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AbstractWe study the convergence in rough path topology of a certain class of discrete pro-
cesses, the hidden Markov walks, to a Brownian motion with an area anomaly. This area anomaly,
which is a new object, keeps track of the time-correlation of the discrete models and brings into
light the question of embeddings of discrete processes into continuous time. We also identify
an underlying combinatorial structure in the hidden Markov walks, which turns out to be a
generalization of the occupation time from the classical ergodic theorem in the spirit of rough
paths.
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1. Introduction

1.1. The context

Rough paths theory was introduced by T. Lyons in 1998 (see, for example, [18, 17]) in
order to provide a deterministic setting to stochastic differential equations (SDEs) of the
type

dye = f(yt)[da:]

where (y;); is a path in a finite-dimensional vector space V', (z): is a path in another

finite-dimensional vector space V' with Holder regularity o < 1 (which is often the case

for stochastic processes) and f : V' — Hom(V,V’) is a smooth map. Whenever the

classical Young integration [19] fails (which is the case for a < 1/2), paths may be lifted

(in a non-unique way) to a larger more abstract space, the rough path space, for which

existence, uniqueness and continuity of the solution map hold and become easier to prove.
The rough path space of level £ > 1 corresponds to paths with values in

THWV) =V eV e.. Ve

and a finite-variation path = : [0,7] — V is lifted to a path S(vy) : [0,T] — Tl(k)(V),
called the step-k signature of the path, through the formulae:

S()(t) = (Si(2)(D), .. ., Sk(2)(t))

S0 = | Qs © sy @ ... 0 das,
0<s1<...<8;<t

The coefficients of the signature satisfy a set of algebraic relations (shuffle product and
concatenation product) and of analytic bounds (depending on the Hélder regularity 1/2 <
a of x), which will be detailed below. For a regularity o < 1/2, some of the integrals
above are not well-defined any more but the algebraic relations and the analytic bounds
are kept as a new definition of the signature, and therefore also defines formally the
iterated integrals.

Some examples of rough paths. The space of rough paths of level 2, for example,
contains the enhanced Brownian motion [9, 4]

t — (B, (1/2)By @ By + AXYWY) (1)

where (By); is a V-valued Brownian motion and Ar®"Y its Lévy area (with values in
V A V). The Brownian motion has regularity 1/2~ and its Lévy area is defined through
the usual stochastic calculus by

. 1
A%GVY _ _ / (stl 039 stg — dBSz & dBSl)
2 0<s1<sa<t

where the stochastic integration may be either in the Itd or Stratonovich sense.
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The space of rough paths also contains less trivial objects such as two-dimensional
area bubbles [14], defined as the limit signature of the sequence of paths

xn(t) = % (cos(nt), sin(nt))

which turns around (0, 0) faster as n increases. The signature is given by ((0,0), (¢/2)e1 A
e2) (where (e1,e2) is the canonical basis of R?): the first level is constant at (0,0),
which corresponds to a constant path at (0,0), whereas the second level corresponds
to an accumulation of area at constant speed. This shows that the rough path space
contain more information than the usual path space about the microscopic structure of
approximations.

A quick look at the rough path space also shows that a combination of the two previous
examples, i.e. the signature

S(B)(1) = (Bt, (1/2)B; ® By + AX" + tF) , 2)

where (By) is a two-dimensional Brownian motion and I' is a fixed element of V AV, is
a valid rough path. From the point of view of stochastic integration however, this object
is new since the construction of the Lévy area does not depend on the choice of It
or Stratonovich integration and thus the I' term is not an artefact of the choice of the
stochastic integral. Thus, one may wonder whether this type of objects is relevant for
applications and continuous time limits of discrete models.

Continuous time limit of discrete models in the rough path space: existing
results. A first result is the generalization of Donsker theorem for i.i.d. random vari-
ables by Breuillard et al. [4], which, without surprise, gives the convergence in rough path
topology to the enhanced Brownian motion (1) under suitable finite moment hypotheses.

A first result of convergence to (2) with non-zero I' was obtained in [16]. It relies
mostly on a geometric construction of periodic graphs and a non-reversible random walk
dynamics on the graph. The idea is the following: at the scale of the period of the graph,
the dynamics looks like the one of a random walk but, at the smallest scale of the periodic
pattern, windings may occur and contribute to the area anomaly T.

The generalization to hidden Markov walks. The present paper presents a much
more general construction of discrete time models converging to (2) in the rough path
topology. In particular, the construction does not rely anymore on geometric properties,
is purely probabilistic and the emergence of a non-zero I relies only on probabilistic short
time correlations of the discrete time model.

Many discrete models may enter the present settings and exhibit a non-zero area
anomaly in the limit. It was indeed a surprise to us that no such result have been previ-
ously considered in the literature, despite the vast literature about stochastic integration,
continuous-time limits and rough paths.

The motivation for considering hidden Markov walks as defined below is multiple.
When considering limits such as (2), it is very tempting to consider ad hoc models
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obtained by a discretization of the limit but it does not shed any new light on the
model and one of our purposes was to avoid such an approach. The central limit theorem
and its process extension, Donsker theorem, show that obtaining anomalous behaviour
around a normal law/Brownian motion from Markov models requires a fine tuning of
the correlations at the discrete level. This is precisely what the present paper describes
through hidden Markov walk.

Moreover, hidden Markov walks are simple objects from the point of view of numerical
simulations and thus the present construction may lead to interesting discrete approxi-
mations, as for example in [7, 15].

Finally, the proofs of the results presented below introduce new objects in the study of
discrete time Markov chains: iterated occupation times, which are a discrete analogue of
iterated integrals and signature of the rough path theory. These iterated occupation times
satisfy algebraic relations, such as quasi-shuffle and concatenation, and are of independent
interest in the general theory of Markov chains.

1.2. Formulation of the results

1.2.1. Hidden Markov walks and the first theorem.

We first define the discrete time model we will consider throughout the paper and we
choose to call it hidden Markov walk, which is a particular case of hidden Markov chain
as introduced in [2].

Definition 1.1 (hidden Markov walk). Let E be a countable set and V a finite dimen-
sional real vector space. A hidden Markov walk is a process (R, X, )nen on E XV such
that:

1. the process (Ry)nen is a Markov chain on E;

2. conditionally on the process (R,,), the increments F,, = X,,11 — X, are independent
and have marginal laws such that, for any Borel set A of V., any n € N and any
r € F, it holds:

P(F, € ARy = 1) = P(Fy € ARy = 7). ()

The process (Ry, Fy,)nen corresponds to the usual definition of a hidden Markov chain.
The additional vector space structure of V allows one to consider the (F},) as increments
and to add them to obtain the process (X,).

A classical way of embedding the discrete process (X, )nen in continuous time is the
so-called Donsker embedding.

Definition 1.2 (Donsker embedding). Let N € N and V' be a vector space. Let (z,)o<n<nN
be a V-valued sequence. The Donsker embedding tn () is the path cy(x) : [0,1] = V such
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that, for any 0 < k < N and any s € [0, 1],

k k+1
i () ((1 —s)y ST) = (1= 8)ap + szpi1,

which interpolates linearly between the (x,,) and accelerate time by a factor N.

We also define, for any real number s > 0, the dilation operators:

5o T (V) = T{"(V)
u1®...®ul»—>sl(u1®...®ul)

where the (u;)1<i<; are vectors of V and [ an integer smaller than n.

We may now state our first theorem of convergence to an anomalous enhanced Brown-
ian motion. The precise definition of the topological rough paths space C%([0, 1], G*(V))
is given in section 2.1.

Theorem 1.1. Let (R, X, )nen be a hidden Markov walk on E x V' such that, for a
fixed rg € E,
(i) Xo =0 a.s. and Ry = rg a.s.
(ii) the Markov chain (Ry) is @rreducible and positive recurrent, with invariant proba-
bility v, and the first return time

T1 = 1nf{n 2 1; Rn = RQ} (5)

has finite moments of all orders.
(iii) the increments F,, = X,,11 — X, satisfy, for all p € N,

sup B[||Fy[["[Ry = r] < o0 (6)
rck
(iv) the walk (X,,) is centred, i.e. satisfies

> u(rE[Fi|Ry = 1] =0y (7)
rek

Then, for any 1/3 < a < 1/2, the sequence of G*(V)-valued continuous time processes
(On-172 0 S 0un(X)(t))ieo,1] (where S is the signature of the path) converges in law in
the rough path topology of C%*-H%([0,1],G?*(V)) to the enhanced Brownian motion (as
defined in (2)) with covariance matriz C and anomalous area drift T'. Moreover, the limit
law does not depend on the choice of the initial law of Ry.

Ezplicit formulae for C and T are presented in (29), (30), (45a) and (45Db).

The enhanced Brownian motion obtained in the limit is not the standard one, with

identity covariance matrix and zero area drift, but has a covariance E [B,@B,Ej )} = Cj;t
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and an area E [Agij )} = T';; (the standard Lévy area is centred). As detailed during

the proof of the theorem and in section 2.3.2, the main ingredient for the existence of a
non-zero I';; is the fact that the area covered during one excursion of the Markov chain
(R,) may be not centered and we have:

E,, [A#] = T4E,, [T (®)

where 77 is the length of the excursion ans Agf ) is the area covered by the discrete walk
X,, between 0 and T7.

The first hypothesis is not restrictive at all since there is global translation invariance.
The irreducibility of (R,,) is not restrictive since one may always restrict £ to one of
its irreducible component. The hypotheses of positive recurrence and of finite moments
of T1 are important for the proofs but are trivially satisfied whenever F is finite. The
hypothesis on the moments of the increments is already required in [4] to obtain rough
path convergence of random walks. The assumption on centring is not restrictive: the
centring is important to describe TCL-like fluctuations around the law-of-large-number
asymptotics of X,.

1.2.2. Iterated occupation times.

Definition and basic algebraic properties. The proof of theorem (1.1) uses exten-
sively conditional expectations with respect to the process o(R) and the hidden Markov
structure reduces iterated integrals with values in tensor products of the space V to
combinatorial quantities related to the single process (R, )nen. It appears that these
combinatorial quantities also have a nice algebraic structure and interesting asymptotics.

Definition 1.3 (iterated occupation time of a sequence). Let E be a set and let
(xn)o<n<n be a sequence of elements of E. For any k > 1 and any sequence u =
(u1,...,ux) € E*, the iterated occupation time of (x,,) at u is defined as:

Ly (z) = card{(i1, . ..,ix) € {0,..., N — 1}¥;

i1 <ig<...<ip and Ty = U1, Ty =Us,..., Ty = Uk}

(9)

and, if k =0, the empty sequence is noted € and by convention L.(z) = 1.

For k = 1, L, (x) counts the number of times the sequence x visits u, hence the name
of iterated occupation times for larger k. Another writing of (9) makes the relation with
iterated integrals clearer:

Lu(z) = > Loy —uy Loy —uy (10)
0<i1 <...<ip <N

The iterated sum structure endows the iterated occupation times with both a concate-
nation structure and a quasi-shuffle structure.
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Property 1.1 (concatenation structure). Let (xy)o<n<n be a finite sequence of ele-
ments of E of length N. Let u = (uy,...,u;) € E¥ for some k. Let M be an integer
smaller than N. Then it holds

k

Lo, .y, (I) = Z Lu1---up ((zn)OSn<M)Lup+1muk ((IH)MSrKN) (11)
p=0

where, by convention, L.(x) =1 for e the zero length sequence.

The quasi-shuffle property requires some additional combinatorial definitions. There
are various approaches to quasi-shuffles and the interested reader may refer to [11, 12]
for more results on this notion.

Definition 1.4 (quasi-shuffle product). Let E be a set and let A(E) be the algebraic
direct sum
A(E) = ®Br>0 Duckkr Ru

(for k =0, the empty sequence is written €) endowed with the shift operators a-u defined
fora€ E and u= (uy,...,ux) € E* by

a-u=(au,...,ug)

The quasi-shuffle product (11 is defined recursively on the canonical basis by:

ellle =€
(a-u)le=a-u
eb-v)=0b-v
(a-uw)(b-v)=a- (uli(b-v))+b-((a-u)lw)

and extended to A(E) by linearity.
To any finite sum a = Zp cpu, with elements u, € U EX | the definition of the iterated
occupation time L, (x) of a sequence is extended by:

Lu(@) = Y cpLu, () (12)

and is thus a linear application A(E) — R.

When the sequences u; and ug have no element in common, the set of quasi-shuffles
uiLuy is equal to the classical shuffle of the two sequences. We now express the fact that
the linear map Lo : A(E) — R is a morphism of algebra for the quasi-shuffle product.
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Proposition 1.1.  Let (zy,)o<n<n be a finite sequence of elements of E. For any k,l > 1

and any sequences u = (uy,...,ux) € E¥ and v = (v1,...,v) € E', it holds:
Lu(x)Ly(z) = L g, (2) (13)

where the r.h.s has to interpreted in A(FE) through the extension (12).

Checking the following identity for £k = [ = 1 is left as a warm-up exercise for the
complete proof in section 2.3.1

L(ul)(m) if Uy = v1

L(ul)(x)L(m)(x) = L(u1v1)(x) + L(Ulul)(x) + {0 else

The replacement of shuffles of iterated integrals by quasi-shuffles of iterated sums is

related to the fact that the Lebesgue measure puts zero mass on singlets nor on d — 1-
dimensional subspaces of R?.

From hidden Markov paths to iterated occupation times. As announced, the
definition 1.1 of hidden Markov walks fits nicely with the framework of iterated occupa-
tion times.

Property 1.2. Let (R,,X,) be a hidden Markov walk on E x V. Let N € N and
Xn :[0,1] = V be the piecewise linear path Xn = tn(X). Then, under suitable integra-
bility hypothesis for the existence of the conditional expectation, there exist deterministic
coefficients (fu)uece MV, (cu)uece MV @V and (byy)uver in V @V such that

E [/01 IXx(s)

E|:/ dXN(Sl)®dXN(82)
0<s1<s2<1

U(R)} = Z fuLU((Rn)0§n<N)

uekE
U(R)} = 3" cuLul(Radonen)
uekl

+ Z bu,uLuv((Rn)O§n<N)
(u,v)EE

and more generally such decompositions on iterated occupation time hold for higher iter-
ated integrals.

One checks that iterated integrals of level two are mapped to iterated occupation
times of both level one and level two: the absence of coherent grading is related to the
fact that iterated integrals satisfy a shuffle property whereas iterated sums satisfy only
a quasi-shuffle property.

Description of C' and I'. There are explicit expressions for the deterministic coeffi-
cients C' and I' of theorems 1.1 and 1.2 that are easy to derive but that we choose to
skip here. Section 2.3.2 is dedicated to such computations giving in particular explicit
expressions relating iterated occupation times with C' and T.
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Generalized ergodic theorem for iterated occupation times. Following the same
type of proof as in section 2.2 based on excursion theory of Markov chain, one can prove
the following asymptotic property.

Proposition 1.2. Let (R,)nen be a Markov chain on a countable space E such that it
is irreducible and positive recurrent, with invariant probability v. Then, for any sequence
(ul, .. .,uk) € By,

Lul...uk ((Rn)0§n<N) a.s.,L1 V(ul)V(UQ) . V(uk)

This result looks uninteresting at first sight and corresponds to the discrete equivalent
of the convergence of dy—10S01x(X) to a zero limit due to the centring of the increments
and the law of large number. A more interesting asymptotic result for iterated occupation
times consists in considering fluctuations around the a.s. limit (14). This is done partially
in section 2.3.3, even if it would be interesting to have a more general study of iterated
occupation times.

1.2.8. The general question of embeddings.

Theorem 1.1 already encompasses a wide variety of discrete models but we formulate
below a generalization of it by observing the two following facts.

First, the definition 1.1 of hidden Markov walk requires only that V is a semi-group
in order to build X,, = Fy - F; - ... F,,_1 out of its increments F,, and that it embeds
nicely in G?(V) in order to formulate the theorem.

Besides, the choice of Donsker embedding is particular since it is one of the simplest
embeddings one may consider on V' but one may choose more useful embeddings if the
discrete model already has its own geometrical embedding (see for example the round-
about model described in section 1.3).

We thus generalize the definition 1.1 to the case of general embeddings.

Definition 1.5. Let E be a countable set and V' a finite-dimensional vector space. A
hidden Markov path ((Ry,Fy)nen, (X¢)ier, ) with reqularity o is a process such that:

(i) the process (Rn)nen is a Markov chain on E;
(ii) the r.v. F,, have values in C**Ho([0,1], G2(V))
(iii) conditionally on the process (Ry), the increments F,, are independent and have
marginal laws such that, for any Borel set A, anyn € N and any r € E,

P(F, € Alo(R)) =P (F, € AlR,) (15)
P(F,€ AR, =r)=P(F, € AR, =) (16)
and moreover F,,(0) = Ogz2(v) a.s.;

(iv) the process (Xt) is obtained by concatenating the increments Fy,, i.e., for anyn € N,
for anyt € [n,n+1],

Xt:Fo(l)'...Fn_l(l)...'Fn(t—n) (17)
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where - is the product in Go(V).
Given this generalized definition, theorem 1.1 admits the following generalization.

Theorem 1.2. Let E be a countable set and V' a finite-dimensional vector space. Let
ro € E. Let (R, Fpn)nen, (X¢)ier,) be a hidden Markov path such that:

(i) Xo = 0g2(vy a.s. and Ry =10 a.s.
(ii) the Markov chain (R,) is irreducible and positive recurrent, with invariant proba-
bility v, and the first return time Ty = inf{n > 1; R,, = Ro} has finite moments for
all integer p:
E,, [T7] < o0 (18)
(iii) the increments F,, take values in ﬂ% COB-Hol([0,1], G2(V)) and satisfy, for

all p € N, the bound

<B<3i

sup sup E [dﬁ(Fl,OG2(V)>p|R1 = r] < 0 (19)
reE L<p<i

(iv) the walk (X) is centred, i.e. satisfies

Z V(T‘)E [7T1 (Fl(l))|R1 = T‘] = OV (20)

rek

where 71 (u) is the component in'V of u € G*(V) CV & (VV).

Then, for any 1/3 < a < 1/2, the sequence of processes (dn-1/2(Xnt))teo,1] converges
in law in the rough path topology of C%*H%([0,1],G?(V)) to the enhanced Brownian
motion (as defined in (2)) with covariance matriz C' and area anomaly T' € VAV given
in (29) and (30), for any 1/3 < a < 1/2. Moreover, the limit law does not depend on the
choice of r¢.

In particular, one verifies easily that theorem 1.1 is a consequence of theorem 1.2 by
choosing the linear interpolation:

F,(t) = exp(tF,) = (tF,,0) € Vo (VAV) =~ G*(V) (21)

(see section 2.1 for the exact definition of the Lie group G?(V)). More generally, hypothe-
sis (19) is satisfied as soon as the embeddings are smooth or Lipschitz and the increments
have finite moments.

As for theorem 1.1, the area anomaly I' obtained in (45b) is related to the area of
the walk (X,,) covered during one excursion of the process (R,). There may be now two
contributions: one of them is related to the fact that the F,, may contain an area drift
(this is the new part due to the nonlinear embeddings) and one of them is related to the
area produced by correlations during one excursion.
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1.3. Examples and heuristics

We present in this section various models to illustrate the previous theorems. The explicit
formulae for C' and T' are given below in equations (45a) and (45b).

A random walk in C with rotating increments. Let w = e2™/% be a root of unity
with L > 3. Let (Uk)ren be a sequence of i.i.d. real random variables with finite moments
of all order. Identifying canonically C with R?, the process (X, )nen defined by Xo = 0
and, for any n > 1

n—1
X, = whU
k=0

is a hidden Markov walk. Indeed, one may choose F = Z/LZ and the deterministic
dynamics R, =n mod L. The increment F,, = wfU,, depends only on R,, and of r.v.
independent of the process (R,). The first return time is constant 7y = L and thus
Eo [T?] = LP < co. Moreover one has the following computations.

L—-1
Eo [X1,] = <Z wk> E[X]=0
k=0

1 i ; Var(Xl)
Cij = 7Eo [X:(rl)Xi(Fjl)] =—a %
_cos(m/L) 2 (0 -1
I= 4sin(ﬂ'/L)E[Xl] (1 0 )

In the present case, the return time has an almost sure value and thus we may improve
the proof of theorem 1.2 in order to relax the finite moment hypothesis on the Uy.

Spending time turning around. A case described by theorem 1.2 but not by the-
orem 1.1 is given by the following construction. We fix £ = {1,0}. If R, = 1, then a
centred random vector U, is chosen and the path increment is the straight line:

F,(t) = (tUy,,0) (22)

If R,, = 0, then the path increment is a circle ¢(t) = r(cos(27t) —1, sin(27t)). The covered
area at time 1 is thus 772 and F,,(1) = (0, 7r?) where R? A R? is identified to R.
The process R,, is a Markov chain with transition matrix

1—a a
Q:( b l—b)

in the basis (1,0). Theorem 1.2 can be applied. An excursion corresponds to the sequence
of states 1 or 100...0 where the number of 0 is a geometric law (starting at 1) and one
obtains:
1 b
C - m]El [AX'T1 & XTI] = a,——}-bE [Ul ® Ul]
2
a+b

I'=mnr
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Figure 1. Diamond (left) and round-about (right) models on Z2-periodic patterns. At each vertex, there
is exactly two incoming and two out-coming edges, one plain and one dashed. The dashed out-coming
edge is chosen with probability p and the plain one with probability 1 —p. The space state E corresponds
to the types of arrow. The difference between the two cases corresponds to the curved dashed arrow: in
the roundabout model, the increment is the same but with an additional covered area.

If b goes to zero, one recovers the area bubbles mentioned in the introduction. If a goes
to 0, there are no circles and one recovers the classical random walk.

Diamond and round-about models: the question of correlations and embed-
dings. We introduce two other models that illustrate theorem 1.2 in figure 1. Both
models have the same space F = {1,2,...,8}. A value r € E corresponds to a unique
type of edges on a Z2-periodic graph. In both models, the edges have the same increments
in the plane R? but differ by their embeddings: in the diamond model, all the embeddings
are straight lines whereas, in the round-about model, part of the edges are circle arcs,
which cover a non-zero area.

At the end of an arrow, there is exactly two out-coming edges, one plain and one
dashed. The dashed out-coming edge is chosen with probability p and the plain one with
probability 1 — p.

If p > 1/2, the walk tends to be trapped in the diamonds/round-abouts and thus ac-
cumulates a covered area, which in the continuous limit, contributes to the area anomaly
I'. In the diamond model, all the contributions to I' are of these type. In the round-about
model, there is an additional contribution to I' corresponding to the area covered by the
circle arcs.
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2. Mathematical tools and proofs.

2.1. The rough path space and its topology

All our notations and definitions follow closely the ones introduced in [4] and [9] and
thus we sketch only the tools needed for the proofs. The space G2(V) is the subset

of T1(2)(V) =V & (V®V) of elements (v, M) such that there exists a smooth path
x:[0,1] — V whose signature S(z)(1) is equal to (v, M). It is easy to see that G*(V) is
a subgroup isomorphic to V@& V AV since the symmetric part of M has to be equal to
(1/2)v ® v and thus can be skipped from the description. The group law is defined as

(a,A)-(b,B)=(a+b,A+ B+ (1/2)(a®b—-b®a))
and the inverse is given by (a, A)~! = (—a, —A). We define the two canonical projections:

T GEHV) =V T GEV) = VAV
(a,A) = a (a, A) — A

The Carnot-Caratheodory norm ||u|| of an element u is the infimum of the lengths!
of smooth paths x such that S(z)(1) = u and it induces a distance on G%(V) through
d(u1,uz) = ||wa ~u2_1||, making G?(V) a geodesic space.

Given two smooth paths x1,z2 : [0,1] — V such that z1(0) = x2(0) = Oy, we
introduce, for any « € (1/3,1/2), the distance:

do(@1,22) = sup ||S2(21)(s,t) - Sa(w2)(s, 1) 7|

(23)
(s,£)€[0,1]2 |t —s]®

where Sa(z)(s,t) = Sa(x)(t)- S2(x)(s)~! is the G?(V)-valued increment of the signature.
The d,-closure of the set of signatures (S(z)) of smooth paths z at finite distance
from the signature of the constant zero path is the Polish space (for d)

Co ([0, 1], G*(V)) (24)

In practice, the study of convergence in law of processes in the topology of this rough
path space is made easier by two useful tools: equivalence of norms and Kolmogorov-
Centsov tightness criterion. First, there is equivalence of norms on G?(V) between the
Carnot-Caratheodory norm ||(a, A)|| defined through geodesics and the norm ||(a, A)||’
defined by:

d
@, DI =P @+ 30w (A (25)

1<i<j<d

where wii) (a) and wéij )(A) are the components of a and A in a given basis. Bounding
do (1, 22) thus only requires suitable bounds on every coefficient of the components of

the paths.

1V is assumed to be Euclidean.
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All the tightness criteria required by our theorem deal with 1/3 < a < 1/2 and
thus, following [4], tightness of a sequence of processes ((X™)(t))ej0,17)nv>1 in a fixed
COa-H81([0 1], G?(V)) requires only that there exists p > 1 such that a < (2p — 1)/(4p)
and there exists C such that for any s, € [0, 1], it holds:

4
sup E [HX(N)(t) .X<N>(s)*1H ,,] < Clt — 5| (26)
N>1

2.2. Proof of the convergence theorem and formulae for the
anomalous area drift

In this section, we fix a hidden Markov path (R, Fp)nen, (Xi)ier, ) in G2(V) satisfying
the hypothesis of theorem 1.2. The proof of theorem 1.2 relies on the following steps:

e we cut the trajectories of (R,,) into excursions;
e we then study the convergence of the accelerated geodesic interpolation ()A(t) of the
process (X;) between two successive return times of (R,,);
e we compare the finite-dimensional marginals of the two processes X and X in the
limit;
e we prove the tightness of the sequence of processes (X (v )) N-
Cutting into independent excursions. The proof of theorem 1.2 relies on the divi-
sion of the process ((Ry,Fyn)nen, (X¢)icr, ) into time windows [T}, Ti41) corresponding

to excursions of the Markov process (Ry,) (see [13] for a general theory of excursions of
Markov processes).

Proposition 2.1. Let (Tx)ken be the sequence of excursion times defined by:

T =0
0 ) (27)
Tyy1 =inf{n > Ty R, = Rr,}, keN

Then, for any ro € E, conditionally on {Ro = 1o}, the r.v. (Fi)ren, defined by

Fy=Fr,_,(1)-Fr_,11(1) ... Fr (1) (28)

is a sequence of independent and identically distributed G*(V)-valued random variables.

Proof. The recurrence of (R,) implies that all the T}, are finite a.s. and, from the general
theory of discrete Markov processes, the excursions of the process (R,,) are independent
and identically distributed. Each ﬁk is a product of r.v. indexed by times belonging to
the same excursion of the process (R,) and the hidden Markov structure implies the
result. O

Property 2.1 (moments of ﬁl) Under the hypotheses of theorem (1.2), the r.v. (F\k)keN
are independent and satisfy:
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(i) for all p € N and all 1o € E, By, [||F1][] < o0

(ii) the projection on V are centred and have a finite covariance

E,, [m (ﬁl)} — 0y E,, [ﬁ“ (ﬁl)wgﬂ‘)(ﬁl)} = CyE,, [Th] < 00 (29)

where C;; is symmetric and does not depend on the choice of ry.
(iii) the expectation of the second level is given by

Er, |7 (F1)] = DyEx, (T3] (30)
where I'y; is antisymmetric and does not depend on ry.

Proof. Let p € N be a fixed integer. The first point uses sub-additivity of the norm and
the bound (aj + ...+ a,)? <nP(a} + ...+ aP) for positive numbers:

~ ||P
B <z X Ea
0<k<Ty
~ ||P
E ||| @] <1 > EL IR OIPIo(R) < 720
0<k<Ty

using hypotheses (19) and (18).
The second point uses the classical representation property of invariant measure as

marginal of the excursion measure of additive functionals: for any v-integrable function
f+E — R, it holds

1
> 10wl = B | S0 SR (31)

rek 0<k<Ty

for any r9 € E. In the present case, we apply this formula to

Ery |mu(F)| =Ery | 30 Eny [mu(Fu()]R4]
0<k<Th

and use the centring hypothesis (20). C' and T" do not involve additive functionals (see be-
low section 2.3.2 for more information and explicit formulae), however the independence
with respect with 7y can be proved in the same way as the previous property. O

Convergence of the excursion-geodesic extracted process. Out of the indepen-
dent G2(V)-valued r.v. (Fy), we follow [4] and build the geodesic-interpolated processes

(Xt))teRJr defined by o ~ R
Xt:Fl.'Fl_tJ 'g(Fl_tJ-‘rl?{t}) (32)
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where g : G2(V) x [0,1] — G?(V) is defined such that g(u,-) is the geodesic in G?(V)
joining 0g2(yy and u. For any real number ¢, [t] and {t} are respectively its integer and
fractional parts.

The relation with the initial process X; is that, for any k € N,

X, = Xo, (33)

However, the sequence of processes (01,2 ()A(Nt)) is such that a corrected version of
the results of [4] can be applied and provide the following theorem and the following
lemma. By the word corrected, we mean that theorem 3 of [4] should either require also
the centering of the m2(&;) in order to have no drift area or, if not, include an area drift
I" in the enhanced Brownian motion at the limit. One may be convinced for example by
considering increments (&;,a) where &; is an random increment in V' and a is a constant

in VAV. Then Wgcnzl is given by 6,,-1/2 (efl Q... ef’“) ® (0, ka/n) since the last term is
central in G?(V') and converges a.s. to the limit process (0, ta) (using Slutsky’s lemma, one
has convergence to the anomalous enhanced Brownian motion). The proof of theorem 3
of [4] remains unchanged: the use of Stroock-Varadhan theorem is still valid but identifies
a non-zero additional drift term in V ® V. The tightness criterion remains the same up
to recentering of the area, which is costless. An alternative way of identifying this drift
term is present in [6] in a more general context and with a precise description of all the
terms.

Theorem 2.1 (from [4]). Let ((Rn,Fpn)nen, (Xi)ier,) be a hidden Markov path in
G?(V) satisfying the hypothesis of theorem 1.2 and let 1/3 < a < 1/2. Let B = 1/E,, [Ty].
The sequence of processes ((Op-1/2 ()?Nﬁt)te[o,l])NeN* converges in distribution in the
space CO2~Ho([0,1], G?(V)) to the enhanced Brownian motion with covariance matriz C
and area anomaly T' given in property 2.1. Moreover, the limit law does not depend on
Tro.

We emphasize that the dependence on ry in the construction of )/fk is due to the
construction of the excursions of the process (R,,) and of their length 77 : the independence
of C and T in property 2.1 requires a normalization by E, [T1], which is included in the
previous theorem as a slow-down of the time scale. This can be also seen in eq. (33),
using the a.s. asymptotic equivalent T}, ~ E [T1] k.

Useful bounds on products of increments 13”

Lemma 2.1 (from [4]). For all integer p > 1, there exists C), > 0 such that, for any
integers n < m, the following bound holds:

dl

Fo Fopr-oo Frua

HECTEE (34)
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This lemma inherited directly from [4] corresponds to equation (x) of [4] and its proof
relies on the centering of the r.v. 7\ (F,,) and a equivalence of ||-|| with a norm which is
a polynomial in the components of ﬁn

However, this lemma is not precise enough for our purposes because of the fluctuations
of the time scale between X ng; and the process Xy (more precisely Ty /k — E [T7] only
asymptotically) and we need the following improved mazimal version of the previous
lemma.

Lemma 2.2. For all integer p > 1, there exist C, > 0 such that, for any integers
n < m, the following bounds hold:

~ _114p
E|: sup n+1'...'FkH :| SCZ/)(m_n)QZD (35)
n<k<m-—1
~ o~ 1 1dp
E|: sup HFka-i-l.FlH :| §24PC;;(’ITL—TL)2P (36)
n<k<l<m-—1

Proof. We start with the proof of (35). Using the distance (25), it is enough to prove
the existence of constants A; and B;; such that:

P ~ (4
E[ sup ’ﬁ”(Fn-FnH-...-Fk) p} < Ai(m —n)? (37a)
n<k<m-—1
~ ~ |2P
[ sup ’ (Fp-Frg1-... Fk)’ } < Bij(m —n)* (37b)
n<k<m-—1

for any 1 < i,j < d. By definition of G?(V), we have:

k
7T§l>(Fn~Fn+1-...-Fk) :ZWY)(E

k
1y (Fy - Fogr - Fy) = > my?) ()
+ > (@) () -7 (R (F))
n<ly<la<k

The r.v. ng) (ﬁ}) are i.i.d. centred random variable and thus the sequence (M, él))k>n of
r.v. My (1) — Zz n 7Tll) (Fl) is a martingale and Doob’s maximal inequality gives the first
(

bound (37a) since E [(Mm) )4”} < Al(m —n)?P.
We introduce now a(¥) = E [wéij) (1/7\1)} and observe that, if M (”) (Fp-...-Fy)—
(k—n)al®), (M,gz))@n is also a martingale since both (Zl:n(wém (F) — a(”))) - and

> (R (B - 7P (Bl (R)

n<ly <ly<k k>n
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are martingales. Moreover it holds:
ngj)(ﬁ . ﬁk)‘% < 92 (|a(ij)|2p(k —n) 4 M,fp) < Ci(m—n)? + M,fp
Using again Doob’s maximal inequality, we are left to prove
E[(M)1)%] < Co(m — ) (38)

which can be done by direct computation. Hence we obtain eq. (37b).
The proof of (36) is obtained by the norm subadditivity through the following inequal-
ityforn<k<l<m

~ ~ 4P ~ ~ 1 a ~ ||4p
Hﬁuuﬂ :Wa_wﬁA)«a_uﬂﬂ
~ ~ 4p ~ | 14p
§2@<HE,”.411’ +||Pu B )
Using then (35) gives directly (36). O

Useful bounds on the renewal process (Tj)ren. The sequence of excursion times
(Tk)ken is a renewal process on N (see [1] for a good introduction). We introduce, for
any x € R, the integer-valued random variable K (z) defined by

K(z) =max{n e N;T,, <z}

This is the unique integer K (z) such that Tk (;) < 2 < Tk (5)+1. The proofs below require
deviation estimates of K(x) — fa with § = 1/E[T1] as well as moment estimates on
increments T'x (5)4+1 — Tk (). We emphasize on the inspection paradoz: although T}, 11 —T),
has the same law as T1, Tk (4)+1 — Tk («) s stochastically larger than T;. However, in our
case, the following property still holds:

Proposition 2.2. Let (T)) be a renewal process such that the (Tp+1 —Th)nen are i.i.d.
and there exists P € N such that, for all p < P, E[T¥] < co. Then, for allp < P —1,
there exists C, > 0 such that, for all x € Ry,

E [(Ti (@)1~ Tr(@)"] < Cp < o0

Proof. 1t is sufficient to prove the result for = integer since K (|x|) = K (z). We introduce
the delay D; = T; — T;_1 for j > 1 and we now decompose the event {Dg(z)+1 = n}
along the values of K (z):

{Dk(wy1 =n} = [J{K(z) = jand D11 = n}
JEN
= |_|{Tj <z <Tj+nand Dji; =n}
jEN

|_| |_| {TJ = k and Dj+1 = n}

z—n<k<z jEN
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‘We now obtain

P(Dg@s1=n)= Y. > P(I;=kand Dj;1 =n)

rz—n<k<z jEN

For fixed j, the r.v. T; and D, are independent by construction and D;,; has the same
law as T;. We thus obtain

P(Dg@1=n)=P(Ti=n) > > P(T;=k)
rz—n<k<z jeN
<P(Ty =n) Z 1<nP(Ty =n)

r—n<k<lz

The expected uniform finite bounds on the moments of Tk ;)41 — Tk (z) is then an easy
consequence. [l

We will also need the following deviation estimation on the r.v. K(z) for the proof of
lemma 2.3.

Proposition 2.3. Let (Ty) be a renewal process such that the (Ty4+1 — Tn)nen are i.4.d.
and, there exists p € N, E[T}] < oco. Let f = 1/E[T1]. Then, for all real a > 1 and
x > 0, it holds:

/
P(K(x) - Bz > a) < cp% o
(Bx—a l)p/2
P(K(z) — Bz < —a) < {CPW for a < Bx o0
0 for a> px

Proof. We first relate the event {|K(z) — fz| > a} to events related to the (7)) using
the equality {K(z) > n} ={T, < z}:
P(K(z) - Bz > a) = P(K(2) > | Sz +a]) <P (Tipara) <)
<P (Tipesa) — E[T] |2 +a) < —(a— DE[TY))
As a sum of independent centered r.v. with finite moments, it holds E [|T,, — nE [T1]|P] <

A,nP/?. Using now Markov inequality produces (39a). The second inequality is obtained
in the same way by considering complementary events:

P(K(z) — Bz < —a) <P (K(z) < |fo —a]) =P (T|gr—q)+1 > )
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Comparison of the finite-dimensional marginals of the two processes.

Lemma 2.3. Let 8 =1/E[T1] € (0,400). Let t € [0,1]. For any € > 0, it holds:

N —o00

P (H‘SN*“ (Xnpe) ™t Oy rs2(Xnve) ’ > e) Nzeo (40)

Using the same argument repeatedly, the same convergence in probability to 0 can
be extended to a family (¢1,...,%,) and thus, by Slutsky’s lemma, it shows that both
processes have the same finite-dimensional marginal laws.

Proof. The idea behind the lemma comes from eq. (33): the stopping times T} are
asymptotically equivalent to kE [T7]. The differences between the two processes have two
origins: first, the difference between Ty and kKE [T1] and second, the difference between
the geodesic interpolation and the stochastic path X.

The two r.v. Xng and X are given by:

Xnpe=Fi-... 'ﬁLNBtJ 'g(ﬁLNt,BJ-'rla {Nt3})
Xne="Fr-... - Fgne)) - Frepy (1) oo Five—1(1) - Fve ({N})

where K (u) is the unique integer such that
Tru) < u<Trw)s1-
We then obtain the bound:

-1
HXN/% Xt

q ~ q
< 3q(Hg(FLN,8tj+lv{Ntﬂ})H
~ ~ q
+ HFmin(K(Nt),LNtﬁj)Jrl SR Fmax(K(Nt),[NtﬁJ)H

[P reiney (1) Frve 1 (1) - Fivg (V)|

q
, which has a finite expectation from

The first norm is trivially bounded by Hﬁt NBt|+1
property 2.1. The third norm is also easy to bound in expectation:

E[||F 1w 1) o Finveg—1(1) - F v (N[0 (R)]
LVt)

< (INt] = Tx(np)? Z E [do(Fr, 0c2(v)) ‘R’f]
k=Tr(Nt)

< A(INt] = Tiene) "™ < AT (w1 — Treve) ™"

and thus the expectation of the ¢-th power of the norm is finite from proposition 2.2 and
hypothesis 18.
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In order to bound from above the expectation of the second norm, we introduce the
sequence uy = |N7] for some real 7 > 0 chosen below. We then obtain, using ¢ = 4p
and lemma 2.2:

—~ —~ 4p
B [HFmin(K(Nt),LNtﬁJ)l Tl Fmax(K(Nt),LNtm) 1|K(Nt)7LNtﬁJ\§uN
—~ ~ |14p 9
<E sup HFkFlH < Kyuy
[NBt|—un <k<IS|NBt]+un

The event |K(Nt) — [NSt]| > uy has a small probability for large N. Moreover the
previous norm contains at most |Nt| terms since K (Nt) < |[Nt| and g > 1. We use
lemma 2.2 and Cauchy-Schwarz inequality to obtain

4

~

~ 7Y
J(uy) =E U ’Fmin(K(Nt),LNtBj) oo Fnax(r(ve), (Nt8) —1|| LK (Nt)— | Nt8)|>un

~ ~ |14p
<E [ sup HFk SR FlH 1|K(Nt)[NtﬁJ>uN‘|
1<k<I<|Nt|

<K;N?P(|K(Nt) — |[NtB]| > uy)*/?
Proposition 2.3 for p = 2 immediately gives the following bound for N large enough:
N2p+1/2
Jun) < Ky—
un

Collecting all the results with the dilation dy—1/2 gives for 4p+3 <r

BN _ 4p Ay Ku?P N1/2
E [H5Nl/2(XN'Bt) 1, 6N*1/2(XN‘5)H :| < N2 + NQZJJV .

Any choice 1/2 < v < 1 implies that the expectation tends to zero, hence the convergence
in probability. (|

Tightness of the initial process.

Lemma 2.4 (tightness). Under the hypotheses of theorem 1.2, the tightness criterion
(26) holds for the sequence of processes (6 n-1/2(XNt))iefo,1]-

Proof. The proof is similar to the one of the previous lemma. We fix s < ¢. If |[Ns| =
|Nt| = j, then

_ 4
[ Xns(s) ™ Xne ()] = |[F5 (Nt = Ns) || < dg(Fj, 062(v)) " (Nt — Ns)*#”
for any 1/3 < 8 < 1/2. Hypothesis (19) gives

E[[|Xns(s) ™" Xaa0)| ] < C(VE = Ns)P?



22 0. Lopusanschi and D. Simon

for any 3 < 1/2, hence the bound N?P(t — s)P by taking 3 — 1/2.
If |[Ns|] < [ Nt], we introduce the event

E = {Tkns+1 < Tt}

which corresponds to at least one complete excursion separating Ns and Nt. On E€, we
use the decomposition

Xyt Xne = (Fins ) ({NsH ™ F v (1) - Frve 41 (1) oo F v =1 (1) - Fve ({Nt})

and, on F/, we factorize the excursions using the Fj:

Xyy Xt =F | ng)({Ns}) ™ F iy (1) (41a)
Finsj41(1) oo Frg 1 -1(1) (41b)

: (fstm . -fmm))) (41c)

Fre vy (D)oo Fiyg-1(1) (41d)

“F ) ({Nt}) (41e)

First case: on E. We will use repeatedly the following ordering valid on E:
Tr(ns) S Ns < [Ns] +1 < Trnsy41 < Ty < [Nt] < Nt < Tr(niy41
We call I, I, I, Iy and I5 the respective norms of the terms (41a), (41b),(41c), (41d)
and (41e). We then have

P
”5N71/2(XN5)71 . 5N71/2(XNt)H4p < W ZI:p
k=1

Bounding I;” and I5? from above uses the distance (23)

101" < da(F | wvs), Oz (vy) P (1 — {Ns})*P?
|Z5|" < da(F i), 0ga(v)) P ({ N E}) PP

Taking o(R)-conditional expectation with the bound (19) gives a bound valid for all
B <1/2:

[||Il||4p}0 } c(1- {Ns})‘lpﬂ < C(Nt NS)4PB
[ |15||4p‘0 } C({Nt})*? < C(Nt — Ns)*P

and thus for 3 1 1/2 we obtain the expected bound N?P(t — s)?? for E [||Il||4p 1E} and

E [||15||4P 1E]
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The bounds on I> and I are similar and we write down only the one for I using
again hypothesis (19):

4
Tr(Ns)+1—1 P

|L]|* < > ds(Fr, 021
k=|Ns|+1

Tr(Ns)+1—1

4
< (Txvoysr — [INs|=1)" Y ds(Fr,0c2(1))*

k=|Ns|+1

4p+1
< C (Trnsyt1 — [Ns] —1)7

2p+1
< C (Trvsyt1 — Trns)) (Nt — Ns)?P

where the last inequality is true on E only. The excursion times have finite moments
from proposition 2.2 and hypothesis 18 and thus:

E [||12||4P 1E] <O/t —5)P (42)

The bound on I3 can be obtained using lemma 2.2. Since the number K (Nt) — K(Ns)
between Ns and Nt is necessarily smaller than N (¢ — s), we have the bound

E [I3(Ns,Nt)*1g] <E

sup
1<k<N(t—s)

—~ —~ 4p
‘FK(NS)JrQ e 'FK(Ns)+1+kH 1

We call Z(Tx(ns)+1) the positive r.v. in the r.h.s. since it is is a product of r.v. F;(1)
with j > T (ns)+1- The filtration (F,) is defined as F,, = o((Ry, Fx); k < n). We now
have:

E [Z(Tk(ns)+1)] ZE Tpi1)1k(Ns)= ZE Z(Tps )| Frys | Lk (Ns)=p)
pEN peN

since the event { K(N's) = p} = {T,, < Ns < T 41} is Fr,, ,-measurable. Using the strong
Markov property for the hidden Markov chain (R,,F,) and the fact that Ry, = 70,
we obtain

E [Z(TK Ns) +1 ZE ]-K (Ns)= ] = E[Z(O)]
peN

We got rid of the dependency on K (Ns) and lemma 2.2 gives the final inequality
E [I3(Ns, Nt)*1g] < BN?(t — 5)*"
Second case: on E°. On E¢ we have the following ordering;:

Tr(ns)y < [Ns] < Ns < [Ns] +1< [Nt] <Nt <Tg(ns)+2 (43)
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The difference is that the term I3 is absent and I and I, may be combined such that,
on F¢:

_ 4
X35 - Xovel [ < 3% (RI™ + 1 Eaall” + 115511

where Ioy = F|ngj41(1) - ... - F|n¢j—1(1). The upper bounds on I; and I5 are the same
as in the previous case. For Io4, we have on E°
[Nt -1
14| 1ge < (INt] = [Ns] = 1) Y~ ds(Fy, 0g2v) ™
k=|Ns]+1

and thus now using (19) and the ordering (43) on E*

4
E |2l

U(R)] 1pe < O(|Nt| — [Ns| — 1)*+11 5.
< C(Nt— Ns)*(Tx(nsy+2 — Tre(ns)) P 1pe

Hypothesis (18) then gives the desired bound CE {T;Hl} on E [||IQ4||4P 1Ec:|.

Collecting all the previous bounds gives the expected tightness criterion since all the
bounds are of the form AN?P(t — s)?P. O

Remarks on the hypotheses (18) and (19). Some of the hypotheses of theorem 1.2
could be slightly relaxed by improving the previous proof or by considering only a fixed
given o < 1/2. In the case where only one value o < 1/2 is targeted, one could use the
same approach as [4] and require only a finite set of finite moments. However, in practice,
one is often interested to the case & — 1/2. In this case, the finite moments hypothesis on
T cannot be relaxed since the variable B , are required to have moments of all orders in
order to apply the results of [4]. Only efforts may be made on the requirement (19) using
for example correlations between the length T} of an excursion and the corresponding
increment Fj. The bound (19) is not restrictive in practice since it encompasses already
the case where the embeddings F}, are smooth or Lipschitz.

2.3. Iterated occupation times, the quasi-shuffle property and
asymptotics

2.8.1. Proof of the quasi-shuffle property (1.1)

Proof. We first prove the following recursive decomposition. If © = u; - v’ with v’ =

(ug, ..., u) is the concatenation of the length one sequence u; and the sequence u', then
Loy (17) = § ]‘zil:ul § 111'2:“2 cee lxik:uk
0<4y 11 <t2<...<ip, <N

= Z 111'1 =u1 Lu’((xn)i1+1§n<N)
0<ii<N
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For two sequences © = uju’ and v = v1v" of length larger than 1, the previous equation
gives:

Loy w (2) Loy o () = Z lzilzullmh:vlLu’((xn)i1+1§n<N)Lv'((xn)j1+1§n<N)

0<41<j1

+ Z lzilzul ]-zjlz'ulLu’((In)i1+1§n<N)L'U/((In)j1+1§n<N)
0<51 <11

+ Z 1o—u Luy=j Lu ((2n)it1<n<N) Lo ((Zn)it1<n<N)
0<i

= Z ]‘CE'Ll:UlL'U/ (($n>i1+1§n<N)L'u1'u/ ((In)i1+1§n<N)

0<is

+ Z 1wj1 = Luw’((xn)j1+1§n<N)Lv’((xn)j1+1Sn<N)
0<j1

+ ]-ul:'ul Z ]-aci:ul Lu’ ((In)i+1§n<N)L'u/((xn)i+1§n<N)

0<i

u1-u/ﬁv1-v/ (:E)

from the definition of the quasi-shuffle product. The expected result is then obtained
from the previous equation by recursion on the sum of the lengths of u and v by setting
for convenience L¢(x) = 0. O

2.3.2. Relation between C, I' and the first iterated occupation times

The covariance matrix C' and the anomalous area drift I' are obtained in property 2.1 in
terms of the moments of the law of the i.i.d.r.v. Fj. It may be interesting to have more
explicit formulae for C' and T, since they describe completely the limit law.

To this purpose, we introduce, for all u € E, the following expectation values, which
are related to the conditional law of the Fj and do not depend on the law of the process
(Rn)nENv

fu =By [m(F1(1))[R1 = u]
Cy = Ero [7T1(F1(1)) ® 7T1(F1(1))|R1 = u] eVoVv
Y = Epy [ma(F1(D))|Ry =u] € VAV

where V © V is the symmetric subspace of V ® V. The proof of proposition 2.1 uses the
fact that the invariant probability of the Markov chain (R,,) satisfies, for any u € E,

V(’u) _ ]ETU [Lu((Rn)0§n<T1 )]
ETO [Tl]

Using the iterated occupation times, we now define, for any k € N, the iterated measure

on EF:
Ero [Luluk ((Rn)0§n<T1 )]
ETO [Tl] ’

ko (U1 - ooy U) = (44)
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which coincide, for £ = 1, with v. For k£ # 1, it depends on the initial point ry: this
can be seen for example in the total mass related to the moments of 717, which depends
on the initial point rg. However, the expression below for C' and I" do not depend on
ro. It would be interesting to understand in more details the dependence on the initial
point, but it is more a question of general theory of Markov processes than a rough path
question.

Property 2.2. The covariance matriz C and the anomalous area drift T, defined in
property 2.1 and appearing in theorems 1.1 and 1.2 are given by:

Cij =Y _cPvu)y+ Y (fDF9 + (D 5w (u,v) (45a)
ueE (u,v)eE?
. 1 N N
iy =Y v +5 D> (FO7 = 2 £ wa(u,v) (45b)
uel (u,v)€E?

Proof. The proof is left to the reader and uses only the definition of a hidden Markov
chain and the definition of f,, ¢y, Yu, ¥ and vs. O

The previous formula (45b) for T' shows that there may be two ways of creating a
non-zero I'. The first way — which is a bit trivial — uses non-zero contributions ~,
and corresponds to path increments Fy, which already have a non-zero area w3 (Fg (1)) in
average: this is the case for example in the round-about model of section 1.3. However,
this is impossible in the case of theorem 1.1 since geodesics in V' are straight lines with
Zero area.

The second way is much more interesting since it may create a non-zero anomalous
area drift I' even in the context of theorem 1.1: it is based on the v contribution to
I in (45b). In particular, it is absent from [4]: random walks are a particular case of
hidden Markov walk for which E can be chosen to have cardinal 1 and 77 = 1 a.s. and
thus v, = 0 for £k > 2. One also checks easily that this term also vanishes for reversible
Markov chain (R,,), for which va(u,v) = va(v,u) for all (u,v) € E?.

2.8.3. Asymptotic fluctuations of the iterated occupation times and a remark on
non-geometric rough paths

Property 1.2 gives an almost sure limit of the rescaled quantities L, ((Ry))nen; however,
their fluctuations are more difficult to describe due to the quasi-shuffle property. We
show here how to handle the question using our previous theorem 1.2. To make things
simpler, we focus on the case where u is of length at most 2 and F is finite.

We now introduce the following quantities:

Ly ((Ru)osn<n) = Y (Lry=uy — ¥(u1)) = Lu, (Rn)o<n<n) — Nv(uz)
0<k<N
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If E is finite, we introduce the finite-dimensional vector space R¥ with its canonical basis
(ew)ucr. We define the increments Fyy = 3" - p(1r,=u — ¥(u))e, and the walk:

X§ =Y Li((Ra)o<n<n))en (46)
uel

Property 2.3. The process (R, X )nen 4s a hidden Markov walk in E x RY with
centred increments (F¥). If (Ry) is irreducible, positive recurrent with finite moments of
the first return time T, then theorem 1.1 may be applied to describe the scaling limit of
the process.

This implies in particular, without any surprise, that L, ((Rn)o<n<n)/N has (joint)
Gaussian fluctuations of order N~'/2 around its a.s. limit (). But this also gives re-
sult about the second iterated occupation times Ly, 4, ((Rn)o<n<n). To this purpose, we
compute explicitly the iterated integral of the process ¢y (X™):

N-1
S FroR;
k=0

Y ReFR

0<k<I<N

‘ -

1
_/ diy (X7*)(s1) ® dony (X7)(s2) =
N 0<s1<s2<1 2

+

2~ =

The Lh.s. converges in law to By ®B1/2—|—A1févy +T. The first term of the r.h.s. converges
a.s. and thus in law to a deterministic constant by the ergodic theorem. The second term
of the r.h.s. is related to the modified iterated occupation time through:

1 wr) 1
5 X BUEW =5 Y (nen — v)(Ari—w - ()
0<k<I<N 0<k<I<N (47)
1

=: NLZIUZ((Rn)OSMN)

Relating L}, ., to Ly, u, gives the information about joint fluctuations of the collection

of r.v. Ly, uy ((Rn)o<n<n) and additive functionals of the L, ((Ry)o<n<n)-

Remark on non-geometric rough paths. The construction of the present section is
purely combinatorial and involves only integer numbers for the indices: one may wonder
why integrals of the Donsker embedding ¢n(X*) should be preferred to the choice of
iterated sums for the signature in 7%(V) (and not G?(V) any more) such as:

* * *
0<k<N 0<k<I<N

There is indeed no reason to prefer one to another and it may depend on the context.
The positive result is that there is no reason since both constructions differ by a term
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(1/2) Y p<ren Fif @ F, which belongs to the center of T%(V), is symmetric and whose
limit is governed in the present case by the law of large numbers and is given by (0, Kt)
where K is a deterministic symmetric matrix. This additional term breaks the geometric
rough path property but, as emphasized in exercise 2.14 (page 23) of [8] (and remarks
disseminated in the corresponding chapter) or [10], this subtlety does not make a big
difference from an analytic perspective.

3. Some open questions and extensions

We have seen how to build non-trivial rough paths above Brownian motion from very
simple and intuitive processes such as hidden Markov chains. This raises various ques-
tions.

A key role in the emergence of a non-zero area anomaly I is played by the short-time
correlations of the underlying Markov chain (R, ),en. Exact renormalization on the time
scale is due to the excursion decomposition: it would be interesting to generalize it to
more general processes, such as a-mixing processes as described in [3].

On one hand, we have put restrictive hypothesis on the return times 77 and the
moments of the increments F,,, so that the limit belongs to the Brownian universality
class. On the other hand, rough paths structure may also describe Lévy processes as
described in [6]. It would be interesting to build discrete time models that converge to
such Lévy processes and contain all types of admissible anomalies such as T.

The generalization of theorem 1.1 to theorem 1.2 uses embeddings. This question
of a discrete structure on top of piecewise paths is similar to the theory of piecewise-
deterministic Markov processes (PDMP) in continuous time and it may be interesting to
study space-time renormalized PDMP using the present rough path approach.

Rough paths are a particular case of much more general regularity structures as intro-
duced by [8]. One may expect that such regularity structures may contain a wide class
of anomalies (both in the sense of our area anomaly and in the sense of anomalies in
field theory, i.e. a broken symmetry in the discretization or regularization restored by
counter-terms in the continuous limit) and it may interesting to understand them from
correlations in discrete models, as done in the present paper. In particular, anomalous en-
hanced Brownian motion is a particular case of translation of rough paths as described in
[5]: the renormalization scheme described in this reference corresponds to our excursion-
based renormalization. It would also be interesting in this context to introduce branched
version of our iterated occupation times.

The other novelty is the introduction of iterated occupation time and the emergence of
shuffle or quasi-shuffle products already at the discrete level. Such products also appear
in other domains of algebra or combinatorics, for example in the theory of multiple zeta
values or periods: it would be interesting to examine whether relevant Markov chains
could be related to such theories.
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