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SCATTERING RESONANCES OF MICROSTRUCTURES AND
HOMOGENIZATION THEORY™

S. E. GOLOWICH! AND M. I. WEINSTEIN#

Abstract. Scattering resonances are the eigenvalues and corresponding eigenmodes which solve
the Schrodinger equation Hy = E1 for a Hamiltonian, H, subject to the condition of outgoing radia-
tion at infinity. We consider the scattering resonance problem for potentials which are rapidly varying
in space and are not necessarily small in a pointwise sense. Such potentials are of interest in many
applications in quantum, electromagnetic, and acoustic scattering, where the environment consists
of microstructure, e.g., rapidly varying material properties. Of particular interest in applications are
high contrast microstructures, e.g., large pointwise variations of material properties.

We develop a perturbation theory for the scattering resonances and eigenvalues of such high
contrast and oscillatory potentials. The expansion is proved to be convergent in a norm which
encodes the degree of oscillation in the microstructure. Next, we consider the concrete example of
two-dimensional microstructure potentials. These correspond, for example, to a class of photonic
waveguides with transverse microstructures. The leading order behavior is given by the scattering
resonances of a suitable averaged potential, as predicted by classical homogenization theory. We
show that the next term in the expansion agrees with that given by a higher order homogenization
multiple-scale expansion, with an error term determined by the regularity of the potential. The
higher order corrections, which take into account the detailed microstructure, have been shown by
the authors to be important for efficient and accurate numerical computation of radiation rates.
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1. Introduction and overview.

1.1. Scattering resonances and microstructures. Consider the time-
independent Schriodinger equation

Hy = Ev,
where H is the Hamiltonian
(1.1) H=-A+V(z).

Scattering resonances of (1.1) are solutions (F,), with ¢ # 0, which satisfy an
outgoing radiation condition at spatial infinity. The condition of outgoing radiation is
a non-self-adjoint boundary condition, and therefore the scattering resonance energies,
E, are typically complex numbers. A precise formulation of this radiation condition
and the scattering resonance problem is given in section 4.

In this paper, we are interested in the scattering resonances for (1.1) in the case
where the potential, V (x), has a background (slowly varying or “mean”) part, Vp(x),
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and a rapidly oscillatory perturbation, §V (x), which is not necessarily pointwise small:
(1.2) V(z) = Vo(z) + 6V (x).

We call such potentials potentials with microstructure and refer to 6§V (x) as the mi-
crostructure part of the potential. If the variations in the values of the potential are
large, we refer to a high contrast potential. The Hamiltonian with potential Vy(x) will
be denoted Hy and that with perturbed potential denoted H. A consequence of the
results of this paper is a rigorous analytical foundation for the work in [7], where we
derived a multiple-scale expansion for certain microstructured potentials, which arise
as photonic microstructures, and used it as part of an accurate and efficient scheme for
numerically computing scattering resonances; see section 1.2. A detailed discussion
of the application to photonic microstructures, as well as an announcement of some
of the current analytical work, is contained in [8].

The scattering resonance problem is of great mathematical interest and physical
importance, arising in quantum, acoustic, elastic, and electromagnetic scattering. A
basic problem in each field is to consider the situation of a compact region of space
which is occupied by a collection of inhomogeneities or “scatterers,” while outside this
region the medium is homogeneous. Thus, outside this compact region the elementary
propagating states are plane waves, e(¥*=%!)  where w = w(k) is the dispersion
relation of the homogeneous medium (k = |k|, k = 27 /A, A = wavelength). For a fixed
wavevector, k, one considers a plane wave incident on a collection of inhomogeneities
or “scatterers” and calculates the scattered field. The mapping from incident to
scattered field is determined by the scattering matrix, S(k). In many situations, S(k)
can be analytically continued from the positive real axis into the complex plane. Its
poles in the lower half-plane are called resonances. Corresponding to these resonances
are (non-L?) states. Scattering resonances play an important role in the dynamics of
waves. Namely, a general spatially localized initial condition incident on our collection
of scatterers will typically interact for some time and give rise to a spray of radiation.
The local energy, in a neighborhood of the scatterers, will die away as time evolves.
The long-time transient exponential rate of local energy decay is determined by the
imaginary parts of the resonances. In particular, one expects this decay to be limited
by the resonance with the smallest imaginary part. For a given resonance, one refers
to its imaginary part as the line-width or reciprocal lifetime of the associated state.

Being based on the Schrodinger equation (1.1), the analysis of this paper applies
to a nonrelativistic quantum particle in a rapidly varying landscape [13], to the acous-
tic propagation of small amplitude pressure fluctuations about an equilibrium in an
inhomogeneous medium [17], and to electromagnetic waves, in the scalar approxima-
tion, propagating in an inhomogeneous dielectric medium [26, 14].

Our initial motivation comes from the electromagnetic context, where there is a
great deal of interest in the analysis of optical properties of media comprised of micro-
or nanostructures. Recent advances in fabrication technology have made possible,
through variations in material contrast and distribution of microfeatures, the manip-
ulation of optical properties of composite media in a manner analogous to the way
the electrical properties of materials have been manipulated for many years. Exam-
ples range from engineering the dispersion properties of photonic waveguides [20, 11]
to cavity QED experiments, with a view toward applications to quantum comput-
ers [28]. Scattering resonances are of central importance in the behavior of such
structures. The real parts are relatively insensitive to the detailed microstructure
and are approximated by an averaged potential model, leading order homogenization
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theory. As illustrated below and extensively in [7], the imaginary parts are highly
sensitive to the detailed microstructure, and we require higher order homogenization
theory to estimate them accurately. Imaginary parts of scattering resonances of these
structures correspond to the “Q-factor” of the effective cavity resonator.

1.2. Application to photonic waveguides. A specific example, considered
in detail in [7], is an optical fiber waveguide with transverse microstructure. Such
waveguides are often called photonic crystal fibers or holey fibers. In the scalar
approximation, the transverse components of the electric field E; = e"*3e | (x1,z2)
each satisfy the Helmholtz wave equation

(1.3) (A +E*n*(z) — B*) ¢ =0.

Here, A denotes the Laplace operator with respect to the transverse variables (z1, z2),
k =27 /A, X denotes the wavelength of light, n(z) denotes the refractive index profile,
and 3 denotes the propagation constant. Let n, denote a background refractive index.
Then, the Helmholtz equation can be rewritten as a Schrédinger equation (1.1) with
the following definitions:

(1.4) V(z) = k* (n2 —n*(z)), E=kn2-p

Here, x denotes the two-dimensional spatial coordinate in the plane transverse to the
waveguide.

A class of examples corresponding to a large family of microstructured waveguides
of interest, treated in detail in section 6, is

(1.5) V(z) = Vn(z) = Vo(Jz|) + 6V N (x) = Vio(r) + 6V (r, N6).

Here, (r,0) are polar coordinates for x € R2. The potential defined by (1.5) cor-
responds to a N-fold symmetric structure. The functions Vy(r) and 6§V (r,©) are
compactly supported locally L? functions. The parameter N is a positive integer.
When N is large, the potential V is a rapidly varying perturbation of V. This
perturbation does not tend to zero pointwise but does tend to zero in a weak sense.
Examples of such high contrast microstructure potentials appear in Figures 1 and 2.
We have derived and numerically implemented homogenization and corrected ho-
mogenization theories of scattering resonances and compared the results with direct
numerical simulation [7]. Numerical results indicate that the real parts of scattering
resonances are well approximated by those associated with the averaged potential,
Vo(r). However, the situation with imaginary parts of scattering resonances is very dif-
ferent. Figure 3 contrasts predictions for the imaginary parts of scattering resonances
for structures of the type illustrated in Figure 1. Results for five different structures
parametrized by N and “fill fraction” f are shown. The imaginary part of a scattering
resonance is plotted as a function of a wavelength, A\. The crosses correspond to direct
numerical simulation. The two curves correspond to predictions obtained from the av-
erage potential (dashed curve) and the second order corrected homogenization theory
(solid curve), the validity of which is proved in this work; see the discussion below.
Corrected homogenization gives excellent agreement with direct numerical simula-
tions over wavelength ranges of interest in the particular application. For structures
of the type shown in Figure 2, the corrected homogenization theory gives an even
more dramatic improvement over the averaged (homogenization) theory. Clearly, and
in general, numerical methods informed by analytical estimates on resonances can
play an important role in finding optimal structures, e.g., maximizing “Q-factors.”
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F1G. 1. (a) Black regions form the support of an N-fold symmetric potential (N = 20). V(x)
takes on one constant value on these regions and is zero outside. (b) The averaged potential Vo(r) =
(2m)~ 1 027r V(r,0)dO, where V(z) = Vo(r) + 6V (r, NO), r = |z|.
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FiG. 2. (a) An 18-hole subset of a hexagonal lattice (N = 6) with (b) the averaged potential
Vo(lz[).-

The current work implies analytical justification for the homogenization expan-
sion and numerical approach summarized above and presented in detail in [7]. In
particular, Theorems 4.1 and 7.1 imply the validity of second order homogenization,
provided that a particular norm of the perturbation, |||6V |||, is sufficiently small. By
Theorem 6.1, this smallness condition can be expressed as

L. sufficient] 11
(1.6) 2N C, sufficiently small,
where the constant C, = sup,; M|||6V as]l| (see Theorem 6.1), which depends on the
details of the microstructure. Our analysis applies to the case of fixed A and N
sufficiently large. However, the condition (1.6) suggests validity for fixed N (fixed mi-
crostructure) and A large. Results which encompass this limit as well will be presented
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Fic. 3. Imaginary parts of scattering resonances, corresponding to scattering attenuation rate
in the optical waveguide context, for the lowest order (fundamental or LPy1) resonance. Calculation
is for N-fold symmetric structures of the type shown in Figure 1 for different fill fractions, f, and
N = 3 and N = 6. The calculations were performed for a range of wavelengths, A. Solid curves
are attenuations computed using second order, O(N~2), homogenization, proved herein to be valid
for large N. Dashed curves correspond to leading order homogenization (averaging) theory. Crosses
correspond to the results of direct numerical simulation presented in Figure 3(a) of [19].

in a separate publication.

We conclude this subsection with a discussion of two observations on departures
of approximate theories from direct numerical simulation. (1) Note that as the wave-
length is decreased, there is an increasing departure of approximate theoretical results
from simulation results. The effect is most pronounced for the structure whose pa-
rameters are N = 3 and f = .8. This trend can be understood by noting that as the
wavelength is decreased with the structure held fixed, one enters the regime of geo-
metrical optics, where the classical ray picture applies, rather than the wave picture,
in which averaging can be expected to apply. Nevertheless, we find good agreement
in our simulations for a ratio of wavelength to microfeature size of about 3/2. (2) The
plots in Figure 3 show a systematic underestimation of the “exact” imaginary parts.
Note that there are two essential mechanisms of scattering loss: free space diffrac-
tion or ballistic propagation—propagation concentrated on rays where the potential is
zero in between the barriers, where V is positive; and tunneling—propagation along
rays which impinge on regions where V is positive. Homogenization theory replaces
a problem in which both mechanisms are present by an effective problem, defined
by the effective potential barrier, V(|x|), for which tunneling is the only mechanism.
Although, still rooted in homogenization ideas, our higher order theory gives a very
significant improvement in the approximation even for relatively small values of N
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and wavelength to microfeature size ratios. Though we have found a natural small
parameter, [||6V]|], for measuring the “size” of the microstructure perturbation, we
believe a related mode-dependent intrinsic parameter exists, which should give yet
deeper insight. This is currently under investigation.

1.3. An illustrative and elementary example. In this subsection we present
a simple example which motivates our approach to spectral problems with high con-
trast microstructure. We present only a sketch of the ideas. All analytical details are
contained within our full implemention for the resonance problem, which is far more
involved.

Consider the Schrodinger eigenvalue problem with periodic boundary conditions
for an eigenfunction u € L?(S') and an eigenvalue, E:

(=05 + V(9)) u(6) = Eu(0),
(1.7) u(0) = u(1), Jpu(0) = Opu(1).

Here, V(0) € L2 We rewrite (1.7) as the equivalent equation of Lippman—

periodic*

Schwinger type:
(1-a+B)(1-3)" U+ ovU=o,
U= (1),
(1.8) QU= (I-33) *V (I-83) *U.

Using the implicit function theorem, one can prove the following theorem.

THEOREM 1.1. Let (Uy, Ey) be a solution of the eigenvalue problem (1.8) with
potential Vy and consider the perturbed eigenvalue problem with potential V. Let
OV =V =V, denote the perturbation. If the mapping U — QsyU has small norm as
an operator from L? to L?, i.e.,

(1.9) |-ap)ev(1-a)* .

: sufficiently small,

then (Uy, Eo) perturbs analytically to a nearby solution, (U(V), E(V)), of the eigen-
value problem.

Remark 1.2. While the operator norm in (1.9) can be small if §V is pointwise
small, e.g., 6V (0) = £Q(0), 0 < ¢ <« 1, it can also be small if 6V is pointwise
large (high contrast) but sufficiently oscillatory (microstructure). For example, if
8V n(0) = Q(NO), then the operator norm (1.9) is O(N 1) by the following lemma
(see also Theorem 6.1).

LEMMA 1.3. Let f(0) be a 27 period function. Then,

the mapping f(0) — eN?f(0) has L* norm one,
(1.10)  the mapping f(0) — (9p) " LeN(Dp) "1 f(0) has L* norm O (N7).

1.4. Goals, results, and overview.

Perturbation problem. Suppose the (Fo, 1) is a solution to the scattering reso-
nance problem for the Hamiltonian Hy with potential Vy(x). Our goals are to address
the following issues.

(1) For 6V (z) sufficiently oscillatory (has sufficiently fine microstructure) and
high contrast, show that the scattering resonance problem for H with potential V (z) =
Vo(x) + 8V (z) has a “nearby” solution, (E(V),¥(V)).



SCATTERING RESONANCES AND HOMOGENIZATION THEORY 483

(2) Develop a resonance perturbation theory in terms of a natural parameter,
measuring the fineness of the microstructure.

(3) Relate (1) and (2) to homogenization theory.

In sections 3 and 4 we reformulate the scattering resonance problem as a “pre-
conditioned” Lippman—Schwinger type equation (Theorem 3.2):

(I + Tr(E)Ty) W =0,

where the operators Tr(FE) and Ty are defined in section 3. We then obtain a sta-
bility and perturbation theory of scattering resonances in a norm appropriate for
the study of microstructure perturbations which are not necessarily pointwise small
(Theorem 4.1). The norm of the perturbation, |||6V]||, gives a natural measure of the
degree of fineness of the microstructure and is defined for a compactly supported L?
perturbation, 6V, by

(L.11) I Tov llsz2y = N6V = [(D) 16V (D)~ llscr2);

see also (4.1). Here, 6V = x16Vx~ !, x(z) = O(e~?*l), for some a > 0 and
(D) = (m? — A,

If 6V is pointwise large but very oscillatory |||6V ||| may be small due to the opera-
tor (D)~!, which gives small weight to the part of §V supported at high wavenumbers;

see the discussion of section 1.3. For the class of examples represented by (1.5) we

have (Theorem 6.1)
1
vl =05 )-

The main results of this paper are the following:

1. Theorem 3.2 introduces a characterization of solutions to the scattering reso-
nance problem, (nonnormalizable) scattering resonance modes, and complex scatter-
ing resonance energies as solutions of a “preconditioned” Lippman—Schwinger equa-
tion defined on L2.

2. Theorem 4.1 is a stability theorem showing that if the potential, V{, is such
that (¥(Vp), E(Vh)) is a (simple) scattering resonance pair and Vj is perturbed to a
“nearby” potential V, i.e., |||[V — Vy||| is small, then the scattering resonance problem
with potential V' has a nearby scattering resonance pair (¢)(V'), E(V)). Furthermore,
the mapping V — (¢(V), E(V)) is analytic in V. The norm, || - |||, has been con-
structed so that if V' — 1} is not pointwise small but is very oscillatory, then |||V — Vo]
is small. In section 4.2 we treat the case of degeneracies arising when Vj is a radial
potential, Vo = Vy(r).

3. Theorem 7.1 demonstrates the connection with homogenization theory. For
the class of microstructures, corresponding to high-contrast microstructures of the
type arising in physical problems, we show that the N ~2 corrections to homogenization
theory agree with the resonance perturbation theory of Theorem 4.1 with an error of
order N=277, 7 > 0. The number 7 depends on the regularity of the potential. In
particular, if V is C?, then 7 = 2, but if as is often the case in applications V has
jump discontinuities (e.g., an interface between two different materials at which there
is a jump in refractive index), then 7 = 1.

4. Theorems 2.1 and 2.2 encompass the (simpler) perturbation theory of eigen-
values for microstructure potentials.
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Although the problem of stability of eigenvalues for self-adjoint operators (see
sections 1.3 and 2) has many of the structural features of the resonance problem,
the resonance problem requires a much more technical treatment for the following
reasons:

e While eigenvalues of a self-adjoint operator, H, are poles of the resolvent
(Green’s function) (H — E)~!, scattering resonance energies are poles, E (SE # 0),
of the analytic continuation of the resolvent across the continuous spectrum (branch
cut) to a “nonphysical” sheet; see section 3.

e Solutions of the eigenvalue equation Hi¢ = FE1i, where F is a scattering
resonance energy, do not lie in L? and in fact grow exponentially at infinity.

Overview.

e In section 2 we discuss microstructure perturbations of the eigenvalue prob-
lem.

e In section 3 we formulate the scattering resonance problem.

e In section 4 we state and prove our theorem on microstructure perturbations
of scattering resonances.

e In section 5 we explicitly calculate the expansion of the scattering resonance
pair (E(V),4¢(V)) about the case V = V4.

e In section 6 we show that the theory applies to potentials of the form V =
Vo(r) 4+ 6V (r, NO), where Vj(r) supports scattering resonances and N is sufficiently
large.

e In section 7 the homogenization expansion of [7] is reviewed, and it is proved
that the leading term and lowest nonzero correction in N~! agree with those of the
expansion displayed in section 5. As demonstrated in [7] the imaginary parts of scat-
tering resonances (leakage rates) are very sensitive to the detailed microstructure.
Therefore, it is important to understand the corrections to leading order (effective
medium) homogenization theory. Our second order homogenization expansion leads,
in examples of physical interest, to an efficient and accurate numerical method, giving
very good agreement with full simulation by Fourier methods and multipole methods.
The real parts of scattering resonances are far less sensitive to the specific microstruc-
ture, and often the first term in the expansion (the averaged or homogenized problem)
gives a good approximation.

Finally, we wish to mention other work on spectral problems in the setting of
microstructure. In [24] and [18] the validity of first order corrections to homogenized
eigenvalues for divergence form (self-adjoint) elliptic operators with rapidly varying
coefficients on bounded domains is analyzed. The problem of scattering resonances for
the Helmholtz resonator problem is studied in [5, 6] and in other works cited therein.

1.5. Definitions, notation, and conventions. All integrals are assumed to
be over all space (R™) unless otherwise noted.

(r,0) denote polar coordinates in R?

Rz, the real part of z; Iz, the imaginary part of z

Both Z and z* are used to denote the complex conjugate of z.
A* denotes the adjoint of the operator A.

[A, B = AB — BA, the commutator of A and B.

The inner product for functions f, g € L?(R™) is denoted by

(f.g) = / T)g(x) da
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For radial functions f(r), g(r) € L?(R™) on R™ we denote the radial inner product by

<f, g>rad = Am mg(ﬂ?’n*l dr.

Fourier transform:

(1.12) g(2) = FUFlgl)(x) = @m) " / ¢4 (¢) de.

(€)= (m*+ )2, 2 =¢ ¢
D =—iV, A =V -V, the Laplace operator.
Functional calculus:

(113) f(D)y = 7 FGO) = g [ e de
(114) (Dlg= (21 - 8) g = o [ (a0 de

Exponentially localized weights: Let 0 < M < M.

x(z) = F ] and x(z)=F '[x], where

~ —4 2 ~ —4
(1.15) X =(M*+¢) " and x(§)=(M*+¢) .
Note that 0 < x(z) = O(e=MI#l) and 0 < ¥(x) = O(e‘Mm). The exponential upper
bound follows from deformation of the £ integral contour. Note that x(z) is essentially

the Bessel potential Gs(x), which is strictly positive; see equation (26) in [27].
For a radial function, g(r), defined on R?

f(D))g=e " f(D)ey.

2
(DY) = (I— A, + L),
Young’s inequality: Let o x 8 denote the convolution of functions « and .

(1.16) lax Bllee < llallc2]lBllLe,  p=1.

Bessel functions: For any integer /¢,

.y T
(1.17) Ju(z) = Z—/ €059 cos(£0) df.
0

™

Fourier transform of uniform measure on S"~1: See, for example, [3]. For n > 2,

1 Wz _ 1
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2. Microstructure perturbations of eigenvalues. We will study the time-
independent Schrodinger equation

(2.1) Hy = By,
where
H=-A+V(x).

Throughout this paper, we require fairly stringent conditions on the potential, namely,
that V(z) € L*°(R™) and V(z) has compact support. Minor modifications in our
arguments can be made to treat the case of potentials which decay exponentially as
|x] — oo. For simplicity, we will work in spatial dimension n = 2 or 3, though we
believe that generalization to higher dimensions can be done. Standard arguments
[22, 9] imply that H is self-adjoint on the domain D(H) = D(—A) = H%(R"), and
the essential spectrum oess(H) = o(—A) = [0, 00).

In this section we focus on the eigenvalue problem for (2.1), requiring ¢ € L?
and for the remainder of the paper the scattering resonance problem, corresponding
to (2.1), with ¥ “outgoing” at oo.

The class of potentials we consider can be written as

V(z) = Vo(x) + 6V (x),

where Vj is “slowly varying” and 6V is a perturbation which is “rapidly varying,” but
possibly a pointwise large perturbation, in a sense which is made precise below.
A solution to the eigenvalue problem

(2.2) (—A+ V)Y =Ey
is a pair (E,v), where 1 is nontrivial and ¢ € H?(R").
We now reformulate the eigenvalue problem in a manner which is well suited to

treating microstructure perturbations; see section 1.3. Let E = p?. For Su > 0
(E ¢[0,00)), (=A — %)~ is bounded on L?, and so (2.2) implies that

b+ (—A—p?) T V=0

or, equivalently,

(2.3) I+ (=A— ) (I =) (D) V(D) | (D)w =0,

Sr(p) Sy

Therefore, we have the following simple correspondence between solutions of (2.2) and
a Lipmann—Schwinger-type integral equation.
THEOREM 2.1. The pair (E = u?2,%) is a solution to the eigenvalue problem if

and only if (u, ), where ¢ = (D) € L?, solves

(2.4) (I + Sr(1)Sy) % = 0.

If Ey is an eigenvalue, then Ey = u% < 0 for some o on the imaginary axis in the
upper half-plane. We have the following perturbation theorem for simple eigenvalues.



SCATTERING RESONANCES AND HOMOGENIZATION THEORY 487

THEOREM 2.2. (a) Let Vy denote a potential for which |||Vo|||1 is finite, where

(2.5) IVolll = 1S llcz2) = [[(D) ™ Vo (DYl 512y -

Let (Eo,10) denote a solution of the eigenvalue problem corresponding to the po-
tential, Vo(x), and assume that Ey is a simple eigenvalue, for which vy = (D)g
correspondingly spans the null space of I + Sg(po)Sv,. Assume that

(2.6) <5v012075}z(ﬂo)5vo150> = [|Ro(po)Votoll3 # 0.

Then, there exists €9 such that for any potential V' satisfying |||V — Voll| < €0, there
corresponds a unique solution (E(V),4¥(V)) of the eigenvalue problem which lies near

(Eo,o)-
(b) The mapping

Vi (BE,7) € R x H?,

which associates to a potential V' a solution (E(V),v¥(V)) of the eigenvalue problem,
is analytic in the norm |[|V']|] in a neighborhood |||V — Vol|| < € of V.

The proof of this theorem is a very much simplified version of the proof of the
analogous result (Theorem 4.1) for the case of scattering resonances. We implement
the ideas in the latter context. However, we do make a few remarks presently.

Remark 2.3. The proofs are based on the implicit function theorem. Recall that
an eigenvalue Fy of —A + V; is such that Ey = pg, where p is purely imaginary and
in the upper half-plane. Also, as can easily be seen using the Fourier transform, the
operators 8253(/1), j > 0, are bounded in L? in a neighborhood of py. Therefore,
one expects the continuity of eigenvalues in the norm for potentials varying in a
neighborhood of V4 in the norm (2.5).

Remark 2.4. The results worked out in sections 5-7 apply as well for the case of
the eigenvalue problem of this section, with much simpler proofs. These include

1. a convergent perturbation expansion of eigenvalues in the V' — V4 (compare
section 5);

2. results for the special case of N-fold symmetric perturbations, V — Vj =
8V (r, N8) (compare section 6);

3. a homogenization/multiple-scale expansion of eigenvalues as well as compar-
ison and agreement with the eigenvalue perturbation theory through second order in
N~1 (compare section 7).

3. Formulation of the scattering resonance problem.

3.1. Elementary review of resonances. Our particular interest is in the res-
onances of H, which we will construct as perturbations of the resonances of Hy =
—A 4+ Vy. Therefore, we must first consider the latter resonances. Their existence for
the restricted class of potentials we consider is well known [2]. We will briefly review
the arguments, as they will serve as a starting point for the proofs of our main results.

PROPOSITION 3.1. The resolvent Ry, (1) = (—A+ Vo — u?)~1 can be analytically
continued from the half-plane Su > 0 to the entire plane C, when n is odd, or to
the logarithmic Riemann surface A when n is even. The analytic continuation of the
resolvent is meromorphic in u, with residues at the poles corresponding to finite-rank
operators associated with nontrivial solutions of

(3.1) (-A+ Vo —;ﬁ)u:o
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Fic. 4. Complex p plane. Outgoing/incoming resonances correspond to solutions satisfying
outgoing/incoming radiation conditions at infinity.

that satisfy either outgoing (+) or incoming (—) boundary conditions at infinity [25]:

n—1

(3.2) u(rw) =12

e [h(w) 4+ o(1)]  as T — oo,

where h is a continuous function on the unit sphere S71.

The half-plane S > 0 is often called the “physical sheet” and Su < 0 the
“unphysical sheet.” As seen below, poles of Ry, (u) on the physical sheet correspond
to eigenvalues, E = p? < 0 (R = 0,Su > 0). Those on the unphysical sheet
correspond to outgoing (Rp > 0,3p < 0) or incoming (Ru < 0, Fu < 0) solutions,
which are not L?. These are called resonances. See Figure 4.

Proof of Proposition 3.1. For Su > 0, introduce the free resolvent Ro(p) =
(—A — p?)71. The kernel of the free resolvent Ro(u) is known explicitly [16]:

n—2

1 o 2 (1)
3.3 Ro(p; = — | — H -
(3.3) o(u; z,y) 1 (27T|£L' y|) n—2 (plz = yl),
where H E})z is a Hankel function [1]. In odd dimensions n > 3, this Hankel function

is entire aQS a function of p, while in even dimensions it is entire on the logarithmic
covering A of C. The large |z| asymptotics of Hankel functions are displayed in
Appendix A. Hﬁl)(z) satisfies an outgoing radiation condition as |z| — co.

It is shown in [10] that in the physical upper half-plane, Sy > 0, the resolvent
Ry, is meromorphic, with poles possibly existing on the imaginary axis. Poles, p, in
the upper half-plane correspond to eigenvalues, £ = u? < 0, of Hy. Away from its
poles, the resolvent Ry, (u) satisfies

(7A + W — ,uz) RVO(:U') = I,
which, since the domains of —A + 1V, and A are equal, can be rewritten as

(3.4) (I + Ro(u)Vo) Ry (1) = Ro(p)-
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In order to analytically continue Ry, (p) from the physical half-plane to Su < 0,
it is evident from (3.3) and the asymptotic behavior of HY, (A.4), that we will need
to work in a larger Hilbert space, since H(l)(u|$ — y|) maps the space of square
integrable functions that are compactly supported in |z| < 7o, L2(r), to e**I L2(R™),
with o > |Spl. It is possible to formulate the analytic continuation in L*(R™) by
explicitly introducing localizing functions x(z) satisfying

(3.5) 0 < x(x) = O(e~I);
see (1.15). Multiplying (3.4) on the left by x(x), we obtain

(3.6) (I + xRo(1)Vox™ ) xRy, (1) = xRo(p).

Both sides of (3.6) are considered as mappings from L?(R"), the space of compactly
supported L? functions, to L*(R™).

For |Su| < «, it can be shown by direct estimation of the kernel associated with
the operator xRoVox ™! using (3.3) that [2]

xRo(u)Vox ' : L*(R") — L*(R")

is Hilbert—Schmidt and therefore compact. Furthermore, it is also analytic in this
region, and its norm tends to zero as Su — +oo in the physical sheet. Therefore,
the analytic Fredholm theorem [21] tells us that (I + xRoVox~1)~! is meromorphic
in the domain of analyticity of p and that the residues at the poles are finite-rank
operators. From (3.6) and (3.3) is it clear that xRy, (u) inherits the analyticity of
(I + xRo(1)Vox™) " xRo (1)

Furthermore, if i is at a pole, then

(3.7) (I 4+ xRoVox™ ") Fo=0
has a nontrivial solution Fy € L?(R"). Setting 1y = x ' Fp, we see that

(3.8) Yo = —Ro Voo,

which is equivalent to (3.1). Also, if the analytic continuation in p is from the physical
half-plane to the fourth quadrant across the positive real axis, then (3.8), along with
the asymptotic behavior (A.4) of the Hankel function in (3.3), allows us to conclude
that the solution is outgoing at infinity; if the continuation is across the negative real
axis to the third quadrant, then it is incoming. 0

3.2. Resonances of microstructure potentials. We can now begin our study
of resonances of microstructured potentials V' = V;; + 6V. The guiding intuition is
that a resonance pair (Fy, o) of Vj should perturb to a nearby pair (E, 1) of V, if
8V is sufficiently oscillatory, depending on the pair (F, ). To make these statements
precise, we take (3.7) as the starting point. We assume that (2, ¥) are a resonance
pair, with ¥ € L?(R?), and write ¢ = x~!¥. We then introduce the smoothing
operator (D)1 and its inverse, (D), given in (1.14) to obtain

(3.9) I+ (D)xRo(n)x(D) (D)"'x'Vx D)™ | ((D)x¥) =

Tr(p) Ty
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THEOREM 3.2. Resonances are solutions (¥, u), with 0 # ¥ € L2, and Su < 0 of
(3.10) (I+Tr(p)Ty)¥ =0,

where Tr(p) and Ty are defined in (3.9).

Remark 3.3. (1) The properties of Tr(p) and Ty, which validate (3.10) as an
alternative formulation of the resonance problem, are stated and proved below. In
particular, we shall prove (Corollary 3.6) that Ty (u)Ty is compact for Su > —M. By
the analytic Fredholm theorem [23], (I + Tx(p)Ty)~" is meromorphic for Su > —M
with poles which are finite-rank operators. Poles in the lower half-plane are scattering
resonances.

(2) The localizing operators y are used to transfer decay from the potential to
localization of the free resolvent, which facilitates analytic continuation in p to the
lower half-plane, where resonance energies are found.

(3) The operators (D)~! and (D) transfer smoothness from the free resolvent Ry
to act on the microstructured potential V. This latter property enables the pertur-
bative treatment of high contrast microstructures, as explained in section 1.3.

To prove Theorem 3.2 and to work with the formulation (3.10) we require the
following two lemmas.

LEMMA 3.4. The operator

Ty : L*(R™) — L*(R")

is Hilbert—Schmidt, and therefore compact, for n < 3.
LEMMA 3.5. Assume n < 3, and let k > 0 be arbitrary. The operator

BTl : L*(R") — L*(R")

is defined, bounded and analytic in p for Sp > —M > —m, m > 0.
COROLLARY 3.6. The operator

Tr(u)Ty : L*(R") — L*(R")

is compact and analytic in p for Su > —M > —m and n < 3.
Proof of Lemma 3.4. Let

(3.11) V=x"1VxL

Note that V has the same support as V. To prove that Ty is compact, note that

(D) V(D) = / K(z,9)f(y) dy,

(3.12) K(W—/W(%)ne( T o

where (D)~! = (m? — A)~'/2 and (¢) = (m? + £2)1/2. We claim that

(3.13) //|K(:c,y)|2 dz dy < oo,
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implying that Ty is a Hilbert-Schmidt operator and therefore compact on L2.
We now verify (3.13). The Fourier transform of K (z,y) is given by

V(E+n)

14 f(, = 1 1
(319 ) = e e A = )

By the Plancherel theorem

/ dz dy| K (z, y)|* = (2m)>" / de dn| K (&, m)|°

= (27 2n “7(5_’_”)’2
= (2m) /dgdn(m2+|€|2)(m2+77|2)
(3.15) = (27) /(m2+|§|2> d£/|V(n+£)| 2+ 1) dn.

The inner integral (dn) is the convolution of an L' function, |V|?, and, for dimension
n < 4, an L? function, ()2, and is therefore in L?(dn) by Young’s inequality, (1.16).
It follows that the integrand of the outer integral (d¢) is the product of L? functions
and by the Cauchy—Schwarz inequality

(3.16) /mwmmwﬁﬂ%WW6ﬂmWM<w

Lemma 3.4 now follows. 0

The following lemma, concerning analyticity properties of the free resolvent ker-
nel, is central to analytic extension of Tr(u) into the lower half-plane and the proof
of Lemma 3.5.

LEMMA 3.7. Letn > 2. For j = 0,1, the operator

(3.17) L;(1) = Ro(p){D)’

has a kernel L£;(p;x,y) that can be analytically continued from the (physical) upper
half-plane to the lower half-plane, with a branch cut starting at —im. The kernel is
given by

(3.18)
Li(psx,y) =m/ T 2Gyj(m(z — y)) + (m® + p2) m/ Ay j(m(z — y) + Ry (s 2, y).

Here, G () denotes the kernel associated with the Bessel potential (I —A)~% , defined
in terms of the Fourier transform [27)

(3.19) Ga(6) = (m>+ €)%

For p in the physical upper half-plane, R; is defined by

(m2+u2)2 /eig-(z—y) d¢ -
(2m) (62— pi2) (m2 +€2)°77P?

Rj(u;x,y) =

The first two terms in (3.18) form a quadratic polynomial in p and is therefore an
entire function of pu. The analytic continuation of R;(w;x,y) from Sp >0 to Sp <0
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is given by
(3.20)
J ﬂ_Z ‘LL "52
Ri(w;x,y) = Ri(—ps 2, y) + (m? + p?)? () Jn—2 (u|lx —y|),
i 2, y) = Rj(—pz,y) + ( () @ e =4l _2 (4l )

where Jo is the Bessel function [1]. Furthermore, R;(p;x,y) satisfies

2 2\ % (2)
(3.21) Rj(psa,y) = (m® + 1) Ro(u;x,y) + Ry (w52 — ),
where Ro(w; x,y) denotes the free resolvent kernel given by (3.3) and
ko (2) /. —blz—y]| x
(322) apRj (:U’a Z, y) S C(bv k)e ’ S Z 07

for any b <m and any k > 0.
Proof of Lemma 3.7. For Su > 0 we represent the kernel of £;(u) using the
Fourier transform:

2 2\3/2
(3.23) Lyl = | <chf>nei£-<w—y>(m &)

&2 — 2
Using the algebraic identity
1 1 m? + p?
3.24 = ’
320 g T mr e @+ )
we have
2 2
Lo = [ e L, (i)
7 s Ly (271')” (m2+€2)1—j/2 (m2+€2)2—j/2
(m2 + p2)?

+

(@ = W) + P

The expansion (3.18) now follows from definition (3.19).
The first two terms of (3.18) are entire in p. To analytically continue the remaining
term R;(w; x,y) we will adapt an argument in [15]. We begin by rewriting R; as

m? + p? ? > i 1
R x,y) = (4 i) - ) / dw/ dpp"~teir ey 73
(2m) gn-1 0 (p2 — pi2) (m2 + p2)>~7

We now focus on the p integral. Its integrand is analytic in p except for poles at
p = £p and, for the case of j = 1, a branch cut starting at p = +im. Let pu; = p’ +iey
and p1o = —p’ + i€z, where ' € Ry and €; > 0, denote points in the first and second
quadrants. We begin by considering R (u1; z,y) and R(us; x, y) separately. R(u1;x,y)
can be expressed as an integral over the contour in Figure 5, part of which is the
lower half of a circle about u' traversed counterclockwise, v—(u'). R(u2;2,y) can be
expressed as an integral over the contour in Figure 6, part of which is the upper half
of a circle about y' traversed clockwise, 4 (¢'). In this representation of R(us9;x,y),
we let €5 approach —e; (u2 — —py) to obtain a representation of R(—p1;z,y), in
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F1G. 5. Complez p integration contour for R(u1;x,y). The points 1’ are denoted by “z.” The
point p1 = p' +ie1, €1 > 0 is denoted by a circle in the upper half-plane. Vertical semi- mﬁmte lines
are branch cuts extending from Lim to Lico.

terms of integration over a contour containing ~; see Figure 7. The difference,
R(p1;x,y) — R(—p1;z,y), has an integral representation over the contour homotopic
to y— (1) — v+ (1), a circle about u traversed counterclockwise; see Figure 8. Thus

Rj(pisw,y) — Rj(—pas 2, y)

= 2 2)2 -n n—1 _ipw-(x—y) 1

= (m* + ui)” (27) / dwj{ dpp" e’ -
( i sn-1 Jypoy (p? — p3)(m? + p2)2=3/2

= (m* ) i) em) [ doemete)
Sﬂ 1
% . —n M1 N
=2+ e F () Tapatale - .
(3.25)

In the second equality of (3.25), we have performed the contour integral, and in the
third we have used the well-known expression (1.18) for the Fourier transform of the
uniform measure on the sphere, S*~!, in terms of Bessel functions. This completes
the proof of (3.20).

To prove (3.21), we rewrite the kernel R; as

Ryl ,9) = (m 4 )%/(270” e

e ey ((m2 £ EP72  (m? 4yl
§2 _ 'u2 !

2

(3.26)
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F1G. 6. Integration contour for R(u2;x,y). The points uo = —p' + ie2, €2 > 0, and —u2 are
denoted by circles.

We recognize the first term in (3.26) as a multiple of a Hankel function, which, for
S > 0, by a contour deformation decays exponentially as |z —y| — oo. It is therefore
proportional to the outgoing Hankel function. The integrand in the second term, along
with any number of derivatives with respect to y, is analytic in £ in a strip around
the real axes and has sufficiently rapid decay as |£| — oo so that a Paley—Wiener-type
theorem (e.g., Theorem IX.13 of [21]) applies to prove (3.22) for n = 2, 3. O

Proof of Lemma 3.5. For Su > 0 the boundedness of Tk in L? follows from
bounding its Fourier transform, which is simple because the resolvent kernel decays
exponentially for S > 0. However, the analytic continuation of the resolvent kernel to
S < 0 grows exponentially, so we must proceed more carefully. We use a combination
of techniques; see, for example, [2, 15].

By commuting (D), we rewrite T as a sum of operators, whose kernels can be
analytically continued. The proof uses two technical results, Lemmas 3.8 and 3.9,
which are stated and proved at the end of this section.

First, consider the case k = 0:

= (x(D) + [(D), x]) Ro () (

(D)x + [x, (D)])
= X(D)Ro(D)x + ([(D), ]>Z‘ )(xRo< x) + (X(D)Rox) (X ' [x: (D))
+ (D), XIX 1) (XRoX) (X' [x. (D))

(3.27) = A+ AP + AD + Anr.

Then estimate each of the terms in succession.
We begin with A;. For p in the upper half-plane, the Fourier representation of
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.

Fic. 7. We let ea approach —e1, corresponding to u2 — —p1. Integration contour shown is for
R(—p1;2,y).

Ro(p) is valid, and we may therefore commute one of the (D) operators through the
resolvent and apply the identity

(3.28) XRo(w)(D)?x = xIx + (m? + p®) xRo(p)x.

The expression (3.28) enables us to carry out the analytic continuation of A; from the
upper half-plane to the lower half-plane. Boundedness on L? in the required region
follows from Lemma 3.8 with k = 0 below and (3.3).

Moving to the next two terms, we observe that it is sufficient to discuss only
one of Aﬁl) and Aﬁ]), since (D) commutes with Ry in the upper half-plane, and the
analytic continuation is given by Lemma 3.7. We decompose

AL = (DY, X% ™) (RBo(D)x)

and note that the first term is bounded by Lemma 3.9. We show boundedness of the
second term in two steps. We first consider Su > 0. Then (3.18) and (3.21) allow us
to express Ro(u)(D) as a sum of four operators. The two containing Bessel kernels
are clearly bounded, while the term containing Ry is bounded by Lemma 3.8. That
Rgz) is bounded can be seen by computing the L' — L> norm of its kernel, using
(3.22).

Next, choose p such that Sp > —m. Then (3.20) allows us to express Ro(u)(D)
as a sum of two terms, the first of which, Ry(—p)(D), we have already bounded and
the second of which is bounded by Lemma 3.8.

Finally, the last term Apy; is bounded by application of Lemmas 3.9 and 3.8.

The result for k > 0 is obtained by differentiating the kernels Ry and £; in (3.27)
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N
N

Fic. 8. The jump in R(u;x,y) from its value at p1 on the first Riemann sheet to its value on
the second Riemann sheet, R(p1;x,y) — R(—p1;2,y), is represented as an integral over the circular
contour shown.

and proceeding as above, noting that Lemmas 3.7 and 3.8 can be applied for any
k> 0. |
LEMMA 3.8. The operator mapping L*(R"™) — L?*(R™) given by the kernel

n—2

(3.29) o [xm( 8 ) Tuce (nlr = y)x(y)

|z -y

is Hilbert—Schmidt, and therefore compact and, in particular, bounded, for Su > —m
and any k > 0. In (3.29), J may be any of the Bessel functions J, Y, HY  or H®).
This result, for dimension n = 3, follows from the proof in [2]; see, in particular,
the analysis of the operator denoted T},. The case of general n follows the same line
of argument.
LEMMA 3.9. Let x and x be exponentially localized functions with exponential
rates M and M as introduced in (1.15). Then, the operator

(3.30) C=[D),x]x"": L*(R") — L*(R")
is bounded when M < min(m, M/\/2). For any f € L*>(R")
(3.31) 7 =7

The adjoint of C, C*, is given by

(3.32) ¢ =x""Ix, (D).
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Proof of Lemma 3.9. We first show that C is bounded. Let f denote any member
of L?(R™). Then,

(333) Cf=F(z / / d_ d” eI (C ) ((C) — )R W) F (W),

Since ||Cf|la = ||F|l2 it suffices to show that ||F||y is bounded above by C/||f]|2 for
some positive constant, C. The integrand in (3.33) is analytic in ¢ varying over the
product of strips around the real axes, —oco < (; < oo, and has sufficient decay as
|(j| — oo so that we may shift the { contours (; — (; + i7;, with |y| < min(m, M).
We next write

Xﬁl(y) = Z lsgn(y):s (y)f(il(y)

se{—-1,1}»
and define ; = v;(s) = —vs;, where v is chosen to satisfy
(3.34) n~iM < v < n” % min(m, M).

We note that the first inequality in (3.34) will ensure that, for y € R™ and |y|; =
[yal + -+ [ynl,

(335) H]-sgn(y):s(y))z_l(y> 6_U|y|1f(y)H2 < C||fH2’

while the second ensures that |7y| < min(m, M), so that the contour shift is permitted.
After the contour shift, we have

(&) = e MYR(E —n = iy(s)((E) — (0 +in(s)))

se{—1,1}»
><]-sgn(y) s( )X 1(3/) _Ulyllf(y)

To continue, we define
gs (y) = lsgn(y):s(y)i_l(y)e_v‘y‘1

and carry out the dy integral:

(336)  F(6) = d”

X(€§—n—1iv) (&) — n+)) Gs(n).

F1 F2

se{—-1,1}"

We may bound Fy of (3.36) as follows. Choose 72 = (§/2)M?, with § € (0,1), and
set x =& —n. Then
M2 + (2 — i7)? = (M2 +22)" + 7% — 292 (M? + 2%) + 4(z - )?
(M2 + 1:2) (M2 + 2% — 272)
(3.37) > ((1—8)M> +22)?,

Y

and it follows that

(3.38) A < (1= 8)M2 + (€ —n)?) "
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We bound F; of (3.36) as follows. Write F = F2(1) + F2(2), with

W=

F2(1) _ (m2 +§2) _ (m2 +n2)%’

F2(2) _ (m2 _|_772)% _ (m2 n (77+i7)2) .

Nl

We observe that |F2(1)| < C|¢ —n|. We may bound |F2(2)\ by noting that it can be
written as

FP =l (1 + fu(n) — nl (1 + fo(n)),

where

il <O(n172), [l <O (7).
Then, clearly ‘F2(2)| is bounded by a constant, and
(3.39) |[Fo| < C+ 16—l

Finally, we assemble (3.38) and (3.39) by writing

P <@m™ D (hx]gl)(©

se{-1,1}"

with

h(E—m) = (1= M+ (€ =n)?) " (C+I¢ ).
Then, by Young’s inequality,

ICfll = I1Ell2 < 7" ||l sup [9sll2 < Cllfl2-
sE "

)

The expression (3.31) follows from (3.33), as does (3.32) for the adjoint C*, along
with the fact that C is bounded. ad

4. Perturbation theory of scattering resonances. In this section we state
and prove a perturbation theorem for solutions of the scattering resonance problem.
We first consider, in section 4.1, the case where the resonance subspace being per-
turbed has dimension one. We then turn, in section 4.2, to the two-dimensional radial
case, Vo = Vo(r), and show how the perturbation theory of degenerate pairs of res-
onances (occurring for angular momentum |I| > 1) can be reduced to the previous
case.

4.1. Perturbations of simple scattering resonances.
THEOREM 4.1. (a) Let Vi denote a potential for which |||Voll| is finite, where

(4.1) IVolll = 1Tve lls(z2y = 1KD) = Vo D)~ llsre)-

Let (E, 1) denote a solution of the corresponding scattering resonance problem. As-
sume that

(42) dim {kef (I + TR(E()) TVO)} =1
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and that this subspace is spanned by the function
Yo = (D)xtho
(see (3.9)). Furthermore, assume the condition
(4.3) (Ty, o, Tg(Eo) Ty, o) # 0.

Then, there exists €9 such that for any potential V satisfying |||V — Vll| < €0, there
corresponds a unique solution (E(V'),¥(V)) of the scattering resonance problem which
lies near (Fo, o).

(b) The mapping

Vi (E,¢) € C x H' (x(x)dz),

which associates to a potential V' a solution (E(V'),y(V)) of the scattering resonance
problem, is analytic in the norm |||V ||| in a neighborhood |||V — Voll| < €0 of Vb.

Proof of Theorem 4.1. We formulate the problem so that the result follows from
the implicit function theorem. For |||V —V, ||| small we seek a solution of the scattering
resonance problem

(4.4) (I +Tr(E)Ty)¥ =0

in the form

(4.5) E=FEy+6F,

(4.6) U =Wy + 6V,
where

(4.7) (I +Tgr(Ep)Tv,) ¥o=0.

Substitution of (4.5) and (4.6) into (4.4) and use of (4.7) yields
(I +Tr(Eo)Tv,) 0¥ = —Tr(Eo)Tsv VYo — 6Tr(Eo, 0 E)Ty, Yo
(4.8) —Q(6V, 8V, 6E; Vo, Uy, Ep)
with
O0TR(Ey,0E) = Tr(Eo + 6E) — Tr(Ey)
and @Q consisting only of the quadratic and higher order terms:

Q(6V,6W,86E; Vo, Vo, Eo) = (Tr(Eo)Tsv + 6Tr(Eo, 6E)Ty, )§¥
(4.9) +86Tr(Eo, E)Tsy (Vo + 60).

We will apply the analytic Fredholm theorem to (4.8). The solvability condition
requires an understanding of the adjoint operator I + Ty, Tr(Ep)*. Note that since
W is real-valued, Ty, is self-adjoint.

LEMMA 4.2. Under condition (4.2) of Theorem 4.1, the adjoint operator I +
Ty, Tr(Ep)* has a one-dimensional null space spanned by the function

(4.10) v =Ty, T,
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Therefore, the inhomogeneous problem
(I +Tr(Eo)Tv,)U =S

has a solution for S € L? if and only if
(4.11) (Tv, Vg, S) = 0.

Proof of Lemma 4.2. Since Tr(Ey)Ty, is compact the dimensions of the null
spaces of I + Tr(Ey)Ty, and I + Ty, Tr(Ey)* are equal [12].

To construct the adjoint null space, observe that an element of the null space
satisfies
(4.12) (I +Tr(Ep)Tv,) ¥o=0.
Applying the operator Ty, we get

(4.13) (I + Ty, Tr(Eo)) Ty, Wy = 0.

Taking the complex conjugate of (4.13) yields

(4.14) Tvo Vo + Ty, Tr(Eo) Ty, ¥o = 0.

The lemma follows from the observation that Ty, f = Ty, f, since V; is real-valued,
and the conclusion of Lemma 4.3. ] :
LEMMA 4.3. For any u € C\ {0} satisfying Su > —M > —m and f € L*(R"),

Tr(p)f = Tr(pw)"f.

Proof of Lemma 4.3. We employ the decomposition (3.27) of Tr. We first note
that the result for Ap follows from the use of the identity (3.28), Lemma 3.8, and the
fact that the free resolvent is symmetric, as can be seen from (3.3). We next consider

A = A + 4D = e(RL1(w)x) + (XL (w)R)C*,

where we have used the notation of (3.30) and (3.17). The result follows from
Lemma 3.9, which tells us that Cf = Cf for f € L?; Lemma 3.7, which tells us that
L1 has a symmetric kernel; and Lemma 3.8, which tells us that x£1 (1) x is a bounded
operator from L? — L? for Sp > —M. The result for Ay follows similarly. 0

Continuing with the proof of Theorem 4.1, we note that (4.11) gives us an implicit
condition for the solvability of (4.8) for ¥, obtained by setting the inner product of
the right-hand side of (4.8) with Ty, ¥, equal to zero:

(Tv, W0, 6TR(Eo, §E) Ty, Vo) + (Tv, Vo, Tsy ¥o)
(4.15) + <TV0@0, Q(6V,6W,6F; Vi, Uy, E0)> =0.
We now view the task of solving the scattering resonance problem as that of seeking

a solution (¥ (V), E(V)) of the system of equations (4.8), (4.15). In compact form we
write

(4.16) F(§V,60,6E) = 0,
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where F = (Fy, F3) and

F1(8V,89,8E) = (I + Tr(Eo)Tv,) 0¥ + (Tr(Eo)Tsv + 6Tr(Eo, 6E)Tv, ) ¥

(417) +Q(6V36\11a6Ea‘/07\1107E0)a
Fy(8V,69,8E,) = (Tv, By, (Tr(Eo)Tsv + §Tr(Eo, §E)Ty, ) ¥o
(4.18) +Q(6V, 69, 6E; Vy, o, Ey)).

We verify that the hypotheses of the analytic implicit function theorem hold for
F:XxY — Z, with

X ={V € L?*(R") of compact support},
Y = L?(R") x C,
Z={(f2) € L*(R") x C: z=(Ty, Vo, f)}

and with the norms |||V||| for V € X, ||¥||z2 + |E| for (V,E) € Y, and || f||z= + |z] for

(f,2) € Z.
We first compute the differential DF evaluated at a point zo = (V, ¥, F) in a
neighborhood of the origin:

Dsy sw.seF1(x0) = Dsy Fi(x0) + Dsw F1(x0) + DsgFi(xo)
= Tr(Eo)Tsv Yo + Tr(Eo)Tsv¥ + 6Tr(Eo, B)Tsy (Vo + V)
+[I + Tr(Eo)Tv, + Tr(Eo)Ty + §Tr(Eo, E) + 6Tr(Eo, E)Ty] 6%
+Th(Eo + E) [Ty, U + T, ¥V + Ty (U + 0)] 6 E,
Dsy sw,seFa2(x0) = Dsy Fa(xo) + Dsw Fa(z0) + DspFa(xo)
= (Tv, W0, Tr(Eo)Tsv Vo + Tr(Eo)TsvV + §Tr(Eo, E)Tsv (To + V)
+[Tr(Eo)Ty + 6Tr(Eo, E) + §Tr(Eo, E)T |80
+T(Eo + E) [Ty, Wo + Ty ¥ + Ty (U + )| SE).

By Lemmas 3.4 and 3.5, we see that
[Dsv sw,sEF (z0)l|z < Cll|6V || + C[|6¥]| + Cl6E]

for zy in a neighborhood of the origin, and therefore F is analytic there. We observe
that F(0,0,0) = 0 and consider the differential evaluated at the origin:

!/
(4.19) Dsy s5F(0,0,0) = < I+ Tr(Eo)Tv, TR (Eo)Tv, Yo )

0 (Tv, 0o, Ty (Eo)Tv, Vo)

We now verify that the inverse of Dsy sgF(0,0,0) is defined and bounded on Z.
Consider the system of equations

(I + Tr(Eo)Ty,) 6% + Tr(Eo)Tv, Vo 6E = fi1,
(4.20) (Tv, Vo, Tr(E0)Tv, ¥o) 6E = (Ty, Yo, f1).
By Lemma 4.2, this system can be solved uniquely for (6¥,6E) € L? x C of a func-

tion of 6V. The conclusions of Theorem 4.1 now follow from the implicit function
theorem. ]
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4.2. Perturbation theory of degenerate resonances: A special case.
There are many situations in which degenerate resonances occur or, equivalently,
cases where assumption (4.2) is violated. A general theory of degenerate scatter-
ing resonances will not be developed in this work. We focus instead on a particular
class of potentials having degenerate resonances and their behavior under a class of
perturbations.

In particular, we consider the case of potentials in the plane with radial symme-
try, Vo(r), and rapidly varying, zero mean, perturbations of the type illustrated in
Figure 1.2, 6V (r, N9). Assumption (4.2) on the resonances of the unperturbed po-
tential is violated because of the presence of a double degeneracy indexed by positive
and negative angular momenta. In this section we prove that for this class of pertur-
bations, the perturbation theory of a twofold degenerate resonance reduces to that of
two independent nondegenerate resonances, as formally seen in [7].

We begin by noting that solutions of the unperturbed problem

(I +Tr(Eo)Tv,)¥o =0
divide into degenerate subspaces of angular momentum ¢ spanned by
Tore = 500y,
Here, ¥g, = \i/oe(’r') satisfies
(I + To,r(Eo)Te,v,)Vor =0,
and we have defined

Ty.r(E) = (De)xGe(E)x (D),
Tov = (Do)~ 'x'Vx H(Dy) 7.
The operators Gy and (Dy) are defined as

. 2 -t
Gy(E) = (—A + 7z E) ,

Nl=

(4.21) (D)=t = <m21 — A+ fj)
and they arise as a result of the commutation formulas
Tye'f = e™Tyv f,
(4.22) Trei®g = 17T, pg.
We note that the operators (4.21) differ from the partial wave Green’s function G,
and smoothing operator (D) ! defined in sections 8 and 6, in that (4.21) contains a

full Laplacian.
We expand ¥, a solution of the scattering resonance problem

(4.23) (I+Tr(E)YTyv)¥ =0
with V near Vj and E near the degenerate resonance energy Ejy, in the form
U= Z caWou + P,
ac{xl}
E=Ey+06F,
(4.24) V=V+6V,
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where ¢, are constants. Substitution of (4.24) into (4.23) yields the following equation
for &:

(4.25) (I + Tr(Eo)Tv,)® = (Tr(Eo)Tv, — Tr(E)Tv) | Y ca¥oa + @
ac{£l}

The solvability condition is

(4.26) <\p§;, (Tr(Eo)Tv, — Tr(E)Ty) | > caVoo+ @ > =0, [e{=£},
ac{£l}

where \II#B span the adjoint null space of I + Tr(Ey)Ty,. These functions are charac-
terized by the following lemma.

LEMMA 4.4. If the null space of I + Tr(Eo)Tv, is spanned by Voie, then the
adjoint null space is spanned by

(4.27) F,, = 0T, 4 oy

Proof of Lemma 4.4. Since Tr(Ey)Ty, is compact the dimensions of the null
spaces of I + Tr(Ey)Ty, and T + Ty, Tr(Ep)* are equal [12]. By the same argument
as in Lemma 4.2, the functions (4.27) are elements of the adjoint null space. When

£ > 0 the two functions \Ilo#ﬂ are linearly independent. |
Returning to (4.25), we choose to represent the solution ® as
(4.28) o= ) cac™®y,
ac{tl}

where we define ®, to satisfy
(I+Tyr(Eo)Te,y,) @
(4.29) = (T0,r(Eo)Tevy — To.r(E)Tyvy — To.r(E)Trsv) (Voo + Po).

To justify the representation (4.28), we note that the linear combination (4.28) satisfies
(4.25), and it is unique by Fredholm theory. The solvability condition (4.26) becomes,
with the definition (4.28), the matrix equation

Mpaco =0,
where
Mﬁa = <‘I'05a (TR(EO) TR(E))TVO‘I’OQ> <‘I’057TR(E)T6V‘I’0(1>
M My

+(UF5, (Tr(Eo) — Tr(E))Tv,®a) — (Vs Tr(E)Tsy @) -

(111) (1v)
Mﬁa Mﬁa

LEMMA 4.5. When N > 20, the matriz M is diagonal and takes the form

Mg = 27 6pa{Te,vy Vor, (To,r(Eo) — T, R(E))T oWoe)..g
+27 650 (Te,vo Vor, (To,r(Eo) — To,r(E))To,v, Por )
)t

—27 63q Z <T£,VO@0&T€,R( )WL
kez\{0}

rad

X Vi (Da—in) 'R0 k) g
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Proof of Lemma 4.5. We explicitly compute the matrix elements of M, starting
with
Mélcz =27 6ga(To.viy You, (Te,r(Eo) — To,r(E)) Tovy Por), s

which follows from the definitions the commutation formulas (4.22). To compute
M) we expand 6V in the Fourier series

(4.30) 8V =6V (r)e N,
k0
which yields

M(H) Z<Tv 62’8 \Ifog TR(E)T(steikNB 6ia6®0€>

k0
27
= Z/ e OIEN) 4 (Ty v, Wor, Tapion, () (Deyin) " x 16V ™ (Do) Toe)
k0
=0 for N > 20

We see that M (H} vanishes for N large enough. Continuing with M ™D we use the
Fourier series of ®y,

(4.31) Oy(r,0) = NPy (1)
pEZ
After commuting through the angular dependence, we find
2
(111 —B+pN)o
R D
PEZ
(Tyv, oo, (Totpn,R(E0) = Tospn, R(E)) TaspN v &’E,k>

When a # 8 and N > 2¢, M) vanishes, but there is a contribution to the diagonal,
which comes from the p = 0 term:

rad’

MY = on 6sa (T, VO‘I’oz, (To.r(Eo) — T@,R(E))TZ,VO&)OZ>

Ba rad’
Finally, to compute M) we make use of both Fourier series (4.30) and (4.31):
2m
M/((;IaV) _ Z / a—pB+kN+pN)o 19
kez\{o} YO
pEZ

(Tyvy Doty Tosin+pN,R(E)(Datin+pn) X 16Vix ™! <Da+pN>_1‘i>z,p>

Once again, there is no contribution from the off-diagonal terms when N > 2/, and
the diagonal contribution arises from the k = —p terms. 0
Because M is diagonal for large enough IV,

M@a = 55aM5(5V; (I)’ 6E),

rad’

the two angular momenta decouple. Choosing ¢, = 1, c_y, = 0, say, we find that the
system (4.25) and (4.26) reduces to (4.29) and M,(6V;®,dE) = 0. This system is of
the same form as that considered in Theorem 4.1, and an analogous result applies. In
the current context, the condition (4.3) becomes

<T€,Vo \11057 Té,R(EO)T&VO \iloz>rad 7& 0.
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5. Scattering resonance expansion. In the previous section we proved that if
the scattering resonance problem has a solution (Ejy, ¢g) corresponding to a potential
Vo, then for all potentials V = Vj, + 6V in a neighborhood of V; (|||6V]|| small) the
scattering resonance problem has a solution (E(Vy + 6V),¥(Vh + 8V)). Moreover, we
have that E(V) and (V) can be expanded about the Vj case. In this section we
compute the first few terms of this expansion.

To find the explicit expansions of E(V') and (V) we write

E=E0+5E(1)+6E(2)+"' ,
(5.1) U =0+ 600 4 60@ 4.

where terms with a superscript j are formally of order j. Substitution of (5.1) into
(4.8) and equating like orders or magnitude yields a hierarchy of inhomogeneous equa-
tions, the first two terms of which are

(5:2) O(1) s (I + Ta(Eo)Ty,) 9V = — (Tr(Eo)Tsy + 8EV Th(Eo)Ty, ) Yo,
@ @ Lo )
O(2) : (I + Tr(Eo)Ti,) 69 = — (6EDTh(Ey) + 5 TH(Eo) (6B) ) Ty, ¥
- (TR(EO)TW + 6E(1)T}’3(E0)TVO) s
(5.3) —6EWTL(Eo)Tsy .

At order O(m) in perturbation theory, sE™ is determined by the solvability condi-
tion:

(5.4) (T, o, right-hand side of §¥™ equation) = 0.
The equation for §E™ has the form
(5.5) (Tv,Wo, Th(Eo) Ty, Wo )6 E™ = ... .

Therefore, the determination of S§E™ at all orders depends on the nonvanishing of
the (m-independent) coefficient

(5.6) Cag = (Tv, Yo, Tr(Eo)Tv, Wo) = (Votbg, Ry (Eo) Votbo) -

Consider the O(1) equation. By Lemma 4.2 a necessary and sufficient condition
for solvability in L2 is

<TV()§07 TR(EO)T(SV\IIO + 6E(1)T}/%(EO)TV0\I’O> = O
Therefore,

(Tv, W, Tr(Eo)Tsy ¥o)
(Tv, Wo, T (Eo) Ty, o)

(5.7) SEW = —

or, equivalently, using (5.6) and the definitions of Ty, Tk, and Uy,

(Votby, 6V o)
(Vobg, Ry (Eo) Voo )

(5.8) SEW = —



506 S. E. GOLOWICH AND M. I. WEINSTEIN

1f 65 is chosen to satisfy (5.8), then (5.2) has a unique solution ¥,
Turning to the O(2) equation, we then substitute this into the right-hand side of
(5.3) and find, via Lemma 4.2, that SE® is determined by the solvability condition

CupdE® = _% (5E<1>)2 (Ty, To, TH(Eo) Ty, Wo)

—(Ty, W0, Tr(Eo)Tsy 60N — sEW (T, Wy, Th(Eo) Ty, 6%V
(5.9) —SEW (T, Wy, Tp(Eo)Tsv W) -

The procedure can be continued to obtain a solution to any order.

Special case: Vanishing first order correction; SEM = 0. When §EY =
0, the expression for §E@ simplifies considerably. This case arises in the application
of section 6.

LEMMA 5.1. Suppose §EM = 0. Then,

(5.10) SE®) = Ct (To, Toy 69

(5.11) _(TovWo, (I + Tr(Eo)Tv,) " Tr(Eo)Tsv Wo )
(TvaWo, Th(Es) Ty, Vo)

Proof of Lemma 5.1. If SE) = 0, then (5.9) gives
(5.12) <TV0§07 SEPT! (Ey)Ty, Uy + TR(EO)T5V6\I/(1)> = 0.
Therefore,
8B (T, To, Th(Eo) T, Vo) = — (T, o, Tr(Fo) Tsr 60 )
_ <m T5V5\I/(1)>
(5.13) - <EO,TW5‘1/<1>>.

The second equality in (5.13) follows from Lemma 4.3, and the third follows from
(4.7). Finally, (5.11) follows from (5.2). o

6. The Schrodinger equation with potentials with N-fold symmetric
(microstructure) potentials. Let » = |z| and 0 € [0, 27] denote polar coordinates
in the plane, R%. We consider V (z) = Vo(r)+6Vn (z), where Vo (r) defines the averaged
structure and 6Vy, the microstructure

(6.1) 8V (x) = 6V (r, NG).

Here, 6V (r,©) is 2m-periodic and mean-zero in ©. Thus we have a structure with
N-fold rotational symmetry.

We want to show that to any scattering resonance of the averaged structure,
there is a nearby scattering resonance of the perturbed structure, provided that N is
sufficiently large. In order to apply the results of Theorem 4.1 we must show that, as
N — o0,

(6.2) 8V Il = 1 Tsvic lszz) = (DY 6V (D) ™| 5 2y = 05
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where 6Vy = x 16V x~!. We next prove this and, in particular, obtain the precise
estimate of ||| 6V ||| in terms of N.
THEOREM 6.1. For some positive constant, C, depending on V and x,

1
(63) llsvivll < -

COROLLARY 6.2. By Theorems 6.1 and 4.1, there exists a positive integer, N, >
0, such that, for N > N,, the scattering resonance problem for H = —A 4+ Vy + 6V
has a solution (En,v¥yN) with scattering frequency En near Ey.

To prove (6.3), we shall make use of the Fourier series of 6Vy:

(6.4) SV (-, 0) = 6V P ()etk?.
k#0

A similar expansion holds for §Vy, with sV replaced by 6VN(k) = X_l(SVN(k)X !
PROPOSITION 6.3. Let K(A) denote a function of the Laplacian. Then,

(6.5) K(A)e™ f(r) = e K (Ag) f(r),
where
(6.6) A=A, — f—z

In particular,
(6.7) (D)~'e™ f(r) = (D)~ f(1),
(68) <Dg>71 = (mQI — Ag)_i.

Proof of Theorem 6.1. We now estimate the norm of Tsy,. Let f € L? be
arbitrary. Then,

< > 15VN lf Z I(SVN 1fe€iee
— Z 716VN6120<DZ>71J0Z

_ Z <D>716VN("C)ei(£+kN)0<Dz>71fZ

£,k£0

; e (B _
(6.9) = E N Dy N L5V )<De> 'fe.
0,k£0

Taking the L2 norm and using orthogonality of {e*’ : ¢ € Z} we have

KDY 8V (D) [ = D ||(Dean) 60 ™ (D)

,k#0
e (B)|B] o (K)|3 -k L2
= Z H<D@+k1\/> 1‘(5VN( )‘2‘(5‘/]\[( )‘QSgn ((5VN( )> <Dg> 1fg‘ 12
0,k#0
1 1
(6.10) <y H<De+kN>—1‘6VN(k)‘2H2 ‘HWN 2<De>_1H2 1fel2.
= B(LQ) B(LQ)

£,k£0
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Since the operators |§VN(k)|%<Dg>*1 and (Dg)*l\é‘V/N(k)ﬁ are adjoints, their B(L?)
norms are equal, and we have

(6.11) (D)L 6Va (DY f |72 < 3 Tepnwalenllfel2,
£,k#£0
where
1 5
6.12 D *1H .
(6.12) Do) ™| 5 2y
Let
62 2
(6.13) B, =(Dy) = (mQIAwrQ) :
Note that
> (k)% -1 _12 112
(6.14) Do = |||V ™| 42 B < el ) B ey

where
| <7

oo

- (k
o= o

where v is independent of k since V (r,#) is bounded and has compact support in x.
Therefore,

(6.15)

1D 26T (D) I <72 3 @) Bt g @) B | g el
£,k£0

We shall bound (6.14) using the following proposition.
PRroproOSITION 6.4.

(6.16) @) B £l e < (1+2) 2| £l pe-

The proof is given in section 8.
We now conclude our estimation of ||| §Vy |||. By Proposition 6.4 applied to the
operators By and Byy g,y we have from (6.15)

1

— 2 2
(6.17)  |{D)~'6Vn(D) "' flI72 < 27 %1;1+(£+kjv)21+£2”fl”m

Consider the above sum over the range k > 1. The range k < —1 is treated similarly:

22 7 €+kN21+£2”fZ”L2 Z+Z Z

k>1 ¢

Here, we use the notation

ZEZ Z {1 ZE {---}, and

A k>1 —2kN<(<—kN/2 k>1¢>—kN/2

(6.18) Z >

k>1¢0<—2kN
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These three sums are estimated as follows:

1 1 !
2= D yyplfilie <) il < Ol

k>1 —2kN<m<—kN/2 k>1 4
1 2 1 2
Z S Y Il < O 2
k>1 1+ £>—kN/2 L+1 N
1 2
Z Z RN Z QerHLZ = 72||f||L2
k>11+kN €<—2kN1+€ N
This completes the proof of Theorem 6.1. O

7. Comparison of perturbation and homogenization expansions. In the
previous section, we showed the applicability of resonance perturbation theory to
the class of potentials Vi; see (1.5). In this section, we first summarize the formal
homogenization expansion [7], derived and used extensively to obtain an expansion
and efficient numerical algorithm for computation of leakage rates (imaginary parts
of scattering resonances) for a class of photonic microstructure waveguides. We then
prove that this expansion of the scattering resonance frequency, E(Vy ), agrees through
second order with the expansion

E(V) = Ey+6EW +6E®

of the previous section.

7.1. Summary of homogenization/multiscale expansion. We begin with
a brief summary of the multiscale/homogenization expansion. For more detail, see [7].
We seek solutions of the equation

(7.1) (~A+Vy—E)tp=0

that satisfy an outgoing radiation condition at infinity.
For simplicity, we take

where 6V (r,© + 21) = 6V (r,0), and we define
(7.3) 8V (r,0) = 6V (r,N9).

The more general case, where V| is not necessarily radial, can also be treated.
As in [7], we view a solution of (7.1) as a function of slow variables r, § and a fast
variable © = N6:

(7.4) Y =9(r,0,0).

Equation (7.1) can be rewritten as an equation for ®(r, 0, ©) by replacing 93 in the
Laplacian appearing in (7.1) by (9y + Ndg)?. We then substitute into the resulting
equation the following expansions:

1 1 1 1
N) _
o )7<I>0+—Q>1+—2<I>2+—3<I>3+—4<I>4+~~,

1 1 (hom
(7.5) EWN) = E, + B+ WE““’ °8) | .
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Equating like orders of N~! yields a hierarchy of equations of the form
1 )
(7.6) ﬁaﬁj =F;, j=0,1,2,....

The solvability condition for (7.6) is

1 2m

(7.7) (Fiay (1) = o= Fi(-,©)de = 0.

_271— 0

This hierarchy can be solved recursively. The equations from O(N?) through O(1)
imply that the leading order term is a solution of the scattering resonance problem
for Vg, (Fo, o), which we have taken in (7.5). Furthermore,

(7.8) Dy = % (r,0,0) + & (r,0),
where
(7.9) o\ (r,0,0) = 05> [5%%]

At order O(N~1), we find 6E; = 0 and ®; = 0, and we can solve for ®3 in terms of

(bgp ). Finally, Eéhomog) is determined via the solvability condition for the ®, equation.
This solvability equation reads as

(7.10) (—A — By + Vo) @5 = ES ™Dy + (§VIg26V) _(r)ruo.

Now Eghomog) is to be chosen so that (7.10) has a solution satisfying an outward going
radiation condition at infinity. In [7] we implemented this construction of Eéhomog)
and P, for a class of “separable microstructures” as part of a numerical algorithm

used to treat general microstructures, 6V .

7.2. N2 corrections: Homogenization vs. resonance perturbation the-
ory. In this subsection we show that the expression for Eéhomog), obtained as a solv-
ability condition for (7.10), is, up to higher order corrections in N1, the same as
that given by (5.10) in Lemma 5.1.

We begin by reformulating (7.10) in L?. First rewrite (7.10) as
(711) (A = By + Vo) Y = —E{™¥ Ry(E) Voo + (6V G268V (r)r24o,

av

where we have used the Lippman—Schwinger equation (3.8) to replace )y by
—Ro(Eo)Vorbo.
For F with RE > 0 and SE > 0, consider the equation

(7.12) (—A = E+Vp) R = —ES ™8 Ry(E)Vouby + (8VI26V) (r)r2aby.

av

Ro(E) is a bounded operator on L?, and applying it to both sides of (7.12) gives

(I + Ro(E)Vo)R = —ES™® Ry (E)Ro(E) Vot + Ro(E)(8VIg2V) (r)rg

_EéhomOg)Rg(E)VowO + RO(E)<(5‘~/86_)26‘~/>M(7‘)7-2¢0
(7.13) =S.
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We then define

R1 = (D)xR, S1 = (D)xS
and introduce localization and smoothing operators into (7.13) to find
(7.14) (I+Tr(E)Tv,)Ri = Si.

For E in the upper half-plane, (7.14) is always solvable. We now analytically continue
across the continuous spectrum, the half-line E > 0 (corresponding to u € R), to
the lower half-plane and, in particular, to a small punctured disc about F = Ey,
0 < |E — Eo| < e. We note that S; € L?(R™), since Vy and (§V9g26V )ay(r) both
have compact support. From Corollary 3.6 we have that Tr(Ey)Ty, is compact, and
therefore by Lemma 4.2 the solution R4 of (7.14) exists for E = Ej if and only if the
following solvability condition holds:

(7.15) (Tv, ¥y, G) = 0.

We may read off Eéhomog) from (7.14). After recognizing that the coefficient of
E{"m08) i exactly Cyp from (5.6), we find that

Eéhomog) = Cop{Tv, Vo, Tr(Eo)Tv¥o)
(7.16) = —Cp(Vo, Ty Vo),
where we have used Lemma 4.3 and (3.9) and defined

V(r) = r3(§VOg2sV)_(r).

av

THEOREM 7.1. When 8V is of the form (7.3) and has compact support,
§E® — N72E§hmnog)‘ =0 <N7(2+T)) )

where T > 0 depends on the details of V. In particular, if 5V (r,0) is twice differen-
tiable in r, then T = 2; if 6V (r,0) has a finite number of jump discontinuities in r,
then T = 1.

Proof of Theorem 7.1. For ease of presentation, we make the simplifying, but
inessential, assumption that

Yo = to(r).
We begin by expressing §E® from (5.11) as
(7.17) SE®@ = —C;} (NQ(PT’““““) _ NZ(PT,rem)>7
where

N{FTomain) (TsvWo, Tr(Eo)Tsv ¥o),
rem b —1

N — (T o, (I + Tr(Eo)Tv,)~ Tr(Eo)Tv Tr(Eo)Tsv ¥o),
Cye = <TV0@0,T}'%(E0)TVO\IJO>.
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Estimation of the remainder NZ(PT’rem). We begin by removing the smooth-
ing operators:

(7.18) NPT = <x—%Ro<Eo>6vwo, (I + xRo(Eo)Vox 1)~ xRo<Eo>6vwo>.
f A-1 g

By the proof of Proposition 3.1, the operator (I + xRo(Eop)Vox*)~! is meromorphic
with finite-rank residues at the poles. Because we are evaluating it at a pole, we must
verify that g | ker A* and f L ker A. Under our assumption that ker A is the one-
dimensional space spanned by X1y, it is easy to see that ker A* is also one-dimensional
and spanned by x~1Vp1),. We may then compute

(X Vo, ) = (Ro(Eo)*Vorbg, 6V o)
=0,

which follows because Ro(Ep)* Vot is a radial function while 6V is mean-zero in
6. Similarly, we may verify that (f, x1o) = 0 and conclude that

(f. A7) < Clfl2llgll2
= Cllx~"Vox™"xRo(E0)* 6V ll2llxRo(Eo)6Vbol|2
< C||xRo(Eo)8V o3

In order to bound ||xRo(Eo)éV |3, we first express Ro(FEp) as a sum of a
bounded operator and an unbounded correction, using the analytic continuation for-
mula (3.20) with j = 0. This gives

(7.19) [XRo(10)6V o ll2 < [[XRo(—10)0Voll2 + ClixJo(pol - ) * 6V o]l
We next expand 6V in a Fourier series

(7.20) SV (r,0) =Y 6V (r)e™N’.

n#0
We consider the first term in (7.19) and use Proposition 6.3 to see that
(7.21) XRo(—410)8V ntpoe™ 0 = NGy (110)8V nibo,

where

Go(p) = (Ar + (nN)? ug) -1

r2

is the partial wave Green’s function. In section 8, we prove the following estimate on
Go(p).

PROPOSITION 7.2. Let n € C\ {0} with |Spu| < M. There exists a constant, C,
such that for all 1 > 1

1£1l2
fe L2(R2) = ||XGZ(/~L)Xf||2 < CKT'
This result implies that
X~ "6V utboll2

[XRo(—10)6V nipoe™ ™|, < C N)E
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and therefore
[ XRo(—110)8V1hoe™ ||, < CN 2 sup ||x "6V tbo |,
<CN2
We still must bound the second term in (7.19). We observe that for f € L?(R?) and
compact support,
Jalpal ) @) = [ dwolz = o) 0
= 27r/dy/ dwei“o(w_y)wf(y)
Sl
= 27r/ dwe™ 0™ f(ow),
Sl
and therefore
IxJo(pol - [) % fll2 < C sup | f(sow)l[[x(x) sup |e"o|5
weSt wesS?t

(7.22) < C sup |f(uow)|-
west

Next, we will need the following lemma. R
LEMMA 7.3. If F(r,0) = f(r)e'®, then its Fourier transform I can be written in
polar coordinates (p,v) as

(7.23) F(p,v) = 2melv+37/2) / rdrf(r)Jy(pr).
0

The proof is given in Appendix B.
Because we are considering the limit of large N while g is fixed, we may use the
asymptotic form (A.6) of J, along with (7.22) and Lemma 7.3 to find that

IxJo(pol - )+ 6Vabollz < Y [IxJo(pol - [) 6V ue™ 4,

< CZ/rdr|6V,L(r)¢o(r)JnN(|uo|r)|

C niN
<! (ﬁv;!

N
_ (Clu)™
- N!

Nz(PT’main) = 2nd order homogenization + small correction. In the ex-

pression for ]\TQ(PT’main)7 (7.17), we first remove the smoothing operators and move to
the physical sheet using the analytic continuation formula, (3.20), shedding a small
correction in the process:

NQ(PT,main) _ <6V@0, Ry (M0)6V¢O>

(7.24) = (6Vipg, Ro(—p10)6V o) + %<6VE07 Jo(pol - )6V o).
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In order to show that the second term of (7.24) is small, we note that for f, g € L*(R?)

(f, Jo(ul - 1)g) = [ dedy f(x)Jo(ulz —yl)g(y)

:/51

S1

—

dz e f(z) / dye " g(y)

dw
dw f (pw)§(pw),

I
T

and therefore, using (7.23),

(Clul)*N

{8V o, Jolkol - NVo)| < =

In order to estimate the difference between the first term in (7.24) and <@07 TV\IIO>,
the numerator from (7.16), we first prove the following lemma.

LEMMA 7.4.
(7.25) (8V Py, Ro(—p10)8Viho) = > (£, Ro(—po) £{7)),
n#0
(7.26) N=2(To, Ty Wo) = Y (5,120, 2 £(),
n#0
where

FP(r,60) = 6V () (r)e ™7,
130 (r,0) = OV a(r)o(r)e™ .

Proof of Lemma 7.4. We first note that (7.25) follows immediately on expanding
8V in a Fourier series (7.20) and moving to a Fourier integral representation, using
(7.23).

In order to see (7.26), we begin by writing

N72(Uo, TyVo) = (6Vhy, 720, 6V o),

which follows directly from the definitions. We may then expand 6§V (r, 8) in a Fourier
series (7.20) and observe that, again, the off-diagonal terms vanish. a

We may now complete the proof of Theorem 7.1. We begin by using Lemma 7.4
to see that

6E(2) _ N_QEéhomOg)’ — C’(;El <6V@07R0(—,LL0)6V'(/10>
~N"2(Wy, Ty Wo)| + O(N )

(7.27) < Cab 3 (AP, (Ro(—p0) = 12052) £{0)| + O(N ).
n#0

We may rewrite the summand in (7.27) as

|5, (Ro(—1o) = r2052) 15|

(r2s) - ‘<f,§“> (-ar+ 5E - Ma)l @+ i) (o) ng>>’ .

r2
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In order to estimate (7.28), we prove in section 8 the following proposition.
PROPOSITION 7.5. When f,g € Loo([0,R]), g € C?, and ¢ is taken large depend-
ing on p and R,

C

while when g is piecewise C?, with a finite number of jump discontinuities in g or ¢,
then

(7.30) 1, Cel)Br0) | < 1l gl

By Proposition 7.5
1 1
(nN)? (nN)™

Use of this bound in (7.27) and summing over n # 0 implies that

(7.28)| < C

SE® — N2E(™8)| — O(N72T) + O (N7Y).

This completes the proof of Theorem 7.1. ]

8. Partial wave Green’s function estimates. In this section we prove the
weighted estimates, used in sections 6 and 7, involving the partial wave Green’s func-
tion

2 -t
Gf(lu‘) = (_Ar + ﬁ - /142> )

defined for p in the physical upper half-plane. G¢(u) may be analytically continued
to the lower half-plane by explicitly computing its kernel [16]:

o) f(r) = / T Gulr s ) 0y

(O IIVARTIVES
81 Golrr'sp) = =i e TR =
2 | Hy (pr)e(pr') if r > 1.

We first prove Propositions 7.2 and 7.5, which are used in section 7. We then
prove Proposition 6.4.

Proof of Proposition 7.2. Because the kernel A(r,r") = x(r)G¢(r,r")x(r") is sym-
metric, we may estimate the L? — L? norm of the associated operator [4] as

IA] < sup / rdr|Ar, )|

and use the explicit form (8.1) of G4y. We define

[ xo),

1

Asriyrz) = x(r2) [H (72)

A(raora) = x(ro)lr)] [ v [ ) ),

and so

IA]l < sup (A4;(0,7) + Ag (1, 00)) .
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It suffices to obtain the bound sup,. ,, Aju(ri,ra) < Cl72. We treat Ay; the
bounds on Agy are similar. We prove this bound by separately considering the cases:
forri <ry <o,r <o <ryand g <r; <rg, where 0 > 0. We shall see that the
dominant contribution to the bound comes from r small, which dictates that o be
sufficiently small, yet large enough as ¢ — oo so that the large ¢ asymptotics in the
crossover and large 7 regions can be used. We set o = /.

VIl < 11 < ry: An examination of the asymptotic forms (A.1) reveals that the
following bounds hold for r bounded away from the origin. For r > ry, there exists
Cx > 0, such that

X(r)[Je(ur)| < C#e_(M—\%u\)r’
|

X(r)| He(pr)| < Cye= =30,

Therefore,
Aj(ri,r) < CemM=Smr /Tz rdre—M—ISulr
< Ce_(l—‘-)(M—gur)lrz.
Therefore, if 7o > 1 > /¢, then
(8.2) Ay p(r,re) < Ce CVE< o2,

71 < 19 < V/€: Note that the asymptotic expressions (A.6) hold, and therefore

T2 g
Aj(ry,re) <CU—=1)lry 67MT2/ rdr—e=Mr

T1 E'
ro
< —7“2_€e_MT2 drrttt
14 "
C 5 _un C
(8.3) <€—226 M2§€2

Finally, we treat the transition region.
r < V< 1y

L

I Ve r
Aj(ry,re) < e~ (M=ISul)r rdr— = 0( C‘[) <O(?).
o 14

This completes the proof of Proposition 7.2. ]

Proof of Proposition 7.5. Because f(r) and g(r) are supported for r € [0, R], we
may write

R R
(f. Ge(u)Arg) = / rdrf(r) / FAFG(r,7) (Arg) (7)
_c / rdr F(r)HO (ur) / Fdi o (ur) (Drg) (7)

+C /O rdrf(r)Je(ur) / FdiHy (ur) (Arg) (7)
= D1+ Ds.
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Case 1. g € C*: We may use (8.1) and (A.6) to find that

R J—
|D1+|D2|s(j[/0 rarl s 8 [ i)

(ur)? o)

R e R _ 1)
+ [Cranigon U [ fdeArm

C
(8.4) < 32 Ifllo [1Arglloo,

which is the desired bound (7.29).

Case 2. g or g’ have jump discontinuities: When g or ¢’ has a finite number of
jump discontinuities at the points r;, we introduce a partition of unity 1 =", x;(r),
where each x; € C° and supp x; contains r; and no other breakpoint r;;. We may
then represent g as

g= ZXi(gi +0(r —7i)gi),

where g;,3; € C? and 0(z) is the Heaviside function (6(z) = 0, z < 0, and 6(z) =
1,z > 0). We will examine D; in detail; Dy will give a similar contribution, as can
be easily checked. Using (8.1),

R o 1 r
(8.5) D :02/0 rdr F(r)H. >(r)/0 7 dF o (F) A (xs (7) (g4 (F) + O(F — 12)§(7)))-

A number of terms result from the action of the Az in the inner integral. When all
of the g;(r;) = 0, i.e., the case of jumps in ¢’ only, the result is the same as the C?
case (7.29). When some of the g;(r;) # 0, however, the sum (8.5) can be written as
a dominant term containing 68” = ¢’, where 6(r) denotes the one-dimensional Dirac
delta distribution, plus contributions satisfying the same bound as in the C? case.
That is,

R . ,
86 D= [ rar T ) [ 7 Da s e - )
0 () 1<l

The sum in (8.6) is, in turn, dominated by the contribution from 9, Jy:

R
D] < O flloe Y 1310 / rdr | HP (1) 0(r = ri)rigi (ri)|0p Jo(pr) o=, + O (£72)

< Ol Y 151 ( L )/ r O(M]
< Cllflle 3 3l _( o }

< 1 fllollglloo-

D5 may be estimated by similar arguments. 0
We now turn to the proof of Proposition 6.4, used in section 6. We first need the
following proposition.

Q
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PRrROPOSITION 8.1. Let Vi be a nonnegative, bounded, and sufficiently decaying
function. For any p € C, with ®p > 0, and f € L?*(R?),

2

1
(5.7 @7 (At Tt vokn) | <l

L2 % tm

Remark 8.2. We use this result for the case V; = 0 only. From the proof, it is
clear that it holds under much less stringent hypotheses on Vj.

Proof of Proposition 8.1. The proof is broken into two parts. We first prove
estimates for the heat kernel exp[(A — T—;)t] and then reduce the desired resolvent
estimate to the heat kernel estimate.

Part 1. Let u,, denote the solution of the initial value problem for the heat
equation:

(88) Oy, = (Ar - T:i; - VO) U um(o) =/

Multiplication by u,, and integration over R? gives the identity:

d U |2
(8.9) 7 /|um|2dx:—2/|Vum|2dx—QmQ/%dx—Q/Vo\udex.

Since V| is nonnegative we can drop both the first and third terms on the right-hand
side of (8.9) to obtain

d 2 o [ |um]?
(8.10) %/|um| dr < —2m / 2 d

Integration of (8.10) over the time interval from 0 to ¢ and using that (1 +72)~t <1
yields

t
a(t) < | ]2 — 2m? / o(s) ds

- |t |?
(8.11) at) = 12 dzx.
It follows that
_m2
(8.12) () ety 171122

Part 2. First note that the resolvent and heat kernels are related by the Laplace
transform: when 3p > 0,

2 -1 oo
(8.13) (AT — % —Vo— p) f= / e PtBr =2 Vo)t gy £
0

Thus, using the weighted estimate (8.12) we have

2

L2

(@)t

o0
8.14 < ~(Rp)t g—m®t
(5.14) < [ e e s =
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This completes the proof of Proposition 8.1. ]
Proof of Proposition 6.4. Recall that

£2
Bl?:mQI—AT—i——Q.
r

We take Vy = 0 and p = 1. In this case, there is no restriction on ¢ because Rp + 2 =
1+ 2 is always positive. This gives the bound

1
(5.15) |@ ™ B2 e < Il

We now deduce the estimates for B, ! from those obtained for B, % through the
square root formula

(8.16) pt-1 /OO LN
T Jo VwB%+w
From (8.16) it follows that
1 [ 1 1
(8.17) H<m>_1BZ_1HB(L2) < ;/O NG ‘ W FETw . dw.
By Proposition 8.1, with V5 =0 and p = w > 0, we have
‘ 1o b
(z) Bf +w sy O +w
Therefore,
1 (>~ 1 1 C

“1p-1
()" B; HB(L2)§; o ﬁ€2+wdw§(1+£2)1/2.

Appendix A. Asymptotics of Bessel and Hankel functions. We briefly
record the well-known asymptotics of Bessel and Hankel functions.

(1) When ¢ — oo, the following asymptotic expansions hold uniformly for | arg z| <
™ — €, with € > 0:

Jo(lz) ~ (1 4CZQ>

=

(Ai(fmc) v~ an(Q) AT < bk(<)>

1/3 2k 5/3 2k
o/ a4 05/ — !
) e (4G \E (AN X ax(€)
Hy ' (lz) ~ 2e (122) ( /173 72k
k=0
e27ri/3 Ai'(ezm/3€2/3() 0 bk(o
(A1) + 573 2 ik

where
2 14+vV1—22
gcg :111;—«/1—2'2
z

and ay, by are defined in [1].



520 S. E. GOLOWICH AND M. I. WEINSTEIN

(2) In the limit |z] — oo with £ held fixed, these reduce to

2\ ? 1 m
e ., = 0 |Sz| —1
(A2)  J,(2) <7rz> cos (z 5T 4) + 570 (]2]71), |arg z| <,
(A3) Y. (2) = 2 %sin z—lwr—z +e|gz‘(’)(|z|fl) larg z| < m
' v Tz 2 4 ’ ’
HD(2) = J,(2) + Y, (2)
2\* (1
(A.4) ~ (m) exp(i <z — YT 4) , —m < arg z < 2m,
HP(2) = Jy(2) — i, (2)
2\ ? /1o
(A.5) ~ (m) exp(—i (z LG 4) , —27 < argz < .

(3) For |z| < CVZ and £ — 0o, (A.1) and the asymptotics or Airy functions [1]
imply that

(A.6) Jo(2) ~ % (g)g 2V (a) ~ f%(z — )1 (g)_f.

Appendix B. Proof of Lemma 7.3. To prove (7.23) we represent x, k € R? in
polar coordinates as, respectively, (r,0) and (p,v). We wish to compute the Fourier
transform

F(k) = /d:ce*ik'mF(:r), where F(z) = f(r)e’?.
We define 6 = 6 — v, the angle between z and k, and compute as follows:

0o 2w . Lo
F(k) = / rdr / df e~ Cosof(r)ew(oﬂ’)
0 0

— eil(v—i—ﬂ)/ f(’f‘)’l"d?” déeiPTCOS¢+M¢
0 -
(B.1) = 27reiz(”+3’r/2)/ f(r)Je(pr)rdr,
0

where we have used (1.17). a
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