CONTROL FOR SCHRODINGER OPERATORS ON 2-TORI: ROUGH
POTENTIALS

JEAN BOURGAIN, NICOLAS BURQ, AND MACIEJ ZWORSKI

ABSTRACT. For the Schrodinger equation, (i0; + A)u = 0 on a torus, an arbitrary non-
empty open set (2 provides control and observability of the solution: |lu|i=ol/z2(r2) <
Krllull2(0,11x0)- We show that the same result remains true for (i0; + A — V)u = 0
where V € L?*(T?), and T? is a (rational or irrational) torus. That extends the results
of [1], and [8] where the observability was proved for V € C(T?) and conjectured for
V € L>°(T?). The higher dimensional generalization remains open for V € L (T").

1. INTRODUCTION

The purpose of this paper is to prove a case of the conjecture made by the last two
authors in [8]. It concerned control and observability for Schrodinger operators on tori
with L potentials. Here we prove that for two dimensional tori the desired results are
valid for potentials which are merely in L?.

To state the result consider

T? .= R?JAZ x BZ, A,BeR\{0}, V € L*(T?),

(1.1) (—A+V(2) = NMu(z) = f(2), z€T?
and
(1.2) iOu(t, 2) = (A + V(2)u(t,z), z€T?,

The first theorem concerns solutions of the stationary Schrodinger equation and is ap-
plicable to high energy eigenfunctions:

Theorem 1. Let Q C T? be a non-empty open set. There exists a constant K = K (),
depending only on Q, such that for any solution of (1.1) we have

(1.3) [l z2erzy < K ([[fllz2er + lullz2) -
Theorem 1 can be deduced from the following dynamical result:
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Theorem 2. Let ) C T? be a non empty open set and let T > 0. There exists a constant
K, depending only on Q, T and V', such that for any solution of (1.2) we have

T
(1.4) HU(OH)H%%T?) < K/o ||U(t>')||i2(ﬂ)dt-

An estimate of this type is called an observability result. Once we have it, the HUM
method (see [17]) automatically provides the following control result:

Theorem 3. Let Q C T? be any nonempty open set and let T > 0. For any ug € L*(T?),
there exists f € L*([0,T] x Q) such that the solution of the equation

(10, + A = V(2))u(t, z) = flpmxalt, 2), u(0, @) = ug,

satisfies

In the case of V' = 0 (and rational tori) the estimates (1.3) and (1.4) were proved by
Jaffard [13] and Haraux [12] using Kahane’s work [15] on lacunary Fourier series. For V' €
C>°(T?) the results above were proved by the last two authors [8] and for a class potentials
including continuous potentials on T", by Anantharaman-Macia [1]. The paper [1] resolves
other questions concerning semiclassical measures on tori and contains further references;
see also [4]. For a presentation of other aspects of control theory for the Schrédinger
equation we refer to [16] — see also [6, §3].

The paper is organized as follows. In §2 we present dispersive estimates which allow
approximation of rough potentials by smooth potentials. In §3 we refine some of the one
dimensional observability estimates and show that they hold for potentials W € LP(T?),
p > 1. The next §4 is devoted to semiclassical observability estimates for a family of smooth
potentials compact in L?(T?). In the following section an observability result is proved for
general tori with constants uniform in a compact set in L? (Proposition 5.1 i). Combined
with the results from §2 that gives the proof of the theorem.

2. A PRIORI ESTIMATES FOR SOLUTIONS TO SCHRODINGER EQUATIONS

The proof of observability for rough potentials will follow from observability for smooth
potentials with estimates controlled by constants depending only on L? norms of the po-
tential. The approximation argument uses dispersion estimates for the Schrodinger goup
on the torus and we first show that these estimates hold in the presence of a potential.

2.1. The case of T!'. We start with the simpler case of one dimensional equations. It will
be needed in §3 but it also introduces the idea of the proof in an elementary setting.
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We first make some general comments. The operator —9% + W, W € LY(T") is defined
by Friedrich’s extension (see for instance [10, Theorem 4.10]) using the quadratic form

q(v,v) = / (|0,0(2)]* + W (z)|v(2)]?) dz, v e H' (T,
T1
which is bounded from below since

| . W (x)|v(z)Pdz| < CIW e llullZe < CIUW | LllOzv] c2]lv]] 22

C
< —Ce|Wlpalldwvllze — — W Iz o]z

Hence P = —3% + W defined on C°°(T') has a unique self-adjoint extension with the
domain containing H*(T'). When W € L%*(T") the operator is self-adjoint with the domain
H?(T'). The resolvent, (—92 + W — 2)~! | 2z ¢ R is compact and the spectrum is discrete
with eigenvalues A\; — +oo0.

The following estimate applies to solutions of the Schrodinger equation satisfying Floquet
periodicity conditions:

(2.1) v(x + 271) = ¥y (z),

or equivalently to solutions of the Schrédinger equation with 0, replaced by 0, + ik. (We
note that u(x) := e~*y(x) is periodic and 9,v(x) = e**(9, + ik)u(x).)

Proposition 2.1. For any W € L*(T'), there exists C > 0 such that for any k € [0,1),
and uy € L*(T?) the solution to the Schrodinger equation

(2.2) (i0; + (0p + ik)* — W)u = 0, v |i=0= ug
satisfies
(2.3) el e crsszz oy < CO+VT) A+ W[ g2 ol 2.

Proof. For W =0 we put T' = 27 so that , with ¢, = t(n), we have

. 2,
§ e it|n+k|*+inx

ne’l

2

o 2T
el ey = sup [ it
’ 0

xT

2w
_ i(|n+k|2—|m+k|2)t ji(n—m)z , =
= sup E / e e CpnCrndt
(2.4) x 0

n,me”Z
2

= Supz Z cmeimm S 42 |Cn|2 S C||u0||L2(’]I‘1)-
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(We note that £(m + k) = n + k has one solution only when k # 0,1 and two solutions

m = =£n for k=0 and m = n,—n— 1 for k = 1.) For a non-zero potential W € L*(T*) we
use Duhamel’s formula and write

u(t) = eit@%uﬁ% /0 =99 (Wu(s))) ds.

Applying (2.4) (now with a small 7" > 0) and the Minkowski inequality we obtain

T
[ul| oo 2(0.77) < C'lluol|z2 +/ [ Tocre™ ™2 (W) || e 20,7y s
0

T
< Clluo|l 2 +/ 12 (Wls) | e p2 10,17y ds
0

(2.5)
T
< Clluoliz + € [ 1Wuls)]zzds
0
< Clluol|rz + C\/THW”LQHu”LgoLf([O,T})-
Hence
. 1
(2.6) 1wl oo 20,0y < 2C 1wl 2, if VT||W]|p2 < 1

To obtain the estimate for multiples of T' satisfying (2.6) we note that, by the invariance
of the L2 norm of u(t f(k T [u(®)[|Fedt < 2C|u((k —1)t)||2 = 2C|ug| 2. Tterating this
inequality gives (2.3). O

2.2. The case two dimensional tori. We now assume that A = 27, B = 27y~! > 0 in
the definition of T?. The case of general A, B follows by rescaling. For n = (ny,ns) € Z2,
we shall denote by

(2.7) In| =1/nf+yn3, n-x=nx+ Ynows.

We start with some general observations. If V'€ L*(T? R) then —A + V on C*(T?) is
a symmetric operator. Also, by Sobolev inequalities,

(=A +4)71 LA(T?) — H*(T?) — O (T?) — L>(T?),
is a compact operator. Hence, as the multiplication by V' € L? is bounded L> — L2,
V(—A+1)~! is a compact operator on L?. Tt follows that the operator —A+V is essentially

self-adjoint and has a discrete spectrum (see for instance [10, Theorem 4.19]). Since for for
u € H*(T?) C L>(T?), Vu € L?, the domain is equal to H%(T?). In particular,

u(t) := e "Vyy € CO(Ry; H*(T?)) N CY(Ry; L2(T?)),

and

, 1 [t
(2.8) u(t) = e ug + ;/ e =92 (Vy(s))ds.
0
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Proposition 2.2. Let T > 0. For any compact subset V C L*(T?), there exists C(V),e > 0
such that for any
V €V + B(0,¢) C L*(T?)
and any
vo € LX(T?), f e LY(0,T); L*(T?)) + L3 (T? L*(0,T)),
the solution to

(2.9) (10 + (A = V))u = f, U |i=0= 2o,

satisfies
(2.10)  [|ull L= o.11:22 (x2)) izt (w3:22(0.1))
< C( )(HUOHL? T2) + ||f||L1 ((0,7) LQ('JT?))—i-L?(T? L2(0, T)))

Before proving this result, let us show how it implies that Jaffard’s result (Theorem 2
with V' = 0) is stable by perturbation with potentials small in L*(T?):

Corollary 2.3. For any non-empty open sent Q and T > 0, there exist constants k, K > 0
such that for V€ L*(T?),

Wl < 5 = ol < K[ 1>l
for any uy € L*(T?).
Proof. The Duhamel formula gives
. . 1 [t
u= e—zt(—A+V)u0 _ eztAuO + T/ ez(t—s)A (Vu(s)) dS,
tJo

and Jaffard’s result (estimate (1.4) for V' = 0) applies to the first term. Hence, for a
constant K depending on 2 and T,

T
|mmmsm/wwm&mt
0

T
(2.11) _ Ko/ it A=V, — %f(f ei(t—s)A<Vu(3))dsH%Q(Q)dt
0

< 2K0H€it(A7V)U0”%2(Q)dt + 2K0THJ‘Ot €i(t_S)A<V'U/(S))dSH%OO([O’T];[g(TQ
We now use Proposition 2.2 with V = {V'}, vy =0 and f = Vu to obtain

fy €492 (Va(s))ds | ooy < ClIVal? ez = CIV s lullz e o).

)

Applying Proposition 2.2 to the righthand side, now with vy = ug, f = 0, gives
1y €22 (Vu(s))ds|| ooy < CIV L2 ol 2,
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so that (2.11) becomes
[ull 22y < 2Kolle" Vg |72y dt + 2C KoT ||V [[7222) luol 7272y -

To conclude, it sufficies to take 2CKoTk? < 1/2. (We note that since K, depends on €
and T while C depends on T', we have no other choice than taking x > 0 small.) O

Remark. In §5 we will eliminate the smallness assumption on ||V|| 2 and that will prove
Theorem 2.

The proof of Proposition 2.2 proceeds in several steps. We start proving estimate for
V' =0, then we prove the general case by a perturbation arguments.

The next proposition is a “fuzzy” version of the classical estimate of Zygmund:
(2.12) IC>0VTeEN, | Y ce™ |l <C D el
n€Z2,|n|2=r n€Z2,|n|?=r
and it is motivated by the Cérdoba square function estimate [9]:
Proposition 2.4. There exists C > 0 such that for any 0 < kK and 0 < h < 1, and any
u € L*(T?) satisfying
a(n) =0 for n¢ B(k,h):={n € Z?*|h*n|* — 1| < k*h*}.
we have
(2.13) Jullzarey < CL+ #)2 [l 2o

We note that (2.12) is the case of K = 0.

Proof. We first note that we can assume that x > 1 as the sets B(k,h) increase with
increasing k.

For a constant § > 0, to be fixed later, we distinguish two regimes: kh > 0 and kh < 4.
In the first regime, the estimate follows from the Sobolev embedding Hz(T2) — L(T?):
@(n) = 0 unless |n|*> < h™2 + k? < (1/6 + 1)x?%, and this implies

1
ull 3 oy < Cori2 [l 2

H3 (T2
From now on we assume that hx < . In this regime, we can change the set B(k, h) to
A(k, h) :={n € Z?; |h|n| — 1] < k*h?}.

The idea is to prove an arithmetic version of the Cérdoba square function estimate [9)].

Indeed, the usual version allows only to work with x > h—2 (the uncertainty principle).
Our version below allows to get estimates all the way down to k ~ 1 (that is, much beyond
the uncertainty principle). We first notice that we can also assume that the spectrum of u
is also contained in the upper quadrant of the plane {z € C: Rez > 0,Im z > 0} (here and
in what follows we identify R? with C). Indeed, if the result is true for the upper quadrant,
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by symmetry, it is true for any quadrant, and, with a different constant in the general case.
Then we decompose the intersection of the annulus with this quadrant into a disjoint union
of angular sectors of angles hk:

Nn,h
A(r.h) N {Im=z >0, Rez > 0} = [J Aa(k.h), Nop = |3
a=0

where
Aa(k,h) :={z:Rez >0, Imz >0, |hlz| —1| <k*h? arg(z) € [ahk, (a+ 1)hk)}
The proof relies on the following geometric lemma which will be proved Appendix B:

Lemma 2.5. Fiz 6 > 0 small enough. Then there exists Q € N such that for any0 < h < 1,
any 1 < k < d/h, we have

VOé, 57 &/7 5/ € {07 17 s >Nn,h}4>
(2.14) (Aa(k, h) + Ag(k, b)) N (Aw (5, h) + Az (k,R)) # 0
— lo—a[+[B-F[<Q or [a=F|+|B-a|<Q

We apply the lemma as folllows. We have

N Neon
u = ZUa, u? = Z UsUg, U, := Z Uy €™,
a=0 @,8=0 72N Aq
and hence
Ng.,n
(2.15) ullfaey = > /T 2 U UsU U g () daz
a,B,0/,3'=0

The integral vanishes unless
(Au(r,h) + Ag(r, h)) N (A (k, h) + Agi (K, h)) # 0
as otherwise
n€EZ*NAy, mEZ*NAg, pEZ*NAy, ¢€EZ°NAgy = n+m—(p+q)#0,

and, using the inner product (2.7), fTQ e (ntm=r=a)dr — (). Lemma 2.5 then shows that we
can restrict the sum in (2.15) to the subset of indexes (a, 8, o/, 5’) satisfying

o= | +[B=F1<Q or la=fF+[f—-a[<Q.
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This and an application of Holder’s inequality,

‘/’JI‘Q UaUsUw Ug(2)dz| < ||Uallacr2) | Usll pacea) |Uall 2oy | Upe || )

<|‘Ua‘|i4(1r2) + ||Ua"|%4(1r2)) (HUB|’%4(T2) + HUﬁ/”%‘l('H‘Q)) ;

<
1UallZsa2y + 1Us 17 1UslI7ap2) + U 17
allL4(T2) B LA(T2) B LA(T2) a' [l L4(T2)

give

Nm,h 2
(2.16) lullhszzy < CQ* (3 IWallagrs))

a=0
To estimate the norms of U, we write

1/2 1/2
1Uallzarey < CNUll 2 o) 1Uall oty
2.17 1/2 1/4 1
(2.17) <X 1) 0 Y () < CI1Z2 0 Aar, D)3 Ul 2re).
n€Z2NAq nE€Z’NAq

To estimate the number of integral points in A, (k,h), we first notice that A,(k,h) is
included in a rectangle of height 1 + x and width 1 + 3x2h.

FIGURE 1. The angular region A,(k, h) fitted inside a rectangle.

Now, the number of integral points in any rectangle of height H and width W is bounded
by C max(H, 1) max(W,1). (To see this, notice that open discs of radius § centered at the
integer points are pairwise disjoint and are all included in a rectangle of height H + 1 and
width W + 1.) Hence, recalling that kh < 4,

|72 N Ao(k, h)| < C(1+ k)(1+36%h) < O(1 + k)%
Combining this with (2.17) and (2.16) gives
Jullagen) < OO+ 1) ulagen,
concluding the proof. O
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The next step in the proof of Proposition 2.2 is an optimal (at least in terms of the
spectral region where it holds) resolvent estimate — see Kenig-Dos Santos-Salo [11, Remark
1.2] and Bourgain-Shao-Sogge-Yao [3] for related results.

Proposition 2.6. For any compact subset V C L*(T?), there exists C(V),e > 0 such that
for any V€V + B(0,¢), any f € C®(T?) and any 7 € C,|Im 7| > 1,

(2.18) (A +V —71)7 fllzaz) < Ol fllparscr)
We deduce it from Proposition 2.4 and the following elementary result:

Lemma 2.7. Assume that V is a compact subset of L*(T?). Then for any § > 0 there
exists Cs > 0 and for any V € V there exists Vs € L>(T?) such that

Vs — Vlz2(r) <9, Vsl oo (12) < Cs.
Proof. This is obvious for V = {V;} since L>® C L? is dense. Applying it with ¢ replaced

by 0/2 the statement remains true for V' with ||V — Vy|[z2 < §/2. A covering arguments
provides the result for a general compact set in L?. O

Proof of Proposition 2.6. For ReT < C' for any fixed C', we get (2.18) directly. Indeed, from
(—A — 7+ V)u = f, multiplying by @, integrating by parts and taking real and imaginary
parts, we get

IVl — ReTllullzs ey < VIl llpire) + lull s 11| cass ey
| T 7{{[ul| 72 p2y < llullzacr | £l ass ).
Since | Im 7| > 1, the Sobolev embedding and Lemma 2.7 imply
lulFagrey < Clal e

< C(IVs = Vs + 1Vsllzow e llullZaceay + ull oo | Fllorscen).
< O+ ulagesy + C(1Vslliceey + Dllullzages | llsces)

and choosing € < § = }LC gives the result.

For Ret > C we start with the case of V' = 0 and notice
(A — 1)L = (—A—7)% <(—A . f)—%)* L I

follows from (—A — 7)72 : L2 — L* = (L3)*. Here the square root is defined using the
spectral theorem and the branches chosen for +Im 7 > 1 so that

Hence we need to prove that

[ull sz < Ol fllrae), wi=(-A—7)72f.
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To use Proposition 2.4 we write the resolvent applied to f using the Fourier series:
- f
= E = up + E Uj,  Uj = E — e
& (Inf? —7)?

|”|2 % 2i-1<||n|2=Re 1| <27
We note that uo = 3,2 _gerj<1 fa(In|2 = 7)"2e™* and hence Proposition 2.4 gives
[uol| a2y < ClIflL2(r2).-

d

Applying (2.13) to u;’s, with h = (Re 7')_% and k = 2//2 gives

2 1
ol < OX Pl < (S (S
n«—T

j=1 j=1 2i=1<]||n|2—Re 7|<27

<C ||f 2
which concludes the proof of Proposition 2.6 for V' = 0.

The general case V' # 0 follows from the same perturbation argument as in the case
Re7 < C. Indeed, from (—A — 7)u = —Vu + f, we deduce

ol 3oy < lalssceny | o
and from the resolvent estimate for V =0,
[ullpacrzy < ClVallpasserzy + 1 fll Lars ey
< O(IIVs = Vllzzrllull zacrzy + Vsl Lo ooyl carey + I fllassr)),

1 1
< Collullzacrzy + C (Vs ll poown) ull Zaa) 1 1 s oy + 1 parsr))-

Choosing ¢ small enough gives the desired estimate. 0

Proof of Proposition 2.2. Let us first study the contribution of vg. Putting Tuy = 2V,
we have

T t T
TT*f — / ei(tfs)(AfV)f(S)ds — / ei(tfs)(Af\/)f(S)dS + / ei(tfs)(AfV)f<8)dS
0 0 t
To prove that T : L*(T?) — L*(T2, L*([0,T7)) it suffices to prove that
TT*: Li(T3, L2((0,T]) — LX(TS, L*((0, 7)),

and we will show it for the two operators on the right hand side, say the first one. That
means showing that for solutions to (i0, + A — V)v = f, v|t—o = 0, we have

(2.19) ||U||L4(T2;L2[0,T}) < C||f||L4/3(T2;L2[o,T})~

Let U = ve s, F = fe 'lgcy<r. We have (i0; + A — V 4+ i)U = F and hence by taking
the Fourier transform in ¢,

~

(A—V +i—7)U=F.
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Proposition 2.6 now shows that for any 7 € R,
18 sz < CUE@ o
which implies

lullzaerz;r20,m)) < CllU sz 2oy = CNU N a2 0
(2.20) < OWNU|| 2y spor2)) < C'NIF | p2w.na3(12))
< CNFl passrzsrzw,yy = CNIF | parserz;cziom)

concluding the proof of (2.19).

Part of nonhomogeneous estimate in (2.10),

[Vll o= o, 7122 (r2pneacrz;zz o)y < Cllfllirqoryzacray)-
follows from the boundedness of the operator T' from L? to L*(T?;L?*([0,7]) and the
Minkovski inequality. Finally, since the dual of the operator f fot =)A=V £(5)ds is
g ftT et=9A=V 4(s)ds, we also get

[l oo riz2m2) < CUFl 1o 02 22428 (r222200.7)°

which concludes the proof of Proposition 2.2. O

We conclude this section with a continuity result which will be useful later:

Proposition 2.8. Consider a sequence, {Vy}nen C L*(T?) converging to V. € L*(T?).
Then there exists C' > 0 such that for any vy € L*(T?),

(221) [l ug — e A g e omaza e < CIV = Vallzzgre ol z2re)

Remark. The result in Proposition 2.8 can be stated more generally: for a compact subset
of V C L*(T?) and is equivalent to the Lipschitz continuity of the map

VeV LAT?) — e "CATY) ¢ 12°((0,T); L(LA(T?)).

A slight modification of the proof presented here shows that it is in fact also Lipschitz on
bounded subsets of LP, p > 2. It would be interesting to investigate such properties on
other manifolds, as they seem to depend strongly on the geometry. Indeed, the analysis
in [5, Theorem 2| is likely to give that on spheres, there exists a sequence of potentials
{Vy.}nen such the that for any 7' > 0, any p < +o0,

lim HVn”LP(§2) = O7 but lim HeitA . eit(A—Vn)’

n—-400 n—+400

| oo 0,1y £(22(52))) > 0
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Proof of Proposition 2.8. Let u = V), and u, = e*A~Vry,, so that the Duhamel
formula gives

1 [
U— Uy =~ / =AY — V), (s)ds.
0

i
Proposition 2.2 applied with V = {V'}, vy = 0 and f = (V;, — V)u,, and Hélder’s inequality
give
|wy — wnllLoso,ry;22(r2)) < CIV = Va)un| Lass w2120,
< OV = Va)lleallunll o crzse2 o,y
Applying Proposition 2.2 again, now with ¥V = {V,,,n € N} U{V}, and f = 0, we estimate
the right hand side to obtain the desired estimate:

luy — wnllzoco,y;22(r2)) < CIV = Vallz2(r2) [|[vol| 2 (r2)-

3. ONE -DIMENSIONAL OBSERVABILITY ESTIMATES

In this section we consider the one-dimensional analog of our result which we prove for
LP potentials, p > 1. In applications to control and observability on 2-tori we will use it
only it for p = 2 but the finer estimate may be of independent interest.

Let us make first some general comments. The operator —92+W, W € L'(T") is defined
by Friedrich’s extension (see for instance [10, Theorem 4.10]) using the quadratic form

ow.0) = [ (0@ + W@lel@)) do, v e H(T)
Tl
which is bounded from below since

!/Tl W(@)o(@)*dz| < CIW o Jullf < CIWIlLal|0sv] 2]l 2

C
< =Ce|Wliplldwvllze = — W Iz o]z

Hence P = —0? + W defined on C°°(T') has a unique self-adjoint extension with the
domain containg H'(T'). When W € L?*(T') the operator is self-adjoint with the domain
H?(T'). The resolvent, (—92 + W — 2)~! | 2 ¢ R is compact and the spectrum is discrete
with eigenvalues A\; — +oo0.

We have the following one dimensional observability which holds for functions satisfying
Floquet boundary conditions result:

Proposition 3.1. Assume that W € LP(T'), p > 1, and w C T is a non-empty open set;
then for any T > 0 there exist Ky > 0 such that for any k € [0,1) and v € L*(T'),

T
(3.1) Mﬁmsmlwwwwwwamt
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We first prove the stationary version following the elementary approach of [7]:

Proposition 3.2. Under the assumptions of (3.9) there exists C; = Cy(w, |[W]|L») such
that for any T € R, any solution to

(—(0p +ik)* +W —T)u = g,

_1
(32) lellzagesy < Cu () Hlglles + Nl

This follows from the following result which holds for W = 0.

Lemma 3.3. Let w C T" be an open set. Then there exists a constant Cy = Cy(w), such
that that for uw € HY(T') satisfying

(3.3) (— (0, +ik)? —Tu=f+g,
we have

3:4)  lullzy + (7) "2 [[ul 22y < Co <\|f|\H—1(Tl) (1) 2 llgllzz @y + Hu\|L2(w)) :
Proof. The elementary proof given in [7] shows that if (—9? — 7)u = 9, F + G then

(3.5) ez < € (IF ey + (7) 4 1G iz + Nullza) -

We first claim that the result holds when 0, is replaced by 0, + ik. Equivalently, that
means that (3.4) holds with £ = 0 for functions which are not periodic but satisfy (2.1).
We will work under the assumption (2.1):

(02— 7)o =0,F +G, v(x+2r)=e" ().

Choosing a parametrization on T' so that 27 € w we take y € C®(T!) equal to one in
a neighbourhood of T! \ w, and vanishing in a neighbourhood of 27. Hence, supp yv C
(€,2m —¢€) and uywv defines a function on T!. Applying (3.5) we obtain, using the properties
of x,

Icellzacey < € (1F + 2x¢wllzzen + G = ol gz + Icellzece)
< C' (IFl2eryy + 1G]l 2y + vl 2oy
that is, (3.5) holds for v satisfying (2.1).

Since || f||lg— = inf{||F||2 + ||[H|[z2 : f = 0.F + H}, the estimate on |[u|[p2(m, u(z) =
e?mikzy (1), in (3.4) follows.
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To estimate d,u we write
10z + ik)ull L2y = ((=(0s +ik)* = 7Y, u) 2y + 7l L2
= (f + g, )2y + 7Tlull7z
< [l el @y + gl lullzzy + (Pl 2
< %ll(ax +ik)ull Loy + CIf oy + Cllglliaey + Crlull Lo,y
Using the estimate for ||ul[ 21y we obtain (3.4). O

Proof of Proposition 3.2. With constant C; depending on 7 the estimate (3.2) follows from
the unique continuation property for —92+ W, W € LP, p > 1. As pointed out in [14], this
result in implicit in the paper of Schechter-Simon [19]

To obtain the dependence of contants for large (7) we first observe that interpolation
between the H~' and L? estimates in Lemma 3.3 shows that if (— (0, +k)? —7)u = g+ f,
then

lullz2 + (7) "2 1|0ull 2 < O~ 2 llgllze + C(r) = [ f - + Cllull 2,
for 0 < s < 1. As a consequence, if (—9? — 7)u = g — Wu, then
1 s=1
(3.6) [ull 2 < C(T) 72 lglle2 + C(r) = Wl + Cllullr2)-
For s < 1, H*(T') — LT%(T") and hence, by duality, L7 (T') — H~*(T"). Choosing
5 = %} < %, and applying Holder’s inequality we obtain
Wl < CIWal 2. < CIWluslull, 2,

2
T+2s

< ClIW lpollullzs < CIW llzelull2* (lullz2 + 110sull2)?

s

2
< Wl (<T>(1+5)2“5) ull gz + ()00 ar“”LQ) '

Combining this with (3.6) yields

s—1

1 1 2
lull 2 + ()2 |00l 2 < C{7) 72 gl 12 + Cllull iz + Colr) = (1) VT fu 12
+ Ca{r)T ()"

’LLHHl

Since 0 < s < 1, taking (7) large enough allows us to absorb the last term on the right
hand in the left hand side. Same is true for the third term since

(1+5)32+s—1  —1+425+4s

2(1 — s) 2 1—s

which is negative for 0 < s < % if we choose ¢ small enough. U
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Proof of Proposition 3.1. Let us now show how to pass from the estimate in Proposition 3.2
to an observability result. This was already achieved in [6] in a more general semiclassical
setting. For completeness we present a simple version of it here — see [18].

For y € C&°(R), put w = x(t)e*Puqy, which solves
(10, + P)w = ix'(t)e"Pug = v, P := —(0, +ik)* + W(x).
Taking Fourier transforms with respect to time, we get
(P —T1)w(r) =v(7).

Using the estimate in Proposition 3.2, we write

|@(7) || 227 lz2ery + CllD(7) || 22(w)-

1+\/_

Now, taking L? norm with respect to the 7 variable, gives

1
~ —~ 2
&) a2 fnv( Mz xm) + CIB(T) | z2(exe + ( /| o)
<
From this we notice that
||@(T)HL2(RTX1T) = HUOHH(T) X ||X||L2(R)> ||5(T)||L2(R7x1r) = ||u0||L2(1r) X HX/HLQ(R)a
1@(7)]| 2Ry xe) = X (E)e™ w0l 2R, ) -

From this we deduce that if
Ol

1
Iz (1 +VN) = 2

then

(3.7) Juallz < OO waloony + €[ 1o ar)".

[T<N

To understand the last term on the right-hand side of we define Sobolev norms associated
to P. Let {¢,}22, be an orthonormal basis of L?*(T') consisting of eigenfuctions of P. We
then put

[e.9]

Fl, = S Y Ttals Pion = Aipns = {u,00).

j=1

In this notation w = x(¢) Zn une_m"st?m and
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Hence

N 0 N 0 N
/0 [0 2adr = 3 fun / (7 = AR = AT = S fun? / O((r — Aa)~)dr
n=1 n=1

[eS)
< Car D Ow) M funl? = Covaeljull?
n=1

for any M. Taking M = 2 and combining this with (3.7) we obtain
(3.8) [uoll 2oty < Cllx(t)e™ uol| 2@y ey + Clluoll rz2¢m)-

To complete the proof, it remains to eliminate the last term on the right hand side of (3.8).
For this, we apply the now classical uniqueness-compactness argument of Bardos-Lebeau-
Rauch [2] (see also [8, §4]) or the direct argument presented in the Appendix. We note
that both approaches rely on the unique continuation property of —(8, + ik)? + W (x),
W e LP(TY), p > 1. O

For later use we also record the following approximation result:

Proposition 3.4. Assume that the sequence of potentials W is converging to W in LP(T?),
p > 2. Then there exist Ko > 0 such that for any k € [0,1) and u € L*(T'), and any j € N,

T
(3.9) [ /O w2, g

Proof. The proof follows from Proposition 3.1 by a simple perturbation argument. Put
P = —(0,+ik)>*+ W and P; = —(0? + ik)*> + W;. Then, according to the Duhamel
formula, we have
. . 1/t ,
e—thU _ e—thj,U + _./ e—z(t—s)Pj (W . Wj)G_ZSPUdS7
tJo

and consequently, according to (2.3) we obtain
He‘“Pv — €_itPj?}HLoo([QT];Lz(W)) S CH(W — Wj)e_ispvHLl([QT];Lz(W))

< CVT|W = Wll 2 lle™**Fol| oo ras22 0.1y
< CVTIW = Wil 2 o] p2cms)-

According to (3.1) we have

T .
follacen < Ko [ e ol
0

T
< 2K, / el 2y + 2CPTIW — Wi[Zagony 0] 22m.
0

which implies (3.9) if ||IW — Wj||p2(r1) is small enough. O
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4. SEMICLASSICAL OBSERVATION ESTIMATES IN DIMENSION 2

We revisit and refine the arguments of [8]. The key point in our analysis will be the
following variant of [8, Proposition 3.1]. The key difference is that now the main constant
is determined in terms of the geometry of the problem and the potential V.

Proposition 4.1. Suppose that V; € C*(T% R) converge to V in the L*(T?) topology. Let
X € CX(—1,1) be equal to 1 near 0, and define

R(-A+V)—-1
Hh,p,j(uo) =X ( ( P J>

Then for any non-empty open subset Q of T? and T > 0, there exists a constant K > 0
such that for any j there exist p; > 0,ho; > 0 such that for any 0 < h < hgj, ug € L*(T?),
we have

)uo, p>0.

T
(4.1) 1T, juol| 72 < K/O le AT, ,, juolF2(o)dt -

In the proof we argue by contradiction. We first observe that if the estimate (4.1) is true
for some p > 0, then is is true for all 0 < p’ < p. As a consequence, if (4.1) were false then
for any 7, there would exist sequences

Py —0, pnj —>0, won; =1, ., V0n;) € L2,
iatun7j<t7 Z) = (_A + %(Z)>un,j<t7 Z) ) un,j(07 Z) = uO,n,j(Z) 3
such that
2 T 2 1
L= uonslfies [ st o)yt <
0

Each sequence n + u,; is bounded in L (R x T?) and consequently, after possibly ex-

tracting a subsequence, there exists a semiclassical defect measure p; on R, x T*(T?) such
that for any function ¢ € C§(R;) and any a € C(T*T?), we have

(4.2) (s e(t)a(z,¢)) = lim p()(alz, hn i Dz )tn, ) (¢, ), (¢, 2)dtd

n—oo R: < T2

Furthermore, standard arguments* show that the measure (; satisfies
[ J
(43) ,u]((to,tl) X T*Tg) =1t — 1.
e The measure p; on Ry x T%(T?) is supported in the set
So={(t,z,) e Ry x T? xR} : [¢| =1}

Isee [1] for a review of recent results about measures used for the Schrodinger equation.
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and is invariant under the action of the geodesic flow:

(4.4) € Valiy) = 0
e The mass of the measure on €2 is bounded away from 0:
1
(45) ps((0.7) X T°9) <

We are going to show that a proper choice of the constant K above contradicts (4.3).
When no confusion is likely to occur we will drop the index j for conciseness.

We start by decomposing ¥ into to its rational and irrational parts. For that we identify
T? ~ [0, A), x [0, B), where A, B € R\ {0}, and define

(Ap, Bq)

Yo :=2XN< (1,2,
\/ A2p? + Brg?

The flow on Y is periodic. Its complement is the set of irrational points:

ER\Q =X \ ZQ

);p,q € Z,gcd(p, q) = 1}.

and it also invariant under the flow.

4.1. The irrational directions. For simplicity we assume here that A = B = 27, that is
T? = T! x T, as the argument is the same as in the general case.

Let us first define ur\g to be the restriction of the measure p to Yr\g. Since p is invariant,
for any open set Q C 72, and any s € R,

pro((t1, t2) X Q@ X R?) = umg((t1, 12) x @4(2 x R?))

where the flow @, is defined by ®4(z,() = (2 + s(, (). As a consequence, we obtain

1 T
et ) x @ x B = = [ ol (11, 12) x 0,(2 x B)
0

e '
= /nte(tl,tg) X T/ ]l(z,C)€<I>S(Q><]R2)d8d,uR\Q-
0
The equidistribution theorem shows that for any (z, () in the support of pig\g,

' 1 T VOI(Q)
A /0 leoea.@xmnds = Zormmy-

Hence the dominated convergence theorem and (4.3) show that

(46) ,U,]R\Q((tl,tg) x 2 % R2) = %/LR\@(&MQ) X T2 X RQ)
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4.2. Dense rational directions. We now consider the restriction of the measure p on the
set of rational directions, Xg. We first consider the case of p/q for which p* + ¢* is large
(we again assume that A = B = 1 as the general argument is the same). In some sense
that corresponds to being close to the irrational case.

Lemma 4.2. For any open set §2, there exists N € N, 6 > 0 such that for any (p,q) € Z?,
ged(p,q) =1, VP2 + ¢ > N,

min —1 (p Q)
lim inf 1 ds > § =y
Zlﬁ}roo / 0 (2,0)€@s(QxR2)AS = 0, C 5 q2

Proof. For any zy = (x¢,y0) € € choose N > 4w /e where B(zy,2¢) C 2. Assume that
p > N/2 > 2m/e and that p > ¢ (the case of ¢ < p is similar). Put

/02 & o2
p——i_q(glm —z), k

p

Since p and ¢ are co-prime ¢ is a generator of the group Z/pZ. Consequently, the points

Sk 1= =0,---,p—1

Sk
VP A+ ¢
are at distance exactly 27 /p from each other. (Here, and below, addition on T' is meant
mod 277Z.) We conclude that for any 2z € T' there exists

Y, = q—yo €T,

J, c{0,...,p—1}, |J.| = [%], such that for k€ J., [y +Yi —yo| <e

Since the flow is given by

| (z,y) L) (2.9) — ———(p.9) ».9)
for any k € J, _, (z, (p,q)/\/P*+ q2> € B(zp,€) x R2. Since 2m/p < ¢, we also obtain
that for |s — sx| < €

o, (z, M) € B(z,2¢) x R* C Q x R?.

Hence, using the assumption that ¢ < p,

274/ p?+q?
o (. ds > [2]e > 2m\/p® + 26, ¢ =—2L_
/0 o (z0)eaxrzds > [Lle > 2m\/p? 4+ q ¢ AP

for some ¢ > 0. Since the evolution of (z, ) is periodic with period 27/p? 4+ ¢2, the lemma
follows. O
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Let us now fix NV as in Lemma 4.2 and Let pg ny be the restriction of pg to rational

directions satisfying 1/p? + ¢ > N. Asin the study of the irrational directions, Lemma 4.2
and Fatou’s Lemma imply

(4.7) pon((t,ta) x Q x R?) > dug n((t,t2) x T2 x R?).

4.3. Isolated rational directions. This section is closest to the arguments of [8, §3]. We
allow here existence of points in Xg whose evolution misses €2 altogether. The contradiction
is derived from that assumption. It is now important to keep A and B arbitrary, T? =
R?/AZ x BZ. The constraints on the constant K will not be only geometric as in §§4.1,4.2,
but will also involve the limit potential V. Hence we return to the notation of (4.2) and

keep the index j.
Mo (/o)
\ =, ) \

[1]
o

=L —0

FIGURE 2. On the left, a rectangle, R, covering a rational torus T2. In that
case we obtain a periodic solution on R. On the right, the irrational case:
the strip with sides mZy x REg, Zg = (n/m, a) (not normalized to have norm
one), also covers the torus [0,1] x [0,a]. Periodic functions are pulled back
to functions satisfying (4.10). This figure is borrowed from [8].

We consider the restriction of the measure i to any of the finitely many isolated rational
directions:

Ap, B
(4.8) %:_LﬁﬁL_ PP <N

VAP + B B

We first recall the following simple result [8, Lemma 2.7] (see Fig. 2 for an illustration).
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Lemma 4.3. Suppose that = is given by (4.8) and

1
(4.9) (2,y) > 2z = F(r,y) = 255 +yZy, Zp = (—mB,nA).

A /n2A2 + mQB2

If u=u(z) is perodic with respect to AZ x BZ then
(4.10) F*u(z + ka,y + b) = F*u(z,y — ky), k(€ Z, (v,y)€R?,
where, for any fized p,q € 7Z,

a4 — (qn—pm)AB : b:\/m7 ry:_pnAQ—{—quQ ‘

When B/A=1r/s € Q then
Fru(x + ka,y + 0b) = F*u(z,y), k(E€Z, (v,y) €R?,

for a = (n%s® + m?r?)a.

We now identify w,; with F*u, ;, and consider the Schrodinger equation on the strip
R =R, x [0,b], (or the rectangle R[0,a], x [0,b], in the case when A/B € Q). In this
coordinate system =y = (0, 1).

Choosing a function x € C§°(R?) equal to 1 near (0,0) we define, for ¢ > 0,
Xe = X(((% C) - (07 1))/6)7 7]7C € ]Ra

and

Unje(2,Y) = Xe(hnj Dyt j -
We denote by p; ., the semiclassical measure of the sequence (uy,j¢)nen (J, € are parameters).
Since i = (xc(¢))*u;, (where we skipped the pull-back by F we have

(4.11) Bm pje = pliez0:c=00)

We now recall the following normal-form result given in [8, Proposition 2.3] and [8, Corollary
2.4]:

Proposition 4.4. Suppose that F : R* — R? is given by (4.9) and that V € C*(R?) is
periodic with respect to AZ x BZ. Let a,b and 7 be as in (4.10).

Let x € C(R?) be equal to 0 in a neighbourhood of n = 0. Suppose that V;(z,y) €
C>®(T!' x T'). Then there exist operators

Qj(z,y,hD,) € C*(R) @ V*(R), R;(x,y,hD,,hD,) € V°(R?),
such that (F~')*QF* and (F~')*RF* preserve AZ x BZ periodicity, and
(I +hQ;) (Dy + F*V(,y)) x(hDs, hD,)
= (Dy + W;(@))(I + hQ;)x(hDq, hDy) + hR;,
where W;(z) = %fob F*Vi(z,y)dy satisfies W;(x + a) = W;(x).

(4.12)
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Moreover, there exist operators P; = Pj(x,y, hD,, hD,) € W*(R?) such that (with prop-
erties as above)

(4.13) (I +hQ;) (D3 + D + F*Vj(x,y)) x(hDy, hD,)
- ((Dg + D2+ W) (I + hQ;) + Pj>x(th, hD,) + hR;,

2 ~
(4.14) Pi(w,y,2,m) = ~€0:q;(z, y, X&), 45 = 0(Qy),
where X € C2°(R?) is equal to one on the support of x.

Using Proposition 4.4 we define
Un,j,e = <1 -+ th)“n,j,e s h= hn,j~

Since the operator @; is bounded on L?, the semiclassical defect measures associated to vy, ;.
and u, ;. are equal. We now consider the time dependent Schrodinger equation satisfied
by Un.je- With

Qn,j = Qj(xv Y, hn,ij) 5 Rn,j = R(l’, Y, hn,ija hn,ij) )

4.15)
( Pn,j = P](:C7 Y, hn,ijy hn,ij> )

given in Proposition 4.4 and X, ;¢ := x(hn;D.), we have
(@0 + A = Wj(x))vn; = (I + hn jQnj) (0 + A = Vi(2, Y)) Xnjctin,
- Pn,an,j,eun,j - hn,jRn,j,eun,j

= =P jXnjctng + [V Xnjelting + or2(1)
= —Pnijmj’eun’j + OL%’y(l)

(4.16)

We also recall that according to (4.14), on the support of 4, , the symbol of the operator
W is smaller than C'e. This implies that

(417) (Zat + A — Wj(x))vw’e = fn,j,e
with
(4.18) lim sup | frgellZ2qomxr) = (Hier [ Pagl?) < Cje®

The following simple observation

eit(a§+a§—wj (z)) it} ez‘t(ag—wj ()

=e
shows that we can write

a9 .
Un,j,e(ta Z, y) = Z € itk +ky)vn,j,e,k (t, :E), fn,j,e(ta xZ, y) = Z € Zkyfn,j,e,k(ta ‘T) )

keZ keZ
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where the coefficients satisfy a Floquet condition (see [8, Proof of Proposition 2.2])

2mivk /b

Unjer(t,z+a)=e Upjek(t,x) = 62”i7k0n7j757k(t, x),

fn,j,e,k(twr + CL) = 627ri7kfn,j,e,k(tvx)7 Vi = lyk/b - [’yl{}/b] S [07 1)

Since Wj(z + a) = W;(z) and

nw—wmm@wazf(i/ /F*aw/ Pvmy»@)dx

< F*(V = V)lIZ2 (0.0 x[0.61)
SC:OHV V}HLQ('}IQ —)0, j-)OO,

we can apply the one dimensional Proposition 3.4. For that we fix a domain w C [0, a|,
such that for any = € @, the line {z} x [0,b],, encounters 2. The estiaate (3.9) gives
the following non-geometric estimate; it is here where the depenence on the norm of the
potential enters:

||Un,j,e,k”%oo([o,:r’];m([o,a]l.)) < 2”Un,j,e,k |t=0 ||L2([0,a]z) + 2an,j,€,kH%l([O,T};LQ([O,a]w))

T
< KO/ ||€lta Wil ))Unyek |t=0 ||L2(w +C”fn36k||L2([0T} x[0,a]z)
0

T
SKQ/H%WN;M+CWMMMWHMMJ
0

Summing over k € 7Z gives

T
||Un,j,e||QLoo([o,T};Lz’([o,a]x[o,b]y) < KO/O [Vn,ge le=0 ||%2(w) + C||fn7j7s||%2([0,T]x[o,a]z)

Taking first the limit n — +o00, we obtain, according to (4.18)

117.((0,7) x ([0,a] x [0,b],) x R?) < Kop;((0,T) x w x [0,b], x R?) + Cje.
Then taking the limit ¢ — 0, we conclude that, according to (4.11),
(419)  p((0.7) x (10,al, x [0,],) x {(0, 1)} < Kopty ((0,T) x w x [0,8], x {(0, )})

Since vertical line over w encounters the open set €2, we have

min/ dy > 69 > 0.
W Jan({z}x[0,b]y

This and the invariance of the measure under the flow (which now is just the translation
in the y direction) imply that

15 ((0.7) x w0 [0,8], % {(0,1)}) < dopty (0.7 x © x {(0,1)}).
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Combining this with (4.19) we obtain that there exists a constant K (g ), independent of 7,
such that

15((0,T) x ([0, alz x [0, b]y) x {(0,1)}) < K ((0,T) x Q2 x{(0,1)}).
Returning to an arbitrary rational direction,

(p,9) 5
= —" +q¢2 <N,
vaq /—Ap2 T B p q

we obtain that there exists a constant K, , such that
(4.20) Nj((OaT) x T? x Cp,q) < Kp,q/ﬁj((oaT) X QX Z,,)

4.4. Conclusion of the proof of Proposition 4.1. If the constant K in the statement
of the proposition is chosen so that, with § in (4.7),

K vol(T?) 1
—>max | ———, =, max K, |,
T vol(2) 7§ VPPN
then, according to (4.6), (4.7) and (4.6), we must have
w((0,T) x T? x R?) < T,

which contradicts (4.3) and completes the proof of Proposition 4.1.

5. FROM SMOOTH TO ROUGH POTENTIALS

Proposition 4.1 was proved under the assumptions that V; € C>(T?) converge to V €
L?(T?). To pass to L? potentials we will now use the results on §2.2.

5.1. Classical observation estimate for smooth potentials. The first proposition is
the analogue of [8, Proposition 4.1] but with constants described by Proposition 4.1.

Proposition 5.1. Suppose that V; € C>(T?%*R) converge to V in the L*(T?) topology.
Then for any non-empty open subset Q of T? and T > 0, there exists C > 0 such that for
any j € N there exists C; such that for any ug € L*(T?), we have

(5.1) ||u0||L2(T2) S C’||eit(A_Vf)u0||L2([0,T]XQ) —f- Cj||u0||H71(T2),

Proof. To obtain the estimate (5.1) from Proposition 4.1, we apply pseudodifferential cal-
culus in the time variable. This was already performed in [8], but since we need a precise
dependence on the constants we recall the argument. Consider a j-dependent partition of
unity

L= 00 (r)> + > eri(r)’ ory(r) == o(R*Ir]), R>1,
k=1

o€ C(RLRY0.1), (RILR)C {r: x(r/o) = 1),
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where x and p; come from Proposition 4.1. Then, we decompose vy dyadically:

luollZe = D s (P uolFa. Py == A+ V.
k=0

Let ¢ € C((0,T);[0,1]) satisfy ¢(t) > 1/2, on T/3 < t < 2T'/3. We first observe (using
the time translation invariance of Schrodinger equation) that in Proposition 4.1 we have
actually proved that

62 Mol < K [ 0712 M, suldt, 0<h <o

which is the version we will use.

Taking K large enough so that R=%7 < h ;, where hg is as in Proposition 4.1, we apply
(5.2) to the dyadlc pieces:

luollZe = D llon (P JuollZ2

kEZ

<ZH%PV oll +C 30 [ w0 ons(Fe) e ol

k=K;+1

—ZH%PVJ Wit C Y /||¢ iy (P ) €% wg| 2y .

k=K;+1

Using the equation we can replace ¢(Py;) by ©(D;), which meant that we did not change
the domain of z integration. We need to consider the commutator of ¢» € C°((0,7")) and

orj(Dy)=@(RDy). 1If ¢ € €((0,T)) is equal to 1 on supp® then the semiclassical
pseudo-differential calculus with h = Rj’k (see for instance [20, Chapter 4]) gives

(5.3)  ©()prs(Dy) = V()i (D)U(t) + Bj(t, Dy),  9“E; = O((t) "N (r) "V R; M),

for all N and uniformly in k.
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The errors obtained from £, can be absorbed into the ||ug|| g-2(r2) term on the right-hand
side (with a constant depending on j). Hence we obtain

oo T
luollZz < Cjlluollzr—2(r2) + CZ/O 19(8)pr i (Dr) e rug | 22 oyt
k=0

S éj HUOH%72(’H‘2) + K Z<¢k’](Dt)2w(t) e_itPVj U, w<t) e_itPVj U, >L2(Rt><ﬂ)
k=0

= Cjlluol|F-2(p2y + K/]R [(t) e ™ ug|| 72 gt

T
< CjlluolF-2(p2) + K/ e ug|| 72 dt,
0
where the last inequality is the statement of the proposition. [l

5.2. Proof of Theorem 2. We can now deduce Theorem 2 from Proposition 5.1. For that
we consider a sequence V; of smooth potentials converging to V' in L*(T?) (to construct
such sequence, consider the Littlewood-Paley cut-off V; = x(27%A)V,x € C5°(R) equal to
1 near 0). We now have according to Proposition 5.1

[uol| r2crzy < Clle™ A Dug|| o=y + Djlluolla-2(r2)-

On the other hand, according to (2.21), we have

it(A=V; it(A*V)UOHLQ([o,T}xQ) + C|V = Vil g2 [luo || 2(r2),

e )UOHLQ([O,T}XQ) <lle
and consequently, we deduce
luoll 22y < Clle™®Vugl| 2o m1xy + CIV = Vjll p2lluoll 2 (x2y + Dylluoll 172y,
and consequently, taking j large enough so that C||V — Vj||z2 < 3, we conclude that
Hu0||L2(’IF2) S QCHGit(A_V)UO||L2([0’T]XQ) —f- 2Dj||u0||H*1(’]I‘2)-

It remains to eliminate the last term in the right-hand side of this inequality. For this we
use again classical uniqueness-compactness argument of Bardos-Lebeau-Rauch [2] (see also
8, §4]) or the direct argument presented in the Appendix. The needed unique continuation
results for L? potentials in R? follows, as it did in §2.1 from the results of [19].
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APPENDIX A. A QUANTITATIVE VERSION OF THE UNIQUENESS-COMPACTNESS
ARGUMENT

We present an abstract result which eliminates the low-frequency contributions in ob-
servability estimates.

Let P be an unbounded self-adjoint operator on a Hilbert spaces H. We assume that
the spectrum of P is discrete:

Pon=Mn, M <A<, A >n°/Co, 6>0,

where {p}°°, form an orthonormal basis of H.

We define P-based Sobolev spaces using the norms

(A.1) lel5s, =D ) [, on) >
n=1
The Schrodinger group for P is the following unitary operator on H:
U(t)p = exp(—itP)p =Y (@, n)e .
n=1

We have the following general result:

Theorem 4. Suppose that A : H — H is a bounded operator with the property that for any
A € R there exists a constant C(\) such that for p € H%

(A.2) el < CN) (I(P = Mellr + [[Aplla) -
Suppose also that for some e >0, T >0, C; and Cs,

t
T
(A-3) el < 01/0 1AU(s)¢ll3ds + Callelly-c; 7 <t <T.

Then there exist explicitely computable constant K such that

T
(A4) lolB, < K / AU (£ |3t

Remarks. 1. We do not compute the constant explicitely but the construction in the
proof certainly allows that.

2. In the applications in this paper
P=—-A+V, H=L*T?%, A=1g, QcCT?open,

or

P=—(0, +ik)*+ W, H=L*T"), A=1, wC T open,
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Proof. We start by observing that (A.3) and the definition (A.1) imply that for N >
(2C5)M,

T
—<t<T
4— — Y

107 - Wl < 26 [ AU ()T — yp|ds,

Mp = > (%, n)Pn-

A <N

(A.5)

For reasons which will be explained below we will use this inequality for ¢ = 7'/4 and apply
it ¢ replaced by U(T'/2)¢:

3T/4
(A.6) I(1 = el* < 2C, /m |AU(£)(I — )| [*dt.

We will show that the same estimate is true for IIp. For that let pq < po < -+ < i,y be
the enumeration of {\,}X%, and define

¢7‘ = Z <907 90n>90n7
A=n=p,
so that
r1
U(t)l_[(p — Z e*l}\nt<g0’ (pn>(pn — Z elﬂrt,l/},r.
n<Kj r=1

Since (P — p, )1, = 0, we can apply (A.2) to obtain
(A7) lrll < Kol Al Kz = max C(An).

The functions t +— er! r =1,---  r, are linearly independent there exists a constant

K3 = K?)(,Ula e :/LmaT)
such that for any fy,---, f., € H,

3T/4 11 1
(A%) [T TS
r=1

r=1
as both sides provide equivalent norms on x;,H.
Applying (A.8) with f, = Ay, and (A.7) gives
3r/4 T r
AT s = [ 1 v e > oS | Aui?
(A.9) /2 =1 r=1

r1
> KoK ) o|)” = KoK T

r=1
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The combination of (A.6) and (A.9) do not yet provide the estimate (A.4). However if

My =Y (¢, 0n)¢n:
An <M
then, for M sufficiently large we have
AU (8)(I — Ty + I ell72 0 170 =
K K3l + (1/4CT) (1 = Tar)pl|* — KM |l

where K will be defined below. In fact, we choose n € C°((0,7")) equal to 1 on [T'/2,3T /4],
then the left hand side in (A.10) is estimated from below by

/ JAU(0)(I = Ty + )| P(t)dt = / JAU ()T = TLy)e|Pn(t)dt + / AU ()T |2 (t)dt

(A.10)

- 2Re/<AU(t)(I — ), AU (t)Ip)n(t)dt.

We can apply (A.5) and (A.9) to estimate the first to terms from below. Since
2Re [(AU)(T - M), AU TTphn(r)de =

2Re Y > {0, 9a){0m: ) {Apn, Apm) / RO

A <N A >M
<CPIAIP Y D =l Pliell? < KaM ),
A <N Ay >M
if we choose P sufficiently large. This proves (A.10)

We now have to deal with the remaining eigenfuctions corresponding to N < \, < M.
For that let p,, 41 < --- < p,, be the enumeration of these eigenvalues. Put

T

(A.11) = o

P T2, L P>

0p, max |o,| = 1, satisfying

T2 ()
(A.12) Zapei“”” =0 for r<ry, |20p6i“””| > K5 forr <r <y,
p=1 p=1

with a constant K5 = K5(u1, -+, firy, I'). (Note the implicit dependence on M.)
If we define

(A13> @ = Z (22: UpeanT> <90’ @n>90na

An>N r=1
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then

T2
(A.14) (I-M¢=¢, and Ut)g=>Y o,U(t+pr)e.

r=1
Applying (A.5), (A.12) and the definition (A.13) gives

o 2
ACT|AU D@ o sriman = 16I°P = Y ape | [, ) |”
N<<M | r=1
> K[|y — M)e|*.
The choice of 7 in (A.11) and (A.14) show that
K

(A.15) JAU (D)l = 5= (T — Tep||*.

201 T2
This gives,

AU ()T = Tag + D o190 < AU (D)l 20,1190 + VTN (s — o]
2/TrsC
< (1 + #) AU (#)ll 2(0,11,20)

which combined with (A.10) and (A.15) produces
<1 . 2(\/T+ 1)reCh

K. > AU @)l 201,20 = Ko K|l +1/Q2C)[(I = Tar)e|]

+ (T — Mgpl] — v/ Ka/M]0]|?
> (K¢ — v Kq/M)|¢]|.

Since K¢ and Ky are independent of M we obtain (A.4) by choosing M large enough. [

APPENDIX B. PROOF OF LEMMA 2.5

This is a purely geometric result which does not involves integer points. It is the conse-
quence of the fact that the circle is curved but we prove it by explicit calculations.

We start with the case where v = 1 (recall that in Lemma 2.5 the modulus is defined by
|(z1,22)]? = 22 + yx3). We perform a change of variables x — zh, and denote by € = k2h?.
We are reduced to proving that for

(B.1) Ba={2€C : Rez>0, Imz>0, ||2] — 1| <e arg(z) € [ave, (a+ 1))}

we have
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Lemma B.1. There exists g > 0 and () > 0 such that for any 0 < € < €y, we have
Va; € {0,1,...,N.},j=1,...4, N.:=

(857051 + 857042) m (857053 + B€7a4) ?é @
= |og —az|+|laa—au| <Q or Jog—oaul+ o —asl <Q

&

Proof. We first observe that it is enough to prove the lemma with the condition ||z| —1| < €
replaced by 0 < |z| — 1 < ¢ in the definition of B.,: 0 < 1 — |z] < ¢ is the same as
0<|zl/(1—¢€)—1<¢/(1—c¢).

Let z; = p;e'i € Beo,, 1 <j <4, besuch that 21 + 2o = 23+ 24. By possibly exchanging
z; and 29 we can assume 6; > #, and similarly that 65 > 4. In particular,

(B.3) 8t e0,3], B elo,5].
Since p; € [1,1 + €], we have
|€i91 + ei@g _ 6193 _ ei94’ S 46,

which is the same as

(B4) ’62 (01+62) COS(Gl 92) 6%(03+94) COS(@” S ¢
On the other hand,
‘63(01“‘92) COS(OI 92) _ %(93+94) COS(93 94)’ _ |€%(91+92—03—04) COS(91 02) COS(03 04)|

> | Sin(91+92;93—94) COS(91202)’
Since (B.3) implies that cos(25%) > 1/1/2, we obtain from (B.4) that
sin(LH=ta=ts)] < 2./3.

|
D1462-05-04 ¢ [—Z 7] and as [sin 6| > 2|6|/7 for —7/2 < 6 < 7/2, we conclude

We also have
that

(B.5) | 20001 | < /3.

We assumed that z; = p;e’ € B.,, and that means that 0 < 6; — \/eo; < \/e. Hence
(B.5) gives

(B.6) |y + g — a3z — ay| < Cye+2 <3,
provided that € > 0 small enough.

Going back to (B.3) and (B.4) we get with p = 91_92, q= 93;94
(B.7) | cosp — cosq| = 2| sin (E52) sin (252) | < 2e
As, p,q € [0, §] we get

(r+9) (P—9) m
‘pzq 2 |§T
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This is the same as (recall that 0 < 6; — 0,5, 0 < 63 — 6)

(B.8) (|01 — 02| — |03 — 04])(|01 — 2| + |03 — 04]) < 4m°e

and this gives

(B.9)  [(01 = 02) — (05— 02)] < (101 — Os] — 105 — 0a)(161 — a] + |65 — 04]))? < 27 /e
Using again the fact that 0 < 6; — y/ea; < /€ this gives

(B.10) (a1 — ) — (a3 — ay)| <27+ 2

Finally, from (B.6) and (B.10) we obtain

jay — o] < T+ 2, Jag— o <743

which proves Lemma 2.5 in the case v = 1 (notice that here only the first term in the
alternative is possible which follows from the assumption 6; > 65,05 > 64). The general

case follows by applying the transformation (1, ;) € R* — (x1, /y22) € R O
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