DIFFERENTIABILITY OF TRANSITION SEMIGROUP
OF GENERALIZED ORNSTEIN-UHLENBECK
PROCESS: A PROBABILISTIC APPROACH

BEN GOLDYS AND SZYMON PESZAT

ABSTRACT. Let X be a Banach space-valued Ornstein-Uhlenbeck
process driven by a possibly degenerate Brownian Motion and let
P, stand for the transition operator of the process. We provide a
simple probabilistic proof of the fact that null-controllability of the
corresponding deterministic system implies infinite Fréchet differ-
entiability of P.¢ for every bounded Borel function ¢. Moreover,
using the Girsanov theorem we provide a pointwise formula for
all the derivatives of P.¢ in terms of multiple stochastic integrals.
Applications to the analysis of transition semigroups in finite and
infinite dimensions are given. In particular we consider the heat
equation with space-time white noise boundary conditions.
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1. INTRODUCTION
We will consider the following linear stochastic differential equation
(1.1) dX(s) = (AX(s) +a)ds + BdW (s), X0)=z€F,

where F is a Banach space and A generates a strongly continuous semi-
group on E (see Section 2 for precise formulation). Under conditions
specified in Section 2 this equation has, for every x € E, a unique
mild solution X?® known as a (generalised) Ornstein-Uhlenbeck pro-
cess. Since the family {X?; = € F} is Markov in F, we can define the
corresponding transition semigroup Pé(z) = E (X *(¢)).

Investigation of differentiability of P,¢ was initiated by Kolmogorov
in [20], where a simple version of equation (1.1) is considered in R2.
If £ = R? and the pair (A, B) satisfies the Hormander hypoellipticity
condition (see [18]) then the function P,¢ is Fréchet differentiable for
every bounded Borel function ¢ and

C

where the value of k follows from the Hormander condition as well. Im-
portance of estimates, such as (1.2), for analysis of PDEs resulted in a
stream of works extending this result and using analytic and probabilis-
tic methods. Without claiming completeness we mention extensions in
R? to more general operators A [2, 5, &, 15, 26, 29], to Feynman-Kac
semigroups [12, 35], to equations on bounded domains of Riemannian
manifolds [33, 31], and recent extensions to diffusions on Wasserstein
spaces [11] and metric measure spaces [32].

It has been known for a long time that the Hormander condition
holds if and only if the deterministic controlled system

dy
dt
is null-controllable for every # € R? and if and only if the transition

semigroup (P;) is strongly Feller. It was proved in [9] that this formu-
lation can be carried to Hilbert spaces, where the estimate (1.2) takes

() = AY(t) + Bu(t), Y(0)==x
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the form

(1.3) I[DPidllsc < (U] ]loo,

with ||U(t)|| being the norm of the controllability operator.

In many problems it is important to estimate the gradient of the
transition semigroup in function spaces such as weighted LP spaces or
weighted Sobolev and Besov spaces, in which case (1.3) is not satis-
factory. The aim of this paper is to derive a pointwise formula for
DP,¢p, see Corollary 2.7, that may be used to derive norm estimates in
various function norms. Our main result, see Theorem 2.6, provides a
probabilistic formula

(1.4) D"Pp()[y1, - - - yn] = ES(X"(8))(=1)" I (Y15 - - -, Un),

where I]'(y1, . . ., yn) is the symmetric n-fold Ito integral of the controls
Uy, ... U(t)y, driving points yi, ..., y, in E to zero. This result is
obtained under rather mild assumptions on (A, B). In particular, the
process BW (hence the null control Bu) can take values in a Banach
space bigger than E (see Section 2 for details) if the Cy-semigroup
generated by A has appropriate smoothing properties. As a result, we
obtain smoothing properties of P, and the estimate (1.3) as well as the
estimates for || D" P,¢||. One of the main results of the paper are the
formulae and estimates for D" P,¢ in the case of boundary noise studied
recently in [17]. Let us note that the case of boundary noise requires
use of weighted LP-spaces, where the pointwise formula (1.4) for the
gradient of the transition semigroup has to be used.

We easily recover the known results (1.2), (1.3) in the hypoelliptic
case in R%. Theorem 2.6 will also allow us to give rapid proofs of some
known facts such as the Liouville property and absolute continuity of
transition measures.

While some of our results are known, the method of proof based on
the Girsanov theorem seems to be new. Let us recall that a probabilistic
formula for the gradient of the transition semigroup is also provided by
the famous Bismut—Elworthy—Li formula [15] extended later to Hilbert
spaces in [21]. However, this formula requires the operator B in (1.1) to
be invertible for £ = R? or the process BW close to cylindrical Wiener
process if E is a Hilbert space. We do not require these assumptions.
Pointwise estimates (but not equalities) for derivatives of P, can be
also found in [2], where they were obtained by purly analytic arguments
that cannot be easily extended to infinite-dimensional processes.

Additionally, we will provide detailed arguments for the null control-
lability of equation (1.2) in the case of boundary control.
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2. FORMULATION AND MAIN RESULTS

Let (Wy) be a finite or infinite sequence of independent standard
real-valued Wiener processes defined on a probability space (€2, F,P).
Let (E,|| - ||lg) and (V,|| - |lv) be Banach spaces. We assume that
E is continuously and densely embedded into V. Let (H, (-, -)u), be a
Hilbert space endowed with an orthonormal basis (ex). We will consider
the following linear stochastic evolution equation with an additive noise

(2.1) dX(s) = (AX(s) + a)ds + BAW(s),  X(0)==x.

We assume that

W(s) =Y _ Wi(s)ex,

is a cylindrical Wiener process on H, B is a linear operator from H into
V', (A,Dom(A)) is the generator of a Cy-semigroup S = (S(s); s > 0)
on £, anda € V.

Our first assumption ensures the existence of a solution to (2.1) in
E.

Hypothesis 2.1. (i) For each s > 0, S(s) has an extension to a
bounded linear operator from V to E.
(ii) For each k and s > 0, the mapping

[0,s) 27+ S(s —r)Be

15 integrable in E with respect to Wy, and the series

Z /OS S(s — r)BerdW(r)

converges in probability in E.
iii) For every s > 0 the integral [° S(r)adr converges in E.
y gral |, g

Remark 2.2. If E is a Hilbert space then part (ii) of Hypothesis 2.1 can
be formulated equivalently: for each r > 0, S(r)B is a Hilbert—Schmidt
operator from H into E and

/0 ISOVBIZ, o rydr < 400, 5> 0,

where ||- H%(HS)( ) Stands for the Hilbert-Schmidt operator norm. The

equivalence is a consequence of the It6—Nisio theorem (see Theorem
6.4.1 in [19]) and the definition of the Ito integral in Hilbert space (see
Section 4.2 in [13]).

If E is a UMD space then condition for Hypothesis 2.1 can be found
in [22], see also Proposition A.1 in [1] for explicit conditions for sto-
chastic integrability in LP-spaces.
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Clearly, under Hypothesis 2.1, equation (2.1) has a unique mild so-
lution

Xe(5) = S(o)a + [

0

S

t
S(s —r)adr + Z / S(s — r)BepdWi(r).
— Jo
In particular
t t
X%s) = / S(s —r)adr + Z/ S(s — r)BepdWy(r)
0 —Jo

is a solution starting from x =0 € E.

Moreover, (2.1) defines on the space By(E) of bounded measurable
functions on E, the transition semigroup Ps¢(z) = E¢ (X%(s)), ¢ €
By(E), s >0,z € E.

2.1. Some definitions. Let L?*(0,7; H) denote the Hilbert space of
measurable square integrable mappings u: [0, 7] — H.
Consider the following deterministic system

(2.2) dY (s) = (AY(s) + Bu(s))ds, Y (0) = .

Definition 2.3. The deterministic system (2.2) is said to be null-
controllable at time T if for any t > T there exists a bounded linear
operator U(t): E + L?(0,t; H), such that:

(2.3) S(t)x + /t S(t — s)Bu(t,z;s)ds = 0,

where u(t, z;s) = (U(t)x) (s).

It is easy to see that the system (2.2) is null controllable if and only
if the system

dY (s) = (AY (s) + a + Bu(s)) ds, Y(0)==z

is null-controllable.

Connections between null-controllability and strong Feller property
of linear stochastic evolution equations on Hilbert spaces with addi-
tive noise were establish in the following series of papers and books:
Zabcezyk [36], Da Prato and Zabczyk [13], and Da Prato, Pritchard,
and Zabczyk [10].

Definition 2.4. System (2.2) is null-controllable with uniform vanish-
ing energy, if it is null controllable at some time 7', and the control-
lability operator U(t) — 0 in the operator norm as t — +oo. It is
null-controllable with vanishing energy if U(t)x — 0 in the L2(0,t; H)
norm as t — +oo for any x € E.
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The connections between null controllability with vanishing energy
and the Liouville type property was established in [23], [28], and [27],
see also our Corollary 2.9.

Definition 2.5. Let (Ps) be a transition semigroup on B,(E). A func-
tion ¢: E +— R is called (P;)-harmonic if Py = 9 for any s > 0.
We say that (Ps) has the Liouville type property if any bounded (P;)-
harmonic function is constant.

2.2. n-fold symmetric Itd’s integral. Assume that the determinis-
tic system (2.2) is null-controllable at time 7T". Let us fix t > T and a
control operator U(t). Given y and a sequence (y;) of elements of E,
and s € [0, t], write

L(y) = / Cult, g ), AW () g

(2.4) Js(y, ;) = /Os<u(t,yz;r),u(t,yj;7“)>Hd7“,

u(t,y;r) = (U(t)y) (1).

For n > 1 we define n-fold symmetric integrals I (yi,...,y,) putting
I{(y) = Ls(y) and

Ig(y177yn)

= Z/Ov ITT'L71<y17 e Yi—1 Y41, - yn)<u<t7yj7 T)v dW(r)>H
j=1

2.3. General result. Given u € L?(0,¢; H) define

t 1 t
M, (t) :==exp {/0 (u(s),dW(s)) g — 5/0 Hu(s)quds} .
The following result is a generalization of Theorem 9.26 from [13].

We denote by D the operator of Fréchet derivative in space variable.

Theorem 2.6. Assume that the deterministic system (2.2) is null-
controllable at time T. Then for ¢ € By(E), t > T and x € E we
have

(2.5) P(x) = EG(X° (1)) M-u(r,o, (2)-
Moreover, for any n and ¢ € By(E), Py is n-times differentiable, and
(2.6) D"Pp(x)[y1, -, yn) = ES(XE())(=1)" I (y1, - -+, Yn)-
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Finally, we have

D" Pip(x)[y1, -, yall < WU 520000 |8Mc8) [T Il -
=1

Proof. The theorem follows naturally from the Girsanov theorem. Let
us recall, see Theorem 10.14 in [13] for details, that for a deterministic
function v € L?*(0,t; H) the process

t
W*(t) — / v(s)ds
0
is a cylindrical Brownian Motion under the probability measure
dP* = M, (t)dP

defined on F;. Moreover, since

on0) = e {- [w.aw o+ [ i)
— o= [0 @) [ I},
Wed(}‘?tziin

= ML) = exp {— /Ot<v(s),dw*(s)>H — %/Ot ||v(s)||§,ds} .

Now, let ¢ > T and let v(s) = u(t, z, s) satisfy the null-controllability
assumption (2.3). Then

X*(s) = S(s)x + / S(s —r)adr + Z /OS S(s — r)BepdWy(r)

0

s

= /Os S(s —r)adr + Z /Os S(s —r)Beg(dWy(r) — (u(t,z,r), ex)dr)

= /OS S(s —r)adr + Z /08 S(s —r)BepdWy(r)

Therefore
Epp(X (1)) = Eps (M (1,00 X" (1)) = Ep (M_sr.0,9 (1) X°(1))
and (2.5) follows together with
D"Pip(@)[yn, - - yn) = DEE (X ()M uiry (O)[y1: - - Y]
=K ¢(X0(t))D;LM—U(t7$v)<t>[y17 oo 7yn]
Since M_yt2,(t) is an exponential, we have
DYM iz ()15 Yn) = My ey ()R 2,010, - Yn).
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with a certain R(¢,z,y1,...,¥,). It remains to show that

E (X () M-uit) )R, 2,91, -, yn)
= Eo(X*(0))(=1)"I'(y1, - - -, yn)-
Note first, that
AP* = My 00 (£)dP = el =2 R0 qp.

Under the measure dP = M_ (.2, (t)dP the process
W*(s) = W(s) +/ u(t, z;r)dr
0
is a Wiener process. Moreover,

XO(t) = /0 S(t— s)ads + /0 S(t — s)B (dAW*(s) — u(t, z; s)ds)

=S{t)r + /t S(t — s)ads + /t S(t — s)BAW*(s).
Therefore
D"Pp(x) [y, - yn) = EQ(XT(#)Y ( y1, - -+, ),

where Y (¢,y1,...,y,) can be obtained from

DMty ()1 - - Y]
Mfu(trxv') (t)

_ e[t(x)+%Jt(x,:c)Dne—lt(x)_%Jt(x,ﬂﬁ) [yh - ,yn]

by replacing above dW(s) by dW(s) — u(t, z; s)ds, that is each I;(y)
by I;(y) — Ji(y,x). In particular, we have

Vi) = = [ ult.y:5).aW(s) = ult. i)
_/o (u(t, z; s),u(t,y; s))gds
= —/0 (u(t,y;s), dW(s))u

= _[t(y)>

and

Y(t:yl,yz) = [t(y1)ft(3/2) - Jt(yhyQ)'
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In order to see that Y (t,y1,...yn) = (=1)"I](y1,...,yn) for any n,
let us fix t, =, n, y1,...,Yn, and write

Zn(s) = DnM—u(t,a:,-) (t)[ylu s 7yn]7
Z%(S) = DnilM_u(t’%.)(t)[yl, e ,yjfl, yj+17 e ,yn]

Then
AM_y(t,,(8) = =M_y(t,e, () (u(t, 2 5), AW (s))
AZn(8) = —Zn(s) (u(t, z; 5), AW (s))
- Z Z}(s) (u(t, y;; 8), AW (s))
d L !

M-t (t)  Mourann () [Gutt, 2 5), AW () + Jult, ; )lI3] ds,

and consequently, for

Zn(8) : Z)(s)
Vo(s) = ————— and VI(s) i= ———
Mfu(t,x,l) (t) Mfu(t,a:,-)(t)
we have
dZ,(s) 1
dV,(s) = —————+ Z,(s)d——
M—u(t,x,~) (t) M_u(t#;’.) (t)

= Vaa(s)llult 2 8) [ 5ds = > Vi(s)(ult, 25 8), ult, ys; 8)) mds

= = Va(s) {ult, z;5), AW (s)) = D Vil (s) {ult, si ), AW (5))
o+ Va(s) (ult 23 5), AW (5)) yr + V(o) ult, 23 9)|l5ds

= Va()llult, @ 9)l7ds = Y Vi(s){ult, ;5), ult, gy 8)) ds

= Z VI (s) [(ult, ys;8), AW (s)) ;4 (ult, z;5), u(t, y;; ) uds] .

Now, let Y,,(s) and Y7 (s) be obtained from V,,(s) and V}(s) by replacing
dW (s) by dW(s) — u(t, x; s)ds. We have

dY,(s) = — Z VI (s) (ult,y;;8), AW (s))

as required. O
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Since
E[p(X*(1)" = B¢l ()
the Holder inequality yields the following result. For recent result con-
cerning finite dimensional diffusion see [2].

Corollary 2.7. If the deterministic system is null-controllable at time
T, then for alln, t > T, y1,...,yn € E, x € E, ¢ € By(E), and p > 1,

n n 1/
D" Pp() [y, - - yal| < (Bl (@)M7 (B (g1, ya)]7)
< (PP @) Cop 1T 51200500 91l - 19l

where 1/p+1/q =1 and C,, is an universal constant depending only
onn and p.

Corollary 2.8. If the deterministic system is null-controllable with
vanishing energy then for any ¢ € By(E), n, and y1,...,y, € F,

sup |D"Pp(z)[y1, ..., yn]| =0 ast — +o0.
el

Corollary 2.9. If the deterministic system is null-controllable with
vanishing energy then (P,) has the Liouville property.

Proof. Let 1 be a bounded harmonic function. Then P = 1 for any
t > T. If the system is null-controllable with vanishing energy, then
by Corollary 2.8, for all z,y € E we have DP;(z)[y] — 0 as t — +o0.
Since Pip = 1, we have Diy(x)[y] = 0 for z,y € E, and therefore 1 is
constant. U

Corollary 2.10. Under assumptions of Theorem 2.6, for anyt > T,
the laws L(X*(t)), x € E, are equivalent.

Proof. Taking in (2.5), as ¢ the characteristic function of a Borel subset
I' of E, we obtain

P{Xz(t) € F} = M_u(tm.)(t)dp.
{xo)ery

Therefore £(X*(t)) is absolutely continuous with respect to £(X(¢))
for any . We can now repeat the arguments leading to (2.5). Namely,

Xo(t) = /0 S(t— s)ads + Z/{) S(t — s)Bey, [AWi(s) — ug(t, x; s)ds]

= /Ot S(t — s)ads + ) /Ot S(t = 5)BerdWi(s),
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where .
Wi(s) = W(s) — / ug(t, —x;r)dr
0

is a Wiener process with respect to dP* = M, 4,.)(t)dP. Therefore
/ My 0 (0)dP = P*{X*(t) e T} =P{X°(t) € T},
{X=@)er'}

hence £(X°(t)) is absolutely continuous with respect to £(X*(t)). O

Corollary 2.11. Hypothesis 2.1 and null-controllability at T' of (2.2)
imply that the operators S(t), t > T, on E are radonifying, and in
particular compact.

Proof. By Corollary 2.10, the gaussian laws L(X?(t)), z € E, are equiv-
alent. Let H(t) be the Reproducing Kernel Hilbert Space of £L(X°(t)).
By, the Feldman-Hajek theorem, S(t)z € H(t). Since the embedding
H(t) — FE is radonifying, see e.g. [21], the result follows. O

Example 2.12. In the case of the classical Liouville theorem for the
Laplace operator A on R, A =0, B = %I € M(d x d), and W is
a standard Wiener process on R?. The corresponding deterministic
system is of the form

dY (s) = %u(s)ds, Y (0) ==z.

Clearly, it is null-controllable with vanishing energy at any time 7" and
Ut)r = —27”. Consequently, the classical Liouville theorem saying that
any bounded harmonic function on R? is constant follows.

Remark 2.13. A natural question is if in Corollary 2.9 one can replace
the assumption of the boundedness of a harmonic function by its ap-
propriate integrability. Clearly, under hypothesis of Theorem 2.6, by
Corollary 2.7, for any p € (1, 00) there exists a constant ¢(p) depending
only on p such that

|DP()[y]] < c(p) (BILXE)P) UYL nir) -

If 4 is harmonic, then in order to show that ¢ is constant, or equiva-
lently, that Vi (z) = 0, we need to show that

(2.7) i E (X U0y 120, = 0

If the deterministic system is null-controllable with vanishing energy,
then [[U(t)yll 2.5 — 0 as t — +o00. Therefore (2.7) holds if

(2.8) st%)]EW(X‘”(t)ﬂp < +00.
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In the Wiener case, Lebesgue measure is invariant, but there are no
finite invariant measures. Therefore

ERCCOF » [ WP

Consequently, any harmonic integrable function is constant. However,
since integrable continuous functions are bounded this is not an ex-
tension of the classical property. On the other hand, if there exists a
unique finite invariant measure, say u, that is if

/ "S(t — $)BAW(s)

converges weakly to u as t — 400, then the Liouville property can be
stated as follows: if the deterministic system is null-controllable with
vanishing energy then any harmonic function ¢ such that ¢ € LP(E, )
for a certain p > 1 is constant.

Remark 2.14. If E is a Hilbert space, then, see e.g. [13, ?], there exists
a finite invariant measure p for (2.1) if and only if

+oo
| ISOBIE gyt < +oc.
0

If there exists the spectral gap for the generator L of the transition
semigroup (P;) in L?*(E, ) then the Liouville property holds for func-
tions in LP(E, u) for every p € (1,+00), see [0, 7] for more explicit
conditions.

3. GRADIENT ESTIMATE IMPLIES NULL-CONTROLLABILITY

Assume that for all ¢ > T'and « € E there is a integrable Y (¢, z): Q —
E* such that for any ¢ € B,(E) and any z € E,

DEg(x)[z] = E (X" ()Y (t, x)[z].
Taking non-zero but constant ¢ we see that EY (¢, z)[z] = 0.

Proposition 3.1. Assume that the function Y (t,z)[z] are square in-
tegrable. Then the deterministic system is null-controllable at time T .
Moreover, for any x € E, U(t)z = —EV (t,z;-)[z], z € E, where V is
such that

E(Y(t,x)[z]|lc(W(s): s <t)) = /Ot(V(t,x; s)[z],dW (s))u.

Proof. In the first step note that the gradient formula holds for ¢(z) =
elx] where e is an arbitrary element of £*, that is

DF, e[ X*(8)][2] = Ee[X*(0)]Y (£, z)[2].
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Let (ex) be an orthonormal basis of H. Given e € E* let ¢(z) = e[z].
We have

DF¢g(x)[2] = De[S(t)z] [2] = e [S(t)2]

_Ee {S(t)er / tS(t—s)BdW(s)} /0 Vit ), AW () m
_EZ/ S(t — 5)Bey] dWi(s )/Ot(\/(t,x; )=, ex) ndWi(s)

= Z/ S(t — s)Bep] (EV (t, 25 5)[2], ex) wds.

Set v(t,z;s)[z] = EV(t,z;5)[z]. Then

Z/ S(t — s)Beg] (v(t, z; s)[z], ex) gds.
Since the above identity holds for any e € E*, and

o(t,z;8)[2] = > (v(t, ;) (2], ex) e,

k
we have

Stz=>_ /0 S(t — s)Beg(v(t, z; 5)[2], ex) pds

:/O S(t — s)Bu(t, x; s)[z]ds.

4. CONDITIONS FOR NULL-CONTROLLABILITY

Assume that E is reflexive, which is true in the case of LP spaces.
Let

Qt): L*(0,t; H) > u Z/tS(t — s)Beg(u(s), ex)gds € E.

Then the deterministic system (2.2) is null-controllable at time T if
and only if range S(¢) C range Q(¢) for t > T..
A simple proof of the following useful observation is left to the reader.

Lemma 4.1. For any 0 < t < t', range Q(t) C range Q(t'). Conse-
quently, if for given Ty > 0,

(4.1) range S(t + Ty) C range Q(t) fort >0,
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then for any T > Ty, the deterministic system (2.2) is null-controllable
at time T'.

The following lemma follows directly from more general result from
[13, 7],
Lemma 4.2. The following conditions are equivalent:
30: {8t Jalls < 1) € {QWu: ullpzoem < C),
and

(4.2) 30 |1S*(4)2

B < Cl Q1) 2l 2(0.1:m) for z € E”.

Corollary 4.3. System (2.2) is null-controllable at time T if and only
if (4.2) holds true fort > T. Moreover, U(t)| Lz, 1204y < C, where
C'is a constant in (4.2). If for t > 0,

@3)  3C: S+ To)sle < CIQWY 2lizoum for = € F,
then (2.2) is null-controllable at any time T > Ty.

Note that

[Q(1)"2] (s) = D {[S(t — 8)B]" 2, ex) y €.

k
Therefore (4.2) and (4.3) have the forms

(4.4) 15*(#) 2% < CQZ/O ([S(s)B]" z,ex)5 ds, =z € E*,

and

(4.5)  ||S*(t + To)=|

¢
2 < 022/ ([S(s)B]" z,ex)2 ds, z € E*,
— Jo

5. THE CASE OF INVERTIBLE B

In this section we apply our results to a well understood case, when
when £ =V = H is a Hilbert space and B is a bounded invertible
linear operator on F. In this case the null-controllability of (2.2) can be
easily verified, see [9] or Remark B.8 in [13]. By Remark 2.2, Hypothesis
2.1 holds if and only if

t
(5.1) / IS()12 1y (.S < +00, V>0,
0

Clearly the system (2.2) is null-controllable at any time 7" > 0, as one
can take

U (s) = ult,z: ) = —%Bls(s)x.
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For, we have

t 1 1 t
/ S(t— S)BZB_ls(s)xds = ;/ S(t)xds = S(t)x.
0 0
Note that (2.2) is null-controllable with uniform vanishing energy if

(5.2) sup IS Le,E) < +o0.
t>

Finally, note that there is a finite invariant measure for (2.1) if S is
exponentially stable (and in order to have a solution in £, (5.1) holds
true).

Consequently, by Theorem 2.6 we have the following result. The
theorem provides a formula for the gradient of the transition semigroup
corresponding to linear equation. It is a special case of the Bismut—
Elworthy-Li formula valid for non-linear diffusions, see e.g. [24].

Theorem 5.1. Let ¢ € By(F), t > 0 and x € E. Then Pi¢ has
deriwatives of all orders and for any y,z € F,

DPo(z)[y] = E[p(X*(t)) (I:(y))],
D?Pp(x)[y1, y2] = E[d(X* (1)) (L (yi) e (y2) — Je(y1,2))]

where

h) = =3 3 [ (B8 (6).e0) sdWi(s),

Ko = 35 3 [ (BS(9m B (s)adeds.
& 0

Finally we have

sup sup || D" P (x)||L(exE..x5) = O (t_%) ast | 0.
By (E): ||¢ll g, (p)<12€E

Example 5.2. Consider the one-dimensional Ornstein—Uhlenbeck equa-
tion
dX = (=X + a) dt + bdW,

where v > 0, a € R, and b # 0. Then there is a unique invariant
measure = N (a/v,b*/(27)). Moreover, the corresponding determin-
istic system is null-controllable with vanishing energy. Therefore, see
Remark 2.13, the following Liouville property holds true: if ¢ € C? is
such that

b2

T+ (et @) P@) =0, seR
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and for a certain p > 1,
/ [t ()P da < oo,
R

then ) is constant.

5.1. Analytic semigroup on a Hilbert space and degenerate
noise. Assume that F is a Hilbert space, the semigroup S is analytic,
and A is in the resolvent set of its generator (A,Dom A). Then, the
fractional powers (A — A)", r € R, are well defined. Given r > 0, let us
equip
H":=(A\—A)"2E =Dom ((A — A)?),

with the scalar product and norm inherited form E by the mapping
(A—A)"z,

Let r > 0 and let W be a cylindrical Wiener process in H = H", and
let B: H" — H" be invertible. Consider the following linear equation

(53)  dX =(AX +a)dt+dW = (AX +a)dt+ > _ BepdWy,
k

Given t > 0 and z € E write

0 for s < &
5.4 t,x:s) = 27
( ) U( s Ly 3) {—%BlS(s)x for s > %

Theorem 5.3. Assume that a € E, and that for some, or equivalently
foranyt >0,

t
_r 2
(5.5) /O | = A ESE)?, oy ds < oo

Then (5.3) defines Markov family (X*: x € E) on E. Moreover, for
the corresponding semigroup (P;);

2 t
DPo(x)ly] = 7E {¢<Xw<t>> / <B-1s<s>y,dw<s>>m}
and there is a constant C' such that for ally € E and t <1,
(5.6)
E

(B71S(s)y,dW (s))ur| = E

m”\
o~

Z [ (B™S(5)y, ex) - dWi(s)

2

< COllyllst ="
FEventually,
_lir
|DEd(x)lyll < 2 |lyllelloll, )
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Finally, (5.2) guarantees that the corresponding deterministic problem
s null-controllable with uniform vanishing energy.

Proof. By Remark 2.2 X is well defined in F if and only if

t
(5.7) /0 IS(5)BIZ 0 05 < +00.

By assumption the operator
H=\N-A:B\AN-A)"::FE—-E
is an isomorphism. Therefore, since (S(t)) is analytic
S(s)B=(\—A)"3S(s)H

and (5.7) holds if and only if (5.5) is satisfied and this is an if and
only if condition for the existence of a solution X* to (5.3) for some
or equivalently any initial value x € F. Therefore Hypothesis 2.1 is
fulfilled.

We will show that the deterministic system (2.2) is null-controllable
at any time. To do this, fix t > 0, and = € E. Then

S(t)xr = — /Ot S(t — s)Bu(t, z; s)ds,

where u(t,z;-) is given by(5.4). We need to show that wu(t,z;-) €
L*(0,t; H"). Since S is analytic S(s)z = S(s —t/2)S(t/2)x € H" for
s > L and there is a constant C' such that

|S(s)x|| g < C’t_§||x||E, <s<t<l1.

N | o+

In the same way we show (5.6). O

6. EXAMPLES

Example 6.1. Consider the following stochastic heat equation on R,
dX = AXdt +dW,
driven by space-time white noise W. Thus H = L?(R). Since

/0 t St — s)dW (s)

is stationary in space, it cannot live in L*(R). Tt is well-defined, however
in weighted space L2(R, p(z)dz), where p(z) = (1 + 22)~". Therefore in
our case V = E = L*(R, p(x)dz), H = L*(R), and B is the embedding
operator. It is known, see eg. [25], that A generates Cy-semigroup on
L3(R, p(x)dz), and Hypothesis 2.1 holds true. Unfortunately, the null-
controllability hypothesis is not satisfied. For, assume that the initial
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condition x is the constant 1 function. Then S(t)z = = ¢ L*(R). On
the other hand, for any u € L*(0,t; L*(R)),

/Ot S(t — s)u(s)ds € L*(R).

Example 6.2. Consider the infinite system of independent scalar lin-
ear equations

de = —CJ{ijdt + Udeja
where (a;) and (o) are sequences of strictly positive numbers. Assume
that sup, 0; < +oo. Then B: > = [, B(x;) = (0jx;) is a bounded

linear operator. Moreover, the diagonal operator A(z;) = (—ayx;)
generates Cp-semigroup S on /%, and S(s)(z;) = (e"**x;). Note that

;E[/O (=) g AW, (s 1 Z/ “25852ds.

Therefore Hypothesis 2.1 holds true in the case of V = E = H = [,
provided that
2

o*
Z —L < +o0.

— O

j
Let us check the null-controllability hypothesis. Given z = (z;) € I?
and ¢ > 0 we are looking for u = (u;) € L*(0,¢;1?) such that

¢
—ajt,. —aj(t—s),, .
e Y, = a]/e 17 55(s)ds.
0

Clearly,

— 2.
u: (s :e_ajs_]
o) = et

solves the equation. We need to verify whether u = (u;) € L*(0,¢;1?).

We have
2 : x? —2a;t
/ ds— 22520@ [L—em].

Therefore the null-controllability hypothesis holds true if inf; J?aj > 0.
Moreover, in this case the system is null-controllable with vanishing
energy. For more information on such systems we refer the reader to

[13,7].
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7. FINITE DIMENSIONAL DEGENERATE LINEAR SYSTEM

Consider now a finite dimensional case £ = V = R? and H = R™.
Then (2.1) has the form

dX = (AX +a)dt + BdW,  X(0) =z € R%,

where A and B are d X d and d x m matrices, W is a standard Wiener
process in R™, and a € R? Obviously, Hypothesis 2.1 is satisfied.
Moreover, the corresponding deterministic system is null-controllable
if and only if

(7.1) rank B, AB,...,A"'B] = d.
For the proof of the following result we refer the reader to the work of

Seidman [31].

Theorem 7.1. Assume (7.1). Let K be the minimal exponent such
that

rank B, AB, ..., A¥B] = d.

Then the deterministic system is null-controllable at any time T > 0,
and

U@ || Lra L2(0.1mm)) = O (£ FF2) ast — 0.

As a direct consequence of Theorems 2.6 and 7.1 we have the follow-
ing result.

Theorem 7.2. Assume (5.1) and let K be as in Theorem 5.1. Then
for any t >0 and ¢ € B,(R™), Pi¢ has derivatives of all orders and

sup | D" Pu(2) s < ]l ey O (75FD) st 0.

z€R4

7.1. Kolmogorov’s diffusion. Consider the so-called Kolmogorov dif-
fusion introduced in [20]

dX; = Xodt, dXy =dW.

We have
dX = AXdt + BdW,
where
01 0
a=[oo] =[]
Thus
01
rank [B, AB] = rank [ 10 } = 2.
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Therefore the rank condition holds with K = 1, and by Theorem 7.1,
the deterministic system is null-controllable and the linear mapping
U(t): R? — L*(0,¢;R) is such that
24 ()| L2z 0.my) = O(2)  ast]0.
By direct calculation on can show that
u(t,z;s) = a(t,x)s+b(t,x), sel0,t],

]_2.171 GZEQ
a(t,x) = 3 t—2,
6:131 41’2
b(t,z) = ——L — =2,
(o) = -2t - =

has the desired properties. Moreover, the system is null-controllable
with vanishing energy as for the above controls

1U ) | 2,22 0,m2)) = O(t_3/2) as t — 4o00.

Remark 7.3. Tt is easy to check that in the case of Kolmogorov diffu-
sion there are no finite invariant measures. Note that in the case of
Kolmogorov diffusion, ¢ € C*(R?) is harmonic if

10%¢)

0
ia_x%(thQ) + Z’Q—w(l’l,l'g) = 0, (.731,.1'2) c R2.

8x1

8. THE CASE OF BOUNDARY NOISE

8.1. Well posedness. Let O be a bounded region in R?. We assume
that O satisfies the conditions from [17]. In particular it is enough
to assume that d = 1 and O is an interval, or d > 1 and O is a
bounded region with boundary of class C'™®. Given p € (1, +0c0) and
0 € [0,2p — 1) set L := LP(O, dist (£, 00)° de).

Let us denote by S the semigroup on E = Lj generated by the
Laplace operator A on O with homogeneous Dirichlet boundary con-
ditions, see [17]. The semigroup is given by the Geeen kernel G;

am@zéﬁwmmwm

Given A > 0 let D, be the Dirichlet map. Let us recall that given
A > 0 and a function v on 00, u = D,~ is, the possibly weak, unique
solution to the Poisson equation

Au(é) = (), £€0,  u§) =98, £€dO.

Let H — L*(00) be a Hilbert space, and let (ej) be an orthonormal
basis of H. Finally let (W}) be a sequence of independent real valued
standard Wiener processes defined on a probability space (€, §,P).



DIFFERENTIABILITY OF TRANSITION SEMIGROUP 21

Let us recall, see [17], that the boundary problem
0X
E(S,g):AX(S,g), s> 0, 5607

(8.1) X(0,8) =x(), £€0,
X(s,€) :Zek de s>0, £€00,
k

can be written in form (2.1). To this end we choose E = Lj(O), H C
L*(00), and V = W=P(O). Then E CV and B = ADy: H — V
is bounded for appropriate s > 0, see [17] for more details. Moreover,
equation (2.1) is well posed on the state space Lj if and only if, for a
certain or equivalently for every T" > 0,

jT({ek‘}ap7 0)

p/2
/[Z / (A= A)S(s)Dxrex)* (é)ds] dist (£,00)" d¢

is finite. Here A is the Laplace operator with homogeneous Dirichlet
boundary conditions. Moreover, its solution X? is given by the formula

AW@»=swnm+§;[u—Aww—wm@manm

(8.2)

=LG@mmwm
3 /o /80 (9n?(n)G(5 =7, mex(n)ds(n)dWi(r),

where n = (nl7 e ,nd) is the outward pointing unit normal vector to

the boundary 00, and s is the surface measure.

For more information on the deterministic and stochastic boundary
problems see e.g. [3, 11, 16, 17].

Hypothesis 2.1 can be written now in the following form:

Hypothesis 8.1. For any T > 0, Jr({ex},p,0) given by (8.2) is finite.

We define the transition semigroup Ps¢(x) = E ¢ (X*(s)) on By(E) =
By(LY). In the case of the boundary noise problem the null-controllability
criterion of the corresponding deterministic problem can be formulated
as follows.

Hypothesis 8.2. Assume that for each t > 0 there is a bounded linear
operator U(t): LY — L*(0,t; H), Ut)z)(s) = u(t,x;s) such that for
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any v € Ly,

[ 6t et
- Z/O /30 —an?@)G(t — 5, mex(n)ds(n){ult, z;s), ex) uds.

Remark 8.3. Let us note that if O is unbounded then it is not possible
that Hypotheses 8.1 and 8.2 hold simultaneously. For, by Corollary
2.11 the semigroup S needs to be compact.

Remark 8.4. Note that
G(t,&,m) = Ze M F(€) fin

where (f;) is the orthonormal bas1s of L*(O) of eigenvectors of the
Laplace operator and (—J;) are the corresponding eigenvalues. There-
fore the null-controllability condition has the form

YRS [ vtutezyends [ O estaso

and it is enough to verify this identity for any € L?(0) and of course
any [, see Lemmas 8.6 and 8.7 below.

8.2. The case of white noise. The following result is proved in [30].
Its formulation is adapted to notations of this paper.

Theorem 8.5. Assume that H = L*(00). Then there is a bounded
linear control operator U(t) acting from L*(O) into L*(0,t; L*(00)),
and

(83) log Hu(t)|’L(LQ(O),LQ(O,t;LQ(BO))) = 0(1/t) ast \L 0.
The following result was established in [17][Lemma 5.1].

Lemma 8.6. Let p > 1, 6 € [0,2p — 1). For any t > 0, S(t) is
a bounded linear operator fmm LY into L§ = LP(O). Moreover, the

operator norm is of ordert %, that is there ezists a C > 0 such that
[S(¢ )HL(LI;,Lg <Ct” % fort < 1.

Since O is bounded we have also the following result.

Lemma 8.7. Let p > 1. Then for any t > 0, S(t) is a bounded linear
operator from Lb = LP(O) into L3 = L*(O). Moreover, there exists a
C >0 and a(p) € [0,+00) such that [|S(t)|| Lz L2) < Ct=®) fort <1.

The main result of this section is the following theorem
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Theorem 8.8. (i) Assume that O = (a,b) is a bounded open interval
i R, and that Wy, Wy are independent Wiener processes. Let p > 1
and 0 € (p—1,2p—1). Then the problem (8.1) with boundary conditions
X(t,a) = Wi(t) and X (t,b) = Wy(t) defines a Markov family on E =
Ly
(ii) Assume that O is a bounded region in R* with boundary C* for
some a > 0. Let (ex,) be an orhonormal basis of L*(00) and let (W},)
be a sequence of independent Wiener processes. Let p > 1 and 6 €
(% — i, 2p — 1). Then the problem (8.1) defines a Markov family on
E=1.

Moreover, in both cases for any ¢ € By(E) = By(Ly) and t > 0, Pp
has deriwatives of all orders and

Cn
sup D" Pp(2) || L(ExEx..xp) < Cet sup 19 8,(£), ¢ € By(E),
TrEe xe

with C' > 0 independent of ¢, t < 1, and n.

Proof. Parts (i) and (it) are related to Hypothesis 2.1, or Hypothesis
8.1, and are known , see [17][Propositions 8.1, 8.7, 8.10], and they are
recalled here only for the sake of completeness. To show the last claim,
we need to verify the null-controllability Hypothesis 8.2. Let z € Lj
and t > 0, By Lemmas 8.6 and 8.7, S(t/2)z € L*(O) and

d+6
1S(t/2)l 2 < Cot™ % ||| 1.
By Theorem 8.5 there is a
Ut/2): L*(O) — L*(0,t/2, L*(00)

such that for the control u(s) = U(t)[S(t/2)x](s), s € [0,t/2], u €
L*(0,t/2; L*(00)), we have

o

0=S(t)x+ /2()\ — A)S(t/2 — s)Dyu(s)ds

0

= S(t)x + /t(/\ — A)S(t — s)Dy\Tyu(s)ds,

where T;: L*(0,t/2; L*(00)) — L*(0,t; L*(00)) is bounded linear op-

erator defined as follows

o for s <t/2,
Tyu(s) = {u(s —t/2) for s € [t/2,t].
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8.3. The case of colored noise. White noise case is restricted to
subdomains of R, d = 1,2. In this section we consider the case of the
so-called colored noise, that is the case where (eg) is not an orthonormal
basis of L2(00). Assume that O is a bounded domain in R? with C1,
a > 0, boundary 0O. By Proposition 8.10 from [17], we have the
following result dealing with the verification of Hypothesis 8.1.

Proposition 8.9. Assume that

8.4 sup e? < 400
(8.4) %;%£km)

and 1 <p < +oo and 0 € (p—1,2p —1). Then the boundary problem
(8.1) defines a Markov family with continuous trajectories in E = L :=
Ly .

What is left is to find conditions on (e;) which guarantee for a given
t > 0, the null-controllability of the corresponding deterministic bound-

ary problem
aY
g(s, = AY(S,&), S € (O,t), 5 S O,

)= Zek(f)uk(tl’;s), s € (0,t), £ €00.

Taking into account Lemmas 8.6 and 8.7, it is enough to establish
null-controllability in unweighted space L?*(O).

8.3.1. The case of a unit ball in R?. Here we give an example of an
equation with colored noise satisfying (8.4) and such that the corre-
sponding boundary problem (8.5) is null-controllable in L?(O). Namely,
let O = B,4(0,1) be the unit ball in R?. Then 0O = S*!. In polar
coordinates the eigenvectors of the Laplace operator have the form

H, 1 (r,0) = hy(r) fic(0), rel0,1], 6 € ST,

n € Nand k € N¢=1\ {0} := (NU{0})4 1\ {(0,...,0}.
Above (h,,) are Bessel functions and (fi) is an orthonormal basis of
S9! the-so called harmonics. For our purposes it is important that

(8.6) sup sup |fx(0)| < +o0.
k fesd-1

In the theorem |k|* = Zf:_ll k2.
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Theorem 8.10. Assume that e = ay fi, k € N1\ {0}, where (ay)
s a sequence of real numbers such that

(8.7) > ap < +oo,
k

and
(8.8) VE>038(t)>0: Yk ae ™ < B(h).

Letp > 1 and 0 € (p—1,2p—1). Then the problem (8.1) defines a
Markov family on E = Lj). The corresponding deterministic system is
null-controllable at any time T > 0, and for any ¢ € By(E) = By(L})
and t > 0, P,¢ has derwatives of all orders. Finally

(8.9) sug | D" Pip(x)|| Liex..xe) < C(t)" sug &l B,(E), ¢ € By(E),
e e

with a constant C(t) > 0 independent of ¢ and n. Moreover, there are
a function Cy and a constant ¢ > 0 such that C(t) = C1(t/2)5(ct/2)
and log Cy(t) = O(1/t) ast ] 0.

Proof. Assume that p > 1 and 6 € (p — 1,2p — 1). Then (8.6), (8.7),
and Proposition 8.9 guarantee that (8.1) defines Markov family in L.
By Lemmas 8.6 and 8.7 null-controllability in L3 = L?(B(0, 1)) ensures
null-controllability in E = Lj. Therefore, we only need to verify null-
controllability in L?(B(0,1)) and the desired estimates for the control

operator.
We have

G(t,r,0,7,0') = e hy, (1) fil(0)hn (1) e (0),
n,k

where (—\, k) is the corresponding sequence of eigenvalues. Then

S(t)r = Z e M, Hy ) 12((0.1)) H k-
n,k

Note that

Z U, ex) gex = Z(U ex) i ok fx.
K

Thus (u, fi)r2si-1) = (U, ex) gax, and (u ex)r = i (U, fi) p2ga-1y.-
Our aim is to verlfy condition (4.5). We have

((S(s)B)"x,ex)r = (x,S(s)Bex) 120y = ax{z, S(5) B fx) 12(0)
= —ax(S(s)x, ADo fx) 12(0)

0
= —Qag /§d1 aT(ﬁ)S(S).%(??)fk(n)ds(n)'
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Since
0 s dh,,
8na<n) S(S)‘T = ;e And ((ﬂ, Hn,j>L2(O)ij<1)’
we have
dn,\’
g«S(S)B)*% ey = ; ag (; e sz, Hn,k>L2((’))d_;(1)> .

We need to show that for ant Ty > 0 there is a function C' = C(t) such
that for z € L*(B(0,1)),

Z o2 k(t+T0) (x, Hn,k>%2(0)
nk

2
N ¢ dh,,
< C(t)\/o Zai (Z e_)‘n7k8<ﬂf,Hn,k>L2(O) Az (1)) ds

k n

= C(t) Z Ryc(ax, n,m, t)e e mi (x Ho 1) 120y (%, Hix) 12(0);

n,m,k
where

1 dh dh
— 2 ()‘n,k+)‘m,k)t _ n _m
Ry (ax,n,m,t) : ak—/\n’k . (e 1) e (1) 1z (1).

Since H,, x and H,,; are orthogonal for k # j we have to show that for
any k,

(8.10) D elop < ()Y | Riclae, i, )b achm e,

where by, ) := e il (x, H, x)12(0). By Theorem 8.5 there is a function
C) of order log Cy(t) = O(1/t) such that for any z € L?(B(0,1)),

Z bi,k S Cl <t> Z Rk(17 n,m, t)bn,kmek for any k.

Hence (8.10) holds true with

C(t) = Cy(t) sul? e Anxlog 2,
n,

Since A, =< ¢1(n? + |k|?), we have

sup e_)‘"vaanQ < B(cTh),
n,k
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and consequently we have the desired estimate with C(t) = Cy(t)3(cTp).
What is left is to evaluate C'(t) appearing in (8.9). We are looking for
C' such that

1S(t)2[7250.1)) < COIQ ()220 4.11)-

We have

|S(t + To)$|%2(3(0,1)) <G (t)B(CTONQ*(t)xﬁ?(o,t;H)-

Since

t t+To
Q" Ol = [ 150t = 9)Balyds < [ S0+ Ty~ 9)Bal , ds
0 0

= |Q"(t + T0)$|%2(0,t+To;H)’

we have C(t+Ty) = C1(t)B(cTp). In particular C(t) = C1(t/2)5(ct/2).

O

Acknowledgement. The authors are grateful to the anonymous ref-
eree for comments that lead to improvement of presentatios and cor-
recting an error in Section?.

[1]

REFERENCES

M. Arnaudon, A. Thalmaier, F-Y. Wang, Gradient estimates and Harnack
inequalities on non-compact Riemannian manifolds. Stochastic Process. Appl.
119 (2009), 3653-3670.

M. Bertoldi, L. Lorenzi, Estimates of the derivatives for parabolic operators
with unbounded coefficients, Trans. Amer. Math. Soc. 357 (2025), 2627-2664.
Z. Brzezniak, B. Goldys, S. Peszat, and F. Russo, Second order PDFEs with
Dirichlet white noise boundary conditions, J. Evol. Equ. 15 (2015), 1-26.

Z. Brzezniak and M. Veraar, Is the stochastic parabolicity condition dependent
on p and q ?, Electron. J. Probab. 17 (2012), 1-24.

S. Cerrai, “Second Order PDE’s in Finite and Infinite Dimension. A Proba-
bilistic Approach”, Lecture Notes in Math. 1762. Springer-Verlag, Berlin, 2001.
A. Chojnowska-Michalik, Transition semigroups for stochastic semilinear equa-
tions on Hilbert spaces, Dissertationes Math. (Rozprawy Mat.) 396 (2001).
A. Chojnowska-Michalik and B. Goldys, Symmetric Ornstein-Uhlenbeck semi-
groups and their generators, Probab. Theory Related Fields 124 (2002), 459
486.

G. Da Prato and E. Priola, Gradient estimates for SDEs without monotonicity
type conditions. J. Differential Equations 265 (2018), 1984-2012

G. Da Prato and J. Zabczyk, Smoothing properties of transition semigroups in
Hilbert spaces, Stochastics 35 (1991), 63-77.

G. Da Prato, A. Pritchard, and J. Zabczyk, On minimum energy problems,
SIAM J. Control Optim. 29 (1991), 209-221.

G. Da Prato and J. Zabczyk, Evolution equations with white-noise boundary
conditions, Stochastics 42 (1993), 167-182.



28

[12]

[13]

BEN GOLDYS AND SZYMON PESZAT

G. Da Prato and J. Zabczyk, Differentiability of the Feynman-Kac semigroup
and a control application. Atti Accad. Naz. Lincei Rend. Lincei Mat. Appl. 8
(1997), 183-188.

G. Da Prato and J. Zabczyk, “Stochastic Equations in Infinite Dimensions”,
Second Edition, Cambridge Univ. Press, Cambridge, 2014.

F. Delarue, W.R.P. Hammersley, Rearranged stochastic heat equation. Probab.
Theory Related Fields 191 (2025), 41-102.

K. D. Elworthy and X.-M. Li, Formulae for the derivatives of heat semigroups,
J. Funct. Anal. 125 (1994), 252-286.

H.O. Fattorini and D.L. Russell, Ezact controllability theorems for linear para-
bolic equations in one space dimension, Arch. Ration. Mech. Anal. 43 (1971),
272-292.

B. Goldys and S. Peszat, Linear parabolic equation with Dirichlet white noise
boundary conditions, J. Differential Equations 362 (2023), 382-437.

L. Hormander, Hypoelliptic second order differential equations, Acta Math.
119 (1967), 147-171.

T. Hytonen, J. van Neerven, Jan, M. Veraar and L. Weis, “Probabilistic meth-
ods and operator theory”, Vol. II. Springer, Cham, 2017.

A. Kolmogoroff, Zufillige Bewegungen (zur Theorie der Brownschen Bewe-
gung), Ann. of Math. 35 (1934), 116-117.

H. Kuo, “Gaussian Measures in Banach Spaces”, Lecture Notes in Math. 463,
Springer-Verlag, Berlin, 1975.

J. M. A. M van Neerven, M. C. Veraar and L. Weis, Stochastic integration in
UMD Banach spaces, Ann. Probab. 35 (2007), 1438-1478.

L. Pandolfi, E. Priola, and J. Zabczyk, Linear operator inequality and null
controllability with vanishing energy for unbounded control systems, STAM J.
Control Optim. 5 (2013), 629-659.

S. Peszat and J. Zabczyk, Strong Feller property and irreducibility for diffusions
on Hilbert spaces, Ann. Probab. 23 (1995), 157-172.

S. Peszat and J. Zabczyk, Stochastic evolution equations with a spatially ho-
mogeneous Wiener process, Stochastic Process. Appl. 72 (1997), 187-204.

E. Priola and F-Y. Wang Gradient estimates for diffusion semigroups with
singular coefficients. J. Funct. Anal. 236 (2006), 244-264.

E. Priola, F-Y. Wang, A sharp Liouville theorem for elliptic operators, Atti
Accad. Naz. Lincei Rend. Lincei Mat. Appl. 21 (2010), 441-445.

E. Priola, J. Zabczyk, Null controllability with vanishing energy, STAM J. Con-
trol Optim. 42 (2003), 1013-1032.

F.-Y. Wang and X.-C. Zhang, Derivative formula and applications for degen-
erate diffusion semigroups. J. Math. Pures Appl. 99 (2013), 726-740

T.I. Seidman, Two results on exact boundary control of parabolic equations,
App. Math. Optim. 11 (1984), 145-152.

T.I. Seidman, How wiolent are fast controls?, Math. Control Signals Systems
1 (1988), 89-95.

N. De Ponti and G. Stefani; Properties of Lipschitz smoothing heat semigroups.
Potential Anal. 63 (2025), no. 3, 1441—1469

A. Thalmaier, On the differentiation of heat semigroups and Poisson integrals.
Stochastics 61 (1997), 297-321.



DIFFERENTIABILITY OF TRANSITION SEMIGROUP 29

[34] A. Thalmaier and F.-Y. Wang, Gradient estimates for harmonic functions on
reqular domains in Riemannian manifolds. J. Funct. Anal. 155 (1998), 109—
124.

[35] J. Thompson, Derivatives of Feynman-Kac semigroups. J. Theoret. Probab.
32 (2019), 950-973.

[36] J. Zabczyk, Linear stochastic systems in Hilbert spaces; spectral properties and
limit behaviours, Banach Center Publ. 41 (1985), 591-609.

SCHOOL OF MATHEMATICS AND STATISTICS, THE UNIVERSITY OF SYDNEY,
SYDNEY 2006, AUSTRALIA
Email address: Beniamin.Goldys@sydney.edu.au

SZYMON PESZAT, INSTITUTE OF MATHEMATICS, JAGIELLONIAN UNIVERSITY,
LOJASIEWICZA 6, 30-348 KRAKOW, POLAND
Email address: napeszat@cyf-kr.edu.pl



	1. Introduction
	2. Formulation and main results
	2.1. Some definitions
	2.2. n-fold symmetric Itô's integral
	2.3. General result

	3. Gradient estimate implies null-controllability
	4. Conditions for null-controllability
	5. The case of invertible B
	5.1. Analytic semigroup on a Hilbert space and degenerate noise

	6. Examples
	7. Finite dimensional degenerate linear system
	7.1. Kolmogorov's diffusion

	8. The case of boundary noise
	8.1. Well posedness
	8.2. The case of white noise
	8.3. The case of colored noise

	References

