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EARLY-WARNING INVERSE SOURCE PROBLEM FOR THE
ELASTO-GRAVITATIONAL EQUATIONS*

L. BALDASSARIT, M. V. DE HOOP#, E. FRANCINI!, AND S. VESSELLAS$

Abstract. Through coupled physics, we study an early-warning inverse source problem for the
constant-coeflicient elasto-gravitational equations. It consists of a mixed hyperbolic-elliptic system of
partial differential equations describing elastic wave displacement and gravity perturbations produced
by a source in a homogeneous bounded medium. Within the Cowling approximation, we prove
uniqueness and Lipschitz stability for the inverse problem of recovering the moment tensor and the
location of the source from early-time measurements of the changes of the gravitational field. The
setup studied in this paper is motivated by gravity-based earthquake early warning systems, which
are gaining much attention recently.

Key words. Inverse Problems, Lipschitz stability, elastodynamic systems

MSC codes. 35R30, 35Q86, 35J05, 35L10.

1. Introduction. In this paper we study, through coupled physics, an early-
warning inverse source problem for the elasto-gravitational equations motivated by
seismology. It consists of a mixed hyperbolic-elliptic system of partial differential
equations describing elastic wave displacement and gravity perturbations produced
by a source in a homogeneous bounded medium.

Consider the following Cauchy problem with Neumann boundary condition for
the elastic equation:

pouy — div(CVu) =f  (z,¢) € Q x [0, 00),
(1.1) (CVu)-v=0 (z,t) € 99 x [0, 00),
u(z,0) =u(z,0)=0 z€Q,

where ) is a bounded domain in R?, u = u(xz,t) denotes the displacement, v is the
outward normal to 9€2, pg > 0 denotes the constant density of the medium, and C is
the isotropic stiffness tensor with constant Lamé parameters \g, g > 0:

Cijrke = X00ij0ke + p10(dirdje + iedjk ).

The source term f is defined by

f=—MVQ(x— P)H(t—T),

where M is a constant 3 x 3 real valued matrix, P € Q, Q € C2(Q), H is the
Heaviside function and 7' > 0. Here we study uniqueness and stability for the early-
warning inverse source problem that consists in recovering the moment tensor M
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and the location P of the source from early-time measurements of the changes of the
gravitational field V.ST generated according to the following transmission problem for
the Newtonian Poisson’s equation:

AS™ = —podiva (x,t) € Q x [0,00),

AST =0 (z,t) € (R*\ Q) x [0, 00),
(1.2) S—=5* (x,t) € 09 x [0, 0),

(VS™ +pou) - v=VST.-v (2,t) € 00 x [0, 0),

St —0 || — oo,

where u solves (1.1). The early-time measurements of V.S are taken on an open
ball. The coupling between the elastic equation and Poisson’s equation is known in
the literature as the elasto-gravitational coupling.

The setup above is motivated by gravity-based EEW (earthquake early warning)
systems: €2 is meant to model the Earth, while f represents a source approximating an
earthquake source with seismic moment tensor M and location P. In particular, the
formulation that we follow here is based on the so-called non-self-gravitating model,
which geophysicists have first used when they started studying gravity-based EEW a
few years ago.

1.1. Context. EEW systems rapidly detect and estimate the magnitude of on-
going earthquakes in real time to provide advance warnings of impending ground
motion [3]. Conventional EEW systems rely on detecting the P-elastic waves, whose
finite speed of propagation imposes a minimum on the warning time. This is key,
since EEW systems may fail to rapidly estimate the size of large offshore subduc-
tion earthquakes, like the 2011 Tohoku earthquake, due to the slowness of the elastic
waves [16, 17, 18, 24]. Recently discovered PEGS (prompt elasto-gravity signals) have
raised hopes that these limitations may be overcome [19, 22]. PEGS are earthquake-
associated signals created by density-perturbation-induced gravity field, and by the
associated elastic readjustment of the gravitationally perturbed Earth [20]. PEGS
are readily present in the self-gravitating equations governing the earthquake-induced
motion [6], but their observations have only been provided recently, in the occurrence
of large earthquakes, by ground-based seismometers [23, 26]. Since these signals are
transmitted at the speed of light everywhere on Earth, the earliest deformation signals
are not expected to be carried by the fastest P-elastic wave, but by PEGS [11, 10].
This is why gravity-based EEW systems have been gaining a lot of attention in recent
years [15, 4]. Including PEGS in early warning systems is expected to result in faster
detection of large earthquakes, especially when compared to conventional P-elastic
wave-based EEW systems [15, 4].

While the physics of PEGS is understood, their use lacks a mathematical justi-
fication. In other words, we still need to develop the theoretical framework of the
PEGS inverse problem, with uniqueness and stability theorems and proofs. The main
challenge here is that PEGS are present in the self-gravitating equations [6, Section
3.3.2], which differ from the ones studied in this paper by the presence of a non-local

term,
div(u(y,t
S0 = - [ TN gy,
o lz—yl

added to the elastic equation:

poug(x,t) — div(CVu(z,t)) + poVS(x,t) = f(x, t), (z,t) € Q x [0, 00).
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However, as explained in [11, 22, 13], when measurements are not taken with a ground-
based seismometer, it is not completely unrealistic to neglect the effects of the early-
time ground-induced motion due to the non-locality of pgV.S. For example, one might
use future generation gravity strainmeters (such as torsion bars, superconducting gra-
diometers, or strainmeters based on atom interferometers) measuring the differential
gravitational acceleration between two test masses, as discussed in [12, 21, 25]. Juhel
et al. [12] argue that the high sensitivity of these instruments makes them ideal for
measuring earthquake-induced gravity perturbations, particularly given their capabil-
ity to partially reject the background noise through differential measurements.

Since our intention in this paper is to focus on the basic aspects of the inverse
problem arising in gravity-based EEW systems, a way to go is to account for the effects
of gravity within the Cowling approximation [5], that is by ignoring self-gravitation
effects. The non-self-gravitating model proposed in this paper is still valuable for
gaining insight into the role of the gravitational perturbations generated by Poisson’s
equation in the inverse problem. It also facilitates the mathematical analysis of the
elastic and gravitational components of the system, making it possible to study the
elastic equation independently from Poisson’s equation.

1.2. Contribution and organization of the paper. In this paper we prove,
under suitable a priori assumptions, uniqueness and Lipschitz stability of the early-
warning inverse source problem. We make use of the following tools:

e Energy estimates for the elastic equation.

e Estimate of propagation of smallness for elliptic equations, see [2].
The main idea is to turn the elasto-gravitational coupling to our advantage, since
the changes of the gravitational field V.S are generated instantaneously by Poisson’s
equation, and thus can be used to solve the inverse problem without having to wait
for the elastic waves to reach the boundary of 2.

The paper is structured as follows. In paragraph 1.4, we introduce notation that
will be used throughout the work. Section 2 contains the description of the direct
problem. In paragraph 2.1, we prove existence and uniqueness of the weak solutions
to the elasto-gravitational equations. In paragraph 2.2 we give some energy estimates
concerning the solutions to problem (1.1). In section 3, we formulate our inverse
problem rigorously. We then prove the main results of this paper: uniqueness first,
and then Lipschitz stability.

1.3. Notation. We shall denote by B,.(x) the open ball in R? of radius r and
center . We shall use the abbreviation B, when the center is the origin.

Here and in the next sections we shall assume that the Earth is represented by a
nonempty open bounded convex set 2 in R? with C? boundary, i.e., locally it can be
written as the graph of a C? function on R2.

For any h > 0, let us define the set

Qp = {x € Q| dist(z,00Q) > h}.

Given a function u : 2 x [0,00) — R3, u = u(z,t), we shall denote by d;u; and
u;,¢ the derivatives of the i-th component of u with respect to the z; variable and to
the time t, respectively, and similarly for higher order derivatives.

We shall also denote by M"™ the space of m x m real valued matrices and by
L(X,Y) the space of bounded linear operators between Banach spaces X and Y.

For every matrices A, B € M and for every L € £L(M™,M™), we shall use the
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following notation:

(LA)ij = LijreAre, A- B = AijBij, Al =+/(A-A).
Notice that here and in the sequel summation over repeated indexes is implied.

2. The direct problem. We are now ready to present the direct or forward
problem and prove its solvability. We first make some assumptions. We assume that
the Earth is made of inhomogeneous linear elastic material. We denote by C(x) €
L(M3,M?) the isotropic stiffness tensor with Lamé parameters \, u € C1(Q)

Cijre(x) = M) ;000 + p(x)(0i050 + 0:ed51),
and by p € C*(Q) the reference density. We assume that
Az) >N >0, p(@)>po>0, plx)>py>0 Ve

Before going further, we need to underline that, while the well-posedness of the direct
problem can be proven with variable coefficients, the uniqueness and stability theo-
rems for the inverse problem in Section 3 will require A, u and p to be constant. In
such case, we will say that

A:)\Oa U= Ho, P =Po in Q.

We model the source by a function f with at least H'(Q,R3) regularity, which ap-
proximates the body force defined in [6, 7] with origin time set to zero:

f=—MVQ(x — P)H(),

where M € M?3 represents the moment tensor, P is the location of the source,
Q € C3(Q) and the Heaviside function H corresponds to an idealized time-rise func-
tion. We assume that there is no volume increase, i.e., the source does not model
an earthquake caused by an explosion. Consequently, M is nonzero, symmetric and
with vanishing trace [1, chapter 3]. We can regard f as a source that approximates
an earthquake rupture, that is, slip on a geometrically flat fault; this entails a repre-
sentation by double couples of equivalent forces, see [7, section 2.8] for details. The
approximation is expected to be accurate in the “far field”. Additionally, we assume
that P is not on the boundary of €2, that is

(2.1) P e Qdm

for some positive constant dy such that dy < diam(£2)/2. Here and in the next sections,
we also assume that

where
dy d
(2.2) supp q C [—20, 20} ; / q(|z|) = 1.
R3

Since we study our problem for ¢t > 0, in what follows we will ignore the dependence
on time in f. However, it’s worth noting that the main results of this paper extend to
cases where the time dependency of the source is not described by a Heaviside function
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(for example, one might consider a class of time-dependent sources represented by
f=—-MVQ(x — P)g(t), where g is not identically zero for early times).

The direct problem consists in finding the solution pair (u,S), where u solves the
following Cauchy problem with Neumann boundary condition for the elastic equation

puy — div(CVu) = £ (z,t) € Q x [0, 00),
(2.3) (CVu)-v=0 (x,t) € 9N x [0, 00),
u(z,0) =u(z,0) =0 z€Q,

and S, written as

(2.4) S(e,t) = {S(m) (2,1) € 2 x [0, 00),

St(x,t) (z,t) € R3\ Q x[0,00),

is the solution to the following transmission problem for Poisson’s equation

AS~ = —div(pu) (x,t) € Q x [0, 00),

AST =0 (z,t) € (R*\ Q) x [0, 00),
(2.5) ST =57 (z,t) € 00 x [0, 0),

(VS™ +pu)-v=VST.v (z,t) € 9Q x [0, 00),

ST —0 |z| = oo.

It is evident that we can solve first (2.3), and then (2.5).

2.1. Existence, uniqueness, and regularity of solutions. As anticipated,
we will first show existence, uniqueness, and regularity of solutions to problem (2.3).
The proofs are based on results of [14].

THEOREM 2.1. Assume that £ € L2(2,R®). Then there is a unique weak solution
u to (2.3) such that

u e C([0,00); H'(Q,R?)), u; € C([0,00); L*(2,R?)).
If f € HY(Q,R3), then the solution to (2.3) is such that
u e C([0,00); H*(,R?)),
and satisfies (2.3) in a pointwise sense. Also
u; € C([0,00); HY(Q,R?)), uy € C([0,00); L*(Q,R?)).
Proof. To solve (2.3), we apply the Duhamel’s principle. We consider the problem

pwy — div(CVw) =0 (z,t) € Q X (s,00),

(CVw)-v=0 (z,t) € 90 X [s,00),
w(z,s;8) =0 x €,
wi(x,s;s) = f(x) x €.

By [14, Theorems 2.1 and 2.2], if f € L*(Q, R?), there exists a unique solution w such
that
w e C([0,00) H (R, w, € C((0,00); I2(2, B)).
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Additionally, if f € H(Q,R3), we have that w € C([0, 00); H?(2,R3)). Since, by the
Duhamel’s principle,

t
u(x,t) ::/ w(z,t;s)ds
0
solves (2.3), we can easily deduce existence, uniqueness, and regularity results for u
from those of w. O

We now consider the standard transmission problem for Poisson’s equation of the
gravitational potential

AS™ = —div(pu) (x,t) € Q x [0, 00),

AST =0 (z,t) € (R*\ Q) x [0, 00),
(2.6) S— =57 (z,t) € 90 x [0, 0),

(VS™ +pu)-v=VSt.v (z,t) € 9Q x [0, 00),

St —0 |z] = oo.

By the definition of S given in (2.4), problem (2.6) can be written in weak formulation
as
(2.7

for a.e. t, find S € H'(R3) such that: V¢ € Hl(R3),/ VS V¢ = —/ pu-Vo.
R3 Q

The Lax-Milgram theorem [9] implies the existence of a unique S € H'(R?) solving
(2.7).

2.2. Energy estimates. We will use the following energy estimates, whose
proofs are contained in Appendix A. For the sake of simplicity we formulate such
estimates for A = Ao, = g and p = pg in Q, but they hold true also for A, p, and
p € CHQ).

PROPOSITION 2.2. For any T > 0, the solution u to (2.3) satisfies the inequality

. eT/PO
(2.8) / ()2 <P / £2.
Q Lo Q

PROPOSITION 2.3. Let a > 0, g € 92 and 7 > 0. Denote by K, the cone
Ko(20,7) := {(z,t) € R* such that 0 <t < 7 — alz — 20},
and define

Ko (xo,7) := Ko(x0,7) N (2 % [0,00)).

For any v > 0, and for
a=agi= )20
o 2(Ao + 2p0)”

the solution u to (2.3) satisfies the inequality

2
(2.9) /~ lu2e 27 < (T) /~ |f[2e= 2.
Ko (z0,7) poY Kag(zo,7)

The following corollaries of Proposition 2.3 will be useful later. They show that
at early times there exists a region close to 92 where u = 0 because the elastic
waves have not arrived there yet. Figure 1 illustrates how to construct such region,
exploiting the knowledge of Proposition 2.2 that, for any point of 9Q x {0}, u vanishes
inside specified spacetime cones centred at that point.
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Fi1G. 1. The above illustrations show step-by-step how to construct Q\ ﬁdo/g,ﬁao x [0,7] (cf.

the last picture) such that it is contained in i&ao (1) as is defined in Corollary 2.4. Notice that
u =0 in the gray areas. By Proposition 2.3, for any point of Q2 x {0}, u vanishes inside specified
spacetime cones centred at that point (cf. the second picture).

COROLLARY 2.4. Define

Kao(m) == |J Kay(zo,7).

o EON

There exists 7o > 0 such that, for any T € (0,70), u =0 in Ko, (7).

Proof. Since supp f C Qg4,/2 by (2.1), it suffices to take 79 = (aodo)/2 to have

that, for any 7 € (0,7), supp £fN Ka, (zo,7) = 0, independently from the choice of
xo € 0. Using (2.9), we obtain that u=0in Ky, (7). 0

COROLLARY 2.5. Let 1y be the same as in Corollary 2.4. We have u = 0 on
0Q x [0,70). Also, for any T € (0,70), we have

= % [0,7] € Koy (7),

«Q

0\ Oy
hence u = 0 there.

3. The inverse problem. In this section, we will investigate the following in-
verse problem: given early-time measurements of the changes of the gravitational field
VST generated by the source, can we determine uniquely and in a stable way the
moment tensor M and the location P of the source?

We suppose to have measured VST on B,,(Z) contained in R?\ Q, for times in
the range t € [0,%]. To prove uniqueness and stability for the early-warning inverse
problem we need to assume that the Lamé parameters and the density are positive
constants, i.e. A = A\g, 4 = po, p = po- In addition, to prove the Lipschitz stability
estimate, we need to assume that all the admissible moment tensors M satisfy the
condition

(3.1) mo < |M| < My, given mq, My > 0.

Before going further, it is noteworthy to point out that the early-warning inverse
problem we propose in this paper can be solved for any ty > 0, hence the adjective
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“early-warning”. This is an advantage with respect to conventional inverse seismic
problems. In fact, since the elastic waves propagate at finite speed, one has to wait
for them to reach the boundary of Q (see, for example, Theorem 4.2 in [8]). The
changes of the gravitational field, instead, are generated instantaneously by Poisson’s
equation, and thus can be used to solve the inverse problem without having to impose
a minimum on the time needed to determine uniquely the source.

3.1. Statement of the main results. The main result of this paper is the
Lipschitz stability of the inverse problem:

THEOREM 3.1 (Lipschitz stability). Let B, (z) C R\ Q, to > 0. Consider two
sources, £ and f(2), such that

f(j) = _M(j)V(Q(l‘T - PO)D% Jj=12,
where MM M@ € M® are nonzero, symmetric, with vanishing trace, satisfy (3.1),
P PR € Q, and q € C3(Q) satisfies (2.2).

Let (u®, SM)Y and (u®, S@) be (weak) solutions to (2.3)-(2.5) associated to £V
and f(2), respectively, when A = g, u = po and p = po. If

HVS(2)('7t) - VS(I)('vt)HLz(BTO(f)) <e in [O,to],

then we have
‘p@) _ p(l)’ 4 ‘M@) — MW| < ce,

where C' is a positive constant depending on My, mg, o, do, 2, Ao, fo, po and tg.

Uniqueness follows from Theorem 3.1 by letting ¢ — 0. However, for the sake of
the reader’s understanding, in the sequel we first give the proof of uniqueness, since
it clearly presents the role played by the elasto-gravitational coupling effect in solving
the inverse problem. Also, focusing first on uniqueness will make the proof of the
desired Lipschitz stability a bit lighter, since we will reuse some of the calculations.

Our uniqueness result can be summarized as follows:

THEOREM 3.2 (uniqueness). Let B, (z) C R*\ Q, to > 0. Under the same
hypothesis of Theorem 3.1 for £, £ (u® W) (@ S X 4 and p, if

vS(l) — VS(Q) m BT0 (i‘) X [Oat0]7

then
MY =M®P gnd PO = PO,

3.2. Proof of Theorem 3.2. Before going through the proof of uniqueness, we
shall need the following technical result:

LEMMA 3.3. We have

/ / !
/ q (|x\)$? _ / q (val)xj :/ Ml'jxkxk =0.
B || B || B 2]

do
2

Proof. Define
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By symmetry, L := L; = Ly = L3. We have

q'(|])
||

3L=L1+L2+L3=/

[ (22 + a3 4 a3) = / ¢ (|z])la]
d

'(s)s® = —127 N s)s? = — z) = —
¢(s) 12/0 a(s) 3/B a(j2]) = -3,

do
2

which implies L = —1.
To prove the other results, it suffices to notice that we integrate an odd function
over a spherically symmetric domain around the origin, hence the integral is zero. O

We are now in the position of proving our uniqueness result. We proceed as
follows. First, we apply the unique continuation property to (2.6): since V.S vanishes
in a ball outside 2, the objective is to show that it vanishes everywhere outside 2
and in a neighborhood of 9€). Then, after selecting a specified set of test functions,
we resort to integration by parts to prove the desired uniqueness result. It is worth
noticing that applying the unique continuation property inside € is nontrivial, since
AS = —pgdivu there and, in principle, the right-hand side may be nonzero. As we will
see, this is precisely where the energy estimates of Subsection 2.2 and the hypothesis
that we are taking early-time measurements of VS will come into play.

Proof of Theorem 3.2. Define
u=u® —u®, §:=5@ _g f.— £2) _ (),

(u, S) solves (in a weak sense) the following system of elasto-gravitational equations:

pouy — div(CVu) =f (z,t) € Q x [0,00),

AS™ = —podivu (x,t) € Q x [0,00),

AST =0 (z,t) € (R*\ Q) x [0,00),
(3.2) (CVu)-v=0 (z,t) € 092 x [0, 00),

ST =57 (z,t) € 09 x [0, 00),

(VS™ 4+ pou) - v=VST-v (z,t) € 9Q x [0, 00),

u(z,0) = us(x,0) =0 x €,

St =0 |z] — oo.

Also, since f € H'(Q,R3), the regularity results given in Section 2 hold true. In
particular, the estimate of Proposition 2.3 and its corollaries can be applied to u.
Let 7y be the same as in Corollary 2.4. In what follows, we assume that ¢y < 79.
We can do this, since our intention is to prove the uniqueness result for small times.
We begin by recalling that, from Corollary 2.5, u=01in 2\ Qa, + x [0, %], hence

AS™ = 7podiVll (I,t) € Q@_& X [O,to],
AS™ =0 (z,t) € Q\ Quy 1 x [0, 0],
AST =0 (x,t) € (R®\ Q) x [0, 0],
S—=5" (z,t) € 09 x [0, 0],

VS~ -v=VS8t.-v (x,t) € 9Q x [0, %],

St —0 |z| = oo.
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The continuity of the transmission conditions on 9 assures that S defined in (2.4)
belongs to HZ . (R?\ Qa, ) for every t € [0,ty]. We apply the unique continuation

loc 0

property. Since V.S =0 in é,«o (Z) x [0,t0] and S — 0 as |x| — oo, we have that
(3.3) S(x,t) =0 in R*\ Qu

0 _
2

w for every t € [0, to].

@0

Now the hypothesis that A\ = Ao, u = po and p = pg are constants comes into play.
Denote by ¢ a smooth function such that A¢ = 0 in Q. Recall that u solves

poUst — dlv((CVu) = f (fE,t) € Q X [O,to],
(CVu)-v=0 (x,t) € 09 x [0, to],
u(z,0) =us(z,0) =0 =z €.

Multiplying the first equation of the system above by V¢ and integrating over (2 yield

(3.4) po [ wa Vo [ oy(Comdnuntio = [ £
Q Q Q
We notice that
/aj(CijklakUl)ai¢:/[aj(cijklakulai¢) *C’ijklakulajzﬁ] = */ Cijklakula?ﬁb,
Q Q Q

where the last equality follows from the Neumann boundary condition for u. Since
A¢ =0, we have

/Cijklakula?i(b:)\O/ A¢di"u+2ﬂ0/ Osu; 056
Q 2 @
:2uo/ 0;(u;0%0) —2M0/ “jajA¢:2/~‘0/ u; 0 6vi = 0,
Q Q o0

where the last equality follows from the fact that u = 0 on 92 x [0, ¢o]. Thus equation
(3.4) becomes

(3.5) po/gutt-VQS:/Qf-Vgﬁ.
Define

3.6 = -Vo.
(3.6) 2= po / u- Vo

From [9, Section 5.9.2] we have

(3.7) 2t = Po/ uy - Vo.
Q

To prove the uniqueness of both the moment tensor and location of the source, we
first need to verify that z(¢) = 0 in [0, tp]. Since u =0 on 9N x [0, t], integrating by
parts yields:

z:po/ﬂaj(uj(b)—divu¢:p0/aﬂujuj¢+/QAS¢

(3.8)
)
a0 ov ov
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Then the fact that z = 0 follows from (3.3). Thus equation (3.5) gives

/Qf~Vq5:0,

for every ¢ harmonic function in €2. Since f = £ — f“), the equality above yields:

¢ (|2 — P
71\4(1) r— PWY. v
L e pry MO P 9
(3.9) # .
:/ ¢ (Jz — P! )|)M(2)(sz(2))~V¢>.
B

(P |5 = PO
2

To prove that M) = M@ and PM) = P3| we have to make a specific choice for ¢.

Step 1: Moment tensor. We first consider ¢(x) = zyxo. Trivially, such a
function is harmonic in 2. Also, after a change of variables, we get

(= PO o
gur =770 PY19
/B (py lx — PM| K (@1 = (P)1) O

dg
2

/

:/B : |(1|/| 2 (Ml(zl)yzyz + My + My (PW), +M2(ll)yl(P(1))1) '
do

2

Since M) is symmetric, Lemma 3.3 gives

¢(lz—PD)) y [ 4yl 1
[ M - (Pao=my [ LD (57 443 = -2
B, (PM) |z — PW] Bﬂl| ‘
Pl 2

Repeating the same calculations for M) yields

¢ (Jx = PP]) o @) 2)
— MY (- P Vo =—-2M;5 .
/Bd (pey v — PO ( ) Vo 12

From (3.9), we have Ml(l) Ml(g) By taking ¢ = x;x;, with i # j, we finally get

M’L(jl) Mz(]2)7 Zv] = 1a2a3a { 7&]
We now repeat the calculations above for ¢ = (2% — 23)/2, and exploit the fact that
both MW and M have vanishing traces. After a change of variables, we get

2= PO o o
LU — 5 "V (P o
/B (pwy |z — PO w (@ = ( )1) Ok

do
2

Y
:/B (L||) (M(z vy — M3 yiys + M y(P1); — Mz(zl)yz(P(l))l)
d

20
2

' (|yl 1) 1 1 1
:/ | (M1(1 M2(2) %) = M2(2) - M:E1)-
By Yy

20
2
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Repeating the same calculations for M) yields

¢ (lz — P®
B, (P@) |z —P3)]
2
From (3.9), we have
1 2 1 2
Ml(l) - Ml(l) = M2(2) - M2(2)-

By taking ¢ = (22 — 23)/2 and ¢ = (22 — 22)/2, we get also
1 2 1 2 1 2 1 2
M1(1) - Ml(l) = M:gg) - M;§3)7 M2(2) - M2(2) = M?Es) - M?E3)-
Using the results above, together with trA(") = trM ) = 0:
2 2 2
(0~ D) + (09— 2+ (01 - 212 =0

we find

1 2 1 2 1 2
M1(1) = Ml(l) M2(2) = M2(2), M?E?,) = M?Es)-

)

Putting everything together, we finally get M) = M),

Step 2: Location of the source. Denote now by M the moment tensor. We
begin by noticing that (3.9) can be rewritten as follows:

(|l — P
B, (M) |2 — P

dg
(3.10) :

(e — P2
:/ q(lz ]?2) DM(:U—P(2))'V¢-
Ba, (P®) |z — P®)]

We now consider ¢ = x5 — 3z3x1. Again, such a function is harmonic in . Also,
after a change of variable, we get

(]l — PO
/ qqi(l)DMkl(xl _ (p(l))l)5k¢
Ba, (PM) |z — P
2

_ / ¢'(Iy)) (M1 By + (PO)1)? =352 + (PD)2)) + Misgo (B + (PD)r)?
B

5 Y
=3(y2 + (PM)2)?) + Misys(3(y1 + (P1)1)? = 3(y2 + (P1)2)?)
+ M1y (—6(y2 + (PM)2) (y1 + (PM)1)+Maoya(—6(y2 + (PM)2) (y1 + (PM)1))
+Mazys(—6(y2 + (PM)2) (y1 + (P(l))l))) :

Since M12 = M21 and M11 = 7M22 - M22, Lemma (33) implies that

(|lx — PO
[ (e (P00
Bay (PM) |z — P

!
:/ ¢'(JyD) <6M11yf(P(1))1 — 6M9y3(PM)y — 6 Moy (PW)y — 6M2295(P(1))1)>
B

w 1Y
2

= 6(2Maz + Mzz)(PM)y + 12My5(PM),.
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Repeating the same calculations for P(?) yields

¢ (jx — P@)) 2) (2) )
/ I S Mi(a — (P®))0k6 = 6(2Mas+ M) (P?))1 +12M15(P2),.
B, (P(®) |z — P3|

%l(
From (3.10), we have
(3.11) (2Ms + Mzs)((PP); — (PM)1) + 2M1((PP),y — (PM)y) = 0.
We now consider ¢ = x3 — 3x3z2. For such a choice of ¢, we obtain
(3.12) (2Ms + Mss)((P®)y — (PM)y) + 2Myo((PM), — (PP))1) = 0.
We multiply (3.11) by 2Mas + Mss:

(2Maz + M33)*(PWM)1 — (P®)1) + 2M13(2Maz + Mzs)(PM) — (PP)3) =0
and (3.12) by 2M;s:

2M15(2Maz + Mss)((P?)2 — (PW)2) + 4M,(PM)y = (P®))1) =0

After summing both equations, we get
(3.13) ((2Maz + M33)* + 4MD,) ((PM); — (PP)y) = 0.

We now consider ¢ = 23 — 3731 and ¢ = 23 — 3z322. We follow the same procedure
as the one described above. We get

(3.14) ((Maz + 2M33)* + 4M3,)((PM) — (P®))y) = 0.
Finally, we consider ¢ = z1z223. We get
(3.15) My ((PM)y = (PP)y) = 0.
Assume now that (P(M); # (P®);. Then
M3y = Mz = M3 = May = M3z = 0.

Since M is symmetric and trM = 0, the assumption (P™M); # (P®)); gives M = 0,
which is absurd.

Finally, to prove that (PM)y = (P®), and (PM)3 = (P®)3, it will suffice to
consider also the following harmonic functions:

¢ = x5 — 3wo23, and ¢ =z — 3wz O

3.3. Proof of Theorem 3.1. The proof of stability is quite technical and longer
than the proof of uniqueness. We proceed as follows. First, we multiply the elastic
equation by a set of harmonic test functions to be specified at a later stage, as we
did for the uniqueness proof. The result is equation (3.5). Now the objective is
to propagate the smallness of the data directly into the right-hand side of (3.5),
which encodes the information on both the moment tensor and location of the source.
In doing so, we exploit the fact that S is harmonic in a neighborhood of 9 (as
we have seen, this is a consequence of Corollary 2.4) and use a theorem from [2].
Then, we retrace some calculations done in the uniqueness proof and choose harmonic
polynomials of degree three as test functions.
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Proof. Define u, S, and f as at the beginning of the uniqueness proof of Theorem
3.2. To prove the desired Lipschitz stability estimate, we first need to propagate the
smallness of the data

IVSC OllL2s,,@) <€ in[0,t],

/Qf~V<;S

since f, by definition, encodes the information on both |M2) — M| and |P?) — P,
Let 79 be the same as in Corollary 2.4. As in the uniqueness proof of Theorem
3.2, we consider, without loss of generality, tg < 79. Moreover, we recall that

Z:po/u°v¢, Ztt:/f'v¢a
Q Q

Throughout the proof, we shall fix ¢; < % Since

into the integral

)

2(0) = po /Q u(z,0)- Vo =0, 2(0) = po/Qutu,m Vo =0,

we have

z(t1) = /Otl zt(s)ds = /Otl /OS zi(n) dnds
/Ot1 (/ntl ds) zu(n) dn = /Otl (tr = m) 2e(m) dn = tj/ﬂf Vo,

hence

/ £ V(b’ < ol
Q 51

It is now apparent that, in the first part of the proof, our main efforts shall be devoted
to proving that the smallness of the data propagates into |z(t1)].
From (3.8), we write

(3.16)

aS(- 0
sl =| [ 250 - st

o0 ov
We first notice that

e

Secondly, for zg € Bg, \ Q, where Bg, is such that

9¢
ol +| [ st.n3].

161 < IVSC, 1)l 1o / 8],
o0

wi

Bro(f) uQcC BRO,
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we have

<

<|[ st = st

dp(x)
S(-,t
9 (01) ov

0
< HS(-,tl)—S(mo,tl)llmam/ aﬁ :
o | oV

w2

Putting everything together, we obtain

0
el <o [ fol-+on [ |5] < 1001+ ) lolerom
o0 oQ | oV

We thus begin to quantify the smallness of |z(¢1)| by estimating
w1 = ||VS(',t1)||Loo(3Q).

We shall define d; such that S(-,¢1) is harmonic in Ba, (z), for € 2. By Corollary
4

2.5, we set

do t1
d - _ =
1= 2 Olo

By the mean value property of harmonic functions, for any x € 92, we have

1

C
aan VSt < / 19SS FIVSC ) g g
By (@) Ty :

where ¢ = (‘;—8) 5. To estimate wy, we exploit the following estimate of propagation of

smallness [2, Theorem 5.1]:

3.18) 19600l ) < CoIVSC s I VG0 0,

for some 0 € (0,1) and Cy > 0 depending on Ao, po, po, 7o, do and €.
We first estimate || V.S(-, t1)||L2(B2R0 \q,,)- Notice that

div(VS(x,t1)) = —podiv (u(x,tl)xgdl (2)).
From [9, Section 5.9.1], we obtain

HS("tl)”Hl(Rs) < Cp0||div (u('atl)Xle) HH*I(R3)

(3.19) 3
< Cpo ( / |u<~,t1>|2>

We then use the energy estimate of Proposition 2.2 for u(-,¢;). We have

tl/Po 5
(3.20) / (02 < / 2.
Po Q

We now focus on the right-hand side of the inequality above. We write

(x — P?)
|z — P@)]
— MDY (V(q(|z — PP)) = V(g(|z — PL]))).

flo) =~ (M® — MW)¢/(ja — PP



16 L. BALDASSARI, M. V. DE HOOP, E. FRANCINI, AND S. VESSELLA

Since |M M|, |M@)| < My, we get

/Q 162 < 2(M® — MO /Q (d (|z — PO))?

(3.21)
+2M; /Q ’V(q(\x — P@|)) = V(q(jz — PD)))

2

Notice that
95(alle ~ PD))) = 05(qlla — PO))|

= </1 ’Vaj(qu - (P(l) + (P(2) — P(l))n)m’ d’?) |p(2) _ P(1)|,
0

hence
| Jostatls = P21 = oy(atle ~ PO
<1P® — PO [ [ (90, a(ie — (PO 4 (P~ POy
0JQ

From (3.21), we have
%
(/ |f|2> < M@ — M| 4 Cy|P® — PO,
Q

where

2

o /$_ (2)1\\2
= /Bd(‘“' PO

20
2

N

Cy = (Mg /01/Q ]vaj(qux— (PW 4 (P®? —P(l))n)m’z)

From (3.20), we obtain

3 3eti/p
/ (2] < ae (01|M<2> _ M|+ Gy P 7p(1>|) ’
Q o

and, from (3.19), we have

IVSC )l 2 (mang ) < Cs (1M = MD| + PO — PO,

Cy = C\/mmax{(h, Cy}.

Estimate (3.18) then gives

where

1-6

IVSC )l p2(pa v, ) < CoCie? (\M@) — MWD 4|P@ — p(1)|>

2
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Using (3.17), we finally get

CoC 1-6
(3.22) wy < O30 (|M(2> ~ MO+ |p® p<1>|)
df
In fact, the same inequality holds for
00003 9

W4 1p@ _ po)'’
(323)  [VS(, 1)l (mag\0) < (1M® = MO 4 |P@ — PO}

i
We now estimate

wy = [|S(t1) = S(wo, t1)l| L~ o), fixed some zo € Bp, \ Q.

For any x € 0f), we notice that
S0 d S0
S(a.ta) = Slant) = [ 1:80(0) = [ IS0 (),
0 0
hence, by (3.23),
S0
S(a,t2) = Slan, )] < [V5Cot) 1 | |76
0
60003 9

1-6
o (|M M®| 4P _ P<1>|) ,
d2

where v is an arc-length parameterized curve such that v(0) = xo and ~(sg) = .
Since 2 is convex, there exists K > 0 depending only on the diameter of {2 and Ry
such that

so < K, V.’I?()GBRO\Q, YV € 00,

hence
CoC 1-0
(3.24) wy < 0730 (|M<2> MO| 4P _ P(l)‘)
df
Finally, putting (3.16), (3.22) and (3.24) together, we find that
(3.25) [ £-90| <crlslron,
where
20y M@ @ @) _ p(1)y1-0
(3.26) e1i= Stef (1M |+ |P® — p))
1
and oo
Cy = 273190  max {1, K} .

1

We are now able to propagate the smallness of the data directly into |M?) — M|
and |P?) — P by using the definition of f:

(e — P

/f.v¢: wM(l)(x_p(l)).vqﬁ
Q Ba, () |z —PW]

2

g — P2
B, (P®)
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In what follows, we retrace some calculations done in the uniqueness proof of Theorem
3.2, starting from equation (3.9) up to (3.15).

Step 1: Moment tensor. We begin by recalling that, for ¢ = x;x;, ¢ # j, we
have:

v/fv¢:fmﬁ?+2MgX

Q

By (3.25), we thus find

(3.27) P -MP| <o, ig=123 iz,

where Cj refers to a constant greater than ||¢||aq for any choices of ¢ we will make
throughout the remainder of the proof. By taking ¢ = (2% — 23)/2, ¢ = (27 — 23)/2,

and ¢ = (23 — x3)/2, we also get

2 1 2 1
D = M1D) - () - M))| < Cren,

|1 - al) = (g - M| < Coen,
and
|08 - 053y — (M5 - MF)| < Cren.
We can write
M M =M M o, M -l = M D
and
Mg — M) = MY — My + o,

where |o;| < Cse1, i = 1,2,3. Using the results above, together with trM () =
trM ) = 0:

(o - ) + (30 - 9+ (1 1) o,
we find

(3.28) M@ — MV < 05%1, i=1,2,3.

Putting (3.27) and (3.28) together, we finally get

)
(3.29) IM®) — MW| < Ceer, Co = iC%

Step 2: Location of the source. We begin by noticing that estimate (3.29)
implies
M® = MW 4 Mo,
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where M? € M3 and |M?| < Cge;. Repeating the same calculations done in the
uniqueness proof of Theorem 3.2 yields

6(2M5,) + M) (PD — P, +12M{ (PY — P@),

— 62, + ME)(PP): + 12M5(P) + [ £V
Q
for ¢ = 23 — 3z%x,. Hence
@M + M) PD — PO, 4 2P (PD) — POy < Cre,

where C7 depends on the diameter of Q. Analogously, by taking ¢ = x3 — 32322, we
obtain

‘(2M2(;> + MO)(PW — p@), LoD (P _ p(2))1‘ < Chey.
We can then write the following system:
@MY + M@ (PD — PO, 4 2M D (PO — P@), = 5y,
2M;) (PO — P@)); — (2M3) + M) )(PD — P®)y = 5,
where ||, |02| < Cre1. Hence

&1 am D)

5y 2MSY + MY
1 1 1 ’

— ((nefy) + i3y + auy))?)

(p(l) _ p(2))1 -

We have

(@03 + M52 + 4 3)?) (P = POy | < 507 Mer.

Repeating the same calculations done above for ¢ = 23 — 3z3z1, ¢ = 23 — 3z32% and
¢ = x1x203 yields

(e +2013)2 + 4 })?) (P = PO, | < 5C7Mgey,
and
()2 (PD = P@),| < CrM3e.
By putting everything together and using trM (") = 0, we obtain:
(M) = M2 4 43)2) (PO = PO),| < G,
(3.30) | (e = M{P)? + 4y))?) (PO = PO | < G,

‘Méé)(P(l) _ p<2>)1‘ < Cger.
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where Cg = 5C7Mg. We set A > 0 such that
(MY = M) +4(My))? < X2,
(3.31) (M3 — M{Y)? +4(M{3))? < 22,
(M5;))? < A2
We first want to show that
(3.32) M| <A, ij=1,2,3

System (3.31) gives

1 1
’ |M1(3)| S ’ |MZ§2)‘ S /\v

M| <

N >

A
2
and

that is R R
MY =X+ MY, MY =X+ MY,

with | A1, [A2] < A. Using trM@®) = 0, the equations above yield
3M{Y = A — Ao =0,

hence |M1(i)| < 2. Since the same calculations can be done for Mé;) and M?E;)), we
proved (3.32), hence
|M[* < 9N

We recall now that (3.1) implies |M|? > m2, hence

mo
A> —.
- 3
This means that if we set
\= "o
6

in (3.31), at least one of the coefficients of the system must be greater than 5. By

(3.30), we have

‘(pu) _ p<2))1‘ < 6%
mo

By repeating the same calculations for (P() — P(2))27 we finally obtain

‘pu) _ p(Q)‘ < 8Cs_
<

Putting everything together yields

‘p(l) _ p(2)’ n ‘Mu) _ M(2>’ < O Gy = mocs + 5B,
mo mo

We now recall from (3.26) that

2C
£ = 7460(|M(2) — M®| 4 |p@ _ p)y1-0
1

)
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hence
(3.33) ‘p(l) _ p(2>‘ n ’M(l) = @] < G10000@) _ ) 4 |p@) _ pa)y1-o
0
where oC:
Cio = t—;‘cg.
1

From (3.33), we finally get the desired Lipschitz stability estimate

‘P(l) ’ 4 ‘M(l Y ’ < (Cm)
mo O
4. Concluding remarks. In this paper we have studied an early-warning in-
verse source problem for the elasto-gravitational equations that is motivated by seis-
mology. The problem involves a mixed hyperbolic-elliptic system of partial differential
equations describing elastic wave displacement and gravity perturbations produced by
a source in a homogeneous bounded medium. Within the Cowling approximation, we
have shown how to turn the so-called elasto-gravitational coupling to our advantage:
the changes of the gravitational field are generated instantaneously by Poisson’s equa-
tion and thus can be used to solve the early-warning inverse problem without having
to impose a minimum on the time needed to determine the source.
This paper is the first step towards developing the theoretical framework of
the PEGS inverse problem. Proving uniqueness and stability theorems for the self-
gravitating elastic equations will be the object of future research.

Appendix A. Energy estimates.
A.1. Proof of proposition 2.2.

Proof. We begin by multiplying both sides of the first equation of the system
(2.3) by u;. We get
Polyst - Ut — le(Cvu) Suy = f uy,

hence 1
%8t|ut|2 +50(CVu - Vu) - div(CVu - u) = £- u.

We integrate the equation above over € x [0, s]. Since CVu - v = 0 on 912, we obtain

L 2 _ [ cuy(z,t) dx
§/§Z(p0|ut(m,s)| + CVu(z, s) - Vu(z, s)) dgc—/0 /Qf(x) +(x,t) dadt,

/|ut z,s)|? dx<(/ /|f dxdt—f—/os/ﬂ|ut(x,t)|2 dxdt).

By Gronwall’s inequality, we find

(A1) / lu(z,5)*de < — </ / If(z)|? dxdt) s/po_

Since u(z,0) = 0, we have

a(z, 7) sAT|ut<x,s>|dss ﬁ(/oﬂut(x,s)l?ds);,

hence
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hence, by (A.1), we get

/ |u(x,7)|2d$§T/ / |ut(x75)‘2dl'd8
Q 0 JO
< T/ — (/ / |f(2)|? dxdt) /P ds
o Po 0 JQ
T/po [T s
< / (/ /|f(:v)|2d:vdt) ds
Po 0 o Ja

307/ Po
/ lu(z, 7)2de < -5 / I£(2)|? d.
Q Po Q

hence

A.2. Proof of proposition 2.3.
Proof. Define v :=ue™7t, v > 0. It is easy to check that

u; = (Vt + ,Yv)e'Yt’

uy = (Vi + 2yve +77v)e",

hence, if u solves (2.3), we have that v solves
00 (vtt + 2yv; + ’yzv) — div(CVv) = fe 7.
After multiplying both sides of the above equation by v;, we obtain:
% (8t|vt\2 + 4’}/|Vt|2 + ’}/28t|V|2) — 5'j(C’ijk18kvl)vi,t =f.-v; e 7t

We integrate the equation above over

Ka(zo,7) := Ka(w0,7) N (2 x [0, 00)),

where
Ko (zo,7) = {(2,t) € R* such that 0 < ¢ < 7 — alz — x|}
We write
2
/~ O <p20|V1k|2 + .0072"|2) — 0;(CijkiOkvr)viy
(A.2) Ka(@o,T)

+/~ 2p07|w|2:/~ fovie
Ko (zo,7) Ko (zo,7)

We want to prove that, if we set

2
Ii(a) := /~ Oy (p0|"t|2 + P07|V|2> — 0;(Cijk10kv1)vi 1,
Ko (zo,7) 2 2
then I; («) > 0 for a precise choice of the parameter . We first observe that
/N 0;(CijriOkvr)viy = /~ 0;(CijriOkvvig) — CijriOrv10vi 4
Ko (x0,7)

Koa(zo,7)

1
= /~ 0;(Cijk10k01vit) — iat(oijklakvlajvi)'
Ka(‘TOvT)
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Let us set
Iy = (Q X {O}) N Ka(anT)v Iy := (Q X (O’OO)) N 8KO¢($0’T)7

Fg = (39 X (0,00)) N Ka(xo,T).

Notice that B
8Ka(9c0,7) = Fl U F2 U Fg.

Thanks to the regularity provided by Theorem 2.1, we employ the divergence theorem
and obtain

2 1
/~ ('020|V,52 + po%|v\2 + 2Oijkl8kv16jvi> (N . et) — (Oijkﬁkvlvu) (N . ej),
OK o (z0,T)
where N is the outward normal vector to 3I~(a(a:o, 7). It is defined as follows:
e onI';: N=(0,0,0,-1).

LN — L a(z—x0)
e only N= W( ool ,1).

e on I's: N = (,0), where v is the outward normal vector to 9f2.
Since v=v; =0on I'y and (CVv) v =0 on I's, we can write

1 (x — x0);
I (04) = 2\/1_’_7052/1“%/)0|Vt|2 + PO’VZ‘V|2 + Cijklakvlajvi — 20 (Cijklakvlvi,t) m-
IQ(O()
We now define
Vv + (V)T (x — x0)
= A= —0 - 7 = 7
é- Vi, 2 ) |.Z' — I0|
Since )
PoY 2
_— vl >0,
21 + a2 [‘2| | -
we have

L) > polé]? + Ao(trd)? + 20| A2 — 2a(A(trA)E - 1 + 2u0 AE - 7).

Since || =1 and pg, Ao and po > 0, we have, for every € > 0,

_—

Ia(@) = [¢[2(po — ea(Xo + 2m0)) + (1= =) (Ao(trA)? + 20| A2).

€

Finally, for a = a¢ and € = ag, we obtain

Ir(ao) > €12 (po — g (Xo + 2u0)) > 0,

which implies that
Il (Oto) 2 O

This means that, by (A.2), we have

(A.3) 2poy /~ |Vt|2 < Ii(ap) + 2p0'y/~ |Vt|2 = /~ f-vye 7

Kao (zo0,7) Kao (z0,7) Kao (zo0,7)
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By the Cauchy-Schwarz inequality, we get

3 3
[ e[ e ([ e
Ko (z0,7) Kag(z0,7) Ko (x0,7)
hence (A.3) becomes:
(A4) Cor? [ P [ e
Kao(wo,‘r) Kao(woﬂ')

Observe that, since v(z,0) = 0 and using again the Cauchy-Schwarz inequality, we
have

t t
vzt <t / Ve, 5)[2ds < 7 / [va(a, 5)[? ds
0 0

since t < 7. Hence

T—ag|z—x0| t
/N [v(z,t)|*> dedt < 7'/ / (/ |vs(z,s)|? ds) dt | dz.
K“O (x0,7) BT/QO (x0)N2 0 0

Since t < 7 — ag|x — xg|, we write

(A.5)
T—ap|z—x0|
/~ |v(z,t)]? dedt < T/ (1 — aplz — 20]) / [ve(z,s)*ds | dz
Ko (z0,7) B o (20)NQ 0
< 72 /N |ve(z,s)* deds.
Ko (z0,7)
Finally, putting together (A.4) and (A.5), since v = ue 7, we obtain (2.9). 0
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