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UNIQUENESS AND STABILITY IN AN
INVERSE PROBLEM FOR THE
SCHRODINGER EQUATION.

Lucie BAUDOUIN Jean-Pierre PUEL *

ABSTRACT: We study the Schrédinger equation iy’ + Ay + qy = 0in Q x (0,7
with Dirichlet boundary data y|sqox (0,7 and real valued initial condition y|q o and
we consider the inverse problem of determining the potential ¢(x), = € € when
g—fﬂpox(oj) is given. Here ) is an open bounded domain of R™, I'y is an open sub-
set of 0F) satisfying a suitable geometrical condition and 7 > 0. More precisely,

from a global Carleman estimate we prove a stability inequality between ||p — ¢|| and

H O%—Ej’) — 6%—2’» with appropriate norms.

Keywords: Inverse problem, Schrodinger equation, Dirichlet boundary conditions.
AMS Classification: 35R30, 31B20

1 Introduction

Let N € N, T > 0 and let Q C RY be a bounded domain with C?2 -boundary 0f2. Let
I’y be an open subset of Of2.

Throughout this paper, we use the following notations :

y 2
Vv = ﬁ,..., v , D*v = O ,
0371 0.’L‘N &mﬁmj 1<i,j<N

N
0*v ,  Ov , 0%
Av = ; 87{[;12 , U = E and v = w 5

v € RY denotes the unit outward normal vector to 952,
ov

W = Vwv.v is the normal derivative.
v

*baudouin @math.uvsq.fr, jppuel @cmapx.polytechnique.fr, Laboratoire de Mathématiques Appliquées,
Université de Versailles Saint-Quentin, 45 avenue des Etats Unis, 78035 Versailles Cedex, France.




We consider the Schrédinger equation :

iy (z,t) + Ay(x,t) + q(2)y(x,t) =0, € Q, t € (0,T)
y(z,t) = h(z,t), 2 € 09, t € (0,T) 1)
y(z,0) = yo(x), x € Q.

~

This paper treats two kinds of inverse problems which can be stated as follows.

Non linear inverse Problem : Is it possible to retrieve the potential ¢ = ¢(z), = €
() from measurement of the normal derivative

9y
ov Tox(0,T)

where y is the solution to (1)?
In this direction, we will answer to two more precise problems.

Uniqueness : Under geometrical conditions on I'y, does the equality
y(a) = M onTy x (0,7) imply g = pon 2 ?
v v

Stability : Under geometrical conditions on I'g, is it possible to estimate ||g — p|| .2 ()
or better, a stronger norm of (p — ¢), by a suitable norm of

9y(q)  Oy(p) | 0
ov v Fox(0,T)

Indeed, we will only give a local answer about the determination of q. We will first
work on a linearized version of the problem and consider the following Schrodinger
equation :

w/(x,t) + Au(z, t) + g(x)u(z,t) = f(z)R(z,t), € Q, t € (0,T)
u(z,t) =0, z € 00, t € (0,T) 2)
u(z,0) =0, z € Q

Linear inverse problem : Is it possible to determine f(z), © € 0 from the
knowledge of the normal derivative

ou
OV |y (0,T)
where R and g are given and w is the solution to (2)?
In the case of the wave equation, the uniqueness result for the linear inverse problem

has been proved by M.V. KLIBANOV in [7] and a stability result of M. YAMAMOTO,
deriving from it, can be read in [13].



Here we set y = y(q) the weak solution to (1) and w = u(f) the one to (2). If we
formally linearize equation (1) around a non stationary solution, we obtain equation
(2). In fact, we notice here that if we set f = g — p, u = y(p) — y(q) and R = y(q)
on 2 x (0,T), we obtain (2) after substraction of (1) with potential ¢ from (1) with
potential p and linearization.

In our inverse problem, we have to determine a coefficient of a lower order term in a
Schrddinger equation from a single time dependent observation of Neumann data on a
part I'y of the boundary. On the other hand, there is another formulation for stationnary
inverse problems knowing the Dirichlet to Neumann map and the relation between the
two problems is not really clear. In this latter direction, results are given in [2] for the
stationnary Schrodinger equation which appear to be similar to ours.

Assuming that ¢ € L™ is a given function, we are concerned with the stability
around ¢. That is to say ¢ and y(g) are known while p is unknown. Later in section 53,
we will give a meaning to equation (1) when yo € L*(Q2) and h € L?(9Q x (0,7T)).
Of course, additional assumptions will be required on yg and & in order to obtain our
main result which states as follows.

Theorem 1. Let U be a bounded subset of L*°(Q2), ¢ € L () and y be a solution of
equation (1).
We assume

o € RN\ Qsuch that Ty D {x € 0Q; (x — x0).v(z) > 0},

y(g) € WH(0,T, L2 (),
Yo is real valued and |yo| > ro > 0, ae in Q.

There exists a constant C = C(Q, T, o, ||q|| L (), Yo, h,U) > 0 such that if

9y(q)  Oy(p)
191% v

€ Hl (OvTa Lg(FO))
then¥ p € U,

dy(q)  Jy(p)
||q _PHLZ(Q) <C Ha’/ - v

3

HHI(O,T;LZ(FO)) .

Remarks : 1) We have the same result if g takes its values in iR.
2) If we consider equation (1) on (—7T,T) and with y, taking its values in C, then,
under the formalism of Theorem 1, we can prove the estimate

dy(q)  9Oy(p)
v v

lg = pllos < C H ] |
Hl(fT,T;LZ(Fo))

A regularity result in the linear case, obtained in section 4, implies that the right
hand side of inequality (3) is finite under some additional regularity on y(q).



Corollary 2. Let U be a bounded subset of L>°(Q2) and q € L>°(Q).
We assume :

o € RN\ Qsuch that Ty D {x € 0Q; (x — x0).v(z) > 0},

y(q) € WH2(0,T, Wh(Q)),
yo is real valued and |yo| > ro > 0, aein Q.
Then there exists a constant C = C(Q,T,To, ||q|| e, Yo, h,U) > 0 such that
V p € U verifying ¢ — p € H}(Q),

dy(q)  Jy(p)

C g —plrza) < H <Cllg—rlui). ©@

v v HHl(O,T;LQ(Fo))

The condition on y(q) requires sufficient smoothness on ¢, yo and h and compati-
bility conditions for yo and i on 92 x {0}. In particular, |h(x,0)| > r9 > 0, z € Q2
must be satisfied since |yo ()| > ro > 0, ae in Q and h(0) has to be real valued.

The first inequality of Corollary 2 in (4) shows the stability of the nonlinear inverse
problem and gives uniqueness while the second inequality gives the continuous depen-
dance of the normal derivative of the solution with respect to the potential.

Many of the results we can refer to concern the wave equation. They are related
to the same kind of inverse problems of determining a potential, some of them ([10],
[13]) with a Dirichlet boundary data and a Neumann measurement and others with a
Neumann boundary data and a Dirichlet measurement ([5], [6]). These references are
all based upon local or global Carleman estimates. Nevertheless, in our approach, as in
[6] for example, in order to prove Theorem 1, we do not use any of the compactness-
uniqueness arguments which are required in [13] for the same kind of situation. Indeed,
our present proof is based upon a global Carleman estimate (Proposition 3) which leads
to the result in a direct way.

Up to our knowledge, the result of determination of a time independent potential
in Schroédinger equation from a single time dependent measurement on a suitable part
of the boundary is new. Let us notice that in the different context of Cauchy problem,
V. ISAKOV in [4] uses local Carleman estimates for the Schrodinger equation to prove
uniqueness of the solution.

This paper is organized as follows :

We first establish a global Carleman estimate for a Schrodinger equation with a
potential (Section 2). This estimate leads us to show a theorem describing uniqueness
and stability of the linear inverse problem (Section 3). The idea is inspired by O. Yu.
IMANUVILOV and M. YAMAMOTO [6].

Then, after recalling some classical properties of regularity concerning our equa-
tions we prove a two sided inequality in the linear case (Section 4).

In section 5, we complete the proof of Theorem 1 and Corollary 2 from the results
obtained for the linear problem. In section 6, under additional hypotheses, we finally



improve the result of Theorem 1 by showing stability for a stonger norm of (p — q),
using there an observability estimate proved from the same Carleman estimate.

2 A global Carleman estimate

In this step, we will show a global Carleman estimate concerning a function v = v(x, t)
equals to zero on 9 x (=T, T') and solution of a Schrédinger equation with a bounded
potential.

First, we assume that it is possible to find a regular and positive weight function
1 = 1(z) defined on RY and pseudo- convex with respect to the Schrédinger operator.
Indeed, we will suppose that v verifies the following properties.

o i € CHRY),
o Y(x) >0, Vz € Q,
o [Vi(z)| > >0, Vo € 9,
e 3A; >0,3e>0 suchthatVE e RY, V> Ay,
AV, €2 + Dy (€,€) > e |¢]? (5)
o Vipv <0, Vo € 90\ Ty.

A classical answer to the problem of choosing a weight » and a geometrical condi-
tion upon I'y is the following :

its) ERN\Q
Y=l — ol ©)
Ty D {x €09, (x —x).v(z) >0}

In this case all the required conditions are satisfied.

Then, for s > 0 and A > 0 we define on Q2 x (=T, T') the functions ¢ and ¢ by

(@) o — M)

B T I ey )

where o > || || oo (). We also set Lv = iv’ + Av + qu.

Proposition 3 (Carleman Estimate). Ler ¢ € L®(Q), |lqllr~ < m and let 1, 0
and ¢ satisfy the above conditions. There exists Ag > 0, s > 0 and a constant
M=M(Q,T,Ty,B,e,m, Ao, so) > 0 such that



forall A\ > Ay and for all s > s,

T T
s)\/ / |Vo2e 2% dadt 4 s \* / / |v|2e=25¢ dadt
-1Jo -7JQ

T ~ ~
+ / / (|P11)|2 + |ng\2) e 2% dadt @)
-7JQ

T T v 2
< M/ /\Lv|2e—2wdxdt+MsA/ / 9‘
-TJQ -7 JTy, ov

e~ 25°Vep.v dodt.
for all v satisfying

Lv e L(Q x (~T,T)),
vE Lz(fTvT; H&<Q))7

dv 2 .72
% €L (_T7 TaL (FO))v

where ]31 and ]52 will be defined later by (8) and (9).

Proof :
We can refer to [1] for the general method. The main idea consists in setting v = e*Yw
and calculating

Pw = e *?L(e*?w).

Thus we have
Pw = iw' +is¢'w + Aw + 25sVp.Vw + swAp + s%|Vo|*w + qu,

and we set
Piw+ Pow = Pw — quw
where
Piw = iw' + Aw + s%|V|?w,
Pow =isp'w + 2sVp.Vw + sApw.

We just have represented Pw — qw as the sum of adjoint (P;) and skew-adjoint (P)
operators. Then,

T T T
/ /|Pw—qw|2dxdt = / /\P1w|2dxdt+/ /|P2w|2dxdt
-rJo -1 Jo -1 Jo
T
—|—2Re/ /lePgw dxdt,
-1 Jo

where Z is the conjugate of z and Re(z) its real part.

Aswv € L*(=T,T; H}(Q)) and v € L*(~=T,T; H1(Q)) (because Lv € L*(Q x
(=T,T))), wehavev € C([-T,T); L*(2)) andw € C([-T,T); L*(Q2)) with w(z, +£T) =
0.



We will first look for lower bounds for

T
Re/ / lePgw dl’dt,
—rJo
reminding that
Piw = iw + Aw+ s*|Voltw,
Pw = —iso'w+2sVp. VW + sApw.

We multiply each term of P;w by each term of P,w. The properties of w and some
integrations by parts allow to write the following equalities.

T T
I = Re/ / iw' (—isp'w) dedt = —f/ / ¢ |w|? dadt.
—-rJo 2 J)-rJa

Writing Im/(z) for the imaginary part of z € C, we have I'm(z) — Im(zZ) = 2Im(z)
T
and taking z = 25\ / / OV Vww' dzdt, we show that :
-1 Jo

T
Iy = Re/ /iw'(QSVgo.VE)dmdt
-TJa
T J—
= S)\Im/ /9(A¢+A|V¢\2)ww’dxdt
-TJa
T
— s\ Im/ /G’wvw.VEdmdt.
-TJa
Moreover, since I'm z = —I'm z, then :

T T
I3 = Re/ / iw' (sApw) dedt = —sA Im/ O(Ap 4+ NV |2 ww' dodt
—rJa -1 Jo
T
and since Im/ / ©'Vw.Vwdzdt = 0,
~rJa

T T
I, = Re/ / Aw(—isp'w) dzdt = s\ Im/ / 0wV . Vw dzdt.
T JQ T JQ

0
The next inequality uses the fact that Vw = a—w von 9 x (0,T) because w = 0 on
v
00 x (0,T):



T
Iy = Re/ /Aw(QSVgo.V@)dxdt
T JQ
T
- —SA/ /9(A¢+/\\V1/J|2)\Vw|2dxdt

- s)\/ /
o0 31/

+25)\2/ /0|V1/).Vw|2dxdt

oY Ow ow
2 -
A Re/ / > . 0w, 0x; 0z, ©

Vip.v dodt

Using integrations by parts we obtain :

T
Re/ /Aw(sAgo@) dxdt
-TJQ

T
s)\/ /9(A¢+A|V1/J|2)|Vw|2dxdt
T JQ

A T
7/ /9A2w|w|2dxdt

2
_ A / /9|A¢|2+2V¢ V(AY) + A(VER)|w]? dedt

Io3

—s)\3/ /9(|V¢|2Aw+V¢.V(\V¢|2))\w|2dmdt

4
_ s / /9|w;| |w|? dadt,

and we obviously have
T
Iy = Re/ /SQ\VMQw(iS@’E)dxdt:O,
-rJa
T
Iz, = Re/ /sﬂchFw(?chp.Vﬁ)dmdt
-rJa
T
= N [ POV AY + T (TPl dedt
-rJa

T
+333A4/ /93|v¢|4|w\2dxdt,
T JQ



and

I3

T
Re/ /52|Vg0\2w(sAcp@) dxdt
-7JQ

T T
—s3>\3/ /93|V1/J\2A2/J|w|2dxdt—s3)\4/ /03|Vz/1|4|w|2dxdt.
T JQ T JQ

These four last equalities explain why we required ¢ € C*(R"™).

Thereafter, we obtain :

+

/ / PywPyw dxdt =
/ / ¢ |w|? dzdt — 25\ Im/ / 0'wV.Vw dedt
s/\/ / ow
oQ

28\ Re/ / 0D*(Vw, Vo) drdt — —/ / 0A%Y|w|* drdt

Vz/).z/dodt—i—Zs)\Q/ /9|V¢.Vw|2 dxdt

2
g / DAL + 296.9 (Aw) + A(TY[) wf? dadt
Q
s/\?’/ O(|IV o 2AG + V.V ([Vo ) [w]? dedt
Q
sA* 2 313 r 3 2 2
/ /9|w| (|2 dadt + 557 /4/99 V. V(I V[2)|wl? dedt

233)\4/ /93|V¢|4|w|2dxdt.
T JQ

We call X the terms which are neglectible within respect to

T T

5A2/ /0|V1/).Vw\2da:dt or 33/\4/ /93|V1/)\4|w|2dmdt.
—_TJQ -TJQ

Then :

X1

T T
—f/ /cp”|w|2dxdt—2s)\ Im/ /QledJ.V@dxdt
2J)-rJa T JQ
T
—A/ /0A2w\w|2d:cdt

2
s / /9 |AY|2 + 2V V(AY) + A(|V|2))|w|? dwdt
s)\3/ /9(|w|2mp+vw.V(|w|2))|w|2dxdt

4 T
52 / /e\vw |w|2dxdt+33>\3/ /03V¢.V(|V¢|2)|w|2dxdt.
T JQ



Now, we can notice that :

T T
1) s\ Im/ /G’wvw.dexdtg S)\/ /(9’)%|V¢.vw|2dxdt
—_TJQ -TJQ

T
JrS)\/ /(0')%\w|2dxdt,
-1 Jo
2) aissuchthat o >00nQ x (=T,T),

3) 10| <CO3 10| < CO* and |¢"| < CO> on (~T,T) x Q, C = C(T) > 0.
Then,

T T
1Xi| < C’S)\/ /9|v¢.vu;|2dxdt+cs/\4/ /9|w|2dxdt
T JQ T JQ

T
+Cs3)\3/ /93|w|2dxdt.
—-TJQ

We can also write :
T T
Re/ /lePgwdacdt > X1+25>\2/ /9|V¢.Vw\2dxdt
—T JQ —TJQ

T
+ 25\ Re / / 0D*(Vw, Vw) drdt
T JQ
T
+233A4/ /93\v¢|4|w|2dxdt
T JQ

T 2
ow
— s)\/ / 0
—1rJaq | OV

—| Vy.vdodt.

Moreover,

T T T
/ /|owqw\2dzdt§2/ / \Pw|2dxdt+2/ /q2|w\2d:cdt.
T JQ T JQ T JQ

Therefore, from these two last inequalities and if we impose
V(@) >8>0, Vo e€Q,

we obtain :

T T
452 / / 0|V . Vw|* dedt + 4s\ Re / / OD?*y(Vw, V) ddt
T JQ T JQ

T T
+433/\4ﬁ4/ /03|w|2dxdt+/ /|P1w|2+|P2w|2dxdt
—_TJQ -TJQ

T T
< 2|X1\+2/ /|Pw|2dxdt+2/ /q2|w|2dxdt
-rJo -rJo

T 2
+2s)\/ / 0 a—w
—T7 Jon 31/

Vip.v dodt.

10



Hence, it is clear that if we take A > A5 and s > s¢ large enough, then

T
/ / ¢*|w|? dzdt and all the terms of X; will be absorbed by the two dominat-
-1 Ja

ing terms of the left hand side. Then, we see there exists M; > 0 depending on
Q, T, m, 3, Az, sgp and independant of s and A such that

T T
sA? / / 0|V Vw|? dzdt + s\ Re / / 0D*(Vw, Vw) drdt
—-TJQ —-TJQ

T T
+ s3>\4/ /93|w|2dxdt+/ /(|P1w\2+\P2w|2)dxdt
—TJQ T JQ

T T ow |?
< Ml/ /\Pw|2dxdt—|—M1 5)\/ / 0)|—
_rJa _rJoa |0V

V.v dodt.
At this step, applying condition (5) on 1, we obtain that V A > Ag, where Ay =

max(Ag, A1),
T T )
55)\/ /9|Vw|2dxdt+s3>\4ﬂ4/ /93|w|2dzdt
T JQ T JQ

T T
+ / /|P1w|2dmdt+/ /|P2w|2dxdt
—_TJQ -TJQ

T T Sw
< Ml/ /|Pw|2dxdt+Mls)\/ / 0|
_rJa _rJoa |OV

Let us remark that ¢ > 0 on (=7,7) x £ and Vi¢p.v < 0 on 90 \ I'g. Then, by
modifying the constant M; into Mo = Ms(Q, T, m, 3, e, Ao, so) > 0 we obtain :

T T
s)\/ /|Vw|2dxdt+s3)\4/ /|w|2dxdt
—TJQ T JQ

T
+/ /(|P1w\2+|P2w|2)dxdt
T JQ

T T aw
gMQ/ /|Pw|2dxdt+M25)\/ / 0| —
—-TJQ —T JTy ov

We can now rewrite our inequality with v instead of w. We have

joPe 2 = Jul?,

e 22|Vl = |V + sVeuw|? < 2|Vuw|* + 25%|Vo|*|w|?,

2
V.vdodt.

2
Vip.v dodt.

2 2
9 em28Y = ow on 05,
v v
Pw = e *?L(v),
and defining
Piv = e*¢ Pw, ®)
Pyv = %% Pyw, ©)

11



we finally show (7) : IM = M(Q,T, T, 8,e,m, Ao, so) such thatV s > so, V A >

Ao,
T T
s)\/ /\Vv|26_2‘w da:dt+33/\4/ /|v|26_23‘pdmdt
—TJQ T JQ

T
+ / / (|P1v|2 + |P2U\2) e 2% dadt
-1JQ

T T 8’0
< M/ /\Lv|26*25¢dxdt+MsA/ / e‘
-TJQ _rJr, |0V

Hence the end of the proof of Proposition 3. O

2
e~ 2 Vp.v dodt.

Remark : Under the conditions upon 1), we can notice that fe~2%% and Vi).v are
bounded on (—T,T) x T'g and replace

T ov |? T
/ / 9‘ e~ 2¢Vip.v dodt by 0/ /
—T JTg v —T JTg

We knew, from counter-examples that a geometrical condition was necessary and
the choice of I'y given in (6) is very usual. Indeed, E. MACHTYNGIER [9], R. TRIG-
GIANI, P.- F. YAO and I. LASIECKA in references [8], [11] and [12] used that kind of
open set of the boundary. In [9], E. MACHTYNGIER shows an observability inequal-
ity which estimates initial data by boundary Neumann data for a Schrédinger equation
without a potential on I'g = {x € 9Q; (x — x¢).v(x) > 0} using a multiplier identity
and Holmgren’s uniqueness theorem. Moreover, observability inequalities are techni-
cally related to our inverse problem (see [13] and section 6). The reference [11] is
based on Carleman estimates, that R. TRIGGIANI proved for a more general kind of
coupled Schrédinger equation and applied it to exact controllability. However, both of
them are not directly applicable to obtain the result we are expecting.

ov |?

3 Stability in the linear case

We first consider the linear inverse problem and give the following result.

Theorem 4. Let ¢ € L*°(§2) and u be a solution of equation (2).
We assume that
Ty satisfies (6),

R e Wh(0,T,L®(%)),
R(0) is real valued and |R(x,0)| > ro >0, aein Q.
There exists a constant C' = C(0, T, ||q|| o (), R) > 0 such that if

ou 1 o
5 €H (O7T7L (FO))7

12



then,
ou

v (19)

I fllz2 o) < C‘

HY(0,15L2(T0))
Proof : 5
As we need to estimate 8—” in H'(0,T; L?(I'y)) norm, we work on the equation satis-
14
fiedby v = v’ :
w'(z,t) + Av(z,t) + q(x)v(z,t) = f(x)R (x,t), z € Q, t € (0,T)
v(z,t) =0, x € 0, t € (0,T) (11)
v(z,0) = —if(z)R(z,0), z € Q

The Carleman inequality we just obtained is the key of the proof. We extend the
function v on Q x (=7,T) by the formula v(z,t) = —v(x, —t) for every (x,t) €

Q x (=T,0). Since R(0) and f are real valued, v € C([-T,T]; H3(£2)) and ? €
v

L?((=T,T) x T'). We also extend R on Q x (=T, T) by the formula R(x,t) =
R(x,—t) for every (z,t) € Q x (—T,0) and if we denote the extention of R’ by the
same notation, then R’ € L?(—T,T; W1°°(Q)). Thus, v satisfies the same equation
(11), setin (=7, 7).

We set w = e~ %0, Plw = iw’ + Aw + s%|Vp|?w and e~%¥Plv = Pyw as in

section 2 and we define :
O ~
I= Im/ / Pyv e 297 dxdt.
-TJa

On the one hand,

0
I = Im/ /le@dxdt

-rJo
0

= Im/ /(iw’—i—Aw—i—sz\chFw)@dxdt
-7Jo
0 0

= Re/ /w'@dxdt—lm/ / ([Vw|* = s*|Vo*lw|?) dzdt
-t Ja -rJo

1 /0 ’
_ 5/ /(\w|2) dardt
T JQ

= 1/\w(ac,O)|2dx
2 Jo
= 5 [ @R 0)Pe 0 do
Q

On the other hand, Cauchy-Schwarz inequality and Carleman estimate stated as in

13



Proposition 3 in section 2, give :

T N 3 T 3
/ / |Pyv|?e 2% dxdt / / |v|2e™25¢ dadt
—TJQ T JQ

I <
3 T T v 2
< 572 M/ / |fR|2e~25% dxdt—i—Ms/ / 0| —| e *?Ve.vdodt
-TJQ —rJr, |0V
Then, p(z,t) = - is such that e=25¢(@1) < ¢=25¢(2.0) for all 2 €
DAY S T (T ) =

and t € (=7, T) and it is easy to see that under the conditions satisfied by 1, fe=25¢
and V).v are bounded on (—7',T) x I'g. Therefore
2
dadt) .

T T
I<s73 M/ / |fR[2e=25¢@0) dpdt 4 Ms/ /
—-TJQ =T JTo

Moreover, using the definition of the extensions of v and R/, we easily get

T T 2
I<s % (M/ |fR’|2€_25“’("”’0) dxdt—FMs/ / dadt) )
0o Jo 0o Jro

From R € WbH2(0,T, L°°(2)) and | R(x,0)| > ro > 0 ae in Q, we deduce that :

v
ov

v
ov

Jgo € L*(0,T), |R (z,t)| < go(t)|R(x,0)|, Vz € Q, t € (0,T).

Hence we have :

IN

T
Ms / / P90 PIR(O) e 22 drdt
0 Q

LT
+ Msif/ /
0 JTy

But go € L?(0,T) = fOT lgo(t)|? dt < K < +o00 and so we write

[/Q @) R, 0) P20 dx} (1 S ) < Ms~h /OT /r

Then, if s is large enough, (s > (MK )%), we see that there exist a constant C' =
C(M, s) > 0 such that :

T
[isa@ripeope e wse [
Q o Jro

J— a—1
Since |R(z,0)| > 7o > 0, ae in Q and e=25%¢(=0) > 72572 > (0 Vz € Q, we

obtain .
[@pa<c | /

14

/ FPIR(0)2e25© dy
Q

ov?

2
dodt.

dv
ov

ov|?

ov |2
—| dodt
ov a4t




and itis (10) :
ou
2 < —
Ifll2) < C HaV

H'(0,T;L?(Ty)) .

Therefore, Theorem 4 has been proved. O

Remark : if we replace the assumption “R(0) is real valued” by the following
“R(0) takes its values in iR” , using the same idea, but with a different extension of v
and R, we will be able to prove the same result.

Corollary 5. Let u be the solution of equation (2) and T'g given by (6).
We assume :
g€ L™(Q), Re W"2(0,T,W->(Q)),

R(0) is real valued and |R(z,0)| > o > 0 ae in Q.

Then, there exists a constant C = C(Q,T, ||q|| L~ (), R) > 0 such that for all f
HYQ) :

_ Ju
il < 5 < Ol (1)

H'(0,T5L%(T0))

The proof will be given in the following section.

Remark : It follows from Theorem 4 that

0

(;:0 on (O,T)XF()) = (f=0on Q)
v

and it corresponds to the uniqueness result, for the linear case, proposed in section

1. In the non linear situation, we easily show uniqueness by choosing f = ¢ — p,

u=y(p) —y(¢g) and R = y(p) on Q x (0,T).

This result can be writen in the following way :

Theorem 6. Let p € L>(Q) and q € L (). We assume that y(p) or y(q) belongs
to H/l’Q(O, T, W12(Q)), yo is real valued and |yo(z)| > ro > 0 almost everywhere

in Q).
dy(q)  Oy(p)

If 5 = oy on (0,T) x 'y, then ¢ =ponQ.

4 Existence and regularity properties

The estimates we will need to prove Corollary 5 can be summed up by the following
lemmas.

Lemma 7. Let us consider

iy (x,t) + Ay(x,t) + q(x)y(x,t) = g(z,t), v € Q, t € (0,T)
y(z,t) =0, x € 0Q, t € (0,T) (13)
y(x,0) = yo(z), z € Q

~
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where ¢ € L>(Q), yo € HY(Q) and g € X, with X = L*(0,T, H(Q)) or X =
WLH0,T, L?(Q)). This equation admits a unique weak solution

y € C([O,T},H&( )) such that the mapping (g,y0) — % is linear and continuous
)

from X x Hj(Q) to L*(T x (0,T)) and 3C = C(, T, ||q|| L= (o)) > 0 such that :

vte 0,7), ly®luye < C (lvolmy + lolx) (14)

< € (JIyoll iz + lgllx) (15)

Hau

L2(T'x(0,T))

Proof :
Concerning estimate (14), we can refer to [3]. It is a classical result which can be for-
mally obtained by two manipulations using Gronwall inequality. In a first time we have

to work on “Im/ (13).7 dz” and show that if yo € L*(Q) and g € L'(0,T, L*(Q2))
Q
then (13) admits a unique solution y € C([0, 7], L*(Q2)) such that V ¢ € (0,7T),

ly@)llz2) < C (lwoll L2y + gl o,7,220)) -

Then, in a second time, working on “Re / ( 13).? dx”, we manage to obtain (14) in
Q
both of the two cases for space X.

Estimate (15) can be deduced from this other result :

Lemma 8. Let v = y(x,t) € C*(Q x (0,T),R™). Under the same hypothesis as in
the preceding lemma, the following multipliers identity holds for every weak solution
of (13) with initial data yo € H} () and g € X :

T T
/ /7.u|@|2 dadt:Im/ y’y.V@d:v

+Re / / yV(divy). Vg dadt + 2Re / / Z glﬂ gj gxy dadt
4 i J

—2Re/ / qyy.-Vydxdt — Re/ / qly|? divy dzdt
0o Ja 0o Ja

T T
+2Re/ / gv.-Vydzdt + Re/ / gy divy dzdt.

0o Ja 0o Ja

We first obtain this identity for very regular data g € W(0,7,D(f2)) and 3o €
D(Q) by calculating

T
1
" Re/ /(13).(7.Vy+ 5@ divy) dadt .
0o Ja

and the result holds by integration by parts. At this step, reference [9] gives a similar
result for the Schrodinger equation without potential. Then, by density, the estimate

16



holds true for every solution of (13) with initial data yo € Hg () and g € X.

We finally choose v = v(x) € C%(Q2 x (0,T),R") such that v = v on the C?-
boundary ). Then v.v = 1 on (0,T) x 9 and applying estimate (14) with Lemma
8, we manage to obtain estimate (15). O

Proof of Corollary 5 :
Since f € HA(2) and R € Wh2(0, T, WH>(Q2)), we have fR' € L*(0,T, H}(Q))
and fR(0) € H}(Q). Thereafter, we know that equation (11) has a solution v €
0
C([0,T]; H}(Q)) and it also implies a—v € L?((0,T) x I'). Of course, the left in-
1%
equality in (12) derives from Theorem 4. Besides, from Lemma 7 :

HaV L2((0,T)xTo) HaV

L2((0,T)x0%)
< C (1RO + 17 R 07,1300 )
< Clflla e
This proves the right hand side of inequality (12) and the proof of Corollary 5 is com-
plete. (]

5 Proof of Theorem 1 and Corollary 2

We would like first to give a meaning to equation (1) we are studying.

Lemma9. Let ¢ € L*°(Q), yo € L%() and h € L?(99Q x (0,T)). Then, there exists
a unique solution

y € C([0,T], HH(Q)) N H~1(0,T, L*(2)),
defined by transposition, of the problem (1) :

1y (x,t) + Ay(z,t) + q(2)y(z,t) =0, z € Q, t € (0,T)
y(z,t) = h(z,t), xEBQ,tG(O,T)
y(x,0) = yo(z), x € Q.

s

Proof :
We define the adjoint system

i+ Ap+qgp=g, in Qx(0,T)
v =0, on 002 x (0,T)
o(T) =0, in Q

It is well-known that we have the following regularity properties about this Schrodinger
equation :

17



a)If g € L'(0,T, H}(2)) then ¢ € C(|0,T], H}(Q)) and g—f € L3(T" x (0,7))
(Lemma 7).

b)If g € HE(0,T, L*(Q)) — W11(0,T, L?(Q2)) then ¢ € C([0,T], H?*(£2)) and

0

a—f e O([0,T), H? ().

Indeed, we first have ¢ € C([0,T7], L*(Q2)). The study of the equation satisfied by ¢’
gives p € C1([0,T], L*(9)) and that leads to Ap = g—qp—i¢’ € C([0,T], L*(Q)).

Then ¢ € C([0,T], H2(2)) and its normal derivative is in C([0, T], Hz (9R)).

We say that y is a solution of (1) in the transposition sense if and only if it is
possible, for every g, to give a meaning to

T T 8¢
/ / gy dxdt = z/ yop(0) dx + / / h— dodt.
o Ja Q o Joo OV

We take g € D(0,T,D(2)). By density in L(0,7, H}(Q)) and Hi (0,7, L*(Q))
we are able to define y € L>°(0,T, H~1(Q)) N H~(0,T, L?(Q2)) with ¢ € L>(Q),
yo € L*(Q) and h € L2992 x (0,T)).

We refer to [9] for the transposition method concerning the Schrodinger equation
and the way to prove that we finally obtainy € C([0,T], H=1(Q))NH~1(0,T, L*(Q)).
Nevertheless, we would like to underline that the important point here is that we have
a potential ¢ € L*°(2) and we have to give a meaning to gy (indeed, we proved that
qy € H7Y0,T; L3()), since y € H~(0,T; L?(£2))). Let us also notice that the

0
regularity we obtain in y implies a—y € H2(0,T; H-3(I)). O
v

Thereafter, we define u = y(p) — y(g), which verifies :

iu' + Au+ pu= (¢ —p)y(g), in Qx (0,T)
u=0, on 90 x (0,T) (16)
u(0) =0, in Q.

The key of our proof is that in the linear case, all the constants depend on the L°° norm
of the potential. Then, since p € U, where U{ is bounded in L°°, we are in fact, with
(16) in a situation similar to the linear case (2).

Proof of Theorem 1 :
We have y(q) € W2(0,T, L°(£2)) and we know that

Wh2(0,T, L®(22)) € C([0,T], W">(Q))

then we have y(z,0) = yo € L>(Q). Thus, hypothesis |yo(x)| > ro > 0, ae in Q
makes sense and we can apply the result of Theorem 4, which leads to :

ou
g - Pl < C Ha |
Va1 (0,1;02(T0))

18



And the proof of Theorem 1 is complete. (]

Proof of Corollary 2 :

We assume that y(gq) € W12(0, T, W (Q)) and ¢g—p € H}(Q2). Then, it comes (q—
p)y(q) € WH2(0,T, H}(2)) and there exists a unique solution u € C([0, T, H} (£2))
to (16).

We are in the same situation as in the linear case (2) and we can apply the result of
Corollary 5 which leads to :

<Cllq— P||H3(Q)-
H1(0,T;L2(To))

ou
C g — <=
lq pHL2(Q) < HaV

It means that there exists a constant C' = C(Q, T, T, |lq|lL=, Yo, h,U) > 0 such
that for all p € U satisfying ¢ — p € H}(Q),

9y(a)  9y(p) H

ov 0

Ol - plloey < H < Cla - plas o

H'(0,T;L?(Tg))

and the proof is complete. U

Remark : The importance of Carleman estimate being global has to be underlined.
It is also well shown, in reference [6], how a global Carleman estimate leads really
faster to a conclusion in a non linear situation for the wave equation. We can refer
to [13] for a situation using only a local estimate with a weaker result. Indeed, to
prove a stability inequality in a non linear situation from the knowledge of the linear
case, an observability inequality and a compactness-uniqueness argument are required.
However, to improve our results, we will precisely use an observability estimate.

6 Improvement of the symetry of the two-sided esti-
mates

It is known that for the wave equation, a symetric two sided estimate can be shown, for
instance in [13]. The result obtained for the Schrodinger equation in Corollary 2 is not
symetric in terms of the norms of (p — ¢). We will here improve the result of Theorem
1 under slightly stronger regularity hypothesis on y(q).

Proposition 10 (Observability Estimate). We assume q € L*°, 2y € H3(Q2) and T is
given by (6). If z is the weak solution of

17/ (z,t) + Az(z,t) + q(z)2(z,8) =0, z € Q, t € (0,T)
z(xz,t) =0, z € 09, t € (0,T) 17)
z(x,0) = zo(z), z € Q

then, there exists a constant C = C(2, T, To, |||/ ) > 0 such that
0z

Oov (18)

20|y < C

L2(0,T;L2(Ty)) .
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Proof :

It is a well-known consequence of the Carleman estimate (Proposition 3).

Let 0 < Ty < 17 < T. First of all, since all the needed conditions are satisfied (from
Lemma 7), we can apply Proposition 3 to the weak solution z of (17).

Remark : Some changes are made. We work on [0, T'] and with

A (@) o — M)

O(x,t) = TT =1 o(z,t) = TT—

Then we have :

T T T
/ / |V2[2e 25 dadt + s\ / / |z2e 2% dxdt < M / /
0o Ja o Jo 0o Jro

and since e =2%? > ¢ > 0 on [Ty, T1] x €, it means that :

0z

2
£y dodt

0z
21 2 (7,152 (02)) < C HaV

L2((0,T)xTo)

Let x € C*°(0,T) be a function such that 0 < x(¢t) < 1, V¢t € [0,T], x = 1 on
[0,To] and x = 0 on [T3,T]. Then, x’ = 0 on [0, Tp] U [T1, T and we obtain

0z
X2l L2 0,112 (2)) < C Ha’/

L2((0,T)xTo)
with C = C(x). Moreover, w = xz satisfies :

iw' + Aw+ quw =ix'z, in Qx (0,T)
w=0, on IQx (0,T)
w(T)=0, in Q.

Then, applying again Lemma 7 and since x'z € L?(0,T; H}(12)), we have
||w(t)HH3(Q) <C ||X/ZHL2(O,T;H01(Q))5 Vtelo,T].
Therefore, with ¢ = 0 and recalling that w(0) = z, we obtain :

%
ov

)

L2((0,T)xTg)

20l 2 ) < ClIX 2l 200,113 (02)) < C
0 0

what proves the inverse inequality (18). (]

Thereafter, we manage to obtain better stability results about our inverse problem.
The main idea is to use this observability estimate and the price to pay is to assume
more regularity on the given function R and to obtain a result with non explicit con-
stants that we had till now.
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Theorem 11. Let g € L°°(§2) and u be a solution of equation (2).

Assume that
Ty satisfies (6),

R e W"2(0,T,W">(Q)) n W'(0,T; L=(1)),
R(0) is real valued and |R(z,0)| > ro > 0, ae in Q.

Then, there exists a constant C = C(Q,T, T, ||q|| =), R) > 0 such that for all
f e Hy(Q),

- ou
™ g < |5 < 11 lggo 19)

H'(0,T;L2(T))

Proof :
We work on equation (11), satisfied by v = ' :

' (z,t) + Av(z, t) + g(z)v(z,t) = f(x)R (x,t), z € Q, t € (0,T)
v(z,t) =0, z €09, t € (0,T)
(x,0) = —if(z)R(x,0), z € Q

<

We introduce :
iz’ + Az4+qz=0, in Qx(0,7)

z=0, on 90 x (0,T)
z(0) = —ifR(0), in Q
and
i+ Ap+qp=fR, in Qx(0,T)
=0, on 092 x (0,7T)
0(0) =0, in Q.
Then,

v(z,t) = z(z,t) + p(z,t), z€Q,te(0,T).

On the one hand, as we have R € W?21(0,T, L>°(Q)) and because of Lemma 7, we
can write :

9
ov

< C|fR lwriorez@) < Cllfllr2o)-
L2((0,T)xT)

On the other hand, since R € W2(0, T, W1:°°(Q)) the observability inequality gives

0z

1 < —
ROy < € |5

L2((0,T)xTo)

Moreover, we have to notice that if R(0) € W1°°(Q) and |R(x,0)| > ro > 0, then
1

RO) € Whe(Q) and it yields

1 1z 0y < ClIFRO) g 0)-
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We finally obtain :

ov
By +C | fll2)-

[ fllzi) < C H
L2((0,T)xTo)

Then, writting this estimate with u and applying Theorem 4 to take away the term
| fll2(q). we obtain the left hand side of (19).

To conclude, we can directly apply Lemma 7 to (11) since f € H}(Q) and R €
Wh2(0, T, W1°(Q)). We then obtain :

v
ov

IN

CIFRON a2y + CIUFR | L2 o.mm3 2

< Clflla -

Since v = u’/, we actually know there exists a strictly positive constant C' depending
on Q,T,To, ||lq|| o (o) and R such that

L2(0,T;L3(T0))

A

ou
B9 < C||f||H(}(Q)

CileHH(%(Q) < H
H1(0,T;L2(To))

and the proof of Theorem 11 is complete. U

As for the proof of Theorem 1 and Corollary 2 in Section 5, we can derive from
Theorem 11 the following one.

Theorem 12. Let U be a bounded subset of L>°(Q)) and q € L*°(2). Assume that
[y satisfies (6),
y(q) € WH2(0, T, WH(Q)) n W (0, T, L(92)),

Yo is real valued and |yo| > 1o > 0, ae in Q.
Then, there exists a constant C = C(Q, T, o, ||q|| Lo, Yo, h,U) > 0 such that ¥V p €
U verifying g — p € HF(Q),

N oy(q) 9y(p)
ct HP_QHH(%(Q) < Hal/ T o

\ < Cllp - alluyo.
H'(0,T;L2%(T0))
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