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ABSTRACT. We study heat kernel measures on sub-Riemannian infinite-dimensional
Heisenberg-like Lie groups. In particular, we show that Cameron-Martin type
quasi-invariance results hold in this subelliptic setting and give LP-estimates

for the Radon-Nikodym derivatives. The main ingredient in our proof is a
generalized curvature-dimension estimate which holds on approximating finite-
dimensional projection groups. Such estimates were first introduced by Bau-
doin and Garofalo in [8].
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1. INTRODUCTION

We prove Cameron-Martin type quasi-invariance results for subelliptic heat ker-
nel measures on infinite-dimensional Heisenberg-like groups. These groups were
first defined in [15] and quasi-invariance was proved for elliptic heat kernel mea-
sures in this setting. Quasi-invariance results are of interest, for example, in the
study of smoothness of measures on infinite-dimensional spaces. In finite dimen-
sions, one typically defines smoothness as absolute continuity with respect to some
reference measure and smoothness of the associated density. In infinite dimen-
sions, in the absence of a canonical reference measure, alternative interpretations
of smoothness must be made; see for example [9, 14, 28, 29]. In particular, in an
infinite-dimensional setting, it is natural to interpret quasi-invariance as a smooth-
ness property.

Quasi-invariance of heat kernel measures in infinite dimensions has previously
been the subject of much study in elliptic settings; see for example the review [12]
and references therein. Typically the proofs in the elliptic case rely on lower bounds
on the Ricci curvature (as was the case in [15]); of course such lower bounds are
unavailable in a subelliptic setting. To the authors’ knowledge, this is the first
quasi-invariance result in an infinite-dimensional subelliptic setting.

1.1. Statement of Results. Let (W, H, 1) be an abstract Wiener space and let
C be a finite-dimensional inner product space. Define g = W x C to be an
infinite-dimensional Heisenberg-like Lie algebra, which is constructed as an infinite-
dimensional step 2 nilpotent Lie algebra with continuous Lie bracket satisfying the
following condition:

(1.1) [W, W] =C.
Let G denote W x C thought of as a group with operation

1
g1 92 =91+ g2+ 5[91,921-

Then G is a Lie group with Lie algebra g, and G contains the subgroup Ggoy =
H x C which has Lie algebra goas. See Section 3.2 for definitions and details.

Now let {B;}:>0 be a Brownian motion on W. The solution to the stochastic
differential equation

dgy = g, o dBy with go = e

is a Brownian motion on G, which is defined explicitly in Proposition 5.1 and
Definition 5.2. For all ¢ > 0, let v, = Law(gs;) denote the heat kernel measure at
time 2¢t. At this point, let us briefly comment that, as mentioned in [19], it may
seem at first glance that the restriction dim(C) < oo implies that this subelliptic
example is in some sense only finitely many steps from being elliptic. However,
this is truly a subelliptic model and the topologies one must deal with in this
setting significantly change the standard analysis and introduce several non-trivial
complications not present in the elliptic case. For further discussion, see Section
1.3 of [19].

The main results of the present paper are presented in Section 5.2. Namely, in
Theorem 5.9, we prove that v; is quasi-invariant under translation by elements of
G ¢y and obtain bounds on the LP-norms of the Radon-Nikodym derivatives. Then
given the equivalence of measures and the LP-estimates on the associated densities,
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we are able to immediately prove in Corollary 5.11 that the semi-group is strong
Feller on Geoyy.

To put these results in context, again recall that if W is finite-dimensional,
then (1.1) implies that span{(&;,0),[(&,0), (§;,0)]} = g, where {§i}?:;(w) is some
orthonormal basis of W, and thus we have satisfaction of Hérmander’s condition.
This then implies that 1, is a smooth measure, in the sense that v; is absolutely
continuous with respect to Haar measure on G = W x C and its density is a smooth
function on G. If W (and thus G) is infinite-dimensional, however, the notion of
smoothness is not so well-defined, and quasi-invariance may be interpreted as a first
step toward proving v is a “strictly positive” smooth measure.

1.2. Discussion of proofs. Functional inequalities provide a powerful tool to
study the problem of the equivalence of heat kernel measures. In particular, it
is a well-known fact that, on a finite-dimensional complete Riemannian manifold
M with non-negative Ricci curvature, the heat semi-group {P,};>o satisfies the
Harnack type inequality

(12) e

where z,y € M, f € L®(M) with f > 0, and o > 1 (see for example [34]).
Using the above inequality with indicator functions immediately implies that the
heat kernel measures p;(x,dz) and p;(y,dz) are equivalent. Of course, in a finite-
dimensional framework, the latter is obvious and may be seen from the positivity
of the heat kernel. But the relevant fact here is that the functional inequality (1.2)
is independent of the dimension of the manifold M and we may therefore hope that
it holds even in some infinite-dimensional settings, where equivalence of measures
is a highly non-trivial problem.

Again, a lower bound on the Ricci curvature of M typically plays a major role
in the proof of inequalities like (1.2) and such bounds are unavailable in our subel-
liptic setting. However, in a recent work [8], Baudoin and Garofalo introduced
a generalized curvature-dimension inequality that holds in a general class of sub-
Riemannian settings. The main idea is to control sub-Riemannian curvature quan-
tities both in the horizontal and the vertical directions. In the present paper, we
prove that a uniform generalized curvature-dimension inequality holds on appro-
priate finite-dimensional approximation groups of G, and that, as a consequence, a
uniform version of (1.2) holds on the finite-dimensional approximation groups. A
by-product of this is a Cameron-Martin type quasi-invariance result for the heat
kernel measure on G.

Let us emphasize that our approach is actually quite general and does not rely
on the specific nature of the infinite-dimensional Heisenberg-like groups we consider
here. The main ingredient is the existence of good finite-dimensional approxima-
tions on which uniform generalized curvature-dimension bounds hold. As was done
in [16] in the elliptic setting, one could significantly generalize the method to include
other infinite-dimensional subelliptic settings.

The organization of the paper is briefly as follows. In Section 2 we review results
for subelliptic heat kernels on finite-dimensional Lie groups under the assumption of
generalized curvature-dimension estimates and satisfaction of certain commutation
relations. In particular, in Section 2.1, we show that under these assumptions
reverse Poincaré and log Sobolev estimates hold, and in Section 2.2 we show how

a dg(x,y)>7
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these estimates in turn give Wang type and integrated Harnack inequalities. The
ideas in this section in a finite-dimensional setting are discussed in more detail and
greater generality in [6].

In Section 3 we review the definition of the infinite-dimensional Heisenberg-
like groups first considered in [15]. In the present paper, we choose a topological
structure that is better adapted to subellipticity, and in this way our construction
parallels [19], where subelliptic heat kernel measure was also studied. In this section,
we also review the properties of infinite-dimensional Heisenberg-like groups required
for the sequel, as well as recalling the Cameron-Martin subgroup and the finite-
dimensional projection groups which serve as approximations.

In Section 4.1 we show that the curvature-dimension estimates and commutation
relations considered in Section 2 are satisfied on the infinite-dimensional Heisenberg-
like groups and their finite-dimensional projections, and thus in Section 4.2 we are
able to show that reverse Poincaré and log Sobolev inequalities, as well as Wang
type Harnack inequalities, hold on the finite-dimensional projection groups.

Finally, in Section 5.1 we review the construction of subelliptic heat kernel mea-
sures on the infinite-dimensional Heisenberg-like groups, and in Section 5.2 we
show how the Wang type Harnack inequalities proved in Section 4.2 for the finite-
dimensional projection groups imply quasi-invariance of the subelliptic heat kernel
measure under translation by elements of the Cameron-Martin space, as well as
yielding LP-estimates for the Radon-Nikodym derivatives. We also show how the
quasi-invariance and LP-estimates then immediately imply that P, is strong Feller
on GCM~

Acknowledgements. The authors are grateful to the anonymous referee for
the careful reading of the manuscript and the useful remarks. The second author
thanks M. Rockner who asked about the Feller property in this context and thus
inspired the inclusion of Corollary 5.11.

2. FUNCTIONAL INEQUALITIES ON FINITE-DIMENSIONAL LIE GROUPS

For the whole of this section, G will denote a real finite-dimensional connected
unimodular Lie group with Lie algebra g and identity element e. Let dx denote
bi-invariant Haar measure on G. For x € G, let L, and R, denote left and right
translation by x, respectively. For A € g, let A denote the unique left invariant
vector field on G such that A(e) = A € g, that is, A(g) = L. A.

We will fix a linearly independent collection {X;}? ; C g for which there exists
some r such that

(2'1) g= Span{Xiw [Xiu i2]> EERE) [Xiw [Xl ’ [Xi'r—l ) Xi'r] T H :

i1, iy =1,...,n}.

0yt

We will refer to H := span({X;}_) as the horizontal directions, and we will sup-
pose that g is equipped with an inner product for which {X;}!", is an orthonormal
basis of #. In particular, (2.1) implies that {X;}?_, is a Hormander set of vector
fields, in the sense that the X;’s and all their commutators up to order r generate
T,G for all g € G. Thus, by the classical Hérmander’s theorem [23] the second
order differential operator

n

L=Y X]
i=1
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is hypoelliptic, and, for all ¢ > 0, there exists a smooth kernel p; : G x G — R so
that

Pof(x) == e f(x) = /G F@)pelz, v) dy,

for all f € L?(G, dy), where L denotes the L*(G, dy) closure of L|ce(c). The heat
semi-group { P, }4+~¢ is a symmetric Markov semi-group, and, since p; is smooth, the
mapping (t,x) — P f(x) is smooth on (0,00) x G for any f € LP(dz), p € [1,00].
In a slight abuse of notation, we will write that p;(e,z) = p:(x). In particular,
the left invariance of L implies that p; is a left convolution kernel and thus p;(z,y) =
pe(zy~1). We call the measure p; dy the heat kernel measure on G associated to L.
By construction, the operator P, commutes with left translations, and since our Lie
group is unimodular the Haar measure is bi-invariant. Thus, ps(z,y) = pi(e, 27 1y).
Since it is additionally known that p; is a symmetric kernel, we have the following
lemma, of some standard properties of the heat kernel, which we state without proof.

Lemma 2.1. Forallt >0 and z,y € G,

(1) pe(x,y) = pt(x_ly) = pt(y_lx), and
(2) pe(a™") = pu(a).

Another well-known interpretation of the heat kernel measure p; dy is as the
distribution at time 2¢ of Brownian motion on G. For {b;}!"; independent real-
valued Brownian motions, by = >, biX; is a Brownian motion on H. Now for
t > 0 let g; denote the solution to the following Stratonovitch stochastic differential
equation:

dg; = g o dby == Ly, o db, = ZX g¢) o dbl, with go = e.
=1
Then, {g;}+>0 is a Brownian motion on G started at the identity, and, for all ¢ > 0,
Law(g:) = pe/2 dy.
For f,g € C*(G), we define the standard differential forms

L(f.9) = S(LUf9) ~ fLg— L) = 3 (%if) (Kug) and
j=1
1
We follow the usual notatlonal convention that I'(f) := T (f, f) and T'a(f) :=
Ta(f, f). We will also need to consider derivatives in non-horizontal, or vertical,
directions. Let V C g denote the Lie subalgebra such that we have the orthogonal
decomposition (with respect to the inner product on g)

g=HoYV,

and let {Z,}}, denote an orthonormal basis of V, where N = dim()). Following
[2] and [8] we define

M=

7 (f.g) = (Zef) (Zeg) and

~
Il

1
r{(f.9) = (LFZ —T%(f,Lg) —T%(g.Lf)) -
Again we will let T'Z(f) := T'4(f, f) and I‘Z(f) =T%(f, f).

DN | =
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2.1. Reverse inequalities under curvature bound assumptions. In this sec-
tion we consider some implications of certain curvature bound assumptions on G.
These curvature bounds first appeared in [8] and serve as generalizations of the
standard curvature-dimension inequalities which appear in the elliptic literature
(see for example [3, 4, 5, 26] and references therein). The assumption may be
stated as follows: Suppose that there exist a, 8 > 0 such that, for any v > 0 and
fel=(G),
B

(2.2) Do (f) + 0I5 (f) = ol ?(f) — L)

Before proceeding with the primary results of this section, we prove the following
lemma which will be helpful in the sequel.

Lemma 2.2. Suppose ¢ : J — R is a smooth function on an open interval J C R
and f: G — R is a measurable function. Fix T > 0 and set

S(t,x) = Pi(¢(Pr—if))(2),
for allt €10,T] and x € G (assuming Pr_f(G) C J). Then

B P (P PU(Pr ) @),
Proof, For simplicity, set u; = Pr_.f. Then we just compute
CE N (Lfé(ut) " jt<z><ut>) — Py (Lo(wr) — & (u) L)
Note that
o) = 32 R 0() = 3 5 (# 0 (i)
= E”: <¢N(Ut)(XiUt)2 + ¢I(Ut)(X¢2Ut)) = ¢ (us)T(ur) + ¢ (ue) L.
Then combinin;;:tlhis with (2.3) yields the desired result. O

We now prove that, assuming the curvature bound stated above, a reverse
Poincaré inequality holds on G.

Notation 2.3. Let C denote the set of functions f : G — R such that f € C*(G) N
L>(G) and f,\/T(f),/TZ(f) € L?(G). Note for example that C includes all
smooth functions with compact support. We will also let C* denote functions f
such that f = g+ ¢ for some g € C with ¢ > 0 and € > 0.

Remark 2.4. Tt is shown in [8] that these function spaces are stable under P;; that
is, if f € C then P,f € C for all t > 0, and similarly for C*.

Proposition 2.5. Assume that a curvature bound is satisfied as stated above in
(2.2). Then, for allT >0 and f €C,

14 28

2 (Pr(f?) — (Prf)?).

[D(Prf) 4 oTT?(Prf) < o7

In particular, this implies that

1428

L(Prf) < 5T (Pr(f*) = (Prf)?).
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Proof. For t € [0,T], define the functional
®(t) = a(t) P, (T(Pr—¢f)) + b(t) P, (TZ(Pr_.f)),

where a, b : [0,T] — [0, c0) are control functions yet to be chosen. A straightforward
computation shows that

@'(1) = (0P, (C(Pr_o)) + V(O P (D (Pr_of)
+2a(t) P, (T2 (Pr—i f)) + 26(t) Py (T5 (Pr—ef))
and the inequality (2.2) implies that
Ca(Proif) + (3T (Prof) = = TP + ol (Pr-af).
Thus,

24) @ > <a' - 25“5) Pi(T(Pr_if)) + (V' + 200) P,(TZ (Pr_.f)).

We now choose the functions a and b so that

b +2aa=0
and
a2
CLI — 25? = C,
where C' is a constant independent of ¢. This leads to the candidates
1
t)=—(T—1t
alt) = (T~ 1)
and
b(t) = (T —t)*
For this choice of a and b, the inequality (2.4) becomes
1 2
(2.5) (>t (1 . f) P (T(Pr_of).

By Lemma 2.2 with ¢(x) = 22, we have that
d
aPt(PT—th =2P,(T'(Pr—.f)),

and thus integrating (2.5) from 0 to T yields the desired result. O

Under an additional assumption, the curvature bound (2.2) also implies a re-
verse log Sobolev type inequality which is much stronger than the previous reverse
Poincaré inequality. The additional required assumption here is the following com-
mutation: for any f € C*°(G),

(2.6) L(f,TZ(f) =2 (£,T(f))-

First we prove the following lemma given this assumption.

Lemma 2.6. For fited T >0, x € G, and f € C, define the entropy functionals
®1(t) = P (Pr—¢ /)T (In Pr_ f)) ()

and

Do(t) = P, (Pr—1/)T? (In Pr_. f)) (),
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fort € [0,T]. Then, assuming (2.6) holds,

P (t) = 2P, (Pr—+f)T2(In Pr_.f)) (x)
and

Dy (t) = 2P, ((PTftf)Fzz(ln Pr_.f)) ().
Proof. For t € [0,T] and = € G, consider the functionals

¢1(t, ) = (Pr—f) (@) (In Pr— f)(z)

and

¢a(t,x) = (Pr—of)(x)0? (In Pr. f)(2).

If we prove that

Loy + 92 = 2(Pp_ )T (In Prof)
and 5
Loy + 502 = o(Pr o fYTF (n Pryf),

then the result follows almost immediately.
Again for simplicity, take u(t,z) = Pr_.f(z) and here let u; = %“;. Then a
simple computation gives

091 _ Ut
o = w(lnw) + 2ul’ (lnu7 ;) .

On the other hand,
L¢y = Lul'(Inw) + LT (Inw) + 2T (u, T(lnw)).
Combining these equations we obtain

Op1 Ut
Léy + ot = uLl(Inw) + 20 (u, D(inw) + 2ul (1nu, ;) .

We now see that
2uls(lnw) = w(LT(Inu) — 2T (Inw, L(lnw)))
=uLl(Inu) — 2ul'(Inu, L(lnw)).
Observing that

T(u)  w

Linu) = ——2 - %t

(Inw) u2 u’

we may conclude
0
Loy + 200 = o(Pr_ o f)Ta(in Pryf).
In the same vein, we obtain
Loy + ﬂ = uLT?(Inu) + 20 (u, T'Z (Inw)) 4 2ul'? (111 u, %> .
u

This time using the definition of FQZ, we find
QuFQZ(ln u) = u(LFZ(ln u) — or? (Inu, L(lnw)))

I
= uLFZ(ln u) + 2ul? (lnu (u)) + 2ul? (lnu —)
u2 i

From this last equation it is now clear that under the assumption (2.6) we have

Loo + % = 2ul'Z (Inw),
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and this concludes the proof. ([

Given this lemma, we may now prove the following reverse log Sobolev inequality
holds.

Theorem 2.7. Suppose that (2.2) and (2.6) are satisfied. Then, for any T > 0
and f €CT,

1+ 2 n
D(In Prf) + aTT?(In Ppf) < JFTQ (PTngff)—lnPTf)

In particular, the following reverse log Sobolev inequality holds

1+?(&Umﬂ

P(n Prf) < — i

Proof. For t € [0,T], we define the functional
U(t) = a(t)Pi(t) + b(t)P2(2),

where ®; and @, are as defined in Lemma 2.6 and a,b are non-negative control
functions to be chosen later. Since we assume (2.6) holds, Lemma 2.6 implies that

U'(t) = a (t)®1(t) + b'(t)Pa(t)
+2a(t) Py (Pr—/)T2(In Pr—¢ f)) + 2b(t) Py (Pr—+ f)T% (In Pr_. f)) .

Thus, given the curvature bound and working exactly as in Proposition 2.5, we are
lead to the same choices

a(t):é(Tft) and  b(t) = (T —t)%

—In PTf> .

For this choice of a and b, we have the inequality

(2.7) v'(t) > —é <1 + f) Dy (t).

Taking ¢(x) = xlnx in Lemma 2.2 implies that

d I'(Pr—
GPrpm e ) = p (=)
= P((Pr—+ /)T (In Pr—.f)) = @1(2),
and thus integrating (2.7) from 0 to T then yields the claimed result. O

Remark 2.8. Other choices of control functions could be made to satisfy the desired
criteria in the proofs of Proposition 2.5 and Theorem 2.7. In particular, we could
have taken

1
a(t) = a((l +0)T —1t)
and
b(t) = (L + )T —1)%,
for any & > 0. This choice of a and b would give the following generalized estimates.
The following would generalize Proposition 2.5: for all T' > 0 and f € L*°(G),

L(Prf) + a1+ 86)TTZ (Prf)

28 82
< g Prl) = (PrfP)+ T PO + 5

TPp(T7(f)).
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Also, the following statement would generalize Theorem 2.7: for all 7" > 0 and
fed,

PrfT(In Prf) + a(1 + 6)TPrfTZ(In Prf)

1+2
< ﬁ(PT(flnf)_(PTf)lnPTf)
52
+ s Pr (T ) + 1O‘+ <TPp (fT%(In f)

Such generalized estimates have been used in [7] to prove lower bounds for the heat
kernel.

2.2. Wang type and integrated Harnack inequalities. A reverse log Sobolev
inequality such as in Theorem 2.7 is sufficient to prove an analogue of Wang’s
dimension-free Harnack inequality. Estimates of this type were first proved by
Wang in a Riemannian setting under the assumption of a lower bound on the Ricci
curvature [34]. Before stating the estimate, we must make the following definition.

Notation 2.9. (Horizontal distance)
(1) The length of a C*-path o : [a,b] — G is defined as

b
‘(o) ::/ L1 (3)06(5) ds.

(2) A C'-path o : [a,b] = G is horizontal if Ly)-1,6(t) € H x {0} for a.e. t.
Let C1" denote the set of horizontal paths o : [0,1] — G.
(3) The horizontal distance between x,y € G is defined by

d(z,y) = inf{l(0) : 0 € CY" such that ¢(0) = z and o(1) = y}.

For references on horizontal distance, or more general sub-Riemannian geometry,
see for example [20, 31] and references contained therein.

Proposition 2.10. Suppose there exists a constant C' < oo such that, for allT > 0
and f €CT,

(2.8) D(ln Prf) < % (Iw - lnPTf> .

Then, for allT > 0, z,y € G, f € L>®(G) with f >0, and p € (1,00),
2

(2.9 (PefP(@) < Prpe (S0,

Proof. First take f € C*. Let b(s) =1+ (p—1)s for s € [0,1] and o : [0,1] = G
be an arbitrary horizontal C'-path such that o(0) = x and o(1) = y. Define the
functional

@(s) = Ly Prf"®)(a(s)), forse[0,1].

b(s)
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Differentiating ¢ with respect to s and applying (2.8) yields

'(s :_pb’(s) n b(s) (g (s r (4 n ) ) (o(s
0(6) = B pr9a(s) + 51 (1 Prs9 ) (0(5)
+ %«dan Prf2®))(a(s)), o' (s))
pp—1) (Pr(f" W) 0() | e
oo < Prfoas) i (”)
+ %)wan Prf*®))(o(s)), 0’ (s)
> Wr(ln Pr P (o(s)) + %(d(ln Pr P (a(s)), 0" (s)).

Now, for every A > 0,

(d(in Prf)(o()),0"()) > 5T Prf")(o(s) = 10" (5)]%

since ¢ being horizontal implies that o’(s) € span{X;(c(s))}?_,. In particular,
choosing

gives

_ / 2
T oFl P
Integrating this inequality from 0 to 1 yields

p p Cp ! / 2
In Pr2(0) = In(Pr (@) > = [0/ (s)Pas

Minimizing fol |0’ (s)|?ds over the set of horizontal paths such that ¢(0) = z and
o(1) = y shows that (2.9) holds for f € CNC>(G).

To prove the estimate for general f > 0, let C>°(G) 3 h,, > 0 be an increasing
sequence of functions with compact support such that h, 1 1. Then (2.9) holds for
g=h,P-f+e€CNC>®(QG) for all n, 7 > 0, and € > 0. Then letting e — 0, 7 — 0,
and n — oo in the inequality completes the proof of (2.9) for f > 0. ]

Wang type Harnack inequalities in turn are equivalent to so-called “integrated
Harnack inequalities” as in the following lemma. Here we follow the proof of Propo-
sition 2.4 in [36]. An alternative form and proof of the following equivalence can
be found in Lemma D.1 of [16].

Lemma 2.11. Let T >0, z,y € G, p € (1,00), and C € (0,00]. Then
(2.10) (Prf)P(x) < CPrfP(y), forall f € L®(G) with f >0,
if and only if

pr(z,2)] "/
(2.11) ( /| [my,z)} pT<y,z>dz> <c.
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Proof. Set J, ,(z) = % and f,, == (n A Jy )P~V for n > 1. Then applying
(2.10) to f, yields

(Prfn)P(z) < CPrfi(y) = C/G(n A Jay ()PP~ Vpr(y, 2) dz

pr(z, 2) 1/(p—1)
SC/ (n/\’) pr(z,2)dz = CPrf,(x).
e pr(y,2)
Thus,
PrJY®=(z) = lim Prf,(x) <CY®-D,
’ n— oo
which yields (2.11).

For the converse, we have by Hoélder’s inequality that

= z pr(@,2) 2)dz
Pri@) = [ 1P (. 2)a

p/(p=1) (e=1)/p
< (Prfr) /o (y) ( /G m pT<y,z>dz)

1/(p—1) (p—1)/p
= (Prf?)"7(y) (/G m pT(l"»Z)dZ>
< (Prf?)P(y)CVP,

which completes the proof. ([l

3. INFINITE-DIMENSIONAL HEISENBERG-LIKE GROUPS

In this section, we review the definitions for infinite-dimensional Heisenberg-
like groups, which are infinite-dimensional Lie groups based on an abstract Wiener
space. Much of the material is this section also appears in [19].

3.1. Abstract Wiener spaces. For the reader’s convenience, we summarize sev-
eral well-known properties of Gaussian measures and abstract Wiener spaces that
are required for the sequel. These results as well as more details on abstract Wiener
spaces and some particular examples may be found in [10, 25].

Suppose that W is a real separable Banach space and By is the Borel o-algebra
on W.

Definition 3.1. A measure p on (W, By ) is called a (mean zero, non-degenerate)
Gaussian measure provided that its characteristic functional is given by

(3.1) f(u) = / e @ dp () = e 2w for all w € W™,
w

for g =g, : W* x W* = R a symmetric, positive definite quadratic form. That is,
q is a real inner product on W*.

Lemma 3.2. If u,v € W*, then

[ utwyotw) dutw) = g(u.v).
w
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Proof. Let u,p := prou~! denote the measure on R which is the push forward of p
under u. Then by equation (3.1) u.p is normal with mean 0 and variance q(u, u).
Thus,

/ () dpu(w) = g(u, w).
w

Polarizing this identity gives the desired result. O

A proof of the following standard theorem may be found for example in Appendix
A of [15].

Theorem 3.3. Let p be a Gaussian measure on a real separable Banach space W.
Forp € [1,00), let

(3.2) Cyi= [ ol dutw
w
Forwe W, let

[ —C)]

uew=\{0} \/q(u,u)

and define the Cameron-Martin subspace H C W by
H:={heW:|h|lg < oo}

Then

(1) Forallp e [1,00), Cp < 0.

(2) H is a dense subspace of W.

(3) There exists a unique inner product {(-,-)g on H such that |h||% = (h,h) g
for allh € H, and H is a separable Hilbert space with respect to this inner
product.

(4) For any h e H, |llw < vC3hln.

(5) If {e;}32, is an orthonormal basis for H, then for any u,v € H*

q(u,v) = (u,v) g = Zu(ej)v(ej)~

It follows from item (4) that any u € W* restricted to H is in H*. Therefore,
by item (5) and Lemma 3.2,

(3.3) /W W2 (w) dps(w) = qlu,u) = ul3. = Z|u &)

More generally we have the following lemma.

Lemma 3.4. Let K be a real Hilbert space and ¢ : W — K be a linear map. Then

el g = Z le(e)k = /W lo(w)lI% dp(w).
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Proof. Let {fg}dlm(K) be an orthonormal basis of K. Then by equation (3.3)

dim(K)
/W o (w) % dps(w) = / S lfp(w): S ()
dlm(K) dim(K
= S el fo)xllE = Z Z|
/=1

= Z lelenlk = lelli-ex-
Jj=1

O

This leads to the following facts for linear maps on W. First we set the some
notation.

Notation 3.5. Let K be a real Hilbert space, and suppose o : H®™ — K is a
multi-linear map. Then the Hilbert-Schmidt norm of « is defined by

oo
o3 = llelltayomer = D llales, - en)lli
j 1, aj7n:1
dim(K)
= Z Z e]l""7ejm)’fe>%(’
Jiyeedm=1 £=1

where {e;}22, and { fz}dlm(K) are orthonormal bases of H and K, respectively.
One may verify directly that these norms are independent of the chosen bases.

Lemma 3.6. Suppose K is a Hilbert space and ¢ : W — K is a continuous linear
map. Then ¢ : H — K is Hilbert-Schmidt, that is, ||¢|l2 < oo.

Proof. By Lemma 3.4,
1B = el ok = [ ot dutw)

<llpll |l du) = Callel,
where Cy < 0o is as defined in (3.2) and
lello == sup{p(w)|x : [wlw =1} < oo
by the continuity of . O
Similarly, we may prove the following.

Lemma 3.7. Suppose K is a Hilbert space and p: W x W — K is a continuous
bilinear map. Then p: H x H — K is Hilbert-Schmidt.

Proof. Note first that, for each w € W, ¢ = p(w, -) is a continuous linear operator
and thus, by the proof Lemma 3.6,
lp(w, )3 = llp(w, Ma-ex < Callo(w,)llg < Callpllollwliy.
where
lIpllo = sup{p(w,w’)|lx : [wllw = [[w'[lw =1} < cc.
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Then viewing w — p(w, ) as a continuous linear map from W to the Hilbert space
H* ® K, Lemma 3.4 implies that

lpll3 = b = p(h, Mg (e = /W lp(w, )l g dpa(w)

< /W CallplZllwlZy du(w) = C2|lo]2 < .
O

3.2. Infinite-dimensional Heisenberg-like groups. We revisit the definition
of the infinite-dimensional Heisenberg-like groups that were first considered in [15].
Note that since we are interested in subelliptic heat kernel measures on these groups,
there are some necessary modifications to the topology as was done in [19]. First
we set the following notation which will hold for the rest of the paper.

Notation 3.8. Let (W, H, u) be areal abstract Wiener space. Let C be a real Hilbert
space with inner product (-,-)c and dim(C) = N < oo. Let w: W x W — C be a
continuous skew-symmetric bilinear form on W. We will also trivially assume that
w is surjective (otherwise, we just restrict to a linear subspace of C).

Definition 3.9. Let g denote W x C when thought of as a Lie algebra with the
Lie bracket given by

(3.4) (X1, V1), (X2, V2)] := (0, w(X1, X2)).
Let G denote W x C when thought of as a group with multiplication given by

1
9192 == g1 + g2 + 5[91792],

where ¢g; and go are viewed as elements of g. For g; = (w;, ¢;), this may be written
equivalently as

1
(35) (whcl) . (’U}Q,Cg) = (w1 + wa, C1 +co + 2&)(’(1)1,’[1)2)) .

We will call G constructed in this way a Heisenberg-like group.

It is easy to verify that, given this bracket and multiplication, g is indeed a Lie
algebra and G is a group. Note that g~ = —g and the identity e = (0, 0).

Notation 3.10. Let goar denote H x C when thought of as a Lie subalgebra of g,
and we will refer to gons as the Cameron-Martin subalgebra of g. Similarly, let
Goy denote H x C when thought of as a subgroup of G, and we will refer to Goy
as the Cameron-Martin subgroup of G.

We will equip g = G with the homogeneous norm

l(w, g := 1/ Iwly + licllc,

and analogously on goyr = Gy we define

1(A; @) llgenr == /Il + llallc-

One may easily see that G and Gy are topological groups with respect to the
topologies induced by the homogeneous norms, see for example Lemma 2.9 of [19].
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Before proceeding, let us give the basic motivating examples for the construction
of these infinite-dimensional Heisenberg-like groups. In what follows, if X is a com-
plex vector space, let Xg. denote X thought of as a real vector space. If (H, (-,)x)
is a complex Hilbert space, let (-, ) pn. := Re(:,-) g, in which case (Hge, (, ") Hr.)
becomes a real Hilbert space.

Example 3.11 (Finite-dimensional Heisenberg group). Let W = H = (C")ge =
R?" and p be standard Gaussian measure on R?". Then (W, H, ;1) is an abstract
Wiener space. Let C = R and w(w, z) := Im(w, z), where (w,z) = w - Z is the
usual inner product on C". Then G = R?" x R equipped with a group operation
as defined in (3.5) is a finite-dimensional Heisenberg group.

Example 3.12 (Heisenberg group of a symplectic vector space). Let (K, (-,-)) be
a complex Hilbert space and @ be a strictly positive trace class operator on K. For
h.k € K, let (h,k)g := (h,Qk) and ||h|lq := \/(h, h)q, and let (K¢, (-,-)¢g) denote
the Hilbert space completion of (K, | - |g). Then W = (Kg)re and H = Kge
determines an abstract Wiener space (see, for example, exercise 17 on p.59 of [25]).
Letting C = R and
w(w, z) == Im(w, 2)q,

then G = (Kg)re X R equipped with a group operation as defined in (3.5) is an
infinite-dimensional Heisenberg-like group.

3.3. Finite-dimensional projection groups. The finite-dimensional projections
of G defined in this section will be important in the sequel. Note that the construc-
tion of these projections is quite natural in the sense that they come from the usual
projections of the abstract Wiener space; however, the projections defined here are
not group homomorphisms, which is a complicating factor in the analysis.

As usual, let (W, H, u) denote an abstract Wiener space. Let i : H — W be
the inclusion map, and ¢* : W* — H* be its transpose so that i*¢ := £ o i for all
£ e W*. Also, let

H,:={h€H:(,h)g € Range(i*) C H*}.

That is, for h € H, h € H, if and only if (-, h) g € H* extends to a continuous linear
functional on W, which we will continue to denote by (-, h) . Because H is a dense
subspace of W, i* is injective and thus has a dense range. Since H 3 h+— (-, h)yy €
H* is a linear isometric isomorphism, it follows that H, 3 h — (-,h)y € W* is a
linear isomorphism also, and so H, is a dense subspace of H.

Suppose that P : H — H is a finite rank orthogonal projection such that PH C
H,. Let {e;}7_, be an orthonormal basis for PH. Then we may extend P to a
(unique) continuous operator from W — H (still denoted by P) by letting

n
(3.6) Pw = Z(w, ;) HEj
j=1

for all w € W.

Notation 3.13. Let Proj(WW) denote the collection of finite rank projections on W
such that
(1) PW C H.,,
(2) Plg : H— H is an orthogonal projection (that is, P has the form given in
equation (3.6)), and
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(3) PW is sufficiently large to satisfy Hormander’s condition (that is, {w(A, B) :
A,B € PW}=C).
For each P € Proj(W), we define Gp := PW x C C H, x C and a corresponding
projection mp : G — Gp
mp(w,z) := (Pw,x).

We will also let gp = Lie(Gp) = PW x C. In the context of Section 2, note that,
for each P € Proj(W), Gp is a finite-dimensional connected unimodular Lie group
(in fact, gp is step 2 stratified) with H = PH and V = C.

3.4. Derivatives and differential forms on G. For xz € G, againlet L, : G — G
and R, : G — G denote left and right multiplication by z, respectively. As G is
a vector space, to each x € G we can associate the tangent space T,G to G at =z,
which is naturally isomorphic to G.

Notation 3.14 (Linear and group derivatives). Let f : G — C denote a Fréchet
smooth function for G considered as a Banach space with respect to the norm

|(w, )l =/ llwlFy + el

Then, for x € G, and h, k € g, let

f(x)h =0 f(z) = 4

g f(x +th)

0

and

f'(@) (h @ k) := OO f ().
For v,z € G, let v, € T,G denote the tangent vector satisfying v, f = f'(z)v.
If z(t) is any smooth curve in G such that x(0) = « and #(0) = v (for example,
x(t) = z + tv), then

d

2 og-x(d).

at,? x(t)

In particular, for x = e and v, = h € g, again we let E(g) := Lg.h, so that h is the
unique left invariant vector field on G such that h(e) = h. As usual we view h as a
first order differential operator acting on smooth functions by

- d
)@ = 4| s o)),
0
where o(t) is a smooth curve in G such that o(0) = e and 6(0) = h (for example,
o(t) = th).

Proposition 3.15. Let f : G — R be a smooth function, h = (A,a) € g and
x = (w,c) € G. Then

Lg*Uac =

I(x) = lygeh = (A,a + %w (w,A)) for allz = (w,c) € G

x

and in particular

(3.7) (A a)f(x) = f (2) (A,a +ow (w,A)) .

Furthermore, if h = (A,a), k = (B,b), then
(3.8) (ﬁi« f—kh f) = (. Kf.
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That is, the Lie algebra structure on g induced by the Lie algebra structure on the
left invariant vector fields on G is the same as the Lie algebra structure defined in
equation (3.4).

Proof. Since th =t (A,a) is a curve in G passing through the identity at ¢ = 0, we
have

B = | o) = )| (.0)- (4,0
di [(w+tA c+ta+ 2w(w A))]

( ,a+ wwA))

So by the chain rule, (hf)(z) = f'(z)h(z) and hence

@) = G| 7@ mE )
(39) =1/ (h@) @ k) + 1" () ) Fa-th),
where
| K th) = - (B,a—i—;w(w—&—tA,B)) - (0,;w(A,B)>.

Since f”(x) is symmetric, it now follows by subtracting equation (3.9) from itself
with h and k interchanged that

(Rief = kRf) (@) = £'(2) (0,0 (A, B)) = f'(@) Ih, K] = ([0, RS ) (2)
as desired. 0

Definition 3.16. A function f : G — C is a (smooth) cylinder function if it may
be written as f = F o wp, for some P € Proj(W) and (smooth) F: Gp — C.

The following lemma is Lemma 3.16 of [15]. We reproduce the proof here for the
reader’s convenience.

Lemma 3.17. Suppose that ¢ : H — C is a continuous linear map. Then for any
orthonormal basis {ej} _, of H the series

(3.10) > l(ej)@L(ej)eCaC
j=1

and

(3.11) D l(e)®e; eCRH
j=1

are convergent and independent of the basis.
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Proof. First note that, since dim(C) = N < oo, ¢ is Hilbert-Schmidt since it is
bounded and thus, for {f;}¥; an orthonormal basis of C,

Z 1€ (e5) @ £(ej)llcoc = Z 1€ (e5)lle
N

= ZZ firlle)s = 3" 1 b)) < 0.

i=1

This also shows that the sum in equation (3.10) is absolutely convergent. Similarly,
since {¢ (e;) ® e, }]Oil is an orthogonal set in C ® H and

dolete) @esliegn =D 1€ (es)lie < oo,
j=1 j=1
the sum in equation (3.11) is convergent as well.

Now recall that if H and K are two real Hilbert spaces then the Hilbert space
tensor product H ® K is unitarily equivalent to the space of Hilbert-Schmidt opera-
tors HS (H, K) from H to K. Under this identification, h® k € H® K corresponds
to the operator (still denoted by h ® k) in HS (H, K) defined by

H>hW = (hokh ={hhgkeK.
Using this identification we have that, for all ¢ € C,

ZE ej) ® L(e;) cfZK €;) ,c)C:ZZ(ejMej,E*c)C
j=1

o0

=/ Z (ej, l"c)qej | = c
j=1
and
dotleh@e;|e=> ej{lles), g = eilejlie)g =1L
o = =
which clearly shows that equations (3.10) and(3.11) are basis-independent. ]
Notation 3.18. For x = (w, c) € G, let v(z) and x(x) be the elements of goar @ gomr
defined by
(@) ==Y (0, (w,e;)) @ (e;,0) and
j=1
X(I) = Z (va (wﬂ ej)) ® (0,&] (’LU, ej))
j=1
where {ej} —, is any orthonormal basis for H. Both v and x are well defined by

Lemma 3. 17 taking ¢ = w(z,-).

The following proposition is proved in Proposition 3.29 of [15], although the
statement given there is for the elliptic case. Again, we reproduce the short proof
here for the reader’s convenience.
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Proposition 3.19. Let {ej};il be an orthonormal basis for H. Then, for any
smooth cylinder function f: G — R,

oo

L) =Y .0 1] ()

j=1
is well-defined and independent of basis. In particular, if f = Forp, x = (w,c) € G,
O 1s as in Notation 3.1 for all h € gon, and

Apf(z Za Gy f (@) = (ApuF) (Pw,c),

then
(3.12) Li(@) = (8af) @) + £'(0) (70 + x(2)).

where f" is as defined in Notation 3.1 and v and x are as defined in Notation
3.18.

Proof. Recall from equation (3.7) that

@ 0f0) = 1 @) (e, g lwep).

—_~—

where f’ is also as defined in Notation 3.14 Applying (e;,0) to both sides of this
equation then gives

@0 1) = ') (e g0 (w) ) & (5 g e )

= () (e, 0) 2 (e5,0)) + () (0,1 (0,6,)) & (e5,0))
1

.

1@ (0,0 (w, ) ® (0,0 (w, ¢;)))

wherein we have used that

6€jw("ej) =w(ej,e5) =0

and the fact that f”(z) is symmetric. Summing on j then shows that

> [0 1] @ Zf” ((6:0)® (e5,0) + £0) (1) + (o))

1
- Z%,mf #17@) (2 + ).
=1
which verifies equation (3.12) and thus shows that Lf is independent of the choice
of orthonormal basis for H. O
Similarly, we may prove the following proposition.

Proposition 3.20. Let {ej};il be an orthonormal basis for H. Then, for any
smooth cylinder functions f,g: G — R,

Z ((¢:0)7) @) ((e:0)9) @)
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is well-defined and independent of basis. In particular, if f = Fomp and g = Gomg
for P,@Q € Proj(W), x = (w,c) € G, 0y is as in Notation 3.14 for all h € gowm,
and

VHf Z 8(6J O)f ej ZVPHF(PIU,C),
then
I'(f,9)(@) = (Vuaf(x), Vag(x))n + i(f’(fﬂ) ® g (z))x(x)

F3(@ @ g @)+ @) @ f@)),

where [’ is as defined in Notation 3.14 and v and x are as defined in Notation
3.18.

Proof. Recall again from equation (3.7) that
(0 10) = 10 (e gotne)) = 1) (0.0 + 50w(weey))
= e, 0 (@) + 5 /()0 wlw, ;).

Thus,

-y {0000 1000, 09(0) + 51/@)0.6:)9 ()0, (0,55)

Jj=1

- %f’<x><o,w<w, DN (0.9 + 1/ @)0.(w,65)g ()0, (w,67) .

Note for example that

Zf (0.w(w, ;)9 (x)(e;,0))

Similarly,

Zf 0 w w, e]))g'(x)(O,w(w,ej))
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Thus, along with L and I, we are able to consider the following differential forms
which are well-defined for smooth cylinder functions f, g on G

Uy (f,9) =5 (LU (f,9) =T (f, Lg) =T (9, Lf)),

(
3+ () ().

Z:l

3 (f.9) =3 (LFZ(f, 9) —T?(f,Lg) —T%(g,Lf)).

Of course, for the finite-dimensional groups G p we may define the same forms for
f,g € C(Gp) as was done for more general finite-dimensional groups in Section
2. These will be denoted by Lp, I'p, I'; p, and F2 p- In particular, if {e;}? ; is an
orthonormal basis of PH, then

n

Lef =300 F and Totg) =3 (@e007) (ie0).
j=1

j=1

3.5. Distances on G¢j;. We define the sub-Riemannian distance on G¢jps anal-
ogously to how it was done in finite dimensions in Section 2. We recall its relevant
properties, including the fact that the topology induced by this metric is equivalent
to the topology induced by || - |lgow -

Notation 3.21. (Horizontal distance on Geoar)
(1) For x = (A,a) € Go, let
|2lgen, = IANE + llallE.
The length of a Cl-path o : [a,b] — Gy is defined as

/ |L —1(s)x ‘QCMd

(2) A Cl-path o : [a,b] — Gen is horizontal if Lyy-1,6(t) € H x {0} for
a.e. t. Let Céj}\} denote the set of horizontal paths o : [0,1] = G-
(3) The horizontal distance between x,y € Geoyy is defined by

d(z,y) :==inf{l(c) : 0 € Cél}f/[ such that ¢(0) = x and o(1) = y}.

The horizontal distance is defined analogously on Gp and will be denoted by dp.
In particular, for a sequence {P,}5; C Proj(W), we will let G,, := Gp, and
dn = dpn .

Remark 3.22. Note that if o(t) = (A(t),a(t)) is a horizontal path, then
. ; . 1 .
Loty 12610 = ((A(0.40) - 3(40). 4) ) € 7 x (0)

implies that o must satisfy

alt) = a(0) + 5 | w(A(9). A9) ds.

and the length of o is given by

/|Lg e \QCMds—/ 1A(s)]| 1z d.
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The following proposition is Propositions 2.17 and 2.18 of [19]. We refer the
reader to that paper for the proof.

Proposition 3.23. If {w(A,B) : A,B € H} = C, then there exist finite constants
K, = K1 (w) and K2 = Ko(N,w) such that

(3.13) Ki([|Al# + Vlalle) < dle, (A, a)) < Ks([[Allg + Vlallo),

for all (A,a) € gonp. In particular, this is sufficient to imply that the topologies

induced by d and || - ||g.,, are equivalent.

Remark 3.24. The equivalence of the homogeneous norm and horizontal distance
topologies is a standard result in finite dimensions. However, the usual proof of this
result relies on compactness arguments that must be avoided in infinite dimensions.
Thus, the proof for Proposition 3.23 included in [19] necessarily relies on different
methods particular to the structure of the present groups. Using these methods, we
are currently unable to remove the dependence on N = dim(C) from the coefficient
in the upper bound. The reader is referred to [19] for further details.

Lemma 3.25. Fiz Py € Proj(W) and let x € Gy = Gp,. Let {P,}>2, C Proj(W)
such that PoH C P,H for alln and P,|g 1 Ig. Then

dy (e,z) = d(e,z), asn — oo,
where d,, is the horizontal distance on G,, = Gp, as in Notation 3.21.

Proof. First, it is clear that, for any n and x,y € G,, d, (z,y) > d(z,y). In
particular, if x,y € G,, for some m, then z,y € G, for all n > m and d,, (z,y)
is decreasing as n — oco. Now let z = (w,c¢) € Gy, and consider an arbitrary
horizontal Cl-path o : [0,1] — Gcar such that o(0) = e and o(1) = g. Recall that,
by Remark 3.22, ¢ must have the form

olt) = (A<t>, 3/ W(A(s), A(s)) is).

For n € N, consider the “projected” horizontal paths o, : [0,1] — G, given by

1 .
on(t) = (An(t), an(t)) == (PnA(t), 5/ w(PpA(s), P,A(s)) ds) .
0
Note that A, (1) = P,A(1) = P,w = w, and let
I .
Eni=c—anp(l)=c— 5/ w(PpA(s), P,A(s))ds € C.
0
Then
dn(e,x) - dn(ea (wvc)) = dn(ea (wv an(l) + 5n)) = dn(ev ('LU, an(l)) ’ (Oagn))
Now, for any left-invariant metric d, we have that
d(e,xy) < d(e,xz) + d(x,zy) = d(e,z) + d(e, y).
Thus,
dn(e, ) < dp(e, (w,an(1))) + dn(e, (0,€n)) < L(on) + CV/|lenllc:
where the second inequality holds by (3.13) with constant C = C(N,w) not de-
pending on n. (Of course, the estimate (3.13) is stated for the horizontal distance

d on Gy and not dy, on G,,. However, the proof of (3.13) in [19] shows that
the same estimate holds for each dp with common coefficients K; and K, for all
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sufficiently large P € Proj(W). For the sake of brevity, we do not include that
proof here, but, roughly, the dependence on N of the coefficient Ko = Ks(N,w)
appearing in Proposition 3.23 is determined by a choice of {Ay, Bg}évzl C H such
that {w(As, Be)}, is a basis of C. By choosing {As, B¢}, C PoH C P,H, one
may find a constant K5 independent of n so that (3.13) holds with d replaced by
dy,. See the proof of Proposition 2.17 of [19] for complete details.)

Now, for any k > n, it is clear that ¢(c,) < £(o}), since

o) = [ NPaAG i ds = [ 5 [ (Ao e s

is an orthonormal basis of P, H. Thus, for all £ > n,

where {e;}7_,

(3.14) dn(e,z) < L(og) + C/|lenllc-
Dominated convergence implies that
hm l(oy) = hm / | PeA( Hds—/ |A(s)|| ds = ¢(0),

and thus allowing k — oo in (3.14) gives

dn(e,z) < L(o) + Cv/|len]lc-

Now taking the infimum over all horizontal paths in Gy such that o(0) = e and
o(1) = g implies that

dn(e,x) < d(e,z) + C/llenllc.
One may also show via dominated convergence that
1 ! . .
. / W(A(S), A(s)) — w(PaA(s), PyA(s)) ds
0

Thus, given an arbitrary € > 0, for all sufficiently large n,

dle,x) < d,(e,z) < d(e,x) +e.

=0.

n—oQ

hm llenllc = lim ‘
c

4. INFINITE-DIMENSIONAL COMPUTATIONS

Now given the structure of the infinite-dimensional Heisenberg-like groups and
their finite-dimensional projections defined in the previous section, we wish to con-
sider estimates like the ones discussed in Section 2. In the first subsection, we will
show that the desired curvature-dimension estimate (2.2) and commutation formula
(2.6) hold for the differential forms defined on G and G p. In the second section, we
then record the reverse inequalities and Harnack estimates that follow as a result.

4.1. Curvature-dimension bounds and commutation relations. In this sec-
tion, {e;};-, and { fg}évzl will denote orthonormal bases for H and C respectively,
where N = dim(C). Let ||w||2 denote the Hilbert-Schmidt norm of w : H x H — C
as defined in Notation 3.5. That is,

2 2
1wll2 = w2 o0 = an eires)lle = ZZ

i,j=1 i,j=1¢=1
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As w is a continuous bilinear operator on W, Lemma 3.7 implies that w is Hilbert-
Schmidt and so [jw||2 < 0.

For the rest of this section, we also fix P € Proj (W) and let {e;}!, denote
an orthonormal basis of PH. Let |jw]||2,p denote the Hilbert-Schmidt norm of w
restricted to PH, that is,

loll3,p = Z lew (e, e5) 116 = Z Z w (i €5), fo)-

i,7=1 i,j=14¢=1

‘We will also let

2 N
w(eise;), foycze | - E x%zl and
(=1

Sl (5

M= 7
SRS

p2,p :=inf

2 N
. 2 _
ez,e] f@ cxy : E ;=1
é:l

Remark 4.1. Note first that, given that [PW, PW| = C, it must be that ps p > 0.
One way to see this is to let F : RN — R be given by

(4.1) F(z) = F(z1,...,an) = Y (Z(w(ei,ej),fg>cmg> .

ij=1 \f=1

Then F is a continuous function on R and so attains its minimum on the compact
set ||z|| = 1. Thus, if po p = inf| =1 F(z) = minj, = F(z) = 0, there exists
x € RY such that w(e;, ej)-x = 0for all 4, j. That is, z is simultaneously orthogonal
to all w(e;, e;) and so {w(e;,e;)}}';—; can not span RN =~ C.

One may also see that ps p < ||w]|2,p and p2 < |w||2. Furthermore, let {P,}52, C
Proj(W) be an increasing sequence of projections such that P,|g 1 Ig. Let A,
be an increasing sequence of orthonormal bases for the P, and define F;, analo-
gously to (4.1) for each P,. Then, for each z, the function F,,(z) is increasing in
n, and therefore py p, is an increasing sequence. This together with the fact that
p2.p, < p2 for all n imply that ps p, must converge. In particular, it is clear that
p2.p, T p2. It is also clear that ||w||2,p, T ||w||2-

We will need the following computational lemmas.
Lemma 4.2. For any smooth cylinder function f,
z - e 2 21z
pal% (1) < 3 (0,0 ene))f) < Jwl3D% ().
i,j=1
Similarly, for any f € C>*(Gp),
z - ey 2 2 1z
p2el? (1) £ 3 (0w (ene)f) < wl3 pT? (F).
i,j=1

Proof. We will prove only the first set of inequalities, as the second proof is ob-
viously parallel. The upper bound follows from the Cauchy-Schwarz inequality,
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since
> (0wenes) =3 <Z< (civej) f)e (0 fe)f)
i,j=1 1,7=1 \4=1
<y (Zwez,eg ) (Z(o fo)f) ) w307 ()
i,j=1 \4=1 /=1

To see the lower bound, simply note that

0 o e N 2
> (O0.0@ens) =3 <Z< @ (eies), fi)e (0, fe)f) > pal? (f).
ij=1

i,j=1 \¢=1

Lemma 4.3. For any smooth cylinder function f,

c© N 5
ZZ(GW Ofg ) and

j=1¢=1

> <Z ¢i,0)(0 c:(;:ej))f> < |lwl3TF (f)-

Jj=1

Similarly, for any f € C*(Gp),

F2P ZZ(e], Ofg )2 and

(Z@To/)mﬁe?ej))f) < [l pPZr ()

Proof. We find T'4 (f) by a straightforward calculation:

rf (f) = ;fj 2%(@& ) ZZ(M )(om(ej, >2f)
=;;{(<ej,0><o,fz>f) +((0.0)1) (( 0) (0, fz)f)}
-3 (0700) (@700 1)
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—_~—

where we have used that (0, f;) and (e;,0) commute by equation (3.8). The Cauchy-
Schwarz inequality then implies that

Z( )(0, f(efemf)

2l

M “M8
M8
Mz

o enes) fie ﬁmf)

(w(esey), ) <ZZ( (e:,0)(0, fz ) ) = w375 (f) -

i=1 ¢=1

1/¢=1

M8
] =

=1/

1
(]

Lemmas 4.2 and 4.3 combine to give the desired curvature-dimension bound.

Proposition 4.4. For any v > 0 and smooth cylinder function f,

42) o (1) + 017 () = 2207 () - Bl .

Similarly, for any v > 0 and f € C>*(Gp),

Fz,P(f)-l—uI‘QZ)P(f)Z'OZP Z(f) = [|w ‘I‘/QPFP(f)

Proof. Again, we prove only the first inequality. To do this, we first use Lemma

—_~—

—_ 2
4.2 and the commutation relation in (3.4) to estimate Y ;- =1 ((ei,O)(ej, O)f) . In
what follows, we also use the antisymmetry of the form w.

oo

3 (f0ien0r)

-3 (mm;mmﬂéwﬁeﬁjmf

5 (EOEBLEIED, Y 15 (o)
T3 Zl(e“ (e,0)f + (e3,0)(e,0)f ) (0. (esre))f)

- Zl< N)gmmffﬂil (0.0 Cres)’

I3+ L f; (OcCrens)’

where

—~—— ——~— —~—— ——~—

> e;,0)(e;,0)f + (e;,0)(e;,0
Z( )( )f2( )(ei, 0)f

Vi =

4,j=1



28 BAUDOIN, GORDINA, AND MELCHER

denotes the symmetrized Hessian. Thus by Lemma 4.2

@3) VAR + 202 (1) < 3 (len0)ien0)f) < 1932+ Bl (g

4,5=1

Now we want to compute I'y (f). The first term is simply

X ~—2 e~ —~—— \2
300 = 3 (00 (6.07) .08 + (0ie0r)
ij=1
The second term may be expanded by applying (3.4) twice as follows
O~ 2 —
v =3 (€000 1) .01
ij=1
=S <ez, /e;/)f> (5,00 =2 ({(e,0)(0, (e5, )1 ) (€5,0) .
1,7=1
Thus, by the lower bound in (4.3) we have that
P (f) = 3 (LT (7) — 20 (£, L)
=Y (@00 0f) +2 Y (@ 00.06e)s) 0
i,j=1 ,j=1
@8 IR 2T ()+2 Y (005 Cre)f) (o0
,j=1

The Cauchy-Schwarz inequality now implies that for any v > 0

2| 3" ((en 00, (erre)))f) (e, 0)f
oo o 1 o0
SVZI<Z e;,0 Owe“ej ) ;Z(ej, )
(4.5) <wl|wl3TF (f) + ;1“ (f)

where the last inequality follows from Lemma 4.3. Combining (4.4) and (4.5) then
gives

1
(4.6) Do (f) + vIwl30F () > VRS2 + 5207 (F) = ~T (f)
> 2207 (f) - ST ().
Finally, taking v to be m yields (4.2). d

Remark 4.5. In the finite-dimensional case, one could use the Cauchy-Schwarz
inequality in (4.6) to give a lower bound on ||[V% f||* by (Lf)? with a coefficient
depending on dim(H). Such an estimate standardly leads, for example, to Li-Yau
type Harnack inequalities and bounds on logarithmic derivatives of the heat kernel.
See for example [2, 8, 27].
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We now prove that the desired commutation formula holds trivially on G and
Gp.

Lemma 4.6. For any smooth cylinder function f on G,

L(f,T7(f)) = TZ(f,T(f))-
Similarly, for any f € C*(Gp),

Proof. The proof is a straightforward computation.

FLﬁFZ(ﬂ)=:§i(0a7®f)(@;FiFZ(f»

-3°3 (o) (@0 (@s)')

QV
H

j=1¢

o33 (@) (0:705) ({00, 707)
j=11¢=1

oS (0705) (s (o0 (0501))
j=11¢=1

=7 (£,T(f)),

—_~—

where we have again used the commutativity of (e;,0) and (0, f;) in the penultimate
equality. The computation for the second equality is completely analogous. ([

4.2. Functional inequalities on Gp. Again note that for any P € Proj(W),
Gp = PH x C is a finite-dimensional step 2 stratified Lie group. If {e;}7_; is a

—~—

orthonormal basis of PH, then {(e;,0)}}_; is a Hormander set of vector fields on
G p. Thus we may apply the results of Section 2 to Gp. In particular, by Proposition
2.5, the curvature bound for Gp found in Proposition 4.4 implies the following

2
reverse Poincaré inequality holds on all Gp. Here, we let Lp = 3°7_, (¢;,0) and
{PF}i>¢ denote the associated semi-group. Also, define the function classes Cp

and C;S analogously for Gp as was done in Notation 2.3.

Proposition 4.7 (Reverse Poincaré inequality). For any P € Proj(W), T > 0,
and f € Cp,
8llwl3, p

Co(PES) + po o TVA(PES) < — 22— (PE() — (PEF).

In particular, the following reverse Poincaré inequality holds

8HWH§,P

+
Do(PES) < —0—(PE() = (PF ).

Similarly, Theorem 2.7 implies that Proposition 4.4 coupled with the commuta-
tion relation of Lemma 4.6 give the following reverse log Sobolev inequality on all

Gp.
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Theorem 4.8 (Reverse log Sobolev inequality). For any P € Proj(W), T > 0,
and f € C;F,

8llwll3.p

Tp(In PEf) + po,p TT%(In PE f) < —L22 (P%D (fIn /)

Py f

7 —InPF f)
In particular, the following reverse log Sobolev inequality holds

8llwli3, p

T Pfs) < ——p2r—

Pf(fInf)
PEf

1nP;3f) :

The combination of Proposition 2.10 with the reverse log Sobolev inequality
found in Theorem 4.8 implies that the following Harnack type inequalities hold on
each Gp.

Proposition 4.9 (Wang type Harnack inequality). Let P € Proj(W). Then, for
allT >0, z,y € Gp, f € L>®(Gp) with f >0, and p € (1,00),

» » 8llwll3.p \ pd3(x,y)
(PEFY(@) < PES (y)exp<<1+ . ) il 1)T>.

5. HEAT KERNEL MEASURE ON (G AND A QUASI-INVARIANCE THEOREM

In this section, we show how the Wang type Harnack inequalities on G p obtained
in the previous section lead to the quasi-invariance of the subelliptic heat kernel
measure on G. First, we must of course define the heat kernel measure on G, which
we define as the end point distribution of a Brownian motion.

5.1. Brownian motion on G. We define a “subelliptic” Brownian motion {g: }:+>0
on GG and collect various of its properties. The primary references for this section
are Sections 4 of [15] and [17] and Section 2.5 of [19]. Any statements made here
without proof are proved in these references.

Let {B;}+>0 be a Brownian motion on W with variance determined by

E [(Bs, h) g (B¢, k)] = (h, k) g min(s, t),

for all s,t > 0 and h, k € H,. The following is Proposition 4.1 of [15] and this result
implicitly relies on the fact that Lemma 3.7 implies that the bilinear form w is a
Hilbert-Schmidt.

Proposition 5.1. For P € Proj(W), let MF denote the continuous L?-martingale
on C defined by

t
MP:/ w(PBy,dPBy).
0

In particular, if {P,}32, C Proj(W) is an increasing sequence of projections and
M = Mtp", then there exists an L*-martingale {M;}>o in C such that, for all
p € [l,00) and t > 0,
: . n_ | _
Jim E [T;E’ [ M MTIC} 0,

and My is independent of the sequence of projections.
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As My is independent of the defining sequence of projections, we will denote the
limiting process by

t
Mt:/ w(Bs, dBsy).
0

Definition 5.2. The continuous G-valued process given by

1 1 [t
gt = (BtaMt> = (Bt7/ w(BS7dB6)>
2 2 Jo

is a Brownian motion on G. For t > 0, let vy = Law(go;) denote the heat kernel
measure at time 2t on G.

We include the following proposition (see [19, Proposition 2.30]) which states
that, as the name suggests, the Cameron-Martin subgroup is a subspace of heat
kernel measure 0.

Proposition 5.3. For allt >0, v,(Gon) = 0.
Proposition 5.1 along with the fact that, for all p € [1,00) and ¢ > 0,

m E {sup 1B — PnBT’;V} =0
<t

li
n—oo
(see for example Proposition 4.6 of [15]) makes the following proposition clear.

Proposition 5.4. For P € Proj(W), let g’ be the continuous process on Gp
defined by

1 t
gf = (PBt,2/ W(PBS7dPBS)> .
0

Then gf is a Brownian motion on Gp . In particular, let {P,}52; C Proj(W) be
imcreasing projections and gy = gf". Then, for allp € [1,00) and t > 0,

i © |sup g7 .15 =0,

n—o0 <t
Notation 5.5. For all P € Proj (W) and t > 0, let v/ := Law(g4,), and for all n € N
let v := Law(g4,) = Law(ga").

Proposition 5.6. Let L be as defined in Proposition 3.19. Then we will call L the
subelliptic Laplacian, and %L is the generator for {g:}1>0, so that, for any smooth
cylinder function f: G — R,

1

fla) =3 [ Lria)as

is a local martingale.

Corollary 5.7. Let f = Formp be a cylinder function on G such that F € C*(Gp)
and there exist K > 0 and p < oo such that

[E(h, ) + [F' (B, )l + [|F7 (R, )| < KA+ (Al pa + llellc),
for all (h,c) € Gp. Then

Blfa)] = 5(6)+ 5 [ BULA(@))ds
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That 1is,

w(f) = /Otfdus — f(e) +/Ot vo(Lf) ds

is a weak solution to the heat equation

Owwy = Ly,  with limyy = be.
10
For all projections satisfying Hormander’s condition, the Brownian motions on
Gp are subelliptic diffusions and thus their laws are absolutely continuous with
respect to the finite-dimensional reference measure and their transition kernels are
smooth. The following is Lemma 2.27 of [19].

Lemma 5.8. For all P € Proj(W) and t > 0, we have v}’ (dx) = pf (x)dz, where
dx is the Riemannian volume measure (equal to Haar measure) and pf(x) is the
heat kernel on Gp.

5.2. Quasi-invariance and Radon-Nikodym derivative estimates. For now,
let us fix P € Proj(W), and recall that by Proposition 4.9, for all T' > 0, z,y € Gp,
f>0,and p € (1,00),

8llw 2 2 T
(Pf f)P(z) < PF fP(y) exp <<1 + HpQ"';’P) fép( 1)%) '

Then Lemma 2.11 implies that this estimate is equivalent to

pP(y,2) 1Y Pl s . . 8llwll3.p \ pd3(z,y)
(/G {pi(w,z)} Pr(e, )d> sep ||\ p2.p ) 4p-1)T

where pF is the heat kernel on G'p. In particular, for p € (1,2) and ¢ =1/(p—1) €
(1,00), this implies that

Phwa] e N 8lwli3.r | (1+ g)d ()
1) </G L??(%ZJ pri®, )d> = p<<1+ p2,p ) AT )

Using the properties of heat kernels on finite-dimensional groups given in Lemma
2.1, we have that

] e [

Then, for x = e, we may rewrite inequality (5.1) as

Ploy—1)14 1/a w2 2 (.
(5.2) (/G [%] p1(2) dz) < exp ((1 + 8||p2|,p7P> (1+ QBLC;P( J/)) '

Now, for y € Gp, again we let R, : Gp — Gp denote right translation. Then
v} o R, " is the push forward of vy under R,. For fixed T > 0, let J}, denote the
Radon-Nikodym derivative of v£ o R, ! with respect to v&. Then (5.2) is equivalent
to

. 8l
(5.3) [Pl La(ap ey < exp ((1 +

p2.p 4T

w §,p> (1 +Q)d?>(e7y)> .
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Alternatively, again using the properties of pZ described in Lemma 2.1 and the
translation invariance of Haar measure, we could write

[ [ e = [ o] st
r(

/G{ pg{;(zfzq pr(2) dz.

Then taking z = e and combining this with the inequality (5.1) gives

pRy12) 71 Ha 8lwl3.p\ (1+ q)d3(e,y)
(/G[ pr(2) } p?(z)dz) SeXp<<1+ p2.p > 4TP )

which is equivalent to the left translation analogue

2 2
1+ q)d3 (e, y)
54 Jl < 1 s ( P )
(5.4) I pllm(cp,vﬁ—exp(( + p2,p ) 4T 7

where L, : Gp — Gp is left translation, V{: o L; 1ig the push forward of 1/713 under
L,, and J% denotes the Radon-Nikodym derivative of v£ o L, ! with respect to vr.
Such estimates on the finite-dimensional projection groups G p may be used to
prove a quasi-invariance theorem on the infinite-dimensional group G. The following
proof is analogous to the proofs of Theorem 7.2 and 7.3 in [16]. Similar methods
were also used for the elliptic setting in loop groups in [13], in infinite-dimensional
Heisenberg-like groups in [15], and in semi-infinite Lie groups in [30].

Theorem 5.9 (Quasi-invariance of v;). For ally € Gopyr and T > 0, vr is quasi-
invariant under left and right translations by y. Moreover, for all q¢ € (1,00),

d R 8 2 1 d2?
(5.5) <Tdi> < exp ((1+ |w||2>< +qiT<e,y>>
= LG vr) P2
and
d L1 2 1 2
‘<d> <o ( (14 ) (2 )Ple)),
= L(Gvr) P2

Proof. Fix T > 0 and Py € Proj(W). Let y € Gy and {P,,}22, be an increasing
sequence of projections such that PoH C P,H for all n and P,|g 1T Ig. Let
Jy, == Jp denote the Radon-Nikodym derivative of v o R/ 1 with respect to V2.
Then by the previous discussion and (5.3), we have

) Bllwlizn | (1+q)dz(e,y)
1Tl za(Gn gy < exp ((1 T o ar ’

where we let ||w]|2,n = ||w||2,p, and p2., = p2.p, -
By Proposition 5.4, we have that for any bounded continuous f on G,

(5.6) / fdvr = lim f oy dvp,
G

n—o0 G
n
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where i, : G,, — G denotes the inclusion map. Note that

/ (F 0 i) ()| duh(z) = / T (@) 0 i) (@) dvi(a)
Gp

n

2
| S\ L+ q)d2(e,y)
< foinllpe (@, vy exp ((1 o ) = |

where ¢’ is the conjugate exponent to q. Allowing n — oo in this last inequality
yields

w 2 2 e
61 [ 1 anldon(e) < 1 gy oo (14 212 ) BT

by Lemma 3.25, Remark 4.1, and equation (5.6). Thus, we have proved that (5.7)
holds for f € BC(G) and y € Upcprojow)Gp. As this union is dense in G' by
Proposition 3.23, dominated convergence along with the continuity of d(e,y) in y
implies that (5.7) holds for all y € Goa.

Since the bounded continuous functions are dense in LY (G, vy) (see for example
Theorem A.1 of [24]), the inequality in (5.7) implies that the linear functional

@y : BC(G) — R defined by
— [ taw dvr(a)
G

has a unique extension to an element, still denoted by ¢,, of LqI(G,VT)* which
satisfies the bound

oD < 1y 5D ( (1 n

Bllwll3 \ (1+q)d*(e,y)
P2 ) AT )

for all f € LY (G, vr). Since LY (G, vr)* = LI(G, vr), there then exists a function
Jy, € LY(G,vr) such that

(5.8) oy(f) = /G (@)1 () dvp (),

for all f € LY (G,vr), and

S 4+ 9e))

15 ) < exp (14 22 )¢

Now restricting (5.8) to f € BC(G), we may rewrite this equation as

(5.9) /f ) dvr(zy™") /f )y () dvr ().

Then a monotone class argument (again use Theorem A.1 of [24]) shows that (5.9)
is valid for all bounded measurable functions f on G. Thus, d(vp o R;')/dvr exists
and is given by J!, which is in L? for all ¢ € (1,00) and satisfies the bound (5.5).
A parallel argument employing the estimate in (5.4) gives the analogous result
for d(vp o L, ')/dvp. Alternatively, one could use the right translation invariance
just proved along with the facts that vp inherits invariance under the inversion map
y +— y~! from its finite-dimensional projections and that d(e,y~!) = d(e, y). a
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We may now observe that, by the proof of Lemma 2.11, we have the following
Wang type Harnack inequality on G. For T'> 0, € G, and f € L (G, vr), let

Prf(@) = Blfagar)) = | flen) dura).
where {zg;}+>0 is Brownian motion on G started at z.

Corollary 5.10 (Wang type Harnack inequality on G). Then for all T > 0 and
x,y € Gom, [ € L™®(G,vr) with f >0, and p € (1,00)

p p 8||w||§) pd?(zyy))
(Priy @ < P ( (14 H22) 2R,

Our final result is the following corollary which concerns two points. First, we
are interested in the smoothing properties of the semi-group Pr in the absence
of a reference measure. One way to approach this is to use a method similar to
the proof of [35, Theorem 1.1]. A significant difference is that in [35] and some
related work, the proof that the semi-group is strong Feller uses not only Harnack
type inequalities, but also a version of Girsanov’s theorem for the solution of the
stochastic differential equation they consider. Note that we do not presently have
path space quasi-invariance available in our degenerate case. The second point
concerns the fact that the semi-group has smoothing properties, but only on the
Cameron-Martin subgroup which has the heat kernel measure 0 as has been shown
in [19, Proposition 2.30]. This is an infinite-dimensional phenomenon. In the flat
abstract Wiener space setting such a phenomenon has been observed in [1]. In
the context of holomorphic functions on complex abstract Wiener space it has
been proved in [32, 33] and on complex infinite-dimensional groups in [11, 15, 18].
The importance of the strong Feller property for probabilistic potential theory in
infinite dimensions has been discussed in [21]. Also, in [22] those authors explore
the implications of a weaker version of the strong Feller property in a hypoelliptic
setting.

Corollary 5.11 (Feller skeleton). For all T > 0 and bounded continuous functions
f on G such that f >0, (Prf) (y) = (Prf) () as d(z,y) = 0 for z,y € Gen.

Proof. Fix T > 0 and Py € Proj(W). Let y € Go and {P,}72; be an increasing
sequence of projections such that PyH C P, H for all n and P,|g 1 Ig. Then, for
Pr = PI{D” and p7 = pg",

[ (Prf) (y) = (PEf) (2) | S/G f (@) lpr (2, 2) = pp (y, 2) |d=

< 1 fllo / P (2, 2) — P (3, 2) |d.

n

We also have that




36

by

BAUDOIN, GORDINA, AND MELCHER

(5.1) with ¢ = 2. By (5.6) we may show that for any z,y € Goum
((Prf)(@) = (Prf) ()]

171 (owp ( (1 B2 200000 )

Sl 3¢z, y) Sl 3¢(a.)
2 1 2 ’ 1 2 )
171 (1 Sl ) S o (1 ) ATLR0)),

IN

IN

since ¥ — 1 < ze® for any > 0. It is clear that the right-hand side tends to 0
when d (z,y) — 0. O
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13.
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