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Sylvain Ervedoza’ Kévin Le Balc’h?

March 14, 2023

Abstract

The goal of this article is to obtain observability estimates for non-homogeneous elliptic equations in the
presence of a potential, posed on a smooth bounded domain Q in R? and observed from a non-empty open subset
w C Q. More precisely, for V € L*(Q;R), our main result shows that, when Q C R? has a finite number of
holes, the observability constant of the elliptic operator —A + V, with domain H?*(Q) N H},(Q), is of the form

Cexp (CIIVII'LQ(Q) log'”? (||V||L°°(Q))) where C is a positive constant depending only on Q and w. Our methodology
of proof is crucially based on the one recently developed by Logunov, Malinnikova, Nadirashvili, and Nazarov
[LMNN20], in the context of the Landis conjecture on exponential decay of solutions to homogeneous elliptic
equations in the plane R?. The main difference and additional difficulty compared to [LMNN20] is that the
zero set of the solutions to elliptic equations with source term can be very intricate and should be dealt with
carefully. As a consequence of these new observability estimates, we obtain new results concerning control
of semi-linear elliptic equations in the spirit of Ferndndez-Cara, Zuazua’s open problem concerning small-time
global null-controllability of slightly super-linear heat equations.
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1 Introduction

1.1 Quantitative unique continuation and Landis conjecture

We first present the problem of quantitative unique continuation property for elliptic operators and its link with
the Landis conjecture on exponential decay of solutions to elliptic equations.

Let Q be an open bounded smooth connected set of RY, w c Q be a non-empty open set and P be an elliptic
operator on Q. The unique continuation property for P is as follows

(Pu=0inQ and u = 0 in w) = u=0in Q. (ucp)

When the coeflicients of P are analytic in Q, it is a well-known fact, see [Mik78], that u is analytic on Q so (UCP)
trivially holds. However, even with C* coefficients, there is no reason to hope for more than C* solutions.

In 1939, Carleman introduced in [Car39] a new method to prove unique continuation property for 2-d smooth
(not necessary analytic) elliptic operators. Basically, it is based on weighted L?-energy inequalities. This type of
estimate, now referred to as Carleman estimates, were generalized and systematized by Hérmander and others for
a large class of differential operators in arbitrary dimensions, see [LRL12] and references therein. For instance,
when P is the Laplace operator —A, with an appropriate choice of ¢, one can prove, see for instance [F196, [P02],
that there exists a constant C = C(Q, w) > 0 such that for every s > 1 and u € H*(Q) N Hé (Q), we have

s e ull}aq) + S e Vullfoq) < C (Il (=Aw)F2q) + 5 e ull}ry ) - (Carleman)
The estimate (Carleman) immediately gives the following quantitative unique continuation property
el 20y < € (II-Aullpey + lllry) (€ HXQ) N HY(Q)), (QUCP)

for some constant C > 0 that depends on Q, w.
In this article, we focus on operators of the form P = —A + V with V € L*(Q). First, by applying (Carleman),
one easily checks that, taking s > C(1 + ||V||2/ 3 ) for some C = C(Q, w) > 0 sufficiently large, we obtain

L>(Q)
ltll 20y < Cexp (CIVIES o)) (I-Au + Vtll gy + llulley) (€ HA(Q) N HY (). (1.1)
A natural question when looking at (1.1) is the optimality of the constant Cexp(CIIVIIiG(Q)) in terms of its

dependence with respect to ||V||z~(q).
Note that we shall also refer to the best constant C §‘, in the estimate

lll 20y < Cy (Il-Au + Vi) + il 2) (€ HXQ) 0 Hy(Q)), (1.2)

as the cost of observability, as inequalities of the form (1.2) can also be considered as observability estimates.

In fact, estimating this constant has attracted of lot of attention in the last years, and is related to the Landis
conjecture on exponential decay that we present in the next paragraph.

In the late 1960’s, see [KL88], Landis conjectured the following: for V € L*(R") and £ > 0,

(=Au+ Vu=0inR" and |u(x)| < exp(=|x""*)inRY) = wu=0inR". (Landis)

One can see (Landis) as a unique continuation property at infinity. The decay rate exp(—|x|'*®) seems to be a
natural barrier, by considering the function u(x) = exp(—C +/1 + |x|?) for a suitable constant C > 0.



Landis conjecture was first disproved by Meshkov in 1991 in the case of complex-valued potentials V. In fact,
the work [Mes91] exhibits in the plane R? a counterexample to (Landis):

AV e L°(R*C)and u 2 0, —Au + Vu = 01in R? and |u(x)| < exp(—|x|*?) in R®. (Meshkov)
[Mes91] also shows that this is the right scale: for V € L*(R") and & > 0, we have
(=Au+ Vu=0inR" and [u(x)| < exp(=]x****)inRY) = u=0inR". (1.3)

Actually, from (Meshkov), a scaling argument leads to the optimality of (1.1) for complex-valued potentials
V € L*(Q; C) with Q c R2. Moreover, the proof of (1.3) directly comes from the same scaling argument applied
to (1.1). This illustrates the strong link between the Landis conjecture and the quantification of the observability
estimate for non-homogeneous elliptic equations in terms of the potential.

The case of real-valued potentials has been addressed in [BK05] and is more tricky. So far, (Landis) is still a
conjecture in the case of real-valued potentials. Some versions of Landis conjecture are known under additional
assumptions on V, in particular positivity conditions, see for instance [KSW15, KW 15, Dav20, DW20, Ros20,
SS21]. It is worth mentioning that a scaling argument would prove the Landis conjecture for real-valued potential
assuming that for Ve L*(Q;R), u € H*(Q)N Hé(Q), we have for some C = C(Q, w) > 0,

ltll 20y < Cexp (CIVILE ) (I-Au + Vidll 2 + llull2qe) - (1.4)

Before going further, it is worth mentioning that for more regular potentials V € W'*(Q), even complex-valued,
it is proved in [Bak12] thanks to a Carleman strategy that one can get (1.4) with C exp(C ||V||1/ 2 ) instead of

Whe(Q)
Cexp(ClIVil)
A breakthrough was achieved recently in the 2-d case in the work [LMNN20], which proves that for V €

L*(R?; R), there exists C > 0 sufficiently large such that
(=Au + Vu = 0in R? and |u(x)| < exp(=Clx|log"*(1 + |x])) inR?) = u=0inR>. (1.5)

In particular, (1.5) directly implies (Landis) for V € L®[R?% R).
Based on [LMNN20], the goal of this article is to discuss the cost of observability of non-homogeneous elliptic
equations associated to the operator —A + V with V € L*(Q; R) in the two-dimensional case. In particular, we will

prove (1.4) with C exp (C||V|I£{3(Q) log'/? (||V||Loo(g))) instead of C exp (C||V|| ;ﬁfm)).

1.2 Main results

Notation: In all the following, the constants C > 0 can vary from line to line, can depend on Q and w but do not
depend on ||V]|z~q).
The first main result of the article is the following one, whose proof will be given in Section 2.

Theorem 1.1. Let Q be a smooth simply connected bounded domain of R?, w be a non-empty open subset of Q.
Then there exists a constant C = C(Q, w) > 0 such that for every u € H*(Q)N Hé (Q) and real-valued potential
Ve L*(;R),

ltll 2y < Cexp (CIVILE g Tog"? (IVllzs)) (I-Au + Vil + 2wy - (1.6)
In the sequel, we use the following notation for the constant of observability in (1.6)

Cy = Cexp(CIVILL o, log"? (IVll=@)) - (1.7)

ndeed, for u, V satisfying the conditions in the left hand side of (1.3), for all R > 1, ug(x) = u(Rx) and Vg(x) = R2V(Rx) satisfy
—Aug + Vgug = 0 in RY and |ug(x)| < exp(=|Rx[*/>*%) in RN. Accordingly, applying (1.1) to Q@ = B(0,2), w = B(0,2) \ B(0, 1) and ygug
where yr = y(R-) with y € C°(B(0,2)) and y = 1 in B(0, 1),

2/3 3
Nl 2 500,10y < IRURN20500.2)) < C exp(CIVIR RY?) (I-2Vxk - Vitr = (Axr)url 2 50.2)) + 148 ]| 2500 2\ 55T)

so that, using that ||-Vyg - V”R”LZ(B(o,z)) < CR? ||MR||L2(B(O WO which easily comes from multiplying the equation of ug by IV,\/RlzuR, we
get, forall R > 0,
2/3
il 2 0.y < CRYZ72 exp(CIVIEIRY) exp(-RY*).

Since the right-hand side goes to zero as R — oo, we easily deduce that u vanishes identically in R¥, hence (1.3).



Before going further, let us point out several important issues in Theorem 1.1.

The estimate (1.6) is a better estimate than (1.1), but it is restricted to the cases Q ¢ R? and V real-valued.
Recall that for complex-valued potentials V the best estimate one can hope for, in dimension 2 and higher, is (1.1).
As mentioned above, this optimal result comes from (Meshkov), see [Mes91].

Our result is strictly limited to the 2-d case. In 1-d, the situation is much easier and one can easily obtain
the optimal observability estimate (1.4) for V € L*(Q; C), see Section 5.1 below. In dimension 3 and higher, for
real-valued potentials, the problem is widely open, and the best estimate until today is still (1.1).

As already mentioned, Theorem 1.1 is closely related to the recent work [LMNN20]. First of all, Theorem 1.1
conjugated with a scaling argument directly leads to (1.5) but the converse is not so simple, and one cannot
deduce easily Theorem 1.1 from (1.5). Moreover, [LMNN20, Corollary 2.5] also gives that for Q a smooth 2-d
compact Riemannian manifold without boundary, V € L*(Q;R) and any solution u satisfying the homogeneous
elliptic equation —~Au + Vu = 0 in Q, we have [[ull;~@q) < Cv |lull (), where Cy > 0 is as in (1.7). Therefore,
our main improvements compare to [LMNN20] are the following: we are considering bounded domains, and
thus boundary issues; we allow non-homogeneous source terms in the equation —Au + Vu. Both issues require
significant adaptations from the work [LMNN20] as the proof of [LMNN20, Corollary 2.5] strongly depends on
the function u under consideration, in particular through its nodal set {x € Q ; u(x) = 0}. Indeed, estimate (1.6) is
proved for any u € H*(Q) N H&(Q), for which the zero set might be extremely intricate.

There is a logarithm loss in (1.7) in comparison with the estimate (1.4). We discuss this issue in Addendum 1.

The dependence of the constant C as a function of Q and w in (1.7) is a delicate question, that we briefly
comment in Remark 2.23. For further references in this direction, one can see for instance the recent article
[LL21, Section 1.2].

Let us also point out the fact that since V is real-valued, considering the real part R(u) and imaginary part
functions J(u) instead of u if needed, we can further assume that u is real-valued, which we will always do in the
following. Therefore, the sign of the function u will be properly defined, and we will be able to use Harnack’s
estimates in the areas in which u does not vanish, which will turn out to be useful in the proof of Theorem 1.1.

In Theorem 1.1, we assume that Q is simply connected. This is mainly a technical hypothesis, and we explain
in Section 3 how to extend Theorem 1.1 to connected domains Q c R? having a finite number of holes and prove
the following result.

.....

be a non-empty open set included in Q.
Then there exists a constant C = C(Q, w) > 0 such that for every u € H*(Q) N Hé(Q) and V € L*(Q;R),
estimate (1.6) holds.

Here, the main idea to prove this result is to rely on a three spheres inequality inside  (see Theorem 3.3
below), and on Theorem 1.1 to estimate u in a neighborhood of the external boundary and of the holes.

The arguments to obtain a three spheres inequality inside €2, developed in Theorem 3.3, are very close to the
ones developed in Theorem 1.1, but need to be suitably adapted, in particular due to the fact that the nodal sets of
functions u € H*(Q) N Hé(Q) may intersect in an intricate manner the spheres under consideration for the three
spheres argument.

1.3 Applications to control theory

In this part, we first present results and open questions about null-controllability of parabolic equations, mainly
due to Fernandez-Cara and Zuazua. Motivated by these open problems, we establish new results about control of
elliptic equations that can be obtained as an application of our main results Theorem 1.1 and Theorem 1.2.

1.3.1 Null-controllability of parabolic equations as a motivation.

Let T > 0, Q be a smooth bounded domain RY, w c Q be a non-empty open set, Oy = (0, T)xXQ, gr = (0,T) X w,
V = V(t,x) € L*(Qr) (possibly complex valued), F € L*(Qr), up € L*(Q), and consider the following parabolic
equation

ou—Au+Vit,x)u=F, in(0,T)xQ,

u=0 on (0,7) x 0Q, (1.8)

u(0, ) = uy in Q.



By a parabolic Carleman estimate, see [FCG06, Lemma 1.3], one can prove that for every F € L*(07), up € L*(Q),
the solution u to (1.8) satisfies the observability estimate

1
(T Y2y < Cexp (C(; + TIIVllzor + ||V||i£3(QT))) (I1F 1120y + Nz, - (1.9)

By duality, see [Cor(07, Theorem 2.44], (1.9) leads to a small-time null-controllability result for the controlled
parabolic equation

y=0 on (0, T) X 09, (1.10)
¥(0,°) =yo in Q.
In (1.10), at time t € (0, T), y(t,-) : Q — C is the state while A(t, -) : w — C is the control.

More precisely, for every T > 0, yo € L*(Q), there exists i € L?(gr) such that the solution y of (1.10) satisfies
¥(T,-) = 0 and we have

{ 0y —Ay+V(t,x)y=hl,, in(0,T)xQ,

1
IMll20r) + Willz2ggy) < Cexp (C(; + TVl + ||V||i/£(QT))) ol 2 - (L.11)

Using (Meshkov), the article [DZZ08] shows the optimality in small time of (1.9) then the optimality in small
time of (1.11) for V € L*(Qr;C). According to the elliptic case, it is natural to expect better cost estimates
than (1.11) for V € L*(Qr;R), but this is open even in the 1-d case (except for time-independent potentials
V e L*(Q;C) in 1-d according to [DZZ08, Section 8.5]).

In [FCZ00], Fernandez-Cara and Zuazua considered the semi-linear parabolic equation

Oy —Ay+ f(y) = hly, in(0,7)xQ,
y=0 on (0,T) x 02, (1.12)
¥(0,-) = yo in Q,

where f € C'(R;R) such that f(0) = 0. They prove two results for (1.12):

e (Positive result) If £(s5) = 0} 4005 log¥?(|s])) then (1.12) is small-time globally null-controllable, i.e. for
every T > 0, for every yy € L™ (Q), there exists 1 € L*(gr) such that the solution y of (1.12) satisfies y(7,-) = 0.
The proof of this positive result is strongly related to the cost estimate (1.9) for solutions of (1.8).

o (Negative result) For p > 2, if f is defined by f(s) = Olsl log”(1+|3])ds, s € R, (1.12) is not small-time (even
large-time) globally null-controllable.

These two results lead to the following open problem: if [f(s)| ~ |s|log? (1 +]s]), as |s| — +co with p € [3/2,2],
is (1.12) small-time/large-time globally null-controllable? Despite several works on this problem, this is still an
open question in general. Note that in [AT02], the authors prove that even in the dissipative case, i.e. f(s) =
slog”(1 + |s|) for some p > 2, small-time global null-controllability of (1.12) does not hold. Recently, the second
author proves in [LB20] that if f satisfies |f(s)| = 0}s—+oo (5l logz(lsl)), and f is semi-dissipative, including in
particular the case f(s) = +|s|log”(1 + |s]) with p < 2, then (1.12) is large-time globally null-controllable. Similar
questions for semi-linearities depending on the gradient of the solution are also considered in [DFCGBZ02].

1.3.2 New control results for linear and semi-linear elliptic equations in 2-d

Motivated by the questions raised by the previous part on null-controllability of parabolic equations, we give new
control results for elliptic equations in the two-dimensional case that are based on Theorem 1.1.

Let Q be a smooth bounded domain of R? having a finite number of holes, w be a non-empty open subset of
Q and V € L*(Q; R) be a real-valued potential.

For F € L*(Q), we consider the linear elliptic control problem

{ ~Ay+V(x)y=F+hl, inQ, (1.13)

y=0 on 0Q.
From Theorem 1.2 and a duality argument, we have the following result.

Theorem 1.3. Let Q be a smooth bounded domain of R? having a finite number of holes, w be a non-empty open
subset of Q and 'V € L™ (Q; R) be a real-valued potential.



For every F € L*(Q), one can find a pair (v, h) € [HX(Q) N Hé ()] x L*(w) satisfying (1.13) and

IVl + Allr2wy < Cv IIFll2g) » (1.14)

where Cy is given by (1.7). Moreover, this construction can be done such that, given F € L*(Q), the operator V €
L®(Q) = (yy, hy) € HX(Q) x L*(w), where (yy, hy) corresponds to the above pair associated to the potential V,
satisfies the following property: if (Vi)ien converges strongly in L*(Q) toward V, then (yy,, hy,) weakly converges
ask — oo to (yy, hy) in H*(Q) x LX(w).

Remark 1.4. Theorem 1.3 is specific to the two-dimensional case and real-valued potentials. In fact, it is some
kind of dual statement of Theorem 1.1 (when Q is simply connected) or Theorem 1.2 (when Q is multiply con-
nected) and similar remarks apply, in particular: in the multi-dimensional case when V € L*(Q; C), Q ¢ RV, The-
orem 1.3 holds true with Cy replaced by Cexp(CIIVIIif’(Q)), as a consequence of (1.1); in 1-d, for V € L*(Q;C),
Theorem 1.3 holds true with Cy replaced by Cexp(C||V/| 2{3(9)), by duality with Theorem 5.1 presented in Sec-
tion 5.1 below.

For f € C'(R;R) such that £(0) = 0 and F € L*(Q), let us deal with the semi-linear elliptic control problem

{ ~Ay+f() = F+hl, inQ, (1.15)

y=0 on 0Q.
From similar arguments as in [FCZ00] and Theorem 1.3, we prove the following result.

Theorem 1.5. Let Q be a smooth bounded domain of R* having a finite number of holes, w be a non-empty open
subset of Q, and f € C'(R;R) such that f(0) = 0.

We have the following dichotomy.

o (Positive result) If f(s) = 04-+0(s|10g”(Is])), p < 2, then for every F € L*(Q), there exists a pair (v, h) €
[H*(Q) N Hé(Q)] x L*(w) satisfying (1.15).

o (Negative result) For p > 2, setting f,(s) = Ols\ log?(1 + |5]) d5, for s € R, there exists F € L*(Q) such that
for every h € L*(w), the elliptic equation (1.15) has no solution y € H*(Q) N H(')(Q).

Actually, we will prove that the positive result of Theorem 1.5 holds true assuming the weaker asymptotic

condition on f
i f(—? -log (l +
Isi=eo || Tog~(Isl)

1)

N

):o. (1.16)

Remark 1.6. Again, the positive result of Theorem 1.5 is specific to the two-dimensional case. In N-d with N > 2,
a similar positive result holds true assuming f(s) = 0}5—+o0 (/5] 10g3/ 2(|s|)), even when f is assumed to be complex
valued, and this can be proved following the arguments in [FCZ00] based on classical Carleman estimates for the
elliptic equation in dimension N (as in (Carleman)). In 1-d, a positive result can be proved assuming only that
S(8) = 05>+00 (5] logz(lsl)), using the specific one-dimensional Carleman estimate in Theorem 5.1.

Remark 1.7. The negative result of Theorem 1.5 in fact holds true in any dimension, and can be proven similarly.
It shows that there exists semi-linearities of the order of |s]log”(1 + |s|) as |s] — oo with p > 2 such that for
some specific source terms F € L*(Q), whatever the choice of the controls 4 € L?(w), there are no solution
y € H*(Q) N Hy(Q) to the elliptic equation (1.15).

We believe that, even if the results of Theorem 1.5 do not allow to answer the open question in the work of
Ferndndez-Cara and Zuazua [FCZ00] concerning the global null-controllability of the semi-linear heat equation,
it sheds some light to this problem. It might suggest that it | f(s)| = o(|s|log”(1 +|s])), as |s| = +co for some p < 2,
then (1.12) is globally null-controllable, at least in 1-d, but to our knowledge, this is still an open problem.

The difficulty in addressing this issue would be in obtaining the counterpart of Theorem 1.1 for parabolic 1-d
equations with a real-valued time dependent potential with a cost Cy exp(CTIIVIIiﬁOZ( Qr)) in (1.9).

Unfortunately, it is clear from the proof of Theorem 1.1 that we are strongly using quasi-conformal theory
(see Section 1.4, Step 5) to “absorb” the potential, so that our strategy seems difficult to apply directly for the 1-d
heat equation with potential, as the time and space variables play different roles. Still, let us mention that, when
considering the 1-d heat equation with a potential which does not depend on time, the situation is much better
and one can indeed prove that the observability constant in (1.9) is of the form Cr exp(CTIIVIIZﬁf( Qﬂ)’ see [DZZ08,
Section 8.5].



1.4 Strategy of the proof of Theorem 1.1

In this part, we present the strategy of the proof of Theorem 1.1 and the main arguments of each step. This strategy
actually closely follows the approach of [LMNN20], and we will explain at the end of this section where it differs
from [LMNN20].

The proof of Theorem 1.1 is divided into seven main steps.

e Step 1: Reduction to concentric balls. Noting that here, Q is assumed to be simply connected, using
Riemann mapping theorem, we first reduce Theorem 1.1 to the case where w and Q are two concentric balls
centered at 0.

o Step 2: Reduction to a L™ observability inequality. By using local elliptic regularity and Sobolev embed-
dings, we reduce the proof of (1.6) to the proof of a similar observability inequality replacing the L>-norms
of the left hand side and second right hand side terms by L*-norms, see (2.2) thereafter.

e Step 3: Reduction to smooth functions with O as a regular value. By a density argument, mainly based
on Sard’s lemma and approximation by smooth functions of H>-functions, we reduce the proof of (2.2) to the
proof of (2.2) for smooth functions for which 0 is a regular value and which are constant on the boundary.
(For simplicity of notations, to avoid having 0Q as a 0 level set of the function, we will also consider
functions which are non-zero on the boundary.) Accordingly, the functions u# which will be considered up to
the end have a well-structured set of zeros, formed by smooth disjoints Jordan curves, which do not intersect
the boundary.

e Step 4: Construction of a positive solution ¢ of (—A + V)¢ = 0 in a suitable perforated domain. We
perform a perforation process depending on the set of zeros of the function u such that the perforated domain
has a small Poincaré constant, denoted by a parameter £ > 0. This enables to construct a positive solution
to the elliptic operator —A + V in this new domain. In this step, we shall first classify the zero level sets of
u, consisting of smooth disjoint Jordan curves, into two parts: the “big curves” and the “small curves”. The
“small curves” determine small domains in which the Poincaré constant is small so nice estimates can be
obtained in these areas. We also deduce that the solution satisfies a uniform bound either from above or from
below, in the connected components delimited by the “big curves”. The next point consists in perforating
the domain Q using sufficiently small disks in a sufficiently large number, avoiding the “big curves”, 0 and
Xmax, the point at which || is maximal. The resulting perforated domain has a small Poincaré constant so
one can construct a positive solution ¢ of (—A + V)¢ = 0 satisfying appropriate bounds in this new domain.
In the following, we will call this solution a multiplier. Note that at the end of this step € has to be chosen

such that £ < CI[VI, /5,

e Step 5: A quasiconformal change of variable. Thanks to the positive multiplier of the previous step, we
reduce the inhomogeneous elliptic equation —Au + Vu = f to an homogeneous divergence-form elliptic
equation by a suitable change of unknowns in the perforated domain. We then apply the theory of quasi-
conformal mappings that enables to recast the divergence elliptic equation into a Laplace equation: Ah = 0.
The last point of this step is to control how the quasiconformal change of variable transforms the perforated
domain of the previous step to another perforated domain. In particular, the holes, which were disks before,
will be transformed into holes which still cannot be too flattened by this quasiconformal transform. Note

that at the end of this step & has to be chosen such that £ < CIIVIIZDIO%) log_1/2(||V||Loo(Q)).

e Step 6: A Carleman estimate in a perforated domain. We now employ a Carleman estimate in Q to a
cut-off version of 2 which vanishes in a neighborhood of the holes of the domain. The truncated terms near
the holes of the perforated domain will be treated with Harnack inequalities taking the parameter s in the
Carleman estimate such that s > Ce™!,ie. s > C ||V||1L2(Q) logl/ 2(||V|| L~))- This combination of arguments
will prove quantitative unique continuation estimates on the solution 4 in the perforated domain.

e Step 7: From the Carleman estimate to the observability inequality. We now come back to the original
variable u to deduce from the observability inequality satisfied by 4 in the perforated domain the observ-
ability inequality for u in the whole domain. Here, we crucially use the fact that the perforation process in
Step 4 avoids the point x;,x. Let us emphasize here, that because our goal is to get the L™ observability
inequality of Step 2, there is no need to undo and estimate the quasiconformal change of variable of Step 4
(which depends on the multiplier ¢, € and ||V]|.,).



Steps 4, 5, and 6 are crucially inspired by the methodology in [LMNN20] that focuses on the case of the
homogeneous elliptic equation —Au + Vu = 0. Still, our strategy differs from the one in [LMNN20] in several
points.

Step 3, reducing the proof of the observability estimates to smooth functions having 0 as a regular value, is
new. Since we want a result valid for any u € H*(Q) N Hé (Q), in principle, the zero level set of u can be extremely
intricate. Here, by some easy density argument, we reduce the problem to proving the observability inequality to
smooth functions # for which 0 is a regular value. This gives some structure on the zero level set of u, which is
simply formed by several smooth Jordan curves which do not intersect one to another (nor themselves).

Step 4, although strongly inspired by [LMNN20], contains one new ingredient, which is the classification
of the zero level set of u into two parts, small and big parts. This is new compared to [LMNN20], since when
considering solutions of —Au + Vu = 0, a curve of the zero level set of u cannot be included in a too small ball,
except in the trivial case u = 0. In fact, in the case handled by [LMNN20], there are no small curves in the zero
level set of u.

Step 5 is very similar to [LMINN20], even if we need to give an additional argument to remove the source term
f = —Au + Vu and obtain the equation Ah = 0.

Step 6 is also strongly inspired by [LMNN20], but differs from it since it relies only on a Carleman estimate and
Harnack’s inequality. Indeed, the approach in [LMNN20, Section 6.1] based on Carleman estimate (which gives
Landis conjecture in 2-d for solutions u decaying faster than exp(—C|x| log3/ 2(|x])) instead of exp(—Clx| log” 2(1x)),
see [LMNN20]) would give (1.6) with a slightly worse bound, of the form C exp(C[IVIl, 2%, log**(IIV|L=(@))). We
thus improve the argument of [LMNN20] based on Carleman estimates to obtain (1.6) with Cy as in (1.7). We
believe that this technical improvement is interesting by itself because it enables to generalize the toy problem
[LMNN20, Theorem 5.1] in the multi-dimensional case without logarithm loss.

Let us finally mention that the treatment of the boundary 0Q is another difficulty in the proof of Theorem 1.1
compared to [LMNN20], which we take into account by considering smooth functions u having 0 as a regular
value and being a non-zero constant on the boundary, thus guaranteeing that the zero level set of u does not
intersect the boundary 0Q.

1.5 Organization of the paper

Section 2 is dedicated to the proof of the main result of the paper, i.e. the quantitative unique continuation result
given in Theorem 1.1. Section 3 provides the proof of Theorem 1.2. Section 4 is devoted to the proof of the control
results for elliptic equations, given in Theorem 1.3 and Theorem 1.5. We end the article in Section 5 by giving
some complementary results related to observability inequalities.

Addendum 1. After finishing our work, Fedor Nazarov kindly indicated us in the personal communication
[LMNN22] an ongoing work proving, that for @ € [0, 1/2) there exist non-trivial real-valued functions # on
R? such that |Au| < |u| and u decays faster than exp(—|x|log®(1 + |x|)) for |x| large. Accordingly, the result in
[LMNN20] is sharp, and the conjecture (1.4) is disproved in the plane: the constant C exp (CIIVII” 2 ) in (1.4) has

Lo(Q)
to be replaced at least by C exp <C||V||i{02(9) logl/ 2 (v Lw(g))). As a consequence, the estimate (1.6) is sharp on the

constant Cj, regarding the dependence in the L*-norm of real valued potentials V € L*(Q; R).

Acknowledgements. The authors are indebted to Karim Kellay for interesting discussions which led to an im-
provement of our results and a simplification of our arguments. We also express our gratitude to Fedor Nazarov
for having pointed out the recent work [LMNN22] yielding the optimality of [LMNN20] and thus of Theorem 1.1.

2 Proof of the observability inequality given in Theorem 1.1

Let Q be a smooth simply connected bounded domain of R? and w be a non-empty open subset of Q. Let us take
V e L*(Q;R). The goal of this section is to prove Theorem 1.1, i.e. to prove the observability inequality (1.6),
associated to the elliptic operator —A + V.



) B(0,R)

Figure 1: Image of Q by the bi-holomorphism ® of Step 1.

2.1 Step 1: Reduction to concentric balls

The goal of this first step is to reduce the proof of Theorem 1.1 to the case where w and Q are two concentric balls
centered at 0.

Fact 2.1. Without loss of generality, one can assume that
w=B0,r)c Q=B0O,R), 0Q=0B0O,R), forsome0<r<R. (2.1)

Proof. Up to a translation argument, recalling that w is non-empty, one can assume that 0 € w.
By Riemann mapping theorem up to the boundary, see [Bell5, Theorem 8.2], we know that there exists
® : Q — B(0, 1), one-to-one, such that

O eHEQ),DeCQ),D0)=0,0<c<|P|<CinQ,

where H(Q) denotes the set of holomorphic functions on Q.
By the open mapping theorem, ® maps w to a neighborhood of 0 that contained B(0, r) for some r > 0.
For u € H*(Q) N H}(Q), by using Cauchy-Riemann’s equation, setting # := u o ®~', a straightforward
computation gives
Ad(x) = [VR@ HPAu(@'(x)) Vx € B, 1).

So setting V= [VR(® PV o @', we obtain that & satisfies the following elliptic equation in B(0, 1)
—Ad+ Vit = [VR@ P (=Au(@") + V(@ Hu(@™")) in B(O, 1).

Moreover, it = 0 on dB(0, 1) as u = 0 on Q2 and the image of dQ through ® coincides with dB(0, 1).

Hence the proof of the observability inequality (1.6) for # in the unit disk B(0, 1) with the observation set
B(0, r) immediately leads to (1.6) for u by coming back to the original variable.

Therefore we shall assume without loss of generality that there exist two positive constants 0 < r < R such
that (2.1) holds true (here R = 1 in the proof). O

2.2 Step 2: Reduction to a L™ observability inequality
The goal of this second step is to reduce the L? observability inequality (1.6) to a L™ observability inequality.
Fact 2.2. Let wy cC w. Then the observability inequality

ooy < Cv (I1=Au + Vil + lillouy) (e € HXQ) N HY(Q)), 2.2)
with Cy as in (1.7), implies (1.6).

Proof. Recall that H*(Q) C L®(Q) so the two sides of the inequality (2.2) are finite because u € H>(Q).
Sobolev embedding and local elliptic regularity give that for some positive constant C > 0, for all u € H*(Q),

etll 2o wp) < C llull ey < C(”_AMHLZ(w) + ||'4||L2(w))
< C(lI-Au + Vil 2y + (1 + [IVliw@) lll2e) < Cv (Il-0u + Vil + lll2) . (23)
So by gathering (2.2) and (2.3), this directly yields (1.6). O
In the following, we will assume
wo = B(0, ry), for some ry € (0,r), 2.4)

where r is the radius of w (recall (2.1)).



2.3 Step 3: Reduction to smooth functions with 0 as a regular value

For simplicity, we will deal only with smooth functions u such that 0 is a regular value of u (meaning that for all
x € Q with u(x) = 0, Vu(x) # 0) and such that u equals to a non-zero constant on 9Q. Let us call U this set:

U={ue C”(ﬁ; R); 0is aregular value of u and u is a non-zero constant on 9€}. (2.5)

Lemma 2.3. Foranyu € H*(Q)N Hé(Q), there exists a sequence (u,)nen Of elements of U which converges to u
in H*(Q).
Proof. Equivalently to the statement of Lemma 2.3, we will show that for u € H 2Q)nN H(') (Q;R) and € > 0, we

can find u, € U such that |lu — u,|lp2 ) < &.

By [Eval0, Section 5.3.3, Theorem 3], the closure of C""(ﬁ) for the H2(QY) topology is H%(Q) so there exists

u; € C*(Q) such that
lu — w1l < &.

We then recall that there exists a lifting operator R : H>?(0Q) x H'/?(0Q) — H*(Q) such that for all
(80,81) € HY*(0Q) x H'*(0Q), R(g0,g1) € H*(Q) and (R(go, g1)lsa, 9aR(g0,81)lan) = (80.81), and for all
(80, 81) € C®(ON)?, R(go, g1) € CZ(Q) (see e.g. [LM72, Theorem 8.3 and Remark 3.3]).

Accordingly, u; — R(u1lsq, 0xu1lsq) belongs to Hg(Q) N C>(L2). Now, since by definition the closure of C2°(Q2)
for the H*(Q) topology is H(€), there exists u, € CZ(€2) such that

lluz — (u1 — R(uilsq, Onttiloa)llm) < &.
It follows that u3 = u, + R(0, d,,u;|50) satisfies

llz — (1 — Ruiloq, Outt1lao )z + IR w1 ls0, Ollpz@) + i — uille @)
&+ Cllu — uillp2q) < Ce,

llus — ullg2q)

N N

since, using the continuity of the lifting operator R from H>/#(0Q) x H'?(6Q) to H*(Q) and u € H)(Q),
IR(u1laq, Ollaz) < Cllutllmroo) < Cllur — ullgprpa) < Cllur — ullgrq)-

Let us further note that u3 € Cm(ﬁ) and that uz|sq = 0.

We now use Sard’s lemma to get the existence of some positive parameters vy € (0, &) such that O is not a
critical value of the function uy = u3 + 7.

By construction, |lus — ullp2) < Ce, and uy belongs to the set U defined in (2.5): uy belongs to C®(Q),is a
non-zero constant on 9€), and has 0 as regular value. This proves the result since & > 0 is arbitrary, by replacing
by ¢/C. O

From Lemma 2.3, since the topology of H>(Q) allows to pass the limit in each terms of (2.2) (recall that in
dimension 2, H*(Q) ¢ L*(Q)), we directly obtain the following result.

Fact 2.4. The observability inequality
el ) < Cv (I=Au + Varllzy + o) (1 € ), (2.6)

with Cy as in (1.7), implies (2.2).

2.4 Step 4: Construction of a positive multiplier in a suitable perforated domain

We now begin the proof of (2.6). From now on, we fix u € U, and we set
fi=—-Au+Vuin Q,

which belongs to L2(Q) since u € H*>(Q) and V € L¥(Q).

This step consists in constructing a suitable perforation of the domain € in order to construct a domain in
which the Poincaré constant is small, and such that the perforations we add do not meet some particular nodal
lines of u. Then in this perforated domain, because the Poincaré constant is small, one can construct a positive
solution ¢ satisfying —Ag + V¢ = 0, which we will call a multiplier hereafter.

From now and in all the following, the constants C > 0 and ¢ > 0 are independent of « and V.
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Figure 2: An example of nodal set of u.

24.1 Decomposition of the nodal sets of u

Let us denote by Z the nodal set of u:
Z:={xeQ; ulkx) =0}

The first important property of this set is that, since u € U, recalling the definition (2.5), Z is the union of smooth
compact connected curves contained in Q which do not intersect each other. In other words, we have that for some
set of index J,

Z = Uje;Cj, Cj are disjoint smooth Jordan curves that do not intersect 9Q.

By classical differential geometry arguments, we have the following result.

Fact 2.5. For every j € J, C; satisfies the following properties:

e (Jordan curve) C; separates € into exactly two connected components denoted by Oc;, the interior of C;,
strictly contained in Q, and SCJ,, the exterior of C;,

e (Separation and Sign property) there exists an open connected neighbourhood V; of C; contained in Q such
that: V; N Z = Cj; for every xo, x1 € V; N Ec;, ulxp)u(x;) > 0; for every xop, x; € V; N Ocj, u(xp)u(xy) > 0.

We then separate the nodal sets Z of u into two parts, depending on a parameter € > 0, a small parameter that
will be fixed later and that will always be assumed to be smaller than 1.
Namely, we consider the following property: for j € J, C; satisfies the property (P-¢) if

Vxo € Cj, Vr €(0,gl], 0B(x9,r) NC; # 0. (P-¢)
Accordingly, we write
ng = {j € J, C; satisfies (P-g)}, Jﬁ = {j € J, C; does not satisfy (P-&)}, 2.7)
which of course forms a partition of J:
J=JuJz
We then decompose Z accordingly:
Z=27LUZ2, withZ} := U, ;C;and Z} := U, 2C;. (2.8)

In Figure 2, we have represented the nodal set of u by distinguishing the curves that belong to Z! and Z2.
Roughly speaking, Z! corresponds to the large components of the nodal set of u, while Z2 corresponds to the small
ones.

Then, by construction and a connectedness argument, we have that for every j € J2, there exists x; € C; such
that C; C B(xj, &). Accordingly, the Poincaré constant in Ocj should be of the order of €. In particular, if V]l
is small enough, from the fact that u satisfies —~Au + Vu = f in Oc; and vanishes on C;, Lax-Milgram lemma gives
IVdlizoc,) < ClIflI )

The next proposition makes this idea precise, and also states that each connected component of O of Q \ Z!
then corresponds to open sets in which the solution enjoys a uniform bound, either from above, or from below.
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Proposition 2.6. There exist two constants C > 0 and ¢ > 0 (independent of u and V) such that for every € > 0
satisfying
& Vi@ <c. (2.9)

the following holds.
e For each connected component C of Z2,

el oc) + lllz=oc) < Cllfll200)- (2.10)
e For each connected component O of Q \ Z!, we have
(Vxe 0. u®>-Cliflzq) or (Vxe 0. u® < Cliflliq)- 2.11)

Remark 2.7. In the case f = 0, we obtain that u = 0 in O¢ when C is a connected component of Z2, which is in
apparent contradiction with the fact that 0 is a regular value of u. This is due to the fact that if £ = 0, the set Z? is
empty, in agreement with [LMNN20, Lemma 6.14].

Remark 2.8. Actually, from a scaling argument, one can obtain a more precise estimate than (2.10), namely,
under the condition (2.9), for each connected component C of zg,

lull 200 + Ellllz=©oe) + & IVull 20, < Ce® 1/ 12 -
Before going into the proof of Proposition 2.6, let us first define the Poincaré constant.

Definition 2.9. Let O be a smooth bounded domain of R?. The Poincaré constant Cp(O) is the smallest constant
for which we have the Poincaré inequality

Vv e Hy©0),  IWVliz0) < CrO)IVVI20) -

For later use, let us recall that if O; ¢ O, then Cp(O;) < Cp(O;) and that Cp(B(R)) = Co pR for an universal
constant Cy p > 0.

Proof of Proposition 2.6. In the following proof, the constants C > 0 can vary from line to line, but they are
always independent of € > 0, w and V.

Take C c Zg. We know from (P-g), (2.8) and a connectedness argument that there exists xo € C such that
Oc € B(xo, €) so in particular we have Cp(O¢) < Cp(B(xp, €)) < Co pe.

We have that u € Hé(OC) satisfies —Au + Vu = f in O¢. By multiplying by u, and integrating by parts, we
obtain the following energy identity

f |Vul> dx + f Virdx= | fudx.
OC OC 0(;

We then deduce by using Young’s inequality and Poincaré’s inequality that

2
&
0,P 2
VU2 o) < IVl Nl 0, + 1Lz lllz200) < (cops Vi@ + 5 )||Vu||L2(O)+—2 112 -

Taking C? Pa IVl < 1/4, we obtain ||Vu||L,(OL) < 2C(2) Ps ||f||L2(Q), which leads to

el 200y < ce ”f”LZ(Q)s”VM”L’(OC) C5||f||1_2(g)’ (2.12)

for some constant C > 0, and this of course implies the first part of (2.10).
To prove the L*-estimate in (2.10), we write —Au = —Vu + f =: g in O¢. From (2.12), we have that

lglizzi00 < IVilzziog + 1206 < C& IViisog) I lli200) + 1200 < C Az -

Then, we use de Giorgi’s method in the spirit of [GT83, Section 8.1, Theorem 8.1], see Lemma A.1, to obtain that

lllz=0c) < Clifll2g) - (2.13)
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Here, we underline that the constant C does not depend on the measure of O¢. Since this point is important for
our argument, we provide the proof of Lemma A.1 in Appendix. Also note that the scaling argument sketched in
Remark 2.8 would provide the better estimate ||ul|;~,) < Ce||fll12q)-

To prove property (2.11), we proceed as follows. First, let us fix a connected component O of Q \ Z!.
It is obvious that u cannot change sign in connected components of O \ Ugc,2Oc, since there are no x €
O\ Ugez2Oc for which u(x) = 0. Indeed, such x would necessarily belong to Z? and thus to some Jordan curve

Co € Z2. Thus, we should have x € Og,, which would contradict x € O \ Ucez2Oc-
Let us now proceed by contradiction and take xo and x; in O such that u(xo) > C||fll;2q) and u(x;) <
—C I f1l;2q) Where C is as in (2.10) and set

O, ={x € 0\ Uge2Oc, with u(x) > 0}, O- ={x €0\ Uge2Oc, with u(x) <0}.

Since for all x € Ugez2Oc, from (2.13), we necessarily have [u(x)| < C||f|l;2(q) it is clear that xo and x; belong
t0 O\ Uge2Oc, and thus xg € O,, and x; € O_.

By using the separation property of Fact 2.5, it is easy to see that Q \ Z/ is locally connected so its connected
components are open hence they are path-connected.

Take y : [0, 1] — O a continuous path such that y(0) = xy and y(1) = x;. Then set

to = sup{t € [0, 1] ; y(¢) € O, }.

Since x; € O_, we necessarily have fy < 1, and, since xy € O,, ty > 0. Besides, by construction u(y(#)) = 0, so
that y(ty) € Cp for some Cy € Z2, and for all t > 1o, y(t) € O_ U Ucez2Oc. Now, since Cy is a Jordan curve, O, is
neighborhood of Cy in &g, .
We then set L
t1 = sup{t € (to, 11; v(®) € Oc¢,}.

It is clear that #; < 1, due to the fact that y(1) = x| ¢ O_co Besides, by construction, we have that y(¢;) € Cy and
thus there exists @ > 0 such that for all ¢ € (¢1, t; + @], y(¢) € O,. This contradicts the definition of #,. O

2.4.2 A perforation process

The next step is to construct a suitable perforation of the domain Q which avoids the nodal set Z7, and which, for

convenience, will also ivoid the point in which the function u achieves its maximum on Q.
Let us take xp.x € Q such that
[u(Xmax)| = sup |l (2.14)
Q

We then get the following lemma.

Lemma 2.10. For all Cy > 5, for every € > 0, there exist finitely many Cye-separated closed disks of radius &,
whose union is denoted by F, satisfying the following properties:
e these disks are Coe-separated from each other, from Z., from 8Q, from xuyax and from 0,
e the set ZL U F. U 0Q is a 6Coe-net in Q, meaning that for all x € Q, B(x,6Coe) N (Z! U F, U dQ) # 0.
o the set
Q. =Q\(Z' UF,) (2.15)

satisfies Cp(Q,) < Ce for some constant C > 0 depending on Cy but independent of €, (u and V).
In Figure 3, we have represented the perforated domain.

Proof. Let Cyp > 5. Among the union of separated closed disks of radius (Cy + 1)e in Q \ Z;, choose a maximal
family for the inclusion, and denote by F, the union of disks of radius & with the same centers as the one of the
previous family. By construction, the disks of F, are Cye separated one from another, from Z! and from 0Q.
Besides, for all x € Q, B(x,(2Cy + 1)e) N (Zé U F, U Q) # 0, otherwise one could add B(x, (Cy + 1)¢) to the
maximal family of separated closed disks of radius (Cy + 1)e considered above.
We then set
F. = F, \ {disks of F, which intersects B(0, Co€) or B(Xmax, Co€) }.
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. Disk of radius &

Figure 3: The perforation process.

It is then clear that the disks of F, are Cype-separated from each other, from Zgl, from 0Q, from x,x and from 0,
i.e. that the first item of Lemma 2.10 holds.

Let us prove the second item of Lemma 2.10.

For x € Q, if B(x,(3Cy + 3)e) N {0, xmax} = 0, then we necessarily have that B(x, (2Cy + 1)) N (ZE' UF.U
0Q) = B(x, 2Cy + )e) N (ZS1 U F, U dQ) since F. and F differ only in B(0, (Cy + 2)&) U B(Xmax, (Co + 2)e) and
B(x,(2Co + &) N (B0, (Cy + 2)e) U B(xmax, (Co + 2)€)) = 0. Therefore, if B(x, (3Cy + 3)e) N {0, xmax} = 0, we
necessarily have B(x, (2C, + 1)&) N (Z! U F, U Q) # 0.

For x € Q such that B(x, (3Cy+3)e)N{0, xpmax} # 0, we necessarily have that B(x, (3Cy+4)e)\(B(0, (3Cy+3)e)U
B(xmax, 3Co + 3)e)) # 0. Accordingly, taking xy € B(x, (3Cy + 4)e) \ (B(0, (3Cy + 3)&) U B(xmax, 3Co + 3)€)), we
necessarily have that B(xy, (3Co+3)e)N{0, xmax} = 0, so that the previous argument applies and B(xp, (2Cy+1)e)N
(Z!UF.U8Q) # 0. Since B(x, (5Cy+5)¢) contains B(xg, (2Cy+1)e), we thus get B(x, (5Cy+5)e)N(ZLUF U0Q) # 0.

The second item of Lemma 2.10 follows from the above analysis since 6Cy > max{2Cy + 1,5C, + 5} for
Co=5.

The third item of Lemma 2.10 is an immediate corollary of Lemma 3.1 in [LMNN20], due to the fact that the
set Z satisfies the key property (P-¢). O

In the sequel, it will be useful to choose a very large Cy. For simplicity, from now on, we set Co = 18 - 322
(this choice will be made clearer later).

2.4.3 Construction of the positive multiplier in the perforated domain

Based on the fact that the Poincaré constant Cp(€,) can be made arbitrarily small by Lemma 2.10, applying
Lemma 3.2 in [LMNN?20], we derive the existence of a positive multiplier ¢ in €2,.

Lemma 2.11. There exist two positive constant C > 0 and ¢ > 0 (independent of u and V) such that for every
e > 0 satisfying (2.9), there exists a solution ¢ of

-Ap+ V=0 inQ,,
{ p=1 on 0€, (2.16)
and ¢ = ¢ — 1 satisfies
@ € Hy(Q) and ||@lle, < C&* [Vl - 2.17)

Note that & > 0 still is a free parameter, but it will always be taken such that Proposition 2.6 and Lemma 2.11
hold. Furthermore, we will always assume in the following that (2.9) holds true with ¢ > 0 small enough so that

1
1o < 5. 2.18
lle = Tlleo < 5 (2.18)

Moreover, since u is smooth, Z; is made of smooth curves, and ¢ is thus smooth on any connected component

of Q,, taking value one on the boundary of each connected component. We can thus extend ¢ by 1 in Q\Q,,
which yields a continuous function ¢ in Q.
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2.5 Step 5: A quasiconformal change of variable

The next step is to use a quasiconformal change of variable to recast the elliptic problem —Au + Vu = f in Q into
an harmonic equation. This part closely follows [LMNN20, Section 4], except for the introduction of  in Lemma
2.13 to remove the source term.

2.5.1 An homogeneous elliptic divergence equation

The first step is to rewrite the elliptic problem —Au + Vu = f in Q into an equation of divergence form without
source term.
Unfortunately, we are not able to do it in the whole set Q directly, but only in the set

QL =Q\F,, 2.19)

i.e. a set which is slightly larger than the set Q. = Q \ (Zg1 U F,) defined in (2.15).

Using the equation of ¢ in (2.16), it is clear that, setting v = u/¢ in Q,, we have V - (¢*Vv) = fpin Q,. In fact,
since Q. = Q. U Zgl, and u vanishes on ZEI, a straightforward adaptation of [LMNN20, Lemma 4.1] yields that the
equation V - (¢*Vv) = fy also holds in Q.. To be more precise, we get the following result.

Lemma 2.12. The function v defined in Q3 by

vi= Sin QY (2.20)
¥
belongs to H'(Q) and satisfies in the weak sense
V- (¢*VV) = foin Q.. (2.21)
Next, we remove the source term f¢ of (2.21) as follows.
Lemma 2.13. There exists a unique weak solution y € Hé(Qg) of
2 _ Y
(Vimozre g o

Besides, there is a positive constant C > 0 (independent of € , u and V) such that

Wl oy < Clifllag) - (2.23)

Proof. First, the solvability of the divergence equation (2.22) directly comes from [GT83, Section 8.2, Theorem
8.3] and from the bounds (2.17).

For the L*-bound (2.23), we recall first that from (2.18) ¢ takes value in [1/2,3/2]. We then use de Giorgi’s
method as in the proof of [GT83, Section 8.1, Theorem 8.1], see Lemma A.l1. The important point is that the
constant C > 0 can be made independent of &, which is the reason why we recall for the sake of completeness the
proof of Lemma A.1 in Appendix. O

We then simply set
P=v—yinQ, (2.24)

where v is defined in (2.20) and ¢ is defined in Lemma 2.13. From Lemma 2.12, Lemma 2.13. and the second
point of Proposition 2.6, i.e. (2.11), we deduce the following result.

Corollary 2.14. The function » belongs to H'(Q).) and satisfies in the weak sense
V- (@*V9) =0in QL. (2.25)
Moreover, there exists a positive constant C > 0 (independent of €, u and V) such that for every disk D C F,
(Vx € @\ D, with dist(x, D) < Coe, 9(x) > —C|fll2q) or
(Vx € Q,\ D, with dist(x, D) < Coe, 9(x) < Cllfll2@) -

where F. and Cy are defined in Lemma 2.10.
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2.5.2 A quasiconformal change of variable

We then use the theory of quasiconformal mappings, which roughly speaking guarantees that solutions to homo-
geneous elliptic divergence equations behave as harmonic functions, see e.g. [AIM09].

Lemma 2.15. There exists an homeomorphic mapping L of Q = B(0,R) into itself such that
e L is a K-quasiconformal mapping of Q into itself, with K satisfying

1<K <1+CE Vo (2.26)

o 1(0) = 0,
e h = po L satisfies Ah = 0 in L(Q}), is constant on 8Q and belongs to H; (L(Q})) and to H* in a
neighborhood of <.

Proof. Let us first consider a real-valued function ¢ € H} (B) for some ball B of R? and such that V - (¢*V9) =
0 in B for some real-valued ¢ satisfying 0 < ¢ < ¢(x) < C < 400 in B.
By Poincaré lemma, see for instance [LMNN20, Section 6.5], one can then find a function ¥ € H lloc(B) such

that ¢*9, = ¥, and ¢*D, = —¥,. Setting w = 9 + i¥, we easily check that w is a solution to the Beltrami equation
ow ow .
— = u—in B,
oz Moz

with the Beltrami coefficient
2.27)

where we set u = 0 when Vi = 0.
Note that, since €. is not simply connected, w and ¥ cannot be a priori defined in the whole set Q.. However,

since ¥ is well-defined in Q,, we can safely define the Beltrami coefficient u by (2.27) in Q, and we further have,

by Lemma 2.11,

— (,92

i e < CE Vi~ - (2.28)

L2(Q,)

el =, < ‘

We then extend u by zero outside Q. to the whole complex plane, and remark that u has compact support.
We then use [AIMO09, Theorem 5.3.2] to obtain the existence of a K-quasiconformal homeomorphism ¥ of the
complex plane such that ¥ € H}OC(C), P satisfies the Beltrami equation

and K = it%g:z:. In our case, according to (2.28), we have (2.26).

The function ¥ o ¥~! is harmonic in W(€2,). Indeed, for any ball B included in Q., one can define w € H }DC(B)
such that ¥ = R(w) and w, ¥ solve the same Beltrami equation. Stoilow factorization theorem [AIM09, Theorem
5.5.1] then implies that there is a holomorphic function W such that w = W o ¥ in B, and therefore the harmonic
function R(W) satisfies ¥ = R(W) o ¥ so we have § o P~! = R(W) is a harmonic function in ¥(B). Since B is
arbitrary in Q, o W~ is harmonic in WP(€).

Since W(Q) is a simply connected domain which does not fill the whole plane, by Riemann mapping theorem,
see [Bell5, Theorem 8.2], there exists a : ¥(QQ) — 5, one-to-one, such that @ is holomorphic in W(€2) and
a(¥(0)) = 0. The mapping L = @ o ¥ from Q onto itself is a K-quasiconformal mapping from Q onto itself with
L(0) = 0. Then the function 4 = $ o L™! = $ o ¥~! 0 @' is a harmonic function in L(€2.), as a composition of a
harmonic function with a holomorphic function.

Besides, following the construction of #, recalling that u is constant on dQ, it is clear that / is constant on
L(0Q) = dQ. Thus, since A is a harmonic function in L(€.), it belongs to H? of any compact subset of L(€.) and
in a neighborhood of dQ hence & € HIZOC(L(Q;)) and h is H? in a neighborhood of 0Q. ]

Remark 2.16. Note that we have used Riemann mapping theorem for the proof of Lemma 2.15, this is the main
reason explaining why we present Theorem 1.1 in the case of a simply connected domain Q independently.
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2.5.3 Image of the perforated domain by the quasiconformal mapping

We conclude this part by the analysis of the distortion of distances through the quasiconformal mapping L, which
is precisely given by Mori’s theorem, see [Ahl66, Chapter III, Section C]: for a K-quasiconformal mapping L of
B(0, R) into itself, for all z;, z, € B(0,R),

1 1/K

16

1 —22

K < IL(z1) — L(z2)
R

R

i1 —22

<16
R

(2.29)

Based on this result, it is not difficult to prove that the balls of F, are not too much distorted by the map L, see
the lemma afterwards.

Lemma 2.17. Let L be the mapping as in Lemma 2.15.
There exist a positive constant ¢ > 0 (independent of u and V) such that for every € > 0 satisfying

R R
& VI~ (log (—) + log (—)) <c, (2.30)
& ro

o [(wy) contains B(0,ry/32), recall that w is defined in (2.4),
e the images of the disks of F. (recall its definition in Lemma 2.10) are contained in disks (D;.) jes Of size

& = 32¢, indexed by j € J, that are (Coe/32 — 64¢)-separated from each other, from L(Z})), from 0Q (= L(0Q)),
and from L(Xmax)-

Proof. To prove that L(wg) contains B(0, ry/32) when condition (2.30) holds, we simply use the first inequality of
(2.29): if |z1| = ro, then |L(z))| = |z1[KRK*1 /16 > ro(ry/R)X~1/16. Therefore, if (ro/R)X~! > 1/2, L(wy) contains
B(0, ry/32). It thus remains to check that, using the estimate (2.26), the condition (ry/R)X~! > 1/2 simply follows
from the condition

& VIl (o) log (%) small enough.
To prove that disks of F, are contained in disks of size 32¢, it is sufficient to prove that
lza — 2b] < € = |L(zq) — L(zp)| < 32e.
For z, and z;, in Q with |z, — z,| < €, we have by the second inequality of (2.29),

IL(za) — L(z)| < 16]e]/KR'VK,

which is thus bounded by 32¢ if (R/g)'"V/K < 2, that is if
R
(K - l)log(g) < Klog(2) < 210g(2).

if we assume that K < 2 (which can be done without loss of generality by taking VI ~(q) smaller if necessary).
Therefore, using the estimate (2.26), the image of the disks (B(x}, €))jes of F are contained in disks of size 32¢
of the form (B(L(x;), 32¢)) jes if

R

& IVl log (—) is small enough.
e

To estimate the separation between two disks of the form (B(L(x;), 32¢)) je;, using that the (x;) jc; are Coe separated

and the same argument as above, the centers (L(x,)) je; are Cog/32 separated provided

R

& IVl L) log (—) is small enough.
&

The balls (B(L(x;), 32¢)) je; are thus (Co/32 — 64)e separated.

Using similar arguments, we can also prove that the disks B(L(x;), 32¢) je; are (Coe/32 — 32¢) separated from
L(Zé), 0Q, and from L(xyax)- |

Remark 2.18. Note that we have used Mori’s theorem in a disk to quantify precisely the distortion induced by
the map L. This is the second main reason for dealing with a simply connected domain € in Theorem 1.1.
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Before ending this step of the proof, let us set wj = B(0,ry/32), rj = ro/32, & = 32¢ and remark that by
construction, and recalling the choice Cy = 18 - 322, for which we have Cy/32 — 64 = 16 - 32, the disks (D)ier
given by Lemma 2.17 are 16¢’-separated from each other, from L(Zél,), from 09, and from L(xyax).

Then, as a straightforward application of Corollary 2.14, Lemma 2.15 and Lemma 2.17, (2.23), we prove the
following result.

Corollary 2.19. Under the assumptions of Lemma 2.17, there exists a constant C > 0 independent of & such that
for every disk D" as in Lemma 2.17, we have

(Vx € L)) \ D’ with dist(x, D') < 16’ h(x) > —C||fll 20
or (Vx € L(Q) \ D with dist(x,D') < 168", h(x) < Clifllz@). (231)
From now on, we assume that € > 0 always satisfies (2.9), (2.30) and also
£ < rp/32°. (2.32)

Note that the smallness condition (2.32) does not appear previously but it will be used in the next part.

2.6 Step 6: A Carleman estimate for the Laplace equation in a perforated domain

The next step is to use a Carleman estimate for the Laplace operator in the ball Q = B(0, R), and to apply it to a
suitably cut-off version of &, absorbing the terms arising from the cut-off using Harnack’s inequality.

2.6.1 An elliptic Carleman estimate in a ball

To start with, we begin by stating a Carleman estimate for the Laplace operator in the ball Q = B(0, R).
Let us take

B(x)= VR2+1- kP +1,  (x€B(O,R)),
and, for A > 1, set
a(x) = ¥, (x € B(0O,R)). (2.33)
We recall the following classical Carleman estimate, see Appendix A.3 for a proof that mainly comes from
[F196].

Proposition 2.20. There exist constants C > 0, 1 > 1, and sy > 1, depending on rj, R, such that for every s > s¢
and every y € H*(B(0, R)), constant on B(0,R), 3 = ye*® satisfies

f | — Ay — 2|Va)*51> dx + f |sVa - V§? dx + s° f 517 dx + s f IV dx + s° f 5 dor
Q Q Q Q 0Q

< C(n(Ay)emuiz(Q) +5° f ik dx]. (2.34)
)

The first two left hand side terms of the previous Carleman estimate (2.34) are usually not mentioned although
they appear naturally in the classical computations for deriving Carleman estimates. Here, as we will use them
afterwards, we shall keep them.

2.6.2 A Carleman estimate in a perforated domain conjugated with Harnack inequality

We would like to apply the previous Carleman estimate to £, but % is defined only in L(€2) and is only leoc in
L(€2}) and near the boundary 0Q2. We therefore introduce a smooth cut-oft function y taking value 0 on B(0, 3)
and value 1 on R? \ B(0,4), and set

h(x) ﬂx(x _ x’) for x € L(Q),

y(x) = jel &
0 for x € Q\ L(Q)),

(2.35)

where the family (x}) jes denotes the centers of the disks (D;) jes introduced in Lemma 2.17.

From Lemma 2.15, we have that y € H?(Q) and is constant on Q. We are then in position to apply the
Carleman estimate (2.34) to y. Starting from there, and based on Harnack’s inequality to deal with the cut-off
terms, recalled in Theorem A.2, we prove the following result.
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Proposition 2.21. There exist a > 0 and C > 0 (independent of €, u and V) such that for all s > s¢ satisfying
s’ > a, (2.36)

(recall that & = €/32), we have
f P dx + f IVl dc + f Y dor < C2 e gy + €21 o 2.37)

Remark 2.22. It is worth mentioning that (2.36) gives that s > Ce™' and & < [IVIlig, log™ 2 (IVliL=0)

by (2.30) so s > CIIVIII/Z( )10g1/2(||v||L00(Q)). Then, the quantitative observability estimate (2.37) on the perfo-
rated domain will lead to the expected observability estimate (2.6) on the whole domain with Cy of the form

Cexp(C ||V||2L,2(Q) logl/ 2(||V|| =) Note that the Carleman approach in [LMNN20], only leads to a weaker ob-

servability estimate (2.6) with an observability constant of the form C exp(C ||V||]LLZ(Q) log3/ 2yl 1=@)))- The new
ingredient here is to use the second term in the left hand side of the Carleman estimate (2.34). Recall that this
improvement in comparaison with [LMNN20, Section 6.1] leads to the generalization of [LMNN20, Theorem

5.1] in the multi-dimensional case without logarithm loss.

Proof. In the following proof, the constants C > 0 are allowed to vary from line to line but they do not depend on

e

Setting § = ye*®, we get from Proposition 2.20 that
By using Leibniz formula, the harmonicity of & in L*(€) and the fact that the gradient of the cut-off functions

f |sVa-Vy[* dx+s’ f [5” dx+s f V5 dx+s° f 5 do- < C []—[X(

jeJ

L2(©Q) 0

()((( - X )/8 )) are supported in disjoint separated sets since the balls D;. are 16¢’-separated sets, we then

)=l ) e (5o

)]h+2V ]_[x( )] Vh= ) A (x( ))h+2; ( [

jeJ jeJ
f |sVa - V§)> dx + > f [5” dx + s f V3 dx + s° f 51 do < Cs® f 51> dx
Q Q oQ w’

S s
* CZ(| /|4”he ”L2<B<x 4e\B3e0) T g /|2|||Vh|e ||L2(B(x A6N\B(, 3 ))) (2.39)

jeJ

develop as follows
jeJ
[

jeJ

" ])h+2v[ﬂ)((

)) Vh. (2.38)

We thus look locally around each ball D; and first derive from (2.39) nice estimates on % in annulus of the
form B(x 8&’ )\B(x g’) for j € J. Since we will deal differently with these terms depending if B(x 8e")NB(r;,/2)
is empty 0r not, we deﬁne J1 as the set of indexes j € J such that B(x 8&) N B(r,/2) = 0, and we set Jr=J\J;.
We will also use the notation C (x g)= B(x 4"\ B(x 3¢’) in the sequel of the proof.

We first focus on the case B(x;., 8N B(r(’) /2) = 0,i.e. j € Ji, and we point out that the weight function «
satisfies the following properties: « is radial, « is decreasing, and there exists ¢ > 0 such that infq, BO.7}/2) [Val = ¢

Accordingly, using that ¥ vanishes on B(x;., 2¢&’), and the properties of the weight function, when B(x}, 8N
B(ry/2) = 0, setting x}’ = x} - 6s'x} / |x;.|, Poincaré’s estimate in the one-dimensional case (integrating along a
radial line) yields the existence of a constant C > 0 independent of &’ such that for all j € Jy,

f 517 dx < C(e')? IVa - V> du.
B(x" &) B(x',8¢")
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Using then that § = he*® in B(x;.’, g’), it follows that

2 2

N 2sinfp 1 . R

(—) e "9’“|B(x}’,s’)| inf AP < C(—,) f |h?e*® dx
Blxy&) &7 I e

8’
5\ <2 2 )
<C (—) 512 dx < Cs Vo - V5 dx. (2.40)
€ B(x/.&") B(x/,8¢)
We now set C(x}, )= B(x}, 4e)\ B(x}, 3¢&’). With our choice of cut-off functions, we have, for all j € Ji,
1 1
f ( —|hl* + 7|Vh|2)e2m dx
ey \ (&) (&)

1 1
sup | + sup |Vh[]. (2.41)
(&)* Ce) (€)? Ce)

28 SUPC(y. oty @
< Ce”" ) |C(x;,s’)|[

Using (2.40), (2.41), we get from (2.39) that for all s > so,

2 .
N 2sinfp s o .
s3f|y|2€2sa dx + Sf |Vy|262sn dx + S3f |y|262sa do + z (_) ¢ sin B(X’”E)alB(xl'l,SIN inf |h|2
Q o ) g 7 T B e

Jjei
25 ' 1 1
) CS3f pPe dx+C Y e O, &) | = sup WP + —= sup VAP
“ e (€)* cee) (&)? e
+cy L hes 2 + LRl 2.42)
le’|* LACWGe0 T gr2 L2 | :
Jj€h2

Now, using Ak = 0 in the annulus B(x;., 8\ B(x;., &) (for any j € J and in particular for j € J;) and that &
has a strict sign in this set up to a constant C|| f||;2(q) by (2.31), the Harnack’s inequality, see Theorem A.2, implies
the existence of a constant C > 0 such that

sup |k + sup £|Vh| < C(

nf Al + ||f||L2(Q)) : (2.43)
B()C},78')\B()C},28') B(x’/.,4s’)\B(x’/.,3s’)

i
B(x’],,7s')\B(x’j,28')

We now remark that:

e the ratio of the measures of the sets B(x;’, g’) and C(x;., g) = B(x;., 4e)\ B(x}, 3¢’) is bounded from below
and from above independently from &’;

e since the sets (C(x;., g')) jes are disjoints,

2ssu "o
D¢ e ) < Qe
Jeh

o there exists ¢ > 0 independent from &’ such that, for all j € J;

sup ¢ < inf a-—cg'.
Cey  BOGE)

Accordingly, for any constant C, we can choose s big enough to get that, for all j € J;,

s \? 2sinfg v oy @ 1 4 28 SUP o1y @
(_) e B &) >Cl=] e Cs) ,

& o4

which is the case if (s&’)?¢**® > C, that is s&’ large enough, as in (2.36). We then derive from (2.42) and (2.43)
that there exists a > 0 large enough so that for all s > 59 and s’ > a,

s3 f |y|282sa dx + f |Vy|2625a dx + s3f |y|262sa do
Q Q oQ

<Cs' [ pPe drt CM flE g, + C ) (

,
@y

1
el

" IVhle*|?,

(2.44)

2 + L”
12 (C(x’l.,s’ ) |8' |2 (C(x},s’)) .

Jje)>
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OX

Figure 4: The neighborhood of a disk D; of the perforated domain.

We then focus on the case B(x;., 8¢) N B(r}/2) # 0, i.e. j € Jo. For these terms, we use some Cacciopoli’s
inequality. More precisely, we introduce a cut-off function 7; such that n; = 1in C (x;,s’) and n; = 0 outside
B(x, 5¢")\B(x/, 2¢’), with &]|Vn [l +&%||Anjllz~ < C, and we multiply the equation Ak = 0 in B(x, 5¢)\B(x), 2¢’)

25

by e“**n;h. By integrating by parts, we obtain

1
f n;\VAPe** dx = = f |h* A je*) dx.
B(x},Ss’)\B(x},Zs’) 2 B(x’/.,Ss’)\B(x’/.,Za’)
This entails
1
VA 172 oy < C(s2 + T2) f |h[>e*® dx.
7 & B(x},58")\B(¥;,2¢")
So we get, using B(x;., 5&)\ B(x;., 2&’) C B(x;,, 8&’) C w6 because ¢ satisfies (2.32),
2

1 sa 2 1 sa 2 s 1 2 2sa
Z(Is’l“”he e on * fplV e e o | < CNGE * 1o ) Ly, ¢ 4 @)
£ )1 1W

Jjeh»

which is less than C s4||h||%m(L(Q,)mw,)ezs”“”“’ for s satisfying (2.36).
)l /W
Combining (2.44) and (2.45), and bounding the weight function e** from below by 1 and from above by
edlleli=@ Jeads to (2.37), hence to the conclusion of the proof of Proposition 2.21. O

2.7 Step 7: From the Carleman estimate to the observability inequality
We now prove (2.6) from Proposition 2.21, this will end the proof of Theorem 1.1.

Proof of (2.6). We choose ¢ small enough such that (2.9), (2.30) and (2.32) hold, and then s > a/(32¢) so that

(2.36) holds. These choices are done by choosing 1/& and s of the order ||V||£L2(Q) log'”? (V> @)-

We will distinguish two cases, depending if x],, := L(Xmax), Where xmax 1s defined in (2.14) and L is the
quasiconformal map given by Lemma 2.15, is close to the boundary 9 or not.
Let us first consider the case d(x],,,

Accordingly by the mean value property applied to the harmonic function 4, we have

1/2
(Xl < 7' f lh(z)ldz < n~'2e7! ( f Ih(z)[* dz) )
B(Xiax-€) B(xinax-€)
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Then using the fact that y = & on B(x],

J
xmax

axo &) by (2.35) (recall that the balls (B(x},a’)) jes are 16&” separated from
by Lemma 2.17), Proposition 2.21 gives

[A(x] 0] < C€CS||h||Lw(L(Qg)mwg)) + Ce“|l fll (-
We now come back to the variable ¥ = & o L thanks to Lemma 2.15, this leads to
POrmax)l < Cecsn‘A’”L‘”(L"(L(Qg)ﬁmé)) + Celfll -
Then, using again Lemma 2.17 that tells us that L’I(L(Q’s) N wy) C wy, we deduce
Pmax)] < Ce[Pllz(wy) + Cell fllz2(-
By using the definition of ¥ := v — i and Lemma 2.13, the bound (2.23), we deduce the following estimate on v
VCma)l < CE< Pl + Ce Il flli2-

By Lemma 2.12, we recall that u = v and using the pointwise estimates on ¢ from (2.17) of Lemma 2.11, we
deduce
lull Loy < Cellullzogwy) + Ce“* 1 fllr2-

12

Recalling that s is of the order ||V|| L@

log!? (JIv]] 1=(©)) the previous estimate coincides with (2.6).

We next consider the case d(x},,., 0€2) < &. Recalling Lemma 2.17, the disks (D;) jes are 16&’-separated from

0Q. In particular, using the definition of y in (2.35), we have y = hin V. = {x € Q ; dist(x, 0Q) < 2&’}. We then
deduce from (2.37) that

J,

Now we recall that £ is equal to some constant 6 on 9€2 by Lemma 2.15, so (2.46) immediately gives

| dx + f IVA]> dx + ) |h> do- < c2e2C3||h||§m(L(Qm%) + C2 NN £l - (2.46)
Vaour 1)

"

f > dx + f VAP dx +6° < C2& NIl i) + CEC I 20 (2.47)
Vogr Vogr

Choosing now a cut-off function 7 such that = 1 in R? \ B(0,R(1 — &)) and 5 = 0 in B(0, R(1 - 2¢’)) with
|lVall~ + €2||An||z~ < C for some constant C independent of &, we observe that i = nh satisfies

h=6 on 9,

—Ah = -2Vn-Vh—(Aph in Vi,
h=0 on dB(0, R(1 — 2¢")).

The maximum principle, see for instance [GT83, Section 3.3, Theorem 3.7], leads to
7] iy, < € (181 + 1-2Vn - VA = (Ahll 2y, ) -

The constant C in the above estimate does not depend on ¢ (this can be proved as in Lemma A.1 for the distributed
term). Using now the property of 1 and the fact that d(x/ ., 0Q) < € (< &), we obtain that

/
max?

()| < C (161 + &7 IVAll2v, ) + 72 Wl 2y, ) -

With (2.47) and the fact that s and 1/¢ are of the same order ||V||%02(Q) log'? (|IVl|z=(@)), we obtain

Cs c:
[h(xa)l < Ce™ Al w@pnay + Ce Il fllz)-

We now conclude exactly as in the first case. O

Remark 2.23. It is clear that the constant C = C(€, w) in the statement of Theorem 1.1 depends on the smooth
simply connected bounded domain Q and the non-empty open subset w of Q. In the above proof, this dependence
appears only within the first step, as we reduce ourselves to the case of concentric balls. In particular, the constant
C(Q, w) can be estimated from the knowledge of a conformal mapping @ : Q- B(0, 1) such that 0 € ®(w), a
parameter r € (0, 1) such that B(0, r) € ®(w), and the constant C(r) defined as the constant given by Theorem 1.1
corresponding to the case Q* = B(0, 1) and w* = B(0, r).
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3 Extension to multiply connected domains

In this part, we present a strategy to extend Theorem 1.1 to the case of multiply connected domains having a finite
number of holes.

3.1 The case of a finite number of holes each one circled by w
We first begin with the case of one hole circled by w.

Theorem 3.1. Let Q be a smooth bounded doubly connected domain of R?, assume that w is a non-empty open
subset of Q which circles the hole (that is, w contains a Jordan curve vy such that the hole of Q is in the interior of
Y).

Then there exists a constant C = C(Q,w) > 0 such that for every u € H*(©Q) N Hé(Q) and V € L*(Q;R),
estimate (1.6) holds.

Proof. Since Q is a doubly connected domain, i.e. a connected domain with a single hole called H, which, without
loss of generality, can be assumed to contain a neighborhood of 0, such that w circles H, i.e. containing a Jordan
curve y such that # is in the interior O, of 7y, we can construct a tubular neighborhood wy of y such that wy cC w,
wy circles H, and a smooth cut-off function  such that 7 = 1 in O, \ wy, and 7 vanishes outside O, .

Letu € HX(Q) N Hé(Q), and write u = nu + (1 — p)u. We will analyze each of the functions in the right
hand-side of this identity and show that they both satisfy the estimate (1.6).

Setting Q, = Q U O,, we easily check that the function u, = (1 — n)u, extended by 0 in H, is well-defined on
the simply connected domain €., and satisfies u, € H*(Q,)NH}(Q,) and —Au, + Vu, = [A, qlu+(1—n)(~Au+Vu)
in Q,, where V has been extended by 0 in 4. We can then apply Theorem 1.1 to u,, and we get

lellz20) < ltelliz,y < Cv (I=Aue + Vel + lttellzziun) < Cv (I=Au + Vadlzaay + el )

with Cy of the form (1.7).
Since wy CC w, we then simply use basic local elliptic regularity to get

el 1wy < CCL+ IVIIeo) (1=t + Vatll 2y + ltllz2qer)

which yields, for a constant Cy still of the form (1.7):

litellzz < Cv (Il-Au + Valligy + iz - 3.1

Estimating u; = nu is slightly more delicate. The first point is to check that u can be extended to all the
exterior of Q by setting u; = 0 outside Q. Thus, #; now belongs to H*(©Q)N H(I)(Q,-) where Q; denotes the exterior
domain Q; = R? \ H; besides, since Q is bounded, u; is compactly supported in some ball |x| < R. We then set
Vi = 1oV in Q;, and we check that —Au; + Viu; = lon(—Au + Vu) — [A,n]u in Q;. Of course ; is not simply
connected, so we cannot use directly Theorem 1.1. However, if we define @ : z — 1/z from C* to C*, f),- = 0(Q)
is simply connected and bounded, it; = u; o ® satisfies —Ai; + Viu; = [VR(D)(=Auy(®) + Vi(®)u;(P)) in Q;,
where V; = V; o @, and ii; € H*(€;) N H} () since u; vanishes in a neighborhood of infinity and thus i; vanishes
in a neighborhood of 0. Therefore, we can apply Theorem 1.1 to i; in &; with observation in @y = ®(wy):

1/2

||ﬁi||L2(Qi) < C eXp(C”Vz“Lm(Q’)

tog!2WVill~c@, ) (|=A8 + Vit g, + iz )

Since #; vanishes in a neighborhood of 0, and V; also vanishes in a neighborhood of 0, we easily deduce, for some
constant Cy of the form (1.7),

itz < Cv (=t + Vil + lalli2on)) -

Due to the form of u; and of —Au; + V;u;, similarly as for u,, we easily deduce, for some constant Cy of the form
(1.7) that
lltill 2 ) < Cv (||—AM + Vullpp) + ||M||L2(w))~ (3.2)

Combining estimates (3.1)—(3.2), we immediately get estimate (1.6). O
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In fact, an easy adaptation of the above proof left to the reader (which can be done by recurrence on the number
of holes for instance) gives the following result:

.....

assume that w is a non-empty open subset of Q such that for each hole H; of Q (i € {1,---,N}), w contains a
Jordan curve y; such that the interior of y; contains H; and no other holes of Q.

Then there exists a constant C = C(Q, w) > 0 such that for every u € H*(Q) N Hé(Q) and V € L¥(Q;R),
estimate (1.6) holds.

3.2 A three-spheres type inequality
The goal of this section is to prove the following result:

Theorem 3.3. Let Q be a smooth bounded domain of R? and r > 0.
Then there exists a constant § € (0, 1) such that for all x € Q with B(x, 210 c for every u € H*(Q) and
real-valued potentials V € L*(Q; R),

5 1-6
lll 220 < Cv (Il 2oy + =Mt + Vil o) (Ilell 20y + -Au + Vll ) (3.3)
and 5 1-6
ez ax20y < Cv (Ml + I-Au + Vi) (el + 11-Au + Vi) (3.4)
where Cy is of the form (1.7).

Remark 3.4. By following the proof of Theorem 3.3, one can track the dependence of §. This constant only
depends on r but its precise value is unknown. For a more precise discussion, one can also see [ARRV09, Theorem
1.10 and Section 1.8, Remark (4)].

Proof. Without loss of generality, we can assume that
x=0 and Q= B0,2").

The proof of Theorem 3.3 follows the one of Theorem 1.1, and we are thus going to point out how it should be
modified here, some very similar details being left to the reader.

Step 1. Mimicking Step 2 of the proof of Theorem 1.1, we check that, for (3.3), it is sufficient to prove for
ro = 1/2, wo = B0, ry), Ve L°(Q;R) and u € H*(Q),

0 1-6
el 8020y < Cv (Il oy + =M + Vil 2y) (Il oy + I-Au + Vadippgy) - (3.5)

Note that (3.5) would also imply (3.4) immediately, and we thus focus on the proof of (3.5) from now on.
In fact, we will prove that there exist positive constants A, B, C and sy such that for V € L*(Q;R), for all
s > so(1 + VI Tog"2(IVl)). and u € H*(Q),
lletll L Bo.2ryy < Ce™ (HMHL""(wo) + | = Au+ VMHLZ(Q)) + Ce ™ ull ). (3.6)

Indeed, optimizing in s > so(1 + [|[VIIZ* 1og'?(||V|le)), we easily find that, if

1 ( el ooy
|

lo > so(1 + [[VIL2 1og 2 (IVIle)),
A+B) ¢ |—Au+Vu||Lz<Q)+||u||Lm<w(,)) 0 s

we obtain

As —Bs
in {Ce (lullzoiu) + 1| = Au + Vtll2y) + Ce™ )
5250 (1+IVIL log' 2 (IVlle))

-C Au+V Ol =0 ith o = —2
= C (o + 1l = Au+ Vallipy) gy with 6 = -——.

which implies (3.5).
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If

1 ||u||L°°(Q) ) 1/2 1/2
lo < so(1 + VI Tog' (V).
A+B) ¢ (II—Au T Vil gy + il o) &
then
inf Ce™ (Itllf ) + | = Att + Vutll2, ) + Ce™ utll o

s2so(1+IVIIL log > (V1))
. . 1/2 12
< CetoeM VIS OB BV (| + | = At + Vit 2
which of course also implies (3.5).

Step 2. Similarly as in Step 3 of the proof of Theorem 1.1, we can also check that it is sufficient to check (3.6)

for functions u € cw(fz; R), where Q= B(0,2''7), which are equal to a non-zero constant on OQ, and for which 0
is a regular value.

From now on, we consider u € C*(€; R) which is equal to some non-zero constant on dQ, and for which 0 is
a regular value, and we set
fi==-Au+Vu inQ.

Step 3. We then consider the nodal set Z of u, i.e. Z = {x € Q ; u = 0}, which, as in Step 4 of the proof of
Theorem 1.1, consists in the union of disjoint smooth Jordan curves indexed by J.

For £ > 0 to be fixed later, we introduce the property (P-¢) and partition Z and J as in (2.7)—(2.8) under the
form Z! U Z2. We have the following variant of Proposition 2.6, whose proof is left to the reader as it is similar to
the one of Proposition 2.6:

Proposition 3.5. There exist two constants C > 0 and ¢ > 0 (independent of u and V) such that for every € € (0,r)
satisfying (2.9), the following holds:

e For each connected component C of Z* such that O¢ C Q, estimate (2.10) holds.

e For each connected component O of B(0, 299\ Zg, (2.11) holds.

Note that, compared to Proposition 2.6, the difference is that the level set {# = 0} may cross Q = B(0, 2105,
Therefore, the first property holds only for connected component C of Z2 such that O¢ C Q, which guarantees that
the source term f = —Au + Vu is known in O¢. Furthermore, we cannot deduce the second property for connected
components of B(0,2!%7)\ Z!, and we should slightly reduce the ball we are looking at, by considering for instance
the connected components O of B(0, 291\ Z; as above (in fact it would work too for the connected components
of B(0,2'% - 2¢) \ Z}).

We then construct a perforation process similar to the one of Lemma 2.10 with x,,,x chosen such that

[u(xXmax)| = sup |ul.
B(0.2r)
More precisely, we use the following version of Lemma 2.10, which is in fact used in [LMNN20, Section 3]:
Lemma 3.6. For all Cy > 5, for every € > 0, there exist Coe-separated closed disks of radius &, whose union is
denoted by F, satisfying the following properties:

e these disks are Coe-separated from each other, from Z., from AQ, from Xmax and from 0,

e the set Z! U F is a 6Coe-net in Q, meaning that for all x € Q, B(x,6Coe) N (Z'UF. U Q) # 0.

o the set

Q. :=Q\(ZUF,)

satisfies C p(Q,) < Ce for some constant C > 0 depending on Cy but independent of €, (u and V).

As in the proof of Theorem 1.1, we then set Cy = 18 - 322,
According to the last item of Lemma 3.6, for £ small enough as in (2.9), the following variant of Lemma 2.11
applies (again, its proof is left to the reader as it is based on the same ingredients as the one of Lemma 2.11):

Lemma 3.7. There exist two positive constants C > 0 and ¢ > 0 (independent of u and V) such that for every
& > 0, satisfying (2.9), there exists a solution ¢ of

-Ap+ 1oV =0 in Q..
p=1 on ﬁf)g,

and ¢ = ¢ — 1 satisfies (2.17).
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Step 4. Mimicking Step 5 of the proof of Theorem 1.1, we introduce
y = g inthe set Q= B(0,2°r) \ F,,
similarly as in (2.19), and v satisfies (2.21). We now introduce i solution of
{ V-@VY) = fela inQ, =Q\F,
=0 on 0€Q2;.
Using the same argument as in Lemma 2.13, there exists a positive constant C > 0 (independent of &) such that

||‘/’||Lw(§);) < Clfllig) - (3.7

We then set # = v —  in Q, and Corollary 2.14 applies: ¥ satisfies V - (¢*V) = 0 in Q, and we get the following
property: there exists a positive constant C > 0 such that for every disk D C F, intersecting B(0, 2°r),

(Vx € @\ D, with dist(x, D) < Cog, #(x) > —Cl|fll2q) o
(Vx € @\ D, with dist(x, D) < Coz, 9(x) < Cllfll 2@ -

where F is the collection of disks used in the construction of the perforated domain (based on Lemma 3.6).
We can then construct a quasiconformal mapping L of B(0, 2°r) into itself satisfying the properties of Lemma
2.15, i.e. such that
h=9oL",

defined in L(£2}), is harmonic in L(€2}) and thus belongs to leoc(L(Q;)).

Besides, provided £ > 0 satisfies (2.30), the distortion estimates of Lemma 2.17 apply. In particular, L(B(0, ry))
contains wy = B(0,r)) with rjy = ry/32 (= r/64), and the images of the disks of F that intersect B(0, 29r) are
contained in disks (D;) jes Of size & = 32¢, indexed by j € J (which can intersect the boundary of B(0, 29r)), that
are 16¢’-separated from each other, from L(Z! N B(0,2°r)), and from L(xp,y). Similarly, one can prove, under the
condition (2.30), that

L(B(0,4r)) c B(0,27r).

Estimate (2.31) also applies and yields the existence of a constant C > 0 independent of € such that for every
disk D’ as in Lemma 2.17,

(Yx € L)) \ D’ with dist(x, D) < 16¢/,  h(x) > ~C||fll2()
or (Vx € L(Q,) \ D’ with dist(x, D) < 16&’, h(x) <C ||f||L2(Q)).
From now on, ¢ is always assumed to satisfy estimates (2.9), (2.30) and also (2.32).

Step 5. Following Step 6 of the proof of Theorem 1.1, we apply the Carleman estimate (2.39) (with Q =
B(0,2°r)) to y defined by

n(oh(x) | | x (x Y ) for x € L),

8/
jeJ

0 for x € B(0,2°r) \ L(Q),
where the family (x;.) jes denotes the centers of the disks (D;.) jes introduced above, x denotes a smooth cut-off

function y taking value 0 on B(0, 3) and value 1 on R? \ B(0,4), and 5 is a smooth cut-off radial function taking
value 1 in B(0, 28 + 16¢"), vanishing identically outside B(0, 2°r — 16¢).

For this to be possible, from now on, we need to check that 2% — 16¢’ > 28r + 16&’. This last condition is
guaranteed by (2.32).

Our goal is to prove the following result.

Proposition 3.8. For ¢ satisfying (2.9), (2.30), (2.32) and s as in (2.36) for a > 0 large enough (independent of ¢,
u and V), the function h of the previous step satisfies:

s’ f | dx < Cs*e?Mlswommomn B2, o+ Cs* f |nl*e* dx. (3.8)
L(B(0,27N)\(Ujes B(¥;,48")) © W)
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Proof. Setting § = ye** with @ as in (2.33), we get by the Carleman estimate (2.39)

f |sVa - V5 dx + s° f 517 dx + s f V3> dx
B(0,2°r) B(0,2°r) B(0,2°r)

2
x—x.
n ]_[ X( . h]])em +Cs° f R dx. (3.9)
: & o
Jjel 12(B(0,2°r)) 0

Using similar computations as in (2.38), we then bound the first term in the right-hand side of (3.9) as follows:

T

Jjel L2(B(0,2°F))

<C[A

A

1 sa (2 1 sa (2 sa (2
<C Z (| & llnhe ||L2(B(x},4s’)\B(xlf,3s')) + PIE (IInIVhIe ||L2(B(x},4s’)\B(x},3s’)) +[IVrlhe ||L2(B(x;,4g')\3(x;,3g')))
JjeJ

x—x, x—x
+ ClllAnih l_[)«[ — ] NP oo, + CIl VI VA 1_[)(( . ) 12 0207 (3.10)

8’
jeJ jeJ

The first term in the right hand side can be handled as in the proof of Proposition 2.21, depending where the
ball B(x;,", 8¢") is located. Namely, we distinguish the three following cases:

° B(x;., 8¢) N B(0, r;y/2) = 0 and B(x;., 8¢’) N B(0,28%7) # 0, and we call J; the set of such j € J;
° B(x}, 8¢") N B(0, ry/2) # 0 and we call J; the set of such j € J;

° B(x}, 8&") N B(0,2%r) = 0, and we call J5 the set of such j € J.

We then discuss below how to handle the right hand side of (3.10) in each case:

e For j € Jy, i.e. for j such that B(x}, 8¢) N B(0,ry/2) = 0 and B(x}, 8¢’) N B(0,28r) # 0, using that 7 = 1 in
B(x;., 8¢’) in this case, we can argue as in Proposition 2.21 and absorb the terms

1 sa |2 1 sa|2
Z (|8,|4 linhe ||L2(B(x;,4e/>\B(x;,3e/>) + I’ ]2 llnVhle ||L2(B(x;.,4s/)\3(x;.,3s/))
jEJ] ’ ’

by the left hand side of (3.9) for s such that s¢’ is large enough.

e For j € J, i.e. for j such that B(x;., 8¢’) N B(0,ry/2) # 0 since we also have 7 = 1 in B(x;., 8&’) in this case,
similarly as in (2.45), using Cacciopoli’s inequality we obtain

1 1
sa |2 sa (2
Z (| o linhe ||L2(B(x},4g’)\B(x},3g’)) + W”nwhle ||L2(B(x},4a’)\B(x},3a’)))

jehs
s2 1 2 2sa
le'l” 1) Juapne;

e For j € J3, i.e. for j such that B(x;., 8&’) N B(0,28%r) = 0, using again Cacciopoli’s inequality, it is straight-
forward to get

1 1
sa |2 sa (2 sa (2
2 ,(|8,|4”’7he ||L2(B(x;,4g')\3(x;,3a/)) +|s’|2 (IInIVhIe ||L2(B(x},4a’)\B(x},3a’)) +1IVnlhe ||L2(B(x;.,4s’)\B(xlf,3g’))))
JjeJ3

2
s LY ottt m0250 1112
C(W ’ W)e el g G-12)
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To estimate the last terms in the right hand side of (3.10), we simply use that Vi and Az are localized in B(0,2°r)\
B(0,2%r):

x— X,

x—Xx,
J s (|2 J s (2
IllAnlhﬂX[ p ]e“’uLz(B(O,zg,)ﬁn IVl IVhI]—[)([ - ]e“*uLz(B(OM

jeJ jeJ

2sllall oo p0.29 8 2
< 1°(B(0.29 1)\ B(0,28 1)
I Ce r 7 ||h||H](Q\UJEJB(X}.:iE/))‘

Using again Cacciopoli’s inequality,

x— X, X=X
J sa (2 J
lianin | |x[ S ]e 1020y *+ 1119711 1V |x( >

jeJ jeJ

sa (2
)e 2280200

1
2 25 0 9. . 2
< C (S + W)e slledl (8(02)’)\8(0280”h”LZ(L(Q;))' (313)

Accordingly, we deduce from (3.9), (3.10), (3.11), (3.12) and (3.13) that there exists a > 0 such that for all
s > 1 satisfying (2.36), with € = a/s,

f |sVa - V§? dx + s° f 9% dx + s f V5> dx
B(0,2°F) B(0.2%r) B(0.2°r)

< Cs462s||aIILoo<u(o,29r>\u(o,zsr)||h||i2(L(Qé)) +Cs4f |h|262.§a/ dr. (3.14)
o

0

The estimate (3.8), i.e. Proposition 3.8 easily follows from (3.14). O

Step 6. To conclude (3.6), we follow the step 7 of the proof of Theorem 1.1. We first choose ¢ satisfying
estimates (2.9), (2.30), (2.32),i.e. e = /(1 + ||V||{1x{2 10g1/2(||V||00)) for some gy € (0, 1) small enough independent
of u and V, and s is any number larger than a/(32¢), with @ > 0 as in Proposition 3.8. All these choices lead to
s = so(1 + ||V||(1,({2 logl/z(IIVIIw)), for some sy > 1 independent of u and V.

We use that B(L(Xmax, €)) € L(B(0,277)) \ (U je jB(x}, 4¢’)), so that, by the mean value property,

C
I L(xma)) < = f h(2)* dz.
€7 I B(L(xmax8")
Accordingly, coming from Proposition 3.8, for s > so(1 + ||V||i<{2 logl/z(IIVIIW)), we get

inf C C
e251nf5(0127,_) a|h(L(xmax))|2 < _2 f |h(Z)|2€2'm dZ < _2 |h(z)|262s(x dZ
&7 JBLxmax.e") &7 JLBO.27N\(Ujes B, 4e))

< CS662‘YH(YHLN(3(0’29")\3(0‘28”||h||iz

6,25l oo 50291 2
way T Cs’e y |~ dx.
0

Using now § = /oL, the bound (3.7) on y, and the bounds on ¢, we deduce that for all s > so(1+]|V]|X* 1og"?(||V]le)),

1l 502y < C5°€ 2PNl ) + C5®€ (1l + £ 2 ) - (3.15)
where
Ap = llellz= 0200 — B(%)Ileir) @ and B = B(%I?zljr)a = llellz=(B0.22r\BO.28r))-
Since Ag > 0 and By > 0, choosing A > Ap and B € (0, By), we obtain (3.6) from (3.15) for any s > so(1 +
VI Tog ' ([IV1leo))- o

3.3 Smooth bounded domains with a finite number of holes: Proof of Theorem 1.2

Proof of Theorem 1.2. Let Q be a smooth bounded domain of R? having a finite number of holes (H;);c(1.... x}» and
w be a non-empty open subset of Q.
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For alli € {1,---, N}, there exists a smooth Jordan curve y; C Q such that y; N w # (0, and the interior of y;
contains H; and no other holes of Q. Since vy; is compact, there exists R; > 0 such that the tubular neighborhood
vir, = 1{x,d(x,v;) < R;} C Q and there exists x; € y; such that B(x;, R;) C w.

We then set r = 2710 infl‘e{],...,N} R;, wo; = B(x;,r)forie{l,--- ,N}, wy = Uie(1, ,N}W0,i» and for k € N, we set

Wi+1,i = Wi, U {B(x,2r) with x € y; such that B(x, r) C wy}, and  wpy = Uie(1, N} Wk+1,i-

Theorem 3.3 then gives us the existence of a positive constant ¢ € (0, 1) such that (3.4) holds for all x € Q such that
B(x,2'%) c Q, which can be easily transformed into: for all u € H> N H(; (@) and V € L®(Q; R), if B(x,2'°7) c Q,
we get

llullzoBexar + I=Au + Vullj2q)
5 1-6
< Cv (Il ooy + I1-Au + Vadlpgy)” (Il + I=Au + Villg) . (3.16)
with Cy as in (1.7).
We claim that for all k € N,

4 o 1-6
ltll oy + =Au + Vil < CY (Il + I=Au + Vadlgy) (Il + l-Au + Vadlp )

Indeed, this can be proved by induction: it is straightforward when k = 0; to show the induction property, it
suffices to check that, applying (3.16), we get

o 1-6
el oy + I=Au + Vadlpzy < Cy (Il + 1-Au + Vdll ) (Il + I1-Au + Vil 2
k+1 176k+l

Skl o
< OV (Il o) + lI-Au + Vallpg)) (Itllogy + =-Au + Vil )

Since all the curves (y;)e(1... v} are compact, there exists K € N, depending only on (¥;)ie(1,.- a3, 2, and r, such
that for all k > K, wy = wx = Uieq1,. NyYi2r-

By construction, this set wg satisfies the assumption of Theorem 3.2, and accordingly, for Cy of the form (1.7),
for every u € H*(Q) X H})(€) and V € L¥(Q;R),

lell 2y < C (]2 + I=Au + Vit )

Accordingly, using bd < b”/p + d?/q for b, d > 0 and p, g € [1,00] with 1/p + 1/q = 1, for every u €
H*(Q) X H}(Q), V € L*(Q;R), and a > 0

<o Au+V " AutV =
lleellz2 ) < Cy el 2o gy + I1—Au + Viullp2 () lletll () + lI=Au + Vull 2

K ~1+67K K
<65 aCy " (Il gy + l-Au + Vil ) + (1 = 65) el =y + I=Au + Vi) -

205/ (1=65) (
Next, there exists C > 0 independent of V such that for u € H*(Q) N Hy(€),
lleellz= ) < Cll = Aullp2 ) < Cll = Au+ Vullp2 ) + ClIVIIollellz2 -
Choosing then a > 0 such that
CVllw  _ 1
2% 1a-65) = 2’

for instance witha = (2 + 2C||V||w)1/‘5k as a power of ||V||, we get

K —K
il 2y < 2652 + 2CIVI) " CL ™ (il + = + Vil ) + C ll=Au + Vidlp2g

(wo

Of course, this yields estimate (1.6) with Cy of the form (1.7). O

29



4 Control of elliptic equations

4.1 Linear elliptic equations

The goal of this part is to prove Theorem 1.3. First, from Theorem 1.2, we deduce the following stronger observ-
ability inequality.

Corollary 4.1. Let Q be a smooth bounded domain of R* having a finite number of holes, and w be a non-empty
open subset of Q.
For every u € HX(Q) N H(l)(Q) and V € L*(Q;R), we have

lllizcey < Cv (Il-Au + Vallzqy + llll ) (@.1)
where Cy is as in (1.7).

Proof. Take u € H*(Q) N Hy(Q). From elliptic regularity in L? for the Dirichlet-Laplacian, we have for some
constant C > 0, [|ullg2q) < C ||Aullf2q). We then deduce

sy < C AUl 20y < CA+ [VIleo) (II=Au + Vitll 2y + Nl )
hence applying Theorem 1.2, estimate (1.6) yields (4.1). O
From Corollary 4.1 and a duality argument, we now move to the proof of Theorem 1.3.

Proof of Theorem 1.3. In the following proof, Cy are positive constants that can vary from line to line but are
always of the form (1.7).
Take F € L*(Q), and introduce the functional

J(w) = f | — Aw + Vwl> dx + f w>dx -2 f Fwdx, (we H Q)N Hy(Q)).
Q w Q

By the observability inequality (4.1) from Corollary 4.1, we deduce that for all w € H*(Q) N Hé (Q),

1
J(w) > f | - Aw + Vwl* dx + f lezdx—ﬁ f wl? dxx = 2C IFII7, g,
Q w v JvQ

1
> 3 (f | = Aw + Vw[> dx + f Iw|? dx) - ZC%/ IIFIIiZ(Q) 4.2)
Q w
2 2 2
> E ”WHHZ(Q) - 2(:V ”F”LZ(Q) . (43)

So the functional J is coercive on H2(Q) N Hé(Q). Since J is obviously of class C! and strictly convex on
H*(Q)N Hé (Q), J admits a unique minimizer at w* € H*(Q) N H(l) (Q), satisfying the Euler-Lagrange equation

f (=AW* + Vw*)(=Aw + Vw) dx + f wwdx = f Fwdx, Ywe H*(Q) N Hy(Q). (4.4)
Q w Q

We set
yi=—Aw" +Vw", (xe€Q), h:=-w'l,, ((xe€cw).

From (4.4), we then deduce that
Yw € HA(Q) N Hy(Q), f y(=Aw + Vw)dx = f Fwdx + f hw,
Q Q w

thatis to say y € LX(Q)isa very weak solution to (1.13) in the sense of [QS07, Definition 3.1].
Using (4.2) and the fact that J(w*) < J(0), we get

IVllz2@) + llr2w) < Cv lIFll2q) - (4.5)

Now, let us define § € H}(Q) as the unique weak solution to —Aj = —Vy + F + hl,, € L*(Q). In particular, y
and y are two very weak solutions to —AY = —Vy + F + hl,, in Q with homogeneous Dirichlet boundary data. By
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using [QS07, Appendix C, Theorem 49.1], we deduce that y = . Hence, y € Hé(Q) satisfies (1.13). The estimate
(1.14) comes from (4.5) and a standard elliptic regularity result, since the source term —Vy + F + hl,, belongs to
LX(Q).

It remains to study the sequential continuity of the application V € L*®(Q) — (y,h) € H*(Q) x L*(w) for a
given F € L*(Q), when H*(Q) x L?*(w) is endowed with its weak topology. To make it easier to follow, given
V e L*(Q), we denote by (yy, hy) the controlled trajectory and the control constructed by the above process, and
by w}, the minimizer of the functional Jy on H*(Q)N Hé Q).

Let V € L*(Q) and (Vi)rew be a sequence in L*(QQ) strongly converging to V. Then the sequence (V)ken is
uniformly bounded in L*(Q). According to (4.3), we deduce that the sequence (w"‘/k )ken 18 uniformly bounded in
H*(Q)N Hé(Q), so up to a subsequence, (w*{,kn )nen Weakly converges to some we, in H*(Q)N H(l)(Q). Accordingly,
the controlled solutions (yy, = —Aw’{,kn + anw}*,kn Jnent and the corresponding controls (hy, = —w*{,kn 14)nen weakly
CONVeErge to Yoo = —Awe + Ve, tespectively fie, = —Weo 1y, in L2(Q), respectively L*(w). Besides, according to
the bound (1.14), the family (yy, )en is uniformly bounded in H*(Q) N H(€), so it weakly converges to yo, in
H*(Q) N Hé(Q). These convergences allow to pass to the limit in the equation —Ayy, + Vi, yy, = F + hy, 1, in
Q, and to obtain that y,, € H*(Q) N Hé () is such that

—AyVoo + VYoo = F + hee  In Q.

It remains to check that (yy, hy) in fact coincides with (Yo, Vo). In order to check this point, we multiply the
above equation by w € H*(Q) N Hj(€), and recalling yeo = ~AWe + VWeo and hey = —Weo1l,,, we find that for all
w e H*(Q) N Hy(Q),

f(—Awm + VWweo)(—Aw + Vw) dx + fwoow dx = wa dx.
Q w Q

This implies that w,, is a critical point for Jy. But Jy is strictly convex and therefore has only one critical point;
we conclude that necessarily wo, = wy, and the controlled solution y., and the control 4. necessarily coincide
with yy and hy. Therefore, the sequences (yy, )keny and (iy, )ren have only one weak accumulation point, so they
converge globally to yy, respectively Ay, for the weak topology of H?(Q), respectively L*(w). O

Remark 4.2. One can in fact prove the strong continuity of the application V € L¥(Q) — (yy,hy) € H*(Q) x
L*(w), based on the fact that the controlled solution yy and the control /4y in fact minimizes the norm of ||y||i2 @7
I1AII7, () among all functions (y, /) € H}(Q) x L*(w) such that —Ay + Vy = F + hl,, in Q. In particular, based on
this fact, it is not difficult to check that if (Vi )renw converges to V in L*(€2), the sequence (||yy, ||i2 ot [y, ||i2 (w))kEN

converges to IIyVIIi2 ot IIhVIIi2 (@ 5O that the sequence (yy,, iy, Jken Strongly converges in L2(Q)xL*(w)to v, hy).

The strong convergence of the sequence (yy, Jrew to Yy in H*(Q) then easily follows from the equation. We do not
provide any further detail as we will not use this property in the following.

4.2 Semi-linear elliptic equations

4.2.1 Proof of the positive result of Theorem 1.5

The goal of this part is to prove the positive result of Theorem 1.5. The proof will be crucially inspired by the
fixed-point argument developed in [FCZ00, Theorem 1.2] and the control result in the linear case, i.e. Theorem 1.3.
As we have said, we are going to prove this result under the weaker assumption (1.16) on the semi-linearity f.

Proof of the positive result of Theorem 1.5. We introduce the function K(s) = |s|"/?log!/* (1 + |s]), Vs € R. Note
that K(||V||z~q)) behaves as log(Cy) in the limit ||V||;~q) — oo, where Cy is defined in (1.7).

Let us define g € C(R;R) as follows g(s) = f(s)/s, s # 0 and g(0) = f’(0). First we remark that from the
assumption (1.16) on the semi-linearity f, we have that for every € > 0, there exists C,; > 0 such that

K(g(s)) < £1og(2 +|s]) + C., Vs € R. (4.6)
Let F € L?(Q) and let us define

Bg := {z € L¥(Q) ; |lzllp~q) < R} ’
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for R sufficiently large which will be defined later.
For each z € Bg, we consider the linear system

{ -Ay+g()y=F+hl, inQ, @7

y=0 on 0Q.

According to Theorem 1.3, there exists a (Vo). hoz) € [H* N Hj(Q)] X L*(w) such that y,.) satisfies the elliptic
equation (4.7) and

el 2, < exp (€ (1+ K (Ig@llm@)) ) IF Nl - (4.8)

We then introduce the map 7z : Bgr — H*(Q) N Hé(Q), which to z € Bp associates the solution y,.) €
H*(Q) N Hé (Q) given by Theorem 1.3.

We claim that the map 7% satisfies the assumptions of Schauder’s fixed point theorem, provided R is chosen
large enough, as we will check next.

First, By is a closed convex set for the topology of L™ (€2).

Second, from (4.8), using the embedding of H%(Q) into L®(Q), we have that for all z € Bg,

el < CIPell @ < Cexp(C(1+ K (Ile@lle)) ) 1F 2@
< AR Pl ag) (by (4.6))
< Ce“ Q2+ RYC|IFll 2 - (4.9)

Therefore, by taking ¢ sufficiently small such that eC = 1/2, we deduce from (4.9) that 7 maps By, into itself for
R sufficiently large. From now on, we fix R such that 7z maps By into itself.

We also have from (4.9) that 7z(Bg) is included in a ball of H>(Q). Therefore, by Rellich’s compact embedding
theorem, 7 (Bg) is a compact subset of Bg.

It remains to check that 7 is continuous on By for the L*(Q2) topology. Let (zx)ren be a convergent sequence
of Bg in L*(Q), and denote its limit by z. Then, since g is continuous in R (recall that f is C' in R), g is uniformly
continuous on [—R, R], so that (g(zx))ren strongly converges to g(z) in L*(Q2). According to Theorem 1.3, we
deduce that (yg(,))ken Weakly converges to yo() in H*(Q). Using again Rellich’s compact embedding theorem, the
sequence (y,(,,)) strongly converges in L (£2). The map 7 is thus continuous on By for the topology of L*(Q).

We can then apply Schauder’s fixed point theorem to 7. There exists a fixed point y € Bg of T, and this
fixed point y belongs to H>(Q) N H(l) (€2), and satisfies, for some h = hy,, the equation

-Ay+g(y)y=F+hl, inQ,
y=0 on 0Q.

Recalling that g(y)y = f(y) by construction, we have solved the semi-linear control problem (1.15). O

4.2.2 Proof of the negative result of Theorem 1.5

The goal of this part is to prove the negative result of Theorem 1.5. The proof is very similar to the one of [FCZ00,
Theorem 1.1].

\SI

Proof. Below we set p > 2 and we define the function f by f(s) = log”(1 + o) do for s € R.

Let us introduce a non-negative function p € C°(Q) such that p = 0in w and prdx = 1. Assume that
h € L*(w) together with y € H*(Q) N Hj(Q) satisfy (1.15). We multiply (1.15) by p and integrate over Q, we

obtain that
- f Aypdx + f fOpdx = f Fpdx.
Q Q Q

We integrate by parts and use the parity of f, we find

—fyApdx+ff(|y|)pdx:prdx. (4.10)
Q Q Q

Taking into account that f is convex, we can introduce its conjugate f*. From Young’s inequality, we have

fﬂ VApdy < f \ 2/t < f pf*@Aplp)dx + & f b dx.
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We then deduce from (4.10) that

1 1 y 1 ’
f Fpdx> > f Sfyhpdx - = fpf (2Ap/p)dx > - fpf (2Ap/p) dx. (4.11)
o) 2 Ja 2 Ja 2 Ja
If we can construct p such that
pf*2Ap/p) € L'(Q), (4.12)
from (4.11), we would obtain that for some positive constant C > 0,
f Fpdx > —C,
Q

and taking F = —2C would give a contradiction.
Let us then show that there exists p € C°(Q2) such that p = 0 in w, fQ pdx =1 and (4.12) holds.
We first claim that
F(s) ~ plsl'™7 exp(Isl'/?), 15| — +eo. (4.13)

Indeed, we have by definition that f*(s) = sup,(as — f(a)), and this supremum is achieved at a critical point a

such that s — f’(a) = 0, i.e. a = (f)7'(s). Thus, f*(s) = s(f)"'(s) — f(f"~'(s)). Moreover, from the definition of
f, we have f’(s) = sign(s) log”(1 + |s]), so we deduce that

exp(s'/P)—1
F(s) = s(exp(s'/P) = 1) — f ' log”(1 + o)do-. (4.14)
0

It is then straightforward to deduce (4.13) from (4.14).
Choose xy € Q and r > 0 such that B(xy, ) is contained in Q \ w, and then take for m > 0,

_ ) cexp(=(r—Ix—xoD)™), forlx—xol<r,
pE) = { 0, for |x — xo| > r.

Easy computations lead to
I8l

i m*(r — |x — xo)"@"*2.
P |x—xp|—7r

So

A

f* (%) l 7 7 me(l—l/p)(r _ |.X _ x0|)—(2m+2)(p—l)/p exp(mZ/p(r _ |.X _ x0|)—(2m+2)/p).
x—Xxo|—r

By using p > 2, the integrability condition (4.12) is satisfied for m > (2m + 2)/p, equivalently m > 2/(p — 2).

Therefore, with m > 2/(p —2), we have constructed p € C°(€2) such that p = 0 in w, pr dx =1 and (4.12) holds.

According to the above mentioned argument, this implies the existence of source terms F € L*(Q) such that for

every h € L*(w), the elliptic equation (1.15) has no solution y € H*(Q) N Hy (). O

Remark 4.3. When there is no control, it is not difficult to check that, as soon as the semi-linear term f satisfies
f(s) = f(=s), f(s) = 0forall s > 0, f(0) = 0, and limjg—,..(f(s)/s) = +00, that there exist source terms F € L*(Q)
such that there is no solution y € H*(Q) N Hé(Q) of —Ay + f(y) = F in Q.

Indeed, choose p as the eigenvector of the operator —A with homogeneous Dirichlet boundary conditions on
0Q which corresponds to the first eigenvalue of the Dirichlet Laplacian (suitably normalized to get fQ p(x)dx =1).
Then we know that p > 0 in Q, —Ap = A;p in Q, and p vanishes only on dQ. Then doing as above, we can obtain
(4.10) and (4.11). But pf*(2Ap/p) = pf*(24,) clearly is in L*(Q) since f*(24;) is finite under our assumptions.
Accordingly, we can conclude as before that if F satisfies

1
f Fpdx < —f* A,
o 2

there is no solution y € H*(Q)N Hé(Q) of —Ay + f(y) = F in Q.

33



S Complementary results

5.1 Observability inequality in the one-dimensional case

The goal of this part is to show that we can obtain the expected observability estimate (1.4) in the one-dimensional
case, in fact even when V is complex-valued.

Theorem 5.1. Let Q be an open interval of R, w be a non-empty open subset of Q and V € L*(Q; C).
Then there exists a constant C = C(Q, w) > 0 such that for every u € H*(Q) N Hé (Q),

ltll 20y < Cexp (CIVILE ) (I-Au + Vtll 2y + Nl - (5.1)

Proof. Without loss of generality, we assume that w strictly contains an interval of the form [a, ] for some a > 0,
and the interval Q is of the form (A, B) with A <a < b < B.
We then choose a function « in C2([A, B]; R, ) such that

aA)=a(B)=0, o (x)=1forxe[A,a], o' (x)=-1"forxe][b,B].
Now, for u € H*(A, B) N H)(A, B) and s > 1, we set v = ¢*“u in (A, B). Then v satisfies:

0y — $0,0)%v = e5%9,,u, in (A, B),
v(A) = v(B) = 0.

In particular, introducing w = (9, — s0,@)v, we have

0, — s0@)y = w, in (A, B),
0y — s0@)w = e5¥0,u, in(A,B), 5.2)
v(A) = v(B) = 0.

Taking the L*(A, B) norm of each side of the second equation of (5.2), we get

B
lle* OctdlF 5y = f (1.0 + 50,0 WP + sOxalwl?) dx = sd,(B)W(B) + 50, A)w(A)
’ A

B b
> f (19.wP + s*w?) dx — Cs? f w2 dx,
A a

for C independent of s > 1.
Similarly, taking the L?(A, B) norm of each side of the first equation of (5.2), we obtain

B b
W12 5) > f (190 + sv?) dx - Cs? f v dx,
A a

again with C independent of s > 1. Combining these two estimates, we obtain

B b b
f (szlc')xv|2+s4|v|2)<||em6mu||iz(A’B)+Cs4 f v dx + Cs? f Iwl* dx,
A a a

for some C independent of s. According to the definition of w, this yields, for some C independent of s > 1, that

B b b
f (%100 + s*vP) dx < lle™ Dt} ) + Cs* f VP dx + Cs® f 16.v1* dx,
A a

a

Using v = ue®* and Cacciopoli’s inequality (recall [a, b] CC w), we finally get the existence of a constant C > 0
such that for all s > 1 and u € H*(A, B) N H)(A, B),

B B
s4f e*u)? dx < Cf >0 ul* dx + Cs* f > ul dx.
A A w

Accordingly, if V € L*(A, B), taking st > 4C||V||%m for all u € H3(A,B) N Hé (A, B), we get

(A,B)?

4 B B
s
> f e ul? dx < 2Cf ¥ = Oyt + Vul? dx + Cs* f e>*|u)? dx.
A A

w

Thus, fixing s = 2( VC||V||z=.5)"/? and bounding the weight function e** from below by 1 and from above by
exp(s|la|l), we obtain (5.1). O

34



5.2 Observability inequality for positive solutions

The goal of this part is to underline that positivity induces nice observability estimates even in higher dimension,
as it was already noticed in the work [LB20] by the second author.

Theorem 5.2. Let Q be a smooth bounded domain of RY, and w a non-empty open subset of Q.
Then there exists a constant C = C(Q, w) > 0 such that for every V € L®(Q;R) and for every u € H*(Q) N
H(')(Q) which satisfies u > 0 in Q,

ltll 20y < Cexp (CIVILE ) (I-Au + Vtll 2y + Nl - (5.3)

Proof. Let us take 8 € C2(Q;R.) such that
B=00ndQ, B>0inQ, inf|VB> 0.
Q\w

Such a function is known to exist, see for instance [TW09, Theorem 9.4.3].
Letu € HX(Q) N H(I)(Q) be non-negative in Q, and set v = ue*? for some free parameter s > 1. We have that

Av + 2 VB2 — 25VB - Vv — sABY — Vv = —(=Au + Vu)e®  in Q. (5.4)

Let us multiply (5.4) by 3, integrate in Q and do integration by parts recalling that 8 = 0 on dQ, we obtain

f s’ |VBAPvBdx + 2 f s|VBPvdx = — f vABdx — f sBABY dx — f (—Au + Vu)e B dx + f VyBdx.
Q Q Q Q Q Q

By using the properties of the weights and the fact that u, hence v, is non-negative, we deduce that for some C > 0
depending on Q, w and g,

fszﬁvdx+fsvdx
Q Q
<C(f52v,8dx+fsvdx+fvdx+fs,8vdx+f|V|vﬁdx+fI—Au+Vu|es'Bﬂdx).
w w Q Q Q Q

The third and fourth terms of the right hand-side can be absorbed by the left hand-side of the inequality by taking
s sufficiently large, s > C; the fifth term in the right hand-side can be absorbed by the first one in the left hand
side term by assuming s > C(1 + IIVI|¥2). Doing the choice s = C(1 + ||V||¥2), and bounding the weight ¢*# from

below by 1, and from above by exp(C(1 + ||V||i£2)), we obtain

lllzrey < Cexp(CUVILE o)) (I-Au + Vil gy + el iy -) - (5.5)
Classical estimates on elliptic equation then enable to obtain (5.3) from (5.5). Details are left to the reader. O

A Appendix

A.1 Weak maximum principle
The following result is a weak maximum principle based on de Giorgi’s iteration.

Lemma A.1. Let Q be a smooth bounded open set, and O be a smooth open set such that O C Q. Take g € L*(0),
@€ L*(O) suchthat 1/2 < ¢ <3/2inO. Letu € Hé (O) be the weak solution to V - (¢*Vu) = g. Then there exists
a constant C > 0 depending on Q but independent of O such that

lullz=0) < Cligllzz0) -

Proof. In the proof, the constants C may vary from line to line, but they are only allowed to depend on €2, not on
0.

By definition of a weak solution, u satisfies

fgonu - Vvdx = fgv dx, Vv € Hy(O).
) 0
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For k > 0 a free parameter, we choose v = (u — k), in the above identity (note that v € Hé(O)), and using the

pointwise estimates on ¢, we get
f [Vv]> dx < 4 f |gv] dx. (A.1)
0 0]

Since v € H(l) (0), extending v by 0 in Q \ O and still denoting this extension by v, v can also be seen as an element
of Hé(Q). Since Hé(Q) embeds into L7(Q) for any p < oo, we get, for some constant C,(€2) depending on p and

Q:
2/p
( f |v|”dx) < Ch(Q)° f Vv dx.
o o

For simplicity, we choose p = 6 (in fact, any p > 4 would allow to conclude), so that we get:

1/3
( f [v[ dx) <C f V[ dx. (A.2)
o o
1/3
( f |v|6dx) <C f lgv| dux.
o o

A(k) == {x € O; u(x) > k},

1/3
( f v dx) <C f lgv|dx. (A.3)
A(k) A(k)
1/6 5/6
f |gv|dx<( f |v|6dx) ( f lgl®” dx) ,
A(k) A(k) A(k)

so with (A.3) and Holder’s estimate, we obtain

Using then (A.1) and (A.2), we get

In other words, introducing the set

we have

Using Holder’s inequality

1/6 5/6
( f v° dx) <C ( f lgl® dx) < Cligllzo)lAtl'. (A4)
A(k) A(k)
For h > k, A(h) C A(k) and v > h — k on A(h), so that for h > k,
f vI® dx > f W% dx > (h — k)%|Ah)|. (A.5)
A(k) A(h)

According to (A.4) and (A.5) together with Holder’s estimate, we obtain that forall 7 > k > 0
(h = RIAMI'® < Cllgll 20y AR,

ie.

Cligll;2 0,

6
2
& )|A(k)|, Vh >k > 0.

A < (

Setting
M = 4C||gllr20)(212D"°,

and introducing the sequence given by k, = M(1 — 1/2") forn € N, we get, foralln ¢ N

L pnt1)\6 6(n—1)
A < (C”g”+‘”2) AP < WP
Accordingly, for all n € N,
200D Ay _ (2""|A(kn)|)2
21 2|1
Since |A(ko)| < |Q|, we easily check that for all n € N,
2AMk)| _ 1
219 S o

Letting n — +o0, we deduce that [A(M)| = 0. This proves that u < M in O. The other sense of the inequality can
be done in the same way. O
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A.2 Harnack’s inequality

The goal of this part is to state an Harnack’s inequality for harmonic functions defined in an annulus.

Theorem A.2 (Harnack’s inequality). There exists C > 0 such that for all r > 0, and u € L*(B(0, 8r) \ B(0, r))
satisfying for some y > 0,

-Au=0, and wuz-yoru<y inB(0,87)\ B@O,r),

we have
max |u| < C( min  |u| + 7), (A.6)
B(0.7r)\B(0,2r) B(0,7r)\B(0,2r)
and
r|Vul| .~ <C min ul +vy|. A7
[IVullz=B0.4r\BO3r) < (B(O,7r)\B(0,2r)| | 7) (A7)

Proof. Setii(x) = u(rx), then it € L*(B(0, 8)\ B(0, 1)) is harmonic and satisfies it > —y or & < y on B(0, 8)\ B(0, 1).
We then apply the standard Harnack’s inequality, [GT83, Section 8.8, Corollary 8.21] to & + y or &t — 7y to get

max |i| < C( min il +y),
B(0,7)\B(0,2) B(0,7)\B(0,2)

then (A.6) by scaling.
For the gradient estimate, we use [GT83, Chapter 3, Section 3.4, Theorem 3.9] with Q = B(0,7) \ B(0,2) for
f=0,d, =d(x,0Q),
sup d,|Vii(x)| < C sup |ii(x)|.

xeQ xeQ
Accordingly,
IVl = Bo.4an803) < C Sup [&(x)].
Again, this provides (A.7) by recalling ii(x) = u(rx) and (A.6). O

A.3 Carleman estimates

The goal of this part is to prove the Carleman estimate stated in Proposition 2.20. Actually, we will prove a more
general result.

Proposition A.3. There exist constants C > 0, A > 1, and sg > 1, depending on ', R, such that for every s >
and every y € H*(B(0,R)), j = ye*® satisfies

f|—Ay—s2|Va| y|2dx+f|sVa VP dx+s3f|y|2dx+sf|V)7|2dx+s3f 5P dor
Q 0Q
e5 [ WP < (||(Ay)em||iz(m+s3 [ spaxes [t dfr).
W' 0Q

Proof of Proposition A.3. Fory € H*(Q), = ye*® satisfies

— Ay — 2|V’ + 2sVa - V§ + sAay = (~Ay)e*®,  in Q. (A.8)
‘We then write
S5 =—-Ay — s*|Val’y, Ay =2sVa - V§ + 2sAay, (A.9)
and we get that
IS 7117 ) + AT ) + f A7 SFdx < 20(AY)e™ (17, + 257 1Al| @) 172 - (A.10)
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We then compute the cross product fQ Ay Sydx:

f (~AP)(2sVa - V§)dx = s f (2D*(V5, V§) — AalViP2) dx — 2 f
Q Q 0

0,3Va - Vydo + sf 3,a|Vil* do,
0

0Q

f (-AY)(2sAay) dx = 2s f Aa|Vy dx — s f A%alj)? dx - 2s f dpyAajdo + s f dpAalj)? do,
Q Q Q IQ oQ

f (-2 Va5 2sVa - Vi) dx = 5° f V- (IVal*Va)|jl* dx - s° f dna|Val* 5P do,
Q Q oQ
f (-2 Va9 (2sAay) dx = 25> f Aa|Val*[5* dx.
Q Q
Combining all these computations, we obtain:
fAj) Sydx = f |y|2 (2s3D2a/(Va/, Va) — s AalVal* - sAza) dx
Q Q

+ f (2sD*a(V3, V3) + sAa|V§|?) dx — 2s f 0,3Va -Vydo +s | 0,a|ViP do
Q 0Q 0Q

- 2s f dpyAay do + s f dpAalj) do - s° f AnalVal* 5P do-. (A.11)
0Q 0Q 0Q

Next, we specify these computations to the case Q = B(0, R), | = B(0,7'/2), w’ = B(0,r’), and a as in (2.33).
Easy computations show that

Va = 1aVg,
D*a = 2*aVB(VB) + 1aD?B,
Aa = Pa|VBP + daAB,
2D*a(Va, Va) — Aa|Val* = 1*a?|VBI* + P> 2D*B(VB, VB) — ABIVB).
Accordingly, there exist 4 > 1 and a positive constant ¢y > 0 such that for all x € Q \ w| and & € R?,
2D*a(x)(&,€) + Aa(0)E = colél?,  and  2D*a(x)(Va(x), Va(x)) — Aa(x)|Va(x)* > co,

and, on 0Q2,
Va = d,ait, with 8,0 < —cg, and  8,a|Vel* < —co.

Also, there exists a constant C > 0 such that

[2D*(Va, Vo) - AclVal|,.. ., +||A% +[2D%a + Aatd],.. o,

@) a||L°°(Q)

+10,all~ i) + 10nA]| o0y + 1A o @0y < C.

Using these estimates in the identity (A.11), we obtain:

f Ay S§dx > cos® f 517 dx + cos f V31> dx + cos® f 51> do + cos f 10,5 dor
Q Q Q 0Q oQ

2
—cs® | PlPdx-Cs f V5P dx — Cs f 9§

—| do
24 24 Q. R
-Cs f [ dx — Cs f 10,15 do — Css f 5 do-.
Q oQ oQ

In the third line, the part of the first term outside w} can be absorbed by the first one of the first line by taking s
large enough, the part in w/ can be included in the first term of the second line. The second and the third terms of
the third line can be absorbed similarly by the two last terms of the first line by taking s large enough.

Therefore, there exists so > 1 such that for all s > s,

fAy Sydx>@s3f|y|2dx+cosf|vy|2dx+ Q9@ | pPdo+ C—Osf 10,77 dor
Q 2 Q Q 2 Joa 2 Joa

-2Cs* | [jPdx—Cs | |V§)*dx-Cs f do-.
w] oQ

,
Wy
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Plugging this estimate in (A.10), we obtain that there exists a constant C > 0 such that for all s > s,
IS5+ AT, +cos® [ BPdxscos [ WP axreos’ [ bfdo+cus [ 1aif dor

[V§* dx + Cs f

0Q

il

< ClAY)E I} ) + C5* 1772, + CS° f [5* dx + Cs do-

]
Recalling then the definition of AJ in (A.9), we easily get that
lsVa - V3li7:q, < IAFII7> ) + C” 191172, -

Accordingly, there exist 5o > 1 and a constant C > 0 such that for all s > s,

1510y + 155 T3l + cos® [ B dxcos [ W5Pax+cns’ [ P docus [ 10,5 do
Q Q oQ oQ

6~2
%oy do.
R

< ClAYE 2 q) + CS° f [ dx + Cs f IV§? dx + Cs f
o] o]

0Q

To finish the proof of Proposition 2.20, we simply have to show that there exists a constant C > 0 such that for all
s = 50,

V3P dx < C( f 51 dx + ||<Ay>e‘“||L2@)
a)] w'
In order to do that, we take a smooth cut-off function y with

xeCiw), y=1linw|, 0<y<1,

and we multiply equation (A.8) by x¥ and do integration by parts:

f XIViltdx = f (-Ay)e*tyydx + f |y|2( Ax + s2\Val* + sVy - Va')
Q Q

Accordingly, due to the fact that y and its derivatives are supported in «’,

V5% dx < f XIV3 dx < —||<Ay>e*"‘||Lz(Q)+Cs2 f 1517 dox.
Q W'

,
@y

This concludes the proof of Proposition A.3. O
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