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1. Null controllability for the heat equation in pseudo-cylinders.

2. Cost of null controllability for parabolic equations with
vanishing diffusivity and a transport term.

3. Averaged observability properties of the random heat equation
with a random diffusion (in collaboration with Enrique
Zuazua).
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We study the following classic problem:

yie—Ay+A-Vy+ay=vl, in(0,T)x£Q,
y=0 on (0, T) x 09,
y(0,:) =y° on Q.
Let Q a (bounded) domain. Does it exists for all y° € L%(Q) a
control v € L2((0, T) x w) such that the solution of (1) satisfies
y(T,)=07

v
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Null controllability for the heat equation in pseudo-cylinders

An equivalent problem: the observability problem

Let us consider the system:

—~Au+A-Vu+35u=0 in(0,T)xQ,
u=0 on (0, T) x 09, (2)
u(0,) = u° on Q.

Is there a constant C such that we have for all u® € L2(Q) that:

[u(T, )2) < Cllullzo,myxw)?

For linear systems both problems are equivalent (even
quantitatively) by the Hilbert Uniqueness Method, and | will
mention both indistinctively.

Controllability of the heat equation
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Null controllability for the heat equation in pseudo-cylinders

Approaches to prove the null controllability of the heat
equation

» Transformations involving the wave equation (Russell, ...)
(requires some geometrical hypothesis)

» Spectral inequalities (Lebeau&Robbiano, ...) (known to work
for locally star-shaped domains by
Apraiz&Euscariaza&Wang&Zhang)

» Carleman estimates (Fursikov&Imanuvilov, ...) (known to
work for C? domain and many parabolic equations).

Controllability of the heat equation
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Null controllability for the heat equation in pseudo-cylinders

The main result: a usual result but in a different geometry

Theorem

Let Q2 be a pseudo-cylinder and w C Q2 be a subdomain. Then, there is C > 0
such that if T >0, A€ (L=((0, T) x Q))?™, a € L>=((0, T) x Q), and
y° € [(Q), there is a control v € L*((0, T) x w) such that the solution of the

system:
—Ay+A-Vy+ay=vl, in(0,T)xQ,
y=0 on (0, T) x 09,
¥(0,)) =y’ on Q,

satisfies y(T,-) = 0, and such that the control satisfies the estimate:

HVHLZ 0,T)xw) < Ce™ T2

||yOHL2(Q)7
for:

K(T,a,A) =1+ T+ Tllalliee + [|allZ + (1 + T)I|Allf o0y

Controllability of the heat equation
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Null controllability for the heat equation in pseudo-cylinders

Sketch of the proof

» \We approximate the domain by regular domains (by taking
the contour lines of regularized distances to the boundary).

» It is well-known that the heat equation is observable in those
domains.

» We show that the cost of the observability can be bounded
uniformly in those domains (Carleman inequalities of the type
Fursikov-Imanuvilov).

» We take limits (using compactness results in Sobolev spaces).

Controllability of the heat equation
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Cost of null controllability for parabolic equations with vanishing diffusivity and a transport term

Presentation of the problem
We consider the following problem:

ye — Ay + 0y = 1uf, in(0,T) xQ,
boundary conditions (3)
y(Ov‘):yov on Q)

The null controllability of (3) is well-known when Q is C2 for many
boundary conditions. Thus, the next interesting question is to

study the cost of the control when € — 0. We recall that the cost
is given by:

f‘
K(Qw, T,e) = sup inf HHLZ«M.
yer@\oy ¥(TI=0 [ly?ll)

Controllability of the heat equation



» The equation in (3) is the transport equation when ¢ = 0.

v
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T > T5(Qw).

» The transport equation is null controllable if and only if:

40> «Fr « > « E = oA

» The equation in (3) is the transport equation when ¢ = 0.

>



» The equation in (3) is the transport equation when ¢ = 0.
» The transport equation is null controllable if and only if:
T>T*(Q,w).

» Thus, it looks reasonable that the cost of the control explodes
for T < T*(Q,w) and decays for T > T*(Q,w).
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Cost of null controllability for parabolic equations with vanishing diffusivity and a transport term

Known facts with Dirichlet boundary conditions

» The equation in (3) is the transport equation when ¢ = 0.

» The transport equation is null controllable if and only if
T>T"Q,w).

» Thus, it looks reasonable that the cost of the control explodes
for T < T*(Q,w) and decays for T > T*(Q,w).

The reality is not like that. Coron&Guerrero proved in 2005 that
this conjecture is false. However, they prove that there was
T(w, Q) such that for T > T we have K < Ce=< ' for Q C R.
Afterwards, Guerrero&Lebeau proved in 2007 the same result for
Q c RY.

Controllability of the heat equation



We focus on problems of the type:

Y —eAy + O0qy = Luf,
Ony +a*(x)y =0,

y =0,

y(0,-) =y,

in (0, T) xQ,
on (0, T)xT,
on (0, T)xTI”
on Q.
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We focus on problems of the type:

Ve — 6Ay + 8X1_y = 1wf, in (0, T) X Q,

Ony + a°(x)y =0, on (0, T) xT,
y=0, on (0, T) x ™,
y(ov'):yoa on Q.

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

—pt — EA(p - axlsa - 07 in (07 T) X Q7
€onp + (ea* + m)p =0, on (0,T)xT,

¢ =0, on (0, T) xTI™,
o(T, )=, on Q,
as:
K(Qw, T,e) = su ll(0, ')||L2(Q)

»Tel2(Q)\{0} ”‘plle((O,T)Xw)'
«O)r «F
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Cost of null controllability for parabolic equations with vanishing diffusivity and a transport term

Positive answer under a geometric condition

We assume the following condition:
(& + (2¢)tm)1F > 0. (4)

The geometrical meaning is that if the flux of the transport enters
(if n1 < 0) then we need for a to be large, which implies that the
normal variation of y on OS2 opposes to y very strongly if it is not
null. In addition, for the points in which the flux comes out (if

ny > 0), we just need for a to be positive or of a small modulus,
which implies that the normal variation of y on 0f2 either opposes
to y or is of the same sign, but not too strongly.

Controllability of the heat equation
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Cost of null controllability for parabolic equations with vanishing diffusivity and a transport term

Stochastic heat equation
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Proof of the decay of the cost for a sufficiently large time
under the geometric condition (4)

The proof consists on two steps:

» With a “proper” Carleman inequality for the adjoint system assuming (4)
we can obtain the estimate:

-1
lle(T — 17')HL2(Q) < Ce* H‘P”L?((Tfl,T)Xw)'

» Under the geometric condition (4) we can see that the first eigenvalue of

—el\ — O, is greater than 2 via the its variational formulation. Thus, we

obtain for a large T that:

—ce !
lle(0, Mz < Ce Tlle(T -1, Nez@)-

Thus, combining the two previous inequalities we obtain that the cost of the
control decays for a sufficiently large time.

Controllability of the heat equation



In this situation we have that K > Ce€/¢. Indeed, €X1/¢ is a static
solution of the adjoint system for any domain Q.

1t

e
e iz )

The function ¢ (x)
8 T

5=

oo om

0 0.2 0.4 0.6 0.8 1

40> AF>» «=)>» « =) =



Joint work with Enrique Zuazua.

(https://hal.archives-ouvertes.fr/hal-02958671)
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Averaged dynamics and control for heat equations with random diffusion.

The averaged controllability problem

We study the controllability properties of the system:

yr —alAy =flg, in(0,T)x G,
y =0, on (O7 T) x 0G, (5)
}/(0,) :yO’ on Gv

for o a positive random variable of density p. We cannot expect to
control all the possible realizations (consider, for instance, the case
in which & — 0), so we seek to control the average. This problem
is relevant in applications in which the control has to be chosen
independently of the random value, in a robust way.

Controllability of the heat equation



Let o be a random variable with a Riemann integrable density

function p such that supp(p) C [@min, +00) for some amin > 0.
Then, system (5) is null controllable in average.



Irregular domains Transport-diffusion equations Stochastic heat equation
0000000 00000000 00@000000

Averaged dynamics and control for heat equations with random diffusion.

Known controllability results

Theorem (Coulson, Gharesifard, Lii, Mansouri, Zuazua)

Let o be a random variable with a Riemann integrable density
function p such that supp(p) C [@min, +00) for some amin > 0.
Then, system (5) is null controllable in average.

Their result leaves an interesting open question:
What happens if we allow the random variable to vanish; that is, if
we allow 0 € supp(p)?

Controllability of the heat equation
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Averaged dynamics and control for heat equations with random diffusion.

Numerical illustration of the minimum of the functional
associated to the control problem.

On the following slides we minimize the following functional with the help
of Matlab:

J(¢)=§/OT/GO

+o0 2
/ o(t, x; o, p)p(a)dar| dxdt
0

ey 0 Dola)da ).

for o the averaged solution of the adjoint heat equation. In particular, we
consider the initial value y® =1/2, G = (0,7) and Gy = (1,2) and
compare what happens when considering the uniform distributions in
(0,1) and (1,2) (i.e. p =11y and p = 1(12)).

Controllability of the heat equation
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Figure: The optimal control for p = 1(; ) and y0 = % induced by the
minimum of the functional J in Vg, Vs and Vg, for Vi := (e)M,.
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Averaged dynamics and control for heat equations with random diffusion.

L10* _ The controlled solution in t = 1 with p= 11 The controlled solution in ¢ = 1 with p =1,
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Figure: The state in time t = 1 of the averaged solutions of the heat
equation after applying the control induced by the minimum of J in Vjq,
Vso and Vo with y® = 3. In the left figure we have considered p = 11 5
and in the right one p = 1(g,1).
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(5) is null controllable in average if and only if p is sufficiently
which near 0 satisfy:

pla) ~e”

a1t
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small near 0. In fact, the threshold density functions are those
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Averaged dynamics and control for heat equations with random diffusion.

A qualitative description of the main results

(5) is null controllable in average if and only if p is sufficiently
small near 0. In fact, the threshold density functions are those
which near 0 satisfy:

The proof is based in studying the averaged observability of its
dual problem and in analogies with the fractional heat equation.

Controllability of the heat equation
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Averaged dynamics and control for heat equations with random diffusion.

Thank you for your attention!
Is there any question?

Controllability of the heat equation

Stochastic heat equation
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