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Abstract

We present a globally convergent numerical algorithm based on global Carleman estimates
to reconstruct the speed of propagation of waves in a bounded domain with Dirichlet boundary
conditions from a single measurement of the boundary flux of the solutions in a finite time
interval. The global convergence of the proposed algorithm naturally arises from the proof of the
Lipschitz stability of the corresponding inverse problem for both sufficiently large observation
time and boundary using global Carleman inequalities. The speed of propagation is supposed
to be independent of time but varying in space with a trace and normal derivative known
at the boundary and belonging to a certain admissible set that limits the speed fluctuations
with respect to a given exterior point zo. In order to recover the speed, we also require a
single experiment with null initial velocity and initial deformation having some monotonicity
properties in the direction of x — x¢o. We perform numerical simulations in the discrete setting
in order to illustrate and to validate the feasibility of the algorithm in both one and two
dimensions in space. As proved theoretically, we verify that the numerical reconstruction is
achieved for any admissible initial guess, even in the presence of small random disturbances on
the measurements.

Keywords: hyperbolic equation, inverse problem, reconstruction algorithm, Carleman estimates.
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1 Introduction and main resuts.

1.1 Setting

We consider a smooth bounded domain of R? (d > 1) denoted by 2 and a time horizon 7' > 0. This
article focuses on the reconstruction of the velocity in a wave equation, that is for the following
inverse problem:
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Given the distributed and boundary source terms f and fy and the initial data (wg, w1),
considering the solution of the hyperbolic equation

Pw, — V- (a.Vw,) = f, in (0,7) x Q,
wy = fa, on (0,7T) x 09, (1.1)
wi(0) = wo, Oww«(0) =wq, inQ,

can we determine the unknown coefficient a, = a.(x), assumed to depend on the space-
variable z only, from the additional knowledge of the flux of the solution through a part
Iy of the boundary 02, namely

a0, wy = axVw, v, on (0,T) x Ty, (1.2)
where v € R? is the unit outward normal vector to 9Q?

Before going any further, let us recall that if a € W*°(Q) with infg a > «g > 0, f € LY(0,T; L?(1)),
fo € HY((0,T) x 99), wy € H () and wy € L*(Q) and assuming the compatibility condition
f8(0,x) = wo(x) for all z € N, the initial and boundary value problem

2w —V - (aVw) = f, in (0,7) x Q,
w = fo, on (0,7T) x 09, (1.3)
w(0) = wy, Ow(0) =w;, inQ,

is well-posed, and has a unique solution
w € C°((0,T); H'(Q)) N CH([0, T; L*()),
whose normal derivative ad,w is well-defined as an element of L?((0,T) x 992), see |26, Theorem 4.1].

We emphasize that we are interested in the effective reconstruction of the coefficient a.(x) in
(1.1) from the extra information given by the outgoing flux. As a matter of fact, this coefficient
a, corresponds to the speed of propagation of waves up to a square root (if ¢, denotes the speed
of propagation of waves in the medium, then a.(r) = c2(z)), and we will sometimes call it the
speed coeflicient with a slight abuse of denomination. In particular, we will simply recall the results
obtained concerning uniqueness and stability for this inverse problem. These questions are already
well documented, for instance the Lipschitz stability from large geometrical observations has been
studied in [17, 23], among others.

The approach we propose to reconstruct the coefficient a., inspired by our previous works [2, 3|
for the reconstruction of an unknown potential in a wave equation through a measurement of the
flux, is based on an algorithm that involves Carleman estimates, and whose convergence will be
ensured when taking a tuning parameter, corresponding to the Carleman parameter, large enough.
The goal of this article is thus to fully develop this strategy, from the theoretical aspects to the
numerical ones.

The paper is organized as follows. The end of this introductory section describes the stability
results already known for the inverse problem under consideration and will present the reconstruc-
tion algorithm of the speed coefficient built to be implemented numerically. Section 2 presents the
proof of the Lipschitz stability in the recovery of the speed from the flux, since this will enlighten
the algorithms’ design. The proof of the convergence of the algorithm will be detailed in Section 3.
Section 4 presents the numerical implementation, Section 5 then provides the reader with some
further comments, and the appendix gives the proofs of the Carleman estimates we shall use.



1.2 Stability results

The results we will introduce require the following quite usual geometric conditions (sometimes
called “multiplier condition” or “I'-condition”):

Zo

Geometric condition:

Jzo € Q, such that
ToD{ze€df, (x—x0) v(z) =0}, (14)

The geometric condition (1.4) appears naturally when deriving observability results for the wave
equation (1.3) using the multiplier (z — z¢) - Vw + (d — 1)w/2 for constant wave speed in large
times, developed in references [14, 27|. In fact, when considering variable wave speed a € W1>°(),
following the multiplier technique, one easily checks the observability of the wave equation (1.3)
under a condition of the form

Jp €]0,1], such that Va - (z — z) < 2(1 — p)a in 2'(Q). (1.5)

Indeed, this result can be achieved by multiplying the equation (1.3) by (x —x¢) - Vw + (d — w/2,
and the time T for observability through I'y provided by that approach satisfies

2L
Vinfga’
Details are left to the reader (similar arguments can be found for instance in [13]).

Since we will develop a strategy based on Carleman estimates, which can be seen as a fancy
version of multiplier techniques to some extent, we start by making some assumptions on the speed
ax that we aim at recovering linked to the previous discussion. In particular, we suppose that we

have some a priori informations on a, and some a priori bounds m > 0, 0 < ag < a3 and p €]0, 1]
such that

pT > where we have set L = sup{|x — z¢|}. (1.6)
Q

Ay € Cl (ﬁ) n HQ(Q) with HVa*HLoo(Q) < m,
0<ap< 1gf ay < stglzpa* < aq, (1.7)
Va, - (x —x0) < 2(1 — p)a. in Q,

where ¢ is the one in (1.4).
We shall also assume that a, is known on the boundary, i.e.

a = a.|po and a, = J,a.|asq are known. (1.8)

Another set of assumptions concerns the solution w, of (1.1), namely

w, € H*(0,T; WH>(Q)), (1.9)

and the initial conditions:
wo € WH>*(Q)  and irglzf |Vwo(z) - (x — x0)| = 1o >0, (1.10)
wy = 0. (1.11)



Then we can prove uniqueness and stability of our inverse problem in the following class:

Va,a,,a0,a1,0m = {a e Cl(Q) N H*(Q), Va| poe ) <m, 0 <ag < igfa <supa < o
Q

and Va-(z—z0) <2(1 —p)ainQ, a=aand d,a=a, on 00}, (1.12)

for which we will use the shorthand notation Va o, = Vaa,,a0,a1,0,m-
In the sake of clarity, we will prove the specific following Lipschitz stability result:

Theorem 1.1. [Stability of the inverse problem] Let T'y satisfy (1.4) for some xoy ¢ Q and
assume that a, satisfies (1.8) and (1.7) for some m > 0, 0 < ag < a1 and p € (0,1], w, satisfies
(1.9), (wo,w1) satisfy (1.10)—(1.11) and let T be such that

L
T> (1.13)

Vi Oéopo(Lm/Oéo)’

where pg = po(r) is the function given by

2
po(r) = <\/p+iL - ;) - (1.14)

There exists a constant C > 0 such that for all a € Vaa, (defined in (1.12)), denoting by w the
solution of equation (1.3), we have

lla— a*HH(}(Q) < Cllovw = Oywi|[ a2(0,7522(1y))- (1.15)

Remark 1.2. According to (1.9), d,w. belongs to H*(0,T; L*(0)). Besides, as we will see
in (2.3), for w solution of (1.3) with a € Vaa,, one can check that 0,(w — w.) belongs to
H?(0,T; L*(0%)), and thus d,w also belongs to H*(0,T; L*(0)) and the right hand-side of (1.15)
18 always finite.

Remark 1.3. The time condition (1.13) differs from the time condition (1.6). First, it differs from
a factor 2 which is due to the fact that for the inverse problem under consideration, we use a time
symmetrization argument, and thus observing the flux on (0,T) is equivalent to observe the flux on
(=T,T), see the proof of Theorem 1.1.

Formula (1.13) also differs from the time condition (1.6) by the fact that \/po(Lm/ag) appears
instead of p. This is probably due only to the method of proof. Also note that po(0) = p, so
that when m = 0, i.e. when a is constant, we recover from (1.13) a time condition of the form
T > L/\/aop, which looks very similar to (1.6) except for the square root, and the time L/\/agp
is slightly larger than the time L/(\/aqp) - which should be the expected time in view of (1.6) - for
p € (0,1).

Although Theorem 1.1 is not entirely new (it should be compared at least with the results in [17]
and [23] that we shall comment later), its proof is at the origin of the construction of the algorithm
that we will propose next. We will therefore give it in Section 2.

More precisely, as in [17, 23], it will require two Carleman estimates, one for the wave equation,
and one for a transport equation. The one for the wave equation reads as follows:

Theorem 1.4. [Carleman estimates for a wave equation] Let zo ¢ Q C RY and assume
condition (1.4) for Ty. Let m > 0, 0 < ag < a1 and p € (0,1], and define the admissible set

V={aeW"(Q), |Va|r=@ <m, 0<ag< iréfa <supa < o
Q

and Va - (z —zg) < 2(1 — p)a a.e. in 2}. (1.16)



There exists a parameter pg = po(Lm/ag) > 0 such that for all 8 € (0,0p0), there exist so > 0
and a positive constant C such that for all s > sg and for all a € V,

T
[ 2550 @0 + [Vo(0) + o0 dat s [ [ % (@) 4 Vol 4 570%) dads
Q T JQ

T T
< C/ / e**?(04v)? dadt + Cs/ / ¢ |9,v|? dodt
-7JQ —7J1,

+Cs // e**? ((0)* + |Vv|? + s*0*) dadt
{p<0}
+ Cs/ 2 ED) (9yu(£T)? + |Vu(£T)|? + s*v(£T)?) dw, (1.17)
Q

for all v € L*((—=T,T); HX(Q)) satisfying O,v = 02v — V - (aVv) € L2((=T,T) x Q) and d,v €
L3((=T,T) x 09), where ¢ denotes the weight function

p(t,x) = |z — ol — B2, (1.18)
and {o <0} = {(t,z) € (-T,T) x Q, ¢(t,z) < 0}.

As such, Theorem 1.4 is not new, even if we did not find it as stated here in the literature.
In fact, it can be deduced from [22, Theorem 2.2.4 p.45], but we make it slightly more precise in
particular on the estimate on pg. This is why the proof is given in appendix, Section A.1.

We shall also need a Carleman estimate for a transport equation, which can be found for instance
in [23, Lemma 4.1] (or in a weaker form in [17, Proposition 2.2]). We give the proof in appendix,
Section A.2 in the sake of completeness and readability.

Theorem 1.5. [Carleman estimates for a transport equation] Let 2o € Q and X be a vector
field such that

X € W2 (Q;RY) N CO(Q; RY), and 1161}"2 {|X(z) - (x —x0)|} >0,
and set
vx = sign(X(z) - (x — xp)) and I'x = {z € 9Q,(X(z) v(z))yx > 0}. (1.19)

(Note that, under the above assumptions, x — X(x) - (x — xo) does not change sign in ), so the
choice of x € Q in the definition of yx is irrelevant.)
Then there exist so > 0 and a positive constant C' such that for all s > s,

/ eXle=wol® (17(V . (X)) + 2| Vb|? + s*b%) da
Q
gC/ eXlr=wol” (17 (V- (X)) 2+ 8%V - (bX)|?) dz (1.20)
Q

for any b € HY(Q) satisfying V - (bX) € Hy (Q) where Hy () = {b€ H'(Q),b=0 on T'x}.

Let us also point out that similar strategies were used in [17, 23] to deduce stability results
for the inverse problem under consideration. On the one hand, Hélder stability results have been
obtained for large time and from large geometrical boundary observations in [17] for the L?-norm
distance of the coefficients, assuming that the speed is known at the boundary and in [23], Lipschitz
stability results have been obtained for the H2-norm distance between the coefficients, assuming



that the speed and some of its normal derivatives are known at the boundary, but assuming C® a
priori bounds on the coefficients.

The result of Theorem 1.1 uses global Carleman estimates, and thus requires geometric condi-
tions which are very close to the multiplier conditions (1.4), (1.13). But one can in fact go further
provided that we use a foliation condition as it is explained in [32], which states, roughly speak-
ing, that the whole set {2 can be foliated into strictly convex surfaces; in our case, these strictly
convex surfaces simply correspond to the level sets of |x — zo|2. However, this strategy seems hard
to implement numerically, since this condition is rather abstract, and we should thus stick to the
strategy based on Carleman estimates for the wave equation with weights of the form (1.18).

We also recall that logarithmic stability results are proved in large times for arbitrarily small
boundary observations for recovering a potential [8] or the speed [9], but the corresponding stability
results are logarithmic and therefore numerical issues seem more intricate and are postponed to
future works.

1.3 A Carleman based Reconstruction Algorithm (C-bRec)

We now focus on reconstructing the coefficient a, and we give an algorithm inspired by the proof
of Theorem 1.1. In particular, we shall work under all the assumptions of the previous section.
Namely, we assume the geometric condition (1.4), the a priori informations of (1.7) given by m,
ap, a1 and p, and that the corresponding solution w, of (1.1) satisfies (1.9), while (wp, w;) follow
(1.10)—(1.11). We shall also assume the knowledge of a. on its boundary, but we will parametrize
it slightly differently from (1.8):

a = a.]oq and b = Va, - Vwg|sq are known. (1.21)

Under these conditions, we assume that 7" satisfies (1.13) and we choose 8 € (0, appo(Lm/ayg))
such that I
VB
and then choose ¢ = p(t,z) = |z — 20| — Bt? as in (1.18).
Of course, we also assume that we know the measurement a.d,w, on (0,T) xT'y. Since we know
ax on the boundary, this is equivalent to know

M, :=d,w, on (0,T) x T, (1.23)

which is the quantity we will work with in the following.
The algorithm we propose to reconstruct a, will produce a sequence of iterates that belong to
the following set:

;,b,ao,ahp,m,wo = {a € WLOO(Q)a V- (aVuwg) € Hl(Q)v ”V@HLw(Q) <m,

and O<a0<iréfa<supa<a1, Va- (z—129) <2(1—p)ain Q,
Q
and a=aand Va-Vwy =b on 0Q}, (1.24)

which will be simply denoted by Vy , in the following. Note that the trace of Va - Vwy makes sense
when a € W1°°(Q) and V - (aVwy) € HY(), since then Va - Vwy € HY(Q) as well. This set is a
closed variant of Va a, in (1.12), but it differs mainly due to regularity issues (a € C1(Q)NH?(2) in
(1.12)). In particular, Va a, is included in V; ;. Also note that Theorem 1.1 also applied within the
class V; ;, instead of Va a, through easy adaptations of its proof which are left to the reader. Still,
we have chosen to present Theorem 1.1 within the class Va a, since the class V;;b is more delicate
to work with, and depends on the datum wy.



To motivate the introduction of this class Vabe let us point out that we will consider a projection
operator depending on a parameter s > 1 on the set V; } as follows:

Pap,s is the projection on V; , in {a € H*(Q), V- (aVwy) € H(Q)} (1.25)

for the norm

la|l2 = / %0 (2|Vaf2 + s*a® + |V (V - (aVuw)) ) do. (1.26)
Q

The important point is that the set V; } is closed and convex for the topology induced by the norm
|| - ||s defined in (1.26), while the set Va a, is not closed for this topology.

For later use, we choose ¢ € (0,infq |# — x0|?) and introduce a cut-off function 7 € C°°(R) such
that 0 <7 <1 and

{ "E’") B é’ ifr>e, (1.27)

We also define the constant v, = sign(Vwg - (x — x9)) (here, the choice of z in Q is irrelevant
due to (1.10)), which shall be used hereafter.

A first reconstruction algorithm for the coefficient a, from the knowledge of 9, w, on (0,T) x I'y
is as follows, and depends on a tuning parameter s > 1:

Algorithm 1.

Initialization: Let a® be any guess in the set of admissible coefficients Vab-

Iteration, from k to k + 1: We suppose that a* € Vap 8 known.

o Step 1 - We set i* = n(p)0f (9, w[a¥] — d,w.) on (0,T) x Ty, where d,w, is the measurement
and w(a®] denotes the solution of

02w —V - (a*Vw) = f, in (0,T) x Q,
w = fg, on (0,T) x 09, (1.28)
w(0) = wp, Jw(0)=0, inQ,

corresponding to (1.3) with the coefficient a*.
e Step 2 - We minimize the functional

1 /T
Jsar(2) = f/ / e*%1022 — V - (a*V2)|* dadt
2Jo Ja
s [T 2s ~k 2 8 2s 2 2, 21,2
+ = e=*?|0yz — a"|* dodt + = e=*?(|0ez]” + |Vz|* + s7|2|7) dadt
2Jo Jr 2 JJp<0y
+ g/ e?s#(T) (0:2(T)? + |V2(T)* + s°2(T)%) dz (1.29)
Q

on Tor = {z € L*(0,T; H(Q)) such that 022—V-(a*Vz) € L2((0,T)xQ), 8;2(0,-) = 0 in Q, and 9,z €
L2((0,T) x Ty)}, and we denote its unique minimizer by Z*, for which in particular, Z*(0,-) €

Hj ().
e Step 3 - We solve

V - (8a*(x)Vwo(z)) = —Z%(0,2), forz € Q, (1.30)
sak =0, on Ty, = {z € 09, (Vwo(z) - v(x))yvw, > 0}. '
Then set a*t1 = a* + 5a*.
e Step 4 - Finally, using the projection Pay s introduced in (1.25), we set
akJrl = Pa,b,s(ak+1)- (131)

7



Figure 1: Illustration of I'y,,, in the case Vw, constant.

An alternative algorithm under the exact same setting can be given as follows:

Algorithm 2.

Initialization: Let a® be any guess in the set of admissible coefficients Vab
Iteration, from k to k + 1: We suppose that a* € Vab 18 known.

e Step 1 - identical to Algorithm 1.

e Step 2 - identical to Algorithm 1.

e Step 3 bis - We minimize the functional

Ks,k(éa):% /Q ¢2¢0) V(Y - (8aVwo)) — VZ*(0, ) 2da (1.32)

on the vector space {5(1 € HY(Q),Véa - Vwy € H} (Q)}, and denote its unique minimizer by da®.
Then we set a**t1 = aF + da*.
o Step 4 - identical to Algorithm 1.

From a numerical point of view, the projection of Step 4 in both algorithm is complicated to
perform. Step 3 bis of Algorithm 2 has the advantage over Step 3 of Algorithm 1 of corresponding
to a kind of partial projection step. In particular, the boundary conditions contained in Vy ,, are
satisfied by the minimizer. Consequently, for the numerical implementation in Section 4, we will
actually work from Algorithm 2 and Step 4 will be essentially ignored.

We prove that these algorithms both converge, provided the parameter s is chosen large enough:

Theorem 1.6. Under the above assumptions, there exist constants C > 0 and sg > 1 such that for
all s > so, for all a® € V} b both Algorithm 1 and 2 are well-defined and the iterates a® constructed
in each algorithm satzsfy, forall k e N,

C
k1 kg2
la a.|]? < Il {52, ¢Z fala(0)- E)}||a axs (1.33)

In particular, for s large enough, the sequence a* strongly converges to a, as k — oo in the norm
|- |ls defined in (1.26).



Theorem 1.6 is the main result of our article, and establishes a way to reconstruct the speed
coefficient a, from the knowledge of the measurement 9, w, (and other informations, in particular
a priori bounds, geometric conditions, regularity conditions and knowledge of the velocity on the
boundary) without an a priori guess. In this sense, using the wording of [6], this procedure is
globally convergent.

We also want to emphasize that this algorithm can be implemented numerically, and this is
presented in Section 4. Let us now point out some of the numerical issues of interest regarding the
numerical implementation of these algorithms.

First, the minimization of J; ,» corresponds to the minimization of a strictly convex and coercive
quadratic functional. Still, there are some issues in minimizing it due to the fact that the algorithm
requires s to be large to be convergent, and therefore one should handle numerically very large
exponential terms. This issue is in fact comparable to the one we dealt with in our previous work
[3] and can be partially solved by working on the conjugate variable and using multiple cut-offs to
decompose the minimization of J; .+ in areas in which the exponential terms are of the same order,
see Section 4.3.

Second, when considering Algorithm 1, one has to solve the transport equation (1.30) with
velocity Vwy, and third, one should compute the projection on the set V; ;, for the topology induced
by || ||s in (1.26). Since the set V7 is a convex closed set for this topology, the projection Py p s is
well-defined. However, computing it in practice seems to be a challenging issue, due to the fact that
the elements of V; , are delicate to enumerate. We shall therefore prefer to use Algorithm 2 and
simply discard the projection step. In fact, we will check numerically that the iterates constructed
by Algorithm 2 stay in the class V; ;, even when discarding the projection step.

Related references. We shall not give here extensive references to the inverse problems at hand.
As we have said, the stability result stated in Theorem 1.1 is closely related to the works [17] and
[23], in which the assumptions are slightly stronger. In fact, these results, as ours, are based on
the original Bukhgeim-Klibanov method [11], see also [19], which relies on the use of Carleman
estimates. A survey article with many applications of this strategy can be found in [21].

The main feature of our approach is that it provides a numerical method to reconstruct the
unknown coefficient. Although this is a natural question, it turns out that there are very few works
addressing these issues in a thorough theoretical setting. Indeed, the problem is strongly non-linear
and thus there are no a priori reason to expect the convergence of naive methods such as least
squares approach, in particular when there are no good guess of the coefficient to be recovered, due
to the existence of possible local minima. Thus, one of the best feature of our algorithm is that
it is globally convergent, in the sense that we do not need the initial guess a” to be close to the
coefficient a,: Indeed, note that, even if we require some partial knowledge on a, the initial guess
a® can be very far from a,.

Globally convergent methods are quite rare, but decisive works in this direction have been
done since the nineties, in particular based on the idea that Carleman estimates may help in the
construction of globally convergent methods, see [20], for which solving the inverse problem consists
in minimizing a strictly convex functional. For a quite recent account on these questions and how it
can be used on several models, we refer to the book [6]. Since then, several other works have been
proposed by Klibanov and coauthors on several models, among which we shall quote in particular
the closely related results [7] for the recovery of a density in a wave equation, and more recently [24]
in the more delicate case in which the initial datum is a Dirac mass (in other context, we also refer
to [25] for the recovery of an electrical conductivity in electrical impedance tomography, or [31] for
the recovery of a source term in a radiative transfer equation). In parallel, we have implemented
similar ideas in the works [2, 3| for recovering potentials in a wave equation (see also [10] for the
recovery of a source term in a parabolic context). The main novelty in our approach compared
to [7] is that the algorithm we propose consists essentially in minimizing a sequence of quadratic
coercive functionals, for which efficient minimization algorithms are available, while [7] considers



one strictly convex functional which is not quadratic and is thus mainly only suitable to classical
descent strategies.

Notations. In the rest of the article, C' will denote a generic constant which may change from line
to line but is always independent of both the Carleman parameter s and the iteration number k.

2 Lipschitz stability estimate for the inverse problem

Proof of Theorem 1.1. The structure of the proof is basically the same as [17] but takes advantage of
Carleman estimates (1.20) and (1.17) that are slighlty less demanding than the ones used previously
in the litterature.

We work within the setting of Theorem 1.1, having in particular w a solution of (1.3) corre-
sponding to a@ € Va, a,, and w, solution of (1.1) satisfying the regularity assumption (1.9). We set
u = 0? (w — w,) that satisfies the system

02u—V - (aVu) =V - ((a — ax)0?Vw,), in (0,T) x €,

u=0, on (0,T) x 09, (2.1)

u(0) =V - ((a—as)Vwy), Gu(0)=0, inQ
and we underline that the compatibility of boundary and initial conditions is assured by the as-
sumption that a and a. belong to Vaa,, implying in particular that on 02, a = a, = a and
d,a = 0,a4 = a,, , and therefore

u(0,-) € Hy(Q). (2.2)

Besides, from the assumptions w, € H?(0,7; W?2°(Q)) and a, a. € Vaa,, the source term V- ((a —
a,)02Vw,) belongs to L(0,T; L*(£2)). Hence it is clear that

u e C[0,T]; HY(Q)) N CH([0,T]; L2(Q))  and  d,u € L*(0,T; L*(09)), (2.3)
and classical estimates for the wave equation yield

HUHCO([O,T];Hg(Q))ncl([o,T];L2(Q)) < O(HU(O)”H(%(Q) +[IV-((a— a*)atsz*HLl(o,T;w(Q)))
< Cllu(0) [z + Clla — axll g - (2.4)
Next, we extend the solution u to negative times by u(t,z) = u(—t,x) for t < 0 so that the wave
equation (2.1) is satisfied in (=7, 7).
The proof then consists into two main steps, the first one being the estimation of the difference
a — a4 by the initial state ©(0) in the last line of (2.1) and the second one relying on the estimation

of the initial weighed energy of the solution u of system (2.1). Both steps stem from appropriate
Carleman estimates.

Estimate of the difference between two coefficients. In order to estimate da = a — a, from
the initial condition in (2.1), we need a Carleman estimate for the following first order operator:
da — V- (daVuy).

It is given by Theorem 1.5 for the variable b = da and the particular vector field X (z) = Vwy(x)
(that satisfies the initial sensitivity condition (1.10)). Since wg € W3>(Q), a, ax € Vaa, and
V - (6aVwg) = u(0) where u satisfies (2.1), we have da € Hg(2) and u(0) = V - (6aVwy) € HE(Q)

and we can write
52/ 2¢O (IV(6a)|* + s*(6a)?) dx —|—/ 2?0V (V - (5aVwy)) |?
Q Q

<C [ 2¢O (IVu(0)]* + s*(u(0))?) dz, (2.5)
Q
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so that the next step is to estimate the right hand side, which is basically the (weighted) initial
energy of the solution of (2.1).

Estimate of the initial energy. We assume the geometric condition (1.4) on T'g, the time
condition (1.13) on T, and since zo & €, we chose 0 < ¢ < inf,cq |z — 7|2. Moreover, we use the
smooth cut-off function nn € C*°(R) introduced in (1.27) such that 0 <7 < 1, n(r) =0if r < 0 and
n(r) =1if r > e. We then choose 8 such that

L? <B< Lm
T2 Qo pPo @ )

which can be done according to (1.13).
Using then the weight function ¢ defined in (1.18), we set

v =n(e)u =n()F (w—w.).

Thanks to the support of 7 o ¢ (see figure 2), v = n(¢)u has the property to vanish with its
derivatives in {¢ < 0}.

n ThH - —————— 7
1 ,,,,,,,,,,,,,,,,,,,
I
|
‘ I
| noy = ‘
| I
: Q I
! /e \
| > Q |
|
I noep=1
I
l yd
0 € T To 0 0 L

Figure 2: Definition and application of the cut-off function n, for T' > L/+/B.

It satisfies

Ofv =V - (aVv) = n(@)V - ((a = a.)07Vw,) + [0 = V - (aV), n(@)lu, in (-T,T) x Q,

v =0, on (=T,T) x 09,
v(0) =V - ((a — ax)Vwy), 0w(0) =0, in Q,
v(£T) =0, Jw(£T) =0, in ,

(2.6)
where [A, B] is the commutator of the operators A and B.
Applying the Carleman estimate (1.17) of Theorem 1.4, we get

T
[ @570 (@0) + Vo0 + 2 (0(0)?) do < C [ [ @)V - (0 0)0 V)Pt
Q -TJQ

T T
—|—C/ / e**?([07 — V - (aV-),n(p)]u)?dzdt + C’s/ / ¢*% |9,v|* dodt.
-7JQ -1Jr,

Concerning the left hand side of this estimate, we can use that for all x € Q, v(0,z) = u(0, z). For
the boundary term, we have d,v = 1()d,0? (w — w,) in (—=T,T) x dQ and we can bound 7(p)
by 1. In order to deal with the two other terms of the right hand side, for the first one we use
wy € H2(=T,T; W%>2(Q)) and p(t,z) < ¢(0,z) for all (t,z) € (=T,T) x 2, and for the second
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one, a simple calculation allows to notice that the support of the commutator [07 — V - (aV), n(¢)]
is confined where ¢ < ¢ (see figure 2). Therefore one can write that

/ 0O (IVu(0)]? + 2 (u(0))?) de < C / 220 (1Y (8a)|? + [§af?) da
Q Q

“dodt (2.7)

T T
+ Cezs‘f/ / ((Opw)? + |Vul? + u?) dadt + Cs/ / e%s¢ }8,,8?(11} — wy)
-rJo ~7JT,
and we come back to the time domain (0,7") by recalling u(—t,-) = u(t, ).
Final estimates. Now, using (2.4), we have
T
/O /Q ((9r)? + [Vul? + u?) dadt < C|Vu(0) 220 + ClloalZ .
Noticing then that infg ¢(0,-) > ¢, we get
¢ 10all %y ) < / 270 (|V (0a) ? + |6af?) da.
Therefore, (2.7) becomes
/ ¢220) (17u(0)? + 82(u(0))?) dz < o/ ¢2¢(0) (17(6a)|? + |6af?) d + ce‘“s/ IV (0)[2dz
Q Q Q
T 2
+ Cs/ / €% 10,07 (w — w,)|” dodt. (2.8)
o Jro
Recalling u(0) = V - (6aVuwy), and gathering (2.8) and (2.5) now gives

52/ e2s#(0) (IV(6a)|* + s*(6a)?) dx —|—/ 2?0V (V- (5aVwy)) |*dx
Q Q

< C/ 220 (|V(5a)* + |dal?) dx + 06236/ |V (V- (6aVwy)) [2dx
Q Q
r 2
JrCs/ / e%s¢ |8V8t2(w —w,)| dodt. (2.9)
o Jro

Using then again infg (0, ) > ¢ and taking s large enough, we can absorb the terms in da in the
right hand side by the ones on the left hand side and we get

52 / ¢2°0) (|V(3a) + 5*(50)?) de + / 2907 (V - (8aVwo)) [2d
Q Q

T
< C/ / Cd |8,,8t2(w — w*)‘Qdadt.
o Jro
Then, bounding the exponential terms, we obtain the desired Lipschitz stability result

la = axllgy ) < Cllovw — dyws || H20,7312(ro))

that concludes the proof of Theorem 1.1. O
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3 Convergence of the Algorithm

The core idea of our work is to take advantage of the structure of the proof of Theorem 1.1 to
conceive a reconstruction algorithm of the coefficient a, from the knowledge of the flux of the
solution. In this section, we will explain how we can prove the convergence of Algorithm 1 using
the same tools (Carleman estimates of Theorem 1.4 and Theorem 1.5).

Let us first give the main ideas we develop later in the proper proof of Theorem 1.6. Basically,
at the step k, Algorithm 1 uses the fact that if w, is the solution of equation (1.1) and w[a*] solves
(1.28), then

2F =07 (wla"] — w,) (3.1)
solves
022k —V - (a*V2F) = g*, in (0,7) x Q,
2k =0, on (0,T) x 09, (3.2)
2F(0,) =25, 0,28(0,-) =0, in Q,
where
¢* =V ((a* - a,)V?w,), 28 =V - ((aF = a.) V), (3.3)
and

pk =0,z on (0,T) x To.

First of all, we can a priori estimate z* with respect to the data z% and g* as follows :
1251 Lo 0,712 (2)) + 1062¥ || e (0,7522(02)) < C (||Z§HH3(Q) + ”gk”Ll(O,T;LZ(Q))) : (3.4)

Indeed, g* € L*(0,T; L*(Q)) and 2% € H(Q) thanks to wy € H3(Q), w, € H%(0,T; W2>(Q)) and
ak a, € Va,a, -

Using the hidden regularity properties of the wave equation [26], this also implies that 9,2 is
well-defined as an element of L?(0,T; L?(91)), and thus

pk € L2(0,T; L*(69)).

Then we set
2 = n(p)2* = n(p)of (wla"] —w.), (3.5)
which satisfies:

a?gk -V (akvgk) = U(‘P)gk + [W(‘P)a at2 -V (akv)] Zk = §k7 in (OaT) X Qa
), 0 (0,7)x 90, (3.6)
24(0,-) = n(p(0))zh,  :2%(0,-) =0, in Q,

and
i* = 9,2% = n(e)u” on (0,T) x Ty. (3.7

We also have 28(T,-) = 0 and 8;2%(T,-) = 0 in Q since T/B > sup,cq |z — o] from (1.22), thanks
to the definitions (1.27) of n and (1.18) of ¢ (see the illustration of 5 o ¢ in Figure 2).

Let us now explain the real insight of the construction of the algorithm. In system (3.2), both
the source g and the initial data z% are unknown. We are ultimately interested in finding a good
approximation of 2§, which contains informations on a* — a,. In order to do so, we will try to fit “at
best” the flux 9,z with p* on the boundary, approximating the unknown source term g* by 0. This
approach works since we can prove that the source term ¢* brings less information than p*. This
idea is the cornerstone of the construction of the algorithms and convergence results presented in [2]
and [3], and is in fact the main ingredient of the proof of Theorem 1.1. Algorithm 1 is constructed
on the minimization of the functional J, ,» defined in (1.29), through which we actually try to
approximate Z¥ = n(p)z", that satisfies the following crucial properties:
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e 2%(0,:) = n(p(0,-)2t = V- ((a* — ax)Vwp) encodes the information on a* — a.;

o F=1(p)z

e Z¥(T,-) = 0 because T > L/\/B;

k¥ vanishes in {¢ < 0};

e 0,7F =% in (0,T) x Iy.

Then, as one can understand from the definition of z% in (3.3), we need to access specifically the
information on a® — a,. This is the third step of both algorithms. In Algorithm 1, it takes sponta-
neously the form of studying the first order differential equation (1.30) that encapsulates a* —a,. In
Algorithm 2, we propose instead the minimization of a functional, K ; to approximate a, at best,
ensuring at the same time that we stay in an admissible subclass of Vab (in particular concerning
the boundary conditions). Finally, Step 4 is a very formal final step to guarantee that each iterative
candidate a* remains in the admissible space Vab-

Most of these ideas take actually their roots in the proofs of the stability of similar inverse
problems by compactness uniqueness arguments [28, 29, 33| or by Carleman estimates [15, 16, 17, 1].
Of course, Section 2, with the detailed proof of the stability result has already given a good idea of
the technical points that allow to construct the proof of the algorithms convergence result.

Proof of Theorem 1.6. We place ourselves in the setting of Theorem 1.6. The proof below will be
detailed first in the context of Algorithm 1. The analysis of Algorithm 2 will be given afterwards.

Stage 1. Well-posedness of the algorithms. For T satisfying (1.22) and a € Va b, We consider
the space

Ta = {z € C°0, T); HY(9)) N C (0, T); LA(%),
with 922 — V - (aVz) € L2((0,T) x ©) and 9,2(0,-) = 0 in Q} (3.8)

endowed with the norm

T T
(B — / / 591022 — V - (aV2)|? dxdt + s/ / €910, 2| dodt
o 0o Jo 0o JTy
[ 0P 4 Ve Py dedt s [ D (D(D) 4 [TADP + 24(T)?) da
{p<0} Q

This semi-norm is actually a norm thanks to the Carleman estimate of Theorem 1.4, for all s
large enough. Since the weight function ¢ is bounded from above and below on [0,T] x Q, it
is also a norm for all s > 0. One can read details and remarks on that matter in reference [2].
Therefore, if a* € Va b the functional Jg .« defined in (1.29) is clearly continuous, strictly convex
and coercive on the space T » and consequently admits a unique minimizer. What remains of an
iteration of Algorithm 1 is clearly well defined, and the last step guarantees that a**1 € Va b SO
that Algorithm 1 is well-defined for any choice of a° € Vap and s > 0.

Stage 2. Dependence of the minimizer Z* with respect to the source term. To show
that the minimizer Z* of J, .« is close to Z¥ in (3.5), we shall use the fact that they correspond to
minimizers of similar functionals. Thus, for generic a € V (defined in (1.16)), p € L2(0,T; L*(Ty))

14



and g € L%((0,T) x Q), we introduce the functional
1 T
Toalmsgl2) =5 [ [ #0198z = 9 (V) ~ g dad
0o Ja

T
+ f/ / €2%10,2 — jif? dodt + f// €22 (10,2 + |V 2|2 + 52|2|7) dadt
2Jo Jr 2 JJip<o0y
+ %/ e?se(T) (0:2(T)? + |V2(T)|* + s*2(T)%) dz (3.9)
Q

defined on 7, (defined in (3.8)).
The following result describes how the minimizer of the functional Js q[u, g] depends on the
source term g in the wave equation.

Proposition 3.1. Assume that a € V_(defined in (1.16)), n € L*((0,T) x I'¢) and both g and g
belong to L*((0,T) x Q). Let Z (resp. Z) be the unique minimizer of the functional Js o[, g] (resp.
Js.altt, G)). Then there exist positive constants sg and C independent of a € V such that for s > sg
we have:

/ 220 |V 2(0) = VZ(0)|2da + /
Q

T
e?%0)(7(0) - Z(0))%dx < C/ /623‘P|g—§|2dwdt, (3.10)
Q 0 Ja

where ¢ and sg are chosen as in Theorem 1.4.

Proof of Proposition 3.1. If Z is the unique minimizer of the functional J; 4[u, g, then the Euler
Lagrange equation satisfied by Z writes: For all z € T,

T
/ / e*0(02Z —V - (aVZ) — 9)(0?2 — V - (aV2)) dxdt
o Ja
T
+ s/ / e*?(0,7 — p)0,z dodt + s // % (0, 201z +VZ -Vz + §°Zz) drdt
0 o {¢<0}

+s / ¢2°T) (9,2(T)0,2(T) + VZ(T) - Va(T) + £ Z(T)=(T)) dz = 0. (3.11)
Q

A similar Euler Lagrange equation can be derived for Z minimizer of Js o[, g). We apply both
identities to z = Z — Z and subtract one from another. We obtain:

T T
/ / e*%10%2 — V - (aV2)|* dodt + s/ / e?%%10, z|? dodt
0o Ja 0o Jro

s [ (0 4 (TP 4 ey dudt s [ D (@T)? 4 (VD) + (TP do
{ep<0} Q

_ /0 ! /Q 2% (g — g)(022 — V - (aV2)) dudt.

Using Young’s inequality, it implies that

1 /7 T
- / / %1022 — V - (aV2)|* dxdt + s/ / €**%10,, z|* dodt
2Jo Ja o Jro

s [ (0 4 (TP 4 ey dudt s [ D (@(T)? 4 (VD) + (TP do
{¢<0} Q
1 T
< f/ /625“’|g—§|2dxdt. (3.12)
2 0 Q
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But the left hand side of (3.12) is precisely the right hand side of the Carleman estimate (1.17).
Hence, applying Theorem 1.4, which applies under the assumptions of Proposition 3.1, to z = Z—Z
which satisfies 9;2(0,-) = 0 (to be perfectly accurate, we apply Theorem 1.4 to the extension of z
o (=T,T) x Q by z(—t,-) = 2(t,+)), we immediately deduce estimate (3.10). O

Applying Proposition 3.1, we deduce that

T
/ €220 [y 7 (0) =V 8 (0) [2dar+-52 / €220 (7 (0) = 4(0))2dz < C / / €252 |GM 2 dadt, (3.13)
Q Q 0 Q

where we used that Z*, respectively Z* in (3.5), is the minimizer of Js.ar A7, 0], respectively of
Jy.or[fi*, §%, with g* as in (3.7).

Stage 3. Estimation through the first order differential operator. Now, by design in
Algorithm 1, @**+! satisfies

{ V- ((@" — a*)Vwg) = —Z%(0,), in Q, (3.14)

aktt — gk =0, on I'yy,, = {z € 09, (Vwo(x) - v())yvwo > 0},

while 2¥(0,-) = n(v(0, )) =V ((ak —a,)Vuwy) in Q. Therefore, the estimate (3.13) is in fact an
estimate on z¥(0, ) ( 1) = V- ((@*! —a,)Vwg). Now, turning to the definition of §* in (3.6),
since [n(¢), 0 — V- (a*V")] has support in a region where ¢ < e, we obtain

/ 2OV (V - (@ — a.) Vo) 2z + 32/ e??O(v . ((@** - a,)Vwo)?dx
Q Q

T
< C’/ / e |g"|? dadt
Q
< C’/ / 29 In(p)V - ((a* — a.)VOiw.) + [n(e), 07 — V- (a*V)] z’“|2 dxdt
2s0(0) (1.6 _ |2 E 2

< Ol rave ) / 2?0 (o — 0. + |V(a* — a.)[*) da

T

Cezse/ / (|2% 2 +|V2"2 + |0:2" %) dadt.
0 Jo
Notice here that the bound of [y ( ),0} =V - (a*V)] independently of k stems from the a priori

estimates [|al|f~ (o) < 1 and |[|[Va*| 1=y < m in the set Vib

Using the classical energy estimate recalled in (3.4), and since infg ¢(0,-) > € in Q, we get

/ 2 O|G(V . (@ — a,) Vo) 2der + 5° / 220 (7 . (@ — a,)Vwp)2da
Q Q

s 2
< CHw*”%I?(O,T;WZOO(Q))/ S (|a —af* + |V(ak - a*)| ) dx
+ e (V- (@ = a) Vo) 3y + IV - (0" = @) VORw) [0 7i2()

2 s .
< C (H?,U()sz,oo(ﬂ) =+ ||w*||H2(07T;Wz,m(Q))) /962 ©(0) ('ak _ a*|2 + ’v(ak _ a*)’ ) dx

295/ IV(V-((a —a*)Vwo))|2 dx.
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Thus, for a constant C independent of k and s, we can write

/ 2Oy (V- (@ — a.) Vo) [2dx + 52/ 2?0V . ((@** — a,)Vwo)?dx
Q Q

< C/Q e2¢(0) <|ak — a.? + |V(a" - a*)|2) dz + Ce2SE/Q IV(V - ((a* = a.)Vuwp))|* de.  (3.15)

Stage 4. Conclusion using the first order Carleman estimate. The objective now is to
estimate from below the left hand side of inequality (3.15) using the first order equation Carleman
estimate presented in Theorem 1.5.

The vector field used here is X = Vwg € W2>(Q;RY) and satisfies (1.10). We can thus apply

estimate (1.20) to b = @*™' — a., which by construction satisfies b € H,,, () and V - (bVwy) €
Hg,,, (€). Indeed, V- (bVw,) = —Z*(0)+V((a* —a.)Vwp) actually belongs to H}(2). The function
b is also vanishing on the boundary I'y,, since §a* = @**+1 — a* = 0 on 'y, while a* —a. =0 on

O8) since a* and a belong to Vi Therefore, using Theorem 1.5 and (3.15), we obtain

52/ 200 (19(@+ — )2 + 2@ — a,[?) da +/ 2007 (V- (6 — a.)Vawp)) *de
Q Q

< C/ 252(0) (\ak —al®+ |v(ak —a,)
Q

2) dzr + CeQSE/Q ’V(V - ((a* — a*)Vwo))|2 dz,

which in particular implies that a**1 € {a € H*(Q), V - (aVwy) € HY(Q)}.
Using here the norm defined in (1.26) and since we have ¢(0) > ¢, this can be rewritten as

@kt — a.? < {2, 6255&2(@(0)5)} a* — a.|?
Finally, since a**1 = P, , 5(a"!), where the projection Pa s is associated to the norm || - ||s and
ay € V;b, we have
la"*t — a2 < @ = allZ,
so that it yields
o+ — a2 < d Ja* —a. (3.16)

s XX inf{827€23ian(zp(O)—8)}

where the constant C' is independent of k and s > s¢.
In particular, if we chose s large enough such that C/inf{s?, e2s»fe(¢(0)=9)1 — 4 < 1, then we
obtain

VkeN, [0 —a2<qldf —al2,  andthen  faf —a.2 <" la® —a.f?  (3.17)

which clearly goes to 0 as k — oo. This concludes the proof of the convergence of Algorithm 1.

Proof of convergence for algorithm 2. Most of Algorithm 2 is similar to Algorithm 1, and
we thus only focus on the differences between the two.

Stage 1 bis. Estimation through another minimization. The well-posedness of Algo-
rithm 2 follows from the well-posedness of the minimization of the functional J, ,» on T« as
before, and from the well-posedness of the minimization of the functional K, in (1.32) on C =
{6a € H}(),Véa - Vwy € H} ()} endowed with

[5a = / e2slz=ol* |7 (V . (5aVwy))|? dz.
Q
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This is indeed a norm thanks to the Carleman estimate of Theorem 1.5, for all s large enough, since
X = Vuwy is given under assumption (1.10) and da € C. Therefore, the functional Kj j defined in
(1.32) is continuous, strictly convex and coercive on the space C and consequently admits a unique
minimizer §a®.

Stage 2 bis. Dependence of the minimizer Z* with respect to the source term. This
step is exactly as in Algorithm 1.

Stage 3 bis. Estimation through another minimization. In Algorithm 2, the minimization
of K 1. by day, ensures that K ,(dax) < K, x(a* — a.) and since 2%(0,-) = V- ((a* — a.)Vwy), this
rewrites

/ 5?0 (V - (6arVwe)) — VZF(0, ) 2dz < / >0y Z¥(0) — Vz*(0)2dx
Q Q

From the weighted Poincaré estimate of Lemma A.2, this yields
/0625"9(0")|V(V - (5arVwo)) — VZ*(0, ) 2dx + 32/9625@<07->|v  (BarVuwy) — Z*(0, ) 2da
<C /Q 52O Z5(0) — V5 (0)|*da
Hence, from (3.13) and the estimations of §* in the previous stage, we get (3.15) immediately.

Conclusion. We can now conclude the proof of the convergence of Algorithm 2 as before, following
Stage 4 of the proof of the convergence of Algorithm 1. O

4 Numerical issues

In this subsection, we present the discretization schemes and the technical solutions we have de-
veloped to implement numerically the algorithm. In order to simplify the presentation, from now
on, we focus on the one-dimensional case Q = (0, L,) and I'g = {x = L, }. Note that in this case,
our problem can probably be solved in an easier way using the specific features of the 1-d wave
equation (see e.g. [18, Section 8.1]), but our goal is to propose an approach that is generalizable to
the multi-dimensional setting.

4.1 Generation of the data and noise

In this article, we work with synthetic data. To discretize the wave equation (1.1) in (0,7") x (0, L),
we use a finite differences scheme in space and time domains. The space and time steps are denoted
by h and 7 respectively. We introduce N, and N; such that L, = (N, + 1)h and T = (N + 1),
and we define, for 0 < j < N; +1 and 0 < n < Ny + 1, (w.)] a numerical approximation of the
solution w, (", z;) with " = nr and z; = jh. It satisfies the following system:

(W) = 2(w.)f + (wo); ™!

2 — = (Aan(w)"); = f(t",75), 1<j<Nay 1<n<N,
:
72 . 4.1
)0 =wo(ry) and ()} = wofay) + 5 (Bapuo)ey) + O 1 <G <N, D
(i = fo(t,0) and (w)§_p1 = Jolt", L), 0<n< N+

1 fajt1+a;wjp —w;  a; +aj-1wj —wj—1
A = j+ J Pi+ J Y J J J )
(Banw); h( 2 h 2 h
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Then, we compute the discrete counterpart of the continuous measurement M, given in (1.23) as
follows:
(w*)sz+1 - (w*)%z
h )
In the applications we have in mind, the entry data for the inverse problem are directly the second
derivative in time of the flux M., measured for instance with an accelerometer. To compute this
discrete time derivative, instead of the classical finite difference formulae that generates instabilities,
we use a Savitzki-Golay formula [30] associated with a cubic polynomial and a window size of 9
points to guarantee the smoothness of the result. We set:

M =

0<n< N+ 1.

A = SavGol(M,)", 0<n< N+ 1.

that is an approximation of the acceleration A, := 02 M, at time t" = nr.
On these measured data, we may add a Gaussian noise:

AT A" + 9(m?XA£)N(O, 1), 0<n<N+1 (4.2)

where N (0, 1) satisfies a centered normal law with deviation 1 and « is the level of noise. Note
that the chosen model of noise is additive. In the presence of noise, the first step of the inverse
problem is to regularize the data in a way that depends on the nature of the noise and the physical
phenomena. Here, we use a 3-order low-pass Butterworth filter [12] associated to a cutoff frequency
that should be known a priori.

Remark 4.1. In order to avoid the inverse crime, we don’t use the same schemes for the direct
and the inverse problems. Hence, we solve (4.1) thanks to an explicit scheme and we use an implicit
scheme for equation (4.4), see afterwards. This implies that even in the absence of additional noise
the reconstruction has to deal with numerical errors.

4.2 Discretization of Algorithm 2

Of course, our goal is to mimic, as much as possible, Algorithm 1 or Algorithm 2. Still, we will
see that each step requires to be adapted to the discrete settings below, even if the whole structure
of the algorithm will be preserved. As a matter of fact, from numerical experiments, it seems
that Algorithm 2 is more suitable numerically, and we shall thus discuss only the discretization of
Algorithm 2.

Initialization process.

This is the easiest step to be discretized. Somehow, it simply consists in exhibiting a coefficient a°
lying in the class Va1, . But even in the continuous case, this is not so simple. To handle the task,
we introduce a functional

Kinit(a) = / |V(V - (aVwy))|? dz (4.3)
Q
among all a € €, 1,, defined by
Cab, ={a € H(Q), V- (aVuwy) € H'(Q), with @ = a and Va - Vwy = b, on 90},

and we let a® be the minimizer of Kj,;;. Note that nothing guarantees that a® belongs to the
class V} ,, in particular regarding condition (1.5). Still, when testing our numerical algorithms, it
did not seem to bring any problem. The discretization can be done classically, for instance using
finite differences or finite element methods. We decided to use finite differences in our numerical
simulations.
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Remark 4.2. In 1d, the minimization of K;nit can even be done by hand. Indeed, if Q = (0, L),
since Oywy is assumed to be non-vanishing on (0, L,,), we easily get that the Euler Lagrange equation
satisfied by the minimizer a® yields

3(a®(x)0pwo(x)) =0 for all x € (0, L),

so that a®(x)0,wo(x) is a polynomial of degree 3 which is fully determined by the four boundary
conditions a®|z—o. 1., and 0,a°0,wo|z—0,1, -

z7

Iterative steps.
Discretization of Step 1. It simply consists in computing a discrete version of w in (1.28):
n+1 n—1
w; T = 2w +w;
2

— (A pw™ ) = ("), 1<j< Ny, 1<n< N,

i

72 T2 4.4
w) =wo(z;) and wj — ?(Aak,hwl)j = wo(zy) + 5 fldt,z),  1<j<Na, (44
wy = fo(t",0) and wy ., = fo(t", Ls), 0<n<< N, +1.

Then, in order to compute a discrete version of i*, we define the cut-off function 7 as:

1, if T > €,
0, if 7 <0, ) -1
n(r) = [7 F(t)d with f(t) =exp (t(&:—t)) , (4.5)
1— 9z L if 0<T<e,
Jo £t)
and we set
@5 = n(p(t", Ly)) (SavGol (W) - Af) , 0<n< N+ 1.

Discretization of Step 2. The minimization process for J; 4« [1¥,0] is equivalent to the resolution
of the following variational formulation: Find Z € 7,» such that for all z € T,

T T
/ / ¥ (0}Z —V - (a"VZ)) (0}z — V- (a"V2z)) dmdt+s/ / €*%0,70,z dodt
0 Q 0 Ty
+ 5 / ¢ M) (8, 2(T)0,2(T) + VZ(T) - Vz(T) + s> Z(T)2(T)) da
Q
T
+s // e2¢ (8tZ8tz +VZ -Vz+ 82ZZ) dzdt = s/ / e??i*0,z dodt. (4.6)
{p<0} 0o Jr

To discretize (4.6), we approximate the integrals using rectangle quadrature rules and we use stan-
dard centered finite differences for the various integrands. We do not detail here these developments.
As far as the discrete setting is concerned, we have to add new terms to the cost functional to guar-
anty its coercivity property uniformly with respect to the discretization parameters 7 and h. These
additional terms (sometimes called viscosity terms) that help handling high frequency spurious
waves generated by the numerical scheme take the form

2sp(t" ,x; n+1 n+1 n
sht E E 2Pt 2s) |zf =20 =2 + 2 | (4.7)
n=0 j=0
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For explanations and proofs, we refer to the works [4, 5] on discrete Carleman estimates for the
wave operator. Finally the minimizer Z* is obtained as the unique solution of a linear system of
the form

AZ =b (4.8)
associated with a sparse matrix A of size (N; + 2)(N, + 2) corresponding to the discretization of
the variational problem (4.6), that is solved using a Conjugate Gradient approach.

Discretization of Step 3. Here, we discretize the functional K ; defined by (1.32) using finite
difference as for the rest of the algorithm. This will allow to compute a minimizer da”* efficiently.

Remark 4.3. Similarly as in Remark 4.2, in 1-d, i.e. when Q = (0, L,), the minimizer 6a* can
be computed explicitly. Indeed, the Fuler-Lagrange equation yields that

D (€270 (8,(8, (60" (x)Dpwo (2)) — Z*(0,2)))) =0 for all z € (0, Ly).
It follows that for some coefficients vo,v1, and for all x € (0, L,),
By (80 (2) D0 () = 0, Z2%(0, ) + €220 (7 4 4y ).

Integrating, we get

D (80" (x)Dpwo(z)) = Z%(0,z) + 'yo/ e 250(0.2") gt o 71/ z'e=25(0.2") gt
0 0

and
6a (x)0,wo(x) = / Z8(0,2") dx’ + ’70/ (x — 2')e 290 go/ 4 ’yl/ (x — a')a'e 25907 gy,
0 0 0

Therefore, the solution 5a* can be computed explicitly, by choosing vo and v1 such that

L L
,70/ 6_2890(07:5) d.’L‘ + " / xe—?s@(oyw) dx — 07
0 0

La

L, L,
o / (Ly — x)e™ 25900 g 4~ / (Ly — z)ze 2590 g — / Z*(0, x) dx,
0 0 0

which will guarantee that 6a* satisfies the appropriate boundary conditions.

Discretization of Step 4. Until now we did not manage to build an efficient way to compute
the projection on the set of admissible coefficients V; ;, endowed with the norm I - |ls, and so we
simply discard this step. In fact, this is what makes us choose Algorlthm 2 over Algorithm 1.
Indeed, the step 3 of Algorithm 1 only guarantees that a**1 = @* in I'y,,, while the step 3 of
Algorithm 2 guarantees that @**! = @* on the whole boundary 052, and is in some sense closer to
be in the correct class V, . Currently, we only assert that at each step a**t! = @**! remains in
Va,a, by checking numerlcally all the corresponding conditions. Fortunately, in all the examples we
considered, these conditions are satisfied at each iteration, if the exact coefficient a, satisfies (1.7).

Stopping criterion.

The iterative loop is stopped when one of the three following criteria is satisfied:

” ||2 max(e a) or ”a —a

Al a1

k+1 k”oo

(4.9)

N
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where € is a fixed tolerance and « is the level of noise (recall (4.2)), or when the maximal number
of iterations is reached. If the exact solution a, is known, we can compute the final error

[a% — a.|l2

4.1
Tl (4.10)

err, =
with a® the converged numerical solution. This error ratio is reported in Table 2.

4.3 Numerical challenges

The main drawback of the approach is related to the presence of large exponential factors in the
functional J; .« [fi] that leads to severe numerical difficulties when performing the minimization for
s large. As in [3], this difficulty is solved thanks to the three following ideas:

e We prove and use Carleman estimates with a single weight of the form e2°? instead of the
A
most frequently used double weight e2*¢"* for A > 0;

e At the discrete level, we work on the conjugate variable Y= Zj”es‘P(tn’zi), for0<Kn < N;+1
and 0 < j < N, + 1. This change of unknown acts as a preconditioner of A presented in (4.8)
that decreases its condition number. Indeed, it allows to remove all the exponential terms
appearing in the matrix A. Unfortunately, there are still exponentials in the right hand side
vector b.

e The idea to tackle the exponential factor in the right hand side b is to develop a progressive
process to compute the solution Y as the aggregation of several problems localized in sub-
domains in which the exponential factors are all of the same order. In this objective, from
the smooth cut-off function 7 equal to 1 for > ¢ defined in (1.27), we introduce N, cut-off
functions {n; }1<i<n, (these ones are not necessarily smooth) such that

vreR, Y mi(r)=n(r), (4.11)

as illustrated in Figure 3.

Figure 3: Example of cut-off functions n; for 1 <7 < 3.

One immediately gets that, if for each ¢ € {1,---, N5}, we denote by Y; the solution of the
linear system associated to fi; = n;(¢)u, then the solution Y associated to i = n(p)u is simply
given by



The interest of this approach is that the target flux n;(¢)u involves exponential terms in ¢
on the support of 1;(¢(t, z)). This becomes particularly interesting if we impose that for each
ie{l,--- N},

Supp 7; C [c;, b;] with b; — ¢; < C, (4.12)

for some given constant C' > 0. Indeed, in that case, we get

sup e*¥
Supp 7; () < o5C
T s N€
inf e
Supp 7; ()

so that if C' ~ 1/s, all the exponentials are of the same order when computing fi;. This
approach can also be used, at least theoretically, to parallelize the minimization of Jy .« [fi, 0].

4.4 Numerical results

This subsection is devoted to the presentation of some numerical examples to illustrate the proper-
ties of the reconstruction algorithm and its efficiency. All simulations are executed with PYTHON
and the source codes are available on request. Table 1 and Figure 4 gather the numerical values
used for all the following examples, unless specified otherwise where appropriate. In all the figures
showing reconstruction results, the exact coefficient that we want to recover is plotted by a red line,
whereas the numerical coefficient recovered by the algorithm is represented by a dotted black line.
The convergence informations (number of iterations, running time, convergence error) are reported
in Table 2.

L, N, Wo f8 f

1 200L, x x cos(mt) see Remark 4.5
s in (1.33) xo in (1.4) ¢ in (4.5) Ty in (1.4) € in (4.9)

10 —-0.3 z2 {x =1L} 1-1073
Ngin (4.12) | «g in (1.7) aq in (1.7) T Ny

1 0.95min(a,) | max(a4)/0.95 | given by (1.13) | see Remark 4.4

Table 1: Numerical values of the variables used for all the numerical examples in the 1d setting
according to equation (4.4).

Remark 4.4. Courant-Friedrichs-Lewy stability condition.
For the explicit scheme used in (4.1) to remain stable, one has to impose the following CFL condition
on the time and space steps:

a1 T < 1
h =7
where \/ay is the mazimum value of the wave speed. Thus, we set Ny = LMJ where |-
stands for the integer part.
Remark 4.5. Compatibility condition.
We consider the equations satisfied by u, = 0?w.,
O2u, — V- (@ Vu,) = 0% f, in (0,7) x Q,
u, = 07 fa, on (0,T) x 99, (4.13)

w(0) = F(0) + V- (0. V),  9yu.(0) = 8, £(0), in Q.
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(a) wo(z) == (b) fo(t) = z cos(mt) (c) £(0,z)

Figure 4: Data used in the 1d numerical examples according to equation (4.4). (a) Initial data. (b)
Boundary source term. (c¢) Distributed source term satisfying the compatibility condition (4.14) for
a(z) = 6 + sin(27x).

Example # of iterations | Running time in sec err,
Figure 5 (a) 4 405 21077
Figure 5 (b) 4 320 6-107*
Figure 5 (c) 4 264 1-1073
Figure 8 (a) 4 422 3-1073
Figure 8 (b) 4 498 5-1073
Figure 8 (c) 4 478 9-1073

Figure 10 3 1514 4-1073

Figure 11 4 1785 3-1073

Table 2: Convergence results of the test cases. One can observe that in all cases the convergence
criteria (4.9) for € = 1-1073 is met in less than 4 iterations. The algorithm is running on a
personal laptop in a few minutes. The final error err, defined in (4.10) shows the effectiveness of
the reconstruction.

Using the regularity result [26, Theorem 4.1], we observe that a compatibility condition
07 f2(0) = f(0) + V - (axVwyg),  on 99, (4.14)

has to be imposed to guarantee the regularity condition (1.9) on w.. Numerically, given f5, wo, a
and b, we compute fo as a lifting of the compatibility condition (4.14) defined on OQ by solving

{—Afo(x)zo, x €,
folz) = Bffa(O,x) —a(x)Awo(z) — b(z), z € 09,

and choose f(t,z) = fo(x), for all (t,x) € (0,T) x (0, Ly).

Simulations from data without noise

In this subsection, several results of reconstruction obtained in the absence of noise are given.
Figure 5 shows the evolution of the recovered coefficient a* at each iteration k of the convergence
process and below the final result a®° together with the exact solution a..

Figure 6 illustrates the progressive process (4.11) on the first iteration of the algorithm for the

recovery of a,(z) =6 + exp [ —==23—— ) 1 _o.42. Starting from al = a®, we represent succes-
1—8]z—0.4] 1>8|z—0.4| 0 )

sively
al =a) | +da?, 1<i< Ny, (4.15)

P =
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(a) ax(x) = 6 + sin(27x) (b) ax(z) = 6 + cos(2nz) (c) og* (z) = 6 +

el-sle—0.4] 15 8je—0.412

Figure 5: Top line: Convergence history of the reconstruction process. The blue line is the initial
guess ap computed by the minimization of K;,;; (4.3). In the case (c), it is equal to the constant
coefficient ag = 6 and does not contain any information regarding the position of the bump. We
notice that at the first iteration (orange line), the reconstruction is already very close to the exact
solution. Bottom line: final reconstruction results for three different examples belonging to Vab-

where da? is the solution returned by Step 3 of Algorithm 2 associated to the measurements 7; ().
In this example, T is given by (1.13), s = 10 and N; = 100 and we observe that only the 8 first
cut-off functions bring information for the reconstruction, which corresponds approximately to the
time condition (1.6). As we will see below, see Figure 9, numerical simulations seem to indicate
that the time given by (1.6) is the one needed to guarantee the convergence of the algorithm, thus
supporting the idea that the time condition in (1.13), much larger, is mainly technical.

0o o1 o2 03 o4 os 0o 02 o4 06 o8 10

(a) Cut-off functions n;(¢(t, Lz)) (b) Evolution of the corresponding
plotted with respect to ¢t < \/L&LO solution a? for 0 < i < 8.

Figure 6: Illustration of the progressive process described in (4.15) on the first iteration of the

recovery of the speed a.(z) = 6 4 exp (ﬁ) T1>8jz—0.4)2-
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Simulations with several levels of noise

In Figure 7, we plot an example of observations measured at the point = L, during the time
intervalle T' corresponding to a.(x) = 6 + sin(27x). Figure 8 shows the results for the same a.(x)
with different levels of noise in the measurements (6 = 5%, 10% and 20% in (4.2)).

(a) without noise (b) with 8 = 20% noise (c) after regularization
Figure 7: Examples of observations A.(t) at = L, for the coefficient a.(z) = 6 + sin(27z). We

show the impact of adding noise following (4.2) and the result obtained after applying the low-pass
filter.

(a) 0 = 5% (b) 0 = 10% (c) 0 = 20%

Figure 8: Recovery of the coefficient a(x) = 6 + sin(27z) in presence of noise in the data, where ¢
is the level of noise. The final error on the coefficients reported in Table 2 remain proportional to

6.

Wrong choices of the parameters

The first two columns Figure 9 present several reconstruction results when the assumption on the
minimal observation time T' given in (1.13) is not satisfied. In the first column, the observation
time is taken equal to the intuitive physical time T = fc%’ corresponding to the time needed for

the slowest wave (the one travelling at speed /ag) to reach the observation zone {x = L.} even
if it starts from the opposite side of the domain {z = 0}. In that case, the reconstruction is as
accurate as the one obtained with the much larger time given in (1.13). This observation is also
illustrated in Figure 6 when only the first cut-off functions are needed to recover the solution. Then,

in the second column, we try the same reconstructions but with a shorter time 7' = 0.8 ;L In

g
that case, the result begins to deteriorate near the boundary {# = 0}. This illustrates the fact that
the minimal time to get the convergence of the algorithm is very likely f(ﬁ%’ instead of the more

restrictive time condition (1.13).
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(a) T = J&

(c) ax & Vb

Figure 9: Some examples of reconstructions using Algorithm 2 when one assumption of the conver-
gence Theorem 1.6 is not satisfied. (a)(b) The observation time is smaller than the minimal time
given in (1.13). (c) The exact coefficient a. & V', because it does not satisfy the condition (1.5)
for any p > 0. The time T for this example is computed using (1.13) formula with py = 0.01.

In the last column of Figure 9 (column (c)), we also plot the results given by the algorithm in
the 1-dimensional setting when the exact coefficient to be recovered does not satisfy the multiplier
condition (1.5) for any p > 0. Note that in this case, of course, it is important to discard the
projection step 4 of Algorithm 2. We also choose a very large time T' = L/0.01. The numerical
experiments seem to indicate good convergence of the algorithm in this 1-dimensional case, although
it is used in a setting in which we do not know how to provide a proof of convergence. However,
in the 2-dimensional case, we have found some examples of velocity (typically of the form a,(z) =
|z — 20|*@.(0)), which do not satisfy (1.5) and for which the algorithm does not converge. This
dichotomy between the 1-dimensional case and the 2-dimensional case is somehow expected as the
geometry is much more complex in dimension larger than two: in particular, there might be rays of
geometric optics that will never meet the observation set, thus violating the observability inequality
in this case.

Simulations in two dimensions in space

We also performed some reconstructions procedures in 2 = [0, 1] x [0, 1.1], discretized with 40 points
in each direction, ¢ = (—0.3,0.55), s =5 and I'g = {x2 = 0} U {1 = 1} U {x2 = 1.1}. Figures 10
and 11 present the results obtained for two different coefficients a, in the absence of noise. In
each case, the gray scales are identical for the exact and the recovered graphics. The convergence
informations are reported in Table 2.

5 Conclusion

The reconstruction approach we presented theoretically and implemented numerically in this article
has the interest of being constructed on a quite well-spread methodology for the proof of Lipschitz
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(12—0.3)7T

Figure 10: a,(z1,22) =5+ eXp(l_g‘;?fo_mz)Sin( o1 )L (1-8]z1—0.512)>010.3<z2<0.7-

Top line: exact coefficient in 2d and 3d views. Bottom line: coefficient reconstructed numerically.
In this example, we observe well that as usual the reconstruction is more accurate where the weight
is larger (i.e. near {(z1,z2) = (1,1.1)}).

stability of coefficient inverse problems. It has every chance to be generalizable to situations where
the so called Bukhgeim-Klibanov method is used to prove stability via Carleman estimates. It
should therefore bring adapted globally convergent algorithms for several other reconstruction of
partial differential equations coefficients.

Still, some numerical difficulties remain, essentially linked to the 2D setting and the size of the
Carleman parameter s with respect to the mesh size h. The management of the level of noise is also
an issue when s gets large. The next step of our work is now to seek for more practical applications
and the challenge of dealing with the corresponding alleged constraints.

Nevertheless, we believe that the generalizability of the approach, the fact that the algorithm is
proved to be globally convergent from any initial guess, and the extend of our study from theory
to numerics are strong features of our work.
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Figure 11: Reconstruction of a.(z1,22) = 6 + (cos(z1m) + 0.2sin(5z17)) cos(22%). Top line: exact

coefficient in 2d and 3d views. Bottom line: coefficient recovered numerically.

A  Main tools : Carleman estimates.

A.1 Carleman estimates for the wave equation

In order to deal with the effective reconstruction of the speed in a wave equation, we need to prove
a specific one parameter Carleman estimate for the wave equation with non constant speed, which
will keep track of the multiplier type condition (1.5). In order to do that, we follow the proof of
[22, Theorem 2.24 p.45] in our case, in a spirit close to the one in [3].

Theorem A.1. [Carleman estimate for a wave operator without terms at ¢ = 0]
Let zo € Q C R? and assume the multiplier condition (1.4) forTy. Let m >0, 0 < ag < aq and
p € (0,1], and V as in (1.16). There exists a parameter po = po(Lm/ag) > 0 such that for all
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B € (0,anpo), there exist so > 0 and a positive constant C' such that for all s = s¢ and for alla € V),

T T
s/ / e**? ((0)? + |Vv|* + s*v?) dadt + / / (P(e5%0))? + (Po(e?v))? dadt
—_TJQ -TJQ

T T
< C/ / e (0,v)? dadt + C’s/ / % |9,0|* dodt
-TJo -7 Jr, (A1)

+Cs // €% ((9)* + | Vo[> + s*0v*) dadt
{p<0}
1 Cs / D) (9,0(£T))? + [Vo(£T)|? + s20(+T)?) da,
Q
where v € L?((=T,T); H3(Q)) satisfies Oyv = 02v — V - (aVv) € L2((=T,T) x ) and d,v €
L2((=T,T) x 09), and where ¢ denotes the weight function (1.18) and
{o <0} ={(t,2) € (=T, T) x Q, (t,x) < 0}.

Besides, pg can be taken as in (1.14).

Proof. Using the weight ¢ defined by (1.18), we set, for s > 0, w(t,z) = v(t,z)e*?*?) for all
(t,z) € (=T,T) x Q. Then, we introduce the conjugate operator P defined by Pw = e*?[0,(e™*?w).
Some easy computations give Pw = Pyw + Pow + Rw, with

Piw = 0w —alw + s*((0pp)? — a|Ve|H)w
Pow = —2s0wdip + 2saVw - Vi + asaw,
Rw = —5(0}¢—V - (aVy))w — Va-Vw — asaw,

where « is a constant which will be chosen later, in (A.6). Since we have

ddt dzdt , dadt
// ((Pyw)? + (Pyw)?) == //lepzwx— //Pw Ruw)? ‘T, (A.2)

the main part of the proof is then to bound from below the cross-term in

/ dxdt
a2

by positive and dominant terms, similar to the one of the left hand side of (A.1l), and a negative
boundary term, that will be moved to the right hand side of the estimate. For the sake of clarity,
we divide the proof in several steps.

All the computations below are done for smooth velocities a and smooth functions v (equiva-
lently, w). Then, by a classical density argument, we can extend the results to any a € V and to
any v satisfying O,v € L2((=T,T) x Q) and d,v € L*((=T,T) x 99).

Step 1. Explicit calculations
We set

<P1w7P2w>L2((—T,T)><Q,dtdw/a2) = Z ik
i,k=1

where I; ;, is the L? scalar product of the ith-term in Piw by the kth-term in Pow with the metric
dxdt/a?(x). We will mainly use integrations by parts and the boundary properties of w (such as
w=0on (—T,T) x 9Q). We shall also persistently use the fact that 9, is independent of z and
V¢ is independent of ¢, so that 9,V = 02V = 0 and 9,A¢ = 9,(|V¢|?) = 0, and we emphasize
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that a depends only on the space variable and therefore d;a = 0. Integrations by part in time give

easily
111 = / /32 253tw6f§0) d-Tdt / /& 3tw)) dﬂfdt
T

/ /atw 20%¢ dmt [/(atw)%tsodf] .
Q a= | _r

Similarly, one has

Io

T
/ / 02w (2sa™'Vw - V) dzdt

T
—25/ /&gw (Vouw - (a~ 'V ) dadt + 2s {/ a 0w (Vw - Vo) dx}
Q -T

T
—s/ / V(0,w)? - ("' V) dadt + 25 [/ a toyw (Vw - V) dx}
Q -7

T
= s/ /(3tw)2v (a" V) dxdt + 2s {/ a 10w (Vw - Vo) d:c} ,
-T JQ Q -T

and

T T T
Iz = / / O?w (asa™'w) dodt = —s/ / aa”H(Opw)? dedt + s [/ aa_latwwd:v} .
7 JQ —-T JQ Q -T

We compute in the same way

Iy = / / _lAw)( 250w Opp) dzdt = —23/ /Vw V(a~ 8tw8tgp)dacdt
= —s/ /a_lat(|vw\2) 8tgadacdt+23/ /Vw fatwatgodxdt
-TJa
T T T Va
= s/ /a_l\Vw\Qafnpdxdt—s [/ a | Vwl]? atnpdx] +28/ /Vw-—28tw8tgodmdt,
-TJQ Q -7 -TJQ a
and

T T
Irs = / /(—Aw)(asw) dadt = as/ / |Vwl|? dxdt.
-TJQ =T JQ

Using that w|(_r1)xaa = 0 implies Vw = (d,w)v and |[Vw|? = |9,w|* on (=T,T) x 09, we can
compute (since VZp = 21):

T
I / / (—Aw) (2sVw - V) dadt
-1 Ja

T T
25/ / Vw - V(Vw - V) dedt — 25/ (Vw - v)(Vw - Vy)dodt
— o0

T T T
s/ / V(|Vwl|?) - Vo dzdt + 28/ / V2p(Vw, Vw) drdt — 25/ / |0, w|?0, dodt
—-rJa -TJo -7 Jog
T T T
—s/ / |Vw|? Ap dadt + 48/ / |Vw|? dedt — s/ / |0, w|?0, pdodt.
—TJO -T JQ T JoQ
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Finally, some integrations by part enable to obtain

da:dt
I3,

T
/ /ﬂ<52<<atso>2—a|v@|2>w>< 20, 9h0) 2o

dxdt
s / / (009)° — alVol?) D0y (w?) 5

T

dxdt d
= 33/ /& (((3t<p)2 7a‘v90|2)({9t90) wz $2 83 [/ ((8“0)2 *a|v§0|2)at30w2 7(5 ,
—TJQ a Q p

-T

I3o

/ / ((Orp)? — alV|*)w)(2sa" ' Vw - Vo) ddt

/ / ((Orp)? — alV|*)V(w?) - Vi dadt

—s / / V- (a7 'Ve((0rp)? — alVe|?)) w? dadt,
and
I3z = / / ((0¢p)? — a|Ve*)w)(asa™ w) dedt = as / / ((0¢p)? — a|Ve|*)w? dzdt.
Gathering all the terms that have been computed, we get
T T
/ / PrwPwdxdt = s/ /(8tw)2 [a™207 0+ V- (a7'Vy)) — aa™ "] dzdt
—_TJQ -TJQ

T T
+s/ / [Vw|? [a7'07¢ — Ap+ 4+ a] dxdt+2s/ /a‘2Vw-Va8tw8t<pdxdt
-1 Ja -1 Ja

T
—s/ / 0, w|*0, pdodt

+s / / 20, (00((00)? — alVol2) + a0 (Dhp)? — alVpl?)
-V- (a_1Vg0((8tap)2 — a|V<p|2))] dxdt

T T
-5 {/ ((3tw)2 + a|Vw|2) a20p dx} -3 {/ ((8t<p)2 — a\Vap|2)8tcpw2a_2 dx
Q -T Q

(A.3)

-7
T T
+2s [/ a 'opw (Vw - V) da:} + as {/ alﬁtwwdx} .
Q -T Q -T

Step 2. Dominating terms
Step 2a. Terms involving derivatives
e Focusing on the terms in s(9;w)? and s|Vw|? that we want to be strictly positive, we need to
have, for all (¢,z) € (0,T) x €,
a 20l +V-(a"'Vp)) —aa"' >0 and (A.4)
a tofo—Ap+4+a>0. (A.5)
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Using (r—1¢)-Va < 2(1—p)a in Q from a € V defined in (1.16), and recalling (¢, z) = |v—zo|?— B¢,

multiplying the first and second conditions respectively by a?

satisfied if for all x € Q,

-2+ (2d—4+4+4p—a)a>0 and
—26—(2d—4—a)a>0.

We choose to take
a=2d—4+2p

so that
2684+ 2d—4+4p—a)a=—-20—(2d— 4 — a)a = 2ap — 20.

Thus, for
ﬂ S (O,PCYO)»

the integrals of (A.3) involving |9;w|? and |Vw|? satisfy
T
s/ / (Ow)?(a 20?0 +V - (a7 'Vp)) — aa™ ') dadt
-rJa
T
+S/ / |Vw|? (a1 0%¢ — Ap + 4+ o) dxdt
- Ja
T
> 2s(pag — ﬁ)/ /((Btw)2 + a|Vw|?)a™? dxdt.
- Ja
e The term of (A.3) involving products of d;w and Vw is the following one
T
23/ / a ?VwVadw Oy dxdt
-TJa

We shall bound this term differently in {¢ > 0} and in {¢ < 0}.
In the set {¢ < 0}, we bound this term as follows:

25 // a 2VwVadw O dxdt
{p<0}

< Cs// (Byw)? + a|Vw]?) dadt,
{p<0}

using that a € W1°°(Q) with explicit bounds within the class V in (1.16).
In the set { > 0}, we use that 8t? < |z — z0|?, hence

V(t, x) with @(t,z) > 0, |0yp| = 28|t| < 2v/Bsup |z — x0| = 24/BL.
Q

This implies

2s // a2 VwVadw Opp dxdt
{¢>0}

VB L val e // la 9yw| o~/ >Vw]) dadt.
Vo {¢>0}

< 2S£LHVGHLOO // ((Opw)? + a|Vw|*)a™? dadt.
{¢>0}

< 4s

NG
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e Using (A.8) and (A.9)—(A.10), we obtain that if 8 > 0 is such that (A.7) holds and

ﬁLHVCL”Lm < pag — B, (A'll)

Vv Qo

then there exist ¢, > 0 and C' > 0 (depending in particular of ||a|/y1.«) such that for all s > 0,
T
s/ /(8tw)2(a*23,52g0 + V- (a7'V)) — aa™t) dadt
)
T T
+ s/ / |Vw|? (a710%¢p — Ap + 4 + o) dzdt + 25/ / a ?VwVadyw Oypdrdt  (A.12)
-1 .Jo -1Jo

T
> sc*/ /((8,571))2 + |Vw|?) dzdt — Cs // ((Ow)? + a|Vw|?) dzdt.
-T JQ {p<0}
Step 2b. Terms in |w|?.
We write the term in s3|w|? as s [[ a™2|w|*c,, dzdt, where ¢,, = ¢, (t, ) is given by
cw = 0; (Bip((00)? — alVp[?)) + aa((8sp)? — alVep|*) = a®V - (a7 V()% — alVe|*)) . (A.13)
While it is clear that there exists a constant C' depending in particular of ||a||y 1. such that

sup lew(t,z)] < C,
(t,2)e(—T, T)xQ

we will show that this coefficient is actually positive in the set {¢ > 0}. We first rewrite ¢, as:
cw = (Op + aa — al@)((9,0)% — a|V|?) + 20,0°0p + 20> D?*p(Vp, V) + Vi - Va(0,p)>
= 20> D*p(Vp, V) + 20u0a|Ve|* + a| Ve > (=30 e + alp — aa)
+ (0:0)% (301 — @ + aa + Vi - Va)
> 16a?|x — zo|? — 16Balz — zo|? + 4alr — x0|? (66 + a(2d — «))
+ 4% (=68 — a(2d — ) — 86%t3|x — xo||Va(z)|.

From (A.6), a was chosen such that 2d — a = 4 — 2p, implying
cw = 16alx — x0]*(a — B) + 4alz — x0|*(63 + (4 — 2p)a)
—432%12(68 + (4 — 2p)a)) — 832t*|x — xo||Va(z)|
> 8la — zo[*a®(4 — p) + 8alz — wo[* B — 46°%(65 + (4 — 2p)a)) — 86°t%|x — zo||Va(z)|.
Now, for (t,z) € (=T, T)xQ with (¢, z) > 0, one has $t? < |z—w|?, so that for all (¢,z) € {p > 0},
> 8|z — xol?a®(4 — p) + 8alx — xo|*B — 8Bz — 20[2(38 + (2 — p)a)) — 8Bz — x0|*|Va(z)|
> 8|z — mo|* (a®(4 — p) + aB — 2Ba + Bpa — 3° — Bla — x| Val| =)
= 8lz —x0f* (a[(4 — p)a— B(1 — p)] = 36% = Blz — zo[|Val L) .
Assuming p < 1 one can prove that
a[(4—p)a—B(1—p)] = ao[(4—plac—B(1-p).
Indeed, (4 — p)ag — B(1 — p) = 0 is equivalent to 8 < ag ‘11%2 which is implied by condition (A.7)

(0 < B < pay) since p(1 — p) < 4 — p is always satisfied.
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Therefore,
w3 82 — ol? (a0 [(4 — pao — B(1 — p)] — 382 — BL|Vall =)
and if we impose that (3 satisfies (A.7) and
367 + B (L[|Vall L= + ao(1 = p)) — ag(4 — p) <0, (A.14)
which is satisfied for 8 small enough, then ¢, is positive on {p > 0}.

e Summary: Provided 8 > 0 satisfies (A.7), (A.11) and (A.14), we get positive constants ¢, and
C' such that for all s > 0,

T
s/ / (Ow)?(a20%¢ +V - (a"'Vp)) — aa™ ) dzdt
—-TJo
T T
—|—S/ / |Vw|? (a™102¢ — Ap + 4 + o) dedt + 23/ / a"*VwVad,w Oy drdt
-TJa -TJa

T
83 w2 0/72 A A A 2_a 2 Oé(lil A 2_a 2
+ /T/Q 4720, (Dp((019)* — al V) + a0 (Br9)* — a|V]?)
—V - (a7 'Ve((0p)* — a|Vg|?))] dzdt
T
> se. /_T/Q((atw)%r|Vw|2+s2|w\2)dxdt

=05 [ (@ +alVul + sl ded.
{e<0}

From now on, we fix § satisfying (A.7), (A.11) and (A.14). Denoting r = L||Val|p~/ap, it is
not very difficult to check that this is equivalent to impose

2
2
0<p<a \/p—l—r— T and
4 2 (A.15)

B (VIHT=—pP+12U-p) - (r+1-p),

i.e. B € (0,a0po(L||ValL=/ag)) with py = po(r) given by

2
po(r) = min (\/p—kl—;) ,é(\/(T+1—p)2+12(4—p)—(7’—|—1—p)> . (A.16)

Tedious but easy computations show that the first term is in fact always smaller than the second
one, so that we can simply take pg = po(r) as in (1.14).

Step 3. Remaining right hand side terms
e By Cauchy-Schwarz, all the terms in ¢ = +7 can be easily bounded from below by

—cs/ (Bw(£T))? + [Vw(ET) + 8 (w(£T))?) d.
Q
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e The boundary set I'y is such that we can finally write

T
/ / Pl”UJPQIU
-TJQ

T
dx;it > 5Ck / / (Ow)? + |Vw|? + s*w?) dzdt
a -TJQ
- Cs // (Ow)? + |Vw|? + s*w?) dadt
{e<0}
_ Cs/ (Bw(£T))® + [Vw(£T) + s*w(£T)?) da
Q

T
- s/ |0, w|*(x — x0) - v(z)dodt.

—T JTg

Since we also have

T dadt r r
/ / (Pw — Rw)? — < C’/ /(Pw)2 dxdt + C/ /(Rw)2 dxdt
_rJo a -TJQ -TJQ
T T
< C/ / (Pw)? dadt + C/ / (|Vw|? + s*w?) dzdt,
-7Jo -7JQ

using (A.2), we get

T T
s/ / (0w)? + |Vw|? + s*w?) dzdt + / / (Prw)? + (Pyw)?) dadt
—_TJQ —-T JQ
T

T T
< C/ /(Pw)zdxdtJr C/ /(\Vw\2+32w2)dxdt+03/ 8, w|? dodt
_r.Ja -TJQ =T JTg
+C's // ((Opw)? + |Vw]? + s*w?) dzdt + C’s/ ((Ow(£T))? + |Vw(£T)|* + s*w(£T)?) da.
{p<0} Q

We take now sg large enough so that the second term of the second line is absorbed by the dominant
term in s|Vw|? + s>w? as soon as s > sy and we obtain

s /_:1/9 (Ow)? + |Vw|?* + s*w?) dzdt + /_i/Q (Piw)? + (Pyw)?) dadt

T T
< C’/ /(Pw)2 dxdt + Cs/ / 0, w|? dodt + C's // ((Opw)? + |Vw]? + s*w?) dzdt
-1 Ja ~T JTo {e<0}
+Cs/ ((Opw(£T))? + |Vw (D) + s*w(£T)?) da.
Q

Step 4. Back to the variable v
Since w = ve®? and using Pw = e*?[,v, we can go back to the variable v in the previous
Carleman estimate on w and obtain that (A.1) holds. This concludes the proof of Theorem A.1. O

Proof of Theorem 1.4. This theorem is a corollary of the Carleman estimate of Theorem A.1. In-
deed, let E, be the weighted energy of the waves defined by

Eelt) = 5 [ 0 (00 + alVo(o)?) .

As usual, C' will be a positive constant independent of s that may vary from line to line.

On the one hand, recall first the weighted Poincaré inequality proved in [2]:
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Lemma A.2. Let p € C?(2) and assume that the weight ¢ defined on Q satisfies infq [V@| > 6 > 0.
Then there exist so > 0 and C > 0 such that, for all s > so and for all z € H (),

82/ e2s¢\z|2dx<0/ e??|Vz|? da. (A.17)
Q Q

Since a in € is larger than ag > 0 and since |Vip(t)| = 2|z — x| = 2y/2 > 0 and v(t) € H(Q) for
all t € (=T,T), we can deduce that

/ e2s<p(t) ((8ﬂ)(t))2 + |V’U(t>|2 + 82U2<t)) dr < C'E'S[U}(t)7 vVt € (—T, T)

On the other hand, defining a cut-off function x € C*°(R) such that 0 < x < 1 and

x(r)=1, ifr>0,
x(t)=0, ifr<-T,

we can write E;[v](0) = x(0)E;[v](0) — x(=T)Es[v](=T) = /_T % (x(t)Es[v](t)) dt. Easy calcula-

tions (omitting the variable ¢ in the integrals) give

%Es [v](t) = s/ e**?0up ((0yv)* + a|Vo|?) da + / %0 Oav da — 25/ e**?ad,wVv - Vi d.
o Q o

Therefore, since x € C*(R, [0, 1]), a < aq in £, and using Cauchy-Schwartz inequality,

o) = [ La@Bboa = [ voppods [ ogepo

< c/ o dt+/ th[_]()dt

T
< C’s/ / e**? ((8pv)® + |Vo|?) dwdt + C/ / e**?(0,v)? dadt,
T JQ T JQ

the right hand side quantity being bounded by the Carleman estimate (A.1).
Gathering these informations, one finally gets

/ 20 ((9,0(0))% + |Vo(0)|? + s*02(0)) dz < v](0)
Q

C/ / 2s¢(O,w) dxdt+05/ / 25¢19,0|* dodt
Q Lo

+Cs // e (|0 + |Vo|? + s*0?) ddt
{p<0}
+ Cs/ s (£T) (O (£T))? + |Vo(£T)]? + s°v(£T)?) da,
Q
that allows to conclude to (1.17) and ends the proof of Theorem 1.4. O

A.2 A Carleman estimate for a transport equation

Proof of Theorem 1.5. We denote by g the weight function ¢o(z) = ¢(0,7) = |x — x|?> where ¢
is defined in (1.18).
We start with the following lemma:

37



Lemma A.3. Let X € WH(Q) be such that

igf |X - Vol > 0.

Then there exist C > 0 and so > 1 such that for any f € L*(Q), the solution b of

X-Vb=f inQ,
{ b=0, on I'x, (A.18)
(where T'x is defined in (1.19)) satisfies, for all s > so,
52/ [b]2e?50 da < C’/ |f|?e*5%0 du. (A.19)
Q Q

Proof of Lemma A.3. Without loss of generality, by replacing X by —X if needed, we assume that
the vector field X satisfies
VeeQ, X(x) Vygo(z) < —ro<0. (A.20)

We multiply (A.18) by be?¥0 and integrate over Q:
1 ;
7/ eV (b?) - X dx = / e2?obf da.
2 Ja Q

After an integration by parts we get

1 1
—7/ 625¢°b2V~de—s/e%*ooszcpg-de—kf/
2 Jo o 2

202X pydr = / e2*P0b f du.
0

Q

Since the boundary data in (A.18) yields that the boundary term is non-positive, and since X -V <
—7ro in 0, we get with Young’s inequality

1
7“05/ e2sPop? da;—i—f/ 2PV . X dr < /er‘FObfda:
Q 2 Jo Q

1 2500 £2 7‘05/ 2 2
— d — 8P0 b du.
2ros Qe fde+ 2 Qe v

With X € W1>°(Q) (in fact, V- X € L®°() is sufficient), choosing s large enough, we obtain that
there exists a constant C' > 0 depending on 7o and sg such that (A.19) holds for s > sq. O

To prove Theorem 1.5, we consider the following first order transport equation with source term
9 € Hyx (Q):

b= 0, onI'x. (A'Ql)

Of course, this fits the setting of Lemma A.3 with f = g — bV - X, so that we have, for all s > s,

{V-(bX):g in Q,

32/ |b]2e25%0 da < C’/ | f|2e?5%0 dx < 20/ |lg|?e?5¢0 da + 2C/ [b]2|V - X |[2e5%0 dx.
Q Q Q Q
Choosing sg larger if needed, we easily get that for all s > s,
52/ |b|2e?5%0 da < C/ lg|*e?5% du. (A.22)
Q Q

We then focus on estimates of b in H' norm. In order to do that, we use that g € H () and
b€ HY, so that the equation (A.21) yields X - Vb =0 on I'x. On the other hand, b =0 on I'x, so
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Vb = 9,bv on T'x. Hence we should have (X -v)d,b =0 on I'x. Since X -v # 0 on I'x, this implies
that 9,b = 0 on I'x, and therefore Vb = 0 on I'x. Then one easily checks that for all ¢ € {1,--- ,d},
0;b satisfies (A.18) with f; = 9;(¢ — bV - X). Applying Lemma A.3, we then get that for s > sg

52/ |8ib‘2625<po dxéC/ |fi|2625g;0 dx
Q Q
<3C’/ |V g|2e2s%0 derSC/ |Vb|?|V - X |2e25%0 d;p+30/ b2V (V - X)|2e?*%° da.
Q Q Q

In particular, summing over i € {1,---,d} and using X € W1>°(Q), there exists so > 1 such that
for all s > sq,

32/ |Vb|?e?5%0 dx < c/ |Vg|2e?s#o dac—i—C/ b2V (V - X)[2e?5?° da. (A.23)
Q Q Q

Multiplying (A.22) by s? and summing to the last estimate, we obtain that for all s > s,

52/ |Vb|?e2e¢0 dx+s4/ |b|2e25%0 dx
Q Q
<C/ Vg[2e2%0 dm+052/ g[2e25%0 dm—l—C/ BRIV(V - X) 2290 dz.  (A.24)
Q Q Q

Using then X € W?2°°(Q), the last term can be absorbed by taking s sufficiently large, leading
Theorem 1.5. O
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