An Estimate for the Free Helmholtz equation
that Scales *

John Sylvester |
Department of Mathematics
University of Washington
Seattle, Washington 98195
U.S.A.

June 2, 2008

Abstract

Wavelength plays a distinguished role in classical electromagnetic
and acoustic scattering. Most significant features of the far field pat-
terns radiated by a collection of sources or scatterers are related to
their sizes and relative distances, measured in wavelengths. These sig-
nificant features are reflected in the invariance of the Helmholtz equa-
tion with respect to translation, and its homogeneous scaling with
respect to dilations. The weighted norms that were first developed
to capture the correct decay properties of waves in R™ do not scale
homogeneously and are not invariant with respect to translation. L?
estimates scale homogeneously and commute with translations and ro-
tations. However, their scaling properties give estimates with a weaker
dependence on wavenumber (for bounded sources and scatterers with

*Dedicated to David Colton and Rainer Kress. It is a pleasure to express my gratitude
for your many interesting and practical insights into inverse scattering, which have played
a big role in directing my research, and that of many others. More importantly, I applaud
the warm and welcoming mathematical community that you have shaped around you. It
is privilege to have become part of that community.

"This research was supported in part by NSF grant DMS-0355455, ONR grant N00014-
05-1-0716



support that extends over many wavelengths). We introduce some
norms and estimates that commute with translations and scale homo-
geneously under dilations, while retaining the same sharp dependence
on wavelength for extended sources as that of the weighted estimates.

1 Introduction

This paper is about estimates for the resolvent of the Laplacian in R™. The
Laplacian (—A) is an unbounded self-adjoint operator on L?(R™), with do-
main H?(R"). Consequently, for every A € C\ R", and f € L?

(A+XNu=f (1.1)
has a unique solution u € L?(R"), and
1
lull < 555111 (12
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where $(A) means the imaginary part of A, the constant C,, depends only on
the dimension n, and the H™-norm is defined as

1l = | D 11D fII7:

|a)<m

with a denoting a multi-index and D® a partial derivative.

If we substitute £? for A, then we call (1.1) the Helmholtz equation. Real
k denotes wavenumber, and wavelength is 2?”

(A+ Kk u=f (1.3)

Whenever we consider (1.3), we shall consider & € C¥, the closed upper half
plane. By the square root, k = v\, we will always mean the holomorphic
map from C\R™ to C*. In particular, when k tends to the positive real axis,
R*, X tends to R* from above (i.e. with positive imaginary part). When k
tends to R™, A tends to Rt from below. If we denote the solution operator
to (1.3) as R(k), then (1.2) becomes

1B < 57



Although R(k) is a holomorphic function for k& € C*, with values in
the space of bounded maps from L? to itself, it does not have a continuous
extension to the real axis. However, R(k) can be extended continuously to
the real axis as a function whose values are bounded linear operators between
other Hilbert spaces. For this purpose, Agmon introduced the L? spaces.

111z = 1101+ 2f?)2 £ e
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and proved the following (see Lemma 4.1 of [1]).

Theorem 1. Let K > 1,6 > 5, and k € C* with K~ < |k| < K. There
exists a constant C(K,0), such that, for all u € H*(R"),

llull 2, < CK, ) (A +E) ull g (1.4)

He also remarked that, for & uniformly close to the real axis, the depen-
dence of the constant C'(K,J) could be described more explicitly, i.e.

C(n,d)

Ul < ——mMm—
iz, < s

(A +E) ull 2 (1.5)

Agmon used this inequality, along with the Holder continuity of R(k) to
show a limiting absorption principle, which extended R(k) (Agmon actually
considered R(k?)) by continuity to the real axis as a bounded operator from
L% to L? 5 . We refer to u™ = R(k)f (for real, as well as complex k) as the
unique outgoing solution to (1.3).

For k € CT and f € L%, u" := R(k)f satisfies the Sommerfeld radiation
condition

T—00

This property extends (at least for f € C° ) by continuity to k& € CT,
and provides an alternate characterization of the unique outgoing solution to
(1.3).



Corollary 2. For k € CT, and f € L2, there exists a unique outgoing
u € L?; satisfying

(A+E)u=Ff (1.6)
Moreover,
lullr2, < CU O[]z (L.7)

Agmon and Hormander [2] showed that estimate (1.4) held with the L?
norms replaced by the norms below, i.e.

Definition 3. Let Ay denote the unit ball and A; the annulus {2771 < |z| <
27} for j > 1. the norms

I[fllz = Z\/Q_j 11|24,

sup

||U||L2
\/_

Theorem 4. There exists a constant C(n, K), such that, for allu € H*(R"),

g < O K| (A+ 1) ull 5 (18)

[lul

The large k dependence of the constant in (1.8) was made more explicit
in [8], i.e.

C(n)

(AR
- (1+k;2)2||( ) ulls

LP estimates,derived as a combination of the arguments in [16] and [9],
and presented in [14] and [15], show that

Theorem 5. Letk>0cmd2 >1—%_ +1f0rn>3and1>——§2§
for n =2, where * . + = 1. There exists a constant C(n,p), independent of
k, such that, for u solmng (1.6)
1_1y_
| oy < C(n, p)E™ a2 7| f]] Lagan) (1.9)



Because they scale homogeneously, the dependence of the LP estimates
on wavenumber follows simply once one has proved the estimate for a single
nonzero value of k. An important restatement of this homogeneity in k, is
that L” norms have units', so that criteria based on the size of such norms
can be directly related to physical parameters. To see this more clearly, it
is convenient to multiply the right hand side of the free Helmholtz equation
by k? — this gives both « and f the same units, as is the case in acoustic
scattering.

(A+E)u = kf (1.10)
Equation (1.10) is invariant with respect to scaling (change of units).

Specifically, if

u(z) = v(ax)
flz) = glax)

then (v, g) satisfy (1.10) with at a different wavenumber:

(A+(§)2)v - (2)29 (1.11)

Once we have an estimate at one wavenumber, say k = 1,

wllr < Cn,p) llgllLe
implies

T T
luC e < Clr, P F ()]
k k
so that the equivalent of (1.9)

n(l_1
[l o @ny < C(n, p)K" 5™ || f||pagan) (1.12)

simply by changing variables in both of the integrals above. The difference in
the power of k is simply because we have included a factor of k% in the right

If 2 has units of length and u is unitless, then [p, u(x)Pdz has units of length™ and
its pth root has units of length? .



hand side of (1.10). The homogeneous scaling is more than a convenience. It
implies that the constant C'(n,p) is unitless, which means that criteria that
depend on its size can be physically meaningful. Notice also that LP norms,
and therefore estimates in terms of those norms, are translation invariant.
The properties of the scattering operator with respect to translation play an
important role in inverse scattering, so norms that transform simply with
translation are likely to be more useful in understanding this operator.

Estimates in weighted norms share neither the homogeneous scaling nor
the translation invariance. This means that the constants in the correspond-
ing estimates depend on a choice of units, so a criterion based on these
constants will be, at the least, difficult to interpret physically. Translating a
source or scatterer can make it larger in weighted norms, which is inconsis-
tent with the underlying physics. Weighted estimates involve the choice of
an origin. For a source which is supported in a ball, it is sensible to choose
the origin at the center of that ball, but for a source supported in a union
of balls, which are far apart, there is no appropriate choice of center. In
weighted norms, translating a source, can change its norm, which is inconsis-
tent with what we know about the Helmholtz equation and scattering theory.

The LP estimates are stronger than the weighted estimates for sources
which are supported on small sets (i.e. sets with diameters that are less than
a wavelength in diameter). However, most inverse scattering/remote sensing
applications involve sources (f’s) that are supported on sets which are many
wavelengths in diameter. In this regime, the weighted estimates are stronger.
As we move through the allowable ranges of p’s and ¢’s in theorem 5, the
dependence of the constant in (1.9) ranges between k° and kn;ﬁl, while the
weighted estimates hold with a constant proportional to k1.

We will introduce some norms that scale homogeneously and are invari-
ant with respect to translations. The corresponding estimates will scale as
k~!, so they exhibit comparable behavior to the weighted norms at large
wavenumbers. Moreover, we will show that all the estimates for weighted
spaces are immediate corollaries of the estimates we will prove below.



Definition 6. For each unit vector © € S™ 1, and domain D C R", let

2
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Dn{z-©=T1}

2

||f||@1’2(D):/ / |fI?dS | dr

T7eR \ DN{z-©=7}

In most cases we will choose D = R", and write simply || f||e1.2 or ||u||g.2.
We let ©2 and ©>2 denote the Banach spaces consisting of measurable
functions for which the corresponding norms are finite. Cg° is dense in ©'2
but not in ©>2. It is easy to check that these norms scale simply.

Y n=1
(o2 = [k["= [ul|ox

n+1

T ntl
1 (Dllera = [k ][ fllenr
Our estimates will make use of n 4+ 1 different O’s.

Definition 7. Let {©;}7_, be an orthonormal basis for R", and ©g =
We will denote this collection of n + 1 vectors by

75 (014 02).
‘771 = {@]}:’;:0
Our main theorem, which we will prove in section 2, is

Theorem 8. Let k € CT, f € C3°, and let u be the unique outgoing solution
to the Helmholtz equation (1.6). There is a constant C(n), such that

IN

[

= fllgpe (1.13)



In addition,

Vu = Y w (1.14)

i=1
willgza < C(n) [If]lgr2 (1.15)
Aullgee < Cm) (I1fllogs + K] l1fllor2) (1.16)

Theorem 8 decomposes u as a sum and estimates each summand w; in
a different norm. the paragraph below is a brief, and admittedly imprecise,
motivation for this decomposition.

If f were a function of the single variable, 7 = x - ©, we would ex-
pect u to also be a function of a single variable, and an easy estimate of
the outgoing solution to the one dimensional Helmholtz equation would
give [|ullr < €||f||z:, where the L' norm means integration in 7. If
f = F(r)e*, where y = z - £ with £ a unit vector perpendicular to ©,
separating variables reveals that the same estimate cannot hold. The sub-
space spanned by these functions f is the kernel of the (n — 1) dimensional
Helmholtz operator in the ©+ plane. The proof of theorem 8 decomposes f
into a sum of n + 1 functions, each of which is orthogonal to this subspace
(for different ©’s). It turns out that this is enough to give the estimates
(1.13) for each w;.

The next few lemmas show that, for every ©, the ©%2 norm is dominated
by, and ©°>% norm dominates, the corresponding weighted norms as well as
L? norms on compact sets. Thus (1.13) and (1.15) directly imply estimates
that do not require a decomposition.

Lemma 9. Let § > % and © € S"71, for every f € L3, and every u € ©>?

26\ 2
12 < _ 2 .
Wllors < (5) 9l w17
26 \*
HUHLQ_(S < (25—_1) ||u||@oe.2 (1.18)
Proof. For © € 8", we let
r=1t0+y

8



decompose z € R” into components parallel to and orthogonal to ©.

e = [ ([ nl\f(ty)\Qdy);dt
-, (/R 'f(t’y”%ly)é 1+

([ ] saorasora)’ (forera)

(/R /R FEyPA+8+ yyp)adydt)% ( /R " +t2)5dt);

25 \:
< iz (5507)

The verification of (1.18) by calculation is similar and we omit it. In fact,
(1.13) follows from (1.17) by duality because L? s is the dual of L} and ©°-2
is the dual of ©12. O

NS

(1+¢2)7 dt

IN

IN

Lemma 10. Let D be a bounded domain in R™. Let uy denote one-dimensional
Lebesgue measure and define

d(D,0) = Sugul ({t ‘:E—Ft@GD})
d(D) = Slépd(D,@)

Then, for very ©,

i MMl < 1l < VD, BN fllovspy  (119)
The constant d(D) satisfies

1. d(D) is less than or equal to the diameter of D.

2. If D= D;, then d(D) <> d(D;).

In particular, d(D) is less than or equal to the sum of the diameters of the
connected components of D.



Proof.

/ fPde = | [ / |f|2dSeL] dr < d(D,O)||f|lbwsn)
D

—oo | D {z-©=7}

Because d(D, ©) is the measure of the intersection of a line (in the © direc-
tion) with D, it is certainly less than the diameter of D. The intersection of a
line with the union D = (J D; is equal to the union of the latter intersections,
so the measure of the former is less than or equal to the sum of the measures
of the intersections, which shows that d(D) < > d(D;).

The left hand inequality in (1.19) follows from the right hand one by
duality, i.e.,

w, U
||f||@172(D) = sup # (1.20)
weO®:2(D) HwHQOO’Q(D)
D
¢ s (ww/AD.6)
weO>2(D) ||w||L2(D)
= Vd(D,0)||ul[rz(p)
L]

As is the case with the L? norms, the B and B* norms do not transform
simply under dilations and translations. However, we have the analog of
lemma 9 for these norms as well.

Lemma 11.

171l

[lullew2

1 ller2

[lul

IA A

B*

Proof.

Ifllerz = D _IIfllerza,)
§=0

Because 27 is the diameter of A;, we may apply (1.19) to each summand

10



< Z\/_ [1f1lz2(a,
= ||f 1=
Similarly,
lulls- = Sup\/— 11|22,
< SQPHUHGOOJ (4;)
j
< lulle
O
Corollary 12. Theorem 1 holds with C(K,0) = ITT)%A and theorem 4
holds with constant C(n, k) = C|g|1) If f is supported in the bounded domain
D, then, with d = d(D),
+ d
lu™ |2y < C(”)meHL?(D) (1.21)

Proof. We will prove (1.21). The proofs that theorems 1 and 4 hold with the
new constants are exactly analogous.

According to theorem 8, we may write ut = > u;,

w2y < Z||Uz‘||L2(D)

which, according to (1.19)
< Z\/E||ui||®°°v2(D)

Applying (1.13) gives

S |k‘| Z\/_”fH@lQ(D)
and then (1.19) again

< %Zdwum

¢ lnrCmd

K|
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The applications we will give in section 3 could depend only on this
corollary. Nevertheless, for the sake of completeness, we define some spaces:

Definition 13.

n
12 1,2
= e
=0

£l = gmax |1l
2 w )2
grt = ter

7=0

lullges = int Yl
With these definitions, we may restate (1.13) as

C(n
lull g < S (122)

2 Proof of Theorem 8

Because the norms on both sides of (1.13) scale naturally with dilations, it
would be enough to prove the theorem for |k| = 1. We will nevertheless carry
out the proof for general k € C*, because we feel that it emphasizes the role
that translations and dilations play in scattering problems. Let © € R™ be
a unit vector, we let

r=1t0+y
§=70+n (2.1)

12



denote the unique decompositions of z € R", and £ € R", into vectors parallel
to © and one perpendicular to ©. We denote the Fourier transform as

f(f) = /em'ff(x)dx

Rn
which we may write as

firon = [ ety
Rn
We denote the partial Fourier transform, in the ©* hyperplane, by

f(tn) = Fof = / e f(t, y)dy

r-O=t

We emphasize that this partial transform depends on the choice of © (we
will make several different choices), and that 1 denotes a vector in the (n —
1)-dimensional subspace ©1. When we use the notation f below, we are
referring to a single, fixed, but arbitrary choice of ©@. We begin by applying
the partial Fourier transform to the Helmholtz equation,

(A+k)u=f (2.2)
d*u 2 2\~ r
th(k —[nu=f
For k € C*, there is a unique u € H?(R") solving (2.2), for every f € L?
and it is straightforward to check that

~ PN
alt,n) = / VT Fs.n)ds (2.3)

2

The formula (2.3) represents many different formulas, one for each choice
of ©. We intend to decompose every f € C§° into a sum of f’s, using different
choices of © to avoid the zeros of the denominator in (2.3). We need to be
sure that they all represent the same solution u to (1.3). Our estimates below
will verify that the right hand side of (2.3) defines an L? function for k € C*,
so that we can invoke uniqueness to guarantee that all the representations are

13



equal. Once we have avoided the zeros of the denominator, we will see that &
times the right hand side of (2.3) is continuous on C+, which then guarantees
that for nonzero real k, (2.3) represents the unique outgoing solution to (1.3).

In order to construct our decomposition, we define:

Wg = {5eR”

which is the same as

1 [nf?| < &%} (2.4)

= {eer| - kP+ (092 <)
because n =& — (O - £)©. We also note that, for a > 0
aWg = {f e R"| |a? — |n]}| < 52042} (2.5)
Proposition 14. Let ¢ < | /ﬁ, a >0, {6;}7_, be an orthonormal basis

for R, and Oy = \/Li (©1 4+ ©,). There is a constant C(n), such that every
f € Cg° can be decomposed as

f o= _ij (2.6)

with
Ifillez < CoNlIFlley (27)
and
swp ;) alVg, =0 (28)
or, equivalently,
supp (Fo, /i) N {(tm)| neawg } =0 (2:9)

The proof of Theorem 8 is a direct consequence of this proposition.

Proof of Theorem 8. Let u; denote the solution to (2.2) with f = f;, and
apply the partial Fourier transform as in (2.3) with © = ©,.

14



) = eV K =nlP[t=s| _ ( d
RN

oo i/ k2= n|?[t—s]| p i/ k2= n[?[t—r]|
/|u2’ n = Rn/l éQlW (777) S é?lel(r 77)

Because S(y/k% — |n]?) > 0, the exponential is bounded by one. We can
find an upper bound for the denominator by noting that [\/k% — [n|?| >

17/ |k|* = |n]2|, and combining (2.9) and (2.5) with a = |k|, so that

[tk < /ﬁt/mSnkk L/mrnwrdn

Rn—1
- T /]/Iﬂanﬁ ) ldndsdr
RxR Rn—1
< ~7l )" ~7l )" drdt
< e [ IEe Ml s
RxR
which, according to the Plancherel equality,
1
= T 7N\ AGEE ACE d dt
MWQ/HHSNHWU)M2T
RxR
< ollfille
(€ Ik!) o2

We don’t need the decomposition to estimate the first derivatives. In-
stead, we note that

=1

We can estimate the derivative in the ©; direction by applying the partial
Fourier transform, Fg,, and differentiating (2.3) to obtain

15



du(t,n) _ /ei\/mt—slf(s,n)ds

dt
R
so that dit.n)
u(t,n
<
i lges < Il
We need only note that
duf(t,n)
16:- Vullges =
v dt @90,2

k3

to prove (1.15). Finally, we verify (1.16) by writing

Au = f—Fku
Aullges < [ fllgee — [k lullgeez
< Nfllges = CO)IE] (1 Fllgre

which completes the proof of theorem 8. O
Proof of Proposition 14. We define

ge(€) =¢-§—(0-¢)° (2.10)
and, as in (2.4),
Wg = {£eR" |[oo(§) — 1| <’}
Our first task is to show that the complements of the W§ cover R".

Lemma 15. Lete < ﬁ, {©;}j=; be an orthonormal basis for R", and

@0 == \/Li (@1 + @2> Then

W =0 (2.11)
k=0

Proof. For £ € R", we let the & denote its coordinates in the basis formed
by the {©;}7_,. We let 7 denote the vector with components 7, = & and

16



1 denote the vector with all components equal to 1. It is straightforward to

check that £ € (,_, W§ if and only if 7 satisfies the linear equation

Mr=1

(2.12)

where Mis the matrix with 0’s on the diagonal and ones elsewhere, i.e.

M=1®1-1
1
M= 101-—1
n—1
and 1
|’M71||oo,oo:2_
n+1

(2.13)

The norm in (2.13) views M as a linear map on R"™ with the [* norm.

The unique solution to (2.12) is

1
n—1

1

so that if £ € (;_, W§ then
1

2
€
n—i—l)

1
— 1l < (2 —
I = — 1l < (

and, in particular, for each 1 < k <n

1 1
> /—— —(2- 2
2y - e

We can express og, as

1 1
0o, =1 = Sloe, = 1)+ 5(06, = 1) — &i&

which implies that, for £ € (,_, W§

loe, — 1] > [&i&e| — g’

Using (2.14) gives,

17
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1 1

1 > — —(3-— 2
o0 =1 = T3 =B o)

so that (2.11) follows as long as

1 1
2 < — (3= 2
S R e P
or, equivalently,
4n+1)n

]

Our next task is to construct a partition of unity, subordinate to the
We,’s, and prove that the associated Fourier multipliers are bounded oper-
ators in the ©%? norms. Let ® € C5°(R) satisfy

B(s) = {1 L=sl <3 (2.15)

0 |[1—s|>¢
As before, for each fixed O, we let
E=T10+n

denote the unique decomposition of £ € R™ into a vector parallel to © and
one perpendicular to ©. We define

de(§) = dolT,n)
= ®(In*)
= ®(006(¢)) (2.16)

where 0g(€) is defined in (2.10).

Lemma 16. 1.

supp po C W§
supp (1— o) ) WE =10

2. The Fourier transform of ¢g, which we denote by g%, 1s a bounded

measure with norm
ol = [ 1ol
R'n

18



3. For any o > 0, the ||| ||[{1-norm of the Fourier transform of gb@(%)is
independent of «.

4. For e < (n+1 T 1©;}7, defined as in lemma 15, and using ¢; to
denote ¢y,

"<uwm ) TL ot )— 217

m= j<m

Proof. The two statements in item 1 follow directly from the definitions (2.15)
and (2.16).

Because ® € S(R), ¢(n) := ®(|n|?) € S(©1), so its Fourier transform,
E(y) is also a Schwartz class function of (n — 1) variables. Because ¢g is the
product of ¢(n) and a (constant) function of 7, its Fourier transform is the
product of the two Fourier transforms.

Po(T,n) = ¢(n)©1

—

bo = Sy @0(t)

from which we see that (% is a measure supported on the plane z - © = 0
with a Schwartz class density ¢, and therefore

H@am::/|&mwy
Rn—1

Item 3 follows from the scaling properties of the Fourier transform (it’s ho-
mogeneous of degree (—n)), but we make a simpler, more explicit, calculation
below

so(2) = o(Del
= & (ay) 00

so that the norm of the measure is the L!'(R""1)-norm of a”flgg(ay),which
is independent of a.

R |m

19



To establish item 4, we expand the sum in (2.17) to see that

i(l_‘bm ) ] i€ )-1—f[¢j(§)

m=0 j<m

and note that the final term on the left can only be nonzero on (;_, W§,
which is empty according of lemma 15. O]

As a consequence of (2.17), (2.6) and (2.8) both hold if we define

Fm (1—% ) [] 42 )

j<m

Because f/\m is the product of fwith at most n functions, and the Fourier
transform of each of these is a bounded measure (with a bound that is inde-
pendent of «, according to item 3 of lemma 16); the estimate (2.7) will follow
once we show that convolution with a bounded measure maps ©?(R") to
itself. This is the content of lemma 17 below, which we state and prove in a
slightly more general context.

Let 1 <p<oo,1<q< o0,V asubspace of R* and V* its orthogonal
complement, i.e.

RP=VaVt

We define the function space VP?(R™) to be the measurable functions
with finite V7 normji.e.

Wllvna = | [ [177) | =10 sy llasor
Vo o\vi

Lemma 17. Convolution with a bounded measure induces a bounded map
from VP to itself, i.e.,

Y]
3 =

1 pllvea < (llellln 1S 1y

20



Proof.

I ullyns = [
|4

P
q

[ se=v= | av) e
/. [( [ sty =iute) ([ )
= [ == an) ([ o) ] "%
= [([ e vrw) ([ )

Ioa 1wl

IN
—
N TN N

O
This completes the proof of Proposition 14. ]

3 Unitless criteria related to Born Series and
Transmission Eigenvalues

We will use the estimates we have just derived to give a criterion for judg-
ing the applicability of the Born approximation for a compactly supported
scatterer. By this we mean a medium with index of refraction n(z) which
is identically equal to one outside a compact set. It is common to write
n*(z) = 1+ m(z) with —1 < m(z) referred to as the contrast. Note that
n(x) is the ratio of the wave speed in the vacuum to the wave speed in the
medium, and therefore unitless.

The following theorem describes the Born approximation, and contains a
summary of a very minimal scattering theory for a compactly supported scat-
terer. Equation (3.1) below is satisfied by the total wave, which is expressed
as the sum of an incident wave, which satisfies the free equation (3.3) below,
and the scattered wave, which is required to be outgoing. We will allow two
different possibilities for describing incident and total waves:

1. A= L*(D) - Incident waves need only be defined and satisfy (3.3) in
D. Total waves are defined and satisfy (3.1) only in D. Scattered waves

21
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are still outgoing, defined in all of R™, and have far fields (asymptotics

at infinity).

2. A= jﬁo’z — Incident waves, total waves, and outgoing scattered waves

are all defined and satisfy partial differential equations in R".

See [10], [13] or [5] for more complete descriptions of scattering theories,
and [12] for a discussion of how the very minimal theory described in item 1

can be viewed as an extension of the classical one.

Theorem 18. Suppose that supp m C D and let d(D) be the constant in
lemma 10 ( which is less than the diameter of D, and less than the sum of

the diameters of its components). Let u™ € A and solve

(A+E(1+m))u™ =0

(3.1)

Then u™ has a unique decomposition into an incident plus an outgoing wave

u™ =1’ 4 ut
where
(A + k:2) u’ =0
u’ € A and ut € J2
If
C(n)lkld ||m||=p) <1

then the Born series

[e.9]

ut = Z[k2R(k)m]ju0

=1
converges, we can estimate the scattered wave with

C(n)|kld [[ml| Lo (p)

Jut|[a <
1= C(n)|k|d [|m]] Lo (D)

[uo|] 4

and the Born approzrimation, u}, = k*R(k)mu® satisfies

C(n)|k|d [|m||L=(p)
1= C(n)|k|d ||m]] D)

+

[lug|

_UEHA < B

I
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(3.2)

(3.3)

(3.4)

(3.5)

(3.7)



Remark 19. Notice that the criterion (3.4), and the constants in (3.6) and
(3.7) are unitless. The index of refraction (a ratio of wavespeeds) , and hence
the contrast, is unitless. The unitless quantity kd must be less than or equal
to the diameter of D measured in wavelengths. A similar result, based on
weighted estimates, appears in [11].

We can also base our convergence criterion on the LP estimates of theorem
5. In this case we obtain a criterion which is stronger for kd < 1 and weaker
for kd > 1.

Theorem 20. Under the hypotheses of theorem 18, the Born series converges
of
C(n)(kd)® <1 (3.8)
2n 2n
wheren—H§8§2f0rn23andn—H§s<2f0rn:2.
The proof of theorem 18 will be based on a lemma.

Lemma 21. Let m € L>®(D) (i.e. m € L>®(R"™) and suppm C D), and A
be either L*(D), or J*. Then

1k R(k)ymolla < C(n)l|ml[ze=(p)|k| d(D) [|v]|a (3.9)
Proof. According to (1.21),
162 R(k)ymol|12(py < [Kld][mol|zap) < [Kld]lm||z<|[v]|c2p)
Similarly, it follows from (1.22) that

1K R(k)mo|| ez < C(n)|k] |Imo]] .

which, for some j
= Cm)lK| [[mo]lg:

Now apply (1.19),

IN

C () IVl vl 120
C )kl Vol ooy
Cm)kllmlli= oV inf 3 Iz

IA A

and then apply (1.19) again
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IN

Colklllmllie)Vd inf > Vdllui]lgz

< C)lkll[ml|z=(pydllv] 7o

O
Proof of theorem 18. Note that
(A+E)u™ = —kEmu™ (3.10)
Define u™ to be the unique outgoing solution to
(A+ ) ut = —K*mu™ (3.11)
and define
W o= um—ut

Asu™ € A, the right hand side of (3.11) belongs to T sout € jﬁo’z, which
is contained in A. As uT is unique and belongs to A, u° is also unique and
belongs to A. Subtracting (3.11) from (3.10) shows that u® satisfies (3.1).
Moreover,

ut = K*R(k)mu™
ER(k)ym(u® + u™)

from which we see that u™ is given by the Born series (3.5), when it converges.
The fact that (3.4) implies convergence, and the two estimates, (3.6) and
(3.7), then follow from (3.9) of lemma 21.

[l

Theorem 18 tells us that the Born series converges, and the Born approx-
imation is accurate, for a single small scatterer or for a collection of small
scatterers as long as the sum of the diameters is small enough.

Remark 22. In treating a collection of scatterers theorem 18 makes essential
use of the translation invariance of our new norms. In the L? or B* norms,
the norm of operator of multiplication by m as a map from L*; to L%, or
from B* to B, changes as we translate m, which makes any estimate of this
sort difficult, if not impossible, to obtain with these norms.

A wavenumber k is called a transmission eigenvalue (see [5, 6, 3]) for m
in D if there exists a u™ € L*(D), such that the corresponding (as in (3.2))

24



scattered wave u™ is supported in D. That is, u™ = «° is an incident wave

that doesn’t scatter. As another application, we show that small scatterers,
or collections of small scatterers, don’t have small transmission eigenvalues.
A similar result, with dk replaced by (dk)?log(dk), appears in [3].

Theorem 23. If k is a transmission eigenvalue for m >0 in D, then
1 < C(n)dksup|m|

Proof. Let v° be any incident wave (i.e. solution to (3.3)). If we multiply
(3.11) by v°,

/UO (A+E)ut = — / E*mu™v° (3.12)
D D
If k is a transmission eigenvalue
0 = / E*mau™’

D

where the last line follows by integration by parts, together with the fact
that u™ € Hp,, vanishes outside D. We recall (3.2), multiply both sides by
mu™,

= u' +ut (3.13)

u
/m|um|2 = /mumu ~|—/mumu

and note that, because of (3.12), the first term on the right is zero. Therefore,

/m]um]2 = /mu ut

[[mu™]| 2 D)HU HL?(D
C(n)d
k

IN

< lmau™ || 2oy ||E*mu™| | L2(p)

Making use of (1.21) gives
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IN

C(n)dk|lmu™(| L2 p)

/m|um|2 < C(n)dk/m2|um|2
1 C(n)dk sup |m|

N

IN

]

We give one last corollary, which is an immediate consequence of (1.22).
The Hardy space properties of the the resolvent play an important role in
one dimensional inverse scattering. The theorem below shows that the free
resolvent in higher dimensions shares one of these properties.

Theorem 24. As an operator valued function of k, taking values in the
space of bounded maps from JA* to jf:o’2, kR(k) belongs to the Hardy class
H>(CT).

4 Conclusions

We have introduced some new norms and used them to study the depen-
dence of the free Helmholtz equation (the resolvent of the Laplacian) in R”
on wavenumber. The new norms are translation invariant and scale homoge-
neously with dilations, which allows them to exploit the natural invariance
of the Helmholtz equation. We utilized these invariance properties to prove
some estimates for the free Helmholtz equation with exactly the same depen-
dence on wavelength as in the one dimensional case.

We gave some simple corollaries, which included a rigorous mathematical
justification of the well known physical principle that classical scatterers that
are small compared to the wavelength of an incident wave scatter weakly. We
gave unitless criteria for the convergence of the Born series, the absence of
transmission eigenvalues, and established a Hardy space property of the re-
solvent.

Our main point, however, is simply to introduce a different estimate for
the constant coefficient Laplacian on R™, the most central operator in mathe-
matical physics. This estimate improves on the weighted estimates of Agmon
and Agmon-Hormander, primarily because the norms have units (scale homo-
geneously) and commute with translation. The dependence on wavenumber
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(they scale differently) shows that these estimates are different than known
LP estimates. We note with regret that our norms are not invariant under
rotation; they rely on a choice of orthogonal frame, and a different choice of
frame gives a possibly inequivalent norm.

Our proof relies primarily on the simplicity of the characteristic variety
of the associated multiplier (|¢|*> —k?), making it likely that similar estimates
hold for other operators with simply characteristic varieties.

Finally, we remark that related estimates, in bounded domains with dif-
ferent norms, but with a similar dependence on wavenumber, play a role in
the finite element analysis of scattering (see [4] and [7]).
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