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Abstract: In the last years several contributions have been done around the total
bandwidth of the spectrum for the Harper’s operator. In particular an interesting
conjecture has been proposed by Thouless which gives also strong convincing ar-
guments for the proof in special cases. On the other hand, in the study of the Cantor
structure of the spectrum, B. Helffer and J. Sjostrand have justified an heuristic semi-
classical approach proposed by M. Wilkinson. The aim of this article is to explain
how one can use the first step of this approach to give a rigorous semi-classical
proof of the Thouless formula in some of the simplest cases. We shall also indicate
how one can hope with more effort to prove rigorously recent results of Last and
Wilkinson on the same conjecture.

1. Introduction

The Harper’s operator H, ; ¢ is defined on 1*(Z) as

1 ,
(4pInez — (Har,/".,(fu)n = “2‘(un+l +ty_y)+ A cos(2man + 6)un . (1.1)

Here o and 0 are real parameters satisfying:
0a=sl1l, 0=50=<2m. (1.2)

The most interesting spectral properties of this operator appear when « is irrational.
In this case a Cantor structure for the spectrum is expected. As was observed by
D. Hofstadter who get a beautiful butterfly [16], we get a good intuition of the
problem by a careful analysis of the spectrum in the rational case. In this case:

o= plq

and the spectrum a(a, 4,60) of the Harper’s operator depends effectively on 0 and
one more interesting spectrum is the closed set:

(o, A) =gy U o(a,2,0) (1.3)
0€[0,2m)
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which appears to be the union of ¢ bands which are essentially disjoint outside
the case when g is even. In this case the two central bands are touching at 0.
This property was first observed by Hofstadter [16] and rigorous proofs of these
properties were obtained for generic A in [6] and finally for any 4 in [22] (see also
the nice proof by [10]). For an historical presentation of the subject we refer to the
surveys of J. Bellissard [4,5]. A selected collection of zooms inside the butterfly is
presented in [11].

Following heuristic semi-classical ideas of M. Wilkinson [34], B. Helffer and
J. Sjostrand have developed in [12,13,14] and with P. Kerdelhué [15] a machin-
ery which permits to prove in the case A =1 and for special sequences of irra-
tionals & whose properties are explicitly described in terms of their expansion in
continuous fraction, the Cantor structure of the spectrum. What is sometimes over-
looked is that the first step in the proof has a very general character and is adapted
to large classes of A-pseudodifferential operators. By h-pseudodifferential operators
we mean operators which can be defined on the Schwartz space #(R) by the
formula:

(p(x, hDy)u)(x) = (2ﬂh)~ln{“{exp i((x = y)e/h) p((x + )/2,& myu(y) dyd&,

where p is a C°°-function on R? which is in our context 2z-periodic in the x and
¢ variable ((x,¢) € R?). In this formalism, the set which was introduced in (1.3)
can be identified (for any «) as the spectrum of the A-pseudodifferential operator:

H, ; = H)(x,hD,) = Acos(hDy) + cosx, (1.4)

considered as a selfadjoint bounded operator on L?(IR), with 2 = 2na, whose symbol
is the function (x, &) — Acos & + cosx.

As a byproduct of a careful semi-classical analysis and of an infinite sequence
of approximate renormalizations, the authors get the following theorem:

Theorem 1.1. There exists a constant C = 1 such that if o is an irrational ad-
mitting a decomposition in continuous fraction:

| _def _1,_
g1+ —L

1
q2+43+' .

o= [‘Iqu,n-,CIm-

with
q; =2 C VjeN, (1.5)

then the spectrum of H, = is a Cantor set with measure 0.

More recently, by quite different techniques, Y. Last get in [19,20] that, for
0 < 4 =1, the Lebesgue measure of the spectrum of H,, is for a.e. o equal to
2|1 — |A||- The case when 4 =1 appears as a very important case and in this case
Y. Last get (see Corollary 1.1 in [20]) that the spectrum is a zero measure Cantor
set (i.e. closed, nowhere dense set, with no isolated points) for a.e. . More precisely
the theorem is the following:

Theorem 1.2. If « is an irrational, for which there is a sequence of rationals p,/q,
obeying:
Pn

n

o —

lim ¢2 =0, (1.6)

n—o0
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then for every A, 0 € R:
la(a, 4, 0)| = 2|1 — |4, (L.7)
where | - | denotes Lebesgue measure.

We now concentrate our study on the case when 1 = 1, where the measure of
the spectrum is proved in Theorem 1.2 to be 0. The proof of the theorem in this
case is based on a careful study of the rational case and in this case the basic
lemma is:

Lemma 1.3. If p and q are mutually prime (we then write p \q =1)

4
Q%Q<WMMR5, (1.8)

with e = exp 1.

A similar but weaker estimate of the lower bound was already obtained in [21].
This lemma is strongly related to a conjecture due to Thouless which says:

Conjecture 1.4.
pAg=1

where Ccy is the so-called Catalan’s constant

Cou =3 (=1)"2n+1)7?
neN

which appears also in Statistical Mechanics (see for example [30]) and is approx-
imately equal to:

Ccar = 09159... .

This conjecture has been studied numerically and theoretically in [27,29,25,26]
(see also [31]!). Thouless (sometimes with collaborators) gives in particular semi-
classical arguments justifying the conjecture in the case p =1 and in the case
p =2; g odd. The proof is based on an analysis of the Green function but it is
not completely clear to us if the proof is totally rigorous in the analysis of the
remainders. Although complex WKB techniques are used in this approach, they are
quite different of the approach we present here and more in the spirit of the recent
approach by V. Buslaev and S. Fedotov [7,8 and 9].

The point of view of Y. Last and M. Wilkinson in [21] is more in the spirit
of earlier works by M. Wilkinson [32] or [34] and uses semiclassical analysis
in a microlocal spirit. We shall see later that all the spectrum is concentrated as
q — oo near 0. The reason is that outside a fixed interval ] — ¢, +¢[ the spectrum
is a union of bands which are exponentially small. This has been proved rigorously

! We thank the referee for giving us this reference.
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(following the strategy of Wilkinson [32,34]) by B. Helffer and J. Sjostrand in {12]

who get in particular the following theorem:

Theorem 1.5. Let us assume A = 1. Let ¢y > 0; there exists Cy > 0, s.t. if o is in
10, 1[ and admits the following expansion ( finite or infinite) in continuous fraction:

B 1
g1+ —

T
DY g

04

with g; € Z, |q1| = Co, |q,| = 1 then
e U Ji,

N_<jsSNy

where the J; are closed disjoint intervals of length % 0, with 0J; C Sp(H ). Jj41 is
on the right of J; and the distance d; between these two intervals is approximately:

lg1]
Jo is of length 2ey + O(1/q,) and centered at 0. The other intervals are of length
exp—C; « |q1| with C, = 1.
Here a =~ b means that a/b and bja are majorized by a constant which depends
only on g.
Finally Ny = —N_ = |qy].

Consequently, for any g > 0, the contribution in the total bandwidth which is
outside | — &, +¢o[ is exponentially small. Moreover, the proof gives a renormal-
ization procedure. For j=0, the spectrum in each interval is given, after an affine
transformation, sending J, on essentially [—2,2], by the spectrum of a suitable per-
turbation of the Harper’s operator to which the preceding theorem can be again ap-
plied if |g2| = Cp. This perturbed Harper’s operator is now an 4’-pseudodifferential
operator with

o 1
21 gy, + 1
q2 q3+q4_}_“,
In the rational case, the procedure stops after a finite number of steps. Note that
if ;’—n = ﬁ, we get A/ =0, and the convention is that a (A" = 0)-pseudodifferential

operator of symbol p is then simply the operator of multiplication by p on Li cj(]R2 ),

whose spectrum is simply the set {1 € R s.t. 3(x,&) € R? with 4 = p(x, &)}.

In particular this says that the contribution in the total width is exponentially
small outside ] — ¢, &[. Hence we can not avoid the study of the spectrum of the
Harper’s operator near 0 which is much more difficult because 0 is a saddle point
of the symbol of the operator:

(x,&) — cosx +cos &.

This study was done at a heuristic level (and with some uncertainty) by Azbel [2]
and the mathematical proof was given by B. Helffer and J. Sjostrand in [14]. It
is consequently natural to think that the machinery which was introduced in this
paper can give a rigorous approach for the a priori easier problem consisting in
measuring the total bandwidth. This problem is easier, in the sense that it appears



Total Bandwidth for Rational Harper’s Equation 339

as a one step problem and we shall not need the infinite sequence of approximate
renormalizations used in [14] in order to prove the Cantor structure. Our main
goal will be consequently to see what gives this strategy and we shall prove that
it works at least in the two cases where reasonable mathematical arguments were
already given. We consequently rigorously prove:

Theorem 1.6.

qlirgoqlz(l/q, D) = (16/m)Ccu - (1.10)
Theorem 1.7.
. 2
ql_Lfgo(zq-Fl)lZ (mJ)‘ = (16/m)Ccur - (1.11)

The second theorem will use also some techniques related to the semi-classical
study near a rational [13].

This article is organized as follows:
Section 2 recalls some results of [12, 13 and 14]. Section 3 is devoted to the special

case when o = 1/g. In Sect.4 we shall treat the case when o = Z}gﬁ = (H% The
7

last section is devoted to the discussion of possible extensions or open problems.

2. Semi-classical Analysis for Harper’s Equation

We now state what we have to know from the general theory in order to analyze
our particular case and refer to [14]. No proof is recalled, but we collect all the
statements proved in [14], permitting us to start a rigorous proof for the asymptotic
behavior of the total bandwidth. We have already recalled Theorem 1.5 in this
direction which gave us the information that this behavior was essentially obtained
by restricting the study near 0 which corresponds to the saddle point of the symbol
(x, &) — cosx + cos &. The main result is the following (and gives a rigorous version
of heuristic arguments due to Azbel [2]):

Theorem 2.1. There exists ¢ > 0, &y > 0 and hy such that, in the interval [—e, &)
and for 0 < h < hg, u is in the spectrum of the Harper’s operator if and only if 0
is in the spectrum of a vectorvalued h'-pseudodifferential operator Q(x,h' Dy, h,u')
on L*(R; C?) whose symbol is a 2 x 2 matrix depending on a parameter )’ and
given by

O(x, &) = Qo(x, &) + O(exp — ¢1/h) (2.1
with b+aexp —ié b+aexpix
QO(x,OZ(E—t—aexp—ix b+&expi£) ' (22)
The parameter k' is related to h by the relation
%:Eh;modl. (23)

The parameter [’ is related to the spectral parameter u by w' = f(u,h), where
[ is the realization of a formal real valued symbol, i.e. admits in [—2¢y,2¢0] the
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following expansion:

Sh)= folp)+hfr(u)+---, (24)
fo(0)=0; fp(0)=1. (25)
The parameters a and b are given by
_ 1y w1 1o, g h)
_ 2p (L K B (L ®
b= (2n) F(z 1h>exp[zhln ; +n2h+1 ; , (2.6)
- 1 e w9k om
_ 2p (K n LR . T
a=(2n) F<2 zh>exp{zhln ; nzh-i—z , 12 , (2.7)

where I' is the standard gamma function, g is a classical analytic symbol of order
< 0 which can be assumed to be real valued.

Remark 2.2. The operator Q above is unfortunately not selfadjoint and it is quite
useful in order to use perturbation theory to come back to a selfadjoint theory. That
this is possible is of course not strange if we recall that our initial problem was
selfadjoint. The proof given in [14] keeps actually a “memory” of this property by
giving an explicit way of selfadjointization. More precisely, the proof gives also the
existence of a family of operators Py(x,h'D,,60,h, ') of the same type of Q such
that:

PrQ = 0*P (2.8)
and
Pi(x,£,0) = P1o(x, £, 0) + O(exp — &1/h)) (29)
with i
b +adexp —il b +adexpix
Pl,O(xa é’ 0) = — 5 (210)
b+dexp —ix b+dexpif
with
b = bexpib; a =aexpif). (2.11)

Similarly, it is possible to define another family of operators P, of the same type
such that:

OP} = P,Q* . (2.12)
Let us now establish useful relations. We get for ¢’ € R the following relations:
la|* + (B =1,
arg(b) — arg(a) = /2, (2.13)
ab = —ab = —ila| - |b|,
—1/2
3 /i/ ﬂ/ H/ 1
|b]—exp+n2h (expnh + exp nh> , (2.14)
—12
% % AN
— exp — a3 e 1
|a] = exp T (expnh + exp nh> , (2.15)

|a| |b| = 1/(2 cosh (n%)) . la* —|b|* = —tanh (n%'> : (2.16)
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The determinant of the matrix Qg has the following form, as a function of a,b
satisfying the conditions (2.6),(2.7):

det Qo(x, &) = 2i[sin(2arg b) + |a| |b|(cos & + cosx)] . 2.17)
Similarly, the determinant of the matrix P;p is given by
det Py o(x, &, 0) = 2i[sin(2arg b + 20) + |a| |b|(cos & + cosx)] . (2.18)

Let us now discuss more precisely from where the function f comes. It is important
to remark that the above theorem is not only proved for the Harper’s equation, but
also for small perturbations of this operator. This point was crucial in the renor-
malization analysis (see [14]) or in the applications to the study of the Schrodinger
operator with magnetic field [12]. This is also important in the extensions which
will be sketched in the last section where we discussed the results of Last and
Wilkinson [21] using the rigorous techniques developed in [13]. The role of f will
be clear if we recall the following theorem (Theorem b.1. in [14]):

Theorem 2.3. Let P(x,hDy, h) be a formal classical analytic pseudodifferential op-
erator, of order 0, formally selfadjoint, whose symbol is defined in a neighborhood
of (0,0). Let p be the principal symbol, and assume that p has a nondegenerate
saddle point at (0,0) with critical value 0. Then there is a real-valued analytic
symbol: u — f(u,h) defined for p in a neighborhood of 0, and a formal unitary
analytic Fourier integral operator, whose associated canonical transformation (in
the classical sense) is defined in a neighborhood of (0,0), and maps this point
onto itself, such that

U* f(P,h)U = %(thx + hD.x). (2.19)

It is not crucial for the reader to understand (at the first reading) for this paper
what is the analytic machinery (which is only used in the proof of the theorems
we are referring to, but permits to work modulo exponentially small terms). It is
impossible to give more details here in this short presentation of some of the results
of [14], but let us just add the point that this last theorem was crucial in the precise
construction of WKB solutions near the saddle point.

More important for further generalizations are the following remarks coming
from the proof:

Remark 2.4. One can concretely find the first term f of f. The function y — fo(u)
is determined by the condition that the complex period T(u) of the hamiltonian flow
Hp, on the energy level po(x,{) = u becomes, by replacing pg by fo(po) and near
the energy corresponding to the saddle point, independent of the energy and equal
to To = 2im which is the complex period of the hamiltonian flow attached to the
model (x,&) — x - & In the case when po(x, &) = cosx + cos &, we observe that the
Taylor expansion at the order 2 is given. For example the point (0,7) is given by
(—x% + (¢ — m)?)/2 and this explains why we have condition (2.5) in the case of
the Harper’s operator.

More precisely, as was indicated to us by S. Fedotov, we have in this case the
following formula:

1
So(u) = ;sign(u)S(u),
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where S(u) is the tunneling parameter:

2n—a

ifu =0, S(u)= [ cosh™'(u—cosx)dx,

withy =1+cosa, 0 <a < 7;

4n—b
ifu <0, S(W)=8(—pu)= [ cosh™'(~p+cosx)dx,
b
withy =—1+4cosb, 1 = b < 2x.

The proof is classical (at least in the case of hamiltonian mechanics in the classical
region) and is based on the property (see e.g. [14] Appendix b):

T
fiw =2

The asymptotic behavior of the total bandwidth depends actually only on f
through f£;(0)

Remark 2.5. The function g contains a global information on the area of domains
delimited by the energy surfaces near the critical one but this will not appear in
the main term of our asymptotics.

Remark 2.6. The new parameter 4’ which is in this context given by (2.3) appears
in the construction of two operators on L*(R) 7 and t* commuting with the Harper’s
operator and satisfying the following commutation relations:

tH=Ht, t*H=H*,
t* = (exp — it )t*t. (2.20)
In this particular case, we have actually:

2i

(tu)(x) = u(x — 2m), (t*u)(x) = exp qu(x) , (2.21)

which explains (2.3).

We recall finally some properties (cf. [14] and (2.7),(2.8)) of O which are easily
and directly verified for Qp:

0(~&x) = (‘f (1)) 0*(x.9),

oEn=0wa ().

0 1 0 1 ‘
O(—x,—¢) = (1 0) 0(x,¢) (1 O) : (222)
Two particular cases are analyzed in the next sections. If
h
a=-—= 1/q )

21
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then we get the special case
W=0

and Theorem 2.1 will reduce our study to the study of a family of 2 x 2-matrices.
This will be analyzed in Sect. 3. The second case corresponds to the assumption:

y o
T om q +% ’
which corresponds to:
WpR2n=1/2.

A Floquet theory will permit us to reduce again to the study of a family of
4 x 4-matrices. This will be presented in Sect. 4.

3. The Case a = 1/q

Let us apply Theorem 2.1. Here »' =0 and, according to our conventions, the
K -pseudodifferential operators have to be considered as multiplication operators de-
fined on L2(]Rff). So the theorem says in our particular case that there exists & > 0
and ho such that, in the interval [—&0,€0] and for 0 < A < hy, p is in the spectrum
of the Harper’s operator if and only if there exists (x,¢) s.t. O(x, &, h, 1) is not
injective. So we get finally the following transposition of Theorem 2.1:

Proposition 3.1. There exists ¢g > 0 and hg such that, in the interval [—¢y, €] and
for 0 < h < hy, p is in the spectrum of the Harper’s operator if and only if

there exists (x,&) s.tdet Q(x, &, by p') = 0 with y' = f(u,h) . (3.1)

Moreover we have
det Q = det Oy + O(exp —&1/k) 3.2)

with
det Qo(x, &) = (i/ cosh(mu' /h))[2 cosh(my' /h) sin(2 arg b) + cos & + cosx], (3.3)
and there exists Pi(x,,0) € C®(R%;M(T)) s.t. PXQ is selfadjoint for all 6 and
det Py (x, &) = (i/ cosh(m/ /h))[2 cosh(my /i) sin(2(arg b + 0))
+ cos & + cosx] + O(exp —e; /h) (34)

for some ¢ > 0.

Let us denote by &, the image by f of g;. This is not defined outside [—&p, &]
but we have seen that [—e¢g, 0] is the interesting region where the spectrum is
concentrated as 7 — 0. We consider first

1
2164 0 (=, ~eah] U [aahic])]

where ¢ > 0 is fixed sufficiently small such that

M =c,+e) C 1- e e, mc < &/2
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and & > 0 will be chosen later arbitrarily small. We choose now
0= (g — arg b) .

This implies the existence of Cj(&) > 0 such that, for u' € I(&,h) = [—c, —&h]U
[+exh, +c],
|det Py(x,&)| = Ci(e2) > 0. 3.5)

Let us first sketch an heuristic proof. (The correct proof will be given later.)
If we forget the remainder term in (3.1)—(3.2) we get the condition

cosh(rmy'/h)sin(2argb) € [—1,+1] . (3.6)
In the interval / (82,h)lthe variation of argb is much larger in comparison with the
variation of 1/coshn4-. We have indeed (see (5.13) in [14]):

|0, argb| = h™ " In(1/(h + |1'])) + O(1/h) (3.7)

/ Al
]6“, (1/coshn%> <chn! (coshn%) .

In particular we observe that the quotient satisfies in the interval 7,

’
|0, argbl/laﬂ/ (1/cosh n%)

We compute then approximately the length of the spectrum contained in [u{h, u5h]
by writing that

and

> (1/C)In(1/h) .

/
|65 N [pih, u5h]| _ arcsin(l/cosh n%l—")
W = ) : ’
for some g in the interval, and get after summation (using the Riemann approxi-
mation of the integral)

4n [
[6hl(eahe) = — J arcsin(1/coshms)ds | .

&

Let us now transform this heuristic proof into a rigorous one. The first step is the
following lemma:

Lemma 3.2. For any ¢ > 0, there exists C; > 0 such that
{W e [;Icosh("’T‘/)sin(Zargb)l S 1-Gexp—g}Ccanl;
GyNI C {y €I;|cosh(Z)sin(2argh)| < 1 + Crexp—5}. (3.8)

Proof. The second inclusion is an immediate consequence of (3.2) if we choose C,
large enough. Let us prove the first one and this is the point where the mysterious
procedure of selfadjointization appears. We observe that:

cosh(%‘/ )* det(PF Q) = [cosh( ﬁ;:—/ )sin(2arg b) + cosx 4 cos & + O(exp — 3k )]

X [cosh("‘T’/)—l-cosx—l—cosﬁ—k(O(exp—g—},)] + O(exp —3t),
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where all the remainder terms in the right-hand side are now real. The term in
the second bracket is strictly positive for 4 small enough:

€

!/
[cosh (%) + cosx + cos 6} + 0 (exp—ﬁ) = 2cosh(ney)—2 > 0. (3.9)

If C, is chosen sufficiently large, then
det(PFQ)(0,0) > 0 and det(PFQ)(m,7) < 0.

Hence there exists (x, &) such that det (PfQ)(x,é) =0 and using (3.5), we finally
get

det(Q)(x,£) =0,

that is ¢/ € 64. The lemma is proved.

We can now write more precisely the argument which was sketched above. If
p y g
ui and pb satisfy
eh < pth < wh < c,

then (3.7) and (3.8) imply the following inclusions:
& O [uth, uzh] C U Inax(i) (3.10)
argb(;t('))z—()[%]

wih §;46 <uh

where Iy.x(1)) is an interval centered at ) and of length

1 h
Iinax Dl=12 i 5
om0 ( aresin cosh(nu’,’)) (—ln(h+|,u§’|h)~C4>

where Cy is chosen sufficiently large. Similarly, we have:

U Jwin(po) © Gn ML, p5h] 3.11)
argh(us)so[g]
[1nin(“<l))C[N’|’h,u/2'h]

where Inin() is an interval centered at y; and of length

1 h
Imin D =12 i 5
ia 1) <ms‘“ cosh(wé’)(-ln(h+|u’1’lh)+C4>

where C4 is chosen sufficiently large.
We have also the following estimate for the number v([u{h, u5h]) of p such
that arg b(py) = 0 [2] and pg € [ui'h, ubh):

n (W — )= In(h + [plh) — C4) < v([pih, u5h])

v([uth, izh]) < 77 (8 — )= In(h + |pl|h) + C) . (3.12)

Let us first compute the contribution corresponding to &, N [Nh,c] with N large.
Using (3.8),(3.11) and (3.12) and a decomposition by intervals [nh, (n + 1)A], we
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get the following majoration, for N = Ny with N, large:

I 2 : 1
16, NINA < - i
h{ah [Nh,c]| = ngZNnarcsm cosh 7tn ((—ln(h(n+2))— C4)>
X (—=Inh(n+ 1)+ Cy)
<C 1 . (3.13)
n=n cosh mn

This last quantity tends to 0. We have consequently obtained that for any # > 0
there exists Ny and h; such that:

1
|6 NNkl S Vh < by (3.14)

We now consider the spectrum &), in the interval [exh, Ni] for fixed N. We
decompose this interval into M(h) intervals Ui(h) (k=1,...,M(h)) of length
ho(h) ~ h(In })~"/2. With this choice of length for the interval Uy, we have (with
N fixed):

W(Uy) = n(— In k)21 + on(1)) (3.15)

and we observe that if we only count the number v(U;) of the yj such that
argb(py) = 0 [2] and Jnn C Uy, then we have:

W(Ui) =2 = V'(Ur) £ w(Ui) -
In particular, independently of k& (but depending on N), we have:
WUON(Up) — 1, ash—0. (3.16)

This last point is actually only useful for the minoration. Let us first consider
the majoration where we can divide simply the interval in equal intervals. We get:

1
cosh n(ey + nd(h))

1 M )
ZI&" N[exh,Ni]| £ 3 5(h); arcsin - A(n,h) , (3.17)
n=1

where
(—In(h + (&2 + ndé(h))h) + Cs)

(= In(h + (&2 + (n+ 1)3(h))h) — Cs)

We now observe that this last term tends to 1 as 4 tend to 0 uniformly with respect
to n satisfying 0 < n < M(h). We consequently obtain:

A(n,h) =

1
cosh (g, + nd(h))

1 M 2 .

Z]&;, N [e2h, NR]| £ Y 6(h)= arcsin - (I+0(1)),
n=1 T

and the right-hand side tends to % fx }: arcsin(1/ coshns) ds as h — 0.

Modulo the considerations around (3.16), we proceed on the same way for the
minoration and finally we have proved:

Lemma 3.3. .
|64 N [e2h, ]

2 [ee}
; — ;f arcsin(1/ cosh 7s) ds . (3.18)

£
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Similarly
IO'hﬂ[ ¢, 8Zh:”

7 f arcsin(1/ cosh 7s) ds . (3.19)

—&

It remains now to come back to the u variable. Using (2.5), we get the existence
of a constant C. such that for any ¢; s.t. 0 < ¢; < ¢ and for any & > O:

|64 N [e2h, e3][(1 — C(h+ &3)| < |f7'(65 N [e2h, &3])]
< |6n N [e2h, &3]|(1 + C(h +&3)] ,

|/~ (6n N [—e2h,e3h))| < Ceah,
and
|/~ @n N a3, ¢])| < Cles)exp—(C(es)/h)
with C(e3) > 0. Let us also recall that:
f71(0) = O(h)

and
offor’ =1+ 0OMh+c) on[—cc].

We then get by combining the different estimates:

% —0 ; f arcsin(1/ cosh ms) ds . (3.20)

Let us compute the r.h.s. differently:

4 0
. [ arcsin(1/ cosh 7s) ds

— 00

:II-IA

0
f arcsin(2 exp s/(1 4 exp 27s )(wexp s)~'d exp 7s

I
= %f arcsin(2¢/(1 + £2)) dt/t
0
1

8
= — [arctantdy/t
o

8

= —Ceq -
2

We now take & = 2no = 2n/q and finally get:

16
q|62n/ql - ?Ccat > (3.21)

which corresponds to the result of Thouless [29].
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4. The Case a = 2/(2q + 1)

As we have already observed we have to analyze the (n)-pseudodifferential operator
whose symbol is a very small perturbation of the 2 x 2 matrix valued function:

(X, é) - QO(x’ é) .

We follow the strategy of ([13]) which was already introduced by other authors
(see the survey of J. Bellissard [5] for references and also [32,24]...). We forget
for the moment the remainder. The study of a m-pseudodifferential operator with
21 periodic symbol in (x,¢) is reduced to the study of the set described by the
eigenvalues of the 4 x 4 matrix:

bl + aexp—iéJ =" bl + aK expix
P P > (4.1)

bl +aK~'exp—ix bl + aJ expié

1 0 1 0 0 1
=6 %) (6 ) max=(9 )

We cannot avoid for the moment the explicit computation of the determinant but
let us first try to look at the problem in a more general context. We observe that
our matrices J and K satisfy the following relations:

gm@:(

where

JP=1, K*=1I, JK=-KJ. (4.2)

As in [13], we can more generally consider the two g X g matrices J and K attached
to é which satisfies the following relations:

Ji=I  Ki=I  JK=wKJ, (43)

with w = exp %. We can take for example:

1 0 00 .01

0 w 0 10 0
J= 0 ;. K=|o 1 . . (4.4)

0 ... .0

0 ! 0 . 010

We consider an irreducible rational £ and consider the corresponding family

2q x 2q-matrix Q, »(x, &) associated to (J,K) by the following formula (which ex-
’q

tends the formula (4.1)):

bl + aexp —iéJ P bl + aK expix
P P ) (4.5)

Qp 2(x, &)= (-

g bl +aK~'exp—ix bl + aJPexpi
We are expecting that the determinant of this matrix has a very particular structure
as was observed in the case when g = 1. We follow here, in a particular case,
the study of symmetries realized in [14] for the so-called “type 2” operators. We
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. . . L 0
first consider the commutation of this matrix with ¢ = ({) J) and observe the

following relation:

2
fQo)g(x,é) = QO,-qE (X + 77556) j . (46)
Similarly we get also:
2
A Qo p(x,€) = Oy p (x, - %) Az (4.7)

As an immediate consequence (using the property that p and ¢ are mutually prime),
we get that:

()C, é) - det(QO,Ep ()C, é))

is 2n/q periodic with respect to x and £. We note also that this determinant is a
trigonometric polynomial with respect to the two variables x and & We have still
to consider other symmetries. We first observe by considering the transpose that:

IQO,g(xa é) = Qo,g(—xa é) ’

which implies:
det Qo,g(x,é) = det Qo’g(~x,é). (4.8)

As in [13], we introduce the finite Fourier transform U, which is the g x ¢ unitary
matrix

1 .
(Up)jk = —=PU= D600 for j=1,...,q; k=1,....,q,
V4
with the following properties:
UyJ’U,=K;  UYKU,=J".

As before for J and K, we extend U, into %, = (L;" 5 ).
P

Considering %;Q% »» we deduce also:
det 0y 2 (5,8 = (~1)7 det 0 2(6,3) (49)

Using the other relation we then get also:
det Qo,-g(x’ —&) = det Qo,g(x, 8. (4.10)

It is also interesting to look a priori for the dependence on a and b. We observe
for example that:

det O ¢ (—x, =& a,b) = (— 1) det Oy p (x,&; a,b)y. (4.11)
We conclude from these arguments that:
det Qo(x, &) =i[Py(a,a, b, b) + Pi(a,a,b, b) cos gx
+ Pi(a,d,b,b)cosg¢)], (4.12)
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where Py and P; are homogeneous polynomials of a,b,a and b of degree 2¢ and
Py is real valued. This is hardly surprising if we come back to the Floquet the-
ory for the initial problem. The basic problem is of course to determine these
two polynomials. We have already computed the case when p =¢g =1 and we
found:

Po(a,a,b,b) = 2sin(2argh),  Pi(a,a,b,b) = |al|b] .

It will be quite interesting to have a general formula for these polynomials. Let us
now compute in detail the case when p =1; g =2 which is the main object of
this section. A tedious computation gives:

det Qo(x, &) = 2|b|*|a|*[cos 2x + cos 2¢] + 2 cos(4 arg b) + 2(|a)? - |b),

or
1 5 (7w
det Qo(x,8)/2 = 1 1 — tanh e [cos 2x + cos 2¢]
'
+ cos(4 arg b) — tanh - ) -
Another way to write the second term of the r.h.s is:
2R (a* + b* — 24°6*) + 2|a|* - 2|b]* .

We observe now that we are essentially in the same situation as in the preceding
section. Modulo the control of the remainder term, we find:

11 !
y € 6y iff cos(4argh) € { 2 2] ( — tanh? :)—l—tanh%'u-. (4.13)

As in the preceding section we obtain:
0, 1 1
l__"_l f [arccos (-E + Etanh2 7s + tanh ns)

11
—arccos <§ — Etanhzns + tanh ns)] ds . (4.14)

We set ¢t = tanh s and get:
A N , (4.15)

with

_ 7 (1-7) (1-7) dt
1 —_f] [arccos (— 5 —}—t) —arccos( 5 +t>] - (4.16)
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We now use the following formula:

(1-7%) (1-1)
{arccos <—— 3 + t) — arccos ( 3

+1 _p
= [ — 0/0u arccos (u(l 2t )—I-t) du
-1

+1 )
= [ I-t du .

1
—1 212
2[1—(u%ﬁ+t)]

351

)

With ¢ =¢ — ; we can rewrite the term between the brackets as:

2
[1 - <u(1 ;tz) —I—t)

With a(u) = -1 — -, b(u) =1— -, we then obtain:

+1 b(u) dr'

()0 )

I = f du
We now use the following change of variables ¢
0 € [0,7] and get:
dfdu

1
2 2 2__ 2 2
20u I(a(u) +h? | b(w) 2a(u) cos@)z

A a<£> ul[(2 — a(u))(b?(u) — 12)]F

2,2 2 2 .
= &40 4 Poa o5 0 with

AN dOdu +1 7 dOdu
=/ r=1/J —
0o (14— 2eost)” 0 2sin0[ (5 - ) +1]

7 u=1 n
=/ [sinh_] (_u_ - ﬂ)] %0 =/ {sinh_'tan
0 u=—1 0

sinf  sinf
=/ [smh cot Q] do .
0 2

But

0
sinh ™! cot 5= In cot 1

and we get

n
=[In cot -
0

A new change of variables s = tan Z gives finally:

arctan S

1
[=[-Ins—— =4[
0 S

Q + sinh ™! cotg L—i—()-
2 21 2

(4.17)
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Hence (comparing with (3.20)—(3.21))

lon]  4Ccqu
10h] _ FCar

h 72
for h = 2m - % and consequently:
16C
glow| - —= (4.18)
g n

as ¢ — oo with g A2 = 1. We have finally proved the theorem (modulo the control
of the effect of the exponentially small remainder term). But this last problem can
be treated as in the preceding section using the selfadjointization procedure.

5. Extensions, Open Problems and Conclusion

Our proof suggests generalizations.

(1) A weaker result than Thouless conjecture will be to prove simply the ex-
istence of the limit without computing it. This seems possible to obtain for the
sequence o = qﬁ. For r = 3, we get the following condition (forgetting exponen-

tially small errors) which seems more difficult to analyze than in the cases » = 2
and » = oc:

1 € Sp H iff sin(6y) — 3|a|* sin(2y 4 27/3) — 3|b|* sin(2y — 27/3) € [-2,2]|ab|* ,(5.1)

with y = arga + /3 and u' = f(u, k). This formula looks relatively simple but it
seems difficult to do the analog of the computations performed in the preceding
sections.

(2) Following [17] and [18], it is also possible to approach in the same spirit
the case of the hexagonal Harper’s equation.

(3) Another point is that Y. Last and M. Wilkinson give in [21] heuristic argu-
ments in order to deduce from the Thouless conjecture a new conjecture concerning
any rational with large denominator. A little more precisely, the statement is the
following vague

Conjecture 5.1. If p,/q, is irreducible and tends (sufficiently rapidly?) to a rational
Po/qo with g, — oo, then

lim qnlz(pn/qm 1)] =16 Cey/m .
n—oo

We note here that all these conjectures have been tested numerically in [25,26 or
21]. Let us for example try to prove the following “theorem” due to [21]:

Theorem 5.2. Let us assume that

h _ _ PB)

ﬂ - [ql’an 9qnss] - q(s) s (52)
then

Jim g()|2(h, 1)] = (16/m)Ccar - (53)

The proof of this “theorem” which is given in [21] is only heuristic. We shall now
explain how this strategy can be made more rigorous (but a complete rigorous proof
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will be probably quite long and has not been completely achieved and this is why
we write “Theorem” instead of Theorem) using [14] and [13]. The starting point is
to proceed using the semi-classical analysis near a rational o, which is here:

- _ p(x)
Ooo = [q1,925 -+ »qn] 2(00)

We recall also that Bezout’s Theorem gives the existence of two integers /( p) and
n(p) with /(p) €] — q,0] such that:

p-lp)+q-n(p)=-1. (54)

With this choice we have also

p(s)=sp—n(p), q(s) =sq + I(p). (5.5)

Let us also introduce f

b= 5~ e (5.6)

In this case it is proved by Helffer—Sjostrand in [13], justifying previous mathemat-
ically non-rigorous works of Wilkinson [32,33] and Sokoloff [24], that the study
of the spectrum is reduced to the study of the spectrum of a J-pseudodifferential
system whose symbol is given by %M n,q(x, &), where

My g(x,&) = (Kexpix + K 'exp —ix +JP expié +J Pexp — if), (5.7)

with p = p(o0), ¢ = g(co0) and where J and K are introduced in (4.3). Let us also
recall that:

det(Mp 4(x, &) — E) = fpq(E) 4+ 2(—1)(cos gx + cos g&) . (5.8)
The following identity of [21] will be crucial in the proof:
q 1 1

>

S EN g

where E, are the distinct zero’s of the polynomial f, .

We use now the rigorous reduction of the problem near each band. Everything
is concentrated at the middle of each band, that is near the points E,. Let ¢t — E,(t)
the branch of solution of the equation:

[ g B(@) = (=1)*'t, E(0)=E,.

Then the decoupling procedure introduced in [13] says that we have to study a
o-pseudodifferential operator whose principal symbol is:

(x,&) — %EV(Z(COS gx + cos g&))
with
g = g(c0) .

The study of the operator near the energy corresponding to the saddle point can
probably be reduced to microlocal considerations as in [14] but this point is not
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3

discussed in [13]. We just sketch here the discussion which explains our “proba-
bly.” In order to study microlocally the d-pseudodifferential operator we perform a
symplectic dilation and arrive at a };-pseudodiﬁ“erential operator with h= ¢*d and
with the new principal symbol %Ev(2 cosx +2cos ¢). For h small enough we can
apply the discussion of [13]. The function ¢ — f(t,/) introduced in order to get a
fixed period equal to 27 is no more satisfying (2.5) fo(0) =0; f§(0) =1 but

fo(0)=E,, f(/)(O) = lf/p,q(E\)I

and this just changes the measure asymptotically by a fixed factor | /7, q(E\')]_l. Let
us now give the formula for A:

N 25
h(s) = L= = g (als) — a(o0)) = ;‘fﬁ . (5.10)

Here we have used the part of the proof which is mentioned in Remark 2.4. The
second point corresponds to Remark 2.6. A’ has to be replaced by h which is found
by determination of the two operators J and  * playing in this new context the
role of = and t*. These operators 7 and 7 * are introduced in the same context in

[13] exploiting of course previous ideas of physicists (see for example [23,24,32,33
and 3]) and defined by:

g = Tzn/qJ 5
T* =13, K'"P, (5.11)
where
2
(r%u)(x) = u(x — 2n/q), (rz Ju(x) = <exp?> u(x) . (5.12)
9q

We observe, using (4.3) and (4.6), that these operators commute with M, ,(x, D)
and satisfy the relation (to compare with 2.20)

TT* =exp—ihT*T , (5.13)
with .
h 2 I(p)
— == 2 2nZ)).
3% 7 . mod (27 Z))

We can then reduce (modulo some technical details that we have not completely
verified) the study of M(x,dD,) (here we come back to a global renormalization
procedure) near the energy E, to the study of the A-pseudodifferential operator O
whose symbol was introduced in Theorem 2.1 with a different g and with a new
f defined above. But for our particular choice of 2 we get h=0 and we are
consequently in the case of Sect. 2.

We note here that the second term in the definition of 4 is specific of the
case of systems. This is also related to the non-triviality of the fiber bundle above
the torus whose fiber is

_ )

Ker(Mp, 4(x, &) — Ey(2cos gx + 2cos g&)) ,
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(see for example [15] for a discussion in the same spirit or [5] (and the bibliography)
for other references in connection with the study of the quantum Hall effect). The
statement we need to give a complete mathematical proof is unfortunately not estab-
lished in [13] (Proposition 5.4.1) which gives only the equivalent of Theorem 1.5
but does not analyze the contribution of the middle. We consequently have to imple-
ment the results of [14] inside the machinery of [13]. According to our three remarks
in Sect.2 and to what we said above, this seems reasonable but it would be prob-
ably rather long to write down all the mathematical details (mainly the remainder
estimates). If S,(s) is the total bandwidth for this effective hamiltonian we finally get

. 1 16C,
lim A($)S)(s) = e — .
M MON) = T B
Here we have observed that
lim A(s)/s=1.
§—00
Using now (5.5) which implies
lim ¢(s)/s = g(c0) = ¢,
§—00
we get:
q 16CC(1[
|/ (B
Summing the different contributions of each band and using (5.9), we get the
“Theorem” 5.2. Hence the strategy described by Y. Last and M. Wilkinson seems
to us to lead to a correct mathematical proof. As observed by these authors this

gives a direct connection between the proof of the conjecture near 0 and the proof
of the conjecture near a rational number.

Jim g(s)Si(s) = (5.14)
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