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Abstract

The goal of this article is to derive new estimates for the cost of observability of
heat equations. We have developed a new method allowing one to show that when
the corresponding wave equation is observable, the heat equation is also observable.
This method allows one to describe the explicit dependence of the observability con-
stant on the geometry of the problem (the domain in which the heat process evolves
and the observation subdomain). We show that our estimate is sharp in some cases,
particularly in one space dimension and in the multi-dimensional radially symmet-
ric case. Our result extends those in FATTORINI and RUSSELL (Arch Rational Mech
Anal 43:272-292, 1971) to the multi-dimensional setting and improves those avail-
able in the literature, namely those by MILLER (J Differ Equ 204(1):202-226, 2004;
SIAM J Control Optim 45(2):762-772, 2006; Atti Accad Naz Lincei Cl Sci Fis
Mat Natur Rend Lincei (9) Mat Appl 17(4):351-366, 2006) and TENENBAUM and
Tucsnak (J Differ Equ 243(1):70-100, 2007). Our approach is based on an explicit
representation formula of some solutions of the wave equation in terms of those of
the heat equation, in contrast to the standard application of transmutation methods,
which uses a reverse representation of the heat solution in terms of the wave one.
We shall also explain how our approach applies and yields some new estimates on
the cost of observability in the particular case of the unit square observed from one
side. We will also comment on the applications of our techniques to controllability
properties of heat-type equations.
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1. Introduction

1.1. Setting

The goal of this article is to study the problem of the cost of observability for
heat type equations. To fix the ideas, we will mainly consider the classical constant
coefficient heat equation, although our methods and results apply to a large class
of parabolic abstract problems.

Let €2 be a bounded domain and consider the heat equation with state z, solution
of

02— Ayz=0, (t,x) e R} xQ,
z(t,x) =0, (t,x) e R} x 0, (1.1)
z(0,x) = zo(x), x € Q.

We analyze the problem of observability, which is dual to the controllability
one, as we shall explain in Section 3 (see also [23]), and consists of getting global
estimates on the solutions in terms of the energy concentrated on some subdomain
of the domain 2 where the equation evolves.

There is extensive literature on the subject. In particular, using Carleman’s
inequalities as in [15], one can prove that for any subdomain w C €2, there exist
constants C, ¥y > 0 and y > 0 such that any solution z of the heat equation (1.1)
satisfies

/Oo/ exp (_Z) |2(t, x))? dr dx < c/oo/ 1z(t, )P dedx,  (1.2)
0 JQ t 0 Jo

and forall 7 > O,

~ T
/ |2(T, x)|> dt dx < Cexp (Z)/ /|z(t,x)|2dt dx. (1.3)
Q T 0 w

These are so-called observability inequalities that assert that the energy of solutions
concentrated in w yields an upper bound of the energy everywhere in 2. For that
to happen, because of the strong irreversibility of the heat semigroup, an exponen-
tially vanishing weight is needed at + = 0 in (1.2) and, similarly, the constant in
(1.3) grows exponentially as T — 0.

The constants C, y and y on the observability inequality (1.2) depend on the
geometric properties of w and 2.

This paper is mainly devoted to the analysis of the constant y. Our goal is to
prove a new upper bound on the best constant y in (1.2) that, throughout this arti-
cle, will be referred to as being the exponential observability cost. Moreover, this
bound will be shown to be sharp in some geometric configurations, particularly
in one dimension, a fact that was unknown until now. As we shall explain later in
Section 2.4, this constant y characterizes the reachability set for (1.1).

The constant y is called the finite-time exponential observability cost. Estimates
like (1.3) are particularly relevantin small time 7 ~ 0. Note that, according to LIONS
[23], estimate (1.3) is equivalent to estimating the cost of null-controllability in time
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t = T, that is, the norm of the map that, to an initial data zp € L2(), associates
the control u of minimal L2((0, T) x w)-norm such that the solution of

01z — Az =u(t, X) o (x), (t,x) e R} x Q,
z(t,x) =0, (t,x) € Rj_ X 0€2, (1.4)
2(0, x) = zo(x), x e

satisfies z(T) = 0.

There are several previous results on this subject yielding various lower and
upper bounds on y and y that we briefly present below. The first remark is that,
obviously,

y<7. (1.5)
Lower bounds The following lower bound on the constant y fulfilling (1.2) was

obtained by comparison with the Green function of the heat equation (see [28]):

7 = —, withd = sup d(xo, »). (1.6)

x0€R

2| S

Indeed, the Green function centered at a point xg in 2 \ w at a geodesic distance
d(x0, w) of the observation region w, which decays as Ct~N/2 exp(—|x — xo|%/4t)
away from w, shows that, necessarily, 7 > d(xo, @)?/2 is needed for all xo € Q in
order to ensure (1.3).

On the other hand, in [13,42], using the functions

1 . plx| 1, 2
Zp(t, x) = Wsm (7) exp (E('O —x9), >0, (1.7)

solutions of the heat equation in RY, it is shown that

d2
y 2 ER with d = sup{p, such that B(xg, p) C Q\w}. (1.8)

Note that, always, d < c?, but in some geometrical situations, d = d. This is
the case, in particular, when Q\w is a ball and w is a neighborhood of 9€2.

Upper bounds On the other hand, as mentioned above, Carleman’s inequalities
guarantee that (1.3) holds with a finite constant y > 0, hence also (1.2) for some
constant y. But this technique does not provide any explicit expression on how the
exponential observability constants y, y depend on the geometry of the problem
under consideration.

The existing upper bounds refer mainly to the case where the geometric control
condition (GCC) is satisfied. The GCC asserts that all the rays of geometric optics
in €2, reflected according to Descartes’ law on the boundary, enter the domain
o in some finite uniform time 25 (see [4] for a more precise description of the
GCC). This imposes, of course, important constraints on the geometry of the con-
trol subdomain w. This condition is sharp in the context of the observability of the
wave equation but, as mentioned above, is not needed to establish the observability
inequality for the heat equation.



978 SYLVAIN ERVEDOZA & ENRIQUE ZUAZUA

According to [4,5], the GCC is equivalent to the following observability prop-
erty for the corresponding wave equation: there exists C > 0 such that any solution
y of the wave system

[BSSy—Axyzo, (s,x) e R x Q, (1.9)

y =0, (s,x) eRx0Q

satisfies

N

/Q|y(0,X)|2dx+||)’s(Ov ~)||i,_1(9)§c/ /Iy(s,x)|2 dsdx. (1.10)
w

)

In (1.9), s stands for the time variable of the wave equation, since it is convenient
to distinguish it from the time ¢ for the heat process.

The time 2§ needed for the GCC to hold, in view of the finite velocity of prop-
agation of waves (= 1 in the present model), is necessarily such that § > d. This
is the case, since, roughly, in time 2d, one can only guarantee that the ray along
the geodesic path reaches the observation set, after evolving along a back and forth
trajectory, while the GCC requires the same to hold for all the rays. However, there
are many cases in which § > d or even § is infinite. This is precisely the case when
w fails to satisfy the GCC in any finite time. This happens, for instance, when €2 is
the unit ball and w is a ball centered at the origin and of radius r < 1. However, there
are non-trivial situations in which we can guarantee that S = d = d, particularly
in the one-dimensional setting, as we will explain in Section 4.

Under the GCC, it has been shown that the observability inequality (1.3) holds
for the heat equation for all

7 > v8?/2, (1.11)

with y, = 8(36/37)% in [28,30]. This upper bound on § was later improved to
¥« = 3 1in [39].

As a consequence of this, according to (1.5), the observability inequality (1.2)
holds for any y satisfying

y > 352)2. (1.12)

But, even when S = d, this upper bound (1.12) on the best observability constant
is larger (by a multiplicative factor 3) than the lower bound (1.8).

A sharp result on y in one dimension The results in [12] imply that, for one-
dimensional parabolic equations on an interval of length L controlled from one of
the points on the boundary, y in (1.2) can be chosen to be any constant strictly
larger than L?/2, whereas (1.2) does not hold if y < L?/2.

This is the unique existing result in the literature on the optimality of y in (1.2)
as far as we know.

Note that the results in [12] are stated from the point of view of the reachability
set of the heat equation, but this set is fully determined by the constant y in (1.2),
see Section 2.4.
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The techniques used in [12] are based on a precise study of the biorthogonal
family of (exp(—nznzt))nz() in L2(0, T), which is not available in higher dimen-
sions. -

Also note that this seems to indicate that the lower bound (1.8) for y should be
d?/2 instead of d?/2. So far, this is only a conjecture.

As we have stated, the fact that the observability property of waves implies
the observability of the heat equation is well known. But this has not been proved
directly so far, but rather in the context of the dual equivalent controllability prob-
lem. To be more precise, Russell in his pioneering work [37] observed that the
exact controllability property of the wave equation implies the null controllability
of the corresponding heat process. This, by duality, also allows one to show the link
between the observability properties of these two models.

The original approach of Russell was based on the method of moments [37].
Since then, this has been modified and replaced by the so-called transmutation
method [28,30,31], which has been employed to give the quantitative results on the
exponential observability cost mentioned above. Transmutation is easier to apply:
it is inspired in Kannai’s transform, which allows one to write the solutions of the
controlled abstract heat equation in terms of the corresponding controlled solutions
of the wave model. This approach has also been recently used in [33] to derive an
efficient method for numerically computing the control for heat equations.

The main result of this paper ensures that, under the GCC, the observability
inequality (1.2) holds for y = §%/2 (or very close variants; see Section 4 for more
details). This significantly improves the known estimates (1.12).

According to the lower bound (1.8), we conclude that our result is sharp when
S = d. The latter is true, as we mentioned above, in one space dimension and in
some simple multidimensional geometries: for instance, for any domain €2 when
the control set w is a neighborhood of its boundary such that Q2 \  is a ball, see
Section 4.

Note that even in the one-dimensional case, it also improves the results in [12]
up to the critical case y = L?/2.

Our approach is also based on a transmutation method, but applied directly
on the observability context rather than from the control point of view. The
main novelty is that we write solutions of the wave equation as a function of
that of the heat equation, in the opposite sense to the classical Kannai trans-
form. This might seem counterintuitive since solutions of the heat equation prop-
agate at an infinite speed, and this could be an obstruction to get the solutions
of the wave equation, with a finite velocity of propagation. But, in fact, this
may be done since our transform maps solutions of the heat equation into a
class of analytic solutions of the wave one. Once solutions of the wave equa-
tion have been written in terms of those of the heat equation, applying the well
known observability properties of the wave equation under the GCC, one recovers
observability inequalities for the heat equation with sharp exponential observation
cost.

This method will be formulated and presented in an abstract setting containing
the heat equation but also other parabolic problems as, for instance, the fourth-order
diffusion operator.
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1.2. The Main Result

Let X be a Hilbert space and A be a self-adjoint positive definite unbounded
operator on X with dense domain D(A) and compact resolvent.
We then introduce the following abstract heat equation:

hz+Az=0, teRy,
1.1
[z(0) = 20, (1.13)
and its corresponding wave equation:
assy+Ay=O, s € R,
1.14
I ¥(0) = yo. 3,y(0) = 1. (19

The observation is done through an operator B € £(D(A), U), where U is a
Hilbert space.

As we mentioned above, our approach applies under the assumption that the
observability property holds for this abstract wave equation as made precise below.

Assumption 1. There exist a time S > 0 and a constant C;, = Cy4y, such that any
solution y of the wave equation (1.14) with initial data (yg, y;) € D(A) x D(A/?)
satisfies

2 S
|42y + 1310 = cw/ 1By ds. (1.15)
-8

Our main result is the following:

Theorem 1.1. Let A be a self-adjoint unbounded positive definite operator
with dense domain and compact resolvent and B be an observation operator
B € £(D(A), U) such that Assumption 1 holds.

Then there exists C > 0 such that for any z solution of (1.13) with initial data
z0 € D(A), the following estimate holds

00 S2 ) 00 5
/ exp (—2—) lzH)llx dr < C/ | Bzl dt. (1.16)
0 ! 0
Besides, for all T > 0 there exists C(T) > 0 such that for any z solution of
(1.13) with initial data zo € D(A), the following is satisfied:

[ee) 2 T
/ exp (—;—) lz(0)||% dr < C(T)/ I Bz(0)13, dt. (1.17)
0 t 0

The following comments are in order:

e In view of this result, one can take any y > $2/2 in (1.2) when the GCC is
satisfied, see Section 4 for more details, and even the critical case y = 52 /2
provided the norm in the left-hand side of (1.2) is weakened.

e The finite time estimate (1.17) should be made precise further in the sense that
it would be interesting to get explicit bounds on how the constant C(T) grows
as T tends to zero. This issue is discussed in Section 3.2 and in Section 5.
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e If B is assumed to be in S(D(Al/z), U), since A is positive definite, the
right-hand side of (1.16) is finite for any solution of (1.13) with initial data
in X. This is so because solutions z of (1.13) with initial data in X belong to
L2(R+, exp(vr)dt; D(A/2)), for some v > 0 smaller than the first eigenvalue
of A. Accordingly, when B € £(D(AY?), U), by density, estimate (1.16) can
be extended to any zg € X.

If B does not belong to £(D(AY?), U) but only to £(D(A), U), one cannot
guarantee a priori that the integrals in (1.16) are finite for any initial data zo € X
but the inequalities (1.16)—(1.17) make sense for initial data in D(A).

In Section 3, we will explain how our transmutation technique developed for
Theorem 1.1 can be applied directly in a finite-time horizon, using different trans-
mutation kernels that are compactly supported in time t € (0, 7).

In particular, our transmutation method can be used to get a bound on the cost
of controllability y in (1.3) (see Section 3.2), though the bound we obtain is worse
than the ones in [28,39] when T ~ 0. We shall explain why our method fails to
improve the bounds in [39].

Our method also identifies an observed quantity for which not only the observ-
ability inequality holds but the reverse is also true (see Section 3.3). In other words,
we will give an explicit norm on the initial data which is equivalent to some norm
of the observation. Note for instance that, although (1.2) holds, the reverse is not
true. This issue is of course of particular interest with respect to the control prob-
lem, as we explain in Section 3.4. In particular, this can be used to determine a
Hilbert uniqueness method algorithm to compute smooth controls. This partially
explains why transmutation allows one to avoid the ill-posedness of the problem
of numerically computing the controls (see [33]).

We also list a number of examples in which our approach applies. In partic-
ular, we focus on the one-dimensional heat equation. We then consider the case
Q= (0, 1)2, the unit square, with observation on the boundary, first when the GCC
holds, and then when the observation is done only on one side of the unit square. In
that latter case, though the GCC does not hold, transmutation can be applied and
also yields in that particular case estimates on the exponential observability cost.

The outline of the article is as follows. First, in Section 2, we prove Theorem 1.1.
We also briefly comment in Section 3 how the techniques we have developed for
Theorem 1.1 can be adapted to deal with a finite time horizon, and comment their
control theoretical consequences. In Section 4, we discuss applications of Theo-
rem 1.1 on some examples. Finally, in Section 5, we give some further comments
and open problems.

2. Proof of the Main Result
We proceed in several steps that will be presented in different paragraphs.

2.1. Transmutation: From Heat Processes to Waves

As we have explained above, transmutation has been used so far to transform
results on the control of the wave equation into results on the control of the heat one.
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For that to be done, one has to write the solutions of the heat equation in terms of
those of the wave equation in the spirit of the classical Kannai transform (see, for
instance, [28]).

But here we apply the transmutation method at the level of the observability
property. More precisely, we want to derive observability inequalities for the heat
equation as a consequence of the existing observability inequalities for the wave
equation. For this to be done, one has to write the solutions of the wave equation
in terms of those of the heat equation. Such a transform is rather counterintuitive,
since, in view of the finite velocity of propagation underlying the wave operator,
it might seem unnatural to try to express its solutions in terms of the heat kernel
which diffuses at an infinite speed. But this can be done, indeed, for a suitable class
of initial data and this suffices to our purposes.

The key observation of the present article is as follows:

Theorem 2.1. Let zo € X and z = z(t) be the solution of the abstract heat equation
(1.13) with initial datum z.

For any finite S > 0, the solution of the abstract wave equation (1.14) with
initial data

00 S S2
=0, = —_— —— ) z(¢) dt, 2.1
Y0 Y1 /0 4ﬁt3/26Xp( 4I)Z() 2.1
in the time interval —S < s < S can be represented as
1 sS s2 — §?
= ———sin| — t)dt. 2.2
0= [ e (30) o ()0 =

Proof of Theorem 2.1. Let us consider z the solution of the abstract heat equation
(1.13) with initial data zo € X. One can check directly the statement of Theo-
rem 2.1, showing that y given by (2.2) is a solution of (1.14). However, for giving
a better insight to the reader, we rather explain how we got this result, linking the
trajectory z(¢) to one of the solutions of the abstract wave equation (1.14).

To do this, we look for a solution y of (1.14) in the form

y(s) = / k(z, $)z(t) dt, (2.3)
R4

where k = k(t, s) is a suitable kernel to be made precise below, describing how the
wave and heat semigroups are related.

In order to identify the kernel k we formally apply the abstract wave operator
to y:

Oss Y (s) + Ay(s) =/ dssk(t, $)z(1) dt+/ k(t,s)Az(t)dt

R, R,

:/ 8”k(t,s)z(t)dt—/ k(t,s)0;z(t)dt
R, Ry

=/ 055k (2, )z (1) dt+/ Ok (t, s)z(¢)dt— lim (k(z, s)z())
R+ R+ —>00

+k(0, $)zp.
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This shows that y is a solution of the wave equation (1.14) if k satisfies

ok + 955k =0, teRy, s eR,
k(0,s) =0, s € R, 2.4)
lim; o0 k(t,s) =0, s €R.

Note that in this system s plays the role of the space variable and that we are deal-
ing with the adjoint heat equation that can be easily transformed into the standard
forward one by the change of variables t — —r.

The existence of such non-trivial kernels k is well known (see, for example,
[18]), even if, of course, problem (2.4) is severely ill-posed. In particular, according
to the uniqueness results in [7], if we assume that, for some constant M,

lk(t, )| < Mexp(Msz), teRy, s R,

then k = 0. Therefore, the solution we are looking for, k, has to violate this growth
condition.

Note that, formally, for any k satisfying (2.4), we automatically get that y given
by (2.3) is a solution of the abstract wave equation (1.14). But for the estimates we
will derive later to obtain Theorem 1.1, we will need precise estimates on one such
non-trivial kernel k.

A key further observation with respect to the constructions in [17,18] is that, in
the present context, we only need the solution & to be defined for s € (—S, 5). We
can then look for & satisfying, instead of (2.4), the following restricted system:

dk(t,s) + d5sk(t,5) =0, t eRy, s € (=S,89),
k(0,s) = 0, s e (=S,9), 2.5)
lim; 0 [k(2, )| = 0, s €(=S,9).

Such k satisfying (2.5) can be given explicitly:

1 S 2_ 2
(. 5) = sy sin (SZ_I) exp (S ~ ) . (2.6)

Furthermore, k satisfies the following identities:

S 52
k([,O)ZO, IER+, 8sk(t,0): WCXP (—Z), IGRJ,_.
Summarizing, if z is the solution of the abstract heat equation (1.13), then the
function y given by (2.3) with this kernel k is precisely a solution of the wave
equation (1.14) for s € (—S, S) with initial data (yg, y1) asin (2.1). This concludes
the proof of Theorem 2.1. O

Remark 2.1. Observe also that the function k in (2.6) can be obtained from
the Appell transform (see [40]) out of the separated variable solution v(¢, s) =
sin(Ss/2) exp(Szt/4) of the adjoint heat equation d;v + ds5v = 0.

Also note that this is the same kernel as the one constructed in [13,42] (see
(1.7)) but with ¢ replaced by —¢ to switch from the heat operator to the present
adjoint one. There, it was used to prove estimates from below for y .
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2.2. Observability by Transmutation

Using the transmutation formula of the previous paragraph, we can derive a first
observability inequality for the heat equation as a consequence of the corresponding
one for the wave equation.

The following holds:

Theorem 2.2. Let B be an observation operator B € £(D(A), U).
If Assumption 1 holds and A is self-adjoint, positive definite and with compact
resolvent, for any z solution of (1.13) with initial data zo € D(A),

/oo 5 Sz) (r)dt
o 4mt3/? P 4 )¢ X

S e 1 sS s2— 82
<C — i — Bz(t)dt
= w[s/o <4m>1/25m(2z)exp( 4 ) e

where Cy, is the constant in (1.15).

2

2

ds, (2.7)

U

Proof of Theorem 2.2. Let zp € D(A) and consider z(¢) the corresponding solu-
tion to the abstract heat equation (1.13).

Then Theorem 2.1 yields a solution y of the wave equation on (—S, S), explic-
itly given through identity (2.2). Using (1.15), we immediately obtain

2
ds, (2.8)

2 N
[, + it < e [
X _S U

/ k(t,s)Bz(t)dt
Ry

for those initial data (yg, y1) given by (2.1). This is exactly (2.7). O

Note that, in (2.7), the term on the left constitutes a norm on zy whereas the
one on the right should be estimated in terms of the norm of the observation Bz ().
This will be done in the next paragraph.

2.3. Further Estimates

In view of the estimate (2.7) in Theorem 2.2, in order to get the main result in
Theorem 1.1, it is sufficient to estimate the integrals on both sides of (2.7).

For this to be done, it will be convenient to use the spectral decomposition of
the functional space X on the basis of the eigenfunctions of A: since A is a self-
adjoint positive definite operator with compact resolvent, its spectrum consists of a
sequence of positive eigenvalues 0 < po < --- < u; < puj41 — oo and an ortho-
normal (in X) basis of corresponding eigenvectors ®; satisfying A®; = u; ;.

We now prove classical estimates from below for the left-hand side of (2.7) and
from above for the right-hand side.

Estimates on the left-hand side of (2.7)

Lemma 2.1. There exists a constant C > 0 such that

() SZ 5 - % 1 S2
- t dt=C - - t)dt
[Tew (-5 ) o arse| [T pen (-5 )0

2
(2.9)

X
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To be more precise, if zop = Zaj ®;, solutions z of (1.13) with initial data zg

satisfy:

,eXp(— ZS\/_) s? :
2 la;l? PR H/ Spe (—Z)z(t)dtx, (2.10)
j
o 52 ’ exp(—2S. /i)
= < 12 J
/O exp( 2t)llz(r)llx dthlajl S 2.11)

Proof of Lemma 2.1. Expanding zo on the basis (®;) as zo = Zj a;j®;, the
corresponding solution z of (1.13) is

2(t) = D a;®jexp(—u;t). (2.12)
j
This implies in particular that

1 2
H/ 3/26 4tz([)dt = E |aj|2 (/ 3—/26 4, —ujt dt) . (2.13)
; 0
J

‘We need to determine a lower bound for

© 1 S2
F(uw) :/0 mexp (_4_t — ;u‘) dr.
For this, set T, = S/(2,/1), and remark that
© S2
> N _—
F(n) 2 /T,L 7 exp( ” ut) dr

N 1

> N

exp( > )/Tu 3/2exp( ut) dt

S © 1
zexp(——\/ﬁ),ul/z/ 32exp( 1) dt.
2 T, /

But, for o € [2, 00),

/oo 1 (=) dr = l (—ar) — 3 /oo 1 (=) dt
ex d —75 &X o ——exp(—t)d
[ p p a l5/2 p

and

3/00 1 (=t)dr| <
- (S
2/, 5P

31 o 31
= 2 5/2/ exp(_t)dté Z_/ Xp( a)

which implies in particular, for @ = 2, that

1 d 11
o exp( t)dr > = 3/zexp( o).
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Hence, for i > 16/52,

F(u)ze"p(_sﬁ)g eXp(=SVA)
SNV28ul/4 = SV28(1 4 )/

For n € [0, 16/ SZ], one easily checks that F is continuous and does not vanish.
Thus it is bounded from below by some positive constant. We conclude that there
exists ¢ > 0 such that for all u© € R,

s
Flu) = ceg)i—lﬁ, (2.14)

which implies (2.10) by (2.13).
Now, using the same notations as in (2.12), let us remark that

00 SZ ) ) 00 52
/0 exp (—5) lz(Ollyx dt = ; |aj]| /0 exp (_E — 2,ujt) dr. (2.15)

Estimate (2.11) then follows from the following one: for i = g > 0, (recall
that po is the smallest eigenvalue of A)

[enlGos)smsa (s

< Zf/ exp (28 /) dt + —— «/_ exp (—S/mt) dr
< N (3exp( 25Vm) + Sﬂ exp (—3Sﬁ))
< Cexp( 28/ < Cexp(—ZS\/ﬁ)' (2.16)

NN e

Hence, from (2.15)—(2.16), there exists a constant C such that (2.11) holds.
Estimate (2.9) immediately follows from (2.10)—(2.11). This concludes the
proof of Lemma 2.1. 0O

Estimates on the right-hand side of (2.7)

Lemma 2.2. For all T > 0, there exists a constant Co(T) such that
S
/s

Moreover,

2 2

2.17)

/oo k(t,s)Bz(t) dt
T

ds < Co(T) ”/ =75¢ 4, z(t)dt

U X

lim Co(T) = 0. (2.18)
T—o00
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Proof of Lemma 2.2. Let 7 > 0.
Using that, for some constant C independent of 7 > 0,

00 dr oo dr 1 dr
—5 - = ————dr + DR PN
T tlog“(t +2) 1 tlog”(t+2) min(7,1} log” (¢t +2)
< ().
= T

for each s € (—S, §), we get

2

H/OO k(t, s)Bz(t)dt
T U

< (/OO Ikt )2 Bz ¢ log?(z + 2) dt) /OO d
T T

tlog?(r +2)
T+1\ [® 1 sSY\ 2os?
<c|l— —sin? [ =— % || Bz(0)||? t log? (¢ + 2) dt
< ( - )/T o Sin (ZI) IBz(0)|3) 1 log?(r +2)
T+1\ [
gc(T)/ log?(t +2) | Bz(1)||?, dr. (2.19)
T

But B belongs to £(D(A), U). Thus,

o o0
/ log*(t +2) IBz(0)llg; dt < C / A+ 0 2Ol de. (2.20)
T T

Using the same expansion of the heat solutions as in (2.12), we obtain
* 2 2 2 * 2 4
/ L+ D2 12Ol df £ aj] / (1+ 02t exp(=21p) dr
T , T
J

< C lajlPexp(=2u; T (1 + T2 (2.21)
j

This shows that, for some C > 0 independent of T,
S
/.

Thus, for all T > 0, setting

2

ds

3
cutr?
U T

/ook(t, s)Bz(t)dt
T

D laj P exp(=2p; T3
J

(2.22)

)1/2M3 I+ T)3 ]

Co(T) = sup [exp(—ZuT + 28 /) (1 + -

w20

we have

(1+7)° _ exp(—2S/It;)
D lajPexp(—2u; Ty ———— < Co(T) D la; P35, (2.23)
F T ; (T +pj)
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and, obviously, lim7_, « (:‘O(T) = 0 because i, the smallest eigenvalue of A, is
strictly positive.

Estimate (2.17) and the limit (2.18) then follow immediately from estimates
(2.10), (2.22) and (2.23). O

Lemma 2.3. For all T > 0, there exists a constant C(T) such that

/.,

Proof of Lemma 2.3. For eachs € (-8, S5),

2

T T
/ k(t,s)Bz(t)dt| ds < c/ IBz(0)lI?; dr. (2.24)
0 U 0

2

T
H/ k(t,s)Bz(t)dt
0

U

! 2 2 T dr
é/o k(t, 5)] ||Bz<r)||,,ﬁdt/o Z

T sS sz — §2
<cC — sin? (= Bz(t)||% /1 dt
< /04msm (2t>eXp( - )n ZO1 Vi

<C/T LBz ex (SZ‘Sz) dr (2.25)
= —= Z . .
- 0 1 U xp 2t

Besides, for ¢ € (0, §2),
S 2 S2 S 2 _ SZ
/ exp(s )ds=2/ exp(s )ds
_s 2[ 0 2t
:2/ exp( ) ds+2/ exp( ) ds
0 2t S—i 2t
1

S
<28 —— 4 = 24/t £ C/t,
= exp( ﬁ+2)+ «/__ «/_

and, obviously, whatever ¢ > 0 is,

S 2 2
-S
/ exp (S ) ds < 28.
_s 2t

Combining these two estimates, we deduce that for all r > 0,

S S2 _ S2
/ exp( > ) ds < min{28, C/1}.

-S

Thus, integrating (2.25) in s € (—S, §), we obtain the desired estimate (2.24).
O

We are now in position to prove Theorem 1.1.
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Proof of Theorem 1.1. Combining Theorem 2.2, Lemmas 2.2 and 2.3, we obtain

o 52 2 To
H/O e (—E)z(t)dt s [Timon a
o 52 2
+ CCy(Tp) /0 a2 exp (_4_1‘) z(t) dt . (2.26)
Taking Ty large enough so that
CCo(Ty) £ 1/2, (2.27)
which can be done by Lemma 2.2, we obtain
0 52 2 Ty
H/O =73 €Xp (_4_;) z(t) dt . < C/O IBz(0)||3, dr. (2.28)

This implies (1.17) for Ty from (2.9). Estimates (1.17) for T = Ty and (1.16) are
then straightforward.

To prove (1.17) in any time 7 > 0 (and smaller than 7p), we use a compactness
argument to show that for all 7" > 0, there exists a constant C such that for any z
solution of (1.13) with initial data zo = > a;®; € D(A),

© 1 SZ
/0 mexp 1 z(¢) dt

We argue by contradiction.

Fix T € (0, Ty) and assume that there is no constant C such that (2.29) holds.
Then a sequence z,, of solutions of (1.13) with initial data zo9, = Zj aj,®; €
D(A) exists such that

© 1 S2
/O mexp —Z z, () dt

Note that, using the expansion of z on the basis (®;), foralln € N,

o 52 : .
ML d vl EAOL X=Z|a,»,n|ﬂj,
J

2 T
< c/ IBz(t)|I?; dr. (2.29)
X 0

2 T
=1, lim / Bz, ()17, =0.  (2.30)
n—od 0

X

© 1 SZ
where B; =/O 372 &P (_Z - ,ujt) dt, (2.31)
and that, according to estimate (2.14), for some C > 0,
exp(—S i
;2 cOPEVED (232)
A+ u)

Thus, (a;j,p;) is bounded in ¢2(N) and, extracting a sequence if necessary,
(ajnBj) weakly converges to some sequence (b; ;) in £2(N).
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But, due to (2.32), for all ¢ > 0, there exists a constant ¢, such that for all
(aj) € 2(N),

> D lajl exp(—2u1) <ce Y laj*B7.
] J

J L% (g,00)

This implies in particular that, setting Z(1) = Zj bjexp(—u;t)®;forallt > ¢, z,
weakly converges to Z in L™ (g, 0o; X) weak-*. Due to the regularizing effect of the
abstract heat equation under consideration, this implies that z,, strongly converges
to Z in L>(2¢, oo; D(A)) and z,,(2¢) strongly converges to Z(2¢) in D(A).

Therefore, choosing e < T /3, z(-+2¢) solves (1.13) with initial data Z(2¢) and,
due to (2.30) and the strong convergence of z,, to Z in L2(2¢, 00; D(A)), BZ(1) = 0
for t € (2¢, T). But solutions of (1.13) are analytic in positive time with values
in D(A). Hence Bz(t) = 0 for all r > 2¢, particularly on (2¢, Ty + 2¢). Applying
(1.17) with Ty to Z(- + 2¢), we deduce that Z(t) = O for all + > 2¢. Hence the limit
sequence (b;) is identically zero.

But z, strongly converges to z = 0 in L2(T, To; D(A)). Since B €
L(D(A); U), we deduce that Bz, strongly converges to Bz = 0 in L(T, Ty: U).
Consequently, due to (2.30), Bz, strongly converges to zero in L>(0, Ty; U). But
then, according to (2.28), (a;.B;) strongly converges to zero in £2(N), which
contradicts (2.30).

Hence we have proved (2.29) for any positive time 7" > 0.

Estimate (2.9) then yields (1.17) in any time 7 > 0 and concludes the proof of
Theorem 1.1. O

Remark 2.2. The regularizing effect of the abstract heat semigroup also allows one
to show that for all p > 0 and y > §%/2, any solution z of (1.13) satisfies

/ exp (—Z) IIZ(t)II%(Ap) dr < C(y, p)/ IIBZ(I)II%; dt (2.33)
0 ! 0

with a constant C = C(y, p) > 0. Indeed, writing z(¢) = Z/ a;jP;exp(—pu;t)
and using (2.16), we get

o0
y ) 5 2p€XP(=242y [/IL))

which easily yields the claimed result (2.33) by (2.38) and the estimates (2.32).

Remark 2.3. For convenience, we have assumed that B is bounded from D(A)
to U, but our arguments apply similarly when the operator B is unbounded from
D(AP) to U, whatever p € N is. The proofs are the same, except for Lemma 2.2
and the compactness argument used in the proof of (2.29), where straightforward
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modifications need to be applied. This allows one to deal with weaker observability
properties, such as pointwise observations, as we will explain in Section 4.

Remark 2.4. It would be interesting to know if the following observability
inequality holds: for all 7 > 0, there exists a constant C(T") such that solutions z
of (1.13) satisfy

2

S2 S
[ e (-5) o scn [

where k is the function given by (2.6).

Using Theorem 2.2 and Lemma 2.2, we immediately get that this is true for
T > T for Ty large enough.

However, for T > 0, the compactness argument used in the proof of Theo-
rem 1.1 cannot be applied directly and requires the following unique continuation
property: if z denotes a solution of the abstract heat equation (1.13),

k(t,s)Bz(t)dt| ds,

U

(2.35)

T
(Vs € (=S, 9), / k(t,s)Bz(t)dr = 0) — Vi € (0,T), Bz(t) = 0.
0
(2.36)

Whether or not this unique continuation property holds for any time 7 > 0 is an
open problem.
Of course, using that k solves (2.5), this is equivalent to prove that solutions y of

dssy + Ay = —k(T', 5)z(T), s €(=S,9) (2.37)

with initial data as in (2.1) satisfying By(s) = O for all s € (—S§, §S) vanish identi-
cally. Of course, the source term in (2.37) makes the classical unique continuation
results of no use for that particular problem.

2.4. A First Application to Control

Let us remark that, under the assumptions of Theorem 1.1, the proof of Theo-
rem 1.1 yields (2.29). Hence, for any time 7 > 0, there exists a constant C such
that for all z solution of (1.13) with initial data zo = > a;j®;,

Zlajl B} < C/ IBz(0)|g, dt, (2.38)

with 8; asin (2.31).
This can be used to show that the reachability space R, which is the set of all
functions that can be obtained as z(7') for z solution of the abstract control system

7+ Az=B"u@), t=20, z(0)=0, (2.39)
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with u € L2(0, T; U), contains the set of all data z7 = Zj a;®; satisfying
5 1
> laj| o < 0. (2.40)
j J

Of course, from the estimates (2.32), this is implied by

D lajlP (1 + pp'? exp2S /1)) < oo. (2.41)

J

In a more concise form, this means that A~1/4 exp(—S\/Z)X CRr.

Indeed, following [23,30], let us introduce the functional J defined for o7 € X
by

1 T
J(pr) = 5/0 1B dt — (or, z7)x.
where ¢ is the solution of the adjoint heat equation

Then define the completion X7 of {¢r € X} with respect to the norm

T
lorllZps = / I Bo()I?; dt.
0

Due to estimate (2.38), if z7 = > a ;@ satisfies (2.40), the functional J is well-
defined, continuous, convex and coercive in X 7. It, therefore, has a unique mini-
mizer Y7 € X7, which defines a control function u(z) = B (¢) (or, more precisely,
u(t) = Byr, where B is the unique continuous extension of the map g7 — Bo(t)
on X7). As one can check by writing the Euler—Lagrange equation satisfied by 7,
the corresponding solution z of (2.39) satisfies z(T) = z7.

Note that, in [38] (see also [30]), it is proved that the reachability set is indepen-
dentof 7 > 0, which is consistent with the fact that the subspace of the reachability
set we have found does not depend on time.

Remark also that our results improve the ones in [12], where it was proved
using biorthogonals that exp(—(S + e)ﬂ)X C Rr forany T > 0 and ¢ > 0 for
the case of one-dimensional heat equation observed from one boundary.

Indeed, using the estimates in Section 2.3, one can rewrite the results in [12]
as follows: one can take any y > §2/2 in (1.2) in 1-d when controlling from one
boundary. However, the techniques used in [12] are restricted to the 1-d case con-
trolled from one boundary, in which case the control problem can be formulated
explicitly as a moment problem.

Therefore other situations (distributed controls in 1-d or any case in higher
dimension) do not seem to be handled by the techniques in [12].

Our result also improves some other existing ones in higher dimension, as for
instance those in [31, Appendix Al], stating that exp(—a~/A)X C Ry for any
T > 0 for any o > 4\/5(36/37)5.
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3. Observability and Controllability in Finite Time

So far our approach has been presented in an infinite time horizon, in the sense
that the transmutation kernel & in (2.6) is not compactly supported in time ¢ € R..
Below, we explain that there are many possible choices of transmutation kernels,
and among them, many that are compactly supported in time ¢ € (0, 7). However,
as we shall explain below, they are less explicit as before; therefore the estimates
we obtain that way are worse than the ones in the literature. Despite of this, the use
of these finite time horizon kernels yields new results for a broad class of abstract
heat equations.

3.1. Transmutation in Finite Time Horizon

Here, our goal is to show that there are many kernel functions k (¢, s), vanishing
after some time 7 > 0, that can be used to transmute from heat to waves.

Following the proof of Theorem 2.1, given 7' > 0, one should then construct a
nontrivial solution k7 of

dikr (1, 5) + dsskr(2,5) =0, 1€(0,T), s € (=5,9),
kT(Ov S):Oa NS (_S, S), (3.1)
kr(T,s) =0, s e (=S, 9).

Such k7 can be constructed following the classical method of TYCHONOFF (see [17,
p- 211] and [18]). The idea is to look for a solution k7 as a power series expansion
in s of the form

n

kr(t.s) =3 —8u(0), (32)

where the functions g, are smooth and supported on [0, T].
A necessary condition for such expansion to solve (3.1) is to have

g =(=1"g", g1 =(=1"g", neN, (3.3)

Such a function k7 can be constructed by taking go(#) = 0 and g1 (¢) of the
form

1 1
qi(r) = § P (‘“ (? s t)) - 1€ 0.1), (3.4)
0 teR\(0,7),

where o > 0 is some positive parameter.

It is well known that g1 is a smooth function, but to guarantee the convergence
of the power series expansion (3.2), we need more precise estimates, which can be
derived using Cauchy’s formula (see [17, Pb.3 p. 73]):

Lemma 3.1. For each § € (0, 1), foralln e Nandt € (0, T),

() ([ < n! B o
87Ol e T = eXp( (1 +0) min{t, T —t})' (3-5)
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Proof of Lemma 3.1. Note that, due to the fact that g; is symmetric in 7/2, we
can restrict ourselves to prove (3.5) only for ¢ € (0, T/2).

Fix t € (0, T/2). Note that g; is real analytic in a neighborhood of # and can
then be extended to an holomorphic function in a neighborhood of ¢, for instance
in the ball B(t, 1) of center ¢ and radius §¢, § € (0, 1). Thus, the Cauchy formula
yields

1 g1(7)
=5 | dr, (3.6)

2imw Lo T—1

where I' (¢, §t) denotes the circle of center ¢ and radius 7.
We then obtain that

) n! / g1(7)
)= — ———dr. 3.7
i) 2im Jrgsy (T —0)t! G7)

Now, explicit computations easily yield that, for t € (0, 7/2) and v € I'(¢, ét)

. R 1 1 < o
sl = e (_“ e(? T —r)) =P (_ra +6))’

where Re(t) denotes the real part of T € C and estimate (3.5) follows immediately.
O

Lemma 3.1 allows one to prove the convergence of the series (3.2) and to obtain
the estimate (similarly as in [17, p. 212])

1 2
lkr (2, 9)] < ls| exp (mm{t - (% - 18))) . (3:8)

For (3.8) to be well defined on (—S, S) fort — 0 and + — T and for k7 to
solve the time boundary conditions in (3.1), we need that, for some § € (0, 1),
a > S2(1 4 1/8), thatis « > 252,

We thus have the following:

Proposition 3.1. For any finite S > 0, for any a > 252, there exists a function kr
satisfying (3.1) with kr (¢, 0) = 0 and o5k (t,0) = g1(¢) given by (3.4) such that
for any 8 € (0, 1) satisfying a > S>(1 + 1/8), for any (t,s) € (0, T) x (=S, S),
estimate (3.8) holds and, for all p € N,

2
Phat1 = Gt o (= (5~ 59)
ke 1= e T —mr Pl = \s ~a+))
(3.9)

Only (3.9) has not been proved, but it follows from Lemma 3.1 and identity (3.2)
immediately. Details are left to the reader.

Of course, such k7 can be used for transmutation, similarly as in Theorem 2.1.

To be more precise, if zo € X and z = z(¢) is the solution of the abstract heat
equation (1.13) with initial datum zo, the function y = y(s) given by

T
y(s) =/ kr(t,s)z(1)de, s € (=S,5), (3.10)
0
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is a solution of the abstract wave equation (1.14) on (—S, ) with initial data

=0 = ' ! ! d 3.11
Yo =V, yl—/o exp(_a(;‘f‘T—_t))Z(f) I. (3.11)

Let us finally emphasize that any kernel kr solution of (3.1) can be used for
transmutation, which illustrates the flexibility of this approach.

3.2. Exponential Observability Cost in Finite Time

As we recalled in the introduction, estimates on the cost y of controllability
in small time in (1.3) for heat like equations are available in the literature (see
[30,39]).

The goal of this paragraph is to explain that our approach also applies to that
particular issue, using, for instance, the function k7 given by Proposition 3.1 but,
so far, yields a weaker result (but with an easier proof ) than the ones in the articles
[28,39]. More precisely, we claim that for all solutions of the abstract heat equation
(1.13), the finite time observability inequality (1.3) holds with y > 1652 for all
T > 0 with a constant C independent of 7 > 0.

This, of course, follows from the estimate (3.8) and similar estimates as the
ones in Section 2.3. The proof is left to the reader.

Let us now explain why this result is so far from the bounds obtained in [30,39].

This is due to the fact that we have very rough estimates on the function k7,
which is expected to be highly oscillatory, similarly as k in (2.6).

In particular, one could look for a solution k, of (2.5) of the form (3.2) with
go(t) =0 and

Ja o
—exp(——), >0,
g1(t) = | V4nt3/? p( )

0, t<0,

o > 0.

Though such function k, corresponds to the explicit solution

1 s2/4 —a safa
ko(t,s) = ex ( ) sin (—) , (3.12)
¢ NZrhad t t
estimates on g1 (¢) and its derivatives will only yield that, for all § € (0, 1),
1 (s? o
[kq (2, 5)] élSIeXp(; (3_ 1+8))' (3.13)

Of course, estimate (3.13) only guarantees the existence of ky for r € R4 and
s € (—+/a/2, o/a/2) whereas on the explicit formula (3.12), one immediately sees
that k, is well-defined on (¢, s) € Ry x (=2/a, 2/a).

This indicates that the above estimates do not take into account in a satisfactory
way the strong oscillating behavior of the function &, and the conjectured ones
of the functions k7. This also explains why our technique fails to provide sharp
estimates on the finite time exponential observability cost y in (1.3).
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3.3. Two-Sided Inequalities

When dealing with the wave equation, one often obtains two-sided inequalities
of the following form: there exist some strictly positive constants c,,, C,,, such that
any y solution of (1.14) satisfies

S 2 S
o [ 1By as < |40 il < o [ 1By @5, G

This states, in addition to (1.15), an admissibility result, always true when
B € £(D(A'/?), U), but consequence of a more subtle hidden regularity property
when this is not the case (and in particular when considering boundary observa-
tion through the normal derivative of solutions for the Dirichlet Laplacian), see for
example [23].

Inequality (3.14) can be combined with any kernel k7 solution of (3.1) (such
kernel exists, see Proposition 3.1) to obtain a two-sided observability inequality for
the heat equation. To simplify the presentation, we further assume that k7 is odd
in the variable s. (Otherwise, replace k7 by kr (¢, s) — k7 (t, —s).)

Then the transmutation technique applies and yields:

S T 2
cw/ / kr(t,s)Bz(¢t)dt| ds
-sllJo U
T 2 N T 2
< H/ oskr(t,0)z(r)dt| < Cw/ / kr(t,s)Bz(t)dt| ds. (3.15)
0 X =S 11J0 U

Concerning the observed quantity on the initial datum, observe that for
z0 =2 ;a;®;, we have

2

T
H/o Oskr (1,0)z(t)de| = E la; > (Bj (kr))?,
X .
J

T
where B;(kr) :/ Oskr (¢, 0) exp(—pjt) dt. (3.16)
0

We thus define the set of observable states with k7 as the Hilbert space given
by

Or)=1z=D a;®;. |zlpu,, =D la;*Bikr)* <oof. (3.17)
J J

Let us emphasize that this space depends on the kernel transmutation function k7.
Rewriting (3.15) using this norm, we deduce that there exist two strictly positive
constants ¢, ¢ such that

S 2
2
e ol < [
-

Umgmm%wy (3.18)

T
/ kr(t,s)Bz(t)dt
0
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Remark 3.1. The same can be done with the kernel £ as in (2.6), B; as in (2.31)
and O(k) as

Oy =1{z=> a;0;. lzlpe =D lajl’B; <o,  (3.19)
j j

if T is large enough.
Indeed, according to Remark 2.4 and Lemma 2.2, for 77 large enough, for any
T = Ty, for any z solution of the abstract heat equation (1.13), it holds
ds S eallzollpy. (320

S
2
e ol < [
-S U

Note that in (3.19), the space O(k) is independent of the time 7 > 0.
But whether or not estimate (3.20) holds in arbitrarily small values of T > 0 is
an open problem, see Remark 2.4.

2

T
/ k(t,s)Bz(t)dt
0

Remark 3.2. Let us remark that this is not the first time that one derives such
equivalence of norms between an observation and the solutions. Indeed, the
by-now classical FURsIKOv—IMANUVILOV’s Carleman estimate derived in [15] also
yields, for some weights n = n(t, x) (whose definition is given in an intricate way
that reflects the geometrical setting, see [15] for the detailed definition of 7), that,
given T > 0, Q and w, there exists a constant C such all solutions z of (1.1) satisfies

T T
/ /n(r,x>2|z(r,x>|2dt dxéc/ /n(z,x)2|z<t,x>|2drdx, (3.21)
0 Q 0 1)

and of course, the reverse inequality also holds true.

3.4. Application to Control

In the sequel, we assume that (3.14) holds for the abstract wave equation, a
fact that is well known to be true in many relevant situations. For the solutions
of the corresponding heat equation it then follows that the two-sided inequalities
(3.18) are true. These inequalities can be used to deal precisely with the dual control
problem.

A technical assumption For what follows, it is interesting to further assume that
there exists a constant C such that for any z solution of the abstract heat equation
(1.13),

lz(Dllx = Cllzollowy)- (3.22)

This is automatically fulfilled in most applications because of the strong regulariz-
ing effect of heat-like equations.
Estimate (3.22) means that the map zg + z(7') is continuous from the set of
observable states with k7 to X. In particular, (3.22) and (3.18) imply
S 2
=i sc [
-S

T
/ kr(t,s)Bz(t)dt| ds.
0

U
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Writing (3.22) on the basis of eigenfunctions of A and recalling the definition
(3.17) of the space O(kr) and of the coefficients 8;(kr), one easily checks that
(3.22) holds if and only if there exists a constant C such that for all u > 0,

T
exp(—puT) < C/ dskr (£, 0) exp(—put) dt. (3.23)
0

Note that the kernel function k7 given in Proposition 3.1 satisfies 3.23 (or equiv-
alently (3.22) or (3.25) below): indeed, whent € (0, T) + 95k (¢, 0) is non-trivial
and non-negative

T T
/ dskr (1, 0)e M dr > e HT / dsk7 (2, 0) dr,
0 0

and then C in (3.23) can be taken as C = 1/ fOT ogkr (t,0)dz.

We emphasize that many of the non-trivial kernels k7 solutions of (3.1) satisfy
assumption (3.22). This is the case for instance for the kernels kr given by Prop-
osition 3.1. Namely, for any non-trivial non-negative g; such that the expansion
(3.2) converges, (3.22) holds using the same arguments as above.

In the following, the transmutation kernel k7 solution of (3.1) is fixed and
assumed to satisfy (3.22).

The reachability set Define the reachability set (its name will be justified hereafter)

1
Rikr) = z=;a,¢j, ||z||%z(kT)=;|aj|2W<oo . (24

which is the dual space of O (k7).

Note that, using this spectral representation of solutions of the heat equation
(1.13), one immediately sees that estimate (3.22) (equivalently (3.23)) is equivalent
to the existence of a constant C such that for any z solution of the abstract heat
equation (1.13),

lz(M)llRry = C llzollx- (3.25)
In particular, this implies that, if zo € X, then z(7T') belongs to the reachability set
‘R(kr), meaning that all free trajectories of the heat semigroup belong to R (kr).

Let us then consider the following control problem: for zg € X, zr € R(kr),
to find a control u so that the solution z of

0z+Az=B*u, t€(,T), z(0) =z, (3.26)
satisfies

2(T) =zr. (3.27)



Sharp Observability Estimates for Heat Equations 999

To deal with this problem, in view of the previous two-sided observability
inequalities, following the ideas in Section 2.4, we introduce the functional J on

O(kr) as
1 /S T 2
J(pr) = —/ / k(T —t,s)Bo(t)dr| ds
2 ) -slJo U
+{@(0), zo)x — (@1, ZT) OUr)x Rikr)> (3.28)
where ¢ is the solution of the adjoint heat equation
— e +Ap=0, te€0,7T), oT)=9r. (3.29)
For convenience, we introduce the free heat equation
0,z +Az=0, te€(,T1), z(0) = zo. (3.30)

Using this function z, multiplying (3.30) by ¢ solution of (3.29), we immediately
get

(20, (0))x = (Z(T), OT)Ohr) x Rkr)- (3.31)
Besides, estimate (3.25) implies that
12D IR < C llzollx - (3.32)
Setting
Zr =zr — 2(T), (3.33)

the functional J can be rewritten as

1 S
J(90T)=§/S

Since Z7 € R(kr) (see (3.32)), using (3.18), we deduce that the functional J is
continuous and coercive in the space O(kr). Since it is strictly convex, it has a
unique minimum 7 € O(k7) which satisfies

2

ds — (o1, ZT)Otky) xRikr)-

T
/ kr (T —t, s)Bo(t) dt
0 U

(3.34)

I¥rllowy S CIZrlIREr S C (lzrllrey) + llzollx)- (3.35)
Writing the Euler—Lagrange equation satisfied by 7, setting, for s € (—S, §),
T T
v(s) =/ k(T —t,s)By(t)dt = B (/ k(T —t, )y (1) dt), (3.36)
0 0

where 1/ is the solution of the abstract heat equation (3.29) corresponding to 7,
we obtain that for all o7 € O(kr),

S T
/S(U(S),/O kr(T —t,s)Bo(t) dt)y ds— (@1, ZT)Otkr)xRkr) =0, (3.37)
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or, equivalently,

T S
/ </ k(T —t, s)v(s) ds, B(p(t)> dr
0 ) U

+{(@(0), z0)x — {91, 27)OUkr) xR ky) = 0. (3.33)

This implies that the function
S
u(t) = / k(T —t,s)v(s)ds, where v is asin (3.36), (3.39)
-S

is an admissible control function for (3.26): indeed, multiplying (3.26) by ¢ solution
of (3.29), we obtain that, for all 7 € O(kr),

T
/0 (u(®), Bo(t))y dt + (¢(0), zo)x — (o7, 2(T))O(kr)xRkr) = 0,

which, according to (3.38), implies that z(T) = z7.

This control has to have some added advantages with respect to the standard
ones since it has been derived using a subtle two-sided observability inequality. In
particular, as we describe now, the controls obtained by this method have added
regularity properties.

Smoothness of controls Choosing ¢7 = ¥ in (3.37), we obtain

s
/ @12 ds = W, Z0) o Rk
-S
Estimates (3.35) and (3.18) then show that

Il 2—s.5:09 = CIZr IRy S € (27 IRty + 20l x)- (3.40)

In view of (3.39) and (3.40), estimates on k7 and its time derivatives (in #) allow
one to recover estimates on the control u in H*(0, T'; U)-norms.

In particular, according to (3.9), for the functions k7 constructed in (3.2), for all
p €N, Btka € L®°((0,T) x (—S, S)). Therefore, the control function u in (3.39)
satisfies the following: for all p € N, there exist constants C, 1, Cp, > such that

||“||HP(O,T;U) < Cp,l ||U||L2(75,5;U)
S Cp21Zr Ry S Cp2 (lz7 Ry + llz0llx)- (3.41)

Note that this result is specific to the controls we have constructed using the
kernels k7. Indeed, the recent results in [26] show that the classical controls of
minimal L?(0, T'; U)-norm fail to have such a property.

However, remark that the controls constructed in [15] using a minimization
process of a functional based on the Carleman weights also enjoy nice regular-
ity properties. We refer to [15] for precise statements in that direction for heat
equations, and to [8, Propositions 2 and 3] for the Stokes equations.
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To better understand the nature of the control for the heat equation constructed
by minimization of the functional J in (3.28), we analyze in more detail the function
v in (3.36).

For o7 = Zj a;j®;, setting y(s) = ffs k(T —t,s)p(t)dt, y(0) = 0 and
95y(0) = Zj a;j®;B;(kr), identity (3.37) reads as

S
/S(U(S), By(s))u ds — (95 y(0), Yo)x =0, (3.42)
where Y is given by
Y():Z ] D;, fOI’ZTZZZj(Dj. (3.43)
7 Bjkr) >

Remark that

1Yol% = 12714,y 105yO% = lorIGu,)-

Therefore, the map

or = ZajCDj — 95y(0) = Zajq)jlgj(kT)
i J

J

is an isomorphism from O(kr) to X, and (3.42) is satisfied for any y solution of
(1.14) with initial data (y(0), 9;y(0)) = (yo, y1) € {0} x X.
Besides, according to (3.36), v can be written as By, where y(s) is given by

T
i(s):/o k(T —1.5)0 (1) dr.

Of course, due to the properties of the kernel k7, y is a solution of the abstract wave
equation (1.14) with initial data (0, 3;,y(0)) € {0} x X. B
Hence, by (3.42), y; = 9,y(0) is a critical point of the functional J defined by

- 1 /S
J(y1) = E/s IBy(s)II3 ds — (v1, Yo)x. (3.44)

for y; € X, where y is the solution of
assY+Ay =O9 NS (_Sa S)v ()’(O)vasy(o)) = (Os )’1) (345)

Due to (3.14), the functional J is continuous, coercive and strictly convex in X,
and then has a unique minimizer, given by y;.

To sum up, v, extended as an odd function on (—S§, §), can be computed on
(0, S) by minimization of a suitable functional J defined entirely on the wave
equation.

Actually, the function v(s) can also be viewed as the control of minimal
L2(O, S; U)-norm such that the solution Y of

(3.46)

0ssY + AY =2B*v, s e R,
Y(§) =0, 3,Y(S) =0
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satisfies the control requirement
Y(0) =Yy, where Yy is given by (3.43). (3.47)

To see that, first reglark that, when yg = 0, solutions y of (1.14) are odd in the time
variable s. Thus, J can be written as

5 S
J<y1>=/0 1By — (1, Yo)x.

Writing the Euler—Lagrange equation satisfied by J at |, one easily derives that ¥
solution of (3.46) with v = By satisfies (3.47).

Once the control v of the abstract wave equation is characterized in this man-
ner, the results obtained in [10] can be easily modified to deal with this case (using
in particular that, for any > 0, if y is a solution of (1.14) with yp = 0, so
is ye(s) = (y(s + 1) — 2y(s) + y(s — 1))/7% since y is odd). In particular,
when B belongs to £(D(A'/?), U) and B*B ¢ Np=0L£(D(A?)) (otherwise, a time-
dependent smooth weight function 7 (s) should be introduced within the functional
J in (3.28), see [10]), it follows that for all £ = 0, there exists a constant C; such
that

st W, e fatn] = caz ], o
We emphasize that (3.48) concerns the regularity properties of v = v(s). The con-
trol u for the heat equation given by (3.39) is always smooth in time provided the
functions Btp kr all belong to L*°((0, T) x (=S, S)), without these extra regularity
assumptions on B (see (3.41)).

Also note that, as explained in [10], the extra time-regularity properties of v
imply extra space regularity properties.

To sum up, we have proved the following:

Theorem 3.1. Let T > 0 and ky € L*((0,T) x (=S8, S)) be a solution of (3.1)
satisfying (3.22). Assume that (3.14) holds for solutions of the abstract wave equa-
tion (1.14). Let 7o € X and zr € R(kt) (defined in (3.24)).

Construction of the control The functional J in (3.28) has a unique minimizer \r
on O(kr) (defined in (3.17)), which yields a control u solving the control problem
(3.26)—(3.27), given by

S T
u(t) = / / k(T —t, $)k7 (T — t,s)By(t)drds, (3.49)
-5Jo
and there exists a constant C such that

17l ow + 12070y S C (lzollx + 127 1 R%k))- (3.50)

Another way to compute the control u is the following: find the minimizer y; € X
of the functional J defined on the solutions of the wave equation (3.45) (with Yy as
in (3.43)—(3.33)), set v(s) = By(s). Then the control function u is given by (3.39).
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Smoothness properties of the control function

e Forany p € N, ifB,ka € L*°((0,T) x (-8, S)), u belongs to HP (0, T; U)
and satisfies (3.41).

o Ifforsomet € N, A'Zr € R(kr) and BB* € ﬂpgﬂ(D(Ap)), then A3, €
X, (3.48) holds and v belongs to the space -

Ve, = rewocl’([—s, Sl: B*D(A'P)). (3.51)
p:

This automatically yields the following corollary:

Corollary 3.1. Under the assumptions of Theorem 3.1 and with the same notations,
ifforall p e N, 8/ kr € L®((0,T) x (=S, S)), BB* € NpenL(D(AP)), and for
somel e N, A Zy € R(kr), the source term B*u satisfies

B*u € C*°([0, T]; D(AY)), (3.52)

and therefore Z = 7 — z, with z solution of the control problem (3.26)—(3.27) and
Z as in (3.30), solution of the control problem

Z'+AZ=B*u, t€(0,T), Z0) =0, Z(T)=Zr, (3.53)
satisfies
Z € C®([0, T]; D(AYT1/2y). (3.54)

All the results in this Corollary except for the regularity property (3.54) have
been already explained. This latest statement can be deduced immediately from the
regularity (3.52) of the source term in (3.53) by induction (see also [10, Corollary
1.5] where similar results are obtained). Details of the proof of Corollary 3.1 are
left to the reader.

Note that the regularity result in (3.54) concerns Z, the solution of (3.53). To
recover the controlled trajectory z solution of (3.26)—(3.27), one has to add Z and
Z, solution of (3.30), whose regularity depends only on the initial data to be con-
trolled zo € X. In particular, if zg only is in X, Z cannot be continuous on [0, T']
with values in D(A), despite the parabolic regularization effects. That explains why
we need to decouple the regularity properties coming from the initial data from the
ones coming from the control.

The regularity results in Theorem 3.1 indicate that this control u, obtained
through two-sided observability inequalities, and characterized as the minimizer of
the quadratic functional (3.28), could be of use to avoid the numerical ill-posedness
of the effective computation of the controls of the heat equation (see [33]). This
subject needs of further investigation.

Actually the method of transmutation of [30] has been already used in [33] to
derive effective methods for computing the controls of the heat equation. But there
it has been applied in the classical manner, following [30], writing the controls of
the heat equation in terms of those of the wave one, but not as in the present paper,
exploiting the new two-sided observability inequalities we have derived here.
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Let us also emphasize that the controls given by our approach and the ones
provided by the method in [30] are different. Indeed, the transmutation technique
used in [30] consists of writing the trajectories of the heat in terms of the waves. We
are doing the reverse. Hence the conditions on the transmutation kernels in [30] are
different than ours. For instance, in our case, the control function v needs only to
control one component of the wave equation. Also note that the control given by the
transmutation of [30] is based on a null-control for the wave equation with initial
data zp, whereas with our approach, it is based on a control for the wave equation
with the data Y (in the sense of (3.46)—(3.47)) given by (3.43), hence constructed
using Z7 and the kernel k7. Roughly speaking, this explains why our method has
more flexibility than the one presented in [30].

Remark 3.3. Theorem 3.1 and Corollary 3.1 still hold with k as in (2.6) when the
time T is large enough, since the key estimate (3.20) holds for 7' large enough (see
Remark 3.1), and k obviously satisfies (3.22).

However, whether or not Theorem 3.1 with £ as in (2.6) holds in any finite time
T > 0is an open problem, see Remark 2.4.

4. Examples

4.1. The One-dimensional Case

Internal observation Let 2 = (0, 1) and w = (a1, a2) be a non-empty subinter-
val. Define X = H~1(Q) = H~1(0, 1), A = —A with domain D(A) = H}(Q) =
HO1 (0, 1), and B = x, where y,, is the characteristic function of the set w. Then
B is continuous from D(AY/?) = L*(Q) = L%(0, 1) to U = L?*(w).

In this case, it is classical that the wave equation is observable in any time 2.5
with § > d = max{a;, 1 — ay}, see for instance [23].

Applying Theorem 1.1, for any S > d = max{e, 1 — a}, we automatically
get that any solution z of the heat equation (1.1) with initial data zo € H 10, 1)
satisfies

o0 S2 ) 00 )
/ exp (—2—) 12011, dr £ C / / LOPdrdr, @)
0 t ’ 0 Jo

for some C > 0 independent of the initial data z.

Of course, this is not exactly (1.2), since the norm in the left-hand side is the
H~'(0, 1)-norm instead of the L2(0, 1)-one.

Using Remark 2.2 with p = 1/2, we immediately get (1.2) forany y > d*/2 =
max{a, 1 — a2}2/2.

There is no evidence so far that this result is sharp since the lower bound (1.8)
yields only y = d?/2 = d*/8.

However, when w = (0, o) U (er2, 1), our results apply and yield (4.1) for any
S>d=d = (ot — 1)/2, which is sharp from the lower bound (1.8) on the
observability constant in (1.2).
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Fig. 1. Squares with and without the GCC: In bold, the observation region. Left the GCC
holds in time 2S5 = 2\[2. Right the GCC does not hold

Boundary observation Again, let Q = (0, 1). Define X = L2(Q), A = —A with
domain D(A) = H> N H}(Q) = H> N H}(0, 1), and B from D(A) to U = R
given by Bz = dyz(x = 1).

In this context the classical results on the observability of the wave equation
(see, for example, [23]) show that the corresponding wave equation is observable
in time 2§ = 2.

Applying Theorem 1.1, we immediately get that any solution z of the heat
equation (1.1) with initial data zo € H'(0, 1) satisfies

00 1 1 00
/ / exp (——) lz(t, x)|>drdx < c/ |0,z(z, 1)|* dr. (4.2)
o Jo 2t 0

Due to [12], estimate (4.2) is sharp.

4.2. The Multi-Dimensional Case

Optimality of the results The one-dimensional examples above can be easily
extended to the multi-dimensional setting. Indeed, given any domain €2, if w is
a neighborhood of its boundary such that 2 \ w is a ball of radius R, the GCC (in
time 25) holds for any S > R (again, see, for instance, [23]), whereas d = d =R.

Applying Theorem 1.1, the lower bound (1.8) on the observability constant in
(1.2) is shown to be sharp in this case. We conclude that the observability constant
y in (1.2) can be taken to be any constant larger than d%/2 = d? /2.

Non optimal results Note that it is easy to build multi-dimensional examples in
which the GCC holds but § > d > d, or in which simply the GCC does not hold.

The unit square observed from two consecutive sides Let Q = (0, 1)2 be the
unit square and observe the normal derivative of the solution on two consecutive
sides of its boundary, see Fig. 1, left. In that case, the GCC holds, and S can be
taken to be any constant larger than /2 but d = 1 and d = 1/2. Thus, the bounds
we get on the observability constant in (1.2) are of the form

1 d? 52 d?

=1, whereas — = —. 4.3)
2 2
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Although this improves the previously existing results, it does not produce a
complete identification of the best observability constant.

This example shows that, even if the GCC holds, the direct application of the
approach of this paper, using the transformation from waves to heat equations,
cannot yield in general a sharp upper bound.

The unit square observed from only one side Here, we consider the heat equa-
tion in the unit square € = (0, 1)2, observed from one side of the boundary I' =
{0} x (0O, 1), see Fig. 1 right.

In that case, the wave equation is not observable, since any vertical line corre-
sponds to a trapped ray that does not meet the control region I'.

Though, as we will see next, in this very precise situation, our approach can be
slightly modified to yield some estimates on the exponential observability cost.

4.3. Some Further Examples

Theoretical remarks The transmutation technique developed in Section 2 also
applies in the context of very weak observability properties.

To be more precise, one could replace Assumption 1 by the following one: there
exists a norm |||, and a time S > 0 such that the following weak observability
inequality is satisfied: there exists a constant C such that for any solution y of (1.14)
with initial data (yg, y1) € {0} x R(k),

S
2 <c / IBYOI ds (4.4)

Indeed, in that case, if zo = > jaj ®; € X, using the transmutation technique of

Theorem 2.1 with S replaced by S, we obtain a solution y of the wave (1.14), where
initial data yp = 0 and

o0 S > ] 52
8sy(0):/0 0sk(t,0)z(t)dt = mZajcbj/o mexp —I — Kt dr.

Applying (4.4), we immediately get, similarly as in Theorem 2.2,

2

ds, 4.5)
U

§

2
> aj®pi| < C/§
j

/Ook(t, s)Bz(t) dt
0

*

where z is the solution of (1.13) with initial data zo = >_ aj®; e X.
Using estimate (2.19) and Lemma 2.3 with 7 = 1, one can even get

2
o0
> aj®ip| = c/o log?(t 4 2) || Bz(D)||3, dr. (4.6)
i

*
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However, getting rid of the logarithm in the right-hand side of (4.6) requires more
information on the norm ||-||,.. In particular, if the norm |-||,, is determined by a
sequence w; by

2
> ai®ipi| = lajI*Biwr, 4.7
j j

*

and 2w’ > exp(—2u jTo) for all j € N, for some Ty large enough, then the
logarithm in (4.6) can be removed easily. Actually, in this case, similarly as in
Lemma 2.2, for some time 77, one can prove that

2
T
> ajv;p| < C/o 1Bz, dr.
F

*

An important remark is that, for (4.6) to be useful in practice, one should have
a good understanding of the norm ||-||,, on the spectral components, similarly as in
(4.7) above. We will present such a case below. But we should also emphasize that
getting a norm |||, as in (4.7) for the observability property (4.4) of the solutions
of the wave equation would imply its spectral controllability, a fact which is not
known to hold in general, see Section 5.

Also note that if one wants to derive finite-time horizon estimates or estimates
on the cost of controllability, one can also use the kernels k7 solutions of (3.1) used
in Section 3 and easily derive

2

ds. (4.8)
U

2 -
S
> aj®;p;tkr) §C[§

J *

T
/ kr(t,s)Bz(t)dt
0

Pointwise observation in dimension 1 Let Q = (0,1), X = H! (Q),A =-A
with domain D(A) = H} (0, 1).

Now, let xg € (0, 1) be such that xg ¢ Q.

Define B by Bz = z(x = xg). As one can check, B is continuous from
D(A3*+8) to R for any & > 0.

Solutions y of the one-dimensional wave equation with yp = 0 can be written
as

o
o ..
s, x) = ajsin(jmx)— sin(jms).
¥(s, %) Z, (jmx) = sin(js)
j=1
Hence, using Parseval’s identity:

1 ) o sin?(jmxo)
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Thus, since xo ¢ Q, (4.4) holds with

- . sin®(ji7 xo)
Zajsm(ﬂrx) Zl P T 4.9)

j=1 .

Therefore, one can conclude that, if z solves the one-dimensional heat equation
on (0, 1) with initial data zo(x) = 372, z; sin(jmx),

Zmﬁzsm (J”x°)<C/ 2t x0)Plog2(t + 2 dr,  (4.10)
0

where the coefficients 8; are given by (2.31).
Using (2.32), we find that this yields

sin“(jmx ©
Z|z]| exp(—2mj )M <c/ lz(t, x0)|* log?(r +2)dt.  (4.11)
0
j=1

Whether or not this result is sharp is an open problem. A priori, with no further
assumption, whether or not the logarithmic dependence of time in the right-hand
side is needed is not clear.

Note that, when xq is so that there exists C > 0 such that for all k € N,

lnf{|kx0 —-pl} 2 (4.12)

»|Q

(according to [19, p. 124], the set of such xq is uncountable, thus non-empty) then

sin?(jxg) 2 j € N\{0}.

i
One can then go further than (4.11), and prove, similarly as in Theorem 1.1, that
for all T > 0, there exists C(T') such that

T
S
> P exp(- ZnnM sc[ kP @)
J=1 0

Using Remark 2.2 and especially equation (2.34), one can reformulate that esti-
mate into the following form: for any y > 1/2, solutions of the one-dimensional
heat equation satisfy

00 1 Y T
/ / exp (——) l2(t, x)|> dr dx < c/ l2(t, xo)2dr. (4.14)
0o Jo ! 0

Remark 4.1. Note that here the constant y does not seem to depend significantly on
the position of xg on (0, 1). This is due to the fact that the technique used to prove
(4.5) with the norm ||-||,, in (4.9) is based on the direct application of Ingham’s
inequality yielding only observability in time 2 for the wave equation on (0, 1),
independently of the observation subset which, of course, is suboptimal in general.
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The unit square observed from only one side Here, we come back to the heat
equation in the unit square Q = (0, 1)2, observed from one side of the boundary
I' = {0} x (0, 1), see Fig. 1 right.

In that case, the wave equation is not observable, since any vertical line cor-
responds to a trapped ray that does not meet the control region I'. However, the
solutions y of the wave equation (1.9) satisfy the following unique continuation
property (Holmgren Uniqueness Theorem): for any § > 1,

01¥(5,0,x2) =0, (s,x2)e (=S, 9 x(-11) = y=0. 4.15)

Here, and in what follows, we have denoted by 9 the derivative with respect to x;
to simplify the notations.

This unique continuation property indicates that the L>(—S, S; L?(0, 1))-norm
of d1y(s, 0, x2) is a norm on the solutions y of the wave equation for § > 1. Of
course, this does not provide any further information if we are not able to describe
more precisely this norm, or any non-trivial weaker one ||-||,. as in (4.4).

It turns out that in this geometric configuration Q = (0, D2, T ={0} x (0, 1),
anorm ||-||, satisfying (4.4) can be derived explicitly (see [16]). For that to be done,
write the solutions y of (1.9) as

Y(s,x1,x2) = V2D yj(s, x1) sin(jrxy). (4.16)
j=1

This can be done of course since the functions (x + sin(jmx))jcn form a basis
of L%(0, 1).
Then one immediately gets that

S 1 o S
//|aly<s,o,xz)|2dxzds=2/ |01y, (s, 0)]* ds (4.17)
-5J0 : )
j=1

and that

dsyj — O1yj + j2my; =0, seR,jeN,  yi(s,0) =y(s1)=0.
(4.18)

In other words, using this decomposition, we decouple the contributions of each y;.

Note that equation (4.18) is a simple one-dimensional wave equation with a
potential. Hence, to prove its observability, we use the classical technique of lateral
propagation of the energy (widely used in the context of one-dimensional semi-lin-
ear wave equation, see, for example, [41]). In our case, this reads as follows: for
smooth solutions of (4.18), introduce the quantity

S—x1
Fian = [ (180 + 003+ iy 600R) ds
x1—S
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and differentiate it. After straightforward computations, we get

S—x1

31F/(X1)§2/

x1—=S

01355, x1) (= es 5, XD+ 01135 5 6+ 7272y, (5, 21) ds

S—x1
< 4j2n2/ 31y (s, x1)yj(s, x1)ds < 2/ Fj(x1).
X

1—

Hence we obtain, for any S > 1, that F;(x1) < exp(2jmx1)F;(0) for all x; €
(0, 1). Integrating, we obtain

1 exp(2jm) exp2jm) (S
/Fj<x1>dx1§p2(+’F,»(O>=M/ Oy (s, OPds.  (4.19)
0 VEL 2jm _s

But of course, the energy

L , 2 ) 2, 2 2 2
Ej@s) =3 105y (s, x0)|7 + 01y (s, x| + 77|y (s, x1)]7) dxy
0

of y; solution of (4.18) is constant in time. Therefore, due to (4.19), solutions y;
of (4.18) satisfy, for any S > 1,

s
4jm (S — DE;(0)exp(—2jm) §/ |91y (s, 0)[* ds. (4.20)
-S

Using (4.16), (4.17), and estimates (4.20) for solutions of (4.18), we obtain
(4.4) for any time S > 1 with the norm ||-||,, given by

2

V2 i) sin(imx) erxp( 27 j) / lyjG)Pdxy. (421)
Jj=1

«  J=1

Indeed, if y is a solution of the wave (1.9) with initial data y9 = 0,y; =
«/Ezj ¥1,j(x1) sin(jmx2), the corresponding y; in (4.16) satisfy y; (s = 0) =0,
dsyj(s = 0) = y1,j, and the energy E;(0), respectively, reduces to the L?(0, 1)-
norm of yq ;.

The norm |||, can then be easily written for functions expanded on the basis
of the eigenfunctions of the Dirichlet Laplace operator:

o0 o o0
2 Z ag,jsin(€mxy) sin(jmwxy) ZZ exp(—2nj)|ag,j|2. (4.22)
j=11t=1

jot=1 .

Due to the explicit form (4.22) of |||, solutions z of the heat equation with

initial data

20(x1.x2) =2 aj ¢ sin(Crxy) sin(jmx)
6
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satisfy
o0
. . 1222
D> jexp(=2mj)lac ;A7
j=1t=1
[ee) 1
gc/ / log?(t + 2)[9,2(t, 0, x2)|? dxads, (4.23)
0 0
where

* 1 s 2.2 2
ﬁ[’jZA mexp(—z—ﬂ (Z +] )t)dl,
which, according to (2.14), satisfy

P Cexp(—Szr\/Z2 +j2)
(] = .
SRR RN T

Using (4.23), we deduce

ii s '|zexp(—2(S + D /€2 + j2)
S5 a+n/e+ P

00 1
< C/ / log?(t + 2)|012(z, 0, x2)|? dx»dr. (4.24)
0 0

Of course, in (4.24), the norm in the left-hand side is very similar to the one in
the left-hand side of (2.10). Hence all the estimates done in Section 2.3 apply. In
particular, forany S > 1, we can get that, for any time 7' > 0, there exists a constant
C(T) such that all the solutions z of the heat equation (1.1) in the square (0, 1)?
satisfy:

oo 2 T 1
S+
,/() eXp (_T) ||Z(f)||iz((0’1))2 dt é C,/() ,/() |axZ(tv 0, x2)|2 d.Xth.

(4.25)

Note that estimate (4.25) yields an upper bound on y in (1.2) of the form
y < (S+ 1)2/2 = 2. This is still far away from the lower bound in (1.6)—(1.8),
which yield here y = 1/2 and y = 1/8.

Note that, using [29, Lemma 2.2] and [39], one can prove that inequality (1.3)
holds in the square with 7 = 3%, This, as we said, implies in particular that y < 3%
in (1.2) in this geometric configuration.

Though, our approach is developed directly on the weakly observable wave
equation. To our knowledge, this is the first time that such case is addressed directly
using a transmutation technique.

Note also that there should be some links with the estimates on the class of
analyticity of functions that are controllable in time 7" that have been derived in [3].
We also point out the recent work [24], which studies the observability problem in
the square using biorthogonals.
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Other examples Letus also emphasize that our assumptions (4.4) are also satisfied
in other non-trivial cases, and in particular on cylinders [2,3] and on networks of
strings, for which under suitable assumptions (on the length of the strings and the
pattern of the network) one can derive norms of the form (4.7) for which (4.4)
holds, see [9].

4.4. Arbitrary Geometry

Despite the previous examples, the arguments developed here do not seem to
yield any explicit observability estimates for the heat equation out of the existing
unique continuation results for the wave equation in general, except in some special
geometries as the ones above, where a non-trivial norm ||-||,, satisfying (4.4) can be
made explicit.

In particular, situations in which the norm ||-||,. has the form in (4.7) are particu-
larly interesting. But this would imply (actually, these two properties are equivalent)
spectral controllability for the wave equation, a property which, to our knowledge,
is not known so far in general geometries.

Also note that, when the GCC fails, the existing unique continuation results on
the wave equation refer to estimates in classes of analytic solutions (see [20]) or
yield observability estimates depending on the frequency function of the solution
(see [34,36]).

Let us also point out that, so far, there is no evidence of multi-dimensional sit-
uation in which the best observability constant y needs to be different from d? /2.
The results of this paper show that in some cases, namely when S = d = d, this
constant is sharp, but do not give any hint of those possible pathological situations.

5. Further Comments and Open Problems

e The singular heat kernel. The equation (2.5) on k is ill-posed. However, we
have managed to find out an explicit solution. As mentioned in Section 3.1,
in finite time horizons, such kernels k7 solving (3.1) can be obtained using
the classical construction by Tychonoff on non-standard heat kernels, see for
example the textbook by JoHN [17], and some other related ones as those in
[13,18]. However, the estimates we have derived on the kernels functions k7
solution of (3.1) do not seem to be optimal, thus explaining why our approach
fails to provide sharp bounds on the finite time observability exponential cost.

e Lower bound for y. In view of the results in [12], the lower bound (1.8) on y
does not seem to be sharp. An interesting open question would be to improve
this lower bound on y. As we have seen, a reasonable conjecture would be
y = sup{d(xo, ®)?/2, xo € 2}, but this is still an open problem so far.

Of course, that would in particular imply that the results given in Theorem 1.1
are sharp when S = d.

e Exponential observability and control cost for 7 ~ 0. The problem of char-

acterizing the best constant C(7T') such that

T S2 ) T )
/ exp (_E) lz®lx df = C(T)/ Bz(t)lly dt (6.1
0 0
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holds is open. The constant C(T) in (5.1) is obviously bounded by the one

obtained in (1.17), but the latter is not explicit either when 7' ~ 0, since it has

been deduced from a compactness argument. However, for times T = Tg for

Ty large enough (see (2.27)), the constant C(7) in (1.17) and hence in (5.1)

can be chosen to be C(7p), which can be made explicit, following the details

of the proof of (2.28).

One could expect the constant C(7T') in (5.1) not to blow up exponentially when

T goes to zero. If this were true, according to [31], we would obtain (1.3) with

the optimal constant 7 = (S2/2)*, but this is a widely open subject, as we have

explained in Section 3.2. So far, the best constant in (1.3)is y = (35%2/2)7, as

obtained in [39] (Note that [12] does not yield any estimate on y, but only on y

in (1.2) when considering the 1-d heat equation observed from one boundary).

Observe also that, as pointed out in [43] and recently further developed in [27],

these estimates and their optimality are intimately related with the spectral

estimates by LEBEAU and ROBBIANO [22] on the observability of packets of
eigenfunctions.

One-dimensional heat equations with rough coefficients. Our results apply

for abstract heat and wave equations. Accordingly they can be used in the con-

text of heat equations with variable coefficients as well. For instance, in one
space dimension, as observed in [14], taking into account that sidewise energy
estimates provide explicit observability constants for one-dimensional wave
equations with BV variable coefficients in an optimal characteristic time, one
can obtain explicit observability estimates of the form (1.2) for the heat equa-
tion with BV coefficients too. Note, however, that the one-dimensional heat

equation is known to be observable for bounded measurable coefficients [1].

But that case cannot be treated by transmutation since the optimal assumption

for the wave equation being observable is the BV -regularity of the coefficients

[6]. Therefore it needs to be treated directly. As far as we know, the obtention

of sharp estimates on the observability constant is widely open in that case.

On the GCC condition.

1. Our result applies and yields a sharp observability constant under the GCC
and when S can be taken to be arbitrarily close to d. However, there are
cases in which the GCC holds but in a time S much larger than d and others
in which the GCC simply does not hold. Whether the lower bound (1.8) is
sharp in those cases is an interesting open problem.

2. In the absence of GCC the wave equation satisfies a unique continua-
tion property (Holmgren’s uniqueness theorem) stating that the observation
measures some very weak norm on the data. For instance, observability may
hold within the class of solutions generated by a finite number of eigen-
functions but with an observability constant that depends exponentially on
the frequency function (see [21,34-36]).

In that case, using the recent results in [34], our transmutation technique and

the iteration argument developed in [27] (see also [22] for the origin of this

idea), one can derive observability estimates for the heat equation (see [11]).

However, the weak observability estimates developed in [34] are given with

constants that are not given explicitly in terms of the geometry, thus yielding
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another question: Can we estimate precisely the constants coming into play
within the quantification of the unique continuation property for the wave equa-
tion without the GCC?
Another important question in that context is to understand whether or not
spectral controllability for the wave equation holds for the wave equation in
general geometry. To our knowledge, this is still an open problem, see [34,36]
for some partial results in that direction.

e Higher order parabolic equations. Our results also apply to the case of higher
order parabolic equations. For instance, the plate equation, given by

95y + A2y =0, (s,x) e R x Q,

y=Ay =0, (s,x) e R x 9%, (5.2)

is known to be observable through w in any time 25 > 0 when GCC holds in
some time Sg > 0 (see, for example, [23]).

Thus, in view of the results of the present paper, assuming that (w, 22, Sp) sat-
isfies the GCC for some finite Sy, for any y > 0, there exists a constant C y
such that solutions z of

Bz 4+ Az2=0, (t,x) eRy xQ, 53)
2=Az=0, (1,x) €eRx3Q '
satisfy
oo o0
Y
/ exp (=2) 201} ar < cy/ | Bz(0)]13 dr. (5.4)
0 0

The fact that y can be chosen arbitrarily small reflects that, very likely, in
this case, the observability inequality can be obtained with a less degenerate
weight function. Note that in the case of the heat equation the weights of the
form exp (—y/t) are optimal because of the scaling of the heat kernel.
This also shows the impossibility of getting observability properties for the
heat equation out of those on the Schrodinger equation by the methods in this
paper. Indeed, the observability of the Schrodinger equation is equivalent to
that of the plate equation (see [21]) and the latter, as mentioned above, leads to
the observability of the fourth order parabolic equation but not to the heat one.
e Fractional order parabolic equations. One could try to apply the same
method to fractional order parabolic equations of the form:

Hatz—i-(—A)“Z:O, (t,x) e Rx Q, (5.5)

=0, (t,x) e R x 3%,

with 0 < « < 1. This equation is well known to be null controllable for
« > 1/2 and the control property to fail for o < 1/2 [25,32].

But our transmutation method does not apply in this case in the sense that,
even if one can write the solutions of this system in terms of those of the
corresponding wave-like equation

Ossy + (=A)¥y =0, (s,x) e RxQ,

y =0, (s,x) e R x 022, (5.6)
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the latter fails to be controllable for « < 1. This can be easily seen in one-space
dimension by analyzing the spectrum of the fractional power of the Laplacian
that shows a growth of order A(n) ~ C n%® as n — oo so that the classical
uniform gap condition for /A (n) ~ C'/?n%, which is sharp for the control of
one-dimensional wave models of this form by means of Ingham type inequal-
ities, fails.

This is a further example of the fact that there are control results in the par-
abolic context that cannot be obtained from the hyperbolic one by means of
transmutation.
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