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Abstract

We are concerned with time-dependent inverse source problems in elastodynamics. The source
term is supposed to be the product of a spatial function and a temporal function with compact sup-
port. We present frequency-domain and time-domain approaches to show uniqueness in determining
the spatial function from wave fields on a large sphere over a finite interval. Stability estimate of
the temporal function from the data of one receiver and uniqueness result using partial boundary
data are proved. Our arguments rely heavily on the use of the Fourier transform, which motivated
inversion schemes that can be easily implemented. A Landweber iterative algorithm for recovering
the spatial function and a non-iterative inversion scheme based on the uniqueness proof for recovering
the temporal function are proposed. Numerical examples are demonstrated in both two and three
dimensions.

Keywords: Inverse source problems, Lamé system, uniqueness, Landweber iteration, Fourier
transform.
1 Introduction

Consider the radiation of elastic (seismic) waves from a time-varying source term F(z,t), z € R3,
embedded in an infinite and homogeneous elastic medium. The real-valued radiated field is governed by
the inhomogeneous Lamé system:

pOuU(x,t) =V - o(x,t) + F(z,t), == (x1,22,23) ER® ¢t >0 (1.1)
together with the initial conditions
U(x,0) = 0;U(x,0) =0, =xcR3. (1.2)

Here, p > 0 denotes the density, U = (uy,us,u3) " is the displacement vector, ¢ = o(U) is the stress
tensor and F is the source term which causes the elastic vibration in R3. By Hooke’s law, the stress tensor



relates to the stiffness tensor C' = (Cijkl)?,j,k,lzl via the identity o(U) := C : VU, where the action of C
on a matrix A = (a;;)};_, is defined as

3
é A= (é : A)” = Z Cijkl Q-
k,l=1

In an isotropic and homogeneous elastic medium, the stiffness tensor is characterized by
Cijra(w) = N0i 0k, + (8 1051 + 6,105 1) (1.3)
where the Lamé constants satisfy pu > 0,3A 4+ 2u > 0, Hence, the Lamé system (1.1) can be rewritten as
pOu Uz, t) = L,U(z,t) + F(z,t), (x,t) € R® x RT,
L3, U :=—-pV xVxU+A+2u)VV-U = pAU + (A+ p)VV - U.

Note that the above equation has a more complex form than the scalar wave equation, because it accounts
for both longitudinal and transverse motions. Throughout this paper it is supposed that p, A, 4 are given
as a prior data and that the dependence of the source term on time and space variables are separated,
that is,

F(z,t) = f(z) g(t). (1.4)
In other words, the source term is a product of the spatial function f and the temporal function g.
Moreover, we suppose that f is compactly supported in the space region Bg, := {z : |z] < Ro} and

the source radiates only over a finite time period [0, Tp] for some Ty > 0. This implies that g(t) = 0 for
t > Ty and t < 0. The source term (1.4) can be regarded as an approximation of the elastic pulse and
are commonly used in modeling vibration phenomena in seismology.

Inverse hyperbolic problems have attacted considerable attention over the last years. Most of the
eixsting works treated scalar acoustic wave equations. We refer to Bukhgaim & Klibanov [12], Klibanov
[24], Yamamoto [31,32], Khaidarov [23], Isakov [19,20], Imanuvilov & Yamamoto [17,18], Choulli and
Yamamoto [14], Kian, Sambou & Soccorsi [22| and the recent work by Jiang, Liu & Yamamoto [21] for
uniqueness and stability of inverse source problems using Carleman estimates, and refer also to Fujishiro
& Kian [16] for results of recovery of a time-dependent source. In addition, it is worth to mention the
work of Rakesh & Symes [28], dealing with coefficient determination problems based on the construction
of appropriate geometric optic solutions. There are also rich references on inverse problems arising in the
context of linear elasticity. Many investigations are devoted to mathematical and numerical techniques for
the identification of elastic coefficients and buried objects of a geometrical nature (such as cracks, cavities
and inclusions) in the time-harmonic regime; see e.g., the review article [11] by Bonnet & Constantinescu
, the monograph [5] by Ammari et.al. and references therein. Due to our limited knowledge, we have
found only a few mathematical works on inverse source problems for the time-dependent Lamé system.
In [4], a time-reversal imaging algorithm based on a weighted Helmholtz decomposition was proposed for
reconstructing f in a homogeneous isotropic medium, where the temporal function takes the special form
g(t) = do(t)/dt.

This paper concerns uniqueness and numerical reconstructions of f or g from radiated elastodynamic
fields over a finite time interval. Such kind of inverse problems have many significant applications in
biomedical engineering (see, e.g., [5]) and geophysics (see, e.g., [2]). The Uniqueness issue is important
in inverse scattering theory, while it provides insight into whether the measurement data are sufficient
for recovering the unknowns and ensures uniqueness of global minimizers in iterative schemes. Being
different from previously mentioned existing works, our uniqueness proofs rely heavily on the use of
the Fourier transform, which motivated novel inversion schemes that can be easily implemented. Our
arguments carry over the scalar wave equations without any additional difficulties. We believe that the
Fourier-transform-based approach explored in this paper would also lead to stability estimates of our
inverse problems, which deserves to be further investigated in future. We shall address the following
inverse issues:



(i) Uniqueness in recovering f from emitted waves on a closed surface surrounding the source. We present
frequency-domain and time-domain approaches for recovering the spatial function. The frequency-
domain approach is of independent interest, while it reduces the time-dependent inverse problem to
an inverse scattering problem in the Fourier domain with multi-frequency data. Our arguments are
motivated by recent studies on inverse source problems for the time-harmonic Helmholtz equation
with multi-frequency data (see e.g., [3,8-10,15]). The time-domain approach is inspired by the
Lipschitz stability estimate of source terms for the scalar acoustic wave equation with additional
a prior assumptions; see, e.g., [17,18,31,32]. A Landweber iterative algorithm is proposed for
recovering f in 2D and numerical tests are presented to show validity and effectiveness of the
proposed inversion scheme; see Section 5.1.

(ii) Stability estimate of g from measured data of one receiver. Under the assumption that the spatial
function does not vanish at the position of the receiver, we estimate a vector-valued temporal
functions in Section 4. The stability estimate relies on an explicit expression of the solution in
terms of f and g. Such an idea seems well-known in the case of scalar acoustic wave equations, but
to the best of our knowledge not available for time-dependent Lamé systems.

(iii) Unique determination of g from partial boundary measurement data. If the spatial function f is
known to be not a non-radiating source (see Definition 4.3), we prove that the temporal function
g can be uniquely determined by the time-domain data on any subboundary of a large sphere; see
Theorem 4.4. The uniqueness proof is based on the Fourier transform and yields a non-iterative
inversion scheme in subsection 5.2. Numerical examples are demonstrated to verify our theory.

The remaining part is organized as following. In Section 2, preliminary studies of the time-dependent
Lamé system are carried out. Unique determination of spatial and temporal functions will be presented
in Sections 3 and 4, respectively. In particular, as a bi-product of the Fourier-domain approach presented
in subsection 3.1, we show uniqueness in recovering a source term of the time-dependent Schréodinger
equation. Finally, Numerical tests are reported in Section 5 and proofs of several lemmas are postponed
to the appendix in Section 6.

2 Preliminaries

For all 7 > 0, we denote by B, the open ball of R? defined by B, := {x € R?: |z| < r}. By Helmholtz
decomposition, the function f € (L?(R?))? supported in Bg, admits a unique decomposition of the form
(see Lemma 6.1 in the Appendix)

flz) =V(x)+V x fs(z), V-fs=0, (2.1)
where f, € H'(Bg,), fs € Heurl (Br,) := {u : u € (L*(Bg,))?,curlu € (L*(Bg,))*} also have compact
support in Bg,. We choose also g € C(R) supported in [0,7p]. By the completeness theorem (see |1,
Theorem 3.3| or [2, Chapter 4.1.1]), there exist vector-valued functions U,(z,t) and Us(z,t) such that
U(x,t) can be expressed as

U=U,+Us, Uy,=Vu, U=Vxu, V-u,=0. (2.2)
Moreover, the scalar function u, and the vector function u, satisfy the inhomogeneous wave equations

1 1
= Opt U, — A, = fy—fa(x)g(t) in R3 x (0, +00), a=p,s, (2.3)

together with the initial conditions

Uqa|t=0 = Otlalt=0 = 0 in R3.



Note that

=VA+2u)/p, s =N plp, =20 v =1, (2.4)

and that A 4+ 2p > 0 since g > 0, 3X 4+ 2p > 0. This implies that U, and U, propagate at different wave
speeds, which will be referred to as compressional waves (or simply P-waves) and shear waves (or simply
S-waves), respectively.
It is well-known that the electrodynamic Green’s tensor G(z,t) = (Gyj(z,t))},-, € C**3, which
satisfies
pattG<xvt)ej -V O’(l’,t) = —5(1’)5(t)6j, j = ]-7 27 Sa
G(z,0) = 0;G(z,0) =0, z#y,

is given by (see e.g., [13])
Guliont) = s {12 (258 — b ) + (53— 225850~ ol ) )}

dmplal® >

+ ol {t (35”;72’“ - fm) (O(t ~ lal/c,) ~ Ot - xl/cs))} . (2.5)

Here, ¢;; is the Kronecker symbol, ¢ is the Dirac distribution, © is the Heaviside function and e; (j =
1,2,3) are the unit vectors in R®. Physically, the Green’s tensor G(x,t) is the response of the Lamé
system to a point body force at the origin that emits an impulse at time ¢ = 0. Using the above Green’s
tensor, the solution U to the inhomogeneous Lamé system (1.1) can be represented as

Uz, t) = /OOO /}R3 Gz —y,t —s)f(y)g(s)deds, xcR3 teR. (2.6)

Note that, since supp(g) C [0, +o0), for every t € (—o0,0] and = € R, we have U(x,t) = 0. Throughout
the paper we define

Tp = T0+(R+R0)/Cp, Ts = T0+ (R+R0)/Cs, (27)

for some R > Ry. Obviously, it holds that T, > T}, since ¢, > ¢, by (2.4). The following lemma states
that the wave fields over Br must vanish after a finite time that depends on R and the support of f and
g.

Lemma 2.1. We have U(x,t) =0 for all x € Br and t > T;.

Proof. For © = (x1,70,23) ", ¥y = (y1,y2,y3)" € R3, write x @ y = zy' € R3>*3 and & = /|| for

simplicity. Introduce

Via,t) = O(t = |z|/cp) = Ot — [z]/cs).
Combining (2.6) and (2.5), we have

vl = / /]R3 — 47rp|zy) e lx(;y>f(y)g(8) dyds
/0 /]R3 = 47rp(|x _yy)f C= s s %)f(y)g(k?) dyds
" /O°° /Rs - 4pr2 %g% D=Ly gt s) fl)gls) dyds
~ Jsl<er i) i;;?fi)(f;-_ﬁ 9= mf;m)f(y) dyds
! /y o|<c.(t+T0) - (i;fa): Qj ;T - @)9“ - |xc_s d )f(y) dyds
/TO /BR - 47rp?x) %ch— S Vi —y,t =) f(y)g(s) dyds,



where I denotes the 3-by-3 unit matrix. For ¢t > Ty 4+ (R + Ry)/cs, one can readily observe that

g(tfu):g(tfﬁ):Q Viz—yt—s)=0

Cs Cp
uniformly in all € B,y € Bg, and s € (0,T}), which implies the desired result. O

Denote by f the Fourier transform of f with respect to ¢t € R, that is,
Fw) = Froulf] = / F(t) explist) dt, w € R
R

Denote by G = G(z,w) the Fourier transform of G(z,t) with respect to ¢, and define the compressional
and shear waves numbers k, and £, in the Fourier domain as

kp :=w\/p/(A+2p), ks :=wyp/p.
Then we find that
/J'Aé('vw)ej + ()‘ + M)V(V : G('aw)ej) + szé(',w)ej = _5(')6]'7 J=123

and

1 1
G(l‘ - yaw) = ;@ke (Z,y)l + W gradx grad;— [(pkg (lL’,y) - q)kp (l',y)] ) x # Y. (28)

Here ®(z,y) = ==l /(4n|x — y|) (k = ky, k) is the fundamental solution to the Helmholtz equation
(A + k?)u = 0 in R®. By Lemma 2.1, we may take the Fourier transform of U(z,t) with respect to t.
Consequently, it holds in the frequency domain that

pAU (z,w) + (A + @) V(V - Uz, w)) + w?pU(z,w) = —f(2)§(w), weR. (2.9)

Corresponding to the representation of U(x,t) in the time domain, we have in the Fourier domain that

Ur,w) = Rgf[G(x—yw)*g(-)] f(y)dy = §(w) Rsé(x—y,w)f(y)d% zeR’, weR'. (210)

Here * denotes the convolution product with respect to the time variable. Note that 7 (z,—w) = U (z,w),
since U(x,t) is real valued.

3 Unique determination of spatial functions

In this section we are interested in the inverse source problem of recovering f from the radiated
wave field {U(z,t) : |z| = R,t > T} for some R > Ry and T > T; under the a prior assumption
that g is given. We suppose that f € (L?(R?))3, supp(f) C Bgy, 9 € Co([0,7p]). Since f and g have
compact support, the initial boundary value problem (1.1), (1.2) and (1.4) admits a unique solution
U € C(R,HY(Bgr))> NCY(R, L?*(Bg))? for any R > 0. Let f, and U, (o = p,s) be specified as in (2.1)
and (2.2), respectively. Our uniqueness results are stated as following.

Theorem 3.1. (i) The data set {U(x,t) : |z| = R,t € (0,T,)} uniquely determines the spatial function
f. (i) The data set of pure P- and S-waves, {Uy(z,t) : |x| = R,t € (0,T,)}, uniquely determines f,
(a=p,s).

We remark that, since the measurement surface is spherical, the compressional and shear components
Ua(x,t) (a = p,s) can be decoupled from the whole wave fields U(z,t) on || = R. In fact, in the
Fourier domain, U, (z,w) can be decoupled from U(z,w) on |z| = R for every fixed w € RT; see e.g., [7]
or Section 5.1 in the 2D case. Hence the decoupling in the time domain can be achieved via Fourier
transform. Below we present a frequency-domain approach and a time-domain approach to the proof of
Theorem 3.1.



3.1 Frequency-domain approach

Proof of Theorem 3.1. (i) Assuming that U(z,¢)=0 for all |z| = R and t € (0,Ts), we need to
prove that f = 0 in Bg,. Recalling Lemma 2.1, we have U, (z,t)=0 for all |z| = R, t € RT. Combining
this with the fact that U(x,t) = 0, (z,t) € R3 x (—00,0], we deduce that U, (z,t) = 0 for all |z| = R,
t € R. Then, applying the Fourier transform in time to U, (z, -) gives

Ug(z,w) = / Ud(z,t)e™tdt =0, forall |z]=R, wecRT.
R

Introduce the functions
vp(z,w) i=de”F Iy (z,w) i=dt e e S = {2 e R 2| = 1},

where k, = ko(w) (o = p, s) are the compressional and shear wave numbers, respectively, and d* € S?
stands for a unit vector that orthogonal to d. Physically, v, and vs denote the compressional and
shear plane waves propagating along the direction d, respectively. They fulfill the time-harmonic Navier
equation as follows

/U‘Avoz + ()\ -+ M)V(V . 'Ua) + w2p’0a = O’ a=p,s.

Multiplying v, to (2.9) and applying Betti’s formula to U and v, in Bg, we obtain
—g(w) f(z) - vo(z,w)dx = / [TUU(x,w) g (z,w) — Tyve(z,w) - U(m,w)} ds,
Br |z|=R

where v = (v1,19,13) " € S? is the normal direction on || = R pointing into |z| > R and T, = T s
the traction operator defined by

T,U :=2u0,U + A\vdivU + v x curl U. (3.1)

It follows from (2.10) that U(z,w) satisfies the Kupradze radiation when |z| — co. By well-posedness
of the Dirichlet boundary value problem for the time-harmonic Navier system in |z| > R, we obtain
T,U(z,w) = 0 for all |z| = R, w € RT. This also follows from the well-defined Dirichlet-to-Neumann
operator applied to th‘:R for fixed w € RT; see e.g., [7]. Hence,

g(w) (7) vo(z,w)dr =0, forall weRT. (3.2)
Br
On the other hand, applying integration by parts we get
V x fo(x)-de”*rddy = — [ fi(x) -V x (de”*r®d)dz = 0,
R3 R3

in which the boundary integral over 0Bp vanish due to the compact support of f in Br, C Bg. It then
follows

(x) - vp(z,w)de
Br

— / vfp(x) . de*ik‘gl’-d dCE + v % fs(x) . deilkéwd dx
RS -
= Zk9(2ﬂ)% fp(kpd)

Note that here fp refers to the Fourier transform of f, with respect to spatial variables, given by

f&) = | flx)e™tdz, ¢ecR3.
R3



In the same way, we have
/RS Vfpla) - d e dp = — g fp(@) V- (dF e ™) dp = iky(d - d*) s fp(x) e *ddy = 0
and we find
i (z) - vy(z,w) dz = VX Fo(@) - d-e v d gy = ik, (2m) % fo(ked) - (d x d).
N 5

Therefore, it follows from (3.2) that
Jo(kpd) = fulksd) - (dx dt) =0

for all d € S? and for all w € {w € RT : g(w) # 0}. Since g # 0, one can always find an interval

(a,b) C RT such that g(w) # 0 for w € (a,b). By the analyticity of fa (a = p, s) and the arbitrariness of

d € S%, we finally obtain f, = 0. Applying inverse Fourier transform we get f, = 0, implying that f = 0.
(ii) By (2.3), the P- and S-waves fulfill the wave equations

L 0 U@ t) — AU (2,1) = = V1, (2)g(0),
C ")/p

b
1 1
éatt Us(l‘,t) - AUs(xat) = :v X fs(x) g(t),

in R? x (0, +00) together with the zero initial conditions at ¢t = 0, where ¢, and v, (o = p, 5) are given in
(2.4). Applying Duhalme’s principle and Kirchhoff’s formula for wave equations, we can represent these
P and S-waves as

1 — —
ly—=z|<cp(t+To)

U (2,t) = — / V < fs)g(t —ly —al/co) |
E ) 47‘[”}/3 ly—z|<cs(t+To) |y _ xl )

for x € R®, t > 0. As done for the Navier equation in the proof of Lemma 2.1, one can show that
Uag(x,t) =0 for all € By, t > T, (o = p,s). Hence, the relation U, (z,t) = 0 for z € Bg, t € (0,T,)
would imply the vanishing of U, (x,t) over By for all t+ € RT. Now, repeating the argument in the proof
of the first assertion we deduce that

Vf,=0, Vxf,=0 divf,=0 in Bg.

This implies that f, = 0, since f, € H'(Bg) and f, = 0 in Bg\Bg,. To prove the vanishing of
fs € (L*(BRr))3, we apply the Helmholtz decomposition to fs, i.e., fs = Vhy+curl hy, where h, € H'(Bg)
and hs € Heyy (Br) are compactly supported in Br. Then it follows that h, = hs = 0 in By and thus
fs =0 in Bpg; see the proof of Lemma 6.1 in the Appendix. ]

Remark 3.2. The above proof of Theorem 8.1 by using Fourier transform is valid in odd dimensions only.
The vanishing of the wavefields on |x| = R fort > Ty can be physically interpreted by Huygens’ Principle,
which however does not hold when the number of spatial dimensions is even. The frequency-domain
approach applies to two dimensions if we know the time-domain data for all 0 <t < oco.

As a bi-product of the frequency-domain approach to the proof of Theorem 3.1, we show uniqueness
in recovering the source term of the time-dependent Schrédinger equation:

o

{ ihOW (2,8) = [~ 2 A + q(2)]W(2,1) + fo(z)go(t)  in B3 x (0,+0c) 53)
W(z,0)=0 on R3 '



where h is the reduced Planck constant, u is the particle’s reduced mass and ¢ is the particle’s potential
energy which is assumed to be time-independent. Similar to the Lamé system, we shall assume that
fo € L?>(R3), supp(fo) C Bry,, go € Hg(0,Tp). The potential is supposed to be a real-valued nonnegative
function with compact support on Bp for some R > Ry. The number w € C is called a Dirichlet eigenvalue
of the operator L; := A — ¢ with G(x) := 2u/h%q(z) if there exists a non-tirival function V € (H}(Br))?
such that

(L(;er)V =0 in Bg.

It can be easily proved that the set of Dirichlet eigenvalues is discrete, which we donote by {w,}22 ;, and
that each eigenvalue is positive. According to [26, Theorem 10.1, Chapter 3] and [26, Remark 10.2, Chap-
ter 3], the initial problem (3.3) admits a unique solution W € C([0, +o00); H(R?))NC([0, +00); H~1(R3)).
Therefore, we can introduce the data {W(z,t) : |z| = R,¢t € R*}, for W the unique solution of (3.3).
The following result extends the uniqueness proof of the inverse source problem for the Helmholtz equa-
tion [15] to the case of time-dependent Lamé system with an inhomogeneous time-independent potential
function.

Corollary 3.3. Assume that ¢ € Co(BRr) is known and that jo(w),) # 0, wl, = wpli/(2u), for alln =
1,2,---. Then the data set {W(z,t): |x| = R,t € R"} uniquely determines fj.

Proof. We assume that
W(xat) =0, |l" =R, te [Oa +OO>' (34)
Since g € H}(0,T), the extension of W by 0 on R? x (—o0, 0], is the unique solution of
oW (3,1) = [~ A+ q(x)]W (2, 1) + fo(z)go(t)  in R*xR
W(z,0) =0 on R3.

Thus, without lost of generality we can assume that the solution of (3.3) is the solution of the problem
on R3 x R. Then, condition (3.4) implies that

W(z,t)=0, |z|=R,teR. (3.5)
According to the estimate (10.14) in the proof of [26, Theorem 10.1, Chapter 3] we have

W (D)1 @)

IA

“+oo
c / (190 ()12 + [dgo(s) /ds[2) | foll22 o) ds

CllgollFr1 (0,10) | foll 22 rs):

IN

for t € [0,+00), where C > 0 is a constant independent of ¢. In particular, this estimate and the fact that
W (xz,t) =0 for (x,t) € R® x (—o00,0], proves that W € L>(R; H'(R?)) C S'(R; H'(R?)). Therefore, we
can apply the Fourier transform F;_,,, to W and deduce from (3.3) that W = F,_,,W € S'(R; H*(R?))
satisfies

LW (z,w) + mw W (z,w) =1 fo() do(w), z€R® weRY, (3.6)

with n1 = 2u/h,m2 = 2u/h?. Note that the identity (3.6) is considered in the sense of distribution
with respect to (z,w) € R? x RT. In view of (3.6), we have AW € S'(R; L*(R?)) which implies that
W € 8'(R; H(R?)). The equation (3.6) can be rewritten as

AW(xaw) + K W(xﬂw) =12 fO(z) gﬂ(w) + q($) W(xaw)a k.= \/W

Recalling Green’s formula, for any R; > R we may represent W as the integral equation

Wew) = [ [0Wmw)®ie - 0,90 - 1) W) ds)

- [ e = DA W) dy = mio) [ Buta = halo)dy



for z € Bpg,, where @, is the fundamental solution to the Helmholtz equation (A + k%*)u = 0. On the
other hand, we have

o, [0 )@k = y) = B, Di(w — ) Wy, w)] ds

< CUIOW (9|20, 1) + W @) 2082, 1)) (Jop, o 12— ¥ 2ds())
< C(|[0W (y,w)llL20Br, +1) T W (Y, w)l[22(6B8, 1))

N

and, since W (-,w) € H2(R3), by density we deduce that

Rlligl_oo(nallw(yaW)HLZ(BBR1+1) + HW(y’w)||L2(3BR1+1)) =0.

Therefore, sending Ry — 400, we get

Wiew) = = [ e =) i) W) dy—min) [ Sl nhids. @R

This implies that W (-,w) is the unique solution of (3.6) satisfying the Sommerfeld radiation condition
when |z| — oo. Let V,, € (H{(Bg))? be an eigenfunction that corresponds to the Dirichlet eigenvalue
wn. Using the fact that W(-,w) € {S € H'(Bg) : AS € L*(Bg)} and multiplying V,, to both sides of
(3.6) with w = w), and applying integral by parts, we obtain

g , Vn d = 8uWn ) , 7Vn 1 1 - auvn Wn ; , d
molwy) [ @Val@dz = (QWa) Vo) oy OVa(e) Wil )ds(a)

— T W (- w _ 1 coy!
( n[W(,wn)],Vn>H_%(aBR)7H%(aBR) L OuVala) Wi )ds(@)

where T, : H'/2(0BRr) — H~'/?(0Bg) is the Dirichlet-to-Neumann map for radiating solutions to the
Helmholtz equation (A + (w/,)?)u = 0 which satisfies the Sommerfeld radiation condition at infinity. In
view of (3.5), the fact that go(w],) # 0 and the fact that T;, is a linear bounded map, for every n =1,2,- -,
we deduce, from the previous identity that

fo(@)Va(z)dz =0, n=1,2,---.
Br

Since the set of the Dirichlet eigenfunctions is complete over (L?(Bg))?, we conclude that the temporal
function fy can be uniquely determined by the data. This finishes the uniqueness proof. O

3.2 Time-domain approach

In this subsection we present a time-domain proof of Theorem 3.1. Note that this demonstration can
be extended to dimension two provided that we replace the data {U(x,t) : |z| = R, t € (0,T5)} by
{U(z,t): |z| =R, t € (0,400)}, since Lemma 2.1 does not hold in dimension two.

Proof of Theorem 3.1. (i) Again we assume that U(z,t) = 0 for all || = R, t € (0,Ts) and, in
view of Lemma 2.1, this implies that U(z,t) = 0 for all |z| = R, t € (0,400). Our aim is to deduce that
f = 0. Since the temporal function g is known, we apply Duhalme’s principle to U by setting

Uz, t) = /Ot V(t—s,x)g(s)ds, x€R3t>0. (3.7)

The function V then fulfills the homogeneous Lamé equation with non-zero initial conditions

OV (z,t) = =2V x V x V(z,t)+ 2 V(V-V(x,t)),
V(z,0) =0, 0;V(x,0)= f(x).



Further, we can continue V' onto R?® x (—o0,0) preserving the Lamé equation and the initial conditions.
Since g(t) = 0 for t < 0, the function ¢t — U(¢, ), given by (3.7), can be regarded as the convolution of

V(z,-)x(-) and g(-)x(-), i.e.,
Uz, t) = [V(z,t)x(t)] * [g(t)x(t)], (3.8)

where  is the characteristic function of (0, 00). By Lemma 2.1, U(x,t) = 0 for |x| = R and ¢ € R. Taking
the Fourier transform to (3.8), we see

0= Frou[V(2, )x(O)1Fis0lg(Ox(O)] = FisoV(z, Ox (@) §(w),  |2| = R.

Making use of the analyticity of Fy,., [V (z,t)x(t)] with respect to w and that the fact that g does not
vanish identically, we deduce that V(z,t) =0 for |z| = R and t € R.
We decouple V into the sum of the compressional part V,, and shear part V;:

V=V, +V,, Vp=Vu,+Vxuv, V-.v,=0 in R’
where V,, (o = p, s) fulfills the homogeneous wave equation
O Vo (z,t) = ci AV, in Bpg
and the initial conditions
Va(z,0) =0, 8, V,(x,0) =Vfy(z), 0 Vs(z,0)=V x fs(x).

Since Supp(f) C Bgr, C Bgr, V(x,t) has zero initial conditions in the unbounded domain |z| > R.
Consequently, we get V = 0 for all || > R and ¢t € R, due to the unique solvability of the hyperbolic
system in |z| > R with the Dirichlet boundary condition at |z| = R for all ¢ > 0. By uniqueness of
the Helmholtz decomposition, it follows that V,, = 0 in |z| > R for all ¢ € R. In view of the unique
continuation for the homogeneous wave equation (see e.g., [6,29,30]), it can be deduced that V,,(z,t) =0
in B x R, implying that V' =0 for x € Bg and ¢t € R. In particular, 8,V (z,0) = f(x) = 0 for z € Bg.
(ii) If Uy(x,t) = 0 for |z| = R, t € (0,T,), then we have V, = 0 on {|z|] = R} x R. Repeating the
arguments above, it follows that V,,(z,0) = 0 in |z| > R for t € R. As a consequence of the unique
continuation we get V,(x,0) =0 in Br x R. Setting ¢ = 0 we obtain f, =0 for « = p, s. O

Remark 3.4. We think that the frequency-domain and time-domain approaches presented above could
also yield stability estimate of the spatial function in terms of the time-domain data {U(z,t) : |z| =
R,0 <t <Ts}. The terminal time T, (o = p,s) in Theorem 3.1 are optimal. Non-uniqueness examples
can be readily reconstructed if the terminal time is less than T,.

4 Unique determination of temporal functions

Given some T > 0, we suppose that g € (L%(0,7))? is an unknown vector-valued temporal function
and that the spatial function f is known to be compactly supported in Br, for some Ry > 0. We consider
the inverse problem of determining g from observations of the solution of

{ pOuU(x,t) = V- o(x,t) + f(2)g(t), (z.t) € R®x (0,T),

U(z,0) =0,U(x,0) =0, z € R3, (4.1)

at one fixed point xg € supp(f) (i.e., interior observations) or at the subbounary I' C dBg (i.e., partial
boundary observations). In order to state rigorously our problem, we start by considering the regularity
of this initial value problem (4.1).

Lemma 4.1. Let g € (L*(0,7))® and let f € HP(R3), with p > 5/2 be supported on Br for some
R > Ry. Then problem (4.1) admits a unique solution U € C([0,T]; HPT*(R3))> N H2((0,T); HP~}(R3))3
satisfying

1Ulleqo,ry;mr+1 ®3y)2 + Ul 20,1501 ®3))2 < Cllgllz2 0,02 | f [ 1o 2 (4.2)
with C > 0 depending on p, A, u, R.
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Proof. Applying Fourier transform to U(-,t) with respect to spatial variables, denoted by U, we find

U (E,1) + AU (&,t) = g(t);(«ﬁ) in R3x (0,7), (43)
U(£0)=0, 9U(£0) =0, ¢eR

where the matrix A(¢) € R3*3 is defined by
A(g) = %|§|21 + ()\—‘_pu)f ®& €= (61,6,&) R

Q+2w)|e]? plel®  plEl.

P oop ? p
see Lemma 6.2 in the Appendix. Denote by A'/2(¢) the square roof of A(¢) and by A~1/2(¢) the inverse
of A'/2(¢). Then the unique solution to (4.3) takes the form

Evidently, A(£) is a real-valued symmetric matrix, with the eigenvalues given by

O7(E,1) = /0 g7 (s) A7V2(€) sin (AV2()(t - 5)) f(;) ds. (4.4)
On the other hand, for all ¢ € [0,7] and s € [0, ¢], fixing
H(t = s,) i= & A7V2(€) sin (A2(6)(t - 5)) ff),

we have

H(t — . 22 sravs < -1 -1 AQOO 5 72d 471 —1 1 2\—1| ¢ 2d
I = 0 eyen <7t Wi [ 20477 [ aler) VO

< Cptp BRI e o) + 40 7 I F T2 ey,

with C a constant. Note that here we use the fact that & — |£|72 € L1(By), since 2 < 3, and the fact that

supp(f) C Bg. Moreover, we apply the fact that A+ > 0 to deduce that [A=1/2(€)| < pzp~1/2|¢| 1.
In the same way, we have

NP = ) aguogs < 797" [ IEPPLEQPAE < 07 1 pngey (16)

Combining estimates (4.5)-(4.6), one can easily deduce that U € C([0,T]; HPT1(R3))3. In the same way,
we have

1L+ 1) T O H(E = 5, [ L2@aysxs + 11+ |62 7 FH(E = 5,) | z2eoyses < Cllflaeesy,  (47)
where C' depends on p, A, 4, R. Moreover, for almost every £ € R3, we have
UT(¢ )t = UT (&) € H(0,T),
with

g7 ()

t t
8tUT(§,t) = / g(s)TatH(t —s,8)ds, 8ttUT(§,t) = + / g(s)T(f?ttH(t —s,8)ds.
0 0

Combining this with (4.7), we deduce that U € H?((0,T); HP~}(R3))? and we deduce (4.2) from the
previous estimates.
O
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According to Lemma 4.1 and the Sobolev embedding theorem we have U € C([0,T];C%(R?))3
H?2((0,T);C(R?))? and the trace t — U(wo,t), for some point 2y € R3, is well defined as an element of
H?((0,T))3. Below we consider the inverse problem of determining the evolution function g(t) from the
interior observation of the wave fields U(xg,t) for ¢ € (0,T) and some zy € supp(f).

Theorem 4.2 (Uniqueness and stability with interior data). Let xg € Br, p > 5/2 and consider M,é > 0
such that

Ao psa = {h € HP(R®) : ||h]|gorsy < M, |h(z0)| > 6, supp(h) C Br} # 0.
Then, for f € Az, p.s,m, it holds that
9l z2(0,7y3 < C 100U (20, )| 20,13

where C' depends on A\, u, p, p, xg, M, R, 6 and T. In particular, this estimate implies that the data
{U(xo,t) : t € (0,T)} determines uniquely the temporal function g.

Proof. According to (4.4), the solution U of (4.1) is given by
T _ -3 ' T g—1/2 . 1/2 £© iga 3
Ulz,t)" = (2m) g(s)" A7/5(E) sin (AVZ(E)(E - s) ral RS (z,1) € R” > [0,T]
r3 \Jo
and applying Fubini’s theorem we find

Uz, )T = (27r)_3/0 g(s)T ( g AY2(¢) sin (A1/2(§)(t—s)> f(pg)eif'”*df> ds, (z,t) € R® x [0, ).

In particular, in view of Lemma 4.1, U € C([0,T); HP*1(R?))3 N H2((0,T); HP~1(R?))? satisfies (4.2).
Further, direct calculations show that

_ ¢ . 1 f(g) &z
cNAMxJVE:f@w>3[;msF (43A”%osm(AwQ@xtsn pef<ﬁ>d

Since |A'/2(¢)a] < Y22 >‘+2 Li¢]|a| for all a € C3, the previous identity can be estimated by

el < P2 g [ 7@l
< ”+2/|mmmeWmem+WWWﬂmm
SMVt”|mmm/m|w (4.8)
where Mo = ||(1 + [€]?)2=P)/2||2(gs) < co. Since |f(20)| > &, we derive from the governing equation of
U and (4.8) that
MW:ZF&WMW%ﬁ—AWMM
< a0 o, + 08 [ lafs)ds

for all t € (0,T), where My = p/d, Ms = My 7”‘\;72" M/é. Applying the Grownwall inequality stated in
Lemma 6.3, for almost every ¢ € (0,7, we find

t
19(8)] < Mi|0wU (z0,8)] + My My / 00U (20, )| M2 d
0

< My 04U (20, t)| + My My T3 M2 10::U (0, )|l 22 (0,7)3 -
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Therefore, taking the norm L2(0,7) on both sides of the inequality, implies that
gllz20m)e < (My + My My T 2T (104U (20, )| 20,72
This completes the proof. O

To state uniqueness with partial boundary measurement data, we need the concept of non-radiating
source.

Definition 4.3. The compactly supported function f is called a non-radiating source at the frequency
w € Rt to the Lamé system if the unique radiating solution to the inhomogeneous Lamé system

Ly pu(z) + W pu(z) = f(z) P, j=1,2,3, (4.9)
does not vanish identically in R3\supp(f) for any P € C3.

Theorem 4.4 (Uniqueness with partial boundary data). Suppose that f € L*(Bg) is known to be a
compacted supported function over Br, for some Ry < R and that f is not a non-radiating source for all
w € RT. Then the temporal function g € Co([0,Tp])* can be uniquely determined by the partial boundary
measurement data {U(z,t) : x € T',t € (0,T5)} where I' C OBpg is an arbitrary subboundary with positive
Lebesgue measure and Ts is defined in (2.7).

Proof. Let w; = w;(z,w) (j = 1,2,3) be the unique radiating solution to the inhomogeneous Lamé
system

Ly wj(z) +wpw;(z) = f(x)e;, j=1,2,3,

which does not vanish identically in |z| > R by our assumption. Set the matrix W := (w1, wa, ws) € C3*3.
Then W (-,w) solves the matrix equation

Ly, W(z,w)+w?pW(z,w) = f(z)I in R x(0,00).

Note that here the action of the differential operator is understood column-wisely, and W can be repre-
sented as

W(z,w) = Gz —y,w)f(y)dy, =eR3,
R3

where G is the Green’s tensor to the time-harmonic Lamé system. In view of (2.10), the Fourier transform
U(z,w) of U(x,t) can be written as

Ulz,w) = W(z,w) j(w) forall weRT, |z|=R. (4.10)
We claim that for each wy € R, there always exists zo € ' C dBpg such that Det(W (xg,wp)) # 0.
Suppose on the contrary that Det(W (z,wp)) = 0 for all € I'. This implies that there exist ¢; € C3 such
that

V(z) := cown(z,wo) + cowa(z,wp) + caws(z,wp) =0 on T. (4.11)

By the analyticity of w; in a neighborhood of |z| = R and the analyticy of the surface I' C 0Bg, we
conclude that (4.11) holds on |z| = R. By uniqueness of the exterior Dirichlet boundary value problem,
we have V(x) = 0 in |z| > R, and by unique continuation it holds that V() = 0 for all z lying outside of
the support of f. However, it is easy to observe that V satisfies the inhomogeneous equation (4.9) with
P = cie1 + coes + c3es, which contradicts the fact that f is not a non-radiating source. Therefore, by
(4.10) we get

G(wo) = [W(z0,wo)] U(xo,wo) e C**!  for some o el

Note that wp is arbitrary and the point zo depends on wy. Hence, if U(z,t) = 0 for all z € T and
t € (0,Ts), then U(z,w) =0 for all z € I and w € R*. This implies that §(w) = 0 for all w € R and thus
g=0. O
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5 Numerical experiments

In this section, we propose a Landweber iterative method for reconstructing the spatial function f in
2D and a non-iterative inversion scheme based on the proof of Theorem 4.4 for recovering the temporal
function g in 3D. Several numerical examples will be illustrated to examine the effectiveness of the
proposed methods.

5.1 Reconstruction of spatial functions

We consider the inverse source problem presented in Section 3. Our aim is to reconstruct the spa-
cial function in two dimensions, relying on the Landweber iterative method for solving linear algebraic
equations. Assume that the time-dependent data U(x,t),x € OBgr (R > Ry) is measured over the time
interval [0,T] where T' > 0 is sufficiently large such that the integral

T
/0 U(z,t) exp(iwt) dt

can be used to approximate the Fourier transform U (x,w) for any w € RT. In the time-harmonic regime,
it is supposed that the multi-frequency data U(z,wy),z € dBg for k = 1,--- , K are available. Hence,
the time-dependent inverse source problem can be transformed to a problem in the Fourier domain with
near-field data of multi frequen(nes In 2D, the Helmhotz decomposition of U takes the form U = U +Us,

where the compressional part Up and shear part U, are given by

A | Coa .
U, = 5 graddivU, U= w2 (mcurl U. (5.1)
p

S
Here the two-dimensional operators curl and curl are defined respectively by
curlv = O1v9 — Dovy, v = (Ul,Ug)T, cTuﬁ h := (Oah, —81h)T

N N ~ o
Writing @, := —1/k2 divU and 4, = 1/k? curlU, we have U = grad i, + curl 4 and the scalar functions
Uo (@ = p, s) satisfy the Sommerfeld radiation condition

T—00

Ol
lim ﬁ(; — ik ua)zo, r=lz|, a=p,s
r

uniformly with respect to all £ = z/|z| € S.
For || > R, the radiation solutions 7, can be expressed in terms of Hankel functions of the first kind,

oz, 0) Z Gy HSY (kolz]) exp(ing), x = |z|(cos,sind), |z| > R. (5.2)
nez

For every fixed w € R*, the coefficients t,,, € C are uniquely determined by U (7, w)||z|=r as follows

(see e.g., [7])
(“) — (R / ( o Sina) U(R. 0:)do, (5:3)

Us,n 2R —sinf cosf

where

L, HY (1) inHD (1,
An(R)y= (" (1)( p) in (1)(, ) , ta =koR, a=p,s. (5.4)
inHy ' (tp,) —tsHyp' (ts)

This means that, in the Fourier domain, the P and S-waves can be decoupled from the whole wave field
U on |z| = R for every fixed frequency w.

14



Below we shall consider the inverse problems of reconstructing f,, fs and f from the wave fields
Up(x,w)|oBR, Us(T,w)lop, and u(z,w)|sp, at a finite number of frequencies w = wy, k = 1,--- | K,
respectively. Recall from (2.10) that

O (2,w)/8(w) = /B Gla—y) fw)dy, |o| =R, §(w)#£0, (5.5)

where G is the fundamental displacement tensor of the Navier equation of the form (2.8) with the
fundamental solution of the two-dimensional Helmholtz equation given by

1
i(r,y) = JH (Ko —yl), o #y, zyeR

Analogously, the compressional and shear components of U can be represented by (cf. (2.3))

N N 1
a0 @)/9@) = — [ O (@00) falldy. a=p.s, (56)
rYOé Br
Our numerical scheme relies on solvability of the ill-posed integral equations (5.5) and (5.6) for finding
f and f,. Since f(z) is real-valued, it is more convenient to consider real-valued integral equations from
numerical point of view. Taking the real and imaginary parts of (5.5) gives

Re(U(r.e)/s@) = [ Re(Gle -yl Sy, 1sl =R (5.7)

m(0(e.)/5@) = [ (G0} Sy, el =R (5.8)
Furthermore, for the pressure part i, and shear part i, we have

Refia(e.0)/3()} = — [ Re( @)l o= R (5.9)

m{ua(z.0)/5()} = [ (e, =R (5.10)

The equations (5.7)-(5.10) are Fredholm integral equations of the first kind. These equations are ill-posed,
since the singular values of the matrix resulting from the discretized integral kernel are rapidly decaying.
Now, we describe a Landweber iterative method to solve the ill-posed integral equations (5.7)-(5.10).
Consider the linear operator equations

Vk(s>:vk7 k:17"'aK7 S:fafpaf57 (511)

where v, = U(x,wy) or vy = o (x,wy) denotes the measurement data at the frequency wy. We denote
by S the inverse solution obtained at the [-th iteration step reconstructed from the data set at the
frequency wy. Due to the linearity of (5.11), a straightforward Landweber iteration (see, e.g., [10]) can
be applied as a regularization scheme for solving (5.11). For clarity We summarize the inversion process
in Table 1.

Below we present several numerical examples to demonstrate the validity and effectiveness of the
proposed method. In the following we always choose

cos(1.5m(t —tg)) exp(—m(t — t9)?), t<T,

T
§(w) :/0 g(t) exp(iwt)dt, g(t) = {0) t>T,

where T' = 5, t; = 2. The functions ¢ and g are plotted in Figure 1, which shows that § is nonzero in
(0,20). The source function f in Br with R = 1 is defined by

F=(f )T =V f,+culfe,

15



Table 1: Landweber iterative method for reconstructing spatial functions.

Step 1 Set an initial guess Sy

Step 2 Update the source function S by the iterative formula

Sk =81+ €V (vg — Ve Siag), 1=1,---,L

) )

where € and L are the step length and total number of iterations, respectively.

Step 3 Set So,x+1 = Sr.r and repeat Step 2 until the highest frequency wg is reached.

Figure 1: The exact pulse function g(t) and its Fourier transformation §(w).

where
fo(x) = 0.3(1—3z1)%exp(—927 — (3z2 + 1)?) — (0.6z; — 272 — 3°23) exp(—927 — 923)
—  0.03exp(—(3z, + 1)? — 9z2),
fo(z) = 135229 exp(—92? — 923);

see Figure 2. We choose u =1, A =2, p=1 and R = 2. The scattering data is collected at 64 uniformly
distributed points on the circle 9Bg. The total number of iterations is set to be L = 10.

In the static case, we simulate the data U (z,w) by solving the inhomogeneous time-harmonic Navier
equation using finite element method coupled with an exact transparent boundary condition. Then the
compressional and shear parts, 4, and i, are decoupled from U(z,w) via (5.2)-(5.4). The near-field data
of twenty equally spaced frequencies from 1 to 20 are calculated. Figure 3 shows the reconstructed Sy
and S5 from {U(m,wk) sz = R,k =1,2,---,20}, while Figure 4 presents the reconstructed f, and f;
from the counterpart of compressional and shear waves, respectively.

In the time-dependent case, we first consider the numerical solution of the acoustic wave equation

1 .
0—26” U (2,1) — Aug(x,t) = g(t) fa(z), in R? x RT, (5.12)

«

Ugli—0 = Osiali—o =0 in R? a=p,s. (5.13)

To reduce the unbounded solution domain to a bounded computational domain, we use the local absorbing
boundary condition

1
—ue, =0 on OBpg.

1
81/0( aa
Ua o+ ~Otla + 57

Then the solutions to the acoustic scattering problem (5.12)-(5.13) are computed over Bg by using interior
penalty discontinuous Galerking method in space and Newmark method in time. Consequently, the data
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(c) fp (d) fs

Figure 2: The exact spatial source function f = (fi, f2) and its compressional component f, and shear
component fs.

U(z,t) of the Lamé system are obtained through

1 1
Uz, t) = —gradup(z,t) + —mus(x,t).
Tp Vs

In our numerical examples, we collect the scattering data U(x,t)|op,, for t € [0,T] with T'" = 20 >
To + (R + Ry)/cs = 8. In Figure 5, we compare the scattering data 4(z,w)|ap, at frequencies w = 3
and w = 10 obtained by solving the time-harmonic Lamé system and that by applying Fourier transform
(denoted by @/ (z,w)|spy) to the time-dependent data U(x,t)|op,. It can be seen that the data set via
Fourier transformation slightly differs from those time-harmonic data, possibly due to numerical errors in
the Fourier transform and in the numerical scheme for solving time-dependent Lamé systems as well. To
Fourier transform the time domain data, we use fifteen equally spaced frequencies from 1 to 15. Numerical
solutions for reconstructing f and f,,a = p, s are presented in Figures 6 and 7, respectively. We conclude
from Figures 3-7 that satisfactory reconstructions are obtained through the proposed Landweber iterative
algorithm.

5.2 Reconstruction of temporal functions

We consider the inverse problem of reconstructing g from the wave fields {U(z,t) : « € ' C 0Bg,t €
(0,T) for some T > 0 in three dimensions. For simplicity we choose the scalar spatial function to be the
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(e) Reconstructed f, (f) Reconstructed fo

Figure 3: Reconstructions of f = (f1, f2) from time-harmonic data at multi frequencies. Figures (b) and
(e) are reconstructed from (5.7), whereas (c),(f) are from (5.8).

delta function, i.e., f(z) = §(z). Then the function W (see the proof of Theorem 4.4) takes the form

W(z,w) = Rgé(w—y,mf(y)dy

= G(m,w)
1 1 .
- ?I)ks (x)I + P grad , grad , [®p, (z) — Py, (7)],

where @ (z) = e™*I#l /(4x|x|)(k = ky, ks). Hence, f is indeed not a non-radiation source for all w € R*.
In our example, we set the vector temporal function g(¢) to be

g(t) = (91’92793)T7
() = cos(1.5m(t —t1)) exp(—m(t — t1)?), t<Ti,
I =0, t> T,

sin(27(t — to)) exp(—7(t — t2)?), t < Ty,
92(t) =
0, t>1Ts,

sin(m(t — t3)) exp(—7(t —t3)?), t <173,
gs(t) =
0, t>1Ts,

where T1 = 5, T2 = 4, T3 = 3, tl = 2, t2 =3 and tg = 2. The function pairs (gl,gl), (gg,@g) and (93,93)
are plotted in Figures 1, 8 and 9, respectively. Moreover, we set g(t) = 0 for ¢ < 0. With the choice of f
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(e) Reconstructed f (f) Reconstructed f,

Figure 4: Reconstructions of the compressional and shear components of f. Figures (b) and (e) are
reconstructed from (5.9), whereas (c) and (f) are from (5.10).

(a) w=3 (b) w=10

Figure 5: Comparison of the scattering data 4(z,w)/g(w) and @'(z,w)/j(w) at w = 3,10 obtained
respectively by solving the time-harmonic Navier equation (blue) and by applying Fourier transform
to the time-domain data (red).

and g, the forward time-domain scattering data can be expressed as U = (uq, us, ug), where
3

ww) = 3 [ [ Gl =t = 91 dods

0

- Z/OOO Gij(x,t—s)gj(s)ds

3

TiT; 1

- WWZ( 2450~ el + o (Bylol? = iz, )a0 Lol o)
j=1 s
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(e) Reconstructed fo (f) Reconstructed fo

Figure 6: Reconstructions of f = (f1, f2) from Fourier-transformed time-domain scattering data. Figures
(b) and (e) are reconstructed from (5.7), whereas (c) and (f) are from (5.8).

Taking the Fourier transform gives the data U (z,w;) in the Fourier domain. The sampling frequencies
are chosen as

wj=14(G—1)h, h=19/49, j=1,---,K, K =H50.

Fixing w; € RY (i = 1,2,---,K), we can always find z; € I" such that W (zo,;,w;)~! exists and the
value of the indicator

I (w;) = [W(z0,4,w;)] U (w0,4, wi)

is identical to §(w;). Taking the inverse Fourier transform of the indicator function I;(w) enables us
to plot the function t — ¢;(t) (i = 1,2,3). In our tests we choose zo; = (1,1,0)" uniformly in all
i=1,2,---, K. Numerical reconstructions of g;,7 = 1,2, 3 from the indicator I; are presented in Figure
10.

One can readily observe that the choice of ¢ ; is not unique. Our numerics show that Det(W (x,w;))
does not vainish for almost all z € 9Bg. For w; € R*, we denote by {z;; : j = 1,2,--- M} a set of
points lying on |z| = R such that W(z;,;,w;) is invertible for each j. To make our inversion scheme
computationally stable, we can calculate I;(w;) using each z;; (j = 1,2,---,M) and then take the
average as the value of g(w;). Hence, we propose another indicator function in the Fourier domain as
following

M
1 1 .
Lwi) = 57 Y Wagw)] Ui w), i=12- K,
j=1

where the time domain data {U(z;;,t):j =1,2,--- ,M,i=1,2,--- , K} are used. In our experiments,



(e) Reconstructed f; (f) Reconstructed fs

Figure 7: Reconstructions of the compressional and shear components of f from Fourier-transformed
time-domain scattering data. Figures (b) and (e) are reconstructed from (5.9), whereas (c) and (f) are
from (5.10).

we make use of the boundary data equivalently distributed on |z| = R and set
Lji = Tj = (COS((j - 1)d0)7 1,sin((j - l)h’))Tv h = 27T/M7.] = 17 2a T 7M7

uniformly in all ¢ = 1,2,--- , K. Numerics show that such kind of boundary data are adequate for the
choice of f and g. Next we consider reconstructions from the noised data

Us(x,t) = (1+ de(z, 1)) U(z, t)

where €(x, t) is a function whose value is random between -1 and 1, and the noise level § is set to be 30%.
We present the reconstructions of g; (j = 1,2,3) based on the indicators I; and I in Figures 11 and
12, respectively. Reconstructions from the inverse Fourier transform of I; (that is, the temporal function
g(t)) are illustrated in Figures 13 and 14, where the time-domain data with 30% noise are again used.
Comparing Figures 11, 12, 13 and 14, one may conclude that the inversion scheme using I is indeed
more computationally stable than I7.

6 Appendix

Lemma 6.1. Suppose that S € (L?*(R3))3 has a compact support in Br for some R > 0, then the
Helmholtz decomposition of S is unique.

Proof. Due to the Helmholtz decomposition, every S € (L?(R?))? admits a decomposition:

S=VS,+Vx S, V-S5 =0,
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Figure 10: Reconstruction of temporal functions from I; without noise.

where
S, € H'(BRr), Ss € Heun (Bg) :={U:U € L*(Bg)*, cwrlU € L*(Bg)*}

also have compact support in Bg. Suppose that S admits another orthogonal decomposition S =V .S +
V x 8.,V -5, =0. Then we have

V(Sp—8,)+Vx (S-S, =0. (6.1)

Taking the divergence of both sides of (6.1) gives A(S, — S},) = 0 in Bg, i.e., S, — S}, is harmonic over

Bpr. Note that S, — 5’1’, = 0 on 0BR. Applying the maximum principle for harmonic functions yields

22



—+— imaginary part: exact —+— imaginary part: exact | —+— imaginary part: exact
03 = imaginary part: reconstruction 03 imaginary part: reconstruction 03 = imaginary part: reconstruction
= 50 2 4 6 8 10 12 14 16 18 20 = 50 2 4 6 8 10 12 14 16 18 20 = 50 2 4 6 8 10 12 14 16 18 20
(a) g1 (a) g2 (a) gs
Figure 11: Reconstruction of temporal functions from I; with 30% noise.
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Figure 12: Reconstruction of temporal functions from Iy with 30% noise.
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Figure 13: Reconstruction of temporal functions from I; with 30% noise.
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Figure 14: Reconstruction of temporal functions from fg with 30% noise.
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Sp =S, in Br. On the other hand, applying Vx to the both sides of (6.1) we obtain
0=Vx (V X (55*52)) :V(V' (Ss *Sg)) *A(Ss*S;) = *A(Ss —S;)
Then the relation Sy = S% in Bg can be proved analogously. This completes the proof. O

In the following lemma, the notation I, «,, denotes the unit matrix in R™*" for n > 2.

Lemma 6.2. Let £ = (&, ,&,) T € R and A(€) = pléPLusn + (A + p)€ @ & € R™™. Then the
eigenvalues 7; (7 =1,2,--- ,n) of A(§) are given by

n=A+2p)Ef, m=- =1 =plEf
Proof. Set A= A —71,.,,. We may rewrite A in the form A = B4+ VV T, where

B= (el =) Lixn, V=1yA+nut

Straightforward calculations show that

Det(A) = Det(B+VV')
= (1+VT B 'V)Det(B)
A+ u)|§|2> 2
= (142 ) (i -y
(1+ G L) e -
= [+ 2p)€l* = T)(ulel® —m)" 7,
which implies the eigenvalues of A. O

Lemma 6.3. (Grownwall-type inequality) Let T > 0 and u € L*(0,T) be nonnegative and fulfill, for
almost every t € (0,T), the inequality

() < a(t) + /0 b(s) u(s) ds, (6.2)

where a € L*(0,T) and b € C([0,T]) are two nonnegative functions. Then, for almost every t € (0,T),
we have

u(t) < al(t) + /Ot a(s)b(s)efst br)dr s, (6.3)
Proof. We consider Y defined, for almost every ¢t € (0,7T), by
Y(t):=e" Jo b(s)ds /Ot b(s)u(s)ds
and we remark that Y € H'(0,T) and satisfies Y'(0) = 0. Then, for almost every ¢ € (0,T), we find
Y'(t) = b(t)u(t)e Jo M)ds _ p(p)e= Jo bls)ds /O t b(s)u(s)ds.
On the other hand, in view of (6.2), for almost every t € (0,T"), we get

/0 b(s)u(s)ds > u(t) — a(t)

and we deduce that |
Y'(t) < a(t)b(t)e Jo b
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Integrating on both side of this inequality we get

t
0

t
/ Y/(s)ds < / a(s)b(s)e 5 M s, 1 e (0,T).
0

On the other hand, since Y € H'(0,T) and satisfies Y(0) = 0, by density one can check that Y (t) =
f(f Y’ (s)ds which implies that

t t
e JE b(s)ds / b(s)u(s)ds < / a(s)b(s)ei Iy b('r)drds
0 0

and by the same way, for almost every ¢t € (0,T), the following inequality
t t t s t t
/ b(s)u(s)ds < elo b()ds (/ a(s)b(s)e™ Jo bdeds) :/ a(s)b(s)eds AT,
0 0 0

Finally, applying again (6.2), for almost every ¢ € (0,7"), we find

u(t) < a(t) + /0 b(s)u(s)ds < a(t) + /O a(s)b(s)els b7 g

This proves (6.3). O
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