DETERMINING BOTH LEADING COEFFICIENT AND SOURCE
IN A NONLOCAL ELLIPTIC EQUATION
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ABSTRACT. In this short note, we investigate an inverse source problem asso-
ciated with a nonlocal elliptic equation (—V - oV)®u = F that is given in a
bounded open set Q C R™, for n > 3 and 0 < s < 1. We demonstrate both o
and F' can be determined uniquely by using the exterior Dirichlet-to-Neumann
(DN) map in Qe := R™ \ Q. The result is intriguing in that analogous theory
cannot be true for the local case generally, that is, s = 1. The key ingredients
to prove the uniqueness is based on the unique continuation principle for non-
local elliptic operators and the reduction from the nonlocal to the local via the
Stinga-Torrea extension problem.
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1. INTRODUCTION

Inverse problems for fractional partial differential equations (PDEs) have re-
ceived plentiful studies in recent years. The research of fractional inverse problems
was first initiated in [GSU20], where the authors recover the potential by using
the exterior Dirichlet-to-Neumann (DN) map. Moreover, in the work [GSU20], the
authors constructed useful tools: Unique continuation property (UCP) and Runge
approximation property for the fractional Laplacian (—A)?®, for s € (0,1). Based
on these two remarkable results, one may solve several challenging problems in the
nonlocal setting, even they remain open for the local case s = 1. For instance, one
can determine both drift and potential terms for a fractional Schrédinger equation
by the exterior DN map (see [CLR20]). A simultaneous determination for both
unknown obstacle and surrounding medium was investigated in [CLL19]. Variable
coefficients fractional Calderén problem was considered in [GLX17]. In addition,
if-and-only-if monotonicity relations are proved by [HL19, HL20]. These problems
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are either not true or open for the local case s = 1. So far, most of literature
of nonlocal inverse problems are to recover coefficients ”outside” a given nonlocal
operator, such as [BGU21, CMR21, CMRU22, GLX17, CLL19, GRSU20, Lin22,
LL22a, LL23, LLR20, KLW22, RS20].

Recently, the recovery of leading coefficients in nonlocal operators has been stud-
ied. In the works [FGKU21, Fei2l, Riil23], the authors use the local source-to-
solution map to determine the metric (up to diffeomorphism) on closed Riemannian
manifolds for the anisotropic fractional Calderén problem under slightly different
regularity assumptions. More concretely, the local source-to-solution map for this
type problem provides a connection between the associated Dirichlet Poisson ker-
nel, heat kernel and the wave kernel. On the other hand, one can also consider the
exterior DN map as a measurement. In the works [CGRU23, LLU23], the authors
introduces novel reduction formula for both fractional elliptic and parabolic equa-
tions via the Caffarelli-Silvestre type extension. More concretely, the reduction will
deduce that the nonlocal DN maps determines the corresponding local DN map.
In this work, we apply this idea so that we are able to determine both leading
coefficient and source by using the exterior DN map, which cannot be true for the
case s = 1 in general. Similar results have been also investigated in [GU21, LLU22]
by utilizing different methods. Last but not least, we also point out that there
exist several works related fractional inverse problems but in different formulation,
such as [R723, RZ22a, CRZ22, RZ22b, CRTZ22, Zim23, 1.Z23]. In these works, the
leading nonlocal operators have been considered as the combination of fractional
divergence and fractional gradient.

e Mathematical formulation. Let 2 C R” be a bounded open set with Lipschitz
boundary 02 for n > 3, and s € (0,1). Let 0 € C*°(R™) be a scalar function
satisfying

(1.1) A<o(z) <A7Y for x € R™,

for some constant A € (0,1). Given F € L?*(f), consider the nonlocal elliptic
equation

(1.2)

(=V-oV)u=F inQ,
u = f in Qe,

where Q. := R" \ Q. The exterior value problem (1.2) is well-posed by using
a classical argument (via the Lax-Milgram) demonstrated in [GLX17, Section 3].
More precisely, given f € H 5(9,), there exists a unique solution u € H*(R") to
(1.2). We will introduce fractional Sobolev spaces in Section 2. Since the equation
(1.2) is well-posed, let W C €, be an open set with Lipschitz boundary, then we
can define the (partial) DN map A r formally by

(1.3) ASp o HS(W) = H5(W)  frs (=V-0V) uyly,

where uy is the unique solution to (1.2).
(IP) Inverse Problem. Can we determine both ¢ and F' in Q by using the DN
map Aj 7
Before answer the above question, let us first revisit the case s = 1, i.e., the local
case. Let us consider the second order elliptic equation

(1.4) -V (cVv)=F inQ,
v=g on 0f).
Let A, r be the (local) DN map of (1.4), which is given by
(1.5) Aop : HY2(09) — HY2(09), g+ oV, vy
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where v, € H'(€2) is the solution to (1.4), and v denotes the unit outer normal
on 0f). We are also interested that whether one can determine ¢ and F in €
simultaneously. Unfortunately, even we assume ¢ is known a priori, we cannot
determine both o and F' by using the local DN map (1.5). More concretely, let us
consider an arbitrary function ¢ € C2(Q), so that

vlog = 00,950 = 0.

Then the function v := v + ¢ satisfies

(1.6) -
v=v+p=g on 0f).

{—v (0VY)=F -V (6Vy) inQ,
By the condition ¢ € C?(f2), one can see that the DN map of (1.4) and (1.6) are
the same, but the source term V- (V) appears in the right hand side of (1.6) may
not be zero in €, which implies the source F' and F' — V - (6Vy) might not equal
generally. Therefore, this means the source function F' cannot be determined due
to this natural gauge invariance even if the leading coefficient o is given a priori.
Moreover, in recent papers, the authors and I considered how to break the gauge
for both (local) semilinear elliptic and parabolic equations, and we refer readers to
[LL22b, KLL23] for more details.

Hence, it is natural to ask similar problem (IP) in the nonlocal setting. To solve
our problem, let us pose an additional assumption:

Assumption 1. We assume o € C®(R"™) satisfying the ellipticity (1.1) and o =1
n Q.

Surprisingly, unlike the local case (i.e., s = 1), we can determine both ¢ and F
uniquely by using the DN map Aj , and our main result is stated as follows.

Theorem 1.1. For n € N, n > 3, let QW C R" be bounded open sets with
Lipschitz boundaries such that QNW =0, and s € (0,1). Let o; € C(R") satisfy
Assumption 1, F; € L*(Q), and Aij,Fj be the DN map of

(1.7) {(_v 20 V)'u; = Fj in 9,

u; = f in Qe,
for 5 =1,2. Suppose

(1.8) AS m () =Ag, g, (f) in W, for any f € CZ(W),
then we have 01 = 02 and F; = F5 in ().

Remark 1.2. Let us emphasize that Assumption 1 is only used in the proof of
Theorem 1.1.

The paper is organized as follows. In Section 2, we review fractional Sobolev
space and some properties of nonlocal elliptic operators. In Section 3, we recall the
Cafffarelli-Silvestre/Stinga-Torrea extension problem and associated results, which
will be used in our proof. We also offer a comprehensive discussion for the cor-
responding local inverse source problem. Finally, we prove our main theorem in
Section 4.

2. PRELIMINARIES

In this section, we review several useful materials for our study.
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2.1. Fractional Sobolev spaces. Fractional Sobolev spaces are widely studied
in many literature, and we refer readers to [DNPV12] for more details. In what
follows, we simply recall fundamental properties for these spaces. For s € (0, 1), let
H*(R"™) = W*2(R") be the L%-based fractional Sobolev space under the norm

[ull e mny = llullz2®n) + [Wms@n)

1/2
(U] o (a) = / 7|U(I) - u(y)|2 dxdy /
( Axa |z =yt ’

denotes the seminorm, for any open set A C R".

As in [G 0], let A be a nonempty open set of R™, the space CS°(A) consists
all C*°(R™)-smooth functions supported in A. For a € R, we use the following
notations

where

HYA) :={u|a: ve H*R")},

H®(A) = closure of C°(A) in H*(R™),
H{(A) := closure of C2°(A) in H*(A),

to denote various fractional Sobolev spaces. Meanwhile, the space H*(A) is com-
plete in the sense

||u||Ha(A) = inf {H'UHHa(]Rn) cv € H*(R"™) and vy = u} .

In particular, as a = s € (0,1), let us denote H *(A) to be the dual space of H® (4),
so that H~*(A) can be characterized by

H™*(A)={ula:ue H*R")} with veHs(errLl)f, Jaca |l s (Y s

2.2. Nonlocal elliptic operators. Let £ := —V - (6V) be a second order uni-
formly elliptic operator, then the nonlocal elliptic operator L5 = (=V - oV)*® can
be defined via the forthcoming procedures. Let us first recall the representation

formula - p
1 t
A = —tX 1
o, e

for s € (0,1), where I'(—s) := —F(%—S). Here T'(-) denotes the Gamma function.
Hence, for s € (0, 1), the nonlocal operator £* can be defined by

> 1 > dt
LP = MNdAdEy = —— —tL_1q) ——
/0 A I'(—s) /0 <6 ) Tlts?

where Id stands for the identity map. Here

oo
e £ ::/ e "N dE,
0

is a bounded self-adjoint operator in L?(R") for each ¢ > 0, where {E\} denotes
the spectral resolution of £, and each E) is a projection in L?(R™). The family
{e’tﬁ}po is the heat semigroup corresponding to L =—V - (oV).

Moreover, let us recall the unique continuation principle (UCP in short) for £°,
which was proved in [GLX17, Theorem 1.2].

Proposition 2.1 (Unique continuation principle). For n € N, let 0 € C*°(R")
satisfy (1.1). Let uw € H*(R™) fulfill u = L%u =0 in some open set W C R™. Then
u =0 in R".

Note that the UCP holds for general smooth coefficients o defined in R", and
we do not need to use Assumption 1 in the proof of Proposition 2.1.
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2.3. The forward problem and DN map. We want to study the well-posedness

of (1.2). Applying the results in [GLX17, Section 3], it is known that the exterior

problem (1.2) is well-posed, and the DN map can be defined by the bilinear form
B(u,w) := (L%u, w)

(2.1) 1

=5 /Rnlen (u(z) — u(2)) (w(z) — w(z)) Ks(z, 2) dedz,

where K(z,2) is given by

1 e dt
Ks(l',Z) = m‘/o pt(x’z)tl?

Here pi(z, z) denotes the symmetric heat kernel for £ satisfying

(e*wf) (x) = / pe(x,2)f(2)dz, for x € R", ¢t > 0,
ie., -
{(Bt +L)(e7f) =0 for (z,t) € R" x (0,00),
(e7*f) (z,0) = f(x) for z € R™.
Recall that the heat kernel p,(x, z) admits the pointwise estimate (for instance, see

[Dav90))

|z —z]2 |z—z]2

(2.2) cre” T 7% <pyx,z) < e 7t 2, forx,z € R,

for some positive constants cq,ca, @1 and as. With the aid of pointwise estimate
(2.2) for heat kernel, we can obtain pointwise estimate for K,(x, z) such that

“ < Ks(z,2) < C

2" T Tz — "t for z,z € R",

|z —

for some constants C7,Cy > 0. The above estimate will help us to show the well-
posedness of (1.2) (see [GLX17, Section 3] for detailed arguments).

Therefore, the exterior problem (1.2) is well-posed, then the bilinear form (2.1)

can be used to defined the DN map

<A;€7,Ff7g> = B (uy, wg)
where uy € H*(R™) is the solution to (1.2) and wy, € H*(R™) can be any represen-

tative of g. Using a duality characterization, one can see that the DN map (1.3) is
defined rigorously.

3. LOCAL EQUATIONS

Let us consider the extension problem and related properties in this section.

CS07

3.1. The extension problem. By the pioneer work of [CS07], it is known that
the fractional Laplacian can be characterized by a degenerate extension problem
with As-Muckenhoupt weight. This is called the Caffarelli-Silvestre extension in
the literature. Moreover, the result was extended to general (variable) coefficients
elliptic operator by Stinga-Torrea [ST10], so that the nonlocal operator (—=V -oV)?*

can also be characterized by utilizing the extension problem
(3.1) Vi (y'72°0Vay) =0 in RY,
. u(z,0) = u(x) in R™,

where o is written as
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Here I,, is n x n identity matrix. Then the nonlocal elliptic operator (=V - oV)?*
can be written as
— li 1-2s9 ~ _ d(—=V - s in R™
Jim y Oyu = ds(—=V - 0oV)’u(z) in R",
for some constant ds depending only on s € (0,1).
By using [CGRU23, Lemma 6.2], it is known that solutions % of the extension
problem (3.1) has nice decay properties. For the sake of completeness, let us recall
the result as follows.

Lemma 3.1. Let Q, W C R"™ be bounded open sets with Lipschitz boundaries, for
n € N. Given s € (0,1), let u € H*(R™) with supp(u) C QUW, and u be the
corresponding solution of the extension problem (3.1). Then the function u(x,y)
satisfies the following decay estimates:

(a)

a(z, )| < Cy"|lullpreny,  |Va(z,y)l < Cy™"Hlull pr.en)
or any (z,y) € :=R"x(0,00), where C > 0 is a constant independen
for any (z,y) € R := R™x(0,00), where C > 0 i tant independent
of u and y > 0.
(b) For1<p,q,r <oo with 1+ % = % + %, u satisfies
) gy < CyF "l pagen),
and
(3.2) Ve gl Yl e @ny < Cy> " Ml pany,
where C' > 0 is a constant independent of u and y > 0.
Similar decay results have been investigated in the nonlocal parabolic case in
our earlier work [LLU23].

3.2. Relation between the nonlocal and local. Motivated by [CGRU23, LLU23,
R1l23], one can use the extension problem to find some equations to prove our re-
sult. Let us consider an auxiliary function

v(x) 12/ y' (2, y) dy,
0

where u(z,y) solves (3.1). By using (3.1), we can obtain

0= / y' 72V - (oVa) dy —|—/ Oy (ylfQSayﬂ) dy
0 0
_ . : 1—-2s ~ 1-2s ~
=V-(oVv) + ylgroloy Oy ig}%y Oy
_ . o 1—2s ~
=V (cVv) ?}%y Oy,
where we used the decay estimate (3.2) as r = oo and p = ¢ = 2 such that
lim, o y' 7249, u = 0. This implies
-V (cVv) = — lirrbylf%(?yﬂ =ds(=V-0V)*uin R",
Yy—
Particularly, combining (1.2) in the region 2, we obtain
-V - (cVv) = dsF in Q,
v = fooo y =2 (2, y) aly}(m on O9).
As we mentioned before, we want to determine o and F' simultaneously.
In particular, as F' = 0 in €, it is known that the nonlocal DN map determines

the local DN map. More concretely, by [CGRU23, Theorem 1] shows that the
nonlocal DN map A7, determines the local DN map A, . Hence, if we consider
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the zero exterior data f = 0 into (1.2), and we denote the solution as u(?) € H*(R"),
then we have

B v 50,(0) = i
(3.3) {( V-oV)u F  inQ,

u® =0 in Q..

Next, by taking the function u(¥ := (") — 4 where v 4w ¢ H*(R™) are the
solutions to (1.2) and (3.3), respectively, then u'/) € H*(R") is the solution to

(-V-oV)*u) =0 inQ,
ulf) = f in Q..

Let A2 nonlocal DN map of the above equation, and one can see that

A (f) = A50(f) = Ag p(f) = A5 r(0),

where the right hand side of the above identity is given a priori since we know the
information of nonlocal DN map Aj . Applying [CGRU23, Theorem 1], one can
conclude that A} determines the local DN map A,, where A, is the DN map of

(3.4)

-V - (cVo) =0 inQ,
V=g on JN).

Since o is a scalar function satisfies Assumption 1 so that 0y = g2 = 1 on 012, by
using the seminal work of the global uniqueness of (3.4) (for example, see [SU8T]),
then the conductivity o in the equation (3.4) can be determined uniquely by its
DN map. Combining with previous discussions and explanations in Section 1, we
can immediately conclude the next result:

Corollary 3.2. Forn € N, n > 3, let 2 C R" be a bounded open set with Lipschitz
boundary 0Q. Let o; € C*(Q) satisfy (1.1) with 01 = 5 on I, and F; € L*(Q),
for j =1,2. Consider Ay, r,; to be the local (full) DN map of

7V~(Jvaj):Fj m Q,
v, =g on 012,

for j =1,2. Suppose

(3.5) Aoy 7 (9) = Moy 1, (9), for any g € HY?(9),
then o1 = o9 in Q, and there exists ¢ € CZ(S)) such that
(36) F2:F1 —V((flVgo) imn Q.

The above result states that the condition (3.5) can imply the uniqueness of the
scalar conductivity. However the source F' cannot be determined due to the natural
gauge invariance (3.6).

4. PrOOF OF THEOREM 1.1

Now, we can prove Theorem 1.1.
Proof of Theorem 1.1. We split the proof into two steps:
Step 1. Unique determination of the leading coefficient.
Let uéf), u;o) € H?(R™) be the solutions to

(-V- UjV)Sugf) =F; inQ,
uy) =f in Q,
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and
s, (0) _ :

(=V-0;V)iu;” =F; inQ,

ul” =0 in Q,
respectively, for j = 1,2. Let ug-f) = ug-f) — u;o) € H*(R™), then ug-f) be the
solution to the nonlocal elliptic equation

(-V-o;Vv)pu) =0 inQ,

u ' =f in Q,
for j = 1,2. Then the well-posedness of (1.7) and condition (1.8) imply that

Affl (f) = frl,Fl(f) - Afn,Fl (0)
=A%, 1 (f) = A7, 1, (0) := AZ,(f), for any f e CF(W),

where A7 stands for the DN map for (4.1), for j = 1,2. Combining with the
analysis in Section 3.2, the nonlocal DN map Af,j determines the local DN map
A, where A, is the (local) DN map of

V- (o;9v) =0 in Q,

(f) _ poo~(f)

Vil = [ (:c,y)dy’aQ on 052,
() ()

for j = 1,2. Here u; ' = u;,

j
0 =0; anduzugf),forjzl,l

On the other hand, by the condition (1.8), combined with o7 = 09 = 1 in Q,
similar proof to [CGRU23, Theorem 1.2] implies that ﬁgf) = ﬂéf) in 2. x (0,00).
This implies that

Vil (2) = / y 2 () dy = / y' 2 (0, ) dy = vil (2) for x € 00
0 0
Therefore, the condition (1.8) implies
Ao, (vgf)‘ag) =A,, (véf)‘ag) , for any f € C*(W).

In addition, the density result [CGRU23, Proposition 1.2] shows that the Dirichlet
data V<f)‘as2 is dense in H'/2(9Q) for any f € C°(W) and j = 1,2. Thus, with

(z,y) is a solution of the extension problem (3.1) as

J
01 = 02 = 1 on 0N at hand, the global uniqueness for scalar conductivity equation
yields that o := 07 = 09 in Q.

Step 2. Unique determination of the source.

Finally, with o = 01 = 09 in R™ at hand, then the equation (1.7) becomes

(4.2) (-V-oV)’u; =F; inQQ,
uj; = f in Qe,

for j = 1,2. The condition (1.8) implies that
(=V-0oV)® (ug —ug) =uy —us =0in W,
then Proposition 2.1 implies u; = us in R™, which implies F; = F5 in € by using

(4.2). This proves the assertion. O

Remark 4.1. Unlike the local case, if we want to determine coefficients and source
simultaneously, we could consider semilinear equations to break the gauge. On the
other hand, due to the remarkable UCP for monlocal equations, one can expect the
uniqueness result holds for nonlocal models. In addition, one can also consider
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a similar problem in a nonlocal parabolic equation (0y —V -oV)*u = G(z,t) for
0 < s <1, to determine both o and G in a space time cylindrical domain.
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