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ABSTRACT. The problem of the stable determination of the coefficients
of second order elliptic partial differential equations arising in inverse
problems is considered. Results of uniqueness and stability at the bound-
ary were obtained in [3] and extended in [8, 9] for the conductivity equa-
tion. The common features of these papers are the employment of the
singular solutions and the monotonicity assumption introduced in [3].
We revisit the techniques adopted in these papers to stably determine
the absorption coefficient in anisotropic media by means of Optical To-
mography (OT) in the so-called static case. This also shows that the
monotonicity assumption is realistic at least in the context of OT.
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1. Introduction

We start by considering the well known inverse conductivity problem. In ab-
sence of internal sources, the electrostatic potential u in a conducting body,
described by a domain €2 C R", is governed by the elliptic equation

div(cVu) =0 in €, (1)
where the symmetric, positive definite matrix o = o(x), x € €, represents the

(possibly anisotropic) electric conductivity. The inverse conductivity problem
consists of finding o when the so called Dirichlet-to-Neumann (D-N) map

Ay i uloq € H%(aﬁ) — oVu-v|ga € Hﬁé(aQ)
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is given for any u € H'(Q) solution to (1.1). Here, v denotes the unit outer
normal to J€). If measurements can be taken only on one portion I' of 92, then
the relevant map is called the local D-N map.

This problem arises in electrical resistivity tomography (ERT) (or more
generally electrical impedance tomography EIT), a method used for subsur-
face geophysical imaging, industrial process monitoring and as an experimen-
tal medical imaging technique. Different materials display different electrical
properties, so that a map of the conductivity o(z), € Q can be used to in-
vestigate internal properties of 2. The first mathematical formulation of the
inverse conductivity problem is due to A. P. Calderén [19], where he addressed
the problem of whether it is possible to determine the (isotropic) conductivity
by the D-N map.

The case when measurements can be taken all over the boundary has been
studied extensively in the past and fundamental papers like [3, 37, 38, 54]
show that the isotropic case can be considered solved. On the other hand the
anisotropic case is still open and different lines of research have been pursued.
One direction has been to find the conductivity up to a diffeomorphism which
keeps the boundary fixed (see [39, 40, 41, 46, 53]). The original work of [41]
assumed that the metric was real-analytic with topological assumptions sub-
sequently relaxed in [39, 40] in the context of local data. We also refer to
the work [22] which introduced methods for studying the anisotropic Calderén
problem on manifolds which are not real-analytic, but where the metric has a
certain form. This result is based on the concept of limiting Carleman weights,
earlier introduced in [36] for the Euclidean case and partial data. We refer to
[20] and [35] for related works on the stability and reconstruction respectively
of anisotropic conductivities. We also mention that the results obtained in [22]
have been improved in [23]. Another direction has been the one to assume
that the anisotropic conductivity is a priori known to depend on a restricted
number of spatially-dependent parameters (see [3, 8, 9, 24, 25, 42]).

Alessandrini [3] considered the case when o(x) is anisotropic and it is a priori
known to have the structure o(x) = o(a(x)), where t — o (t) is a given matrix-
valued function and a = a(z) is an unknown scalar function. In [3] results of
uniqueness and stability at the boundary are proven by using the method of
singular solutions under the additional assumption of monotonicity

Do (t) > Const.I > 0.

These results have been extended in [8] and[9] to the case when ¢ has the more

general structure
o(z) = oz, a(x)), (2)

where a(z) is an unknown scalar function and o(x,t) is given and satisfies the
monotonicity assumption

D;o(z,t) > Const.I > 0, (3)
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in the case of full and local data respectively. The singular solutions introduced
in [3] have been extended in [51] for the more general operator of type

Lu = —div(cVu + Pu) + Q - Vu + qu, (4)

where the leading order coefficients matrix o = o(x) is merely Holder contin-
uous and some positivity condition is imposed on the lower order terms. We
recall that singular solutions have also been used by Isakov [31] to determine
discontinuities in the conductivity for the isotropic case. However, only Green’s
function type singularities were needed for this purpose.

In the present paper the author considers the inverse problem of determining
the optical properties of a medium and shows that the structure (2) introduced
in [8, 9] is appropriate in optical tomography (OT). This is the problem of
determining the spacially dependent optical properties (the absorption and the
scattering coefficients pi,, 1s respectively) when light in a narrow-wavelength
band in the near infrared is employed to transilluminate tissue (see [11, 13, 14]).
We also refer to [28, 29, 30] for related topis in OT. The resulting measure-
ments of intensity on the tissue boundary are then used to reconstruct a map
of the optical properties within the tissue. In the so-called OT static case
the integral equation (Radiative Transfer Equation) typically used to model
this problem can be reduced (under certain conditions) to an elliptic partial
differential equation of type

div(eVu) —qu =0 in Q, (5)

with

o =0z, pa(r)),  q=palr), (6)
where p,(z) is a function (the absorption coefficient) to be determined and
o(z,t) is given and satisfies the monotonicity assumption

Dio(z,t) < Const.I < 0. (7)

Notice that although Dio(x,t) is a negative definite matrix in (7), whereas
the case of a positive definite D;o(x,t) was considered in [8, 9], the arguments
used in the current paper and in [8, 9] continue to work if Dyo(z,t) satisfies
either (3) or (7). In other words a monotonicity assumption of either type
(3) or (7) seems to be a realistic hypothesis that is satisfied for example in
the OT problem considered in this manuscript. The result presented here also
shows that the machinery of the stability proofs at the boundary via singular
solutions introduced in [3] works also in the more general case (5), where the
equation has an extra zero order term. The OT formulation given by (5), (6) is
achieved in the static case if it is assumed that the scattering coefficient us has
been determined by employing a different imaging modality (like MRI) prior
to the application of OT and the structural information we are interested in
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is the determination of p,. The main focus of the present paper is indeed on
the stable determination at the boundary of u, and its derivatives by pursuing
the same line of investigation of [8, 9]. This is done by considering anisotropic
diffusion tensors o(z,t) arising in OT that are real matrix-valued functions.
The time-harmonic case where o(z,t) is a complex matrix-valued function will
be investigated in future work. The case in which p, is known and the scat-
tering coefficient ps is to be determined can be treated in a similar manner to
the one considered in this work. In medical applications, while the scattering
coefficient us varies from tissue to tissue, it is the absorption coefficient pu,
that carries the more interesting physiological information as it is related to
the global concentrations of certain metabolites in their oxygenated and de-
oxygenated states. Moreover, many tissues including parts of the brain, muscle
and breast tissue have a fibrous structure on a microscopic scale which results
in anisotropic physical properties on a larger scale.
We shall also emphasize that the stable determination of u, (or equivalently
of us) and its derivatives at the boundary are useful tools to infer uniqueness
and stability of u, (or ps) in the interior, which represents the preliminary
goal to achieve an image of the interior of Q (the body under investigation).
On the other hands, it is well known that the inverse boundary value prob-
lem of determining ¢ in (1) from the knowledge of the D-N map is severely
ill-posed. Indeed, regarding the stability of the inverse conductivity problem,
Alessandrini [2] proved that, assuming n > 3 and a-priori bounds on o of the
form

llo|| s ) < E, forsome s > %—FQ, (8)

o depends continuously on A, with a modulus of continuity of logarithmic type.
For subsequent results of this type we also refer to [3, 4] and to [15, 16, 43] for
the two-dimensional case. The common logarithmic type of stability cannot be
avoided ([5, 44]). However, the ill-posed nature of this problem can be mod-
ified to be conditionally well-posed by restricting the conductivity to certain
function subspaces. Well-posedness is here expressed by Lipschitz stability. A
first result of this kind was established by Alessandrini and Vessella [10], where
the authors proved global stability of o in terms of the local D-N map, for the
case when o is isotropic and piecewise constant on a given finite partition of
Q. This fundamental result was extended later on to different types of inverse
problems. In the context of the inverse conductivity problem to which we refer
in this work, we wish to recall the results of [7, 17] for the cases of real piece-
wise linear and complex piecewise constant isotropic conductivity respectively
and to [25] for the case of a conformal class of piecewise anisotropic conduc-
tivities. All of these results are obtained in terms of local data. We also refer
to [50] where it was shown that the Lipschitz stability constant appearing in
the above mentioned results grows exponentially with the number of domains
partitioning Q and to [6] for a recent result of global uniqueness for anisotropic
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conductivities that are piecewise constant in the context of local data too.

To conclude, we shall point out that the problem of recovering the conductivity
o by local measurements has been treated more recently. In this context we
wish to recall also [18, 21, 27, 33, 34, 47, 48, 49]. The results obtained in the
current paper could be adapted to the case of local data too.

The paper is organized as follows. Section 2 contains the formulation of the
problem in OT for the static case (subsection 2.1) and the main results (subsec-
tion 2.2, Theorems 2.5, 2.6). Section 3 is devoted to a review of the construction
of singular solutions for equations of type (5) having a singularity of arbitrarily
high order at a given point. This is done by following the same line of [3] (see
also [51] for the more general case (4)). The proofs of Theorems 2.5, 2.6 are
given in section 4.

2. The main result

2.1. Formulation of the problem

Although Maxwell’s equations provide a complete model for the light propaga-
tion in a scattering medium on a micro scale, on the scale suitable for medical
OT an appropriate model is given by the Radiative Transfer Equation (or Boltz-
mann equation)[14]. If  is a domain in R™, with n > 2 with smooth boundary
0f) and radiation is considered in the body €, then it is well known that if
the input field is modulated with a fixed harmonic frequency w, the so-called
Diffusion Approzimation leads to the elliptic equation (see [11]) for the energy
current density w

div (KVu) — (g — ik)u = 0, in €, 9)

where k = % is the wave number and K is the complex matrix valued function

K=-— ((ua — k) + (I - B)us)fl,

where B;;(z) = Bj;(x) is a real matrix valued function and I — B is positive
definite ([11, 29, 30]). The spacially varying coeflicients p, and us are called
the absorption and the scattering coefficients of the medium {2 and represent
the optical properties of ). Here we consider the simpler static case k = 0 for
which K reduces to the real matrix valued function

K= (nd + (- Bu) (10)

Although it is common practise in OT to use the Robin-to-Robin map to de-
scribe the boundary measurements (see [11]), the D-N map will be employed
in this manuscript instead. The rigorous definition of this map for an equation
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of type (9) will be given in subsection 2.1.1. For now, we just recall that pre-
scribing its inverse, called the Neumann-to-Dirichlet (N-D) map, is equivalent
to prescribe in OT the more commonly used Robin-to-Robin map. It can also
be shown that prescribing the N-D map is insufficient to recover both coef-
ficients p, and ps uniquely [13] unless a priori smoothness assumptions are
employed [26]. In this paper we consider the problem of determining u, and its
derivatives when us; and B are assumed known. More precisely, we show that
tq and its derivatives at the boundary depend upon Ak ,, with a modulus
of continuity of Lipschitz and Hélder type respectively. These are the main
results of this paper and are contained in Theorems 2.5, 2.6.

We rigorously formulate the problem by introducing the following notation,
definitions and assumptions.

For n > 3, a point # € R™ will be denoted by = = (2, z,,), where 2/ € R"~!
and z,, € R. Moreover, given a point € R™, we will denote with B,.(x), B.(z')
the open balls in R™®, R" ! respectively centred at x and 2’ with radius r and
by @, (z) the cylinder

Qr(z) = BL(2") x (wp, — 1,20 + 7).
We will also denote B, = B,.(0), B. = B..(0) and Q, = Q,-(0).
DEFINITION 2.1. Let Q be a domain in R™. We say that K2 is of Lipschitz class

with constants L, r > 0 if for any P € 0N) there exists a rigid transformation
of R™ under which we have P =0 and

QNQ,={r€Q, : z, > ¢z},
where ¢ is a Lipschitz function on B, satisfying
¢(0) = 0; lellcor(pry < L.

Assumption (on the known parameters u; and B): we assume that ps, B €
W1>°(Q) and that for some positive constants A\, E

A< g () < A, forevery €€, (11)

and
lpsllwr @ < E, (12)
|| Bllwr <@ < E (13)

We introduce the following class of matrix valued functions o(x,t) on Q x

AL A



STABLE DETERMINATION AT THE BOUNDARY 413

DEFINITION 2.2. Given p > n , we say that o(-,-) € H'y if there are positive
constants A, £, F > 0, such that, denoting by Sym,, the class of n x n real
symmetric matrices, the following conditions are satisfied

ceWhP(Qx [A7Y, Al,Sym,,), (14)
Do e WhP(Q x [A71, A, Sym,,), (15)

e$®%qxu(”dﬁ”&m+ﬂ%d¢Wm®

+ | Deo (1) L) + | DiDao (1) [[Lr () > <¢, (16)

AUER < ola €€ < NP, for almost every o € 9
for every t € (A" N, € €R™,(17)

Dio(x,t) &€ < —F|¢)?, for almost every x € Q2 ,
for every t € N1 0], € € R™ (18)

REMARK 2.3. We observe that properties (14) - (17) were satisfied by the one-
parameter family of conductivities o(z, ) belonging to the class H introduced
in [8, 9]. Property (18), which is a property of monotonicity of Dio(z,t) with
respect to the variable t, replaces the monotonicity assumption (3) in H. (18)
states that Dyo(x,t) is a negative definite matrix for almost every € Q, where
the monotonicity assumption (3) of A in [8, 9] required Do (z,t) to be positive
definite instead. In this work we will show that the results obtained in [8, 9] can
be similarly obtained when (3) is replaced by (18) and equation (1) is replaced
by the more general one in (5).

Let us rigorously define the D-N map for (5).

2.1.1. The Dirichlet-to-Neumann map.

If n > 3 and  is a domain in R™ with Lipschitz boundary 09 (with constants
L, r) as in Definition 2.1, we assume that o € L*°(Q2, Sym,,), ¢ € L>(2) satisty
the ellipticity condition
ATHER < o(x)€- € < M€, for almost every x € §,
for every & € R™. (19)
and
At <g(z) <\, for almost every z € Q (20)

respectively. We denote by (-,-) the L2(9)-pairing between Hz (9€2) and its
dual H—2(09).
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DEFINITION 2.4. The Dirichlet-to-Neumann (D-N) map associated with o, q is
the operator

Ao g H?(0Q) — H™2(99) (21)
defined by

(oo f0) = [

(e@Vula) Vo) + al@u@e(@)) dz, - (22)

for any f, g € Hz(8Q), where u € HY(Q) is the weak solution to

div(o(z)Vu(z)) — ¢(x)u(x) =0, in €Q,
u=f, on 0N}

and ¢ € HY(Q) is any function such that plsq = g in the trace sense.

Note that, by (22), it is easily verified that A, , is selfadjoint and that
given o; € L*®(Q,Sym,,), for i = 1,2, ¢; € L*>(Q), satisfying (19) and (20)
respectively, the well known Alessandrini’s identity (see [32, (5.0.4), p.129])

D VA / (01(2) — 02(2)) Vs (x) - Vuun() d

+ / (@1(2) — @2(2)) w (@)ua(e) dz, (23)

holds true for any f; € H=(99), where u; € H L(Q) is the unique weak solution
to the Dirichlet problem

div(o;(z)Vu;(z)) — gi(x)ui(z) =0, in €Q,
u; = fi, on 0f,
fori=1,2.
In the sequel we will denote the D-N map Ag ,, corresponding to (9) (for
k=0) by
A

Ha

to simplify our notation. We will also denote by || - ||« the norm on the Banach
space of bounded linear operators between Hz (9) and H~2 ().

2.2. The main result

The following theorems are the main results of this paper.
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THEOREM 2.5 (Lipschitz stability of boundary values). Let n > 3, p > n
and ) be a bounded domain with Lipschitz boundary with constants L, v as in
Definition 2.1. Let us, satisfy (11), (12), i = 1,2 and B satisfy (13). If g,
satisfies

A< g, () < A, forevery z €, (24)

| ta; [l wiw@)< E, (25)
fori=1,2, then we have
| tay (2) = pay () [l 00y < C || Apay = Dpua, - (26)
Here C > 0 is a constant depending on n, p, L, v, diam(), X\, £, F and E.

THEOREM 2.6 (Holder stability of derivatives at the boundary). Let n > 3,
D, Q, fa;s Ms;, © = 1,2 and B be as in Theorem 2.5. Given y € 0§} and a
neighborhood U of y in Q, assume that for some positive integer k and some
a, 0 < a <1 we have

| si Mlewa@y | Bllera@)< Er, (27)

fori=1,2 and
| Hay = taz llore@)< Bk (28)

Then, for every neighborhood W of y in Q0 such that W C U,

| D*(ptay, = tas) | oo oy < C Il Apay = Dy 199 (29)
where
k «
O = . 30
=1 (30)

Here C > 0 is a constant which depends only on n, p, L, r, diam(Q), dist(W N
o,Q\U), A\, E, F, £ a, k, and E}.

3. Singular solutions

This section is devoted to a review of the construction of singular solutions of
an elliptic equation in divergence form with a lower extra term of order zero.
This type of solutions were introduced by Alessandrini in [3] for an equation
of type (1) and have been extended to solutions of a more general equation of
type (4). The decision to expose in this manuscript the key-points necessary
for the constructions of such solutions in the OT context is driven by the
willingness of keeping the manuscript as self-contained as possible. It is also
hoped that the details highlighted here will be of use for the more physically
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relevant time-harmonic case in OT, where the matrix valued function K is
complex and the zero order term in (9) is complex too. Here we consider an
operator of type

0 0
L=— |0y — ) —gq, in Bp, 31
83% <Uj 8373) 4 lIl R ( )
where the leading order coefficients o;;(x), ¢, = 1,...,n and the zero order

coefficient ¢(x) satisfy
ATHEP < oij(2)6& S NJEP, foreverya, &, x € B, EER",  (32)
I oij lwersm< E, i, j=1,...n, (33)
for some p > n and
At <q(z) <\ foranyx, 2 Bg. (34)

THEOREM 3.1 (Singular solutions for L = div(cV:) — q). Let L satisfy (31)-
(34). For any spherical harmonic S,, of degree m = 0, 1, 2,..., there exists

we W2P(Br\{0}) such that

loc

Lu=0, in Bg\ {0} (35)
and furthermore
Jx
u(r) = log|Jz|So 7z +w(x), whenn=2and m=0, (36)
x
2—n—m Jx .
u(x) = |Jz Sm 7zl +w(z) otherwise, (37)

where J is a positive definite symmetric matric such that J = /(0;;(0)) =1 and
w satisfies

|w(@)| + |2 | |Dw(@)| < Cla > in B, \ {0}, (38)

1
p n
</ |D2w|p) < Cr et forevery 1, 0<r < R/2. (39)
r<|z|<2r
Here a is any number such that 0 < a < 1 — %, and C is a constant depending
only on a, n, p, v, A, and €.

Next we consider three technical lemmas. The proofs of these results for
the case where L = div(oV-) are treated in details in [2] and their extension
to the more general case L = div(cV-) — ¢ is quite straightforward, therefore
only the key points of their proofs will be highlighted here. In what follows A
denotes a positive constant.
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LEMMA 3.2. Letp >n andu € Wli’f(BR\{O}) be such that, for some positive s,

lu(z)| < |z*7%, for any x € Bgr\ {0}, (40)

S

/ |LuP | < Arv %, foranyr, 0<r< E (41)
r<|z|<2r 2

Then we have

|Du(x)| < Clz|'™%, for any =€ Bgr)\ {0}, (42)

1
? n R
/ |D?uP | < Cr»=* foranyr, 0<r< —, (43)
r<|z|<2r 4

where C is a positive constant depending only on A, n, p, A and E.
Proof of Lemma 3.2. The proof is a consequence of the LP interior Schauder

estimate

HD2UHLP(B <

p1p2)

C
Tz Il + ulios,) (49
1

where C = C(n,p, \, E) is a positive constant, 0 < p; < 1 and B,,, B,,,, are
two concentric balls such that u € WP(B,,) (see [45, Lemma 5.6.1]). We refer
to [2, Proof of Lemma 2.1] for a detailed proof of this lemma. O

LEMMA 3.3. Let f € LY (Bgr \ {0}) satisfy

loc

v
/ IFP ] < Ars s, for anyr, 0<r< E, (45)
r<|z|<2r 2

with 2 < s <n < p. Then there exists u € WP (Bg \ {0}) satisfying
Lu=f,  in Bgr\{0} (46)

and
lu(z)] < Clz>™%,  for any x € Bg\ {0}, (47)

where C' is a positive constant depending only on A, s, n, p, R, X\ and E.

Proof of Lemma 3.3. The proof is based on the construction of a fundamental
solution I of the equation Lu = 0 so that

D(a,y)| < Cn Ve =y, forany o #y (48)

(see [52]). See also [1, section 4] for a brief description of this construction and
[2, Proof of Lemma 2.2] for a complete proof of this lemma. O
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DEFINITION 3.4. We shall denote solution u of (46) by
u = TLU.

The last technical result that we recall involves pointwise estimates of some
solution of the Laplace equation and we refer to [2, Proof of Lemma 2.3] for its
proof.

LEMMA 3.5. Let s > n be a non-integer real number. Let f be as in lemma 3.3
and satisfying (45) with p > n. Then there exists u € leo’f(BR\{O}) satisfying

Au = f, in B\ {0} (49)

and such that (47) holds true with C' > 0 a constant depending only on A, s,n,p
and R.

DEFINITION 3.6. We shall denote solution u of (49) by
u = Tgu.

We proceed next with the proof of 3.1.

Proof of Theorem 3.1. The proof follows the same line of [2, Proof of Theo-
rem 1.1]. We will therefore only rephrase the key points of this proof showing
how it can be adapted to the more general case treated here. For simplicity
we first assume that o(0) = I, where I denotes the n x n identity matrix and
prove that, under this additional assumption, for any spherical harmonic S,
of degree m =0, 1, 2, ..., there exists u € leo’cp(BR \ {0}) such that

Lu=0, in B\ {0} (50)
and
u(z) = loglz|So (|;Cc> +w(z), whenn=2and m =0, (51)

u(z) = |z*7""™ S, (|x> +w(z) otherwise, (52)
x
where w satisfies (38), (39). For this, we consider in Br \ {0} the harmonic
H — 2—n—m S i )
(@)=l s,, ()

As in [2, Proof of Theorem 1.1] the idea is to find w satisfying (38), (39) and
such that
Lw = —LH, in B\ {0}.
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We have
82H aaij 8H

—LH =(A—L)H = (6;; — ay; - — —qH
( ) ( J a]) 6.131833] 6.131 (9.’13]' (53)
From [2, Proof of Theorem 1.1] we have
» 1
2 P
/ |0i — aijl” o < Cry e, (54)
r<|z|<2r 833‘1'833]‘
/ 804']' b aiH P\” < Cr%—n—m+,3 (55)
r<l|z|<2r 8.Ti axj N ,

where § =1 — %. Here the extra lower order term —qH can be estimated as

follows
1 1
[ emr) < ocom ([ el
r<l|z|<2r r<|z|<2r

<
2r %

< C(\R) ( / p@"’”)p*“)

< Orpnom (56)

and by combining (54)-(56) together we obtain

1
/ |ILH|P | < Cro—nm+h, (57)
r<|z|<2r

Let a be an irrational number such that 0 < a < 8 and define

K= [T} .
o
If wo = Ts(—LH), then we have
lwo ()| < Oz~ =mF8, for any z, z € Br \ {0}.

We define

! Tsf, f=(A—-Lw; 1, j=1,...,K—1.
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LEMMA 3.7. For any j =0,..., K — 1 we have

lwj(z)] < ClaPmm U (59)

</<”|<2 (A — L)wj|P> < Ors—r-mti+2)a (60)

Proof of Lemma 3.7. . We prove (59), (60) by induction on j. For j = 0 we
have
wo(z)| < Claf~" ="+ < Clafpmmmte

and

(/ |(AL)wj|p> < COrr 20 4 O (/ (cw0p>
r<l|z|<2r r<|z|<2r

< Cr%7n7m+2oz +C / ‘x|(2—n—m+a)p
r<|z|<2r

< Crﬁfn7m+2o¢ + Crﬁfnfera
< Cr%—n—m+a

S

Suppose now that (59), (60) are true for j, i.e.

jwj(@)] < Claf?~n-mHUFDe,

1
p
</ (a- L>wj|”> < Ori-nomiGe
r<|z|<2r

then if we define s = n +m — (j + 2)a, we have that s > n and if we take
Wj+1 = TSf7 with f = (A - L)w]7

then '
|wj1(2)] < Cla>mmHUH2)e (61)

and

1
/ (A—Lyw;1|? ) < CrinmmtUHe o / [
r<l|z|<2r r<|z|<2r

< Cr%7n7m+(j+3)oz

‘C </ | (2t +2)a) p)
r<l|z|<2r

S Cr%—n—nri—(j-i—?))a + Or%—n—nr{-(j—i—?)a
< Orh-n-mtGH9a, (62)
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which conclude the proof. O
(60) with j = K — 1 gives

P
[ =D))< oo
r<|z|<2r

and if we define s =n +m — (K + 1)a, we have s < n. If we define
Wk =TLf, with f = (A - L)wg_1,
we have
Wk ()| < C|z|2nm+E+Da for any x € Bpg\ {0}. (63)

We define as in [2, Proof of Theorem 1.1] the function w

K-1

w=Y"w;+Wk. (64)

j=0
w e W2P(Bg \ {0}) and satisfies
|w(z)| < Clz|>—mte for any z € Bpg\ {0},

moreover

1
b v
/ |Lw[? < (CrynTmte g / lquw?
r<|z|<2r r<|z|<2r

1
Cr%7n7m+a +C / |w|(2—n—m+a)p
r<|z|<2r

N

<
< Cr%7n7m+o‘ + CT%+2fnfm+a
< Crynomte (65)
Estimate (65), together with Lemma 3.2, leads to
|Dw(z)] < Claf' 7t (66)

1
/ ’DQw}p < CrynTmte (67)
r<lz|<2r

In the general case in which the extra assumption o(0) = I is not satisfied,
we consider the linear change of variable £ = Jz, with J = {/(0;;(0))~!, so
that in the new coordinate system the above mentioned extra assumption is
satisfied. In this case (51), (52) must be replaced by (36), (37) respectively,
which concludes the proof. O
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We shall also need the following lemma.

LEMMA 3.8. Let the hypotheses of Theorem 3.1 be satisfied. For every m =
1,2,... there exists a spherical harmonic Sy, of degree m such that the solution
u given by Theorem 3.1 also satisfies

|Du(z)| > |z]*=F™) for everyx,0 < |x| < 7o, (68)
where rg depends only on A\, E, p, m and R.

Proof. The proof of this lemma can be obtained along the same lines as of [2,
Lemma 3.1] and [8, Section 3]. O

4. Proof of the main result.

Since the boundary 92 is Lipschitz, the normal unit vector field might not be
defined on 02. We shall therefore introduce a unitary vector field v locally
defined near 02 such that: (i) ¥ is C'°° smooth, (ii) ¥ is non-tangential to 9.
At this point we would need to quantify 02 in terms of its compactness and
the constants L, r introduced in definition 2.1. We think that this goes beyond
the scope of this paper, therefore we choose to refer to [8, Lemmas 3.1-3.3] for a
precise introduction of 7. Here we will simply recall that the point z, = 2% +77,
where z¥ € 01, satisfies

Cr<d(z;,00) <7, forany 7, 0<7 <, (69)
where 79 and C' depend on L and r only.

LEMMA 4.1. If us, B satisfy conditions (11), (12) and (13) respectively, then
K(xz,t) given by (10) belongs to the class HL, with & being a positive constant
depending only on n, A and E.

Proof of Lemma 4.1. Notice that if ps and B satisfy (11), (12) and (13) re-
spectively, then

K(z,t) € L*=(Q). (70)

We also have
DiK(z,t) = —nK?(z,t) (71)
D,K(z,t) = nK(z,t)[(DeB)ps — (I — B)Dyps| K(z,1) (72)
DD, K(z,t) = —2n°K*(z,t)[(DyB)ps — (I — B)Dyps| K(z,t). (73)

By combining (70) together with (71)-(73) and recalling that I — B is positive
definite, we obtain that K € H._. O
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Note that if K is given by (10), us, B satisfy conditions (11), (12) and (13)
respectively and p, satisfies (24), (25), then

K('vﬂa(')) € Wl’p(Q,Symn), (74)
where p is the number introduced in (25). Furthermore

K pa () wre @) < CEQ +[|pallwrr @), (75)

where C'is a positive constant depending only on A, 2, n and p (see for instance
[8, Lemma 3.6]).

In the following two proofs of the main result the appearance of positive con-
stants that depend on the various quantities n, p, o, 5, k L, r, E, £, F and
) will be common. These quantities represent our a-priori information, there-
fore, we will denote by C' any of these positive constants arising in the proofs
in order to keep the notation simple.

Proof of Theorem 2.5. Let 2° € 99 be such that

(Haz — Mm)(l‘o) = || Hay — fas HLoo(aQ)

and z; = 2% + 77, with 0 < 7 < min{m, %0}, where 79 is the number fixed
in (69) and r( is the number appearing in (68). We set o; = K (-, tta, ), ¢ = Ha, s
for i = 1,2 and m = 0 in Theorem 3.1. The corresponding singular solution
u; € W2P(Q) of

div (K (-, fta; )VU;) — plg,u; =0 inQ

have a Green’s function type of singularity at z, outside 2
wi(@) = [T, (@ = 27" 40 (o = 27, (76)

for i = 1,2. By setting p = r9 we have that B,(z,) N # () and, recalling (23),
we have

/ (K, fiay) — K (@, fiay)) Veur - Vi
QNB,(zr)

= N R

QNB,(z;)

[ K@ ) = K )] V] [V
O\ By (2r)

[ oy = ] )
N\ Bp(z7)

Aoy = By e lnll 3 o T2l 3 o0
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By combining (76) with (77) and the fact that K (x, 14,) is Holder continuous
with exponent 8 =1 — %, we obtain

/ Jiaz (K(xo, Pay) — K (29, /laz) Jial (x —27) - (x — 27)
Q

NBy(zr) |, (2 = 20)|™ [, (T — 27) |7

S C{/ ‘ZE— ZT|272n+a
QNB,(zr)
+/ i L R
QNB,(z,)
+ / ‘.’II— ZT|4—2n
QNB,(zr)

4 / K (@, tay) — K (@, ))& — 222"
Q\B,(2-)

4—2n
+ / lttay = Has| |7 — 27] }
Q\ B, (2r)

1 Ay = By B0 T 102 5 -
Since ’JH% — K(2° pa,) 7t < C7P, for i = 1,2, we have

iy (K0, pra)) = K(2°, o)) I (2= 20) - (2 = 27)
2 (K(x()’u@)il - K(gjohu“al)il)(‘r - ZT) : (I - ZT)

- CTB(M(“ - ,uaz)(xo) |.’13 - Z‘r|2 (78)
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and

(K (2° tap) ™ = K (2° pay) )@ = 2r) - (2 = 27)

Hag (27) 1
= / Dy (K(2°,t)) (z—z) - (z — 2,) dt

ay (2°)

Maz( )
= / ~K Y2 t) D, K(2°,¢) K=Y (2 t)(z — 2,) - (x — 2,) dt
o

a (wO)

Hay (z7)
:/ LD K ) K@ ) (2 — ) - K (20, 8) (x — ) dt
“w

a2(£0)

ﬂng(m ) 9
2]:/ ‘K_l(xo,t)(a:—zT)| dt
o

ap (29)
> FA2 (ftay (2°) = pray () |2 — 2. (79)
By combining (78) together with (79) we obtain
( 20, pig,) — K (a2, ua2)) Jial (x—2) (x—27)
( A2+ C77) (ay (2°) = ptay (2°)) |2 = 2
> C (hay (2°) = p1a, (%)) |2 — 2. (80)
Hence, we have

2—2n
num—mguwm%/ & — |

QNB,(z,)

< C{/ ‘m_ ZT|2—2n+o¢
QNB,(zr)
+/ lx — 2,272 |z — 208
QNB,(zr)

4—2n
+ / [ty = fray| |2 — 27|
QNB,(z)

+/ K (2, jiay) — K (2, prar)] |2 — 222"
\B,(2,)

4—2n
b e = }
OB, (1)

1 Bty = Bty o 101 1 oy 12 U3
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and by estimating the above integrals and the H? (092) norm of u; for i =1,2
(see [2, 8]) we obtain

” Lta, — fay ”LOO(BQ) 7_2—n < C{T2—n+oc +7_2—n+,3 +T4—n +C

1 Ay = Ay e 277} (8)

which leads to
I ttay = Has o)< C{w(T)+ | Ay, = Duoy [} (82)
where w(7) — 0 as 7 — 0, which concludes the proof. O

Proof of Theorem 2.6. Let v be the unit vector field introduced in this section.
We shall prove that

Ja

3; .
%(p’th - /1’0«2) <C || Al - A2) H* ) for every j < k? (83)

L= (0QNW)

where 0 is given by (30). We proceed by induction on k by following the same
line of [8, Proof of Theorem 2.2] and therefore only the points where the two
proofs differ will be highlighted. From theorem 2.5 we have that (83) holds
true for k = 0. Let us assume that (83) holds true for j = k— 1 and prove that
it is true for j = k too.

Let m be a positive integer and 2% € QN W be such that

L OF ok

(10" s = 1)) = || = ) (51)

Lo° (8QNW)

Let z; = 2° 4+ 77, with 7 < min {To, g}, where 7y is the number fixed in (69)
and p = min {ro, &}, where rq is the number depending on the choice of m
which was introduced in (68). With these choices B,(2,) N {2} is nonempty and

B,(2,)NQ C U. (85)

For the choice of p and (85) we recall [8, Lemmas 3.1-33] as explained at
the beginning of this section. Let w; be the singular solution of Theorem 3.1
corresponding to p,,, for ¢ = 1,2 and m. By Lagrange theorem, for every
x € U there exists t(x), 0 < t(z) < 1, such that

K(.’L‘, :ulh) - K(J?, :uaz) = (/’[/al (Z‘) — Hay (Z‘)) DtK(xv 7f)|t:c(z)7 (86)
where e(x) = a(z) + 1(z) ey () — 1o, () and

|Dur—Dug| < C(|o — 27" ™" 7" |tay (2°) = pray (2°)] + |2 — 2 [17"77H), (87)
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which leads to
DtK(mvt)‘t:c(I)Dul ' DUZ < —O|Z‘ - ZT|272(n+m), (88)

for almost every z € B,(z,) N Q. Noting that every € U can be uniquely
represented as x = y — sv, where y € 99, 0 < s < 79, with 0 < 79 < h — L,
Taylor’s formula for pg, — pta, leads to

3k
s = 00)0) > | 2, = ) _
0 Lo (9QNW)
k .
83 .
{z (i — )| &
0

— sk |x—x0°‘} (89)

and by combining Alessandrini’s identity (23) together with (88) and (89) we
obtain

18 = Al 3 o 1213

ak
> H(Nal — ftay)

= [ (00— 2 2o
ov Lo (99NW) J QN B, (2r)
k—1 )
3| s =) | w2
=0 L= (0QnW) JQNB,(2,)
:E aQ))k |$ 0‘a|x _ ZT|2—2(n+m)
QﬁBp(z.r)

/ :,C /1“111) - K(xv Ma2)| ‘.%’ - ZT‘Q_Q(ner)
Q\Bp(zw)

/ |(tay = Hay)(@)]|T — ZT|4_2(n+m)
QNB,(27)

- / |<Ma1 - MGQ)(QT)HJL‘ - ZT‘4_2(n+m)' (90)
Q\Bp(zr)

Estimating the above integrals and the norms Hui”H%(aQ)’ fori=1,2 as
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in [8, Proof of Theorem 2.2] leads to

ak 2 2 k - 2 2
[T vt < O 3 A, = A 0722
ov Loc(anW) =0
+T2—n—2m+a+k+C+T4—n—2m
5, 9-m
L e B
therefore to
or 5 _
|t —pa| | < 0{l, A ) @)
ov Lo (0QNW)

(83) is then derived for j = k by optimizing the choice of 7 in (92). We recall
for sake of completeness that (29) is obtained by combining (83) together with
an iterated use of the following interpolation inequality

0
DSl Lo (o0rm) < C{ Hﬁﬁf

A S gy W15 | 09)
Lo (82

for every f € CH®(Q). Such an interpolation inequality can be found for
example in [2, Lemma 3.2]. O
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