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The Hypoelliptic Heat Kernel of Infinite-dimensional Lie Groups:
Heisenberg-like Quasi-invariance and the Taylor Isomorphism

Donnelly Kevin Phillips

(ABSTRACT)

The Gaussian distribution on R"™ translates to infinite-dimensional (separable)
Banach spaces by assuming the structure of an abstract Wiener space. The equivalent
of the Gaussian distribution on Lie groups is called the heat kernel measure, named
for its connection to a version of the Lie group equivalent of the heat equation. In
this work, we will investigate combining these ideas to define what it means for G to
be a (simply connected graded nilpotent) abstract Wiener Lie group. We will impose
2 major complications. Firstly, we restrict our attention to the hypoelliptic setting,
in which the diffusion is only infinitesimally generated by a subset of the possible
directions, called “horizontal” directions. Secondly, we allow for the possibility that
there are infinitely-many “vertical” directions. Imposing both of these restrictions
simultaneously complicates the analysis, and will require specifying a generalization of
the Hérmander (bracket-generating) condition. Presented here are 2 primary results.
The first is a quasi-invariance result for Heisenberg-like groups, meaning that we
restrict to when G is nilpotent of step-2. There, we show that, under the right
conditions, the infinite-dimensional heat kernel measure is invariant under shifts of
a certain group, which we call the Cameron-Martin subgroup. The second result
is a Taylor isomorphism that allows for G to be of arbitrary step. It provides a
classification of the “L? holomorphic” functions on G. While there are a number of
works that illustrate similar results, this work is the first to show such results for
infinite-dimensional hypoelliptic diffusions in the presence of infinitely-many vertical
directions.
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Chapter 1

Common Notions

1 Introduction

The R-valued Gaussian distribution is a pivotal object of probability theory. It plays
a role in the solution to the heat equation, while also approximately describing the
distribution of a random walk on R with independent steps. But consider that the
notions of heat and random motion are concepts that readily apply to other types
spaces. For example, one can consider infinite-dimensional vector spaces. A vector
space equipped with a nondegenerate Gaussian measure is called an abstract Wiener
space. Such spaces can model data that is considered “high-dimensional” or consisting
of many components. Additionally, this also applies to the path space of a random
walk, where one tracks every position at every time-step, rather than just the endpoint
distribution. Every abstract Wiener space has a Hilbert subspace called the Cameron-
Martin subspace, whose inner product determines the Gaussian distribution, and it
plays a critical role in its analysis.

On the other hand, one can consider “curved spaces,” like manifolds or Lie groups.
These spaces (when given a Riemannian structure) are equipped with a distribution
called the heat kernel measure, named for its connection to (the Riemannian manifold
equivalent of) the heat equation. Such spaces are capable of modelling data that has
dependency. For example, a random 3-D orientation can be realized as a random
element orthogonal 3 x 3 matrix, and while such objects are naturally 9-dimensional,
they only exhibit 3 degrees of freedom, the other 6 entries being determined via
(nonlinear) relationships with the first 3 (indeed, the set of possible orientations can
be realized as SO(3), a 3-dimensional Lie group). It stands to reason that data
that both is high-dimensional and exhibits dependencies could be modelled by a
distribution on a space that is both infinite-dimensional and curved.

The aim of the research presented here is to investigate the heat kernel distribution
of infinite-dimensional simply connected nilpotent Lie groups. Contrary to much of
the previous research, we impose 2 complications. Firstly, we restrict our attention
to the hypoelliptic heat kernel, meaning that our distribution only “spreads” in a
subset of the possible directions. Secondly, we allow for the possibility that there are
infinitely-many other directions, called “vertical” directions. To impose both of these
restrictions causes complications (even the definition of the heat kernel distribution



itself is less obvious), for which previous methods of analysis do not suffice. To the
best of the author’s knowledge, this work is the first of its kind to explore this setting
in the Lie group context.

It will be reiterated in Section 4 and Section 9 that there are 3 spaces that appear
in our analysis:

1. G, an (simply connected graded nilpotent) abstract Wiener Lie group, with
heat kernel distributed element ¢g; and distribution v;.

2. goum, the Cameron-Martin subalgebra with Lie bracket [-, -].

3. Gow, the Cameron-Martin subgroup with a horizontal (Carnot-Carathéodory)
metric d.

In the presence of infinitely-many vertical directions, it is possible for all 3 of these
spaces to be different sets from one another.

There organization of this thesis is the following. Chapter 1 will introduce some
of the common background, theory, and notions that this work will use. Included
are notes on Hilbert space tensor products, weakly Hilbert-Schmidt maps, abstract
Wiener spaces, Lie groups, and the Héormander condition. It is also there that we will
provide a generic definition for simply connected nilpotent abstract Wiener Lie groups
and provide examples. Chapter 2 will prove a quasi-invariance result, which can be
interpreted as a smoothness result for the heat kernel measure v;. There, in order to
implement generalized curvature-dimension bounds, we assume that our Lie group is
“Heisenberg-like” (simply connected graded nilpotent of step 2). Chapter 3 will prove
a Taylor isomorphism, which classifies the space of “L? holomorphic” functions. This
is achieved under the assumption that our construction is simply connected, graded,
nilpotent, and complex.



2 Background

2.1 Hilbert space constructions

For the entirety of this work, even if not explicitly stated, we will assume that all
Hilbert spaces are separable (and thus possess a countable orthonormal basis).

2.1.1 Some functional analysis

Recall, for example from [Rud91], that the unit ball of a real Hilbert space is weakly
compact. Aside from this, we will also make use of results below, which, while they
are well-understood, are not always explicitly stated in literature.

Proposition 2.1. For a bounded linear operator between Hilbert spaces, T : H — Z,
T is bounded below if and only if T is surjective.

Proof. First recall that an operator T is invertible if and only if T* is invertible, for
TS = ST =1 if and only if T*5* = S*T™* = I. Now suppose T* is bounded below,
meaning that there exists a constant ¢ > 0 such that, for all z € Z, ||T*z||g > c||z]| 2.
If T*(z,) converges to some h € H, then ||z, —zp ||z < 2T (20)=T* (2| 1, 50 (21 )nen
must be Cauchy, and hence convergent to some z € Z, for which the continuity of
T* implies T*(z) = h. This shows us that im(7™) is a closed subspace of H. Since
T* being bounded below implies that 7™ is injective, we have that T* : Z — im(T™)
is invertible, so that T : im(7*) — Z is invertible, and hence T" : H — Z must
be surjective. Conversely, T being surjective implies T : ker(T)* — Z is (by the
open mapping theorem) an invertible operator, which implies T* : Z — ker(T)* is
invertible, and hence bounded below. Indeed, we have

Izlz = 1T T2l z < |7 T2l

]

Proposition 2.2. Suppose v, € H is a bounded sequence such that, for a dense
collection J C H*, for all a € J, a(v,) = «a(v). Then v, converges weakly to v.

Proof. Say ||v,||lg < C forall n € N. Let o € H*, so there exists a sequence (v, )men
in J such that o, — « (in H*). Then, for any m € N,

Tim|a(v,) - a(v)

IA

lim (}(a — ) (0)] + | (0n) = A (0)] + [(Om — a)(v)|>

n—oo

2C||ae — v

IN

e M |, (v,) — i (0)]
n—oo

20| — o | g -



Then for this to be true for all m € N implies that lim,_, |@(v,) — a(v)| = 0, which
implies the desired weak convergence. [

2.1.2 Tensor products

Given real or complex Hilbert spaces K;, K3, we may take the (real or complex)
algebraic tensor product of Ky and K5 consisting of finite sums of simple tensors, or
formal pairs of the form h ® k, which satisfy for all hy, ky € Ky, ho, ko € K5, and «
(in R or in C),

hy @ ho +hy @ ky = hy ® (hy + ks)

hi @ ho+ ki @ hy = (h1 + k1) ® hy
(ah1) @ hy = h1 ® (ahy) = a(hy ® hy)

We may define an inner product as the unique (real or complex) bilinear map satis-
fying
(h1 @ ha, k1 @ ko) yor, = (ha, K1)k, (R, ko) iy

which determines a norm. We refer to the closure with respect to the norm as the (real
or complex) Hilbert space tensor product of K; and K,, simply denoted as K; ® K.
If {e1}jen, and {es;};en, are orthonormal bases of K; and K, respectively, then
{e1;, ® eQ,jQ}(jl7j2)€Ale2 is an orthonormal basis of K; ® K,. Given Hilbert spaces
Ky,..., Ky, we may naturally inductively define the N-fold Hilbert space tensor
product K; ® ... ® Ky. See [Jan97, Appendix E| for more information.

One useful example is the following: for any real (or complex) Hilbert space K, let
L?([0,1], K) denote the square-integrable measurable functions from [0, 1] to K with
typical L? inner product. Then L?([0,1], K) = L*([0,1],R)® K (or L*([0,1],C)® K).
See, for example, [Jan97, Example E.12].

2.1.3 Hilbert-Schmidt and weakly Hilbert-Schmidt maps

Recall that, for N € N, a continuous real- or complex-linear map M : H — K is
called Hilbert-Schmidt if, given orthonormal bases {e;}jeca, and {f;};ea, of H and
K respectively,

Z HM(eﬂ)”i{ - Z Z |<M(6j)afe>1<|2 < 00.

We will let HS(H, K) denote the set of Hilbert-Schmidt maps H — K. The set
of Hilbert-Schmidt maps naturally have a norm determined by the following real or



complex inner product:
(My, Ma) sy = ) (Maleg) Males))

JEAH

— Z Z<M1(ej)7fZ>K<M2(eJ>7f£>K

JEAH LeEAK

For real Hilbert spaces H and K, we have a natural identification of HS(H, K) with
(H®K)* via H® K > h®k v (k, M(h))r € R, and thus a natural identification of
HS(H,K) with H® K.

Consider the following estimate.

Proposition 2.3. For Hilbert spaces A,B,C, if T : A — B is Hilbert-Schmidt
and L : B — C s linear continuous, then L o T is Hilbert-Schmidt, and satisfies
IL o T|lnsc) < Ll el T rsa,n-

On the other hand, if T : B — C' is Hilbert-Schmidt and L : A — B is linear
continuous, then |T o L||gs,cy < ||T||us,0)l| Ll a,5-

Proof. Let {a;}jen,, {bj}jens, {¢j}jens be bases of A, B, C respectively. Then

1L o Tllusey = Y ILT(@)lE < ) ILIE T (@)l

JEAA JEAA

which proves the first inequality. For the second,

1T o Lllasac) = ZHTL a;)lle = ZZITL ar), ceel”

=1 /=1
=) > Kaw, LT (cy)) ZHL T*(co) |14
j=1 ¢=1
<N A INT*(e)B = IL1AE DD HT(be), code
(=1 (=1 k=1

= LI 51Tl s5.0) -
O

More generally, a we say that a multilinear map M : K1 x ... Ky — K is Hilbert-
Schmidt if, given orthonormal bases {e,;};ea, of K,, we have

N
Z Z HM(‘fl,ju---,eN,jN)Hi( < 00.

n=1 anAn



Hilbert-Schmidt maps will always have a continuous linear extension to the tensor
product K1 ® ... ® Ky — K. In fact, as before, there is a natural identification of
the set of such Hilbert-Schmidt maps with elements of K1 ® ... ® Ky ® K.

If K is finite-dimensional, a multilinear map having an extension to K; ® ... ®
Ky — K is equivalent to being Hilbert-Schmidt. We will now characterize this
property of multilinear maps in a way that allows K to be infinite-dimensional. This
and other information on weakly Hilbert-Schmidt maps is provided in [KR97, section
2.6].

Proposition 2.4. Given any Hilbert spaces K, Ky, ..., Ky with orthonormal basis
{en;}tjer, C K, and any real (complex) multilinear map M : Ky x ... x Ky — K,
M having a linear continuous extension M : Ki®...0 Ky — K is equivalent to the
existence of a constant C' € R such that

N
ST [ Meryy s eng x|’ < Cllollk

n=1 jn€Apn

or equivalently,

N
C = sup Z Z |<U7M(61,j17"'?eNJN)>K’2 < 00.

loll k=1 n=1 jnEAp

We refer to this criterion as being weakly Hilbert-Schmidt. Furthermore, the
extension M is surjective if and only if there exists a constant ¢ > 0 such that

N
(0, M(erj,-ena Vx| > cloll%,
> | i )

or equivalently,

N
co= inf Y M (0, M(erjy,- . engy )x|” > 0.

v||g=1
Ioll=1 &

Proof. First assuming the existence of the constant C, we will define a map W : K —
Ki®..® Ky as

N
WU - Z Z <U7M(617j17"‘76N7jN>>K elvjl ®®€N"]N ’

n=1 jn€Ap



Indeed, this will be a linear continuous map because

N
2
Wollke.sory = 3, > [(Wo, e, ®... & enjn)rio.aky

n=1 jn€An

N 2
= Z Z |<U,M(61J1,---aeN,jN>>K’

< Ol -

Then consider that W* : K — K; ® ... ® Ky satisfies

N
W* <Z Z Qs 9n €151 X...Q0 eN,jN)

n=1 anAn

N
= Z Z Wy M (€1, Ny ) -

n:]‘ j7L eA’VL

Thus, M = W* is indeed the desired linear continuous extension.

For the other direction, if M is continuous linear, then so is its adjoint M?*. Then

al 2
Z Z ‘<U7 M(el,ju < 76N7jN)>K‘

n:1 j”LeA"L
2
§ : § : v, M el]l '®€N,jN)>K‘

n=1 jn€An,
N

== Z Z ‘<M*’U7€1,j1 ®R...&® eijN)>K1®.--®KN{2

n=1 jn€Ap

= M2 e 0ry < IMIPIV]%.

=

To discuss surjectivity, we know that, by Proposition 2.1, M is surjective if and
only if M™* is bounded below, so the equality

N
9 —
Z Z |<U7M(€1J17"'7€N7jN>>K‘ = HM*UH%ﬁ@...@KN

n=1 ]neAn

proves the claim.



2.1.4 The paths of finite energy
We define the set of paths of finite energy and list a number of facts that will be useful

throughout. For any real (complex) Hilbert space K, we will define Hy([0, 1], K) as
the set of finite-energy paths in K, that is,

1
Ho([0,1], K) = {f :[0,1] — K : f absolutely continuous, / If/ ()] dt < oo},
0

which naturally has the real (complex) inner product

(fs Dro(o1.5) = /o (f'(t), g (t)) gdt .

Then H([0, 1], K) will also be a real (complex) Hilbert space.

We see that, for ¢ € [0, 1], we may interpret fot f'(s)ds as a Bochner integral, for

which we have fot f'(s)ds = f(t). In fact, point evaluation is continuous with respect
to the norm on Ho ([0, 1], K'). Indeed, for ¢ € [0, 1],

‘AU%WSZS:QKWN@%w)<AH®>

=t 0.0,5) - (1.1)

1F ()

We have a natural isomorphism with L?([0,1], K) given via the integration oper-
ation Z : L*([0, 1], K) — Ho([0, 1], K), defined as

ﬂ@zsz%=AMMW@w

That this is an isomorphism is justified by the fundamental theorem of calculus.

2.2 Abstract Wiener space, Brownian motion, stochastic in-
tegrals

2.2.1 Definition

In [Wie23|, Norbert Wiener introduced the classical Wiener space: the set of con-
tinuous functions f : [0,1] — R with f(0) = 0 equipped with the Gaussian measure
induced by a standard Brownian motion B. : Q x [0,1] — R, wherein the functions of
finite energy Ho([0, 1], R) played a crucial role in determining the Gaussian structure.
Leonard Gross in [Gro67] generalized the notion by considering a Gaussian measure

8



on a general Banach space W whose structure is determined by a dense Hilbert sub-
space H. This construction is called an abstract Wiener space, which we will now
describe. This information is primarily derived from [Dril0; DG10; Bogl4; Kuo75].

Given a real separable Banach space W, a measure p on W is called a Gaussian
measure if its characteristic functional satisfies, for u € W*,

O e
w

for some nonnegative symmetric bilinear form ¢ : W* x W* — R. For now, we
will assume that Gaussian measures on W are nondegenerate, meaning that they are
with “full support” (every open subset of W has positive measure), which corresponds
precisely to ¢ being positive definite (so an inner product) on W* x W*.

For w € W, define

|lw||g := sup M
uew\0 v/ q(u, u)
Then define H = {w € W | ||w||g < oo}. Then H is a subset called the Cameron-
Martin subspace of W. By using properties of Gaussians, it can be derived that, for
u € W*, we have that v € L*(W), and in fact u is an R-valued Gaussian random
variable. Moreover the inner product q determines the covariance across all elements
of W*, since q(u,v) = [, u( dp(z) = (u, v) r2wr)-

We may take the completlon of W* with respect to the L? inner product as

72
") Define the map J : W* — W as J(u) = [y u(x)z du(x) via Bochner
integrals. Then J is injective, continuous with respect to || - [| 2w, and thus extends

to WH(W) , and J (WLZ(W)) = H. Then H has a natural inner product (-,)py
defined as the push-forward of (-,-) 2w). Then the map J provides a natural way to
view W* C H C W, by identifying W* with J(W*), under which we may conclude
that the inclusions are dense. Equivalently, if we are given that H is a Hilbert space
and dense subset of W, we may use the Riesz representation theorem to naturally
view W* C H* = H C W, again concluding that both inclusions must be dense.

The triple (W, H, 1) is what is referred to as an abstract Wiener space. Knowing
that H is a Hilbert space whose inner product determines the measure p, we will
often simply write (W, H). Having provided the definition, the next subsection is
devoted to listing more properties for abstract Wiener spaces.

2.2.2 Further properties

When we view W* C H C W, the elements h € W* C H are precisely those h € H
for which the map (-,h)y : H — H has an extension to a continuous linear map



(-h)yg : W — W. Given a finite-rank projection P : H — H where PH C W*, we
may find a finite orthogonal set {hy, ..., hx} C W* such that

P = i<'7hj>th

J=1

from which we see that P has a continuous linear extension P : W — PH. We will
denote the set of such projections (or possibly their extensions) as Proj(W).

By density, it is possible to choose an orthonormal basis {e;};en for H that lies
entirely within W*. Then we may take an increasing sequence (7n,,)men in N and
define

Pm = Z<, ej>Hej .
j=1
We call (P,,)men an increasing set of finite-rank projections, and will denote the set
of such sequences as Proj(W)'. It is a fact that P,, — Iy, the identity on W, in the
operator norm topology.

It is a fact that, for any h € H, the map (h,-)y : H — H always has a (not
necessarily continuous) measurable linear extension (-, h)y : W — W (see [Bogl4,
Section 3.7] for information on measurable linear maps, or see [Zha82] for the more
generic “quasilinear map”). Using this, it is possible to take any linear map A : H —
H and derive a measurable linear extension to W — W. Related to this is the fact
that if (W, H) is an abstract Wiener space and Z is a separable Hilbert space, then
any Hilbert-Schmidt map H — Z has a measurable-linear extension W — Z.

As remarked in [Gro67], there are 2 key examples of abstract Wiener spaces.
Firstly is of course the classical Wiener space from the start of Section 2.2. Secondly,
if W is a Hilbert space, then (W, H) is an abstract Wiener space if and only if the
inclusion H — W is Hilbert-Schmidt.

The Fernique theorem tells us that, for some € > 0,

w

which suffices to prove that [, ||z|[},du(z) < oo for all p € N. In particular, a
Gaussian-distributed element in W is in L? for all p € [1, c0).

This work does not provide an introduction to Brownian motion or stochastic
calculus. Instead, we will simply refer the reader to the standard reference [(Dks98],
which covers the finite-dimensional scenario. Following [Kuo75] or [Bogl4], we have a
(infinite-dimensional) notion of a Brownian motion on W, in which we may compute
stochastic integrals. Though for the purposes of this work and our definitions, we

10



will only consider stochastic integrals of the projections of this Brownian motion and
limits in probability therein.

Lastly, we remark that, in everything discussed above, one may apply a complex
structure. If W is a complex Banach space, and we let W* denote the complex dual,
and if we assume that we have a sesquilinear nonnegative symmetric bilinear form
(or Hermitian inner product) ¢ : W* x W* — C, then we may replace ¢ in the
construction with the real part Re g, for which the measure will be called a complex
Gaussian measure. In this case, H will naturally be a complex Hilbert space.

2.3 Lie algebras, Lie groups

2.3.1 Nilpotent Lie algebras, their simply connected Lie groups, and the
Baker-Campbell-Hausdorff formula

A real (complex) Lie algebra is a (possibly infinite-dimensional) real (complex) Banach

space g with a Lie bracket [-,] : g X g — g that must satisfy the properties of being
(complex) bilinear, anti-symmetric ([z,y] = —[y, z]) and satisfy the Jacobi identity,
meaning

[[x,y],z] + [[Z,:L‘],y] + [[ya Z],JE] = 0.

When g is infinite-dimensional, we will add the criterion that [-,-] is bilinear con-
tinuous, meaning ||[z,y]|l; < C||z|l4]lyllg for some C (we will later impose an even
stronger condition, namely that [-,-] is weakly Hilbert-Schmidt, as noted in (A2.1)
and (A3.1). A Lie algebra is nilpotent if the lower central series defined as g; = g
and g, = [g, gn_1] is eventually 0 for n > N for some N. We will refer to N as the
step of g.

A Lie group G, on the other hand, is a smooth manifold that also has a group
operation - : G x G — @ such that the map (g1,92) = g1 - g5 is smooth. Every
nilpotent Lie algebra has a naturally associated simply connected Lie group, which is
simply the vector space g itself with the operator - defined by the Baker-Campbell-
Hausdorff formula:

vy = wby gl el - Sl o (1)

N n— T 51 T o S0
_ Z Z (—=1)n! adwno ady o...oagx ad, |
n (Zj:1(7"j + 5j>) Hj:l rils;!

n=1r;+s;>0
73,8120

where we define the linear map ad, : g — g as ad,(y) = [z, y]. These are the primary
types of Lie groups and Lie algebras that this thesis explores, and is worthy of several
remarks.
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Remark 2.5. 1. First and foremost, for the uninitiated, we remark that the exact
coefficients in (1.2) are not significant. All that is important is that there exists
an expression for the group operation in terms of the Lie bracket.

2. The typical framework is to begin with a (finite-dimensional) Lie group G by
specifying the manifold and group operator -. The corresponding Lie algebra,
g, is defined as T.(G), the tangent space at e € G. To define its Lie bracket,
for each h € g, we associate a vector field h on G (whose definition depends on
-), called the left-invariant vector field (a definition provided in Section 2.3.2),

and define the Lie bracket such that [hy, he] = fiﬁ; — }72}?1 (in likeness to taking
the “Lie bracket of vector fields”). In our construction, we are able to view
g as being both the Lie algebra and the Lie group because we simultaneously
assume that the bracket is nilpotent and that the corresponding group is simply
connected.

3. In the typical setting described above, the Baker-Campbell-Hausdorff formula
is still a valid consequence, but it requires interpretation. Firstly, we note that
general Lie groups have an exponential map exp : g — G, and the formula (1.2)
gives the expression for z when exp(x)-exp(y) = exp(z). Secondly, for general G,
this series is summed over all n € N, for which one must interpret this formula in
the sense of formal power series by regarding x and y as formal noncommuting
algebra elements with the identification xy — yx = [z,y]. Alternatively, it is
possible to take the series somewhat literally, as it is convergent for x and y
sufficiently close to 0. In our construction, there is no interpretation necessary,
because we view exp as the identity map and the Baker-Campbell-Hausdorff
formula is necessarily a finite sum with no question of its convergence.

4. Note that this construction makes sense even if g is infinite-dimensional, in spite
of Lie groups traditionally being thought of as finite-dimensional manifolds.
This is simply by virtue of the fact that g possessing a nilpotent Lie bracket
allows one to define a group operation on g itself via (1.2). When we view g as
a group, we will still endow it with the topology induced by || - ||;. Assuming
that [, -] is bilinear continuous, and knowing that g=' = —g for all g € g, we
may conclude that the map (gi,g2) — g1 - g, is continuous with respect to
|| - ||g, which allows us to consider g to be an infinite-dimensional Lie group in
a sense consistent with other literature; see, for example, [Sch10].

5. Periodically, especially when our nilpotent Lie algebra g is finite-dimensional,
when we wish to emphasize its group structure defined by (1.2), we will either
write exp(g) or G instead of g. Be aware that, in Chapter 2 and Chapter 3,
we will define geps, an infinite-dimensional Lie algebra, and we will write it
as exp(gcar) to emphasize the group structure. The symbol Gy will refer to
a special subgroup of exp(goas), which will generally be a proper subset with
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an entirely different topology. The reason for this complication is due to the
hypoelliptic nature of our setup. See Section 4.2.2 and Section 9.2 for more
discussion.

2.3.2 Linear derivatives, left-invariant derivatives, and the generalized
Baker-Campbell-Hausdorff formula

We continue assuming the construction in the previous section, where g is a (possibly
infinite-dimensional) nilpotent Lie algebra, as well as its own simply connected Lie
group (written as exp(g)). As a vector space, g has a natural definition for linear
derivatives. For f:g— R (or f:g— C) , we write, for x,h € g,

"(2)h = O f(z) = —
Faph=onf(a) = 5|
whenever this derivative exists. More generally, we write

(@) (hy, ... hy) == Op, ...0n, fx).

flx +th)

We will now begin to introduce an alternate notion of derivative that respects
the group structure on exp(g) = g. We regard exp(g) as having, at every point
x € exp(g), tangent spaces T,(exp(g)), each naturally isomorphic to T¢(exp(g)) = g.
For x € exp(g), v € g, we let v, € T,(exp(g)) denote the tangent vector satisfying
vef = f'(z)v.

Let L, : exp(g) — exp(g) denote left-multiplication by ¢, so that L,h = g - h.
Then for all = € exp(g), its derivative L, : T,,(exp(g)) — Ty, (exp(g)) satisfies

d
(Lowva)f = (Fo L) @ = 2|~ flg- (o +t0).
Equivalently, we may write Lgv, = %‘t:o(g - (z + tv)). It can be seen that this is
independent of x and this can be worked out to be the finite sum

Lgvs = (- (tv)) = cv+ calg,v] + eslg. [g,v]] + ...

dt lt=o
where ¢; denote a set of coefficients that can be derived from the Baker-Campbell-
Hausdorff series, (1.2). The map Ly-1, is referred to as the Maurer-Cartan form, and
we will regard it as the canonical map that identifies the tangent spaces T, (exp(g))
all as T.(exp(g)) = g.

For g € g, h = h, € T.(exp(g)) = g, we define the vector field 7 on exp(g) as %g =
Ly.h.. Then h is the left-invariant vector field on exp(g) satisfying h. = h. It can be
regarded as a first-order differential operator in which, for smooth f : exp(g) — C,

N pg- ),

hf(g) = hof(e) = (Lyuh)f(e) = =]

13



and we call b f :exp(g) — C the left-invariant derivative of f with respect to h. This
name is given due to the property that h(f o L,) = (hf)o L,. More generally, we
write

F@) (i hy) = Ty hof(g).

We may use the language of left-invariant derivatives to express the following
generalization to the Baker-Campbell-Hausdorff formula, which is derived in [Str87].

Theorem 2.6. Given a path A :[0,1] — g, the solution to the differential equation
0'(t) = LowA'(t) c(0) = e

is given by

i 3 (e /ot o)
></ A’( )],...,A'(to(n))] (1.3)

n

N

where Al = {(t1,...,t,) € [0,T]" : t1 < ... <t,}, S, is the permutation group on
n elements, e(c) = {k € {1,...,n} : o(k) > o(k+1)}| is the number of “errors” of
o, and [‘ﬂ is a choose b with repetition.

As with the Baker-Campbell-Hausdorff formula, this can be regarded as a formal
infinite formal sum for general Lie groups, but will be a finite sum in our context.
Also, as explained in [Str87], this can be viewed as a generalization of the Baker-
Campbell-Hausdorff formula, as the coefficients in (1.2) can be recovered by taking
a particular choice of A in (1.3), though it results in a different expression for the
coefficients.

2.3.3 Lie group-valued Brownian motion

For any finite-dimensional Lie group G, one may consider a natural notion of a (left-
invariant) Laplacian Ag, defined for smooth f: G — R as

Acf =) @°f
j=1
where {z1,...,2,} C g is some linearly-independent set. For any such Laplacian
Ag, there is a naturally associated diffusion process (g;):>o called G-valued Brownian
motion, for which Ag is the infinitessimal generator. It can be realized as the solution
to the Stratonovich stochastic differential equation, provided that (B;):>o is a (flat)
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Brownian motion in g in which {z1,...,x,} are the principle directions of diffusion
(or, more precisely, By = Bt(l):z:l +...+ Bt(n)wn where each (Bt(j ))tzo is an independent

standard Brownian motion),
6gt = Lgt*(SBt go = €.

When G is a simply connected nilpotent Lie group, we may use Theorem 2.6 to deduce
that g; takes on the form of the following Stratonovich stochastic integral

a=>_> ((—1)e<a>/n2 [7’;(—0;}) /A?[,.,[5350(1),5355(2)],...,5Bsg<n)].

n=1 oc€eSy,

The fixed-time distribution of g, is referred to as the heat kernel measure on G, named
for its connection to the (Lie group equivalent of the) heat equation:

d

2|, Bl 9] = Aaf(o).

t=0

This measure acts as the Lie group equivalent of the Gaussian measure for R", acting
as the limiting distribution of random walks. See, for example, [Bre04].

If span{xy,...,z,} = g, then the Laplacian and associated diffusion is referred
to as “nondegenerate” or “elliptic.” On the other hand, if {xy,...,z,} fails to span
all of g, it is often to instead assume that it satisfies the Hérmander condition, or
“bracket-generating” condition, meaning

span{z;, [x;, zp,), o [ [z 2l g b o1 = 8

This is what is often meant when we call a diffusion “hypoelliptic.” It is a theorem of
Hormander [Hor67] that such a diffusion shares some of the nice properties of elliptic
diffusions, such as smoothness and strict positivity of the density of the probability
measure with respect to Haar measure.

One of the primary goals of this thesis is to make sense of hypoelliptic diffusions
on Lie groups in infinite-dimensions, which will require us to combine the ideas of
this section with those related to abstract Wiener space. We will begin to explore
this concept in the next section, Section 3. The infinite-dimensional equivalent of the
Hormander condition, however, will be reserved for the introductions in Chapter 2
and Chapter 3.
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3 Nilpotent abstract Wiener Lie groups

It should be noted that this section is not necessary to understand the main results in
this work, since Chapter 2 and Chapter 3 have self-contained definitions for nilpotent
abstract Wiener Lie groups (specifically in Section 7 and Section 10.3 respectively).
The primary value of this section is proving that we have a general framework and
examples of infinite-dimensional heat kernel measure without the extra assumptions
of Chapter 2 and Chapter 3. However, thoroughly understanding this section requires
knowledge of stochastic calculus.

In this work, we say that nilpotent abstract Wiener Lie groups consist of a pair
(G, X), where

1. GG, a separable Banach space on which we will define the heat kernel measure
Vg.

2. X, a vector subspace of G equipped with a nilpotent Lie bracket [-,-] : X x X —
X and a Hilbert subspace (Xg, (-, ") x)-

that satisfy assumptions (A1.1) and (A1.2), defined in Section 3.1. It will be seen
that the Lie bracket on X determines geometric structure on G, and in particular how
random paths naturally transverse. Meanwhile, the Hilbert space Xy will determine
the generating directions for the heat kernel diffusion. By allowing for the possibility
that Xy # X, we set the stage for discussing hypoelliptic diffusions.

It will be seen that G has a similar role to W when (W, H) is an abstract Wiener
space, because G is merely a Banach space “large enough” to contain the random
variable of interest. In particular, in spite of using the letter “G,” we do not assume
that any kind of group structure exists on G. There are situations in which G will have
some form of group structure. For example, the path space of a finite-dimensional
Lie group is discussed in Example 3.5, wherein we in fact have a continuous bracket
[-,:] and group operator - (defined pointwise). Also, the context for Chapter 2 will
suffice to discuss a measurable group action of a special subgroup on G.

First, in Section 3.1, we provide a general definition, which is independent of
whether the diffusion is elliptic or otherwise. Then in Section 3.2, we will discuss
criteria for determining if a space satisfies the definition. Lastly, in Section 3.3, we
provide examples.

3.1 The general definition

As stated in the introduction above, we assume that G is a separable Banach space
that contains a vector space X, which has a Lie bracket [-,-] : X x X — R and
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contains a (separable) Hilbert space Xpy. As discussed in Section 2.3, we may view
X as a simply connected nilpotent Lie group, defining the product via the Baker-
Campbell-Hausdorff formula, (1.2).

We assume the following;:
Xp determines a Gaussian measure on G. (A1.1)

This means that, viewing G* C Xj; = Xy C G, there exists a (Radon) Gaussian
measure i on G whose Fourier transform is given by, for f € G*,

/eif(:”)du(x) — e 3lfhxy
G

Note that this is not the same as saying (G, Xy ) is an abstract Wiener space, since we
did not assert that (-,-)x,, is positive definite on G*, which allows for the measure to
be degenerate (in fact, this will be the case for our hypoelliptic examples of interest).
Instead, we may define W = X_H”.HG, and say that (W, Xy) is an abstract Wiener
space.

As discussed in Section 2.2, there exists a W-valued Brownian-motion (B;);>o.
Any finite-rank orthogonal projection P : Xy — Xy has a measurable-linear exten-
sion to W — PXyg, so that we may realize PB, as a PXpg-valued Brownian motion.
By defining

g == PXy +span([PXy, PXy]) + ... +span(][...[PXy, PXyl, ..., PXy]),

we may realize g C X as a finite-dimensional simply connected nilpotent Lie algebra
(generated by PXp), and likewise we may realize GF' = g¥ as a simply connected
nilpotent Lie group. Then, as a Lie group, we have G*-valued Brownian motion,
(9F)¢>0, which is the solution to the stochastic differential equation

g = Lyp.0PB; go = e.

As explained in Theorem 2.6 and Section 2.3.3, this must have as its solution

N
a = > cc,/n[...[5PBSU(1),5PBSU(2)],...,5PBSM)] (1.4)

n=1oc€eSsy,
for some constants c,, where § corresponds to the Stratonovich stochastic integral.
Now we may state our second assumption:

For some t > 0, there exists a G-valued random variable g,
such that, for all f € G*, there exists an increasing sequence
of finite-rank projections (Pp,)men € Proj(W)" such that
f(gl™) converges to f(g;) in probability.

(A1.2)
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Or, in other words, for all § > 0, lim,, o0 P(| f(g/™) — f(g:)| > ) = 0.

For such a Banach space G and nilpotent Lie algebra X C G, we say that (G, X)
(or simply G, when the context is clear) is an (infinite-dimensional simply connected)
nilpotent abstract Wiener Lie Group when (Al.1) and (A1.2) are satisfied, for which
the heat kernel measure on GG, sometimes denoted 14, is defined as the distribution of
g;. We will regard g; as equalling, in a weak sense,

0= Y6 / [ [0By, 0 0By s, 6Bs, ]

We remark that, in spite of the subscript “¢” in ¢;, (A1.2) only asks that the
limit holds for a fixed value of ¢, though this criterion is independent of the value
of t. Indeed, if g/™ converges in probability to g;,, then by replacing (B;);>o with
(Bgt)i>o for some 8 > 0, (1.4) will be equal in distribution to ggt, and knowing that,
as stochastic processes, (Bgi)i>0 ~ (vV/BBi)i>0, we see that (1.4) would once again
converge in probability to a random variable.

In the commutative case (N = 1), G is merely an abstract Wiener space, for which
the assumption is sufficient to know that g; = B; is the fixed-time distribution of a
stochastic process (g¢):>0, which constitutes an LP martingale for all p € [1,00). It is
entirely possible that this assumption implies similar properties of ¢g; for general N,
but without the special properties and results for Gaussian distributions, such as the
Fernique and Skorohod theorems, it cannot be easily deduced®.

Parallel to how Leonard Gross first introduced abstract Wiener spaces in [Gro67],
this definition is inspired by the existence of 2 key examples. The first is when G
is a Hilbert space in which the inclusion Xy — G has sufficient Hilbert-Schmidt
properties. The exact properties are discussed in Example 3.4, using calculations
inspired by [Mel21]. The second is the path space of a finite-dimensional nilpotent
Lie group. The existence of the heat kernel distributed element is worked out in
[CDO08], and we provide further discussion in Example 3.5.

3.2 Expressions in terms of Ito integrals

In this subsection, we will express the stochastic integrals in (1.4) in terms of It6 inte-
grals. This will provide an alternate criterion, (A1.2"), which imposes a requirement
on the Lie bracket, implies (A1.2), holds, and further implies that for any f € G* and
any choice of (P,,)men € Proj(W)T, f(gf™) converges to f(g;) in L?. In this thesis,
such L? convergence will be proven to be satisfied in the following cases.

'Tt may be worth noting that there will be many nice properties exhibited by the Hilbert spaces
(see, for example, [DZ14]) and path space examples (see [CDO08]).
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1. G is a Hilbert space under a “tracial Hilbert-Schmidt” assumption on the iter-
ated brackets [... [, ],...,:] : Xp x ... x Xg — G.

2. G = Wy([0,1], A) is the path space of a finite-dimensional simply connected
nilpotent Lie group A, for which Xy will be a subset of the finite-energy paths
in A.

3. X is a step 2 Lie algebra.

4. X is complex Lie algebra and (Xg, (-, -)x,,) is a complex Hilbert space (which
we model as a real Hilbert space via the real inner product (-, -)x,,).

The first 2 will be discussed in Example 3.4 and Example 3.5. The third will be the
context of Chapter 2, and the stochastic properties will be detailed in Section 7. The
fourth is the starting point for Chapter 3, with discussion appearing in Section 10.3.

We define J = {a € {1,2}™| >/, oy, = n}, and for a € J;! we let p, = #{k :
ap =1} =2m—mn and q, := #{k : ax = 2} = n—m. Then let V be a Hilbert space?.
Given a real-multilinear Hilbert-Schmidt map M : X}, — V', and given a € J,, and a
real basis {e;} jen of Xpr, we define the a-trace Tro M : XI7 — V as follows. If we have
ordered sets {i1,...,9,} =k 1 ax =1}, {J1,. -, Jg. } = {k : @, = 2}, thenlet o € S,,
be such that (o(1),...,0(m)) = (Ji,- -+ Jgas1,---»0pa), 50 that (o), .., 0omm)) =
(2,...2,1,...1) € J, and define M1 (hy,...,h,) == M(ho-1(1), ..., ho-1(n)). Then
define

o0

TroM(hy, ... hy,) = Z M,-1(eq €, €, €0, 01, hy, ).

61 ----- anzl

We say Tr,M is well-defined provided that this produces another Hilbert-Schmidt
map, and moreover that this series converges in HS(X?%*, V') norm, in which case this
expression is independent of basis chosen. Alternatively, we may write, for finite-rank
PXy — Xy where PXpy has basis {e;}1<;<r,

Tro(M o P*P)(hy, ... h,,) = TroM(Phy,...,Ph,,)
— M(Ph{®...® PhS,),

where M is the tensor product extension (Proposition 2.4), Ph{ = Phy, and PhS =
> i €®eg, and then if (P,),ey is a sequence of finite-rank projections onto span{e; }1<;j<,,
define TroM = lim, o Tro(M o PP~), again provided that the sequence converges in
HS (X}, V), in which case the limit will be independent of sequence (P, ),en chosen.

2We will mostly consider V = R, but example Example 3.4 will use a more general V.
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If M : X}, — V is a Hilbert-Schmidt map for which T'r,M exists for all o € J
for all [n/2] < m < n, then we define the tracial norm as

[ M || 7r(xp,v) = g 1 Tro M| gsixre vy -

We now present a lemma that describes precisely how to convert the Stratonovich
integrals of interest into [t6 integrals.

Lemma 3.1. Given a finite-rank projection P : Xy — Xp and {e;}jen a (real) basis
of Xy such that {e;}1<j<» is a basis of PXy, let

dPB, ifa; =1

dPX," :{ e ®@epdt if a; =2

Define A} = {(s1,...,8,) € [0,t]" : 0< s <...<s, <1}. Then we may write
the following iterated Stratonovich integral into the iterated Ito integral below.

n

1 [0 a,n
/N 0PB, ®...@0PB,, = > T > /ndPXsl’1®...®dPXST; . (1.5)

Given a Hilbert-Schmidt multilinear map M : X} — C with || M ||, < oo, we have that
there exist constants {b3 }acgn 0<a<q. and polynomials {f{* : [0,t]P* = R}acsn 0<a<qa
such that

M(SPB,,,...,6PB,,)
AY
n 1 .
= Y 5w X [ FGTrM@PB.,,.. dPB,,). (16)

m=|n/2] ISVAL

Furthermore, if we let Z¥ denote the random variable

7" .= | M(SPB,,,...,6PB,)),
Ap

then, we have, for some K > 0

1/2 n
(B1Z71%)"* < K| M o P"|rxy v - (1.7)

This inequality in turn tell us that, if (Pp)men is an increasing sequence of finite-
rank projections, then Z'm converges in L* to a random wvariable, which we denote
by

M(6Bs,,...,0Bs,).
Af

20



Proof. This entire calculation is inspired by (and is partially identical to) those done
in [Mel21, section 4.1], for which most steps below can be checked against. By classical
Stochastic calculus, for 2 independent R-valued Brownian motions (b;):>o, (b;):>0, the
[t6 formula tells us that

t 1 t 1 t t
/ bedby = ~b? = / bodb, + ~t / bedl. — / bedl..
0 2 0 2 0 0

Then, by the It6 formula, for a bilinear map S : PXy x PXy — R, the PXy = R’-
valued Brownian motion (P Bs):>o, satisfies

t S92 t
/ / S(6PB,,,6PB,,) = / S(PB,,dPB,)
0 JO 0

T

t
1
_ /0 S(PBS,dPBS)+§ZS(ej,ej).

j=1

Regarding the Stratonovich integral as an inductively-defined iteration of integrals,
the equality in (1.5) will come from iteratively applying this formula.

For the second equality, first consider that

M(5PB,,,...,6PB,,)
Ay

on—m
m—Ln/ZJ acdy

= Z / TroaM dPBsz-%v---’dPBSig Jdsjo ... dsja

where we again define the ordered sets

{21,...,p ={k: a=1} {jf‘,...,jg‘a}:{k‘:ak:ﬂ.

Then integrating over the j§ indices results in some polynomial f*(s) = f*(s1,..., Sp., 1),
arriving at equation (1.6) .

Now we address the inequality. Note that we have a constant K; such that

. 1 N 2
El > S > o f(s)Tr*M(dPB,,, ... ,dPB,)
m=n/2 [ISVAL t
“ 2
< K an = > E (s)Tr*M(dPB,,,...,dPB,,)
m=n/2 aedm Apa
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And, for each «, by the It6 isometry,

B [ f)TM@PB,,,...dPB,,) 2
N /A L£2 ()T (M o P*™) |3y 5(pxze vy ds
= ([ s ) I 0 P g e
and each

HTTQ(MOPXTL)HHS(PX?,V) = HTTOZ(MOPXPQ)HHS(XIP{&,V)
< (1Mo PPl (xy vy

Then (1.7) follows.

Lastly, consider that, for any increasing sequence (P,),cn, we have that ||M — M o
PTX”HTT(XETL’V) — 0 because, for any a € J,

||T’l"aM - TTa(M 9] PX”)HHS(X}_}L,V)
< |NTraM = (TroM) o PX"||gs + [[(Trad) o P*™ — (Tro(M o P*")||ns
which necessarily converges to 0 by assumption. Hence, Z7* must be Cauchy, and

thus convergent, in L?. And note that the calculation above justifies that the limit is
independent of the sequence (P,),cy chosen.

]

Theorem 3.2. Suppose that, for all f € G*
N I PV ey < 00, A1.2
121%XN gé%,}: f([ [ ) ]1,17 ) ] 1,1 © 0-)’ Tr(X7 R) &0 ( )

where we let o denote the natural action of o € S, on X}y Then for all (Pp)men €
Proj(W)T of finite-rank projections, for all f € G*, f(gi™) converges in L* to f(g,).

Proof. We may write

P’"L
Z > c(,/ [6PnBs, ), 0PuBy, .- .., 6PnBs, )
n=1o0€eS,
and apply Lemma 3.1 to know that f (gtp ™) is converging in L? independent of the
choice of (Py,)men, and its limit must be the limit in probability f(g;). O
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3.3 Examples

Example 3.3 (Hilbert-Schmidt bracket). Let G be a Banach space and X a Hilbert
space for which (G, X) is an abstract Wiener space. We also assume that we have a
Lie bracket [-,-] : X x X — X and impose the assumption that it is Hilbert-Schmidt.
Under these assumptions, using Xy = X, (G, X) is a real nilpotent abstract Wiener
Lie group. This object is the primary focus of [Mel21] (see Definition 4.2). In fact,
[Mel21] shows in Proposition 4.1 that a version of (A1.2") holds (essentially equivalent
to (1.8) in the following example), and in Proposition 4.3 proves that g; ™ converges
to g; in L? with respect to || - ||¢.

While this setup is considered generally in [Mel21], it also encapsulates previous
research. Suppose further that span[X, X]| is a finite-dimensional subspace of X.
Such G have been referred to as being semi-infinite Lie groups in [Mel09], and are
also the object of study in [DG08; DG10; DM13] assuming a Heisenberg-like structure
(nilpotent of step 2). In this case, the assumption that the Lie bracket is Hilbert-
Schmidt is critical to prove the existence of the heat kernel distribution.

It is also possible to make this example subelliptic (as suggested in [Mel21, Remark
4.6]). Still assuming that X is a Hilbert space and subset of the Banach space G with
Hilbert-Schmidt Lie bracket, now suppose that we have an orthogonal decomposition
X = Xy ® Xy where (A1.1) and (A1.2) hold (that they hold for the choice Xz = X
implies that they hold when X is instead chosen to be a closed subspace of X), and
further that [X, X] C Xy. Then we may say that Xy consists of the “horizontal”
(or generating) directions, while Xy consists of “vertical” directions (in likeness to
the horizontal and vertical directions of the classical sub-Riemannian structure on
the Heisenberg group). If we again impose that Xy is finite-dimensional and that
X has a Heisenberg-like structure, then this describes the setup for the results in
[BGM13; GM13; DEM16]. Again, the assumption that the bracket (which we may
view as a map |-, : Xg ® Xy — Xy ) is Hilbert-Schmidt is a necessity when Xy is
finite-dimensional.

However, the assumption that the bracket is Hilbert-Schmidt is, for the purposes of
this thesis, a problematic restriction. If |-, -] : Xy x Xy — Xy is Hilbert-Schmidt, then
its tensor product extension (Section 2.1.3) [-] : Xy ® Xy — Xy is a Hilbert-Schmidt
operator. When Xy is infinite-dimensional, this prevents the extension from being
surjective, which forces critical assumptions to fail (specifically assumption (A2.3) in
Chapter 2, as explained in Section 4.2.1, and (A3.2) in Chapter 3, explained further
in Section 9.4.1). Thus, this assumption is unsuitable for our hypoelliptic framework
of interest.

When we develop our theorems and examples for Chapter 2 and Chapter 3, we
do give all of X (called gcys) a Hilbert space structure, but instead assume that the
bracket is weakly Hilbert-Schmidt (see (A2.1) and (A3.1)), which does not contradict

23



our other assumptions.

Example 3.4 (General Hilbert space). Suppose that we have spaces Xg C X C G
where X is a Hilbert space, X is a vector space with a Lie bracket [-,-] : X x X — X
and G is a separable Hilbert space. Not only do we assume that the inclusion Xz — G
is Hilbert-Schmidt, but we go further and assume

<00, (1.8)

G CR IR L] M

—_————

n

max Imax
1<n<N c€S,

where 7 is the induced action of ¢ on H". Then by Lemma 3.1, we see that g/™
converges in L? with respect to || - ||¢. Thus, (G, X) is an nilpotent abstract Wiener
Lie group.

Example 3.5 (Hypoelliptic path space). In this example, we will consider the path
space of a finite-dimensional simply connected nilpotent Lie group, which itself will
be an infinite-dimensional simply connected nilpotent Lie group under pointwise mul-
tiplication and brackets. We remark that the existence of a Brownian motion on the
path space of any Lie group is thoroughly answered in [CDO0S].

Suppose first that A is any real finite-dimensional simply connected nilpotent Lie
algebra (and Lie group) with (-, -) 4. Further suppose that we have a subspace Ay C A
which adopts the inner product (-,-)a,, = (-, ) alayxa,. We define the Banach space

Wo([0,1], A) := {f:]0,1] = A| f continuous, f(0) = 0}

with the norm || fl[wy(o.1,4) = SuDsejo 1) [|f ()[4, and we have a pointwise-defined
bracket and group operator on Wy([0, 1], A) defined as, for all f,g € Wy([0, 1], A), for
s € [0,1],

[£:91(s) := [f(5), 9(s)] (f - 9)(s) == f(s) - g(s),

Indeed, this Lie bracket (and thus product) of continuous functions is again contin-
uous. Then we have that (G, X) is a nilpotent abstract Wiener Lie group, where

G = WO([Ovl]aA) X = HO([()? 1]"’4) Xy = HO([O7 1]aAH)>

where Hy denotes the set of finite-energy paths, as defined in Section 2.1.4. We
naturally equip X = H([0,1], A) with the same pointwise-defined Lie bracket (the
bracket of finite-energy paths is again of finite energy), and Xy = Ho([0, 1], Ay) with
its inner product (-, '>H0([071],AH).

We know that (Wy([0,1], Ax), Ho([0,1], Ag)) forms an abstract Wiener space
(which proves (Al.1)), on which we have a Gaussian measure and may define (flat)
Wo([0, 1], Ap)-valued Brownian motion (B;);>o. We remark that point evaluations
will serve as our primary elements in G* = W, ([0, 1], A)*, and in particular note that
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(B(7))i>0 is an Ap-valued Brownian motion for every 7 € [0,1]. Then the heat
kernel distribution on Wy([0, 1], A) is the distribution of g;, which has the following
pointwise definition for all 7 € [0, 1].

ZZ%/ 3B, (7).0Bu (7). 0B ()

n=1 O'ESn

Note that the differentials are taken with respect to s — B(7)), and with the notation
defined in (1.4). Since (By(7)):>0 is finite-dimensional, this can readily be written as
an It6 integral using (1.6).

The rest of this example is devoted to explicitly showing that this satisfies (A1.2").
For any partition P = {0 = sy < 81 < ... < 8,41 = 1} C [0,1], let 77 be the map
Ho([0,1], Ag) — Ho([0,1], Ay) defined as the piecewise linear approximation of f,
that is,

= f(s1) f0<s<s
Wpf(s> — f(Sl) + 5821531 (f(32> — f(Sl) if 51 < 5 < 89

Flsa) #3222 (F(1) = f(s.)) 50 <5<1

Then if P, is a sequence of refined partition of [0, 1], then (77" B;)o<;<1 converges
o (Bt)o<i<1 almost surely and in L? with respect to Wy([0, 1], Ag). Then if

Z Y / (677 By (1), 87 By, (7)), -, 677 By, (7)]

n=1oc€eS,

then for all 7 € P, g7 (1) = ¢1(7). From here, we see that for all 7,...,7, € [0,1],
there exists P,, such that g;™(7,) — ¢1(7,) for all n. But we may state something
stronger.

A be defined as T*(f) = KZI@KI f(m%)- Then span{ (v, 7%(+)) a
{m,..., 7} C[0,1]} is dense in Wy([0, 1], A)*. Moreover,

Theorem 3.6. For a finite set T = {m < ... <71} C[0,1], let 7* Wo([() 1], A) —
T =

max max
1<n<N c€S,

W, 7 (Vo[ ] 05)

Tr(Ho([0,1],Ax)™,R)
< Cllv. (D alwogon,a- - (1.9)

and thus we have a continuous inclusion Wy([0,1], A)* — L*Wy([0,1], A)), which
suffices to prove that (Wo([0,1], A) , Ho([0,1], A) , Ho([0,1], Ayy)) will constitute a

nilpotent abstract Wiener Lie group.
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Proof. For the density, we need only consider that, for any ¢ € Wy([0, 1], A)*, if
{v1,..., Vaim(a) } is & basis of A, then the following is true for all f € Wy([0, 1], A):

WO([O, 1]> A) > f() = <v1, f(‘)>Avl .ot <Udim(A)a f('))AUdim(A)
R>  o(f) = o((v1, f(-))av1) + ...+ ¢((Vdim(a), f(+)) AVdim(a)) -

Each map of the form Wy([0,1],R) 3 g — &(g(-)v;) is in Wy([0, 1], R)*. And the set
of piecewise-linear approximations 77g are dense in Wy([0, 1], R)*. This suffices to
prove the stated density.

Next, recall from Section 2.1.4 that Ho([0, 1], Ap) = Ho([0, 1], R) ® Ay, so it has
as basis {eph; }ren1<i<dim(ay), Where {R;b1<i<dim(a,) is a basis of Ay and {e,}ren is
a basis of H([0, 1],R). This can be taken as

(eebren = {;7%;2(1-—(Km(2wkt» T &ﬂ(QWkt)} o{t}.

keN
which can in particular be assumed to satisfy sup,co ) |ex(t)] < . Then take 1 <
n < N, o €S§,, and without loss of generality, using the notation from Lemma 3.1,
assume o € J" takes on the form (aq,...,ay,) = (1,...,1,2,...,2), with p = p, and
q = q, defined as before.

Then

HTm<<w*<->>A o]0
dim(A)

> Y (0r0) (ke 07

Jiseendp=141,...Lg=1

HS(Ho([0,1],Am)P,R)

dim(A

- 2: >

..... ip=1k,. . kp=1

2

X <ek1hi17"->ek’phipveflhj1>ef1hj17""egthwefthq)
2
E:<UJ“.L,L.”,1oa>A<mN.“,h%J”Uhﬁ,”.nghE> )
7
2
* 2 2
E T <ek1...ekpegl...eeq) )

(x
ko|oe
The first of these 2 factors will be bounded by Ci|v||a. This can be done either
by repeatedly invoking dim(A) < oo, or by noting that its square root satisfies the
properties of a norm and knowing that all norms in finite dimensions are equivalent.

26



As for the second factor,

2

0o 0o K
1
Yoo 2 w2 e (men(n) e, (1)’
kot yedip=1 | £1,slq=1"" r=1
2
= = 1 11 2\
< Y| Y gorren - (5)
Ky kp=1 | b1,...0g=1 koo kG 6
Then, knowing that ||(v, 7*(*)) allwo(0,1,4) = ||v]|a, we have a uniform bound of the

form

‘@,T*(.)Mo L] 05‘

Tr(Ho([0,1],Am)™,R)
< Clvlla = Cl<o, 7)) allwo(o,11,4)*

over all of the (finitely-many) choices of n, o, and «, (1.9) will follow. We will also have
a similar bound if we replace (v,7*(-))4 with an arbitrary element of Wy ([0, 1], A)*
by using the fact that any such general element can be approximated via sums of
dim(A)-many elements of the form (v,7*)4, as described at the beginning of the
proof. The conclusions of the theorems will follow by Lemma 3.1 and Theorem 3.2.

]
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Chapter 2

A Quasi-invariance theorem

4 Introduction

In this chapter, the first of our 2 main results, we will extend a quasi-invariance result
from [BGM13] for certain shifts of the hypoelliptic heat kernel measure on infinite-
dimensional Heisenberg-like groups. Such groups, as previously defined in [DGOS;
BGM13; DEM16], take on the form W x C, where (W, H, 1) is an abstract Wiener
space containing the “horizontal” directions that generate the diffusion, and C' is
the center of the group, and consisting of the “vertical” directions. The longstanding
assumption in these works is that, while W may be infinite-dimensional, C'is restricted
to being a finite-dimensional Hilbert space. Here, we provide additional structure and
assumptions on these groups that allow us to discuss and prove quasi-invariance in
the case when C' is infinite-dimensional. As done in [BGM13], this will be achieved
by proving so-called generalized curvature-dimension bounds, which first appeared in

[BG17].

One often discusses the smoothness of a measure by computing its density with
respect to Lebesgue measure and discussing the smoothness of the density function.
However, in infinite-dimensions, there is no equivalent of Lebesgue measure, so one
must take a different approach to discussing the smoothness of a measure. Instead
of using a Lebesgue measure as a reference measure, we could instead compare the
measure to a shifted version of itself. This is what is exhibited by the Cameron-Martin
theorem for an abstract Wiener space (W, H), which states that, if u is the Gaussian
measure on W whose structure is determined by H (meaning, for f € W* C H,
[, e@du(x) = e=29:91), then the measure u exhibits “quasi-invariance,” meaning
that, if h € H and Aj, denotes the map A,(z) = = + h, then p o A; is absolutely
continuous with respect to h, and % = e—a{hrt@hn  This can be interpreted
as a type of smoothness result for the measure. The quasi-invariance result that we
will show is similar in nature.
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4.1 Considerations

While the methods in [BGM13] are capable of handling the major complicating factor,
namely hypoellipticity of the diffusion, we are presented with obstacles when trying
to apply the methods when there are infinitely-many vertical directions. The quasi-
invariance result requires one to discuss how the Carnot-Carotheodory distance, which
determines the sub-Riemannian structure on W x C, acts in infinite-dimensions.
In [BGM13], it was shown that this distance is topologically equivalent to using
the metric || - ||z + K+/|| - ||c for some K > 0, which is used to show that the
Carnot-Carotheodory distance is well-approximated by finite-dimensional “projected
subgroups” of W x C. However, it is proven in Section 6 that, if C is infinite-
dimensional, then we cannot expect such a K to exist. Nevertheless, by using a
different approach, an approximation result for the Carnot-Carotheodory distance is
proven and used.

A second impediment comes from the group structure on W xC'. Let w : WxW —
C be a bilinear, antisymmetric map, which determines the group structure of W x C.
In previous works (meaning dim(C') < o), it has been assumed that w: H x H — C
is Hilbert-Schmidt. Supposing for now that C'is an infinite-dimensional Hilbert space,
we maintain that w : H x H — C' Hilbert-Schmidt, as this is a necessary assumption
to ensure W x ('-valued Brownian motion is defined. However, attempting to proceed
with the methods of [BGM13] using the norm and inner product structure of C' will
fail. Indeed, to satisfy the desired curvature-dimension bound, we need to make use
of the strictly positive constant (referred to as py in [BGM13]):

o0

M%{@H = ||c\i\2f=1 <W(€z‘7€j)70>20 > 0.
ij=1

The quasi-invariance result incorporates the ratio % into the bound. But if w
is Hilbert-Schmidt, and if {c;}sen is an orthonormal basis for C, then the sequence

indexed by ¢ given as

Ty = Z <w<€i7 6]'), C€>%’
ij=1
is summable, as )~ x, is equal to the Hilbert-Schmidt norm of w, so z, converges
to 0, implying that |w]|per = 0. In fact, one can show that if |w|per > 0, then

|w|[ s = co. We are forced to reconcile that, under any set of assumptions, Jelzs. —

) |wlHoH
o0

Even so, we are able to achieve desired curvature bounds. Rather than using the
structure of C' alone, we also rely on the existence of a dense Hilbert subspace Z C C.
Under additional assumptions and with a sharper bound, we can replace |w||gg with
an alternate constant and prove a quasi-invariance result.
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4.2 Summary of assumptions and results

Let H and Z be separable Hilbert spaces. Given any skew-symmetric bilinear map
w: H x H — Z, applying the ideas from Section 2.3, we may consider H X Z as a
(potentially infinite-dimensional) graded step-2 nilpotent Lie algebra, also sometimes
referred to as a “Heisenberg-like” Lie algebra, by defining the Lie-bracket as

[(h1,21),(h2,22)] = w(hl,hg).

This, in turn, allows us to consider H x Z as a (potentially infinite-dimensional) simply
connected graded step-2 nilpotent Lie group (or “Heisenberg-like” group, perhaps
called exp(H x Z) when emphasizing the group structure) by defining the product

1
(hl,zl) . (hg,ZQ) = (hl —+ hg , 21 + 29 + §w(h1, hg)) .

We further impose technical assumptions on w, namely that, for orthonormal
bases {e;}jen and {f¢}een respectively,

ol Frorr = s Z wleire;), 2)3 < 0o (A2.1)
zllz i,j=1

|wl|3ez == sup Z (h,e;), < o0 (A2.2)
IAla=1 =
[wliren = ”Zflz<w(ei,ej),z>22 > 0. (A2.3)

j=1

We may also readily discuss the notion of group-valued Brownian motion, provided
that we restrict to finite-dimensions. We assume that we have Banach spaces W and
C' that contain H and Z respectively as dense subsets, and that (W, H) is an abstract
Wiener space, as defined in Section 2.2. This suffices to say that we have a Brownian
motion (By)i>o on W. Any finite-rank projection P : H — H (that is, P € Proj(IV))
has a measurable linear extension to P : W — PH, and can be used to define a finite-
dimensional Brownian motion (PBy);>o on PH. Then we may define the stochastic

process (g1)i>0, as
t
gtP = (PBt) / CL)(PBS7')dPB$> .
0

This is essentially hypoelliptic exp(PH X Z)-valued Brownian motion, and is consis-
tent with the definition in Section 2.3.3.
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Our final technical assumption is the following.

For all ¢ > 0, there exists a W x C-valued random vari-
able g; such that, given an increasing sequence of finite-rank
projections (P,,)men € Proj(W)T, for every f € (W x C)*,
f(gF™) — f(g¢) in probability.
We define! the hypoelliptic heat kernel measure on W x C, denoted 14, to be the
distribution of g,.

(A2.4)

The quasi-invariance result makes use of a metric subgroup of exp(H x Z) that is
intrinsically related to both the Cameron-Martin subspace of W and the subelliptic
structure induced by 1. Let AC denote the set of absolutely continuous paths o :
[0,1] — H x Z, on which we may define the length? ¢(c) = fol | Lo@wy-1:0" (t)|| mrx zdt.
We say o is horizontal if Lyyy-1.0'(t) € H x {0} for all t € [0,1], and we denote
the set of such paths as ACj,. Then for any (h,z) € H x Z, we define the Carnot-
Caratheddory distance from the origin as

d(e, g) = mf{e(a) ‘ geACh, o(0)=¢, o(1) = g} .

We will study the set of elements that are of finite horizontal distance from the
origin, that is, {g € H x Z | d(e,g) < oo}. It will be illustrated that, unlike for
finite-dimensional C', we cannot expect this set to be exactly equal to exp(H x Z).
The objective of Chapter 2 is to prove Theorem 8.4, which states that, for elements ¢
of finite horizontal distance, the shifted measure v, 0 Ly, on W x C' is absolutely con-
tinuous with respect to 14, and we give LP bounds on the Radon-Nikodym derivative,
which be a function of d(e, g).

4.2.1 The Hormander condition

As remarked in Section 2.3.3, when discussing smoothness properties of densities of
a diffusion, it is often crucial to make use of our Hormander condition. In previous
works on Heisenberg-like groups, even with infinitely-many horizontal directions and
finitely-many vertical directions, this clearly corresponded to span{w(e;, €;) }75-; = C.
It is the Hormander condition that implies the existence of the nonzero constant

o0

inf (wles ef),c)e > 0. (2.1)

cllc=1
lele=1 2=

!Note that, in [BGM13], the heat kernel measure v; was essentially defined as the limiting distri-
bution of gQP;’". In this thesis, we will not introduce this factor of 2, in the interest of being consistent
with the notation of Chapter 3, which is inline with notation for many finite-dimensional Taylor
isomorphism theorems, like [DG97] and [DGS09a]. This means that formulae in this work will differ
from those in [BGM13].

ZRecall from Section 2.3.2 that L, : exp(H x Z) — exp(H X Z) is left-multiplication by g, and
that Ly, : H x Z — H x Z is its derivative.
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When (' is infinite-dimensional, it is not clear what the equivalent of the Hérmander
condition is meant to be, but we will now provide 2 equivalent interpretations. The
first is to simply declare that it is the existence of a constant resembling (2.1), which in
this case is the strict positivity of the constant |w|pem (that is, assumption (A2.3)).
On the other hand, in Section 5.2, we will show that (A2.1) implies that w has an
extension to the Hilbert space tensor product w : H ® H — Z, and that (A2.3)
implies this extension is surjective. Then, in a certain sense, {w(e;, €;)}75_, generates
Z, which parallels the finite-dimesional Hormander condition.

4.2.2 Naming convention

There are 3 major spaces that play a role in proving the quasi-invariance result. Here,
we will provide their official titles and notation, as well as rationale for their titles.
They are

1. G =W xC, an abstract Wiener nilpotent Lie group, satisfying (A2.4), and thus
possessing the heat kernel measure v;.

2. gom = H x Z, the Cameron-Martin subalgebra, with Lie bracket determined
by w, satisfying (A2.1), (A2.2), and (A2.3).

3. Gonm = {9 € exp(genm) : d(e,g) < oo}, the Cameron-Martin subgroup, pos-
sessing the right-invariant metric d.

We first remark that our construction of a nilpotent abstract Wiener Lie group
is consistent with the general definition provided in Section 3, in which X = gep
and Xy = H. As in the general case, the primary assumption on G is that it is
“large enough” to contain the probability distribution, and its role mimics that of W
when (W, H) is an abstract Wiener space. We do not assume that w has an extension
(continuous, measurable, or otherwise), but (A2.2) suffices to show that there is a
measurable action of G¢yy on G, which is necessary to even describe quasi-invariance.
This will be described further in Section 7.

We can make sense of gcoys by considering our generalized Hormander condition.
Indeed, in a sense, we may view H X Z as the Lie algebra generated by H, the
Cameron-Martin subspace of W. It is not necessarily true that every element of Z
is a finite linear-combination of elements in w(H, H), but they do lie in the image

of w: H® H — Z, and can be written as a potentially infinite sum of elements in
w(H, H).

On the other hand, we may regard Gy, as the group generated by H, but this
too requires some interpretation of the word “generated.” Not only does Gy, include
finite products of the form (hy,0) - ... - (hy,,0), but it also includes endpoints of
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horizontal paths o : [0, 1] — exp(gcoar), which must satisfy, for some path A : [0, 1] —
H,

0'(t) = LowA(t) o(0) = e.

Such endpoints are generalized products of elements in H in the same way that the
solution to this differential equation results in a generalization of the Baker-Campbell-
Hausdorff formula, see Theorem 2.6 and [Str87].

The sets goy and Geyy are only related in that they are both, in some sense,
generated by H, the former by the Lie bracket and the latter by group multiplication.
Their relationship with each other is not equivalent to finite-dimensional Lie groups,
since we generally have exp(goy) # Gon- However, in Chapter 3, there will be some
discussion in which we regard elements in gcoas as corresponding to left-invariant
vector fields on Gy, see Section 11.3.

4.2.3 Further directions

In the text [Wanl4, Section 5.2], the curvature-dimension bounds (as discussed on
Section 5.1) are further generalized. It would be interesting if such bounds, and hence
quasi-invariance, could be generalized to account for step n nilpotent Lie groups. Here
is a possible setup for considering an infinite-dimensional step 3 nilpotent Lie group.
We assume that we have a separable Hilbert space and Lie algebra H = X @Y & 7,
where the Lie bracket [-,:] : H x H — H is weakly Hilbert-Schmidt with surjectivity
properties, meaning that, for bases {e;}jeny, {fe}teeny, {gptper, of X, Y, and Z
respectively, for y € Y and z € Z,

2
exlyly < Y (v lenel)y < Cxlylly

,JEAX
2
allzlz < > (zlen fl), < Oyl
JEAX LENY

where C'y and Cy play the role of ||w||gew, and cx and ¢y play the role of |w]|pyey. We
would also assume the existence of constants Ky, Ky that play the role of ||w||gez,
that resemble, for x € X, y €Y,

Yo fulepal)y, < Kxlalk

jEAX LENY

ST Agpleul), < Eyllyl}

JEAX,pEAZ

It seems reasonable for such inequalities to give rise to further generalized curvature
dimension bounds. If we define the differential operators, for sufficiently smooth
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feC>(H),
Axf =) &"f

JEAX

PY(f) = TN = Y. (@) TX() = AxD¥(f) — 20¥(f, Ax f)

JEAX

TY(f) =TV ) = Y (ff)” TY(f) = AxTY(f) =20V (f, Axf)
leNy

TZ(f) = T2(f. /) = > (Gf)°  TE() = AxTZ(f) — 207 (f, Ax f),
pEAZ

then there may be functional inequalities that resemble (2.3). One seemingly plausible
candidate is, for all s, € R,

L3 (f) + svTy (f) + sv°T5 (f)
1
> (A — Bsu)TY (f) + CsvT?(f) — (D— + Esv)T*(f) (2.2)
SV
for some positive constants A, B,C, D, E € R. However, it does not seem that this
inequality is quite satisfied under the provided conditions. Taking inspiration from

calculations in [Mel21] (see also Section 10.3), it is possible that introducing a trace-
type estimate like

% ( 2 <Z’Hei’e’f]»€j]>2> < Cllz[%

keAx \ijeAx

could give rise to another operator

Z(Zw@%@,

keAx \ijeAx

whose addition would allow for an inequality resembling (2.2). Such an inequality
seems to provide a reverse Poincare inequality: if Prf = e7/22x f = E[f(-gr)] is the
heat semi-group, then

¢

r¥(prf) < T

(Pr(f*) = (Prf)?).

for some constant C. The proof would require a modified argument, making use of
the functional

O(t) = a(t)P(T* (Pref)) + b(t) P(TY (Prif)) + c() P(TZ (Pr_i f))
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with “controls” a(t), b(t), and c(t) defined by a differential equation; see the proof
of [BGM13, Proposition 2.5]. However, without transverse symmetry, as in (2.4) (or,
at a minimum, some type of bound resembling (2.4)), a reverse logarithmic Sobolev
inequality, and thus a quasi-invariance result, would be out of reach.

It would also be worthwhile to explore further smoothness properties of the Radon-
Nikodym derivative %, like differentiability, even merely in the step-2 case, as
was done in [DEM16]. This relied on examining the Radon-Nikodym derivative of
vr with respect to vy ® de, that is, the product of a Gaussian measure on W and
Lebesgue measure on the (finite-dimensional) C. When C' is infinite-dimensional,
such a Lebesgue measure will not exist, and a different approach would have to be
taken.
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5 Setup

5.1 A brief exposition to curvature-dimension bounds

The discussion below is primarily derived from [BG17] and [BGM13]. For now, let G
be a finite-dimensional Lie group with operation - and Lie algebra g. For x € g, we
may define the corresponding left-invariant vector field = satisfying

Filo) = 7o (1)),

which coincides with the notion described in Section 2.3.2
Then assume G has a left-invariant Laplacian Ag given as

n

Acf(g) = > 7 f(9)

i=1

for some zy,...,7, € g. Given t € R, we have a heat operator e’/?2¢ : C>®(G) —
C*(@G), a probability measure v;, a probability density p, with respect to the left-
invariant Haar measure dg, and a corresponding Lie group Brownian motion (g;)i>o
all satisfying®

RA() = 3 (h) = Blf(h-g)] = [ f-giante) = [ F-amlo
Critical to our analysis is the Carré du champ operator I' : C*°(G) x C*(G) — R,

defined as as .
Dlfif) = Y (86) (582)
=1

1=

And Ty : C*(G) x C°(G) — R as

Lo f2) = 5 (A6l f2) = DAk, fo) = T Aaf)).

where we abbreviate I'(f) := T'(f, f) and Ts(f) := Tao(f, f)-

Suppose G is equipped with a (nondegenerate) Riemannian metric, meaning that
x1,...,x, span all of g. Then the Ricci curvature tensor, denoted Ric, satisfies the
equality below.

Lo(f) = IV2fI* + 2Ric(V [, V)

3Note that, in [BGM13], the heat kernel measure v; was defined as the distribution of go;, rather
than g;. Thus, formulae in this work will differ from those in [BGM13].
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By applying the Cauchy-Schwarz inequality, we see [|[V2f|3 > L(Af)?, so the
inequality Ric(Vf, Vf) > p implies

a2 (f)

Inequalities of this type have proven to be useful for a wide variety of applications,
as demonstrated in [BE85; BL06; BQ99; Led00]. Dimension-independent properties
can be derived with merely I's(f) > pI'(f). However, having a lower bound on the
Ricci curvature, meaning Ric(z, ) > p € R for all z € g, is not immediately available
in the sub-Riemannian case.

—(Af)* + pT(f).

1
n

The generalized curvature-dimension bounds, first used in [BG17] and later in
[BBG14; BB12], apply in sub-Riemannian contexts while still being powerful enough
to emulate the classical curvature bounds. In this context, we do not assume that
the “diffusion directions” {xy,...,z,} span all of g, which induces a “degenerate”
geometry, but still satisfy the Hormander condition (Section 2.3.3), meaning that

n
Span{l‘ju [wjlﬁ sz]v R [[xjnmjz]v s 7Ijk]}j1 Je=1 =49

-----

It is a theorem of Héormander that such a diffusion shares some of the nice properties
of elliptic diffusions, such as smoothness and strict positivity of the density.

In this case, we say that g is comprised of “horizontal” x; directions that generate
the diffusion, and refer to the remaining directions as being “vertical.” So suppose
Ag is given by Agf = > 0 Z;f, where {z;}7, U {%}7, is a basis of g. Then we

define operators
M f) = Y (56) (B0)

/=1

T2 ) = 5 (86T (o)~ T4(Bahi, f2) ~ T7(fi Aafo)).

where we again abbreviate I'Z(f) := TZ(f, f) and T%(f) := TZ(f, f). Then the
generalized curvature-dimension bounds are as follows: there exist o, > 0 such

that, for all v > 0
p

L)+ = ot - 2rp). (23)
In [BG17], this was used in combination with transverse symetries
L(f,T7(f)) = T(£.T(f)). (2.4)

These imply a reverse logarithmic Sobolev inequality®

2(1+2) (Pr(flnf)
T ( Prf

4We remark that this formula differs from those in [BGM13], due to our definition of v;.

I'(InPrf) <

—1In PTf)
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A survey of different types of logarithmic Sobolev inequalities and their many uses is
presented in [Led11]. It is known that a reverse logarithmic Sobolev inequality leads
to Wang-type Harnack inequalities: setting C' = 2(1 + 22), for all f € L=(G),

oty

(Prfylo) < Prp(o) e (2 A0S

Wang type Harnack inequalities are equivalent to integrated Harnack inequalities:
there exists a constant ¢ where (Prf)P(x) < cPrfP(y) if and only if

</c (%)WDPT@, z)dz>p1 < ¢

This estimate is naturally related to quasi-invariance estimates. Indeed, if we let

Jr. be the Radon-Nikodyn derivative of vy o Ly with respect to v, then we know that

. . dvrol L
Jy, corresponds to a smooth function. We may write J;, = “2=¢ = P7°29 and can

. dvr T
write

[ ellpa@pr < ¢
We compile this into a single statement.

Theorem 5.1. Suppose that, for all f € C*(QG), the generalized curvature dimension
bounds (2.3) and transverse symmetries (2.4) hold. Then for J}(z) = dvroly (g) =

dvr
pr(g-x)
pr(z) ’

and assuming 713 + % =1,

%) (v + 1)d(6,9)2> '

L
1, e cor) < exp (<1 + > 5T

dvroRy
dvr

Y

with a similar bound holding for J(x) = . In other words, using LY(G, vr)* =

LP(G,vr), for all f € LP(G,vr),

\ [ 6 a)ane(e)

dvr o Ly1)(2)

o (14 22) sy,

So, using this approach, the key to arriving at dimension-independent quasi-
invariance estimates is proving dimension-independent generalized curvature-dimension
bounds.

d l/T )
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5.2 Assumptions on the bilinear map

As discussed in Section 4.2 that we are given separable Hilbert spaces H, Z, and a
bilinear map w : H x H — Z. For now, let {e;};en and { f;}sen be orthonormal bases
of H and Z respectively. We define (independently of basis chosen)

ol = Slulplz (i e5),2)% < 0. (A2.1)

As explained in Section 2.1.3, the property that ||w||pen < oo is referred to
as being weakly Hilbert-Schmidt. This property is characterized by the fact that w
extends to a linear operator w : H ® H — Z with operator norm ||w||ggy. Indeed,

sup E w(e;, €;), = sup g (e; ®ej,0*2) yam

lIzl=1 ll=l=1

= ||lw* ||£(Z,H®H) = |Ollcaem,z) -

In addition to contributing to showing that W x C-valued Brownian motion is well-
defined, this will be used in a critical way in Section 6 when discussing finite-
dimensional approximations of horizontal distance.

We also assume

\w|hen = inf (wles ef),2)% > 0. (A2.3)

2l=1“=
i,J

The significance of |w|gen is the following: if ||w||ger < 00, then |w]|pen is the
operator lower-bound of W* : Z — H ® H. Indeed,

o0

15" (Miren = D@ (2) e ® o

ij=1
oo

2 2 2
= Z(Z,W(ei,ej)>z > |wlhenllzllz -
ij=1
And as proven in Proposition 2.1, @* is bounded below if and only if w is surjective.
Thus, |w|ger > 0, if and only if @ is surjective. Importantly, this implies that
span(w(H x H)) is dense in Z, but note that the converse is not necessarily true.

That is, span(w(H x H)) being dense does not imply the existence of such a lower
bound.

Furthermore, we assume

W7oz == sup Z (h,e;), < 0. (A2.2)

[[2]l=1
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Phrased another way, we assume that the trilinear map (w(+,-),")z: Hx Hx Z — R
extends to a continuous map H x H ® Z — R. This constant is not needed to define
the notion of (group-valued) Brownian motion on W x C, and will not play a role in
Chapter 3. However, for this result, this constant tempers the group and differential
structure on GG, and will appear in the generalized curvature-dimension bounds.

The reader should note that w being Hilbert-Schmidt is stronger than ||w||genr <
oo and ||w|mgz < 00, since max(||w||pen, |wl|Hez) < ||wWllasmenz). But, as re-
marked in the introduction, the assumptions that ||w||ger < 00, |W|mer > 0, and
dim(Z) = oo will contradict w being Hilbert-Schmidt.

From this, we may regard H x Z as a (infinite-dimensional) Lie algebra, where
[h1 + 21, he 4+ 23] = w(hy, he). By identifying H x Z with exp(H X Z), we may also
regard H X Z as a group (sometimes referred to as exp(H x Z) when we do) with the
product

1
(hl,Zl) . (hg,Zg) = <h1 + hg, 21 —+ Z9 + §W(h1, hg)) .

5.3 Finite-dimensional projections and subgroups

Continuing the assumptions from the previous section, we further assume that H
and Z are densely contained in Banach spaces W and C'. Using the same methods
as in Section 2.2, we may say that there are dense inclusions W* C H C W and
C* C Z C C, and that any finite rank projections P : H — H and Q) : Z — Z have
continuous linear extensions to P : W — H and Q : C' — Z. We will use Proj(WV)
and Proj(C) respectively to denote the sets of these projections. By density, we may
also consider increasing sequences (P, )neny and (Qu,)men, for which P, — Iy and
@ — Ic in the strong operator topology, and we denote the sets of such sequences
as Proj(W)T and Proj(C)T.

For P € Proj(W) U {Ig} and Q € Proj(C) U {I,}, we define GP'? as the set
PH x QZ. We may regard this set as a Lie algebra with bracket determined by
Qw : PH x PH — (QZ, and as a group by using the group operation -¢ defined as

1
(z1,71) @ (v2,92) = (351 + T2, Y1 + Y2 + 5@00(3517552)) .

Observe that GP@ is typically not a subgroup of G (it generally does not have the
same group operattion!), and the continuous projection P x @ : G — GP% is not
a homomorphism. Still, GP? will still serve as a “geometric” approximation of G.
When considering projections, we will often require span(w(PH x PH)) O QZ. This
is to be expected, because this corresponds to the hypoelliptic differential equation
defining Brownian motion on G"% satisfying the Hérmander condition.
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5.4 The group structure on H x Z

In this section, we will discuss more structure on H x Z and recall some facts and
notation from Section 2.3.

We regard H x Z as a Lie algebra. In fact, we will sometimes refer to it as gcoa,
the Cameron-Martin subalgebra, with a Lie-bracket |-, -] : goar X 9o — gonr defined
as

[(h1,21), (h2, 22)] = (0,w(hy, hy)) .

In this way, we may also regard it as a group by defining a group operation via
the Baker-Campbell-Hausdorff formula, as described in Section 2.3, ultimately giving

1
(h1,21) - (ha, 22) = (h1 + ha, 21 + 20 + éw(hh hQ)) .

When emphasizing the group structure, we will refer to gons as exp(gens). Note that
this differs from Gy, which is described in Section 6.

As noted in Section 7, we do not assume that w : W x W — (' is continuous. To
make sense of the main result, we only need to recognize that left-multiplication by
an element in exp(geas) induces a measurable action on W x (', see Section 7.2 for
more details.

5.5 Convergence of constants

Given any P € Proj(W)U{Ix}, Q € Proj(C)U{lz}, if {€;}1<j<r<oo is a basis of PH,
then we may consider ||Quw| prepm, calculated as

1Qulprerr = lQowo (P® P)pyepnr == sup Z wlei, €5),
zgézl wi=1

and we may similarly consider |Qw |prerm, and ||Quw| pragz. We will consider these
“projected” constants and prove that they converge to (or are bounded by) their
infinite-dimensional counterparts. The value here lies in that these constants appear
in the generalized curvature-dimension bounds in Section 8.2, as well as the quasi-
invariance result in Section 8.3.

For any metric space V', we let B‘S/1 denote the closed unit ball of V' centered at

0.

Lemma 5.2. For any weakly Hilbert-Schmidt bilinear mapw : HxH — Z, |w]pon >
0 if and only if w(H ® H) = Z. As a consequence, if P € Proj(W) U {lw}, Q €
Proj(C), and if span(Qw(PH x PH)) = QZ, then |Qw|puepu # 0.
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Remark 5.3. The consequence of Lemma 5.2 above is equivalent to remark 4.1 in
[BGM13].

Proof. We have that |w|ggp is the lower-bound of w*. Indeed,

o0

1" (e = D) (@"(2), e @ €)iron

1,j=1
]

— Z(Z,W(ei,ej)>2z > |wlgeullzl? -

ij=1

As shown in Proposition 2.1, w* is bounded below if and only if @ is surjective.
From this, the general consequence follows since, if P € Proj(W) U {Ig} and Q €
Proj(C') with span(w(PH x PH)) 2 QZ, then

Qw(PH ® PH) = Qu(PH ® PH) = span(Quw(PH x PH)) = QZ,

P

which implies that Qw o (P ® P) is surjective, so that |Qw]|pyeprr > 0.

0
Lemma 5.4. If (P,),en € Proj(W)T, Q € Proj(C)T, and span(w(PiHx P H)) 2 QZ,
then
(Quw]p.rep,n —— [Qw]Hen |Qwllp,ser i —— [ Qullren -

And if (Qn)nen € Proj(C)T,
|@nw]ren —— [w]hen 1@nllren —— llwllren -

And for any P € Proj(W) U{lw}, Q € Proj(C) U{lc}, |Qullprsqz < llwllnez-

Proof. For all n, let {e;}1<j<,, be an orthonormal basis of P,H, so that {e;} ey is
an orthonormal basis of H. Then define the function F, : B%Z — R as F,(z) =
S {w(ese)),2)%, and F : B%Z(O) — Ras F(z) =Y .7 (w(e;,€5),2)%. Then we

ij=1 ij=1
see that all F, and F' are continuous by the existence of |lw||lper < oo, and that,
pointwise, F, increases and converges to F' in n. Since B%Z is compact, by Dini’s
theorem (see, for example, [Rud76, Theorem 7.13]), F,, converges uniformly to F.
Then
sup Fo(z) —— sup F(z)
2eB27(0) " 2eB2E(0)
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and we may also deduce that —F}, converges uniformly to —F', and that

inf F,(z)=— sup (—F(2))
2€BZ{ (0) 2eB27(0)

—— — sup (—F(z2))= inf F(z).
n—00 zEBglz(O) zEB%Z(O)

This proves the first 2 claimed convergences. For the next 2, we regard F' as being
defined on BZ, (on which it is still continuous). Consider that B%"Z is a nested,

. . mZ .
increasing sequence of sets such that | J°_; Bgl is dense in BZ,. Thus,

sup F(z) —— sup F(z)= sup F(z)

m—ro0
seB? zel,, BE? heBZ,

and likewise for the infimum. This proves the last 2 claimed limits.

The final inequality follows from the definitions. Indeed, if {e; }1<j<, and { fo}1<i<s
are bases of PH and (QZ respectively, then

s S

1Qwlbregz = sup > Y (frowlhe)y < wlies-
heBL j=1 =1

5.6 Examples

The examples below determine the structures of H, Z, and w. We remark that these
can always be made into nilpotent abstract Wiener Lie groups as defined in Section 3
by asserting that W and C' are Hilbert spaces in which the inclusions H — W and
Z — (' are , as discussed in Example 3.4.

Example 5.5. If both H = span{ey,...,e,} and Z = span{fi,..., f} are finite-
dimensional, then any bilinear anti-symmetric defintion of w will suffice, provided that
span{|e;, e;]};';,—; = Z. If H is infinite-dimensional and Z is finite-dimensional, then
this becomes the object of study in [BGM13], for which we need the additional as-
sumption that the bracket [-, -] is Hilbert-Schmidt. Thus, for the remaining examples,
we will consider the presence of infinitely-many horizontal and vertical directions.

Example 5.6. Let {e;},en and { fr }sen be orthonormal bases of H and Z respectively,
and define w as
fooifi=20-1, =20
w(e,e) =< —fe ifi=20j=20-1
0  otherwise
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Or, in other words,

W (Z a;e; Z/Bjej) = Z (Oégz—152e - CWﬁQe—l)fe-
=1 =

/=1

For any ¢ € N, span(eys_1, €2, f¢) is a subgroup of H x Z, and is isomorphic to
the classical Heisenberg group. In this way, we may regard this example as an infinite
product of Heisenberg groups.

Observe that, for any z € 7,

o0

Z (z,w(ei, ej)>22 =

i,j=1

i ( z,w(ea 1,65))% + <Z,W(€Qg,€j)>2z>

1 =1

Mg

~
Il

[
NE

(G eolear-1, o)y + (2, wlears c2en)) )

~
Il

1

2(z, fo)z = 2|21z,

[
NE

~
Il

1

so, in this case, we have |w| ey = |w]nen = 2. And, for h € H, first consider that

[e.9]

(wlenh), fyz = Y (heyulwlee)), fi)z

=1

= 5¢,2e—1<h, 624)1{ - 51‘,24(]1, 628—1>H

and
i< (eish), fo))7 = i <<W(€2£f1,h),f5>2z+ <W(€227h),fe>22)
-y ((hoean + (hoeas)) = lIBl

so that ||w|lgez = 1.

Example 5.7. The previous example can be likened to taking an infinite product
of the standard 3-dimensional Heisenberg group. We now generalize the idea by
taking an infinite product of finite-dimensional Heisenberg-like groups, where each
need not be identical to one another, nor does there need to be an upper-bound on
the dimension.

Let {H™},en, {Z™},en be sequences of finite-dimensional Hilbert spaces, and
for each n, w™ : H™ x H™ — 7 an antisymmetric bilinear map. Suppose that
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we know

inf |w™ | g > 0 sup [|w™ || g < 0o sup [|w™ || gez < 0.
neN neN neN

Then set H := @>°, H™ and Z :=@°>", Z™, and define w: H x H — Z as
w<(h<1>,h<2>...), (k“),k(?),...)) - (w(l)(h(l),k(l)) , W (h® @) )
For each H™ | set {eg‘n)}lgjgdim( m) to be an orthonormal basis. Then we may

identify each egn) with the embedded element in H, which implies that {6§'n)}1§ j<dim(H™M) neN
is an orthonormal basis of H. Then we check, for z = (2, 2, ..) € Z,

oo dim(H ™) oo dim(H ™) 9
(n) _(n) (n) (n)
> (nuted” M), - 2 2 (2wl e™)
n=1 ij=1 n=1ij=1
< 3 I Bl < (sup [ ) S 1
n=1 n=1

= (sup Hw(n)HH®H> 12117,

neN
and similarly, we can arrive at the bound

oo dim(H ™)

(n) () el () 212
> X (e ™)) = (it o uen) 1213
= 4,7=1
And if {f™}1<i<n is a basis of Z(, then if h = () h®, . ) € H, then
oo dim(H ™)) dim(Z(™)
> z > (4 wthe™),
€ z

oo dim(H™)) dim(Z(™) 9

=X XX (),

2
< }jnw a2 < (sggnwmnmz) 1Rl
n

Example 5.8. If H and Z are separable, infinite-dimensional Hilbert spaces with
bases {e;}jen and { fi}een respectively, then define w by asserting

1
(= + 15 —€+1)

(fo,w(eiej))z = sen (i, j)
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where we define

1 ifi<y
sgn(i,j) = ¢ —1 ifi>j
0 ifi=y
Then this too will satisfy our assumptions. First note that, for any ¢ € N, we have
—~ (li—(+1)? — 3~
Then
D (zwlene)y = Y (2 03 (fowlee;))
ij=1 irj =1
- 1
< 2
SR Y E e ey
0 e’} 2 7T4
< < —|z|I%
< Yt i0b( X () ) < SR
and
S (elene)Vy = S, 1
Pyt T = +1) =4 +1)2(|(0—1) — €] +1)?
1
= ||Z||Z
and
d (fowlhe)y = > (hep)ufnwle,e)y
i,0=1 i,j4=1
- 1
< h,e;)— :
S DR F Py
2 & 1
< — h,ej)t—————
7 =1
7 i
< S5 ey = Sl
7=1

So while the previous 2 examples consist of “sparse structural constants,” this
example illustrates that one can have many nonzero entries, provided that they have
sufficient decay.
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The next 3 examples are actually nonexamples. However, they will still satisfy
|w||lger < 0o and can be used as examples for the result in Chapter 3 (after taking
the complexification as needed).

Example 5.9. For {e;};>¢ a basis for H and {f;},>1 a basis for Z, we now define w
as

fi ifi=0,7#0
wleie)) = ¢ —fi ifj=0,1#0
0 otherwise

Or, in other words,

w (Z Qe , Zﬁjej> = Z <060515 - Oézﬁo) Je-
i=0 j=0 ¢

This can be likened to taking Example 5.6 and identifying all the odd-indexed basis
vectors in H as eg. Then

o0

S (esten ey = 2o (e )+ (ten c))

i,j=0
= Z fﬁz —2” ||Z

But

DY fnwlene)y = > (fuwlen,e)y = D (fuf)y = oo.

=0 (=1 i=1 i=1

Hence, this example satisfies 0 < |w]|pen = ||w||lper < 00, but ||w| ggz = 0o

Example 5.10. Let {fi/}r<ren be a (doubly-indexed) orthonormal basis of Z, and
define w such that

fij ifi<y
W(Gi, Gj) = _fi,j lfj <1
0 ifi=j

This constitutes the free infinite-dimensional step-2 graded nilpotent Lie group. It is
readily seen that

o0

Z<Z>w(€i76] Z fZ] 2||z||22

ij=1 1<i<j
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But

Z <fk,£>w<€1aei)>2z = Z<f1,iaw(€1,€i)>22 = Z<f1,iaf1,i>2z = o0,
ik l=1 i=2 =2

so again we have ||w||ggz = oc.

Example 5.11. We now consider the path space of a finite-dimensional Heisenberg-
like group. This explores paths of finite-energy, for which the notation and some
theory is presented in Section 2.1.4. This is the Hilbert space structure for the graded
step-2 equivalent of Example 3.5, where we use to to denote the pointwise Lie-bracket.
As it turns out, even though ||w||yeyn < 00, it can be demonstrated that ||w||yez =
00.

To define this space precisely, let H = span{ey,...,e,} and Z = span{fi,... f}
be finite-dimensional vector spaces, with w : H x H — Z continuous, bilinear. Then
we may consider H x Z to be a finite-dimensional Heisenberg-like group, equal to
its own Lie algebra, with Lie bracket and group operator determined by w. We then
consider H = Ho([0, 1], H) and Z = H([0,1], Z), and we define w : H X H — Z as
w(hy, ha)(t) = w(hi(t), ha(t)). Then H x Z is the Cameron-Martin subalgebra for an

infinite-dimensional Heisenberg-like group; see Example 3.5 for more information.

Consider the bilinear map m : Hq ([0, 1], R) x Ho([0, 1], R) — Ho([0, 1], R) defined
asm(f,g)(t) = f(t)- g(t). Recall that we may use {v/2sin(2rkt), V2 cos(2rkt) }ren U
{1} as an orthonormal basis of L?([0, 1], R), so identifying Ho([0, 1], R) as the set of an-
tiderivatives on L?([0, 1], R), {ﬁ - sin(27kt), f cos(2mkt) }k yU{t} is an orthonor-
mal basis for Hy([0, 1], R). Since Hq([0,1], H) = 7{0([0 1,R) ® H and H([0,1],2) =
Ho([0, 1], R)®Z, we have {ﬁ sin(2mkt)e;, ﬁ(l—cos(QWkt))ej}keN’lSanU{tej}lngn
is an orthornomal basis of H, and we have a similar basis for Z.

Then for a function f € H([0,1],R) and an element v € H, f(-)v € H, and

kz21;;< ( \/_W

- Z< o Sn(2nh) f(1)  ——sin 27r€t> (ZZ )

k=1 i=1 j=1

2

sin(27rkt)ei, f(t)v ) SIH(QW&)]E>

H

This demonstrates the connection between to and m. If we can show that

[ 246 (10,1, R) @0 (0,112 = OO,

then we could conclude that |[w||ygz = oo.
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Before beginning the true calculation, we remark that, if ¢ € L*([0,1],R), then

(doubly-indexed) sequences of the form (4 fo ) sin(27kt) sm(27r€t)) . reny A€ square-
summable. This is because
o 00 1 1 9
Z Z =] </ g(t) sin(27kt) sin(27r€t)dt>
k=1 =1 0
o 1 o0
= Z o Z ) sin(27kt) sin(?wft»iz
k=1
1 w2 9
= > lle(t) sin@rkt)|Z: < Z lg@ze = S lg(Olz:
k=1

and note that this does not change if one or both sine functions are replaced with
cosine functions. Then, for any f € H}([0, 1], R),

> 1 I
Z< \/%k sin(2mkt), m(f(t), \/§7T681n(27r€t))>

2

k=1 H([0,1],R)

I , ?
= 2 (/ \/§cos(2wk:t)(\/§cos(27r€t)f( )+ N sin(2mlt) f (t))dt>
= 2 [ cos(2mkt) cos(2mlt) f(t)dt

g

1! :
e /0 cos(2nkt) sin(2nt) f’(t)dt) |

Then, based on the remarks above, we know that (1 fol cos(2mkt) sin(27et) f(t)dt) b leN
is square-summable, so the summability of the expression above is determined by the
square-summability of ( fol cos(2mkt) cos(2mlt) f(t)dt) g pen-

Using integration by parts, we get

cos(2mkt) cos(2mlt) f(t)dt
byl )
- i Z (/ (cos(2m(k + £)t) + cos(2m(k — Z)t))f(t)dt)
k=1 \70
> ikgl (/0 o k S h D) sin(2m(k + 0)t) f'(t)dt
kst

+/o msin(?ﬂk—ﬁ)t)f'(t)dt) .
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It can be seen that (%H fol sin(2m(k+0)t) f'(t)dt) is square summable because

k,teN

[e.e]

> m ( /0 1 sin(27(k + £)t) f’(t)dt)

k=1

2

2

< Z kQ( / sin(2rkt) cos(2mlt) f(t)dt + /0 1 sin(2mlt) cos(2mkt) f’(t)dt) ,

k(=1

so we need only to determine the square-summability of (4 fol sin(2m(k—0)t) f'(t)dt) .
However, if (sin(27t), f(t))r2 # 0, then

%:; ﬁ </0 sin(2m (k — f)t)f’(t)dt)
- i (/olSin(27Tt)f/(t)dt>2 = 0.

From this, we may conclude that, in this example, [[to||ygz = co.

The path space of a nilpotent Lie group will be explored further in Example 10.21,
where it will satisfy the criteria for Chapter 3 (upon taking the complexification if

needed).
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6 Horizontal distance approximations

We consider a subgroup of G called G¢ys, the Cameron-Martin subgroup, which
satisfies, for all P € Proj(W), GF C Gear C exp(gear). This group is intrinsically
related to both the Cameron-Martin space of W and the subelliptic structure induced
by Ag. We will first spend time defining this distance and related notions, followed
by showing how this distance is well-approximated in finite dimensions.

6.1 Preliminaries

Recall that we give goy = H X Z a group structure (called exp(gear) when we do so),
from which we have left-invariant vector fields as described in Section 2.3.2, defined
as

Lgv =

1
p (g-tv) —v+§[g,v}.

And the map Ly-1, : gemr — gom, the Maurer-Cartan form, is regarded as the map
that cannonically identifies the tangent spaces of exp(gcas) together.

t=0

With this is mind, let C' = C*(]0, 1],exp(H x Z)) denote the set of continuously
differentiable paths o : [0,1] — exp(H x Z) = H x Z, on which we may define the
length (o) = fol | Lo@) 140" (t)|| rxzdt. We say o is “horizontal” if L,q)-1.0'(t) €
H x {0} for all ¢ € [0,1], and we denote the set of such paths as C}. Then for any
(h,z) € H x Z, we define the horizontal distance from the origin as

d(e, (h,z)) = inf{é(a) ) ccC,o0)=e,c(l)= (h,z)} :

The horizontal distance d is a (infinite-dimensional) example of Carnot-Carathéodory
distance. This idea was first introduced (in finite dimensions) by Carathéodory in
[Car09], though it wasn’t known if it constituted a proper metric (specifically, that
it was always finite) until being proven in Chow [Cho40] and Rashevsky [Ras38].
As a modern reference, see [ABB20, Rashevsky-Chow Theorem, Theorem 3.31], or
[Mon02].

We then define the Cameron-Martin subgroup as Geyy = {g € H X Z : d(e,g) <

Proposition 6.1.
1. For g=(h,2) € Goy, a >0, d(e,0,9) = d(e, (ah, a?z2)) = ad(e, (h, 2)).

2. For all g1, g2,a € Gowu, d(91792) = d(gl ca, g - G)-

3. d is a metric.
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Proof. For a horizontal path o = (A, B) : [0,1] = H X Z, 0,0 = (aA, o® B) satisfies

d

Ls,o(ty-14(0a0) () = s S:O(5a0/(t)) - (s0a0(t)7)

= 0] o0+ o)) = 8 (L0’
= aLa(t)—l*U/(t)v

s=0

where the last equality holds because Ly)-1,.0'(t) € H x 0. From this, we see that o
is horizontal if and only if ,0 is. And

1

g((sao—) :/ ”Léaa(t)—l*aozo_/(t)HH><Zdt
0
1

- / 100 (Lo 120" ()l 12

1
_ / laLogy 100" ()lludt = al(o).
0

Hence, there is a one-to-one correspondence between horizontal paths connecting e
to g and those connecting e to d,g, and this correspondence scales the length by a.
It follows that d(e, d,9) = ad(e, g).

For translation-invariance, suppose o : [0,1] — H x Z is in C}., where o(0) = g1,
(1) = go. Then o -a:[0,1] = H x Z satisfies (0 - a)'(t) = a-o'(t), and

Laotoyiala- oY (1) = | ((6) @) s(o(t) -a) )
= 2|0 (o)) = Loy (1),

and thus, o - a is C', horizontal, and {(a - o) = {(c). As before, there is a one-to-one
correspondence between horizontal paths connecting ¢; to g, and those connecting
g1 - a to gs - a which preserves the lengths of the paths. This proves the second point.

Showing d is a metric involves classical methods for metrics defined by minimizing
over paths. We only need to observe that constant paths ¢ = g € G, are horizontal
with length 0 to see d(g,g9) = 0. And if ¢ : [0,1] — [0,1] be ¢(t) = 1 — ¢, then we
may reverse a horizontal path o by taking o o ¢, which is again horizontal (as are all
smooth parametrizations of ¢), and o o ¢(0) = o(1), 0 0 ¢(1) = 0(0). Hence, for all
91,92 € Gow, d(g1, 92) = d(g2, G1)-

And if 01,09 : [0,1] = H x Z are both horizontal where o1(1) = 05(0), then we
may define the concatenation as

o1~ oall) = { op(2t — 1) if L

52



Then let ¢ : [0,1] — [0,1] be a smooth, increasing function such that ¢'(5) = 0.
Then (0 := 0 ~ 09) 01 is C!, will again be horizontal, and

(0(0) = 1(0) 7(3) = 71(1) = 02(0) o(1) = o2(1).

which proves the triangle inequality.

]

We will soon transition to defining d by minimizing over paths of finite energy.
Recall from Section 2.1.4 that, for any Hilbert space K, we define Hq([0, 1], K) as
the set of finite-energy paths A : [0,1] — K satisfying A(0) = 0 with || A||3(0,1,5) =
A" 20,11,5) < o0. We will primarily consider H([0,1], H), which will later be
abbreviated to Ho, but we will also discuss Ho([0, 1], R).

There is an explicit description of the paths that lie in C}, which was made use of
in [BGM13].

Theorem 6.2. Every o € C} with o(0) = 0 takes on the form
1 t

ott) = (400, [ w(ate). A e)as).
0

Define v(A, B) = %fol w(A(s), B'(s))ds, and v(A) = v(A, A). We may realize d

as

d(e, (h, 2)) = inf{||A||H0 |AeHy, AL) = h, v(A) = z} .

Proof. It 0 = (A,B) : [0,1] — H x Z is in C', then
1

Lo 1.(0'(1) = (A1), BI(H) = 5w(A(£), A1)

so the assumption that Ly-1.07(t) € H x0 implies that B(t) = 1 fot w(A(s), A'(s))ds.
Note that any C! path has finite energy, so A € Ho([0,1], H). And we may calculate

(o) = / | Logoy-12(0" ()|t = / A dt = e(4).

Holder’s inequality shows that ¢(A) < ||Al|,, and that ¢(A) = ||Al|», when A
is parametrized by arclength. Moreover, reparametrizing a path neither changes its
endpoints nor whether it’s horizontal. Hence, minimizing C!-paths over the length is
equivalent to minimizing finite-energy paths over the energy.

]
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We will now study convergence properties of the map v. As noted in Sec-
tlon 2 1.4, We may define the “integral” map Z : L*([0,1],R) — Ho([0,1],R) as

fo s)ds. Then Z can be viewed as mapping to L*([0, 1], R), and is bounded
llnear In fact, we have

Lemma 6.3. The bilinear map Z : L*([0,1],R) x L*([0, 1], R) — L*([0,1],R) defined
as (A1, Ag) — TAL(-)As(+) (integrate the first input, then apply pointwise multiplica-
tion) is weakly Hilbert-Schmidt.

Proof. Let f € L*([0,1],R). Then use {v/2sin(2rkt), /2 cos(2rkt)}ren U {1} =
{ex}rez as a basis of L%([0,1],R). Then

o) (e}

Z Z ‘<f(t)7:[(ek) ee>L2([O,1],R)

k=—o00 f=—00

0 0 2
— Z Z ’<f(t)1%24>L2([0,1],R)‘

k=—o00 {=—00

= Z Hf(t)z(ek)”%%[o,u,m
k=—0o0

1
- Z 922
k=1

2

2

f(t)(cos(2mkt) — 1)

L2([0,1],R)
orkt) Ht
g 2k2 () sin(2m L2([0,1],R L2([0,1],R)

< — 5 2 2

< Z 972k 11 z20,10,2) + I F1122(0.11.1)

=1 "
< K| flZ2q015)
for some K, which proves the claim. O

Lemma 6.4. The bzlmear map Sy : Ho([0,1],R) x Ho([0,1],R) — R defined as
Sy (A, B) fo s)ds is Hilbert-Schmidt.

Proof. Recall that Z : L*([0, 1], R) — Ho([0,1],R) is an isomorphism. Then the map
¢

(A, B) (t o / A(s)B’(s)ds> (2.5)
0

is precisely Z under the identification L2(]0,1],R) = H,([0, 1], R).
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The map Sy is the map in (2.5) composed with point-evaluation at 1, which is con-
tinuous on Ho-spaces, as noted in Section 2.1.4. This implies that S5 is weakly Hilbert-
Schmidt, or equivalently Hilbert-Schmidt, since R is trivially finite-dimensional.

O

Theorem 6.5. The bilinear map v : H([0,1], H)** — Z is weakly Hilbert-Schmidt,
and extends to H([0, 1], Hy)®2.

Proof. Recall from Section 2.1.4 that H([0,1], H) = H([0,1],R) ® H. Then, if we
realize v as being defined on (H([0,1],R) ® H)*?, we may write, for simple tensors
fL®u, fa®uy e LA[0,1],R)® H,

v(fi ®vr, fo ®@v2) = v(fivr, fave)

1 [t ,
= 5 [ “lhn fis)mas

-5(/ 1 ROM6)s (o )
= %Sz(fl,fz)w(%vz)-

Since both Sy and w are weakly Hilbert-Schmidt, we can conclude that the map
$S,@w : H([0,1],R)**® H*? — R®Z = Z has an extension to 7([0, 1], R)*?@ H®? =
H([0, 1], H)®2. Then by the equation above, v has a continuous extension as well, or
equivalently, v is weakly Hilbert-Schmidt.

]

6.2 More on the Topology

While not strictly necessary for our proofs, this subsection will discuss some topo-
logical considerations for G¢oyy. The main proof of [BGM13] relied on equating the
topology of Gy with that induced by the norm || - ||z = /|| - 15 + || - [|%. It will
be shown in this section that this equivalence does not generally hold. We will still

leverage the same estimates, but will ultimately require a different argument to prove
Theorem 6.16.

The following 2 results offer some understanding the topology of Geay.

Theorem 6.6. Define d? : Z x Z — R as d?(z1,20) = d((0,21), (0, 2)). The set
G is equal to {(h,z) € H x Z = d?(0,2) < oo}. Moreover, the topologies on Goy
determined by d and || - — - ||g + d?(-,-) are homeomorphic (but note that the metrics
are not necessarily equivalent).
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Proof. We will use estimates to bound each metric by a function in terms of the other,
which will justify both the set and the topological equivalence. Fix (hg, z9) € Go-
For (h,z) € G, by properties of d in Proposition 6.1, and using Lemma 6.12 in the
next section, and the fact that w is anti-symmetric,

d((h07 ZO)’ (h’ Z)) = d<€7 (h’ 2) ) (h07 ZO)_I)

< d(e, (h — ho,0)) +d(e, (0,2 — 2z)) + d(e, %w(ho, h — h0)>

™
< Ih— bl + (2. 0) + 5/ Tholl v/ Th— Bl

This proves that one direction is continuous. On the other hand, let A be a path
that satisfies A(0) = 0, A(1) = h — ho, and v(A, A) = z — 2 — sw(ho, h). Then its
length is no longer than the shortest path that starts at hg and ends at h, which has
a length of |h — ho||g. This proves

1h = hollu < d(e, (h, 2) - (ho, 20) ") = d((ho, 20), (h, 2)) -
Then, using the triangle inequality and translation-invariance of d,

dZ(zo, 2)

d(e, (0,z — z))
d(e, (0,2 — z) - (R,0) - (ho,0)"') +d(e, (h,0) - (hg,0)™ ")

< d((ho, ), (hy 2)) + | = holl + d(e, (0, 3o, h)))

IN

IN

20((ho, ) (h,2)) + o/ Tholia v/ T — il

IN

2d(<h’07 20)7 (h7 Z)) + g\/”hOHH\/d((hOv ZO)? (h7 Z)) )
and therefore

Ih = hollzr + d”(z,20) < 3d((ho, 20), (h, 2)) + /7 |[holl 11 v/d((ho, 20)., (B, 2))

which completes the proof.

]

Lemma 6.7. The inclusion (Gon,d) — (H x Z,\/|| - |3 + || - 1|%) is continuous.

Proof. Let (h,z) € Gea, so let A € Ho([0,1], H) be a path such that A(0) = 0,
A(1) = h, and v(A) = z. Note that

1Pl < (A) < Al -
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Since v is a continuous, bilinear map, then we have
15 + 11207 = Rl% +lv(A A7 < (1A%, + KAl

for some constant K. By taking the infimum over all such paths A, we may deduce

VIRIE + 1213 < dle, (h,2)) + VEd(e, (b, 2))°.

This proves continuity at e. For any (hg, z0) € Gear, by using Theorem 6.6, we may
write that there exists K such that d((ho, 20), (h, 2)) < Kd(e, (h — hg, z — zp)), which
completes the proof.

]

Before continuing, we will prove a formula that will be used in a calculation in
Example 6.10.

Lemma 6.8. If A € H([0,1], H) is a loop (meaning A(1) =0), then A takes on the

form
A(t) = J;l (@jykm(COS(Qﬂ']{t) — 1)€j —+ 5j’km sm(27rkt)ej> y (26)

for which we have

1

= % Oézkﬁ]kw 6176])

%7, k:l
which converges in || - || 2.

Proof. Consider that, since Ho([0,1], H) = H([0,1],R) ® H, we have a basis of
Ho([0,1], H) given as

1 1
2kt) — 1)e; , ——— sin(2kt)e; U {ted
{ o (costomkt) =)y Zsintomitre,} 0 oo},

where {e;};en is a basis of H. Then for any A € H([0, 1], H), if A(1) = 0, then there
exist square-summable constants {a; x, 5% }jken such that (2.6) holds.

Then, recalling that {cos(27k), sin(27k) }renU{1} is an orthogonal set in L2([0, 1], R),
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we have

V(A A) = %/O w(A(t), A'(t))dt

e8] 1 1
— Z ﬁ/ w (ai7k(cos(27rkt) — 1)e; + Bixsin(27kt)e; ,
ijhe=1 TN J0

(= sin(2wlt))e; + By cos(27r€t)ej) dt

00 1 00 1
— Z T Z Qi,kﬁj}k(/o COS(QWkt)2dt>W(€ia €;)

k=1 i’le
1
ot (/ Sin@ﬂktfdt)%, ;)
0
1 <X 1
o Z Eai,kﬁj,kW(ei,ej),
ivj k=1

Note that one may use the fact that w : H x H — Z is continuous bilinear, along with
the Cauchy-Schwartz inequality, to show that this series always converges in || - || z.

]

Remark 6.9. In [BGM13], recall that it was assumed dim(C) < oo. In that case,
we have that w : H x H — C' is Hilbert-Schmidt, and there exists a constant K such
that d(e, (h,¢)) < ||hllg + K+/]||c||c. However, we now have tools that demonstrate
that this inequality cannot hold in infinite dimensions. Indeed, if we maintain that
w: H x H — C is Hilbert-Schmidt, then the proof of Theorem 6.5 can be adapted
to show v : Ho([0, 1], H) x Ho([0,1], H) — C'is Hilbert-Schmidt (since Sy is Hilbert-
Schmidt and v = 35, ®w), and in particular the extension 7 must be Hilbert-Schmidt
and thus compact, so it is not surjective. This implies that there exists ¢ € C' such
that v(A, A) # c for all A € H([0,1], H), so that d(e, (0,c¢)) = oo. This certainly
contradicts d(e, (0,¢)) < K+/||c||c-

In Example 6.10 below, we present an explicit calculation for horizontal distance
that shows that we cannot expect this to be remedied even if || - || is replaced with

I 1lz.

Example 6.10. In this example, we will consider Example 5.6 and use Theorem 6.6
to compute the set Goyr and determine its topology. Recall that in Example 5.6 we
define w: H x H — Z as

o0

w <Z ;e , Z/Bjej) = Z (Oézz—1ﬁ2e - Oé2eﬁ2z—1> fe.
i=1 j=1

(=1
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Suppose that A € Hy([0,1], H) is a loop, so that it takes on the form (2.6).
Applying the definition of w in Example 5.6 to the formula for v(A, A) in Lemma 6.8

yields
1 o.9]
= Y Z Oézj—l,k52j,k - 042j,k52j—1,k)fj
gk=1

?vll—

Now, specifically for Example 5.6, given such loop A, we will prove that there
exists another path Ay € H([0, 1], H) that satisfies the following properties:

1. Ap(1) =0 (so that Ay is also a loop).
2. I/(A(), Ao) = V(A, A)

3. 1 Aollao o1, < N1 All30 (0,17, 1) -

4. Ap is of the form Ag(t) = (1 — cos(27t)) 3 77, cjeqjt1 +sin(27t) Y072 cjeq; for
some square-summable coefficients {c¢;};en, and in particular Ay is a circle.

Indeed, set p; = >, %(QQj_LkBQj’k — 9 kP2j-1). Then define

Ap(t) = L i \/Ipjleaj—1 ) (cos(2mt) — 1)
V27 ( = )
+ ﬁ ( i sgn(p;)\/|pjl 62]) sin(27t) .

Then Ap(1) =0, and

I/(Ao, Ao) =

Z ‘pz €2i—1 , ngn Dby \/Me2j>

7j=1

1 & 1 —
= 2—2 sen(p)lps| £ = 5= _pify = V(A 4),
j=1 j=1

while, using the Cauchy-Schwartz inequality,

Aol 300,11,y = 2Z|PJ| < 2 Z (lagj—14825| + |azj ko -1x])
7.k= 1

IN

(Ofi,k + 5]2k) < ||A||3%o([0,1],H) .

| =

J,k=1
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This proves the 4 points above. This implies that length-minimizing paths are cir-
cles, which is consistent with finite-dimensional Heisenberg group (see, for example,
[HZ15]).

We now will compute Ggps for Example 5.6 and its topology. Suppose that
z =Y vfr € Z. Then d(e, (0,z)) < oo if and only if there exists a path A €
Ho([0, 1], H) satisfying A(0) = 1 and v(A, A) = z, and the calculation above justifies
that we may replace A with the path Ag € Ho([0, 1], H) given as

1
V2

1

AO (t) = \/§7T

(cos(2mt) — 1)h +

sin(27t)v

where

h=V2r )\ /|lezis v = V21 sen(y) (/e
j=1 J=1

For this path Ay, we have that

Aol Fsoommy = 47 > -
/=1

Thus, (0,z) € Gey if and only if the path Ay actually lies in Ho([0,1], H), which is
equivalent to >~ |y,| < co. If this holds, then we have

d(e, (0,2)) = [[Aolooareny = 2V, | D el
=1

By Theorem 6.6, we see that Gonr = {(h,2) € H x Z : Y2 (|2, fo)z] < oo}, and
further that, as topological spaces, Goar = 02 x (1.

Example 6.11. In this example, we will show that it is in fact possible that Gy
has a nicer-behaved topology. Recall Example 5.9. While this has been labelled as a
“nonexample” for the main theorem (because ||w| ez = 00), we may still perform a
revealing horizontal distance calculation. There, for {e;};>¢ a basis for H and { f;}/>1
a basis for Z, we define w as

w (Z Qi€ , Zﬁj%’) = Z <Oéoﬁe - Oézﬁo) fe.
i=0 J=0

(=1

Then given any z = > _,°, 7 fr, we may define the path A(t) = \/%T ((1—cos(27t))\/| 2] zeo+
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sin(27t) |I1ZHZ (>niwex)). Then A is a circle of radius \/W, and

1 o0
V(A 4) = w(\/HZHZeoa L 7)
\V/ ||ZHZ k=1

=) qwleo.er) = > Wwfr = 2,
K1 K1

while

Using Theorem 6.6, we may deduce that G'¢)ps consists of H x Z. In fact, we may com-
bine this estimate with Lemma 6.7 to deduce that H x Z and G¢)s are topologically
equivalent.

6.3 Convergence of horizontal distance

The calculation in Example 6.10 tells us H x Z — G¢)y is not necessarily continuous,
but the lemma below does give us partial control. An argument showing essentially
the same result can be found in [GM13][Proposition 2.17].

Lemma 6.12. d(e, (0,w(h,v))) < 27/ ||hllzlv]a.

Proof. Define I',v' € H as b = h, v' = v — 8% Then define b = k' - /1ol
(h.hyu 1A/ 1| e

and v" =’ - HZ;”;’ Then it can be seen that w(h”,v") = w(h/,v") = w(h,v), while

R allo" L = 1Rl e < 1Rl lollsr. Moreover, |1 ||z = |[o”||s and A" L o,

Define the path A : [0,1] — H as A(t) = #((cos(?mﬁ) — A" + sin(27rt)v”>.

Then A(0) = A(1) = 0, while the calculation below (or Lemma 6.8) shows
1
v(AA) = / w((cos(27rt) — A" + sin(27t)v"” |, —sin(27t)h" + cos(27rt)'u”> dt
0

1
= w(h",v”)/ (cos?(2t) + sin®(27t))dt = w(h”,v") = w(h,v).
0

And since A is a circle in H, we know

1
- hl/
VLS

The desired inequality follows.

0A) = 2%-‘

IRl < 2vm/ Bl lolla -

H
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Recall that, for any P € Proj(W) U {Ig}, Q € Proj(C), we may define the
group (GP9, ), where GP'? = PH x QZ. Then for (hi, 21), (ha, 22) € GPQ | define
dPC((hy, 21), (ha, 22)) to be the horizontal distance via horizontal paths of GP?| that
is,

dPQ(e, (h, 2)) = inf{E(A) ] A€ Ho([0,1], PH) , A(0) =0, A(1) = h,
1! .
§/0 QW(A(S),A(S))CZS:Z}.

It is useful to apply properties of Bochner integrals to deduce 3 fol Quw(A(s), A'(s))ds =
Qi fo s), A'(s)) = Qu(A, A). Also note that, if P # Iy and w(PH x PH) 2 QZ,
then Lemma 6.12 implies d79(e, g) < oo for all g € GP?, though Lemma 6.13 below
covers P = Iy.

Lemma 6.13. For P € Proj(W) U {Ig} and Q € Proj(C) where span(Qw(PH x
PH)) = QZ, d"%(e,g) < |[h]lr + K(Q)V/ |2 2.

Remark 6.14. As previously remarked, we cannot expect the constant K to be
independent of @, as this would show G¢)ys is homeomorphic to H x Z, which is
certainly not true in Example 6.10.

Proof. By assumption, we may choose a basis of QZ of the form {Qu(as,be)}72;.
Thenif z € QZ is z =Y ," | auQuw(ay, by), then, using Lemma 6.12,

d™?(e,(0,2)) < Z\/W [dP9(e, (0,w(ar b)) < 27 Y ]V laclullbellu
=1

< 27 max (Vialullbelln) 3 Vil < KV
== (=1

for some constant K. Then
d"(e, (h, 2)) < d(e, (h,0)) +d(e, (0,2)) < |[hllg +K+\/l|z]lz -
O

A version of Theorem 6.15 was shown in [BGM13, Lemma 3.25], using an equiv-
alent of Lemma 6.13 above. Here, we present an alternate proof that leverages v.

As a side note, if ¥ was merely determined to be a continuous bilinear map, then
the following proof would be invalid. If B : H x H — Z is a bilinear map, and
x, weakly converges to x, then we cannot conclude B(x,,z,) weakly converges to
B(z,x). Indeed, if we define B(x,y) = (z,y)n, then B(e,,e,) = 1, but e, weakly
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converges to 0 while B(0,0) = 0 # 1. However, if B extends to a continuous linear
map B : H® H — Z, then we can consider the sequence z,, ® x,,, show that it weakly

converges, then realize that B(x,,x,) = B(x, ® x,) must weakly converge. Thus, in
the arguments below, we are making use of the weakly Hilbert-Schmidt assumption.

For the sake of brevity, for the remainder of this section, we will abbreviate
Ho([0, 1], H) as Ho, and Ho([0, 1], PH) as PH,.

Theorem 6.15. For any (P,)nen € Proj(W)" and fized Q € Proj(C) with span(Quw(P,, H x
P, H)) =QZ and g = (h,z) € P,yHxQZ for someng € N (and thus for alln > ny),
then

A9 e, g) —— d' 9 (e, g).

n—oo

And for more arbitrary g € H X QZ,
d'mC (e, " Rg) —— d' 9 (e, g).

r—00

Proof. First, we remark that, for n > ng, d™?(e,g) < oo by Lemma 6.13. Since
Py Ho € Ho,

{A € Ho : A1) = h, Qu(A,A) = z}
> {ae Pty A1) = h, Qua,A) =2} 20,

which implies d/#%(e, g) < d?(e, g) < co. In fact, it can be deduced that d? (e, g)
is decreasing in n. For m € N, choose A,, € Hg such that A,,(1) = h, Qu(A.,, An) =
z, and ||| A s, — d™9(e, g)| < L . Then we consider the sequence of endpoints of
“projected” paths

On = (Pnh,Qy(PnAm,PnAm)> .

Then we have d™%(e, g,,) < ||PuAml2,- Using this and applying Lemma 6.13, for
n 2 No,

d'n (e, g) < d™(e, g) < d™ e, g,) + A7 (gn, 9)
< A" e, g,) + d"2 (e, (0, QU(Am, Ap) — QU(PyAn, PuA)))

< PuAullity + K/ Qu( A, An) = Qu(PaAim, P,

< Al + K\ QA ® A — Pud ® PuAL)

1 —~
<dC(e,g) + —+ K\/HQV(Am ® An = Padn ® Pudn)| £

where @vy : Ho ® Ho — Z is the extension of Quv. Then we know that as n — oo,
P, A, ® P,A, = A, ® A, in Hy ® Ho, so by the continuity of Qr, we must have

1
dIH,Q(e,g) < lim dPn,Q(QQ) < dIH7Q(€7g) +—.
m

n—o0
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To be true for all m, we must have, d™? (e, g) 2= d'#?(e, g).

The second statement is justified by the reverse triangle inequality and Theo-
rem 6.6, or more simply with Lemma 6.12. Using the latter approach, for g = (h, z),
we have

@9 e, (Prh, 2)) = d'9(e, (h, 2))]
< d"((Poh,2), (h, 2))

= (e, (b~ Poh, 5 Qu(h, 1))
< ||h = Phllg + Ver/|[hl[z/|[h — Pohlg -

]

Theorem 6.16. For any (Qn,)m € Proj(C)" with span(w(H x H)) 2 QZ for all m,

for any g € Geay,
dIHanL(e’ ,n-IHanLg) 3 d(e,g) .

m—ro0

Proof. Let g = (h,z) € Geoy. Consider that, for any path A, if @, @ € Proj(C)U{Iz}
satisfy QZ C QZ, then Qu(A, A) = Qz implies Qu(A, A) = QQu(A, A) = @z, which
implies that

{A € Ho : A0) =0, A1) = h, Qu(A, A) = Qz}
> {A €My A0) =0, A1) = h, Qu(A, A) = @z} ,

so we have d':Q (e, nln:@g) < dIH’@(e,WIH’@g), so d#:Qm (e 7lH:Qmg) is increasing in
m. We may also deduce d/#%@m (e, 7ln@mg) < d(e, g) for all m, so that we have
lim,, o0 dH:9m (e, wlH:Qm g) < d(e, g).

For every m, choose the path A,, € Hy such that A4,,(0) = 0, A,(1) = h,
Quv(Am, An) = Quz, and |d'#9m (e, 7lm@mg) — || A, |l2,| < L. Then, in particular,
the sequence A,, satisfies the bound [|A4,,|l%, < d(e, g) + L. By the Banach-Alaoglu

theorem, there exists a subsequence A,,, that weakly converges to some A € H with

[A[l7, < d(e, g).

The remainder of this proof will show that A(0) = 0, A(1) = h, v(A,A) = z,
and d(e, g) = ||Al|3, < limy, ;o d#@m (e, w11 @mg). First note that, as discussed in
Section 2.1.4, the evaluation maps A — A(0) and A — A(1) are linear and continuous
on Hp, so we must have A(1l) = limy o0 A (1) = limg oo h = h, and likewise

A(0) = 0.

Furthermore, note that, for any simple tensor B C € Ho®@ Ho, (Am, @ Ap,, B®
O roorto = (Amy.s B)2io(Amy s C)ao- This allows us to conclude that if a € Ho ® Ho is
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a finite sum of simple tensors, then (A, ® A, , @)Heen, — (A ® A, a)pyem,. Since
the set of such tensors forms a dense set in Ho®Ho, and since 4,,, ® A,,, is a bounded
sequence, this convergence must hold for all tensors in Ho ® Hy by Proposition 2.2.
Thus, A, ® A, is weakly convergent to A ® A. By the continuity of v, we know
that v(A,,,, A, ) weakly converges to v(A, A).

Next, we know that, for all m, Qv(An, An) = Qmz. Fix mg € Nand z € Q,,, 2.
If m > myg, then Q,,x = z, and for all v € Z, (v,2); = (v,Qnx)z = (Qmv,x)z, SO
that

<V(Am,Am),x>Z = <Qm1/(Am,Am),:z:>Z = (Qmz,x)7 = (2,2)7,

so (V(Am, Apm),z) 7z converges to (z,x) for every z € Q,,,Z for any mg. Since
Ufnoozl QmyZ is dense in Z, and since the continuity of v implies the boundedness
of (A, Ap), we may conclude v(A,,, A,,) weakly converges to z.

We have shown that v(A,,,, Am,) weakly converges to v(A, A), but at the same
time must weakly converge to z. Hence, v(A, A) = z. Thus, A € H, is such that
[All, < d(e,g), A(0) = 0, A1) = &, and v(A, A) = . Therefore, d(c,g) = | Allx,
so that

d(e.9) = | Allwy <l inf | A1,
— 00

1
< lim <dIH’ka (e,9)+ —> = lim d' 9 (e, g),

k—oo mp m—00
which proves the claim. O

Remark 6.17. In proving this theorem, we have revealed an interesting fact: for
any g € Goyy, there exists a path A such that d(e, g) = ||Al|»2. This can be proven
more directly by considering approximations A,, € H, with A,,(0) = 0, 4,,(1) =
h, v(A,A) = z and ||| A3, — d(e,g)| < L, without considering finite-dimensional
projections. It is interesting that one can prove the existence of (energy- or) length-
minimizing paths in the infinite-dimensional context. Such results are usually in
finite-dimensional situations and rely on compactness arguments, though they also
prove smoothness properties of such paths. Proving the existence of such paths in

our case relied on the weak-compactness exhibited by separable Hilbert spaces.
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7 The distribution: definition and convergence of
finite-dimensional projections.

The goal of this section is to first define the hypoelliptic heat kernel distribution on
G =W x C, and flesh out the consequences of (A2.4). Secondly, we will show a sense
in which finite-dimensional approximations, denoted gf nQm converge to g; that will

be suitable for proving Theorem 8.4.

7.1 The distribution

We first provide a definition for the distribution, which will be inline with Section 3.
First off, note that, if B; is a Brownian motion on W and P € Proj(W), then PB; is
a Brownian motion on PH. Next, knowing that H is a Lie algebra with Lie bracket
[, ], for P € Proj(W), welet g = PH xspan(w(PH, PH)), Lie subalgebra generated
by PH, equal to its own Lie group G¥ = g”. As finite-dimensional Lie groups, the
groups G have a notion of Brownian motion, which can be realized as the solution
to the Stratonovich differential equation

gf - Lgf*(;PBt g(]; = €.

And we may refer to Theorem 2.6 and Section 2.3.3 to derive the following ex-
pression for Brownian motion on G as the Stratonovich integral

1
gy = (PBT, - / w(éPBtl,(SPBtQ))
2 Josti<tr<T

T
= (PBT, %/ W(PBt,é.PBt)) .
0

where we may view the process (w(PBy, P-) : Q x PH — Z);>¢ as being adapted to
the filtration determined by (B;):>o. Using this perspective, for the remained of this
section, we will often write fOTw(PBt, )8 PB; instead of fOTw(PBt,(SPBt) to more
closely resemble notation used for classical stochastic calculus.

We say that G is a (simply connected graded step-2 nilpotent) abstract Wiener Lie
group if

For any t > 0, there exists a G-valued random variable g,
such that, given an increasing sequence of finite-rank pro-
jections { Py, Ymen € Proj(W)T, for every f € G*, f(gi™) —
f(g¢) in probability.

(A2.4)

It can be quickly shown that this convergence naturally happens when C'is a Hilbert
space for which the inclusion Z < C' is Hilbert-Schmidt. This is shown in [DGOS],
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where the argument will suffice even if dim(C') = oo; the key property is that the
composition w : H X H — Z — C would be Hilbert-Schmidt, and

2

=T Sl

ij=m+1 f=1

E /Tw((pn — P,)By,)d(P, — Po) By

This is consistent with the definition in Section 3, in which X = gy and Xy = H.
Note that, as discussed in Section 3, the limit in (A2.4) occurring for some ¢ > 0 is
equivalent to it occurring for all ¢ > 0. Also, this definition will necessarily satisfy
(A1.2") due to (A2.1) and the traceless aspect of w; see Theorem 7.1 and its proof
below.

As has been assumed in [BGM13; DEM16; GM13], we have the following

Theorem 7.1. Letting d By denote the Stratonovich differential and dBy the Ito dif-
ferential, we have that for any P € Proj(W),

T T
/ C()(PBt7 )(SPBt = / (U(PBt, )dPBt .
0 0

Proof. Let {e;}1<i<, be a basis of PH. Then note that if (b;);>0, (b});>0 are standard,
independent Brownian motions on R, then we have

T T 1 T T
0 0 0 0

This suffices to justify
T T 17
/ w(PB,,-)6PB, = / w(PB,,)dPB, + 5 > wleer).
0 0 i=1

But since w is anti-symmetric, w(h, h) = 0 for all h € H. This proves the claim.

Theorem 7.1 justifies using the following notation:

gr = (BT, /OTw(Bt,~)dBt>.
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7.2 The action of exp(gcoy) on G

As noted in Section 4, we do not® assume that w has a continuous extension to
w: W xW — (. Instead, our assumptions suffice to show that we have a measurable
action of exp(geoy) on G — G.

Considering the ||w||ggz constant, we see that w(h, ) : H — Z is Hilbert-Schmidst.
Then using the theory of measurable linear maps on Hilbert spaces, (discussed in
Section 2.2, or consider [Bogl4; Zha82]), this extends to a measurable map w(h, ) :
W — Z, which can be defined as

wh,w) = lim w(h, P,w),

m—ro0

where (P,)neny € Proj(WW)', and the limit converges almost surely in || - ||z. Or
alternatively, we can write

again converging almost surely in || - || 7.

Using this measurable extension, for (h,z) € H X Z = exp(gcm), we can define
Lipzy : W x C — W x C as the measurable extension of left multiplication by (h, z),
meaning

1
Linz(w, ¢) = (h tw, 2+ e+ swh, w)) .
We will henceforth denote this as (h, z) - (w, ¢). Similarly, note that we may likewise

discuss the right action R, .)(w,c) = (w,c) - (h, 2).

7.3 The Fourier transform

In [DEM16], there were formulae derived related to the Fourier transform of gr,
which allowed for interpretation of the distribution of My := fOTw(Bt, -)dB;. The

5As a brief aside, there are situations in which we may talk about the existence of a measurable
bilinear extension w on W x C, and hence measurable group operation, without assuming ||| ggz <
oo. If C is assumed to be a Hilbert space, then w : H x H — C' is Hilbert-Schmidt, which suffices
to show w has an L?-extension to W x W — C. If W x C is a (step-2 graded) path space, as in
Example 3.5, then W x C has a continuous (pointwise) bracket that corresponds to a continuous
bilinear definition of w. Both of these instances are examples of when (C,Z) is also an abstract
Wiener space, for which another approach is possible. In [Car78], it is shown that one may take the
tensor product of abstract Wiener spaces to arrive at a new abstract Wiener space. In particular, the
injective tensor product W ®. W is an abstract Wiener space, whose Cameron-Martin subspace is the
Hilbert space tensor product H ® H. Since our assumptions tell us that we have a continuous linear
extension w : H ® H — Z, then we should have a measurable-linear extension to w : W ®. W — C,
which may have a measurable restriction to W x W.
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purpose of this section is to highlight the fact that such formulae carry over to when
C is infinite-dimensional. We know that w is weakly Hilbert-Schmidt, which means
(z,w(,))z is Hilbert-Schmidt. Then, as shown in [DEM16], (z, fOTw(Bt, )dBy)z =
f0T<z,w(Bt, ))zdB; is an L2-limit of the random variables f0T<z,w(PnBt, ) zd P, By.
Furthermore, we have the following result [DEM16, Theorem 2.1]:

Theorem 7.2. For any bounded measurable f : R — C,

E[f(Br)é’ f0T<z1w(Bt»')>ZdBt] — E[f(BT)e‘%foT |zw(Be) zlPdt]

This is equivalent to saying that, conditioned on Br, fOT(z,w(Bt, ))zdB; has
the same distribution as f0T<z,w(Bt, -))zdBj;, where Bj is a Brownian motion on W

independent of B. This is also equivalent to saying fOT(z, w(By, ) zdBy is distributed
as a “stochastic” Gaussian with random covariance determined by the function pr :
Z — Z given as

T
T —/ w( By, )w(By, -)*dt .
0

More precisely, we may write

T
(z1,pr20)z = / (W(By, ) 21, w(By, ) 22) gt
0

where the map W 3 w — w(w,-)*z € H is the measurable-linear extension of H >
h +— w(h,-)*z € H, which is guaranteed to exist since w(h,-) : H — Z is Hilbert-
Schmidt, as is its adjoint w(h, -)* : Z — H. Indeed, the formula in the theorem above
can be rewritten as

E[f(Br)e'™*] = Bl (Br)e /7],

Note that this formula determines the Fourier transform of gr = (Bp, M7), sine
every a € C* can be realized as the continuous extension of (z, ), for some z € Z.
Thus, an alternate definition of the heat kernel measure on G could be a distribution
whose Fourier transform is given above.

7.4 Convergence of finite-dimensional projections

Recall that, as introduced in Section 5.3, GP*? is a (finite-dimensional) Lie group with
group multiplication -q : GP? x GP? — GP? defined as

1
(h1,21) @ (ha, 29) = <h1 + ho, 21 + 20 + §Qw(h1, h2)> .
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Using the reasoning from the previous section, such groups also have Brownian mo-
tion, which can be realized as the expression

t
g9 = (PBt,/ Qw(PBS,-)dPBS).
0

The primary objective of this section is to prove to what extent we have g?”’Qm

converging to gr for fixed time 7', or more generally, for any (h, 2) € Hx Z, gT"’Qm “Qm
b @m (h, 2) converging to gr-(h, z). In particular, we will show that, for any bounded
continuous cylinder function f,

lim lim E[f(g7" 9™ g 779 (h, 2))] = E[f(gr - (h, 2))].

m—00 N—00

First, we recall a lemma from [DEM16].

Lemma 7.3. Let Mr denote the continuous, square-integrable R-valued martingales
defined on ) up to time T, for which we define

M|y = E sup [M[*.
te[0,7

Then the map .
Li(HH) S A / (ABy, YndB; € My
0

is defined for A € Ly(H,H), the set of finite-rank linear operators on H, using
classical stochastic calculus, and is continuous with respect to the Hilbert-Schmidt
norm. As such, it extends to a continuous linear map on HS(H, H).

Consequently, we may deduce that if A,, — A in HS(H, H), then f0T<AnBt, Yy wdB, —
f0T<ABt, YudBy in L*(Q,R).

As a remark, the entirety of the proof of Lemma 7.3 can be encapsulated in the
inequalities below, the first from Doob’s maximal inequality, the second from the 1t6
isometry:

sup < 4E

te[0,7

t T
/ (ABgs, -) gdBs / (ABgs, -) gdBs
0 0

T
— 4 [ EJAB.Ids = 714N s
0

Theorem 7.4. For (P,)nen € Proj(W)' and fized Q € Proj(C) and b € Z, we have
that

<b, /OT Qw(PnBt,-)dPnBt>Z noo, <b, /OT Qw(Bt,-)dBt>Z
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in L2(2,R). Furthermore, for Q,, € Proj(Z)", we have that
T o T
<b,/0 Qui(By, )dBy) % <b/0 w(By,)dB:)_
in L*(Q,R).
Proof. Define toy, : H — H as® wy(h) := w(h,-)*b. Observe that
T T
<b,/0 Qw(PBt,P-)dBt>Z - /0 (Qb,w(PBy, P-))dB,

= /T(Pme(PBt), YpdBy .

Thus, the crux of the proof, as is essentially demonstrated in [DEMI16], lies in
showing that o, € HS(H, H), and further that it is well-approximated by P, o
g, © P,. Indeed,

osllBrseeney = > (wplen) end = Y (wles ) b, e,
ij—1 ij—1
= > (bwlene))t < lwllfenlbl -
2,7=1

So, for any P, € Proj(W)" and @ € Proj(C), choose an orthonormal basis
{e;}ien C H such that P,H = span{ey,...,e,}, so that we have

Iwgy — P o gy 0 Pallusqrm = (was(es) — Pawgn(Paes), €53
ij—=1
= ) (@bwleie))y,
ij=n+1

which converges to 0 as n — oco. By Lemma 7.3, this means that

T T
/ (Puroos(PaBy), ) 7B, — / (0on(By), ) 2B,
0 0

or equivalently,

<b, /OTQw(PnBt,-)dPnBt>Z N <b, /OTQw(Bt,-)dBt>Z.

6To ensure the notation is clear, as used in the previous subsections, for a fixed h € H, we regard
w(h,)* : Z — H to be the adjoint of w(h, ) : H = Z
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Additionally, for @,, € Proj(C)T,

[e.e]

oy — g, bl msrmy = Y (Wu(es) — wg,.(e:), €)%
iji=1
= ) (b= Qmbwleie))y < llwlisullb — Qmbl,
ij=1

which also converges to 0 as m — oo, which gives the second claimed convergence.

]

Theorem 7.5. Let f be a bounded continuous cylinder function. Then for any
P, € Proj(W)" and fized Q € Proj(C),

E[f (9779 -a 79 (h, 2))] == Elf (97 -0 79, 2))].
Also, we may hold gIW Q fized and still have convergence, so

E[f (97" -o 79 (h, 2))] == Elf (97 -0 79 (h, 2))],
and for (Qm)m € Proj(C)T,

E[f(g7"“" -an 79" (R, 2))] == E[f (g7 - (, 2))] -

Proof. For g = (w,c) € W x C, a € H, b € Z, we simplify notation by writing
(a,9)g = (a,w)y and (b,g9)7z = (b,c)z. Note that we may write

g7 o P 9(h, 2)

1 (7 1
0

so we begin by showing that the image of the expression above under the maps (a, )i
and (b, )z, for some a € H, b € Z, will converge weakly in n (in fact, we show that
they converge in L?(2, R)).

For a € H, Using the embedding H — L*(2,R), we have that (a, P,Br)g =
(P,a,Br)g — (a, Br)g (in L*(2,R)). By Theorem 7.4, for b € Z,

/QwPBt, )dBt % /Qw B, - dBt>
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And we have

E| (b, Qu(Br, b))z — (b, Qu(PuBy, Pah))z|”
= E|(b, Quw((I = P.)Br,h))z — (b, Qu(PuBr, (I — P,)h))z
< 2E|(b, Qu((I — P,)Br, h))z|” + 2E| (b, Qu(P,Br, (I — P,)h))z|”
=2 3 (b Qule h)y +2 (b Qules, (I = P)h))

i=n-+1

2 Z h)*Qb, €)% +2;<b, Qw(ei,%)>z (I — P)h|%

i=n-+1

< 2[[(1 = Pa)w (- h) @blI% + 2l wllien |QVIZIT — Pl

where the above converges to 0. Thus, (b, Qw(P,Br, Pyh))z — (b,Qw(Br,h))z in
L?(2,R). Therefore, we may conclude that

IN

(a, P,Bp + P,h)y === (a, Br + h)y
1 /7 1
<b, - / Qu(P,B,, P, )dB; + Qz + ~Qu(P,Br, Pnh)>
2 Jo 2 Z
noo, <b 1/TQW(B VdB, + Q= + ~0w(B h)>
72 0 ty t 2 T, 7

Or, in other words, (a,g (h 2) | it (a, 9§WQ Q WIW’QU% z))m and
(b, i@ .o PR (h, 2))) "_“’o <b gIWQ @ mQ(h, 2)))z. Then if f is a bounded

continuous cylinder function, then it can be written as

f() - F(<a’17 '>H7 SRR <ak7 '>H7 <b1? '>Z7 R <b€7 >Z)

for some bounded continuous F : R¥** — C, aq,...,a; € H, bl, .. ,bg € Z. By
the above, we may deduce ({ay, gi*? -0 7PQ(h, 2)) g, . .., (by, g ® PaQ(h, 2)) )
converges in L?(Q, R¥t), which 1mphes E[f(gim? o wF@(h, 2))] TH—OO> E[f (g9 .o
i Q(h, 2)).

The proof for the second convergence pans out identically. For the third con-
vergence, Theorem 7.4 tells us <b, fOT Qmw(Bt,-)dBt> converges in L?(Q,R) to
Z

<b fo (By, - dBt> and we may compute

o0

E|(b,w(Bi, 1))z — (b, Quw(Bi, b))z = Y (b, (I = Qu)w(es, )}

i=1

< Nwllenll (I = Qu)blIZIAIE -
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Then (b, gi" 9™ o, 7w Qm (R, 2))) 7 =222 (b, g1 - (h, 2))z. As before, this implies
that, for any bounded continuous cylinder function f, E[f (géW’Q’" QW @m )]

E[f(gr - (h, 2))]. O
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8 Dimension-independent generalized curvature-
dimension inequality

We will review the differential operators that go into curvature-dimension inequalities,
proving that G satisfies such an inequality, and concluding with Theorem 8.4.

8.1 Defining the differential operators

We now redefine the differential operators involved in deriving generalized curvature-
dimension bounds. The bounds, inequalities, and derivatives need only be considered
for finite dimensions. As such, for the next 2 sections, we will fix projections P €
Proj(W), @ € Proj(C) such that span(Qw(PH x PH)) = QZ, and describe P- and
()-dependent inequalities for functions defined on G?.

As described in Section 2.3.2, for any F' € C*°(GP?) (meaning F a smooth func-
tion F : GPQ — R) and element (h, z) € PH x QZ, we define

F/(’(U,C)(h, Z) = a(h,z)Fw(,waC) = a

E t:OF((w’C) + t(h7z))7

and
F//<wvc)((hlvzl> ® (h27 Z2>) = a(h17Z1)a(h2,22)F(wvc)‘

Recall that each group GP? has a ()-dependent product, namely -q, so our defini-
tions of “left-invariant” derivatives will also be )-dependent. With this in mind, for

(h,z) € PH xQZ, for this section, we will let (h, z) denote the unique (Q-dependent)

—_~—

left-invariant differential operator satisfying (h,z)F(e) = O, F'(e). More precisely,
we have

—~—

(h,2)F(w,c) = a(h,er%Qw(w,h))F(w?c)'

We now create notation for the differential operators introduced in (2.3). For any
F € C>=(GP9), and given a basis {e;}7, of PH, define the (P- and Q-dependent)
left-invariant Laplacian AF € C*(GP?) as

noo_ 2

AF(z) = Y [(ej, 0) F} ().

i=1

For any Fy, Fy € C>®°(GP9), define

(R, B)() = Y ((en0)F ) () (e 0) ) (@)

j=1
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We remark that these are both independent of basis chosen. Then define

Do(F1, By)(z) = %(AF(Fl,FQ) (R, AF) — F(FQ,AF1)> .

We will also abbreviate I'(F') = I'(F, F') and I'y(F') = I'o(F, F'). We may similarly
define, for a basis { fi}}~, of QZ,

P e g

M(FLF) =Y ((o, )5 ((0, fg)F2>

/=1
1
TZ(F, Fy) = 5(AFZ(Fl, Fy) — TZ(Fy, AR, — T2 (F, AF1)> ,

which again will be independent of basis.

8.2 Generalized curvature-dimension bounds

The generalized bounds will be in terms of |w|gey and ||w||pgz. To make good
use of these, we will state a useful interpretation of these constants. Firstly, given a
sequence of numbers (b,)72,, we may deduce the following bound from the discussion
in Section 5.2:

[e.e] oo [ee] 2 o0
[ hon D0 < D0 (Dotwlenen) fzh) < lwliren Y 6.
=1 ij=1 =1 =1

Secondly, consider the trilinear map (w(-,-),-)z : H x H x Z — R. Recall that the
assumption ||w||ggz < oo implies that this map extends to a bilinear map H x H® Z.
Then, given sequences (a;¢); ¢ and (b;);,

o0

Z (w(ei, ej), fo) zai b,

ij,0=1

oo oo
< |lwllzez Zaie Zb?
j=1

if=1

If we assumed w : Hx H — Z was Hilbert-Schmidt, then one could write an inequality
for triply-indexed sequences a; ;,, namely

o

Z (wlei,e), fo)zai e

ij,0=1

< ||w||lreH8Z

and this is what is essentially leveraged to derive the bounds in [BGM13]. However,
due to allowing dim(C') = oo, such an inequality is not available to us. Nevertheless,
this section is devoted to showing that sufficient bounds still hold.

76



Lemma 8.1. For any F € COO(GP’Q),

|Qu 3o pul? Z wleies))F) < |Qulbpeprl?(F).

n

= Y (@t e) 20 TIF)
/=1

> |Qulbrern Z (MF)2 = [Qulbrapul?(F).
=1

Thus, we have shown the lower bound. The proof for the upper bound is identical. [

Lemma 8.2. For any smooth F € C®(GP%),

A=33 (005

=1 /=1
and

n — —

> (e 0QM.w(eie))F ) ((e0F) < [1Qwlpusz /T TF(F).

1,j=1

Proof The first equality can be derived from the definition of I' (F') and the fact

that (h O)(O 2)F = (0,2)(h,0)F for any h € H, z € Z, which is shown in detail in
[BGM13].

For the inequality,

—~— N\ e~

i ((61'; 0)(0, Qu(e;, ej))F> ((@j7 0)F>

ij=1

n
—~— ——~— —_—

> >-@ute ) 40 (@00 0F) ()

< @wlpH@mJ > (e 0r) J

3

i(el, Of[ )

j=1 j=1 /=1

= |QullPreqz VI (F)\/TF (F).
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Theorem 8.3. For any v > 0 and any F € C®(GPQ),

2
o) + v (r) > @ bmoryz gy [Qlrnoory gy

Proof. As shown in [BGM13],

i(@i,o)(ej,o)F) — Z 1<(ei,0)(ej,0)F+<ej,0)<ei,0)p>

= - 2
i,7=1 4,7=1

3 (@ - ) )

1< —— 2
= VB FIP+ 3 D ((0,Quler,e)F)
ij=1

where

n
e~ ——~—— ~——— ——~——

V2, F e % S (e50)(es, 0)F + (e, 0)(en, O)F

ij=1

denotes the “symmetrized Hessian.” Then by Lemma 8.1,

—— ——— —_—

3 (e 0)en0)F) > ii (0. Qulene)F) > W#pzm.

i,j=1 j=1
And by Lemma 8.2,

—_—~— O\ ———

Zn: ((/G;‘T()/)(U,Qw(ei,ej))F> (eij)F‘ < |QullPrsgz vV [(F)\/T%(F)

1,j=1

2
w

Then
Po(F) = %(AF(F) — 2I(F, AF))
= En: <mmp)2+ Xn: <(/e;,\()/)(O,QZ(\e,~/,ej))F>(/6;0/)F

i,j=1 6j=1

> Qulbuernyapy NQlbncary ) ory(r),

which proves the claim.
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We also have the following relation:

D(F,T%(F)) =T4(F,T(F)), (2.7)

—~—

which is immediately satisfied under our assumptions since every (h,0) commutes with

—~—

every differential operator (0, z). Asshown in [BGM13] and described in Theorem 5.1,
we have that (2.7) and Theorem 8.3 ultimately allows us to conclude that, for any
P € Proj(W), Q € Proj(C), any F € C*(GP?), and any g € GP9,

|, JFa e gl )

su@wuémz) (1+ q>dP’Q<e>9>2) L (28)

< ||F|| ' (GP.Q PRy €XD <<1+
LE@Pewr™) | Quw] %H@PH 2T

8.3 Quasi-invariance

Theorem 8.4. For all g € Gon, vr is quasi-invariant with respect to the measurable
extensions of left- and right-multiplication, Ly, and Ry : G — G respectively. And for
all p € (1,00), the Radon-Nikodyn derivative satisfies’

dlvr o ) < exp (1 + BHWLEMZ) (1+p)d(e, g)* ,
dI/T L?(Gvr) LwJ H®H 2T

d(vr o Ly) < exp (1+8||w|2|?{®z) (1+p)d(e,9)” )
dvr L2 (Gowr) (W] hren 2T

Proof. Let g = (h,z) € Goy. Then choose any (P,)nen € Proj(W)T, (Qum)men €
Proj(C)T. Consider that, for every m € N, there exists an n,, such that span(Q,,w(P,,, H x

P, H)) = Q.,Z. This is because, by our Hormander condition, &0(H ® H) = Z, so
Qunw(H ® H) = QnZ. Since |, oy PoH is dense in H, we must have (S,)nen 1=

(Qm@(PnH ® P,H ))neN is an increasing sequence of subspaces whose union is dense
in Q2. Since Q7 is finite-dimensional, we must have S, = @Q,,Z for some
Ny € N

Let p,q € (1,00) with }D + % = 1, and let f be a bounded continuous cylinder
function on G, which implies that f o (/P*? € C*(GP?) for any P € Proj(W), Q €
Proj(C). Then the finite-dimensional estimate (2.8) tells us that, for any m € N,
7> N, and n > r, 7 @ng € GP@n and

"We provide a final reminder that these bounds will differ from those in [BGM13] due to our
definition of vp.
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/GP . ‘(f o LP"’Qm) (x “Qm WPT’ng) ’duﬁ"’Qm(x)

S Hfo[,PnmeHLP(Gpn,Qm7V’1}3n1Qm)

8[| Qmw]? 1+ q)dPn@m (e, pFr@mg)2
« exp (1 + HQ H2PnH®QmZ) ( + q) (67 7T g) ) (29)
[ Qmw] P HRP, H 2T

We will use (2.9) to arrive at an infinite-dimensional estimate by first taking the
limit as n — oo, then r — oo, and lastly m — oo. To take these limits, we apply Theo-
rem 75 fOI' ||f($Qm WPT’ng)||Lq/(GinQm,l/jlfn'Qm) and ||f||LP(GanQm,l/11?nYQm)’ Theorem 615

and Theorem 6.16 for ™9 (e, 7%mg), and Lemma 5.4 for |Qmw]?, yep. g- We also
remark that ||Qmw| p,He0.z < ||w|Hez, and that our assumptions and Lemma 5.2
guarantee |Qnwl% yop iy > 0. Putting it all together, this results in

2
/|f x-g }dVT < N fll 2o (Gr) €XP ((1+ 8||W||H®Z) (1+q)d(e,g)2>‘

\w]Hen 2T

The remainder of this argument is identical to the reasoning provided in [BGM13],
included here for convenience. Since this holds for all bounded continuous cylinder
functions f : G — R, it must hold for all f € LP(G,vy) by density (see, for example,
[Dril0, Theorem 39.7]). Then, for g € Geay, the linear functional ¢, defined on
bounded continuous cylinder functions as

_ /G f (- g)dvr(z) = /G (f o Ry)(a)dvr (s / f(@)d(vro Ry)(x) (2.10)

has a continuous extension to ¢, : LP(G, vp) — R, still defined by (2.10), and satisfies

the bound
2 2
160()] < 11 FllLr(Gay €XP ((1 N 8Hw\21H®Z> (1 +q)d(e, 9) ) |

|w] HQH 2T

Y

Then the Riesz representation theorem tells us LP(G, vr)* = LI(G, vr), so there exists
J; € LG, vr) such that

= /Gf(:v)J;(x)dl/T(x)

that satisfies

Sl (1 + q)d(e,g)?
17 orewm = I6lim@on < exp (1+ |
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Therefore, noting that d(e,g) = d(e,g™'), we have that O’%TRg)

and satisfies the supposed L? bound. We may arrive at the bound for VT—L" by using

exists, equals Jg,

nearly identical analysis on expressions resembling [, |f(g - )|dvr(z). Alternatlvely,
one can use right-translation invariance and make the observation that VT is invariant
under the map G 2 z+— —z € G, and [, f(—(g - z))dve(—2z) = [, f( x)dvr(x).

]
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Chapter 3

A Taylor isomorphism theorem

9 Introduction

In this chapter, we will discuss spaces of measurable holomorphic functions on infinite-
dimensional that are L? with respect to the heat kernel measure. Naturally, given the
nature of this result, we remark to the reader that, unlike Chapter 2, one may have
to apply “complexification” to most of the foundational concepts, like dual spaces,
Hilbert space tensor products, abstract Wiener space, and Lie groups.

9.1 A brief history of Taylor isomorphisms on Lie groups

Below, we paraphrase introductory information provided in [Cec08] and [DGS09a].
Also see [GM96] for more overview. Let f : C* — C be holomorphic. Then we may
reconstruct f from its Taylor coefficients using

[e'¢) 1 %)
L jkzl

Let p; denote the standard Gaussian measure on C. Then if f is also assumed to be in

L*(C™) (with respect to p, then the monomials {Z—k!zjl o 2y }keZ 1<, <n CODStitute an

orthonormal set in L?(C"), from which we may deduce that the series above converges
in L? and
ey = Do > \(az1 . 0.,)(0)

k=0 " Jji,....gk=1

2
‘ (3.1)
Next, given any complex (finite-dimensional or infinite-dimensional separable)

Hilbert space H, let T(H) = @,-, H®* be the tensor algebra on H, and T'(H)' its
algebraic dual. Then, given a basis {e;};en € H, we may define a norm on 7'(H)" as

o0 (e 9]

tk
||O‘||%“(H); = T Z ‘a(€j1®"'®€jk)|27

k=0 " j1,..dk=1
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which is independent of basis chosen. Then (3.1) above demonstrates that the “Taylor
map” that sends f to the symmetric form o € T(H)" determined by

a1 ®...Qug) = Oy ...0 [(0)

is an isometry with closed image with respect to the norm || - ||z,(zy. This is the
essence of the Taylor isomorphisms first introduced by Fock [Foc28], later clarified by
Segal [Segh6; Seg62] and Bargmann [Bar67].

Such an isomorphism has been proven to hold in the Lie group context. Given
a complex n-dimensional Lie group G with Lie algebra g, a Hermitian inner prod-
uct (-,-)g : g x g = C with complex orthonormal set {e;}i<j<, naturally corre-
sponds to a real inner product under which {e;,ie;}1<j<, is an orthonormal set,
which determines a heat kernel distribution on GG. By considering holomorphic func-
tions on GG and replacing the linear derivatives 0, with the left-invariant derivatives
vf(g) == f(Lgv) = %|t:0f(g - tv), one can arrive at a similar isomorphism. There
were a series of papers that dealt with increasingly general assumptions, starting with
[Hal94] for compact complex Lie groups, eventually culminating in [DG97] for general
complex Lie groups with elliptic heat kernels. It wasn’t until [DGS09a] that this was
done for the subelliptic heat kernels, which removed the positive-definiteness from
the Hermitian inner product. In this setting, one requires the Héormander condition
to be satisfied; see Section 9.4.1 for further discussion. A precise restatement of re-
sults from [DGS09a] for this context will be provided in Section 11.1.3. Related is
[DGS09b], in which an alternate proof of the surjectivity of the Taylor map is shown,
which remarkably extends to infinite dimensions as shown in Theorem 11.9.

Taylor isomorphisms of this nature have also been proven in a number of infinite-
dimensional group settings, including [Gor00a; Gor0Ob; Gor02; DG10] (all nonde-
generate). There are 2 papers that discuss infinite-dimensional results that are most
relevant to our context. The first is [Cec08], which proved a Taylor isomorphism for
the path space of a simply connected graded complex nilpotent Lie group, but again
for nondegenerate heat kernels. The second is [GM13], which, to the author’s knowl-
edge, is the only piece that shows a Taylor isomorphism for the subelliptic infinite-
dimensional setting aside from this work. However, it restricted itself to Heisenburg-
like groups, meaning step-2 nilpotent, and furthermore was “semi-infinite” in the
sense that the center was assumed finite-dimensional.

This work completes the train of thought. Many of these methods can be ad-
justed to elliptic settings, and path space will be a single example in our setting, so
this work can be viewed of as an extension of [Cec08]. On the other hand, one may
consider this work as taking [GM13] and simultaneously accounting for higher-step
and infinitely-many “vertical directions.” Therefore, our setup can be seen as encom-
passing both of these settings. The road to achieving the Taylor isomorphism is paved
with substantial original ideas and proofs.
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9.2 Overview of assumptions

We present here an overview of our setup, with the details present in Section 10. Sim-
ilarly to Chapter 2, in order to describe the Taylor isomorphism, we must introduce
3 spaces:

1. G, an abstract Wiener nilpotent Lie group with heat kernel distributed element
gt, satisfying (A3.3).

2. gowm, the Cameron-Martin subalgebra, with Lie bracket [, -], satisfying (A3.1)
and (A3.2).

3. Goa, the Cameron-Martin subgroup, with right-invariant metric d.

We first introduce gopy = Hy @ ... & Hy, a complex Hilbert space and graded
nilpotent Lie algebra with Lie bracket [, -] : goa X gcmr — gconr- The graded structure
imposes that [H,,, H,] C H,,., (where, for convenience, we define H,, = 0 forn > N).
We also require the following technical assumption: for every 1 < n < N, where
{en.;}ien, is a basis of H,,

2

sup Z ‘<[€1,jaen,k]ah>Hn+1| < o0 (A3.1)
1Al 1 =1 Gen) keAn

inf Z ‘([61,j,€n,k]7h>Hn+1}2 > 0. (A3.2)
WAl 1 =1 JEAL KEAL

These assumptions have interesting consequences; see Section 9.4.1 for further dis-
cussion.

The bracket gives rise to a group operation - : goym X gom — 9om, defined
by the Baker-Campbell-Hausdorff formula (which is, in this case, a finite sum, see
Section 2.3). In this way, we can regard goys as a graded nilpotent Lie group, some-
times called exp(gcy) when emphasizing the group structure. For g € exp(gewm),
let L, : exp(genm) — exp(gon) denote the left multiplication map x — ¢ - z, which
naturally has as derivative Ly : gom — gom (as in Section 2.3.2). Let AC de-
note the set of absolutely continuous paths o : [0,1] — exp(gcar), on which we
may define the length (o) = fol | Lo 140" ()|l gonrdt. We say o is horizontal if
Low-140'(t) € Hy = Hy x 0 x ... x 0 for all ¢ € [0,1], and we denote the set of
such paths as ACj,. Then for any h € exp(gcar), we define the horizontal distance
from the origin as

d(e,g) = inf{f(a) ‘ o€ ACy, 0(0)=e, (1) = g} :
Then we define Goy = {g € exp(gem) | d(e, g) < oo}
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We now define the finite-dimensional subgroups that will serve as approximations
to G. For a finite-rank projection P : goy — gon, define

G" = PH, @ span(([PH,, PH,)) ® ... ®span([PH,,...,[PH,,PH]..]) € Geu .

This will be a group/algebra under the restricted multiplication/bracket, and by
definition will satisfy the Hérmander condition. We will naturally identify g© = G*,
and denote the canonical inclusion map as (' : GF — G.

Finally, we let G = W; x ... x Wy be an infinite-dimensional complex graded
nilpotent abstract Wiener Lie group, which is an example of the notion that is intro-
duced in Section 3. First, we assume that each H,, is a dense subset of W,,, and that
(W1, Hy) constitutes an abstract Wiener space. Given a Brownian motion (B;);>¢ on
(W1, Hy), we may consider GF-valued Brownian motion (g )>¢ as the solution to the
Stratonovich stochastic differential equation

dg; = L,p,0PB; g =e.
Then the primary assumption on G is the following.

For some ¢t > 0, there exists a GG-valued random variable g;
such that, for every f € G*, there exists an increasing se-
quence of finite-rank projections { Py, }men € Proj(W)" such
that f(g/™) — f(g;) in probability.

(A3.3)

The distribution of g¢; is called the heat kernel distribution). We will discuss this
condition and demonstrate some conclusions in Section 10.3, and we will provide
examples in Section 10.4.2. Note that G will indeed satisfy the definition in Section 3
for a nilpotent abstract Wiener Lie group, using X = goy and Xy = Hy.

9.3 Statement of theorems
Similar to other infinite-dimensional Taylor isomorphisms, ours spans 3 different func-
tion spaces, which will now be described.

Let P denote the set of continuous holomorphic cylinder polynomials G — C,
which are linear combinations of monomials of the form

fi() - Si()

for some (complex-linear) fi,..., fr, € G*. Then define HL?(G) as the closure of P
with respect to L?*(G), equipped with the L? inner product. Though, as remarked in
Section 11.1, these functions are not, strictly speaking, holomorphic.

Our second space will be denoted HL?(G ), which can roughly be thought of as
the “L? holomorphic functions on G¢y;.” However, this exact space will not be defined
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until Section 11.5.3. Standing in its place for most of this work will be HL?({Up G7),
the set of functions f : |Jp G¥ — C for which fo.”: G — Cis in HL}(GT), the
L? holomorphic functions on G¥, under the norm
sup [|f o LP||HL$(GP)-

PeProj(Wy)
In the event that |J, G* = Geu, there is no distinction between HL?(|Jp GT) and
HL?(Geonr). Otherwise, it will be proven that every function in HL?(|Jp GT) has a
unique natural extension to G¢yy, defined in Theorem 11.23, where the set of such
extensions will constitute HL(Gcar)-

Our third and final space will be an infinite-dimensional noncommutative Fock
space. Starting with the tensor algebra T'(gcoys) with algebraic dual T'(geas)’, let
J(gon) the 2-sided ideal of T'(gonr) generated by v ® w — w ® v — [v,w]|. Then let
J(gcamr)? be the backwards anihilator of J(goas), that is,

Jgom) = {a € T(gem)' : (a,v) =0Vv € J(gom)} -
Then, for a € J°(gon), and a basis {e;};en C Hy, define the norm

HO‘“J?(ch) - ZE Z ’<av€j1®"'®€jk>’2'
k=0 " j1,..jk=1

Then we may define J)(gon) = {a € J%(genr) = llallpogon) < 00}

The subelliptic Taylor isomorphism, which is stated in its final form in Theo-
rem 11.23, will take the form of the composition of the maps R and 7, illustrated
below.

HLY(G) —=— HL}(Gonr) —— J(gcar) -

The first map, R, will be an extension of restriction, P > f +— flga,, € HLH(Geour).
The second map, 7, will be an extension of the Taylor map, so that 7 f(h®...®hg) =
hi .. hyf (e). Both of these maps will be isometric isomorphisms. Furthermore, the
composition 7 o R is unitary.

There are other facts that will be proven along the way. For example, in Sec-
tion 11.5, we will provide expressions for inverting the maps R and 7, including a
way in which we have Taylor expansions for functions in HL?(G) and HL?(Geoar)-

9.4 Further discussion
9.4.1 The Hormander condition

Recall from Section 2.3.3 that, given a (real finite-dimensional) Lie group G and a
heat kernel with corresponding real inner-product ¢, and an associated real basis
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{z;}1<j<n C g orthonormal with respect to ¢, the Hormander condition is satisfied
when

span{le ) [xjuxjé] ) ijla‘rjz]vxjs] y e ?1,...,jn:1 =9,

and a result by Hormander [Hor67] implies that the corresponding heat kernel density
is strictly positive and smooth.

Throughout this work, as stated above, we make use of a generalized Hérmander
condition (referred to as our Hdérmander condition). As explained in Section 10.1
(using methods in Proposition 2.4), (A3.1) implies that the restrictions of the Lie
bracket [, ||g,xm, @ Hi X H, — H,1 have continuous extensions to the Hilbert
space tensor product []|men, : H1 ® H, — H,+1, and (A3.2) implies that these
extensions are surjective. In Theorem 10.1, it will be proven that this is equivalent
to the surjectivity of the extensions of the compositions [...[-,],..., ] : H} — H, to
HP™ s H,. This certainly resembles the Hérmander condition in finite-dimensions,
as it is consistent with the idea that H; generates goas as a Lie algebra. It will be
seen that this condition serves a similar role to that the Hérmander condition played
in [DGS09a] and [GM13], like showing that [| - [| jo(q,.,,) I8 a genuine norm.

9.4.2 The Cameron-Martin subalgebra and subgroup

The comments regarding geas and Gy made in Section 4.2.2 can be once again made
here. Our Hormander condition allows us to recognize that geys is the Lie algebra
generated by Hp, the Cameron-Martin subspace of W;. Meanwhile, the generalized
Baker-Campbell-Hausdorff formula (Theorem 2.6, or [Str87]) suggests that Goay can
be thought of as the group generated by H;. But, in general, goy # Gen (see
Example 6.10). However, there will be some discussion in which we regard elements
in gopr as corresponding to left-invariant vector fields on Gy, see Section 11.3. Of
course, the Taylor map itself presents a connection between these spaces by showing
that HL?(Geoar) and J2(geas) are isomorphic.

9.4.3 Further directions

One could consider a “partially degenerate” diffusion, where the diffusion is par-
tially generated by some directions on higher-step strata. Also, with the exception
of surjectivity, many of these results should hold if the graded structure is removed,
though it may take some reworking to prove theorems regarding horizontal distance
approximations. To mimic the argument presented here, it would be critical to show
that the weak-limit of horizontal paths is again horizontal, though this could perhaps
be shown by justifying that horizontal paths correspond to paths whose line integral
against a “vertical-valued vector field” is always 0, and showing this criterion is closed
under weak limits.
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Removing the nilpotency assumption opens many more questions. In addition to
requiring new approaches to defining the heat kernel measure on GG and taming an
even less well-behaved horizontal distance on Gy, one will have to propose an even
more general infinite-dimensional Hormander condition for geps. One possibility is
the following: there exist constants 0 < ¢ < C' < oo such that, given an orthonormal
basis {e;}32, of Hy, for any h € gowr,

< Clhlq

goMm

o0 o0 2
CHhHECM < Z Z ‘<[ej1""’[ejnfl’ejn]"']’h%czw

n=1 ji,...jn=1

This is equivalent to assuming that the continuous linear map between Hilbert spaces

—~

@n:lHi@n — gCM
(hi, ha®hg, ha @ hs @ hg,...) > hy+ [he, hs] + [ha, [hs, he]] + . ...

—~—00
is continuous and surjective, where @, _, H"" denotes the Hilbert space direct sum,
or /2 sum, of the H{"s'.

—~00

'The sum @nle{@" is necessarily a Hilbert space, in contrast to our definition of the tensor
algebra T'(H,) = @, HP™ used in this work, which uses an algebraic direct sum, as described in
Section 11.1.
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10 Brackets, Geometry, Stochastics

This section is devoted to listing our assumptions and providing examples, providing
far more details than those in Section 9.2. Firstly, in Section 10.1, we introduce the
Cameron-Martin subalgebra geps, on which the Lie bracket has structured assump-
tions, along with discussion of our Hérmander condition. Secondly, in Section 10.2,
we will define Gy, the Cameron-Martin subgroup, which carries the geometric in-
formation of our setup. Lastly, in Section 10.3, we will describe GG the ambient space
on which our stochastic process will exist.

10.1 Brackets: the Cameron-Martin Subalgebra

We let goar be a complex Hilbert space with Hermitian inner product (-, -)g,,,, and
is also a complex nilpotent Lie algebra, meaning that it has a nilpotent Lie bracket
[,:] - gom X 8em — 9owm, as defined in Section 2.3 that is complex bilinear.

We assume that goys is graded, meaning that it has an orthogonal decomposition
gcv = H1 & ... ® Hy in which [H,,, H,| C H,,y, (we say H, =0 for n > N). We

denote the restrictions of [-, -] as [-,-]mn = [, || xm, * Hm X Hy = Hygr, and will
sometimes refer to them as (m,n) brackets. For a = (ay,...,ay),b = (by,...,by) €
dcu, we may compile the (m, n) brackets into the full bracket [-, -] as
N
[(l, b] = Z [amabn]m,n .
m,n=1

The rest of this section will prove facts and equivalences of certain conditions on
[-,-]. We will summarize our full set of assumptions of [-, -] at the end of this section.
Of critical relevance is the notion of a multilinear map being weakly Hilbert-Schmidt,
as defined in Proposition 2.4. The extension of a bracket |-, -] to the tensor product
will sometimes simply be denoted as [-].

Theorem 10.1. Assuming that the (1,n)-brackets [-,-]1, : Hy X H, — Hp,41 are
weakly Hilbert-Schmidt (and thus have an extension to Hy ® H,,) for all1 <n < N,
then

1. the iterated (1,n)-brackets [-,...,[-,-]11 .- Jino1 : HiX...x Hy — H, are weakly
Hilbert-Schmidt.

2. all the (1,n)-brackets have surjective extensions if and only if all the iterated
(1,n)-brackets have surjective extensions.

89



Proof. If B : K1 x Ky — K3 and C : K; x K3 — Kj5 are weakly Hilbert-Schmidt
bilinear maps on Hilbert spaces, then consider the composition of maps determined
by

KiKi®Ky 2 a®b®c — a® B(b,c) — C(a,B(b,c)) € K5,

P

from which we see that, using ™~ to denote extensions to tensor products, C(-, B(-,+)) =

Co (I® E) Then this composition will be continuous on the tensor product K, ®
K ® K.

Then observe that the extension of [,...,[,"]i1...Jin_1 to HY™ can be realized
as

[inc1o(I @ [in2)o...o(l®...0I®[]11) -

We note that a function f is surjective if and only if / ® f is surjective. This fact,
along with induction, will justify both points.

]

Theorem 10.2. Assuming that the iterated I1-brackets [-,...,[-,-]11 . Jin—1 @ H1 X
...x Hy — H, are weakly Hilbert-Schmidt with surjective extension for all2 <n < N,
then we have

1. all (m,n)-brackets [, |mn : Hpn X Hy — Hpym (and iterations thereof) are
weakly Hilbert-Schmidt.

2. the compiled bracket [-,-] - H x H — H (and iterations thereof) is weakly
Hilbert-Schmidt.

Proof. Note that the previous proof justifies that all types of iterated brackets will
be weakly Hilbert-Schmidt, provided that we prove the (m,n) brackets and compiled
bracket are weakly Hilbert-Schmidt.

First consider that, since the bracket [-, -] is assumed to satisfy anti-symmetry and
the Jacobi property, then its extension [-] to goy ® gon must satisfy corresponding

properties. With this in mind, for a € H,,,b € H,, if [Z;’il ¢; ® dj] Lm_1 = @, then
by the Jacobi identity,
[av b]m,n = |:[Z Cj ® d]] l,m—l’ b:|
j=1 m,n
= - d'abm— ns :| - |:b> in ad:|
; [[ s Blm1.n, ¢ mAn—1,1 ; b esln,d; nt1,m—1
= E d'vbmf n:| - |:d7 ‘7b n:| )
; [CJ 4 blm-1, Lm+n—1 ; i»lei: bl m—1,n+1
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which can be realized as a sum of a composition of brackets of lower index. Indeed,
set R: HH® H,,_1 ® H, - H,,_1 ® HL ® H, to be the canonical isomorphism, and
let ¢, : H, — H; ® H,_1 be a one-sided inverse of [];,,—1 (so that [];,_1 0 ¢, =
Iy, , existence is guaranteed by the assumed surjectivity; we provide more details for
similar maps in the proof of Theorem 11.2). Then taking >, c; ® d; = ¢n(a), the
equation above means

[ lmn = [limen—10 & [Jm-1n) 0 (¢” ® [)
—[metnpro(I®[Jin) o Ro (¢n ® ]) .

So ultimately, [-, -1, and [-, -|,—1,, being weakly Hilbert-Schmidt for all n implies that
[, *]m.n is weakly Hilbert-Schmidt for all n, so the first point follows by induction. The
second point follows by the fact that the compiled bracket is a sum of brackets of the
form [, ]

O]
For the remainder of this paper, we will assume that (gcas, |-, ¢]) is a complex

graded nilpotent Lie algebra, and that the (1, n)-brackets [-, -]; ,, satisfy the following
assumptions: for all 1 <n < N, we assume {e, ;}jeca, is a basis for H,, and

2
Sup Z |<[€l,j> Cnkl1n; h)Hn_H‘ < 00 (A3.1)
I|h||Hn+1:1 ]€A1,k€An
2
Z }<|:617.77 enyk]17n7 h>Hn+1 ’ > 0 . <A3.2>
k]I, =1 JeALREA,

Using results from Proposition 2.4, we see that (A3.1) is equivalent to the (1,n)
brackets being weakly Hilbert-Schmidt, and (A3.2) tells us that the extension to the
tensor product is surjective onto H,, 1. The results in this section demonstrate that
this is equivalent to assuming that every iterated (1,n)-bracket [-,...,[-,-]11,.. J1n I8
weakly Hilbert-Schmidt with surjective extension onto H, 1, or equivalently that the
iterated (1,n) brackets have similar finite, nonzero constants.
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10.2 Geometry: group structures and the Cameron-Martin
subgroup

One goal of this section is to describe the different group structures the lie in geyy,
including exp(gcas) and finite-dimensional approximations exp(g”) = G¥. Most
of this section will be dedicated to defining and describing Gy, which satisfies
GY C Gy C exp(genr), and is the critical geometric object of study in this work.
Importantly, in this section, we will prove Theorem 10.11 , which shows that the
geometric structure of G,y is well-approximated by the finite-dimensional subgroups

GF.
Many of the definitions, notions, and theorems will be similar to those in Section 6,
but both the increased step and the nature of the result we must prove requires

different methods. Thus, we will not rely on Section 6, and we instead provide
Section 10.2 as an essentially self-contained section.

10.2.1 Introducing group structures

First off, recall from Section 2.3 that we may view the Lie algebra gops as being equal
to its own corresponding simply connected Lie group exp(geas) by defining a group
operation through the Baker-Campbell-Hausdorff formula, (1.2).

Let Proj(H;) denote the set of finite-rank projections P : H; — H;. Then for
P € Proj(H;), we define

g° = PH, ®span([PH,, PH,))® ... ®span([PH,,...,[PH,,PH,|...]).

In other words, g” is the Lie algebra generated by PH;. This too can be realized

as a simply connected nilpotent Lie group, written as exp(g”), or more often G¥, to
emphasize the group structure. By definition, this group will satisfy the Hérmander
condition, as mentioned in Section 9.4.1.

Let C' = C'([0,1], exp(gcar)) donote the set of continuously differentiable paths in
exp(gom) = gcomr, on which we may define the length ¢(o) = fol | Lo 140" ()| gea dt-
We say o is horizontal (or “admissible” as it appears in sub-Riemannian geometry
literature) if Ly y)-1,0'(t) € Hy = Hy x 0 x ... x 0 for all t € [0, 1], and we denote the
set of horizontal C' paths as Cj.

For g1, g2 € gonr, we define the horizontal distance as
d(g1,92) = inf{l(0) |0 €Cp, 0(0) = g1, o(1) = ga} .
Then we define Gy as

Geu = {g c9cm - d(e,g) < OO} .
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Then we have

Proposition 10.3.

1. We let 6o : G — G denote the natural dilation on exp(gcy), so for g =
(g1,...,9n) € explgon), 0a(g) = (agi,a?gs,...,aNgn). Then, for any g =
(gla'-'7gN> € GC’M; (ORS C}

d(eaéag) = d(ea (agl7Q2927"'7aNgN)) = |Oé|d<6,g>

2. For all g1, 92,0 € Goum, d(g1,92) = d(g1 - a, g2 - a).

3. d is a metric on Goyy.

Proof (sketch). A curve is horizontal if and only if

d

La(t)ﬂ*oj(t) = E

(—J(t)-(s 0’(75))) e H.

s=0

Then Proposition 10.3 will follow from the fact that many operations on horizontal
curves will still be horizontal. For the first point, we may pointwise-apply J, to
produce a horizontal curve whose length is |a|-times longer. For the second, we may
pointwise multiply a horizontal curve by an element in G to produce one of equal
length. We may also “reverse” a horizontal path and concatenate 2 horizontal paths
(perhaps after a C' reparametrization, if necessary) to deduce the symmetric and
transitive properties of d. The reader may review the proof of Proposition 6.1 for
more explicit calculations of this sort.

]

Define d as the horizontal distance on G, meaning
d”(hy, hy) = inf{l(c) | o[0,1] — G* horizontal, ¢(0) = hy, o (1) = hy}.

That d¥ is always finite on GF will follow by the references above. However, using
the graded Lie group structure, we will show that this holds with “bare hands.”

Proposition 10.4. For all P € Proj(W,), d¥ is finite on G¥. In particular, we
have G¥ C Geo.

Proof (sketch). First note that elements of the form A = (h,0,...,0) € PH; x 0 X

. x 0 have d(e,h) = ||h||g, by using the horizontal straight-line path from the
origin, that is, o(t) = th. We also note that, using the properties in Proposition 10.3,
for all g1, 92 € gour, d(e, g2 - g1) < dP(e, 1) +d" (g1, 92 - 1) = d"(e, 1) + d” (e, go).
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Thus, the proof reduces to showing that all elements in G¥ can be written as a finite
product of elements in PH;. This is ultimately a consequence of PH; generating G¥
as a Lie algebra.

Indeed, let h = (hyq,...,hy). Suppose that we have a finite product g; - ... gx =
(hi,. . hn_1, 20, ..., 25) € GP, for some z; € H; (we see from the preceding para-
graph that this is true for n = 2). Then, by the definition of G¥, h, — 2z,
span([...[PHy, PH,|, ..., PHy]), so there exists a finite collection {ay, ; }mea 1<j<n

PHy where hy, — 2, = > alo- - [amas @mal, - - Gmpn]. Then apq - a2 - amll a.

1N m

m,2
(0, [@m, » @my], - - .). Similarly, we may take a product in {am.;, a,,; tmeai<j<n to pro-
duce an element of the form g = (0,...,0,h, — z,,...). Then g; - ... - gx - g =
(h1s- oy hnts by 2500, -+ -5 2y) 18 also a product of elements in PHy, for some 2} € Hj.
We may iteratively repeat this procedure to produce a product in PH; equal to our
initial A.

]

We can immediately deduce that the inclusions (G, d") — (Gcar, d) are contin-
uous, since d(hy, hy) < d¥(hy, hs).

10.2.2 Weakly Hilbert-Schmidt integral maps

A few of the results and proofs will closely resemble those in Section 6, but we will
repeat them here for convemence We define the “integral” map Z : L*([0,1],C) —
L*([0,1],C) as Zf(t) fo s)ds. Then Z indeed maps to L?([0, 1], C) and is bounded
linear (and in fact Hilbert- Schrmdt).

Lemma 10.5. The bilinear map Z : L*([0, 1],C) x L*([0, 1], C) — L*(]0, 1], C) defined
as Z(Ay, A2)(t) = TA(t)Ax(t) is weakly Hilbert-Schmidt.

Proof. Let f € L*([0,1], H). Then use {e?"*}, < as an orthonormal basis of L([0, 1], C).
Then

94



[e.e] e}

kz EZ ) 27rzkt 27r1€t>L2 (0110
- Z Z ’ I(e>m), 2met>L2 (10,1] (C)‘

k=—o00 f=—00

— Z Hf 627T’Lk‘t

2

|L2([0,1},(C)

1 . 2
_ 2 ey o2kt — g ‘ Ht ‘
kzsﬁo k2 fle ) L2([0,1],€) L2([0,1],C)
< Z ﬁ”f”m([o,u,@ + 1 fllz2o.11.0)
k=—0oc0
< K| flZ200.0) »
which proves the claim. O

Recall that we define H,([0, 1], C) in Section 2.1.4 as the set of finite-energy paths

in C, meaning functions f : [0,1] — C such that fo |f/(t)]?dt < oo, which has a
natural norm and inner product structure.

Lemma 10.6. The bzlznear map Sz Ho([0,1],C) x Ho([0,1],C) — Ho([0,1],C)
defined as Se(A, B)( fo s)ds is weakly Hilbert-Schmidt.

Proof. By the definition of (-, -)3(j0,1],c), We see that Z : L*([0, 1], C) — H, ([0, 1],C)
is an isomorphism. Then the map Sy is precisely Z from Lemma 10.5 under the
identification L2([0,1],C) S H,([0, 1], C). O

Lemma 10.7. For a multilinear map M : K1 ® ... ® K, = K, we may define the
continuous map M : Ho([0,1], K1) ® ... @ Ho([0, 1], K,,) — Ho([0,1], K) on simple
tensors as

MA@ ... @A) = | MA(s1),..., A (s,))ds, (3.2)

Ay

where A} ={s € [0,1]" : 0 <51 <...<s, <t}

Proof. First note that, by Lemma 10.6, we have the Weakly Hilbert-Schmidt map
52 Ho([o 1] (C)®2 — H[)([O 1] (C) glven by Sz(fl,fg = fO f1 So f2(52)d52 =
I3 [2 Fi(s1) fo(s0)dsidsy = fAZ f1(s1) f5(s2)ds. Then we mductlvely define

Sy : Ho([0,1],C)* = Ho([0,1],C)
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Sk(fry - fo)(t) = Sa(Se—1(frs-- s fom1) s Ju)(1)
_ / St (Fro- - Fict)(8) fL(5)ds

Then lettlng denote the extension to the tensor product we see that if S;_; has an

extension Sk 1, then so does Sy, since Si(f1,..., fr) = S, o0 (Sk 1QD(1®...,®fk),
from which we apply induction to deduce that Sk must extend contlnuously to
Ho([0, 1], C)®* for all 2 < k < n. Note that we can also write

St 00 = [ ([0 fiatoris ) Ao

_ / fi(s1) - Filsi)ds
Ak

Now define M : Ho([0,1],C)*" ®@ (K; ® ... ® K,,) — Ho([0,1],C) ® K as M =
Sp @ M. Then, for fi,..., f, € Ho([0,1],C) and zy € K}, expressions of the form
f[i®...@f,®r1®...®1, constitute simple tensors in Hy([0,1], C)*" Q@ K; ®...® K,,
and we have

MAR.. QA ®...0x,) = ( Anf{(sl)...fé(s@ds)M(ml,...,xn)

_ / M (@ f) 1) i) () )ds . (33)

t

As discussed in Section 2.1.4, H([0,1], K) = Ho([0,1],C) ® K and H([0,1], K,,) =
Ho([0,1],C) ® K, for all n. Then under this identification, we may realize M :
Ho([0,1], K1) ®...@H([0,1], K,,) — Ho([0, 1], K), and by (3.3), our definition of M
will satisfy (3.2). O

10.2.3 Horizontal paths

Theorem 10.8. A horizontal path o € C; with 0(0) = e necessarily takes on the
form, for some C* path A :[0,1] — Hy,

Z Z CU/ 1), Ate@)]s - Alltem)] (3.4)

n=1oc€eS,

where the coefficients c, are defined in Theorem 2.6. Moreover, {(c fo | A" ()| m,ds.
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Proof. The horizontal criterion imposes Lyy-1.0'(t) € H;. And for g € goar and
T € gowm, recall from Section 2.3 that

Lg*x = cr + 62[9737] + C3[g7 [gvx]] +..

Then, using the graded structure of goas, we can deduce that Lygy-1.0'(t) = c10”(t) +
co[—0o(t),o’(t)]+ ... has, as its H; component, o} (¢). By the horizontal condition, we
must have Ly)-1,.0'(t) = o1(1).

Now set A = oy, which is necessarily C'. Then L,-1.0'(t) = A'(t), or o'(t) =
Lo A'(t). Then by Theorem 2.6, we must have that (3.4) holds.

Furthermore, {(o fo | Lo(s)-1+0"(5) |lgonrds = fo | A" ()| g, ds.

Lemma 10.7 and Theorem 10.8 will come together to give us the following.

Corollary 10.9. There exist multilinear maps vy, : Ho([0,1], H1)* — Ho([0, 1], Hy,)
such that every horizontal path o : [0, 1] — gon with o(0) = e can be expressed as

o(t) = v(A)(t) = (MDD valA, A, vx(A,.... AD)
€ Hy x Hyx...x Hy = gou = exp(gom) ,
where vi A = A, and each vy, is weakly Hilbert-Schmidt and extends to Ho([0, 1], Hy)®*

And we may realize d as
d(e,h) = inf{E(A) | A:[0,1] — H, is C, A(0) = 0, vA(1) = h}

_ jnf{HAHHO([O’H,Hl) | A€ Ho([0,1], Hy), vA(1) = h} .

Proof. Using (3.4) and keeping the graded structure in mind, we need only assign
valAr, o Ay ZCU/ 3 Ayt s (o)
€S

Then Theorem 10.8 tells us that any horizontal path o : [0, 1] — geas can be realized
as 0 = (11 (A),...,vn(A,...,A)) when A = oy, and Lemma 10.7 tells us that each
v, is weakly Hilbert-Schmidt.

As for the last remark, we know that, by Holder’s inequality, £( fo A (8) || ds <

\/fo |A’(s) |3, ds. We also have that these are equal when A is parametrlzed by ar-
clength. Such a reparemetrization does not change the endpoints of ¥ A, which can
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be observed by demonstrating that this holds for S,. Indeed, for any increasing C*
bijection ¢ : [0,1] — [0,1] ,

Sy(Aod, Bod)(t) = / A(6(5))B'(6(5)) (s)ds

#(t)
= /0 A(u)B'(u)du = (Sz(A,B) o Cb) ().

Lastly, consider that the set of C! paths in H; is dense in Ho([0, 1], H) (in the same
way that the set of continuous functions are dense in L?([0,1], H)). This completes
the proof.

]

As remarked in Section 6, nice continuity properties are not always exhibited
by general multilinear maps, but the components of v are bounded linear maps on
tensor powers of Hy. This allows us to conclude that v will have certain continuity
properties that bounded linear maps enjoy, such as respecting weak convergence. The
next lemma uses this (and only this) to illustrate 3 specific properties that will be
used in Theorem 10.11. This is just a matter of proving properties of linear maps;
there is nothing else special about v being used here.

For this lemma and the theorem to follow, we will abbreviate Hg := Ho ([0, 1], Hy).

Lemma 10.10 (Continuity of v).

1. If A, converges weakly to A in Ho, then vA,,(1) converges weakly to vA(1) in
goM -

2. If A, converges in norm to A in Hy, then vA,,(1) converges in norm to vA(1)
im gom-

m—ro0

3. If | Ay, — Bullsy —— 0 and v A,,(1) weakly converges to some g € gear, then
vB,, (1) must also weakly converge to g.

Proof. For the first point, consider that the set of finite sums of simple tensors in H{™
forms a dense set, and that for any simple tensor o € H{", {(«, (A,,)®") HE b

(a, A®") yon. And (A,,)®" is bounded in HP™. Then, by Proposition 2.2, we must
have (A,,)®" — A®™ weakly in H{". Since each v, : HE™([0, 1], Hy) — Ho([0, 1], H,,)
is linear continuous, and as is point evaluation H,([0,1], H,) > f — f(t) € C (see
Section 2.1.4), then each v, (A%™) converges weakly to v, (A®™), so that v A, converges
weakly to vA, and vA,,(1) converges weakly to v A(1).
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The proof of the second point is similar. If A,, — A, then

|AZ" — A®"||,0n
0
< A% — A2 @ Al en 4+ |ASTY @ A — A%, 00
0 0
= [ A5 1 Am — Al + [|AZY — A®("‘”||ng><n—l> | Al -

so by remarking that the sequence A,, is bounded and applying induction, we may
deduce A" — A®" from which we can conclude vA,,(1) converges in norm to vA(1).

For the third point, if ||A,, — Bn|lx, — 0, then, arguing similarly to the above,
| (A)%E" — (Bm)®"||H83n — 0 for all 1 <n < N, so by the continuity of v, |[vA,(1) —
VB (Dllgopr — 0- Then for any f € ggny, [f(vAm(1) = f (v Bm(1)] < | fllgz,,, 17 Am (1) -
B, (1)|lgen, — 0. Thus, the convergence of f(rA,,(1)) implies the convergence of
f(vBn(1)), so vB,,(1) must weakly converge.

]
Theorem 10.11. Let g € Gey. Then there exists a sequence (P,), € Proj(Wi)T
and g, € GP such that

1. gm T g in H ) ||ECM'

2. dP (e, gm) 2= de, g).
Proof. Recall that we abbreviate Ho([0, 1], H) as Hg, and we also write Hq ([0, 1], PH;)

as PHy for P € Proj(W;). Since g € Gepy, we may choose A, € Hy such that
vA,,(1) = g, and such that

1
d(eag) < “Am”?-[o < d(eag)_’_E

For every m € N, choose P,, € Proj(W,) such that (P,,)men € Proj(W;)" and
| PrnAm — Aplls, < +. Now for each m, choose By, € P, Hy such that vB,,(1) =
vP,A,(1), and

1
d' (e, vPpAn(1) < | Bulla, < d(e,vPpnAm(1)) + —.
m

Now observe that

IN

sup || B |24 sup dP’"(e, VP An(1)+1 < sup || PnAm||u, +1
meN meN

meN
< sup ||Am||7'l0 +1 < d(eag) +2.
meN
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Thus, by weak compactness, we may choose a subsequence (B, ), € Ho weakly
converging to some B € H,,.

By Lemma 10.10, point-evaluation respects weak convergence, so that (regarding
the limits below as weak limits in gcoay)

vB(1) = wlimvB,, (1) = wlimvP,, A, (1).

m— 00 m— 00

m—r 00

And ||P,,, A, — An 3 < ﬁ —— 0, so again using Lemma 10.10,

wlimvP, A, (1) = wlimvA, (1) =g.

m—ro0 m—r0o0

Then vB(1) = g, and

d(e,g) < ||Blla, < liminf||B,, |3, < liminf d™m(e,vP,, A,, (1))
m—00 m—00

< limsup dFrm (e,vP,, Ay, (1) < limsup|| P, An,. |7,

m—0o0 m—o0

< limsup |4y, [l4, = d(e,g).

m—0o0
Thus, d™m (e,vP, A, (1)) 2= d(e, g). Also, we may similarly say that

d(e,g) < |Bllu, < liminf||B,, [l%, < limsup By, [x, < d(e g).
m—00 m—»00

Then we know that || B, |1, — ||Bllu,, meaning that B is actually the norm limit
of (By,,)m, so v(By,,)(1) converges in || - ||g0,, to ¥(B)(1) = g. Thus, by setting
gm =vB, (1) =vP,, A, (1), we are done.

O

Remark 10.12. If ¢ € G, then we can say something stronger: for any P, €
Proj(Wy) where P, = P, d"(e,vP,,A(1)) | d(e,vA(1)) (no subsequence necessary).
This can be proven with a slightly modified argument, roughly as follows. Choose
a sequence of paths A,, € PH so that vA,,(0) = e, vA,,(1) = g, and d'(e,g) <
| Amll2 < dP (e, g) + +. Now choose a weakly-convergent subsequence A, , weakly
converging to some A € H. Then, arguing as before, one gets vA(1) = g and a chain
of inequalities that lets us conclude lim,, ;o d*m (e, g) = d(e,g). But d"(e,g) is a
decreasing sequence, so we must have lim,, ., d" (e, g) = d(e, g).
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10.3 Stochastics: Infinite-dimensional heat kernel measure

This section is devoted to providing the definition and properties for an infinite-
dimensional heat kernel distribution on a Banach space G, inline with the definition
provided in Section 3.

We now make a remark that parallels one made at the start of Section 7. It is
natural to assume that G itself is a simply connected nilpotent Lie group with a
group structure, perhaps by means of a continuous bilinear bracket [-,:] : G X G — G.
Alternatively, it is possible to assume that the bracket is merely “measurable bilinear,”
in which [z,:] : G — G is measurable for all € G, or even just z € g, all while
the restriction of the bracket to gcoas has more structure. In this result, we will take
the most abstract stance possible: we do not assume that [-,-] has a well-defined
extension to G whatsoever. Just as with abstract Wiener spaces, the structure on
gom will determine the probabalistic structure on G, and this is all that will be
needed.

10.3.1 Definition

Let G be a complex Banach space, in which goyy = H1®...® Hy C G is continuously

and densely included. For 1 < n < N, we let W,, := H_an‘G. In this way, we may
write G = W, + ...+ Wy, and W,, N W,,, = {0} for n # m.

We further assume that (Wi, Hy) is an abstract Wiener space. From this, we
know we have a “flat” Wj-valued (or, if you prefer, to;-valued) Brownian motion By,
as described in Section 2.2. Then, letting Proj(W;) denote the set of (complex-linear)
finite-rank projections of H; that extend continuously to W; (and thus to G), then,
for P € Proj(W,), PB; is a PH,-valued Brownian motion. We may define G*-valued
Brownian motion, g7, as the solution to the stochastic differential equation

dgtp = Lgf*(SPBt go = ¢,

where ¢ denotes the Stratonovich stochastic integral. As described by Theorem 2.6
and Section 2.3.3, the solution is given by

c- £ el

n=1oc€sS,
< [ 1 0PB. 6PB. ) PR, ) (39
AT
where ¢ corresponds to the Stratonovich stochastic integral. We will henceforth refer

to the constants as ¢,. Here, by the graded structure, each n = {1,..., N} corre-
sponds to a different stratum.
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We say that G is an (infinite-dimensional complex graded simply connected) nilpo-
tent abstract Wiener Lie Group if the following holds.

For some ¢t > 0, there exists a G-valued random variable g;
such that, for every f € G*, there exists an increasing se-
quence of finite-rank projections { Py, }men € Proj(W)' such
that f(g/™) — f(g;) in probability.

(A3.3)

We will regard g; as equalling

N
0=>Y ¢ / (5B 6B ) 0B ).

n=1 0c€S,

Note that this G indeed satisfies the definition for a nilpotent abstract Wiener Lie
group from Section 3, where X = goy and Xy = Hy. Also, recall from Section 3
that this limit occurring for some ¢ > 0 is equivalent to it occurring for all ¢ > 0.
Furthermore, the traceless nature of the iterated brackets, along with (A3.1), will

imply that (A1.2") holds; see Lemma 10.14, Theorem 10.15 and their proofs.

Before proving deeper properties of the heat kernel measure, we present a fact
analogous to a result in abstract Wiener space. See also [GM13, Proposition 2.30]
and [Mel21, Proposition 4.7].

Proposition 10.13. P(g; € gou) = 0.

Proof. The random variable g; = ((g¢)1,---,(g¢:)n) € Wi X ... X Wy satisfies (g;)1 =
By, a Brownian motion on Wj. Then we can write P(g; € gon) < P(B; € H;) =0. O

10.3.2 Convergence of linear functionals

This section will use the complex structure to prove that holomorphic linear functions
in G* must lie in LP(G) for all p € [1, 00) with respect to the distribution of ¢, and in
fact the convergence f(g/™) to f(g;) occurs in LP for all p € [1,00). Below, we state
and prove a helpful lemma that uses the complex structure. Indeed, this is a direct
consequence of assuming that B; is a complex Brownian motion, and that iterated
brackets [...[-,],..., ] are complex multilinear.

Lemma 10.14. The following Stratonovich and Ito integrals are almost-surely equal:

A7 AP

Proof. Note that this result is essentially proven as Theorem 6.26 in [Dril5]. We will
make use of formulae from Section 3.
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Let { fe}1<i<or be a real basis of PH;. We define J" = {a € {1,2}™| > )L, o =

n}, and then let
dPB,  ifa; =1

dPX = , :
' { 5:1f€®f€ if a; =2

(which is independent of the basis chosen). Then

Af m= n/2 aedy

5PBSI®...®5PBSn = S Z/ dPXal ®dPXsan’n

(3.7)

Say {f[}1§6§2r = {ej}lfjgr U {iej}lgjgr, where {ej}lgjgr is a complex basis of

PH,. Then

Zf€®f€ - Z€j®€j+2i€j®’i€j = 0.

j=1 j=1

Then (3.7) need only be summed for m = n, which yields (3.6).

As a result of Lemma 10.14,

Z Y e / .[aPB,,, .dPB, ,],....dPB, ].

n=1 oc€S,

In this way, we may view

0=>Y¢ / .. [dB.,,.dB.,,.....dB,].

Theorem 10.15. Define

o = / dPB,, ® ... ® dPB;,
bl Ak

and let o € Hi®%. Then Ela(®),)* = tk_k!HOéH?DHf@k.

Proof. This is a proof by induction. First note that for k = 1, q)f , = PBy, soif
o € Hf, then E|a(®{))|* = t||a|pu;. Next, we continue inductively, so suppose the

103



statement holds for k — 1. If « € HP*, then (o, () ® h) € PH;®*! for any h, € H,.
Let {e;}1<j<, be a basis of PHy. Then

t

a(®l ,_, ®dPB;,)
0
t d

1

— E _6.>

93 7
t d

_ / S Ea(@F ,_, @ cj)[2dsy
0 j=1

:Z/

k! Ha“pH*(@k :

2

Ela(®;))* = E

2
+

Of(q)fk,kq ®

il @ el pronrds

]

Theorem 10.16. For every k, p € [1,00), o € H;®*, and (Py,)men € Proj(W)T,
a(@fk ) converges in LP asm — oo. The limit is independent of the choice of (Py,)men,
and we denote the limit as a(Pyp) = [\ a(dBy, ® ... @ dBy,). And Ela(®yr)]* =

tallal?

H*@k

Proof. We begin by first showing convergence in L?. If o € H;®¥, {e; }1<j<r,, a basis
of P,,H; for every m € N, and m < n, then by Theorem 10.15,

Ela(®;) — (@)
= Elao P;?k(q)f};) — o Pﬁfk(@f}g) 2
= Elao (PS* — PEF) (@)

tk
~ Dllao (A3 =PSB

tk Tn Tm
SR (D TCE T s O e}
J1

150 00Jk=1 J1yeendk=1

which is small for sufficiently large n,m. So a(@f ) is Cauchy in L?, and hence must
converge to some (P ). It is also here that we remark that this limit is independent
of the sequence (P,,),, chosen. Indeed, if (P’),, € Proj(W;)! is another sequence,
then choose (P”),, € Proj(Wy)" such that P,,H, + P! H, C P’ H,. Then

/12 2
Ela(@f7) — a(@7)|" = Elao (PEF — PiEb)(@77)

tk k IQk
= olloe (P2F =PI

H*@k 9
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which necessarily goes to 0 as m — oo, which implies a(@ ) has the same limit as
(@),

For general LP convergence, it can be seen that a(@f ) necessarily has a finite-
degree chaos expansion. It is a theorem of Nelson ([Nel73, Lemma 2] that, for every
j € N, there exists a constant ¢; such that Ef|a(®/,)]|¥] < ¢;(E[Ja(®{})[*])/. Then
we may deduce that, for any p € [1, 00),

n m i -
E‘O‘(q)fk) - O‘(q)fk )‘p < E‘O‘(q)fk) - C“(q)fk )‘ ’
= Elao (7" — PeH)(@f)] "

i
< o (Blao (P2 = PE@II)

so that the series must converge in LP.

Lastly, |Ela(®y)|* — ]E\a(q)fg)|2| < Elo(®yr) — a(®/7)[?, which justifies that
Ela(®y4)[? = limp o0 Bla(®f7) 2 = &la|)? O

H*@k

Lemma 10.17. For all f € G*, p € [1,00), and all (P,,),, € Proj(W.)", f(gi™)
converges in LP to f(g;).

Proof. Choose (Py,)men € Proj(W1)" such that g/™ — g, in probability. Then

Z Z CO' dP B o(1)? deBSJ(Q)] dP B o(n ])
n=1oc€Sy,

ZZCJ .- 117"'7]11—1,105(@5?)7

n=1c€Sy,

where for any permutation o € S,,, we let & be the natural action on HP" that satis-
fieso(h ®...®hy) = ho1) ® ... ® hy(yy. Then, for eachn, fol...[-,-]i1,...,]n110
o H™ — Cis in H*®". On the one hand, Theorem 10.16 implies that for
each n, (fo[..[]it--.s]no1,1 05, /) converges to the random variable (f o
L[ ias o Jnm11 00, @ p) in LP for all p € [1,00), so as a finite sum of such
random variables, f (géD ™) must also converge in LP. On the other hand, since f
is continuous on G, f(gf™) converges to f(g;) in probability, and therefore must
converge to f(g;) in LP.

We remark that the convergence will hold for an arbitrary choice of (P,,)men €
Proj(W1)" because the convergence in Theorem 10.16 allowed for this.

]
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10.4 Examples

We begin with Section 10.4.1, which provides examples of the “skeleton structure”
gon that satisfy the weakly and surjectivity assumptions. Then in Section 10.4.2,
we will provide example structures on GG that guarantee the existence of the random
variable g; and its limiting properties.

10.4.1 Examples of gcons

Example 10.18 (Step-2 graded complex). Suppose H; x Hs is a step-2 graded com-
plex nilpotent Lie group. Then the bracket structure is completely determined by an
antisymmetric complex-multilinear weakly Hilbert-Schmidt map w : Hy x H; — H,
defined as w(hq, hy) = [h1, ho]. Aslong asw : Hy® H; — H, is surjective (or replacing
Hy with im if not), we have goy = Hy x Ho. This is the (complex equivalent of
the) topic of study in Chapter 2.

It is worth pointing out that, while the assumptions of Chapter 2 actually contra-
dicted the step-2 path space construction (||w||ggz is not satisfied: see Example 5.11),
it does satisfy the assumptions in Chapter 3 for the Taylor isomorphism (see Exam-
ple 10.21).

Example 10.19 (Infinite product). This example can be compared to Example 5.7.
Here, we consider the infinite product of step N Lie groups. We suppose that we have
an infinite sequence of finite-dimensional simply connected graded complex nilpotent
Lie groups G™ = Ggm) D... P GE\T) where each GU™ has as orthonormal basis

{e%)}j@(m) C GI™, so that each G™ has as orthonormal basis U1§ngN{€£$‘) Yeatm

and each G is considered equal to its Lie algebra g™, equipped with a bracket
[-,-]™). Note that the “step” of each G(™ is uniformly bounded by N. Then their infi-
nite orthogonal product genr = @7, G can be considered an infinite-dimensional
Lie algebra with bracket [a,b] = Y°°_ [a(™) pm)](m),

In addition to requesting that each G(™ satisfies the Hormander condition, we
must request that it is done uniformly. More precisely, we require that, for every

m €N, 1<n < N, there exist constants ci™, C{™ such that, for all h € GI™,

m m m m 2 m
ANl < D0 K e T ) g [T < CEPIRI e
ieAl™ jealm)

in which, for all n, ¢, := inf,,en c,(qm) > 0 and Cj, := sup,,en C,S’”") < 00. Indeed, if this
is satisfied, then for any h = (h™),,en € @°_, G the nth step of gcoum, using the
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orthogonality of the G(™)s, we can calculate

Z Z |<[6§Z’Ll)= 67(177121),1‘]1,71—1 ) h>QCM ’2

m1,ma=1 ieA(lml),jeAfl"j%)

=3 3 e e s B o |

m=Lieal™ jeal™)
[ee]

< YOI G = Cullhlly,,
m=

and similarly

3 ST e e s Bgen | = callbllZ,

mi,me=1_ A(m1) A(Wz)

It is also not impossible to define and discuss infinite-dimensional semi-direct
products.

10.4.2 Examples of ¢

Example 10.20 (Complex Hilbert Space). This example can be compared to Exam-
ple 3.4, though with formulae and criteria made easier due to the complex assumption
(which gives, in particular, the equivalence of the Stratonovich and It6 integrals). As-
sume that G is a Hilbert space with orthogonal decomposition G = W; x ... x W,
and suppose further that each H, — W, is Hilbert-Schmidt. As a consequence, every
composition [... [+, 11, a1 2 HP® — W, is (in fact, considering our Hérmander
condition, these criteria are equivalent).

For any orthonormal basis {wy, ;}jea, of W,,, Theorem 10.15 gives that

N
Elg:lz = ZEH (92) I3,

- Z Z IE| wm]v 117-"7']1,n*1>Wn<(I)tvk)}2

n= 1J€A
2
- Z Z |H nj7 ['7']1,17"'7']1,n—1>Wn’ Hik@n
n= IJGAn )
t" 2
- Zn'“ ]171""7']1:”*1||HS(H1,W,L)'
n=1
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From this estimate, it can be easily argued that gf ™ converges to g, in L? with
respect to || - ||¢. In fact, as remarked in [Mel21], Doob’s maximal inequality implies

P12 < P, (|12
E max [lg;"llc < 4Ellgr"llc:

so the L? martingales (g; ™ )o<i<r converge to an L? G-valued martingale (g;)o<i<r.

Example 10.21 (Hypoelliptic path space). This example can be compared to Ex-
ample 3.5, again being simpler due to the complex assumption of this chapter. Let
V =V; x ... x Vy be a finite-dimensional graded nilpotent complex Lie group. Let
Wo([0,1], V) = {f : [0,1] — V| f continuous, f(0) = 0}, and H([0,1],V,,) the usual
set of based finite-energy paths in V,,, as defined in Section 2.1.4. For now, we will
set

G = g = WO([Ovl]vv)

H = Ho([0,1],V) = Ho([0,1], V1) & ... ® Ho([0,1], Vi)
H, = H0<[0> 1]7‘/1)

(one may expect that gops = H, but we will refrain from discussing this for now).
From here, we may define brackets on G via [f, g](t) = [f (), g(¢)], which is consistent
with the multiplication f - g(t) = f(t) - g(t).

Let (b)i>0 denote Wy([0, 1], V;)-valued Brownian motion corresponding to the
inner product (-, )2, (j0,11,1) by way of the classical Wiener space definition. Then
there exists a group-valued heat kernel distributed element gr € Wy([0, 1], V). The
existence of the path space process has been worked out in much greater generality
in [CDO8]. There, it is shown that (g;);>¢ can be realized as an L? martingale.

We have that gr satisfies, for all 7 € [0, 1],

gr(7) = > > ¢ / n[...[5bso(l>(7),5bsd(2)(7)],...,5bsa(n)(r)]

n=1 oceS,

- Y Yo / el ()b (7]l (7)),

n=1 oc€S,
where the Stratonovich and It6 differentials are taken with respect to s +— b,(7).

This also satisfies our assumption for being a nilpotent abstract Wiener Lie group,
as it follows from Theorem 3.6. Note that a shorter proof could be provided, since
the “real traces” of complex multilinear functionals are 0 (this is the key property
applied in the proof of Lemma 10.14). Then for f € Hy([0,1],V)*, we would only
have to show the bound

fo[...[-,-],...,-]o&‘

maxX max
1<n<N o€eS,

< C
Ho([0,1],V1)* Hf”Ho([O,lLvl)
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(from opposed to using the “tracial norm”).

We now turn to defining gy, which will not be as straightforward as one might
hope, as we require our Hérmander condition to hold. Recall from Section 2.1.4 that
Ho([0,1], V) = Ho([0,1],C) ® V,,, so that if {ex}rez = {ka( e?m M — D hezo U {t} is a
basis of Ho([0, 1], C) and {vpk }1<k<dim(v;) is a basis of V,, then {exvn ; }1<j<dim(v)rez
constitutes a basis of Ho ([0, 1], V,,). If we define m,, : Ho([0, 1], C)™ — Ho([0, 1], C) as
n-fold multiplication, then for f € Hq([0,1],C) and v € V,,,

dim(Vy,)

Z Z ‘<f’U eklvl ,J10 ekZUJZ] ? eknvj”]>/}‘[0([0’1}vv’ﬂ)

ki,..., kn€Z j1,..., Jn=1
dim(Vy,)

= Z ’<f7 mn(ekn s ekn)>H0([0,1],(C) ' Z ‘<Ua [anvjé]a SR 7an]>vn

By its finite-dimensional nature, the latter sum will be bounded above and below by
a constant times ||v||?. The former, however, will fail to have such a lower bound,

and will pose issues for satisfying the Hormander condition.

Proposition 10.22. The multiplication map my : Ho([0,1],C) x He([0,1],C) —
Ho([0, 1], C) is weakly Hilbert-Schmidt, but its extension is not surjective.

2

2 2

(3.8)

Proof. For this proof, we will abbreviate 7—[0 :=Ho([0,1],C). For h € Ho,

‘<m2tt ‘/th’ t)dt

< 4/ it (OPdt < 4|h]2,

and
2 1 1 2
3 <m2(t,ek),h>%‘ = /tek( ot )dt+/ eku)h/(t)dt)
k40 k20 | /0 0
1 1 1 )
< 2 [ |th'(t)]Pdt 2wkt _ 112 |B(¢)2dt
<2 [ OPd+ g [ 1P )
1
< 2|, + lIbl,
and

> [(mafeveen). i)y, |

—1 2mi(k+L0)t 2mikt 2milt 2
= Z‘m<€ ( ) — € — € +1,h>7_[0‘
k040

k,0=£0
1 |k+¢ 1 1 i
< Z o) 7(%% Mo — z@k? W), — E(% h)
ko020
1 | 1 1 1
S — 12 — (e, M) |* + E‘(ek+€7 h)a|® + E\(% h)a|® + EK% W) ol -

k ££0

109



2
We note that e (5, ear)rn < S (e = [, and Ty, e = %,
which justifies the sum above to be bounded by a constant times |||, . Hence, m is

weakly Hilbert-Schmidt.

However, we must now show that the extension is not surjective. To show this, we
will show that the image is contamed in a dense proper subspace K. Define a norm

171 = 171 + (1im 90" and set K = {7 € Hy : |7l < o0}, on which we may
define the inner product (f,9)x = (f, 9)n, + (hng s ) (hm W)

t—0 ¢

Then consider that, for any f € Hy, similar to the calculation in (1.1),

= | [ rwa] < ([1rora) ([ va)’ = ieevi

which is not only bounded by v/t|| f|/2,, but we also see L\/?' is converging to 0 as

t — 0. Then for any f,g € Ho, lim;_,o |f() Wl — 0. And for h € K, (ma(f,9),h)c =
(ma(f,9),h)3, + (0). Then my : Hy X 7—[0 — K is also weakly , meaning that the
image of the extension is contained in (a closed subspace of) IC, which is the dense
proper subset of H of functions with finite Lipschitz constant at ¢ = 0. 0

The key problem lies in the fact that multiplying finite-energy paths with the
condition f(0) = 0 results in a function with improved regularity at ¢ = 0. Indeed,
{ex trzo U {t, 1} is a basis for

H([0,1],C) = Ho([0,1],C)@ C = {f :[0,1] = C /0 |f’(t)|2dt<oo}

with
<fvga H([0,1],C / f dt+f(> ()

and [(m(1,1), h)u|* + [(ma(1, 1), A)wl® + D sso [(ma(1, ex), A)[* = [[A]l3, Therefore the
proof above can be adjusted to show that my : H([0, 1], C) x H([0, 1], C) — H([0, 1], C)
is both weakly Hilbert-Schmidt and has surjective extension. This suggests that we
could instead use the set of unbased finite-energy paths #H([0,1], V1) = H([0,1],C) ®
Vi = Ho([0,1],C) ® C ® V; as our generator for path space diffusion. However, this
would change the process and dynamics, as it would correspond to a path space
diffusion in which the starting point of a path is randomly chosen.

Now we describe another remedy that preserves the diffusion. Define M,([0,1],C) =
Ho([0,1],C) and M,,([0,1],C) := im(m,,) for 2 < n < N, and give it an inner prod-
uct such that m, : 7—[0([0 1],C)®"/ ker(m,,) — M, ([0, 1],C) is unitary. Then define
M, ([0,1],V,) = M, ([0,1],C) ® Vi, € Ho([0, 1], V2,).
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Using (3.8), it will be the case that [-,-]1, : Mi([0,1],V1) x M,([0,1],V,) —
M,,+1([0,1], V;11) is weakly Hilbert-Schmidt and surjective. So we define

gom = Ml([()? 1]7‘/1) XX MN([()? 1]7VN)‘

Thus, in one sense, rather than changing the diffusion, we have modified our analysis
of the diffusion to fit the assumptions.
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11 The Taylor Isomorphism

11.1 Setup
11.1.1 HL(G)

Let P denote the set of continuous holomorphic cylinder polynomials f : G — C,
which are finite sums of monomials of the form f; - ... fiy where each f, € G*.
Consider the following.

Corollary 11.1. For any f € P, (Py)m € Proj(W))", and p € [1,00), f(gi™)
converges in LP to f(g¢). In particular, we may say P C L*(G,v;).

Proof. 1f f is of degree 1, then the conclusion follows by Theorem 10.15. Now suppose
that f1, f : G — C are holomorphic polynomials such that, for j € {1,2}, f;(gi™)
converges to f;(g:) in LP for p € [1,00). Then

1/2p 1/2p

(Bl R@r)"” < (BlRw) " (@)™

so the product f1(g;)f2(g:) is in LP for all p € [1,00) as well, and

(B1filan) - falo) = il - ulP )"

< (BIho) — Ailaf N 2la)l?) "+ (BIf (6P alor) — Fola)P)
(B1fito0) - Ao ) (Bl (g ) ™

/2p 1/2p

+ (Bl P) " (Bl — Rt P)

1/p

IN

from which it is seen that fi(g/™)- fo(gi™) converges to fi(g;)- fo(g¢) in LP. Tteratively
applying this tells us that, for any monomial f : G — C defined as f = H?Zl f; for
fj € G*, f(g/™) converges in LP to f(g;). Then the same must be true of finite sums,
which concludes the proof.

O

We may now define HL?(G) as the L?-closure of P. As G is a complex Banach
space, there is a notion of holomorphic functions f : G — C. The definition in [HP74,
Definition 3.17.2] is that a function f : G — C is holomorphic if f is locally bounded,
meaning that for all x € G, there exists r > 0 such that sup{|f(y)| : [|[z—y| < r} < oo,
and if f is complex Gateaux differentiable on GG, meaning that for every x € G and
v € G, the map C 3 h — f(z + hv) € C is complex differentiable at A = 0.
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However, it should be noted that functions in HL?(G) do not, strictly speaking,
satisfy these criteria, in particular the locally bounded condition. Indeed, even in the
commutative case, we can consider the measurable-linear extension of (-, h)y, where
h € Hy, \ Wy, which will not be continuous. Instead, the elements could perhaps
be called “measurable holomorphic,” and should be compared to the holomorphic
Wiener functions of an abstract Wiener space, as described in [Sug97].

In [DG10] and [GM13], it is mentioned that it is not known if one may take
the L?-closure of holomorphic cylinder functions and arrive at the same set. This
continues to be unanswered, but Corollary 11.1 suggests that we may regard HL?(G)
as the L?-closure of the set of holomorphic functions f : G — C such that f(g’™)
converges in L? to a random variable. As noted in [DG10], after proving the Taylor
isomorphism, we will be able to say something more general: HL?(G) is equal to
the L2-closure of holomorphic functions for which sup,,.yE|f(g/™)* < oc. It could
perhaps be said that such a holomorphic function is in L?(G) “for the right reasons.”

11.1.2 Noncommutative Fock space: defining J?(gca)

For any Hilbert space H, let T(H) = H ®& H®? @ ... be the tensor algebra of H,
by which we mean the set of finite sums of elements of the Hilbert space tensor
powers of H. Given a basis {e;};jen of H, elements of T'(H) can be expressed as
k the coefficients (Chjrrin)i
may refer to K as its rank.

Let J(H) be the 2-sided ideal of T'(H) generated by v®@w —w®v—[v,w]. Then let
T(H)" denote the algebraic dual of T(H), and let J°(H) be the backwards anihilator
of J(H), that is,

Lyees

J'(H) = {a € T(H) : {a,v) =0Yv e J(H)}.
Then, for a, 8 € J°(gom), and a basis {e;}jen C Hi, define the complex inner product

<a’/8>J?(QCM) = ZH<a’ﬁ>9*c%
k=0
[e'e] tk o8}

= Z a<€i1®"'®€ik)ﬁ<€i1®"'®eik)7

with an associated norm || - || jo(ge.,,)- We now define J(gon) = {a € J%(gom)
el jogens) < 00} If P € Proj(Wy) with basis {e;}1<j<,, and if a € J%(g"), we will
similarly define

T

lalBpgry = D5 D0 lales & @ ey
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and set JP(g”) = {a € J%(g") : |||l or) < 00}

We remark that we may view J(g”) C J(gcar), and in turn a natural inclusion
J%(genr) = J(g") defined via restriction. In fact, by noting ||el| jo(gr) < Il jo(gen)s
we can conclude that we have the continuous inclusion J?(gcas) < J7(g").

Theorem 11.2, stated and proven below, is a direct consequence of our Hormander
condition. This is directly analogous to [DGS09a, Lemma 2.12] and [GM13, Lemma
3.4]. Similarly to both of these works, we will prove the existence of a homomorphism
U : T(gom) — T(Hy) with nice properties. We define

(JO)O = {b € T(gC’M) : <Oé,b> =0 for all « € JO(gC’M} .

Importantly, (J°)y remains a 2-sided ideal, (J%)g 2 J(gcar), and (J%)g will corre-
spond to a certain type of closure of J(gcas) that includes “finite-rank infinite sums”
of elements in T'(gcoas), as demonstrated in the proof below.

The proof of Theorem 11.8 uses the “lower constants” to compare |[a| (.,
with quantities testing « in non-H; directions, as in (3.12), and it is possible to prove
this theorem with this estimate as well. Still, we will prove Theorem 11.2 using ¥ to
show, after appropriate modification, methods used in previous contexts will continue
to work in this one.

Theorem 11.2. || - || 040, @ @ norm, so that J)(goar) is a Hilbert space.

Proof. For 2 <n < N, we assume that -]y ,_; : Hy ® H,,_y — H,, is surjective. Then
let ¢, : H, — H; ® H,_1 be the a right-inverse of [-]; ,,_1, for example the inverse
of the bijection [-] : ker([-]in_1)* — H,. Then let 3, be the cannonical “swap”
H,® H,, — H, ® H; that satisfies, for hy € Hy, h,, € H,, $,(hi®h,,) = h, ® hy. Then
we define ¢, : H, - Hi® H, 1+ H,_1 ® H, as ¥, = ¢, — S, © ¢,. Then consider
that, for h € H,,

S0vn() = 5 (i 06) () = 5 (Hacra 05w0 ) () = .

It can be seen that im(v¢,,) € Hy ® H, 1+ H, 1 ® H, C g%?w are all alternating
tensors, and as such can be written as (potentially infinite) sums of elements of the
form a ® b — b ® a.

Next, I claim that, for any h € H,, ¥,(h) —h € (J%)o. To show this, if ¢, (h) =
S (ay @ by, — by, @ ay,), which converges in g&7,, then

1 1 o0 [ee]
h = 5[] —Z [ay, b — [br, ax)) Zakabk
k=1 k=1

[\
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from which it can be seen that
o

Un(hn) = hyp = Z (ak ® b, — b @ ap — [almbk;]) .

k=1

Then we know that, for any o € J%gcar), the partial sums of this expression will
evaluate to 0, or more precisely, for K € N,

a(i(ak@)bk—bk@ak—[ak,bk])> =0

k=1

and o € T(gen) means in particular that « is continuous on the Hilbert space
gom D g%?w. This, along with the assumed continuity of [-]y,—1 : H1 ® H,—1 — H,,
proves the claim.

Define S, := @,_, Hy € gem. For each n, we will apply 2 extensions to ¢, :
H, — S%%,. The first is by extending to ¢, : S, — S,_1 ® S%?, by declaring
n(h) = h for all h € S,,_;. We remark that, by iteratively tensoring the map 1,
with itself, we also have continuous maps ¢¥&* : S®* — (S, _1 ® SZ%)®* for all k € N.
Then the second extension is to an algebra homomorphism ¥,, : T'(S,,) — T'(S,-1) by
declaring, for o = 31 (@) € T(Sy), Un(a) = S0, VI ((@)k) (where 0 : C — C
is merely the identity).

Now define ¥ = Wyo...0 Wy : T(gey) — T(Hy). Using the fact that (J9)g is an
ideal, we still have that, for all a € T(S,), ¥,(a) —a € (J°)o. As a consequence, for
all a € T(gowm), ¥(a) —a € (J°)o. In particular, we have that ker® C (J°).

Finally, for any a € J%(goar), if |l o,y = 0, then alrgr,) = 0. We then have
that, for all a € T'(gen), (a,a — ¥(a)) = 0, so that @« = awo W. Since ¥ maps into

Hy, oW = alpgr) oW =0. Thus, |- |04, is a norm. O

Remark 11.3. With a bit more effort, one can prove a theorem analogous to Theorem
2.7 and Corollary 2.14 of [DGS09a], which states that the following are equivalent: (1)
our Hérmander condition holds, (2) ||| jo(g.,,) 18 @ norm, (3) T'(gear) = T(Hy)D(J°)o.

11.1.3 The finite-dimensional Taylor isomorphism theorems

As defined in Section 10.2, every G¥ is a finite-dimensional complex graded nilpo-
tent Lie group that satisfies the Hormander condition. We have that HL?(G”) :=
L2(GF vP C)NH(GT) is a closed subset of L2(GT) (see, for example, [Dril5, Corol-
lary 3.3]).

~

Given holomorphic f : G — C, we define the derivative f(e) € T(g")* as
fle)(h1 ® ... ® hg) = hy...hif(e). Then we have the finite-dimensional Taylor
isomorphism below.

115



Theorem 11.4 ([DGS09a, Theorem 6.1]). The map HL?(GFT) — J2(g") defined as
f = f(e) is unitary.

And the theorem below is a result that is shown in [DGS09a] along the way.
Theorem 11.5 ([DGS09a, Corollary 5.15]). For all g € G*, the map HL}(G) — C

defined by point evaluation f v+ f(g) is continuous, and

P6 2

11.2 The restriction map

We will now begin defining the first of the 2 maps that make up the Taylor iso-
morphism, namely the restriction map R. Any continuous holomorphic cylinder
polynomial f € P has a natural restriction, namely f|g.,,, and the goal of this sec-
tion is to prove that we may naturally associate any f € HLZ(G) with a function
Rf : Goy — C with holomorphic properties. This is in the spirit of the “skeleton
map” as in abstract Wiener space, as discussed in [Sug94a; Sug94b].

As discussed in Section 9.2, we define HL} (Upepyo i) GT) as the set of functions
f: Upepmj(wl) G¥ — C such that, for all P € Proj(Wy), f o’ € HL?(GF) and
SUD pe proj(wh) ||fOLP||HL§(Gp) < oo (recall that ¥’ : GF — G is the canonical inclusion).
We will henceforth abbreviate this notation as #L7 (Up G*') and supp || foi” |y r2ar)-

We begin with a lemma.

Lemma 11.6. For f € P, f o is always in HL}(GT), and ||f o LPm”HLf(GPm)
increases to supp || f o o7 |y r2(gry, which equals || 2 ()

Proof. We see that, if f € P, then f o.” is a holomorphic polynomial on G¥.
Moreover, by Corollary 11.1, f € L*(GF), and E|f(g/™)]*> — E|f(g.)[?, so that

supp || f o LP”HL?(GP) > limy, o0 || f © LPmHHLf(GP) = ||f||HL§(G)-

Next, say {e;}1<j<r, is a basis of P, H; for all m. Consider that, by the finite-
dimensional Taylor isometry, Theorem 11.4,

I1f o

o — o0 Tm tk N .
Buspormy = 170 P @) g =D D0 1w Gl

k=0 j1,..,Jk=1
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Then
HfOLP’"Hg,LLg(c;Pm Z Z ]631 e fle)]?

e fe)f

IN
(]
I\g

= [1f o " 2 sy -

Thus, ||f ot " |l3¢z2(GPmy is increasing. It can be concluded that, for any P €
Proj(Wl), and for any sequence (P,,) where P € {P,}, € Proj(W;)!, we have

1f o tPllurzary < Mmoo I 0 7 lyr2(army = I fllnrz(q) for all P, which implies
that supp || f o t”|lsz2cry < | fllurz(c)- Therefore, supp HfOL 22y = 1 lezce-
O

The next theorem proves the existence of the restriction map.

Theorem 11.7. To every f € HL?(G), we may associate a function Rf : Goyr — C
such that

o forall f €P, Rf = flaeu-
o for f € HLX(G) and g € G, |Rf(g)] < Hf||L2(Vt)ed(eyg)2/2t'

o for every P € Proj(Wi), Rf o € HL}(G”), and supp [|Rf o t”|lyr2ary =
1 flluz2(c)- In other words, Rf|y, ar € HL}(Up GT).

Proof. Let f € P. By Theorem 11.5, for all P € Proj(W,), for all g € GT, |f(g)| <
|f o LP||HL§(Gp)edP(€’g)2/2t. Now take any g € G- By Theorem 10.11, there exists a
sequence P, € Proj(Wp)" and g,, € G such that g,, — g in || - ||4-,, (and hence in
I-llc), and d¥ (e, g,n) — d(e, g). Then, by the continuity of f, we may take the limit of
the inequality | f(gm)| < [|fllzz2igrme? " @2 to get [f(9)] < || fllurz e /.
Then for g € Gear, the evaluation map R, : P — C defined as R, f = f(g) satisfies
Rof|l < Ifllrzee d(e9)’/2t  Then we conclude that there is a continuous linear
extension R, ’HLQ(G) — C, for which the same bound applies.

Now for any f € HL?(G), we define Rf : Goy — C as Rf(g) = R,f. This
definition will immediately satisfy the first 2 points. For the third, we must show that,
for arbitrary f € HL?(G), the map Rf has holomorphic properties. To do this, we
will construct an alternate restriction map that factors through HL?(G”). Consider
that we may apply the restriction P > f + fo¥ € HL}(G?) and use the bound
from Lemma 11.6, || f o t”llr2(cry < I fllurz(c)> and extend to get a continuous map
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PLHLZ(G) = HLZ(GP) with the bound [|R fllar2ery < | fllar2(q)- Furthermore,
by Theorem 11.5, for any f € HL(G), and g € G?,

P e 2
R F(9)] < IR” Fllawziamye® 0% < IIf luziae® @7 (3.9)

Then for P € Proj(W;) and g € GF, we define (R?), : HL}(G) — C as the
composition f — REf+— R f(g), where (3.9) above justifies continuity.

Consider that, for any g € G, R, and (R?), coincide on P. Indeed, if f € P,
(RP)of = flar(9) = f(g9) = R, f. ThlS implies that (R”),f = R, f for f € HL}(G),
so that Rf o = RY f for all P € Proj(W;), so we must have Rf oF € HLZ(G?).
Moreover, supp [|R f o LPHHL%(GP) = SUPPpeProj(w) ||RPf||HL3(GP) < ||f||HL§(G)-

Lastly, for f € HLZ(G), let (fn)men be a sequence in P be such that f,, — f in
HL?(G). Then

Sl;p |Rfo LP||HL§(GP) - sgp R fm o LP”HL%(GP)
< Sup IRf 0" = Rfm otz er)
< |If = fullarzey — 0

and thus, since ||fimllyrzc) = supp [|Rfm © "llyrzry for all m, we must have
1 fllz2) = supp [|Rf © t"[lr2(cr), which proves the final claim.

O]

We now remind the reader that, as noted in the introduction, while we know
that |Jp G C Geu, it cannot be deduced whether |J, GP = Gey in every case.
However, Section 11.5.3, we will show that every function F € HL}({Jp GT) has a
natural extension to G¢js, which will correspond to the Gjy-wide definition that R
provides.

11.3 The Taylor map

Recall that, for f: GF — C, we define f(e) : T(g") = C as f(e)(h1 ® ... ® hy) =

i f (e ). By [DGS09a], we know Fle ) € J2(gF). In the following proof, we will
flrst show that if f € HL}(Jp GT), then f(e) is defined on T'(H;), then show that
it has an extension to T'(gcys). In doing so, we will demonstrate that, in a certain
sense, we can take derivatives of functions in HL?(|Jp G¥) in directions that do not
even exist in G¢py. This is can done by realizing that, for example, a first order
derivative in Hy is equivalent to a (potentially infinite) sum of Nth-order derivatives
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in H; (such an operator should perhaps be merely thought of as a “derivation®” for

functions defined on |, G¥'). The convergence of this expression will come from the
assumption supp || f o t”|3 2Py < 00, while the existence of such an expression will
be achieved by using the Hérmander condition. Equivalently, one could easily extend

~ -~

f(e) to T(gcn) by merely defining f(e)(hy,) := f(e)(¥(h,)), where VU is defined in
the proof of Theorem 11.2, but this would still leave the task of proving that this is
an honest extension of foif” € T(g"), as well as that this lies in J°(gcas). Instead, we
will more carefully define the extension, denoted 7T f, and these facts will be proven.
In particular it will be a consequence (instead of an assumption) that 7 f oW = T f.

Theorem 11.8. Let F' € HLX(Jp GF). The multilinear map T®F : HY — C de-
fined as T®F(hy, ... hy) = hy ... h(FouP)(e) where PHy = span(ha, . . ., hy) makes
sense and uniquely determines a map TF € T(gcn) satisfying, for hy, ..., hy € Hy,
TF(h®...®hy) =T®F(hy,... h). Additionally, TF is an extension ofF/O7’(e)
for all P € Proj(Wy). In other words, F/o?(e) = TF|p@r).-

And lastly, for every F, TF € J)(gcm), and the map T : HL}(Up G') —
JP(gemr) ds isometric, so that | TF| o0, = supp | F o ¥ |lyr2cr)-

Proof. For any set hy,...,hg, let P : Hi — H; be the finite-rank projection onto
span(hi, ..., h;). Then for h € PH,, g € G?, since G is a subgroup of G, we have

d

=7 t:DF(LP(g~(th))) _ 4 F(g- (th)) = ((hF) o )(g).

h(F o ")(g) = -
(3.10)

Hence, h(F oiP) = (hF)oP. We may deduce that h; ... hyF(e) exists and equals
hi...hi(FodP)(e). So we may indeed define the multilinear map 7™ F : HF — C.
Recall that, by the finite-dimensional isometry, Theorem 11.4, [|F o t”||32qr) =

||F’/c>73(e)||Jto(gp). Then observe that, for any P € Proj(W;), with basis {e; }1<j<, of
PHy, and for any ¢ € N,

T I
o ATOF (e, e )P = > e, G, F(e)
J1seensge=1 J1yeeje=1
0Kt <
S T2 Z € - e F(e)]?
k=0 j1,..0k=1
1 . 0 .
=7 I F o v [przary < t—gSgPHFOL l2L2(cPy -

2Moreover, the proof of Theorem 11.8 may provide justification that goas could be considered the
“set of left-invariant vector fields” of Gy, making it fitting of being considered its corresponding
Lie algebra; see Section 9.4.2 for more discussion.

119



Then for every ¢ € N, F(¢) is Hilbert-Schmidt and extends to H®¢. Thus, we may
regard TF = (TYF)eny € T(H,)'.

We must show that 7F has an extension to T'(gca). Firstly, note that each
iterated 1-bracket [, ..., [, |11, Jin_1 : HY™ — H, is surjective. Then if (P,,)men €
Proj(Wy)!, it follows that Umenl- - - [PnH1, PoHiJ1, - ., PoHil1 -1 is dense in H,,,
which implies that | J, oy g"m is dense in goy. Thus, for each H,, we may choose
a basis {e,;}jen, such that {e1;}1<j<r. = {€;}1<j<r, is a basis of P, H;, and each
enj € g&m for some m € N.

Then recall that, by our Hérmander condition and Proposition 2.4, there exists a
constant ¢, such that, for all v € H,,

o0

2
Z (e e el s vbm | > eallvllF, -
Il Jn=1

Then consider the following calculation®.

Z lenr F(e)” =
r=1

o0

Z (ensF'(€))en,y

r=1

Ci 3 <[ej1,...,[ejn1,%]---]7i(emF(e>)enﬂ“>

™ 1sein=1 r=1

2

Hy

IN

Hy,

2
oo e
1

= — Z ([ejis s [€nss€ha] -], 6”7T>Hn (ensF(e))

C
™ j1pengn=1| r=1

o0
—_—

— l Z Hejﬂ...,[ejn,l,ejn]-"]F(e)f

<= Y GG P (3.11)

for some K € R, where we remark that the final inequality follows from the fact

—_—~—
—_—

that [ej,,...,[ej, ,,ej,]...]F(e) is a sum of 2" terms of the form ¢;_ ...e; F(e)
over permutations o € S,. This shows that the map H, 3 h — hF(e) € C is
Hilbert-Schmidt.

Moreover, for surjective continuous maps M; : H ‘f@”l — K and Ms : H1®”2 — Ko,
the tensor product M; ® M, : Hf@(nﬁnz) — K; ® Ky is also surjective, and by

3Note that, by the choice of the bases {e, -} jeA,,» the expression in the third line is a finite sum
in r (for each choice of j1,...,jr), and importantly that there is no question of its convergence in r.
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Proposition 2.4 will have a constant ¢ such that, for all z € K; ® K,

o0

2
Z ‘<M1(€j1, . ,ejnl) & M2(€j7L1+17 c. 7€jn1+n2 s Z>K1®K2

j17'~~7jn1+n2:1

Z CHZH%{1®K2

Then applying this to iterated brackets, we’ll have that such a lower constant ¢
exists for arbitrary tensor products of iterated brackets of the form

([.,...,[-,.]171...]%_1) ®...® ([w--,[-,']1,1---]1,%—1) :

H"®. @H™ - H, ®...9H,,_,

and in fact ¢ = ¢, - ...¢,,. Then, using similar techniques to (3.11), we have
o0
> emm - emm Fe)f
T1yeee, =1
00 2
— Z (Crprs « - - Crprn F(€)) €nypy @ ... @ €y,
1y, T=1 Hn1®...®an
1 o
< E Z <[6j1,17 SRR [ejl,n1—17 ejl,nl] .. ] ®...Q [ejk,N SRR [ejk,nk—ﬂ ejk,nk] . ] )
j1,1,.--,jl,n1=1
Jk, ,...,]:' =1
k,1 k,np - 9
Z (e/nl\ﬂ"/le/n;r/kF(e)) en1ﬂ"1®"‘®enkﬂ“k>
1,y T=1 Hn1®...®an
1 (o] o
= E Z Z <[ej1,17 A [€j1,n1717 ejl,nl] e ‘]7 6”1’T1>Hn1 e
j1,1,---,ql,n1:1 71y, TE=1
jk,1,---7jk,nk:1 )
<[6jk,17 R [ejk,nk—l7 ejk,nk] .- ']7 €7Lk77‘k>an (e/n:ﬂ"/l s enka””kF(e)>
< - Z |(€j1,1 . €j1,n1) . (ejk’l . ejk,nk)F(e)|
j1,1,---7j1,n1:1
jk,lv---ajk,nkzl
(3.12)

for some K. This proves that the map Hy,,, x...xH,, > (hy,..., h,) — },{1 . .E;F(e) €
C is weakly Hilbert-Schmidt, and thus has a unique extension to H,, ® ... ® H,,.
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In this way, since goy = H1 & ... & Hy, we may conclude that we have an exten-
sion of TF to g5k, for all k, and thus to T(gcar). We will denote this extension as
TE € T(gCM),

We now justify that 7F € J%gcar). We know that if a,b € g¥ for some P €

Proj(W;), then T F is an extension of F/J’(e) € J%(g"), so we know TF(a®b—b®
a—[a,b]) = 0. Now let a,b € gon be arbitrary. Since {g”} peproj(ny) is dense in gon,
we may choose sequences a,,, b, € |J PeProj(Wh) g’ such that a,, — a and b,, = b in
|- llgeas - By the continuity of TF on T'(goa), knowing that T F (am & by, — by, @ @y, —
[@m, b)) = 0 for all m allows us to conclude TF(a®b—b® a — [a,b]) = 0. Using a
similar limiting technique, we may tensor an element of the form a ® b —b® a — [a, b]
with any other element in 7'(gcys) (on the left or the right) and still conclude that
TF would evaluate to be 0. We would also get the same result for sums of such
elements. This suffices to prove TF(J(goar)) = 0, so that TF € J%(go).

The proof will be complete if we show that [|7F| o4, is finite and equals
supp || F o t”|ly2ory- Again let {e;};en be a basis of Hy such that {e;}i<;<, is a
basis of PH;. Then

[e.9] s

— tF
||FOLP(€)H3,9(9P) = 7l Z I TF(e;, @ ... ®e;)f

tk
<Y 2 TR o @) = [TF.,) . (313)

—_—
SO Supp ”F © [’P“Jto(gp) < HTFHJ?(QCM
and corresponding bases {e;}1<j<r,,,

). And for any sequence (P, )men € Proj(W)T,

sup [ F o P ey = lim (170 0P (€)]pgom)

. 00 tk Tm
= lm ) - Y. TR ®...0e)f
k=0 " j1,...jk=1
Hence, supp || F o t"|lyr2(cry = | TFl 1o gon)- This completes the proof. O
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11.4 Surjectivity

At this point, we will begin to make substantial use of the graded structure, more so
than previous results presented. We will first work to show Lemma 11.10, which states
that, for a certain dense collection of & € J?(gcnr), there exists an F,, € HLZ(Jp GT)
such that TF,(e) = a.

The next theorem, Theorem 11.9, originally appeared in [DGS09b, Lemma 3-5]
for (finite-dimensional) graded nilpotent Lie groups, and has been applied to other
infinite-dimensional settings in [GM13, Lemma 3.17] and [Cec08, Theorem 41]. As
remarked in these papers, this proof does not rely on any finite-dimensional aspects;
it is more a matter of “rank.” It has been included for the sake of completion, and
with a few details added for the sake of clarity.

We say that an element o € T'(gony) is of finite rank if there exists a K € N such
that, for all k > K, and collections hy, ..., ht € goum, a(h1 ®...Qhg) = 0. While one
may tell that the elements of JP(goar) can be approximated by finite-rank elements
in T'(gcasr)’, it’s far less obvious that the finite-rank approximations lie in J°(goar)
themselves.

Theorem 11.9. The finite-rank elements of J2(gcar) are dense in J(gonr)-

Proof. For 6 € [0,27), let & : gcamr — gcn be the natural dilation on goy by €?,
meaning that, for h = (hy,...,hy) € gom, Op(ha,...,hy) = (€Phy, ..., e™hy).
Then define I'y : T'(goar) — T(gear) to be the unique extension to an algebra homo-
morphism satisfying I'g(h; ® ... ® hy) = dp(h1) ® ... @ Sg(hn).

Consider that, for any a € H,,,b € H,, we have
Ty(a®@b—b®@a—[a,b) = ™™ (a@b—b®a—[a,b])
— (eiméa) ® (emob) . (6in0b> ® (ez‘mea) . [eimea’ emeb]
= (Fga) X (ng) — (ng) X (Fga) — [FQCL, ng]
which means Ty(J(gcar)) € J(goar). Then for a € J%(gons), we see that oo Ty €

J%(gcar). Furthermore, for any hy, ..., hy € gour, @ o Tg(hy @ ... @ hy)| = |a(hy ®
... ®hy)|, which implies that ||ao o[l o) = llall sogen- Hence, a0y € J2(gonr)-
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Now! consider that, for 6,6’ € [0, 27),

(scm)

k
5B Y falluen s G o)) - allley © 00

|looTy—a o Fg/Hio

. o
= E E‘elw—elkg |2 E |a(€j1 ®"'®ejk)‘2'
k=0 J1yensdin=1

Knowing that |e*? — ¢*?'|2 is bounded by 4 for all k and — 0 as # — 6 for each
k is sufficient to deduce [|oo Ty — a o Tyl jo(q0,) — 0 as @' — 6, which means that
the map 0 — a o'y € JP(gear) is continuous.

Now let F,(f) = o i Zif:_k e known as the Fejer kernel, which has

the properties that F,(0) > 0 for all , [* F,()d0 = 1, and for any continuous
frl=ma] = C, [T Fu(0)f(0)d0 — [(0).

Knowing that each F, is bounded allows us to define oy, := [7_F,(0)(aoly)dl €
J2(gcar) as a Bochner integral. Then we claim that each «, is finite-rank and con-

verges to o in H ) HJ,?(QCM)'

Observe that, for any simple tensor 8 € H,, ® ... ® H,,, [y8 = €™, where

r= 2?21 r;. Then for any n,

o) = [ RO @ori@ a8 = ([ 70 d)a(s).

Since each F,, is a finite trigonometric polynomial, we know that for sufficiently large
7, a,(B) = 0, so for such large r, a,(gg},;) = 0, meaning «, is of finite rank.

Lastly, observe that

o= ullgigens = | [ Ft0raas [ Fi0)(a o s

J2(acm)

S / ‘Fn(e)”OZ—CKOFQHJP(QCM)de H—OO> (0%

[
4We remark that, in [DGS09b], there is a statement about « o I'y being “clearly” continuous in
0 with respect to || - || jo(gc,,)» Which also appeared in [GM13]. However, it’s easy to make such a

statement by relying on incorrect reasoning. Just because every «f g=8k © 5?’“ has this continuity
CM

does not mean that one has continuity in J?(gcar). The argument below provides more details, and
resembles the argument in [Cec08].
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The following lemma statement and proof closely resemble those of [Cec08, The-
orem 44|, and some similar reasoning can also be found in [DGS09b, Lemma 3-6],
[GM13, Lemma 3.19], [DG10, Theorem 6.10].

Lemma 11.10. For o € JX(gcun) of finite rank K, the function F, : goy — C
defined as

satisfies Fo 07 € HLF(G) for all P € Proj(Wh), and supp ||Fy o |[yr2cry =
el o ooy Thus, we may regard Fo € HLF(Up GT). Furthermore, all left-invariant
derivatives hy . .. i:gFa(e) exist, and 1/7’;(6) =TF, =a.

Proof. We know that « : g%ﬂ — C is continuous, so by the continuity of g — ¢®*, we
have that a(-®%) : goyr — C is continuous as well. Furthermore, for P € Proj(W),
each a(-®%)|qr : G — C is a holomorphic polynomial on GF'. To show this explicitly,
if {b;};en is any basis for goyr where {b;}1<j<, is a basis for G, then

Oé(g®k) = Z TR 19 <g®k7 bjl ®...® bj >9%ﬁ4

= Z it <g7 bj1>gc1\/1 s <gv bjk>QCM

for some constants (o, . j, JkeNuojr....jren- LThen, for g € G¥,
a(g®k) = Z Qjr,iii (9, bj1>gCM -9, bjk>gCM

We may then conclude F,|qr is a holomorphic polynomial on G¥'. Now fix hy, ..., h €
gcm, and let Gy be any finite-dimensional Lie subgroup containing every h;, and
choose the basis {b,};en such that {b;}1<;<, is a basis for Gy. Then, in the likeness of
(3.10), all holomorphic functions F : goy — C and h € Gy satisfy h(F|a,) = (hF)]|g,.
Thus, we may deduce hy . .. hyFa(e) exisis, since it equals hy ... hy(Falg,)(e).

Next, consider that, for h € gear,

k k 1

(Fale),h%*) =

= —| F(th) = —| =a(t*h®*) = a(h®").
g | Folth) = o] o) = a(h™)

Then for h € g7, Fj;P(e)(h@“) = a(h®*). Note that span{h®},c.r ren = S(g7),
the set of symmetric tensors in T'(g¥’), by the Poincare-Birkoff-Witt theorem ([Var84,
Lemma 3.3.3] or [Hum78, Corollary E|), T(g”) = S(g”) ® J(g¥). Knowing that
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FoodP (e) and a coincide on S(g”) and vanish on J(g”) allows us to conclude

FyouP(e) = alpgry. Also, we see that, arguing similarly to the proof in Theo-
rem 11.8, in particular (3.13) and (3.14),

P .
Sl;p“FaOL ||"HL§(GP) = Sl;pHO"gPHJtO(gP) = rignoo||a|gPM||J?(gPM) = ||O‘||J?(QCM)'

So F, € HL}(Jp G"). Then for all k € N, ]/7;(6) and TF, agree on all simple
tensors in (Jp g”)®*. This suffices to say F,(e) has an extension to T'(gcar), which

must agree with 7 F,. The same can be said of J/T;(e) and «, which completes the
proof.

]

In order to complete the proof, we will show that any ' € HL?(|Jp, G') for which
TF € J(gcu) is of finite rank can be approximated by elements of P. To do this,
we will now define a new type of projection.

Recall that, for 1 <n < N, we define W,, := EH'”G. Then for each n, we have a
dense inclusion W} C H} = H,, so we may choose an orthonormal basis {e,;};ea..
of H, that lies in W;. Then we let (Q%m))meN be the corresponding sequence of
finite-rank projections H,, — span{e, 1, .. .,€nm}, so that Q™ = ng) D...d Qg\y,n) :
gcm — gom s a sequence of finite rank projections that converges to Ig,,, in the
strong operator topology. Then, by choice of basis, each Q%m) extends to a continuous
linear finite-rank map Q;m) : W, — span{e, 1,...,€nm}, so that QU™ itself extends
to a continuous linear finite-rank map defined on G. We will use Proj(G) to denote
the set of finite-rank projections of the form Q™ , and Proj(G)T to denote the set of
sequences (Q™),,en constructed in this way.

We will complete our proof of surjectivity through comparisons between left-
invariant derivatives and linear derivatives, in a similar fashion to [DG10; Cec08;
GM13]. However, these previous works have followed this line of reasoning: for
any Q € Proj(G), hy...h(f — fo@Q)(e) = Y5 j/n; P ()(MZ(ha, ..., hy)) for
some M,Sj . HY — T(goum) (see VE(hy,..., hi,g) in [Cec08, Proposition 53], or
(hi,...,ht)% in [GM13, Proposition 4.4]). The challenge is to then argue that
this expression converges to 0 in the appropriate manner as () — I5. This has
shown to be messy even for step 2 examples, and requires substantial notation
and calculation for higher step cases’. Here, we will apply a different philosophy:
hy o hef(e) = 35wy SO(€) (M j(ha, ., hy)), where the My ; do not depend on
the function f and are weakly maps. This, combined with control on the linear
derivatives, will suffice to carry out our convergence calculations.

®We remark that the argument for the corresponding result in [Cec08] constituted 25 pages, which
is approximately half of the publication.
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As a remark, one can deduce the existence of these expressions by using proposi-
tions 53 and 56 of [Cec08] (treating P = I and using the provided recursive formula),
but we derive them here for the sake of completion, to be clear that they exist out-
side of the context of path space, and most importantly to emphasize that these
expressions are weakly Hilbert-Schmidt under our assumptions.

To justify the next 2 theorems, let us work out the calculation for the first few
derivatives, assuming that G is of step N = 3. Let h € gcem, 9 € gom, and say
@ : goym — V is smooth for any Hilbert space V. Then

iy = Tiola) = S)Lyah) = (o) (1 3]+ f5lon o] )

For f: goymr — C, we wish to derive a similar expression for hy... hNkf(g) To do
so, we will regard h. : gopr — gon by writing

1 1
hy = h+ 5[9,/%] + E[g, lg, h]].
So

i{lfl;g = flvlg<f7/v2) = flvlg <h2 + %[7]12] + %[7 ['7 hQH)

1 ~ 1 ~ 1 ~

= §[h1g7 ha] + E[hlgv lg, ha]] + E[ga (P14, hal]
1 1 1

=5 {}h + 5[9» hy] + ﬁ[% lg, )], hz}

N % [hl + %[9; hi] + 1—12[97 g, hall, [g’ th

+ % [9, [hl + %[g, ha] + %[97 g, hall, hz” '

Using this and going further, we may derive

B0) = P = 16l + 3lona] + 15lo 0.0

= f
hihaf(g) = £"(9)(hig hag) + f'(9)(hag(ha))
= ["(9)(h1 + calg, ha] + cslg, [g, ], ha + calg, ho] + cslg, [g, ha]])
+ '(9)(calhig, ho] + calhng, g, ha]] + cslg, [Py, ha]])
hihahsf(9) = " (9)(hig, hag. hsg) + F7(9) (Mg (ha.), hsg) + f"(9)(hay , hig(hs.))
+ "(9)(hag, hag(hs.)) + f'(g) (hag(hahs.))
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Easier to digest is rewriting these expressions into tensor notation and evaluating
them at the identity. This produces

i) = fo)m)
faf(e) = £()(n @ ha) + ()5, o)
hihahs f(e) = f"(e)(h @ hy @ hs)

+ﬂ@xgmmﬂ®hﬂ+ﬂ@NM®%wh%D+W®XM®%Mm%D

+ f'(e )( [[h1, hal, hs] + 2[h2,[h1,h3]] %[hl,[hmhs]])

Observe that every expression is in terms of brackets, tensors, and sums of g, hq,
and hy. Importantly, this expression is a sum of derivatives composed with weakly
Hilbert-Schmidt maps. I claim that all expressions of the form h; ... hf(e) take on
such a form, and this is argued precisely in the next 2 lemmas.

We use the phrase iteration of brackets and tensors to mean compositions and
tensors of maps of the form o® : g&%, — g2, where ¢ € S, is some permutation

that acts naturally on g&4,, and I2? @ [| @ ISP - g&ai"™ — g&3/*". In the spirit

of Proposition 2.4, we may apply this term to a multilinear map M : gf,, — g%{w
by considering its extension to g®*. In particular, iterated brackets [-,...,[-,"],...],
other compositions like [[-,-],[-,+]], and extensions and tensor products thereof are
all examples. By applying the Jacobi identity, one can see that every iteration of
brackets and tensors mapping g¢,, — g%fw can be rewritten as a finite sum of maps
(composed with permutations & : g&h, — gon,) of the form

(hl, ce 7hn) — [hl, ceey [hnlfl, h’nl] .. ] ®...Q0 [hnfnj+17 R [hnfly hn} .. ] (315)
where S n; = n.

Lemma 11.11. Let f : goyr — C be smooth. Then there exist multilinear functions

M,EZJ) CHE x gbyy — 055, such that, for any finite collection h', ... h* € Hj,
kN

where, in fact, each M(e). is a sum of iterations of brakets and tensors. In partz’cular
we have that each Mk]) extends to a continuous linear map HP* @ ¢S5, — 95,

Moreover, for j < |k/N]|, Mk’j = 0 (so the sum above can be assumed to start at

j = [k/NJ).
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Proof. We begin by defining

1 1
MY (h) = h MY (hg1) = Slonh] MY (kg1 92) = T lon. oo h]
such that
~ 1 1
hy = ht 5lo. b+ 5lolg bl + o = MY (h) + M{Y(h.g) + Mi7 (h,g.9) + ...

(3.17)

which implies

N
5 ¢
hf(g) = > FV) (M kg, 9)
=0
so the statement holds for & = 1.
We will now inductively define the M ,5? terms. For now, let M : HF x g, — 9%,
be an arbitrary multilinear continuous function. To make the notation clear, for the
rest of this proof, we will use the notation M (hy,...,hg,-,...,-) to refer to the map

dom Bg — M(hla"'ahkaga"'ag) 69?’3\4
(that is, every instance of the symbol “.” is equal to one another). For such an M,

l
hg(M(ha,. . by y)) = > M(hi, .. hig,. ... g by g, g).  (3.18)

=1 m—1 f—m

Substituting (3.17) into (3.18) and applying multilinearity, we see that if the multi-
linear map M can be expressed as a sum of iterations of tensors and brackets, then
the map

H{CJA X gfc-i-]‘} > (hly'--7hkah7g17"'7g€ag)

= hg(M(ha, ..o hiy sy ooo) (91 -+, 9e)
can also be expressed as a sum of iterations of tensors and brackets.

Now observe that®

k N l
FID S 1) (Mg T g)) (319

m—1 l—m

<
Il
—
o~
Il
—
I
—

6Note that the ¢ index on the final sum starts at 1 now, because the derivative of a constant is 0
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which is comprised of sums of iterations of tensors and brackets hq,..., Ay, h, g that
are substituted into linear derlvatlves of f at g. It can then be deduced that there
exists an inductive definition of M > such that (3.19) is satisfied, and each is sum of
iterations of tensors and brackets, and therefore weakly Hilbert-Schmidt.

For a concrete definition, we wish to satisfy the inductive relation

k+1

sz ( k+1](h1""ﬂhkvhaga"'7.g)>
j=1 £=0
(ZZW ) (2 hlhk))> (3.20)

7j=1 ¢=0

Then (3.19) and (3.20) will both be true if the following is satisfied, for every fixed
1<j<k+1

ZMH” hiy... hihig,....q)

N
7 Y4
=10 ) hy® M,g,;,1<h1, o hin G )
=0

N
+1j¢k+1ZZM€ hl,...,hk,g,...,hg,...,g)

/=1 m=1 me1 I

To satisfy this, we need only set, for 1 < j<k+1land 0 </ <N,

£)
M1§+1](h17'"7hk’ahvglv"'agf)

13 12
= 1j3’£1 Z Ml(,ll)(h7gl7"'>g€1)®Mlg,]?zl(hla--'7hkag€1+l>"'7gf)

l1+0o=F
£120,65>0

41
+ Ltk Z Z M;.Sg]l) <h1, o b, g gt

O+l =0+1 m=1
£121,£2>0

¢
Ml(,f)(hv 9m; - - - 7gm+€2)7 Im4la4+1, - - - 79[)
which will ensure each M, Ige]) c HExghy — g?igw is again a sum of iterations of brackets
and tensors, and in particular weakly Hilbert-Schmidt, and (3.16) will hold.

For the final statement, suppose that M : 9%}7\4 — gcon is an iteration of brackets
and tensors. Then, considering (3.15) with 7 = 1, M can be rewritten as a sum of
permutations of the extension of the n-fold iterated bracket

(g1:--29n) = 9155 [gn-1.90) - ]
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Since geas is assumed nilpotent of step N, then if n > N, then M = 0. Similarly,
suppose M : gol, — gen, is an iteration of brackets and tensors. Then once again M
can be rewritten as a finite sum of maps of the form in (3.15), a j-fold tensor product
of iterations of brackets. Suppose n > Nj. By the pigeon-hole principle, for each
summand, one factor in the tensor product must consist of an (at least) (/N + 1)-fold
composition of brackets, which as argued above must be identically 0, which forces
M = 0. Therefore, since Méej) : ggg\’fﬁ@ — g%g\/[, if |k/N| > j, then kK > Nj, and for
all 0 < ¢ < N, k+ (> Nj, so that M) = 0.

O

The following lemma can be deduced from Lemma 11.11.

Lemma 11.12. There exist multilinear functions My, ; : HF — g&i, such that

(hhf)e) = Y fOMyy(ha,... )

j=|k/N]

where, in fact, each My; is a sum of iterations of tensors and brakets in Hy. In
particular, we have that each My, ; extends to a continuous map Hfg’k — 9%\4'

Proof. We evaluate the derivatives at ¢ = e to get the expressions in this theorem.

In particular, we have that for all k € N, 1 < j < k, My ; := M,EOJ)

]

We are now able to prove our surjectivity theorem.

Theorem 11.13. For F : gey — C for which F(e) = a € J%(gcn) is of finite
rank, there exists a sequence F,, € P such that ||F,(e) — F(e)||lj940,) — 0. As a
consequence, T o R : HL?(G) — JP(gcar) is surjective.

Proof. Let a € J2(gca) be of finite rank. By Lemma 11.10, we may choose F, :
gcm — C such that F,(e) = TF, = a.

Before going further, we prove the following claim: the linear derivatives at e,
Fék)(e) : ghy, — C, all exist, and in fact ||Fék)(e)||H5(gzéM’(c) < oo for all k, and
for k > K, F¥ = 0. To argue this, first note that F!(e)(v) = a(v), and that

IFa (@ as@en . = 25z )l = llalgen g, < o0

More generally, if f : g&i, — C is defined as f(g) = (8, ¢®"), then the product
rule yields that f'(¢)(v) = Z§:1<5> g® ' @v®g® 7). One can repeatedly apply this
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formula and see, for all g € gear,

FP(g) (... o) = = D o) @ ... ® Vo) - (3.21)

Or alternatively, one may observe that the expressions in (3.21) are symmetric and

agree when v; = ... = v, because, arguing as in the proof of Lemma 11.10,
(k) ®k d* i Lk ok ®k
EP(e)(v®") = s tZOFa(tv) = o t:OHa(t v = a(v®).
(k) 2 _ 2
Then || Fa <€)HHS(9’5M,<C) = H@‘gg’;{ grak < 00, Also, we should see that for & > K,

Fék) =

Let (Qm)men € Proj(G)! be a sequence of finite-rank projections @Q,, that each

It N

may write

K N 00
k
Falg) = Z Z Z a(nlzjl)v-'w(nkvjk)(g@ yCnyy @ @ enkvjk>g%?w

k=0 ni,...,ng=171,....jp=1

for some square-summable coefficients a(n, ;). (n..j) (Where the limit is legitimate
pointwise for g € geay), so that we may define

Fam(g) = FaoQm(g)

K N m
— k
- E : § : 2 : O‘("1J1),~~~,(”k,jk)<g 1Cnyjy @@ enk,jk>g%§v{ .

k=0 n1,...,nk:1 jl,...,jk=1

Then by the choice of the bases, each (-, e, ;)u, : gcm — C can be extended to a
continuous complex linear map on G, or equivalently, is an element of G* restricted to
gon- In the same way, any (-%Fe, ; ®...® enmk%%w = (s €naji) Hy -+ (5 Coug i)
can be realized as a continuous holomorphic cylinder polynomial on GG, so we can say
the same of Fy, ,, € P.

We now must show that Hﬁ’;(e) —m(e)HJ?(gCM) ™ 0. To show this, consider the
following estimate on an arbitrary holomorphic f : geas — C, where we set e := ey ;
and use the expressions in Lemma 11.12.
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0 0o k 2
Z |é;é;f(e)‘2 = Z Z f(£)<Mk,f(ej17"'7€jk))
J1seedi=1 JsenJi=1 Z—Lk/NJ
2
< C Z Z ‘ (Mio(ej, ®...®¢€j,))

J1yeees Je=1¢= Lk’/NJ

k
=C D I o Ml g pen g
¢=[k/N]|

k
S ¢ Z HMk’Z”?{i@kvE%MHf(ﬁ)H?{S(E%WC)7
{=|k/N|

where the final inequality comes from the fact that the composition of a Hilbert-
Schmidt operator with a linear operator is again Hilbert-Schmidt (Proposition 2.3).
Then, applying this estimate to F, — F,.,, = F, — F, o Q,, and setting C' :=
Cmaxicock [ Mol fon o0 5 We get

1 WCM

k
Z €)1+ €5 (Fa = Fa 0 Qu)(e)|* < Clz 1F0(e) = (Fuo Qm)(8)<e)”HS(Hi®Z,(C)
ji=1 =1
k
= (' Z HFg)(e) © ([®£ - Q%f)HHS(Hl@[,(C) J
(=1

where, for each ¢, || f“)(e) o (I%* — QEZ)HHS(HFZ,(C) — 0 as m — 0.

Also, consider that each F,,, is a polynomial of degree at most K. Then if
k> NK and ¢ > |k/N]|, then ¢ > k/N > K, so that (F, — F,,,)) = 0. Then, for
such k, we have

> 16 e (Fa = Fam)(e)]?
Tlyeees Jr=1
[e'e) k 92
= S | Y (Fa- Fan) O (Miileys - e5))| = 0.
Jiyedk=1"l=|k/N]
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Then, at last, we have

| Fole) — Fa,m<e)HJt0(GCM) - k! Z

k=0 I1,--Jk=1

&G (Fa — Fa)(e)

=

a—
a2

k=0 J1geesgp=1

€jy - - €5, (Fa — Fam)(e)

m—ro0

— 0.

By Theorem 11.9, the set of finite rank « is dense in J?(gcas), so the argument,
above shows the image of 7 o R is dense in J?(gcas). Since T o R is an isometry, we
can conclude that T o R is surjective. O
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11.5 Inverse formulae and closing gaps

In this section, we will prove further results regarding Taylor expansions of functions
in HL(G).

The following is a result that appears in [DGS09a, Proposition 5.13]. A briefer
outline of the proof is available in [Dril5, Proposition 6.13]. Though we remark that
the notation in [DGS09a; Dr115] starts with a horlzontal path ¢ : [0,1] — gea with
g(0) = e, and then defines A(t fo g(s)-1+9'(s)ds. For such an A, we must have
Ly A'(t) = ¢'(t), so by Theorem 2.6, we may Conclude g(t) = vA(t). Thus, we may
state Theorem 11.14 in terms of our notation.

Theorem 11.14 (Finite-dimensional Taylor expansion along a horizontal curve). For
any holomorphic function f: GY' — C, and any path A € Ho([0, 1], PH,),

_ Z/M FlO) (A () @ ... A(sy))ds

which converges absolutely.

We also have the stochastic version, [Dril5, Theorem 6.24].

Theorem 11.15 (Finite-dimensional stochastic Taylor expansion). For any holomor-

phic f : G — C,
Py — Z/M f(e)(dPB,, ... dPB,,)
k=0 t

which converges almost-surely.

As noted in [DGS09a, Remark 5.14] and [Dril5, Remarks 6.14 and 6.27], the
convergence in Theorem 11.14 and Theorem 11.15 does not require f to be in L?(GT).
Indeed, f is merely assumed holomorphic, and it is with holomorphic properties alone
that these theorems are proved. On the other hand, it is possible to produce natural
proofs of these theorems when f € HL?(G?), which use the L? properties of f,
and such proofs readily extend to infinite dimensions. It is entirely reasonable to
resort to these methods, as we are, in part, making statements about “measurable
holomorphic” functions on G. Of these 2 theorems, only the second has made an
appearance in infinite dimensions, as [DG10, Theorem 1.9].

We will prove analogues of these 2 theorems for our case, as a Taylor expansion
theorem, Theorem 11.17, and a stochastic Taylor expansion theorem, Theorem 11.20.
Our proofs will very closely resemble the methods in [DG10], and in fact the proof of
Theorem 11.20 is nearly identical.
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While not necessary for the Taylor isomorphism, these results are not without
their uses. Theorem 11.17 will allow us to make a proper formulation of HL?(G o).
Theorem 11.20 will allow us to describe an inverse of R. Both theorems will allow us
to write the inverses of 7 and 7 o R, after their surjectivity is proven. We caution the
reader that these Taylor expansion theorems on their own do not prove surjectivity, as
they at best describe an inverse on a subset of J?(gcas), namely the image of HL?(G).
Only after proving surjectivity will we know that they are everywhere defined.

The final subsection, Section 11.5.3 will be devoted to discussing the restriction
map R, namely its inverse, and at last defining HL?(Gcas), providing multiple de-
scriptions and using it to state the final version of the Taylor isomorphism result.

11.5.1 Taylor expansion along a curve

For any FF = Rf : Goy — C, we wish to have a series expansion for F' that can be
described in terms of 7 F. If the step of G is 1, meaning that G = CY is commutative,
then an F' € HL?(Geoy) = HL?(Hy) would have a Taylor series of the form

F(g) = > TF(g™).
k=0

However, given the noncommutative structure of GG, we must instead develop an
infinite-dimensional version of Theorem 11.14 and prove that we have a “Taylor ex-
pansion along a curve.”

Given k € N, A € H,([0,1], Hy), we define ¥, ,(A) = fA? A(s1)®... QA (sg)ds €

HP* and say W;o(A) = 1. We can immediately see that this is well-defined via
Bochner integrals, by the estimate

1/ [ :
[ 1A agonany - 14 G batosmds < ([ 146 o )
though in Lemma 10.7, we show that the assignment Ho([0,1], H1)* > (4,...,A) —
U (A) € (Hy)®" is weakly Hilbert-Schmidt.

Lemma 11.16. Given A € Ho([0,1], H), o € J(gcem), and 7 € [0,1], D70 a(¥, 1 (A))
converges absolutely. Furthermore, the map J)(gom) D ars Y oo (P, x(A)) € C is
continuous.

Proof. For any K € N, we may write Zf:o U, x(A) € T(gear). Then via the assign-
ment o — o S, U,k (A)), S W k(A) is a linear map on J(geas), and we claim

136



it is continuous (so an element of J?(gcas)*), because

o 35w

k=K1

( > |a<\117,k<A>>|>

2

<
tk ’
(> > i ®e3k><wT,k<A>,ejl®...®ejk>H§k>>
k= Kljl ..... ]k 1
2
S ”aHJO (gcm) Z tk Z 6]'1 ®"'®€j’€>H?k‘

k=K; J1yeJk=1

- |OCHJO (gcnr) Z tk ‘ Z

2

</ Al(s))®...0 A'(sy)ds, ej1®...®ejk>
HYF

(A (s1),e0)m |- [(A (1), €5 ) |

.....

A
B
&
a
Q
<
%
AM8
|>\

k=K1 JisesJk=1 1

- |a||Jom,)Ztk( [N = Tl D S4B

k=K,

Knowing that 77, tkHA”H (01],H1) — €”A“%‘([0’1LH1>/t, this calculation simultane-
ously shows that >~ a(¥,) converges absolutely for any given a € J(gom),
and that S°r W, 4 (A) is a Cauchy sequence in J?(goar)*, and thus converges to an
element in JP(gea)*, which is the map determined by a + Y .2 (o, ¥, ). This
completes the proof.

[
Theorem 11.17. For f € HL?(G), A € Ho([0,1], Hy), and t € [0,1],

Rf(vA ZTRf (W, (A ZTRf( A1) ®...® A’(sk)ds>
which converges absolutely.

Proof. Let f € P. Recall from Theorem 10.8 that vPA(t) satisfies the differential
equation (vPA)(t) = LypawPA'(t), so that

d

- (rwPa))

s=t

_ PPAD) (Lupae PA(D) — (%)f) (WPA(M)).
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Then, by the (finite-dimensional) fundamental theorem of calculus,

—_——

f(vPA(t)) = f(e)—l—/ot (PA/(S)f) (vPA(s))ds = f(e)—l—/ot <f(l/PA(s)),PA'(s)>ds.

Then consider that, by applying the fundamental theorem of calculus again,

(%)f) (PA(s)) = (%)f) @+ [ PATOPATS) fwPAG)dr
— <A(@), PA’(3)> + /Os <J?(1/PA(7")), PA(r)® PA’(3)>dT,

from which we may write

f(vPA(t)) = f(e)+/0 (f(e), PA'(s ds+/ / ), PA'(r) @ PA(s))drds .

Then consider that f € P implies that f(e)(H{@k) =0 for kK > K for some K, as
argued in the proof of Theorem 11.13. Then we may iteratively repeat this application
of the fundamental theorem of calculus, which will terminate at the series

f(vPA(t) +Z/ PA’ (51)®@...@ PA 3k> Zf )(Ty (A

Now consider that, by Lemma 10.10, vP,,A(1) = vA(1) in || - ||4,,, (and hence in
|-llc), so that f(vP,, A(1 )) — f(vA(1)). On the other hand, by Lemma 10.7, we know
that A1 ®... @A, — [ Al(51)®.. . @A (sk)ds € Ho([0, 1], H®k) is continuous, so that
Uk Ho([0,1)], Hy) — 7—[0([0, 1],H{®k) is continuous, so that U, ;(P,A) — U, x(A) in
H®*. Then, by taking the limit of both sides, we have that for any f € P and
A € Ho([0,1], Hy),

[e.9]

Z )V (A

k=0

Now let f € HLZ(G) be arbitrary. Choose f,,, € P such that f,, — f in HL?(G).
Then by the isometry properties of Theorem 11.7 and Theorem 11.8,

I TRf - TRfm“JO (gem) — Sl})PHR(f — fm) OLPHHL?(GP) = Hf—meHLf(G) — 0.

Then Lemma 11.16 tells us o — >, (¥, x(A)) is continuous, which allows us to
write

Rf(WA(L)) = nliinmem(uA(t)) = %%Zﬁ(e)(wtk(/l))
k=0
= n}gﬂgoZTRfm Uin(A) = 3 TRE(Tin(A)).
k=0
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11.5.2 The stochastic Taylor expansion

Here, we will prove an infinite-dimensional version of Theorem 11.15. We will almost
exactly imitate the proof of [DG10, Theorem 1.9] with no special considerations.
This is because, despite assuming G is step 2 nilpotent with an elliptic diffusion,
much of the analysis only needs to occur on Hj, like computing J?(gcar)-norms. This
calculation will also bear some resemblance to the proof of Theorem 11.17.

Recall from section Section 10.3 that we define @fk = [\ dPB, ®...®dPB,.

Let o € T(Hy)". Then by Theorem 10.16, we know that, for each £, a(@f}g) converges

k
= Sl o

We now generalize these results. We begin with a generalization of Theorem 10.15.

in L? to a random variable, which we denote as «(®; ), and E|a (P, 1)

Lemma 11.18. Suppose o € H*** 3 € H*®**. Then

tk )
_— ) * k = 6
E[(a, ® ooy = ) mlaB)ger if
[(Oz, i) (5B, t,f” { 0 if k #10
Proof. Let P € Proj(Wi). Theorem 10.15 tells us that if & = ¢, then El&@kaQ -

tk—k!‘|CtHPHi®k. By polarization, we may deduce that if k = ¢, then E[a(®},)3(®F,)] =

k
%<O{, /6>PHf®k

Now suppose that k # £. Then E[a(®;,)3(®/,)] = 0 comes from the orthogo-
nality of iterated It6 integrals. This can be deduced by considering the iterated Ito
integral approach to chaos, which was first introduced in [It651]. Alternatively, this
orthogonality is directly stated in [DOP09, Proposition 1.4].

We may now set P = P, for some (P,,)men € Proj(W;)" and take the limit in m
to reach the desired conclusion.

]

Lemma 11.19. Let « € J)(gem). Then the sum Y oo o a(®y i) converges in L*. And
the assignment J)(gom) D a > Y oo g a(Pyy) € L? is continuous.

Proof. Using the formula from Lemma 11.18,

K> 2 Ko Ko tk
E Z a(®up)| = Z Ela(®x)]* = Z EH@‘ i]f@’k'
k=K1 k=K1 k=K,

139



Knowing that ;" & HaHH ok HOzHJO (gon) < 00, we see that the sequence Zszo a(Dyy)

is Cauchy in L2, and hence converges to a random variable, and that this must satisfy
E| T (@]’ = ol 0

Theorem 11.20. For any f € HL?(G), we have

) = S TR(Pus) = Z/ TRf(dB, ® ...®dBy,)
k=0 k=0 /A%

Proof. We show this in nearly an identical fashion to Theorem 11.17, but using
stochastic calculus. First suppose that f € P. Then, by applying Itd’s formula,
noting that the It6 and Stratonovich integrals coincide here,

ﬂfﬁ#@+éﬂ£wmm

and, in general, using the same methods as in the proof of Theorem 11.17 and stochas-
tic calculus, we may iteratively apply It6’s formula to get

K

K
fh) = [ Fe@rs, ..o dpB,) =3 Fer@h).
=0 7 AF

k=0
where K is chosen such that f(e)| por =0 forall k > K.

Now consider that, by Corollary 11.1, f(gi™) — f(gt) in L?. On the other hand,
by Theorem 10.16, we see that S i Of( )(@f?) — Of( e)(®yr) in L?. Thus,

almost surely, we may write

K 00
= D_FON@u) = 3 f(e)(@er).
k=0 k=0

Now let f € HL?(G) be arbitrary. Then choose f,, € P such that f,, — f in
HLZ(G). Then f,,(g;) converges to f(g;) in L*. But by the isometric properties in
Theorem 11.7 and Theorem 11.8, [TRf — TR full s0gorr) = I.f = fmllarz@ — 0. So
using the continuity described in Lemma 11.19, we see that

flg) = lim fu(ge) = lim > TRfu(®i) = Y TR(Pes).
k=0 k=0
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11.5.3 On the restriction map and the restricted functions

We will first describe the inverse of the restriction map, just as Theorem 11.17 and
Theorem 11.20 describe inverses of 7 and 7 o R. Then we will explicitly write the
statement to the Taylor isomorphism on G, which will also explain how to define

HL?(GCM> when UP GP 7é GCM-

Theorem 11.21. For any f € HL}(G), (Rf(¢"))
lim,, o0 Rf(g7m).

men COTverges in L?, and f(g;) =

Proof. By Theorem 11.20, we have that

flge) = ZTRf(‘I)t,k) = Z/ TRf(d351 R...0 stk) .
k=0 =0 Y A

On the other hand, for any P € Proj(W;), our methods suffice to prove the finite-
dimensional counterpart (or one may directly use the formula in Theorem 11.15):

Rf(gh) = ZTRf(@fk) = Z/ TRf(dPB,, ® ...® dPBy,).
k=0 =0 /A

Then, by once again applying the exhibited orthogonality from Lemma 11.18, and
otherwise using methods similar to those in the proof of Theorem 10.16, if {e; }1<j<y,,
is a basis of P,,Hy, then

| g ~ R (o)

= S E[TRI(0u) - TRI(®7)|

= D E|TRf o (I3 - P3) (@)
k=0

o) k o] ™m
=Z%< S ORI . o)) - Y \TRf(eh@-..@ejk)V)
J1

15005 Jjrk=1 J1ynjk=1

then || TRfHJE(ch

proves the claim.

y < oo implies that the expression above converges to 0 in m, which

O

Theorem 11.22. For every F' € HL?(Jp GT), there exists an extension F:Gey —
C that satisfies the following.
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o IfRf(g) = F(g) for all g € Up G”, then Rf(g) = ﬁ(g) for all g € Goyy.
o If A€ Ho([0,1],Hy), then

F(vA(1)) = Z/M TF(A (s1)®...® A(s))ds .

In particular, F can be calculated from the pullback R™*F or from the push forward
TF.

Proof. Let F € HL}(UpG"). Then by Theorem 11.7 and Theorem 11.13, R :
HLZ(G) — HLIH(Jp GT) is a bijection, so there exists a unique f = R™'F € HL?(G)
such that Rf = F on Jp G". But recall from Theorem 11.7 that Rf (or more
precisely g — R,f) is actually defined on G¢y. Hence, by defining F=R f=
RRF, the first point is satisfied.

The second bullet is a consequence of applying Theorem 11.17 to F=R f

Theorem 11.23. We define HL?(Geou) in the following way.

o IfUpGY = Gowmr, then we define HLI(Ger) to be HLE(Up GT).

o In the event that Jp G* # Geou, we let HLZ(Geow) to be the set of extensions
of elements in HL?({Jp G*) to Gew, as described in Theorem 11.22.

In any case, HL?(Gcar) is a Banach space identical to HL?({Jp GT') when equipped
with the norm || f{lyr2(Gen) = supp || fo LP||HL§(GP). For this set, we have the restric-
tion map R : HL?(G) — HL?(Gecar) and Taylor map T : HL*(Gon) — J2(gcnr),
both of which are isometric isomorphisms, and for which the composition T o R is
unitary.
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