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Introduction to null controllability

The control problem in which we act on the interior

Let Q C RY be an open connected bounded set, P be a differential
operator which acts on the spatial variable, let w C €2 be an open
set, let T > 0 and let y° € (L2(Q))V. We consider the following

control problem:

v+ Py =1~f1, fort>0,
boundary conditions (1)

y(0) = y°.

Here f € L2((0, T) x w) is the control.
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Introduction to null controllability

Null controllability

We seek to answer the following questions:
m Let y0 € (L2())V. Does it exist a force
f € (L2((0, T) x w))N such that the solution of the previous
system satisfies y(T,-) = 07
m If the answer is affirmative for all y° € (L?(Q))V, what is the
minimum size of [|f{|(2((0,7)xw))v With respect to
1Y%l z2e@n?
The answers of both questions, of course, may depend on the final
time T.
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Introduction to null controllability

Acting on the boundary

We may also control the system by acting on the boundary. In
particular, we may consider the following control problem:

y++Py =0 fort >0,
y(0) = y°,
for I C 0N a subset of the boundary, n the outwards normal

vector, H(V, n, x) some generic pseudo-differential operator, and
f € L2((0, T) x I) is the control.
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State of the art of parabolic control problems
with vanishing viscosity
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State of the art

A toy example: 1D transport equation

Let us consider the following system:
Ve +yx=0 t>0, xe(0,1),
y(t,0) = f(t) t>0,
(0,) = y°.

The solution is given by the Method of Characteristics:

yP(x =), t<x
y(t7x)_{f(t—x), t> x.

Thus, for any T > 1 we can obtain y(T,-) = 0 by considering the
null control; i.e. f =0. Also, if T < 1, we do not have the null
controllability property (consider, for instance, y° = 1).
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State of the art

1D heat equation with vanishing viscosity

We consider the following problem:

Vi— ¥ Fyx=0 in(0,T) x(0,1),

HEO=M) onO.T) -
y(t,1) = on (0, T),
y(0,-) = on (0,1).

The null controllability of (3) is well-known for any time T > 0.
Thus, the next interesting question is to study the cost of the
control when € — 0. We recall that the cost is given by:

f'
VOEL2(0,1)\{0} Fy(T)=0 y0 ||L2
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State of the art

Controllability results for (3)

m The solutions of (3) for a fixed initial value and control
converge to the solutions of the transport equation when
e — 0in norm C°([0, T]; L2(0,1)).
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Controllability results for (3)

m The solutions of (3) for a fixed initial value and control
converge to the solutions of the transport equation when
e — 0in norm C°([0, T]; L2(0,1)).

m The transport equation is null controllable if and only if:
T>1.
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State of the art

Controllability results for (3)

m The solutions of (3) for a fixed initial value and control
converge to the solutions of the transport equation when
e — 0in norm C°([0, T]; L2(0,1)).

m The transport equation is null controllable if and only if:
T>1.

m Thus, we may prove by reductio ad absurdum that the cost of
the control explodes for T < 1. In fact, Coron&Guerrero
proved in 2005 that K(T,e) > ce® .
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State of the art

Controllability results for (3)

m The solutions of (3) for a fixed initial value and control
converge to the solutions of the transport equation when
e — 0in norm C°([0, T]; L2(0,1)).

m The transport equation is null controllable if and only if:
T>1.

m Thus, we may prove by reductio ad absurdum that the cost of

the control explodes for T < 1. In fact, Coron&Guerrero
proved in 2005 that K(T,e) > ce® .

m Moreover, it looks reasonable that the cost decays for T > 1.
This, however, is a conjecture. Coron& Guerrero proved in
2005 that there is 7 > 1 such that for T > T we have
K(T,e) < Ce=c"", and Lissy proved in 2012 that this was
true at least for T = 2/3.
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State of the art

Things get tricky when the control acts against the flow

Let us now consider the system:

Vi — ¥ +¥x =0 in(0,T)x(0,1),

y(t,0)=0 on (0, T),
y(t,1) = f(t) on (0, T),
y(0,:) =y° on (0,1).

Again, one might naively think that for T > 1 the cost of the
control decays.
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State of the art

Things get tricky when the control acts against the flow

Let us now consider the system:

Vi — ¥ +¥x =0 in(0,T)x(0,1),

y(t,0)=0 on (0, T),
y(t,1) = f(t) on (0, T),
y(0,:) =y° on (0,1).

Again, one might naively think that for T > 1 the cost of the
control decays. Coron& Guerrero prove in 2005 that the cost
explodes for T < 2, and Lissy proved in 2015 that it explodes for
T <2V2.
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State of the art

Things get tricky when the control acts against the flow

Let us now consider the system:

Vi — ¥ +¥x =0 in(0,T)x(0,1),

y(t,0)=0 on (0, T),
y(t,1) = f(t) on (0, T),
y(0,:) =y° on (0,1).

Again, one might naively think that for T > 1 the cost of the
control decays. Coron& Guerrero prove in 2005 that the cost
explodes for T < 2, and Lissy proved in 2015 that it explodes for
T < 2v/2. However, it is known that the cost decays exponentially
for a sufficiently large time.
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State of the art

Similar problem where the higher-order term vanishes

m Transport-diffusion equation with non-constant coefficients in
R,
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Similar problem where the higher-order term vanishes

m Transport-diffusion equation with non-constant coefficients in
R,

m Burgers
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Similar problem where the higher-order term vanishes

m Transport-diffusion equation with non-constant coefficients in
R,

m Burgers

m KdV
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State of the art

Similar problem where the higher-order term vanishes

m Transport-diffusion equation with non-constant coefficients in
R,

m Burgers

m KdV

m Fourth-order parabolic equation (which model epitaxial
growth of nanoscale thin films)
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State of the art

Similar problem where the higher-order term vanishes

Transport-diffusion equation with non-constant coefficients in
R,

Burgers

KdV

Fourth-order parabolic equation (which model epitaxial
growth of nanoscale thin films)

Stokes
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The Stokes control problem with vanishing viscosity

Let us consider the following control problem:

ye —elAy + 0,y +Vg=1r1, in(0,T) x (0, 1),

V.y=0 in (0, T) x (0,1)7,
y-n=0, (Dy-n)g=0 on (0, T) x 8((0,1)9),
y(0,:) =y° on (0,1).

for d = 2, 3. Its null controllability was proved by Guerrero in
2006, so the interest is to study the cost of the control with
respect to the diffusivity.
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State of the art

Main results

= In (0,1)? the cost of the control explodes with ¢ if the time is
small enough and the control domain is compactly included in
(0.1)%

= In (0,1)? for a sufficiently large time the cost of the control
decays exponentially.
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State of the art

Main results

= In (0,1)? the cost of the control explodes with ¢ if the time is
small enough and the control domain is compactly included in
(0,1)%

= In (0,1)? for a sufficiently large time the cost of the control
decays exponentially.

= In (0,1)3 for any time T > 0 the cost of the control explodes
when € — 0 if the control domain is compactly included in
(0,1)°.
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Introduction to the control problem with mixed boundary conditions

The control problem of the heat equation with
mixed boundary conditions
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Introduction to the control problem with mixed boundary conditions

Formulation of the problem

We are going to study the following control problem:

ye —eAy + 0y =1,f, in(0,T) xQ,

Ony + a*(x)y =0, on (0, T)xT,
y =0, on (0, T)xTI*,
y(0,) =y°, on Q.

Here, Q is a C? domain of R, [ € 9Q is relatively open, and

M =0Q\ . We seek to estimate the minimum size of f so that
the solution of the previous system satisfies y(T,-) =0, and in
particular, the behaviour of the cost when ¢ — 0.
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Introduction to the control problem with mixed boundary conditions

The dual observability problem

The cost of the control is estimated with the Hilbert Uniqueness
Method. For that, we focus on the observability properties of:

—pr—elDp — 0y =0, in(0,T)xQ,
e+ (e +m)p =0, on(0,T)xT,
=0, on (0, T)xTI*,
o(T,)=¢T, on €.

Indeed, we have that:

0,-
KQuw T.o)=  sup 100, )l 2() '
oTer2@)\o} 12l 20, T)xw)
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Introduction to the control problem with mixed boundary conditions

Main idea

The operator —eA — Bxl is diagonalizable. Indeed, we can relate the spectral problem associated to the adjoint

variable:
—eAu — Bxlu = Au, in Q,
edpu+(ea+n)u=0, onT, (4)
u=0, on ™,

and the following spectral problem with a self-adjoint operator:

—Av = v, in Q,
eanv+(ea+ %)V:O, onl, (5)
v=0, on M*.

We have that (v, X) is a solution of (5) if and only if:
-1 o 1
(ve_(ze) oeX+ —) ,
4e

is a solution of (4). Similarly, (u, A) is a solution of (4) if and only if:

(ue(%)_ln, A L) ,
€ 4e2

is a solution of (5).
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Introduction to the control problem with mixed boundary conditions

The first eigenvalue of the symmetrized system

We recall that by Rayleigh principle we have the equality:
A5 = min {/ IV v|dx +/ (aa + ﬂ) lv[2dx :
Q r 2e
v e HY(Q), [vlli2(@) =1,v=00n r*}.

This quantity will be key for studying the behaviour of the cost of
null controllability.
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Systems for which the cost of the controllability decays for a sufficiently large time

Systems for which the cost of the controllability
decays for a sufficiently large time
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Systems for which the cost of the controllability decays for a sufficiently large time

Conditions for the decay of the cost

Theorem

Let Q be a C? domain, w C Q be a subdomain and assume that
(I, &%) satisfies that a® € L>°(T") and:
(a4 (2¢) " tm)1r >0 (6)

for € small enough. Then, there are Ty, c, C > 0 depending only
on w and €2 such that for € small enough and all T > Ty we have
that:

K(Q,w, T,e) < Ce = .
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Systems for which the cost of the controllability decays for a sufficiently large time

Examples

Dirichlet boundary conditions (I' = ().

Segments in which we have Dirichlet boundary conditions on the left end
and Neumann boundary conditions on the right end.

Any system in which a® > 0 and n;1r > 0; that is, in which we have
Dirichlet boundary conditions on the part of the boundary in which the
flux of the transport enters and either Dirichlet or Robin with a positive
coefficient on the other part of the boundary.

Any system in which we almost have Dirichlet boundary conditions on the
part of the boundary in which the flux of the transport enters and either
Dirichlet or Robin with a coefficient whose negative part is not too large
on the other part of the boundary.
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Systems for which the cost of the controllability decays for a sufficiently large time

Step 1: decay of the solutions

Under the geometric condition (6) we can see that the first
eigenvalue of —eA — 0, is greater than %. Thus, we obtain for a

large T that:
—ce-t
10, iz < Ce = Tllo(T = 1, 12(q)-

The dual meaning of this is that the solution of the control
problem can be taken approximately to 0 with the null control for
a sufficiently large time.
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Systems for which the cost of the controllability decays for a sufficiently large time

Step 2: exact null observability

With a Carleman inequality for the adjoint system we can obtain
the estimate:

lo(T =1, )2y < e @l 21, 7)xw)-

This observability inequality has the dual meaning that we can take
the solution to 0 with a cost proportional to the initial value, but
exponentially increasing with 1.

The hypothesis (a° + (2¢)~1n1)1r > 0 is also needed in this step.
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Systems for which the cost of the controllability decays for a sufficiently large time

Step 3: combining both inequalities

Combining both inequalities we obtain that:

1900, )2y < Ce™¢ Tllo(T — 1)l 200
_cT)et
< CelceT)e lell2((T=1,T)xw):

so for a sufficiently large time the cost decays exponentially.
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Systems for which the cost of the controllability explodes for any time T > 0

Systems for which the cost of the controllability
explodes for any time T > 0
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Systems for which the cost of the controllability explodes for any time T > 0

Examples of the explosion of the cost for any T > 0 (i)

We consider the system:

Yt — EAy + axly = ]-wf) in (07 T) X Q’
Ohy =0, on (0, T) x 09, (M)
y(07 ) = yO, on Q.

Let h > 0, Q be a domain, and w C Q be an open subset such that:
mi(w) C (inf w1 () + h, sup m1(2)).

Then, for all T > 0 there is ¢ > 0 depending on h and T such that for all
e>0: .
K(Qw, T,e) > ce

for K the cost of the null controllability of (7).

Here, m1(x) = x1.
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Systems for which the cost of the controllability explodes for any time T > 0

Study of the cost when we have Neumann b. c.

In this situation we have that K > cec/e. Indeed, e /¢ is a static
solution of the adjoint system for any domain €.

The function . (z) =

Figure: Normalized eigenfunctions of the adjoint of Neumann b. c.
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Systems for which the cost of the controllability explodes for any time T > 0

Examples of the explosion of the cost for any T > 0 (ii)

We consider the control problem:

Y — €0y + Oxy = fly,, in (0, T) x (—L,0),

8)(}/('7 _L) =0, on (07 T)a
.V('?O) =0, on (07 T), (8)
y(0,-) = y°, on (—L,0).
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Systems for which the cost of the controllability explodes for any time T > 0

Examples of the explosion of the cost for any T > 0 (ii)

We consider the control problem:

Y — €0y + Oxy = fly,, in (0, T) x (—L,0),

8)(}/('7 _L) =0, on (07 T)a
.V('?O) =0, on (07 T), (8)
y(0,-) = y°, on (—L,0).

Let h> 0 and w C (—L + h,0) be an open subset. Then, for all T > 0 there
are c,eo > 0 such that for all € € (0,£0) we have the estimate:

K(Qw, T,e) > cecsil,

for K the cost of the control problem (8).
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Systems for which the cost of the controllability explodes for any time T > 0

Proof of a the case with mixed b.c.

We prove the previous theorem by computing the first
eigenfunction of the adjoint operator. Indeed, we can see that it is
given by:

(0 26) = (Sinh(_rex)e—(Za)lx’ —Ergz + 4_15) )

for r. € (0,1/(2¢)) a value such that:

g - rE S 86[_(26)—17

which implies that:
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Systems for which the cost of the controllability explodes for any time T > 0

Proof of a the case with mixed b.c. (illustration)

sinh(—ae~1/2)er /2

S P m— e v a—
[Isinh(=ze=1/2)e™ /2] 2, gy
. T

The function . (z)
9 T T

mixed b. c.
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Perspectives and open problems

Perspectives and open problems

n Asier Barcena-Petisco (Universidad Auténoma de Madrid) -Jornada de primavera en EDPs -UAM

Cost of null controllability for parabolic equations with vanishing viscosity and a transport term



Perspectives
0®0

Perspectives and open problems

Some open problems

m Determine if with any boundary condition the cost of the
control is at most Ce€="" for all a € L°(T x (0,p)), which is
what can be expected considering the work of
Lebeau& Guerrero in 2007.
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Perspectives
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Perspectives and open problems

Some open problems

m Determine if with any boundary condition the cost of the
control is at most Ce€="" for all a € L°(T x (0,p)), which is
what can be expected considering the work of
Lebeau& Guerrero in 2007.

m Determine what happens when a depends of the time variable.

The difficulty is that the spectral decomposition that we use
does not work if a depends on the time variable.
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Perspectives and open problems

Some open problems

m Determine if with any boundary condition the cost of the
control is at most Ce€="" for all a € L°(T x (0,p)), which is
what can be expected considering the work of
Lebeau& Guerrero in 2007.

m Determine what happens when a depends of the time variable.
The difficulty is that the spectral decomposition that we use
does not work if a depends on the time variable.

m Studying the cost of approximate controllability on the heat
equation with vanishing viscosity.
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Thank you for your attention!
|s there any question?
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