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Abstract

We describe some semiclassical spectral properties of Harper-like operators,
i.e. of one-dimensional quantum Hamiltonians periodic in both momentum and
position. The spectral region corresponding to the separatrices of the classical
Hamiltonian is studied for the case of integer flux. We derive asymptotic
formulae for the dispersion relations, the width of bands and gaps and show how
geometric characteristics and the absence of symmetries of the Hamiltonian
influence the form of the energy bands.

PACS numbers: 03.65.Sq, 73.43.—f
Mathematics Subject Classification: 81Q20

1. Introduction

In the present work we will describe certain asymptotic spectral properties of Harper-like

operators. Such operators appear as follows. Let H(p,x) be a real-valued real-analytic

one-dimensional classical Hamiltonian periodic in both momentum and position:
H(p+2m,x)=H(p,x+2r)= H(p, x), p,x € R.

The operator H, obtained from H through the Weyl quantization,

N 1 . x+y
— ip(x=y)/h
(th><x)—2nh/R/Re" H(p.=5>) F(»dpdy.

will be called the Harper-like operator associated with H. In one of the simplest cases, when
H(p,x) =2cos p+2acosx,onehas (H, f)(x) = f(x+h)+ f(x —h)+2acosx f(x),ie.
H ), is the Harper operator on the real line.

Such operators appear in the study of the motion of electrons in a two-dimensional periodic
potential subjected to a uniform perpendicular magnetic field [1, 2], and the parameter 4 may
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be expressed through parameters of the system differently in the cases of strong and weak
magnetic fields [3]. The periodic magnetic systems show a rich spectral structure depending
on h, which in general expresses a relationship between the magnetic and electric fields; for
example, in the strong magnetic field one can put & = (I;/L)?, where I}, is the magnetic
length and L is the characteristic size of the period lattice [4]. The Hamiltonian A » commutes
with operators T}, j = 1, 2, defined by

(T ))(x) = e 0 f(x), (Lf) () = f(x +2m);

they obey the equality 71T, = exp(47?i/h)T>T; and commute iff n := 27/h € Z; this
number 7 is usually referred to as the number of magnetic flux quanta through an elementary
cell or simply flux. In the case of integer n one can apply the usual Bloch theory and
show that the spectrum consists of n bands [5], so that each band is the value set of the
corresponding dispersion relation E (K, k), where k = (ky, ky) € [—m, ) x [—m, ) is the
(vector) quasimomentum, and for any k there exists a (generalized) eigenfunction W (x, k, &)
of ﬁh, I:Ih\D(x, k, h) = E(k, h)¥(x, Kk, h), satisfying the Bloch-periodicity conditions

T;W(x,k, h) =W (x,k, h), j=12. (1)

The situation with non-integer but rational n = N/M (N and M are mutually prime
integers) can be reduced to the previous case by enlarging the unit cell of the period lattice
(2w, 2w) — (2 M, 2m). For irrational 5 the spectrum is rather complicated and can include
parts of Cantor structure as was predicted in [2, 6] and then analytically justified for the Harper
operator in [7, 8].

We will study the asymptotics of the spectrum for H), for large integer 1, which
corresponds to the semiclassical limit (2 — 0). Spectral bands in different parts of the
spectrum have then different asymptotic behaviour [5, 11]. To illustrate this, we consider
first the Harper operator. To be more definite, assume 0 < « < 1, then, for any § > 0, the
bands lying below (—1 + o — §) and over (1 — « + §) correspond to finite classical motion
and have the width o(h*°), while the bands inside the segment [—1 + & + 5,1 — o — 4]
correspond to open classical trajectories and have the width ~h with o(h°°)-gaps between
them [9]. These estimates are non-uniform with respect to §, and they do not describe the
bandwidth asymptotics near the critical points +(1 — «), where the eigenfunctions undergo
a transition from localized to extended behaviour [10]. For Hamiltonians of a more general
form the spectral structure is suitably described by the Bohr—Sommerfeld quantization rule
and can be illustrated with the help of the so-called Reeb graph technique [5, 11], so that
critical values of H divide the spectrum into parts with different asymptotic behaviour (we
illustrate this in section 2), and the transitions between these parts semiclassically correspond
to the separatrices of the classical Hamiltonian.

This transient region was earlier studied from different points of view [7, 8, 12] for the
Harper operator and some closed to it Hamiltonians with high-order symmetry. From the
other side, the absence of symmetries appears to be the generic situation, which influences
the structure of spectral gaps and dispersion relations, which are very different from the ideal
model of the Harper operator; this leads to new phenomena in the transport properties of
the periodic magnetic systems, see the review [15]. (This covers not only the Harper-like
operators, but also the periodic Schrodinger operators, where symmetry properties are in
connection with the absolute continuity of the spectrum [16].) Our aim here is to provide
a uniform approach to studying the band- and gapwidth transition and construction of the
dispersion relations. In particular, we are interested in the way how the shape of the classical
trajectories influences the shape of the energy bands. We study in detail only some basic cases
(sections 4 and 5), but even these simple examples show a rich structure of the dispersion
relations; in particular, it turns out that the shape of the energy bands as well as the ratio
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Figure 1. Space of trajectories as the Reeb graph. (a) Level curves of the Hamiltonian # in the
unit cell; (b) The corresponding Reeb graph. Separatrices are bold and correspond to the branching
points of the Reeb graph.

bandwidth/gapwidth in non-symmetric cases is very sensitive to parameters of the system;
this is discussed in section 6.

It is worthwhile emphasizing that even the spectral problem for a single two-dimensional
periodic system can lead to a number of Harper-like operators with essentially different spectral
properties. We illustrate this with the example of the two-dimensional Landau operator with
a periodic electric potential v; in the case of strong magnetic field the Schrédinger operator is

N A > h? a2

L= > (—1/18—)(1 +x2) — ?8_x2 +ev(xy, x2), 2)
with small /2 and & [4]. The spectral problem for L is reduced to a series of spectral problems
for the Harper-like operators associated with the classical Hamiltonians

Lo(Y1, Y2) = (n+ 1) h+eJo(y/=@n + DhAy)u(Yy, Ya) + O (), neZ,, 3)

where Jy is the Bessel function of order zero, Ay = 92/3Y} + 3%/0Y; (we explain this
reduction in the appendix), and (Yi, Y») are canonically conjugate. The Hamiltonians L,
have, generally speaking, trajectories of different kinds for different n, which results in a
difference between their spectra.

2. Regular Bohr-Sommerfeld rules and the asymptotics of the dispersion relations

In this section, we recall some simple constructions which are useful for estimating the
dispersion relations [5, 11].

2.1. Reeb graph

Throughout the paper we assume that all the critical points of H are non-degenerate. Define on
the torus ’H‘fm = Rf)x / (27, 27), which will be called the reduced phase space, an equivalence
relation ~ by x; ~ x, <= {x; and x; lie in a connected component of a level set of H},
then the set G := ']I‘?,x / ~ is a certain finite graph called the Reeb graph of H. The end
points of the graph correspond to extremum points of the Hamiltonian while the branching
points correspond to saddle points and separatrices (see illustration in figure 1). It is natural
to distinguish between edges corresponding to open trajectories on Rf,x and, respectively, to
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Figure 2. Spectrum obtained with the help of the regular Bohr—Sommerfeld rules. (a) Points
of the Reeb graph, which correspond to the trajectories satisfying the quantization condition;
(b) semiclassical dispersion relations outside the separatrix region.

non-contractible trajectories on ']I‘f,x (these edges of the Reeb graph will be referred to as edges
of infinite motion) and to closed ones on the plane and contractible ones on the torus (edges of
finite motion). This graph provides a good illustration for the structure of the trajectory space
of H as well as for the semiclassical spectral asymptotics.

2.2. Finite motion

Consider a spectral interval A = [E’, E”] such that for each E € A the level set H = E
on the reduced phase space Tix consists of a single closed trajectory. In other words, the
corresponding part of the Reeb graph must be an edge of finite motion; in the example shown
in figure 1 the interval [H; + §, max H],§ > 0, satisfies this condition; the corresponding
edge is e;. The regular Bohr—Sommerfeld rules select from the family of all these closed
trajectories a discrete family of trajectories satisfying the quantization condition

(The construction of these trajectories can be interpreted as a selection of a certain discrete
subset on all the edges of finite motion of the Reeb graph, see figure 2(a).) Each of these
trajectories, A, implies a quasimode (E, ¥), E € R, ¥ (x, h) € LJZC (R), with ¥ microlocally
supported by A, E = H|, + O(h*) and |(H, — EYy|l/IIv] = o(h®), which means that
dist(spec Hj,, E) = 0(h™). Clearly, to each of such E there corresponds a whole family of
quasimodes. Namely, if A is a closed trajectory satisfying the quantization condition and
(E, ) is the corresponding quasimode, then the trajectory Aj := A + (2nji,27j2),j =
(J1, o) € 72, also satisfies the quantization condition and produces the quasimode (E, ;)
with the same value E and ¥j(x, h) = expQrijix/h)y(x — 2mjr, h) = T, ' T, "¢ (x, h).
Let us try to satisfy the Bloch conditions by a function of the form

vk = Y G Y )= > Gl T T Py (x, . (4)

=0 jp)eZ? j=0. jp)e??
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Clearly, the coefficients Cj must solve a linear system: Cj 415, = Cj ) ek, Cj 1 =
Cih eik2, Jis jo € Z, therefore, Cj = ¢ ¢'Uk) for some constant ¢ and the corresponding Bloch
quasimodes have the form

U(x,k, h) =c Z UK 2Tx/ oy (x — D515 B). 5)
i=Gez?
Therefore, to construct a Bloch quasimode in the form (4) we do not need to satisfy any
additional conditions about relationship between E and k, which results in semiclassically
constant dispersion relations.

If for each E € A the level set H contains several closed trajectories (and intersect several
edges of finite motion (for example, it is the interval [min H, H_ —§] in the example of figure 1),
the procedure described above is still applicable and gives the asymptotics of the spectrum up
to 0(h™), but, in the case of some symmetries between families of trajectories degeneracies
of the eigenvalues may occur; computation of their splitting is much more delicate [5, 17].

2.3. Infinite motion

Now consider the spectrum in the interval A = [E’, E”] assuming that the corresponding
region of the Reeb graph consists of two edges of infinite motion (the interval [H_+§, Hy — §]
and the edges e, and e3 in the example of figure 1), i.e. for any E € A the level set
H = E on Tix consists of two non-contractible trajectories and in Rix there are two

families of open periodic trajectories. Clearly, there exists a vector d = (d;,d,) € Zz,
non-divisible by any other vector with integer-values components, such that for any of these
trajectories, A = (p =P(t),x=X (t)), there exists a nonzero number 7' = T (A) satisfying
(P, X)(t+T)=(P,X)(t) +2nd for all + € R. To simplify the calculation we assume that
d = (1, 0) (otherwise one can choose new canonical coordinates on the phase plane, such
that d = (1, 0) in these new coordinates). Obviously, there are two families of trajectories
corresponding to different edges of the Reeb graph: for the first family, the number T can be
chosen positive, while for the other it must be negative; we denote these families by e* and e~
respectively.

Each trajectory AT = (p = P(¢), x = X (1)) € e* implies aquasimode (E*, ¢¥), E* =
H|p+ + O(h?), satisfying Toyr* (x, h) = ¥+ (x + 27, h) = exp(iST(AT)/ h)y*(x, h), where

T
SEAY) = / PE(r) dXE(1). (6)
0

Clearly, the correspondence E¥ = H|p+ <> AT is one-to-one. Therefore, S* can be
considered as a function of E*, §* = S*(E¥*). As this dependence is continuous and
monotonic, it can be inverted: E* = E*(S*); E* is an increasing function, while E~ is a
decreasing one.

Each A* implies a periodic family of trajectories A/i := A*+(2mj, 0) and corresponding
quasimodes (E*, y) with ¢ (x,h) = expQnijx/h)y*(x,h) = T, y*(x,h). To

J
construct a Bloch quasimode we use an ansatz similar to that we used in the previous subsection,

UE@ k) =) CRYE(h) =Y CETT g (e, ).
JjEZ JEZ
Therefore, Cji+1 = C*e?™/k (C* is anormalizing constant), and S*(E*) = h(nFk;), n € Z.
Denote E£(ka, h) := E*(S* = h(n F k»)); these functions can be viewed as semiclassical

dispersion relations. Clearly, the functions E; are decreasing functions of k,, while E are
increasing ones; therefore, in some critical points kj one has E* := E, (k3, h) = E; (k3, h),
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as illustrated in figure 2(b). The corresponding points £* are usually treated as approximations
of gaps; more precisely, one expects that in the o(h°°)-neighbourhood of each such value there
is a gap, whose width is also o(h™) [5]. The asymptotics of the true dispersion relations can
be combined from pieces of E; and E,, (figure 2(b)).

As we see, we have o(h°)-narrow bands in the first case and o(h*°)-narrow gaps in the
second case. Our aim is to describe the transition between these two extremal cases, which
correspond to the semiclassical asymptotics near separatrices. To obtain at least the first
non-trivial term in the asymptotics of the width of O (/°°)-small bands and gaps one should
take into account the interaction between neighbouring cells, which is an extremely different
problem [17]. Such a calculation involves topological characteristics of the Hamiltonian,
which results in a description of the quantized Hall conductance [13]. It is interesting to
emphasize that the resulting topological numbers come from index-like characteristics of a
certain path on the Reeb graph [5]; this provides an additional path index-like interpretation
of the Chern classes, related to their description through the cycle related to edge states on the
Riemann surface of the Bloch functions [19].

3. Singular Bohr—Sommerfeld rules and their modification for the periodic problem

In this section, we give a short description of the semiclassical asymptotics near separatrices;
this technique was developed in [14].

Let H(p, x) be an arbitrary classical Hamiltonian (not necessary a Harper-like one) with
non-degenerate critical points and H, be the corresponding quantum Hamiltonian. Let E be a
critical value of H in the sense that the level set A := {(p, x) € R?>: H (p, x) = E} contains
a saddle point of H; our aim is to study the asymptotics of the spectrum of H, in the interval
[E — Ah, E+ Ah], A > 0. We assume that A is a compact connected set.

3.1. Preliminary constructions

Near the critical energy it is more convenient to use the scaled energy, i.e. we are going to
solve the equation

(Hp — E — AV = o(h™), (7
where A is a new spectral value to be found; we consider the situation when A runs through
some finite interval [—A, A], A > 0. The conditions which guarantee the existence of such
solutions are called the singular Bohr—Sommerfeld rules. Due to the non-degeneracy of the
saddle points, A is a tetravalent graph embedded into the plane Rfu and the saddle points are
points of branching. The edges of the graph are smooth curves; each of these curves, v, delivers
a part of solution by means of the usual WKB-asymptotics [18]; we denote this function by v,,.
Our aim is to glue these contributions together near saddle points (vertices of the separatrix
graph) in order to obtain a desired solution. Let us introduce an enumeration of the edges of the
separatrix near each vertex in the following manner: the direct cyclic order is vy, v4, V2, v3, and
the quadrant formed by the edges v, and v3 is pointed to the top, see figure 3. Near each vertex
V we try to construct the desired solution in the form W = xl"wvl ® x;' Yy, ® x;/ Yy, D x;’ Yo,
where x}’ € C,j =1,2,3,4. (Sometimes we omit the superscript V and write simply x;.)
Therefore, an edge can have different numbers near different vertices. To any vertex V of the
graph we assign a so-called semiclassical invariant ¥ which is a formal power series in £,

o0
Yy =) el (n, where &y (1) = +

» . (H,,,, H,,x)
=0 J|det H" (V)| pr Hix

and the sign £ coincides with the sign of H in the quadrants formed by the edges 1 and 3.
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Figure 3. Enumeration of edges near vertices.

Each cycle y on the graph A will be accompanied by the following three characteristics
(see [14] for details):

e Principal action A,

Ay:fpdx.
Y

e Renormalized time /,,. For cycles y crossing critical points with corners, we put

n

Cjt+l
I, = V.p.ygdt = Z/ dr, ¢ €y, Ci = Cptls
Y 1 7¢

j=17¢

where the points ¢; are chosen in such a way that each of the pieces (¢;,¢jr1) C ¥
contains exactly one corner V; and the integrals are calculated as

Cjt1 a Cj+l
/ dt := lim (/ dt+/ dr +s;log / dp Andx
c a.b—V; ¢ b Rap

7
where 5; := FA/,/|det H"(V )|, and Ry, is a parallelogram spanned by the points a, V;
and b and the sign F is ‘-’ if the direction of integration corresponds to df and ‘+’
otherwise. By dr we denote the Hamiltonian time, df (sgrad H) = 1. This definition of
I, is then extended by additivity to all cycles (not necessary with corners).

e Maslov index m,. If none of the tangents to y at the corners is parallel to the p-axis,
the index m, is calculated as the sum of the indices of all the turning points in which
y is smooth. If there are tangents parallel to the p-axis, one can destroy them by small
variation; this must be reflected in the enumeration of edges near all the vertices.

3.2. Singular Bohr—Sommerfeld rules

The singular Bohr—Sommerfeld rules, which finally will result in conditions for A, come from
the following procedure.

Near each saddle point V there exists a canonical transformation x(g,y) =
(p,x), x(O) =V, such that H(p, x) = W(qy)qy with a certain smooth function W. This
implies an elliptic Fourier integral operator U and a pseudodifferential operator W, elliptic at



11688 K Pankrashkin

the origin, such that HU = UW (3g — he"). Using this representation one can construct a
microlocal basis ¥;, j = 1,2, 3, 4, of semiclassical solutions near V. More precisely, we put

Y(3) e vY(=Y) etoglyl
@1(y) = BY —= ellogll, P2 (y) = BY ——="elfloeh],
Ayl Iyl

—im /4 Y(t)
A 7
@3(y) i Je VT

(= BY S [ YD
paly) = —F ¢
V2rh Jr
where Y is the Heaviside function and then v/; = Uy j is a basis element corresponding to the
edge j, j = 1,2,3,4. Here BYisa normalizing constant.

A linear combination x1 ¥ @ X2 @ x3%3 @ xa4, x; € C, j =1, 2, 3, 4, which extends
the WKB-solution to the saddle point, defines a function near V iff x; satisfy the linear system

AP 1 e\ [x £ 1 ciare T (J+ie)+ie logh e=cv. (9
X4 ie " 1 X2 ’ ’ V1 +e27e ’ ’

Clearly, x; corresponding to different vertices must be connected with each other in a certain
sense. To describe this correspondence we cut several edges in order to get a maximal tree on
the separatrix. Now consider an arbitrary edge v between two vertices V' and V”. Denote the
corresponding x-coefficients by x;- and x}’ respectively, j = 1,2, 3, 4, and assume that v has
index j with respect to V' and index & with respect to V”. We put

eiyt/h e ¢ log || dl, (8)

iyt/h e—slog\t\ dl,

x;- =xy, if v is not cut, x} = hol yx/, if v is cut, (10)

where hol y is the so-called holonomy of the cycle y formed by the edge ¢ and the edges of
the maximal tree (this cycle is unique). For the holonomy holds the estimate [holy| = 1,
Argholy = A, /h+AI,+mm, /2+ O (h). Note that the first equality in (10) fixes the constants
BY uniquely (up to a common multiplicator).

The equations (9) and (10) written for all the vertices and all the cycles respectively
compose a linear system for the coefficients x]V, Jj =1,2,3,4. The condition for the existence
of non-trivial solutions (non-vanishing determinant) is called the singular Bohr—Sommerfeld
rules.

3.3. Periodic problem

Our aim is to apply the singular Bohr—Sommerfeld rules to the Harper-like operators. The
problem is that the level set of E is always periodic and, respectively, unbounded. To apply
this technique to the problem in question we take into account the Bloch conditions already at
the stage of the construction of the solution (in contrast to the smooth case), in other words,
we apply the procedure described above for constructing the quasimode (W (x, k, /), E(K, h))
such that W satisfies (1) and (7). Clearly, this condition can be rewritten as the set of equalities
BY+27l — BV and x}”z”' = ei<”k>x}', j =1,2,3,4, for all vertices V and 1 € Z2, where BY
are constants from (8). This clarifies the meaning of the maximal tree in the periodic case:
instead of constructing a maximal tree in the whole plane, it is sufficient to find a maximal

tree on the reduced phase space Tf)x; all the cycles will be viewed then as cycles on the torus.

4. Transition between finite and infinite motions

In this section, we consider spectral regions corresponding to the transition between closed
and open trajectories. In this case the separatrices are non-compact in one direction only and
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(a) (b)

Figure 4. Transition between one edge of finite motion and two edges of infinite motion:
(a) structure of the separatrix, (b) the corresponding part of the Reeb graph.

we assume that they are directed along the x-axis. Clearly, one can proceed first exactly in the
same way as in the case of open trajectories, which will result in the following ansatz for the
desired solution:
.k h)=cY eMT Ty (x k. h),
JEL

where ¥ must be a quasimode associated with the separatrix, (I:I n—E —Ah)Y = o(h®™), and
satisfying Toy = e*21/. It is clear that the corresponding semiclassical dispersion relations
will not depend on k.

4.1. Two edges of infinite motion and one edge of finite motion

In this subsection, we consider probably the simplest structure of the separatrix. More
precisely, we assume that the energy level H = E on the reduced phase space ']Tf,x contains

exactly one critical point, to be denoted by V. The corresponding separatrix on the plane Rf,x
has then the shape showed in figure 4. In terms of the Reeb graph this situation means that
we consider a transition between two edges of infinite motions and one edge of finite motion.
Near the corresponding branching point the Reeb graph has a Y-like shape. (We assume that
the closed trajectories lie under the critical energy level.) Denote the semiclassical invariant
of V by (A, h). Clearly,

e(A,h)y =X1/w+ O(h), w = /|det H"(V)|. 11

The separatrix on ']I‘f,x is a graph with one vertex and two edges, y; and y,, which are cycles
on the torus, see figure 4. In order to obtain a maximal tree one has to cut both edges. Denote
holy; =:¢e'%, j =1, 2, where

J Tm;

aj = 7+AI_,-+ + O(h),
Aj :=7§pdx, IJZVP/ de, mjzindyj, ]=1,2
Vi Vi
To simplify the notation we put x; := xj‘-’, yj = xjw(o’z”),j = 1,2,3,4. The singular

Bohr—Sommerfeld rules and the Bloch conditions lead us to the following equations:
Bloch-periodicity conditions y; = e”‘zxj, j=1,2,3,4,

x3 =Ex1+ie " Exp y3 = eio"xl, for Y1,

x4 =167 Ex + Exy, 102

Matching at V {
x4 =%y, fory,.

Holonomy equations {
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where
1 o
£ = elarg I'(5+ie)+e logh

A 1+e2me

The condition of existence of nonzero solutions is equivalent then to the equation

1 . )+ o 1 oy — oy
cos | argl’ §+18 +¢elogh — > =mcos ky — 5 .
e—JTE

The spectral parameter A enters this equation through ¢, o} and . One has obviously

“ —051) +2mn,
2

o+ o)
= £ arccos

1
argl <§+ie) +¢elogh —

nex.

1
ﬁ Ccos (kz —
+e e

To find approximate solutions we represent A as A = Ao + u with & = o(1); in this way we
can solve the equation near each Ao. Taking into account equation (11) one can write

1 1A A A+ A I+ 1 +
arg I’ —+1—0 +—Ologh+ﬁlogh—( : 2)— : 2A0_n(m1 m2)
w w w 2h 2 2
Ay — A L —1
2 1 2 1A0>

1
S ky —
/1 + e—2nkg/u; cos ( 2 2h 2
+2an+ O\ + O(hlogh), neuz

= =+ arccos

(one can show easily that m; — m, = 0), or, finally,
= puE(ka, Ao, h)
w cos(ky — A(ro, h)) 1
= ——1{ N(Xg, h) £ arccos +2xn¢| 1+ 0 oah + O(h)
0g

logh V1 +e27ho/w
ko — A(hg, h 1
- X 1 N (Ao, h) £ arccos cos(kz (o, 1)) +2nnt +o , (12)
logh V14 e 2mho/w logh
where
Al+A M+ L)+ + lologh 1 A
NG, by = 1 2 ol + b) +(my +my) — Aglog —argT" 1. ’
2h 2 w 2
A2 — A1 12 — 11
A(ro, h) = + A
(Ao, ) T U

and n are integers such that the expression in the curly brackets in (12) is o(logh).
Returning to the original spectral parameter we obtain a series of semiclassical dispersion
relations: in a o(h)-neighbourhood of E + Agh they take the form E,f(kl, ko, Ao, h) =
E + hoh + h,uj[(kz, Mo, h). The expression obtained can be used for estimating the band-
and the gapwidth. More precisely, the bands and the gaps in a o(4)-neighbourhood of E + Aoh
have the width

2wh . 1 h

B(ho, h) = arcsin +0 , (13)
|log h| V1 +e2mho/w logh
2wh 1 h

G\, h) = @ arccos +0 , (14)
[log h| V1 +e27ro/w logh
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(a) (b)

Figure 5. Transition between two edges of finite motion and two edges of infinite motion:
(a) structure of the separatrix, (b) the corresponding part of the Reeb graph.

respectively. In particular, for Ao = 0 the bands and the gaps have approximately the same
width mwh /(2| log hl).

4.2. Two edges of infinite motion and two edges of finite motion

We consider now another structure of the separatrix. Let us assume that the energy level
H = E on the reduced phase space is a connected set containing two critical points, which we
denote by V and V. The separatrix has the shape sketched in figure 5. The Reeb graph has near
the corresponding branching point an X-like shape, where the two upper edges correspond to
open trajectories.

Denote the semiclassical invariants of V and V by ¢ and & respectively,

eCu h) = AJw + O(h), g =2+ O, s
w = /|det H"(V)], W =/ |det H'(V)],

and put

. P [iarg (4 +ie) +ielogh, ] £ exp[iargr‘(%+i§)+i§10gh,]‘ 16)

V1+e e ’ ' J1 +eo- 278

In order to obtain a maximal tree on the reduced phase space we cut all the edges but y;, then one
gets three cycles: §1 = y1+y2, 72 = ys—yiand 3 = yi+y3; putar; :=arghol 7;, j =1, 2, 3.

Denote x; := xjy,yj = x}’, Zj = x;“(o’z”),j = 1,2,3,4, then the quantization
conditions are
T . _ ik .
Bloch-periodicity conditions z; = e"x;, j=1,2,3,4,
) . x3 = Ex| +ie " Exy, - =&y +ie 7 Ey,,
Matching conditions at V T _lm : av 1T )i]gﬂ 5 2
X4 = 1€ Ex1 + 5)(2, Y4 = 1€ 5)}] +5y2,

Holonomy equations y, = x4, y3 =e%xy, 2z3 =€y, y;=¢e%2.
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The condition of the existence of non-trivial solutions leads to the equation

1 . 1 " ap+oyto3
cos argl"(i +1£) +argF(§ +18> +(e+8&)logh — — s

= 1 (COS (kz _ W) _ e T oo w).
V(e ) (1 +eor) 2 5

7)

The parameter A enters this equation through ¢, € and o, j =1, 2, 3.

To obtain a clearer picture, let us introduce holonomies of the edges as solutions of the
following equalities: o) = By + B2, 0 = B4 — B1, a3 = B + B3, arghol( + 74) = B + Ba;
these solutions can be represented as

Tm;

B,
Bj=—-+rJj+

A + O(h), B; =/ pdx, m;=indy;, j=12,3,4,
v;

then (17) takes the form

Br+ B2+ B3+ P

2

(Bi1+B2)—(Bs+B4)
2

1 1
argF(E +i8> + arg F(E +i§) +(e+&)logh —
cos (kz _ (132+ﬂ4);(/31+53)) — e T (¢

= Zarccos +2mn, nez.

V(1 +e=m) (1 +e~é7)
(18)
The quantities B; can be viewed as ‘weights’ of the separatrice edges; then equation (18)
shows how the relationship between them influences the dispersion relations.

Like in the previous case we represent A as Ao + i, 4 = o(1), and solve (approximately)
the equation for . The solutions take the form

Wi N(ro, )
W ’
(w+w)logh 0
cos(ky — Ar(hg, h)) — e~ MWD cos Ay (Ko, )
+2nmn
\/(1 + e~ 2mho/w) (] + e=27ho/ D)

x<1+0<L))+0(h), (19)
logh

w = wE(ka, o, h) =

=+ arccos

where
By +B,+ B3+ B Ji+ L+ I3+ U My 4+ +
N(}\.O, h) = 1 2 3 4 +)"O 1 2 3 4 n jT(ml my ms m4)
2h 2 >
—argl'( -+ — ) —argl'| =+ — ) — Ao — + = ) logh,
2w 2 0 w
By + B;) — (B3 + B Ji+ D) — (Jz+ J
Ay (ho. h) ::( 1+ B2) — (B3 4)+)»0( 1+.2) —(J3 4)’
2h )
B>+ By) — (B + B h+J)— (1 +J
As(ho. h) :=( ) 4)2h( | 3)+A0( > 4)2( 1+ J3)

and n € Z,n = [N(Xo,h)] + o(logh). The dispersion relations are E(kj,ky, h) =
E + hho + hpE(ka, Ao, h). In contrast to the previous situation, the bands and the gaps
have, generally speaking, different width. More precisely, near the point E + Aoh one has
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P

(@) b)

Figure 6. Transition between two edges of finite motion: (a) structure of the separatrix, (b) the
corresponding part of the Reeb graph.

bands having the width
h 1+ —(1/w+1/w)rom A+ (L , h
By, h) = w~w |:arcsin ¢ cos A1k = )
(w + w)|logh| V(1 +e=2mh0/w) (1 4 e=27h/D)
1 — —(1/w+1/w) o A (L ,h h
+ arcsin ¢ cos Al 0~ )i|+0< >, (20)
\/(1 + 6_2”*0/“’)(1 + e—271)»o/w) logh
and two groups of gaps having the width
2wivh 1 + e~ W/w+l/Dr7 cog Ay (Ao, h) h
Gi(ho, h) = - arccos +0 , 20
(w + w)|log h| V(1 +e=2mko/w) (1 4 e=27ho/D) logh
2wibh 1 — e~ Wwrl/roT cog Ay (Ao, h) h
Gr(ho, h) = — arccos +0 , (22)
(w +w)|logh| \/(1 + e—2mho/w) (] 4 e—2Tro/ ) logh
and they come in groups ..., B, G, B, G, .... The formulae clearly show the fast decay

of the bandwidth for negative 1 and of the gapwidth for positive Ay. From the other side,
the ratio bandwidth/gapwidth depends crucially on the relationship between B;, J;, A and /.

5. Transition between topologically different finite motions (degenerate case)

In this section we consider a situation when all the smooth trajectories of the classical
Hamiltonian are closed. This situation takes place if, for example, H is invariant under linear
transformation having no real eigenvectors (rotation by /2, for example). More precisely,
we assume that the level set H = E on the reduced space contains two critical points, which
we denote by V and V and the corresponding separatrix in the plane is non-compact in all
directions. This situation is illustrated in figure 6. We can expect that the semiclassical
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dispersion relations in this case depend on both quasimomenta k; and k,. Denote by ¢ and &
the semiclassical invariants of V and V respectively, and use the notation of (16). Clearly,

e=rw+0Mh), E=-rw+00), w=+/detH' V)|, © =+/|det H'(V)].

An essential point is that the main terms of ¢ and & have opposite signs.
We fix a maximal tree by cutting all the edges but y, then three cycles appear: 7, = y4+v1,
7 = y3 —yi and » = y» + y; with holonomies e/, j = 1, 2,3, respectively. Put

Xj = x_,V3 yj = x}’ z,-. = x_]\./+(0’2”), w; = ij+(2”’0), Jj = 1,2,3,4, then we come to
the following set of equalities:
Bloch-periodicity conditions w; =e1y;, z; = e*x;, Jj=12,3,4,

y3 =Ey +ie T Eyy,
ya =1ie " Ey + Eya,

x3 = Ex1 +ie " Exy,

Matching conditions at V .
& {x4 =ie " Ex| + Exy,

at V {
Holonomy equations x5 = y3, wy = ey, 73 = e 2wy, v = ez,
After some algebra one arrives at a 2 x 2 linear system,
£ — gei(aﬁaszz) et E — ieféngei(k1+az+a3) (M) _0
ie~*7E — je~Fm el k) & — Eeltkaren) 2

The condition for the last system to have non-trivial solutions comes from the vanishing of its
determinant and has the form

1. 1 - ar+ar+as
cos | argI’ 3 +ie | —argl’ 3 +i8 ) + (e — &) logh — — s
_ ! ~ [e@mn cos (,q _ w)
V(1 +e2m) (1 + e—287) 2
+ p—
+cos <k2 - WH (23)

Introducing again the weights §; of the edges y;, j = 1,2, 3, 4, by the rule
ar=Ps+ B, wr=PB—p1, a3=pr—pi, arghol(yr+y;) = B+ ps,

BJ' Tm; . .
ﬂj=7+)\Jj+T+0(l’l), Bj: pdx, mj=1ndyj, J=1,2,3,4.
v

We rewrite (23) as
1 1 + B+ B3+
cos [argF(E +i8) — argF(E +i§> + (e —&)logh — w}
e~ ()T g (k1 _ (ﬂl+ﬂ4);(ﬁz+ﬂ3)) +cos (k2 _ (53+ﬁ4);(f31+f32))

= : 24
V(1 +e 2m)(1 +e-27) @Y

Representing again A = Ag + u, 4 = o(1), we come to the following expression for :

ww
(w+w) logh
e /W cos(ky — Aq(ho, h)) + e T/ cos(ky — Aa(hg, b)) }
= +2mn
\/(1 + e—2nkg/m)(1 + e—ZHAU/Il))

1
x<1+0<@)) +0(h), (25)

w= ki, ko, ho, h) =

X {N(ko, h) + arccos
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where
Bi+B,+ B3+ B S+ L+ I3+ +my +m3 +
NG, h) = 1+ B+ B+ By i+ Lt s 4)L0+7T(m1 my +m3 +my)
2h 2 2
11 1 ixg 1 ik
—|—+—=Aologh—argl'{ =+ — | +argl'{ = — — ),
w W 2w 2 W
B+ By)— (B,+ B Ji+Jy) — (Lh+ T
Al(/\o,h)=( 1+ By) — (B 3)+)»o( 1+Js) — (2 3)’
2h 2
Bs;+ B;) — (B, + B J3+Jy) — (J1+ /.
Az(Ao,h)z( 3 4)2h(1 2)+k0(3 4)2(1 2).

The bandwidth B(A, ) and the gapwidth G(X¢, h) in a o(h)-neighbourhood of the point
E + Moh admit a simple estimate

2wivh e Tho/W 4 g ho/D h
B(ho, h) = - arcsin +o0 , (26)
(w+ w)|log h| \/(1 + e 2mho/w)(] + e=27ho/D) logh
2wih e Tho/W 4 g/ h
G(ro, h) = — arccos + o( ), 27
(w+ w)|log h| V(1 + e 2mho/w) (] 4 e=27h0/0) logh

so that the bands clearly show an exponential decay with respect to |A¢].

6. Discussion

In this section, we discuss in greater detail the influence of characteristics of the Hamiltonian
H on the dispersion relations.

In the case of section 4.1 the picture is quite simple. The semiclassical dispersion
relations depend on one of the quasimomenta only, and the extremum points (with respect to
this quasimomentum k»), are determined by the difference between the upper and the lower
part of the separatrix, y; and y»; the width of the bands and the gaps, which is given by
equations (13) and (14) respectively, depends on the determinant of the second derivatives at
the critical point; these formulae present a generalization of a similar estimate for the periodic
Sturm—Liouville problem (see, for example, section 10 in [14]).

The example considered in section 4.2 and figure 5 differs from the previous one. The
position of the extremum point with respect to k; is, like in the previous case, determined
by the relationship between the upper y» + y4 and the lower y; + y;3 parts of the separatrix.
But the band- and the gapwidths, as can be seen from (20), (21) and (22), crucially depend on
Ay; the quantity A, can be interpreted as a ‘difference’ between the cycles y; +y» and y3 + 4.
For example, if the areas of these two cycles do not coincide, the ratio bandwidth/gapwidth
has no limit for # — 0. Examples with more complicated separatrices will show a more
curious picture.

The example of section 5 shows a regular behaviour of the band and the gaps; the main
term in the asymptotic of their width, equations (26) and (27), like in the first example, is
determined by the second derivatives at the critical points only. From the other side, this
example is suitable for discussing the form of the energy bands. The dispersion relations lying
in a neighbourhood of E + Agh have maxima at the points

Ai(ro, h) 1 As(ro, h) 1
K = Knax (Ao, 1) := [ 27 x Ailom) |1 — 7,27 % Aato.m) 10 (28)
2 2 2 2

(here {x} denotes the fractional part of x). In the generic situation, when all the holonomies ;
are different, these points depend crucially on Ao, B;, I; and h, so that a small variation of them
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Figure 7. Level curves of the dispersion relations lying near E + Aoh.

can change K« significantly. Near the critical energy E (i.e. for Ao = 0), the quasimomenta
have ‘equal rights’, i.e. the coefficients before cos-terms in (25) are approximately equal to 1.
In the non-symmetric case, when w # W, the situation changes for nonzero X¢. So, if w > W,
the quasimomentum k; dominates if Ay > 0 and k, dominates for Ag < 0, and at the same
time the maxima of the dispersion relations move according to (28), see illustration in figure 7.
This gives arather rough (but at the same time generic) impression about the dispersion relation
structure near the critical point.
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Appendix. The periodic Landau Hamiltonian with a strong magnetic field
and Harper-like operators

In this appendix, we briefly describe the relationship between the periodic Landau operator
and Harper-like operators as it was established and studied in [4, 11, 20].
The periodic Landau Hamiltonian has the form

. 1 2 2 a2
L:=—-|—-1h—+ -+ , ,
2( ! xz) 2 0xo evix, %2)

where v is a two-periodic function with periods a and b. If ¢ = 0, the spectrum of L consists
of infinitely degenerate eigenvalues I, = (n + 1/2)h,n € Z,, called Landau levels. The
presence of nonzero ¢ leads to a broadening of these numbers into certain sets called Landau
bands. We will show, under the assumption that both / and ¢ are small, that the broadening of
each Landau level is described by a certain Harper-like operator.

Corresponding to the L classical Hamiltonian is L(p, x,&) = (p1 +x2)?/2 + p3 /2 +
ev(xy, xp). If ¢ = 0, then L defines an integrable system whose trajectories on the
(x1, x2)-plane are cyclotron orbits. For nonzero ¢ the Hamiltonian is non-integrable, but,
for small €, one can interpret the classical dynamics as a cyclotron motion around a guiding
centre. We introduce new canonical coordinates connected with the motion of the centre:
p1 = —Y2, P2 = —q,X] = q + Y1, X = p+ y, considering (p, y;) as generalized momenta
and (g, y2) as generalized positions (p, g describe the motion around the centre with the
coordinates y;, y,), then H takes the form L = (p” + ¢*)/2 + ev(g + y1, p + y2). Introduce
the averaged Hamiltonian

_ 1
LI, y1,y2,8) =1+ 2—%1)(«/21 sing + y1, V21 cos g + y;) do
e

=1+ Jo(y/—21A)v(y1, y2),
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(a

ﬁ

Figure 8. Level curves in the elementary cell [0, 27r) x [0, 7): (a) of the potential v, (b) of the
averaged Hamiltonian for 7 ~ 0.5, (¢) of the averaged Hamiltonian for 7 ~ 1.5.

where Jj is the Bessel function of order zero and A, = 92 /dy{ + 9 /dy3. One can show that
there exists a canonical change of variables (p, yi, g, y2) = (P, 1, 4. y2) + O(¢), periodic in
y1, y2 with periods a and b, such that L = L((p* + g*)/2, 1, y2. &) + O(¢?). The averaging
procedure can be iterated, so that one constructs an averaged Hamiltonian £ = £(J, Y1, Y3, €)
and a canonical change of variables (p, yi1, g, y2) = (P, Y1, Q, Y2) + O(¢), both periodic in
Y1, ¥2, such that L = L((P? + Q?)/2, Y}, Y2, €) + O (™). Therefore, neglecting the last term
and using the canonicity of all the transformations one reduces the spectral problem for L to
that for £ obtained from £ by the Weyl quantization (P = —ihd/dQ, Y| = —ihd/dY>):

LW(Q,Y,) = EV(Q,Y>). (A.1)

Clearly, £ commutes with the harmonic oscillator [ := (—h%9%/8 Q2 + 0?)/2, which means
that the eigenfunction W in (A.1) can be represented as W (Q, Y») = ¥,,(Q)P(Y>), where 1, is
an eigenfunction of 1 with the eigenvalue 1, and ® must be an eigenfunction of the operator L,
obtained by quantizing the classical Hamiltonian L, (Y1, Y2) = L(I,, Y1, Y», €) considering
Y| as a momentum and Y, as a position. All these Hamiltonians L, are periodic in Y; and Y>;
therefore, after a linear symplectic transformation, i,, becomes a certain Harper-like operator
which can be treated as a Hamiltonian describing the broadening of Landau level under the
presence of the electric potential v.

An essential point in our considerations is the dependence of L, on n: one has
L,Y,Yy)) = I, + eJo(/=2L,Av)v(Y;, Y2) + O(¢?). Tn general, the topology of the
trajectories of L, depends on n, and a given potential v can produce a number of
operators L, defining the structures of different Landau bands. Considering a simple
example v = cosz(x1/2) cos® x, one arrives at £(I, Yy, Ya,8) = I +e(1 + Jo(«/ﬁ) cos Y, +
Jo(\/81) cos 2Y5 + Jo(+/101) cos Y} cos 2Y»)) /4 + O(g?). The level curves of the potential v
and of the averaged Hamiltonian are sketched in figure 8; obviously, they are different, which
implies differences in the structure of the corresponding Landau bands.
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