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Abstract
We consider the controllability and observation problem for a simple model describing the inter-
action between a fluid and a beam. For this model, microlocal propagation of singularities proves
that the space of controlled functions is smaller that the energy space. We use spectral properties
and an explicit construction of biorthogonal sequences to show that analytic functions can be con-
trolled within finite time. We also give an estimate for this time, related to the amount of analyticity
of the latter function.

1 Introduction

Let Q be the two-dimensional square 2 = (0,1) x (0,1) C R2.

We assume that 2 is filled with an elastic, inviscid, compressible fluid whose velocity field v is given
by the potential ® = ®(x,y,t) v= V. By linearization we assume that the potential ® satisfies the
linear wave equation in © x (0, co).

The boundary T' = 99 of Q is divided in two parts I'o = {(0,y) : y € (0,1)} and I'y = I'\I'g. The
subset I'7 is assumed to be rigid and we impose zero normal velocity of the fluid on it. The subset I'j is
supposed to be flexible and occupied by a Bernoulli-Euler beam that vibrates under the pressure of the
fluid on the plane where §2 lies. The displacement of I'y is described by the scalar function W = W (y, t).
On the other hand, on 'y we impose the continuity of the normal velocities of the fluid and the beam.
The beam is assumed to satisfy Neumann-type boundary conditions on its extremes. All deformations
are supposed to be small enough so that linear theory applies. Under natural initial conditions for
® and W the linear motion of this system is described by means of the following coupled equations

q)tt—A(PZO in Q x (0700)

2 -0 on T x(0,00)

g—‘f =W, on Ty x (0,00)
(1) Wi + Wyyyy +®, =0 on Iy x (O, OO)

W, (0,t) = W,(L,t) = 0 for ¢>0

Wyyy(0,8) = Wy (1,6) =0 for ¢>0

0(0) = ©°, B, (0) = im0

W(O) = VVO7 Wt(O) = VV1 on Fo.

By v we denote the unit outward normal to €.

In (1) we have chosen to take the various parameters of the system to be equal to one.

System (1) is well-posed in the energy space Y = H(Q) x L*(Q) x H%,(Tg) x L?(T') for the variables
(@, D¢, W, W;) where H%, (L) = {v € H*(0,1) : v,(0) = vy(1) = 0}. The energy
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remains constant along trajectories.
It is easy to see that the equilibria of these systems are of the form

(3) (q)7®t7WWt) = (Cl7070230);

c1 and ¢y being constant functions.

We study the controllability of system (1) under the action of an exterior force on the flexible part of
the boundary I'g. The control is given by a scalar function 3 = 3(y,t) in the space H2(0,T; L?(T')).
Of course this is an arbitrary choice and many others make sense. However this is the most natural one
when solving the control problem by means of J. L. Lions’s HUM (see [6]), as we will do. The controlled
system reads as follows

(btt — Aq) = in Q x (0, OO)

g—‘f =0 on Iy x(0,00)

g% =W, on Ty x (0,00)
(4) th + Wyyyy + (I)t = 5 on FQ X (0, OO)

Wy(0,t) = Wy (1,t) = for t>0

Wyyy(0,1) = Wyyy(1,6) =0  for ¢>0

o(0) = 0°, §,(0) = D in  Q

W(0) = W W, (0) = Wt on I.

The problem of controllability can be formulated as follows: Given T > 2, find the space of initial
data (®°, &1 WO W1) that can be driven to an equilibrium of the form (3) in time 7' by means of a
suitable control 3 € H=2(0,T; L*(Ty)).

The model under consideration is inspired in and related to that of H. T. Banks et al. in [4]. However,
there are some important differences between these two models. First of all, we choose Neumann-type
boundary conditions for the beam. These are compatible with those of ® in order to develop solutions
in Fourier series. Another difference is related to the nature of the controls. In [4] the control acts on
the system through a finite number of piezoceramic patches located on I'g. This restricts very much
the set of admissible controls, that are essentially second derivatives of Heaviside functions, and much
weaker controllability results have to be expected. In [4] the controllability problem is not addressed.
Instead, they consider a quadratic optimal control problem. More recently in [2] a Riccati equation
for the optimal control is derived. The problem of the controllability of one-dimensional beams with
piezoelectric actuators has been successfully addressed by M. Tucsnak [9]. However, to our knowledge,
there are no rigorous results on the controllability of fluid-structure systems under such controls. In [7]
the controllability problem for a similar system with a string instead of a beam was studied. It was
shown that a space of analytical initial data can be controlled in any time T > 2. The techniques we
develop in the present article can be applied to that case and allow to show that larger and larger classes
of analytic functions can be controlled in finite time.

The propagation of singularities for the wave equation on any segment parallel to I'g proves that the
space of controlled functions will be small. It will not contain all functions of finite energy.

Let us denote by X = H'(0,1) x L?(0,1) x C x C and by X’ its dual space. Let also J" =
(H'(0,1) x L?(0,1) x C x C) cos(nmy)

By the HUM method, we will first prove that if C'(n,T') is a sequence of constants such that any
solution of the observation problem

(I)tt—A(PZO in QO x (0,00)

g—f =0 on Iy x(0,00)

2 — W, on Ty x(0,00)
(5) Wy + Wyyyy —®, =0 on I'gx (0, OO)

Wy (0,t) = W, (1,t) =0 for t>0

Wyyy(0,) = Wyyy(1,t) =0  for ¢>0

((I), (I)t)‘tzo = (q)o, (I)l) in Q

(VV, Wt)|t:0 = (Wo, Wl) on FO

with initial conditions in Y, satisfies

T
1(@°, 2", WO, Wh)3 < C(n, T) / W00 d.
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then the space of initial data

H= {Z((I)O’(I)l’wo’wl)n cos(nmy) ‘(‘I)an’l,WO,Wl)n € X such that

n

Zcmﬂww@wWMwu;Hw@m<w}
n
is a subset of the space of controlled functions. Remark that the space H depends on the constants

C(n,T): when C(n,T) “increase”, H becomes smaller.
This paper aims at proving that, for 7" and n large enough,

(6) C(n,T) < Ce*Mnl
with the following property

THEOREM 1 For any positive real number q, there is a constant Cy such that

Cq
7) o(T) < 2

It means that any initial condition whose Fourier coefficients in y decrease like e 11 can be controlled

if T is larger than T(a) = '7¢ % This condition on the Fourier coefficients means that the initial
condition is analytic with respect to y and that it can be continued as an holomorphic function over the
complex strip [Sm y| < a.

Now any initial condition that is analytic with respect to y can be continued as an holomorphic
function over a such a strip |3m y| < € for a positive e that depends on this initial condition. Therefore,
its Fourier coefficients with respect to y decrease like e~1"l¢. So according to Theorem 1 and (6), it can
be controlled if T > T'(e).

This means that any initial condition of finite energy that is analytic with respect to y can be
controlled in a finite time (which is not uniform).

It is important to notice that analyticity is required only with respect to the variable y. Therefore
the space of controlled functions is not symmetric in x and y. This means that we do not use the fact
that the metrics in our problem is analytic with respect to z. In [1], the boundary control problem is
studied on a surface of revolution. The same kind of result is proved in that case, even if the surfece
is only C*°. This is posible because such surface is still “analytic” with respect to the angular variable,
even if it is only C* with respect to its axial variable.

The rest of the article is organized as follows. In section 2 we give a direct estimate for the observation
problem and, by using (6), we apply Hilbert Uniqueness Method to solve our controllability problem.
We obtain that the initial data from H can be controlled in time T'. In section 3 we prove some spectral
properties of the operator that will be used in the proof of the main theorem in section 4. In the last
section an explicit dependence of the space H on the time T is obtained.

2 The direct estimate and the controllability problem

2.1 Direct estimate

Let us consider the system

Nt — Nax +0°m°n=f in  (0,1) x (0,T)

Nx(1) =0 for te€(0,7T)
(8) 77;;5(0) = Ut for te€ (0,T)
ug + ntrtu —n;(0) = for te€(0,T)
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The unknowns are n = n(z,t) and u = u(t). Of course, since the coefficients of the system depend on
n =0,1..., solutions (n,u) depend on n too. However, in order to simplify the notations we will not
use the index n to distinguish the solutions of (8) for the different values of n.

The energy space for system (8) is the Hilbert space X = H'(0,1) x L?(0,1) x C x C.

It is easy to see that for any (n°,n',u° u') € X and (f,g) € L*(0,T; L%(0,1) x C) system (8) has a
unique solution in the class

(9) ne€ C([0,T); H'(0,1)) N C* ([0,T]; L*(0,1)) ;u € C*([0,T]; C).

In other words (9, n:, u,u;) € C ([0,T]; X).
The energy of the system

1t 1
(10) FO =5 [ [P+ e P nme?]dot 5 [l P e
0
satisfies )
dF(t
(1) LD = [ timte e + gleyunte
0

Therefore, when f =0 and g = 0, the energy F' remains constant along trajectories.
We observe that when n > 1 the square root of F' defines a norm in X equivalent to the canonical
norm | - ||x of X

1 1/2
(12) | (u, v, w0, 2,)||x = {/ (Jue P+ |ul?+|v]?) de+w*+2°
0

However, when n = 0 this is not the case. Actually, for n =0, (n,u) = (c1, ¢2) with ¢y, c2 real constants
are stationary solutions of (8) with f = 0,¢ = 0 for which the energy F' vanishes.
We have the following “hidden regularity” result

PROPOSITION 1 For any T > 0 there exists a constant C(T) > 0 independent of n = 0,1, ... such that

T 2 T
(/ | wgy | dt) +/ [ ue [* +(1+n®7%)u® + (1 + n®n?)n?(0,t)] dt
0 0

<O (nt+1) [ (0t u, ) 13 + 112 0.0,y + 19133 0.1

(13)

for any (n°, nt,u® ut) € X, f € LY(0,T;L%*(0,1))and g € L*(0,T).
If g € L?(0,T), then u € H?(0,T) and we also have

g 2
U dt <
(14) /0 | wge | =
<CO(n*+1) {||(no7n1’uo7u1)||g( + 1121 0,7 0200,0)) + 19117200, | -

Remark 1 This proposition shows that u is more smooth than what (9) guarantees. This is due to the
structure of the second order (in time) equation that u satisfies. The fact that the constant in (13) and
(14) do not depend on the index n is worth mentioning.

Proof of Proposition 1: It is enough to consider smooth solutions since a classical density argument
allows to extend inequalities (13) and (14) to any solution with finite right hand side. We use a classical
multiplier technique (see, for instance, [6]). We multiply the first equation in (8) by (1 — z)n, and
integrate over (0,1) x (0,7). Integrating by parts we obtain

T

+
0

1 T 1 T 1
+§/ / (07 +n2 — n’n*n’] dscdt+/ / f(1 = z)ngdedt = X.
0 0 0 0

1

T 1
o [ TP n P ontei] ©.0d =~ [ (1 - anado
0 0
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In this identity we use the notation L |I'= L(T) — L(0). The right hand side of this identity can be
easily bounded as follows

T

e e
XI<5 [ 4] @0de+ 5 [ It @ Do+ [P
0 0

0
1 2 2 4
+5 171 0 rizz 0y + el rizz 0y < F(O) + F(T) + / F(t)dt+

1
HIF @) Lo o,7) + §||f\|%1(o,T;L2(o,1)) <C [HFHLOC(O,T) + ”f”%l(O,T;L?(O,l))} ;

with C' > 0 independent of n.

In the sequel, if some constant in the inequalities depends on n, we will make it explicit by means
of an index n on that constant.

On the other hand, from identity (11) and using Gronwall’s inequality it is easy to deduce that

VFI 0.1y < € (1121 0,ms2201y) + gl 0.2y + F(O)]

Since H'(0,1) is continuously embedded in C([0, 1]; C) we also have
T T
/O 7 (0,t)dt < © / F(t)dt < C 111 0rz20) + 191 0.2 + FO)]
Combining these inequalities we deduce that
T
[P L o] 0, )
0

(15) < C(n*+1) [H(noﬂllauo,ul)\@ + 12 0,75020,1)) F 191 T2 0,1y | -

On the other hand

T T
n87r8/ u?(t)dt < 2n47r4/ F(t)dt
0 0

Cnt (60, w, )% + 1712 om0 + 90y -

IA

(16)

Inequalities (13) and (14) are a direct consequence of (15) and (16) and the coupling conditions
between 1 and u given in system (8), i.e.

(17) 10y (0,1) = uy(t); uge (t) = g(t) + 1:(0,¢) — n*mtu(t) for t € (0,7).
O

2.2 A controllability result

In this section, we solve the controllability problem (4) stated in the Introduction by using J.- L. Lions’s
HUM. This is done by Fourier descomposition which is possible because of the boundary conditions we
have chosen for W. Indeed, W is assumed to satisfy Neumann type boundary conditions which are
compatible with those of ® to develop solutions in Fourier series.

Indeed, let us decompose the control 3, the solutions @, W and the initial data in the following way

8= Z B (t) cos(nmy),
n=0

(18) b= Z U, (x,t) cos(nmy), (B°,d!) = Z(\IIEL(QC), Ul (x)) cos(nmy),
n=0 n=0

W = Z Vi (t) cos(nmy), (WO, W) = Z(Vf, V.h) cos(nmy).
n=0

n=0
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With this decomposition, system (4) can be split into the following sequence of one-dimensional
controlled systems for n =0,1,...

\Iln tt — lI/n T + n 71-Q\Iln =0 in (0, 1) X (0, OO)
U, .(1,t) = for t>0
(19) U, .(0,t) = th( ) for ¢t>0
Vi tt(t)+ ( )+\Ijnt(0 t) Bn(t) for t>0
U, (0) = ‘I’ £(0) =W, in  (0,1)
Va(0) = V Vint(0) = V.
2
The control 8 we obtain is of the form 8 = 2 with v € L? (I x (0,T)) having compact support
T
in time. Therefore 8 = 0. Taking this fact into account it is easy to see that the constants ¢y, co of
0
the equilibrium we reach at time ¢t = T" are determined a priori by the initial data. Indeed, integrating
the first equation of (4) in Q we obtain that / ®ydxdr — | Wdy remains constant in time. Therefore,
Q r
necessarily, ’
(20) o= [ Wy — / dldrdy.
1) Q

On the other hand, integrating the equation satisfied by W on I'g x (0,T") and taking into account that
T
/ 0 = 0 we deduce that
0

W (T)dy + /

o

®(0,y,T)dy = Wldy+/ ?°(y, 0)dy
To Ty

To

and therefore
(21) €= / (W' +2°(0,y)) dy.
To

In terms of the Fourier coefficients (18) these constants can be written in the following way
1
(22) o =Vy +95(0), =V - / Vi(z)dz.
0

Therefore, the constants ¢; and co of the equilibrium we may reach are uniquely determined by the
Fourier coefficients of the initial data corresponding to the frequency n = 0 in the y-variable.

This fact is related to the different nature of systems (19) for n = 0 and n > 1. While for any n > 1
system (19) is exactly controllable to zero at any time 7" > 2, when n = 0 we can only control the
system to the equilibrium given by (22) in terms of the initial data.

In this section we suppose that for any n € N* and time T' > 2 we can find a constant C(n,T) such
that for any (¥°, ¥l VO V1) € X, the solution of problem

Wy — Uy + 0?70 =0 in  (0,1) x (0,00)
(1,t)=0 for t>0
(23) U, (0,t) = Vi(t) for t>0
Vie(t) + ntrtV(t) — ¥, (0,t) =0 for t>0
T(0) = 0O, ¥, (0) = W! in (0,1
V(0) = VO,Vt(O) =V
satisfies -
(24) 100 VO VDI < O T) [Vl
0

We shall prove (24) and we shall give estimates over C'(n,T') in section 4, while proving Theorem 1.

When n > 1 we have the following controllability result for (19)
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PROPOSITION 2 Let X be the space H*(0,1) x L?(0,1) x C x C. Assume that T > 2 and n > 1. Then,
for any (¥, W0 V1 VO) € X, there exists a control 3 € H=2(0,T) with compact support such that the
solution (¥, V') of (19) satisfies

(25) U(T) = ¥,(T)=0in (0,1), V(T)=V(T)=0

Remark 2 In the statement of Proposition 2 and in the sequel we drop the index n from the unknowns
(U, V) to simplify the notation.

The solution (U, V) is defined by transposition. Therefore (25) has to be understood in a suitable
weak sense. We will return to this question in the proof of the proposition.

The proof of Proposition 2 provides the continuous dependence of the control B on the initial data.
More precisely
(26) 1812 0.1y < Cln, T) {I(F", 90, V2, VO) 3+ | 9°(0) |2}

for any initial data (¥°, WL VO V1) as in the statement of Proposition 2. By X’ we denote the dual of
the space X. The constant C(n,T) in (26) is the one appearing in (24) and will be evaluated in section

4.

Proof: We use HUM to prove this result.
Given any (n°,n%,u% u') € X we solve the adjoint system

Nt — Naa + 2120 =0 in (0,1) x (0,7)

ne(1,t) =0 for te(0,T)
(27) Nz ( ) = Ut(t) for t e (O,T)

g (1 )+n Artu(t) —n(0,6) =0 for te(0,7)

n(0) =n°,m(0) = n' in (0,1)

u(0) = u®, us (0) = ul

We fix, some non-negative smooth function p(0,7) — R with compact support such that p =
lin (¢,T —¢) with T — 2¢ > 2.
We then solve the backward system

Uy — Uy + 02720 =0 in  (0,1) x (0,7)
U,.(1,t) =0 for (0,7)
o8 U,(0,8) = —Vi(t) for te(0,T)
(28) Vi + 'tV £+ 0,(0,0) = — Lo (p(Dun(t))  for L€ (0,7)
U(T) =U(T) =0 in (0,1

V(T) = Vi(T) = 0

The solution of (28) is defined by transposition (see [6]). If we multiply in (28) by any solution (77, u) of
(8) and integrate (formally) by parts we obtain the following identity

/ p(E)ttgs ()i (1)t + / FUdwdt — / GVt — / [0, (0)7(0)+
0 0 0 0 0
(29) U (0)7:(0)] d 4 V'(0)7(0,0) 4 ¥(0,0)w(0) — V(0)u (0) + V;(0)u(0).

Notice that when we derived (29) we have used the fact that p and its first derivative vanish for
t=0andT.
We adopt (29) as definition of weak solution in the sense of transposition of (28). More precisely we
say that (W, V) solve (28) if (29) holds for any (7°,7',%°,a') € X and (f,§) € L'(0,T; L*(0,1) x C).
We observe that (29) can be rewritten in the following way

T T /1 T
(50) / () gt (D) Tedt — / / FUdzdt + / FVdt = — < 0,(0) + V(0)50,7(0) > +
0 0o Jo
+ < (0),72:(0) > + (V2 (0) + ¥(0,0)) u(0) — V(0)u:(0)
where < -,- > denotes both the duality pairing between (H'(0,1))" and H'(0, 1) and the scalar product

in L2(0, 1) and dp € (H'(0,1))" denotes the Dirac delta at y = 0.
We have the following existence and uniqueness result of solutions in the sense of transposition.
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PROPOSITION 3 System (28) has a unique solution in the sense of transposition. More precisely, for any
solution (n,u) of (27) with initial data in X, there exists a unique (¥, V) € C([0,T); L*(0,1)) x L*(0,T),
p® € L?(0,1), p* € (H'(0,1)), u° € C,u! € C satisfying

(31) /0 Tp(t)utt(t)ﬂttdtz /0 ' /0 1 fUdzdt — /0 T§th

+ < p"7(0) > + < %771 (0) > +p'a(0) + 1, (0)
for any solution (7,%) of (8) with

(32) @, 7ty e X, f € L' (0,3 L*(0,1)) ,§ € L*(0,1).

Remark 3 In the identity (31) p°, p', u° and p' play respectively the role of ¥(0), —¥,(0)+V (0)dg, —V (0)
and V¢(0) + U(0,0). It is easy to see that, in the frame of smooth functions, there is a one to one cor-
respondence between (p°, p*, %, ') and (¥(0), ¥,(0), V(0), V;(0)).

Proof of Proposition 3: In view of Proposition 1 we know that the map

B T
<ﬁ07ﬁ17607ﬂ1,f7§) —>/ p(t)utt(t)att(t)dt
0

is linear and continuous from X x L! (O,T; L?(0, 1)) x L%(0,T) into C. This implies the existence
and uniqueness of (p', p%, p', 1%) x (¥,V) € X' x L= (0,T;L*(0,1)) x L?(0,T) such that (31) holds.
Moreover, there exists a constant C' > 0 such that

”(\I/vV)”L‘X’(O,T;L?(O,l))xL2(O,T) + || (01’0071117#0) ||X/ < C||uttHL2(O,T)
(33) < Cl(°ntul,ut) f|lar

The fact that ¥ € C ([0,77]; L?(0,1)) can be deduced from (33) by a classical density argument. 0
Remark 4 When the data of (27) are smooth, the solution (n,u) is smooth too. It is easy to see that

(28) has a finite energy solution. In this case one can check that the element (po,pl,uo,ul) e X’
obtained in Proposition 3 is such that

P = W(0),p! = —W,(0) + V(0)do, 4 = —V(0), u* = Vi(0) + W(0,0).

By a density argument one can then deduce that the solution (¥, V') obtained in Proposition 3 is such
that the traces

Y ‘t:o; 7\I/t + Véo‘t:o ) -V |t:0, ‘/t + \Ij(o7t)|t=0

are well defined and coincide with (po,pl,/,to,ul).
The same arguments allows us to show that the traces are also well defined at t = T. This suffices
to assert that the weak solution of (28) we have constructed by transposition is at rest at t =T .

We can now complete the proof of Proposition 2.

End of the proof of Proposition 2: In view of Proposition 3 and Remark 4 we can define a linear and
continuous map A from X into X’ such that

A ntu® ul) = (=0 4+ Vo |10, (0), Vi + ¥(0,t) |t=0, =V |i=0)

Taking in (31), f =0,9 =0 and (77,u) = (n,u), we deduce that

T
2
<A (770,01»“0,“1) ’ (770,01»“0,“1) >= A p(t) ‘utt(t)| dt
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and in view of (24) we deduce that there exists C' > 0 such that
<A@t at), (ot ) > O (0t [

Actually, C' = [C(T,n)] ", where C(T,n) is as in (24).

This implies that A is an isomorphism.

This shows that given any (,ol,po,,ul,,uo) € X’ there exists (no,nl,uo,ul) = A! (pl,po,,ul,,uo)
such that the corresponding solution of (28) in the sense of transposition satisfies

(34) U(0) = p°, =Wy + Vo |1=0 = p", =V |1=0 = p°, Vi + V(0,¢) |s=0 = p".
If we want this to be equivalent to the initial data of (19) we have to take

(35) P’ =00 pt = 0! VO, 10 = VO, ut =V 4+ 10(0).

This makes sense when the data (U0, ¥, V0 V1) isin X.

d2
The control we have obtained is of the form = ——— (puyt), where u corresponds to the solution

(n,u) of (27) with data (n°, n*,u® u') = A=t (p, p°, u*, %), where (p°, p*, u%, u*) is given by (34).
From the identities above we see that

18200 < lpwelizor < Cl(% 0% utu1°) I3
< o) (@ e, v vy |3+ | v0(0) 12}

where C'= C(T, n) is the constant obtained in (24).
]

Remark 5 In fact, in some sense, we obtain a stronger result since we prove that we can control the
problem (31) for any initial data (po,pl,uo,ul) € X'. In order to give an interpretation of the control
problem in terms of the initial data (\Ill,\IIO,Vl,VO) we have to assure that W°(0) makes sense. For
this reason we consider that (\Ill, wo VL VO) eX.

When n = 0 one can not expect the same controllability result due to the conservation of the
quantities (22) along the trajectories. In this case the controllability result reads as follows

PROPOSITION 4 Assume that T > 2 and n = 0. Then, for any (\Ill,\IIO,Vl,VO) € X there exists a
control 3 € H=2(0,T) with compact support such that the solution (¥, V) of (19) satisfies

(36) U(T) =V +0%0),0,(T) =0, V(T)=V"- /1 Ulde, Vi(T) = 0.
0

Remark 6 This result asserts that, when n = 0, any solution of (19) can be driven to an equilibrium
configuration which is a priori determined by the initial data.

Proof: First of all we observe that proving Proposition 4 is equivalent to showing that for any initial
data as in the statement of Proposition 4 and satisfying the further assumptions

(37) V4 %0)=0,V0 — /1 Ul (z)dr =0
0

then, there exists a control § such that
(38) U(T)=T,(T)=01in (0,1), V(T)=WV(T)=0.

Indeed, this is an immediate consequence of the remark made in the introduction that shows that when
0 is of zero average the following identities hold

(39) W(T) + \I/(O,T) =V! + \I/O(O)a V(T) - /1 \I}t(va) =V0- /1 \Ill(;p)
0 0
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Thus, in the sequel we focus on initial data (P9, !, VO, V1) satisfying (37). For the adjoint system

Mt — Nazw = 0 in  (0,1) x (0,7)
n:(1) =0 for te€(0,7)
(40) 7:(0) = uy for te€(0,T)
uge — 1 (0) =0 for te€(0,T)
n(0) =% m(0)=n" in  (0,1)
u(0) = u®, uy (0) = ut
we consider initial data in the following subspace Xy of X
1
(41) Xy = {(no,nlmo,ul) € Xu' — nO(O) = 0,/ ntdy +u® = 0} .
0

It is easy to see that the subspace X} is invariant under the flow generated by (40).
Given (7% n',u% u') € Xy we solve first (40) and then the backward system

Uy —Vv,,=0 in (0,1) x (0,7)
U.(1,t) for te€(0,7)
(42) z(O,t) = —-Vi(t) . for te€(0,7)
Val) + B0 =~ (pthua(t) for 1< 0.7)
W,(T) =0 i (0,1)

t
U(T) =
V(T)=V(T)=0
where p is as in the proof of Proposition 2.
Proceeding as in the proof of Proposition 3 one can show that (42) has a unique solution defined by

transposition such that the traces (38) are well defined. On the other hand, integrating the equations
n (42) we deduce that

1
(43) / pt(x)dx = 0; ut = 0.
0
Let us denote by Z the subspace of X’ satisfying (43). More precisely,
(44) Z={(p",p°, 1", u°) € X's.t. (43) holds } .

It is easy to check that Z is actually the dual of Xy. Indeed, the dual of Xj is a quotient space of X’
and there is a one-to-one correspondence between Z and this quotient space in the sense that, in Z, we
have chosen the unique element of each class of the quotient space satisfying (43).

As in the proof of Proposition 2 we can define a linear and continuous operator A : Xy — Z that
associates the trace (pl,po,ul,,uo) € Z in (31) to each (no,nl,uo,ul) € Xp.

We also have

T
2
< A (n07n17u07u1) ’ (n07n17u07u1) >= / p(t) |utt(t)| dt.
0

Remark that inequality (24) also holds for the case n = 0 if we consider initial data in Xp. Hence
there exists a constant C' > 0 such that

< A(U07771auo7u1) ) (7707771auovu ) >> CH(TI 77 U U )HX” (noanlauoaul) € XO

1/2
since the quantity [Hngniz(o b+ 2 0+ | u? |2] defines a norm in Xy which is equivalent to the
norm induced by X.

We deduce that A : Xy — Z is an isomorphism.

Then, given initial data as in the statement of Proposition 4 and such that (37) holds we define
2

d
(p', p% ', 1°) € Z by (35). The control we are looking for is 3 = NPT (p(t)uge(t)) where u is the
second component of the solution (1, u) of (40) with initial data (7% n*,u®,u!) = A=1 (p', p°, pt, u%).
This concludes the proof of the Proposition. 0

Let us now state the controllability results for the two-dimensional system (4).
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We use the Fourier decomposition method described at the beginning of this section. Thus we
develop the initial data (<I>07 oL WO, Wl) to be controlled in Fourier series

Z U0 () cos(ny), Z Ul (x) cos(nmy)

(45)
WO = Z V0 cos(nmy), Wt = Z V! cos(nmy).
n=0 n=0
We assume that for every n = 0,1,... the initial data satisfy the assumptions of Proposition 2 and
Proposition 4. We set
(46) = U0, oy = =Wy + V)80, p° = =V, g, = Vi + ¥3(0).

We introduce the following space of initial data

H = { (@%, ', WO, W) e Y
(47)

(o)
S0, T) || (ks 2% 1k 10) |5 =

(0%, 0t, w0, )|, < oo}
n=0

where the constants C'(n,T) are those appearing in (24).

PROPOSITION 5 Assume that T > 2. Then, for every initial data (®°,®*, WO W) in H there ezists a
control B € H=2(0,T; L?(0,1)) such that the solution (®, W) of (4) satisfies

®(T) = u—/W dy+/ U0(0,y)dy, ®,(T) =0

(48) W) =< g1 > /Wo \dy — / / Yz, y)dady, W,(T) = 0.

Moreover there exists a constant C > 0 such that

(49) 181l -2 (0,7;22(0,1)) < CII (2, @1, WO, W) || 1.

Remark 7 The control time T > 2 is optimal. Indeed, when T < 2 it is easy to see that the set of
controllable data is not dense in the space of finite energy data. Actually, when T < 2 none of the
one-dimensional problems (19) is approzimately controllable, i.e. the space of controllable data is no
even dense in ).

Remark 8 The constants C(n,T) play an important role in the controllability problem since the space
H of controllable functions depends on them. The next two sections are devoted to the evaluation of
these constants.

Proof: In view of Propositions 2 and 4 for any n = 0, 1,... there exists a control 8, € H~2(0,T)
such that the solution (¥,,,V,,) of (19) satisfies

(50) U, (T) = Wy o(T) =01in (0,1), Vu(T) = Vpu(T) =0

s

for n > 1 and
(51) Uo(T) = p, Uo(T) =01in (0,1), Vo(T) =< p',1>,V54(T) =0
when n = 0.

On the other hand )
(52) Hﬁn”%{*Z(O,T) S O('fl, T) || (p'}m p?u ,u71u M’?L) | X!
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We construct the following control for the two-dimensional system

(53) By, t) = Z Bn cos(nmy).

n=0

We have, in view of (52),

||5||§{*2(0,T;L2(0,1)) = Z Hﬁn(t)H%I*%O,T)
n=0
oo
< ST [[(phe 2 sk 1) [ = [ (20, 0L WO W[}, < 0.
n=0

Therefore 8 € H=2(0,7;L*(0,1)). On the other hand,

U(z,y,t) = Z U, (y,t) cos(nmy), Wi(y,t) = Z Vo, (t) cos(nmy)

n=0

solves (4) with the control § given in (53) and satisfies (48) at time ¢t = T..
This concludes the proof of this Proposition. 0

3 Spectral analysis

In this section we give some estimates on the spectrum of the differential operator corresponding to
(23) that will be used in the next section to prove (24). In order to analyze the spectrum of (23) let
(¥ (z,t), V(t)) be solution of

Uy — Uy + 0272 =0 in (0,1) x (0, 00)
(54) U,.(1)=0 for ¢t € (0,00)

U,.(0) =V, for ¢ e (0,00)

Vit + 021tV — 9 (0) =0 for t € (0,00).

Now if we look for solutions of (54) of the form (¥ (xz,t),V(t)) = e* (¥ (z), V), with V € R, it follows
that the eigenvalues A of system (1) are the roots of the equation
Q2VATFRTRT _ A2 — VA2 +n2r2 (A +n'nt)

A2 + VA2 4+ n?m2 (A2 + nirt)

(55)

We have the following first result

LEMMA 1 System (1) has a two-parameter sequence of purely imaginary eigenvalues (Ap k)neN, kez*
given by

(56) Ank = ./zfuk +n?m2i  ifk>0 and My =-Mn_x k<O,

where (zn i )ken+ are the roots of the equation

22 -+ n2n?

57 t = .
(57) anz 23 + z(n?m2 — niwd)

Moreover, there are another two eigenvalues of (1), A and A5, with the modulus less than n,
given by ~

(58) A =VmPr? = ()70, A=A,

where 2 is the unique positive root of the equation

(59) o, 23 —224n?r? + z(nrt — n?n?)
e’F = .
23 4 22 — n2n? 4 z(ntnt — n272)

In the last case, A}, = A\ =0 whenn =0
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Proof:  We know that the eigenvalues A are roots of (55). Considering the change of variable
A = +/(? — n?x? equation (55) becomes
o2 3 — 2+ n2n? + ((ntnt — n?n?)

(60) T3+ —n2n? + ((nirt — n2r?)

file=figl.eps,height=7cm,width=12cm
Fig. 1

file=fig2.eps,height=7cm,width=10cm
Fig. 2

Since the differential operator corresponding to (1) is conservative its eigenvalues will be all purely
imaginary. Hence, we have to look only for those roots of (60) which are purely imaginary or real. It
follows that the imaginary roots of (60) are the roots of the equation (57) and the real ones are roots of
(59).

Observe that the right hand side of (57) has a pole at z = Vnir* —n272. Let us denote by
an = nint —n?n?, v, = /&, and let ko € N be such that ko — 5 < \/ay, < ko + .

Equation (57) has an unique root in each interval (kiﬂ' S TL e g) for k € N\ {ko}.

In (kmr — 5 ko + g) there are two roots z, k,—1 and z, g, of (57).
The localization of the roots (zxm)ren+ and z, . is illustrated in Fig. 1 and Fig. 2.

2% + n?n? 2% — 22 4+ n?7? + z(ntrt — n27?)
and h,(z) = .

23 + z(n?m2 — nirt) 23+ 22 — n212 + z(n*rt — n272?)
The roots correspond to the points of intersection of the curves in the figures. O

where g, (z) =

The skew adjoint operator corresponding to (1) can be diagonalised over the orthogonal basis of
eigenvectors

. Ai,k cosh(y/n?7% + A2 (z — 1)) cosnmy

ok —cosh(y/n?72 + A2 (z — 1)) cosnmy

n,k
Snk = 3’ = e v R
gz,k ?"k sinh(y/n?m? + A2 ) cosnmy
n,k A /n27r2J,r/\2
n,k o3 2.2 2
B v sinh(y/n?7? + A2 | ) cosnmy

and the solution of (5) with initial condition &, j is such that

U(z,y,t)
‘I’t(CU,ny) _ An .kt
W(y,t) - gn,k(mvy)e
Wt(y7 t)
As this basis is not normalized, we will denote Z,, = [|n k]| y-
Notice that if n and k are integers,
(61) Cc S En,k S C.

On the other hand z, . is the only positive real solution to

N@t) =t +n’r® +t(t* +n'n* —n’r?)

2t
— h(t) = = :
¢ ®) D(t) t?2 — n2m2 + t(t2 4+ nint — n2n2)
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Let to(n) be the real root of D. It follows that z, . > to(n) > n=3.

1
Furthermore, as D(n?) > 0 and R(nz) ~ 1 < €2"? z, , < n= for large n.

Therefore, as A, . =i, /n?n? — 22

>\n * _
(62) en™8 < |22 | < On?
mn
and )
(63) en 3 < e < Ce™’.

For any (@Y, @1, WO W) in Y,

a.
(@07¢17Wo7wl) _ Z ,_n7k §n,k($,y)

—n.k

neN
KEZ*U{*,xx}

with (anyk)nyk €l

Let us now make some notations. We will write for any (®°, @1, W% W1) in Y that
(@0, 1, WO W) € Yo if n # ng = ank =0,
(@, oL, WO W) € YV if [k| > |n| = ani =0,
(®°, 1, WO, W) € Y@ if <|k| <|n|orke {*,**}) = a, =0,
(@, L, WO W) € Yo = (8%, 01, WO, W) € YO nyn.

We can denote
(@°, 01, WO, W) = (9, !, WO, whHM 4 (9° ¢ WO, WP,

with (0, @1, WO W) ¢ Yy,

Moreover I will be the set of (k,n) such that k € {x, %} or |k| < |n|, and we will agree that xx = —x.
To end with, we shall also denote v, = Sm A, i to deal with real numbers.

4 Proof of Theorem 1.

In order to prove the theorem, we will use a proposition for low frequencies and a lemma for high ones.

PROPOSITION 6 (Low frequencies)

For any positive € and §, there exists a constant C 5, an integer ni(e) and a positive time To(e,0) < elcf(;
such that for any integer n greater than ni(e) and any (®°, @1, WO W) in Y, the solution of (5) with
initial condition (®°, ®* WO W1) satisfies

T (€,0)
H(q)07(1)17 WO, Wl)(l)H%) < 06,6 e26"ﬂ| /T ;. |th(0,t)‘2 dt.
—1L2(€

This proposition will be proved in section 4.2.

LEMMA 2 (High frequencies)
There exists a constant C' and a positive time Ty such that for integer n and any (®°, &1, WO W1) in
V™2, the solution of (5) with initial condition (®°, 1, WO W) satisfies

C
(64) ||((I)Oa (I)la Woa Wl)HJJ < ?HthHLz((O,Tl)XFO)'

The proof of Lemma 2 will be given in subsection 4.1.
Let us now prove how do Proposition 6 and Lemma 2 imply that Theorem 1 is true.
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Proof of Theorem 1: Let € and § be two positive real numbers. Out of Propositions 6 and Lemma 6,
we get two positive times, denoted T7 and T5(e, ). Let us define T'(e,d) = sup(71, Ta(¢, 9)).
Let n be a positive integer and (®°, @1, W% W) any initial condition in ™. Then we have

1(@%, @1, WO, W[5 = [[(8°, &, WO, WD, +[|(9%, @1, W, whH P[5,
So by Proposition 6 and Lemma 2, for n > nq(e),

T2(675)

c (h 2
(@, L, W0, W3, < C. s ezﬁln‘/ W (0, ) dt + F/0 W, (0,0 dt <

7T2 (6,6)

T(e,8) 9 C T 9 C T 2
< Ces e2e‘"|/ |W (0,8)* dt + F/ |W (0,8)* dt + ﬁ/ W“)tt(o,t)’ dt.
0 0

—T(e,9)

Therefore, by the direct estimate (14),

T(€,5)
(@, @, WO, W13 < CL, ezf”'/T( 5)‘W“(°’t)'2 dt +C" [|(@°, @', WO, w3,
So by Proposition 6,
T(€,0)
@, @1 WO WHIE < Cly I [ (0,0 .
—T(€,0)

We can increase the constant to take care of the first nj(e) values of n.
As T'(e,0) < To(e,0) < 51%7 if we put
T(a(T),d) =T,

we get

Cq
OL(T) S Tl_q

for any positive real number ¢ and (7) is proved. O
We pass now to prove Lemma 2.

4.1 Proof of Lemma 2.
Since (00, @1, WO, W) € Y2n,

(65) (@, " WO W) = " anu

|E|>n

On the other hand, for T} > 0,

fn,k
= @@t WO WHEE = 3 il

|k|>n

2
T T 3 A
2 2 nk oy, pti
/ |th(t,0)| :/ Vn k E Onk=— i e’mk
0 0 kl>n ™
2
T
A k . .
= / E =\ n2r2 — 2 sin (y/n2n2 — 2, ) ekt
0 |jkj>n —™F

Let us prove that there exists ¢ > 0 such that, for k > n,
(66) Un k+1 — Unk = C.

Firstly, remark that z, r41 — znx > 5, Vk # ko — 1, ko where ko € IV is such that (kg — 1)m + § <
Van < kom+ 5. We recall that a,, = nir* —n272. In order to prove that there is a gap between Zn,ko—1
and z, k, let us show that, if z € ((ko — )+ 5, komr + g) then

22 + n2m?

23— za,

(67) > %
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Indeed we have
22 4 n2r2

23— zay,

- {’ ((ko — )7 + Z)* + n2n2 ((ko + 1) + 3)* 4 n2n2 }>
(ko= +2)° = ((ho— D+ ) an| | (ko + D)7+ 2)° = (ko + V)m+ %) an|)

o, + n2m? min 1 1 S l

U+ \fany/an (ko + D+ 2 — van| [(ho— D7+ 5 — van| [~ 7

1
From (67) it follows that max {|tan z, g,—1], [tan z, x|} > —.
77

1
Hence |2p kg — Zn,ko—1| > arctan .
We can evaluate now

— 2 2
Va1 = Vngo = /0202 4 22 g = 022 4 22

— 1 1 1
(Zn’kH Zn’k)(zn’kH + Zn’k) > arctan - = —arctan —

9 /n2n2 + 22 . mdnm 4
n,

and (66) holds with ¢ = 1 arctan 1.

. . . . . 2
By using Ingham’s inequality (see Ingham [5]) we obtain that, for Ty > =7,

T1 2 2
(68) / |Wi(t,0)]? > C Z Zn’k ’,/n27r2 — 1/72%,C sin (4/n2?m2 — V’I'QL,]C)’ .
0 Ik[>n —n,k
Let us prove that
C
(69) |27 = w2 sin (/n272 =02 )] = [z sinzna] > 5,

where C' is a positive constant not depending on n and k.
Firstly, from (57), we have

2 2,2
2ok +nem

Zn,k SN Zp g = —5————— COS Zp k-
2ok + ap,
Consider the following cases
i) zZnk > /@y. In this case
22, +n2n? \/
n,k Zn,k(zn,k - an) 1 C
2 —an 22 —a - Vaw ©
n,k n n,k n 1 ok
n,
1
If | cos zp k| > 5 then
Znk S 2Zp g = —5 ———— COS Zp | > —-
2ok —+ an n

If | cos zp k| < % then | sin z, x| > % and

Zn,

o
5
3

|2,k sin 2y, k| > >

S

V2
ii) zp,k < /0. Now we have
zflk -+ n2mr2 1

[tan z, | > inf .« Gm—e— > —
s Va&n 3
Zy kT ZnkOn nb

It follows that

Zn,k Sin2n7k| Z F
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Finally, we obtain that (69) holds.
From (65), (68) and (61) it follows that

c
(<I>0,<I>1,W0,W1)||§, < F/0 |Wie(t,0)].

We still have to prove Proposition 6. This will be dealt with in the following subsection.

4.2 Proof of Proposition 6.

This proposition deals with the lowest eigenmodes of the problem. In this part of the spectrum, the
Ingham techniques do not work, because the gap between frequencies goes to zero. The technique of
biorthogonal sequence, that we will use, is more general. Examples of its application can be found in
[3] for instance.

The idea is to find a sequence of functions h,, ; with compact support such that /ﬁn,k(ymko) = 5’,30, and
whose L? norm is not too large. Indeed, will prove the following lemma :

LEMMA 3 For any odd integer g and any positive real number €, there exists a time Ta(q, €) smaller than
1
C’qe%q such that for any (n, ko) in N* x (Z* U {x,*x}) there exists an L? function h’j?q’” that satisfies

(i) hffd" is supported by [—T2(q, €), T2(q, €)].

(ii) For (ko,n) €I, thoani? < O enl

(iii) if k # +ho, / BEon ()it dt = 0.

(iv) if n > ny(e,q) and (ko,n) € 1,

MO ] >

The constants depend only on q and €. Moreover the functions h can be chosen as even or odd. We will

k. 4
denote them helS™ or holty™.

Let us show at first how to prove Proposition 6 out of this lemma.
Let n be an integer greater than ny(e), and (®°, ®1, WO W) an initial condition in Y. Let us denote
(T, V) the solution of (5) with these data.
We will denote K the operator that maps (®°,®1 WO W) in Y™ to Wy(y = 0,.). If we denote

p = <(<I>07@1,W0,W1)7 En.k >, we notice that

Enk
52‘ k WWn Kt
Wiy, t) = Z Qne = cosmny e’™*
KEZ* U{x*,xx} —=n,k
Thus 3
3 ,
K(®°, Y, WO, Wh)(t) = — Z - :n,k V2 ettt

=n,

KEZ*U{*,xx}

Now for (kg,n) in I and L in N*| as he is even,

& :
/hJ:f’;”(t)K( n én”;)(t) dt = — Z (@i + an,—k),:niil/ivk /heffq’"(t)ewn*kt dt.
_‘n7 —
i<z 1<h<L



Controllability of analytic functions

So, out of (iii), if L > ko,

ko,
[rme

So out of (iv), we get that

ko,
[ rlme

3
fn,]i}()

~—*n,k0

( Z Uk = ) dt = _(a”’ko + a”>_k0):
k= —n,k
\kISL
§n,k
ang 2 )0 dt] = fan g + an ko]

V

out of (63) and because, as we have already seen,

|Znko| | .
€5 kol = ‘Vn’ °||smzn7ko| >
n,ko

If we take the limit with L — 400,

€e,q

’/h Fom () K (@0, &', WO, Wh)(t) dt‘ > |an ko + An,—ko| c €77

We can show the same way that

V 0’:2; K(®°, & w° wh(t) dt' > |an kg — An.—ky| c€™°.

So, by summing conveniently,

(70)

|@n ko + Qn,—ko| C €

C’Y
niNv

nko /he]:(ij () Wn kot dt.

3

n,ko Il/ |2 c
= n,k
Enko R0 nVa’

Wi

—n

Wi

Wi

|an ol < C e H/ hefom () K (@0, 1, WO, Wh)(¢) dt‘+

- ’/h(,ff;’"(t)K(q)o,<I>1,W°,W1)(t) dtH .

So for any n greater than nq(e),

So out of (70),

1(2°, @

Thus, out of (i),

(@0, 01, WO, WH |2 < cent 3 / Ik (o)) dt /

=Tz (qye)

Thus out of (ii),

1@, @, WO, WHD5 = Y ansl®

|| =%

|k<|n]

[k|=x
[k[<In]

k| =%
[E|<|n]

(@, @t WO, WHD[, < ¢ conf et |

WOWHOR <o Y en? '/hefq( ) Wit (0, 1) dt

T2(q,¢)

=T (q,e)

2
+ same with h,.

T2(q76) 2
|[Wy(0,1)|" dt.

Wi (0,8)° dt.

18
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When ¢ goes to the infinity, if % =—1-14, 6 goes to 0. So we have proved Proposition 6. O

We still have to prove Lemma 3.

First, we will introduce a sequence of functions f*o that will satisfy conditions (i),(iii) and (iv),
but which L? norms will behave like e"™, that is too large for (ii). We will notice though that these
norms will be mostly concentrated within [—zn,wn], on the Fourier side.

Then we will build a sequence of functions g of which we will know, by stationary phases compu-
tations, that their norms, on the Fourier side, are exponentially small over [—mn,7n], and reasonably
bounded outside.

We will then put h = f % g, and show that h satisfy (i) to (iv), for suitable parameters.

4.3 Proof of Lemma 3

In order to prove this lemma, we will build two sequences of functions, denoted f and g, and put
h = f % g. The functions f will have the right zeroes (on the Fourier side), but too large an L? norm.
The functions g will be small where f is large, in order to get controlled L? norms. We will have to
ensure also that they behave properly at the zeroes of f.

Namely, we will prove he following lemmas :

LEMMA 4 For any (n, ko) in N* x (Z* U {,%x}) , there is an even L? function f*o" that satisfies :
(i) fFom is supported by [—3m, 3n].

(ii) For z € [—mn,wn] , \f”ko(z)\ < Ce¥™V™ =G and for z & [—mn, mn, \f"ko(z)| < P(n, k), where

P is a polynomial.
(iii) if k # %ko, [k (v 1) = 0.
(iv) if n > ny(e,q) and (ko,n) € I ={(k,n) | |k| = * or |k] < n},

fn’ko(’/n,ko) Z g .

nNa

LEMMA 5 For large enough T, for any real number § > 1, close to 1, and any odd integer q, we can find

three positive constants C’ql, OZ,T’ cg’T’é and two integers rq,n(q,0) such that for any integer n, there is

a function g3, , 5 in L*(R) such that :
(i) 9145 s supported by [T, T7.
(i) 97 4.5l < 2T, and for any real number T such that 7| < %,

q

’%qé(’r” < CST o—Tn Chmin{(3—2)7-T 1}

5

(i1i) For any integer n greater than n(q,d), if ko = * or 1 < ko < n, there is a time Ty, i, in [T,T + 1]

such that 5
—~n |V7l7k0| > )
g+Tn,k01q T = \/ﬁ )

The constants depend only on q and €. Moreover the functions g can be chosen as even or odd. We will
denote them get , 5 0T Gorp

1q,6°

Let us prove Lemma 3 out of those two results.

Let € be a positive real number. Let us choose d. such that 3w, /1 — (3-)2 = & and T such that

;

€

IN

(71) sup <3m/1—52—q} Te (61_5)#1>

BE[0,5-]
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The derivative is —==2 + TECl( — ﬁ)ﬁ; we choose T such that it is 0 for S, such that

/ ﬁQ
3ry/1— 02 =e.
We have 6. = 1+ % +o(e?), B =1— % + o(€?) so é — B ~ 22;, hence T¢ ~ c4e1-
Let us define positive times T7 , = as follows
For integers ko such that [ko| < [n| or |ko| = *, we take the time T ; ~given by Lemma 5 with T' =T
and for [ko| > |n|, we put Ty, =T

1
Oe

+

ko € [T,T°+ 1], s0 cée ST, < coeta
Let us denote .
—~ko,n oo - T
heey (1) = F (1) - Gl g ()
/\k‘(),’n /\k T
hOe,q (T) = f 0»”(7-) : gOT; ko,q,(?e(;)

The subscript meaning that h is even or odd. We will not write this subscript when not necessary.
We shall now prove step by step that hff’d" satisfies all the properties of Lemma 3.

e Proof of (i)

By Lemma 4 (i), the support of f*0: is located within [—3, 37].
By Lemma 5 (i), gTe 0.6 is supported by [T , Ty . |-

As hffq’" is the convolutlon product of those two functions, it is supported by [—Tx(q,€), T(g, €)] with
T5(q,€) = 37 + cﬁe%; The estimates on T ; ~insures that T5(g,€) < C’qe%.

e Proof of (ii)

We will use results about the small size of ||g|| that will compensate || f||.

By Lemma 5 (ii), |[g]r~ < 2T%(q,¢€). Furthermore, outside of [—mn,7n], the L? norm of f is bounded
by a polynomial in n , so the problems are located within this interval.

n 2
We must estimate / heem(r )‘ dr.
—n

Now, out of Lemma 4 (ii), we know that if T belongs to [—m, 7], we have
|fk(,,n(7_)‘2 <C eGnW —C egﬂ—nm

Thus if [ 2] > 5 |hk0, ()2 < Ceen.
Moreover, out of Lemma 5 (ii), if || is smaller than 3 3-» we have
s, 0. (D)P < O e Thron GGl =

kov‘]v

So out of (71), we get |ﬁ’§f’q’"(7)|2 < C e,
Thus

R 2 < cen
e Proof of (iii)

This is a simple consequence of Lemma 4 (iii). Indeed for any integer & different from ko, jﬂm’”(|1/n’k|) =
0. So by definition of h, we also have hf%" (|vy, &) = 0, which is exactly the Fourier transcription of (iii).

e Proof of (iv)
For any couple (n, ko) in I, out Lemma 4 (iv) and Lemma 5 (iii), we get

¢ Cq,T. 5 > C(Le
N n T N

which is once again the Fourier transcription of the needed result. O

Now we have to prove Lemmas 4 and 5.
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4.3.1 Proof of Lemma 4 : construction of f

Put

F™(2) = [(z* 4 z(n*n® — n*r*)) tan z — 2* — n®7*] cos 2

G"(z) = V22 — n?n?

and
f(z) = F"(G"(2))
The following properties hold for these functions
(f-1) f§ € O(C).
(f-iii) for any & in Z* U {*, %%} , f§(vnr) = (23 ) tan z, p — zg,k —n2m?) cos 2, x = 0 out of (57).
Let us evaluate f™ (vy,1)-

" (vnk) = G () F(G" (V1))
——

Zn,k
Now |G™ (vy1)| = |Z:7:| > 1. So to bound |f™ (v, )| from bellow, we only have to bound |F™ (2, )]

from bellow. To simplify the notation , put a,, = n*r* — n272.

F"’(zn’k) =COSZnk | —2%nk + (zik — Qnzn k) (1 + tan? Znk) + (323,1@ — o) tan zp,

h(zn,k')

(See pictures 1 and 2.)
We recall that the first value of k for which z, j is larger than \/a,, is denoted by ko. If k # ko and
22+77,27T2
z3—apz?

k#ko—1, [znk — /an| > §.As we also have 2, x > 7 and 2z, is a root of tan z, x = we get

| cos zp 1| > % where P is a polynomial.
Let us consider h. For any positive € and z = z,, 1, > /o, + €,

h(z) = =22+ (2% —a,2)(1+tan®2) + (322 — o) tan z

> —2z+4 (z— Vo) (z+Van)z
>

(2ea, —2)z > 1 for large n
For /% <z =z, < \/aq, h(z) < =2z s0 |h(z)] > 1.
And for z = 2, < /%,

h(z) < =2z — (|2° — anz||1 + tan? 2| — |32 — a,|| tan 2|)

now |1+ tan®z| > |tanz| and as 5 < z < /%, [2® — anz| > 327 — ay.
S0 1z k)] 2 [22e] > 1.

Hence we know that if k # kg and k # kg — 1,

Now if k =koor k =ko— 1, zn 1 € [\/an — 53/ 0n + g] so for large n, zp 1 ~ \/0tn. Now

Zi,k +n%7? cos Zn.k
2(z + \/an) sinz, i
—_——

~

Znk — VOn =

N

So for a small fixed 7, either | cos z, x| > 7, then

|20k — Vo | > €(n)
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and in that case we know that |h(z, k)| > 1, hence |F™ (2, 1) > 1

Either | cos zy, k| < 7, now

. Znk — /O
F (2 k) = =22k COS 2 & + (3,22,,f — ) sinz, g+ "2k (Znk + V)

COS Zn, k
[.1<2(n+e)van >9 1—n2
|.[>2a,4/1-n [1<(14¢) 12777204"
Now for small 1, 24/1 — 72 > - —(3 +€), so
-1

|Fm(zn,k)| = cop 21

So we have proved that for any n, k,

™ (vn)| =

Let us put for any k in Z* U {x, xx},

o) = 1) 5= (

22 — |Vn,k‘2

(The last term ensures that f remains in L?).

Let us show that these functions satisfy the properties of Lemma 4: By construction, they are even.

As fo has got zeroes at £|vp |, ]ﬂ“” € O(C). Moreover Jﬂ“" € L?(R) and for any complex number z,

~k,n o
[fo ()| < C el
So by the Paley Wienner theorem, we have property (i)

Property (ii) is straightforward, due to the explicit value of f”’k.

As by (f-iii), vpk is a zero of f§ for any k, it is by definition a zero of f”’ko if k # ko, so (iii) holds.

Furthermore, f5™ (&l £]) = £§" (2l i) (22224

1
Zn,k ) F2|vn, k|’
thus | f&" > O s 2>
us | fo " (Elvnkl)| = (1+n2)\k|3|smzn,k| =
So (iv) holds.

N G
(14+n24+k2)N2

4.3.2 Proof of Lemma 5 : construction of functions g

Let ¢ be an odd integer and let us denote h,(z) the solution of y' = 1+y?~! that satisfies y(0) = 0. This
function is defined over (—z,4, z4) for a positive 4. It is odd, strictly increasing and analytic. Moreover,
we have hy(z) = 2 + agx? + o(2?) when x is near 0, with a positive «,, and when x goes to x4, h, goes
to the infinity.

We shall denote H,; the reciprocal function to h4. It is defined over R, odd, strictly increasing, bounded
by z,. We have Hy(x) = z — aqz? + o(x?) if x is close to 0.

Let § be a real number, greater than 1, and close to 1, that will be fixed later.

Let us define functions g as follows

n in=L—hg (3L
(72) gith () = Lgpye T T,

T, T ho (S t)—itt
(73) 3574(1) = / (RO gy
-7

Let us write ¥, (s) = £ Hq(é%s),

==
o0 ) ]
g/;g)q(T) z/ eims—iTVq(s) W (s) ds

— 00
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If we denote 0,(s) = - H,(dz,s), we have

Tq

e Too g inT(i—%e (i)) +oo inT(v—%@ (v))
Gr7.4(T) :[ Gg(f)e o) ds :T[ 0, (v)e ! dv.

Let us put a = nT and 8 = . We will estimate

vlad) = [l g,

for a going to the infinity.
There will be two kinds of estimates depending upon the value of 8 as compared to %

*If 5 < %
In this zone, the phases is non-stationary. So we will get and exponential decrease.
Let us shift slightly in the imaginary direction. For any real number v, any 0 smaller than % and any

little €, we get
Sm <v +ie — [B8,(v + ze)) = €— [ Sm 04(v + ie)
= ¢— B Sm (9q(v Fie) — 9q(v))

v+ie
= ¢—3S9m / 0,(2) dz

v+ie §d
= ¢—f3m / =
v 1469 1gd™ 201
1
d
= ¢ (ed Re / =
0o 1469128 (v +deu)?

v

eif <0
If B is positive,

Sm (erie—ﬂHq(erie)) > e— e

/1 du
0 14601227 (v + jeu)r!

Now for any real v,

/1 du __ 1
0 14091zl (v +ieu)a=t] = 1 —cqer!
I
because either v > € and then I < m}% <1,
or v < Mye and then |v + ieu|9™ < Cpe?™1 =
=1 +67 2l (vt iew) T > 1 —cpe? P = T < 1_@}%
Thus
. . Bde
3 _ N e S
Sm (1) +ie — B8, (v + ze)) > € 1= cgei T
> €(1—083) — ¢ Bel
1
> 6(5 - B) - C/qﬁeq
Now

max e(5 — B) — ey = &5 — AT BT > (5~ A7

We can choose a real number € and a very small ¢, such that for any real number v,

Sm (v +ie — (v +i€) ) > cg(2 — BT if g € (0, 1]
Qm (v +ie — B0q(v +ie) ) > ¢ if <0
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Now we can shift the integration line over v from R to R + ie

Y(a, B) = /9;(11 + ie)eia [vHe_ﬁQQ(UHE)] dv.

To end with, as 9’ (v +ie) = we get

5
1+(0xq(v+ie))a—17

|05 (v +i€)| < 1+ —=2%—+ | hence for any real number o and any § < %
(e, B)] < Co macumin{(3-B)T 1.1} gy < (1 o= cqmin{(3—B) 7T 1}
A= 14t -1
T 1
Soif = < 5,
() 78| £ 0y T e Teemn 57

IEB>1 (> 3).

Through the stationary phase formula (see [8] p.431), we get

0/, (vo(6,9)) i a;(5,9)

Y(a,B)=C (\H575| cosapo(ﬁ,5)> 7 + PN
j=1

+rg,s(@)

where g 5(a) < a§i1 and a > Ag 5; Hg s denoting the square root of the Hessian at the critical points.
Moreover, in this formula, C' and A are continuous with respect to 5 and 4, and a;(8, §) depends on the
first 25 + 1 derivatives of v — 6,(v) at v = vo(5, ).

Let us compute po(/3,0).

386
1+ a-1gd ya—1

= 1406720 i1 (B,0) = B8

= w(p,0) = £ (56— )7
q

=0

%(v—ﬁ%(v)) =0 & 1-

(n, k) such that |k| <n, we have 1 < 3 < m/2 .
% > 1(1+ %) as soon as n > ng(4).
So for any n greater than ny(d), if (n, k) belongs to I and § = %,
C > vo(B,6), [po(B,9)l, |Hp,s| > cs, thus 1 > 07 (vo(B,6)) > cq. Moreover a;(3,0) < Cj 5.
Let T be a positive real time. As |po(3,9)| > cs, for any n greater than ng(d), and ko such that (n, ko)

belongs to I, one can pick a time T, y, in [T, T + 1] such that cos (nTn,kopo( IVZ,;OI’5)> > .
Thus for T > T, , n>n(q,8), a=Tn, (ko,n) € I and 3 = IVnkUl,

If B takes the values %‘—k‘ for any couple
Moreover, if 3 = 2=l by (62), 8> 1 —

nm

07 (00(8,9)) o a;(8,8) | _ 104(vo(B,0))]
V& X wva|® ova

H 0’ )
()] < ¢ 28 S0

And in the same conditions, there is a time T}, y, in [T, T + 1] such that

LNH| 0! (vo( 2t §
‘w (nTn,koa |Vn,k0|>‘ > 05‘ | q(’Uo( poyes )) S c
n

4\/7;\/ n,ko o %

We have proved that for any time T greater than T,,, for any n larger than n(g,d) and kg such that
|ko| = = or |ko| < n, there is a time T}, i, in [T, T + 1] such that

(75)

™

_ |V ko | Crq6
95T g 2 ﬁ :
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By changing ¢ into —t, we can prove two estimates similar to (74) and (75) for the functions
g_%ﬂ,é(t) = 1(—T,T)6“L5‘"q hq( th).

As 9745 = m, we have : Ty kot = Tyikg.—-

So if we put

n T 2
geT,q,5(t) = 1(—T,T) CcOSs (nT%hq(th)),

we have

1
Geq.5(t) = Re g7, 5(t) = 5(94—?,%5(0 +9-7.4.5))

Let us show that this even function satisfies the properties of Lemma 5.
(i) By definition, it is supported by [T, T].
(ii) is an easy consequence of the definition and (73) for the L> estimate, and (74) for the other one.
1 S o . .
(iii) If n > n(q,d) and (Jko| < n or |ko| = *), quyTe*”TCq < 5\%", so , if n is large enough, by (74)
and (75),

_ — L
‘gi;n,kqu,é(ﬂ‘ < ‘ng;n,ko,q,é(T)‘ for r=F n7T ol

As we can increase the constants to cope with the finite number of (n, k) in I for which n is not large
enough, we get for (n,kg) in I and 7 = :I:'U"W%kel,

—n cq, T, 0
geTn,ko,q,é(T)‘ = \/ﬁ '

Of course, similar results hold for the odd function
. T
go?,q’é (t) = 1(7T,T) sin (nrthq(?t))

This ends the proof of Lemma 5. O
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