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GLOBAL CARLEMAN ESTIMATE FOR STOCHASTIC PARABOLIC
EQUATIONS, AND ITS APPLICATION *

Xu Liut

Abstract. This paper is addressed to proving a new Carleman estimate for stochastic parabolic
equations. Compared to the existing Carleman estimate in this respect (see [S. Tang and X. Zhang,
SIAM J. Control Optim. 48 (2009) 2191-2216.], Thm. 5.2), one extra gradient term involving in that
estimate is eliminated. Also, our improved Carleman estimate is established by virtue of the known
Carleman estimate for deterministic parabolic equations. As its application, we prove the existence of
insensitizing controls for backward stochastic parabolic equations. As usual, this insensitizing control
problem can be reduced to a partial controllability problem for a suitable cascade system governed
by a backward and a forward stochastic parabolic equation. In order to solve the latter controllability
problem, we need to use our improved Carleman estimate to establish a suitable observability inequality
for some linear cascade stochastic parabolic system, while the known Carleman estimate for forward
stochastic parabolic equations seems not enough to derive the desired inequality.
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1. INTRODUCTION AND MAIN RESULTS

Carleman-type estimates are one of important tools to study partial differential equations and the related
inverse/control problems. For example, the local Carleman estimate for elliptic operators with two independent
variables was introduced in [4] for studying the uniqueness problem. Later, more general results on uniqueness
problems for partial differential operators were given in [3,7,30], respectively, by virtue of the Carleman estimate
method. Also, the unique continuation properties of some evolution equations were derived by the local Carleman
estimates in [22]. Moreover, global Carleman estimates for general linear parabolic equations with homogeneous
boundary conditions and smooth diffusion coefficients were obtained in [6, 9], respectively. They have been
extensively used to establish observability inequalities in controllability problems and stability results for inverse
problems. In order to obtain some estimate on the pressure in linearized Navier—Stokes equations in the context
of controllability problems, a global Carleman estimate for elliptic operators with nonhomogeneous Dirichlet
boundary conditions was established in [8]. Recently, some Carleman estimates for parabolic operators with
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anisotropic diffusion coefficients having jumps at interfaces were established in [18], which can be used to
study the controllability of some parabolic equations with discontinuous diffusion coefficients. Nevertheless, to
the best of our knowledge, very little is known about Carleman estimates for stochastic parabolic equations.
In this respect, we refer to [17, 23] for some known results. In [17], a global Carleman estimate for linear
forward stochastic parabolic equations was established and based on this estimate, some inverse problems for
stochastic parabolic equations were studied. In [23], in order to establish the controllability for general linear
forward /backward stochastic parabolic equations, suitable global Carleman estimates for backward/forward
stochastic parabolic equations were derived. Notice that in [17,23], a gradient term (with respect to diffusion
terms of forward stochastic parabolic equations) appears on the resulting Carleman estimates. This leads to
more requirement on the regularity for coefficients in studying the controllability and inverse problems for
stochastic parabolic equations. Furthermore, these known Carleman estimates cannot be used to establish the
controllability for some coupled stochastic parabolic systems (see Rem. 5.2 for more explanations). The main
purposes of this paper are to prove a new Carleman estimate for forwards stochastic parabolic equations, and
give its application in the insensitizing control problem for backward stochastic parabolic equations.

To begin with, we introduce some notations. Let G be a bounded domain in R™ (n € N\{0}) with a boundary
I of class C* and T > 0. Put Q = G x (0,T) and X = I' x (0,7T). Assume Gg, O and Oy to be three given
nonempty open subsets of G such that Gy N O; # 0. Denote by x¢, the characteristic function of the set Gy.
Fix a complete filtered probability space (§2, F,{Fi}t+>0,P), on which a one-dimensional standard Brownian
motion {w(t)}i>o is defined such that {F;};>0 is the natural filtration generated by w(-), augmented by all
the P-null sets in F. Let H be a Banach space, and let C([0,T]; H) be the Banach space of all H-valued
strongly continuous abstract functions defined on [0,7]. We denote by LQf(O, T';’H) the Banach space consisting
of all H-valued {F;}:>o-adapted processes X () such that E(\X(-)\%Q(O,T;H)) < 00, with the canonical norm; by
L¥(0,T;H) the Banach space consisting of all H-valued {F;}¢>o-adapted essentially bounded processes; and
by L%(£2; C([0,T];’H)) the Banach space consisting of all H-valued {F;}+>o-adapted continuous processes X (-)
such that ]E(|X(')|%([0,T];H)) < oo. Similarly, one can define L¥(£2; C™([0,T];H)) for any positive integer m.
Moreover, it is well known that (see e.g. [6]), there exists a function ¢ € C*(G) such that

Y(x) >0, in G; P(x) =0, onl; |V¢(z) >0, in G\ Gy,

where G is any given nonempty open subset of G such that G; C Go N O;. For any fixed k > 1, and positive
parameters 3 and A, write

1 (@) oBY(@) _ (281¥l0g)

m» oz, t) = m, afz,t) = T D) , 0= A (1.1)

v(t) =

Furthermore, we assume that the coefficients ™ : 2 x G x [0,7] — R (3,7 = 1,2,...,n) satisfy the following
conditions:

(1) a¥ € LE(£2;CH([0,T); WH=(G))) and a¥ = a¥%;

(2) there is some positive constant py such that

n
Z a(w,z,t)s's7 > pols|?  for any (w,z,t,¢) = (w,z,t,¢%,...,¢") € 2 x Q x R™.
ij=1

Set A= sup |a¥|1z(osct (01w =(G))-
1<i,j<n

Consider the following linear forward stochastic parabolic equation:
dh— > (ahy,), dt = Fidt + Fodw(t) in Q,
i,j=1 I
h=0 on X, (1.2)

h(O) = h() in G,



GLOBAL CARLEMAN ESTIMATE FOR STOCHASTIC PARABOLIC EQUATIONS, AND ITS APPLICATION 825

where F; € L%(0,T;L*(G)) (i = 1,2) and hg € L*(£2, Fo, P; L*(G)). By [10], it is easy to check that (1.2)
admits one and only one solution A in the class of

h e L3(2;0(0,T); L3(G)) () L0, T HY(G)).
The first main result of this paper is the following global Carleman estimate for (1.2):

Theorem 1.1. There exists a positive constant (1, depending only on n,G,G1,T, py and A, such that for any
B > B1, one can find two positive constants Ay = \1(3) and C' = C(B) so that for any ho € L*(£2, Fo, P; L*(G))
and F; € L%(0,T; L*(G)) (i = 1,2), the corresponding solution h of (1.2) satisfies

T
]E/ 62 (/\373h2 + )\7|Vh|2) dzdt < C (]E/ 62 \3~v3h2dxdt + ]E/ 0? F2dzdt + ]E/ 92/\272F22dxdt>,
Q 0 G Q Q

(1.3)
for any A > .

Remark 1.2. Compared to the known Carleman estimate for forward stochastic parabolic equations (see [23],
Thm. 5.2), we eliminate an extra term involving VF,. Meanwhile, in the weighted functions v and 6, the value
of the parameter k is allowed to be only larger than or equal to 1 rather than 2. Moreover, the coefficients
a’(i,j = 1,2,...,n) are only W functions with respect to the space variable rather than W?2° ones.
Therefore, using this new Carleman estimate, we can relax some assumption on the regularity for coefficients
of stochastic parabolic equations in the context of the controllability and inverse problems.

Remark 1.3. Carleman-type estimates are a kind of weighted energy estimates. For example, suppose that
in (1.2), [y = F» = 0 in @, P-a.s. Roughly speaking, the Carleman estimate (1.3) means that the local
information (in the domain G1) of the solution h for equation (1.2) can determine the whole one of it.

Remark 1.4. By a similar method used in the proof of Theorem 1.1, it is easy to show the following global
Carleman estimate for (1.2) in H ~!-space. There exists a positive constant 32, depending only on n, G, G1, T, po
and A, such that for any 8 > (2, one can find two positive constants Ay = A2(f) and C = C(f) so that for
any Fy € L%(0,T; H Y(G)), F» € L%(0,T; L*(G)) and hg € L*(£2, Fo, P; L*(G)), the corresponding solution &
of (1.2) satisfies

T T
IE/Q 62 ()\73h2 + )\_17|Vh|2) dzdt < C (]E/ ; 0> \v3h2daxdt —HE/ 72\9F1|%I,1(G)dt —I—IE/Q 9272F22dxdt>,
0 1 0
(1.4)
for any A\ > As.

The Carleman estimate for forward stochastic parabolic equations in [23] was established by virtue of a
weighted energy identity for equations themselves. However, in order to get the improved Carleman esti-
mates (1.3) and (1.4), we adopt a different new method by establishing some relationship between Carleman
estimates for forward stochastic parabolic equations and those for deterministic parabolic equations. More
precisely, we first transform the desired Carleman estimates for forward stochastic parabolic equations into
a null controllability problem for a certain backward stochastic parabolic equation. Then, this controllability
problem is reduced to a Carleman estimate for some forward random parabolic equation. Therefore, by this
approach, we can establish a new Carleman estimate for forward stochastic parabolic equations by virtue of the
known Carleman estimates for deterministic parabolic equations directly. Notice that, as a byproduct, this new
Carleman estimate can be used to improve the known controllability result for backward stochastic parabolic
equations by relaxing some assumption on the coefficients (see Rem. 2.3 for more explanations).
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As a typical application of the Carleman estimate (1.3), we study the insensitivity problems for the following
controlled backward stochastic parabolic equation:

dy + Aydt = (£ + pY + xgou)dt + (Y +v)dw(t) in Q,

y=0 on X, (1.5)

y(T) = yr + 7yr in G,
where (u,v) is the control variable, (y,Y") is the state variable, p € L¥(0,T; L>°(G)) is a given process, § €
L%.(0,T; L*(G)) and yr € L*(2,Fr,P; L*(G)) are, respectively, a known heat source and a given terminal
state, 7 is an unknown small real number, and yr € L%(2, Fr, P; L?(G)) is unknown. By the duality analysis

as that in [27], one can prove that for any (u,v) € L%(0,T;L?*(Go)) x L%(0,T;L*(G)), 7 € R and yr €
L?(2, Fr,P; L*(G@)), (1.5) admits one and only one solution in the class of

(y,Y) € (Li (2;C (10,7): L*(@))) (L% (o,T;Hg(G))) x L% (0, T; LX(G)) .
Define the following energy functional for (1.5):

1" I
&(y,Y) = —IE/ / ly(z, t; 7, u,v)|*dedt + —IE/ / Y (, t; 7, u, v)|*dadt, (1.6)
2 0 [ 2 0 O2
where (y,Y) = (y(x,t;7,u,v),Y (x,t; 7,u,v)) denotes the solution of (1.5) associated to 7, u and v. Introduce
the following notion of insensitizing control.

Definition 1.5. For given { € L%(0,7;L*(@)) and yr € L*(2,Fr,P; L*(G)), a pair of control functions
(u,v) € L%(0,T; L*(Go)) x L%(0,T; L*(G)) is said to insensitize the functional @ if
09(y,Y)

T =0, V :TJ\T € L2(Q,.7:T,’P;L2(G)) with |?/J\T|L2(Q,}'T,P;L2(G)) =1. (17)
7=0

Backward stochastic parabolic equations have been studied in the stochastic control and nonlinear filtering
theory (see [19,21,28]). Such equations are also useful in mathematical finance as they provide a generalized
version of the celebrated Black—Scholes formula (see [20]). Roughly speaking, the insensitizing control problem
of (1.5) means that we are expected to find an arbitrarily located internal controller u, such that the local energy
@ is almost invariant with respect to small perturbations on the terminal value yp.

Deterministic insensitivity control problem was introduced by Lions in [12]. In [24], the author showed that
when G\Gy # ), one could not expect the existence of insensitizing controls for every initial value yo € L?(G),
even for the linear parabolic equation; while when GoN Oy # 0, for yo = 0 and £ satisfying suitable assumptions,
the existence of insensitizing controls was also proved in that paper for some semilinear heat equations with
globally Lipschitz continuous nonlinearity and Dirichlet boundary conditions. Later, this result was extended
to semilinear heat equations with superlinear nonlinearities and other boundary conditions (see e.g. [2] and
the rich references therein). In [14], the existence of insensitizing controls for a class of quasilinear parabolic
equations was presented.

However, very little is known for stochastic insensitivity control problems. As far as we know, there is only one
published paper [25] addressing the insensitivity control problem for stochastic parabolic equations. In [25], the
existence of insensitizing controls for forward stochastic heat equations was established. Also, it was commented
n [25], Remark 6 that when treating the similar insensitizing control problem for backward stochastic heat
equations, one might encounter the difficulty of establishing the desired observability inequality by means of
known Carleman estimates. In this paper, we use the improved Carleman estimate (1.3) to overcome this
difficulty. Notice however that for deterministic parabolic equations, there is no essential difference between the
insensitivity problem for forward equations and that for the backward counterparts.

The other main result in this paper, stated below, is to prove the existence of insensitizing controls for the
backward stochastic parabolic equation (1.5).
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Theorem 1.6. Assume that Go N Oy # 0, Oy = G and yr = 0 in G, P-a.s. Then there exist two positive con-
stants M and C' depending only on n,T,G, Gy, O1 and \M|L3§(O,T;Lm(g)), such that for any ¢ € L%(0,T; L*(G))

satisfying
M
o ()¢

one can find a pair of control functions (u,v) € L%(0,T;L*(Gy)) x L%(0,T; L*(@)), which insensitizes the
functional @ (defined in (1.6)) in the sense of Definition 1.5. Moreover,

oo )

< 00, (1.8)
L2(0,T512(G))

‘U|L3_.(0,T;L2(Go)) + ‘”\L’;(O,T;LQ(G)) <C

L2%.(0,T;L2(G))
Several further remarks are in order.

Remark 1.7. It would be interesting to study the insensitivity problems when O is a nonempty subset of G
satisfying Os ; G. However, it seems difficult to establish the desired observability estimate in this case (see
Rem. 4.5).

Remark 1.8. It would be interesting to study the existence of insensitizing controls for backward stochastic
parabolic equations without the extra control v. However, this seems to be very difficult, because in the proof
of Theorem 1.6 we need to use a known Carleman estimate for backward stochastic parabolic equations [23].

The rest of this paper is organized as follows. In Section 2, we prove a new global Carleman estimate for
forward stochastic parabolic equations (Thm. 1.1). In Section 3, we reduce an insensitivity control problem to
a partial controllability problem of a cascade stochastic parabolic system. Section 4 is devoted to establishing a
global Carleman estimate for linear cascade stochastic parabolic systems, based on the Carleman estimate (1.3).
Finally, in Section 5, we give a proof of Theorem 1.6.

2. CARLEMAN ESTIMATE FOR FORWARD STOCHASTIC PARABOLIC EQUATIONS

In this section, we derive a new Carleman estimate for the forward stochastic parabolic equation (1.2).
Notice that when F» = 0, equation (1.2) becomes a random parabolic equation. Therefore, recalling the known
Carleman estimates for deterministic parabolic equations (see e.g. [9,15]) and (1.1), we conclude the following
global Carleman estimate for random parabolic equations.

Lemma 2.1. If F5, = 0, then there exist two positive constants By and X\o, depending only on n,G,G1,T, po
and A, such that for any F\ € L%(0,T;L*(G)) and hy € L*(£2,Fo,P; L*(G)), the corresponding solution
h e L%(0,T; HY(G)) of (1.2) (with F» = 0) satisfies

T
E / 6% (\43h? + \y|VA|?) dudt < C (]ET / 02\ h2dpdt + / 92F12dasdt>,
Q 0 Gy Q

for any B > By and A > Xg.

In the following, we denote by [ and A two fixed constants satisfying the conditions mentioned in
Lemma 2.1. Also, for convenience, in the sequel, we denote by C any positive constant, depending only on
n,G, Gy, G1,T, po, B, 01, A and ‘,L,L|L3__C(07T;Loo(c)), which may be different from one place to another.

As a preliminary to prove Theorem 1.1, based on the known Carleman estimate in Lemma 2.1, we first need
to study the null controllability of a backward stochastic parabolic equation by the duality technique. Indeed, for
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any fixed F; € L%(0,T; L*(@)) (i = 1,2) and hg € L%(£2, Fy, P; L*(G)), let h denote the corresponding solution
of equation (1.2). Consider the following controlled backward stochastic parabolic equation:

dr+ > (aijrxi)x_ dt = (°X393h + xg,9)dt + Rdw(t) in Q,
i,j=1 7
r=20 on X/, (2.1)

r(T)=0 in G,

where ¢ is the control variable and (r, R) is the state variable. Then, we have the following null controllability
result for equation (2.1).

Proposition 2.2. There exists a control § € L%(0,T;L*(G1)) such that equation (2.1) admits a solution
(7,R) € (L%(£2;C([0,T]; L*(G))) N L3%(0,T; H}(G))) x L%(0,T;L*(G)) associated to g satisfying 7(0) = 0
in G, P-a.s. Moreover,

E / (07272 + 072X "%y 7°5%) dadt + E / 02\ "2y 2R2dzdt < CE / 62 X\343h2dxdt. (2.2)
Q Q Q

Proof. We borrow some ideas from [9]. The main steps are as follows. First, we construct a family of optimal
(approximate-null) control problems for equation (2.1). Next, we establish a uniform estimate for these optimal
(approximate) solutions. Finally, by taking the limit, one obtains the desired null controllability result.

(@) _ 2Bl¥lem,)

Step 1. For any ¢ > 0, write a. = ac(z,t) = DL and construct the following optimal
€ — €

(approximate-null) control problem (P.):
1 1 (" 1
min —IE/ e~ P 2dpdt + —IE/ 02\ "3y3g%dadt + —IE/ r2(0)dx ¢,
geU 2 Q 2 0 G1 25 G

T
subject to equation (2.1), where U = {g € L%(0,T; L*(Gy)); IE/ 072y 3¢2dzdt < oo}.
0 Jau

Similar to [11], it is easy to check that for any € > 0, the above optimal control problem (P.) admits a unique
optimal solution (g., 7., R.) € U x L%(0,T; H}(G)) x L%(0,T; L*(G)). Moreover, by the standard variational
method (see [11,13]), it follows that

ge = X6, 0°)3¥32.  inQ, P-as., (2.3)

where z. satisfies

dze — > (aijz&xi)z_ dt = e=2epr dt in Q,
ij=1 g
ze =10 on X, (2.4)

2:(0) = ére(O) in G.
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Step 2. We now establish a uniform estimate for the optimal solutions {(ge, e, Re)}e>0. By (2.1), (2.4), Ito’s
formula and (2.3), it follows that

—IE/ 7¢(0)2:(0)dz

G

= ]E/ Te Z (aijzs,mi)w. + 672)\0457,,8 + 2z | — Z (aij"ﬂe,zi)m + 02)‘373}'/ + XG19e dadt
Q ig=1 ’ ij=1 !

= ]E/ (e_zk%rg +62\332.h + XG192/\3’y3z3) dadt.
Q
This, together with the last equality of (2.4) and Lemma 2.1, indicates that for sufficiently small p > 0,
1
]E/ (e‘”‘asrg + XG192/\3’y3z3) dxdt + EE/ r2(0)dx
Q G

< ’]E / 02>\37326hdxdt’
Q

(2.5)
< pIE/ 92)\37323dxdt+0(p)E/ 62 \3~3h2dxdt
Q Q
T b
< pC [E/ 02)\3'y3zfdxdt+E/ 62 (e~ 2 e, ) 2dadt —l—C(p)]E/ 02 \3~3h?dadt.
0 JGu Q Q
Notice that §2e~22* < 1. Therefore, by (2.3) and (2.5), we see that
1
]E/ (e722<r2 + 072N\ "?y3g2) dadt + EE/ r2(0)dz < C’]E/ 02 \*~y3h2dadt. (2.6)
Q G Q

On the other hand, by the first equation of (2.1), it follows that

d (e—QAas)\—Q,Y—QTg) — (6—2)\@5)\—27—2)t ’I"gdt + e_2)‘a€)\_2’}/_2(d7"5)2
n
+2e7 N2y 2 = N (0 g, )a, dE + 02X39Phdt + X, gedt + Redw(?) |
i,j=1
Then, by Young’s inequality, this implies that

n
IE/ 672’\a5/\72772R2d1‘dt+2E/ 672>\a5/\72772 Z aijrmlrax_jdxdt
Q Q

ij=1

n
= —]E/ (e_2>‘a€/\_2’y_2)trgdasdt — QJE/ Z aij(e_2>‘a€/\_27_2)3;_7»7“5,%7“5d1‘dt
Q Q

ij=1

—QIE/ 926_2>\a€)\’}/7“5hd1‘dt—2E/ xa, e N2y 2 g dadt.
Q Q
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Notice that e=2**< < #=2. By a simple calculation, we find that

E / e 22\ 722 R2dgdt + 2K / e 22 \ 724 72|V |2 dadt
Q Q

<C <]E/ e*”%x%gdxdtﬂE/ e 2\~ ||| dadt
Q Q

—HE/ Be 2 \y|r h|dzdt + IE/ o~ 2Aae )\272|rgggdxdt> (2.7)
Q Q
< ]E/ e 22\ 7272V [2dadt + C]E/ (e‘”‘asrg D S e & 0>X\*+*h?) dzdt
Q Q
< ]E/ e 22\ "2~ 72|y, [2dzdt + C’]E/ (efz)‘o‘frg + 02N T3y 362 4 92/\373h2) dzdt.
Q Q
Combining (2.7) with (2.6), we conclude that

1
]E/ (e—2)\asr§ + 9_2)‘_3’}/_393) daxdt + E]E/
Q

r2(0)dx —I—IE/ e 2 N2 2 R2dadt
G

@ (2.8)

< CE / 62 X\343h2dadt.
Q

Therefore, it is easy to check that there exists (g, 7, R) € LZ(0,T; L*(G1))x L%(0, T; HY(G))x L%(0, T; L*(G))
such that as ¢ — 0,

ge — g weakly in L2((0,T) x £2; L*(G1));
re — 7 weakly in L2((0,T) x 2; H}(GQ)); (2.9)
R. — R weakly in L2((0,T) x £2; L*(G)).

Step 3. We conclude that (7, R) is the solution of (2.1) associated to g. In fact, by the dual-
ity analysis as that in [27], it is easy to show that (2.1) has one and only one solution (7,R) €
(L%(52;C([0, T); L*(G))) N L3 (0, T; HY(G))) x L3(0,T; L*(G)) associated to g € L%(0,T; L*(Gy)). Then, for
any f; € L%(0,T; L*(G)) (i = 1,2), consider the following forward stochastic parabolic equation:

A6 = 3 (a9u,),, di = fidt + fadu(t) n Q,

i,7=1
6=0 on 5, (2.10)

$(0) =0 in G.

By (2.1), (2.10) and Itd’s formula, we see that
IE/ (0°X°+*h + X, G) pdadt + ]E/ (Ffl + Efz) dzdt =0, (2.11)
Q Q

and
E / (0°X°7°h + xG, 9:) ¢pdadt + E / (r-f1 + Ref2) dadt = 0,
Q Q
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which, together with (2.9), indicates that
]E/ (0°X*¥*h + xc,9) ¢dadt + IE/ (Ff1 + Rfy)dadt = 0. (2.12)
Q Q

Therefore, by (2.11) and (2.12), it follows that 7 = 7 and R = Rin Q, P-as.
Moreover, by (2.8), we get that 7(0) = 0 in G, P-a.s. and (2.2) holds. O

Now, we prove the Carleman estimate (1.3) based on the null controllability result for the backward parabolic
equation (2.1), by the duality technique again.

Proof of Theorem 1.1. For any F; € L%(0,T; L*(G)) (i = 1,2) and ho € L%*(£2, Fo, P; L*(G)), let h denote the
corresponding solution of equation (1.2) and (7, R) denote the solution of equation (2.1) associated to g, which
satisfy all conditions mentioned in Proposition 2.2. Then, by It0’s formula, we see that

E / 02\343h2dzdt = —E / (xG,Gh + 7F, + RFy)dzdt.
Q Q
It follows that for sufficiently small p > 0,
/02)\3 Sh2dzdt <p]E/ f2 (A 3y=3G2 4 72 +/\*2¢21§2) dadt
T G G
+C(p) | E / 6?X\3~y3h2dadt + / 6?F2dzdt + E / 02 \2~2 Fidadt | .
0 Gy Q Q
By (2.2), this implies that
G T G
E / 02\3~3h?dadt < C | E / 02\3y3h?dadt + E / 0?Fdxdt + E / 02 \2~2Fidadt | . (2.13)
Q 0 Gl Q Q

On the other hand, notice that
d(0? yh?) = (0> \y)h*dt + 20° \vh Z (a he; )z, dt + Frdt + Fodw(t) | + 62 \y(dh)?.
i,j=1
Therefore, by a simple calculation, we conclude that for sufficiently small p > 0,

2]]«:7/ 0% \y Z a9 by, hy dadt

1,7=1

= ]E/ (62 \y)ih? — 2 Z I(0*\y) ), P+ 202 \yhF| + 0> \yF3 | dxdt
Q

i,5=1

< CIE/ (022293 1% + 02 X>42|Vh||h| + 02Xy |hEy| + 0° Ay Fy) dadt
Q

<pIE/ 02 \y|Vh|*dzdt + C(p ( /92/\3 3h2dxdt—|—IE/ 02 F? dxdt+]E/ 92/\7F2dxdt).
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By (2.13), this implies that
T
E / 0*\y|Vh2dxdt < C (IE / 0*\3y h?dzdt + E / 0?F2dzdt + E / 92)\272F22da:dt> . (2.14)
Q 0 Gy Q Q

Combining (2.13) with (2.14), we arrive at the desired estimate (1.3). O

Remark 2.3. As one of applications of the Carleman estimate (1.3), the known null controllability result for
backward stochastic parabolic equations can be improved by relaxing the assumptions on some coefficients.
Indeed, the assumptions on a®, p in [23], Theorem 2.2 and on ¢ in [23], Theorem 2.4 can be relaxed as a/ €
LE($2;CH[0,T); Whe°(@))) and p, ¢ € L¥(0,T; L>(G)), respectively.

3. REDUCTION OF THE INSENSITIZING CONTROL PROBLEMS

As an application of the Carleman estimate (1.3), we shall prove the existence of insensitizing controls for
the equation (1.5). As usual, we need to reduce this insensitivity problem to a partial controllability problem
for some stochastic cascade parabolic system, as stated below.

Proposition 3.1. Given ¢ € L%(0,T;L*(G)) and yr € L2*(£2,Fr,P;L*(G)). Suppose that (y,Y,z) €
(L%(52;C([0, T); L*(G))) N L% (0, T; HY(G))) x L3(0,T; L*(G)) x L%(£2; C([0,T); H}(G))) is the solution of the
following linear cascade stochastic parabolic system associated to a pair of controls (u,v) € L%_—(O,T; L%(Gyp)) x
LZ2.(0,T; L*(G)) :

dy + Aydt = (£ + pY + xgouw)dt + (v + Y)dw(t) in Q,

y=20 on X, (3.1)

y(T) = yr in G,

and

dz — Azdt = xo,ydt + (—pz + x0,Y)dw(t) in Q,
z2=0 on X, (3.2)
z(0)=0 in G.

Then, z(T) =0 in G, P-a.s. if and only if the insensitivity condition (1.7) holds for (u,v).

Proof. For any (u,v) € L%(0,T; L*(Go)) x L%(0,T; L*(G)), 7 € R and yr € L%(2, Fr, P; L*(Q))

with [yr|r2(0,7:,p;12(G)) = 1, we denote by (y-,Y:) the solution of equation (1.5) associated to 7 and (u,v).
Then, it follows that

T Yy
_ Jim + / / (yr +1)2 ydxdt+E/ VoYY aea|, 33
01 02

where (y,Y) is the solution of equation (3.1) associated to (u,v). Write § = =% and Y = Y=Y Obviously,
(7,Y) satisfies the following backward stochastic parabolic equation:

dy + Agdt = pYdt + Ydw(t) in Q,
=0 on X, (3.4)
(T) =79yr in G.
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Then, by (3.2), (3.4) and Itd’s formula, we see that

]E/ yrz(T)dz = IE/ [2(=A7 + 1Y) + G(Az + x0,y) + Y (—pz + x0,Y)] dzdt

G Q
T T .
= / / yydxdt + ]E/ YYdadt.
0 O, 0 Oz

Combining the above equality with (3.3), it follows that

oP(y,, Y, N ~ o i~
% = ]E/ yTz(T)dx, A yr € Lz(g,fT,'P; Lz(G)) with ‘yT‘L2(_Q7].‘T7'P;L2(G)) = 1.
7=0 G
Hence,
D(y-, Y- . . .
0yr, Yr) =0 ifandonlyif 2(T)=0in G, P-as.
or 7=0

This completes the proof of Proposition 3.1. O

4. GLOBAL CARLEMAN ESTIMATE FOR A LINEAR STOCHASTIC PARABOLIC SYSTEM

As a preliminary to prove Theorem 1.6, the main goal of this section is to derive a global Carleman estimate
for the following linear cascade stochastic parabolic system:

dp + Apdt = pPdt + Pdw(t) in Q,
dq — Aqdt = xo,pdt + (x0, P — pg)dw(t) in Q,
(4.1)
p=q= 0 on 2,
p(T) =pr, ¢(0)=0 in G,

where € LE(0,T; L>=(G)) and pr € L*(2, Fr, P; L*(Q)).
In the sequel, we choose k = 2 in the weighted functions v and 6. Then, the main result of this section is the
following global Carleman estimate for the system (4.1).

Proposition 4.1. If Oy = G, there exists a positive constant ﬁ, depending only onn, G, Gy, Gy and T such that
for any B > B, one can find two positive constants X = X(8) and C' = C(B) so that solutions of the system (4.1)
satisfy

]E/ 6? (p2 + )\72772|Vp|2) dadt + IE/ 6? ()\373q2 + /\’y\Vq\z) dadt
Q Q

<C

T
E / 0?2\ y4g?dzdt + / 62 \*y%(P — uq)zdxdt],
0 JGo Q

for any pr € L?(2, Fr,P; L*(G)) and \ > .
Before giving a proof of Proposition 4.1, consider the following backward stochastic parabolic equation:
dh + Ahdt = Fdt + Hdw(t) in Q,
h=0 on X, (4.2)
h(T) = hy in G,

where F € L%(0,T; L*(G)) and hy € L*(2, Fr,P; L*(G)) are arbitrarily given. Then, we have the following
known Carleman estimate for equation (4.2) (see [23], Thm. 6.1).
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Lemma 4.2. There exists a positive constant s, depending only on n,G, Gy and T such that for any 8 > s,
one can find two positive constants A3 = X3(8) and C = C(B), so that for any F € L%(0,T;L*(G)) and
hr € L%(2, Fr,P; L*(G)), any solution (h, H) € L%(0,T; H}(G)) x L%(0,T; L*(G)) of equation (4.2) satisfies

T
E / 0% (\*4°h? + \y|Vh|?) dzdt < C (]ET / 0°X3~43h2dzdt + E / 0?F%dzdt + E / 92)\272H2dxdt>,
Q 0 G1 Q Q

for any X\ > As.

Further, following the method used in [9], one has the following more general Carleman estimate for equa-
tion (4.2).

Lemma 4.3. There ezists a positive constant B3, depending only on n,G, Gy and T such that for any B > B3,
one can find two positive constants A3 = X3(3) and C = C(B3), so that for any d € R, F € L%(0,T; L*(G)) and
hr € L*(2, Fr,P; L*(G)), any solution (h, H) € L%(0,T; H}(G)) x L%(0,T; L*(G)) of equation (4.2) satisfies

E / 0% (N3 T9h2 4 Xy TV h|?) dadt
Q

T
<C (IE / 0?>X\343T9p2zdt + E / 0*>~?F%dzdt + E / 02>\272+dH2dxdt> ,
0o JaG, Q Q

for any X\ > As.

Sketch of the proof of Lemma 4.3. Write h= W%h and H = W%H. Then, it is easy to check that

dh + Ahdt = {V%F —d(T — 2t)y%ﬁ} dt + Hdw(t) in Q.

Applying Lemma 4.2 to (ﬁ, H ), one can get the desired estimate in Lemma 4.3. O
Now, we come back to the proof of Proposition 4.1.

Proof of Proposition 4.1. First, applying Lemma 4.3 and Theorem 1.1 to p and g, respectively, we conclude that
there exist two sufficiently large positive constants § = max(/31, 03) and A = max(A;, Ag) such that for d = —3,
B> [ and A > ),

T
]E/ 0% (p* + A2y 2|Vp|?) dzdt < C (]E/ 02p2d:cdt—|—IE/ 02)\171P2dxdt> , (4.3)
Q 0 G1 Q

and

]E/ 0> (\*+°¢* + \y|Vg|?) dadt
N (4.4)
<C

T T
IE/ 02 X\3y3Adadt + IE/ 02X\242 (P — pg)?dadt + IE/ / 6?p*dadt | .
0 G1 Q 0 ol

Next, we estimate the last term in the right side of (4.4). Choose a nonnegative function ¢ € C§°(Gy)
satisfying ¢ =1 in G1. By (4.1), notice that

d(¢0°pq) = ¢(6°):pgdt + (0°pdq + (0%qdp + (0°dpdgq = ((6%)ipgdt + CO°p[(Aq + xo,p)dt + (P — pg)dw(t)]

+C0%q [(—Ap + pP)dt + Pdw(t)] + ¢6*dpdq.
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Therefore, by integration by parts and a simple calculation, we get that for sufficiently small p > 0,
T
E / 0*p*dzdt < —FE / [€(0%)ipg + 2V (CO?) - Vpg + A(CO?)pg + (62 P?] dzdt
0 JGi Q
T
<CE [ [ (@*3Plpal +6°319pla] + X0 pal) dad
o Jao
T
< p]E/ 6> (p2 + )\_27_2|Vp|2) dxdt + C(p)E/ >\t g?dadt.
Q 0 JGo
Combining the above inequality with (4.3), we find that
1
]E/ 0% (p* + A2y 2|Vp|?) dzdt < EIE/ 0% (p* + A2y 2|Vp|?) dzdt
Q Q
T
—|—CIE/ 62 Xyt dadt + C’]E/ >\~ 1yt P2dedt.
0 Go Q
It follows that
T
]E/ 0% (p* + A2y ?|Vp|?) dadt < C ]E/ 62\t dadt —HE/ > X"ty P2 dedt | . (4.5)
Q 0 Go Q
This implies that
T T
E / 6?p?dzdt < C | E / 62X\t q2dxdt + E / 62X~y 1P2dede | . (4.6)
0 01 0 GD Q
Substituting (4.6) into (4.4), we see that

]E/ 0> (N*+°¢* + \y|Vg|?) dzdt
Q

<C

T
E / >\ dadt + E / 02 X\*y2(P — pg)*dadt + E / 02>\_17_1P2dxdt]
0 JGo Q Q

<C

T

]E/ >\ 4P dedt + ]E/ 02 2\*y%(P — pg)?dadt + ]E/ 62Xyt dadt |
0 JGo Q Q

Hence, it follows that

]E/ 0> (N*+°¢* + \y|Vg|?) dedt < C
Q

T
]E/ >\ P dadt + ]E/ 62 N\24%(P — uq)2dxdt] . (4.7)
0 Go Q

Finally, combining (4.5) and (4.7), we arrive at the desired estimate in Proposition 4.1. O

Based on Proposition 4.1, one has the following observability estimate for equation (4.1), by borrowing some
ideas from [24,25].

Corollary 4.4. If Oy = G, there exists a positive constant M > 0, depending only on n,T,G,Gy,O1 and
|M‘LOfO(O,T;Loc(G)) such that for any pr € L*(2, Fr, P; L*(Q)), any solution (p, P,q) of equation (4.1) satisfies

-M T
IE/ exp (72) ¢dzdt < C ]E/ / ¢*dxdt + IE/ (P — pg)*dxdt|. (4.8)
Q (T —1) 0o Ja Q
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Proof. First, we apply the usual energy estimate to the first two equations of (4.1). Notice that d(p?) = 2pdp +
(dp)?. For any ty,ts € [0,T] with t; < ta, by Young’s inequality, it is easy to see that

to
IE/ p2(ta)da — E/ p2(t)dz = ]E/ / [2p(—Apdt + pPdt) + P?dt] dz
el G e

to to to
:21@/ /\Vp\zda:dt—l—QIE/ /udexdt—&—]E/ /P2dxdt
t1 G t1 G t1 G
ta
> —CE/ /dexdt.
t1 G

Hence, in terms of the Gronwall inequality, it follows that
IE/ p2(t)dz < C]E/ p*(to)dz, forany 0 <t; <ty <T.
G G

This implies that
T T
]E/ p(t)dz < C’]E/ p*(t+ =)dz, for anyte {0, —].
G G 4 2

Integrating the above inequality on (07 %), we obtain that

A 3T
E / i / p2dadt < CE / ’ / pPdadt. (4.9)
0o Ja@ L Ja

On the other hand, note that d(¢?) = 2qdq+ (dq)?. For any t1,t5 € [0, T] with ¢; < t2, by Young’s inequality,
it is easy to see that

to
IE/ q*(ty)dz — E/ ¢ (t))dx = ]E/ / [2¢(Aqdt + xo,pdt) + (P — pg)?dt] dz
G G t Ja

to to to
= —QIE/ / |Vg|*dadt + QJE/ / pqdadt + IE/ / (P — pg)?dzdt
t1 G t1 O t1 G
to t2 to
g]E/ /quxdt—&—]E/ /pzdxdt+]E/ /(P—uq)Qdasdt.
t1 G t1 G t1 G

By the Gronwall inequality, we get that

t t
IE/ Ft)ydr < C {IE/ / p?dadt —HE/ / (P— uq)dedt}, for any ¢ € [0, T7.
G 0 Ja 0o Ja

Integrating the above inequality on (0, £), it follows that

r r r
IE/2 / ¢dzdt < C ]E/2 / dexdt+]E/2 /(P—,uq)zdwdt . (4.10)
0 G 0 G 0 G

Next, it is easy to check that there exists a positive constant M > 0, depending only on n, T, G, Gy, G1, O1 and
|/‘L‘L3__0(07T;Loc(g)), such that for two fixed constants g and \ satisfying the conditions mentioned in Proposition 4.1,

_M eﬁw — e2ﬁ|w|c(6) T
) < M —eMe@\ 5o 6 (T |
exp((T_t)2> < Cexp <2)\ t2(T—t)2 t (T t) , In <2’T> x G
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Hence, by Proposition 4.1, we get that

T - T
]E/ /exp (7M2> ¢?dzdt gC]E/ 6%~y3¢*dzdt < C IE/ / qzdxdt+]E/ (P — pg)®dzdt|. (4.11)
z Ja (T'—1t) Q 0 Jao Q

Moreover, by (4.10), (4.9) and Proposition 4.1, we see that
T M 3
]E/ / exp (_7> ¢Pdzdt < IE/ / ¢>dxdt
o Ja (T —1)? o Ja
I 5
<C ]E/ / pdaxdt —HE/ /(P — pq)?dadt
o Ja 0o Ja
<C ]E/ / pdxdt —HE/ /(P — pq)?dadt (4.12)
z G 0o JG
<C ]E/ / 92p2dxdt+E/ /(P— pq)?dadt
|/ E G 0o JG

[ T
<C ]E/ / ¢>dxdt + IE/ (P— uq)2dxdt] .
L 0 Go Q

Combining (4.11) with (4.12), we get the desired inequality (4.8). O

Remark 4.5. If Oy G G, in order to get the desired controllability result for the system (3.1)—(3.2), one has
to prove that there exists a positive constant M > 0, depending only on n, T, G, Gy, O1, Oz and u such that for
any pr € L?(2, Fr,P; L*(G)), any solution (p, P, q) of equation (4.1) satisfies the following estimate:

B T
IE/ exp <7M2> ¢dzdt < C ]E/ / ¢?dzdt + IE/ (x0, P — pg)*dzdt|.
Q (T'—1t) 0o Jao Q

However, this observability inequality seems very difficult.

5. PROOF OF THE INSENSITIVITY RESULT
In the following, we prove the existence of insensitizing controls for (1.5).
Proof of Theorem 1.6. First, we introduce the following linear subspace of L%(0,T’; L*(Gy)) x L%(0,T; L*(G)):
L ={ (qloaxor)xce, P — 11q) | (p, P,q) solves (4.1) with some py € L*(2, Fr,P; L*(G))}

and define a linear functional on L as follows:

‘C(Q|Q><(O,T)><G07P —pnq) = —IE/ q&dxdt.
Q

L4(0.7:02()) < 00, we see that L is a
ra 0,7

bounded linear functional on L. Then, by the Hahn—Banach theorem, £ can be extended to a bounded linear
functional on L%(0,7T; L*(Gy)) x L%(0,T; L*(G)). For simplicity, we use the same notation for this extension.
Therefore, one can find a pair of random fields (u,v) € L%(0,T; L*(Gy)) x L%(0,T; L*(G)) such that

By means of (4.8), for any £ € L%(0,T; L*(G)) satisfying ‘exp (ﬁ) ¢

T
]E/ / ugdzdt + IE/ v(P — pq)dxdt = —E/ qédadt. (5.1)
0 Go Q Q
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Moreover, there exists a positive constant C', depending only on n, T, G, Gy, O1 and |/,L‘L0]__0(07T;L00(G)) such that

o ()

Next, we prove that the pair of random fields (u,v) is the desired control. Indeed, for any pr €
L23(02, Fr,P; L*(G)), by the system (3.1)—(3.2), equation (4.1) and Itd’s formula, we see

‘u|L§:(O,T;L2(Go)) + ‘U‘L}(O,T;LQ(G)) <C :
L%(0,T;L%(G))

IE/ prz(T)dz = IE/ (pdz + zdp + dpdz — ydg — qdy — dydq)dz
G Q

T
IE/ qg&dadt +]E/ / uqudt-i—E/ v(P — pg)dadt| .
Q 0 Go Q

Combining (5.1) with the above equality, we obtain

]E/ prz(T)dz =0, for any pr € L*(02, Fr, P; L*(G)).
G

Hence, we get that z(T') = 0 in G, P-a.s. By Proposition 3.1, we complete the proof of Theorem 1.6. O

Remark 5.1. As pointed out in Proposition 3.1, the key in the proof of Theorem 1.6 is to show a controllability
result for the coupled linear stochastic parabolic system (3.1)—(3.2). In the last decades, there are many works
addressing the controllability of deterministic parabolic equations/systems (e.g. [1,5, 6, 26, 29] and the rich
references therein). However, as far as we know, very little is known about the controllability of stochastic
parabolic equations. We refer to [16, 23] for some known results in this respect. Note however that the desired
controllability result in this paper involves solving a controllability problem for some coupled system governed
by a backward stochastic parabolic equation and a forward one. Therefore, it is technically more difficult to
treat this sort of controllability problem than the case of single stochastic parabolic equations.

Remark 5.2. Compared to the insensitivity problems for forward stochastic parabolic equations, there exists
an essential new difficulty in the study of the same problem but for backward stochastic parabolic equations.
Indeed, the key observability estimate in [25] was established by means of the known Carleman estimates
(in [23]) for forward and backward stochastic parabolic equations. However, when we study the insensitivity
control problem for the backward stochastic parabolic equation (1.5), the known Carleman estimates are not
enough to establish the desired observability estimate for the involved cascade system (4.1). In fact, the first
equation in this cascade system is backward, and therefore it has two state variables p and P. Further, the
diffusion term of the second forward equation in (4.1) contains P. Consequently, if trying to employ simply the
known Carleman estimate (in [23]) for forward stochastic parabolic equations, one would need to establish a
suitable estimate for VP, but, this sort of estimates seem to be unavailable. In order to overcome this difficulty,
we use the improved Carleman estimate (1.3) to establish the desired controllability result for the coupled
parabolic system (3.1)—(3.2).

Acknowledgements. The author thanks Professor Xu Zhang (Sichuan University) for his valuable suggestions to improve
this paper.
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