UNIQUENESS RESULTS FOR INVERSE SOURCE PROBLEMS
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FOR SEMILINEAR ELLIPTIC EQUATIONS

TONY LIIMATAINEN AND YI-HSUAN LIN

ABSTRACT. We study inverse source problems associated to semilinear elliptic
equations of the form
Au(z) + a(z,u) = F(x)

on a bounded domain 2 C R™, n > 2. We show that it is possible to use nonlin-
earity to recover both the source F' and the nonlinearity a(z,u) simultaneously
and uniquely for a class of nonlinearities. This is in contrast to inverse source
problems for linear equations, which always have a natural (gauge) symmetry
that obstructs the unique recovery of the source. The class of nonlinearities
for which we can uniquely recover the source and nonlinearity, includes a class
of polynomials, which we characterize, and exponential nonlinearities.

For general nonlinearities a(z, u), we recover the source F'(z) and the Taylor
coefficients Bqlf a(z,u) up to a gauge symmetry. We recover general polynomial
nonlinearities up to the gauge symmetry. Our results also generalize results
of | s ] by removing the assumption that v = 0 is a solution. To
prove our results, we consider linearizations around possibly large solutions.

Our results can lead to new practical applications, because we show that
many practical models do not have the obstruction for unique recovery that
has restricted the applicability of inverse source problems for linear models.
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Let Q C R™ be a bounded domain with C*°-smooth boundary 92 with n > 2.
In this paper we consider semilinear elliptic equations of the form

(1.1)

Au+a(z,u) =F inQ,
u=7f on 01},
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where a = a(z,2) : Q x R — R is C*°-smooth in the z-variable. For presentational
purposes we also assume that

(1.2) a(z,0) =0 in Q.

This condition is not a restriction of generality as it can be achieved by redefining
the source F' in (1.1).

Let us assume for now that the boundary value problem (1.1) is well-posed on
an open subset ' C C%(99). In this case, the Dirichlet-to-Neumann map (DN
map) is defined by the usual assignment

(1.3) Ao : N = CH(0Q),  fr dyuglyg-

Here v denotes the unit outer normal on 02. In Theorem 2.1 we show that if there
exists

fo € C*(09),
such that the equation (1.1) admits a solution ug € C%%(Q) with uglaq = fo, and

0 is not a Dirichlet eigenvalue of A 4+ 0,a(x, ug) in £,

then there is an open neighborhood N' C C%%(9R) of fy where (1.1) is well-posed
in the following sense: For each f € AN there exists a solution us to (1.1) with
uyfloo = [ and the solution uy is unique in a fixed neighborhood of ug € C%%(Q).
If the sign condition

0.a(x,z) <0

holds for x € 2 and z € R, the assumptions of Theorem 2.1 will be satisfied and
the DN map is well-defined by | ]. If F vanishes on 2, one can take fo =0
on 9. In this case, Theorem 2.1 reduces to similar well-posedness theorems in the
literature, such as the one in | .

Consider the equation (1.1) for two sets (ai, Fy) and (ag, Fp) of coefficients.
Let A; and Ay be the corresponding DN maps defined on A7 C C?%(99) and
Ny C C?%(09), respectively. When we write

A1(f) = Aa(f), for any f € N,
we have especially assumed that A C Ny NN, and NV # 0.

e Inverse source problem: What can we determine about both a and F
from the knowledge of the corresponding DN map A, #?

For general nonlinearities a(x, z) it is impossible to determine both a(zx, z) and
F(z) simultaneously from the corresponding DN map. This is due to an inherit
gauge invariance of the problem, which we will explain later. For inverse source
problems of related linear equations, where the aim is to determine a source function
from boundary measurements, the gauge invariance of the problem is well-known:

Remark 1.1. Let us consider the inverse source problem for the linear equation

(1.4) {Au+qu:F in Q,

u=f on 0.
In this inverse problem one asks if the DN map Ap : C*°(9Q) — C(00Q) associated
to the above equation determines F uniquely. We assume here for simplicity that
the potential function q is known. In general, the answer to the question is negative
due to the following observation. Let u solve (1.4) and let v be an arbitrary C?-
function satisfying |50 = 0y1|yq = 0. Let us also define

(1.5) U:=u+ 1.
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Consequently, we have (i]aq, 0,loa) = (u|sq, Opulsq), and
Ad+ qu =A(u+ ) + q(u+ 1)
(1.6) =F —qu+ Ay + qu+ qp
=F+ Ay + qi.

Hence v and u solve the equations Au + qu = F and At + qu = F + Ay + gy
respectively. Since u and @ also have the same Cauchy data on 052, it follows that
the corresponding DN maps are the same: Ap(f) = Arptaytqu(f) on O It is
thus mot possible to determine a source function uniquely from the DN map.

In this work, we consider different types of nonlinearities, including general ones.
For general nonlinearities a(x, z), we prove in Theorem 1.3 that the corresponding
DN map determines the quantities

(1.7) oFa(x,up(x)), =€, keN.

Here wg is a solution to (1.1) corresponding to a boundary value fy. As already
evidenced by Remark 1.1, it might not be possible to recover ug from the DN map.
This means that in general the condition (1.7) does not determine a(x, z), or even
its derivatives in the variable z.

Due to the above obstruction to determining a(z, z), and consequently F(z), in
general, we mainly focus on nonlinearities a(x, z) of the following special types:

e General polynomial nonlinearity:

N
(1.8) a(z, z) = Za(k) (x)2", N €N,
k=1
e Exponential type nonlinearities:
(1.9) a(z, z) = q(x)e® and a(z, z) = q(z)ze?,
e Sine-Gordon nonlinearity:
(1.10) a(x, z) = q(x) sin(z).

For these nonlinearities, we show that the corresponding inverse source problems
are either uniquely solvable or there is a gauge symmetry, which has an explicit
form. The fact that there are nonlinearities for which the related inverse source
problem is uniquely solvable is in contrast to inverse source problem for linear
equations, which always have the gauge symmetry presented in Remark 1.1. That
is, nonlinearity can make inverse source problems uniquely solvable.

Quadratic nonlinearity

(1.11) a(z,u) = aW (z)u(z) + a? (2)u?(x)

has a specific form gauge symmetry, which we now derive. For this, let us assume
that u solves (1.1), where a(z, z) is as above. Let ¢ € C?(Q). We denote by a(*),
a® and F another set of C°°()-smooth functions corresponding to a quadratic
nonlinearity of the form (1.11) and source term for (1.1). These functions can im-
plicitly depend on 9. Let A and A be the DN maps corresponding to the coefficients
without and with tilde signs respectively. If we define

U= u~+ 1P,
then we have the chain of equivalences
Ad+aVYa+aPa® =F,
which is equivalent to

Au+)+a® (u+)+a? (u+ ) =F,
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which is also equivalent to
Au+ AY +aPu+aMy + a@u? + 26D pu + a@yp? = F,

which hold in Q. By using Au = —aMu — a@u? + F and equating the powers of
u gives the following system

F+AYp+aWyp+a@y2=F inQ,
(1.12) a® = am 4253y in €,
a® =a® in Q.

If the above system is satisfied, then

Au+a(z,u) =F < Au+a(z,a)=F.

Consequently, if we additionally require that ¥|sq = 0,t|oq = 0, then the DN
maps A and A are the same. That is, if we change the coefficients (aV),a(?, F) to

(a, &(2),15'), the DN map is preserved. Thus, it is at best possible to determine
coefficients and a source from the DN map up to the gauge conditions (1.12).

e Earlier works. Before going into our results in detail, we discuss earlier related
works. The standard approach in the study of inverse problems for nonlinear el-
liptic equations was initiated in | ]. There the author linearized the nonlinear
DN map C*(09) — C*(0f2). The linearization reduced the inverse problem of
a nonlinear equation to an inverse problem of a linear equation, which the author
was able to solve by using methods for linear equations. Later, second order lin-
earizations, where data depends on two independent parameters, were used to solve
inverse problems for example in [ , , , , , ]. We
also mention here the work | | that considers inverse problems for systems of
semilinear equations.

For the case FF = 0 in  in (1.1), equivalent to u = 0 being a solution, in-
verse problems for semilinear elliptic equations were recently considered in | ,

]. The novelty of these works is that instead viewing nonlinearity as an
additional complication in the inverse problem, the works used nonlinearity as a
beneficial tool. The method of these two works originates from the seminal work
[ ], where inverse problems for nonlinear equations were studied in Lorentzian
spacetimes. By using the method where nonlinearity is used as a tool, inverse prob-
lems for nonlinear equations have been solved in cases where the corresponding
inverse problems for linear equations are still open. The method is by now usually
called the higher order linearization method.

After the works | , , ], the literature about inverse problems
for nonlinear equations based on the higher order linearization method, has grown
substantially. The works [ , , , , , ,

| investigated inverse problems for semilinear elliptic equations with general

nonlinearities and in the case of partial data. Inverse problems for quasilinear

elliptic equations using higher order linearization have been studied in | ,

) ]. The works [ ) ] studied inverse problems for min-

imal surface equations on Riemannian surfaces and FEuclidean domains. We also

mention the works [ , , , , , ], where inverse prob-
lems for semilinear fractional type equations have been studied.

Inverse source problems for linear equations that regard determination of both
unknown sources and coefficients have attracted recent interest. Applications of
them include the photo/thermo-acoustic tomography | ], magnetic anomaly
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detection | ) ] and quantum mechanics | , ]. In this pa-
per, we are interested in related nonlinear counterparts of the above works consid-
ering linear models. Finally, inverse problems of simultaneously recovering for both
nonlinearities and initial data have been considered by | | and | ]

In our first result we show that a a general polynomial nonlinearity and a source
are determined by the corresponding DN map up to a gauge condition generalizing
(1.12). In the following theorem we denote by

(%) = o

the usual binomial coefficients. We also include a converse statement to the result.

Theorem 1.1. Let Q C R™ be a bounded domain with C*°-smooth boundary OS2,
n > 2. For j=1,2, let aj(x,z) be a polynomial of the form

N
(1.13) a;(x,z) = Z a§k)(z)zk for (z,2) € Q x R,
k=1

for some N € N, where a§-k) € C¥Q), forj = 1,2 and k = 1,...,N. Given
F; € C"*(Q) for some 0 < oo < 1. Let Ay, p, be the DN map of the equation

(1.14) Auj +aj(z,u;) =F; inQ,
uj = f on 0f).

Suppose that there is an open set N' C C%*(0€)) such that

(1.15) Aoy 1y (f) = Nas 1, (f) for any f € N.
Then there exists 1 € C**(Q) with ¥|oq = 0|50 = 0 in Q such that

N
(1.16) agN_k) = Z (an k) agm)wm_N+k and agN) = a;N) in ,
m=N-—k

fork=1,2,...,N, and

N
(1.17) Fi=F—Ap = afy*,
k=1

Conversely, if (1.16) and (1.17) hold for some ¢ € C>%(Q) with |pq =
Outlog = 0, then Ay, p (f) = Nay. ;i (f) for all f € C**(0N) for which either
side of the equation is defined.

We remark that in the above theorem it is sufficient that the domain N of the
DN maps is any non-empty open subset of C%:%(9Q). Especially A/ can be arbitrary
small in size. The same holds for other results of this paper. We also remark that
we could have let IV to be finite, but otherwise unknown, in the assumptions of the
theorem. That is, IV could be initially assumed to be different for the coefficients
(a1, F1) and (ag, F3). The determination result, given by (1.16) and (1.17), is the
same also in this case.

We highlight the special cases of quadratic and cubic nonlinearities of the theo-
rem in the following remark.

Remark 1.2. When N =2 and N = 3 the results of Theorem 1.1 are as follows:
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(a) For N = 2, i.e., the quadratic nonlinearity, the condition (1.15) implies
that

a§2) = agQ) =: al
(1.18) alt) = alt 4+ 2a@0p,

Fi=F— Ay —alPy — a®qy2.

2)

(b) For N =3, i.e., the cubic nonlinearity, the condition (1.15) implies that

o® = o = q® in Q,
0@ — o 4 3y in Q,
(1.19) 1 _ @ &) (3) 42 '
ay’ =ay’ +2ay Y+ 3atY in €,

Fi=F— A —aPp — a2 — a®y3  in Q.
We will show how one obtains (1.18) and (1.19) in Section 3.

We note that the condition (1.16) in Theorem 1.1 tells that the highest order
coefficient of a polynomial nonlinearity is always uniquely determined. We also men-
tion here that cubic nonlinearities appear for example in Gross—Pitaevskii model
for Bose-Einstein condensates | ].

With Theorem 1.1 and Remark 1.2 at hand, it is natural to ask if we can obtain
strict uniqueness results for both the nonlinear coefficients and sources. This is
indeed the case. For example, in view of (1.18), if one knows the linear term a
priori, i.e. agl) = agl), and assume a(® # 0, then ¢ = 0. This means that the gauge
symmetry of the inverse source problem breaks in the sense that we unique and
simultaneous determination of the nonlinearity and the source. Interestingly, the
next result shows that inverse source problems for general polynomial nonlinearities
are uniquely solvable if the second to highest order coefficient is known.

Theorem 1.2 (Unique recovery general case). Assume as in Theorem 1.1 and
adopt its notation. Suppose additionally that

angl) = a(QNfl) in

and
either agN) (x) #0  or agN) () #0  for all x € Q.
Then all the coefficients are uniquely determined:
F=F and a(lk)Eaék) inQ, k=12,... N.
Remark 1.3. Let us consider Remark 1.2 (a) and assume additionally that
agl) = aél) in Q
and
a(lz) () #0 or a(22) (x) # 0 at any x € Q.
Then also
Fy = F5 and a(12) = a(22) i €.
The above remark in particularly states the following. The inverse source prob-

lem of recovering F' from the DN map of

Au+ qu+u? = F,

is uniquely solvable, where ¢ is assumed to be known. This is in contrast to the
inverse source problem of Au + qu = F, which always has a gauge symmetry by
Remark 1.1, even if ¢ is known. Thus, we have provided examples (Theorem 1.2
and Remark 1.3), where nonlinearity can be used to break the gauge symmetry in
an inverse source problem.
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On the other hand, in case it is a priori known that F; = F5, then we also have
a uniqueness result:

Corollary 1.4. Let us adopt the notation and assumptions in Theorem 1.1. If
Fy = F; in Q, then we have

(1.20) al® = ol in Q,

fork=1,2,...,N.

The above corollary in particularly says the following. If we consider an inverse
problem for the equation

Au+qu+u? =F, F known,

then we can recover the lower order term ¢ from the DN map.

We also study an inverse source problem for general semilinear elliptic equations
and do not assume that the nonlinearity is necessarily a polynomial. In fact, we
will prove the next theorem before Theorem 1.1 for convenience.

Theorem 1.3. Let 2 C R™ be a bounded domain with C°°-smooth boundary OS2,
n > 2. Forj=1,2, let a;(-,2z) € CQ) satisfy the condition (1.2) and assume
that aj(x, z) is C°-smooth with respect to the z-variable. Given F; € C%*(Q) for
some 0 < a <1, let Ay; r; be the DN map of

(1.21) Auj +aj(z,u;) = F;  in Q,
uj = f on 0.
Suppose that there is an open set N' C C%*(0€)) such that
Aal,Fl(f) = Aaz,Fz(f) fO’l“ any f eEN.
Then, for any fo € N, we have
(1.22) 0 ay (z, 0V (2)) = Oag(x, v (z)), = e,

for any k € N. Here ugo) and uéo) are the solutions of (1.21) with boundary condi-

: (0) _
tion u; |aQ = fo.
As a corollary to Theorem 1.3, we do case studies of inverse source problems when
the nonlinearity of the model is either of exponential type or a(z, z) = ¢(z) sin(z).
Exponential type nonlinearities arise for example in mathematical modeling of com-

bustion (see e.g. | ). The nonlinearity a(x, z) = g(x) sin(z) corresponds to the
sine-Gordon equation. The DN map and inverse problems for the sine-Gordon equa-
tion have been considered for example in | , ]. The models are chosen so

to give examples of cases where the inverse source problem is uniquely solvable, or
has an explicit gauge symmetry.
Let ¢ and F belong to C%%(Q), and consider the semilinear elliptic equations

(1.23) Au+qg(z)e* =F inQ,

. u=f on 0f).
and
(1.24) Au+ g(z)ue* = F  in Q,

’ u=f on 0.

For the corresponding inverse source problems we assume that both of the above
boundary value problems have a solution ug for some boundary value f; such that
0 is not an eigenvalue of A + 0,a(x,ug). In this case, it follows from Theorem 2.1
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that the DN maps N' — C1%(9Q) are defined on an open subset N’ C C%*(9M)
as before by
u = Dy, -

Here, uy is the unique solution on a neighborhood of ug to either (1.23) or (1.24)
depending on which of the two models we are considering. We remark that in
the case ¢ < 0 the above assumptions are satisfied and Theorem 2.1 holds for
(1.23) by | , Theorem 15.12]. In this case, also (1.24) has a solution ug for a
given boundary value fo € C%%(99Q) by | , Theorem 15.12]. However, to apply
Theorem 2.1, one still needs to assume that 0 is not an eigenvalue of A+9,a(x, ug).
We also remark that if F' is assumed to be small enough, the DN maps of (1.23) and
(1.24) are well-defined by Proposition 2.1 on a neighborhood of the zero boundary
value.

For the nonlinearity a(z, z) = q(z)e?, the inverse source problem is not uniquely
solvable due to a gauge symmetry. However, if the nonlinearity is g(x)ze®, and
q(z) # 0 for = € Q, the corresponding inverse source problem has a unique solution.

Corollary 1.5. Let 2 C R"™ be a bounded domain with C>°-smooth boundary 052,
n>2. Let g; € C*(Q), and suppose additionally that
Case 1.

a;j(x,2) = gj(x)e”;

Case 2.

with g; # 0 in Q, for j =1,2.

Suppose that there is an open N' C C%%(9Q) such that the corresponding DN
maps Aq; r, of the equation

Auj +a;(z,u;) =F;  in Q,
uj = f on 082
satisfy
Aa17F1 (f) = Aa27F2(f) fOT any f eN.
Then we have:

Case 1. Gauge symmetry:
(1.25) @ =qe¥ and Fy=Fy,— Ay in Q.

Conversely, if (1.25) holds for some 1) € C**(Q) with Y|ag = Ot|sq = 0, then
Aoy 7, (f) = Aoy 1, (f) for all f € C*(0R) for which either side of the equation is
defined.

Case 2. Unique determination:

(1.26) q=q and Fy=F;in.

As the second application of Theorem 1.3, we consider the inverse source problem
for the elliptic sine-Gordon equation. Again, let ¢ and F' belong to C*(Q2), and
assume that the equation

(1.27) {Au +gsinu=F in (),

u=f on 012,
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has a solution for some boundary value fo € C?%(9€) such that 0 is not an
eigenvalue of A + 0,a(x,up). Then the equation is well-posed on a neighborhood
N C C?2(99) of fo by Theorem 2.1. The DN map of (1.27) is again defined by

Agr: N — CH(00Q), w = Oy

where uy € C*%(Q) is the unique solution to (1.27) on a neighborhood of uy,. If F
is assumed to be small enough, the DN map of (1.24) is well defined by Proposition
2.1 on a neighborhood of the zero boundary value.

For the sine-Gordon equation, the inverse source problem is solvable.

Corollary 1.6. Let Q C R"™ be a bounded domain with C*°-smooth boundary 052,
n > 2. Let g € C*(Q)), and suppose additionally that

(1.28) a;(x,z) = ¢;(x)sin z,

for j =1,2. Suppose that there is an open set N' C C**(9Q) such that the corre-
sponding DN maps Ay, r; of the equation

(1.29) Auj +g;sin(u;) =F;  in Q,
uj = f on ON.
satisfy
AfIl,Fl(f) = qu,Fz(f) for any f € N.
Then
(1.30) g =¢q2 and Fy=1F; inq.

The paper is organized as follows. In Section 2, we prove a well-posedness result
for semilinear elliptic equations with source terms. Moreover, a local well-posedness
result is also given in Section 2, and the proof is left in Appendix A. In Section 3,
we prove Theorem 1.3 and Remark 1.2. We prove Corollaries 1.5 and 1.6 in Section
4.

2. PRELIMINARIES

In this section, we prove a local well-posedness result for the Dirichlet problem
(1.1) on a neighborhood of a given solution. Let 0 < o < 1 and § > 0 and denote

(2.1) Ni = {f € C**(09) : ||f | c2(00) < 6} -

Note that when the source function F' of the equation Au(x)+ a(z,u) = F(x) does
not vanish, zero function is not a solution to the equation (1.1). This is the main
reason why our well-posedness result differs from the usual ones, such as the one in

[ ; J

Theorem 2.1 (Well-posedness). Let Q@ C R™ be a bounded domain with C* bound-
ary O and n > 2, and a = a(z,2) : @ x R = R is C®-smooth in the z-variable
with a(z,0) = 0 in Q. Given o € (0,1), F € C*%(Q) and fy € C*>*(0R), suppose
that there exists a solution ug € C**(Q) to
(2.2) {Auo +a(z,up) =F inQ,

u= fo on 0f).

Assume also that

(2.3) 0 is not a Dirichlet eigenvalue of A+ 0,a(x,up) in Q.
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Then there are § > 0 and C' > 0 such that for any f € N5 there exists a unique
solution u € C%%(Q) of

(2.4) {Au—l—a(w,u):F in Q,

u=fo+f on 0X,

within the class {w € C0%(Q) : |Jw— Uollg2.a(m) < C}. Moreover, there are C'™
Fréchet differentiable maps
S: Ns = C?2(Q), fru,
A: N5 = CH(09), [ dyulyg-
Proof. We use the standard method, which uses the implicit function theorem in
Banach spaces to prove the theorem. A similar proof can be found from the work
[ ] where the source F' is assumed to vanish. We refer to that work for
additional details of the arguments used. Let
By = C*%(09), By=C?**Q), Bsz=C%Q)xC*>*(09Q)
and assume that ug solves (2.2). Consider the map
v Bl X BQ — Bg,
(fau) = (AU—‘FCL(.’B,U) _F,U,‘BQ - (fO +f)) .
Similar to | , Section 2], one can show that the map u — a(x,u) is a C*
map from C%%(Q) — C%%(Q).
Notice that ¥(0,ug) = (0,0), where ug € C%*(Q) is a solution to (2.2). The
first linearization of ¥ = W(f,u) at (0,ug) in the variable u is
DY g,y (v) = (Av + D.a(z, up)v, v]og) -

This is a homeomorphism B2 — Bs by the condition (2.3), which is guaranteed by
well-posedness and Schauder estimates for linear second order elliptic equations.

Using the implicit function theorem in Banach spaces [ , Theorem 10.6 and
Remark 10.5] yields that there is 6 > 0 and an open ball N5 C C*%(9Q) and a O
map S : Ns — By such that whenever ||f|c2.ea0) < § we have

U(f,8(f)) = (0,0).
Since S is smooth and S(0) = ug, the solution u = S(f) satisfies

[ullcz.a@ < Cllifllezxo0)-
Moreover, by the uniqueness statement of the implicit function theorem, by redefin-

ing § > 0 to be smaller if necessary, u = S(f) is the only solution to ¥(f,u) = (0,0)
whenever || f||¢2.a(p0) < 0 and

[ullgz.a@ < C.

Asin | ], one can check that the solution operator S : N5 — C%%(Q) is a C*°

map in the Fréchet sense. Since the normal derivative is a linear map C*%(Q) —
C12(09), then A is also a well defined C> map N5 — C1(99Q). O

We remark that if a(z, z) satisfies
0,a(x,2z) <0

for all z € Q and z € R, then the conditions of Theorem 2.1 are satisfied by | ,
Theorem 15.12]. Under the assumptions of Theorem 2.1 above, the boundary value
problem (1.1) is well-posed in the following sense: There is fo € C?*(99Q) and
§ > 0 such that for each f € fo + N there exists a solution us to (1.1) with
ufloo = f. The solution uy is unique on a fixed neighborhood of ug € C%(Q),
where ug solves (1.1) with boundary value fo. In this case the corresponding DN
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map fo + N — C*(09) defined by the assignment f — d,ug|,q is well-defined
and C* smooth in the Fréchet sense.

Next we give a well-posedness result in the case when the Dirichlet data and the
source F' are both sufficiently small. We record it to provide an example where the
DN map is always defined. Let

A= {F € C**(@) ¢ ||Fllgam < 5}.
We have following result, whose the proof is placed in the Appendix A.

Proposition 2.1. Let Q C R™ be a bounded domain with C*° boundary 02 and
n > 2. Assume that a(xz,0) = 0 and the condition (2.3) hold with ug = 0. There
are C >0, e >0 and § > 0 such that for any F € A. and f € N, then there is a
unique solution u € C*%(Q) of

{Au +a(z,u)=F inQ,

(2:5) u=f on 0X,

within the class {w € C%(Q) : [wll 2o < Cle+ 6)} Moreover, there is a C™
Fréchet differentiable map

S: A. x N3 — C**(Q), (F,f)~u.
In particular, for a fired F' € A., the map

Ap: N5 = CH*(09Q), [ dyulyg
is also C'°° Fréchet differentiable.

Partly due to the concreteness of presentation, we end this section by an example

of unique solvability result in dimension two, where the monotonicity method works
well due to the Sobolev embedding H!(2) — L5(£2). We note that in the example,

we do not need to assume the existence of a solution ug, the source F' does not need
to be small, the solutions are globally unique and F' can have quite low regularity.

Example 2.2. In the two-dimensional case, let Q be a bounded domain with C°°-
smooth boundary 0Q2. We consider the semilinear equation

(2.6) —Au+a®ud=F inQ,
u=20 on 082,

where ¢y < a® € C®(Q), for some constant ¢y > 0. Given F € H-*(Q), there
exists a unique solution ur € H(Q) solving (2.6).

The proof is by the monotone operator method, which works well in dimension
two. Let us multiply (2.6) by a test function ¢ € Hg(2). Then an integration by

parts yields
/ Vu-Vodx +/ a®udpdr = / Fodz.
Q Q Q

Let T : HY(Q) — H=1(Q) be the operator given by

(Tu,p) = /QVU -Vpdzx +/Qa(3)u3g0 dx, for any ¢ € H3 ().

It is not hard to see that Tu — F' is the Frechét derivative of the energy functional

1 1
E(u) :§/Q|Vu|2dx+i/ﬂa(3)u4d$—/ﬂFud$~

Since Q C R2?, the Sobolev space H'(Q) embeds in LS(Q)). Using this fact, one
can show that the operator T is bounded, strictly monotone and coercive. Then by
applying the classical energy method, the functional E is coercive and weakly lower
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semicontinuous on HE(Q) (for evample, see | , Theorem 26.11]). Therefore,
E is bounded from below and attains its infimum at some function u € Hg ().
Thus w is a solution of (2.6). The uniqueness of u is a direct result of the strict
monotonicity of T. We refer to | , Theorem 3.1] for more details about this
argument.

3. UNIQUENESS FOR POLYNOMIAL NONLINEARITIES UP TO GAUGE INVARIANCES

To better convey the main idea of the proof of Theorem 1.1 regarding general
polynomial nonlinearities, let us first consider the simpler cases of quadratic and
cubic nonlinearities.

3.1. Quadratic nonlinearity. In the introduction we showed that the inverse
source problem for

Au+ a(z,u) = F,
a(x,u) is quadratic,
a(z,u(z)) = aM(@)u(z) + a? (2)u?(z),
has a gauge invariance given by the gauge conditions (1.12). We show next that

these gauge conditions are the only obstruction to uniqueness in the inverse source
problem for quadratic nonlinearities. This is Remark 1.2.

For the quadratic nonlinearity we consider Dirichlet data of the form
(3.1) fi=f(ze1,e2) := folx) + erfi(z) + eafa(x) = € 09,

where where fo, f1, f2 € C>%(02), and €1, € are small real parameters. We now
prove Remark 1.2 (a).

Proof of Remark 1.2 (a). By assumption there is N' C C%%(9f2) such that

Aal»Fl(f):Aa27F2(f)7 fGN

Let fo S N, fl,fg S OQ’Q(aQ) and €1,€2 > 0 such that fo + €1f1 + €2f2 S N ‘We
apply the higher order linearization method to the equation
{Auj + a§-1)uj + a;Q)u? =F; inQQ,

(3.2)
u; = fo + €1f1 + €2f2 on 0.

We denote € = (€1, €2), which especially means that e = 0 is equivalent to €1 = e =
0. Below the index j = 1,2 corresponds to the different sets of coefficients, and an

index £ = 1,2 to ¢, parameters. Let us denote by ugo) the solution to

J 7 J J

ugo) = fo on 0f).

2
(3.3) Augo) +aMul? 4 ol? (u(-o)) =F inQ,

With the well-posedness holding on a neighborhood N of fg, see Theorem 2.1,

we can differentiate (3.2) with respect to €, for £ = 1,2. We obtain
(1) (2, 0)) () _ :
(3.4) (A +a; + 20 u; ) v, =0 in Q,
UJ@) = fy on 0,

where
¢
’U§ = 865‘620 Ujs
for 5,4 =1,2. Tt also follows from Theorem 2.1 that we know the DN maps of the
equation (3.4) for j = 1 and j = 2 agree. Thus, by the global uniqueness result
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for linear inverse boundary value problems (see e.g. | , Proposition 2.1] or
[ ] for n > 3 and | , ] for n = 2), we have
(3.5) Q= agl) + 2a§2)u§0) = aél) + 2a§2)ug0) in Q.

It then follows by uniqueness of solutions to the Dirichlet problem (3.3) that
v = v@ = vy) in €,

for  =1,2.
We next derive the equation for the second order linearization of (3.2) at u
For j = 1,2, a straightforward computation shows that

(A + agl) + 2a§-2)u§-0)) wj + 2a§-2)v(1)v(2) =0 inQ,
wj =0 on 092,

(0)

o

(3.6)

where

_ 92 .
w; = 8€1€2|6:0 Uj.

We show next that a§2) = agQ) in Q. For that, let us consider v(¥) to be the solution
of

57 {(A +Q)vD =0 inQ,

vl =g, on 012,

where @ is given in (3.5) and g, € H'/?(9Q) will be chosen later for £ = 1,2. We
multiply (3.7) by v()). Moreover, by using d,w; = d,ws on 99, integration by
parts yields

0 z/ (0w — Oyws) vl ds
o0
:/ A (wy — wy) v dx + / V (wy — ws) - Vv dz
Q Q

:/ A (wy — wo) v dx + / (w1 —wa) - a,v) ds
Q o0

f/ (w1 — ws) AvH da:
Q

:/ <a§2) - a(zz)) oM@y gy,
Q

Here we used w; — we = 0 on 9 and (3.6) and (3.7). By using that products of
pairs of complex geometrical optics solutions (CGOs) to (3.4) are dense in L!(£2)
for n > 2, we can choose v(*) and v(?) so that we obtain

(3.8) (a?) - a§2)) viD =0 in Q.

For the construction of the CGOs, see | ]
Next we take also v(1) as a CGO solution and multiply the above identity by yet
another CGO solution v(?) with v(?)|5q = go, one can integrate the above identity

to obtain
/ (ag2) — aé2)> viyv®@ gz = 0.
By applying the density onCGOs again shows that
(3.9) a? .= a(12) = a§2) in Q.
Let us then define 1 € C%(Q) as the difference
(3.10) P = ugo) - u(lo) in Q.
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By plugging (3.9) into (3.5), we obtain
(3.11) agl) = aél) + 24 (ugo) - ugo)) = agl) +2a@4 in Q.
Moreover, with the relation (3.10) at hand, we calculate
By =0 + aPul? 1o ()’
=A (6 +9) + 0l («f” +0) +af? (uf” + ¢)2
= (P +a +af?) + (af? — ol + 20870 f”
+ (o —af) (u®)".

Here we also utilized (3.3). By using (3.9) and (3.11), we see that F = Fy +
a{?y + a{?¢? in Q. Finally, the function 1 of the form (3.10) satisfies ¥|oq =
(7 = )| =0 and 0,lq = 0, (uf” — uf”)

(3.12)

| oa = 0. We have shown

(2 _ o _ 4

a7’ = =
(3.13) al = al! + 20

Fi=F— Ap — 'y — a@y?
as desired. O

Remark 3.1. Note that if the coefficients of quadratic terms vanish, a(zl) = af) =0

in §2, then (3.13) describes the gauge symmetry of inverse source problem for linear
equation discussed in Remark 1.1.

We also remark that in the above proof we could have alternatively used Runge
approrimation argument to show that a§2) = aéz) after (3.8). Indeed, if xg €
Q, there is by Runge approximation (see e.g. | 1) a solution vV such that
v (zg) # 0. Together with (3.8), and using the above argument for all o € €,
shows a?) = ag2) in 2. Runge approzimation in similar situations were earlier used

As discussed in the introduction, if the linear term of a semilinear equation
Au+ aWu 4+ aPu? = F is known (i.e., aV) is known a priori), then the DN map
determines the other coefficients of the equation uniquely. This is Remark 1.3.

Proof of Remark 1.53. By assumption and Remark 1.2
a® = a® 4243y
and
R =F = Av - afy — ay?

hold in Q for some gauge function t. Here a(® = agm = agz). Since a(® # 0 in Q
by assumption, the first identity above shows that ¢» = 0 in 2. Substituting ¥» =0
to latter identity above shows F} = F5 in €. O

3.2. Cubic nonlinearity. We move on to prove our results about cubic nonlin-
earities. For j = 1,2, we let

a;(x,z) = ag.l)z + a§»2)22 + a§»3)23,

and let us consider the equation

(3.14) Auj + aﬁl)uj + af)u? + a;?’)u? = Fj in Q.
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Remark 1.2 (b), which we prove in this section shows that the inverse source prob-
lems of the above equation has uniqueness property for both coefficients and source
up to a gauge.

Before proving Remark 1.2 (b), let us derive the gauge of the inverse problem.

Assume that u; solves (3.14) with boundary value ui|gq = f. If ¥ € C2(2), we

denote by a(Ql), aéQ), agQ) and F5 another set of coefficients and a source, which may

depend on . If we denote uy = uy + %, then we have the chain of equivalences
Aug + agl)uQ + aéQ) (uQ)2 + agg) (uQ)d = Iy,
which is equivalent to
A(ur ) +a” (wn +9) +ag? (ur +9)° + a5 (wr +¢)° = P,
which is also equivalent to
Aug + A + agl)ul + a(21)1/1 + aéQ) (u1)2 + 2a52)wu1 + ag2)z/J2
+al¥ (u? + 3uiy + Burp® +4°) = P,

in Q. By using Au;, = —a§1)u1 — a§2) (u1)2 — af’) (u1)3 + F1 in  and equating the
powers of u gives the following system

Fi = Fy — Ap — alV — al9? — af

ai') = " + 205 4 3ag?y?

agQ) = aéQ) + 3aég)¢
ag?’) = agB).

(3.15)

The above system of equations describes the gauge invariance for the inverse source
problem for cubic nonlinearity. If )| = 0,9|sq = 0, the above computation shows
that corresponding DN maps A,, r, and Ag, p, are the same. It is impossible to
uniquely determine the coefficients and sources from the DN map at the same time.
There is a gauge symmetry given by (3.15).

We next prove Remark 1.2 (b), which states that the DN map determines the
coefficients and source up to the gauge symmetry (3.15).

Proof of Remark 1.2 (b). Let u; be the solution to

(3.16) Ay +alD (@) +aP (@) () + 0l (u))' = F; in @
uj = f on 0},

for j = 1,2. Let us consider the Dirichlet data

f=flxie)=fo+eafi+tefrt+efs on 09Q,

where the parameters ¢, are real numbers, fo € N and f, € C%%(99), for £ = 1,2, 3.
By assumption Aq, 7, (f) = Ag,. 5 (f), if the parameters ¢, are small enough. We
denote € = (€1, €9, €3).

Let us denote by u;o) the solution to

Augo) + aj(x,ugo)) =F; inQ,
u§0) = fo on 0f).
We linearize

Auj + aj(z,u;) = F} in Q,
uj = fo+efi+eafo+esfs on .
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at the solution corresponding to boundary value fy for j = 1,2. The first lineariza-
tion at fo is

2
(A +a + 240" + 348 ( §°)) ) =0 inQ,

(3.17)
= fe on 012,

where v] = 0O¢uj|_y in Q. By Theorem 2.1, we know that the DN maps of

(3.17) for j = 1 and j = 2 agree. By the global uniqueness result for the Calderén
problem for linear equations we have

(3.18)

Q= agl) + 2a(2) (0) + 3a(3) <u§0)>2 = aél) + 2a52)u§0) + 3(1%3) (uéo))2 in €,
and by the uniqueness of solutions to the Dirichlet problem (3.17) it follows that
(3.19) 0@ = v@ = vy) in Q,

for ¢ =1,2,3.
The second linearization reads

(520, (8 +Qui +2 (ol + 370" ) o0 =0 inQ,
. yd) =0 on 0f),
where w](ké) = 6‘2k‘£uj|e:() for k,¢ € {1,2,3} and j = 1,2. Similar to the proof of

Remark 1.2, multiplying (3.20) by the function v that solves

(3.21) (A+Q)v=0 1inQ,
v=g on 052,

where g € HY/2(0f) is a function to be chosen later. Multiplying (3.20) by the
solution v and integrating by parts show that

(3.22) / K @) 4 3400, ()) ( @ 4 340y, (0))}v(k)v(€)vdm‘:0,
Q

for k, £ =1,2,3. Applying an additional density argument as in the proof of Remark
1.2 (a) (or the one described in Remark 3.1), one obtains
(3.23) R:=a? +3aPu? = o + 3a{Pul” in Q.
The uniqueness of solutions to Dirichlet problem of (3.20) and (3.23) imply
w0 = wgkl) = wéke) in Q,
for any k,¢ € {1,2,3}.
Now, a computation shows that the third linearized equation is

(A +Q)w(™ + 2R (w120® 4 w1 4 1p(18)y(2)
(3.24) +6a." (1)0(2)11(3) =0 in Q,

w123 — 0 on 012,

where R is the function given by (3.23). Multiplying (3.24) against the solution v
of (3.21) and integrating by parts produces the identity

/ (ag3) - aég)) vM@ By da = 0.
Q

By choosing v (£ =1,2,3) and v to be suitable CGO solutions, we conclude via
the above integral identity

(3.25) a® = agg) = aé3) in £,
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which proves the first relation in (1.19).
Let us define ¢ € C%(Q) by

(3.26) Y= ugo) - ugo) in Q.
Then, the identity (3.23) is equivalent to
(3.27) a§2) = a(22) +3a® (ugo) — ugo)) = aéQ) + 3a(3)1/1,

where we utilized (3.25) and (3.26). This shows the second identity in (1.19). By
plugging (3.27) into (3.18), direct computations yield

2 2
agl) = aél) + 2aé2)ug0) +3a® (ugo)) — 2a§2)u§0) —3a® (ugo))
2 2
= aél) + 2a52)uéo) + 3a® (uéo)> — 2a52)u§0) — 6a(3)wu§0) —3a® (ugo))

= agl) + 2a52)1p + 3a<3)1/)2,

which proves the third identity in (1.19). Finally, by inserting (3.26) into the

original nonlinear equation (3.16), and equating the powers of uéo), yield the last
identity in (1.19) as desired. This completes the proof. O

3.3. Polynomial and general nonlinearity. In order to prove Theorem 1.1,
where the nonlinearity is a general polynomial, it is convenient to prove Theorem
1.3 about general nonlinearities first.

Proof of Theorem 1.3. Let N € N. By using the higher order linearization method,
let us take the Dirichlet data to be of the form

N
flz) = ZGéfe(a?), x in 09,
=1

where €, are parameters such that |e;| are sufficiently small, and each f, € C%(9Q),

for £ =1,...,N. We first linearize the equation (1.21) around the solution u;o), SO
that we can have
(3.28) (A + 0.a;(z, u;-o))) vj(-e) =0 inQ,
. vJ(g) = fe on 0f)
for j = 1,2, and £ = 1,..., N. The uniqueness result for the inverse problem for
the linear Shrodinger equation yields again that
azal(x,ugo)) = 8za2(x,ué0)) in Q.
Moreover, via the uniqueness of solutions, we have v(®) = v%e) = vy) in €, for
£=1,2,...,N.
To proceed, the second linearized equation can be derived as
(A+Q) wl™ 4 8§aj(x,u(-0))v(f)v(m) =0 inQ,
(3.29) (em) J J
w; =0 on 012,

where Q = 8za1(x,ugo)) = 8za2(x,uéo)) in Q, for £, = 1,2,...,N. Similar as
before, consider a solution v of

A+Q)v=0 inQ,
v=g on 012,



18 T. LIIMATAINEN AND Y.-H. LIN

by multiplying (3.29) by the function v, then an integration by parts formula yields
that

/ (83(11(;10, ugo)) — 0ay(x, u;o))> v O™y de = 0,
Q

which shows 92a; (z, ugo)) = 0%as(x, ugo)) in © by utilizing preceding arguments.

Furthermore, by considering higher order linearized equations and using an in-

duction argument, similar to the ones in the proofs of | , Proof of Theorem
1.1] and | , Proof of Theorem 1.3], it is not hard to show that (1.22) holds
for any k£ € N, where u;o) are the solutions of (3.28), for j = 1,2. As N € N was
arbitrary, this completes the proof. ]

We now prove Theorem 1.1.

Proof of Theorem 1.1. To prove the theorem, we need to show that there is ¢ €
C**(Q) with ¢]aq = 8,¢[aq = 0 such that

N
(N—=k) _ m (m)  m—N+k .
(3.30) al = > (N v k) ay™ in Q,
m=N—k
for k =1,...,N. Since a1(z, z) and as(x, z) are both polynomials of order N, we

have by Theorem 1.3
ai" (@) = 0N ay (e, 1)) = O as(a,uf”) = 0y (w)

for all z € Q. Here ugo)’ j =1,2, is the solution of (1.14) as u§0)‘89 = 0. Thus the

claim holds for £ = 0. We prove the claim by induction. For this, let us assume that
(3.30) holds for all k =0, ..., L. It suffices to show that (1.16) holds for k = L + 1.
Using Theorem 1.3 again, we have

(3.31) ON=UAD g (x, ugo)) = 85_(L+1)a2(x,uéo)) in Q.
Since a;(z, z) is a polynomial in a, this identity is equivalent to
(N = L— 11D 1 (N — L)ta{¥ 1

(N—L+1)! (N—p+1 o)) 2 N! N o)\ L1
i T () +”'+(L+1)!ag (")

=(N-L- 1)!agN7L71) + (N - L)!angL)ugo)

(N=L+D! (nor+1) ( (0))2 N oy ()5
+72! s (u2 ) +~--+(L+1)!a2 <u2 ) .

After diving by (N — L — 1)! the above reads
(3.32)

N—-L-1\ (nv—r-1) N-L (N-L)_(0)
(N—L—1>“1 +(N—L—1>a1 "

N—L+1\ (Nv-rz+1) (, 0\* | N ) ()
+(NL1)“1 () +t (v o)™ (47)
_(N—-L-1\ (nv-r-1) N—-L \ -1 (0
_<N—L—1>a2 +(N—L—1>a2 U2

N—-—L+1\ (N—r+1) { 0)\? N (N ()=
+(N—L—l)“? () +ot (v o)™ (47)
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We rewrite (3.32) as

L
(NL1)+

_ k+1
<N L+ k> o(N-L+0) (ugo))

N-L-1
(3.33) -
NL 1) N—L+k\ (N—L+k) [ ©0)\*T!
+Z<NL1>a2 ()
k=0
We define
(3.34) P = u(QO) - ugo).

Then ¢ € C?*(Q) and ¥|sq = d,1|sq = 0. By using the induction assumption,
that (3.30) holds for k = 0,..., L, we write the identity (3.33) as

(3.35)
angLfl)

L
N—L-1 N-L+k N—L+k 0)\**1 N—L+k 0\ F+1
>+;<N_L_1) o () ()

N L—-1 Z N — lz—l-k
N

_ Z (N L—i—k) a( ) pm—N+L- k( go))kﬂ]

k41
angLJrk) (u§°>+¢)

m=N—-L+k

Here the induction assumption was used in the last equality. By using binomial
expansion, the above equality is

(3.36)
angLfl)

V-1 1)+Z<N L+k>
N

k
£ e

m=N—L+k

a,ngL+k) % (k j’ 1) wL (ugo))k+17L
0

L=

= agNiLil) + 51— S5s.

Here we have defined

(3.37)
L k+1
o N—L+k\ (N-Ltk) k+1\ ()

Sl'_Z<N—L—1>“2 S5 )

k=0 t=0
Sy = EL: N—-L+k EN: m a(m)wm—N+L—k (u(0)>k+1

2= N-L-1 N-—L+k)"2 1 :
k=0 m=N—L+k

To complete the proof we compare the coefficients of the powers of ugo) of S and
S5. We first observe that in the term S7, the powers of u§°) range from 0 to L + 1.
In the tern S;, the powers of ugo) range from 1 to L + 1. We split the remaining

proof into two cases according to powers of u:(LO).

Case 1:
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Let us consider the coefficients of the terms (ugo))J’ J=1,...,L+1,in S; and
S5. We observe that the coefficient of (ugo))‘] in S7 is

L
N—L+k\ (N-Ltk) k+1 k+1—J
(3.38) k;1<N—L—1)a2 ky1-Jg)Y
Similarly, the coefficient of (u(lo))J in Ss is

N
N—-L+J+1 Z m (™ pm—NA+L—J 41
N-L-1 N—-L+J+1)™
m=N—L+J—1

_(N-L+J-1 XL: N =Ltk ) (V-tk) g
N-L-1 AN -L+g-1)® :

(3.39)

On the other hand, a direct computation shows that

N-L+k E+1 _(N—-L+J-1 N-L+k
N—-L-1)\k+1-J) N-L-1 N—-L+J-1)’

so that (3.38) and (3.39) are the same.

Case 2:
The term Sy does not contain the zeroth power of ugo). We express 57 as
S1:=5¢ + g,
where
L
o N—L+k\ (N-L+k)  kt+1
SO";)<N—L—1)Q2 ¥
(3.40) ; . .
5. N—-L+k\ (N-L+k) k+1\ ., ( (0 —t
=3 (vopin) e (e )
k=0 1=0
By redefining the summation index of Sy, we have
N
- m (m), m—N+L+1
(3.41) So= > (N_L_1>a2 VY .

m=N—L
Therefore, by plugging (3.38)—(3.41) into (3.35), we obtain

N
QN UAD) _ (V) 3 (N o 1) g =N+ L+1
m=N-—L

N

_ m (m)  m—N+L+1
= 2 (N—L—l)“? ¥ '

m=N—(L+1)
This proves the induction step. It remains to prove (1.17).

Recall that the nonlinearity a;(z,z) = Z,[j:l a§-k)zk, for 7 = 1,2, then we can

write a;(x, u(lo)) in terms of

ar(@uf”) = 3 ol (ul”)

(3.42)
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On the other hand, one can also express

N k
(3.43) )y () ()" _ (k) (’f) O™ ye=m.
as(z, us Za (u2 ) ;az mzzo m (ul )

where we used (3.34) and binomial expansion in the above computation. Similar
to the computations of Case 1 in preceding arguments, by comparing the orders

of the homogeneous parts (ugo))L, for L=1,2,..., N, a direct computation yields
that
N
0 0 (k
ag(a:,u; )) ) Z )wk_
k=1
Therefore,

Fi—F= A (0l = uf”) + a2, ul”) — az(, uf”) = ~A¢ - Za(’“)w’“,

which shows (1.17). This proves the assertion. O
With Theorem 1.1 at hand, we can prove Theorem 1.2 immediately.

Proof of Theorem 1.2. With the identities (1.16) at hand, as k = 1, we have

N

502 3 () Ny
m=N-—1

Since agN) (x) = aéN)(a:) # 0 for all z € Q, and angl) = aéNﬁl), the preceding
equality yields that ¥ = 0 in . Finally, by applying the (1.16) again as k = N
one can prove Fy = F5 in €, which completes the proof. O

We next prove that if the sources F; and F5 are known in Theorem 1.1 and
Remark 1.2, then it is possible to determine the coefficients uniquely. We have
the following corollary, which we formulate in terms of the general polynomial
nonlinearity.

Corollary 3.2. Let us adopt the notation and assumptions in Theorem 1.1. If
Fy = F5 in Q, then we have

ag ) = agk) in €,
fork=1,2,... N.

Proof. By using (1.17), we have
N
(3.44) A+ et =0in @

where ¢ € C?%(Q) is defined via (3.34), which is a bounded function. Since
(k) € C¥(Q) for k=1,2,...,N, (3.44) implies that

Al <Oyl in Q2
Yv=0,0=0 on 99,

for some constant C' > 0. Applying the unique continuation for differential inequal-
ities (see e.g. [ ]), one obtains that v = 0 in Q. Finally, combining with the
relations (1.16), we obtain the uniqueness of coefficients. (To easily see how this
final argument goes, see the cubic case and (3.15) first.) O
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4. CASE STUDIES OF THEOREM 1.3

In the end of this paper, we study special cases Theorem 1.3, which stated that
for general nonlinearities
(4.1) 8fa1(x,ugo) (x)) = 85(12(32,1150)(:6)), zeQ, keN
In general, given only the conditions (4.1), it is not clear how explicit relation

between the coefficients (a1 (z, 2), F1(z)) and (as(z, 2), F5(x)) in terms of ) = ugo) -

ugo) one can find. This final section of this paper consider examples where the

relation is explicit.
4.1. Exponential nonlinearity.

Proof of Theorem Corollary 1.5. We prove cases 1 and 2 separately:
Case 1.

The nonlinearity in this case is a;(z, z) = g;(z)e*. Let u§0) be the solution to

(0) ul® .
(4.2) Auj” +gj(z)e"s =F; inQ,
. uéo) = fo on 0},
for j =1,2. Here fo € N. Using (4.1) with k = 1, we have

(4.3) get” = 0,01 (0,ul”) = D.as (e, ul”) = goe®s in Q.

On the other hand, by taking uéo) = u§0) + 1 in , by (4.3) one has qle“?) =
q2€u§°>+zp which implies q; = gae? in Q. Then, by using (4.2), we have
By = Fy = A(uf” —ul”) + ges” — e’ = Ag in Q,

where we have utilized (4.3). This shows (1.25).
For the converse statement, we note that if

@1 = qee’ and Fy = F> — Ay,
and we set us = u1 + 1, then
Aup + et = Fy <= Auy — A + gue¥e> ™V = F, — Ay
— Aug + ¢2e*? = Fs.
Since ¥]aa = Jy]an = 0, we have the converse statement.
Case 2.

In this case a;(z, z) = g;(x)ze*. Let u;_o) be the solution of

(4.4) {A<E‘>§O) +ques” = F; i,
u;” = fo on 012,
for j = 1,2. The condition (4.1) for k =1 yields
(4.5) Q:=q (ugo) + 1) eut” = Qo (uéo) + 1) et in Q,
and for k = 2 it yields
(4.6) gl (ugo) + 2) eut” = q2 (uéo) + 2) e in Q.
Combining (4.5) and (4.6), we obtain
(4.7 qleugo) = qge“(;) and q1u§0)e“§0) = qgugo)e“;m in €.

0) _ ¢

By the first identity of (4.7), we have g1 = goe¥2 «” in Q. The second identity
of (4.7) shows that qgu(lo)e“;m = qguéo)e“;m in Q. Since g3 # 0 in €2, we must have
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ugo) = ugo) in €2, which implies that Fy = F5 in {2, where we utilized the equation

(4.4). Moreover, by the first identity of (4.7) and ugo) = ugo) in Q, we can derive
q1 = g2 in Q. This proves the assertion. O

If F; = F5 in Qin Corollary 1.5, we have the following uniqueness result regarding
the Case 1 in the above corollary.

Corollary 4.1. Let us assume as in the Case 1 of Corollary 1.5 and adopt its
notation. If additionally Fy = Fy, then

q = qz in Q.

Proof. Since the source terms in Corollary 1.5 satisfy Fy = F5 in (), it follows
from (1.25) that Ay = 0 in Q with ¥|so = 0,9y, = 0. By using the unique
continuation principle, we conclude that ¢y = 0 in ). Therefore, combining with
(4.3), we must have g1 = ¢ in Q as desired. O

4.2. The sine-Gordon equation. We prove Corollary 1.6.
Proof of Corollary 1.6. We divide the proof into two steps:

Step 1. Gauge invariance.

Let u;o) be the solution of

(4.8) {Augo) +q; sin(ugo)) =F; inQ,

u§0) = fo on 0§,

for 5 = 1,2 and where fo € N. By Theorem 1.3, we have 9%a, (x,ugo)) =
O ay(, uéo)), for kK = 1,2, which implies that

(4.9) q1 CoS ugo) = @5 COS ugo) and ¢ sin ugo) = ¢ sin ugo) in Q.

By the Euler identity, we have e!¥ = cosy + isiny, where i = v/—1. Then (4.9) is
equivalent to

ju(® iul® .
(4.10) q1e'™ = qae’z in Q.

By defining ¢ = uéo) — ugo), we have that ¢ € C>%(Q) and ¢ = 9,2 = 0 on 9.
Via the second identity of (4.9) and (4.8), one has

Ay = A(uéo) — ugo)) =F, — Fy in Q,
and by (4.10), o o
g = goel™ ) in Q,

which implies ¢1 = ¢g2€'¥ in Q. Furthermore, since ¢; and ¢» are real-valued func-

tions and 1 is continuous, we must have either e¥ = —1 or e!¥ =1 in Q. Thus
(4.11) q1 = £q2 in Q.

It remains to show that

(4.12) e =11in Q.

Step 2. Boundary determination.

We show by using boundary determination that ¢ = 1 in Q. Let € be a small real
parameter, g € C*%(9Q) and f = fo+eg. By linearizing (1.29) around the solution

u;o) of (4.8), one has

, Y, _ :
(4.13) {(A—i—q] oS U )v] =0 1inQ,

v; =g on 012,
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for 5 = 1,2. Now, by applying standard boundary determination for the linear
Schrodinger equation (4.13), one can determine that

q1 cos(fo + €g9) = ¢1 cos u§0> = ¢a cos uéo) = qacos(fo +€g) on ON.

In particular, for e = 0, the above identity shows that

q1 cos(fo) = g2 cos(fo) on Q.

If cos(fo) = 0 on 09, we can slightly perturb fy so that there is zy € 9Q with
cos(fo(z0)) # 0 and repeat the above argument again. We deduce that el¥(#0) =1,
and since v is constant, we conclude that

q1 = g2 in Q.
This proves the claim. O

APPENDIX A. PROOF OF PROPOSITION 2.1

Let us prove Proposition 2.1. The proof is almost identical to the proof of
Theorem 2.1, but Proposition 2.1 does not exactly follow from Theorem 2.1. A
very similar proof can be found from the work | , Section 2].

Proof of Proposition 2.1. Let
By =C**(0Q), By=C%Q), Bs=C>*(Q), By=C*Q)xC**(00)
and consider the map
U : By x By x By — By,
(f, F,u) = (Au+ a(z,u) — F,ulpa — f) -

Similar to | , Section 2], one can show that the map u — a(x,u) is a C*
map from C%%(Q) — C*%(Q).

Notice that ¥(0,0,0) = (0,0), where we have the used condition (1.2). The first
linearization of ¥ = W(f, F,u) at (0,0,0) with respect to the variable u is

Du¥|( 0.0y (v) = (Av + dza(z,0)v,v|a0) ,
which is a homeomorphism B3 — B4 by the condition
0 is not a Dirichlet eigenvalue of A + 9,a(z,0) in .

This is guaranteed by well-posedness and Schauder estimates for the linear second
order elliptic equation .

Now, the implicit function theorem in Banach spaces | , Theorem 10.6
and Remark 10.5] yields that there are €,§ > 0 and a neighborhood N5 x A, C
C?2(0Q) x C*(Q) and a C>™ map S : N5 x A. — Bs such that

V(f, F,8(f, F)) = (0,0),
whenever || fllc2.e(a0) < ¢ and [|[F|qag, < €. Since S is smooth and S(0,0) = 0,
the solution u = S(f, F') satisfies
lloaa@ < € (IFlezeom + 1Flloa)) -

Furthermore, by the uniqueness statement of the implicit function theorem, u
S(f, F) is the only solution to W(f, F,u) = (0,0) whenever || || cz.a (90) +[| F'll co @)
0+ ¢, and

IA

[ullg2ei@my < C e +9).
This can be achieved by redefining £, > 0 to be smaller if necessary. As in
[ ], one can check that the solution operator S : N5 x A. — C%%(Q) is a
C® map in the Fréchet sense. The normal derivative is a linear map C%(Q) —
CH*(99). Thus for a fixed F € A, Ap : f = O,uys p, where us p solves Aus p +
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a(z,upp) = F with us plag = f, is also a well defined C> map Nz — C1:*(09Q).

O
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