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An inverse problem for a generalized FitzHugh-Nagumo type
system

Laure Cardoulis * Michel Cristofol f

Abstract

In this article we consider the inverse problem of simultaneously determining three coeffi-
cients of a FitzHugh-Nagumo type system defined in a bounded domain. We use a Carleman
estimate to establish Holder estimates for these coefficients by a finite number of measurements
of only one component of the system.

1 Statement of the problem

1.1 Introduction

We consider a generalized FitzHugh-Nagumo system stated in Q = Qx (0, 7T'), where Q is a bounded
domain of R? and ¥ = 9Q x (0,7),

O = Au — oud +dw+g in Q,
Ow = Pu—~yw+h in Q,
u(z,0) = a1, w(z,0) =ag in €,
U =agon X.

(1.1)

Here, the spatial functions «(z), B(z),y(x), é(z) are defined on 2 and we assume Dirichlet boundary
condition for w. The system (1.1) under consideration can be used to describe situations from the
field of pharmacology (e.g. [11], [20]), because parabolic PDE’s and ODE’s are usually associated
in therapy modelling, e.g. chimioterapy against a tumor, also in electric wave propagation in the
heart (e.g. [17], [23]).

Note that the nonlinearity w3 in the system (1.1) is chosen to facilitate the formulation of the
inverse problem and our results could be adapted easily to another form of nonlinearity similar
to the original FitzHug-Nagumo one i.e. in the form kju(u — k2)(1 — u). A lot of work has been
done in the domain of computational cardiology (e.g. [8], [9], [10], [24]) but none of it addresses
the problem of stability in the reconstruction of the parameters of interest (which depends on the
observations).

On the other hand very little research has addressed the problem of the stable reconstruction of
parameters in such models (e.g. [1], [22], [3]) and it has already used the methodology of Carleman
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estimates initiated by Bukgheim and Klibanov [5] which allows for the establishment of stability
inequalities between the reconstructed coefficients and the associated observations. This method
has proven to be efficient but requires in the case of the parabolic operator the knowledge of the
components on all the set Q at one fixed time 6, see also (e.g. [12], [13], [2], [16]) for parabolic
systems. Consequently, in all the papers cited previously the stability inequalities contain in their
right hand sides the norm of the two components involved in the system on all the set {2 at one
time 6. In this paper we improve the existing results in the area of inverse problems for systems
similar to system (1.1) by simultaneously reconstructing the three coupling coefficients without
needing to observe the second component. More precisely, our goal is to recover the following set
of coefficients a(x),5(z) and v(x) by observation data of |0,u;| on I' x (0,7) where I' is some
arbitrary subdomain of 9Q and of u; on Q for one time 6 € (0,7) where the observed data for
ui, 7 = A, B, come from two suitable changes in the initial values and without needing to observe
the second component w. Such result, involving the observation of only one component for the
reconstruction of coefficients in systems of partial differential equations was already obtained for
a strongly coupled system in quantitative thermoacoustic equations [14]. However, it is the first
time to our knowledge that such a thing is achieved for a PDE/ODE coupled system. This kind of
system induces a real difficulty because we have no diffusion terms for the component w and the
first equation in (1.1) can be viewed as a reaction-diffusion equation with memory term and this
case may lead to difficulties in the theory of control and inverse problems [3].

Furthermore, the stability estimate involving the coefficients we want to recover and the observa-
tion data immediately yields the uniqueness of these coefficients and can be used for numerical
reconstruction.

This article is organized as follows: sections 1.2-1.4 lay out the main hypotheses and notations and
describe our main tools. In section 2 we prove our result (Theorem 1.1).

1.2 Setting and hypotheses

Let Q C R? be a bounded domain with smooth boundary 9. We consider a system involving a
parabolic equation strongly linked with a differential equation as follows

(1.2)

O = Au — oud +dw+g in Q,
Ow = Pu—~yw+h in Q,

with g and h two functions in L?(Q). We attach to (1.2) the following initial and boundary condi-
tions:
u(z,0) = a1, w(z,0) =ag in £,

and
u = agon X.

Note that in view to recover three coefficients using the observation of only one component of the
system (1.1) we will consider two sets of initial conditions to get more information.
We will consider the admissible set of coefficients

p= (0, 8,7,0) € (A(M))* x (A(Mp) N A(C)) (1.3)



with
A(Mo) = {f € L=(Q),[|fllz=(e) < Mo} and A(Co) = {f € L™(Q),|f] = Co a. e. in Q}

for some positive constants My and Cy.

The method of Carleman estimates requires solutions that are sufficiently regular. Indeed the
Buckgheim-Klibanov method implies several time differentiations of system (1.1). We assume in
the following that (u,w) belongs to H = (H3(Q x (0,T))? satisfying the a-priori bound

|(u, w)|| < M for given M > 0.

Note that (u,w) € (W3>®(Q x (0,7))? since Q C R3. For a detailed proof of the regularity, we can
refer to [1], [3] or [25].

Remark 1.1. Note that we have restrained the problem to a subdomain 2 of R? which is the main
field for desired applications. Furthermore such choice allows us to write in a simpler way the space
H. Note that the results could be equally valid for a subdomain Q0 of R™ without any condition of
the dimension n but with more restrained regularity conditions for the solutions of (1.1).

1.3 Weight functions and Carleman estimate

Since our strategy or reconstruction uses Carleman estimates, we need to define special weight
functions. Following [26] we carry out classical regular weight functions as follows:
let zo € R3\ Q and denote d(z) = |z — z¢|? for € Q such that

d>0inQ, |Vd >0in . (1.4)

Moreover we define I' = {z € 9Q,< x — xg,v(x) >> 0}. Here < .,. > denotes the usual scalar
product in R3 and v(x) is the outwards unit normal vector to dQ at z. Now we consider weight
functions in the form, for A > 0, t € (0,7T),

2
Y(x,t) =d(z) — (t — 1;) + My where M; > (T/2)?,

and ¢(x,t) = V@D,

It could be underlined that this choice of weight functions will play an important role in our proof
and will allow us to require less observations in the reconstruction of our three coefficients. On the
other hand the non regular weight functions in [19] facilitate the use of Carleman estimates in the
resolution of inverse problems but require to keep the observations of all the components involved
for a single time 6 € (0, 7).

As underlined above, in view of the Carleman inequalities for the parabolic operators with regular
weights, we need to use a cut-off function in time. This cut-off function will induce additive terms
coming from the commutator between the evolution operator and this cut-off function. Note that a
recent result in [18] avoids the use of such cut-off functions but restricts the domain of reconstruction
of the coefficients.



Proposition 1.1. There exist T > 0 and € > 0 such that (1.4) holds and

dl < do < dg (1.5)
where
. T
dop =inf ¢ (-, 0), d| = sup o, dy =sup o (-,0), 0=—.
Q Qx ([0,2€]U[T—2¢,T7]) Q 2

Proof. First we define 8y = inf g (x,0) = inf_ |z — xo|? + My and $; > 0 by

z€Q
Bt = sup |z — zo|* — inf |z — zo[*,
xeﬁ ZL‘GQ
Then, we consider T' sufficiently large such that B2 = (T — 0)% — 2 > 0. With these definitions, we
have (T — 6)? = B2 + B2 so we get for all z € Q,

U(z,T) = |z — x0> + My — sup |z — xo|? + inf |z — 20|* — B3 < Bo — 6.
$E§ IEQ

As ¢(2,0) = ¢(x,T), we deduce that there exists e > 0 such that € < % and
for all z € Q and t € ([0,2€] U [T — 2¢,T)), (x,t) < Bo
and this ends the proof of Proposition 1.1. O

These two estimates will be fruitful in Section 2 to solve our inverse problem. Now we recall a
Carleman estimate for a parabolic system with Dirichlet boundary conditions as system (1.7). Let
s > 0 and denote

1
I(u) = /Q (w(\ﬁtup + |Au?) + s¢ |[Vul® + 33d>3|u2> e du dt.

Proposition 1.2 ([26, Theorem 2.1, (2)]). There exist a value of X > 0 and positive constants s
and C such that

I(u) < Clle** fll72(g) + Cs / |0, ul?e*? do dt, (1.6)
I'x(0,T)

for all s > sg, and all u € H*(0, T, L?(2)) N L*(0,T, H*(Q)) satisfying
ou—Au=f inQQ,
u(-,0) =u(-,T)=0 inQ, (1.7)
u=0 ondQx(0,7T).
In the following parts, C' will be a generic positive constant. When needed, we will specify its
dependency with respect to the different parameters. Let us remark that this Carleman inequality
uses also A as a second large parameter. We will consider \ fixed in all the rest of the article such

that Proposition 1.2 holds, X sufficiently large.
Let now n be a C*° cut-off function satisfying 0 <7 <1 and

n(t):{Oifte[o,e]U[T—e,T],

1.8
1if t € [2¢, T — 2¢], (18)

with e defined in Proposition 1.1.



1.4 Main result

We obtain the stable reconstruction of the three coupling coefficients («, 3, ) using only the obser-
vations of the component u and without the knowledge of w for the system (1.1). We suppose that
the sets of coefficients p and p verify assumption (1.3) with p = («a, 8,7,0) and p = (&, 5,7, 90).

Theorem 1.1. Let V4 = (ua,wa) be a solution of (1.1) associated with the set of conditions A =
(a1,a2,as,g,h) and the coefficients p = (a, B,7,9), Vy = (a,wa) be a solution of (1.1) associated
with the same conditions A and the coefficients p = (&, 8,7,6), Vg = (ug,wp) be a solution of
(1.1) associated with the conditions B = (b1, by, b3, g, h) and the coefficients p, Vg = (ip,wp) be a
solution of (1.1) associated with the conditions B and the coefficients p.

Assume that there exist positive constants C1 > 0, Cy > 0 such that

laa(-,0)| > Ci and |ua(-,0)wp(-,0) —up(-,0)wa(-,0)] > Cz in Q. (1.9)

Then there exist constants k € (0,1) and K > 0 such that

oo = d||%2(9) +118 - BH%Q(Q) + v = ?H%z(g) <K (H(UA - ﬂA)(‘a‘g)H?p(m + [[(u — aB)('ve)H%{?(Q)

2 K
+ D 100(0F (wa — @) | T2 (o) + 10095 (u — &B))Iliz(rx(o,m)) :
k=0

The constants K and k are depending on M,T, My, M1, Coy, C1, Cs, xg, €.

Remark 1.2. Conditions similar to (1.9) are classical in the process of coefficients reconstruction
(see e.g. [2], [7], [12], [14], [26], [27]). It is usual to verify that they hold for numerous situa-
tions and the control theory could help us. The goal is to prove that for any coefficient sufficiently
regular in an admissible set, there exists a control such that the associated solutions satisfy (1.9).
Several papers have already used such a strategy and we can refer among others to [7] for parabolic
inverse problem, [2] for systems of parabolic equations and [14] for parabolic-hyperbolic systems.
Concerning our assumption (1.9) we refer to [4] where controllability results are obtained for a
FitzHugh-Nagumo equation in the case where & = 1, § = —1, B s a positive constant, ¥ 1S a
nonnegative constant, g € L*(Q) and h = 0, u(-,0) = 0, u = 0 on X. More precisely, we refer
to Theorem 1.5 in [4], which is stated in the case where w(-,0) = 0 but Remark 2.3 in [4] allows
the case of a mnonzero initial value for w. The authors prove that for any target ug € L"(Q) with
r >4, they can construct a sequence of controls (gn) and associated states (uy) that converge to uq
strongly in L™(Q).

Therefore we choose a target ug € C(Q) such that ug > Ci in Q with Cy some positive con-
stant. Thus we have t4(x,0) > Cy for ua close to ug in L"(Q) with A = (0,az2,0,g94,0). Define
Gg(z,t) = etlug(x,t) for (x,t) € Q with p some real and consider ip close to tgq in L"(Q) with
B = (0,b2,0,9p,0). Denote

¢ i i ¢ X
wy(z,t) = ag(z)e +/ Bug(x,s)e T ds, wy(x,t) = ag(x)e™ +/ Biig(x, s)e =% ds.
0 0

Since h = 0, both second components wa and Wp satisfy
~ t ~ ~ ~ t ~ ~
wa(z,t) = a2($)e_7t—|—/ Bia(z, s)e ) ds and wp(z,t) = bg(:v)e_w—l—/ Bip(z,s)e 19 ds.
0 0
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Note that ua (resp. wa, up, wp) is close to ug (resp. wq, g, Wwq) for all (z,t) in Q. Then
t ~ ~

ug(z, )wy(z, t)—tg(z, t)wy(z,t) = ud(a:,t)e&t(bg(:c)—e“tag(a:))—kud(x,t)/ ﬁe*W(t*S)ud(x, s) (et —ett) ds.
0

We can choose ag, ba, j such that |uq(x, t)wa(x, t) —tq(x, t)wq(z,t)| > C2 in Q with Cy some positive
constant in order to satisfy assumption (1.9). The fact that g4 and gp are not necessarily the same
does not induce any difficulty for the inverse problem (the steps 1 to 5 of the proof of Theorem 1.1
are valid with one fized function g for each initial condition and only the sizth step uses the two
sets of conditions A and B; note that the function g has been eliminated in the crucial system (2.4)
that is used in the sizth step).

Remark 1.3. We can obtain a similar result for the three coefficients 5,7, by substituting the
hypothesis |14 (0)] > C1 by the hypothesis |Wwa(0)| > C1 in Q. This theorem could also be expanded
for the reconstruction of the four coefficients o, B,7,6 by substituting the hypothesis |ua(0)| > C1
by |(14(0))305(0) — (up(0))3wA(0)] > C1 in Q and we still obtain a Holder stability result for these
four coefficients with the same observations of uas and up described above. Note that we could also
get the same results in the case of an infinite guide of the type R X w with w a domain of R~ !
instead of a bounded domain § following ideas developed in [15], [6] and [7]. Lastly, notice that
due to the use of regular weight functions, we obtain a Holder and not Lipschitz stability result.

2 Solving the inverse problem

2.1 Preliminary lemmas

In this section, we recall and adapt some known results. These lemma will be used, associated
with the Carleman estimate (1.6) applied to the systems (2.4), (2.5) and (2.6), to eliminate the
observation terms coming from the component w. First we recall the following lemma based on an
idea from Klibanov-Timonov ([21]).

Lemma 2.1. There exists a positive constant C such that

t 2 C
/ e%5% o ( 1) d§> de dt < = (e2sd1 + / 25002 12 dx dt>
Q T/2 s Q

for all s >0 and f € L*(0,T, L*(Q2)).

Proof. By the Cauchy-Schwarz inequality, we have

t 2 - .
2 2s¢p 2 2s¢1p = 9
/ Pn’e (/T/zf(a:,f) d§> dr dt < /Q¢77 e*0lt = 5| /T/Qf(a:,f) d¢| dz dt
T t
/ / g = o )de dxdtJr/ et ) ( f(%f)Qdf) dadt.
/2 o Jr 2\ s

(2.1)



Note that T
Dy (e¥9) = —4sA(t — §)¢628¢.

For the second integral of the right hand side of (2.1), since n(T") = 0, by integration by parts we

have
t
/ prPe?sd (¢ — T)( f(:c,s>2ds> de dt
o J1/2 2 T/2

_ 28,(e259)( )2
45}‘//7‘/2 (e / f(z,8)*dE) dx dt

=T

_ 225¢ - 25(152
_ 45)\ [ / fx§d§] dm+4s/\//T/2 £2 dr dt

t=T/2

2 // 25‘%@77/ f(z,€)%de) dz dt
S)\ T/Q

// 2“’?7@77/ f(z,€)%d¢) do dt + — // e*Pn? f2 du dt. (2.2)
2 T/2 4sX Jo Jr)2

The first integral of (2.2) is bounded above by %628d1 due to the derivative of n. Therefore

/ ot (t ( / f(z,€) dg) de dt < = ¢ (e2sd1 + / 25002 12 dg dt>
QJT/2 Q

We obtain a similar result for the first integral of (2.1) and this concludes the proof of Lemma
2.1. O

Then we recall the following usual Lemma (see e.g. [7]) adapted from [15, Lemma 4.2].

Lemma 2.2. There exist positive constants s1 and C such that
C
/ 2500 (2, 0)|? da < Cs/ X\ f|? da dt + / e*|0,f|? da dt
Q Q sJQ

for all s > s1 and f € HY(0,T; L*(Q)).
Proof. Remind that 7 is defined by (1.8). Consider any w € H'(0,T; L*(2)). We have

/\wx&]de—/]n w(z,0)|? dx
//8t t)w(z,t)|?) dt da

(z,t)0mw(x,t) do dt

=2 [ [
+2// () w(z, )2 de dt.



As 0 <7y <1, using Young’s inequality, it comes that for any s > 0,
2 2 ¢ 2
|lw(z, )] de < C(s+1) | |w|”dxdt+ — [ |Oww|® dx dt.
Q Q 5JQ
Then we can conclude replacing w by e*? f. O

2.2 Proof of Theorem 1.1

We decompose the proof in several steps.

e First step: In this step, we write the systems satisfied by the solutions of (1.1) introducing the
cut-off function 7(t) defined in (1.8).

Denote V = (ug,ws) = Vg, V= (Ua,Wa) = V4. For simplicity we omit the underscore A until
the sixth step and we write

U=u—a, W=w—-w,a=a—-ab=8-0, c=~—7.
We define for i = 0,1,2 (with yo = y and zp = 2)
y=nU, z=nW, y; = 0y, z = 0}z
Then we get directly by difference

U = AU — aU (u? + uti + @2) + 6W — a® in Q,
oW = pU — AW +bu — cw in Q, (2.3)
U=0o0nX

and after multiplying by n we obtain

Oy = Ay — ayH + 6z — ani® + omU in Q, (2.4)
Oz = By — vz + bnt — enw + W in Q, '
with
H = +ui + @
Then by taking the time derivative of (2.4)
{ Oyr = Ay1 — a1 H + 621 — adi(ni®) + 9;(0mU) — ayd,H in Q, (2.5)
atZl = 5@/1 —vz1 + b@t(nﬂ) — c&g(mb) + 8t(8t17W) in Q, )
{ Oyo = Ayo — ayo H + 5z — ad? (nad) + 02(0mU) — ay10:H — a0y (yo,H) in Q, (2.6)
Opza = By — v22 + b0} (i) — cOf () + OF(9mW) in Q, '

e In the second step we estimate I(y) + I(y1) + I(y2) thanks to the Carleman inequalities applied
to the first equation in each previous system.
Using (1.6) we have for s sufficiently large,

2
I(y)+1(y1)+1(y2) < C’/ e (22 4 22 4 22 +a?) dx dt 4 Ce* ™ —I—Cs/ 62S¢Z 0,y do dt.
Q I'x(0,T) —



Since z; = 0}z, using (2.4) and (2.5), we get for s large enough

I(y) + I(y1) + I(y2) < C/ €922 da dt + C/ ¥ (a® +b* + %) du dt
Q Q

2
+Ce¥h 1 (s / e*® N " |0yyil® do dt. (2.7)

I'x(0,T) i—0
Moreover by Lemma 2.1, since ¢ > 1 and n(f) = 1 we have

2

t
/ €252 dg dt < / $e2*?2% dx dt = / e n?W? dx dt = / pe25%n? / OW +W(-,0) dxdt
Q Q Q Q 6
< C/ 25002|0,W |2 da dt+0/ pe® P (W (-, 0))? da dt + C gsay
S Q S
< C/ 25002|10,W |2 da dt+C/ $e*?)2(-,0)* dx dt + — C g2sar, (2.8)
s
Q
From (2.3) we have
/ 259 2\8W|2da:dt<0/ e (y? + 22 + b2 4 ¢2) du dt. (2.9)
Q

Using now the first equation in (2.4) applied for ¢ = 6 we can write
52('7 9) = 8ty('7 0) - Ay(a 0) - ay(-, H)H(v 0) - aﬂg('v 0)

in Q. Then, since § belongs to the admissible set of coefficients A(Cjp), multiplying by ¢e?*¢ and
integrating on @ , we get

/ ¢e**?|2(,0)[* da dt < C/ (10 (-, 0)1 + 1Ay (-, 0)1* + |y (-, 0)]* + a?) dx dt.  (2.10)
Q Q
Thus for s sufficiently large, from (2.8)-(2.10)

/ 25022 dx dt < / e29y% dx dt + C/ e (b2 + ¢2) dx dt + C gasa
S Q S

*C/ > (10y(-,0)[> + |Ay(-, O)> + [y(-,0)[> + a?) da dt. (2.11)
Q
Moreover by Lemma 2.2,

/ 625¢|8ty(-,9)|2 do dt < C'/ 625¢(x’6)|8ty($,9)|2 do < C’s/ 250y 2 dx dt + / 250y, 2 dx dt
Q 0

/Q Py O do di < G (1) + 1(w2). (2.12)



Combinining (2.7), (2.11), (2.12) we obtain for s sufficiently large

I(y) + I(y1) + I(y2) < C/ e (a? + b2 + %) dx dt + Ce* M 4 Cse* % Fy(6) (2.13)
Q

. 2

with Fo(0) = ”3/(@”%12((2) + fo(QT) Yico [0vyil? do dt.

e Third step: Here we summarize the inequalities we have obtained in the second step and that
will be used in the next steps. From (2.12) and (2.13) we obtain

/625¢(I’9)|8ty($,0)’2 dz < 02/
Q S

e*?(a® + b? + ) dx dt + 8—02623d1 + geQSdQFO(Q). (2.14)
Q

Then from (2.11) and (2.13) we get
/ 2% drx dt < C/ e*?(a® + b? + ¢*) da dt + %e%dl + Ce* 2 Fy(0). (2.15)
Q Q

Moreover by Lemma 2.2

/ e252@0) |5 (2,0)|? da < Cs/
Q

C
€222 da dt + s/ |02 |* dx dt.
Q

Q

Using the second equation in (2.4) we obtain

/ e250@0)|5(2,0)|? da < C’s/ e*¢2% dx dt + C/
Q Q 5

C
e28¢(y2 + 22407+ 62) dx dt + " 25t

so by (2.13) and (2.15) we deduce that for large s

/ e??@0) | 2(2,0)? dx < Cs/ e*?(a% 4+ b + ) dx dt + Cse® 4 4+ Ose®* 2 Fy(6). (2.16)
Q Q

e In the fourth step we estimate [, e250@0) |0, 2(x, 0)|? da.
By Lemma 2.2 we have

/ e?5@9)9,2(x, 0)|? da < Cs/ €*9)02|* dx dt + C/ 59|02 2|2
Q Q 5JQ

<(Cs /Q 625¢(y2 + 224+ y% + zf +v%+ 02) dz dt + Cse®™.
Since z1 = 9z, from (2.4) we deduce
/§2625¢(x’9)|8t2(x, 0)|? dz < C's /Q e (y2 + 22+ yf + b2+ AP) da dt + Cse* 4,
From (2.15) we get

/ e?52@0|9,2(x, 0)|? da < CQ(I(y)+I(y1))+CS/ e (a? + 0% +c%) dx dt+Cse* M +Cse** 2 Fy(6).
Q S Q
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Finally from (2.13) obtained in the second step we get

/ e?5?@0)|9,2(x,0)|? da < Cs/ e®?(a® + b® + ) dx dt + Cse® N + Cse® 2 Fy(h).  (2.17)
Q Q

e Fifth step: Now we estimate fQ e2590:0)q2 dy.
Multiplying the first equation in (2.4) by €%*?, evaluating at t = @ and integrating over Q we get

| 0@, 0)° de < (-, 0) )+ C [ SNyl 0P + 12, 6)) da.
Q Q
Using (2.14) and (2.16), we get

/ 220062 (a(-, )8 da < Cs/ €% (a% 4+ b* + ?) dx dt + Cse® M 4 Cse®* 2 Fy(6).
Q Q

Using now the first hypothesis in (1.9) we get

/ 259002 dy < C’s/ e*?(a? + b2 + ) dx dt + Cse* M 4+ Cse* 2 Fy(6). (2.18)
Q Q

e Sixth step: Now we estimate [, e2¢:9) (b2 + ¢2) du.
We use the two sets of initial conditions and consider V4, V4, Vi and Vp. Using (2.4) for z4 and
zp we can suppress ¢ and obtain

bn(tiap—tpwa) = WpOiza—WAOzB — (Bya—v24+0mWa)Wp+(Byp—v2B+0mWe)wa. (2.19)

Evaluating (2.19) at t = 6 and using now the second hypothesis in (1.9), we get
/ 2O 4y < O / 2590) (19,24 (x, 0)° + |Buzs (2, O) + [yalz, 0)[2
Q Q

+Hza(z,0)1 + lyp(a,0)]” + |25(z. 0)?) da.
So using (2.16) and (2.17) obtained in the fourth step for either z4(-,8) or zp(-,6), we obtain

/ 25 200Np? dr < Cs/ e*?(a% 4 b + ) dx dt + Cse® 4 + Cse® 2 F1 ()
Q Q

with F1(8) = [[y4( 0) 22 0y + 195 0) 20y + Srocioizy Xoro (9v0ial? + 10,0iy51) do dt.
Similarly the above estimate holds for ¢ instead of b on the left-hand side so

/ 25900 (12 4+ ¢?) dx < Cs / e*?(a® + % + %) dx dt + Cse* 4 4 Cse* 2y (6). (2.20)
Q Q

e Seventh and last step: From (2.18) and (2.20) we get

/ 200 (a2 4 b2 + ¢?) da < Cs/ e¥?(a 4+ b® + ) dz dt + Cse® 4 + Cse> 2 F1(h).  (2.21)
Q Q
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Now, as for example in [15, 18], we prove that s fQ e??(a® + b? + ¢?) dx dt in the right-hand side
of (2.21) can be absorbed by [, e259(:9) (a2 4+ b2 4 ¢?) dz. Indeed,

T
s/ e*?(a? + b2 + ) dr dt = / (a% + b2 4 ¢2)e??00) (/ se23(9=9(:0)) dt) dx.
Q Q 0

But ¢ — ¢(-,0) = —e*dHM1) (1 — ¢=Mt=0)?) and there exists a positive constant C' such that
_ _0\2
¢ — ¢(-,0) < —C(1 — e M=) Therefore fOT 5e25(0=¢(-0) gt < fOT se=25C1=e") g By the
_ _ )2
Lebesgue convergence theorem, we deduce that fOT 5e=25C(1=e ") g4 0 as s — 0o and so we
get that for s sufficiently large we can absorb s fQ e?*?(a® + b% + ¢?) dx dt on the right-hand side

of (2.21) by the left-hand side. Thus for s sufficiently large we can write
/Qe2s¢(-,9)(a2 + 0% + 2 dx < Cse® 4 Ose* 2 Fy ().
Now from Proposition 1.1 we have
e2sdo /{2((12 + 0?4 ¢) de < /9625‘1’("9)((12 + b2 + 2) dx < Cse® ¥ 4 Cse® 2 Fy(0),

and finally
/ (a® + % + ?) do < Cse?(h1=d0) | Oge?s(d2=do) [y (9), (2.22)
Q

Recall from (1.5) that d; — dp < 0 and that da — dp > 0. Then we can minimize the right-hand
side of (2.22) by a good choice of the parameter s and we obtain the main stability inequality of
Theorem 1.1.
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