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Abstract We study the small-time fluctuations for diffusion processes which are con-
ditioned by their initial and final positions, under the assumptions that the diffusivity
has a sub-Riemannian structure and that the drift vector field lies in the span of the sub-
Riemannian structure. In the case where the endpoints agree and the generator of the
diffusion process is non-elliptic at that point, the deterministic Malliavin covariance
matrix is always degenerate. We identify, after a suitable rescaling, another limiting
Malliavin covariance matrix which is non-degenerate, and we show that, with the same
scaling, the diffusion Malliavin covariance matrices are uniformly non-degenerate. We
further show that the suitably rescaled fluctuations of the diffusion loop converge to
a limiting diffusion loop, which is equal in law to the loop we obtain by taking the
limiting process of the unconditioned rescaled diffusion processes and condition it
to return to its starting point. The generator of the unconditioned limiting rescaled
diffusion process can be described in terms of the original generator.

Mathematics Subject Classification 58J65 - 60H07 - 35H10

1 Introduction

The small-time asymptotics of heat kernels have been extensively studied over the
years, from an analytic, a geometric as well as a probabilistic point of view. Bismut [9]
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used Malliavin calculus to perform the analysis of the heat kernel in the elliptic case and
he developed a deterministic Malliavin calculus to study Hérmander-type hypoelliptic
heat kernels. Following this approach, Ben Arous [4] found the corresponding small-
time asymptotics outside the sub-Riemannian cut locus and Ben Arous [5] and Léandre
[11] studied the behaviour on the diagonal. In joint work [6,7], they also discussed
the exponential decay of hypoelliptic heat kernels on the diagonal.

In recent years, there has been further progress in the study of heat kernels on
sub-Riemannian manifolds. Barilari et al. [3] found estimates of the heat kernel on the
cut locus by using an analytic approach, and Inahama and Taniguchi [10] combined
Malliavin calculus and rough path theory to determine small-time full asymptotic
expansions on the off-diagonal cut locus. Moreover, Bailleul et al. [2] studied the
asymptotics of sub-Riemannian diffusion bridges outside the cut locus. We extend
their analysis to the diagonal and describe the asymptotics of sub-Riemannian diffusion
loops. In a suitable chart, and after a suitable rescaling, we show that the small-time
diffusion loop measures have a non-degenerate limit, which we identify explicitly in
terms of a certain local limiting operator. Our analysis also allows us to determine the
loop asymptotics under the scaling used to obtain a small-time Gaussian limit of the
sub-Riemannian diffusion bridge measures in [2]. In general, these asymptotics are
now degenerate and need no longer be Gaussian.

Let M be a connected smooth manifold of dimension d and let @ be a smooth
non-negative quadratic form on the cotangent bundle 7*M. Let £ be a second order
differential operator on M with smooth coefficients, such that £1 = 0 and such that £
has principal symbol a /2. One refers to a as the diffusivity of the operator £. We say
that a has a sub-Riemannian structure if there exist m € N and smooth vector fields
X1, ..., X,y on M satisfying the strong Hormander condition, i.e. the vector fields
together with their commutator brackets of all orders span 7, M for all y € M, such
that

m

a(.&) =) (£, Xi(»)* for §eTyM.

i=1

Thus, we can write

e s
£=52Xi + Xo
1=

for a vector field Xo on M, which we also assume to be smooth. Note that the vector

fields X¢, X1, ..., X,, are allowed to vanish and hence, the sub-Riemannian structure
(X1, ..., X;n) need not be of constant rank. To begin with, we impose the global
condition

M=R? and Xo,X1,..., Xm € CP(RY, RY), (1.1)

subject to the additional constraint X¢o(y) € span{X{(y), ..., X,,(y)} forall y € RY.
Subsequently, we follow Bailleul et al. [2] and insist that there exist a smooth one-form
B on M with |la(B, B)|loc < 00, and a locally invariant positive smooth measure v on
M such that, for all f € C*°(M),

Lf= %diV(an) +a(B. Vf).
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Small-time fluctuations for sub-Riemannian diffusion loops 619

Here the divergence is understood with respect to v. Note that if the operator L is
of this form then Xg = Zf”zl o; X; with o; = %div X; + B(X;) and in particular,
Xo(y) € span{X(y), ..., X;y(y)} forally € M.

We are interested in the associated diffusion bridge measures. Fix x € M and let
e > 0. If we do not assume the global condition then the diffusion process (x;);<¢
defined up to the explosion time ¢ starting from x and having generator ¢£ may
explode with positive probability before time 1. Though, on the event {¢ > 1}, the
process (x;);e[o0,17 has a unique sub-probability law 1} on the set of continuous paths
Q = C([0, 1], M). Choose a positive smooth measure v on M, which can differ from
the locally invariant positive measure b on M, and let p denote the Dirichlet heat kernel
for £ with respect to v. We can disintegrate 1) to give a unique family of probability
measures (13 : y € M) on  such that

wy (dw) = /M wy? (dw)p(e, x, y)v(dy),

with u3'” supported on QY = {w € Q: wy = x,w; = y} forall y € M and
where the map y > ;" is weakly continuous. Bailleul et al. [2] studied the small-
time fluctuations of the diffusion bridge measures ;' in the limit ¢ — 0 under the
assumption that (x, y) lies outside the sub-Riemannian cut locus. Due to the latter
condition, their results do not cover the diagonal case unless £ is elliptic at x. We
show how to extend their analysis in order to understand the small-time fluctuations
of the diffusion loop measures p}*.

As aby-product, we recover the small-time heat kernel asymptotics on the diagonal
shown by Ben Arous [5] and Léandre [11]. Even though our approach for obtaining
the small-time asymptotics on the diagonal is similar to [5], it does not rely on the
Rothschild and Stein lifting theorem, cf. [15]. Instead, we use the notion of an adapted
chart at x, introduced by Bianchini and Stefani [8], which provides suitable coordinates
around x. We discuss adapted charts in detail in Sect. 2. The chart Ben Arous [5] per-
formed his analysis in is in fact one specific example of an adapted chart, whereas we
allow for any adapted chart. In the case where the diffusivity a has a sub-Riemannian
structure which is one-step bracket-generating at x, any chart around x is adapted.
However, in general these charts are more complex and for instance, even if M = R4
there is no reason to assume that the identity map is adapted. Paoli [14] success-
fully used adapted charts to describe the small-time asymptotics of Hormander-type
hypoelliptic operators with non-vanishing drift at a stationary point of the drift field.

To a sub-Riemannian structure (X1, ..., X,,) on M, we associate a linear scaling
map 8:: RY — R in a suitable set of coordinates, which depends on the number
of brackets needed to achieve each direction, and the so-called nilpotent approxima-
tions X T ¢ m» Which are homogeneous vector fields on R4, For the details see
Sect. 2. The map 4, allows us to rescale the fluctuations of the diffusion loop to high
enough orders so as to obtain a non-degenerate limiting measure, and the nilpotent
approximations are used to describe this limiting measure. Let (U, ) be an adapted
chart around x € M. Smoothly extending this chart to all of M yields a smooth map
0: M — R? whose derivative d6,: T.M — R? at x is invertible. Write 700
for the set of continuous paths v = (v;)s¢0,1] in Ty M with vg = v; = 0. Define a
rescaling map o, : Q% — TQ%0 by
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o () = @)~ (57 (@) — ()

and let fi}** be the pushforward measure of u}** by oy, i.e. fi}* is the unique proba-
bility measure on TQ%° given by

SX,X XX -
e

1

Our main result concerns the weak convergence of these rescaled diffusion loop mea-
sures [ty *. To describe the limit, assuming that 6 (x) = 0, we consider the diffusion
process (X;);>0 in R4 starting from 0 and having generator

1 m
;o v2
L= > OX7
i=1
A nice cascade structure of the nilpotent approximations X Iy enns X m ensures that this

process exists for all time. Let [LO'Rd denote the law of the diffusion process (X;):¢[o, 1]
on the set of continuous paths Q(R?) = C([0, 1], RY). By disintegrating QO,R”” we

obtain the loop measure [LO’O*Rd supported on the set 2 (R90.0 — {w e Q2 RYY: wy =
w1 = 0}. Define a map p: QR0 - 7Q00 by

p(w); = (dby)

and set i** = %R’ o o= This is the desired limiting probability measure on
TR0,

Theorem 1.1 (Convergence of the rescaled diffusion bridge measures) Let M be a
connected smooth manifold and fix x € M. Let L be a second order partial differential
operator on M such that, for all f € C*°(M),

Lf= %div(an) +a(B,Vf),

with respect to a locally invariant positive smooth measure, and where the smooth
non-negative quadratic form a on T*M has a sub-Riemannian structure and the
smooth one-form 8 on M satisfies ||a(B, B)lloo < 00. Then the rescaled diffusion loop
measures [L* converge weakly to the probability measure i*** on 7Q%0 as e — 0.

We prove this result by localising Theorem 1.2. As a consequence of the localisation
argument, Theorem 1.1 remains true under the weaker assumption that the smooth
vector fields giving the sub-Riemannian structure are only locally defined. The theorem
below imposes an additional constraint on the map 6 which ensures that we can rely
on the tools of Malliavin calculus to prove it. As we see later, the existence of such a
diffeomorphism 0 is always guaranteed.

Theorem 1.2 Fix x € RY. Let Xo, X1, ..., X be smooth bounded vector fields
on R?, with bounded derivatives of all orders, which satisfy the strong Hormander
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Small-time fluctuations for sub-Riemannian diffusion loops 621

condition everywhere and suppose that Xo(y) € span{X1(y), ..., Xmu(y)} for all
y € RY. Set

| R
E:EZXZ- + Xo.

i=1

Assume that the smooth map 6 : R? — R? is a global diffeomorphism with bounded
derivatives of all positive orders and an adapted chart at x. Then the rescaled diffusion
loop measures j1}* converge weakly to the probability measure [i** on 7Q%0 gs

e — 0.

Note that the limiting measures with respect to two different choices of admissible
diffeomorphisms 0; and 6, are related by the Jacobian matrix of the transition map
600,

The proof of Theorem 1.2 follows [2]. The additional technical result needed in
our analysis is the uniform non-degeneracy of the §.-rescaled Malliavin covariance
matrices. Throughout the paper, we consider Malliavin covariance matrices in the
sense of Bismut and refer to what is also called the reduced Malliavin covariance
matrix simply as the Malliavin covariance matrix. Under the global assumption, there
exists a unique diffusion process (x;);e[o0,1] starting at x and having generator L.
Choose #: R? — R as in Theorem 1.2 and define (¥¥);c[0.1] to be the rescaled
diffusion process given by

=610 -0(x).

Denote the Malliavin covariance matrix of )Zf by E‘f. We know that, for each ¢ > 0, the
matrix ¢{ is non-degenerate because the vector fields X1, ..., X, satisfy the strong
Hormander condition everywhere. We prove that these Malliavin covariance matrices
are in fact uniformly non-degenerate.

Theorem 1.3 (Uniform non-degeneracy of the §.-rescaled Malliavin covariance
matrices) Let Xo, X1, ..., X,y be smooth bounded vector fields on R4, with bounded
derivatives of all orders, which satisfy the strong Hormander condition everywhere
and such that Xo(y) € span{X1(y), ..., Xnu(y)} forall y € R, Fix x € R and
consider the diffusion operator

1,
c:z;‘xi + Xo.
1=

Then the rescaled Malliavin covariance matrices ¢ are uniformly non-degenerate,
i.e. for all p < 0o, we have

1P
sup EHdet(Ef) 1‘ ]<oo.
e€(0,1]

We see that the uniform non-degeneracy of the rescaled Malliavin covariance matrices
¢ is a consequence of the non-degeneracy of the limiting diffusion process (%;);¢[0,1
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622 K. Habermann

with generator £. The latter is implied by the nilpotent approximations X1, ..., X,,
satisfying the strong Hérmander condition everywhere on RY, as proven in Sect. 2.

Organisation of the paper The paper is organised as follows. In Sect. 2, we define
the scaling operator §. with which we rescale the fluctuations of the diffusion loop
to obtain a non-degenerate limit. It also sets up notations for subsequent sections and
proves preliminary results from which we deduce properties of the limiting measure.
In Sect. 3, we characterise the leading-order terms of the rescaled Malliavin covariance
matrices ¢{ as & — 0 and use this to prove Theorem 1.3. Equipped with the uniform
non-degeneracy result, in Sect. 4, we adapt the analysis from [2] to prove Theorem 1.2.
The approach presented is based on ideas from Azencott, Bismut and Ben Arous and
relies on tools from Malliavin calculus. Finally, in Sect. 5, we employ a localisation
argument to prove Theorem 1.1 and give an example to illustrate the result. Moreover,
we discuss the occurrence of non-Gaussian behaviour in the ,/e-rescaled fluctuations
of diffusion loops.

2 Graded structure and nilpotent approximation

We introduce the notion of an adapted chart and of an associated dilation §, : R? — R¢
which allows us to rescale the fluctuations of a diffusion loop in a way which gives rise
to a non-degenerate limit as ¢ — 0. To be able to characterise this limiting measure
later, we define the nilpotent approximation of a vector field on M and show that
the nilpotent approximations of a sub-Riemannian structure form a sub-Riemannian
structure themselves. This section is based on Bianchini and Stefani [8] and Paoli [14],
but we made some adjustments because the drift term X plays a different role in our
setting. At the end, we present an example to illustrate the various constructions.

2.1 Graded structure induced by a sub-Riemannian structure

Let (X1, ..., X,;) be a sub-Riemannian structure on M and fix x € M. Fork > 1, set
-Ak = {[Xil’[Xizv“'s[Xikfleik]“~]]: 1 < il""vik Sm}

and, for n > 0, define a subspace of the space of smooth vector fields on M by

n
C, = span U Ak,
k=1

where the linear combinations are taken over R. Note that Cyp = {0}. Let C =
Lie{Xy, ..., X,,} be the Lie algebra over R generated by the vector fields X1, ..., X,,.
We observe that C,, C Cp41 as well as [Cp;, Cpy] C Cyy4np forny, ny > 0 and that
Un>0 C, = C. Hence, C = {C,},>0 is an increasing filtration of the subalgebra C
of the Lie algebra of smooth vector fields on M. Consider the subspace C,(x) of the
tangent space Tx M given by
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Small-time fluctuations for sub-Riemannian diffusion loops 623

Ch(x)={Xx): X e€C,}.

Define d,, = dim C,(x). Since X1, ..., X,, are assumed to satisfy the strong Hor-
mander condition, we have Unzo Cn(x) = Ty M, and it follows that

N =min{n > 1: d, =d}

is well-defined. We call N the step of the filtration C at x.

Definition 2.1 A chart (U, 8) around x € M is called an adapted chart to the filtration
Catxif6(x) =0and, foralln € {1,..., N},

d d
(1) C,(x) = span {W(x), e m(x)}, and
(ii) (D 6X) (x) = 0 for every differential operator D of the form

D=Y;...Y, with Y,...,Y, e {X,..., X}

and all k > d,,.

Note that condition (ii) is equivalent to requiring that (D 6%)(x) = 0 for every differ-
ential operator D € span{Y;---Y;: ¥, € Cj; andi; +---+i; <n}andall k > d,.
The existence of an adapted chart to the filtration C at x is ensured by [8, Corollary 3.1],
which explicitly constructs such a chart by considering the integral curves of the vector
fields X1, ..., X,,. However, we should keep in mind that even though being adapted
at x is a local property, the germs of adapted charts at x need not coincide.

Unlike Bianchini and Stefani [8], we choose to construct our graded structure on R4
instead of on the domain U of an adapted chart, as this works better with our analysis.
Define weights wyq, ..., wg by setting wy = min{/ > 1: d; > k}. This definition
immediately implies | < wj <--- <wyg = N. Let;: RY — R4 be the anisotropic
dilation given by

5o (y) = 8, (y1’ R yd) _ <8w1/2y1’ L W2k .'.’8wd/2yd)’

where (y!, ..., y?) are Cartesian coordinates on R?. For a non-negative integer w, a
polynomial g on R is called homogeneous of weight w if it satisfies g 0 8, = £*/?g.
For instance, the monomial y‘f‘1 . yZ”’ is homogeneous of weight Zzzl o wi. We
denote the set of polynomials which are homogeneous of weight w by P(w). Note that
the zero polynomial is contained in P(w) for all non-negative integers w. Following
[8], the graded order O(g) of a polynomial g is defined by the property

O(g) =i ifandonlyif ge @P(w).

w>i

Thus, the graded order of a non-zero polynomial g is the maximal non-negative integer
i such that g € @,>;P(w) whereas the graded order of the zero polynomial is set
to be oco. Similarly, for a smooth function f € C*(V), where V C R is an open
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624 K. Habermann

neighbourhood of 0, we define its graded order O(f) by requiring that O(f) > i
if and only if each Taylor approximation of f at 0 has graded order at least i. We
see that the graded order of a smooth function is either a non-negative integer or co.
Furthermore, for an integer a, a polynomial vector field ¥ on R is called homogeneous
of weight a if, for all g € P(w), we have Yg € P(w — a). Here we set P(b) = {0}
for negative integers b. The weight of a general polynomial vector field is defined to
be the smallest weight of its homogeneous components. Moreover, the graded order
O(D) of a differential operator D on V is given by saying that

OD) <i ifandonlyif O g) > O(g) — i for all polynomials g.

For example, the polynomial vector field y! % + (yl)zﬁ on R? has weight —w
but considered as a differential operator it has graded order 0. It also follows that
the graded order of a differential operator takes values in Z U {00} and that the zero
differential operator has graded order —oo. In the remainder, we need the notions of the
weight of a polynomial vector field and the graded order of a vector field understood
as a differential operator. For smooth vector fields X| and X, on V, it holds true that

O([X1, X2]) = O(X1) + O(X2). 2.1

We further observe that for any smooth vector field X on V and every integer n, there
exists a unique polynomial vector field X of weight at least n such that O(X —
X®™) < n — 1, namely the sum of the homogeneous vector fields of weight greater
than or equal to n in the formal Taylor series of X at 0.

Definition 2.2 Let X be a smooth vector field on V. We call X the graded approx-
imation of weight n of X.

Note that X is a polynomial vector field and hence, it can be considered as a vector
field defined on all of R¢.

2.2 Nilpotent approximation

Let (U, 6) be an adapted chart to the filtration induced by a sub-Riemannian structure
(X1,...,X;y) on M at x and set V = O(U). Note that, for i € {I,...,m}, the
pushforward vector field 6, X; is a vector field on V and write X ; for the graded
approximation (6, X;)(1 of weight 1 of 6, X;.

Definition 2.3 The polynomial vector fields X Ty vnns X » on RY are called the nilpo-
tent approximations of the vector fields X1, ..., X,, on M.

By [8, Theorem 3.1], we know that O(0,X;) < 1. Thus, the formal Taylor series of
0, X; at0 cannot contain any homogeneous components of weight greater than or equal
to two. This implies that X; is a homogeneous vector field of weight 1 and therefore,

&

(5—1) X =& 12X, foralli €(1,...,m).
*
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Small-time fluctuations for sub-Riemannian diffusion loops 625

Moreover, from O(0, X; — X ;) < 0, we deduce that

«/E(agl)*(e*x,-)ﬁ)?i as &— 0 forallie(l,...,m).

This convergence holds on all of R because for y € R¢ fixed, we have 8,(y) € V for
¢ > 0 sufficiently small.

Remark 2.4 The vector fields X Lsvnns X m on R4 have a nice cascade structure. Since
)N(l-, fori € {1,...,m}, contains the terms of weight 1 the component )?f, for k e
{1, ..., d}, does not depend on the coordinates with weight greater than or equal to
wy, and depends only linearly on the coordinates with weight wy — 1. O

We show that the nilpotent approximations X1, ..., X,, inherit the strong Hormander
property from the sub-Riemannian structure (X1, ..., Xj;). This result plays a crucial
role in the subsequent sections as it allows us to describe the limiting measure of the
rescaled fluctuations by a stochastic process whose associated Malliavin covariance
matrix is non-degenerate.

Lemma 2.5 Let

A0y = {[f(i,, Koy oo (Ko X1 1O 1<y, iy < m]

Then

"o d 3
spankL:Jl Ak (0) = span {a—yl(O), cee, MW(O)}' (2.2)

Proof We prove this lemma by induction. For the base case, we note that O(6,X; —
X;) < 0implies X;(0) = (6,X;)(0). Hence, by property (i) of an adapted chart 6, we
obtain

span A; (0) = span {5(1(0), o )2,,,(0)} — (6,C1)(0)
= {5570 0
= span a_yl( ),---,W() ;

vghich proves (2.2) for n = 1. Let us now assume the result for n — 1. Due to O (6, X; —
X;) <0 and using (2.1) as well as the bilinearity of the Lie bracket, it follows that

O (9*[X,-l, (Xiy, oo [Xi 0 Xi 1o =Xy (Xiys o0 (X, X 1 ..]]) <n—1.

Applying the induction hypothesis, we deduce that

(9*[Xil, (Xiy, oo [Xiy s Xi) 1o 01 = Xy, (X, oo (X, s X1 ]]) (0)
n—1

0 d -
€ span {a—yl(O), e, W(O)} = span kL:JlAk(O).
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This gives

3 3 no
span {a—yl(O), o W(O)} = (6,C,)(0) C span kL:J] A (0)

and since O ([5(,'], [f(,-z, e, [5(,-,1_1 , f(,'n] ... ]]) < n, the other inclusion holds as
well. Thus, we have established equality, which concludes the induction step. O

The lemma allows us to prove the following proposition.

Proposition 2.6 The nilpotent approximations X1, Xom satisfy the strong Hor-
mander condition everywhere on RY.

Proof By definition, we have dy = d, and Lemma 2.5 implies that

N
. 3 3 J
span kL:JlAk(O) = span {W(O), e W(O)} = R4,

ie X 1y ..., X, satisfy the strong Hormander condition at 0. In particular, there are
vector fields

N
Vi Yo e (% R s Kol Ui < m)
k=1

such that Y1(0), ..., Y;(0) are linearly independent, i.e. det(Y1(0), ..., Y;(0)) # O.
By continuity of the map y +— det(Y1(y), ..., Y4(y)), it follows that there exists
a neighbourhood Vj of 0 on which the vector fields X Ty enns X m satisfy the strong
Hormander condition. Since the Lie bracket commutes with pushforward, the homo-
geneity property (58_ 1)* X; = ¢~1/2X; of the nilpotent approximations shows that the
strong Hérmander condition is in fact satisfied on all of RY. O

We conclude with an example.

Example 2.7 Let M = R? and fix x = 0. Let X and X, be the vector fields on R?

defined by
a

_ 1 1Y
ax! ax2 axl’

with respect to Cartesian coordinates (x!, x%) on R?. We compute

X +x and X, =x

9 1 9 a
[X]aXZ]Zﬁ—X W and [X],[X],XZ]]:—ZW_

It follows that

0
C1(0)=C2(0)=Span{ﬁ(0)} , C3(0)=R? and di=dr =1, d3 =2.
X
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Small-time fluctuations for sub-Riemannian diffusion loops 627

We note that the Cartesian coordinates are not adapted to the filtration induced by
(X1, X») at 0 because, for instance, ((X 1)2 xz) (0) = 1. Following the constructive
proof of [8, Corollary 3.1], we find a global adapted chart §: R* — R? at 0 given by

1
o' =x' and 92=—§(x1)2+x2.

The corresponding weights are w; = 1, w, = 3 and the associated anisotropic dilation
is
s (v', y%) = (81/2y1,83/2y2),

where (y', y?) are Cartesian coordinates on our new copy of R?. For the pushforward
vector fields of X| and X, by 6, we obtain

0:X1 = 9 d 6,X, =y 0 1
= — an = — =y — .
LTy 2=y ay?

From this we can read off that
~ d ~ 2 9
X;=— and Xzz—(yl> —

because y! % is a vector field of weight 0. We observe that X and X, are indeed

homogeneous vector fields of weight 1 on R? which satisfy the strong Hormander
condition everywhere.

3 Uniform non-degeneracy of the rescaled Malliavin covariance matrices

We prove the uniform non-degeneracy of suitably rescaled Malliavin covariance matri-
ces under the global condition

M=R? and Xo,X1,..., Xm € CP(RY, RY),

and the additional assumption that X¢o(y) € span{X{(y), ..., X (y)} forall y € RY.
We further assume that §: RY — R< is a global diffeomorphism with bounded
derivatives of all positive orders and an adapted chart to the filtration induced by
the sub-Riemannian structure (X1, ..., X») at x € RY fixed. Such a diffeomor-
phism always exists as [8, Corollary 3.1] guarantees the existence of an adapted chart
§: U — R and due to [13, Lemma 5.2], we can construct a global diffeomorphism
6: RY — R with bounded derivatives of all positive orders which agrees with 6 on
a small enough neighbourhood of x in U. We note that 6, Xy, 6. X1, ..., 0,X,, are
also smooth bounded vector fields on R? with bounded derivatives of all orders. In
particular, to simplify the notation in the subsequent analysis, we may assume x = 0
and that 0 is the identity map. By Sect. 2, this means that, for Cartesian coordinates
D1y ey Ya) on RY and foralln € {1,..., N}, we have
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628 K. Habermann

. a 0
(1) C,(0) = span {W(O)’ e, ay—dn(O)}, and
(i) (D yk) (x) = 0 for every differential operator
D e {Y1~~Yj1 YyeCyandiy +---+1i; Sn}

and all k > d,,.

Write (-, -) for the standard inner product on R4 and, forn € {0,1,..., N}, denote
the orthogonal complement of C,(0) with respect to this inner product by C,(0)=.
As defined in the previous section, we further let §,: R? — R be the anisotropic
dilation induced by the filtration at O and we consider the nilpotent approximations
X1, ..., f(m of the vector fields X1, ..., X;.

Let (B;):efo,1] be a Brownian motion in R™, which is assumed to be realised as
the coordinate process on the path space {w € C([0, 1], R™): wo = 0} under Wiener
measure . Define X, to be the vector field on R? given by

1 m
Xo=Xo+ EX;VXiXi,
i=

where V is the Levi-Civita connection with respect to the Euclidean metric. Under
our global assumption, the Itd stochastic differential equation in R¥

m
dxf = Zﬁxi(xf) dB! +eX,(xf)dt, x5 =0

i=1
has a unique strong solution (x{);¢f0,17. Its law on = C([0, 1], Rd) is ,ug. We

consider the rescaled diffusion process (X} );c[0,1] Which is defined by X} = 6, 1 (x7).
It is the unique strong solution of the It6 stochastic differential equation

dif = Z Je ((3;1)* Xi> (&) dB! +¢ ((5;1)*&)) GEHdr, 7 =0.
i=1
Let us further look at

m
df, = Y Xi(%)dB] + X(F)dt, Fo =0,

i=1

where XO is the vector field on R? defined by

Due to the nice cascade structure discussed in Remark 2.4 and by [12, Proposition 1.3],
there exists a unique strong solution (X;);¢[o,1] to this Itd stochastic differential equa-

tion in RY. We recall that ﬁ(8;1)* X;i > X;ase — Oforalli € {1,...,m}
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and because Xo(y) € span{Xi(y),..., X;(y)} for all y € R4, we further have
e (8;1), Xo — 0as e — 0. It follows that, for all 7 € [0, 1],

X; — X; as & — 0 almost surely and in L? for all p < oo. 3.1
For the Malliavin covariance matrices ¢] of X{ and ¢| of X, we also obtain that
¢} — ¢ as ¢ — 0 almost surely and in L” for all p < oo. (3.2)

Proposition 2.6 shows that the nilpotent approximations X1, . .., X,, satisfy the strong
Hormander condition everywhere, which implies the following non-degeneracy result.

Corollary 3.1 The Malliavin covariance matrix ¢| is non-degenerate, i.e. for all p <
0o, we have

- _1|P
E Udet (¢1) ! ’ ] < 00.
Hence, the rescaled diffusion processes (X ):c[o,1] have a non-degenerate limiting
diffusion process as ¢ — 0. This observation is important in establishing the uniform
non-degeneracy of the rescaled Malliavin covariance matrices ¢{. In the following, we
first gain control over the leading-order terms of ¢{ as & — 0, which then allows us to

show that the minimal eigenvalue of ¢{ can be uniformly bounded below on a set of
high probability. Using this property, we prove Theorem 1.3 at the end of the section.

3.1 Properties of the rescaled Malliavin covariance matrix

Let (vf);¢0,1] be the unique stochastic process in R4 @ (RY)* such that (X7, V7)refo,1]
is the strong solution of the following system of 1t6 stochastic differential equations
starting from (X, v5) = (0, I).

die = zm: JE ((5;‘)* Xi) ) dB] +e ((5;1)*&)) () dr
i=1
e = — i JEFEY ((5;1)* Xl»> ) dB
i=l1

e (v (), 30) = (7 (1), %)) s

The Malliavin covariance matrix ¢; of the rescaled random variable X7 can then be
expressed as

=5 (5 (e 67), x) ) 3 (257, ) 0) o
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It turns out that we obtain a more tractable expression for ¢; if we write it in terms
of (x7, vf):ef0,1], which is the unique strong solution of the following system of It6
stochastic differential equations.

m
dx?f = Z VeX;(x£)dB! + Xy (xf)dt, x5 =0

i=1

m m
dvf = =) Vevf VX (xf)dB] — evf (vgo - Z(VX,Y) (f)de, =1

i=1 i=1

One can check that the stochastic processes (v} );c0,1] and (97 )s¢qo,17 are related by
3¢ = 87 'v8,, where the map &, is understood as an element in RY ® (RY)*. This
implies that

& = i /Ot (ﬁs;l (v X, (xg))) ® (ﬁagl (v X, (x§))) ds.  (3.3)
i=1

We are interested in gaining control over the leading-order terms of ¢{ as ¢ — 0. In
the corresponding analysis, we frequently use the lemma stated below.

Lemma 3.2 Let Y be a smooth vector field on RY. Then
m .
dfY(xf) = Y Vev[X;, Y(x{) dB]
i=1

1 m
v ([Xo, Yi+3 ) X IX, Y”) () dr

i=1

Proof To prove this identity, we switch to the Stratonovich setting. The system of
Stratonovich stochastic differential equations satisfied by the processes (x});c[o, 1]
and (vf)seo,1] 18

m
oxf = Y VEXi(x) 8B} +eXo(x))dr, x§ =0
i=1

m
i ==Y Ve VX;(xf)dB] — evf VXo(xf)dt, vf=1.
i=1

By the product rule, we have
AW Y (x))) = (Bv)Y (x)) + vy VY (xf) 0xF.

@ Springer



Small-time fluctuations for sub-Riemannian diffusion loops 631

Using
m .
@U)Y () = = > Vi VXi(x))Y (x) 0B} — evf VXo(x))Y (xf) dt
i=1

as well as
m )
VEVY (xf) 0xf = Y VeV VY (xf)X; (xf) 0B} + evf VY (x{) Xo(xf) dt
i=1
yields the identity
m .
Y (xf) = Y Vevf[Xi. Y1(xf) 0B] + evf [Xo, Y1(xf) dt.

i=1

It remains to change back to the It6 setting. We compute that, fori € {1, ..., m},

d I:\/EUS[X,', Y1x®), Bi]t

m
=Y e VIX;, Y1) X, (xf)d[B/, B,
j=1
m

- Zevaxj(xf)[xi, Y1(xf)d[B’, B'],
j=1
= v’ V[X;, YI(x) X; (xF) dr — evf VX; (xO)[X;, Y](xf) dr
=ev][X;, [X;, Y1I(x))dt

and the claimed result follows.

O

The next lemma, which is enough for our purposes, does not provide an explicit
expression for the leading-order terms of ¢{. However, its proof shows how one could
recursively obtain these expressions if one wishes to do so. To simplify notations, we

introduce (BY);c(0,1] with B? = 1.

Lemma 3.3 Foreveryn € {1, ..., N}, there are finite collections of vector fields

an{YW).: 1<k<n0<ji,...,jk<m, 15i§m}CC,,+1 and

E’nz{ﬁ"”') i l<k<n0<ji,....jk<m, 1§i§m]CCn+2

such that, for allu € C, (O)J- andalli € {1, ..., m}, we have that, for all ¢ > 0,

@ Springer



632 K. Habermann

(M —n/2 sX (xt{-‘)>

< Z Z // A Y("‘_l”)y -I-ij(l"”'”),A)(xf) dBfkdBékl...dBé‘>.

k=1 ji,...,jx=0

Proof We prove this resultiteratively overn. Forallu € C; (0), wehave (1, X; (0)) =
0 because C1(0) = span{X(0), ..., X,,(0)}. From Lemma 3.2, it then follows that

<u € l/zva (xf )>
m t )
=<MZ/ vELX i, Xi1(x6) dBY
j=170
t 1 m
+/0 Veut | o Xi1 4 3 300 1, X111 (e s ).
j=1
This gives us the claimed result for n = 1 with

£
yD — {O ifj=0 and

J [X;,Xi] ifl<j<m

Fi _ [Xo. Xi1+ 3 7 (X0, (X, Xl ifj=0
0 otherwise -

Let us now assume the result to be true for n — 1. Due to C,, (O)L C Cp—1 (O)L, the
corresponding identity also holds for all u € C,(0)*. Using Lemma 3.2, we obtain
that

vy ) = v “>(0)+Z/ Vevp [ %, v o ab]

,,,,,,,,,,,,,,, Jk

s 1 m
w e (Doviti] e 5 X [ o] e ar

j=1

Note that Y(" ! ’) € C, implies (u, Y(” L ’>(0)> =0 forall u € Cy(0)~. We further

..........

observe that

,,,,,

1
(n—1,i) ) (n 1,i)
[X Y ,,,,, Jk]+2ZI[XJ’[X Y jk:I]ECnJrz
J

and collecting terms shows that the claimed result is also true for n. O
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These expressions allow us to characterise the rescaled Malliavin covariance matrix
¢§ because, foralln € {0,1,...,N — 1} andallu € C,,11(0) N C,(0)*, we have

(e, &u) = Zfl (w s_"/zvai(xf)>2 dr. (3.4)
0

i=1

By the convergence result (3.2), it follows that, for u € C1(0),

m 1
(u, Eru) = lim (u, &) = Z/O (u, X;(0))? dr

i=1
and from Lemma 3.3, we deduce that, foralln € {1,..., N—1}andallu € C,,41(0)N
Cn(O)L,
(u, cru)
m 1 n m t %) 173 . . . . 2
= Zf wy oy / / / Y;I"’“’“)’jk(O)st” dB/'...dB]') dr,
i=170 k=1 ji,0, jx=0"0 J0 0
3.5)

which describes the limiting Malliavin covariance matrix ¢ uniquely.

3.2 Uniform non-degeneracy of the rescaled Malliavin covariance matrices

By definition, the Malliavin covariance matrices Ef and ¢| are symmetric tensors.
Therefore, their matrix representations are symmetric in any basis and we can think
of them as symmetric matrices. Let Afnin and Apin denote the minimal eigenvalues
of ¢ and ¢y, respectively. As we frequently use the integrals from Lemma 3.3, it is

convenient to consider the stochastic processes (It("’i)’+)ze[o,1], (It("’i) " Diefo,17 and
(I"")1eq0,17 given by

n m t b te . . .
(i), + _ (n,i) (n,1) Jk g k=1 J1
D) /0 /O fo (v e+ YD @) dBfdBl L dBY,

k=1 j1,..., jx=0
) n m t b 17 . . . . )
) / f / (v e =YD @) dBfdBlT L dBY, and
k=1 ji,...jx=0"0 7O 0
i) N tre * e J 4l j
n,i e v (n,i e k—1 1
=3y / / / viy () dBF dB L dB].
k=1 ji,... k=070 70 0

For , B, v, § > 0, define subspaces of the path space {w € C([0, 1], R"): wq = 0}
by
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Q@) = {hmin > 20},

0<r<l

Q2B y) = { sup |10 | < 57"

0<r<l1

sup ‘I;(”’i))gy*l: 1<i<m, 1§n§N}, and

Qg(a):{ sup [xf| <68, sup |vf—1|§8}

0<r<1 0<t<l1
U sup
0=r<l1

Note that the events Qf(ﬁ, y) and Qg’ (8) depend on ¢ as the processes (I,("’i)’+),e[o, 1

(It("’i)’f),e[o,l] and (ft("’i)),e[o,l] depend on ¢. We show that, for suitable choices of
o, B, y and &, the rescaled Malliavin covariance matrices Ef behave nicely on the set

If”’”"’g&: 1<i<m, lfan}.

Qa, B, 7,8, 8) = Q' (@) NQ2(B, y) NQ2(©)

and that its complement is a set of small probability in the limit ¢ — 0. As we are
only interested in small values of «, 8, y, § and ¢, we may make the non-restrictive
assumption that o, 8, v, 8, ¢ < 1.

Lemma 3.4 There exist positive constants x and «, which do not depend on &, such

that if X£1/6§a, B=y=a and § = ko

then, on Q(a, B, v, 6, &), it holds true that

& .
min = E)\mm-

Proof Throughout, we shall assume that we are on the event Q(«, 8, v, §, €). Let

u, &u) and R(u):(u,Elu)

ey |
R @) = (u, u) (u, u)

be the Rayleigh-Ritz quotients of the rescaled Malliavin covariance matrix ¢{ and
of the limiting Malliavin covariance matrix ¢y, respectively. As a consequence of the
Min-Max Theorem, we have

fin = min{R®(u): u #0} aswellas Apin = min{R(u): u # 0}.
Since Amin > 2a, it suffices to establish that |R® (u) — R(u)| < « for all u # 0. Set
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K = max sup |X;(y)|, L= max sup |VX;(y)|
1<i<m yeRd 1<i<m yeRd

and note that the global condition ensures K, L < oco. Using the Cauchy—Schwarz
inequality, we deduce that, for u € C1(0)\{0},

m 1

Z/O ’(u X)) = (. X, (0))>

|R®(u) — R(w)| < =1

e, )
m_ .

< Z/O U X3 (e9) + Xs (O] [0 X (xf) — X (0)]
=1

<m((14+8)K + K)SK +65L).

Applying Lemma 3.3 as well as the expressions (3.4) and (3.5), we obtain in a similar
way that, foralln € {I,..., N — 1} and all non-zero u € C,,4+-1(0) N Cn(O)l,

moon o o
|R€(M)_R(u)| S E / ‘It(nvl),‘i‘_i_\/glt(nvl) ‘It("vl)v__i_\/zlt(nvl) dt

. 0

i=1

<m (ﬂ_l + \/5)/_1) (8 + x/g)/_l).

It remains to consider the cross-terms. For nyj,ny, € {1,...,N — 1} and ul €
Cny+1(0)NCy, (0)F aswell as u? € Cpyt1(0)NCay (0), we polarise (3.4) to conclude
that

<u1, Efu2> - (ul, 51142)

| |||
m 1 I(nlsi)v‘i’_i_l(”]ai)s* 5 . . » i
52/ t ' +\/EII(""I) ‘It(nz,t),*+\/glt(n2,l) dr
i=170 2
(na,i),+ (np,i),—
1 -1
=4 el l)‘ dr
_m(ﬂ_ +6+ ey ! ) (5+J§y—1).
Similarly, if ny = 0andny € {1,..., N — 1}, we see that
1~ 2 1 %2 -1
u, cus)—(u', ciu 1)
( 1|>1“<2| ! >§m<(1+5)K(5+JEV‘)+(5K+5L)<ﬁ 2+ ))
u u

Writing a general non-zero u € R in its orthogonal sum decomposition and combin-
ing all the above estimates gives

|R®(u) — R(u)| < k18 + k2B '8 +1c3/ef ™'y ™! + kyey ™2
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for some constants «1, k2, k3 and k4, which depend on K, L and m but which are
independent of «, 8, ¥, § and ¢. If we now choose « and x in such a way that both
Kk < 1/(@4max{ky, k2}) and X3 > 4max{/<3,/<i/2}, and provided that X£1/6 < a,
B =7y =« as well as § = ka?, then

6 4

2 < K]Ka2+K2Ka+K3X_3a+K4X_ a <a.

Kk18+k2B S 4n3/ep Ty T raey ™
Since « and x can always be chosen to be positive, the desired result follows. O

As a consequence of this lemma, we are able to control det (Ef)_l on the good set
Q(a, B, v, 8, ¢). This allows us to prove Theorem 1.3.

Proof of Theorem 1.3 We recall that by Proposition 2.6, the nilpotent approximations

X1, ..., Xy, satisfy the strong Hormander condition everywhere on R4, The proof of
[12, Theorem 4.2] then shows that
Al e LP(P), forall p < oo. (3.6)

By the Markov inequality, this integrability result implies that, for all p < oo, there
exist constants D(p) < oo such that

P (Ql(a)C) < D(p)a. (.7

Using the Burkholder—-Davis—Gundy inequality and Jensen’s inequality, we further
show that, for all p < oo, there are constants E1(p), E2(p) < oo such that

E| sup [xf|”| < E\(p)e?/? and E| sup |vf —I|P | < Ex(p)eP/?.
0<t<1 0=<t<1

Similarly, by repeatedly applying the Burkholder—Davis—Gundy inequality and

Jensen’s inequality, we also see that, for qll p < oo and for al_l ne {~ 1, o N} and
i €{l,..., m}, there exist constants £ (p) < oo and D" (p), D™D (p) < oo
such that -

NP .
E| sup It(n,l), ‘ :|§ E("”)(p)ep/z

0<r<1

as well as

it(n,i)

0<t<l 0<t<l

. P . P -
E|: sup 1,("")’+’ <D™ (p) and E|: sup ] < D™D (p).

As the sets Qg (B, y) and Qg’ (8) are defined by only finitely many constraints, the
bounds established above and the Markov inequality imply that, for all p < oo, there
are constants D(p) < oo and E(p) < oo such that

P (Qg(ﬁ, y)C) <D(p) (B” +y") and 3.8)

P(Qg(s)f) < E(p)s—PeP/?, (3.9)
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Moreover, from the Kusuoka—Stroock estimate, cf. [1], as stated by Watanabe [16,
Theorem 3.2], we know that there exist a positive integer S and, for all p < oo,
constants C(p) < oo such that, for all ¢ € (0, 1],

I det (@)l = (IE Hdet (5*;)*1‘”])1/” < C(p)eS.

Let us now choose o = x3/4¢!/3 B = y = o and 8§ = k. We note that ye!/® =
a*/3 < o and hence, from Lemma 3.4 it follows that

& .
min = Amin

N =

on Q(«, B, v, 6, €). Thus, we have
~ey—1 & —d dy—d
det(c)) ™ Le@.py.0.6) < Ain) " Le@.py.0.0) < 2°Aninla@p.y.s.0
and therefore,

det(gi)_l S Zd)\.]:,lﬁ] + det(Ei)_l (191(0[)@ + ]lgg(ﬁ,)/)( + 192(5)()

Using the Holder inequality, the Kusuoka—Stroock estimate as well as the estimates
(3.7), (3.8) and (3.9), we further deduce that, for all ¢, r < oo,

o _ _ N L/2p N /2p
I det @) < 22l + C@p)e™ (P(Q%a)‘) +P Q2B 7))
A L/2p
+IP>(Q§(3)‘) )
- _ _ 1/2p
= 2 Agi 5 + C@p)e " ((D(q)a%l/zu(E(r)a er?) )

Hence, we would like to choose g and r in such a way that we can control both
e=5/201/2P and =5/2877/2P¢"/4P  Since § = ka? and o = x3/*e!/8, we have

e=5/20,a/2P — X3q/8l’g_5/2+q/l6p as well as
e—S/25=r/2p gr/4p _ (KX3/2)7’/2P e S/2+r/8p

Thus, picking ¢ = 8pS and r = 4pS ensures both terms remain bounded as ¢ — 0
and we obtain

I det(@) ™"y = 2Wmll + C@p) (DS, 10"/ + E@ps, . 10'/?7).

min

This together with the integrability (3.6) of A[;iln implies the uniform non-degeneracy

of the rescaled Malliavin covariance matrices Ef. O
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4 Convergence of the diffusion bridge measures

We prove Theorem 1.2 in this section with the extension to Theorem 1.1 left to Sect. 5.
For our analysis, we adapt the Fourier transform argument presented in [2] to allow
for the higher-order scaling §.. As in Sect. 3, we may assume that the sub-Riemannian
structure (X1, ..., X;,) has already been pushed forward by the global diffeomorphism
0: RY — R which is an adapted chart at x = 0 and which has bounded derivatives
of all positive orders.

Define T to be the set of continuous paths v = (v;)¢(0,1] In ToR? = RY with
vo = 0 and set

TQ™ ={veTQ’: v =y}

Let ,422 denote the law of the rescaled process (X} );[o,1] on 70 and write g (e, 0, -) for
the law of v under the measure /1(8). To obtain the rescaled diffusion bridge measures,
we disintegrate /12 uniquely, with respect to the Lebesgue measure on R?, as

%(dv) = fR A @g(e,0, ) dy, @.1)

where ;12” is a probability measure on 7Q° which is supported on 7Q%Y, and the
map y > jio” is weakly continuous. We can think of fio” as the law of the pro-
cess (X7)ref0,1] conditioned by %¥{ = y. In particular, this construction is consistent
with our previous definition of ;18’0. Similarly, write ¥ for the law of the limiting
rescaled diffusion process (X;);e[0,1] on 70, denote the law of v; under i° by g(-)
and let (7%Y: y € RY) be the unique family of probability measures we obtain by
disintegrating the measure /i° as

i1 (dv) = /R ) A% (dv)g (y) dy. 4.2)

To keep track of the paths of the diffusion bridges, we fix f1,...,% € (0, 1) with
1 < --- < t; as well as a smooth function g on (R%)* of polynomial growth and
consider the smooth cylindrical function G on 70 defined by G(v) = gy, ..., vy).
Fory € R and ¢ > 0, set

G:(y) = q(¢,0, y)/ G )% (dv) and
T7Q0Y

Go(y) = G(») / G (dv).
TQOY

Both functions are continuous integrable functions on R? and in particular, we can
consider their Fourier transforms G (§) and Go(€) given by

Ge(§) = /]Rd Ge(y)el®dy and Go(€) = ./Rd Go(y)e€) dy.
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Using the disintegration of measure property (4.1), we deduce that

Ge($)=/ / q(e, 0, )G )% (dv)el®Y dy
R4 JTQO.Y

— / G (v)el® v 19 (dv)
TQOY
=E[GE%) exp {i(g, x]) }].

Similarly, by using (4.2), we show that

Go(6) = E[G(®)exp i, #1)}]-

We recall that X; — %, as ¢ — 0 almost surely and in L” for all p < oco. Hence,
ég(é) — Go(é yase — O forall & € R?. To be able to use this convergence result to
make deductions about the behaviour of the functions G, and G we need CA}E to be
integrable uniformly in ¢ € (0, 1]. This is provided by the following lemma, which is
proven at the end of the section.

Lemma 4.1 For all smooth cylindrical functions G on TQC there are constants
C(G) < oo such that, forall ¢ € (0, 1] and all & € RY, we have

N c(G)

G < — 4.3

6e@®) = 1 g (4.3)
Moreover, in the case where G(v) = |vy — v,2|4, there exists a constant C < 00

such that, uniformly in t1, tp € (0, 1), we can choose C(G) = Clt; — t2|2, i.e. for all
e€(0,1]andall € € RY,
Clti — t)?

1+ |$|d+1'

With this setup, we can prove Theorem 1.2.

1G:(6)] < (4.4)

Proof of Theorem 1.2 Applying the Fourier inversion formula and using (4.3) from
Lemma 4.1 as well as the dominated convergence theorem, we deduce that

1 ~ 1 ~
G (0) = W/Rd Go(®) dt — wa Go(&)dE = Go(0) as & — O.

4.5)
Let O = Z,Ilv:l nd, be the homogeneous dimension of the sub-Riemannian structure
(X1, ..., Xm). Due to the change of variables formula, we have

q(e.0,y) = 97 p(e.0,8: (7).
where p and ¢ are the Dirichlet heat kernels, with respect to the Lebesgue measure on

R?, associated to the processes (th)ze[o,l] and ()Z,l),e[ogl], respectively. From (4.5), it
follows that
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2% p(e, 0, 0)/ G )% (dv) — 5(0)/ Gw)a%%dv) as & — 0.
TQ0.0 Q0.0

(4.6)
Choosing g = 1 shows that

22 p(e,0,0) > G(O) as & — 0, 4.7

which agrees with the small-time heat kernel asymptotics established in [5] and [11].
We recall that g: R4 — [0, 00) is the density of the random variable x|, where
(X1)1ef0,1] 1s the limiting rescaled process with generator

l m
~ v 2
L= > o x}
i=1
By Proposition 2.6, the nilpotent approximations X1, ... X satisfy the strong Hor-

mander condition everywhere on R and since £ has vanishing drift, the discussions
in [7] imply that g(0) > 0. Hence, we can divide (4.6) by (4.7) to obtain

/ G(v)ﬁg’o(dv) —>/ G(v)ﬁo’o(dv) as ¢ — 0.
TQ0.0 TQ00

Thus, the finite-dimensional distributions of /12’0 converge weakly to those of 100
and it remains to establish tightness to deduce the desired convergence result. Taking
G) = vy — vy |*, using the Fourier inversion formula and the estimate (4.4) from
Lemma 4.1, we conclude that

e22p(e, 0, 0>/ oy = v |* 1%0(dv) = G- (0) < Clty — 0.
TvY:

From (4.7) and due to g(0) > 0, it further follows that there exists a constant D < oo
such that, for all 1, t, € (0, 1),

4 ~0,0 2
sup / lvy, — v |” 1y (dv) = Dty — 1|
£€(0,11/ 700

Standard arguments finally imply that the family of laws ([L?’O: e € (0, 1]) is tight
on T and hence, 120 — %0 weakly on TQ% as & — 0. o

It remains to establish Lemma 4.1. The proof closely follows [2, Proof of Lemma 4.1],
where the main adjustments needed arise due to the higher-order scaling map §;. In
addition to the uniform non-degeneracy of the rescaled Malliavin covariance matrices
¢}, which is provided by Theorem 1.3, we need the rescaled processes (X;);[o,1] and
(9)re10,17 defined in Sect. 3.1 to have moments of all orders bounded uniformly in
¢ € (0, 1]. The latter is ensured by the following lemma.
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Lemma 4.2 There are moment estimates of all orders for the stochastic processes
(X7 10,11 and (V5)e[0,1] which are uniformin e € (0, 1], i.e. for all p < oo, we have

sup E| sup |Z°)P | <oo and sup E| sup |77 | < oo.
£€(0,1] 0<r<1 e€(0,1] 0<t<l1

Proof We exploit the graded structure induced by the sub-Riemannian structure
(X1, ..., X;») and we make use of the properties of an adapted chart. For t € [0, 1],
consider the Itd stochastic differential equation in R?

m
dx; (v) = Z TVeXi (xE (1)) dB,i + tzego(xf(r)) dr, x3(r)=0
i=1
and let {(x; (1)):e[0,17: T € [0, 1]} be the unique family of strong solutions which is

almost surely jointly continuous in 7 and ¢. Observe that x7(0) = 0 and x; (1) = x;
for all ¢ € [0, 1], almost surely. Moreover, for n > 1, the rescaled nth derivative in ©

8 n
x (o) = e (E) x; (¥)

exists for all T and ¢, almost surely. For instance, (xf (M (t))re[0,17 18 the unique strong
solution of the Itd stochastic differential equation

dxf V() = > X (xf (1)) dB] + 21/E X (xf (7)) dr

i=1

m
+ 3 TVeVXi(xf (0)x) D (0) dB]
i=1
+2eVX ot (oNxd Py dr, x5 V@) =0.

In particular, we compute that xf’(l)(O) = Z;"zl X;(0) B;. As (u, X;(0)) = 0 for all
ie{l,...,m}andall u € C1(0)-, we deduce

<u, xf’(l)(0)> —0 forall ue Ci(0)*. (4.8)

By looking at the corresponding stochastic differential equation for (x; 2 (T)ze(0,11>
we further obtain that

m t
3P0 = /0 2V X; (0)x> D (0) dB! + 2X,(0)1.
i=1
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Due to (4.8), the only non-zero terms in VX; (O)x;?‘(l)(O) are scalar multiples of
the first di columns of VX;(0), i.e. where the derivative is taken along a direc-
tion lying in C;(0). Thus, by property (ii) of an adapted chart and since X¢(0) €
span{X1(0), ..., X, (0)}, it follows that

<u,xf’(2)(0)> —0 forall ue Cy(0)*.

In general, continuing in the same way and by appealing to the Faa di Bruno formula,

we prove iteratively that, foralln € {1,..., N — 1},
<u,xf’(")(0)> =0 forall ue Cy(0)*. 4.9)
Besides, the stochastic process (x; (), xf’(l)(t), A xf’(N)(r)),e[ogl] is the solution

of a stochastic differential equation with graded Lipschitz coefficients in the sense
of Norris [12]. As the coefficient bounds of the graded structure are uniform in t €
[0, 1] and ¢ € (0, 1], we obtain, uniformly in 7 and ¢, moment bounds of all orders
for (x(r), x>V (@), ..., x* ™ (1)),¢10.1]. Finally, due to (4.9) we have, for all n €
{1,...,N}and all u € C,(0) N C,—1(0)T,

I roh Tn—1
(u, %) = (u, 8_”/2xf> = <u, / / / xf’(")(rn)dr,, dr,_q ... dr1>.
o Jo 0

This together with the uniform moment bounds implies the claimed result that, for all
p < 00,

sup E| sup [%7]P | < oo.
ee(0,1] | o0=t<1

We proceed similarly to establish the second estimate. Let { (v} (7))/¢p0,17: T € [0, 1]}
be the unique family of strong solutions to the Itd stochastic differential equation in
Rd

m

dvf (1) = = Y t/evf (1) VX, (x{ () dB]

i=1

—72ev8 (1) (VXO — Z(vxif) (f(o))de, v(r) =1

i=1

which is almost surely jointly continuous in T and t. We note that v;(0) = I and
vE (1) =vf forall ¢ € [0, 1], almost surely. Forn > 1, set

a n
0 = (51) i
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which exists for all  and ¢, almost surely. Forny,ny € {1,..., N}andu' € C,,(0)N
Cn,—1(0)* as well as u? € Cp,(0) N Cpy—1(0)*, we have

<u1’ 5;8“2> — e—(m—n)/2 <u1’ vfu2> _

Therefore, if n; < n, we obtain the bound |(u!, 5¢u?)| < |(u', vu?)|. On the other
hand, if n; > ns then (!, %) = 0 and in a similar way to proving (4.9), we show that

<u‘, vf’(k)(O)u2> —0 forall ke{l,...,n —ns—1)

by repeatedly using property (ii) of an adapted chart. This allows us to write

1 Tl Tny—ny—1
1 ~¢. 2 1 1=m e,(nj—ny) 2
<u ,vfu >—<u (‘/0 /0 /0 v, 1=n (tny—ny) dTn;—ny dr,,l,,,z,] Loodr ) u

for n; > na. As the stochastic process (xf(t),vf(t), xf’(l)(t), vf’(l)(r), e
xf ’(N)(r), vf’(N)(‘L'));e[(),l] is the solution of a stochastic differential equation with
graded Lipschitz coefficients in the sense of Norris [12], with the coefficient bounds
of the graded structure being uniform in 7 € [0, 1] and ¢ € (0, 1], the second result
claimed follows. O

We finally present the proof of Lemma 4.1. For some of the technical arguments which
carry over unchanged, we simply refer the reader to [2].

Proof of Lemma 4.1 Let (x;):c[0,1] be the process in RY and (uf)sero,17 as well as
(v7)tef0,17 be the processes in R? ® (R?)* which are defined as the unique strong
solutions of the following system of It stochastic differential equations.

m
drf = VeXi(x)dB] + eXo(xf)dr, x5 =0 (4.10)

i=1

m
duf = VX (xf)uf dB] + eVXo(xfuf dt, uf=1
i=1

m m
dvf = =) Ve[ VX (xf)dB] — evf (v&) - Z(VX,V) (f)de, =1

i=1 i=1

Fix k € {1,...,d}. Forn € R4, consider the perturbed process (B,")te[o,]] in R™
given by

‘ , k
dB)" = dB] +n (Va5 (v X)) dr. BY =0,
where (/e8! (vF X; (xf)))* denotes the kth component of the vector /g8, (v X; (x¥))

in R, Write (x,g 'n)ze[o,l] for the strong solution of the stochastic differential equa-
tion (4.10) with the driving Brownian motion (B;),¢[o,1] replaced by (B/ )refo,1]- We
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choose a version of the family of processes (x,‘8 ’"),6[0, 17 which is almost surely smooth
in n and set

ey \k _ i &1
((.X )z) 37] nzoxt .

The derived process ((x°)))ref0.1] = (((xe);)], e ((xs);)d),e[o,l] in R4 @ R? asso-
ciated with the process (x});¢[0,1] then satisfies the It6 stochastic differential equation

m
d(x); = Z\/EVXi (x8)(x®), dB! 4 eV X (xf)(x%)) dr
i=1

+ 3 VEXihH) ® (Ve (v X)) ) de
i=l1

subject to (x*);, = 0. Using the expression (3.3) for the rescaled Malliavin covari-
ance matrix ¢¢, we show that (x®); = uf8.¢?. It follows that for the derived process
((X%)}))1eq0.17 associated with the rescaled process (X£),¢[0,17 and the stochastic process
(ii)se0.1] given by &6 = 87 'ufs,, we have

~&\/ ~E&~E
(X%); =u/c;.

Note that both i and ¢ are invertible for all & > 0 with (ﬁf)_l = 0. Let (r} )ref0,1]
be the process defined by

m
drf = " Jes ! (i Xi(x)))dB], 7§ =0

i=1

and set yf’(o) = (X nyys -0 Xfags X7 5 V75 175 (x%)). The underlying graded Lipschitz
structure, in the sense of Norris [12], allows us, for n > 0, to recursively define

le'(n) _ <yts,(0)7 L yt&(n))

by first solving for the derived process ((zs*(’”);)te[o,l], then writing

= () )
t t t

and finally setting yf’("+1) = (y&™),.

Consider the random variable y® = (()Es)’l)’1 in (RY)* @ (RY)* and let ¢ =
o(°, zi’(")) be a polynomial in y®, where the coefficients are continuously dif-
ferentiable in zi’(") and of polynomial growth, along with their derivatives. Going
through the deductions made from Bismut’s integration by parts formula in [2, Proof
of Lemma 4.1] with R = 0 and F = 0 shows that for any continuously differentiable,
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bounded function f: R4 — R with bounded first derivatives and any k € {1, ...,d},
we have

B[Ver@he (o) | = E[r@nvie (7. ) |
where
V;:(p (yé?’ Zi,(n—&-l)) =1 (ys ® ri? + ye(ie)/l/ye) é (ye, ZT,(H))

. (yg ® (Vy¢ (ys’ Z?(n)) yf(jf)/{ys>)
. (ye ® <Vz¢ (yg’ Zi,(n)) (f,(n))l)) )

and 7. (R)* @ (RY)* @ RY — R is the linear map given by 7 (ef ®ef ®ey) =
S8y - Starting from

P (yS, zi’(0)> —GE) =g (¥,....%)
we see inductively that, for any multi-index o = (ky, ..., k),
B[V EGE)] =E | fE)T)G (..
Fixing £ € R? and choosing f(-) = €' in this integration by parts formula yields
£°1G: @)1 < E[|(v)G (v, 7))

In order to deduce the bound (4.3), it remains to establish that C.(o, G) =
E[[(V*)*G(y®, zf’("))|] can be controlled uniformly in e. Due to y® = (Ef)’lf)‘f,
Theorem 1.3 and the second estimate from Lemma 4.2 immediately imply that, for all
p < 00,

sup E[|y‘9|p] < 00. 4.11)

£€(0,1]

Moreover, from the first moment estimate in Lemma 4.2, it follows that all processes
derived from the rescaled process (X} );c[0,1] have moments of all orders bounded
uniformly in ¢ € (0, 1]. Similarly, forn = d + 1 and all p < oo, we obtain

Zi,(n)

sup E[ p] < 00, (4.12)

ee(0,1]

where we observe that, foralln € {0, 1,..., N — 1} and all u € C,41(0) N C,(0)1,
m t ‘
u.rf) = Z/ <u,8_”/2v‘fX,~(x§)> dB,
i=170
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and use Lemma 3.3 to show that there is no singularity in the process (r7):c[0,1] as

& — 0.Since (V*)“G is of polynomial growth in the argument (y?, zf’(") ), the moment
estimates (4.11) and (4.12) show that C. (¢, G) is bounded uniformly in ¢ € (0, 1].
This establishes (4.3).

Finally, the same proof as presented in [2, Proof of Lemma 4.1] shows that we
have (4.4) in the special case where G(v) = |v;, — v, |* for some t1, 1 € (0, 1). Let

the process (X; ’(0)),6[0,1] be given by X/ O _ X; and, recursively for n > 0, define

)Ef’("H)),e[o,l] by )Ef’("'H) = (X}, ()Eg*(”));). Then, for all p € [1, 00), there exists a

constant D(p) < oo such that, uniformly in #1, 2, € (0, 1) andin e € (0, 1],

il
Furthermore, from the expression for the adjoint operator V; we deduce that, for all

n > 1 and any multi-index o = (kq, ..., kj), there exists a random variable M, with
moments of all orders which are bounded uniformly in ¢ € (0, 1], such that

~&,(n) _ ~e,(n)
Xy, — X,

4p
] < D(p)lty — 1|*”.

4
~&,(n) _ ~e,(n)
X, — X, .

(V)G (v 25") = M,

By using Hélder’s inequality, we conclude that there exists a constant C (o) < oo such
that, uniformly in #, #, € (0, 1) and ¢ € (0, 1], we obtain

Ce(a, G) < C(a)|t1 — 1o,

which implies (4.4). O

5 Localisation argument

In proving Theorem 1.1 by localising Theorem 1.2, we use the same localisation
argument as presented in [2, Section 5]. This is possible due to [2, Theorem 6.1],
which provides a control over the amount of heat diffusing between two fixed points
without leaving a fixed closed subset, also covering the diagonal case. After the proof,
we give an example to illustrate Theorem 1.1 and we remark on deductions made for
the /e-rescaled fluctuations of diffusion loops.

Let £ be a differential operator on M satistying the conditions of Theorem 1.1 and
let (X1, ..., X;») be a sub-Riemannian structure for the diffusivity of £. Define X to
be the smooth vector field on M given by requiring

1o sy
E:EZ;Xi—i—XQ
i

and recall that Xo(y) € span{X(y), ..., X;u(y)} for all y € M. Let (Uy, 0) be an
adapted chart to the filtration induced by (X1, ..., X;;) at x € M and extend it to a
smooth map 6: M — R?. By passing to a smaller set if necessary, we may assume
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that the closure of Uy is compact. Let U be a domain in M containing x and compactly
contained in Uy. We start by constructing a differential operator £ on R? which satisfies
the assumptions of Theorem 1.2 with the identity map being an adapted chart at 0 and
such that £(f) = L(f o0~ o0 forall f € C®(U).

Set V. =0(U) and Vy = 0(Up). Let x be a smooth function on R4 which satisfies
1y < x <1 and where {x > 0} is compactly contained in Vj. The existence of such
a function is always guaranteed. Besides, we pick another smooth function p on RY
with 1y < 1 — p < 1y, and such that x + p is everywhere positive. Define vector
fields Xo, X1, ..., Xom, Ximt1s s Xm+d on R4 by

X (z) dby- ‘(z)( ( I(Z))) ifzeVy

}_(.
@=1, ifz e R\ V)

fori €{0,1,...,m},
Xk (2)=p(2)ex fork e {1,...,d),

where e, ..., e4 is the standard basis in R%. We note that X((y) € span{X(y), ...,
Xm(y)} for all y € M implies that Xo(z) € span{Xl(z) .» X (2)} holds forall z €
R4, Moreover, the vector fields X1, ..., X, satisfy the strong Hormander condition on
{x > 0}, while X, 41, ..., Xpnid themselves span R? on {p > 0}. As U is assumed
to have compact closure, the vector fields constructed are all bounded with bounded
derivatives of all orders. Hence, the differential operator £ on R given by

satisfies the assumptions of Theorem 1.2. We further observe that, on V,
X; = 0,(X;) foralli € {0,1,...,m},

which yields the the desired property that L = 60,L on V. Additionally, we see that
then11p0tentappr0x1mat10ns of(Xl, e X, Xm—i—l» el m+d) are (Xl, .. Xm, 0,

., 0) which shows that the limiting rescaled processes on R¢ assomated to the
processes with generator £ and £, respectively, have the same generator L. Since
(Up, 9), and in particular the restriction (U, 0) is an adapted chart at x, it also follows
that the identity map on R? is an adapted chart to the filtration induced by the sub-
Riemannian structure (Xl, s Xoms Xintls-ees m+d) on R4 at 0. Thus, Theorem 1.2
holds with the identity map as the global diffeomorphism and we associate the same
anisotropic dilation 8, : R? — R with the adapted charts (U, #) at x and (V, I) at
0. We use this to finally prove our main result.

Proof of Theorem 1.1 Let p be the Dirichlet heat kernel for £ with respect to the
Lebesgue measure A on R?. Choose a positive smooth measure v on M which satisfies
v = (0~1)4A on U and let p denote the Dirichlet heat kernel for £ with respect to v.

. d e . .
Write MS'O’R for the diffusion loop measure on 2%:9(R¥) associated with the operator
A L d S .
¢ L and write MS’O’R for the rescaled loop measure on 7% (R?), which is the image
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measure of ug*o’Rd under the scaling map o, : QO'O(Rd) — TSZO*O(IR{") given by
Ge (@) = 8, (@) .
Moreover, let uo 0.B he the loop measure on 7’ Qo0 (Rd ) associated with the stochastic

process (X;);e[0,1] On R¢ starting from 0 and having generator £ and let g q denote the

probability density function of x|. From Theorem 1.2, we know that ,uo O.R converges

1008 on TQOO(RY) as & — 0, and its proof also shows that

weakly to
p(e,0,0) =~ 225(0)(1 + 0(1)) as & — 0. (5.1

Let py denote the Dirichlet heat kernel in U of the restriction of £ to U and write

Wy XU for the diffusion bridge measure on °* (U) associated with the restriction of

the operator ¢ £ to U. For any measurable set A C Q** (M), we have

ple.x, X)uf ™ (A) = py (e, x, )ul Y (ANQF(U)+ple, x, x) i  (A\QY (V).

(5.2)
Additionally, by counting paths and since v = (6~!), A on U, we obtain

(e, 0,0u% (9(A N Q" (U)) = pye.x. 0u Y (ANQW W), (5.3)
where (A N Q¥*(U)) denotes the subset {(6(w;))eci0,1]: @ € AN QY (U)} of
QYO(R?). Let B be a bounded measurable subset of the set 7% (M) of continuous

paths v = (v;)sef0,1] in Ty M with vp = 0 and v; = 0. For ¢ > 0 sufficiently small,
we have 0'8_1(3) C Q%*(U) and so (5.2) and (5.3) imply that

ple, x, x)pus™ (O’E_I(B)) p(e, 0, O)y,0 O.R? (9 (03_1(3)» .
Since uX* (o, 1(B)) = iX*(B) and

2O (0 (07 (B))) = n0O (57 Won(BY)) = 2O (@0 (BY),
we established that
p(e, x, DAS*(B) = (e, 0,0) iR (0, (B)). (5.4)

Moreover, it holds true that MS’O’Rd @Q¥*(U)) — 1 as e — 0. Therefore, taking
A = Q%*(M) in (5.3) and using (5.1) gives

pu(e, x,x) =e 22G0)(1 + o(1)) as & — 0.

By [2, Theorem 6.1], we know that

d(x, M\ U, x)?
limsupelog p(e, x, M\ U, x) < _%
e—0

)
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where p(e,x, M\U, x) = p(e,x,x) — py(e,x,x) and d(x, M \ U, x) is the sub-
Riemannian distance from x to x through M \ U. Since d(x, M \ U, x) is strictly
positive, it follows that

ple, x,x) = pule, x,x) + ple, x, M\ U, x) = e~ 225(0)(1 + o(1)) as & — O.

Hence, due to (5.4), we have 5 (B) = i%OE (d6, (B))(1 + o(1)) for any bounded
measurable set B C TQY*(M). From the weak convergence of [LQ’OR" to ﬁO’O'Rd on
TQOO(RY) as ¢ — 0 and since 7%%R’ (d6, (B)) = @**(B), we conclude that the
diffusion loop measures ji}** converge weakly to the loop measure ;i** on T7Q0%0(M)

ase — 0. O
We close with an example and a remark.

Example 5.1 Consider the same setup as in Example 2.7, i.e. M = R? with x = 0
fixed and the vector fields X, X, on R? defined by

X1 = i —i—xli and X —)cli
P~ ox x2 2T 9l
in Cartesian coordinates (x!, x2). We recall that these coordinates are not adapted to
the filtration induced by (X, X») at 0 and we start off by illustrating why this chart is
not suitable for our analysis. The unique strong solution (x} );c[0,1] = (x; ! L xp ’2)16[0, 1
of the Stratonovich stochastic differential equation in R?

axp = e B! + Jex{ 0B}

8x,6’2 = \/Exf’l 8Bl1

subject to x5 = 0 is given by

t t s
xf:(ﬁ / eVEBB) yp1 / ( / eﬁws—Bf)aB;) aBg).

Even though the step of the filtration induced by (X1, X») at 0 is N = 3, rescal-
ing the stochastic process (x;);c[0,1] by £73/2 in any direction leads to a blow-up
in the limit ¢ — 0. Instead, the highest-order rescaled process we can consider is
eV fo ’1, s’le ’2),6[0,1] whose limiting process, as ¢ — 0, is characterised by

1 2
lim (8_1/2xf’1,8_1xf’2) — <Btl, = (B}) > .
e—0 2

Thus, these rescaled processes localise around a parabola in R2. As the Malliavin
covariance matrix of (B, %(Bll )2) is degenerate, the Fourier transform argument from
Sect. 4 cannot be used. Rather, we first need to apply an additional rescaling along
the parabola to recover a non-degenerate limiting process. This is the reason why we
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choose to work in an adapted chart because it allows us to express the overall rescaling
needed as an anisotropic dilation.

Let 6: R? — R? be the same global adapted chart as used in Example 2.7 and let
8¢: R? — R? be the associated anisotropic dilation. We showed that the nilpotent
approximations X 1, X » of the vector fields X, X, are

2.9

~ 0 ~ |
X1=8— and X2=—<y) 8—))2,

yl

with respect to Cartesian coordinates (y!, y?) on the second copy of R?. From the
convergence result (3.1), it follows that, for all ¢ € [0, 1],

1 2
57 (0(x0)) — (B,‘,—/O (B;) 833) as & — 0.

Since dfy: R?> — R? is the identity, Theorem 1.1 says that the suitably rescaled
fluctuations of the diffusion loop at 0 associated to the stochastic process with gen-
erator L = %(X % + X%) converge weakly to the loop obtained by conditioning

(B}, — fé (B2 3B2),c[0.1 to return to 0 at time 1.

Remark 5.2 'We show that Theorems 1.1 and 1.2 allow us to make deductions about the
/e-rescaled fluctuations of diffusion loops. For the rescaling map 7, : Q%% — 7Q%0
given by

T (@) = @00 (e7 00,

we are interested in the behaviour of the measures 17* o 7! in the limit ¢ — 0. Let
e1, ..., eq be the standard basis in R? and define ¢ : TQ%% — 7Q%0 by

dy

Y) =Y (dox(v)), &) (d0) e

i=1

The map  takes a path in 7Q% and projects it onto the component living in the
subspace Ci(x) of Ty M. Since the maps 7, and o, are related by

re(@); = (@607 (27125, (d0s (0:(@)) )

and because 8_1/255()1) tends to (yl, R ydl ,0,...,0) as e — 0, it follows that the
J/e-rescaled diffusion loop measures pf* o 7, ! converge weakly to i** o ! on
TQ%% as ¢ — 0. Provided £ is non-elliptic at x, the latter is a degenerate measure
which is supported on the set of paths (v;);¢[0,1] in 7999 which satisfy v, € Cy(x),
forall¢ € [0, 1]. Hence, the rescaled diffusion process (8’]/ 29(xf ))teo,1] conditioned
by G(x‘f ) = 0 localises around the subspace (0,C1)(0).

Finally, by considering the limiting diffusion loop from Example 5.1, we demon-

strate that the degenerate limiting measure i** o 1! need not be Gaussian. Going
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back to Example 5.1, we first observe that the map i is simply projection onto the

first component, ie.
( ) - !
1!/ V)¢ 0 0 Ut.

Thus, to show that the measure " o W’l is not Gaussian, we have to analyse the
process (le ,— fé(B; )2 8BS2),E[0,1] conditioned to return to 0 at time 1 and show that
its first component is not Gaussian. Using the tower property, we first condition on
Bl1 = 0 to see that this component is equal in law to the process (B,l — tBll)te[O,l]

conditioned by fol (B! — sB)?3B2 = 0, where the latter is in fact equivalent to
conditioning on [, (B! —sB})> dB2 = 0. Let 11 3 denote the Brownian bridge measure
on Q(R)?0 = {w € C([0, 1], R): wo = w; = 0} and let v be the law of — fo‘ (B! —
sB])? dB? on R. Furthermore, denote the joint law of

1 2
(B;—;B}) and —/ (Bj—sB}) dB>
1€[0.1] 0

on Q(R)*0 xR by . Since — fol a)sz dBSZ, for w € Q(R)Y fixed, is a normal random

. . . 1 .
variable with mean zero and variance fo a)§1 ds, we obtain that

1 2 !
(dw,dy) = ——e 2’@ pp(dw)dy with o(w) = (f ot ds
M y Ao @) M y ) ©8

(5.5)
On the other hand, we can disintegrate p as

p(do, dy) = py(do)v(dy),

where Y is the law of (B} — ¢B/),c[0,1] conditioned by — fol (B! —sBH*dB? =y,
i.e. we are interested in the measure p,%. From (5.5), it follows that

1 —1/2
1 (dow) oo™ (@)up(dw) = ( / 2N ds) 115 (dw).
0

This shows that ,u% is not Gaussian, which implies that the \/e-rescaled fluctuations
indeed admit a non-Gaussian limiting diffusion loop. O
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