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ABSTRACT. We discuss the band-gap structure and the integrated density of
states for periodic elliptic operators in the Hilbert space Ls(R™), for m > 2.
We specifically consider situations where high contrast in the coefficients leads
to weak coupling between the period cells. Weak coupling of periodic systems
frequently produces spectral gaps or spectral concentration.

Our examples include Schrodinger operators, elliptic operators in divergence
form, Laplace-Beltrami-operators, Schrédinger and Pauli operators with peri-
odic magnetic fields. There are corresponding applications in heat and wave
propagation, quantum mechanics, and photonic crystals.

INTRODUCTION

We consider periodic elliptic partial differential operators of the second order
with high contrast in (some of) the coefficients. The classes of operators discussed
here include Schrodinger operators, magnetic Schrédinger and Pauli operators,
the acoustic operator, Laplace-Beltrami operators, and Maxwell operators. We
are mainly interested in the question whether high contrast in the coefficients
leads to weak coupling between the period cells and to spectral concentration
and/or spectral gaps. For most of the paper, we assume a simple geometry like
the one shown in Figure 1, for which the strongest results are obtained. We
include some remarks on more general situations, like sponges in dimensions 3
and higher. Our main theme is to show that simple topological assumptions lead
to spectral consequences for a wide class of —rather different—elliptic operators.
We do not discuss the question of absolute continuity here.

The paper is organized as follows. Section 1 contains some basic definitions,
assumptions and background results concerning monotone convergence of qua-
dratic forms. In Section 2, we briefly report on some “classical” results on the
convergence of Schrodinger operators with high barriers. Similar results for strong
magnetic barriers in the Schrodinger and Pauli case are discussed in Section 3.
Section 4 is devoted to divergence type operators —V - (1 + Axq)V, where  is
a periodic, open subset of R™, with m > 2. There is some superficial similarity
between divergence type operators and Laplace-Beltrami operators. The exis-
tence of spectral gaps for periodic Laplace-Beltrami operators with a conformal
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FIGURE 1. The fundamental period cell () and the set My = Q N M.

factor in the metric tensor is discussed in Section 5. We also refer to construc-
tions of a purely “geometric” nature that yield Laplace-Beltrami-operators with
gaps. We conclude in Section 6 with some references to the work of A. Figotin,
P. Kuchment and others on the Maxwell operator and applications to photonic
crystals.

1. PRELIMINARIES AND BASIC ASSUMPTIONS

Throughout the present paper, we will always assume that {2 C R™ is open and
periodic w.r.t. some discrete lattice I'; for most purposes it is enough to consider
[' = 7Z™. @ denotes a fundamental period cell of T'; we may take @ = (0, 1]™
if ' = Z™. The complement of {2 is denoted as M, a closed and periodic set.
We will study two-component media with material parameter A = 1 on M, and
A > 1 on ). The strongest results are obtained in the “model situation” of
Figure 1 where €2 contains the boundary of the period cell Q.

Our basic Hilbert spaces are H = Ly(R™) and H!(R™), the Sobolev space of
Lo-functions that have weak derivatives in Lo.

All our operators are semi-bounded, self-adjoint operators T acting in some
Lo-space; they are obtained from some closed, semi-bounded quadratic form t
via the usual representation theorem ([K, RS-I]) and satisfy D(T) C D(t) and
the relation

tlu,v] = (Tu,v), u€ D(T), wveD(t. (1.1)

As usual, we say Ty > T iff the associated quadratic forms satisfy D(ty) C D(t)
and ty[u, u] > t[u, u], for all u € D(ty). We also write t[u] := t[u, u] in the sequel.
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For a sequence of non-negative, self-adjoint operators 7}, in H we say that T,
converges to a limit T}, in the strong resolvent sense iff

(To+1) 'f - (T +I)'f,  feEH; (1.2)

for convergence in the norm resolvent sense we require uniform convergence for
all f € H s.th. ||f] < 1.

Most of our results hinge upon the following convergence theorem for quadratic
forms ([RS-1], [S]):

1.1. Theorem. Let (T,) be a monotonic sequence of non-negative, self-adjoint
operators. Then there exists a self-adjoint operator T, > 0 s.th. T, — T, in
strong resolvent sense.

For an increasing sequence of quadratic forms 0 < t, < t,,1 with domains Q,
the limiting form domain is given by Q. = {u € N, Q,;sup t,[u] < co}. Here
it may happen that T, acts in a strictly smaller Hilbert space than the 7;,. In
this case, (T, + I)~" has to be complemented by the zero operator on a suitable
subspace of H. For a decreasing sequence it is shown in [RS-I, S| that there exists
a largest closable form that is smaller than t,, for all n.

In a periodic situation, strong resolvent convergence often implies convergence
of spectral densities. For the definition of the integrated density of states (i.d.s.)
we refer to [RS-IV], [PF| or [DIT]. In our context, the i.d.s. is a monotonically
increasing function F' : R — R that tends to zero at —oo. Such functions have
at most a countable number of discontinuities. The associated Borel measure p
is then called the density of states measure. We will say that a sequence (p,,) of
density of states measures converges weakly to p if Fj,(t) — Fwo(t) at all points
of continuity ¢ of F,,. The proof of the subsequent proposition is elementary if
one uses the definition of [RS-IV] for the i.d.s.

1.2. Proposition. In addition to the assumptions of Theorem 1.1, suppose that
the operators T,, are periodic (with respect to the the same lattice I'), and that a
(finitely-valued) i.d.s. F,, exist for T, as well as for Ty,. Then the corresponding
measures [, converge weakly to fiso-

It is well-known that norm resolvent convergence implies spectral convergence
(cf. [RS-I; Ch. VIII]) on any compact interval of the real line. In particular, we
have the following simple consequence for the existence of spectral gaps: suppose
T, — T, in norm-resolvent sense. If T, has a gap around F € R, then the
T, will also have a gap around E, for large n. More precisely, suppose that
(a,0) No(Tw) = 0 and let € > 0. Then (a+¢,b—¢)No(T,) =0, for all n > n..

2. SCHRODINGER OPERATORS

As a warm-up, we illustrate the above convergence theorems by some simple re-
sults on Schrédinger operators of the form —A + AV (z), where V' is non-negative.
It has been a “folk theorem” for quite some time that —A + Ay p converges in
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strong resolvent sense to the Dirichlet Laplacian on the complement R™ \ B,
under suitable assumptions on B.

Suppose V(z) > 0 is a periodic, real-valued (continuous or measurable and
bounded) potential s.th. {x € R™ | V(z) # 0} = Q2. We let

Hy=-A+AV(z), A>0, (2.1)

with associated quadratic forms hy[u] = [Vu|* + X [ V|u[?, for u € H'.
To describe the limit, we will need here (and in the following sections) the
Dirichlet Laplacian on the closed set M = R™ \ €2, denoted as —Ay, ([Hed, HZ]).

The operator —A,, is constructed from the quadratic form |Vu|* with domain
HY(M) = {u € H'(R™) | u(z) = 0 a.e. in MC}. (2.3)

For sufficiently regular boundary of M, —A,, agrees with the usual Dirichlet
Laplacian. In the general case, it is shown in [HZ] that there exists a Borel
set M*, M° C M* C M, such that —A,, acts as a self-adjoint operator in the
Hilbert-space Lo(M*). It is now easy to see that

{ue H'(R™) | sup balu] < oo} = Hg(M), (2.4)

and so Theorem 1.1 implies that H) converges in strong resolvent sense to —A ;.
(To be more precise, the resolvent of —Aj;; acts in Lo(M*) and has to be com-
plemented by the zero operator on Lo(R™\ M*) in Eqn. (1.1).) Up to this point,
periodicity was not required. If we now assume that €2 is periodic, then for all
operators involved the i.d.s. is well-defined, and we may also conclude that the
i.d.s. converges.

As was observed in [HH-1], one can actually do better and upgrade to norm
resolvent convergence. The proof combines uniform exponential decay estimates
for the resolvent kernels with Schur’s Lemma and local compactness of —A.

The above convergence results do not require €2 to be connected. In our “model
case” of Figure 1 where {2 contains a neighborhood of 0Q), —A,, is a countable
direct sum of copies of —Ajng. Therefore, the spectrum of —A;; is a discrete
set with each point in the spectrum an eigenvalue of infinite multiplicity. We
therefore see that the spectrum of H), concentrates at a discrete set of points,
and an arbitrarily large number of spectral gaps opens up, as A — oo.

3. MAGNETIC SCHRODINGER AND PAULI OPERATORS

Here we briefly mention some results of [HH-1,2], [HN], [B-1,2] on strongly
coupled periodic magnetic fields.

(1) Let @ € C'(R™,R™) be a magnetic vector potential and B = dd the
associated magnetic field. We assume that B is periodic w.r.t. the lattice I', and
that B(z) = 0 for all z € M, while B(z) # 0 for all x € Q2. Note that periodicity
of @ is not required. The magnetic Schrédinger operator is then given as [CFKS]

H(\a@) = (-iV — \a@)?, (3.1)
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and obtained via the closure of the forms
(HA@)u,u) = | (—iV = X@(@))ul*,  ue CER™).

Evidently, there is no monotonicity w.r.t. A\. However, in any open subset U
of 2 where a fixed entry B;;(z) of the magnetic tensor is bounded away from
zero, the Avron-Herbst-Simon bound [AHS]| gives a local lower bound for the
quadratic form, expressing the barrier-like effect of a strong magnetic field. If
the vector potential @ vanishes on M, the above results for —A + pxy, p — oo,
can be combined with the Feynman-Kac-Ito-formula to obtain strong resolvent
convergence of H(Ad@) to —Ay, as A — oo ([HH-1]). For given magnetic field B,
it depends on the topology of the set €2 and on flux conditions whether a gauge
exists s.th. dd = B and d(z) = 0 a.e. on M.

Under the above conditions, we also obtain an upgrade to norm-resolvent con-
vergence, as before, and get the same spectral consequences as for —A 4+ Axq.

(2) The situation where d@(z) is allowed to have non-zero values on M has been
analyzed in detail in [HN], using some basic homology theory and de Rham’s
Theorem. It can be shown that, under suitable assumptions, the norm differ-
ence of the resolvents of H(Ad@) and Hj/(Ad@) tends to zero, as A — oo, where
Hy(A\@) = (—iV — \@)?, acting in Ly(M*) with Dirichlet boundary conditions.
As a consequence, one can conclude that the spectrum of H(Ad@) approaches a
periodic or a quasi-periodic function of A, as A — oo. The precise result involves
the flux of B through the connected components of (M°)°, the complement of
the closure of the interior of M.

(3) For the Pauli operator in R?, we have the pair of operators
H.(\d) = H(\d@) ¥ B, (3.2)
both acting in Ly(R?). Here supersymmetry (cf. [CFKS]) implies

o(H(A@)) \ {0} = o(H_(Ad)) \ {0}. (3-3)
Note that the results in (1) and (2) remain unchanged if we include an electric
background potential V' (e.g., V bounded and measurable), while supersymmetry
is destroyed upon addition of an electric potential.

Under suitable assumptions, one can show ([B-1,2]) that the operators H.()\@)
have a common gap: in the simplest case, we assume B > 0. A more delicate
result requires that B is positive in a neighborhood of 0() and that there exists
a periodic gauge s.th. d@ = B. (By the divergence theorem, this gauge condition
is equivalent to the flur condition |, o B(@)dz = 0).

4. PERIODIC DIVERGENCE TYPE OPERATORS

Here we report on some results of [HL-1,2] concerning periodic two-component
media with high contrast. In the following we always assume m > 2. The
operators dicussed below occur in acoustics, heat conduction, and propagation of
electro-magnetic waves in photonic crystals.
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The quadratic form is given by the Dirichlet integral
0[] = / 1+ \xa(@)|Vu(@)2de, uweH', A>0  (41)

this defines a monotonically increasing family of forms. The associated self-
adjoint operators T can formally be written as T\ = =V - (1 + Axq)V.

It is clear that only such functions u from the form domain survive taking
A — oo that are constant on each connected component of €. If €2 is connected,
this implies that only such u’s will remain in the limiting form domain Q, that
are identically zero on 2. We have:

4.1. Theorem. [HL-1] Suppose Q is open, periodic, and connected. Then T)
converges to the Dirichlet-Laplacian —Ay; on M = R™ \ Q in strong resolvent
sense. Furthermore, the associated density of states measures converge weakly.

The standard Floquet-decomposition gives a more detailed picture. Let T/{a)
denote the operator —V - (1+ Axq)V, acting in Ly(@), with #-periodic boundary
conditions on 0Q), for € (—m,w|™; cf. [RS-IV, Ku|. Then Theorem 1.1 can be
applied in each fiber, i.e., for each fixed €. As each T/{a) has compact resolvent,
we even obtain norm resolvent convergence in the fibers. The limiting operators
T have form domains QY consisting of those functions u € H'(Q) that are
constant in each connected component of {2 N () and satisfy #-periodic boundary
conditions. If € is connected and intersects each face of the period cell @, it
follows that such v must vanish on QN Q, provided 6 # (0, ...,0). Pursuing this
observation in detail, one obtains

4.2. Theorem. ([HL-1]) Suppose Q C R™ is open, periodic, connected and con-
tains 0Q. We also assume that M* (defined in Section 2) is not of measure zero.
Let 0 < 61 < 9y < ... denote the eigenvalues of —Anng. We then have:

(1) The first spectral band of Ty converges to the interval [0, 61].

(17) For X large, T\ has a spectral gap following the first band.

(173) The i.d.s. measure of T\ concentrates at the set {0; k € N}, as A — oo.

It follows from (%) that there is mo norm resolvent convergence of the family
(T») (The only possible candidate for the limit is —A,; which has no spectrum
below ¢; > 0. But norm resolvent convergence implies spectral convergence.)

For smoothly bounded M a much more detailed picture of the process of spec-
tral concentration is given in [F].

4.3. Remark. More general results can be found in [HL]. First of all, without ad-
ditional effort one can handle elliptic operators of the type —V - (a(z) + Ab(z))V,
under suitable assumptions on the (symmetric) matrices a(z) and b(z), like
aij, bij € Loo(R™), a(x) uniformly positive definite, b(z) = 0 on M, and pos-
itive definite for z € €.

Second, [HL] also gives criteria for the existence of higher gaps: if the eigenspace
of the k-th Dirichlet eigenvalue 5 of —Apng contains an eigenfunction dj s.th.
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[ dp # 0 then o(T)) will have a gap for A large that converges to (dy, v), for
some v > 0.

4.4. Remark. There are natural and simple situations where one is led to consider
period cells that are more general than (0, 1]™. In fact, all of the above works if
' is a discrete sublattice of R™ that spans R™ and if () is a contractible subset of
R™ with piecewise smooth boundary tessalating R™ via the translations v € T'.
Here we think, in particular, of the class of results that depend on the assumption
that € contains the boundary of the period cell.

4.5. Remark. In R™, m > 3, it is possible to have both 2 and M connected. A
sponge is a typical example (albeit, in reality, not periodic but random!). Here
our analysis would yield that, for high contrast, the i.d.s. is approximately given
by the i.d.s. of T.,. The latter can be further analyzed by Floquet-decomposition
if we assume that € intersects each face of @@ (think of the case where M is
connected from one cell to the neighboring cells through thin filaments only).

4.6. Remark. It is natural to ask what happens for a decreasing sequence of
operators like .

1+ )‘XM
The associated quadratic forms sy are defined by s)[u] = [(1 4+ Axar) ! Vul*dz
on H!(R™). Evidently, the largest form that is smaller than sy, for all A > 0, has
domain H'(R™) and takes the values [, |Vu|?dz. Let us call this form s. It is
easy to see that s, is closable. Let S, denote the self-adjoint operator associated
with the closure of s. It follows from Simon’s theorem [RS-I; Thm. S. 16] that
the operators Sy converge to S, in strong resolvent sense.

Let us assume, for the moment, that any v € H!'(Q2) can be extended to a
function in H'(R™) and that C>°(M°) is dense in Ly(M). Then it is not difficult
to show that the closure of the form s, has domain H!(Q) & Ly(M), and takes
the values s,o[u] = [, [Vu(z)[?dz. Under these assumptions Sy is the direct sum
of the Neumann Laplacian on €2 and the zero operator on Ly(M). In particular,
the i.d.s. of S, would be infinite on the positive real line, and it seems rather
hopeless to extract any useful spectral information on Sy. (Of course, the roles
of M and € are interchangeable here if the boundary of M is smooth enough.)

Sy=-V V, 0<Atoo. (4.2)

4.7. Remark. In the theory of photonic crystals, one is led to study the “high-
contrast /thin-wall limit” of the acoustic operator in R?. In typical applications,
the optically dense medium occupies a connected, periodic set M consisting of
thin walls, cf. [FK-1,2]. In our notation, we would then consider the limit of
Ty =—-V(14+ Axq)V, as A — co. Note that now 2 is not connected. Our results
yield a strong resolvent limit and a Floquet-decomposition analogous to what we
have discussed above. The limiting operators T in the fibers now have a form
domain consisting of functions that are constant on {2 N (), where the constant
value will be non-zero, in general. Therefore, it is much harder to determine the
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spectrum of the 7 than in the case of Eqn. (4.1). If QN Q exhausts “most of”
@ (thin wall asymptotics), then the analysis can proceed again [FK-1,2], [KK].

4.8. Remark. Random Media and the convergence of the i.d.s. for the operators
of Eqn. (4.1) with a random geometry have been studied by K. Lienau [L]. Since
we need a connected (2 for our approach to work well, the ergodic process that
generates the random set M has to respect this property. Here various methods
from stochastic geometry ([SKM]) can be employed.

5. PERIODIC LAPLACE-BELTRAMI OPERATORS

In this section we report on some related results on periodic Laplace-Beltrami
operators, cf. [P-1,2]. Let M be a non-compact Riemannian manifold of dimen-
sion d > 2. We call M a periodic or covering manifold iff I' = Z™ acts properly
discontinuously and isometrically on M. Under these conditions, the quotient
M/ is again a Riemannian manifold which we assume to be compact.

We call QQ a period cell or fundamental domain of M iff () is open, ) does
not intersect any other translate v + @ except for v = 0, and the union of all
translates of ) covers the whole manifold M. Note that we assume here that Q
is an open set. One can apply Floquet decomposition in the same way as before;
here, ¥-periodicity means that u(y + ) = e u(x) for all z € Q and v € I such
that v+ = € Q (plus an analogous condition for the first derivatives).

Denote by (g;;) the metric tensor of M in some chart. We consider conformal
deformations of the given periodic metric, i.e., we set

9i (3 N) = o} () gij ().
Here, g, is a strictly positive, periodic, smooth function converging pointwise to

the indicator function of a closed periodic set M as A — oo. In particular, we
assume that

(1) My := M N Q is compactly contained in ) with smooth 0M;
(2) ox(z) =1 for all z € M;
(3) oa(z) = %, for all 2 € Q with dist(x, M) > A™™.

To simplify the notation, we restrict ourselves to the conformally flat case, i.e.,
we assume that M = R™ with the Euclidean metric tensor g;;(z) = d;;, defined
on R™. We assume that the boundary 0M has a tubular neighborhood where
we can introduce local coordinates (r,y) given by the distance r from dM and
y € OM. For technical reasons we need the additional assumption that these
coordinates can be extended to 2 N @Q; e.g., think of a ball M, centered in the
period cell @ = (0,1)™. The Laplace-Beltrami-operator B, corresponding to the
deformed metric is given by

B\ = —\/%8]' (Qij(ﬁ /\)\/Q_A) 0;
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(using the summation convention), where gy = det g;;(-,\) = p3™ denotes the
square of the volume density of the deformed metric tensor. This operator is
defined as a non-negative, self-adjoint operator via the quadratic form

b [u] :=/gij(-,/\)aiuajﬂ\/g_)\dxz/|Vu\2 oy ? dx, u€ H R®R™) (5.1)

in the Hilbert space H, := Lo(R™) with inner product [ uv,/gxdz. Note that, in
general, both the Dirichlet integral and the volume form depend on the parameter
A. The fundamental difference to the case of divergence type operators lies in
the dependence of the inner product on A. In particular, for m > 3, there is no
monotonicity.

Floquet-decomposition implies that it is enough to study ¥-periodic b.v.p.’s
on (). Furthermore, Dirichlet-Neumann-bracketing yields enclosures of bands by
Neumann and Dirichlet eigenvalues E,év/ P()) (ordered by min-max and repeated
according to multiplicities). Similarly, denote by E} the Neumann eigenvalues
of My =M nNQ.

Since the norm of the Hilbert space depends on A, we cannot apply Theo-
rem 1.1. Instead, the convergence of the eigenvalues on () to the Neumann eigen-
values on M, is obtained directly through an application of the min-max-principle
and a careful comparison of the corresponding Raleigh quotients.

In particular, we show that E}’ is (approximately) a lower bound for E}())
(using the restriction u|y;, as transition operator from H'(Q) to H'(M)). In
the same way, we prove that E}Y is also an approximate upper bound for EP(\)
provided m > 3 (using an extension operator from H'(Mp) to H(Q), the H'-
closure of C°(Q), as transition operator). Therefore, we have

5.1. Theorem. ([P-1,2]) Let m > 3. Then o(B,) converges to the spectrum of the
Neumann Laplacian on M, as A — oo. In particular, gaps open up, as A — oo.

5.2. Remark. The case m = 2 is special. Here, only the inner product depends
on \. Inverting the role of the norm and the quadratic form yields a limiting
operators in each fiber which, however, depend on . In the special case of a
2-dimensional cylinder one can nevertheless prove the existence of spectral gaps
by direct calculations (separation of variables), cf. [P-1,2].

5.3. Remark. In contrast to the Euclidean case, we may choose the dimension
d of the manifold M independently of the dimension of periodicity m: think of
the surface of a cylinder (d = 2, m = 1) or the surface of a periodic jungle gym
(d = 2, m = 3). Furthermore, one can allow any Abelian finitely generated group
[ of infinite order, i.e., products of Z and cyclic groups.

5.4. Remark. In some sense, the case of Laplace-Beltrami operators is the opposite
of the case of divergence type operators: while the divergence type operator needs
the factor (1 + Axq) to be large on Q to produce spectral gaps, the Laplace-
Beltrami operator needs the factor QT_Q to be small on ).
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5.5. Remark. Davies and Harrell [DH] proved the existence of at least one gap in
the periodic conformally flat case (transforming the conformal Laplacian into a
corresponding Schrodinger operator). This result is a special case of our result.
Using similar methods as [DH], Green [G] obtained examples with a finite number
of gaps in the 2-dimensional conformally flat case. Recently, Yoshitomi [Y] proved
the existence of spectral gaps for the (Dirichlet) Laplacian on periodically curved
quantum wave guides. In [DH, G, Y], the existence of gaps is established by
analyzing a one-dimensional problem. Here, in contrast, we directly study the
multi-dimensional problem.

5.6. Remark. More “geometric” constructions of periodic manifolds with spectral
gaps can be found in [P-1,2], think for example of an infinite number of copies
of a compact manifold, joined by thin cylinders. If these cylinders are small
or thin enough, one again obtains spectral gaps of the corresponding Laplace-
Beltrami operator. These results are closely related to earlier works of Chavel
and Feldman [CF] and Anné [A].

6. MAXWELL OPERATORS

Another important elliptic operator is the Mazwell operator given as

M = —Curlicurl, (6.1)
e(z)
acting on solenoidal vector fields in R? or in R®, where £(x) denotes the dielec-
tricity of the medium.

The existence of gaps for periodic structures is of fundamental importance for
photonic crystals. In many cases, one is satisfied to find intervals of low spectral
density (quasi-gaps). This class of problems has been studied in depth in a series
of papers by A. Figotin, P. Kuchment and others (cf., e.g., [FK-1,2], [KK]) where
a complete analysis for high-contrast and/or thin-wall asymptotics is given.

REFERENCES

[A] C. Anné, Spectre du Laplacien et écrasement d’anses, Ann. Sci. Ec. Norm. Super., IV.
Sér. 20 (1987), 271-280.

[AHS] J. Avron, I. Herbst and B. Simon, Schrédinger operators with singular magnetic fields,
I General Interactions, Duke Math. J 45 (1978), 847-883.

[B-1]  A. Besch, Figenwerte in Spektralliicken des Pauli-Operators im R?, Dissertation, TU
Braunschweig, 2000.

[B-2]  A. Besch, Eigenvalues in spectral gaps of the two-dimensional Pauli operator, J. Math.
Phys (to appear).

[CF] I. Chavel and E. A. Feldman, Spectra of manifolds with small handles, Comment.
Math. Helv. 56 (1981), 83-102.

[CFKS] H. Cycon, R. Froese, W. Kirsch and B. Simon, Schridinger operators, Springer-Verlag,
New York (1987)

[DH] E. B. Davies and E. M. II Harrell, Conformally flat Riemannian metrics, Schridinger
operators, and semiclassical approzimation, J. Diff. Equations 66 (1987), 165-188.



SPECTRAL GAPS FOR PERIODIC ELLIPTIC OPERATORS WITH HIGH CONTRAST: AN OVERVIEW

[DIM] Sh. Doi, A. Iwatsuka, and T. Mine, The uniqueness of the integrated density of states
for the Schrddinger operators with magnetic fields, Math. Z. 237 (2001), 335-371.

[FK-1] A. Figotin and P. Kuchment, Band-Gap Structure of Spectra of Periodic Dielectric and
Acoustic Media. 1. Scalar model, 68—888; II. Two-dimensional photonic crystals, STAM
J. Appl. Math. 56 (1996), 1561-1620.

[FK-2] A. Figotin and P. Kuchment, Spectral properties of classical waves in high-contrast
periodic media, STAM J. Appl. Math. 58 (1998), 683-702.

[F] L. Friedlander, On the density of states of periodic media in the large coupling limit,
Preprint, 2001.
[G] E. L. Green, Spectral theory of Laplace-Beltrami operators with periodic metrics, J.

Diff. Equations 133 (1997), no. 1, 15-29.

[Hed] L. Hedberg, Spectral synthesis and stability in Sobolev spaces, Euclidean Harmonic
Analysis, Conf. Proceedings Maryland. Lecture Notes in Mathematics, vo. 779,
Springer-Verlag, Berlin, 1980, pp. 73-103.

[H] R. Hempel, Second order perturbations of divergence type operators with a spectral gap,
Operator Theory: Advances and Applications 57, Birkh”auser, Basel, 1992, pp. 117-
126.

[HH-1] R. Hempel and I. Herbst, Strong magnetic fields, Dirichlet boundaries, and spectral
gaps, Commun. Math. Phys. 169 (1995), 237-259.

[HH-2] R. Hempel and I. Herbst, Bands and gaps for periodic magnetic Hamiltonians, Oper-
ator Theory: Advances and Applications 78, Birkhduser, Basel, 1995, pp. 175-184.

[HL-1] R. Hempel and K. Lienau, Spectral properties of periodic media in the large coupling
limit, Commun. Partial Differ. Equations 25 (2000), 1445-1470.

[HL-2] R. Hempel and K. Lienau, Genericity of the band-gap structure of periodic media in
the large coupling limit, Differential equations and mathematical physics (Birmingham,
AL, 1999), 197-205.

[HN] I. Herbst and Sh. Nakamura, Schrédinger operators with strong magnetic fields: Quasi-
periodicity of spectral orbits and topology, Differential operators and spectral theory,
Amer. Math. Soc. Transl. Ser. 2, 189, Amer. Math. Soc., Providence, RI, 1999, pp. 105—
123.

[HZ] I. Herbst and Z. Zhao, Sobolev spaces, Kac-reqularity, and the Feynman-Kac-formula,
Seminar on Stochastic Processes, 1987 (Princeton, NJ, 1987), Birkh&user, Boston,
1988, pp. 171-191.

K] T. Kato, Perturbation theory for linear operators, Springer-Verlag, Berlin, 1966.
[Ku] P. Kuchment, Floquet Theory for Partial Differential Equations, Birkh&user, Basel,
1993.

[KK] P.Kuchment and L. Kunyansky, Spectral properties of high contrast band-gap materials
and operators on graphs, Experiment. Math. 8 (1999), 1-28.

(L] K. Lienau, Spectral concentration for high contrast random media, Ph.D. thesis, TU
Braunschweig, 1999.

[PF] L. Pastur and A. Figotin, Spectra of Random and Almost-Periodic Operators, Springer-
Verlag, New York, 1992.

[P-1] O. Post, Periodic Manifolds, Spectral Gaps, and Figenvalues in Gaps, Ph.D. thesis,
TU Braunschweig, 2000.

[P-2]  O. Post, Periodic Manifolds with Spectral Gaps, Preprint, RWTH Aachen (2001).

[RS-I] M. Reed and B. Simon, Methods of modern mathematical physics I: Functional anal-
ysis. Revised and enlarged edition, Academic Press, New York, 1980.

[RS-IV] M. Reed and B. Simon, Methods of modern mathematical physics IV: Analysis of
operators, Academic Press, New York, 1978.



12 RAINER HEMPEL AND OLAF POST

[S] B. Simon, A canonical decomposition for quadratic forms with applications to monotone
convergence theorems, J. Funct. Anal. 28 (1978), 377-385.

[SKM] D. Stoyan, W.S. Kendall, and J. Mecke, Stochastic Geometry and its Applications.
J. Wiley, Chichester 1995.

[Y] K. Yoshitomi, Band gap of the spectrum in periodically curved quantum waveguides, J.
Diff. Equations 142 (1998), no. 1, 123-166.

INSTITUT FUR ANALYSIS, TECHNISCHE UNIVERSITAT BRAUNSCHWEIG, POCKELSSTRASSE
14, 38106 BRAUNSCHWEIG, GERMANY
E-mail address: r.hempel@tu-bs.de

INSTITUT FUR REINE UND ANGEWANDTE MATHEMATIK, RWTH AACHEN, TEMPLER-
GRABEN 55, 52062 AACHEN, GERMANY
E-mail address: post@iram.rwth-aachen.de



