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Abstract

Functions of bounded variation in Hilbert spaces endowed with a Gaussian measure
~ are studied, mainly in connection with Ornstein-Uhlenbeck semigroups for which
is invariant.
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1 Introduction

Functions of bounded variation, whose introduction in [13] was based on the heat semigroup,
are by now a well-established tool in Euclidean spaces, and more generally in metric spaces
endowed with a doubling measure, see e.g. [6] and the references there. Applications run
from variational problems with possibly discontinuous solutions along surfaces and geometric
measure theory (see [3] and the references there) to renormalized solutions of ODEs without
uniqueness (see [1]). More recently, the theory has been extended to infinite dimensional
settings (see [16, 17, 4, 5], aiming to apply the theory to variational problems (see [14, 18]),
infinite dimensional geometric measure theory (see [15]), ODEs (see [2] for the Sobolev case),
as well as stochastic differential equations (see [11, 12]).

If the ambient space is a Hilbert space X endowed with a Gaussian measure -, then,
beside the Malliavin calculus, on which the above quoted papers are based, an approach
based on the infinite dimensional analysis as presented in [10] is possible. As in the case
of Sobolev spaces, this approach turns out to be similar but not equivalent to the other,
and a smaller class of BV functions is obtained. The aim of this paper is to deepen this
analysis, mainly in connection with the Ornstein-Uhlenbeck semigroup R; studied in [10]
whose invariant measure is v, which enjoys stronger regularizing properties compared to the
operator P; of the Malliavin calculus. We prove that, for u € L' (X, ), the property of hav-
ing measure derivatives in a weak sense (i.e., of being BV) is equivalent to the boundedness
of a (slightly enforced) Sobolev norm of the gradient of R;u. This regularity result on Ryu,
for u € BV, is used as a tool, but can be interesting on its own.
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2 Notation and preliminaries

Let X be a separable real Hilbert space with inner product (-,-) and norm | - |, and let us
denote by B(X) the Borel o-algebra and by By(X) the space of bounded Borel functions;
since X is separable, B(X) is generated by the cylindrical sets, that is by the sets of the
form E = 11! B with B € B(R™), where II,, : X — R™ is orthogonal (see [19, Theorem
1.2.2]). The symbol CF(X) denotes the space of k times continuously Fréchet differentiable
functions with bounded derivatives up to the order k, and the symbol FCF(X) that of
cylindrical CF(X) functions, that is, u € FCF(X) if u(x) = v(Il,,x) for some v € CF(R™).
We also denote by .#(X,Y) the set of countably additive measures on X with finite total
variation with values in a separable Hilbert space YV, .#(X) if Y = R. We denote by |y
the total variation measure of p, defined by

(2.1) |ul(B) := sup {Z lw(Bu)ly : B=J Bh} ;
h=1 h=1

for every B € B(X), where the supremum runs along all the countable disjoint unions.
Notice that, using the polar decomposition, there is a unit |u|-measurable vector field o :
X — Y such that p = o|u|, and then the equality

ul(X) = sup { [ todvdlul.o € v lololy < 1va e X}

holds. Note that, by the Stone-Weierstrass theorem, the algebra FC}! (X) of C! cylindrical
functions is dense in C'(K) in sup norm, since it separates points, for all compact sets K C X.
Since |u/ is tight, it follows that FC}!(X) is dense in L'(X, |u|). Arguing componentwise, it
follows that also the space FCL (X, Y) of cylindrical functions with a finite-dimensional range
is dense in L'(X,|u|,Y). As a consequence, o can be approximated in L'(X, |u|,Y) by a
uniformly bounded sequence of functions in FC} (X,Y), and we may restrict the supremum
above to these functions only to get

(2.2) Iul(X)=Sup{ / <a,<z>>d|u|,<z>e905<X,Y>,|¢<x>|y<1\mex}.

We recall the following well-known result (see for instance [5]): given a sequence of real
measures (¢;) on X and an orthonormal basis (e;), if if

(2.3) SUp [ (41, -« pm)| (X)) < o0.

then the measure pn =3, yije; belongs to . (X, X).

Let us come to a description of the differential structure in X. We refer to [10] for more
details and the missing proofs. By N, o we denote a non degenerate Gaussian measure on
(X, B(X)) of mean a and trace class covariance operator @) (we also use the simpler notation
Ng = Ny,g). Let us fix v = Ng, and let (e;) be an orthonormal basis in X such that

Qer = Agex, YVEk=>1,

with A, a nonincreasing sequence of strictly positive numbers such that )", A\ < co. Set
zp = (x,e) and for all k > 1, f € C,(X), define the partial derivatives

o) Du () = iy L2 10 = 1)




(provided that the limit exists) and, by linearity, the gradient operator D : S’CZ}(X ) —
FCy(X, X). The gradient turns out to be a closable operator with respect to the topologies
LP(X,v) and LP(X,~, X) for every p > 1, and we denote by WP(X,~) the domain of the
closure in L?(X,v), endowed with the norm

= NP2 \1/P
o= (f e+ [ (S ipeatr)a) .

where we keep the notation Dj, also for the closure of the partial derivative operator. For
all ¢, 1 € C}(X) we have

ul

1
[ wpigtr == [ oprsar+ L [ nevar
X X k X

and this formula, setting D¢ = Dyp — i—:go, reads

(2.5) [ wwedy = - [ oD
X X

Notice that Q'/2 is still a compact operator on X, and define the Cameron-Martin space

H:Q1/2X:{xeX: HyEXWithm:Q1/2y}:{a:€X: i'x”g <oo},

‘xk‘z)l/Z.

endowed with the orthonormal basis e, = A,lc/ %k relative to the norm |z|g := (3 ko

The Malliavin derivative of f € C}(X) is defined by

(2:6) 0., F(x) = lim L& 1E0) = J(@)

t—0 t

(provided that the limit exists) and turns out to be a closable operator as well (see [7] or
apply (2.8) below) with respect to the topology LP(X,~) for every p > 1. We denote by
Vg f the gradient and by D*?(X,~) the domain of its closure in LP(X,~), endowed with

the obvious norm. As a consequence of the relation e = )\,1/ 2€k we have also
(2.7) 0., =\’ Dy,

so that WP(X,v) C DYP(X, ), since |V flg = (3, M| Dr.f1?)/2. By (2.7) and (2.5) the
integration by parts formula corresponding to the Malliavin calculus reads

1
(2.8) /Xl/iak@d’}’—_/)(@ak¢d7+/)(ﬁxk‘p7/}d7'

There exist infinitely many Ornstein-Uhlenbeck semigroups having v as invariant measure.
Let us choose the one corresponding to the stochastic evolution equation

(2.9) dX = AXdt +dW(t), X(0)=z€X

where A := —% Q! is selfadjoint and

<W(t),Z> = Z Wk(t)zkv S Xa
k=1



with (W} )ken sequence of independent real Brownian motions. We have Ae, = —agey,
where

_ b
o — 2>\k.
The transition semigroup corresponding to (2.9) is given by
210)  Rif@)= [ 0dNasno ) = [ et n)dNa ), 1 € ByX).
X
where

t
1
Q¢ = / XA ds = —5 AT — e,
0

Therefore Ng, — Ng = v weakly as t — oo, so that v is invariant for R;. Moreover, for
every k > 1, v € C}(X), from (2.10) we get

Dy Riv(x) = e_a’“t/ Dyv(e'z 4 y)dNg, (y) = e~ **' Ry Dyv(x),
p's

whence, since R; is symmetric, we deduce that for every u € L'(X,~) and ¢ € FCL(X) the
equality

(2.11) /XRtuD};god’y:e_o‘kt/XuDZRt@dv

holds. In fact, if u is bounded, by [10, Theorem 8.16] we know that R,u € Cp°(X) for every
t > 0, and then for every ¢ € C}(X) we have

/ RyuDjpdy = —/Dk(Rtu)gpd’yz —67”‘”/ Ry Dyupdy
X X

= fefa’“t/ Dkuthpd’y:efo"“t/ uD} Ryp dry.
b's X

In the general case u € L'(X,~) we use the density of C}(X) in L'(X,~), as both sides in
(2.11) are continuous with respect to L(X,~) convergence in .

By a standard duality argument we can define a linear contraction operator R} : .#(X) —
L'(X,~) characterized by:

(2.12) /R?mpdv:/ Rypdp, ¢ € By(X).
X X

To see that this is a good definition, using Hahn decomposition we may assume with no loss
of generality that p is nonnegative. Under this assumption, we notice that (¢;) C By(X)
equibounded and ¢; 1 ¢, with ¢ € By(X), implies fX Ripidp 7 fX Ripdp, hence Daniell’s
theorem (see e.g. [8, Theorem 7.8.1]) shows that ¢ — [, Rypdu is the restriction to By(X)
of ¢ — [y @dp* for a suitable (unique) nonnegative u* € .#(X). In order to show that
R < 7, take a Borel set B with v(B) = 0. Then

(R)u(B) = / xR} = / Roxsdp,
X X

but Rixp(x) = Netag g, (B) and since Neea, o, < v (see [12, Lemma 10.3.3]) we have
Ry xp(x) =0 for all x and the claim follows. Finally, since R;1 = 1 we obtain that u*(X) =
wu(X), hence R} is a contraction. It is also useful to notice that R} is contractive on vector
measures as well. In fact, R; is a contraction in Cp, hence [(R} 11, ¢)| = |{1, Re)| < (Jul, |P])
for every ¢ € Cy(X). Since for every vector measure v the minimal positive measure o such
that |(v, ¢)| < (o, |¢|) for all ¢ is |v|, taking v = Rju we conclude.



3 Functions of bounded variation

In the present context it is possible to define functions of bounded variation, as it has been
done, using the Malliavin derivative, in [16], [17] and [4], [5], and to relate BV functions
to the Ornstein-Uhlenbeck semigroup R:. According to [5], in order to distinguish the two
notions of BV functions, we keep the notation BV (X, ) for the functions coming from the
V i operator and use the notation BVx (X,~) for those coming from D.

Definition 3.1. A function u € L'(X,v) belongs to BVx(X,~) if there exists v* €
A (X, X) such that for any k > 1 we have

/X u() Dy () dry = — /X pla)d + 5 /X vu(@)p(@)dy, o€ FCHX),

with vt = (V" ex)x. If u € BVx(X,~), we denote by Du the measure v*, and by |Du| its
total variation.

According to (2.2), for u € BVx (X, ) the total variation of Du is given by
G pul(0) =sup{ [ [ Dierfar.s € SCHX X0, lola)| <1 ¥ € X,
X Tk

Obviously, if u € W (X,v) then u € BVx(X,v) and |Du|(X) = [y [Duldy.
Recalling that v € BV (X, ) if there is a finite measure Dyu = (D¥u), € .#(X, X) such
that

/ u(x)Opp(x)dy = —/ o(z )deu + —/ zru(x)p(x)dy, © € FCHX), k>1,
p's p's

it is immediate to check that BVx (X, ~) is contained in BV (X, ) and that

(3.2) Dru= N, Vk>1.

The next proposition provides a simple criterion, analogous to the finite-dimensional
one, for the verification of the BVx property.

Proposition 3.2. Let u € LY(X,~) and let us assume that

(3.3) R(u) = supsup /ZuDkapkdv or € CHX Z 02 < }

Then u € BVx(X,v) and |Du|(X) < R(u).
Proof. Fix k > 1,set X, ={x € X : x =se, s € R}, Xt ={r € X: (z,e;) =0},
and define

Vi (u) ::sup{/xu(am—ﬁ )y 6 € CHX), o(x) <1vVwe X},

Vi (u) ::sup{/Xu<Dk¢— )\%Jb)dﬁ:(bé CHX), |p(z)| <1V EX}.

For y € Xj-, define the function wu,(s) = u(y + sex), s € R, and notice that Vj(u) =
VALY (u), so that by [5, Theorem 3.10] we have

Yio(u) = |V (uy)dy(y),

L
Xk:



where ¥ denotes the 1-dimensional variation of u, and we have used the factorization
v =~ ®~* induced by the orthogonal decomposition X = X @& X kL
Since ¥ (u) < R(u) we have

”//(uy)d'yj‘(y) < 00.
Xir

It follows that for y*-a.e. y € Xkl the function u, has bounded variation in R. By a Fubini
argument, based on the factorization v = 1 ® v+, the 1-dimensional integration by parts
formula yields that the measure Dyu coincides with Du, ® v, i.e.,

Dku(A) = o Duy(Ay)d’Yl(y)

(where A, = {s: y+sex € A} is the y-section of a Borel set A) provides the derivative of u
along ej,. Notice that Dyu is well defined, since we have just proved that [, . | Duy |(R)dy+
k

is finite.
Now, setting p, = Dyu, by the implication stated in (2.3) we obtain that |[Du|(X) <
R(uw). O

The next theorem characterizes the BV class in terms of the semigroup R;: notice that
the functions R;u, for u € BV(X,7), turn out to be slightly better than W!(X,~), since
not only |DRyul, but also |e"*4 D R;u| is integrable.

Theorem 3.3. Let u € L'(X,v). Then, u € BVx(X,~) if and only if Ryu € WH1(X,v),
le*ADRwu| € LY(X,~) for allt > 0 and

(3.4) 1iminf/ le"*ADRyuldy < co.
t10 Jx

Moreover, if u € BVx(X,v) we have DRyu = e_tARt*Du,

(3.5) / le"*ADRuldy < |[Du|(X),  Vt>0
X
and
(3.6) lim/ le"*ADRyu|dy = |Du|(X).
th X

Proof. Let u € BVx(X,~). We use (2.11) to deduce
/ RyuDjpdy = —e‘“"t/ RipdDyu Yo € FOL(X), t > 0.
b's b's

According to (2.12), this implies that Dy Ryu = e~ “*'Rf Dyu € L'(X,~). Therefore, as R}
is a contractive semigroup also on vector measures,

/X|e’tADRtu|dfy:/X\R§Du|d7§|Du\(X)

for every t > 0 and (3.5) follows.
Conversely, let us assume that Ryu € WH(X,+) for all t > 0 and that the liminf in (3.4) is



finite. We shall denote by II,,, : X — R™ the canonical projection on the first m coordinates
and we shall actually prove that v € BVx (X, ) and

(3.7) |Du|(X) < supliminf/ |TL,,, D Ryu|dry
m  tl0 X

under the only assumption that the right hand side of (3.7) is finite. Indeed, fix an integer
m and notice that an integration by parts gives

sup{/XZRtuDZ%dv or € CH(X), D ¢k < 1} < /X [T, D Ryuldy,
k=1 =1

so that passing to the limit as ¢ | 0 and taking the supremum over m we obtain
R(u) < Supliminf/ |IL,, D Ryu|dr,
m  tlo Jx

with R defined as in (3.3). Therefore we obtain the inequality (3.7) by Proposition 3.2.
Finally (3.6) follows combining (3.5) with (3.7). O

Remark 3.4. (1) Notice that the inclusion BVx(X,v) C BV(X,~) allows us to exploit
the results in [5] in order to prove one implication in the above theorem, while the other
one uses the strong regularizing properties of the semigroup R;. Anyway, we have tried
to keep the use of the results in the above quoted paper to a minimum, and in fact only
Theorem 3.10 in [5] has been used in the proof of Proposition 3.2. It is most likely possible
to give a proof completely independent from [5], but some of the arguments therein should
be rephrased and proved again, basically along the same lines.

(2) The argument used in the proof of the theorem shows that Dy Ryu € L'(X,~) for all ¢ >
0, £ > 1 and finiteness of the right hand side of (3.7) suffices to conclude that u € BVx (X, 7).
Furthermore, combining (3.5) and (3.7) we obtain that [, [DRuldy — |Du|(X) as t | 0,
as well.

(3) By the same argument as [5] one can use (2) to conclude that the measures e "4 D Ryury
are equi-tight as ¢ | 0; hence, they converge (componentwise) to Du not only on 5"0; (X)
but also on CP(X).

We recall also that both Sobolev and BV spaces in the present context are compactly
embedded into the corresponding Lebesgue spaces. The following statement is proved in [5,
Theorem 5.3], see also [9] for the case 1 < p < 0.

Theorem 3.5. For every p > 1, the embedding of W1P(X,v) into LP(X,v) is compact.
The embedding of BVx(X,v) into L'(X,~) is also compact.
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