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CREATING BAND GAPS IN PERIODIC MEDIA*

ROBERT LIPTONT AND ROBERT VIATOR JR.

Abstract. We identify explicit conditions on geometry and material contrast for creating band
gaps in two-dimensional photonic and three-dimensional acoustic crystals. This approach is novel and
makes use of the electrostatic and quasi-periodic source free resonances of the crystal. The source
free modes deliver a spectral representation for solution operators associated with propagation of
electromagnetic and acoustic waves inside periodic high contrast media. An accurate characterization
of the quasi-periodic and electrostatic resonance spectrum in terms of the shape and geometry of
the scatters is possible. This information together with the Dirichlet and a Neumann-like spectra
associated with the inclusions deliver conditions sufficient for opening band gaps at finite contrast.
The theory provides a systematic means for the identification of photonic and phononic band gaps
within a specified frequency range.
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1. Introduction. High contrast periodic media are known to exhibit unique
optical, acoustic, and elastic properties [16, 35]. In this paper we identify new ex-
plicit conditions on geometry and material contrast for creating band gaps in two-
dimensional photonic and three-dimensional acoustic crystals. We consider wave
propagation through a periodic medium in R? d = 2,3, made from two materi-
als. One of the materials is in the form of disjoint inclusions. The inclusions are
completely surrounded by the second material and do not touch the boundary of the
period cell. The material coefficient is taken to be 1 inside the inclusions and and
takes the value £ > 1 in the surrounding material. The union of all the inclusions
D1,Ds, ..., Dy inside each period is denoted by D; see Figure 1. The crystal oc-
cupies R? and is described by the periodic array of inclusions Q = U,,czq¢(D + m),
with fundamental period cell Y = (0,1]¢. The material coefficient for the medium is
written a(x) = k(1 — xo(z)) + xa(x), where yq is the indicator function for 2 taking
the value 1 inside 2 and zero outside.

Wave propagation inside the crystal at frequency w is described by the spectral
problem

(1.1) —V - (k(1 = Xa(2)) + Xa(2)) Vu(z) = w?u(z), zcR¥ d=23

Here the self-adjoint divergence form operator Ly = —V - (k(1 — xq) + Xo)V is defined
by the quadratic form in L?(R%), d = 2, 3:
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Fi1G. 1. Period cell.

(1.2) /Rd a(z)|Vu(z)|* dz

with domain W12(R9), d = 2,3.

This mathematical formulation describes wave propagation in both two- and
three-dimensional acoustic crystals and electromagnetic wave propagation through
two-dimensional photonic crystals. For acoustic wave propagation the material coef-
ficient a=1(x) = p(z) describes the mass density p(z) of the periodic medium. For a
two-dimensional photonic crystal a=!(z) = e(z) describes the dielectric constant of
a nonmagnetic medium given by a lattice of infinitely long parallel rods periodically
arranged in the plane transverse to the long axis of the rods. The electromagnetic
wave travels along the transverse plane with magnetic field directed along the rods
and the electric field in the plane.

Floquet theory [30, 24, 34, 29] shows that the spectrum o(Lg) has the band
structure

(1.3) O’(Lk) = UjeNSj,

where S; are the spectral bands associated with Bloch waves propagating inside the
crystal. The Bloch waves h(x) satisfy

(14) =V (k(1 = xa(®)) + Xa(2))Vh(z) = ?h(z), z€RE, d=2,3
together with the o quasi-periodicity condition h(z + p) = h(z)e’*P. Here the wave
vector « lies in the first Brillouin zone of the reciprocal lattice given by Y* = (—x, 7]%.
For each o € Y* the Bloch eigenvalues w? are of finite multiplicity and are denoted
by A;j(k, o) with \;(k,a) < Ajy1(k, ), j € N

The band structure for the crystal is described by the family of dispersion relations
(1.5) w?=\(k,a), jeEN, acY*
and the spectral bands are given by the intervals
(1.6) S; = min Aj(k, @), max Aj(k, @)

The upper and lower band edges of S; are denoted by
(1.7) bj = max Aj(k,o) and a; = 0{161%}1* Aj(k,a),
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respectively. The band gaps are frequency intervals w_ < w < w for which no waves
propagate inside the crystal, i.e.,

(1.8) bj < wz < wi < Gj41.

Over the past decades new theoretical insights into the nature of the frequency
spectrum for high contrast periodic media have been made [9, 10, 11]. These efforts
provide an asymptotic analysis that rigorously establishes the existence of band gaps
for photonic and acoustic crystals made from thin walled cubic lattices containing
cubes of material with a = 1 surrounded by walls with a = k. Band gaps are shown
to appear in the limit as walls become vanishingly thin as £ N\, 0. More recently it
has been shown that band gaps appear as one passes to the limit k¥ oo [15]. These
gaps open in the vicinity of eigenvalues associated with the Dirichlet spectra of the
included phase [15, 12, 31, 1]. In this article we depart from previous high contrast
asymptotic investigations and describe the location and width of band gaps for finite
values of the contrast k > k, where k is given explicitly in terms of the crystal
geometry 2. We provide rigorous criteria that are based on the crystal geometry
and material properties for opening band gaps in both two- and three-dimensional
periodic materials; see Theorems 1.1, 1.2, 10.2, 10.3, 12.1, and 12.2. These results
apply to a wide class of inclusion geometries associated with smooth boundaries. This
class of inclusion geometries include dispersions of smooth but not necessarily convex
particles separated by a prescribed minimum distance; these are referred to as buffered
dispersions of inclusions (see section 8). The buffered dispersions are examples of a
more general class of dispersions referred to as Py that can be characterized in a
simple way in terms of energy inequalities described in Definition 8.3.

To illustrate the ideas, we consider a photonic crystal where D C Y is a collection
of circular rod cross sections in the transverse plane described by N disks of radius
a. The disks can be arranged in any configuration inside the period but neighbors
can be no closer than a prescribed minimum distance ¢ inside the crystal 2, and we
write b = a + t; see Figure 2. We introduce the Dirichlet spectra associated with the
Laplace operator —A on the inclusions. For this case the spectra is characterized by
the number of disks N and the Dirichlet spectrum associated with a single disk of
radius a. We consider the part of the spectra associated with eigenfunctions having
nonzero average over the disk. These simple eigenvalues are denoted by

(1.9) 865 = (mo,5/a)?,
where 19; are the zeros of the Bessel function of order zero Jy; see, e.g., [14]. The

associated eigenfunctions are rotationally symmetric and given by the normalized
Bessel functions of order zero:

(1.10) uor = Jo(rnor/a)/(av/mJy (10x)).-

@_@
@
0

Fic. 2. Shaded regions are inclusions of radius a surrounded by a shell of thickness t.
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The Dirichlet eigenvalues associated with mean zero eigenfunctions are of geo-
metric multiplicity two and are denoted by vy, = (7,1/a)?, where T,k 18 the kth zero
of the nth Bessel function J,, 1 < n. Next we introduce the roots v of the spectral
function

(1.11) S(v) ZNVZ% —1,

where agr, = f p Uok dr are the nonzero averages of the rotationally symmetric nor-
malized eigenfunctions wugy.
We write

(1.12) oN = Ulloj U U Unk
jEN (n,k)eN?

and the Dirichlet spectrum o(—Ap) given by

(1.13) o(-ap)=q & rus U v

We now provide an explicit condition on the contrast k that is sufficient to open a
band gap in the vicinity of dj; together with explicit formulas describing its location
and bandwidth.

THEOREM 1.1 (Opening a band gap). Given d5; (see (1.9)) define the set of to
be elements v € on (see (1.12)) for which v > §5;. The element in o closest to 05
is denoted by vj41. Set dj according to

1
(1.14) djzimin{\z/j__ﬁlfz/*l\; vEOTN}.
We define 7; to be

n2d;(b* — a?)
(b2 + a?) + w2d; (b + 3a?)’

(1.15) i =

Then one has the band gap

Vii1d:
(1.16) o(Lk) N <6Sj,vj+1(1 - kJ“_J)> =0
T; —1
if
1.1 R E =t |14 Y
(1.17) >kj =T, + 5%,
Iz

Next we provide an explicit condition on k sufficient for the persistence of a
spectral band together with explicit formulas describing its location and bandwidth.

THEOREM 1.2 (Persistence of passbands). Given dg; (see (1.9)) define the the set

oy to be elements v € on (see (1.12)) for which v < &5;. The element in oy closest
to 553‘ is denoted by v;. Set d; according to
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1 . N _
(1.18) dj:§m1n{|(5j0) '—67'; 6ea(-Ap)}.

Define r; to be

272d,; (b — a?
(1.19) r= md; (b — ) .
7 (02 + a2) + 272d; (2 + 3a2)

Then one has a passband in the vicinity of o5, and

1.2 L 5o (1 St
e )
if

d;0F
—1 %0,
(1.21) k>k;=r; (1 + - ) .

Note that both thresholds Ej and k; depend explicitly on the crystal geome-
try through a and b and the Dirichlet spectrum of the disk. Density results on the
distribution of zeros of Bessel functions [17, 8] show that the distance between ad-
jacent eigenvalues d; approaches zero with increasing j. This, together with (1.15)
and (1.17), implies that the contrast sufficient to open gaps grows without bound as
7 — 00. Theorems 1.1 and 1.2 are direct applications of Theorems 10.2 and 10.3 to
the case of buffered dispersions of equal sized disks with boundaries separated by a
prescribed minimum tolerance ¢ > 0. Theorems 10.2 and 10.3 show how to construct
band gaps and passbands for the more general class of dispersions referred to as Py
that can be characterized in a simple way in terms of energy inequalities described in
Definition 8.3.

In this paper we introduce an approach to quantitatively describe band structure
as illustrated in Theorems 1.1 and 1.2. This method is used to establish explicit con-
ditions for band gap opening and persistence of passbands that apply to a wide class
of inclusion shapes; see Theorem 10.2 and Theorem 10.3. We begin by introducing
the Neumann spectrum defined by the spectral problem on Y given by

(1.22) ~V - (k(1 = xp(2)) + xp(2))Vh(z) = w?h(x), €Y

together with the homogeneous Neumann boundary condition, where & is a function
in H'(Y) with [, hdz = 0. Here x, denotes the indicator function of D in the
unit period. The Neumann eigenvalues for (1.22) at fixed k > 1 are written v;(k),
j=1,2,... and ordered according to min-max with 0 < v1(k) < ve(k) < ---. The
Bloch wave problem can also be restricted to the unit period and is given by the
spectral problem

(1.23) ~V - (k(1 = xp(x)) + xp(2))Vh(z) = w?h(x), €Y

together with the a quasi-periodicity condition now expressed as h(z) = u(x)e!*?,
where u(z) is a periodic function in H} _(RY) with unit period Y. For a = 0 we
require fY wdzx = 0. For future reference we note for £ > 1 and from the min-max
principle that the Neumann spectrum provides a lower bound on the Bloch spectrum

given by
(1.24) vi(k) < Xj(k,o) foraeY™.
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Our approach is based upon (1) a representation of the Neumann eigenvalues as
convergent series expressed in terms of the contrast k with explicitly defined conver-
gence radii and (2) a representation of the Bloch eigenvalues (1.5) as convergent series
expressed in terms of the contrast k& with explicitly defined convergence radii. We be-
gin as in [25] by deriving a spectral representation formula for the inverse operator
(—=V - (k(1—xp)+xp)V)~! associated with the Neumann spectrum. To proceed we
complexify the problem and consider k£ € C, noting that the divergence form operator
=V (k(1—xp)+xp)V is no longer uniformly elliptic. Our approach does not rely on
ellipticity and we develop an explicit representation formula for —V-(k(1—xp)+xp)V
that holds for complex values of k.

The spectral representation for —V - (k(1—xp)+xp)V follows from the existence
of a complete orthonormal set of functions associated with the Neumann electrostatic
resonances of the crystal, i.e., functions v such that n- Vv = 0 on the boundary of Y’
and real eigenvalues \ for which

(1.25) =V - xpVv = —-\Av.

These resonances are connected to the spectra of Neumann-Poincaré operators asso-
ciated with double layer potentials discussed in [18, 23]. They are similar in spirit
to the well known electrostatic resonances identified in the composites literature and
useful for bounding effective properties [4, 3, 26, 28, 5, 13]. The spectral representa-
tion is applied to analytically continue the Neumann spectra for complex values of k;
see Theorem 3.1.

Using this representation formula, we identify the subset z = 1/k € Qg of C where
this operator is invertible. The explicit formula shows that the solution operator
(=V - (k(1 — xp) + xp)V)~! is a meromorphic operator valued function of z for
z € Qy = C\ S; see section 4 and Lemma 4.1. Here the set S is discrete and
consists of poles lying on the negative real axis with only one accumulation point
at z = —1. For the problem treated here we expand about z = 0 in the complex
plane, and the distance between z = 0 and the set S is used to bound the radius
of convergence of the series representation of Neumann eigenvalues for real z given
by (4.14), (4.15). Next we apply the spectral representation formula for the inverse
operator (—V-(k(1—xp)+xp)V) ! associated with the Bloch spectrum developed in
[25]. Here the representation is carried out using the quasi-static resonances associated
with the crystal geometry. Applying these ideas to the present context delivers a
series representation for the Bloch eigenvalues; see (5.17) and (5.18). Theorems on
separation of spectra and convergence of the series are given in Theorems 7.1, 7.2,
7.3, and 7.4. The fundamental theorems on band gaps and passbands, Theorems 10.2
and Theorem 10.3, are shown to follow from Theorems 7.1, 7.2, 7.3 and application of
Theorem 7.4 parts 1 and 3 together with the interlacing property of the limit spectrum
as k — oo, stated in Theorem 10.1.

The same high contrast mechanism can be used to open band gaps when the
coefficient satisfies a(y) = % < 1 inside the array of inclusions and equals 1 outside.
This is shown to follow from a reciprocal relation satisfied by the spectrum. These
aspects are discussed in the concluding section, where a second application to H-
polarized modes inside photonic crystals is presented in Theorems 12.1, and 12.2.

The ideas presented here can be used to quickly search for photonic and phononic
band gaps within a prescribed frequency range. Once identified, these gaps can be
maximized by applying topology optimization or level set methods to find inclusion
shapes and lattice geometries that give the largest band gaps; see [7, 33, 27, 19, 2].
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The paper is organized as follows: In the next section we introduce the Hilbert
space formulation of the Neumann eigenvalue problem and the variational formulation
of the Neumann electrostatic resonance problem. The completeness of the eigenfunc-
tions associated with the electrostatic resonance spectrum is established and a spectral
representation for the operator —V - (k(1 — xp) + xp)V is obtained. These results
are collected and used to continue the Neumann eigenvalues as functions of k, off
the real axis onto the complex plane; see Theorem 3.1 of section 3. A self-contained
spectral perturbation theory is applied to identify the series representation for Neu-
mann eigenvalues in the neighborhood of co in section 4. The series expansion for
the Bloch spectra is developed in section 5. The leading order spectral theory for the
Neumann and Bloch spectra is developed in section 6. The main theorems on radius
of convergence for the series are presented in section 7 and given by Theorems 7.1, 7.2,
7.3, and 7.4. These theorems apply to the class composite crystals Py described in
Definition 8.3 provided in section 8. The explicit radii of convergence for distributions
of identical disks is presented in section 9. The fundamental theorems on band gaps
and passbands are presented and proved in section 10 and are given by Theorems
10.2 and 10.3 for all crystal geometries belonging to Py. Theorems 1.1 and 1.2 are
direct applications of Theorems 10.2 and 10.3 to the case of dispersions of equal sized
disks with boundaries separated by a prescribed minimum tolerance. The explicit
formulas for the convergence radii and separation of spectra are all derived directly
in a self-contained way in section 11, where Theorems 7.1, 7.2, 7.3, 7.4 are proved.
We conclude in section 12 with a reciprocal relation and the identification of spectral
gaps for the dual problem a = % < 1in ©Q and a = 1 outside; see Theorems 12.1
and 12.2.

2. Hilbert space setting, Neumann electrostatic resonances, and rep-
resentation formulas. To begin the study of the spectral problem, we establish the
correct Hilbert spaces on which the analysis will be conducted. We will see that the
correct choice of Sobolev spaces (which encode the boundary conditions on the unit
cell) will play an important role in analyzing the eigenvalue problem 1.1 in the high
contrast limit & — oco. By choosing the right Sobolev spaces, we will also identify
the important electrostatic spectral decomposition of our divergence-form operator
with Neumann boundary conditions on Y, which will play a critical role in subse-
quent analysis. This process will be repeated in later sections for the periodic and
quasi-periodic boundary conditions as well.

We denote the space of all square integrable complex valued functions h defined
on Y with [, hdx =0 by L3(Y), and the L? inner product over Y is written

(2.1) (u,v) = / uv dz.
Y
The eigenfunctions h for (1.22) belong to the space
(2.2) H={he H(Y): [, hdx=0}.

The space H is a Hilbert space under the inner product

(2.3) (u,v) = /YVU(I) -Vo(z)de.
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The solutions to the Neumann spectral problem (1.22) belong to the subspace Hy C H
defined by

oh
(2.4) ’HN—{he’H.an_OonaY}.

For any k € C, the weak formulation of the eigenvalue problem (1.22) for h and w?
can be written as

(2.5) By.(h,v) = w?(h,v)

for all v in Hy, where By, : Hy X Hy — C is the sesquilinear form

(2.6) By (u,v) =k Vu(z) - Vo(z)dz +/ Vu(z) - Vo(x)dz.
Y\D D

The linear operator Tj : Hy — H associated with By is defined by

(2.7) (Tru,v) := Bp(u,v).

In what follows we decompose H into invariant subspaces of source free modes
and identify the associated Neumann electrostatic resonance spectra. This decompo-
sition will provide an explicit spectral representation for the operator Tj; see Theorem
2.4. Let W7 C Hy be the completion in H y of the subspace of functions with support
away from D. Now let H}(D) denote the subspace of functions Ha(D) extended by
zero into Y\ D and let 1y be the indicator function of Y. We define Wy C Hx to be
the subspace of functions given by

(2.8) WQ—{u—a— </Dﬁd:v> ly | aeﬂg(p)}.

Clearly W, and W are orthogonal subspaces of Hy, so we define W3 := (W; ® W3)*.
We therefore have

(2.9) Hy = Wi & Wy ® Wi.

The orthogonal decomposition and integration by parts shows that elements u € W3
are harmonic separately in D and Y \ D, and

ou

(2.10) e 0 on 9Y and

(2.11) . % 3p ds=0,
ou

2.12 — |5p ds =

( ) oD an |8D S 0’

where g—;‘b |5p and (% |5 are traces of the outward directed normal derivative taken
from the interior of D and exterior of D, respectively.

To set up the spectral analysis note that elements of W5 can be represented in
terms of single layer potentials supported on dD. We introduce the d-dimensional
Newtonian potential, d = 2, 3, given by

1 1
(2.13) Ly(z,y) = {%lnkﬁ —y|lford=2and — E\x —y| ™t ford=3 } .
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Let ¢(x,y) satisfy
(2.14) —Ayp(z,y) =0 for (z,y) €Y xY,

with

(2.15) o)~ on(@) | [oY|

forx €dY andy ey,

where |9Y| denotes the d — 1 dimensional Hausdorfl measure of 9Y. The Neumann
Green’s function is given by

and the associated operator —Ay' : L3(Y) — Hy defined by

(2.17) —Ajvlf=/YG(w,y)f(y) dy
satisfies
(2.18) (—AN f,0) = (f,0).

The operator —Ay' is a bounded operator from L3(Y) into Hx and a bounded
compact map of LZ(Y) into itself. Let H'/2(0D) be the fractional Sobelev space on
dD defined in the usual way, and denote its dual by H=/2(9D). For p € H=/?(dD)
the single layer potential is given by

(2.19) Spp(z) = | G(z,y)p(y)do(y), z€Y.
oD

The jump in normal derivative across 0D belongs to H~1/ 2(0D) and is written

ou ou|
2.20 W= dp— =—| -
(2.20) P on |7 on oD
For u € W5 we have the identity
(2.21) U= Sppu,

where [, py ds = 0 follows from (2.11) and (2.12). We introduce Hal/2(8D) ={pe
H='2(0D) : Jop pds = 0}, to see that Sp : H0_1/2(8D) — W3 maps Ho_l/Z(@D)
onto W3. Tt follows from [6] that for any p € H~'/2(dD)

ASpp=0in D and Y \ D,

Spp |$D = Spp ‘5Da
(2.22) o Spp [ = 50+ Kbp,
where n is the outward directed normal vector on 9D and K7, is the Neumann-
Poincaré operator defined by

(2.23) Kpp(w) = v [ 2 )i0(y), oD,

ap On(z)
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and Kp is the Neumann—Poincaré operator

(2.24) Kpp(x) = p.v. /aD ag;gz;)y)

In what follows we assume the boundary 0D is C!*7 for some v > 0. Here the
layer potentials Kp, and K7, are they are continuous linear mappings from L?(9D)

to L2(0D) and they are compact, since Bgézz);) is a continuous kernel of order d —2 in

p(y)do(y), x € D.

dimensions d = 2, 3. The operator Sp is a continuous linear map from Ho_l/2 (0D) into
W35 and we define Sypp = Spp |ap forall p € HJI/Q(BD). Here Ssp : H(;l/z(@D) —
H'2(9D) is continuous and has bounded inverse; see [6].

One readily verifies the symmetry

(2.25) G(z,y) = G(y, z),

and application delivers the Plemelj symmetry for Kp, K7, and Spp as operators on
L?(8D) given by

(2.26) KpSaop = SapKJ.

Moreover, as seen in [23], the operator —Ssp is positive and self-adjoint in L?(9D),

and in view of (2.26) K7}, is a compact operator on Ho_l/2 (0D).
Let G : W3 — H'/2(dD) be the trace operator, which is bounded and onto.

LEMMA 2.1. Sp: Ho_l/z(aD) — W3 has bounded inverse S;,' = S;)G.

Proof. Suppose u € W3, and consider Gu = u |pp€ HY?(dD). For all x € Y
define w(z) = Sp(S;5Gu). Since u,w € Ws, it follows that w — u € W; as well.
Since Gu = Gw, we have that G(w — u) = 0, and so w —u € (W; & Ws). But
W5 = (W1 & W2>L7 so w = u as desired. The boundedness follows from the continuity
of S5 and G. 0

We introduce an auxiliary operator T': W3 — W3, given by the sesquilinear form
(2.27) (Tu,v) = E Vu(z) - Vo(z)dz — 1/ Vu(z) - Vo(z)dx.
2 Jy\p 2Jp
The next theorem will be useful for the spectral decomposition of T}.
THEOREM 2.2. The linear map T defined in equation (2.27) is given by
T =SpKpSpy!
and is compact and self-adjoint.

Proof. For u,v € W3, consider
(2.28) (SpK5Sptu,v) = / V[SpK}Sptul - V.
Y

Since ASpp = 0in D and Y \ D for any p € Ho_l/2(8D), an integration by parts
yields

N _(0[SpK5S5tul |- O[SpKHShtul |+
K g1 _ DD _ DPD .
(5o KpSp u,v) /aDU( v ‘BD v ’BD do
Applying the jump conditions from (2.22) yields
(2.29) (SpK}Sptu,v) = — K3 Sy uvdo.

oD
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Note that by the same jump conditions
1 [ou ou
* o—1 —
(2.30) KpSph u=g (ay|aD+aV|§D>.
Application of (2.30) to (2.29) and an integration by parts yields the desired result.
Compactness follows directly from the properties of Sp and K*. a0

Rearranging terms in the weak formulation of (1.25) and writing g = 1/2 — A
delivers the equivalent eigenvalue problem for Neumann electrostatic resonances:

(Tu,v) = pl{u,v), u,v € Ws.

Since T is compact and self-adjoint on Ws, there exists a countable subset {u;}ien
of the real line with a single accumulation point at 0 and an associated family of
orthogonal finite-dimensional projections {P,, }ien such that

<Z Puiu,v> = (u,v), u,v € Ws
i=1
and

<Z /M‘P;“U,U> = (Tu,v), u,ve€ Ws.
i=1
Moreover, it is clear by (2.27) that

—- < <

N | =
N —

The upper bound 1/2 is the eigenvalue associated with the subspace of functions
IT € W3, such that functions in II take constant values ¢; on D;, j =1,...,N. Here
the IV constants c; lie the N — 1 dimensional subspace associated with the mean zero
constraint for functions in . It is also possible to show that there are no nonzero
elements of W3 that are eigenfunctions associated with eigenvalue p = —1/2. In
section 8 an explicit lower bound u~ is identified such that the inequality —1/2 <
1~ < p; holds uniformly for a very broad class of geometries.

LEMMA 2.3. The eigenvalues {u;}ien of T are precisely the eigenvalues of the
Neumann—Poincaré operator K7, associated with quasi-periodic double layer potential
restricted to 0D.

Proof. If a pair (u,u) belonging to (—1/2,1/2] x W3 satisfies Tu = pu then
SpK3Sp'u = pu. Multiplication of both sides by S5* shows that Sp;'u is an eigen-
function for function for K7}, associated with p. Suppose the pair (p, w) belongs to
(—1/2,1/2] x H='/2(0D) and satisfies K}w = pw. Since the trace map from W3 to
Hé/z(aD) is onto then there is a u in W for which w = S;'w and K3 S5 'u = uSpy'u.
Multiplication of this identity by Sp shows that u is an eigenfunction for T" associated
with pu. 0

Finally, we see that if uy € W7 and ug € Wo, then
1
(Tuy,v) = §<u1,v>,
1
(Tug,v) = —§<u2,v>

for allv € H;&(a,Y).
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Let P, P, be the orthogonal projections of Hy onto Wy @& II and W5. Then
{P1, P} U{P,, }—%<m<% is an orthogonal family of projections, and

<P1u+P2u+ > Pﬂiu,v>:<u,v>

*%<Hi<%

for all u,v € Hy.
We now recover the spectral decomposition for T}, associated with the sesqualinear
form (2.7).

THEOREM 2.4. The linear operator Ty : Hxy — Hn associated with the sesqua-
linear form By is given by

(Tru,v) = <kP1u +Pu+ Y [k(1/24 p) + (1/2 - ui)}PHiu,v>
—%<m<%

for all u,v € Hy.

Proof. For u,v € Hy we have

By(P,,u,v) = k:/

vpﬂiu.vw/ VP, u-Vo.
Y\D

D

. . . . 1
Since P,,u is an eigenvector corresponding to p; # %5, we have

_ (1/2+Mz‘)/ _
VP, u-Vo=-———= VP, u-Vv
v o (1/2—p) Jp "

and so we calculate
(1/2 4 ;) ] / _
By (P,,u,v :{k—i-l VP,u-Vu.
Fu) = M=y 1 f, VP
But we also know that

/vpmu-wzu/z—ui)/ VP, u- Vo
D Y

and so

s
<
<

Bi(Pu,0) = (6124 ) + (1/2 = )] [ VP,
Y
Since we clearly have
Bi(Piu,v) =k VPu- Vo,
Y\D

By (Pau,v) = / VPu -V,
D

and the projections P, P, P,,, are mutually orthogonal for all —% <y < %, the proof
is complete. 0
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It is evident that T} is invertible whenever

i 1/2
(2.31) keC\Z whereZ= {“/}
pi + 1/2 {—3<mi<3y,

and, for z = k1,

(2.32)  (Th)™'=2Pu+Pu+ Y 2[(1/24 p) +2(1/2 = ;)] 7' P,

*%<Hi<%

For future reference we also introduce the set S of z € C for which T is not invertible,
given by

(2.33) S = {W}
w =12y,

which also lies on the negative real axis. In section 8 we will provide explicit upper
bounds on the set S that depend upon the geometry of the inclusions.

3. Neumann spectrum for complex coupling constant. We now charac-
terize the basic properties of the Neumann spectrum corresponding to problem (1.22)
for complex coupling constants k.

We set w? = v(k) in (1.22) and extend the Neumann eigenvalue problem to
complex coefficients k outside the set Z given by (2.31). The Neumann spectral
problem (1.22) is written as

(3.1) -V - (k(1 = xp) + xp)Vu = —-AnTru = v(k)u,

with u € Hy. Here —Ay is the Laplace operator associated with the bilinear form
(-,-) defined on H . We characterize the Neumann spectra by analyzing the operator

(3.2) B(k) = T H(-=AyY),

where the operator —A;,l is given by (2.17).

The operator B(k) : L(Y) — Hn is easily seen to be bounded for k & Z; see
Theorem 11.4. Since Hy C H'(Y) embeds compactly into LZ(Y'), we find by virtue
of Poincare’s inequality that B(k) is a bounded compact linear operator on L3(Y)
and therefore has a discrete spectrum {~;(k)}i;en with a possible accumulation point
at 0; see Remark 11.5. The corresponding eigenspaces are finite dimensional and the
eigenfunctions p; € L3(Y) satisfy

(3.3) B(k)pi(x) = vi(k,@)p;(x) for zinY

and also belong to H . Note further for v; # 0 that (3.3) holds if and only if (3.1)
holds with v;(k) = v; '(k), and —AnTyu; = v;(k)u;. Collecting results we have the
following theorem

THEOREM 3.1. Let Z denote the set of points on the negative real axis defined by
(2.31). Then the Neumann eigenvalue problem (1.22) can be extended for values of the
coupling constant k off the positive real azxis into C\ Z; i.e., the Neumann eigenvalues
are of finite multiplicity and are denoted by v;(k) = fyj_l(k), jeN.
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4. Series representation of Neumann eigenvalues. With the basic band
structure of the Neumann eigenvalues of problem (1.22) identified, we now seek a
series representation of these eigenvalues in a suitable neighborhood of k near infinity.
In later sections, we will demonstrate that the series expansions are in fact uniformly
convergent within a certain neighborhood which is defined in terms of the geometry
of the crystal. In obtaining series representations for these eigenvalues in terms of k
along with a radius of convergence, we will gain access to error estimates on these
series which will play a critical role in the proofs of Theorems 1.1 and 1.2, 10.2, 10.3,
12.1, and 12.2.

In what follows we set v = v~!(k) and analyze the spectral problem

(4.1) B(k)u = vy(k)u.

Henceforth we will analyze the high contrast limit by developing a power series in
z = % about z = 0 for the spectrum of the family of operators associated with (4.1):

B(k) =T, '(-An)"!

= (zPi+ Ptz D [(1/24m) +2(1/2 = p)] Py, | (—AN) 7
*%<Hi<%

42) = A(2).

Here we define the operator A(z) such that A(1/k) = B(k) and the associated eigen-

values 3;(1/k) = v;(k), and the spectral problem is A(z)u = B(z)u for u € L3(Y).

The Neumann eigenvalues are of finite multiplicity and are described in terms of

8,(2) € a(A(2)) by

1
Bi()

The above representation is used to show that A(z) is self-adjoint for z = 1/k € R
and is a family of bounded operators taking L2(Y") into itself; see Theorem 11.6 and
subsequent remarks. We have the following:

(4.3) (k)

jEN.

LEMMA 4.1. A(z) is holomorphic on Qg := C\ S, where S = |J,;cy i is the collec-
tion of points z; = (u; +1/2)/(u; — 1/2) on the negative real axis associated with the
eigenvalues {p; tien. The set S consists of poles of A(z) with only one accumulation
point at z = —1.

In sections 8 and 9 we identify explicit lower bounds —1/2 < p* < min,;{y;} that
hold for generic classes of inclusion domains D. The corresponding upper bound z*
on S is written

P12
wr—1/2

Let By € 0(A(0)) with spectral projection P(0), and let I' be a closed contour in
C enclosing [y but no other 8y € o(A(0)). The spectral projection associated with
B(z) € o(A(2)) for 8(z) € int(T") is denoted by P(z). Here we suppose all elements
B(z) € int(I") converge to By as z — 0. This collection is known as the eigenvalue
group associated with 3y. We write M(z) = P(z)L3(Y) and suppose for the moment
that T lies in the resolvent of A(z) and dim(M(0)) = dim(M(z)) = m, noting that

(4.4) miax{zi} < < 0.
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Theorem 7.3 provides explicit conditions for when this holds true. Since A(z) is
analytic in a neighborhood of the origin, we write

(4.5) A(z) = A(0) + i A,
n=1

Defining the resolvent of A(z) by

R(<7Z) = (A(Z) - C)ila

and expanding successively in Neumann series and power series, we have the identity

R(C,z) = R(C,0)[I + (A(z) — A(0))R(¢,0)] ™

= R(¢,0)+ Y _[~(A(2) — A(0))R(¢,0)]”

(4.6) =R(C,0)+ > 2"Rn(0),
where
Rn(¢) = > (=1)PR(¢, 0)Ag, R(C, 0) Ay, - - R((, 0) Ay,

k1+~--+kp:n, k‘jzl

for n > 1.
Application of the contour integral formula for spectral projections [32, 20, 21]
delivers the expansion for the spectral projection,

P(:) = —5 § RIGC

(4.7) =P(0)+ > 2"Py,

n=1
where P, = — 5 §. R,({)d(. Now we represent the difference (A(z) — 8)P(2) as a
contour integral. Start with
(4.8) (A(2) = Bo)R(C, 2) = T+ (C = Bo) R(¢, 2)
and we have
(19) (A(2) = o) P() = 5= b (¢ — Bo)R(G, 2)dc.

r

Next we develop a series representation for the eigenvalues of A(z) for real z =
1/k. We observe that the operator A(z) is self-adjoint and bounded for z € R ¢ S;
see Theorem 11.6. So for z € R\ S there is a complete orthonormal system of
eigenfunctions {p;(2)}ien in LZ(Y) and eigenvalues {3;(2)}ien such that

(4.10) Bi(z) = (A(z)pi(2),¢i(2)) for z € R\ S.

Now for 8y such that Sy = (A(0)p;(0), ¢;(0)) and 5;(z) associated with the eigenvalue
group corresponding to fp inside I we have P(z)p;(z) = ¢i(2), and from (4.9)
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Bi(z) = Bo = ((A(2) — Bo) P(2)¢i(2), ¢i(2))
(4.11) =— (217” ﬁ(c - ﬁo)R(C,z)dC%(Z),%(z)) -

Next apply (2.32) to write

R(¢,2) = R(¢,0) +Z A(0)R(¢,0)]"

(4.12) = R(¢,0) + Zz’w”(c,z),
n=1
where
(4.13)
N(C2)= || Pru+t Z [(1/2 4 i) + 2(1/2 = )]~ P, | (=AN)T1R(C,0)
<ul<2

for n > 1. Equation (4.11) together with (4.12) deliver a series representation for-
mula for Neumann eigenvalues v;(k) = (3;(+)) ™! for real k in a neighborhood of cc.
Substituting (4.12) into (4.11) and manipulating yields

(4.14) Bi(2) =Bo+ > _ "B (2)

n=1
where

1

419 1) = 5 (- NG ) w21

for z in an interval containing z = 0.

5. Series representation of Bloch eigenvalues. We now repeat the analysis
performed in sections 2, 3, and 4 for the Bloch Eigenvalues of (1.23). Just as before, we
begin with the variational description of the Bloch eigenvalue problem (1.23). Denote
the spaces of all o quasi-periodic complex valued functions belonging to Lloc(Rd) by
L? %(a,Y). For a # 0 the eigenfunctions h for (1.23) belong to the space

(5.1) Hy(a,Y)={h e HL.(RY) : his a quasiperiodic}.

The space H;& (o,Y) is a Hilbert space under the inner product (2.3). When o = 0,
the pair h(z) = 1, w? = 0 is a solution to (1.23). For this case the remaining
eigenfunctions associated with nonzero eigenvalues are orthogonal to 1 in the L?(Y)
inner product. These eigenfunctions belong to the set of square integrable Y periodic
functions with zero average denoted by L2#(O, Y). They also belong to the space

(5.2) H4(0,Y) = {h € Hj,(R%) : h is periodic, [, hdx = 0}.

The space H# (0,Y) is also Hilbert space with inner product defined by (2.3).
For any k € C, the variational formulation of the Bloch eigenvalue problem (1.23)
for h and w? is given by

(5.3) By (h,v) = w*(h,v)
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for all v in H;#(oz,Y) and o € Y*. As before, it is possible to decompose H%E(oz, Y)
into an orthogonal sum of three subspaces Wi, Wy, and W3 to recover an analytic
representation for the operator T} associated with the bilinear form By (h, v) defined
on Hy(a,Y) x Hy(a,Y).

We first address the case @ € Y* \ {0}. Let W; C H;&(a,Y) be the completion
in H# (o, Y) of the subspace of functions with support away from D, and let Wy C
Hj;é(a7 Y) be the subspace of functions in Hg (D) extended by zero into Y. Clearly
W1 and Wy are orthogonal subspaces of H;ﬁ (a,Y), so we define W3 := (W, @ Wa)t.
We therefore have

(5.4) H#(OL,Y) =W, ®Wy® Ws.

The orthogonal decomposition and integration by parts shows that elements u € W3
are harmonic separately in D and Y\ D.

Now consider o = 0 and decompose H4(0,Y). Let Wi C H4(0,Y) be the
completion in H;E(Q Y') of the subspace of functions with support away from D. Here
let H} (D) denote the subspace of functions H{ (D) extended by zero into Y \ D and
let 1y be the indicator function of Y. We define Wy C H(0,Y) to be the subspace
of functions given by

(5.5) W2={u=a— <|Y1|/Dudx> ly | aeﬁg(p)}.

Clearly W and Wy are orthogonal subspaces of H#(O, Y), and W3 := (W) © Wa)*.
As before we have

(5.6) HL(0,Y) =Wy & Wy & Ws,

and W3 is identified with the subspace of H;/;(O7 Y’) functions that are harmonic inside
D and Y \ D, respectively. The orthogonality between W5 and W3 follows from the
identity [, Onwds =0 for w € Ws.

For every a € Y* the associated subspace W3 can be decomposed into finite-
dimensional pairwise orthogonal subspaces associated with the eigenvalue problem
for quasi-periodic electrostatic resonances given by

(Tu,v) = p(u,v), u,v € Ws.

The operator T defined by the sesqualinear form (2.27) is seen to be compact and
self-adjoint on Wj see, [25]. Since T is compact and self-adjoint on W3, there exists
a countable subset {y;};en of the real line with a single accumulation point at 0 and
an associated family of orthogonal finite-dimensional projections {P,, };cn such that

<Z Pmu,v> = (u,v), u,v€ W;s
i=1
and

<Z uiP,“u,v> = (Tu,v), u,v€ Ws,
i=1

where

IN
F
IN

[NCRI
| —
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see [25]. For a # 0 the upper bound 1/2 is the eigenvalue associated with the N-
dimensional subspace of functions II € W3, such that functions in II take constant
values ¢; on D;, j = 1,...,N. For o = 0, the zero average constraint shows that
IT is N — 1 dimensional. In [25] an explicit lower bound p* is identified such that
the inequality —1/2 < p* < p; holds for a generic class of geometries uniformly with
respect to o € Y*. It is shown that this bound is independent of o € Y™* (see [25])
and is discussed in sections 8 and 9.
Finally, we see that if uy € W7 and us € Wo, then

1
(Tuy,v) = §<u1,v>,

(Tug,v) = f%@@,v)

for all v € H#(a,Y).
Let P, and P, be the projections onto Wi @& II and W5. Then {P, P} U
{PM}_%<M<% is an orthogonal family of projections, and

<P1u + Pou+ Z Pmu,v> = (u, v)

—%<Mi<%

for all u,v € Hj (o, Y).
The representation for T;¥ is given by the following lemma

LEMMA 5.1 (Representation of bilinear form [25]).  The linear operator T} :
Hj (oY) — Hy(a,Y) associated with the bilinear form By is given by

(TR'u,v) = </€P1u +Pou+ > [R(L/24 p) + (1/2 - Mi)]PuiU,v>
*%<Hi<%
for all u,v € H#(a,Y).
The Bloch spectral problem can now be written in operator form as

(5.7) =V (k(1 = xp) + xp)Vu = A T¢u = v(k)u,

with u € H#(a,Rd). We proceed as in the Neumann case and analyze the Bloch
spectra by developing a power series in z = % about z = 0 for the spectrum of the
family of operators given by A%(z) = (T%) "' (=A,) 7}, ie.,

(58) A%(z) = [P+ Ptz 3 (/24 p) +2(1/2 - u)] ' Pu, | (—Aa) 7.

—%<,LL7',<%
Here the operator (—A,)~! defined for all a € Y* is given by
(59) (~20) ula) = - [ G(ap)ulw) .
Y

where G®(x,y) is the Green’s function for the quasi-periodic Laplace operator.
The operator A%(z) is self-adjoint for k£ € R and is a family of compact, bounded
operators taking Li (o, Y) into itself, and we have [25] the following lemma:
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LEMMA 5.2 (Spectrum of A%(z)).

L. A%(2) is holomorphic on Qo := C\ S, where S = {J;cy 2i 45 the collection
of points z; = (u; +1/2)/(u; — 1/2) on the negative real azis associated with
the eigenvalues {p;}icn. The set S consists of poles of A*(z) with only one
accumulation point at z = —1.

2. For z € Qg the spectrum of A%(z) denoted by o(A%(2)) consists of eigenvalues
B (2) of finite multiplicity with a possible accumulation point z = 0.

We have the following theorem:
THEOREM 5.3 ( [25]). The Bloch eigenvalue problem (1.23) for —V(k(1—xp)+
xp)V defined on H#(a, Y') can be extended for values of the coupling constant k with

k=1 € C\ S, such that for each o € Y* the Bloch eigenvalues are of finite multiplicity
and are denoted by \j(k, o) = (63 (k~'))~", j € N, and the band structure

(5.10) Nj(k,a) =w? jeN

extends to complex coupling constants k with k=* € C\ S.

Analysis provided in [25] shows that upper bounds introduced in sections 8 and
9 also apply to the set of quasi-periodic source free resonances, and S is bounded
uniformly away from 0 for all a € Y* i.e.,

*+1/2
w*—1/2

Let 5§ € 0(A%(0)) with spectral projection P(0), and let I" be a closed contour
in C enclosing 8§ but no other 8§ € o(A“(0)). The spectral projection associated
with 8%(z) € o(A%(z)) for 5*(z) € int(T") is denoted by P(z). As before we suppose
all elements 5%(z) € int(T") converge to 53 as z — 0. This collection is known as the
eigenvalue group associated with 3. We write M (z) = P(z)L% (a,Y’) and suppose for
the moment that I" lies in the resolvent of A%(z) and dim(M (0)) = dim(M (z)) = m,
noting that Theorems 7.1 and 7.2 provide explicit conditions for when this holds true.
Define the resolvent of A*(z) by

R(C.2) = (A%(z) = ¢) 7"

and proceeding as before, we get

(5.11) max{z;} <

(512) (A%(2) ~ B§)P(2) = —5= (€~ BIR(C, 2)dC.
™ Jr
We now construct a series development suitable for the analysis of band gaps and
passbands when z € R. The operator A%(z) is self-adjoint and bounded for z € R & S;
see [25] or Remark 11.7. So for z € R\ S there is a complete orthonormal system of
eigenfunctions {¢;(2)}ien in L3(Y) and eigenvalues {3%(2)}ien such that

(5.13) B5(2) = (A%(2)pi(2), pi(2)) for z e R\ S.

Now for 8§ such that 5§ = (A%(0)p;(0), ¢;(0)) and 5% (z) associated with the eigen-
value group corresponding to 3§ inside I' we have P(z)p;(z) = ¢;(z), and from (5.12)

B2 (2) — B3 = (A (2) — BS)P(2)pu (=), 01(2))
(5.14) - (1 -8R0, mz)) |

2mi
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Expanding the resolvent of A%(z) in Neumann series and applying (5.8), we write

R(¢,2) = R(¢,0) + > _[-(A%(2) — A(0))R(¢,0)]"

(5.15) =R(C,0)+ > 2" (N*(¢,2)",

where

(5.16)

NG 2) = || Prut Z [(1/2 4 i) + 2(1/2 = pi)] ™ Py | (=2a) 7' R(C,0)

for n > 1. Equation (5.14) together with (5.15) deliver a series representation for-
mula for Bloch eigenvalues A;(k, ) = (8%(4))~* for real k in a neighborhood of co.
Substituting (5.15) into (5.14) and manipulating yields

(5.17) B(z) =65+ 2"B(2)

n=1
where

1

(5.18) fr() = —5—

i <j£(§ Bo)(N(C, 2))" dC%@%%(z)), n>1

for z in an interval containing z = 0.

6. Neuman and Bloch spectrum in the high contrast limit. In this sec-
tion, we identify the spectrum of the limiting operators A(0) and A%*(0). Recall that
the families of operators A(z) and A%*(z) represent the inverse of the divergence form
operator in the spectral problems (1.22) and (1.23), indexed in z = k~1, with Neu-
mann and a-quasi-periodic boundary conditions on Y, respectively. The limit spectra
of these operators plays a crucial role in establishing the upper and lower bounds of
the band gaps and band edges identified in Theorems 1.1 and 1.2.

Using the representation

(6.1) A(z)=|2Pi+Pa+z Y [(1/24pm) +2(1/2 = p)] P, | (=AN)7Y

—%<Hi<%
we see that
(6.2) A(0) = Py(—An)H,

and denote the spectrum of A(0) by o(A(0)).

To begin, consider the Dirichlet eigenvalues of the Laplace operator on D associ-
ated with the spectral problem —Av = §¢, ¢ € Hi(D) and denote the spectrum by
o(—Ap). The subset of Dirichlet eigenvalues associated with eigenfunctions having
zero mean over D is denoted by {6; }jen and the set of Dirichlet eigenvalues associated
with eigenfunctions with nonzero mean is denoted by {d7 }jen. Next we introduce the
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sequence of numbers {v;};en given by the positive roots v of the spectral function
S(v) defined by

a?
(6.3) S(V)zuzy_il&k—l,

where the coefficients a; = | |’ p ¥ dx| are integrals of eigenfunctions ¢; corresponding
to the Dirichlet eigenvalues ¢7. The explicit characterization of o(A(0)) is given by
the following theorem.

THEOREM 6.1. o(A(0)) = {6;-_1}]-61\1 U {v;7}jen, where the families {5;-_1}3-@;
and {v;"'};en are identified in the above paragraph.

To establish the theorem we first show that the eigenvalue problem
(64) PQ(—AN)_l’U, = \u

with A € 0(A%(0)) and eigenfunction u € LZ(Y) is equivalent to finding A and u € W,
for which

(6.5) (u,v) = Mu,v) for all v e Wa.

To see the equivalence note that we have u = Pou and, for v € Hy,

(6.6) (Po(—AN)"tu,v) = Mu,v) = M(Pou,v),
hence
(6.7) (=AN)"u, Pyv) = Mu, Pyv).

Since ((—Apy)"tu,v) = (u,v) for any u € L3(Y) and v € Hy, (6.7) becomes
(6.8) (u, Pov) = X(u, Pav),
and the equivalence follows noting that P, is the projection of Hy onto Ws.

To conclude we show that the set of eigenvalues for (6.4) is given by {5;-_1} jen U
{yj_l}jeN. We see that u € Wy, and from (2.8) we have the dichotomy [}, adz = 0
and u = @ € HY(D) or [, ide # 0 and u = @& — y1ly with v = [, adz. It is evident
for the first case that the eigenfunction u € H&(D), and for v € Wy given by

(6.9) v="7— </ 6dm> ly foro e HY(D)
D
that problem (6.5) becomes
(6.10) / ud = A/ Vu -V forall o € H} (D),
D D

and we conclude that @ is a Dirichlet eigenfunction with zero average over D so
s {5371}]»61\;. For the second case, we have u € W5 and again

(6.11) / ud = A/ Vu-Vo forall o € HY(D).
D D
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Writing u = @i—71y, A = v~! and integrating by parts in (6.11) shows that @& € H} (D)
is the solution of

(6.12) At +viu=vy forxeD.

We normalize @ so that v = fD udx = 1 and write
(6.13) a=y ey,
j=1

where 1); are the Dirichlet eigenfunctions of —Ap associated with eigenvalue §; ex-
tended by zero to Y. Substitution of (6.13) into (6.12) gives

o0

j=1

Multiplication of both sides of (6.14) by ¥y, over Y and orthonormality of {1;};en
show that w is given by

(6.15) i=vy_ waiwk»

v—290
keN k

where 6}, correspond to Dirichlet eigenvalues associated with eigenfunctions for which
fD Y dx # 0. To calculate v, we integrate both sides of (6.15) over D to recover the
identity

CL2
(6.16) vy —Eo—1=0.

v —0F
keN k

It follows from (6.16) that A € {v; ' }ien, and the proof of Theorem 6.1 is complete.
We now recover the spectrum of the limiting operator A%(0) when o € Y*. Using
the representation

(6.17)

A = [P+ Ptz Y (124 m) +2(1/2— )| B, | (—A0)7,

—3<pi<s
we see that
(6.18) A*(0) = Py(—Ay)
The following theorem provides the explicit characterization of the spectrum o (A*(0))
for aw # 0.

THEOREM 6.2 (Limit spectrum for quasi-periodic problem [25]). o(A%(0)) =
{5371}]@\; U {(5;7)_1}j€N = O’(—ABl), where the families {5}71}j€N and {(6;)71}%1\;
are identified in the paragraph above (6.3).

To conclude, we recover the limit spectrum o(A°(0)) for the periodic problem;
see [25].

THEOREM 6.3. 0(A%(0)) = {0} }jen U{v;~}jen, where the families {8} }jen
and {v;='};en are identified in the paragraph above (6.3).
Theorems 6.1, 6.2, and 6.3 are in accord with Lemma 2.3 parts (b) and (c) of [15].
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7. Radius of convergence and separation of spectra. Here we establish
the radius of convergence for the series expansions (4.14), (5.17) of the spectra of the
operators A%(z) and A(z). We will see that, for |z| within a radius of convergence
dependent explicitly on the geometry of the crystal (and the wave vector a € Y* for
A%(z)), the analytic representations (4.14), (5.17) are uniformly convergent in the
limit 2 — 0. As an added result, we obtain separation of spectra results, along with
error estimates for the series which will be leveraged to open band gaps presented in
Theorems 1.1, 10.2, and 12.1,

Fix an inclusion geometry specified by the domain D. Suppose first a € Y* and
a # 0. Recall from Theorem 6.2 that the spectrum of A%(0) is o(—Ap"). Take T to be
a closed contour in C containing an eigenvalue 8§ in U(—ABI) but no other element
of o(—Ap"); see Figure 3. Define d to be the distance between I' and a(—ApY), ie.,

(7.1) d = dist(T, o (—AL!) = Cixelli{dist(g,o(—Agl)}.

The only component of the spectrum of A%(0) inside T" is 3§, and we denote this by
3/(0). The part of the spectrum of A%(0) in the domain exterior to I" is denoted by
¥"(0) and ¥"(0) = o(~Ap") \ B$. The invariant subspace of A%(0) associated with
3’(0) is denoted by M'(0) with M’'(0) = P(O)Li(oz,Y) .

Let —1/2 < p* denote the lower bound on the quasi-periodic resonance eigenval-
ues for the domain D. It is noted that in the following a wide class of domains are
identified for which there exist lower bounds on both quasi-periodic resonances and
electrostatic source free resonances. The corresponding upper bound on the set z € S
for which A%(z) is not invertible is given by

. _ W +1/2
7.2 = —F— < 0;
(7.2) i U
see (4.4). Now set
2(}2 *

THEOREM 7.1 (Separation of spectra and radius of convergence for o € Y*, o #
0). The following properties hold for inclusions with domains D that satisfy (7.2):

1. If |z] < r* then T lies in the resolvent of both A*(0) and A*(z) and thus
separates the spectrum of A®(z) into two parts, given by the component of
spectrum of A%(z) inside T’ denoted by X'(z) and the component exterior to
T denoted by X"(z). X'(z) consists of the eigenvalue group $*(z) associated
with B§. The invariant subspace of A*(z) associated with ¥/ (z) is denoted by

M'(z) with M'(z) = P(2)L%(a,Y).
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2. The projection P(z) is holomorphic for |z| < r* and P(z) is given by

(7.4) P() = ‘ff(a)q

27
3. The spaces M'(z) and M'(0) are isomorphic for |z| < r*.
4. The series (5.17) converges uniformly for z € R with |z| < r*.
Suppose now a = 0. Recall from Theorem 6.3 that the limit spectrum for A%(0)
is 0(A°(0)) = {5;'_1}j€N U {v;7'}jen. For this case take I' to be the closed contour

in C containing an eigenvalue 3 in o(A°(0)) but no other element of o(A4°(0)), and
define

(7.5) d= cirellﬂ{dist(c, a(A°(0))}.

Suppose the lowest periodic resonance eigenvalue for the domain D lies inside —1/2 <
©* < 0 and the corresponding upper bound on S is given by

. HTF1/2
7.6 =2 T2 <o
(7.6) S Yo
Set
Am2d|z*
(7.7) I 12 |2
1/2 o + 472d

THEOREM 7.2 (Separation of spectra and radius of convergence for a = 0). The
following properties hold for inclusions with domains D that satisfy (7.6):

1. If |z| < r* then T lies in the resolvent of both A°(0) and A°(z) and thus
separates the spectrum of AY(z) into two parts, given by the component of
spectrum of A°(z) inside T denoted by X'(z) and the component exterior to
I denoted by ¥"(2). ¥/(2) consists of the eigenvalue group 3°(z) associated
with 3. The invariant subspace of A°(2) associated with ¥'(z) is denoted by
M'(2) with M'(2) = P(2)L%(0,Y).

2. The projection P(z) is holomorphic for |z| < r* and P(z) is given by

(78) H@—‘ff(a)q

21

3. The spaces M'(z) and M'(0) are isomorphic for |z| < r*.
4. The series (5.17) with a = 0, converges uniformly for z € R with |z| < r*.
It is noted here that parts 1, 2, and 3 of Theorems 7.1, 7.2 are proposed and
proven in [25]. Now consider the Neumann spectrum. Recall from Theorem 6.1 that
the limit spectrum for A(0) is o(A(0)) = {5;»71}j€N U {v;7'}jen. For this case take
I" to be the closed contour in C containing an eigenvalue 5y in o(A(0)) but no other
element of 0(A(0)) and define

(7.9) d = inf {dist(¢, o (A(0))}-
Suppose the lowest Neumann electrostatic resonance eigenvalue for the domain D lies

inside —1/2 < p* < 0 and the corresponding upper bound on S is given by

p41/2

1 <O

(7.10) 2* =
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Set
72d|z*|

liA.
T2 + md

(7.11) =

THEOREM 7.3 (Separation of Neumann spectra and radius of convergence). The
following properties hold for inclusions with domains D that satisfy (7.10):
1. If|z] < r* thenT lies in the resolvent of both A(0) and A(z) and thus separates
the spectrum of A(z) into two parts, given by the component of spectrum of
A(z) inside T' denoted by X' (z) and the component exterior to T' denoted by
¥ (z). ¥'(z) consists of the eigenvalue group [((z) associated with By. The
invariant subspace of A(z) associated with ¥'(2) is denoted by M'(z) with
M'(z) = P(2)LA(Y).
2. The projection P(z) is holomorphic for |z| < r* and P(z) is given by

(7.12) [ p— ]g R(C, 2)dC.

2
3. The spaces M'(z) and M'(0) are isomorphic for |z| < r*.
4. The series (4.14) converges uniformly for z € R with |z| < r*.
We have the estimate for the error incurred when only finitely many terms of the
series (4.14) and (5.17) are calculated.
THEOREM 7.4 (Error estimates for the eigenvalue expansion).

1. Let a # 0, and suppose D, z*, and r* are as in Theorem 7.1. Then the
following error estimate for the series (5.17) holds for z € R and |z| < r*:

P

B (z) =D 2 B (=)

n=0

(7.13) < ( d|z|p+t

rp (e — 2l

2. Let a = 0, and suppose D, z*, and r* are as in Theorem 7.2. Then the
following error estimate for the series (5.17) holds for z € R and |z| < r*:

P

B(z) =Y "B (z)

n=0

A| | 1
].14 <

rep(re—120)

3. Consider the Neumann spectrum and suppose D, z*, and r* are as in Theorem
7.3. Then the following error estimate for the series (4.14) holds for z € R
and |z| < r*:

j‘z|p+1

(7.15) < m.

Bi(z) =Y ="B (=)
n=0

Remark 7.5. Note that the estimates (7.13) through (7.15) are uniform in the
index ¢ for elements in the eigenvalue group for z restricted to the real axis and
|z] < r*.

The Theorems 7.1 and 7.2 parts 1 through 3 and explicit convergence radii for
the power series representation for the eigenvalue group with z € C are proved in [25].
The proofs of part 4 of Theorems 7.1 and 7.2 together with Theorems 7.3 and 7.4 are
given in section 11.
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8. Radius of convergence and separation of spectra for periodic scat-
terers of general shape. In the previous section, it was mentioned that a wide
class of geometries D existed for which a lower bound (independent of «) on the
quasi-static resonances p* > —% could be proven to exist. Here we identify precisely
those geometries for which this lower bound exists, as well as a characterization of
this lower bound in terms of the geometries, guaranteeing all Theorems in section 7
hold.

Consider an inclusion domain D = Ufil D;. Suppose we can surround each D; by
a buffer layer R; so that each inclusion D; together with its buffer does not intersect
with the any of the other buffered inclusions, i.e., D;UR;ND;UR; =0, i # j. The set
of such inclusion domains will be called buffered dispersions of inclusions; see Figure
2. We denote the operator norm for the Dirichlet to Neumann map for each inclusion
by ||[DN;|| and the Poincare constant for each buffer layer by Cr, and we state the
following theorem.

THEOREM 8.1 (Convergent power series for the Bloch and Neumann spectra for
buffered dispersions of inclusions). All two-dimensional photonic and d-dimensional
acoustic crystals (d = 2,3) made from buffered dispersions with constants Cr, and
|IDN;|| that satisfy

(8.1) max{(1 + Cr,)|[DNil[} < o0

have Bloch and Neumann spectra described by convergent power series for real values
of the contrast within a neighborhood of z = 1/k = 0. The radii of convergence is
controlled by the values ||DN;|| and Cg,, i =1,...,N and Theorems 7.1 through 7.4
apply to these crystals.

The theorem follows from an explicit condition on the inclusion geometry that
guarantees a lower bound p* for both Neumann electrostatic resonance spectra and
quasi-periodic resonance spectra. The lower bound depends only upon geometry and
is uniform in « for the quasi-periodic spectra. This lower bound provides a positive
distance between the origion z = 0 and the poles of A%(z) and A(z). The explicit
condition is given by the following criterion.

THEOREM 8.2. Let D € Y be a union of simply connected sets (inclusions) D;,
i=1,...,N with CY7 boundary. Consider the spectrum {u;}ien of T restricted to
Ws for W3 C H;#(a,Y) or W3 C Hy. For either case if there is a 0 > 0 such that
for all u € W3

(8.2) IVullZ2mpy = OlIVullZ2(p)

then for p = min{%, £} one has the lower bound

) . 1 1
(8.3) IZ%INH{M} W =p- 57 Ty
This theorem is proved for quasi-periodic resonances in W3 = Hi,é(a7 Y) in [25],
and its proof follows identical lines for the Neumann electrostatic resonances in W3 =
Hn.
The parameter 6 is a geometric descriptor for D and we define a wide class of
crystal geometries to which Theorems 7.1 through 7.4 apply.

DEFINITION 8.3. The class of crystal geometries characterized by inclusions D
such that (8.2) holds for a fized positive value of 6 is denoted by Py.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 01/10/20 to 167.96.145.178. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

1638 ROBERT LIPTON AND ROBERT VIATOR JR.

We have the following corollary:

COROLLARY 8.4. Theorems 7.1 through 7.4 hold for every inclusion domain D
belonging to Py.

The convergent series representation for buffered dispersions of inclusions now
follows from the theorem.

THEOREM 8.5. Suppose there is a 6 > 0 for which

(8.4) 6=t > max{(1 + Cr,)| DNi[|}.

Then the buffered geometry lies in Py.

This theorem is established in [25] for quasi-periodic spectra and an identical
proof can be used to prove it for the Neumann electrostatic spectra discussed here.

9. Radius of convergence and separation of spectra for disks. We now
consider both Neumann and Bloch spectra for crystals discussed in the introduction,
with each period cell containing an identical distribution of N disks D;, i =1,..., N
of radius a. We suppose that the smallest distance separating the disks is t4 > 0.
The buffer layers R; are annuli with inner radii a and outer radii b = a + t where
t < tq/2 and is chosen so that the collection of buffered disks lie within the period
cell. The benefit of the consideration of this specific class of geometries is that the
lower bound p* > —% on the quasi-static resonances can be explicitly stated, which
allows for clear formulas for the radii of convergence (7.3), (7.7) in terms of a, b, and
the zeros of Bessel functions.

For this case a suitable constant 6 is computed in [5] and is given by

b2 _ a2
9.1 0= ——.
(9-1) b% + a?
Since a < b, we have that
(9.2) 0<6<1.

We also note that, when D, are discs of radius a > 0, we can recover an explicit
formula for d from (7.1), (7.5), and (7.9). In particular, any eigenvalue G (0) of

—ABI, for a # 0, may be written

Tk \ 2
9.3 2(0) = —) :
(9.3) 87(0) = (™
where 7, 1, is the kth zero of the nth Bessel function J,(r). Let 77 be the minimizer of
- -2 _ -2
(9-4) Join |(nk) ™" = (9m.g) 7

Then we may choose I' from section 7 so that

2 2
a a
(nn,k ) (ﬁ) .
We apply the explicit form for 6 to obtain a formula for r* in terms of a,b, d given

above, and a. Recall that p from Theorem 8.2 is given by p = min{3, g} In light of
inequality (9.2), we have that

L1
(9.5) d=
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1 /b —a?
(6:6) =3 <b+) ’

and we calculate the lower bound p*:

1 a?
9.7 * = _—_= = —
(9-7) A S T
Recalling that
o W12
12— p

we obtain an explicit radius of convergence r* in terms of a, b, N, %, 7, and « for

a #0:

(9.8) r* =

lo?I(52)% = (5)21(0* = a®)
2(0° + a?) + || (555)? — (5)?1(B* + 3a?)”

Mn,k

When o = 0 Theorem 6.3 shows that the limit spectrum consists of a component
given by the roots vy of

CL
9.9 1=Nv Ok
( ) %V— UOk/a

where ag, = | p Uok dx are averages of the rotationally symmetric normalized eigen-
functions wug given by

(9.10) o, = Jo(rmox/a)/(av/mJ1(nox))-

The other component is composed of the eigenvalues exclusively associated with mean
zero eigenfunctions. The collection of these eigenvalues is given by {U,,_ x (nr/ a)?}

The elements A, of the spectrum o(A%(0)) are given by the set {Un¢o7k(nnk/a)2} U
{U,. vor}. Now fix an element \,; and let 77 be the minimizer of

1 -1
(9.11) mH,;lgN‘( ) ()‘m,J) ‘

Then as before we may choose I' from section 7 so that

~ 1 _ L
(9.12) d= §|()\nd .

and in terms of a, b, A, x, and 7 for o = 0,

(9.13) o — 212 (Ank) "t — nfll( —a?)

(b* + a?) + 27| (A ) =1 — 771 (B + 3a?)”

Theorem 6.1 shows that the limit spectrum for the Neumann eigenvalue problem
also consists of a component given by the roots vgx of (9.9). The elements A, of the
spectrum o (A(0)) are the same as for the limit periodic case o(A°(0)) and are given
by the set {Un;éo,k(nnk/a)Q} U{Ug vor }. Proceeding as before, we may choose I' from
section 7 so that

(9.14)

ST
I
—
>

3
B
—
|
il
L
=
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and r* is given by

(9.15) o 72| (M) ™t — (B2 — a®)
. 2(b2+a2>+ﬂ—2|()\n,k)_1 _ﬁ_1|(b2+3a2).

The collection of suspensions of N buffered disks is an example of a class of
buffered inclusion geometries, and, collecting results, we have the following:

COROLLARY 9.1. For every suspension of buffered disks with 0 given by (9.1),
Theorem 7.1 holds with r* given by (9.8) for a« € Y*, a # 0, Theorem 7.2 holds
with r* given by (9.13) for a = 0, and Theorem 7.3 holds with r* given by (9.13).
Moreover, Theorem 7.4 part 1 holds with r* given by (9.8) and parts 2 and 3 hold for
r* given by (9.13) and (9.15), respectively,

10. Opening band gaps and persistence of pass bands for £ > 1. We
now state and prove the primary results of the paper. We apply the characterization
of o(A(0)) given by Theorem 6.1 together with (4.3) to recover the high contrast limit
of the Neumann spectrum given by

(10.1) on = {0} }jen U {vj}jen,

where 5} is the part of the Dirichlet spectra for D associated with mean zero eigen-
functions and v; are the roots of the spectral function (6.3). This is precisely the high
contrast Neumann spectrum described in [15]. In what follows we do not distinguish
between the two component parts of the spectrum, and we write elements of oy as
vj, j € N. The Dirichlet spectrum is given by o(=Ap) = {d;}jen U {6} }jen, where
5;-‘ are Dirichlet eigenvalues associated with eigenfunctions with nonzero mean. The
relation between oy and o(—Ap) is given by the following theorem.

THEOREM 10.1 (Strict interlacing of spectra [15]). If 67 € o(—~Ap) is simple,
then there exist adjacent elements v; < v;41 ordered by min-max belonging to on such
that

(102) v; < 5; < Vj41.

Theorem 10.1 insures the existence of a band gap for sufficiently large contrast
k. We give an explicit condition on the contrast k that is sufficient to open a band
gap in the vicinity of 7 together with explicit formulas describing its location and
bandwidth.

THEOREM 10.2 (Opening a band gap). Consider any crystal geometry belonging
to the class Py defined by Definition 8.3. Suppose §; € o(—Ap) is simple, so that
07 <vjt1 as in Theorem 10.1. Set

1. _ _
d; = idzst ({Vﬁll}, on \ {Vj+11})

where o is given by (10.1), and

Qd. *
(10.3) 7= %
T2 T d;
Then one has the band gap
o d.
(104) U(Lk) n ((5;7 l/j+1(1 — ]:7]’+1—j1)> = @
J
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if
— L d‘V‘+1
(105) k> j:’l"jl 1+%
Vit1

Next we provide an explicit condition on k sufficient for the persistence of a
spectral band together with explicit formulas describing its location and bandwidth.

THEOREM 10.3 (Persistence of passbands). Consider any crystal geometry be-
longing to the class Py defined by Definition 8.3. Suppose 5;‘ is simple, so that v; < 5;
as in Theorem 10.1. Set

dj = gdist ({(5)7"), o(~Ap) \ {(5) )

and
dm?d;|z*|
(10.6) r,=——-2"1_ ford=2,3.
J 71/21*1“ + d71'2dj
Then one has a passband in the vicinity of 65 and
. 95 d;
if
d;o%

_ -1 J

(10.8) k>k;=r; <1+ _%J)

Theorem 1.1 follows from Theorem 10.2 on applying (9.7), (9.13), and (9.14).
Theorem 1.2 follows from Theorem 10.3 on applying (9.5), (9.7), and (9.8) with |a|? =
dr?, d = 2,3. (See the proof of Theorem 10.3.)

We now establish Theorem 10.2.

Proof. Consider vj41 of multiplicity m < co. Set d= d; with

1 . — -
dj = 5dzst ({I/j_&l}, on \ {’/j+11})

and r* = 7; and apply Theorem 7.3 so that any element 3;(z) in the eigenvalue group
has series representation given by

(10.9) Bi(z) =vih + > 2"B(2)
n=1

for z inside the interval —7; < z < 7;. For k > Fj_l, let vj41(k) be the minimum of
1/B:(%), with 3;(z) in the eigenvalue group, and we have v;1(k) — v;41 for k — oco.
Since vj41(k) is increasing with k& we conclude

(1010) Vj+1<k‘) S Vjt1.

We take a min-max ordering for o (—Ap) and suppose that the jth Dirichlet eigenvalue
corresponds to an eigenfunction of nonzero mean. The eigenvalue is denoted by 4.
The min-max principle together with the monotonicity of eigenvalues with respect to
increasing k delivers the inequality between the Bloch eigenvalues and o(—Ap):
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(10.11) Aj(k,a) <67 fora € Y* and k > 0.
Application of (1.24) and (10.11) gives
(10.12) Ap(k,a) <67 form <j and vjyi(k) < Ap(k,a) for j+1 <m,

for every a € Y*, and it is clear that a band gap opens in the Bloch spectrum when
67 < vj41(k) or equivalently when

(10.13) vys1(k) = vyea] < 167 = vyl
We apply (7.15) and Remark 7.5 to get

viiad;
(10.14) it (k) —viml < By -1
and the theorem follows for all k£ that satisfy
2
Vi1d;
(10.15) I 6 — w4 O
k’rj -1 7 J

We now establish Theorem 10.3.

Proof. From the min-max formulation we have that \;(k,0) and \;(k,«) are
increasing with &, and from [15] (or [25]) we have

10.16 lim A;(k,0) = v; henceA;(k,0) <wv; fork >1
X j j J 'j
—00
and
10.17 lim A;(k,«) = 6F hence \;(k,a) <67 fork>1
P J J J J
— 00

With this in mind observe that if [67 — A;(k, @) < [07 — v;| then
(10.18) O'(Lk) D] [Vj, )\j(k7 a)] .

To proceed we estimate the difference |\;(k, a) — 03]. Set d= d; with

dj = gdist (15)7"),o(~Ap) \ {(5) )

and 7} given by (7.3) with d= dj. Apply Theorem 7.1 noting that 47 is simple so
that (3 (2) has series representation given by

(10.19) B(z) = ()" + ) "B} (2)

for z inside the interval —r} < z <r}. For k > r;‘_l we have \;(k, o) = m and

we apply (7.13) to get
(0%)2d,

(10.20) 167 — A (k, )| < T

The persistence of band structure described by (10.18) follows for a fixed a € Y* for
all k£ that satisfy

(65)%d,

10.21
(10-21) kri—1

* < |5; - Vj|'

J

We maximize r} over o € [—7,7]? to find that it is attained for |a|? = d7? and the
maximum is 77 = r;. For this choice we recover the persistence of band structure

described by (10.7) and (10.8). d
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11. Derivation of the convergence radius, separation of spectra, and
error estimates. Here we prove Theorems 7.3 and 7.4 and part 4 of Theorems 7.1
and 7.2. The Theorems 7.1 and 7.2 parts 1 through 3 and explicit convergence radii
for power series representation for the eigenvalue group are proved in [25]. To begin,
we recall both the Neumann series (4.6) and (4.12) converge provided that

(11.1) 1(A(2) = A)R(C, Ol grrzvyzz vy < 1-

With this in mind we follow [25] and compute an explicit upper bound B(z) and
identify a neighborhood of the origin on the complex plane for which

(11.2) [(A(z) — A0))R(C, O)ll gz (vyLz vy < B(z) <1

holds for ¢ € T'. The inequality B(z) < 1 will be used first to derive a lower bound on
the radius of convergence of the series expansion of the spectral projection P(z) on the
eigenvalue group. It will then be used to provide a lower bound on the neighborhood
of z =0 for z € C where properties 1 through 3 of Theorem 7.3 hold. The inequality
B(z) < 1 restricted to real z is then used to prove Theorem 7.4 part 3 and part 4 of
Theorem 7.3.

We have the basic estimate given by

[(A(z) — A0)R(C, O)ll ciza vz vy

(11.3) < [(A(z) = Al crzzovyszz v I B(G Ol cizz vz ovy-
Here ¢ € T as defined in Theorem 7.1 and elementary arguments deliver the estimate
(11.4) IR(C Ol zizacvyczcvy < dt,

where d is given by (7.1).
Next we estimate [|(A(z) — A(0))[|ziz2(v);z2(v))- Denote the energy seminorm of
u by

(11.5) l[ull = IVullL2v)-

To proceed we introduce the standard Poincare and Green’s function estimates:

LEMMA 11.1. Foru e H
(11.6) ullZ2eyy < ANlull?,
and for v e L3(Y)
_ ~1/2
(11.7) 1= ARM < ARl 2,

where Ay is the first nonzero Neumann eigenvalue for the period Y, Ay = w2 for
Y = (0,1]<.

For any v € L3(Y), we apply (11.6) to find
1(A(z) = A(0)v] L2 (v
(11.8) < Pl T2I(AGz) = A%(0))wl]
= [An[TV2I((T) 7 = (To) ™) (=An) o]
< NIV = Po)llepsn | = Aol
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Applying (11.7) and (11.8) delivers the upper bound:

(11.9) 1(A(2) = AO) erzzvysez o < AN IAT) ™ = Po)lletsront:

The next step is to obtain an upper bound on [|((Tx) ™! — P2)||zpy ;2. For all
v € Hy, we have

S - 1/2
(11.10) 1((T) Fo)ol < |z|{wo+2wi|(1/2+ui)+z(1/2—ui)|_2} ;

ol -

where wy = ||Pyo|?/||v]|?, w; = || Pv]|?/||v||?, and wo + Yo, w; = 1. So maximizing
the right-hand side is equivalent to calculating

- 1/2
max {wo +Zwi|(1/2 + i)+ 2(1/2 _,ui)|_2}

wo+> w;=1 P
(11.11) = sup{1, |(1/2 4 ;) + 2(1/2 — )| 72} /2.

Thus we maximize the function

-2

(11.12) Fo) = ’; fote (; )

over x € [u*,1/2] for z in a neighborhood about the origin. Let Re(z) = u, Im(z) = v
and we write

-2

f@) = ‘1+m+&wa<;—x>

(( +x+u _x))Qﬂz (;))
(11.13) (1 +a+u ( —x>>_2 = g(Re(z), )

to get the bound

[\

1/2
(11.14) I(Te) ™" = Po)llcipnmn) < l2lsup {1, sup  g(u,z) o .
z€[p*,1/2]

We now examine the poles of g(u, z) and the sign of its partial derivative 9,¢(u, z)
when [u| < 1. If Re(z) = u is fixed, then g(u,z) = ((3 + ) + u(3 — 2))~2 has a pole
when (3 + z) + u(3 — ) = 0. For u fixed this occurs when

1 /1+u
11.15 T =21 = - .
(1L15) i =) =3 (35
On the other hand, if x is fixed, g has a pole at

1

1+
(11.16) w=212

r—1

2
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The sign of d,¢ is determined by the formula
(11.17) 0:9(u,z) = N/D,
where N = —2(1 — u)?z — (1 — v?) and D := (( + 2)

shows that 0,9 < 0 for x > Z, i.e., g is decreasing on
x < & and g is increasing on (—o0, Z).

u(3 — z))* > 0. Calculation
,00). Similarly, d,g > 0 for

Jr
(%

Now we identify all u = Re(z) for which & = #(u) satisfies
(11.18) < p*<0.

Indeed for such u, the function g(u, ) will be decreasing on [p*, 1/2], so that g(u, u*) >
g(u,z) for all x € [u*,1/2], yielding an upper bound for (11.14).

LEMMA 11.2. The set U of u € R for which f% < Z(u) < p* <0 is given by

U:=[z"1],
where )
* _~_7
—ISZ*::M* f<0.
B =3

Proof. Note first that u* = inf;en{u;} < 0 follows from the fact that zero is an
accumulation point for the sequence {u;}ien, so it follows that —1 < z*. Noting

&= 2(u) = $%5, we invert and write
1 A
5+
(11.19) u=2"2
rT—3
We now show that
(11.20) zZF<u<li
for & < p*. Set h(z) = Ejf Then
2
(11.21) W (z) = _
' @)
and so h is decreasing on (—o0, 3). Since p* < 3, h attains a minimum over (—oo, y*]

at © = p*. Thus #(u) < p* implies

(11.22) s=lT2 oy
H =3
as desired. O

Combining Lemma 11.2 with inequality (11.14), noting that —|z| < Re(z) < |z|,
and on rearranging terms we obtain the following corollary.

COROLLARY 11.3. For |z| < |2*|

(1123)  (AG) — AO) ooz < A2l(—le] — =) 1 — ).
From Corollary 11.3, (11.3), and (11.4) we easily see that
(11.24)

1(A(z) — A0))R(C, 0)ll cirzvyicz vy < B(z) = A1zl (= 2] = 2%) 7
A straightforward calculation shows that B(z) < 1 for

N[
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Axd|="]

1 2 3’
W

(11.25) |z| < r* =

with Ay = 72 for the cubic (or square) unit period cell. Since r* < |z*| we have
established that the Neumann series (4.6) converges. It is also immediate that (4.7)
converges for |z| < r*.

Now we establish properties 1 through 3 of Theorem 7.3. First note that inspec-
tion of (4.6) shows that if (11.1) holds and if ¢ € C belongs to the resolvent of A(0)
then it also belongs to the resolvent of A(z). Since (11.1) holds for ¢ € T and |2| < r*,
property 1 of Theorem 7.3 follows. Formula (4.7) shows that P(z) is analytic in a
neighborhood of z = 0 determined by the condition that (11.1) holds for ¢ € T'. The
set |z| < r* lies inside this neighborhood and property 2 of Theorem 7.3 is proved.
The isomorphism expressed in property 3 of Theorem 7.3 follows directly from Lemma
4.10 ([22], Chapter I, section 4) which is also valid in a Banach space. Properties 1
through 3 of Theorems 7.1 and 7.2 have been derived earlier by the authors and are
parts 1 through 3 of Theorems 7.1 and 7.2 of [25]. Property 4 of Theorems 7.1, 7.2,
and 7.3 follows from the error estimates given in Theorem 7.4.

We now establish Theorem 7.4. We illustrate the proof of part 3 of this theorem
noting that the proof of parts 1 and 2 follow identical arguments. Theorem 7.4 part 3
follows once we establish Cauchy-like inequalities for the coefficients (]'(z) appearing
in (4.14) given by

(11.26) 187 (2)| < d(r)~"

for |z| < r*. From this it is evident that we can recover the estimates

(11.27) 5(2)—§:z”5” < i 2|78 < _dlprt
' e S e T (el —z2))

for |z| < r*, and part 3 of Theorem 7.4 is established.
Now we establish (11.26). Applying (11) to (4.15) and noting that |¢ — By = d
on I', one obtains the estimate

(11.28) (] < AINC A gz < dORE| = )G =) 72

for |z| < r*. Note that the right-hand side of (11.28) is increasing with |z| < r* < |z*|.
The right-hand side is maximized for |z| = r* and we recover (11.26) on setting |z| = r*
in (11.28) and applying the formula for r* given by (11.25).

Now we show that the operator B(k) introduced in section 3 is bounded and
compact.

THEOREM 11.4. The operator B(k) : L3(Y) — Hy is bounded for k & Z.
Observe for v € LZ(Y) that

1B(k)vll =T (—=An) " o]l
< T e | = AN 0l

—1/2 _
(11.29) ONIT et 0l 22y

where the last inequality follows from (11.7). The upper estimate on || T} || (2 :7x]
is obtained from
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lers o i
(11.30) \TUH < {|Z|U7 +w+ \sz‘|(1/2 + pi) +2(1/2 - Mz’)|2} )
=1
where & = |[Pyol2/olP=, @ = |Pyol?/elP, wi = |ProlP/llo]%. Since i + @ +

> o2, w; = 1, one recovers the upper bound

T—l
(11.31) 17l < M,
ol
where
(11.32) Mmax{1,|z,sup{|<1/2+m>+z<1/2uw}},

and the proof of Theorem 11.4 is complete.

Remark 11.5. The Poincaré inequality (11.6) together with Theorem 11.4 show
that B(k) is a bounded linear operator mapping L2(Y) into itself. The compact
embedding of H into L3(«,Y) shows the operator is compact on LZ(Y).

We have the following theorem.

THEOREM 11.6. A(2) is bounded and compact on L3(Y) for 2 € C and 2 ¢ S and
A*(z) = A(Z). For z real and z € S A(z) is self-adjoint.

The compactness and boundedness of A(z) follows immediately from Theorem
11.4. To see that A*(z) = A(z) we write (A(z)u,v) for u and v in L3(Y) and apply
the formula

(11.33)

AR) = |zPi+ Ptz Y (/24 m) +2(1/2 = )] 7 P, | (=ANn) 7

We have
(A(2)u,v) = 2(P(=AN) " u,v) + (Po(=AN) " u, v)+
(11.34) tz Y (/24 ) + 2(1/2 = )] (P (—AN) ", 0).

For v € Hy the projections P,,v are of the form
(11.35) Pyv(@) = (¥, 0)¥j(z) forze,

=1
where {¥}}} is an orthonormal basis for the subspace P,,(Hy). The projections P
and P, are defined similarly. Without loss of generality we show that P,,(—Ay)~! is
a self-adjoint operator on L3(Y). For p and ¢ in L3(Y) we apply (2.18) to write

Uz

(P (=AN)'p,q) =Y (W), (—AN) ') (¥}, q)
=1
(11.36) = i(\lfévp)(\lfé,q)
=1

Applying this observation and straightforward calculation in (11.34) shows that
A*(z) = A(Z) for z € C and that A(z) is self-adjoint for real z.
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Remark 11.7. Identical arguments apply to A*(z). Here (A*)*(z) = A%(Z) and
A%(z) is self-adjoint for z € R.

12. Reciprocal relation and its applications. We introduce a reciprocal
relation for both Bloch and Neumann spectra and use it to understand band structure
for crystals with coefficient a = % < 1 inside 2 and a = 1 outside. We denote the
eigenvalue associated with a choice of coefficient a(x) = a'™ for points z € D and
a = a®* for points x € Y \ D by w? = w?(a’™,a’*). The spectral problem is given
by the solution u of
(12.1) ai”/ Vu(z) - Vo(z)dz + aout/ Vu(z) - Vo(z)dz = wz/ u(z)v(x) de

D Y\D Y

for all test functions v. The Bloch spectrum is associated with v and v in H%E(a, Y)
and the Neumann spectrum is associated with u and v in Hy. Now let ¢ be scalar,
and the spectrum satisfies the homogeneity property

(122) w2 (tain7 aout) — th(ain7 tflaout)’

so for a = ¢ in D and 1 in Y \ D we have the reciprocal relation

(12.3) w? (; 1) = %wQ(l,k).

The reciprocal relation (12.3) provides the relation between the band structure
for the operator L described by (1.1) and

(12.4) L ==V (1= xa) +k'xa)V

and is given by

(12.5) o(Ly) = %O’(Lk).

As an application we return to the photonic crystal given by the periodic dis-
persion of N disks, each separated by a minimum distance as described section 1.
We suppose that the dielectric constant inside each disk is now greater than 1 and
is given by k, while the surrounding material has dielectric constant 1. For this case
the operator is taken to be (12.4) and we apply (12.5) together with Theorems 1.1
and 1.2 to recover the following theorem on existence of band gaps and persistence of
spectral bands for H-polarized modes.

THEOREM 12.1 (Opening a band gap). Given &3, define the set J]J{, to be elements

v € on for which v > §5;. The element in crj\', closest to 0q; is denoted by vji1. Set
d; according to

1
(12.6) djzémin{\u;_ﬁl—l/_l\; vEoN}.
We define 7; to be

72d; (b? — a?)

12.7 7= .
(12.7) T 02 1 a?) + 72d, (b2 + 3a2)
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Then one has the band gap

(12.8) (L) N % <5gj,ujﬂ (1 _ W)) _9

kT — 1
if
_ divs
_ =1 jY5+1
(12.9) k>kj—7“j 1+1_766j
Vjt1

Next we provide an explicit condition on k sufficient for the persistence of a
spectral band together with explicit formulas describing its location and bandwidth.

THEOREM 12.2 (Persistence of passbands). Given &g, define the set oy to be

elements v € on for which v < d5;. The element in oy closest to dg; is denoted by
v;. Set d; according to

(12.10) d; = %min{|( )= 671 S a(—Ap)} .

Define r; to be

272d,; (b? — a?
(12.11) r = md; (b — o) .
T (b2 4 a?) + 272d; (b? + 3a?)

Then one has a passband in the vicinity of dg; and

~ 1 N de
if
4,05
_ -1 7703

We conclude and point out that the results developed here provide rigorous criteria
based on geometry and material properties for opening band gaps in both two- and
three-dimensional periodic materials; see Theorems 1.1, 1.2, 10.2, 10.3, 12.1, and 12.2.
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