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STABILITY FOR THE MULTIFREQUENCY INVERSE MEDIUM PROBLEM

GANG BAO AND FAOUZI TRIKI

ABSTRACT. The solution of a multi-frequency 1d inverse medium problem consists of recovering the refractive
index of a medium from measurements of the scattered waves for multiple frequencies. In this paper, rigorous
stability estimates are derived when the frequency takes value in a bounded interval. It is showed that the
ill-posedness of the inverse medium problem decreases as the width of the frequency interval becomes larger.
More precisely, under certain regularity assumptions on the refractive index, the estimates indicate that the
power in Holder stability is an increasing function of the largest value in the frequency band. Finally, a
Lipschitz stability estimate is obtained for the observable part of the medium function defined through a
truncated trace formula.

AMS subject classifications. 35L05, 35R30, 74B05; Secondary 47A52, 65J20
Key words. Inverse medium problem, Helmholtz equation, Stability estimates, trace formula, scattering resonances.

1. INTRODUCTION

This paper is concerned with the stability for determining the refractive index of an one-dimensional (1d)
medium from boundary measurements. For a fixed frequency, it is known that this inverse problem is severely
ill-posed and suffers from the lack of uniqueness. Several numerical results show that in the case of multiple
frequencies, in contrast with the single frequency case, the ill-posedness decreases dramatically when the
frequency band increases and covers the resonance region of the medium ([14], [11], [6], [5] and references
therein). However, little is known about the stability for the inverse problem or the convergence issues for the
numerical methods. Our goal of the present paper is to prove stability results for the multifrequency inverse
medium scattering problem. Such results would be essential for a rigorous justification of the numerical
observations.

Consider the 1d scalar Helmholtz equation

(1) ¢"(w,k) + k> (1 + q(x))p(z, k) = 0,
where the real-valued (1 + ¢g(z)) is the refractive index of the medium. For any real number k, we look for a
solution of the form

¢i (ZL’, k) = q/}:I: (iC, k) + ej:ik:v’

where the scattered wave v, ,1_ corresponding to the left excitation ¢’**  and the right excitation e~%?,
respectively, satisfy the outgoing radiation conditions

V(2. k) + iky(z, k)
The sum of the incident wave and its corresponding scattered wave, ¢(x, k), is called the total wave. Through-
out, it is assumed that the medium function ¢(z) has the regularity C7*** ([0, 1]) with m > 4, and satisfies

0 for x>1,
0 for z <0.

@) L+ q(z) > no, for z € R,
with ng € (0,1) a fixed constant. The scattered wave ¢ (x, k) satisfies the Helmholtz equation
(3) Uz, k) + K21+ q(2)0s(z, k) = —k2q(x)er™e,

for all z € (0,1).
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Since g(x) vanishes outside (0, 1), it is easy to see that for k € R, there exist complex numbers p+ known
as the reflection coefficients, such that

\ Ge(ek) = paBe ™ for w<0,
(4) vo(x, k) = p_(k)etk® for x> 1.

The existence and uniqueness of the solutions ¢y € C([0,1]) are well known for any real & [8].

Therefore, the function k& — uy (k) are well defined on R. The outgoing radiation conditions imply

oz, k) = ¢i(1,k)e  for r2>1,

¢ (k) = ¢_(0,k)e "t for x <0.
Furthermore, the constants ¢ (1, k) and ¢_ (0, k) are nonzero. If they are zero then Cauchy theorem implies
that ¢4 (x, k) = 0 for all € R, which means that ¢ = —e¥** on the whole space. This is in contradiction

with the outgoing radiation conditions. In fact, ¢+ (x, k) # 0 holds for all x € R and for all k € C, satisfying
Im(k) > 0 (Corollary 4.1 [14]).

The multifrequency inverse medium problem may be stated as follows:

Given one of the reflection coefficients pi (k) and p_ (k) for k € (0, ko), to reconstruct the refractive index
1+ g(z) for x €]0,1].

Define the impedance functions p4 (z, k) associated with ¢4 (z, k), respectively, by

¢l (2, k)
5 k —.
It is shown in [14] that these functions are well defined and verify in addition the nonlinear Ricatti equation
(6) Pz, k) Fikpi(z,k) = +ik(1+q(x)),
subject to the boundary conditions
(7) p—(07 k) = L p—(L k) = d- (k)ﬂ
p+(0,k) = dy(k);  pe(LE) = 1,
for all z € (0,1), k € R, where
1 — py (k)
8 di(k) = ———.
(8) L) = T

The inverse problem may be restated as:

Given the data d_(k), k € (0,ko) or diy(k), k € (0,ko), to reconstruct the medium function q(x) for
x € [0,1].

It is well known that in the case where the data is given for all frequencies, this inverse problem has a
unique solution, and a number of algorithms have been proposed for its numerical treatment [29]. However,
in applications, the reflection coefficients p (k) are usually measured with finite-accuracy at a finite number
of the frequencies k. Hence, the well-posedness of the inverse problem when the measurements are taken
over a finite interval is of critical importance. It is well known that the ill-posedness of the inverse scattering
problem decreases as the frequency increases [3]. However, at high frequencies, the nonlinear equation
becomes extremely oscillatory and possesses many more local minima. A challenge for solving this problem
is to develop a solution method that takes advantages of the regularity of the problem for high frequencies
without being undermined by local minima. To overcome the difficulties, a recursive linearization method
was proposed in [14, 15, 13] for solving the inverse problem of the two-dimensional Helmholtz equation.
Based on the Riccati equations for the scattering matrices, the method requires full aperture data and
needs to solve a sensitivity matrix equation at each iteration. The numerical results were very successful to
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address the ill-posedness computationally. However, there are two serious issues remain to be resolved. Due
to the high computational cost, it is numerically difficult to extend the method to the three-dimensional
problems. Recently, new and more efficient recursive linearization methods have been developed for solving
the two-dimensional Helmholtz equation and the three dimensional Maxwell equations for both full and
limited aperture data by directly using the differential equation formulation [11], [6], [5], [7]. Theoretically,
little is known about the stability for the inverse problem with multiple frequency data. Our main objective
of this work is to establish stability estimates for the inverse problem with multiple frequency data.

We state here our first main result associated to the inversion with boundary measurements on a band
of frequencies. For m > 4, M > 0, and gy € CJ""1([0,1]) satisfying (2), we further denote the set Q =
Q(ng, m, M), by

(9) Q:={q ey ([0,1) : llg — aol
We next give our first main stability estimate for the multifrequency inverse medium problem. In what
follows cg and kg denote generic strictly positives constants depending only on Q.

cm+1([0,1]) <M, ny<1 —|—q}.

Theorem 1.1. Assume that q,q be two medium functions in Q. Let d = d+ and d= c?i be the boundary
measurements associated respectively to q and q as defined in (7), satisfying ||d — d||pe(0,400) < 1. Let
k* € Ry be the smallest value satisfying

|d(E*) — d(k")| = l|d = d| L= (0,+o0)-
Then, there exist constants cg > 0, and ng € N*, such that the following estimate holds

S g wo (k™ ko)
(10) g = @l ey < colld — i EEam 4,
for all kg > 0, where the function wo(k*, ko) is continuous on (R* )2, and verifies

+
2 ko 1)ne 2 k koo
— arctan( (e ) ) < wo(k*, ko) < — arctan | inf{ 0 , ¢ ],
™ e’ — ng — (efo — nQ ™ — e Q — e<fong
\/( k* 1)2 ( K 1)2 \/(k*)2 k% Ve2kn 2kon

for all ko € (0,k*].

Remark 1.1. The Hélder exponent 5wo(k*, ko) in the estimate (10) is an increasing function of ko.
It tends to zero when ko goes to zero which shows as expected that the ill-posedness of the inversion in-
creases when the band of frequency shrinks. On the other hand, the function wo(k*, ko) approaches to its

upper bound = when ko tends to k*, which is the global Holder stability estimate obtained in Corollary 5.1.

The value k* represents the frequency at which the noise is the most important. We observe that the
Holder exponent mi-uw()(k*v ko) is a decreasing function of k*, and tends to zero when k* approaches +00.

By considering the stability estimate (10), we conclude that the reconstruction of the medium function is
accurate when the frequency band is large enough and contains the noise frequency (k* € (0,ko]), while it
deteriorates when the frequency band shrinks toward zero. These theoretical results confirm the numerical
observations and the physical expectations for the increasing stability phenomena by taking multifrequency
data.

Theorem 1.2. Assume that q,q be two medium functions in Q. Let d = d+ and d= glvi be the boundary
measurements associated respectively to q and q as defined in (7), satisfying € := ||d — d| L (0,4+00) < 1.

Then, there exist constants cg > 0, kg > 0 and ng € N*, such that the following estimates hold

(11) la =l gy < coe™, i ko> 3,
cQ : ko
(12) g = qll oo @) < —  if ko < —T,

I (n(ko)| In(e)[)[ ™+ em
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where the function 1 is given by
(eho — 1yre

14 2y/T+ (o —1)2me’

n(ko)

Remark 1.2. The estimates (11) and (12) show that the stability is Holder when the largest value in the
frequency band kg is larger than a critical limit, and is of logarithmic type when ko becomes small. Hence
for a limited band of frequencies one can improve the stability of the inverse problem by increasing the
largest frequency. The critical limit only depends on the noise in the measurement and the set of medium
functions Q. When kg tends to zero the function n(ko) approaches zero, and right-hand side term blows up.
This behavior demonstrate again that the inverse problem is severely ill-posed when kg is close to zero, and
confirms the observations made in Remark 1.1.

Based on the high frequency asymptotic expansions of the fields ¢4, Chen and Rokhlin [14] introduced the
observable part of the medium ¢(z) on the band of frequency (0, ko), as the function g, (z) unique solution
to the truncated version of the trace formula (42), that is

(13) Pho (@, k) F ikpf, o (2, k) Fik(1+q(z)) = 0,
2 ko
(14) 0(@) = 20+ @) [ Gros @) = i (@) = 0
— RO
for all z € (0, 1), subject to the boundary conditions
(15) pko,+(0’k) = d+(k)v pko,*(oa k) = 1 Ak, (O) =0.

for all kK € C. They also have derived error estimates of the approximation of the medium function g(x) by
its observable part gy, (x) on the frequency band (0, kg) [14].

Our third main result is to characterize gj,(x) in terms of the frequency band (0, ko), and to show that
the recovery of gy, (x) is not sensitive to errors in the measurements if kg is large enough.

Theorem 1.3. Assume that q,q be two medium functions in Q. Let d = d+ and d= Eivi be the boundary
measurements associated respectively to q and q as defined in (7). Let qr, and gy, be the observable parts of
respectively g and q on (0, ko) solutions to the system (13)-(14)-(15). Then there exist constants pg > 0 and
kg > 0 such that

laro = Gio | oo ) < palld(k) — d(F)|[2(0,k0),
is satisfied for all kg > ko.

For higher dimension, to the best of our knowledge, this inverse problem is still open. This is due to
the difficulties in the analysis of the scattering data as a function of the frequency, which are related to the
strong nonlinearity for high frequencies and the existence of trapped rays. From a physical point of view,
the situation is better understood. According to Uncertainty Principle there exists a resolution limit to the
sharpness of details of the medium that can be observed from measurements in the far field region. This
limit known as the diffraction limit is about one half of the wavelength. Consequently the reconstruction of
the medium can be then reduced by increasing the magnitude of the frequency [12]. Mathematically, the
inverse medium problem with full measurements at a fixed frequency is notoriously ill-posed [28, 36]. In fact,
Alessandrini proved that the stability estimates in 3d is of logarithmic type [2], and Mandache showed later
the optimality of such estimates [30]. Recent studies have been conducted on the behavior of the constant in
the logarithmic stability in terms of the fixed frequency [3, 24, 32]. Several other results in inverse scattering
problems that are related to the increasing stability phenomena by increasing the frequency were obtained
in different settings [1, 4, 24, 34]. All of these results demonstrate the increasing stability phenomena when
the frequency becomes larger. For the case of the inverse source problem for Helmholtz equation and an
homogeneous background it was shown in [8, 9, 10, 16, 26, 27] that the ill-posedness of the inverse problem
decreases as the frequency increases. Convergence results for iterative algorithms solving the multi-frequency
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inverse medium problem are obtained in [12; 23]. Finally, we refer the reader to the topical review on inverse
scattering problems[7] with multifrequencies on other related topics.

The rest of the paper is structured as follows. Auxiliary results related to the behavior of the impedance
functions as functions of the frequency are provided in Section 2. The stability estimate for the observ-
able part of the medium is given in Section 3. Finally, the proof of the main stability estimates for the
multifrequency inverse medium problem is provided in Sections 4 and 5.

2. PROPERTIES OF THE IMPEDANCE FUNCTIONS

A major difficulty in studying the multifrequency inverse medium problem is the fact that the partial dif-
ferential equation describing the scattering phenomena involves a product of the frequency and the refractive
index. In the 1d case, Gel’fand-Levitan techniques can be employed when the medium function is smooth
to convert the Helmholtz equation into a Schrédinger equation. In the obtained Schrédinger equation, the
frequency and the refractive index are separated, which allows a better understanding of the behavior of the
solutions as functions of the frequency. This approach was used to study the 1d inverse spectral problem [37].
It also led the authors in [14] to derive high-frequency asymptotic expansions of the impedance functions.
Here, we first present some of these useful asymptotic results and our further analysis. In addition, we also
study the meromorphic extensions of the impedance functions to the lower half complex plane.

For convenience, we complexify k. Denote C. the upper half and lower half of the complex plane, that is

Cy = {keC:Im(k) >0}; C_ = {keC:Im(k) <0}.
It is easy to check from the uniqueness of the equations (6) with the boundary conditions (7), that
(16) pi(xa k) = pi(% _E)7
forall z € Rand k € Cy.

Low frequency behavior. We next present the behavior of the impedances functions when the frequency
k is close to 0. In Lemma 4.1 and 4.2 of [13], the author derived the first term in the asymptotic expansion
p+ when k approaches 0. Here we provide explicit bounds in a given frequency neighborhood of 0.

Proposition 2.1. The following estimate
‘dzl: (k)l <2,
holds for all k € C satisfying |k| < 1/M;, with

(17) My = 2(|[qol|L>(0,1) + M).

Proof Since the proofs of the estimates for d; and d_ are identical, we only provide the proof for d .

Let
e~ iklz—y|

—2ik
be the Green function of the one dimension Helmholtz equation with the same radiation conditions as 1) .
Multiplying the equation (3) by go(z,y) and integrating by parts yield the following Lippmann-Schwinger
integral equation

(18) (o — Ko)[1h4] = Kq[e_ik.]v

where I; is the identity operator from L>(0,1) to itself, and K, is a linear integral operator on L>(0, 1),
defined by

go(r,y) =

K, [6)(z) = —k? / g0z, )aW)P(y),
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for all ¢» € L*°(0,1). Therefore for 2|k|(||qol| L (0,1) + M) < 1, the operator K, becomes a contraction, and
we deduce from the convergence of the Neumann series

[+ (B)| < 194l e 0,1) < 1/3.

Hence |d4 (k)| < 2 for |k| < 1/M;y, which finishes the proof.
O

Remark 2.1. (Born approzimation) Using the Neumann series and after a forward calculation, we obtain

ut (k) = —21{;.7:((])(—2/{)—1—2(2]{;)/( eikﬂp(é)QP(f)d§7

0,1)»

forallk € (0, ko), where ko < 1/Mjy, k,(€) =& —&—Zf;ll &1 =& |+Ep for all§ € RP, and Q,(§) = TT5—, a(&))-
Since the first term in the low frequency expansion is the Fourier transform F(q)(2k), k € (—ko, ko), it
seems natural to try to reconstruct the medium function from this term by considering the rest as a small
perturbation (O(kZ)), and by using the same techniques as in [8]. It turns out that this approach fails to
give any approzimation of the medium function. The Born approzimation error O(k2) is a higher order
differential operator that is exponentially amplified in the inversion of the first term, and the final term does
not vanish when ko tends to zero.

High frequency behavior. The following result was obtained in [14].

Proposition 2.2. Assume that ¢ € Q. The impedances py(x, k) are continuous functions of (x,k) €
[0,1] x C4, and analytic functions of k € C4. Moreover there exists a constant cg > 0 such that the
following estimates

(19 st - ViFa@ e 0| <
(20) [pem-pn], . < g

hold for all k € C7..

We remark that the estimate (19) provides the two first terms in WKB expansions of the functions p4.
For large real k, the difference between p, and p_ is extremely small, which decays as 1/k™ where m is the
smoothness of the medium ¢(z).

Meromorphic extension. It is known that the impedance functions py(x,k) and in particular the re-
flexion coefficients p4 (k) are holomorphic in C,, and have meromorphic extensions in C_. The poles of
4 are called the scattering resonances of the medium. Here, we establish the existence of a scattering
resonances-free strip in the complex plane. The proof is based on a similar result for the 1d Schrodinger
equation derived in [22].

From (1) it follows that the poles can be characterized in the following way: k € C_ is a scattering pole
if and only if there exists a nontrivial function ¢, such that

(21) ¢"(x, k) + B (1 +q(x)¢(x,k) = 0, z€(0,1),
with
(22) ¢'(0,k) = —ikp(0,k), ¢'(1) =iko(1, k),

We now present a connection between the solution of the Helmholtz equation (21) and the one of an equiv-
alent Schrodinger equation. This will allow us to relate our scattering resonances to the well studied poles
of the resolvent of the Schrodinger operator. This approach has been also used to derive the high frequency
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asymptotic expansions in Theorem 2.2.
Define further the functions n,x, N,r, £ : R — R by the following expressions:

(23) n(z) = v/1+q(x), t(z) = /01' n(s)ds, N(t) = n(m(t))_1/4,

(24) 0= R = et = @) (/) - ) = S @)?)).

Then &(t, k) defined by the Liouville transformation
E(t k) = N™H()p(a(t), k),

satisfies the Schrédinger equation:

(25) (k) + (r(t) + K2E(t k) = 0, ze(0,7T),
with
(26) §(0,k) =1+ py (k).

where T = t(1) = fol n(s)ds is the the travel time needed for the wave with speed + to propagate from
one end to another. We remark that r(¢) has a compact support in (0,7). Consequently k is a scattering
resonance of (21)-(22) iff it is a resonance of the system (25)-(26).

The pole distribution of the resolvent for the Schrédinger operator has been the subject of extensive
investigations due to the continuous advance of quantum mechanics. Many studies have focused on the
problem of locating poles in the complex plane for different classes of potentials [18, 21, 38, 17]. For the
one dimensional Schrédinger operator with super-exponentially decaying potentials, more precise results are
possible. Particularly, using the representation of the scattering matrix given by Melin [31], Hitrik [22]
derived an explicit pole-free strip for the Schrédinger operator in the case of compactly supported potentials.
The following result is a direct consequence of Hitrik’s result and the observation that scattering resonances
of the system (21)-(22) are also the poles of the Schrédinger operator (25)-(26).

Proposition 2.3. Let r: R — R be defined by (24), and h(r) := ﬁe_zTHTHLl(O,T), Then the strip
(27) Sq ={k € C; —h(r) < Im(k) <0, Re(k) # 0} .
is free from scattering resonances of the system (21)-(22).

Corollary 2.1. Let cg1 = maxgeg |n(x)||n=, and cg2 = maxeg ||7(t)|| L. Then it follows from Propo-
2
sition 2.5 that the strip of width hg 1 = ——e 22122 defined by

dco 1

(28) S5 =1{ke€C; —hg1 < Im(k) <0, Re(k) # 0}.
is free from scattering resonances of (21)-(22) for all ¢ € Q.

We also deduce from Proposition 2.3 and Proposition 2.1 that the coefficients d4 (k) have holomorphic
extensions in the strip Sg defined by

(29) Sg :={k € C; |Im(k)| < ho},

h - HllIl{h }.

We next obtain global bounds of these functions in the strip.
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Proposition 2.4. There exist constants kg > 0, cg > 0, dg > 0 that only depend on @, such that the
following inequality hold

CQ
0 d+ (k) — 1| < ———, Vke€ So, Re(k) >k
(3 ) ‘ :I:( ) ‘— |R€(k)|27 €09, 6( )— Q>
(31) |de (k)| < dg, VK€ Sq.

Proof Since the proofs of the bounds for p4 (k) and p_ (k) are identical we only provide the proof for the
second scattering coefficient. The proof may be given by combining the general idea in the proof of Lemma
4.12 in [15] and the meromorphic extension result above.

Applying the Liouville transformation to (1), we find that &_(t,k) := N~ 1(t)¢_(x(t), k) satisfies the
Schrodinger equation:

(32) 't k) + (r(t) + EHE(E) = 0, te(0,T),
with
(33) E(t, k) =t t<0.

The impedance function p_(z, k) is then given by

LK) n(x)
ikE_(t, k) 2ikn(x)’

Introducing now the auxiliary functions m(t, k) = e'*¢_(t, k) and n(t, k) = —Le™*¢’ (¢, k).

p—(z, k) = —n(z)

A forward calculation yields

m(t, k)
(x, k) = .
PR =)
We deduce from the system (32)-(33), that m(¢, k) satisfies
(34) m’(t, k) — 2ikw’(t, k) = —r({t)m(t,k), te (0,T),
with the initial conditions
(35) m(0,k) =1 w'(0,k) =0.
Multiplying (34) by e~2*** and integrating, we get
¢
(36) W (k) = — / r(5)e2 R = m(s, k)ds
0
Integrating the equation (36), we obtain
I :
(37) m o= — [ r(s)(1—e** " N)m(s, k)ds + 1,
2ik Jo
(38) = Mgm]+1,
where My, : C(0,T) — C(0,T) is a compact operator defined by
I ;
(39) MUFIO = 5 [ r(6)(1 = 4 (s)ds,
2ik 0
Since g belongs to Q there exist constants kg > 0, and cg > 0 such that
o
Ml < , Yk € So, [Re(k)| = ko.
[Re ()|

Then, the Fredholm equation (37) has a unique solution satisfying

2
Im(t, k) — 1| < ‘Rec(i”, Vvt € (0,T), Vk € Sq, [Re(k)| > ko.
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It can be approximated by the Neumann’s series truncated at the second term
I 1
t,k)=1+— ds+ O(=—=3), Yk € Sg, |Re(k)| > k
m( k) = 1+ g [ () + Ol o). Vb € S [Re(h)] = ko,
uniformly in ¢ € (0,7).

Similarly, following the same approach, we have
t

1 1
=14+ — _ >

n(t, k) + 2k J, r(s)ds + O(|Re(k)\2)’ Vk € So, |Re(k)| > ko,

uniformly in ¢t € (0,7).
Consequently

m(T, k) 1
4 -1 =p_(1,k) -1 =0(=——), Vk k) >k
( 0) I‘l(T,k‘) |p ( ) ) | O(|Re(k:)|2)’ v GSQ? |Re( )| = hQ,

Combining (40) with Proposition 2.1, and the fact that d_(k) = p_(1, k) is holomorphic in Sg, we deduce
the bound (31) for d_. O

3. OBSERVABLE PART OF THE MEDIUM

Recall from (13)-(15) that the observable part of the medium g, (x) for k € (0, ko). In this section using
the truncated trace formula introduced in [14], we characterize g, () in terms of the frequency band (0, ko),
and study how its determination is sensitive to errors in the measurements.

The following trace formula is on the asymptotic behavior in Proposition 2.2.

Lemma 3.1. (Trace formula, [14])Let g € Q. Then the following trace formula holds

2 o0
(a1) (@) = 2+aa) [ Gilo k)~ (o Rk
More precisely, there exists a constant cg > 0 such that the estimate
/ 2 ko Co
(42) (@) - 204 aa) [ itk - p )] <12,
iy —ko LOO(R) kO

holds for all ky € C*.
The truncated version of the trace formula (42) means that the function

2 [
2 [ st k) (o k),
™ —ko
provides a good approximation of log(1 + ¢(z))" as long as kg is large and the medium ¢(x) is smooth.
Lemma 3.2. Let ¢ € Q. Then, there exist constants cg > 0 and kg > 0 such that truncated trace formula
system (13)-(14)-(15) has a unique solution qy,. In addition the following estimates hold
2

Hpﬂ: - pko,iHC([O,l}x[—ko,ko]) s ”q - Qko”LOO(]R) < @7

for all ko > ko.

Our second main result of this paper is to characterize gy, (x) in terms of the frequency band (0, ko), and
to show that the recovery of gy, () is not sensitive to errors in the measurements.

We are now ready to give the proof of Theorem 1.3.
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Proof Let py, +(z, k) and pr, +(z, k) be the impedance functions solutions to the system (13)-(14)-(15)
related respectively to the observable mediums g, and gg,. To simplify the notation we introduce the
impedance perturbations uy(x, k) = pgy 4 (2, k) — Diy,+ (2, k) due to the measurements difference on the

boundary e(k) = d4 (k) — d+ (k).

Then uy (z, k), g, and g, verify

(43) uii— +ik(pk0,+ +5k07+) _ik(qko - quo) = 0,
(44) u_ — ik(pko,* +ﬁk07*) + ik(Qko - zlvko) = 0,
1+qk )I 2 /ko
45 log | —=2| ) — = uy(x, k) —u_(x,k))dk = 0,

(49 (o8| 2e)) =2 [ wato) = -t

subject to the boundary conditions
(46) ur(0,k) = ek); w_(0,k) = 0; @i (0) =gk =0.
for all x € (0,1), k € C4..

Integrating the equation (45) over (0,x), we obtain

9 x ko
_ ;/0 /_ko(u+(t,k:)—u(t,k))dkdt.

1+ g,

47 lo —
(47) g]wu

Solving the equations (43) and (44) gives
(2, k) = —ik / G(t) ik 7 (Pro,— (rk) 4B, (7R gy
0

xT
uy (2, k)= e(k)e_ik f()m(Pko,+(t7k)+17k0,+(t,k?))dt+z’k/ qA(t)e_ik ft"”(pkoﬁr(r,k)'f‘ﬁkoﬁr(Tak))det7
0

where q(t) = qi, (t) — Gr, (1)-

Substituting the new expressions of uy (x, k) into the equality (47), we find

1+ gg,
14 Gre

(48) log ‘

k . T r
g / ’ e(k)e_ik f(;z(pko,+(t1k)+ﬁk0,+(tvk))dtdk + % / / qA(t)K(T, t, ko)dtdr,
™ Jo Jo

v —ko

where

k
0 L (e_ik JI Prg. 4 (1) +Bkg o+ (k) dr 4 ik f[(p,co,,(f,k)mko,,(T,k))df) dk,
ko

K(r,t, ko) = /

for r,t € (0,1).

Lemma 3.3. Under the same conditions as in Theorem 1.3, there exist constants cg > 0 and kg > 0 such
that

‘K(T,t,koﬂ < cg,
for allr,t € (0,1) and ko > ko.

Proof (Lemma 3.3) First we remark from the uniqueness of solution to the system (13)-(14)-(15) that
Dko.+ like the impedance function p4 (z, k), satisfies

pko,"t‘(‘r’ k) = pko,-‘r(xa_k)a
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for all z € (0,1). Then, by a change of variables (k — —k), we obtain

ki k
0 keiik ftT(PkO**(T"kHﬁkO’*(T’k))dek _ 0 keikj‘tv'(pkoy+(f,k)+ﬁk0‘+(r,k))d'rdk

—ko —ko

Hence, K can be rewritten as

k
K(rt, ko) = _/ 0 L (eik 7 (Prg+ (TR)+Brg 1 (k))dT _ ik ftr(pk0,7(T,k)-&-ﬁko,,(T,k))dT) dk,
ko

Now, let K be defined as follows

k
K(rt ko) = — / ok (ez‘k S oy (rR) 4By (R _ ik f:<p_(nk>+ﬁ_<nk>>dT) dk.
ko

According to Lemma 3.2, there the integrand of K(r,t, ko) — K(r,t, ko) decays like km%l uniformly with
0
respect to r,t € [0,1]. Therefore there exist constants cg > 0 and kg > 0 such that

K.t ko) = K(r,t, k)| < ca,
for all k > ko.

The asymptotic expansions (19) and (20) in Theorem 2.2 imply that

eik f: ps (7,k)dT

7 eik ST p(7,k)dr <co

for all ¢, € [0,1] and k € CT. Furthermore
eik ft' p+ (T,k)dT _ 6ik ftrpi('r,k)dT < 679
k'

all t,7 € [0,1] and k9 > kg. Combining the previous inequalities we finally obtain that K (r,t, ko) is uni-
formly bounded over [0,1]2 for all kg > kg, which finishes the proof of the lemma. O

Back to the equation (48), by combining the integral equation with the estimates of Lemma 3.3 and the
bounds over the functions py, + and Dy, ,, we obtain

1+ gk, R S
hog [ 1122 | < co (et oy + [ [ at0latar).
0 0

1+ g,
xr
(19) < co (||e<k>||p<k0,ko> +f |a<t>|dt) ,

for all x € (0,1).

Observing that the fact that gz, — ¢ and g, — ¢ in L>(0,1) combined with inequalities (2) imply that
the functions 1 + g, and 1 4 @i, are lower ad upper bounded for large ko, that is, there exist a constant
kg > 0 such that

Nno ~
5 <14 g (), 14 g, < 2n9

for all € [0,1] and kg > kg. Therefore

1

G(z) < — |1
q(u’c‘)_Qn0 og

b

’1-1-%0
1+ Gk,

for all z € [0,1]. Combining the last inequality with (49) gives

(50) 3(@)) < co (ne(k)um,ko) - ’ |a<t>|dt) ,
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for all z € (0,1) and ko > ko.
Applying Gronwall’s inequality (Lemma 6.1) on (50), with the choice of pg = cg + cje?, we find

[q(z)] < palle(B)][L1(0,k0)
for all x € R and ko > kg, which finishes the proof of the Theorem 1.3. O

Remark 3.1. The estimate of Theorem 1.3 provides a basis for excellent numerical results to reconstruct
the observable part of the medium. In addition, it is an integral part of the proof of Theorem 1.1.

Now, we go back to the proof of the main theorems. Lemma 3.2 implies that if k¢ is large enough we have
the existence of qx, and gi,. By splitting the difference ¢ — ¢ into three parts we have

lg — dllze0,1) < llg — qrollzoo0,1) + llaro — Grollo(0,1) + 1T — @il Lo (0,1)-

Using now the results of Lemma 3.2 and Theorem 1.3 to estimate each part of the right hand side we finish
the proof of Theorem 1.1. O

Theorem 3.1. Assume that q,§ be two medium functions in Q. Let dy(k) and dy(k) be the boundary
measurements associated respectively to q and q as defined in (7). Then, there exist constants cg > 0 and
ko such that

7 ~ 1
(51) lg = ll e gy < c2 (|di —dx|prom) + km> :
0
for all ko > ko.

Obviously this result implies the uniqueness of the multi-frequency inverse medium, and a conditional
Lipschitz stability estimate when the band of frequency is large enough.

Corollary 3.1. Assume that q,q be two medium functions in Q. Let dy(k) and c’lv+(k:) be the boundary
measurements associated respectively to q and q as defined in (7), satisfying ||d+ — d+||pe(0,400) < 1. Then,
there exists a constant cg > 0 such that the following Lipschitz stability

g = all oo (y < collds (k) — d+(k’)||£Ttto,+oc)'
holds.

Proof
Under the same assumptions of Theorem 3.1, we have

71 7 1
(52 lg = Gl oo ) < co (k0||d+ —dy L (0.ko) + km> ;
0

for all kg = skg with s > 1. By taking s = ||dy — JAE%,CO), we get the wanted estimate.
O

Remark 3.2. The estimate (51) has two parts: the first is Lipschitz in terms of the errors in measurements,
and the second decays as the size of the frequency interval takes larger values. Clearly, this shows that as the
frequency increases a conditional Hélder stability in L° norm can be reached as illustrated in Corollary 3.1.
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4. PROOF OF THEOREM 1.1

In this section we prove the stability estimate (10). We first provide the following conditional stability
estimate for the unique continuation of d+ on a line.

Theorem 4.1. Let kg > 0, d+ and Ji be the impedance coefficients given in (7) for respectively q and q in
Q.. Then the following estimate hold

T k,k
(53) ds — de|(k) < 2dollds — |32k,

for all k > ko, where dyp is the constant appearing in Proposition 2./.

Proof
We deduce from Proposition 2.4 that

(54) ld_ () — d_(k)| < 2do,
for all k € So.
Without loss of generality we can assume that hg = g Where ng € N*. Let Sho = {k € C;Re(k) >

0, [Im(k)| < hg}, be half a strip, and et wo(k; ko) be the harmonic measure of the complex open domain
Sho \ [0, ko] x {0}. It is the unique solution to the system:

Aw(k;k) = 0 ke Spg\[0,ko] x {0},
w(kiky) = 0 kedS,,
'w(k,ko) = 1 ke (07160] X {0}

The holomorphic unique continuation of the functions di — ds using the Two constants Theorem [25, 33],
gives

lds — del| o) < (2d@)' 0 ®R)|dy — du||7olEie) Yk > ko.

Finally, the bounds satisfied by w(k; ko) are obtained from Lemma 6.2.
O

We deduce again from from Proposition 2.4 the existence of k* € R, satisfying

lds — da || 220 (0,4-00) = |d— (k") — d—(K™)].
We then deduce from Theorem 4.1 the following estimate

~ N k*.k
lds — dcl| o (0,100) = d— (k*) — d_ (K*)| < 2dg|lds — || 725 02

Considering the global stability estimate in Corollary 3.1, we obtain

~ T o T W (k* ko)
g = all oo (r) < cellds — d+||L£Eo ooy S 2codol|d: — di||L£10 R

which finishes the proof of the theorem.

5. PROOF OF THEOREM 1.2

In this section we prove the stability estimates (11)-(12). We start by deriving a lower bound to the
harmonic measure wy on R .

Proposition 5.1. The harmonic measure wo(k, ko) satisfies

[=p)

wo(k, ko) > —=n(ko)e "2k,
s
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Proof
It is known in the literature that the following inequality [35]

arctan(x) > 3n(x),
holds for all > 0, where

. T
T)=—
) = it e
Hence
2 ko _ 1)ne 2 6
= arctan( (e ) ) > = arctan ((e" — 1)"2e™"ek) > —p(kg)e 2",
s \/(ek —1)2ne — (eko — 1)2ne s s
where (ko) = 7((eko — 1)72). O

We deduce from Proposition 2.2 that

(55) |dy (k) = dy (k)| < |dy (k) = 1] + [dy (k) = 1] < =,
k

for all & € RY, with cg > 2dg.

Theorem 4.1 and the last inequality lead to

s : w cQ
|d4-(k) = dy. (k)| < min{2dge "o, Tm

for all £ € RY.

Now we consider the two following cases.

Case 1: assume that 5% <& holds.
0
Hence ||d+ — dv:t||Lw(07+oo) < ¢ is satisfied, and we immediately get the first stability estimate (11).

Case 2: assume that % > ¢ holds. Due to the monotonicity of the functions wq(k1, ko) and ﬁ, there
0

exists a unique k1 € (ko, +00) satisfying

co w
(56) T = 2dge™o ko)
and
~ C
(57) ldy — dyllLoe0,400) < k%
1

Since 0 < ¢ < 1, and cg > 2dg, we have k; > 1.

On the other hand combining (56), and Proposition 5.1, gives

)

9 ~ Sn(ko)e "k
— <
1
which in turn leads to

ek (In(2dg) — In(co) + mIn(ky)) > gn(ko)\ In(e)].

Since cg > 2dg, and k; > 1, we deduce from the last inequality the existence of cg > 0 such that

e > (ko) | In(e),
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holds. Hence
kico = In (n(ko)|In(e)]) -
Combining now the last inequality and estimate (57), we find

~ o
di = di |l (0,400) < "
|| + +||L (0,4-00) (ln(n(k0)|ln(5)|))

By Corollary 3.1, and the last inequality, we obtain the desired stability estimate (12), with kg = CT.
6. APPENDIX
We first recall the Gornwall’s inequality.

Lemma 6.1. Assume that u,v and w : [0,1] = Ry are continuous functions satisfying the inequality

u(z) < wv(z) +/0 u(t)w(t)dt,
for all x € [0,1]. Then

xT
u(z) < () + / v(tyw(t)eld W gt
0
We next give upper and lower estimates of a harmonic measure in a complex strip containing a slit.

Lemma 6.2. Fiz n* € N*, and let h* = 575, ko > 0 be two fized real constants, Sp» = {k € C; Re(k) >
0, |[Im(k)| < h*} be half a strip. Denote wo(k, ko) the harmonic measure of Sp+ \ (0, ko] x {0}, Then

(eko _ 1)n*
\/(6k _ 1)277,* _ (eko _ 1)2n*
for all k > k.

2
— arctan(
71'

2 ) eko’n*
<tk Lo (o )

Proof For n € N*, denote by wy(k, ko) the harmonic measure of [0, ko] x {0} in the sector S= = {k €
C: arg(h)] < £)).

Let Z,(k, ko) = /k?" — k3™ be the conformal mapping of the domain S_= \ [0, ko] x {0} onto the right
half-plane Sz. Here VE is the principal branch of square root function on C \ (—ooc,0) satisfying v/1 = 1.
The parts of the boundary [0, ko] x {0}|+ are then mapped onto [—ik{,ik]].

Now define w*(z, k) to be the harmonic measure of the right half-plane Sz \ [—ikg,ikf]. The explicit
expression of w* is well known [19]

n

2 kg
w*(z,k§) = — arctan( ), for z € (0,400).
z
Since wy (k, ko) = w*(E,(k, ko), ki) for k € S% \ [0, ko] x {0}, we also obtain
n

2 K
(58) wn(k7 kO) = ; arCt&n(m), for k S (k07 +OO)

[07 kO]

Let _4_1( ) =
B1(0) U ([1, ] x {0})

Since wo(k, ko) < wns (E_1(k),E_1 (ko)) on 9 (s;*

imum principle

(0) U ([1, €] x {0})), we deduce from the max-

ek‘on*

R /e2kn* _ e2kon* )’

2
(59) wo (k, ko) < — arctan(
™
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for all k > ko. By construction we have S = C Sz, and consequently 0 = wq(k,ko) < wa(k, ko) on

{Im(k)| = 55+ }. Then again by the maximun?principle we obtain
2 k
(60) wo(k, ko) < wi(k, ko) = = arctan(———),
™ k% — k3
for all & > k.

Combining inequalities (59) and (60), we finally find
2 . ko ekO"*
< Z
(61) wo(k, ko) < - arctan | inf{ N AN

which gives the right-hand side inequality.

H

Let Z_5(k) = ¥ — 1, be the conformal mapping of the domain Sz \ [0,ko] x {0} onto the domain
Dp» \ [0,€F — 1] x {0}, where Dy« = {z € C;z2+1 € S_=_,Re(z) +1 > 0}. Then wo(E73(K), ko) is the
harmonic measure of [0,e* — 1] x {0} in the domain D,,». Now since [0,e* — 1] x {0} C S,z C Dy, we
have 0 = wp» (k, ko) < wo(E~5(k), ko) on 9S _=

2n*

The maximum principle implies that wy,- (k, e — 1) < wo(E75(k), ko) holds on S,=., and particularly, we
have

(eko _ 1)n*
\/an* _ (eko _ 1)2n*

2
— arctan( ) < wo(E74(K), ko), for all k € (e — 1, 400),
T

or equivalently

(62) 2 rctan (el — )" ) < wolk, ko), for all k € (ko, +00)
— arctan T
7 o Ve — 1)z — (eho — 12w = Wolk, fo), o & 0, 70),
which provides the desired left-hand inequality.
O
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