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STABILITY ESTIMATE FOR AN INVERSE PROBLEM FOR THE TIME
HARMONIC MAGNETIC SCHRODINGER OPERATOR FROM THE NEAR
AND FAR FIELD PATTERN

MOURAD BELLASSOUED, HOUSSEM HADDAR, AND AMAL LABIDI

ABSTRACT. We derive conditional stability estimates for inverse scattering problems re-
lated to time harmonic magnetic Schrodinger equation. We prove logarithmic type esti-
mates for retrieving the magnetic (up to a gradient) and electric potentials from near field
or far field maps. Our approach combines techniques from similar results obtained in the
literature for inhomogeneous inverse scattering problems based on the use of geometrical
optics solutions.

1. INTRODUCTION AND MAIN RESULTS

1.1. Introduction. This paper is concerned with the inverse scattering problem of recov-
ering the magnetic and electric potentials in the magnetic Schrodinger model from near
field or far field measurements at a fixed frequency. The forward model is as follows (see
for instance [20, 10]). Let D C R3 be a bounded open set with smooth boundary such
that R3 \ D is connected and let A = (ay,az,a3) € W1>°(R3)3 be a real valued vector
modelling the magnetic potential and ¢ € L°°(R3) be a complex valued function with
non negative imaginary part modelling the electric potential such that Supp(A) C D and
Supp(gq) C D. The magnetic Schrodinger operator we are considering is

Haq=—(V+id)’+q=-A0=Qay (1.1)
where () 4 4 is the first order operator given by

Qaqv =i div(Av) +iA - Vv — (A + ¢v, v e HE (R?). (1.2)

The direct scattering problem in the near field setting can be phrased as follows. Let B
be a smooth bounded and simply connected domain (typically a ball) containing D with
outward normal denoted by v and let y € 0B be the location of a point source. The total
field u(-,y) generated by the point source satisfies

Haqu(-y) — ku(-y) =6, inR? (1.3)

with ¢, denoting the Dirac distribution at  and £ > 0 is the wave number. The total field
is decomposed into

uA,q('ay) = (I)(ay> +uj4,q(7y) in R37 (14)
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2 M. BELLASSOUED, H. HADDAR, AND A. LABIDI

where the scattered field u$ ,(-,y) € Hj,

2 .(R?) and satisfies the Sommerfeld radiation
condition at infinity

lim r(@Tus — ikus) =0, r=]|z (1.5)

r—00

uniformly with respectto & = ﬁ The incident field is given by

o 1 eik\:cfy| L6

(xay)'_ﬂm7 rFy (1.6)

and is the fundamental solution of the Helmholtz equation, i.e. satisfying (1.3) for A =
q = 0 together with the Sommerfeld radiation condition.

The first inverse problem that we shall investigate is to recover A and ¢ from the knowl-
edge u? ,(z,y) for all (x,y) € OB x OB. Defining the near field operator N, :
L?*(0B) — L*(dB), as

Naahte) = [ syl as(0), € 0B, a7
oB
where v} , (+,y) is given by (1.4) and satisfying (1.5), the inverse problem in the near field
setting can be equivalently stated as identifying A and ¢ from the knowledge of N4 ,.

The direct scattering problem in the far field setting formally corresponds with letting
ly]| — oo in the direction —d with d € S? (the unit sphere of R?) and can be phrased
as follows: Given an incident plane wave u’(z,d) = e**4, x € R3, seek a total field
ua,q(+, d) that satisfies

Ha qu(-,d) — K*u(-,d) =0 inR? (1.8)
and can be decomposed into
U (- d) = u'(-,d) +ufy ,(-.d) inR? (1.9)

where the scattered field u , (-, d) € HE (R?) and satisfies the Sommerfeld radiation con-
dition. The latter implies in particular that the scattered field has the following asymptotic
behavior as |x| — oo,

eiklw\

(u?f,q(ff,d)JrO( ! )) (1.10)

s d) = -
uA,q(x’ ) |$‘

el
where uZ’, (-, d) is the so-called far field pattern. The second inverse problem that we
shall consider is the identification of A and ¢ from the knowledge of u3’ q(i, d) for all
(#,d) € S* x §2.

Our main goal for both settings is to investigate the conditional stability of recovering
the electric potential and the magnetic field from the given so-called full aperture mea-
surements. Our strategy relies the use of geometrical optics solutions to the magnetic
Schrodinger equation to derive estimates on the Fourier coefficients of these potentials un-
der additional regularity assumptions. The stability for the electric potential requires the
use of an adapted version of the Helmholtz decomposition. Transferring the results from
the near field operator to the far field measurements necessitate a careful study of the near
field to far field mapping. The reciprocity between the operators H 4 ,—k* and H_ 4 ,— k>
(supplemented with the radiation condition) and mixed reciprocity between far field and
near field play a central role in the proofs.
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In the absence of the magnetic potential A, the study of the identifiability of ¢ from
full aperture measurements is one of the first foundational problems in inverse scattering
theory and we refer to [14, 16, 17, 23] for pioneering uniqueness results under various
(regularity) assumptions. In the presence of a magnetic potential A, we remind that there
is an obstruction to uniqueness for both near field and far field settings (as has been noted
in [22] for instance). In fact, the scattered field outside a ball B containing D is invariant
under the gauge transformation of the magnetic potential. Namely, given o € W?2°°(R3)
with support compactly embedded in B and letting @ = u(z)e~*¥(*) one easily observes
that

Harveqi = —(V +i(A+ V) i+ q(z)i = e @My 4u. (1.11)

Since ¢ = 0 outside B, u then satisfies the same equation as u, namely (1.4) (respectively
(1.9)) in the near field setting (respectively in the far field setting) with H 4 4 replaced by
HA4ve,q- Let us denote by uf, v, , the scattered field associated with the potentials
A 4+ Vi and ¢. From uniqueness of solutions to the above stated scattering problems one
easily deduces that for all y € 9B and d € S?

Uhsvpq(hy) = (€79 1)@, y) + e ug o (hy) R,

uiwv@,q('»d) _ (e—w(w) _ 1)u¢(~7d) + e‘”’(“’)ui’q(-,d) in R3.

This clearly shows that v’y ¢, ,(-,y) = uj (- y) and w5y, g, (- d) = u (-, d) out-
side D and therefore, the magnetic potential A cannot be uniquely determined from far
field or near field measurements outside B. It indicates that the best we can expect from
the knowledge of the near field operator N4 , or the far field uly, 18 to identify (4,q)
modulo a gauge transformation of A. When Supp(A) C D is known, the problem may be
equivalently reformulated as whether the magnetic field defined by the 2-form associated
with the vector A,

3
1
curl A := 3 Z (ijai - Bmiaj) dx; A dx;, (1.12)

1,j=1

and the electric potential ¢ can be retrieved from far field or near field measurements.
The uniqueness for similarly stated inverse problems has been established in [11] for L*°
regularity of the coefficients. It has been studied in earlier works under more regularity
assumptions in [15] and for small perturbations in [22, 20]. We also quote the recent
uniqueness result in [13] for measurements associated with finite number of incident waves
but with full frequency range.

Concerning stability results with full aperture measurements, in [8] Hahner and Hohage
established logarithmic stability estimates for the case A = 0. These results improve pre-
vious ones due to Stefanov [21] by giving an explicit exponent in the logarithmic estimate
and using the L2-norm for far field patterns. In [9] Isaev and Novikov proved stability es-
timates with explicit dependence on the wave number. We hereafter shall follow a similar
approach as in [8, 21] to study the case when one would like to simultaneously recover
curl A and ¢ from full aperture measurements in the light of geometrical optics solutions
developed in [1, 19, 22, 24] for various context in relation with the inverse problem we
are interested in. We establish the stability result first for the magnetic field in the case of
near field data. We then employ a carefully designed Helmholtz decomposition to infer the
stability result for the electric potential. The derivation of the results for far field data are
obtained after establishing some key properties relating this data to the near field data.
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For bounded domains, the inverse problem with full aperture measurements corresponds
with measuring the global Dirichlet to Neumann map. For this problem Tzou proved in
[24] log-type stability estimate for H ! norms of the coefficients, assuming that the mag-
netic potentials are in W2 and the electric potentials are in L>. We here consider
stability with respect to the L>° norm with explicit link between the additional needed
regularity for the coefficients and the logarithm exponent. Let us indicate that uniqueness
and log-log stability results with partial data have been also studied by many authors in the
literature (see for instance [24, 2, 18, 4, 1]) but are not addressed in the present work. We
finally note that we restrict ourselves in the present work to space dimension n = 3 but the
the proofs for n > 4 would follow the same lines as for n = 3 (with eventually different
explicit exponents in the stability estimates of Section 1.2). We choose to focus on the case
n = 3 for conciseness and since it is the more relevant for applications.

1.2. Main stability results. We here state the main results of this paper concerning condi-
tional log-stability in determining the magnetic field curl A given by (1.12) and the electric
potential ¢ from knowledge of the full aperture far field measurements, i.e., u’ q(:i, d) for

any (#,d) € S* x S? or from knowledge of the near field operator N4 4.

Let us first indicate the required conditions for admissible compactly supported magnetic
potentials A and electric potentials g. Let M > 0 and ¢ > 0 be given. We define the class
of admissible magnetic potentials A, (M) by

A, (M) :={A € W?>(R* R?), Supp(A4) C D,
Al wz~ < M, and |curlAl| 1 sy < M}, (1.13)

where ¥ denotes the Fourier transform of v and L1 (R?) is the weighted L!(IR?) space with
norm

lollmsy = [ L+ P01
Given M > 0 and v > 0, we define the class of admissible electric potentials Q~ (M) by
Q, (M) = {q € L*(R?,C), I(q) > 0, Supp(q) C D,
lallLe=(py < Mand||gl|Ly @s) < M} (1.14)

The first main result of this paper is the following log-stability for the magnetic field curl A
and the electric potential ¢ from the near field measurements.

Theorem 1.1. Let M > 0, 0 > 0 and v > 0. Then there exists a constant C' > 0 such
that for any (A;,q;) € Az(M) x Qy(M), j = 1,2, we have

leurl(Ay = Az}~ < C(INaran = Naaal 2 + H0g (N = Ntz D),

o
Hq2 - quLOo < C(HNAhth _NAz,QQ”UQ + |10g(”NA1>Q1 _NA27Q2H)| e+ Ey+3) )7
Here C' depends only on B, M, o and .

An exactly similar stability result can be deduced for far field measurements if one uses
the following very restrictive norm on the measurements. Let

I:={(t,m), £ NU{0}, m € [}, (1.15)
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and denote by Y;", (¢/,m) € T the complete system of special harmonics on S?. For a far
field pattern, u>° we denote by 1t(p, 1, :5,m,)» (£i,mi) € I',i = 1,2 its Fourier coefficients
given by

vty = [ [0 @ V@V () as@) ds(a). (1.16)

Let @ > 0 such that D C {z € R3j|z| < a}. Following [8], we then introduce the
following norm

[u||% = Z Z (2€1+1)221<2€2+1)252 ’M(£17m1;£27m2)‘2. (1.17)

(Zl,ml)GF ([z,mz)EF eka eka

In Lemma 4.1 below we prove that this norm is finite for all far fields u’, with A €
Ay(M) and g € Q(M). Using Lemma 4.3 and Theorem 1.1, we immediately get.

Theorem 1.2. Let M > 0, 0 > 0 and v > 0. Then there exists a constant C' > 0 such
that for any (A;,q;) € As(M) x Qy(M), j = 1,2, we have

1/2
leurl(A; — Ao)||ze < C([uF 4 — u% |l ¥

and

+ [log([luF, g — uZsqal2)| ),

1/2 .  A—
laz = g1l < C[[u, g, = v, 137 + log ([0, 4, — U, 0, 7)] TFIE ).

Here C' depends only on D, a, M, o and ~.

One can also obtain a slightly modified stability result using the L? norm of the mea-
surements following the method in [8]. It is summarized in the following theorem.

Theorem 1.3. Let M > 0, 0 > 0, v > 0 and € > 0. Then there exist two constants
C > 0and § > 0 such that for all (Aj,q;) € As(M) x Q,(M), j = 1,2 verifying
||uj°4°1,q1 - U,°4°27q2||L2(S2xS2) < 6 we have

) %) =
[[eurl(Ay — Ag)||pee(py < C log(|u, 4 — udy.pllz@exsy| 7,
00 00 — eI tE
lg2 = @1l () < C log(([uF, 4, = U3, 0, [ L2(2x82) | TTIETT

Here C depends only on D, a, M, o, €, § and .

From Theorems 1.1 and 1.2 (or 1.3) we immediately derive the uniqueness corollary.

Corollary 1.4. Let Ay and Ay € A, (M) be two vector fields, ¢ and ¢ € Q~(M) and
B D D. Then, we have

uX g (@ d) =uX,  (2,d), V(2,d)€S* xS

or
U, g (T,y) = U, 4, (2,y), V(z,y) € OB x B,
implies q1 = g2 and curl A, = curl As in D.

The remainder of this paper is organized as follows. In Section 2, we give a brief outline
of some basic properties of solutions to the Helmholtz equation, the magnetic Lippmann-
Schwinger equation and some properties of the near field operator. In Section 3, we review
the construction of the complex geometric optics solutions due to Tzou [24] and we esti-
mate the magnetic fields and the electric potentials respectively from the near field opera-
tor. In section 4 we establish a relation between the far field and the near field and then we
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prove Theorems 1.2 and 1.3. An appendix is dedicated to some technical results in relation
with geometric optics solutions and the connection between far field and near field data.

2. HELMHOLTZ EQUATION AND MAGNETIC LIPPMANN-SCHWINGER EQUATION

We here outline some results on the well-posedness of the direct scattering problem
using the formulation of the problem as a Lippmann-Schwinger equation (see for instance
[20, 7]) and prove a uniform bound with respect to the potentials.

Throughout this section, we assume that A € W1°°(R3,R3) and ¢ € L>(R3,C) with
Supp(4), Supp(g) C D and 3(q) > 0.

The function v will be referring in this section to the incident wave (i.e. ®(-,y) or
u®(-,d)), the associated total field is denoted by u = w4, and the scattered field u® =
up, =u—v e H 2 (R?). Both scattering problems can then be stated as solving for

loc
u® € HE (R3) satisfying

— Au® — K*u® = Qaq(u® +v) inR3 (2.18)
and the Sommerfeld radiation condition (1.5). For the study of this problem, we only

require that v € H'(D). Convolution properties imply in particular that u* can be repre-
sented as

u®(x) = / O(z,y)Qa,quly)dy, x€ R?, withu = u® +vin D. (2.19)
D
Let us introduce the integral operator T4 , : H'(D) — H'(D) defined by
Ty qw(z) :z/ O(z,y)Qa,,w(y)dy, x€D. (2.20)
D

We remark that since Q4 : H'(D) — L?(D) is continuous (by regularity assumptions
on A and ¢), and since the volume potential

w e /D B, y)w(y)dy,

continuously maps L?(D) into HZ,_(R?) (see [3]), we deduce that T4 , is compact. Equa-
tion (2.19) implies in particular that the total field v € H'(D) and is a solution of the

Lippmann-Schwinger equation
u—Taqu=v in H (D). (2.21)

Conversely, if u € H'(D) satisfies (2.21), then one easily verifies using the properties
of volume potentials [3] that uf;xyq given by (2.19) is in HIQOC(R?’) and is a solution of the
scattering problem (2.18)-(1.5). The well posedness of the latter is then a consequence of

the following proposition.

Proposition 2.1. The operator [ — Ty, : H'(D) — H(D), with I denoting the identity
operator on H' (D) is continuously invertible.

Proof. The operator I — Ty 4 is of Fredholm type with index 0. It is therefore sufficient to
prove the injectivity of this operator. If u — T'4 qu = 0, then from the above equivalence,
u® given by (2.19) with v = 0, satisfies

—Au® — kK = Qaqu® in R
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Multiplying by u* and integrating over a ball B containing D implies after applying the
Green’s theorem in both sides

/ (V]2 — K2 ) da —/ Oyt Tds(x)
B OB
= / (iA- (Vu'u® — Vusu®) — (JA]? + ¢)|u’|?)dz.
B

Taking the imaginary part of the previous equality implies that ([, B, Oru® utds(z)) >0
(since A is real valued and S(g) > 0). The Rellich lemma then implies that ©* = 0 in
R3 \ B. We now observe that

A (2)] < (B +|glloo + [ AlZ V- Allo) 0™ (2)|+2]| Al o [Vu? ()], forae. z € R,

Unique continuation theorem yields u® = 0 in R? and therefore = 0 in D. This proves
the injectivity of I — T'4 4 and finishes the proof of the proposition. (I

It is also possible to prove the following uniform bound.

Proposition 2.2. Let A € W1>°(R3,R3) and ¢ € L*°(R3,C) as above and such that
|Allwie < M and ||q||L~ < M, for some constant M > 0. Then there exists a constant
C that only depends on D, M and k such that ||(I — T4 )| < C. Here || - || denotes
the norm in L(H'(D)).

Proof. We prove the result using a contradiction argument. Let us assume that, for each
n € N, there exists A, € W1>°(R?)3 and ¢,, € L>°(R?) as in the proposition such that

H(I - TAann)71 H Z n.
This implies in particular the existence of a non trivial function v,, € H'(D) such that the

function u,, € H' (D) satisfying u,, — Ta, 4, Un = v, in H*(D) verifies

nyqdn

[un |1 (D) = nl|vn 51 (D)

This gives for the normalized sequence u,, = W

nllmt(p)
_ _ v -
iy, — Ta, g = = =:9, in H(D), (2.22)

||Un||H1(D)

. The associated scattered field @5 € H?2 _(R?) is defined by

where ||177LHH1(D) < % loc

a, (x) = / ®(2,9)Qa, 4,00 (y)dy, = €R> withd, =i +3,inD. (2.23)
D

Since the sequence (i,,) is bounded in H'(D), the assumptions on A,, and ¢, imply that
the sequence (Q 4, 4, (@,)) is also bounded in L?(D). It yields in particular, using (2.23),
that the sequence (@) is bounded in H2(D). Using the Rellich-Kondrachov compact-
ness theorem, we infer that, an extracted subsequence, that we keep denoting () is a
Cauchy sequence in H'(D). From @,, = 45 + 9, we deduce that (@,,) is also a Cauchy
sequence in H'(D) and therefore converges to some u in H'(D). Given the boundedness
of the sequences (A,,) and (g, ), by changing the original sequence and without corrupting
the contradiction argument (i.e the H'-norm of @, is equal to 1 and [T, || g1 (py — 0 as
n — 00), one can assume that (A,) and (g,) weak-* converge to A and ¢ respectively
in W1 (R?)3 and L>(R?). One then easily verifies that Q 4, 4, (i,) weakly converges
in L2(D) to Q4,4(u). Consequently, from (2.20), we get that T'4,, 4. @y, strongly conver-
gences to T4 4@ in H'(D). Passing to the limit in (2.22) implies that u € H' (D) verifies
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u — T4 qu = 0. The limits A and ¢ obviously verify the hypothesis of Proposition 2.1 and
therefore u = 0. This contradicts ||u|| 1 (py = ||tn || g1 (D) = 1. O

Let us observe for later use that, thanks to (2.19), the far field associated with the scat-

tered wave verifying (2.18) can be expressed as
1 o
uifq(:%) = —/ e*m"’”'yQA’qu(y)dy, & eS?, (2.24)
’ 47 R3

where u is the solution of (2.21).

As a straightforward corollary of Proposition 2.2, the continuity properties of volume
potentials and (2.24), we have the following uniform estimates for v* solution of (2.18)-
(1.5) and associated far field.

Corollary 2.3. Let A € Wh>°(R3 R?) and q¢ € L (R?) as above such that | Ay~ <
M and ||q||L~ < M for some constant M > 0. Then there exists a constant C' that
depends only on M, D and k such that

1w ollzz2py < Cllollgipy  and  |luZ,llL2s2) < Cllvlla(p)

for all v € HY(D), where uy, € H2 (R3) and is a solution of the scattering problem
(2.18)-(1.5). Moreover, for any compact K there exists a constant C' that depends only on
M, D, K and k such that for all v € H'(D)

1wy oIz (1) < Cllvll g1 (Dy-

Armed with with above, let us define for later use the linear and continuous solution
operator M 4 4 by

My, + HYD) — HZ (R?), (2.25)
v = My =l

where uj"q is the solution of (2.18)-(1.5).

We use this data to define the near field operator Ny , : L?(0B) — L*(0B), as

N gh(z) = /3 k() ds(y). w08, (2.26)

where u% (-, y) = Ma (®(,y), y € OB. We first remark that
INaqll < llui 4

and therefore it is sufficient to study the stability of N4  — (A4, ¢) in order to infer stability
results in terms of near field measurements.

|L2(0Bx0B)>

We second observe that, after introducing the single-layer operator S : L%(0B) —
H*'(D) defined by

Shiz) = [ @(wy)h()dsty), € D, (2.27)

oB
one has by linearity and continuity properties of the mapping M 4 , the following identity
NA,qh = (MA’qSh)bB. (2.28)

This equality states that N4 4h is nothing but the near field measurements on 9B generated
by an incident field v := Sh.
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From properties and jump relations for single-layer potential (see [3]) v = Sh with
density h € L?(0B) is defined in R, satisfies the Helmholtz equation in R3 \ 0B, the
Sommerfeld radiation condition (1.5) and the following continuity and jump properties
across 0B.

v (x) = v (x) = v(x) on dB,
dyv~(z) — dyvt(z) = h(z) on dB,

(2.29)

where vT and v~ respectively denote the restriction of v to R? \ B and B. In order to
exploit the information encoded into the identity (2.28), one can easily check the following
lemma by using (2.29).

Lemma 24. Let A € W1>°(R3 R3), ¢ € L*°(R3) as above, and h € L*(OB). Set
v = Sh and u® = My qv. Then the total field u = v + v’ is solution to the transmission
problem

Haqu(z) = k*u(z) in R3\0B,
ut(z) =u™ () on OB, (2.30)
dyu~(z) — Oyu™(z) = h(x), on OB
together with the Sommerfeld radiation condition (1.5).
We finally point out the following lemma that will be useful in the sequel where the
proof is provided in the Appendix.
Lemma 2.5. Let A € W1>°(R3,R3), ¢ € L°°(R®) as above. Then, we have

/ (NA,qf) gds(x) = / S9Qayq (./\/lquSf + Sf)dx, (2.31)
oB D
forall f,g € L*(0B).

We establish now the following result that proves that the transpose operator associated
with V4 4 is equal to N_ 4 ;. In order to ease the writing, we indicate two useful formulas
that we shall use a few times. The first one is a consequence of the Green’s theorem and
states that

/ (Ha,qui us —urHoa que) de = / (u10rug — ugdyruy) ds(x), (2.32)
B oB

for all uy, ug € H?(B). The second one is a classical consequence of the Green’s theorem
and the Rellich lemma and states that [3]

/ (u10rug — ugdruy) ds(z) =0, (2.33)
OB

for all u, up € HE (R?\ B) satisfying the Helmholtz equation Au + k*u = 0in R®\ B

and the Sommerfeld radiation condition (1.5).

Lemma 2.6. Let A € W1>°(R3,R3), ¢ € L°>°(R?) as above. Let y, 2 € R*\ D and set
“il,q(" y) = MA,Q(I)(" y)a and US—A,q('v z) = M—A7qq)(" z)

Then we have the following reciprocity relation,

ui,q (Zv y) = uS—A,q (ya Z)
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. . . . . . . t _ .
This reciprocity implies in particular that (Na 4)" = N_a 4, ie.,

J (N_a,49)ds(z) = /63 (Nagf)gds(z) forall f,g € L*(0B). (2.34)

OB

Proof. From equation (2.19)

wy o (21y) = /D B2, 6) Qg (8o (£ 1) + B(L, ).

On the other hand, applying (2.32) and (2.33) to uy = u3 ,(+,y) and ug = u® 4 (-, 2)
implies
/B (HA,qui,q(ta y) US—A,q (t7 Z) - ui,q(tv y)H—AﬂuS—A,q(tz Z)) dt = 0.

Using (2.18) yields
/ (Qug®(t ) u 4 ot 2) — syt 1)@ a4 ®(t, 2)) dt = 0.
D

Using the Green'’s theorem we obtain (since y, 2 € R? \ D and A has compact support in
D)
/ (B(t,y) Q-n,qu’ 4 4(t, 2) — Qaquy o (t,y)®(t, 2)) dt = 0.
B

When then conclude, since ®(z,t) = §(t, z)

Wy (2,y) = /D (Bt 4) Qo g’ g (t.2) + B(t, 2)QayB(t,y))dt.

Applying the Green’s theorem to the second term in the integral finally shows that

ui&,q(za y) = L (I)(ta y) Q*A,q (uiA,q(tv Z) + (I)(tv Z))dt = uiA,q(yv Z)

Identity (2.34) is a direct consequence of the reciprocity relation and the Fubini theorem.
O

3. STABILITY ANALYSIS FOR NEAR FIELD DATA

The aim of this section is to prove the stability estimates given in Theorem 1.1. The
first step will be to use the properties of the near fields to prove an orthogonality identity,
which relates the difference of potentials to the difference of near field operators. Then
we will use a special family of solutions called complex geometric optics solutions (CGO-
solutions) to estimate the Fourier transform of the difference of the magnetic fields and the
difference of the electric potentials.

Consider two pairs of potentials (4;,¢;) € W1 (R3 R3) x L>°(R3,C), j = 1,2,
satisfying the same assumptions as (A, ¢) in the beginning of the previous section. We set
A(x) := (Ay — A (), q(2):= (g2 — q1)(z), 2 €R3, 3.1

and introduce the first order operator P4, 4, 4 defined by
Pas,Azq)0 = div(Av) +iA- Vo + (|4 — |41 +q)v, ve H'(R?), (2

here we remark that the coefficients of the first order operator P4, 4,,q) are supported in
D.
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3.1. An orthogonality identity and a key integral inequality. First, we present an or-
thogonality identity, which relates the difference of potentials to the difference of near field
operators.

Lemma 3.1. Let f1, fo € L?>(0B) and set

uf == M_a,.aSf, us =My, ,Sfa in R3, (3.3)
and for j =1, 2,
vj:=8f; inD and wuj;:=vj+u; inD. (3.4)
Then the following identity holds true.
/8 (NAl,Q1f2 _NA2,LI2f2) bit dS(.T) = / P(Al,A2-,q)u1 ug dx. (3.5)
B D

Proof. Using (2.34) we first observe that

/3 (Notv.ar fo — Nt f2) o ds(z) = /8 Nenran f2) fo — Noty.ao f2) f1 ds(a).
B B
We deduce from (2.31) that

/83 (Nay, g fo = Naggo f2) [1ds(z) = /D(Uz Q-a,,qu1 —v1 Qa, gu2)dz.  (3.6)
Applying the Green’s theorem and (2.33) to «7 and w35 implies
/ (us (—Au; — k*uf) — uf(—Aus — k*uj)) dz = 0,
which yields accor]cgling to (2.18),

[ (@ @)~ @a i) do =
D
Adding the left hand side of this equality to the right hand side of (3.6) shows that

/8 (Notvas fo — Notggo f2) 1 ds(z) = / (U3 Qs gyt — 11 Qty ytiz) d. (37)
B D

The result of the lemma follows from (3.7) after integrating by parts in the right hand side
and observing that

Q-A1,0u1 = Q-nz,0, U1 = Pay 4,901
This completes the proof. O

We now prove the fundamental integral inequality, which relates the difference of two
magnetic potentials and electric potential in D to the difference between their correspond-
ing near pattern fields. This integral inequality will be the starting point in the proof of the
stability estimate for the corresponding inverse problem.

Lemma 3.2. There is a constant C' > 0 that only depends on B and k such that

/ [ZA . (U1VUQ - uQVul) — (|A2|2 — |A1‘2 + Q)U1UQ]CZJ?
B

< CHNAhQI - NA27Q2 ||Hu1HH2(B)Hu2HH2(B) (3.8)

for all uy € H*(B) satisfying H—a,,qu1 = k*uy in B and all uy € H*(B) satisfying
Hoay,qou2 = k?us in B.



12 M. BELLASSOUED, H. HADDAR, AND A. LABIDI

L.(R3\ B) be the outgoing
solution to the following exterior Dirichlet problem (see for instance [3])

Proof. Letuj, j = 1,2, be given as in the lemma. Let u;' € H}

Auf +kuf =0 inR*\B,
ul =uj on 0B,

and u;r satisfies the Sommerfeld radiation condition (1.5). Elliptic regularity infers that
+ H2
u; €

loc

(R?\ B) and in particular, by trace theorems [12, Theorem 2.1 in Chapter 4],
100 | 2(0m) < Cllus |l 2(s), (3.9)

for some constant C' that only depends on B and k. Let us extend the functions u; as
follows

u; (v) = u;(z) ifx € B,

uj(z) == " ' s =
u; (z) ifx e R°\ B,
and set
fj = 0yu; —d,uj ondB. (3.10)
By trace theorems and (3.9) we have that f; € L?(0B) and
1FillZ20m) < Cllujlitz sy, (3.11)

for some constant C' that only depends on B and k. One can easily check that «; and uq
satisfy the following transmission problems respectively

Hoaygu =ku  inRN\IB, Hoapgotiz = K2up  in R3\OB,
up = uf on 0B, ; uy =uy on 0B,
dyuy —dyuf =fi ondB, oyuy —Oyui = fo ondB.

Moreover, u;r, J = 1,2, satisfy the Sommerfeld radiation condition (1.5). Consider now
the functions

vy() = Sf; = /B B@a)f)ds) o ¢ 0B j-12

Therefore, uj = u; —vj, j = 1,2, are the same as in Lemma 2.4 and then satisfies Lemma
2.6, i.e they verify (3.3)-(3.4). Consequently, identity (3.5) holds, namely

/ P(Al,AQ,q)ul ug dx :/ (NAI;QIf2 _NAzﬂlzfQ) fl ds(m)
D OB

In view of (3.2), we get
/ [lA (U1VUQ - uQVul) — (|A2‘2 — |A1|2 + q)u1u2]dx
B

- /8 Wiy fa =Moo o) fids(a). (12

Consequently,

/ [iA - (u1Vus — uaVur) — (|As|® — |A1]> 4 Q)urus)dz
B

< Warg = Nas g llllfillz2om)ll f2llL205).  (3:13)
Identity (3.8) immediately follows from (3.13) and (3.11). [l
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3.2. Complex geometric optics solutions-CGO. The main strategy of the proof of sta-
bility estimate on determining the magnetic field and the electric potential from the near
field data is the use of complex geometrical optics solutions in (3.8) to estimate the Fourier
coefficients of the difference of two magnetic fields curl(As — A;) and the difference of
two potential go — ¢q;. We therefore first outline some known results about these special
solutions extracted from the literature [1, 19, 22, 24]. Let w = w; + iw9 be a vector with
wi,ws € S? and w; - wo = 0. We define the operator N, := w - V. Since this operator
can be interpreted as the O operator in the complex plane defined by w; and w, one can
construct an inverse operator that can be formally defined by

N )@ = G e (f}@;)ds (3.14)

for a compactly supported distribution g (for instance). Some key mapping properties of
N1 are summarized in the appendix. We remark that if p € C3 satisfies p - p = 0, then

p = sw with s = % and w is as above. With this notation for p we have the following

Lemma where the proof can be found in [1] with the electric potential g replaced by g+ k2.
Note that this lemma requires more regularity than 11> for the magnetic potentials.

Lemma 3.3. Let Ay € W2°°(D)and qo € L°° (D) such that | Ao||w2.~ < M, ||qo|lr~ <
M for some positive constant M, and Supp(Ag), Supp(qo) C D. There exists sg > 0
such that for any s > sg, p = sw satisfying p - p = 0, there exist complex geometrical

solutions u(-, p) € H?(B) of the form
u(@,p) = TP (ERE 4 rn(z, p)),

to the equation H a, qou = k*u in B, where oo(z,w) = N (—w - Ag) and
IrCop)llamy < Cs™ Y, 0<m<2 and |u(-,p)|u2p < Cs’e™,
where C, A and sy depend only on B, k and M.
In the remainder of this section we consider two pairs of potentials (A;, q;) € W x
L>, j = 1,2, with Supp(A4;), Supp(g;) C D, I(g;) > 0 and satisfying
[Ajllwaee <M, |lgjlloe <M, j=1,2, (3.15)
for some M > 0 fixed and set as previously

Alz) == (A2 — A1)(2), q(x) = (@2 — q)(x), xR’ (3.16)

Let £ € R3, wy, wy € S? be three mutually orthogonal vectors in R3. For each s >

€] /2. et
2
0 :s(iwg—l—(%—\/l—%wl)) = swi(s), (3.17)
2
P2 :s(fiwng (%Jr 1—%&}1)) = swj($). (3.18)

For s > sy > 0 for some s sufficiently large (that only depends on B and k), Lemma
3.3 guarantees the existence of the geometrical optics solutions: u; € H?(B) verifying
H_a,,qu1 = k*uy in B and us € H?(B) verifying H , 4,u2 = k*us in B and such that

uj(z) = P (@) ri(x, pj)), (3.19)
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where r; (-, p;), j = 1,2, satisfies
175 (-, pi)lErm(py < Cs™1, 0<m <2, (3.20)

and where @1 (z,w]) = Nw}l (wy - Ay) and o (z,ws) = Nuj;l(—wg - Ay) are a solutions
of

wl Vo1 =wi -4, w; Ve =—wj)- Ay (3.21)
Furthermore, according to (3.19), (3.17) and (3.18), there exist C' and A > 0 such that
||U1u2||L1(B) < C, and ||uj||H2(B) < CSQeAS,for j = 1,2. (3.22)

3.3. Stability estimate for the magnetic potential. We derive in this section a stability
estimate for the magnetic fields. First, we will use Lemma 3.1 and the complex geometric
solutions constructed as above to estimate the Fourier transform of the difference of the
magnetic fields curl A. Second, we exploit the condition ||curlA||.-, o > 0, is a priori
bounded to prove the stability estimate.

Lemma 3.4. Let u;, j = 1,2, be the functions given by (3.19) and set w = wy +1iwq. Then
Sor any |€| < s, we have the following identity

z/ A(z) - (u2Vug — u1Vug) de = 28/ @ - A(x)e™Cdr + R(E, ), (3.23)
D D

with |R(&, s)| < C (), where C' is independent of s, & and M, with the short notation

(€ = VIEP+1.

This Lemma is a straightforward extension and adaptation of a similar lemma in [1] and,
for shake of completeness, we provide the proof in the Appendix.

In what follows, for A; and Ay € W?2°°(IR?) as above, we introduce the notation

aj(z) = (A2 — A1)(z) - e; = A(z) -e5, j=1,2,3, zeR’ (3.24)
where (e, 2, e3) is the canonical basis of R? and set for j, £ = 1,2, 3,
bie(2) = 2%y~ 9% ) p e, (3.25)

%j (ﬂ al‘g

the components of curl A and

bil€) = [ el

the associated Fourier coefficients. We then have the following estimate for the Fourier
transform of the difference of the magnetic fields.

Lemma 3.5. For any s > sg and & € R3 such that || < s the following estimate holds
true,

‘I;ﬂ(g)‘ <C <£> (eAS”NAqu _NA2,¢12H + 8_1 <£>) 3 (3.26)
for j, £ = 1,23, where C and A are positive constants independent of s, £ and M.

Proof. Let £ € R? such that |¢] < s. Let w = wy + iws, where wj, j = 1,2 are as above
and consider u;, j = 1, 2 the solutions given by (3.19). By using (3.8) and (3.23), we get
for €] < s

23‘/E-Aei$'5dm}
B
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< O(INar s = Ny sl 2 22y + luntall ooy + (6) ). B27)
Then, we obtain by (3.22)
|/Bw - A(z)e™tdz| < C (€™ (| Nay,qr — Naggo |l +571(E)) - (3.28)
The reasoning above remains valid if we change w; by —w; and therefore we also have
| /B —w - A(z)e™ dz| < C (™ |Nay g0 — Naggu |l +57(9) - (3.29)
Outside the plane ;e — &re; = 0, we choose wy = 7‘222:2&

onal unitary direction to £&. Multiplying both sides of (3.28) and (3.29) by |£;er — &rejl,
adding them together and using the triangular inequality to eliminate w; imply

\/RS "8 (& ar(x) — aj(x))da| < C (&) (™| Nay g — Naga, | +571(€)), (330)

for e, — &re; # 0. The inequality extends to all |€] < s by regularity of both sides in
terms of ¢ and proves (3.26).
This end the proof. O

which is indeed an orthog-

We are now in position to prove the main stability result for the magnetic potential from
the near field data using (3.26) and regularity assumptions to estimate Fourier coefficients
for large |£]. More precisely, we assume now that for j = 1,2, A; € W2°(D) with
||A||W2°°(D) < M, and

[ (@7 ) s < ar (331)

for some o > 0, where curl4; denotes the Fourier transform of curlA;.

End of the proof of the stability for the magnetic field. We derive now the stability estimate
for the magnetic fields in L°°-norm. Let sy > 1 be as in Lemma 3.5 and s and R be two
parameters satisfying s > R > sq. From (3.26) we get

[ be@lde= [ fpu@lag+ [ o)l
R3 (<R (§)=R
< CR? (e™|Nay.qo = Naggull + 5 'R) + 2MR™°.
Choosing R = s/(°+3) we deduce that for s sufficiently large (depending only on B, k,
M and o),
Ibjell e (roy < € (€M Way, g0 = Natg g [| +57777), (3.32)
for some positive constants C” and A" and all s > so. Now if [|Na, ¢, —Na, g || < €0, for

some &g > 0, such that —log(eg) > 2A’s, then taking s = 5 1og([|Na,,q1 — Nasg. )
in (3.32) implies

-1 —o/o+3
HijHLOO(]Rs) < C/(”NALCH - NA27q2 ”1/2 + (ﬁ log(HNAhlIl - NA2,¢12”)) )
(3.33)

We also observe that this type of inequality holds true if | N4, 4, — Na, g || > €0 since in
that case we can simply write

1bj¢ll o ) < M < (M//e0) [Nayar = Nata.ga 2. (3.34)

The proof of the first estimate of Theorem 1.1 is then completed.



16 M. BELLASSOUED, H. HADDAR, AND A. LABIDI

Using the above result, we are able to prove the second main result related to the stability
for the electric potential.

3.4. Stability estimate for the electric potential. In this section, we are going to use
the complex geometric optics solutions and the stability estimate we already obtained for
the magnetic field in order to retrieve a stability result for the electric potential. There
are, however, some difficulties with this. In fact, in order to isolate the integral of the
difference ¢ = g2 — ¢q1 we would need to control the norm of the difference A = A, — Aj;.
Unfortunately, we can only estimate the difference of the magnetic fields curl(A). To
overcome this difficulty we will use the Helmholtz decomposition and write A = H — V4,
with the fact that div H = 0 and we are able to estimate the norm of V4.

Lemma 3.6. Let p > 3. There exist 9 € W3P(B) N HY(B) and a positive constant C

such that
[9llws»(m) < CllAllw2r (D), (3.35)
and
A+ VI|lwiem) < Clleurl(A)|| Ly (p)- (3.36)
Morveover; if B' is a ball containing D and such that B’ C B, then
1lw2rm\B) < Cllcurl(A)|| Ly (py- (3.37)

Proof. Let ¥ solves the following elliptic boundary value problem in the ball B
—AY =div(A) inB,
9 =0 ondB.

(3.38)

Since the source term div(A) belongs to W?(B) by the elliptic regularity (see [6, Theo-
rem 2.5.1.1 in Chapter 2]), we have ¥ € W3?(B) N H}(B). Moreover, there exist C' > 0
such that

[9]lws.r sy < Clldiv(A)lwirpy < ClAlwzr(p), (3.39)

this ends the prove of (3.35). To prove (3.36), we consider the vector field H € WZP(B)
defined by
H=A+V9. (3.40)

By (3.38) and (3.40), H satisfies
div(H) =0, curl(H)=curl(4) inB, and HAv=0 ondB. (3.41)
By the LP-div-curl estimate, we get
[Hlwirm) < Clleurl(H)||Lr (), (3.42)
and we conclude (3.36). Finally, to prove (3.37) we consider a cut-off function xo €
C*>°(R™) such that xo = 1 in B\ B’ and xo = 0 in D. Set %9 = xo9, we have by (3.38)
—A’lg() = [A,Xo]ﬂ in B7
Yo=0 ondB,

(3.43)

where we have used A = 0 outside D. Thus, we obtain
[9ollwzr By < CIIVI| Lr(B\D)> (3.44)
since the first order operator [A, xo] is supported in B’\ D. Then we deduce that
[Yollw2r() < CllA+ V|| Lo (m\p) < Clleurl(A)[| L (p)- (3.45)
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This ends the proof. O

Applying now Morrey’s inequality, we obtain for some positive constant C
| A+ V| 15y < Cllcurl(A)| oDy, (3.46)

and
H,lg”lem(B\B’) S CHCUI‘I(A)”Loo(D). (347)

We prove now the following inequality which is a slight modification of the previous esti-
mate (3.8) given in Lemma 3.2. This inequality is based on the invariance of the near field
operator under gauge transformation for the magnetic potential that was explained in the
introduction.

Lemma 3.7. Let B denote an open ball containing D and let ¢ € W?>°(B) with
Supp(yp) C B. Then there exist a constant C that only depends on B and such that

/ e li(A+ V) - (u1Vua —uaVur) — (A + V) - (A1 + As) + q)uius]da
B
< ClNaygo = Nag o llurll g2y lluallz2(sy,  (3:48)

for all uy € H*(B) satisfying H—a,.qu1 = k*uy in B and all uy € H?*(B) satisfying
Hoa, gou2 = k?us in the ball B.

Proof. Define A = A — %V(p and Ay = Ay + %V(p. Consider u1, us € H?(B) as in
the lemma. Let denote @; = e~*%/2u;, then by (1.11) we get
Hf/il#]lal = e_iW/QH*A1,Q1u1 = k2’l]17
M4, g l2 = e PP Ha, gour = k?llp, inB. (3.49)
Moreover, due the gauge invariance of the scattered field and since ¢35 = 0, we have
from (2.26) that

A =Najae J=12 (3.50)

With these solution at hand, we use the gauge invariance (3.50) and (3.8) with flj and
instead of A; and u;, respectively, to obtain

/ [iA - (13 Vig — 1 Vi) — (|Az|? — | A1 2 4 q) i iio)da
B

< ClNay g0 = Nag go @ | m2m) |2 52y (3.51)
From the identity (3.51), we get (3.48). This ends the proof. [l

Lemma 3.7, allows us then to obtain an estimate to A added with a gradient term. By
adding V4, we would thus get an estimate with controlled terms. Unfortunately, we cannot
directly add V4, because of the requirement that Supp(¢) C B in Lemma 3.7. We can
solve this difficulty by using a cutoff argument.

Now, we will fix ¢ = x¥, for x € C5°(B) such that x = 1 in B and ¥ € W2 (B)
given by Lemma 3.6 which satisfying (3.46) and (3.47).
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Lemma 3.8. Let u;, j = 1,2 be the functions given by (3.19) for some sq > 0. Then there
exist a positive constants C' and A such that

/ e q(x)uyugda
B

forall s > sg.

< Ce2As||NA1,Q1 - NAz,qz H + SHCHI’I(A)HLoo(D) (3.52)

Proof. Let uj, j = 1,2 be the functions given by (3.19) for some sg > 0. Adding and
subtracting the same terms we get

/ e P q(r)urugdr = / e (A + VD) - (A + Az)uyuqda
B
+ / ie (A + V) - (uy Vug — ugVuy)da
B

+ / e (A + V) - Vouruadr + R
B
=N +Te+ T3+ R, (3.53)

where R denotes the integral
R=— / et [Z(A + V) - (u1Vug — ugVuy)
B

+ ((A+V0) - (A1 + A3) = g+ (A+ V9) - Vg Juruz] do.

First, we have

|T2| < Cl|A + VI Lo () (|ur Vuz| 1) + luaVur L1 (sy)- (3.54)
Then, we deduce from (3.46) and (3.22) that
|J2| < Csllcurl(A)]| L (py- (3.55)
Similarly, we have
|j1| < C||A+Vl?HLoo(B)”ul’LLQHLl(B) (3.56)
and then, we have
|71 < Clleurl(A)|| L= (p). (3.57)
Finally, by the same arguments, we have
|T5| < Clleurl(A)|| = (D). (3.58)

Now recall that ¢ = x9 and set » = (1 — x)9. Since VI = Vi 4+ V& we obtain, by
Lemma 3.7, that

IR| < C|Nay.qr — Nay g lllurll 52y w2l m2(3)

_|_

/ i€ PV - (1 Vug — ugVuy) + e “P(Vo + Ay + As) - VPujugde| . (3.59)
B

By the same arguments used previously, we get

IR| < Ce*™ | Ny = Nag,goll + IV Lo (5)- (3.60)
Since by (3.47) we have
||V¢||Loc(13) < HVﬁHLw(B\B') < Ochﬂ(A)”L‘x’(D)a (3.61)

we conclude (3.52) from (3.54), (3.57), (3.58) and (3.61). [l



INVERSE TIME HARMONIC MAGNETIC SCHRODINGER PROBLEM 19
We now state the following integral identity for the electric potential which is proved in
the Appendix.

Lemma 3.9. Let uj, j = 1,2 be the functions given by (3.19) for some sy > 0. Then for
all ¢ € R? and s > max(so, |€]/2), we have the following identity

/ e " q(x)urug do = / q(z)e™ S dx + R/ (€, 5), (3.62)
D D

where R' (&, s), satisfy
R'(&9)] < C(llewrl(A) [z (p) + 57 (€)). (3.63)
The constants C and sg depend only on B, M and k.

This identity allows to obtain the following estimates for the Fourier coefficients

19):= [ e"<qto)
R3
From Lemma 3.8 and Lemma 3.9 we deduce the following estimate.

Lemma 3.10. There exists so > 0 such that for all s > s and & € R3 with |£| < s the
following estimate holds true,

G(&)] < C(e™Narg = Naggoll + sllcurl(A) || Loy + 571 (€) ). (3.64)
The constants s, C and A depend only on B, M and k.

With the help of the previous lemma, we are now in position to prove the stability result
for the electric potential under the assumption

@ halde < (3:65)

for some v > 0.

End of the proof of the stability estimate for the electric potential. Let s5 > 1 be as in
Lemma 3.10 and s and R be two parameters satisfying s > R > so. From (3.64) and
(3.65) we get

i) de = i(6)], d i(6)| d
[La@rae= [l [ aeas
<CR (eASHNAhIH _NAz,qzn + S”Curl(A)HL"o + Rs_l) +2MR7.

Choosing R = s*/(7+2) we deduce that for s, sufficiently large (depending only on B, k
M and v),

lallzege) < O (€N INaygr = Nag.goll + 5/ O Jeurl(A) | o + 577702
(3.66)
for some positive constants C’ and A’ and all s > sg. Observe now that (3.32) implies in
particular (after eventually changing the constants C’, A’ and sg)

lcurl A L (py < C" (X" [Nty gy — Noagg || + 575/ HD), (3.67)
for all K > 1. Choosing ~ such that
Ko Y+3 T o 2y +3)(0+3)

)

o043 y+2 442 T o(v+2)
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we obtain by substituting (3.67) in (3.66)

]l oo ray < O (€N [INay gy — Nag gl + 577/ 0F2), (3.68)

with possibly different constants C’ and A’.

Now if [[Na, ¢, — Nay .|l < €0, for some g > 0, such that —log(ep) > 2A’sf;, then
taking s* = 535 1og(|[Na, ¢, — Nag,g,|) in (3.32) implies
-1
2N/

—v/k(y+2
10g([N 100 — Nag.ao) /072,
(3.69)

HQHL"O(Rs) < C,(”NAhm 7NA2¢12H1/2 + (

We also observe that this type of inequality holds true if | N4, 4, — Na, g, | > €0 since in
that case we can simply write

lgll o= ze) < M < (M//€0) [ Nayqr = Nagaoll'2. 3.70)

The proof of the second part of Theorem 1.2 is then completed.

4. STABILITY ANALYSIS FOR FAR FIELD DATA

In order to prove stability estimates with far field measurements we shall exploit the
relation between the far field u%’ (2, d), (2,d) € S? x S? and the operator N4 , given by
(1.7) with B = {z € R3, |z| < a} for some sufficiently large a > 0 so that D C B. We
here assume that the hypothesis of Section 2 holds. We recall that the far field pattern can
be expressed as
1
T 4m

We denote by fi(¢, m,;65,ms)» (bi;mi) € I', i = 1,2 the Fourier coefficients of u%’, given
by

u o (2, d) /D e FVQ 4 gua gy, d)dy. 4.1

ity = [ [ 0%, OV @ @@ (@, @)

For proving the first lemma we need the following well known results about the asymptotic

of spherical Bessel functions j, and spherical Hankel functions of the first kind htgl) [21,
Appendix A]:

ekr \¢ 1
j < - <r< 4.
i <a(gm) g 0Sr<a (ENU{L @)
and
20+ 11
’hy)(kr)‘ga( ekt) 0O<r<a, feNU{O, (4.4)

where « is a constant that only depend on a and k. We also recall the following equality
that comes from the addition formula [3],

/ Y2 (2)@(z, r2)ds(2) = ikje, (kr)hY) (klz) Y2 (2), |z >, @.5)
SQ
together with the Funk-Hecke formula

—ikx-Zy ma (2 5 dm ma (4
/S2 e ik Y, (2)ds(2) = e (klz|)Y,r2(2), =€ R3. (4.6)
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Lemma4.1. Let A € WH(R3,R3) and ¢ € L>°(R3, C) be as in Section 2 and such that
|Allwr1.c < M and ||q||p < M for some constant M > 0. Let [i(¢, m,;t,,m,) denote
the Fourier coefficients of the far field patterns u , as defined in (4.2). Then there exists
a constant C > 0 that only depends on D, a, k and M such that

2 eka 20,43 eka 202+3
remsmal < €(55,57) " (341) @.7)

and

201 + 1\ 24+1 /205 + 1\ 262+1
Z Z ( : ) 1 ( : ) 2 ’u(41»m1%42»m2)|2§0'

eka eka
(£1,m1)€T (La,m2)€T
Proof. We only need to prove (4.7). According to (4.2) and (4.1), we obtain

1 m —ikz- mi (2 -
H(ey,mysla,me) = E/ (/ QA,qu(ya d)}/éz 2(d)ds(d)) (/ e k y}fel ! (x)ds(x))dy
B S2 S2?

1

= E B Wey,mo (y)Uél,ml (y)dy

(4.8)
With the help of the Funk-Hecke formula (4.6) we compute
—ik&-yN ML (A o U L
Uy my (Y) 1= /s? e ke VY, (2)ds(2) = ilegl(k lyDY, " (9), ye R3. 4.9)
Then by (4.3), we get

a
[01,ms |72y < C/o e, (k)| r2dr < C(

Using again the Funk-Hecke formula, we obtain

/ uly, )V (d)ds(d) = T / uly, VT (@)s(d) + (~1) 20y @11
S2 S2
and we deduce that

Wey,mo ($> = (_1)62621441 ((I - TA,q)_1U227m2) (,T) (4.12)

Using the fact that Q4 4 is a first order operator supported in D, then we obtain from
Proposition 2.2,

eka )261—&-3

4.10
20, +1 (4.10)

| wegma ll22(5) < CNT = Targ) ™ Wegma L1 (D) < Cllves,ms | a1 (p)- (4.13)
We note that there is a constant C' > 0 such that the inequality
lullr(py < Cllullr2(s) (4.14)

holds true for all u € H} (R?) satisfying the Helmholtz equation Au + k?u = 0 in R3.

loc
We can then estimate

eka \202+3
ltes mallz28) < Clltes mallin (o) < Weaimallfocm) < O3 757) "+ @19
we conclude, from (4.8), (4.10) and (4.15), that
2
|.u(f1,m1;f2,m2) | < C”velmh ”%2(3) ||w€2,m2 ||2L2(B)
eka \202+3/ eka \26+3
<c( ) ) 4.16
- 205 + 1 20, +1 ( )

This competes the proof. (]
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The following lemma makes the link between u3 (+,y) and u%’ (-, d). The proof fol-
lows similar ideas as in Stefanov [21] for A = 0 but uses different arguments since we do
not rely on the properties of the Green function for A # 0 when x ~ y. Our proof would
apply to more general contexts since we mainly rely on the reciprocity relation in Lemma
2.6. The proof is given in Appendix B.

Lemma 4.2. The scattered field associated with point sources can be expanded as
k2 . — m 2 m -~
T 2 T e mma by (RlaDRE) (RDYE? @)YE™ (9),

(£1,mq1)eTl
(£2,m2)€T

ui&,q(xa y) =

(4.17)
uniformly for |x|,|y| > a, with & = z/|z| and § = y/|y.

Then we have the following Lemma showing the Lipschitz continuity of the mapping
uly, Na,q when uy , is endowed with the norm (1.17).

Lemma 4.3. Let Aj and q;, j = 1,2 be as in Section 2. Then

k‘2
Wargr = Nazoll < * 10, g = 0%, 0017 (4.18)

Proof. For j = 1,2, denote by uf the Fourier coefficients associated with

uy 4, asabove. We get from (4.17)

L1,m1;82,mz2)

IlNAI;QI - NAz,ID ||2

K2\ 1 1
< (47T> Z ‘hgl)(ka')|2|h§2)(ka)|2|M%517m1;527m2) - ‘u%&,ml;fz,mz)lQ'
(Zl,ml)EF
(ZQ,mg)GF
The estimate then follows using (4.4) (]

From (4.18) and Theorem 1.1 we easily derive Theorem 1.2. Following the same argu-
ments as in [8] one can obtain a stability result using only the L? norm of the far field. In
fact, identity (4.17) and the uniform bound of Corollary 2.3 allows us to reproduce exactly
the same arguments as in [8, Section 4] to state the following continuity result.

Lemma 4.4. Let M > 0and 0 < 6 < 1 be given. Let A; € WI>(R3 R3) and
q; € L>(R3) be as in Section 2 such that | A;j||w1. < M and ||q;| = < M. Then there
exists a constant n > 0 that only depends on M, k, a and 0 and a constant w that only
depends on a and k such that

||'ILOO —’ILOO ||L2 S2%S2)\ 6
Wots g = N l| < o exp (= (= In st ——rae 220y ),

where /\/'Aj,qj, Jj = 1,2 denote here the near field operators associated with B = {z €
R?, |z| < 2a}.

Using the result of this lemma and Theorem 1.1 one can prove Theorem 1.3 as follows.
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Proof of Theorem 1.3. According to Lemma 4.4

||u?401,q1 —UZ, g 2 )9
w)
1( — lnHuiol,ql — R, g2 )9
wn ’

10 (Wosar = Nagugal) = () + (= In

v

2

1
for sufficiently small [|u% , —u%, ., [lz2 suchthat [u , —u, . llr2 < wne— 2?7
Then, if we further suppose that [[uS, , —u%, . [lz2 < e/(wn), then

- c(1-9) — 8
(_ln (||NA1,Q1 - NA27Q2 H)) o <27 (_ln (||u?401,q1 - u.%oz,quLQ)) A
Using the first inequality in Theorem 1.1 and choosing 6 such that 0 255 = -3 —¢, where
0 < € < %3, yield the first inequality of Theorem 1.3 related to [|[curl4; —curlAz|[ Lo (p).

The estimate for g1 — 2| (p) is derived analogously.

APPENDIX A. PROOF OF LEMMAS 3.4 AND 3.9

This Appendix is devoted to the proof of the Lemma 3.4. At first, we recall the following
three lemmas proved in [24] on the properties of the operator N !, w € S? + iS?, given
by (3.14). The first Lemma, due to Salo [19] in the reconstruction methods and similar to
the one appearing in Eskin and Ralston [5] and Sun [22], shows that a relation between a
non-linear and linear Fourier transform of w - A for a vector field A.

Lemma A.l. Let w = w; + iws with wi,ws € S? and & € R3, such that £, wy and wo be
three mutually orthogonal vectors in R3. Let A € W2°°(D)3 with Supp(A) C D. Then
we have the following equality

/ w - A(x)em'geiN;l(_“'A)(”’)dm = / w- Az)e S da, (A1)
R3 R3
where A is extended by 0 outside D.
LemmaA.2. Letg € W™ (R3), n > 0, with Supp(g) C D. Then N;1(g) € W™>°(R3)
and satisfies

NG (9)llwnos@sy < Cligllwn.=(py,
where C' depends only on D.

Finally, we have the following result which gives the dependence of N !(—w - A) on
the parameter w.

Lemma A.3. Let A € W%°°(D) with Supp(A) C D such that || Al|yz.~ < M and let
0, 0" € S? +iS? such that |0 — 0| < 1 such that R(0) - I(0) = R(¢') - (') = 0. Then,
we have the following inequality

INg (=0 A) = Ny (=0 A)l| () < C |0 = 0], (A2)
where C depends only in D and M.

Proof of Lemma 3.4. By using (3.19), we have for j = 1,2
Vu; = e“Pi(i(pj + V;)e? +ipjr; + Vr)), (A3)
where @1 and (9 are given by

o1(z,wl) = Nﬁl(wf cAy),  paz,wi) = N}l(—ws - Ag), (A4)

*
Wy w.
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where A;, j = 1,2 are extended by 0 outside D.
Therefore, direct calculation gives
s Vg —uy Vug = i(p1—p2)e'P1H92) @ (01102) LG (2 py, o) +Wa(z, p1, p2), (AS)
where ¥, and ¥, are given by
Uy (2, p1,p2) = i(p1 — pa) [F1€79% + roe™® 4 ryrp] ™ (P1HP2)
Wo(x, p1,p2) = [i(chl - Vgog)ei(“"lﬂ”) + (Vrlei“"2 - Vrgei“’l)
+ (iro V1"t —ir1 Vipae'?) + (rViry — r1Vr2)]em‘(”1+”2).
Using Lemma A.2 and the fact that A;, j = 1,2, is compactly supported in R3, we obtain
i (s willLe(py < CllAjl| Lo sy < CM. (A.6)

This implies that
[W1(-, p1, p2)llL1(Dy < C. (A7)
From (A.5), we obtain

i A (ueVur —ur1Vug) de = / A-(p2 — pl)eix'fei(“’1+“&2)dm +R1(&, s), (A8)
RS R3

where
Ri(€,s) = i/3 A (Uy(, p1, p2) + Walw, p1, p2))dz, &= p1+ p2. (A.9)
R

Let now compute the first integral in the right hand side of (A.8). By using (3.17) and
(3.20), we have for w = wy + iws

/ A (pg — pr)eSellerten) gy = 25/ @ - AeEeilerte) gy
R? R

3

2 X .
+2s(\/17|£—27 )/ w1 - AeiEiP192) 4 (A10)
48 R3

Let ¢ = Ngl(w - Ay), and g = Ngl(—w - Ay), then we have
V1(@) +a(w) = N5 ' (-0 (A = Av)) = N5 ' (=@ - A).
We insert e?(¥11%2) in (A.10), then we have
/RS Aw) - (p2 = p)e™ ! e dn = T (€,5) + Ra(€,5) + Ra(6,5),  (A1D)
where

j(fa S) = 25/ w - A(x)eixfei(wﬁw?)dz,

R3

Ra(&,s) = 25/ w- A(z)e™€ (ez‘(wﬁ@z) _ ei(¢1+¢2)) dz,
R3
R =2 ﬁ A iw-€ i(e1t+e2) g
3(§5) =2s(\/1 - 452 —1 ngl' ()e e x.

By using the Lemma A.1, we obtain

J(&,s) = 23/ - Az)e ™ da. (A.12)
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On the other hand, we have

3

Ra(&,s) = 725/ e A(ei“’1 (e7%2 —e™¥2) — !> (™1 — e“‘”))dm. (A.13)

R
Using the dependence of N !(—w - A) on the parameter w given in Lemma A.3 and the
fact that SuppA C D, we get

e — 2| < C [N (—wj - A2) = N3 (<@ Ap)| < Cleg 3],

|e?¥r —efer] < O‘Ngl(w-Al) —N-L (—w? -Al)‘ < Clw+wil. (A.14)

*
—wy

Taking into account (A.13), (A.14) and using that 1 — /1 — [|2/s2 < |¢|%/4s2, for all
€| < 2s, we conclude

2
|R2(&, )| < 05% < Cl¢|. (A.15)

By the same way, we find |R3(&, s)| < C|€|, for some positive constant which is indepen-
dent of ¢ and s.
The proof is completed. (]

Proof of Lemma 3.9. By a direct calculation, we have

Uy = e Eeilerten) | gint (211 + €"'ry + 7172). (A.16)

We use the identity (A.16) and we insert e'*¢¢(x), we obtain

[ e a@mmunde = [ go) <o+ R (€ 5) + Ry(6:), (A17)
D D

where
Ri(&,s) = /D q(z) '€ el (ei(“‘”_“o) - e_i‘pl) dz,
Ry (&, s) = /D e q(x)e™t (ei‘pzrl + e"Pipy 4 7"17”2)d.13.
Let 3 = NL;; (—wj - A1). We insert €'¥2 in R} and obtain from Lemmas A.2 and A.3

[RL(E, 8)| < O’ — €| oo () + || — €7 || oo ()
< O(INGH (—ws - (A2 + V) = N (—ws - Al Lo ()
+ [N (w3 - Ar) = N—j; (Wi - A1)l 2= (5))
< C([|A+ Vol (s + |ws +wil)
< C (1A + VIl sy + [0llwre sy + w3 +wil). (A18)

Using (3.46) and (3.47), we obtain
R1(&9)] < € (Jleurl(A)l| e m) +5(6) ) - (A.19)

Moreover from (3.20), we get |R5(&,s)| < Cs™L. Collecting this with (A.19) and (A.17)
we obtain the desired result. [
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APPENDIX B. PROOF OF LEMMA 4.2

This appendix is devoted to the proof of Lemma 4.2. We first establish the following
duality result. The coefficients A and q are as in Section 2.

Lemma B.1. Lerv; € Hl(B), i = 1,2 such that Av;+k>v; = 0 in B. Then, the following
identity

/ Qaqui(I —T_a,4) tvode = / Q-aqv2(I —Ta ) tvrda, (B.20)
B B

holds where Q 4.q and T's 4 are given by (1.2) and (2.20) respectively.

Proof. We associate to v; (respectively vy) a total field u 4 4 (respectively u_ 4 4) and a
§catt§:red field u® , , (respectively u? 4 ). Applying (2.33) to uy = uj ,and up = u? 4 ,
implies
/ (,HA}quq,q US,A’q — ufg’q’H,A,quiA’q) dr = 0.
B
Making use of ua g = u} ,+viand u_a g =u? 4 , + vo, it follows by direct calculation

/ (Qa,quiu_a,g — Q—a,qv2) dx = / (Qa,qv1v2 — Q—4,qv2v1) da.
B B

Moreover, by integrating by parts, we get
/ (Qa,qu1v2 — Q_ 4 qv2v1) dz = 0.
B

Due to uaq = (I — Tqu)*lvl and u_qq = (I — T_qu)*lvg, we obtain the desired
result. (Il

Proposition B.2. For k > 0 fixed, we have

1 eiklzl giklyl 1 (1 1
U o(T,Y) = — U (T —Y) + (+>A$,y s TFY,
Al W) = g Ty o Ao O g e ) MY
(B.21)
where A(x,y) is uniformly bounded as |x| — oo and |y| — oo.
Proof. Using the asymptotics of ®(-, z) and V,®(-, z) for z € D, we get
Waa(o.) = [ Quau®loay(z )iz (®.22)
D
e
= — -Z)+ —= . 2 — B.23
47T|$|w (y’ x) + |1,|2 ”uA#Z( 7y)||L (D) ‘l‘l 0, ( )

uniformly with respect to y € R? \ B, where

w(y, d) ::/ Q4" %y 4(2,y)dz.
D

Using now Lemma B.1 and integrating by parts, we get

w(y,d) = —/D<I>(z,y)Q,A’quL,A’q(z,d)d,z7 (B.24)
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and therefore w(-,d) = u® 4 ,(-,d). Consequently, (B.23) and (4.1) imply that for |z|,
lyl = o0

1 etklzl giklyl 0O(1)
s — oo T - .
uA,q(aj’y) - A |$‘ |y| U_Aq (y’ J}) + |£L’|2 ||uA;Q( 7y)||L2(D)
o(1) )
+ s lu-aq (=2 L2 () (B.25)
el "

Let us observe that according to Corollary 2.3 (and the asymptotic behaviour of ®(z,y)
and V,®(z,y) with x € D and |y| — oo) we get that

o(1
st liamy = S as bl > oc,
and |lu_4,4(-, —2)| z2(p) is uniformly bounded with respect to . We finally obtain the
desired result by noticing the reciprocity relation v (d,0) = u>, (-0, —d) where
0,d € S? (which is also a consequence of Lemma B.1) or using Lemma 2.6. O

Now, let us expand the scattering amplitude u% q(d, 0) in spherical harmonics
uXe(d )= > D pmieam: Yo ()Y (0), (B.26)
(£1,m1)€L (€2,m2)€T

where [y, m, 2,m, 1S given by (4.2).

Proof of Lemma 4.2. Making use of the addition formula [3],
ng WY (k)Y (@), 2] > |2, (B.27)

Zsem WD (kl2)) Y™ (@), || > |2, (B.28)

where ¢, (2) = ikjg(k\zDYem () and €, = ikV (je(k[2])Y,™ (%)), it follows from
(B.22) that for y € R? \ D and uniformly for |z| > a
Wig(r )= Y anm ()b (Kl2)Y" @).
(ll,ml)el“
Similarly, for x € R® \ D and uniformly for |y| > a
s 1 Mo [~
W ag(B0) = D e ()] (RIyDYE @)
(£2,m2)€L

We observe that
1 I
orm Y (k) = [ 0 (02, 0) VT () ds(a).
Using the reciprocity relation of Lemma 2.6 we then get uniformly for |y| > a

1 m ~
o (1) = D Veemeamahiy (kY)Y (@),
(Zz,mz)er

where

1 _
milams — 20 )Y, (Z) ds(Z).
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This yields in particular that for |z| > a and |y| > a

s 1 my e~ 1 Mo [~
W@ ) = Y Yemiemahy (Bla))Y™ @) i) (Kly)Y? 7). (B29)
(él,ml)el“
(fg,mz)EF

Observe that from Proposition B.2, we have in particular that u} , € L?(Sg x Sg) for
R sufficiently large, with Sg = {|z| = R}. The orthonormality of products of spherical
harmonics in L?(S? x S?) implies in particular that the series (B.29) is convergent in
L?(S? x S?) and

/S i uly o (Re, R, (2) Y7 (5) ds(2)ds () = Yeymytamahyy) (ER) (R).
2 % §2
We recall that ([3]),
eir
() = (=) - +0 (r7?)

Proposition B.2 and the identity Y,** (—¢) = (— )42 Y;"*(9) then imply, by integrating on
Sk X Sg and letting R — oo that

2

_ 0144 V4
Yeimiloms = ?Z ! 2(_1) 2

Heymaylame -

This yields the desired result. We remark that it also implies from (4.7) and (4.4) that the
series (B.29) is absolutely convergent together with its first and second derivatives with
respect to x or y.

APPENDIX C. PROOF OF LEMMA 2.5

The coefficients A and q are as in Section 2.

Proof of Lemma 2.5. Using the definition of N4 4, we have

| Waangis@) = [ s @nrweds@as).

where u3 ,(+,y) is the scattered field associated to ®(-, y), y € 9 B. Moreover, from (2.19),
we get

[ waapgastar= [ [ [/ (2. )Qu . y)dt}( ) W)g() ds(2)ds(y)

According to Fubini’s Theorem, we find

| Waapaasta) = [ ( / B@(x,wg(x)ds(x)) | Quguttn sisio),

Using the fact that ua (-, y) = u3 ,(-,y) + (-, y), y € OB, we obtain
| Waanaasta) = [ s, ( [ wnswisw+ [ y)f(y)ds(y)> (1) dt
- /D Sq(t)Qaq (MagSf +SF) (1) dt

where the operators M 4 4, and S are given by (2.25) and (2.27) respectively.
The proof is completed.
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