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ABSTRACT. In this paper, we study the forward and the inverse problem for the frac-
tional magnetic Schrodinger equation with a nonlinear electric potential. We first obtain
the maximum principle for the linearized equation and apply it to show that the prob-
lem is well-posed under suitable assumptions for the exterior condition. Then we obtain
the uniqueness in recovering both the magnetic and the nonlinear electric potentials,
assumed to be analytic in terms of the solution, from the exterior data of the solution.

1. INTRODUCTION

We study the inverse problem for a nonlinear fractional magnetic Schrodinger equation

(FMSE)

(1.1)

(—A)u+a(z,u) =0 in Q2
u=g in Q, := R™\Q,

where Q C R",n > 2 is a bounded domain with smooth boundary, s € (0, 1), A represents
the magnetic vector potential and a is the nonlinear electric potential. Here the operator
(—A)% is defined by (V* + A)? in Section 2.1 following the model introduced in [10].
The inverse problem considered in this paper is a natural generalization of the problems
for linear fractional elliptic equations such as the fractional Schrodinger equation (FSE)
(—=A)*u + qu = 0 and the linear FMSE (—A)%u + qu = 0. The inverse problem for
(—A)*u+ qu = 0 was first considered in [18] and more results associated to the fractional
Laplacian can be found in [3, 6, 16, 17, 21, 22, 37, 38, 51]. For the linear FMSE (—A)%u+
q(x)u = 0, the inverse problems were studied in both [10] and [45], where the fractional
magnetic laplacian (—A)?% were defined differently. We adopt the definition introduced in
[10], given explicitly in (2.4) in Section 2 to form our problem. The alternative definition

|z —y|" 2

(1.2) (—A)u(z) = Chpyp.v. / ux) dy,
was first introduced in [11] and then used in [45].

Below, we briefly discuss the difference between (2.4) and (1.2). Physically, the operator
(—A)% = (V* + A)? is shown to arise as continuous limits of long jump random walks
with weights (see [10]). For the definition (1.2), the motivation of its introduction is
discussed in [11] and, in particular, relies on the Lévy-Khintchine formula for the generator
associated to a general Lévy process. For the inverse problems, we point out that the
FMSE associated to the definition (2.4) in [10] admits a gauge equivalence (see (1.6))

when considering the uniqueness of determining the potential pair (A, q) for the linear
1
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equations, similar to the classical magnetic Schrodinger equations problem. During our
tackling the problem for the nonlinear equations, we encountered the result in [46] based
on the definition in (1.2). In comparison with [46], where only the nonlinear electric
potential a(x,u) is uniquely determined, we show that both the magnetic and nonlinear
electric potentials can be recovered from the exterior measurements. Finally we mention
that the inverse problems for the semilinear FSE, where the magnetic potential A = 0,
were also studied in [35, 36].

For classical PDEs, the corresponding inverse problem for the linear magnetic Schrédinger
equation (MSE) (—iV + A)%*u + qu = 0 has been investigated in [8, 13, 15, 19, 20, 24, 30,
34, 48, 49], where one aims to determine the vector magnetic potential A(z) and the scalar
electric potential g(x) from the boundary Dirichlet-to-Neumann (DN) map. Specifically,
due to a gauge invariance, one can only expect to recover uniquely the curl of magnetic
field curl A and ¢. This forms a part of the inverse theory of Calderén problem for elliptic
PDEs, originated from the 1980’s. We omit the vast literature in this manuscript. (They
can be found in the references of above mentioned results.) One regards the inverse prob-
lems described in the previous paragraph and those considered in this paper the fractional
analogues of the Calderén problem. The nonlocal magnetic Schrédinger operator (—A)%
extends the classical diffusion process modeled by the Laplacian —A := 7/ | 02 and
the nonlocal diffusion phenomena modeled by the fractional Laplacian (—A)®. We also
mention that fractional Laplacian (—A)® can be seen arising in stochastic theory as the
operators associated with symmetric 2s-stable Lévy processes, for example, in a pricing
model in financial mathematics (see [9]). The equations with subcritical nonlinearities
were studied in [4] from the variational point of view.

In this part, we briefly survey recent development of the (higher order) linearization ap-
proach for inverse problems of nonlinear PDEs. For example, in dealing with the Calderén
problem for certain nonlinear equations, by taking the first order linearization of the DN-
map, the result of the inverse problem for the linear PDEs can be applied directly to
identify the full nonlinearity of the medium. See for instance [23, 25, 26, 27, 28, 53] for
the demonstration of the method for certain semilinear, quasilinear elliptic and parabolic
equations. Later by further expanding the terms in the data operators (such as the DN-
map or the source-to-solution map), known as the higher order linearization, it is shown
that several inverse problems for nonlinear hyperbolic equations on Lorentzian manifolds
can be solved by combining the analysis of nonlinear interaction of waves [33]. In contrast
the underlying problems for linear hyperbolic equations are still open in general, see [7, 44]
and the references therein. In some other cases, higher order linearization reduces showing
uniqueness for the inverse problem to proving certain density result of products of linear
solutions. This strategy was successfully applied to elliptic equations with power-type
nonlinearities in [14, 31, 32, 36, 41, 42, 47] (in particular, the second order linearization of
the nonlinear boundary map was studied in [5, 29, 52, 53]); to Maxwell’s equations with
Kerr-type and the second harmonic generation nonlinearities in [1, 2]; to nonlinear kinetic
equations in [39] and to semilinear wave equations in [43]. In [40], we solved an inverse
problem for the magnetic Schrédinger equation with nonlinearity in both magnetic and
electric potentials A and q.
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In order to describe our main results, we first introduce some definitions, notations and
assumptions on the potentials.

Definition 1. Let A € C5(R" x R",R™). We define the symmetric As, antisymmetric
Aq, parallel A and perpendicular Ay parts of A at point (x,y) as

Ay(z,y) = Aot Aws) () = Az, y) — Ag(a,y) = Ao Ao

Aly)-(z=y) (. -
Ay, y) ;:{ W (z —y) iﬁii L ALny) = A, y) — Ay(e.y).

For the inverse problem, we assume that A(z,y) € C2(R"xR" R"™) has compact support
in 2 x  and satisfies

(1.3) Ay € H(R™),  (V-)°Ag € L=(R"),  Ay(z,9)-(y—2) >0  in R"xR"
a(z,z) : QxR — R satisfies

{a(x, 0)=0 for all z € Q,

(1.4 locl, o
the map z +— a(-, ) is analytic with values in C*((2).

Therefore, the potential a admits the following Taylor expansion

a(x,z) = Z OFa(x,0)

| N

k
T OFa(x,0) € C5(Q).

I

and the convergence of this series is in C*(Q) topology. Together they also satisfy

(1.5) (V)P Ay + |A(z,y)|* dy + O.a(z,2) >0 for x € Q, |z| < Ro
Rn

for some constant Ry > 0. Here we denote by C*(2) the usual Holder space.

Remark 1.1. The above conditions posed on the potentials A and a are required for the
definition of the FMSE to be well-defined and the properties such as the mazimum principle
to be satisfied in order to prove the well-posedness of both the linear and nonlinear FMSE,
as well as the boundedness of the solutions. More discussions can be found in Remark 3.1
of [10]. Also, the alternative weak formulation of the operators in Remark (2.1) helps to
understand these conditions better.

In Theorem 2, it is shown that there exists a small constant £y > 0 and a constant
C > 0 such that when the exterior data g € S.,, denoted by

380 = {g € CSO(Q€> : “g”C',?O(Qe) < 50}7

the problem (1.1) has a small unique solution v € C*(R") satisfying ||u||cs@r) < Cl|g|lcee(@.)-
Therefore, we can define the Dirichlet-to-Neumann (DN) map A% , via the bilinear form
as in Lemma 4.

We introduce the gauge equivalence ~ defined in [10]. We say that two pairs of coefficients
(A1(z,y), q1(x)) and (Az(x,y),ge()) satisfy (A1, q1) ~ (As, ¢2) if and only if

(1.6) (A5 u+ qu = (=A)j,u+ qu
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for all w € H*(R™). [10, Lemma 3.8] further implies that (Ay, ;) ~ (As, ¢2) holds if and
only if
Alva\\(xa?/) = Az,au(x,y) in R" x R",

and
/ |A1)? dy + (V-)°Arg + 1 = / |Ao|? dy + (V-)*Ag g+ ¢2 in Q.
Rn ]Rn

Our main result is stated here.

Theorem 1. Let 0 < s < 1 and let Q@ C R™, n > 2 be a bounded domain with smooth

boundary. Let Wy and Wy be two arbitrary nonempty open subsets in §2.. Suppose that
(Aj,a;) satisfy (1.3), (1.4) and (1.5) for j =1,2. Then if

(L.7) ooy, = Awldlly,  for any g € 5, N CEOWY),

where ey > 0 is sufficiently small (Here [g] is the equivalence class of g in H*(R™)\ H*()),
we have

(18) (Al,azal(ac,O)) ~ (AQ,@ZCLQ(I,O))
and
(1.9) ai(x, z) — 0,a1(2,0)z = as(x, 2) — D,a2(x,0)z  in Q x R.

The proof of Theorem 1 is built upon several preliminary results: the well-posedness
for the problem, the Runge approximation property and maximum principle. We start
by investigating the forward problem since the study of the inverse problem stands on
it. To this end, we formulate the maximum principle and a barrier function, which
can be applied to prove the boundedness of solution to the FMSE. Together with the
benefit introduced by the nonlinearity of the equation, they guarantee the effectiveness
of the fixed point theorem. This then leads to the well-posedness result for the nonlinear
equation under study. Moreover, to reconstruct unknown potentials, we apply the higher
order linearization scheme. By taking derivatives of the integral identity for the DN map
multiple times, the Runge approximation property, which states that the set of solutions
is dense in L*(Q), then plays in to extract the information of unknown potentials out of
the integral.

This theorem guarantees uniqueness of higher order term of a(z, z). However, similar
to the inverse problem for the linear FMSE, it is expected that one can only determine
the magnetic and linear electric potentials up to a gauge as shown in (1.8). In fact, in
Section 3, we found that only coefficients A and d.a(zx,0) appear in the linearized equation
and then they are recovered up to the gauge by applying the available inverse problem
result for the linear equation. While in the higher order linearization steps, the higher
order coefficients 9%a(z,0), k > 2 can be viewed as a part of the source term in the k-th
linearized equation. Therefore, this explains the unique reconstruction of these terms
without any gauge in (1.9).

The structure of the paper is as follows. In Section 2, we establish the well-posedness of
the problem (1.1) for a small enough exterior data g by deriving the maximum principle
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and the barrier function in order to obtain the C* regularity of the solution for (—A)% +g.
In Section 3, we determine the potentials A and a(z, z) using the linearization steps.
2. THE FORWARD PROBLEM

2.1. Notations. We introduce the notations and properties below. We define H*(R") =
W#2(R") to be the standard L?-based Sobolev space with norm

meem) = IFH(1 + |§|2)S/2fu)||L2(Rn),

where F is the Fourier transform defined as
Fu(€) = / e u(x) da.
Let U be an open set in R”. For scalar § € R, we define the following spaces:
HAU) = {uly : ue HARM),
HP(U) := closure of C>(U) in H*(R™),
HJ(U) := closure of C=(U) in H?(U)

lul

where ||ul| sy = inf{[|w|| gsgn) : w € HP(R"), w|y = u}.
Following the notations in [10], the magnetic fractional Laplacian (—A)?% is an operator
mapping from H*(R"™) to H*(R"), such that for all u,v € H*(R"),

(=A)au, v) = (Viju, Vi),

The magnetic fractional gradient operator V* is defined by V°+A(x, y) with the fractional
gradient V* : H*(R") — L*(R*") extends the definition

On,s U(ZL‘) B U(y)
2 |y — l.ln/2+s+1( — ).

Then the fractional divergence (V-)* : L*(R?") — H*(R") is defined by
(V) u,v) = (u, V*v) for v e H*(R"™).
Recall that the fractional Laplacian (—A)® : H*(R™) — H~*(R") is defined by

(—A)u(x) == Cy p.v./ —u(x) — uly) dy,

R~ ‘SU - y‘"+2s

Vou(z,y) =

where the constant C,, s depends only on n, s, see for instance [12], and p.v. stands for the
principal value. Then we have (—A)®* = (V:)*V* in weak sense, that is, ((—A)%u,v) =
(VPu, Vov) for u,v € H¥(R™).

2.2. Preliminary results. The proof of the following result can be found in [10, Lemma 3.15],
where the regularity of A can be relaxed if certain integrability conditions are imposed.

Proposition 1 (The Runge approximation). Suppose that g € LP(Q2), p := max{2,n/(2s)}
and A € C5(R™ x R™, C") has compact support in Q x Q and satisfies (2.1). Let W be
an open set in § and u, be the solution to (—A)5u, + quy = 0 in Q with uy, = g in Q..
Then the set R = {ugylq : g € C(W)} is dense in L*(2).
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The Runge approximation will be applied to recover the unknowns A and a(z,z) in
Section 3.

2.3. Boundedness of solutions. We will follow the steps in [35] to prove an L*-bound
for the weak solution of (2.5) in Proposition 3. To this end, we prove a maximum principle
in Proposition 2 and construct a barrier function in Lemma 1.

Proposition 2 (Maximum principle for the weak solution of FMSE). Let Q be a bounded
Lipschitz domain in R™ and A(z,y) € C3(R™ x R™,R"™) satisfy

(2.1) Ay € H¥(R®™), Ag(z,y) - (y—2x) >0 in R" x R™;
and
(2.2) (V) Ay + | |A(z,y)]* dy >0 for x € €.

]Rn

Suppose uw € H*(Q)) is a weak solution of
{(—A)i‘u =F in Q,
u=gq in Qe.
Then if 0 < F € L>®(2) and 0 < g € L>(2.), we have u > 0 in 2, hence in R™.
Proof. Using the weak formulation, we obtain for ¢ € H(Q2) satisfying ¢ > 0,

(2.3) (Vou(r) + Alz, y)u(z), Voo(x) + Az, y)o(z)) = /QF¢ dz = 0,

where we used F' > 0 in Q. Let u~ := max{—u,0}. Then by u € H*(Q2), we can take
¢ =u" € HJ(Q) as a test function. We want to show that if ¢ # 0, the left hand side of
(2.3) turns out to be negative, in order to draw a contradiction. We rewrite the left hand

side of (2.3) as
(Vou+ Au, V2o + Ag) = (VPu, V°9) + [(Vou, Az, y)¢(x)) — (V7u, Aly, 2)6(x))]
F(Vu, Aly, 2)6(x)) + (V°6, ALz, y)u(x)) + (Au, Ag)]
= (V°u, V) + I + I1.
It was shown in [35] (see the proof of Proposition 3.1 in [35]) that the fraction Laplacian
term (Vou, V*¢) < 0, where g > 0 in . is used. We will discuss below that I + IT is

indeed nonpositive, that is I + I1 < 0, which then leads to a contradiction to (2.3).
To this end, the term I is actually 2(V°u, A,(x,y)o(z)) and

1=y [ AR (1) — ) oo) dady.

Note that the integrand function vanishes on Sy := {(z,y) | u(x) > 0} since ¢ = 0 on 5.
On the set Sy := {(z,y) | u(z) <0 and wu(y) > 0}, we have

(u(z) —uly))o(x) <0 inS,
by (2.1) (which is equivalent to A,(x,y) - (y —x) > 0), and thus the integrand function is
< 0. On the remaining set Sy := {(z,y) | u(z) <0 and u(y) < 0}, we have

o(z) =u” = —u(x) in Ss.
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We denote Q= := {x | u(x) < 0}. Then it is sufficient to consider the integral over

Q™ x Q™
ns (y - ZE)
— 24/ /Q o |$ — |n/2+8+1 (u(x) —u(y)) u(z) dedy

Vi;[;m AR (ule) — u() ule)

|y§y—7 )|n/<2ﬁ;1y) (u(y) — u(x)) u(y) dzdy

\/7/9 Q- |:13 — |n/(2?is_+1x) (u(z) — U(y))2 dzdy <0,

since Aq(y,x) = —Au(z,y) and also by (2.1). Combining these estimates together, we
have I < 0.

For the term 11, one first check that, using the definition of V*u, we have

Moreover,

(Vou, A(z,y)o(y)) + (Vo¢, A(z, y)u(z))
= [ A IV e 0) 4000l e dy

a /R27L V C;SA ]y — f+)s+1 (qb(y)(u(:)s) —u(y)) +u(z)(p(z) — qb(y)))dx dy

— [ [Cea +8+1(u<:c>szs<as>-—-u<y>¢<y>)d:cdy

RQn 2

=(Ay, V

Combining these together, we obtain

zfzm%vmw»+mmmw=4( Ao /NAxyF@)<>cwmso

by the assumption (2.2) and the fact u(z)¢(z) < 0 in R™. Note that the fourth line is due
to that the integrand is the product of a symmetric, parallel vector and A.

This completes the proof of (V°u + Au, V°¢ + A¢p) < 0, which in turn concludes the
proof of the proposition by contradiction. O

Remark 2.1. In the proof above, it actually verifies a more accessible format of (—A)%
in weak sense (was also presented in Lemma 3.3 of [10]) given by

(2.4) (—A)u = (—A)u+ 2/ (Agy - Vou) dy+ ((V-)SASH + /Rn |AJ? dy) u

forw € H*(R™).

n

We now build a barrier function.
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Lemma 1 (Barrier). Let Q be a bounded Lipschitz domain in R™. Assume that A €
C3(R™ x R™; R"™) satisfies (2.1) and (2.2). Then there exists ¢ € C2°(R") satisfying
(A >1 in €,
p>0 m R,
p<C m €,
for some constant C' depending on n,s and €.

Proof. We will show the barrier function ¢ in Lemma 3.4 in [35] qualifies. More specifically,
let Bg be a large ball such that Q € By and n € C°(Bg) be a smooth cutoff function
satisfying

0<n<1 in R", n=1 in Q.
We directly use the format (2.4). By the definition of (—A)® and the fact that n has
maximum value 1 in €2, one has when z € {2

o) = 0(2)
—AY(z) = ) =),
(~ayn(e) =Cp [ TEE 0
1
zcn,s/ -
R"\Bp |z — 2|+

C’ns/ 1
> Ems . dz=Aso0,
2 Jrmpg (R [2])nt2s

where A\ depends only on n, s and Q. By the condition (2.2) and A is compactly supported
in Q x Q, we only need to show

2/Rn (Ag - Vo) dy:2/Q(Aa| -V°n) dy >0

when x € ). This is verified because the integrand

(Aaip - V) (2.9) = 4/ 5 L Ar;x;yy)w(i;f ) (n(z) =nly)) >0  when z € Q.

Here we applied (2.1) to obtain A,(z,y) - (y —1x) = Ag(z,y) - (y —x) > 0 and also

a(®
observed that n(z) —n(y) =1 —n(y) > 0 for x € Q and y € R". Thus we have shown
that (—=A)%n > A. Finally, set ¢(x) = @ The upper bound C' is 1/, hence depends

on n,s and €. O

With the maximum principle and the barrier function, we can show an L*-estimate
for the weak solution.

Proposition 3 (L*°-bound for the weak solution of FMSE). Let 2 be a bounded smooth
domain and A € C5(R™ x R" R"™) satisfy (2.1) and (2.2). For F € L*(Q) and g €
L>(Q.), assume that u € H*(S2) is a weak solution of
—A¥u=F in Q,
(2.5) {( 4 .
u=g n .

Then
]| oo @ny < 1|l 2o 0) + CNF || oo ()
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for some constant C' > 0 depending on n,s and §). (It can be the same constant as in
Lemma 1.)

Proof. 1t is a standard proof such as in [35]. For completeness we prove it here for (—A)%.

We set
v(@) = |l9llzo@e) + [[F Loy p(@) in R",

where ¢ is the barrier function in Lemma 1. Since (—A)%¢ > 1 in Q,

(=) (gl o)) = (<v->8A5| + [ 1ap dy) T,
and (2.2), we have
(—A)50 > | Flle > F = (—A)yu,

in Q. Moreover, we get v > ||g| L (q.) > win Q. due to ¢ > 0in .. Applying Proposition
2 we obtain v — v > 0 in R™. This proves

w(@) < lgllze@e + CllF e in Q.
Similarly, the same would hold for —u. This completes the proof. 0

Remark 2.2. Here we can certainly add a scalar potential ¢ € L*(S2,R) to obtain the
above results (Proposition 2, Lemma 1, Proposition 3) for equation (—A)%u+ q(x)u = F
with the condition (2.2) replaced by

(2.6) (V)" Ag + /Rn |A(x,y)|* dy + q(x) >0 for x € Q.

We also need the following strong maximum principle in the proof of Theorem 1.

Proposition 4 (Strong maximum principle). Let 2 be a bounded Lipschitz domain in
R™. Let A(x,y) € C5(R™ x R*",R") and q € L*(2,R) satisfy conditions (2.1) and (2.6).
Suppose v € H*(Q) is a weak solution of
(—A¥u+qu=F in £,
u=g in Q.
Then if 0 < F e L>®(Q) and 0 < g € L>(§2,.) with g # 0, we have u > 0 in €.

Proof. Proposition 2 yields that v > 0 in R™. Suppose that u is not strictly positive in §2.
Then there must exists a nonempty subset B C €2 with positive measure so that u = 0
in B. We take a smooth function 0 # ¢ € C°(B) satisfying ¢ > 0 in B. Since u is the
weak solution, by (2.4), we have

0< / Fo)p() de = / (~A)yu(z) + q@)u(@))p(c) de
27 :/B[_Cn,s/ mf(w -V QCns/ |n/2+i)1u(y) dylp(z) dx

<0

Y
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where the last inequality follows by the fact that u, ¢ > 0, the constant C,, ; > 0 and also
Au(z,y) - (y — ) > 0 based on the assumption. This further yields that the first term in
(2.7) satisfies

u(

B y) _
/B Ch,s / Ty dyp(z)dz = 0.

Now due to Cy, s > 0, u, p > 0, from the above identity, we can then derive fRn ) dy =

[y 7

0, which leads to v = 0 in R™ and contradicts the assumption that g # 0 in Q.. [

2.4. Well-posedness of a nonlinear fractional MSE. With the L*-bound, we will
show that the solution of the fractional magnetic equation (2.5) indeed has C*® regularity.
This regularity is essential to prove the well-posedness result later.

Lemma 2 (C*-estimate). Let 2 be a bounded smooth domain in R™ (n > 2). Suppose
A€ C5(R" x R",R") and q € L>(2,R) satisfy conditions (2.1) and (2.6). Suppose also
that (V-)°Ag € L®(R"™). Gwen F € L®(Q) and g € CZ(Q), if u € H*(R™) is a weak

solution of

(2.8)

(—Agu+qu=F in Q,
u=gqg in $Q,

then we have v € C*(R™) and u satisfies

(2.9) |

os@n) < C ([ F =) +llglles.)) -
where the constant C' depends on A, q,n,s, and €.

Proof. We first extend g € C2°(2) to the whole R™ by zero and denote this extension by
g as well. Then u := u — g satisfies

(2.10) { %—:ASZWF qii = F — [(=A)4 + qlg = F € L*(Q) E 8

Note that since n > 2, the change of variables yields that (—A)%g € L*(2). By Propo-
sition 3 and Remark 2.2, one has

|@]| Loo (mry < Crs ol FllLe (0,

where the constant C), s o depends on n, s, Q. Also, from (2.4), we have

(2.11) (~AYu=F—Hy, @

Qe = 07
where

Hy = 2/ (Ag - Vo) dy + ((V-)SA3| +/ [A[? dy + Q) u.
R~ Rm
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Note that since A is C* and compactly supported in Q x Q and n/2 > 1 > s > 0, we can

derive that % is integrable in R™ and thus

U u(zr) — u(y
’2/Rn (Auy - 970) dy‘ - 'V 20"’S/n (Aa(x’y) ' (y_x)m(_;%) dy‘
~ Aa. y_x
< 2V20n |l /R HTRL dy

< Cansoll Fllz);

and ((V-)*Ag + [gn |A]* dy + q) is bounded in Q. This yields that
‘((V')SASII +/ Al* dy + q) u
R

| Hall o) < Cagns.oll Fllzoe@)-

We apply to (2.11) the classical C*® elliptic regularity (see [50, Proposition 1.1]) for the
fractional laplacian, that is, the solution to (—A)*u = ¢ in Q with v = 0 in R™\Q
belongs to C*(R") and satisfies ||u||csmn) < C||g|| (@), given g € L>*(£2). Then we have
u € C*(R™) and

< CA,q,n,S,Q||F||L°°(Q) in €.

Therefore,

]| csmny < Casl|F — HgllLe@) < Cagmsoll Flle@),
which proves (2.9). O
We are ready to prove unique existence of solutions to the nonlinear FMSE.

Theorem 2 (Well-posedness for the nonlinear equation). Let © be a bounded smooth
domain and A € C5(R™ x R*,C") and a(x, z) satisfy (1.3), (1.4) and (1.5). Moreover,
assume that 0 is not an eigenvalue for the linear operator (—A)% + 0.a(x,0). Then there
exists € > 0 small enough such that when g € C°(Q) with ||g|lce(o.) < €, the boundary
value problem

(2.12) {(—A)Zu +a(z,u) =0 inQ,

u = g Zn Qe,
admits a unique solution u € C*(R™)NH*(R™) satisfying
(2.13) [ulles@ny < Cllglleg @)
where C' is a constant depending on A, d.a(x,0),n, s, and €.

Proof. The well-posedness of the direct problem for FMSE (see Lemma 2.6 from [51])
and the regularity estimate in Lemma 2 yield that there exists a unique solution wug €
C*(R™")NH*(R™) to the linear equation

(214) {(_A)Auo + Oza(x, 0)“’0 - O %D Q,
U =9 in Q,
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such that

(2.15) [uollcs@n) < Cllglles -

Then looking for a solution of (2.12) is equivalent to solving for v := u — ug in
(2.16) {(—A)j‘v + d.a(z,0)v = — (a(x,ug + v) — 0,a(x,0)(ug +v)) in £,
' v=20 in €.

where we use the assumption a(x,0) = 0. To achieve this, let us define the set

Xs={p€C°(R"): ¢la, =0, ||¢]lcs@n) <0},

where 0 < 0 < 1 will be determined later. It is easy to see that X is a Banach space. We
also define the map F : X5 — L>(Q2), by

]:<U) = (a(%uo + U) - aza(x, 0)(“0 + ’U)) )
and note that the operator
L' FeLl™Q) = upg € C*(R")NH*(R™)

is bounded, where upy denotes the solution of [(—A)% + d.a(x,0)]upy = F in 2 and
uro = 01in Q.. It suffices to show that £;! o F is a contraction map on Xj.

To show £;! o F is contractive, we first apply Taylor’s theorem and the assumption
a(x,0) = 0 to obtain

a(r, z) = 0,a(x,0)z + a.(x, 2)2%, (r,2) e xR

with .
ap(z,z) ::/ O2a(x,tz)(1 —t) dt.
0

Therefore,

F) = —a,(z,up + v)(uo + v)*.
In ©, it is not hard to see that a,(x,uo + v) is bounded by a constant. Then

2

for v € X;. This implies

Cs(Rn) + ||U|

1L 0 F(v)|lcsmny < Cle +0)> <6

when ¢ < C§ for some C > 0 (this is to say that 0 cannot be arbitrarily small, but
depending on ¢) and § is small enough, that is, £; o F maps X; to itself.
To show it is a contraction, we derive for vy, vy € X

os@m)’

|F(v1) = Fva)l|zoe(y < llar(w,uo 4+ v1) — ar(x,u0 4 v2)|| oo ) (o]l cs@ny + [J01]
+ |lar(z, ug + UQ)HLOC(Q)”QUO + vy + vy

S O[(E _|_ 5)2 + 25 + 26]”2]1 - fU2||C‘s(Rn)7

Cs(Rn)| v — U2| Cs(R™)
where we used the fact that a,(z, z) is Lipchitz in z. This shows
1L 1 (F(v1) — F(2)los@ny < Clle + 0)? + 2 + 28] ||l — w2

hence £;! o F is a contraction when ¢ and ¢ are small enough.

Cs(R")
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Therefore, the contraction mapping principle yields that there exists a fixed point v €
X5 so that v = L1 o F(v) satisfies (2.16). Lastly, we have by (2.15) and (2.17)

co@ny = 1L 0 F(0)les@ny < C|F(0)||(@) < Cle +6)(llg|

which gives

|v] o=@ F [Vlles@ny),

[vllos@n < Cllg|

if ,9 are sufficiently small. Combining the above estimate for v with (2.15), this gives
(2.13). 0J

C&e(Qe)

Corollary 1. Assume that ), A and a are as in Theorem 2. Let u be the unique solution
to (2.12) for g € C () with ||g||ce.) < €. Then for e >0 small enough, we have

Proof. In the above proof of Theorem 2, indeed we also have

|uol| sy < C|lg]

from (2.14) and the well-posedness result of [10] for the linear FMSE. Then using the C*
bounds of uy and v from the theorem, we obtain

IF )@ < [F)l[ms@) < Cle + )9l

for 6, ¢ as in the proof of the theorem. Then the well-posedness result of [10] also implies
the solution of (2.16) has H*® bound, which satisfies

me@n) < C|F(0)|[g-+@) < Cle +0)(||g]
Lastly, by choosing the 4, e pair in the proof of Theorem 2 to be further small to obtain

Hs(R™)

Hs(Rn) —|— HU| Hs(Rn))

|| Hs(Rr) < Cllgl Hs(R™)-

From u = ug + v and the estimates for ug and v above, the proof is complete. 0

3. THE INVERSE PROBLEM

In this section, we will reconstruct the magnetic potential and nonlinear electric poten-
tial. We have showed in Theorem 2 that for any
g€ 8, =1{9€CZ(): |9lles) < eo},

with £y > 0 small enough, there is a unique small solution u, € C*(R") N H*(R") to the
problem

(3.1) {(—A)Zu +a(z,u) =0 inQ,

u=g in €.

To show that the map g — u, is differentiable in S,,, we consider for sufficiently small
e>0and f € CX(Q), let u.y = u.(x;€) be the unique small solution to the problem

{(—A)ju +a(x,u) =0 in Q,

(32) u=cf in €.
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3.1. Linearization. We define the k-th derivative of the solution u.s with respect to
by

() d*
ug(x) == @ugf(x;s)

for any positive integer k. We show that u® satisfies various linear equations.

Lemma 3. Let ) be a bounded domain of R"™ with smooth boundary. Assume A €
C5(R" x R R™) and a = a(z,z) : Q@ x R — R satisfy (1.3), (1.4) and (1.5). Let
fe€C (), f#0 and e € R satisfy |e| < : for above €y > 0. Then we have u,.

€0
Il fllcge

1s infinitely many times differentiable in € in ( > Moreover, we have

for k=1,

_ ) =)
Il fllcge ey ? Ifllege (o)

(_A)ilugl) + (?Za(x, usf)ugl) =0 m Q, Ugl) = f m Qe,
and for k=2,3,...,

(=A)5u™ + 0,a(x, ucp)u® + Fa(z, uep) (W) + Ry (a,uep) =0 in 9,
(33 A
u” =0 in €,
where the term Ry_1(a,u.¢) only involves 02a(z, ucy), ..., 0" Ya(z, us) and ugl), - ,ugk_l).
13 13
Proof. For ¢ € <— ||f||c;>(ne)’ Hchg(lme)) and Ae # 0, set

T Ue+ne)f — Uef
Ae '
By Taylor’s formula, u is the solution to
(—A)u+a*(z)u=0 in Q

with u = f in Q., where

1
a*(x) = / 0.a(x, Suetrney + (1 — s)ucy)ds
0

belongs to L>°(Q) satisfies ||a*|| o (q) is bounded by a constant independent of the solution
uey and

(T aq+ [ A dy+ o) 20
R”
for x € Q due to (1.5). By Lemma 2,

[lles@ny < CIIf|

C®(0e)s

which implies that

(3.4) [wetrneyr — teslles@ny < ClAe]| flloz(9.)-
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By (3.4), we have

1
la*(2) = Oza(w, ucp)|| oo () = |l /0 (0:0(2, su(rac)y + (1= s)ucy) = 9:a(2, uey)) ds||=(q)

< sup |0-a(x, steracys + (1 = 8)ucy) — O.a(x, uey) || ()
<s<
< ||&2a(z, 2)|| oo (@x (—ceoceon 1terae)r — tes |l oo @n)

< [102a (@, 2) || Lo @x (—ecoseeon A fllezo )
where ¢ > 0 is a uniform constant. This shows that as Ae — 0, we have u — u in

C*(R™), where uM is the solution to
(Al + da(z,uu® =0 QW =f Q.

In fact, if we denote w :=u — ugl), it is then a solution to

(=AVw + a*(2)w = (D,a(x, uep) — a*(z))ul in Q w=0 in Q.

€
By Lemma 2 we have the estimate
lwllosny < Cfl(8za(w, uey) — a*(2))ul|| o)
< Cll8:a(x, ucp) — a* ()| oo (e |ul”|
< ||8z2a(w7Z)||L°°(QX(fcso,CEO)|A5|“f”%‘gO(Qe) — 0, as Ae — 0.

Cs(R")

1) (1)

. . ~(1) .__ UE E*’U,s
Similarly, set a) := —+2——. Then

- 1
(AR + Ae [8Z“ (2, ugeraeys) Ul pe — Ooa (2, uep) ulP | = 0,

giving
(—A)52D + a(2)aul) o, + Boaz, up)u™ =0,

where
1
aj(z) = / d2a(x, suerneyr + (1 — 8)uey) ds — 0Za(z, uey)
0

(2)

in L™ as Ae — 0. Similar to above, as Ae — 0, we have ") — us”’ where

(=A% ul® + d.a(z, uep)u® + 0%a(z, uey) (uM)? = 0.

Here we used the continuity of ul? in e which can be derived by following a similar
argument in the derivation of (3.4) above. We apply the induction argument. Suppose
(3.3) is true for index k& and thus we have

() “(QA _Ug) (£+1)
(3.5) a' = e
Ae €
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NONENO
for ¢ =0,...,k — 1. Here we denote ©(® := u. Set u® := “=t2=—=_ Then one can

Ae
check for k > 2,

s~ 1 k
(—A)5u™ + — [@a(ﬂﬁ, U(5+Ag)f)u§+)m — d,a(x, uef)uék)]

Ae
(36) 1 [0, ues s ) (W) — Oba(e, uep) ()]
+ Ry =0,
where the term Ry = 0 and Ry,_; := Ry_1(a, Uetne) ) — Ri—1(a, uep) involves a3 (x), . .., aj_, (),
a,aV, .. a*t Y 9%a(x, uey), ..., 0F La(w, ugy), Y and USL)A@ . ,uii;lg where

1
ay(x) = / 8i+1a(x, SU(etAc)f T (1 —s)uy) ds.
0

As Ae — 0, we can derive ® — ™ due to (1.4), (3.5) and a similar argument above.

Here ugkﬂ) satisfies

(3.7) (—A)i‘ugkﬂ) + 0.a(x, usf)ugk“) + af“a(x, ugf)(ug))kJrl + Ri(a,ucr) =0,
where

Ri(a, uer) = Oale, usp)ulPul® + kofa(e, uep) (w) " ul + lim Ry
£

only involves 92a(z,ucy), ..., 0% (x, usr) and uV ) u® . This completes the proof. [

3.2. The DN map. We now define the operator B% , : H*(R") x H*(R") — R by

B} olu,v] = / Vi - Vi dydr + / a(z, u)vdz.
Now we give a definition of the DN map A3 ,.

Lemma 4. Let Q) be a bounded domain of R"™ with smooth boundary. Assume A €
C5(R" x R";R") and a = a(z,z) : 2 x R — R satisfy (1.3), (1.4) and (1.5). There ezists
a bounded map A%, - {[g] € X : g € S;;} — X* defined by

(Malgl W]) = Blalug, o] Vve H(R"), g €S,
where X is the quotient space H*(R™)/H*(Q) and ug € H*(R™) solves (—A)jug+a(z, uy) =
0 in Q with uy — g € H*(Q).

Proof. We first show that the definition of the DN map only depend on the equivalence
classes. To this end, for any ¢, in H*(2), we have ugyy4 = u, on R” by uniqueness of
the solution. Also, since B , is linear in the second component,

Bi,a[ug+¢7v + w] = Bi,a[ugav + w] = Bz,a[uwv] + le,a[ungL

where
Bz,a[ug’¢] - /

by the weak formulation of the equation (—A)%u, + a(z,u,) =0 in Q and ¢ € H5(Q).

Viug - Vi dydx + / a(z,uy)pdr =0

n Rn Q
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Next the map is bounded because
| Bl alug: v]| < Cl[Viug| 2menm | Vivl 2 weny + [la(@, ug)l| 2 vl z2(rn
< Ofug|
< Cllg|
by Corollary 1. Here we used the fact that a(z,0) = 0 and Taylor’s Theorem yield

</8ax5ug ) 5> uy ()

< [10:a(z, 22 @x Boey) 1ug | L2(n)

Hs(Rn) ||U| H?(Rﬂ)’

lae, ug)ll ey = \
L2(Q)

where Bc., stands for a ball with center at the origin and radius C'ey > 0. This completes
the proof. O

Lemma 3 implies that the solution u.; = u.¢(z;¢) to (3.2) is differentiable with respect
to € in the space C*(R™). To simplify the notation, we now denote the k-th derivative of
the solution u with respect to € at ¢ = 0 by
dk
d_ffk e=0
Moreover, this allows us to take the k-th derivative A aa of the map A% , with respect to
gate=0:

(38) u(z) = uer (; e>-

dk
(AL ) = lim o B fueg(wie) 0], f € C2(Q), v e HYR).

Lemma 5. Let ) be a bounded domain of R"™ with smooth boundary. Assume A €
C3(R" x R R™) and a = a(z,2) : Q@ x R — R satisfy (1.3), (1.4) and (1.5). Then we
have

(A IF) [o]) = / Viul - Vi dydz + / da(z,0)uMv d,
n Rn Q
and for k > 2,

WL = [ [ vt edys
n Rn

+ / (0.a(z, 0)u® + 0%a(z,0)(uM)* + Ry_i(a, u)) vder,
Q
forv € H*(R™), where the term Ry = 0 and Ry_1(a,u) only contains 8*a(x,0),...,0" ta(x,0)
and u" uF=,

Proof. For any v € H*(R"™), by the C* regularity of A and a, we can justify passing the
limits into the integral to obtain
dk
dek

= / Viu® () - Vi dydx + / (0.a(z, 0)u® + ...+ dFa(z, O)(u(l))k) vdz.
n JRrn 0

_ Biluer(w.2),0)
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3.3. Proof of Theorem 1. Below are the steps to prove the Theorem 1. Assume

(3.9) K arldll, = Mwlolly,  forany g € S, nCR(W7).

where Wy, Wy are two arbitrary open subsets in .. For f € C°(W;) and € > 0 small
enough, let u; be the solution to (1.1) with the exterior data ¢f and A,a replaced by
A;, a; for j = 1,2. The hypothesis (3.9) yields

0 - <<A,841,a1 - Zg,ag)[gfL [U]> - st41,a1 [Ul <I7 8)7 U] - BZQ,CLQ [U/Q(x, 6)7 U]
for any v € H*(R™) satisfying supp(vxq,) C Ws where xq, denotes the characteristic
function of §2.. Immediately, we have the k-derivatives of A%, - satisfying

LA, = ARl for feCEm).

3.3.1. The determination of the first order term. We can recover A and 0,a up to a gauge.
Proposition 5. Let Q be a bounded domain of R™ with smooth boundary. Assume A; €
Cs(R™ x R R™) with support in Q x Q and a; = aj(z,2) : 2 x R — R satisfy (1.3), (1.4)
and (1.5) for j = 1,2. Suppose Ny, . [9llw, = A%, 0,19l lwe for g € Soy NCE(Wh). Then
we have

(A1, 0.a1(-,0)) ~ (A2, D.as(-,0)).

Proof. 1t is shown in [10] that A(Al’)f is linear, symmetric and bounded on X, and Afj’)f [f1lw,
for all f € C°(W;) determines (A(x,y),q(x)) up to the gauge ~, where ¢(z) = 9.a(z,0)
here. U

We need the following lemma for determining the full nonlinear potential a(x,u).

Lemma 6. Let 2 be a bounded domain of R"™ with smooth boundary. Assume A €
C3(R" x R™R™) and a = a(z,2) : Q@ x R — R satisfy (1.3), (1.4), (1.5) and

(Ab azal('a 0)) ~ <A2a aza2('> 0))
Given f € CX(Q.) and € > 0 small, let u; = uj(x;e) be the solution to

(3.10) {(—A)iju +aj(z,u) =0 m 0,
u=cf in e,

for j =1,2. Then we have ugl) = u(QI). Moreover, for k > 2, if
d%ay(x,0) = 0as(x,0) in Q for any 2 <0 <k,

then

(3.11) uﬁ‘) = ug) in R" for any 2 <0 <k,

where u§e> is defined as in (3.8).

Proof. First, by Lemma 3, we have

(~A) ul + 0.2, 000 =0 inQ W =f Q.
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Since (A, 0.a1(x,0)) ~ (Ag, d,a2(x,0)), the definition of the equivalence relation, (2.4)
and the uniqueness of the solution to the linear FMSE yield that

N

(2)

For k =2, by Lemma 3 again, u;~ are solutions to

(—A) ul? + B.a;(z,0)uf?) = —02a;(w,0)(ul")?

When 8%a,(x,0) = 0%ay(z,0) in Q, the equations for u( ), j = 1,2 are identical and both

u§2) and ué ) are zero in €),. Then we obtain u(z) = u2 by the well-posedness.

Now suppose for k > 2, 0%a;(x,0) = dlay(x,0) in Q for 2 < ¢ < k+ 1 and ug = ug)
for 2 < ¢ < k. The equations for u(-kH) is given by

eAmjM”+a%mo>f“:—%ﬂ%@ox“Wﬂ+Ra%w»

ugk and thus we have

Here Ry(aj,u;) only involves 9%a;(z,0),...,0%a;(z,0) and ne

i rees
Rk(abul) = Rk(CLZaUZ)-

By assumption, the equations for ung) and ugﬁq)

ugkﬂ) are zero in (2., hence ugkﬂ) = ugkﬂ) in R™. This completes the induction proof. [J

are identical in 2 and both ugkﬂ) and

3.3.2. The proof of main result. Now we are ready to complete the proof of the main
theorem by reconstructing the higher order term of Taylor expansion of a.

Proof of Theorem 1. From Proposition 5, it remains to show 9%a;(x,0) = 0%ay(z,0) for
x € Qand k > 2 due to (1.4).
First, let v € H*(R™) be a function satisfying

(3.12) (—=A)5,v + 0.a1(z,0)v =0 in

and supp(vxq,.) C Ws. Note that here (Ay,0.a1(+,0)) ~ (A2, 0.as(-,0)) implies (—A)%, v+

0.as(z,0)v = 0 in Q. Then by Lemma 5 and that u(-Q) = u(-g) =..-=01n ., we have
(AfﬁalJ / / Vi, u kH) stdyda:—l—/ﬁa]xo By da

+ [ 080w 00+ Ralas )] v da
- / [Gfﬂaj(x, 0)(u§~1))k+1 + Rk(aj,uj)} v dx, for k > 1.
0

By Lemma 6, we first have u{" = u{"”. From A(AQB o llwe = AA2 o Lf]lw, for any
f e Cx(Wy), we have

o—«mﬁm—AM@mmm»:Lmhmum 02az(x,0))(ui")?v da,

since Rl(aj, Uj) =0.
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By the Runge approximation property in Proposition 1, for any g € L?(Q), we can find
a sequence of linear solutions v; € H*(R"™), whose restriction to €, is compactly supported
in W5, to (3.12) such that v; — ¢g in L*(2). Plugging v; and let i — oo, we obtain

[ @ae.0) = Ba(w, 0) )9 dx =0
Q
for any g € L*(2), which yields
(0%ay(z,0) — Pas(z,0) ()2 =0, z€Q.
Now based on the strong maximum principle proved in Proposition 4, we can choose
suitable exterior data ugl) = f >0and f # 0 in W, so that ugl) > 0 in €. Then

(02%ay(x,0) — 0%as(z,0)) must be zero in .
Now for any fixed positive integer k > 1, we suppose that

(3.13) 0tai(r,0) = 0las(z,0) in Q, for 2<(<k.
Then Lemma 6 yields that
(3.14) ugé) = ug) in R", for 1 <l<k.

Combining AT [£llw, = AETV2[f] |y, for f € C(W;) with (3.13) and (3.14), one has

Ar,a1 T tAga2

0 = / (a§+1a1(l" 0) — af“l‘la?(x’ 0))(ugl)>k+1v dl»

for u{") and v as above, which similarly proves 9**laj(z,0) = 0¥ lay(z,0) in Q. By

induction, this completes the proof. O
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