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Abstract

We consider the bistable equation v; — Av = f (v, x), f(v, x) =a(x)v(l —v)(v—a(x)) with homogeneous Neumann boundary
conditions in a bounded domain £ C R? with regular boundary. For this equation, we prove Lipschitz stability for the inverse
problem of recovering parameters ¢ and « from measurements of v in (0, 7) x w, where w is an arbitrary nonempty open subset
of £2 and measurements of v(zy) in the whole domain §2 at some positive time #y such that O < 7 < 7. The result is based in some
suitable global Carleman estimate for the nonlinear problem. 7o cite this article: M. Boulakia et al., C. R. Acad. Sci. Paris, Ser. I
347 (2009).
© 2009 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Quelques résultats de stabilité inverse a partir d’inégalités de Carleman pour 1I’équation bistable. Dans un domaine
2 C R3 borné de frontiere réguliére, nous considérons 1’équation bistable vy — Av = f (v, x), f(v,x) =ax)v(l —v)(v — a(x))
complétée par des conditions de Neumann homogene au bord. Pour cette équation, nous prouvons un résultat de stabilité lipschit-
zienne pour le probleme inverse qui consiste a identifier les parametres a et « a partir de mesures de v sur (0, 7) X w, ol w C £2
est un ouvert non vide quelconque et des mesures de v(fg) dans tout le domaine £2 avec 1 tel que 0 < 7y < T'. Le résultat est basé
sur une inegalité de Carleman globale pour le probleme non linéaire. Pour citer cet article : M. Boulakia et al., C. R. Acad. Sci.
Paris, Ser. I 347 (2009).
© 2009 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Let 2 C R? be a bounded connected open set with regular boundary 92 (C>*¢, & > 0). For T > 0, we define
0=(0,T)x 2 and ¥ = (0,T) x 0§2. We are interested in the identification of the nonlinear term in the bistable
equation:
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{U,—szf(v,x) in Qv (l)

Vv-n=0 onX, v0)=vy inS2,

where f(v,x) =a(x)v(l —v)(v — a(x)), from internal measurements. More precisely, we are interested in the iden-
tification of the parameters a and « that are supposed to satisfy

aeW"™(2), 3Jag,a; eRsuchthat0 <ag<a(x), ae xe2and|alyic) <al. 2
acL®(2), Fog,a;1 €Rsuchthat0 <og<a(x)<a; <1, ae xef. 3)

This model can be seen as a simple model for the propagation of a normalized voltage u in an insulated heart [7] so
in the following we suppose that ug € (0, 1). For a list of other related inverse problems of this kind see [3] and the
references therein.

2. Main results

Theorem 2.1. Let T > 0 and let us consider a nonempty open set w included in S2.

(i) We suppose that a satisfy (2) and « satisfy (3). Let v be the solution of (1) with initial condition vy € L*(§2)
and let U be another solution of the same system with initial condition vo € H*(82), then for all T' € (0, T) there
exists C > 0 depending on v such that

[T = 5T 120y < CUIv = Tl20.7: 22000 + 1V =TT a0 7. 14(0)):
(i) Let vo € H*(82) and vy € H*(2), a and a satisfy (2) and o and @ satisfy (3). We denote by (p, p) = (a, a) or
(o, @), and by v = v(vg, p) and v = v(vg, p) the corresponding solutions of (1). Let us assume that

0
‘é(f)(x, to))‘ >ro>0 forsometye(0,T) and forall x € $2. @

Then there exists C > 0 such that |p — 1_7||L2(9) < CNr1 (v — v), where Nt (1) = ||u||H1(0,T;Lz(w)) +
||u”i4(0,T;L4(w)) + ”u(tO)”HZ(Q) + ”u(t())llié(g)

Sketch of the proof of Theorem 2.1. Introducing # = v — v and using the exact expansion

f(@w,x) 5
i,

the stability results (i) and (ii) can be reduced to the study of a Carleman inequality for the problem

f,x)— f(@,x) = —a(x)u’ + g@,u, x), gW,u,x)=f'(v,x)u+

{u,—Au+au3:G in Q,

5
Vu-n=0 onX, u(0)=ug in§2, ©)

where G = g(v, u, x) + g(x)R(t,x) a.e. (f,x) € Q. Incase (i) ¢ =0, and in case (ii) g = p — pand R = %(E) is the
derivative of f with respect to the corresponding parameter evaluated at the reference trajectory v, i.e.

R=9(1-0)(V—a) ifp=a(x). (resp. R=—-a(x)v(l—-v) ifp=a(x).) (6)

The estimate in the case (i) can be derived directly by applying the estimates on u# and u, given by the Carleman
inequality in Theorem 3.1.

In order to obtain estimate (ii), we follow the Bukhgeim—Klibanov approach [1]. We first consider w = u; and we
write the equation satisfied by w as a heat equation w; — Aw = h in Q where h = G, — 3au*w. We supose to simplify
that 0 < 79 < 7'/2 but the result still holds if 0 < g < T'. Let us denote Ty = 219 < T and Q¢ = (0, Tp) x £2. We apply
the usual Carleman estimate for the heat equation on (0, 7) and we obtain, for s large enough

c
/p(t0)2|w(t0)|2dx<cS2 // p2|w|2dxdt+—//p2|h|2dxdt,
S
Qo

2 (O,TQ) Xw
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where the weight p is precisely defined in Section 3 by (8) with T replaced by Tp. Using (5), we have w(t) =
G(to) + Aulto) — au(1p). Thus, according to the definition of G, Proposition 2.2 and thanks to hypothesis (4) on
R(t9), we deduce that, for s large enough,

C
[ pavilaPar < e+ S [ [ P arar )
Qo

By definition of &, thanks to Proposition 2.2 which asserts that v € L>(Q) and 7 € W1 (0, T; L*®(£2)), the last
term is estimated by

C C (o C
< [[onpara<$ [[owraas S [ 2ur+urt)aa+ S [[paar
Qo Qo Qo Qo

For the first term in the right-hand side, we apply a second time the Carleman inequality for the heat equation (we
see that it is capital to have C/s in factor) and the second term is estimated thanks to the specific Carleman inequality
of Theorem 3.1 on (0, Tp). Finally, once the obtained inequality is injected in (7), the last term can be absorbed for
s large enough by the left-hand side of (7) since p < p(fp) on (0, Tp) thanks to the choice of Ty = 2. This ends the
proof of (ii).

Our proof relies on the following standard regularity results of the solution of problem (5). Notice that the cubic
nonlinear term does not affect the standard regularity for the heat equation.

Proposition 2.2. We suppose that a and o satisfy (2) and (3). If vo belongs to L*(82), system (1) admits a solution
ve L®0,T; L2(£2)) N L0, T; H'(£2)) N L*(0, T; L*(£2)).
If vo € H*(2), system (1) admits a solution v in W0, T; L?(£2)) N H'(0, T; H'(£2)) N L°°(0, T; H*(2))
and the norm of v in this space is bounded by a constant depending on the norm of vy in H>(£2), ag and aj.
Moreover; if vo € H*(2), v belongs to W>>(0, T; L>(£2)) N H*(0, T; H'(£2)) N W1-°(0, T; H*(£2)) and the
norm of v in this space is bounded by a constant depending on the norm of vy in H*(2), ag and aj.

The following proposition shows that there exist trajectories v satisfying hypothesis (4):

Proposition 2.3. If vg € H*(82) is such that vo € (0, 1) or (0, ag) or (a1, 1) then v(x, t) solution of (1) lies strictly on
the same interval for (x,t) € 2 x[0,T].

We use the strong comparison principle (see [6] and [2]): let Lu = u; — Au and u, u super and subsolutions such
that Lu < f(u) and Lu > f(u) in Q. If u(0) < #(0) in £2 and g—f < g—g on X, then either u =u or u < u in Q. This
comparison result is obtained by applying the strong maximum principle to u = u — u satisfying Lu — cu > 0 with
a bounded ¢ = (f () — f(u))/(u — u). Now, for instance, if vy € (0, «g) the principle is applied twice with u = 0,
u=vandu =v, U = g to obtain that 0 < v (¢, x) < g for all (z, x) € Q. To see that this is also true on ¥, we use the
Hopf Lemma: if v(#p, x9) = 0 for some 7y € (0, T') and xo € 952, then v attains its minimum on the boundary and in
this case either v =0 in [0, 1] x £2 or g—Z(to, x0) > 0. This leads to a contradiction with v(0) = vy > 0 in §2 or g—s =0
on X respectively. In the same way, we obtain a contradiction if v(#, xo) = o for some 7y € (0, T') and xo € 952.

3. Global Carleman inequality for problem (5)
As for the linear heat equation [5], we define a function v in §2 such that ¥ € C>(£2), ¥ > 0in £2, ¥ =0 on 852,

V| > 01in 2 \ ', where o’ € w is a nonempty open set. The existence of such function has been proved in [5]. We
define, for all A > 0 and s > O the following weights on Q

MW lloo _ () V)

oY) =—r——, Tl(l/f)Zm

_ ,—se(y)
(T —1) . P =e ; (8)
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the weighted global energy 7 () and the weighted local function of observations Nt , y are defined by:

I(W)—// ( (el + |Aul? )+|u|6+s)»2n|Vu|2+s3A4n3|u|2+s2)»2n2|u|4>dxdt,

NT .5 (u) = // P2 (224 [ul® 4+ s2A%n? ul*) dx dr + // p?|G|* dx dr.
0,T)xw 19

Theorem 3.1. There exists X and C only depending on §2 and w such that, forany A > 1, s > 5§ =C(2,w, T, ag, a1) X

e”‘”‘””&for any G € LZ(Q) and ug € LZ(.Q), the solution u of (5) satisfies

I(Y) S CN7 oy (). )
Corollary 3.2. Let u be a weak solution of (5) with G =0. Ifu=01in (0,T) X w, then u =0 in Q.

Remark 1. If one replaces Neumann boundary conditions by homogeneous Dirichlet boundary conditions in (5),
Theorem 3.1 still holds and is obtained more easily since most of boundary terms when obtaining the Carleman
inequality vanish. But here we are interested in Neumann boundary conditions.

Remark 2. A second Carleman inequality can be obtained with boundary observations using a weight ¥ € C2(£2)
such that =0 on 322 \ y, ¥ >0on y/, [V¥|>0in 2, where y' @ y C 3£2. Note that in this case we have to
control some boundary terms involving the tangential derlvatlve = along y . This can be done by using an interpolation
argument and the elliptic regularity. The unique continuation property of Corollary 3.2 is still true if we assume that
u=0in(0,7T) x y.

Sketch of the proof of Theorem 3.1. We define w = ¢ *?u. Then, if u satisfies (5), w is solution of P1 (w) +
Pz(w) = Hy (w) where P (w) = —Aw — 22202 VY 2w + sg;w + a4 259 )3 P2 (w) = wy + 2sAnVy - Vw +
25A2|V1p|2nw + ZezwwS, Hy(w) = e *?G(e’fw) — sinAyw + sA2|V1//|2nw and, as in [5], we estimate
(P, Pi)L%Q) from below.

Note that the decomposition is similar to the standard decomposition for the heat equation [5] except for the cubic
terms in w3. The integrals coming from the nonlinear terms in Pl Pv% give the terms in lu|* and |u|® in I () and the
other additional terms can be absorbed by the dominating positive terms.

Since we consider Neumann boundary conditions, we also have to deal with the boundary integrals. The idea
(we refer for instance to [5] and [4]) is to do the calculations for w(y) and also for w(—v) and then sum up the
two inequalities. This allows one to cancel the boundary integrals and to obtain the inequality I () + I(—y) <
C(NT,00,9 () + N7, —y (u)). Thus, since 1 () < I () + I (=) and N7 4, —y () < N7,0, (1), We obtain (9).
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