Then there is k € N such that 77, (Fy (y)) N
U # ¢ for all natural n < k, and Té (Fy (y)) intersects the opposite rectangle of the
Markov partition.

Lemma 3.24. There are Vo > 0 and R > 0 such that the following holds. Suppose that
v is a non-zero vector tangent to the line ly at some point p € ly. Let N € N be such
that Ty (p) belongs to the bounded component of Sy\ Oy,. Then

N

2 IDTy )l < RiIDTY W)l
i=0

Proof. 1f V is small enough, the vector DT (v) is tangent to the unstable cone field.
Let us split the orbit {T70(p), T™*!(p), ..., TN (p)} into several intervals

(T (q), T (q), ..., T" N (T (@), ... TN @)}, .. (TR @), ..., TV (@)

in such a way that the following properties hold:

(1) foreachi =1,2,...,s, the points Tk~ (g) and Tk (q) are outside of O,,;

Q) if{Tki(g),..., Ts" =Y (@)} N U* £ @, then (T (¢), ..., TFm =1 (g)} c U*;

(3) foreachi =1,2,...,s — 1, we have either k;;1 — k; > n™ (where n* is chosen
due to (26)) or {Tki(q), ..., TR~ (g)y N U* £ @.

Such a splitting exists due to the choice of U* C U in (27) above.

Apply Proposition 3.18 to those intervals in the splitting that are contained in U*. The
choice of n* in (26) above guarantees for the intervals that do not intersect U* uniform
expansion of the vector. The first and the last interval may have length greater than n*,
and then we have uniform expansion that “kills” the distortion added by the change of
coordinates, or smaller than n*, but then they do not add more than a constant to the
sum. As a result, the required sum is bounded above by a geometrical progression. O

Lemma 3.24 implies the following statement.

Lemma 3.25. There are constants Ry > 0, Vy > 0, and k1 > 0 such that for any
V € (0,Vp) and N € N, the following holds: Suppose that y C T™ (ly)\O,, is a
connected curve of length not greater than k1. Let the points p,q € ly be such that
T‘I,V(p) €y and Tév(q) € y. Then

N

> dis(Ty (p). Tj(q)) < Ry.
i=0

Finally, the choice of n* and Proposition 3.18 imply that the function § (T‘i, (p), T“', @),

DT"', (vp), DT"', (vg)) is uniformly bounded, and together with Lemma 3.25 this proves
Lemma 3.19.
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3.7. Proof of the distortion property.

Proof of Proposition 3.11. Notice that we need to prove that

’1 (|FG||VB|)’
0g
ITsllyel
is bounded by some constant independent of the choice of the gap and of V. There are

points pg € yg and pp € yp such that if v is a unit vector tangent to the curve yg at
PG, and vp is a unit vector tangent to the curve yp at pp, then

TG llyal T8 (ve)lva)
log\ =—— )| =log\ 77—
ICsllvel 1Ty (v)llve|
_ liog |DT) " (v6)|
|DT*2(vp)|
n+l ’

= |2 (192 IDTV g 1) (T (PG )] = 108 DT |y oy (T4 (P
i=0

n+l
> 108 1D Ty g 1 (T (P = 108 DTy |y, (T3 (P
i=0
n+l
< > IDTV gy ) Ty PGV = IDTV gy ) (T (P21
i=0

IA

We estimate each of the terms in this sum using

Lemma 3.26. Suppose [ : R" — R" is a smoothmap, a, b € R"*, and v, € T,R", vp, €
TpR™ are unit vectors. Then

DSy, (@] = [Df Lo, )| < I fllc2(£(va, vp) + |a = b]).
Proof of Lemma 3.26.

DS 1o, (@] = [Df |y, )| < [IDf lo, (@] = 1Df Ly, @] + |IDf |, (@] = DS |, (B)]|
= IDf(@)| - lva —vo| + |1 fllc2 - la — DI
= Ifllc2(lva — vp| +la — b|)
= Iflle2(£(va, vp) + la = b)).

Now, Proposition 3.11 follows from Lemma 3.19. O

4. The Integrated Density of States

4.1. Definition and basic properties. Recall the definition of N(E, V) given in (1),

1
N(E,V) = lim ;N(E,w, V. [1,n]).
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Proposition 4.1 (Hof, see [Ho]). For every (E, V) € R2, the limit in (1) exists for every
w € T and its value does not depend on it.

The following proposition collects some well-known properties of the integrated
density of states.

Proposition 4.2. (a) The map

(b)

(©)
(d)

(e)

RxR>(E, V) N(E,V)el0,1]

is continuous.
ForeveryV € R, there is a Borel measure on R, called the density of states measure
and denoted by d Ny, such that

N(E, V) = /R Kooz dNy.

The topological support of the measure d Ny is equal to Xy .

The density of states measure is the w-average of the spectral measure associated
with Hy ,, and the vector §y € 2(7). That is, for every V € R and every bounded
measurable g : R — R,

/ gdNy = / (30, (Hy )d0) do>. (28)
R weT
We have
0 E<-2
N(E,Q0) = %arccos (—%) —2<E<?2
1 E > 2.

Proof. (a) This follows from (the proof of) Lemma 3.1 and Theorem 3.2 in [AS].

(b)

(c)
(e)

For every V € R, the map
R>Ew~ N(E,V)el0,1]

is continuous by (a) and non-decreasing by construction, and hence it is the dis-
tribution function of a Borel measure on R.

and (d) See [CFKS, Sect. 9.2].

This is folklore; see, for example, [LS, Theorem 1.1] and its discussion there for
a simple derivation. O

4.2. Complete gap labeling. Here we prove the following result, which implies
Theorem 1.5 since the transversality assumption holds for V) > 0 sufficiently small.

Theorem 4.3. Suppose Vo > 0 is such that for every V. € (0, Vo] and every point in
Qy, its stable manifold intersects Ly transversally. Then, for every V € (0, Vo], all gaps
allowed by the gap labeling theorem are open. That is,

(N(E,V): E e R\Xy} = {{ka} : k € Z} U{1}.



The Weakly Coupled Fibonacci Hamiltonian 255

Proof. Consider the preimages of the singularities of the trace map F~'(P;),i =
1,2, 3,4, on the torus. They form a set of 4 periodic points of the hyperbolic auto-
morphism A : T> — T2, and the stable manifolds of those periodic points intersect the
line {¢ = 0} transversally at the points {ko (mod 1)}, {ka+% (mod 1)}, {ka+5 (mod 1)},
and {ka + § + % (mod 1)}.

The images of these points under the semiconjugacy F form the set of points on £y
of the form (& cos(wma), &= cos(wrma), 1), and they correspond to the energies E €
{£2 cos(mma), m € Z}. The integrated density of states for the free Laplacian, N (E, 0),
takes the values {{ma} : m € Z} at these energies.

After we increase the value of the coupling constant, each singularity splits into two
periodic points, and each of the stable manifolds of the singularities splits into two strong
stable manifolds of the periodic points. Every point between the stable manifolds has an
unbounded positive semiorbit, and therefore the interval that those manifolds cut in the
line ¢y corresponds to a gap in the spectrum.

Due to the continuous dependence of N (E, V') on the coupling constant and the local
constancy of N (-, V) in the complement of Xy, the integrated density of states takes
the same value in the formed gap as at the energy that corresponds to the initial point of
intersection of the stable manifold of singularity with £3. O

4.3. More on the asymptotic gap lengths.

Proof of Theorem 1.6. Fix any m € Z\{0}. The integrated density of states of the free
Laplacian takes the values {£ma} at the energies {2 cos mma}.

If m = 2k, then these energies correspond to points with 6-coordinates ko(mod 1)
and ka + 5(mod 1) on F~! (o).

If m = 2k + 1, then these energies correspond to points with 0-coordinates ko +
%(mod 1) and ko + % + %(mod 1) on F~1(¢p).

Take one of these points, Qy € F ~1(¢p). Let P* be the singularity such that Qy €
F~1(W*$(P*)). Denote I' = F_I(Wi”(P*)). Let M € N be the smallest number such
that A= (") contains Q.

Then AM (F~1(£p)) intersects I" at some point Z, and the distance from Z to the set
of singularities is uniformly (in |m|) bounded from zero.

Denote by P/(V) and P”(V) the periodic points on Sy near P* (of period 2
or of period 6, depending on P*). Denote by I'" = F;l(WfS(P’(V)) and T =
Fy (Wi (P(V).

Then fé‘” (Fy, (¢y)) (recall that Ty was defined by (24)) intersects I'” and T"” trans-
versally near the point Z and the curves I and ' cut in f","l (F, '(1y)) an interval Iy

whose length is of order V. In other words, limy_, % exists and is uniformly bounded
from zero and from above.
We also have
T, M 1y) -1
lim V—"° = |DAM|._ =aM . C(0p),
Vlglo Iy |F L(lp) o (Qx)

where C(Qy) is bounded from zero and from above.
Notice that if A~ (T") intersects F~!(£o) at Qy, then A~ (I') must be of length at
least |k|o~!. On the other hand, |A~M(I")| = «~™|TI"|. Therefore, « M |I"| > |k|a~ .
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Hence
TM(q T, M) |1
im v AOL Ty T UWLIVE e (Q)lmu_ (00—
T vl Y T v 01v] o
On the other hand,

|Un (V)]

L \DF g, (O0)]
V=0 1T, M (Iy)| o)

is bounded from above (since || D F|| is bounded). Therefore we have

U,V T, M(y)| U (v =
1m|m|:im|v(v)||M()| ~Ton L.
V=0 (VI V=0 VI T M) kI

where %(Qk) is uniformly bounded from above. O

Remark 4.4. Notice that one can actually claim a bit more. Namely, for those gaps that
appear away from the endpoints of the free spectrum, the corresponding constant C,,
is uniformly bounded away from zero. This follows from the fact that away from the
singularities, the differential of F' has norm which is bounded away from zero.

5. Spectral Measures and Transport Exponents

5.1. Solution estimates. In this subsection we study solutions to the difference equation
and prove upper and lower bounds for them. Results of this kind are known (we provide
the references below), but our purpose here is to obtain explicit quantitative estimates,
as functions of the coupling constant, as they enter explicitly in the bounds on fractal
dimensions of spectral measures and transport exponents and we wish to prove the best
bounds possible for the latter quantities to get an idea about their behavior at weak
coupling. These applications will be discussed in the next two subsections.

Denote the largest root of the polynomial x> — (2+ V)x — 1 by ay. For small V > 0,

we have ay ~ f“ + ¢V with a suitable constant c¢. Our goal is to prove the following
pair of theorems (recall that o (Hy ) = Zy for every w).

Let M (n, m, w, E) be the standard transfer matrix, that is, the SL(2, R) matrix that
maps (u(m + 1), um)T to wn + 1), un))? for every solution u of the difference
equation Hy ,u = Eu.

Theorem 5.1. For every V > 0 and every

_ log[(5+2V)2(3 + V)ay]

, (29)
IOg f+l
there is a constant C > 0 such that for every w and every E € Xy, we have
max |Mn,m,w, E)|| < CN®. (30)

0<|n—m|<N
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Theorem 5.2. For every V > (),

log (1 + (2+2V)2) and > 14 log[(5+2V)2(3 + V)ay]
’ u ]
16 log (¥3) og Y3+

there are constants Cy, C, > 0 such that for every w, L > 1, and E € Xy, we have
that every solution to the difference equation Hy ,u = Eu, which is normalized by
[u(0)|? + |u(1)|? = 1, obeys the estimates

Ye <

CeL” < lull, < Cu L™, €29

where the local £* norm || - || is defined by

[L]
Il =D lu@* + (L = [LDIu((L]+ DI
n=1

for L > 1.

Theorem 5.1 is a quantitative version of [DL99a, Theorem 3], which in turn was
a generalization of [IT, Theorem 1]. Theorem 5.2, on the other hand, is a quantitative
version of [DKL, Props. 5.1 and 5.2]. The upper bound in Theorem 5.2 is a consequence
of Theorem 5.1, while the lower bound in Theorem 5.2 will be extracted from the details
of the proof of [DKL, Prop. 5.1].

Let us recall some notation from [DL99a]. For V > 0, E € R, and a € {0, 1}, we
write

T(V,E, a) = (E_IV“ _01).

For aword w = w; ... w, € {0, 1}*, we then set
MV, E,w)=T(V,E,w,) x---xT(V, E, wy).
Next, define the words {s, },>0 inductively by
so0=0, s1=1, s,=58,_15,—2 forn>2.

By the definition of these words, there is a unique u € {0, 1}%+ (the fixed point
of the Fibonacci substitution) that has s, as a prefix for every n > 1; namely
= 1011010110110.... We denote the set of finite subwords of u by W, that is,
w, = {0,1,01, 10, 11,010,011, 101, 110, ...}. By uniform recurrence of u it suf-
fices to consider the matrices M(V, E, w) for E € Xy and w € VW, when proving
Theorems 5.1 and 5.2.
With these quantities, we have

My = My(V, E) = M(V, E, sn)
and consequently
1
xp =xp(V, E) = ETrM(V, E, sp)

forn > 1.
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Finding upper bounds for the norm of transfer matrices consists of three steps. The
first step is to bound the special matrices M,,, that is, M (F,, 0, w = 0, E). This is the
objective of Lemma 5.3. Then, in Lemma 5.5, we use interpolation to bound the norm
of the matrices M (n, 0, w = 0, E). Finally, the case of general matrices M (n, m, o, E)
is treated using partition. This will then complete the proof of Theorem 5.1.

We begin with the first step. Part (a) of the following lemma is due to Siitd (see
[S87, Lemma 2]) and part (b) is a relative of [IT, Lemma 4.(ii)]:

Lemma 5.3. (a) We have E € Xy if and only if the sequence {x,} is bounded. More-
over, we have

|4
|xn|§1+5

forevery E € Ly andn > 1.
(b) With some positive V -dependent constant C, we have

Myl < Cay,
forevery E € ¥y andn > 1.

Proof. As pointed out above, part (a) is known. Let us prove part (b). By the Cayley-
Hamilton Theorem, we have that M,% —2x, M, +1 = 0, that is,

M, = 2x,1 — M, ",
The recursion for the matrices M,,, M, = M, _» M, _1, gives
My = M, My
Putting these things together, we find
My = My 2My—y = My 2,11 — M, )) =200 1 My0 = M, L5

Since we also have ||[M,|| = ||M, !||, we obtain from this identity along with part (a)
the estimate

[Mnll = 2+ V)IMy—2|l + | M3

forevery E € Zy.
Consider for comparison the recursion

my, =Q+Vymy_o+my,_3.
It is clear that we have || M, || < m, if we consider the sequence {m,} generated by the
recursion and the initial conditions m| = ||M1 ||, mr» = |M2||, m3 = | M3]|.
Any solution of the recursion is of the form

mp = c1x] + coxy + c3x5,

where the x; are the roots of the characteristic polynomial x3 — (24 V)x — 1. Thus, the
definition of ay implies that the estimate in (b) holds. O
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Remark. Since F, ~ (¥3t1)" we can infer that | M,| < CF!*® with § — 0 as
V — 0. Since for V = 0, the norm of the transfer matrices grows linearly at the ener-
gies E = 2, we cannot expect a better result in general. However, since the transfer
matrices are bounded when V = 0 and E € (—2, 2), it is reasonable to expect that there
is a better bound for small values of V for most energies in the spectrum.

Let us now turn to the second step, which is the interpolation of the estimates from
the previous lemma to non-Fibonacci sites in the @ = 0 sequence. The following lemma
is a relative of [IT, Lemma 5]. Even though the proof is closely related to that in [IT],
we give the details to clearly show where the improved estimate comes from.

Lemma 5.4. Forn > 1 and k > 0, we may write
1 2 3 4
My Mk = PO My + P My + PO Mo+ PO

with coefficients Pk(j ) that also depend on n and E. Moreover, for every n > 1 and
E € Xy, we have that

4
SR = 5+2v)3+ V)KL
j=1
Proof. Consider the case k = 0. Then,
M,M, = M? = 2x, M, — I
by Cayley-Hamilton and hence we can set
PO =2, PP = PP =0, P = 1.
It follows that for E € Xy, we have the estimate
4
S <34V,
j=1
Consider now the case k = 1. Then,
M My = My =2xpa My + My — 2x, 11
by [IT, Lemma 6] and hence we can set
Pl(l) =0, Pl(z) = 2X;41, P1(3) =1, P1(4) = —2x,_1.
For E € Xy, we therefore have

4
S P <5+2v.
j=1
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Next, assume that the lemma holds fork € {1, ..., £} and consider the case k = £+1.
Then, using [IT, Lemma 6] one more time, we find
MnMn+Z+l = (MnMn+E—l)Mn+Z
1 2 3 4
= (P@(,)IMrHZ—l + P@(,)an+£—2 + P((,)1M11+€—3 + P((,)II) M+
1 2
= P((,)l My+es1 + Pg(,)l (2xpre—2Mp+e — Myso—1)
3 4
+ Pg(_)l Cxpre—1Mpso—1 — 1) + Pg(_>1 My
1 2 3 4
= P{ Myt + P Mose + Py Myse 1 + POV

where we set

= pl,
PE) = 22 P2, + P2,
P = =P + 201 P2
Pz(ﬂ = _Pz(i)l-

It follows that

4 4
S Pl <c+v)> Pl
j=1

j=1

By induction hypothesis, we obtain the desired estimate. O

Lemma 5.5. For every V > 0 and every ¢ obeying (29), there is a constant C so that
IM(n,0,0=0,E)| <Cn®

foreveryn > 1, E € Zy.

Before we give the proof of Lemma 5.5, let us recall some facts about the minimal
representation of positive integers in terms of Fibonacci numbers; compare, for example,
[HCB,Le,Z]. Given n > 1, there is a unique representation

n—=

K
Fy,
=0

k
such that ny € Z, and ngy1 —ng > 2. This is the so-called Zeckendorf representation of
n (which, incidentally, was published by Lekkerkerker some twenty years before Zec-
kendorf). It is found by the greedy algorithm, thatis, F},, is set to be the largest Fibonacci
number less than or equal to n, n is replaced by n — F, ., and the process is repeated
until we have a zero remainder. The property nry+1 — nx > 2 follows from the way the
algorithm works together with the recursion for the Fibonacci numbers. Uniqueness of

this representation in turn follows from ny4; — ng > 2.
By construction, we have

EIK =n< FnK+l = 2Fn1(~ (32)
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‘We will also need a relation between n and K, that is, the number of terms in the Zec-
kendorf representation of n. The algorithm to compute K = K (n) is the following: Start
with two words over the positive integers, 1 and 1. The next word is obtained by writing
down the previous word, following by the word preceding the previous word, but this
time with every symbol increased by one. Now iterate this procedure:

1, 1, 12, 122, 12223, 12223233, 1222323323334,...
Concatenate all the words to obtain a semi-infinite word over the positive integers:
111212212223122232331222323323334 . ..

The n™ symbol in this semi-infinite sequence is K (). Notice that the lengths of these
words follow the Fibonacci sequence. Moreover, only every other word has an increase
in the maximum value of its entries, relative to the previous one, and the increase is by
one whenever it happens. This shows that

Fyg-1) <n. (33)

Proof of Lemma 5.5. From the Zeckendorf representation of n > 1, one finds that
M@n,0,0=0,E) = MnoMnl ce MnK;

compare the beginning of the proof of [IT, Theorem 1].
Let us prove by induction that with

by =3+ W),
we have for every k > 1,
1Moy My, -+ My Il < C(5+2V)4 b6 @y by (34)
Consider first the case £ = 1. From Lemmas 5.3 and 5.4, we may infer that

1 2 3 4
[ Mg My, || < 1P L Moy L+ 1B 1 Moy 1l + 1P 1 [ Myy ol + [P

ni—no ni—no ni—no ni—no
4
) ny
< D 1R, ICa
j=1

< C(5+2V)(3+ V)llm=ml/2l gl
< C(5+2V)by,"™ (ayby)" .

Thus, the estimate (34) holds for k = 1.
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Now assume that (34) holds for k € {1, ..., ¢} and consider the case k = £+ 1. Using
Lemma 5.4 again, we see that
|MugMp, -+ Mpy My, | = (Mg My )My, - - - My, My, |l
< Py | My My, - My, My |
HPE | 1Moy My -+ My My |
HP My -2 My - - My, My, |

4
PN My -+ My, My, |

ny—ng

< |P{ 1 €5 +2V) b, D @pynes

ni—ng

P O +2V) D gy by yren

HPE, 1 CG5+2V) b, R @y by yren
ny—ng

|P,ff) nol - CG+2V)' ;"2+2“‘2) (ayby)"

< Z|P,f{)n0 C5+2V) b, (ay by )

< (5 +2V)"TC(5 +2V) by (ay by )

= C(5+2V)*1p 02D (g pyyre

We conclude that (34) holds fork = £ + 1.
Therefore,

IM(n,0,0 =0, E)|| < C(5+2V)Kb," 2K (g pyyis

It follows that
log||M(n,0,0 =0, E)|

lim sup
n—00 IOgl’l
log (C(s +2)K o+ K=D (avbv)”K)
< limsup
n—o00 logn
. Klog(5+2V)+2Klogby +ng log(ayby)
< limsup
n—>00 logn
L}H log(5+2V) + 2% logby + - m log (avby)
< limsup
n—>00 logn
_log(5+2V)"/2 +log by +log (ayby)
log ¥2*L f+1

_log[(5+2V)!1/2(3 + V)av]
N ]Og f+1

’

where we used (32) and (33) in the third step. Since these estimates are uniform in
E € Yy, the result follows. 0O



The Weakly Coupled Fibonacci Hamiltonian 263

In the third step, we can now turn to the

Proof of Theorem 5.1. Suppose V > 0 and ¢ obeys (29). We will prove the following
estimate:

IM(V,E,w)| < C|w|£ forevery V > 0, E € Xy, andw € W,, (35)
from which (30) immediately follows.
Let V, E, w as in (35) be given. As explained in [DL99a, Proof of Lemma 5.2], we
can write

w = Xxyz,

where y € {a, b}* is a word of length 2 and xR (the reversal of x) and z are prefixes of
u. Thus,

MV, E, w)|l < [IM(V,E,x)|l-IIMV,E,»Il- MV, E,2)I (36)
It follows from [DL99a, Lemma 5.1] that
IM(V,E, x| = MV, E, x)|. (37)
Moreover, Lemma 5.5 yields
1MV, E, x®)|| < Clx* (38)
and
IM(V, E, 2)|| < ClzI°. (39)
Since ¢ > 1 and y has length 2, (35) follows from (36)—(39). O
Proof of Theorem 5.2. The upper bound in (31) follows from Theorem 5.1. The lower
bound in (31) will be extracted here from [DKL] since it is not made explicit there.
Denote U (n) = (u(n+1), u(n))” and consider the associated local £2-norms ||U]||z..
Power-law bounds for ||U ||, correspond in a natural way to power-law bounds for ||u|| .,

so let us discuss the former object. By considering squares adjacent to the origin and
Gordon’s two-block method, Damanik, Killip, and Lenz showed that

1 7[/2
U >+ — ;
Ul g, = ( (2+2V)2)
see [DKL, Lemma 4.1]. We find

1
1 U log (1 + —)
tim inf S Moy @2V )
n— 00 IOg Fs, 16 - lOg («/§2+1)

uniformly in w € T and E € Xy. This, together with monotonicity, yields the asserted
lower bound. O
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5.2. Spectral measures. Given V > 0 and w € T, let us consider the operator Hy ,,.
Since this operator is self-adjoint, the spectral theorem associates with each v € ¢*(Z)
a Borel measure py that is supported by Xy and obeys

(V. g (Hvw) V)= / g(E)duy (E)

for every bounded measurable function g on Xy . It follows from Theorem 5.2 that each
of these spectral measures gives zero weight to sets of small Hasudorff dimension. More
precisely, we have the following result:

Corollary 1. For every V > 0, every w, and every

2log (1 + (2+2V)2)

log (1 + m) +16 - log (@) +161og[(5 +2V)1/2(3 + V)ay ]

o<

we have that iy (S) = 0 for every y € 02(Z) and every Borel set S with h®(S) = 0.

Proof. This is an immediate consequence of Theorem 5.2 and [DKL, Theorem 1]. O

5.3. Transport exponents. Absolute continuity of spectral measures with respect to
Hausdorff measures is important because it implies lower bounds for transport expo-
nents via the Guarneri-Combes-Last Theorem. Let us recall this connection briefly.
Given Hy ,, and ¥ as above, consider the Schrodinger equation i,y (t) = Hy ¥ (¢)
with initial condition ¥ (0) = . Then, the unique solution of this initial-value prob-
lem is given by ¥/ (t) = e ""fV.0oyy. To measure the spreading of a wavepacket, one
considers time-averaged moments of the position operator. This is of course mainly of
interest when 1 (0) = v is well-localized and in fact, in 0%(Z) one usually considers
the canonical initial state ¢ = §.
One is interested in the growth of ((| X |i))(T) as T — oo for p > 0, where

(X150 =D nlP (8, e Vo) ?

nez

and the time average of a 7-dependent function f is given by either

T = / f@)de (40)

or
(f)T) = 2 / ooe*””f(t) dt. (41)
T Jo

We will indicate in the results below which time-average is involved. However, for com-
pactly supported (or fast-decaying) ¥, all the results mentioned below hold for both
types of time-average.

To measure the power-law growth of ((|X|7))(T), define

) — tim sup CEIXIEN )
A T
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and

10g((|X|i))(T).

~(p) = lim inf
Py (P) 1Tnl)10ré plogT

The Guarneri-Combes-Last Theorem (see [La, Theorem 6.1]) states that if 1 is not
supported by a Borel set S with 7% (S) = 0, then f£(p) > « for every p > 0, where
the time-average is given by (40).

Corollary 2. Forevery V > 0,w € T, 0 # € £>(Z), and p > 0, we have

2log ( (2+2lV>2)

log (1 + m) +16 - log (f ) +1610g[(5+2V)12G3 + V)ay]

B, (p) =

where the time-average is given by (40).
Proof. Immediate from the Guarneri-Combes-Last Theorem and Corollary 1. 0O

We also have the following estimate, which holds for a special initial state but which
is better when p is large:

Corollary 3. Forevery V > 0, w € T, and p > 0, we have
og «/§2+1

B (p) =
% 0g Y3 4+ log[(5 +2V)12(3 + V)ay ]

31og[(5+2V)2(3 + V)ay]
p (log %3* + log((5 +2V)1 23 + Vyay 1)

where the time-average is given by (41).

Proof. This is a consequence of Theorem 5.1 and results of Damanik, Siit6, and
Tcheremchantsev (see [DST, Theorem 1] and compare also [DTOS, Theorem 1]). O

It can be shown that for compactly supported (or fast-decaying) v, the transport
exponents ﬁw (p) are non-decreasing functions of p taking values in [0, 1]. Thus, in
this case it is natural to consider the limits of these quantities as p | 0 and p 1 oo
and denote them by ,BW (0) and ﬁw (00), respectively. The bounds in the two previous

corollaries imply estimates for ﬂw (0) and ,Bw (o0) as well. However, at small coupling,
a better estimate for ﬁgio (o0) is obtained via a different route:

Corollary 4. We have
. + T . + _
lvlrf(l) Bs, (00) = lvlir(l) ;I»ITTo Bs, (p) =1,
uniformly in w € T. Here, the time-average is given by (41).

Proof. Damanik, Embree Gorodetskl and Tcheremchantsev showed for the Fibonacci
Hamiltonian that ﬁa (c0) > dim% 5(Zy) for every V > 0 and o € T; see [DEGT,
Theorem 3]. Since the right-hand side converges toone as V |, 0, the result follows. O
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Remarks. (a) As pointed out above, while the papers [DEGT,DST,DTO03] work with
the time-average (41), the results above carry over to transport exponents defined
using (40).

(b) We find that ,Bgﬁ (00), considered as a function of V, extends continuously to zero.
While we would expect this also for other initial states i, it does not follow
from Corollary 2. It would be interesting to extend this continuity result to all
fast-decaying initial states or to exhibit one for which it fails.

6. Consequences for Higher-Dimensional Models

6.1. Lattice Schrodinger operators with separable potentials. Let d > 1 be an integer
and assume that for 1 < j < d, we have bounded maps V; : Z — R. Consider the

associated Schrodinger operators on ¢2(Z),

Hiyl(n) =y (n+ D+ —1)+Vim)yn). (42)
Furthermore, we let V : Z¢ — R be given by
Vn) =Vin) +-- -+ Va(na), (43)
where we express an element n of 74 asn = (n1,...,nq) withn; € Z.

Finally, we introduce the Schrodinger operator on £%(Z<) with potential V, that s,

d
[Hylm) = [ D Y n+e))+y(n—e)) | + Vo). (44)

J=1

Here, e denotes the element n of 74 that has n j=1landn;g =0fork # j.
Potentials of the form (43) and Schrodinger operators of the form (44) are called
separable. Let us first state some known results for separable Schrodinger operators.

Proposition 6.1. (a) The spectrum of H is given by
oc(H)=0(H))+---+0(Hy).
(b) Given Y1, ...,V € 0%(7), denote by ;j the spectral measure corresponding to

H; and ;. Furthermore, denote by i the spectral measure corresponding to H
and the element onZ(Zd) given by ¥ (n) = Y1 (ny) - - - Yqa(ng). Then,

W= [y %k -k Ay
Proof. Recall the definition and properties of tensor products of Hilbert spaces and oper-
ators on these spaces; see, for example, [RS, Sects. I1.4 and VIII.10]. It follows from
[RS, Theorem II.10] that there is a unique unitary map U from P2 Q- L2(7)
(d factors) to ¢2(Z%) so that for ¥ j € 02(Z), the elementary tensor ¥ ® --- ® ¥y
is mapped to the element v of £2(Z%) given by ¥ (n) = ¥1(n1) - - - Yq(ng). With this
unitary map U, we have

d
U'HU =Y 1@ - @ld® H;®ld® - ®1d,
j=1

with H; being the j t factor. Given this representation, part (a) now follows from [RS,
Theorem VIIL.33] (see also the example on [RS, p. 302]). Part (b) follows from the proof
of [RS, Theorem VIIL.33]; see also [BS] and [S]. O
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6.2. A consequence of the Newhouse Gap Lemma. We have seen above that the spec-
trum of a product model is given by the sum of the individual spectra. If these individual
spectra are Cantor sets and we want to show that their sum is not a Cantor set, the
following consequence of the Gap Lemma is useful.

Lemma 6.2. Suppose C, K C R! are Cantor sets with ©(C) - T(K) > 1. Assume also
that the size of the largest gap of C is not greater than the diameter of K, and the size
of the largest gap of K is not greater than the diameter of C. Then the sum C + K is a
closed interval.

Proof. Denote min C = ¢y, max C = ¢, min K = k1, max K = k. Let us prove that
C+K =lc1+ki,cr+ka].

The inclusion “C” is obvious, so let us prove the inclusion “2.” Take an arbitrary point
x € [c1+k1,c2+ky]. Then,x e C+ K ifandonlyif 0 e C+ K —x =C — (x — K).
Therefore,

xeC+K<CnNkx—K)#0.
Since 7(C) - 7(x — K) = 7(C) - 7(K) > 1, the Gap Lemma implies that a priori there
are only four possibilities:

(1) theintervals [c1, c2] and [x — ka, x — k1] are disjoint;
(2) the set C is contained in a finite gap of the set (x — K);
(3) the set (x — K) is contained in a finite gap of the set C;
@4 CNkx—-K)#£0.

But the case (1) contradicts the assumption x € [c| + k1, c2 + k2], and the cases (2) and
(3) are impossible due to our assumption on the sizes of gaps and diameters of C and
K. Therefore, we must have C N (x — K) # @ andhencex e C+ K. 0O

6.3. The square Fibonacci Hamiltonian. Let us now discuss the (diagonal version of
the) model studied by Even-Dar Mandel and Lifshitz, namely the operator

[HP Y10, n) = m+ 1,n) + 9 (m — 1,n) + ¢ (m,n+ 1)+ Y(m,n— 1) +
+V (X[l_a’l)(ma mod 1) + x1—q,1)(na mod 1)) Y (m, n)
in £2(Z?%). By Proposition 6.1, we have
o(HP) =Sy +Zy. (45)

Proof of Theorem 1.4. By (45), it suffices to show that Xy + Xy is aninterval for V > 0
sufficiently small. By Theorem 1.2, thereis V > Osuchthatt(Xy) > 1forV € (0, Vp).
For such V’s, Lemma 6.2 applies with C = K = Xy and yields

Yy + Xy = [min Ty + min Xy, max Xy + max Xy],

as desired. O
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Appendix A. The Off-Diagonal Fibonacci Hamiltonian

The purpose of this appendix is to give complete proofs of the basic spectral proper-
ties of the off-diagonal Fibonacci Hamiltonian. This operator has been considered in
many physics papers and is the basic building block for the higher-dimensional product
models studied by Even-Dar Mandel and Lifshitz. The mathematics literature on the
Fibonacci model provides an exhaustive study of the diagonal model, and it was always
understood that “analogous results hold for the off-diagonal model.” For the reader’s
convenience, we make these analogous results explicit here and hence provide in this
paper a complete treatment of the spectrum of the Even-Dar Mandel-Lifshitz product
model at weak coupling.

A.l. Model and results. Leta, b be two positive real numbers and consider the Fibonacci
substitution,

S(a) =ab, Sb)=a.

This substitution rule extends to finite and one-sided infinite words by concatenation. For
example, S(aba) = abaab. Since S(a) begins with a, one obtains a one-sided infinite
sequence that is invariant under S by iterating the substitution rule on @ and taking a
limit. Indeed, we have

SK@) = S 1(S@) = S ab) = K@) S ) = SK @) K@), 46)

In particular, Sk (a) starts with S¥~1(a), and hence there is a unique one-sided infinite
sequence u, the so-called Fibonacci substitution sequence, that starts with S¥(a) for
every k. The hull €2, 5 is then obtained by considering all two-sided infinite sequences
that locally look like u,

Qup = {w € {a, b}Z : every subword of w is a subword of u}.
It is known that, conversely, every subword of u is a subword of every w € 2, 5. In this
sense, u and all elements of the hull @ look exactly the same locally.

We wish to single out a special element of 2, ;. Notice that ba occurs in u and that
S2(a) = aba begins with a and S2(b) = ab ends with b. Thus, iterating S2 on bla,
where | denotes the eventual origin, we obtain as a limit a two-sided infinite sequence
which belongs to €2, and coincides with u to the right of the origin. This element of
Qq.» Will be denoted by w.

Each w € Q, ) generates a Jacobi matrix H,, acting in 02(7),

(Hy¥)n = ps1 Y1 + opn—1.

With respect to the standard orthonormal basis {8, },cz of £2(Z), where 8, is one at n
and vanishes otherwise, this operator has the matrix

and it is clearly self-adjoint.
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This family of operators, {Hy}weg, . is called the off-diagonal Fibonacci model. Of
course, the structure of the Fibonacci sequence disappears when a = b. In this case,
the hull consists of a single element, the constant two-sided infinite sequence taking
the value a = b, and the spectrum and the spectral measures of the associated operator
H,, are well understood. For this reason, we will below always assume that a # b.
Nevertheless, the limiting case, where we fix a, say, and let b tend to a is of definite
interest.

Our first result concerns general properties of the spectrum of H,. For § C R, we
denote by dimy S the Hausdorff dimension of S and by dimp S the box counting dimen-
sion of § (which is then implicitly claimed to exist).

Theorem A.1. Suppose a, b > 0 and a # b. Then, there exists a compact set ¥4, C R
such that o (H,,) = Xq,p for every w € Q4 p, and

(1) X4.p has zero Lebesgue measure.
(i1) The Hausdorff dimension dimy X, p is an analytic function of a and b.
(iii)) 0 <dimy 2,5 < 1.

More can be said about the spectrum when a and b are close to each other:

Theorem A.2. There exists eg > 0 such that ifa,b > 0,a # b, and ”;Zﬁz < l+¢g (in
other words, if a and b are close enough), then
(iv) The spectrum X, p is a Cantor set that depends continuously on a and b in the
Hausdorff metric.
(v) Forevery small 5 > 0 and every E € X, 5, we have

dimy ((E— 8, E+8) NX,p) =dimg (E—8, E+8) NZyp)
=dimyg X, = dimp X, p.

(vi) Denote a = dimp X p, then the Hausdorff a-measure of X, is positive and
finite.
(vii) We have that

Yab+ Zap =[min X, + min X, 5, max X, + max X, p].

Given these results, and especially Theorem A.2.(vii), we can confirm rigorously the
observation made by Even-Dar Mandel and Lifshitz in [EL06,ELO7] that the square
Fibonacci Hamiltonian (based on the off-diagonal one-dimensional model) has no gaps
in its spectrum for sufficiently small coupling.

Next, we turn to the spectral type of H,,.

Theorem A.3. Suppose a, b > 0 and a # b. Then, for every w € 4., H, has purely
singular continuous spectrum.

Throughout the rest of this appendix we will only consider a, b > 0 witha # b. Theo-
rems A.1 and A.2 are proved in Subsect. A.2 and Theorem A.3 is proved in Subsect. A.3.
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A.2. The trace map and its relation to the spectrum. The spectral properties of H,, are
closely related to the behavior of the solutions to the difference equation

Wp+1Up+l + OpUip—1 = Euy. 47)

u
U, = " .
Wplp—1

Then u solves (47) (for every n € Z) if and only if U solves

Denote

Up =To(n, E)Up—1, (48)

(for every n € Z), where

1 E -1
Tw(”,E)=w—(w2 0)-
n n

Note that det 7, (n, E) = 1. Iterating (48), we find
U, = M,n, E)Uy,
where
M,n, E)=T,n, E) x---T,(1, E).

With the Fibonacci numbers { Fy}, generated by Fo = F1 = 1, Fiy1 = Fi + Fr—1 for
k > 1, we define

1
xp = xk(E) = ETerS(st E).

For example, we have

1 (E -1
MwS(Fl’E)ZE(az 0)7
1(E —1\1(E -1 1 (E? -4 —E
]‘46')S(F2’E)—E(b2 o);(a2 o)_ab( Eb? —b2)’
1(E —I\N1(E —-1\1[(E -1
MwS(F3’E):;(a2 O)E(b2 O);(a2 O)
_ 1 (E3—Ea®> - Eb> —E?+01?
~ a2b E2a® — a* —Ead? ’
and hence
E E? — a2 — p? E3 —2Ed* — Eb*?
Xj=—, Xp=——17—"+, X3= (49)

2a 2ab 2a%b
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Lemma A.4. We have
X+l = 2XpXg—1 — Xg—2 (50)
for k = 2. Moreover, the quantity
I, = x1%+1 +x,§ +x,%_1 — 2X g1 X Xp—1 — 1 (G2))
is independent of both k and E and it is given by
(@ +Db?)?
4a?b?
Proof. Since w; restricted to {n > 1} coincides with u and the prefixes s of u of length
Fy obey si+1 = sisk—1 for k > 2 by construction (cf. (46)), the recursion (50) follows as
in the diagonal case; compare [D00,D07a,S87]. This recursion in turn implies readily

that (51) is k-independent.
In particular, the x;’s are again generated by the trace map

-1

T(x,y,2) = Qxy—z,x,)
and the preserved quantity is again
I(x,y,2) =)62+yz+z2 —2xyz — 1.

The only difference between the diagonal and the off-diagonal model can be found in the
initial conditions. How are x1, xp, x_ obtained? Observe that the trace map is invertible
and hence we can apply its inverse twice to the already defined quantity (x3, x2, x1). We
have

T 'x,v,2) = (y,2.2yz — x)
and hence, using (49),

(x1, x0, x—1) = T2 (x3, X2, 1)
3 TZ(E3—2Ea2—Eb2 E?—a®—bp? E)

’

2a2b 2ab ' 2a
_ - (Ez—az—bz E (E?2 —a? - b»)E B E3—2Ea2—Eb2)
2ab " 2a’ 4a’b 2a%b
— 7! (—Ez_az_bz £ E)
2ab "2a’ 2b
)
2a’ 2b’ " 4ab 2ab
E E da*>+0b?
:(Z’ﬁ’ 2ab )

It follows that

I (Xp+1, X, Xk—1) = I (x1, x0, X—1)
E? E? (a*+b?)?* _E*d®+D?)
= —+—+ -2 —1
4a?  4b2 4a%b? 8a2b?
_ (a2+b2)2
4a2p?

-1

foreveryk > 0. O
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It is of crucial importance for the spectral analysis that, as in the diagonal case, the
invariant is energy-independent and strictly positive when a # b!

Lemma A.S. The spectrum of H,, is independent of w and may be denoted by ¥, . With
or ={E €R:|x| =1},
we have

Zab = [) 0k Uoks1. (52)
k=1

Moreover, for every E € ¥, and k > 2,

12
(a® +b*)?
|Xk|§1+(W_l (53)

and for E & X, |xk| diverges super-exponentially.

Proof. Ttis well known that the hull €2, ; together with the standard shift transformation
is minimal. In particular, every w € €2, 5 may be approximated pointwise by a sequence
of shifts of any other @ € 2, 5. The associated operators then converge strongly and we
get o (H,) € o (Hgy). Reversing the roles of @ and o, the first claim follows.

So let X, ;, denote the common spectrum of the operators H,, w € 2, ;. We have
|Hyl < max{2a, 2b}. Thus, ¥, € [—max{2a, 2b}, max{2a, 2b}] =: 1, . For E €
1, 1, we have that at least one of x1, xo belongs to [—1, 1]. This observation allows us to
use the exact same arguments Siit6 used to prove (52) for the diagonal model in [S87].

The only point where care needs to be taken is the claim that oy is the spectrum of
the periodic Jacobi matrix obtained by repeating the values w; takes on {1 < n < Fy}
periodically on the off-diagonals. This, however, follows from the general theory of
periodic Jacobi matrices, which relies on the diagonalization of the monodromy matrix
(which is M, (Fy, E) in this case) in order to obtain Floquet solutions and in particular
discriminate between those energies that permit exponentially growing solutions and
those that do not. This distinction works just as well here, but one needs to use that the
wy,’s that enter in the U,,’s are uniformly bounded away from zero and infinity.

Thus, after paying attention to this fact, we may now proceed along the lines of Siit6.
Let us describe the main steps of the argument. Since at least one of x, xo belongs to
[—1, 1], we have a result analogous to [S87, Lemma 2] with the same proof as given
there. Namely, the sequence {xi }x>0 is unbounded if and only if there exists k such that
|xx| > 1 and |xgs1| > 1. Moreover, we then have |xiy| > ¢ for some ¢ > 1 and all
[ > 0. This shows

ok U okt = U O+l
120

Using now the fact that the Fj periodic Jacobi matrices with spectrum o} converge
strongly to H,, , we obtain

Yap € ﬂ U0k+1 = ﬂUk Uoks = ﬂ 0 U O+ 1,
k>11>0 k>1 k>1

since the spectra oy and oy are closed sets. Thus, we have one inclusion in (52).
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Next, suppose E € ﬂkz] o Uogsr. If £ > 11is such that |xg| > 1, then |xz_1| < 1
and |xz+1] < 1. Since we have

2 252
Xjp1 T X X1 — 2Xk+]Xka_] —1= W

-1,
this implies

2 242 1/2
2 2 2 2 (a”+b7)
Xie = X1 Xk—1 £\ 1 — Xy — Xy + X X+ ——5— — 1 ,

4a2b?
and hence
(a2 +b2)2 1/2
k] < e xe—1] + ((1 —xiD (L= xg_p) + (W - 1))

which, using |xx—1| < 1 and |xx4+1| < 1 again, implies the estimate (53) for £ €
Ni>1 0xUoks+1. We will show in the next subsection that the boundedness of the sequence
{xr}x>0 implies that, for arbitrary w € €2, 5, no solution of the difference equation (47)
is square-summable at +oo. Consequently, such E’s belong to )Za,b.7 This shows the
other inclusion in (52) and hence establishes it. Moreover, it follows that (53) holds for
every E € X p.

Finally, from the representation (52) of X, , and our observation above about
unbounded sequences {xx}i>0, we find that |x;| diverges super-exponentially for E ¢
24.p- This concludes the proof of the lemma. O

Lemma A.6. For every E € R, there is y (E) > 0 such that
1

lim —log ||Mu(n, E)|| = y(E),
n—-oon

uniformly in w € Qg p.

Proof. This follows directly from the uniform subadditive ergodic theorem; compare
[DL99b,Ho]. O

Lemma A.7. The set Z,, := {E € R: y(E) = 0} has zero Lebesgue measure.

Proof. This is one of the central results of Kotani theory; see [Ko] and also [DO7b]. Note
that these papers only discuss the diagonal model. Kotani theory for Jacobi matrices is
discussed in Carmona-Lacroix [CL] and the result needed can be deduced from what
is presented there. For a recent reference that states a result sufficient for our purpose
explicitly, see Remling [Re]. O

Lemma A.8. We have X, ), = Z, .
7 This follows by a standard argument: If £ ¢ %, j, then (Hyp — E )*1 exists and hence (H, — E )*180 is

an £2(Z) vector that solves (47) away from the origin. Choosing its values for n > 1, say, and then using (47)
to extend it to all of Z, we obtain a solution that is square-summable at +00.
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Proof. The inclusion X, 2 Z, holds by general principles. For example, one can
construct Weyl sequences by truncation when y (E) = 0. The inclusion ¥, , € Z,
can be proved in two ways. Either one uses the boundedness of x; for energies £ € X, 5
to prove explicit polynomial upper bounds for || M, (n, E)| (as in [IT] for @ = ws or in
[DLI99b] for general w € 24 5), or one combines the proof of the absence of decaying
solutions at +oo for E € X, ; given in the next subsection with Osceledec’s Theorem,
which states that y (E) > 0 would imply the existence of an exponentially decaying solu-
tion at +00. Here we use one more time that U,, is comparable in norm to (u,,, u,— DT,

O

Proof of Theorems A.1 and A.2. The existence of the uniform spectrum X, , was shown
in Lemma A.6 and the fact that X, ; has zero Lebesgue measure follows from Lem-

mas A.7 and A.8. The set of bounded orbits of the restriction of the trace map

212
T : R> — R3 to the invariant surface I(x,y,z) = C = (a? 2};2) —-1,C > 0,is

hyperbolic; see [Can] (and also [DG09a] for C sufﬁc1ently small and [Cas] for C suffi-
ciently large). Due to Lemma A.S, the points of the spectrum correspond to the points
of the intersection of the line of the initial conditions

o _(E E a’ +b? EeR
“t=1\2a" 20" 2ab )

with the stable manifolds of the hyperbolic set of bounded orbits. Properties (ii) and (iii)
can be proved in exactly the same way as Theorem 6.5 in [Can]. The line £, j, intersects
the stable lamination of the hyperbolic set transversally for sufficiently small C > 0,
as can be shown in the same way as for the diagonal Fibonacci Hamiltonian with a
small coupling constant; see [DG09a]. Therefore the spectrum %, 5 for close enough
a and b is a dynamically defined Cantor set, and the properties (iv)—(vi) follow; see
[DEGT,DG09a,Ma,MM, P,PT] and references therein. The statement (v1i) follows as

in the diagonal case since the thickness of X, tends to infinity as % +b approaches 1.
]

Notice that a proof of the transversality of the line £, to the stable lamination of the
hyperbolic set of bounded orbits for arbitrary a # b would imply the properties (iv)—(vi)
for these values of a and b.

A.3. Singular continuous spectrum. In this subsection we prove Theorem A.3. Given
the results from the previous subsection, we can follow the proofs from the diagonal
case quite closely.

Proof of Theorem A.3. Since the absence of absolutely continuous spectrum follows
from zero measure spectrum, we only need to show the absence of point spectrum. It
was shown by Damanik and Lenz [DL99a] that, given any w € Q2,5 and k > 1, the
restriction of w to {n > 1} begins with a square

w]...0F ... =W]...0FW]...0F ...

such that w; ... wp, is a cyclic permutation of Sk(a). By cyclic invariance of the trace,
it follows that TrM,,(Fy, E) = 2xx(E) for every E.
The Cayley-Hamilton Theorem, applied to M, (F, E), says that

M (Fi, E)? — (TtMy,(Fy, E)) My (Fy, E) + 1 = 0,
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which, by the observations above, translates to
My,Q2F, E) —2x; My, (Fr, E)+1 =0.

If E € ¥, and u is a solution of the difference equation (47), it therefore follows
that

UQF+1) —2xU(Fr+1)+U(1) =0.

If u does not vanish identically, this shows that u, /4 0 as n — oo since the x;’s
are bounded above and the w,’s are bounded below away from zero. In particular, if
E € X, p, then no non-trivial solution of (47) is square-summable at +oo and hence E
is not an eigenvalue. It follows that the point spectrum of H,, is empty. O
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