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Abstract

These notes are intended as an introduction to the question of unique continuation for the wave
operator, and some of its applications. The general question is whether a solution to a wave equation
in a domain, vanishing on a subdomain has to vanish everywhere. We state and prove two of the
main results in the field. We first give a proof of the classical local Héormander theorem in this context
which holds under a pseudoconvexity condition. We then specialize to the case of wave operators with
time-independent coefficients and prove the Tataru theorem: local unique continuation holds across
any non-characteristic hypersurface. This local result implies a global unique continuation statement
which can be interpreted as a converse to finite propagation speed. We finally give an application to
approximate controllability, and present without proofs the associated quantitative estimates.
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1 Introduction and generalities

These notes propose an introduction to the question of unique continuation for waves. We present the
Hoérmander theorem and the Tataru theorem in this context, which are two of the main local results in
the field. Before entering to heart of the subject, we discuss motivation for studying unique continuation
for wave operators. Related references and further readings are presented in Section 4.

1.1 Motivation and applications

We start with presenting different applications to motivate the more technical parts of these notes. All
these applications are discussed in Section 3.5.

1.1.1 Penetration of waves into the shadow region

In this section, we consider the wave equation outside a convex obstacle in R?. Namely, let O C R? be a
bounded smooth open subset, and consider M = R%\ O. We consider the Laplace operator A and u(t, )
the solution to the wave equation

O}u—Au=0, onR xInt(M),
u=0, onRxJIM, (1)
(u, Opu)|i=0 = (ug,u1), on M.

Now, we counsider a compact set K C M, and assume that the initial data (ug,u;) are supported in K.
If the set K is not too large, there is a whole region of M which does not intersect any ray of geometric
optics in M (i.e. straight line in Int(M), which reflects according to Snell-Descartes laws at the boundary
OM) passing through K. Taking an open set w in this shadow region, the question under consideration is
the following:

Can one recover (ug,u1) from the observation of w on the set (—=7,7T) X w?



And if so, what is the time T required? By linearity of (1), this can be reformulated under the following
unique continuation question:

(u solution to (1), supp(ug,u1) C K, ul(—r1)xw =0) = (uo,u1) = 07 (2)

(and hence u = 0 on account to the well-posedness of the Cauchy problem, see e.g. | ] or | D.
We shall see that Property (2) is false if T is too small, but holds true if T' is large enough. The limit time
will be expressed as a natural geometric quantity.

1.1.2 Approximate controllability for the wave equation

In this section, we consider a wave equation in a compact d-dimensional manifold M (or the closure of a
bounded open set M C R9), controlled from a subdomain. Namely, given x,, € C*(M), the equation

O2u— Aju=x,f, on (0,7)x Int(M),
u=0, on(0,T)xIM, (3)
(u, Ou)|4=0 = (ug,u1), on M.

The term f in this equation plays the role of a forcing term, acting only on w := {x,, # 0}. Controllability
problems concern the ability of driving the solution w to (3) from the initial state (ug,u1) to a final
target state (vo,v1) at time 7', using only the action of f on w. This property depends a priori on the
data/target, and is very complicated. More tractable questions, arising from applications in engineering
are the following.
Definition 1.1. We say that (3) is exactly controllable from (x,,, T) if for all data (ug,u;) € L?(M) x
H~Y(M) and all target state (vg,vy) € L*(M) x H=*(M), there is a function f € L2((0,T); H-1(M))
such that the solution to (3) satisfies (u, Osu)|t=r = (vo, v1)-

We say that (3) is approzimately controllable from (x.,,T) if for all data (ug,u;) € L*(M) x H=1(M)
all target state (vo,v1) € L?*(M) x H='(M), and any precision ¢ > 0, there is a function f =
L2((0,T); H-*(M)) such that the solution to (3) satisfies ||(u, Oyu)|i=1 — (o, v )l 2 (pmyx -1y < €

Notice that multiplication by ¥, maps Hg (M) into itself continuously and thus H~1(M) into itself
continuously as well; the Cauchy problem is thus well-defined in these spaces.

Due to finite speed of propagation for waves, if @ # M, a minimal time will be required for control-
lability to hold. Here, we will mostly be interested in the (weaker) approximate controllability question.
Linearity of the equation shows it is enough to consider zero initial conditions (ug, u1) = (0,0). Introducing
the “final value” linear map

Fr:L*((0,T); H-Y(M)) — L*(M)x HY(M)

f — (’LL, atu) |t:T7

where u denotes the solution of (3) associated to (ug,u1) = (0,0), approximate controllability is equivalent
to range(Fr) being dense in L?(M) x H~1(M). This can be reformulated as ker(*Fr) = {0}, where *Fr

is an appropriate transpose of Fr. Multiplying Equation (3) by w solution to

02w —Ayw =0, on (0,T) x Int(M),
w=0, on(0,T)x oM, (4)

(w78tw)|t:T = (’U)(), w1)7 on M7
integrating on (0,7) x M, and integrating by parts in time and space, we obtain
<8tU(T),w0>H—1,Hg - (U(T)awl)L2 = <f7 wa>LZ(O,T;H—l),L2(0,T;Hé)-

As a consequence, with an adequate choice of duality, one can identify *Fr to the map

"Fr: Hy(M) x L2 (M) — L*((0,T); Hy(M))
(wo,w1) —  Xow,

where w is the unique solution to (4). Again, ker(*r) = {0} is the unique-continuation property
(w solution to (4), (wo,w1) € Hy(M) x L*(M) w0 ryxw =0) = (wo,w1) =0, (5)

which now appears to characterize the approximate controllability of (3).



1.1.3 Inverse problems and the boundary control method

In this section, we still consider a wave equation in the compact manifold M with OM # (), with a
time independent potential ¢ € C°(M) and a forcing term f € C°((0,00) x OM) at the boundary and
vanishing initial data:
02u—Agju+qu=0, on (0,00) x Int(M),
u=f, on (0,00) x OIM, (6)
(u, Opu)|t=0 = (0,0), on M.

Existence and uniqueness of a solution u € C*°((0, 00) x M) follows for instance from lifting the (smooth)
boundary data to M and using well-posedness of (3). We define the dynamical Dirichlet-to-Neumann map

Aq 1 C22((0,00) x OM) 3 f 5 Dpuloa € C((0, 00) x IM),

where u is the solution to (6) and 9, denotes the unit outward normal derivative to OM. A general
question in inverse problem is whether the knowledge of the Dirichlet-to-Neumann map A, determines
the potential ¢ uniquely? That is to say, probing the wave in the domain M by means of a boundary
source f and knowing the response for all possible inputs f, is it possible to determine the potential q.
In mathematical terms, do we have A, = A;,, = @1 = g7 We refer to | | for a presentation of
the boundary control method of | | to solve this question. This methods relies in a key fashion on a
unique continuation result presented in Section 3.5.1 below.

1.2 Generalities about unique continuation
1.2.1 The unique continuation problem

All above described problems amount to a unique continuation property for the wave equation. The
general problem of unique continuation can be set into the following form: given a differential operator
P= Zla\<m aq ()0 on an open set 2 C R™, and given a small subset U of Q, do we have (for u regular

enough):

{Pu = 0, = u=0o0n . (7)

u 0inU

A more tractable problem than (7) is the so called local unique continuation across an hypersurface problem:
given an oriented local hypersurface S = {¥ = 0} at a point z( (that is ¥(xg) = 0 and d¥(z() # 0), do
we have the following implication:

There is a neighborhood €2 of x( so that

Py = 0in§, e .
{ W = 0inQns+ — U= 0 in a neighborhood of xg. (8)
Here St = {¥ > 0} is one side of S. It turns out that proving (8) for a suitable class of hypersurfaces S
(with regards to the operator P) is in general a key step in the proof of properties of the type (7).

Let us discuss briefly the local unique continuation property (8) in the simple case where P is a real
non-degenerate vector fields. More precisely, consider P a general real vector field (or, equivalently, first
order (m = 1) homogeneous differential operator) near 0, that is P = Y, _, ax(2)0,,, with a; smooth and
real-valued. Assume further that it is nondegenerate at 0, that is a(0) = (a1(0),- -, a,(0)) # 0.

1. (non-characteristic hypersurface) Take S = {¥ = 0} where ¥(0) = 0 and d¥(0) # 0. Then, a suffi-
cient condition for having local unique continuation (8) is that (d¥(0),a(0)) # 0, i.e. the vector field
P is transversal to S at 0. This condition is a “non-characteristicity assumption”, see Definition 1.5
below. Note that the condition (d¥(0),a(0)) # 0 is not necessary for unique continuation to hold,

see the discussion in Example 2 below.
2. (Constant vector fields and curved hypersurface) Here (as opposed to Example 1), we shall see that
the orientation of the hypersurface may play a role. Consider for simplicity the operator P = 8%1 in

R? in a neighborhood of 0, but the curved hypersurface S = {x = (z1,22) € R?, ¥(z) = 0}, where



0. We shall see that
{¥ > 0} (inside the

U (z1,29) = 19 — 27. Notice first that S is tangent to P at 0 since (d¥(0), P)
unique continuation holds from S~ = {¥ < 0} (outside the parabola) to S
parabola), but not from ST to S~.

Indeed solutions u to Pu = 0 write u(z1, z2) = u’(z2) for all z; € R. The first statement then follows
from the fact that any line o = cst > 0 intersects ST in a neighborhood of zero, thus showing that
if u®(z2) = 0 for all 1 in a neighborhood of zero, then u® = 0. Choosing u° € C°(R) such that
u?(z2) #0 on 0 > x5 > —1 and u®(x3) = 0 on z5 > 0 yields the second statement.

The above examples 1-2 concerning first order partial differential operators (namely, vector fields) show
that geometrical conditions linking the operator P and the hypersurface S are often needed for unique
continuation to hold. Let us now discuss related properties for the wave operator, for which the situation
is far more difficult.

1.2.2 Remarks on (non-)unique continuation for the flat /Minkowski wave operator

In this section, we collect known facts for the wave equation
(02 = A)u=0 onRxR? (9)

in the flat space R't¢, that are related to unique continuation questions.

We start with the simpler case d = 1 and consider the wave operator P = 87 — 92 on R; x R,.. Then P
factorizes as P = (0; + 0;)(0y — ;) and all solutions to Pu = 0 write u(t,z) = f(x +t) + g(x —t) + Cot +
Ciz + Cy, where f, g are functions and C; constants. Take for instance g = 0, C; = 0 and f € C*(R)
with supp(f) = [0,1]. Then u(t,z) = f(z +t) and the hypersurface S = {z + ¢ = 0} thus does not satisfy
the unique continuation property (at any point). More precisely, up to linear changes of variables, this
problem reduces to that of examples 1-2 discussed above, and one sees that the only hyperplanes S not
satisfying the unique continuation property (at any point) are S¢ = {z £t = a}, for a € R.

Let us now discuss the situation in higher dimensions d > 2, which is radically different. This is linked
with the fact that the polynomial &2 — Z?:l 53_]_ does not factorize in a product of polynomials of degree
1 and translates the fact that the values of solutions to (9) are not “transported”. To see this, we can

actually solve the wave equation (9): for instance, in R1™3, the Kirchhoff formula (see e.g. | D
1 t .
u(t,x) = yp /|y—z|—t u1(y)dS(y) = y= /S2 ut(z —to)dSi(o), u(—t)=—u(t), t>0 (10)

gives the unique solution to (9) with (u, ;u)|i—o = (0,u1), u; € C°(R?). In the first formula, the integration
set is the (2 dimensional) sphere centered at x and of radius ¢; in the second it is the unit sphere. The
integration measure dS is the surface measure on the sphere of radius ¢ (induced by the Euclidean measure
dz on R3). As a consequence of this explicit solution, we see that if we choose ui(z) = x(x) with
X € CX(R3), x > 0and x > 0 on B(0,r), 7 > 0 the associated solution u is smooth and satisfies u > 0
on R'*3. Moreover, notice that uj(z —to) = 0 iff x — to ¢ B(0,r), and hence u(t,z) = 0 as soon as
tS? N B(z,r) = (). As a consequence, we have

supp(u) N {t > 0} = {(t,z) e RT x R3¢t —r < |z| <t +7}. (11)

Several remarks are in order. The fact that the solution w at time ¢ vanishes in the ball |z| < ¢ —r
corresponds to the strong Huygens principle; this is strongly related to the fact that the dimension 3 of
R3 is odd, the metric is flat, and the wave operator has no lower order term. A contrario, the fact that
the support of the solution at time ¢ is contained in the ball |z| < ¢ + r translates the finite speed of
propagation, discussed in more details in Theorem 1.2 below. Finally, (11) also tells us that any point
in the annulus ¢t — r < |z| < ¢+ r is actually in the support of w(t,-). This new piece of information is
very important for what follows. It implies in particular that unique continuation cannot hold across an
hyperplane tangent to the cone |x| = t + r. We recall in this flat geometric setting the finite speed of
propagation for waves.

Theorem 1.2 (Finite speed of propagation for the wave equation). Let u be a C2(R'*?) (real-valued)
solution of (9). If u|t—o(x) = Ouu|t—o(z) = 0 for |z| < rg, then u =0 in the cone

Cry ={(t,z) e R" st t €[0,70] and |z| <o —t}.



We can infer an interesting consequence of Theorem 1.2 concerning the unique continuation property
for the wave operator: unique continuation holds across the hypersurface {¢ = 0} and actually, we have
some nice local linear quantification of the unique continuation. This situation is actually a particular
case of a more general situation in which the differential operator P (here 97 — A) is said to be hyperbolic
with respect to the hypersurface S (here e.g. {t = 0}). We refer e.g. to | | or | | for more
precisions and usual proofs of finite propagation speed (which is also a consequence of Theorem 2.2 below,
see Section 2.1.3).

1.2.3 Differential operators

For later purposes, we give a definition of differential operators. Recall first that a function f on R”™ is
said homogeneous of degree m > 0 if

FOE) =A™ f(€), forall A >0 and € € R™.

Definition 1.3 (Classical differential operators). Let @ C R™ be an open set and m € N. We say that
P is a (linear) differential operator of order m on  if there are coefficients a, € C*(Q) having all
derivatives bounded uniformly on €, such that P = 3_,, .., aa(2)D* with m = max{[a|,aq # 0}. We
denote Diff™(€2) the set of differential operators of order m on Q (in the class Diff™"(Q)). We say that
the function p,,(z, &) = Z|a|=m aq(x)€® is the principal symbol of P. It is a homogeneous polynomial of
degree m in the variable &.

Example 1.4. If Q@ C R" and a,b € C*°(Q;C) have all derivatives bounded uniformly on 2, then
a(z)D; + b(z) € Diff'(Q) with principal symbol p;(z,€) = a(z)¢;, and —A + a(z)D; + b(z) € Diff*(Q)
with principal symbol po(z,£) = [£]?.

The augmented set 2 x R™, in which the principal symbol p,, lives, may be seen as a “phase space”
containing both the position variable x and the Fourier /frequency /momentum variable £ € R™. The latter
is to be understood as a cotangent variable £ € T(), as we shall see below.

1.2.4 A general local unique continuation result in the analytic Category

The first general unique continuation result of the form (8) is the Holmgren-John Theorem, stating that, for
operators with analytic coefficients, unique continuation holds across any noncharacteristic hypersurface

S.

Definition 1.5. Let P be a differential operator of order m on Q, x¢g € Q2 and S a local hypersurface
passing through zg, that is S = {¥ = 0}, ¥U(zo) = 0 and d¥(xq) # 0 with ¥ € C'(Q). We say that S is
characteristic (resp. non-characteristic) for P at xg if pn, (20, d¥(z0)) = 0 (resp. pm(zo,d¥(zg)) # 0).

Also, given a local hypersurface S = {¥ = 0}, it has locally two sides which we write
S§* = {z € O +VU(x) > 0}.

Theorem 1.6 (Holmgren-John Theorem). Let P be a differential operator of order m on Q, having all
coefficients real analytic in a neighborhood of xg € Q and S 3 xg being a local hypersurface. Assume that
S is non characteristic for P at xo. Then, there exists a neighborhood V of xy so that every u € D'(Q)
satisfying Pu =0 on Q and v = 0 in the set ST vanishes identically in V.

Another (slightly weaker) way of writing the conclusion is to say that xo ¢ supp(u). We refer e.g.
to | , Theorem 5.3.1] for a proof of Theorem 1.6. Note that this unique continuation property does
not take into account the orientation of the hypersurface S, i.e. it holds from S to S~ as well as from
S~ to ST.

The non-characteristicity condition is very weak, and in some sense optimal. Indeed, we saw in Ex-
ample 1 in Section 1.2.1 for linear vector-fields that unique continuation holds for non-characteristic hy-
persurfaces, and does not hold for some characteristic hypersurfaces. We also saw in Section 1.2.2 for the
wave operator that local uniqueness does not hold across some hypersurfaces that are tangent to the cone
|| = t + r. These are precisely characteristic hypersurfaces: the principal symbol of the wave operator
02 — A is given by pa(t,x,&, &) = —€2 + |€.|%, and a hypersurface {U(¢,z) = 0} tangent to {|z| =t + r}



at the point (tg,z¢) has |0;¥(to, zo)| = |dz¥(to, x0)|- Remark however that the non-characteristicity con-
dition is a “first order condition”: it only cares about the tangent space of the hypersurface. We saw in
Example 2 in Section 1.2.1 in the case of first order differential operators a more subtle “second order
condition” (curvature condition) on the hypersurface that may yield unique continuation across a char-
acteristic hypersurface. This is linked to the so-called pseudoconvexity condition (see e.g. Definition 2.1
below).

We recall that a function f : @ C R™ — C is real analytic if for every y € €2, there is a convergence
radius R > 0 and coefficients a, € C", a € N such that

@)=Y au@—y)*= 3 aulei—y)* - (@n—ya)*,  foralla e By, R) C Q,
a€eNn ay, - ,an €N

where the series is absolutely convergent. For every compact set K € 2 C R", such a function f can be
extended to a complex neighborhood of K in C™ as a complex analytic function. Analyticity is a very
demanding regularity assumption. In Theorem 1.6, we stress that all the coeflicients of P should have
this regularity. In most situations, however, this requirement is much too strong. As an example, even for
the wave equation on a flat (and hence analytic) metric, this theorem does not allow for the addition of a
C* time independent potential V' (x). This is a very strong drawback to the result. Therefore, we would
like to avoid the analyticity assumption on the coefficients. This will lead to consider stronger geometric
assumption, of convexity type (see e.g. Definition 2.1 below) and will be the object of Chapter 2. Then
Chapter 3 will deal with an intermediate case where the analyticity is with respect to only one variable
(we will actually treat the simpler case where it is independent on one variable).

1.2.5 The general strategy of Carleman

We consider here € a bounded open subset of R, P a differential operator on €, g € Q a point, and a
hypersurface S = {¥ = 0} containing xy. We aim at proving local unique continuation for an operator P
across the hypersurface S = {¥ = 0} (say, a statement like (8)). In particular, we want to prevent the
situation in which a smooth function w both solves Pw = 0 and vanishes (possibly “flately”, in the sense
that all its derivatives vanish) on S. We thus need to “emphasize” the local behavior of functions close to
the hypersurface S.

The general idea of Carleman to do so, and thus prove unique continuation, is to consider weighted
estimates of the form

le7* [l 2y < € lle™ Pl o(q (12)

which hold:
e for some well-chosen weight function ® : Q — R (related to ¥ as discussed below);
o for all w € C°(Q) (related to u as discussed below);
e and uniformly for T sufficiently large, i.e. 7> 7.
To prove the relevance/efficiency of this approach, two different things need to be explained:
1. what is the link between Carleman estimates like (12) and unique continuation properties like (7)?
2. how to prove such Carleman estimates?

Let us first discuss point 1. Note first that (12) says directly that if w € C2°(€) is solution of Pw =0
on {® > 0}, then the right hand side will tend to zero as 7 tends to infinity. Therefore, the left hand side
will converge to zero, which implies that w is supported in {® < 0}.

However, statements like (8) that are useful in applications are not concerned with functions w having
compact support. Moreover, in general, as we shall see, usual differential operators P do not admit
solutions w to Pw = 0 having compact support!

The heart of the Carleman method to pass from the estimate (12) to the unique continuation state-
ment (8) resides in applying (12) to w = xu, where u is the function for which unique continuation has to



be proved (hence solving Pu=0in Q and u =0 on ¥ > 0), and x € C*(R) is a cut-off function (to be
chosen) allowing to apply (12).

Using that Pyu = xPu + [P, x]u = [P, x]u (where [P, x] denotes the commutator of P and the multi-
plication operator by x), this then yields

HG@X“HH(Q) <C Heﬂp[P, X]“HLZ(Q) :

We then notice that supp[P,x] C suppVx. If we now assume (this can be achieved if ® is a slight
convexification of ¥), that the functions ¥, ®,x are chosen such that supp(Vy) N{¥ < 0} C {® <
—n}, for some n > 0 (small!), then the support property of u (namely v = 0 on ¥ > 0) implies that
supp([P, x]u) C {® < —n}, and we thus obtain

||67—¢’XUHL2(Q) é CueinT, for all T 2 70

The following lemma then implies that yu vanishes identically in {® > —n} which contains a neighborhood
of the point xg.

Lemma 1.7. Assume w € L?(Q) satisfies ||eT<DwHL2(Q) < Ce™ for all T > 79. Then we have w =0 a.e.
on {® > —n}.

The proof of the lemma reduces first to the case n = 0 by changing ® in ® + 1. Then, it suffices to
notice that if w does not vanish a.e. on {® > 0}, there are ¢ > 0 and a compact set E C {®& > 0} of
positive measure such that |w| > e > 0 a.e. on E. This yields

2 ) )
CQ 2 He7'¢>w||L2(Q) Z/ 627'<I>|w‘2 2 52/ eQTmlnE<I> — E2|E‘62TmlnE¢) _>‘r~>+oo +OO,
E E
and hence a contradiction.

To conclude, this brief discussion of point 1 suggests that unique continuation (8) will hold (across
{¥ = 0}) provided the Carleman estimate (12) is true for some weight function ® satisfying an appropriate
geometric convexity condition.

As stated in point 2, the other issue is how to prove Carleman estimates, and, in particular, understand
the conditions on ® for which 2 can hold. As far as this analysis is concerned, the exponential weight is
not convenient to work with. One might thus want to eliminate it by setting v = e™®w. Then (12) is
equivalent to [|v]| 2y < C'||Pav]| 2y, With Ps = e™®Pe™"® is the so-called conjugated operator. Note
that again here, we slightly abuse notation and make the confusion between the function e™® and the
operator of multiplication by e™®. We are thus left to prove a lower bound for the operator Psg.

Writing 9;(e™"%u) = e~ 7*(0;u — Tud;®) implies that

™ Dje ™ = D; +i70;®. (13)

The first effect of conjugation is that there is no exponential factor in the right-handside, which is much
more convenient. Second, the conjugation changes D; into an operator having one derivative and one
exponent of 7. We thus expect (and we will check) that for general differential operators P ="  an(x)D?,
the associated conjugated operator Pg will have as many derivatives as exponents of 7. Since we want
to obtain estimates that are uniform for large 7, we have to think of 7 as having the same weight as a
derivative. We describe this calculus in the next section.

1.3 Operators depending on a large parameter 7

In this section, we describe the setting in which Carleman estimates like (12) shall be proved (see Chapters 2
and 3 below).



1.3.1 Differential operators depending on a large parameter 7

We discuss the calculus for differential operators depending on a large parameter 7. One may think to 7
as having the same weight as a derivative, i.e. as the Fourier variable £. Since 7 is aimed at being large,
we will always assume 7 > 1 when dealing with estimates uniform in 7. We first define the H? norm of a
function v € S(R™) as

ullgry = [IDP +72) ] gy = 272 (1€ + 73| o g -
Note that for fixed 7, this norm is equivalent to the usual H® norm, since, for 7 > 1, we have
€7 + 1< ¢ + 77 < T2(€° + 1),

That is to say that |ull . ge) < [lullg: < 77 |ullgegny for all 7 > 1. This is however not uniform as
7 — +oo. Note also that, as for usual Sobolev spaces, the definition of the H? norm has a uniformly
equivalent definition in case s = k € N.

Lemma 1.8. Let k € N. Then, there is C > 1 such that for all 7 > 1 and all u € H*(R™), we have

_ 2 2 2
C™H Jull e ny < E 72 110%u]| 2 (ny < C [l gk ey -
lee|+B<k

In particular, we often use the case kK = 1 for which

lull g2 ~ [lull gy + 7 llull >, uniformly for 7 > 1.

Definition 1.9 (Differential operators depending on 7). Let m € N and 2 C R™ an open set. We denote
Diff”*(Q) the set of differential operators of the form P = 2 lal+p<m Paus (z)7° D* with p, 5 € C°°(Q) such

that all derivatives of p, g are bounded uniformly on Q. We say that p,,(z,&,7) = Z\aI+B:m Pap(x)TPES
is its principal symbol (in the class Diff7"(£2)). It is homogeneous of degree m in (£, 7), in the sense that

P (X, AGAT) = N (2,6, 7), forallz € Q,£ € R",7 >0 and A > 0.

Recall that, the order m being fixed, smooth homogeneous functions of degree m in this sense identify
(through the restriction map) to smooth functions on the half-sphere bundle over €2, namely

{(xvé-?/r) € Q xR" x R+7 |£|2 +T2 = ].}

Remark that Definition 1.9 is almost the same definition as Definition 1.3, except for the dependence on
7 which changes the definition of the principal symbol.

Now, we describe the calculus of differential operators with a large parameter. This consists in ex-
plaining the properties of such operators with respect to usual operations (composition, commutators,
taking the adjoint), their mapping properties (in 7 dependent Sobolev spaces) and positivity properties.
Moreover, we link such properties with those of the symbol of the operators. The philosophy is that we
recover certain properties of the operators only from their principal symbols (which are simpler objects to
manipulate, namely functions on the augmented space €2, X RE x RF). The general Heuristic is that a
these differential operators act as if they were multiplication by p,,(z, &, 7), modulo lower order terms. A
rough summary of the calculus properties of operators of Diff)" is as follows.

Proposition 1.10 (Symbolic calculus for differential operators). Let Q@ C R™ be an open set, m,my, mg €
N and P € Diff"(Q?), A € Diff 7 (Q), B € Diff7'2(Q) having respective principal symbol p, a, b, then

1. (composition) AB = Ao B € Diff™""2(Q) with principal symbol ab;

2. (commutators) [A, Bl = AB — BA € Diff™+t™271(Q) is of order my +mso — 1 with principal symbol

1 {a,b}, where

{a,b} 1= 0¢ca - 0zb — 0za- 0cb =Y _ (De,ad,b — 0y, ade,b) , (14)
j=1

is the Poisson bracket.



3. (adjoint) P*, the formal adjoint in L? (tested with functions in C°(Q)) belongs to Diff”" () with
principal symbol p;

4. (action on Sobolev spaces) if Q = R™, P maps continuously H? into H:™™ for all s € R, uniformly
forT>1.

Proofs are elementary as operators in Diff”" are linear combinations of mononomials 7%a(z)D?, 3 €
N, o € N™ for which the properties can be checked by hand. We refer e.g. to | | for direct elementary
proofs, and to | | or | | for the whole machinery of pseudodifferential calculus (with a large
parameter).

1.3.2 The conjugated operator

As described in Section 1.2.5, the introduction of the calculus with the large parameter 7 is motivated by
the conjugated operator Pg := " Pe~7®. We prove here that it belongs to the class Diff]", and compute
its principal symbol.

Lemma 1.11 (The conjugated operator). Let P =}, <., Pa(z)D* € Dff™(Q) be a (classical) differ-
ential operator with principal symbol p,, and let & € C*(Q) be real-valued and bounded as well as all
its derivatives. Then, the operator Py defined by Pev = e™®P(e™"%v) satisfies Py € Diff]'(Q2), and its
principal symbol, denoted by pe = po,m (with a slight abuse of notation), is given by

pa(2,€6,7) = pu (@, € +ird®(z)) = Y pale)(§ +ird®(2))".

lal=m

Roughly speaking, Lemma 1.11 says that pe is obtained by replacing ¢ by & + i7d®(z) in p,,,. Note
that it implies in particular that ps has a complex-valued symbol if p,, is real-valued: the conjugation
turns selfadjoint operators into non-selfadjoint ones.

Proof. As already checked in (13), we have ™ D;(e”"®u) = D;ju+i7(9;®)u. In particular, the conjugated
operator eTq)Dje’T‘I> lies in the class Diﬁ"i with principal symbol &; 4 i70;®. We now write

eTq)D?je*TcI> = (™®Dje ™) (™ Dje™®) - (7 Dje ) (o times).

Therefore, using Proposition 1.10 a;; — 1 times, we obtain that this is a differential operator depending on
7 of order a; with principal symbol (§; + i70,;®)* . Since D* = D" - -- D?j -+- D% we obtain similarly
that e™® DY~ 7® ¢ Diff‘f', with principal symbol

n

[1( +iro;@)% = (¢ + ird®)™.

j=1
Since p, commutes with e”® and P =" po(x)D?, this proves the sought result. O

Example 1.12 (second order operators with real-valued principal symbol). In these notes, we are partic-
ularly interested in second order differential operators with real-valued principal symbol (and in particular
wave operators), namely P € DiffZ(Q) with ps real-valued. The principal symbol of such operators write

pa(z, &) = E?,j:l a¥ (z)&;€; with real coefficients a®. This encompasses of course the case of the Laplace

operator and the wave operator. Notice first that & — pa(z,&) = Z?_jzl a’(x)&€; is a real quadratic form

for all x € Q. In particular, we have the canonical polar form:

i —~ 1 ji
p2(z,§) = Z a?(z)&:&; = Z 3 (a7 (z) + o' (z)) &5
7,7=1 7,7=1
and we can thus assume that
the matrix (a”(x)); ; is symmetric, i.e. a”(z) = a’*(z) for all 1 < i,j < n. (15)
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Concerning the operator P, we then have

P —py(x, D) € Diff' (), py(z,D) = > a” Z D;a" (x)D; + Ry,
i,j=1 i,j=1

where Ry = — 37", D;(a¥)D; € Diff'(Q). The operator 3 7 =1 D ;a"(2)Dj is formally (i.e. tested with
functions in C°(Q2)) selfadjoint in L?((2,dz) (equivalently, one says that it is of divergence form with
respect to the measure dx). This last form thus states in a clearer way that the operator is formally
self-adjoint modulo Diff!(Q). Also, & — pa(x,€) = EZL] L a9 (z)&;&; is a real quadratic form with (15),
and thus Lemma 1.11 states that the principal symbol of the associated conjugated operator Ps is given
by

pq’($7 57 T) = p2(xv g + ZTd(I)(fﬁ)) = pZ(‘rv 5) - T2p2($7 d(I)({E)) + 2ZTID~2(£L', 57 d(I)(.’E)),

where pa(z,&,m) = Z?,j:1 a(z)&;n; is the polar bilinear form of the quadratic form p(z, ).

1.3.3 A Garding inequality for a class of operators with a large parameter

In this section, we prove that operators having a real positive principal symbol are positive (referred to as
a Garding inequality). However, for the need of Carleman estimates, the class of differential operators is
not quite sufficient. We need to consider a slightly larger class, that also includes the operator

(A+)T = (DP+7)7 T2,
defined as a Fourier multiplier:
F((=A+7) " u)(€) = ([ + )7 (), ue SRM).

Note that, as opposed to differential operators, the operator (—A +72)~! is non-local (in the sense that it
does not satisfy supp(Pu) C supp(u) for all u € C°(R™)). We write in this section a weak form of Garding
estimates for (almost-)differential operators of order 2, which is at the core of the Carleman method.

Proposition 1.13 (A local Garding inequality for particular operators). Assume € is an open set with
0 € Q and let P be an operator of the form

k
P=A+) Bio(-A+7%) 0B, (16)

=1

with A, B; € Diffi(Q) with real principal symbols as(x,&,7) and by ;i(z,&, 7). Define

k42
b3 (x,&,7)
p2(£7£a )_a2 z 57 Z |€|2 +T2 ) (17)
and assume that there is Cy > 0 such that
p2(0,6,7) > Co([€)> +7°),  for all§ €R",7 >0, (18)

Then, there exist r,C, 19 > 0 such that
Re (Pu,u); . > C Hu||§{1 ,  forallue CX(B(0,r), 7 > 7.

Note that formally, such operators P are “of order 2”. The “principal symbol”, defined in (17) is indeed
a homogeneous function of degree 2. Inequality (18) is thus a homogeneous inequality, and it is sufficient
to assume it on the half-sphere 7 := {(£,7) € R™ x Ry, [¢|? + 72 = 1}. We refer e.g. to | | for a
proof relying on freezing coefficients, together with the fact that the result is elementary for the Fourier
multiplier p2(0, D, 7).
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2 Unique continuation under a convexity condition

This section is devoted to a classical unique continuation result under a pseudoconvexity condition, due
to Hérmander | |

2.1 Statement and examples
2.1.1 Statement of Hormander theorem

Given a,b € C*(Q x R™;C), the Poisson bracket {a,b} is defined in (14) and its geometric content is
recalled in Section 2.1.2 below. The geometric definition entering into the game is the following.

Definition 2.1 (Strongly pseudoconvex hypersurface for operators of order two with real principal sym-
bols). Let Q > z¢ be an open set, P € Diff*(Q) with real-valued principal symbol py and ¥ € C*(Q)
real-valued. We say that the oriented hypersurface S = {¥U = U(xy)} is strongly pseudoconvex with
respect to P at xg if it satisfies

p2(w0,&) = {p2, ¥} (20,€) = 0 = {p2, {p2, ¥} }(20,§) > 0 forall { € R™\ {0}. (19)

Note that {p, U}(z0,&) = 0ep(z0,€)- 05V (xp). We can check that Definition 2.1 is invariant if we change
the defining function ¥ (see e.g. Lemma 2.17 and | ). That is why this is a geometric property of
the oriented hypersurface solely. See Section 2.1.2 for an interpretation as convexity with respect to the
bicharacteristic curves. The geometric condition (19) has to be compared with that discussed for vector
fields in Examples 1-2 in Section 1.2.1. The following result is a particular case of the Hérmander theorem.

Theorem 2.2 (Unique continuation for real operators of order 2 under strong pseudoconvexity). Let
Q >z be an open set of R™, and let P € Diﬁ’z(Q) with real principal symbol ps. Assume that the oriented
hypersurface S = {¥U = U(xg)} is strongly pseudoconvexr with respect to P at xo. Then, there exists a
neighborhood V' of xg so that for all u € HY()), we have

Pu=0in ,
u=0in QN {P¥ > ¥(z)}

} = u=0inV. (20)
Another (slightly weaker) way to formulate the conclusion of the theorem is to say that zo ¢ supp(u).
Here, we have assumed that all coefficients of P are smooth for simplicity.

Remark 2.3 (Elliptic case). Note now that in the particular case where the operator P is elliptic at xg,
i.e. pa(wo,&) > c|€|?, then the condition po(xg,&) = 0 is never fulfilled when & # 0 and (19) is empty.
Local unique continuation thus holds across any hypersurface.

Theorem 2.2 will be proved in Section 2.3.3. Before this, let us describe the underlying geometry of
the condition (19) together with typical examples of application of this result.
2.1.2 Geometric content of the pseudoconvexity condition (19).

In this section, we explain the geometric content of the condition of Definition 2.1. For this we need to
introduce the Hamiltonian flow of the symbol ps. Recall that {ps,-} (defined in (14)) is a derivation on
C>(Q x R™) and can thus be identified with the vector field

n 8 a
Hy, (7,€) = Ocpa(w,) - 00 — Oxpa(3,€) - 0 = Y _ 0e,pa(w,€) 5 — = On;p2(@,€) 5~
j=1 J J

on ) x R™. We denote by x, the associated flow, defined by

{ X6 (w0, 0) = Hp, (xs(0, &), o
Xo(Zo,&0) = (0, &),

and called the Hamiltonian flow of po. Remark that H,,, (p2) = {p2,p2} = 0 so that ps is preserved along
the flow: pa o xs(20,&0) = p2(x0,&o). Note also that the flow y; is (at least) locally defined for (s,z,€) in
a neighborhood of (0, 2o, &y) according to the Cauchy-Lipschitz theorem.
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If we now denote by (xs,&s) = Xs, that is xs(xg,&) = (ms(xo,fo),fs(xmfo)) and recall the definition
of the Poisson bracket {p2,-} = Ocpa - 0y — 0zp2 - O¢, (21) now reads

d
d—xs (l’o, EO) = 85])2 (Xs(an 50))7

£fs($07&)) = —0zP2 (Xs(x()aé-O))y (22)

(z5(20,&0), &s (0, €0))|s=0 = (w0, &o)-

With these definitions in hand, we can now reformulate the strong pseudoconvexity condition of Defi-
nition 2.1. Namely, note that we have

d
{p?a\y}<x07€) = sz(\y)<x07€) = @‘lj o xs(x()aé-”s:()a

{p27 {p27 \IJ}}(.’E(), 6) = sz (sz (\II))(‘T(% 6) = %\II o l‘s(xo, §)|S:0'

Now, if for £ € R” we define c¢(s) = ¥ o z4(xo, &), then (19) is equivalent to:
For all £ € R"™\ {0}, we have:  pa(x0,£) =0 and ¢(0) =0 = &/(0) > 0.

This means that for all £ € R™\ {0},
e if £ is noncharacteristic (p2(xo,&) # 0), we don’t care;

o if (¢ is characteristic and) the (projected) Hamiltonian curve zs(zg, &) is not tangent to S = {¥ =
U(zg)} at s =0, we don’t care;

o if £ is characteristic and the curve zs(z¢,&) is tangent to S = {¥ = ¥(z)}, then it should have
non-vanishing second derivative (tangency at order 2) and the curve (z,(xo,&))se(—c,e) should stay
in {¥ > ¥(zg)} (for € > 0 small enough).

This excludes the situations where tangent characteristic curves stay in {¥U < W(xy)} or the case of contacts
of higher order with the tangent space at .

Remark 2.4. Note also that, as a consequence of the above discussion, the fact that {T = 0} satisfies the
strong pseudoconvexity condition at xo implies in particular that the set {¥ > 0} “controls geometrically”
a whole neighborhood of z, in the sense of | , |: any null bicharacteristic curve of P passing
close enough to zo intersects {¥ > 0}. In particular if P has smooth coefficients in Q and u € D'(Q2)
satisfies Pu =0 in D’(Q) and v = 0 in {¥ > 0}, then propagation of singularities [ , Theorem 23.2.9]
together with the fact that {¥ > 0} satisfies this local form of geometric control condition imply that
u € C'*° in a neighborhood of x(, and Theorem 2.2 applies.

2.1.3 Examples

Remark 2.5 (Operators with constant coefficients). Consider here the simple case where P = AD - D
where A is a constant real symmetric matrix (think A = diag(—1,1,---,1) for the flat/Minkowski wave
operator). This is pa(x,&) = A& - €. We have {p2, U}(z,&) = 2AE - dU(x) and {p2, {p2, ¥} }(z,§) =
{AE-&,2A¢ - d¥(z)} = 4Hess U(x)(AE, AE). Condition (19) rewrites

AL-€=0 and AE-d¥(xg) =0 = Hess¥(xg)(AE, A&) >0 for all £ € R™\ {0}.

Notice that, in case A is invertible, this cotangent formulation might be equivalently replaced by the
following tangent one, setting X = A¢:

AT'X X =0 and d¥(xg)(X)=0= Hess¥(zo)(X,X) >0 forall X €R"\{0}. (23)

Remark 2.6 (Pseudo-Riemannian metric and operator). As in Remark 2.5, in the general case of operators
P = D;a"(x)D; (plus lower order terms) with variable coeflicients but nondegenerate cometric ¢ (x¢), one
may want to rephrase the cotangent formulation of strong pseudoconvexity (19) on the tangent space at xg.
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Note that this covers the wave operator in case the signature of a®(x¢) is (—1,1,---,1) (i.e. the metric
is Lorentzian). Introducing the pre-dual metric a(z) = a;;(z) = (a¥(x))~' and setting X = a(z)~*¢,
ie. X' = a"¢; (where the Einstein summation convention is used), one can check that {ps, ¥}(zo,&) =
2d¥(z0)(X) = (Vo ¥, X),, where V, is the usual pseudo-Riemannian gradient and (Y, X), = a;;(z)Y*X7.
Moreover, one can also check that {pa, {p2, V}}(xo,&) = 4Hess, ¥(x0)(X, X), where Hess, V(X,Y) =
(Dxd¥)(Y) is the usual pseudo-Riemannian Hessian of U (and D denotes the Levi-Civita connection
associated to the metric a, see e.g. | , Chapter II Section B]). Condition (19) rewrites as

(X, X)e=0 and d¥(zo)(X)=0= Hess, ¥(z0)(X,X) >0 forall X €T, Q\{0}.

Remark 2.7 (The flat/Minkowski wave operator). We discuss here the case of the wave operator with
constant coeflicients, which is a particular case of the above examples with A = diag(—1,1,---,1), P =
0?2 — A, pp = —€2 + |£,]?. We may now write the strong pseudoconvexity condition (19) specialized in the
point (¢,2) = (0,0) (the operator is translation invariant in (¢,z)), in different situations.

e Spacelike hypersurface: if |0, (0)| > |V, ¥(0)]: the hypersurface {¥ = ¥(0)} is called spacelike
(its normal vector V, ¥ is timelike). The first two conditions imply |0, % (0)| = &, - 0T (0)] <
|€2]10: P (0)] = |&||0. P (0)] < |&]|0:¥(0)|. This is a contradiction, and hence Condition (19) is empty.

Any spacelike hypersurface satisfies the unique continuation property. This is natural since the
Cauchy problem is hyperbolic and thus locally wellposed for any spacelike hypersurface (like for
instance the wave equation posed with initial data at ¢t = 0, see Theorem 1.2).

e Time-invariant hypersurface: in the applications discussed in Section 1.1, a typical unique continua-
tion result needed is rather across hypersurfaces of the form ¥(¢,z) = ¢(z). The strong pseudocon-
vexity condition then writes

& = [€]? and & - V1p(0) = 0 = Hess, (9)(0) (&, &) >0 V€ € R™\ {0}

Typically, if ¥(¢,z) = |z|?> — 1, this condition holds (and Theorem 2.2 implies unique continuation)
from the exterior of the cylinder {(¢,z),¥(¢,z) > 0} towards the interior but not in the other
direction. Note also that for the 1D wave equation, the constraint &, - V,(0) = 0 is much more
demanding and implies £, = 0 and & = 0 if £ = |,]?>. This is natural since time and space
variables play the same role. Hence, finite speed of propagation essentially implies the local unique
continuation property across any non characteristic hypersurface.

e More generally, if one considers the function W(t,z) = |z — x1]?> — 72t2, then we have, for any
(to, zo) € R Hess(W)(to, 7o) (X, X) = 4(]X,|? — 7%| X¢|?). As a consequence, on the tangent cone
| X.| = | X¢], X # 0, we have Hess(¥)(to, z0)(X, X) = 4|X,|?(1 — 4?) with X, # 0. That is to say
that the strong pseudoconvexity condition (23) is satisfied at any point (¢, zo) as soon as v € [0, 1).
Then, Theorem 2.2 implies that the local unique continuation property holds at any point (g, zo)
of the one sheet hyperboloid of revolution {¥ = W(tg,z()} from the exterior of the hyperboloid
{¥ > U(ty,zo)} towards the interior {¥ < U(ty, zo)}.

Using a compactness argument and letting  close to one, one may deduce the following global result.

Proposition 2.8. Assume M is the closure of a bounded open set in R, let w be an open neigh-
borhood of OM in M, and fix any x, € R?. Then, assuming

T > sup{|z — 71|, € M\ w},
and letting qo,q1 € L°((=T,T) x M;C),q2 € L>=((—T,T) x M;C?), any solution to
(02 — A)u+ qou+ q10u+ g2 - Vyu=0in (=T, T) x Int(M),
u€ HY((~=T,T) x M),
u=0in (-7,7T) X w,

satisfies
(U, atu)|t:0 = (070) in Il’lt(M)
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Notice that the unique continuation result first proves that
u=0ae. in (=T, T) x MN{(t,z) € R |z — x| — %> > 0}

(for all v < 1, and thus for v = 1 as well), and in particular in a neighborhood of any point in
{0} x (M \ {x1}). Then, regularity of the wave equation implies that u € CO((=T,T); HL .(M)) N
CY(~T,T); L .(M)), so that (u, Opu)|i=o € HL.(M)x LE (M) have supp((u, dyu)|i=o) C {z1} and
thus vanish identically.

2.2 The Carleman estimate

Here, we recall that, P € Diff?(Q) (with principal symbol py(x,€)) and ® € C>°(Q;R) being given, the
conjugated operator is Pp = e”® Pe~™® € Diff2(Q) and its principal symbol is pg (, &, 7) = pa(z, E+id®(z))
(computed in Lemma 1.11 and Example 1.12). We write ps = Re(ps) + i Im(ps).

2.2.1 Carleman estimate under subellipticity condition

As we have seen in Section 1.2.5, the key intermediate step for proving Theorem 2.2 is to obtain estimates of
the type of (12). In this section, we prove a Carleman estimate (Theorem 2.9) under a symbolic condition
usually called “Hérmander subellipticity condition” (namely (24)). The next sections link this condition
to the strong pseudoconvexity condition 19.

Theorem 2.9 (Local Carleman estimate). Let 2 be an open subset of R™ and zo € 2. Let P € Diff?(Q)
be a (classical) differential operator with real-valued principal symbol ps and ® € C*°(;R). Assume there
exist Cp,Cy > 0 such that for all (§,7) € R™ x RY,

C
m [(Repe)® + (Imps)?] + % {Reps,Imps} > Cs (|€° +77), (24)

where the symbols are taken at the point (zo,&, 7). Then, there exist C,r, 19 > 0 such that
Tl < Cl|Psvll32, for allv € CP(B(zo, 7)), ™ > 70; (25)

7 HeTq)uHi2 +7 HeT‘bVUHiz <C HeTq’PuHiz , for allu e C*(B(xg,r)), T > 0. (26)

Notice that ™2 = 255 (z,&,d®(z)) (see Example 1.12) is smooth, so this is not a problem to divide
by 7 in (24), even when 7 — 07. Before proceeding to the proof of this result, several comments are in
order. First, the statement (26) is useful for applications unique continuation, see (12) and the discussion
in Section 1.2.5. The statement (25) is only a reformulation in terms of the conjugated operator, which
belongs to Diff2, and is thus analyzable with the tools developed in Section 1.3. The statement (24), as
opposed to (25)—(26), is a “symbolic estimate”, concerning only the principal symbol of the conjugated
operator. The interest of this result is that it reduces the problem of proving a Carleman estimate to a
checkable property on the principal symbol of the conjugated operator. The question of rephrasing the
condition (24) in geometric terms is addressed in Sections 2.2.2 and 2.3 below. The useful information
in this theorem is (24) = (26). The converse implication is also true, which indicates the limit of this
classical Carleman approach. This point is slightly more technical and we refer the reader to | ,

Section 28.2] for a proof.

Proof. The equivalence between (26) and (25) comes from the change of unknown v = e™®u. This yields
Pyv = ™ Pe™ "%y = ¢"® Pu. Moreover, we have Vu = V(e "%v) = e 7% (Vv — 7oV ®) so that

2 2

2 [|e7®ul| e + [l V| L. < 72 [0ll7s + 21 Vol + 2 [ ToVe| 72 < C ol
and thus (25) implies (26). Conversely, we have Vv = V(e"%u) = e™®(Vu + 7uV®) so that
2 2 2

||UH§{; = va”iz + 72 Hv||2Lz <2 HeTCI)VuHLQ +2 ||(5T<I>7'UV<I)||L2 + 72 ||eT<I’u||L2

B 12 - 2
<0 (el + e,
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and (26) implies (25).

We now want to prove that (24) implies (25). Before going further, let us notice that Lemma 1.11 only
depends on the leading order of the operator P. More precisely, if P € Diff? (©) has the same principal
symbol as P, then P — P € Diff'(Q) and Py — Py = R € Diff:(Q). Henceforth, assuming the Carleman
inequality (25) for P,

molif <€ |[Pool| (27)

2
L2
yields

7ol < Cll(Ps = R)oll7: < Cl|Pyol|7z + C | Ro|72 < C | Povl7z + D vl

with Item 4 in Proposition 1.10. Then, for 7 large enough, we have 7 — D > 7/2, and the last term can
then be absorbed in the left hand-side, yielding the sought Carleman inequality (25) for Py, with different
constants C' and 9.

Since the operator P has real principal symbol ps, we choose P = £ +2P ", which is selfadjoint and has
the same principal symbol ps. Note that we may write P = 7', a*/(z)D;D; with a* = a’* real-valued

(see Example 15), and we have P = 3 D;a%(z)D; modulo a (selfadjoint) first order operator. We

n

- - hj=1 .
may thus focus on Py = e™®Pe~"® and prove (27). To this aim, we decompose the operator Pgp as
p.:p + p&; ]5<I> - pqt

Ty Wm Ty

Note that both Qr and Q; are formally selfadjoint (Q} = Qr and Q] = Qr), and, according to Item 3 in
Proposition 1.10, we have Qr, Qr € Diffz with principal symbols (see Example 1.12)

Py =Qr+iQr, with Qgr= (28)

an(e67) = PIP (06 1) = Repa (2, 6,7) = pale,€) — 7ol ()
ar(, &) = P22 (0,6, 7) = T (0,6, 7) = 2772, €, 0D ()

MoreoYer (this is a key point), Pp = E?,j:lSDi + i79;®)a" (xz)(D; + iTd;®) and we may hence write
Py = P +7M for some M € Diff} (). Since P is selfadjoint, this implies

Py — Pz M — 7 M* - - M- M*
e te T TH _1Q,, with Q;=-— e Diff}(Q), (29)

@1 2 2 2

i.e. 7 may be factorized in the skewadjoint part of the operator.
Using (28), the central computation is now as follows, for v € C°(9),

2
L2

= (Qrv, Qrv) + (iQrv,iQv) + (Qrv,iQv) + (iIQ1v, QRV)

= |Qrvli72 + Qo2 + (i[Qr, Q1lv,v) . (30)

Now, we have 2 kinds of terms

|Pov][, = (Pov. Pav) , = (Qr+iQr)v. (Qr +iQn))

e the one with HQRU”iz (and resp. HleHiz) that corresponds to (Q%v,v) where Q% is of order 4
with principal symbol (Repg)? (resp. (Im pg)?);

e the one with i[Qr, Q] which is of order 2+ 2 — 1 = 3 and principal symbol {Re pg, Im pg } by Item 2
of Proposition 1.10.

The first two operators have stronger order (4) but they can cancel and are therefore not sufficient to
obtain the “coercivity” estimate. The idea is thus to use the commutator where both qr and ¢; cancel.
However, to compare these terms, we need to bring them to the same order and “sacrifice” this main order
4. More precisely, let C; > 0 be as in Assumption (24) (that this is the right constant will appear in (32)
below). For 7 > C1, we have

1 _cl? cl/?
>
125 1 T (|2 + )12

for all £ € R™.
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This implies (using again the Plancherel Theorem)

2

QRrv > H011/2(_A —&—7‘2)_1/2@31}‘
12

1 2
= |Qrvl7: = ‘ 172

=4 (QR(—A + 7‘2)_1QR’U,U) . (31)

2
L2

The same estimate applies to @;. Combining (30) with (31), we have now proved
11~ 2
~||Pov][, = (Lov)e (32)
with
_ 2\—1 2\—1 . QI
L=Ci(Qr(=A+)7Qr+ Qi(=A+7)7Qr) +i |Qr. |-
But we have proved in (29) that Q; = 7Q; with Q; € Diff}(Q). This implies that [QR, %} € Diff? as

well. The operator L is thus precisely of the form of that in Proposition 1.13, is moreover selfadjoint, and
has principal symbol (in the sense of Proposition 1.13)

G
€+ 7

((Reps)® + (Impg)?) + {Repqn Ime } 7

which satisfies (24). Hence, the Garding inequality of Proposition 1.13 applies and yields the existence of
C, 19,7 > 0 such that

(Lv,v) 2 > Cllvllfs,  forallv € C(B(xo,r)), 7>,

which, in view of (32), yields (27) and concludes the proof of the Carleman estimate (25). O

Note that in (31), since Qg is only defined on €, and since (—A + 72)"1Qrv ¢ C°(£), the expression
Qr(—A + 72)71Qgrv is not well-defined. However, its pairing with the function v € C2°(B(zq,)) is well
defined (e.g. as (XQR)Z(—A—&—Tz)_lQRv,v) with x € C*°(£2) such that x = 1 on a neighborhood of
B(zg,r), and x € C*(Q) with ¥ = 1 on a neighborhood of supp(x)).

Remark 2.10 (Lower order terms). As seen in the proof, an important feature of the Carleman esti-
mates (26) is its insensitivity with respect to lower order terms. More precisely, if (26) is satisfied for
an operator P, then it also holds for P’ := P+ Y__, bi(x)Dy, + c(z) as soon as by, c € L*°(Q). Indeed,
applying (26) for P yields

e *ul} + 7 [l vul}, < ¢ i

L2

e™® (P' - i bi(z) Dy, + c(x))u‘
k=1

2 2 2
< Cllem P .+ C eVl + Cle™ul

and the last two terms can be absorbed in the left handside for 7 large enough. Note in particular that

no regularity is required on the lower order terms when proceeding that way.

2.2.2 Carleman estimate for pseudoconvex functions

We now reduce the quantitative symbolic Assumption (24) of the Carleman estimate to a qualitative
convexity condition on the weight function ® (with respect to the symbol ps).

Definition 2.11 (Pseudoconvexity for functions). Let © 3 x be an open set, P € Diff*(Q2) be a (classical)
differential operator with real-valued principal symbol py and ® € C°°(2) real-valued.
We say that the function ® is pseudoconvex with respect to P at x if it satisfies

{an {p27 CI)}} (ang) > 07 if PQ(ang) =0 and 5 7& Oa (33)
%{%,p@}(fﬂo,f,T) > 07 ifp@(x()afﬂ') =0and 7> 0, (34)

where pe(x,&,7) = pa(x, € + iT7d®(x)).
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Lemma 2.12 shows that (33) is the limit of (34) as 7 — 0T.

Lemma 2.12. Let p be a real-valued smooth function on QQ xR™. Then, we have lirng%{p@,pq)}(x, &T) =
T
2{p{p, ®}} (z,¢) for all (z,§) € 2 x R".

We now state the equivalence between Definition 2.11 and the Hérmander subellipticity condition (24).

Proposition 2.13. Let 2 > xg be an open set, P € Difo(Q) with real-valued principal symbol ps and
O € C* real-valued. If ® is pseudoconvex with respect to P at xqg, then the subellipticity condition (24) is
satisfied at xg.

And hence, if @ is a pseudoconvex function in the sense of Definition 2.11, the Carleman estimate of
Theorem 2.9 holds with weight ®. The proof uses the following (elementary but very useful) lemma.

Lemma 2.14. Let K be a compact set and f,g two continuous real-valued functions on K. Assume that
f>0o0n K, and g > 0 on {f = 0}. Then, there exists Ag,C > 0 such that for all A > Ay, we have
g+Af>C on K.

A proof of this elementary lemma can be found e.g. in | |. We now prove Proposition 2.13 from
Lemmata 2.12 and 2.14, and finally come back to the proof of Lemma 2.12.

Proof of Proposition 2.13. Note first that since {f, f} =0 and {f, g} = —{g, f} for any f and g, we have

1 1 . .
E{pfb,pcp} = ;{Rem —iImps, Repe + iImpg }
1 1 2
= ;{Repi"almpd)} - ;{Imp@,Rep@} = ;{Repéalmpd-

Moreover, we recall that I“‘% = 2po (o, &, dP(xg)) is smooth. We notice that all terms in (24) are
homogeneous in (£, 7) of order 2 and continuous thanks to the previous remark. Therefore, it is enough to
prove (24) on the set K = {(5,7’), €2 +72=1;7> 0}. On this compact set, the result is a consequence
of Lemma 2.14 with f = (Reps)? + (Impg)? and g = 2{Re ps, Imqu> }. Lemma 2.12 then proves that the
first assumption in Definition 2.11 is the limit of the second one on the set {7 = 0}. Hence, we have g > 0
on {f = 0} on the whole K, up to the set {7 = 0} N{|£|?> +72 = 1}. Lemma 2.14 then concludes the proof

of the subellipticity condition (24). O

Proof of Lemma 2.12. We first notice that for 7 = 0, {ps, ps} = {P, p} so since p is real, {ps, ps} = 0 for
7 = 0. The definition of the derivative in 7 = 0 then yields

1 0
mi{piq%p(b}: ai{piq?ﬂpq)} . (35)
T T

li
7—0 =0
Also, we have 0; ({Ps,ps}) = {0-Ps,pa } + {Da, O-pa }. But since p is real, pg = p(x, & — itd®(x)), so that
ané(xa 57 T) =id® - 85}7(:5, 5 + ZTd(I)) = i{p':b, (I)}(x, Ea 7_),
ani‘i’([Ea 57 T) = _qu) . 3§p(:r,§ - ZTd(I)) = _Z{%a (I)}(J:a 57 T)'
We obtain 9, ({ps, pse}) = —i{{DPs, ®}, pa} + i{Ps, {ps, P}}, which, specified to 7 = 0, writes
0 , , )
5{]9@7]9@} = _Z{{P» (D}vp} + Z{pv {pv (I)}} = QZ{pv {pv (I)}}
7=0
Together with (35), this concludes the proof of the lemma. O

A very important drawback to Definition 2.11 is that, it is not only dependent on the level set of the
functions, but also on the “convexity with respect to the level sets”. This is not a geometric assumption (in
general, g” (o) is a geometric quantity only if ¢’(z¢) = 0). We now need to link this definition to geometric
quantities, so that to be able to formulate a result with, at least, a geometric assumption (that is invariant
by diffeomorphisms). Before that, let us stress an important stability feature of the pseudoconvexity
assumption of Definition 2.11.
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2.2.3 Stability of the pseudoconvexity assumption

We prove that the pseudoconvexity condition of Definition 2.11 is stable by small C? perturbations of the
weight function ®. This will be very useful for perturbing the hypersurface across which to prove unique
continuation.

Proposition 2.15 (Stability and Geometric convexification). Let Q 3 zg such that Q is compact. Assume
P € Diff? (Q) has real-valued principal symbol, and ® € C™ is pseudoconver with respect to P at x¢ (in
the sense of Definition 2.11). Then there exists £g > 0 so that any ®. € C*(Q) with ||® — Pellc2qm) < €0
is pseudoconver with respect to P at xq.

Note that modifying ® allows to slightly change its level sets. For instance, taking ®.(x) = ®(x) —
|z — xo|? (which shall be very useful for applications to unique continuation), the level set {®. = 0} is
slightly bent (except at xg) into the set {® > 0} (where u will be assumed to be zero). This slight change
will be crucial for the proof of the unique continuation theorem.

Proof. First, we notice that we can prove as in the proof of Proposition 2.13 (still using Lemma 2.14
combined with Lemma 2.12 for the limit 7 — 0%) that Definition 2.11 implies (and is actually equivalent
to) the existence of an inequality of the form

|p<1>(1?0,§77')\2

C<I>(€77-)+Cl |§|2+T2

> Cy(|€]” +7°),
uniformly for (¢, 7) with [£]2 + 72 =1, 7 > 0 (see Lemma 2.12), where

C@(gaT) = %{]T‘bvp¢}(x0a§77-)a for 7 >0 and C@(f,o) = 2{p27 {p27¢)}}($0a§)

We then remark that all quantities in the above estimate only involve derivatives of ® of order at most
2 (as a consequence of Lemma 2.12) at the point xg. It is therefore stable by the addition of a function
small for the C? norm around x. O

2.3 Strongly pseudoconvex hypersurfaces

Until this point, we have proved a Carleman estimate with weight ® provided ® satisfies a (weird?)
pseudoconvexity condition (Definition 2.11). The main purpose of this section is to provide a geometric
characterization of hypersurfaces S for which we can find a function ® having S as a level set and being
appropriate for the Carleman estimate (i.e. satisfying Definition 2.11). We shall eventually prove that
the sought geometric condition on the hypersurface S is (19). We first introduce a seemingly stronger
condition.

Definition 2.16 (Usual pseudoconvexity for hypersurfaces). Let Q 3 xo be an open set, P € Diff*(Q)
with real-valued principal symbol ps and ¥ € C*(Q) real-valued. We say that the oriented hypersurface
S ={¥ =T(xg)} > zp is strongly pseudoconvex with respect to P at zg if

{pZ» {p27 \Ij}} (x07£) > 07 if p2(‘r07£) = {p27 \If}(l'o,g) =0 and g 7& 07 <36>
BT pu} (0,6 7) > 0, 3 pule0,6,7) = (pa, U} o, €:7) = 0 and 7 >0, (37)

where py (2,£,7) = pa(x, & + iTd¥(z)).

Note that the first condition (36) is precisely (19). We shall eventually prove that for differential
operators of order two with real principal symbols, (36) implies (37). Note that the definition seems to
depend on the defining function ¥ for the hypersurface S, and not only on the oriented hypersurface S
itself. Lemma 2.17 (se e.g. | | for a proof) shows this is not the case, and hence justifies the definition.

Lemma 2.17. Assume S = {¥1 = U1(x)} = {Us = Ya(zo)} with d¥;(z9) #0, j =1,2 and d¥s(zo) =
XAV (zg) for some A > 0 (same orientation). Then Wy satisfies (36) if and only if Uy satisfies (36), and
Uy satisfies (37) if and only if ¥y satisfies (37).
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Remark that Definition 2.16 looks very similar to Definition 2.11. It is just slightly weaker because
the positivity condition is assumed only under the additional conditions {p2, ®} = 0 and {pe, P} = 0. In
particular, the level sets of a pseudoconvex functions are pseudoconvex oriented hypersurfaces. This is
however not useful since Definition 2.11 is not geometric (but rather linked to Carleman estimates).

The importance of Definition 2.16 is twofold:

e It is a purely geometric definition: this comes from Lemma 2.17 and the fact that Conditions (36)-(37)
are invariant by diffeomorphisms.

e Once V¥ satisfies this geometric condition, one can produce a function ® having the same levelsets
(hence keeping the geometry unchanged), and that satisfies the stronger pseudoconvexity condition
of Definition 2.11. This is the goal of the next section.

Note that, once again, Condition (36) (on the real domain) is the limit as 7 — 07 of Condition 37 (on
the complex domain). This follows both from Lemma 2.12 and the fact that

(o U}, 6,7) = O (p(a,€ + i7dW(2)) - 0,9(2) = (Iep) (3, € + 7T (x) - 0, V()
= {po, U}(x, & +iTd¥(x)) — {p2, ¥} (z,&), asT— 0. (38)

2.3.1 (Analytic) convexification

Proposition 2.18 (Analytic convexification). Let Q 3 x¢ be an open set, P € Diff*>(Q) with real-valued
principal symbol pa and U € C*°(Q) real-valued. Assume the oriented hypersurface S = {¥ = W(xy)} is
strongly pseudoconvex with respect to P at xg (Definition 2.16). Then there exists Ao > 0 such that for all
A > \g, the function ® = e*Y is pseudoconver with respect to P at xq (Definition 2.11).

Hence, the Carleman estimate of Theorem 2.9 holds with weight ®. Note that the geometry of the
level-sets of ® and W are actually the same: only the values of the level sets of ® are stretched. Here, for any
strongly pseudoconvex oriented hypersurface S = {U = U(z)}, this proposition produces an admissible
Carleman weight (that is, a pseudoconvex function) ® having exactly the same level sets. In order to
simplify the notation for the proof, we recall that x is fixed and remark that changing the function ¥ by
a constant does not change the assumption. We may thus assume that

U(xg) =0, and hence ®(xg)=1 and dP(zg) = Ad¥(zp). (39)

We also denote

co(6.7) = PE a0, 7). for T> 0 and eu(6,0) = 2pn (b2, UNHr0,8), (40)

with a similar definition for ¢ (€, 7). According to Lemma 2.12, ¢y (€, 7) and ce (€, 7) are continuous on
the whole R x RT. The proof of Proposition 2.18 is then based on the following computation.

Lemma 2.19. Assume ® = e*Y. For all (¢,7) € R" x R and all A > 0, we have

ca(6,7) = Acw (6, 37) + 20 | {pu, U} (20, &, A7) .
We first prove the proposition from the lemma and then prove the lemma.

Proof of Proposition 2.18 from Lemma 2.19. Using Lemma 2.14 (combined with Lemma 2.12 and (38) in
the limit 7 — 0%), Properties (36)-(37) imply the existence of Cy,Cs > 0 so that

|p\11(x07£77—)|2

e 2 Ol 7,

cw(€.7) + Cr {pw, W (w0, &,7)" + Cy
for any 7 > 0, [£]? + 72 = 1 (note that this takes into account the limit 7 — 0F). Replacing 7 by At for
A > 1 and using homogeneity, this can be reformulated as

|p\I/ (‘T()v g? AT) ‘2

€w(§,A7) + Ci [{pw, Whao, & A7) + Cr =y

> Co([g]* + A*7?). (41)
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for any (¢,7) # (0,0) with 7 > 0. Moreover, using Lemma 2.19 and noticing (see (39)) that
pu (w0, &, AT) = p2(20, & + iATd¥ (20)) = pa(20,§ + iTdP(20)) = pa(z0,&, 7),

we obtain

pxp(3307f7)\7>|2> |

2
Cq)(g, T) + C])\M = >\ (C\P(é_7 )\T) + 2)‘ ‘{p\IM \I/}(x(hé-a )‘T)|2 + Cl |£‘2 + 7—2

e+ 72
Now taking A > max{C4/2,1} and using (41) yields

mxo,g,mf)

2
col6er) + AR S T (ms,m +Oulfpw, W, €27)° + Ot

e+ 72
> CoM(J€* + X°7%) > CoA(I€]* + 7°).
When recalling the definition of cg, this readily implies (34), and also (33) in the limit 7 — 07 (with

Lemma 2.12). This concludes the proof that @ is pseudoconvex for P at xg in the sense of Definition 2.11.
O

Proof of Lemma 2.19. We compute
0;® = N WerY | 9. = N0, Wt + N2, ) (9, )M,
which we write in a shorter way as
d® = \e?d¥,  Hess(®)(&,n) = AHess(V)(&, ) + N2(E-0,0)(n- 0, P)e .
Taken at the point zo, and recalling (39), this implies
d®(zo) = Ad¥(zo), Hess(®)(20) (€, 1) = AHess(0)(0)(&, 1) + A*(& - 0¥ (x0)) (0 - 0¥ (x0)).  (42)
We now compute
a(6,7) = — (5 b0 H(50,6,7) = —0ep(0,€ — ird®(z0) - Duplo, & +iTd(z0)
+ Hess(®)(z0) [0ep(xo, & — iTd®(z0)), Ocp(xo, £ + iTdP(z0))]
— L 0uplao, & — imd®(z)) - Deplo, & + ird(z))
+ Hess(®) (o) [0¢p(x0, & — iTd®(w0)), Dep(wo, § + i7dD(20))]
= %Im [Oep (w0, € — iTdP(20)) - Oup(T0, & + iTdP(20))]
+ 2Hess(®) (o) [Oep(xo, & — iTdP(20)), Oep(z0, € + iTdP(x0))] -
Using now (42), this rewrites (we drop from the notation the fact that ¥ and its derivatives are taken at
xo)
cn(67) = = T [0cp(i0,€ — iTADY) - (b0, € +iTAAD))]
+ 2\ Hess(V) [O¢p(zo, & — it AdY), Oep(x0, & + iTAY))
+ 202 (0ep(wo, & — iTAAY) - 0, F) (Fep(w0, € + iTAY) - 0, )
= Aew (6, A7) 4 202 |{p, U} (0, & + iTAdD)|?
= Aew (€, A7) + 207 [{pw, U} (w0, &, AT) 7,

proving the lemma. O
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2.3.2 Reducing the strong pseudoconvexity assumption to the condition on the real space

In the particular case of differential operators of order two, with real principal symbol, Condition (36) on
the real space implies Condition (37) in the complex space (this is no longer the case if one of these two
conditions is not satisfied, see | , ). That is to say, Definitions 2.1 and 2.16 are equivalent
(differential operators of order two with real principal symbol).

Proposition 2.20. Let Q > zy be an open set, P € Difo(Q) with real-valued principal symbol ps and
U € C(Q) real-valued. Assume that the oriented hypersurface S = {V = ¥(xo)} satisfies Condition (36)
at 9. Then S = {V = U(xg)} is strongly pseudoconver with respect to P at xq (i.e. both conditions (36)
and (37) are satisfied).

We split the proof of Proposition 2.20 into two lemmata, concerned with the non-characteristic case
(p2(x0,d¥(x0)) # 0) and the characteristic case (p2(xo,d¥(xg)) = 0), respectively.

Lemma 2.21. Assume py is a real symbol of order two near xg, and U is such that pa(xo,d¥(xg)) # 0.
Then, for any £ € R™ we have

p\I/(ir()vgﬂT) = {p\p,\p}(fﬂo,g) =0 = 7=0. (43)
In this case, Assumption (37) is thus empty.

Lemma 2.22. Assume py is a real symbol of order two near xg, and U is such that ps(xo,d¥(xzp)) = 0.
Assume also (36) for all £ € R™\ {0}. Then we also have (37).

Both proofs of Lemmata 2.21 and 2.22 rely on the fact that for fixed £ € R",

F(2) = pa(wo, § + 2dW(z0)) = pa(w0, &) + 2°pa(wo, d¥(20)) + 22P2 (20, &, d¥(z0)),
is a second order polynomial in the variable z € C, with real coefficients. Moreover, the assumption of (43)
(resp. of (37)) implies that
fr) =pa(xo, & +i7d¥(x0)) = pw(x0,&,7) =0 and
f(i1) = Ogpa(wo, & +i7d¥(20)) - 0.V (20) = {p2, T}(20, & + i7d¥(x0)) = {pw, T} (20,§) =0,

that is to say, z = it (7 € RT) is a double root of the polynomial f.

Proof of Lemma 2.21. Since the coefficient in front of 22, namely pa(xo,d¥(z0)) is non-zero, the polyno-
mial f has two complex roots which are either both in R, or complex conjugate. That z =it (1 € RT) is
a double root of the polynomial f implies 7 = 0. O

The proof of Lemma 2.22 relies on tedious computations, and we refer the reader to | ]. Note that
so far, we have given a complete proof of Theorem 2.2 under the additional non-characteristicity condition

p2(z0,d¥(x0)) # 0.

2.3.3 Unique continuation: end of proof of Theorem 2.2

In this section, we conclude the proof of Theorem 2.2. After a geometric convexification procedure, it
consists essentially in using Lemma 1.7.

Proof of Theorem 2.2. We first remark that we may assume that ¥(zg) = 0 (up to changing ¥ into
U — W(xg), which does not change the assumption), so that S = {¥ = 0}. Let u be a C* solution of
Pu=0in Q so that wu =0 on QN {¥ > 0}. The hypersurface S = {¥ = 0} being strongly pseudoconvex
at g, Proposition 2.18 shows that for A large enough (but fixed) ® := e*? — 1 is a pseudoconvex function
with {& = 0} = {T =0}, {® > 0} = {¥ > 0} and {® < 0} = {¥ < 0}. Proposition 2.15 yields the
existence of ¢ > 0, such that ®. = ® — ¢|z — z¢|? remains a pseudoconvex function (Definition 2.11). As
a consequence of Proposition 2.13 and Theorem 2.9, it therefore satisfies the following properties

1. there exist R > 0, C' > 0 and 79 > 0 so that we have the following estimate
™ [l wl s + 7 eV, < Ol Pu, (44)

for any w € C*°(B(zg, R)) and 7 > 79.
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2. there exists n > 0 so that ®.(z) < —n for x € {® <0} N {|z — zo| > R/2},
3. there exists a neighborhood V' C B(xg, R/2) of 2o so that ®.(x) > —n/2 for z € V.

Property 1 is a consequence of Theorem 2.9, and R is fixed by that theorem. Property 2 is true thanks to the
parameter ¢ in the geometric convexification. Indeed, for |z — x| > R/2, we have ®.(z) < ®(z) — eR?/4.
If ®(z) < 0, this implies ®.(z) < —eR?/4, so that we can take n = —cR?/4. Property 3 is only a
continuity argument since ®.(xo) = 0. From this point forward, it suffices to follow the strategy described
in Section 1.2.5 to conclude the proof of Theorem 2.2.

Note finally that, in order for the result to hold for u € H'(Q), we need to remark that a density
argument shows that the Carleman estimate is still valid for all w € H*(Q2) such that supp(w) C B(xg, R)
and Pw € L*(Q). Here, in case u € H'(Q) with Pu = 0, we have w = yu € H'(Q) with supp(w) C
supp(x) C B(zo, R) and Pw = 0 + [P, x]Ju € L*(Q) since [P, x] € Diff'(Q) and v € H'(Q). Hence, the
Carleman estimate applies and the remainder of the proof remains unchanged. O

2.4 Necessity of strong pseudoconvexity for stable unique continuation

In this section, we discuss optimality /limitations of the Hérmander’s theorem for the wave operator, via
two counterexamples due to Alinhac and Alinhac-Baouendi, respectively. We recall (see Remark 2.10)
that Hormander’s theorem is insensitive to addition of lower order terms to the operator. The following
result is a particular case of | , Théoréme 2].

Theorem 2.23 (Alinhac). Let Q be an open subset of R™ let xg € Q, and let P € Diff?(Q) with real
principal symbol ps(z,€) = a (x)&;€;. Assume a' is a symmetric real-valued matriz defined in a neigh-
borhood of xo and such that (a¥(xg)) is non-degenerate. Let ¥ € C*°(;R) be such that ¥(xg) = 0 and
p2(x0,d¥(x9)) # 0, and assume that there exists & € R™ \ {0} such that

p2(z0,80) = {p2, Y} (20,60) =0 and  {p2,{p2, V}}(z0,%) <O. (45)
Then, there exist U C 2 a neighborhood of xo and q,u € C*(U;C) such that
Pu+qu=0inU, and supp(u)={¥>0}NU.

In particular, under Assumption (45) on the oriented hypersurface {¥ = 0}, unique continuation from
{¥ > 0} to a neighborhood of xy does not hold for the operator P + ¢. This applies to the wave operator.
Condition (45) is a strong negation of strong pseudoconvexity (Definition 2.1) and thus Theorem 2.23 is
an almost converse to Theorem 2.2 if one consider “stable unique continuation” for P, that is to say unique
continuation for all zero-order perturbations of P.

Note that Assumption (45) can be reformulated on the tangent space as in Remark 2.6. If we de-
note by a(z) = a;j(x) = (a”(z))~' the pre-dual (pseudo-Riemannian) metric as in Remark 2.6, then
Assumption (45) is equivalent to: there exists Xy € T,,Q \ {0} such that

(X07X0)a =0, d\I/(on)(Xo) =0 and Hess, \I/({E())(X(),Xo) < 0.

The following result is another counterexample to stable unique continuation in the limit case where
{p2,{p2, ¥} }(x0,&) = 0. It is a particular case of | , Théoréme 2], | , Theorem].

Theorem 2.24 (Alinhac-Baouendi). Assume d > 2 and consider P := D? — Dil = D?g2 — = D?Dd near
the point 0 € R, There is an open set U C RY4 with 0 € U, there exist q,u € C>(U;C) such that

Pu+qu=0inU, and supp(u)={zry >0}NU.

This implies that unique continuation fails for the operator P + ¢ across the hypersurface {z; = 0},
even though P has constant coefficients (hence the Holmgren-John theorem 1.6 applies to P across {z; =
0}) and the perturbation ¢ is of lower order and smooth. Note that the principal symbol of P + ¢ is
p2(t, @, 6,8,) = & — &2, — &2, — -+ — &2, and the hypersurface {1 = 0} barely fails to be strongly
pseudoconvex (see Definition 2.1). Indeed, we have {pa,x1} = —2&,, and {p2, {p2,x1}} = 0 so that, if one
chooses &y := (1,0,1,0,---,0) (that is to say & = &, = 1, &, = 0 and &, = 0 for j € {3,--- ,d}), we
have

P2(0,&) =0, {p2,21}(0,&) =0 and {p2,{p2, z1}}(w0,&) = 0.
In some sense, this is a weaker form of violation of strong pseudoconvexity (see Definition 2.1) compared
to (45).
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3 Unique continuation for time-independent wave operators

To summarize the discussion so far, if one considers a general wave operator P = D;a% D;+ lower order
terms, we have on the one hand the Holmgren-John Theorem 1.6: we assume analyticity of all coefficients
and unique continuation holds across any noncharacteristic hypersurface. The latter geometric condition
appears to be the appropriate one in applications (see Sections 3.4 and 3.5 below) and is essentially optimal,
whereas analyticity is a very demanding condition. On the other hand the Hérmander Theorem 2.2
assumes only C° regularity of the principal part of the operator and L regularity of the lower order
terms (these regularity assumptions can even be relaxed, see | ], but we do not discuss this issue here)
and yields unique continuation across any strongly pseudoconvex hypersurface. The regularity assumption
is suitable for applications, but the geometric pseudoconvexity condition is extremely demanding (see e.g.
the geometric discussion in Section 2.1.2 and the examples in Section 2.1.3). As explained in Section 2.4,
it is however optimal if one considers stable unique continuation.

In the present chapter, we explore further the case where all coefficients of the wave operator are time-
independent with only finite regularity in space. The result we present has a long history with several
ancestors and descendents. A historical account is provided in Section 4.2. One important fact noticed
along the way is the role of time analyticity (which obviously holds in the time-independent case). Here,
we focus our attention to the operator 92 + @ where Q = ¢(x, D,) is a positive elliptic operator. The
result presented in this chapter has been proved in | | and our presentation is inspired by | |

3.1 Setting and statement of the unique continuation result

In the following, we denote the generic variable by x = (t,x) € R*¢ = R" (note the slight difference with
the notation in Section 2, where x € R"™ includes the time variable) with dual variable ¢ = (&;,&,) € Rt
The main theorem of this chapter is as follows.

Theorem 3.1 (Wave type operator with time-independent coefficients). Let T' > 0 and €, an open set
of RY. Denote Q =] — T, T[x,. Let

d d
Q=Y g¢"@)DiD;+ Y by(z)Dy, + c(x)
i,j=1 k=1

be a differential operator of order 2 with g* € C*° () real-valued, by, ¢ € L>(Q,). Assume also that Q
is positive elliptic, i.e. there exists C' > 0 so that

d
q(z,&) ==Y g7 (x)&& > Cl& [, for all (x,&,) € 2, x R™ (46)

,j=1

Let P =02 +Q on Q and set po(t,x,&, &) = —&2 + q(2,&,). Let Xo = (tg, 1) € Q and ¥ € C?*(Q) with
d¥(xg) # 0 so that pa(x9,d¥(xg)) # 0, i.e.

(000 (x0))* # D 97 (20)(: ¥ (x0)) (9 ¥ (x0))-

i,J

Then, there exists a neighborhood V of xo so that for any u € H (),

{P“ = 0§, —su=0onV. (47)

u = 0inQN{¥ > (x)}

Note that there is no link between the strong pseudoconvexity condition in Definition 2.1 and the
non-characteristicity condition in Theorem 3.1. Many useful hypersurfaces are non-characteristic but not
strongly pseudoconvex (see Section 3.4 below), but one may also construct characteristic hypersurfaces
that are strongly pseudoconvex (Indeed, the former condition is a first order condition whereas the latter
is a second order condition). The result of Theorem 3.1 actually holds under the weaker condition that
the hypersurface is {¥ = 0} is strongly pseudoconvex in & = 0 (see Definition 3.5 below). However, in all
applications we have in mind, only the non-characteristicity condition is useful to deduce optimal results.
See see Sections 3.4 and 3.5 below.
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Remark 3.2. As in Remark 2.6 concerning the pseudoconvexity condition, the non-characteristicity con-
dition po(x0,d¥ (%)) # 0, formulated here as a cotangent condition, may be equivalently rephrased on
the tangent space. Denoting again by a = (a;;) the metric on the tangent space T((—T,T) x €2), the
hypersurface S = {¥ = 0} is non-characteristic at xo € S iff (V,¥,V,¥),(x0) # 0. Notice that under
the assumptions of Theorem 3.1, the metric a is assumed of the (particular) form a(X,Y) = (X,Y), =
- XYy 4+ g(X,,Y,) where g is a time-independent Riemannian metric and X = (X, X,),Y = (Y3, Y,).

The proof of Theorem 3.1 relies on an inequality of Carleman type, but with an additional weight in

€

2
the Fourier variable. Namely, we let e~ "~ be the Fourier multiplier defined naturally by

7 (e 0) (@ = a0, we SE),

where &; is the Fourier variable corresponding to the variable ¢ and £ = (&, ;). Note that this amounts to

solving the heat equation with ¢ as a “spatial” variable, during a “time” o=. Using the explicit expression of
|2

cl&t

the Fourier transform of the Gaussian e~¢ 727, this may be rewritten as a convolution with a heat kernel:

2 1/2 .
() 0 = (55) " [ F T uts,mas (13

This operator has several interesting features: it localizes close to D; = 0 (i.e. in low frequencies w.r.t.

. . . . . | D¢ |2 . . Lo
the time variable ¢), in an analytic way (the function e™¢ oy produced is an entire function in the
. E . . . 1Dy,
t-variable). However (and consequently), note that e~ 37 1D:” is not local; in particular, e=* 254 is not

compactly supported, even if u is.
For a smooth real-valued weight function ® (later on, we will assume that it is polynomial of order 2),
the Carleman estimate below will make use of the operator

3 —elD? g
cLu=e 2 e %u.

The following is an analogue of the Definition 2.11, under which the Carleman estimate of Theorem 2.9
holds. Here, the condition is weaker for it is only restricted to & = 0.

Definition 3.3 (Pseudoconvex function in & = 0). With the above assumptions for P, let ® be smooth
and real-valued. We say that ® is a pseudoconvex function with respect to P in £ = 0 at xg if

{p27 {an (I)}} (XOag) > 07 if pQ(XOag) = Oa Et = 07 € 7é 07 (49)
%{p@pé}(xovfﬁ) > Oa ifp@(X05§77—) = 07 gt = Oa T > Oa (50)

where pe(2,£,7) = pa(2,€ + iT7d®(2)).

Theorem 3.4 (Carleman estimate for wave type operators with coefficients constant in time). Let P
satisfy the assumptions of Theorem 3.1. Let ® be a quadratic real-valued polynomial such that ® is a
pseudoconvez function with respect to P in & = 0 at Xq, in the sense of Definition 3.3. Then, there exist
r,e,d,C, 79 > 0 such that for all T > 79 and w € HL., . (B(x0,7)), we have

comp
T1Q2 w3 < C|QE, Pull;, + Ce™* [|e™w], . (51)

Note that for e = 0, this would be a classical Carleman estimate. Yet, the role of the Fourier multiplier

2
_ 1Dl
e

z- is to truncate the “high frequencies” (with respect to 7) in the variable ¢. So, we just need to
look at small frequencies in & (compared to 7, namely |§| < ¢7). Note that the set |{;| > ¢7 only
contributes to e~ 7/2 to the estimate, which is an admissible remainder in view of (51). This is why the

pseudoconvexity assumption is only made in & = 0.
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3.2 Proving unique continuation using the Carleman estimate

In this section, we assume that Theorem 3.4 is proved and we prove Theorem 3.1. Part of the argument
is similar to the classical case: constructing an appropriate pseudoconvex function ® in & = 0 from the
function ¥ defining the hypersurface S = {¥ = ¥(x¢)}. The main differences are the following:

e the pseudoconvexity is only on & = 0, so it requires a small adaptation of the convexification
procedure. Moreover, we want ® to be quadratic.
2
e the Carleman estimate implies an additional Fourier multiplier (e~¢ 2 ) that changes the proof of
unique continuation. The additional difficulty comes from the fact that the Carleman estimate (51)
only dominates the low frequencies in & of the function wu.

3.2.1 Convexification

Similarly to the classical case studied in Section 2, the natural assumption for the unique continuation
Theorem 3.1 is a strong pseudoconvexity condition similar to that of Definition 2.16, but restricted to the
set {& = 0}. We define this notion, and then check that any noncharacteristic hypersurface is strongly
pseudoconvex in & = 0.

Definition 3.5 (Pseudoconvex hypersurface in & = 0). Let Q 3 x be an open set, P € Diff*>(Q) with
real-valued principal symbol ps and ¥ € C°°(Q) real-valued. We say that the oriented hypersurface
S ={¥ =T(xq)} 3 xg is strongly pseudoconvex with respect to P at xq in & = 0 if

{p27 {p27 lI/}} <X0a§> > 07 1fp2(XOa€) = {p27\D}(X0a€> = ft =0 and 5 # Oa (52)
%{Wap‘l’}(xo7£77) > 07 ifp\I/(XOagvT) = {pq;,qj}(X(),g,T) = gt =0and 7> 07 (53)

where py(2,&,7) = pa(z,€ + i7dV¥(2)).

The next lemma explains that the noncharacteristicity condition assumed in Theorem 3.1 is a particular
case of Definition 3.5.

Lemma 3.6 (Noncharacteristicity implies strong pseudoconvexity in & = 0). Let Q, P as in Theorem 3.1.
If the hypersurface S = {¥ = U(xq)} 3 x¢ is noncharacteristic for P at xo (p2(Xo,d¥(xg)) # 0), then it
is strongly pseudoconvex with respect to P at xo in & = 0.

Proof. The principal symbol of P is pa(t,z,&,&:) = —& + q(x, &) where g(z,&) = Y, ; a% (2)6¢;.
We first notice that for & = 0, we have po(t,2,0,&,) = q(x,&;). Since ¢ is assumed to be elliptic, the
assumption p(xp,§) = & = 0 implies £ = 0 and therefore Condition (52) is empty. Second, we have proved
in Lemma 2.21 that (53) is empty if pa(xo,d¥(xg)) # 0, which concludes the proof. O

Next, we follow the same convexification procedure as Section 2.3.1.

Proposition 3.7 (Analytic convexification). Let Q, P satisfy the assumptions of Theorem 3.1. Assume
that the hypersurface S = {¥ = U(xq)} is strongly pseudoconvex with respect to P at xq in & = 0, in
the sense of Definition 3.5. Then there exists Ao > 0 such that for all X\ > Xg, the function ® = e*Y is a
pseudoconvex function with respect to P at xg in & = 0, in the sense of Definition 3.3.

Note however that, as opposed to the classical case, the Carleman estimate of Theorem 3.4 does not
apply to the weight function ® since it is not (yet) quadratic.

Proof. The proof is very similar to that of Proposition 2.18. Again, we assume that ¥U(xq) = 0 for
simplicity, and use the notation cg(&,7),ce(£,7) in (40). Lemma 2.12 still applies and cg (&, 7) and
ce(€,7) are both continuous on the whole R™ x RT. Then, using Lemma 2.14, Definition 3.5 may be
equivalently reformulated as the existence of constants C7, Co > 0 so that

2
co(&,7) + C1 | {pw, ¥} (x0,&,7)° + quéﬁof;)' +1& 12| > Ca(J€)* + 12).
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Lemma 2.19 still applies, and the argument in the Proof of Proposition 2.18 then implies

2
~ X, y ’7' ~
ealer) + G | PO S DE el 5 ey 4 ),
S + 7
for A large enough. This implies the sought result. O

It remains to perform the Geometric convexification and to ensure that we can take the weight function
® quadratic.

Proposition 3.8 (Geometric convexification). Let ® be a pseudoconvez function for P at xq in & = 0,
in the sense of Definition 3.3 with ®(x¢) = 0. Then there exists a function ¢ such that

1. ¢ pseudoconvex function for P at xq in & = 0,
2. ¢ is a quadratic polynomial,

3. p(x0) = 0 and there exists Ry > 0 such that for any 0 < R < Ry, there exists n > 0 so that
p(x) < —n forx e {® <0}N{R/2 < |x —x0| < R}.

Proof. For § > 0, we take ¢(x) = ®7(x) — d|x — xq|?, where

1) = Y~ (07®)(x0) (x — x0)°"

|| <2

is the Taylor expansion of ® at order 2. First, we notice that the pseudoconvexity condition only involves
derivative up to order 2 at x¢. Hence, &7 is also a strongly pseudoconvex function in & = 0 at xg.
Moreover, the same stability argument as in Proposition 2.15 applies. So, for § small enough, ¢ is as
well a strongly pseudoconvex function in & = 0 at x¢. We fix § > 0 sufficiently small. It remains
to prove the geometric properties of Item 3. Since ®r is the Taylor expansion of ® at order 2, there
exists Ry small enough so that |®r — ®| < |x — x¢|?§/2 for |x — x¢| < Rp. Now, take R < Ry. Let
x € {® < 0}N{R/2 < |x —x¢| < R}. Since ®(x) < 0, we have ®r(x) < |x — x¢|?6/2. Therefore,
o(x) < —8|x — x0|?/2. So, in particular since |x — xq|?> > R?/4, we get p(x) < —9R?/8 and we can take
n=G6R?/8. O

3.2.2 Unique continuation

In this section, we conclude the proof of the unique continuation Theorem 3.1 assuming the Carleman
estimate of Theorem 3.4.

Proof of Theorem 3.1. Let wu solution of Pu = 0 in Q so that w = 0 on QN {¥ > 0}. The hypersurface
S = {¥ = U(xq)} is strongly pseudoconvex at xq in & = 0. Propositions 3.7 and 3.8 allow to produce
a quadratic function ® (it is the function called ¢ in Proposition 3.8, which we now rename as ®) that
satisfies the pseudoconvexity for functions at xg in & = 0. In particular, Theorem 3.4 applies. We therefore
obtain:

1. there exist R,e,d,C,79 > 0 such that for all 7 > 79 and w € Hl,,,(B(xo,r)), the Carleman
estimate (51) holds,

2. ®(x0) = 0 and there exists n > 0 so that ®(x) < —n for x € {¥ <0} N {|x — xq| > R/2},
3. ®(x) < d/4 in B(xg, R).

We only added Item 3, which follows from a continuity statement (holding up to reducing R) using
®(x9) = 0. Now we pick x € C°(B(xg,R)) so that x = 1 on B(xg,R/2). We apply the Carleman
estimate (51) to w = yxu € Hl,,,(B(xo, R)), solution of Pw = xPu + [P, x]Ju = [P, xJu. Again, [P, x]
is a classical differential operator of order 1 with coefficients supported in the set {£ < |x — xo| < R}.

Moreover, we have supp(u) C {¥ < 0}, and thus [P, x]u is supported in {¥ < 0} N {£ < |x — x¢|}, where
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® < —n. In particular, we have ||Qg'iTPwHL2 < HeT‘I’PwHL2 < Ce ™ ||u|| 1. As for the second term in
the right hand side of (51), we use Item 3 to deduce

e e Pwlfyy < eIl < e AR wlff < e ul

=

for 7 large enough. From (51), we have obtained that there exist C, 4,79 > 0 so that
||Q$Tw||Lz < Ce™,  forall T > 7. (54)

We now use the following lemma, which is an analogue in the present setting to Lemma 1.7, used in the
classical case.

Lemma 3.9. Let ® € C*(Q) be a real-valued function such that d® # 0 on Q. Let v € L2,,,(Q) and
assume there exists Cy, 19, > 0 such that

1Q2 w2 < Co  for all T > 7. (55)

Then, v is supported in {® < 0}.

To apply the lemma, we rewrite (54) as HQSTG(STWHL2 < Cie [|Q2Fw|r2 < C. Lemma 3.9 applied
to the function ® 4 § implies that w is supported in the set {® +J <0} = {® < —¢}. Since we have
®(x¢) = 0 and x =1 on B(xg, R/2), the set V = B(x¢, R/2)N{® > —§} is a neighborhood of x¢ on which
u = w = 0, concluding the proof of the theorem. O

For the proof to be complete, it remains to prove Lemma 3.9. Note that if we had ¢ = 0, this is
precisely Lemma 1.7 (and the proof is straighforward). Before describing the details of the proof, we first
give a sketch of it to present the main new ideas, recalling that n =1+ d:

1. Proving that supp(v) C {® < 0} is equivalent to proving that x — x o ®(x)v(x) vanishes a.e. on
R™ for all test function x € C*°(R), such that supp(x) C [0, +00). Again, this may be reformulated
equivalently in a weak form (still for all x € C*°(R) such that supp(x) C [0,+c0)) as

- FE)v(x)x(®(x))dx =0, forall f e SR").

2. We change slightly the point of view and, considering f fixed, see this quantity as a distribution on
R, with y as test function:

(hy, X)erry,coo®) = (fU, X(®))er®mn),co mn) = /Rn F(x)v(x)x(P(x))dx. (56)

This corresponds to defining the distribution hy = ®.(fv). Heuristically, hs(s) is the integral of fv
on the level set {®(z) = s}. According to the first point, supp(v) C {® < 0} is now equivalent to
supp(hy) C (—o0,0].

3. We shall see that the Fourier transform of Ay is

h(Q) = (hyys = €7 gy, coom) = /R flx)v(x)e P dx,

and can be extended to the complex domain if v is compactly supported (which is assumed here).
In particular, for ¢ € iR*, ¢ = i7, we have ﬁ;(w) = (f,ve™®). The assumption (55) gives an
information on the norm of e"®v for 7 large which can be translated in a uniform bound on |E}|
on the upper imaginary axis. A Phragmén-Lindelof type argument allows to transfer this uniform
bound on \E}\ to the whole upper half plan.

4. From the bound |ﬁ;| < C on the whole upper half plan, a Paley-Wiener theorem (roughly saying
supp(g) C (—o0,0] <= |g| < C uniformly on the upper half complex plane) allows to conclude that
supp(hy) C (—o0,0] for all f, which is the sought result according to the first two points.
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Let us now proceed to the details of the proof.

Proof of Lemma 3.9. Let f € S(R™) with Fourier transform fcompactly supported in B(0, R) for R large.
We define the distribution hy € £'(R) by (56). Note that hy is a distribution of order zero since

|<hfaX>5’(R),C°C(R)|§/ |f(x)v(x)|Ix(@(x))ldx < || fllzz [v]lp= sup  [x],
R™ @ (supp(v))

and is indeed compactly supported because supp(hy) C ®(supp(v)) = {®(x);x € supp(v)} which is com-
pact. Since hy € £'(R), the Fourier transform of iy can be computed for ¢ € R by

hy(¢) = (hp € g moy oy = (FU. €7 ) er@n) ooy = /R Fx)v(x)e P dx.

We notice that this formula still defines a function for ¢ € C satisfying the bound

Iy (Q)] < /

lf(x)v(xﬂelm(o'@(x)dx < £C1lIm(Q)] Hf||L2 ||U||L27 C; = max ‘q>|. (57)
supp(v) supp(v)

Holomorphy of the integrand with respect to ¢ implies that E}(C ) is holomorphic on the whole C. For
¢ € R, the Cauchy-Schwarz inequality (57) yields the general bound

B (O] < 1F Il 0]l 2 = Cro.

Now, we use the assumption of the lemma, namely (55), to obtain a bound on the upper imaginary axis.
Indeed, for ¢ = ir, and 7 > 79, (55) implies

T o o
|hf(l7’)| = ‘<f1],6T >51(R71)’COC(RVL)‘ = ’<f, ve’ >S’(R"),S(]R")
|D¢|? |D¢|?
= <6€ E;i ,6_6 L;i' U€T<I>>S/(Rn)73(Rn)
< ee‘[;trpf e—E‘D2t7_‘2 ve‘r@
L2(R) L2(R")
‘5“ b
< ef e R Hf||L2(R") HQE,TUHLz(Rn)
Lee(supp(f))
eR? eR?
< Ce> || fllp2@ny < C€0 [ fll 2@ny = Ce,p,70 Co-
2
Note that the operator =% is harmless because the Fourier transform of f is assumed compactly

supported in B(0, R) (in general, es%f does not have any meaning, even for f € S(R™); this is the
reason why working by duality). Moreover, for T € [0, 79|, the estimate |}/L;(Z7' )| < C follows by compactness
and continuity, with some appropriate constant C' independent on 7.

Now, |hAf| has a uniform bound on RU iR, as well as an a priori subexponential growth (57). We are
thus in position to transfer the uniform bounds to the whole upper half plane by the Phragmén-Lindel6f
Theorem.

Lemma 3.10 (Phragmén-Lindelf Theorem). Let g be a holomorphic function in Q1 = {z + iy;x > 0,y > 0},
continuous in Q1. Assume that there exist ¢ > 0 and C > 0 such that

|g(z)| SCGC'Zlu fO'f' allzteu
lg(2)] <1, forall z € Q1 = Ry UiR,.

Then, we have |g(z)| <1 for all z € Q1.

We refer e.g. to | , Theorem 3.4] for a proof. Applying this result to the function g = h/\f on both
Q@1 and the quarter plane {z + iy;z < 0,y > 0}, we obtain that

B (0)| < C  forall ¢ € C,Im(¢) > 0.

We may now apply the following version of the Paley-Wiener theorem to hy.

29



Theorem 3.11 (Paley-Wiener-Schwartz). Suppose that g € E'(R) is of order zero. Then the following
two statements are equivalent:

e supp(g) C (—o0,0],

e g can be extended continuously as an entire function which is uniformly bounded in the closed upper
half-plane
Ct={z+iy;z€R,y >0}.

This is a particular case of the general Paley-Wiener-Schwartz theorem, see e.g. | , Theorem 7.3.1].
Applying this result to the function h; gives supp(hs) C] — 00,0]. Therefore, we have proved that for
x € C*(R),

supp(x) C [0,4+00) = 0= (hy,x) = (fv,x(®)) = (f, x(®)v) .

Since this is true for a subset of function f dense in S (those having compactly supported Fourier trans-
form), this means that the function x(®)v is identically zero on R™ as soon as supp(x) C [0, +oc). That
is to say v =0 a.e. on ® > 0 or supp(v) C {® < 0}, which concludes the proof of the lemma. O

3.3 The Carleman estimate

To complete the proof of Theorem 3.1, we are now left to proving the Carleman estimate of Theorem 3.4.

3.3.1 The “conjugated operator”

As in the classical case, we first compute the “conjugated operator”. Yet, we have to be a little careful,
[D¢

since e 2 is not well defined on any Sobolev space and even not on S. As before, we make the change
of variable v = e™®w and (51), rewrites

2
|D

_E\Dtl2 9 —e 112
Tlle 2 wljin < C|le™* 27 Pyu
1

+Ce ||ul3n
] 1

L

. IDg1% | . . .
The operator P commutes with e™¢ 2= since its coefficients are independent on t. Yet, the operator
Py = e™®Pe™"® now depends on t through ®. We take advantage of the fact that ® is quadratic, hence
the coefficients of the operator Pg only involves derivative of ® of order at most 1 and therefore are linear

in t. We first prove the following simple lemma.

Lemma 3.12. Let u € S(R'*?), then

1Dy |2 D |D¢|2
emstt (tu) = (t + i5t> e~ F .
T

Proof. We first recall that F(tv)(£) = i0¢,v(§) and hence

1€¢12

7 (% 00 ) (O = = () = = F it a(6) = 0, | 00| + 1% ag)

t 2 D t 2
—F (te—a"; u+ i%e—ei'[;‘ u) ©),

which proves the lemma. O

Remark 3.13. Lemma 3.12 can be iterated to deduce that

k
D¢ 1 . D 1D¢ 12
e (thu) = <t + zst> e T,
T
where the exponent k is meant in the sense of composition. For f polynomial in ¢, we obtain

_olDel?
27 U.

B (f(t) = f (t + ielzt) e
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[D¢]

This means that the “formal” conjugated operator of f(t) by e¢ 2 is a differential operator, whose order
is given by the degree of the polynomial f. For a general real-analytic function f(¢), giving a meaning to
f (t + ia%) is one of the difficulties in [ , , , |

We now want to understand how Q?T “commutes” with an operator P. To this aim, let us first consider
the simplest case in which P = D;. We have the following key lemma.

Lemma 3.14. Assume ® is a real polynomial of degree two in the variable t. For all k € {0,--- ,d} (with
the convention t = xg, Dy = Dy, X, = x, and Dy = D, for 1 <k <d)

STDk = (Dk)q>,sQ$T,
= 010x, D)
(Dk)q>,e =D+ iTak‘I)(X) —e®/

t,xp

where (denoting ®Y

t,Xk
D,.

Note that since ® is quadratic in the variable t, the quantity <I>g’ x; is actually constant in ¢! In particular,
the principal symbol of (Dy)a ¢ is § + i70R® — @, &

Proof. Since ® is quadratic in the variable ¢, 0 ® is a polynomial of degree 1 in ¢ and can be written as
Or® = f1(x) + tfo, where fi(x) (resp. fo) is polynomial in x of order 1 (resp. a constant). In particular,
Lemma 3.12 gives

|Dy|2 |Dy |2

¢ [(Dy +i0x®)u] = ¢~ = (D + i (fi(a) + tho))ul
= [Dk +iT (f1($) + <t+ielzt> fo)] e—eB

|D¢|2

= (Dk + 17O P — Efth)e_E 27 Y.

To get an intrinsic expression, we notice that fo = 0;0;x®P, so fyD; can be written 9,0, ® D;. This concludes
the proof of the lemma. O

This lemma allows to compute the principal symbol of the “conjugated operator” of general differential
operators (with coefficients independent of t).

Corollary 3.15 (The “conjugated operator”). Let Q C R!*? =R, xR, and P € Diff™ () be a (classical)
differential operator with principal symbol p,,. Assume also that all its coefficients are independent on t
(that is pa(x) = pa(x) for all |a] < m). Let ® be a real-valued quadratic function. Then, for any e > 0,
there exists a unique Py . € Diff" () so that

P P=Pp Q7.
Moreover, the principal symbol of Pg . is
Po e (Xv 67 T) = Pm (X, 5 + ZTd(I)(X) - E(Pg,xgt)v

where we use the notation ®f & = Hess(®)((£,0,---,0),-) = &V with V' the constant vector with coeffi-
cients Vi, = (0p0x, ®) (using the convention of Lemma 3.14).

We stress the fact that all coefficients of P should be independent of ¢: this is not an assumption on
the principal part of the operator only. The proof is similar to that of Lemma 1.11, using Lemma 3.14,
Item 1 of Proposition 1.10 together with the fact that the coefficients of P commute with Q?T.

Remark 3.16. In the case of a second order operator P (with coefficients independent of t), with real
symbol py, we have (denoting by ps the polar symmetric bilinear form of ps),

Poc(X,&,7) = pa(x,§ +iTd®(x) — Py &)
= pa(x,& — aq);txft) — 72py(x, dP(x)) + 2iTpa(x, £ — E‘I’fot, dd(x)).

As in the classical case, an important point here is that Im(ps . (x,§, 7)) = 72p2(x, { — P} &, dP(x)) and
may be divided by 7.

An important feature of the Corollary 3.15 is that the principal symbol of Ps . is actually close to the
principal symbol of Py if € is small. So, we can expect that it satisfies the same subelliptic estimates.
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3.3.2 A first subelliptic estimate

We first write the following Lemma on pg, that we have actually already used and proved in Proposition 3.7,
using Lemma 2.14 and homogeneity, so we skip the proof.

Lemma 3.17. Let Q, P satisfy the assumptions of Theorem 3.1. Assume that the function ® is pseudo-
convex with respect to P at x¢ in & = 0, in the sense of Definition 3.3. Then there exist Cy,Cqy > 0 such
that for any (£,7) € R™ x R, we have

Ipa (%0, &, 7)|?

‘§|2+7_2 +|ft|2 ZCQ(|£‘2+T2).

1
;{%729@}()(07577-) + Cl

where we have extended 2 {pg, ps}(x0,&,7) by continuity at 7 = 0 with the value 2{p, {p, ®}}(x0,&).
By perturbation, we obtain a similar conclusion for the perturbated operator.

Lemma 3.18. Let Q, P satisfy the assumptions of Theorem 3.1. Assume that the function ® is pseudo-
convex with respect to P at xqg in & = 0, in the sense of Definition 3.3. Then there exists g > 0 so that
for any 0 < e < €q, there exist C1,Cs > 0 such that for any (£,7) € R x RT, we have

|p<I>,5(X07€aT)|2

|£|2 4 7_2 + |£t|2 Z CQ(|£|2 + T2)'

1
;{p@,a;p@,e}(xm ga T) + Cl

where the quantity ={Ds -, pa.c }(x0,&,7) is extended by continuity at T = 0.

Proof. The lemma mainly follows from the fact that pg . is a perturbation of ps and using Lemma
3.17. Yet, we have to be a little careful because of the factor % Noticing again that %{p@@pq))s} =
2{Repo,,Impe -} and using Remark 3.16 we can write Impg . = Tpg.'. Moreover, pq./?/gl and all its
derivatives are all continuous in €. Hence, we can write %{pcp’s,p(p’g} = 2{Repo,c,po. }, which may
therefore be extended by continuity to 7 = 0. The result then follows by a perturbation of Lemma 3.17. [

We are now ready to prove a first subelliptic estimate that will be crucial for the final proof of Theo-
rem 3.4.

Proposition 3.19. Let 2, P satisfy the assumptions of Theorem 3.1. Assume that the function ® is real-
valued, quadratic and strongly pseudoconvex with respect to P at xg in & = 0, in the sense of Definition 3.5.
Then, there exist €,7,C, 19 > 0 so that we have the estimate

7|0l < CllPscoll: + O7 || Devl 7, (58)
for any v € C°(B(xg,7)) and 7 > 7.

Note that the parameter £ > 0 is fixed by this proposition (in fact, by Lemma 3.18). This estimate
is very close to the usual Carleman estimate (25) of Theorem 2.9. The only difference is the last term
T HDthiz in the right hand-side. This term comes from the fact that the pseudoconvexity assumption
(and hence the symbolic estimate of Lemma 3.18) is made on & = 0 only, i.e. on D; = 0 only. Also,
remark that this additional term has precisely the same strength as the term 7 ||v||§{1 on the left handside
of the estimate. .

Proof. The proof is as well very similar to that of Theorem 2.9. A little care is needed to factorize the
skew-adjoint part of the operator. Note first that the form of Estimate (58) remains unchanged under
addition to P of a (classical) differential operator in Diff'(Q), the coefficients of which do not depend on
the variable ¢. Indeed, after conjugation, the latter perturbation will yield a perturbation of Pp . being
in Diff!(Q), which, applied to v, is bounded by ||v||§{1 and thus can be absorbed in the left handside for
T > 19 with 7y large enough. .

We then notice that, with P satisfying the assumptions of Theorem 3.1, we have

P=P+R,, with P=-Di+ > Dig”(z)D;, and R € Diff}(Q),
1<i,j<d
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where g% (x) = ¢’*(z). See also Example 1.12. According to the previous discussion, it is sufficient to
prove Estimate (58) for P replaced by P. Applying Lemma 3.14 and using that Q?)T exactly commutes
with g%/ (z), we have the exact formula:

Py = —(Dy+ir0,® — @ Di)* + > (Di +it0;® — e®, Di)g" (z)(D; + itd;® — £@f , Dy).

1<ié,j<d

We now collect all terms being factorized by 7 to obtain, for some M € Diffi (Q),

Py =—(Dy—e®!,D;)* + > (D; —e®}, Dy)g" (z)(D; — £}, Dy) + M,
1<i,j<d

and remark that 15¢,5 — 7M is a formally selfadjoint operator. As a consequence, when defining

we notice that we have, as in the proof of Theorem 2.9, P;. = w =: T]/DI: (that is, 7 can be

factorized in the skew-adjoint part of P;.). With this decomposition, we have Py . = Pr. + iPr. =

Pr. + iTﬁ:E, and may now proceed to the key computation, following the proof of Theorem 2.9. We
obtain

|Pocvlfs = I1Prcvlfs + 1Prevls + 7 (ilPre, Prelv,v)
and the same computations as in the proof of Theorem 2.9 lead to
1 2 .
= ||Ppcv||72 > (Lv,v),  with
.
L= CIPR,E(_A + T2)71PR,E + Olpl,a(_A + 7-2)71PI,5 + i[PR,sa/P;;L
for 7 > 79, 19 large enough, and C; being taken as in the conclusion of Lemma 3.18. We thus obtain
1 2 2 2
= HP<I>,6U||L2 + C1 || Devllfe = ((L + ClDt)”;”) .
The principal symbol of L + C;D? is

|p<1>7£ (X, &, T) |2

2
€)% 4+ 72 N

1
;{P@,s,pye}(xfﬁ) +C

We conclude as in the proof of Theorem 2.9 using the symbolic estimate of Lemma 3.18 at the point xq,
together with the Garding inequality of Proposition 1.13. O

3.3.3 End of the proof of the Carleman estimate
Equipped with the subelliptic estimate (58), we may now proceed to the proof of Theorem 3.4. Setting

v=Q% w= e~ 5 1P:” (74, we need to prove the estimate
2 2 _ 2
ol < CllPocvlls + Ce™ [l wlfy, -
The latter is very close to (58), except for the last term, and it is very tempting to apply (58) to v = gTw.
. . . . - 1Dy |2 .
The hope is then that the term 7 ||Dtv||2Lg is estimated by using that the multiplier e—¢ 2 “ocalizes”

where Dy is small. This will indeed be done at the end of the proof. However, the first problem we have
to face is that, even if w is compactly supported, the function v = iTw is not compactly supported in
the variable ¢. Indeed, the operator e 2P +* is not local. We thus need to introduce an additional cutoff

in time, and estimate the remainder it produces.
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Proof of Theorem 3.4. We assume for simplicity that the point x¢ involved is xg = (0,x¢), i.e. to = 0.
We let € > 0 and r > 0 be fixed by Proposition 3.19. We choose rqg > 0 with 2rqy = r, and, all along
the proof, we consider functions u € C®(B(x0,70/4)). Let x € C°(] — ro,70[) such that x = 1 on
] —ro/2,70/2]. Since v is not compactly supported in the variable ¢, we set f(x) = x(t)v(x) and we have
supp(f) C [—7ro,70] X B(zo,r0/4) C B(xg,2r9) = B(x0,7), so that Proposition 3.19 will apply to the
function f. To estimate v, we write

vl < ([ fllax + v = fllas,
where ,
v-f=01-x0Q%u=1-x)e =PV (xe ),
for x € C°(] — ro/3,7r0/3[) with ¥ = 1 in a neighborhood of [—ry/4,ro/4] so that yu = u. We are in
position to apply the following lemma to estimate the remainder v — f.

Lemma 3.20. Let x1 € C®°(R"™), x2 € C*°(R"™) with all derivatives bounded such that dist(supp(x1), supp(xz2)) >
0. Then there exist C,c > 0 such that for all w € S(R™) and all X > 0, we have

_1DyI? —en _1Dyl? —eN
xie~ > (xau) < Ce “Mull 2, xie~ * (xau) < Ce™Mull g -
L2 H! T
As a consequence of Lemma 3.20, we obtain, for 7 > 7¢
oz < (£l + Ce % [[e™®ul| a2 (59)
The subelliptic estimate (58) applied to f gives
2 2 2
T f I < CllPocfllze + CTIIDef72 s (60)

and we need to estimate the two terms on the right handside in terms of v. First, we estimate the term
|Pocfll2 = [[Poexvlle < [[XPo,evl 2 + [|[[Po,e, X]v|| 2. For the commutator, we write [Py ., x]v =
[Po.c, x]e™ 7 1P* xe™®u. We notice that [Py ., x] € Diff! with coefficients supported in supp(x}) that is,
away from supp(x). In particular, Lemma 3.20 implies ||[Pgp.c, X]v[| ;. < Ce™°z eT‘I’uHHi. This yields

1Poefll 2 < | Po,cvll s + Ce™*

eTq)uHH1 . (61)
Second, we estimate the term || D;f||r 2. We obtain in a similar way

_ £ 2. r 4
IDefllzz = IDe(xv) 2 < [IXDevllz2 + X ()™ P xe™ ul| 2 < | Dev|2 + Ce™e

eTq)uHL2 (62)

where we have used again Lemma 3.20 in the last inequality.
Let ¢ a small constant to be fixed later on. We distinguish between frequencies of size smaller and
bigger than ¢7. We obtain

2 2
[Dwll 2 = ||Dee” =PV emu L2 < [|Dip,j<ervll L2 + 1Dl pysere™ 37 P e 0| 2

_ & 2
< IDdpycervllze + max  (&eF 6P )],
§e€leT,+00)

. _ & g2 . . . .
Now, on R*, the function s ++ se~27*" reaches its maximum at s = \/? , and is decreasing on [/ %, 400).
. . _ € g2 . . .
Hence, if 7 > c%g, then \/§ < ¢7, the function s — se”27°" is decreasing on the interval [¢7,400), and

thus bounded by its value at ¢7. This yields, for all 7 > max(7, g%e), the estimate

<

T 25
1Dz < s7llvllze + gTe_THeT‘I}uHLz. (63)

Combining all estimates so far, namely (59)-(60)-(61)-(62)-(63), we have proved that there are some
constants ¢ > 0 (depending on €) and C' > 0 so that for any ¢ > 0, we have for 7 > max(7p, g%g),

2
T ol < ClIPs vl + O ol3s + € (77 462%™ [[e®ulf,

We now fix the constant ¢ small enough so that the term C<*73||v[|2. < C<?7||v||%: can be absorbed in

the left handside of the estimate. This yields the sought estimate for 7 > max(ro, g%g), and concludes the
proof of the theorem. O
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Proof of Lemma 3.20. Recalling the explicit expression of the Fourier transform of the Gaussian in (48),
we have

=<
=
o
|
S
o
=<
[v)
E
—~
\‘@F
8
S~—
Il
7N
| >~
N~
Wl

/ x1 (¢, J:)ef%bft|2 (x2u)(s,x) ds
Rs

1

3

= <4) Xl(t,z)/ 67%‘57“2()(211,)(8,1’) ds
™ s,|t—s]>d

where we have used the support properties in the second equality. This yields

1

_IDy? A2 A2

e e < s (32) [ e ) s
4 8,|t—s|>d

1
A2 A2
<lhalli~ (55) (tsae " sm. haull2)) 0

As a consequence, using the Young inequality, we have

| 2

_1D¢ A z _22
Ixie™ > (xew)lle < lIxallpe (477) H]l\-\Zde il ‘ [[x2ull 2 (mnt1y. (64)

L(R)

Next, we notice that

“+oo
42 2

tooo L, 2 oo 2
= e 1% ds = —/ e Vdy=— e~ zTe zdy
L' (R) /d VA Javzse VA Javase

2 +oo ; 2 +o0 2
2o [ gy 2o [ty 2o [T
VA dvx/2 VA 0

Coming back to (64), we have obtained the existence of a constant C' > 0 such that for all A > 0,

XH2

1
—||1,. T
2H 124

IN

_IDe? _d2
Ixre™ 3 (u)llze < Clxall o Ixall oo € 5 Ml 2@,

which implies the result in L2. The proof in H! is a consequence of that in L2. O

3.4 Semiglobal statements and non characteristic hypersurfaces

In this section, we first describe a geometric setting that encompasses those described in Section 1.1.
We then prove a semiglobal unique continuation statement relying on the construction of a family of
noncharacteristic hypersurface. This semiglobal statement will be the cornerstone in all applications
discussed in Section 1.1.

3.4.1 Distance, metric, Laplace-Beltrami operator

We consider a connected d-dimensional Riemannian manifold (M, g) with or without boundary OM. In
case OM # 0, we denote by Int(M) the interior of M, so that M = OM U Int(M) (see e.g. | :
Chapter 1]). The metric g (a bilinear from on T'M) is in local charts a smooth family of symmetric elliptic
matrices (g;;()), i.e. (gij(x))X'X7 > ¢|X|? for all X € T, M. We consider the Riemannian volume
density dVoly, given in local charts by d Voly(z) = \/det g(z)dx. We also define the co-metric g* to g,
defined on T* M, given in local charts by the smooth family of symmetric elliptic (i.e. satisfying (46))
matrices g*(x) = (g;j(z)) = (¢"(z))~'. Associated to the metric g and the volume density d Vol,, the
natural (negative) elliptic operator is the Laplace-Beltrami operator on M, given in local charts by

= . 17 A. [ee]
Agf = ;j:; il ( detgg ajf) . feC®(M)
which is formally selfadjoint on L?(M) := L?(M, d Vol,).
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Given a path v € C*([0,1];Int(M)) (or even v € WHL([0,1];Int(M))), its length (according to the
Riemannian metric g) is given by

1
length(7) = / 58],
0

where we have written |X|2 := ¢,(X,X) for x € M and X € T, M (i.e. |X|2 = g;;(x)X"X7 in local
charts). This allows to define the Riemannian distance associated to g as

dist(z1, z2) = inf {length(y),y € W' ([0,1];Int(M)),¥(0) = z1;7(1) = z2}
= inf {length(y),y € C*°([0, 1]; Int(M)), v(0) = z1;v(1) = x2},

where equality in the second line follows from a classical regularization argument.
Note that in case M C R%, any (locally uniformly) elliptic operator on M can be written under the
form A, modulo smooth lower order terms.

3.4.2 The semiglobal theorem

The key semiglobal result in all applications discussed in Section 1.1 is the following.

Theorem 3.21 (Semi-global unique continuation for waves). Let ¢ € L. (Int(M)) and consider on
R x M the operator P := 02 — A, + q, with M, g satisfying the assumptions in Section 3./.1. Let xo,
x1 € Int(M), let wy be neighborhood of x¢ in Int(M). Then, for any T > dist(zo, 1), there exist € > 0

and Vy, a neighborhood of x1 such that

uwe HL ((=T,T) x Int(M))
Pu=0in (-7,7) x Int(M) = u=01in (—¢,e) x V. (65)
u=0in (-T,T) X wo

The proof relies first on fixing suitable coordinates along a path joining xy and x; and having length
< T, and second on constructing in these coordinates appropriate noncharacteristic hypersurfaces in which
to apply Theorem 3.1. Note that the result remains true if one adds to P first order differential operators

with time-independent Ly, coefficients.

Proof of Theorem 3.21. According to the definition of dist, there is a smooth injective path ~ : [0,1] —
Int(M) such that v(0) = zg, v(1) = z1 and length(y) = £y with dist(zg,z1) < o < T. According to
Lemma 3.22 below, we can find local coordinates (w,[) near v in which the path v by v(s) = (0, sfp) for
s € [0,1] and the cometric g* (defined on T* M) is given by the matrix m(w,l) € My(R) with

!
m(w,l) = ( mo(l) (1) > + Onm, ) (lw]),  for w € Bra-1(0,9),d > 0, (66)

with m/(l) € My_1(R) (uniformly) definite symmetric. With these coordinates in the space variable, and
still using the straight time variable, the symbol of the wave operator is given by

pQ(tawalagtafungl) = p2('LU,l7§t,§w,£l) = _§t2 + m(w7l)§ : 67 5 = (fwagl)7 (67)

where we have used &; for the cotangent variable to the time variable and &,, & for the dual to w €
Bgra-1(0,6) and I € [0, £] respectively. We now aim to apply Theorem 3.1 and we need to construct
appropriate non characteristic hypersurfaces. To this aim, we let ¢ty with ¢y < to < T. For b < ¢ small, to
be fixed later on, we define

D= {(t,w) € [~to, to] X Bga_1(0,0) ‘(";’)Z ( ! )2 < 1},

to

w t

G(t,w,e) = el ( (3>2 + <t0)2> ;o U (t,w,l) :=G(t,w,e)—1, e€]0,1],
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where ( is a fixed function such that
C : [_17 1] — R+ evel, C(:tl) = 07 C(O) = 17 <(S) > 07 |C/(S)| < «, for s € [_17 1]7

with 1 < a < 1%' This is possible since z—g > 1. Note that the fact that ¢ is even implies that G(t,w,¢) is

actually smooth. Note also that the point (¢t = 0,w = 0,1 = {;) corresponding in the local coordinates to
x1 belongs to the hypersurface {¥; = 0}. We have

w2 t\2) V2 , w2 t\2 tdt  wdw
Given the form of the principal symbol of the wave operator in these coordinates (see (66)-(67)), we obtain
2 2\ !
+ (= /2
() ) <
2 2 2\ 7!

Qi ! E i 12

s ((5)+ (1)) e

+O(up) (1 SR (%) (;)2)1 <’|2> ,

2 2
where |(’|? is taken at the point (%) + (%) . Now, since a < & and m/(l) is uniformly (for I € [0, £))

12 w
p(w,l,d¥ (t,w,l)) = —e22— < —
O (b)

definite positive, there are n > 0 and b > 0 small enough so that for |w| < b, we have
2 24
1+ O(jwP) > 0> 41,
0

(m/ (w, w) + O(Jw|*)[wl* = - {m/ (w, w) > 0.

DN | =

Hence, there is a sufficiently small neighborhood (taking again b small enough) of the path (i.e. of w = 0),
in which we have (for any € € [0, 1]), and any (¢, w,l) € D x [0, {o],

p(w, 1, dV.(t,w,1)) > —’;gég(tto)? ((12’)2 n (;)2>_1 2+ azfg .

G, 20
_t72|<| + « tfz+77277-
0 0

V

Y

As a consequence, for any ¢ € [0,1], the hypersurface {¥. = 0} is noncharacteristic for P near any of
its points. Theorem 3.1 thus applies Now, define K, := {(¢t,w,l) € D x [0,4],] < G(t,w,e)} N{l > 0} for
€ € [0,1] and consider g := sup {e € [0,1],u =0 in K.}. A continuity argument yields that that « = 0 on
K.,. A compactness argument on the compact set K. (taking into account the “corners”) and successive
applications of Theorem 3.1 proves that g = 1. Theorem 3.1 applied once again across {¥; = 0} then
implies that u = 0 in a neighborhood of {¥; = 0} which contains the point (¢,w,l) = (0,0,4) = z1 (in
these coordinates), and concludes the proof of the theorem. O

The following result is proved e.g. in | ]

Lemma 3.22. Let v : [0,1] — Int(M) be a smooth path without self intersection (i.e. ~y is injective) of
length £y so that v(0) = xo and (1) = x1. Then, there are coordinates (w,l) € Bra-1(0,€) x [0, £p] in an
open neighborhood U of ([0, 1]) such that

7([0,1]) = {w = 0} x [0, L],

m'(l) 0
0 1
is a smooth family on [0, 1] of positive definite matrices in Mg_1(R).

e the cometric g* (defined on T* M) is of the form m(w,l) = < ) + Onry(ry (|wl), where m’
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Remark 3.23. Note that all hypersurfaces constructed in the proof of Theorem 3.21 have points where
they are not stronglypseudoconvex, e.g. for ¢ = 0 (actually, one could prove that they are strongly
pseudoconvex near none of their points). As a consequence of Theorems 2.23 and 2.24, for each of these
these hypersurfaces, one can modify the operator by a time dependent zero order term so that unique
continuation does not hold.

3.5 Global unique continuation statements: back to applications

We now come back to the motivating applications presented in Section 1.1.

3.5.1 Region of dependence

The following result might be seen as a counterpart to finite speed of propagation for waves. recall that
we set
dist(z, F) = ing dist(z,y), for EC M,z e M.
ye

Theorem 3.24. Let (M,g) be a connected Riemannian manifold with or without boundary OM, q €
L2 (Int(M)), and w C M be a nonempty open set. Let u € HE ((—T,T) x M) be such that d}u— Agu+
qu="0in D'((=T,T) x Int(M)). Assume that u|_71)xw =0, then uly = 0 where

U=Uw,T) :={(t,z) € (-T,T) x M,dist(z,w) < T — [t|}.

Similarly, if T C OM is a nonempty open set of OM, if in addition ¢ € L™=, u € H' in a neighborhood of
L', and if u| (7 ryxr = Ont|(—1,7)xr = 0, then ulyr = 0 where U' =U(T',T).

The first statement in this result is a direct consequence of Theorem 3.21 together with translation
invariance in time. Concerning the second statement, it suffices to notice that for any extension M of M

such that IM \ T C M N OM, one may extend q as (any) ¢ € L (M) and extend u as @ equal to 0 in
M \ M. The first part of the statement then applies to @ and yields the second statement.

Theorem 3.24 provides the largest region U(w,T) of time-space where solutions to wave equations
vanishing on the cylinder (—7,T) x w has to vanish. That one cannot improve the size of the region
U(w,T) is a consequence of finite speed of propagation, see e.g. the constructions in | , ]

Theorem 3.24 is also the unique continuation statement used in the Boundary Control method to solve
the hyperbolic inverse problem presented in Section 1.1.3. We refer the reader to | | for a presentation

of the method of | ].

3.5.2 Penetration into shadow and approximate controllability

We are now prepared to discuss the motivation to “Penetration into shadow” and to Approximate control-
lability introduced in Sections 1.1.1 and 1.1.2. Given two subsets Ey, £ C M, we introduce the largest
distance of Ej to a point of E; (note that this quantity is not symmetric with respect to Ey, Ey):

L(E1, Ep) := sup dist(x, Ey), dist(z, E) = inf dist(x,y). (68)
zel; yelE

The following result is a direct corollary of Theorem 3.21 (or Theorem 3.24) together with a compactness
argument.

Theorem 3.25 (Global unique continuation for waves). Let (M, g) be a connected Riemannian manifold
with or without boundary OM, q € L2 (Int(M)). Let w C M be a nonempty open set and K C M be a

loc

compact set. If T > L(K,w), and if u satisfies
uwe HL ((-T,T) x Int(M)), (0} —Ay+qu=01in (-T,T) x Int(M), u=0on (-T,T)xw, (69)
then, there is € > 0 such that u = 0 identically in (—¢,¢) x K.

This result answers Question 2 by the affirmative if T > L£(K,w). Under this condition, all waves
supported at time 0 in K are visible from (—7,7) x w. As a corollary (together with well-posedness for
the Boundary-value problem), we deduce the following global unique continuation result.
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Theorem 3.26. Let (M, g) be a compact connected Riemannian manifold with or without boundary OM,
g € L>®(Int(M)) and fix T > 2L(M,w). Then (5) holds.

Proof. Indeed, under the assumption of (5), the solution w to (4) belongs to
C°([0,T1; Hy(M)) n CH([0,T]; L*(M)) € H'((0,T) x Int(M))

and we can thus apply Theorem 3.25 to K = M and u(t) = w(t + T/2), defined on the time interval
(=T/2,T/2). According to time invariance of the wave equation, u satisfies (69) with 7//2 in place of T
and we deduce that u = 0 in D'((—¢,e) x M). That is to say w = 0 in D'((T/2 —&,T/2 + &) x M)
but since C°([0, T); H3 (M)) N CL([0, T]; L%(M)) this implies (w, d;w)(T/2) = 0 and well-posedness of the
Boundary-value problem (4) implies (wg,w1) = (0, 0). O

Recalling the discussion of Section 1.1.2, we now have, as a last corollary, the following.

Corollary 3.27. Assume (M, g) is a compact connected Riemannian manifold with or without boundary
OM, q € L*>®(Int(M)), let w C M be a nonempty open set, and fir T > 2L(M,w). Then, Equation (3) is
approximately controllable from (x.,T).

Again, on account to finite speed of propagation, the minimal time £(K,w), L(M,w), 2L(M,w) needed
in Theorems 3.25, 3.26 and Corollary 3.27 are all optimal, see e.g. | , |.

4 Notes

To conclude, we briefly discuss in this section the related question of obtaining quantitative estimates
associated to unique continuation, historical notes and pointers to the literature.

4.1 Quantitative unique continuation and the cost of approximate controls

All the results we presented in this course have their quantitative counterpart. We discuss a few of them
in this section and only provide statements without any proofs (as opposed to the previous sections). The
latter are rather technical and would not fit in these introductory lecture notes.

The local quantitative estimates associated to the Hormander Theorem 2.2 are of Holder type. This
was first noticed by Bahouri | | and leads to the following type of statement.

Theorem 4.1. Under the assumptions of Theorem 2.2, there exist a neighborhood V' of xg, o € (0,1) and
C > 0 so that we have

||“||H1(v) < CHUH?Il(Qﬂ{\PZ\P(mO ||U||H1 Q)
for all w € HY(Q) solution of Pu = 0.

It was also understood in | , |, for elliptic operators, that this kind of interpolation estimates
can be iterated to deduce global results. We also refer to | | for a global geometric statement for
general operators, across a global foliation of strongly pseudoconvex hypersurfaces.

Concerning the unique continuation result described in Section 3, the quantitative stability estimates
are of logarithmic type. The following (global) result is the quantitative version of the global unique
continuation result of Theorem 3.26, proved in | | (see also | ] for obtaining the observation term
in L2 norm). It followed several earlier results on the subject and we refer to Section 4.2 for some summary
of the previous literature.

Theorem 4.2 (Quantitative unique continuation for waves | ). Let M be a compact Riemannian
manifold with (or without) boundary. For any nonempty open subset w of M and any T > 2L(M,w),
there exist C, Kk, po > 0 such that for any (ug,u1) € H} (M) x L2(M)\ {(0,0)} and associated solution u
of

P2u—Aju=0 m( , )><Int( ),
(uvatu)lt:O = (ug,u1) m Int( )s
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we have

. 1
(w0, i)l 22 < Ce™ llull 2o,y ey + 7 (0 ) iz forall = oo, (71)

[l (wos wi) |l g 12

(o, w2 < © : (72)
[I(wo,u1)ll g1y 22
log (1 -+ gl )
" : | (w0, ur) [l g1y 12
||(u07u1)HH1XL2 S Ce A Hu”Lz((O’T)Xw) ; wlth A _ HXL (73)

(| (wo, u1)||L2><H*1 .

The three inequalities (71)—(72)—(73) are actually equivalent (up to changing the values of the con-
stants). Note that the statement (71) remains valid for all g > 0 (not only u > o), the estimate for u
bounded being trivial /useless. In Estimate (72), the function on the right hand-side is to be understood as
being (log(1 + %))_1 for z > 0 and 0 for z = 0. In Estimate (73), A has to be considered as the typical fre-
quency of the initial data. So, the estimate states a cost of observability of the order of an exponential of the
typical frequency. As an illustration, taking for initial data (ug,u1) = (1, 0) with 1) a normalized eigen-
function of the Laplace-Dirichlet operator on M, associated to the eigenvalue A, one has A ~ v/ and (73)
recovers the tunneling estimate ||w,\||L2(w) > C~le=CVA (see | , , , , ] for a
discussion on quantitative unique continuation for eigenfunctions of elliptic operators). A generalization
to hypoelliptic operators has been proved in | ]

As stated by Lebeau | , Section 2, pages 5 and 6| in the analytic context, the exponential (resp.
logarithmic) dependence in Estimates (71)—(73) (resp. in (72)) is sharp in general: the form of the estimates
of Theorem 4.2 is optimal if the geometric control condition of | ) , | is violated.

As a consequence of Theorem 4.2, we obtain the cost of the approximate controllability of the wave
equation (i.e. a quantitative version of Corollary 3.27).

Theorem 4.3 (Cost of approximate controls | ). Assume M is compact and connected. For any
nonempty open set w C M and any T > 2L(M,w), there exist C,c > 0 such that for any ¢ > 0 and any
(ug,u1) € HE (M) x L2(M), there exists f € L*((0,T) x w) with

£l 220,17y %) < Ce [l (os wi)ll gz w22

such that the solution of (3) satisfies || (u, atu)“:THLZ(M)xH*l(M) < e l[(uos u)ll gy vy x£2(m)-

An application of Theorem 4.2 to the exact controllability problem (and a uniform quantitative version
of it, with dependence of the observability constants with respect to different parameters) is developed
in | ].

4.2 Historical remarks on unique continuation for waves

The first general unique continuation result of the form (8) is the Holmgren-John theorem 1.6 (due to
Holmgren [ | in a special case, and to John | ] in the general case). This local unique continuation
result enjoys a global version proved by John | |, where uniqueness is propagated through a family of
noncharateristic hypersurfaces (see Section 3.4.2 above).

When focusing on operators with (only) smooth (C*°) coefficients, the first result is due to Car-
leman | ] who first had the idea to conjugate the operator with an exponential weight to obtain
unique continuation. He proved the result in the case of elliptic operators of order 2 in dimension 2.
Calderon | | extended the result to operators with simple characteristics. Namely, to situations where
pw(z0,) =0 = {pw, ¥} (xo,&) # 0. The most general result of Theorem 2.2 was proved by Hoérman-
der | , Chapter VIII], | , Chapter XXVIII|, still using Carleman estimates. Uniqueness across a
hypersurface holds assuming the strong pseudoconvexity condition (Definition 2.1). Other works consider
the limit case where higher order of cancelation are considered. We refer e.g. to | , ] for more
details on this topic.

Motivation to study the wave operator arised both from geoseismics | |, control theory | ,

| and inverse problems | , ]. For the wave operator P = 87 — A, on Q = (—T,T) x M,
the central question remained for long the validity of the unique continuation property (5). If M is
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analytic (and connected), the Holmgren-John theorem 1.6 applies, which together with the argument of
John | |, allows to prove unique continuation from (—7,7) x w for any nonempty open set w as soon
as T > L(M,w). Removing the analyticity condition on M has led to a considerable difficulty, since
Hoérmander general uniqueness result does not apply in this setting and the Carleman-Hérmander strategy
fails, as showed by the Alinhac-Baouendi counterexamples of Theorems 2.23 and 2.24.

This uniqueness problem in the C'*° setting was first solved by Rauch-Taylor | | and Lerner | |
in the case T = oo, and M = R (under different assumptions at infinity). Then, Robbiano | |
managed to prove that unique continuation from (—7,7) X w holds in any domain M as soon as w #
and T > CoL(M,w), with Cy sufficiently large (a result qualified as “striking and surprising” by Horman-

der | ). Hormander | ] improved this result down to 7' > /25 £(M,w). That these two results

fail to hold in time L translates the fact that the local uniqueness results of these two authors are not
valid across any noncharacteristic hypersurface. The proof of local uniqueness results across any nonchar-
acteristic hypersurface for 7 — A, was reached by Tataru in | | (Theorem 3.1), leading to the global
unique continuation result in optimal time T' > £(M,w) (Theorem 3.24 and Corollary 3.25). The result
of Tataru is not restricted to the wave operator: it holds for operators with coefficients that are analytic in
part of the variables, interpolating between the Holmgren theorem and the Héormander theorem. Technical
assumptions of this article were successively removed by Robbiano-Zuily | |, Hormander | | and
Tataru [ ], leading to a very general local unique continuation result for operators with partially
analytic coefficients (containing as particular cases both Holmgren and Hérmander theorems).

The local, semiglobal and global quantitative versions of all these unique continuation results are
proved in | |. For the particular case of wave equations with time-independent coefficients, a global
quantitative statement takes the form of Theorem 4.2. In the analytic setting, this result is a global
quantitative version of the Holmgren-John theorem and can be proved with the theory developed by
Lebeau in [ ]. In the C*° case, Robbiano [ ] first proved a similar inequality for T sufficiently
large and Ce"* replaced by Ce**’, improved by Phung [ ] to Coefer' ™ In [ |, Tataru suggested
a strategy to obtain C’Ee““‘HE in optimal time (in domains without boundaries). At the same time we
proved the above Theorem 4.2, Bosi, Kurylev and Lassas | ] obtained a related result with C’Ee“E”HE
dependence, on manifolds without boundaries.

4.3 Related references

Treatises on unique continuation. There are many references on unique continuation and the related
topics of Carleman estimates. We mention here a nonexhaustive list of books and monographs treating
these topics. The classical reference on unique continuation for partial differential operators is the Chapter
XXVIII of Lars Hérmander’s treatise | ]. The latter gives a more general framework for what is
described in Chapter 2. The recent book of Nicolas Lerner [ | also contains several results covered
in the present notes. A short lecture notes version of this book can be found in | ]. We also refer to
the book of Claude Zuily | | and the notes of Daniel Tataru | | for related questions. Carleman
estimates for hyperbolic equations are also studied in [ | with a special emphasis on applications
to inverse problems. The presentation of Chapter 3, concerning the wave operator, is inspired by the
article | ]. Finally, the survey article by Jérome Le Rousseau and Gilles Lebeau | | is a smooth
introduction to unique continuation for elliptic operators (which are only alluded here in Remark 2.3). See
also the recent books of Jérome Le Rousseau, Gilles Lebeau and Luc Robbiano | , | for
an extensive treatment of Carleman estimates and unique continuation for elliptic operators, with plenty
of applications.

Some other recent developments for waves. We briefly discuss recent developments in the field of
unique continuation and Carleman estimates for waves, that are not alluded in Section 4.2. The list is
of course very far from exhaustive. Most of these developments concern elaborations on global Carleman
estimates for waves in a (global) setting close to that of Theorem 2.2, with applications to control theory,
inverse problems or general relativity.

Global Carleman estimates for waves were proved in | , Chapter 4] and | | with applications to
controllability. Various boundary conditions have been considered in [ ]. Global Carleman estimates
with limited regularity coefficients were investigated in | |, with applications to controllability and
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inverse problems (determining lower order terms in the equation).

Admitting lower order terms in unique continuation results is often crucial for treating nonlinear prob-
lems. For instance, a nonlinearity of the form u” can be treated as a term qu with potential ¢ = uP~!, in
general having limited regularity. A global unique continuation statement (close to Proposition 2.8 above)
was proved in | |, with application to energy decay for nonlinear waves. Sometimes having nonlinear
problems in mind, it has therefore been a goal to minimize the regularity of the admissible lower order
terms. This led to some “dispersive” Carleman estimates with Strichartz type spaces. The literature is
vast, and we refer for instance to | , , | and the references therein.

Global unique continuation results for nonlinear waves have been proved in | , |, taking ad-
vantage of the nonlinear term. The global geometric assumptions, like Geometric Control Condition or
weak trapping, allows to prove the analyticity in time of the nonlinear solution. Results in the spirit of
Section 3 can then be used to conclude the unique continuation.

Another problem not covered by these notes is the so called “strong unique continuation” property.
Instead of assuming that the solution u is zero on an open set w, one assumes infinite order of vanishing

at a point or along a submanifold. We refer for instance to | | for the case of unique continuation for
waves from [0, 7] x {zo} and to | , | for associated quantitative estimates.
Numerical analysis and algorithms were introduced in | ] based on Carleman estimates. Car-

leman estimates in a geometric context (extending Proposition 2.8 above) were proved in | , ,
|, with application to observability estimates and null-controllability. Recent developments involving
Carleman estimates for waves to solve inverse problems include | | (for developing recovery algo-
rithms) or | , | (adapting the Boundary Control method to a geometric setting in which to
apply the Hérmander theorem 2.2). In | |, the authors keeps track of two large parameters (here T
and A) in Carleman estimates in the context of the (general version of the) Hérmander Theorem 2.2.

Unique continuation problems for wave operators also arise from mathematical general relativity.
In | , |, the authors proved a unique continuation statement through tranversally intersect-
ing characteristic hypersurfaces, relying on the Hormander theorem 2.2. See also | , | where
unique continuation statements for waves from infinity are proved.

The quantitative Theorem 4.2 was generalized in [ ] to hypoelliptic waves, that is to say in which
the elliptic operator A, is replaced by a Hérmander sum of squares of vector fields. See also the review
article | |. Finally, Theorem 4.2 was also generalized recently in | | to the case in which the metric
¢ has a jump across a hypersurface (a situation arising e.g. in geosismics).
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