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ABSTRACT. In this paper, we present a review of our recent results on spectral properties of adiabatic
quasi-periodic Schrodinger equations. We describe new spectral phenomena and explain them in terms
of simple semi-classical heuristics.

REsSUME. Cet article présente certains de nos résultats récents sur des propriétés spectrales des
équations de Schrodinger quasi-périodiques. Nous décrivons de nouveaux phénomenes spectraux et
les interprétons grace a une heuristique semi-classique

0. INTRODUCTION

The purpose of this paper is to present recent results on the spectral theory of the following
family of differential equations

2
(0.1) Hooh =~ g(@) + V(@ - 2) + Wea)lo(e) = Bp(@), z€R,

where
(H): o W(z) =acos(z), a >0,
e V is a non constant 1-periodic function in L2 (R),
e ¢ is fixed positive number,
e 2 is a real parameter indexing the equations of the family.

Our study is done in the adiabatic limit i.e. when ¢ tends to 0. This means that the potential V is
oscillating at speed 1 and the potential W (e-) is oscillating very slowly at speed &/27.

When studying the nature of the spectrum, we pick € so that 27/ be irrational. In this case, the
potential V(- — z) + W(e:) becomes quasi-periodic. Quasi-periodic equations have been intensively
studied during the last 30 years (see e.g. [17, 20]) and they are suspected (and in some rare cases
known) to have very peculiar spectral characteristics (Cantor spectrum, spectral transitions, etc).

The results we describe were obtained in [13, 12, 10, 7, 11]. The object central to our study is the
monodromy matrix that we describe now.

0.1. The monodromy matrix. Consider a consistent basis (¢12) i.e. a basis of solutions of (0.1)
whose Wronskian is independent of z and that are 1-periodic in z i.e.

(0.2) Yoz, 2+ 1) =Y12(x, 2), Vz,z.

The functions ¥ 2(x + 27 /e, z + 27 /) being solutions of equation (0.1), one can write
(0.3) U(zx+2n/e,z+2n/e) = M (2) ¥ (x, 2),

where

e U is the vector U7 (z, 2) = (¢1(z, 2),v2(x,2)), T being the symbol of transposition,
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e M (z) is a 2 x 2 matrix with coefficients independent of z.

The matrix M is called the monodromy matriz associated to the consistent basis (1 2). More details
and results on the monodromy matrix can be found in [11, 10].

For any consistent basis, the monodromy matrix satisfies
(0.4) detM(z) =1, M(z+1)=M(z), V=

The above definition of the monodromy matrix applies to any 1-d quasi-periodic equation with two
frequencies. It generalizes the definition of the monodromy matrix for one-dimensional periodic dif-
ferential equations. As the potential in (0.1) is real, it is possible to construct a monodromy matrix
of the form

a(z, E
zZ,E

e ) b(z,E)>

(0.5) M(z, E) = < S WG

0.1.1. The monodromy equation. Set h = T mod1. Let M be a monodromy matrix associated to a

€
consistent basis (11 2). Consider the monodromy equation
(0.6) Fo41 = M(z+nh)F, Vn € Z.
We identify the vector solutions of (0.6) with functions F : Z — C2, we denote the values of F by F},.

There are several deep relations between the monodromy equation and the family of equations (0.1).
We describe only one of them. Let 27 /e be irrational, and let ©(E) (resp. 6(E)) be the Lyapunov
exponents for (0.1) (resp. for (0.6)). One proves

Theorem 0.1 ([!1]). The Lyapunov exponents O(E) and 0(E) satisfy the relation

€
0.7 O(F) = —0(F).
(0.7 (B) = —0(E)
The passage to the monodromy equation is close to the monodromization idea developed in [3] for

difference equations with periodic coefficients. For a detailed discussion, we refer to [11].

0.1.2. The monodromy matriz in the adiabatic limit. In the adiabatic limit i.e. when ¢ is small, using
the complex WKB method developed in [9], one can compute the asymptotics of monodromy matrices.
In all the cases we discuss in this review, we found the monodromy matrices to have the form

(0.8) M(z,E) = My(E) + M (2, E) + R

e My(FE) is constant i.e. independent of z,
e Mi(z, E) is a first order trigonometric polynomial in z,
e R is a smaller order remainder term.

The matrices My and M; carry information on the location and the nature of the spectrum of (0.1).
The asymptotic behavior of My and M; depends on the spectral parameter. Essentially, there are
four different types of asymptotic behavior for these matrices. So, the monodromy matrix (or the
monodromy equation) gives a local (in energy) model describing the spectral properties of our initial
differential equation (0.1).

0.2. Some analytic objects related to periodic Schrédinger equations. To formulate our
results, we need to recall some information about the periodic Schrédinger operator

2
(09) (H) (2) =~ () + V (2 (2]

acting in L?(R).



0.2.1. The spectrum of Hy. On L?(R), the spectrum of (0.9) is absolutely continuous and consists of

spectral bands i.e. intervals [E1, Es], [Es, E4], ..., [E2nt1, Fant2l, ..., of the real axis such that
(0.10) By <Ey<E3<Ey...Eo < Bopi1 < Eonyo < ...,

(0.11) E, — 400, n— +oo.

The open intervals (Eq, E3), (Ey, E5), ..., (Fan, Fopt1), - .., are called the spectral gaps. The ends

of the bands are eigenvalues of the Schrodinger operator (0.9) with either periodic or anti-periodic
boundary conditions at the ends of the interval (0,1). Some gaps can be closed (empty). In this
case, connected components of the spectrum are unions of spectral bands with common ends. If
Es, < FEont1, we say that the n-th gap is open. From now on, we assume that

(O): all the gaps of the periodic operator are open.

0.2.2. The Bloch quasi-momentum. Let 1) be a solution of the periodic Schrédinger equation satisfying
the relation ¢ (z + 1) = pv (z), Va € R, with p independent of z. It is a Bloch solution, and p is
the Flogquet multiplier associated to 1. Write it as u = exp(ik); then, k is called the Bloch quasi-
momentum. The Bloch solution 1 can be represented in the form 1(z) = e?5%p(z) where 2 — p(z) is
a 1-periodic function.

The Bloch quasi-momentum is an analytic multi-valued function of FE; it has branch points at the
pOiIltS El, EQ, Eg, ceey En, e

Let D be a simply connected domain containing no branch points of the Bloch quasi-momentum. On
D, fix kg, an analytic single-valued branch of k. All the other single-valued branches that are analytic
in £ € D, are described by the formulae

(0.12) k‘iJ(E) = :Ek?o(E) +2nl, leZ.

Consider C, the upper half of the complex plane. There exists kj, an analytic branch of the complex
momentum that conformally maps C; onto the quadrant {Imk > 0, Rek > 0} cut along finite
vertical slits beginning at the points 7l, I = 1,2,3... The branch k, is continuous on Cy UR. It is
real and monotonically increasing along the spectrum; it maps the spectral band [Eg,_1, F2,] onto
the interval [7(n — 1), 7mn]. On the open gaps, Im k, stays positive and has a single maximum that is
non degenerate.

0.3. The complex momentum. The central analytic object of the complex WKB method is the
complex momentum k((). It is defined in terms of the Bloch quasi-momentum of (0.9) by the formula

(0.13) K(C) = k(E — W(())

The complex momentum & is a multi-valued analytic function. Its branch points are related to the
branch points of the quasi-momentum by the relations

(0.14) E,=E-W({), 1=1,2,3,...,

where (E);>1 are the ends of the spectral gaps of the operator Hy. Each of these equations defines a
periodic sequence of branch points.

Let D be a regular domain (i.e. a simply connected domain and containing no branch points of k).
Then, in D, one can fix kg, an analytic branch of k. By (0.12), all the other analytic branches are
described by the formulas

(0.15) KE = £k + 27m,
where + and m are indexing the branches.

Consider the half-strip {Im¢ > 0, 0 < Re{ < w}. On this strip, one defines the main branch of the
complex momentum by



0.3.1. The iso-energy curve. Let E(k) be the dispersion relation associated to Hy that is the inverse
of the the Bloch quasi-momentum k. Consider the real and the complex iso-energy curves I'r and I'
defined by

(0.16) I'ek: Ek)+W(()=FE, k(eR,
(0.17) I': Ek+W(()=E, k(eC.

The iso-energy curves I'g and I' are 27-periodic so in ¢ as in k. The curve I'g is symmetric with
respect to the lines k = 7l, | € Z and with respect to the lines ( = mm, m € Z.

The role of the real iso-energy curve for adiabatic problems is well known, see, for example [2]. Heuris-
tically, the Hamiltonian E(x)+ W (() can be considered as an effective Hamiltonian for equation (0.1).
Indeed, as the potential W (ex) oscillates very slowly, one can replace the periodic Schrédinger opera-
tor Hy by its dispersion relation. This is analogous to the well known Peierls substitution.

Notice also that I', the complex iso-energy curve, is just the Riemann surface uniformizing «.

0.4. A general overview. We begin with a very simple result on the asymptotic locus of the spec-
trum. Let W, = max W(z) and W_ = miﬂré W (z). Denote by X(g) the spectrum of (0.1) and by
re x<

o(Hp) the spectrum of the periodic operator defined in (0.9). One has

Theorem 0.2 ([11]). Let ¥ = o(Hy) + W(R) = o(Hp) + [W_,W,]|. Then, one has
e Ve >0, X(e) C X.
o for any K C X compact, there exists eg > 0 and C' > 0 such that, VO < € < g9 and VE € K,
one has

S() N (E — CVz, E + CVE) # 0.

We now present our results on the locus and on the nature of the spectrum of (0.1); we also
discuss the transitions between the different spectral types. To do so, we slide the energy E along
the spectral axis and study the various situation that occur. Let us discuss them very briefly. For an
energy F, consider the “window” W(FE) = [E — W4, E — W_]. Theorem 0.2 already indicates that
one of the crucial characteristic governing the spectrum at an energy F is the relative position of the
interval £ — W (R) with respect to the spectrum of the operator Hy. One roughly has to distinguish
between 4 different cases described in Fig. 1. Essentially, each case corresponds to a different topology

WE)—_ . E W(E) \: E
------- E ] —][—][—
(a) “Band middle” model (b) “Isolated band” model
W(E) —_ [_ff_] W(E) —_ [_ff_]
_______ P P R I B
(¢) “Band edge” model (d) “T'wo interacting bands” model

Figure 1: The four different cases

of the iso-energy curve I' and to a different type of asymptotic behavior for the monodromy matrix.
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1. THE “BAND MIDDLE” MODEL

We start with describing the energy regions for the “band middle” model (see Fig. 1(a)). Let
[Eop—1, Eoy,] be one of the spectral bands of the periodic operator Hy. We pick J C R, a compact
interval, such that

(BMM): W(E) C|E2,—1, Eay,| for all E € J.
Below, for the sake of definiteness, we assume that n is odd. In the case of even n, one gets similar
results.

An interval J satisfying (BMM) exists if 2«, the "size” of the adiabatic perturbation, is smaller than
the size of the spectral band [Ea,—1, Fay].

1.0.1. The real iso-energy curve. For the “band middle” model, the real iso-energy curve is described
in Fig. 2(a). On this figure, the continuous curves are connected components of I'g.

Under the condition (BMM), the main branch of the complex momentum, x,, maps the interval [0, 7]
into (m(n — 1),7n). The graph of k, on this interval is a part of v, a connected component of I'.
Using the symmetry of I'g with respect to the line ( = 7 and the its 27-periodicity in ¢, we describe
« in Fig. 2(a). Using (0.15), one describes the other connected components of I'g.

1.0.2. Complex loops. In Fig. 2(a), we show also dashed loops which are situated on I'. To describe
them, we turn to Fig. 2(b). This figure shows a few points from the periodic sequences of branch
points of x, in the complex (-plane; these belong to the sequences of branch points closest to the real
axis, i.e. defined by E; = E — W ((;) with [ =2n — 1 and [ = 2n. Along each of the loops 7y and 7,
kp can be analytically continued to a single valued function. This observation implies that 79 and 7y,
are the projections of some loops in I'; two of them, vy and ~y,, are shown in Fig. 2(a).

1.0.3. Action integrals and phases. Let us now describe the actions and phases attached to the curves
introduced above. We define the phase integral ® attached to the curve v by

2
B(E) = /0 Ip(C) — (n — )mldC.

Under the condition (BMM), the function ® is analytic in an neighborhood of J and it is positive for
E € J. Moreover, one checks that the derivative of ® does not vanish on J. To the loops 7o and v,

L~ ¢
': E%T et Can
— 2
i ¢ 0 .
;ll/\//\// Vr
Yo
~_ T~ =~
(a) The iso-energy curve (b) The action and phase contours in the (-
plane

Figure 2: The geometric objects in the “band middle” case

we attach the actions

Sypo(E) = [ kp(C)dC,  Syx(E) :i/ kp(¢)dC.
Yo &

™
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On each loop, one can choose the orientation in such a way that the attached action be positive. These
actions define a tunneling coefficient each

(1) toolE) =exp (- 29 ) and 1, () = exp (- 2222 )

3

1.1. The spectral results. Before formulating our precise spectral results, we describe a simple
heuristics explaining them.

1.1.1. The heuristics. Consider the real iso-energy curve (0.16) depicted in Fig. 2(a). It consists of
connected components stretching along the axis of (. In our case, the variable ¢ plays the role of the
coordinate in position space, while x is the coordinate in momentum space. Standard semi-classical
“wisdom” would say that the states of our system should live near the the iso-energy curve. At the
view of Fig. 2(a), the states should extend in the position space. In Theorem 1.1, we prove that this
is essentially the case. There are some energy intervals that are not covered by Theorem 1.1: this is
due to possible tunneling in the vertical directions. The strength of this tunneling is measured by the
tunneling coefficients ¢, o and ¢, ». This tunneling can lead to the appearance of gaps in the spectrum.

1.1.2. The spectral results. We prove

Theorem 1.1 ([10]). Let J be a nonempty closed interval satisfying the hypothesis (BMM). Fix

0 < o < 1. Then, there exists D C (0,1), a set of Diophantine numbers such that

e one has

(12) mes (D N (0,¢))
€

=1+0(e\?),
where X\ is defined by
S o
A = exp (——> , and S =minmin{S, o(E), Sy (E)}.
€ EeJ

o for any € € D sufficiently small, there exists a Borel set B C J of small measure

mes (B)

V) O(\0/?
mes (J) OW"),

such that J \ B belongs to the absolutely continuous spectrum of the equation family (0.1);
e forall E € J\B, there exist two linearly independent Bloch-Floquet solutions ¥4 (x, E) of (0.1)
admitting the representations

(13> ¢i(3«°) = e:l:’ip(E)x P:t($ — %, &L, E)>

where p(E) is a monotonously increasing, Lipschitz continuous function of E, the functions
Py(z,¢, E) differ by the complex conjugation, P_ = Py, the function Py is 1-periodic in x and
2m-periodic in . This function belongs to H l20(: i x and is analytic in ¢ in a neighborhood of
the real line. Moreover, Py is a Lipschitz continuous function of E.

In Theorem 1.1, the coefficient A is exponentially small in € as € — 0. One can study the same problem
for any real analytic periodic W (analyticity is essential for our method to work). In [10], we prove
Theorem 1.1 in this greater generality but, in that case, we cannot give the optimal value of .

The Bloch-Floquet solutions 1 described in Theorem 1.1 have the same functional structure as the
Bloch-Floquet solutions constructed in [5, 6] for small almost periodic potentials or high energies.
The regularity of the solutions e*?(¥)* P, (z — 2, ex, F) in the “slow” variable ez is determined by the

function W, and, in the “fast” variable x — z by the function V.
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1.2. Asymptotics of a monodromy matrix. To simplify the exposition, we formulate the results
on the monodromy matrix in two Theorems. Assume the interval J satisfy assumption (BMM). We
prove

Theorem 1.2 ([13]). Let Ey € J. There exists Yo > 0 and V', a constant neighborhood of Ey, such
that, for sufficiently small €, the family of equations (0.1) has a consistent basis of solutions for which
e the corresponding monodromy matrix M is analytic in E in V and in z in the strip Sy, =
{m z| < Yp/e},
e this matrix has the form (0.5).

Now, we turn to the asymptotics of the monodromy matrix described in Theorem 1.2 for e — 0. We
prove

Theorem 1.3 ([10]). Fiz Cy, Cy > 0. Let |E — Ey| < Cie and [Im (| < Cy. Then, for sufficiently
small €, the monodromy matriz defined in Theorem 1.2 has the following properties

e if we represent the coefficient a of the monodromy matriz as

a=ag+a(z), ap= /1 a(z)dz;
then, for e — 0, one has :
(1.4) ap = exp(—i®(E)/e +0(1)), and a=0 (e_§> ;
e the coefficient b of the monodromy matriz admits the estimate
(1.5) b:O<6_§>;
e the estimates for a and b are uniform in (E, z).

Theorem 1.3 is proved using the complex WKB method for adiabatic perturbations of periodic
Schrodinger equations developed in [9].

Under our assumptions, one can actually compute the asymptotics of the coefficients @ and b. The
leading term @ is given by a_1e™ 2" + q1e?™*, the sum of the first two terms of the Fourier series of
a. The modulus of the Fourier coefficients are exponentially small in € and can be expressed in terms
ty,0 and &y 7.

1.3. A very rough sketch of the proof of Theorem 1.1. Let us explain how Theorem 1.3 is used
to derive Theorem 1.1. By Theorem 1.3, the monodromy matrix is of the form

M= <g £> Lo,

where U is independent of z,
U= e—§<1>+o(1)’ A=e t

The relation det M = 1 implies that |[U| = 14-0(\) for E € J. So, up to error terms of order O(\), M is
a constant diagonal matrix with diagonal elements of absolute value 1. Now, consider the monodromy
equation with the monodromy matrix M. If the error terms could be omitted, one would immediately
obtain that, for all £ € J, there are bounded solutions of the monodromy equation. To take care
of the exponentially small error terms, we apply standard ideas of the spectral KAM theory: we use
a simple version (prepared in [11]) and construct bounded solutions of the monodromy equation for
FE outside of a Borel set B which is the countable union of intervals of small total measure. These
intervals contain KAM resonances that can be roughly characterized by the ” quantization condition”

1
—®(E)=k-h+1, kleZ
e

Having constructed bounded solutions of the monodromy equation outside of the set B, by Theo-
rem 0.1, we conclude that the Lyapunov exponent of the equation family (0.1) is zero on J \ B. By
7



the Ishii-Pastur-Kotani Theorem [19], this implies that the essential closure of the set J \ B belongs
to the absolutely continuous spectrum of (0.1).

In Theorem 1.1, we have only described the part of the spectrum outside a small set. As said above,
this set is related to the KAM resonances for the monodromy equation. We believe that, adapting the
techniques developed in [6], one can prove that, in this small set, the spectrum is purely absolutely
continuous.

2. THE “ISOLATED BAND” MODEL

Let us describe the energy region corresponding to the “isolated band” model (see Fig. 1(b)).
Actually, we consider a situation more general than the one depicted in Fig. 1(b): one is in the “isolated
band” case when the spectral window W(FE) completely covers at least one band i.e. it may cover
totally or partially more than one band. For the sake of simplicity, we consider J C R, a compact
interval such that, for all £ € J, the window W(FE) contains exactly m + 1 isolated bands of the
periodic operator. So, we fix two positive integers n and m and assume that

(IBM1): the bands [Ey 451, Ba(ntjpl, = 0,1,...m, are isolated;

(IBM2): for all E € J, these bands are contained in the interior of W(E);

(IBM3): for all E € J, the rest of the spectrum of the periodic operator is outside of W(E).
Note that energies E satisfying (IBM1) — (IBM3) exist only if W, — W_, the ”size” of the adiabatic
perturbation, is big enough; e.g., if m = 0, such energies exist if and only if W, — W_ is larger than
the size of the n-th spectral band, but smaller than the distance between the (n — 1)-st and (n + 1)-st
bands.

2.1. Iso-energy curve. We formulate our results in terms of the complex iso-energy curve (0.17).
So, let us discuss it in detail.

2.1.1. The real iso-energy curve. Let us describe the real iso-energy curve (0.16) in the case of the
IBM model. Consider the part of I'g in the strip {({,x); 0 < ¢ < w}. The function { — E — W(()
maps the interval [0, 7] onto W(E). Hence, by our assumptions (IBM1) — (IBM3), there are m + 1
branch points of k, on the interval (0,7); for [ = 2n —1,...,2(n + m), the point (; is defined by
E; = FE — W((). These points satisfy
0 < Con—1 < Con <+ < Qopngm) < T

The main branch of complex momentum, r,, is real on the intervals 3; = [(2j-1,(25], j = n,n +
1,...,n + m. It takes complex values with positive imaginary part on the complement of these
intervals in [0,7]. This implies that the part of I'r above the interval [0,7] is located above the
intervals 3;, 7 =n,n+1,...,n+m.

Fix j =n,n+1,...,n+m. On the interval 3;, £, is monotonously increasing from (j —1)7 to jm. This
and (0.15) imply that, above 3;, the real iso-energy I'r consists of an continuous curve, 27-periodic in
the k-direction.

To obtain the other connected components of I'g, one just uses that it is symmetric with respect to
the line ¢ = 7 and 27-periodic in the (-direction.

If m = 0 i.e.if the window W(FE) contains only one isolated band, I'g is shown in Fig. 3(a). Here, we
have drawn fyf:, two connected components of I'g, projecting onto the intervals 3, and 27 — 3,,. More
details on its construction are given in [13].

2.1.2. Complex loops. Now, we discuss loops in the iso-energy curve (0.17) connecting connected
components of I'g.

Define the intervals
(2 1) gj_ :(CQ_])CQ_]+1)5 gj:(<2_7+17(2_7)7 ]:n)n+17n+m_17
In—1= (C;;lfl - 27T7 CQ_nfl)a In+m = <C2_(n—|—m)’ C;En—‘rm))’

and denote by G the set of these intervals.



G(gn-1) G(gn)

o o—|"—o *~—

|
|
Oi CQn—l C2n

& nd
(a) The iso-energy curve (b) The action and phase contours (when m = 0)

Figure 3: The geometric objects in the “isolated band” case

Let g € G, and let V(g) C C be a (complex) neighborhood of the interval g containing only two branch
points of the complex momentum, the ends of g. Let G(g) be a smooth closed curve that goes around
the interval g in V(g) intersecting the real axis twice. In Figure 3(b), we depicted the curves G(g)
when m = 0.

In [13], we prove that, on each curve G(g), one can fix a continuous branch of the complex momentum.
This implies that G(g) is the projection on C of a simple closed curve G(g) situated on T'; G(g) connects
the real branches of I' situated above the intervals 3 € Z U {35 ; — 27} adjacent to g. For m = 0, in

Fig. 3(a), we have shown loops 71 and 7, projecting onto G(g,) and G(ga_,) + (27,0).

2.1.3. Action integrals and phases. To the real branches of the iso-energy curve, we associate the phase
integrals defined by

2m
(2.2) O (3) :/0 Z(k,3)dr, 3€Z.

All the phase integrals are real for £ € J and analytic in £ in a complex neighborhood of J.

To I', we associate the tunneling coefficients

(2.3) Hg) = e 290), geg,

where S(g) are the actions given by
(2.4) Sw=if s, geg.
G(g)

In each of the integrals, we integrate a branch of the complex momentum continuous on the integration
contour. We can and do choose the branches « in (2.4) so that all the actions be positive for E € J.
Note that, with this choice, the tunneling coefficients become exponentially small as € — 0.

2.2. Spectral results. Asin section 1.1, let us first describe the heuristics behind our spectral results.

2.2.1. The heuristics. In the present situation (see Fig. 3(a)), the real iso-energy curve is extended
along the momentum axis. Hence, the quantum states should be extended in momentum and, thus,
localized in the position space. Moreover, their possible extension along the position variable is
governed by the tunneling between the vertical branches of I'g i.e. by the tunneling coefficients ¢(g).
So, the Lyapunov exponent of equation (0.1) at energies in the “isolated band” zone should be related
to this tunneling coefficient. This is the content of Theorem 2.1.

9



2.2.2. The spectral results. Our main spectral result is

Theorem 2.1 ([13]). Let J be an interval satisfying the assumptions (IBM1)-(IBM3) for some n and
m. Let W and V' satisfy the hypothesis (H), and let 2w /e be irrational. Then, on the interval J, for
sufficiently small e, the Lyapunov exponent O(FE) for the family of equations (0.1) is positive and has
the asymptotics

(2.5) 271'2 n—+0 ZS
geg

If 27 /¢ is irrational, then H, . is quasi-periodic. In this case, its spectrum, its absolutely continuous
spectrum and its singular spectrum do not depend on z (see [1, 18]); denote them respectively by X,
Yac and Xg. By the Ishii-Pastur-Kotani Theorem, see e.g [4, 19], Theorems 0.1, 0.2 and 2.1 imply

Corollary 2.1 ([13]). In the case of Theorem 2.1, for € sufficiently small, one has
SEe)NJ#0  and Bu(e)NJ =0,
where Yqc(€) is the absolutely continuous spectrum of the family of equations (0.1).

2.3. The asymptotics of the monodromy matrix. As in the “band middle” case, Theorem 1.2
holds in this case too for J, an interval satisfying (IBM1) — (IBM3). Now, we turn to the asymptotics
of the monodromy matrix described in Theorem 1.2 for the “isolated band” case. For the sake of
definiteness, we assume n to be odd; in the case of even n, one obtains similar results. One has

Theorem 2.2. In the case of Theorem 1.2, the coefficients a and b admit the asymptotic representa-
tions

(2.6) a=—iF_,U ™Zz)(1+0(1)), b=F_,U ™(2)(140(1)), 0<Imz<Yy/e,
and
(2.7) a=—iF, U™ (2)(1+0(1)), b=F, U (2)(1+0(1)), —Yy/e<Imz<O0.

Here, F_,, and Fy, 11 are independent of z,

: _ i _ i
(2.8) U(z) =22 F =T Lexp (2—500> , Fpyr =T exp (2_591> ,
and
T=e"]lgegt(@), Oo=(2G3) = PGn)) + X geq gty 2(8) — 8m?m + 2eso,
(2.9)

01 = — D geq P(9) + 87°(m + 1) + 2es1,

where the functions r, sg and s1 are independent of € and real analytic in E in a neighborhood of Ey.
The asymptotics for a and b are locally uniform in z and in E.

2.3.1. The case of m = 0. Theorem 2.2 does not describe the asymptotics of the coefficients a and b
along the real axis of z. But, if m = 0, it implies

Theorem 2.3. If, in the case of Theorem 1.2, m = 0, then the coefficients a and b admit the
asymptotic representations

(2.10)

a=—iFy(1+0(1))—iF1U(z)(1+0(1)), b=Fy(l+0(1))+FiU(z)(1+0(1)), —Yp/e <Imz<Yp/e.

These asymptotics are locally uniform in E € V and in z in the whole strip Sy, .
10



2.3.2. A rough sketch of the proof of Theorem 2.1. Let us now briefly explain how Theorem 2.1 is
derived from the asymptotics of the monodromy matrix. For sake of simplicity, we assume that n is
odd and m = 0. Up to error terms, the monodromy matrix then coincides with the matrix

_(—ip(4w)  p(l4w) L 2mi(z — 2)
(2.11) Mo (u*(l +1/u) ip(1+ 1/u)> 7 ,
z= %M(QO(E) —01(B)), p(E)=T Y (E)ex=%®)

For the matrix My, one can calculate the Lyapunov exponent limy, oo In|[Mo(z + nh) ... Mo(z +
h)Moy(z)|| explicitly. This and Theorem 0.1 lead to the formula (2.5). To justify this formula rigorously,
we estimate the Lyapunov exponent for the cocycle generated by the monodromy matrix from below
and from above. The upper bound follows directly from a simple norm estimate of (2.11). To get
the lower bound, we use the ideas of [21] which generalize Herman’s argument [16]. In result, we find
that, up to a small error, the upper and the lower bounds coincide. Having calculated the Lyapunov
exponent for the cocycle generated by the monodromy matrix, we use Theorem 0.1 and obtain (2.5).

Note that one can transform (in a standard way) the monodromy equation to a second order difference
equation of the form

(2.12) g(n+1)+ p(nh+ 2)g(n —1) =v(nh+ z)g(n), necZ,

for g taking values in C. If M(z) is analytic in z, then the coefficients p(z) and v(z) are meromorphic
functions of z. Their poles are the zeros of the coefficient Mj2(z) of the monodromy matrix. For
the monodromy matrix described in Theorem 2.3, these poles are situated in an exponentially small
neighborhood of the real line; this is reminiscent of the Maryland model (see [1]).

3. THE “BAND EDGE” MODEL

The relative position of W(FE) and the spectrum of Hy is described in Fig. 1(c). More precisely, we
consider a compact energy interval J C R such that, for all E € J, the window W(FE) contains exactly
one edge, say Fa,t1, of a spectral zone of Hy, say [Eont1, Eonto] i.e. we assume that there exists
0 > 0 such that, for all E € J, one has

(BEM): [Egp+1 — 6, Eopt1 + 0] CW(E) C (Fan, Eony2).
For the sake of definiteness, we assume n is odd. The case of even n is dealt with in the same way.
One can also consider the right hand side band edges. Mutandi mutandis, we obtain spectral results
identical to those we describe now.

The results that we describe now extend those obtained for n = 0 in [11] i.e. at the bottom of
the spectrum.

3.1. The geometric objects. In the “band edge” case, the situation is more complicated than in
the two previous cases, in the sense that there are more geometric objects (paths on I" and phases and
actions associated to them) that actually play a role both in the spectral analysis of equation (0.1)
and in the description of the monodromy matrix. So, let us first start with describing these geometric
objects.

3.2. The iso-energy curve. Let us now describe the iso-energy curve I'.

3.2.1. The real iso-energy curve. Consider the part of I'g above {(({,x); 0 < ¢ < w}. Under the
hypothesis (H) and (BEM), the complex momentum « has exactly one branch point, say (2,41, in
the half-period [0,7). The application £ : ¢ — E — W(({) maps the interval [(2,+1,7] into the
spectral band [F2,11, Eon 2], and it maps the interval [0, (2,41) into the spectral gap (E2y,, Fopt1)-
So, kp is real on [Can+1, 7| and has positive imaginary part on [0,(2,+1). The graph of k, on the
interval [(2,41, 7] is a part (actually, one fourth) of 7, a connected component of I'g. This connected
component is diffeomorphic to a circle, and symmetric with respect to the lines ( = 7 and K = (n—1)7.
All the other connected components of the real iso-energy curve can be obtained from v, by the 27
11
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(a) In the general case (b) When n =0

Figure 4: The phase space picture

translations in the vertical and horizontal (i.e. - and (-) directions. In Fig. 4(a), we show an example
of the real iso-energy curve.

CZn—l
CZn—l
[ n.
Con fontz Cont2
~ CZn
’7h ’Y’U’ﬂ- {’L Y
ﬁdg
Gen+1 "L %U Cant1
« - p
Yv,0
(a) The action contours (b) The phase contours

Figure 5: The geometric objects in the “band edge” case

3.2.2. Complex loops. Let us now describe some useful complex loops in I'. In Fig. 5, we have shown
some branch points of the complex momentum. The points (2,1, (on, - .-, (onto are defined as in
section 1.0.2.

First, we note that the complex momentum can be analytically continued along the contours 7g, ¥,
Fv,0 and 7, » (see Fig. 5(a) and 5(b)). Hence, these loops are projection on the (-plane of loops, say
Y05 Yhs Yv,0 and Yy x, in I'. In Fig. 4(a), we have tried to show these loops. The curve 7y, connects
the real branches v, and v, — (2m,0). Here, ({, k) + (27,0) denotes the 2r-translate of ({, %) in the
(-direction. The loop 7, » connects the real branches v, and v, + (0,27). The loop 7, connects the
complex loops vy and g + (0,27). Moreover, as Fig. 6(a) shows, one can go from 7, to v, + (0, 27)
along the loops vy, Y0, Yv,0, Y0 + (0,27) and 7, + (0,27). None of the loops vy, Y0, Yx, Yv,0 and Yy«
is contractible in T
12



Let us now give an idea of the justification for the diagram 4(a). Therefore, consider the curve 7.
Along the segment [0, (2,+1] of this curve, one has

Rerp(C+10) = nm, Imky(¢+i0) >0 for 0<( < Cont1, and kp(Copy1) = mn.
Continuing k, analytically along the upper part of 73, we see that it satisfies
kp(—C) = Kp(C)

as the cosine is even.
The upper half of 4, (see Fig. 5(a)) is the projection of the half of the curve 7; described by

{(¢K); k= kp(C+1i0), ¢ € [—Con+1,Con1]}-
Along the lower half of 43, one has
kp(¢ —0) = 2mn — k(¢ + 0),
and the second half of v}, is
{(¢,k); K =2mn — k(¢ +140), ¢ € [~Con+t1, Cons1l}-

Finally, note that, for 7, a given loop in I'; its 2n-translates in the (- or in the k-directions are also
loops in I'. Moreover, if v projects on 4 in the {-plane, so do its 2n-translates in the k-direction.

Can—1

OO

Figure 6:

3.2.3. The phases integrals. Pick o € {0,7}. To 4, (or equivalently ~,), we associate the phase

integral ®, defined by
1 1
Bo(B) =5 § RO~ § KO
Yo ot

The phase integral ®,, is real analytic and monotonous in £ € J. The direction of the integration is
chosen so that ®,(E) be positive. Then, ®/ (E) > 0.

3.2.4. The action integrals and the tunneling coefficients. We define the horizontal action integral Sp,
by

SWE) =5 § R(OdL.

For E € J, this integral is real analytic. By definition, we choose the direction of integration so that
Sh(E) be positive. The tunneling coefficient in the horizontal direction is the function

n(E) = exp (~L5u()).

13



Pick o € {0,7}. To the loop v, We associate the action S, o defined by

SyalE) = —= f Kd,
2 Yv,«
and the tunneling coefficient
1
tv,a(E) = €Xp <_gsv,a(E)> :

For E € J, the action S, o(E) is real analytic. By definition, we chose the direction of integration so
that S, o > 0.

As we have seen, in T, there are two paths, the loop 7, » and the path shown in Fig. 6(a), that connect
v and its 27-translate in the k-direction. There are many more such paths. To each such path, one
can associate an action in the same way as above. The smallest possible action obtained in that way
is either S, » or S, o i.e. the one attached to v,  or to the path shown in Fig. 6(a). To guarantee that
these are actually the two paths with smallest actions, we assume that

(P): for k <2n —2and k > 2n+ 3, Im {} > max(Can—1,C2n+2)-
This condition can be relaxed quite a lot as the true condition has to be written in term of the actions.

To complete this section, let us note that, when one deals with the case n = 0 (i.e. the lowest band
edge, that is, the bottom of the spectrum), the loops 79 and 7, do not exist. Fig. 4(a) is replaced
with Fig. 4(b). Note also that, in this case, the action S, , attached to 7, is always the smallest one.

3.3. The spectral results. Assume that the assumptions (H), (O), (BEM) and (P) are satisfied.

3.3.1. The heuristics. In the “band edge model” case, the iso-energy curve is more complicated than
in the two previous situation. Now, I'g is a periodic array of loops (7, and its 27-translates in the k-
and (- directions); topologically, each loop is a one-dimensional tori.

Semi-classically, each of these tori carries states given by a Bohr-Sommerfeld like quantization
condition (described by the phase integral @, introduced in section 3.2.3). So,the spectrum should be
located near the energies defined by these quantization conditions. This is the content of Theorem 3.1.
The states then interact through tunneling between the various tori. The tunneling is governed by
the coefficients ¢y, t,0 and ¢, . One can expect that if it is easier to tunnel in the horizontal (resp.
vertical) direction (i.e. if the horizontal (resp. vertical) tunneling coefficient ¢, (resp. t,0 or tor) is
larger), the particle will extend in the horizontal (resp. vertical) direction. So, if tunneling is stronger
in the vertical direction, one expects singular spectrum with a positive Lyapunov exponent, this one
being controlled by the tunneling coefficients; this is the content of Theorem 3.2. At energies where
the tunneling is stronger in the horizontal direction, one expects states to be extended in the position
variable i.e. to give rise to absolutely continuous spectrum; this is the content of Theorem 3.3.

As underlined in section 3.2.4, under the hypothesis (P), t, o and o » are the smallest of the coefficients
responsible for the tunneling in the vertical direction. It is natural to wonder which one governs the
localization-delocalization phenomenon. One could expect it to be the smallest one. In general, this
is not so. The tunneling coefficient ¢, . attached to the loop 7, » connecting the tori of I'g, i.e. the
tori giving the quantization condition, plays a special role; it is this tunneling coefficient that governs
the nature of the spectrum and the spectral transitions (see section 3.4).

3.3.2. The spectral results. We first state a result on the location of the spectrum in J. Therefore, we
recall that the function ®,(E) is monotonically increasing on J and that its derivative does not vanish
there. Moreover, ®,(E) > 0. There is a real analytic function ®,(FE) defined in a neighborhood of .J
and having the uniform asymptotics

(3.1) O (E) = ®,(E) + o(e).
14



This function is the phase defining the quantization conditions. In J, consider the points E®, [ € N,

defined by

1. s
“o (EWy==+xl, leN.
5 (EY) 5 Tl e

The number of these points is finite; we denote the minimal and the maximal values of [ by L1 and
L. For sufficiently small €, the distances between these points satisfy the inequalities

Cl€§E(l) —E(l_l) <cge, l=L1+1,...,0L
where ¢; and ¢y are two positive constants independent of €. We then prove
Theorem 3.1. For e > 0 sufficiently small, there exists a collection of intervals (I})r,<i<r,, It C J,
such that one has

e XNJC Unglngjl;
e the interval I; contains EW,
e the measure of I; is estimated by

e(tor(ED) +t,(ED))

|| < C o (ED) (1+0(1)).
Moreover, if dN.(E) denotes the density of states measure of H,. at energy E, then, one has
1
2 dN:(FE) = —-¢.
(32) v = e

Note that the intervals I; are exponentially small and separated by a distance of order O(g).

Now, let us discuss the nature of the spectrum. Set

MNE) =ty (E)/th(E), AS(E)=clog\(E) = (Sh(E)— Syx(E)).
For 9 > 0, define the set

Jy ={EcJ; AS(E) < -0}

If J; # 0, then, for sufficiently small €, the number of intervals I; lying in Jy is of order O(1/e).
Finally, let A(E) = A(E) + t,,0(E). We prove
Theorem 3.2. Fiz C > 0 large. Pick Ey € J and let Vi be the Ce-neighborhood of Ey in J. Pick
o € (0,1). Then, there exists D C (0,1) a set of Diophantine numbers such that

[ ]
mes (DN (0,¢))
€
e For any € small enough and € € D, each of the intervals I} C Vi contains absolutely continuous
spectrum, and, for these intervals,
mes ([; N Xac)
mes I;

=140 (525\‘7> when e — 0, X = A(Ep).

=14+0\?), A= XEy).

Here, ¥4 is the absolutely continuous spectrum of H, ..

Fix § positive and let
J§ ={E € J; AS(E) > é}.

As before, if J; # (), then, for sufficiently small e, the number of intervals I; lying in J; is of order
O(1/¢e). We prove

Theorem 3.3. For sufficiently small €, each of the intervals I} C Jgr contains only singular spectrum;
moreover, in the interval I;, one has
€

O(E) = o 1og A(EV) + o(1) = o (S1(ED) = Sux(ED)) + o(1).
15



3.4. The asymptotics of the monodromy matrix. Again, Theorem 1.2 holds for J, a compact
energy interval satisfying (BEM). Under the hypothesis (BEM) and (P), the monodromy matrix
admits the representation (0.8). Each of the matrices in this representation is of the form (0.5). The
coefficients of My have the asymptotics

(3.3) ag=ag(E) = ﬁ e (B)/E(1 4 0(1)), by = by(E) = ") e (E)/e(1 4+ 0(1)),

tv,O(E) tv,ﬂ(E) }
th(E) > th(E) [°

Our analysis of the monodromy equation (0.6) reveals that, under our assumptions, the two
important characteristics of the monodromy matrix are the trace of the zeroth and first Fourier
coefficients of M; we denote them by [tr (M)]o,; and define

F(E) =[tr (M)]lo and  A(E) = [[tr (M)]1]

We call the function F'(E) the effective spectral parameter, and A(E) is the effective coupling constant.
These two objects then characterize the spectrum in the following way:

e energies E satisfying [F'(E)| > C(A(E) + 1) are in the resolvent set of H, . (for some fixed
C > 0); actually, for such energies, one can construct two linearly independent solutions to
equation (0.1) such that one is exponentially decreasing at +oo and the other is exponentially
decreasing at —oo;

o for the energies F such that |F(E)| < C(A(E)+1), the Lyapunov exponent of H, . is given by

and the Fourier coefficients of the matrix M; are bounded by max{

O(F) = % -max (0, - log A\(E) 4 o(1)).

Using the asymptotics of the monodromy matrix, one proves that
Qr

(3.4) F(E) = 2¢%:(E)/¢ <cos <—> + 0(1)>
€

and
(3.5) ME) = |y e B=Sur(EN/e (1 1 o(1)) 4 (5 (E)=Se0(E))/2 <COS <%> +0(1)>‘

Here, v = exp(—2in?/e).

P
One of the crucial points in our analysis is that, under assumption (P), the factors cos <—ﬂ> +o(1)
€

in the formulas for F'(E) and in that for A(E) are proportional to each other, up to an exponentially
small error. Actually, one proves that, if Re £ € J, |[Im E| < C1, where (1 is a fixed positive constant,
then

Sp(E) 0

TrM(z) =2¢ = oW cos (%) +O(1)

Sp(B)=Sv.x(B) 51 (F)=Sy,0(E) L)
2le” = tol) pyem = ol cos <—ﬂ>
5

cos(2m(z — z0(E)))

ing (¢ b0t
+0 (max{tv’a} + 6_0/5 mlna( U,a) + v,0 v,7r> :
a

th th
where o(1) and O(1) are independent of z, C'is a positive constant and zo(F) is a real analytic function.
This explains why the nature of the spectrum is defined by ¢, » and not by ¢, ¢.

Remark 3.1. The proof of (3.6) is based on a factorization of the monodromy matrix in a product of two
matrices:

(3.7) M(2) = Q~1() - P(2) where P(2) = (0‘* f) and Q(z) = (; j)

The matrices P and ) are 1-periodic in z, and, which plays a very important role, their determinants are
independent of z. This factorization comes about very naturally in our method of computation of the monodromy
16



matrix: there are two natural consistent bases and each of the factors is a transfer matrix between these
consistent bases.

For j € Z, let aj (resp. B35, v;, §;), denote the j-th Fourier coefficient of « (resp. 3, 7, §). Under the assumptions
(H), (O), and (BEM), one has

a=ag(l+o(1)) +aqu(l+o0(1)), B=7L(1+0(1))+ Bru(l+o(1)),
(3.8) v=v(1+0(1))+v_1u"t(1+0(1)), §=27b0(1+0(1))+ d1u(l+o(1)),
u = eQiTrz.

Actually, in these asymptotics , the terms o(1) are exponentially small in .
The Fourier coefficients are given by

1 20 1 e
ap = \/_t_hez oz +A0+0(1)’ By = ﬁe i 5z +Bo+o(1)7
1 eii—ofii—g+co+o(1) 5o — 1 ez‘%+i2—g+Do+o(1)
Y0 ) 0 P
Vin Vin

a1 =ag - (Go+o(1)) -ty e 0, By = By - (Go + 0(1)) - ty e oW,

S

Yo1= ’Yotv,wei €

2in2 i ®x  2im2
- +Cl+0(1)’ 61 :60tv77‘—€ 7 Eﬂ'+ - ‘|‘[)1+0(1)7

where Ag 1, Bo1, Co1 ,Do,1 are constants, independent of € and E.

Note also that the determinants of P and @ coincide, and admit the representation
P
(3.9) Det P=DetQ = C(E) - (Go +0(1)), where Gy(E) = cos <?0) .

Here, the coefficient C is independent of € and does not vanish, and the factor G + o(1) vanishes on a discrete
set of points E € R. The latter, however, does not play a too important role as one knows that M is analytic
in F.

AE) | tuo/th
//
/

e _ | o)

|\, E&L——?s\% A

S — |
y ~
/

/ tv,7r /th

/ |
F(E) J——

Figure 7: Analysis of the traces of monodromy matrix in the “band edge” case
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The spectral results described in section 3.3 can then be summed up in a picture similar to the
one obtained when studying the Lyapunov function (i.e. the trace of the monodromy matrix) for
periodic one-dimensional Schrodinger operators. An example of such a picture is shown in Fig. 7.
We represented the energy axis horizontally, and the coupling constant A, the ratios of the tunneling
coefficients and the effective spectral parameter F' vertically. The effective spectral parameter F'(E)
oscillates at a high frequency (roughly 1/¢) and with a large amplitude (roughly 1/t;). The graph of
A is oscillating between the graphs of the ratios ¢, 0/t; and t, r/ts. The spectrum is contained in the
intervals defined by |F(E)| < C(A(E) + 1), and in each of the intervals, the nature of the spectrum
is obtained by comparing the graph of A and the graph of |y| = 1 (depicted by the dashed curve).
Roughly, when |A| < 1, the spectrum is absolutely continuous, when |A| > 1, it is singular.

4. THE “TWO INTERACTING BANDS” MODEL

In this last section, we assume that the compact energy interval J is chosen so that, there exists
0 > 0 such that, for all E € J, one has

(TIBM) (Egn — 4, Eopi1 + (5) C W(E) C]Eanl, E2n+2[, for all £ € J.

4.1. The geometric objects. In the “two interacting bands” case, the situation is close to the one
in the “band edge” case. We will use this fact when describing the geometric objects.

4.2. The iso-energy curve. Let us now describe the iso-energy curve I'.

Consider the part of I'g above {(¢,x); 0 < ¢ < ) ; ;
7w}. Under the hypothesis (H) and (TIBM), the com- I
plex momentum x has exactly two branch points, say ’ ’ ’

Con and (op41, in the half-period [0,7). The applica-
tion £ : ¢ — E — W(() maps the interval [(2,+1, 7] into O Q
the spectral band [E2y,+1, Eop+2], the interval [0, (2,,] into Vo0 P T Yor
the spectral band [Fs,_1, F2,|, and it maps the interval RS P
(C2ns Con+1) onto the spectral gap (Eop, Fony1). So, kp is : ; '

real on [(ap+1, 7] and [0, (2, ], and it has positive imaginary

part on [(on, (ant1). On each of the intervals [0, {2,,] and Yh,0 . Vho
[Con+1, 7], the graph of k), is a part of a connected compo- O . Q
nent of I'g. These two connected components are disjoint "o Vor i
and diffeomorphic to circles. Moreover, the one corre- i '

sponding to [(an+1, 7], say vVx, is symmetric with respect

to the line ¢ = 7 and, the one corresponding to [0, (2,],

say 7o, is symmetric with respect to the line ( = 0. Both Figure 8: The phase space picture

are symmetric with respect to the line k = (n — 1)m. All

the other connected components of the real iso-energy curve can be obtained from vy and 7y, by the 27
translations in the vertical and horizontal (i.e. k- and (-) directions. In Fig. 8, we show an example
of the real iso-energy curve.

So, we see that, now, each periodicity cell contains two distinct connected components of I'g. Compare
it with I'g from the “band edge” case. The connected components vy and 7, in the “two interacting
bands” case are obtained from their homonyms in the “band edge” case by homotopy (the parameter
being the spectral parameter E); the loop 7 that was complex now becomes real (compare Fig. 4(a)
with Fig. 8).

4.2.2. Complex loops. Now, the configuration of the branch points of the complex momentum is given
in Fig. 9. The points (2,1, (on, - - -, (2nt2 are defined as before.

The complex momentum can be analytically continued along the contours o, Yn,0, Yhxs Yo,0 and

Yo.r (see Fig. 9(a) and 9(b)). Hence, these loops are projection on the (-plane of loops, say 7o, V4,0

Vhrs Yo,0 a0d Yy 7, in I'. In Fig. 8, we have tried to show these loops. The loop 7}, » connects the real
18



branches v, and ~p; the loop vy, o connects the real branches o and v, —(27,0). The loop 7, » connects
the real branches v, and v, + (0,27); the loop 7,0 connects the real branches vy and vy + (0, 2m).

Note that the loop v, found in the “band edge” case has, in the “two interacting bands” case, split
into two loops v, 0 and 7yp, .

4.2.3. The phase integrals, the action integrals and the tunneling coefficients. Pick a € {0,7}. To 4
(or equivalently 7, ), we associate the phase integrals ®, defined as in section 3.2.3; to the loops vy a,
we associate the actions S, o defined as in section 3.2.4. The main properties of these phase integrals
and actions remain the same as in the “band edge” case.

Let us notice here that the phases ®;, and ®, and the action S, are obtained by analytic
continuation in E from their homonyms in the “band edge” case. The situation for S, o and S}, is
more complicated.

q Cont2 9 ¢ Con+2
Con—1 Vo,m ?Con—1
Y0 0 Conga Yo Cont1 Y
*—o *—0— - ® ® :F’—:ﬂ_:.—
UO <2n Th,m <2n
«

] « ¢

(a) The action contours (b) The phase contours

Figure 9: The geometric objects in the “two interacting bands” case

For a as above, we define the horizontal action integrals Sy, by

ShalB)= =5 §  K(C)dc
Th,a

For E € J, these integrals are real. By definition, we choose the direction of integration so that
Sh,a(E) be positive. The tunneling coefficients in the horizontal direction are the functions

tha(E) = exp <_§Sh,a(E)> :

We note that we now have two horizontal tunneling coefficients ¢ ¢ and tj, . The parity of the cosine
implies that

Sh,()(E) = Sh’W(E) and th’o(E) = thﬂr(E).
Remark 4.1. In the present review, we have restricted ourselves to W (x) = a cos(x). For general W,

i.e. when W is not even, the actions S} » and Sj , and the tunneling coefficients ¢}, . and t5 o need
not to be equal.

We define
(4.1) Sh(E) = Sho(E) +Sp-(E) and  th(E) =tho(E) -ty (E).

4.3. The spectral results. Asin the previous cases, we start with a short description of the heuristics
guiding our spectral results.
19



4.3.1. The heuristics. In Fig. 8, we draw 7y and <, the connected components of I'p in one of
the periodicity cells. According to the standard semi-classical heuristics, one expects each of these
tori to give rise to a sequence of eigenvalues; these sequences are defined by Bohr-Sommerfeld like
quantization conditions written in terms of the phases ®y and ®,. The spectrum should be located
near these quantized eigenvalues. The states interact through tunneling, and, as we now have two tori
in a periodicity cell, they may resonate i.e. there may exist energies F satisfying both quantization
conditions, that for 79 and that for ;. The tunneling at these resonant energies is quite different
from the one at non resonant energies.

Let us first consider the case of a non resonant energy E. For the sake of definiteness, assume that
FE satisfies the quantization condition defined by ®3. Then, one expects that near F, one will find
spectrum of H, . in an interval close to F; the width of this interval is given by the tunneling coefficients
ty,0 and t5. At this energy, the states do not “see” the other array of tori, v, and its translates; nor do
they “feel” the tunneling coefficient ¢, . Essentially, one is in the situation of the “band edge” case
with the “single” torus vg. In this case, one expects the nature of the spectrum to be determined by
the ratio t,/ts. Of course, the situation is the same for an energy satisfying only the quantization
condition given by ®,. So, the global picture for non resonant energies is that one has two sequences
of (exponentially small) intervals, defined by ®¢ and ®,. As the tunneling coefficients ¢, and ¢, »
are “independent” of each other, the nature of the spectrum on each of the sequences can be totally
different. For instance, the spectrum can be absolutely continuous on one sequence of intervals and
singular on the other one. In this case, one gets a sequence of mobility edges.

If the energy F is resonant for the two tori 79 and 7., then one may expect the tunneling in the hori-
zontal direction to be stronger. We do not describe the tunneling regime in the present paper (see [8]);
nevertheless, we get results for energies exponentially close to resonant energies. For such energies, we
see that the parameter governing the nature of the spectrum is roughly max(t, o-dr(E), ty »-do(E))/tn
where dy (resp. d) is the distance separating the energy one is considering from the nearest energy
satisfying the quantization condition for v (resp. vz ). So, the vertical tunneling becomes anomalously
small; this can lead to a delocalization of the states associated to those energies.

4.3.2. The spectral results. We now assume that assumptions (H), (P) and (TIBM) hold.

Each of the functions ®¢(F) and ®,(F) is positive, monotonically increasing on J, and its deriv-
ative does not vanish there. There are two real analytic functions ®¢(E) and ®,(E) defined in a
neighborhood of J and having the uniform asymptotics

(4.2) Dy(E) = ®o(E) +0(e), Po(E) = Do(E) + o(e).

These functions are the phases defining the quantization conditions. In J, consider the two sequences
of points E and EY, I € N, defined by
1. 1.
(4.3) oo By =L +al, and -0 (E))=Z4n, leN
€ 2 € 2
The number of these points is finite; we denote the minimal and the maximal values of I by L . and

LE{ .- For sufficiently small €, the points defined in (4.3) satisfy the inequalities

1 _
EggE(g” ~E{™M<Ce, 1=L5+1,... LT

1

e < EW _EUY <Ce, 1=L7+1,...,LF
where C' is a positive constant independent of e.
Fix § > 0 small. Define Ly(d) to be the set of [ from {La oo Ly } satisfying the inequalities
(4.4) ED — B > e [t (BS ) + too(BS )] viIg <V <L

20



The set £,(0) is defined in an analogous way. The sets {Eél)}lgﬁo (5) and {E&l)}lgﬁﬂ (s) form the set of
resonant energies that one has to avoid. We also define

(45) k@ =| U (B +e B + oo E)) - 1-110) | U
Ly <I<LE
I¢Lo(0)

U (E,@ +ed/e {th(E,(f)) + tU,W(E,(f))} -1, 1])
Ly <ISLF
IZLA ()

The set K(0) is just a neighborhood of the resonant energies.

Remark 4.2. As J is compact, the continuity and the non-vanishing of the functions Sy, S, o and
Sy,x guarantee that, for some dg > 0, for all £ € J, one has

th(E) + too(E) + tyr(E) < e %/,
Hence, for 0 < § < dg, the set K(d) consists of a union of O(1/¢e) exponentially small intervals.
For generic V, the set Lo(8) (resp. L£(5)) contains most of the indices from the set {Lg,..., L}
(vesp. {L;,...,Lt}). But, if V is even, then all Eél) and E" coincide and Lo(0) = L(8) = 0!
We prove

Theorem 4.1. Fiz § > 0 sufficiently small. Then, for ¢ > 0 sufficiently small, there exists two
collection of subintervals of J, say (I{)iez, and (I )z, , such that,

sn\k@eclUn)U(| U L

leLo lelnr

For all € {0,7} and alll € L, one has

e the interval I', contains ES) ;

e the length of Ié is exponentially small in e (i.e. bounded by e~
independent of I, and ¢);
e if AN.(E) denotes the density of states measure of H ., then

/ dN.(E) = ia, VI, © T\ K(6).
I 271'

1
o

C/e with some positive constant

Let us characterize the intervals I', more precisely. For sake of definiteness, consider the case of
a = 7. Then, the complement to the intervals I' in J \ K(§) is described by the condition

(4.6) cos M’ >C (tvﬂr(E) + M) .

€ sin —%éE)

Fix C > 0 and a positive integer N. Inequality (4.6) implies, in particular, that, if Eﬁr is situated
outside Ce™-neighborhood of the points { E"}, then the measure of I} admits the estimate

By
% b (BD) 4 )

)

l
[I] <

$

Q)
where C' is a positive constant independent of I' and e. Note that, here, | cos %| > Const eV,

The results on the location of the spectrum are quite similar to Theorem 3.1 except that in the present
case one obtains two sequences of intervals containing spectrum. Each of these sequence is given by a
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quantization condition defined by one of vy and ~,, the compact connected components of the real iso-
energy surface (see Fig. 8). To get our result, we have to avoid the intervals in /C(J); these correspond
to the case when the quantization conditions for the two connected components of the real iso-energy
surface give rise to the same energy. The source of the resonance effects is similar to one for the well
known problem of resonant double wells (see e.g. [15] and references therein). We study these effects
in [8].

Now, let us discuss the nature of the spectrum. Set
tor(E) o, too(E) i
= 2 2 . . i 2 . -
th(E) V- COS - + th(E) COS -

where v is defined after equation (3.5). Pick a € {0,7}. Notice that, on the intervals I, ¢ J\ K(9),

L’O‘(E) cos% o o)
ol |eos 22)| 0 o) 4 o0,

where (3 is the index complementary to « in {0, 7}, and o(1) denotes terms exponentially small in &.

For ¢ > 0, define the set

X(E)

(4.7) M(E) =

J-={EecJ; e-log\"(E) < —¢}
We prove

Theorem 4.2. Fiz ¢ > 0. Picko € (0,1). Then there exists D C (0,1) a set of Diophantine numbers
such that

mes (DN (0,¢))
€
e For any € small enough and € € D, each of the intervals I, C J. \ K(0) contains absolutely
continuous spectrum, and, for these intervals,
mes (I} o N Xyc)
mes I}

=1+o (526760/5) when € — 0.

=1+ 0(e /).

Here, ¥4 ts the absolutely continuous spectrum of H, .
Again fix ¢ positive and let
JF={FE € J; e-1og\°(E) > c}.
We prove

Theorem 4.3. For sufficiently small ¢, each of the intervals I, C JF \ K () contains only singular
spectrum; moreover, in the interval I(ll, one has

€
O(E) = 5 log A(EY) + oe).
™
Let us now comment on these results.
First, fix C' > 0 and a positive integer N. Assume that, in some energy _ —c/-

region Jy in J, the distances between the points {E}} and {EL} are larger o

@ . .
than Ce®. Then, on I C Jy, one has )cos?ﬁ‘ > Const ¢V, where g *¢ sing a¢  sing

is complementary to . This and formula (4.7) imply that, on I', the
nature of the spectrum is determined the ratio t, o (E%)/t,(EY). This simple
observation leads to an unexpected effect. Assume, for example, that, on Jy, one also has

(4.8) Spr(E) = Sp(E)>c and S,o(F)— Sp(E) < —c
for some fixed positive c. Then, inside Jy, the sequences of intervals corresponding to the quantization
conditions for ®, and for ®¢ are of “opposite” spectral type, i.e. the spectrum on the intervals I(l)

is singular, and it is essentially absolutely continuous on the intervals I‘. So, we get intertwined
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sequences of exponentially small intervals of “opposite” spectral types. Notice also that, in this case,
one gets O(1/e) spectral transitions.

Another new phenomenon occurs when one is close to the resonant case i.e. if the two quantization
conditions give rise to roughly the same energy. Indeed, assume that on some energy interval Jy C J,
one has

(4.9) Sh(E) — Syp0(E), Sp(E)—Syx(E)>c¢ and Sy(E)— Zm(in{Sua(E)} < —c

with some positive fixed c. Fix § positive, sufficiently small. Assume, moreover, that, on Jy, there
exist two intervals Iél) and I which are still non resonant (i.e. not in KC(9)), but are situated “near
the boundary” of K(9):

(4.10) dist (1", 19) ~ e/% (£ (EW) + . 0(E®)) + £, - (X)),

™

Then, formula (4.7) imply that, in I} and I¥, the spectrum will be absolutely
continuous, though, on the neighboring intervals I, ¢ K(4), it will be
singular. So, there are intervals where the spectral type changes due to  sing a.c.a.c. sing
resonance with the other quantization condition. This is a new type of

spectral transition.

Remark 4.3. That the condition (4.10) will be satisfied for some energies is clear as one can vary
both the energy and the adiabatic parameter .

4.4. The asymptotics of the monodromy matrix. Theorem 1.2 holds for J, a compact energy
interval satisfying (TIBM). Under the hypothesis (TIBM) and (P), the monodromy matrix admits
the representation (0.8). As in section 3.4, one introduces F'(E), the effective spectral parameter, and
A(E), the effective coupling constant. These two objects play the same role as in the “band edge”
case.

Fix C; positive. Now, one proves that, if Re £ € J, |[Im E| < Cy, then

(B) i P
F(E) = 4 1 Ho() oo (—) cos (—O) +O(1) + Rp,

(4.11) tor(E g ) tvo(E d
AME)=2 ;:r((E)) -V - CoS ?O (I+o0(1))+ :ho((E)) - oS ?W 1+ 0(1))’ + O(moz}x{twa}) + Ry,
where Rr and R), the reminder terms, are of the form
(412) O <6_C/E mlna(tv,a) |: cos % + |cos % :| 4 t’U,OtU,ﬂ'> )
th € € th

The analysis of the traces of the monodromy matrix is summed up in Fig. 10.

Remark 4.4. As in the “band edge” case, the proof the asymptotics for F(E) and A(E) is based on a
factorization of the monodromy matrix in a product of two matrices 1-periodic in z and having determinants
independent of z. The factorization again is described by (3.7) and, again, det P = det Q. But, now, the
determinants are bounded away from zero by a constant independent of €. The representations (3.8) still hold
true. Under the assumptions (H), (O) and (TIBM), one obtains

o — 1 eié’—g+i‘§—g+Ao+o(1) B = 1 eié’—g—i";—g+30+o(1)

0= —F—= ) 0 — ’
Vin Vin

_ 1 e—z“‘;—g—ii—g+co+o(1) 5o — 1 ei“;—g+z‘“2’—g+Do+o(1)

Yo = ) 0 — )
Vin Vin

—i20 4 A 40(1 —i20 4 B +o(1
ap =gty e TR g = gy e B

o 2in? _;®n o 2ix?
Y-1="0 tyx-€ === +C1+O(1)7 6y = Soty e ! I+ 2975 4 Dy 40(1)

with the phases and actions defined in section 4.1; Ag 1, Bo1, Co.1, Do,1 are constants.
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Figure 10: Analysis of the traces of monodromy matrix in the “two interacting band” case
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