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Abstract

We consider the transmission eigenvalues for a bounded scatterer with a periodi-
cally varying index of refraction, and derive the first order corrections to the limiting
transmission eigenvalues. We assume the scatterer contrast to be of one sign, in which
case the transmission eigenvalue problem can be written in terms of operators cor-
responding to a fourth order PDE with periodic coefficients. We perform two-scale
asymptotics for this biharmonic type homogenization problem and show convergence
estimates which require a boundary corrector function, and this boundary corrector
function appears in the formula for the transmission eigenvalues correction.

1 Introduction

The transmission eigenvalue problem plays a fundamental role in scattering theory for inho-
mogeneous media. Transmission eigenvalues correspond to interrogating frequencies at which
there exists an incident field that does not scatter by the medium. Despite its deceptively
simple formulation—two elliptic PDEs in a bounded domain (one governing wave propaga-
tion in the scattering medium and the other in the background that occupies the support
of the medium) that share the same Cauchy data on the boundary—the problem presents
a remarkably intricate mathematical structure. In particular, it is a non-self-adjoint eigen-
value problem for a non-strongly elliptic operator, making the investigation of its spectral
properties highly challenging. We refer the reader to [4] for the significance of this problem
in scattering phenomena and inverse scattering theory.

More precisely, let n(z) denote the refractive index of an inhomogeneous medium of bounded
support, which is a perturbation of the homogeneous background medium with refractive
index scaled to one. Define D := supp(n — 1). The transmission eigenvalue problem is then
formulated as finding v # 0 and w # 0 satisfying

Aw + kE*n(z)w = 0 in D,
Av+ k=0 in D,
w—v=0 on 0D, (1)
ow 0Ov
% — % =0 on 8D,

*Department of Mathematics, Rutgers University, New Brunswick, NJ, USA (fc292@math.rutgers.edu)
"Department of Mathematics, Drexel University, Philadelphia, PA, USA (moskow@math.drexel.edu)



where £ > 0 is the wave number, proportional to the interrogating frequency w. In this
formulation, u := w — v corresponds to the scattered field, which by virtue of the boundary
conditions (provided D has some regularity), can be extended by zero into the exterior of
D, whereas v is the restriction to D of the incoming incident wave. This formulation shows
that a necessary condition for an incident wave to remain unscattered by the inhomogeneity
(D, n) is the existence of a nontrivial solution to (1). The transmission eigenvalue problem is
known to be non-self-adjoint [4], and complex transmission eigenvalues may occur, although
only the real ones are physically relevant to non-scattering. Values of k € C for which (1)
admits nontrivial solutions (w,v) are called transmission eigenvalues. Note that, it can be
shown that real transmission eigenvalues can be determined from measured scattering data
[4, 3, 16], hence they can be used to determine information about refractive index n when
solving the inverse scattering problem. There is a vast literature on the spectral analysis
of the transmission eigenvalue problem. The discreteness of the spectrum, completeness of
eigenfunctions, and Weyl’s asymptotics have been established under various assumptions on
n — 1 in [10, 15, 24, 27, 28]. In particular, if n — 1 has a fixed sign uniformly in D, then
there exists an infinite sequence of real transmission eigenvalues accumulating only at +oc.

In this work, we deal with the perturbation analysis of transmission eigenvalues when the
inhomogeneous medium (D, n), with D C R? for d = 2,3 bounded, is periodic and highly
oscillating. More precisely, let € > 0 denote the characteristic size of the periodic unit cell,
which is assumed to be small relative to the size of D, and let Y = [0, 1]¢ be the rescaled
unit cell. We assume that the refractive index is given by

ne(z) :=n(x/e) € L>(D),

with n periodic in y = x/e with period Y. Our concern is how the real transmission eigen-
values perturb as € — 0. The homogenization theory for the corresponding direct scattering
problem has been developed in [8, 5], while the convergence of the real transmission eigenval-
ues to those of the homogenized medium was proven in [6]. The main goal of this paper is to
provide an explicit first-order correction term in the asymptotic expansion of the real trans-
mission eigenvalue. Since the correction to the homogenized transmission eigenvalue can
be determined, the hope is that this correction term captures microstructural information
of the periodic medium. Such asymptotic analyses have been carried out for transmission
eigenvalue problems in media containing small-size perturbations as the perturbation size
tends to zero in [7, 9]. Our perturbation analysis is based on the work of [22], extended
to nonlinear eigenvalue problems in [19, 12]. In particular, our approach makes use of the
expression given in [12].

In this paper we formulate the transmission eigenvalue problem as a non-linear eigenvalue
problem for a fourth-order partial differential operator given by (10). Using two-scale asymp-
totics for the resolvent of the bi-Laplacian-type operator, we establish higher-order conver-
gence estimates as € — 0. While homogenization for periodic higher-order PDEs is known
[11, 20, 21, 23], these higher order estimates including boundary corrector functions appear
to be new. We show first that the homogenized problem reduces to the eigenvalue problem
with cell-averaged refractive index 7, recovering [6]. We then construct higher-order cor-
rectors: the first-order expansion includes only a boundary correction (consistent with the
homogenization of direct scattering problems [8, 5]), while higher orders involve both bulk
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and boundary terms. The resolvent estimates yield asymptotics for simple real transmission
eigenvalues, based on the formula in [12, Theorem 3.2]. The leading correction involves
the boundary corrector integrated against the scaled eigenfunction. The boundary corrector
satisfies a fourth-order boundary value problem with oscillatory coefficients, and it is highly
desirable to understand the limiting behavior of the boundary corrector as ¢ — 0. This is a
delicate issue in the theory of homogenization, and for the state of the art of this question
for second-order PDEs is discussed in [13, 14, 17, 25]. Here, although we can prove that the
boundary corrector is L?-bounded with respect to €, and thus admits weak subsequential
limit(s), we characterize its (non-zero) limit only in one dimension. We find that the first
order corrections are not unique and depend on the interaction of the boundary of the scat-
terer with the microstructure. The two and three-dimensional cases, which are technically
more involved, will be addressed in a subsequent paper.

2 Description of problem

We assume that the bounded domain D C R¢ has C? boundary, and as stated in the
introduction we assume that n(y) is a bounded periodic function of y in the cell Y = [0, 1]¢.
Let H2(D) denote the Sobolev space given by

H3(D) := {UGHQ(D):u:? =0 on aD}.

v
or, equivalently, the H? closure of C§°(D) functions, equipped with the inner product
(u, U)Hg(D) = (AU, AU)LZ(D).

Consider now the interior transmission eigenvalue problem (1) formulated above which has
a periodic coefficient with period € > 0, small compared to its support D. Letting 7 := k?,
we wish to find nontrivial w,v € L*(D) with w —v € HZ(D) satisfying

Aw+mn(z/e)w =0 in D (2)
Av+Tv=0 in D (3)
w=v on 0D (4)

ow  Ov

Note that the boundary conditions are equivalent to saying that w — v € HZ(D). Here
the eigenvalue parameter is 7 := k2. As already mentioned, the transmission eigenvalue
problem is not self-adjoint, and in the spherical symmetric case it is known to have complex
eigenvalues [4, Chapter 6]. Here we are concerned only with the real transmission eigenvalue,
since they are the ones which can be measured from scattering data. More precisely, here
transmission eigenvalues refers to values of 7 € R, for which the problem (2)-(5) has a
nontrivial solution. In this work we limit ourselves to the case when n(z/e) — 1 is of one
sign, and for the calculations we assume that n(z/e) — 1 > ¢ > 0, with ¢ independent
of €. In this case, an infinite number of real transmission eigenvalues are known to exist



[1]. We are interested in the behavior of these transmission eigenvalues as the period size
¢ approaches zero. It is known from the work [6] that the real transmission eigenvalues
{A¢} (omitting indexing) converge to those corresponding to {A¢} for the ”homogenized”
transmission eigenvalue problem, that is, those corresponding to

Aw+ 1w =0 in D (6)
Av+1v=0 in D (7)
w=v on 0D (8)

ow Ov

where 1 denotes the period cell average

n= |71|/Yn(y)dy.

Our motivation here is to find the next order term, i.e. the corrections 7() | where each
7o =10 + et + o(e).

From the work [1], for this setup we have that the transmission eigenvalue problem (2) is
equivalent to the fourth order nonlinear eigenvalue problem: Find 7 such that there exist
nontrivial u = w — v € HZ(D) such that

(A +7n) (A+7)u=0, (10)

ne — 1
where we use n. denote the periodic
ne = n(z/e).

We can state this in variational form follows: Find v € HZ(D) such that

/n ! 1(Au+7u)(A¢+7n€¢)dw:O for all ¢ € HG(D). (11)
D e ™

Following [1], we rewrite this in terms of variationally defined operators. Let us define the
bounded bilinear forms on HZ(D) x HZ(D),

ne — 1

A c(u, ¢) = ( (Au+ Tu), (Ad + Tgb)) + 7% (u, ?) r2(p) (12)

L2(D)

and
B(U, ¢) = (VU, Vgz&)LZ(D)- (13)

By the Riesz Representation Theorem, these bilinear forms define bounded operators A, :
HZ(D) — HZ(D) and B : H3(D) — HZ(D) which are such that

Am(u, Cb) = (Amu, ¢)H§(D) and B(u, ¢) = (IB%u, ¢)H§(D) (14)
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for all u,¢ € HZ(D). We may also find it convenient to write these variationally defined
operators using pde notation. For given f € H?(D) we have that

-1
A;if:((A—i-T) (A+7’)+T2) AAf

ne — 1
and
Bf — (AA)Af

where the inverses of the fourth order operators have range in HZ(D), where solutions are
unique. We also note that the operator B : H?(D) — HZ(D) has a bounded extension on
L*(D); for any f € L*(D), Af is understood in the sense of H%(D), the dual of H3(D). We
continue to use B to denote this operator B : L*(D) — HZ(D), so that B is clearly compact
from L?*(D) to itself. Furthermore, A, is invertible on HZ(D) for positive real 7, and the
coercivity constant is independent of 7 [2]. The variational form (11) of the transmission
eigenvalue problem is equivalent to finding v € L?*(D) such that

(I —7A;B)u=0. (15)
Define the linear operator T.(7) : L?(D) — L*(D) for ¢ > 0 and 7 € C such that

T.(t) = A;!B, (16)

= ((A+r)

1 —1
1(A+7’)+72) A

Ne —

so we can write (15) as

TT.(T)u = u, (17)
and its limiting problem
TTo(T)u = u. (18)
Here Ty is defined as
To(r) = A;%)IBS, (19)

= ((A+7)ﬁi1(A+r)+¢2)_lA

where A, is defined as in (14) but with n. replaced with its limiting value ny = 7.
We have now rephrased the problem as a nonlinear eigenvalue perturbation problem. That
is, a transmission eigenvalue 7, is a value for 7 such that there exists a nontrivial u € L*(D)
satisfying

T T (T )u = u

for e > 0. A limiting transmission eigenvalue is a value 7y such that there exists nontrivial
u € L*(D) such that
ToTo(To)u = Uu.

In order to find a correction formula for the transmission eigenvalues of the perturbed prob-
lem in terms of the eigenvalues and eigenvectors of the background problem, we will apply
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a result in [19], an application of Osborn’s theorem for approximating the eigenvalues of
compact operators [22]. Let 7. be the eigenvalue associated with the nonlinear eigenvalue
problem (17) and let 7y be the eigenvalue corresponding to the limiting eigenvalue problem
(18). In this paper we will derive an expression for the next order correction term 7(!) in the
asymptotic expansion

e = 10 + et 4+ o(e).

Remark 1. For sake of presentation, we present the calculations for the case when n, > 1
uniformly in D. Similar analysis can be done in the case 0 < n. < 1 uniformly in D. In this
case the definition of the coercive part (12) is replaced (see [4, Section 4.2])

AT,E(ua ¢) = ( (AU + Tneu)> (A¢ + Tne¢)) + TQ(”eua ¢)L2(D)

L—n 12(D)

with the corresponding operators defined accordingly.

3 Operator convergence: a fourth order homogeniza-
tion problem

In order to apply the eigenvalue correction theorem, we will need to explore the convergence
of T.(7) to To(T), or more precisely, we will need an asymptotic expansion with respect to
e for T.(7) and corresponding norm estimates. We need to focus on A_!, since all of the €
dependence is in this operator. Note that if

ue = AL

T,J

then u. € H2(D) is the variational solution to

1
(A+ 7_)n(x/e) -1

where n(y) is periodic on the period cell Y. For simplicity of exposition, we let

1

(A + 7T ue + 7°ue = AAf in D (20)

a(z/e) = ey (21)
and
h=AAf,
so that u. € H3(D) solves
(A +7)a(z/e)(A + T)uc + T*u. = h in D; (22)

the periodic homogenization problem which is the subject of this section. We note that such
fourth order periodic problems have been studied in the past, see for example, [23],[11], and
so the expansion of the main part of the operator is not new. Here we focus on obtaining high
enough order L? norm estimates, which we will need to apply the eigenvalue perturbation
theorem. These estimates require the introduction and analysis of a fourth order boundary
corrector function.



3.1 Formal asymptotics

We proceed by assuming that a(y) > ag > 0 is positive, bounded in L* and periodic, and
we do standard two-scale asymptotic expansions. Let y = x/e so that from the chain rule

1
V=V,+ -V,
€
and assume the ansatz for the solution u, of (22)

ue & ug(x,y) + eu(w,y) + Eu® (z,y) + ... (23)

where cach u is periodic in the fast variable y in the sense of HZ(Y), where HZ(Y') is defined
to be H? functions on the torus, defined in terms of the decay of the Fourier coefficients.
Equivalently, this is all H?(Y") functions which are also in H? across the matching boundaries
(the closure of smooth functions on the torus in the H? norm). We note that

2 1
A=8;+7V, Vat 54,

We could proceed by plugging the ansatz (23) into (22), however, we will instead rewrite
(22) as a second order system. The use of a lower order system both simplifies the derivation
of the terms in the ansantz and potentially allows for lower regularity assumptions. To this
end, we let v. = a(x/€)(A + 7)u, so that the pair (u,v.) solves

/(D + T = v, (24
(A4 7). +7%u, = h,

and so we also expand
ve = vo(z,y) + eV (z,y) + 0P (z,y) + ... (25)

We plug the ansatz into the system,

2 1
a(y)(Ar +=Vy - Vo + 5 Ay + 7)(uo + e + u® 4+ ) = vy + e + 2@
€ €

2 1
(Ba+ 2V Vo 5 Ay + 7)o + el + 2@ 4 )
+ 73 (ug + eu™ + Eu® + ) =h, (26)

and set equal the coefficients of like powers of epsilon to obtain the equations

1
2 alyug = 0 (27)
AyUO = 0
1 1)
- 2aV,Vyug+ald,u = 0 (28)

2V, Vv + A = 0
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e a(A, +T)ug +2aV, - Vyu) +adu? = v (29)
(A, +7)vg 4+ 2V, - Vo) + Aw® £ 720y = h

e: alA, +1)uW +2aV, - Vu? +aAu® = oW (30)
(A + 7)o 42V, -V, o + Ap® 4 72 = 0
e alA, +7)u? + 20V, - V,u® +ar,u® = @ (31)

(A, + 1?42V, -V, £ AW 4 2@ = 0,
and in general, for n > 1, the equation corresponding to €” is

e a(A, +7)u™ + 20V, - Vu Y paA u D = ™ (32)
(A, + 7)o" 42V, - Vo0t 4 A pF2) 4 220 =,

First we observe that the first two sets of equations (27) and (28) imply that the first terms
do not depend on y, that is, uy = ug(z), vo = vo(z), u™ = uM(z), and vV (z) = vo(x).
Since vy(x) does not depend on y, the first equation in (29) suggests that we should take

u® = x(y)(As + 7)ug (33)

where
a+alyx =c

for some constant c¢. Periodicity implies that we must have ¢ = F_l, leading to
—1
Ayx(y) =at Ja—1. (34)

We note that apriori u(® could still have an additive function of . Taking the Y cell average
of (29) and using the formula for x we find the homogenized problem

(Ap +7)a T (Ay + 7o + 2ug = h, (35)

accompanied by

—1

vo=a"1 (A + 7T)ug. (36)

Now, if we take
u® = F(y) - Vo(Ay + 7)ug (37)

where the vector 7 has cell average zero and solves

—Ay7 = 2Vyx(y), (38)

we see that the first equation of (30) is satisfied with

u =M = .



The second equation of (30) is also satisfied if we take

@ =00 =,

If we do this, to satisfy the first equation of (31) we can take
ut = a(y)(Ay + 7)(Ap + T)uo + By (y)(D2)is(As + T)ug (39)
where the a(y) has cell average zero and solves
—Ayo =y, (40)
and matrix B(y) has components with cell average zero satisfying
—A,Bi; = 22—;;. (41)

In (39) Einstein summation notation is employed, with D? denoting the Hessian. We find
then to satisfy the second equation in (31) we need a nonzero v, and taking

v® = 72a(y) (A + T)uo (42)
will work. To summarize, we have thus far derived
ue & ug + Eu® + Eu® 4 ety@

ve & vy + o 4o

with u®| u® u® vy, and v given by (33), (37), (39), (36), and (42) respectively. We need
to emphasize, however, that beyond second order these choices are not necessarily optimal,
there may be other third and fourth order terms necessary if one wanted estimates of higher
order.

Our solutions u. and ug are in HZ(D), but due to the corrections, our approximation to u,
is no longer in HZ(D). Hence in order to obtain high enough order convergence estimates,
will need the boundary corrector functions at each order. Let 8™ denote the unique H %(D)
solution to

(A, + T)a(z/e)(A+7)0™ + 726" = 0 in D (43)
" = —eu™ on OD
oo™ du™
= — D
ov “a " D,
and define its second order system counterpart
Y = alz/e) (A + 7). (44)
Then the pair (Hén), @/)én)) solves
a(z/e)(A+ 7)o" = P (45)

(A4 7)™ 4+ 720™ = 0.
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Remark 2. Since for our transmission eigenvalue problem a = 1/(n — 1), we have that

n(y) —n
Ayx(y) = TH_1 (46)
which means that 5
X = 1

where (8 is the first order cell function from the homogenization of the standard transmission
problem corresponding to n; which is Y -periodic, has cell average zero, and solves

AyB(y) =nly) —m, (47)

see for example [5],[8].

3.2 Norm estimates

The following Lemma will be useful for showing convergence estimates.

Lemma 1. Assume that z.,n. are in H2(D) and L*(D) respectively, and that they satisfy
the second order system

a(x/e)(A+T)ze —me = e (48)
(A+T)e + 122 =

Then there exists C' independent of € such that
1zellmz(p) < Clllellzz2oy + 1 lla-20))- (49)

Proof. Consider

/Da(A +7)2(A+T)ze = /DnE(A +7)z2e + / e(A + 1)z

D

— L)(A+7)neze+/€(ﬁ+7)ze

D
= —TZ/ZEZE—F/fZe—i-/e(A—FT)Ze
D D D

where in the second line we integrated by parts and used the fact that z. has zero boundary
data. Using ellipticity and Cauchy-Schwartz we have

R I

_ /sz€+/De<A+r)ze :

< Nflla—2@yllzell a2y + llell 2o 1zl g2 (p)- (50)

Dividing through by [|2c||zz(p) the result follows. O

10



The next result gives us first order convergence in €, which we will need to show convergence
of the operators.

Proposition 1. Let u,ug € HZ(D) be the solutions to
(A, + 7)a(z/e)(A + T)uc + T*u. = h (51)

and
—1

(A, + T)F (A4 7T)ug + 2ug = h (52)

respectively. Then
e = (ug + €ul® + 699)”1{3@) < Celluol|m4(p)

where u? s given by (33) and where the boundary correction 0 s defined by (43) for
n=2.

Proof. Let
ze = ue — (ug + €2u® + €0?)

and
Ne = Ve — (UO + 6¢£2))

where 1/)52) is given by (44) and we recall that vy is given by (36). Thanks to the boundary
corrections, z. € HZ(D). We calculate

a(x/e)(A+7)ze — e = —2eaV, - V,u'® — Ea(A, + 7)u® (53)

and
(A 4TI + 722 = —e2 22, (54)

The residual contains derivatives of ug of fourth order or lower, and so the result follows
from Lemma 1 . m

Corollary 1. Let u.,ug € H3(D) be the solutions to
(A, + T)a(z/e)(A + T)uc + T*u. = h (55)

and o
(A +7)a= b (A +T)ug +7%ug = h (56)

respectively. Then the boundary correction S given by (43) with n = 2 satisfies
16220y < Ce V2 luo |l (o

and hence
lue — ug — egu(2)||H2(D) < 061/2||u0||H4(D).

where u® is given by (33).
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Proof. From direct calculation of derivatives on the boundary and standard interpolation we
get that

lew® N 2oy < Ce2luoll ()
and o
ou _
e EY | 172op) < Ce Y2 \|uoll 14y,
and so the bound on the boundary corrector follows from standard elliptic estimates. The
result then follows from Proposition 1. O]

To get higher order estimates we need to use further terms in the asymptotic expansion.

Proposition 2. Let u.,uy € HZ(D) be the solutions to
(Ap +7)a(z/e)(A + T)uc + T*u. = h (57)

and

—1

(A, +7)at (A +7T)ug + TPug = h (58)

respectively. Then

||u5 — (U(] + €2U(2) + 6022) + €3U(3) + 62923))||H3(D) S 062||’LL0”H5(D)
where u® and u® are given by (33) and (37), and where the boundary corrections o™ are
defined by (43) for n = 2,3.

Proof. Let
ze = ue — (up + u® + 69£2) +3u® + 6209))

and
e = ve — (vo + ep® + Z¢)

where %) is given by (44) and we recall that vy is given by (36). Thanks to the boundary
corrections, 2. € H3(D). We calculate

a(x/e)(A+T)ze — ne = —26%aV, - V,u'® — Ea(A, + 1)u® — Ea(A, + 7)ul® (59)

and
(A +7)ne + 722, = 272, (60)

Again the residual contains up to fifth derivatives of ug, and so the result follows again from
Lemma 1. O

We have that the boundary corrector terms, e"~ 1", with 6" given by (43), are of order

€""1 in general.
Lemma 2. The boundary correctors ot given by (43) for n = 2,3 satisfy
109 220y < Clluollsn+2(p)

where C' is independent of € and uyg.
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Proof. We prove this for n = 2, the proof for n = 3 follows in the same way. Given any
f € L*(D), consider the solution w, € HZ(D) of

(A, +7)a(z/e)(A+ 1w, + 7w, = f in D (61)
we = 0 on 0D
ow.
9 0 on OD. (62)

Using the equations for 0?) and w, and the second Green’s identity twice, we obtain

/ 02 f = / (A + T)a(z/e)(A + T)we + T°w] 0@ dx

06

5 O
= /<9D Qg ) 3 (a(z/e)(A+ T)w.) — a(z/e)(A + T)w, o ds. (63)

The boundary conditions for 0! then yield

/DGEQ)]” = - ex(x/e)(A + T)ug % (a(z/€)(A + T)w,)

0
— / ca(x/€)(A 4+ T)we — (x(z/€) (A + T)ug) ds. (64)
oD (9V
From Proposition 1 applied to the homogenization problem for w., we get have that
”U)E — Wy — 62'11}(2) — EegHHQ(D) S CEHwOHH‘l(D) (65)

where wy is the homogenized solution for (61), w® is the corresponding bulk correction, and
0/ is its corresponding boundary corrector (for order n = 2). From line (53) in the proof of
the same Proposition, we have that 7. is O(e) in L?. Likewise, An, is also bounded by the
same right hand side in L*(D) from (54). Hence we have that

17ell22(p,a) < Cellwoll14(p),
where we use the space (see for example [26])
L*(D,A) = {v € L*(D)|Av € L*(D)}
with norm

[vllz2(p,a) = [Vl 220y + 1AV L2(D)-

It is known, (see Appendix 7.2), that L?(D, A) has bounded boundary traces in H~/2 and
bounded normal derivative boundary traces in H~%/2. From this and the proof of Proposition
1 we can conclude that

— 1
la(A + 7w —a=t (A4 7wy — ea(A + T)egHH—l/Q(aD) < Cel|lwo || ga(py (66)
and
0 —-1 0 0 s
||$(G(A + T)we) —a %(A + T)w(] — EE(G(A + T)Qe )||H‘3/2(8D) S C€|lw0||H4(D). (67)
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Thanks to these estimates, we can replace the w, terms in (64), with the remainder bounded
by
Cellx(x/e)(A + m)uoll gs/2(0m) lwoll a1+ ()

for the first term and
2 a
Ce H@X(%’/G)(A + 7)ol /20y | woll (o)

for the second term. Both of these are bounded by C'¢*/?||ug|| ga(py||wol| zr4(p), where we abuse
notation and continue to use C' for the constant. Since we have assumed that D is smooth,
we use the standard elliptic estimate that

”wDHH‘*(D) < CHfHL?(D)>

so the remainder is bounded by C€'/?|| f||z2(p)||uo|| #r4(p)- Hence (64) becomes

/D 80 = [ extaf(a -+ o % (a7 (A + )y ) ds
/8 (/A +ug % (a(z/e)(A + )89 ds

_ / a1 (A + T)wg % (x(z/e)(A + T)up) ds
oD

- /8D Ea(x/e)(A + )67 (% (x(z/€)(A + T)ug) ds+ o(1)
— T+ 1T+ 11T+ 1V +o0(1) (68)

where the tail is bounded in absolute value by Ce'2||f||2(p)lluol|ma(p). The first term I

is clearly bounded by the same, as it in fact goes to zero O(e). For the third term [11,
the normal derivative produces a 1/e¢ when applied to x, which cancels with the ¢, yielding
that the absolute value of 111 is bounded by C|| f||2(p)||tol| m4(py- For the other two terms,
we note that a(z/€)(A + )6/ is bounded by Ce™V/2|lwol|ga(p) in L?*(D,A) by Corollary 1
and the equation for #/. Hence we have by trace estimates for L?(D,A) (see for example
Appendix 7.2) that

la(z/e)(A + )0 | 1-1/20m) < Ce [ fll 2oy

and P
H@a(x/ﬁ)(A + 70 | g-sr20m) < C€ 2| f || 22(p).

Using the duality pairing,

0
11| < €2||X(A+T>UO||H3/2(8D)||$a(£(:/6)(A+T)95“H—3/2(8D)
< e ug|l sy I fll2p)  (69)

14



and

0
[1V] < €5 XA + T)uollopllale/e) (A + 70! ll-1720m)
< O ug|l mawye 2| fll2py (70)

from which we can conclude that

‘/$W§0M%WMWW®
D

from which the result follows. O

Corollary 2. Let u.,ug € H3(D) be the solutions to
(B + T)ae /A + e + 7 = ()

and
(A, + T)F_l(A + T)ug + T2ug = h (72)
respectively. Then
lue = (uo + 0P| 20y < CE||uo|lmo(p)
and
[ue = woll2(p) < Celluollma(p)-
where the boundary correction 0%is given by (43) with n = 2.

Proof. The first estimate follows from Proposition 2 and Lemma 2 applied to 0&3), and the
second follows from Proposition 1 and Lemma 2 applied to 0. ]

4 Transmission eigenvalue expansions

The following result about nonlinear eigenvalue perturbations is an extension of a special
case of the results in [22]. This is a slight modification of Corollary 4.1 in [19] for the case
where we assume only that the operators themselves converge point-wise (strongly), without
assuming convergence of the adjoints. The necessary modifications were shown in [12].

Theorem 1. Let X be a Hilbert space with sesquilinear inner product (,) and {T.(T) :
X — X7} be a set of compact linear operator valued functions of T which are analytic in a
region U of the complex plane, such that T.(T) — To(7T) pointwise as € — O uniformly for
T € U, and that {T.(T)} are collectively compact, uniformly in U. Let 79 # 0, 7o € U be a
simple nonlinear eigenvalue of Ty, define DTy(7o) to be the derivative of Ty with respect to T
evaluated at Ty, and let ¢ be a normalized eigenfunction. Then for any € small enough, there
exists 7. a simple nonlinear eigenvalue of T,, such that if

1+ 75(DTy(70)$, ¢) # 0

there exists a constant C' independent of € such that

= (e B0

where R(E) is the one dimensional eigenspace spanned by ¢.

< Csup [[(To(7) — Te(7)) | ke II* (73)

TeU
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Now let us consider our operators

T.(7): L*(D) — L*(D),  T.7)=A]!B (74)

T,€

where AZ! : Hi(D) — H§(D) is given by

1
A;if:((A—i—T) (A+7‘)+72) AAf

ne — 1
and B : L?(D) — HZ(D)
Bf = (AA)’lAf

so that )

(A+T>+T2>_ Af (75)

T.(7)f = ((A +7)

ne — 1

and

s = (@47

ﬁ_l(AJrT)—l—Tz)_lAf. (76)

where the inverses of the fourth order operators have range in H3(D). We note that T,(7)
and Tpy(7) are well defined and compact on L?(D). This follows because A f makes sense in
H—2(D), the dual of HZ(D), so that the range of both operators is in HZ(D), which embeds
compactly in L?2. We can therefore take X = L?(D), with the usual inner product, when
applying the above theorem.

For the denominator in the correction theorem, we must compute the derivative of Ty(7)
with respect to 7, DTy(7). In fact, this derivative is computed in [9], and we include the
computations in Appendix 7.1 for the reader’s convenience. In our case, the formula (89)
simplifies since our ng = 7 is constant. In particular, the derivative DTy(7) : L?(D) — L*(D)
is given by DTy(T)u = —v where v € H3(D) solves

2
Note that the range of Ty(7) and its derivative is HZ(D). Next we compute (DTy(75)e, ¢)
where ¢ is an eigenvector corresponding 79. To this end, let us denote by L., : HZ(D) —
H~2(D) the mapping

n—1

Loou = ((A ) (A + T2> " (78)

Thus, we have
To(r) = L7 jA.
Note that L. is coercive, which means that (L. ou,u)y > yo > allul[gz, and its inverse is
g

well defined with range in H3(Q2). Recalling also that A ') = LZJAA, we have Ao =
(AA)™'L, o, and equation (77) becomes

L.ov= %(A + 7mn)To(T)u (79)
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and hence 9
DTy(1)u = —L;})m(A + 77)To(7)u. (80)

If we now take 7 = 79 and u = ¢ to be the L?-normalized homogenized transmission eigen-
function corresponding to the transmission eigenvalue 7, this gives

1 2
DTo(T0>¢ = _;O’r_], 1

L;O{O(A + To7) 9,

since we know that
QZS = TgT()(T())qb.

The above calculations yield

L+ RADTY(M)6,6) = 1 (L (A 4+ 70m)o,6) (51)
2 212
= 1= " (Ty(r0), 6) =~ (Ll )
B 2 2780 4
- 1_’FL—1__—1<LT0’0¢7¢>
= - i (7 — 3 —2mn (L, 00, ¢))

This expression is obviously non-zero if 1 < n < 3, since L;(jo is nonnegative and 75 > 0.
To compute L;O%Ogb for the given transmission eigen-pair (79, ¢) of the homogenized problem,
one must solve

(A +79) (A+7)w+mw=¢  forwe H(D).

n—1
Thus it is easy to numerically check if (n — 3 — 279n{w, ¢)) # 0. In order to evaluate the

numerator we use the asymptotic estimate developed above. To this end we have

To(10)p — To(10)p = L\ Ap — L' Ag

70,0 T0,€

where u, := L' A¢ and ug := L,'yA¢ and u, := L. A¢ are the solutions of

70,0

(A + T)n (A + 1o)u. + 7'5uE =A¢

ot
(z/€) =1

and

(A+T) (A + 79)ug + Tguo = Ao,

n—1

respectively. From Corollary 2 we have that

(To(70)¢ — Te(70)9, &) = — (ebe, ) + O(€?) (82)
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where 6, is the solution of
1
(Atm) g =14 70)0P +750% =0 in D (83)
02 = —eu® on 0D
96> ou®
—€

ov ov on 9D,

1 5}
with u OX(Q)(A +70)¢ X -1

where [ is Y-periodic, has cell average zero, and solves

AyBy) = nly) — 7,
where we used that uy = ¢/7.

Theorem 2. Assume n, := n(x/e) € L>(D) is periodic in y := z/e fory € Y = [0,1]%,
and n(y) — 1 is positive uniformly in Y. Let 19 be a simple transmission eigenvalue of the
homogenized problem with constant refractive index n, and ¢ the corresponding eigenfunction
normalized such that ||¢||L2(py = 1. We assume that 0D is smooth enough so that ¢ € H°(D).
Then for any € > 0 sufficiently small, there exists a simple transmission eigenvalue 7. > 0
of the periodic media with refractive index n(z/€), which satisfies the following asymptotic
exrpansion

201 _ = (2)
Te=1To+€ ot <9€ 7(Z§>L2(D)
e — 10 — — _
n—3— 27'07L<L701,0¢, ¢>L2(D)

provided that (L, '\, ¢)2(p) # ;;?L, where 6 is given by (83) and L., o is given by (78).

+ O(e?) (84)

Proof. First we note that Corollary 2 gives us that for any given f € L?(),

I(Te(7) = To(7)) fll 220 < Cre. (85)

For 7 given in a bounded region of the complex plane, C can be bounded inependently
of 7 from the explicit coercivity of of the fourth order operator [2]. Hence we have strong
pointwise convergence of the operators in L*(f2). Furthermore, the operators {T.(7)} are
collectively compact, since {u. = T.(7) f} satisfy

lucllz2) < Cll fllz2 @)

where C'is independent of € and 7. Hence we can apply Theorem 1. Furthermore, (85) says
that the right hand side of (73) is O(e?), since the eigenspace R(FE) is finite dimensional (in
fact one dimensional in our case). We have already calculated the expressions on the left
hand side of (73); the denominator is given by (81) and the numerator is given by (82). The
result follows from inserting these formulas into (73). O
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Remark 3. It would be desirable to have the correction value in formula (88) be independent
of e. Note that from Lemma 2 we have that the term <9£2), ¢> is bounded with respect to €,

so any sequence of €, — 0 will have subsequential limits. We would like to characterize its
limit points, or at least rewrite it in a more explicit form. For similar eigenvalue problems
in second order homogenization in bounded domains [13, 14, 17, 18, 25], the precise value of
the boundary corrector limit is complicated by two factors (i) The limit may not be unique
if the domain has boundary with flat parts of rational or infinite slope. We expect that
the limit will be unique for smooth D in which the boundary has no flat parts. (ii) Even
when the limit is unique, there is no known explicit characterization of the limit. It may
very well be the case that the first order transmission eigenvalue corrections exhibit both of
these complications. One needs to study the behavior of the boundary correctors for fourth
order homogenization problems, and this is the subject of future work. In the next section
we consider the one-dimensional case, which is easier to analyze, and demonstrates that the
corrector is not generically zero. Furthermore, if the scatterer has flat parts with rational or
infinite slope, the one dimensional study suggests that the corrector will depend on how the
boundary cuts the microstructure.

5 The one dimensional case.

Although we explicitly took the dimension d = 2 or d = 3, the same results clearly hold for
d = 1. Let us take D = (0,1) for simplicity, while noting that the following can easily be
extended with small modifications general intervals (a,b). Recalling that the eigenfunction
has zero Cauchy data at the boundary, the one dimensional boundary corrector function S
here satisfies

(dd—; + To) m (dd—; + 7’0) 02 + 720 =0 on (0,1) (86)

2)(()) _ B0)  d*¢

6(0) = —Em@(o)
2 _ B(l/e) d*¢

02(1) = —€m@(1)
2DV () 1 dg,  d*¢ p0) d’

(62 (0) —md—y(o)@ 0) — em@m)

02y () = ————P1/9T0 ) - LU Do

w1y VY T S as

In the limit, the boundary terms with e will disappear, and so the limit will be dominated
by the first terms of the Neumann data. Notice that as e — 0, this first term is fixed on the
left but changing with € on the right. We see here that the limit of this boundary data is
not unique, and depends on the sequence €, — 0. Assume that




where Ny — oo are integers, so that 1/e, — |1/e;| = 0, and

due to periodicity. The sequences € for which the boundary corrector has a limit are those
for which this cutoff §; has a limit 0. We see that for fixed cutoff the equation for the
corrector becomes a standard fourth order homogenization problem. Hence the corrector
converges in L? at order € to #*, the solution to

70) =

(1) = 0

EVO0) = = OO
EV) = e e O

We therefore have an explicit formula for the transmission eigenvalue corrector in one di-
mension, summarized in the following Theorem.

Theorem 3. Assume the dimension d = 1 with period cell Y = [0,1], and n. := n(x/e) €
L>(D) is periodic in y := x/e such that n(y) — 1 is positive uniformly in Y. Let 7y be a
simple transmission eigenvalue of the homogenized problem with constant refractive index n,
and ¢ the corresponding eigenfunction normalized such that ||¢|| 2(py = 1. Assume

B 1
N +6

€k

where N — oo are integers. Then for any k sufficiently large, there exists a simple trans-
mission eigenvalue 7. > 0 of the periodic media with refractive index n(z/€), which satisfies
the following asymptotic expansion

5(1 —n) (6, 9) r2(p)
Te = To + €— _ —1
n—3— 27071([/70,0(%5: ¢>L2(D)

provided that (L;Ol,oqb, @) 12(py # 222, where 0 is given by (87) and L., is given by (78).

210N

+ O(€?) (88)

6 Conclusions

In this manuscript we derived an asymptotic expansion for the transmission eigenvalues of
a scatterer with periodically varying index of refraction in the case when the contrast does
not change sign. In this situation, we were able to use the fourth order formulation for
the transmission eigenvalue problem, and its analysis required us to study a fourth order
homogenization problem. The two scale asymptotics reveal a boundary corrector as the
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largest microstructure effect, and this boundary corrector appears in the correction formula
for the transmission eigenvalues. It appears that this boundary corrector function may
exhibit all of the difficulties of the boundary correctors in many second order homogenization
problems; in particular the lack of an explicit formula for its limit for dimension d > 2, even
in the case of smooth domains. An explicit formula would allow us to determine what
information about the microstructure of the medium can be extracted from the transmission
eigenvalues. The analysis of these fourth order boundary correctors is therefore of great
interest, and is the subject of our future work.

7 Appendix: Technical Lemmas

In this section, we will collect the technical lemmas that are necessary for the results in this
paper.

7.1 Derivative of T(7) with respect to 7

This Section is taken from [9] for the reader’s convenience. To apply the theorem, we need
to compute the derivative of Ty(7) = A oB with respect to 7, evaluated at a function wu.
However, since B does not depend on 7, this problem is equivalent to the derivative of A 0
evaluated at Bu. Thus it is only necessary to compute DA 5. With that in mind, for
u € H2(D) we define the solution map £, to variational problem:

1
AAA o Lou= A ( AATju+ 27 < Tt 1> AZju  (89)

ng —

A_l

ng — 1 T’0u> +TLO—1
which exists and is bounded due to Riesz Representation. Further, define for u € HZ(D),
ur = AL ju. (90)

Notice that by construction,

1 1
(AroLru, (b)Hg(D) = <—U77 A(b) + < Au,, ¢)
L?(D)

1
i ((”O —1 " 1) UT7¢> L%(D) o

Proposition 3. Let L be defined by and 7 > 0. Then the derivative of A;é with respect to
T is —L,, that is, DA;%) =—L,.
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Proof. Observe since A,y otr4p = Arou, = u,

(AT-F}L,O(U/T-F]Z — Ur + hﬁT“)) ¢) :(A7+h,OUT+h - AT—I—h,OuT + hAT-l-h,O‘CTua ¢)H§(D)
:(AT,OUT - A7'+h,0u7- + hAT+h,O£TuT; (b)Hg(D)

:_<2th+h2)/D(n01_1 —|—1) u, ¢ dx

_h / L 1,06 + Auyo) da
pno—1
+ h(ArynoLlru, ¢)H§(D)~ (92)

From the definition of the bilinear form, there exists a constant depending on 7 and D such
that

1
(Arinou, @) uzpy = (Arou, @) 2y + 1 <AU + Tu, 1¢)
nog — L2(D)

1 1
+h< u,A¢+T¢) +2h(7’—i—h)(< +1>u,¢)
o — 1 12(D) o — 1 L2(D)
= (Arou, ®)u2(py + O(hl|ull mz(p) |19l 2 (D)) (93)

where the above estimate uses that HZ is embedded in C°. Using the above inequality and
(91), we obtain

1
(ArinoLru, @) z(py = ( LU Aﬁb) + (
Tio — L*(D)

1

TL()—]_

)

L*(D)

1
+ 27 <( ] + 1) Uz, ¢) + 0 (h”uTHHg(D)H‘ﬁHHg(D)) . (94)
o 12(D)

Substituting this into (92) yields

1
(A’r-i-h,() (ur—i—h —Ur + hﬁru)7 Qb) == h2 / (
D

nog —

4 1) urddz + O(h2| 6 s2)

1
2
<o (g v 1) uleololo

+ 0 (Blucllzeo) 9l ) - (95)
Of course, we have the bound
w2y < Cllucllgzm) < CNAZ SN cazop el 52 () - (96)
Choosing ¢ = v,y — u, + hL,u, we have by coercivity that
Cllursn = s+ hLyullzep) = O (Wl mzo) (97)
where C' can be chosen to be independent of 7. To finish, we divide by hllu|| zz(p)C and take
the supremum over u € H3(D),
HA;—il-h,O - A+ hLo| (mz(py)
h
Therefore the Frechet derivative DA o) =—L,. O

— O(h). (98)
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7.2 A trace theorem

We define here the traces of the Cauchy data of functions on L% (D), where
LA(D) :={ue L*(D): Aue L*(D)}.

More precisely their trace and their normal derivative on the boundary live in H~2(8D)
and H~2(dD), respectively. Indeed if u € L% (D) then its trace u € H~2(dD) is defined by
duality using the identity

(u, T>H*%(6D),H%(8D) = /D (uAw — wAu) dz

where w € H?*(D) is such that w = 0 and dw/0v = 7. Similarly, the trace of du/dv €
H: (0D) is defined by duality using the identity

<%,T> = —/ (uAw — wAu) dx
O [ =% op).it D) D

where w € H?*(D) is such that w = 7 and dw/dv = 0. The above shows that the trace
operator
ou

u € LA(D) — (UaD, 5

|8D) € H2(0D) x H™2(9D)
has continuous right inverse, i.e
ou

< C(lAull ) + lull )
H~2(0D)

with C' > 0 independent of w.
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