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Abstract

In this thesis some inverse boundary value problems in two dimensions are stud-
ied. The problems considered are the Calderén problem and the Gel’fand-Calderén
problem in the single and multi-channel (i.e. matrix-valued) case. The latter can
be seen as a non-overdetermined approximation of the three-dimensional case. We
begin with some results for the anisotropic Calderén problem: a new formulation of
the uniqueness result on the plane is presented as well as the first global uniqueness
on two-dimensional surfaces with boundary. Next, we prove new global stability
estimates for the Gel’fand-Calderén problem in the single and multi-channel cases.
Similar techniques also give a global reconstruction procedure for the same problem
in the multi-channel case. A rapidly converging approximation algorithm for the
multi-channel Gel’fand-Calderén problem is presented afterwards. This algorithm is
inspired mostly by results from multi-dimensional inverse scattering theory. Finally
we present new global stability estimates for the two aforementioned problems which
explicitly depend on regularity and energy.

Résumé

Dans cette thése nous étudions quelques problémes inverses de valeurs au bord
en dimension deux. Les problémes considérés sont le probléme de Calderén et le pro-
bléme de Gel’fand-Calderén dans le cas scalaire et multi-canal, ¢’est-a-dire matriciel :
ce dernier peut étre vu notamment comme une approximation non-surdéterminée du
cas tridimensionnel. Nous montrons d’abord quelques résultats pour le probléme de
Calderén anisotrope : une nouvelle formulation du résultat d’unicité sur le plan ainsi
que le premier résultat d’unicité globale pour le cas des surfaces a bord. Apreés,
nous démontrons une nouvelle estimation de stabilité globale pour le probléme de
Gel’fand-Calderon dans le cas scalaire et multi-canal. Des techniques similaires don-
nent aussi une procédure de reconstruction globale pour le méme probléme. Nous
proposons ensuite un algorithme d’approximation rapidement convergent pour le pro-
bléme de Gel’fand-Calderén multi-canal : cet algorithme est principalement motivé
par des résultats de la théorie de diffusion inverse multi-dimensionnelle. Comme der-
niers résultats nous présentons des nouvelles estimations de stabilité globale pour les
deux problémes mentionnés plus haut qui dépendent explicitement de la régularité
et de I'énergie.

ix






Introduction

This thesis consists of several papers which focus on different aspects of some
inverse boundary value problems in two dimensions. The problems under considera-
tion are the Calderén problem and the Gel’fand-Calderén problem in the single and
multi-channel case.

To summarize, papers are divided into four groups. The first covers the aniso-
tropic Calderén problem on the plane and on two-dimensional surfaces.

A. G. Henkin, M. Santacesaria, On an inverse problem for anisotropic conduc-

tivity in the plane, Inverse Problems 26, 2010, no. 9, 095011.

B. G. Henkin, M. Santacesaria, Gel’fand—Calderon’s Inverse Problem for Aniso-
tropic Conductivities on Bordered Surfaces in R3, Int. Math. Res. Not. IMRN
2012, 2012, no. 4, 781-809.

The second group deals with stability estimates for the Gel’fand-Calderén prob-

lem in the single and multi-channel case.

C. R. G. Novikov, M. Santacesaria, A global stability estimate for the Gel’fand—
Calderon wnverse problem in two dimensions, J. Inverse Ill-Posed Probl. 18,
2010, no. 7, 765-785.

D. M. Santacesaria, Global stability for the multi-channel Gel’fand—Calderon
inverse problem in two dimensions, Bull. Sci. Math., 2012, doi:10.1016/
j.bulsci.2012.02.004.

The third group of papers studies global uniqueness and reconstruction algo-

rithms for the multichannel Gel’fand-Calderéon problem.

E. R. G. Novikov, M. Santacesaria, Global uniqueness and reconstruction for the
multi-channel Gel’fand—Calderon inverse problem in two dimensions, Bull. Sci.
Math. 135, 2011, no. 5, 421-434.

F. R. G. Novikov, M. Santacesaria, Monochromatic Reconstruction Algorithms
for Two-dimensional Multi-channel Inverse Problems, Int. Math. Res. Not.
IMRN, 2012, doi:10.1093 /imrn /rns025.

In the last group some stability estimates for both problems depending on energy

and regularity are presented.

G. M. Santacesaria, New global stability estimates for the Calderdn problem in
two dimensions, J. Inst. Math. Jussieu, 2012, doi:10.1017/S147474801200076X.

H. M. Santacesaria, Stability estimates for an inverse problem for the Schrédinger
equation at megative energy in two dimensions, Applicable Analysis, 2012,
do0i:10.1080,/00036811.2012.698006.



2 INTRODUCTION

The problem of the recovery of an electrical conductivity from boundary measure-
ments of voltage and current was proposed, among others, by Calderén [23] in 1980
and has a direct application in electrical impedance tomography. Let us formulate
the problem mathematically.

Let D C R%, d > 2, be an open bounded domain with smooth boundary and o €
L*>(D, M,(R)) be a matrix-valued function representing an electrical conductivity.
It is customary to assume that o(x) is positive definite (with an uniform lower bound)

and symmetric for every x € D. The Dirichlet-to-Neumann map corresponding to o
is the operator A, : H/2(0D) — H~Y/2(0D) defined as

(0.1) Aof =0oVu-vlsp,

where f € HY2(0D), v is the outer normal to D and u is the unique H'(D) solution
of the Dirichlet problem

(0.2) V- (oVu)=0on D, ulop = f.

To be more precise,

(0.3) (Ao f.g) = /D oV - Vg,

for any g € H'(D) and (-, -) is the pairing between H~/2(9D) and H'2(0D).

Equation (0.2) represents the conservation of the electrical charge on D if the
voltage f is applied to 9D, and A, f is the current flux at the boundary. The
following is called Calderén problem.

PROBLEM 1. Given A,, determine o on D.

Calderon originally proposed this problem for the special class of isotropic con-
ductivities. A conductivity o is isotropic if there exists a positive function oy such
that o(z) = o¢(z)! for every x € D, where I is the identity matrix; we will call a
conductivity anisotropic if it does not satisfy this condition.

One of the first and most studied strategies to solve Problem 1, for smooth
isotropic conductivities, is to substitute @ = wuy/o into equation (0.2), in order to
obtain

ANV
Vo
This is the Schrodinger equation at zero energy for the potential v, for which it

is possible to define the corresponding Dirichlet-to-Neumann operator ®,, as

- ou
@ = —
'Uf ay 6D7

(0.4) (-A+4wv)a=00n D, wherev=

where f € HY 2(OD) and @ is the unique solution of the corresponding Dirichlet
problem for the above Schrédinger equation. We also have the following formula
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which relates the two boundary operators:

1/2
(0.5) ®, =0 /2 (Aao_l/Q 49 : ) .

ov

Thus if o is isotropic and sufficiently regular (for instance C?) and if one knows
the boundary values of o and do/0v, Problem 1 is reduced to the problem of the
recovery of a potential in the Schréodinger equation from the Dirichlet-to-Neumann
map ®,. Potentials of the form (0.4) are called conductivity type potentials.

This is a particular case of a more general problem. Consider the Schrodinger
equation at fixed energy E € R,

(0.6) (A +v)y=FE¢y onD,

where D is a open bounded domain in R? d > 2 and v € L>(D). Under the
assumption that

(0.7) 0 is not a Dirichlet eigenvalue for the operator — A +v — E in D,

we can define the Dirichlet-to-Neumann operator ®,(E) : H/?(0D) — H~Y?(0D),
corresponding to the potential v, as follows:

ou
0.8 O, (E)f = ’
08) ®i-
where f € HY2(dD), and u is the H*(D) solution of the Dirichlet problem
(0.9) (A +v)u=Fuon D, ulsp=f.

This construction gives rise to the so-called Gel'fand-Calderén problem.
PROBLEM 2. Given ®,(FE) for a fivzed E € R, determine v on D.

The name, besides the aforementioned connection to Calderén problem, comes
from an inverse problem proposed by Gel'fand [34] in 1954; indeed, Problem 2 can
be considered as the fixed-energy version of the original Gel’fand problem.

Note that Problem 1 in the isotropic case and Problem 2 are formally non-
overdetermined in the two-dimensional case. Indeed, for dimension d, the functions
to be reconstructed depends on d variables while the inverse problem data depends
on 2(d — 1) variables.

In addition, the history of inverse problems for the two-dimensional Schrodinger
equation at fixed energy goes back to [30] (see also |69, 35| and reference therein).
Problems 1 and 2 can also be considered as examples of ill-posed problems: see [59],
[17] for an introduction to this theory.

Both problems can be formulated with the additional condition that the data are
given only on a part of the boundary. This case was not taken into consideration
in the present work, thus we will not give precise references to results with such
conditions.
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In every result concerning Problem 2 we will always assume condition (0.7). It
is possible to ignore it by considering the Cauchy data space {(¢|op, ¢ /0v|sp) :
1 solution of (0.6)} as boundary data instead of the Dirichlet-to-Neumann map.
Under these conditions, several uniqueness, reconstruction and stability results are
obtained, for instance in [21], [52], [53].

Problem 1 can also be formulated in a discrete way: the reconstruction of a
resistor network from boundary measurements. A resistor network is a graph en-
dowed with a function representing an electrical conductance on the edges; in this
case the Dirichlet problem (0.2) is replaced with a discrete analogue, using a discrete
Laplacian. Fundamental results are obtained in [26], [27], where, in particular, the
Dirichlet-to-Neumann operators are classified.

We also obtain a special case of Problem 1 when the conductivity is piecewise
constant. The problem is then to determine the shape or the volume of the sub-
domains in which it is constant or, in other words, to reconstruct some inclusions
from boundary measurements (even a single one). Many theoretical and numerical
works have been done for this problem: [7| gives a stability result and [43| provides
recent numerical algorithm.

There is a wide literature on Problems 1 and 2. In order to introduce the results
of our Papers A and B, we just mention here the most significant results for Problem
1 in the full data case. Results for Problem 2 will be mentioned afterwards.

In the isotropic case, it was shown that the boundary measurements uniquely
determines a conductivity. After Calderén’s paper [23], which considered the lin-
earised problem, it was proved in [56] that the boundary values of a conductivity, as
well as its derivatives, are uniquely determined by the Dirichlet-to-Neumann map in
dimension d > 2 (see also [85], [5]). For piecewise constant conductivities uniqueness
was obtained for the first time in [29] and for piecewise real-analytic in [57]. The
first global uniqueness result in dimension n > 3 was given in [84] for C*° conductiv-
ities; this was soon improved to the C? case, first in |[68] (which gives also the first
global reconstruction), then in [65], [63|. In two dimensions, global uniqueness was
proved in [64] for W*? conductivities, p > 1. Some of the most recent references
are the following: in [42], uniqueness is proved for C' conductivities for dimension
d > 3 and in [9] for L*> conductivities in two dimensions (see also [11] for recent
developments and [12], [13] for related problems on the plane).

A global logarithmic stability estimate for the Calderén problem was given for
the first time in [4] for dimension d > 3 and in [60] for d = 2. Instability estimates
of [62] showed that the logarithmic estimates were optimal, up to the value of some
exponent. Nevertheless, they were improved in several essential ways: logarithmic
stability was obtained for less regular conductivities (see [24], [15], [25]), Lipschitz
stability for piecewise constant conductivities (see [8], [79], [19]) and regularity-
dependent estimates were also obtained (see [75], [81] = Paper E). See also [6] for
an additional survey on the subject.
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For anisotropic conductivities the situation is quite different: it is not possible to
determine o uniquely from A,. This was discovered by L. Tartar (see [57]). Indeed,
let F': D — D be a diffeomorphism with F|sp = Id, where Id is the identity map.
Then we can define the push-forward of o as

“{DF)o(DF)\ .,
(0.10) F.o = (W) o F7!,

where DF' is the matrix differential of F', and one verifies that Ap, = A,.

It happens that in dimension two this is the only obstruction to unique iden-
tifiability of the conductivity. The anisotropic problem can be reduced to the
isotropic one by using isothermal coordinates [83], and combining this technique
with the result of [64] for isotropic conductivities one obtains a uniqueness result for
anisotropic conductivities with two derivatives. Uniqueness for L*°-conductivities
was later obtained in [10] (see also [11]): for an anisotropic conductivity o € L>®(D)
(D C R? bounded simply connected domain) the Dirichlet-to-Neumann map deter-
mines the equivalence class of conductivities ¢’ such that there exists a diffeomor-
phism F : D — D in the W2 class with F|sp = Id and o’ = F,o.

The main purpose of our Paper A is to clarify and show what one can explicitly
reconstruct from the Dirichlet-to-Neumann operator in the anisotropic case, on the
plane. The main result is the following.

THEOREM 0.1 ([Paper Al). Let D C R? be a bounded domain with C* boundary
and let 6 be a C*-anisotropic conductivity on D, isotropic in a netghbourhood of aD.
Suppose we know s : HY*(OD) — H~ 1/2(8D).

Then we can reconstruct a unique domain D C R* ~ C (up to a biholomorphism),
an isotropic conductivity o on D and the boundary values F |,z of a quasiconformal

C'-diffeomorphism F : D — D such that o = F.o.

This was motivated by results of [83], [68], [64], [41] and yields, as a corollary,
earlier global uniqueness result of [64]. The new point in this statement is the
existence of F : D — D (and its explicit reconstruction at the boundary) without
any assumption on the topology of D. Earlier in [10] this result was proved for
simply connected domains.

The main idea behind the paper is that, since the class of isotropic conductivities
is preserved by conformal maps, to any anisotropic conductivity ¢ we can associate a
complex structure given by a Beltrami coefficient uz;. The conductivity, in this new
complex structure (and generally on a different domain), becomes isotropic and thus
is it possible to apply the techniques of the isotropic case. Theorem 0.1 yields in
particular that the Dirichlet-to-Neumann operator uniquely determines this complex
structure.

In Paper B we generalised the result to the case of surfaces with boundary. Before
stating the result, some remarks on the Calderén problem on manifolds are useful.
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On a d-dimensional manifold M with boundary, with d > 2, an anisotropic
conductivity o can be represented by a mapping from 1-forms to (d — 1)-forms,
symmetric and positive definite, in a sense to be made precise (see [83] for more
details). The conductivity equation becomes dodu = 0 (where d is the exterior
derivative acting on differential forms) and the Dirichlet-to-Neumann operator A, is
defined as

(0.11) Ao f = odulan,
where wu is the unique solution of the Dirichlet problem
(0.12) dodu=0in M, ulon = f.

Thus the Calderén problem becomes: given a manifold M (with a fixed metric)
and A, on OM, determine o or the class of conductivities which produces the same
boundary data as o.

A closely related problem is the reconstruction of a Riemannian manifold, without
knowing its metric, from the knowledge of its boundary and of the Dirichlet-to-
Neumann map of the Laplacian. More precisely, let (M, g) be a smooth Riemannian
manifold with boundary. We can consider the Dirichlet problem

(Ol?)) Agu =01n M, u|aM = f,

where A, is the Laplace-Beltrami operator associated to the metric g. The Dirichlet-
to-Neumann map is defined in this case as the normal derivative

(0.14) Ayf = Zgjk%yk ,
ik 8xj
) oM

where v = Y, /'0/0x; denotes the unit outer normal to IM, v, = >, g is the
conormal. Here (¢7%) is the inverse of (g;i.), the local coordinates expression of g.

The problem is then to reconstruct the metric g (up to some transformations) from
A

g

Another close problem, similar to Problem 2, is the reconstruction of a potential
from the Schrédinger equation on a manifold. Let (M, g) as above, and v a smooth
complex-valued function on (M, g). Suppose that 0 is not a Dirichlet eigenvalue for

the operator —A, + v in M. Then the Dirichlet problem
(0.15) (—A, +v)u=0in M, ulonr = f,

has a unique solution for any f € HY2(OM) (for instance) and we define the
Dirichlet-to-Neumann map

(0.16) Nyg: [ Zgjk—l/k
g-k oM
These problems on manifolds are mostly motivated by the anisotropic Calderén
problem for euclidean domains in R?, d > 3. This problem is still open and the
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results obtained on manifolds can be seen as partial results towards its solution. For
results obtained in dimension d > 3 we refer to [28|.

Uniqueness for the reconstruction of a Riemann surface from the Dirichlet-to-
Neumann map was proved in [58|, [18], [44]. For the Schrédinger equation and the
isotropic Calderén problem on bordered Riemann surfaces, uniqueness results were
given in [38] and an explicit reconstruction procedure in [46]. See also [40], [3] for
related problems on surfaces and [39] for other references.

In our Paper B the anisotropic Calderén problem is solved for the first time on
bordered surfaces in R3, or equivalently on Riemann surfaces with boundary. The
main statement is very close to Theorem 0.1.

THEOREM 0.2 ([Paper B|). Let X be a bordered, C?, oriented, two-dimensional
manifold in R3 with C3 boundary and let 6 be a C3 anisotropic conductivity on X .
From the Dirichlet-to-Neumann operator As and from the knowledge of the genus of
X, we can find by an explicit procedure:

i) a bordered Riemann surface Y,

i1) an isotropic conductivity o on'Y,

iii) a C* diffeomorphism F : X —Y such that F.6 = 0.

Moreover, if Y is another Riemann surface, & an isotropic conductiwity on'Y and
F:X =Y aC® diffeomorphism such that F,6 =6, then U = Fo F1:Y =Y is
a biholomorphism such that V,o = G.

Here the push-forward of a conductivity ¢ by a diffeomorphism F : X — Y is
defined, following [83, §1], as

(0.17) (Fuo)a = Fi(o(F*a)),

where F*« denotes the pull-back of the 1-form « and F, = (F'~!)* denotes the pull-
back by F'~! acting on the 1-form o(F*a). In local coordinates it coincides with the
previous definition (0.10).

Theorem 0.2 yields the following uniqueness result as a corollary.

COROLLARY 0.3 ([Paper B|). Let X be a bordered, C?, oriented, two-dimensional
manifold in R® with C3 boundary and let o1, 09 be two C3-anisotropic conductivities
on X. If \,, = A,, then there exists a C* diffeomorphism G : X — X such that
G’ax =1Id and 09 = G*O'l.

Despite the statement of Theorem 0.2 being very similar to that of Theorem 0.1,
the proof involves much more sophisticated techniques.

The basic idea is to reduce the problem to the isotropic case. On the plane
this is done by solving a Beltrami equation with special asymptotics; a systematic
study of this equation was already done by Ahlfors 2] and Vekua [86]. For surfaces,
although the study of the Beltrami equation on Riemann surfaces is quite developed
and has several applications — for instance Teichmiiller theory — we could not find
in the literature results about global solutions with prescribed conditions. Thus an
important part of the paper is devoted to the construction of such global solutions.
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This is done in several steps: we first embed the surface in a canonical way into
the complex affine space C? as a domain on a nonsingular affine algebraic curve, and
then we study the Beltrami equation on the whole algebraic curve, using in particular
results of Ahlfors [2] and Vekua [86] as well as the Hodge-Riemann decomposition
[49]. In the rest of the paper we use these solutions of the Beltrami equation in
order to deform the surface and reduce the problem to the isotropic case. We use
the reconstruction procedure of [46] and also Cauchy-type formulas to reconstruct
the deformed Riemann surface given only the points of its boundary (solving a kind
of Plateau’s problem).

We now focus on Problem 2. For dimension d > 3 the first global uniqueness and
reconstruction results were obtained in [68] and a stability estimate in [4]. Principal
improvements of these global reconstruction and stability results were recently given
in [74], [75].

The method used to solve Problem 2 in dimension d > 3 (but also Problem
1 for smooth conductivities, in dimension d > 2) is to introduce an intermediary
object between the boundary data and the potential: the (generalised) scattering
amplitude.

The inverse scattering problem, i.e. the reconstruction of a potential in the
Schrodinger equation from its (generalised) scattering amplitude, was proposed and
studied much earlier then Problem 1 or 2. This problem comes initially from quantum
mechanics (see [33]), but afterwards it appeared in several other context, for instance
nonlinear evolution equations (see [16], [45, Chapter 1], [35] for a survey of results).

The fundamental object used to solve Problem 2 in dimension d > 3 is a spe-
cial family of solutions v (z, k) of equation (0.6), depending on a complex parameter
k € C" such that k* = k¥ +...+ k2 = E € R. These functions were originally intro-
duced by Faddeev [32] in quantum scattering and are also called complex geometrical
optics solutions: their main property is an exponential asymptotic condition with
a linear phase depending on the complex parameter k. Without enter into details
we just mention the fact that, in order to use such functions to solve Problem 2 in
two dimensions, it is required their existence (and uniqueness) for every complex
parameter k € C?, k? = E. This was proved to be the case in [69], but only for high
energies (in modulus) and yielded the solution to the inverse scattering problem on
the plane; it was also proved in [64] in the zero energy case, but only for conductivity
type potentials.

Global uniqueness in two dimensions at zero energy was obtained quite recently in
[21] and the proof is based on totally new ideas. In our Papers C, D, we developed
these ideas, together with results going back to [4], in order to obtain stability
estimates for Problem 2 at zero energy in two dimensions; Paper C deals with the
scalar case while Paper D with the multi-channel case, i.e. the case where the
potential in the Schrédinger equation is matrix-valued. The main result of Paper C
is the following.
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THEOREM 0.4 ([Paper CJ). Let D C R? be an open bounded domain with C*
boundary, let vi,va € C*(D) which satisfy (0.7), with ||v;|lc2cpy < N for j = 1,2,
and ®1, P, the corresponding Dirichlet-to-Neumann operators. For simplicity we

assume also that vjlspp = 0 and 8%1)]-\313 = 0 for j = 1,2. Then there exists a
constant C = C(D, N) such that

02 = v1le(p) < C(log(3 + [|®5 — @1 7)) 2 log(3log(3 + |2 — 4[| 1)),
where ||Al| denotes the norm of an operator A : L*(0D) — L*(0D).

This is the first global stability result for the Gel’fand-Calderén inverse problem
in two dimensions, for general real-valued or complex-valued potentials. Results
of such a type were only known for special kinds of potentials, e.g. conductivity
type potentials. It is possible to ignore the condition on the boundary values of
the potential and the normal derivatives; in the same paper we give indeed a more
general, but weaker, log-type stability estimate.

In our Paper D this result was improved and generalised to the multi-channel
case: this means that we consider the Schrédinger equation (0.6) at zero energy
where the potential v, as well as v, is a M,,(C)-valued function; here M, (C) is the
set of n X n complex matrices.

One of the main motivations to study of the 2D multi-channel case is that it
can be seen as an approximation to the 3D equation. As already mentioned before,
the two dimensional case is non overdetermined, thus for different applications it
is useful to study a 2D multi-channel approximation of the 3D equation. Indeed,
consider the 3D Schrédinger equation on a cylindrical domain D x L, D C R2?,
L = [a,b] C R. Using the orthonormal basis in L*(L) given by the eigenfunctions of
the Laplacian it is straightforward to see that this 3D equation it is equivalent to an
infinite dimensional system of the form

~Agthi(x) + Y Vig(@)y(x) = —M\ay(x), 2 €D, i=1,....
j=1

If we impose 1 < 4,5 < n, for some n € N we obtain a finite system (for full details
see §2 of Paper E). In Paper D the following estimates is proved.

THEOREM 0.5 ([Paper DJ). Let D C R? be an open bounded domain with a C*
boundary, vi,ve € C*(D, M,(C)) two matriz-valued potentials which satisfy (0.7),
with |[vj|lc2py < N for j = 1,2, and @, ®y the corresponding Dirichlet-to-Neumann
operators. For simplicity we also assume that vi|gp = valop and 8%U1|8D = 8%112|3D.
Then there ezists a constant C' = C(D, N,n) such that

_3
vz — v1]| e (py) < C (log(3 + || @2 — @1]| 1)) * (log(3log(3 + || — <I>1H*1>))2,

where || - || is the induced operator norm on L*(0D, M,(C)) and
V|| oo (D) = maxi<; j<n ||Vij|lLe ) (likewise for [[v|c2py) for a matriz-valued poten-
tial v.
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The proof of this result is based on the following construction. Using the standard
identification of R? with C, with the coordinates 2 = x| + iz, Z = 21 — ix2, Where
(71, 72) € R?, we define a special family of solutions of equation (0.6), which we call
the Buckhgeim analogues of the Faddeev solutions: ., (z, \), for 2,20 € D, X € C,
such that —Aw 4+ v(z) = 0 over D, where in particular 1, (z, \) — e**=2)°T for
A — oo (i.e. for |\| = +00) and I is the identity matrix.

More precisely, for a matrix valued potential v of size n, we define ¢, (2, \) as
Vs (2, A) = X200 (2 \), where ji., (-, \) solves the integral equation

(0.18) 2N =1+ [ 022Gy (G ARG

I is the identity matrix of size n € N, 2,2y € D, A € C and

N2’ =A(C=50)" [ o= A(0—20)’+A(T—20)°
12 / —dRen dImn
D

(019) 9z (27 C? )‘) - (Z - n)(ﬁ - C)

is a Green function of the operator 4 (% + 2\ (z — zo)) % in D, for zg € D (we

used here the complex derivatives 0/0z,0/0z). Equation (0.18), at fixed 2y and A,
is considered as a linear integral equation for p,, (-, A) in some function space. In
Papers C and D we prove several estimates for the green function g,, which yield
in particular existence and uniqueness for solution of integral equation (0.18) for
sufficiently large |\|. The results of Paper D are obtained using this construction and
an appropriate matrix-valued version of Alessandrini’s identity, along with stationary
phase techniques.

Combining the above construction with the approach of [68|, in Paper E we gave
a global uniqueness result and an exact reconstruction method for Problem 2 in the
multi-channel case. This will clarify the usefulness of these special solutions with
exponential asymptotic with a quadratic phase.

In order to state the results we introduce the Bukhgeim analogue of the Faddeev
generalized scattering amplitude

(0.20) hay(A) = / A0 = AE=20 () (2, N)dRez dImz,
D

for 2o € D, X € C.

THEOREM 0.6 ([Paper E|). Let D C R? be an open bounded domain with C*
boundary and let v € CY(D, M,(C)) be a matriz-valued potential which satisfies
(0.7) and v|sp = 0. Consider, for zg € D, the functions h,,, 1., g., defined above
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and ®, Pq the Dirichlet-to-Neumann maps associated to the potentials v and 0, re-
spectively. Then the following reconstruction formulas and equation hold:

(0.21) o(z0) = Tim 2|z, (),
(0.22) b = [ e @ — B (2 Ve,
oD
(023) (2 Nlap = AT 4 /a Gz CN(® = 00 (C N,
where
(0.24) G2, N) = X0 g, (2, ¢, N)e M=),

20 €D, 2, €0D, A€ C, |\ > pi(D, Ny,n), where ||[v||lc1p,a, ) < Ni-
In addition, if v € C*(D, My (C)) with |v||c2(5.0,(cy) < N2 and 3¢|ap = v|op =0
then the following estimates hold:

(0252)  |o(z0) - §|A|hzo<x>\ < a(D,m) B Ny 4 1),
(0.25b) v(zp) — %|A|hzo(A)‘ <b(D, n)%%(ﬁ@ + 1),

for |A| > p2(D, Ny,n), zo € D.

In order to make use of this reconstruction procedure, the following two propo-
sitions are also necessary:

PROPOSITION 0.7 ([Paper E|). Under the assumptions of Theorem 0.6 (without
the additional assumptions used for (0.25)), equation (0.23) is a Fredholm linear
integral equation of the second kind for ., € C(0D).

PROPOSITION 0.8 (|Paper E|). Under the assumptions of Theorem 0.6 (without
the additional assumptions used for (0.25)), for |\| > p1(D, Ny,n), where
[vllcr oy < Ni, equations (0.18) and (0.23) are uniquely solvable in the spaces
of continuous functions on D and 0D, respectively.

Note that if v|gp # 0 but v = A € M,,(C) on some open neighborhood of 9D in
D, then estimates (0.25) hold with some minor modifications in the definition of the
generalised scattering amplitude.

Theorem 0.6 and Propositions 0.7, 0.8 yield the following uniqueness result.

COROLLARY 0.9 ([Paper E|). Let D C R* be an open bounded domain with C*
boundary, let vi,vy, € CYD, M,(C)) be two matriz-valued potentials which satisfy
(0.7) and ®q, @y the corresponding Dirichlet-to-Neumann operators. If &1 = Py then
V1 = Va.



12 INTRODUCTION

Note that global uniqueness for the more general problem of the Schrodinger
equation with external Yang-Mills potentials was obtained in [31] in dimension d > 3
and recently in [3] on Riemann surfaces.

The global reconstruction of Paper E is fine, in the sense that it consists in solving
Fredholm linear integral equations of the second type and using explicit formulas;
nevertheless this reconstruction is not optimal with respect to its stability properties:
see |22], [75], [20], Paper F for discussions and numerical implementations of the
aforementioned similar (but overdetermined) reconstruction of [68] for Problem 2
for dimension d = 3 in the single-channel case.

In paper F we presented a stable and rapidly converging algorithm which gives an
approximate solution to Problem 2 in the multichannel case. At first sight this could
seem contradicting all the aforementioned stability estimates: indeed, at any fixed
energy, Problem 2 is severely ill posed, as shown by the logarithmic estimates. What
happens is that at high energies the stability becomes approximately Lipschitz: we
can indeed construct — at any fixed sufficiently large energy E and with Lipschitz
stability — an approximated potential which converges to the exact one with an error
of size O(E~(m=2), where m is related to the regularity of the potential.

This reconstruction is mainly inspired by a similar algorithm developed in [72],
[71] to solve the inverse scattering problem in two dimensions (see 73] for similar
results in dimension 3); we now state this problem in the multi-channel case. The
scattering amplitude f is defined as follows: we consider the continuous solutions
Yt (z, k) of the multi-channel equation (0.6) (with E > 0), where k is a parameter,
k € RY k* = E, such that

. L ilklle]
(0.26) Y¥(z, k) = e* [ —irV2me "1 f (k |k\|ﬁ> S

||
1
+0<—>, as |z| — oo,
vatd

for some a priori unknown M,,(C)-valued function f, where [ is the identity matrix.
The function f on .#p = {(k,1) € R*> x R? : k* = [? = E} arising in (0.26) is the
scattering amplitude for the potential v in the framework of equation (0.6). This
construction gives rise to the following inverse scattering problem on R?:

PROBLEM 3. Given f on g, find v on R2.

Approximate reconstruction algorithms for Problem 2 (Algorithm 1) and Prob-
lem 3 (Algorithm 2), in the multichannel case, are given in Paper F. As well as in
[72], [71] our functional analytic approach gives an efficient nonlinear approxima-
tion Vgppr(z, E) to the unknown v(z) of the two problems. The reconstruction of
Vappr (2, E') from ®(E) for Problem 2 and from f on .#p for Problem 3 is realized
with some Lipschitz stability and is based on solving linear integral equations; we
refer to the paper for full details but we sketch here the main ideas.
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The first part of the algorithms is the following: starting from ®(F), for Problem
2, and f on .#g, for Problem 3, we find M, (C)-valued functions hy on .#g through
some linear integral equations. These functions, which can be stably reconstructed,
are closely related to the generalised scattering amplitude r, first introduced by
Faddeev, which is an analytic extension of the classical scattering amplitude f.

The second part of both algorithms consists in the reconstruction of vy, starting
from hy. This is done using the method of the non-local Riemann-Hilbert problem
going back to [61] and O techniques of [1] developed in [67], [36], [69] for solving
the inverse scattering problem at fixed energy in the plane. The reconstruction of
the potential is based on properties of Faddeev-type solutions of the Schrodinger
equation at fixed energy, which are obtained via some function pu(z,\, E'), where
z,A € C, EF > 0. This function satisfies a non-local Riemann-Hilbert problem with
respect to the complex parameter A, which can be solved for sufficiently large E. In
particular, we have the following exact formula for the potential:

(0.27) v(z)-2iE1/2% %qu u(z,—%_,E)T(C,z,E)dReCdImC

1
o / (2, ¢, E)icldc] | |

¢]=1
for z € C and FE sufficiently large (0/0z is the complex derivatives with respect to z).
Here 1 is some restriction of u to the unit circle, which can be stably reconstructed
from hy; in contrast, the reconstruction of r from ®(FE) is not stable (and generally

it is not even possible from f on .#g). The idea is to get rid of the first part and
define

e |1 .
(0.28) vappT(z,E):mEl/?& 5 / n_(z, ¢, B)icldc] |,
¢l=1

because, thanks to estimates of the same type as in [72], the error ||v —vappr (-, E)|| 1o
goes to zero for £ — +o0.
More precisely, we introduce the following function spaces, for m € N, ¢ > 0,

W™HR?, M,(C)) = {u : 0*u € L'(R? M,(C)) for |k| < m},
WmHR? M, (C)) = {u : »°0*u € L'(R? M, (C)) for |k| < m},
(sfu)(z) = (14 |z|*)* Pu(z), ke (NUO0)?, |k| = k1 + ko,

0

3k:0f18§2, 8J:8_x]

Then we have the following theorems.
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THEOREM 0.10 ([Paper F|). Let v € W™!(R? M,(C)), m > 3, suppv C D
and let ®(E) be the corresponding Dirichlet-to-Neumann operator at fized energy E,
where & > Ey and E is not a Dirichlet eigenvalue of —A+v and —A in D. Then v 18
reconstructed from ®(E) with Lipschitz stability via Algorithm 1 up to O(E~(m=2)/2)
in the uniform norm as E — +oo.

THEOREM 0.11 ([Paper F|). Let v € W™ (R?, M,(C)), for m > 3, and let f
be the corresponding scattering amplitude at fived energy E > Es. Then v is recon-
structed from f on Mg with Lipschitz stability via Algorithms 2 up to O(E~(m=2)/2)
in the uniform norm as £ — +oo.

The constant E5 in Theorems 0.10 and 0.11 is precisely stated in the paper, as
well as the error term O(E~(m=2)/2),

Next, motivated by these algorithms (as well as [72], [71]) and by instability
estimates of Mandache [62] (improved in [50]), we focused again on global stability
estimates for Problems 1 and 2 (in the single channel case). On one hand Theorem
0.10 indicates that at high energies the stability estimates can be decomposed into
a stable part (Lipschitz) and an unstable part (logarithmic) where the latter goes to
zero as ¥ — 400. On the other hand instability estimates show that, at any fixed
energy, an inequality like

(0.29) [v2 = w1l (p) < e(log(3 + [|[@2(E) — @1 (E)||T1)™,
cannot hold for o > m, for complex-valued vy, vy € C™(D) and ®(F), Po(F) the
corresponding Dirichlet-to-Neumann operators (here we used the notation || - ||, =

| - | tr1/2(0p)—s-1/2(0py).  Bearing in mind these considerations, we obtained new
estlmates Wh1ch depend on regularity and energy.
In Paper G we tackled Problem 1 and Problem 2 at zero energy. In that paper
it is assumed for simplicity that
D is an open bounded domain in R? oD € C?,

(0.30) Lo
v € W™ R?) for some m > 2, supp v C D,

where W™!(R?) was defined above; let also ||vm1 = max|jj<m |07 v||L1(r2). The
main hypothesis is that only potentials of conductivity type are considered, i.e.

A01/2

(0.31) V= — for some o € L*>(D), with o > oy, > 0.
o

The main results are the following.

THEOREM 0.12 ([Paper G|). Let the conditions (0.7), (0.30), (0.31) hold for the
potentials vy, ve, where D is fized, and let &, , ®o be the corresponding Dirichlet-to-
Neumann operators. Let ||v;|lm1 < N, j = 1,2, for some N > 0. Then there exists
a constant C'= C(D, N, m) such that

(0.32) v — vl () < Cllog(3 + @y — @ 71)) ™

where « = m — 2.
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THEOREM 0.13 ([Paper G|). Let 01,09 be two isotropic conductivities such that
A(U;/Q)/J;/Q satisfies conditions (0.30), where D is fized and 0 < opin < 05 <
Omax < +00 for j = 1,2 and some constants o and omax. Let Ay, Ay be the
corresponding Dirichlet-to-Neumann operators and HA(U;/Q)/U;/QHm,l <N,j=1,2,
for some N > 0. We suppose, for simplicity, that supp (o; —1) C D for j = 1,2.
Then, for any o < m there exists a constant C' = C(D, N, Omin, Omax, M, &) such that

(0.33) loa = o1l ooy < C(log(3 + [[Az — Ay[|T1) ™

The main feature of these estimates is that, as m — +oo, we have a — +o00.
Indeed in every previous global logarithmic stability estimates (in the uniform norm)
for Problems 1 and 2 in two dimensions, the exponent « satisfied a < 1, even for
infinitely smooth potentials/conductivities. In dimension d > 3 a global stability es-
timate similar to our result (with respect to dependence on smoothness) was proved
in [75]: more precisely, an estimate of the same type of (0.32) holds with the expo-
nent « = m — d. The assumptions we made on the support of our potentials and
conductivities can be taken away by the use of boundary determination results (see,
for instance, [14, Proposition 2.11| for the Calderén problem); however, in that case,
the exponent in the estimates will be generally smaller than the « of our theorems
(but always increasing with regularity).

The proof of these results is based on O techniques and Faddeev-type functions
already mentioned. We use fundamental results from [64], [70], [72] and some useful
lemma from [14]. For Theorem 0.12, for instance, the idea is to study the stability of
the map ® — v as the composition of ® — h and h — v where h is the generalised
Faddeev scattering amplitude at zero energy. The first map is found to satisfy a
logarithmic stability (with explicit dependence on the regularity of the potentials)
and the second one an Holdér stability; in order to prove the latter we obtain in
particular some new estimates on the Faddeev function p at zero energy.

In Paper H we started studies of stability estimates for Problem 2 at non-zero
energies. In this paper we restricted ourself to the negative energy case just for the
simplicity of the proofs. There we give three estimates: the first one depends on the
regularity of potentials like in (0.32), while the others depends also on the energy.
Exact energy-dependent Holder-logarithmic stability estimates for the Schrodinger
equations have been studied only recently (see [55], [54], [66], [82], [51]) and this is
the first result in two dimensions. Like in Paper G it is assumed that

D is an open bounded domain in R?, oD € C?,

(0.34) 1o ~
v e W™H(R?) for some m >2, v=wv, suppvC D,

We will need the following regularity condition:
(0.35) |E| > Ey,

where Ey = Ey(||v||m.1, D). This condition implies, in particular, that the Faddeev
functions are well-defined on the entire fixed-energy surface in the spectral parameter.
The main result is the following.
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THEOREM 0.14 ([Paper H|). Let the conditions (0.7), (0.34), (0.35) hold for
the potentials vy, ve, where D is fized, and let ®1(F) , ®o(E) be the corresponding
Dirichlet-to-Neumann operators at fived negative energy E < 0. Let ||v;||lm1 < N,
j = 1,2, for some N > 0. Then there exists a constant ¢, = c¢1(E, D, N, m) such
that

(0.36) [v2 = vi][ o (p) < e1(log(3 4 || @2(E) — 1(E)|1)) 7,

where o =m — 2.

Moreover, there exists a constant co = co(D, N,m) such that for any 0 < k <
1/(1+2), where | = diam(D), we have
—(m-2)

(0.37) [vg — vi || oo () < €| (|E[Y2 + rlog(3+671)

6(3 4+ 671)R0D BI04 |

where § = [|Po(E) — P1(E)||«
In addition, there exists a constant c3 = c3(D, N, m) such that for E,§ which
satisfy

(0.38) |E["? > log(3+07Y), |E|>1,
we have
(0.39) [v2 = v1||zeo(py < c3||E|7™ D2 log(3 + 671)"m) 4 GelFIE) |

Estimate (0.36) is the negative-energy version of (0.32) and shares the same prop-
erties. As regards (0.37) and (0.39), their main feature is the explicit dependence
on the energy E. These estimates consist each one of two parts, the first logarith-
mic and the second Holder or Lipschitz; when |E| increases, the logarithmic part
decreases and the Holder/Lipschitz part becomes dominant. These estimates are
coherent with the approximate reconstruction algorithms of [71] and Paper F at
positive energy. In fact inequalities like (0.36), (0.37) and (0.39) should be valid also
for the Schrodinger equation at positive energy.

The proof of Theorem 0.14 follows the scheme of Paper G and it is based on
similar 0 techniques. However here the most important references are [37], [69],
where the inverse scattering problem at fixed non-zero energy is studied.
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On an inverse problem for anisotropic conductivity in the
plane

GENNADI HENKIN AND MATTEO SANTACESARIA

ABSTRACT. Let @ C R? be a bounded domain with smooth boundary and
6 a smooth anisotropic conductivity on Q. Starting from the Dirichlet-to-
Neumann operator Az on GQ, we give an explicit procedure to find a unique
(up to a biholomorphism) domain €, an isotropic conductivity o on £ and
the boundary values of a quasiconformal diffeomorphism F' : Q) — Q which
transforms ¢ into o.

1. Introduction

Let Q C R? be a bounded domain, and let o be a C?-anisotropic conductivity
defined over Q, i.e. ¢ = (0") is a positive definite symmetric matrix on  in the C?
class. The corresponding Dirichlet-to-Neumann map is the operator A, : C*(9Q) —
LP(0Q), p < oo defined by

0
(1.1) Aaf:Ua—Z!aﬂ,

where f € C'(99), v is the outer normal of 992, and u is the C*'(2)-solution of the
Dirichlet problem

(1.2) V- (oVu)=00nQ, ulsg=f.

The equation (1.2) represents the conservation of the electrical charge on (2 if the
voltage potential f is applied to 92, and A, f is the current flux at the boundary.
The following inverse problem arises from this construction: how much information
about o can be detected from the knowledge of the mapping A,?

Inverse boundary values problems of such a type were formulated in precise math-
ematical terms by I. Gel’fand [10] and by A. Calderon [5]. These problems arise
naturally in several areas: geophysical electrical prospecting (L. Slichter [17], V.
Druskin [6]), medical imaging (D. Barber, B. Brown [3]), nondestructive testing of
materials (A. Friedman, M. Vogelius [9]), etc.

1



2 A. ANISOTROPIC INVERSE PROBLEM

It is not possible to determine o uniquely from A,. This was discovered by L.
Tartar (see [12]). Indeed, let ® : Q@ — Q be a diffeomorphism with ®|sq = Id, where
Id is the identity map. Then we can define the push-forward of ¢ as

_ ([(D2)a(DD)N s
o= (Tastoar ) **

where D® is the matrix differential of ®, and one verifies that Ag,, = A,. In dimen-
sion two this is the only obstruction to unique identifiability of the conductivity. The
anisotropic problem can be reduced to the isotropic one by using isothermal coordi-
nates (Sylvester [18]), and combining this technique with the result of Nachman for
isotropic conductivities (|15]) we obtain the uniqueness result for anisotropic conduc-
tivities with two derivatives. The optimal regularity condition was later obtained by
Astala-Lassas-Paivarinta, who proved the uniqueness for L>°-conductivities in [2]: for
an anisotropic conductivity o € L>=(Q2) (2 C R? bounded simply connected domain)
the Dirichlet-to-Neumann map determines the equivalence class of conductivities o’
such that there exists a diffeomorphism @ : Q — Q in the W2 class with ®|yq = Id
and o' = ®,0.

The main purpose of this article is to clarify and show what one can explicitly re-
construct from a given Dirichlet-to-Neumann operator in the anisotropic case. From
the results obtained in [18], [16], [15], [11] we have deduced

THEOREM 1.1. Let Q C R? be a bounded domain with C* boundary and let & be
a C?-anisotropic conductivity on Q, isotropic in a neighbourhood of 0. Suppose we
know As : C1(8Q) — LP(8Q), p < 0.

Then we can reconstruct a unique domain @ C R* ~ C (up to a biholomorphism),
an isotropic conductivity o on 0 and the boundary values F|,q of a quasiconformal
C'-diffeomorphism F - Q) — Q such that o = F.6.

The new point in this statement is the existence of F : Q2 — € (and its explicit
reconstruction at the boundary) without any assumption on the topology of Q. Early
in 2] this result was proved for simply connected domains, a situation in which the
question about deformations of complex structures of () does not make sense.

Our main tool, as in [18] and 2], is the global solution F' of a certain Beltrami
equation equipped with an asymptotic condition, which takes our anisotropic conduc-
tivity ¢ into an isotropic one, o, defined in general over a different domain 2 = F' (Q)
With the help of F' we then show the existence and uniqueness of a family of solu-
tions 1&(2, A) of the anisotropic conductivity equation, with special asymptotics at
infinity, using also the existence of such type of functions in the isotropic case, that
we call ¥(w, A) (firstly introduced by Faddeev in |7]; see [16], [15] for the main prop-
erties). Then we show how one can reconstruct the boundary values of 1& from the
Dirichlet-to-Neumann operator As, for any A, with a Fredholm-type integral equa-
tion, following the work of Gutarts (|11]). This is a generalization of R. Novikov’s
method for isotropic conductivities (|[16]). We also show how to find the boundary
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values of F from the knowledge of 1)) 50 (generalizing the result in [18] and [2]), and
so we find F(9) = dQ (therefore also ).

After this, we explain how the knowledge of As, zZAJ| oo and F|,q suffices to re-
construct the isotropic scattering amplitude b(\). We give also another method: we
define the anisotropic scattering amplitude ZA)(/\), and we show that it is equal to the
isotropic one, proving that it is essentially a quasiconformal invariant. This result
was already included in [11]; here we give a new simpler proof.

Thus with both methods, starting from ¢| a0 We can reconstruct the isotropic
scattering amplitude: this allows us to write the J-equation which will permit us
to find the isotropic conductivity o on €2, by the Novikov-Nachman reconstruction
scheme ([16], [15]).

Our scheme can be summarized in the following diagram

5 b(\) o
A&—>¢|m—>{ Flog —>{ 0

All steps of this reconstruction scheme are explicit and can be numerically imple-
mented using the Novikov-Nachman reconstruction-type algorithm [16], [15]. There-
fore, our paper admits potential practical applications.

REMARK 1.1. Although we cannot reconstruct ¢ uniquely, for the applications
it may be useful to find one representative of the equivalence class of 6. To do
this, using our theorem it suffices to find a diffeomorphism G : Q — Q with fixed
boundary values (which are the boundary values of a quasiconformal mapping, in
our notation F|,g), and no other particular restriction: in this way (G~1).o will be
a representative of . If € is simply connected one can use the Ahlfors-Beurling
extension theorem for quasi-symmetric homeomorphism of the circle (|1, Thm. 2,

p.69]).

REMARK 1.2. An analogous result to our Theorem 1 is valid also on bordered
surfaces in R3.

REMARK 1.3. One of the referees has drown our attention to the possible rela-
tion of our paper to the publications [13| and [14]. In these papers is shown that
for the inverse isotropic-conductivity problem in an inaccurately modelled (simply
connected) domain there is a unique anisotropic conductivity, corresponding to the
boundary measurements, which has the minimal possible anisotropy; this minimally-
anisotropic conductivity can be «isotropized», using Beltrami equation, in order to
obtain the original isotropic conductivity (up to biholomorphisms of simply con-
nected domains). These papers have certainly some common parts with 2], where
the inverse anisotropic-conductivity problem on simply connected domains is stud-
ied. But these publications have no common points with our paper; indeed our main
novelty consists in the complete study of the inverse anisotropic-conductivity prob-
lem in arbitrary domains (not necessarily simply connected) with smooth boundaries.
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Nevertheless, our results can be applied to extend the above-mentioned publications
to the case of non simply connected domains.

2. The Beltrami equation and Faddeev-type anisotropic solutions
We identify R? with C by the map (z,y) — z + iy = z and we use the notation

where 0, = 0/0x and 0, = 0/0y. We will also use the differential operators 0, 0
such that Of = 0.fdz, Of = 0:fdz, with dz = dx + idy, dZ = dx — idy. We also
recall the identity d = 9 + 0.

We can suppose that &, already isotropic near 8@, is the identity near o (see
[15] for the reduction to this case). Besides, we extend ¢ to the whole complex plane

by putting & = I for z € C\ Q. Then, for the conductivity 6 = 6% we define the
following Beltrami coefficient
—M(2) + 6%(2) — 2i6'%(2)

dl(z) 4+ 62%(2) + 2y/det(0)

which satisfies |p1(2)| < k < 1 and is compactly supported in €. We now recall the
existence of a diffeomorphism that transforms & into an isotropic conductivity.

p(z) =

PROPOSITION 2.1. (Sylvester |18, Prop. 2.1]) There is a quasiconformal C*-
diffeomorphism
F : C — C such that

1
F(z):z—l—O(;) as |z| = oo,

and for which
(F.6)(2) = 0(2)I = (det(6))? 0o F71(2)I.

Thanks to results by Ahlfors and Vekua ([1], [19]), F is obtained as the solution
of the Beltrami equation 0;F = p;0,F, so F' is holomorphic in C \ €.

PROPOSITION 2.2. There exist unique Faddeev-type solutions of the anisotropic
conductivity equation, i.e. functions ¥ (z,\) such that

(2.1) V- (6(Ve)) =0
forall z€ C, A eC, and ih(z,\) = e (1 + O(1)) when z — co.
Proposition 2.2 for the case det ¢ close to a constant was obtained firstly in [18].

PROOF. We define Q = F(Q) and ¢ = A(ﬁ—yj. It is known that if u is a solution
of V- (6Vu) = 0 in €, then @& = 0'/?u is a solution of

(2.2) — Al + qii = 0
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in . From [4], [15] and [16], we have that for every A € C there is a umque
solution 1 (w,\) of (2.2) with the asymptotic behaviour ¢ (w, ) = e (1 + o))
when w — co. So we directly have that ¢ (w,\) := o~ "%)(w,\) is a solution of
V - (V1) = 0 with the same asymptotic (because o = 1 outside 2).

Now let 9(z, A) be a Faddeev-type anisotropic solution. If we consider ¢/ (w, ) =
(F~Y(w), \), we have that V - (V) = 0 from the construction of o. Using the
properties of F' and @, we get, for w — oo,

(w, \) = H(F 7 (w), A) = A7) (1 o (wlw»

e (105

showing that ¢'(w, \) satisfies the same asymptotic of ¢)(w, ). From the uniqueness
of ¥)(w, \) we obtain

(2.3) P(z,A) = 9(F(2),\),
which proves both existence and uniqueness. 0

From the equality (2.3) we can also derive a useful formula to calculate F'|,. In
fact, results in [8] also indicate how the family of Faddeev-type solutions behaves
with respect to A. We have indeed |e=* ¢ (w, A) — 1| = 0 as |A| — oo for every fixed
w € C. If we take w € C\ Q the same limit is also valid for 1(w, \); combining this
with (2.3) we deduce the following formula.

PROPOSITION 2.3. (|18, Prop. 2.7|) For all z € C\ Q (in particular for z € 0S2)

we have R
. log((z,A) L log(9(F(2),A)
|A1|1£>r<1>o A B |/\1|1£>I<1>o A = F).

3. An integral equation for @E|a§2

Following the approach of [11]|, we show that, as in the isotropic case, we can
find zﬂ\ s through a Fredholm-type integral equation.

The main idea is to decompose the differential operator —V - 6V as —A + M,
where M is a compactly supported operator. So we can characterize 1/3(2, A) as the
solution of the following integral equation:

¢<Z7>\)ZGZ’\—E/G(z—w,)\)M@Z(w,/\)dw/\dw,
2 Ja

where

G(z,\) =

Z'e)\z / ei(wEJrﬁz)d,w A dw CcC AeC
, < )

2(2m)? w(w — 1A)
is the Faddeev-Green function for the Laplacian.
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PROPOSITION 3.1. (|11, Lemma 2.4]) For every A € C the boundary value of 1
satisfies

~

(3.1) (2, \)]pg = € — /BQ Gz —w, \)(As — No)ib(w, N)dw,

where Ny is the Dirichlet-to-Neumann operator of the standard Laplacian (or for the
case of constant conductivity).

This follows from the identity
(3.2) / up(As — No)u = / ugMu,
i9) Q

where ug, u € W2(Q), V- (6Vu) =0, Aug =0 in Q.
The fact that the integral equation (3.1) is of Fredholm type in the Sobolev
space W*2(9) is the content of [11, Lemma 2.5|, and it is uniquely solvable by [11,

Lemma 2.6| (these properties are implied by the same results in the isotropic case
[15]).
4. Reconstruction of the scattering amplitude

Following [8|, we define the non-physical scattering amplitude for the isotropic
inverse problem as

(4.1) b(\) = /Q e N q(w) Y (w, N)dw.

From [16] we have

) = [ e, — Aa)iw Vi,
0
where A, is the Dirichlet-to-Neumann operator of the Schrédinger equation (2.2).
Since o is the identity near €2, equation A, = o~ /2(A, + 192)0~1/? reads A, =
A,, and Yo = ¢laq, so

(4.2) b(\) = /a ) e (Ay — Ao)th(w, ) dw.

Thus, for the reconstruction of b, it is sufficient to determine A, and ¥|sq. By
(2.3) we already know ®|sq; for the determination of A,, by arguments of [2], we
obtain the identity

(4.3) /ﬁAﬁ):/ ulyv
o0 o0

which holds for any 4,0 € C'(9Q) and u,v € C'(dQ) such that & = u o F and
0 = v o F (this follows directly from the properties of F' and the symmetry of the
two Dirichlet-to-Neumann operators). So we find A, from As and F|,q.
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4.1. Complementary result. We give here another method to find b()\). In-
spired by [11], we define the anisotropic scattering amplitude as

(4.4) b(A) = / e M (2, \)dz
9)
and we have the following result.
PROPOSITION 4.1. b(\) = b()\)
We will need the following lemma

LEMMA 4.2. For every ¢ € CHQ), ¥ € CY(Q) solution of V - (6V)) = (A —
M)y =0 in Q, we have

(4.5) P(As — No)p = 2i " P(OY — ),

2i9)
where Ay = 0 in 0 and olyq = V)0

PROOF. Let a € C'(f) such that a|yq = ¢, and w = 2 + iy. From the definition
of the Dirichlet-to-Neumann operator and from Stokes’ theorem, one has

H(As — Ao = /Q (Va - V(i — o) + aMy)drdy,

o0

and by Stokes’ theorem and by the identity A =4 8‘3;

2i | @O — Dpy) = 2i / da N (O — Oy) + / aM dxdy.
o9 Q Q
Writing in coordinates we get
— 1 1

da N O(p —hg) = %Va V(¢ — o) dzdy + §da A d() — o).

Again by Stokes’ thorem we have
[ dendtw =) == [ (@ vo)da=0
Q o9

because ¥|5q = Y050 The proof follows. O

PROOF OF PROPOSITION 4.1. From identity (3.2) we find

h() = /8 € = Ao Vi

Using the lemma we find
(4.6) b(\) = 2 / e (DY) — i) = 2 / eV,
o9 o9

(4.7) b(\) = 2 /(9 ) e (Btp — D) = 2i /8 ) e oY,
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where the second equalities follows from Stokes’ theorem, the fact that e (resp.
e~*) is antiholomorphic and 1y (resp. 1) is harmonic in  (resp. in Q).
If we call 2 = G(w) = F~}(w) we find, from (4.6),

- , _181&
= MLz
by =2 /aQ © %"

, s (OF\ 0 oG
_ AG(w) [ Y5 VXV il
22/696 (52)3@(w’/\)(8w>dm
(4.8) =2 / e AW,
89

because F (resp. G) is holomorphic in a neighbourhood of 9 (resp. dQ), and from
the equality 1 o F' = @/A)

To see that (4.8) is equal to (4.7) we proceed as follows. Let Qr = { 2 € C: |z]| <
R} the disk of radius R, and let R be sufficiently large to have Q C Qr. We apply
Stokes’ theorem to Qg \ €2 and we obtain, for every quasiconformal homeomorphism
E : C — C, holomorphic in C\ €,

/ €_>\E(w)5¢) _ 6—>\E(w)5¢+/ a(e—)\E(w)(f_%Z})
o0 R Qr\Q

—AE(w)

but the last term vanishes, because e is anti-holomorphic and 99y = 0 in

C\ Q.
So the identity

/ ef)\E(w)gw _ €7AE(w)5w
o0 QR

is true for R > 0, E(w) = G(w) and E(w) = w. As we have G(w) = w + O(ﬁ) for
w — 00, using the lemma we deduce

R—o0

b(\) = 2 / e APy = lim 2i / e GGy
o0 o0p

= lim 2 / e N = 2i / e = b(\) 0
12,9573 o0

R—o0

5. The 0-equation and the reconstruction of o

Here we follow the steps of [16] to reconstruct isotropic conductivities. The
function p(w, ) = 1 (w, \)e ** satisfies the following d-equation with respect to A

a“(“i? )\) — b<)\_>eXE—)\wlu(w’ )\)
O\ 4\

(5.1)
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This is equivalent to the integral equation:

1 b(N) Yo~ —
5.2 pw(w,\) =1+ / — e TN p(w, N)dN A d
(52 WA= g | (w,X)

because pr — 1 when w — oo. By results of [15], equation (5.2) is solvable, and one
can find o(w) from the integral formula

1 b(A) oo yy—— —
(5.3) o?(w) = p(w,0) =1+ PR %ekw_’\wlz(w, A)dA N dA, Yw € C
C

or from the more stable general formula
Ac'(w) A (w, \)
ol (w)  dp(w, A)

(5.4) . YweC, VA eC.
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Gel’fand-Calderén’s inverse problem for anisotropic
conductivities on bordered surfaces in R?

GENNADI HENKIN AND MATTEO SANTACESARIA

ABSTRACT. Let X be a smooth bordered surface in R with smooth boundary
and ¢ a smooth anisotropic conductivity on X. If the genus of X is given, then
starting from the Dirichlet-to-Neumann operator Az on 0.X, we give an explicit
procedure to find a unique Riemann surface Y (up to a biholomorphism), an
isotropic conductivity ¢ on Y and a quasiconformal diffeomorphism F' : X — Y
which transforms ¢ into o.

As a corollary we obtain the following uniqueness result: if o1, 09 are two
smooth anisotropic conductivities on X with A,, = A,,, then there exists a
smooth diffeomorphism ® : X — X such that ®|sx = Id and ®.0q1 = 0s.

1. Introduction

Let X be a bordered, oriented, two-dimensional manifold in R3. We suppose that
X possesses a conductivity o: this means that we have the following relation

(1.1) j(x) =o(z)du(z), v € X,

where u(z) is the voltage potential at x, du(z) its differential, and j(x) is the current
flowing through x. Equation (1.1) is just a differential version of Ohm’s law. As
j is a 1-form, o represents a mapping from 1-forms to 1-forms, i.e. o is a global
section of the vector bundle T'(X)* ® T'(X) (where T'(X), T(X)* are respectively
the tangent and the cotangent bundle of X). It is customary to assume that o(x) is
both positive definite and symmetric, in a sense that will be explained later.

We shall also assume that there is no displacement current; thus for any smooth
subdomain X’ C X we have Green’s theorem

0:/ j:/ dj.
ox' '

Since X' is arbitrary, we conclude that dj = dodu =0 in X.
In general, conductivities are anisotropic; we say that a conductivity is isotropic
if the relationship between voltage and current is independent of the direction.

1
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In order to introduce the problem, we define the Dirichlet-to-Neumann operator

A, : CHOX) — LP(T(0X)*), p < oo as
(1.2) Aof = odulox,

where 0 € C3(T(X)*®T(X)), f € CY(0X) and u is the unique W?(X)-solution of
the Dirichlet problem

(1.3) dodu=0on X, ulpx = f.

More details about definitions (1.2), (1.3) can be found in [28] and in section 2.1
below.

Our aim is to answer the following question, that is a variation of an inverse
boundary value problem posed by Gel’fand [12] and Calderén [6]: which information
about X and o can be extracted from the mapping A,?

The main result of this paper is:

THEOREM 1.1. Let X be a bordered, C®, oriented, two-dimensional manifold in
R3 with C? boundary and let 6 be a C3-anisotropic conductivity on X. From the
Dirichlet-to-Neumann operator Ay : C*(0X) — LP(T(0X)*), p < oo, and from the
knowledge of the genus of X, we can find by an explicit procedure:

i) a bordered Riemann surface Y,

i) an isotropic conductivity o on'Y,

i) a C3 diffeomorphism F : X —Y such that Fi.o6 =o.

Moreover, sz is another Riemann surface, 6 an isotropic conductivity on Y and
F:X =Y aC? diffomorphism such that F.6 =&, then W = Fo F~1:Y =Y is
a biholomorphism such that V.o = &.

Note that the hypothesis that X C R? is not restrictive. Indeed, by classical
theorems of Garsia and Riiedy (see [10], [27]), any Riemann surface is conformally
equivalent to a complete classical surface in R3.

The push-forward of a conductivity o by a diffeomorphism ® : X — Y is defined,
following [28, §1], as

(1.4) (Do) = Py (0(P ),

where ®*« denotes the pull-back of the 1-form a and ®, = (®~1)* denotes the
pull-back by ®~! acting on the 1-form o(®*«).

L. Tartar was the first to remark (see [23]) that, when ® : X — X, this new
conductivity ®,o has the same boundary measurements as o if ®|9x = Id, where Id
is the identity map. Thus, it is clearly not possible to determine o uniquely from
A,; more specifically we cannot find more than i)—ii) from A,. This is pointed out
in the following corollary of our main result.

COROLLARY 1.2. Let X be a bordered, C3, oriented, two-dimensional manifold
in R® with C? boundary and let o1, 09 be two C3-anisotropic conductivities on X. If
Ay, = A,, then there exists a C? diffeomorphism ® : X — X such that ®|px = Id
and o9 = O,07.
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Historical remarks. These results were obtained earlier only for X C R%. Even
for this case, Theorem 1.1 was obtained only recently by the authors [20], using
arguments and results taken from [26], [25], [28], [2], [15].

Corollary 1.2, for X C R? was proved in an original paper by Sylvester [28]
for C® conductivities close to constants (the last restriction was eliminated in [25]).
From [28] one can deduce (see [18]) that for any bordered surface X, equipped with
an anisotropic conductivity, there exists a unique complex structure, i.e. d =9+ 0,
for which the equation do du = 0 transforms into do d“u = 0, where ¢ is a positive
function (which represents an isotropic conductivity) and d¢ = i(d — 9).

In the context of surfaces Corollary 1.2 is the first uniqueness result for the
inverse anisotropic-conductivity problem. A uniqueness result (even with partial
data) for the inverse isotropic-conductivity problem was recently obtained in [13],
using stationary phase techniques from [5].

From the reconstruction viewpoint, Theorem 1.1 is the first result on the recov-
ering of the above-mentioned complex structure of a bordered surface with known
genus from its Dirichlet-to-Neumann operator. A method for recovering isotropic
conductivities on surfaces with known genus was recently developed in [19]. In ad-
dition, a reconstruction procedure for complex surfaces with constant conductivity
was obtained in [18].

Scheme of the proofs. The main idea behind this paper is the same as in [28],
i.e. to reduce the problem to the isotropic case.

We first equip our real surface with some complex structure (e.g. the complex
structure induced by the euclidean metric of R?) and then we embed the surface in
the complex affine space C? as a domain X on a nonsingular affine algebraic curve
V. Without loss of generality (see section 2.4) we can suppose that in a neighbour-
hood of 0X we have 6du = d°u and so we uniquely extend ¢ on V' \ X keeping this
property. Successively, we find a global analogue of isothermal coordinates, uniquely
determined on V' by a given anisotropic conductivity and natural asymptotic condi-
tions. This is accomplished by proving existence and uniqueness of special solutions
of a certain Beltrami equation; here we follow the works started by Gauss [11] and
fully developed by Ahlfors [1] and Vekua [29], along with the Hodge-Riemann de-
composition [21] and the generalization of related operator estimates.

We cannot expect, like in the plane, that the deformed surface will live in the
same compactified surface after the change of coordinates. Thus, we will find a
new surface W where our conductivity is isotropic; in general this surface will be
algebraic, but possibly with intersection points.

Thanks to this global Beltrami solution F' and results in [19] for the isotropic
case, we can prove existence and uniqueness of Faddeev-type anisotropic functions
772)9(2, A) on V: a two-parameter family of solutions of the anisotropic conductivity
equation (1.3) on V' with exponential asymptotics (see (4.1)), originally introduced
in [8]. We will also prove a formula, inspired by [28], that allows us to reconstruct

the boundary values F|yx of our Beltrami solution starting from t|yx. We then
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show how to reconstruct zﬂ\ax from the knowledge of As, through a Fredholm-type
integral equation.

The reconstruction procedure works as follows: starting from A; one reconstructs
]ox and then F|yx; thus one recovers I' = F(8X) and also A, = A,. Since I has
to be the boundary 0Y of a Riemann surface Y, one recovers that surface through
Cauchy-type formulas. Finally, from the knowledge of A,, the application of results
in [19] yields F.6 =0 on Y.

Our scheme can be summarized in the following diagram:

A&—>1ﬁ|aX%F]aX—>8YﬁY—>o—.

An open problem. It is known that, for constant conductivities, the Dirich-
let-to-Neumann operator for dd°u = 0 determines the genus of a surface; this is a
consequence of results in [24], [3], [18] and [14]. These results can be generalized to
the case of conductivities close to constants.

In the general case of non-constant conductivities, the unique determination of
the genus of a bordered surface from its Dirichlet-to-Neumann operator is still an
open question.

2. Preliminaries

2.1. Basic definitions. Let us provide more details about the objects discussed
in the introduction.

We say that a conductivity o is positive definite and symmetric, if, for a,b €
T.(X)" x e X,

(2.1) aNob=">bAoa,
(2.2) aAoa = @(x)ds' Ade?, o(x) > Cylal® >0,
where z!, 2% are positively oriented coordinates and | | is the euclidean norm. From

(2.1) and (2.2) one sees that locally, in the chart (U,,x,), our conductivity can be
written as

2
2.3) ol = Y o (1) A
1,7=1 e}
where the matrix (6%) is positive definite and symmetric (> C,I).

With this notation, an isotropic conductivity o is just a conductivity whose as-
sociated matrix has the form (¢) = o0oI, where o¢ : X — R is a bounded positive
function and I is the identity matrix.
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The Dirichlet-to-Neumann operator A,, defined in (1.2), reads locally, for f €
C1(0X) and u solution of (1.3),

2
(2.4) Ao flu, = Z(—l)i_laija—u.dx:i_i = (oVu) - (d2?, —dz}),

« J «
ij=1 Lo
where the last expression shows that (1.2) is coherent with the definition of the
Dirichlet-to-Neumann operator on the plane.

Equation (1.3) now reads locally

2
0 ij Ou 1 2 _
(2.5) dodu = (Z 5 (UJ%>) dx™ Ndx* = 0.

1,j=1

Let us now explain some general properties of the push-forward of a conductivity.
Let ® : X — Y be a diffeomorphism between bordered surfaces and ¢ a conductivity
on X. We define the push-forward ®,o0 of ¢ as in (1.4); locally, it reads

_ (U(D®)o(DD) .,
o= (Yaatpor ) *

where D® is the matrix differential of ¢ antd o is seen as its associated matrix.

We recall that if ® is conformal, then % = (D®)~!, thus the push-forward
of an isotropic conductivity by a conformal diffeomorphism is still isotropic.

We would also like to compare the two Dirichlet-to-Neumann operators A, and
Ag,,. By pull-back properties, if u satisfies dodu = 0, then ®,u = u o ®~! satisfies

d®,od(P,u) = 0. This fact implies that the unique solution of the Dirichlet problem
(2.6) d(®.0)dv=00nY, v|gy = f o (®lox)"

is just v = ®,u, where u is the unique solution of

(2.7) dodu=0on X, ulgx = f.

So if Y = X and ®|yx = Id we see that Ag,, = A,; in general, it is important to
underline the fact that Ag,, is completely determined by A, and ®|sx.

2.2. Complex viewpoint. Here we will introduce some complex notation. We
define standard complex coordinates z = x! + i2?, 7 = 2! — i2?, dz = da' + id2?,
gl 2 9 _1(.8 9 o _1(.0 0
dz = dx' —ide®, 3 = 5 (55r —i52), 72 = 3 (g7 +igez)- , ,
We can now rewrite the conductivity o with the complex coordinates; we obtain

(2.8) oy, = (02(—idzy) + 7L (idZ,)) A a% + (ol (—idzy) + 02(idZs)) A

0Z,
where

(2.9) o= o= 0
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We have chosen to represent the image of o in the basis {—i dz, idz} in order to

o’ ol

have the hermitian matrix 1 40
One verifies that these new coefficients satisfy the following transformation rules
dzg (dz
2.10 o’ =09%, and o} =gl B (228
( ) «a B a B dZa dZa

Let us remark that, if o is isotropic, represented by the matrix o/, then equation
(2.5) reads

dodu = doydu = 0.

Throughout all the paper we will always identify an isotropic conductivity o with its
associated function oy to simplify notation; thus the conductivity equation, in this
case, will always be written dod“u = 0 and A, f = odulsx, with u the solution of
(1.3).

2.3. Embedding in projective space. Let CP? be the complex projective
space with homogeneous coordinates w = (wp : w; : wy : w3) and let CP2 = {w €
CP? : wy=0}. Then CP3?\ CP2 can be considered as a complex affine space with
coordinates zy = wi/wo, k = 1,2,3. Thanks to a classical result of G. Halphen (cfr.
[16, Cap. IV, Prop. 6.1]) any compact Riemann surface of genus g can be embedded
in CP? as a projective algebraic curve V, which intersects CP2 transversally in d > ¢
points, where d > 1if g=0,d>3ifg=1andd > g+ 3if g > 2.

Without loss of generality we can assume the following facts:

)V = 1% \ CPZ% is a connected affine algebraic curve in C* defined by poly-
nomial equations V' = {z € C3 : pi(2) = pa(2) = p3(z) = 0} such that
rzank[%(z), %Lj(z), %(z)] =2, VzeV;

ii) VNCP2 ={pi,..., B4}, where

2 43

o=t 50, (G O

1P

From the choice of the coordinates and properties i), ii), it follows that, for |z;| large
enough, on each connected component V; of V' \ V;; we have:

1
22:’7121+Cz+0(—):

|21]

)6@2, l=1,2,....d;

1
23:’%21—%51—%0(—), lzl,,d

|Zl|

This imply the following additional facts:
iii) for rq > 0 large enough

P P

9o Opa
det | 82 9z #0, forz € Vi |z]| > roand a # G;
822 8Z3
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iv) for |z| sufficiently large we have

dZQ 1 dZ3 ~ 1
222 = ol —). ==, = o —

where v,,%, # 0, for [l = 1,...,d, d > 2, Vp = {2z € V : |z]| < ro} and
V\ Vo = UL,V (the V; are the connected components of V\Vp, for I = 1,...,d).
We equip V with the projective volume form dd®log(1+|z|?) and V with the euclidean
volume form dd®|z|?; we can thus consider the spaces Lgl(f/) and Lg, (V) of L?
(0,1)-forms, equipped with the norms || HLS,l(V) and || ||Lg,1(v), respectively. There

is a canonical surjective map Cgq(V) — Cgq(V), so that we can compare the two
above-defined norms; indeed, for p > 2 and f € L’&l(f/), we have that [|flzz oy <

”fHLg’l(f/) (in particular || f{|zz ) = HfHLg,l((/)). This yields the inclusion Lg (V') C
Lg,(V), for p > 2 (through the canonical map), and the same result is true for
(1,0)-forms, ie. L% (V) C LY o(V), for p > 2.

In section 3, the norm || ||, will always stand for the affine norm || || 1z, (v) (or
| 1] L’f,o(V))7 although it will be use to make some estimates on forms defined on the
whole compact surface V.

We now define the spaces W(V) = {F € L>(V) : OF € L’io(f/)}, Wolf(f/) =
{F e Lgf’l(f/) :0F € Lil(f/)} for 1 < p < oo and Hy (V) the space of antiholomor-
phic (0,1)-forms on V.

From the Hodge-Riemann decomposition theorem we have, for every &, € Woljf (‘N/),

by = 8(8*G<I>0) + HDy, where HP, € H071(I~/) is defined as

g
%<I>0:Z</ <I>0/\wj>wj,
14

Jj=1

with {w;} an orthonormal basis of holomorphic (1,0)-forms on V and G is the Hodge-
Green operator for the Laplacian 09 + 90 on V with the following properties:
G(Ho (V) =0,0G =G0, d'G =G0’

We also define the operator R, for f € 06”01(17), as Rf(z) =9 Gf(z)—9 Gf(B);
we will see, as a consequence of Lemma 3.2, that R : L&l(f/) — W(V), for
2 <p<oo.

In the rest of the paper we will suppose for simplicity that V = {z € C*>: P(z) =
0} is an affine algebraic curve in C?.

2.4. Remarks on the extension of 6 on V \ X. In the following of the
paper, we will always suppose that ¢ is the identity in a neighbourhood of 0.X (i.e.
its associated matrix is the identity). In this way we could easily extend & to V' by
putting (6%) =T on V \ X, and this new conductivity will still be C3.



8 B. GEL’FAND-CALDERON’S INVERSE PROBLEM ON BORDERED SURFACES

This simplification is possible thanks to the following construction. After embed-
ding X = X, as an open set of the affine algebraic curve V C C? above, we can find
an open set Xy C V with the following properties:

i) X Cc Xy, CV,

ii) X, has a C® boundary (the same smoothness as 9X),

iii) & can be extended to X, as a C® conductivity ¢’ such that 6/ = I in a

neighbourhood of 9.X5.
This is possible because one can reconstruct d|sx, and its derivatives at the boundary
from A as in [22].

Thus we only have to show that As can be determined by As and 6'|x,\ x,. This
can be done as in |25, Sec. 6.

The Dirichlet-to-Neumann maps A% are defined as follows: we consider, for i, j =
1,2, fj € C*(0X;) and u; € H'(X, \ X;) the solution of the Dirichlet problem
dé’ du; = 0 in X, \ X such that u;|ox, = f1, uilox, = 0, respectively us|ox, = 0,
us|ox, = fo. Then we define

Aijfj = OA',dU,j|3XZ.
and we have the following relation.

PROPOSITION 2.1. Under our assumption, Ay — A is an invertible operator
A& — Al C’l(@Xl) — CO((?Xl) and

A“/ — A22 —|—A21<AA —AH)_IAH.

The proof of this formula follows from the definition of the operators. The fact
that Az — A is invertible comes from an explicit construction of its inverse, which
turns out to be the single-layer operator on 0.X; corresponding to the Green function
G for the Dirichlet problem on X,. More explicitly, it is the operator

Sf(x) = /a  Glerwiy

where G satisfies d6'dG = —6(x — y) in X, and G(-,0)|gx, = 0.

3. The Beltrami Equation

In this section we will study the equation

(3.1) ow = pow,

called the Beltrami equation, on a Riemann surface. Here y is a bounded (-1,1)-form,
namely a Beltrami differential, whose definition we will recall.

DEFINITION 3.1. A Beltrami differential ,u(z)fl—i on a Riemann surface V', equip-
ped with an atlas {U,, z, }, is a collection of L> complex-valued functions u® defined
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on 2,(U,) such that

(3.2) 1 (2a) = 1 (26) =

and [|pefloc = sup, [|p* ]l < 1.

With this definition, equation (3.1) is valid globally.
The main result of this section is:

THEOREM 3.1. Let X C V' be an open subset of an affine Riemann surface V,
let V> V be its compactification, as in section 2, and let 1 be a Beltrami differential
on V with supp(p) C X and ||p|lee < k < 1. Then, for j = 1,2, there is a unique
solution w;(2) of equation (3.1) on V such that w;(z) = z; + wo;(2), wo; € WP(V)
for p>2 and wy;(B1) = 0.

In order to prove this theorem we introduce the operator II = JR, initially defined
on smooth forms, and we show some estimates which slightly generalize a result by
Calderon and Zygmund; these will yield in particular that IT : Lg’l(f/) — L’f’o(f/),
for 2 < p < 0.

We recall (see section 2.3 for further explanations) that the norm || ||, stand for
the affine norm || [|zz vy (or || 2, 1)

LEMMA 3.2. For f € Lj,(V) Nker(H) we have

(3.3) T flla = [ fll2
and, for f € Lgvl(f/) Nker(H), p > 2
(3.4) L7l < Cyll 7l ond tim € = 1.

PROOF. The proof is given for f € Cf (V) Nker(H); the original statement will
follow by a density argument. We have the following chain of equalities, where by
Stokes’ theorem and the Hodge decomposition on V

HHM%z[}WfAmﬁkviﬁRfA&ETZ—lLRfAW@T
_ 3F_ | 7§ T _ 7 _ 2
- /vaAaf /V@RfAf /VfAf 112

To prove (3.4) we first decompose the operator IT in the following way
35 f=MfeTaf= [ fOM@H [ A2
I¢—2|<d |¢—2]>6
for ¢ sufficiently small, where in affine coordinate form

(3.6) (¢, 2) = %(1 +£(6)), £(6) — 0 when & — 0
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and Il is bounded. Decomposition (3.5) gives a so-called parametriz for the operator
I1. From the Calderén-Zygmund result for the operator

1 F
F s lim — / G) gz
=0 276 Jic_jse (2= ()2
(see [1, p.106]) where f = Fdz , we have the estimate ||II; f||, < (1 + 5((5))C‘prHp.
In addition, we also have [ af[, < || =(c_sjos) ./ lp = £(0)1f],,- Putting it all
together we find that

(3.7) ITLf 1l < (14 2(8))Cp + K@) fllp = Coll £l
The fact that C;, — 1 when p — 2 is a consequence of the Riesz-Thorin interpolation
theorem (see [4, Thm. 1.1.1, p.2]) and of (3.3). O

Now, using the last lemma, we fix p > 2 such that £C, < 1. The proof of the
theorem will be given for the case j = 1; the other case is completely analogous.

PROOF OF THEOREM 3.1. Let us begin with the existence statement. We look
for solutions of the form w(z) = z; + Rf. Thus

Ow=0Rf =f—HFf,
Ow = dz + ORf = dz, +11f = dz + H(f — Hf),

for RHf =0 (and so [THf = 0). If we impose equation (3.1), we obtain an integral
equation for fo = f —H[:

Under our assumptions, the linear operator f — pllf is a contraction in Lf)’,l(f/) N
ker(H) (its norm is < kC),, < 1), so the series

fo=pdzy + pllpdzy + pllplludz, + . ..
converges in Lgvl(f/) Nker(H) to a solution of (3.8). Then we define wy; = R fy which

satisfies Qwgy = I1fy € Lf’O(V) and wg; € L>(V') (the latter follows from properties
of R). Thus the function w(z) = z; + wp1(2) is a solution of (3.1).

To show uniqueness, we first remark that wy = ROwg. This follows from the
fact that Jwg, = Ow = pow = p(dz + Owey) € Lgl(f/) because the support of u is
contained in X; we can thus calculate ROwq; and see that 5(w01 — R5w01) = (0. Now
wo1 — ROwg, is a bounded holomorphic function which goes to zero for z — S, so it
vanishes. In particular, this yields w = 2, + ROw.

Now, if w' = 2z + w), = z; + ROw' is another solution, we obtain

Ow — w') = Tu(O(w — w)),
which gives (w —w') = 0 thanks to our estimates, and also d(w —w') = 0 because of

the Beltrami equation. So w — w’ must be constant, and in fact it vanishes because
of our normalisation. O
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3.1. Properties of the solution. We now consider the application F' : V' — C?
defined as F(z) = (w1(2),ws(2)) where wy, wo are the solutions of the Beltrami
equation given by Theorem 3.1. In particular, we want to understand the image
surface W = F(V).

By [1, Thm. 2, p.97| one has that F' is a local homeomorphism; besides, since
wy and wsy are solutions of the Beltrami equation, W has a holomorphic atlas. Thus,
by classical results, it is an algebraic curve as well, but possibly with intersection
points. Let us note that, by the properties of F, we have W NCPL =V NCPL.

3.2. Applications to anisotropic conductivities. The most important con-
sequence of Theorem 3.1, for this paper, is the following proposition about the exis-
tence of global isothermal coordinates which transforms an anisotropic conductivity
into an isotropic one.

PROPOSITION 3.3. Let X C V be an open subset of an affine Riemann surface V,
let V OV beits compactification, as in section 2, and & a C*-anisotropic conductivity
onV (k > 1), represented by the identity matriz on V\X. Then there exists a unique
affine algebraic curve W, and a unique C* immersion F 1V — W, F = (wy,wy)
such that F.6 = o is isotropic on W (where F~' exists) and w;(z) = z; + wo;(2)
with wo; € WY (V) and wo; (1) = 0, for j =1,2.

We will need the following lemma:

LEMMA 3.4. Let X C V C V as in proposition 3.3. Then every conductivity o

on X, extended on V' \ X by the identity matriz, determines a Beltrami differential

MJ% with support contained in X given locally by

22 11 ;12 —1
0" — o0, — 20,

oll + 02 +2\/det(0,) 0%+ /(09)2 — [o1]2

PROOF. From the transformation rules (2.10) one immediately has the relation

—1 dza dza
8 —0, dzg a dzg
o = .

dea Mo da,
0%+ (00)? —loal & T

(3.9) g = flo|u, =

I

In addition, we have that

ol + 022 —2y/det o <k
ol + 022 + 2v/deto
and u, = 0 outside X. 0J

(3.10) |/~Lc7|2 = <1

Proof of Proposition 3.3. We define u; as in lemma 3.4; by Theorem 3.1 we
can construct F(z) = (wi(2),ws(2)), F : C* — C?, where w;,wy are the special
solutions of the Beltrami equation dw; = psO0w;. Using |28, Prop. 1.3|, we have
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that F.6 = ol is isotropic on F(V) = W C W but defined only where F~' is. In
particular we have

(3.11) (F.6)(w) = (det §)? o F~Y(w)I = o(w)I,

where () = /o3(z(w)) — o1 (2())

By remarks of section 3.1 we have that F is an immersion: it is a C* immersion
because of smoothness assumptions on 4. O

4. Faddeev-type Anisotropic Solutions

In this section we generalise the results of [19], by proving existence and unique-
ness of a family of special solutions of the anisotropic conductivity equation, so-called
Faddeev-type solutions.

Let us recall from [19] the definitions of a few operators. We equip V' with the
Euclidean volume form dd¢|z|?, and let ¢ € L1, (V)N L (V), f € WiH(V)={F €
L3(V) 1 OF € LY {(V)}, for p> 2, A € C\ {0} and 6 € C. We define

Roo = R((dz + 0dz) | ) A (dz1 + 0dz),
R)\,gf = 6,)\,9R(6)\79f), where 6)\79(2) — €A(21+9z2)*x(51+522)'

A

Let 6 be a C? anisotropic conductivity on V with 6 =7 on V' \ X and ay, ..., a, €
V'\ X an effective divisor.

DEFINITION 4.1. A function 1&9(2, A), with 0, A € C, z € V| is called a Faddeev-
type function on V' associated with ¢,6, A and {a;,...,a,} C V' \ X, if

9
(4.1) d6 dipg(z, ) = 2 <Z Cio(N)(2, aj)> Aertbz) ey,
j=1
and 1/39(2, Ae Aatoz) K, (constant), when z € V}, z — oo, for [ = 1,...,d with

the normalisation K 1= 1.

Let F' : V. — W be the mapping constructed in Proposition 3.3, Y = F(X),
a; = F(a;) for j = 1,...,9 and 0 = F.6 the isotropic conductivity on W. Let
p(w, \) be the Faddeev-type isotropic functions on W constructed in [19] as the
solutions of

(4.2) dod®pe(w, A) = 2 (Z Cia(A)d(w, aj)> eHwr+ouw2)
j=1

with e Mwitbw2) _ [ (constants, with K7 = 1), when w € W), w — oo, for
l=1,...,d, where W, = F(V}).
We also define

(43) Bal) = det | [, ltna) S (n)esor)]
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where {w;} is an orthonormal basis of holomorphic (1,0)-forms on W, and we call
Ey={X e C: Ay(\) =0}

THEOREM 4.1. For any generic 0, {ai,...,a,} and X € C\ Ey, |A\] >
const(V, {a;}, 0, &) there exists a unique Faddeev-type solution g(z,\) associ-

ated with ¢, 6, X\ and {ay,...,a,}. Moreover Ey is a closed, nowhere dense subset
of C and we have the equality
(4.4) Uo(z,A) = he(F(2),\), z€V

PrOOF. We will here provide a complete proof of Theorem 4.1 when the Beltrami
solution F', given by proposition 3.3, is an embedding; at the end we will indicate
necessary corrections for the proof of the general case.

With this assumption, by proposition 3.3 there exists a unique diffeomorphism
F(2) = (w1(2),wa(z)) such that w;(z) = 2; 4+ w;(2), we; € W'(V), p > 2 and
F.6 = o is isotropic on the image.

By [19, Prop. 1.1], the set Ej is closed and nowhere dense and by [19, Thm. 1.1],
for every A € C\ Ey, |A\| > const(W,{a;},0,0) there exists a unique Faddeev-type
isotropic function ¢y(w, A) as defined in (4.2).

Now let 15(z, A) be an anisotropic Faddeev-type solution. We consider ¢j(w, ) =
Uo(F~Y(w), \) and see that

dod“pp(w, \) (Z (2 aj)> Fr (W) H0F;  (w))

from the construction of o and the definition of a;. Using the properties of F' (in
particular that F* — Id for z — oo) and of g, we have that PheMNwitbwz) s [ with
K, = 1; this shows that ¢, and 1), satisfy the same asymptotic conditions. Thus, by
the uniqueness of ¥y(w, A) we obtain the identity (4.4), which proves both existence
and uniqueness for the case where F' is a diffeomorphism.

If F' is just an immersion the result is still valid; we can follow the same outline

of the proof, taking into account the following:

i) in the definition (4.3) we have to use weakly holomorphic forms wy, i.e. forms
such that wy, € H"*(W\ Sing W) and wy, are bounded on W in a neighbourhood
of Sing W,

ii) we say that u is a solution of dod®u =0 on W\ {ay,...,a,}, for ai,...,a, €
Reg W if u is locally bounded on W\ {ay,...,a,} and dod“u =0 on Reg W \
{a1,..., a4},

iii) Proposition 1.1 and Theorem 1.1 of [19] are still valid for W with points of
simple self-intersection, but in the proofs one has to make some minor modifi-
cations in order to make estimates for operators R and Ry,

The properties i) and ii) show that the holomorphic forms wj, and the functions u
can be smoothly extended to a normalization of W. 0J
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We now prove a formula, motivated by [28, Prop. 2.7|, which will play a key role
in the reconstruction procedure.

THEOREM 4.2. Let &g be the Faddeev-type anisotropic functions constructed above.
Then for every z € V' \ X (in particular for z € 0X ), for every ¢ > 0 and generic
0 € C we have

N /
(4.5) lim  inf 08%e(xA)

A—00 { N[N =)|<e} Y = w (Z) -+ QwQ(Z)

PROOF. We will use the following essential property of Ag(A) from [19, Prop.
1.1], i.e., for every € > 0

(4.6) lim, ,, sup  [Ag(N)[|A]? > 0.
(NN =A|<e}

Using [19, Prop. 3.1] and (4.6), for z € V' \ X we have o(F(2)) = 1,

~

%(Z, /\) — 6A<F1(2)+9F2(z))lug(F(Z)7 >\),

1
inf N1 =0 — .
vl gy o X) =11 =0 (AH]) AT

Thus one obtains

. log (2, \') _ . log pg(w(z), N')
{A/:|A1f11f,\\gs} N = wi(2) + Oua(z) + {A/;|A1/1Efx|gg} N

log A
=wi(z) + Owy(2) + O ( Oi

) — wi(2) + Ows(2), as A — oo. O

5. An Integral Equation for ¢9|6X

In this section we show how one can reconstruct the boundary values z/}9| ox from
the Dirichlet-to-Neumann operator through a Fredholm-type integral equation.

Following the approach of Gutarts [15], based on Eskin |7, Thm. 18.5], we de-
compose the differential operator do d as dd®— @), where () is a compactly supported
operator. Faddeev-type anisotropic functions, @9(2, A) = rat022) (2 X)) then sat-
isfy

(5.1) dd“Po(z,\) = Qug(z,\) +2 (Z Cra(N(z, aﬂ) A
Jj=1

. g
(5.2) B (0 + Mdz1 + 0dz)) fig = %Qgg 10> Cha(Né(z, ).
j=1
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THEOREM 5.1. We have

i) For every A € C\ Ey, |\ > const(V,{a;},0,5) the boundary values of g
satisfy the following integral equation.:

(5.3) Doz, N)]ox = E/c G2, O)(As — Ao)he(C, N)

2 €0X

g
+ieX 020N " O (M) gao(z, ;)
j=1
. ) 7 c
~lin 5 [ 96N Gra(2.)

{CeVi|¢—z[>e}

= Jim [ [0G0(2 QYRS A) + Gz, QDUR(C A,
IC1|=R
with
g -
(5.4) 0y (aj1+0aj0) 7 Cie(\) = — / eaX(Zl + 0zy) R MBI (2, N,

7j=1

fork=2...,9+1,
Ghp(z, () = ==l o2 ),

9r0(z, Q) is the kernel of the operator Ryg o ﬁ@,
Aof = d°ulgx where dd°u =0 on X and ul|px = f,

U9(¢, ) is a continuous function for ¢ € V' \ (U;{a;}) such that
&8(7 A)‘V\X - 7729('? )‘)’V\Xa
dd)§ =0 on X.
it) Equation (5.83) is a Fredholm-type integral equation and has a unique solution
1247;1’2(6’)(), VA e C\ Ey, || > const(V,{a;},0,5).

REMARK 5.1. Theorem 5.1 is a generalization of [19, Thm. 1.2A] to the ani-
sotropic case. Note that the term e**179%2) in the right hand side of the integral
equation in [19, Thm. 1.2A| must be replaced by the term

i © / (G, N)dd“Gh (2, )

{¢eV:|¢—2|>€}
~ lim [0G0(2, O)3(C, A) 4+ Gaol(z, O)AYY(C, M),

|G|=R
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like in formula (5.3) above. It is important to note that the function ¥9 in (5.3) can
be represented using 1y (-, A)|gx by Poisson-type formulas on X and V' \ X:

(55 9CA) = /@wewwmc, w), ifCeX,

wedX
(5.6)  UYCAN) = / Jolw, NOG (Cw) — '3 Xm0 (C,ay),
wedX J=1

if ( € V\ X, where ¢ is the Green function for the Laplacian 00 on X such that
g%(-,0)Jax =0, and ¢° is a Green function for 994 = 0 on V' \ X with the condition
°(-,0)lax = 0 and ¥(¢) = eMNaF2) (1), ¢ — oo. The existence of such a Green
function on V'\ X follows from [19, Lemma 4.1].

In order to prove Theorem 5.1 we will need the following equality:

LEMMA 5.2. For A € C\ Ey, |A| > const(V,{a;},0,6) and z € V we have

(57) Mz +0z2) +l%§/ 2/1.9<C, )\)dd G)\’Q(Z, g)

{CeV:|¢—z|>e}

+ ng]go [0G0(2, O)to(C, N) + Gag(z,C)he(C, )] = 0
[G1|=R

PRrROOF. We write jip as the solution of the integral equation
g

(5.8) fo(z, ) =1+ % /ceX 9oz, Q)Qfig(C, N) +iz Cio(N)gra(z,a;),

for z € V. The equivalence between (5.2) and (5.8) implies the equality
(e X) =15 | nal 000 + MGy -+ 06, ),
cev
which becomes, using integration by parts,

/)’9(27 >‘) =1+ C 5(8 - >‘<d<1 + 9d<2))g)\,9(27 C)ﬂ@(C7 >‘)
ev

b 1im [ 0g00(=. OalC, ) + 910(2 (O + MG + 0o . M)
[Cil=R

Now, in order to obtain (5.7), it is sufficient to prove the following limit:

69 b [ 00— MG+ ) o6 N) = ol )

e—0
{CeVi|¢—=|<e}
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This limit is based on the following formula
(51()) G/\,H(Zv C) - G*A,G(Cv Z)
=— / G p(w, C)eMNE=2040@2 =229y (R(6(-, 2))) A Adw, + Odw,)
weV

+ / G_)\ﬁ(w, Z)GA[(wl_C1)+9(w2_@)}7‘[)\79(f}(5(', C))) N S\(dwl + édﬁ)g),
weV

where

Hao(R(5(,C))) = e—xoH(exo(R(3(-,0)))),

6)\,9<UJ) — 6)\(w1+9w2)—)\(u_11+0u'}2) .

The proof of (5.10) follows the proof of a classical theorem about the symmetry of
the classical Green function (see |9, p.434|), combined with the following statement
from [19, Remark 1.2]

(5.11) 9(0 4 A(dz1 4 0dz3))gae(z,C) = 8(2,C) + MNdZzy + 0dZ,) A Hag(R(6(z,C))).
Limit (5.9) is now given by formula (5.10) and the following estimates:

lim / NG, + GdG) A Hao(RIG(C. 2)))finlC, N) = 0,

e—0

{eV:|(—2|<e}
/ NG+ BdGy) A Hao(RIG(C, 2)))fialC, N) < 0. 0
:

PROOF OF THEOREM 5.1. i) Like in the isotropic case (see [19, Lemmas 3.1,

3.3]) a solution 1 of the differential equation (5.1) can be characterized as a solution
of the integral equation

(512) o2 M) =5 [ Gl Qe

g
)\(Z1+9Z2 21+97~'2
+e + je E Cio(N)gre(z,a ),
Jj=1

where {C;4(\)} satisfy (5.4). Indeed (5.1) implies that &by is holomorphic on V' \
(X' UlU;{a;}), the estimate
Mg = e 1020(1),  for 2z — 0

and the equality

Res, 0ty = Cio —I8 e 40052
2m
The residue theorem applied to the form
67(21 +922)612)9
(21 + QZQ)k
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gives (5.4).
Now, using equality (5.7), for z € V' \ X we obtain
1

5/ ME= TGy, 4 (2,0 (As = Ao)da(¢, V)
ox

Gaol(z, ) (As — Ao)ha(C, N)

1
2 Jox

B %/XGA,G(Z, C)dd%@e(c, )‘) - %/X dch)\79(Z, C) ['{J)e(g’ )\) _ 77&(e)(c’ /\)]
— %/X GA,@(%C)Q@& +li_r>1(1) %/ @2((7)\)dch&9<Z’o 4 Az1+022)

{¢eV:|¢—z|>€}
+ lim [ [0Gae(2, QU5 (C A) + Gaglz, )OUH(C, A)]
[¢1|=R
:%(27)\ B z1+922)ZC’]6 Ygrne(z,a;)
el | NG 0
{¢eV:[(—z|>e}
+ Jim [ [0Ga0(2, QU5 (CA) + Gaglz, OUR(C, AL
[¢1]=R

The restriction of the last equation to the boundary 0X from outside yields (5.3).

it) To prove that (5.3) is a Fredholm-type equation, for fixed A\ € C\ Ej,
IA| > const(V,{a,},0,5), we proceed as follows. Let f(z) = tg(z,\) — eM=11022)
and fO(z) = 99(z,\) — eM=1+022): we can write equation (5.3) as

(5.13) f+Tf =y,
where
_ 1 NGRS

(514) g(Z) = 5/{ oy G)\79(Z, C)(A& — Ag)e

+ jeMt022) Z Ngae(z,a;),
(615)  Tf()= —;‘ Gralz (A — M)F(Q)

(eoX
g

Az +022) E Ngao(z,a;)
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vt [ OG0

{CeV:|¢—z|>e}

+ lim [0G0(2,O) f2(C) + Gralz, Q)IFO(C)],

IC1|=R

where C9,+C1, = Cjg (CY, is obtained from (5.4) with e**1+%%2) instead of oz, N,
so it is independent from f).

We have now that equation (5.13) is a Fredholm-type integral equation for f €
Wh2(9X). Indeed g € Wh?(9X) and T is a compact operator: this follows from the
compactness of A; — Ag for the first term in (5.15), from formulas (5.5), (5.6) and
(5.11) for the third term, while the second and the fourth term are operators with
finite-dimensional range.

The existence, for A € C\ Ep, |A\| > const(V, {a;},0,5), of a unique Faddeev-type
function 129(2, A) imply the existence, for such A, of a solution of (5.3) with residue
data iCje(N), j=1,...,9.

Let us prove the uniqueness, with A as above, of the solution of (5.3) in W2?(9X).
Suppose that 1y € W2(8X) solves (5.3), and consider iy = e *=122)4 as the
Dirichlet data for

3(0 + A(dz + 0dz))jig = %Qgg

on X; thanks to this equation we can well define fi5 on X. We also define fig on
V'\ X by (5.3). The function iy then defined on V' belongs to C'(V'\ Uj_;{a;}).

To show that 1y = e*=11022) i, satisfies (4.1), (5.1) globally, we can follow without
modification the arguments of [19, Prop. 5.1], based on the Sohotsky-Plemelj jump
formula. R

The uniqueness of the solution of (5.3) in WH?*(0X) with residue data {Cj4}
now follows from the uniqueness for Faddeev-type functions for A\ € C\ Ey, |[\| >
const(V,{a;},0,0). O

6. Cauchy-type Formulas

Following our reconstruction scheme, after recovering the boundary value of the
Beltrami solution F', we obtain F(0X) =T.

Thus the remaining problem is reconstructing the interior points of a bordered
Riemann surface Y given the boundary I'.

We will use the coordinates z = (21, z3) € C? and the projection p : C> — C on
the first factor, p(z) = z;. For a € C we define

- 1 le
C2mi Jr i —a

eN,

a

which counts the number of intersection points of the line {z; = a} with the surface
Y that we are going to reconstruct. Let us remark that, if we call Yi,...,Y, the
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bounded connected components of C \ p(I'), we have that N, is constant on every
Yh, hzl,...,s.

We have the following proposition, the first part of which is a special case of a
result by Harvey-Shiffman [17], while the second part goes back to Cauchy.

PROPOSITION 6.1. Let I' be a C'-closed curve in C2:

i) if Y1, Yy are two bordered Riemann surfaces in C* with the same boundary T,
then Y1 = Ys;

it) the interior points of the unique Riemann surface Y whose boundary is I can
be explicitly found from the system of equation

1 d
(6.1) () 2 Z =1,...,N,.

21 Jr zl—a

The points of the surface are the pairs (a, zéj)( ), forj=1,...,N,, a €Yy,
h=1,...,s

By i) we have that F'(X) =Y then, from the regularity assumptions on X and
F we deduce that Y is a Riemann surface with C' boundary.

PROOF. i) Consider the current Y = [Y;] — [Y3] where [Y7], [Y2] are the currents
of integration associated to Y7,Ys, respectively. As dY; = 9JY, we have that Y is
closed (i.e. dY = 0), of bidegree (1,1) and with dimg supp(Y’) < 2. By the structure
theorem of Harvey-Shiffman (see [17]), Y is the current associated to a compact
complex manifold Y’ C C?, which can be at most a single point; thus ¥ = 0 (as
(1,1)-current) and Y; = Y.

ii) Formulas (6.1) are true by residue theorem. Now, if a € Y}, for some h, since

we know the Newton sums Z;V: (z éj)) (a) for every k, we can find (zéj))(a) by a

well-known algebra result. 0

7. Reconstruction of o

Thanks to the integral equation (5.3) and formulas (4.5), (4.4), we can find
Yo(w, A)|ay from As, where 1)y is a Faddeev-type isotropic solution as in the proof
of Theorem 4.1 and Y is the reconstructed surface in section 6. By the remarks in
section 2.1, from Az and F|sx we can also find A, on Y.

Thus we have that A; determines A, uniquely and ¢y(w, A)|gy, for A € C\ Ey,
Al = const(V, {a;},0,0) and for 6 € C. This will be sufficient to recover o on Y.

We define 1y = /a1y, so that by (4.2) dd“y = q¢9+z C,0(N)0(z, a;), where
g="4 ff, and we have the following theorem:

THEOREM 7.1 (Thm. 1.2B [19]). The function o(w), w € Y, can be recon-
structed from the Dirichlet-to-Neumann data

oloy = polay e 11922 — By |ay
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using an explicit formula. In particular, for the case W = {z € C* : P(z) = 0},
where P is a polynomial of degree N, this formula is as follows. Let {w,,} be the
points of W where (dzy + 0dzs)|w (wy,) =0, m =1,..., M. Then, for almost every

0, the value %|W(wm) can be found from the following linear system:

00 o) ([ Ptz

=7(1+0(1 ))ddk (/ YeiT,GQMG(Z,iT))
X ir(1+16)?) ddeyo

2. Vodd:P| (Wn)
|22 (win) [P exp iT[ (w1 + 9wm2) + (W1 + O )]

92P (9P 02P (0P \(OP O2P ( OP
Bz (822) 28218zz<é9zg)(8z1)+ Bz (8zl> |(wm)

m=1

where mk = 1,...,M; M = N(N —1), 7 € R, 7 — 00 such that |T|9|Ag(iT)| >
e > 0, with € small enough. The determinant of system (7.1) is proportional to the
Vandermonde determinant of the points {(wy,1 + 0w, 2) + (W1 + 0Wp2)}-

The proof of this theorem is given in [19], under the condition that SingY = 0;
nevertheless, the proof is still valid if ¥ contains self-intersection-type singularities.
To apply Theorem 7.1, since 1g|sy = 1p|oy we only need to show that the integral

/ exo0po(z, \) = / e MRG0 (2, 0), AeC
oy oy
can be expressed in terms of A,. This is a consequence of the following lemma.

LEMMA 7.2. For every ¢ € CY(Y) and every ¢ € CY(Y) solution of dod“p =
(dd®— M)y =0 inY, we have

(7.2) O(Ao — o)t =2 - SO — M),

Y
where dd“g = 0 in'Y and volay = ¥ay-

PROOF. Let a € C'(Y) such that alsy = ¢. From the definition of the Dirichlet-
to-Neumann operator and from Stokes’ theorem, one has

6o — o) = [ (dan (v~ i) + aMw),
oY Y
and, with the identity dd® = 2i00, Stokes’ theorem gives

i [ d(0p — Ony) = 2i / Oa N (O — Ony) + / aM dxdy.
Y Y

Y
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Expressing the first integrand on the right in coordinate form we get

_ - 1 1
da N O(Y — o) = da N (Y —1ho) = 2_z'da AN d“ (Y — o) + §da A d(y — ).
Again by Stokes’ thorem we have

[ dandt o)== [ (v~ uda=0
Y Y
because ¥|sy = 1g|sy. The proof follows. O

If we put ¢ = e *E11022)| 0 we find that
3 [T, = oy = [ R Gy — D)
2t Joy oy
_ / e—X(ElJr?EQ)gwe’
oy
because de F11022) — () and Py = 0 on Y.

8. Proof of Theorem 1.1

We now put together all the results of this paper to prove the main theorem and
his corollary.

Proof of Theorem 1.1. We start finding a complex structure on X. This is
done by a standard construction, as suggested in the introduction. We consider the
local form of the Euclidean metric of R? restricted to X:

ds? = Edz? + 2Fdxdy + Gdy?
where x,y are oriented coordinates. Let z = x + iy, and define
%(E —G)+iF
p(z) = G +0) VBT
Ow

Then the local homeomorphic solutions of the Beltrami equation %2
a holomorphic atlas on X, which then becomes a Riemann surface.

We now embed X in CP? - as explained in section 2 — as an open set of a
nonsingular affine algebraic curve V. By proposition 3.3, there exists a unique C'-
quasiconformal diffeomorphism F': V' — W with special asymptotic conditions such
that F,o = o is isotropic on W.

Starting from A, we first recover ¢(z, A)|ax by integral equation (5.3), and then
Flox by formula (4.5).

Successively, from the knowledge of F(0X) = 0Y, we reconstruct Y using the
formulas (6.1). Finally we can reconstruct o on Y\ Sing(Y’) with the help of Theorem
7.1 and the remarks in section 7. 3

IfY,5and F': X — Y are as in the statement of the theorem, then ¥ = FoF—1:
Y - Y is weakly holomorphic because F' satisfies the same Beltrami equation as

= pu(2)%2 form
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F. By properties of F we have that ¥ : Y \ Sing(Y) — Y \ ¥(Sing(Y)) is a
biholomorphism which can be uniquely extended to a biholomorphism ¥ : Y’ — Y,
where Y’ and Y are normalizations of Y and Y respectively. Properties of F' allow
us also to extend smoothly o and & on Y’ and Y’ as ¢’ and &’ respectively. Finally
we obtain W’ ¢’ = ', which ends the proof. O

Proof of Corollary 1.2. If we require that F' has the special asymptotics as in
proposition 3.3, then the whole construction in Theorem 1.1 is unique.

Taking account of this, if A,, = A,, we have Fi|sx = Fb|ox, where Fy, F5 are
the special quasiconformal solutions given by proposition 3.3 associated to oy and o5
respectively. Thus we also obtain, from F;(0X) = F5(0X) = 0Y and the formulas
(6.1), that F1(X) = F5(X) =Y. Let G : Y/ — Y be a normalization of Y, and
FIl =Gl oF;: X\ F(Sing(Y)) = Y'\ G'(Sing(Y)), for j = 1,2. Then, by
construction, FJ’ can be extended as a global diffeomorphism between X and Y, for
j = 1,2. Now, if we define the smooth isotropic conductivities on Y" as o’ = (F7).0;,
J=1,2, we find A,y = A,;, and the boundary values of the respective Faddeev-type
anisotropic (resp. isotropic) solutions coincide on 90X (resp. 9Y’). Consequently
oy =0,onY"

We finally define ® = F';' o F] : X — X which satisfies ®|yx = Id and ®,0, =
09. O
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A global stability estimate for the Gel’fand-Calderén inverse
problem in two dimensions

RoMAN G. NOVIKOV AND MATTEO SANTACESARIA

ABSTRACT. We prove a global logarithmic stability estimate for the Gel’fand-
Calderén inverse problem on a two-dimensional domain.

1. Introduction

Let D be an open bounded domain in R? with with C? boundary and let v €
C!(D). The Dirichlet-to-Neumann map associated to v is the operator @ : C'(9D) —
LP(0D), p < oo defined by:

(1) o= 5|

where f € C1(D), v is the outer normal of 9D and u is the H'(D)-solution of the
Dirichlet problem

(1.2) —Au+v(x)u=0 on D, ulsgp = f;

here we assume that 0 is not a Dirichlet eigenvalue for the operator —A 4+ v in D.

Equation (1.2) arises, in particular, in quantum mechanics, acoustics, electro-
dynamics; formally, it looks like the Schrodinger equation with potential v at zero
energy.

The following inverse boundary value problem arises from this construction: given
® on 0D, find v on D.

This problem can be considered as the Gel’fand inverse boundary value problem
for the Schrédinger equation at zero energy (see [4], [9]) and can also be seen as a
generalization of the Calderén problem for the electrical impedance tomography (see
3], [9]).

The global injectivity of the map v — ® was firstly proved in [9] for D C R4
with d > 3 and in [2] for d = 2 with v € LP. A global stability estimate for the
Gel’fand-Calderon problem for d > 3 was firstly proved by Alessandrini in [1]; this
result was recently improved in [10].
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In this paper we show that, also in the two dimensional case, an estimate of the
same type as in [1] is valid. Indeed out main theorem is the following:

THEOREM 1.1. Let D C R? be an open bounded domain with C? boundary, let
v, v2 € C*D) with ||vjllc2py < N for j = 1,2, and $1, P, the corresponding
Dirichlet-to-Neumann operators. For simplicity we assume also that vjlsp = 0 and
%vj\aD =0 for j =1,2. Then there exists a constant C' = C(D,N) such that

(13) vz — vi]lz(p) < Clog(3 + || @2 — ]| 7)) "2 log(3log(3 + || B2 — ®4]|71)),

where ||A]| denotes the norm of an operator A : L>°(0D) — L*>*(0D).

This is the first result about the global stability of the Gel’fand-Calderén inverse
problem in two dimension, for general potentials. Results of such a type were only
known for special kinds of potentials, e.g. potentials coming from conductivities
(see |6] for example). Note also that for the Calderén problem (of the electrical
impedance tomography) in its initial formulation the global injectivity was firstly
proved in [11] for d > 3 and in [8] for d = 2.

Instability estimates complementing the stability estimates of [1], [6], [10] and
of the present work are given in |7].

The proof of Theorem 1.1 takes inspiration mostly from [2| and [1]. For z, € D
we show existence and uniqueness of a family of solution v, (2, A) of equation (1.2)
where in particular ¢,, — eM==20)* for A — oo. This is accomplished by introducing
a special Green’s function for the Laplacian which satisfies precise estimates. Then,
using Alessandrini’s identity along with stationary phase techniques, we obtain the
result.

An extension of Theorem 1.1 for the case when we do not assume that v;|sp =0
and Uj|aD =0 for 7 = 1,2 is given in section 6.

2. Bukhgeim-type analogues of the Faddeev functions

In this section we introduce the above-mentioned family of solutions of equation
(1.2), which will be used throughout all the paper.

We identify R? with C and use the coordinates z =
(z1,72) € R% Let us define the function spaces C’l( )

the norm |[uflcs(p) = max(|Julle(p), | Fllown)), C:(D)

+ixe, Z=x1 — QT2 where

{u:u, % e C(D)} with

{: 9u ¢ C(D)} with an
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analogous norm and the following functions:

(21)  Galz,0) = 7 g, (2,¢, N)e M7,
(2 2> ( C )\) e)\(C*zo) ~XC¢—%0)? / 67/\(777z0) 24 X(7—%0)? —
. 92 \%, G, = — = en almsm,
’ 4m? p (z—=n)(1n—C)
(2'3) ¢ZO (Z7 A) = eA(Z_ZO)2MZO (Z’ A)7
(2.4) fa (2, ) =1 +/ 920 (2, ¢, M)v(Q) sy (€, A)dReC dIm,
D
(2.5) h.,(\) = / A0 =AE=20 () (2, N)dRez dImz,
D

where z,2p, € D and A € C. In addition, equation (2.4) at fixed zo and A, is

considered as a linear integral equation for y,(-,\) € C(D).
We have that

(2:6) G e =i -0,
(2.7) 4(;1 —1—2)\(,2—20)) %QZO(z,C,)\) =d(z— (),
25) a2 0) 4 02 (2, 2) = 0,
(2.9) —4 (;Z +2X(z — zo)) %,uzo(z, A) +v(2) (2, A) = 0,

where 2,29, € D, A € C, § is the Dirac’s delta. Formulas (2.6)-(2.9) follow from
(2.1)-(2.4) and from

1 —)\(Z—zo)2+5\(2—20)2 5 Too
o1 = 0(2), < 0 + 2\ (z — zo)) ‘ MM = §(2),

0zZ7z 0z Tz

where z, zg, A € C.

We say that the functions G, g., V=, H2, Nz, are the Bukhgeim-type analogues
of the Faddeev functions (see [9], [8], [2]).

3. Estimates for g, 1, bz,

This section is devoted to crucial estimates concerning the functions defined in
section 2.

Let
(31> gzo)\u(z) = / gzo (Z,C,)\)U(C)dRGC dIIIlC, S Dv ZOv >\ € (C7
D

where g, (z,(, A) is defined by (2.2) and u is a test function.
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LEMMA 3.1. Let g., u be defined by (3.1), where u € CX(D), z,\ € C. Then
the following estimates hold:

Gro U € CZI(D),

c1(D)
(3.2) |gz02tllcrpy < —W% ullerpys 1Al > 1,
8 02(D7p)
(3.3) 55900t o0y < N lullcipy, A >1, 1 <p < oo,

Lemma 3.1 is proved in section 5.

Given a potential v € C(D) we define the operator g,, v simply as (g., \v)u(z) =
Gronw(z), w = vu, for a test function u. If u € C1(D), by Lemma 3.1 we have that
gz0v : C3(D) = CH(D),

(3.4) 19202001y < 2l 920025y 0]l (D)

where || - ||gpl( denotes the operator norm in CL(D), 2z, A € C. In addition,

D)
HgZO,)\HOC'pl(D) is estimated in Lemma 3.1. Inequality (3.4) and Lemma 3.1 implies

existence and uniqueness of f,,(z,\) (and thus also ,,(z,A)) for |A| sufficiently
large.

Let
k

:ug;) (Z’ /\) = Z(gZO,)\U)jL

=0
(N = /D AP AEE0 ) () i) (2, V) dRez dImz,
where 2,20 € D, A € C, k € NU{0}.
LEMMA 3.2. For v € CL(D) such that v|sp = 0 the following formula holds:

2
(3.5) v(z9) = = lim [A[RD(N), 2 € D.
T A—00
In addition, if v € C*(D), v|op =0 and 3¢|sp = 0 then
2 log(3|A
(36) o(a0) = 2D < s DI ET D o,

for zo € D, A€ C, |\ > 1.

Lemma 3.2 is proved in section 5.
Let

WZO(A):/ M2 AE=20 ) (2) dRe zdlm z,
D

where 2y € D, A € C and w is some function on D. (One can see that W, = hgg)
for w =wv.)
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LEMMA 3.3. For w € CL(D) the following estimate holds:

log (3|A _
(3.7a) W, (V)] < c4<D>$||wnc;(D), e D, N1,
log (3| cia(D.p) . 0
(3.7h) W) < eas(D)E Rl + 2222wl

for2 <p< oo.
Lemma 3.3 is proved in Section 5.

LEMMA 3.4. For v € CY(D) and for ||gz0,>\v||ocﬂ(D) <6 < 1 we have that

i 5k+1
(3.8) s 2) = 1N e <
1 k+1
(3.9) oy (N) = W] < gy 2BBIAD 9

|)\‘ 1 _5||v||0%(D)7
where zg € D\ {0}, A€ C, |\| > 1, k e NU{0}.

Lemma 3.4 is proved in section 5.

4. Proof of Theorem 1.1

We start from Alessandrini’s identity
/ (v2(2) — v1(2))2(2)1Y1(2)dRez dlmz
D

_ / U1(2)( @y — ©1)(2, Q)b (C)]dC]d2],
oD JoD

which holds for every 1; solution of (—A + v;)i); = 0 on D, j = 1,2. Here (®3 —
®4)(z,() is the kernel of the operator &y — ®;.

Let ji,, denote the complex conjugated of p,, for real-valued v and, more gen-
erally, the solution of (2.4) with g¢,,(z,(,\) replaced by g.,(z,(, A)for complex-
valued v. Put ¢y(2) = ¥y (2, —A) = e A0 0y (2, =\, ha(2) = o (2,A) =
=20 145 (2, \), where we called for simplicity iy = fi1.,, fo = fia..,- This gives

(4.1) /De)wz0 (2)(v2(2) — v1(2))pa(z, N i1 (2, A)dRez dlmz

:/ / e MET0 iy (2, = A) (Bg — 1) (2, Q)X p(C, A | dz],
oD JoD
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where ey ., (z) = eX#720)*~AE=2)" " The left side I()\) of (4.1) can be written as the
sum of four integrals, namely

L) = /D 7.2(2) (02(2) — 01 (2))dRez Tz,
B) == [ exafe)ea(z) = a2z = )i — Rz i,
xz(2)(v2(2) — v1(2)) (g2 — 1)dRez dlmz,

Ii(N) = —L(N) + /D erz(2)(v2(2) — v1(2)) (1 — 1)dRez dlmz,

for zo € D. By Lemma 3.1, 3.2, 3.3, 3.4 we have the following estimates:

2 log(3|A
42 i - o) - uo))| < D) BT - ol
log(3[A])

(4.3) [Io| < C5(D)WHU2 —villerpylvillcremyllvalles pys
log(3|A

49 1S 1+ D) R~ vl lelexo,
log(3[A])

(4.5) | < || + CG(D)WHW —ullEapy lorllcr oy

for |A| sufficiently large for example, for A such that

261(D) 1

(4.6) W% maX(HUch;(D), ||U1HC;(D)7 HU2HC§(D)7 V2] c;(D)) < 5% Al > 1.

The right side J(A) of (4.1) can be estimated as follows:

(4.7) ATV < er(D)e |y — @y,

where we called L = max.cop. »pep |2 — 20]-
Putting together estimates (4.2)-(4.7) we obtain
log(3|A 2
8D o, 2,
T

for zo € D and N is the costant in the statement of Theorem 1.1. We call ¢ =
|®y — @ || and impose |A| = vlog(3 +&e71), where 0 < v < (2L +1)7! so that (4.8)
reads

(4.9) [02(20) — v1(20)] < cs(D)N?(7log(3 + 1)) 2 log(37log(3 +& "))

2 2
+ ;07(D)(3 + e~ H)EL D

(4.8) [v2(20) — v1(20)| < (D) (D)ePH N D,y — @y |
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for every zp € D, with

(4.10) 0<e<e(D,N,7),

where & is sufficiently small or, more precisely, where (4.10) implies that |\| =
ylog(3 + 1) satisfies (4.6).

As (34 HEP+D7e 5 0 for € — 0 more rapidly then the other term, we obtain
that

log(3log(3 + [[ P2 — ¢4 7))
(log(3 + [[ @2 — P1[|1))>

(411) ”UQ - UlHL‘X’(D) S Cg(D, N, ’}/)

for e = ||®y — @4|| < &1(D, N, 7).

Estimate (4.11) for general ¢ (with modified ¢1o) follows from (4.11) for ¢ <
e1(D, N,~) and the assumption that ||vj||L~py < N, j = 1,2. This completes the
proof of Theorem 1.1.

5. Proofs of the Lemmata

PROOF OF LEMMA 3.1. One can see that g, » = iTTZW\, for zg, A € C, where

(5.1) Tu(z) = —l/ ﬂdReC dlm(,

™ JD C — Z
_ e—)\(Z—ZO)2+X(2—20)2 6)\({720)275\(5720)2
(652)  Toulz) = - T (C)dReC dm,
T D C —Z
for 2 € D and u a test function. Estimates (3.2), (3.3) now follow from
(5.3) Tw € CY(D),
(5.4a) [Twl[c1(py < ni(D)[Jwll¢(py, where w € C(D),
oT
(5.4b) 15 wliep) < (D p)l[w]lpen), 1 <p < o0,
(55) TZO’AU S C(D),
- na(D)
(5.6) | Top 2l cipy < N lullcxpys Al > 1,
. log(3|A]) (1 + |2 — 20])n3(D)
(5.7) | To 2l epy < ullerpys 1Al > 1,

Allz = 2?

where u € C1(D), 2z, A € C. Estimates (5.3), (5.4) are well-known (see [12]).

The assumption u € CL(D) is not necessary at all for (5.5): indeed, using well-
known arguments it is sufficient to take u € C'(D).

Let us prove (5.6) and (5.7). We have that

_WGA(Z—ZO)Q—S\(E—EO)QTZO,)\U(Z) = ZO,A,E(Z> -+ (]207)\78(2;)’
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where
(¢—20)*=A(¢—20)
(5.8) Losele) = | T u(¢)dReC dImC,
DN(B.:UB.y ) G — Z
A(¢—20)?—A((—20)?
(5.9) Torce) = [ — T W(Q)dReC dlme,
DZ ZO £ C- - Z
and B,, ={Ce€C:|[(—z2|<e}, D, =D\ (B:cUB, ). One sees that
(5.10) onctall <2 [ B Reg g = trefule,
with z, 29, A € C, € > 0. Further, we have that
1 0 N2 N(F5)2 u(C)
Joore(2) = ——= — (eMem20)" A —%0) —————dRe( dIm(
oel?) 2X D22053§< >(C—2)(C— 0)
‘]zo)\a( ) ‘]zo)\.e( )
where
) 1 M (C=20)?=A(¢—Z0)*
Jzo,)\,s(z) = 73 = N/~ _ u(<>dC7

4iX Jop. ... (C—2)(C— Zo)
2o = = / eMC—zo)z—MC—Zo)?i( w9 )dReCdImC
o D 2. ( Zo)

2A ¢ \(C—2)(¢ -

Now we get

L u(O)]]d]

< = — .l ,
| zo)\a( )’ zzo)\s 4’)\| Dy ‘C_EHC_ED’
1 1 1
(5.11) M. < ( - — )IdCIIIUHC :
o2 = 8N Jop...,, \IC— 3P ' [C— 7P "
1 1 1
5.12 M, o< s ( _ )dgu
( ) 0, 2|z — 2| || AD z0,e ]C— | IC — Z| |dd]]| HC(D)
We also have
) 1 S0 u(C)]
| zo)\s( )| Mzzoks::m = - — = —
Denge IC—ZIIC = 20| 1C = 22IC — 2
[u(¢)]
+—1 SN ReC dIm,
IC — 2]|¢ — Z|?
1 GO 1540 (0]
(5.13) M2, < 0 T g 1S
oM =N p, IC—Z2 T 1= 2P I — 2P
Lo [HQ)] dReC dIm(

€ = Zl?
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) 2] 2 (¢)| 2 5(0) 2u(Q)]
5.14) M? < — S — -
( ) 2,20\ = 2|\ Doy IC—Zllz — 20|  |C—Zl|z—20] |C— 22|z — 20l
4lu(Q)] 2/u(C)] Au(C)]
i _ _ dRe dIm(.
el =l T T2l =z | =Bl — P e Ame

Using (5.11) and (5.13) we obtain that
(515) o ae(2)] < AT na(D)e lulle),

ZOvAﬂE

ZQ,/\,E

_ _ _ o 0u
(5.16) |2 5 (2)] < N 'ns(D)eHulley + A ne(D) log(3e 1)||£HC(D>7

where z,20,A € C, [A\| > 1,0<e < 1.
If 29 # z we can use (5.12) and (5.14) in order to obtain

(5.17) 152 < ATz = 20| e (D) log (3™ ) |ull o),
(5.18) 12 52(2)] < A7z = 20| *ns(D) log(3e ™) |ull o)
ou

+ A7z = 20l e (D)1=l

Finally, putting ¢ = [A|"2 into (5.10), (5.15), (5.16) we obtain (5.6), while putting
e = [A7! into (5.10), (5.17), (5.18) we obtain (5.7). The proof follows. O

PrROOF OF LEMMA 3.2. First we extend our potential v to a larger domain D; D
D (always with C? boundary) such that dist(0D;,0D) > § > 0 (for some §) by
putting v[p,\p = 0. In such a way v € C*(D;) N C*(Dy \ 0D) with |v|lcrp,) =
HUHC’“(D) for k = 1, 2.

Now let ys be a real-valued function on C, with 6 > 0, constructed as follows:

xs(2) = x(2/0), where

x € C*(C), x is real valued,
x(z) = x(lz]),

x(z) =1 for |z| <1/2,

x(2) =0 for |2| > 1.

Let
iin(2, 20) = v(20) + v.(20) (2 — 20) + v:(20)(Z — Z0),
for z,z9 € Dy, v, = % and v; = %.

We can write h'y) () = Sa08(A) + Ry s(N), where

Szo,é()\) = / 6A(Z_ZO)2_;\(2_20)2Ulm(Z, Zo)Xa(Z — Zo)dRez dlmz
C

ei|>\\(22+22)Ulm(e—w()‘)z + 20, 20) Xs(2)dRez dImz,

o

R, s(\) = / N z=20)*=A(z=%0)? (v(2) — vin(2, 20)xs(2 — 20)) dRez dImz

Dy
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where p(\) = 1 (arg(A) — 2), 20 € D, A € C.
Using the stationary phase method we obtain that

2
(5.19) o(z0) = = lim |A[S.s(\),

T A—00

2 _
(5.20) [v(20) = — A5z s(A)| < a1(D, 0)[[vller(my Al g

20 € D, d >0, X e€C, |\ > 1. Integrating by parts we can write

1 a 2—20)2=X(z—2%)2

o (0(2) = vin(2, 20)X5(2 — 20))

dRezdlmz = R, 5(\) + R2 5(\),

z— %
Ri s(\) = __1/ eA(z—zO)2—5\(2—20)2( v(z) — Ulm(_ _)X6(2 - ZO))dZ,
0 4iX\ Jop, zZ—Z
1 2_Y(5_35.)2
RZ A) = — Az—20)*—A(2—20)
FORS YK
% i ((U(Z) — Uzmgz, Z?)X(S(Z - Zo))) dRez dlmz,
0z zZ— 2
for zo € D, A € C\ {0}. In addition, we have that
(5.21) hm |>‘|Rz05( ) =0,
(5.22) hm |)\|RZO(5( )=0.

Formula (5.21) follows from properties of ys, the assumption that z; € D and
that v|gp, = 0. Actually, as a corollary of this properties we have that v(z) —
Viin(2, 20)X5(2 — 20) = 0 for z € dD; and, therefore, R. 5(A) =0 for A € C\ {0}.

Formula (5.22) for v € C*(D;) is a consequence of the estimates

(5.23) Riél,é,a()‘) ;:/ AE—70)*=A(z-20)2
BZO 1>

N (CLEREE

oz Zo

o2 ZO))> dRezdlmz = O(e) ase — 0

NI

(524) Ri(f&s()\) = / eA(Z—zO)Q_X(2_20)2
D

z(0,€
3 (v(2) — Viin(2, 20)X5(2 —
0z zZ—2y
where B, . = {2 € C: |z — 2| <€}, Dy = D1\ By . In (5.23)-(5.24) we assume
that zo € D, 0 <e <9, e C.

Estimate (5.23) is obtained by standard arguments using that

X ZO))) dRez dImz — 0 as A — 00

[v(2) = v(20)| < [[vller(pylz = 20, 20 € D, 2 € Bay,
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while (5.24) is a variation of the Riemann-Lebesgue Lemma.

Formula (3.5) now follows from (5.19), (5.21), (5.22).

Under the assumptions mentioned in Lemma 3.2, the final part of the proof of
estimate (3.6) consists in the following. We have, for ¢ < §/2,

(5.25) R ()| S/ |U(Z)_Ulin('zazo)|dRezdImZ
By, |2 = 2o
z Yz !
+/ [v2(2) — vs(z0)l o ap < smllvllezpye?,
Bug.c |2 = 2l ?

—1 9 2_ 1
R (N =— / _< Az—20)* =\(z=20)° >
zo,é,z—:( ) Do 07 e P

(v(z) — viin(2, ZO)X5( — % ))) dRez dImz

L JoD. .. Z = %0
0 ((U(Z) iin (2, 20) X5 (2 — Zo)))
X — — — d
0z Z—Z
_ __1/ e)\(zfzo)QfA(zfzo)2 _ 1 i U(’Z) Ul"i(z ZO) dZ,
21 OB., - Z— 790z Z— 2

where we used in particular that v|sp, =0, a%v|@pl =0,

R2,2,2 (A) — _/D e)\(Z*ZO)Q,S\(Z*ZO)Q
z0,€

) (’ L0 (0l2) bl =) ) s

X
0z zZ— Z

We have, for ¢ < 6/2

Z— 290z

1 v(2) — vunl(2, 20
(5.26) L e
2 Jop.,. |2 — 20
1 |vs(2) — vs(20)| 7
v, e < gl
(5.27) |R2ZE (V] < |RZES n(M] + \3302526( ) = R2%% (),
(5.28) ’R§02525/2()\)| < gD, 6)||v]le2(p)

2,2,2 R222
’RZO#SJ:‘( ) 20 65/2 | < Z/Ug z, Zo dRez dlmz,

ZO 6/2\BZ() €
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with

(5.20) (e 70) = - _120|2 Uz(Z; : gj(zo) 7
(5.30) us(2, 20) = E _120|2 U(Z)(;i)lg;(;’ %) ;
(5.31) us(z, 20) = E _1 - zzi(z()) 7

(5.32) ug(2, 29) = e _2Z0’ Uz((?:;z)gzo) ;

(5.33) us(2, 20) = : _220| U(Z)(;ifzg)(;, 20)

This yields

(5.34) REZ2(N) — 222, 00] < aslog (o) ollcxoy.

where zo € D, 0 <e <d/2. A € C\ {0}. Using (5.20), (5.25)-(5.34) with € =
we obtain (3.6). Lemma 3.2 is proved.

ProOOF oF LEMMA 3.3. We write
W (A) =W, (N + W2 (M),

20,€

20,€

w} ()\):/ A7) =220 () dRez dImz,
DNBay -

w2 ()\):/ A0’ =220 () dRez dImz,
D\B., -

20,€

where B,, . = {z € C: |z — 2| < €}. One sees that

635 WL [ elodResdin: = rlwloee
DBy,

W2 _(\) = _——1/ 9 (eA(Z_ZO)Q_;\(g_Z‘)P) MdRez dlmz

08 2X\ Jp\s., . 0z zZ—Z

2,1 2,2
= Wzo,a()\) + Wzo,a()\)7

721 (\) = __1/ oMz=20)2—A(2-20)? w(z) dz,

0, 49\ 8(D\Bx,,) Z— 2y

zZ— 2y

1 I/= =
WZ’? (\) = ﬁ/ e/\(z—Zo)Q—A(z—m)zg ( w(?) ) dRez dlmz.
D\B.,c :

We have
(5.36) 2L < A an (D)l los(3=).

20,€
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(5.37a) W22 ()] < 1A aa(D) [l ) los(3 ™)
(5.37h) W22(0)] < N ax(D)l|e] o) log(3= ™)

_ ow
a0, N 1m0,

for 20 € D, Ae C\ {0}, 0<e<1,2<p<oo.
Using (5.35), (5.36), (5.37) with ¢ = |A|7' we obtain (3.7). This finishes the
proof. O

PROOF OF LEMMA 3.4. Formula (3.8) follows from the assumption on [/g., \v||
and from solving (2.4) by the method of successive approximations. The proof of
estimate (3.9) follows from (3.8) and Lemma 3.3. The proof follows. O

6. An extension of Theorem 1.1

As an extension of Theorem 1.1 for the case when we do not assume that v;|sp =
0, 8%1@'\81) =0, 7 = 1,2, we give the following result.

PROPOSITION 6.1. Let D C R? be an open bounded domain with C* boundary,
let vi,vy € C*(D) with ||vjllc2py < N for j = 1,2, and ®1,®, the corresponding
Dirichlet-to-Neumann operators. Then, for any 0 < a < %, there exists a constant
C = C(D, N, «) such that the following inequality holds
(6.1) [vg = w1l Lo () < C'log(3 + [|[ @y — 1][71) 7,

where || A||1 is the norm for an operator A : L>(0D) — L*°(9D), with kernel A(z,y),
defined as || Allx = sup, yeop |A(x,y)[(log(3 + = —y[71)) .

All we need to know about || - ||; consists of the following:
1) [|1All @)= op) < const(D)]|Allx;
it) by formula (4.9) of [9] one has

|v]| oo (apy < const|| Py, — Dol

In order to prove Proposition 6.1 we need the following modified version of Lemma
3.2. We will call (0D)s = {z € C: dist(z,0D) < §}.

LEMMA 6.2. For v € C*(D) we have that
(6.2)

[0(z0) — ZIARL )] < ey (D)5 2BBIAD
v

Al
for zo € D\ (0D)s, 0 <0 <1, A€ C, |A| > 1.

PROOF OF LEMMA 6.2. Let s be as in the proof of Lemma 3.2. We have in
particular that

(6.3) Ixsllexe) < 0 ¥ Ixllore), k €N

[vlle2(py + K2(D) log(3 + 6wl ey,
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Let

Viin(2, 20) = v(20) + v.(20) (2 — 20) + v5(20)(Z — Z0),

for z,z0 € D, v, = g” and v; = %.

We can write b2 (\) = S.0.6(A) + Ry 6(N), where
Ss(A) = /CeA,zo(Z)Uzm(Z, 20)Xs(z — z0)dRez dlmz
= /(C N+ (67N 2 4 20, 20) xs(2)dRez dImz,
R, s(\) = /Demo(z) (v(2) — viin(z, 20)xs(2 — 20)) dRez dlmz

where p(X) = L (arg(A) — 2), exx(2) = eMe=20°-AE-20)" 20 e D\ (AD);, A € C.
Using the stationary phase method and the explicit construction of ys we obtain
that

2
(6.4) v(z9) = — lim |A[Sy, 5(N),
T A—00

2 p1(D) _
(6.5) [0(20) = —[AlSz6(A)] = 154 Vil oy Ixllose Al

20 € D\ (0D)s, 0 < d <1, A€ C, |A\| > 1. Inequality (6.5) follows from

2 p1(D
rv<zo>—;|xrszO,a<A>|§ ( )uvun|rc4@>ux<s|\c4<@

||UH01 ||XHC4(<C),

where we used [5, Lemma 7.7.3| and (6.3).
Integrating by parts we can write

R 5(\) = ~5% / 75 (e (2)) (v(z) — Ulzn; & _ZX&(Z — ZO))dRez s
- RZO 5( ) + Rzo 6()\)’
Ri075()\) -1 /6)\ zO(Z)( v(2) — vin (2, 2()))(5(2 — ZO)>dz

)

4ix z
R2 5(\) = i/ eA,ZO(z)% (( vz )_”“”; 20)Xs(2 ZO))) dRez dlmz,

2)\ D 20
for zo € D\ (OD)s, A € C\ {0}. In addition, we have that

(6.6) —|A||Rz05( )| < ka(D)log(3 + 071 [vllcop).
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Formula (6.6) follows from the fact that xs(z—z¢) = 0 for z € 9D, 2z € D\ (9D)s
and from the estimate

ko(D)log(3 4+ 671)

|R |dz| < v]|cop)-
|)\| (oD)

205

2
S -
7T oD |Z—Zo|

We now write RZ 5()\) = (R30155( )+ R 256()\)) with

00 B = [ e (UEE e R g

20

zQ,€

(6.8)  R*% (\) = /D 5 (2) 2 (( 0(2) = tiin(2, 20)Xo(2 _ZO)))dRezdImz,

0z Z— 20

20,€

where B,, . = {2 € C: |z — 2| <€}, D,y = D\ B,, .. In (6.7)-(6.8) we assume that
20 € D\ (0D)s, 0 <e <9, AeC.

The final part of the proof of estimate (6.2) consists in the following. We have,
for e < §/2,

7
(6.9) [R2L (V)] < §7THUHCZ(D)€27
exactly as in (5.25),
1 0 1
R¥ (\) = ——= — (erz(2
=55 [ g el s,
X 3_ (( v(z) = Ulmgz ZS)X(S(Z — ZO))) dRez dImz
0z zZ— 2
1
= _E(Rif(sls()\) R302526()\>>7
2,2,1 1 / 10 ((v(z) = vin(z, 20)xs(2 — 20))
, _ - . - d
Rzoﬁ,a( ) 2% 8Dz>\5 (Z>2 5,07 % <
1 1 0 [v(2) — vin(z, 20)
= —— p JE— d
2 Jop., . 3552 ( Z— % :
1 1
- — Exp(2)—— i 7?)(2)7 ) dz,
2t Joap 7 Z—200Z \Z— %
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We have, for ¢ < 6/2
|U( ) Ulin<z720)||dz| 1 |UE(Z) _UE(ZO)||dZ|

<1
2 dBzy.e |z — 2 9Bz .c |2 — 2

1 1 2
Jr_/ \U(Z)\3|dz|+_/ ’U (2 )’2|dz|
2 Jop |2 — 20 2 Jop |2 — 20l

(6.10) |R>%L ()

20,0,€

7 p2(D)
< —7THUH(J2(D) + 25—2HUH01 5
(6.11) |R2ZZ (] < TRZ2% (V] + RSN — RZ22% ,(V)],

2, p3(D
612) 182200 < 22 cagr

‘R§0252€< ) R302525/2 | < Z/Uj Z, Zo dRez dImz

ZO 6/2\B20 €

with u; defined as in (5.29)-(5.33). This yields

)
(6.13) |[Roie(N) = R2%55 ()] < pa(D) log(5)l[vllez(p).

where zg € D\ (0D)s, 0 < e < 5/2, A € C\{0}. Using (6.5), (6.6), (6.9)-(6.13) with
e = [\[7! we obtain (6.2) for || > 2
Notice that only the estimation of |A|RZ, 5(\)] requires [A| > #. In that case one

hes log (3]
_410g
2 IR, 5] < pa(D)5 B ol

If 1 < || < 2 we have that

(6.14) 22, ) < 2O

and

©19) D) 2EE ullap) > B2 (65 olexo
where we used the fact that the function @ is decreasing for s > £.

We now define
/ 2p6(D)N

c =
ps(D)log(6) ||UHC2(D)

in order to have

~41og(3[A])
|>‘||Rz05< )| < dps(D)o 4THUHC2(D)

for 1 <A <2,0<6<1.
Thus, taking s, = max(ps, ¢'ps, p1||x|ca(c)), we obtain estimation (6.2) for |A| >
1 and 0 < ¢ < 1. This finish the proof of Lemma 6.2. O
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PROOF OF PROPOSITION 6.1. Fix 0 < a < %, and 0 < 0 < 1. We have the

following chain of inequalities
[v2 = v1l[ () = max({|lva — vil|Le(pn@D)s)s lv2 = Vil (D\@D)s))
log(3log(3 + ||P2 — 4[| 7"))
6tlog(3 4 [[®2 — @4 [|71)
log(3log(3 + | P2 — ©4[|71))
(log(3+ |5 — @1 71))>

< (] max (2]\75 + (| @2 — @41,

1
+1og(3 + 5)”% — @4 +

1 ~1\-5a
< Cy max <2N(5—|—H<I>2—<I>1H1,ﬁlog(3+H<I>2—<I>1H11) °

1 log(3log(3 + ||®y — ®4]7?
+log(3 + 5|2 = 1 + g(3log(3 + || P2 — ], )))7

(log(3 + [|®2 — B4 1))
where we followed the scheme of the proof of Theorem 1.1 with the following mod-

ifications: we make use of Lemma 6.2 instead of Lemma 3.2 and we also use i)-ii);
note that Ol = 01<D,N) and Cg = OQ(D,N, Oé).
Putting § = log(3 + || @2 — ®1[|;)~® we obtain the desired inequality

(6.16) [v2 = 1|z (py < C3log(3 + (|2 — @4[77) 77,
with C3 = C3(D, N, ), |2 — P1]|1 = ¢ < e1(D, N, ) with &, sufficiently small or,
more precisely when §; = log(3 + ;') ™ satisfies:

1
51 < 1, &1 S 2N51, 10g(3 + 5—)61 S 51.
1

Estimate (6.16) for general e (with modified C3) follows from (6.16) for ¢ <
e1(D, N,a) and the assumption that [|v;| ep) < N for j = 1,2. This completes
the proof of Proposition 6.1. 0
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Global stability for the multi-channel Gel’fand-Calderén
inverse problem in two dimensions

MATTEO SANTACESARIA

ABSTRACT. We prove a global logarithmic stability estimate for the multi-
channel Gel’fand-Calder6n inverse problem on a two-dimensional bounded do-
main, i.e., the inverse boundary value problem for the equation —Ay+wv =0
on D, where v is a smooth matrix-valued potential defined on a bounded planar
domain D.

1. Introduction
The Schrodinger equation at zero energy,
(1.1) ~AY +v(x)) =0 on D C R?,

arises in quantum mechanics, acoustics and electrodynamics. The reconstruction of
the complex-valued potential v in equation (1.1) through the Dirichlet-to-Neumann
operator is one of the most studied inverse problems (see [11], [10], [4], [12], [13],
[14] and references therein).

In this article we consider the multi-channel two-dimensional Schrodinger equa-
tion, i.e., equation (1.1) with matrix-valued potentials and solutions; this case was
already studied in [15, 14]. One of the motivations for studying the multi-channel
equation is that it comes up as a 2D-approximation for the 3D equation (see [14,
Sec. 2]).

The main purpose of this paper is to give a global stability estimate for this
inverse problem in the multi-channel case.

Let D be an open bounded domain in R? with C? boundary and v € C'*(D, M,,(C)),
where M,,(C) is the set of the n x n complex-valued matrices. The Dirichlet-to-
Neumann map associated with v is the operator ® : C1(9D, M,,(C)) — L?(0D, M, (C)),
p < 00, defined by

_ o

- 5 )
o sp

(1.2) o(f)

1
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where f € CY(OD, M, (C)), v is the outer normal of 9D and 1) is the H'(D, M,,(C))-
solution of the Dirichlet problem

(1.3) —AY +o(z)p =0 on D, ¢lop = f;
here we assume that
(1.4) 0 is not a Dirichlet eigenvalue of the operator — A+ v in D.

This construction gives rise to the following inverse boundary value problem: given
®, find v.

This problem can be considered as the Gel’fand inverse boundary value problem
for the multi-channel Schrédinger equation at zero energy (see [8], [11]) and can
also be seen as a generalization of the Calderén problem for the electrical impedance
tomography (see [5], [11]). Note also that we can think of this problem as a model
for monochromatic ocean tomography (e.g., see [2] for similar problems arising in
this type of tomography).

In the case of complex-valued potentials the global injectivity of the map v — ®
was first proved for D C R? with d > 3 in [11] and for d = 2 with v € L? in [4]: in
particular, these results were obtained by the use of global reconstructions developed
in the same papers. The first global uniqueness result (along with an exact recon-
struction method) for matrix-valued potentials was given in [14|, which deals with
C! matrix-valued potentials defined on a domain in R?. A global stability estimate
for the Gel’fand-Calderén problem with d > 3 was first found by Alessandrini in [1];
this result was recently improved in [12]. In the two-dimensional case the first global
stability estimate was given in [13].

In this paper we extend the results of [13| to the matrix-valued case. We do not
discuss global results for special real-valued potentials arising from conductivities:
for this case the reader is referred to the references given in [1], [4], [10], [11], [12],
[13].

Our main result is the following;:

THEOREM 1.1. Let D C R? be an open bounded domain with a C? bound-
ary, vi,va € C*(D, M,(C)) two matriz-valued potentials which satisfy (1.4), with
vjllc2py < N for j=1,2, and ®1,®, the corresponding Dirichlet-to-Neumann op-
erators. For simplicity we also assume that vi|aop = valop and %vﬂap = 6%112|5D.
Then there ezists a constant C = C(D, N,n) such that
(1.5)

_3
vz — v1]| e (py < C (log(3 + || @2 — @1]| 1)) * (log(3log(3 + || — ¢1!|71)))2>

where || - || is the induced operator norm on L*(0D,M,(C)) and ||v||L=~mpp) =
maxi<; j<n |[Vijllop) (likewise for ||v||c2py) for a matriz-valued potential v.

This is the first global stability result for the multi-channel (n > 2) Gel’fand-
Calderén inverse problem in two dimensions. In addition, Theorem 1.1 is new also
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for the scalar case, as the estimate obtained in [13] is weaker. We remark, in par-
ticular, that this result is true in the special case when v; = v = A € M,(C)
in a neighborhood of 9D (situation which appears in the approximation of the 3D
equation, see [14, Remark 3 and Section 2|).

Instability estimates complementing the stability estimates of [1], [12], [13] and
of the present work are given in [10], [9].

The proof of Theorem 1.1 is based on results obtained in [13], [14], which take
inspiration mostly from [4] and [1]. In particular, for zp € D we use the existence
and uniqueness of a family of solutions 1), (z, A) of equation (1.1) where in particular
Y,y — AT for X — oo (where I is the identity matrix). Then, using an
appropriate matrix-valued version of Alessandrini’s identity along with stationary
phase techniques, we obtain the result. Note that this matrix-valued identity is one
of the new results of this paper.

A generalizations of Theorem 1.1 in the case where we do not assume that v1|gp =
v9|op and aa—yvl|ap = B%U2|3D, is given in section 5.

This work was fulfilled in the framework of research under the direction of R. G.
Novikov.

2. Preliminaries

In this section we introduce and give details on the above-mentioned family of
solutions of equation (1.1), which will be used throughout the paper.

We identify R? with C and use the coordinates Z =@y + 1%, Z = 11 — ixy Where
(1, 22) € R% Let us define the function spaces C1(D) = {u : u, % € C(D, M,(C))}
with the norm ||ul|c1(p) = max([|ullcp), H%HC(D))? where [|ullo(p) = sup.cp |uf and
lu| = maxi<;j<, |ui;|; we also define CH(D) = {u : u,%* € C(D, M,(C))} with an

B
analogous norm. Following [13], [14], we consider the functions:

(2.1) G (2,0, 0) = M (2. ¢ N)e ME)?

(22) (2,¢, ) A e_k(n_ZO)m(ﬁ_ZO)QdR dl
2.2 920(2, G A) = / —— en dlmm,
’ 42 p (z=n)(1—¢)

(2.3) WV, (2,\) = e’\(Z’ZO)Q/LZO(z, A),
Q) N =T [ (5 GO (6 ARG dmg,
D
2.5 h.,(\) = eMem20)* A (22007 o (2, N)dRez dlmz,
0 0
D

where 2,29, € D, A € C and [ is the identity matrix. In addition, equation (2.4)
at fixed zy and ), is considered as a linear integral equation for s, (-, \) € CL(D).
The functions G, (2, (, A), gz (2,C,A), Us(2, ), (2, A) defined above, satisty the
following equations (see [13], [14]):
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(2.6) 483—;2@0(2,(, A) =6(z =),
7) oG (21 A) = 8¢ - 2),
(2.8) 4 (%—FZA(Z—ZO)) %gzO(z,C,/\) =d(z — (),
29) g (g = 26 = ) ) .60 =8¢ - 2)
(2.10) 1L (2 0) + 02 (20) =0,
(2.11) 4 (% oA — zo)) %%(z, A) - 0(2)jimy (2, A) = 0,

where 2,29, € D, A € C, § is the Dirac delta. (In addition, we assume that (2.4) is
uniquely solvable for s, (-, \) € C1(D) at fixed 25 and \.)

We say that the functions G, ¢.,, V2o, 2, Nz, are the Bukhgeim-type analogues
of the Faddeev functions (see [14]). We recall that the history of these functions goes
back to [7] and [3].

Now we state some fundamental lemmata. Let

(2.12) Grontt(2) = / G0 (2, ¢, Mu(Q)dReC dIm(, z € D, 2, A € C,
D

where g.,(z,(, A) is defined by (2.2) and u is a test function.

LEMMA 2.1 ([13]). Let gs, u be defined by (2.12). Then, for zp, A € C, the
following estimates hold:

(2.13) Geortt € CX(D),  foru € C(D),
(2.14) g0ty < ci(D, M) |ullepy,  foru e C(D),
co(D _
(2.15) gz0ntllcrpy < ‘2)(\’;) lullcrpy, forue CLD), |A| > 1.

Given a potential v € C1(D) we define the operator g, yv simply as (., v)u(z) =
Gzoaw(2), w = vu, for a test function u. If u € C}(D), by Lemma 2.1 we have that
Gz, AU - C;(D> - C,;(D)?

(2.16) HQZO,AUHOC{);(D) < 2””920,)\HZPZL(D)“U|

CcL(D)»
where || - H(()i(D) denotes the operator norm in CL(D), z, A € C. In addition,

HQZO,/\”OCp;(D) is estimated in Lemma 2.1. Inequality (2.16) and Lemma 2.1 imply the

existence and uniqueness of y,(z, A) (and thus also of ©,,(z, \)) for |A| > p(D, K,n),
where |[v|c1py < K.
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Let
k

:uzo (Z >‘) Z(QZO,AU)jL

7=0
k AMz—20)2=X(z—%0)2
hgo)()‘) = /D€ (7=20)"=AE=20)% );LZO (z, A)dRez dlmz,
where 2,z € D, A € C, k € NU{0}.

LEMMA 2.2 ([13]). For v € CL(D) such that v|sp = 0 the following formula
holds:

2

(2.17) v(z9) = — hm IAIRD(N), 2 € D.
T A—00

In addition, if v € C*(D), vlgp =0 and 2|op = 0 then

2 log(3|A
(2.18) otan) = 2P| < oD, B o,

for zo€e D, X € C, |\ > 1.
Let
W, (\) = / A2 =A% () dRe zdIm z,
D

where zy € D, A € C and w is some M,,(C)-valued function on D. (One can see that
W,, = hY) for w = v.)

LEMMA 2.3 (|13]). For w € CL(D) the following estimate holds:

log (3|A -
219 deé@@%%%ﬁHmma%eDszl
LEMMA 2.4 ([14]). For v € CL(D) and for ||g.,. ,\vH <0 < 1 we have that
Sk+1
(2.20) s ) = B M ey < S
log(3|A]) 6+ *1
(2.21) ) = K] < D) EPL ey,

where zo € D, A€ C, |A\| > 1, k e NU{0}.

The proofs of Lemmata 2.1-2.4 can be found in the references given.
We will also need the following two new lemmata.

LEMMA 2.5. Let g, u be defined by (2.12), where u € C}(D), 29, A € C. Then
the following estimate holds:
log(3]Al)

(222) ool < ol D)5

lullez(py, Al = 1.
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LEMMA 2.6. The expression

(2.23) W(u,v)(\) = / GA(Z_ZO)Q_;\(Z_ZO)QU(,Z)(gzOv,\v)(z)dRez dlmz,
D

defined for u,v € CH(D) with |Jullcypy, [[v]lc1p) < N1, A € C, 2 € D, satisfies the

estimate

(log(3|A1))*

(2.24) (W (w,v)(A)] < er(D, Ni,n) |)\|1+3/4 ’

Al> 1.

The proofs of Lemmata 2.5, 2.6 are given in section 4.

3. Proof of Theorem 1.1

We begin with a technical lemma, which will prove useful when generalising
Alessandrini’s identity.

LEMMA 3.1. Let v € CY(D, M,(C)) be a matriz-valued potential which satisfies
condition (1.4) (i.e., 0 is not a Dirichlet eigeinvalue for the operator —A+wv in D).
Then *v, the transpose of v, also satisfies condition (1.4).

The proof of Lemma 3.1 is given in section 4.
We can now state and prove a matrix-valued version of Alessandrini’s identity
(see [1] for the scalar case).

LEMMA 3.2. Let vy,vy € CYHD, M,(C)) be two matriz-valued potentials which
satisfy (1.4), @1, Py their associated Dirichlet-to-Neumann operators, respectively,
and uy,uy € C*(D, M,(C)) two matriz-valued functions such that

(=A+v)u; =0, (=A+"v)uy=0 on D,

where A stand for the transpose of A. Then we have the identity

(3.1) /aD Py (2)(Py — y)uy (2)|dz] = /DtuQ(z)(vg(z) —v1(2))u1(z)dRez dlmz.

PROOF. If v € CY(D, M,(C)) is any matrix-valued potential (which satisfies
(1.4)) and fi, f, € CY (0D, M,,(C)) then we have

(32) ofildsl = [ (50 ) ],
oD oD

where & and ®* are the Dirichlet-to-Neumann operators associated with v and tv,

respectively (these operators are well-defined thanks to Lemma 3.1). Indeed,

is sufficient to extend f; and f5 in D as the solutions of the Dirichlet problems

(A +v)fi =0, (A +")fy = 0on D and fj|lop = f;, for j = 1,2, so that one
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obtains

/ (S fi = (f19* f2)) |dz]
oD

_ /D (‘Fo A —"(AR) fy) dRez dlm
— /D <tf2fuf1 - t<tv f2> f1> dRez dIlmz = 0,

where for the second equality we used the following matrix-valued version of the
classical scalar Green’s formula:

(3.3) /aD (t (%) g— tf%) |dz| = /D ("(Af) g — " fAg) dRez dImz,

for any f,g € C?(D, M,(C)) N C*(D, M,(C)).
Identities (3.2) and (3.3) imply

/6 ua(2) (@2 = D)o (4)|d

) (t(tul(z)d);m(z)) _ tuQ(z)(Dlul(z)) |dz|

D <t(8u8252)> u(z) = tu2(z)8u5£'z)) |dz|

("(Auz(2)) ur(2) — "us(2)Auy (2)) dRez dImz

o— —

ST—o

(t (tUQ(Z) “2(2)) u1(z) — "ug(2) v1(2) u1(z)) dRez dlmz

= /Dtug(z)(UQ(z) — v1(2))u1(z)dRez dlmz. 0

Now let fi,, denote the complex conjugate of p,, (the solution of (2.4)) for a
M, (R)-valued potential v and, more generally, the solution of (2.4) with g.,(z,(, A

)
replaced by g.,(z, (, ) for a M, (C)-valued potential v. In order to make use of (3.1)
we define

ul(z) = ¢1,zo (Za )‘) - eA(Z_ZO)2N1(Zv )‘)7
UQ(Z) = EQ,ZQ (Za _)‘) = 6_;\(2_20)2/12('% _)\)a

for zo € D, A € C, |\| > p (p is mentioned in section 2), where we set p; = p1 4,
fo = p2., for simplicity’s sake and g ,,, p2., are the solutions of (2.4) with v
replaced by vy, vy, respectively.
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Equation (3.1), with the above-defined uy, us, now reads
B[ [ e e 2@ - 81) (e )N (¢ N
oD JoD
= / exzo(2) Hia(z, = \)(v2 — v1)(2) 1 (2, N)dRez dImz.
D

with ey ., (z) = eXF=2)*"AZ=2)" and (dy — ®y)(2,¢) is the Schwartz kernel of the
operator &, — P,
The right side I(\) of (3.4) can be written as the sum of four integrals, namely

ILi(A) = [ exs(2)(v2 —v1)(2)dRez dlmz,
exea(2) (2 — 1) (v — 01) () (s — I)dlRez dlmz,
ex(2) (fia — I)(vy — v1)(2) dRez dlmz,

€xz0(2) (V2 —v1)(2) (1 — I)dRez dlmz,

&
=
I
ST~ ST—o—

for zp € D.
Since (va — v1)|op = 2 (v2 —v1)|op = 0, the first term, I, can be estimated using
Lemma 2.2 as

5 200~ (uaGa0) — vl £ (D) BT s = g

for |[A\| > 1. The other terms, I, I3, I, satisfy, by Lemmata 2.1 and 2.4,

(3.6) || < ‘/ ez (%) t(me,\tvg)(vQ — v1)(2)(gz2v1)dRez dlmz
D

+0 (D) o v,

(3.7) |I3] < ‘/ xz0(2) (Goonv2) (Vo — v1)(2)dRez dlmz
D

+0 (B cp, ),

(3.8) |14] < ‘/D ez (%) (V2 — v1)(2) (g2 201 )dRez dImz
+ 0 (%) c10(D, N,n),
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where N is the constant in the statement of Theorem 1.1 and |)| is sufficiently large,
for example for A such that

(3.9) 2n <

1
1 —57

A > 1.

Lemmata 2.5, 2.6, applied to (3.6)-(3.8), give us
(log(3|A]))*

(310) |I2| S CII(D7N7 TL) |)\|2 )
(log(3|A]))”
(3.11) | I3] < c12(D, N, n)w»
log(3|A)?
(3.12) |1 < 013(D7Nan)(|)\’<1%/’4))

The left side J(A) of (3.4) can be estimated as follows:
(3.13) AT <€ ena(D, )Ny — @y,
for A which satisfies (3.9), and L = max.cop. »0en |2 — 20]-

Putting together estimates (3.5)-(3.13) we obtain

(3.14)

(log(3[A])” , 2

[v2(20) — v1(20)| < c15(D, N, n) | A[3/4 +eu(D, n)e?H @y — @y

for any zyp € D. We call € = ||®3 — @4]| and impose |\ = vlog(3 + '), where
0 <~ < (2L*+1)"! so that (3.14) reads

(3.15)  |va(20) — v1(20)| < c15(D, N,n)(ylog(3 + 871))7% (log(3y1og(3 + 571)))2
+ %cu(D, n)(3 + e 1)@,

for every zy € D, with

(3.16) 0<e<e(D,N,v,n),

where ¢; is sufficiently small or, more precisely, where (3.16) implies that |\ =
vlog(3 + 1) satisfies (3.9).

As (34 HEP+D7e 5 0 for e — 0 more rapidly then the other term, we obtain
that

(log(3log(3 + |2 — 1] ~)))”

(3.17) lva = v1 || (py < c16(D, N, 7y, 1) 3
(log(3 + [|[@2 — @1[|71))*

for any & = || — @4 < &1(D, N,v,n).

Estimate (3.17) for general ¢ (with modified ¢6) follows from (3.17) for ¢ <
e1(D, N,~,n) and the assumption that ||v;||zepy < N, j = 1,2. This completes the
proof of Theorem 1.1. O
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4. Proofs of Lemmata 2.5, 2.6, 3.1.

PROOF OF LEMMA 2.5. We decompose the operator g, », defined in (2.12), as
the product ;iTZO, AT, x, where

1 e~ M¢=20)*+A(¢(—Z0)?
(4.1) Toau(z) = —/ u(¢)dRe( dIm,
T Jp z=C
_ 1 eMC=20)?=A(¢—Z0)?
(4.2) Tooau(z) = —/ — u(¢)dRe( dIm,
TJbD zZ—¢
for zg, A € C. From the proof of [13, Lemma 3.1| we have the estimate
. m(D) log(3[A[) || Ou
(4.3) 1T aullop) < e llullcp) +772(D)T b .

for u € CL(D), zy € D, |A\| > 1. As the kernels of T}, \ and T}, are conjugates of
each other we deduce immediately that

m(D) log(3[A]) ‘

ou
(4.4) [Tz 2ullep) < W—I/QHUHC(D) +12(D) S

0z

;A =1
(D)

C(D)>

for u € C}(D). Combining the two estimates we obtain

1 _
l9xz0ullcp) = ZHTZO,/\TZOJ\UHC(D)

1 ||Tzo )\UHC(D) IOg(3|)‘D J
< — pDy—— -/ Dy—— "~ || —
= ( 1( ) |>\|1/2 2( ) |)\| aZTZOJ\U

lullowy  log(3IAD [[0u] . log(3IA)
< n3(D) + — + = lullen
R AP 110z Al “w
log(3[A])
< 774(D)T||U||C;(D)a Al =1,
where we use the fact that || T \ullcpy = [|ullcw)- O

PROOF OF LEMMA 2.6. For0 <e <1,z2p€ D,let B, . = {2 € C: |z—2)| < ¢e}.
We write W (u,v)(X) = WH(A) + W2()), where

WQ()\):/ 20 AE=20 (2) g, \w(2)dRez dImz.
D

\Bzo,e
The first term, W1, can be estimated as follows:
e?log(3|\|)

(4.5) (W] < a1(D,n)[[ulleny 0]l exn) o

Al =1,
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where we use estimates (2.16) and (2.22).

11

For the second term, W2, we proceed using integration by parts, in order to

obtain
WQ()\) = L/ AE=20)"=A(z—%0)? u(z)_gZO,,lv(z) d
4\ 8(D\Bz,e) zZ— 2
_ i_ eA(Z—Zo)Q—S\(Z—ZO)QQ U(Z)QZO7)\U(Z> dRez dlmz
2\ Jp\B., .. 0z zZ—Z '

This implies that

1 [u(2)gz020(2)llep
4[| a(D\BZO,€)|5 — Z|

/ Me—z0)2-(z-50)? I (M> dRez dlmz
b 0z z

\Bzg,e

46) WP\ < |dz|

L1
2|\

I

for A # 0. Again by estimates (2.16) and (2.22) we obtain

log(3=™") log(3|Al)
[A[?

(4.7) (W2 < 02(D, n)ullcaipy vllozn)

1 T
/ u(z) MdRez dlmz
D\Bay -

T

A=
Z— 20

where we used the fact that %9207,\@(2) — 1p—Ae—20)*+A(z—70)*T
defined in (4.2).

The last term in (4.7) can be estimated independently of € by

1
4

log(3|A[)
(4.8) 03(D;”)“UHC(D)”U”@(D)W-

This is a consequence of (4.3) and of the estimate

(4.9) T u(z)] < PBBRADA+ |2 = 20)n (D)

= ‘)\HZ _ ZO|2 HUHC;(D)a ’)“ > 1,

LoaU(z), with TZO’,\

for u € CL(D), 2,20 € D (a proof of (4.9) can be found in the proof of [13, Lemma

3.1)).
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Indeed, for 0 < § < % we have

/ u(z)MdRez dlmz
D

Z— 20

< lu(z )|MdRezdImz+ |u(z)|‘TZO)\ v(2)]

B.g.sND |2 — 2 D\B.g.s |2 —

7(D,n) dRez dImz
< [ullemllvlle (D)—l)\|1/2 N P,
20,00

dRez dlmz

|z — 20|
log(3|A|) dRez dlmz
+ lullemllv (D)TTS(Q”) /D\B N
2,0
log(3|A)
< 2 |lulloepyllvllermy (D, n) r + [ulloyllvllermyma (D, n)—7— o

A2
for [A| > 1. Putting 6 = $|A|7"/* in the last inequality gives (4.8).
Finally, defining ¢ = |A|7/2 in (4.7), (4.5) and using (4.8), we obtain the main
estimate (2.24), which thus finishes the proof of Lemma 2.6. O

PROOF OF LEMMA 3.1. Take u € H'(D, M,(C)) such that (—A +'v)u = 0 on
D and ulsp = 0. We want to prove that u =0 on D.

By our hypothesis, for any f € CY (0D, M,(C)) there exists a unique f e
H'(D, M,(C)) such that (—A +v)f = 0 on D and flspp = f. Thus we have,
using Green’s formula (3.3),

/aDt<%) fldz| = /D (t(A“) f- tUAf) dRez dlmz
= / (t(tvu) f- tuvf) dRez dImz = 0,
D

which yields g—ﬂap = 0. Now consider the following straightforward generalization
of Green’s formula (3.3),

(4.10)

/aD (t (%) 69) |dz| = /D (A=) f) g —"'f (A —v)g) dRez dlmz,

which holds (weakly) for any f,g € H'(D, M,,(C)). If we put f = u we obtain
(4.11) / fu (—=A + v)g dRez dlmz = 0,
D

for any g € H'(D, M,(C)). By Fredholm alternative (see [6, Sec. 6.2]), for each
h € L*(D, M,(C)) there exists a unique g € Hy(D, M,(C)) = {g € H'(D, M,(C)) :
glap = 0} such that (—A +v)g = h. This yields u = 0 on D and thus Lemma 3.1 is
proved. O
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5. An extensions of Theorem 1.1

As an extension of Theorem 1.1 to the case where we do not assume that vy|gp =
ve|ap and %vl\ap = 8%1)2]3& we give the following proposition:

PROPOSITION 5.1. Let D C R? be an open bounded domain with a C? bound-
ary, vi,va € C%(D, M,(C)) two matriz-valued potentials which satisfy (1.4), with
|villc2py < N for j =1,2, and @1, Py the corresponding Dirichlet-to-Neumann op-
erators. Then, for any 0 < a < %, there exists a constant C = C(D, N,n,«) such
that

(5.1) [v2 = vill () < C (log(3 + [[@2 — @4[IT1))

where, for an operator A which acts on L>(0D, M,,(C)) with kernel A(z,y), ||All: is
the norm defined as || Ay = sup, ,cap |A(z,y)|(log(3 + |z — yI™))™" and |A(z, )| =
maxi<; j<n |Aij(x, )|

The only properties of || - ||; we will use are the following;:

i) [|Allzoe@p)—ro@p) < const(D, n)||All1;
ii) In a similar way as in formula (4.9) of [11] one can deduce

|[v]| o (ap)y < const(n)||P, — Pol|s,

for a matrix-valued potential v, ®, its associated Dirichlet-to-Neumann oper-

ator and @, the Dirichlet-to-Neumann operator of the 0 potential.
We recall a lemma from [13], which generalizes Lemma 2.2 to the case of poten-
tials without boundary conditions. We then define (0D)s = {z € C : dist(z,0D) <

5.

LEMMA 5.2. For v € C*(D) we have that

2 _4log(3|A])
(5.2) v(z0) — ;Mlhiﬂ)(k) < ki(D,n)d 4THUHC2(D)

+ ko(D,n)log(3 + (5_1)HUHC(3D),
for zo € D\ (0D)s, 0 <0 <1, A€ C, |A| > 1.

The proof of Lemma 5.2 for the scalar case can be found in [13] and its general-
ization to the matrix-valued case is straightforward.
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PROOF OF PROPOSITION 5.1. Fix 0 < a < % and 0 < § < 1. We then have the
following chain of inequalities

|vg — UlHLW(D)
= maX(HUQ - U1||L°°(Dﬁ(8D)5)> ||U2 - U1||L°°(D\(BD)5))
log(3log(3 + ||®2 — @4 1))
d*log(3 + || Py — 4| 71)

(log(31og(3 + || 2 — <1>1||1>>>2>

(log(3 + [[ @3 — @1 1))

< Cy max (2N§ + [| P2 — @41,

1
+log(3 + g)Hq’z — Oy +

1 —5a
S Cg max (2]\75 + ||CI)2 - @1”1, ﬁ (log(?) + ||CI)2 - CI)lHl—l)) 5

(log(3log(3 + |5 — q>1\|11)))2>
(log(3 + ||y — @177 )

where we followed the outline of the proof of Theorem 1.1 with the following modi-
fications: we made use of Lemma 5.2 instead of Lemma 2.2 and we also used i)-ii);

note that C; = C1(D, N,n) and Cy = Cy(D, N, n, a).
Putting § = (log(3 + [|®2 — ®4[|7")) " we obtain the desired inequality
(5.3) [v2 = w1l (p) < C5 (log(3 + [[@2 — @4 [I71))
with C3 = C3(D, N,n,a), ||[Ps — D] = ¢ < e1(D, N, n, ) with &, sufficiently small
or, more precisely when &; = (log(3+¢7")) " satisfies:

1
+1log(3 + 5)”‘192 — Oy +

1
(51 < 1, g1 < 2N51, log(3 + 5—)61 < (51.
1

Estimate (5.3) for general ¢ (with modified Cj3) follows from (5.3) for ¢ <
e1(D, N,n, ) and the assumption that ||v;[[ py < N for j = 1,2. This completes
the proof of Proposition 5.1. O
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Global uniqueness and reconstruction for the multi-channel
Gel’fand-Calderén inverse problem in two dimensions

RoMAN G. NOVIKOV AND MATTEO SANTACESARIA

ABSTRACT. We study the multi-channel Gel’fand-Calderén inverse problem
in two dimensions, i.e. the inverse boundary value problem for the equation
—AY 4+ v(x)Y =0, z € D, where v is a smooth matrix-valued potential de-
fined on a bounded planar domain D. We give an exact global reconstruction
method for finding v from the associated Dirichlet-to-Neumann operator. This
also yields a global uniqueness results: if two smooth matrix-valued poten-
tials defined on a bounded planar domain have the same Dirichlet-to-Neumann
operator then they coincide.

1. Introduction

Let D be an open bounded domain in R? with with C? boundary and let v €
CY(D, M,,(C)), where M,(C) is the set of the n x n complex-valued matrices. The
Dirichlet-to-Neumann map associated to v is the operator ® : C'(9D, M,(C)) —
LP(0D, M, (C)), p < oo defined by:

_ 9

(1.1) )=, .

where f € CY(OD, M, (C)), v is the outer normal of 9D and 1) is the H'(D, M,,(C))-
solution of the Dirichlet problem

(1.2) —Ay+o(@) =0 on D, Ylop = f;
here we assume that
(1.3) 0 is not a Dirichlet eigenvalue for the operator — A+ v in D.

Equation (1.2) arises, in particular, in quantum mechanics, acoustics, electrodynam-
ics; formally, it looks like the Schrédinger equation with potential v at zero energy.

In addition, (1.2) comes up as a 2D-approximation for the 3D equation (see
section 2).

The following inverse boundary value problem arises from this construction.
Problem 1. Given @, find v.
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This problem can be considered as the Gel'fand inverse boundary value problem
for the multi-channel 2D Schrédinger equation at zero energy (see [11], [13]) and
can also be seen as a generalization of the 2D Calderén problem for the electrical
impedance tomography (see [8], [13]). In addition, the history of inverse problems
for the two-dimensional Schrodinger equation at fixed energy goes back to [9] (see
also [14], [12] and references therein). Note also that Problem 1 can be considered as
a model problem for the monochromatic ocean tomography (e.g. see [3] for similar
problems arising in this tomography).

In the case of complex-valued potentials the global injectivity of the map v — &
was firstly proved in [13| for D C R? with d > 3 and in [6] for d = 2 with v € LP: in
particular, these results were obtained by the use of global reconstructions developed
in the same papers.

This is the first paper which gives global (uniqueness and reconstruction) results
for Problem 1 with M, (C)-valued potentials with n > 2. Results in this direction
were only known for potentials with many restrictions (e.g. see [19]).

We emphasize that Problem 1 is not overdetermined, in the sense that we consider
the reconstruction of a M, (C)-valued function v(z) of two variables, x € D C R?
from a M, (C)-valued function ®(6,6") of two variables, (0,6) € D x 0D, where
®(6,0') is the Schwartz kernel of the Dirichlet-to-Neumann operator ®: this is one of
the principal differences between Problem 1 and its analogue for D C R? with d > 3.
At present, very few global results are proved for non-overdetermined inverse prob-
lems for the Schrédinger equation on D C RY with d > 2. Concerning these results,
our paper develops the two-dimensional works [6], [17] and indicates 3D applications
of the method. The non-overdetermined inverse problems, including multi-channel
ones, are much more developed for the Schrédinger equation in dimension d = 1 (e.g.
see [1], [20]).

We recall that in global results one does not assume that the potential v is
small in some sense or is (piecewise) real analytic or is subject to some other serious
restrictions.

Our global reconstruction procedure for Problem 1 follows the same scheme as in
the scalar case given in [13], with some fundamental modifications inspired by [6].

Let us identify R? with C and use the coordinates z = x;+ixs, Z = 11 —ixs, where
(71, 22) € R?. We define a special family of solutions of equation (1.2), which we call
the Buckhgeim analogues of the Faddeev solutions: ., (z, \), for 2,29 € D, A € C,
such that —Avy 4+ v(x)) = 0 over D, where in particular v, (z, A) — eM==20)* T for
A — oo (i.e. for |A\| = +o00) and [ is the identity matrix.

More precisely, for a matrix valued potential v of size n, we define 1,,(z, \) as

(1'4) sz(z, )‘) - e/\(z_ZO)QMZ()(z? )‘)7

where pi,, (-, ) solves the integral equation

(15) a2 N =1+ [ (22 G0y (G ARG
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I is the identity matrix of size n € N, 2,290 € D, A € C and

(1.6) 9z0(2, ¢ A) =

eMC=20)*=A(¢—Z0)? e~ A(n—20)*+A(7—%0)
/ dRen dlmn
D

A (z=n)(7—=0)

is a Green function of the operator 4 (% +2X\(z — ZO)) % in D, for zp € D. We
consider equation (1.5), at fixed 2z and A, as a linear integral equation for p,(-,\) €
CH(D): we will see that it is uniquely solvable for |A| > pi(D, Ny, n), where
|vlle1(p,a, ) < N1 (see Proposition 1.3).

In order to state the reconstruction method we also define the Bukhgeim analogue
of the Faddeev generalized scattering amplitude

(1.7) hzO()\):/eA(Z_ZO)L’\(Z_ZO)QU(z)uzO(Z, A)dRez dlmz,
D

for zo € D, X € C.

THEOREM 1.1. Let D C R? be an open bounded domain with C* boundary and
let v € CH(D, M,(C)) be a matriz-valued potential which satisfies (1.3) and v|sp =
0. Consider, for zy € D, the functions h,,, 1.,, g., defined above and ®, D, the
Dirichlet-to-Neumann maps associated to the potentials v and 0, respectively. Then
the following reconstruction formulas and equation hold:

(1.8) o(z0) = Jim 2|\, (),
(1.9) b = [N @~ B (2 Ve,
oD
(L10) e Nlap = T4 [ GG N@ = B0 (G
where
(1.11) G, (2, (N = e’\(Z’ZO)ZgZO (z,¢, )\)e”\(C’ZOF,

2 €D, 2, €0D, A€ C, |\ > pi(D, Ny,n), where ||[v||lc1p,a, ) < N1
In addition, if v € C*(D, My, (C)) with |v|| o250, (cy < N2 and 2|op = v|op =0
then the following estimates hold:

(1.12a) v(z) — %|)\|hz()()\)‘ < a(D,n)lOif’Lll/i\’)Ng(Ng +1),
(1.12b) v(zo) — %\AyhzO(A)‘ < b(D,n)(bi%NzWi +1),

for |\ > p2(D, Ny,n), z0 € D.
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REMARK 1.1. Note that in Theorem 1.1, p; = p;(D,Ny,n), j = 1,2 (where
[vllcrp,ar(c)) < N1), are arbitrary fixed positive constants such that

c2(D) .
2n e [ollcypy < 1, Al > 1, if [A] > py,
(1.13) () 1
(&) )
QR—AI% lollcypy < 55 A= 1 5 A] > pa,

where ¢, is the constant in Lemma 3.1.

REMARK 1.2. Note that estimate (1.12b) is not strictly stronger than (1.12a)
because of the presence of the N3 factor.

In order to make use of the reconstruction given by Theorem 1.1, the following
two propositions are necessary:

PROPOSITION 1.2. Under the assumptions of Theorem 1.1 (without the additional
assumptions used for (1.12)), equation (1.10) is a Fredholm linear integral equation
of the second kind for ., € C(9D).

PROPOSITION 1.3. Under the assumptions of Theorem 1.1 (without the additional
assumptions used for (1.12)), for |A| > pi(D, Ni,n), where ||v]lc1(p . c)) < N1,
equations (1.5) and (1.10) are uniquely solvable in the spaces of continuous functions
on D and 0D, respectively.

REMARK 1.3. Note that the assumption that v|sp = 0 is unnecessary for formula
(1.9), equation (1.10) and Propositions 1.2, 1.3. In addition, formula (1.8) also holds
without this assumption if

(1.14) / A0 A2 () dz) - 0 as |\ — oo,
oD

for fixed zg € D and each w € C'(9D). The class of domains D for which (1.14)
holds for each zy € D is large and includes, for example, all ellipses.

Note also that if v|gp # 0 but v = A € M,(C) on some open neighborhood of
OD in D, then estimates (1.12) hold with h_,()\) replaced by

(1.15) hE(A) = hay(N) + / A7)’ =220 Ay (7)dRez dImz,
R2\D

where y € C*(R?,R), x = 1 on D, suppy is compact, and with the constants a,b
depending also on x. The aforementioned matrix A, for example, can be related with
a diagonal matrix composed by the eigenvalues {\; }1<;<, arising in section 2.

Theorem 1.1 and Propositions 1.2, 1.3 yield the following corollary:

COROLLARY 1.4. Let D C R? be an open bounded domain with C* boundary, let
v, v2 € CYD, M, (C)) be two matriz-valued potentials which satisfy (1.3) and @, Py
the corresponding Dirichlet-to-Neumann operators. If &1 = &y then v; = vy.
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Theorem 1.1, Propositions 1.2, 1.3 and Corollary 1.4 are proved in section 4.

The global reconstruction of Theorem 1.1 is fine in the sense that is consists
in solving Fredholm linear integral equations of the second type and using explicit
formulas; nevertheless this reconstruction is not optimal with respect to its stability
properties: see [7], [16], [5] for discussions and numerical implementations of the
aforementioned similar (but overdetermined) reconstruction of [13] for d = 3 and
n = 1. An approximate but more stable reconstruction method for Problem 1 will
be published in another paper.

The present paper is focused on global uniqueness and reconstruction for Prob-
lem 1 for n > 2. In addition, using the techniques developed in the present work
and following the scheme of [17] it is also possible to obtain a global logarithmic sta-
bility estimate for Problem 1 in the multi-channel case. Following inverse problem
traditions (e.g. see 2], [16], [17]) this result will be published in another paper.

Acknowledgements. We thank V. A. Burov, O. D. Rumyantseva, S. N. Sergeev
for very useful discussions.

2. Approximation of the 3D equation

In this section we recall how the multi-channel two-dimensional Schrodinger equa-
tion can be seen as an approximation of the scalar 3D equation in a cylindrical do-
main; in this framework, three-dimensional inverse problems can be approximated
by two-dimensional ones.

Let L = [a, b] for some a,b € R and consider the complex-valued potential v(z, z)
defined on the set D x L, where z = (z1,23) € D C R?, z € L. We consider the
equation

(2.1) —AY(x, z) +v(z,2)Y(x,2) =0 in D x L.
Now, for every € D we can write ¢(x,2) = > 72, ¥;()¢;(2), where {¢;} is the
orthonormal basis of L?(L) given by the eigenfunctions of —%: more precisely
d2
(2:2) —73%i(2) = Aj;(2) for 2 € L,
(2.3) ®jlor, =0 (for example)
[ a2z =5,
L

and ¢;(z) = [, ¥(x, 2 )6;(2)dz. Now equation (2.1) reads

(2.4) Z Aathj(2)¢5(2) — ¢ (1) A20;(2)) + v(z, 2 Z%
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Using (2.2)-(2.4) and the properties of {¢;(z)}, we obtain that equation (2.1) is
equivalent to the following infinite-dimensional system

(25> _Axwz( + )\zwz + Z ‘/Z] O for 1, = 1

where

/@ oz, =)y (2)dz.

Notice that if ¥ = v then V* = V. Now, if we impose 1 < 1,7 < n for some n € N,
we find equation (1.2).

We also give here the relation between the Dirichlet-to-Neumann (D-t-N) opera-
tors of the 3D equation and that of the 2D multi-channel equation. If ®(0, z,6', 2)
is the Schwartz kernel of the D-t-N operator of the 3D problem, and (®;;(6,6")); j>1
that of the 2D infinity-channel problem, we have

(2.6) CI%»(@,Q’):/L LCD(H,Z,Q’,z’)ggi(z)gbj(z')dzdzl,

where 0,0 € 0D, z,2 € L. This follows from

(2.7) /8D ch(e,z,e’,z’)f(e’, 2do' dz' = Z (Z /aD @ij(e,e’)fj(e’)d9’> bi(2),

for every f € C'(0(D x L)) such that f|pxar = 0 and f(0,2) = 372, f;(0)¢;(2).

Let us remark that reductions of 3D direct and inverse problems to multi-channel
2D problems are well known in the physical literature for a long time (e.g. see [3]).
Nevertheless, we do not know a reference containing formula (2.6) in its precise form.

3. Preliminaries

In this section we introduce and give details about the above-mentioned family
of solutions of equation (1.2), which will be used throughout all the paper.

Let us define the function spaces C}(D) = {u : u, %% € C(D, M,(C))} with
the norm |[ullcy(p) = maX(HUHC(DP H%HC(D))? [[ullo (D) = sup.ep |u| and |u| =
maxi<; j<n |i;]; we define also C}(D) = {u : u,%* € C(D, M,(C))} with an analo-
gous norm.

The functions G,,(z,(, A), Gz (2,CA), ©s(2,A), s (2, A) defined in Section 1,
satisfy
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(3.) 12 G20 =0 0)
32) TG (21 A) = 8¢ - 2)
(3.3) 4 (aaz +2)\(z—zo)) %gzo(z,c,k) =d(z — Q)
(3.4 137 (G = 2= 20 gl 6.0 = 6 - ),
35) a5 (2 + 0 (50 =
(3.6) 4 (% LNz — zo)) %%(z, A) ()i (2,0) = 0,

where 2,20, € D, A € C, § is the Dirac’s delta. (In addition, it is assumed that (1.5)
is uniquely solvable for p,(-,\) € CL(D) at fixed 2y and \.) Formulas (3.1)-(3.6)
follow from (1.5), (1.6), (1.11) and from

0 1
) ef)\(zfzo)2+/_\(2720)2 9 t/x o
o) . AC=20=MC—20)? _ §(5 _
(72 +20e-)) —mg— S

where z,(, 29, A € C.

We say that the functions G, ¢, V2o, Hz, Nz, are the Bukhgeim-type analogues
of the Faddeev functions (see [17]). We recall that the history of these functions goes
back to [10] and [4].

Now we state some fundamental lemmata. Let
(3.7) Groat(2) = / 92 (2, ¢, Mu(¢)dReC dIm(, z € D, 2, X € C,
D

where g.,(z,(, A) is defined by (1.6) and u is a test function.

LEMMA 3.1 ([17]). Let g, u be defined by (3.7). Then, for zo,\ € C, the
following estimates hold:

(38) Gz \U € C;(D)7 fO’I“’LL € C<D)7
(3.9) g:z0nttllc1(py < c1(D, N)||ullopy,  foru e C(D),
co(D _
(3.10) o0 < 2 ilosiy, Jorue CHD), A = L

A2

Given a potential v € C1(D) we define the operator g., yv simply as (., v)u(z) =
Guonw(2), w = vu, for a test function u. If u € CL(D), by Lemma 3.1 we have that
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G AV C’;(D) — C’;(D)

(3.11) 1920001105y < 2001920 A1 01 2y 1Vl c2B)

where || - denotes the operator norm in C’E(D), 20, A € C. In addition,

||01 D
)
I gz()7,\||ocpl (D) 18 estimated in Lemma 3.1. Inequality (3.11) and Lemma 3.1 implies

existence and uniqueness of fi,,(z, A) (and thus also 1,,(z, \)) for |A| > p1(D, Ny, n).

Let
k

M,(zﬁ)(% /\) = Z(gzo,)\v)j];

J=0

R (N) = /De’\(ZZO)QX(ZZO) v(2)u (2, N)dRez dlmz,

where z,20 € D, A € C, k € NU{0}.

LEMMA 3.2 ([17]). For v € CL(D) such that v|sp = 0 the following formula
holds:

(3.12) v(zg) = = 2 lim ARO(N), 2 e D.

T A—=00
In addition, if v € C*(D), vlgp =0 and %|op = 0 then

2 log(3|A
(3.13) o(an) = 2D < a0, BT o,

forzoe D, A\ € C, |A| > 1.

Following the proof of [17, Lemma 6.2] and assuming (1.14), we have that limit
(3.12) is valid without the assumption that v|sp = 0. In addition, if v|gp # 0 but
v =A € M,(C) on some open neighborhood of D in D, then estimate (3.13) holds

with hgg)(A) replaced by

(3.14) hOH(N) = hgg)(A) + / A0 =AE—20 Ay (7)dRez dImz,
R2\D

where xy € C%(R?,R), x =1 on D, suppy is compact, and the constant c3 depending
also on Y.

Let

(3.15) W.,(\) = / M2 AE=20 ) (2)dRe zdlm z,
D

where zy € D, A € C and w is some M,,(C)-valued function on D. (One can see that
W,, = hig) for w =wv.)
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LEMMA 3.3 ([17]). For w € CL(D) the following estimate holds:

log (3|A])
Al

LEMMA 3.4. For v € CL(D) and for HgZO,,\vHOCﬂ(D) < 0 < 1 we have that

(3.16) (W (N)] < ca(D) ||w||czl(D)7 20 € D, Al > 1.

. 5k+1
(317) "Mzo('7)‘) - Mg0)<>)‘)HC’§(D) < 1—_57
log(3|\]) oF+!
(3.18) ) = BV < es(D. ) EEA Tl

where zg € D, A € C, |A\| > 1, k € NU{0}.

The proof of Lemma 3.4 in the scalar case can be found in [17]: the generalization
to the matrix-valued case is straightforward.

LEMMA 3.5. The function g,,(z,(, \) satisfies the following properties:

(3.19) G20(2,C, ) s continuous for z,( € D, z #(, z € D,
(3.20) 19:0(2, G A < es(D)[log |z = (|, 2, €D, 2 €D,
where X € C.

These properties follow from the definition (1.6) and from classical estimates (see

[18]).
LEMMA 3.6. Under the assumptions of Proposition 1.2, the Schwartz kernel (® —
D) (2,C) of the operator & — ®q satisfies the following properties:
(3.21) (® — Dg)(z,() s continuous for z,{ € 0D, z # (,
(3.22) (@ — ®o)(2,¢)| < er(D,v,n)|log |z — ||,  z¢€aD.

For a proof of this Lemma in the scalar case we refer to |68, 75|: the generaliza-
tion to the matrix-valued case is straightforward.

4. Proofs of Theorem 1.1, Propositions 1.2, 1.3
and Corollary 1.4

We begin with a matrix version of Alessandrini’s identity (see |2| for the scalar
case):

(4.1) / up(2) (P — Po)u(z)|dz| = / up(2)v(2)u(z)dRez dlmz

oD D
for any sufficiently regular M, (C)-valued function u (resp. ug) such that Aug = 0
(resp. (—A +v)u = 0) in D. This follows from Stokes’s theorem, exactly as in the
scalar case.
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The general matrix version of Alessandrini’s identity (that will not be used)

(4.2) /aD uy(2) (P — Py)ug(2)|dz| = / u(2)(va(2) — v1(2))ua(2)dRez dlmz

D

for uy,uy € C*(D, M,(C)) such that (—A + v;)u; = 0 in D, works if u; and v,
commute each other (but does not work in general).

PROOF OF THEOREM 1.1. Let us begin with the proof of formulas (1.8) and
(1.12): we have indeed

2 2
(43) 0(z0) = ARG )| + 2l () = RO (V)]

o) = 2l ) <

The first term in the right side goes to zero as |A| — oo by Lemma 3.2, while the other
by Lemmata 3.1 and 3.4. In addition, for v € C*(D, M,(C)) with |[v]|c2p) < N2

and 22|5p = 0, using (3.10), (3.11), (3.13) and (3.18) we obtain, from (4.3):

2 log(3|\|)
o(a0) = 20, 9] < (D2}

log(3|Al)
+05(D,”)|)\|—1/2||U||Zc;(13)

log(3[A])
= CS(D’n)W—l/Q(HUHCZ(D) + vlIE )

for X such that

co(D 1
o oy < 2 a2 1,

A2
which implies (1.12a). In order to prove (1.12b) we will need the following lemma:

LEMMA 4.1. Let g., u be defined by (3.7), where u € CL(D), z, A € C. Then
the following estimate holds:

log(3[A])

(4.4) 19z0nttllep) < n(D) NE lullex(py, (Al = 1.

Proof of Lemma 4.1. As in the proof of [17, Lemma 3.1], we can write g,, » = }LTTZO,A,
for 29, A € C, where
1
Tu(z) = ——/ g(—odReC dImc,
D

™ —Z

Tooau(z) = —

6—)\(2’—20)24-5\(2—20)2 eA(C—ZoF—X(E—E@P
/ u(¢)dRe¢ dIm(,
D

(-2

™
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for 2 € D and u a test function. We have that (see [17]):

(4.5) Tw € CH(D),
(4.6) [Twllerpy < m(D)|wllop), where w € C(D),
(4.7) Toau € C(D),
_ m2(D)
(4.8) | T aull oy < F/\THUH@(D), Al > 1,
— log(3|A|)(1 + |z — 20| )ns(D
49) [ Tantllow) < BEAAELe = 2bm(D)) s,

Allz = 2?

where u € C1(D), 2z, A € C.
Let 20 € D, 0<é < 1 and B, 5 ={z€C:|z— 2| <d}. Wehave

(4.10)

/ —TZO’A“(OdReg dImC‘
p (—=z

‘Tzo,)\u(C)’

|47 gz0 au(2)] =

‘Tzo,)\u(C)’

< / ———>dRe( dIm( +/ ——>dRe( dIm(
B.y,sND ¢ — 2| D\B., s ¢ — 2|

n2(D log(3|A|)n4(D
< ams2l )||u||cz;(,3)+ (’|A’\>54( )||U||c;(D)7

A2

where we used the following estimate:

1
dReC dIm(
/D\Bzo,s ¢ = 2][¢ — 20]?
1
- dReC dIm(
/Bz,aﬂ(D\BzO,s) ¢ = 2]]¢ = 20]?

1
T / sdReC dIm¢
D\(B. ;UB., 5) |¢ — 2|C — 0]

2w 1 1
<5+t / + dRe( dIm(
0 Jovsaub, s 1C— 2P 1C— 20

n5(D)
5

<

Putting § = %|)\|_i in (4.10) we obtain the result. Thus Lemma 4.1 is proved.

11

We now come back to the proof of (1.12b). Proceeding from (4.3) and Lemma

3.2 we obtain:

(4.11)  |v(z0) — %‘)"hm()\) < Cg(D,n)logfi;M)

20

2
llle2(py + —[All7z (A) = hey

(Ml
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for |\| > 1. In addition, from the definitions of h*), 1*) Lemmata 3.1 and 3.4, we
have

[y (A) = Y (V)]

20

<

/eA(z—zo)2—§\(2—Zo)2U(Z)gzo’AU(z)dReZdIHIZ
D

log(3]A])
+0 2 n2||v||%1(5)

Al ;
for A such that 2n|cf\‘1/2 [ollepy < 5, A > 1.

Repeating the proof of [17, Lemma 3.3] and using also Lemma 4.1, we have, for
0<e<,

(4.12) /eA(Z_ZO)Q_A(Z_ZO)Qv(z)gzO,,\v(z)dRezdImz
D
1 [0(2)gz020(2)ll o
< [ gzl dRes dimz + 0 e
DABLy < 8(D\B.y )7 — 20l
+ L 0 (—v(z)gm,w(z)) ’ dRez dlmz
2|)\| D\B., .« 82: Z—Zp
e?log(3|A])
< ai(D,n)[lv]en HUHcl )|)\|—3/4
log(3€_1)10g(3|/\\)
+02(D n)HU”C ||U||C1 |>\|1+3/4
1 -2 T.
+ — / e’\(Z’ZO)Q’A(Z’ZOVU(z)L()dRez dlmz|, [N\ >1,
8’)‘| D\B.,e Z— 20

where we also used integration by parts and the fact that Zgy . u(z) = 175 u(z).
The last term in (4.12) can be estimated independently on € by

log(3|A[)

(413) U3<D77’L) ’)\|1+3/4 || ||C

||U D)

using the same argument as in the proof of Lemma 4.1 (see estimate (4.10)). Now
putting e = |A|7/2 in (4.12) we obtain

(log(3[A]))?
A1z (A) = hE (V)] < 04(D7n)|/\|—3/4||v||2czl(D)(||UHC;(D) +1),

for |A\| > po(D, N1, n), which, together with (4.11), gives us (1.12b).

The proofs of the other formulas of Theorem 1.1 are based on identity (4.1). As
P (2, A) = e"\(z_z‘))zwz()(z, A), we can write the generalized scattering amplitude as

(M) :/DeA(ZZOVU(Z)wZO(z, A)dRez dlmz.
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Now identity (4.1) with u(z) = e 2T and u(z) = 1., (2, A) reads

[ e @ @)y (2 Ve = [ e o) (2, ) dRe dlane
oD D

which gives formula (1.9).
Since p,, is a solution of equation (1.5), ¥,,(z, \) satisfies the equation

(4.14) Uz (2,A) = 6“2Z°)2[+/DGzO(Z,C,A)U(C)lﬁZO(C,/\)dReCdImC,

for z9,2 € D, A € C, || > p1(D, Ny,n). Thus again by identity (4.1), with uy =
G (2, ¢, A1 and u(z) = 1¥,,((, A), by (3.2) and (4.14) we obtain, for z € 0D,

/a Gy (€, N) (@ — D)oy (¢, W) dC| = /D Gy (22 € NJ(C)hg (¢, A dReC dTim(

D
=1, (2,\) — =201
This finish the proof of Theorem 1.1. (]

PROOF OF PROPOSITION 1.2. By (1.11) we have that G, (z,(, \) satisfies the
same properties as ¢,,(z,(, A) in Lemma 3.5, with the difference that the constant
in (3.20) depends also on A. This observation, along with Lemma 3.6, implies that
the operator A()\) defined as

ANulz) = | Gx(2,GA(@ = Ro)u()|dC], 2z €D,
oD
for a test function u, is compact on the space of continuous functions on 0D. Thus
equation (1.10) is a Fredholm linear integral equation of the second kind in the space
of continuous functions on 0D. 0]

PROOF OF PROPOSITION 1.3. First we have that equations (1.5) and (1.10) are
well defined (i.e. Fredholm linear integral equations of the second type) on the spaces
of continuous functions on D and 9D respectively. This follows from (3.9) for the
first equation and from Proposition 1.2 for the second one.

Now if (1.5) admits a solution s.,(z,A) € C(D), then by (3.8) and (1.5) one
readily obtains p,(z,\) € C1(D). This solution is unique by Lemma 3.1 for |A| >
p1(D, Ni,n) and by the same arguments as in the proof of Theorem 1.1 one has that
V., (2, A)|.cop satisfies equation (1.10).

Conversely, suppose that v, (z,\) € C(9D) satisfies equation (1.10): we have to
show that 1,,(z, A), defined on D as the solution of the Dirichlet problem (—A +
v),, (2, A) = 0 with boundary values given by a solution of equation (1.10), satisfies
(4.14).

By identity (4.1), ¥,,(z, \) satisfies already equation (4.14) with z € dD. Now,
the function

(415)  o(2) = thay (2, N) — 20T / G (2, € N0(C) (€, V) AR dImC

D
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satisfies Ap = 0 in D and ¢|sp = 0, so ¢ =0 in D. Proposition 1.3 is proved. O

PROOF OF COROLLARY 1.4. If v;|sp = 0, for j = 1,2, then we can apply The-
orem 1.1 and Propositions 1.2, 1.3. As ®; = ®,, then ¢} (-, A)|op = ¥2 (-, N)|op
for [X\| > p1(D, Ny,n) (where we called 4 (z,\) the Bukhgeim analogues of the
Faddeev solutions corresponding to v;, for j = 1,2). Thus we also have equality
between the corresponding generalized scattering amplitudes, hl (A\) = hZ (\) for
|A| > p1(D, N1, n), which yields vy (z) = ve(20) for zo € D.

If vilop # 0, for j = 1,2, and D is such that (1.14) holds, then by Remark 1.3
we can apply Theorem 1.1 and argue as above.

The general case follows from stability estimates which will be published in an-
other paper, following the scheme of [17]. O



1

2]
13l
4]

]
(6]
7]

18]

191
[10]
[11]

[12]

[13]

[14]

[15]

Bibliography

Agranovich, Z. S., Marchenko, V. A., The inverse problem of scattering theory, Translated
from the Russian by B. D. Seckler Gordon and Breach Science Publishers, New York-London
1963 xiii+291 pp.

Alessandrini, G., Stable determination of conductivity by boundary measurements, Appl. Anal.
27, 1988, 153-172.

Baykov, S.V., Burov, V.A., Sergeev, S.N., Mode Tomography of Moving Ocean, Proc. of the
3rd European Conference on Underwater Acoustics, 1996, 845-850.

Beals, R., Coifman, R. R., Multidimensional inverse scatterings and nonlinear partial differen-
tial equations, Pseudodifferential operators and applications (Notre Dame, Ind., 1984), 45-70,
Proc. Sympos. Pure Math., 43, Amer. Math. Soc., Providence, RI, 1985.

Bikowski, J., Knudsen, K., Mueller, J. L., Direct numerical reconstruction of conductivities in
three dimensions using scattering transforms, Inv. Problems 27, 2011, 015002.

Bukhgeim, A. L., Recovering a potential from Cauchy data in the two-dimensional case, J.
Inverse Ill-Posed Probl. 16, 2008, no. 1, 19-33.

Burov, V. A., Rumyantseva, O. D., Suchkova, T. V., Practical application possibilities of the
functional approach to solving inverse scattering problems, (Russian) Moscow Phys. Soc. 3,
1990, 275-278.

Calderon, A.P., On an inverse boundary problem, Seminar on Numerical Analysis and its
Applications to Continuum Physics, Soc. Brasiliera de Matematica, Rio de Janeiro, 1980,
61-73.

Dubrovin, B. A., Krichever, I. M., Novikov, S. P., The Schridinger equation in a periodic field
and Riemann surfaces, Dokl. Akad. Nauk SSSR 229, 1976, no. 1, 15-18.

Faddeev, L. D., Growing solutions of the Schrédinger equation, Dokl. Akad. Nauk SSSR 165,
No. 3, 1965, 514-517.

Gel’'fand, I.M., Some problems of functional analysis and algebra, Proc. Int. Congr. Math.,
Amsterdam, 1954, 253-276.

Grinevich, P. G., The scattering transform for the two-dimensional Schrédinger operator with
a potential that decreases at infinity at fized nonzero energy, (Russian) Uspekhi Mat. Nauk 55,
2000, no. 6(336), 3—70; translation in Russian Math. Surveys 55, 2000, no. 6, 1015-1083.

Novikov, R. G., Multidimensional inverse spectral problem for the equation —Avp + (v(x) —
FEu(x))y = 0, Funkt. Anal. i Pril. 22, 1988, no. 4, 11-22 (in Russian); English Transl.: Funct.
Anal. and Appl. 22, 1988, 263-272.

Novikov, R. G., The inverse scattering problem on a fized energy level for the two-dimensional
Schrodinger operator, J. Funct. Anal. 103, 1992, no. 2, 409-463.

Novikov, R. G., Formulae and equations for finding scattering data from the Dirichlet-to-
Neumann map with nonzero background potential, Inv. Problems 21, 2005, no. 1, 257-270.

15



16 BIBLIOGRAPHY

[16] Novikov, R. G., New global stability estimates for the Gel’fand-Calderon inverse problem, Inv.
Problems 27, 2011, 015001.

[17] Novikov, R. G., Santacesaria, M., A global stability estimate for the Gel’fand-Calderdn in-
verse problem in two dimensions, J. Inverse Ill-Posed Probl. 18, 2010, 765-785; e-print
arXiv:1008.4888.

[18] Vekua, I. N., Generalized Analytic Functions, Pergamon Press Ltd. 1962.

[19] Xiaosheng, L., Inverse scattering problem for the Schridinger operator with external Yang-Mills
potentials in two dimensions at fixed energy, Comm. Part. Diff. Eq. 30, 2005, no.4-6, 451-482.

[20] Zakhariev, B. N., Suzko, A. A., Direct and inverse problems. Potentials in quantum scattering,
Translated from the Russian by G. Pontecorvo. Springer-Verlag, Berlin, 1990. xiv-+223 pp.



PAPER F






PAPER F

Monochromatic reconstruction algorithms for
two-dimensional multi-channel inverse problems

RoMAN G. NOVIKOV AND MATTEO SANTACESARIA

ABSTRACT. We consider two inverse problems for the multi-channel two-
dimensional Schrédinger equation at fixed positive energy, i.e. the equation
—AyY+V(x)yp = Evp at fixed positive E, where V' is a matrix-valued potential.
The first is the Gel’fand inverse problem on a bounded domain D at fixed en-
ergy and the second is the inverse fixed-energy scattering problem on the whole
plane R2. We present in this paper two algorithms which give efficient approx-
imate solutions to these problems: in particular, in both cases we show that
the potential V' is reconstructed with Lipschitz stability by these algorithms
up to O(E~("=2)/2) in the uniform norm as E — 400, under the assumptions
that V is m-times differentiable in L', for m > 3, and has sufficient boundary
decay.

1. Introduction

We consider the equation

—AY + V() = Ev, r € R?, E >0,

V is a sufficiently regular M, (C)-valued function on R?
with sufficient decay at infinity,

M,,(C) is the set of the n xn complex matrices. This equation will also be considered

on a domain D, where

D is an open bounded domain in R? with a C? boundary.

Equation (1.1) at fixed £ can be considered as rather general multi-channel
Schrodinger (resp. acoustic) equation on D at a fixed energy (resp. frequency)
related to E. It arises, in particular, as a 2D approximation to the following 3D

equation

At o(m, 2 = By, (3,2) € Q9=D x L,
1
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where L = [a,b], a,b € R, v is a sufficiently regular complex-valued function on
and Y| pxar = 0 (for example): see |23, Sec. 2|. In this framework, the approximate
2D matrix-valued potential V' is given by

(1.5) Vij(x —Adw—i—/@ v(z, 2)p;(2)dz, x €D,

for 1 <i,57 <mn, Where n € N, {¢;}jen is the orthonormal basis of L?*(L) given by

the eigenfunctions of — 2 > such that bjlor, = 0, d ¢J = \¢j,for j€ N,and §;; =1
ifi=7and 0 otherw1se

In addition, equation (1.1) can be seen as a particular case of the 2D Schrédinger
equation in an external Yang-Mills field.

For equation (1.1) on D we consider the Dirichlet-to-Neumann map ®(F) such
that
9y
1.6 oL = —
(1.6 (E)vlon) = 50|

for all sufficiently regular solution 1 of (1.1) on D = D U @D, where v is the outer
normal of 0D. Here we assume also that

(1.7) E is not a Dirichlet eigenvalue for the operator — A+ V in D.

This construction gives rise to the following inverse boundary value problem on
D:

PROBLEM 4. Given ®(E), find V on D.

On the other hand, for equation (1.1) on R?, under assumptions (1.2), we consider
the scattering amplitude f defined as follows: we consider the continuous solutions
(2, k) of (1.1), where k is a parameter, k € R? k? = E, such that

cilklle]

||

1
+0<—>, as |z| — oo,
vatd

for some a priori unknown M,,(C)-valued function f, where [ is the identity matrix.
The function f on #r = {(k,l) € R?> x R? : k* = [> = F} arising in (1.8) is the
scattering amplitude for the potential V' in the framework of equation (1.1).

This construction gives rise to the following inverse scattering problem on R?:

PROBLEM 5. Given f on Mg, find V on R2.

(1.8) Ut (x, k) = eI — irV/2me i f (k |k\|i—|>

Problems 4 and 5 can be considered as multi-channel fixed-energy analogues in
dimension d = 2 of inverse problems formulated in [10] in dimension d > 2. Note
that Problems 1 and 2 are not overdetermined, in the sense that we consider the
reconstruction of a M, (C)-valued function V' of two variables from M,,(C)-valued
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inverse problem data dependent on two variables. In addition, the history of inverse
problems for the two-dimensional Schrédinger equation at fixed energy goes back
to [7] (see also |17, 11| and reference therein). Note also that Problem 4 can be
considered as a model problem for the monochromatic ocean tomography (e.g. see
[2] for similar problems arising in this tomography).

As regards efficient algorithms for solving Problems 4 and 5 for the scalar case, i.e.
for n =1, see [16, 17, 18, 19]. In addition, as concerns numerical implementations
of these algorithms for Problem 5 for n = 1, see |4, 6|, and references therein.

Nevertheless, the fixed-energy global uniqueness for Problem 4 (and for Problem
5 with compactly supported V') for n = 1 was completely proved only recently in [5].
The reconstruction scheme of [5] is not optimal with respect to its stability properties,
and, therefore, is not efficient numerically in comparison with the aforementioned 2D
reconstructions of [16, 17, 18, 19|, but it is very efficient for proving some global
mathematical results. In particular: a related global logarithmic stability estimate
for Problem 4 for n = 1 was proved in [22]; global uniqueness and reconstruction
results for Problem 4 for n > 2 were obtained in [23]; a global logarithmic stability
estimate for Problem 4 for n > 2 was proved in [24]. In addition, Problem 5 with
compactly supported V' can be reduced, for n > 2, to Problem 4, as in [16] for
n = 1. This implies, at least, global uniqueness for Problem 5 (in the compactly
supported case). On the other hand, the uniqueness for Problem 5 fails already for
scalar (n = 1) real-valued spherically-symmetric potentials V' of the Schwartz class
on R? (see [12]).

The main purpose of the present work consists in generalizing the aforementioned
reconstruction approach of [18, 19| to the case of Problems 4 and 5 for n > 2. As well
as for n = 1 this functional analytic approach gives an efficient non-linear approxi-
mation V- (z, E) to the unknown V' (z) of Problems 4 and 5. The reconstruction
of Vippr (2, E) from ®(E) for Problem 4 and from f on .#j for Problem 5 is realized
with some Lipschitz stability and is based on solving linear integral equations; see
Algorithms 1 and 2 of Section 3, Theorems 6.1, 6.2 and Remarks 6.2, 6.3 of Sec-
tion 6. Among these linear integral equations, the most important ones arise from
a non-local Riemann-Hilbert problem. For the scalar case, Riemann-Hilbert prob-
lems of such a type go back to [15]. Another important part of these equations is
used for transforming ®(E) for Problem 4 and f on .#p for Problem 5 into M,,(C)-
valued Faddeev function analogues hy on .#g, involved in the formulation of the
above-mentioned Riemann-Hilbert problem. In addition,

Vappr (-, E) = V| = e(E)

rapidly decays as £ — +oo, where || - || denotes an appropriate norm. In par-
ticular, e(E) = O(E~*°) as E — o0 if || - || is specified as || - ||peo(py and V' €
C>(R?, M,(C)), supp V' C D, for Problem 4 and if || - || is specified as || - || po(r2) and
V € §(R? M, (C)), for Problem 5, where S denotes the Schwartz class. In addition,
no reconstruction algorithms for Problems 1 and 2 — comparable, with respect to
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their stability, with Algorithms 1 and 2 and with an approximation error decaying
more rapidly than O(E_%) as I/ — oo — are available in the preceding literature,
even for V € C*°(R? M, (C)), suppV C D C R? when n > 2 (in general).

In spite of the fact that some excellent properties of Algorithms 1 and 2 are proved
assuming that V is sufficiently smooth and that E is sufficiently great in comparison
with (some norm of) V', we expect that these algorithms will work rather well even
for V' with discontinuities and for the case when F is not very big in comparison
with V. This expectation is based on numerical results for Algorithm 2 for the case
n = 1; see [6] and references therein. Numerical implementations of Algorithm 1 for
n > 1 and Algorithm 2 for n > 2 are in preparation.

Let us emphasize that in the present work we also develop studies of [23| on
the 2D multi-channel approach to 3D monochromatic inverse problems for equation
(1.4). In this connection, the principal advantage of the 2D multi-channel Algorithm
1 (see section 3) in comparison with the 3D algorithm of [21] is that Algorithm 1 deals
with non-overdetermined data and is only based on linear integral equations. High
energy error estimates for both cases are similar. However, properties of Algorithm
1 of the present work are not estimated yet with respect to the approximation level
n in the framework of 3D applications.

Finally, note that multi-channel inverse problems and their applications to inverse
problems in greater dimensions were initially considered for the one-dimensional
multi-channel case, see [1], [26]. As one of the most recent result in this direction
see [14].

Acknowledgements. The first author was partially supported by the Russian
Federation Government grant No. 2010-220-01-077. We thank V. A. Burov, O. D.
Rumyantseva, S. N. Sergeev and A. S. Shurup for very useful discussions.

2. Faddeev functions

In this section we recall some preliminary definitions.
Under assumptions (1.2), we consider the Faddeev functions G(z, k) = e?**g(x, k),
Y(x, k), h(k,1) and related function R(z,y, k) (see [8, 9, 16, 20| for n = 1):

2y b= () [ et

22 vk =T+ [ G- RVl b

(2.3) h(k,l) = (%)Z/R eV (2)ah(w, k)da,

24 R =Gla—pb+ [ Gl EDVIORE R
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where z = (z1,22),y = (y1,92) € R%, k = (ky, k) € C2\R% | = (Iy,1y) € C%
Imk = Iml # 0 and [ is the identity matrix. We recall that

(2.5) (A + EHG (2, k) = 6(x),

for z € R?, k € C?\ R?, where ¢ is the Dirac delta. In addition: formula (2.2) at
fixed k is considered as an equation for

(2.6) $(w, k) = e pa(z, b),

where 1 is sought in L>(R?, M, (C)); formula (2.4) at fixed k and y is considered as
an equation for

(2.7) R(z,y, k) = e™Vr(z,y, k),
where 7 is sought in L% (R? M, (C)), with the property that |r(z,y,k)] — 0 as

loc

|x|d—> 00. Asa corollary of (2.1), (2.2) and (2.5), ¢ satisfies (1.1) for F = k? = kI+k3
an

(2.8) (A+ Kk —V(2)R(z,y, k) = 6(z — y),

for x,y,€ R?, k € C\R?. In addition, & in (2.3) is a generalised scattering amplitude
in the complex domain for the potential V.
For v € S = {y € R?: || = 1}, we consider

(2.9) Gy (z, k) = G(x, k +10v),

(2.10) R,(z,y,k) = R(z,y, k + i07y),

(2.11) by (@, k) = My, k), e, k) = pla, k+i0y),
(2.12) h+(k,1) = h(k 4 07,1+ i0v),

where 2,y € R?, k € R?, | € R2.
In addition, the functions

(213) G* (2, k) = Gy, ) = S HE (K,
(215> 1D+(SL’,]{Z) = eikx:u+(x7 k)? N’Jr(x?k) = :U/k/\k\(xv /{2),
(2.16) Sk, 1) = hyyp (R, 1),

for z,y,k,1 € R? |k| = |l|, are functions from the classical scattering theory; in
particular, f is the scattering amplitude of (1.8) and H} is the Hankel function of
the first type. We also define

(2.17) ha (k1) = g, (K1),

(2.18) pe(@, k) = pyg (@ k), u(@, k) = vy (2,k),
(219) Ri(-ray?k) = Rifgj_(:mya k)a
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where k,l,z,y € R2, |k| = |l|, k. = |k|"*(=ky, k1) for k = (k1,ks). Note that
py # pt, vy # Yt and Ry # RT in general. We shall consider, in particular, the
following restriction of the function h:

(2.20) b(k) = h(k,—k), forkeC? k*=FE >0.

We now introduce the notations

z =x1 + 179, Z=1x — 19,

o 1[(8 .0 o 1[.8 0
(221) &—i(a—mﬂa—@)’ a——2<a—+a—>

A= EY2(ky +iky), N = EY2(1 +ily),

where ¥ = (11, 25) € R% k = (ki,k2),l = (l1,1s) € C*, k* = [> = E € R,. In the
new notations

) .
(2.222) ko= SEVPO040T), k= %El/Q(A‘l ),
1 . : .
(2.22b) W= BN AN, b= %E”Q(X Lo,
(2.22¢) exp(ikz) = exp[%E1/2()\Z +A712)],

where A\, N € C\ {0}, z € C and the Schrédinger equation (1.1) takes the form

82
020Z

(2.23) —4 v+ V(z)Y = Ev, z e C.
In addition, the functions f from (1.8) and (2.16), Ay from (2.17), u*, " from

(2.15), ps, s from (2.18), ¢ from (2.2), p from (2.6) and b from (2.20) take the
form

f:f()\a)\laE)> hi:hi()\aA/aE)a
(2.24) ph=pt (2N E), V=97 (2 N B,
Ni:Mi(zaAaE)u Q/J:I::w:l:(za)‘aE)a

where \ N €T, € C, E € Ry,
(225) M:N(Z7)\>E)> ¢:¢(27A>E)> b:b()‘7E)a
where A\ € C\ T, z € C,E € R,. Here

(2.26) T={¢C:¢eC|=1}
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Under assumption (1.2), for E sufficiently large the function p(z, A\, F) has the
following properties (see [18, 19| for n = 1 and Section 4 for n > 2):

(2.27) w(z, A\, E) is continuous in A € C\ T}
(2.28) w(z, \(1F0),E) = us(z,\, E) for A € T}
(2'29> ﬂi(z7>‘7E) :MJr(Z:)\aE)

, (AN
+7TZ/TN+<Z7 /\”7E)X+ (j:l (v - 7)) h:t<>‘7 )‘,/7Z7E)’d/\”‘7

for A € T', where

(2.30) X+(s) =0for s <0, xi(s)=1fors>0,
1 z z
(2.31) ha(\ N, 2, E) = exp [—§E1/2 </\2 - 1T Nz — yﬂ he(\ N, E);
1
(232) %M(z7 )\a E) =M (Z, _X7E) T(A7Z7 E)a

for A € C\ T, where

pSTI IR

(2.33)  r(\ 2, E) = exp [—%E”Q </\2 + ; e+ )] %sign(ﬂ )b\, EB),

where b is defined by means of (2.20) and (2.22a);

(2.34) w(z, \,E) =1+ M +o (%) : A — 00,
(2.35) V(z) = 21E1/2§u1(z,E).
z

The following formula is valid (see [19] for n = 1 and Section 4 for n > 2):

o (1 1
(2.36) V(z):m;l/?E - / u(z,—E,E)T(C,z,E)dReCdImC
D_

1 .
+om [ mici |
i
T
for z € C, FE sufficiently large and D_ = {¢ : ¢ € C,|(| > 1}.

3. Reconstruction algorithms

We present here Algorithms 1 and 2, which yield approximate but sufficiently
stable solutions to Problems 1 and 2, respectively. These algorithms have a final
common part: the reconstruction of the approximate potential V,,, starting from
hy of (2.17). Thus, for the sake of clarity, we first give the different initial parts of
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the algorithms—that is, the reconstruction of hy starting from ®(FE) for Algorithm
1 and from f for Algorithm 2—and then the final common part.

Note that in both algorithms we consider in particular the functions ¥4, hy, i
of (2.17), (2.18) and p* of (2.15). In addition, in Algorithm 1, in the definitions of
these functions we assume that V' =0 on R?\ D.

ALGORITHM 1 (®(E) — hy). Given ®(E), for E sufficiently large, we first
reconstruct Vi (x,k)|op, k € R% k* = E, with the help of the following Fredholm
linear integral equation (see [16] for n =1 and Section 4 for n > 2):

(3.1) Vu(, k)|op = **1 +/ Az, y, kK)e(y, k)dy, keR?* K*=E,

oD
where
(32> Ai(x7y7k> = Gi(l’-f,k) ((I)_(I)O) (£7y7E)d§7 x7y€ aDa
oD
1 .
(33) G:I:(xv k) = G+(‘Ta k) - E/ 6l|k|0$X+<j:0ki)d0’
g1

I is the identity matriz, (& — ®g)(z,y, F) is the Schwartz kernel of the operator
O(E) — Oo(FE), Po(F) is the Dirichlet-to-Neumann operator associated to the zero
potential in D at fized energy E, Gt (x,k) is defined in (2.13), ki = (—ko, k1) for
k = (k1 ks), dy, d§ denote the standard Fuclidean measure on the boundary 0D and
df denotes the standard Euclidean measure on S*.

Then, in order to obtain hy, it is sufficient to use the following formula (see [16]
forn =1 and Section 4 forn > 2):

(34) ha(k. 1) = # /a ) /8 @ = @), )i R)yde, (k1) € A,

ALGORITHM 2 (f — hy). Starting from f on My (for E sufficiently large),
one directly recovers hy solving the following integral equation (see |17, 19| forn =1
and Section 4 forn > 2):

)\ )\//

(35)  hi(\WN,E)— m’/f(X', N, E)ys (iz’ (A— - 7)) ha(M\ N, E)|dN|
T

:f()H)‘/vE)a ()\,)\,)GTXT.

ALGORITHMS 1 AND 2 (hy — V). We begin with the construction of i,
an approzimation to pt of (2.15); this is done by solving the following integral
equation arising from the non-local Riemann-Hilbert problem (2.27)-(2.34) for u in
the approximation that b= 0 at fized E (see [19] for n = 1 and Section 4 forn > 2):

(36) (2 E)+ / G N E)BOWN, 2 E)dN| = [, \ET, 2 € C,
T



3. RECONSTRUCTION ALGORITHMS 9

where E s sufficiently large and

(3.7 B\N,2,E)= %/Th(c,X,z,E)m <—i (A£ - %)) %

1 , o C N d¢
_E/T’“(C’A’Z’E)X* ( (T?)) YO

where X4, he are defined in (2.30), (2.31). Then one can obtain an approzimation
fi— to p_ via (2.29), used as follows:

(38) (s A E)=it(z ) E)
wri [ NN (< (5 - ) ) O B,
. \ A

for X € T, z € C. Finally, the approzimate potential Vap,.(-, E) can be obtained
using the following formula (see [18, 19| for n =1 and Section 4 forn > 2):

0 1
(3.9) Vappr (2, E) = 2iE1/2& (Q_M/Tﬂ_(z’ G, E)qud) :

The approximate potential V,,, depends in a non-linear way on ®(E) in Algo-
rithm 1 and on f on .#f in Algorithm 2, in spite of the fact that both algorithms
are based on solving linear integral equation. In the linear approximation near zero
potential, the following formulas hold:

1 .
310) )~ s [ @ = 0o B)dedy, (1) € A
D D

for linearised Algorithm 1;
(3.11) he(MN E) =~ f(MNE), M eT,

for linearised Algorithm 2;

™

1
(3.12) Vippr (2, E) = = E'/? / w(z, \, B)i)|d)|,
T
where z € D for linearised Algorithm 1 and z € C for linearised Algorithm 2, and

0 , ta (vs, ? w2
(3.13) w(z, \, E) = p (m/TeXp [_EE (/\Z + 3 A yﬂ

. (AN / /
X sign (—z (y — X)) ha(A N, E)|dA ]) ,

for e C,\eT, E>0.
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3.1. Algorithm 1 with a non-zero background potential A. Consider a
potential V' defined as in (1.5), where the diagonal matrix A, defined as A;; = A;0;5,
is supposed to be a known background potential. In this case Algorithm 1 admits
the following effectivisations.

Let Vi = Aon D, V; =0 on R?\ D. The following parts A and B provide two
different approaches to the reconstruction of ¥4 (z, k)|sp from ®(F) and of hy(k,1)
from 14 (x, k)|sp; the reconstruction of V,,,, from hy is given after in steps C and
D.

A. ®(E) — hy. Starting from ®(FE), for E sufficiently large, we first reconstruct
Yi(x,k)|op, k € R?% k? = E, with the help of the following Fredholm linear integral
equation (see Section 4):

(3.14) (Id + (1d — AL) Y0 AL s (2, K)o = L (2, k) |op,
where
(315  Alu(x) = / AL(e,y, Ku(y)dy, © < oD,

oD

(316)  Al(z.y.k) = /6 Gale =€) (8= 90) (6.0 E)dE, .y € 9D,

(3.17) dALu(x) = / Gi(z =& k)(P1 — P)(&,y, E)u(y)dydE, x € 0D,
0D x0D
Vi(z, k)op = (Id — AL)7(e™**T) are the functions ¥y (z,k)|sp for V = Vi, (&) —
Qo) (z,y, E) is the Schwartz kernel of the operator ®,(E) — ®¢(E), (P — @) (z,y, E)
is the Schwartz kernel of the operator ®,(F) — ®(E), ®o(F) is the Dirichlet-to-
Neumann operator associated to the zero potential in D at fixed energy E, ®,(F)
is the Dirichlet-to-Neumann operator associated to the potential V4 in D at fixed
energy E and u is a M,,(C)-valued test function on dD.
In order to obtain hy we use the following formula (see Section 4):

318)  halhd) = Wk D+ o [ @ = 0w B 0. Ry

! —ilx
ChE /6D /aD e™(P1 = Qo) (x,y, E)0ys(y, k)dydz,

for (k,1) € Mg, where hl (k,l) is defined as in (2.3), (2.17) with V =V}, 0¢ps(z, k) =
Vi(z, k) —YL(z, k) and ¥l (z, k) is defined as 14 (x, k) in (2.2), (2.11), (2.18) with
V="V.

B. ®(F) — hy. As above, starting from ®(FE), for F sufficiently large, we first
reconstruct ¢, (z, k)|op, k € R?, k* = E, with the help of the following Fredholm
linear integral equation (see [20] for n = 1 and Section 4 for n > 2):

(3.19) b, ) lop = L (z, B)lop + /8 Aslwy sy, )y,
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for k € R?, k? = E, where

(320)  Aw(e.y,k) = /a RL@68) (@ = ) (€., E)iE 2,y 0D,

YL, RL are defined as vy, Ry of (2.2), (2.4), (2.10), (2.11), (2.18), (2.19) with
V =V, (& — &y)(x,y, E) is the Schwartz kernel of the operator ®(E) — &(E),
®,(F) is the Dirichlet-to-Neumann operator associated to the potential V; in D at
fixed energy FE.

In order to obtain h. we use the following formula (see [20] for n = 1 and Section
4 for n > 2):
(3.21)

1
hi(ka l) = hlt<k7 l) + W /8D oD wi(% _k: —l)(CI) - (bl)(x?ya E)wi(y7 k)dyd:z:,

for (k,1) € Mg, where hiy(k,1) is defined as in (2.3), (2.17) with V = Vi, ¥%(x, k, 1)
is defined as the solution of the following linear integral equation (see [20] for n =1
and Section 4 for n > 2)

(3.22) (2, k1) = ™1 + /R Gz —y, k)Vi(y) ¥ (y, k. 1)dy,

where x,k,l € R? k* =1*> > 0 and G+ is defined in (3.3).
C. ha — . We construct an approximation g+ to u* of (2.15) via the
following integral equation which generalises (3.6) (see Section 4):

(3.23) (Id+ (Id + BY 'YB)i" (2, N\, E) = T (2, \,E), A€T, z€C,

for F sufficiently large, where
(3.24) Bu(\) = / u(N)B*(\, N, 2, E)|dN|,
T

(3.25) §Bu()) = / u(NY[BO\ X, 2, E) — BY(\, N, 2, E)]|dV],

for \ € T, z € C, BY(\, N, 2, F) is defined as B(\, N, z, FE) in (3.7) with hy = hl,
pbt is defined as pt in (2.6), (2.15) with V = V; and u is a M, (C)-valued test
function on 7'

D. ™ — Vioppr. The final part of the algorithm is the same as for Algorithm
1 with zero background potential. We construct an approximation fi_ to p_ using
formula (3.8) and then the approximate potential V,,,(z, E) via formula (3.9).
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In the linear approximation near the potential V7, the following formulas hold:

(3.26a) hi(k,l) ~ hi(k,1)

1 A
+ 2n)e /ap /aD e (D — @) (z,y, EVWi(y, k)dydx
1 A
T (2n)2 /a /a e (D — Og)(x,y, B)(Id — AL) VALY (y, k)dy d,
D D
(3.26b)  hi(k, 1) ~ hi(k,1

1
(27’(’)2 /{;D oD w:11:<x7 _k7 _l><q) - (D1>($a Y, E)w:ll:(ya k)dyd$7

~—

+

for (k,1) € Mg,

(3.27) Az, \, E) = pt (2, N\, E) — (Id + BY)'6But" (2, \, E),
for N\ eT, z € C,

(3.28) f_(z,\,E)~pu' — (Id+ B") '6Bu"*(z,\, E)

T i / (2N E)xs ( (% - %)) (h — BN 2, )X,
T

(329)  Vappr(2, B) =V} — lEl/Q/g ((Id+ BY)'6Bu *(2,\, E)) iA|dA|

A A\
1/2 1+ " N A
+iB //a By (< (5 -3 ))

CRLO N 2 E)] AN [iA[dN,

for z € D and E sufficiently large.

4. Derivation of some formulas and equations of
Section 2 and 3 for the matrix case

The following formula and equations will be useful:

(4'1) %(%k) =¢+(% k)
vomi [ 0 DB — B)x. (L~ Ky (b, Dl

RQ

(4.2) hy(k,1) = f(k,1)
+2mi [ f(m,)5(m® — E*)x o ((m — k)y)h,(k,m)dm,

RQ
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for v € SY, 2, k,l € R?, k? = E € R, sufficiently large,
0 .
@3) k) = —2n [ geSule b+ OH(K - + 2K
i R2
OH ,
S thp) = =2 [ G+ €p+ OHE~€)5(€ + 2he)de,
J R2

for j =1,2, k € C*\ R?, k? = E € R, sufficiently large, z,p € R?, where H(k,p) =
h(k,k — p), 0 is the Dirac delta and the other functions were already defined in
Section 2. Formula (4.1) and equations (4.2)-(4.4) are proved in [9, 3, 13| for the
scalar case: the proof can be straightforwardly generalized to the matrix case, where
one only has to pay attention to the order of factors (which is indeed different from
the formulation given in the quoted papers, but coherent with similar results obtained
in [25]).

Now formula (2.29) follows directly from (4.1), (2.6), (2.31) using notations (2.21);
equation (2.32) follows from (4.3) taking into account (2.20), (2.33) and notations
(2.21). In addition, equation (3.5) is a direct consequence of (4.2) (with v = +k )
using notations (2.21).

Formula (2.36) follows from (2.35), (2.34), (2.32), (2.28), (2.27) (these can be
proved exactly as in the scalar case) and the Cauchy—Pompeiu formula

R dc 1 [ du(¢) dRe dIm¢
(4.5) U(A)—Z—M/GDU(C)C_—)\—; o C—a AeD,

for any sufficiently regular M,,(C)-valued w in D, where 0D is sufficiently regular. In
addition, formula (3.9) is just formula (2.36) without the first term in the sum.
Equation (3.6) is an approximation of the following (exact) equation for u*:

(4.4)

(4.6) pt(z,\ E) + / pt(z, N, E)B\ N, 2, E)|dN| =T + (2, \, E),
T

for A € T, z € C, where

1 1 dRe( dI
(4.7) plz, A B) = —— /Cu <z, —Z_,E> r(C,z,E)—Ceg_ Amg.

The derivation of (4.6) can be found in [19] for the scalar case and its generalisation
to the matrix case is straightforward (paying attention to the order of factors).

Formula (3.3) is a result of [9], while formulas (3.1), (3.2), (3.4) are results of
[16] for the scalar case and can be proved for the matrix case following the scheme
of [23|, where similar formulas appear.

Formulas (3.14) and (3.18) follows from (3.1) and (3.4).

Formulas (3.19)-(3.22) are results of [20] for the scalar case and can directly
extended to the matrix case following the scheme of [23] because, in particular,
the general matrix version of Alessandrini’s identity in [23] works for our diagonal
background potential A.

Finally, equation (3.23) follows from (4.6).
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5. Function spaces and some estimates

We introduce some function spaces, which will be useful to prove the high-energy
convergence of our algorithms. For m € N, € > 0 we consider

W™HR?, M, (C)) = {u: 0*u € L'(R?, M,(C)) for |k| < m},
WL R? M, (C)) = {u : »*0*u € L'(R?, M,(C)) for |k| < m},
() () = (1 + |2)?) u(z), ke (NUO0)?, |k| = k1 + ko,
oo o=
for a €]0,1], s € R we consider
C*(R?, Ma(C)) = {u : |Julla,s < 00},

where
[ullas = ll>*ulla
w(p+§) —wlp
o= sup(ul+ HEES =),
pEer2, [¢[<1 €]
(Geuw)(p) = (L+ pP) P ulp),  [ulp)l = max Ju;(p)];
in addition we consider H, ,(R? M,(C)), defined as the closure of C§°(R?, M,(C))
(the space of infinitely smooth functions with compact support) in || - ||a.s-
Let
~ 1 )
5.1 Vi(p) = PV (x)d R?.
(5.1) 0) = G [ V@ pe
If a matrix-valued potential V' satisfies
(5.2) V € W™(R?, M,(C)) for some € >0, m € N,
then
(5.3) V€ Has(R:M,(C),  a€l0,1], seR,,
where o = min(1,¢), s = m. Let
(5.4) N(r)=(1—r)""r.

We have the following results:

PROPOSITION 5.1. Let the condition (5.3) be valid. Then
(5.52) £, 1) = V (k= D] < SV las(1+ [k =127,
(5.5b) [Hy (k.p) = V() < S0V ]laa(1+ %)%,
forr =|k|7%¢ci1(a, s, 0, n)||‘7”as <1, kl,peR? ~e S kK >1,
(5.5¢) [H(k,p) = V(p)| < 2(r)[|V[|as(1+p%) ",
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forr = |Rel<:|*”cl(oz,S,U,n)||‘7||a,s <1, keC?\R} peR:, Rk >1. In
particular

(5.62) [F (R, D) < 20|V |as(1+ k=172 k1€R
(5.6b) \Hy(k,p)| < 2|V ]|as(1+p2)2,  kpeR:,  yeS,
(5.6¢) |H(k,p)| <2[|V]as(1+p*)"*%  keC?\R?,  peR?

for k* > E; = max(1, (2¢1(a, s, o, n)||\7||a,8)2/"), where H,(k,l) =
hy(k,k—=1),0<a<1,5>0,0<o0 <min(l,s).

(k
(k

LEMMA 5.2. Under condition (5.3), we have the following estimates:

oy (. k)\ N 'aw? k)

(5.7a) |y (z, k) — 1] + < k|7 caler, 5,0, 0) |V ]|as:

81’1 8I2
for x = (z1,20) € R?, k € R?, v € S,
0 k 0 k ~
57D |l k) — 1+ | 2R @R R e a5, 0 n) [T s,
81'1 8272 ’

for x = (z1,79) € R?, k € C*\ R?, k* > Fi(«, s,0,n, ||XA/HQS), where 0 < o < 1,
s>1,0<o0 <min(l,s —1).

Proposition 5.1 and Lemma 5.2 for the scalar case (n = 1) were given in [19] and
their generalisation to the matrix case (n > 2) is straightforward.

6. Lipschitz stability and rapid convergence of
Algorithms 1 and 2 for £ — 400

We present here main rigorous results concerning stability and convergence of our
algorithms in the case of zero background potential for simplicity. In addition, we
expect that, for potentials of the form (1.5), Algorithm 1 with non-zero background
potential A (see subsection 3.1) will work even better than its version with zero
background potential.

THEOREM 6.1 (Stability and convergence of Algorithm 1). Let m > 3, V €
W™ (R? M, (C)), suppV C D and let ®(F) be the Dirichlet-to-Neumann operator
of (1.6) at fized energy E, where E > Es(a,s,o,n, H‘A/Has), 0<a<l, s=m,
0 <o <1 andFE is not a Dirichlet eigenvalue of —A+V and —A in D. Then V 1is
reconstructed from ®(E) with Lipschitz stability via Algorithm 1 up to O(E~(m=2)/2)
in the uniform norm as E — +oo.

THEOREM 6.2 (Stability and convergence of Algorithm 2). Let V' satisfy (5.2),
for m > 3, and let f be the scattering amplitude of (1.8) at fized energy E >
Es(a, s,0,n, HVHQS), where o« = min(1,¢), s=m and 0 < o < 1. Then V is recon-
structed from f on Mg with Lipschitz stability via Algorithms 2 up to O(E~(m=2)/2)
in the uniform norm as E — +oo.



16 F. MONOCHROMATIC RECONSTRUCTION ALGORITHMS

The constant Fy of Theorems 6.1 and 6.2 is precisely stated in Remark 6.1.
The Lipschitz stability of Theorems 6.1 and 6.2 is specified in the proofs of these
theorems and is summarized in Remarks 6.2 and 6.3. The error term O(E~(m=2/2)
of Theorems 6.1 and 6.2 is made explicit in formula (6.9).

Similarly with the presentation of Algorithms 1 and 2 in section 3, we separate
the proofs of Theorems 6.1 and 6.2 in several steps.

PROOF OF THEOREM 6.1 (®(E) — hy ). We have that equation (3.1) is a Fred-
holm linear integral equation of second kind for 14 |sp € L?(9D), which is uniquely
solvable with precise data ® — @, (the proof of the latter fact is the same as in the
scalar case; see [16]). Therefore the reconstruction of ¢4 via (3.1) is Lipschitz stable,
with respect to small errors in ® — @, (in the L? norm of the Schwartz kernel),

As a corollary, the reconstruction of hy in L*(.#g) from ®(E) — ®¢(E) via
equation (3.1) and formula (3.4) is also Lipschitz stable. O

PROOF OF THEOREM 6.2 (f — hy). Estimates (5.6) and notations (2.21) give
(6.1a) IFOLN E)| < 2|[V]las(1+ EN=N[?)"¥2 A NEeT,
(6.1b) | £llz2rxry < esnllV o, 7,

for E > E;, a« = min(1,¢), s = m. Now, under the assumptions of Theorem 6.2,
integral equation (3.5) is uniquely solvable for ho (), -, E) € L*(T) for A\ € T, E > E,
(this is a consequence of the unique solvability of integral equation (2.2) for £ > FE).
In addition, by estimate (6.1b), for £ > max(FE}, (7r03n||17||a78)4), equation (3.5) is
uniquely solvable for hy(\, -, E) € L*(T), A € T, and for hy(-,-, E) € L*(T x T) by
the method of successive approximations. This implies the Lipschitz stability of the
reconstruction of Ay on T' x T from f on T x T, with respect to small errors in the
L? norm. 0

PROOF OF THEOREMS 6.1 AND 6.2 (hy — Vi,,). The proof follows as in the
scalar case (that was treated in [19]), except for the order of the terms in formulas
and integral equations.

Estimates (5.6), formula (2.16) and notations (2.21) give
(6.2a) haAW N, E)| <2V ||las(L+EX= NP2, AN eT,
626)  hellairer) < conll Vo B,
for £ > E;, s =m and
(6.3) 0 < a <1 for Theorem 6.1 and o = min(1,¢) for Theorem 6.2.

We define the integral operator B(z, E) as

(6.4) (B(z, E)u)(\) :/Tu()\’)B()\, Nz, E)|dXN],
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for A € T, where B(A\, X, z, E) is defined in (3.7) and u is a test matrix function.
The following decomposition holds

(65) B(ZaE) :C+Q—(Z7E)_C—Q+(Z>E)7
where
66)  (Cou)(N) = o /T %dc,

61 Qo =mi [

T

AN
u (21 (5 - 5 ) ) 1N B

z2€C, AN €T, x4, hs are defined in (2.30) and (2.31) and w is a test matrix function.
Thanks to (6.2), (6.5) and properties of the Cauchy projectors C (see [19] for more
details), B(z, F) satisfies the estimates

(6.82) I1B(z, EYull 2y < canl|V [la B~ lull 2y

< e[V las Bl 20y

0
(6.8b) H—B(z, E)u
0z L2(7)

for € C, E > Fy, s =m, a as in (6.3).

Now by estimate (6.8a), for £ > max(FEj, (c4n|]17||a75)4), integral equation (3.6)
is uniquely solvable for ji™(z,-,E) € L*(T), at fixed 2 € C, by the method of
successive approximations. This implies the Lipschitz stability of the reconstruction
of 1™ (z,-, E) on T, at fixed z € C, from hy on T x T with respect to small errors in
the L? norm. O

PROOF OF THEOREMS 6.1 AND 6.2 (V,,,» —> V). Our high-energy convergen-
ce estimate is as follows:

<69) |V(Z) - ‘/appr(zu E)‘ < C5n||‘7||a’sE_(s_2)/27

where z € C, E > Ey(a, s,0,n, H‘A/Has), aasin (6.3),s=m, 0 <o <1 (see [19] for
complete details). This estimate follows from (2.29), (2.36), (3.6)—(3.9), (6.2b) and
the following estimates (whose proofs for n = 1 can be found in [19]):

0 1
(6.10) ‘2 El/Q@z (/ w(z, —Z,E)T(C,Z,E)dReC dlmg)‘ < cﬁn||V|| (s=2)/2
(6.11) I )= o Bl < el Vst
ot
(6.12) H — —(z,-,E) < ||V ||as B~
0z L2(T,My(C))

for € C,s=m >3, FE > Ey(a,s,o,n, |H7Ha$), « as in (6.3). O
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REMARK 6.1. The constant Ey of Theorems 6.1 and 6.2 can be fixed as some
constant such that £ > FE, implies that

0
E > E17 |M(2,)\,E)‘ < 27 ‘a_lu(za)\a E)’ < 1:
z
1 0 r 1
B(z, E)||% < = —B(z, E < =
IB(z )||L2(T) -2 H@Z (= E) Lary 2’

for z € C, A € C, where p and B are estimated in (5.7) and (6.8).

Now, let ®yo(x,y, E), z,y € 0D, denote the Schwartz kernel of the operator
D(E) — ®y(E) considered as precise data for Problem 1. Let @y, denote @y, with
some small errors (for the case of Problem 1) and f’ denote f with some small
errors (for the case of Problem 2). Let V, . denote V. reconstructed from &y,
via Algorithm 1 (for Problem 1) and from f’ via Algorithm 2 (for Problem 2).

The Lipschitz stability of Theorems 6.1 and 6.2 is summarized in the following

remarks:

REMARK 6.2. Let the assumptions of Theorem 6.1 hold and let

(6.13) 6= Pyo(- E) = Pvols, - E)llz2(opxopy < 01(V, E, D, n).
Then
(6.14) €= ||Va/ppr — Vappr | 2220y < m(V, E, D, n)d.

Here 6, and 7, are some positive constants summarizing the Lipschitz stability of
Algorithm 1. In particular,

(6.15) 51(V,E,D,n) > &Y,
(6.16) m(V,E,D,n) <nE,

as | Pvo(-, -, E)||r2(opxapy — 0, for some positive (sufficiently small) 67 and (suffi-
ciently big) n?, where ¢{ and 7} are independent of V' and E for fixed D and n.

REMARK 6.3. Let the assumptions of Theorem 6.2 hold and let

(6.17) 6= |f = fllr2cam) < 02(V, E,n).
Then
(618) €= HVZZPPT‘ o Va/ppr”Loo(]RQ) < 772(‘/7 E?”)é

Here 65 and 7y are suitable constants summarizing the Lipschitz stability of Algo-
rithms 2. In particular,

(6.19) 8(V, E,n) > 83,
(6.20) (V. E,n) < nyE,

as || fll 2wy — 0, for some positive (sufficiently small) 69 and (sufficiently big) 79,
where 69 and 79 are independent of V and E for fixed n.
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Note that in Remark 6.3, the norm || - || 12,4, is identified with || - ||L2(7x1).

The property that || f||z2(z,) — 0, mentioned in Remark 6.3, is fulfilled, in
particular, for £ — 400, as a consequence of estimate (6.1b). On the contrary, the
property that || ®v,(-,-, E)| r20pxop) — 0, mentioned in Remark 6.2, is not fulfilled
for B = E;,j — oo, for any sequence {E}} ey of positive real numbers such that
E; — 400 as j — oo, if V # 0. In this connection, our high-energy conjecture is
that
(6.21) Sg£|ﬁbvp(w',ﬁ%)HL%anaD)<<‘+OO,

j
for some {£;};en dependent on V', where E; — 400 as j — oo.

Note that the E factor in the right side of (6.16) and of (6.20) is related with the
choice of the L? norm for estimates of the inverse problem data. For example, for
Algorithm 2, at least in the linear approximation (3.11)-(3.13), this factor disappear
if || - ||2(#g) 1s replaced by || - || Lo (zy), S = M, Where

(6.22) full ooy = sup (1 + B|X = N[2)2u(), V).
(AN)ETXT
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New global stability estimates for the Calderén problem in
two dimensions

MATTEO SANTACESARIA

ABSTRACT. We prove a new global stability estimate for the Gel’fand-Calderén
inverse problem on a two-dimensional bounded domain. Specifically, the inverse
boundary value problem for the equation —Aw + v = 0 on D is analysed,
where v is a smooth real-valued potential of conductivity type defined on a
bounded planar domain D. The main feature of this estimate is that it shows
that the more a potential is smooth, the more its reconstruction is stable.
Furthermore, the stability is proven to depend exponentially on the smoothness,
in a sense to be made precise. The same techniques yield a similar estimate for
the Calder6on problem for the electrical impedance tomography.

1. Introduction

Let D C R? be a bounded domain equipped with a potential given by a function
v € L®(D). The corresponding Dirichlet-to-Neumann map is the operator & :
H'Y2(0D) — H~'2(0D), defined by
ou

(1.1) o(f) = v,

where f € HY2(0D), v is the outer normal of 9D, and u is the H'(D)-solution of
the Dirichlet problem

(1.2) (A +v)u=0o0nD, ulsgp=f.

Here we have assumed that

(1.3) 0 is not a Dirichlet eigenvalue for the operator — A + v in D.

The following inverse boundary value problem arises from this construction:
PROBLEM 6. Given ®, find v on D.

This problem can be considered as the Gel’fand inverse boundary value problem
for the Schrédinger equation at zero energy (see [12], [21]) as well as a generalization
of the Calderon problem for the electrical impedance tomography (see [9], [21]), in
two dimensions.
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It is convenient to recall how the above problem generalises the inverse conduc-
tivity problem proposed by Calderén. In the latter, D is a body equipped with an
isotropic conductivity o(z) € C*(D) (with 0 > oy, > 0),

Aol (z
(14) U(I’) = OJT(:(L'))7 T € .l)7
1/2
(1.5) d =g l/2 (A0_1/2 + %) :

where 07/2, 9o'/2 /0v in (1.5) denote the multiplication operators by the functions

o 12|5p, 00'/?/0v|sp, respectively and A is the voltage-to-current map on 9D,

defined as
ou
1.6 Af = o0—

where f € HY/2(0D), v is the outer normal of dD, and u is the H'(D)-solution of
the Dirichlet problem

(1.7) div(cVu) =0on D, ulgp = f.

Indeed, the substitution u = ic~'/2 in (1.7) yields (—A +v)@ = 0 in D with v given
by (1.4). The following problem is called the Calderén problem:

PROBLEM 7. Given A, find o on D.

We underline the fact that in order to reduce Problem 2 to Problem 1 the con-
ductivity o must have some regularity and the boundary values of o and do/0v
have to be determined in advance (this was shown for the first time in [16]). We
also remark that Problems 1 and 2 are not overdetermined, in the sense that we con-
sider the reconstruction of a real-valued function of two variables from real-valued
inverse problem data dependent on two variables. In addition, the history of inverse
problems for the two-dimensional Schrédinger equation at fixed energy goes back to
[10].

There are several questions to be answered in these inverse problems: to prove
the uniqueness of their solutions (e.g. the injectivity of the map v — ® for Problem
1), the reconstruction and the stability of the inverse map.

In this paper we study interior stability estimates for the two problems. Let us
consider, for instance, Problem 1 with a potential of conductivity type. We want
to prove that given two Dirichlet-to-Neumann operators, respectively ®; and ®,,
corresponding to potentials, respectively v; and v on D, we have that

[v1 — vl Leo(py S w ([[P1 — Pol /2y fr-1/2)

where the function w(t) — 0 as fast as possible as ¢ — 0. For Problem 2 similar
estimates are considered.

There is a wide literature on the Gel’fand-Calder6n inverse problem. In the case
of complex-valued potentials the global injectivity of the map v — ® was firstly
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proved in [21] for D C R? with d > 3 and in [8] for d = 2: in particular, these
results were obtained by the use of global reconstructions developed in the same
papers. A global stability estimate for Problem 1 and 2 for d > 3 was first found by
Alessandrini in [1]; this result was recently improved in [25]. In the two-dimensional
case the first global stability estimate for Problem 1 was given in [27].

Global results for Problem 2 in the two dimensional case have been found much
earlier than for Problem 1. In particular, global uniqueness was first proved in [20]
for conductivities in the W#?(D) class (p > 1) and after in [3] for L™ conductivities.
Note that in dimension d > 3 the first global uniqueness result for the Calderén
problem was given in [28]. In addition, for piecewise real analytic conductivities the
first uniqueness result in dimension d > 2 was given in [17|. Moreover, in the case
of piecewise constant conductivities, a Lipschitz stability estimate was proved in 2]
(see |7] for a generalisation to complex-valued conductivities).

The first global stability result in two dimensions was given in [18], where a
logarithmic estimate is obtained for conductivities with two continuous derivatives.
This result was improved in [5], where the same kind of estimate is obtained for
Holder continuous conductivities.

The research line delineated above is devoted to prove stability estimates for
the least regular potentials/conductivities possible. Here, instead, we focus on the
opposite situation, i.e. smooth potentials/conductivities, and try to answer another
question: how the stability estimates vary with respect to the smoothness of the
potentials/conductivities.

The results, detailed below, also constitute a progress for the case of non-smooth
potentials: they indicate stability dependence of the smooth part of a singular po-
tential with respect to boundary value data.

We will assume for simplicity that

D is an open bounded domain in R?, oD e C?,

1.8
(18) v € W™HR?) for some m > 2, supp v C D,
where
(1.9) W™ R?) = {v : 0’ve L*R?), |[J|<m}, meNuUio},
oM (z)
J e (NU{0})?%, J| = Jy + Jo, ov(r) = ——.
( { }) | | 1 2 ( ) 5$‘1]1(9$2‘]2
Let

”UHm,l = |r}|12§ ||8JUHL1(R2).

The last (strong) hypothesis is that we will consider only potentials of conductivity
type, i.e.

A 0_1 /2
(110) U= W,

The main results are the following.

for some o € L*>(D), with 0 > oy > 0.
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THEOREM 1.1. Let the conditions (1.3), (1.8), (1.10) hold for the potentials vy, vo,
where D is fized, and let &1 , @y be the corresponding Dirichlet-to-Neumann oper-

ators. Let ||vj|lm1 < N, j = 1,2, for some N > 0. Then there exists a constant
C =C(D,N,m) such that

(1.11) lvz = vi[lze(p) < C(log(3 + [| @2 — @4f|71)) 7,

where o =m — 2 and | Py — O] = || P2 — 1| gr/2_ygy-1/2.

THEOREM 1.2. Let 01,09 be two isotropic conductivities such that A(Ujl»/z)/a;/2
satisfies conditions (1.8), where D is fixed and 0 < opin < 05 < Opax < +00
for 7 = 1,2 and some constants oy, and omay. Let Ay, Ay be the corresponding
Dirichlet-to-Neumann operators and ||A(aj1-/2)/a]1./2|m,1 < N, j = 1,2, for some
N > 0. We suppose, for simplicity, that supp (o; — 1) C D for j = 1,2. Then, for

any a < m there exists a constant C' = C(D, N, Omin, Omax, M, &) such that

(1.12) o2 — 01| (p) < Clog(3 + [[A2 — Aq]| 7)),

where ||A2 - A1H = HA2 — A1|’H1/24>H—1/2.

The main feature of these estimates is that, as m — +oo, we have a — +o00.
In addition we would like to mention that, under the assumptions of Theorems 1.1
and 1.2, according to instability estimates of Mandache [19] and Isaev [15], our
results are almost optimal. Note that, in the linear approximation near the zero
potential, Theorem 1.1 (without condition (1.10)) was proved in [26]. In dimension
d > 3 a global stability estimate similar to our result (with respect to dependence
on smoothness) was proved in [25]. More precisely, it was proved that in dimension
d > 3 a stability estimate of the same type of (1.11) holds with the exponent o =
m — d.

In both theorems we made some assumptions on the support of our potentials
and conductivities. These hypothesis can be taken away by the use of boundary
determination results (see, for instance, [4, Proposition 2.11] for the Calder6n prob-
lem); however, in that case, the exponent in the estimates will be generally smaller
than the « of our theorems.

The proof of Theorem 1.1 relies on the 0-techniques introduced by Beals—Coifman
[6], Henkin—R. Novikov [14], Grinevich—S. Novikov [13] and developed by R. Novikov
[21] and Nachman [20] for solving the Calderon problem in two dimensions.

The Novikov—Nachman method starts with the construction of a special family
of solutions ¥ (x, \) of equation (1.2), which was originally introduced by Faddeev
in [11]. These solutions have an exponential behaviour depending on the complex
parameter A and they are constructed via some function u(x, ) (see (2.5)). One of
the most important property of u(z, \) is that it satisfies a J-equation with respect to
the variable A (see equation (2.8)), in which appears the so-called Faddeev generalized
scattering amplitude h(A) (defined in (2.6)). On the contrary, if one knows h(\) for
every A € C, it is possible to recover u(z, \) via this O-equation. Starting from these
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arguments we will prove that the map h(\) — u(z, \) satisfies an Holder condition,
uniformly in the space variable z. This is done in Section 4.

Another part of the method relates the scattering amplitude A(\) to the Dirichlet-
to-Neumann operator ®. In the present paper this is done using the Alessandrini
identity (see [1]) and an estimate of () for high values of |A| given in [23]. We find
that the map ® — h has logarithmic stability in some natural norm (Proposition
3.3). This is explained in Section 3.

The final part of the method for the two problems is quite different. For Problem
2, in order to recover o(x) from u(x,\), we use a limit found for the first time in
[20]. Instead, for Problem 1, we use an explicit formula for v(z) which involves the
scattering amplitude h(A), p(z, A) and its first (complex) derivative with respect to
z = 1+ iz (see formula (5.3)). The two results are presented in section 5 and yield
the proofs of Theorems 1.1 and 1.2.

This work was fulfilled in the framework of researches under the direction of R.
G. Novikov.

2. Preliminaries

In this section we recall some definitions and properties of the Faddeev func-
tions, the above-mentioned family of solutions of equation (1.2), which will be used
throughout all the paper.

Following [20], we fix some 1 < p < 2 and define ¢ (x, k) to be the solution of
(2.1) (—=A +v)¢(x, k) =0 in R?

satisfying the condition e *¢(z, k) —1 € W'P(R?) = {u : 0’u € LP(R?), |J| < 1},
where = (11, 22) € R?, k= (k1, ko) €V C C%,

(2.2) V=_{kcC®: K=k +kl=0)
and
1 1 1
2.3 S
(2.3) 575 3

Condition (1.10) indeed guarantees that for every parameter k € V) there exists a
unique solution ¥(z, k) with the wanted properties (see Proposition 2.1 below).
The variety ¥ can be written as {(A,iA) : A € C} U {(\,—i\) : A € C}. We
henceforth denote ¢ (x, (\,i\)) by ¥(z, A) and observe that, since v is real-valued,
uniqueness for (2.1) yields ¥(z, (—),i)\)) = ¥(z, (A, i\)) = ¥(z, \) so that, for re-
construction and stability purposes, it is sufficient to work on the sheet k = (), i)).
We now identify R? with C and use the coordinates z = x; + iz9, Z = o1 — %9,

o_1fo 0N o _1[fo0 .0
9z 2\0xy Oxs) 0z 2\0r; Ory)’

where (71, z,) € R%
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Then we define

(2'4) w(%)\) = w(ﬂf?)\)’

(2'5) :U(Zv )‘) = 6_iZ)\¢(2’ >‘)7

(2.6) hA) = | e (2)1(z, \)dRez dlmz,
for z, A € C.

Throughout all the paper ¢(a, 3,...) is a positive constant depending on param-
eters «, 3, . ..

We now restate some fundamental results about Faddeev functions. In the fol-
lowing statement 1), denotes /2.

PROPOSITION 2.1 (see [20]). Let D C R? be an open bounded domain with C*
boundary, v € LP(R?), 1 < p < 2, suppv C D, ||v||pewrz)y < N, be such that there
exists a real-valued vy € L>®(R?) with v = (Avy) /1o, to(z) > co > 0 and g = 1
outside D. Then, for any X\ € C there is a unique solution (z,\) of (2.1) with
e (-, N) — 1 din LP N L™ (p is defined in (2.3)). Furthermore, e (-, \) — 1 €
WP (R?) and
(2.7) le™ (-, A) = Ulwes < ep, s)NIAPT,
for 0 < s <1 and X sufficiently large.

The function p(z,\) defined in (2.5) satisfies the equation
(2.8) 8“((93’ N _ 471T)\h(A)eA(z)u(z, N, AeC,

in the W% topology, where h()\) is defined in (2.6) and the function e_,(2) is defined
as follows:

(2.9) ex(z) = AN
In addition, the functions h(X\) and pu(z,\) satisfy

h(A - 1 1
(2.10) H% <c(r,N), forallr e (p,p), =+—==1,

L7 (R2) p P
(2.11) sup [|p(z, ) — 1| zrc) < ¢e(r, D, N), for allr € (p, ]
zeC

and
(2.12) [h(N)] < e(p, D, N)|A%,
(213> ||:u(7)\) _77Z)0||VV1’15 < C<p7D7N)|)\|87

for A < Xo(p, D, N) and0<5<z%, where%%—[%:l.

REMARK 2.1. Equation (2.8) means that u is a generalised analytic function in
A € C (see [29]). In two-dimensional inverse scattering for the Schrodinger equation,
the theory of generalised analytic functions was used for the first time in [13].
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We recall that if v € W™!(R?) with suppv C D, then ||9],, < +0c, where
(2.14) 0(p) = (2#)_2/ e v(z)dz, peC?
R2
(2.15) ltll = sup |(1+ [pl*)™ u(p)],
peR?

for a test function w.
In addition, if v € W™!(R?) with suppv C D and m > 2, we have, by Sobolev
embedding, that

(2.16) [ollzee(py < e(D)[v]m,1,

so, in particular, the hypothesis v € LP(R?), suppv C D, in the statement of Propo-
sition 2.1 is satisfied for every 1 < p < 2 (since D is bounded).
The following lemma is a variation of a result in [23]:

LEMMA 2.2. Under the assumption (1.8), there exists R = R(m, ||0]|;m) > 0 such
that

(2.17) |AON)| < 872||6]|m (1 + 4|A|?) ™72, for |\ > R.
PROOF. We consider the function H(k,p) defined as
1 i(p—k)x
(2.18) HE) = s [yt ks,

for k € V (where W is defined in (2.2)), p € R? and ¢ (z, k) as defined at the beginning
of this section.
We deduce that h(A\) = (27)2H(k(\), k(N\) + k())), for k(A) = (), i\). By [23,
Corollary 1.1] we have
(2.19) [H (k. p)| < 2[0]|m(1+p*)"*  for [N > R,
for R = R(m, ||0||,») > 0 and then the proof follows. O
We restate [4, Lemma 2.6, which will be useful in section 4.

LEMMA 2.3 ([4]). Let a € L*(R*) N L2(R?), 1 < 81 < 2 < 83 < o0 and
be L*(R?), 1< s <2 Assumeu is a function in L*(R?), with § defined as in (2.3),
which satisfies

A
(2.20) ag& ) _aa0) +600),  AeC.
Then there exists ¢ > 0 such that
(2.21) [ullzs < cl[bl|zs exp(e(llallps: + [lal[zs2))-

We will make also use of the well-known Holder’s inequality, which we recall in
a special case: for f € LP(C), g € LI(C) such that 1 < p,q < 00, 1 < 1 < o0,
1/p+1/qg=1/r, we have

I fgllzrc) < NI fllze) gl za(o)-
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3. From @ to h())
LEMMA 3.1. Let the condition (1.8) holds. Then we have, for p > 1,

V) |
(3.1) H? < c(p, )0 llm =7
A Aleasr) Rti=2/
R 1
(3.2) Al zr(r>r) < e(p, m)llvllmw,

where R 1s as in Lemma 2.2.

PROOF. It’s a corollary of Lemma 2.2. Indeed we have

p A
(33 | <oty [ ey - Al
A leqasr) >R R(mA+1)p=2
which gives (3.1). The proof of (3.2) is analogous. ]

LEMMA 3.2. Let D C {x € R? : |x| <[}, vy, vy be two potentials satisfying (1.3),
(1.8), (1.10), let ®q, Py the corresponding Dirichlet-to-Neumann operator and hy, hs
the corresponding generalised scattering amplitude. Let ||v;||lm1 < N, j =1,2. Then
we have

(3.4) |ha(N) — b (N)| < (D, N)e2 M| Dy — By 12y gy-1/2, A € C.

PrROOF. We have the following identity:

(3.5) ha(A) — hi(X) = - 1(2, A) (P — D) ha(z, N)|dz],

where 1;(z,\) are the Faddeev functions associated to the potential v;, j = 1,2.
This identity is a particular case of the one in [24, Theorem 1|: we refer to that
paper for a proof.

From this identity we have:

(3.6)  1h2(X) = ha(N)[ < Nl (s Ml avzamy P2 — Pall vz =12 l[$2( Ml 2 op) -
Now take p > 2 and use the trace theorem to get

195 (-, Mz opy < Cllbi (M lwray < Ce™ e (-, N lwrapy

< Ce™ (e (- A) = Ulwapy + llwroy) . 4 =12,
which from (2.7) and (2.11) is bounded by C(D, N)e'. These estimates together
with (3.6) give (3.4). O

The main results of this section are the following propositions:

PROPOSITION 3.3. Let v1,v9 be two potentials satisfying (1.3), (1.8), (1.10), let
Dy, Py the corresponding Dirichlet-to-Neumann operator and hy, ho the corresponding



3. FROM @ TO h()) 9

generalised scattering amplitude. Let 0 < e < 1, 1 < p < ﬁ and ||vjl|m1 < N,

j =1,2. Then there exists a constant ¢ = ¢(D, N,m,p) such that
ha(A) — ha(A)

2 < clog(3 + ch? o (I)l|’;111/2HH71/2>7(m+172/p)'

(3.7) ’
L?(C)

PROPOSITION 3.4. Let vy, vy, ®1, Do, hy, he be as in Proposition 3.3. Let p > 1
and ||vj||ma1 < N, 7 =1,2. Then there ezists a constant ¢ = ¢(D, N, m,p) such that

(3.8) |he — hil|zr(c) < clog(3 + ||P2 — <I>1||I;11/2ﬁH_1/2)—(m—2/p)'

PROOF OF PROPOSITION 3.3. Choose a,b > 0, a close to 0 and b big to be
determined and let

ha(A) = ha ()
LS

.
LP(C)

Lr(a<|A|<b)

i

LP(|A[>b) .

(3.9) § = ||Py — P1|| s p-1/2-
We split down the left term of (3.7) as follows:
A A LP(|A\|<a) ‘
ha(A) — i (A)
From (2.12) we obtain, for a < Ag(p, D, N),
ha(A) — ha(A)

‘ ha(A) — i (A) ha(A) — ha(A)
A
A

1
(3.10) ‘ < ¢(D, N, p) ( / I\E=DPdRe) dIm)\> ’
[Al<a

Lr(|A|<a)
= ¢(D, N, p)as~ 7.

From Lemma 3.2 and (3.9) we get, for 0 <a <1< b,

ha(X) - hy () < (D, N) ( 152/p n 562lb> 7
=

(3.11) ‘ 5

Lr(a<|A|<b)
where the right side is obtained as the sum of the L? norm for a < |A] < 1 and
1 < |A| < b, taking into account (3.4). From Lemma 3.1

Ba()) — ha() (M)

LP(|X[>b)
We now define

m+1-2/p
(3.13) a=1log(3+d7")" =T : b= Blog(3+d71),

for 0 < 8 < 1/(21), in order to have (3.10) and (3.12) of the order log(3+¢~1)~(m+1-2/p),
We also choose § < 1 such that for every § < ¢, a is sufficiently small in order to
have (2.12) (which yields (3.10)), b > R (with R as in Lemma 2.2) and also

m+1—2/p
P

5 -
——57, = 0log(3 + 5~ (ETRR) -2/ og(3 4 6=1)~(m+1-2/p)

(3.14) e
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Thus we obtain

ha(A) — ha(A) c(D,N,p)
5 e = a3+ 5
+e(D, N)S(3 4+ 6122,
for § < 9,0 < B < 1/(20). As §(3+ 6712 — 0 for 6 — 0 more rapidly than the
other term, we obtain that
ha() — ()
A

(3.15) ‘

C(D7N’m7p7/8)
o) logl(3+ 612

(3.16)

for § <9,0< B < 1/(2l).

Estimate (3.16) for general ¢ (with modified constant) follows from (3.16) for
§ < & and the property (2.10) of the scattering amplitude. This completes the proof
of Proposition 3.3. O

PROOF OF PROPOSITION 3.4. We follow almost the same scheme as in the proof
of Proposition 3.3. Let choose b > 0 big to be determined and let

(3.17) 5 = 1@ — By 1o
We split down the left term of (3.8) as follows:
[ha = PallLec) < [ha — PallLegaj<p) + [[h2 — hallze(a=p)-
From Lemma 3.2 we obtain
(3.18) lhe — hallzo(a<s) < c(D, N, p)sbH/Pe’®
and from (3.2)
1

pm—2/p°

Define b = Blog(3 +071) for 0 < 8 < 1/(20). Let § < 1 such that for § < § we have
that b > R, where R is defined in Lemma 2.2.
Then we have, for § <9,

1By = halloc) < e(D, N,m, p)(1 +6~1)*P(Blog(3 + 6~ 1)"/”
T (N, m, p)(log(3 + 1))~ (=210,
Since 28 < 1, we have that
S(14 022 (Blog(3+6 NP -0 ford —0
more rapidly than the other term. Thus
(3.20) lho — hal|oiey < e(D, N,m,p, B)(log(3 + 1))~ (m=2/p),

for § <6,0< B <1/(20).
~ Estimate (3.20) for general § (with modified constant) follows from (3.20) for § <
0 and the LP-boundedness of the scattering amplitude (this because it is continuous

(3.19) P2 — Pl orzp) < (N, p,m)
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and decays at infinity like in Lemma 3.1). This completes the proof of Proposition
3.4. OJ

4. Estimates of the Faddeev functions

LEMMA 4.1. Let vy, vy be two potentials satisfying (1.8), (1.10), with ||v;|lm1 < N,
hi, hy the corresponding scattering amplitude and py(z, ), p2(z, A) the corresponding
Faddeev functions. Let 1 < s <2, and § be as in (2.3). Then

ha(\) — T (X
@1 swpla() - m o < o, )| A
zeC LS((C)
(42)  sup |2 dmEIN ‘M
ec| 02 0z lps(g) L*(C)
+Hh2—h1 Ls((c)]

PROOF. We begin with the proof of (4.1). Let
(4.3) V(2 A) = pia(2, A) = (2, ).

From the d-equation (2.8) we deduce that v satisfies the following non-homoge-
neous J-equation:

(4.4) (%\V(z,)\) _ e‘ifrz) (hlg)y(z,x) + M_M(Z, A)) ,

for A € C, where e_,(z) is defined in (2.9). Note that since, by Sobolev embedding,
v € L®(D) C L*(D), we have that v(z,-) € L’(C) for every § > 2 (see (2.11)).
In addition, from Proposition 2.1 (see (2.10)) we have that h(\)/A € LP(C), for
1 < p < o0. Then it is possible to use Lemma 2.3 in order to obtain

||V<Z7 >||L§ < C(DaN7 3)

L:(©)
ha(A) = h(A)

A

< C(D7 N7 S) sup ||M2(Z7 ')HLOO
zeC L#(C)
hao(A) — hi(A
< oD N, 5|2 =N
L3(C)

where we used again the property (2.11) of us(z, \).
Now we pass to (4.2). To simplify notations we write, for z, A € C,

, opi(z, A ~ opi(z, A
(e, 3) = IED (e ) = WD

) =1,2.
G o J

Y
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From the 5-equ§tion (2.8) we have that p? and ,u; satisfy the following system of
non-homogeneous 0-equations, for j = 1,2:

9 (e, n) = DO BN GIE - i)

oA 47 A
9 _ea(®m) () 3T
ST N) = S () — i (2 0))

Define now 4, (2, \) = (2, N)=£1il(2, \), for j = 1,2. Then they satisfy the following
two non-homogeneous J-equations:

(e = £ 2B G 2 i R )

Finally define 72 (2, \) = p3(2,\) — pi (2, A). They satisfy the two non-homogeneous
0-equations below:

iT:t(Z, )\) =+

a)\ - = T:t(Z,)\> +

e_x(2) [hl)(\)\)

# 2 52 ((ha) — 1) ) + ) |

where v(z, \) was defined in (4.3).

Now remark that by [23, Lemma 2.1| and regularity assumptions on the potentials
we have that pf(z,-),pl(z,-) € L?(C) N L>(C) for any § > 2, j = 1,2. This, in
particular, yields 71(z,-) € L?(C). These arguments, along with the above remarks
on the L” boundedness of h;(\)/), make possible to use Lemma 2.3, which gives

’ ha(N) = b (V) ——
.

by ,Uﬁ:(zv )
+ [[(ha(-) = ha(:))pa(z, )
L(C)

H7-i<27 ) L3(C) < C<D7N7 3)

Ls(C)

o) + [P ()v(z, )

ha(N) - hi())

ho — h
X + || o 1

<¢(D,N,s) “
Ls(C)

+ [l 2o v (2, -)||L§(fc>]

ha(A) — (M)
S e

SC(D,N,S)“ + [|he — g LS(C)]»
Ls(C)

where we used Hélder’s inequality (since 1/s = 1/2 + 1/5) and estimate (4.1). The
proof of (4.2) now follows from this last inequality and the fact that pu? — pl =
(T + 7). U
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REMARK 4.1. We also have proved that

8/12(2, ) o a:ul(za )
0z 0z

B = ()

sup
zeC

gc(D,N,s)“

L3(C)
LS((C)] :

We will need the following consequence of Lemma 4.1.

L*(C)

+ ||y — My

LEMMA 4.2. Let vy,ve be two potentials satisfying (1.3), (1.8), (1.10), with
|0j|lma < N. Let hy, hy be the corresponding scattering amplitude and ji1(z, N), p2(2, A)
the corresponding Faddeev functions. Let p,p’ such that 1 < p < 2 < p' < oo,
1/p+1/p'=1. Then

ha(N) - hi(N)

(45) [l 0) — 1 (- 0) Loy < (D, N ) ]

LP(C)NLP' (C) .

PROOF. We recall again that if v € W™ (R?), m > 2, with suppv C D then
v € LP(D) for p € [1,00]; in particular, from Proposition 2.1, this yields h(\)/\ €
LP(C), for 1 < p < 0.

We write, as in the preceding proof,

(4.6) v(2,N) = 1a(2,A) — (2, M),

which satisfies the non-homogeneous 9-equations (4.4). From this equation we obtain

(A7) v(z,0)| = /C %&”@y(%wf{emm

n / e-al2) ha(N) — () )\)dRe/\dIm)\‘
C

47\ A
hi(\)
A\

<L supllvlz, )]
Su V Z . T
- 47T2 ze((I:j) ’ L LTI

ha(A) = ha(A)
AN

+ L sup (= )l
— SUu AR oo
472 zeg K2\, L L1

where 1/r +1/r' = 1,1 <1’ <2 <r < oo. The number s = 2r/(r + 2) can be
chosen s < 2 and as close to 2 as wanted, by taking r big enough.
Then

1

A

hi(A)
AN

hi(A)

A < C(N7 T)?

La(N<R)

(4.8) ’

L™ (]N<R) ‘ Lr

where we have chosen p > 2 such that th(/\)/j\”m < ¢(N,p) from (2.10) and also,
since 1/¢=1/r" —1/p=1—1/r —1/p, q can be chosen less than 2 by taking r big



14 G. NEW GLOBAL STABILITY IN 2D

enough depending on p. With the same choice of p, ¢ we also obtain

() m|| |t

(4.9) 2 == |5

< ¢(N,r).
LP(|A[>R)

A

A\ L (IA\|>R) B La

From Lemma 4.1 with r = § = 2s/(2 — s) we get

ha(A) — hi(A
(1.10) sup (e < e, o) |2
zeC A Ls(C)
and from (2.11)
(4.11) sup |pua(z,A)| < (D, N).
z, eC
Finally
SRR [FU R () — ()
AN L A LP(|\>R) A v
H 1 ha(A) — ha(N)
Y — | >
A L (]A|<R) A L
by taking p’ = s and p such that 1/p+1/p’ = 1. Now (4.5) follow from (4.6)—(4.12);
this finishes the proof of Lemma 4.2. O

5. Proof of Theorems 1.1 and 1.2

PROOF OF THEOREM 1.1. We begin with a remark, which takes inspiration
from Problem 1 at non-zero energy (see, for instance, [22]).

Let v(z) be a potential which satisfies the hypothesis of Theorem 1.1 and u(z, \)
the corresponding Faddeev functions. Since u(z,)\) satisfies (2.11), the d-equation
(2.8) and h(A) decreases at infinity like in Lemma 2.2, it is possible to write the
following development:

pi-1(2) 1
(5.1) u(z,\) =1+ 3 +O<W) , A — 00,

for some function p_q(z). If we insert (5.1) into equation (2.1), for (z,\) =
e* 1u(z, \), we obtain, letting A — oo,

~40pa(z)
(5.2) v(z) = 4i 9

We can write this in a more explicit form, using the following integral equation (a
consequence of (2.8)):

z e C.

1 (V) _
1= —e_ NdN dN .
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By Lebesgue’s dominated convergence (using (2.12)) we obtain
1 h(\)

p(2) =~ [ ez Rdra,

and the explicit formula

(5.3) v(z) = 2—717_2/66_)\<Z) (ih()\),u(z, A) — h<;\) (8#5922’ M)) d\d\.

Formula (5.3) for v; and vy yields

1

~ 92
2 C

vy(2) — v1(2)

e-x(2) [Z’(hz(k) — hi(A)pa(z, )

+ ihl()‘>(ﬂ2(zv)‘) - Ml(z7)‘))

A 0z

IRCICY) (8u2(z, A 8“1@’”)]@ d.

A 0z 0z

Then, using several times Holder’s inequality, we find

[va(2) —vi(2)| < L <HM2(27 Mo llhe = il

272

+ 1l 12, ) = pa (2, )| o

ha(N) =) ||| Opatz, )
- ‘ S S (S
.

p 0z

3N2<27 ) B 6u1(z, )
A 0z 0z |0 )’
for 1 < p < 2, p defined as in (2.3) and 1/p+ 1/p’ = 1/p+ 1/p/ = 1. From
(2.11), (2.10), the continuity of h; and Lemma 2.2, [23, Lemma 2.1] (see the end of

the proof of Lemma 4.1 for more details), Lemma 4.1, Propositions 3.4 and 3.3 we
finally obtain

/

Lp

hi(A)

/

Lp

[vg — v1|| () < (D, N, m, p) (log<3 Do = D[ e, pyorge) P
+ 1Og(3 + ”(I)? - (I)l||I—{11/2_>H_1/2>—(m+1—2/p)
+log(3 + || @2 — P I}%/MHW)‘("%‘Q/”))

< ¢(D, N,m,p)log(3 + ||®s — <I)1||;111/2HH_1/2)—(m—2)‘
This finishes the proof of Theorem 1.1. O
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PROOF OF THEOREM 1.2. We first extend ¢ on the whole plane by putting
o(z) = 1 for x € R*\ D (this extension is smooth by our hypothesis on o). Now

since 0j|sp = 1 and %b[) =0 for j = 1,2, from (1.5) we deduce that

In addition, from (2.13) we get

. 12 .4
thus we obtain, using the fact that o; is bounded from above and below, for j =1, 2,
(5.6) loz = oullz=o) < e(N)lloy" = 01| (m)

= c(N)[p2(+,0) — pa(+, 0)|| Lo ().
Now fix @ < m and take p such that
2
,—— | <p< 2.
max( ’m—a+1) P

From Lemma 4.2 we have
ha(A\) — hi(A
BT lus(20) = (- 0) s~y < (D, N,p) \ had) — m(Y)

A

bl

Lp(C)NLP' (C)

where 1/p + 1/p’ = 1. From Proposition 3.3
ha(N) - hi(A)

3 < ¢(D,N,p)log(3 + || @2 — Pl o, o) TP

LP(C)NLP' (C)
< c(D,N,p)log(3 + ||z — (1)1"1;11/2_>H71/2)_a
= (D, N,p)log(3 + [[A2 = Mall e yp12) ™%
from (5.4) and since a < m+ 1 — 1%. Theorem 1.2 is thus proved. O
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Stability estimates for an inverse problem for the Schrodinger
equation at negative energy in two dimensions

MATTEO SANTACESARIA

ABSTRACT. We study the inverse problem of determining a real-valued po-
tential in the two-dimensional Schrédinger equation at negative energy from
the Dirichlet-to-Neumann map. It is known that the problem is ill-posed and
a stability estimate of logarithmic type holds. In this paper we prove three
new stability estimates. The main feature of the first one is that the stability
increases exponentially with respect to the smoothness of the potential, in a
sense to be made precise. The others show how the first estimate depends on
the energy. In particular it is found that for high energies the stability esti-
mate changes, in some sense, from logarithmic type to Lipschitz type: in this
sense the ill-posedness of the problem decreases when increasing the energy (in
modulus).

1. Introduction

The problem of the recovery of a potential in the Schrédinger equation from
boundary measurements, the Dirichlet-to-Neumann map, has been studied since the
1980s, namely in connection with Calderén’s inverse conductivity problem. The aim
of this paper is to give new insights about its stability issues.

It is well known that the problem is ill-posed: Alessandrini [1] proved that a
logarithmic stability holds and Mandache [20] showed that it was optimal, in some
sense. Nevertheless, Mandache’s result provided also the information that stability
could be increased in a way depending on the smoothness of potentials. Optimal
stability estimates, with respect to smoothness of potentials, were indeed recently
obtained in [27] and [31] in dimensions d > 3 and d = 2, respectively (at zero
energy). However, even for smooth potentials the problem remains ill-posed.

It was observed that one way to increase stability is to modify another factor in
the equation: the energy. Indeed, at high energies the ill-posedness diminishes con-
siderably: this motivated some rapidly converging approximation algorithms in two
and three dimensions |24/, [26], [29] and stability estimates of Lipschitz-logarithmic
type explicitly depending on the energy in three dimensions [16].

In this paper we continue the work started in [31], at zero energy (the Calderon
problem), and give new stability estimates depending on the smoothness of potentials

1
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and the energy. We restricted ourself to the negative energy case, for the simplicity
of the proofs. Results for the positive energy case are indeed similar in many respects
and will be published in a subsequent paper.

We consider the Schrodinger equation at fixed energy F,
(1.1) (-A4+v)p=FE¢ onD, FEER,

where D is a open bounded domain in R? and v € L>®(D) (we will refer to v as a
potential). Under the assumption that

(1.2) 0 is not a Dirichlet eigenvalue for the operator — A +wv — E in D,

we can define the Dirichlet-to-Neumann operator ®(E) : H'/?(0D) — H~/?(0D),
corresponing to the potential v, as follows:

ou
1.3 O(E)f = —
(1) ® =5
where f € HY/2(0D), v is the outer normal of 9D, and u is the H'(D)-solution of
the Dirichlet problem

(1.4) (—A+4+v)u=FEuon D, ul|sp=f.

The following inverse problem arises from this construction.

Problem 1. Given ®(F) for a fixed £ € R, find v on D.

This problem can be considered as the Gel’fand inverse boundary value problem
for the two-dimensional Schrodinger equation at fixed energy (see [11], [22]). At zero
energy this problem can be seen also as a generalization of the Calderén problem
of the electrical impedance tomography (see [7], [22]). In addition, the history of
inverse problems for the two-dimensional Schrédinger equation at fixed energy goes
back to [9] (see also [23, 12] and reference therein). Problem 1 can also be considered
as an example of ill-posed problem: see [18], [5] for an introduction to this theory.

Note that this problem is not overdetermined, in the sense that we consider the
reconstruction of a function v of two variables from inverse problem data dependent
on two variables.

In this paper we study interior stability estimates, i.e. we want to prove that given
two Dirichlet-to-Neumann operators ®;(E) and ®5(FE), corresponding to potentials
v1 and vy on D, we have that

[vr — v2l[ee(p) S w (H‘I)l(E) - q)Q(E)HH1/2(6D)AH*1/2(6D)) 3

where the function w(t) — 0 as fast as possible as ¢t — 0 at any fixed F. The explicit
dependence of w on F is analysed as well.

There is a wide literature on the Gel’fand inverse problem at fixed energy (i.e.
Problem 1 in multidimensions). In the case of complex-valued potentials the global
injectivity of the map v — ® was firstly proved in [22| for D C R? with d >
3 and in [6] for d = 2: in particular, these results were obtained by the use of
global reconstructions developed in the same papers. A global stability estimate for
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Problem 1 for d > 3 was first found by Alessandrini in [1]; a principal improvement
of this result was given recently in [27]. In the two-dimensional case the first global
stability estimate was given in [28]. Note that for the Calderén problem (of the
electrical impedance tomography) in its initial formulation the global uniqueness
was firstly proved in [32] for d > 3 and in [21] for d = 2. In addition, for the case of
piecewise constant or piecewise real analytic conductivity the first uniqueness results
for the Calderon problem in dimension d > 2 were given in 8] and [17]. In the case
of piecewise constant conductivities a Lipschitz stability estimate was proved in [2]
(see [30] for additional studies in this direction).

Most stability results for the Calderéon problem in two dimensions have been for-
mulated with the goal of proving stability estimates using the least regular conduc-
tivities possible (see [19], [4]). Instead, we have tried to address different questions:
how the estimates vary with respect to the smoothness of the potentials and the
energy.

The results, detailed below, constitute also a progress in the non-smooth case:
they indicate stability dependence of the smooth part of a singular potential with
respect to boundary value data.

We will assume for simplicity that

D is an open bounded domain in R?, oD e C?,

(1.5) o o

ve W™ (R?) for some m >2, v=wv, suppv C D,
where
(1.6) W™ R?) = {v : 0’ve L*R?), |[J|<m}, meNuUio},

oM (z)
J € (NU{0})?, J=h+Jo,  0v(z)=——.

NUDY, W= itk ) = oo

Let

follna = ma 07v]12so

We will need the following regularity condition:
(1.7) |E| > Ey,

where Ey = Ey(||v||m.1, D). This condition implies, in particular, that the Faddeev
eigenfunctions are well-defined on the entire fixed-energy surface in the spectral
parameter.

THEOREM 1.1. Let the conditions (1.2), (1.5), (1.7) hold for the potentials vy, vo,
where D is fized, and let ®1(E) , ®o(E) be the corresponding Dirichlet-to-Neumann
operators at fived negative energy E < 0. Let ||vj]|ma < N, j =1,2, for some N > 0.
Then there exists a constant ¢; = c¢1(E, D, N, m) such that

(1.8) [vz = villz=(py < e1(log(3 + [|@2(E) — P1(E)I|S )™,

where « = m — 2 and ||(I)2 — (I)1||* == H(I)Q — (I)1||H1/2(8D)~>H—1/2(8D)'



4 H. STABILITY ESTIMATES IN 2D AT NEGATIVE ENERGY

Moreover, there exists a constant co = co(D, N, m) such that for any 0 < k <
1/(l +2), where | = diam(D), we have

_ —(m—2
(1.9) o2 = villze(y < 2| (IEIY2 + slog(3+571) "

03 4 57Dl

where § = ||Po(E) — $1(E)]|+.
In addition, there exists a constant cz = c3(D, N, m) such that for E,§ which
satisfy

(1.10) |B|"? > log(34+07Y), |E|>1,
we have
(].].1) ||U2 — UlHLOO(D) S C3 |E|_(m_2)/2 10g(3 + 5—1)—(m—2) + (56|E(l+3):| .

The novelty of estimate (1.8), with respect to [28], is that, as m — +oo, we have
a — 400. Moreover, under the assumption of Theorem 1.1, according to instability
estimates of Mandache [20]| and Isaev [14], our result is almost optimal. To be more
precise, it was proved that stability estimate (1.8) cannot hold for ae > 2m for real-
valued potentials and « > m for complex-valued potentials. Indeed, our estimates
are still valid for complex-valued potentials, if |E| is sufficiently large with respect
to [[vllos)-

In addition, estimate (1.8) extends the result obtained in [31] for the same prob-
lem at zero energy. In dimension d > 3 a global stability estimate similar to (1.8)
was proved in [27], at zero energy.

As regards (1.9) and (1.11), their main feature is the explicit dependence on the
energy E. These estimates consist each one of two parts, the first logarithmic and
the second Holder or Lipschitz; when |E| increases, the logarithmic part decreases
and the Holder/Lipschitz part becomes dominant.

These estimates, namely (1.11), are coherent with the approximate reconstruction
algorithm developed in [24] and [29] at positive energy. In fact, inequalities like (1.8),
(1.9) and (1.11) should be valid also for the Schrodinger equation at positive energy.

Note that, for Problem 1 in three dimensions, global energy-dependent stability
estimates changing from logarithmic type to Lipschitz type for high energies were
given recently in [16]. However these estimates are given in the L?(D) norm and
without any dependence on the smoothness of the potentials.

The proof of Theorem 1.1 follows the scheme of [31] and it is based on the same 9
techniques. The map ®(F) — v(x) is considered as the composition of ®(E) — r(\)
and r(\) — v(x), where r()) is a complex valued function, closely related to the
so-called generalised scattering amplitude (see Section 2 for details).

The stability of ®(E) — r(A) — previously known only for E = 0 — relies on an
identity of [25] (based in particular on [1]), and estimates on 7(\) for A near 0 and



2. PRELIMINARIES 5

oo. The estimate is of logarithmic type, with respect to ® (at fixed E): it is proved
in section 3.

The stability of 7(\) — v(x) is of Holder type and follows the same arguments
as in [31, Section 4]. The composition of the two above-mentioned maps gives the
result of Theorem 1.1, as showed in Section 4.

REMARK 1.1. We point out another possible approach to obtain inequality (1.8).
The approach is based on the following observation (which follows from [13, Basic
Lemmal): for potentials v satisfying the assumptions of Theorem 1.1 we have that
v — F is of conductivity type, i.e. there exists a positive real-valued function v, €
L*(D) bounded from below such that

1.12 v— F=——.
(1.12) e
Thus Problem 1 at fixed negative energy is reduced to the the same problem at zero
energy for the conductivity-type potential %. It is then possible to apply the result

of [31] and find the same stability estimate.

REMARK 1.2. In a similar way as in [15], the stability estimates of Theorem 1.1
can be extended to the case when we do not assume that condition (1.2) is fulfilled
and consider the Cauchy data set instead of the Dirichlet-to-Neumann map ®(E).

This work was fulfilled in the framework of research carried out under the super-
vision of R.G. Novikov.

2. Preliminaries

We recall the definition of the Faddeev eigenfunctions ¢(x, k) of equation (1.1),
for x = ($1,.T2) € R2, k= (kl,kg) € EE C CQ, EE = {k € (C2 : k2 = k’%+k§ = E}
for £ # 0 (see [10], [23], [12]). We first extend v = 0 on R? \ D and define ¢ (z, k)
as the solution of the following integral equation:

2.) vk = e+ [ Gl =y )i Ry,

yeR
(2.2) Gz, k) = g(z, k)e'™,

1?2 el

2.3 k) =—(=— ——d¢,
(23) 9(z, k) (2#) /&RQ 1o
where z € R? k € X \ R?. Tt is convenient to write (2.1) in the following form
2:4) ) =1+ [ glo =~y R)ou)aly. b,

yeR

where u(z, k)e* = (z, k).
We define g C X \ R? the set of exceptional points of integral equation (2.4):
k€ Xg\ (Eg UR?) if and only if equation (2.4) is uniquely solvable in L>(R?).
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REMARK 2.1. From [24, Proposition 1.1] we have that there exists Fy, =
Eo(||v|lma, D) such that for |E| > Ey(||v|lma,D) there are no exceptional points

for equation (2.4), i.e. &g = 0: thus the Faddeev eigenfunctions exist (unique) for
all k € ©p \ R2.

Following [13], [23], we make the following change of variables
ki + ik,
JE
and write 1,y as functions of these new variables. For k € g \ (£g UR?) we can
define, for the corresponding A, the following generalised scattering amplitude:

(2.5) b\, E) = ﬁ/@ exp [%\/E (1 + (sgn E) /\1)\)

z=x1 + 129, A=

x ((sgn E)zA + \z) } v(2)u(z, N)dRez dlmz.

This function plays an important role in the inverse problem because of the following
0-equation, which holds when v is real-valued (see [23| for more details):

(2.6) %u(z A) =7z, Mz, ),

for A not an exceptional point (i.e. k(\) € Xg \ (£g UR?)), where

(2.7) r(z,A) = r(\) exp [%\/E (1 + (sgn E))\_lj\> ((sgn E)zX + Az)

(2.8) r(\) = %sgn(/\j\ —1b(\, E).
We recall that if v € W™!(R?) with suppv C D, then ||9]|,, < +0o, where
2.9) )= (2n)? [ erula)dn,  pec?
(2.10) ullm = sup (1 + [p|*)™2u(p)],
peER?

for a test function w.
The following lemma is a variation of a result in [24]:

LEMMA 2.1. Let the conditions (1.5), (1.7) hold for a potentials v and let E €
R\ {0}. Then there exists an R = R(m, ||0],,) > 1, such that

m/2

(2.11) b\, E)| < 200l (1+ | E] (1Al + sgn(E)/|A])°)

for || > itz and A] < 5.
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PROOF. We consider the function H(k,p) defined as

1 i(p—k)x
(2.12) _Mhm_éaz@e<>m@w@mm,
for
(2.13) k:MM:<%§Q+A1)%?Q1—AO,

A€ C\ {0}, Imk()\) # 0, p € R? and 9(x,k) as defined at the beginning of this
section. Since &g = ) (see Remark 2.1), the function H(k(X), k(A) +k(N\)) = b(\, E)
is defined for every A € C\ {0}. Then, by [24, Proposition 1.1, Corollary 1.1] (see
also Remark 2.2) we have

(2.14) [H (k,p)| < 2[0l|m(1+p%)"™2,  for k| > R(m, [|0]),

where |k| = (|Rek|? + [Imk|?)*/2. This finishes the proof of Lemma 2.1. O

At several points in the paper we will use [24, Lemma 2.1|, which we restate in
an adapted form.

LEMMA 2.2. Let the conditions (1.5), (1.7) hold for a potentials v. Let u(z, k) be
the associated Faddeev functions. Then, for any 0 < o < 1, we have

O, k)| |On(z, k)
81‘1 8:162

for k € C? such that k* < 0 and |k| > R, where R is defined in Lemma 2.1.

215) (e k)—1] + \ ‘ < Ik~ c(m, )|,

Throughout all the paper ¢(a, 3,...) is a positive constant depending on param-
eters a, 3, ...

REMARK 2.2. Even if [24, Proposition 1.1, Corollary 1.1, Lemma 2.1] were proved
for £ > 0, they are still valid in the negative energy case (and zero energy case).

We also restate |3, Lemma 2.6, which will be useful in section 4.

LEMMA 2.3 ([3]). Let ¢1 € L (C)NL*=(C), 1 < 51 <2 < s9 < 00 and ¢ € L*(C),
1 < s<2. Assume u is a function in L¥(C), with 1/5 = 1/s — 1/2, which satisfies

ou (A
(2.16) é):%mmn+@m, rec.
Then there ezists ¢ = c(s, s1,$2) > 0 such that
(2.17) [ullrs < cllgollLs exple(llgillo + (a1l zs2))-

We will make also use of the well-known Holder’s inequality, which we recall in
a special case: for f € LP(C), g € LI(C) such that 1 < p,qg < 00, 1 < 1 < 00,
1/p+1/qg=1/r, we have

(2.18) I fgllry < I fllze) gl Lace)-
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3. From ®(FE) to r(\)

LEMMA 3.1. Let the conditions (1.5), (1.7) hold and take 0 < a; < min (1 |E2‘;/2>,

as > max (1 |E|1/2>, for E € R\ {0} and R as defined in Lemma 2.1. Then for

p > 1 we have
; . “m/2 m—14j42
(3.1) H‘)\’Jr<)\)HL9(|/\|<al) < c(p,m)||0]|m|E| /2a1 o /p,

. N —m —m—1+75+2
(32) NP O o sy < 0Bl B2,
where j =1,0,—1 and r was defined in (2.8).
PROOF. It is a corollary of Lemma 2.1. Indeed |r(\)| = 7|b(A, E)|/|A| and

[l o)
e )

_ ||77||m P (m—1+j5)p+2
- C(p7 m) |E|m/2 a; )

which gives (3.1). The proof of (3.2) is analogous. O]

LEMMA 3.2. Let D C {x € R? : |z| < I}, E < 0, vy,vy be two potentials
satisfying (1.2), (1.5), (1.7), ®1(E), 2(E) the corresponding Dirichlet-to-Neumann
operator and by, by the corresponding generalised scattering amplitude. Let ||v;]|m1 <
N, 5 =1,2. Then we have

(3.3) [b2(N) = bi(N)| < (D, N)eHOVIFRFYD|[9y(E) — @, (E)|., A € C\ {0}.
PRrROOF. We have the following identity:

3O 00 -0 = (5) [ oo FOD@LE) - 01(E) sl N

where 9;(x, k) are the Faddeev functlons associated to the potential v;, 2+ = 1,2. This
identity is a particular case of the one in |25, Theorem 1]: we refer to that paper for
a proof.

From this identity we obtain:

1
(3.5) [b2(A) = b1(A)] < Wllw(wk)llm/zwp)\l@z(E) — ©1(E)|[llb2 (-, B) | 1720
Now, for p > 2, using the trace theorem and Lemma 2.2 we get
105, KO 1200y < el (- k() lwra )

VIE], VIEL
< e WA+ 1/[ADe A

< Ce\/?(l+1)(|,\|+1/|,\|)”pdj(" kO‘))HWLﬁ(D) < c(D, N, m)e \23|(l+1)(\)\|+1/\)\|)’
for 7 = 1,2. This, combined with (3.5), gives (3.3). O

k) llwra )
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Now we turn to the main result of the section.

PROPOSITION 3.3. Let E < 0 be such that |E| > E; = max((2R)?, Ey), where R
is defined in Lemma 2.1 and Ey in Remark 2.1, let vy, ve be two potentials satisfying
(1.2), (1.5), (1.7), ®1(E), P2(E) the corresponding Dirichlet-to-Neumann operator
and 11,79 as defined in (2.8). Let ||vg||lm1 < N, k =1,2. Then for everyp > 1 there
exists a constant 6y = 01(FE, D, N, m,p) such that

(3.6) 1A [rs — 7]l ooy < 61 log(3 + 6~1)~(m=2),

for j = —=1,0,1, 6 = ||Do(E) — ®1(E)||«. Moreover, there exists a constant Oy =
02(D, N, m,p) such that for any 0 < r < 5, where | = diam(D), and for |E| > E
we have

- _ _ —(m—2
(3.7) 1A I = rillloe) < B2 |1EI7 (E[Y2 + klog(3 +671) "

5(3+571)E(l+2) |E|1/2(l+2) . _1 O 1
|E|1/2p € ) j_ » My

In addition, there exists a constant 63 = 63(D, N, m,p) such that for E,§ which
satisfy

(3.8) |E|Y? > log(3 +071),
we have
j —-m —1\—(m— g
(39)  [IAPIr2 — ralllzoe) < 63| |E] ™2 1og(3 +671) "™ 2) 4 W@'E(‘“)lv
for j =—1,0,1.

PROOF. Let choose 0 < a; <1 < as to be determined and let
(3.10) §=||P2E) — D1(E)|4
We split down the left term of (3.6) as follows:
A e = r1lll 2oy < NI Ira = 71lllzogai<an) + 1AP Ire = 710l 2r(as <i1<a)
+ A Ir2 = rilll 2o > as)-
From (3.1) and (3.2) we have
(3.11) 1A 72 = 71| Eo(aj<ar) < (N, p,m)| E| 7™ 2a] =427,
(3.12) 1A 72 = il zoasaz) < (N, p,m)|B|~™/ 20y ™ 207,

From Lemma 3.2 and (3.10) we obtain, for j = —1,0, 1,

(3.13) ||\)\]j|r2 _ T1|HLP(a1<|/\|<a2) < c(D,N,p) (e( |E|l+2)/a1 + el |E|l+2)a2> _

)
|E|1/2p
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We now prove (3.6). Fix an energy E < 0 satisfying the hypothesis and define

(3.14) ay = ai = Blog(3+ 1),
1
for 0 < 8 < 1/(Iy/|E| + 2). We choose d5(F) < 1 such that for every § < §5(F),
as > 1 (and so a; < 1). Note that since £} > (2R)?, the estimates in Lemma 3.1
hold for a; < 1 and ay > 1.
The aim is to have (3.11), (3.12) of the order log(3+6~")~(™=2). Indeed we have,
for every p > 1 and 0 < d3(FE),

a' I < (B)log(3 + 07T, gy T < ((B) log(3 + 671 T2,
for j = —1,0,1. Thus, for § < dg(E),

1A [r2 = ri|l|pecy < e(D, N,m, p, ){|E| m/2og(3 + 1) ~(m=2)

+ (346" )ﬁ<\/l_ffll+2>] .

BIE

Since by construction 3(1/|E|l 4+ 2) < 1, we have that

b
(3.15) [/ (340" HSWIEIHF2 50 for § — 0

more rapidly than the other term, at fixed E. This gives

(3.16) 1IAP 72 — rill vy < (B, D, N,m,p, §) (log(3 +84)) "2,

for § < 03(E) (where dg(E) is sufficiently small in order to estimate the term in
(3.15)). Estimate (3.16) for general ¢ (with modified constant) follows from (3.16)
for § < é5(E) and the fact that ||[A|*|r;|l|ep) < ¢(D,N,p), for j =1,2, k= —1,0,1
and p > 1: this follows from Lemma 3.1 (usmg the fact that |E| > R): indeed the
estimate of Lemma 2.1 hold for every A\ € C, since |E| > R.

In order to prove (3.7) we define, in (3.11)-(3.13),

1 klog(3+4d71)
(3.17) ag—a—l—l+w>

for any 0 < k < z+2 Note that we have a; > 1 and a; < 1. Thus we find, for every

pzlj_ 1071a

e B2

' = (B2 + klog(3+6-1)"
’E|(m—2)/2

a,fm71+]+2/p <

’ T (|E|Y? + klog(3+6-1)"
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We have also that
cWIEIHD a1 | (/EIH2)a2 < 9o (+D)(BI +xlog(3+57))

=2(3+46 ) K(1+2)  (14+2)| B/

Repeating the same arguments as above we obtain, for ¢ > 0,

IAFlr2 = illascy < oD N ) |EI (E1 + wlog(3 7)™

6(3 + 6 ) l+2) e(l+2)|E‘l/2
|E|1/2p ’

which proves estimate (3.7).
We pass to estimate (3.9). Take, in (3.11)-(3.13),

1
(3.18) ay = — =log(3+4671).
ay
Define 6 < 1 such that for § < § we have ay > 1 (so a; < 1). From our assumption

(3.8) we have that e(VIEI+2/a1 o o(VIEIHDaz - 90IEI(42)  Then we obtain, using the
same arguments as above,

?

m m— 5
INPIra = il < (D Nom. )| L] log(3 4710 4 o e

for § < 4. To remove this last assumption we argue as for (3.6). This completes the

proof of Proposition 3.3. OJ
4. Proof of Theorem 1.1

We begin with a lemma which generalises |31, Proposition 4.2| to negative energy.

LEMMA 4.1. Let E < 0 be such that |E| > E;, where Ey is defined in Propo-
sition 3.3; let vi,ve be two potentials satisfying (1.5), (1.7), with ||vj||m1 < N,
p1(z, A), pa(z, X) the corresponding Faddeev functions and ry,ro as defined in (2.8),
(2.7). Let 1 < s <2, and § such that 1/ =1/s —1/2. Then

(4.1) sup [p2(z, ) = (2, )13y < (D, N, s,m)|ra — 1
ze

Opa(2,-) _ Om(2,) <¢(D,N,s,m) [||7"2 — 1

Ls(C);

(4.2) sup

zeC

0z 0z L3 (C) e

1
""E‘l/Q H(|)\|—|— > |T’2—T1| +||r2_T1|LS((C) .
B e

PROOF. We begin with the proof of (4.1). Let
(43) I/(Z,)\) ::u2(z> )‘) _:ul(za >‘)
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From the 0-equation (2.6) we deduce that v satisfies the following non-homoge-
neous J-equation:

(4.4) %V(z, A) =1r1(z, vz, A) + (ra(z, A) — iz, N))pa(z, A),

for A\ € C. Note that from Lemma 2.2 we have that v(z,:) € L’(C) for every
2 < § < oo. In addition, from Lemma 2.1 (using the fact that |E| > R), we have
that ||7;]|Lr(py < c(D,N,p,m), for 1 < p < oo, j = 1,2. Then it is possible to use
Lemma 2.3 in order to obtain

vz, )les < oD, N, s,m) ||z, M) (2 (0) = 1 (V)]

Ls(C)

<¢(D,N,s,m) Sup 122, )|z [Ir2 = 71l e g
zE

<¢(D,N,s,m)||ra —

Ls(C)»
and the constant is independent from FE for |E| > R, because of Lemma 2.2 and
Lemma 2.1.

Now we pass to (4.2). To simplify notations we write, for z, A € C,

, opi(z, A A opi(z, A
(e, 2) = PNy = Gle)

From the 5—equ§tion (2.6) we have that p? and 1l satisfy the following system of
non-homogeneous 0-equations, for j = 1,2:

(2,0 = ri(2,0) (uf;(z, y + VI (A-3) A)) |

. j=1,2.

o\ 2
G123 = 152, ) (ui(z, N+ VI (5-2) it A)) |

Define now . (z, \) = (2, N £l (z,\), for j = 1,2. Then they satisfy the following
two non-homogeneous 0-equations:

94 (2 = 1y(z0) (iuﬂg(z, 0 ((-1) = (3-0) m) -

O\

Finally define 72 (2, ) = p3(2,\) — pi(z, A). They satisfy the two non-homogeneous
0-equations below:

%Ti(Z,)\) = |:j: <7“1(Z, )‘)T:l:(z>/\) + (TQ(Zv)‘) - 7’1(2, )‘))/Li(zv A))

+ @ (()\ _ %) + G _ A)) ((rs(z0) = (2 Az, W) 4 72 (2, Nz 0 ) }

where v(z, \) was defined in (4.3).
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Now remark that by Lemma 2.2 and regularity assumptions on the potentials we
have that pi(z,-), ui(z,-) € L*(C) N L*>(C) for any § > 2, j = 1,2 (and their norms
are bounded by a constant C'(D, N, p, m) thanks to Lemma 2.2). This, in particular,
vields 74(z,+) € L¥(C). These arguments, along with the above remarks on the L?
boundedness of 7, make possible to use Lemma 2.3, which gives

I+ (2, )]

C(D’N7S)m) [Hr? - T1|

L3(C)

L@l (2, )= ()
1

+V|E| |A|+/\ rg — 11| | 12(2, )| Lo ()
Al L5(C)

m)]

<DNsm>[Hr2—m|Ls + |E(H(M|+w)|rz—m

LS((C))] )

where we used Holder’s inequality (2.18) (since 1/s = 1/2+ 1/8) and estimate (4.1).
Again, the constants are independent from F since |E| > R.

The proof of (4.2) now follows from this last inequality and the fact that p2—pl =
(T4 — 7). O

AL+ Il z2 e (2, )l

Ls(C)

+ [[Allrz =

N | #—=

REMARK 4.1. We also have proved that

a/L?(zv ) a:ul(z7 )
- < D N - s

1
+|E|1/2 H<|)\|+ > ’T’Q—T1| +||r2_T1|LS(C) .
B o

PROOF OF THEOREM 1.1. We recall the derivation of an explicit formula for the
potential, taken from [23].

Let v(z) be a potential which satisfies the hypothesis of Theorem 1.1 and u(z, \)
the corresponding Faddeev functions. Since p(z, A) satisfies the estimates of Lemma
2.2, the d-equation (2.6) and b(\, E) decreases at infinity like in Lemma 2.1, it is
possible to write the following development:

sup
zeC

(4.5) u(z,)\):1+u )\< )—I—O(l)\1|2)7 A — 00,
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for some function p_q(z). If we insert (4.5) into equation (1.1), for ¢(z,\) =

e*\/‘zﬁ(z/’\”)‘)u(z, A), we obtain, letting A — oo,

(4.6) v(z) = —2|E]1/2au5—2(2), z e C.

More explicitly, we have, as a consequence of (2.6),

1 T(Zv )‘,) N/
1= ! .
iz, A) 277 | N p(z, N)dA dX

By Lebesgue’s dominated convergence (using Lemma 2.1) we obtain

1 -
pa(2) =~ | rle VG Ndrar

and the explicit formula

(4.7)  v(z) = ]E7r|;/2 /Cr(z,)\) (’E’;ﬂ (A - %) p(z, ) + (a’ugzz’ )\))> d\d.

Formula (4.7) for v, and vy yields

—v(z) = £
valz) — vy (2) = 2L /

™

0 0 0 _
+ (rg — 1) (%) +7r (% — %)]d)\d)\.

Then, using several times Holder’s inequality (2.18), we find

2 ([
-3

12 /
’Eé ()\ - i) ((ra = r)1m + 11 (7 = 72))

E 1/2
oo(z) — () < EL

2 (2, )| o
1

otz ) = me, ->||Lﬁ)

LP
Opa(z, -
s =l | 222
'
Opa(z, - Oy (2, -
|22 Ol ]
P
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for 1 <p<2 psuchthat 1/p=1/p—1/2and 1/p+1/p'=1/p+1/p' = 1. From

Lemmas 4.1, 2.2 and 3.1 we obtain
< 1
|E|'/? ( H ()\ - X) (rg —11)

1
+ > Il — 7"1||le(@>> +lr2 — mIILp] :

[v2(2) = v1(2)| < e(D, N,m, p)| E|/?

Ll

k=—1
Now Proposition 3.3 gives
(48) vz = wllze(p) < c(B, D, N,m)(log(3 + || @(E) — @1 (E)[|H)) "2,

which is (1.8). Estimates (1.9) and (1.11) are also obtained as a consequence of the
above inequality and Proposition 3.3. This finishes the proof of Theorem 1.1. 0
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