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ON CARLEMAN ESTIMATES FOR ELLIPTIC AND PARABOLIC OPERATORS.
APPLICATIONS TO UNIQUE CONTINUATION AND CONTROL OF PARABOLIC
EQUATIONS

JEROME LE ROUSSEAU AND GILLES LEBEAU

AssTrACT. Local and global Carleman estimates play a central role in the study of some partial differential equa-
tions regarding questions such as unique continuation and controllability. We survey and prove such estimates
in the case of elliptic and parabolic operators by means of semi-classical microlocal techniques. Optimality
results for these estimates and some of their consequences are presented. We point out the connexion of these
optimality results to the local phase-space geometry after conjugation with the weight function. Firstly, we
introduce local Carleman estimates for elliptic operators and deduce unique continuation properties as well as
interpolation inequalities. These latter inequalities yield a remarkable spectral inequality and the null control-
lability of the heat equation. Secondly, we prove Carleman estimates for parabolic operators. We state them
locally in space at first, and patch them together to obtain a global estimate. This second approach also yields
the null controllability of the heat equation.
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1. INTRODUCTION

In 1939, T. Carleman introduced some energy estimates with exponential weights to prove a unique-
ness result for some elliptic partial differential equations (PDE) with smooth coefficients in dimension two
[Car39]. This type of estimate, now referred to as Carleman estimates, were generalized and systematized

Date: January 25, 2011.

The CNRS Pticrem project facilitated the writting of these notes. The first author was partially supported by I’ Agence Nationale
de la Recherche under grant ANR-07-JCJC-0139-01.

M. Bellassoued’s handwritten notes of [Leb05] were very valuable to us and we wish to thank him for letting us use them. The
authors wish to thank L. Robbiano for many discussions on the subject of these notes and L. Miller for discussions on some of the
optimality results. We also thank M. Léautaud for his corrections.

1


http://hal.archives-ouvertes.fr/hal-00351736/fr/
http://hal.archives-ouvertes.fr

hal-00351736, version 4 - 25 Jan 2011

2 JEROME LE ROUSSEAU AND GILLES LEBEAU

by L. Hormander and others for a large class of differential operators in arbitrary dimensions (see [Hor63,
chapter 8] and [Hor85a, Sections 28.1-2]; see also [Zui83]).

In more recent years, the field of applications of Carleman estimates has gone beyond the original domain
they had been introduced for, i.e., a quantitative result for unique continuation. They are also used in the
study of inverse problems and control theory for PDEs. Here, we shall mainly survey the application
to control theory in the case of parabolic equations, for which Carleman estimates have now become an
essential technique.

In control of PDE:s, for evolution equations, one aims to drive the solution in a prescribed state, starting
from a certain initial condition. One acts on the equation through a source term, a so-called distributed
control, or through a boundary condition, a so-called boundary control. To achieve general results one
wishes for the control to only act in part of the domain or its boundary and one wishes to have as much
latitude as possible in the choice of the control region: location, size.

As already mentioned, we focus our interest on the heat equation here. In a smooth and bounded' domain
Q in R”, for a time interval (0, T) with T > 0, and for a distributed control we consider

ay—Ay=1,v inQ=(0,T)xQ,
(1.1) y=0 onX =(0,7) x 0Q,
¥(0) = o in Q.

Here w € Q is an interior control region. The null controllability of this equation, that is the existence, for
any yo € L*(Q), of a control v € L*(Q), with [Vll;20) < Cllyollz2(g)» such that y(T') = 0, was first proven in
[LR95], by means of Carleman estimates for the elliptic operator —6% — A, in adomain Z = (0, S() X Q with
So > 0. A second approach, introduced in [FI96], also led to the null controllability of the heat equation.
It is based on global Carleman estimates for the parabolic operator d, — A. These estimates are said to be
global for they apply to functions that are defined in the whole domain (0, 7)) x Q and that solely satisfy
boundary condition, e.g., homogeneous Dirichlet boundary conditions on (0, 7)) X Q.

We shall first survey the approach of [LR95], proving and using local elliptic Carleman estimates. We
prove such estimates with techniques from semi-classical microlocal analysis. The estimates we prove are
local in the sense that they apply to functions whose support is localized in a closed region strictly included
in Q. With these estimates at hand, we derive interpolation inequalities for functions in Z = (0,S¢) X Q,
that satisfy some boundary conditions, and we derive a spectral inequality for finite linear combinations
of eigenfunctions of the Laplace operator in Q with homogeneous Dirichlet boundary conditions. This
yields an iterative construction of the control function v working in increasingly larger finite dimensional
subspaces.

The method introduced in [LR95] was further extended to address thermoelasticity [LZ98], thermoelastic
plates [BNO2], semigroups generated by fractional orders of elliptic operators [Mil06]. It has also been
used to prove null controllability results in the case of non smooth coefficients [BDLO7b, LR10a]. Local
Carleman estimates have also been central in the study of other types of PDEs for instance to prove unique
continuation results [SS87, Rob91, FL96, Tat95b, Tat95a] and to prove stabilization results [LR97, Bel03]
to cite a few. Here, we shall consider self-adjoint elliptic operators, in particular the Laplace operator. The
method of [LR95] can also be extended to some non selfadjoint case, e.g. non symmetric systems [Léal0].

In a second part we survey the approach of [FI96], that is by means of global parabolic Carleman esti-
mates. These estimates are characterized by an observation term. Such an estimate readily yields a so-called
observability inequality for the parabolic operator, which is equivalent to the null controllability of the linear
system (1.1). The proof of parabolic Carleman estimates we provide is new and different from that given
in [FI96]. In [FI96] the estimate is derived through numerous integrations by parts and the identification of
positive “dominant” terms. As in the elliptic case of the first part, we base our analysis on semi-classical
microlocal analysis. In particular, the estimate is obtained through a time-uniform semi-classical Garding
inequality. In the case of parabolic operators, we first prove local estimates and we also show how such
estimates can be patched together to finally yield a global estimate with an observation term in the form of
that proved by [FI96].

IThe problem of null-controllability of the heat equation in the case where Q is unbounded is entirely different [MZ01, Mil05, Mil].
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The approach of [FI96] has been successful, allowing to also treat the controllability of more general
parabolic equations. Time dependent terms can be introduced in the parabolic equation. Moreover, one
may consider the controllability of some semi-linear parabolic equations. For these questions we refer to
[F196, Bar00, FCZ00b, DFCGBZ02]. In fact, global Carleman estimates yield a precise knowledge of the
“cost” of the control function in the linear case [FCZ00a] which allows to carry out a fix point argument after
linearization of the semi-linear equation. The results on semi-linear equations have been extended to the
case of non smooth coefficients [DOP02, BDL07a, Le 07, LR10b]. The use of global parabolic Carleman
estimates has also allowed to address the controllability of non linear equations such as the Navier-Stokes
equations [Ima01, FCGIP04], the Boussinesq system [FCGIP06], fluid structure systems [IT07, BO08],
weakly coupled parabolic systems [de 00, ABDKO0O5, ABD06, GBPG06] to cite a few. A review of the
application of global parabolic Carleman estimates can be found in [FCGO06].

A local Carleman estimates takes the following form. For an elliptic operator P and for a well-chosen
weight function ¢ = ¢(x), there exists C > 0 and /#; > 0 such that

(1.2) hlle ully + 131"V ully < Ch*[le!" Pull;,

for u smooth with compact support and 0 < & < h;.

In this type of estimate we can take the parameter / as small as needed, which is often done in appli-
cations to inverse problems or control theory. For this reason, it appeared sensible to us to present results
regarding the optimality of the powers of the parameter / in such Carleman estimates. For example, in the
case of parabolic estimates this question is crucial for the application to the controllability of semilinear
parabolic equations (see e.g. [FCZ00b, DFCGBZ02]). To make precise such optimality result we present
its connection to the local phase-space geometry. We show that the presences of / in front of the first term
and /* in front of the second term in (1.2) are connected to the characteristic set of the conjugated operator
P, = h*e?/"Pe~#/". Away from this characteristic set, a better estimate can be achieved.

If w is an open subset of Q, from elliptic Carleman estimates we obtain a spectral inequality of the form

1672y < CeVFllullFa s
for some C > 0 and for u a linear combination of eigenfunctions of —A associated to eigenvalues less than
u > 0. An optimality result for such an inequality is also presented as well as some unique continuation
property for series of eigenfunctions of —A. This spectral inequality is also at the center of the construction
of the control function of (1.1) and the estimation of its “cost” for particular frequency ranges.

An important point in the derivation of a Carleman estimate consist in the choice of the weight function
©. A necessary condition can be derived. This condition concerns the sub-ellipticity of the symbol of the
conjugated operator P,. With the approach we use, the sufficiency of this condition is obtained. We also
consider stronger sufficient conditions: the method introduced by [FI96] to derive Carleman estimates is
analyzed in this framework.

This article originates in part from a lecture given by G. Lebeau at the Faculté des Sciences in Tunis in
February 2005 and from M. Bellassoued’s handwritten notes taken on this occasion [Leb05].

1.1. Outline. We start by briefly introducing semi-classical pseudodifferential operators (DO) in Sec-
tion 2. The Garding inequality will be one of the important tools we introduce. It will allow us to quickly
derive a local Carleman estimate for an elliptic operator in Section 3. In that section, we present the sub-
ellipticity condition that the weight function has to fulfill. We also show the optimality of the powers of the
semi-classical parameter / in the Carleman estimates. We apply Carleman estimates to elliptic equations
and inequalities and prove unique continuation results in Section 4. In Section 5, we prove the interpola-
tion and spectral inequalities. The latter inequality concerns finite linear combinations of eigenfunctions of
the elliptic operator. We show the optimality of the constant ¢€ V¥ in this inequality where y is the largest
eigenvalue considered in the sum. We also prove a unique continuation property for some series of such
eigenfunctions. In Section 6, these results are applied to construct a control function for the parabolic equa-
tion (1.1). Section 7 is devoted to parabolic Carleman estimates. We first prove them locally in space with
a uniform-in-time Garding inequality. We then patch them together to obtain a global estimate. We provide
a second proof of the null controllability of parabolic equations with this approach.
For a clearer exposition, some of the results given in the main sections are proven in the appendices.
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1.2. Notation. The notation we use is classical. The canonical inner product on R” is denoted by (.,.),
the associated Euclidean norm by |.| and the Euclidean open ball with center x and radius r by B(x, r). For
EeR"weset(&):=(1+ Iflz)%. If @ is a multi-index, i.e., @ = (a1, ..., @,) € N", we introduce

=g Gf EERY, =009, D*=DU---D¥, and lal =i+ +ay,

n Xn?

where D = %8. InR", we denote by V the gradient (dy,, . .., d,,)" and by A the Laplace operator 6)261 +-- ~+6§n.
If needed the variables along which differentiations are performed will be made clear by writing V, or A,
for instance. We shall also write ¢’ = V.

For an open set Q in R", we denote by €°(Q) the set of functions of class ¥’* whose support is a compact
subset of Q. For a compact set K in R”, we denote by 4.°(K) the set of functions in %.°(R") whose support
is in K. The Schwartz space .’(R") is the set of functions of class €’ that decrease rapidly at infinity. Its
dual, . (R"), is the set of tempered distributions. The Fourier transform of a function u € .’(R") is defined
by #(¢) = [ e u(x) dx, with an extension by duality to .7”(R").

Let Q be an open subset of R”. The space L*(Q) of square integrable functions is equipped with the
hermitian inner product (i, v);2 = [, u(x)v(x) dx and the associated norm ||ull;2 = llully = (u, u)%z. In R",
classical Sobolev spaces are defined by H*(R") = {u € .7"(R"); (£)*nt € L>(R")} for all s € R. In Q, for
s € N, H%(Q) is defined by H*(Q) = {u € 2"(Q); 0%u € L*(R"),Ya € N, |a| < s}.

For two functions f and g with variables x, & in R” X R", we defined their so-called Poisson bracket

{f.gh= %(Bg,fc?xjg = 0x,f0¢,8).
For two operators A, B their commutator will be denoted [A, B] = AB — BA.

In these notes, C will always denote a generic positive constant whose value can be different in each line.
If we want to keep track of the value of a constant we shall use other letters. We shall sometimes write C,
for a generic constant that depends on a parameter A.

2. PRELIMINARIES: SEMI-CLASSICAL (PSEUDO-)DIFFERENTIAL OPERATORS

Semi-classical theory originates from quantum physics. The scaling parameter & we introduce is consis-
tent with Plank’s constant in physics. It will be assumed small: /& € (0, k), 0 < hg << 1. We set D = %6.
The semi-classical limit corresponds to 7 — 0.

If p(x,£) is a polynomial in & of order less than or equal to m, x,& € R”", p(x,&) = 3 41<m da(X)EY, We set

p(x,Dyu= 3 a,(x)D%u.
la|l<m
Here, « is a multi-index. We observe that D%u = % Jon €596%0(E) dé, for u € #(R™), where i is the
classical Fourier transform of u. We thus have

leg}
p(x, Dyu(x) = Y, i [P a, (e a(€) de = Quhy™ [ O Y a,()EUE/h) dE,

lal<m 2my ||<m

or, formally, p(x, D)u(x) = Qrh)™ [[ 9/ p(x, &) u(y) dy dé. More generally we introduce the follow-
ing symbol classes.

Definition 2.1. Let a(x,&,h) € €°(R" x R"), with h as a parameter in (0, i), be such that for all multi-
indices a, 8 we have

07 00a(x, & h)] < Cop@" P, xeR", £€R", he (0, h).
We write a € S™.
For a € §™ we call principal symbol the equivalence class of a in ™ /(hS™").

Lemma 2.2. Let m € R and a; € S™/ with j € N. Then there exists a € S™ such that

N
VNeN, a- Y ha;ehnNttsmN-1,
j=0



hal-00351736, version 4 - 25 Jan 2011

CARLEMAN ESTIMATES 5

We then write a ~ }; ha;. The symbol a is unique up to O(h™)S ™%, in the sense that the difference of two
such symbols is in O(h¥)S ™M for all N,M € N.

We identify ay with the principal symbol of a. In general, for the symbols of the form a ~ }; hia ; that
we shall consider here the symbols a; will not depend on the scaling parameter /.
With these symbol classes we can define pseudodifferential operators (DOs).

Definition 2.3. If a € S™, we set
a(x, D, hyu(x) = Op(a)u(x) := Rrh)™ [[ > ha(x, & h) u(y) dy dé
= Qah)™ [ ha(x, & h) 1(é/h) dE.
We denote by W™ the set of these yDOs. For A € ¥, o-(A) will be its principal symbol.

We have Op(a) : . (R") — Z(R") continuously and Op(«a) can be uniquely extended to .’(R"). Then
Op(a) : " (R") — .’(R") continuously.

Example 2.4. Consider the differential operator defined by A = ~R>A+V(x)+h* Y. j<n Dj(x)0;. Its symbol
and principal symbol are a(x, &, h) = |§~‘|2 +V(x)+ih ) < j<n Dj(X)¢; and o(A) = €17 + V(%) respectively.
We now introduce Sobolev spaces and Sobolev norms which are adapted to the scaling parameter /. The
natural norm on L*(R") is written as ||u||(2) = ([ lu(x)P dx)%. Let s € R; we then set
llulls == 1A ully,  with A* := Op((§)*) and 7 (R") := {u € " (R"); llull; < oo}.

The space 77*(R") is algebraically equal to the classical Sobolev space H*(R"). For a fixed value of 4, the
norm ||.||; is equivalent to the classical Sobolev norm that we write ||.||zs. However, these norms are not
uniformly equivalent as & goes to 0. In fact we only have

lully < Cllullys,  ifs>0,  and |lully < Cllull,, if s <O0.

For s € N the norm ||.||; is equivalent to the norm Ny(u) := 3 ,<s ||D“u||3 = Dlal<s h2|"|||6"u||§. The spaces
5 and 2~ are in duality, i.e. #~° = (J°) in the sense of distributional duality with > = J#° as a
pivot space. We can prove the following continuity result.

Theorem 2.5. Ifa(x,&,h) € S™ and s € R, we then have Op(a) : F° — F°~" continuously, uniformly in
h.

The following Garding inequality is the important result we shall be interested in here.

Theorem 2.6 (Gérding inequality). Let K be a compact set of R". If a(x, &, h) € S™, with principal part a,,,
if there exists C > 0 such that

Rean(x,&,h) > C&)", xeK, §€R", he(0,h),
then for 0 < C' < C and hy > 0 sufficiently small we have
Re(Op(a)u, u) > C'llull}, . 1€ C(K), 0<h<h.

The positivity of the principal symbol of a thus implies a certain positivity for the operator Op(a). The
value of i; depends on C, C’ and a finite number of constants Cy g associated to the symbol a(x, £, h) (see
Definition 2.1). A proof of the Garding inequality is provided in Appendix A.

Remark 2.7. We note here that the positivity condition on the principal symbol is imposed for all £ in R”,
as opposed to the assumptions made for the usual Garding inequality, i.e., non semi-classical, that only ask
for such a positivity for |£] large (see e.g. [Tay81, Chapter 2]). The semi-classical result is however stronger
in the sense that it yields a true positivity for the operator.

We shall compose DOs in the sequel. Such compositions yield a calculus at the level of operator
symbols.
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Theorem 2.8 (Symbol calculus). Leta € S™ and b € § " Then Op(a) o Op(b) = Op(c) for a certain
c € S™" that admits the following asymptotic expansion

hlel
c(x,&,h) = (ab)(x,&,h) ~ 3, Tay Oga(x.&.h) Ob(x, &, h), where a! = a)!-- - a,!
a %!
The first term in the expansion, the principal symbol, is ab; the second term is 171 > ] agja(x, & h) ijb(x, & h).
It follows that the principal symbol of the commutator [Op(a), Op(b)] is

h ,
a([Op(a), Op(b)]) = 7{a,b} € h§mm -1,

Finally, the symbol of the adjoint operator can be obtained as follows.

Theorem 2.9. Let a € S™. Then Op(a)* = Op(b) for a certain b € S™ that admits the following asymptotic

expansion
|

b(x,&,h) ~ 3, _h—agaga(x, & h).

@ i”a!
The principal symbol of b is simply a.

For references on usual /DOs the reader can consult [Tay81, Hor85b, AG91, GS94, ShuO1]. For refer-
ences on semi-classical ¢yDOs the reader can consult [Rob87, DS99, Mar02].

3. LocAL CARLEMAN ESTIMATES FOR ELLIPTIC OPERATORS

We shall prove a local Carleman estimates for a second-order elliptic operator. To simplify notation we
consider the Laplace operator P = —A but the method we expose extends to more general second-order
elliptic operators with a principal part of the form ¥, ; d;(a;;(x)0;) with a;; € €*(R",R), 1 < i, j < n and
2 aij(0&E; = C |€]>, with C > 0, for all x,& € R". In particular, we note that Carleman estimates are
insensitive’ to changes in the operator by zero- or first-order terms.

Let ¢(x) be a real-valued function. We define the following conjugated operator P, = h?e?/"Pe¢!" to be
considered as a semi-classical differential operator. We have P, = —h’A — |¢/|* + 2(¢’, hV) + hAp. Tts full
symbol is given by |£]> — |¢'|> + 2i{¢’, &) + hA. Its principal symbol is given by

Py = 0(Py) = € ¢ +2i¢’, &) = 3¢ + g}, )%,
J

i.e., we have “replaced” &; by &; + ig/, . In fact we note that the symbol of e#/"D;e™#/" is &; + i .
We define the following symmetric operators Q> = (P, + Py)/2, Q1 = (P, — P,)/(2i), with respective
principal symbols
@ =1EP =~ l¢'P. a1 =2.¢).
We have p, = q; +iq and P, = Q> +iQ;.
We choose ¢ that satisfies the following assumption.

Assumption 3.1 (L. Hormander [Hor63, Hor85a]). Let V be a bounded_ open set in Ri We say that the
weight function ¢ € €% (R",R) satisfies the sub-ellipticity assumption in V if |¢’| > 0 in V and

V(x,&) e VXR", po(x,&)=0 = {g2,qi}(x,&)>C > 0.

Remark 3.2. We note that p,(x,&) = 0 is equivalent to |£] = |¢’| and (&,¢") = 0. In particular, the
characteristic set 2 = {(x,&) € V x R"; Do(x, &) = 0} is compact as illustrated in Figure 1.

Assumption 3.1 can be fulfilled as stated in the following lemma whose proof can be found in Appen-
dix A.

Lemma 3.3 (L. Hijrrllander [Hor63, Hor85al). Let V be a bouﬁded open set in R" and y € €°(R",R) be
such that '| > 0 in V. Then ¢ = eV fulfills Assumption 3.1 in'V for A > 0 sufficiently large.

2In the sense that only constants are affected. In Theorem 3.5 below the constants C and /; change but not the form of the estimate.
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¢’ (x)

p<p:0

FiGure 1. Form of the characteristic set 2 at the vertical of each point x € V.

The proof of the Carleman estimate will make use of the Garding inequality. In preparation, we have the
following result proven in Appendix A that follows from Assumption 3.1.

Lemma 3.4. Letu > 0andp = ,u(q% + q%) +1{q2,q1}. Then, for all (x,¢) € V xR", we have p(x, &) > CE&,
with C > 0, for u sufficiently large.

We may now prove the following Carleman estimate.

Theorem 3.5. Let V be a bounded open set in R" and let ¢ satisfy Assumption 3.1 in V; then, there exist
0 < hy < hg and C > 0 such that

3.1) hlle? ully + 1311V g < Ch*|le?" Pull;,
forue €>(V)yand 0 < h < hy.

Proof. We set v = ¢¢/"u. Then, Pu = f is equivalent to Py =g = h*e?" f or rather Qv + iQ\v = g.
Observing that (Q w1, w2) = (wi, Qjw») for wi, ws € €°(R") we then obtain

(32) liglls = 1Q1VIlg + 11Q2vlg + 2 Re(Qav, iQ1v) = ((Q% + Q3 +ilQ2, Q1) v, v).

We choose p > 0 as given in Lemma 3.4. Then, for 4 such that iy < 1 we have

h((0F + 0 + 1102, 01) vov) < .

principal symbol = u(q3+¢3)+{q2.41}
The Garding inequality and Lemma 3.4 then yield
(3.3) hIVI; < Cllglls.

) ) . 2 2 2
We content® ourselves with the norm in ' here and we obtain Alle?/"ull; + 13|V (e u)|ly < Ch*le?" fll,.
We write V. (e?/"u) = h™'e?/"(V .)u + #/"V ,u, which yields

WV ully < Chlle?!"ullg + CH(IV (e )5,
since |V,¢| < C. This concludes the proof. [ |

Remark 3.6. With a density argument the result of Theorem 3.5 can be extended to functions u € HS(V).
However, here, we do not treat the case of functions in Hé(V) N H*(V). For such a result one needs a
local Carleman estimate at the boundary of the open set V as proven in [LR95, Proposition 2 page 351].
Moreover, a global estimate in V for a function u in H(l)(V) N H*(V) requires an observation term in the

3Note that in the elliptic region, e.g. for large |£|, we can obtain a better result without the factor % in (3.3). In the neighborhood
of the characteristic set 2° = {p, = 0} the choice of the norm in .7# ! or .72 matters very little since this region is compact. See
Proposition 3.8 for more details.
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supp( x1)
/ supp( x2)

Z

V xR"

Figure 2. Characteristic set 2 and supports of x| and y» in Proposition 3.8.

r.h.s. of the Carleman estimate. We shall provide such details in the case of parabolic operators below (see
Section 7).

Remark 3.7. In the proof of Theorem 3.5 we have used Assumption 3.1. We give complementary roles to
the square terms in (3.2), ||Q1u||(2) and ||Q2u||(2), and to the action of the commutator i([Q», Q1 ]u, u). As the
square terms approach zero, the commutator term comes into effect and yields positivity. A. Fursikov and
O. Yu. Imanuvilov [FI96] have introduced a modification of the proof that allows to only consider a term
equivalent to the commutator term without using the two square terms. This approach is presented below.

The following proposition yields a more precise result than the previous Carleman estimate and illus-
trates the loss of a half derivative in the neighborhood of the characteristic set 2.

Proposition 3.8. Ler s € R and V be a bounded open set in R" and let ¢ satisfy Assumption 3.1 in'V. Let
Yi.x2 € SO with compact supports in x. Assume that y, vanishes in a neighborhood of % and that x»
vanishes outside a compact neighborhood of % . Then there exist C > 0 and 0 < hy < hy such that

(3.4) 10pCx vl < C (Pl + Allvil) . and B2 [[0pCx2)vll, < C (1Pl + AllviL).
forve€=(V)and 0 < h < hy.

This proposition is proven in Appendix A.5. We take x; and x, that satisfy the assumptions made
in Proposition 3.8 and such that y; + y» = 1 in a neighborhood of V x R”. For v € €°(V) we have
[1Op(1 = x1 —x2)Vll, < CN,,,,/hN||v||,, for all N € N and r, 7" € R. We thus obtain

1 1
h2|vll; < h>(I0p(1 = x1 = x2)vll, + I0pCx VI + I0Op(x2)Vil) < C(IIP¢VII0 + hIIVIh)-
Choosing / sufficiently small we obtain
3.5 h2|vlly < ClIPvlly,
which brings us back to the last step in the proof of Theorem 3.5. Also note that (3.5) allows us to remove
the second term in the r.h.s. in each inequalities in (3.4) and we thus obtain
1
(3.6) IOP(x VI, < ClIPyvlly, and A2||Op(x2)vll; < ClIPVll,.

We have seen that the sub-ellipticity condition in Assumption 3.1 is sufficient to obtain a Carleman
estimate in Theorem 3.5. In fact we can prove that this condition is necessary. We also note that the powers
of the factors 4 in the Lh.s. of the estimate in Theorem 3.5 as well as in the second inequality in (3.6) are
optimal: for instance, we may not have #%® in front of the first term in inequality (3.1) with @ < % These
two points are summarized in the following proposition.

Proposition 3.9. Let V be a bounded open set in R", p(x) € €°(R",R), 0 < hy < hy and C > 0 such that
for a certain @ < % we have

3.7 h®lle?Mully < CH?|le?!" Pully,

forallu e €°(V)yand 0 < h < hy. Then @ = % and the weight function ¢ satisfies Assumption 3.1 in V.
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The reader is referred to Appendix A.6 for a proof.

3.1. The method of A. Fursikov and O. Yu. Imanuvilov. Following the approach introduced by A. Fur-
sikov and O. Yu. Imanuvilov [FI96], we provide an alternative proof of Theorem 3.5 in the elliptic case. We
use the notation of the proof of Theorem 3.5, and write

~ 2 .
llg + uhAgvlig = 102VIE + 101Vl + (02, Q11v,v) + 2Re(Qav, pthAgv), 0 < < 2.

where 0 = Q) — iuhAg and we obtain ||g + uhAgvl: = [|Q:V]12 + |01vls + hRe(Rv,v), where p = o(R) =
(g2, q1} + 2uqrAp). We have the following lemma, which proof can be found in Section A.4.

Lemma 3.10. If ¢ = ¢V, then for A > 0 sufficiently large, there exists Cy > 0 such that
P =1q, 1) + 2uqpAp = Co(é)?, xeV, £ R

With the Garding inequality we then conclude that Re(Rv,v) > C 'IIMII?, for 0 < C’ < C, and h taken
sufficiently small. The Carleman estimate follows without using the square terms ||Q2v||§ and ||Q~1v||§. In
fact we write

llg + hA@vily < 2llglly + 21| A@VI,
and the second term in the r.h.s. can be “absorbed” by hllvllf for h sufficiently small. [ |

Remark 3.11. The method of A. Fursikov and O. Yu. Imanuvilov, at the symbol level, is a matter of adding
a term of the form 2uq> Ay to the commutator symbol +[Q>, Q1]. As the sign of g2Ag is not fixed, a precise
choice of the value of u is crucial.

In the proof of Lemma 3.3 in Section A.2 we in fact obtained the following condition on the weight
function

(3.8) V() eVXR', g =0 = {g2q}(x,&=C>0.
which is stronger that the condition in Assumption 3.1, which reads
V&) e VXRY, p(x,&)=0 = {g2,q}(x,&)2C>0.

Finally the condition of A. Fursikov and O. Yu. Imanuvilov, i.e., {2, g1} +2ug:A@ > C(£)? is itself stronger
than (3.8). The different conditions we impose on the weight function ¢ are sufficient to derive a Carleman
estimate. We recall that the weaker condition, that of Assumption 3.1, is in fact necessary (see Proposi-
tion 3.9 and its proof in Section A.6).

Condition (3.8) turns out to be useful in some situations, in particular to prove Carleman estimates for
parabolic operators, such as d; — A, as it is done in Section 7.1.

4. UNIQUE CONTINUATION

Let Q be a bounded open set in R”. In a neighborhood V of a point xy € Q, we take a function f such
that V£ # 0in V. Let p(x, &) be a second-order polynomial in £ that satisfies p(x,&) > C|¢[> with C > 0.
We define the differential operator P = p(x, d/i).

We consider u € H*(V) solution of Pu = g(u), where g is such that |g(y)| < Cly|, y € R. We assume that
u=0in{x e V; f(x) > f(x0)}. We aim to show that the function u vanishes in a neighborhood of x.

We pick a function ¢ whose gradient does not vanish near V and that satisfies (V f(xo), Vi(x0)) > 0 and is
such that f — reaches a strict local minimum at x( as one moves along the level set {x € V; ¥(x) = y(xp)}.
For instance, we may choose ¥/(x) = f(x) — c|x — xo|>. We then set ¢ = ¢ according to Lemma 3.3. In
the neighborhood V (or possibly in a smaller neighborhood of xj) the geometrical situation we have just
described is illustrated in Figure 3.

We call W the region {x € V; f(x) > f(xo)} (region beneath {f(x) = f(xo)} in Figure 3). We choose V’
and V" neighborhoods of xj such that V" € V’ € V and we pick a function y € €,°(V’) such that y = 1 in
V”. We setv = yu and then v € Hg(V). Observe that the Carleman estimate of Theorem 3.5 applies to v by
Remark 3.6. We have

Pv = P(xu) = x Pu+ [P x]lu,
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Jx) = f(x0)

¢(x) = p(x0) — €

@(x) = ¢(x0)

Ficure 3. Local geometry for the unique continuation problem. The striped region con-
tains the support of [P, y]u.

where the commutator is a first-order differential operator. We thus obtain

2 2 2 2
Hlle? " yully + 13 e?"V Cally < c(h“new”xg(u)no + h“uew"[ﬂx]uno)

< (h4||e“’/h)(u||3 + h4||e‘p/h[P,X]u||3), 0<h<h.

Choosing 4 sufficiently small, say 2 < hy, we may ignore the first term in the r.h.s. of the previous estimate.
We then write

ho o2 3 h 2 Y 3 h 2 4 h 2
hlle? " ull 2y, + BNV cttll oy < Hlle? " xully + 101"V «xio)lly < CHHIe?"[Pxull 25y, O < h < ha,

where S := V' \ (V" U W), since the support of [P, y]u is confined in the region where y varies and u does
not vanish (see the striped region in Figure 3).

For all € € R, we set V, = {x € V; ¢(x) < ¢(x9) — €}. There exists € > 0 such that § € V.. We then
choose a ball By with center xy such that By C V" \ V, and obtain

R Wh”“”H‘(BO) < Ce'UPs wh”u”m(s), 0<h<hy.

Since infg, ¢ > supg ¢, letting & go to zero, we obtain u = 0 in By. We have thus proven the following local
unique-continuation result.

Proposition 4.1. Let g be such that |g(y)| < Cly|, xo € Qand u € leoc(Q) satisfying Pu = g(u) and u = 0
in{x; f(x) = f(xo)}, in a neighborhood V of xo. The function f is defined in V and such that |Vf| # 0 in a
neighborhood of xo. Then u vanishes in a neighborhood of xy.

With a connectedness argument we then prove the following theorem.

Theorem 4.2 (A. Calder6n theorem). Let g be such that |g(y)| < Cly|. Let Q be an connected open set in R"
and let w € Q, with w # 0. If u € HX(Q) satisfies Pu = g(u) in Q and u(x) = 0 in w, then u vanishes in Q.

Proof. The support of u is a closed set. Since F' = supp(u) cannot be equal to €2, let us show that F' is open.
It will then follow that F = (. Assume that fr(F) = F \ F° is not empty and chose x; € fr(F). We set
A = Q\ F. We recall that we denote by B(x, r) the Euclidean open ball with center x and radius r. There
exists R > 0 such that B(x;,R) € Q and xo € B(x;,R/4) such that xy € A. Since A is open, there exists
0 < r; < R/2 such that B(xg, r;) C A. For r, = R/2 we have thus obtained r| < r, such that

B()Co, r1) CA, B()C(), }’2) €Q, and X1 € B(xg, 7).

We set B, = B(xy, (1 — t)r; + try) for 0 < ¢t < 1. The previous proposition shows that is « vanishes in %,
with 0 < ¢ < 1, then there exists £ > 0 such that u vanishes in B,,.. Since u vanishes in 4, we thus find
that u vanishes in %, and in particular in a neighborhood of x, that thus cannot be in fr(F). Hence F is
open. [
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5. INTERPOLATION AND SPECTRAL INEQUALITIES

Let Q be a bounded open set in R", Sg > 0 and @ € (0,5¢/2). Letalso Z = (0,S9) x Qand Y =
(@, S0 —a)x Q. We set z = (s,x) with s € (0,5) and x € Q. We define the elliptic operator A := —0% — A,
in Z. The Carleman estimate that we have proven in Section 3 holds for this operator.

We start with a weight function ¢(z) defined in Z and choose p1 < p] < p2 < p} < p3 < p} and set

V={z€Z; p1 <9 <pi}, Vi={zeZipj<e@@<pi}, j=12,3.
We assume that V is compact in Z (we remain away from the boundary of Z) and that ¢ satisfies the sub-

ellipticity Assumption 3.1 in V.
The Carleman estimate of Theorem 3.5 yields the following local interpolation inequality.

Proposition 5.1 (G. Lebeau-L. Robbiano [LR95]). There exist C > 0 and 8y € (0, 1) such that for u € H*(V)
we have
Wl vy < € (MAullizry + il ) el
Hi(v) S L2(V) HI(V3) HI(VY?
for 6 € [0, 00].
Proof. Let y € €.°(V) be such that y(z) = 1 in a neighborhood of p| < ¢(z) < p3. We set w = yu. The
Carleman estimate of Theorem 3.5 implies e’ wllo + e’ Vwlly < Clle?’"Awl|y for h small, 0 < h < hy < 1.
We then observe that Aw = yAu + [A, x]u, with the first-order operator [A, x] uniquely supported in V; U V3.
‘We thus obtain
Ml vy < Ce?Mullpgrv,y + Ce (IAullzyy + Nl vy,
as y = 1 in V,. We finally write
Ml vy < Ce? Ml vy + Ce™ WAl 2yy + Ndllgp ), O < < by
We conclude with the following lemma. [ |

Lemma 5.2 (L. Robbiano [Rob95]). Let Cy, C, and C3 be positive and A, B, C non negative, such that
C < C3A and such that for all y > yy we have

(5.1 C<e YA +eB.
Then

LS M &) T
5.2) C < Cst AG+G BCi+ta
Proof. We optimize the r.h.s. of (5.1) as a function of y and we find yop = W. To simplify we
choose y; = %. If ¥; > 0, substitution in (5.1) then yields (5.2). If we now have y;| < y,, we then see
that A < CstB. We conclude as C < C3A. [ |

We now apply the result of Proposition 5.1 to a particular weight function. Let y € Z and r > 0 be
such that B(y,6r) € Z. Let us set ¢(z) = —dist(z,y) and choose 1 > 0 such that ¢ = eV satisfies the
sub-ellipticity Assumption 3.1 in B(y, 6r) \ B(y, r/8) by Lemma 3.3. We then take
pL = e—Sr 4r/1, 0 = e—3r/l’ Pé —e
The neighborhoods V, V, and V5 are illustrated in Figure 4.

By applying Proposition 5.1 we obtain, for u € H*(Z),

P

A —rA s
,p3:ez’p3:64.

A ’ —
’plze

Wl vy < € (MAullzyy + llinv) Tl < € (IAull ) + il )’ lulll
UllH' (vy) S Ullgzvy + 1t (vs) ) WLy S Ullzzy *+ Wl H By ) 1 (7))
which yields
O =6
el g3y < € (IAullzgzy + el i) Ml -

The H'-norm in the ball B(y,3r) is thus estimated by the H I_norm in the ball B(y,r). In particular, we
recover the local uniqueness result of Section 4 when Au = 0.

When Q has a regular boundary, this local inequality can be “propagated” up to the boundary, under

suitable boundary conditions. We then obtain a global result. In addition to the Carleman estimate we
have proven here, one needs to prove a similar estimate at the boundary (0, S () X 9Q. The proof we give
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Ficure 4. Level sets of the weight function ¢ and regions Vi, V, and V3. The red regions,
V1 and V3, localise the support of Vy.

below of a Carleman estimate at the boundary for a parabolic operator (see Theorem 7.6 and its proof in
Appendix A.10) is similar to the proof of a Carleman estimate at the boundary for an elliptic operator (see
[LROS5]). The “propagation” technique makes use of a finite covering by balls of radius r. The reader is
referred to [LR95] for details (pages 353-356). Here, as in [LZ98] (see the proof of theorem 3, pages 312—
313), the interpolation inequality can be “initiated” at the boundary s = 0 (again by a Carleman estimate at
the boundary).

Theorem 5.3 ([LR95, LZ98, JLI99]). Let w be an open set in Q. There exist C > 0 and ¢ € (0, 1) such that
forue H*(Z) that satisfies u(s, X)|yes = 0, for s € (0,S¢) and u(0, x) = 0, for x € Q, we have

_ 0
(53) llli vy < Cllulli, (Aullzagz + 10500, )l 2,y

We may now deduce a spectral inequality that, in particular, measures the loss of orthogonality of the
eigenfunctions of —A in Q, with homogeneous Dirichlet boundary conditions, when they are restricted to
an open subset w C Q such that w # Q. Let ¢;, j € N, be an orthonormal basis of such eigenfunctions and
p1 < pp <--- < < --- the associated eigenvalues, counted with their multiplicity.

Theorem 5.4 ([LZ98],[JL99]). There exists K > 0 such that for all sequences («;)jen- C C and all p > 0
we have

(5.4) Slaf =1 S e | de< ke f| S ap0 d,
Hjsp

Hjsp Q w ' pisp

. 2 2
or concisely || Z#/S# aj¢j||L2(Q) < KeKVH| ijs;u ai¢j||L2(w)'

sinh( ;)
Vi

Proof. We apply Inequality (5.3) to the function u(s, x) = Dp<n @ ¢;(x) that satisfies Au = 0 as

well as the boundary conditions required in Theorem 5.3. We have

So-a sinh®(\/I;s)
Hj

0~
2 2
||M||H1(y) 2 ”u“LZ(y) = Z f |a'j|
MHiSH «a

S

2 2 2

ds> Y lajl” [ s"ds=Cs,a 2 lajf,
Hj<p a Hj<p
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and also

SU SU
lllFs 7, < C / ((= Awwy + 10,ulP) ds = C 3 e, / (sinhz(\/,u_js) + coshz(\/u_js)) ds

Hj<H

<Ce“VH Y a P,

Hjsp

using that |[v[[%, ., is equivalent to (~Av, v) in H}(€2). Finally, we have [|8,u(0, x)||i2(w) = f| Pty @b (X) |2 dx,

HY(Q)
which yields
1-6 2 o
2 lP < V(3 ) (J] £ o | ax)
HisH HisH w ' psp
and the conclusion follows. [ |

On the one hand, in the case w = Q, the result of Theorem 5.4 becomes trivial and the constant Ce€ V&
can be replaced by 1. On the other hand, it is clear that K = K(w) tends to +oo as the size of w goes to
zero. An interesting problem would be the precise estimation of K(w). Some recent results are available
with some lower bonds and uperbounds [Mil09, TT09].

When w # Q, the following proposition shows that the power % of u in KeX V¥ is optimal (see also
[JL99]).

Proposition 5.5. Let w be a non empty open set in Q with w # Q. There exist C > 0 and py > 0 such that
Jor all u > pg there exists a sequence (@;),,<u, such that

2
> Ia/jl2 > Cec‘/’jf‘ 2 ajdi(x) ' dx.
Hjsp W SR
Proof. We denote by P;(x,y) the heat kernel that we can write 3’ ;qq e ™ ig;(x)¢;(y) for ¢ > 0; we have
e f(x) = [ Pi(x,y)f(y) dy. We then write

by e_’”f¢j(x)¢j(y)| < |P/(x,y)l +' z e""f¢j(x)¢j(y)’-
Hi<p Hj>H

For k € N sufficiently large, Sobolev injections give

5.5) Il < Cllg e < CNA G, = C'h.

-2

For all x,y € Q we have p,(x,y) < (4rt)™ 20" by the maximum principle (see Appendix A.7). Let yg
be such that d = dist(yp, w) > 0. We then have p,(x, o) < e"¢/", with Cy > 0, uniformly for x in w. From
(5.5) we thus obtain

‘ % e"”’¢j()€)¢j(yo)‘ <eyC Y ey, xew.
Hj=p Hj>p /
We choose a; = ¢ ™ig;(yo) and we take r = 1/ /1. We have
' > 0/,-¢j(x)‘ <Ce OV L C Y ek, xew.
uisp Hi>p !

To estimate the second term we introduce J, = {[; y; < u}. The Weyl asymptotics (see e.g. [Agm65]) yields
#J, < Cu"'?. Then, for u > 1 large, we write

—tu; 2k —tu; 2k —H(u+N 2k —t(u+N 2k
T et = NZN etk < 2 NN+ 1D < S # v eV + N+ 1)
HiZH N</.tj—€pSN+| N<p/-j4rsN+1 NeN

<CY e—r(;l+N)(IJ+N+ 1)2k+n/2 <C [ e (x + 1)2k+n/2 dx = Cezfe—txx2k+n/2 dx.
NeN u-1 i
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In fact, with 7 = 1/ y/, the function e™*x**"/2 decreases in [, +o0) for u large. We set [ = 2k + n/2. The
change of variable y = #(x — u) then yields

fe™xdx=r"le™ [e(ut +y) dy = u%e_‘/ﬁfe_y( Vi +y) dy
Hu 0 0
<UL y) dy = Cultte
0
since t = 1/ /. For u > 1 large, we have thus obtained |Zﬂ/_£ﬂ ad j(x)| < Ce VK, which yields

J| 5 a0 dx < Clole V.

W P

We now conclude by proving ¥, o, ;> > Cu"/* > 1, for y sufficiently large with the choice of coefficients
@j, j € N, we have made above. In fact we find

3 il = X e M1g,00)F = Pulyo.yo) = T e l;(vo).
Hj<p Hj<p Hj>p

As here t = 1/ /i is small, Lemma A.5 (see Appendix A.7) gives Pa(yo,yo) = C(21)™/? = C’'y"/*. Finally,

using Sobolev inequalities as above we obtain the following estimate 3}, ., e **/|¢;(yo)/* < C 3, -, e >yt <

C'e ¢ VK, [ |

The spectral inequality of Theorem 5.4 also leads to the following unique continuation result for series

of eigenfunctions.

Proposition 5.6. Let w C Q be open and & > 0. Then for all functions u = 3 je- @;¢; with the complex
coefficients a; satisfying la;| < e~ VFi, j € N*, we have u = 0 if ul,, = 0.

This result yields an analogy between the series Y, ;- @ ¢, and analytic functions, when the coefficients
a; satisfy the asymptotics |o;| < e™*VHi,

sinh( /i)
vl
the coefficients a; yields v € €2((0, £), H*(Q2)). We then apply the interpolation inequality of Theorem 5.3
taking ¥ = (@, So—a@) X Qwith0 < o < S —a < Sy < &. Since v satisfies the proper boundary conditions

and since Av = 0 and d,V|(oyxw = ule, = 0, this yields [|v||y1y,) = 0. For almost every s € (a,So — @) we thus

smhf/fs) ¢;(x) = 0 in L*(Q). The orthogonality of the eigenfunctions gives a; = 0 for all

Proof. For( < s < ewesetv(s,x) = 3 jen- @, (x). The asymptotic behavior we have assumed for

have x = 3 o @
jeN,
]

6. CONTROL OF THE HEAT EQUATION

We shall now construct a control function for the heat equation in the time interval (0, 7) for an initial
condition yg in L*(Q),

0y —Ay=1,v inQ=(0,T)xQ,
(6.1) y=0 onX = (0,7T)x 09,
¥(0) = yo in Q.

The function v is the control. The goal is to drive the solution y to zero at time 7 > 0, yet only acting in the
sub-domain w.

We start with a partial control result. Next, in Section 6.2, the control v will be built as a sequence of
active and passive controls. The passive mode allows to take advantage of the natural parabolic exponential
decay of the L? norm of the solution.
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6.1. Observability and partial control. For j € N, we define the finite dimensional space E; = span{¢y; px <

22/} and the following null controllability problem
Oy — Ay =Ig,(1,v)  in(0,7)xQ,
(6.2) y=0 on (0,7) X 0Q,
y0) =y € E; in Q,
with 7~ > 0 and where I1g, denotes the orthogonal projection onto E; in L*(Q). We estimate the so-called
control cost, i.e., the L? norm of the control function v that gives y(77) = 0.
Lemma 6.1. There exists a control function v that drives the solution of system (6.2) to zero at time T and
A
IVllz2 (0, 7yx0) < CTT@CW”)’OHU(Q)'
For a > 0, when we consider the time interval [a, a + 7], we shall denote by V;(yo,a,7") such a control
satisfying 1V (0, @ Tl 2 q.asrnay < CT 2 ol -
Proof. The adjoint system of (6.2) is
-0,q—Ag=0 in (0,7) x Q,
qg=0 on (0,7) x 092,
q(T)=qr€E;.
If we write q(0) = 3, <22 b then q(1) = 3, <2 ax(£)y with ay (1) = brets! and we thus have
2
S | didx

<22

T T
Tlg(0)l[}q, < Of||q(t)||§2(g) di=]]

<CC2/‘T
< Ce Off

2 c2/ A 2
5 ak(t)¢k| didx = Ce | [l dr .

<22

because of the parabolic decay and from the spectral inequality of Theorem 5.4. This observability inequal-
ity yields the expected estimate of the cost of the control. [

6.2. Construction of the control function. We split the time interval [0, T'] into sub-intervals, [0, T] =
UjeN[aj,ajH], withag = 0, aj.1 = a; + 2T, for je Nand T; = K27Ip with p € (0, 1) and the constant
K chosen such that 2 3752, 7; = T. We now define the control function v according to the strategy exposed
above:

ifre(aja;+T;], v(t,x)= V(Mg y(aj, ), a;, Tj)
and y(1,.) = S(t — aj)y(a;,.) + flS(t — s)v(s, .)ds,
ifre(aj+Tjapl, vit,x)=0 and y(t,.)=S(— :lj = Tpylaj+Tj,.)
where S (¢) denotes the heat semi-group S () = ¢’*. In particular, ||S ONz2r2y < 1.

The choice of the control v in the time interval [a;,a; + T], j € N, yields

Iy(a; + T, Iz < (1 + Cce?

Ny(aj, Mz, and Tlgy(a;+T;,.) = 0.
During the passive mode, t € [a; + T}, aj.1], the solution is subject to an exponential decay

_02j T;

Iy(ajs1, Mz < e ly(a; + T}, 2 y-

C21-22T;

We thus obtain |[y(aj.1, 2@ < € [ly(a;, Jllr2q), and hence we have

I ok, .
y(@js1, Nz < eZico ol JEN.

We have 2T, = K2/, We observe that 2 —p > 1 which yields lim;_e Y/_,(C2¥ — K2¥?~9) = —co. For
a certain constant C > 0 we have

_ j(2—p) .
(6.3) Iyv(@js1, Mz < Ce™ " Iyollzy,  j€N.
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We conclude that lim;_, [ly(a;, )2y = 0, i.e. (T,.) = 0 since y(z,.) is continuous with values in L2(Q)
since the r.h.s. of (6.1) is in L?(Q) by construction as we shall now see.

2 _ 2 . .
We have ||V||L2(Q) = 2j%0 ”V”LZ((aj,akﬁT,-)XQ)' From the cost of the control given in Lemma 6.1 and (6.3) we
deduce

2 -1,2C _1 C2i —C2U-he-p 5
Mg < (€T30 + 3 CT7e e )0l o

As2—-p>1landT; = K27J°_ arguing as above we obtain IVllz20) < Crllyollzz) with Cr < co. We have
thus obtain the following null controllability result.

Theorem 6.2 (Null controllability [LR95]). For all T > 0, there exists Cr > 0 such that for all initial con-
ditions yy € L*(Q), there exists v € L*(Q), with IVllz20) < Crllyollzz), such that the solution to system (6.1)
satisfies y(T) = 0.

Corollary 6.3 (Observability). There exists Cr > 0 such that the solution y € ([0, T], L*(Q)) of the
adjoint system

—0,g—Aq=0 inQ,

qg=0 onz,

q(T) = gr inQ,

T
satisfies the following observability inequality ||q(0)||i2(g) < C% Of’{ |q(t)|2 dt dx.

7. CARLEMAN ESTIMATES FOR PARABOLIC OPERATORS

Here we shall prove Carleman estimates for parabolic operators, typically P = 9; + A with A = —A. As
in the previous sections Q is a bounded open set in R”. We set Q = (0,7 x Q. We start by proving local
(in space) estimates, away from the boundary 0.

7.1. Local estimates. We set 8(r) = #(T —t) and h = £6(¢). The parameter € will be small, 0 < & < gy << 1.
For a weight function ¢(x) we define P, = h?e?!"Pe~¢/". The semi-classical parameter /1 depends on the
time variable ¢ here, and moreover vanishes forr = 0Oand ¢t =T.

We have

P, = 1?0, + ep(x)0 (1) — W*A + 2h(¢', V) — ¢/ > + hAg.

We define the following symmetric operators

02 = (P, +P)/2, Q) = (P, — P))/(2i),
which gives

Q2 = —ehtl (1) + ()¢ (1) = WA = |’

0= h;al + %9’(1) + ?mp + 21—.h<<p’,Vx>,
with respective principal symbols

02 = opE (1) + 167 — @' g1 = ht + 2. &),

We have p, = g> + iq; and Py, = Q> +iQ;.
We choose the weight function ¢ according to the following assumption.

Assumption 7.1. Let V be an open subset of Q. The weight function ¢ satisfies
@(x) <0, lg'(x)| £ 0, x€V,
(7.1) P2le=0 = 0 = (@2l qil=0} > 0, x € V.E€R",



hal-00351736, version 4 - 25 Jan 2011

CARLEMAN ESTIMATES 17

These conditions, stronger than those we presented in the elliptic case, were introduced in [Leb05]. We
shall see below that they are sufficient and also necessary for a Carleman estimate to hold. They only

involve the spatial variables, x and &, and can be fulfilled by choosing ¢ of the form
o) = e — e, with L> [, /(0] 20, x€V,

and letting the positive parameter A be sufficiently large (see Lemma A.1 in Section A.2).
With this assumption we can prove the following lemma (see Appendix A.8 for a proof).

Lemma 7.2. There exist C > 0, u; > 0 and 61 > 0, such that for u > py and 0 < eT < §; we have
gy — 260 |E1 +{qa. b} > C&)*, xeV, £eR”,
where b := 2(¢’, &).

We can now prove the following Carleman estimate, that is local in space and global in time, for the
parabolic operator P.

Theorem 7.3 (Local Carleman estimate away from the boundary). Let K be a compact set of Q and V an
open subset of Q that is a neighborhood of K. Let ¢ be a weight function that satisfies Assumption 7.1 in' V.
Then there exist C > 0 and 5, > 0 such that

Lo 2 2 )
182 " ull 2 ) + 1112V il 2 ) < ClIR*e#/" Pullp )
oru € s X ), with u(t) € orallt€|[0,T], an < + e < 0r.
€10, T] x Q), with u(t) € €°(K) te[0,T], and0 < (T +T*e < &

Proof. We introduce v = e?/"y. We observe that v, along with all its time derivatives, vanishes at time ¢ = 0
andr =T, since ¢ < —C < 0in K. We have P, v = hre?!hpy = g and we write, similarly to (3.2),

8117200y = 1Q1VIIF2 g, + 1Q2VI172p) + i[Q2, Q1. V)20
which yields, with B = Q; — 29, — 2¢/(t) = "Ap + 2(y/, V),
lgll7> ) = 1QVII7 g, + 102117 g, + (=H*(8:Q2) + il @2, BV, V)12(g)
2 _ g2 . _ 2 i
2 (Wi}~ 10,00 + 102, BYY.v),. o, = (103 = h@Q2) + 102 Bl)vv)

foru > 0and 0 < h < 1/u. We note that 1(8,Q,) = —eh?0" — £*h(6')* + ehb ¢ — 2e0’ h*A. The principal
symbol of uQ3 — h(8,0>) + (02, B is ug3 — 2e0/ 1€ + {q2, b}. We choose 1) > 0 and &; > 0 according to
Lemma 7.2 and we take 0 < €T < §;. The Garding inequality is uniform with respect to the semi-classical
parameter &, once taken sufficiently small (i.e., by taking 0 < &6 < £T?/4 < 0} for ¢ sufficiently small, for
instance), and we obtain

i
(7.2) ((yQ% ~ h(@,02) + 2102, BI) V(0. ”(”)mm > ClvolB.  Vre[0,T],
for ¢ > py and 0 < (T + T?)e < 6, = min(6y,44]), and it follows that ||g||§2(Q) > C [} hlvI[3 dt. We then
obtain the sought local Carleman estimate by arguing as in the end of the proof of Theorem 3.5. [ ]

Remark 7.4. In the proof of the previous theorem, we note the importance of only relying on the non-
negative term ||Q2v||iz( ) since the other square term ||Q1v||i2( 0 involves a time derivative of v, and cannot
be used in the Garding inequality (7.2) at fixed ¢. If we chose to use a Garding inequality with respect to all
variables (¢, x), we could then use both square terms ||Q2v||i2(Q) and ||Q1v||iz(Q). This is the scheme of the
proof that we shall follow to prove an estimate at the boundary below.

The following proposition shows the necessity of Assumption 7.1. See Appendix A.9 for a proof.

Proposition 7.5. Let V be an open subset of Q, ¢(x) be defined on'V, and 5 > 0 and C > 0 be such that for

a certain a < % we have

(7.3) 5%/ ull 12y < ClIh*e?" Pull2(g),
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Sforallu € €0, T]1x Q), withu(t) € €.°(V) forallt € [0,T], and 0 < (T + T?)e < 6. Then a = % and the
weight function ¢ satisfies

lg' ()] #0, xeV,
Gle=0 =0 = {@le=o, q1le=0} >0, x€V,£€R"

7.2. Estimate at the boundary. If we place ourselves in the neighborhood of the boundary we have the
following result.

Theorem 7.6 (Carleman estimate at the boundary). Let xy € 0Q and K be a compact set of Q xo € K, and
V an open subset of Q that is a neighborhood of K in Q, with K and V chosen sufficiently small. Let ¢ be a
weight function that satisfies Assumption 7.1 in 'V, and 8,¢ls0ny < 0, where n is the outward pointing unit
normal to Q. Then there exist C > 0 and 63 > 0 such that

Lo 2 ol 2 2 olhp 12
b2 e ull 2y + IF**e"V cull o) < ClIR* e Pully2 )

for0 < (T +Te < 83, h = et(T — 1) and u € €°([0,T] x 5), with supp(u(t)) € K forall t € [0,T], and
ulo,ryx@anv) = 0.

The proof of this estimate is more technical than that of Theorem 7.3. We have placed it in Appen-
dix A.10. The idea of the proof is to use the Garding inequality in the tangential directions, including the
time direction. The original proof for this estimate is available in [FI96]. However, following the approach
of [FI96] does not put forward the sufficiency of Assumption 7.1.

7.3. Global estimate. We now focus our attention on global Carleman estimates. We proceed by patching
together the local estimates we have presented here, in the interior and at the boundary. The global aspect
of the estimate will impose an “observation” term over (0, 7') X w, with w € Q in the r.h.s. of the estimate.

To patch these local estimates together we choose a global weight function that can be used to derive
each of these local estimates by satisfying the following requirements.

Assumption 7.7. Let wy € w € Q. The weight function ¢ satisfies

plaa = Cst, Oneplan < 0, sup ¢(x) <0, l"(0)] # 0, x € Q\ wo,
xeQ

g2le=0 = 0 = {q2le=0, g1le=0} > 0,  x € Q\ wy,
Such conditions can be fulfilled by taking ¢ of the form
@(x) = e — K with K > Wlle, W/ (x)] #0, x € Q\ wy, and
Yoo = 0, Onlsn < 0, U(x) >0, xeQ,
and by taking the positive parameter A sufficiently large. For the construction of such a function ¢ we refer

to [FI96, Lemma 1.1]. The construction makes use of Morse functions and the associated approximation
theorem [AE84].

Theorem 7.8 (Global Carleman estimate). Let ¢ be a function that satisfies Assumption 7.7. Then there
exist 64 > 0 and C > 0 such that

L oolh 2 3/2 o/h 2 2 olhp 2 Lotk 2
82 e ull 2 + 172"V cutll 2 ) < C(llh " Pull;2 o) + 12 e/ u||L2((0’T)Xw)),

forO < (T + T?)e < 64, h = ef(T —t) and u € €=([0, T] X ﬁ) such that ulo,1yxaq = 0.

Proof. Let w; be such that wy € w; € w. For all x € Q \ wi, there exist an open subset V, of ﬁ, with
x € V, € Q\ wy for which the local Carleman estimate, in the interior or at the boundary, holds with the
weight function ¢, for smooth functions with support in the compact K, = V,.

From the covering of Q \ w; by the open sets V,, x € ﬁ\ w1 we can extract a finite covering (V;)ez, such
that for all i € 7 the Carleman estimate in V; holds for & < h;, C = C; > 0 and supp(u) C K; = V,
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Let (x;)icr be a partition of unity subordinated to the covering V;, i € 7, [Tre67, H6r90], i.e.,
Xi € €(Q), supp(x;) € K; = V;, 0<xi<l, iel, and 2xi=1inQ\ w
i€l
Note that we have supp( ;) N wo = 0. For all i € I, we set u; = y;u. Then for each u; we have a local
Carleman estimate. We now observe that we have

Pu; = P(xiu) = xiPu+ [P, xilu = xiPu — [A, xilu,
where the commutator is a first-order differential operator in x. For all i € 7, we thus obtain
2 2 2 2
(7.4) In* e Puill 29y < ClI*e?!" Pull 2o, + ClIH* e " ull 2y + CllR*e?!" V120

2 olhp, 2 23118 ok 2 2011.3/2 olh 2
< ClIh*e?" Pullz ) + C(eT*)|Ih7 e ull ) + CeT? 1" V2 -
We note that we have

1 2 2 1 2 2
“I’l2 ezp/h u“LZ(Q) + ||h3/2€¢/h Vx u”LZ(Q) SC Er (”hz etp/h Mi||L2(Q) + ||h3/2€¢/h qui||L2(Q))

oo 2 32 o/h 2
+ ClIR2 e ull 2 0.1y, + CIE MY 120 1y

From (7.4) we then obtain
e ulys gy + W29Vl < C (Ilhze‘p/hPuIIiz(Q) + T a2 g + TR 2 ulls g
LT ||h3/2e¢/hvxu|ﬁz(m)xwl)).
For £T? sufficiently small we have
e/ ullys gy + W29Vl < C (Ilhzethulliz(Q) I Ul 0o
+ ||h3/2e¢/hvxu||i2((o,r)xw,))-

We now aim to remove the last term in the r.h.s. of the previous estimation. Let y € € °(w) be such that
x = 1 in a neighborhood of ;. If Pu = f, after multiplication by e**/"h3yi, and integration over Q, we
obtain

1
(7.5) 3 [f /" 13y d,|ul? dt dx — Re [[ /"3 yiiAu dt dx = Re [[ /"W’ yuf dt dx
0] o (¢
For the first term /; an integration by parts in ¢ yields
1 1 , , 1 2
L = ’E foez“’/hh3X(9,|u|2 dr dx| = | 2 [jGet 1 = 2060 W)l di dx| < Cllh* e ull 20 1

since €]@’| < CeT'is bounded. The third term can be estimated as

_ 2 1 2
|I5] = |Re I "W yuf dr dx| <l fll20) + Cll2 e ull 20 7yw)-
0

For the second term, with integration by parts in x, we have

L = [[ /" y|Vul dt dx + Re [[ BV (e*/"yYuV u dt dx
9] 9]
3 2 1
> [1h% eV xutll 2 0.7 xwr) — 3 gh3A(e29”/hX)|u|2 dt dx,
and |ff B AE!M)\ul? dr dx| < C||h%e¢/hu||12‘2((0j)xw). The previous estimates and (7.5) then yield
0

3 2 2 1 2
2 2 ] s
”hze‘p/hva”Lz((O,T)Xw]) <Clh €¢/1PM||L2(Q) + C||h2€"0/hu||L2((0,T)><w)~

The proof is complete. u
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7.4. Observability inequality and controllability. It is now simple to deduce an observability inequality
for the adjoint system

-0,q—Agq=0 inQ,
qg=0 onx,
q(T) =qr in Q.

We note that the estimate of Theorem 7.8 also applies to the adjoint operator —d, — A. With the parabolic

i 2 2 —C )T 12
decay of energy we have 3T1Ig(O)lI7:q < 1917274 37/400)- W also have Ce e )||q||L2((T/4,3T/4)><Q) <

2
IIh%e“"/thILz((T/4!3T/4)XQ) since we have 0 < CT? < #(T —t) < C’T? on the interval [T /4,3T /4] (we note that
¢ was chosen negative here, which explains the restriction to the interval [T /4,3T /4] away from 0 and T
for this estimation). Then for (T + T?)e = ¢4, the Carleman estimate yields

C 2 ,
2 C/(ET?)| 112 C+C' [T 112
||‘I(0)||Lz(9) < 76 ”q”LZ((QyT)Xw) <e ”q”LZ((O’T)wa

From this observability inequality we can also deduce the null controllability of the heat equation and obtain
Theorem 6.2 again. We note however that we have a more explicit expression for the observability constant
including its dependency in the control time 7. We naturally see the blow up of this constant as 7 goes to
Zero.

Remark 7.9. As mentionned in the introduction, parabolic Carleman estimates allow to treat the con-
trollability of more general parabolic equations. By linearization and with a fix point argument, one
may consider the controllability of semi-linear parabolic equations for certain forms of non linearities
[Bar00, FCZ00b, DFCGBZ02]. A fine knowledge of the observability constant, obtained by parabolic
Carleman estimates, is precisely what allows to treat these non linear cases. In particular, the powers of
the semi-classical parameter /4 in the global Carleman estimate of Theorem 7.8 play a central role in these
results. Proposition 7.5 shows the optimality of these powers.

APPENDIX A. SOME ADDITIONAL RESULTS AND PROOFS OF INTERMEDIATE RESULTS

A.1. Proof of the Garding inequality. The symbol a(x,&, h) is of the form a(x,&,h) = a,(x,& h) +
hay,—-1(x, &, h), with a,,_; € S™!. For h sufficiently small, say & < A, the full symbol a(x, &, h) satisfies

Rea(x,&,h) > C"(&)", xeK, §eR", he(0,h),

with C’ < C” < C. Let U be a neighborhood of K such that the previous inequality holds for (x, &) € U xXR"
with the constant C” replaced by C” that satisfies C’ < C"” < C” < C. Let y(x) € €°(U) be such that
0 < xy < 1and y = 1 in a neighborhood of K. We then set a(x, &, h) = y(x)a(x,&,h) + C" (1 — y)(x)(&)™ that
satisfies

(A1) aeS™ and Rea(x,&h) > C"(E)",  xeR", ¢e€R", he(0,h),

We moreover note that (Op(@)u, u) = (Op(a)u, u) if supp(x) C K. Without any loss of generality we may
thus consider that the symbol a satisfies (A.1) in the remaining of the proof.
We then choose L > 0 such that C’ < L < C"” and we set

b(x.&.h) = (Rea(x,&,h) - L(f)’")% . and B = Op(b).

The DO symbolic calculus gives B* o B = Re Op(a) — LA™ + hR, with R € ¥"~!, where Re Op(a) actually
means (Op(a) + Op(a)*)/2. We then have

Re(Op(a)u, u) = (Re Op(a)u, u) > L(A™u, u) — h(Ru, u) > L||Am/2u||§ = hL|ullg,_y)
> (L= hL)\ull, .

We conclude the proof by taking 4 sufficiently small. [
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A.2. Example of functions fulfilling the sub-ellipticity condition: proof of Lemma 3.3. We shall actu-
ally prove the following stronger lemma here.

Lemma A.1. Let V be a bounded open set in R" and VES € (R",R) be such that '] > 0 in V. Then for
A > 0 sufficiently large, ¢ = e satisfies |¢’| > C > 0in 'V and

(A2) V(&) eVXR", qx6)=0 = {g.q:}(x&=C>0.

Proof. The computation of the Poisson bracket {g2, g1} = X 0¢,q20,,q1 — 0x,920¢,q1 gives

b =4 % ¢+ ¢ip) = 460 + 976 ¢).
<J:k<n
Here we have ¢ = ¢, and thus ¢’ = Apy’ and @ = gy + /12901//;!,0;, J.k=1,...,n, which yields

(@, @1} = 4207 (A1 + 9" W) + 9 (A9)'E (Ap) '8 + 17 o™X, £)%).
When ¢, = 0 we have |£] = A¢|y’|. We then note that

() e Q) ol < CW' P W WL ) < Cl.
‘We deduce
(2, @1} = 426 (I = Cly'P).

We then see that for A sufficiently large we have {g,,q,} > C, > 0, since [¢'| > C > 0. [ |

Remark A.2. In Lemma 3.3 we chose to use an exponential function. The reader will note that a similar
result can be obtained by taking ¢ = G(Ay), with A sufficiently large, for a function G : R — R that satisfies
G’ > 0,G” > 0and G”/G" > C > 0. This procedure is often referred to as the “convexification” of the
weight function.

A.3. Proof of Lemma 3.4. For |¢| large, the property holds since ¢, = |¢]> — |¢’|* and since the symbol
{g2,q1} is only of order 2.

It remains to prove the result for [¢] < R, with R > 0, i.e. for (x,¢) in a compact set (here x € V). In
a more general framework, consider two continuous functions, f and g, defined in a compact set K, and
assume that f > 0 and f(y) =0 = g(y) > L > 0. Weseth, = uf +g.

For all y € K, either f(y) = 0 and thus h,(y) > L, or f(y) > 0 and thus there exists x, > 0 such that
hy,,(y) > 0. This inequality holds locally in an open neighborhood V), of y. From the covering of K by the
open sets V,, we select a finite covering V,,...,V, and set u = maxi<j<, u;. We then obtain 2, > C > 0.
We simply apply this result to p/(&)*. [

A.4. Proof of Lemma 3.10. We saw in Section A.2 that
(@2 @1} = 420 (W1 + 9" W ) + 9 (A9) ' (M) '8 + 17 o™X, £)%).
We observe that g, A = (|§|2 - /12|z,0’|2502) (/lzlz//’lzgo + /l(Az,b)go), which yields

£
Ap

+ =201+ W) = 2 P,

2
+ A7 oY 6

p =26 (W& ()8 + 2uA ' + &)

which, as 0 < < 2, we can make larger than C(£)?, with C; > 0 by taking A sufficiently large. [
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A.5. Estimations in the elliptic region and close to the characteristic set: proof of Proposition 3.8.
Let w; = Op(x1)v. We observe that supp(w;) C V from the assumption made on the support of the symbol
Xx1- Then Pywy = g1 = Op(x1)g + [Py, Op(x1)]v, where g = P,v. The commutator is in A¥! and thus

(A.3) ligillo < C(liglly + AllvIIy) -
Let y € S be such that y = 1 in a neighborhood of supp(y;) and y = 0 in a neighborhood of Z. Because
of the ellipticity of P, in supp(y), there exists a /DO parametrix (see [Hor85b, Mar02]) Ey = Op(e),
ecS72 withe = Zjﬁio hie;, for M € N large, where e; € S*/, ey = x/p,, and

EyoP,=0p(x)+ " 'Ry, Ry e¥ '™,
We then obtain w; = Eyg1 + 81, with ;1 = (Id =Op(x))w; — A+ Rywi. As supp(1 — x) N supp(x1) = 0,
and w; = Op(x1)v, the DO calculus of Theorem 2.8 yields
(A4) 1811l < ChIv];.
With (A.3) and (A.4) we obtain the first result of the proposition,

willa < C (llgill + Alvily) < C” (llglly + AllvIL) -

For the second part we introduce wo = Op( x2)v. We then have Pow, = g» = Op(x2)g + [Py, Op(x2)1v
and [lg2ly < C(llglly + AlIVIl;). The proof of the Carleman estimate then yields (see (3.3)) hllwzllg <
C (1lgllg + 721vIi)-

Let ¥, € S° with compact support be such that ¥, = 1 in a neighborhood of supp(y>). The DO calculus
of Theorem 2.8 yields

w2 = Op(l = x2)wz + Op( Y2)wz = Op(1 — ¥2)Op(x2) v + Op(¥2)w2, N €N,

enNy-N

and we thus obtain, forall N e Nand r, 7 € R,

Iwally = IA°wallg < Cr k™ VI + 1| AOp(72) wallo < Crvr N VIl + C (Il
————
ey’

It follows that [[wll; < Cshllvll; + Ciliwally, for all s € R, which yields the result. [ |
A.6. On the sub-ellipticity condition and the optimality of the powers of the semi-classical parameter:
proof of Proposition 3.9. The proof that we give is adapted from that of Theorem 8.1.1 in [Hor63]. We
refer the reader to this proof for the treatment of more general operators. Here, the symbol of the Laplace
operator does not depend on x, which simplifies the proof.

Let xyp € V and let & € R" be such that p,(xy, &) = 0 (such a &, always exists). There is no restriction to
consider the case xo = 0 and ¢(xo) = 0. We set {o = &y + iy’ (xp). Then 3; §§’I. = 0. We set w(x) = (x, {p)
and have

1
() —Im(w(0) = AQ) + o), with AW) = 5 2 i)
Js

Let ¢ € €= (R") be such that ¢(0) # 0. We introduce u;, = ™/ h(ﬁ(x/h%) and we have
(A.5)

12 Puy, = ™" (~h(AG)(x/h?) = ihAW(X)G(x/h>) + (£ (0, w(x))?) d(x/h2) = 20k (Vow(x), ' (x/7?))).
We note that )’ j(ﬁx‘],w(x))2 = 0 and observe that we then have

%(A(h% x)+o(\h%x|2)) |

IH2e " Puyle = 1" [ e — hAG(x) — ih(Aw)(h? x)p(x) — 2ih2 (Vw)(h? x), <;s’(x)>|2 dx,

after the change of variables x — x/ h?. In the limit h — 0, by dominated convergence, we have
1262/ Puylly ~ 4K OG0, NP dx.

Similarly we have hz"lle“’/huhllé ~ W22 [ 24| h(x)> dx. With Inequality (3.7) we conclude that we
necessarily have @ = % and (o, ¢’(x)) £ 0. In particular ¢’(xy) # 0 since otherwise we would have ¢, = 0.
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If we denote by K the constant C in (3.7), with a = %, the limit 4 — 0 yields
J Pl dx < K [ DK Lo, p(x)) dx,
> 55

computation carried out in Section A.2 gives {g2, q1} = 4¢"({,{) = 4%« go}fk g; . For all x € V we thus
have

2
(A.6) £ER" and py(r.§) =0 = {g2.q1}(x.8) > .

for all ¢ € € °(R"). Lemma 8.1.3 in [H6r63] then gives 3, go’];( (o,jé’T,k > 5. We set £ = & + ig’(x). The

Let now (y,17) € 0V x R" be such that p,(y,77) = 0. We first consider a sequence (x®)eye € V that
converges to y and (£®);qe € R" such that p,(x®,&0) = 0. We set (¥ = ¢® +ip'(x®). We have in
particular [¢®] = |¢’(x®)| and the sequence (£®); is hence bounded. It converges, up to a sub-sequence,
to a certain ¢ € R" and thus p,(y, &) = 0. In particular |£] = |¢’(y)|. We saw above that {g>, q1}(x®, Ry =

45500, 00 > 2T = &+ i/ (v) we have (g2, 1)(3,€) = 4 ;9,0 & ¢ > . This excludes
¢ =0. As ¢] = |¢’(y)| we obtain that ¢’(y) # 0. _
The characteristic set over V is given by 2 = 2 N (V x R") with

Z ={(x&) eR"XR"; fi(x,&) = &7 — ¢’ (0’ = 0, and fo(x,€) = (£, ¢'(x)) = O}.

As ¢’(y) # 0 and n # 0 is orthogonal to ¢’(y), we then see that the partial differentials d¢ f; and d:f> form a
rank 2 system at (y,77). Up to rearranging the variables, with the implicit function theorem, this implies that
in a neighborhood U, of (y,7n) and in a neighborhood U; of (v, 7, ..., n,-2) we have

(x’ é:) € f.é; n Ul < (-x7 é:l’ R ’571—2) € U2 and (‘fn—l’fn) = g(x7 fla [ 7§Vl—2)a

with a smooth function g. Consider then a sequence (x);ci- C V that converges to y. For k sufficiently
large, k > Ny, we have (x*,5;,...,1m,0) € Uy and we set E® = (i1,..., 5,2, 8x®, m1, ..., 7,_2)). Then
(x®, 0y is in 2 and converge to (y,7). We have {g,, g1 }(x®, &%) > 2/K for all k > Ny by the first part of
the proof. We thus obtain {¢,, ¢1}(y,17) > 2/K by passing to the limit. [

Remark A.3. In the previous proof we have chosen a test function u;, that is localized around x, in space,
through the term ¢(x/ h%), and around ¢ in frequencies, through the term X80/t for the semi-classical
Fourier transformation. This microlocalization shows clearly that the non-zero power of the parameter / in
the 1.h.s. of the Carleman estimate originates from the behavior of the symbol at the characteristic set 2 as
we already pointed out with Proposition 3.8. We note that the scaling x/ h? in o(x/ h%) allows to control the
variations of A(x)/h in the support of uy,.

A.7. Estimation of the heat kernel. Let p;(x,y) be the heat kernel in Q, a bounded open set in R”, with
homogeneous Dirichlet boundary conditions.

’(—\'2
Lemma A.4. Forall x,y € Q we have p,(x,y) < (47rt)‘”/ze‘% ift>0.

2

Proof. The heat kernel in R” is given by p(x,y) = (4xt)™"/ 2¢="3 if t > 0. Consider Yo € €,°(Q) such
that yp > 0. We also denote by y its zero extension to R". We consider the following parabolic problems

0y—-Ay=0 in(0,7) X Q, .
0z—Az=0 in(0,T)xR",
y=0 on (0,7) X 09Q, .
) Zli=0 = Yo inR".
V=0 = Yo in Q,

For ¢+ > 0, the solutions z and y are smooth functions given by y(¢,x) = (p:(x,.),v0(.)) and z(t,x) =
(Pos(x,.),y0(.)). In particular z(¢z,x) > 0 if x € 9Q. Thus z—y > 01in (0,7) x Q. The difference of
the two solutions thus satisfies a parabolic problem of the following form

0/(z—=y)—A(z=y)=0 in(0,7T)xQ,

z—y=>0 on (0,7T) x 0Q,

(z=Yl=0=0 in Q.
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The maximum principle gives z —y > 01in (0,7) x Q (see e.g. [Bre83, Theorem X.6]). If yy € €,°(Q2) with
yo = 0, it follows that (pg(x, .), yo(.)) = {p«(x,.),yo(.)) for t > 0. This yields the result. [ |

-y
Lemma A.5. Let po,(x,y) = (4rt)™/ 26="3" be the heat kernel in R and let y € Qand Vy, be a neighbor-
hood of y such that 1_/_\, C Q. There exists C and C’ > 0 such that

Ip(x, ) = pos(x, ) < Cte™ 1, xeV,, t>0.

Proof. Let y € €.°(Q) be such that y = 1 near \_/y. We introduce v(t, x) = p,(x,y) — x(x)po,(x,y) and
observe that v|;=g = 0, V|(,+e)xaq = 0 and that v satisfies the parabolic equation (J; — A)v = w with

1
w(t,3) = P06, (B () = ~ (Vi (). x = ).

We observe that |x —y| > d > 0 in supp(x’) and thus have Ww(z, x) = e%w(t, x) € €([0, +o0[xQ) with

furthermore [|[W| ([0 +eoxq) < ©°. The Duhamel formula gives v(z, x) = fO' S (t — s)w(s)ds, where S (1) is the
d

heat semi-group and we find v(¢r) = Or e‘TiS (t — s)Ww(s)ds, which yields
2L _ 2
VOl < €5 [IIS(E = W(s)lds < te” T[Sl oo +o0ix)» >0,
0

by the maximum principle [Bre83, Theorem X.3]. The result follows in \_/y where y = 1. [

The reader will note that we can obtain the following short-time asymptotic expansion of the heat kernel
on a Riemannian manifold, with or without boundary, on the diagonal, for all N € N (see for instance
estimate (13.59) along with (13.39) and (13.40) in [Tay96, Chapter 7.13])

Py(y.y) = 172 (Co(y) + 1 C1(3) + -+ + CyY +OG™). 1 0.
In the case we consider here, the metric is flat, and such an expansion is greatly simplified as shown in the

previous lemma.

A.8. Proof of Lemma 7.2. The proof of Lemma 7.2 is close to that of Lemma 3.4. It suffices to prove
the result for (x,&) in a compact K C R”" x R". We first take & = 0. We have ¢s|,—9 = |£]* — |¢’|>. For u
sufficiently large we have

13le=0 + {q2le=0, b} = CE), (. 6) € K,
as seen in the proof of Lemma A.1 (page 21). Finally, since (x, &) is in a compact set, this inequality still
holds, with a different constant C, for €]6’| > 0 small. Since |6’ (7)| < T, this concludes the proof. [ |

A.9. Proof of Proposition 7.5. The proof is close to that of Proposition 3.9. Let xo € V and & € R" be
such that ¢»|.—o = 0 (such a &, always exists). We set ¢y = & + i¢’(xp). There is no restriction to consider
the case xo = 0. We then choose 7y € R such that

7o + 2(¢" (x0), &) = 0.
We then have

(A7) ito+ 345, =0.
2.0,

Next, we define
w(t, x) = ip(0) + (x, {o) +7o(t — 10)/h, with 7o = T/2,
————
=w(x)

and we have

o(x) = Im(w(t, x)) = A() + (), with A(x) = 2 ¢ix0)x .
Js

Lety € (0,7/2) and let ¢ € €°((y, T —y) x R") be such that ¢(y, 0) # 0. We then set

iw(t.x0)/h ¢( -1 , X )

g A& '

U, = e
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We recall that @ = (T — t) and h = 6. We have

e = (a2 ) v 0ol )

with
t—t _ T g
) = TQ(?;(TO) + w(x)0,h I= h—g —27o(t = [0)% - w(x)h—e

6,( W(;; X)

We also have (similarly to the elliptic case in see (A.5)),

t—ty x

" Ve

2 _ iw/h SN2 ~ it ~ izt X
WA, = e (@(ax,w(x)) ihA () ) = 2ie* 6V (). 6 (— ’\/g)>

r—1t x
e, L))
(At — \/5)
With (A.7), and as 8" = 2(ty — t) it follows that

W Pu, = eiw/h(%(ZTO(t —10)? + h(t — to)fv(x))(ﬁ(t _Sto, %) + he(at¢)(t ;t‘), %)
- i 09—, =) - 2iste(V.ico. o, - (", %))

After the change of variables (¢, x) — ((t — tp)/&, x/a%), we obtain, for e — 0,

121" Puglly ~ 4"+ [ DM a(10 2\ 2o, (2, ) dit dix.
R”*l

As we have ||h%e?! hugll(z) ~ gnlZHi2e) [ @260 6(10)20|g(1, x)|* di dx, Inequality (7.3) yields @ = 1 and
{o # 0. It follows that ¢’(xp) # 0. We then have obtained

JI AN, ) di dx < C ff VKL, (0 0) di dx,

Rn+l Rr+!
forall ¢ € €°((y, T —y) X R"). For ¢, € €°(R") we thus find*

[ AN () dx < C [ AL, ¢y ()P dx,
Rn er
which allows to conclude as in the proof of Proposition 3.9.

A.10. Proof of Theorem 7.6. This proof is based on a proof provided in [LR10b]. Its counterpart in the
elliptic case can be found in [LR95]. In a sufficiently small neighborhood V we place ourselves in normal
geodesic coordinates. In such a coordinate system, the principal part of the Laplace operator A takes the
form

(A.8) Ay = =8} = r(x,80),  x =, x),
with r(x, &) a homogeneous second-order polynomial in & that satisfies
(A.9) rné)eR, and ClEP <r(n&) <GP, xeV, & erR™,

for some 0 < C; < C; < co. The local coordinates are chosen such that xg is at the origin.

We set 5j(t) = T>(((T —1))~'. Then h = &0 = T*y~'. We set /i = eT? and #’ = £T. We shall impose #
and 7’ small in agreement with the statement of Theorem 7.6. To work on R for the time variable, instead
of the finite interval (0, 7'), we make the following change of variable:

(A.10) s(t) = tan (”Tt - g)

“In fact, we can Choose ¢ in the form ¢(, x) = n'%(/bl((t —10)/mda2(x) with ¢ € E°(R), [ ?=1,andandn > 0 sufficiently
small. We then let  go to 0.
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We note that 9, = %‘Y)@s, with a(s) = n(s)? with (s) = (1 + sz)%. The parabolic operator we consider
becomes P = %63 + A and we find
_oym -1 -1 1
(A.11) n(s)=n (5 + arctan(s)) (E —arctan(s)) . k' =p(s)/h.
(We keep the notations P, A, n, in an abusive way.) In particular we have
(A.12) C(s)y <n(s) < C'(s), seR, and C(s)!* < |n®(s)| < C(s)'7*, ke N.

We define tangential semi-classical ¢ DOs adapted to the parabolic problem we consider here. We denote
by S, the space of smooth functions a(z, {’, h), (z,{’), z € Rﬁ“, " € R", defined for 7 € (0, fig] for some
fip > 0, that satisfy the following property:

Va. B, 1000),a(z. 0 )| < Cop(C )", ze R, £ €R", he (0, hy).

Asymptotic series of such symbols as those defined in Section 2 can be considered. The notion of prin-
cipal symbol is introduced similarly. The tangential ¥ DOs we shall consider are defined in the case
7= (s,%,x,) € R" and &' = (1,¢&), with 5,7 € R, x',& € R"" and x, € R*. We define (s)Z‘I’;". as
the space of tangential yDOs A = Op(a), for a € (s)'S 7 formally defined by

Au(s,x) = Qu)y"HH) [f[f OIS G (g x 1, R u(t, Y, xp) di dy drdE'.
If we let them act on a function u that does not depend on x,,, they can be considered as regular yDOs if we
only consider the restriction of A u on x,, = 0. We shall also denote the principal symbol by o-(A). We have
the following quantizations:
hh' O
(=)=

z T, 0'( i')zf,-.

, 1o,
We set D = @ andDXj =,

1

If we set M = ((1,&')) € S} we have the following regularity result: if a € (s)'S, [,m € R, then there
exists C > 0 such that

IOp(a)ull < CII(s)'Op(M™ ull.
The composition formula for tangential symbols, a € (s)'S b€ (s)'S g’. , is given by

(i)

a!

(A.13) (@fb)(s, x, 7,8 h) ~ R HNH )" (07952 a) (B3 7 b)(s, x, 7, €, ),
leg} ;

with @ = (1, @), @1 € N, @, € N"!, and yields a tangential symbol in (s)"* S,

We now make the following change of variables in the x direction.
y=b(s)x, withb(s) = a(s)?.
If we set P = P/a(s), its principal part is given by

1
%2 = Tﬁs - 8)2,” — I'(y, 6y/), f(y, 6}") = V()’/b(s)s ay’)'

We shall prove a Carleman estimate for this operator before moving back to the original coordinates. In the
sequel it is important to remember that x = y/b(s) remains in the compact domain K.
We set
_ _ 1)
¢(s.y) = ¢(y/b(s)), Pu(s,y) = ﬁaxso(y/b@))-
Note that ¢, does not stand for d,¢ but is in fact equal to 17d,¢. This notation will however be convenient
below since the calculus we have introduced uses # and 7’ for small parameters instead of & = ™'

Remark A.6. With the definitions of r and ¢, we find that derivatives of the symbols with respect to s and
y generate a gain of a factor (s)~'. This will be taken into account in the application of the composition
formula (A.13).
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Introduce v = e?"u = "y and P, = h2e?"Pe /M. We have B,y = h2e?"Bu = g. We define the
following symmetric operators 0, = (B, + ‘,Bf;)/Z, 0, = (B, - ‘.]3:,)/(21'), with

02 =D + Qs Q1= (Dy,¢s, +¢5,Dy,) + 201,
with respective principal symbols

p=E+a =108 —10,6x) - 67 €57,

gy = 2600, +2q1,  q1 = % +1(0.& pe) €S

where ¥(y, ., .) is the symmetric bilinear form associated with the real quadratic form r(x, &’).
‘We note that

(Wl, szz) = (szl , Wz) —ih [(Wl ly, =0+ » Dynwzlyn:w)o + (Dynwl ly, =0+ » W2|y,,:o+)0] ,
(Wh Q1W2) = (Q1W1,W2) - 2ih (¢on1|y,,:o+,W2|y,l:0+)o,
for w; and w, smooth, where (., .)g is the L? hermitian inner-product in {y, = 0}, and we thus obtain
gl = 10 +11Q2vI” + i[ D, O v, v) + hB W),
with
(A.14) BW) = (01,200 Dy, Vly,=0° ), + ((Dy, 01 = 26, B )V, 05 Vly, =0+, »
which, as vly,—o+ = 0, reduces to
(A.15) BW) = 2(¢1, Dy, =00, Dy Vy,=0+ ), 2 0, as ¢, > 0.

We observe that we have i[0,, 0] = h(I:IODin +HD,, + 1512), where H; € (s)"‘{’é, j=0,1,2. We then
note that Dﬁn -0, € ‘I’?/_ and Dy, — ﬁQl € ‘I”T We thus find

i02, 011 = h(HoQy + H\ Q1 + Hp),  Hje ()W), j=0,1,2.
We have the following lemma, which proof is given below.
Lemma A.7. For u sufficiently large and h and %’ sufficiently small, there exists C > 0 such that

(42 + ¢§,,qz)2

M +0(Hy) > C(s)~ ' M>.

(7187 2u

Applying the Garding inequality in the tangential directions (including the time direction) we thus obtain,
for 7 sufficiently small,

(A16) gl 2 IOV + 10w + hiRe (HoQav,v) + hRe (H O1v. v)
+ CHll(sy  OpM” — hRe (0 + 62, 02w, Gis) ™),

2 2
where G € ‘I—’g. and 0(G) = y%—;”qz € Sg..
We first see that we have

~ ~ _ 1~ .3 2
A7) | (HoQav,v)| < AllOavI (Y™l < CHAIOaVI + C'hF 1K) ™l

~ ~ _ 1A P 2
A18) 4| (H101v,v)| < A0 IKs)™ Op(MVI < CRAIOI + €' ICs)™ Op(MI”,
From the form of O; we deduce the following lemma.

Lemma A.8. We have ||(s)"2 D, v|| < C||0yv]| + CII(s)"2Op(M)v]|.
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Next since
(A.19) Q1 = (01 - [Dy,. $,1) - 6:,Dy,.

(Q1 [Dy,, ¢xn]) +¢7 (02 — D} ). Using (A.19) a second time

mlf@ l\)l —

we compute Q7 + ¢% Or = —Q14,, Dy, +
we have

|
01+ 93,02 = (44.Dy, = 5(01 = (D4, D) &, D, +
which reads
(AZO) Ql + ¢x’ Q2 € ¢X"Q2 Dy”¢x”Ql + ‘“II Ql + h<s> I\I‘O D\,, + h<s> I‘PI
We note that

% (01 = [Dy,. ¢s,1) + ¢2,(02 - D},

n

~ _ 1 ~ 3 _ 2
7(¢2,02v, G(sY™!v)| < AECIOaVI + 13 ClKs) ™

and

1 ~ fi ~ ~
BRe (504,007, GG ™) = 5 Re (90, 017, Dy Gy ™v) = 1 Re (2 0uvl e, Gl) vl

by integration by parts. The last term vanishes as vl o+ = 0. We thus obtain
(A21) [nRe((QF + 2, 02, G(s) ™) |
L~ 2 L~ 2 3 -1 2 3 1.2 3 -1 2

< C(h2I|Q1VII + 2 (|Qovl” + 72 [Ks)™ Dy, VIl + 72 ICs)™ vIl + A2 [[(s)™ Op(M)V| )

By choosing 7 sufficiently small, from (A.16), (A.17), (A.18) and (A.21), and Lemma A.8, we obtain
2 -1 2 _1 2 L2 a1 2
1B vI> = Ch(JI(s)™> Op(MMI” + [1(s) 72 Dy vll*) = Ch(Ii(s) 2 vll” + AIi(s) 2 V).
Arguing as in the proof of Theorem 3.5 we obtain
2 2
ille? " Bull” = Ch(lle?”" () 2 ul” + #2lle?" ()7 V.l ).
Moving back to the x coordinate we find
. el 2 s 2
e ()42 Pull” 2 Ch(lle?(s) F ull” + e ()" E V).

We now proceed with writing the local Carleman estimate we have obtained with the original time variable
t € (0,T). From (A.10) we have ds = “52dt = Z(s(t))>dt. We then have

n n— 2 n+ 2
il )t Pl = Ch(le? ()™ T ul” + W2lle? () V),

as 7(1)/C < (s(t)) < Cn(¢). If we now change u into 7(f)> ~'u, which is possible because of the fast decay of
e?"ast — 0 or T, we achieve

_ 2 12 _3 2
Al ey 2Pull” = Ch(lle? n(t) 2 ull” + 13l n(t)> V..

In fact, we chose €T = #’ sufficiently small to absorb the commutator [d;, r](t)%“] generated by this change
of unknown function. Recalling that /i = h this concludes the proof. |

Proof of Lemma A.7. We denote by {., .}, and {., .}, the Poisson brackets with respect to the s, T variables
on the one hand and the x, & variables on the other hand. We have

I~ =«
(71523 0(1102. O11) = 12, @1}y +an, @y ).
———
el (s)~1S1

For the property we aim to prove we may thus focus on the second term that belongs to (s)~'S2. We
introduce the map

-1
K:(s,y,T,f)'—)( b()( ()) <b(s)) ‘f)’
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2
and set gj o k™' = (¥(5)) @, j = 1,2. We find
(s, x,7,&) = .f;‘ﬁ +ar€S?  a=r(x&)-r(x, Oyvp) — (6)(”90)2 €Sz,
a1 (s, x,7,&) = 2&,(0y, ) + 2a; € sl a = % + F(x, &,0v @) € sk

where 7(y, ., .) is the symmetric bilinear form associated with the real quadratic form r(x, ¢”). Recall that the

3
variable x remains in the compact set K, as opposed to y = b(s)x. We observe that {g>, G}, = ’5—4{&2, a1}y oK.
In particular we have

(G2, G1}x = hoGo + h1 Gy + ha, G2, 01} = Codiy + L1y + Co,

with h; = o(Hj) € (s)‘lSZ/Aw and ¢; € Sé.. We find h, = Z—ifz o k. Weset M = M o k!, We note that
M’ ~ M. We set

a? + 0, v)’a 2
#(1 (M,;;D) 2) +<—;>€2€S$—.

We know prove that v > CM? for u sufficiently large. For |(t,&")| large, say |(,&')| > R, we clearly have
v > CM?. We may thus restrict ourselves to the case of the variables (x, 7,£) in a compact set. Recall that
s = s(¢) and observe that v is smooth with respect to ¢ € [0, T]. Hence all the variables (¢, x, 7,£) lay in a
compact set. We consider the case 7i = 7/ = 0. Assume that a? + ((9xng0)2a2 and chose &, = —(a;/dy,¢).
Then d; = a, = 0. By the sub-elliptic property (7.1) (which is invariant by change of variables) we obtain
(@, a1}, = I, > 0. Tt follows that for u sufficiently large v/M? > C > 0 in this case as well. Relaxing the
condition 72 = A’ = 0 only affects the constant C for 7, 7’ positive and sufficiently small.
We conclude the proof since we have

2
(g7 +¢%,92)" ¢

hy + oYe = (s)’l(g) VoK.
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