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Global null-controllability for stochastic semilinear
parabolic equations

Victor Herndndez-Santamaria, Kévin Le Balc’h, and Liliana Peralta

Abstract. In this paper we prove the small-time global null-controllability of forward (respectively
backward) semilinear stochastic parabolic equations with globally Lipschitz nonlinearities in the
drift and the diffusion terms (respectively in the drift term). In particular, we solve the open ques-
tion posed by S. Tang and X. Zhang in 2009. We propose a new twist on a classical strategy for
controlling linear stochastic systems. By employing a new refined Carleman estimate, we obtain a
controllability result in a weighted space for a linear system with source terms. The main novelty
here is that the Carleman parameters are made explicit and are then used in a Banach fixed point
method. This allows us to circumvent the well-known problem of the lack of compactness embed-
dings for the solutions spaces arising in the study of controllability problems for stochastic PDEs.

1. Introduction

Let T > 0 be a positive time, £ be a bounded, connected, open subset of R¥, N e N*,
with a C* boundary ' := 9. Let Dy be a nonempty open subset of D. As usual, we
introduce the notation y g, to refer to the characteristic function of the set Dy. To abridge
the notation, hereinafter we write Q7 := (0,7) x © and X7 := (0,7T) x I'.

Let (2, F,{¥F:}s>0, P) be a complete filtered probability space on which a one-
dimensional standard Brownian motion {W(¢)};>0 is defined such that {¥;};>¢ is the
natural filtration generated by W(-) augmented by all the P-null sets in ¥ . Hereinafter,
we denote {¥;};>0 by F unless we want to emphasize what (¥7);>o is.

Let X be a real Banach space; for every p € [1, +0o¢], we introduce the functional
space

L; (0,7;X) :={¢ : ¢ is an X-valued F-adapted process on [0, T
and ¢ € L?([0,T] x 2; X)},
endowed with the canonical norm and we denote by Lé,(Q; C([0, T]; X)) the Banach

space consisting on all X -valued F-adapted process ¢ (-) such that E(]|¢(-) ||2C([0 T1:x)) <
00, also equipped with the canonical norm.
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Let us consider the stochastic forward semilinear equation

dy = (Ay + f(@.1.x.9) + xp,h) dt + (g(w.2.x.y) + H)dW(r) in Q7.
y=0 onXr, (1)
(0) = yo inD.
In the controlled system (1), y € L;(Q; C([0, T]; L?>(D))) is the state variable, the cou-
ple (h, H) € L% (0,T; L*(Dy)) x L3(0, T; L*(D)) is the control and yo € L*(Q, Fo;
L?(D)) is the initial datum.
We assume for the moment that f and g verify the following conditions:

fC. - 2), g, -, z) are F-adapted, L2-valued stochastic processes

for each z € L*(D), )
3L > 0, Y(w,t,x,51.52) € L x[0,T] x D x R?,

| f(w,t,x,51) — f(w,t,x,5)| < L|s1 — 52|, 3)
3K >0, Y(w,t,x,51,5) € Qx[0,T] x D x R?,

lg(w,t,x,51) — g(w,1,x,52)| < K|s1 — s3], 4)
V(w,t,x) e 2 x[0,T]xD, f(w,t,x,0)=0. 5)

Under these conditions, by taking yo € L2(2, Fo;: L?(D)) and (h, H) € Lé(O, T,
L2(Dy)) x sz (0, T; L2(D)), it is known (see [25, Thm. 2.7] or [26, Thm. 1.56]) that
system (1) is globally defined in [0, T']. More precisely, we can establish the existence and
uniqueness of the solutions to (1) in the class

y € Wr = L%(Q:C([0, T]; L*(D))) N LE(0,T; Hy (D)). (©6)

One of the key questions in the control theory of parabolic equations is to determine
whether a system enjoys the so-called null-controllability property. System (1) is said to be
globally null-controllable if for any initial datum y, € L2(2, Fo: L?(D)), there exists a
control (h, H) € L?(O, T Do) x sz(O, T; L?(D)) such that the corresponding solution
satisfies

y(T,)=0 inD,as. @)
Observe that the regularity (6) justifies the definition we have introduced.

In this paper we are interested in studying this controllability notion for system (1).
Before introducing our main results we give a brief panorama of previous results available
in the literature and emphasize the main novelty of this work.

1.1. Known results

The controllability of parabolic partial differential equations (PDEs) has been studied by
many authors and the results available in the literature are very rich. In the following
paragraphs, we focus on (small-time) global null-controllability results for scalar parabolic
equations.
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Deterministic setting. In the case where g = H = 0 and f and yo are deterministic
functions, system (1) has been studied by several authors. In the mid-90s, Fabre, Puel &
Zuazua [8] studied the so-called global approximate null-controllability in the case where
f is a globally Lipschitz nonlinearity and condition (7) is replaced by the weaker con-
straint || y(T')||22(p) < &. Later, Imanuvilov [6] and Fursikov & Imanuvilov [13] improved
this result and proved that the global null-controllability holds; see also [18] for the case
of the (linear) heat equation, i.e. f = 0. After these seminal works, Ferndndez-Cara [9],
Ferndndez-Cara & Zuazua [11] have considered slightly superlinear functions f leading
to blow-up without control; see also [2] and the more recent work [17] by the second
author. Results for nonlinearities including Vy and depending on Robin boundary condi-
tions have also been studied, for instance in [5, 10].

One common feature among these results is that the authors study the controllabil-

ity problem by using the following general strategy, due to Zuazua in the context of the
wave equation (see [29] or [4, Chap. 4.3]): first, linearize the system and study the con-
trollability of system (1) replacing f(z, x, y) by a(¢, x)y (¢, x) where a € L*°(Qr), and
then use a suitable fixed point method (commonly Schauder or Kakutani) for addressing
the controllability of the nonlinear system. At this point, the important property of com-
pactness is needed. In fact, compact embeddings relying on the Aubin—Lions lemma like
W(O,T) :={y € L*(0,T; Hy (D)), y: € L*(0,T; H~ (D))} — L*(0,T; L*(D)) are
systematically used.
Stochastic setting. In the case where f(y) = ay and g(y) = By, a, B € R, the con-
trollability results for (1) were initiated by Barbu, Ragcanu & Tessitore [3]. Under some
restrictive conditions and without introducing the control H on the diffusion, they estab-
lished a controllability result for linear forward stochastic PDEs. Later, Tang & Zhang
[27] improved this result and considered more general coefficients @ and § (depending on
t, x and w). The main novelty in that work was to introduce the additional control H and
prove fine Carleman estimates for stochastic parabolic operators. The same methodology
has been used to study other cases like those of Neumann and Fourier boundary conditions
([28]), degenerate equations ([21]) and fourth-order parabolic equations ([14]). As a side
note, we shall mention the work by Lii [23] who, by using the classical Lebeau—Robbiano
strategy ([18]), noticed that the action of the control H can be omitted at the price of
considering random coefficients o and  only depending on the time variable ¢.

In the framework proposed in this paper, to the authors’ knowledge, there are no results
available in the literature. Compared to the deterministic setting, while establishing con-
trollability properties for stochastic PDEs, many new difficulties arise. For instance, the
solutions of stochastic PDEs are usually not differentiable with respect to the variable
with noise (i.e. the time variable). Also, the diffusion term introduces additional difficul-
ties while analyzing the problem. But most importantly, as remarked in [27, Rem. 2.5],
the compactness property, which is one of the key tools in the deterministic setting, is
known to be false for the functional spaces related to stochastic PDEs. This is the main
obstruction for employing some classical methodologies like in [11, 13] for establishing
null-controllability of semilinear problems at the stochastic level.
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1.2. Statement of the main results and presentation of the methodology
Our first main result reads as follows.

Theorem 1.1. Under assumptions (2), (3) and (5), system (1) is small-time globally null-
controllable, i.e. for every T > 0 and for every yo € L*(Q, Fo: L*>(D)), there exist
controls h € L2$(O, T;L*(Dy)) and H € L2$(O, T: L?(D)) such that the unique solution
y of (1) satisfies y(T,-) = 0in D, a.s.

We first present the main arguments to obtain Theorem 1.1.

Remove the semilinearity in the diffusion term. First, we highlight the fact that the
null-controllability of equation (1) can be reduced to the null-controllability of

dy = (Ay + f(w,t,x,y) + xp,h)dt + HdW(t) in Qr,
y=0 on X7, 8)
y(0) = yo in D.

Indeed, assume that one can construct a solution y € Lé, (Q:C([0, T]; L?(D))) associated
to controls i € L%,, (0,T;L?*(Dy)) and H € L%,, (0,T; L?(D)) for (8) such that y(7,-) =0
in D, a.s. Noting that the control H is distributed in the whole domain £, we remark that
y satisfies (1) with controls »* =hand H* = H — g(-,-,-,y) € Lé, (0, T; L*(D)), which
is well defined by (2). Moreover, we still have y(7,-) = 0 in O a.s. This is why we can
drop the Lipschitz condition on g, i.e. (4) in Theorem 1.1.

Controllability of a linear system despite a source term and a Banach fixed point
argument. To overcome the lack of compactness mentioned in the last section, we pro-
pose a new tweak on an old strategy for controlling parabolic systems. We use a classical
methodology for controlling a linear system with a source term F € sz (0,T; L?>(D)) of
the form

dy =(Ay + F + yp,h)dt + HdW(t) in Qr,

y=20 on Xr, )

y(0) = yo ind,

in a suitable weighted space. Note that this strategy has been widely used in the literature
and it has been revisited in [22] to obtain local results. In turn, such weighted space is
naturally defined through the weights arising in the Carleman estimates needed for study-
ing the observability of the corresponding linear adjoint system to (9) (see Theorem 2.1),
which in this case is a backward parabolic equation. Previous to this work, no such Carle-
man estimate was available in the literature (see [1, Thm. 2.5] for a similar estimate in the
deterministic case). The methodology employed to prove the result is the weighted iden-
tity method introduced in the stochastic framework in [27]. But, unlike many other works
out there, we make precise the dependency on the parameters involved in the construction
of the Carleman weights and use them in a second stage to prove that the nonlinear map
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N(F) — f(t,x,w,y), with y a solution of (9), is well defined and is strictly contrac-
tive in a suitable functional space. In this way, the controllability of system (8) is ensured
through a Banach fixed point method which does not rely on any compactness argument.
As compared to some results in the deterministic framework, on the one hand notice that
here we are not considering any differentiability condition on the nonlinearities, that is, f
is merely a C°-function. On the other hand, our method does not permit us to establish a
global controllability result for slight superlinearities as considered in [11]; see Section 4.2
below for a more detailed discussion.

As is classical in the stochastic setting, for completeness, using the same strategy as
described above, it is possible to establish a controllability result for semilinear backward
parabolic equations. More precisely, consider

dy = (—Ay + f(w.t.x,,Y) + xp,h)dt + Y dW(¢t) in Qr,
y=0 on Xr, (10)
y(T)=yr in D,

where f satisfies the following assumptions:
f(, -z, Z) is F-adapted, L?(D)-valued for each z, Z € L*(D), (11

AL > 0, V(w,t,x,51,51,52,52) € 2x [0, T] x D x R*,
| f(w.t,x,51,51) — fw,t,x,52,52)] < L(Isy —s2| + |51 —§2),  (12)
V(w,t,x) e Qx [0, T]x D, f(w,t,x,0,0)=0. (13)

Under these conditions, by taking yr € L2(Q, Fr; L*(D)) and & € Lé(O, T;
L?(Dy)), it is known (see [25, Thm. 2.12] or [26, Thm. 1.62]) that system (10) is also
globally well defined in [0, 7']. In this case, we can establish the existence and uniqueness
of the solutions to (10) in the class

(»,Y) € Wr x L%(0,T; L*(D)). (14)
Our second main result is as follows.

Theorem 1.2. Under assumptions (11)—(13), system (10) is small-time globally null-
controllable, i.e. for every T > 0 and for every yr € L*>(Q, Fr; L>(D)), there exists
he sz, (0, T; L?(Dy)) such that the unique solution y of (10) satisfies y(0,-) = 0 in D,
a.s.

Theorem 1.2 extends to the nonlinear setting the previous results in [3, Cor. 3.4] and
[27, Thm. 2.2] for the backward equation.

The strategy to prove Theorem 1.2 is very close to that of Theorem 1.1, but one major
difference can be spotted. For this case, it is not necessary to prove a Carleman estimate for
forward stochastic parabolic equations. Actually, it suffices to use the deterministic Car-
leman inequality of [1, Thm. 2.5] and employ the duality method introduced by Liu [20].
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1.3. Outline of the paper

The rest of the paper is organized as follows. In Section 2 we present the proof of Theo-
rem 1.1. In particular, Section 2.1 is devoted to proving the new Carleman estimate for the
adjoint system of (9). Section 3 is devoted to proving Theorem 1.2. Finally, in Section 4
we present some concluding remarks.

2. Controllability of a semilinear forward stochastic parabolic
equation

2.1. A new global Carleman estimate for a backward stochastic parabolic equation

This section is devoted to proving a new Carleman estimate for a backward stochastic
parabolic equation. The main novelty here is that the weight does not degenerate as t — 0
(compared with the classical work [13]). This estimate has been proved in the determinis-
tic case in [1, Thm. 2.5] in a slightly more general framework. Here, we use many of the
ideas presented there and adapt them to the stochastic setting.

To make a precise statement of our result, let £’ be a nonempty subset of O such that
D' CC Dy. Let us introduce B € C*(D) such that

0<B(x)<1 VxedD,
B(x)=0 Vx € 0D, (15)
inf oA VBI} = @ > 0.

The existence of such a function is guaranteed by [13, Lem. 1.1].

Without loss of generality, in what follows we assume that 0 < 7" < 1. For some
constants m > 1 and o > 2 we define the following weight function depending on the
time variable:

y(t) =1+ (1 - g)a 1€ (0,T/4),

y(@) =1, 1 €[T/4.T/2],

y is increasing on [T'/2,3T /4], (16)
1

y(t) = m t € [3T/4,T],

y € C*([0,T)).
We take the following weight functions ¢ = ¢(z, x) and § = £(, x):

p(t.x) = y () (M POFOM — e SUED) g (1, x) = y (et POFOM a7
where  is a positive parameter with & > 1 and o is chosen as

o = Apleltom=4 (18)
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for some parameter A > 1. Observe that with these selections for p and A, the parameter
o is always greater than 2 and this also ensures that y(t) € C2([0, T)). We finally set the
weight 8 = 0(t, x) as

6 :=e', where £(t, x) == Ap(t, x). (19)

Using this notation, we state the main result of this section, which is a Carleman
estimate for backward stochastic parabolic equations.

Theorem 2.1. For all m > 1, there exist constants C > 0, Ao > 1 and po > 1 such that,
for any zr € L*(Q, F7; L*(D)) and any B € sz(O, T; L*(D)), the solution (z,7) €
Wr x L2.(0,T; L*(D)) to

dz = (—Az+ B)dt +zdW(¢t) inQr,
z=20 onXr, (20)
z2(T) = zr in D,

satisfies
]E(/ A2M3e2“(6’”+1)02(0)|z(0)|2dx) + IE(/ Au2E0%|Vz|? dx dz)
D or

+ E(/ APute30?|z)* dx dt)
or

T
§CE(f / /\3/L4§392|z|2dxdt+/ 6%|E|* dx dt
0 {Do QT
+/ A2u2$392|2|2dxdt) 1)
or

Sforall w > o and A > Ay.
Before giving the proof of Theorem 2.1, we make the following remark.

Remark 2.2. The following comments are in order.

» The proof of this result is rather classical except for the definition of the weight func-
tion y (t) which does not blow up as t — 07, thus preventing @ from vanishing at# = 0.
This change introduces some difficulties additional to the classical proof of the Car-
leman estimate for backward stochastic parabolic equations shown in [27, Thm. 6.1],
but which can be handled just as in the deterministic case (see [1, App. A.1]).

» Different to the Carleman estimate in [27, eq. (6.2)], the power of £ in the last term
of (21) is 3 rather than 2. This is due to the definition of the weight y which slightly
modifies the estimate of ¢, in [0, T /4] as compared, for instance, to [27]. This does
not represent a problem for proving our main controllability result.
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e Justasin [27, Rem. 6.1], we can estimate the last term in (21) by weighted integrals
of E and z; more precisely,

E (/ A2u2E302)z)% dx dt)
Or
< CE(/ A4 ptE%62)z|% dx dt +/ 6%|8)* dx dt).
Or Or
Nevertheless, the new z-term cannot be controlled by its counterpart on the left-hand

side of (21) and this does not improve our result.

Proof of Theorem 2.1. As we have mentioned before, the proof of this result is close to
other proofs for Carleman estimates in the stochastic setting (see, e.g. [27,28] or [12,
Chap. 3]). Some of the estimates presented in such works are valid in our case but others
need to be adapted. For readability, we have divided the proof into several steps and we
will emphasize the main changes with respect to previous works.

Step 1. A pointwise identity for a stochastic parabolic operator. We set § = e where
we recall that £ = A¢ with ¢ defined in (17). Then we write ¥ = 6z and for the operator
dz + Az dr we have the identity

0(dz + Azdt) =1, + I dt, (22)
where
Iy =dy —2> Ly dt + Wy dr,
i
1 =A1//+21/fii, (23)

A=—4;+ Z(&z —4ii) =,
i

where W = W(x, 1) is a function to be chosen later. Hereinafter, to abridge the notation,
we simply write p; = dx; p and p; = 9;p and we use ) ; and ), ; to refer to YN and

Zf-vzl Z]N:l , respectively.
From It6’s formula we have

d(AY?) = AY dy + ¥ d(AY) + d(AY) dy
=24y dy + A2 dt 4+ 2y dAdy 4+ A(dy)? + (dA)(dy)?

and

1 1
Vir dy = (Y dy)i — Y dyi = (Y dy)s — 5 d(y?) + E(ch/f,-)z.
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Therefore,

Iay = (Aw + Zwu)dw

1 1
=D (Wi dy)i — 5 d(Z w,?) + 5 D (dyi)’
i i i
+ ld(sz) LA Y2 dr lA(dW)2
2 27! 2 '
On the other hand, a direct computation gives

2 Lyl = =) (ALyR) + ) (ALY’

- Z[Z(ZZjWin - @il/fﬂ/fj)]
i L i

+ Z 2[25ih5kj£kh — 8ij Sknlin Vi),

i,j k,h

1423

(24)

(25)

where 8;; = 1if i = j and O otherwise. Multiplying both sides of (22) by I and taking

into account identities (24)—(25), we get the pointwise identity
0I(dz + Az dr) = (12 + ) Yy 4 FY? + Iy + V- V) dt
i,J

+ Y Widy)
1 1
+ 5 D (dyi)* = S Ady)?

1
_Ed(zw;‘z_sz)s
i
where
v=[vivi.. . v
Vi = _Z(zzjwiwj —4iYyy) — AGY?, i =1,...,N,

J

k,h

__l 2 N.alp2
F=- Ay +Xij(Azl),w.

(26)

Step 2. Some old and new estimates. The main goal of this step is to start building our
Carleman estimate, taking as a basis the pointwise identity (26). Integrating with respect
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to time on both sides of (26), we get

T
/ 01(dz + Az dr) 27)
O 1 2 2 r
= _E(Xi:w" — Ay ) . (28)
T
+/ (Fl/fz—l-lll/lﬁ)dt (29)
OT T 3 T T
+/ 12d1+/ chfwiw,-dw/ v.de+/ S Wiy (0)
0 0 i,j 0 0 i
" dy;)? TlAd 2 31
+ ] 32w [ 54 G

fora.e. x € RY and a.s. w € . We will pay special attention to terms (28) and (29) which
yield positive terms that are not present in other Carleman estimates using the classical
weight vanishing bothatz =Oandt = T.

At this point, we shall choose the function ¥ = W(x, 1) as

Wi=-2) (32)
i
and, for convenience, we give some identities that will be useful in the remainder of the
proof. From the definition of £ in (19), we have
{ = /\Vl/«ﬁieﬂ(ﬂ+6m),
Cii = Ayp?Bre PTom 4 dyp et Prom.

For brevity, we have dropped the explicit dependence of x and ¢ on the expressions above.

(33)

Positivity of term (28). From the definitions of ¥ and £, we readily see that lim;_,.7- £(¢, -)
= —oo and thus the term at t = T vanishes. Therefore, (28) simplifies to

5 (Zvi-av)

It is clear that the first term on the right-hand side of (34) is positive. For the second one,
we will generate a positive term by using the explicit expression of the function y. Using
definition (16), we obtain

T
= %(Z YO + A(O)w2(0>). (34)
0 i

40 4\o0-1

V(1) = —T<1 - ?) Vi € [0,T/4],

whence, from (18) and the above expression, we get
412/,L2€M(6m_4)

B T

> ckzu3eu(12m+2) (35)

£,(0,) = (eu(ﬁ(-)+6m) GM(m—H))

— je
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for all u > 1 and some constant ¢ > 0 uniform with respect to 7. On the other hand, from
the derivatives (33) and using the facts that y(0) = 2 and B € C*(D), we get

1€2(0,-) 4 £;;(0,-)| < CA2p2e2HOmT1), (36)

In this way, by using (34), the definition of A in (23) and estimates (35)—(36), there
exists ;1 > 0, such that for all © > pu; > 1 we get
1 2 2 T 2 2,3 2u(6m+1), ;2
(2w - av?)| = VYO +ea?te ¥2(0)
1

_ C12M2€2M(6m+1)w2(0)
2 1| VYO + ad? e Ot hy2)  (37)
for some constant ¢; > 0 only depending on D and D’'.

Estimate of term (29). This term is the most cumbersome one since the combination of
some terms of F 2 and I Wy will yield a positive term that does not appear in the clas-
sical Carleman estimate with weight vanishingatz =Oand¢t = T.

Recalling the definition of A, we see that the first term in (29) can be written as

T T
/ Fy?dt = / (Fi + F, + F3)y?dt, (38)
0 0
where
1 1
Fir=2ly, F=—23 (G +li, Fs=) (Aili +Ali). (39
i i

For the first term of (38) we argue as follows. For ¢ € (0, T'/4), using the definition of

y (), it is not difficult to see that |y,,| < CA%u*e?*©m=4) thus
|£tt| < CAS//LSEZM(6m_4)€6M(m+1) < CA3/L2%-3, (40)

where we recall that £ = £(¢, x) is defined in (17). Here, we have also used that u3e =2 <
1/2 forall u > 1.

For t € (T/2,T), using once again the definition of y we have |y;;| < Cy>. Noting
that ¢;; = %(p and using the estimate |@y| < u£? we get

= \A%w < Cauts. @1

Since obviously ¢,; vanishes for t € (T/4, T/2), we can put estimates (40) and (41)
together to deduce that

T T
/ Fiy?de > —Cﬁﬂ/ g3y2dr. (42)
0 0
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We move now to the second and third terms of (38). To abridge the notation, in what

follows, we set
a(x) = oM (B)+6m) _ Mewt(m-‘rl)_

Notice that a(x) < 0 forall x € D.
From (33), a direct computation yields
(€7 + lin)e = 2227 e PHomyy,
+ AP BretEEOmy, 4 App;iet By,
=: M. (43)
On the other hand, after a long but straightforward computation, we get from (33) that
Aili + Al; = PV + PP, (44)
where
Pi(l) — —Azayt yuzlgizeu(ﬂ +6m) )tzay, Vluﬁiieu(ﬁ%m)
— Ayl piePnbrom, (45)
P = Y [3APn BB + 227 n 2 BB
k
+ M WE B b7 + A2 18 B Bi Bri
+ 222138 B i Bi + A1 E B B
+ A WE BB + AP B Bii ]- (46)
In the term Pi(z), we have further simplified the notation by recalling that & = e#(B+6m)y,
Also observe that we have deliberately put together all the terms containing y; in the above
expression.

We will now use the term /W1 in (29) to collect other terms containing y;. Indeed,
from the definition of W (see (32)), we see that this term can be rewritten as

T T T
/ I\Pwdt:/ A\IJ1//2dt—2/ (Zwiiekk)wdx
0 0 0 ik
T T
=2 [ R a2 (S0 won)ra
0 i 0

i,k
T
-2 (Z wiizkk)wdr, @7
i,k

where
P = 22ayy 2Bl PHOm 4 X 2ayy upiie oM.
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Hence, from (39), (43), (44) and (47), we get
T T
/ (F, + F3)y2dt +[ IWy de
0 0

= /OT(Z(—%M,- e Pi(3)))1//2dt

i

=:01
T
+ / Z(P,-‘” 2> (7 +eii)€kk)w2dt
0 k
=:0>
T
-2 fo (anekk)wdr. (48)

i,k

=:03

We shall focus on the term Q1. From the definition of M;, (45) and using that £ =
eMB+6m)y and ¢ = ay, we see that
M

% 1 1
—5 =P+ P = —f(uzuzé%ﬂ? + JACEB] + Ewéﬂii)

= %(ﬁ(—w)s;ﬁﬂ? + 22 (—p)Eupii)- (49)

From the definition of y, it is clear that the above expression vanishes on (7'/4,T/2). On
(T/2,T), we use the fact that there exists C > 0 such that |y;| < Cy?2. Hence, for all
(t,x) € (T/2,T) x D, there exists a constant C > 0 only depending on D and D’ such

that M
‘Z(‘TI _p0 Pi(3)>
1

where we have used that |py| < u£2.

On (0,7T/4), we are going to use the fact that y; <0, ¢ <0and y € [1,2] to deduce that
01 has the good sign outside 9’. Indeed, from (15), we can find s = pa (e, | AY | o)
such that forall & > s > 1 >0

< CAp*(E* + Ep) < CAPp°E°, (50)

1 1
5| 2082 + et + e |

i

+ Y [V 0ERB] + A (—)Eufii] = A7 pPlpls, x e D\D. (51

1

In this way, in a subsequent step, by (49), (51), we will obtain from Q a positive term in
(0,T) x O and a localized term at D’ on the right-hand side of the inequality.
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The conclusion of this substep is quite classical. For the term Q, in (48), we can
readily see that the leading term in (46) is positive. Hence, from (33) and straightforward
computation, we have

T T
0, > / RuEVBI YR di — C / WPt + 238 + 3 d (52)
0 0

for some constant C = C(||VB|loos | P?Blloc) > 0. As in the previous case, using (15)
will yield a positive term, a localized term on the right-hand side. The terms with lower
powers of u and A will be absorbed later.

Finally, to analyze Q3, we will use that

Vil ¥ = =il V)i + Vilkri ¥V + U7 lek-

Thus,

T T T
0 =2 S wttwar+2 [ Luwtiar=2 [ Cwituvna. 63
ik i,k i,k

We will leave this term as it is. In the next substep we will use it to produce a positive term
depending on |V/|.

Estimates of the gradient of ¥. The last positive term we shall obtain in this step comes
from the second term in (30) and the first term in (53). Using (33) it can be readily seen
that

T - T T
/0 S QU + gy di > [0 MEIV BRIV — C /O AHEIVY (54)
i,j

for some C > 0 only depending on £ and £’. From here, using the properties of 8 we
will obtain a positive term and a localized term in D’.
From the second term in (53) and the fact that

Ciki = 2AEW° BicBri + AE1>BRBi + AEpBrri + AE1> Brex B

we can use Cauchy—Schwarz and Young inequalities to deduce
T T T
| Cvwtna = —c [ wrveta-c [ 2uteira. 69
0 7 0 0

Notice that the term containing Vi does not have any power for A so it can be absorbed
later.

The last term in (53) is left as it is, since by the divergence theorem we will see later
that this term is actually 0.



Global null-controllability for stochastic semilinear parabolic equations 1429

Step 3. Towards the Carleman estimate. We begin by integrating (27)—(31) in £ and
taking the expectation on both sides of the identity. Taking into account the estimates
obtained in the previous step, i.e. (37), (42), (48) and (50)—(55), we get

clE(/ |V1//(0)|2dx+/ )\zu3ez“(6m+1)|t/f(0)|2dx)
D D

T/4
+CE(/ / W p2Elel yel 1y 1? dxdt)
0 @\@I

+ E([ WA VpY P axd+ [ evBRIvY P ds dr)
or or

1
+]E(/QT Izdxdt) + 5IE(/QT Xi:(dwi)zdx)
< ]E( 01(dz + Az dt)dx) + %IEZ ([ A(dw)zdx) + BT +R, (56)
or or

where

BT =2E (/Q > Wiliy); dx dt)
T ik

—]E(/QTXi:(widl/f)i)—]E(/QTV-dedt), (57)

R = C]E([ [ﬁﬁ? + AZute? + mﬁsﬂwﬁdx dr
Or
+/ [uz +Aus]|wf|2dx dt). (58)
or

We remark that the positive constants ¢; and C in (56)—(58) only depend on O and D’,
while ¢ > 0 depends only on D, D’ and « (see (15)).

We proceed to estimate the rest of the terms. We begin with those gathered on 87,
defined in (57). It is clear that z = 0 on X7 implies ¥ = 0 on X 7. Moreover, {; = %—‘fui,
with v = (vq,..., vy) being the unit outward normal vector of D at x € dD. Also, by
the construction of the weight 8, we have

oy 0
U = Auéy; = )k,ufa—wvl and a—l/f <0 onX7.
v v

Hence, it is not difficult to see that using divergence theorem we have

ZIE(/QT(l/fiekW)i dxdt) = ZE(LT%:%K"WW dxdt) —o.
_E(/;T IZ(I/II dw)l) = —E(/;:T lzwivi dex) — 07
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and

_]E(/QT V-V dt) - E(/E Y [@livivy — tivvy) + Aliy?]v/ dx dt)

Tij

B 02\2 5
IE(/ET Augg(%) ;(v v’)zdxdt) <o0.

Thus, we get
BT <O0. 59)

For the following three terms, we will use the change of variables ¥ = 6z and the fact
that z solves system (20). First, we see that

E(/QT Xi:(dllfi)z dX) = E(/QT 6> Xi:(éi +£;2)%dx dt) > 0. (60)

In the same spirit, using the equation verified by z and the Cauchy—Schwarz and Young
inequalities, we get

1 1
]E( 0I(dz + Az dt)dx) < —E(/ 1% dx dt) + —IE( 62|E|? dx dt). (61)
or 2 or 2 or

Lastly, from (33) and the fact that |¢,| < CAué?3 for (¢,x) € (0, T) x D, a direct compu-
tation shows that

IEJ([ A(dw)zdx) = E(/ 62 A|Z|* dx dt) < c(/ 02202 u2E3|Z)? dx dt). (62)
or or or

Using that inf, _ 5\ 75 [VB| = a > 0, we can combine estimate (56) with (59)—(62) to
deduce

]E(/i)|V1//(O)|2dx+/i)kz,tfez“(sm“)W(O)Fdx)

T/4
cB([ [ eiolini P acar)
0 D
1
+IE(/ k3u4§3|1//|2dxdt+/ )L,u25|V1//|2dxdt)+—]E(/ Izdxdt)
or or 2 or

T/4 T
sCIE(/ [ rwemiwraas [ [ wweypaa
0 D’ 0 D’

+fOT /@Auzgwmzdxdz)

+CR+ CIE( 02|21 dx dr +/ 0202 u2E3|Z)? dx dt)
or or
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for some C > 0 only depending on 9, D’ and «. We observe that, unlike the traditional
Carleman estimate with weight vanishing at# = 0 and r = T', we have three local integrals,
one of those being only for ¢ € (0, T'/4). We will handle this in the following step.

Also notice that all of the terms in &R have lower powers of A and ju, thus we imme-

diately see that there exists some (3 > py and A; > C such that, for all © > @3 and
A=A,

E(/@ |V (0))? dx + /@ A2 32t EmED 1y, (0)? dx)

T/4
+ E(/ [@wzsm il |w|2dxdt)
0

—HE(/ A3u4§3|w|2dxdt+/ )L,LL2§|V¢/|2dxdt)
or or

T/4 T
SCE(/ /kzﬂzélwllszWIzdde/ / AUt E Y P dxdr
0 D’ 0 D’

T
+ / / Wswwzdxdt)
0 D’
+CE(/ 92|E|2dxdt+/ 92)&2/L2§3|Z|2dxdt). (63)
or or

Step 4. Last arrangements and conclusion. As usual, the last steps in Carleman strate-
gies consist in removing the local term containing the gradient of the solution and coming
back to the original variable. We will see that the original strategy also helps to remove
the local term in (0, 7'/4).

First, using that z; = 0~ (y; — £; %), it is not difficult to see that 02|Vz|? < 2|Vy/|? +
2C A2 u2E2|yr|? for some C > 0 only depending on D and ', hence from (63) we have

]E(/ 92(0)|VZ(0)|2dx+/ A2u3e2“(6’”+1)92(0)|z(0)|2dx)
D D

T/4
i ]E(/o /:o 62221 lp| [ys| |22 dx dt)

+]E(/ 92A3u4$3|z|2dxdt+/ 92Au25|vZ|2dxdz)

or Or
T/4 T

§C]E(/ /0212M2§|¢||y,||z|2dxdz+/ / 02233 z)? dx dt
0 D’ 0 D’

T
+/ / 6% A pu*E|Vz|? dx dt)
0 D’

+C1E( 92|E|2dxdt+/ 92A2M2§3|Z|2dxdt) (64)
or or

forall A > Ay and 0 > us.
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We choose a cut-off function n € C°(D) such that

0<np<1, n=1indD’, n=0inD \ Dy, (65)
with the additional characteristic that
Vi
Y e L2(D)N. (66)

This condition can be obtained by taking some 1o € CS°(D) satisfying (65) and defining
n= ng. Then n will satisfy both (65) and (66).
Using It6’s formula, we compute

d(6%€2?) = (0°£),2% + 20%Ezdz + 92%£(d2)?

and thus, using the equation verified by z, we get

T
IEJ(/ 6%(0)£(0)|z(0)|*n dx) +2E (/ 06,£|z|*ndx dt)
Do 0 Do
T T
+2]E(/ [ 92§|Vz|2ndxdt) +E(/ / 92§|E|217dxdt)
0 Do 0 Do
T T
= —E(/ 92§,|Z|2ndxdt) —2[@(/ ezgzsndxdz)
0 Do 0 Do
T
—ZIE(/ 6%EVn - Vzzdx dt)
0 Do

T
—2IE(/ / V(0?€) - Vzzndx dt). (67)
0 Do

We readily see that the first and last terms on the left-hand side of (67) are positive, so
they can be dropped. Also, notice that using the properties of n, the third term gives (up to
the constants p and A) the local term containing |Vz]|.

We shall focus on the second term on the left-hand side of (67). Similar to Step 2
above, we analyze it on different time intervals. Obviously, for ¢t € (T'/4, T /2) this term
vanishes since y; = 0. For ¢ € (0, T/4), we notice that 80, = 0%1¢ %é and since y; <0,
¢ <0and y € [1,2], this yields a positive term. Lastly, in the interval (7'/2, T'), we use
that |¢,| < CAué? to obtain the bound |6;| < COA? &3, Summarizing, we have

T T/4
zE(/ eetazﬁndxdt) > E(/ [ aginliolzpnas dr)
0 Do 0 Do

T
—CE(/ 0202 uE3|z)*ndx dt). (68)

T/2JDo

Let us estimate each term on the right-hand side of (67). For the first one, using that
|€,| < CAuE3 forall (t,x) € (0,T) x D, we get

T T
'E(/ [ 6%&:|z|*ndx dt) < CE(/ / 02 A E3|z)?ndx dt). (69)
0 @0 0 :DO
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For the second one, using the Cauchy—Schwarz and Young inequalities yields

T
']E(/ / 62£zEndx dt)
0 Do
1 T
< —E(/ 21 2|2 dx dt)
2 0 Do

1 T
+ —E(f / 02 A2 E2|z|?ndx dt). (70)
2 o Jo,

For the third one, we will use property (66) and the Cauchy—Schwarz and Young inequal-
ities to deduce that

T
'E(/ 62V - Vzzdx dt)’
0 Do
T T
58E(/ / 92§|Vz|2ndxdz)+C(e)JE(/ / 92§|z|2dxdt) (71)
0 Do 0 Do

for any & > 0. For the last term, using that |V(62§)| < CA2AuE? and arguing as above,

we get
T
‘E(/ / V(63%€) - Vzzndx dt)‘
0 Do
T
< sIE([ / 6%&|Vz|*ndx dt)
0 Do

T
—l—C(s)E(/ / 9253MZA2|Z|2ndxdl). (72)
0 Do

Therefore, taking & = % and using estimates (68)—(72) together with the properties of the
cut-off n, we get

T/4 T
E(/ / 021E|y:e| |l |z|2dxdt) —HE(/ f 92g|v2|2dxdz)
0 D’ 0 D’
T
< C]E(/ O2(A2 &> + A2 + A2u2e3)|z)2 dx dt)
0 Do
+ CE(/ 0211?18 )% dx dt). (73)
or

As usual, we have paid the price for estimating the gradient locally by slightly enlarging
the observation domain. Notice that this procedure gives us the local estimate in (0, 7/4)
by using the properties of the weight function ¢ and y,. Finally, the desired estimate
follows by multiplying both sides of (73) by Au? and using the result to bound the right-
hand side of (64). We conclude the proof by setting 1o = p3 and A9 = Ag. [ ]
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2.2. A controllability result for a linear forward stochastic heat equation with one
source term and two controls

In this section we will prove a controllability result for a linear forward equation. More
precisely, recall the equation defined in (9):

dy = (Ay + F + yo,h)dt + HdW(1) in Or.
y=0 on 37, (74)
¥(0) = yo inD.

In (74), (h, H) € L%(0,T; L*(Dy)) x L% (0, T; L*(D)) is a pair of controls and F
is a given source term in L% (0, T'; L?(D)). Observe that given yo € L*(R2, Fo; L*(D))
and the aforementioned regularity on the controls and source term, system (74) admits a
unique solution y € Wr; see [25, Thm. 2.7].

Under the notation of Section 2.1, let us set the parameters A and u to a fixed value
sufficiently large, such that inequality (21) holds true. We define the space

Sau=1{F € L%(0,T;L*(D)):
[E(fy, 07227204673 FPdxdr)]"? < +oo}, (75)

endowed with the canonical norm.
Our linear controllability result reads as follows.

Theorem 2.3. For any initial datum yy € L*(Q, Fo; L*(D)) and any source term F €
Sa, > there exists a pair of controls (h, H) € L2$(O, T; L?(Dy)) x L2$(O, T;L?*(D)) such
that the associated solution y € Wr to system (74) satisfies y(T) = 0 in D, a.s. Moreover,
the following estimate holds:

T
IE(/ 672|y|? dx dt) + IE(/ O 2A 3 43 )2 dx dt)
QT 0 1)()

+E (/ 07222273 H|? dx dt)
or
< CiE(Iyollz2(p)) + CIFIS, . (76)

where C1 > 0 is a constant depending on D, Dy, A and wu, and C > 0 only depends on
D and Dy.

Remark 2.4. Using classical arguments (see for instance [22, Prop. 2.9]), from Theo-
rem 2.3 one can construct a linear continuous mapping that associates every initial datum
yo € L?(Q2, Fo; L*(D)) and every source term F € S, ,,, to a trajectory (y, h, H) such
that y(7) = 0in D, a.s. and (76) holds.

The proof of Theorem 2.3 is based on a classical duality method, called the penalized
Hilbert Uniqueness Method, using ideas that can be traced back to the seminal work [15].
The general strategy consists of three steps:
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Step 1. Construct a family of optimal approximate-null control problems for system
74).

Step 2. Obtain a uniform estimate for the approximate solutions in terms of the data
of the problem, i.e. the initial datum y and the source terms F and G.

Step 3. Use a limit process to derive the desired null-controllability result.

We mention that in the stochastic setting, similar strategies have been used for deduc-
ing controllability results and Carleman estimates for forward and backward equations;
see e.g. [20,21,28].

In what follows, C will denote a generic positive constant possibly depending on D,
Dy, but never on the parameters A and w.

Proof of Theorem 2.3. We follow the steps described above.

Step 1. For any ¢ > 0, let us consider the weight function y,(¢) given by

4f\o
vet) = 1 + (1 + ?) 1 el0,T/4],

ve(t) =1, t€[T/4,T/2+ ¢,
Ye(t) = y(t —e), te[T/2+eT],
o as in (18).

Defined in this way, it is not difficult to see that y, does not blow up as t — 7~ and that
ye(t) < y(t) for t € [0, T]. With this new function, we set the weight ¢, as in (17) by
replacing the function y by y,. In the same manner, we write 6, = e*%¢.

With this notation, we introduce the functional

1
Jo(h, H) := EE(/Q 62| y|* dx dt)
T
1 T
+ —]E(/ O72A 3 e 3 )2 dx dt)
2 o Jo,

+1]E(/ G—ZA—ZM—25—3|H|2dxdt)+iE(/ |y(T)|2dx) (77)
2 or 2¢e D

and consider the minimization problem

{min(h,H)eJt’ Je(h, H) (78)

subject to equation (74),

where

3 = {(h, H) € L0, T; L2(D)) : E(fT [, 02233 h[2 dx dr) < +oo,
E(fo, 072A72u 263 |H|? dx df) < +oo}.
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It can be readily seen that the functional J, is continuous, strictly convex and coercive.
Therefore, the minimization problem (78) admits a unique optimal pair solution that we
denote by (h., H¢). From classical arguments, the Euler-Lagrange equation for (77) at the
minimum (%, H¢) and a duality argument (see, for instance, [19]), the pair (h,, H) can
be characterized as

he = —x0,0°A3ut3z,, H, = —022u*6%Z, in Q,as., (79)
where the pair (z¢, Z,) verifies the backward stochastic equation

dze = (=Azg — 07%y)dt + Z,dW(t) in Qr,
ze =0 on X7, (80)

1
ze(T) = gys(T) in D,

and where (y,, y-(T)) can be extracted from y, the solution to (74) with controls & = h,
and H = H,. Observe that since y, € L%c (Q:; C([0, T]; L?(D))) the evaluation of y, at
t = T is meaningful and (80) is well posed for any ¢ > 0.

Step 2. Using It6’s formula, we can compute d(y,z,) and deduce
B( [ ymzmar) =5( [ noz0)
D D

+ IE( (Aye + F + xpohe)ze dx dz)
or

~|—IE( (=Aze — 07%y)ye dx dt)
or

+ IE( H.Z. dx dt)
or

whence, replacing the initial data of systems (74), (80) and using identity (79), we get

T
E(/ / O2A3uE3 |z, )* dx dt) + E(/ 02 X223 Z|? dx dt)
0 JDo or
1
+ E(/ 98_2|y8|2dxdt) + —IE(/ |y€(T)|2dx)
or € o)
= E(/ Y0z(0) dx) + E(/ Fz.dx dt). (81)
D or

Now, we will use the Carleman estimate in Theorem 2.1. We will apply it to equation
(80) with E = —072y, and Z = Z,. Then, after removing some unnecessary terms, we
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get for any A and p large enough,

E(/ Azu392(0)|28(0)|2dx)+E(/ A3u4§‘392|28|2dxdt)
D or
+]E([ A2M25392|Z€|2dxdt)
or
T
SCIE(/ / A3M4$392|ze|2dxdt+/ 62102 ye|* dx dt
0 Doy or
+ Azu2$392|26|2dxd1). (82)
or

Notice that we have added an integral of Z, on the left-hand side of the inequality. This
slightly increases the constant C on the right-hand side but it is still uniform with respect
to A and p.

In view of (82), we use the Cauchy—Schwarz and Young inequalities on the right-hand
side of (81) to obtain

T
]E(/ f 0213M4§3|z€|2dxdt)+]E(/ 92A3u4§3|25|2dxdz)
0 Do or
1
-I—IE( 9‘2|y5|2dxdt)+—E([ |y8(T)|2dx)
or € D
< S[E (/ 92(0)A2u3|zs(0)|2dx)
D
+]E(/ 02A3u4$3|zs|2dxdt+/ 9212u2§3|28|2dxdt):|
Or or
e [E ([ 67202150 ax)
D

N IEZ( / 02234~ 3|F 2 dx dt)} (83)
or

for any 6 > 0. Using inequality (82) to estimate the right-hand side of (83) and the fact
that 0293_ 2 < 1forall (¢,x) € Qr, we obtain, after taking § > 0 small enough, that

T
E(/ / O2A3u*E3 |z, |* dx dt) + IE([ 02 A2 2E3| Z,|? dx dt)
0 e@() QT
1
+JE(/ 0.2 ]ye|* dx dr) + —]E(f |y£(T)|2dx)

or € D

< C[E(/ 0‘2(0))&_2/1,_3|y0|2dx) + IE(/ O2A 3 e 3| F 12 dx dt)].
D or
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Recalling the characterization of the optimal control /. in (79) we obtain

T
E(/ 02A 3 3 | dx dt) + IE( 02A 2 2E 3| H,|? dx dt)
0 Do or

1
+IE(/ 98_2|)’e|2dxdt)+—E(/ Iys(T)IZdX)
or € D

- c[E( / 9-2(o>r2u—3|yo|2dx)
D

+ IE( O2A 3 e 3| F 12 dx dt)] (84)
or
Observe that the right-hand side of (84) is well defined and finite since ~2(0) < +oc and
the source term F belongs to Sy ,,, defined in (75).

Step 3. Since the right-hand side of (84) is uniform with respect to &, we readily deduce
that there exists (%, H, y) such that
he —h  weakly in L2(Q x (0, T); L2(Dy)),
Hy —~ H weakly in L2(Q x (0,T); L2(D)), (85)
ye = §  weakly in L2(Q x (0, T); L?(D)).

We claim that y is the solution to (74) associated to (i; H ). To show this, let us denote
by y the unique solution in sz,7 (0,7;C([0,T); L2(D))) N Lé(O, T; H} (D)) to (74) with
controls (l;, ﬁ) For any m € L%c (0, T; L*(D)), we consider (z, Z) the unique solution
to the backward equation

dz = (-Az—m)dt + ZdW(¢t) inOQr,
z=0 on X7, (86)
z(T)y=0 in D.

Then, using Itd’s formula, we compute the duality between (86) and (74) associated to
(h, H) = (he, He) and (h, H) = (h, H), respectively. We have

_IE(/O{Dyoz(O)dx) =—IE(/QTmygdxdt)+]E(/QT dexdl)

T
~|—]E(/ hszdxdl) +E( Hazdxdt) &7
0 Do or

—]E(/ yOZ(O)dx)z—]E(/ mﬁdxdt)—i—]E(/ dexdt)
D or or
T
+]E(/ / ﬁzdxdz) +]E( ﬁzdxdz). (88)
0 Do or

and
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Then, using (85) in (87) to pass to the limit ¢ — 0 and subtracting the result from (88), we
getj = yin Qr, as.

To conclude, we notice from (84) that y(7') = 0 in D, a.s. Also, from the weak con-
vergence (85), Fatou’s lemma and the uniform estimate (84) we deduce (76). This ends
the proof. |

2.3. Proof of the nonlinear result for the forward equation

Now we are in a position to prove Theorem 1.1. To this end, let us fix the parameters A and
W in Theorem 2.3 to a fixed value sufficiently large. Recall that in turn, these parameters
come from Theorem 2.1 and should be selected as A > A and u > o for some Ao > 1
and o > 1, so there is no contradiction.

Note that at this point we have explicitly preserved the parameters A and p in the
controllability result of Theorem 2.3. This was possible due to the selection of the weight
6 in the Carleman estimate (21), which allows us to have a term depending on z (0) on the
left-hand side.

Proof of Theorem 1.1. Let us consider a nonlinearity f fulfilling (2), (3) and (5). We
define the nonlinear map

N:Fe$ - flot,x,y) €8,

where y is the trajectory of (74) associated to the data yo, F; see Theorem 2.3 and
Remark 2.4. In what follows, to abridge the notation, we simply write f(y).

We will check the following facts for the nonlinear mapping N .

The mapping A is well defined. To this end, we need to show that for any F € S, ,,,
we have N (F) € 8, ,,. We have from (2), (3) and (5), that

IV (IS, = E( f 027 f ()P dx dr)
’ or
< AU *L’E (/Q 0723 y)? dx dt).
T

Using (76) and |71 ||oo < 1 for all (¢, x) € O, we get

IX (B, < L2270 (CE yol 20y + CIFIZ, )
< +00.
This proves that N is well defined.

The mapping -V is strictly contractive. Let us consider source terms F; € Sy ,,i = 1,2.
We denote the solutions of the corresponding equations by y; and y,, respectively. Using
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the fact that the nonlinearity f is globally Lipschitz, i.e. (3), we have
IV (F) — N(E)I3, | = E( /Q 672273 f () — ()P dx dz)
T
<L*)73u*E (/ 072|y; — y2|?dx dt),
or

where we have again used that ||§ ||, < 1forall (£,x) € Or.
Then applying Theorem 2.3 and Remark 2.4, and using estimate (76) for the equation
associated to F' = F; — F,, yo = 0, we deduce from the above inequality that

IV (F1) = N (P23, ,
<CL*A 34 [JE(
or

= CLA P = B, (89)

0 2A 3 e 73| Fy — F»)? dx dt)]

where C = C(D, Dy) > 0 comes from Theorem 2.3. Observe that all the constants on
the right-hand side of (89) are uniform with respect to A and p; thus, if necessary, we
can increase their value so CL?A~3u~* < 1. This yields that the mapping N is strictly
contractive.

Once we have verified these two conditions, by the Banach fixed point theorem, it
follows that A has a unique fixed point F in §, ,. By setting y the trajectory associated
to this F', we observe that y is the solution to

dy = (Ay + f(w.t.x,y) + xp,h)dt + HdW(t) in QOr,

y=0 on X7, (90)
¥(0) = yo in D,
and verifies that y(T,-) = 0 in D, a.s. This concludes the proof of Theorem 1.1. [

3. Controllability of a semilinear backward stochastic parabolic
equation

As for the forward equation, the main ingredient to prove Theorem 1.2 is a controllability
result for a linear system with a source term. In this case, we shall focus on studying the
controllability of

dy = (=Ay + yp,h + F)dt + Y dW(t) in Qr,
y=0 on X7,
y(T)=yr in D,
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where F € L%, (0,T; L%(D)) and yr € L%(R, Fr; L?(D)) are given. Unlike the previous
section, we shall not prove a Carleman estimate for the corresponding adjoint system (i.e. a
forward equation). Although this is possible, we will see later that we can greatly simplify
the problem by studying a random parabolic equation, for which a deterministic Carleman
estimate will suffice.

3.1. A deterministic Carleman estimate and its consequence

As we mentioned in Section 2.1, in [1] the authors have proved a Carleman estimate for
the (backward) heat equation with weights that do not vanish as t — 07 (see (16) and
(17)). Following their approach it is possible to prove the analogous result for a forward
equation. For this, we need to introduce some new weight functions which are actually the
mirrored version of (16) and (17).

In more detail, let us consider the function § as in (15) and let 0 < T < 1. We define
the function y (¢) as

0= e 0.7/4]

7 is decreasing on [T/4, T/2],

5() = 1, t € [T/2.3T/4] 1)
7o =1+(1- @)6 t € 3T/4.T],

y € C*([0.T)).

where m > 1 and o > 2 is defined in (18). Observe that y(¢) is the mirrored version of
y(¢t) in (16) with respect to 7'//2. Analogous to the properties of y, the function y preserves
one important property, which is that for the interval [37/4, T] the derivative of y has a
prescribed sign, i.e. y; > 0.

With this new function, we define the weights ¢ = ¢(¢, x) and .,5 = g(l, X) as

G2, x) 1= () (P POIFOM — Sty E (1, x) = p(r)el PITOm (92

where ;1 > 1 is some parameter. In the same spirit, we set the weight 0 = é(l, X) as

0 :=e*, where é(t,x) = A¢(t, x)
for a parameter A > 1.

In what follows, to keep the notation as light as possible and emphasizing that there is
no possibility for confusion since the notation is specific for this section, we simply write
y = y,éz 6, and so on.

We have the following Carleman estimate for the heat equation with source term:

diq —Ag = g(t,x) inQr,
q=0 on Xr, 93)
q(0) = go(x) inD.
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Theorem 3.1. For all m > 1, there exist constants C > 0, Lo > 1 and po > 1 such that
forany qo € L*(D) and any g € L*>(Q7), the weak solution to (93) satisfies

02AuE|Vq|? dx dt + 02X u*E3 g dx dr
or or
_I_/ 12/L3€2M(6m+1)QZ(T)lq(T)|2d.X
D

< C( 62|g|? dx dt —i—// 9213/,L4$3|q|2dxdt)
or Dox(0,T)

Sforall w > o and A > Ay.

The proof of this result is a straightforward adaptation of [1, Thm. 2.5], just by taking
into account that in this case the weight y verifies y; > 0 in [37/4, T'], contrasting with
the fact that y, < 0in [0, T'/4] as in [1] or as we have used in the proof of Theorem 2.1.

Let us consider the forward parabolic equation given by

dg = (Ag + Gy)dt + G, dW(¢) in Qr,
q=0 on X7, 94)
q(0,x) = go(x) inD,

where G; € L2.(0, T; L*(D)), i = 1,2, and go € L*(Q2, Fo; L*(D)). An immediate
consequence of Theorem 3.1 is a Carleman estimate for a random parabolic equation.
More precisely, we have the following.

Lemma 3.2. Assume that G, = 0. For all m > 1, there exist constants C > 0, Ay > 1 and
o > 1 such that for any qo € L*>(Q, Fo; L>(D)) and any G, € Lé (0, T; L>(D)), the
corresponding solution to (94) with G, = 0 satisfies

IE(/ 02Au2E|Vq|? dx dt) + E(/ 0223 ute3|q|* dx dt)
Or or
-I-JE([ 92(T)|vq(T)|2dx)
D
+ E(f A2M382M(6m+1)92(T)|C](T)|2 dx)
D
< C]E( 92|g|2dxdt+// 92k3u4$3|q|2dxdt) (95)
or Dox(0,T)

Sforall w > o and A > Ay.

3.2. A controllability result for a linear backward stochastic heat equation with
source term and one control

Inspired by the duality technique presented in [20, Prop. 2.2], we present a controllability
result for a linear backward stochastic heat equation with a source term. To this end,
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consider the linear control system given by

dy = (—Ay + yp,h + F)dt + Y dW(¢) in Qr,
y=0 on X7, (96)
y(T)=yr in D,

where F € L% (0,T; L?(D)) is a given fixed source term and /1 € L%(0,T; L*(Dy)) is
a control.

In what follows, we consider constants ;& and A large enough such that (95) holds. We
define the space S; ,, := {F € L%(0,T; L*(D)) : E(fo, 072A7 =% F> dx dr) <
400}, endowed with the canonlcal norm. We have the following global null-controllability
result for system (96).

Theorem 3.3. For any initial datum yr € L*(Q, Fr; L*(D)) and any F € S, . there
exists a control h € L%(0, T’; LZ(JDO)) such that the associated solution (y,Y) € [L (K2;
C[0,T]; L*(D)) N L% (0,T; Hy (D))] x L% (0,T: L*(D)) o system (96) satisfies y(0) =
0in D, a.s. Moreover, thefollowmg estimate holds:

]E(/ 9—2|y|2dxdz)+JE(/ 9_2A_2u_2§‘_2|Y|2dxdt)
or or

+E (/ O2A 3473 | h)? dx dt)
or
< GBIyl ) + CE( [ 020 e IFPaxar). o)
or
where C1 > 0 is a constant depending on D, Dy,  and A, and C > 0 only depends on

D and Dy.

Remark 3.4. As before, from classical arguments (see e.g. [22, Prop. 2.9]), from Theo-
rem 3.3 we can construct a linear continuous mappmg that associates every initial datum
yr € L2(Q, F7; L?(D)) and every source term F € Sk > to atrajectory (¥, h) such that
y(0) = 0in D, a.s. and (97) holds.

Proof of Theorem 3.3. The proof is very similar to that of Theorem 2.3 and requires only
some adaptations. We emphasize their main differences.

Step 1. For any ¢ > 0, let us consider the weight function y,(¢) given by
Ye(t) = y(t +é), tel0,T/2—¢,
ye(t) = 1, t€[T/2—e3T/4]

_ 4T —1)\°
Vs(l)—l-i-(]‘l‘T) , t€[3T/4,T],
o asin (18).
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In this way, y(¢t) < y(¢) for ¢t € [0, T]. We set the corresponding weight ¢, as in (92) by
replacing the function y by y,. Also, we write 0, = e*%:.
We introduce the cost functional

1 1 r
I.(h) = EIE(/Q 62|y dx dt) + E]E(/O R 07223473 h)? dx dt)
T 0

1
+ 2—8E([:D|y(0)|2dx)

and consider the minimization problem

{minhex Ie(h),

(98)
subject to equation (96),

where
H={heL%0.T:L*(Do)) : E(fy [, 0227314 3|h|> dx dr) < +o00}.

It can be readily seen that the functional I is continuous, strictly convex and coercive.
Therefore, the minimization problem (98) admits a unique optimal solution which we
denote by /. As in the proof of Theorem 2.3 the minimizer /. can be characterized as

he = xp, A utE30%q. in Q,as., (99)
where g, verifies the random forward equation

dg. = (AQS + 95_2)}8) df in QT!
qe = O on ET, (100)

1 .
4:(0) = 7 (0) in .

and where (y,, y¢(0)) can be extracted from (y,, Y¢) the solution to (96) with control
h = h,. Observe that since y, € L% (2; C([0, T]; L*(D))), the evaluation of y; at7 = 0
is meaningful and (100) is well posed for any & > 0. Also notice that there is no term
containing W(t), so (100) is regarded as a random equation. This greatly simplifies our
task, since we only need to use the Carleman estimate of Lemma 3.2 to deduce the uniform
estimate for the solutions to (y,, Y;) in the next step.

Step 2. Using It6’s formula, we can compute d(y.q.) and deduce

JE( /;o %(T)%(T)dx):lﬁ( /@ ys(O)qa«))dx)

+ IE([ (—Aye + F + xoohe)qe dx dt)
(¢

+ JE( / (Ads + 072ve)ye dx dr)
o
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whence, using equations (96), (100) and identity (99), we get

r 1
E(/ / A utE262|q,)* dx dt) + IE( 62| ye|? dx dt) + —E(/ |y£(0)|2dx)
0 JDo or € D
= ]E(f y1q:(T) dx) - E(/ Fqedx dt). (101)
D or

In view of (95), we use the Cauchy—Schwarz and Young inequalities on the right-hand
side of (101) to introduce the weight function as

r 1
]E(/ [ 0223 3| g, |? dx dt) + IE( 072 yel* dx dt) + —IE(/ |yg(0)|2dx)
0 JDo or € D

ss[E( f A2u392(T)|qe(T,x>|2dx)+E( ezm“sﬂqsﬁdxdr)}
D

e [E ( / A2u302(T) yr P dx)
D

+ IE( 07 2A 33| F)? dx dz)] (102)
or

or

with § > 0. Applying inequality (95) to (100) and using it to estimate the right-hand side
of (102), we obtain, after taking § > 0 small enough, that

T 1
]E(/ / 0213 utE31g, | dx dt) + IE( 072 yel* dx dt) + —E(/ |y5(0)|2dx)
0 JDg or € D
< C[IE (/ A‘ZM_39_2(T)|yT|2dx) + IE( O 2A 3 3| F? dx dt)]
D or

for some constant C > 0 only depending on & and £y. At this point, we have used the
fact that 0262 < 1 forall (t,x) € Q7.
Recalling the characterization of the optimal control /. in (99) we obtain

T
IE(/ 02A 3 43 b | dx dt) + E([ |ye|? dx dt)

0 @0 QT

1
15[ opar)

& D

<C [E (/ 9‘21‘zu‘3|yrlde)

D
+ ]E(/ O 2A 3 e 3 F)Ps T3 3 dx dt)]. (103)
Or

Now our task is to add a weighted integral of the process Y on the left-hand side of
the above inequality. To do that, using 1t6’s formula and equation (96) with 1 = h, yields

d(ee—Zk—Zs—Zyg) — (98—21—25—2%))‘92 dr 4 QE—ZA—ZS—ZYEZ
+ 207207262y [(—Aye + xpohe + F)dt + Yo dW(1)]
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and after some integrations by parts and substituting the initial datum, we get

IE( 08_21_25_2|Y6|2dxdt)+2E( egzrzs—zwysﬁdxdz)
or

or
" E( [ @2 dz)
or

= IE( / 6, 2(T)A"*E(T)|yr|? dx)
D
—2E ( / V(072A72E72) - Vy,ye dx dz)
or

— ZIEI( 07227262y F dx dt)
or

T
—ZIE(/ / Qs_zk_zé_zyghsdxdt). (104)
0 Do

Observe that the term containing yr is well defined since, by construction, the weight 6, 1
does not blow up at t = T. Also, notice that there is no term y,(0, x) since £71(0) = 0
and the weight 6! does not blow up at 7 = 0.

Let us analyze the term containing (6;2A~2£72), on the left-hand side of the above
identity. We split the integral as

E( / (egzrzs—%,wsﬁdxdr)
or
3T/4
_ —21—2&—2 2
—E(/O /@(95 AT2E72) el dxdt)

T
~|—IE(/ / (O72A72672) | ye* dx dt). (105)
3T/4JD

We note that for ¢t € [3T /4, T], we have y,(t) = y(¢), so we can drop the dependence on
€. Also notice that on this time interval y; > 0 and 1 < y < 2. Thus, computing explicitly,
we have

(62272672), = 26723 %(pé_z _ 29—21—2%5—2. (106)
Recall that ¢ < 0, thus
(O72A7672) = 0724 il (107)
forall t € [3T/4, T], where ¢ > 0 only depends on D and Dy. Therefore,
]E(/T / (6,2272E7) | ye* dx dt) >0 (108)
37/4JD

and this term can be dropped. For ¢ € [0, 37 /4], we can use expression (106) (replacing
everywhere the weights depending on ¢) and the fact that |3, y,| < Cy?2 to obtain

[(62A7267%),| = €O e,
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where the constant C > 0 is uniform with respect to A and w. Therefore,

3T/4
‘E( [ [ e as dr)
0 D

3T/4
< CE(/ / 0722 ulye|* dx dt). (109)
0 D

Thus, using formulas (105) and (108)—(109) we deduce from (104) that

IE( 07207272\ Y,|* dx dz) + 2]E(
or or

3T/4
< CE(/ 9—2(T)/r2|yT|2dx) + C]E(/ / 07207 il ye|* dx dt)
D 0 D

E ( / V(O72A72672) - Vyeye dx dt)
or

07247272 Vy, 2 dx dt)

N

+

N

+ IE( G;ZA—25—2y8Fdxdz)‘
or

T
E (/ / 0720726 %y h, dx dt) ‘ (110)
0 Do

For the first term on the right-hand side, we have used that 672(T) = 6~2(T) and
£71(T) < C for some C > 0 only depending on £ and Dy.

Employing the Cauchy—Schwarz and Young inequalities, we estimate the last three
terms of the above inequality. For the first one, we have

N

+

2’@(/ V(072A7267%) - Vy,eye dx dt)‘
or

581{5(/ 9;%—25—2|vy8|2dxdt)+C(5)E(/ 9;2u2|y8|2dxdt) (111)
or or

for any § > 0. Here, we have used that |V (621726 72)| < CO;72uA =&~ For the second
term we get

2‘1@( 072272 %y, F dx dt)
or

< E(/ 9;2M21_1$_1|y8|2dxdt) +E(/ 9—2A—3M—25—3|F|2dxdz), (112)
or or

where we have used that 62 < 672, For the last one, we readily have

T
2’IE( / 072272 %y h dx dt)‘
0 Do

T
fIE(/ 95_2,u2|y€|2dxdt)+]E(/ f 98_21_4,u_2§_4|h8|2dxdt). (113)
QT 0 i)()
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Using estimates (111)—(113) in (110) and taking § > 0 small enough, we deduce after
collecting similar terms that

E(/ 0722722 E 2| Y * dx dt) + E(/ 072272272 Vy,|? dx dt)
or or

SCE(/ G_Z(T)A_Z/L_2|yT|2dx)—i—CE(/ 98_2|y8|2dxdt)
D or

+ C]E(/ O 2A 33 F)P dx dt)
or

T
+CJE(/ / 98_2)&_3M_4.§_3|h8|2dxdz). (114)
0 Do

At this point, we have adjusted the powers of A and £ in the last term by using the fact that
A~1E™1 < C for some constant only depending on D, Dy.
Finally, combining (114) and (103) we get

T
IE( / / 672273 673 ha? dx dt)
0 Do

+ IE( / 0, 2(1yel®> + A72u 22| P dx dz)
or

1
+ IE( 0,222 2E 72| Vye|* dx dt) + —JE(/ |ye(0)]? dx)
or € D

<c[B( [ o2mn iy ax)
D
+E(f 9—21—3/L—4g—3|F|2dxdz)] (115)
or

for some positive constant C only depending on D, Dy.

Step 3. The last step is essentially the same as in the proof of Theorem 2.3. Since the
right-hand side of (115) is uniform with respect to ¢, we readily deduce that there exists
(h, y,Y) such that

he — h  weakly in L2(Q x (0, T); L2(Dy)),
ye — § weakly in L2(Q2 x (0, T); Hy (D)), (116)
Y, =~ Y weakly in L2(Q x (0, T); L%(D)).

Checking that (y, Y ) is the solution to (96) associated to h can be done exactly as in
Theorem 2.3, so we omit it.

To conclude, we notice from (103) that y(0) = 0 in D, a.s. Also, from the weak
convergence (116), Fatou’s lemma and the uniform estimate (103) we deduce (97). This
ends the proof of Theorem 3.3. ]
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3.3. Proof the nonlinear result for the backward equation

Now, we are in a position to prove Theorem 1.2. The proof is very similar to that of
Theorem 1.1, but for the sake of completeness, we give it.

Let us fix the parameters A and p in Theorem 3.3 to a fixed value sufficiently large.
Recall that in turn, this parameter comes from Theorem 3.1 and should be selected as
A > Ao and p > po for some Ag, o > 1, so there is no contradiction.

Let us consider a nonlinearity f fulfilling (12) and (13) and define

N:Fe§ i flotx,y.Y)eS,.

where (y, Y) is the trajectory of (96) associated to the data y7 and F, defined by The-
orem 3.3 and Remark 3.4. In what follows, to abridge the notation, we simply write

S Y).

We will check the following facts for the nonlinear mapping N.

The mapping N is well defined. To this end, we need to show that for any F € s A
we have N (F) € § ,. We have from (12) and (13),

IR, =E( [ ot P aar)
b or
<2L%E (f 072223 |y)? + Y] dx dt)
or
<2022 712 ]E( 9‘2A‘Zu_25_2|Y|2dxdt)
L or

+ ]E(/ 672|y|* dx dl)]
or

= 2L2)t_l/i_2 GiE([yr ”iz(@))

+ CE (/ O 2A 3 3| F)? dx dz)]
or

where we have used (97) and that [|§~" | < 1. This proves that N is well defined.

< 400,

The mapping A is a strictly contraction mapping. Let us consider F; € s el =1,2.
From the properties of the nonlinearity f, we have

|4 ()~ N (E)IE
= ]E( 0 Q_ZA’_3M_4§_3|f(y1»Y1) _ f(y27 Y2)|2 dx d[)

<2L2A7 YR (/ O2A 22 2|Y, — Yo P dx dt +/
Or

or

6-2y; — yo 2 dx dr).
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Then applying Theorem 3.3 to the equation associated to F = F; — F,, yr = 0, and using
the corresponding estimate (97), we deduce from the above inequality that

IN(F) = N (Rl

<2CL*A7'u™E ([ O 2A 33| Fy — Fy|* dx dt)
or
=2CL*A w2 Fy — F2||§~A , 117)
s

where C = C(D, Dy) > 0 comes from Theorem 3.3. Observe that all the constants on
the right-hand side of (117) are uniform with respect to A and p; thus, if necessary, we
can increase the values of A and p so CL2A~'4=2 < 1. This yields that the mapping is
strictly contractive.

Once we have verified these two conditions, it follows that A has a unique fixed point
Fin§ .- By setting (v, Y) the trajectory associated to this F', we observe that (y, Y)
is the solution to (10) and verifies y(0,-) = 0 in D, a.s. This concludes the proof of
Theorem 1.2.

4. Further results and remarks

4.1. A new Carleman estimate for a forward equation as a consequence of
Theorem 3.3

The controllability result provided by Theorem 3.3 yields as a by-product the obtention of
a new global Carleman estimate for forward stochastic parabolic equations with a weight
that does not vanish as ¢ — T ~. In fact, under the construction of weights shown in (91)
and (92) (where again we drop the tilde notation for simplicity), we are able to prove the
following result.

Proposition 4.1. For all m > 1, there exist constants C > 0, Ag > 1 and g > 1 such
that for any qo € L*(Q, Fo; L>(D)) and G; € Lé-(O, T:L*(D)), i = 1,2, the solution
y € Wr to (94) satisfies

E(/ 02Au2E|Vqg|?* dx dt) —HE(/ 0213t E3q|* dx dt)
Or Oor
+ E(/ 6%(T)A?u?|q(T)|? dx)
Q
< CE( 62|G1|? dx dt +/ 022212 E2|Go > dx dt
or Or

+// 0223 ute3 g ? dxdt)
Dox(0,T)

Sforall i > o and A > Ay.
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The proof of Proposition 4.1 can be achieved by following the proof of [20, Thm. 1.1]
with a few straightforward adaptations. For completeness, we give a brief sketch below.

The starting point is Theorem 3.3 with F = 62A3u*£3g and y7 = —s?u26%(T)q(T),
where ¢ is the solution to (94) with given G and G,. Observe that the weight functions in
these data are well defined and bounded. We also remark that since the solution g belongs
to Wr, we have yr = —A?2u20%(T)q(T) € L>(, Fr; L?(D)) and thus system (96) with
these given data is well posed.

Thus, from Theorem 3.3, we get that there exists a control he sz 0,T; Lz(@)) such
that the solution y to

d) = (—AP + yoh + 02A3u*E3q) dr + Y dW(r) in Q7.
y=0 on X, (118)
I(T) = =0>221>q(T) in D,

satisfies y(0) = 0 in D, a.s. Moreover, the following estimate holds:
IE( 672|5|? dx dt) + IE( 072472272V P dx dt)
or or
+E ( / 072273 4 E 3 R dx dz)
or

< CE( / A2u20%(T)q(T) dx + /
D

or

e 2505383 |g)% dx dt), (119)

for some constant C > 0 only depending on D, Dy.
From (94), (118) and It6’s formula, we get

E(/ 02(THA2u?|q(T)? dx) + E(/ e 205383 4)? dx dt)
D or

T
=—IE(/ ﬁGldxdt)—IE(/ ?szxdz)—le:(f hqudt).
or or 0 Do

Using the Cauchy—Schwarz and Young inequalities, together with (119), it can be obtained
from the above identity that

IE(/ QZ(T)A2M2|q(T)|2dx)+IE(/ 92A3M4g3|q|2dxdx)
D or
§CIE( 92|G1|2dxdt+/ 02202 u2E%| G, dx dt
or or

T
+[ / 0213 g3 g% dx dt).
0 Do

To add the integral containing Vg, it is enough to compute d(e 2*? 1£¢?) and argue as in
Step 2 of the proof of Theorem 3.3. For brevity, we omit the details.
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4.2. Other types of nonlinearities

It should be interesting to extend Theorem 1.1 to the case where the semilinearities f and
g depend on the gradient of the state. More precisely, let us consider

dy = (Ay + flw,t,x, 9, Vy) + xo,h) dt
+(g(w,t,x,y,Vy)+ H)dW(t) inQr,

y=0 on Xr,

y(0) = yo in O,

where f and g are two globally Lipschitz nonlinear functions. We may wonder whether
(120) is small-time globally null-controllable. A good starting point seems to be to obtain
a Carleman estimate for the backward equation (20), with a source term 2 € Lé,. 0, T;
H~1(D)). This seems to be possible, according to [20, Rem. 1.4]. By a duality argument,
this would lead to a null-controllability result for system (74) similar to Theorem 2.3, with
an estimate of py in L%,, (0, T; H} (D)), where p is some suitable weight function. Details
remain to be written.

Another open question is whether Theorem 1.1 can be extended to slightly super-
linear nonlinearities in the spirit of [11]. In the recent paper [7], the authors revisit the
null-controllability of semilinear heat equations in the deterministic setting through a con-
structive approach based on a Banach fixed point argument similar to the one performed
here. It would be interesting to see whether their method can be adapted to the stochastic
setting.

(120)

4.3. Extension of the method to other equations

The method introduced in this article could probably be applied to other nonlinear equa-
tions for which there is a lack of compactness embeddings for the solutions spaces and for
which we are able to derive Carleman estimates in the spirit of [1, Thm. 2.5]. For instance,
for the Schrodinger equation, it is a well-known fact that there is no regularizing effect so
there is a lack of compactness. To our knowledge, the following question is still open. Let
f:C — C be a globally Lipschitz nonlinearity and (7, O, Dy) be such that the so-called
geometric control condition holds. Is the system

idry = Ay + f(y) + xp,h inQr,
y=0 on Xr,

y(0) = yo ind,

globally null-controllable? See [30] or [16] for an introduction to this problem. We also
refer to [24] for results in the stochastic setting.
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