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ABSTRACT. This paper is devoted to some inverse boundary problems associated with
a time-dependent semilinear hyperbolic equation, where both nonlinearity and sources
(including initial displacement and initial velocity) are unknown. It is shown in several
generic scenarios that one can uniquely determine the nonlinearity and/or the sources by
using passive or active boundary observations. In order to exploit the nonlinearity and the
sources simultaneously, we develop a new technique, which combines the observability for
linear wave equations and an approximation property with higher order linearization for
the semilinear hyperbolic equation.
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1. INTRODUCTION

The inverse problems for nonlinear partial differential equations (PDEs) have received
considerable attention in the literature. In [Isa93], an inverse boundary problem was pro-
posed for a nonlinear parabolic PDE, and it was shown that the first linearization of the
boundary Dirichlet-to-Neumann (DN) map associated with the nonlinear PDE agrees to
the DN map of the linearized equation. Hence, results developed for inverse problems of
linear PDEs can be applied to solve the inverse problems for many nonlinear PDEs. For
the semilinear elliptic equation Au + a(z,u) = 0, the inverse problem of determining af(-, -)
was investigated in [IS94, Sun10] for dimension n > 3, and in [IY13, IN95, Sun10] for n = 2.
Moreover, some inverse problems have been studied for quasilinear elliptic equations in
[CFKT21, KN02, LW07, MU20, Sun96, SU97], for degenerate elliptic p-Laplacian equations
in [BHKS18, SZ12], for fractional semilinear Schrédinger equations in [LL.19, LL22, Lin22],
and etc. The Calderdn type inverse problems for quasilinear PDEs on Riemannian mani-
folds was recently investigated in [LLS20] by using the Poisson embedding approach. Fur-
thermore, we refer the readers to [Sun05, Uhl09] for more relevant discussions on inverse
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problems of nonlinear elliptic equations in the existing developments. Recently, an im-
portant method was proposed to study inverse problems for semilinear elliptic equations,
which is referred to as the higher order linearization, and this method has been applied to
tackle some challenging inverse problems ([FLL23, FO20, HL23, KU20a, KU20b, LLLS21,
LLLS20, LLST22]).

The inverse problems for nonlinear hyperbolic equations have also attracted a lot of atten-
tion. It turns out that the nonlinear interaction of waves can generate new waves, which are
actually beneficial in solving the related inverse problems. In [KLU18], it was shown that
the local measurements may uniquely recover global topology and differentiable structure,
and the conformal class of the metric g on a globally hyperbolic 4-dimensional Lorentzian
manifold, for a wave equation with a quadratic nonlinearity. In [LUWI18], inverse prob-
lems were investigated for more general semilinear wave equations on Lorentzian manifolds,
and in [LUW17], analogous inverse problems were studied for the Einstein-Maxwell equa-
tions. We refer to [CLOP22, dHUW18, KLOU22, LLPMT22, LLPMT21, WZ19] and rich
references therein for more related studies of inverse problems for hyperbolic PDEs.

The inverse problems mentioned above are mainly concerned with recovering coefficients
of the underlying nonlinear PDEs through active measurements. In the physical scenario,
the PDE coefficients correspond to the unknown medium parameters. The active measure-
ments mean that one actively inputs a certain source into the underlying PDE system to
generate the output for the corresponding inverse problem. The input-output pair consti-
tutes a typical measurement data set for many inverse problems including wave probing,
nondestructive testing and medical imaging. On the other hand, many inverse problems
make use of passive measurements, where the measurement data are generated by an un-
known source. Inverse problems with passive measurements are usually referred to as the
inverse source problems, since the unknown sources are the target objects to be recovered.
Typical inverse source problems include those ones from the hazardous radiation detection
and the cosmological searching. Recently, the inverse problems by using passive measure-
ments to simultaneously detect the unknown sources and the surrounding mediums, have
received considerable studies in the literature, due to their strong backgrounds of prac-
tical applications including photo-acoustic and thermo-acoustic tomography [LU15], brain
imaging [DLU19], geomagnetic anomaly detection [DLL19, DLL20] and quantum mechanics
[LLM19, LLM21]. In fact, in order to achieve the desired simultaneous recovery results, the
use of both passive and active measurements was proposed for some of those inverse prob-
lems [LLM19, LLM21]. We also refer readers to some related works about inverse problems
for nonlinear parabolic and hyperbolic equations, such as [RB22, EEK05, KL21].

Motivated by the studies discussed above, we investigate in this paper inverse boundary
problems associated with a time-dependent semilinear hyperbolic equation, where both
nonlinearity and sources are unknown. The sources include initial displacement and initial
velocity of the nonlinear wave field. It is emphasized that semilinear term considered in
our study is more general than those considered in the aforementioned literature on inverse
problems for nonlinear hyperbolic equations. In fact, the semilinear terms in our study may
contain zeroth- and first-order terms (with respect to the underlying wave function), and
both of them may be unknown. It is worth mentioning that this also constitutes one of the
novel points of our study compared to most of the existing studies. In the physical situation,
the zeroth-order term is in fact a certain source of the hyperbolic system. However, in order
to unify and ease the exposition, we mainly refer to the initial data as the sources in
our study. We establish in several generic scenarios that one can uniquely determine the
nonlinearity or/and the sources by using passive or/and active boundary observations. The
major findings can be briefly summarized as follows:
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(1) When the nonlinearity is known, by using the passive measurement, we can establish
a quantitative uniqueness result in determining the initial displacement and initial
velocity of the wave field from the partial boundary measurement.

(2) When the nonlinearity is unknown, but belonging to a certain general class, we can
also establish the qualitative uniqueness by using passive measurements to determine
the initial displacement and initial velocity of the wave field.

(3) When the initial and boundary data are small enough, and the coefficients are
admissible (see Definition 2.6), one can simultaneously recover the initial data as
well as the nonlinearity by using the active measurement.

It turns out that the study for simultaneous recovery of both the sources and the nonlin-
earity becomes radically much more challenging than the case for recovering one of them by
assuming the other is known. Finally, we would like to briefly discuss the technical novelties
and developments in our study. The high order linearization technique and the nonlinear
wave interaction technique mentioned earlier critically rely on the small inputs for inverse
problems. The nonlinearity shall successively generate higher order terms (with respect to
certain asymptotically small parameters) that can provide more information for the inverse
problems. We shall develop techniques following a similar spirit in tackling new inverse
problems. On the other hand, it is known that one salient feature for the nonlinear hyper-
bolic system is the finite-time blowup of solutions. If certain conditions are fulfilled, the
blowup may be avoided through boundary inputs in the context of PDE controls [DZZ08].
In this paper, we shall also make use of the controllability properties for semilinear wave
equations in studying the associated inverse problems. We believe that the mathematical
strategy developed in the current article can be extended to attack other challenging in-
verse problems in different contexts. Very recently, we also investigate similar problem for
nonlinear parabolic systems, and we refer readers to [LLLZ22] for further discussions.

The rest of this paper is organized as follows. In Section 2, we state the main results
for the inverse problems. In Section 3, the well-posedness on the initial-boundary value
problems of the semilinear hyperbolic equations within different settings of nonlinearities
are studied. Section 4 is devoted to the determination of the initial data by using control
methods for the hyperbolic equations. In Section 5, an approximation property for the
linear wave equations is established. Furthermore, the higher order linearization technique
is developed to prove the uniqueness of determining both the nonlinearity and the initial
data. Finally, in Appendix A, we present the complex geometrical optics solutions for linear
wave equations, which are needed in the proof of the main results.

2. STATEMENT OF MAIN RESULTS

Let Q@ C R™ be a nonempty bounded domain with a smooth boundary I', for n > 2.
Assume that Ty is a relatively open subset of I'. Denote by v = (v1, -+ ,14,) the unit outer
normal vector on I'. For any T' > 0, set @ = Q x (0,7) and ¥ =T x (0,7). Consider the
following initial-boundary value problem of the semilinear wave equation:

ug — Au+ f(z, t,u) =0 in Q,
u=nh on X, (2.1)
U(ZL', O) = gO(.%'), Ut($, 0) = Tﬂ(fﬂ) in €,

where (p,1)) is a pair of initial values, h is a boundary value with supp h C I'g x [0, 7] and

f=flz,t,s) : @ x R — R is a given function, so that (2.1) is well-posed. Some local and
global well-posedness results for (2.1) will be given in Section 3, respectively.

First, we present the first inverse problem on determining initial values. For any (¢, 1) €
H}(Q) x L?(2), h = 0 and a suitable function f, which guarantees the global well-posedness
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of (2.1), introduce the following passive measurement:

0
Aoy = Ovu Tox(0,T)
where u is the solution to (2.1) associated to (p,%) € HE(Q) x L*(Q) and h = 0, and d,u
denotes the outer normal derivative of u. Physically, (¢, 1, f) may be regarded as unknown
sources defined on 2 and @ X R, & is a boundary input, and all of them generate a wave
filed (u,u;). If h = 0, the wave field is uniquely generated by the sources (¢, 1, f). Ag,w,f
encodes the local boundary measurement on I'g of the wave field.

In this paper, we are first concerned with the following inverse problem:

e Inverse problem 1. Can we identify unknown functions (¢, %, f) by using the
passive measurement A2,¢, 7

For this problem, we give some assumptions. Suppose that

Iy = {x el ’ (x —x0) - v(z) > 0} for some zp € R™\ Q. (2.2)
Assume that T > T*, where
T* = 2max |x — ). (2.3)
x€)

Also, introduce the following increasing condition on f: @ x R — R:

3 8Sf($7 t7 5)
lim sup ————————
s—00 ]n|3|

=0, uniformly for (z,t) € Q, (2.4)

and a set:

MT:{f:QxR—HR fla,t,) € CYR) in Q, f(-,-0) € L2(Q),

and (2.4) holds } (25)

By Section 3, for any (p,v) € H}(Q) x L?(Q2), h = 0 and f € My, (2.1) has a unique
solution

u € Ho = C([0,T]; Hy (2)) N C((0, T]: L*(Q)).
Moreover, d,u € L?(X). Note that any function in L>(Q; W1H>°(R)) satisfies (2.4).

The uniqueness result of this paper on the Inverse problem 1 is stated as follows.

Theorem 2.1 (Stability of initial data by passive measurement). For anyT > T*, f € Mr
and (pj,%;) € HYQ)xL*(Q) (j = 1,2), ifuj € Hy is the solution to the following semilinear
wave equation:
wjp — Auj + f(z,t,u;) =0 in Q,
uj =0 on %, (2.6)
uj(x,0) = @j(x), uji(z,0) =1j(x) inQ,
then the following quantitative stability estimate holds:

11 = w2, 1 — ¥2) | 3 ) x £2(0)

(2.7)
< C(f’ Uy, U2, 1, T’ Q’ E’ FO) HAglﬂﬁlaf —A

0
p2,%2,f HLQ(O,T;H(FO)) )

where C(f,ui,uz,n,T,Q,3,T) denotes a positive constant depending on f, ui, us, n, T,
Q, ¥ and Ty.
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Remark 2.1. Due to the fact that some properties of parabolic equations and hyperbolic
equations are fundamentally different, there are many differences between the corresponding
inverse problems. One typical feature is that the solution to a hyperbolic equation has a finite
propagation speed. Hence, the results on the inverse problems of this paper in determining
initial values and monlinearity of semilinear hyperbolic equations need a sufficient large
time T in the space-time domain (). Howewver, this is not needed in the parabolic case. On
the other hand, in determining initial values for semilinear parabolic equations, generally
speaking, only conditional stability result may be obtained, i.e., the considered solutions have
some bounded restrictions (see our results on semilinear parabolic equations in [LLLZ22]).
But the restrictions are removed in the stability results for hyperbolic equations.

Remark 2.2. In Theorem 2.1, the quantitative stability estimate (2.7) for the inverse
problem of the semilinear hyperbolic equations (2.6) is derived. We notice that in the es-
timate, the constant C depends on the solutions ui and uo to the semilinear hyperbolic
equations. Such a dependence is always in place from nonlinear PDEs. Here we refer to
[EEK05, KM91, KL21] for some earlier and important results on stability estimates for
tnverse problems associated with parabolic and hyperbolic equations.

As a corollary of Theorem 2.1, introduce the following set on f:

Cr = {f Q@ xR—=R ‘ f(@,t,s) = folz,t, $)xp0,r+qt) + 9(z,t, )X 111 (t)
for some € > 0 with T* + ¢ < T and any given fy € My, (2.8)
where g € MT},

1 ifzxek . .
where xyg = _ denotes the characteristic function on a set £ C R. The
0 otherwise

following corollary states that when the nonlinear function f € Cr, then one can determine
the initial data regardless of the nonlinearity f € Cr.

Corollary 2.3. For any T > T*, f; € Cr given by (2.8), and (¢;,v;) € H}(Q) x L*(Q)
(1 =1,2). Let u; € Hy be the solution to the following semilinear wave equation:

u]:tt_Au]+f](x7tvu]) =0 m Q,
uj =0 on X, (2.9)
uj(x70) = 30]'('1")7 u]',t(x,O) = 1/}](x) in €2,
and
0 0
ASOMZJLfl = Aw&/mfz’ (2-10)
then

(p1,91) = (p2,12)  in S

This means that the passive measurement Ag¢f uniquely determines (p,1), independent
of functions f in Cr.

Remark 2.4. Let us remark that:

(1) Theorem 2.1 and Corollary 2.3 show that one may use the passive measurement to
determine initial data (w(0),ut(0)) = (¢,v), respectively, for a given f € Mg or
any f € Cp, where Mp and Cr are given in (2.5) and (2.8), respectively.

(2) Note that the requirements on nonlinear functions f in (2.5) and (2.8) are technical.
The known observability result for linear wave equations is used to prove the above
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uniqueness results. When f is fived, the conditions on (2.2), (2.5) and T > T*
assure the coefficient a € L*(0,T; L™(RY)) for the linearized system of (2.1):

Uy — Au + a(z, t)u(z,t) =0,

where a is given in (4.3). It satisfies the regularity requirement in the observability
result. When f is unknown, it is chosen in the set (2.8). Indeed, this condition
divides f into two parts with respect to time. In the first time interval [0, T* + €], we
may identify initial data by the passive measurement by Theorem 2.1. Hence, there
is indeed no requirement on nonlinear function g in the rest time interval [T* +¢€, T
only if it ensures the well-posedness.

Remark 2.5. The results on inverse problems in Theorem 2.1 and Corollary 2.3 may be
generalized to the following semilinear hyperbolic equation:

uy — V- (oVu) + f(z,t,u) =0  in Q,
u=h on Z:
U($, 0) = 90(1')’ ut(‘ra 0) = IJZ)(.’L‘) in 2,

where o(-) € C?(Q;R™™) is a positive definite matriz-valued function, which satisfies the
following condition:

(H) There exists a positive constant py and a positive function d(-) € C*(Q) without any
critical point in €, such that for any (x,§1, e ,5”) € Q) xR",

z”: z": [QUij/(Uiljdxi,)xj, - Jiélailj/dxi,}fifj > po z”: ol (z)Eled, (2.11)

ij=1i,5/=1 ij=1

Also,

n
Tp={zel ‘ 3 0 (@)dy, (2)vi(x) > 0 b . (2.12)
ij=1
The above conditions on o and Iy are used to guarantee the observability of linear hyperbolic
equations.

More importantly, in this paper we will determine coefficient and initial data simultane-
ously for the semilinear wave equation (2.1). To avoid confusion of notations, we replace f
by f and consider the following semilinear wave equation:

ug — Au+ f(z,t,u) =0 in Q,
u=nh on 3, (2.13)
u(z,0) = p(x), w(x,0)=1(z) in .

For any given pair of initial values (¢,%) and a suitable function f , which guarantees the
well-posedness of (2.13), define the following the input-output map by

A,y f(h) = <8Vu

where Ejs will be defined later and w is the solution to (2.13) associated to (y,%,h). If
A, 7(h) is known for all h € Es, it means that the operator A, & is known and it is
called the active measurement. We are concerned with the following inverse problem.

L u ), ut(-,T)> . forall h € Ey, (2.14)

e Inverse problem 2. Can we identify unknown initial data and coefficient (¢, %, f)
by using the active measurement A(p " f?
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To our best knowledge, this simultaneously recovering inverse problem for semilinear
wave equations is the first result to be considered in the field.

First, introduce some notations and assumptions. Assume that m is a positive integer
and define the energy space E™ as in [LLPMT22, Section 1] and [CB08, Definition 3.5 in
page 596]:

m
E™ = () C*([0,T]; H"*(Q)), (2.15)
k=0
which is equipped with the norm ||-||gm as

m
k m
uEm—supEHOu-tH YVueE™.
|| H OStSTkZO t (7 ) Hm—k(Q)’

Inspired by [LLPMT22, Definition 1], we impose the following conditions on f.

Definition 2.6 (Admissible coefficients). For any T > T* (in (2.3)), f = f(z,t,5): QxR —
R is called an admissible coefficient, if it satisfies:
(1) Analyticity on R:

f(z,t,0) =0, in Q. (2.16)

This means that f may be written as the Taylor expansion at any so € R:

Fats) =3 FO b5 E =200
k=0

{ the map s — f(-,-,s) is analytic on R with values in E™F1,

k!

f®) (@t,s0) _ OF f(at,50)
k! - k!

where _ are Taylor’s coefficients at so € R, for any k € N.
(2) Compact support: There exist two positive constants t1 and to with T* < t; < ta <
T, such that for any s € R,

supp f(, 8) CQ x [t1,ta]. (2.17)

Remark 2.7. The definition of admissible coefficients is inspired by the need to guarantee
the well-posedness of (2.13) in E™T! and the application of complex geometrical optics
solutions (see Section 5). Indeed, in order to derive the well-posedness results, the compact
support condition on f may be weaken to

Suppf(> '78) - Q x (OaT]

It suffices to require f to be zero mear initial time for the compatibility conditions. The
compact support condition (2.17) is technical and it will be used in studying the above inverse
problem.

Furthermore, for a positive integer m, define the following function space:
N = {h € H™(%) ‘ he H R0, T; HY(I)), fork=0,1,---,m — 1}, (2.18)
and for a positive constant ¢, set
By = {h € N | Bl sy < 6/2].

By the local well-posedness of the semilinear wave equation (2.13) (see Section 3), for
any m > n + 1 and an admissible coefficient f, there exists a 6 > 0, when (p,%) €
HPHQ) x HMQ) and h € Npp41 satisfy

(o, V)l m+1(Q)yx (@) + [Pl am+1 sy <9,
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(2.13) has a unique solution v € E™*! and d,u € H™(X).
Now, we give an answer to Inverse problem 2 as follows.

Theorem 2.2 (Simultaneous recovery by active measurement). Assume that T > T*,
m > n+1, and fl and fg are two admissible coefficients. There exists a § > 0, such
that for any (;,v;) € Hy ™ (€2) x HZNQ) (5 = 1,2) with [[(25,1) | yrms iy sy < 0/2
denote by u; € E™tL the solution to the following semilinear wave equation:

wjp — Auj + fi(z,t,ui) =0 in @,
uj =h on %, (2.19)
uj(x,0) = @;(x), uji(z,0) =1j(x) inQ,

for j =1,2. Let A@j,wj,fj be the input-output map defined via (2.14) for j = 1,2, and if

A h)=A h),  for all h € Es,

Golawlvfl( <P2,¢27f2(

then
p1=1p2, Y1 =12 mQ and fi=frinQxR.

The proof of Theorem 2.2 is mainly based on the higher order linearization method, which
was initiated in [KLU18] for some nonlinear hyperbolic equations. Recently, this method has
been extended to many other different problems, such as [KU20a, KU20b, LLLS21, LLLS20]
and rich references therein.

Remark 2.8. Now, we explain main differences between Theorem 2.1 and Theorem 2.2.

(1) In Theorem 2.1, any initial value (p, 1) (without smallness conditions) of the initial
boundary value problem (2.1) can be determined uniquely, by utilizing the passive
measurement, under suitable assumptions on coefficients f.

(2) In Theorem 2.2, by using the active measurement, one can determine small initial
data (p, ) and admissible coefficient f simultaneously in the initial boundary value
problem (2.13). The smallness conditions in Theorem 2.2 are mainly used to prove
the local well-posedness. In the determination of initial data and coefficients, they
are not essential.

Before ending this section, we give a corollary for Theorem 2.2 to show the simultaneously
recovering for the following linear wave equation:

utt—Au—l-qu:O iHQ,
u=nh on X, (2.20)
u(:c,O) = 90(3:)7 ut(:z:,O) = ¢($) in €,

where g € E™t o € H6”+1(Q), Y e HJ*(Q) and h € N4 for m > n+ 1. By Lemma 3.2,
(2.20) is well-posed with u € E™* and d,u € H™(X). Due to linearity, we do not need to
impose any smallness condition for both initial data and boundary inputs.

Now, for any ¢ € H‘S”H(Q), Y € HPY(Q) and ¢ € E™T!, we define the corresponding
input-output map A,y 4 of (2.20) via

A%df,q(h) = (&/U

where u € E™*! is the solution to (2.20). In order to study this inverse problem by Theorem
2.2, we still assume that ¢; and to are two positive constants with 7% < t; < to < T as in
Definition 2.6, and ¢ € E™*! with suppgq C € x [t1,t2]. Then the following result holds,

which may be regarded as a corollary of Theorem 2.2 in the case that f(z,t,u) = ¢(, t)u.

L u D). ut(-,T)), for all & € N1, (2.21)
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Corollary 2.9 (Simultaneous recovery for linear wave equations). Assume that T > T,
m > n+1 and ¢; € E™ with suppq; C Q X [t1,ts] for j = 1,2. For any (p;,v;) €
HIMH Q) x HMQ) (5 = 1,2), denote by uj € E™! the solution to the following linear
wave equation:

wjut — Auj + gju; =0 in Q,
uj = on X, (2.22)
uj(x,0) = @j(x), uji(z,0) =1j(x) inQ,

forj=1,2. Let Ay, . q; be the input-output map defined via (2.21) for j =1,2,and if
ASOMJJMH (h) = A<P2,¢’27Q2 (), for all h € Ej,

then

1 =192, Y1 =2 inQ  and q =q inQ.

3. WELL-POSEDNESS OF SEMILINEAR WAVE EQUATIONS

This section is devoted to investigating the well-posedness of the semilinear wave equa-
tions (2.1) and (2.13). The global well-posedness for (2.1) under the superlinear increasing
condition (2.4) and local well-posedness for (2.13) under admissible coefficients conditions
are established, respectively. Throughout this paper, we denote by C a positive constant,
which is independent of solutions to involved equations and may be different from line to
line. Furthermore, if the constant C' depends on some factor, for example, C' depends on
some real number p, we will write C' = C(p).

3.1. Local well-posedness with small data. This subsection is devoted to the well-
posedness of the semilinear wave equation (2.13). Similar results have been investigated in
some known works for different structures on f, see for instance [NVW20)].

To begin with, recall the definition of the energy space

B = () CH(l0, 7); B (@),
k=0

By the Sobolev embedding and [CB08, Definition 3.5], the above space E™ is an algebra,
due to

[¢Y]|m < Cwmll@llpm[[¢]|gm,  for any ¢, € E™,

for any integer m > n+1. Indeed, the algebra property of function spaces plays an essential
role in the study of the well-posedness for many nonlinear partial differential equations.
For example, in [FO20, KU20a, LLLS21, LLLS20], suitable Holder continuous spaces were
utilized to prove the well-posedness for semilinear elliptic equations.

Next, we recall a known well-posedness result for the following wave equation:

v —Av=g n Q,
v=nh on X, (3.1)
v(z,0) = p(x), v(z,0)=1(x) inQ.
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The compatibility conditions up to order m' mean that
h(z,0) = ¢(x), he(x,0) =¢(z) on I,
hi(z,0) = Ap(x) + g(x,0) on T,
hit(x,0) = AY(x) + gi(z,0) on T, (3.2)
husee(2,0) = A2p(x) + Ag(z,0) + gs(x,0) on T,

and higher order derivatives of h up to order m with respect to time.
By [KKLO1, Theorem 2.45], the following well-posedness result holds for (3.1).

Lemma 3.1. Let m be a non-negative integer and T > 0. For any ¢ € H™T(Q),
Y € H™(Q), h € H™ (X)) and g € LY(0,T; H™(Q)) with 9"g € L'(0,T;L3*(RY)), if the
compatibility conditions (3.2) hold, (3.1) admits a unique solution

v € C([0,T]; H™(Q)) N C™ ([0, T); L*(9))
and O,v € H™(X). Moreover,

vlleqo,m;mam+r @) + lvllem+rqomzz@)) + 1000l m sy
SCGCT(HgHLl(o,T;Hm(Q)) + 107" 91l 0,712 (02))

o+ lellmoray + el ey + bl ) ).
Based on Lemma 3.1, we have the well-posedness result for the following linear wave
equation:
v — Av+qu =g in Q,
v=nh on X, (3.3)
v(,0) = (), vi(x,0) =¢(x) inQ,
where ¢ € E™.
Lemma 3.2. Let m >n+1 and T > 0. For any ¢ € HP™(Q), & € HP(Q), h € Npmt1
(see (2.18)), ¢ € E™, and g1 € E™ with dfg1(-,0) € H" *(Q) for k =0,1,--- ,m—2, (3.3)

admits a unique solution
ve E™ and d,v e H™(X).

Moreover,

[0l st + |00 0[] zm (s

m (3.4)
<Ce" (ZHatkglHLl(O,T;Hm—k(Q)) + [l am+@) + [¥llEm@) + HhHHmH(z)) :
k=0

Proof. First, we consider the case of ¢ = 0. By Lemma 3.1 and the definition of E™*+1, it
suffices to prove that for any positive integer k € (0,m + 1),

oFu(-, ) € C([0, T); H™ 1),
Set u = OFv and it satisfies the following equation:

uy —Au=0fg1  inQ,
u=0fh on X.

LOne needs to check the compatible conditions for 8{%(2@70) for x € T and for £ = 0,1,...,m to get
higher order regularity estimates.
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Since
g1 €E™, he H™(Z) and (p,¢) € H™1(Q) x H™(),

we have that

U(,O) € Hm+1_k(Q)a ut('vo) € Hm_k(Q)’ 5tkh € Hm—H_k(E)a

g1 € LY, T; H"*(Q)) and 9"g; € LY(0,T; L*(Q)).
And the compatibility conditions of order m — k hold. By Lemma 3.1,

uw=98Fv e C([0,T]; H"17%(Q)) for any integer k € (0,m + 1).

Also, the estimate (3.4) remains true for the case of ¢ = 0.

Next, consider the general case of ¢ € E™. Define the set
Ky = {v € E™ ‘ OFv(-,0) € H™(Q), for k=0,1,--- ,m — 2}.

For any v € K1, consider the following wave equation:

wy — Aw = g1 — qu in @,

w=h on X, (3.5)

w(z,0) = p(z), we(x,0) =1(z) in Q.
By g1,v,q € E™, it follows that g1 — vqg € E™. Also,

O 91(-,0) = (qu)(-,0)] € H* *(Q), for k=0,1,--- ,m — 2.
By the well-posedness result in the case of ¢ = 0, (3.5) admits a unique solution
we E™M and d,w € H™(X).

Moreover,
[wll grmsr + [ O] rm ) §CGCT<Z||35(91 - qU)HLl(o,T;Hm—k(Q))
k=0 (3.6)
+ el gm+1) + 1l m) + HhHHmH(Z))-

Define the mapping
,Cl 2’C1—>’C1, El(v):w,

where w is the solution to (3.5) associated to v € k1. For any v1,ve € Ky, denote by w;
and ws the associated solutions to (3.5). By (3.6), we obtain that

w1 — wa gt + [0y (w1 — w2) | rm(s)

<Ce Y [10Fla(vr — v2)lll 1o 1 mrm )
k=0

<CTeT N0 [g(vr = v2)llleo.m) b (o)
k=0

=CTe“||q(v1 — v2)||pm < CTeT ||q|| o1 — v2|pm.

If T is sufficiently small such that CTe®T||q|[g= < 1, then by the Banach fixed point
theorem, £; has a unique fixed point v € Ky. Since (3.3) is a linear equation, by a rescaling
with respect to the time variable, we can get the result for any 7" > 0. O

The main result of this subsection is stated as follows.
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Theorem 3.1 (Local well-posedness). Assume that m > n + 1 and f is an admissible
coefficient. Then there exists a § > 0, such that for any (h,p, ) in the set

Us = { (b 9,36) € N x HH ) x HE(9) | Whll sy + Il ey + 190l ey < 6,
(2.13) admits a unique solution u € E™* satisfying that d,u € H™(X) and

[ull gt + lullogy + 1Ovull m sy < C(HhHHmH(z) + el gm+1 () + WHHm(Q)), (3.7)

where C' is a positive constant independent of u, h, p and . Moreover, the following solution
map is C° Fréchet differentiable:

S:Us — E™*L, (h, 0, 1) — u.

Proof. Similar to arguments in [KU20a, LLLS20], we prove the well-posedness of (2.13) by
the implicit function theorem in Banach spaces.
First, set

X1 = Nopy1 x H'H(Q) x HMQ),
X2 = {U € Em+1 ‘ U‘E € Nerlyal/u € Hm(z)au(70) € H6n+1(9)7ut('70) € Hén(Q)’
Utt — Au € Emaaf(utt - AU)(,O) S Hgn_k<Q)7k - 07 17 e, Mm = 2}7

where
lullxy = llullgmsr + 100wl fm sy + Null gmer sy + llue — Aullpm.
Note that X3 is nonempty and indeed C§°(Q) C Xo. Meanwhile, let us write

X3 = {geEm ‘ OFg(-,0) € H"F(Q), Yk =0,1,- - ,m—z} % X].

Consider the following map:
F: X1 X X2 — Xg,

F(h7 ¢,¢7U) = <utt — Au + f(x,t,u), U‘Z - h7 'LL(,O) - ¥, Ut(',O) - w) )

where (h, ¢,1) € X; and u € Xy. By the condition (2.16) for f, for any positive integer k
and positive constant R,

(3.8)

- k! =
1796 Ol s < gz s 1759 (3.9)

Since E™*! is an algebra, it follows that for any u € Xo,

o0

Hf(a '7“('7 '))HEerl < Z %Hf(k)(v K O)HEm+1 HUHIZW"+1

k=0
SN I .
skzomuuumﬂ ‘S&%Hf(.,.,s)umﬂ.

Choose R = 2 (||u|| gm+1 4+ 1). Then, f(-,-,u(-,-)) € E™! and

Hf('v'vu('7'))HEm+1 <C sSup Hf(.’.’S)HEerl'
Is|=2(]lull grm+1+1)
By using the definition of X5, u;y — Au € E™ and therefore, uy — Au+ f(-, -, u(-,-)) € E™.
Also, by the admissible coefficient condition on f,

3ff(,,u(,))‘ =0, forany k=0,1,--- ,m—2, and u € Xs.

Hence, the map F' is well-defined.
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Now, we prove that F' is locally bounded. Indeed, for any M > 0, when (h,p, 1, u) €
X1 x Xo with [[(h, o, 0, u)||xyxx, < M,
1 (R, 0,1, u) || x,
<luee = Aut FCoul D e+ llu = hll gmess (s
+ [lu(-,0) — @[l gmt1(q) + lue(,0) = ¥l gm(q)
<G uCs Nem + Cllullx, + [l gmer ) + el mmer @) + 190 m @)

<C sup 1FC o s pmer + Cllullx, + bl gy + [l mme @) + 191 rm @)
[sl=2(1+]|ull gm+1)

<C  sup ||f(,-8)||gmer + (C +3)M < .
|s|=2(14 M)

Next, we verify the weak holomorphy of F' (see [Pos87, page 133]). It is sufficient that for
any (h07 9007¢07U0)7 (h7 90’?% U,) € Xl X X27 the map

A= F ((hOa @07¢07UO) + )‘(hv 907¢a u))

is holomorphic in a neighborhood of the origin in with values in X3. It suffices to check
that the map

A= f(x,tug(z, t) + Mu(z, t))
is holomorphic in a neighborhood of the origin in C with values in E™. This follows from
the convergence of the series

> FR) (g
Z f(k',t,()) [uo(a;, t) + Au(z, t)] ’
k=0

in £+ locally uniformly in A € C. Hence, F is holomorphic in X; x Xs.
Moreover, notice that F'(0,0,0,0) = 0 and F,(0,0,0,0) : Xy — X3 is defined by
F,(0,0,0,0)w = (wtt — Aw+ fu(-, ',O)w,w|z,w(-,0),wt(-,0)) . forall we Xo.
Indeed, by the definition of X5, for any w € Xo, wy — Aw € E™. Since fu(, -, 0) € EmHL

it holds that wy — Aw + fu(, - 0)w € E™. Also, by the admissible coefficient condition on

fs
oF [wtt —Aw A ful -,o)w} (,0) € H" ™ Q), Yk=0,1,-,m—2.

Hence, the map F,(0,0,0,0) is well-defined. Furthermore, by the well-posedness of the
linear wave equation (3.3) in Lemma 3.2 with

q:fu('v'ao) and gleH:{QEEm ‘ afg(?o)eH[gn_k(Q)a Vk:()?l? 7m_2}7

F,(0,0,0,0) is a linear isomorphism from Xy — Xs3. In fact, for any g1 € H, h € N1
and (p,9) € HI ™ (Q) x H™(Q), the equation (3.3) has a unique solution w € E™*! and
dyw € H™(X). Also, by the fact that g1 € H, g1 = wy — Aw + fu(-,-,0)w,

Juls 0)w € B™ and 0f [Ju(-,-,0)w] (,0) € HF™H(Q), k= 0,1, ,m ~ 2,
we have that
wyy — Aw € E™ and 9F (wy — Aw)(-,0) € HP 5 (Q), k=0,1,--- ,m — 2.

By the implicit function theorem in Banach spaces, there exists a 6 > 0 and a C'*° map
S : Us — E™*L, such that for any (h, ¢, ) € Ny ¥ HS”H(Q) x H{' () satisfying

1Al grm+r sy + el mr ) + 1Yl Em @) <9,
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it holds that
F(h7 SO7 'lp7 S(h7 907 'l)b)) == (07 07 07 0)'
Since S is locally Lipschitz continuous and S(0,0,0) = 0, u = S(h, ¢, ) satisfies that
lullgmes + 1Bl sy < C (Irllzmsr sy + lllzmes @ + [¥llm@) -

This, combined with the Sobolev embedding theorem, proves the local well-posedness of
(2.13) and the estimate (3.7). O

Note that one may extend the result in Theorem 3.1 to more general hyperbolic equations:
Uttt — V. (UVU) + f(:I:?tu U) = O)

where o is either isotropic or anisotropic. However, in the application of a density result of
products of solutions of linear hyperbolic equations, we simply consider the classical wave
equation to demonstrate ideas of this approach (see Section 5).

3.2. Global well-posedness of weak solutions. This subsection is devoted to the well-
posedness of weak solutions to the following semilinear wave equation:

uy — Au+ f(z,t,u) =0 in Q,
u=20 on X, (3.10)
u(z,0) = ¢(x), u(z,0) =¢(x) inQ,

where f satisfies (2.4), and the following conditions:
f(z,t,-) € CYR), a.e. (z,t) €Q and f(-,-,0) € L*(Q).

Under the above assumptions on f, we have the following global well-posedness result for
(3.10).

Theorem 3.2 (Global well-posedness). For any T > 0 and (p,) € H}(2) x L?(2), the
semilinear wave equation (3.10) admits a unique solution u in the class of

u € Hy = C([0,T); HY(Q)) N CY ([0, T); L*(R)) and d,u € L*(X).
Proof. The proof is based on the method of the fixed point theorem. First, assume that
n > 3. Set

f(x,t,s) - f(.’L',t,O)
gla,t,s) = s rs 20y (@1,5) € Q x .
Osf(z,t,0) for s =0,

For any z € L>(0,T; L?(f)), consider the following linear wave equation:

it — D+ as(, thu+ f(2,,0) =0 inQ,
u=0 on X, (3.11)
u(z,0) = ¢(x), u(z,0) =(x) in Q,

where a,(z,t) = g(x,t, z(x,t)). Then we have that a, € L*(0,T; LP(R2)), for any p > 1.
Indeed, by the condition (2.4), for any € € (0,1), there is a C. > 0, such that

lg(x,t,s)| <eln(l+]s])+Ce, V (z,t,8) €@ xR.
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Therefore, for any z € L>(0,T; L*()),

sup /6C|az(x,t)d$
te(0,T) JQ

= sup /eC|9(x,t,z(x,t))dx§ sup /eC[Eln(l+z(x7t)|)+Ce] dr
Q Q

t€(0,T) te(0,7) (3.12)

(0 swp [ [+ do < O) sup [ 14 [s(a,t)|Pda
te(0,7) JQ te(0,7) JQ

<C(e) (1 + IIZH%oo(o,T;B(Q))) < 00,

where € is a sufficiently small positive constant such that Ce < 2. Furthermore, similar to
arguments in [LZ00], we may obtain

Cllazllzeorre) < ¢ (14 sup / eClaz=@Dlgy | . (3.13)
te(0,7) JQ

Indeed,

eCHaz ||L0<>(0,T;LP(Q))

_Z I ‘G’ZHJ‘X’OTLP(Q))

p+1 00 . .
i/p I i/p
— sup /az x, )| da: + Y = sup (/ \az(x,mpdx)
= 0 te(0,T) j=pt1 J- te(0,1) NJQ
pl oo i/p
<C(p)[1+ sup Iaz x,t) \”da: } + —, sup |az ,t)] d:z:
L te(0,T) = p+1 J° te( OT)

r /
SC(p)1+2Z—Sup /]azxt\dxjp}

J! t€(0,T)

<C(p) 142 i — sup /|az x,t) |]da:) || v_l}

J! t€(0,T)

_ o0 C]
<C(p)|1+ sup / a.(z,t)dz| < C 1+ su /ecl|az<$’t)d:1: ,
()- ZJ' te(0,T) | P } ()< te(O,pT) Q )

where C; = C|Q|'/?, C(p) denotes a positive constant, which may be different in different
places, and || denotes the measure of the set . Combining (3.13) with (3.12), one has
that a, € L*>(0,T; LP(2)).

Next, we prove that the linear wave equation (3.11) admits a unique solution u € H
and d,u € L?(X). For any w € L1(0,T; L*t7°(€)), with o being a positive constant, which
will be determined later, choose p = 2(2 + v9)/70. By a, € L*>(0,T; LP(2)), it holds that
a,w € LY(0,T; L*(Q)). Consider the following wave equation:

uy — Au = —az(z,t)w — f(x,t,0) in Q,
u=0 on ¥, (3.14)
u(z,0) = @(x), u(z,0) =1(x) in Q.
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By Lemma 3.1 with m = 0, (3.14) has a unique solution u € Hy and d,u € L*(X). By the
Sobolev embedding theorem,

u e O([0,T]; L=z (52)).

Whenn =1andn =2, L () is replaced by L*°(Q2) and LP(Q2) for any p > 1, respectively.
Choose 79 = 4/(n—2). Then, 2+~y = 2n/(n—2) and the following mapping is well-defined:

Ly (0, T; Li2(Q)) — L¥(0, T; L7-2(R)),  La(w) =,
where u € Hy is the solution to (3.14). Also, by (2.9),

ullcqor:m ) + lullerqor 2 @) + 10vullr2¢s)

<CeT (llazw + £ Ol o rsza@) + Iellm@) + 6]z + 1Rl s))-

This implies that

<O (Tas] = 0.1 ancay I oy IGO0z

Hu”Loo(o T~L%(Q)) L>(0 Ty
Nl + ¥l 2@y + Il s) ).

Similar to arguments in Lemma 3.2, by the Banach fixed point theorem, (3.11) admits a
unique solution u € Hy.

Finally, define a map
Ly: L%(0,T; L*(Q)) = L=(0, T; L*(Q)),  L3(2) = u,

for any z € L>(0,T; L*()), where u € Hy is the solution to (3.11) associated to a,(z,t) =
g(x,t, z(z,t)). In the following, we will prove that the map £3 has a unique fixed point in
aset V C L>®(0,T; L?(Q2)). To this aim, for any ¢ € [0, 7], set

E(t) = ;/Q [W2(e, ) + |Vul? + u(z,1)] da.

Multiplying both sides of the first equation in (3.11) by u; and integrating in 2, one has

E(t) =— /Q[azuut + f(z,t,0)us]dx + /Quut dx

<laz (-, Ol zn ) llul, t)||Ln242(Q) (-5 t) [ L2 (0 (3.15)

H1f Gt 0 2y llue (5 ) L2y + [l )|l 2y lue (- D) 22 -
This implies that
1
Ey(t) < Cllaz( )|z E() + [1f(,8,0)[| L2 E= (t) + E(1).
Hence,
|l <CE(t)
<C[B(0) + 7., 0) |32y | CO I 0 mien)

SC[H@H%{l(Q) + ||1/}||%2(Q) + Hf(a 70)”%2(62)} eC(l‘FTHCLzHLOO(O,T;LTL(Q)))'
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By (3.12) and (3.13), it follows that for a sufficiently small € with Ce <1,

2~ ofiol2 2 o 2 ] Claz(z,t)|
ullf, < C _HSDHHl(Q) + 1Yl 72 + £ 70)HL2(Q)_ (1 + tes(l(l)% / dl’)
< C|lllling) + H¢H%2(Q) + 11501220 (1 + sup / |2(x,t \Cfdx
L - te(0,T)
< Ol + 2y + 17C- - O)2agy| (1 + sup / 2(a,1)|dz)
- . te(0,T)
< C[lelrsqgy + 161320 + 1FC, - OliEagy | (1 + sup o Bz

The above estimate implies that

||U’|%oo(o,T;L2(Q)) <C [H@H?ﬂ(m + ||¢||%2(Q) +11£C, '70)||%2(Q)} (L + N2l Loz ()) -

Therefore, there exists a positive constant C, depending on || f(-,, O)HLQ(Q% HSDHHl(Q) and
%]/ 22, such that

Ly(v)y Vv, with V ={ue L(0,T;L7(%)) ) el o220 < C -

Also, L3 is compact. By the Schauder fixed point technique, £3 has a fixed point u in V/,
which is the solution to the semilinear wave equation (3.10). Since u is a fixed point of
L3, it is a solution to (3.11) associated to some z € L>(0,T; L*(Q)). Hence, u € Hy and
oyu € LA(D).
Moreover, suppose that uy,us € C([0,T); H(2)) N C([0, T]; L?(Q2)) are two solutions to
(3.10). Set u = w3 — ua. Then u satisfies the following wave equation:
ug — V- (oVu) +a(z,t)u =0 in Q,
u=0 on X, (3.16)
u(z,0) = uy(z,0) =0 in Q,

1
where a(z,t) = / fu(z,t, sui(x,t) + (1 — s)ua(z,t)) ds. By the proof of Theorem 2.1 (see

0
(4.3)), the coefficient a € L*>°(0,7; L"™(2)). Hence, by the classical uniqueness result of
linear wave equations, we have directly that u = 0, that is, uy = us in Q. O

4. UNIQUE DETERMINATION OF INITIAL DATA

In this section, we study the inverse problem on determining initial data for a class of
semilinear wave equations by the passive measurement. As preliminaries, we first recall an
observability result for the following wave equation:

uy — Au+ a(z, t)u = K(z,t) in Q,
u=20 on X, (4.1)
u(z,0) = p(x), w(x,0)=1(x) inf,

where a € L*(0,T; LP(Q2)) with p > n, K € L*(Q) and (p,v) € H3(Q) x L*(Q).

Similar to [DZZ08] and [Lii13], one has the following result.
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Lemma 4.1. For anyT > T* (in (2.3)), any solution u € C([0,T]; Hi(2))NC([0,T]; L*(Q))
to (4.1) satisfies

12, V)| 1 ) x22(02)
ClalZZ T (42)
SC’(]“7 Q7 n, PO)@ L% (0,T;LP(Q)) (Hal/uHL2(O,T;L2(F0)) + HKHLQ(Q)>7

where Ty is given in (2.2).

Next, we give a proof of Theorem 2.1.

Proof of Theorem 2.1. For any f € My and initial values (p1,11), (p2,%2) € H(Q) x
L?(€2), denote by u1 and ug, respectively, the corresponding solutions to (2.6) in Hy. Set
U = uy — ug. Then u € Hy satisfies

ﬂtt—Aﬂ—i—f(x,t,ul)—f(x,t,ug):0 in Qa
u=0 on X,
u(z,t) = ¢1(z) = pa(x),  w(z,0) =¢i(x) = ¢2(z) inQ

By the mean value theorem,

f(x,t,ul(x,t)) - f(l‘,t,u2($, t))

1
:/ fulx, t, suqg(z,t) + (1 — s)ua(z,t))ds - |ui(z,t) — uas(z,t)].
0
It follows that
Uy — Au+ a(z, t)u(z,t) =0,
where

1
a(z,t) = /0 fulz,t,sur(z,t) + (1 — s)ua(x,t)) ds € L(0,T; L"(Q2)). (4.3)

Indeed, by (2.4), for uj,us € Hy and any € € (0,1), there exists a positive constant C¢, such
that

lae, )] < etn (Jus(w, 1) + ua (@, 8)]) + Ce.
By (3.12) and (3.13) for p = n,

ellallzeo o,7:2m (ay) §0(1+ sup / eCIa(r,t)ldx>
te(0,1) JQ

<C+Cle) sup / (Clen(fur (@.0)|+us (2.0 [ +1)] g,
te(0,7) JQ

Ce
<01+ suwp /<1+]u1(:z,t)|+|uQ(a:,t)\) 2]
te(0,7) JQ

<1+ suw /Q (14 (a0 + fua(er 1)) ]

te(0,7)

<C(e) (1 + e 1220 + HUQH%([O,T];LQ(Q))>7

where € > 0 is a sufficiently small constant, such that Ce < 2, and C(¢) denotes a positive
constant, which depends on € and may be different from line to line.

By Lemma 4.1, for any p = n,

c 200 LT ~
(o1 = @2, 91 = ¥2)l p )12y < Ce leloe .m0, | 2(0,7,2ro))
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for some positive constant C' depending only on T, 2, n and I'y. This implies that the
following quantitative stability result:

(1 = 2, Y1 — ¥2) |l 3 ) x £2(02)

<C(f,ur,uz,n,T,Q,To, ) - [[AY 4 ;= A

0
P1,91, @z,wz,fHLz(o,T;m(ro)) ’

where C(f,uy,us,Q,n,T,T() is a positive constant depending on n,T,Q, 'y, u1,us and f,
but independent of (p;,v;), for j =1, 2. O

On the other hand, there is a counterexample showing that if f is unknown, the passive
measurement cannot uniquely determine all unknowns.

Theorem 4.1 (Non-uniqueness). Suppose that f; € My and (p;,v;) € H () x L2(Q) for
Jj = 1,2. Denote by u; the solution to the following semilinear wave equation:
u],tt_AU]+f](l',t,uJ):0 m Q,
uj =0 on X, (4.4)
’LL]'(.:U, 0) = Q,Oj(CC)7 Uj,t(l‘, 0) = ¢J(x) in .

Then there exist two groups of unknown sources (o1, 11, f1), (p2,10a, f2) € HL(Q) x L?(2) x
M, such that

(p1,9n, f1) # (w2, Y2, f2),
but
0 0
Awl,whﬁ = A<P271b2,f2‘

Proof. Assume that two functions uj, us € C*°(Q) satisfy that

u1(+,0) # u2(+,0) in a measurable subset of Q with positive measure,
and ui(x,t) = ug(z,t) = 0 in Q¢ x [0,T7,

where Q = {a: €N ’ dist(z,T") < e}. Set
Fj(z,t) = —uju(x, t) + Auj(z,t), for j =1,2 and (z,t) € Q.

Then u; (j = 1,2) are solutions to (2.12) associated to
pj(r) = uj(2,0), ¥j(z) = ujs(2,0) and fj(z,t, u;) = Fj(z,1).
Notice that

(801a¢17f1) # (80271[)23]62)7
but

A0 __AO _
dyur 0,T) - A<P1ﬂ/11,f1 - As02,¢2,f2 = Oyug Tox(0,T) -

FOX

Finally, we give a proof of Corollary 2.3.
Proof of Corollary 2.3. For any f1, fo € Cr, there exists an fy € M, such that
fi(z,t,s) = fa(z,t,s) = fo(z,t,s) inQx[0,T"+¢ xR.
Also, by the condition that Agl’%’fl = A?%wmfz, we have that
Aghwhfo = Agzﬂ,bmfo on 'y x [0,T" + €.

Then, by the results in Theorem 2.1 for f = fy and T' = T™ + ¢, the conclusion in Corollary
2.3 is true.
O
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5. SIMULTANEOUS RECOVERY OF INITIAL DATA AND COEFFICIENTS

In this section, the higher order linearization technique will be used to determine unknown
initial value and nonlinear function in the semilinear wave equation (2.13) simultaneously.
As preliminaries, based on the observability result in Lemma 4.1, an approximation property
for wave equations is given.

First, for any T' > T™* (see (2.3)), choose two constants ¢; and tq, such that
T  <t1 <to<T
Then one has the following approximation result.

Theorem 5.1. Assume that ¢ € E™ ! with supp ¢ C Q x [t1,ts] for an integer m >
(n+1)/2. Then for any solution v € C([t1,t2]; L*(Q)) N C([t1, t2); HH(Q)) to

vp—Av+qu=0 inQ,
and any € > 0, there exists a solution V € C?(Q) to

Vie— AV 4+qV =0  inQ,
V(z,0) = Vi(z,0) =0 n Q,
such that
IV = vl L2(@x (t1.42)) < €

Proof. In order to prove the desired approximation result, it is equivalent to show that

X:{w:V

x(tr ta) ‘ V € C%*(Q) is a solution to (5.1)}

is dense in
Y = {v € O([t1, ta]; L2(Q)) N CM(Jty, ta); HH() | vyt — Av+ qu=01in Q x (tl,tg)}

in terms of L? (2 x (t1,t2)). By the Hahn-Banach theorem, it suffices to prove the following
statement: if f € L?(Q x (t1,t2)) satisfies

to
/ / fwdxdt =0, YVwelX, (5.2)
t1 Q
it follows that
to
/ / fvdxdt =0, Vvey. (5.3)
t1 Q

To this aim, let f € L?(Q x (t1,t2)) satisfy (5.2) and set

- | f(@ ) in Q@ x (81, t2),
o) = {o in Q x ((0,t1] U [t2, T)).

Assume that v € Hy is the solution to the following backward wave equation:

oy —Av+qu=f in @,
v=20 on X, (5.4)
v(z,T) =v(x, T)=0 in Q.
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Then for any solution V € C?(Q) to (5.1) and w =V , one has that

QX(tl,tz)

to "
0 :/ /fwd:cdt:/ fV dxdt
t1 Q Q

—/<%—Aﬂw®VMﬁ—/@ﬁvwﬁ
Q b

(5.5)

Since V|y can be arbitrary function in C§°(0,T; C*°(I')), we conclude that the associated
solution V' to (5.1) satisfies V € E™*2 and therefore, 9,0 = 0 on X. This implies that the
solution v € Hy to (5.4) satisfies

Tyu—AT+qo=f in Q,
v=0,0=0 on X,
v(z,T) =v(z, T)=0 in Q.

In particular, in the domain © x ((0,¢1) U (¢2,7)), v € Hp satisfies the following wave
equation:

v — A+ qu =10 in Q x ((0,t1) U (t2,T)),
v=0,0=0 on X,
v(z,T) =v(z, T)=0 in Q.
By the observability result in Lemma 4.1, we have
v=0 in Qx (0,t1).
By the uniqueness of solutions to wave equations, we have that
v=0 in QX (t2,7).
Hence,
V(- t1) = 0e(+,t1) = 0(, ta) = ve(+,t2) = 0 in £,
v=0,0 =0o0n X.

to t2
/ / fodzdt = / / Uy — AU + qv)v dxdt =0,
t1 t1

for any v € CO([t1,t2]; L2(2)) N CY([t1, t2); H () with vy — Av +qu =0 in Q X (tg,t2) as
desired. This completes the proof of Theorem 5.1. ([l

It follows that

Remark 5.1. By the proof of Theorem 5.1, the approzimation property still holds for the
following more general hyperbolic equation:

vy — V- (oVo) +qu=0 1inQx (t1,t2),

n

where o = (0" (ald"))l.j:1
valued function in Q and (2.11) holds. Also, t1 and to satisfy T < t1 < ta < T for a suitable
positive constant T.

€ C?(Q;R™ ™) is a symmetric uniformly positive definite matriz-

Finally, we give a proof of Theorems 2.2 and 2.9.

Proof of Theorem 2.2. The whole proof is divided into five parts.
Step 1. Initiation
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For m > (n+1)/2, consider the following (lateral) boundary data

M
h(z,t;e) = Zezgg on X, (5.6)
/=1
where M € N, g1, ,gm € Npg1 and € = (e1,...,€p) is a parameter vector in RM with

M
le] = > |ee| sufficiently small, such that
(=1

M

> g

(=1

N s

< —, for the 6 > 0 in Theorem 3.1.

HmH1(3)

For j = 1,2, let uj = uj(z,t;€) € E™T! be solutions to

uju — Auy + fiz, t,u;) =0 in Q,
M

Uj = Z €¢ge on X, (5.7)
=1

uj(x,0) = @;(x), uji(x,0)=1;(z) inQ,
where (¢;,4;) € H'™(Q) x HJY(Q) with ||(¢jij)||H6"+1(Q)XH6”(Q) < §/2 and f; are ad-
missible coefficients. In particular, when € = 0, u; = u;(-,-;0) are the solutions to
Ujae — AU + fi(a,t,u;) =0 in Q,
uj =0 on X, (5.8)
ﬂj(.ﬁlf, 0) = ¥j, ﬂj,t(x,()) = ¢j in Q.
We will apply the higher order linearization to the initial-boundary value problem (5.7)
around the solution u; to (5.8) in order to determine informations on f; for j =1, 2.
Step 2. The first order linearization (M = 1)

First, we linearize the equation (5.7) around @;, where @; € E™T! is the solution to (5.8),
for j =1,2. It is easy to show that for j = 1,2 and £ = M = 12,

vj(.f)(x,t) — lim uj(,t) — u;(, t)
eg—0 €y

satisfies the following wave equation:

v](-ﬁ)t — Av](-g) + quv](-E) =0 inQ,
o9 = ge on X, (5.9)

J
v](e)(as, 0) = vj(? (z,0) =0 in Q,
where .
q}(w,t) = fj,u(x,t,ﬂj(:p,t)) in @ and q~j S EmtL

It is worth noting that both u; and 1)](.6) in (5.8) and (5.9) are still unknown, respectively,

since they involve unknown coefficients and initial data. In this step, we will show that
fru(z, t, i (2,t) = foulz,t,da(z,t)) in Qx (0,7). (5.10)
Recall that we have the same input-output maps

T _ AT
A(p17¢17f1 (h) - A<P2ﬂl’27f2 (h/)7 fOI‘ any h, (& E(S

2In fact, the arguments hold for all £ = 1,..., M, where we will use in steps 2-5.
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Hence, with the same boundary data at hand, one has

Ugg) (‘T’ O) = Uy) (.73, 0)7 Ufz (Ia O) = UQQ ('1"7 0)7

@, T) = o (@, 1), oY@, T) = o§) (2. T), (5.11)

(0) ()

¢
vy = vy , 8VU§Z)‘Z = 8Vv§é)‘2,

o=

for { = M = 1.
Now, subtracting (5.9) with j = 1,2, we have
vff) — AvO + G0 = (G — (jl)vy) in Q,
v =0 on X, (5.12)
0O (z,0) = vy) (z,0)=0 in Q,

where v() := U%E) - vg). Let TJ%E) € C?(Q) be a solution to
' — A+ @ol” =0in Q. (5.13)

Multiplying both sides of the first equation in (5.12) by ﬁy), by (5.11) and an integration
by parts, yields that

/ (@ — @) .ol dadt = 0. (5.14)
Q

With the admissible conditions in Definition 2.6, (5.14) is equivalent to

b2 0 (¢
/ /Q (G2 — @) 17§ )v§ ) dzdt = 0. (5.15)
t1

In fact, by the above arguments, the equality (5.15) still holds for complex-valued solutions

17%5) and vy), respectively, to (5.9) with j = 2 and (5.13).

On the other hand, let v; (j = 1,2) be the complex geometrical optics (CGO) solutions
to
Vjtt — A’Uj + (]jvj =01in 2 x (tl,tg)
in the form in Appendix A:
o1, 8) =e 0Oy (2, 1) + R (a,1),
. (5.16)
va(, t) = O ag (. 1) + RS (2, 1),

where i = y/—1 denotes the imaginary unit, 7 € R with |7| > 1, n(x) = |z — x| for an
zo € Q and a;(-,-) has the form (A.6). Also, R;T) € L?(Q) is the remainder term, which
fulfills the conditions (A.1) and (A.2), for j =1,2.
By the approximation result (Theorem 5.1), there are two sequences of complex-valued
functions {v;}keN and {Ul%}keN’ such that for j =1, 2, vi € C2%(Q;C) is the solution to
viﬁ — Avi + cjjvi =0 in Q,
. . (5.17)
v (2,0) = vy (2,0) =0 inQ,
and

vl = v in L3(Q x (t,9);C), as k — oc. (5.18)
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Choosing 1756) = U,i and Uée) = v,% in (5.15), and taking limit, as k£ tends to oo, one obtains
to
/ / (G2 — 1) viva dadt = 0. (5.19)
t1 Q

It remains to analyze the product vivy of CGO solutions.
By a direct computation, we have that

t2
/ / (G2 — q1) vivo dadt =T+ 17,
t1 JQ

to
I= / / ((jg — q~1)a1a2 dxdt
t1 Q

to .
I, :/ / (G2 — q1) {e*”["(aj)ﬂ}al(aj, t)RéT)(a?, t)
t1 Q

+ IOy (@, ) R (2,0) + BT (@, RS () pdadt.

where

and

Since Gi1,G2,a1 and ao are bounded in ), and ||R§T)||L2(Q><(t1,t2)) — 0, as |1| — oo, for
j =1,2, it follows that I, — 0, as 7 — oco. Hence, the integral identity (5.19) implies

/t ’ /Q (G — @) ax(x, )as(w, £) dadt = 0. (5.20)

It remains to prove that (5.20) implies ¢; = ¢2 in Q. By applying the similar arguments in
[KO19, Section 2], we conclude that ¢; = 2 in @ as desired. Meanwhile, set

q(z,t) = q1(x,t) = Go(z,t) in Q. (5.21)
By the uniqueness of solutions to (5.9), one has that

v® = vg) = vy) in @, for¢=1. (5.22)

Step 3. The second order linearization (M = 2)

For m = 2, we differentiate (5.7) with respect to different parameters €; and ez. It is easy

to show that the derivatives w](g) (j = 1,2) satisfy

'U}](2t)t - Aw](?) + q(ac,t)wj(?) + fia(z,t, ) 0M0® =0 in Q,
w? =0 on ¥, (5.23)
wj(?) (x,0) = w](-?t) (z,0) =0 in ©,

where g, fjmu(-, - ;) € E™T! and v 02 e Emtl gatisfy

v,gf) — A0 gz, t)v® =0 inQ,

v = ge on X,

v (z,0) = vy) (z,0)=0 in Q,
here g1, g2 € Nyui1 are arbitrarily given.

Next, we will prove that

fl,uu(x,t,ﬂl(x,t)):fg,uu@,t,ﬂz(x,t)) in Q. (5.24)
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Similar to the arguments in the first order linearization, with the equal input-output maps
at hand, we have that

w(2,0) = w? (2,0), wi?)(@,0) = wi} (@,0),

wgz) (x,T) = wéz) (x,T), wgt) (x,T) = wézt) (x,T), (5.25)
(2) (2) @ _ (2)

w1 ‘2_102 5’ Oy ‘2_ v ‘2'

Let v(© be any solution to

o =800+ q® =0 inQ, (5.26)
v (z,0)=4"(2,00=0 inQ.

By subtracting the equations (5.23) associated to j = 1,2, an integration by parts yields

/ [ﬁ’uu(az,t,ﬂl(x,t)) — fgﬂm(azjt,ﬂg(:v,t))}v(o)v(l)v@) dxdt

. ) (5.27)

= [ [Pt 0.0) = Foaa st Tl ) o000 e =0,
t1 Q

where we have used the admissible conditions for the coefficients.
As in the first step, we consider the CGO solutions v; and wvs of the form (5.16). By
using the approximation property again, we have that

[fl,uu(x,t,al(x,t)) . fg,uu(x,t,ag(x,t))}vw) (z,) =0 in Qx (t,12).

Hence, for any solution vy to (5.13),

to - -
/ / |:f1,uu(:737 t,uy (1’, t)) - f2,uu(:737 t, U2(x> t))] U(O)U(O) dzdt = 0.
t1 Q
By choosing v(®) and v(p) as the suitable CGO solutions again, we have (5.24) as desired.
Furthermore, by the uniqueness of solutions to (5.23), one can immediately obtain

w?) = w§2) in Q.

Step 4. The higher order linearization (M > 2)

By the higher order linearization and the method of induction, we may find M-th order
derivative of (5.7) and prove that

8yf1(x,t, ui(x,t)) = 8yf2(x,t,ﬂ2(x,t)) in Q, (5.28)
for any M = 3,4,---. To this aim, we first assume that
8§f1(x,t, uy(x,t)) = aﬁfg(:n,t,%(x,t)) in@, forany k=1,...,M — 1.
Similar to previous steps, by differentiating (5.7) with respect to €1,...,€ep—1 and €y, one

can obtain
to ~ .
/ / |:81]wal(xa t, ’171(.%', t)) - ag/ffé(x> t, a2('%7 t)):| U(O)v(l) T U(M) dxdt = 0,
t1 Q

where v(© (£ =0,1,---, M) are solutions to (5.26).
Applying the similar approximation properties in Step 3, we have that

to ~ -
/ / [@Jyfl(x, t, u(lo) (2,1)) — M fo(a, t, ugo) (x, t))} VD v1090® - oM dzdt = 0, (5.29)
t1 Q



DETERMINATION OF A NONLINEAR HYPERBOLIC SYSTEM 26

where vy and vy are CGO solutions of the form (5.16). This implies that
8yf1(x,t,u§0) (z,t)) — M fo(ax,t, ugo) (z,0)) | v @@ M) =0 i Q x (t1, t2).

Similar to Step 3, if M is odd, we take successively CGO solutions pairs v(® and v, ... |
vM=1 and v, Otherwise, we add a CGO solution to this equality, in order to guarantee
even solutions to be multiplied together. It follows that

834]?1(:6,@ ui(z,t)) = ayfg(x,t,ﬂg(x,t)) in Q. (5.30)

Step 5. The determination of initial data and coefficients
Recall that uw; (j = 1,2) are the solutions to the following semilinear wave equation:
Uju — AU + fi(x,t,%;) =0 in Q,
u;j =0 on Y,
uj(x,0) = ¢j, wj(x,0) =1; in Q.
By the admissible property of fl and fg,
fi(m, t, 0 (. 1) — fala, t, Uz (x, 1))

_ i Of fo(x, t, s (w, 1)) [~ it t)]k B i Ok fi (.t T (2, 1)) [ e t)]k .
W ’ Kl ’ 5.31
k=1 B N =1

Since both @ and ug are bounded, set R = |1 zoo () + |[U2l|Lo(@). Then, for any L > 0
and (z,t) € Q,

film, t, (2, 1)) — falz, t, Up(x, 1))
t)—u

uy(z,t) — uz(x,t)
B i 8’;f1(x,2!ﬂl(x,t)) (_1>k+1{ {al(x,t)r_l N [ﬁl(x,t)} ’f—ZaZ(x,t) TR
k=1

i
k=1

k.kal _
S I _sup |f1(l‘,t, S)|
k=1 |s—a1(z,t)|=L

Rk—l
))‘ (k—1)!

T

Choose L = 2(R +1). By the admissibility of f; and fs,

G<’) _ fl('v'aﬂl(‘v')) - fQ(‘7'7ﬁ2(‘7')) c LOO(Q).

ﬂl(.7 ) _ QQ(.7 )
Set w = uy — uy. It is easy to see that
wtt—Aw—i-Gw:() inQ7
w =20 on X,

w(x,0) = @1 — 2, wi(x,0) =11 —1hy  in .
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T _ T o1 .
By A«m,m,ﬁ (0) = AWW%JZQ(O) and the observability result in Lemma 4.1,
p1=p2, Y1=12 and U =us.
By (5.31),

fl(x,t, ui(z,t)) = fg(:ﬂ,t,ﬂg(:p,t)) in Q.

Furthermore, notice that for j = 1,2 and any (z,t,s) € @ x R,

0 k7
fj(xvt7 8) = fj(x7t, aj($,t)) + Z an](x7t7
k=1

k!ﬁj(“”t)) (s — (. 1))"

With (5.30) at hand, this implies that fy(z,t,s) = fa(z,t,5) in Q x R. O

It remains to prove Corollary 2.9.

Proof of Corollary 2.9. The proof is similar to the one of Theorem 2.2. For j = 1,2, we
denote by u; € E™T! the solution to

uj,tt — AUJ + q]u] =0 n Q,
u; =h on X,
uj(xa 0) = 4,03(1'), uj,t(xﬂ 0) = Q]Z)](,I) in Qa

and denote by u; the solution to

’ljj’tt — A’ljj + qjﬂj =0 in Q,
uj =0 on X,
uj(z,0) = @j(x), uji(z,0) =1j(z) in Q.

Let v; = u; — Hj and v; € E™*! is the solution to

Vit — Avj 4+ qjv; =0 in Q,
vj =h on X,
vj(x,0) =0, vj¢(xz,0) =0 inQ,

for 7 = 1,2. By applying the same technique as in the proof of Theorem 2.2, we first are
able to determine ¢; = ¢2 in (). Then, by the observability result in Lemma 4.1, we can
derive that ¢ = @9 and 11 = 19 in § as desired. This proves the assertion. (I

Remark 5.2. It is worth mentioning that the boundedness of CGO solutions plays an
essential role in the proof of Theorem 2.2. With the higher order linearization technique at
hand, one can expect the integral identity (5.29) holds, with products of M solutions of the
(linear) wave equation.

(1)

In the elliptic case, one may choose vV and v as suitable CGO solutions, such
that {vMv @} forms a dense subset in L'(Q). Meanwhile, by applying the mazimum
principle for the second order linear elliptic equations, it is mot hard to construct
bounded positive solutions v®, .- oM such that one can easily derive the global
uniqueness result.

In the hyperbolic case, we do not have the mazimum principle and therefore, we do
not know the sign and boundedness of certain solutions v, .  vM) in the integral
identity (5.29). Hence, we seek for the CGO solutions. Indeed, when the CGO
solutions are of the form (5.16), they are bounded in Q). We refer the readers to
Appendiz A for more details about CGO solutions used in our work.

e Conclusion.
In this work, we use different measurements to study related inverse problems.
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(1) By using the passive measurement, we are able to determine initial data, whenever
zeroth order coefficients are known a priori. On the other hand, the unique deter-
mination for initial data cannot hold when nonlinearities are unknown. However,
if the unknown nonlinearities belong to certain classes, one can still determine the
initial data via the passive measurement.

(2) By imposing the admissible conditions on coefficients, one can recover initial data
and coefficients simultaneously via a hyperbolic type approximation property and
the completeness products of solutions to wave equations.

(3) The nonlinearity helps us to study the simultaneous recovery inverse problem. In our
approach, when we used the first linearization, the unknown initial data disappears
in the first linearized wave equation (5.9).

(4) To our best knowledge, for the linear counterpart, Corollary 2.9 would be the first
result for the simultaneous recovery for both initial data and zero order coefficients.
Furthermore, via the proofs of Theorem 2.2 and Corollary 2.9, one can see that the
smallness conditions for the semilinear wave equation is needed only for the local
well-posedness, but not in the study of inverse problems.

APPENDIX A. COMPLEX GEOMETRICAL OPTICS (CGO) SOLUTIONS

In this section, let us review the known complex geometrical optics (CGO) solutions for
wave equations with potential. Even though there might be some other references already
proved the existence of CGO solutions, we follow the ideas of Kian-Oksanen [KO19] and
give exponential type solutions to a wave equation for the sake of self-containedness of this
work.

Let 2 C R” be a bounded domain with smooth boundary I', for n > 2 and ¢, fs be two
positive numbers with ¢; < to2. For any ¢ € E™*!, consider the wave equation:

v —Av+qu =0 in Q x (t1,%2)
and its CGO solutions of the form
(@, t) = a(z, )OO L ROz ) in Q x (t1, 1),
where 7 is a real number with |7| > 1, n(z) = | — x¢| for an zg € R™\ Q, and R(") satisfies
my_AMﬂ+¢wn:%wmww(%_Aa+m) in Q x (t, ),

R =0 on I x (t1,t2), (A1)
RO (2,t1) = By (w,t1) = 0 in ©

and

|71|1LHOOHR(T) L2 (t1,22)) = O- (A.2)

Furthermore, a(-, ) satisfies
2a; —2Vn-Va—Ana=0 in Q X (t1,12). (A.3)
Without loss of generality, we may assume that x¢p = 0 in the following arguments. By
(A.3), a(-,-) satisfies the following equation:

T n—1
_ a — a =
|z| 2||

ay —

0. (A.4)

3In the applications, the numbers t;,t2 are given by Definition 2.6.
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As in [KO19], we write z € R" in terms of the polar coordinate (r,6) € [0,00) x S*~! and

the metric takes the form g(r,0) = dr? + go(r,0). Then, (A.4) becomes
by
@ a4 = 0, (A5)

ag — ay —
where
b(r,0) = det go(r,0).
For any h = h(0) € C®(S"1), x(-) € C®(R) and u > 0, set

a(r,0,t) = e 5y (r + )h(0)b(r, 0) 1. (A.6)

Then a(-,-) in (A.6) is the desired solution to the transport equation (A.5). Similarly,
v(z,t) = a(x, t)e @+ L R (2. 1) is also the CGO solution to the wave equation.
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